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A B S T R A C T

Isotopic U–Pb titanite and monazite data from the southern São Francisco craton better constrain the timing of the
tectono-thermal event that led to the amalgamation of the craton and the crust that forms the basement of its fringing
orogenic belts in the Palaeoproteroic. The data obtained from assemblages exposed in the Quadrilátero Ferrífero mining
district and adjacent Palaeoproterozoic Mineiro belt magmatic arc terrane reveal two different age populations: a first
metamorphic event between 2772 and 2613 Ma, followed by recrystallization or/and isotopic resetting in the interval of
2080–1940 Ma. The partial preservation of Neoarchaean ages in the craton interior suggests that the Palaeoproterozoic
metamorphism did not exceed the minimum closure temperature for the titanite (between 650 °C and 700 °C), which is
also reinforced by the absence of Palaeoproterozoic metamorphic zircons in the southern São Francisco craton. Com-
bining new and existing Palaeoproterozoic data, we infer that the Archaean crust of the southern craton as well as the
surrounding magmatic arcs were affected by a long-lived metamorphic event from ca. 2100 Ma to 1940 Ma. These age
interval includes an episode of syn-collisional metamorphism between 2100 and 2070 Ma, which represents the amal-
gamation of the Archaean nuclei of both the São Francisco and Congo cratons, along with magmatic arcs and micro-
continents. This collision led to closure of the large Palaeoproterozoic Minas basin, followed by orogenic collapse and
development of a dome-and-keel architecture in time interval of 2070–2050 Ma. A period of slow cooling (∼1 °C/Ma)
succeeded these events and lasted until ca. 1940 Ma. Our results correlate with the Palaeoproterozoic metamorphic ages
obtained in the various blocks forming the northeastern sector of the craton.
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1. Introduction

Understanding the assembly of the crust that makes up the São
Francisco Craton (SFC) and its margins in southeast Brazil has im-
portant implications for modeling the crustal evolution of the South
American lithosphere. The SFC is surrounded by Late Edicaran-Cam-
brian Brasiliano orogenic belts, which define its boundaries. The cra-
ton contains some of the oldest Archaean kernels of South Amer-
ica and its crust extends further into the surrounding Brasiliano belts,
forming a substantial part of their basement. The old kernels have been
shielded from significant magmatic and tectonic overprint since ca.
1900 Ma (Almeida, 1977; Almeida et al., 1981; Teixeira et al., 2000;
Alkmim, 2004; Barbosa and Sabaté, 2004; Alkmim and Martins-Neto,
2012). The Palaeoproterozoic amalgamation of the SFC and its mar-
gins involved a collision of two continental plates along with in-
tervening micro-continents and magmatic arcs around

⁎ Corresponding author.
Email address: carmenmaguilar@hotmail.com (C. Aguilar)

2100 Ma. Substantial parts of the colliding plates are preserved as
the Archaean nuclei of the SFC in South America and Congo cra-
ton in central West Africa (Fig. 1a,b; e.g., Teixeira and Figueiredo,
1991; Ledru et al., 1994a,b; Alkmim and Marshak, 1998; Feybesse et
al., 1998; Barbosa and Sabaté, 2004; Noce et al., 2007; Heilbron et
al., 2010; Seixas et al., 2012, 2013; Teixeira et al., 2015; Cruz et al.,
2016). The Palaeoproterozoic orogen resulting from this collision un-
derlies the eastern and western margins of these cratons, as well as
the terrain that once linked them, the São Francisco - Congo cratonic
bridge (Fig. 1a,b; Porada, 1989). The cratonic bridge, which was bro-
ken apart during the opening of the South Atlantic in the Lower Cre-
taceous and is now exposed in eastern Brazil and Gabon, preserves
a complete segment of the Palaeoproterozoic orogenic edifice. Out-
side the cratons, the Palaeoproterozoic orogen experienced intensive
reworking during the Neoproterozoic Brasiliano/Pan-African oroge-
nies.

The assembly of the southern São Francisco craton (SSFC) and its
margins is of particular interest because it combines arc related mag-
matism, amphibolite to granulite facies metamorphism and closure of
one of the largest and economically important Precambrian basins in

http://dx.doi.org/10.1016/j.precamres.2016.12.001
0301-9268/© 2016 Published by Elsevier Ltd.
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Fig. 1. Geological setting of the southern São Francisco craton and its margins. a) Cratons and Neoproterozoic orogenic belts of West Gondwana (South America and Africa); b)
Preserved Archaean nuclei and Palaeoproterozoic orogenic domains of the São Francisco and Congo cratons, emphazing the crustal bridge connecting them; c) Archaean blocks of
the northeastern São Francisco craton involved in the Palaeoproterozoic amalgamation of the São Francisco-Congo paleo-continent; d) Simplified tectonic map of the study area, the
southern São Francisco craton (SSFC), and its eastern margin. The SSFC encompasses the western Quadrilátero Ferrífero (QF) and a substantial portion of the Minerio belt (MB).
The eastern margin of the craton involved in the Neoproterozoic Araçuaí belt encompasses of the eastern QF, the southeastern Mineiro belt, as well as the Mantiqueira and Juiz de
Fora complexes (Based on Barbosa and Sabaté, 2004; Noce et al., 2007; Alkmim and Martins-Neto, 2012; Teixeira et al., 2015).

South America – the Palaeoproterozoic Minas basin (e.g., Dorr, 1969;
Chemale et al., 1994; Renger et al. 1995; Machado et al., 1996;
Alkmim and Marshak, 1998; Hartmann et al., 2006; Noce et al.; 2007;
Alkmim and Martins-Neto, 2012; Teixeira et al., 2015). Since the
early investigations, this major period of tectonic activity was origi-
nally referred to as the Transamazonian event and was portrayed as
a collisional episode proceeded by the development of continental
and juvenile magmatic arcs. Although controversial in detail, some of
these studies support a model in which closure and inversion of the
Minas basin was followed by a major disturbance in the middle to
upper crust at ca. 2095 Ma. This tectonic disturbance led to the ex-
humation of amphibolite-facies domes and the sinking of km-scale
keels of greenschist-facies supracrustal rocks (Hippertt et al., 1992,
1994; Marshak et al., 1992; Chemale et al., 1994; Marshak et al., 1997;
Alkmim and Marshak, 1998). A remaining question is if this major
remobilization event represents the last thermal overprint and subse-
quent cooling of the Archaean nucleus of the SFC, therefore marking
the final stabilization of its lithosphere.

To better understand the evolution of the São Francisco cratonic
lithosphere, it is crucial to constrain the U–Pb titanite/monazite ages
of the Archaean crust of the SSFC and compare them with all the
available magmatic and metamorphic ages for the craton. The mag-
matic and metamorphic events leading to the amalgamation of the
São Francisco - Congo plate have been best documented in north-
eastern lobe of SFC; i.e., in the Brazilian half of the cratonic bridge

(Fig. 1c; e.g., Ledru et al., 1994a,b; Silva et al., 2001; Barbosa and
Sabaté, 2004; Mello et al., 2006; Barbosa et al., 2008, 2012; Oliveira
et al., 2010, 2011; Peucat et al., 2011; Cruz et al., 2016). Only a few
data are however available for the same processes affecting the SSFC
and surrounding terrains. Fig. 2 shows a number of published dates,
which mark the 2100–1900 Ma Transmazonian metamorphic event in
the SSFC. The low precision of these dates hinders the establishment
of unifying model for the assembly and cooling of the SFC and its
margins in the Palaeoproterozoic event. Consequently, the regional
extent of the main Palaeoproterozoic metamorphic event across the
SSFC is poorly constrained, and the causal link between the metamor-
phic/dome-and-keel event in the SSFC and magmatic arcs to the east
(i.e., Mineiro belt and Mantiqueira Complex) requires additional stud-
ies.

In this paper, we investigate the extension of this Palaeoprotero-
zoic thermal overprint in the Archaean – Palaeoproterozoic basement
of the southern São Francisco craton and its margin using U–Pb dat-
ing of accessory titanite and monazite. These two accessory miner-
als are ideal U–Pb chronometers because they are sensitive to thermal
overprints (Gascoyne, 1986; Parrish, 1990; Cherniak, 1993; Childe
et al., 1993; Mezger et al., 1993; Hawkins and Bowring, 1997) and
therefore they provide timing constraints on the thermal history of
high-grade terrains. The newly acquired age data were combined with
published metamorphic/magmatic ages to attempt a correlation with
the crustal segments of the northern part of the São Francisco Craton
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Fig. 2. Geological map of southernmost Southern São Francisco craton. The location of the samples used in this study and previously published Palaeoproterozoic metamorphic ages
are plotted in the map (ages are compiled in Table 1). Reference: [1] Belo de Oliveira and Teixeira, 1990; [2] Machado and Carneiro, 1992; [3] Machado et al., 1992; [4] Babinski et
al., 1995; [5] Machado et al., 1996; [6] Schrank and Machado, 1996a; Schrank and Machado, 1996b; [7] Marshak et al., 1997; [8] Noce et al., 1998; [9] Brueckner et al., 2000; and
[10] Seixas et al., 2013.

and to make inferences about the timing of the consolidation of the
craton.

2. The southern São Francisco craton and its margin

The São Francisco craton consists of an Archaean–Palaeoprotero-
zoic block surrounded by Neoproterozoic belts developed during the
630–490 Ma Brasiliano/Pan-African collage of West Gondwana and
is almost entirely covered by Proterozoic (<1.8 Ga) and Phanero-
zoic sedimentary units (Fig. 1). The craton is made up of a ma-
jor N-S trending Archaean block, fringed to the northeastern and
at its southern end by Palaeoproterozoic orogenic belts (Almeida et
al., 1981; Teixeira et al., 2000; Barbosa and Sabaté, 2004; Alkmim
and Martins-Neto, 2012). In the northeastern lobe of the craton, the

Palaeoproterozoic Eastern Bahia orogenic domain comprises four dis-
tinct Archaean nuclei: the Gavião, Jequié, Itabuna-Salvador-Curaçá
(ISAC) and Serrinha blocks, bounded by major ca. 2100 Ma old su-
tures zones (Fig. 1c; e.g., Teixeira and Figuereido, 1991; Barbosa and
Sabaté, 2004). The southernmost sector of the craton exposes a rel-
atively small portion of the Palaeoproterozoic orogen, which encom-
passes the region of the mining district known as the Quadrilátero
Ferrífero and the adjacent Mineiro belt (Figs. 1d and 2). The São Fran-
cisco crust extends further east and southeast beyond the boundaries
of the craton, forming the basement of the adjoining Neoproterozoic
Araçuaí and Ribeira belts. In these belts, the craton crust is represented
by the Mantiqueira Complex (Fig. 1d; e.g., Teixeira and Figueiredo,
1991; Alkmim and Marshak, 1998; Noce et al., 2007; Heilbron et al.,
2010; Teixeira et al., 2015).
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2.1. The Quadrilátero Ferrífero

The exposed section of the Quadrilátero Ferrífero consists of four
principal lithostratigraphic units (see Fig. 2). The Archaean base-
ment occurs mainly in form of km-scale domes, which include the
Bonfim, Bação, Belo Horizonte, Santa Barbara, Caeté and Divinópo-
lis complexes (Fig. 2). Due basically to lithological differences, the
basement assemblages forming the various domes of the region are
viewed as individual complexes and named according to their struc-
tural expressions (Machado et al., 1992; Machado and Carneiro, 1992;
Noce, 1995; Teixeira et al., 2000; Lana et al., 2013; Romano et
al., 2013; Farina et al., 2015a,b). These complexes are composed of
several phases of (>2900 Ma) trondhjemite, tonalite and granodior-
ite (TTG) gneisses, showing a penetrative amphibolite-facies folia-
tion and locally converted into stromatic migmatites (Carneiro, 1992;
Noce, 1995). This foliation underwent a complex succession of fold-
ing and refolding, which testifies to the polyphase deformation history
of Archaean rocks in the SSFC. The TTG gneisses are intruded by
comparatively small 2780 Ma plutons, which are known as Samam-
baia tonalite and as Caeté trondhjemite (Fig. 2; e.g., Machado and
Carneiro, 1992; Machado et al., 1992). These two magmatic phases
are typically intruded by multiple younger 2760–2660 Ma granitoid
suites and m- to cm-thick leucogranitic sheets sub-parallel to the
gneissosity as well as crosscutting younger felsic and/or pegmatitic
dikes (Lana et al., 2013; Farina et al., 2015a). These granitoids are in
tectonic/fault contact with rocks of the Rio das Velhas and Minas Su-
pergroups.

The Archaean Rio das Velhas Supergroup is Archaean greenstone
belt subdivided into the Nova Lima and Maquiné Groups (Fig. 2;
Dorr, 1969). The Nova Lima, which occurs at the base of the se-
quence, is characterized by the association between mafic and ul-
tramafic rocks (komatiite–basalt), evolved volcanic, volcanoclastic
rocks and immature clastic sediments that indicate a submarine en-
vironment for the volcanism (Ladeira, 1980; Schrank et al., 1990;
Zuccheti et al., 2000a,b; Baltazar and Zuccheti, 2007). Three felsic
volcanic events mark the final of deposition of the Nova Lima Group
from ca. 2792 to 2751 Ma (Machado et al., 1992, 1996; Noce et al.,
2005), whereas two sandstones from the top of the Nova Lima Group
gave a maximum depositional age of 2749 ± 7 Ma (Hartmann et al.,
2006). The Maquiné Group represents a 2 km-thick clastic associa-
tion of conglomerates and sandstones, which comprise a flysch to mo-
lasse-type sequence. This sequence was deposited by erosion of a con-
tinental block ranging in ages from 3260 to 2877 Ma (e.g., Machado et
al., 1996). However, a maximum depositional age of ca. 2730 Ma was
proposed by Moreira et al. (2016). Gradational and discordant contacts
can be observed between both groups, although fault zones often over-
printed the contacts (Dorr, 1969).

The Minas Supergroup, which is divided into the Tamanduá,
Caraça, Itabira, Piracicaba and Sabará Groups (Fig. 2), is a
∼6 km-thick package of clastic and chemical rocks lying uncon-
formably on the Archaean greenstone belt (Dorr, 1969; Renger et al.,
1995; Machado et al., 1996; Hartmann et al., 2006). According to
Alkmim and Marshak (1998), these rocks represent a passive-mar-
gin to syn-orogenic sedimentary package tracking the operation of a
Wilson cycle between ca. 2600 and 2100 Ma. Finally, the Itacolomi
Group is the youngest unit of the Palaeoproterozoic supracrustal se-
quence. The Group comprises an up to 2 km-thick pile of alluvial sed-
iments that is separated from the Minas Supergroup by a regional un-
conformity. The Itacolomi Group is viewed as an intermontane mo-
lasse accumulated during the collapse phase of the Rhyacian orogeny
(Alkmim and Martins-Neto, 2012).

2.2. The Mineiro belt and Mantiqueira Complex

The Mineiro belt consists essentially of Siderian to Rhyacian ju-
venile granitoids and volcanosedimentary sequences, representing a
magmatic arc terrane accreted to the Archaean nucleus of the SFC at
ca. 2100 Ma (e.g., Noce et al., 2000; Teixeira et al., 2000, 2015; Ávila
et al., 2010, 2014). The most import granitoid assemblages forming
the belt are: Lagoa Dourada (ca. 2360–2350 Ma), Serrinha-Tiradentes
(ca. 2230–2200 Ma), Ritápolis (ca. 2150 Ma) and Alto Maranhão
suites (ca. 2130–2121 Ma). These suites are made up of TTG gneisses,
weakly to non-deformed plutons with sanukitoid affinity (gabbro,
diorite and granite) as well as by subvolcanic and volcanic rocks.
The Alto Maranhão suite, located in the northernmost part of Mineiro
belt (sampled area; see Fig. 2), is composed by hornblende-bearing
tonalites hosting dioritic mafic enclaves that exhibit a marked sanuk-
itoid chemical affinity; i.e., high Mg associated to high LILE and
LREE contents (Seixas et al., 2013). According to Seixas et al. (2013),
the suite was produced through partial melting of a metasomatized
mantle wedge above a Palaeoproterozoic subduction zone. In addi-
tion, three volcano-sedimentary sequences are tectonically associated
with the Palaeoproterozoic framework (ca. 2230–2200 Ma; Ávila et
al., 2010, 2014). These sequences crop out as elongated and discon-
tinuous greenstone belts and are crosscut by some of Palaeoprotero-
zoic plutons (Fig. 2). The lithological assemblage characteristic of the
Mineiro belt extends further southeast beyond the SFC (Fig. 1d).

The Mantiqueira Complex is considered to be the easternmost ex-
tension of the Archean basement of the southern São Francisco cra-
ton, deeply reworked during both the Palaeo- and Neoproterozoic
orogenic events recorded in the region (e.g., Teixeira, 1996, 2000;
Heilbron et al., 2000; Duarte et al., 2004, 2005; Noce et al., 2007;
Heilbron et al., 2010). The complex is very heterogeneous and in-
cludes several calc-alkaline gneiss–migmatitic suites with amphibo-
lite layers, which consist predominantly of banded biotite-amphibo-
lite orthogneisses. The whole unit was in turn intruded by alkaline
felsic plutons and by younger felsic and mafic dikes approximately
between ca. 2180 and 2040 Ma. Available Rb–Sr and U–Pb isotopic
data reveal a complex and protracted evolution for the magmatic arc
plutons (e.g., Fischel et al., 1998; Ragatky et al., 1999; Brueckner et
al., 2000; Heilbron et al., 2001, 2010; Silva et al., 2002; Noce et al.,
2007). According to these authors, the Mantiqueira Gneisses record
crystallization ages from ca. 2203 to 2041 Ma in zircon rims and show
a large amount of inherited Archaean zircon cores between ca. 3200
and 2600 Ma. These data together with TDM model ages ranging from
3.2 to 2.9 Ga and strongly negative Epsilon Nd (εNd(t) = −9 to −12)
suggest that the Palaeoproterozoic rocks derived from a crust-contam-
inated magma at an active-margin setting (Noce et al., 2007; Heilbron
et al., 2010).

The Mantiqueira Complex is bounded to the east by a major shear
zone, which separates it from the Juiz de Fora Complex (Fig. 1d).
Consisting essentially of granulite grade 2400–2100 Ma juvenile gran-
itoids (enderbites and mafic rocks), the Juiz de Fora Complex is por-
trayed as an assemblage of intra-oceanic magmatic arc (Machado et
al., 1996; Silva et al., 2002; Noce et al., 2007; Heilbron et al., 2010).

3. Proterozoic metamorphic events documented in the SSFC and
Mantiqueira complex

The available metamorphic ages are scattered in studies that were
mainly focused on defining the age of magmatic events. Some
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geochronological data suggest that an amphibolite facies metamorphic
event overprinted the Archaean orthogneisses and greenstone belt,
as well as the Palaeoproterozoic supracrustal rocks in the SSFC be-
tween ca. 2098 and 1989 Ma (see Fig. 2 and Table 1; e.g., Belo de
Oliveira and Teixeira, 1990; Machado et al., 1992, 1996; Babinski
et al., 1995; Schrank and Machado, 1996a,b; Marshak et al., 1997;
Noce et al., 1998; Brueckner et al., 2000; Vlach et al., 2003). In con-
trast, two Palaeoproterozoic metamorphic events dated between 2250
and 2050 Ma overprinted the volcano-sedimentary sequences as well
as the orthogneisses and some intrusive plutons in the Mineiro belt
(Cherman, 1999; Ávila, 2000; Silva et al., 2002; Toledo, 2002; Ávila
et al., 2004, 2008). The first event (ca. 2250–2190 Ma) reached low-
to medium-grade amphibolite-facies (Cherman, 1999; Toledo, 2002),
whereas the second event (ca. 2131–2100 Ma) attained greenschist-
to lower amphibolite-facies (Ávila, 2000; Ávila et al., 2004, 2008). A
third and last event was mainly recognized in São Tiago gneiss, yield-
ing a U–Pb zircon age of 2050 ± 12 Ma (Silva et al., 2002).

Finally, units of the Quadrilátero Ferrífero and Mineiro belt were
locally affected by greenschist-facies metamorphism and deforma-
tion structures associated with the Neoproterozoic Brasiliano event
(ca. 630–490 Ma) along the southeastern margin of the craton (e.g.,
Chemale et al., 1994; Alkmim and Marshak, 1998). In contrast, the
Mantiqueira Complex was intensively deformed and metamorphosed
under amphibolite conditions in the Neoproterozoic (Figueiredo and
Teixeira, 1996; Silva et al., 2002; Heilbron et al., 2001, 2010; Duarte
et al., 2005; Noce et al., 2007; Silva et al., 2015). A Sm–Nd gar-
net-whole rock isochron obtained by Brueckner et al. (2000) in the
Mantiqueira Gneisses has yielded a metamorphic age of 563 ± 19 Ma.

4. U–Pb geochronological results

In order to establish a coherent sequence of metamorphic ages in
the SSFC and Mantiqueira Complex, monazite and titanite grains were
separated from a batch of 15 samples of the SSFC (see Fig. 2). U–Pb
titanite and monazite were dated via Laser Ablation – Sector Field
– Inductively Coupled Plasma Mass Spectrometry (LA-SF-ICPMS).
Details of the methodology can be found in the Supplementary
Material (Appendix A). The ages are summarized in Table 1 while
the original data together with the samples’ locations are provided in
Appendix B of the Supplementary Material (Tables B1 and B2). Rep-
resentative Scanning Electron Microscope – Back-Scattered Electron
(SEM-BSE) images of titanite and monazite grains are shown in Fig.
3. Representative Concordia and 207Pb/206Pb weighted average age di-
agrams are presented in the Figs. 4 and 5.

4.1. U–Pb titanite and monazite ages in different rocks of the
Archaean basement

4.1.1. Bação complex
Seven samples collected in the Archaean rocks of the Bação Com-

plex (central Quadrilátero Ferrífero) contain titanite or monazite
grains (see Fig. 2). These samples correspond to three distinct gneisses
(samples FQ6, FQ13 and FQ20), a small granitic stock (sample FQ5),
a leucogranitic dike intruding into the gneisses (sample FQ21) and a
migmatite (sample FQ14).

Sample FQ5 is a medium to coarse-grained grey granitoid in-
truded into banded gneiss in the northern margin of the dome (Fig. 2).
The granitoid contains monazite ranging in size from 100 to 300 μm.
Monazite occurs as yellow grains with irregular shapes, biotite and
zircon inclusions and covered by sugary-textured oxides. Composi

tional (BSE) images reveal no detectable internal zonation (Fig. 3a).
A total of 35 analyses were performed on 13 grains, yielding concor-
dant to discordant points with 207Pb/206Pb ages that range from 2590
to 2870 Ma (Table B1). These points define a Pb-loss line that inter-
cepts the Concordia at 1105 ± 320 Ma and 2752 ± 28 Ma. The result
produces a high MSWD (10) that can be considerably lowered if we
consider only 6 concordant analyses to calculate the weighted mean,
resulting in a mean age of 2772 ± 14 Ma with an acceptable MSWD
value (1.10; Fig. 4a). This age is slightly older than the crystallization
age of 2744 ± 10 Ma obtained on zircon rims by Romano et al. (2013;
sample MR11).

Sample FQ6 is a fine-grained banded gneiss intruded by FQ5 and
exposed a few km away from the northern border of the dome (Fig.
2). The crystallization age of this sample was obtained by U–Pb zir-
con analyses performed on oscillatory zoned cores, yielding an age of
2764 ± 10 Ma (Lana et al., 2013; sample D12). The orthogneiss in-
cludes scarce grains of brown titanite (up to 200 μm). In fact, only
15 grains were extracted from ca. 5 kg of sample. Titanite is irregu-
lar in shape and homogeneous. A total of 20 spots were analyzed on
8 grains. The 207Pb/206Pb data are spread along Concordia from 1981
to 2145 Ma (Table B2), yielding a weighted mean age of 2016 ± 8 Ma
(MSWD = 0.64) for 8 concordant analyses (Fig. 5a). This age matches
well with the few available Paleoproterozoic ages in the area; thus, we
can interpret that this rock was affected by the Palaeoproterozoic event
(Table 1).

Sample FQ13 is a spotted medium-grained gneiss collected in the
southern portion of the dome (Fig. 2). Zircon from this sample gave a
magmatic age at 2790 Ma and a metamorphic age at 2701 Ma (Farina
et al., 2015a). The orthogneiss contains both yellow and brown mon-
azite grains (up to 100 μm). All monazites occur as euhedral to subhe-
dral grains with sub-spherical to lentil morphologies. Compositional
(BSE) images reveal that most of the grains exhibit a complex con-
centric zoning, with irregular lower BSE response central regions sur-
rounded by brighter BSE areas. In contrast, some of them show little
or no variation in BSE response. LA-SF-ICPMS dating did not iden-
tify any age difference either between dark and bright areas within in-
dividual grains or between grains. A total of 20 spot analyses were
carried out for each monazite type on 9 brown grains and on 7 yel-
low grains. Of the 40 analyses, 23 concordant ages yielded a weighted
mean age of 2017 ± 7 Ma (MSWD = 1.06; Fig. 5b). The remaining 17
analyses were excluded because highly discordant. Therefore, the zir-
con and monazite ages suggest that the gneiss was affected by two
metamorphic events: one of them at 2701 Ma (Farina et al., 2015a)
and another one to 2017 Ma.

Sample FQ14 is a migmatite collected in the southeastern por-
tion of the dome (Fig. 2). This sample, in which leucosomes and
melanosomes are mixed, contains yellow monazite with a size of more
than 200 μm, zircon inclusions and covered by sugar-textured ox-
ides. Compositional (BSE) images of this yellow monazite show weak
patchy zoning, with multiple zones of brighter BSE response. A to-
tal of 25 analyses were performed on 8 grains. The analyses yield
concordant to discordant 207Pb/206Pb ages that range from 1887 to
2062 Ma (Table B1). The best estimate age was obtained from 14
concordant analyses, yielding a weighted mean age of 1939 ± 10 Ma
(MSWD = 0.68; Fig. 5c). The remaining 11 analyses were excluded
because highly discordant. This age, which is similar to the few avail-
able Palaeoproterozoic ages, suggests that the migmatite was affected
by the Palaeoproterozoic metamorphic event.

Samples FQ20 and FQ21 were collected in the Serrinha quarry
in the southwestern portion of the dome (Fig. 2). Sample FQ20 is a
strongly banded, fine- to medium-grained gneiss that crystallized at
2918 ± 10 Ma and was metamorphosed at around 2775 Ma (Lana et
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Table 1
Summary of all available Palaeoproterozoic ages and those obtained in this study for different rocks in the Southern São Francisco Craton. References: [1] Teixeira, 1985; [2] Belo de
Oliveira and Teixeira, 1990; [3] Machado and Carneiro, 1992; [4] Machado et al., 1992; [5] Babinski et al., 1995; [6] Schrank and Machado, 1996a; Schrank and Machado, 1996b;
[7] Teixeira et al., 1996; [8] Marshak et al., 1997; [9] Noce et al., 1998; [10] Brueckner et al., 2000; [11] Campos et al., 2003; [12] Vlach et al., 2003; [13] Seixas et al., 2013; [14]
Tassinari et al., 2015.

Sample Rock-type Mineral or Dating Method AGE (Ma) Reference

rock date Magmatic Metamorphic Mylonitic

QUADRILÁTERO FERRÍFERO PROVINCE
Archean basement
Bação Complex
M-88–13-D amphibolite dike Titanite U–Pb TIMS 2059 ± 6 [4]
M-88–13-A pegmatite vein Monazite U–Pb TIMS ca. 2030 [4]
FQ5 granitoid Monazite U–Pb LA-ICPMS 2772 ± 14 this study
FQ6 TTG gneiss Titanite U–Pb LA-ICPMS 2016 ± 8 this study
FQ13 TTG gneiss Monazite U–Pb LA-ICPMS 2017 ± 7 this study
FQ14 migmatites Monazite U–Pb LA-ICPMS 1938 ± 10 this study
FQ20 TTG gneiss Titanite U–Pb LA-ICPMS ca. 2687 – 2049 this study
FQ21 Leucogranite Titanite U–Pb LA-ICPMS 2080 ± 13 this study
Belo Horizonte Complex
N-4 Córrego do Brumado granite Monazite U–Pb TIMS ca. 2045 [9]
N-33A-1/2 migmatitic gneiss Titanite U–Pb TIMS ca. 2227 – 2312 [9]
N-33B-5 luecosome Titanite U–Pb TIMS 2041 ± 5 [9]
N-57–4 to 7 Santa Luzia granite Titanite U–Pb TIMS ca. 2212 – 2328 [9]
FQ75 amphibolite dike Titanite U–Pb LA-ICPMS 2066 ± 6 this study
Bonfim Complex
625–3 Samambaia tonalite Titanite U–Pb TIMS ca. 2776 [3]
656–4 Samambaia tonalite Titanite U–Pb TIMS 2774 ± 6 [3]
FQ29 Samambaia tonalite Titanite U–Pb LA-ICPMS 2731 ± 4 this study
FQ40 TTG gneiss Monazite U–Pb LA-ICPMS 1964 ± 12 this study
FQ51 granitoid Monazite U–Pb LA-ICPMS 2015 ± 61 this study
FQ52 TTG gneiss Titanite U–Pb LA-ICPMS 2042 ± 7 this study
Caeté Complex
Ponto A mylonitized granitoid Whole-rock Rb–Sr isochron 2130 ± 101 [2]
Ponto B mylonitized granitoid Rutile U–Pb ca. 2100 – 2300 [2]
Rio das Velhas greenstone belt
Nova Lima Group
M-88–15 pegmatite vein Monazite U–Pb TIMS ca. 2022 [4]
MV-4 felsic tuff Monazite U–Pb ID-TIMS ca. 2067 – 1875 [6]
1c,r chl-ms-bi schist Monazite EPMA ca. 2108 – 2086 [12]
2c,r chl-ms-bi schist Monazite EPMA ca. 2046 – 2024 [12]
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Table 1 (Continued)

Sample Rock-type Mineral or Dating Method AGE (Ma) Reference

rock date Magmatic Metamorphic Mylonitic

H-1 bi-qt-chl-schist Monazite U–Pb LA-ICPMS 2613 ± 11 this study
NL-1 quartzitic lense Monazite U–Pb LA-ICPMS 2051 ± 18 this study
Turmalina mine metasediment garnet Sm–Nd isochron 2148 ± 39 [14]
Turmalina mine metasediment WR-Bt-Ms Rb–Sr isochron ca. 2214 – 1929 [14]
Turmalina mine metasediment Arsenopyrite Rb–Sr isochron ca. 2180 [14]
Turmalina mine metasediment Biotite K–Ar dating 2005 ± 6 [14]
Turmalina mine metasediment Arsenopyrite Pb–Pb isochron 1946 ± 24 [14]
Maquiné Group
M93-1 quartzite Monazite U–Pb ID-TIMS ca. 2020 – 1989 [6]
Minas Supergroup
Caraça Formation
MGF1A orthoquartzite Monazite U–Pb ID-TIMS ca. 2093 [6]
Piracicaba Formation
MF-1-A1 dolomitic marble Whole-rock Pb–Pb isochron 2110 ± 110 [5]
PIR-1 ferruginous metasandstone Monazite U–Pb LA-ICPMS ca. 2173 – 546 this study
Sabará Formation
Serra do Curral grt-sill-ms schist WR-Ms-Grt Sm–Nd isochrons 2095 ± 65 [8]
GT-59 grt-sill-ms schist WR-Ms-Grt Sm–Nd isochrons 2098 ± 33 [10]
MINEIRO BELT
Alto Maranhão suite
N-22–1/2 tonalite Zircon U–Pb TIMS ca. 2130 – 2166 [9]
N-22–3/4 tonalite Titanite U–Pb TIMS ca. 2124 – 2125 [9]
N-18 tonalite Titanite U–Pb TIMS ca. 2124 [9]
T15 tonalite Zircon U–Pb ID-TIMS 2130 ± 2 [13]
T3 tonalite Zircon U–Pb ID-TIMS 2128 ± 10 [13]
2124G tonalite Titanite U–Pb LA-ICPMS 2065 ± 6 this study
PASSA TEMPO COMPLEX
1 enderbite biotite K–Ar dating 1780 ± 54⁎ [11]
2 amphibolite amphibole K–Ar dating 2005 ± 60 [11]
2 granite whole-rock Rb–Sr isochron 1900 ± 108⁎ [11]
3 gneiss biotite K–Ar dating 1745 ± 52⁎ [11]
3a,b,c,d gneiss whole-rock Rb–Sr isochron 2280 ± 220 [11]
4 gneiss biotite K–Ar dating 1845 ± 55⁎ [11]
CAMPO BELO - DIVINÓPOLIS COMPLEXES
WT-17A gneiss hornblende K–Ar dating 2161 ± 125 [1]
WT-17A1 gneiss biotite K–Ar dating 1996 ± 60 [1]
WT-17C gneiss biotite K–Ar dating 1926 ± 58 [1]
WT-18 gneiss biotite K–Ar dating 2144 ± 64 [1]
WT-12B amphibolite (melanosome) hornblende K–Ar dating 2077 ± 62 [1]
WT-8 gneiss biotite K–Ar dating 2041 ± 61 [7]
SF/WT-14A gneiss biotite K–Ar dating 2036 ± 61 [1]
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Table 1 (Continued)

Sample Rock-type Mineral or Dating Method AGE (Ma) Reference

rock date Magmatic Metamorphic Mylonitic

WT-16 gneiss biotite K–Ar dating 1999 ± 60 [1]
WT-7.1 gneiss biotite K–Ar dating 1998 ± 61 [7]
WT-14 gneiss biotite K–Ar dating 1954 ± 59 [1]
WT-21 gneiss biotite K–Ar dating 1917 ± 57 [1]
AP/WT-9ACK gneiss biotite K–Ar dating 1898 ± 57⁎ [1]
WT-15D2 gneiss biotite K–Ar dating 1896 ± 60⁎ [1]

⁎ cooling ages.

al., 2013; sample D07A). The banded orthogneiss contains brown ti-
tanite that varies in size from 100 to 200 μm. Titanite grains are eu-
hedral to subhedral, generally broken and host ilmenite and zircon
inclusions. Compositional (BSE) images show a more complex tex-
ture, with varied zoning patterns from simple to complex concen-
tric or patchy, with non- to lightly luminescent parts (Fig. 3b). A
total of 58 analyses were carried out on 25 grains. Individual ages
range from 1842 to 2736 Ma along to the Concordia line (Table
B2). They define a Pb-loss Concordia with an upper intercept of
2651 ± 44 Ma and a lower intercept of 2071 ± 29 Ma (MSWD = 0.61;
Fig. 4b). Taking into account the BSE images, most of the cores or
dark-colored domains yield the oldest ages, whereas data from the
rims or light-colored domains are usually younger (Fig. 3b). The best
estimate for the age of the cores was obtained from 3 concordant
analyses, yielding a mean age of 2687 ± 9 Ma (MSWD = 0.44). This
old titanite age is younger than those obtained by zircon data at ca.
2775 Ma (Lana et al., 2013). Regarding the rims, a reliable estima-
tion for their age was obtained from 10 analyses, yielding a mean
age of 2049 ± 6 Ma (MSWD = 1.12). The wide age spectrum is inter-
preted as a consequence of two distinct metamorphic histories. Sam-
ple FQ21 is a leucogranitic sheet intruded at 2774 ± 11 Ma into the
banded gneiss FQ20 (Lana et al., 2013; sample D07B). The leucogran-
ite includes brown titanite with a size of ∼200 μm. Compositional
(BSE) images reveal complex concentric zoning cores surrounded by
darker rims. A total of 24 spots were analyzed in the different do-
mains of 14 grains, plotting a Pb-loss Concordia line with an upper
intercept age at 2139 ± 28 Ma and a lower intercept at 1746 ± 110 Ma
(MSWD = 1.12). The best estimate age was obtained from 7 con-
cordant analyses, yielding a weighted mean age of 2080 ± 13 Ma
(MSWD = 1.2; Fig. 5d). This age is consistent with the metamorphic
age of the Palaeoproterozoic event, suggesting that the rock was af-
fected by this metamorphic event (Table 1).

4.1.2. Bonfim complex
In the Bonfim Complex, located in the southwest part of the

Quadrilátero Ferrífero, four samples collected from the Archaean
basement contain titanite or monazite grains (see Fig. 2). These sam-
ples consist of two gneisses (samples FQ40 and FQ52) and two grani-
toids (samples FQ29 and FQ51).

Sample FQ29 is a medium-grained grey tonalite collected from the
Samambaia pluton in the northeastern portion of the dome (Fig. 2).
This sample contains brown titanite grains with a size of ∼200 μm
and ilmenite inclusions. These grains are generally broken. Compo-
sitional (BSE) images reveal that brown titanite shows a zoned core
surrounded by a non-luminescent rim (Fig. 3c). A total of 30 spot
analyses were performed on 11 grains. The analyses produce con-
cordant to discordant ages along the Concordia line, ranging from
2394 to 2763 Ma (Table B2). The discordant ages together with the
concordant ages draw a Pb-loss line with a lower intercept at

2340 ± 180 Ma, which falls within error in the Palaeoproterozoic
metamorphic ages (Fig. 4c). This fact may indicate an incomplete re-
setting of titanite during the Palaeoproterozoic orogen. The best es-
timate age is calculated from 16 analyses, yielding a mean age of
2730 ± 6 Ma (MSWD = 1.3). This age is younger than the crystal-
lization age (∼2773–2776 Ma) obtained on titanite by Machado and
Carneiro (1992) and on zircon by Farina et al. (2015a). However, it
matches well with the age of the Neoarchaean metamorphic event sug-
gested by other authors (Lana et al., 2013; Farina et al., 2015a).

Sample FQ40 is from a biotite-bearing banded gneiss crosscut by
numerous foliation-parallel leucogranite sheets, collected in the north-
ern portion of the dome (Fig. 2). U–Pb zircon data suggest that this
orthogneiss crystallized at ca. 2850 Ma and experienced a metamor-
phic event at 2670 ± 15 Ma (Farina et al., 2015a). The sample includes
scarce yellow monazite grains with a size of ∼100 μm and a homo-
geneous and luminescent zoning. A total of 20 spots were analyzed
on 5 grains, yielding discordant to concordant points that define a
Pb-loss line. This line intercepts the Concordia at 408 ± 920 Ma and
1980 ± 40 Ma. The result produces a high MSWD (18) that can be
considerably lowered if we consider only 9 concordant analyses to cal-
culate the weighted mean, resulting in an age of 1964 ± 12 Ma with
an acceptable MSWD value (1.04; Fig. 4d). This age matches with the
metamorphic age of the Palaeoproterozoic event; therefore, we can be
interpreted that the rock was affected by the Paleaeoproterozoic meta-
morphic event (Table 1).

Sample FQ51 is a foliated light grey fine- to medium-grained gran-
itoid from the Mamona batholith collected in the southeastern por-
tion of the dome (Fig. 2). Zircon from this sample provides a crys-
tallization age of 2678 Ma (Farina et al., 2015a). The sample presents
yellow monazite grains with a size of ∼100–200 μm and many in-
clusions of zircon, and covered by sugary-textured oxides. Composi-
tional (BSE) images show a homogenous zoning (Fig. 3d). A total of
35 analyses were carried out on 13 grains, yielding concordant to dis-
cordant points. These points define a Pb-loss line with an upper in-
tercept age of 2002 ± 29 Ma and a lower intercept at 484 ± 150 Ma
(MSWD = 1.7). A weighted mean age was estimated from 4 spot
analysis, yielding a mean age of 2015 ± 61 Ma with MSWD = 4.4
(Fig. 5e) that corresponds to the Palaeoproterozoic metamorphic event
(Table 1).

Sample FQ52 is a banded gneiss collected in the northwestern por-
tion of the dome (Fig. 2). Zircon data yield a crystallization age of
2727 ± 11 Ma (Farina et al., 2015a). The sample contains brown ti-
tanite grains with a size of ∼200 μm and biotite inclusions. Compo-
sitional (BSE) images reveal that most of grains show variable BSE
response with different non- to lightly luminescent parts. Others ex-
hibit no variation in BSE response. A total of 35 spot analyses were
performed on 11 grains, yielding 207Pb/206Pb ages that range from
1941 to 2152 Ma (Table B2). The best estimate age was calculated
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Table 2
Summary of available Palaeoproterozoic ages in the northern part of São Francisco Craton. References: [1] Wilson, 1987; [2] Conceição, 1990; [3] Marinho, 1991; [4] Silva, 1992;
[5] Vasconcelos and Becker, 1992; [6] Cheilletz et al., 1993; [7] Ledru et al., 1994a; Ledru et al., 1994b; [8] Nutman et al., 1994; [9] Sabaté et al., 1994; [10] Oliveira and Lafon,
1995; [11] Bastos Leal et al., 1996; [12] D’el-Rey Silva et al., 1996; [13] Mougeot, 1996; [14] Rosa et al., 1996; [15] Santos Pinto, 1996; [16] Silva et al., 1996; [17] Chauvet et
al., 1997; [18] Ledru et al., 1997; [19] Silva et al., 1997; [20] Bastos Leal, 1998; [21] Leahly et al., 1998; [22] Oliveira et al., 1998; [23] Conceição et al., 1999; [24] Barbosa et al.,
2000a; Barbosa et al., 2000b; Barbosa et al., 2000c; [25] Correa Gomes, 2000; [26] Rios et al., 2000; [27] Rosa et al., 2000; [28] Teixeira et al., 2000; [29] Silva et al., 2001; [30]
Barbosa and Sabaté, 2002; [31] Conceição et al., 2002; [32] Rios, 2002; [33] Silva et al., 2002; [34] Oliveira et al., 2002a; Oliveira et al., 2002b; [35] Carvalho and Oliveira, 2003;
[36] Barbosa et al., 2004; [37] Oliveira et al., 2004a; Oliveira et al., 2004b; [38] Cruz Filho et al., 2005; [39] Mello et al., 2006; [40] D’el-Rey Silva et al., 2007; [41] Rios et al., 2007;
[42] Barbosa et al., 2008; [43] Costa, 2008; [44] Rios et al., 2008; [45] Leite et al., 2009; [46] Oliveira et al., 2010; [47] Silva et al., 2015; [48] Cruz et al., 2016.

Domains Rock-type Mineral or rock date Dating Method AGE (Ma) Reference

Sedimentation Magmatic Metamorphic

GAVIÃO DOMAIN
Jacobina Group

Serra do Corrego quartzites detrital zircon U–Pb 2086 ± 43 [13]
Campo Forroso granite Whole-rock Rb–Sr isochron 1969 ± 29 [13]

Saúde Complex
paragneiss monazite U–Th–Pb EPMA ca. 2080–2050 [45]

Mairi Complex
quartz-monzanite Zircon U–Pb SHRIMP 2126 ± 19 [19]

Contendas–Mirante greenstone belt
detricit sediment Zircon U–Pb SHRIMP 2168 ± 18 [8]
leucosome metapelite Whole-rock Rb–Sr isochron ca. 2000 [28]
Calculé granite granite Zircon Pb–Pb singles 2015 ± 27 [15]
Serra da Franga granite Zircon Pb–Pb singles 2039 ± 11 [15]
Umburanas granite Zircon Pb–Pb singles 2049 ± 5 [15]
Gameleira granite Whole-rock Rb–Sr isochron 1947 ± 57 [3]

Urandí-Paratinga belt
Guanambí-Urandí batholit Zircon Pb–Pb singles ca. 2000–2060 [14]
Guanambí-Urandí batholit Whole-rock Rb–Sr isochron ca. 2000–2061 [11]; [21]
Guanambí multiple intrusion Zircon U–Pb TIMS 2054 ± 8/6 [27]

Zircon Pb evaporation 2046 ± 10 [27]
Cara Suja Zircon U–Pb TIMS 2053 ± 3 [27]
Cerafma Zircon U–Pb TIMS 2050.4 ± 1.4 [27]

Zircon Pb evaporation 2049 ± 2 [27]
Estreito Zircon U–Pb TIMS 2054 ± 3 [27]

Zircon Pb evaporation 2041 ± 2 [27]
Calculé Complex

Jussiape II granitoid Zircon U–Pb LA-ICPMS 2052 ± 43 [48]
Lagoa das Almas granitoid Zircon U–Pb LA-ICPMS 2114 ± 24 [48]
Humaitá granitoid Zircon U–Pb LA-ICPMS 2140 ± 9 [48]
Belo Campo granitoid Zircon U–Pb LA-ICPMS 2049 ± 23 [48]
Broco granitoid Zircon U–Pb LA-ICPMS 2039 ± 8 [48]

JEQUIÉ DOMAIN
Brejões charnockite Zircon Pb–Pb singles 2026 ± 4 [30]
Brejões charnockite Monazite Pb–Pb isochron 2052 ± 2 [36]
Brejões migmatites Monazite Pb–Pb TIMS 2045 ± 2.5 [36]
Cravolândia charnockite Monazite Pb–Pb TIMS 2026 ± 1 [36]
Ubaíra Enclaves granulite Monazite Ion Microprobe ca.1965–1931 [24]
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Table 2 (Continued)

Domains Rock-type Mineral or rock date Dating Method AGE (Ma) Reference

Sedimentation Magmatic Metamorphic

Ubaíra Enclaves granulite Zircon Pb–Pb singles ca. 2047 [24]
Maracás granite Zircon Pb–Pb singles ca. 2100 [24]
Maracás granite Monazite Ion Microprobe 2057 ± 7 [24]
Jequié charnockite Zircon U–Pb SHRIMP 2473 ± 5 2061 ± 6 [33]
Jequié migmatite Whole-rock Rb–Sr isochron 2085 ± 222 [1]
Jequié migmatite Whole-rock Pb–Pb isochron 1970 ± 136 [1]

ITABUNA-SALVADOR-CURAÇA DOMAIN
Caraíba Complex

Caraíba norite Zircon U–Pb ca. 2051 [10]
Caraíba orebody monazite U–Pb 2051 ± 16 [12]
orthogneiss Zircon Pb–Pb ca. 2100 [9]
tonalitic orthogneiss Zircon Pb–Pb singles 2074 ± 9 [18]
tonalitic orthogneiss Zircon U–Pb SHRIMP 2574 ± 6 2074 ± 14 [46]
Airport G3 granite Zircon U–Pb SHRIMP 2027 ± 16 [46]
Airport tonalitic orthogneiss Zircon U–Pb TIMS 2248 ± 36 [12]
Airport amphibolite Zircon U–Pb TIMS 2577 ± 110 2082 ± 4 [40]
Itiúba syenite Whole-rock Rb–Sr isochron ca. 2140 [2]
Itiúba syenite Zircon U–Pb SHRIMP 2084 ± 9 [37]
Bravo granite Zircon U–Pb SHRIMP ca. 2060 [42]
Capela qtz-monzonite Zircon U–Pb SHRIMP 2078 ± 6 [46]
Medrado gabbro Zircon U–Pb ca. 2059 [10]
Santanápolis syenite Whole-rock Rb–Sr isochron ca. 2060 [2]

Zircon U–Pb ca. 2100 [23]
Trecho Velho serpentinites phogopite Ar–Ar dating 1951 ± 8⁎ [6]
Braulia pegamtite phogopite Ar–Ar dating 1934 ± 8⁎ [6]

San José de Jacuípe Complex
granulite-facie orthogneiss Zircon ca. 2695–2634 ca. 2072 [19]
leucogabbro Zircon U–Pb SHRIMP 2583 ± 8 2082 ± 17 [46]

Tanque Novo - Ipirá Complex
paragneiss monazite U–Th–Pb EPMA ca. 2080–2050 [45]

Itabuna Complex
Barra do Rocha tonalite Zircon Pb–Pb singles 2092 ± 13 [7]
Itabuna tonalite Whole-rock Pb–Pb isochron ca. 2130 [30]
Pau Brasil tonalite Zircon Pb–Pb singles 2089 ± 4 [25]
Al-Mg granulite Monazite Ion Micropobe ca. 1996–1955 [24]
Mirabela body Whole-rock Sm–Nd TDM ca. 2200 [16]

SERRINHA DOMAIN
Caldeirão shear belt

quartzite Zircon U–Pb SHRIMP 2076 ± 10 [34]; [39]
mafic dike titanite U-Pb 2039 ± 2 [34]

Rio Capim greenstone belt
felsic volcanic rock Whole-rock Pb–Pb isochron 2153 ± 79 [22]
leucogabbro Zircon U–Pb TIMS ca. 2138 [22]
diorite Zircon U–Pb TIMS ca. 2126 [22]
metadacite Zircon U–Pb SHRIMP 2148 ± 9 [46]

Rio Itapicuru greenstone belt
basic volcanic rock Whole-rock Pb–Pb isochron 2209 ± 60 [4]; [29]
basic volcanic rock Whole-rock Sm–Nd TDM ca. 2200 [4]
felsic volcanic rock Whole-rock Pb–Pb isochron 2109 ± 80 [4]
felsic volcanic rock Whole-rock Rb–Sr isochron 2080 ± 90 [4]
felsic volcanic rock Whole-rock Sm–Nd TDM ca. 2100 [4]
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Table 2 (Continued)

Domains Rock-type Mineral or rock date Dating Method AGE (Ma) Reference

Sedimentation Magmatic Metamorphic

andesite - dacite Whole-rock Pb–Pb isochron 2170 ± 60 [29]
massive metabasalt zircon U–Pb SHRIMP 2145 ± 8 [46]
porphyritic metabasalt zircon U–Pb SHRIMP 2142 ± 6 [46]
dacite zircon U–Pb SHRIMP 2081 ± 9 [46]
Nordestina trondhjemite Monozircon Pb–Pb isochron 2155 ± 9 [38]
Eficeas granodiorite zircon U-Pb 2163 ± 5 [32]
Trilhado granodiorite zircon U-Pb 2155 ± 9 [38]
Trilhado granodiorite monazite U-Pb 2152 ± 6 [38]
Barrocas granodiorite Monozircon Pb–Pb isochron 2130 ± 7 [17]
Teofilânia granodiorite Monozircon Pb–Pb isochron 2127 ± 5 [39]
Morro do Afonso syenite zircon U-Pb 2111 ± 10 2106 ± 6 [41]
Itareru tonalite zircon U-Pb [35]
Fazenda Gavião granodiorite zircon U-Pb [43]
cansanção monzonite zircon U-Pb [32]
Serra do Pintado syenite Pb–Pb isochron 2098 ± 2 2086 ± 2 [31]
Agulhas syneite U-Pb [31]
Bananas syenite [31]
Ambrósio granite Zircon U–Pb SHRIMP 2076 ± 10 [32]
Ambrósio granite Sm–Nd TDM ca. 2100 [32]
Ambrósio granodiorite xenotime U–Pb SHRIMP 2080 ± 2 [39]
Poço Grande granite Zircon U–Pb 2070 ± 47 [20]
Morro do Lopes granite Zircon U-Pb 2072 ± 1 [26]
shear zone biotite Ar–Ar dating ca. 2054–2049 [5]; [39]
Quijingue pluton 2155 ± 8 [44]

PORTEIRINHA DOMAIN
Córrego Tingui granitic complex

peraluminous leucogranite Zircon U–Pb SHRIMP II 2140 ± 14 [47]
Paciência alkaline suite

Serra Blanca foliated syenite Zircon U–Pb SHRIMP II 2039 ± 8 [47]

⁎ cooling age.

from 9 analyses, yielding a concordant age of 2040 ± 7 Ma with
MSWD = 1.5 (Fig. 5f).

4.1.3. Belo Horizonte Complex
In the Belo Horizonte Complex, located in the northwest part of

the Quadrilátero Ferrífero, sample FQ75 collected in the northwest-
ern portion of the dome (Fig. 2) is an amphibolite dike intruded
in the Pequi pluton, which contains both yellow and brown titan-
ite grains. All titanites are euhedral to subhedral grains with a size
from 100 to 300 μm and zircon inclusions. Compositional (BSE) im-
ages show a complex concentric zoning in both grains, with irregular
lower BSE response cores surround by brighter BSE regions (Fig. 3e).
However, some of them exhibit a non-luminescent rim surrounding
the complex concentric zoning. A total of 41 spots were analyzed on
13 brown grains, whereas 34 analyses were performed on 14 yellow
grains. Taking into account both grains types and the different zones,
LA-SF-ICPMS dating did not identify any significant age difference.
The best estimate was obtained from 27 analysis yielding a Concordia
age of 2066 ± 6 Ma with MSWD = 0.24, interpreted as the Palaeopro-
terozoic metamorphic age (Fig. 4e).

4.2. U–Pb monazite ages of the Archaean Rio das Velhas greenstone
belt

In the central part of the Quadrilátero Ferrífero, two samples from
the Rio das Velhas greenstone belt contain monazite grains (sam-
ples H1 and NL-1; see Fig. 2). Sample H1 is a biotite–quartz–chlo-
rite schist located a few meter from the contact with the Bação Com-
plex. Sample NL-1 is a quartzitic lens interlayered in Nova Lima
mica-schist close to the contact with the Minas Supergroup in the Dom
Bosco syncline.

Sample H1 contains yellow monazite grains with a size from 100
to 250 μm and a homogenous zoning (Fig. 3f). A total of 21 spot
analyses were carried out on 8 grains. The obtained data yielded con-
cordant to discordant results that define a Pb-loss line with an upper
intercept age of 2617 ± 9 Ma and a lower intercept at 721 ± 230 Ma
(MSWD = 1.4; Fig. 4f). These ages suggest that the monazite was
crystallized during a metamorphic event at 2617 Ma and partially re-
set by another during another younger episode probably associated to
Brasiliano orogen.
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Fig. 3. Representative BSE-SEM images of the analyzed titanite and monazite with the location of the LA-SF-ICPMS spots and the measured 207Pb/206Pb ages.

Sample NL-1 contains scarce yellow monazite grains with a size
of ∼100 μm and a homogenous zoning. A total of 20 analyses were
performed on 7 grains, yielding concordant to discordant points
207Pb/206Pb ages that range from 1705 to 2166 Ma (Table B1). These
points define a Pb-loss line with an upper intercept age of
2051 ± 34 Ma and a lower intercept at 516 ± 560 Ma (MSWD = 5.0).
The obtained data yielded a weighted mean age of 2051 ± 18 Ma with
an MSWD of 0.99 for 14 concordant analyses (Fig. 5g). These ages
indicate that the monazite was crystallized during a Palaeoproterozoic
metamorphic event at ca. 2051 Ma, and then was partially reset proba-
bly during the Brasiliano orogeny, as suggested by the lower intercep-
tion of the Pb-loss line.

4.3. U–Pb monazite ages of a metasedimentary rock of the
Palaeoproterozoic Minas Supergroup

In the southeastern part of the Quadrilátero Ferrífero, sample PIR-1
from the Piracicaba Group (Minas Supergroup) located in the Dom
Bosco syncline includes monazite grains (see Fig. 2). This sample
is a ferruginous metasandstone interlayered in cm-levels of phyllite.
It contains scarce monazite with a size of ∼100 μm. Monazite oc-
curs as euhedral to subhedral grains. Compositional (BSE) images re-
veal that most of the monazite grains show a weakly complex con-
centric zoning, whereas some of them exhibit a homogeneous zon-
ing (Fig. 3g). A total of 40 spots were analyzed on 12 grains, yielding
207Pb/206Pb ages that range from 508 to 3198 Ma (Table B1). Taking
into account the BSE images of the grains, most of the heterogeneous
grains yield the oldest ages, whereas data from the homogeneous
grains are usually younger. On the heterogeneous grains, fourteen con-
cordant analyses yield a mean age of 2657 ± 9 Ma (MSWD = 0.85).
For the homogeneous grains, two concordant analyses provide an
age at 2173 ± 58 Ma (MSWD = 0.51) and four concordant analyses
yield another one at 546 ± 3 Ma (MSWD = 1.08; Table 1). There-
fore, four population ages can be registered in this sample. The older
gains are interpreted as detrital monazite, owing to the Piracicaba
Group must be younger than the upper Itabira Group deposited at
ca. 2420 Ma (Babinski et al., 1995), whereas the two

younger ages can correspond to two distinct metamorphic ages: the
Palaeoproterozoic and Brasiliano metamorphic events.

4.4. U–Pb titanite ages of a tonalite of the Alto Maranhão suite from
the Mineiro belt

In the northernmost part of the Mineiro belt, sample 2124G was
taken in the Alto Maranhão pluton (Fig. 2). This sample corresponds
to the one collected by Seixas et al. (2013), who obtained a titanite
crystallization age of 2128 ± 10 Ma, which is consistent with the zir-
con and titanite data obtained by Noce et al. (1998). Sample 2124G
is a tonalite that include both brown and yellow-green titanite grains.
They are euhedral to subhedral grains with a size of ∼100–200 μm,
generally broken. Compositional (BSE) images show a complex con-
centric zoning with non- to lightly luminescent parts (Fig. 3h). A total
of 29 spots were analyzed on 7 grains, yielding 207Pb/206Pb ages that
range from 1993 to 2112 Ma (Table B2). Of the 29 analyses, 11 con-
cordant analyses provide a mean age of 2064 ± 6 Ma (MSWD = 0.38;
Fig. 4h). This age is younger than those obtained on zircon and titan-
ite by Noce et al. (1998) and Seixas et al. (2013) and similar within
error to the metamorphic age obtained for the São Thiago gneiss
(2050 ± 12 Ma; Silva et al., 2002). Therefore, this fact suggests that
the Alto-Maranhão tonalite was affected by a metamorphic event asso-
ciated to the Palaeoproterozoic collision. The results obtained on yel-
low-green titanite were excluded due to the fact that it incorporates
lower U concentrations in the structure (e.g., Verts and Chamberlain,
1996).

5. Discussion

5.1. Timing of the Palaeoproterozoic metamorphic event

The results obtained suggest that titanite and monazite underwent a
complex history of new growth, recrystallization (dissolution/precipi-
tation) and/or partial lead-loss to isotopic resetting during the Palaeo-
proterozoic metamorphic event. In some samples distinct age pop-
ulations are clearly identified, whereas in other cases the data ex
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Fig. 4. Representative Concordia diagrams of LA-SF-ICPMS U–Pb titanite and monazite ages for different rocks: (a–d) gneisses and granitoids from the Bação and Bonfim com-
plexes; (e) amphibolite dike from Belo Horizonte Complex; (f) Nova Lima Group from Rio das Velhas Supergroup; (g) Piracicaba Group from Minas Supergroup; and (h) Alto
Maranhão tonalite from Mineiro Belt. The dashed ellipses represent the discordant data. The insets are either 207Pb/206Pb weighted average age plots or detailed Concordia age plots.
The zircon data obtained for these samples by Lana et al. (2013), Romano et al. (2013) and Farina et al. (2015a) are outlined by grey ellipses. Error ellipses and error bars are at 2σ.

hibit a wide variation in ages that probably represent partial recrys-
tallization and isotopic resetting. We observed that early titanite and
monazite growth were preserved, yielding dates that correspond to
the magmatic ages of the rock (2772 ± 14 Ma; Fig. 4a) or metamor-
phic events that followed magmatic crystallization (2731 ± 4 Ma and

2613 ± 11 Ma; Fig. 4c and f, respectively). Brown titanite with dark
and light zones observed in an orthogneiss from the southwestern part
of the Bação Complex (sample FQ20; Fig. 3b) records two differ-
ent age populations, reflecting a period of growth at around 2687 Ma
followed by recrystallization and/or partially resetting at around
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Fig. 5. Representative 207Pb/206Pb weighted average age plots of LA-SF-ICPMS U–Pb titanite and monazite ages for gneisses, migmatite and leucogranite from the Bação Complex
(a–d), granitoid and gneiss from the Bonfim Complex (e–f) and Nova Lima Group from the Rio das Velhas Supergroup (g). Error bars are at 2σ.

2048 Ma (Fig. 4b). Therefore, the Neoarchaean ages suggest that ti-
tanite growth took place during magmatism at ca. 2772 Ma (Fig. 4a)
or during metamorphism between ca. 2731 and 2613 Ma (see Table 1
and Fig 4b–c,f). Combining this data with previous U–Pb zircon data,
the oldest metamorphic ages match well with the Neoarchaean age of
the amphibolite-facies metamorphism between 2794 and 2760 Ma ob-
served on many magmatic zircons overgrown by rims (e.g., Machado
and Carneiro, 1992; Lana et al., 2013; Farina et al., 2015a). The
youngest ages (i.e., 2687–2613 Ma) are well correlated with the meta-
morphic ages documented by zircon rims, especially in Passa Tempo
Complex (2622–2599 Ma; Campos et al., 2003) and in Bonfim and
Belo Horizonte complexes (2679–2644 Ma; Farina et al., 2015a), and
with the age of small scattered granitic stocks intruding

the Bonfim and Belo Horizonte complexes between
2630 and 2610 Ma (e.g., Romano et al., 2013).

Subsequent metamorphism and intrusion-related heat/fluid flow
events during the Palaeoproterozoic orogeny in the SSFC (discussed
below) resulted in the regional-scale recrystallization and isotopic re-
setting of the pre-existing titanite and monazite. Detailed compilation
of the Palaeoproterozoic metamorphic ages recorded by titanite and
monazite and relative ages recorded in zircon is shown in Fig. 6. The
vast majority of the titanite and monazite dated in the SSFC record
the thermal overprint at around 2080 and 1940 Ma, whereas zircon
only records Archaean magmatic and metamorphic ages (Figs. 6 and
7). This implies that temperatures associated with closure of the Mi-
nas Basin and dome exhumation were not sufficiently high to over

Fig. 6. Relative probability plots of U–Pb titanite and monazite ages obtained in this study and U–Pb zircon data obtained by Lana et al. (2013), Romano et al. (2013) and Farina et
al. (2015a). For comparison, the age distributions of different orogens and Archean events are marked by grey-shaded areas. SB: Santa Barbara Event, RdV I and II: Rio da Velhas I
and II Events, and Mam: Mamona Event.
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print zircons, which can overgrow at high T conditions with melt/
fluid present permitting accurate dating of high-grade metamorphism
(⩾700 °C; e.g., Vavra et al., 1996; Williams et al., 1996; Lee et al.,
1997; Vavra and Schaltegger, 1999; Cherniak and Watson, 2001;
Rubatto et al., 2001; Williams, 2001; Hermann and Rubatto, 2003).
Given the preservation of some inherited radiogenic Pb in the titanite
and monazite, we can infer that the Palaeoproterozoic metamorphism
reached a maximum temperature between 650 °C and 700 °C, which
were proposed as the minimum closure temperature of titanite (Scott
and St-Onge, 1995). This amphibolite-facies condition is in agreement
with the conditions obtained by Jordt-Evangelista et al. (1992) and
Cutts et al. (subm.).

5.2. Heating and cooling of the southern São Francisco craton

The regional extent of the Palaeoproterozoic ages we obtained
in the SSFC and the surrounding terrains is shown in Fig. 7. The
data also include ages for contact metamorphic rocks determined by
Sm–Nd data on whole-rock, muscovite and garnets in the Palaeopro-
terozoic Minas Supergroup (e.g., Marshak et al., 1997; Brueckner et
al., 2000). Both titanite and monazite ages overlap well with previous
U–Pb SHRIMP/TIMS data for gneiss samples in the Mineiro belt and
the Mantiqueira Complex (e.g., Silva et al., 2002; Noce et al., 2000;
Heilbron et al., 2001; Noce et al., 2007; Heilbron et al., 2010; Seixas
et al., 2012, 2013).

The Mineiro Belt records a protracted history of subduction-re-
lated magmatism in intra-ocenic settings, which started around

2470 Ma and ends around 2100 Ma (Ávila et al., 2010, 2014; Seixas et
al., 2012, 2013; Barbosa et al., 2015; Teixeira et al., 2015). In marked
contrast with the adjacent crustal segments, its supracrustal assem-
blages witnessed three metamorphic episodes dated between 2250 and
2050 Ma (Cherman, 1999; Ávila, 2000; Silva et al., 2002; Toledo,
2002; Ávila et al., 2004, 2008).

According to the available data, the emplacement of subduction-re-
lated rocks into the Archaean São Francisco craton crust (represented
by the Mantiqueira Complex) started at ca. 2200 Ma and also ends
around 2100 Ma (Noce et al., 2007; Heilbron et al., 2010), indicating
that abortion of subduction as a consequence of collision with other
terranes and ultimately with the Congo craton nucleus occurred at ca.
2100 Ma or immediately after (Fig. 8). The obtained U–Pb titanite/
monazite ages seem to reflect first the syn-collisional and regionally
extensive amphibolite-facies metamorphism affecting SSFC, whose
climax was probably reached at ca. 2080 Ma (Fig. 6).

Some models proposed for the tectonic evolution of the
Quadrilàtero Ferrífero invocated post-orogenic extension as an effec-
tive mechanism for the development of the dome-and-keel architec-
ture that characterizes this province (Marshak et al., 1992; Alkmim
and Marshak, 1998). However, in these models subduction was sup-
posed to be east-directed, due to the fact that the continental arc na-
ture of the Mantiqueira Complex was not known at the time. Post-or-
genic extension acting upon a back-arc region during tectonic col-
lapse seems to be even more effective in raising the geotherms and
providing heat for the subsequent generation of the dome-and-keel
geometry (Fig. 8d). Published structural analyses and recent meta

Fig. 7. Geological map of the southernmost São Francisco Craton showing all titanite and monazite ages obtained in this study (ages are compiled in Table 1). See legend in Fig. 2.
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Fig. 8. Cross-sectional model (EW-oriented) illustrating the tectonic evolution of the southern São Francisco craton and its eastern margin between 2400 and 2050 Ma. a) Pre-col-
lisonal stage, in which the Minas and Congo passive margins were separated by an ocean hosting the Juiz de Fora island arc; b) Development of the Mantiqueira continental arc and
initial inversion of the Minas passive margin, in this stage converted into a back-arc setting; c) Collision of the São Francisco and Congo Archaean nuclei, involving the Juiz de Fora
juvenile terrane; and d) Extensional collapse affecting the southern São Francisco foreland/back-arc zone and development of the dome-and-keel architecture that characterizes the
region.

morphic studies and phase diagram modeling (Cutts et al., subm.) in-
dicate exhumation of hot (700 °C), midcrustal (20 km deep) gneiss
domes, clearly related to extension at ca. 2070–2050 Ma interval.
Thus, combining the published structural geology/metamorphic
petrology data with the widespread distribution of U–Pb titanite/mon-
azite, we suggest that entire SSFC was affected by the crustal exten-
sion and thermal heating emanating from it. Remarkably, the titanite
and monazite ages we obtained also indicates a relatively slow cooling
of the SSFC, lasting from 2080 up to 1940 Ma.

Younger metamorphic ages were also determined by K–Ar biotite
dating in the Passa Tempo – Campo Belo – Divinópolis complexes of
the SSFC, also suggesting a protracted cooling history of craton be-
tween ca. 2041 and 1780 Ma (Table 1; e.g., Teixeira, 1985; Campos
et al., 2003). Therefore, these data inferred slow cooling of these rocks
during relaxation of isotherms following the closure of the Minas
Basin and dome exhumation. The cooling rate can be estimated very
approximately at about 1 °C/Ma, based on an age of 2080 ± 13 Ma
for the peak of metamorphism at ∼650 °C and 1745 ± 52 Ma for
the closure of Pb diffusion from biotite at ∼350 °C. This regional
metamorphic cooling rate is supported by Tassinari et al. (2015),
who evaluated the cooling rate based on multi-system iso

tope data, fluid inclusion microthermometry and other relevant infor-
mation. Moreover, the closure temperature of titanite for slowly-cool-
ing metamorphic event is considered to be between 600 °C (Mezger
et al., 1991) and 700 °C (Scott and St-Onge, 1995; Bingen and van
Breemen, 1998), reinforcing that the Palaeoproterozoic metamor-
phism associated with closure of the Minas Basin and dome exhuma-
tion reached amphibolite-facies condition (e.g., Jordt-Evangelista et
al., 1992; Cutts et al., subm.).

5.3. Stabilization of the São Francisco craton

Previous studies made a case that ca. 100% of the SFC and its
margins were built during tectonic amalgamation of Archaean blocks
along with magmatic additions between 2100 and 1900 Ma; i.e., dur-
ing the Palaeoproterozoic Transamazonian event (Fig. 9; e.g., Cordani
et al., 1988; Teixeira et al., 2000). The magmatic processes and
high-grade metamorphism played a major role in converting the São
Francisco lithosphere in a stable cratonic region. For the northeast-
ern portion of the craton, the geochronological and geological data
point to accretion of continental arcs and final collision of various
crustal segments (Teixeira and Fegueiredo, 1991; Sabaté et al.,
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Fig. 9. Geological sketch map of the northern sector of São Francisco Craton with all available Palaeoproterozoic metamorphic and magmatic ages (ages are compiled in Table 2).
Modified from Alkmim and Martins-Neto (2012). The compiled Palaeoproterozoic magmatic ages were obtained from syn- to post-collisional granitiods.

1994; Ledru et al., 1997; Silva et al., 1997; Oliveira et al., 2000; Silva
et al., 2001, 2002; Delgado et al., 2003; Barbosa and Sabaté, 2004;
Oliveira et al., 2004a,b, 2010, 2011). Besides this, the collisional
process, which reached its climax at 2083 Ma (Peucat et al., 2011),
involved first a frontal collisions among the various blocks, followed
by a strong sinistral transpressional deformation of the whole system
(Alves da Silva, 1994; Chauvet et al., 1997; Barbosa and Sabaté, 2004;
Barbosa et al., 2012; Cruz et al., 2016).

The Palaeoproterozoic arc-related magmatism and the regional
metamorphism documented in Mantiqueira Complex is also recorded
along the border of the Gavião block (Fig. 9) in the northern portion
of the craton (Barbosa and Sabaté, 2004; Cruz et al., 2016), mean-
ing that sometime between ca. 2300 and 2100 Ma, the eastern edge
of the Archaean nucleus of the SFC was converted in an active con-
tinental margin (Fig. 10), persisting as such until ca. 2100 Ma. Thus,
the shear zone, that marks the contact of the Gavião block with the
Itabuna-Salvador-Curaçá belt and Jequié block in the northern SFC as
well as the contact between the Mantiqueira and Juiz de Fora Com-
plexes (Fig. 10) in the Araçuaí orogen (SSFC margin), represents
the suture zone, along which micro-continents and juvenile arcs were
amalgamated during the convergence and collision of the São Fran-
cisco and Congo Archaean nuclei. This process was followed by a
period of slow cooling and final stabilization of a large continental
mass ca. 1900 Ma. A substantial portion of this continent is now pre

served in the interior of the both the São Francisco and Congo cratons.

6. Conclusions

New U–Pb LA-SF-ICPMS data obtained in the SSFC reveal that
the titanite and monazite growth took place during the different Ne-
orchaean magmatic and metamorphic events between ca. 2760
and 2680 Ma and that they were partially or completely recrystal-
lized and/or underwent isotopic resetting during thermal events at
ca. 2080 and 1940 Ma. The preservation of Neoarchaean titanite and
monazite indicates that the Palaeoproterozoic metamorphism associ-
ated with the closure of the Minas Basin and dome exhumation in the
SSFC reached amphibolite-facies conditions with a maximum tem-
perature between 650 and 700 °C and thus, no Palaeoproterozoic zir-
cons were grown during this event. Using all available Palaeoprotero-
zoic data, we can infer that a long-lived metamorphic event affected
the Archaean basement in the SSFC as well as the surrounding ter-
rains to the east and to the south, following the long-lasting west-
ward subduction with sanukitoid-like magmatism associated in the
surrounding terrains of the SSFC. This long-lived metamorphism in-
clude an episode of syn-collisional metamorphism between 2100 and
2070 Ma, which represents the amalgamation of the Archaean nuclei
of both the São Francisco and Congo cratons, along with magmatic
arcs and microcontinents. This collision led to closure of the large
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Fig. 10. Tentative reconstruction of the tectonic scenario of the São Francisco Craton and its margins after the Palaeoproterzoic collision. The Archaean stable core of the craton
was bordered by a foreland/retro-arc domain and an active continental margin, represented by the Mantiqueira Complex (M) at the southern SFC margin. The accretionary zone of
the Palaeoproterozoic orogen is composed of the various microcontinents of the northeastern SFC (G: Gavião block; IB: Itabuna-Salvador-Curaça belt; J: Jequié block; S: Serrinha
block), as well as the Juiz de Fora (JF) and Mineiro belt (MB) juvenile terranes. Modified from Alkmim and Marshak (1998).

Palaeoproterozoic Minas basin, followed by orogenic collapse and de-
velopment of a dome-and-keel architecture in the time interval be-
tween 2070 and 2050 Ma. A period of slow cooling (∼1 °C/Ma) fol-
lowed the stabilization of the craton and lasted until ca. 1940 Ma.

The timing of this long-lived thermal event overlaps well with the
Palaeoproterozoic ages obtained in the four blocks of the northern part
of the craton. Therefore, this Palaeoproterozoic thermal event repre-
sents the last craton-wide overprinting episode responsible for the as-
sembly and stabilization of the craton. Taking into account the pre-
vious evolutionary models proposed for both sectors, the continuity
of the massive magmatic arc around the margins of the SSFC can be
represented along the Archaean blocks in the northern part of the cra-
ton. Therefore, the SSFC can be interpreted as foreland or back-arc
basins formed behind to the magmatic arc, owing to the absence of the
Palaeoproterozoic magmatic activities in this sector and the deposition
of the syn-orogenic sedimentary sequences.
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