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a b s t r a c t

Field observations and CA-LA-ICP-MS U–Pb zircon ages and Hf isotope compositions obtained from mig-
matitic orthogneisses and granitoids from the Belo Horizonte Complex, southern São Francisco Craton,
indicate a major period of partial melting and production of felsic rocks in the Neoarchean. Our observa-
tions show that the complex is an important site for studying partial melting processes of Archean crys-
talline crust. Much of the complex exposes fine-grained stromatic migmatites that are intruded by
multiple leucogranitic veins and sheeted dikes. Both migmatites and leucogranite sheets are crosscut
by several phases of granitoid batholiths and small granitic bodies; both of which are closely associated
with the host banded gneisses. Chemical abrasion followed by detailed cathodoluminescence imaging
revealed a wide variety of zircon textures that are consistent with a long-lived period of partial melting
and crustal remobilization. Results of U-Pb and Hf isotopes disclose the complex as part of a much wider
crustal segment, encompassing the entire southern part of the São Francisco Craton. Compilation of avail-
able U-Pb ages suggests that this crustal segment was consolidated sometime between 3000 Ma and
2900 Ma and that it experienced three main episodes of partial melting before stabilization at
2600 Ma. The partial melting episodes took place between 2750 Ma and 2600 Ma as a result of tectonic
accretion and peeling off the lithospheric mantle and lower crust. This process is likely responsible for the
emplacement of voluminous potassic granitoids across the entire São Francisco Craton. We believe that
the partial melting of Meso-Archean crystalline crust and production of potassic granitoids are linked to a
fundamental shift in the tectonics of the craton, which was also responsible for the widespread intrusion
of large syenitic bodies in the northern part of the craton, and the construction of layered mafic–ultra-
mafic intrusions to the south of the BHC.

� 2022 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

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

1. Introduction

As one of South America’s oldest surviving fragments of conti-
nental lithosphere, the São Francisco Craton (SFC) is a valuable
archive for understanding the nature and origin of the Archean
continents (Herz, 1970; Teixeira and Figueiredo, 1991; Machado
et al., 1992, 1996; Machado and Carneiro, 1992; Teixeira et al.,
1996, 2000; Bastos-Leal et al., 2003; Barbosa et al., 2013). U-Pb zir-
con crystallization ages in the range of 3500 Ma to 3700 Ma make
this craton one of the oldest pieces of continental crust on Earth,
and an ideal natural laboratory to investigate tectonic processes
leading to Earth’s initial geodynamics (Barbosa and Sabaté, 2004;
Oliveira et al., 2020). On the basis of U-Pb geochronology, petrog-

raphy, and major/trace element geochemistry, previous studies
have documented a craton-wide period of potassic granitoid mag-
matism between 2750 Ma and 2650 Ma, which is closely linked to
the stabilization of the crust (Lana et al., 2013; Romano et al., 2013;
Farina et al., 2015, 2016; Albert et al., 2016; Aguilar et al., 2017;
Martínez-Dopico et al., 2017; Moreno et al., 2017; Simon et al.,
2018; Cutts et al., 2019). However, because of the complex nature
of the tectonic process that preceded stabilization of the SFC, key
information about the timing, duration, and underlying tectonic
setting for the partial melting events remains elusive.

Studies in the southern part of the craton relate the potassic
granitoid magmatism to a major accretionary process, involving
reworking of the older TTG crust and supracrustal (greenstone
belt + sedimentary) rocks (Farina et al., 2015; Cutts et al., 2019).
This mid/lower crustal event is marked by widespread migmatiza-
tion, multiple intrusions of potassium-rich crustal melts, and
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construction of voluminous multi-phase batholiths such as the
Florestal, Mamona, Pequi, Piracema, Samambaia, Souza Nochese
batholiths (Fig. 1). The batholiths themselves record a complex
magmatic structure involving intermingling between partially
molten gneiss xenoliths, granite flow structures, domains of gran-
ite intrusive sheets (into the host gneiss), and amphibolite rafts
hosted within granite (e.g., Farina et al., 2016; Cutts et al., 2019).
The extensive nature of the partial melting led to large-scale dom-
ing of the basement complexes and formed Archean dome and keel
features (e,g., around the Pitangui and Florestal batholiths; Fig. 1;
Cutts et al., 2019).

Constraining the duration of the partial melting events (leading
to stabilization of the SFC) is largely hampered by the complex nat-
ure of the datable high T minerals. Previous studies have shown
that titanite and monazite were mostly reset by younger, Rhya-
cian/Transamazonian (2100–2000 Ma) and Neoproterozoic/Brasil-
iano (600–500 Ma) events (e.g., Aguilar et al., 2017; Cutts et al.,
2019), whereas zircons record a wide range of igneous and meta-
morphic textures, difficult to interpret given the high level of
metamictization (e.g., Lana et al., 2013; Romano et al., 2013;
Farina et al., 2016). In fact, intense metamictization and multiple
events of Pb loss have limited the utility of zircon to disentangle
the different tectonothermal events (e.g., Lana et al., 2013;
Romano et al., 2013; Farina et al., 2016). A possible solution to this
problem would be to undertake a thorough investigation of the zir-
con textures after chemical abrasion (CA) (Mattinson, 2005) and

detailed cathodoluminescence (CL) imaging. Studies applying CA
to complex zircons have demonstrated a relevant improvement
in the degree of concordance (Huyskens et al., 2016; Wiemer
et al., 2017; Bauer et al., 2020). Other studies (e.g., Crowley et al.,
2014) have shown the effectiveness of the chemical abrasion in
combination with laser ablation inductively coupled plasma mass
spectrometry CA-LA-ICP-MS for U–Pb zircon geochronology.

In Fig. 1, we apply CA-LA-ICP-MS to date zircon from mid-
crustal rock samples of the craton, aiming to reveal details of the
partial melting events that preceded the cratonic stabilization.
We focus on migmatitic orthogneisses and granitoid rocks of the
Belo Horizonte Complex (BHC): an extensive segment of crystalline
crust exposed in the southern part of the SFC (Fig. 1). The complex
is at least 40 km long and 50 km wide and it exposes highly
migmatized gneisses, multiple phases of granitic intrusions, and
multi-phase granitic batholiths (Fig. 1). Previous studies have
shown the BHC as a site for major crustal melting and differentia-
tion, with partial melting events dating as far back as 2840 Ma
(Noce, 1995). Despite numerous geochronological investigations
in the region (e.g., Carneiro, 1992; Machado et al., 1992; Noce,
1995; Carneiro et al., 1997; Noce et al., 1998, 2000, 2005; Lana
et al., 2013; Romano et al., 2013; Farina et al., 2015, 2016; Albert
et al., 2016), detailed information regarding geochemistry and iso-
topic evolution of the complex is limited to a few samples, making
it difficult to understand its connection with other basement
complexes of the craton. We take advantage of the CA-LA-ICP-MS

Fig. 1. Geological map of the southern part of the São Francisco Craton, showing in detail the Belo Horizonte Complex and the location of the samples used in this study.
Batholith and pluton abbreviations: F–Florestal; M–Mamona; P–Pequi; Pi–Piracema; Sa–Samambaia; SN–Souza Nochese.
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technique to investigate in great detail the textural features of
approximately 300 zircons, and to provide U-Pb ages and Hf iso-
topic data for 15 samples collected throughout the complex. A
key aspect of this study is to define with better precision the peri-
ods of magmatic accretion and partial melting that finally led to
the stabilization of the craton in the late Archean.

2. Geological setting

The São Francisco Craton (SFC) comprises one of the most inten-
sively studied Precambrian terranes in South America (Heilbron
et al., 2017). The craton itself is surrounded by Neoproterozoic oro-
genic belts (Araçuaí, Brasília, Rio Preto, Riacho do Pontal, Sergi-
pano) that developed during the amalgamation of West
Gondwana, and is partly covered by Meso/Neoproterozoic and
Phanerozoic sedimentary units (Almeida et al., 1981; Ledru et al.,
1994; Teixeira et al., 1996, 2000; Alkmim, 2004; Barbosa and
Sabaté, 2004; Oliveira et al., 2010; Alkmim and Martins-Neto,
2012).

In the southern part of the SFC, the Archean crust exposes
amphibolite-facies granitoid-gneiss complexes (e.g., Bonfim, Belo
Horizonte, Bação, Santa Bárbara and Caeté) and polydeformed,
low-grade Archean to Proterozoic supracrustal sequences. Some
studies suggest that these basement complexes were distinct ter-
ranes that amalgamated during accretionary periods known as
the Rio das Velhas I, Rio das Velhas II and Mamona (Fig. 2A)

(Lana et al., 2013; Farina et al., 2015). Initial accretion of mid to
early Archean crustal segments seems to have occurred from
2920 Ma to 2850 Ma during the Rio das Velhas I event. Detailed
geochemistry and Hf isotopes revealed that this event witnessed
only a minor component of juvenile TTG magmatism (Fig. 2B). Fur-
ther tectonic accretion of larger continental masses promoted crus-
tal reworking with extensive medium-K calc-alkaline magmatism,
during the Rio das Velhas II event (Fig. 2C). This event is linked to
the development of volcanoclastic and sedimentary rocks of the
main greenstone belt sequences across southern SFC (Fig. 2C)
(Moreira et al., 2016).

The RV I and II were followed by consolidation of the accreted
blocks into a cratonic shield between 2750 Ma and 2680 Ma, dur-
ing the Mamona event (Fig. 2D) (Lana et al., 2013; Romano et al.,
2013; Farina et al., 2015, 2016; Albert et al., 2016; Moreira et al.,
2016) (Fig. 2). Here, intense crustal melting and voluminous potas-
sic granitoids formed a stable crystalline basement onto which
large Paleoproterozoic supracrustal sequences were deposited
(Romano et al., 2013; Farina et al., 2015, 2016). The P–T paths
recorded in basement gneisses and amphibolites are consistent
with burial and heating followed by near isothermal decompres-
sion between 2775 Ma and 2735 Ma (Cutts et al., 2019). This
long-lived period of high-grade metamorphism is supported by
unzoned garnets suggesting that the temperature conditions were
sustained for at least 20 million years (Cutts et al., 2019). It is dur-
ing the Mamona event that anatectic melts of mid to lower crustal
rocks made their way through the mid crust via dikes and veins,

Fig. 2. (A) Compilation of U-Pb data for magmatic zircons in the southern São Francisco Craton. The major peaks of rock crystallization are divided into major periods of
magmatic activity known as Santa Barbara (SB), Rio das Velhas I (RVI), Rio das Velhas II (RVII), and Mamona (M) events (modified from Moreira et al., 2016). (B) 2920–
2850 Ma Rio das Velhas I event with continental crust formed by multiple additions of TTGmagmas and tectonic accretion of mafic and ultramafic rocks (basal units of the Rio
das Velhas Supergroup and by greenstone belt remnants around the margin of the Southern São Francisco Craton). (C) Rio das Velhas II event with subduction of an oceanic
crust under a continental block and the formation of medium-K granitoids by mixing of different components of the meso-Archean crust. Most of the continental crust formed
during the Rio das Velhas II event was produced by reworking older orthogneisses and by partial melting of the mafic oceanic crust. (D) The 2760–2680 Ma Mamona event
taking place with tectonic accretion of large and stable continental blocks in the Neoarchean.
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and locally formed large batholiths (Romano et al., 2013; Albert
et al., 2016). This event also marks a transitional stage between
the production of essentially Archean sodic granitoids (2900 Ma
to 2800 Ma TTG rocks), and high-potassium calc-alkaline grani-
toids, which constitute the granite-granodiorite series (Romano
et al., 2013; Farina et al., 2015, 2016; Albert et al., 2016). This
extensive intracrustal melting was one of the key crustal processes
leading to cratonic stabilization (e.g., Laurent et al., 2014; Moyen
and Laurent 2018; Nebel et al., 2018).

The basement rocks of the southern SFC expose fine-grained
banded gneisses that are intruded by leucogranitic sheets/dikes
and large granitoid batholiths (Lana et al., 2013; Romano et al.,
2013). Pristine rocks of the TTG series are rare. They have been
replaced by medium-potassium rocks during multiple periods of
partial melting and granitoid intrusions. Farina et al. (2016)
showed that granites and gneisses are all marked by high silica
content (70–76 wt.%) and can be subdivided into medium- and
high-potassium granitoids. This subdivision is seen by these
authors to be a result of the melting of different sources. The
medium-potassium rocks bear some similarities with TTG rocks,
including high Na2O, Al2O3, and Sr content, low heavy-rare earth
content but their overall chemical features suggest mixing
between meta-mafic rocks and a component derived by recycling
TTG rocks of older continental crust (Farina et al., 2016). Oxygen
isotopes data show a secular trend towards high d18O (up to
7.79‰) indicating the involvement of metasedimentary rocks in
the petrogenesis of the high-K granitoids (Albert et al., 2016). Com-
pilation of Hf data suggests a significant change in the magmatic
evolution of the southern SFC at 2.9 Ga; a change that is marked
by intense crustal reworking, after a long regime dominated by
crustal growth in the Paleoarchean to a Neoarchean (Albert et al.,
2016).

Effects of partial melting of the Archean crystalline rocks and
high-grade metamorphism are widespread in all the basement
complexes of the SFC. Migmatites with a clinopyroxene-bearing
assemblage record peak P–T conditions of 5–7 kbar and 700–
750 �C (Cutts et al., 2019). The peak conditions are possibly linked
to the initial partial melting of crystalline (plus greenstone belt
strata) and production of part of the potassic granitoid magma.
The peak of granitoid emplacement occurred between 2750 Ma
and 2680 Ma with the emplacement of slightly to non-foliated
granites as large batholiths (Fig. 1) (Romano et al., 2013) to small
leucogranitic veins and dikes.

Apart from basement gneiss complexes, the southern part of
the SFC also exposes greenstone belt rocks of the Rio das Velhas
Supergroup and Paleoproterozoic supracrustal rocks of the
Minas Basin. The Rio das Velhas is a typical Archean greenstone
belt, subdivided into Nova Lima and Maquiné Groups (Dorr,
1969). The basal unit (the Nova Lima Group) is a volcano-
sedimentary sequence consisting of mafic and ultramafic rocks
(basalt–komatiite), and subordinate felsic rocks, as well chemi-
cal, clastic and volcanoclastic sedimentary rocks. Felsic volcanic
rocks emplaced at 2.79–2.75 Ga mark the final deposition of
the Nova Lima Group (Machado et al., 1992, 1996; Schrank
and Machado 1996; Noce et al., 2005; Hartmann et al., 2006;
Baltazar and Zucchetti, 2007). An association of conglomerates
and sandstones characterizes the Maquiné Group, the upper unit
of the greenstone belt (Dorr, 1969; Moreira et al., 2016). The
Paleoproterozoic Minas Supergroup unconformably overlies the
Archean units and comprises passive margin and syn-orogenic
sediments, which were deposited after stabilization of the
craton (Dorr, 1969; Alkmim and Marshak, 1998; Romano
et al., 2013).

3. Field observation

The Belo Horizonte Complex (BHC) is one of the largest crustal
segments in the southern part of the SFC (Fig. 1). To the south, east
and west the complex is surrounded by mafic to intermediate
schist and pelitic rocks of the Nova Lima Group. To the north, the
complex is covered by Proterozoic rocks of the Bambuí Group
(Babinski et al., 2007; Alkmim and Martins-Neto, 2012). Although
the crystalline rocks of the SFC are for most parts buried under
thick soil cover and recent sedimentary rocks, several building-
stone quarries and railway/road cuts expose the crystalline rocks
throughout the region. Field observations show that some 60%–
80% of the BHC exposes highly migmatized banded gneisses that
are locally intruded by relatively homogenous granitoids (Fig. 1).
The banded gneisses are characterized by tightly folded biotite-
rich melanocratic, and biotite-free leucocratic bands. Close to the
contact with the greenstone rocks to the south (Fig. 1), the migma-
titic fabric is completely obscured by extensive partial melting
(e.g., diatexite and metatexite) and granitoid intrusion. The largest
concentrations of granitoid bodies are often found around the
edges of the crystalline complexes, near the contact with the
greenstone belt strata.

Results of our field mapping show that the dominant rock type
is a grey/pink orthogneiss migmatite, characterized by alternating
quartz-feldspathic leucocratic bands and minor cm-wide discon-
tinuous layers of biotite-rich mesocratic bands (Fig. 3a–d). The pro-
tolith was likely a TTG rock, which may occur as a foliated biotite
gneiss in other parts of the BHC.

In the migmatitic rocks, the leucocratic bands consist of plagio-
clase, quartz and subordinate feldspar, exhibiting granoblastic tex-
tures. The mesocratic bands contain predominantly biotite and
feldspar (sometimes phenocrysts or elongated grains), and show
lepidoblastic textures. In some places, the migmatite may develop
a convoluted aspect, or show a complex structural pattern associ-
ated with high volumes of leucogranitic material (leucosome)
(Fig. 3b–f). Here, the stromatic texture often gives way to a meta-
texite or diatexite texture.

As with diatexites described elsewhere (e.g., Carvalho et al.,
2016, 2017), the BHC migmatites are marked by abundant
schlieren-type textures, which are dominantly dark to light grey
and vary in shape and size. They represent melt-rich parts of the
regional migmatites that underwent complex heterogeneous mag-
matic flow. The schlieren diatexite includes scattered remnants of
a mafic material derived from sheared/dismembered amphibolite
layers (Fig. 3d–f).

The metatexite has a dominant quartz-feldspathic composition
and is characterized by high contents of coarse-grained quartz and
feldspar and very little biotite (Fig. 3e). The K-feldspar crystals are
euhedral and define a framework filled with irregular quartz. Most
metatexites occur as small (cm- to m-scale) patches within the dia-
texite, showing a homogenous texture, larger grain size, and higher
quartz and K-feldspar contents than the host diatexite. Although P-
T conditions cannot be established because of the type of rocks
preserved in the area, the widespread migmatitic textures, the
large volumes of granitic melt intruding the gneiss and the features
indicative of partial melting are consistent with crustal reworking
at mid to lower crustal levels.

Some outcrops show important sub-vertical shear zones associ-
ated with small lenticular domains of leucogranite with diffuse
margins. Mylonitic shear zones are also common, characterized
by quartz ribbons and sigmoidal eye-shaped (augen) porphyrob-
lasts of feldspars enveloped by biotite-rich layers. These shear
zones were avoided in this study given evidence of intense fluid
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circulation along the shear planes and hence the unlikelihood of
getting geologically meaningful ages from them.

4. Analytical methods

Zircon grains were pretreated before the LA-ICP-MS (Laser Abla-
tion Inductively Coupled Plasma Mass Spectrometry), using chem-
ical abrasion (CA) procedures based on Mattinson (2005). The goal
was to isolate zircon domains that have remained closed with
respect to U-Pb since crystallization by removing altered, metamict
zones. This technique utilizes high-temperature annealing to
restore the crystallinity in damaged parts of the zircon crystals, fol-
lowed by acid leaching that dissolves parts of the crystals where
strong radiation damage and most likely Pb loss occurred, at con-
ditions where the crystalline zircon does not dissolve. We note that
CA is an empirical approach and there is no guarantee that Pb-loss
will be completely eliminated (Huyskens et al., 2016; Wiedmann

et al., 2019). For example, at higher leaching temperatures zircons
might dissolve entire, while low temperatures will not effectively
remove all zones that have lost Pb.

The initial thermal annealing step was carried out in ceramic
crucibles in a muffle furnace at 850 �C for 60 h. The selected
grains were then placed into sealed Teflon vessels followed by
partial dissolution in an acid mixture of 0.8 mL HF (conc) and
3.6 mL 1:1 HNO3(conc) + Milli-Q-H2O. The experiments were done
in 2 steps of 10 min at 175 �C and 60 �C, respectively, using a
Milestone EHTOS 1 microwave digestion system at 1500 W
(Wiemer et al., 2017). The acid solution (HF-HNO3) was then
pipetted out and the zircon crystals were washed with 3 N
HCl for several hours, and repeatedly rinsed with ultrapure
Milli-Q water in a centrifuge. The residues were then evaporated
on a stove at 100 �C for 12 h. Finally, the chemically abraded
grains were mounted in conventional epoxy resin, and then pol-
ished to expose their interior.

Fig. 3. Field photographs showing the main stages of partial melting of the Archean rocks in the Belo Horizonte Complex. (a) Typical aspect of the stromatic metatexite, in the
lower part of the image the migmatite hosts a fine leucogranite layer. (b) Detailed photo of a schlieren diatexite rich in leucosome. (c) Heterogeneous schlieren diatexite with
schlieren of biotite and schollen of stromatic migmatite in the granitic leucosome. (d) Dismembered amphibolite dike in diatexite. (e) Detailed photo of a nebulitic diatexite
exhibiting medium-grained inequigranular texture. (f) Heterogeneous aspect of the BH migmatite showing felsic, intermediate, and mafic bands.
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All CL images were obtained using a scanning electron micro-
scope (JEOL JSM-6510) at the Departamento de Geologia (DEGEO)
of the Universidade Federal de Ouro Preto (Brazil). Zircon grains
from 15 samples were analyzed for U-Pb. Nine of those samples
were later analyzed for Lu-Hf isotopes. U-Pb isotopic concentra-
tions were determined using the ThermoFinnigan Element II, sec-
tor field ICP-MS, coupled to a Photon-Machine 193 excimer laser
ablation system, at the DEGEO. The analytical spots (20 lm diam-
eter) were ablated in automated mode. The ablated material was
transported in He carrier gas mixed with Ar prior to introduction
into the ICP-MS. Masses of Pb (204Pb, 206 Pb, 207Pb, 208Pb), 232Th,
and 238U were measured. Data was collected in peak jumping
mode during 20 s and 40 s, for background and sample measure-
ment. Laser conditions were 10 Hz at 4 J/cm2 fluence. Multiple
analyses of reference material GJ-1 reference zircon (608 ± 1 Ma;
Jackson et al., 2004) were performed during each analytical ses-
sion. In addition, multiple analyses of reference zircon 91500
(1065 ± 1; Wiedenbeck et al., 1995) and BB (561 ± 2 Ma; Santos
et al., 2017) were used for quality control. The 91500 secondary
standard gave Concordia ages of 1064.9 ± 2.2 (2SD, n = 75;
MSWD = 2.4). The calculated age is consistent, within uncertainty,
with the ID-TIMS value reported by Wiedenbeck et al. (1995). The
BB secondary standard gave a concordia age of 562.4 ± 1.3 Ma
(2SD, n = 63; MSWD = 1.12). This age is consistent with the ID-
TIMS age of 561 ± 2 Ma reported by Santos et al. (2017). The results
of the LA-ICP-MS analyses for unknowns and zircon reference
materials are presented in Supplementary data Tables S1 and S2.
Glitter 4.4.3 software (Van Achterbergh et al., 2001) was used to
reduce data. As recommended by (Crowley et al., 2014) our refer-
ence materials were treated with chemical abrasion prior to the
analyses. Error propagation and Pbc corrections were applied using
an in-house spreadsheet (e.g., Farina et al., 2016). All U-Pb concor-
dia diagrams were plotted using Isoplot Excel (Ludwig, 2012).
Errors and uncertainties are reported at 2r, isotope ratios and
weighted average ages are reported as weighted means at 95% con-
fidence level.

The Lu-Hf isotopes were measured on a ThermoFinnigan Nep-
tune multi-collector ICP-MS coupled to a Photon-Machine
193 nm ArF excimer laser system, at DEGEO following the methods
of Gerdes and Zeh (2006, 2009). Laser spot sizes of 40–50 lm were
made on the same zircon domain previously analyzed for U-Pb.
Isotopic concentrations were acquired in static mode during the
60 s of ablation. Nitrogen (~0.080 L/min) was introduced into
the Ar sample carrier gas via an Aridus nebulization system.
172Yb, 173Yb and 175Lu were measured to correct for 176Yb and
176Lu isobaric interference. The 176Lu and 176 Yb were calculated
using a 176Lu/175Lu ratio of 0.02658 (J.W. Goethe University of
Frankfurt in-house value) and 176Yb/173Yb of 0.796218 (Chu
et al., 2002). To validate accuracy and external reproducibility
five reference materials were used before and during runs:
BB 176Hf/177Hf = 0.2816713 ± 0.0000028 (Santos et al., 2017),
GJ-1 176Hf/177Hf = 0.282000 ± 0.000005 (Morel et al., 2008),
Plesovice 176Hf/177Hf = 0.282482 ± 0.000013 (Sláma et al.,
2008), Mudtank 176Hf/177Hf = 0.282504 ± 0.000044 (Black and
Gulson, 1978; Woodhead and Hergt, 2005), 91500 176Hf/177Hf =
0.282307 ± 0.000031 (Wiedenbeck et al., 2004) and Temora
176Hf/177Hf = 0.282680 ± 0.000031(Black et al., 2003). Multiple
analyses of these reference materials yielded average 176Hf/177Hf
ratios of 0.281682 ± 50 (2SD, n = 9), 0.282001 ± 30 (2SD, n = 29),
0.282470 ± 114 (2SD, n = 10), 0.282493 ± 76 (2SD, n = 20), 0.282
280 ± 56 (2SD, n = 19), and 0.282652 ± 16 (2SD, n = 4), respectively.
The results are in good agreement with the accepted error of
recommended values. All the Lu-Hf isotopic compositions are
presented in the supplementary material (Supplementary data
Tables S3 and S4) and a summary of the results are shown in
Table 1.

We used the 176Lu decay constant of k = 1.867 10–11 yr�1

(Scherer et al., 2001; Söderlund et al., 2004), and parameters of
the chondritic uniform reservoir (CHUR) 176Lu/177Hf = 0.0336 and
176Hf/177Hf 0.282785, values as suggested by Bouvier et al.
(2008), for the calculation of initial 176Hf/177Hf ratios and eHf(t) val-
ues. Depleted Mantle (DM) values were calculated using a DM
model considering linear regression from the present-day depleted
mantle, as suggested by Blichert-Toft and Puchtel (2010), i.e., 176-
Lu/177Hf = 0.03933 and 176Hf/177Hf = 0.283294. An average crustal
176Lu/177Hf ratio of 0.0113 was used for model age calculation
(Taylor and McLennan,1995; Wedepohl, 1995).

5. Results

5.1. Zircon textures

Fifteen samples were collected for U–Pb analysis by LA-ICP-MS.
All samples yielded a large number of zircon grains, but only a frac-
tion (20%–50%) were considered appropriate for U-Pb dating. As
demonstrated by Machado et al. (1992), Machado and Carneiro
(1992), Noce et al. (1998), Lana et al. (2013), and Romano et al.
(2013), zircons from the crystalline rocks of the SFC are largely
altered and rich in mineral inclusions and fractures. Here we
observed that the CA did not remove all the metamict discordant
grains, but it substantially reduced the large volume of zircons
affected by Pb-loss. We also observed that the chemically abraded
zircons yielded the best CL images, making it easier to observe
complex patterns of zircon growth, in addition to the presence/ab-
sence of xenocrystic cores, inclusions of other minerals, degree of
fracturing, and metamictization.

Overall, the grain populations from different samples show sim-
ilar internal structures, with multiple stages of zircon growth and
alteration. Despite the textural complexity, we managed to recog-
nize seven main groups of textures, which are essentially present
in nearly all the samples (Fig. 4A). These include lobate domains
(Fig. 4A, i), recrystallization fronts (Fig. 4A, ii), patchy and ghost
textures (Fig. 4A, iii, iv) as well as spongy, metamict, and soccer
ball zircons (Fig. 4A, v, vi, vii). In addition, we observed that spongy
textured zircons are rich in metamict domains with fractures that
served as pathways for fluid circulation, leaching radiogenic Pb and
enriching the zircon in Pbc. These domains are completely hetero-
geneous, structureless, and porous. Some grains show longitudinal
streaks filled by new zircon growth (Fig. 4A). Finally, a small pop-
ulation of zoned zircons does not show any signs of resorption and/
or recrystallization domains (B), indicating a magmatic origin.

5.2. U-Pb age dating

The U-Pb data was acquired in five daily sessions, where 15
samples collected all across the BHC were analyzed. A summary
of the U-Pb ages for samples is presented in Table 1 (Supplemen-
tary data Tables S1 for details).

Sample BH-01 (UTM: 606777/7822490) represents a stromatic
gneiss in the north of the complex (Fig. 1). The rock is characterized
by the alternation of mm to cm-scale leucosomes
(quartz + feldspar) and melanosomes (biotite + amphibole) bands
and is intruded by leucogranitic sheets. The layers are oriented par-
allel to the main foliation. Locally, the layers and sheets are folded
forming tight folds. Pegmatitic dikes also intrude the gneiss, cross-
cutting the foliation. The zircon grains from the main stromatic
gneiss preserve euhedral to sub euhedral prismatic shapes, with
slightly round terminations, ranging in size from 100 mm to
300 mm long. They are generally white milky to brown and opaque
to semi-translucent. The majority of the milky white grains are lar-
gely metamict and yielded unreliable U–Pb data (Machado et al.,
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1992; Machado and Carneiro, 1992; Lana et al., 2013; Romano
et al., 2013). CL images from a subset of partly translucent brown
zircons show broad zones of intense alteration and radiation dam-
age. These zircons are dark and structureless, and some grains pre-
serve cores with oscillatory zoning (Fig. 5). Fifty-one U-Pb analyses
were performed on oscillatory zoning of 45 grains, yielding mostly
discordant results. Forty-four points, plot along a regression line
with an upper intercept at 2814 ± 7 Ma and lower intercept at
436 ± 34 Ma (2r; MSWD = 2.1; Fig. 6A). Based on available textural
information of the zircons we suggest that the upper intercept date
is the best approximation of the crystallization age of the sample.
The lower intercept is interpreted as Pb-loss in the Neoproterozoic
Brasiliano event. Two spots on cores revealed the presence of
>2940 Ma inherited zircons (2r; MSWD = 1.8; Fig. 6A), but the
points were significantly discordant. Another four spots on meta-
morphic rims gave a very imprecise intercept date of ca.
2780 ± 30 Ma, which is likely to be a metamorphic overgrowth
age, but the points were too discordant to make further
interpretations.

Samples BH-02B and BH-02C (UTM: 605190/7825093) were
collected in the northern portion of the complex (Fig. 1). Sample
BH-02C represents a stromatic gneiss characterized by the alterna-
tion of mm- to cm-scale leucocratic and mesocratic bands. BH-02B
is a 0.2 m thick leucogranitic vein intruded into the stromatic
gneisses BH-02C. Sample BH-02B contains fragments of zircon
prisms that range in size from 100 mm to 300 mm and are subhedral
to euhedral, slightly round, partly translucent to opaque, and milky

white to brown. The milky white grains indicate some degree of
metamictization. CL images exposed dark and structureless
zircons. A subset of zircons shows patchy or broad zoning and con-
volute or oscillatory zoning (Fig. 5). Rare inclusions and fractured
grains were also observed. Seventy-seven spots on 62 zircons were
analyzed, but most of the U–Pb isotopic data are discordant, sug-
gesting Pb loss at some stage of the evolution of these rocks.
Seventy-five points located on oscillatory zoning of the grains
define a regression line that intercepts the concordia at
2804 ± 3 Ma and 556 ± 19 Ma (2r; MSWD = 2.1; Fig. 6B). The oscil-
latory zoning is typical of crystallization from a melt phase, and we
interpret the upper intercept as the crystallization age of the sam-
ple. The lower intercept marks a Pb-loss event in the Neoprotero-
zoic. Five spots located on structureless metamorphic rims of
these grains yield a regression that intercepts the concordia at
2750 ± 10 Ma and 692 ± 54 Ma (2r; MSWD = 0.92; Fig. 6B).

The zircon crystals and fragments from the Sample BH-02C,
ranging in size from 50 mm to 300 mm, are euhedral to subhedral,
vary from prismatic to slightly rounded in shape, are opaque to
semi-translucent, reddish in color, and length/width ratios vary
from 1:1 to 4:1. CL images reveal a weak intensity, oscillatory zon-
ing, which is the most common internal structure; followed by pat-
chy or broad zoning, and rarely convoluted zoning (Fig. 5). Some
grains have a dark core surrounded by a lighter rim. Inclusions,
fractured grains and local resorption and/or recrystallization fea-
tures were also observed. A total of forty-two analyses on 29 zoned
zircon grains yielded discordant U-Pb analyses. Thirty-six spots

Table 1
Summary of the U-Pb and Lu-Hf data for samples of the Belo Horizonte Complex.

Sample Studied rock Location (UTM) U-Pb age (Ma) 2r Interpreted age eHf Hf model
age

Magmatic
event

BH-01 stromatic gneiss 606777/
7822490

2814 ± 7 (MSWD = 2.1) n = 45 Crystallization / / RVⅡ

BH-02B leucogranite 605190/
7825093

2804 ± 3 (MSWD = 2.1) n = 75 Crystallization (�4.9 to �2.0)
n = 22

3.47–
3.32 Ga

RVⅡ

BH-02C stromatic gneiss 605190/
7825093

2864 ± 8 (MSWD = 1.06) n = 36 Crystallization (�1.8 to �6.2) n = 9 3.35–
3.58 Ga

RVⅠ

BH-03 stromatic gneiss 565357/
7841317

2856 ± 62 (MSWD = 4.3) n = 6
2716 ± 12 (MSWD = 1.4) n = 30
2619 ± 15 (MSWD = 1.9) n = 16

Protolith
crystallization
Migmatization
Metamorphic

(�2.1) n = 1
(�3.3 to �1.7) n = 2
(�8.3 to �1.7) n = 3

3.25 Ga
3.30–
3.22 Ga
3.50–
3.24 Ga

RVⅠ
Mamona
Mamona

BH-04 gneiss 606624/
7800240

2706 ± 10 (MSWD = 0.40) n = 20 Crystallization (�6.5 to �3.2)
n = 16

3.46–
3.28 Ga

Mamona

BH-05 stromatic gneiss 615986/
7805284

2828 ± 33 (207Pb/206Pb) n = 1
2660 ± 12 (MSWD = 0.78) n = 17

Inherited
Migmatization

(�0.7) n = 1
(�6.7 to �4.5)
n = 10

3.26 Ga
3.44–
3.34 Ga

RVⅡ
Mamona

BH-06 foliated granite 629157/
7809112

2709 ± 6 (MSWD = 0.52) n = 21 Crystallization (�3.7 to �1.9)
n = 21

3.33–
3.23 Ga

Mamona

BH-07A stromatic gneiss 583025/
7811506

2765 ± 14 (MSWD = 1.4) n = 23 Metamorphic (�2.8 to �0.7) n = 4 3.30–
3.21 Ga

Mamona

BH-07B foliated granite 583025/
7811506

2735 ± 15 (MSWD = 1.8) n = 22 Crystallization (�0.5) n = 1 3.19 Ga Mamona

BH-08A stromatic gneiss 599430/
7793023

2661 ± 11 (MSWD = 0.88) n = 19 Metamorphic (�5.1 to �2.9) n = 5 3.37–
3.26 Ga

Mamona

BH-08B leucogranite 599430/
7793023

2685 ± 19 Ma (MSWD = 3.1)
n = 17

Crystallization (�5.8) n = 1 3.43 Ga Mamona

BH-09 migmatized 588087/
7792313

2858 ± 59 (207Pb/206Pb) n = 1
2727 ± 13 (MSWD = 0.63) n = 23

Protolith
crystallization
Metamorphic

(�3.3 to �3.1) n = 3 3.31–
3.30 Ga

RVⅡ
Mamona

BH-10 stromatic gneiss 575734/
7813194

2758 ± 41
2682 ± 12 (MSWD = 2.3) n = 17

Protolith
crystallization
Metamorphic

(�5.0) n = 1
(�4.8) n = 1

3.44 Ga
3.36 Ga

Mamona

BH-12A foliated
K-granite

57798/
7832145

2823 ± 35 (207Pb/206Pb) n = 1
2734 ± 12 (MSWD = 0.99) n = 22

Inhereted
Crystallization

(0.6) n = 1
(�6.1 to 0.1) n = 6

3.18 Ga
3.50–
3.16 Ga

RVⅡ
Mamona

BH-12B foliated biotite-
granite

577798/
7832145

2830 ± 19 (MSWD = 0.3) n = 4
2680 ± 17 (MSWD = 1.8) n = 24

Inhereted
Crystallization

(�4.9 to �2.5) n = 3
(�7.3 to �1.3) n = 5

3.50–
3.28 Ga
3.47–
3.28 Ga

RVⅡ
Mamona
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plot along a regression line with upper and lower intercept ages of
2864 ± 8 Ma and 552 ± 15 Ma (2r; MSWD = 1.06; Fig. 6C). These
zircons show clear igneous oscillatory zoning. Based on the field
observations and CL textures, we interpret the upper intercept date
as the crystallization age. The lower intercept relates to a Pb-loss
event in the Neoproterozoic. Three cores revealed the presence of
inherited older zircon, but these were too discordant (Fig. 6C).
Three other spots on structureless rim overgrowths of three grains
gave intercepts of 2665 ± 35 Ma and 508 ± 84 Ma (2r;
MSWD = 1.12; Fig. 6C). The upper intercept is interpreted as a
metamorphic age and the lower intercept marks a Pb-loss event
in the Neoproterozoic.

Sample BH-03 (UTM: 565357/7841317) is a stromatic gneiss
collected from the northwestern portion of the complex (Fig. 1).
The fine-grained migmatitic gneiss is marked by foliation-parallel
leucogranite dikes, and both rock types are crosscut by late-stage
pegmatitic dikes. Locally, a weakly-deformed granitoid (known as
Pequi batholith – 2750 ± 13 Ma; Romano et al., 2013) is in intrusive
contact with the gneiss. The sample includes fragments and zircon
grains that are euhedral to subhedral prisms with rounded termi-
nations varying from 100 to 300 mm in length, and partially

translucent to brown in color. Most of the zircon cores display a
complicated internal texture with local recrystallization and ‘‘sec-
tor” zoning (disruption of concentric oscillatory zoning), but no
oscillatory zoning (Fig. 5), suggesting an isotopic disturbance. The
data is very complex, as expected based on the migmatized nature
of the sample. Six discordant spots corresponding to magmatic zir-
con cores gave a very poorly defined regression line with an upper
intercept at ca. 2856 ± 62 Ma (MSWD = 4.3; Fig. 6D). The upper
intercept is our best estimate of the magmatic crystallization age.
A number of spot analyses (n = 30) on sector zoned, metamorphic
zircons yield highly sub-concordant U-Pb ratios, with an upper
intercept age of 2716 ± 12 Ma and lower intercept of
512 ± 10 Ma (2r; MSWD = 1.4; Fig. 6D). Based on available textural
information under CL we suggest that the upper intercept at
2716 ± 12 Ma is the best approximation for the age of partial melt-
ing, probably with the interaction between the emplacement of
Pequi batholith or as a late-magmatic fluid. A third age is defined
by a number of spots (n = 16) on the rims of small euhedral grains
that gave an upper intercept age of 2619 ± 15 Ma and a lower inter-
cept of 576 ± 31Ma (2r; MSWD = 1.9; Fig. 6D). The upper intercept
age overlaps with the ages of several granitic bodies in the region

Fig. 4. (A) Examples of zircon textures identified in the Belo Horizonte Complex after the chemical abrasion. The zircon textures are classified as: (i) Lobate domains that
truncate the original zoning. These domains replace the outer oscillatory zoning with irregular structureless domains, leaving the core partly preserved. (ii) Recrystallization
fronts in which the grains show a progressive or a total replacement of the internal concentric zoning with featureless grey zones. In some cases, the grains may show a faint
zoning or show structureless cores with thin metamorphic rims. (iii) Chaotic/patchy texture characterized by amoeboid patches with highly irregular patterns of
recrystallization zones, either during a late magmatic stage or during subsequent metamorphism (Corfu and Ayres 1984). (iv) Ghost texture occurs in grains that preserve
relics of the primary texture inside domains of recrystallization. Hoskin and Black (2000) suggest that this recrystallization may occur in solid-state. (v) Metamict texture is
characterized by the complete destruction of an internal structure resulting in amorphous domains, as a result of secondary processes like recrystallization during interaction
with a fluid phase (Geisler et al., 2007). (vi) Spongy texture shows a replacement of internal texture by cavities or porous domains, suggesting a metamorphic process like
dissolution recrystallization (Xia et al., 2009). (vii) Soccer ball is external multifaceted shape, which commonly occurs in high-T process and display sector zoning and/or
unzoned domains that crystallized in high-grade rocks during a metamorphic event (Corfu et al., 2003; Claesson et al., 2016). (B) Examples of well-preserved igneous zircons
with well-developed oscillatory zoning, and no signs of resorption and/or recrystallization domains.
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Fig. 5. Cathodoluminescence images of selected zircon grains that are concordant or near concordant. The circles indicate the laser spots position where the 207Pb/206Pb (spot
size ~20 mm) ages, and dashed circles for Lu-Hf (eHf(t); spot size ~50 mm) were obtained. The scale is the same for all samples.
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Fig. 5 (continued)
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Fig. 6. U-Pb Concordia diagrams of LA-ICP-MS analyses from migmatites and leucogranites from the Belo Horizonte Complex. See Fig. 1 for sample localities.
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(e.g., Romano et al., 2013) and probably reflects the age of the local
injection of either mm-scale felsic bands or pegmatitic dikes, or a
metamorphic event.

Sample BH-04 (UTM: 606624/7800240) is a fine-grained,
weakly migmatized gneiss collected from an inactive quarry, inside
the city of Belo Horizonte (Fig. 1). This rock is characterized by the
alternation of mm to cm-scale leucocratic and mesocratic bands
and by pegmatitic dikes, which crosscut or occur parallel to the
foliation. The gneiss contains zircon grains that are brown in color,
subhedral to euhedral, elongated to short prismatic, ranging in size
from 100 mm to 200 mm and transparent to partially-transparent.
The most common feature of the grains in CL is a core-rim struc-
ture. The cores reveal sector and faint and broad zoning. Some
grains show bright cores surrounded by dark structureless rims
(Fig. 5). A total of 20 core analyses, gave a Pb-loss regression line
that intercepts the concordia at 518 ± 110 Ma and 2706 ± 10 Ma
(2r; MSWD = 0.4; Fig. 6E). We interpret the upper intercept as
the crystallization age. The lower intercept is interpreted as a Pb-
loss event in the Neoproterozoic.

Sample BH-05 (UTM: 615986/7805284) is a migmatized gneiss
collected at a quarry in the central portion of the complex (Fig. 1).
It exhibits stromatic, nebulitic, and phlebitic textures. The gneiss
hosts amphibolite layers and non-foliated medium-grained
leucogranite sheets with cm-scaled crystals of K-feldspar. The
gneiss banding is characterized by the alternation between plagio-
clase and quartz-rich layers and amphibole and biotite-rich layers.
Sample BH-05 is representative of the gneiss, in which leucosomes
and melanosomes are mixed. Zircons from this sample range in
size from 50 mm to 300 mm, and are transparent to partially-
transparent and brown in color. Zircon grains are mostly prismatic
and elongated, with a subset of zircons displaying short prismatic
with round terminations. The grains contain inclusions of apatite
and Fe-oxides and inherited cores. Patchy zoning is the most com-
mon textural type in zircon cores, as well as weakly oscillatory
zoning (Fig. 5). Fracturing and alteration pathways and metamict
zones indicate a late alteration (Corfu et al., 2003). Some zircon
grains display core/rim structures. The rims were usually dark,
and structureless, and too narrow to be analyzed. Seventeen of
the most concordant to sub concordant points are aligned along
a regression line with an upper intercept age of 2660 ± 12 Ma
and a lower intercept at 51 ± 280 Ma (2r; MSWD = 0.78;
Fig. 6F). Based on the textural information we interpret the upper
intercept to be the best approximation of the age of leucosome for-
mation in the migmatitic orthogneiss. One spot on a core gave a
concordant point with a 207Pb/206Pb age of 2828 ± 33 Ma. We inter-
preted date of 2828 ± 33 Ma to be an inherited age.

Samples BH-06 (UTM: 629157/7809112) is a medium to coarse-
grained and slightly foliated yellow granitoid (known as the
Córrego do Brumado granitoid) intruded into foliated TTG gneiss
in the northeast of the complex (Fig. 1). Zircon crystals from this
sample were euhedral to sub-euhedral, prismatic to elongated,
slightly round, varying from 100 mm to 200 mm in length and
brown in color. Most of the zircon grains in CL images display
core/rim structures with bright cores surrounded by dark rims.
Oscillatory zoning is the most common textural type in zircon
cores, followed by broad zoning. The rims are structureless or pre-
sent oscillatory zoning (Fig. 5). A total of 24 analyses on the cores
were performed on 23 grains, and most of the U–Pb isotopic data
are concordant. These grains form a tight population with a con-
cordia age of 2709 ± 6 Ma (2r; MSWD = 0.41; Fig. 6G), which is
interpreted as the crystallization age. The metamorphic rims gave
no reliable U-Pb results.

Samples BH-07A and BH-07B (UTM: 583025/7811506) were
both collected from the central portion of the complex (Fig. 1). A
migmatitic gneiss represents the main lithology in the outcrop
and is similar to the banded gneisses sampled previously, but

strongly migmatized. The rock hosts numerous mafic amphibolite
enclaves. The amphibolite crops out as blocks, boudins, and lenses.
Several leucogranitic and pegmatitic veins crosscut both the gneiss
and the amphibolite. Sample BH-07A represents a migmatitic
gneiss and sample BH-07B is from an intrusive granite. Sample
BH-07A contains zircon grains ranging in size from 100 mm to
200 mm, elongated to prismatic, translucent to partly-translucent,
and brown in color. Under CL, the grains are characterized by clear
core-rim relationships. Most of the zircon cores reveal a complex
internal texture, oscillatory and broad zoning superimposed by
patchy, convolute, and sector textures, whereas the rims are struc-
tureless or weakly zoned (Fig. 5). The majority of the grains show
local resorption and/or recrystallization features. Twenty-three
analyses were conducted on the core and rims and resulted in
twelve concordant to sub-concordant points that define a Pb-loss
regression with a lower intercept of 479 ± 16 Ma and an upper
intercept of 2765 ± 14 Ma (2r; MSWD = 1.4; Fig. 7A). We suggest
that the upper intercept date reflects a metamorphic age. The
lower intercept is interpreted as Pb-loss during the Neoproterozoic
Brasiliano event. The zircon cores gave very discordant points; five
of them are inherited cores, which seem to indicate that the crys-
tallization age of the protolith is ca. 2900 Ma. Zircons from sample
BH-07B were highly metamict and the least altered zircon type
consists of subhedral to euhedral crystals, prismatic to elongated,
opaque to partially translucent, brown in color, and reaching
200 mm in length. Metamict domains are completely structureless
and porous. Many of the zircon grains have broad oscillatory zones
truncated by patchy and convolute zones that are grey in CL, with
less grey and structureless rims (Fig. 5). A total of 22 analyses on
the core and rims yielded highly discordant U-Pb ratios, with an
upper intercept age of 2735 ± 15 Ma and a lower intercept of
518 ± 33 Ma (2r; MSWD = 1.8; Fig. 7B). The upper intercept date
is interpreted as the crystallization age of the granite. The lower
intercept is interpreted as a result of Pb-loss in the Neoproterozoic
Brasiliano event. Six other spots on cores seem to indicate inheri-
tance but were too discordant to give meaningful ages.

Samples BH-08A and BH-08B (UTM: 599430/7793023) were
collected from an inactive quarry near Contagem (Fig. 1). Sample
BH-08A represents a stromatic gneiss characterized by the alterna-
tion of mm-scale leucocratic and mesocratic bands. BH-08B is a
leucosome portion of a nebulitic domain. Mafic xenoliths are also
common and crop out as lenses and enclaves. Sample BH-08A con-
tains brown zircon grains, varying in size from 100 mm to 200 mm,
subhedral to euhedral, partly translucent to opaque. The majority
of the zircon crystals have an unzoned and homogeneous core, sur-
rounded by a structureless rim. The core-rim features exhibit dif-
ferent brightness in CL images. A subset of grains shows
homogeneous and grey outer domains that surrounds inner
domains with fine oscillatory zoning (Fig. 5). Inherited cores are
also present. Nineteen spots on the structureless, unzoned rims
of these zircons define a Pb-loss line with an upper intercept age
of 2661 ± 11 Ma and a lower intercept of 406 ± 22 Ma (2r;
MSWD = 0.88; Fig. 7C). Based on the CL textures we interpret the
upper intercept to be a metamorphic age. The lower intercept
marks a Pb-loss event in the Neoproterozoic. Four other spots on
cores seem to align along a poorly defined regression with an
upper intercept age of ca 2800 Ma, which is likely to represent
an inherited age from the basement rocks. The zircon grains from
sample BH-08B are prismatic to elongated with slightly rounded
terminations, ranging in size from 100 mm to 200 mm, brown in
color, euhedral to subeuhedral, and translucent to partly-
translucent. In CL, the grains show a clear core-rim relationship.
The cores reveal a complex internal texture, with relics of oscilla-
tory zoning, and local recrystallization along longitudinal
microfractures. In contrast the overgrowths are dark and structure-
less or weakly zoned (Fig. 5). A total of 20 analyses were performed
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on preserved oscillatory zoning of 20 grains. Seventeen spots plot
along a regression line with an upper intercept age of
2685 ± 19 Ma and a lower intercept at 401 ± 35 Ma (2r;
MSWD = 3.1; Fig. 7D). This upper intercept is within error of the
age of sample BH-08A and is interpreted as the age of crystalliza-

tion of the leucosome. The lower intercept is interpreted as a Pb-
loss in the Neoproterozoic Brasiliano event.

Sample BH-09 (UTM: 588087/7792313) represents a strongly
migmatized orthogneisses occurring in the south of the complex
(Fig. 1). The rock is characterized by the alternation of mm- to

Fig. 7. U-Pb Concordia diagrams of LA-ICP-MS analyses from migmatites and leucogranites from the Belo Horizonte Complex. See Fig. 1 for sample localities.
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cm-scale leucosome (quartz + feldspar) and melanosome (biotite +
amphibole) bands, and is intruded by numerous leucogranitic
dikes and pinkish pegmatitic bodies. This sample, in which leuco-
somes and melanosomes are mixed, contains zircon grains that are
sub-euhedral, short prismatic to slightly rounded, above 200 mm in
length, and brown in color. The grains exhibit magmatic oscillatory
zoning, with some chaotic internal structures (patchy and convo-
lute zoning) in CL images (Fig. 5). Such textures are consistent with
local recrystallization during medium to high temperature meta-
morphism (Corfu et al., 2003). Fracturing and inclusions are also
common. Some grains show a bright structureless overgrowth sur-
rounding the cores. Twenty-three analyses were determined in the
core and rims from this sample, and eighteen sub-concordant to
concordant grains plot along a Pb-loss discordia. A regression line
through these analyses intercepts the concordia at 584 ± 48 Ma
and 2727 ± 13 Ma (2r; MSWD = 0.63; Fig. 7E). The upper intercept
age of 2727 ± 13 Ma is the best approximation of the age of leuco-
some formation of this migmatitic orthogneiss. The lower intercept
relates to a Pb-loss event in the Neoproterozoic. One analysis on
the core of this sample gave a concordant age of ca. 2858 Ma,
which was interpreted as an inherited age.

Sample BH-10 (UTM: 575734/7813194) represents a stromatic
gneiss in the central sector of the complex (Fig. 1). The rock is char-
acterized by the alternation of mm- to cm-scale leucosome
(quartz + feldspar) and melanosome (biotite + amphibole) bands,
and is intruded by leucogranitic sheets and pegmatitic bodies par-
allel to the foliation. Zircon grains are sub-euhedral crystals, short
prismatic or bipyramidal, varying from 100 mm to 200 mm in
length, translucent, and brown in color. In CL images, some grains
reveal core/rim structures. Most of the zircon cores display com-
plex internal textures. The cores exhibit weak oscillatory zoning
interrupted by several resorption surfaces (Fig. 5). Truncation of
patchy and broad textures are also common and indicates local
recrystallization, which suggests a metamorphic event. Some
grains show bright cores surrounded by dark structureless over-
growths. Twenty-two spots on the zircon overgrowths gave mostly
discordant points, suggesting isotopic disturbance. Seventeen of
these points define a regression line that intercepts the concordia
at 2682 ± 12 Ma and 469 ± 31 Ma (2r; MSWD = 2.3; Fig. 7F).
The upper intercept age can be interpreted as the metamorphic
age given that the spots were only on the structureless over-
growths. The lower intercept is interpreted as a Pb-loss in the Neo-
proterozoic Brasiliano event. One concordant analysis with a
207Pb/206Pb age of 2758 ± 17 Ma can be interpreted as a possible
crystallization age for the igneous protolith. Three other spots were
too discordant to give meaningful ages.

Samples BH-12A and BH-12B (UTM: 577798/7832145) are from
the northwest part of the complex, a few kilometers from the con-
tact with the Pequi batholith (Fig. 1). Sample BH-12A, which repre-
sents the main lithology in the outcrop, is a coarse-grained foliated
granite, pink in color, which locally has a porphyritic appearance
given by the occurrence of large microcline crystals of up to
3 cm. Sample BH-12B is from a fine-grained foliated biotite-
bearing granite that intrudes the gneiss host rock. Zircons from this
sample are prismatic to stubby, subhedral to euhedral, reaching
300 mm in length, transparent to partly-transparent, and brown
in color. Cathodoluminescence images display a great variety of
internal textures with convolute and patchy zoning in the cores.
Most of the grains show weak oscillatory zoning interrupted by
several resorption surfaces (Fig. 5). The elevated degree of fractur-
ing and alteration pathways and metamict zones indicate late
alteration (Corfu et al., 2003). Inherited cores were also observed.
A subset of zircon grains shows a bright structure-less domains.
Twenty-six spots on preserved oscillatory zoning of 25 grains were
analyzed, and most of the U-Pb data were discordant. One single
grain shows a concordant 207Pb/206Pb age of 2823 ± 36 Ma, and

represents an inherited age. A regression line of twenty-two anal-
yses yields an upper intercept date of 2734 ± 12 Ma and a lower
intercept of 550 ± 21 Ma (2r; MSWD = 0.99; Fig. 7G). The upper
intercept is interpreted as the best approximation for the age of
the crystallization of the sample. The lower intercept is interpreted
as Pb-loss during the Neoproterozoic Brasiliano event. Sample BH-
12B contains zircon grains that are subhedral to euhedral, short
prismatic to stubby, ranging in size from 50 mm to 200 mm, and
translucent to party-translucent. The most common feature of
the crystals in CL is core-rim structures. The cores reveal oscillatory
and broad zoning, truncated by patchy, sector and convolute tex-
tures (Fig. 5). Some grains show bright cores surrounded by dark
structureless overgrowths. Xenocrystic cores were observed and
display unzoned features or poor oscillatory zoning. Metamict
domains are pervasive and defined by corroded edges, fracturing
and dark structureless grains. The majority of the crystals display
local resorption and/or recrystallization features. Twenty-four
spots (analyzed on preserved oscillatory zoning of 24 grains) gave
a regression line with an upper intercept age of 2680 ± 17 Ma and a
lower intercept at 491 ± 93 Ma (2r; MSWD = 1.8; Fig. 7H). The
upper intercept age is considered the best approximation of the
crystallization age of the sample. The lower intercept marks a
Pb-loss event in the Neoproterozoic. Four other points obtained
on cores (of which two were concordant) suggest an inherited
age of ca. 2830 ± 19 Ma.

5.3. Lu-Hf isotopes

Lu-Hf isotopes were analyzed on the same zircon domain previ-
ously analyzed by U-Pb. The Lu-Hf spots were located only on
those grains which were>95% concordant in the U-Pb system.
The results for all individual zircon grains are shown in a plot of
initial Hf (eHf(t)) vs. U-Pb age (Fig. 8), and the results are listed in
Supplementary data Tables S3. The Lu-Hf and U-Pb analyses in zir-
con are used here to distinguish the magma sources and partial
melting events.

We obtained a total of 126 Hf isotopic determinations: 25 on
sample BH-02B; 10 on sample BH-02C; 6 on sample BH-03; 16
on sample BH-04; 11 on sample BH-5; 21 on sample BH-6; 4 on
sample BH-07A; 1 on sample BH-07B; 5 on sample BH-08A; 2 on
sample BH-08B; 3 on sample BH-09; 2 on sample BH-10; 9 on sam-
ple BH-12A; 11 on sample BH-12B.

The Lu–Hf analyses on magmatic zircon cores (sample BH-02C)
yielded heterogeneous 176Hf/177Hf(t) ratios from 0.280764 to
0.280888. The eHf(t) values are negative, ranging from �1.8 to
�8.0, with TDM model ages of 3.35–3.53 Ga. One analysis of an
inherited zircon (2910 Ma) from sample BH-12B gives a 176Hf/177-
Hf(t) ratios of 0.280872, with eHf(t) value of �1.3 and TDM model age
of 3.36 Ga.

Lu–Hf analyses from sample BH-02B show 176Hf/177Hf(t) ratios
that vary from 0.280842 to 0.280910. The eHf(t) values are nega-
tive, range from �4.9 to �2.0, with TDM model ages of 3.47–
3.32 Ga. A younger cluster of three crystals yielded 176Hf/177Hf(t)
ratios that vary from 0.280783 to 0.280893, with eHf(t) values rang-
ing from �8.2 to �4.4 and TDM model ages ranging from 3.34 to
3.13 Ga. One inherited zircon from sample BH-05 with an age of
2828 Ma gives a 176Hf/177Hf(t) of ratio 0.280945, corresponding to
an eHf(t) value of �0.7 and TDM model age of 3.26 Ga. Two inherited
zircons from sample BH-12B with an age 2805 Ma gave 176Hf/177-
Hf(t) ratios ranging of 0.280820 and 0.280892, and eHf(t) values
vary between �4.9 and �2.5 (TDM model ages of 3.23 Ga and
3.09 Ga). Finally, one inherited zircon from sample BH-12A with
age 2817 Ma shows a higher 176Hf/177Hf(t) ratio of 0.281007, with
an eHf(t) positive value of +0.3 and a TDM model age of 3.18 Ga.

The younger cluster (defined by magmatic zircons from BH-06,
BH-07A, BH-07-B, BH-12A and BH-12B) shows 176Hf/177Hf(t) ratios
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ranging from 0.280876 to 0.281018, with eHf(t) values ranging
from �7.3 to �0.4 and TDM model ages ranging from 3.43 Ga to
3.14 Ga. In contrast to the magmatic zircons, metamorphic grains
show a narrow 176Hf/177Hf(t) ratio range of 0.280881 to 0.280993,
with eHf(t) values varying from �6.4 to �2.4 and TDM model ages
ranging from 3.44 Ga to 3.21 Ga.

6. Discussion

6.1. Antiquity of the Archean crust in the Belo Horizonte Complex

Despite the extensive period of partial melting and migmatiza-
tion recorded in the basement rocks of the BHC, our results show
that some foliated gneisses and migmatites record crystallization
and inherited ages, and that both overlap well with the main peaks
of granitoid production in the southern part of the SFC (e.g., RVI,
RVII and Mamona: Fig. 2). For example, the RVI event is repre-
sented by the emplacement of the 2863 ± 8 Ma, 2856 ± 62 Ma
and 2858 ± 59 Ma gneisses in the northern and southern portion
of the complex (Sample BH-02C, Sample BH-03 and Sample BH-
09 respectively; Fig. 9). The oldest zircon core (that yielded the 207-
Pb/206Pb age of 2910 ± 36 Ma in sample BH-12B) is also interpreted
as inherited from the RV I event. The second set of crystallization
ages (are interpreted as part of the RV II event) and marked by
the emplacement of granitoids and leucogranitic veins at ca.
2814–2804 Ma. Samples BH-01 and BH-02B best depict this group
of rocks, and are found in the north of the BHC (Fig. 9).

In terms of crustal sources, the RVI and RVII rocks represent
crustal reworking of older crustal material without substantial
addition of juvenile magmas. Much of the eHf(t) values are nega-
tive, ranging from �6.2 to �1.8, with TDM model ages of 3.35–
3.58 Ga (Table 1). We note that despite the lack of older inherited
zircon, TDM model ages indicate reworking of even older crustal
material that was extracted from mantle between 3.30 Ga and
3.40 Ga. The existence of Paleoarchean continental crust older than
3.2 Ga is also supported by the Sm-Ndmodel ages of the TTG gneiss
(Teixeira et al., 1996), which also indicates the involvement of a
crustal component in their origin (Lana et al., 2013; Farina et al.,
2015; Albert et al., 2016).

The U-Pb age compilation for the southern SFC (Figs. 9 and 10)
shows that all basement complexes forming the Archean crys-
talline crust record magmatic assemblages that crystallized
roughly within identical cycles of the RVI and RVII event. This
includes not only the TTG rocks, but also the low, medium and high
potassium magmatic assemblages. Also, all the basement com-
plexes such as the Bação, Bonfim and Belo Horizonte seem to
record a long-lived period of high-grade metamorphism and par-
tial melting from 2750 Ma to 2600 Ma (Fig. 10). Based on our U-
Pb and Hf dataset we suggest that the BHC is part of a much larger
crustal fragment that may have included all basement complexes
exposed in the southern part of the SFC. The compiled ages in
Figs. 9 and 10 show these complexes share a multi-stage evolution
from 3000 Ma, which included magmatic and metamorphic pro-
cesses associated with the RVI, RVII and Mamona events (e.g.,
Fig. 1). We propose that the RVI and RVII involved a combination
of crustal reworking and minor additions of juvenile TTG magmas
in a Paleoarchean crust (see also Albert et al., 2016). These events
were accompanied by voluminous additions of mafic and ultra-
mafic rocks represented by the basal units of the Rio das Velhas
Supergroup and greenstone belt remnants across the southern part
of the SFC.

6.2. Discrete episodes of partial melting

Partial melting of the Archean basement rocks and migration of
potassium-rich melts may have played a significant role in the
exchange of radioactive elements (and heat transfer) from the
lower to the upper crust of the SFC (Lana et al., 2013; Romano
et al., 2013). We observed that melting, melt drainage, and melt
accumulation in plutons is a significant feature in the BHC, and is
likely a feature in other basement complexes of the SFC (e.g.,
Lana et al., 2013). In terms of zircon textures, the most common
feature indicative of partial melting are highly resorbed cores, sur-
rounded by thin rim overgrowths (e.g., Fig. 5). The zircon cores
show relics of oscillatory zoning partly or completely truncated
by very pervasive recrystallized zones, which suggest recrystalliza-
tion and/or resorption at medium to high metamorphism temper-
ature (Corfu et al., 2003). Other zircons crystals are marked by

Fig. 8. 176Hf/177Hf(t) versus apparent 207Pb/206Pb age diagrams for individual analyses with >95% concordance. Reference lines are: depleted mantle according to Griffin et al.
(2000) (176Hf/177Hf = 0.283250 and 176Lu/177Hf = 0.0384) and TDM calculations using the 176Lu/177Hf and 176Hf/177Hf ratios of 0.03933 and 0.283294 (Blichert-Toft and Puchtel,
2010), CHUR constants (176Hf/177Hf = 0.282785 and 176Lu/177Hf = 0.0336) of Bouvier et al. (2008). Red symbols are from migmatites and black symbols from granites or
leucosomes. Vertical bars indicate Rio das Velhas I (RV I), Rio das Velhas II (RV II) and Mamona magmatic events.
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features such as (i) lobate fronts truncating the original zoning and
replacing the primary zoning by a structureless rim; (ii) recrystal-
lization with partial to complete replacement of internal concen-
tric zoning; (iii) chaotic/patchy textures marked by amoeboid
patches and highly irregular patterns of recrystallization zones;
and (iv) ghost textures occurring in grains that preserve relics of
primary textures inside domains of recrystallization (e.g., Figs. 4
and 5).

Careful observation of the individual zircon domains that U-Pb
data was obtained from, allows us to define the timing of contem-
poraneous metamorphic resetting and crystallization of multiple
melt batches of potassic rocks. Overall, the magma batches were
likely produced during three main discrete anatectic periods (or
stages) from 2750 Ma to 2600 Ma (Fig. 11). The first partial melting
stage (Stage I) occurred at 2760 Ma to 2750 Ma and is best
recorded by samples BH 07A and BH-10 with crystallization ages
2765 ± 14 Ma and 2758 ± 41 Ma. The ages overlap with the age
of the youngest felsic volcanic units in the Rio das Velhas green-
stone belt, the oldest pulse of potassic granitoid magmatism, and
mafic intrusions in the Carmópolis de Minas Layered Suite
(Romano, 1989; Campos and Carneiro, 2008; Goulart et al., 2013;

Lana et al., 2013; Romano et al., 2013; Moreno et al., 2017;
Fig. 10). Large batholiths emplaced in the western and northwest-
ern areas of the complex, such as the Florestal and Pequi batho-
liths, yielded identical crystallization ages of 2755 ± 8 Ma and
2750 ± 13 Ma, respectively (Romano et al., 2013; Fig. 9). Another
sample collected to the south of the Florestal batholith by
Romano (1989) gave an upper intercept age of 2755 ± 14 Ma and
an orthogneiss and a granodiorite exposed to the north of the
Bação Complex crystallized at 2764 ± 10 Ma and 2744 ± 10 Ma,
respectively (Lana et al., 2013; Romano et al., 2013). To the south-
west of the BHC, ages of ca. 2750 Ma were obtained for granites
and migmatitic gneisses by Campos and Carneiro (2008) and
Oliveira (2004); and more recently Moreno et al. (2017) described
an identical crystallization age of 2748 ± 5 Ma from a highly por-
phyritic biotite orthogneiss from the same area. Finally, a meta-
morphic age of 2749 ± 10 Ma, which reflects the crystallization
of the foliation parallel leucogranite sheets in the Brumadinho
banded trondhjemite was obtained by Lana et al. (2013) (Fig. 10).

The second stage (Stage II) of partial melting and leucosome
crystallization ranges from 2735 Ma to 2700 Ma and is defined
by samples BH-03, BH-04, BH-06, BH-07B, BH-09, and BH-12A.

Fig. 9. Geological map of the southernmost São Francisco Craton showing the dates of zircon ages obtained in this study and previously published ages. Squares indicate the
previously ages from other authors and stars from this study. Reference: [1] Machado et al. (1992); [2] Machado and Carneiro (1992); [3] Noce et al. (1998); [4] Romano et al.
(2013); [5] Lana et al. (2013); [6] Farina et al. (2015); [7] Albert et al. (2016); and [8] Silva et al. (2012).
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These ages coincide with the second stage of potassic granitoid
magmatism between 2730 Ma and 2700 Ma (Romano et al.,
2013; Farina et al., 2016), including the Mamona, Souza Nochese,
Piracema, General Carneiro, Santa Luzia and the youngest mag-
matic phase in the Florestal and Pequi granitoids, and their associ-
ated leucogranitic intrusions in the Bação and Bonfim complexes.
Likewise, crystallization ages of 2729 ± 4 Ma, 2726 ± 4 Ma,
2727 ± 7 Ma, 2718 ± 13 Ma, and 2716 ± 6 Ma have been reported
from the Campo Belo Complex (Moreno et al., 2017). Farina et al.
(2015) dated an amphibolitic dike in the center of the Bonfim
dome at 2719 ± 14 Ma, which corresponds very well in age with
the crystallization of the oldest mafic dike in the northern SFC
(2726Ma; Oliveira et al., 2010). This period ends with the emplace-
ment of localized granitoid intrusions in all basement complexes,
including 2712 ± 5 Ma, 2700 ± 5 Ma and 2698 ± 5 Ma granitic
phases in the BHC, a small 2708 ± 7 Ma granite intrusion in the

Bonfim Complex, and minor leucogranite intrusions in the Pequi
and Souza Nochese batholiths dated at 2707 ± 7 Ma and
2700 ± 8 Ma (Chemale et al., 1993; Noce et al., 1998; Romano
et al., 2013). In the Campo Belo Complex, the waning stages of this
period are marked by 2704 ± 4 Ma, 2696 ± 6 Ma and 2693 ± 16 Ma
granitoids (Carvalho et al., 2017; Moreno et al., 2017) (Fig. 10).

The third stage (Stage III) is the most strongly expressed in the
BHC. It ranges in age from 2680 Ma to 2614 Ma and is indicated by
granitoid samples BH-03, BH-05, BH-08A, BH-08B, BH-10, and BH-
12B that gave ages of 2619 ± 15 Ma, 2660 ± 12 Ma, 2661 ± 11 Ma,
2685 ± 19 Ma, 2682 ± 13 Ma, and 2683 ± 14 Ma respectively.
Although Romano et al. (2013) showed that the main peak of
granitic magmatism took place between 2750 Ma and 2700 Ma
with small granitoid intrusions at 2612 Ma (Noce et al., 1998;
Romano et al., 2013; Fig. 10), our dataset and the U-Pb ages docu-
mented for Campo Belo and São Tiago granitoids reveal prominent

Fig. 10. Timeline showing U-Pb ages for the best-studied basement complexes in the southern SFC (e.g., Belo Horizonte, Bação, Bonfim, Campo Belo e Passatempo complexes).
Black symbols are for metamorphic zircon ages and light grey from crystallization and inherited zircon ages. The vertical fields indicate the different magmatic events: Santa
Bárbara (grey); Rio das Velhas I (blue); Rio das Velhas II (green); Mamona (yellow). Data are fromMachado and Carneiro (1992); Chemale et al. (1993); Machado et al. (1992);
Noce et al. (1998); Noce et al. (2005); Campos and Carneiro (2008); Goulart et al. (2013); Lana et al. (2013); Romano et al. (2013); Farina et al. (2015, 2016); Albert et al.
(2016); Carvalho et al. (2017); Moreno et al. (2017); Simon et al., (2018).
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magmatism taking place after 2700 Ma (Fig. 11), with the intrusion
of leucogranitic dikes at 2680, 2650 and 2631 Ma (Moreno et al.,
2017; Simon et al., 2018). Additionally, reworking under granulite
facies metamorphism and migmatization were pointed out by
Teixeira et al. (1998) at ca. 2661 ± 36 Ma (Rb-Sr isochron) in the
Passa Tempo Complex. Work by Campos et al. (2003) also identi-
fied the age of 2622 ± 18 Ma via U-Pb dating.

In summary, the U-Pb and Hf datasets for the melt phases indi-
cate a close relationship with the preexisting Archean granitoids.
Zircon from stromatic gneisses and leucosomes ranging in age
from 2750 Ma to 2614 Ma produce identical within error eHf(t),
and model ages in the range of 3.30 Ga and 3.40 Ga. The model
ages are consistent with derivation from a similar magmatic source
to that of the Archean gneiss described above and elsewhere in the
southern SFC. Although it is absent in the field, the existence of
continental crust older than 2.9 Ga is evidenced by the Hf model
ages of the detrital zircons, as well as inherited components in a
restricted number of gneisses (Hartmann et al., 2006; Lana et al.,
2013; Koglin et al., 2014; Moreira et al., 2016; Martínez-Dopico
et al., 2017). In addition, Hf model ages for magmatic zircons in
gneisses and granitoids from the Bonfim Complex gave values up
to 3.0 Ga (Albert et al., 2016). Furthermore, our Hf isotope compo-
sitions are consistent with derivation from the host Archean
gneisses. As discussed above, the U-Pb and Hf datasets and Sm-
Nd TDM model ages obtained by Teixeira et al. (1996) suggest the
existence of fragments of Paleoarchean continental crust in the
southern SFC that were reworked during the Neoarchean (Lana
et al., 2013; Farina et al., 2015; Albert et al., 2016).

Emplacement of large volumes of 2650–2630 Ma high-K syeno-
monzogranites with negative eNd(t) isotopes have been described
in the northern part of the SFC (Cruz et al., 2011; Santos-Pinto
et al., 2012; Barbosa et al., 2020; Zincone et al., 2020). Zincone
et al. (2020) characterized some of these rocks as depleted in Sr
and Ti, enriched in Th, Ba, and Pb, and marked by negative Eu/
Eu*. They are interpreted as being derived from crustal reworking
of felsic Mesoarchean crust. Other potassic granitoids emplaced in
the São Francisco-Congo Craton, mainly those from the nearby Car-
aguataí, Serra do Eixo and Santa Izabel suites in the Gavião Block
(Cruz et al., 2011; Santos-Pinto et al., 2012; Barbosa et al., 2020)
bear similar characteristics to those in the south and are possibly
linked to the cratonization of the large Archean core of the SFC.

We suggest that the melting of the Archean basement rocks and
production of potassic granitoids took place over a ca. 150 Ma per-
iod from 2750 Ma to 2600 Ma (Fig. 11). While this is best described
in the southern SFC, the partial melting and potassic magmatism
seem to be part of a much broader and more extensive event, also
involving the segments of the northern (e.g., Zincone et al., 2020)
parts of the SFC. This event also includes emplacement of large sye-
nitic intrusions (Cruz et al., 2016) and emplacement of layered
mafic–ultramafic intrusions (Teixeira et al., 1998) in the same
2700–2600 Ma interval. The presence of a mafic–ultramafic intru-
sion in the southern SFC (Teixeira et al., 1998), has long been pro-
posed as evidence for mantle-derived extensional magmatism and
partial melting of the lower crust (e.g., Teixeira et al., 1998;
Moreno et al., 2017). The heat source for this long-lived period of
partial melting and magmatism is likely to have involved mantle
sources (e.g., Moreno et al., 2017); however, the crustal signatures
recorded in the Hf isotopic composition (e.g., Fig. 9) suggests that
the production of the potassic granitoids was dominated by crustal
reworking. For instance, large and small batholiths (e.g., Florestal,
Mamona, Pequi, Piracema, Samambaia, Souza Nochese; Fig. 1) with
well-characterized geochemistry and ages testify to the re-melting
of older crustal sources (e.g., Farina et al., 2016; Albert et al., 2016).
The broad variation in Hf isotopic composition only confirms an
early previous conclusion by Farina et al. (2016) that the source
rocks for these granitoids were broadly varied and may have
involved sedimentary and metamafic rocks.

6.3. Implications for Late-Archean evolution

Long-lived periods of mid to lower crustal melting and
emplacement of large volumes of potassic magmatism form part
of an important process of bulk fractionation of the Archean litho-
sphere (e.g., Romano et al., 2013; Laurent et al., 2014; Farina et al.,
2015; Albert et al., 2016; Moyen and Laurent, 2018). Such a process
is rooted in the production and mobilization of large volumes of
lower crustal melts, which increase the redistribution and trans-
port of heat-producing elements within the crust, and is indirectly
responsible for the stabilization of large continental domains (e.g.,
Romano et al., 2013). As a result, many of the early and late
Archean cratons around the world are marked by spikes in potassic
granitoids production between 3.0 Ga and 2.5 Ga (e.g., Feng and
Kerrich, 1992; Sylvester, 1994; Sage et al., 1996; Champion and
Sheraton, 1997; Frost et al., 1998; Champion and Smithies, 1999;
Kampunzu et al., 2003; Moyen et al., 2003; Dall’Agnol et al.,
2006; Käpyaho et al., 2006; Yang et al., 2008; Schofield et al.,
2010; Mikkola et al., 2011).

Compilations by Laurent et al. (2014) point to at least three pet-
rogenetic mechanisms associated with the late Archean granitoids:
(a) differentiation of mafic magmas, (b) melting of preexisting
crustal rocks, and (c) a combination of magmas produced in the
first two processes. However, available petrological, U-Pb and Hf
data shows that the bulk of the granitoids generated in the BHC
and elsewhere in the SFC crust likely derived from partial melting
of the older mafic and felsic crust. Indeed, the enriched isotopic Nd
and Hf signatures of late Archean granitoids around the world (e.g.,
Laurent et al., 2014; Albert et al., 2016) point to widespread
reworking between 3.0 Ga and 2.5 Ga and is best reconciled with
tectonic accretion of proto-continental masses. This increased
development of plate-driven crustal processes from 3.0 Ga
(Dhuime et al., 2015) is also reflected in an increased amount of
continental detritus into the oceans (e.g., Pons et al., 2013), which
here in the SFC can be linked to horizontal lithospheric movements
and development of the first accretionary basins between 2800 Ma
and 2730 Ma (Moreira et al., 2016).

Recent thermo-mechanical modeling by Chowdhury et al.
(2017, 2020) suggests that lithospheric convergence and tectonic

Fig. 11. Compilation of crystallization ages vs. metamorphic/migmatization ages
for the crystalline rocks intruded in the basement rocks of the Belo Horizonte
Complex.
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accretions from 3.0 Ga to 2.5 Ga involved large-scale delamination
of the lithospheric mantle/lower crust. In this scenario, extensive
crustal reworking is expected at various depths as the viscous
detachment of the delaminating lithosphere hinders the decou-
pling between the upper and lower crust, in a process which is
called peel back convergence (Chowdhury et al., 2017). The delam-
ination is caused by the upwelling of the warm mantle, which
essentially weakens the protocontinental lower crust, promoting
extensive melting in the mid to upper crust.

Beneath proto continents such as the SFC, the lithospheric peel-
ing off (or peel back) would contribute to extensive partial melting
and felsic magmatism, driven mostly by warmer Archean mantle
conditions. Indeed, lower-crustal delamination is invariably
regarded as prevalent in the Archean. The significantly higher man-
tle potential temperatures present during the Archean would
enhance the melting of delaminated felsic/mafic crust and produce
potassic granitoids with a wide range of compositions. Thus, this
embryonic plate tectonic mechanism proposed by Chowdhury
et al. (2017) seems a viable mechanism that explains the extended
period of partial melting in the SFC, as well as the broad range of
partial melting products. The model also reproduces the metamor-
phic conditions required for partial melting of the earlier crust and
links the lithospheric peeling with the peak of potassic granitoid
production in Archean cratons. We suggest that this mechanism
operated for over 150 million years in the SFC with a continuous
and profuse reworking of the older crust and high-temperature
metamorphism at shallow depths.

7. Conclusions

Fifteen samples from the Belo Horizonte Complex were dated
via LA-ICP-MS. The results reveal a complex and long-lived evolu-
tion that spans from 2863 Ma to 2619 Ma. Zircon grains show sig-
nificantly negative to nearly chondritic initial eHf values and model
ages from 3.3 Ga to 3.4 Ga, indicating that the rocks from the com-
plex originated from the recycled ancient crust, and suggest the
existence of a Paleoarchean crust that encompassed all the base-
ment complexes in the southern part of the SFC. Zircon from the
migmatite phases provides evidence that the Archean crust assem-
bled before 2863 Ma and experienced a long and complex history,
with significant reworking between 2750 Ma and 2650 Ma. We
propose a long-lived period (ca.150 My) of intense partial melting
of the southern SFC in the late Archean, similar to what has been
recently elucidated from a few other late Archean to early Paleo-
proterozoic terranes, like the Lewisian Complex (Taylor et al.,
2020), the Southern Granulite terrain of India (Chowdhury and
Chakraborty, 2019), the Rengali Province (Bose et al., 2021), the
Borborema Province (Ferreira et al., 2020) and the Napier Complex
of Antarctica (Clark et al., 2018). The partial melting is directly
linked to the potassic magmatism that affected whole the SFC
between 2750 Ma and 2600 Ma, and has substantially contributed
to the stabilization of the Archean lithosphere of the craton.
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