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an Archean basement inlier related to the Southern S3o Francisco Craton (SSFC), are integrated with
geochronological, isotopic and geochemical data on Archean granitoids from the SSFC. The rocks are
divided into three main geochemical groups with different ages: (1) TTG (3.02-2.77 Ga); (2) medium-
to high-K granitoids (2.85-2.72 Ga); and (3) A-type granites (2.7-2.6 Ga). The juvenile to chondritic
(Hf-Nd isotopes) TTG were divided into two sub-groups, TTG 1 (low-HREE) and 2 (high-HREE), derived
from partial melting of metamafic rocks similar to those from adjacent greenstone belts. The composi-

Iézmz;(r)cll; petrogenesis tional diversity within the TTG is attributed to different pressures during partial melting, supported by
Archean geodynamics a positive correlation of Dy/Yb and Sr/Zr, and batch melting calculations. The proposed TTG sources
Crustal evolution are geochemically similar to basaltic rocks from modern island-arcs, indicating the presence of subduc-
TTGs tion processes concomitant with TTG emplacement. From ~2.85 Ga to 2.70 Ga, the dominant rocks were
A-types K-rich granitoids. These are modeled as crustal melts of TTG, during regional metamorphism indicative of
Batch melting calculations crustal thickening. Their compositional diversity is linked to: (i) differences in source composition; (ii)

distinct melt fractions during partial melting; and (iii) different residual mineralogies reflecting varying
P-T conditions. Post-collisional (~2.7-2.6 Ga) A-type granites reflect rifting in that they were closely fol-
lowed by extension-related dyke swarms, and they are interpreted as differentiation or partial melting
products of magmas derived from subduction-modified mantle. The sequence of granitoid emplacement
indicates subduction-related magmatism was followed by crustal thickening, regional metamorphism
and crustal melting, and post-collisional extension, similar to that seen in younger Wilson Cycles. It is

compelling evidence that plate tectonics was active in this segment of Brazil from ~3 Ga.
© 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 the transition from stagnant lid geodynamics towards modern-
style-like plate tectonics, characterized by large-scale cyclic

The Archean Eon remains one of the most critical periods of the assembly and break-up of landmasses (e.g., Laurent et al., 2014a;
Earth’s history. The 3.2-2.8 Ga time interval is often regarded as Dhuime et al., 2015; Smit and Mezger, 2017; Holder et al., 2019;
Brown et al., 2020; Hawkesworth et al., 2020). Although discrete,

localized events of subduction (or dripduction) and collision may
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the dominant dynamic mode until the late Archaean (e.g.,
Hawkesworth et al., 2020).

TTG are the most voluminous constituents of Archean cratons
worldwide (e.g., Laurent et al., 2014a) and so they have attracted
a lot of attention from researchers investigating the geodynamics
of Archean settings (e.g., Moyen and Martin, 2012 and references
therein). TTG are geochemically diverse, and this has been attribu-
ted to: (i) variations in pressure during partial melting of mafic
lithologies (e.g., Moyen, 2011; Palin et al., 2016); (ii) differences
in the content of free water in the mafic source during partial melt-
ing (e.g., Pourteau et al., 2020); and (iii) fractionation and/or solid-
liquid unmixing involving plagioclase and amphibole (e.g., Laurent
et al.,, 2020). It is likely that each of these processes occurred in dif-
ferent regions at different periods during the evolution of the
Archean Earth. TTG from the Southern Brasilia Orogen and the
Southern S3o Francisco Craton are also geochemically diverse
(e.g., Farina et al., 2015; Cioffi et al., 2016a, 2016b) and, in this con-
tribution, we use geochemistry to verify which of the proposed
models best explain the characteristics of the analyzed TTG. Batch
melting calculations of mafic rocks from regional greenstone belts
constrain the geodynamic and petrogenetic scenarios for the gen-
eration of the TTG.

In many cratons the Meso-Neoarchean transition is marked by a
shift from sodic (TTG-dominated) to potassic magmatism (Laurent
et al., 2014a and references therein). Two groups of medium- to
high-K suites are recognized: K-rich granites interpreted as partial
melts of crustal lithologies, and sanukitoids and certain A-types
granites thought to represent differentiation products of partial
melting of incompatible-element-rich mantle, which may in some
cases reflect previous subduction processes (Shirey and Hanson,
1984; Martin et al.,, 2009; Heilimo et al.,, 2010; Laurent et al.,
2011, 2013, 2014a and references therein). Sanukitoids bear some
similarities to basalt-andesite-dacite-rhyolite suites (BADR), which
dominate modern subduction settings (e.g., Martin et al., 2009),
but differences also standout such as stronger HREE fractionation
and higher contents of Ba, Sr and K,O in the sanukitoids sensu
stricto (e.g., Heilimo et al., 2010). Batch melting calculations, sup-
ported by partial melting experiments, are used to investigate
the petrogenesis of medium- to high-K granites from the Southern
Brasilia Orogen and Sdo Francisco Craton and, for instance, whether
the partial melting of TTG at different P-T conditions can explain
the observed compositional diversity of Archean granites in the
considered regions. A-type high-K rocks are recognized and they
provide new constraints on models of late-stage lithospheric
extension.

The Archean geodynamics have long been an issue of intense
debate, especially whether plate tectonics operated in the early
Archean (i.e., prior to 3.0 Ga). Some suggest that plate tectonics
has been dominant on Earth since the early Hadean (e.g., Kusky
et al., 2021; Windley et al., 2021, among others); whereas others
invoke a regime transition at ~3.2-2.8 Ga, when plate tectonics
became dominant at a global scale following a period of stagnant
or squishy-lid regime (e.g., Moyen and Martin, 2012; Laurent
et al., 2014a; Bédard, 2018; Hawkesworth et al., 2020, among
others). The nature of geodynamic and geotectonic shifts is
imprinted upon the most voluminous constituents of the continen-
tal crust: its metaigneous rocks. We investigate whether the
sequence of granitoid emplacement in the Southern Brasilia Oro-
gen and Southern S3o Francisco Craton is consistent with plate tec-
tonics since ~3.0 Ga and whether primitive mafic lithologies from
greenstone belts of the Southern S3o Francisco Craton (e.g.,
Brando-Soares et al., 2020), portions of which are older than
2.95 Ga, bear similarities with rocks produced in modern
subduction-related tectonic environments.

In summary, we present new geochemical, isotopic and
geochronological data on granitoids from a Meso- to Neo-archean
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basement inlier in the Southern Brasilia Orogen, southeastern Bra-
zil, and integrate the data with available results from the adjacent
Southern S3o Francisco Craton. The compositional evolution of
mafic and felsic rocks is integrated with a large dataset of experi-
mental melts, and batch melting calculations, to constrain the con-
ditions of magma generation and their relation to different
geodynamic settings from 3.1 Ga to 2.6 Ga.

2. Geological background
2.1. Archean nuclei of the Sdo Francisco Craton

The Sao Francisco Craton is one of the largest and best exposed
shield areas in South America. The southern segment of the craton
consists of a series of Archean nuclei with a history of accre-
tionary/collisional processes (mostly from 3.00 to 2.75 Ga) that
culminated in the amalgamation of a number of terrains (e.g.,
Albert et al., 2016). Archean rocks and collisional fabrics were
remobilized during renewed accretion followed by continental col-
lision in the Paleoproterozoic (2.1-2.0 Ga suture zones), which is
taken to mark the timing of paleocontinent stabilization (Alkmim
and Marshak, 1998; Noce et al., 2007; Avila et al., 2010, 2014;
Barbosa et al., 2015; Teixeira et al., 2015, 2017; Aguilar et al.,
2017). The Sdo Francisco Craton is the foreland of Neoproterozoic
fold belt systems (Brasiliano/Pan-African event) and it has
remained virtually unaffected since Paleoproterozoic times
(Teixeira et al., 2017). The Archean granitoids (inliers) studied here
are in the Neoproterozoic Southern Brasilia Orogen.

The Southern Sido Francisco Craton hosts a major Brazilian Fe
mining district, known as the Quadrilatero Ferrifero (Iron Quadran-
gle; Fig. 1). It consists of amphibolite-facies granitoid-gneiss ter-
rains (locally migmatitic) overlain by greenschist to amphibolite
facies (locally high-grade) supracrustal sequences, in a dome and
keel geometry (Alkmim and Marshak, 1998) likely established by
the Neoarchean (Cutts et al., 2019). The supracrustal sequences
include Archean greenstone belts (e.g., Rio das Velhas and Pitangui)
and Paleoproterozoic metasedimentary and volcano-sedimentary
units (Hartmann et al., 2006; Baltazar and Zucchetti, 2007; Farina
et al., 2016; Moreira et al., 2016; Dopico et al., 2017; Brando-
Soares et al., 2017, 2020).

The metagranitoid-gneisses of the Quadrilatero Ferrifero base-
ment (Bacdo, Belo-Horizonte, Caeté, Santa Barbara and Bonfim
complexes) predominantly crop out in the core of domal struc-
tures. Four stages of magmatic activity have been identified, from
3220 Ma to 2610 Ma (Lana et al., 2013; Romano et al., 2013;
Farina et al, 2015, 2016). The first is a short-lived TTG-
dominated pulse in the Santa Barbara Complex with an age of
3220-3200 Ma (Santa Barbara event). Two magmatic pulses then
occurred between 2930-2850 Ma and 2800-2760 Ma (the Rio
das Velhas I and II events, respectively). Renewed magmatic activ-
ity between 2750 Ma and 2610 Ma, called the Mamona event, is
represented by high-K metagranitoid plutons, which are weakly
foliated to undeformed (Lana et al., 2013; Romano et al., 2013;
Farina et al., 2015). Medium-K metagranitoids of the Rio das Velhas
I and II events have higher K,0 and incompatible element contents
(Rb, Th, U) than average TTG (Farina et al., 2015). Hence, it has been
argued that these rocks formed as mixtures between a TTG melt,
produced by partial melting of mafic crust, and melt derived by
reworking of felsic continental crust (Farina et al., 2015). The pres-
ence of older crustal material in the generation of the Rio das Vel-
has I and II rocks is corroborated by negative &yft) of zircon
crystals extracted from orthogneisses of the Quadrilatero region
(Albert et al., 2016).

To the southwest of the Quadrilitero Ferrifero, close to the
boundary with the Southern Brasilia Orogen (studied area;
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Fig. 1. Map of the southern portion of the Southern Brasilia Orogen (adapted and modified from Campos Neto et al., 2011; Kuster et al., 2020 and references therein; Vinagre
et al., 2020 and references therein) and the Southern Sdo Francisco Craton (from Simon et al., 2021 and references therein). Samples for which U-Pb ages and geochemistry
data are available are plotted, including those obtained in this study. Triangles represent samples from the Southern Sdo Francisco Craton (Farina et al., 2015; Moreno et al.,
2017), whereas spheres represent samples from the Southern Brasilia Orogen (this study; Cioffi et al., 2016a).

Fig. 1), there is a large orthogneiss-dominated terrain, known as
the Campo Belo Complex (e.g., Teixeira et al., 1996, 1998). Early
studies (Teixeira et al., 1998) found evidence for three thermal epi-
sodes in the Campo Belo Complex, recorded in a polyphase migma-
tite: 3205 + 17 Ma, 3047 = 25 Ma and 2839 + 17 Ma. Subsequently,
Moreno et al. (2017) reported A-type-like granitoids and
leucogranites dated between 2.73 Ga and 2.65 Ga in the Campo
Belo Complex.

The Southern Sdo Francisco Craton is marked by widespread
high-K granites attributed to crustal anatexis (e.g., Romano et al.,

2013; Farina et al., 2015), accompanied by metamorphic resetting
of zircon grains and high-grade metamorphism (8-9 kbar; 650-
700 °C) between ~2.85 Ga and 2.70 Ga (e.g., Lana et al., 2013;
Cutts et al, 2019), and perhaps linked to crustal thickening
(Cutts et al., 2019). It has been interpreted as a protracted period
of sequential continental collisions (Lana et al., 2013; Farina
et al., 2015; Albert et al., 2016; Aguilar et al., 2017), punctuated
by arc/accretionary processes (e.g., Brando-Soares et al., 2020).
Younger ages related to metamorphic overprint, between 2.68 Ga
and ~2.6 Ga (concomitant with the Mamona event), are reported
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by Campos et al. (2003), Farina et al. (2015) and Aguilar et al.
(2017) and they may represent a period of post-collisional regional
extension, followed by magmatism and renewed metamorphism
(Albert et al., 2016). Although P-T conditions for this time period
have yet to be investigated, mafic dyke swarms indicate crustal
extension at ~2.55 Ga (e.g., Caxito et al., 2020). Finally, around
the margins of Archean cratonic nuclei, there was crustal rework-
ing and juvenile crustal addition between ~2.4 Ga and 2.0 Ga
(e.g., Noce et al., 1998; Avila et al., 2010, 2014; Teixeira et al,,
2015, 2017). These are thought to be related to a younger tectonic
cycle and are beyond the scope of this contribution.

2.2. Basement rocks of the Southern Brasilia Orogen and links with the
Sdo Francisco Craton

The Southern Brasilia Orogen is a Neoproterozoic fold and
thrust system that borders the S3o Francisco Craton (Fig. 1;
Valeriano et al.,, 2008; Campos Neto et al., 2011; Trouw et al.,
2013; Marimon et al., 2020a, 2020b, 2021). Peak metamorphic con-
ditions were attained between ~625-600 Ma, which resulted from
a Brasiliano/Pan African orogenic event involving continent-conti-
nent collision of two major blocks (e.g., Trouw et al., 2013; Vinagre
et al., 2014; Coelho et al., 2017; Marimon et al., 2021). Paleopro-
terozoic (Pouso Alegre Complex) and Archean basement of the
Southern Brasilia Orogen are preserved in a 300 km tectonic win-
dow between the Socorro and Guaxupé domains, and they are
related to the adjacent S3o Francisco Craton (Cioffi et al., 2016a,
2016b).

The Archean basement of the Southern Brasilia Orogen is
exposed in three distinct, unconnected locations in the nuclei of
large antiformal fold structures (Fig. 1). In the western segment,
adjacent to the Parana basin, there are Meso-Neoarchean orthog-
neisses and migmatites (metatexites and diatexites) of TTG and
high-K affinity (Cioffi et al., 2016a; Oliveira et al, 2019;
Fontainha et al., 2021). This segment has been divided into the
Amparo and Serra Negra complexes (e.g., Cioffi et al., 2016a and
references therein). At the central portion of the belt, surrounding
Heliodora town, Archean rocks form the core of a >30 km wide
anticline, and the predominant rock-types comprise Mesoarchean
Na-rich suites, partially mylonitized and migmatized (Cioffi et al.,
2016a). The third Archean segment lies to the northeast, near Car-
rancas town, and it is composed of sodic orthogneisses, metagran-
ites and metamafic/metaultramafic bodies, which are mostly
migmatized (Santos, 2014). The central and northeastern Archean
sections (Fig. 1) have been named the Heliodora-Minduri complex
(e.g., Cioffi et al., 2016a and references therein). However, we con-
sider the subdivision of Archean rocks in the Southern Brasilia Oro-
gen into different complexes to be unnecessarily complicated. The
rocks are similar in terms of ages, mineralogy and composition,
and thus we propose these Archean rocks be collectively known
as the Amparo Complex.

The timing of when the Amparo Complex (this study) and the
Southern Sdo Francisco Craton amalgamated is difficult to con-
strain due to the polymetamorphic evolution of the considered
regions. Cioffi et al. (2016a) speculated that it occurred at either
~2.0 Ga or ~2.7 Ga. The Amparo Complex is intruded by Paleopro-
terozoic high-K, isotopically evolved, metaigneous rocks with mag-
matic arc geochemical signatures (e.g., Oliveira et al., 2019) and
overlain by juvenile Paleoproterozoic metaigneous rocks (Cioffi
et al., 2016b) that are probably allochthonous. This suggests that
a continental arc was established at the border of the Archean
Sdo Francisco proto-continent during the Paleoproterozoic, with
the accretion of exotic terranes (island arcs?) thrust over the
Archean basement, now exposed within the Southern Brasilia Oro-
gen. Thus it appears that the Amparo Complex had already coa-
lesced with the Sdo Francisco Craton at the Paleoproterozoic.
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However, there is also some evidence that the Southern Sdo
Francisco Craton and the basement of the Southern Brasilia Orogen
(i.e., Amparo and Campos Gerais complexes) were accreted in the
Neoarchean (~2.8-2.7 Ga) during a period of major crustal rework-
ing and partial melting of TTG in both regions, which generated
large volumes of biotite granites (Romano et al., 2013; Farina
et al., 2015; Albert et al., 2016; Cioffi et al., 2016a, 2016b;
Valeriano et al.,, 2022). TTG magmatism between 3.05 Ga and
2.95 Ga is common in the basement of the Southern Brasilia Oro-
gen but it is rare in the Southern S3o Francisco Craton (e.g.,
Farina et al., 2015; Simon et al., 2021). Therefore, it is reasonable
to assume that a segment of Archean crust, represented by the
basement of the Southern Brasilia Orogen (Fig. 1) to the southwest,
collided with a block to the northeast, represented by the Southern
Sdo Francisco Craton (Fig. 1), during the Neoarchean (e.g., Cioffi
et al,, 2016a, 2016b). However, 3.05-2.95 Ga TTG in the Southern
Sdo Francisco Craton may have been reworked during the Neoarch-
ean metamorphic event, as inherited zircon grains of 3.10 Ga and
2.95 Ga are found in younger granites (Simon et al., 2021). In this
contribution we discuss newly obtained data from the Southern
Brasilia Orogen’s Archean basement in conjunction with compiled
data from the Southern Sdo Francisco Craton. However, we treat
the datasets independently given the possibility that these regions
evolved separately during the Archean.

3. Petrology and field relations

In the Amparo Complex, the Archean basement of the Southern
Brasilia Orogen (Fig. 1), lithologic units can be subdivided into four
groups, on the basis of field and thin section analyses (Fig. 2),
which are further constrained geochemically in the following sec-
tion. We note that most of the studied Archean igneous/metaig-
neous rocks are stromatic migmatites, with thin banding (cm-
scale leucossomes and mm-scale melanossomes; Fig. 2). Diatexites
were avoided for geochemical analyses due to likely element
mobility, and only outcrops with incipient-to-moderate or no
migmatization were sampled for analysis. Some outcrops were
formed entirely by thinly banded stromatic migmatites, where-
upon large samples were collected to evaluate the rock’s composi-
tion prior to migmatization (e.g., Fig. 2C).

Two groups of low-K orthogneisses (tonalitic, trondhjemitic and
granodioritic: TTG), were recognized: TTG 1 and TTG 2 (Fig. 2). TTG
1 rocks are characterized by lower contents of ferro-magnesian
minerals than TTG 2 (Fig. 2), and TTG 1 are mostly fine- to
medium-grained trondhjemites (Fig. 2A and B), with plagioclase,
quartz and biotite as major rock-forming minerals and apatite,
() allanite and zircon as accessory minerals. TTG 2 are mostly
medium-grained tonalites (Fig. 2C and D) with plagioclase, quartz,
biotite, hornblende and minor-to-absent (+) K-feldspar as con-
stituent minerals, as well as titanite, opaques, allanite and zircon
as accessory phases. In both TTG groups, chlorite, muscovite and
epidote are common alteration products.

Three groups of high-K rocks were recognized during field map-
ping and thin section analyses. The first two groups, the biotite-
two-mica granites (BTMG) and the transitional granites (TRAN.
G1), are similar and are hard to distinguish in the field (Fig. 2E, F
and G). They are formed by abundant K-feldspar, plagioclase and
biotite as major minerals, although BTMG samples have higher
K-feldspar contents than TRAN.G1. The common accessory miner-
als are titanite, allanite, epidote, zircon, apatite and opaque miner-
als, and primary muscovite is present in a couple of samples of
peraluminous granites belonging to the BTMG group.

The third group of high-K rocks is easily distinguished as the
granites are porphyritic and richer in ferromagnesian minerals. In
the Amparo Complex (south of Itumirim town), it is represented
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Fig. 2. Hand samples of analyzed rocks from the Amparo Complex, Southern Brasilia Orogen.

by sample CAR, which is a porphyritic granite (Fig. 2H) with K-
feldspar, plagioclase, quartz, biotite and hornblende, as well as
accessory epidote and zircon. This group of rocks is also recognized
in the S3o Francisco Craton (e.g., Lavras Granitoid of Moreno et al.,
2017) and it has been called A-type Group 2 based on geochemical
criteria (Section 4).

4. Whole-rock geochemistry

Major element analyses were initially used to subdivide the 32
analyzed granitoid samples from the basement inliers of the South-
ern Brasilia Orogen, and the 66 published analyses from the South-
ern Sdo Francisco Craton, into three broad groups: TTG, transitional
granitoids and granites. Significant subgroups were subsequently
recognized based on major and trace element contents and the
subgroups A-type granites group 1 (AGG1) and transitional grani-
toids group 2 (TRAN.G2) were only recognized for rocks of the
Southern Sdo Francisco Craton (for more information on mineral-
ogy the reader is referred to Farina et al., 2015). A complete

geochemical data spreadsheet, with compiled and new analyses,
is provided in Supplementary Material 1.

Granitoid samples that have K,0/Na,O values <0.5, and which
plot in the trondhjemite and tonalite fields in the O’Connor
(1965) diagram (Fig. 3A), and the TTG field in the Na,0/K,0-2A/
CNK-2FMSB diagram of Laurent et al. (2014a) (Fig. 3B), were clas-
sified as TTG. These samples were further subdivided into TTG 1
and TTG 2 on the basis of selected major and trace elements, as
well as distinct mineralogical compositions as discussed in the pre-
vious section (i.e., higher contents of ferromagnesian minerals and
the presence of hornblende in TTG 2). TTG 1 are HREE poor and
have higher La/Yb and Sr/Y, and lower Yb and Rb/Al,03; than TTG
2 (Fig. 4). The subdivision between TTG 1 and TTG 2 is arbitrary
and overall the TTG comprise a compositional continuum, with
some overlap, rather than two readily distinguished subgroups.
TTG 2 have higher FeO, + MgO + MnO + TiO, and CaO, and both
compatible (e.g., Cr, V and Ni; Supplementary Material 1; Supple-
mentary Material 2, Fig. S6) and incompatible HFSE trace elements
than TTG 1 (e.g., Th, Nb, Ta, Zr and Hf; Supplementary Material 1).
TTG 2 have negative anomalies of Sr and Eu in normalized multi-
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element plots, whereas TTG 1 are characterized by positive (or the
absence of) anomalies for these elements (compare Fig. 4C and D).
Negative Nb-Ta anomalies are a feature of both TTG groups, but
negative Ba anomalies are more common in the TTG 2 samples
(Fig. 4C and D).

Transitional granitoids, which are medium-K rocks (K,O/
Na,O = 0.5-0.8), have compositions intermediate between those
of the trondhjemite and granite fields in the O’Connor (1965)
(Fig. 3A) diagram and the TTG and biotite- two-mica granite fields
in Fig. 3B. Transitional granitoids are richer in K,O (and K-feldspar)
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compared to TTGs and they were further subdivided into two
groups. The transitional granitoids group 1 (TRAN.G1) have lower
FeO, + MgO + TiO, + MnO, Th, U and HFSEs and higher Rb and Sr
compared with transitional granitoids group 2 (TRAN.G2)
(Figs. 3B and 5A). One of the most striking differences between
TRAN.G1 and TRAN.G2 samples is in the sum of the REE which
tends to be considerably higher in TRAN.G2 (238 ppm), similar to
the average sanukitoid of Laurent et al. (2014a) (Fig. 5A). The
TRAN.G1 and TRAN.G2 are readily distinguished on multi-
element spider plots (Fig. 5A), since they form markedly different
patterns and intermediate compositions between the two groups
are absent. In more detail the marked negative Sr anomaly of the
average TRAN.G2 contrasts with the slightly positive one of the
average TRAN.G1 (Fig. 5A). It is important to highlight that as yet
no TRAN.G2 have been found in the Southern Brasilia Orogen (this
study) and this discussion is based on samples from the Southern
Sdo Francisco Craton (Farina et al., 2015). A couple of analyses that
have K;0/Na,0 values lower than 0.5 and that plot on the TTG field
in Fig. 3B, have very high HFSE contents and they were therefore
considered as TRAN.G2 and not TTG.

At the other end of the compositional spectrum, high-K granites
(K20/Nay0 >0.8; red, white and yellow symbols in Fig. 3) plot in the
granite field in the O’Connor (1965) diagram and in the area of
overlap between the biotite- two-mica granite and A-type fields
in the Na;0/K,0-2A/CNK-2FMSB figure in Fig. 3B. The latter is part
of the sanukitoid sensu lato field of Laurent et al. (2014a), since the
definition of sanukitoid sensu lato encompass sanukitoids sensu
stricto and some A-types which are thought to have similar petro-
genetic processes (Laurent et al., 2014a, 2014b). However, we have
subdivided the sanukitoid sensu lato group (Laurent et al., 2014a)
because it includes A-type granites which, as discussed later,
appear to have distinct origins. Sanukitoids sensu stricto (e.g.,
Heilimo et al., 2010) are compositionally distinct from A-types in
that ferroan A-types (e.g., Eby, 1992; Frost and Frost, 1997, 2011;
Dall’Agnol et al., 2005) have higher FeO,, TiO,, HFSEs and lower
MgO contents than magnesian sanukitoids sensu stricto (e.g.,
Heilimo et al., 2010; Laurent et al., 2011).

The fields of A-types and biotite- two-mica granites signifi-
cantly overlap in the Na,0/K,0-2A/CNK-2FMSB diagram (Fig. 3B).
However, these groups can be separated based on the higher FeO,/
MgO, FeO; + MgO + TiO, + MnO, HFSE, TiO, and lower contents of
Al,O3 of the A-types (Fig. 5B, C and D; Supplementary Material 2,
Fig. S5). This is most marked in Fig. 5C, where there is no overlap
between the fields for the A-types and biotite- two-mica granites.
In addition, since A-types have much higher HFSE contents than
the biotite- two-mica granites, mantle-normalised plots readily
distinguish the two groups (Fig. 5B). A-type granites were further
subdivided into group 1 (A-type granites G1; AGG1) and 2 (A-
type granites G2; AGG2) according to the lower Al,03, Th, U, Rb,
LREE, and higher FeO/(FeO; + MgO), TiO,, Ba, Zr and total ferro-
magnesian oxides of the latter compared with the former (Supple-
mentary Material 1; Fig. 5B, C and D). Based on these differences,
the classification diagrams of Fig. 5C and D were constructed,
and they separate AGG1 and AGG2 samples, since they plot in dif-
ferent fields with little overlap. It must be clarified that this classi-
fication is distinct from the A1/A2 classification of Eby (1992).
AGG1 samples are yet to be found in the Southern Brasilia Orogen,
and so the samples discussed here are from the Southern Sao Fran-
cisco Craton (Farina et al., 2015; Moreno et al., 2017).

5. Zircon U-Pb and Lu-Hf, and whole-rock Sm-Nd
A number of samples from the Amparo Complex, Southern Bra-

silia Orogen, were selected for U-Pb, Lu-Hf and Sm-Nd analyses.
U-Pb zircon magma crystallization ages are shown as red squares

Geoscience Frontiers 13 (2022) 101402

in the Wetherill diagrams in Fig. S3 of Supplementary Material 2,
and the zircon ages interpreted as metamorphic (low Th/U over-
growths and homogenous grains) are plotted as blue squares.
The Lu-Hf data are presented in Fig. 6, together with data obtained
by Albert et al. (2016) for the Southern S3o Francisco Craton. Sm-
Nd data obtained in this study is shown in Supplementary Material
3, as well as in Fig. S4 of Supplementary Material 2. More informa-
tion on the U-Pb (LA-ICP-MS and ID-TIMS), Lu-Hf and Sm-Nd
methodology, as well as descriptions of cathodoluminescence-
supported zircon age interpretations for each dated sample, and
a discussion of the criteria used for the recognition of metamorphic
or crystallization ages, is available in Supplementary Material 2.
For complete tables on the U-Pb, Lu-Hf and Sm-Nd data obtained
in this study the reader is referred to Supplementary Material 3.

The five analyzed TTG samples yielded zircon U-Pb crystalliza-
tion ages between 3024 + 9 Ma and 2946 + 10 Ma (Supplementary
Material 2, Fig. S3), and high-K biotite- two-mica granite samples
(BTMG; n = 3) have U-Pb discordia ages between 2798 + 9 Ma
and 2729 + 13 Ma (Supplementary Material 2, Fig. S3). The young-
est dated sample (2705 = 5 Ma) is from the AGG2 group. Most of
the analyzed TTG samples have Hf (Fig. 6) and Nd initial isotope
ratios that plot close to or above the CHUR (between +1.41 and
—1.81 &1(t)) and some are close to or slightly above DM (between
+5 and +9 €y(t); Supplementary Material 2, Fig. S4). Thus, they rep-
resent relatively new additions to the crust and/or reworking of
crust recently extracted from the mantle. In contrast, the high-K
BTMG and AGG2 samples tend to have negative eHf and eNd val-
ues, and they plot on crustal evolution isotope arrays with the
TTG, which indicates reworking of older crustal material during
the generation of these high-K rocks (Supplementary Material 2,
Fig. S4).

Metamorphic U-Pb zircon ages range from 2880 + 8 Ma (based
on zircon overgrowths; Supplementary Material 2, Fig. S3I), to
2721 = 23 Ma (homogenous metamorphic zircon grains; Supple-
mentary Material 2, Fig. S3G), and a Paleoproterozoic metamorphic
event at 2079 = 11 Ma (zircon overgrowths; Supplementary Mate-
rial 2, Fig. S3E).

6. Chemical changes through time

There are marked differences in the geochemistry of granitoid
rocks of different U-Pb ages (Figs. 6 and 7). K;0/Na,O and Rb/Sr
ratios increase with decreasing ages (Fig. 7A-B) highlighting the
shift to more granitic lithologies, and the progressive maturation
of the Archean continental crust of the Southern S3o Francisco Cra-
ton and Southern Brasilia Orogen. The highest Rb/Sr values occur at
~2.72 Ga, concomitant with the largest peak in the probability
density plot of the metamorphic ages (green) from the Southern
Sdo Francisco Craton (Fig. 7B). Th/Nb ratios in mafic rocks are
regarded as indicative of tectonic setting (Pearce, 2008), and in
granitic rocks they may reflect the Th/Nb ratios of their crustal
source rocks, and/or the effects of rutile, allanite, apatite, monazite
and/or ilmenite during petrogenesis. Th/Nb increases progressively
from ~3.0 Ga to ~2.68 Ga, before decreasing in the late higher-Nb
A-type granites group 2 (Fig. 7C). These geochemical changes
through time are linked to progressive crustal reworking, after a
period of predominantly juvenile TTG production, as evidenced
by the Lu-Hf data (Fig. 6). If we consider the Southern Sdo Fran-
cisco Craton and the Southern Brasilia Orogen separately, the
exposed trends would still be valid, albeit the trends of the Brasilia
Orogen are better delineated due to a larger age range.

After ~2.7 Ga, the crustal record is marked by the appearance of
limited volumes of granites with high FeO,/MgO, Ba/Rb and TiO,,
but low Al,0s, and they are classified as A-types granites group 2
(Fig. 7D). Rocks from this group are set apart from all other groups
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in Fig. 7D, due to their distinctive geochemistry and because they
were emplaced late in the magmatic record.

Nb/Ta is regarded as a pressure proxy, with Nb/Ta increasing
with increasing pressure (Foley et al., 2002), although this must
be viewed with caution as the source composition and differentia-
tion processes can also influence Nb/Ta (e.g., Moyen and Laurent,
2018). Nb/Ta in the TTG decreases from 3.0 Ga to ~2.78 Ga, and
between ~2.80 Ga and 2.75 Ga, three granite samples have the
lowest recorded Nb/Ta values (Fig. 7E). Overall, there is a weak
V-shaped pattern with Nb/Ta values decreasing from 3.0 Ga to
2.80-2.78 Ga and then slightly increasing afterwards (Fig. 7E).
Dy/YDb is controlled by the crystallization and/or residual presence
of garnet and/or amphibole (e.g., Davidson et al., 2013), and it is
widely used as an indicator of the depths of magma petrogenesis
(e.g., Moyen, 2011). However, there are no clear systematic
changes in Dy/Yb with age in the granitic rocks in Fig. 7F.

7. Discussion

Batch melting models were used to evaluate the source rocks
and the residual mineralogy during the generation of the different
granitoids. Most of the geochemical groups have a restricted silica
range, and although samples with the lowest silica contents were
considered during modelling, they tend not to vary significantly
from the average values and when they do, this can be readily
explained by varying conditions during partial melting (e.g., pres-



R.S. Marimon, CJ. Hawkesworth, E.L. Dantas et al.

Geoscience Frontiers 13 (2022) 101402

10

0.01

2600 2700 2800 2900 3000 2500 2600 2700

P-T-t (peak SSFC): -
A V‘s-s kbar A A A
oy 0
2 AA A 650-700°C i AA ) A -
@A BTMG 1 A A
c(:N 15 _ A AGG1 . ﬁ 2 ©
2 [mafic A orncez (2 %& e £ A
S 1 dg’;"gz /A |onTRANGY|| & @% = % %
¥ ( ) @A TRAN.G2| 0.1 © o A
, Metamorphic @ % @ @
.5 ages (SSFC) Metamorphic,
ages (SBO) @ @
5 0.1

2800 2900 3000 2500 2600 2700 2800 2900 3000

¥
B

(FeO/MgO)*(TiO,/AL,0,)*100

iAgA

“ Age(Ma) E Age(Ma) Age(Ma)
100 yAN 100 5
120

Dy/Yb

2500 2600 2700

2500 2600 2700 2800 2900 3000
E

Age(Ma)

1

2800 2500

2900 3000

2600 2700

Age(Ma)

2800 2900

3000

Fig. 7. Selected geochemical ratios versus time. All vertical scales are log, with the exception of (A). Grey bars indicate the timing of measured P-T conditions by Cutts et al.
(2019). Data from the Southern Brasilia Orogen (circles) are from this study and from Cioffi et al. (2016a), whereas samples from the Southern Sdo Francisco Craton (triangles)
are from Farina et al. (2015) and Moreno et al. (2017). Probability density plots (green and purple) represent U-Pb zircon (overgrowth, soccer-ball grains, etc.) and monazite
metamorphic ages obtained from the Southern Sdo Francisco Craton (n = 21; the reader is referred to Supplementary Material 4 for references) and the Southern Brasilia
Orogen (n = 2; this study). The age of mafic dykes represented as an orange bar are from Caxito et al. (2020).

sure, melt content, temperature, etc). This approach is warranted
by field and petrographic observations. No evidence of extensive
crystal accumulation has been observed, whereas partial melting,
with varying melt proportions at different locations, is present
throughout the Amparo Complex, in both outcrop and thin section
scale. Furthermore, partial melting has long been considered one of
the dominant driving processes of crustal chemical differentiation
(e.g., Sawyer et al., 2011). Together with age and isotopic data, the
results of the melting models are then used to evaluate the geody-
namic scenarios in which the magmas were generated. Rayleigh
fractionation/melting models were also considered, but these
yielded less consistent results and they are not discussed further.
More information on the applied batch (equilibrium) melting/crys-
tallization formula is given in Supplementary Material 2 and the
partition coefficients used are in Supplementary Material 5.

7.1. Petrogenesis

7.1.1. TTg

This section explores the generation of the TTG (trondhjemites-
tonalites-granodiorites), suites of low-K igneous rocks that typify
much of the Archean continental crust (e.g., Moyen and Martin,
2012). These rocks are widely thought to have been derived from
parent rocks of basaltic composition (e.g., Rapp and Watson,
1995), and possible mafic source rocks of similar age to the TTG
crop out in the greenstone belts of the Southern Sdo Francisco Cra-
ton (e.g., Brando-Soares et al., 2020). Mafic rocks dominate the
lower stratigraphic segments of the greenstones (e.g., Moreira
et al., 2016) and they include suitable source rocks for the TTG of
the Southern Sdo Francisco Craton. Batch melting calculations are
used to constrain the trace and major element compositions of
source rocks for the different subgroups of the analyzed TTG by

partial melting under distinct thermodynamic conditions, charac-
terized by differences in restite mineralogy.

TTG sensu strictu (TTG 1, in this study), as described by Moyen
and Martin (2012), are regarded as the result of partial melting
of hydrous basalts metamorphosed into eclogite or garnet-
bearing amphibolite (e.g., Martin, 1986, 1987; Smithies, 2000;
Rapp et al., 2003), and experimental petrology has confirmed that
melts of similar composition to natural TTG can be obtained by
partial melting of basalts over a range of pressure and temperature
conditions (e.g., Beard and Lofgren, 1991; Rapp et al., 1991; Rapp
and Watson, 1995; Springer and Seck, 1997; Laurie and Stevens,
2012). Accordingly, the TTG considered in this study have major
element compositions similar to those of the experimental melts
of low-K mafic rocks (Fig. 8A and B).

The basaltic source rocks of the average Archean TTG tend to
have had higher incompatible element abundances than MORB
(Smithies et al., 2009; Martin et al., 2014; Johnson et al., 2017),
and the mafic volcanic rocks of the Southern Sdo Francisco Craton
have LILE-enriched compositions. These mafic rocks are concen-
trated in the greenstone belts that surround granitoid complexes
(Fig. 1; Verma et al., 2017; Brando-Soares et al., 2020) in a dome-
and-keel geometry thought to have been formed in the Archean
and reactivated during a Paleoproterozoic tectono-metamorphic
event (e.g., Cutts et al., 2019). Felsic and mafic magmatism in the
Rio das Velhas Greenstone Belt (Fig. 1) bracket the development
of this volcano-sedimentary sequence between >2.95 Ga and
2.75 Ga (Machado et al., 1992; Noce, 2000, Noce et al.,, 2005;
Lobato et al., 2001; Moreira et al., 2019), although part of the Rio
das Velhas Greenstone Belt is older than ~2.95 Ga as it is intruded
by a U-Pb dated granodiorite of that age (Moreira et al., 2019).
Metabasalts from the Pitangui Greenstone Belt (Southern Sao Fran-
cisco Craton; Fig. 1), adjacent to the Belo Horizonte Complex of the
Iron Quadrangle region (Fig. 1), yielded an upper-intercept discor-
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dia U-Pb age of ~2.80, interpreted to represent crystallization age
(Melo-Silva et al., 2020). Thus, magmatic events in these green-
stone belts were broadly coeval with the TTG from the Southern
Sdo Francisco Craton (Farina et al., 2015; 2.91-2.77 Ga).

The TTG from the Southern Sdo Francisco Craton have a
restricted range in SiO, (71-72 wt.% for TTG 1 and 67-72 wt.%
for TTG 2) and the trace element contents of the samples with
the lowest SiO, are similar to the average of all the samples. There-
fore, we model the averages of the TTG subgroups as partial melts,
to smooth out outliers and to minimize the effects of analytical
errors and/or metamorphic alteration. We applied trace-element
batch melting calculations to the average basaltic (47-53 wt.%
SiO,) rocks from the Rio das Velhas and the Pitangui greenstone
belts in the Southern Sdo Francisco Craton (see Supplementary
Material 6 for the selection of greenstone samples used in the
batch melting calculations). The mineralogy of the restites, melt
proportions (F) and P-T conditions are from the thermodynamic
calculations of Palin et al. (2016). The authors used the average
Archean tholeiitic basalt as starting material, which has a similar
composition to the average mafic rock from the considered green-
stone belts (Supplementary Material 2, Fig. S7).

Using the average mafic rock (47-53 wt.% SiO,) composition of
each greenstone belt, we reproduced the trace-element pattern of
the TTG subgroups from the Southern Sdo Francisco Craton (Supple-
mentary Material 2, Fig. S7). The minerals that dominated the resid-
ual assemblage during formation of TTG 2 (6 kbar; 855 °C; F = 0.2)
were hornblende, plagioclase, clinopyroxene and orthopyroxene,
without garnet (Supplementary Material 2, Fig. S7C). In contrast,
TTG 1 was better modelled at 12 kbar, 875 °C and F = 0.2 (from
Palin et al., 2016) with a residual mineral assemblage with small
amounts of plagioclase and with significant amounts of garnet,
hornblende and clinopyroxene (Supplementary Material 2,
Fig. S7B). The average composition of the Pitangui greenstone belt
(Brando-Soares et al.,2020) better reproduced the TTG compositions
of the Southern Sao Francisco Craton, although the TTG have slightly
higher incompatible elements than the models, which could indi-
cate assimilation of the crust during emplacement and/or limited
fractional crystallization (Supplementary Material 2, Fig. S7).

The TTG of the Southern Brasilia Orogen may have been
emplaced in a distinct block separate from the TTG of the Southern
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Sdo Francisco Craton, as discussed previously. Therefore, we used
the average Archean basalt of Martin et al. (2014) as source to
model the TTG from the Southern Brasilia Orogen. Using parame-
ters from Palin et al. (2016), we were able to perfectly match the
trace and major element contents of the average TTG 1 (12 kbar;
875 °C; F=0.2) and TTG 2 (6 kbar; 855 °C; F = 0.2) (Fig. 9). Again,
the presence of large amounts of residual garnet and restricted pla-
gioclase, accounts for the high Sr and La/Yb of the TTG 1, whereas
the absence of garnet and the high contents of residual plagioclase
produces a melt with composition similar to that of TTG 2 (Fig. 9).
Since the silica contents vary considerably in the TTG of the South-
ern Brasilia Orogen, we explored how the models compare to the
samples with the lowest SiO, contents, from both subgroups. For
trace element contents, the differences between the average TTG
and the lowest silica TTG are very small (Fig. 9). However, the con-
tents of FeO, and MgO are higher in the samples with low SiO, and
they were successfully reproduced by a ~50 °C increase in temper-
ature and 10% increase in the melt content compared to the param-
eters used for modelling the average TTG (Fig. 9). Thus, variations
in the conditions of partial melting accounts for most of the
observed compositional variations in the TTG subgroups, without
the need of pervasive fractional crystallization and assimilation.
This is consistent with the absence of evidence for such processes
and the abundant evidence for partial melting, at varying degrees,
in the Amparo Complex of the Southern Brasilia Orogen, which
includes the presence of amphibolite rafts in the TTG.

The differences in the residual mineral assemblages of TTG 1
and 2 are widely attributed to different pressures during partial
melting (e.g., Moyen, 2011; Palin et al,, 2016). Garnet-rich and
plagioclase-poor residue in equilibrium with a TTG 1 melt (Fig. 9)
are taken to reflect higher pressure conditions (Moyen, 2011). In
contrast, a garnet-poor and plagioclase-rich residue in equilibrium
with a TTG 2 melt (Fig. 9) indicates lower crustal pressures (Moyen,
2011). However, recent studies (e.g., Halla, 2020; Laurent et al.,
2020; Pourteau et al., 2020) have argued that the chemical diver-
sity of TTG could reflect other processes, such as the availability
of fluids, rather than the depth of partial melting (Palin et al.,
2016; Pourteau et al., 2020; Hernandez-Montenegro et al., 2021).

Although hydrated sources, i.e., minimum water saturation, are
thought to be essential for voluminous TTG production (e.g.,
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Fig. 9. Batch melting calculations, with variable restite modal compositions, using the average Archean basalt (Martin et al., 2014) as source. Primitive mantle is from
McDonough and Sun (1995). Residual mineralogy, partial melt fraction and P-T conditions are from Palin et al. (2016). Partition coefficients are in Supplementary Material 5.

Moyen and Martin, 2012), the effects of water oversaturation (i.e.,
excess fluids) have recently been investigated (e.g., Pourteau et al.,
2020; Hernandez-Montenegro et al., 2021). Several studies, based
on thermodynamic modelling using Thermocalc (Palin et al.,
2016; Pourteau et al., 2020; Hernandez-Montenegro et al., 2021),
indicate the addition of excess water into a mafic source, at con-
stant pressure, increases the amount of residual amphibole,
decreases that of plagioclase, and has little effect in the stability
of garnet. A TTG melt in equilibrium with such a residue would
have higher La/Yb and Sr compared with a TTG in equilibrium with
a residue lacking free-water (i.e., minimum saturation), but at sim-
ilar pressures and temperatures (Pourteau et al., 2020; Hernandez-
Montenegro et al., 2021). This observation prompted Pourteau
et al. (2020) to conclude that TTG previously considered as
“high-pressure” (e.g.,, Moyen, 2011), could instead result from
water-fluxed partial melting at lower pressures and shallower
crustal levels (i.e., 9 kbar). Although an increase in both pressure
and water contents during partial melting can result in a reduction
in residual plagioclase (Palin et al., 2016; Pourteau et al., 2020), a
pressure increase at constant temperature and constant minimum
water saturation, will increase the amount of residual garnet and
reduce the proportion of amphibole (Palin et al., 2016).

Although residual amphibole and garnet both increase the La/
Yb ratio of the melt, Davidson et al. (2013) demonstrated that res-
titic amphibole decreases the Dy/Yb of the melt whereas garnet
strongly increases it. Therefore, a plot of Sr/Zr versus Dy/Yb
(Fig. 10) highlights differences in the composition of TTG melts
brought about by: (a) increasing pressure; (b) higher free water
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contents in the mafic source or fractionation and/or solid-liquid
unmixing involving plagioclase, amphibole (e.g., Laurent et al.,
2020). In Fig. 10, there is a continuous trend from high-HREE,
low-Sr TTG (i.e., TTG 2) towards low-HREE, high-Sr TTG (i.e., TTG
1), which seems to occur in other Archean terranes (e.g., Moyen,
2011). If the Dy/Yb ratio increases from low-Sr/Zr TTG (TTG 2)
towards high-Sr/Zr TTG (TTG 1), it suggests that the content of
residual garnet increased concomitant with the break-down of res-
titic plagioclase, which is expected for partial melting at progres-
sively higher pressures (Palin et al., 2016). On the other hand, if
increases in Sr/Zr were accompanied by decreasing Dy/Yb ratios
this would suggest that residual garnet was either reduced or
stayed unchanged, whereas the amount of amphibole increased,
and plagioclase was totally or partially consumed. Such a trend is
therefore consistent with fluid-fluxed partial melting (Pourteau
et al., 2020). A similar trend would emerge from amphibole frac-
tionation (decrease in Dy/Yb) and plagioclase accumulation, which
would increase Sr contents (e.g., Laurent et al., 2020).

To evaluate these interpretations, the trace element contents of
published TTG models are plotted in Fig. 10. The residual mineralo-
gies calculated by Palin et al. (2016) at different pressures (6, 12
and 20 kbar) were used to perform batch-melting calculations
and the results form a similar trend to that of our natural TTG,
i.e., of increasing Sr/Zr with increasing Dy/Yb ratios (Fig. 10). In
contrast, the trend formed by the modeled TTG of Pourteau et al.
(2020), at constant pressure but increasing H,O wt.%, is markedly
different and defines a trend broadly perpendicular to that of the
considered TTG.
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Fig. 10. Sr/Zr versus Dy/Yb diagram. Results of batch-melting calculations (average
Archean basalt of Martin et al. 2014 as source) at different P-T conditions
constrained by the thermodynamic modelling of Palin et al. (2016) are compared to
the modelled TTG from Pourteau et al. (2020) and to TTG from the Southern Brasilia
Orogen. Black squares represent the average composition of the greenstone belts
from the Southern Sdo Francisco Craton.

Recently some authors have proposed that the high Sr and La/
Yb contents of some TTG are related to plagioclase accumulation
and amphibole fractionation, without the need for residual garnet
(e.g., Laurent et al., 2020; Kendrick et al., 2022). However, these
models fail to account for the increase in Dy/Yb and Sr/Zr in the
TTG discussed here and will be not considered further.

In summary, the geochemical diversity of the TTG from the
Southern Brasilia Orogen has been modeled (batch melting) using
a range of minor and trace elements attributed to pressure differ-
ences during partial melting. The thermocalc-constrained residual
assemblages of Palin et al. (2016) at 6 and 12 kbar, and F values of
0.2 to 0.4, when applied to batch melting calculations yield trace ele-
ment patterns similar to those of the studied TTG from SE Brazil
(Fig. 9). In contrast, melts produced through water-fluxed melting
(Pourteau et al., 2020), at a moderate pressure (9 kbar), are clearly
distinct from that of the average TTG 1, with a concave-up HREE pat-
tern (i.e., low Dy/Yb),and lower Srand >_REE contents, reflecting the
larger amounts of residual amphibole (Pourteau et al., 2020).

TTG 2 melts segregated from their mafic parents at shallower
levels (~6 kbar) and the TTG 1 melts were extracted from deeper
segments within the crust (~12 kbar). A few rocks from the TTG
1 group could have been generated at even deeper levels and
higher pressures, possibly in equilibrium with an eclogitic residue
(Fig. 10), although more data is needed to evaluate that.

7.1.2. Granitoids and partial melting of TTG

Several studies point to the reworking of pre-existing continen-
tal crust, dominated by TTG, in the generation of granitic rocks in
the Archean (e.g., Jayananda et al., 2006, 2020; Mikkola et al.,
2012; Laurent et al., 2014a; Moyen et al., 2021). Partial melting
of TTG produces rocks with high SiO, (70-75 wt.%), K;0 (2-6 wt.
%) and Al,03/(FeO; + MgO0), similar to the analyzed biotite-two-
mica granites (BTMG), transitional granitoids group 1 (TRAN.G1)
and A-type granites group 1 (AGG1) (Fig. 8; Skjerlie and
Johnston, 1992, 1993; Patinio Douce, 1997, 2005; Patifio Douce
and McCarthy, 1998; Castro, 2004; Watkins et al., 2007). This indi-
cates that these rocks could result from crustal melting of TTG, and
this is consistent with the available geochronology, whole-rock
Sm-Nd and zircon Lu-Hf data, as well as with field observations:
(i) most of the BTMG, TRAN.G1 and AGG1 rocks are younger than
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the TTG; (ii) BTMG, TRAN.G1 and AGG1 samples have similar Tpy
ages to the TTG, and they plot on similar '7®Hf/'””Hf crustal evolu-
tion trends (Fig. 6; Supplementary Materials 2 and 3), with the
exception of two high-K samples from the Southern Sdo Francisco
Craton which have older Tpy; ages than the analyzed TTG from the
same region (Fig. 6), indicating their source could be older TTG,
such as those from the Santa Barbara Complex dated at ~3.2 Ga
(e.g., Lana et al., 2013); and (iii) BTMG, TRAN.G1 and AGG1 rocks
were emplaced during a period of high-grade regional metamor-
phism (~2.8-2.70 Ga) in the Southern S3o Francisco Craton (e.g.,
Lana et al., 2013; Farina et al.,, 2015; Albert et al., 2016; Cutts
et al.,, 2019) and the Southern Brasilia Orogen (this study).

Mildly peraluminous biotite granites, which comprise most of
the samples analyzed, indicate an igneous source (Mikkola et al.,
2012), although Laurent et al. (2014a) (and references therein)
have highlighted that peraluminous granites (A/CNK >1.1) typi-
cally contain contributions from metasedimentary sources, as do
S-type granites. In the Southern Brasilia Orogen, only two BTMG
samples have an A/CNK value >1.1, and in the Southern S3o Fran-
cisco Craton, only one such sample has been reported. Thus, we
will not address this issue further. It is important to note that
the TTG mapped in the Southern Brasilia Orogen are migmatitic
(metatexites and diatexites), have high-K thick leucossomes in
some locations (Supplementary Material 2, Fig. S9), and are spa-
tially associated with granite bodies, which indicates TTG have
partially melted sometime during their history and likely gener-
ated the associated biotite granites.

Batch melting calculations, with residual mineralogy and melt
fraction constrained by partial melting experiments of TTG
(Skjerlie and Johnston, 1993; Watkins et al., 2007), as well as major
element content comparisons of the analyzed high-K samples with
glass compositions from experiments, indicate that TTG from the
Southern Brasilia Orogen and Southern Sdo Francisco Craton are
potential sources to the BTMG, TRAN.G1 and AGG1 rocks
(Fig. 11). The compositional diversity of the granitoids derived
from a TTG source can be explained by: (i) distinct source compo-
sitions, i.e. whether TTG 1 or TTG 2; (ii) degrees of partial melting,
which varied from 25% to 42 %, at distinct P-T conditions; and (iii)
the mineral assemblage of the residue.

Due to their low contents of FeO, + MgO + MnO + TiO,, CaO and
HREE, biotite- two-mica granites (BTMG) and transitional granites
group 1 (TRAN.G1) are better reproduced by partial melting of TTG
1 (Fig. 11A and B). On the other hand, A-type granites group 1
(AGG1) are richer in FeO, + MgO + MnO + TiO,, CaO and REE than
BTMG, and so are thought to have been sourced from TTG 2
(Fig. 11C). In summary, many geochemical characteristics of melts
are inherited from their source.

The degree of partial melting also influences the composition of
the resulting melts. TRAN.G1 have elemental ratios (e.g., K;O/
Na,0) and major element contents intermediate between those
of TTG 1 and BTMG. The best fit with our batch melting calcula-
tions for TRAN.G1 was obtained with TTG 1 as the source (similar
to starting material SC-5 of Watkins et al. (2007)), and a melt frac-
tion (F) of 42% (7.6 kbar; 950 °C) obtained from fluid-absent run
SC5-7 of Watkins et al. (2007) (Fig. 11). Although BTMG and
TRAN.G1 likely share a similar source (i.e., TTG 1), the degree of
melting (F) is larger for TRAN.G1 compared to BTMG samples
(42% vs 25%), as is the temperature of melting (875 vs 950 °C)
(Fig. 11A and B). In addition, differences in accessory minerals in
the residual assemblage could explain some characteristics of
TRAN.G1 and BTMG rocks. For instance, the presence of residual
allanite, in addition to the major mineral composition of the resi-
due established by experimental petrology (Watkins et al., 2007),
might explain why TRAN.G1 have lower LREE, La/Yb and Th/U
compared to their preferred source (i.e., TTG 1) and to BTMG, the
latter modelled without residual allanite (e.g., Hermann, 2002).
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Fig. 11. Batch melting calculations, with variable restite modal compositions, using the TTG as source. Primitive mantle is from McDonough and Sun (1995). Residual
mineralogy, partial melt fraction and P-T conditions are from Watkins et al. (2007). Samples from the Southern Sdo Franscico Craton are from Farina et al. (2015) and Moreno
et al. (2017). Partition coefficients are in Supplementary Material 5. Accessory residual minerals written in purple letters were not constrained by the experiments and are
arbitrarily set, but were nevertheless observed during thin section analyses of the proposed sources.

Transitional granitoids group 1 (TRAN.G1) rocks have been
interpreted as mixtures between a TTG melt and partial melts
derived from anatexis of older continental crust (i.e.,, mostly
TTG), as proposed by Farina et al. (2015) for the Southern Sdo Fran-
cisco Craton. However, TRAN.G1 have lower Th and }_REE contents
than those that result from mixing TTG 1 and BTMG, and they can
be more readily reproduced by batch melting calculations of a TTG
1 source (Fig. 11B). In addition, magma mixing textures have not
been recognized for TRAN.G1 rocks in the Southern Brasilia Orogen
and we prefer models involving partial melting of TTG 1.

A-type granites group 1 (AGG1), which have only been recog-
nized so far in the Southern S3o Francisco Craton (e.g., Moreno
et al., 2017), have elevated HREE and HFSE, and these are not read-
ily generated from TTG 1 (Supplementary Material 2, Fig. S5).
AGGT1 are also richer in FeO, + MgO than the products of TTG 1 par-
tial melting (i.e., BTMG and TRAN.G1). Still, AGG1 are mineralogi-
cally similar to BTMG, with K-feldspar, plagioclase, quartz and
biotite as dominant phases (Bom Sucesso and Rio do Amparo gran-
ites of Moreno et al., 2017). This mineralogy indicates the AGG1
may be a product of TTG partial melting. Considering the average
TTG 2 of the Southern Sao Francisco Craton as source, the trace ele-
ment composition of the average AGG1 was successfully repro-
duced through batch melting calculations using the residual
mineralogy of run SC4-16 (fluid absent) of Watkins et al. (2007),
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performed at 10.8 kbar and 875 °C (Fig. 11C). However, the AGG1
samples with the lowest SiO, values have higher FeO, + MgO con-
tents than that of the glass of run SC4-16 (Watkins et al., 2007;
Fig. 11). In the experiments of Skjerlie and Johnston (1993) the
selected starting material (AG150) is a tonalite rich in ferromagne-
sian minerals and very similar in composition to the lowest SiO,
TTG 2 sample (not shown). When partially melted, AG150 pro-
duces melts (e.g., run AG150/17) with a similar composition to
the lowest SiO, AGG1 samples (Fig. 11C). This suggests differences
in composition among AGG1 rocks may be related to composi-
tional variations of TTG 2 source rocks. The fact that AGG1 rocks
contain large amounts of inherited zircon grains that match the
age of regional TTG further supports the preferred petrogenetic
model (Moreno et al. 2017).

7.1.3. An enriched mafic source for transitional granitoids group 2 and
A-type granites group 2

Transitional granitoids group 2 (TRAN.G2) are only found in the
Southern Sdo Francisco Craton, and they comprise granites and
granodiorites with plagioclase, quartz, K-feldspar and biotite, as
well as the Samambaia Pluton of hornblende-bearing granitoids
(Farina et al., 2015 and references therein). TRAN.G2 samples are
too enriched in FeO,, MgO and CaO to be a product of TTG partial
melting, since experimental partial melting of TTG, even at very
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high melt proportions, generates melts with MgO and FeO; con-
tents considerably lower than those of TRAN.G2 samples (Skjerlie
and Johnston, 1992, 1993; Patifio Douce, 1997, 2005; Castro,
2004; Watkins et al., 2007). Due to a considerable enrichment in
incompatible trace elements (e.g., REE), TRAN.G2 could not be
modelled by partial melting of low-K mafic rocks, such as those
from greenstone belts, which were successfully used to model
the TTG. Moreover, melts from partial melting experiments of
low-K basalts fail to replicate the high K,O contents of TRAN.G2,
that are between 2.6 wt.% and 3.2 wt.% (e.g., Rapp et al., 1991;
Beard et al., 1994; Wolf and Wyllie, 1994). Similarly, the thermo-
dynamic modelling of Palin et al. (2016) indicates that it is difficult
to replicate the major-element composition of TRAN.G2 by par-
tially melting the average enriched Archean tholeiite, which is sim-
ilar in composition to the mafic rocks of the greenstone belts of the
Sdo Francisco Craton.

We investigate the possibility of partial melting of high-K
amphibolites, since most of the TRAN.G2 samples plot in the
high-K amphibolite field in the source discriminating diagram of
Fig. 8 (Laurent et al., 2014a). Comparing the major element con-
tents of TRAN.G2 with those of melts from partial melting experi-
ments of high-K amphibolites (Rapp et al., 1991, 1999; Sen and
Dunn, 1994; Patifio Douce and Beard, 1995; Sisson et al., 2005;
Ye et al., 2021), those from run 87S35A-17 from Sisson et al.
(2005) best resembles the average composition of TRAN.G2
(Fig. 12A). Still, the melt from run 87S35A-17 (Sisson et al., 2005)
has higher K,0 than TRAN.G2 (Fig. 12A), which suggests the source
of TRAN.G2 is poorer in K,0 compared to the amphibolite used as
source in the experiments of Sisson et al. (2005). We used the
residual mineralogy obtained from run 87S35A-17 (7 Kkbar,
900 °C and 13% of melt) to perform batch melting calculations
and there is a good match between the calculated model and the
average TRAN.G2 (Fig. 12A). As no high-K Archean amphibolites
(SiO5 < 53 wt.%) have yet been found in the Southern Sdo Francisco,
we used a high-K basalt sample from the Andean central volcanic
zone as source in our modeling (Fig. 12B), once no trace element
data is available for the high-K amphibolite used as source by
Sisson et al. (2005).

Archean sanukitoids sensu stricto (e.g., Heilimo et al., 2010) and
TRAN.G2 share a similar source (e.g., Laurent et al., 2014a) of high-
K amphibolites, but there are compositional differences between
these groups. The average K,O content, for rocks of similar SiO-,
is higher in the sanukitoids sensu stricto (Heilimo et al., 2010;
Laurent et al., 2011; Ma et al.,, 2013). In addition, sanukitoids are
richer in Ba and Sr, but poorer in Th, LREE, HREE, Nb, Ta, Zr and
Hf compared to TRAN.G2. These differences may result from dis-
tinct source compositions and/or variations in residual mineralogy
during partial melting (or fractional crystallization). TRAN.G2 rocks
are similar to high-silica endmembers of basalt-andesite-dacite-
rhyolite (BADR) suites from modern arc settings (e.g., Martin
et al., 2009). Therefore, these rocks were either generated in arc
settings or are the product of reworking of mafic-intermediate
rocks previously originated in arc settings.

The A-type granites group 2 (AGG2) are relatively rare, but they
are distinctive in that they have relatively high FeO, + MgO + Mn
O + TiO, contents, only matched by TTG 2, and elevated Ba/Rb
(Supplementary Material 2, Fig. S8). Common minerals that incor-
porate Rb, such as biotite and K-feldspar, have larger D values for
Ba (Bachmann et al., 2005; Fedele et al., 2015; see Supplementary
Material 5), and so their presence in the residue decreases Ba/Rb of
the melt. These features preclude TTG as sources for AGG2. Mafic
rocks of the greenstone belts from the Southern Sdo Francisco Cra-
ton are too depleted in incompatible trace element contents (e.g.,
REE, Nb, Ta, Zr, Hf, etc) to be likely sources of AGG2.

Since the most primitive AGG2 plot in the field of high-K
amphibolites in the source discriminating diagram of Fig. 8
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(Laurent et al., 2014a), we compared the major element contents
of AGG2 to those of melts from partial melting experiments of
high-K amphibolites and run AD19-3-1596 of Sisson et al. (2005)
provided the best match (Fig. 12B). Hence, we selected a mafic rock
that is similar to the starting material of Sisson et al. (2005) from
the literature to use as source for batch melting calculations. The
chosen rocks is a parental (primitive) enriched mafic rock from
the well-studied HBG (hornblende biotite granites) A-type suite
from Norway (Vander Auwera et al., 2003), which is mineralogi-
cally and compositionally similar to AGG2. The trace element pat-
tern that resulted from the batch melting calculation is very similar
to that of AGG2, including those of lower silica content. The
selected source for AGG2 is richer in K,0 and incompatible trace
element contents than the source of TRAN.G2 rocks discussed in
the previous paragraph.

Whereas the Norwegian rocks are modeled by magma differen-
tiation of mantle derived magma (Vander Auwera et al., 2003),
AGG2 granitoids might have resulted from either partial melting
or differentiation of the enriched mafic precursor (Fig. 12B). Mafic
magmas associated with A-type granitoids are reported for several
locations worldwide (e.g., Frost and Frost, 1997, 2011; Vander
Auwera et al., 2003; Laurent et al., 2014b; Marangoanha et al.,
2019). Similarly, one relatively mafic rock (~56 wt.%) was found
close to the AGG2 sample (CAR) of the Southern Brasilia Orogen
by Valeriano et al. (2022).

Finally, and perhaps unexpectedly, the isotopic Hf-Nd signa-
tures of AGG2 fall in the crustal evolution trend of the regional
TTGs (Fig. 6; Supplementary Material 2, Fig. S4). This is interpreted
in terms of subduction of crustal derived material into the mantle
source regions (see Laurent and Zeh, 2015 for a similar interpreta-
tion), resulting in enriched isotope signatures and elevated Ba/Rb.
There are a number of examples of incompatible-element-enriched
mafic rocks, such as the calculated source for AGG2 rocks, which
are also characterized by negative &uft) and éng(t) values (e.g.,
Couzinié et al., 2016).

7.2. Geodynamics

In this section geochronological, geochemical and isotopic data
are combined to evaluate the Archean geodynamic evolution in the
Southern Brasilia Orogen and Southern Sdo Francisco Craton, from
~3.1 Ga to 2.6 Ga.

7.2.1. The generation of TTG from 3.05-2.95 Ga (Southern Brasilia
Orogen) to ~2.90-2.77 Ga (Southern Séo Francisco Craton)

The TTG of the Southern Sdo Francisco Craton have been mod-
eled as partial melts of the average mafic magmatic rocks from
adjacent Archean greenstone belts (Rio das Velhas and Pitangui).
The greenstone belt rocks have immobile trace element composi-
tions similar to those of basaltic rocks from modern island arc envi-
ronments (compare green and red lines with dashed black line in
Fig. 13A). They differ markedly from Cenozoic basaltic rocks of
intra-plate settings, such as oceanic plateaus, continental flood
basalts and oceanic islands (yellow field, Fig. 13A), and these differ-
ences are maintained when considering a broader spectrum of
trace elements, including more mobile LILEs as well as HFSE
(Fig. 13B). The younger rocks tend to have higher Sr and Ba con-
tents than those in the Archaean (Fig. 13B), but both Archean
and Quaternary suites have negative HFSE and Nb-Ta-Ti anomalies,
and elevated Th/Nb (Fig. 13C and D). It could be argued that these
features arise from minor crustal contamination (e.g., Moyen and
Laurent, 2018). However, the trends observed in Fig. 11 are incon-
sistent with contamination with the average upper crust of the
Southern Sao Francisco Craton (red arrow in Fig. 13) and consistent
with fluid-fluxing of a (primitive) mantle source in a subduction
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Fig. 12. Batch melting calculations, with variable restite modal compositions, using the high-K amphibolites as sources. Primitive mantle is from McDonough and Sun (1995).
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are arbitrarily set.

(or subduction-like, e.g., Bédard, 2018) environment (black arrow
in Fig. 13).

The tectonic settings involved in the generation of crustal melts,
such as TTG, remain difficult to constrain geochemically, since
incompatible trace element ratios of silicic rocks may be inherited
from their crustal source rocks (e.g., Moyen and Laurent, 2018).
However, the TTG from the Southern Sdo Francisco Craton are
broadly coeval with their inferred source rocks, the mafic rocks
from adjacent greenstone belts (Fig. 14), and so it appears that they
are part of associated magmatic events, and as such share similar
subduction-related tectonic settings. The TTG from the Southern
Brasilia Orogen (Amparo Complex, this study) are not spatially
associated with large-scale greenstone belts and they could have
been part of a distinct block before ~2.8-2.7 Ga (e.g., Cioffi et al,,
20164, 2016b). However, our modelling shows that rocks similar
to those of the greenstone belts of the Sdo Francisco Craton could
have been the sources of the Amparo Complex TTG (Supplemen-
tary Material 2, Fig. S7).

The TTG from the Sio Francisco Craton (Albert et al., 2016) and
the Southern Brasilia Orogen have chondritic to more depleted,
mantle-like initial Hf and Nd isotope ratios (Fig. 6), which is typical
of TTG worldwide (e.g., Laurent et al., 2014a). We conclude that the
TTG represent partial melting of juvenile continental crust, and the
minor and trace elements indicate that these sources were gener-
ated in a subduction-related setting. The TTG sources are very sim-
ilar to modern island arcs, and it is likely the TTG were generated
during accretion of island arcs, causing partial melting of the crust
at different depths, thus generating TTG 1 (12 kbar) at the base of
thickened crust (~40 km in depth) and TTG 2 at shallower levels (6
kbar).

7.2.2. Medium and high-K granitoids (2.85-2.70 Ga): what drives
extensive crustal reworking?

The period from 2.85 Ga to ~2.70 Ga, is characterized by an
increased diversity of granitoids, typically with high K;O and
incompatible element contents. These rocks have been divided into
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different geochemical groups (BTMG, TRAN.G1, TRAN.G2 and
AGG1) and many are thought to reflect partial melting of TTG,
including A-types group 1, as evidenced by batch melting calcula-
tions (see Sections 6.1.2), geochronology and Hf-Nd isotopic signa-
tures (Fig. 6; Supplementary Material 2, Figs. S3 and S4), or partial
melting of arc-related high-K amphibolites (TRAN.G2). They were
generated at a time of peak metamorphic activity in response to
crustal thickening (Fig. 14, PDP at the top of the figure, Lana
et al., 2013; Farina et al., 2015; Albert et al., 2016). Older ages of
metamorphism at the time of peak TTG activity between 3.1 Ga
and 2.8 Ga have been reported (e.g., Teixeira et al., 1998), but they
are much less common.

The development of diverse granites/granitoids from partial
melting of TTGs at ~2.8-2.7 Ga, marks a change in tectonic regime
and an increase in the chemical maturity of the continental crust
(e.g., increases in K;0/Na,0, Rb/Sr and Th/Nb with time in Fig. 7).
Such K-rich granites are a feature of the stabilization of Archaean
cratons (e.g., Laurent et al., 2014a), and in the Southern Sdo Fran-
cisco they are co-incident with high- to medium grade regional
metamorphism peaking at ~2.72 Ga (Fig. 14). Late Archaean meta-
morphic temperatures exceeded 700-900 °C (Teixeira et al., 1998;
Lana et al., 2013; Farina et al., 2015; Albert et al., 2016; Cioffi et al.,
2016a; Aguilar et al., 2017; Cutts et al., 2019; Brando-Soares et al.,
2020; this study), and Archean amphibolites, gneisses and schists
from the Southern S3o Francisco yielded peak conditions of 650
to 700 °C and 8 to 9 kbar, with a clockwise P-T path (Cutts et al.,
2019). Such conditions are consistent with crustal thickening and
they suggest that lithosphere stabilization was linked to lateral
tectonics and accretion/continental collision (Albert et al., 2016).

Pervasive migmatization of TTG in the Southern Brasilia Orogen
(Supplementary Material 2, Fig. S9) highlights that these rocks
melted at some point during their history, and the metamorphic
ages obtained from two migmatitic TTG of ~3.00-2.95 Ga are
2.88 and 2.72 Ga, concomitant with the metamorphic peak for
the Southern S3o Francisco Craton (Supplementary Material 2,
Fig. S3G and I; Fig. 14). Therefore, it is likely that these ages repre-
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Fig. 13. (A and B) Primitive mantle (McDonough and Sun, 1995) normalized diagrams. (A) Metabasalts from different geotectonic settings (from Li et al., 2015) and from
greenstone belts of the Sdo Francisco Craton (Zucchetti et al.,, 2000; Verma et al., 2017; Brando-Soares et al., 2020). The Cenozoic island arc basaltic rocks are from the
Aleutian, Kurile, Ryukyu, Lesser Antilles and Sunda arcs (Li et al., 2015). (B) the average composition of Quaternary island arc basalts from the Marianas, Aleutians and Tonga
island arcs (GeoRoc database) are plotted together with the average basalts of the greenstone belts of the Southern Sdo Francisco Craton. (C and D) Th/Yb versus Nb/Yb
(Pearce, 2008) diagrams. Red field of modern arc rocks is from Moyen and Laurent (2018). Red arrow represents mixing of a basalt extracted from the mantle with the average
continental crust and the average upper crust of the Southern Sdo Francisco Craton (red stars). Black arrow represents enrichment by fluids in an arc environment. Both

arrows are from Moyen and Laurent (2018).

sent a metamorphic event which caused migmatization and these
ages are similar to the ages of biotite granites and other lithologies
related to the partial melting of TTG. Migmatization and the devel-
opment of K-rich crustal melts likely resulted from the amalgama-
tion of exotic blocks to the nuclei of Southern Sao Francisco Craton,
such as the Amparo Complex of the Southern Brasilia Orogen
(Cioffi et al., 20164, 2016b), and the collision of the Belo Horizonte
and Bonfim complexes with the Divinépolis Complex, as suggested
by Brando-Soares et al. (2020).

7.2.3. A-type granites (AGG2) and crustal extension (2.70 to 2.6 Ga)
The youngest set of granites from the studied region are post-
collisional A-type group 2 (e.g., Moreno et al, 2017). In some
Archaean and younger orogens, the late- to post-collisional rocks
are magnesium-potassic sanukitoids sensu stricto (e.g., Fowler
and Rollinson, 2012; Laurent et al., 2014b), but they tend not to
be restricted to the post-collisional stage and they commonly occur
during preceding arc activity. The more primitive (46-52 wt.%
Si0O,) ferroan A-types, such as those from Norway (e.g., Bogaerts
et al., 2003; Vander Auwera et al., 2003), have higher FeOy, TiO,,
HFSEs and lower contents of MgO than sanukitoids sensu stricto
(e.g., Heilimo et al., 2010; Laurent et al., 2011). Otherwise, these
two groups have many similarities. They both typically have
expanded series from high-K mafic to felsic lithologies (e.g.,
Vander Auwera et al., 2003; Lobach-Zhuchenko et al., 2008), but
the A-types have higher zircon saturation temperatures, which

may be why they have higher TiO, (Sisson et al., 2005) and HFSE
contents, and they are less hydrated (Eby, 1992; Frost and Frost,
1997, 2011; Dall’Agnol et al., 2005; Collins et al., 2020).

Fig. 15 discriminates between silicic magmas generated in con-
tinental collisions and magmatic arcs from those generated in
intraplate settings, such as continental rifts or continental floods.
The AGG2 from this study (yellow triangles and circle) are distinc-
tive in that they plot in the rift and continental flood fields. They
are therefore thought to be related to lithospheric extension (e.g.,
Albert et al., 2016), whereas other medium to high-K granitic rocks
studied here (red triangles and circles) plot in a similar field to that
of Himalayan leucogranites, Archean sanukitoids and Quaternary
Andean CVZ rocks (Fig. 15).

The AGG2 rocks, emplaced between ~2.7 Ga and ~2.6 Ga, are
geographically associated with (Fig. 1) and closely followed in time
by the emplacement of dyke swarms at ~2.55 Ga, which provide
strong evidence of crustal extension, and lithospheric stabilization
in that the lithosphere had sufficient rigidity to fracture (Caxito
et al., 2020). Mafic dykes represent the last period of Archean mag-
matic activity in the region. Localized partial melting of crustal
lithologies (e.g., TTGs and/or metasedimentary rocks), concomitant
with extension and mantle-derived magmatism, also occurred in
the Southern Sao Francisco Craton (e.g., Simon et al., 2018).

The AGG2 rocks have been modeled as partial melts or differen-
tiates of mafic rocks and their calculated source rocks have higher
incompatible elements than MORB or the inferred source rocks of
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Fig. 14. Bottom green and pink histograms represent the available U-Pb age data
for granitoids (Supplementary Material 4) in the studied regions, including those for
which geochemistry data is not available. Granitoid samples from the Sdo Francisco
Craton (triangles; Farina et al., 2015; Albert et al., 2016; Moreno et al., 2017) and the
Southern Brasilia Orogen (circles; Cioffi et al., 2016a; this study), for which both
geochemistry and high-quality igneous crystallization U-Pb ages are available, are
plotted (triangles and spheres) directly above their respective crystallization ages (x
axis). Gray stars represent mafic to felsic volcanics and intrusives from the
greenstone belts, for which there are reliable U-Pb data (e.g., Moreira et al., 2019).
The orange probability density plot at the top of the figure summarises U-Pb zircon
(overgrowth, soccer-ball grains, etc.) and monazite metamorphic ages obtained
from the southern S3o Francisco Craton (n = 19; the reader is referred to
Supplementary Material 4 for references) and the grey probability density plot
summarises Archean metamorphic ages from the Southern Brasilia Orogen (this
study).

the TTG (Fig. 12B). The overall trace-element pattern of the calcu-
lated source of AGG2 rocks is similar to that of modern arc-related
basalts (GeoRoc database), as are their Th/Nb ratios (0.2-0.8). Thus,
late magmatism in the Southern S3o Francisco Craton tapped a
mantle source apparently metasomatized by subduction activity,
which led to enrichment of incompatible elements, and radiogenic
isotope ratios. Mantle enrichment has been commonly associated
with subduction zone activity in the generation of sanukitoids
sensu lato in the Archean (e.g., Heilimo et al., 2010, 2013; Laurent
et al., 2014a), and it is consistent with the preferred model for
TTG generation associated with subduction in the Mesoarchean,
illustrated by basement rocks of the Southern Brasilia Orogen
(see Section 6.2.1).

7.3. Comparisons to other cratons

Many Archean domains worldwide broadly exhibit a magmatic
evolution similar to that of the Southern Sdo Francisco Craton, with
a period of dominantly juvenile TTG magmatic activity followed by
magmatic diversification and emplacement of biotite- two-mica
granites, sanukitoids, A-types, transitional and hybrid granitoids
(e.g., Laurent et al., 2014a and references therein). Late Archean
granitoid diversification, however, occurred at different times in
different Cratons and lasted for different time spans (Laurent
et al., 2014a; Supplementary Material 2, Fig. S10). Moreover, unlike
the largely juvenile TTG activity, late Archean magmatism is char-
acterized by varying &y((t)/éna(t) signatures concomitant with both
new crustal additions and reworking (Laurent et al., 2014a). In the
Southern Sdo Francisco Craton, reworking dominated in the gener-
ation of K-rich granites, and it was then following by extension and
extension related magmatism (e.g., Albert et al., 2016; Fig. 16).

The crustal isotopic evolution for the Southern Sdo Francisco is
similar to that for the Pietersburg block (Kaapvaal Craton), for
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Fig. 15. (FeO,/MgO0)*(TiO,/Al;03)*100 vs K;O/Na,O diagram. Samples from the
Southern Sao Francisco Craton are from Farina et al. (2015) and Moreno et al. (2017)
and are represented by triangles, whereas circles represent samples from the
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flood are from the GeoRoc database (http://georoc.mpch-mainz.gwdg.de/georoc/).
Himalayan leucogranites are from Guo and Wilson (2012).

example, with juvenile TTG activity between ~3.3-3.2 Ga and
2.95 Ga, followed by high K,0/Na,O magmatism and crustal
reworking (e.g., Laurent et al., 2014a and references therein; Zeh
et al., 2013; Albert et al., 2016; this study). In both terrains green-
stone belt magmatism is roughly coeval with TTG emplacement
(e.g., Laurent et al., 2014a, 2014b and references therein), and the
timing and duration of high K;0/Na,O late-stage Neoarchean mag-
matism is also similar (Fig. 17). It starts at approximately 2.8 Ga
and lasts for approximately 200 Myr (this study; Laurent et al.,
2014a), and relatively large volumes of anatectic granitoids, and
hybrids prevailed between 2.8 Ga and ~2.7 Ga in both cratons
(Laurent et al., 2014a). They have been modeled as crustal melts
of previously emplaced TTG (this study) during crustal thickening
and continental collision (Laurent et al., 2014b and references
therein; Farina et al., 2015). This lasted until the late stages of
Archean magmatic activity, and from ~2.7 Ga to ~2.6 Ga consider-
ably lower volumes of A-types (and hybrids) were emplaced, such
as the Matok Pluton in the Pietersburg block (Laurent et al., 2014a,
2014b), in response to post-collisional orogenic collapse in an
extensional regime (Fig. 17; this study; Laurent et al., 2014a).
The timing of onset of Archean high-K magmatism occurred at
different times in different Cratons (Laurent et al., 2014a;
Cawood et al., 2018). This is illustrated by the example of the Pil-
bara Craton (Hickman, 2012; Hawkesworth and Kemp, 2021),
where high-K magmatism started at ~3.0 Ga, approximately 200
Myr earlier than in the Southern S3o Francisco Craton (Supplemen-
tary Material 2, Fig. S11). Interestingly the development of elevated
K;0/Na;0 in the Pilbara rocks appears to be associated with more
rocks with high (FeO,/Mg0)*(TiO,/Al,03)*100 values, indicating a
greater contribution from intraplate magmas associated with cra-
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Fig. 17. Diagram of (FeO,/Mg0)*(TiO,/Al,03)*100 versus age, and the data in Fig. 15
indicate that rocks with (FeO/MgO)*(TiO,/Al;03)*100 higher than ~20 have a
significant intraplate component. Samples from the Southern Sdo Francisco Craton
(SSFC) and Southern Brasilia Orogen (SBO) are shown as triangles (Farina et al.,
2015; Cioffi et al., 2016a; Moreno et al., 2017; this study). Samples from the
Pietersburg block of the Kaapvaal Craton, South Africa, are shown as squares
(Laurent et al., 2019 and references therein).

ton stabilization (Supplementary Material 2, Fig. S11). Extensional
A-types may have been emplaced late in the evolution of cratons in
response to orogenic collapse and drier conditions related to the

18

Geoscience Frontiers 13 (2022) 101402

cessation of subduction activity following continental collision.
Subduction can efficiently transport water from the surface to
the mantle and thus hinder the production of anhydrous magmas,
such as A-types (e.g., Frost and Frost, 2011).

The period ~2.9-2.5 Ga marks the onset of prolific crustal
reworking and the stabilization of Archaean cratons globally (e.g.,
Condie and Aster, 2010; Laurent et al.,, 2014a; Cawood et al.,
2018; Moyen and Laurent, 2018), and a similar record is preserved
in the Southern Sdo Francisco Archaean rocks. It is possible that
this period represents the sequential amalgamation of continental
blocks that ultimately formed an Archean supercontinent (e.g.,
Hawkesworth et al., 2013 and references therein), albeit the occur-
rence of an early manifestation of the Wilson cycle is still debated.

8. Concluding remarks

Three major periods of granitoid production have been identi-
fied in the Archean terranes of the Southern Brasilia Orogen and
the Southern S3o Francisco Craton (Fig. 14). They range in age from
3.05 Ga to 2.60 Ga, and each period reflects a distinct tectonic
mode in the evolution of this segment of Archean crust. They can
be summarized as follows:

(1) Juvenile TTG magmatism, closely associated with subduc-
tion related magmatism preserved in adjacent greenstone
belts (e.g., Moreira et al., 2019; Brando-Soares et al., 2020),
occurred from ~3.05 Ga to 2.80 Ga. The TTG were subdi-
vided into TTG 1, with high Sr and low HREE, and TTG 2, with
low Sr and high HREE. The trend formed by TTG 1 and 2 in a
Sr/Zr versus Dy/Yb diagram is used to discriminate between
TTG generated by fluid fluxing at moderate crustal levels
(e.g., Pourteau et al., 2020) or amphibole fractionation with
plagioclase accumulation (e.g., Laurent et al., 2020) from
those generated by partial melting at different pressures
(e.g., Palin et al., 2016). The trend of the studied TTG from
SE Brazil is consistent with partial melting of average green-
stone belt basalts over a range of pressures from ~12 kbar
for TTG 1 to ~6 kbar for TTG 2. TTG are broadly coeval with
greenstone belt volcanics of the Southern Sao Francisco Cra-
ton, and those of mafic composition, and the inferred
sources of the TTG, have elevated Th/Nb indicating forma-
tion in a subduction setting (e.g., Brando-Soares et al.,
2020). Accretion of island-arcs may have led to the partial
melting of metabasalts at different pressure conditions.

(2) Reworking of pre-existing TTG is the dominant mode of
magmatic activity from ~2.85 Ga to 2.70 Ga. This leads to
the generation of relatively large amounts of granite, includ-
ing A-type rocks (AGG1) and biotite- two-mica granites, and
the diversity within these K-rich granites is attributed to: (i)
differences in source composition, whether TTG 1 or TTG 2;
(ii) distinct melt fractions (F), from 18% to 40%; and (iii) the
residual phases stable during partial melting. The reported
P-T conditions of 8-9 kbar and 650 to 800 °C in the late
Archaean (e.g., Cutts et al., 2019), concomitant with crustal
reworking, is consistent with crustal thickening associated
with accretion/continental collision (Albert et al., 2016).

(3) Post-collisional extension occurred between 2.70 Ga and
2.55 Ga, evidenced by mafic dyke swarms enriched in
incompatible elements (e.g., Caxito et al.,, 2020) and A-
types group 2 granites (Farina et al., 2015; this study). These
A-types have Ba/Rb and FeO; + MgO + TiO, + MnO contents
that are too high to have been generated by partial melting
of exposed crustal rocks from the Southern Sdo Francisco
Craton. Extensional A-type granites (AGG2) appear to have
been related to magmas derived from subduction-
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metasomatized subcontinental mantle, followed by differen-
tiation or partial melting to generate the evolved granites.
Extension-related granitic A-types can be discriminated
from crustal partial melts and subduction-related magmas
through a (FeO;/MgO)*(TiO2/Al;03)*100 versus K;O0/Na,O
diagram. The development of intraplate, extensional gran-
ites strikingly marks the end of Archaean magmatism, and,
although it is volumetrically limited, it is attributed to col-
lapse of tectonically thickened crust associated with the ces-
sation of subduction and collisional activity and the
stabilization of lithosphere in the Southern Sdo Francisco
and other cratons.

The rocks in the Archean of the Southern Brasilia Orogen and
the Southern S3o Francisco Craton are >3.05 Ga in age, and their
geological evolution is consistent with the occurrence of plate tec-
tonics at that time, broadly similar to processes active at the pre-
sent day.
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