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ABSTRACT
The area in the southern São Francisco Craton, between Itatiaiuçu and RioManso (Minas Gerais), constitutes a

geological domain that remains poorly constrained regarding the nature, age, and tectono‑metamorphic evolution
of its metamafic and metasedimentary units. A marked contrast in gamma‑spectrometric signatures—expressed
by darker tones relative to the surrounding Archean terranes—delineates a distinct lithological association com‑
posed of tremolite–actinolite schists, metaconglomerateswith strongly stretched clasts, and phylloniticmetapelites
containing quartz, graphite (δ13C values between −26‰ and −14‰, consistent with an organic source), plagio‑
clase, chlorite, phengite, amphibole, and garnet. The tremolite–actinolite schists yield paleoproterozoic Sm–Nd
model ages between 2,354 and 2,110 Ma and positive εNd values (+0.56 to +3.53), indicating derivation from a
mantle source. Mineral assemblages in the phyllonitic metapelites are compatible with metamorphism of a flysch–
molasse‑type mélange developed in a forearc basin associated with subduction‑related shear processes within an
accretionary orogen. In this framework, the tremolite–actinolite schists are interpreted asmetamorphosed oceanic
crust, representing remnants of an oceanic domain that separated the Campo Belo–Bonfim and Belo Horizonte
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blocks around 2.3 Ga. The transition from oceanic to forearc basin conditions was accompanied by deformation
within a thrust belt, where flysch and molasse sequences were metamorphosed to produce phyllonitic metapelites
and metaconglomerates. Collectively, this domain preserves significant evidence of Paleoproterozoic geodynamic
processes comparable to those observed in modern convergent plate settings.
Keywords: Itatiaiuçu; Tremolite‑Actinolite Schists andPhylloniticMetapelites; Flysch‑Molasse‑TypeMélange; Fore‑
arc Basin; Paleoproterozoic

1. Introduction

Accretionary orogens are characterized by the
presence of accretionary complexes that incorporate
mid‑ocean ridge basalt (MORB) and deep‑marine sed‑
iments derived from the subducting oceanic plate.
These complexes are also associated with medium‑ to
high‑grade metamorphic rocks and calc‑alkaline I‑type
batholiths belonging to the overriding continental plate.
These domains are typically separated by a forearc
basin [1,2]. The closure of the oceanic basin is marked
by a collisional suture zone that preserves remnants of
oceanic lithosphere and related components [3–6]. Sev‑
eral studies on modern orogens suggest that the min‑
eral assemblage composed of quartz, graphite, plagio‑
clase, chlorite, phengite, rutile, amphibole, and garnet
is related to metamorphic conditions compatible with
melanges formed in forearc basins during subduction
events [7–11].

The region located in the Southern São Francisco
Craton, between Itatiaiuçu and Rio Manso (MG), consti‑
tutes a geological sector that is still poorly understood
regarding the nature, age, and tectono‑metamorphic
evolution of its metamafic and metasedimentary rocks.
Paleoproterozoic subduction events have already been
described in neighboring areas, such as Itaguara [12,13].
Therefore, there is a possibility that adjacent regions
may still contain remnants of this process. The study
areawas delimited in the region between the cities of Ita‑
tiaiuçu and Rio Manso, where it is possible to observe a
quite evident contrast represented by the dark tones in
the gamma‑spectrometric chart (ternary composition K‑
Th‑U‑CPRM‑CODEMIGFigure1) compared to the lighter
tones of the Archean terrains around it. Within the study
area, metamafic rocks and graphitic metapelitic rocks
are stronglymylonitized (Figure 2a), andmetaconglom‑
erates with extremely elongated pebbles (Figure 2b) oc‑
cur near a stream.

Figure 1. Gamaespectrometric Chart (Ternary Composition K‑Th‑U‑CPRM‑CODEMIG [14]), with the Study Area and Sampling
Point Locations.
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Figure 2. (a) Metamafic rocks (left) and graphitic metapelitic rocks (right); (b) Metaconglomerate with stretched pebbles high‑
lighted by the black arrows.
Source: All images are from a small stream between Rio Manso‑MG and Itatiaiuçu‑MG (Brazil).

Theaimof thiswork is to characterize themetapelitic
and metamafic rocks from the Itatiaiuçu region in terms
of their petrology and ages to investigate their nature and
tectono‑metamorphic setting and their relationship with
the flysch‑molasse‑type melange of a forearc basin in the
context of a paleoproterozoic subduction event.

2. Geological Setting

The southern São Francisco Craton (SFC, Figure
3b) comprises essentially Archean granite–gneiss ter‑
ranes and associated greenstone belts of the Rio das
Velhas Supergroup, which includes mafic–ultramafic
successions, intermediate to felsic volcanic units, vol‑
canoclastic rocks, and clastic sediments [15,16]. Overly‑
ing these sequences, the Paleoproterozoic Minas Super‑
group consists of continental to marine (passive mar‑
gin) metasedimentary rocks and banded iron forma‑
tions of the Quadrilátero Ferrı́fero [17,18]. The Archean
crystalline basement is subdivided into the Divinópolis,
Campo Belo/Bonfim, and Belo Horizonte complexes [19]
(Figure 3a), formed predominantly by TTG granitoids,
gneisses, migmatites, and subordinate mafic–ultramafic
lithotypes. Four major magmatic episodes character‑
ize the evolution of the Archean crust [20–22]: (1) the
Santa Bárbara event (3,220–3,200 Ma), responsible for
initial TTG crust formation; (2) the Mesoarchean Rio
das Velhas I (2,920–2,850 Ma), reflecting crustal growth

through TTG magmatism and accretion of greenstone
units; (3) the Neoarchean Rio das Velhas II (2,800–2,760
Ma); and (4) the potassic Mamona event (2,750–2,680
Ma), which stabilized the southern portion of the craton.
Detrital zircon studies from the Rio das Velhas basin sup‑
port the development of magmatic arcs and convergent
basins until ca. 2.7 Ga [23].

During the Paleoproterozoic, the SFC participated
in the Rhyacian–Orosirian orogenic cycle (formerly
“Transamazonian”), now redefined as the Minas accre‑
tionary orogeny, which contributed substantially to
continental crustal growth [15]. This orogeny amalga‑
mated juvenile arcs, intra‑oceanic sequences, and mi‑
crocontinents to form the Mineiro Belt [24–26]. The
boundary between Campo Belo/Bonfim Complex and
Mineiro Belt is delineated by the Jeceaba–Bom Sucesso
Lineament [27].

Within this orogenic framework, the Cláudio Shear
Zone (CSZ) constitutes a NE–SW crustal‑scale suture [28]
that separates the Campo Belo/Bonfim and Divinópo‑
lis complexes [29,30]. Paleoproterozoic reworking is evi‑
denced by the Kinawamigmatite (2,048–2,034Ma [31,32],
formed through partial melting of 2.7 Ga TTGs at
granulite–amphibolite facies. High‑grade khondalitic se‑
quences in the Itapecerica region record metamorphic
peaks at ca. 2.09–2.01 Ga [29,33,34], whereas the peralumi‑
nous AƵ gua Rasa metagranite (1,934 ± 74 Ma) formed by
anatexis of pelitic rocks during late‑collisional stages [35].
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Figure 3. (a) Simplified geological map of the Southern São Francisco Craton; (b) The São Francisco Craton.
Note: QF—Quadrilátero Ferrı́fero, JBSL—Jeceaba‑Bom Sucesso lineament, CSZ—Cláudio shear zone. Cities: BH—Belo Horizonte, PM—Pará de Minas, ITP—
Itapecerica, DV—Divinópolis, RM—Rio Manso, IT—Itaguara, FO—Formiga, CL—Cláudio, OL—Oliveira. ITA—Itatiaiuçu. The black polygon shows the studied area.
Source: Modified from Chaves et al. [12] .

The Itaguara Sequence (IS) consists of a tecton‑
ically reworked mafic‑ultramafic layered complex de‑
rived from peridotitic and gabbroic protoliths. Garnet‑
bearing amphibolites yield crystallization ages of 2,159
± 21 Ma and record metamorphic events between 2.06
and 2.03 Ga [36]. This sequence further comprises talc–
actinolitemetaultramafic rocks, banded iron formations,
quartzites, mica–quartz schists, and the S‑type Córrego
do Peixoto granite, which formed through decompres‑
sion melting during collisional processes at approxi‑
mately 2.05 Ga [12]. Structurally, the IS delineates a nar‑
row NE–SW‑trending belt affected by dextral strike–slip
and reverse fault systems [37].

Toward the northeast, the IS grades into the Rio
Manso Sequence (RMS), which is predominantly com‑
posed of spinel‑bearingmetaultramafic lithologies inter‑

preted as metamorphosed komatiitic assemblages [38,39].
Nevertheless, the presence of pseudo‑spinifex olivine
textures and high‑grade mineral associations supports
an ophiolitic affinity, representing fragments of oceanic
lithosphere emplaced during Paleoproterozoic conver‑
gence [37]. The IS also preserves retroeclogites [13] and
retro‑blueschists [40] exhibiting E‑MORB geochemical
signatures, consistent withmodern‑style subduction op‑
erating between 2.20 and 2.13 Ga.

3. Methods
Five representative samples (three metapelites and

two metamafic rocks) found in the study area (coordi‑
nates: 20.213893 S 44.375330 W) were selected for thin‑
section petrography and X‑ray diffraction studies. The phyl‑
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lonites were also analyzed by Raman spectroscopy, and the
graphite present in the samples was analyzed for carbon
isotopes. The tremolite‑actinolite schists were investigated
using whole‑rock Sm‑Nd isotopic analyses to calculate de‑
pletedmantle model ages and epsilon Nd values.

3.1. Carbon Isotopes

Stable carbon isotope analyses were performed at
the University of São Paulo (USP) CPGEO laboratory us‑
ing a Delta V Advantage gas source isotope ratio mass
spectrometer (IRMS) coupled to the Isolink Element An‑
alyzer (Thermo). The tests were carried out by com‑
bustion at a temperature of 1,020 °C in the presence of
O2, using a quartz reactor packedwith consumables spe‑
cific for carbon isotope analysis (δ13C). The C results are
expressed by δ, a conventional notation relative to the
Vienna Pee‑Dee Belemnite (VPDB) standard ± 2SD‰
(95% confidence level).

3.2. Raman Spectroscopy

The Raman data were obtained in the Technologi‑
cal Center of Nanomaterials (CTNano) at the Technolog‑
ical Park of Belo Horizonte (MG)—BH Tec, using a con‑
focal microscope Alpha300R WITEC (Wissenschaftliche
Instrumente und Technologie GmbH®, Ulm, Germany)
equipped with a Nd‑YAG laser with double frequency
(2.49 mW, λ = 532.2 nm). Raman spectra were collected
with a 50× lens objective, where five scans in the 1,000–
3,200 cm−1 spectra (first order = 1,000–2,000 cm−1; sec‑
ond order = 2,200–3,200 cm−1) were performedwith an
acquisition time of 30 s.

3.3. X‑Ray Diffraction (XRD)

The X‑ray diffraction analyses (XRD) were per‑
formed at the Manoel Teixeira da Costa Research Center
(CPMTC‑IGC‑UFMG, at Belo Horizonte‑MG) X‑ray Labo‑
ratory. XRD spectra were recorded with a PANalytical
X´Pert PRO diffraction instrument with theta‑theta ge‑
ometry, using a Cu Kα X‑ray source (40 kV and 45 mA).
The diffraction data were collected with a step size of
0.02° 2θ and a scan step of 0.5 s. To obtain lattice param‑
eters of high accuracy, the diffraction data were fitted by

Rietveld methods [41].

3.4. Whole‑Rock Sm‑Nd Isotopic Analyses

Sm‑Nd isotopes of metamafic samples were
obtained at the Isotope Geology Laboratory at Rio
Grande do Sul Federal University (LGI‑UFRGS). Iso‑
topic data were acquired in static mode using a Thermo
Fisher Multi‑collector Mass Spectrometer Triton Plus—
Thermal Ionization Mass Spectrometry (TIMS). The ana‑
lytical routine included standard dissolution procedures
with HCl, HNO3, and HF in Teflon vials warmed on a
hot plate to complete the material dissolution. Rare‑
earth elements (REE) concentration from a 1mL aliquot
was determined using column procedures with AG50W‑
X8 cationic resin (200–400 mesh). Posterior separa‑
tion of Nd from REE was performed using anionic ex‑
change LNB50‑A resin columns (100 to 200 μm). The
neodymium ratios were corrected for fractionation dur‑
ing normalization analysis for a 146Nd/144Nd ratio of
0.7219 and adjusted for instrumental bias based on
SPEX Nd standard, assuming 143Nd/144Nd = 0.511110
and calibrated against Nd for BHVO‑1 standard val‑
ues of 143Nd/144Nd = 0.512100 ± 0.000002. εNd and
143Nd/144Nd(t) were calculated for rock crystallization
age. During the analysis, theNdblank concentrationwas
less than 160 pg. The raw data were reduced using Ex‑
cel macros produced in the LGI. The initial isotope ratios
of 143Nd/144Nd were calculated using the metamorphic
age of 2.05 Ga obtained by Pereira and coauthors [32]. All
geochemical and isotopic calculations were performed
using Geochemical Data Toolkit software [42]. The TDM
calculations were performed as described by Liew and
Hofmann [43].

4. Results
4.1. Petrography, X‑Ray Diffraction, Ra‑

man Spectroscopy, and C Isotopes of
Metapelites

Through observation using a petrographic micro‑
scope, it was possible to characterize the metapelites as
phyllonites, that is, mylonitized metapelites. They have
quartz‑rich layers exhibiting polygonal grain bound‑
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aries that form lens‑shaped pods as a result of intense
shear deformation. The foliation is defined primarily
by phengite and fine graphite flakes, with subordinate
garnet porphyroblasts and disseminated albite micro‑
crystals. Sample GX1 contains garnet porphyroblasts
and shows the most pronounced distinction between
anastomosing quartzose domains and graphite–chlorite‑
albite–rich layers (Figure 4a,b), along with distinct
crenulation that overprints the main foliation. Sample
GX2 contains phengite and a higher content of graphite
and presents the smallest quartz grain size among the

studied samples (Figure 4c,d), and also hosts rotated
quartz porphyroclasts with recrystallization tails. Sam‑
ple MB1 shows the coarsest quartz grains within the
phyllonites analyzed, a comparatively lower abundance
of graphite (Figure 4e,f), and some plagioclase. In ad‑
dition, this sample contains garnet crystals whose rims
and fractures are altered to chlorite and iron oxides,
as well as aggregates of fibrous cummingtonite. X‑ray
diffraction analyses of the phyllonites indicate a signif‑
icant albite component, reaching up to 27%of thewhole
rock (Figure 5).

Figure 4. Phyllonites Thin‑Section Images. (a) Sample GX1—Uncrossed Polarizers; (b) Sample GX1—Crossed Polarizers; (c)
Sample GX2—Uncrossed Polarizers; (d) Sample GX2—Crossed Polarizers; (e) Sample MB1—Uncrossed Polarizers; (f) Sample
MB1—Crossed Polarizers.
Note: Mineral abbreviations according to Whitney and Evans [44] . Gr: graphite, Grt: garnet, Ph: phengite, Qz: quartz, Cum: cummingtonite.

The exceedingly fine‑grained size of these plagio‑
clases makes the optical identification in thin section
difficult. Through Raman spectroscopy, it was possible
to characterize the small albite crystals in sample GX1
along with graphite and almandine garnet; their char‑
acteristic spectra are shown in Figure 6e,f,c,b, respec‑
tively. Carbon isotope (δ13C) values, as shown in Table
1, range from −26.55 to −14.06 ‰, suggesting a micro‑
bial organic origin for the carbon present in the analyzed
graphite populations.

4.2. Petrography, X‑RayDiffraction, andSm‑
Nd Depleted Mantle Model Ages of
Metamafic Rocks
The metamafic rocks are tremolite–actinolite

schists comprising tremolite–actinolite, chlorite, and rare

opaque minerals. Sample MB2 shows compositional and
textural banding defined by the alternation of coarse‑
grained and fine‑grained layers (Figure 7a,b). The
coarse‑grained domains consist predominantly of acti‑
nolite, whereas the fine‑grained bands comprise fibrous
actinolite, chlorite, and opaque minerals. Sample MU3
shows a more homogeneous and equigranular texture,
being composed mainly of tremolite, with the presence
of anastomosing chlorite aggregates and disseminated
albite. X‑ray diffraction analyses enable the identification
of the amphibole species in each sample, confirming acti‑
nolite as the predominant amphibole in MB2 and tremo‑
lite in MU3 (Figure 8a,b). The mineralogical assemblage
of the samples suggests that the protolith of these rocks
has a mafic igneous composition [45].
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Figure 5. X‑Ray Diffractograms of the Phyllonites. (a) Sample GX1; (b) Sample GX2; (c) Sample MB1.

Figure 6. (a) Reflected Light Optical Images of Points 1–3; (b) Almandine, Point 1—The Point 2 is the Same Spectrum of the
Point 1; (c) Graphite, Point 3; (d) Reflected Light Optical Images of Points 4 and 5; (e) Albite, Point 4 of the Sample GX1; (f)
Albite, Point 5 of the Sample GX1.
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Table 1. Carbon Isotopes Analysis Results.
Sample Sample Type δ13C‰ (V‑PDB) C%

GX1 Graphite −26.55 2.44
GX2 Graphite −14.06 3.15

Figure 7. Thin‑section images of metamafic rocks. (a) Sample MB2—Uncrossed Polarizers; (b) Sample MB2—Crossed Polariz‑
ers; (c) Sample MU3—Uncrossed Polarizers; (d) Sample MU3—Crossed Polarizers.
Note: Mineral abbreviations according to Whitney and Evans [46]; Act: actinolite, Chl: chlorite, Tr: tremolite.

Figure 8. X‑Ray Diffractograms of (a) Sample MB2; (b) Sample MU3.

Nd model age (TDM) calculations were performed
using single‑ and two‑stage models, given that the rocks
studied have undergone post‑magmatic processes such
as metamorphism. The sample MU3 displays an initial
Nd isotope ratio of 0.510020 and a ƐNd(t) value of +0.56.
The initial 143Nd/144Nd ratios for the MB2 sample are

0.510171, with calculated ƐNd(t) values of +3.53. The
positive ƐNd(t) valuesindicate a mantle origin for the
metamafic rocks. The single‑ and two‑stage Nd model
ages calculated for the MU3 are 2,354 and 2,329 Ma, re‑
spectively, while the MB2 sample shows values of 2,110
and 2,098 Ma, respectively (Table 2).
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Table 2. Sm‑Nd Isotopes Results.
Sample
Name Sm (ppm) Nd (ppm) 147Sm/144Nd Error (%) 143Nd/144Nd t (Meta‑Morphic

Age—Ma)
ƐNd
(t)

143Nd/144Nd
(t)

TDM (Single
Stage—Ma)

TDM (Two‑
Stage—Ma)

MU‑3 1.6510 7.7847 0.128224 0.078735 0.511746 2,050 0.56 0.510020 2,354 2,329
MB‑2 4.0029 17.2880 0.139988 0.072118 0.512056 2,050 3.53 0.510171 2,110 2,098

5. Discussions

The conspicuous contrast observed in the geophys‑
ical signature (Figure 1) of the lithotypes proved to be
an important criterion for paleoproterozoic and archean
lithologic discrimination within the study area. The de‑
pleted mantle model ages (TDM) obtained in this study
indicate that the tremolite–actinolite schists are of Paleo‑
proterozoic age, demonstrating that the Itatiauçu region
can not be considered as pertaining to the Archean Rio
das Velhas Supergroup as previously supposed.

The lithological association identified, compris‑
ing metaconglomerates with strongly stretched clasts
and phyllonites with quartz, graphite, plagioclase, chlo‑
rite, phengite, amphibole, and garnet, is consistent
with metamorphism of a structurally overprinted deep‑
water to syn‑orogenic sedimentary sequence compat‑
ible with a convergent plate margin setting, possi‑
bly a flysch–molasse–type mélange developed within

an accretionary orogen‑related forearc basin during
subduction‑related shear process. Similarities between
the paleoproterozoic geological setting of Itatiaiuçu and
several localitieswhere recent subductionwasprevalent
can be found in the scientific literature [7–11]. The sub‑
duction tectonic context follows an evolutionary model
analogous to that illustrated inFigure9 [45]. The existing
data (positive εNd values +0.56 and +3.53) corroborate
a paleoproterozoicmantle source for the protolith of the
tremolite‑actinolite schists. Thus, tremolite‑actinolite
schists are interpreted as representative of metamor‑
phosed oceanic crust, corresponding to an ocean floor
that once separated the Campo Belo‑Bonfim block from
the Belo Horizonte and Divinópolis block at approxi‑
mately 2.3 Ga ago. The transition from oceanic basin to
forearc basin in a subduction context was accompanied
by deformation in the folding and faulting zone, where
sedimentary sequences were metamorphosed, generat‑
ing metapelites (phyllonites) and metaconglomerates.

Figure 9. Schematic model (not to scale) of the transition from oceanic basin (a,b) to forearc basin (c,d) in a subduction con‑
text accompanied by deformation in the thrust belt, where flysch‑molasse‑type sequences are metamorphosed to generate
metapelites and metaconglomerates.
Note: Remnants of obducted oceanic crust are also preserved in this model. BH—Belo Horizonte block, CBB—Campo Belo‑Bonfim block.
Source: Modified from Einsele [45] .
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6. Conclusions

Paleoproterozoic subduction records have been
recognized in nearby regions, including the identifica‑
tion of an accretionary prism, retro‑eclogites, and retro‑
blueschists in the Itaguara Sequence (IS) [12,13,40], as well
as the occurrence of Paleoproterozoic ophiolitic rem‑
nants not only in the IS but also in the Cláudio and
Itapecerica areas [33,39,46].

In this context, the dataset obtained in this study
suggests that the region locatedwest of the Quadrilátero
Ferrı́fero represents a tectonically significant domain
that preserves multiple remnants of Paleoproterozoic
geodynamic regimes comparable to those operating in
modern convergent plate tectonic settings.
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