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Abstract

The Quadrilitero Ferrifero is an important mineral province located in Southern Sao Francisco craton, SE Brazil. Its prominent feature is the Gandarela
syncline that was formed as part of the regional deformation event in the southernmost part of the craton at ca. 2,000 Ma. The syncline exposes several
economically important units of Rio das Velhas and Minas supergroups, widely known for their gold and iron ore mineral deposits. This work focused on
the upper Minas Supergroup — Cercadinho Formation and Sabard Group in the Gandarela syncline. We showed detail stratigraphic surveys combined
with U-Pb detrital zircon analysis. Data reveal the development of high- to low-density turbidity systems. The first one is related to the deposition of Cer-
cadinho Formation that marks the siliciclastic infilling of the Minas basin. For the Sabard Group, a fine turbidite system of foredeep depocenter is inferred.
The detrital zircon analysis indicates that their sediments were derived from Archean, Rhyacian, and Orosirian exhumed terrains, besides granitoids posi-
tioned to the south and east of Quadrilatero Ferrifero. We proposed the age 0of 2,036 + 25 Ma as the maximum age of deposition of Sabard Group, whose

sedimentation occurs in the first stages of Minas accretionary orogeny.
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INTRODUCTION

Minas Supergroup of Quadrilatero Ferrifero (“Iron
Quadrangle”) in Southeast Brazil is a natural laboratory for
its tectonic conformation and mineral deposits, especially
those of metallic filiation. This supergroup records a continen-
tal rift to passive margin and synorogenic sedimentation from
the late Neoarchean to Rhyacian/Orosirian period (Dorr II
1969, Machado & Carneiro 1992, Alkmim & Marshak 1998).
The absence of fossils, crosscutting igneous intrusion and inter-
layered volcanic beds, constitutes the main problems in the
geochronological studies of Minas basin (Martinez-Dopico
et al.2017). This gap has recently been filled through the inte-
gration of geochronological data of detrital zircons associated
with stratigraphic surveys of scattered areas in and around
Quadrilitero Ferrifero (Hartmann ef al. 2006, Cabral et al. 2012,
Mendes et al. 2014, Farina et al. 2016, Martinez-Dopico et al.
2017). However, despite the available data, important areas in

Quadrildtero Ferrifero that host large deposits of banded iron
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formation and iron ore remain poorly investigated in terms of
stratigraphic architecture and U-Pb geochronology.

The Gandarela syncline is one of the regional folds that
underlie the set of Quadrilatero Ferrifero plateaus in its north-
east portion. This syncline exposes a full section of Minas
Supergroup and hosts significant deposits of iron ore and
gold (Moore 1969). In this paper, we investigated the deposi-
tional environments and sedimentary provenance of the upper
Minas Supergroup based on the detail stratigraphic analysis
(1:100) and U-Pb dating of detrital zircon. We described the
architecture of internal facies from Cercadinho Formation
(Piracicaba Group) and Sabara Group in the Gandarela syn-
cline. Our results recognized new source areas to their sedi-
ments, as well as part of the geotectonic setting that operates
during the sedimentation.

REGIONAL BACKGROUND

The Sao Francisco Craton in the Eastern portion of the
Brazilian shield is surrounded by Neoproterozoic orogenic
belts (Almeida 1977, Almeida et al. 1981), as seen in Figure 1.
The craton comprises (Teixeira & Figueiredo 1991, Barbosa &
Sabaté 2004, Sial et al. 2009, Alkmim & Martins-Neto 2012):
1. Archean nuclei and Paleoproterozoic igneous intrusions;
2. Archean greenstone belts;

3. Paleo- to Neoproterozoic sedimentary successions locally
metamorphosed;
4. granitic intrusions, pegmatite veins and mafic suits of

Paleoproterozoic to Mesozoic age;

S. Phanerozoic sedimentary covers.
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The Archaean nuclei are made up of a mosaic of individ-
ual elongated blocks bounded by Paleoproterozoic orogenic
domains (Alkmim & Martins-Neto 2012, Teixeira et al. 2017)
in the Northeastern portion of the craton. The Southern

segment is subdivided into several gneiss-granitic domes
(Bonfim, Belo Horizonte, Bacio and Santa Barbara com-
plexes) bounded by Archean-Paleoproterozoic metavolca-

nossedimentary rocks that host the Quadrilatero Ferrifero

Figure 1. Geological map of the Sao Francisco craton (based on Guadagnin & Chemale Jr. 2015). The black lines indicate the most accepted
extent of the craton at ca. 540 Ma and the previously accepted extent of the Sao Francisco paleoplate at ca. 1.8 Ga (after Guimardes et al. 2014).
Name of the Neoproterozoic belt is given in gray. This map was generated from the Geological Survey of Brazil (Companhia de Pesquisa de

Recursos Minerais, CPRM) regional mapping shapefiles (CPRM 2018).
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mining district (Dorr II 1969, Teixeira et al. 2017), as seen
in Figure 2.

In Quadrildtero Ferrifero, the granite-gneiss complexes (Figs.
1 and 2) constitute continental blocks and juvenile arcs, crust-
ally reworked since the Neoarchean (Lana et al. 2013, Albert et al.
2016, Farina et al. 2016). The tectonomagmatic events recorded in

granitic complexes follow a protracted magmatic evolution between
3,220and 2,600 Ma (Lana et al. 2013, Albert et al. 2016, Martinez-
Dopico et al. 2017).

The early magmatic pulse involves tonalite-trondhjemite-gra-
nodiorite emplacement in a large Paleoarchean crustal seg-
ment (> 3,200 Ma), which was partly reworked or recycled

Figure 2. Geological map of Quadrilitero Ferrifero (based on Lobato et al. 2005).
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during subsequent tectonic denudation and magmatic activi-
ties (Lana et al. 2013). The early activities constitute the Santa
Barbara event (3,220-3,200 Ma) recorded in the eastern part
of Quadriltero Ferrifero (Fig. 2) in granitic rocks of the Santa
Barbara complex and detrital zircon found in the supracrustal
successions of this region, as well as in the inherited zircon pop-
ulations of younger granitoid exposed around the Quadrilatero
Ferrifero (Hartmann et al. 2006, Moreira et al. 2016, Farina
et al. 2016, Martinez-Dopico et al. 2017).

Earlier studies by Lana et al. (2013) and Romano et al.
(2013) suggested that the Santa Barbara event was followed by
three major magmatic ones that were responsible for > 90% of
the granitic rocks exposed in Quadrildtero Ferrifero, i.e., the Rio
das Velhas I (2,930-2,900 Ma), Rio das Velhas II (2,800-2,760
Ma), Mamona I (2,750-2,700 Ma) and Mamona II (2,620-
2,580 Ma) events. They seem to involve subduction of oceanic
crust and subsequent continental collision and potassic mag-
matism (Farina et al. 2016). Likewise, recent investigations of
the supracrustal sequence of Quadrildtero Ferrifero by Moreira
etal. (2016) (Fig. 2) suggested that the continent collision was
accompanied by felsic volcanism and turbiditic sedimentation
of the Nova Lima Group (Rio das Velhas Supergroup base) and
deposition of the continental clastic foreland deposits of Maquiné
Group, top of the Rio das Velhas Supergroup (Machado et al.
1996, Noce et al. 2005, 2007, Hartmann et al. 2006, Farina et al.
2016, Martinez-Dopico et al. 2017).

During the waning stages of the potassic magmatism, Southern
Sao Francisco crust experienced a rifting that was followed by
the development of a passive margin after ca. 2,600 Ma (e.g,

Hartmann et al. 2006, Martinez-Dopico et al. 2017). It marks
the Minas Supergroup deposition, which comprises a ca. 8,000
m-thick succession of continental to marine and syn-orogenic
sedimentary rocks deposited from 2,580 to 2,100 Ma (Figs. 2 and
3) (Dorr I1 1969, Renger et al. 1995, Alkmim & Martins-Neto
2012, Martinez-Dopico et al. 2017). The Caraga Group com-
prises therift-related sedimentary rocks of Moeda Formation that
grade into marine deposits of the Batatal Formation. The Moeda
Formation includes polymictic metaconglomerate with layers
of medium- to coarse-grained metasandstone, phyllite, and
fine-grained metaconglomerate (Villaga 1981). The deposi-
tional environment is interpreted as alluvial to deltaic with some
marine influence (Villaga 1981) developed during the tectoni-
cally active phase (Renger et al. 1995). U-Pb detrital zircon ages
from Moeda Formation point to Neoarchean sedimentation
(Machado et al. 1996, Hartmann et al. 2006, Neri et al. 2013,
Koglin et al. 2014, Cassino 2014, Nunes 2016), with the young-
est dated at 2,520 + 13 Ma (Nunes 2016), as in Figures 2 and
3. The overlaying Batatal Formation comprises sericite-phyllite
containing iron-formation, chert, graphitic phyllite, and dolo-
mite lenses (Alkmim & Marshak 1998).

The chemical units from the younger Itabira Group and the
metasedimentary rocks from the Piracicaba Group record the
evolution from the marine to the deltaic depositional systems
of the Minas basin (Dorr I 1969). Caué Formation consists
of Lake Superior-type itabirite (metamorphic-banded iron
formation), ferruginous dolomite, and phyllite. The deposi-
tional age (DA) of Caué Formation was conservatively inter-
preted between the maximum deposition ages from the top

Figure 3. Stratigraphic column with available age and tectonic events from Archean to Paleoproterozoic evolution in Quadrildtero Ferrifero

(based on Martinez-Dopico et al. 2017).
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of the underlying Moeda Formation and the age of overlying
Gandarela Formation, ca. 2,520 Ma (Nunes 2016) and 2,420 Ma
(Babinski et al. 1995), respectively. Cassino (2014) reinforces
this hypothesis with a maximum DA 0f2,453 + 18 Ma (99.98%
concordance) for a ferruginous metasandstone lens interca-
lated with Caué Formation. In contrast, Cabral et al. (2012)
proposed a U-Pb zircon age of 2,655 + 6 Ma for a meta-volca-
nic layer, which occurs within the overlying Caué Formation.
This result is controversial since the zircon grain could be
inherited (Koglin et al. 2014), and it contradicts most of the
published geochronological data for the underlying Caraga
Group (Farina et al. 2016, Martinez-Dopico et al. 2017).
Gandarela Formation is made up of dolomitic marble, carbona-
ceous phyllite, and dolomitic iron-formation. Souza & Miiller
(1984) describe stromatolitic structures in limestone locally in
Gandarela syncline, and Moore (1969) reports coarse-grained
breccia with dolomite fragments in a matrix of dolomite and
iron oxide in the upper part of this formation. This stromato-
litic limestone has been dated based on a Pb-Pb isochron age
at 2,420 * 19 Ma (Babinski et al. 1995).

Gandarela Formation is unconformably overlain by the
Piracicaba Group that includes Cercadinho, Fecho do Funil,
Taboédes, and Barreiro formations (Dorr II 1969, Rosiére &
Chemale Jr. 2000). It comprises a thick package of transgres-
sive to regressive marine and deltaic sedimentary rocks meta-
morphosed under regional greenschist and local amphibolite
facies (Dorr II 1969). The Cercadinho Formation consists of
metasandstone with ferruginous lenses, phyllite and, locally, dolo-
mitic marble lens and metaconglomerate with clasts of phyllite,
itabirite, chert, vein quartz that are mainly derived from Itabira
Group and metasandstone fragments of indeterminate origin
(DorrI11969). Mendes et al. (2014) (Fig. 2) attest to the signif-
icant sedimentary contribution of Meso- to Neoarchean sources,
which average of the youngest cluster of zircon age is 2,680 + 24
Ma. The intermediate Fecho do Funil and Tabodes formations
are composed of phyllite, metasiltstone and impure dolomitic
marble and fine-grained ortho-metasandstone, respectively.
Equigranular metasandstone and graphitic phyllite of Barreiro
Formation occupy the upper portion of the Piracicaba Group.
The 5"*C values suggest that Cercadinho carbonates were depos-
ited during the early stage of a global biogeochemical anomaly at
ca. 2.22 t0 2.10 Ga, followed by the Fecho do Funil Formation
(Bekker et al. 2003). This event occurred shortly after the end
of the Paleoproterozoic glacial epoch (2.45-2.22 Ga). Babinski
etal. (1995) proposed a Pb-Pb isochron age of 2,110 + 19 Ma,
which is interpreted as the minimum deposition age of Fecho
do Funil Formation. The unconformity between the Gandarela
and Cercadinho formations could be the reason for the absence
of geological and geochemical traces of this glaciation (Bekker
et al. 2003). Locally, the unconformity is marked by the Sitio
Largo amphibolite of 2.18 Ga (Cabral & Zeh 2015), exposed
in Monlevade and Rio Piracicaba quadrangles (Reeves 1966)
in the northeastern most portion of Quadrilatero Ferrifero, near
the cities of Jodo Monlevade and Rio Piracicaba (Figs. 2 and 3).

Aregional unconformity separates the Minas basin sequences
and the upper Sabard Group. Metadiamictite, metaconglom-

erate, metasandstone and metasiltstone constitute this group

(Dorr I1 1969, Reis et al. 2002). Its deposition is interpreted
as being syn-tectonic and reworked from the supracrustal
units, granitic complexes and the collisional magmatic arc
in a foreland system during the Rhyacian-Orosirian periods
(Machado et al. 1992, 1996, Reis et al. 2002, Hartmann et al.
2006, Alkmim & Martins-Neto 2012).

The Itacolomi Group exposed in southeast Quadrilatero
Ferrifero (Figs. 2 and 3) overlies the Sabard Group uncomfort-
ably. It comprises an up to 1,800 m-thick fluvial sequence with a
local marine transition (Alkmim 1987). Metasandstone, meta-
conglomerate, and minor metapelite were deposited during the
collapse phase of the Rhyacian-Orosirian age orogen (Dorr II
1969, Alkmim & Marshak 1998, Alkmim & Martins-Neto 2012).
Itacolomi sandstone indicates similar maximum DAs of 2,059 +
58 Ma (Machadoetal. 1996) and 2,058 + 9 Ma (Alkmim et al. 2014).

The Tamandué Group encompasses polymictic metacon-
glomerate and metasandstone that grades laterally and upward
into metasandstone interbedded with metarkose and, as upper
rocks, phyllite and sericite metasandstone (Simmons 1968,
Moore 1969, Crocco-Rodrigues 1991, Gomes 2017). A com-
plete study in Cambotas ridge is summarized by Dias (2019)
and indicates a Paleo- to Mesoproterozoic DA for Tamandud
Group (Fig. 2) (Dutra 2017, Dias 2019).

Quadrilatero Ferrifero was affected by two superim-
posed orogens during the Rhyacian-Orosirian periods and the
Neoproterozoic to Early Ordovician. The main tectonic features
in this region were attributed to Rhyacian-Orosirian progres-
sive compressional deformation, which involved this region in
afold-thrust belt developed by the collision of the Sao Francisco
paleoplate nucleus with other terrenes, and ultimately with the
Congo paleoplate nucleus at ca. 2,100 Ma or immediately after it.
This collision resulted in the development of northwest-verging
regional folds, thrust faults, and shear zones. The metamorphic
climax was probably reached at ca. 2,080-2,020 Ma (Sanglard
et al. 2014, Teixeira et al. 2015, Farina et al. 2016, Aguilar et al.
2017). This tectonomagmatic event (2,100-1,900 Ma) is usu-
ally referred to as Trans-Amazonian Cycle, a designation intro-
duced by Hurley et al. (1967) to an orogeny at East Amazonian
and West African craton, but, as argued by Brito-Neves (2011),
the “Trans-Amazonian” term should be abandoned due to its
indiscriminate use. We followed this recommendation and
adopted “Minas accretionary orogeny”, which is a term proposed
by Teixeira et al. (2015) referring to the Rhyacian-Orosirian
deformation/metamorphism at the southern Sao Francisco
craton. The Neoproterozoic to Early Ordovician Brasiliano
event (700-450 Ma) overprints and reactivates the Archean
and Paleoproterozoic structures by a series of W-verging thrust
fault (Endo & Machado 2002). This event is responsible for the
development of shear zones in the border of granitic domes and
strike-slip faults associated with greenschist-facies metamor-

phism (Alkmim & Marshak 1998).

METHODOLOGY

Our detailed stratigraphic study was based on 1:100,000
geologic mapping in the region nearby Bardo de Cocais,
in the northeast of Quadrilatero Ferrifero (Figs. 2 and 4).



Braz. J. Geol. (2019), 49(2): e20180095

Four stratigraphic sections, perpendicular to the strike of lay- the nature of the contacts and the facies characteristics of the
ers, were performed in the north (normal) and south (inverse) Cercadinho Formation (Piracicaba Group) and Sabara Group
limb of Gandarela syncline (Fig. 4), and the geometries of bed, were described. These sections were logged at a scale of 1:100,

Figure 4. Geologic map of the northeastern part of the Gandarela Syncline (based on Lobato et al. 2005, Saraiva 2012, Katahira 2013, Dutra 2017).
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using Jacob’s staff, Brunton-type compass-clinometer and mea-
suring tap as proposed by Coe (2010). This aims to provide
the characteristics of the stratigraphic architectures and dep-
ositional models from the upper units of Minas Supergroup.

Two samples (Figs. 4) were collected along the AB cross-sec-
tion in the Bau ridge and are representative of Cercadinho
Formation (Piracicaba Group) and Sabar4 Group. About 15 kg
of rocks for each sample (two) were collected for U-Pb analy-
ses of zircon grains, and the entire procedure was conducted
in the Department of Geology of the Universidade Federal de
Ouro Preto. The samples were crushed and pulverized with
jaw crusher and grinder. The heavy mineral concentration
was conducted through manual panning and, subsequently,
magnetic methods. The non-magmatic zircon fraction was
handpicked under a binocular microscope disregarding the
color, shape, and size of the grains. The collected material was
mounted in an epoxy mount (SpeciFix, 25 mm). The entire
preparation process was done in the Laboratory of Preparation
of Geochronological Samples. After polishing the mounts,
the zircon grains were imagined via cathodoluminescence
(CL) in a JEOL 6510 Scanning Electron Microscope in the
Microanalysis Laboratory.

Almost 120 zircon grains were analyzed from each sam-
plein a ThermoScientific Element 2 sector field inductively
coupled plasma mass spectrometry (SE-ICP-MS) coupled to
a CETAC LSX-213 G2 + laser ablation system. Integration
times were 15 ms for 2°Pb and 2**U, 40 ms for >’Pb and
10 ms for **Pb, ***Pb + 2**Hg and ***Th. The laser spot size
was 20 pum, and the repetition rate is 10 Hz. Helium was
used as a carrier gas mixed with argon prior to introduction
into the ICP-MS. Individual spots were selected based on
CL images of the samples, in order to avoid fractures, dark
areas (U-rich) in the CL image and inclusions and con-
nected internal textures.

Common Pb, instrumental mass discrimination and
laser-induced elemental fractionation of Pb/U were cor-
rected by normalizing U/Pb and Pb/Pb ratios of the sam-
ple zircons to the zircon standards and Pb composition, as
proposed by Stacey & Kramers (1975), to the reference zir-
con GJ-1 (Jackson et al. 2004) of each analytical session.
Multiple analyses of the reference zircon BB (Santos et al.
2017) were performed during each session to test the validity
of the applied method and the reproducibility of the obtained
age data. The GJ-1 standard offered concordia age of 606.0
+ 4.8 Ma (20, n = 40; MSWD = 1.13), whereas the BB sec-
ondary standard provided concordia age of 563.3 + 4.8 Ma
(20, n=41; MSWD = 1.3). The calculated ages are consis-
tent within uncertainty with the ID-TIMS values reported
for reference zircons by Jackson et al. (2004) and Santos et al.
(2017), respectively.

The signal data were initially reduced using the software
Glitter (van Achterbergh et al. 2001). Common Pb corrections
were done off-line using interference and background-cor-
rected ***Pb signals in combination with the Pb model com-
position of Stacey & Kramers (1975). This is done with an
in-house Excel spreadsheet that takes all mass-bias and drifts

corrected counts exported from Glitter into account. The age

distributions, concordia diagrams, and weighted mean ages
were plotted and calculated with Isoplot 4.15 (Ludwig 2009).
The results of the LA-ICP-MS analyses for samples and ref-
erence zircons are reported in the supplementary data. The sam-
ples provided 267 zircons, in which 100 had a maximum dis-
cordance of 5%. The diagrams are given by the *’Pb/>*Pb ages,
and all errors are displayed as two standard deviations (20).
The maximum DA is an important tool for stratigraphic
correlation of a sedimentary unit devoid of fossiliferous con-
tent and/or volcanic units (Gehrels 2014). However, some
uncertainties, when analyzing the U-Pb age of the detrital zir-
con grains, can result in misleading measures, such as the loss
of radiogenic Pb, Th/U ratio, errors associated with the analy-
sis method and inadequate number of data (Vermeesch 2004,
Andersen 2005, Dickinson & Gehrels 2009, Gehrels 2014,
Pullen et al. 2014, Spencer et al. 2016). We follow the meth-
odology of Dickinson & Gehrels (2009), who proposed that
the maximum deposition age can be evaluated by the weighted
mean age or the age of the probability peak from the youngest
cluster (n>3). Thus, the youngest single grain or the young-
est cluster (with less than three concordant U-Pb ages) were

avoided in the DA estimation.

FIELD OBSERVATIONS

The study area is in the northeast segment of the Gandarela
syncline, which extends for ca. 44 km in the north-northeast
portion of the Quadrilitero Ferrifero (Fig. 4). This regional
structure, formed during the Minas accretionary orogeny
(Marshak & Alkmim 1989, Fonseca et al. 2018), is an over-
turned syncline with moderately northeastward-plunging axis,
vergence to north-northwest, which limbs accommodate sys-
tem of faults and the southern one is inverted (Dorr II 1969,
Endo & Fonseca 1992, Chemale Jr. et al. 1994).

The lithostratigraphy of northeastern Gandarela syn-
cline comprises granitic rocks of Caeté complex, metavol-
canossedimentary rocks of the Nova Lima Group (Rio das
Velhas Supergroup) and Minas Supergroup, and mafic suit(s)
(Fig. 4). The Caeté Complex shows deeply weathered outcrops
and is made up of granitic to granodioritic gneiss (Brandalise
& Heineck 1999).

The Nova Lima Group encompasses phyllite, chlorite, and
sericite-quartz schist (Fig. SA and B). Fresh exposures are very
sparse and, mainly, the outcrops are deeply weathered and cov-
ered by clayey soil (Fig. SA and B). Its contacts with the Minas
Supergroup are defined by reverse faults.

Moeda Formation (Caraga Group) is represented by fine-
grained sericite-metasandstone with locally dispersed pebbles.
Batatal Formation (Caraga Group) is composed of sericite
metapelite and commonly covers Moeda Formation though a
normal contact. Caué Formation (Itabira Group) is made up of
itabirite. Gandarela Formation (Itabira Group) is mainly rep-
resented by dolomite (Fig. SC) with metapelite lenses towards
the unit top. The Itabira Group overlies the Nova Lima Group
through the Fundao-Cambotas fault system (Endo & Fonseca
1992), and its contact with the upper Cercadinho Formation

(Piracicaba Group) is marked by erosive and angular boundaries.
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The Piracicaba Group is only represented by Cercadinho
Formation, which is composed of a heterogeneous package
of fine- to medium-grained metasandstone (Fig. SD) inter-
bedded with metapelite. The Sabard Group comprises black,
purple and pale-yellow metapelites (Fig. SE), whose color is

a consequence to the mineralogical composition variation,

such as chlorite, ferromagnesian oxides, and sericite. In places,
itisintercalated with fine-grained metasandstone and quartz-
pebble-rich layers. Its contact with Cercadinho Formation is
marked by an angular unconformity.

The Tamandua Group comprises fine- to medium-grained
metasandstone and polymictic metaconglomerate with fine- to

Figure 5. (A) General morphology of the southern portion of the study area with rocks of the Nova Lima Group (Rio das Velhas Supergroup) and
the lateritic cover overlying the Caué itabirites. View to the East (654647/7791835, WGS 1984 Zone 23S). (B) Sericite schist typical of the Nova
Lima Group with well-marked schistosity S . Photo with a Southwestern view (657348/7793319, WGS 1984 Zone 23S). (C) Pedra Vermelha
ridge with dolomite of Gandarela Formation. Photo with a view to the South (649392/7788581, WGS 1984 Zone 23S). (D) Metasandstone with
bands of ferruginous minerals marking sedimentary bedding S of Cercadinho Formation (view from E, coin diameter: 23 mm) (654432/7792022,
WGS 1984 Zone 23S). (E) Metapelite of the Sabara Group, photo with a view to the SW (649268/7788866, WGS 1984 Zone 23S).
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coarse-grained matrix and centimetric pebbles of itabirite and
quartz. This unit outcrops in the north limb of Gandarela
syncline, Tamandua ridge, and Cambotas ridge that its only
southmost portion is present in the study area (Figs. 4and S).

The meta-igneous rock occurs in stock intrusion in the
Caué and Cercadinho formations and in the eastern portion
of Cambotas ridge. The outcrops are mostly weathered to
eutroferric red latosol as near the city Bardo de Cocais (Fig. 4),
but in the few fresh outcrops that can be found are of metadi-
abase. This rock was dated at 906 + 2 Ma (Silva et al. 1995).
The Cenozoic covers are made up of alluvium (sand, clay and
gravel) nearby Socorro river and lateritic cover, which is devel-
oped above the itabirite of Caué Formation (Figs. 4 and SA).

FACIES DESCRIPTION AND

DEPOSITIONAL SYSTEMS

The detailed stratigraphic analysis (1:100) of Piracicaba
and Sabaré groups shows a rhythmic association between mas-
sive or poorly stratified metasandstone and metapelite, being
associated with high- to low-density turbidity currents. It was
separated into five facies (Tab. 1) based on the sedimentary
characteristics, such as composition, grain size, texture, sed-
imentary structures, and body geometry. The geometry of
each metasandstone and metapelite bed is tabular and later-
ally amalgamated in both successions.

Cercadinho Formation is made up of massive metasand-
stone (FB, FC and FD facies) and metapelite (FE facies).
The metasandstone shows massive texture and, locally, coarse-
grained layers, with poor (FB and FC facies) to well (FD facies)
sorted and sub-rounded to sub-angular quartz with ferrugi-
nous minerals. The individual bed thickness ranges from 0.5 to
10.0 m. The metapelite (FE facies) shows a thickness of 0.2—
3.2 m, itis interbedded with metasandstone in the Congo Velho
ridge (Fig. 6) and occurs in the top of Cercadinho Formation

sections in the Bat ridge (Fig. 7). The contacts between the
metasandstone and metapelite are commonly sharp and
non-erosive, but locally they are erosive (Fig. 8), whereas the
contacts between the metasandstone facies (FB, FC and FD)
are gradational and, locally, abrupt (Fig. 7). The sections show
a rhythmic association between massive or poorly stratified
metasandstone and a fining-upward facies cycle marked by a
progressive grain-size reduction in the metasandstone with
increase in the content of muddy layers.

Our stratigraphic section of Sabar4 Group (Figs. 9 and 10)
near Pedra Vermelha ridge indicates predominance of metapelite
packages over metasandstone bodies. The succession sequence
shows the FA, FC, and FE facies. The metapelite (FE facies)
shows massive texture and, locally, laminated stratification.
Its thickness reaches 15 m. The metasandstone beds are rep-
resented by a pebbly metasandstone (FA facies) and medi-
um-grained laminated metasandstone (FC facies). The peb-
bly metasandstone (FA facies) shows angular to sub-rounded
clasts that range from granule to pebble of quartz and smoky
quartz in a fine sandy matrix, which are oriented parallel to the
bedding S and schistosity S . This facies shows inverse-to-nor-
mal grading patterns indicated by the increase and decrease of
clast percent towards the top of bodies. The medium-grained
laminated metasandstone (FC facies) occurs, locally, with mas-
sive texture, moderately sorted and sub-rounded to sub-angular
quartz grain. Its thickness ranges from 5.0 to 50.0 cm. The con-
tacts of metasandstone bodies are sharp and non-erosive or gra-
dational as in the FA facies. The pebbly metasandstone inter-
bedded with the metapelite indicates the depositional energy
change. The stratigraphy framework of this section suggests
coarsening- and fining-upward facies succession.

The facies succession of Cercadinho Formation and Sabard
Group are attributes to mass flow processes (see Shanmugam
2016) as indicated by bed geometry and facies characteristics.
The pebbly and coarse- to medium-grained metasandstone (FA

Table 1. Facies of Cercadinho Formation (Piracicaba Group) and Sabara Group in the Gandarela syncline.

Facies Lithology Description Sedimentary processes
Precipitation from suspension turbidite flow and low-
Massive metapelite with thickness ranges density turbidity currents (Lowe 1982, Mutti 1992,
FE Massive metapelite from 0.08 to 3.20 m, which occurs in all Mulder et al. 2003, Zavala et al. 2011, Zavala & Arcuri
extension of the studied successions 2016). The facies is based on the F9 of Mutti (1992)
and Mutti et al. (2003)
Fine-grained metasandstone from 0.2 to
ED Massive 18 m mostly described in the upper portion Low-density turbidity currents (Lowe 1982).
metasandstone of Cercadinho Formation sections and The facies is based on the F8 of Mutti et al. (2003)
always associated with the FC facies
EC Laminated hvgftil;l::;ﬁrai:gsiiren::jslin’};t:st;?fli?;: Low-density turbidity currents (Lowe 1982).
metasandstone Y ) The facies is based on the F8 of Mutti et al. (2003)
ranges from 0.5 to 3.0 m
Poorly sorted, coarse-grained metasandstone
Massive beds with subordinate interbedded muddy- High- to low-density turbidity currents

FB rich lenses, which are well characterized at
the base of the studied strata. Their thickness
range from 0.15 to 2.0 m

metasandstone

(Lowe 1982, Mutti 1992). The facies is based on
the F7 of Mutti et al. (2003)

Metasandstone bodies from 2.0 to 5.0 m

Pebbly

FA
metasandstone

Sabaré Group

with angular to sub-rounded quartz
pebbles. This facies is exclusive of

High-density turbidity currents (Lowe 1982, Mutti
1992, Stow & Johansson 2000, Bass 2004)
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and FB facies) represents high concentrations of grains, which
were quickly deposited under the deceleration of turbidity currents
(Stow & Johansson 2000). The FA facies records a progressive
strength loss of the flow that resulted in inverse grading (Mutti
1992), followed by a temporal flow deceleration that formed the
normal grading (Bass 2004). The FB and FD facies can be inter-
preted as F7 facies of Mutti et al. (2003), which is related to sand
lobes accumulated in the mid-fan zone by turbulent flows associ-
ated with a near-bed suspension (i.e,, a dense flow formed by tur-
bulent mixing at the leading edge of basal turbidity flow during its
motion) (Mutti et al. 1999,2003). The stages of flow deceleration
are recorded through FC and FH facies, which is consistent with
F8 and F9 facies of Mutti et al. (2003), respectively. The muddy
and fine sandy grains are incorporated as suspended load in the
upper turbulent flow and deposited by a waning sediment flow
across the shelf and slope (Mulder et al. 2003, Zavala & Arcuri
2016) and by fallout processes (Lowe 1982, Mutti 1992, Zavala
etal. 2011) in the ocean or lake.

Thus, the Cercadinho Formation is interpreted as high-
to low-density turbidity successions (Lowe 1982, Bass 2004,
Haughton et al. 2009), and the Sabard Group representation
is mostly a low-density turbidity sequence with a temporal
increase of the energy flow (Mutti 1992, Bass 2004) indicated
by FA facies (pebbly metasandstone).

RESULTS OF U-Pb ANALYSIS

The zircon grains are mostly subhedral and rounded and,
in some cases, they are fractured. Their size varies between
80 and 250 pm. The grains might be massive or show internal
oscillatory zoning, and there is no clear relationship between
CL images and U-Pb ages.

The GD-06 sample (Cercadinho Formation, UTM:
652631/7791340, WGS 1984 Zone 23S) was collected in
a fine-grained metasandstone (FD facies) with ferruginous
lenses in the top of Cercadinho Formation (Fig. 11). In this

Figure 6. Stratigraphic log I of Cercadinho Formation near the district of Socorro (the normal limb of Gandarela syncline; view from E, pencil length:
15 cm). (A) Tectonic contact between the Cercadinho metasedimentary rocks and the itabirite of Caué Formation (Itabira Group). (B) Elliptical
clasts in metapelite. (C) and (D) Medium-grained metasandstone interbedded with metapelite. (E) Partial view of Cercadinho strata showed.
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portion, sedimentary structures were not preserved. The zircon
color ranges from translucent to brown and they are mostly
subhedral, but some grains have smoothed corners and a
few edges (Fig. 12). The prevailing grain size is 100-250 pm.
The age distribution is broad (Fig. 13), spanning from 3,347
Ma to 2,561 Ma. The main populations are Mesoarchean

(3,189-2,804 Ma, n = 12) and Paleoarchean (3,347-3,228
Ma, n=6). The tectonomagmatic events, Santa Barbara (ca.
3,293-3,228 Ma, n = 5) and Rio das Velhas II (2796-2781
Ma, n = 3), are marked by the secondary populations. The
oldest U-Pb age predates the Santa Birbara event, 3,347 + 19
Ma (100% concordance).

Figure 7. Stratigraphic sections II and III of Cercadinho Formation in Bat ridge, the inverse limb of Gandarela syncline.

11



Braz. J. Geol. (2019), 49(2): e20180095

The GD-0S sample (654147/7791724, WGS 1984 Zone (Fig. 12). The GD-05 presents two main populations: 2,968~
23S) was extracted from a chlorite metapelite (FE facies) at the 2,485Ma (n=33) and 2,286-1,929 Ma (n =42) (Fig. 13). The

base of Sabard Group, near the contact with the Cercadinho most characteristic population is related to the Minas accre-
Formation and the GD-06 sample point (Fig. 11). Most zircon tionary orogeny (2,231-1,929 Ma, n = 37) followed by the
grains are completely round, and the main mode is 80-100 ym population of the Archean tectonomagmatic event, Rio das
A B
C D
E F

Figure 8. Photos of stratigraphic log II (the inverse limb of Gandarela syncline; pencil: 1S cm; view from the southwest). (A) Medium to
fine-grained metasandstone (bedding S is parallel with schistosity S ). (B) Fine-grained metasandstone with gray, white and straw yellow
layering marking the bedding S . (C) Metasandstone with metapelite intercalations (coin: 2.4 cm). (D) Thickness variation of metapelite and
metasandstone. (E) and (F) Coarse-grained metasandstone interlayered with metapelite with some quartz in the basal portion. (G) Path of
the stratigraphic section II (dashed-red line).
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Velhas 11 (2,793-2,772 Ma, n=S). Populations of 2,623-2,485
Ma (n=4) and 3,059-2,967 Ma (n = 3) do not correlate with
a specific tectonomagmatic event known in the eastern Sao
Francisco craton. The Paleoarchean zircon of 3,335+16 Ma
(98.5% concordance) represents the oldest U-Pb age in this
sample and is prior to the Santa Barbara event.

DISCUSSION

The detailed stratigraphic research and mapping work of
Cercadinho Formation indicate that it was deposited through

high- to low-density turbidity currents, which could be associated
with the tectonic activity (Bouma 2000, Mattern 2005 ). This inter-
pretation can be linked to rivers whose sediments are funneled
through submarine canyons to submarine fans (Bouma 2000,
Mattern 2005). When the sediments reach the coastline, they
can form a deltaic system (Bouma 2000), as it is generally associ-
ated with the deposition environment of Cercadinho Formation
(Dorr I 1969, Renger et al. 1995). Moraes (1985) supports this
scenario for Cercadinho Formation and describes the unit in
the southeast Quadrilatero Ferrifero as a result of (i) delta front
sedimentation (coarse- to medium-grained metasandstone with

Figure 9. Stratigraphic section IV of Sabard Group in the inverse limb of Gandarela syncline.
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through or tabular cross-bedding and metaconglomerate lenses) metapelite without internal structures). The age distribution of
and (ii) delta-fed turbidity sedimentation (intercalation of cen- GD-06 (Tab.2, Fig. 13) shows a number of Neo- to Paleoarchean
timetric to decimetric fine-grained metasandstone and iron-rich ages, with peaks at 2,786 + 10 Ma (weighted mean age of the

A B

C D

E

Figure 10. Photos from the stratigraphic section IV (Sabara Group in the inverse limb of Gandarela syncline). The photos are of a road section
with a view from WSW, pencil: 15 cm. (A) Medium-grained metasandstone (light bands) interlayered with metapelite (dark bands). Photo of
road floor (view from S, 650136/7788896, pencil: 15 cm). (B) and (C) Medium-grained metasandstone interlayered with metapelite.
(D) Metapelite with a boulder (~ 3.7 cm). (E) Metapelite milky and smoke quartz granules are highlighted (E1 and E2).
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Figure 11. Metapelite of Sabard Group — sample GD-05 (A) — and metasandstone of Cercadinho Formation — sample GD-06 (B) in the
Bau ridge, view from E. The location is marked in geologic profile AB.

Figure 12. Cathodoluminescence image, 2’Pb/***Pb age and Th/U of some zircon grains from Cercadinho Formation (Piracicaba Group)
and Sabara Group rocks. The spot numbers refer to the supplementary data in the online version of this article.
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youngest cluster, Fig. 13C), 3,034 Ma, 3,233 Ma and 3,347 Ma,
confirming previous work (e.g, Machado et al. 1996, Mendes
et al. 2014), which indicated the dominant Achaean terrain as
source areas for this unit. No maximum sedimentation age can be
inferred as younger than Gandarela Formation, dated by Babinski
etal. (1995) at ca. 2420 Ma. The DA is proposed by Bekker et al.
(2003) and Cabral & Zeh (2015) (Tab. 2) at ca. 2180 Ma.

A

We propose that the Sabara Group represents a fine turbidite
system. The sediments were transported at long distance from
the coastline by a low-gradient fluvial system (Bouma 2000).
From that point onwards, the sediments were transported by
sliding and slumping across the self and slope, where it was
accumulated (Bouma 2000). The Sabar4 Group is interpreted as
syn-orogenic sedimentation through mass-transport process in

Figure 13. (A) Zircon age distribution of the Sabara Group and the Cercadinho Formation at the Gandarela syncline. Average of the youngest
cluster of the Sabar4 Group (B) and the Cercadinho Formation (C) calculated by 2’Pb/2*Pb with two standard deviations (20).
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a compartmentalized foreland basin, in three sub-basin, devel-
opment during Minas accretionary orogeny (Reis et al. 2002).
The facies succession of Sabara Group in Gandarela syncline is
like the stratigraphy framework of the northeast sub-basin of
Reis et al. (2002). In this sub-basin, the fine-grained rocks are
predominant over the metaconglomerate, metadiamictite and
metagraywacke; they concluded this sedimentation was in the
deep and/or distal environment. The immature coarse-grained
rocks mainly shed the south sub-basin, which is close to the
source area and collisional front. The intermediate sub-basin
consists of coarse-grained rock, which is mostly formed by
sediments derived from proximal terrains. The weighted mean
age of GD-05 youngest cluster indicates 2,036 + 25 Ma as its
maximum DA (Tab. 2, Fig. 13B). The main sedimentary prov-
enance is the Rhyacian continental crust (2,286-2,052 Ma)
and can be linked to the Mantiqueira Province and Mineiro
Belt in the eastern and southern margins of Sao Francisco
Craton (Campos & Carneiro 2008, Avila et al. 2010, 2014,
Seixas et al. 2012, Teixeira et al. 2015). The crustal reworking
of the metavolcanossedimentary sequence of Rio das Velhas
Supergroup and the granite-gneiss complexes of Quadrilatero
Ferrifero constitute the second most frequent sedimentary
sources. These populations represent the Archean events, Santa
Bérbara, Rio das Velhas (I and II) and Mamona (I and II).

The tectonic setting of a sedimentary basin is reflected in the
cumulative proportion of the detrital zircon ages for a given sample.
Itisrelated to the difference between the crystallization age (CA)
ofazircon grain and the estimated DA of the unit that the sample
belongs to (Cawood et al. 2012). The cumulative proportion of
the detrital ages obtained from the sample GD-06, Cercadinho
Formation (Piracicaba Group), reveals an extensional basin pat-
tern (Fig. 14), since the CAs of the zircon grains are, at least, five
hundred million years older than the depositional age. The GD-06
age distribution is similar to the data from the northwest (Mendes
et al. 2014, Fig. 2) and southwest (Cassino 2014; Fig. 2) por-
tions of the Quadrilétero Ferrifero. This denotes a similar tec-
tonic setting during the deposition of the Cercadinho Formation
throughout the Minas basin. The younger ages in GD-05 (Sabard
Group) are in accordance with a convergent basin, whereas the
data of Martinez-Dopico et al. (2017) defines a collisional basin
as stated by Machado et al. (1996), which relates the sedimenta-
tion of the Sabara Group to igneous activities during the Minas
accretionary orogeny. This is due to the great contribution of zir-
con grains with ages near the maximum depositional age of the
Sabard Group. This may be a reflection of the reduced number
of concordant data or sedimentation condition.

Cercadinho Formation rests directly on the Siderian chem-
ical units of the Itabira Group and marks the resumption of the

siliciclastic filling of the Minas basin, mainly derived from the
granites generated during the Santa Barbara and Rio das Velhas
II tectonomagmatic events, and/or the crustal reworking of
the installed basins during those events, as recorded in Rio das
Velhas Supergroup and indicated in the histogram (Fig. 13).
The younger age (2,561 Ma) may be an indication of erosion
of the Minas basin itself, as suggested by the proximity to the
depositional age of Moeda Formation (Martinez-Dopico et al.
2017). Aging of the sources can be attributed to exhumation
and erosion of the Archean crust in response to a tectonic
rearrangement in the region and/or to the continuous pro-
cess of peneplanation of the Siderian or more recent terrains.
In regional terms, the Sabard Group is marked by an extensive
pelitic sedimentation in the northeast Quadriltero Ferrifero,
whose main population obtained in this work, 2,300-1,932 Ma,
may indicate the strong influence of the Minas basin inver-
sion during the Orosirian-Rhyacian period. The Minas accre-
tionary orogeny possibly exhumed the Siderian units and the
granitic rocks that occur in the south and east of Quadrilétero
Ferrifero, generating large and distant source areas that would
explain the predominantly fine sedimentation of the Sabard
Group. Zircons populations of ca. 3,138 Ma are consistent
with Santa Birbara granite genesis, but the > 3,300 Ma zircon

Figure 14. Cumulative distribution of detrital zircon ages of
Cercadinho Formation and Sabard Group assuming depositional
ages of 2,180 and 2,036 Ma, respectively, and a schematic tectonic
section of the different tectonic arrangements (based on Cawood
et al. 2012). The diagram is limited to 1,500 myr, since the data are
concentrated up to 1,300 myr in the abscissa axis.

Table 2. Statistical analysis of age populations of detrital zircons in the Gandarela syncline from this paper.

Yo t singl. i Youngest grain cluster withn >3
Unit Samples oungest sing'e grain g8 Deposition age
(concordance) Peak age probability = Weighted mean age
[ 1,929 +21 Ma 2,036 +25 Ma
- + )
Sabard Group GD-0S (98.6%) 2,043 Ma 2,036 25 Ma (maximum)
. . 2,561 19 Ma ca. 2,180 Ma'
- +
Cercadinho Formation GD-06 (100.1%) 2,784 Ma 2,785+ 10 Ma (minimum)

'Proposed age by Cabral & Zeh (2015).
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suggests a Paleoarchean crust segment, which was not deter-
mined in the Sao Francisco craton, as previously recognized
by Moreira et al. (2016).

CONCLUSIONS

This study establishes new evidence of the evolution of upper
units of Minas basin in the northeastern Quadrilatero Ferrifero.
The sedimentologic and geochronological data indicate that after
the rift phase (Moeda Formation) and passive margin (Batatal
Formation and Itabira Group), the Minas basin grades into a
convergent setting in response of Minas accretionary orogeny.

The sediments that compose the rocks of Cercadinho
Formation were deposited in marine environments and exten-
sional setting (Fig. 14). The Cercadinho sedimentation was
mainly fed by a fluvio-deltaic system able to produce gravity
flow that deposited massive sandy bodies in the northeast
part of Quadrilétero Ferrifero before ca. 2,180 Ma (Bekker
et al. 2003, Cabral & Zeh 2015). These sediments were mainly
derived from the crustal reworking of Rio das Velhas green-
stone belt and granite-gneiss complexes.

The large percentage of Rhyacian zircon age suggests
that the sediments of Sabard Group rocks were derived from

ARTICLE INFORMATION

terrains exhumed during the Minas accretionary orogeny.
This event drastically changes the sediment transport com-
petence and source areas with the deposition of pelitic and
sandy bodies after 2,030 Ma in a collisional basin. The main
source was probably located to the eastern and southern bor-
der of the Sdo Francisco craton, Mantiqueira and Mineiro
Belt terrains, respectively.
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