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ARTICLE INFO ABSTRACT
Keywords: The best-known Neoproterozoic glaciation-related iron deposits are the Rapitan-type banded iron formation
Diamictitic iron formation (BIF) formed dominantly by chemical-sedimentary processes. We present a detailed study on a distinct type of

Sturtian glaciation glaciation-related iron deposit: the iron-rich metadiamictites of the Nova Aurora Iron District, comprising over

EZOEZ??; en 20 billion tons of iron oxide-rich rocks: the diamictitic iron formations (DIF >15 wt% Fe) and ferruginous
Bra;;iliano 8 metadiamictites (FD: 5-15 wt% Fe). Drill core logging, field mapping and analytical data revealed the protoliths,

sediment sources, depositional environment, and ore enrichment processes on the iron district, and were used to
discuss differences between the studied DIF and classic Rapitan-type BIF. U-Pb age spectra and Lu-Hf data for
detrital zircon grains revealed a wide range of sediment sources and a maximum depositional age around 879
Ma. These data support correlations of the Nova Aurora iron deposits with the Cryogenian Macatibas rift, a basin
filled by glaciomarine successions related to the Sturtian glaciation event. The matrices of prevailing hematite-
rich metadiamictites comprise (in vol %): hematite (7-55), quartz (17-57), muscovite (2-40), carbonate
(<1-30), biotite (<1-18), chlorite (<1-23), epidote (<1-7), magnetite (1-5), and traces of tourmaline (<3),
apatite (<3) and zircon (<1), with hematite, mica and stretched quartz outlining the metamorphic foliation.
Clasts are free of iron-rich rocks. Hematite reconcentration (>50 wt% Fe) occurs in local mylonitic shear zones
and tightly crenulated bands after gangue minerals removal during deformation. Late hydrothermal alteration
formed magnetite-rich metadiamictite in high-strain zones. From base to top, the stratigraphic type-section of the
Nova Aurora Iron District shows barren metadiamictite with quartz-rich matrix and graded-bedded quartzite
lenses, followed by hematite-rich-matrix metadiamictite, then passing to muscovite-rich-matrix metadiamictite
gradually richer in magnetite and sulfide, enclosing metapelite lenses. This section presents a fining-up graded-
bedded succession with clasts size decreasing upwards and recurrent load structures, typical of debris flows and
turbiditic sedimentation. The hematite/mica, Fe/Al, Fe/Ti and Fe/REE ratios, as well as the biotite/muscovite
and silicate/sulfide ratios, which accompany variations in the oxidizing conditions, decrease to the top.
Accordingly, the early protoliths were quartz-rich diamictites that passed to iron-rich diamictites and then to
clay-rich, and under more reducing conditions, sulfide-bearing diamictites. Sedimentological and geochemical
evidences suggest ferrous-iron accumulation followed by iron oxide precipitation from seawater when the
conditions changed from anoxic to oxidizing by the input of oxygen-rich waters from deglaciation, followed by
increasing reducing conditions accompanying marine transgression. These processes took place in a relatively
restricted sector of the glaciomarine basin, probably a graben of the Cryogenian Macatbas rift. Differences in
relation to the classic Rapitan-type iron formations are the coarse-grained (ruditic) texture and the massive
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structure, the high-energy sedimentary environment, and the absence of true BIF in the Nova Aurora DIF

deposits.

1. Introduction

Iron formations (IF) stand out for their unique economic role, and
great importance to understand the atmosphere and hydrosphere evo-
lution (e.g., Bekker et al., 2010, 2014; Cox et al., 2013, 2016). Several
approaches have been applied to classify the different IF types, including
mineralogical composition (oxide facies, carbonate facies, silicate facies
and sulfide facies; James, 1954), depositional environments (Algo-
ma-type and Lake Superior-type; Gross, 1980), lithological subtypes
(banded IF and granular IF; Trendall, 2002) and, according to a broader
perspective, proximity of hydrothermal vents or deposition on conti-
nental shelves (Bekker et al., 2010, 2012).

Although scattered in the geological record, iron formations are only
widespread in Archean to Siderian terranes (Trendall, 2002; Bekker
et al., 2010; Klein, 2005). Late Paleoproterozoic and Mesoproterozoic
iron formations generally form small occurrences and only a few volu-
minous deposits are known (Bekker et al., 2010, 2014; Canfield et al.,
2018; Rolim et al., 2016; Silveira-Braga et al., 2015; Barrote et al., 2017;
Rosiere et al., 2019). The largest Neoproterozoic deposits comprise
Rapitan-type banded iron formation (BIF) and other iron-rich rocks
associated with Cryogenian glaciations (Table 1) (Urban et al., 1992;
Klein and Beukes, 1993; Klein, 2005; Piacentini et al., 2007; Cox et al.,
2013, 2016). Table 1 presents the main features of selected deposits of
Neoproterozoic iron formations.

Classic Rapitan-type deposits comprise hematitic jaspillite, hematitic
siltstone and massive diamictite with hematite—jasper matrix, like those
of the Rapitan Group (NW Canada) with an iron ore reserve over 18
billion tons (Young, 1976; Klein and Beukes, 1993; Halverson et al.,
2011; Baldwin et al., 2012; Cox et al., 2016). Other examples of
glaciation-related Neoproterozoic IF deposits are found in the Damara,
Gariep and Otavi belts of South Africa and Namibia (Lechte and Wallace,
2016; Smith, 2018; Lechte et al., 2018b), the Braemar ironstone facies of
the Umberatana Group in South Australia (Lottermoser and Ashley,
2000; Lechte and Wallace, 2016), the Urucum District of central-western
Brazil (Klein and Ladeira, 2004; Piacentini et al., 2007; Angerer et al.,
2016), the Yerbal Formation of the Arroyo del Soldado Group, Uruguay
(Pecoits et al., 2008), the Fulu Formation of the Jiangkou Group, South
China (Zhang et al., 2008; Feng et al., 2017; Busigny et al., 2018) and the
Kingstone Peak Formation, California, USA (Lechte et al., 2018a,
Table 1).

Although most Neoproterozoic IF are associated with the Cryogenian
(720-635 Ma) glaciations (Klein and Beukes, 1993, Lottermoser and
Ashley, 2000; Cox et al., 2013, 2016, Baldwin et al., 2012; Halverson
et al., 2011), there are iron-rich Neoproterozoic deposits lacking
glaciation-related features, either similar to continental shelf deposits
(Lake Superior-type) such as those from the Dahongliutan iron forma-
tions (Hu et al., 2020, Table 1) or related to volcanism, like those found
in the Arabian-Nubian Shield (Basta et al., 2011; Gaucher et al., 2015;
El-Rahman et al., 2019, Table 1). Genesis of Neoproterozoic IF has been
addressed in several models (e.g., Cox et al., 2013), seeking to clarify the
iron source, as well as the iron deposition mechanism and chemical
conditions. Several iron sources have been suggested, like the input of
hydrothermal fluids in the basin (Breitkopf, 1988; Young, 1988),
ocean-floor leaching by low-temperature hydrothermal fluids (Halver-
son et al., 2011), iron input by anoxic sub-glacial outwash (Cox et al.,
2013) and iron supply from the continent (Swanson-Hysell et al., 2010).
Iron concentration in marine basins can be related to anoxic conditions
imposed by global ice covers (cf. the Snowball Earth hypothesis;
Kirschvink, 1992; Hoffman et al., 1998) or to local ice covers in
restricted basins (Baldwin et al., 2012). Iron deposition can be explained
by oxidation related to basin-atmosphere interactions at the end of the

glaciation (Kirschvink, 1992) and/or by mixing processes between deep
ferruginous waters with shallow oxygenated waters (Halverson et al.,
2011) or yet by the supply of oxygenated fluids of glacial origin (Lechte
et al., 2018a).

Since the early 20th century, glaciation-related features have been
reported from the Macatibas Group of Southeast Brazil (cf. synthesis in
Pedrosa-Soares et al., 2011a). In northern Macatbas Group (Minas
Gerais State), voluminous deposits of iron-rich metadiamictites are
known since the early 1970’s (Velasco and Costa, 1970; Schobbenhaus,
1972). They make up the Nova Aurora Iron District (Fig. 1) comprising
over 20 billion tons of diamictitic iron formation (DIF >15 wt% Fe) and
ferruginous metadiamictites (FD: 5-15 wt% Fe), with an average ore
grade of 17-35 wt% Fe (Viveiros et al., 1978; Vilela et al., 2014). The
units of the Nova Aurora Iron District are extensively covered by thick
lateritic soils but surface mapping, borehole drilling and integration
data models (Vilela, 2010; Mario, 2015; Voll et al., 2020) confirm the
strong magnetic anomalies that track iron-rich metadiamictite deposits
for over 150 km, outlining tightly folded layers (Fig. 1D). However,
representative sampling sections cutting across the iron-rich meta-
diamictite section can only be accessed in drilling borehole cores, like
those on blocks 7 and 8 here presented (Fig. 1C and D). Therefore, our
study is based on logging and sampling of borehole cores, coupled with
detailed surface mapping, ore petrography, bulk-rock geochemistry and
isotopic (U-Pb, Lu-Hf) zircon analysis. The resulting dataset, combined
with compiled data, unravels the sedimentary protoliths of iron-rich
metadiamictites and the related depositional environment, as well as
the iron enrichment processes imposed by tectonics and metamorphism.
We also compare the studied iron-rich metadiamictites with the classic
Rapitan-type BIF and other Neoproterozoic iron formations, providing a
robust basis to characterize DIF (diamictitic iron formation) deposits
elsewhere.

2. Geological setting

The study region (Fig. 1) is located on the western Aracuai Orogen
(Pedrosa-Soares et al., 2001, 2008). It comprises the Porteirinha base-
ment block mostly composed of Archean and Paleoproterozoic orthog-
neisses and granitic rocks (Silva et al., 2016; Bersan et al., 2018), the
Statherian-Stenian Espinhaco Supergroup, a rift-related succession
consisting of quartzite and metaconglomerate with minor pelitic and
volcanic rocks (Chaves et al., 2013; Costa et al., 2018; Costa and Dan-
derfer, 2017), and the Neoproterozoic Macatibas Group (Fig. 2A), a
metavolcano-sedimentary succession over 10 km thick (Pedrosa-Soares
et al., 2011a).

From the base to top (Fig. 2A) and west to east (Fig. 1B and C), the
Macatibas Group includes the diamictite-free Rio Peixe Bravo Forma-
tion, deposited in an Early Tonian aulacogen (ca. 950-880 Ma, Rift 1 in
Fig. 2), and the Serra do Catuni, Nova Aurora and Chapada Acaua for-
mations, rich in diamictites, representing the glaciogenic infill of a
Cryogenian continental rift (ca. 720-670 Ma, Rift 2 in Fig. 2) that
evolved to passive margin basin and ocean-floor spreading up to the very
early Ediacaran (Pedrosa-Soares et al., 2011a; Babinski et al., 2012;
Kuchenbecker et al., 2015; Castro et al., 2019, 2020; Souza et al., 2019;
Amaral et al., 2020).

Bordering the eastern edge of the Porteirinha block (Fig. 1C), the Rio
Peixe Bravo Formation comprises quartzite, metapelite and rare meta-
conglomerate lenses, deposited in a fluvial to shallow-marine environ-
ment with no glacial evidence (Viveiros et al., 1978; Noce et al., 1997;
Pedrosa-Soares et al., 2011a).

Further east, the Nova Aurora Formation, a thick (1-3 km) package
of stratified diamictites with lenses of graded sandstone and pelite,



Table 1

Main features of selected deposits of Neoproterozoic iron formations (IF), banded iron formations (BIF) and diamictitic iron formations (DIF). 1, This work; 2, Piacentini et al. (2007); 3, Klein and Ladeira (2004); 4, Angerer
et al. (2016); 5, Cox et al. (2013); 6, Lechte and Wallace (2016); 7, Lottermoser and Ashley (2000); 8, Klein and Beukes (1993); 9, Halverson et al. (2011); 10, Busigny et al. (2018); 11, Feng et al. (2017); 12, Lechte et al.
(2018a); 13, Ilyin (2009); 14, Basta et al. (2011); 15, El-Rahman et al. (2019); 16, Stern et al. (2013); 17, Hu et al. (2020); 18, Castro et al. (2020); 19, Pedrosa-Soares (1995); 20, Pedrosa-Soares et al. (1998); 21, Queiroga
(2010); 22, Amaral et al. (2020); 23, Castro et al. (2019); 24, McGee et al. (2018). Sturtian glaciation age by Rooney et al. (2015). Macatibas Group I includes the Early Tonian units, and Macatibas Group II the Cryogenian
units (cf. Pedrosa-Soares and Alkmim, 2011; Pedrosa-Soares et al., 2011a; Kuchenbecker et al., 2015; Castro et al., 2019, 2020; Amaral et al., 2020). BIF, DIF and IF: Fe > 15 wt%); ferruginous diamictite (FD): Fe = 5-15 wt
%. *age of detrital zircons; #age of metamorphism.

Local name Location Stratigraphic unit ~ Thickness Average Resource Main iron Main gangue Main iron- Minor iron-rich Depositional Age Correlation Ref.
(m) wt% Fe (10° tons) oxides rich rocks rocks Environment (Ma) to glaciation
Nova Aurora Iron Minas Gerais, Nova Aurora 50-600 25 20 hematite, quartz, hematite-rich magnetite-rich high-energy distal <854* Sturtian 1,18
District Brazil Formation, magnetite muscovite, DIF and FD metadiamictite glaciomarine, >570%
Macatibas Group carbonate followed by
transgression
Urucum Mato Grosso, Puga and Santa 75-270 44 36 hematite, quartz, hematite-rich centimetric shallow <686* Marinoan 2,3,
Iron-Manganese Brazil; Eastern Cruz formations, jasper, muscovite BIF banding BIFs glaciomarine, >560% 4.24
District Bolivia Jacadigo Group magnetite associated to
transgression
Chuos and Numees ~ Namibia Chuos Formation greatly 28 magnetite chert jaspilite, massive low-energy, 717-660  Sturtian 5,6
variable laminated IF ferruginous sub-ice shelf, ice-
diamictites proximal
glaciomarine
Oparina, South Australia Braemar 100 29 4.2 hematite quartz, laminated IF diamictitic low-energy, 717-660  Sturtian 5, 6,
Halowilena and Ironstone, muscovite, ironstone sub-ice shelf, ice- 7
Braemar Umberatana carbonate proximal
Group glaciomarine
Rapitan Northwestern Sayunei 20-100 28 18 hematite chlorite, BIF and ferruginous low- to high- 720 Sturtian 5, 8,
North America Formation, and jasper smectite, laminated IF diamictites energy 9
Rapitan Group quartz, glaciomarine
carbonate associated to
transgression
Fulu South China Fulu Formation 8-50 15 hematite quartz, laminated IF ferruginous low-energy, 716-691 Sturtian 10,
biotite, siltstones sub-ice shelf, ice- 11
feldspar, proximal
chamosite glaciomarine
Kingstone Peak California, USA Kingston Peak <10 29 hematite detrital clays, laminated intermediate to 12
Formation, chert, ferruginous ice-distal
Pahrump Group chlorite shales glaciomarine
Mugur Tuva, Mongolia Mugur Formation 10 38 0.3 magnetite quartz BIF 767-600 13
Wadi and Silasia Arabian-Nubian Silasia Formation ~ 10-90 42 magnetite quartz, BIF island arc 750-696 14,
Shield carbonate 15,
16
Dahongliutan Northwestern Dahongliutan IF 100 33 hematite quartz, oxide facies silicate and shallow shelf 593 17
China dolomite, BIF carbonate facies
calcite, BIF
muscovite
Ribeirao da Folha Minas Gerais, Macatibas Group <10 30 magnetite quartz, magnetite- silicate and ophiolite complex 645 19,
Formation Brazil I amphibole rich BIF sulfide facies BIF 20,
21,
22
Capelinha Minas Gerais, Macatbas Group <10 22 magnetite quartz, mica oxide-facies quartzite continental rift 930 21,
Formation Brazil I BIF 23
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The Nova Aurora Formation represents mass (debris) flows and
high-to-low density turbidites, deposited during the Cryogenian rift
stage (Rift 2, Fig. 2) of the Macatibas basin (Pedrosa-Soares and Alkmim,
2011; Pedrosa-Soares et al., 2011a; Babinski et al., 2012; Kuchenbecker
et al.,, 2015). More recently, detailed sedimentological-stratigraphic
studies coupled with robust U-Pb and Lu-Hf data constrained the
sedimentation age of Macatbas glaciomarine deposits between 720 and
670 Ma (Castro et al., 2020), providing solid evidence to support pre-
vious correlations with the Sturtian glaciation event (Pedrosa-Soares

metamorphosed in greenschist facies, unconformably overlies the Rio
Peixe Bravo Formation (Viveiros et al., 1978; Noce et al., 1997; Uhlein
et al., 1999; Pedrosa-Soares et al., 2011a; Vilela et al., 2014).

The Nova Aurora Formation is one of the glaciomarine successions of
the Macatibas Group (Karfunkel and Hoppe, 1988; Pedrosa-Soares et al.,
1992, Pedrosa-Soares et al., 2011a; Uhlein et al., 1998, 1999; Castro
et al,, 2020), comprising massive to poorly stratified diamictites,
clast-poor diamictites with clasts size decreasing upwards, and lenses of
fining-up graded-bedded sandstones and pelites with load structures.
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Fig. 1. (A) Regional location of the Nova Aurora Iron District (black polygon) in western Araguai Orogen to the east of the Sao Francisco Craton (SFC), and (B)
Simplified regional map covering the Macatibas Group (both modified from Pedrosa-Soares et al., 2011a); (C) Regional geological map including the Nova Aurora
Iron District (modified from Pinto and Silva, 2014, and Lombello, 2020); (D) Image for the Total Gradient Amplitude (TGA) from airborne magnetic survey (data

from CODEMIG-SEDE-CPRM (2006).
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et al., 2011a; Babinski et al., 2012).

A sub-unit of the Nova Aurora Formation, the Riacho Po¢oes Mem-
ber, encompasses the iron-rich metadiamictites of the Nova Aurora Iron
District (Fig. 2). According to systematic geological mapping, airborne
geophysical survey, prospecting work (including more than 220 km of
borehole drilling) and data integration modelling, the Nova Aurora Iron
District includes iron-rich diamictites composing up to 50 km long
segments of the Riacho Pocoes Member (Viveiros et al., 1978; Vilela,
1986, 2010; Mourao and Grossi-Sad, 1997; Noce et al., 1997; Roque
et al., 1997; Pedrosa-Soares et al., 2011a; Vilela et al., 2014; Mario,
2015; Voll et al., 2020). The layers of iron-rich metadiamictites are
thicker to the west, with local apparent thickness up to 600 m (Viveiros
et al., 1978), becoming gradually thinner towards the east and southeast
(Fig. 2B). Hematite is the most abundant and widespread iron oxide in
the metadiamictites of the Nova Aurora Iron District, occurring in the
iron-rich metadiamictites that gradually pass to barren metadiamictites,
both preserved from the regional deformation, and in strongly deformed
iron-rich metadiamictites (columns I and IV in Fig. 2B) (cf. Viveiros
etal., 1978, Vilela, 2010, Mario, 2015). Magnetite-rich metadiamictites
are only found locally and ever associated to fold hinges (Fig. 2B column
I1I) or major shear zones (Fig. 2B column V; see detailed descriptions on
the iron-rich units in section 4).

2.1. Tectonics and metamorphism

During regional tectonics and metamorphism, the Nova Aurora iron-
rich diamictites evolved to metadiamictites with hematite and/or
magnetite recrystallized along ductile foliations and high-strain zones,
and locally re-concentrated by late tectonic hydrothermal processes
associated to the shear zones. The regional tectonics and metamorphism
(ca. 570-540 Ma) generated distinct sets of tectonic structures related to
three deformational phases on the Macatibas Group (Pedrosa-Soares
et al., 1992; Mourao and Grossi-Sad, 1997; Roque et al., 1997; Uhlein
et al., 1998; Marshak et al., 2006; Vilela, 2010; Peixoto et al., 2018a).

The first deformation phase (D;) corresponds to the main regional
ductile deformation, characterized by NNE-trending foliation (S;)

Journal of South American Earth Sciences 112 (2021) 103614

dipping 15° to 50° to ESE. Generally, the S; foliation is a penetrative
schistosity, materialized by oriented mica, hematite and stretched
quartz, parallel to the axial plane of west-verging, asymmetric tight to
isoclinal folds (F;) usually partially to completely transposed along fold
hinges. A striking stretching lineation (L;) is marked by elongated,
symmetric to sigmoidal clasts in metadiamictites that are parallel to the
mineral lineation of mica, hematite and stretched quartz imprinted in
the S; foliation. Kinematic indicators related to D; structures indicate
tectonic transport to west, whilst metamorphic mineral assemblages
syn-kinematic to S; foliation disclose increasing P-T conditions from
west to east, reaching the garnet zone of the greenschist facies in the
study area (Mourao and Grossi-Sad, 1997; Vilela, 2010; Pedrosa-Soares
et al., 2011a, 2011b; Peixoto et al., 2018b).

The second deformation phase (D) is characterized by W-dipping
(~45°), NS-trending S, crenulation cleavage-to-schistosity, crosscutting
the S; schistosity. The east-verging S, cleavage-to-schistosity is parallel
to the axial plane of asymmetric cascade folds that refold F; tight folds
(Alkmim et al., 2006; Marshak et al., 2006). At the latest Dy stage,
normal faults parallel to Sy show hanging-wall blocks displaced downdip
towards east (Marshak et al., 2006). Mica, hematite and quartz recrys-
tallized along Sy crenulation domains and shear zones, record a
low-grade greenschist facies free of garnet (Vilela, 2010; Peixoto et al.,

2018a).

Structures related to these two deformation phases can be recognized
at various scales, such as the F; folds seen in regional geological and
geophysical maps (Fig. 1C and D) and the relationships between S; and
Sz in outcrops and thin sections, detailed in the following descriptions

(Fig. 3 to Fig. 9).

The third deformation phase (D3) comprises regional brittle defor-
mation, characterized by NW- and NE-trending, conjugated, spaced-
fracture systems, associated with large open folds and displacements
of large ore blocks (Mourao and Grossi-Sad, 1997; Roque et al., 1997;

Vilela, 2010).
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Fig. 2. A) Stratigraphic columns of the
Macatbas Group (modified from Alkmim
et al., 2006; Pedrosa—Soares et al., 2008,
Pedrosa-Soares et al., 2011a; Pedrosa-Soares
and Alkmim, 2011; Castro et al., 2019; Cas-
tro et al., 2020). As rocks underwent
low-grade metamorphism, we refer to their
protoliths. (1) Castro et al. (2019); (2) Souza
et al. (2019); (3) Babinski et al. (2012); (4)
Souza (2016); (5) Machado et al. (1989); (6)
Queiroga et al. (2012); (7) Silva et al.
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Kuchenbecker et al. (2015); (10) Rosa et al.
(2007); (11) Queiroga et al. (2007); (12)
Peixoto et al. (2015); (13) Amaral et al.
(2020); (14) Castro et al. (2020); (15) This
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distinct sections of the Nova Aurora Iron
District (see Fig. 1C to column location; see
text for complementary references).
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Fig. 3. Photos of samples from drill cores. A) hematite-rich metadiamictite MRP1; B) biotite-muscovite-quartz schist Geocron-1 and respective thin sections under

plane-polarized transmitted light; C) sample MRP1; D) sample Geocron-1.
3. Materials and methods
3.1. Lithogeochemistry

Bulk-rock lithogeochemical analyzes were performed on the
matrices of 66 metadiamictite samples selected from drill cores (9
barren metadiamictites, 44 hematite-rich ferruginous metadiamictites
and 13 magnetite-rich ferruginous metadiamictites), after removing
clasts, weathering rust and coats, fracture fillings, and quartz and car-
bonate veins.

The analyses were performed by the Acme Analytical Laboratories
(Vancouver, Canada) and SGS-Geosol Laboratories (Vespasiano, Brazil).
Iron contents are referred to as FeaOs(y) (total iron). Complete data are
available in the Supplementary data A. At SGS-Geosol Laboratories, the
samples were only analyzed for their major element oxides (Al;03, CaO,
K20, MgO, MnO, Nay0O, P50s, FegO3, SiO9, and TiO,) by X-Ray fluo-
rescence after lithium tetraborate melting. Total abundances of the
major oxides and several minor elements analyzed at the Acme
Analytical Laboratories are reported for 0.1 g of analyzed sample by ICP-
AES after lithium metaborate and tetraborate melting and diluted in
nitric acid solution. Loss on ignition (LOI) was determined by weigh
difference after ignition at 1000 °C. Out of these samples, 23 (5 barren
metadiamictites, 15 hematite-rich ferruginous metadiamictites and 3
magnetite-rich ferruginous metadiamictites) were analyzed for their
Rare Earth Elements (REE) and refractory elements, determined by ICP-
MS, after sample melting with lithium metaborate and tetraborate, and
nitric acid digestion of 0.1 g for sample. In addition, a separate 0.5 g split
was digested in Aqua Regia and analyzed by ICP-MS to report the
precious and base metals.

For the REE data (Supplementary data A), depletion or enrichment of
the light Rare Earth Elements (LREE) in relation to the heavy Rare Earth
Elements (HREE) are expressed as a Pr(sn)/Yb(sn) (SN: shale-normalized
to PAAS — Post-Archean Australian Shale, cf. Taylor and McLennan,
1985). Europium and cerium anomalies were calculated according to
Bau and Dulski (1996) as follows:

Ce /Cex = Ce(SN)/(0.5La(SN) +0.5Pr(SN))

Eu/Eu* = Eu(SN)/(0.66Sm(SN) +0.33Tb(SN))

Praseodymium anomalies were calculated according to the following
equation, and used to identify true or false cerium anomalies (Fig. 13):

Pr/Pr + =Pr(SN)/(0.5Ce(SN) +0.5Nd(SN))

3.2. U-Pb geochronology and Lu-Hf isotopic analysis

For U-Pb and Lu-Hf isotopic analyses on detrital zircon grains, two
samples were collected from drill cores (Fig. 3), aiming to investigate
sediment provenance and maximum depositional age of the iron-rich
metadiamictite package. After rock crushing, milling and panning,
heavy mineral concentrates were obtained by conventional gravimetric
and magnetic (Frantz isodynamic separator) techniques. Zircon grains
were then randomly handpicked and mounted in epoxy disks, and pol-
ished to expose their centers. Cathodoluminescence (CL) images reveal
morphological features and internal structures of zircon grains and were
used to select the domains within the zircons for analyses.

The composite sample MRP1 represents specific drill core intervals
between 710 and 720 m deep. It comprises only hematite-rich meta-
diamictite from selected boreholes with well-constrained stratigraphic
control (central coordinates in Block 8: 16°14.60’ S, 42°44.25' W; Figs. 3
and 5). The hematite-rich metadiamictite has a dark to light grey matrix
rich in specularite, mainly enclosing clasts of quartzite (Fig. 3A and C).
Sample MRP1 was prepared and analyzed at the Geochronological
Research Center (CPGeo), University of Sao Paulo, Brazil. For MRP1
sample, U-Pb and '7%Lu/!7’Hf analyzes were carried out using a
Neptune MC-LA-ICP-MS coupled to an Excimer ArF (A = 193 nm) Laser
Ablation. A total of 78 zircon grains from sample MRP1 were analyzed.

The sample Geocron-1 is composed of biotite-muscovite-quartz
schist (Fig. 3B and D) and covers about 1 m at around the 565 m
depth in the drill core FSF-340, also in Block 8 (coordinates 16°13.40’ S
and 42°43.27° W, Fig. 5). It was collected in the upper transition zone
from iron-rich to barren metadiamictites in drill core FSF-340 and is
relatively poor in hematite. The Geocron-1 mount was analyzed using an
Element-2 Thermo Finnigan coupled with a Photon machines 193 nm
laser system of the Isotope Geochemistry and Geochronology Laboratory
of the Federal University of Ouro Preto, Brazil. A total of 95 zircon grains
from sample Geocron-1 were analyzed.

Data evaluation for each analysis took into account the common Pb
contents, errors of isotopic ratios, percentages of concordance and Th/U
ratios. Only analyses with concordance more than 90% were used for
age calculations and plotting in histograms, using the software Isoplot/
Ex (Ludwig, 2003). As all ages are older than 800 Ma, the 207pp, /206pp
ages were used for plotting in histograms.
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Fig. 4. Photomicrographs of thin sections under plane-polarized transmitted light (qz: quartz; ms: muscovite; cb: carbonate; hem: hematite): A) quartz-rich matrix
metadiamictite; B) mica-rich-matrix metadiamictite. Stratigraphic references in Figs. 5 and 6.
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Fig. 5. Geological and geochemical data from surface mapping and drill cores on Block 8 (stars on sampled borehole drill cores): A) Geological map (see also Fig. 1C)

and geological cross section A-A’. B) Lithologic and geochemical logs.

Lu-Hf isotopic analyses of zircon were carried out in the same grain
domains analyzed for U-Pb dating. The laser was operated with a spot of
47 pm in diameter, fluence of 1.61 J/cm 250 s, and a pulse rate of 7 Hz.
The eHf(, values calculation considered a decay constant for ”®Lu of
1.867 x 10~ 11 (Soderlund et al., 2004) and present-day chondritic ratios
of 176Hf/177Hf = 0.282772 and '7Lu/77Hf = 0.0332 (Blichert-Toft and
Albarede, 1997). The Hf evolution curve of the depleted mantle was
determined from present-day depleted mantle values with 76Hf/}77Hf
ratio of 0.283225 and '7Lu/'’Hf ratio of 0.038512 (Vervoot and
Blichert-Toft, 1999). The analyzes were done in the same laboratories as
the respective U-Pb analyses were made.

4. Iron-rich metadiamictite deposits

The Nova Aurora Iron District (Fig. 1C) comprises layers and lenses
of iron-rich metadiamictites enclosed by barren metadiamictites (Fe < 5
wt%) in the Riacho Pogoes Member at the lower Nova Aurora Formation

(Macatibas Group; Figs. 2, 5 and 6).

The Nova Aurora Iron District comprises distinct iron-rich meta-
diamictites, concerning the iron content and prevail ore mineral
(Fig. 2B, Table 2). The diamictitic iron formations (DIF) contain total Fe
> 15 wt% (or total iron as FexOs) > 21.45 wt%), including hematite-
rich DIF and magnetite-rich DIF. Barren metadiamictites have less
than 5 wt% Fe. Hematite-rich and magnetite-rich (or ferruginous)
metadiamictites are intermediate members between DIFs and barren
metadiamictites (Table 2). Hematite largely prevails in most iron-rich
metadiamictites, whereas magnetite is more abundant in ductile shear
zones (Figs. 2B and 6).

4.1. Barren metadiamictites (total Fe < 5%)

The barren metadiamictites encompass the regional metadiamictites,
including layers and lenses of sulfide-bearing metadiamictite (Figs. 2B,
7B and 8B; Table 2). They show foliated matrix, composed of (vol %,
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Fig. 6. A) Geological map of Block 7 (location in Fig. 1C) and geological cross section A-A’; B) Stratigraphic column for Block 7, and corresponding geochemical logs

for drill cores.

Table 2

Metadiamictites of the Nova Aurora Iron District, according to iron contents (Fe*, total iron, and Fe**, on average iron, contents in wt%) and prevailing iron oxide
mineral in rock matrix (in vol%). DIF, diamictitic iron formation. FD, iron-rich or ferruginous metadiamictite. BM, barren metadiamictite. SM, sulfide-bearing
metadiamictite. LA, number of lithogeochemical analysis (data are in the Supplementary data A). TS, number of thin sections. Modal contents (in vol%) of min-
erals estimated from microscopic evaluations under reflected light: Hem, hematite; Mag: magnetite; Qz, quartz; Ms, muscovite; Cb, carbonate; Bt, biotite; Chl, chlorite;

Ep, epidote; Ap, apatite; Tur, tourmaline; Py, pyrite; Grt, garnet).

Rock Fe* Fe** LA TS Hem Mag Qz Ms Cb Bt Chl Ep Ap Tur Py Grt
Hematite-rich DIF >15 25 13 55 22-55 <1-5 17-57 2-32 <1-30 <1-13 <1-7 <1-7 <1-3 <1-3 <1 -
Magnetite-rich DIF >15 20 17 15 <1-10 21-40 15-60 2-27 <1-32 <1-21 <1-33 <1 <1 <1 <1-5 <1
Hematite-rich FD 5-15 10 24 48 7-21 1-5 28-57 8-40 <1-33 <1-18 <1-20 <1-7 <1-2 <1-3 - -
Magnetite-rich FD 5-15 9 4 9 3-10 7-20 40-75 <1-25 <1-45 <1-2 <1-23 <1 <1 <1 <1 <2
BM and SM <5 3 8 44 1-7 1-5 27-80 5-44 1-48 <1-45 <1-39 <1-10 <1 <1-3 <1-6 <1-17

Table 2) quartz (27-80), muscovite (5-44), biotite (<1-45), chlorite
(<1-39), carbonate (<1-48), feldspars (<1), epidote (<1-10), tour-
maline (<1-3), apatite (<1), sulfide (<1-6) and zircon (<1). Oriented
mica flakes and needles of metamorphic tourmaline, and elongated
grains of quartz, carbonate and epidote outline the regional ductile
foliation (S;) and a mineral lineation (L;) parallel to stretched rock
clasts. Rounded-shaped minerals (e.g., carbonate, feldspar, quartz,
apatite, tourmaline, and zircon) and rock clasts attest detrital sedi-
mentary provenance. Mica and chlorite outline the S, foliation in
crenulation domains, crosscutting the S; foliation. Locally, barren met-
adiamictites contain pyrite (up to 6 vol%) and traces of pyrrhotite and
chalcopyrite, disseminated in the matrix and stretched along the S;
foliation, associated with magnetite (<5 vol %) and garnet porphyro-
blasts (very rarely as much as 17 vol%), characterizing the sulfide-
bearing metadiamictites. Mica and garnet contents show positive cor-
relations against quartz, reflecting the increase of alumina content (i.e.,
in argillaceous mud) in the metadiamictite matrix. Generally, barren
metadiamictites rich in muscovite with disseminated sulfide (<6 vol %)
overlie iron-rich metadiamictites (Fig. 4). Rarely, barren meta-
diamictites enclose thin lenses of chlorite schist stretched along the S;

foliation, which may also contain deformed pyrite crystals.

The barren metadiamictites are polymictic with pebbles to boulders
composed of carbonate rock, quartz vein, quartzite, phyllite, micaschist,
gneiss, migmatite and granite. Clasts of metapelites and carbonate are
usually strongly stretched along the regional lineation (L;; Fig. 7),
whereas larger clasts of quartz vein, quartzite, gneiss and granite usually
preserve angular to rounded shapes. Clast distribution varies from
chaotic, in massive metadiamictites, to size-classified in stratified met-
adiamictites with fining-up graded-bedding metasandstone to meta-
pelite lenses, showing load structures. These rock assemblages and
depositional structures have been interpreted as mass (debris) flows to
turbiditic sedimentation in the Nova Aurora Formation and other dia-
mictitic units of the Macatibas Group (Pedrosa-Soares et al., 1992,
Pedrosa-Soares et al., 2011a; Uhlein et al., 1998, 1999; Castro et al.,
2020). Scattered oversized clasts, enveloped by metasandstone and
metapelite interleaved with metadiamictites, suggest dropstones from
iceberg discharges (cf., Karfunkel and Hoppe, 1988; Pedrosa-Soares
et al., 2011a; Castro et al., 2020). Clasts of iron-rich rocks are absent in
the barren and iron-rich metadiamictites.
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4.2. Hematite-rich diamictitic iron formation (DIF) and hematite-rich
metadiamictite

The most voluminous iron-rich rocks in Nova Aurora deposits are
hematite-rich diamictitic iron formation (DIF: Fe > 15 wt%) and
hematite-rich metadiamictite (Fe = 5-14 wt%; Table 2; Fig. 2 and
Figs. 5-8). In the studied areas, the iron-rich packages range from 50 to
450 m thick (Figs. 5 and 6), and generally show ductile shear zones with
striking specularite recrystallization (up to 80 vol%) at the base
(Figs. 5B, 6B and 7E, 7F). Along these shear zones, the specularite-rich
DIF shows decrease in quartz and other matrix minerals, as well as
rotated and stretched rock clasts and magnetite porphyroblasts. Locally,
ductile shear zones enriched in magnetite, quartz veins, chlorite and
pyrite also outline tectonic contacts between iron-rich metadiamictites
and underlying barren metadiamictites (Fig. 8D). The lower sections of
the hematite-rich unit show thin layers of quartzite that are barren in
iron-oxides (Fig. 7D). The upper layers of iron-rich metadiamictites
show metric-thickness lenses of micaschist and scarcity of quartzite in-
tercalations, attesting increase in mud sedimentation against decrease in

Journal of South American Earth Sciences 112 (2021) 103614

Fig. 7. Metadiamictites of the Nova Aurora Iron
District: A) Hematite-rich metadiamictite with
outsized clasts (boulders); B) Barren quartz-rich-
matrix metadiamictite; C) Stretched clasts parallel to
mineral lineation in hematite-rich metadiamictite; D)
Hematite-rich metadiamictite with quartzite bands
recording primary stratification parallel to the
regional schistosity S;, cut by the S, crenulation
foliation in hematite-rich layers; E) Crenulated
hematite-rich DIF from a basal shear zone (mag:
magnetite); and F) Folded and crenulated, banded,
hematite-rich DIF with strongly stretched clasts from
a basal shear zone.

sand contribution. Both syn-sedimentary features suggest transition to
deeper water environment, probably associated with marine trans-
gression, in relation to the sandy-matrix barren metadiamictites richer
in quartzite lenses underlying the iron deposits. Clast assemblages, sizes
and compositions are virtually identical in both the hematite-rich met-
adiamictites and barren metadiamictites. The absence of clasts of iron-
rich rocks in both metadiamictites suggests no significant supply of Fe-
rich detrital sediments to the basin.

Hematite-rich and metadiamictite and DIF matrices have largely
variable modal contents (vol%) of hematite (7-55), quartz (17-57),
muscovite (2-40) and carbonate (<1-33), biotite (<1-18), chlorite
(<1-20), epidote (<1-7), tourmaline (<3), apatite (<3), and traces of
zircon. Hematite content decreases to the top, showing inverse corre-
lation to mica content that increases upwards (Fig. 5). Hematite occurs
disseminated and oriented in metadiamictite matrix, forming laminae,
bands, and pods along S; and S; foliations, with reconcentrations at
microlithon boundaries (Figs. 7 and 9). Hematite oriented along the S;
foliation envelops detrital grains, showing no evidence of reaction,
replacement, coating and filling of fracture or cleavage on any matrix
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Fig. 8. Core samples from diamond drill holes on the Nova Aurora Iron District. A) Rotated and stretched clasts parallel to S; foliation in hematite-rich meta-
diamictite; B) Sulfide-bearing metadiamictite; C) Hematite-rich metadiamictite from a low-grade iron ore interval; D) Post-S; sulfide-rich veinlets and pyrite por-
phyroblasts in a hematite-rich metadiamictite; E) Diamictitic iron formation (DIF) rich in magnetite porphyroblasts.

components and clasts. Usually forming fine-grained specularite flakes
and minute granular crystals (Fig. 9A and B), hematite also may occur as
porphyroblasts along S; and S foliations (Fig. 9C and D). Fine-grained
quartz and carbonate grains are two major components of the matrix
and show polygonal recrystallization shapes. Muscovite, biotite, and
chlorite, together with hematite, materialize the S; foliation, enveloping
detrital grains. Partially to fully martitized magnetite porphyroblasts
(<5 vol%), commonly deformed with sharp growth edges bounded by
quartz, are disseminated in metadiamictite matrix (Fig. 9F). Along high-
strain bands, deformed magnetite porphyroclasts display hematite-rich
recrystallization tails and pressure shadows filled by quartz and/or
carbonate (Figs. 7E and 9E). Apatite is the only phosphorous mineral
observed in hundreds of thin sections, showing a clear positive corre-
lation with P2Os content (Figs. 5B and 6B). Tourmaline developed as
single prismatic crystals along S; foliation and as overgrown rims
around rounded cores.

4.3. Magnetite-rich diamictitic iron formation (DIF) and magnetite-rich
metadiamictite

Magnetite-rich DIF and magnetite-rich metadiamictite only occur in
high-strain ductile shear zones that may reach up to 200 m thick
(Figs. 2B and 6), displaying dark-grey bands rich in magnetite alternated
with quartz-muscovite-rich bands (Figs. 6 and 8D; Table 2). The greater
the magnetite content, the smaller the hematite modal values and
darker-colored the metadiamictite. In those rocks, the magnetite (7-40
vol%, Table 2) usually forms undeformed porphyroblasts, disseminated
in foliated matrix composed of quartz (15-75 vol%), muscovite (<1-27
vol%), carbonate (<1-45 vol%), biotite (<1-21 vol%), chlorite (<1-33
vol%), hematite (<1-10 vol%), and traces of epidote, apatite, and zircon
(Fig. 10). Magnetite shows no evidence of reaction, replacement, coating
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and filling features on detrital grains (Fig. 10E and F). In the magnetite-
rich metadiamictite, the magnetite is much more abundant than he-
matite, forming slightly to non-deformed larger crystals than the
magnetite of the top transition zone of the iron deposits beneath the
upper barren metadiamictite (Fig. 5). Magnetite martitization and
specularite recrystallization increase in the highest strain zones
(Fig. 10B and D). In the basal shear zone in Block 7 (Fig. 6) there is an
increase in chlorite and biotite that may be accompanied by coarse
crystals of euhedral garnet porphyroblasts (up to 5 mm in diameter)
disseminated in the matrix (<2 vol%) (Fig. 6). These crystals were
formed at a late stage, consuming biotite and chlorite and overgrowing
the other minerals in the matrix, including magnetite.

5. Analytical results
5.1. Lithogeochemistry

5.1.1. Major elements

The barren metadiamictite matrix rich in quartz has SiO between 68
and 80 wt%, and Fe;O3 up to 7% owing to biotite, epidote and pyrite
modal contents (Fig. 11A; Supplementary data A). Metadiamictite ma-
trix rich in biotite, chlorite and/or garnet shows abnormally high Fe;O3
(up to 20.81 wt%) and Aly,O3 (up to 12.50 wt%) contents, indicating
copious iron-rich mud in the sedimentary protolith. CaO, K0 and MgO,
reaching together 9 wt%, represent feldspar and carbonate clastic
fractions.

Matrices of diamictitic iron formation (DIF >15 wt% Fe) and of
metadiamictites rich in hematite and/or magnetite (5-15 wt% Fe) have
SiOg between 13.24 and 78.02 wt% and Al,Os ranging from 0.32 to 12
wt%, reflecting their relatively high contents of quartz, mica and feld-
spars. Fe;O3 content in the hematite-rich metadiamictite matrix ranges
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between 7.55 and 45.04 wt%, reaching up to 78.02 wt% in samples from
the ductile shear zones (Fig. 7E and F). Magnetite-rich metadiamictite
matrix has FeoO3 between 7.91 and 34.46 wt% with the highest contents
given by magnetite-specularite-rich samples from ductile shear zones.
MnO content is generally low (0.7 wt%) but rarely reaches up to 9 wt%
in magnetite-rich DIF from high-strain zone. CaO, K20 and MgO, up to 8
wt% in total, are related to carbonate, feldspars and mica contents. Low
P,05 (<1 wt%) corroborates apatite scarcity in all iron-rich meta-
diamictites. Even though metadiamictites are poor in apatite, drill cores
in Block 8 show abnormal phosphorus concentrations towards the base
of the ore section, close to the basal hematite-rich shear zone (Fig. 5) and
in Block 7, the highest concentrations of phosphorus occur in the
magnetite-rich metadiamictites with high iron grades, found in high
strain zones.

5.1.2. Rare earth elements (REE + yttrium) patterns

The REE patterns for the matrices of iron-rich and barren meta-
diamictites are similar to PAAS - Post-Archean Australian Shale (Fig. 12,
Table 1), showing rather flat trends with Prsn)/Ybsn) ratios around 1
(Fig. 12A-C, 13). Although the iron-rich metadiamictites are slightly
depleted in light REE (Pr(sn)/Ybsn) < 1), they also display roughly flat
patterns (Prsn)/Ybny ~ 0.9-1.0) similar to PAAS (Fig. 12B and C).
Among the hematite-rich metadiamictite samples, those with alumina
content lower than 1% are more depleted in light REE, showing some-
what more fractionated REE patterns (average Pr(sy)/Ybeny = 0.35)
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Fig. 9. Photomicrographs of hematite-rich meta-
diamictites under reflected light (cb, carbonate; hem,
hematite; mag, magnetite; ms, muscovite; qz, quartz):
A) Fine-grained specular hematite outlining the S;
foliation that envelops recrystallized quartz and rare
granular hematite; B) Band rich in fine-grained
specular hematite along S; foliation; C) Specularite-
rich and hematite-poor bands, parallel to S; folia-
tion; D) S, crenulation foliation with recrystallized
specular hematite, cutting S; schistosity; E) Stretched
porphyroblast of martitized magnetite with
specularite-bearing  recrystallization  tails; F)
Deformed magnetite bounded by recrystallized
quartz.

(Fig. 12B), in agreement with their lower mica content (with Pearson’s
correlation coefficient between Al,O3 wt% and Pr(sy)/Ybesny r = 0.9).
However, a very low-alumina (0.32 wt%) hematite-rich metadiamictite
(12 wt% Fe) shows significant depletion in light REE in relation to heavy
REE (Pr(sny/Ybesny = 0.15) (Fig. 12B; sample B7ZF50AM4A in Supple-
mentary data A). Samples of magnetite-rich metadiamictite also show
flat REE patterns, with the magnetite DIF richest in iron also displaying a
slightly depletion in light REE and fractionated pattern (Pr(sn)/Ybsn) <
1), (Fig. 12C). Furthermore, all metadiamictite samples show REE pat-
terns very distinct from modern hydrothermal fluids (Fig. 12). No sig-
nificant Cerium anomalies for Pr/Pr*~1 were observed in the analyzed
samples (Fig. 13).

5.2. U-Pb geochronology and Hf isotopes

5.2.1. Zircon U-Pb data

Most detrital zircon grains from the iron-rich metadiamictite (MRP1)
and biotite-muscovite-quartz schist (Geocron-1) show internal oscilla-
tory zoning typical of igneous rocks (Fig. 14).

5.2.1.1. Hematite-rich metadiamictite (sample MRPI). Seventy-eight
zircon grains, ranging from 85 to 345 pm in length, were recovered from
sample MRP1 to perform U-Pb analyses (Supplementary data B). Most
of them are rounded to sub-rounded, indicating sedimentary transport,
but there are also some euhedral prismatic grains. No specific
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correlation between morphology and internal structure with grain ages
was observed (Fig. 14A). The 2°7Pb/2%6Pb ages range from 930 Ma to
2455 Ma with age peaks at 973 + 11 Ma (5%), 1256 + 5 Ma (19%),
1515 + 6 Ma (14%), 1813 + 6 Ma (12%), 1978 + 4 Ma (25%) and 2139
+ 4 Ma (25%) (Fig. 15A). The youngest grain was dated at 930 + 24 Ma.

5.2.1.2. Biotite-muscovite-quartz schist (sample Geocron-1). Among 112
zircon analyzed grains, 95 provided reliable results with more than 90%
concordance for sample Geocron-1 (Supplementary data B). They are
mostly rounded and sub-rounded grains up to 200 pm in length, and
minor elongated prismatic grains with rounded edges, attesting sedi-
mentary transport. Again, there is no age correlation with grain
morphological and textural features (Fig. 14B). The U-Pb ages range
from 879 Ma to 3250 Ma with age peaks at 953 + 15 Ma (11%), 1237 +
10 Ma (20%), 1521 + 9 Ma (20%), 1821 + 8 Ma (24%), 2049 + 10 Ma
(14%), and 2686 + 11 Ma (11%) (Fig. 15C). The youngest grain was
dated at 879 + 42 Ma.

5.2.2. Lu-Hf data

5.2.2.1. Hematite-rich metadiamictite (sample MRPI1). Twenty-eight
grains with Mesoproterozoic and Tonian ages were selected for isotope
Lu-Hf analyzes from sample MRP1 (Supplementary data B). Overall,
eHf(y) values vary from +8.68 to —12.29 (Fig. 15B). Mesoproterozoic
grains show Hf Tpy model ages from 1600 Ma to 2400 Ma, with mostly

W
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Fig. 10. Photomicrographs of magnetite-rich meta-
diamictite under plane-polarized (A) and crossed-
polarized (A, E) transmitted light, and correspond-
ing photos under reflected light (B, D, F). Minerals: bt,
biotite; chl: chlorite; hem: hematite; mag, magnetite
(t, martitized domains); ms: muscovite; qz, quartz. A
and B: stretched, coarse-grained, partially martitized
magnetite porphyroblasts enveloped by stretched
quartz and muscovite outlining S; schistosity. C and
D: euhedral to subhedral magnetite porphyroblasts in
chlorite-rich matrix. E and F: euhedral to subhedral,
fine-grained magnetite in quartz-rich matrix, envel-
oping a rounded-shaped quartz grain.

#e 90

hl. /,

positive (up to +8.68) eHf values for Calymmian grains (with only two
exceptions: —0.83 and —2.13), eHf from +6.13 to —7.35 for Ectasian
grains, and most negative values up to —8.01 for Stenian zircons with
only two positive values up to +3.50. Tonian grains present negative ¢Hf
values from —0.25 to —12.29 with Hf Tpy model ages ranging from
1790 Ma to 2550 Ma.

5.2.2.2. Biotite-muscovite-quartz schist (sample Geocron-1). Eighty-eight
zircon grains were selected for isotope Lu-Hf analyses from sample
Geocron-1 (Supplementary data B). Overall, eHf(, values vary from
+6.91 to —23.39 (Fig. 15D). All Archean grains have negative eHf
(—1.46 to —8.07) values and Hf Tpy model ages ranging from 3140 Ma
to 3930 Ma. The oldest Hf Tpy model age (3930 Ma) is for a Siderian
grain (2434 Ma) with strongly negative ¢Hf value (—19.23). Rhyacian
and Orosirian zircon grains mostly show negative ¢Hf values (up to
—13.30) and some positive values (up to +4.67), with Hf Tpy model
ages ranging from 2020 Ma to 3140 Ma. Mesoproterozoic grains show
eHf(;) from +6.91 to —17.94, and Hf Tpy model ages from 1750 Ma to
3080 Ma. Tonian grains have eHf() from —4.63 to —23.39 with only one
positive value (+1.64), and Hf Tpy model ages from 1640 Ma to 3060
Ma.

6. Discussion

Logging data from thousands of meters of borehole drilling cores,
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together with outcrop information, have revealed iron deposits hosted in
metamorphosed clastic rocks with ore bodies consisting of hematite-rich
and/or magnetite-rich metadiamictites in the Nova Aurora Iron District;
thus, lacking the typical Rapitan banded iron formation features. Pre-
served sedimentary structures (e.g., fining-up graded bedding, clast size
classification, load structures), textures (e.g., rudite fabrics with scat-
tered oversized clasts, matrix grains and clasts with rounded shape) and
polymict rudite composition indicate the studied deposits represent
mass (debris) flows and turbiditic sedimentation in a marine setting
regionally correlated with a glaciation event recorded by the Macatibas
Group (e.g., Moraes and Guimaraes, 1931; Isotta et al., 1969; Rocha--
Campos and Hasui, 1981; Gravenor et al., 1984; Karfunkel and Hoppe,
1988; Pedrosa-Soares et al., 1992, Pedrosa-Soares et al., 2011a; Uhlein
et al., 1998, 1999).

6.1. Depositional environment and implications for Sturtian glaciation-
related iron formation

Although the studied iron-rich metadiamictites and other
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Neoproterozoic iron formations show similar iron oxide assemblage,
there are several differences among them, mainly in rock types and
related features (Table 1). The studied iron-rich metadiamictites are
essentially composed of quartz, hematite and/or magnetite and
muscovite (a mineral assemblage clearly correlated with their high
contents of iron, silica and alumina) with common accessory minerals
like feldspar, carbonate and apatite (Fig. 11A; Tables 1 and 2). Gener-
ally, fine-grained hematite is the main ore mineral in glaciation-related
Neoproterozoic iron formations, whilst the studied iron-rich meta-
diamictites display coarser-grained (up to 1 mm in length) hematite
owing to metamorphic recrystallization under garnet zone P-T condi-
tions in the greenschist facies (Table 1). In most Neoproterozoic IF, the
iron oxides and gangue minerals cluster in distinct and alternated
laminae and bands, forming laminated IF and banded iron formation
(BIF). Conversely, the studied diamictitic iron formations (DIF) and
associated ferruginous metadiamictites show hematite and/or magne-
tite disseminated in the rock matrix, with specular hematite flakes
marking the S; and S, foliations that envelop or are cut by scattered
grains of granular hematite and magnetite porphyroblasts. Concerning
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modern hydrothermal fluid (x 10%) are from Douville et al. (2002).

rock types, the Nova Aurora Iron District only shows iron-rich rudites, i.
e., DIF and associated ferruginous metadiamictites (Table 2), whereas
clast-free laminated and banded iron formations prevail in virtually all
other deposits of glaciation-related Neoproterozoic iron formations
(Table 1). Furthermore, the studied DIF and ferruginous metadiamictites
are free of any clasts from iron-rich rocks and minerals, attesting that
hematite and magnetite were not directly provided by detrital sedi-
ments. In contrast, the massive ferruginous diamictite interleaved with
the Chuos and Holowilena iron formations shows ferruginous siltstone
intraclasts that have been interpreted as detrital contribution of iron-
rich mud supplied by tectonically-induced turbidity currents and mass
flows (Lechte and Wallace, 2016). The Nova Aurora iron-rich diamictite
deposits represent high-energy (debris flows to turbidites) distal gla-
ciomarine sedimentation, contrasting with the typical Rapitan iron
formation formed in low-energy, relatively stable, shallow glaciomarine
environments (Table 1).

In both hematite-rich and magnetite-rich metadiamictites Al;03 and
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FeyO3p concentrations display negative correlations with Pearson’s
correlation coefficient (r) around —0.7 and R> ~0.5 (Fig. 11B), while the
barren metadiamictite has moderately positive correlation (r = 0.51 and
R? = 0.26). By using the Fe/Ti vs Al/(Al + Fe + Mn) relation (cf. Lot-
termoser and Ashley, 2000; Cox et al., 2013; Feng et al., 2017), the
barren and iron-rich metadiamictites are compared to recent hydro-
thermal and mixed (hydrothermal plus clastic) sediments, the
Post-Archean Australian Shale — PAAS, and to non-glaciogenic iron
formations of the Macatbas Group (Fig. 11C; Table 1). High Fe/Ti and
Fe/Al ratios are typical of hydrothermal fluids because aluminum and
titanium are essentially insoluble in seawater and resilient to hydro-
thermal alteration (Feng et al., 2017, and references therein). Actually,
the iron-rich metadiamictites span from the hydrothermal sediments
end-member to the PAAS (pelite) zone through the wide domain of
mixed (clastic-hydrothermal) sediments (Fig. 11C), suggesting that iron
was supplied by both hydrothermal and detrital sources. Conversely, the
barren metadiamictite samples cluster around the PAAS, suggesting
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their low iron content is given by clastic components like iron-rich
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silicates (e.g., biotite and tourmaline). As expected, the non-glaciogenic
Macatibas (Capelinha and Ribeirao da Folha) BIF plot in the hydro-
thermal sediments zone (Fig. 11C; Table 1).

Recrystallization processes along shear zones at the base of iron
deposits point to hydrothermal activity associated with the D; defor-
mation phase. Conversely, progressive hematite depletion against in-
crease in muscovite, magnetite and sulfide towards the top of iron-rich
metadiamictite piles suggest gradual changing from oxidizing to
reduction conditions during sedimentation (Fig. 5). In fact, the greatest
iron enrichment resulted from specularite recrystallization during the
main mylonitic deformation associated with selective mineral leaching
process. This deformation also induced tectono-metamorphic enrich-
ment of phosphorous indicated by higher PoO concentrations towards
the basal hematite-rich shear zone in Block 8 (Fig. 5).

The REE patterns also record pelite (mud) contribution (given by
alumina content from mica and other Al-rich silicates) in relation to
silica (quartz) and iron contents in metadiamictite matrices. The higher
the alumina content, the greater the REE content and the flatter the REE
pattern (in relation to PAAS). On the other hand, metadiamictites richer
in both silica (quartz) and iron oxide (hematite and/or magnetite), and
poorer in alumina (i.e., in mica) tend to display lower REE contents and
lower REE mass fractions compared to the rocks richer in alumina and
PAAS normalized patterns depleted in LREE (Fig. 12). They also show no

Tonian - NP(t)
Stenian - MP(s|

Calymmian - MP(c)
Statherian - PP(st)

PN

o
2
o
=

\

c
Q9

0
8

(53
L

Orosirian - PP(0)

CL image CL image

Stenian - MP(s|

=
@
2
[+ 8
o
\
c
o
=
5}
<
£
pol
(2]

[vy)
Rhyacian - PP(r)  Calymmian - MP(c) Tonian - NP(t) L Rhyacian - PP(r)

Q U-Pb spots 100 pm

QO Lu-Hf spots

Siderian - PP(si)

Age: “"Pb/*Pb age (Ma)
eHf: at “’Pb/"“Pb age
T, Hf model age (Ga)

CL image

Ectasian - MP(e)

Orosirian - PP(0)

Fig. 14. Representative CL images of detrital zircons for samples: A) MRP1; B) Geocron-1.

15



FE.T. Vilela et al.

Journal of South American Earth Sciences 112 (2021) 103614

s 23 2 c 288835 <3 Fig. 15. U-Pb and Lu-Hf diagrams. Background
T £ g % < g £22s22 212 & colors for time divisions according to the Interna-
A’ 16 rurpP1 s 25 Erve) g 18 rv— ‘ T Tage +20 Frac, tional St'ratigraphic Chart'(2019): NP(1), Toni'an; MP
14 n=78 973 11 0.05 16 |"= 95 L Ll 953 15 0.1 (s), Stenian; MP(e), Ectasian; MP(c), Calymmian; PP
Input errors: |~ 1~ 1256 5 0.19 Input errors: [ ' 11237 10 0.20] oo, T, fan.
o ab 55 6 014 o Ak, | 1 151 o o020 (SF), St.athe‘rlan, PP(0), Orosirian; PP(r), Rhyacian; PP
12 [-- E B 0.12 14 = 1 1 1821 8 0.24] (si), Siderian; A, Archean. DM, depleted mantle.
4 0.25 12 |- j H Sample MRP1: A) Frequency histogram and proba-
5 10 | - - B ; = 1 ; bility curve; B) eHf versus age (only for Mesoproter-
Qo N . N 10(---- . i ozoic and Neoproterozoic grains). Sample Geocron-1:
g | 8l---- ‘ C) Frequency histogram and probability curve; D) eHf
Z gl B N B I {1 | | versus age.
6 o
4 (-----1 ST MmN T e 4f---
2(--% j ------ 21--B
0 0
0.5 05 1.0
B] 10 1
MRP1 | Geocron-1
n=28| , 5|n=88
5 7 oo .
)
| ® o
0 o s .
- 3 ol
© 5| - - (gsm— . BUONEEEERELEEEEREELE sy
T ee
. } DEREREELSEEEEREEREEEREEE
-10 |- - === EEREEEESEEEEESELEEES
, e
LN
-15 - 25
0.5 1.0 05 1.0

anomalies of Ce or Y (Fig. 12). Despite their close relation to late hy-
drothermal activity in high-strain zones magnetite-rich metadiamictites
show similar PAAS normalized patterns as the hematite-rich meta-
diamictites. Furthermore, the REE patterns for studied metadiamictites
also lack significant Eu anomaly (Fig. 12B and C), similarly to REE
patterns for modern seawater and most Neoproterozoic iron formations
(Fig. 16). Indeed, all REE patterns together with major elements
composition from the studied metadiamictites contrast with geochem-
ical signatures for modern hydrothermal fluids and non-glaciogenic iron
formations (Figs. 11-13 and 16). Besides, the absence of iron-rich clasts
in the studied metadiamictites suggests that iron was not provided by
detrital sediments to the glaciomarine basin.

Despite hematite recrystallization and enrichment in the basal shear
zones, a post-depositional hydrothermal mineralization is unlikely
because the: i) lacking of iron oxides in the regional metadiamictites and
their quartzite and metapelite intercalations, as well as in the quartzite
and metapelite lenses hosted by the iron-rich metadiamictites (Fig. 7D);
ii) absence of reaction, replacement, coating and/or fracture and
cleavage fillings by hematite and/or magnetite in the matrices and clasts
of the barren and iron-rich metadiamictites; and iii) absence of veins
swarms, and fracture coatings and fillings by iron oxide or any other
feature suggesting hydrothermal conduits cutting across the barren and
iron-rich rocks. Actually, iron-rich fluids coming through the basal shear
zones would have also percolated the iron-barren rocks, leaving evi-
dence of iron oxide deposition. Furthermore, post-depositional hydro-
thermal fluids that would have passed through the iron-rich
metadiamictite matrix should also have percolated and deposited iron
oxide into the quartzite lenses or, at least, have left some evidence of an
iron-rich fluid cutting across them. Additionally, no evidence of mineral
replacement or corrosion or coating by iron oxide was observed in
matrix primary grains and clasts of any studied metadiamictite, not even
in the more reactive rock clasts (such as carbonates). Indeed, none of all
those possible evidences for a hydrothermal process were ever observed
in any studied sample, outcrop or drill core section, and no mention on
at least one of them are found in the available literature. As a corollary,
the iron-barren rocks would represent the basin sites and time intervals
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free of iron precipitation during the sedimentation of the iron-rich dia-
mictites. Therefore, the presented evidence suggest that anomalous iron
amounts were available in seawater during the deposition of diamictitic
mass (debris) flows in the glaciomarine basin sector now exposed in the
Nova Aurora Iron District.

Virtually all metadiamictite samples lack true negative Ce anomaly
for Pr/Pr*~1 (Fig. 13), indicating seawater under oxygen-poor to anoxic
conditions and, thus, enriched in soluble ferrous (Fe*") iron (Feng et al.,
2017, and references therein). A later change in seawater to a somewhat
oxygenated condition could enable ferrous iron oxidation and deposi-
tion as ferric (Fe3+) iron together with the diamictitic protoliths. In that
oxygen-poor environment cerium would be present in its trivalent state
(Ce®*") and the redox potential change may not have been strong enough
to promote the oxidation from Ce3" to Ce**, explaining the lack of
negative Ce anomaly (Lechte et al., 2018b and references therein). An
expected scenario for those processes envisages ice cap thawing during
deglaciation, supplying oxygenated waters to the marine basin.
Continental-scale deglaciation causes sea level rise and marine trans-
gression, resulting in massive input of oxygen-rich water in glaciomarine
basins. This promotes rapid oxidation of the available ferrous iron and
deposition of hematite-rich sediments in the lower sedimentary suc-
cessions. Indeed, the fining-up depositional record from quartz-rich
(sandy)-matrix metadiamictite with graded sandstone lenses, gradu-
ally passing to mica-rich(pelitic)-matrix metadiamictite with metapelite
intercalations, points to marine transgression drowning the glaciomar-
ine basin. As iron and oxygen were quickly consumed in the early
transgression stage, they became relatively scarce, resulting in the
decrease in the iron content and favoring magnetite deposition followed
by sulfide toward the top of the diamictitic pile (Figs. 2, 5 and 6). Rising
in mud-rich fraction and decreasing in oxidizing conditions have been
related to marine transgression in deposits of glaciation-related iron
formations elsewhere, such as the classic Rapitan and Halowilena de-
posits (Klein and Beukes, 1993; Cox et al., 2016).

The PAAS-normalized REE distributions (Fig. 16B) for Neo-
proterozoic iron formations show patterns similar to those observed in
the Nova Aurora DIF and ferruginous metadiamictites, displaying slight
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Fig. 16. Comparison of lithogeochemical signatures for studied iron-rich metadiamictites and Neoproterozoic iron formations from several places around the world.

depletion in LREE and variable Eu anomalies (1.00-2.56; Fig. 16B).
Absent to small Eu anomalies characterize most Neoproterozoic gla-
ciogenic iron formations, implying in none or little iron contribution
from hydrothermal fluids (especially those of high temperature).
Conversely, prominent Eu anomalies (up to 2.37) shown by non-
glaciogenic iron formations are related to hydrothermal-exhalative
processes similar to those associated with Algoma-type BIF (Fig. 16).
Most Neoproterozoic iron formations show slightly negative Ce anom-
alies (Fig. 16), indicating mildly oxidizing environment (Feng et al.,
2017).

6.2. Maximum depositional age and sediment provenance

U-Pb ages for detrital zircon grains from samples of the studied iron
deposits show wide distributions akin to age spectra for continental rift
and passive margin basins (cf. Cawood et al., 2012), like the age spectra
for the Macatibas basin stages (Fig. 17A and B). The Macatibas basin
system includes two continental rift stages and a passive margin stage
evolved to oceanic setting (Pedrosa-Soares and Alkmim, 2011; Pedro-
sa-Soares et al., 2011a, 2020; Kuchenbecker et al., 2015; Peixoto et al.,
2015; Amaral et al., 2020). The Early Tonian rifting event (rift 1) started
around 940 Ma and aborted at ca. 870 Ma, forming an aulacogen filled
with the diamictite-free (pre-glacial) units of the Macatibas and Santo
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Onofre groups (Babinski et al., 2012; Costa and Danderfer, 2017; Castro
etal., 2019; Souza et al., 2019), including the Rio Peixe Bravo Formation
located in the study area (Fig. 1C). In the West Congo Belt, the coun-
terpart of the Aracuaf Orogen located in central-southwest Africa, the
Early Tonian Zadinian-Mayumbian volcano-sedimentary succession
with bimodal anorogenic magmatism dated between 930 and 890 Ma
(Tack et al., 2001; Frimmel et al., 2006; Pedrosa-Soares et al., 2016;
Thiéblemont et al., 2018) corresponds to the Macatbas rift 1 and asso-
ciated anorogenic magmatism (Fig. 18A) (Pedrosa—Soares et al., 2008;
Pedrosa-Soares et al., 2011a; Castro et al., 2019).

Long after, at the Tonian-Cryogenian boundary, another continental
rifting event started and formed a basin filled by the glaciogenic units of
the Macatbas Group (Figs. 17 and 18), including the glaciomarine Nova
Aurora Formation and its iron-rich diamictite deposits with maximum
sedimentation ages around 880 Ma (Pedrosa-Soares and Alkmim, 2011;
Pedrosa-Soares et al., 2011a; Kuchenbecker et al., 2015). However, the
sedimentation age of the Macatbas glaciomarine diamictites was more
precisely constrained between 720 and 670 Ma (Castro et al., 2020).
This agrees with correlations of the Macatibas diamictites to the Lower
Diamictite Formation, a glaciogenic unit of the West Congo Belt
enclosing volcanic rocks aged at around 700 Ma (Pedrosa-Soares et al.,
2008, Pedrosa-Soares et al., 2011a; Straathof, 2011; Thiéblemont et al.,
2009a, 2009b, 2018). Accordingly, Early Cryogenian is the most
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probable depositional age for the studied iron-rich diamictites, thus
relating them to the global Sturtian glaciation event (Pedrosa-Soares
et al., 2011a; Babinski et al., 2012; Castro et al., 2020).

For sediment provenance assessments, the U-Pb and Lu-Hf data from
detrital zircon samples of the studied iron deposits are compared to data
from rock units exposed in the Aracuai — West Congo orogenic system
(AWCO), and Sao Francisco and Congo cratons (Figs. 15 and 17). Reli-
able primary sources for Archean to Orosirian zircon grains are the
migmatitic-gneissic complexes, related intrusions and supracrustal rock
assemblages found in AWCO basement and related cratons (Teixeira
et al., 2015; Silva et al., 2016; Bersan et al., 2018, 2020; Degler et al.,
2018). The Statherian-Stenian Espinhaco basin system might have acted
as an important secondary sediment source (Fig. 17C), supplying detrital
zircon grains as old as 3.4 Ga (Chemale Jr. et al., 2012). Most detrital
zircon grains of Statherian and Mesoproterozoic ages might be supplied
by the anorogenic magmatic rocks related to the Espinhaco rift basin
(specially the zircon grains with negative eHf from —5 to —15; Fig. 17)
and by mafic dike swarms located in the region covered by the Sao
Francisco Craton and Aracuai Orogen (Danderfer et al., 2009; Chemale
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et al., 2012; Guadagnin and Chemale, 2015; Magalhaes et al., 2018;
Caxito et al., 2020). Mesoproterozoic zircon grains with positive eHf
values could have been supplied by mafic dyke swarms found in the Sao
Francisco Craton and Araguai Orogen (Silveira et al., 2013; Fonte-Boa
et al.,, 2017; Caxito et al., 2020) and juvenile igneous rocks of the
Karagwe-Ankole belt (cf. Degler et al., 2017, and references therein).
The most reliable sources for the Early Tonian zircon grains with
negative ¢Hf values is the large amount of anorogenic bimodal volcanic
rocks and related intrusions associated with the aborted Macatibas rift 1,
and its counterpart located in the West Congo belt (Pedrosa-Soares et al.,
2000, 2020; Tack et al., 2001; Frimmel et al., 2006; Silva et al., 2008;
Chaves et al., 2019; Castro et al., 2019; Souza et al., 2019; Moreira et al.,
2020). Actually, the Early Tonian anorogenic igneous rocks would have
been exposed and eroded after shoulders and horsts uplift during rift 2
development in the Early Cryogenian, thus supplying sediments to
Macatbas glaciogenic units, such as the iron-rich diamictitic deposits.
Although they have not been dated yet owing to the lack of zircon
grains, thin lenses of chlorite schist with high Fe, Mg, Cr, Ni and Cu
contents suggest volcanic ash contribution during the basin evolution
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Fig. 18. — A) Correlation sketch section showing
counterparts of the Macatibas and West Congo basins
(modified and simplified after Pedrosa-Soares et al.,
2008, and Castro et al., 2020; updated with data from
Thiéblemont et al., 2018, and Pedrosa-Soares et al.,
2016, 2020). U-Pb ages quoted along section are
from this paper *, Castro et al. (2020)**, and Straa-
thof (2011)***. B) Horst-graben model for the rela-
tively restrict sector of the Macatbas glaciomarine
basin where the Nova Aurora Iron District developed
(see text for detailed explanations).
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(Vilela, 2010).

6.3. Model for the Nova Aurora Iron District

Based on the lithological association, regional and local sedimentary
environments, Fe-rich mineral assemblages and textures, petrographic
features, lithogeochemistry and isotopic data from the metadiamictitic
iron-rich deposits, compared to compiled data, we present the following
model for the Nova Aurora Iron District and DIF deposits (Fig. 18).

The presented geological scenario and analytical dataset allow us to
envisage a relatively restrict sector, filled by iron-rich deposits, within
the large Macatibas glaciomarine basin. That restrict basin sector was a
graben formed in the Macatbas rift 2 stage, the Nova Aurora graben,
bounded by the Porteirinha horst at the proximal (west) side (Fig. 18B).
The Nova Aurora graben was filled by sediments provided by far con-
tinental sources, as well as by sediments eroded from the rift shoulders
and internal horsts. Deposited in subsiding grabens, the regional (basal)
sandy-matrix diamictites represent the early mass flows triggered by
active faults associated with the uplift of rift shoulders and horsts. The
Porteirinha horst was uplifted under glacial conditions and imposed
restrictions to water circulation with concomitant ferrous iron accu-
mulation under anoxic conditions in the Nova Aurora graben. Iron could
have been extracted from the basement (e.g., mafic-ultramafic and TTG
complexes) and supracrustal rocks (e.g., mafic volcanic rocks of the
Macatibas rift 1 and Espinhaco Supergroup) by fluid circulation along
active fault zones and then, discharged in seawater under anoxic con-
ditions. Glacier thawing in the Sao Francisco continental region (to the
west), and on uplifted rift shoulders and internal horsts supplied large
amounts of oxygen-rich waters to the basin, promoting rapid and vol-
uminous precipitation of ferrous iron as iron hydroxides, together with
the deposition of initially clay-poor debris flows with high-density
turbidite lenses that became gradually enriched in mud fraction. Pro-
gressive deglaciation in a basin evolving from rift to passive margin
triggered widespread sea level rising and marine transgression toward
the Porteirinha horst, drowning the Nova Aurora graben with mud-rich
mass flows and turbidites, under decreasing oxidizing conditions
(Fig. 18B). Therefore, the deeper the layer the richer in iron is the dia-
mictite in the Nova Aurora deposits.
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During basin inversion by compressive tectonics, the syn-kinematic
metamorphism recrystallized the iron hydroxides and oxides along
ductile foliations and mylonitic shear zones, forming hematite-rich
metadiamictites. The diamictites formerly richest in iron oxide (mostly
hematite) are also those that better accommodated the ductile defor-
mation at the base of the iron deposits, forming Fe-enriched DIF in high
strain zones after gangue minerals removal.

Progressive deformation along high-strain zones triggered significant
Fe remobilization at a late metamorphic-hydrothermal stage, forming
magnetite-rich DIF. Strong positive correlation between FepOs and
P,0s5, with Pearson’s correlation coefficient r = 0.8 (Fig. 6), suggests
phosphorus concentration during the metamorphic-hydrothermal pro-
cess that formed magnetite-rich metadiamictite in ductile shear zones.

7. Conclusions

e The Nova Aurora Iron District comprises large deposits of iron-rich
diamictites, including typical diamictitic iron formation (DIF: Fe >
15 wt%), metamorphosed in the garnet zone of greenschist facies.
The prevailing hematite-rich metadiamictites (7-60 vol% hematite
in matrix) with total Fe between 5 and 45 wt% show local iron
enrichment up to 78 wt% in ductile shear zones. The magnetite-rich
metadiamictite is restricted to high-strain ductile shear zones with
late metamorphic-hydrothermal recrystallization. Total reserves
reach over 20 billion metric tons of low-grade iron ore (17-35 wt%
Fe).
The protoliths of the iron-rich and barren metadiamictites with
quartzite and metapelite lenses are mass (debris) flow deposits and
high-to-low energy turbidites. The barren metadiamictite rich in
sandy matrix and the metadiamictites richest in hematite record
high-energy environment under relatively stronger oxidizing condi-
tions. The fining-up graded sedimentation with upwards enrichment
in mud fraction, and the base-to-top depositional succession of he-
matite, magnetite and sulfide in the iron-rich diamictite pile suggest
a transgression event with gradually less oxidizing conditions toward
the top of the iron deposits.
e Evaluation of mineral assemblages coupled with lithogeochemical
data from the metadiamictites suggests ferrous iron accumulation in
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seawater under anoxic to suboxic conditions in an ice-caped basin.
The influx of oxygen-rich water from glaciers meltdown to the basin
triggered iron oxide precipitation from seawater, together with the
deposition of initially clay-poor debris flows which gradually became
enriched in mud fraction. The highest concentration of hematite in
the deepest DIF layers suggests voluminous influx of oxygen-rich
water provided by rapid ice-cap melting, causing fast precipitation
of large iron (oxi)hydroxide amounts in the early deposition stage.
e The magnetite-rich metadiamictite represents secondary iron
mineralization formed by late hydrothermal-metamorphic processes
in high-strain zones.
The U-Pb age spectrum and respective Lu-Hf data for detrital zircon
grains confirm previous correlations of the Nova Aurora iron-rich
metadiamictites with the extensive glaciomarine succession, depos-
ited in the Cryogenian Macatbas rift (Fig. 18A), which has been
correlated to the Sturtian global glaciation (e.g., Babinski et al.,
2012; Kuchenbecker et al., 2015; Castro et al., 2020).
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