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ARTICLE INFO ABSTRACT

Editor: Karen Johannesson The Quadrilatero Ferrifero, Brazil, is among the most significant iron ore provinces. This study utilizes

geochemical proxies, including elemental paleosalinity ratios (B/Ga, Sr/Ba, S/TOC), redox-sensitive elements

Keywords: (RSE), and iron speciation, to investigate water mass evolution. Samples were analyzed from three drill cores and

Paleosahmt_y_ four outcrops in the Gandarela Syncline, providing new insights into the Paleoproterozoic phyllites associated

EEd?’;;"mWe elements with the Caué BIF. Although metamorphism of these rocks might affect the application of the proxy, consistent
aue

directional trends in proxy results indicate a refined and/or robust paleoenvironmental reconstruction of the
Minas Basin. Paleosalinity data indicate a transition from freshwater to low-brackish conditions during early
sedimentation (Caraca Formation), followed by predominantly marine conditions during the deposition of the
Caué, Gandarela, and Cercadinho Formations. This model revises earlier interpretations suggesting an initial
dominance of marine facies during fine sediment deposition in the Batatal Formation. Elevated concentrations of
trace elements (Cu, Ni, and Zn) in carbonaceous phyllites highlight the role of microbial activity in bio-
productivity before BIF deposition. Additionally, the decreasing enrichment factor (gr) of Mogp/Ugr ratio and RSE
concentrations toward younger rocks, coupled with variations in Feyg (highly reactive iron), suggest that the
early basin waters were characterized by anoxic to suboxic conditions, with free O likely present in surface
waters. These results point to a stratified water column, featuring an oxic surface layer overlying ferruginous,
anoxic water. This study advances understanding of the paleoenvironmental evolution of the Minas Basin and the
depositional processes that facilitated the formation of the Quadrilatero Ferrifero’s giant iron deposits. It also
underscores the value of paleosalinity proxies for reconstructing environmental conditions in Paleoproterozoic
systems, while also highlighting the need for more studies of how paleoenvironmental proxies behave during
metamorphism.

Minas Supergroup
Paleoenvironmental reconstruction

1. Introduction Paleoproterozoic rocks in this region were primarily deposited in a

partially oxidized ocean (e.g. Spier et al., 2007; Rosiere et al., 2008;

The Quadrilatero Ferrifero is among Brazil’s most important iron ore
deposits (Dorr, 1969; Rosiere and Chemale Jr, 2000; Hagemann et al.,
2016). In addition to the economic benefits, Banded Iron Formations
(BIF) are chemical archives of Precambrian seawater and therefore in-
tegral for understanding the evolution of early Earth (Spier et al., 2007;
Konhauser et al., 2017). Previous research has suggested that the

Mendes et al., 2017). Several studies have been carried out on trace
elements and stable isotopes such as carbon (C), iron (Fe), chromium
(Cr), and oxygen (O-) in BIF and associated carbonate rocks. Studies by
Bekker et al. (2003), Morgan et al. (2013), Teixeira et al. (2017), Sam-
paio et al. (2018), and De Paula et al. (2023) have discussed the role of
dissimilatory iron reduction (DIR) in the diagenesis of the primary iron-
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rich mineral phases comprising BIF. These studies have also correlated
the iron deposits of the Quadrilatero Ferrifero with other Paleoproter-
ozoic giant Fe deposits in South Africa and Western Australia. Despite
these advances, no investigations have focused on paleo-salinity and its
relationship with redox conditions within the Quadrilatero Ferrifero.
This gap underscores the limited understanding of paleo-water mass
evolution in this region, obscuring the formation mechanism of the BIF
developed in this area. Therefore, an integrated approach is imperative
to obtain more insight into the depositional reconstruction of this
geological region and improve our knowledge of the Paleoproterozoic
biogeochemical process.

Salinity and redox conditions are intrinsic water mass properties that
can provide insights into the geochemical evolution of ancient sedi-
mentary environments over time (Wei and Algeo, 2020; Gilleaudeau
et al., 2021; Song et al., 2021; Remirez et al., 2024). The temporal and
spatial distribution patterns of these properties in the water column are
associated with various factors, including watershed morphology,
detrital input, connectivity with the open ocean, and other related
processes (Algeo and Tribovillard, 2009; Zhang et al., 2017; Wei et al.,
2018; Gilleaudeau et al., 2021). Thus, water mass properties such as
density, salinity, redox state and temperature may relate closely to the
formation of mineral resources, including Fe, manganese (Mn), and
hydrocarbons, and is therefore of economic significance (e.g. Xu et al.,
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2015; Konhauser et al., 2017; Wei et al., 2024). Specifically, paleo-
salinity and paleo-redox proxies may help link the evolution of the at-
mosphere, hydrosphere and biosphere to regional and global events (e.g.
(Tribovillard et al., 2006; Konhauser et al., 2017; Wei and Algeo, 2020),
such as the Great Oxidation Event (GOE) at ~2.5 billion years ago (Large
et al., 2022).

This study investigates the paleoenvironmental evolution of the
Minas Basin using geochemical and iron speciation analyses of Paleo-
proterozoic phyllites from the Gandarela Syncline, northeastern Quad-
rilatero Ferrifero, Brazil. The analyzed samples, deposited before and
after the giant iron deposit (Caué BIF), provide insights into paleo-
environmental reconstruction of the study area. The dynamic of paleo-
salinity and paleo-redox conditions influenced the geochemical cycles
within the basin which contributed to iron ore genesis. Samples from
three drill cores and outcrops were analyzed for paleosalinity proxies:
boron (B)/ gallium (Ga), strontium (Sr)/ barium (Ba) and sulfur (S)/
total organic carbon (TOC), Fe speciation and RSE enrichment (e.g.
molybdenum (Mo), nickel (Ni), uranium (U)). Although all proxies are
likely affected by regional greenschist metamorphism (see below), the
consistent trends in geochemical data can be interpreted as reflecting
changes in the original seawater composition. The integrated
geochemical data indicate a progressive transition from freshwater-
brackish conditions during deposition of the Caraca Group to marine
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Fig. 1. Geological map of the Quadrilatero Ferrifero Province, with the inset showing the location of the Sao Francisco Craton within Brazil (modified from Endo
et al., 2019 and Dutra et al., 2020). Additional symbols: red polygon: studied area, red stars: reference data, white circle, city’s name. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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facies (Itabira and Piracicaba groups) within a predominantly ferrugi-
nous, anoxic basin. These findings revise the previous model, that sug-
gests marine facies were widely established in the Minas Basin during
the early stages of BIF deposition.

2. Geologic background

The Quadrilatero Ferrifero province, which covers approximately
15,000 km?, is situated within the Sdo Francisco Craton in southeastern
Brazil (Fig. 1). It is renowned for its world-class gold and iron deposits
(Lobato et al., 2001; Rosiere et al., 2008). Despite more than 80 years of
iron mining, the giant Paleoproterozoic iron deposit, the Caué BIF, still
contains over 25 Gt, with an average grade of 43 % Fe, as reported re-
sources (Vale, 2024). The present study is focused in the Gandarela area,
which resides in the northeastern region of the Quadrilatero Ferrifero
(Figs. 1 and 2). The area’s structural framework is defined by the Gan-
darela syncline, a reclined fold with an NE-SW striking axial trace and an
SE-plunging hinge line (Chemale Jr et al., 1994; Oliveira et al., 2010).

The study area is dominated by the Paleoproterozoic strata from the
Minas Supergroup and our research focuses on the phyllite layers
deposited before, and after, the Caué BIF layer (~2.4 Ga) (Fig. 2). The
metasedimentary rocks of the Minas Supergroup record repeating
transgressions-regressions marine cycles in the Minas Basin (Dorr, 1969;
Canuto, 2010; Goncalves and Uhlein, 2022) and are classified into three
units from the base to top, named the Caraca, Itabira and Piracicaba
groups (Fig. 2), according to the subdivision proposed by Endo et al.
(2019), Endo et al. (2020)), based on Dorr (1969). At the stratigraphic
base, the Caraca Group is composed of conglomerate and quartzite
overlain by phyllite, minor BIF and carbonate rocks, all of which are
interpreted to reflect the depositional evolution from alluvial to fluvial,
lacustrine and deltaic to marine environments (Dorr, 1969; Madeira
et al., 2019; Goncalves and Uhlein, 2022). Detrital zircon 207pp, /206pp
dates constrain the maximum sedimentation age for the Caraca Group to
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2.5 Ga (Machado et al., 1996; Hartmann et al., 2006; Koglin et al., 2014;
Nunes, 2016; Dopico et al., 2017; Rossignol et al., 2020). In the north-
eastern portion of the study area, some authors (e.g., Dorr, 1969; Endo
etal., 2019) have distinguished the Tamandua Group as the basal unit of
the Minas Supergroup. However, its extent, timing, and stratigraphic
context remain controversial (e.g. Simmons and Maxwell, 1961;
Marshak and Alkmim, 1989; Daher et al., 2020; Dutra et al., 2020). In
this study, basal fine-grained sedimentary rocks which were deposited
earlier than the BIF from the Itabira Group, have been attributed to the
Batatal Formation (Fig. 2) (e.g. Goncalves and Uhlein, 2022).

The Itabira Group records chemical precipitation within a passive
margin basin (Dorr, 1969; Alkmim and Marshak, 1998). At the base, the
Caué Formation features BIF deposition on the continental shelf (Klein
and Ladeira, 2000). Overlying this, the Gandarela Formation comprises
carbonate rock, including dolostone and limestone, locally stromatolitic,
dolomitic BIF, and minor phyllite and intraformational breccia (Dorr,
1969; Souza and Miiller, 1984; De Paula et al., 2023). The carbonate
rocks were deposited in a shallow marine environment (Dorr, 1969;
Babinski et al., 1995) within a tidal depositional system characterized by
high-energy intertidal to shallow subtidal zones (Bekker et al., 2003).
They were deposited ca. 2420 =+ 19 Ma, according to a Pb/Pb whole rock
isochron age dating of stromatolitic facies from the Gandarela Forma-
tion (Babinski et al., 1995). Furthermore, Cabral et al. (2012) obtained a
U—Pb zircon age of 2655 + 6 Ma for a purported meta-volcanic layer
overlying the Caué Formation, proposing an Archean age for it. How-
ever, this interpretation is contentious as it contradicts published
detrital zircon data for the underlying Moeda Formation, which suggests
a maximum depositional age of around 2.5 Ga and could represent an
inherited population (Koglin et al., 2014; Farina et al., 2016; Nunes,
2016; Dopico et al., 2017).

The uppermost stratigraphic unit, the Piracicaba Group, consists of
clastic sedimentary rocks (phyllite, quartzite and minor carbonates)
interpreted to represent marine deposition (Dorr, 1969). Detrital zircon
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Fig. 2. (A) Geological map of Gandarela Syncline showing drill holes and field sample locations (modified from Endo et al., 2019 and Dutra et al., 2020). The outcrop
locations GAD-SW includes AC02A, AC02B, AC02C, AC-03 and AC-04 samples; GAD-Central is associated with the AC06; and GAD-NE includes AC09, AC0O9A and
ACO09A1. Datum SIRGAS 2000 UTM - Zone 23S. (B) The stratigraphic column from Quadrilatero Ferrifero modified from Farina et al. (2016) and Endo et al. (2019).
The lithostratigraphic unit are represented by the colours shown in (A), while the red stars indicate the studied stratigraphic units. Depositional ages are from 'Koglin
et al., 20142Babinski et al. (1995) and 2 Machado et al. (1996). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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207pp /206ph dates constrain the maximum sedimentation age for the Ediacaran/Cambrian (Brasiliano, 570-480 Ma) orogenesis (Chemale Jr
lowermost Cercadinho Formation to 2.6 Ga (Mendes et al., 2014; Dopico et al., 1994; Alkmim and Marshak, 1998; Oliveira et al., 2010; Seixas
et al., 2017; Dutra et al., 2020). However, based on chemostratigraphy et al., 2013; Gongalves-Dias et al., 2022).

(Bekker et al., 2003) and a 2110 4 10 Ma Pb—Pb carbonate whole rock

isochron for the Fecho do Funil Formation (Babinski et al., 1995), the

age of deposition of the Piracicaba Group could be younger than that,

straddling the Rhyacian. The Quadrilatero Ferrifero Province underwent

greenschist metamorphism associated with Rhyacian (2.2-2.0 Ga) and
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3. Sampling and methods
3.1. Sample collection and mineralogy

We collected a total of 27 samples from the Gandarela syncline,
divided into two sets to represent the Batatal and Cercadinho Formation
(Fig. 2B). The first set comprises three drill cores obtained from the Serra
do Tamandua, situated in the northeastern part of the syncline (Fig. 2A).
This set includes 19 phyllite samples, provided by the Vale S.A: STM-
FD00155 (591 m deep), STM-FD00205 (376 m deep), and STM-
FD00233 (266 m deep) (Fig. 3). The second set consists of 8 samples
collected from well-preserved outcrops: GAD-SW, GAD-Central, and
GAD-NE, each representing a different structural area within the Gan-
darela Syncline. GAD-SW is situated in the southwest, near the hinge
zone; GAD-Central represents the normal flank in the central region; and
GAD-NE is in the northeast, corresponding to the inverse flank of the
syncline (Fig. 2). Rocks exhibiting evident hydrothermal alteration, such
as carbonate and quartz veins, were excluded from analysis. From the
selected samples, we obtained 27 elemental concentrations (major and
trace elements), 12 TOC analyses, 7 X-ray diffraction (XRD) analyses of
mineral composition and 19 results for Fe speciation.

Different stratigraphic levels of the Minas Supergroup were sampled.
The lower stratigraphic unit comprises metasedimentary rocks from the
Batatal Formation, representing the deposition before the Caué BIF. The
GAD-SW outcrop (Fig. 2) has nearly 200 m of sericitic phyllite. The
upper stratigraphic unit is represented by the Cercadinho Formation,
which records the deposition following the Caué BIF and Gandarela
dolostone. This unit contains quartz-rich, micaceous and ferruginous
phyllites, along with fine-grained quartzite, which is exposed on both
limbs of the Gandarela syncline (GAD-Central and GAD-NE) and was
also observed in drill core STM-FD0O0155 (Fig. 3). The GAD-Central
outcrop includes the sample AC06, while samples AC09, AC09A and
ACO09A1 were taken from the overturned flank (GAD-NE), near the
bottom contact with the Caué BIF (Fig. 2). The Cercadinho Formation
reached a thickness of 280 m thick in the drill core, but its actual
thicknesses may exceed 1000 m. No clastic interbeds were found within
any of the studied sections of Caué BIF and Gandarela dolostone.

The samples were characterized by X-ray diffraction (XRD) at the
XRD Laboratory of the University of Alberta in Canada. The powdered
samples were analyzed using a Bruker D8 Advance diffractometer with a
cobalt radiation source (A = 1.78897 A) operated at 35 kV and 40 mA.
Mineral phases were identified using DIFFRAC.EVA software (Bruker)
and the PDF-4 database from the International Centre for Diffraction
Data (ICDD).

3.2. Multi-elemental geochemistry

3.2.1. Major and trace elements

The geochemistry analyses were performed at SGS Geosol Labora-
tory Ltd., Belo Horizonte, Brazil. The samples were first dried at 100 °C,
then pulverized to achieve 95 % <106 pm particle size. A 10 g portion of
each sample was designated for either fusion or acid digestion. In the
fusion method, the sample underwent lithium metaborate fusion at
950 °C, followed by the addition of a solution containing nitric and
tartaric acids. In the acid digestion method, the samples were subjected
to four acid digestion processes involving the combination of nitric,
hydrochloric, hydrofluoric, and perchloric acids. Elemental content was
measured using inductively coupled plasma-mass spectrometry (ICP-
MS, model Agilent 7800,/7850) or optical emission spectrometry (ICP-
OES, model Agilent 5110 e 5800). The loss on ignition (LOI) values were
determined by measuring the relative difference in mass after roasting at
1000 °C. Analytical errors are less than 5 % for most major oxides and
10 % and 15 % for most trace elements.

3.2.2. Boron analyses
Boron concentrations were analyzed in the Geobiology laboratory at
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the University of Alberta. Boron was extracted from these samples via
partial digestion using concentrated aqua regia (a 3:1 mixture of hy-
drochloric and nitric acid). Then, 100 mg of dried and homogenized
powder were weighed out and placed in a sterile 50 mL centrifuge tube,
where 3 mL of 37 % HCl and 1 mL of 70 % HNO3 were mixed into each
sample and left to react at room temperature. After 1 h, each sample was
remixed, placed in an aluminum block and heated to 130 °C for an
additional 3 h. Each sample was left to cool at room temperature, and
then diluted for analysis. The diluted solution was analyzed using an
Agilent 8800 Triple Quadrupole ICP-MS/MS with a deviation of less
than 5 %.

3.2.3. Organic carbon content

Total organic carbon analyses were conducted at the Natural Re-
sources Analytical Laboratory, University of Alberta (Canada). Samples
were weighed into open silver capsules and acidified through sequential
additions of 50 pL of 1 M HCI to remove inorganic carbon. Subsequently,
the samples were dried at 70 °C overnight, sealed and analyzed using a
Thermo FLASH 2000 Organic Elemental Analyzer. During analysis, the
samples were exposed to an extremely oxidizing environment, pro-
moting an exothermic reaction responsible for the complete combustion
of organic matter at temperatures reaching approximately 1800 °C. The
resulting gases (N2, CO2, and H-0) were separated using a chromato-
graphic column, and the organic carbon content was quantified using a
thermal conductivity detector. The analytical precision for TOC mea-
surements was +0.5 wt%.

3.3. Iron speciation

Iron speciation analyses were performed at the Sedimentary
Geochemistry Laboratory, Stanford Doerr School of Sustainability,
Stanford University, United States. The technique, as described by
Poulton and Canfield (2005) and Alcott et al. (2020), quantifies the Fe
contents in distinct phase pools that are highly reactive (Feyr) toward
sulfide on early diagenetic timescales (Poulton and Canfield, 2005,
2011; Lyons and Severmann, 2006; Raiswell et al., 2018). Operationally
defined phase pools include carbonate iron (Fe,;), ferric oxides (Feyy),
magnetite (Fep,g), pyrite (Fepy), and unreactive silicate iron (Fey),
whose concentrations are determined through a sequential reagent
attack process. Highly reactive iron (Feyg) is calculated as the sum of the
iron mineral phases: Fec,, (extracted using a 48-h sodium acetate reac-
tion at 50 °C), Feox (2-h sodium dithionite reaction at room tempera-
ture), Fepag (6-h ammonium oxalate reaction at room temperature) and
Fepy (chromium reduction of sulfur (CRS) method, Canfield et al., 1986).
Iron contents in each sequential extraction pool were determined using
the ferrozine spectrophotometric method (Stookey, 1970; with the
colour allowed to develop overnight) and calculated through gravi-
metric measurements for Fepy. Detailed methods and estimates of pre-
cision can be found in the Supplementary Material of Sperling et al.
(2021). Total Fe contents used in the calculation of Feyr/Fer were ob-
tained from SGS Geosol as described above. Feyg/Fer ratios are gener-
ally below 0.22 for samples deposited under oxic bottom water
conditions, and above 0.38 for anoxic bottom waters, with ambiguous
samples plotting in between (Raiswell et al., 2018). The Fepy/Feyp ratio
further allows for the distinction of anoxic samples, which may have
been deposited under ferruginous (nonsulfidic) or euxinic (anoxic with
free sulfide) conditions, with a threshold of about 0.7 (Marz et al., 2008).
Pasquier et al. (2022) challenged these proxy thresholds; however, the
compilation used by the authors included a number of samples inap-
propriate for iron speciation according to Raiswell et al. (2018) criteria.
Several caveats exist for iron speciation in ancient and metamorphosed
rocks (see Raiswell et al., 2018; Slotznick et al., 2018) and these are
discussed further below.
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4. Results
4.1. Petrological and petrographic observations

The basal unit of the Batatal Formation is primarily composed of
phyllites, with minor occurrences of dolomitic BIF (Fig. 3). The GAD-SW
outcrop is composed of a dark gray, fine-grained sericite-phyllite,
mainly consisting of sericite, quartz, minor muscovite, organic matter,
and rutile (Fig. 4A). These phyllites are lepidoblastic and display both
laminated and non-laminated structures (Fig. 4B). Samples from the drill
hole STM-FD00155 presented secondary crystals of magnetite, pyrite,
carbonate, and quartz overgrowing the foliation. In contrast, the fine-
grained metasiliciclastic rocks of the Batatal Formation observed in
the drill cores show significant compositional variations, ranging from
chloritic, micaceous, and ferruginous to dolomitic phyllites, which may
or may not contain organic matter. Accessory minerals include pyrite,
rutile, and apatite. A specific occurrence of carbonaceous phyllite
(Fig. 4C), which is less than 3 m thick, is identified in this unit. This rock
is characterized by alternating organic matter-rich layers and rhythmic
dolomite-quartz laminae, with secondary dolomite and quartz veining,
shear zones, and intrafolial folds also present.

The upper layer of the Cercadinho Formation is predominantly fine-
grained quartzite, which may be ferruginous and interbedded with
phyllite (Fig. 3). The phyllite, which is the focus of this study, varies
from white or silver to reddish in colour and is composed of quartz,
sericite and muscovite, with minor Fe-oxide, kaolinite, and rare occur-
rences of plagioclase, serpentine, and talc. Toward the lower contact, the
quartzite becomes iron-rich. Common structures include compositional
laminae, pervasive schistosity, banding, intrafolial folds, and shear
zones.
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4.2. Geochemistry

4.2.1. Major elements

Whole-rock major oxide and trace element geochemical analyses
were conducted on twenty-seven samples (Tables 1 and 2). Composi-
tional variation of major elements in the phyllites of the Batatal For-
mation are shown in Table 1 and Fig. 5. The drill core samples display
median values (range) of 17.7 wt% (11.3-24.1 wt%) for Aly03, 0.7 wt%
(0.2-3.4 wt%) for CaO, 7.8 wt% (2.3-18.7 wt%) for Fe;03, 3.1 wt%
(0.5-4.3 wt%) for K,0 and 57.1 wt% (47.0-72.0 wt%) for SiO,. In
contrast, phyllites in the southwest area (GAD-SW) are more composi-
tionally homogeneous, with Al;03 ranging from 21.3 to 33.9 wt%, CaO
< 0.12 wt%, FeyO3 < 5.6 wt%, SiO, between 44.0 and 65.2 wt%.
Additionally, KO concentrations are notably higher in the southwest,
ranging from 6.5 to 9.7 wt%. The variation in LOI is similar for both,
ranging from 2.9 to 12.4 wt%.

The upper stratigraphic unit, the Cercadinho Formation, displays a
wider compositional range (Fig. 5), which can be divided into two
groups. The first group, represented by the ferruginous phyllite (n = 3),
is characterized by elevated concentrations of Al,O3 (~25 wt%), FeoO3
(11.6-14.6 wt%) and K50 (4.8-6.7 wt%). In contrast, the second group
consists of quartz-rich phyllite (n = 2), which is dominated by SiO5
(~80.5 wt%) and lower contents of Fe;O3 (2.9 and 8.7 wt%), Al,O3
(<2.7 wt%), and K50 (<0.7 wt%).

4.2.2. Redox-sensitive proxies

The trace metal abundances of analyzed phyllite samples are pre-
sented in Table 2. To quantify the authigenic enrichment of Cu, Ni, Mo,
U and V in the rocks, the elemental concentrations in the samples were
compared to the average composition of the Post-Archean Australian
Shale (PAAS) (Taylor and McLennan, 1985; Tribovillard et al., 2006).
The enrichment factor (EF) was calculated using the formula: EFejement x
= (X/ADsample / (X/Al)paas, where X represents the RSE element (e.g.

Fig. 4. Photomicrography. (A) Dolomitic phyllite with quartz laminae (*155-29B) in contact with dolomitic phyllite under crossed polarized light (XPL). (B)
Chloritic phyllite finely laminated with quartz (XPL). (C) Carbonaceous phyllite from sample *233-A10 showing the organic matter layers (black) under parallel
polarized light (PPL). (D) The same sample displaying the compositional variations in the carbonaceous phyllite (XPL).



Table 1

Chemical analyses of phyllite samples from the Gandarela syncline. Reference: 1, AC06; 2, AC09; 3, AC09A1; 4, *155-A001; 5, *155-A004; 6, ACO2A; 7, AC02B; 8, AC02C; 9, AC03; 10, AC04; 11, *155-A019; 12, *155-
A024; 13, *155-A025; 14, *155-A029B; 15, *205-A024; 6, *233-A006; 17, *233-A009; 18, *233-A010-06; 19, *233-A010-17; 20, *233-A010-22; 21, *233-A010-26; 22, *233-A010-29; 23, *233-A011; 24, *233-A012;
25, *233-A013; 26, *233-A014; 27, *233-A016. *Prefix of drill hole identification: STM-FDOO.

Cercadinho Batatal Batatal

Formation Formation SW Formation NE

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
Major Elements (%)
SiO, 45.3 47.2 49.7 787 824 440 449 459 640 652 67.8 481 57.6 47.0 49.2 720 60.0 62.8 57.1 61.4 59.4 56.7 54.2 528 54.6 58.4 53.4
Al,03 25.0 249 25.3 2.7 2.3 32.4 33.3 33.9 21.3 21.7 17.0 13.7 17.7 144 11.8 11.3 19.2 15.8 21.1 20.6 19.7 21.8 24.1 14.1 189 15.7 19.0
Fe;03  14.6 135 11.6 87 2.9 5.6 2.1 2.0 1.7 1.6 23 18.0 7.8 140 177 55 85 71 60 59 68 69 68 187 88 129 107
K20 6.7 4.8 5.2 0.7 0.5 9.0 9.7 9.7 6.5 6.6 40 05 3.8 34 31 43 38 30 42 39 26 27 30 06 30 13 3.3
LOI 3.8 4.4 4.6 0.3 0.1 5.6 5.2 5.7 3.6 3.5 57 7.6 4.9 44 124 29 50 51 54 48 42 43 46 43 48 37 4.7
MgO 0.6 0.3 0.3 0.0 0.0 1.1 1.1 1.0 1.0 0.8 22 99 5.8 73 39 12 40 35 33 34 36 35 34 49 51 46 5.6
CaO 0.4 0.2 0.1 0.0 0.0 0.1 0.1 0.1 0.1 0.1 25 27 1.1 34 14 10 11 04 02 03 06 03 03 05 14 04 0.7
Na0 1.9 1.6 1.4 0.1 0.0 0.5 0.5 0.4 0.1 0.2 0.6 <0.01 0.2 34 02 01 05 05 09 09 13 16 19 11 23 22 0.6
TiO, 0.9 0.7 0.8 0.1 0.2 1.0 1.1 1.1 0.7 0.7 0.2 28 0.7 28 14 03 07 06 07 07 07 08 09 05 07 05 0.6
P,0s 0.2 0.1 0.1 <0.01 <0.01 0.1 0.1 0.1 0.0 0.0 0.1 05 0.1 04 01 01 01 01 01 01 01 01 01 01 02 0.1 0.1
MnO 0.0 0.0 <0.01 <0.01 <0.01 0.0 <0.01 <0.01 <0.01 <0.01 0.0 0.1 0.1 01 06 00 01 01 00 01 01 01 01 01 01 0.1 0.1
N 0.06 0.08 0.08 0.07 0.08 0.12 0.12 0.13 0.09 - - 0.09 - - - - - 0.10 - - - - - - - - 0.07
C 0.04 0.04 0.03 0.05 0.04 0.75 0.66 0.69 047 - - 0.88 - - - - - 279 - - - - - - - - 0.37
TOC 0.04 0.03 0.03 0.04 0.02 0.47 0.1 0.67 0.42 - - 0.16 - - - - - 261 - - - - - - - - 0.32
S <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 0.81 1.69 0.09 0.11 0.66 0.34 0.26 0.13 0.13 0.14 0.02 0.07 <0.01 <0.01

Trace Elements (ppm)

B 25 22 37 24 22 63 72 70 47 - - 21 - - - - - 31 - - - - - - - - 26
Ba 1249 637 809 128 95 481 545 563 305 368 339 94 1327 255 164 1004 480 551 750 688 445 486 535 114 468 274 366
Cd 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 16 1 4 1 0 0 0 0 0 0
Co 3 3 2 1 1 37 2 7 1 2 2 45 30 76 20 4 34 58 57 47 35 42 40 37 43 41 47
Cr 119 92 81 54 13 114 87 67 51 54 1 23 86 52 83 4 147 172 177 147 125 120 138 199 191 207 266
Cs 3 6 5 <0.05 0 15 15 16 11 10 3 0 1 31 2 3 3 3 4 4 3 3 3 1 3 2 4
Cu 3 3 13 3 4 32 12 42 8 13 3 5 4 102 262 17 73 534 216 141 78 8 102 7 64 7 19
Ga 37 31 32 5 4 38 39 36 27 28 19 22 22 19 15 19 23 43 51 39 27 28 30 20 24 20 24
Hf 4 3 4 3 3 4 4 4 3 4 2 2 3 1 4 4 3 3 4 4 3 4 4 2 2 2 2
Mo 0 0 0 0 0 3 1 2 2 2 1 1 2 1 2 0 2 3 4 3 2 2 3 1 2 2 2
Nb 23 11 17 3 3 18 21 21 10 13 5 15 10 13 10 17 10 10 12 15 9 13 13 6 10 7 7
Ni 36 52 38 7 8 178 50 66 27 39 6 37 81 66 65 6 198 376 331 259 161 189 160 246 281 288 359
Pb 22 43 41 8 5 32 65 58 11 32 9 2 3 3 10 9 17 95 36 143 30 30 32 7 48 14 22
Rb 185 144 159 20 17 252 280 262 205 210 165 12 60 218 66 104 85 90 139 124 67 78 81 13 97 38 79
Sc 10 7 11 3 3 21 18 17 16 15 2 27 13 35 13 4 11 12 13 13 12 14 14 18 16 16 17
Sr 218 398 322 74 48 54 59 48 27 34 39 42 49 116 10 37 75 68 90 94 134 152 184 40 88 58 63
Ta 2 1 2 <0.05 <0.05 2 2 2 0 1 1 1 1 0 0 2 1 1 1 1 1 1 1 1 1 1 1
Th 18 16 21 5 4 25 33 32 17 22 5 2 13 1 9 11 11 10 12 14 10 13 13 8 10 7 8
0) 3 3 4 2 1 5 5 5 3 6 4 1 4 0 3 2 3 3 4 4 3 4 4 2 3 2 2

A% 218 148 786 61 29 212 457 335 136 160 LD 384 159 441 165 30 168 157 283 174 155 269 194 148 247 183 170
w <0.1 1 <01 6 3 5 5 <0.1 4 2 2 1 5 3 4 <0.1 2 <0.1 2 2 2 3 <0.1 <0.1 4 <01 O
Zr 237 119 221 172 159 164 201 193 156 150 96 208 140 168 179 298 156 144 190 206 138 178 192 105 151 103 116
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Table 2

Trace metal elements and relevant ratios for samples from the Gandarela syncline. Reference: 1, AC06; 2, AC09; 3, AC09A1; 4, *155-A001; 5, *155-A004; 6, AC02A; 7, AC02B; 8, AC02C; 9, AC03; 10, AC04; 11, *155-A019;
12, *155-A024; 13, *155-A025; 14, *155-A029B; 15, *205-A024; 6, *233-A006; 17, *233-A009; 18, *233-A010-06; 19, *233-A010-17; 20, *233-A010-22; 21, *233-A010-26; 22, *233-A010-29; 23, *233-A011; 24,
*233-A012; 25, *233-A013; 26, *233-A014; 27, *233-A016. *Prefix of drill hole identification: STM-FDOO.

Cercadinho Formation Batatal Formation SW Batatal Formation NE

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
Rare Earth Elements + Y
La 125.6 53.4 80.3 11.0 10.0 74.1 123.7 120.6 479 66.9 143 21.7 328 149 222 56.1 348 317 421 44.6 355 424 436 247 347 256 29.0
Ce 185.2 94.7 146.2 21.6 183 1346 2366 2384 865 126.7 263 512 629 353 44.7 117.3 655 59.7 829 857 66.7 734 817 47.1 633 456 547
Pr 29.1 10.0 15.1 2.4 2.1 13.3 25.6 25.1 9.6 13.2 2.9 6.9 7.1 5.0 5.4 13.5 6.6 6.6 11.0 9.5 7.4 7.7 8.9 5.2 7.0 5.2 5.7
Nd 105.0 36.3 55.7 9.1 7.9 47.8 95.2 92.6 33.7 515 11.1 334 26.1 23.1 222 543 26.6 249 389 344 254 293 332 200 252 17.7 229
Sm 20.4 6.1 8.8 2.0 1.4 7.7 16.1 14.4 6.3 9.0 2.0 8.5 5.3 6.5 4.9 10.3 4.5 4.6 4.4 5.1 4.3 5.2 5.9 3.2 4.0 2.6 3.2
Eu 4.1 1.3 1.9 0.4 0.3 1.8 2.7 3.7 1.2 2.1 0.6 2.4 1.8 2.3 1.1 1.2 1.0 1.0 0.8 1.1 0.9 1.2 1.3 1.2 1.2 0.8 0.9
Gd 17.8 4.5 9.4 2.1 1.5 6.8 11.4 12.7 4.7 7.3 2.0 9.6 4.9 7.1 5.2 11.2 3.8 3.9 5.1 5.7 4.2 5.1 5.2 3.1 3.8 2.5 3.8
Tb 2.6 0.9 1.4 0.4 0.3 1.2 1.9 1.8 0.8 1.1 0.3 1.4 0.8 1.1 0.9 2.0 0.7 0.7 0.9 1.0 0.8 0.8 0.9 0.6 0.8 0.6 0.8
Dy 13.0 5.2 8.5 2.3 1.8 7.0 9.3 9.0 4.7 5.2 1.3 7.8 4.2 6.7 5.3 12.0 4.2 4.3 4.7 6.1 4.3 5.0 5.0 3.6 4.4 3.2 3.9
Ho 2.6 1.1 1.6 0.5 0.4 1.5 1.7 1.7 0.9 1.0 0.3 1.7 0.9 1.3 1.1 2.5 0.8 0.8 1.1 1.2 0.9 1.0 0.8 0.7 0.9 0.7 0.7
Y 69.1 28.6 44.7 144 127 39.7 47.4 45.5 226 29.1 7.7 43.8 25.1 36.8 335 66.4 24.4 224 283 355 255 291 253 181 246 171 20.0
Er 6.9 2.9 4.5 1.6 1.3 3.8 5.0 5.4 2.5 3.0 0.8 4.5 2.5 3.9 3.7 6.9 2.1 1.9 2.8 3.2 2.2 2.9 2.5 1.6 2.3 2.1 1.9
Tm 1.1 0.5 0.7 0.2 0.2 0.5 0.7 0.7 0.4 0.5 0.1 0.6 0.3 0.5 0.5 1.1 0.4 0.3 0.5 0.5 0.3 0.4 0.5 0.3 0.4 0.3 0.3
Yb 5.7 2.9 4.6 1.7 1.3 3.9 4.3 3.9 2.8 2.8 0.8 4.2 2.4 3.3 3.6 6.5 2.2 2.2 2.7 3.1 2.3 2.7 2.7 1.5 2.2 1.8 1.8
Lu 0.6 0.2 0.4 0.3 0.2 0.5 0.6 0.7 0.4 0.5 0.3 0.8 0.4 1.0 0.7 1.0 0.4 0.4 0.6 0.4 0.2 0.4 0.4 0.3 0.4 0.4 0.3

Relevant Ratios

B/Ga 0.7 0.7 1.1 4.5 5.6 1.6 1.8 1.9 1.8 - - 0.9 - - - - - 0.7 - - - - - - - - 1.1
S/TOC 0.3 0.3 0.3 0.3 0.4 0.0 0.0 0.0 0.0 - - 0.1 - - - - - 0.3 - - - - - - - - 0.0
Sr/Ba 0.2 0.6 0.4 0.6 0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.5 0.0 0.5 0.1 0.0 0.2 0.1 0.1 0.1 0.3 0.3 0.3 0.3 0.2 0.2 0.2
Crgr 1.4 1.2 0.8 3.0 0.9 1.1 0.8 0.7 0.7 0.7 0.0 0.3 1.2 0.6 1.6 0.1 2.4 3.0 2.7 2.1 2.0 1.9 1.9 2.5 2.6 2.8 3.0
Cugp 0.1 0.1 0.2 0.2 0.4 0.4 0.2 0.6 0.1 0.2 0.1 0.1 0.1 1.7 6.8 0.4 1.6 12.4 4.5 2.7 1.7 1.8 1.8 0.1 1.2 0.1 0.3
Mogg 0.4 0.5 0.2 2.3 2.0 2.8 1.0 2.4 2.6 3.0 1.0 1.3 2.1 0.8 4.2 0.8 3.5 6.1 6.4 4.6 3.5 3.6 3.4 1.7 2.5 2.1 2.0
Nigg 0.7 1.1 0.6 0.6 0.9 2.8 0.8 1.2 0.6 0.9 0.1 0.9 1.8 1.4 2.1 0.2 5.3 10.9 8.6 6.2 4.3 5.0 3.6 5.1 6.3 6.4 6.8
Ugr 3.5 4.7 4.1 11.6 9.3 4.7 5.0 5.9 3.9 8.5 6.2 0.9 6.2 0.6 6.7 3.9 5.7 5.5 6.3 6.1 4.8 6.2 5.6 2.7 4.2 2.6 2.7
Vir 1.8 1.3 5.3 2.4 1.4 1.4 3.2 2.7 1.3 1.5 3.9 1.5 3.9 2.3 0.4 1.9 2.0 3.1 1.8 1.8 3.0 1.9 1.3 2.4 1.7 1.4
Zngyp 0.1 0.1 0.1 0.3 0.7 0.2 0.1 0.1 0.2 0.2 0.3 2.9 1.0 1.4 0.5 1.2 2.7 104.8 3.9 10.6 7.5 4.6 5.0 2.8 1.8 1.9 1.5
Mogg/Ugr 0.1 0.1 0.1 0.2 0.2 0.6 0.2 0.4 0.7 0.4 0.2 1.4 0.3 1.4 0.6 0.2 0.6 1.1 1.0 0.7 0.7 0.6 0.6 0.6 0.6 0.8 0.7
Fe/Al 1.4 1.4 0.9 4.0 1.6 0.4 0.2 0.2 0.2 0.2 0.3 21 0.9 1.4 2.9 0.9 1.1 1.0 0.8 0.7 0.9 0.9 0.8 1.9 1.0 1.4 1.0
Y/Ho 26.6 26.5 283 299 317 274 28.7 26.3 25.1 285 28.6 264 289 28.3 294 263 31.7 27.0 26.2 303 283 291 316 266 286 245 289
Corg/P 1.2 1.4 0.7 7.0 - 12.5 14.4 19.7 378 - - 0.8 - - - - - 97.9 - - - - - - - - 10.8
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Fig. 5. Box plot representing the major elements in the phyllite from different stratigraphic layers. Boxes represent 25 % and 75 % of the data from each core, with

the median value for each parameter shown within the box and the full range of data bracketed above and below the box.

Mo and U) and Al represents the aluminum abundance (Tribovillard
et al., 2006).

concentrations, with median values of Cr at 138 ppm (range 1-266
ppm), Cu at 73 ppm (range 3-534 ppm), Ni at 189 ppm (range 6-376

The lower stratigraphic phyllites of the Batatal Formation exhibit
significant enrichment in RSE, such as Crgg, Cugr, Nigr and Zngg, as well
as elevated Mogg/Ugp ratios (Figs. 6 and 9). Drill core samples from the

ppm), and Zn at 135 ppm (range 17-4821 ppm) where the EF values
range as follows (median values) Crgr, 0.01-3.0 (2); Cugp, 0.1-12.4
(1.6); Mogg, 0.7-6.4 (2.5) Nigg, 0.2-10.9 (5), and Zngg, 0.3-104.8 (2.7).

northeastern extremity of the study area reveal elevated RSE The Mogg/Ugr ratio has a median of 0.6 (range 0.2-1.4). The highest RSE
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Fig. 6. Box plot representing the trace metal enrichment factor in the phyllite from different stratigraphic layers. Boxes represent 25 % and 75 % of the data from
each core, with the median value for each parameter shown within the box and the full range of data bracketed above and below the box. The Zngr outlier = 104 is
not plotted to represent the range better.
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concentrations are primarily associated with carbonaceous phyllite.

In contrast, the southwestern region (GAD-SW) of the Batatal phyl-
lites shows lower RSE concentrations when compared to the north-
eastern area (Figs. 6 and 9). The median (range) values for Cr, Cu, Mo, Ni
and Zn are 67 ppm (51-114 ppm), 13 ppm (8-42 ppm), 2 ppm (1-3
ppm), 50 ppm (27-178 ppm), and 12 ppm (10-20 ppm), respectively.
The EF values show the following range (median): Crgg, 0.7-1.1 (0.7);
Cugp, 0.1-0.6 (0.2); Mogr 0.1-3.0 (2.6); Nigp, 0.6-2.8 (0.9), and Zngg,
0.1-0.2 (0.2). The Mogg/Ugg ratio has a median of 0.4 (range: 0.2 to 0.7),
while the Cq/P ratio varies from 12.5 to 37.8, with a median of 17.1.

In the younger stratigraphic unit, the Cercadinho Formation, trace
metal abundance decreases (Figs. 6 and 9). Chromium, Cu, Mo, Ni and
Zn show a median (range) are: 81 ppm (13-119 ppm); 3.4 ppm
(2.9-12.6 ppm); 0.4 ppm (0.2-0.4 ppm), 36 ppm (7-52 ppm) and 8 ppm
(5-9 ppm), respectively. In general, the EF values represent the lower
enrichment levels observed in the studied samples and are expressed as
ranges (median): Crgp, 0.7-3.0 (1.2); Cugg, 0.05-0.4 (0.2); Mogg 0.2-2.3
(0.5); Nigp, 0.6-1.1 (0.7), and Zngg, 0.1-0.7 (0.1). The Mogg/Ug ratio
ranges from 0.1 to 0.2, with a median of 0.12. Cq,/P ratios range from
0.72 to 6.96, with a median of 1.3.

4.2.3. Paleosalinity proxies

Elemental paleosalinity proxies expressed by the relative concen-
tration of B/Ga, Sr/Ba and S/TOC were analyzed in the studied samples.
Because Sr can substitute for Ca®* in carbonates, and thus record the
presence of carbonate rather than a paleosalinity signal in Sr/Ba proxy
reconstructions, all studied samples contain <5 wt% CaO in carbonate
content (Brand and Veizer, 1980; Wei and Algeo, 2020).

B/Ga values increase upwards in the stratigraphic section (Fig. 6). At
the base, Batatal phyllite samples from the GAD-SW, southwestern area,
show a median value of 0.9 (range: 0.7-1.1). This value rises in the
northeastern region, where the median B/Ga reaches 1.8 (range:
1.6-1.9). In contrast, the upper stratigraphic unit, represented by the
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Cercadinho phyllite, exhibits a wider range of B/Ga values, from 0.7 to
5.6, with a median of 1.1.

The Sr/Ba ratio in the Batatal samples from the GAD-SW outcrop
ranges from 0.08 to 0.11, with a median of 0.09. In the northeastern
region, the Batatal phyllites show greater variability, with Sr/Ba values
between 0.04 and 0.46 and a median of 0.17 (Fig. 6). Conversely,
samples from the uppermost stratigraphic unit, the Cercadinho Forma-
tion, reveal the highest Sr/Ba values, with a maximum of 0.62, with a
median of 0.50 and minimum of 0.17 (Fig. 6).

Regarding S/TOC ratios, all analyzed phyllite samples from the
Batatal and Cercadinho formations show low S concentrations, ranging
from 0.01 wt% to 0.26 wt%, except the Batatal carbonaceous phyllite (e.
g., samples STM-FD00155-A29B, STM-FD00205-A24, STM-FD00205-
A10-06, and STM-FD00233-A10-17), where S concentration reaches up
to 1.69 wt%. Consequently, the Batatal phyllites exhibit S/TOC values
ranging from 0.01 to 0.25, with a median of 0.02. In contrast, the Cer-
cadinho Formation, which corresponds to the upper stratigraphy, dis-
plays higher S/TOC values, ranging from 0.3 to 0.4, with a median of
0.3.

4.3. Iron speciation

In the studied stratigraphic section, unreactive iron (Fey) is the
predominant phase across all samples, with concentrations ranging from
0.77 to 8.85 wt% (Table 3). In contrast, the abundance of highly reactive
iron (Feyr), which includes the Fe-oxide, Fe-carbonate, magnetite and
pyrite pools, varies from 0.13 to 2.0 wt% (Fig. 7).

In the lower unit, consisting of phyllite from the Batatal Formation in
the southwestern area (GAD-SW outcrop), the ratio of Feyg to total iron
(Fer) ratio ranges from 0.29 to 0.46, with a median of 0.37. The Fepy/
Feyp ratio is zero, indicating an absence of Fepy in the rocks. Conversely,
the Batatal Formation in the northeastern area displays greater vari-
ability, with Feygr/Fer values ranging from 0.01 to 0.49, and a median of

Table 3
Sequential iron extraction data.
Sample Lithostatigraphy Fecar, (Wt Feoy (Wt Femag (Wt Fepy (wt Fepr Fey (wt Fer (wt Fepy/ Fepr/ Fe/
%) %) %) %) (wt %) %) Fepr Fer Al
%)

AC06 0.01 0.96 0.02 0.00 0.99 9.20 10.19 0.00 0.10 1.44
ACO09 0.02 1.48 0.05 0.00 1.55 7.91 9.46 0.00 0.16 1.43
ACO09A 0.01 1.84 0.04 0.00 1.90 16.56 18.46 0.00 0.10 6.26
ACO09A1 0.01 1.06 0.02 0.00 1.09 7.00 8.09 0.00 0.14 0.91
STM-FD00155-A01 0.02 0.99 0.02 0.00 1.03 5.06 6.09 0.00 0.17 3.98
STM-FD00155-A04 Cercadinho Formation 0.01 0.11 0.01 0.00 0.13 1.91 2.04 0.00 0.06 1.64
ACO02A 0.03 1.75 0.02 0.00 1.80 2.14 3.94 0.00 0.46 0.44
ACO02B 0.06 0.48 0.04 0.00 0.59 0.88 1.47 0.00 0.40 0.17
ACO02C Batatal Formation - SW 0.03 0.36 0.02 0.00 0.41 1.01 1.42 0.00 0.29 0.19
ACO3 area 0.03 0.34 0.04 0.00 0.41 0.77 1.17 0.00 0.35 0.19
STM-FD0015-A19 0.31 0.01 0.01 0.00 0.32 1.30 1.62 0.00 0.20 0.28
STM-FD00155-A24 0.78 0.03 0.15 0.00 0.96 11.66 12.62 0.00 0.08 2.14
STM-FD00155-A25 0.10 0.01 0.03 0.00 0.14 5.33 5.47 0.00 0.02 0.88
STM-FD00233-A06 0.78 0.09 0.04 0.08 0.99 2.87 3.85 0.08 0.26 0.89
STM-FD00233

A010-06 0.41 0.11 0.12 0.33 0.97 4.00 4.97 0.34 0.19 1.03
STM-FD00233

A010-08* 0.20 0.06 0.08 0.42 0.76 3.82 4.58 0.55 0.17 0.89
STM-FD00233

A010-17 1.07 0.23 0.24 0.33 1.87 2.32 4.20 0.18 0.45 0.78
STM-FD00233

A010-22 1.04 0.23 0.39 0.33 2.00 2.10 4.10 0.16 0.49 0.70
STM-FD00233

A010-26 0.17 0.02 0.09 0.08 0.38 4.37 4.75 0.23 0.08 0.91
STM-FD00233

A010-29 0.52 0.17 0.33 0.17 1.20 3.61 4.80 0.14 0.25 0.90
STM-FD00233-A11 0.12 0.04 0.05 0.17 0.38 4.34 4.72 0.44 0.08 0.76
STM-FD00233-A12 0.37 0.05 0.32 0.00 0.73 12.33 13.06 0.00 0.06 1.95
STM-FD00233-A14 Batatal Formation - NE 0.08 0.01 0.05 0.00 0.13 8.85 8.99 0.00 0.01 1.43
STM-FD00233-A16 area 0.10 0.01 0.06 0.00 0.17 7.30 7.48 0.00 0.02 1.02

* FeT and Al were calculated from the average of the following intervals. The total interval is 1.5 m.
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Fig. 7. (A) and (B) Iron speciation parameters used to evaluate ocean redox conditions based on metapelitic rock samples from the Batatal Formation (pre-Caué BIF)
and the Cercadinho Formation (post-Caué BIF). (C) The FeT/Al and FeHR/FeT ratios serve as proxies for iron enrichment in the paleoenvironment. In this case, the
inverse correlation between these parameters suggests that FeHR/FeT, which is sensitive to the conversion of FeU (poorly reactive iron) to FeHR (highly reactive
iron), may be influenced by depositional processes. Fe/Al ratios between 0.5 and 1 are generally indicative of anoxic conditions. Abbreviations: FeHR = highly

reactive iron; FeT = total iron; Fepy = pyritic iron.

0.22. In this area, the Fepy/Feyg ratio ranges from 0 to 0.55, with a
median of 0.14. Notably, the protocol of Canfield et al. (1986) used here
for Chromium Reducible Sulfur (i.e., Fepy) will also extract Acid Volatile
Sulfur including pyrrhotite. Pyrrhotite can commonly form in meta-
morphic phases at the expense of pyrite or other highly reactive forms
and cause erroneous interpretations (Slotznick et al., 2018). The general
absence of Fepy as measured by chromium reduction indicates that
conversion to pyrrhotite is not unduly affecting our interpretations.

In the uppermost stratigraphic succession, comprising the meta-
sedimentary rocks from the Cercadinho Formation, the Feyg/Fer values
are 0.06, 0.14 and 0.17 wt%, with a median of 0.12. Similar to the
Batatal phyllite, the Fepy/Feyg ratio in this unit is also zero, indicating
the absence of pyrite and/or pyrrhotite.

5. Discussion
5.1. Paleosalinity reconstruction

Paleosalinity proxies potentially record temporal changes in the
water salinity, providing estimates of fresh, brackish, and marine con-
ditions in ancient basins (Potter et al., 1963; Wei et al., 2018; Gilleau-
deau et al., 2021; Remirez et al., 2024). As indicated by Wei and Algeo
(2020), salinity levels are classified using multiple geochemical ratios,
such as B/Ga, Sr/Ba and S/TOC, obtained from fine-grained sediments
like shale or mudstone. These ratios represent the preferential concen-
tration of certain elements under varying water salinities. For example,
B and Sr exhibit conservative behaviour in saline water, while Ga and Ba
are readily absorbed by clay minerals in freshwater sediments (Sirocko,
1995; Millero et al., 2008; Wei et al., 2018) and their abundance is
usually related closely to the detrital and freshwater input (Wei and
Algeo, 2020; Schier et al., 2021). The relative concentrations of buried S
and TOC also differ between marine and non-marine sedimentary facies
primarily because sulfate is present at extremely low concentrations in
freshwaters as compared to marine waters (Berner, 1985).

Reference values from Wei and Algeo (2020) provide a guideline for
interpreting paleosalinity proxies: (i) B/Ga <3 is freshwater; 3 to 6 is
brackish; and > 6 is marine; (ii) Sr/Ba <0.2 is freshwater; 0.2 to 0.5 is
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brackish; and > 0.5 is marine; (iii) S/TOC <0.1 is freshwater, and > 0.1
indicates brackish or marine. Liu et al. (2025) Updated that Sr abun-
dance in Proterozoic rocks is significantly lower than in modern
seawater and suggested adjusting the Sr/Ba parameter for Proterozoic
depositional systems, redefining freshwater (<0.08), brackish
(0.08-0.20), and marine (>0.20) salinity facies

The analyzed samples from the Quadrilatero Ferrifero reveal a
salinity gradient in the Batatal Formation, as indicated by the three
paleosalinity proxies. Broadly, salinity increases from the southwestern
to the northeastern areas, a pattern likely reflecting either greater
freshwater input in the southwest or better connectivity to the open
ocean in the northeast. Within the Cercadinho Formation, at the top of
the stratigraphy, paleosalinity data confirms that these fine-grained
sedimentary rocks were deposited in a marine environment. A
detailed discussion of each paleosalinity proxy and its preservation is
provided in the following section.

5.1.1. Potential effects of post-depositional alteration

Given that many of the elements used as paleosalinity proxies are
initially adsorbed onto clay mineral, which recrystallize during meta-
morphic transformation into phyllite, there is a high likelihood of
elemental mobility that could affect the proxies and their interpretive
framework (which is based on modern sediments that have not even
undergone diagenesis; Wei and Algeo, 2020). However, the crystalline
structure and composition of clay minerals may play an important role
in limiting the mobility of elements during diagenesis and low-grade
metamorphism (Dohmeier et al., 1996; Liu et al., 2025). For example,
several studies have discussed the potential preservation of paleosalinity
proxies during burial and low-grade metamorphism (Srodori, 2010;
Retallack, 2020; Cheng et al., 2021; Wang et al., 2021; Yu et al., 2022;
Wei et al., 2024). Liu et al. (2025) reported no evidence of significant
gain or loss of B, Ba, Ga, and Sr in clay minerals after burial diagenesis.
This work demonstrated that paleosalinity ratios remained consistent
despite variations in burial temperature, from 125 to 150 °C in meta-
siliciclastic rocks of the Nonesuch Formation (Michigan, USA) to
260-330 °C in the Datangpo Formation (Guizhou Province, China),
suggesting that they can be preserved during diagenesis and
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metamorphic processes.

In the Quadrilatero Ferrifero, Paleoproterozoic rocks exhibit evi-
dence for the preservation of geochemical and isotopic signals in met-
asedimentary rocks, as demonstrated through i) the consistent carbon
isotopic signatures obtained in dolostones (Bekker et al., 2003; De Paula
et al., 2023), ii) REE concentrations in BIFs (e.g. Spier et al., 2007;
Alkmim, 2014; Teixeira et al., 2017) and iii) minimal deformation
observed in the area, as evidenced by well-preserved primary structures
(Madureira et al., 2021), stromatolites and oncolites (Souza and Miiller,
1984; Babinski et al., 1995). In addition, fluid inclusion studies con-
ducted in the eastern part of the province indicate that fluid-rock in-
teractions in hematite from BIF layers recorded temperatures between
140 and 205 °C, suggesting minimal metamorphic alteration, while
quartz grains reached higher temperatures of 280-351 °C (Rosiere and
Rios, 2004; Rosiere et al., 2008).

Therefore, the integration of geochemical datasets with a well-
constrained regional stratigraphic and sedimentological framework in
the Quadrilatero Ferrifero (e.g., Madureira et al., 2021; Goncalves and
Uhlein, 2022) supports the interpretation and validates the application
of these proxies, demonstrating that the signal shows consistency in a
directional sense and is present across multiple proxies, which enhances
confidence in the overall interpretation.

5.1.2. B—Ga proxy

Within the Batatal Formation, southwestern phyllites (GAD-SW)
have lower B/Ga values (median 0.9), increasing toward the north-
eastern region (median 1.8). The southwestern phyllites exhibit a higher
median Ga value of 36 ppm (range 27-39 ppm), while the northeast area
shows a wider range of 24 ppm (15-51 ppm). These variations in Ga

B/Ga Sr/Ba
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concentration may reflect more significant freshwater input from the
southwestern than from the northeastern.

In the Cercadinho Formation, the upper stratigraphic unit, B/Ga
values increase (median/range: 1.1 / 0.7-5.6), among which, two out of
five samples acquire B/Ga of 4.5 and 5.6, indicating close to fully marine
conditions as defined by Wei and Algeo (2020). This trend aligns with
the slight decrease in Ga concentrations (median: 31 ppm; range: 4-37
ppm), indicating increasing salinity levels. The similarity in B/Ga ratios
between the Cercadinho Formation and modern sediments suggests that
Paleoproterozoic seawater salinity may have been comparable to that of
the modern ocean, consistent with the parameters proposed by Knauth
(2005), who argued that the most significant decline in ocean salinity
occurred during the Neoproterozoic, coinciding with the formation of
the first known large salt deposits. However, the observed secular var-
iations in water mass correspond closely with the depositional evolution
of the Minas Basin, reflecting dynamic changes in paleoenvironmental
conditions during its formation. Therefore, the B/Ga values indicate a
transition from freshwater-brackish facies in the Batatal Formation to
fully marine conditions in the Cercadinho Formation from the bottom up
(Figs. 6 and 8).

5.1.3. Sr—Ba proxy

The Sr/Ba data show an upward trend in younger rocks, ranging
from 0.04 to 0.62 (Fig. 8). In the southwestern Batatal phyllites (GAD-
SW), Sr/Ba values are low (median 0.09, range 0.08-0.11), while
northeastern samples show more variability (median 0.17, range
0.04-0.46), indicating freshwater to brackish conditions. These paleo-
salinity results are consistent with the rock assemblages found in each
specific area. In GAD-SW, homogeneous sericitic phyllites dominate,
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whereas GAD-NE represents a transitional environment with contribu-
tions from chemical sedimentary rocks. Other studies (Spier et al., 2007;
Alkmim, 2014; Hensler et al., 2017) report similarly low Sr/Ba values in
Batatal phyllites, supporting the interpretation of a predominantly
freshwater environment during their deposition (Fig. 8). Interestingly,
these reference data, which indicate low Sr/Ba ratios characteristic of
freshwater facies (Fig. 8), come from locations only 30 km away from
the study area of this work (Fig. 1).

In the Cercadinho Formation, Sr/Ba values rise to a median of 0.50
(range 0.40-0.62), with one outlier (0.17). These values suggest marine
facies sedimentation during a transgressive phase following the depo-
sition of the Caue BIF and Gandarela carbonates (Dorr, 1969; Gongcalves
and Uhlein, 2022).

Overall, the Sr/Ba proxy reveals a transition in the paleosalinity
conditions. Initially, the sediments at the base of the stratigraphy reflect
freshwater to low brackish conditions suggesting a weak circulation
with the open ocean, and transgression shifted the environment to ma-
rine deposition within the Itabira and Piracicaba Groups (Fig. 8).

5.1.4. S-TOC proxy

Sulfur and TOC concentrations are key indicators of paleosalinity, as
S is more abundant in marine sediments due to microbial sulfate
reduction and pyrite formation (Gilleaudeau et al., 2021). On the other
hand, the abundance of TOC in the sedimentary rocks is associated with
large microbial populations, sedimentation rates, and biomass preser-
vation in estuarine, deltaic or coastal settings (Berner, 1985; Playter
etal., 2017). The S/TOC ratio is about 13 times higher in marine than in
freshwater sediments, making it a reliable paleosalinity proxy (Wei and
Algeo, 2020).

The S-TOC results align with other proxies (e.g. Sr/Ba ratio and B/Ga
ratios), showing increasing salinity toward the Cercadinho Formation
(Figs. 6 and 8). In contrast, the Cercadinho Formation’s S/TOC values
indicate fully marine facies, reinforcing a marine transgressive scenario.

It is possible that the results of TOC in the present day doesn’t
represent for the original content, as part of the organic matter may have
migrated out of the rock during burial and thermal maturation (Hart and
Hofmann, 2022; Olson et al., 2025). Similarly, S abundance may have
been affected by mobilization from the rocks (Hart and Hofmann, 2022).
Reconstructing the original TOC content using Jarvie (2012) method is
challenging in this study due to the low TOC abundance. Despite the
uncertainties related to post-depositional alterations in the studied
samples, the S/TOC results remain consistent with other paleosalinity
proxies and align with the evolution of the Minas Basin.

In summary, these paleosalinity proxies (B/Ga, Sr/Ba, and S/TOC)
indicate a transition from freshwater to low-brackish conditions in the
Batatal Formation to fully marine conditions in the Cercadinho
Formation.

5.2. Paleoredox variation in the Minas Basin

Iron speciation results indicate a wide range of values associated
with ferruginous to oxic conditions, with Feyg/Fer values ranging from
0.49 to 0.06, peaking in the Batatal formation (Fig. 7A). The inverse
relationship between Feyg/Fer and Fer/Al (Fig. 7C and D) suggests that
the Feyr/Fer ratio, which is sensitive to the conversion of Fey to Feyg,
may be influenced by post-depositional processes. For example, some
highly reactive (HR) iron pools may have been converted to silicates or
carbonates during metamorphism, thereby transferring it to the Fey pool
and causing the Fepg/Fer ratio to drop below 0.2 in some samples
(Slotznick et al., 2018; Raiswell et al., 2018). Furthermore, samples that
were deposited rapidly may not exhibit the authigenic enrichments that
the iron speciation proxy attempts to fingerprint, yielding spuriously
low Feygr/Fer. Thus, considering the factors mentioned above, samples
with Fegr/Fer > 0.38 are interpreted as deposited under anoxic bottom
water conditions, while lower values suggest oxic conditions (Poulton
and Canfield, 2011; Caxito et al.,, 2024). However, due to the
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discrepancy between Fer/Al and Fepg/Fer ratios (Fig. 7C), the iron
speciation data cannot be directly taken at face value to confirm oxic
bottom water conditions.

The low Fepy/Fepp ratio (<0.55 wt%) indicates an overall absence of
euxinic conditions (Fig. 7B). In contrast, the high Fer/Al and high Feygr/
Fer ratios strongly suggest anoxic bottom water conditions. It is
important to note that the iron speciation proxy reflects redox condi-
tions at the sediment/water interface (i.e., bottom water conditions)
rather than in surface waters (Poulton and Canfield, 2011; Raiswell
et al., 2018). This means that the Minas Basin was probably stratified,
with a shallow oxic layer where dissolved ferrous iron (Fell) was
oxidized and precipitated, overlying ferruginous bottom waters where
the iron accumulated. This stratification aligns with existing models for
BIF deposition in the Minas Basin (Teixeira et al., 2017). Our study also
highlights the challenges in applying iron-speciation redox proxies to
ancient basins, particularly in iron-rich intervals and basins that have
experienced substantial metamorphism.

The EF values of the RSE in phyllite samples (Fig. 6) indicate sig-
nificant enrichment in the Batatal phyllites at the base of the stratig-
raphy, with maximum values of Crgg (3), Vgr (3.9), Ugr (6.7), and Mogg
(6.3). Notably, the Batatal carbonaceous phyllite in the NE area exhibits
a pronounced increase in RSEs (Fig. 6). Additionally, the distribution of
Mogg/Ugr values, as outlined by Algeo and Tribovillard (2009), serves as
another redox proxy. This proxy is valuable for identifying reducing
conditions, as Mo is preferentially scavenged in euxinic (oxygen-
depleted, sulfur-rich) environments, while U is more likely to be scav-
enged in anoxic settings more broadly (irrespective of sulfide levels)
(Algeo and Maynard, 2008; Tostevin and Mills, 2020). This differenti-
ation provides critical insight into the predominantly suboxic redox
conditions during deposition of the Batatal and Cercadinho formations
(Figs. 6, 9). The EF values of RSE (e.g. Mo, U, Cu and Ni), along with
Mogr/Ugr, indicate generally suboxic-anoxic conditions during the
Batatal Formation deposition. In contrast, the Cercadinho Formation
seems to exhibit more distinctly suboxic conditions, likely reflecting
increased O: levels in surface waters while maintaining persistent anoxic
conditions at the seafloor.

The Corg/P ratio serves as a proxy for tracking redox changes in the
Minas Basin, as low O levels promote the preservation of organic car-
bon and P release, whereas oxygenated conditions lead to organic car-
bon degradation and P retention (Algeo and Ingall, 2007). According to
thresholds proposed by Ingall and Van Cappellen (1990) and Remirez
et al. (2024), a Corg/P < 50 indicates oxic-suboxic conditions. Samples
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from the Batatal Formation, located at the base of the stratigraphy,
exhibit a wider range of Co¢/P values, with a median of 14.4 (0.8-97.6).
This suggests lower O, levels compared to the Cercadinho Formation,
which exhibits a lower median Cog/P value of 1.3 (0.7-6.7). These
findings are consistent with the interpretation that Batatal Formation
represents more reduced conditions than of the Cercadinho Formation.

The reconstruction of water mass conditions based on the correlation
between redox and paleosalinity proxies has been previously demon-
strated by Falkner et al. (1993), Remirez et al. (2024) and Wei et al.
(2024). The relationship between the B/Ga ratio versus Ugp suggests
dynamic water column conditions (Fig. 10) and a close correlation be-
tween salinity and redox condition. An integrated analysis of paleoredox
proxies and paleosalinity proxies reveals the evolution of the water mass
condition in the Minas Basin. Initially, during a suboxic-anoxic phase,
limited connection to the open ocean resulted in a strongly stratified
water column with oxygen-depleted deep waters. However, during the
deposition of Cercadinho Formation, the basin became better connected
to the open ocean, achieving fully marine salinity. Improved water cir-
culation and ventilation led to increased O, levels in the water column.

5.3. Evidence for bioproductivity in the Batatal phyllite

The Batatal phyllite exhibits enrichment of Cu, Ni and Zn, particu-
larly in the carbonaceous phyllite layers in the northeastern area. This
elemental enrichment, along with the sedimentary record, serves as
evidence of significant microbial phytoplankton activity in the surface
water of the Minas paleobasin, as these trace elements are essential for
bacterial cellular functions (e.g. Tribovillard et al., 2006; Scott et al.,
2013; Han et al., 2021). Moreover, sedimentary records suggest the
paleoenvironmental conditions were reducing, allowing for the accu-
mulation and degradation of biomass. This process, combined with
burial fluxes, contributed to the trace element enrichment observed in
the sediments (Tribovillard et al., 2006; Algeo and Maynard, 2008;
Playter et al., 2017).

Phosphorus is another essential element for life, yet it is not a reliable
indicator of paleoproductivity because it can be extensively recycled
within the water column under anoxic conditions (Tribovillard et al.,
2006). Nevertheless, Algeo and Ingall (2007) discuss variations in the
Corg/P ratio as a proxy reflecting benthic redox conditions in deposi-
tional systems. Accordingly, the elevated Cog/P ratio values (97.9)
found in the carbonaceous phyllites of the Batatal Formation suggest
anoxic benthic redox conditions during their deposition.

This, coupled with other evidence, indicates elevated bio-
productivity in the Minas Basin prior to the GOE and the precipitation of
the Caué BIF. This interpretation is consistent with the presence of free
O in the photic zone, which would have supported phytoplankton
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growth by providing essential nutrients derived from chemical weath-
ering of terrestrial rocks (Hsi and Langmuir, 1985; Konhauser et al.,
2011; Teixeira et al., 2017; Scott et al., 2008; Tostevin and Mills, 2020).
The observed decrease of Cu, Ni and Zn abundance in the younger rocks
from the Cercadinho Formation likely indicates a transition period
where the paleoenvironmental changes impacted the biogeochemical
cycling of trace elements.

5.4. Depositional model

The Caraca Group outlines a record of the tectonic evolution of the
Minas Basin, transitioning from a continental rift to a passive margin
setting (Dorr, 1969). This sequence reflects a shift from continental
sedimentation (Goncalves and Uhlein, 2022; Madureira et al., 2021) to
deposition on an extensive continental shelf (Dorr, 1969). In this
context, the alluvial-fluvial deposits of the Moeda Formation are
conformably overlain by fine-grained siliciclastic rocks of the Batatal
Formation (Dorr, 1969; Gongcalves and Uhlein, 2022).

Our findings suggest that the Batatal Formation comprises both
detrital and chemical rocks deposited in freshwater to slightly brackish
environments (Fig. 11A and B). Fluvial influx transported continental
sediments into a large freshwater body, interpreted as a lacustrine sys-
tem, owing to the mixed siliciclastic-dolomitic deposition. Comparable
examples can be found in other Brazilian sedimentary basins, such as the
Cretaceous-aged Campos and Santos Basins, which both record the
tectonic evolution from rift to post rift stage (e.g. Strugale and Cart-
wright, 2022). This progression is characterized by the initial deposition
of fine-grained sediments in continental lacustrine environments, fol-
lowed by a transition to marine sedimentation on shallow to deep ma-
rine platforms (Moreira et al., 2007; Winter et al., 2007).

In the studied profile, the Batatal phyllite records a salinity gradient
increase from the southwest to the northeast, based on the current
orientation of the sedimentary layers in the Gandarela Syncline
(Fig. 2A). This observation suggests that, in the northeastern portion, the
freshwater body may have a partial connection with the ocean, leading
to water mixing and the development of brackish conditions (Fig. 11B).
During this stage of the sedimentary basin’s evolution, the water column
likely exhibited suboxic conditions within a stratified basin, character-
ized by a (sub)oxygenated surface layer overlying anoxic bottom water.
Subsequently, as the transgressive system advanced, deposition transi-
tioned to a fully marine environment, marked by the deposition of BIF
(Caué Formation) and carbonates (Gandarela Formation). At the top of
the stratigraphic sequence, the Cercadinho Formation reflects sedi-
mentation in a marine environment under less-reducing conditions,
indicative of improved ventilation and oxygenation in the basin
(Fig. 11C).

Therefore, the Minas Basin provided localized conditions conducive
to the deposition of Fe-mineral precursors of BIF, prior to the Caué BIF,
in a transitional paleoenvironment influenced by a mix of waters with
varying salinities, as evidenced by the Batatal Formation. In contrast,
the formation of the giant iron deposits in the Quadrildtero Ferrifero,
represented by the Caué BIF (~350 m thick), followed by the Gandarela
dolostones (~350 m thick), reflects a period of stable water mass con-
ditions. These conditions facilitated the accumulation of these massive
iron deposits over a timespan of approximately 100 million years.

6. Conclusion

Comprehensive paleosalinity studies using multiple salinity proxies
(B/Ga, Sr/Ba and S/TOC ratios) reveal dynamic changes in water mass
conditions throughout the formation of the Minas Basin. The fine-
grained sediments of the Batatal Formation, located at the base of the
stratigraphy, record a transition from freshwater to low-brackish facies,
with limited marine influence. This suggests that the depositional
paleoenvironment of the Batatal Formation was dominated by conti-
nental sedimentation. As a marine transgression advanced, the
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depositional environment shifted toward fully marine conditions, coin-
ciding with the deposition of the Caué BIF, Gandarela carbonates, and
fine-grained sediments of the Cercadinho Formation. Therefore, the
onset of BIF deposition is linked to a transitional paleoenvironment
subject to mixed-salinity waters (Batatal Formation), while the giant
iron deposits of the Quadrilatero Ferrifero, including the Caué BIF, likely
formed under stable water mass conditions sustained for ~100 million
years.
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This study indicates that paleosalinity proxies (B/Ga, Sr/Ba, and S/
TOC) can provide reliable results even in metamorphic rocks, serving as
valuable tools for reconstructing depositional environments. It un-
derscores their potential for investigating Paleoproterozoic rocks while
also highlighting the need for further research on how these proxies
behave during metamorphism.

Paleoredox reconstructions suggest that the Batatal phyllites were
deposited under anoxic and ferruginous (non-euxinic) bottom-water
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conditions. On the other hand, the younger Cercadinho Formation
phyllites, found at the top of the stratigraphy, exhibit depleted RSE
abundances, and lower Feyg/Fer ratios, but high Fe/Al ratios suggest
iron re-partitioning due to post-depositional processes. Further investi-
gation is needed to determine whether the fine-grained sediments of the
Cercadinho Formation reflect less-reducing waters, with enhanced
water column ventilation leading to improved deep-water oxygenation.
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