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Abstract

The Paleoproterozoic Lagoa do Riacho manganese deposit in the Borborema Province is central
to unravelling the genesis of Paleoproterozoic manganese deposits, Paleoproterozoic redox
evolution and genetic relationship to the West African Craton. With manganese contents averaging
35 wt%, the Lagoa do Riacho manganese unit is lithologically subdivided into oxidized and silicate
manganese ores and a garnetite (garnet-rich rocks) subgroup. The oxidized manganese ore consists
mainly of pyrolusite, manganese-oxyhydroxide and spessartine. The silicate manganese ore has
rhodonite, tephroite and spessartine. Garnetite contains spessartine and minor quartz and
rhodonite. The main host rocks include garnet quartzite and graphite-bearing pelitic gneiss. The
composition of carbonate inclusions in spessartine-rhodonite and Ca-Mn fractionation between
garnet core and rim suggests all these manganese-rich rocks probably formed from protoliths of
marl composition. Biogenic, syn-sedimentary graphite in the manganese-rich rocks and their host
rocks indicates organic matter was deposited along with the marl protolith. Within this general
context and through chemical-petrological relations, we outline an initial environment involving
anoxic sediments' deposition (eg., organic matter-rich manganese marl and black shales, and
wackes) on the seafloor. The presence of spessartine, rhodonite, and tephroite suggests peak
metamorphic conditions reached amphibolite facies conditions (6-7 kbars and 550-700°C).
Amphiboles indicate later retrograde stages and carbonate veins suggest a possible hydrothermal
stage after manganese deposition. The metamorphosed manganese-rich rocks were upgraded to
medium-grade manganese ores during exposure to surface water. Our results indicated that the
manganese-rich rocks and their host rocks were generated in a sedimentary context, possibly in a

marine setting with carbonate and organic matter contribution.
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1. Introduction

Peak deposition of manganese formations coincided with the Great Oxidation Event
(Karhu and Holland, 1996; Holland, 2006), when oxygen rose permanently in the atmosphere ~2.4
billion years ago, suggesting that the transition from the predominantly reducing Archean
atmosphere to the oxygen-rich world of the Proterozoic played a crucial role in the global
accumulation of Mn deposits (Roy, 2006; Maynard, 2010; Johnson et al., 2016). Mineralogically
they are varied, but most commonly include the carbonates kutnohorite (Ca*>*Mn?*[CO3],) and
rhodochrosite (Mn?"CO3), diverse manganese silicates, and the manganese oxides cryptomelane
(K[Mn*", Mn?*]3016) and pyrolusite (Mn*'O,) (Dasgupta, 1997; Johnson et al., 2016). This
variability reflects differences in the composition of the seawater primary precipitates, diagenetic
modification in the sediment pile, metamorphic transformations and, in some instances, further
alteration during ore formation (Dasgupta et al., 1990, 1993; Calvert and Pedersen, 1996; Miicke
et al., 1999; Chisonga et al., 2012; Brusnitsyn et al., 2017; Johnson et al., 2019). Consequently,
using manganese-rich rocks to infer paleo-environmental conditions is challenging and requires
unraveling the paragenetic sequence of minerals.

To date, geological studies focusing on manganese-rich rocks are limited in number when
compared to their iron-rich equivalents, the so-called iron formations (Konhauser et al., 2017). For
example, previous studies have primarily been focused on major Paleoproterozoic deposits in
Ghana, Gabon and South Africa in the Nsuta, Moanda and Kalahari manganese fields, respectively
(Leclerc and Weber, 1980; Gutzmer and Beukes, 1995, 1996; Miicke et al., 1999; Tsikos and
Moore, 1997; Nyame, 2001; Tsikos et al., 2001, 2003; Beukes et al., 2016). In Brazil, similar
manganese deposits also exist containing proven reserves up to 43 Mt of ore (Chisonga et al.,
2012). These deposits share similar age and geological setting with the aforementioned African
fields (Roy, 2006; Chisonga et al., 2012; Cabral et al., 2019a; Salgado et al., 2019). For example,
the location of the current study is believed to have a common paleographical provenance as the
West African Craton (Klein and Moura, 2008; Neves, 2011; Costa et al., 2018; Grenholm, 2019;
Grenholm et al., 2019). Moreover, both Brazilian and some African manganese deposits are hosted

in carbonaceous black shales and linked to chemical rocks, such as marine carbonates and iron



formations (Roy, 2006; Beukes et al., 2016). However, not much is known about early manganese
deposition in the Borborema Province, northeastern Brazil, and processes leading to their ore
genesis. This information is crucial for the evaluation of the manganese ore potential in the
Borborema Province, global and regional-scale reconstruction of the chemical evolution of Earth
surface environments during the Paleoproterozoic, and linkages to the West African Craton prior
to plate-tectonics separation.

In this work, we present the mineralogy and composition of the Lagoa do Riacho
manganese deposit, the focus of the present study, in order to retrieve information on the nature of
the protolith of metamorphosed manganese-rich rocks, their physicochemical depositional
conditions, and associated post-depositional alteration processes that enabled the formation of the
manganese ore. The Lagoa do Riacho manganese deposit is a representative example of
Paleoproterozoic manganese mineralization from the Borborema Province. This deposit is hosted
in medium- to high-grade Paleoproterozoic gneisses from the Canindé do Ceara Complex (Fetter
et al., 2000; Gomes, 2013; Garcia et al., 2014; Costa and Palheta, 2017; Calado et al., 2019) and
might be correlative with other manganese-rich rocks from South America (Chisonga et al., 2012;
Cabral et al., 2019a) and Ghana in West Africa (Miicke et al., 1999; Nyame, 2001; Beukes et al.,
2016). The deposit was discovered in the northeast of Brazil by the company Libra Ligas do Brazil
in 2003. However, operational mining activities in the Lagoa do Riacho mine are relatively recent
and date from 2011. Its activities were closed in 2020, and during this period the ore was extracted
in three open-pits, with rocks containing up to 45 wt% of manganese ore. Unfortunately, there is

no further data available for publication on manganese resources at this time.

2. Geological setting
2.1. Borborema Province
The Borborema Province in northeastern Brazil is believed to have been located adjacent
to the West African Congo and Sao Francisco cratons before the opening of the Atlantic Ocean,
during the Gondwana assembly around 600 Ma (Caby, 1989; Castaing et al., 1994; Brito Neves et
al., 2000; Neves, 2003; De Wit et al., 2008) (Fig. 1A and B). In this context, the Borborema
Province represents the westernmost segment of this palaeocontinent (Torsvik and Cocks, 2013).
Apart from the Late Neoproterozoic history, the Northern Borborema Province basement

is mostly composed of Paleoproterozoic rocks (2.3-2.0 Ga) developed through juvenile arc



accretion (Fetter et al., 2000; Martins et al., 2009; Neves, 2011; Costa et al., 2015; Souza et al.,
2016; Costa et al., 2018). This has led some authors to point out some geotectonic similarities
between these rocks and the Birimian succession in West Africa (Klein and Moura, 2008; Neves,
2011; Costa et al., 2018; Grenholm, 2019; Grenholm et al., 2019) (Fig. 1B). Accordingly,
Grenholm et al. (2019) depicted a pre-Atlantic reconstruction of South America and Africa. They
placed the Northern Borborema Province adjacent to the West African Craton, suggesting a
connection between both terranes.

The Borborema Province consists of several Archean nuclei composed mostly of TTG
orthogneisses (Fetter 1999; Dantas et al. 2013; Ganade et al., 2017), a Palacoproterozoic basement
formed by orthogneisses, migmatites and various supracrustal rocks (Fetter et al., 2000; Hollanda
et al., 2011; Souza et al., 2016; Costa et al., 2018). Additionally, a series of Meso- to
Neoproterozoic granitic intrusions, metasedimentary rocks and shear zones (e.g., Patos,
Pernambuco, and Transbrasiliano) developed towards the end of the Neoproterozoic era (Vauchez
et al. 1995; Neves and Mariano 1999; Viegas et al. 2014) (Fig. 1B). Brito Neves et al. (2000)
propose a division of the Borborema Province into three major structural domains: the (1) Northern
Borborema Province, including the Médio Coreati, Ceara Central, and the Rio Grande do Norte
domains; (2) Central Domain; and (3) Southern Domain.

The Northern Borborema Province comprises an expressive Rhyacian granitic and gneissic
belt and related metavolcanosedimentary sequences of the same age hosting the manganese-rich
rocks presented here (Fetter et al., 2000; Hollanda et al., 2011; Costa et al., 2015; Souza et al.,
2016).

2.2. Manganese mineralization from the Northern Borborema Province

Several manganese-rich rocks occur along an N-NE-directed trend within the
Paleoproterozoic units of the Northern Borborema Province (Souza and Ribeira Filho, 1983;
Gomes, 2013; Costa and Palheta, 2017) (Figs. 2A and B). In many cases, these are ore-grade
manganese-rich rocks containing at least 35 wt% MnO». They are interbedded with amphibolite
facies metamorphic rocks, including graphitic pelites, garnet-bearing quartzites, metagraywackes,
metaconglomerates and calc-silicate rocks (Souza and Ribeira Filho, 1983; Gomes, 2013). The ore
consists predominantly of the following manganese minerals: rhodochrosite, spessartine

(Mn2**Al,[Si04]3), rthodonite-pyroxmangite (Mn?* Fe?*,Mg,Ca,SiO4), and tephroite (Mn?*,Si04),



along with non-Mn gangue minerals such as graphite (C), pyrite (Fe**S,) and pyrrhotite ([Fe**]-
«S). Localized supergene enrichment to manganese oxide layers is recorded by massive
crystallization with pyrolusite, manganite (Mn**O[OH]), cryptomelane, and todorokite
([Na,Ca,K,Ba,Sr]ix[(Mn,Mg,Al]sO12-nH>0O (Souza and Ribeira Filho, 1983; Gomes, 2013).

The Lagoa do Riacho manganese deposit is located within this mineralization trend (Figs.
2B and C). It is hosted within the Canindé do Ceard Complex, which is subdivided into two sub-
domains: (1) paragneisses and schists interbedded with marbles, quartzites, calc-silicate rocks,
amphibolites, and manganese and iron formations; and (2) orthogneisses of granitic to tonalitic
composition and subordinate amphibolites (Fetter et al., 2000; Castro, 2004; Torres et al., 2007;
Costa and Palheta, 2017) (Fig. 2B). Orthogneisses yield a U-Pb zircon crystallization age of 2.15
Ga and a Sm-Nd model age (TDM) of 2.4-2.3 Ga (Fetter et al., 2000; Castro, 2004). The gneissic
rocks hosting the manganese-silicate rocks at the southern part of the Lagoa do Riacho manganese
deposit have a U-Pb zircon crystallization age of 2.13 Ga (Gomes, 2013). For the first sub-domain,
a maximum sedimentation age of 1.9 Ga was determined by U-Pb on a detrital zircon in a quartzite

by Costa and Palheta (2017).

3. Materials and methods
3.1. Drill core description (macroscopic features)

The studied manganese-rich rocks have been sampled from three drill cores (Ocr-1; Ocr-
4; Ocr-8) provided by Libra Ligas do Brasil S.A. (Fig. 2C). A systematic petrographic study was
carried out on these core samples to define their general macroscopic features and mineral
paragenetic sequence. Core Ocr-1 shows an approximate 50 m oblique section crosscutting, from
top to base, mainly oxidized manganese ore (OMO), garnet quartzite and reaching the basement,
composed of graphitic-bearing pelitic gneiss (host-rock), in the lower part of the core (Fig. 3). Core
Ocr-4 is a 38 m oblique section that crosses a garnetite unit in its lower parts and a granitic rock
in the bottom and does not reach the graphitic-bearing pelitic gneiss (Fig. 3). Core Ocr-8 is an
oblique 46-m long section that crosses a thick layer (approximately 20 m) of garnet quartzite and
OMO and garnetite interbedded with garnet quartzite at the bottom (Fig. 3). A layer of silicate
manganese ore (SMO) is observed through the three cores (Fig. 3). Additionally, lateritic

manganese crust is present at the top of the cores (Fig. 3).



3.2. Petrographic analysis

Thin and polished sections of representative samples were used in petrographic studies
with transmitted and reflected light microscopy, respectively. Petrographic studies were performed
in the Microscopy Laboratory of the Institute of Geosciences, University of Campinas, and in the
SEMlab of the Federal University of Ceara, using a polarized light microscope Leica model DM
50P. Petrographic studies were complemented by qualitative mineralogy with X-ray diffraction
(Appendix A) using a PANalytical X'Pert Pro diffractometer at the Institute of Geoscience,
UNICAMP. Data reduction (smoothing, background subtraction, peak searching, profile fitting,
and error correction) and mineral phase identification from powder diffraction was made using the

Match! Version 2.0 software.

3.3. Chemical analyses of minerals and whole rock

Electron Microprobe Analysis (EMPA) was performed using a JEOL JXA-8230 super
probe, equipped with five wavelength dispersive spectrometers (WDS), at the Microscopy and
Microanalysis Laboratory (LMic) at the Department of Geology, Federal University of Ouro Preto,
Brazil. Six different crystals were used: thallium acid phthalate on H-type spectrometer (TAPH in
WDS 1), thallium acid phthalate (TAP in WDS 2), lithium fluoride on H-type spectrometer (LIFH
in WDS 3), pentaerythritol on H-type spectrometer (PETH in WDS 3), pentaerythritol (PETL in
WDS 5) and lithium fluoride (LIFL in WDS 5). The JEOL EMPA software Ver3.0.1.16 package
was used to perform the calibration, overlap correction and quantification. Operating conditions
were 15kV accelerating voltage, 20nA beam current and 5 um beam diameter (1 pm was used for
tiny grains). The work distance on EMPA is fixed at 11 mm with no variation during the analysis.
The following standards were used for calibration: anorthoclase (Na), CaF, (F), quartz (Si),
corundum (Al), olivine (Mg), BaSO4 (Ba), magnetite (Fe), scapolite (Cl), chromite (Cr), fluor-
apatite (P and Ca), strontianite (Sr), rutile (Ti), microcline (K) and MnO (Mn). Counting time for
Ba, Sr and P was set at the 30s at peak and 15s at the background, while Na, F, Si, Al, Mg, Fe, Cl,
Ti, Ca, K and Mn was set at 10 s at peak and 5 s at the background. The major spectral interferences
were corrected during the standard analysis and the quantification. La X-ray was used for Ba and
Sr while Ko X-ray was used for Na, F, Si, Al, Mg, Fe, Cl, P, Cr, Ti, Ca, K and Mn. The standard
deviation to each element was: Na (1.00%), F (1.12%), Si (0.30%), Al (0.29%), Mg (0.47%), Ba



(0.34%), Fe (0.42%), Cl1 (1.74%), Cr (0.62%), P (0.64%), Sr (0.79%), Ti (0.21%), Ca (0.24%), K
(0.5%), Mn (0.41%). The total iron content obtained by the microprobe is considered as FeO.

To determine the crystallization temperature of the carbonaceous matter (graphite) related to
the manganese-rich rocks, we analyzed 50 graphite crystals from the rock matrix of the
manganese-rich rocks and graphite-bearing pelitic gneiss by Raman spectroscopy. A Renishaw
Raman microscope (inVia Reflex) coupled to a Leica DM2500M microscope at the Astrolab of
the Chemistry Institute, University of Sdo Paulo (USP), was used in order to acquire the Raman
spectra of the carbonaceous matter. The selected crystals (in polished thin sections) were directly
exposed to an Ar laser (532 nm) for 5s at a power of 10 mW to obtain a Raman shift spectra (2000-
1100 cm™!). Ten spectra in different crystals were acquired for each polished thin section. Data
processing, including peak position, G, D1, and D2 band-area and full width at half maximum
(FWHM), was performed using an open-source Fityk computer program. A graphite Raman
spectrum is formed of first- and second-order regions, the first-order region ranging from 1100 to
1800 cm™! and is often considered for thermobarometric studies in the carbonaceous matter
(Beyssac et al., 2002). In this region, a graphite band occurs at around 1580 cm™! (G band) in well-
ordered graphite, whereas disordered graphite displays adjacent bands at 1350 cm™! (D1), 1620
cm ! (D2) and 1500 cm™!' (D3). The metamorphic temperature can be calculated using the

following parameters from Beyssac et al. (2002) in equation I:

(I) T(°C)=—455°C x D1/(G+D1+D2) band area ratio + 641.

This equation works in the temperature range of 330 to 650°C, encompassing the greenschist
to amphibolite facies metamorphism field and with an absolute accuracy of + 50°C. The
thermometer error is estimated at + 50°C. Although graphitization would be an irreversible
process, and thus graphite always records peak temperature, mechanical deformation can reduce
the registered temperature (Barzoi, 2015; Kirilova et al., 2018). Hence, concerning reducing the
effects of deformation, we use a correction factor from Barzoi (2015) in addition to the Beyssac et

al. (2002) classical thermometer. The corrected temperature is calculated by equation II:

(IT) Tcorrected=T[i] / Cstrain



where Cstrain represent positive values, with a maximum of 1 for high strained graphite
samples, and TT[i] is the temperature extracted from the equation I above.

The core Ocr-4 (twenty-one samples) was chosen for presenting geochemical data since it
contains all range of lithological groups from this study, except the graphite-bearing pelitic gneiss
extracted from the core Ocr-1. Thus, twenty-two samples were geochemically investigated.
Sample preparation, major oxide geochemical analyses and carbon content determination were
performed at the SGS-GEOSOL laboratory. Samples were crushed and ground to < 75 um with
respectively jaw crusher and agate mill. For major oxide, 2g of rock powder was mixed with
lithium metaborate/tetraborate and heated up to 1050 °C in a muffle for 15 min. The corresponding
molten material was dissolved in dilute HNO3 (5%) and analyzed in a Phillips PW 2404 X-ray
fluorescence spectrometer (XRF) using the following standards, SG-142, AMIS0258 and
OREAS171. Detection limits are between 0.1 and 0.01 wt.%. For carbon content, samples were
analyzed by combustion and CO; infrared detector techniques in a LECO equipment model CS-
775. The international standard GGC-04 measured the external precision and detection limit are

below 0.05%.

4. Results
4.1. Field relationships and macroscopic features of the manganese-rich and associated rocks

The Lagoa do Riacho manganese deposit occurs within a synform plunging to E-NE and
S-SW. The deposit operated from three open pits and is hosted by a graphite-bearing pelitic gneiss,
which is only exposed at the cores. The graphite-bearing pelitic gneiss belongs to the Canindé do
Ceara Complex. The manganese-rich rocks from the Lagoa do Riacho mine show three distinct
lithological groups, all containing graphite along foliation planes. The first occurs in the upper
section of the cores and consists of oxidized manganese ore (OMO). The second group is formed
by massive or banded silicate manganese ore (SMO), as lenses within the OMO. The third group
is constituted by a finely banded spessartine-rich lithology, garnetite, with minor silicate
manganese minerals.

At the mine site, there is a continuous interstratification of OMO with garnet quartzite
(Figs. 4A, B, and C). The garnet quartzite is commonly fractured and has several generations of
manganese oxyhydroxide ([MnO(OH).nH>O]) veinlets crosscutting its bedding (Fig. 4D). The

OMO appears in a 45° tilted contact with a garnet quartzite and is intruded by irregular aplitic



veins (Figs. 4E and F). Both lithological groups (OMO and garnet quartzite) extend laterally
between the open pits. Manganese lateritic duricrusts and locally pisolitic crusts crop out at its
uppermost surface, above the garnet quartzite.

The OMO is a banded, fine- to medium-grained rock with mm- to cm-thick, well-
developed, grayish black, pyrolusite-graphite bands interleaved with pale-brownish, granular
garnet-quartz (SiO2)-pyroxene-rich bands (resemble a Sy relict banding). Most of the pyrolusite is
in close contact with mm-sized graphite (Figs. SA and B). The gray to black appearance of the
bands results from this association; locally, this looks like a graphitic rock due to the high content
of this mineral in the rock matrix (Fig. 5C). Pyrolusite and cryptomelane also form interconnected
veinlet networks with a dendritic texture that crosscut garnet-quartz bands (Figs. SB-D). In general,
the medium- to fine-grained quartz-garnet-rich bands are thinner than the pyrolusite and the
graphite-rich bands.

The SMO varies from layered to massive rocks composed of manganese silicate-oxide
minerals (Figs. SE-H). It contains mm- to cm-thick bands of pinkish-white, fine-grained quartz-
pyroxene-olivine and dark gray fine-grained pyrolusite + cryptomelane (Fig. SE). Pale brownish
garnet occurs in rims of manganese-oxyhydroxide-rich bands (Fig. 5E). The manganese-
oxyhydroxide appears as greenish-black linear clusters along the foliation and crosscutting it as
pyrolusite veinlets (Fig. SE). Cryptomelane veinlets also cross the pyroxene-rich matrix (Fig. F).
Massive SMO is present as meter-sized lenses within the spessartine-bearing rocks in the lower
section of drill core Ocr-8 (Figs. 5G-H).

Garnetite occurs at the lower section of cores Ocr-4 and Ocr-8. It is a very fine-grained,
grayish to white and green rock. It contains mm- to cm-sized bands of garnet spessartine
interbedded with calc-silicate minerals (e.g., epidote (Caz[Fe**, Al]3[SiO4]3[OH]), pyroxene),
plagioclase ([Na, Ca] [Si, Al]4Os) and tiny flakes of graphite (up to 1 mm) (Figs. 6A and B).
Graphite appears as mm-sized flakes disseminated throughout and aligned along the rock’s
foliation planes. Minor amounts of mm-sized pyroxene are recognized as brownish-green and
pinkish agglomerate spots (Figs. 6A and B). Some veinlets filled by carbonate and biotite (K[Mg,
Fe?*]3A1Si3010[OH, F]2) locally occurs closely related to spessartine garnet.

Several garnet quartzite beds are 0.5-12 m thick, with ochre to gray colors, commonly
interbedded with the manganese-rich rocks. These rocks show a continuous foliation composed

almost exclusively by an alignment of medium- to coarse-grained quartz-feldspar ([K, Na, Ca] [Si,



Al]s Og) -garnet (Fig. 6C-E). The garnet quartzite contains spots of graphite (up to 5 mm) that
appears either slightly oriented or randomly distributed (Figs. 6D and E). Minor sulfide minerals
occur in these rocks (Fig. 6F). At the base of the Ocr-1 core, there exists light- to dark-gray colored,
graphite-bearing, medium- to coarse-grained pelitic gneiss containing centimeter-sized garnet
porphyroblasts and sillimanite (Fig. 6F). This rock hosts all previously described lithological
groups. Garnet and sillimanite are wrapped by a continuous, spaced foliation defined by biotite,
muscovite (KAL[Si3Al]O10[OH, F]2) and graphite flakes at the base of the Ocr-1 core.

In addition, granitoid appears in the cores with an approximate thickness up to three meters
crosscutting the manganese-rich rocks, with a metamorphic aureole along the contact (Fig. 6H). It
is a pinkish, medium- to coarse-grained, leucocratic granite. In some cases, it has pegmatoid

texture and is composed of quartz, K-feldspar, and plagioclase.

4.2 Mineralogical and textural features

Table 1 summarizes the minerals described in the following lithological groups.

4.2.1. Oxidized manganese ore - OMO

The classification of OMO is descriptive and based upon the predominance of manganese-
oxyhydroxide minerals and spessartine garnet (>50%). Spessartine porphyroblasts contain
abundant micro-crystalline carbonate (Ca,Mn[COs]) inclusions (up to 100 pm), which form
aligned trails. However, it also appears with an inclusion-free core (Fig. 7A). Some manganese
pyroxene and tephroite are present in the matrix of the ore and crosscut by pyrolusite and
cryptomelane veinlets (Figs. 7B and C). In less weathered sections some manganese amphibole
appears in contact with graphite (Fig. 7D). Pyrolusite occurs as abundant veinlets within fractures,
gemination planes of some minerals (e.g., manganese pyroxene), in pockets at rock matrix and as
interstitial subhedral to anhedral prismatic crystals (Fig. 7E). Todorokite is a ubiquitous secondary
mineral throughout the pyrolusite-spessartine manganese ore, always as a pseudomorphic phase
of manganese silicate minerals and having a distinct fibrous habit recognizable in reflected light
and BSE images (Fig. 7F). Cryptomelane is also present as a secondary mineral in fractures; other

than typical dendritic habit, it also displays a zoned colloform texture (Fig. 7G).
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4.2.2. Silicate manganese ore - SMO

Manganese pyroxene is the most common silicate (>70%) in the SMO (Fig. 8A). In
general, it is idioblastic-subidioblastic, equigranular and shows a mosaic texture (Fig. 8B).
Manganese rich amphibole may be locally replaced by manganese pyroxene (Figs. 8C and D).
Spessartine garnet is commonly in straight contact with manganese pyroxene, but also as
inclusions in the latter. Tephroite occurs in minor content (<5%) in irregular contact with
manganese pyroxene. Minor carbonate inclusions are found in manganese pyroxene (Fig. 8D).
Other minerals include pyrolusite, Fe-Mn oxyhydroxide (jacobsite and todorokite), cobaltite
(CoAsS), pyrite, chalcopyrite (CuFe?*S;), pyrophanite and graphite. Cobaltite is found with triple
points, having a straight boundary shape with spessartine (Fig. 8E). Other common sulfide
minerals are pyrite and chalcopyrite, which are found as xenoblastic-subidioblastic crystals in
contact with manganese pyroxene. Pyrophanite exhibits rounded to fine-grained, irregular habits

(Fig. 8F).

4.2.3. Garnetite

Taking into account the high spessartine garnet content of this rock (>80%), the
petrographic classification garnetite has been adopted, although gondite (Roy and Mitra, 1964)
and “coticules” (Spry, 1990) are another common terms. However, garnetite is preferred to gondite
and coticules because it has no genetic connotation.

Garnetite forms a thinly, banded rock (mm-sized) showing alternations of spessartine
garnet and quartz-rich layers (Fig. 9A). Spessartine is subidioblastic-idioblastic (up to 2.5 mm)
and grows along a continuous foliation plane (Figs. 9A and B). Mica occurs in interstitial areas
close to spessartine rims (Fig. 9C). Quartz appears as idioblastic to xenoblastic, fine-grained
crystals (up to 2.5 mm) with granoblastic texture in the rock matrix. Pyroxene is idioblastic-
subidioblastic in equigranular crystals, with prismatic to irregular habits and commonly occurring
in contact with spessartine garnet (Fig. 9D). Xenoblastic amphibole is generally a minor
component replacing pyroxene (Fig. 9E).

Aligned, fine-grained (mm-sized) graphite flakes define the primary sedimentary bedding
(So//S1). Locally, epidote with titanite (CaTiSi0Os) inclusions occurs as isolated or agglomerated,
fine-grained granular crystals along the foliation in contact with spessartine, quartz and pyroxene

(Fig. 9F). Carbonate is a minor component and only as veinlets transversely crosscutting
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spessartine and other matrix minerals, such as quartz and manganese pyroxene (Fig. 9G). Pyrite

and chalcopyrite are local with xenoblastic and idioblastic habits.

4.2.4. Associated rocks (garnet quartzite and graphite-bearing pelitic gneiss)

The host rocks of the manganese ore are represented mainly by a: (i) medium- to coarse-
grained garnet-quartzite, and (ii) graphite-bearing pelitic gneiss. For the garnet-quarzite, there are
also numerous millimeter-sized garnet porphyroblasts (up to 1.25 mm) that are aligned, and thus
define a continuous foliation plane (Fig. 10A). Medium-grained subidioblastic plagioclase and
quartz constitute matrix minerals. Millimeter-sized (up to 2.5 mm) microcrystalline graphite flakes
are abundant and commonly aligned along the foliation plane with garnet, quartz, and plagioclase.
Although well-developed graphite flakes are predominant throughout the rock matrix, they are a
lower crystallinity variety (Figs. 10A and B), they display an amorphous pseudo-spheroidal habit,
and they occur in close relationship with garnet and pyrite. In some cases, between graphite
lamellae, there exist covellite overgrowths. Pyrite and chalcopyrite appear as small, elongated
individual crystals in close association with graphite. These sulfide minerals have massive,
medium-grained, subhedral and anhedral shapes. Additionally, pyrite may have inclusions of
covellite (CuS) in its core (Fig. 10C). Similarly, to the other lithological groups, pyrophanite
appears as rounded to fine-grained irregular crystals (Fig. 10D).

For the graphite-bearing pelitic gneiss, quartz locally displays undulatory extinction and is
recrystallized in sub-grains. It defines semi-continuous granoblastic lenses with feldspar (K-
feldspar and albite) and cordierite (Mg2Al4SisO1g). Biotite and muscovite form conspicuous
lepidoblastic layers intercalated with granoblastic layers and define a Sn foliation. This Sn foliation
is usually anastomosed and wraps garnet porphyroblasts. Brownish biotite occurs as medium- to
fine-grained lamellae with quartz and zircon inclusions, locally replacing garnet and sillimanite
(Al2Si0s5). Centimeter-sized, subidioblastic garnet porphyroblasts are commonly fractured (Fig.
10E). Some garnet varieties have inclusion-free cores, while others have quartz, plagioclase and
biotite inclusions in their cores. Prismatic, xenoblastic sillimanite forms thin porphyroblasts along
the S, foliation in contact with biotite and garnet (Fig. 10F). Graphite flakes are ubiquitous and

distributed along the main foliation.
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4.3 Mineral chemical composition

Representative electron microprobe chemical compositions of garnet, pyroxene, olivine,
amphibole, mica, feldspar, carbonate, pyrophanite, and manganese oxyhydroxides, from all
lithological groups described in the previous section (4.2), are presented in Appendix B. All

manganese and iron are reported as total MnO and FeO, respectively.

4.3.1. Garnet

The garnet chemical composition from the OMO, SMO and garnetite contains average
contents of ca. 0.82, 0.80, and 0.80 mols% of the spessartine end member [ Xspss= Mn/(Fe + Mn +
Mg + Ca)], respectively (Appendix B and Fig. 11A). In these manganese-rich rocks, garnet
spessartine porphyroblasts normally exhibit irregular compositional zoning with a conspicuous
core-to-rim decrease from 0.9 to 0.8 of the Xspss (Figs. 12A and A'). Conversely, there is an
increase from the core to rim in the grossular molecule, Xars [(Ca/(Fe + Mn + Mg + Ca)]. This
chemical zoning pattern is locally reversed, with a core-to-rim increase of Xsps=0.8—0.84 (Figs.
12C and C'"). In general, the increase of Xsps in these manganese-rich rocks is compensated by a
decrease of Xars and vice versa. The garnet quartzite, in turn, presents higher Xam (mean 0.08
mol%) and Xpr, (mean 0.12 mol%) contents and lower contents of Xspss (0.71 mols% average)
than the OMO, SMO and garnetite (Figs. 12E and E'). The garnet chemical composition from the
graphite-bearing pelitic gneiss is mainly constituted of Xam (0.67-0.73) and Xprp (0.17-0.26), and
secondarily Xspss (0.04-0.07) and Xars (0.03-0.04) (Appendix B and Figs. 12F and F’). There is an
increase from 0.67 to 0.73 of the Xaim, from the core to rim, whereas Xpp decreases from the core
to the rim (0.25 to 0.15 mol%, respectively). The overall variations in the molar fractions of some
components may be better visualized in the Ca-(Fe+Mg)-Mn ternary diagram, and the garnet X-

ray maps (Figs. 11A and 13).

4.3.2. Manganese pyroxene

All analyzed manganese pyroxene from the OMO exhibit a rhodonite composition with
0.71-0.69 mol% manganese pyroxene (Pxmn), 0.11-0.10 mol% wollastonite (Wo), 0.13-0.11
mol% enstatite (En) and 0.07-0.05 mol% ferrosilite (Fs) (Appendix B and Fig. 11B). Besides the
rhodonite composition, some pyroxene from the SMO also presents 0.76—-0.48 mol% diopside

(Di), 0.56-0.52 mol% hedenbergite (Hd) and 0.38-0.13 mol% johannesite (Jo) (Fig. 11C).
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Pyroxene from garnetite has rhodonite composition and Pxmn average of 0.70 mol% (Appendix
B). In the garnetite, the minor Pxmn content compared to the OMO and SMO groups is balanced
by a higher Fs content (mean 0.08 mol%).

4.3.3. Olivine

Olivine from the OMO is predominantly of the tephroite-rich end members
(Mgo.17Feo.10Cao2Mno.72; Fig. 11D and Appendix B). Only small variations in the FeO (6.4-6.9
wt%) and MgO (7.9-7.0 wt%) contents are observed, except for one tephroite-rich olivine, which

yielded the highest FeO (7.6 wt%) and lowest MgO contents (4.0 wt%).

4.3.4. Amphibole

The chemical composition of garnetite amphibole, SMO, and garnet quartzite is mainly
mangano-cummingtonite, with a few closer to the mangano-tremolite composition in the garnetite
(Fig. 11E). Excluding amphibole with a mangano-tremolite composition that has CaO mean values
of 17 wt%, the average CaO content is close to 4.5 wt% (Appendix B).
4.3.5. Carbonate

All carbonate minerals are from inclusions within spessartine garnet (OMO) and
manganese pyroxene (SMO). These inclusions display chemical composition close to manganese
calcite and kutnohorite, between calcite (Ca-rich) and rhodochrosite (Mn-rich) end members, as
shown in the calcite — (magnesite + siderite) — rhodochrosite ternary diagram (Fig. 11F). The
carbonate inclusions display small variations in the Xcic and Xrne contents (0.66-0.75 wt.% and
0.22-0.31 wt.%, respectively) and have a formula range of Mno22-031Ca0.66-0.75Mg0.02-0.04FeCO3

(Fig. 11F and Appendix B).

4.3.6. Pyrophanite

Pyrophanite presents composition close to the ideal stoichiometry with a formula range of
Mno.9s-0.86F€.0.13-000MgTiO3 (Fig. 11G and Appendix B). Two pyrophanite groups are
distinguished based on the ilmenite mol% content, one with 0.08-0.13 mol% and another with
0.02-0.05 mol%. These differences in the ilmenite end-member values are counterbalanced by the

increase and decrease of pyrophanite end members, respectively.
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4.3.7 Manganese oxyhydroxides

Manganese oxyhydroxides are sub-divided into pyrolusite, cryptomelane, and Fe-Mn
oxyhydroxide. Pyrolusite displays uniform chemical composition, formed basically by manganese
oxide (MnO; up to 78 wt%). Minor contents (0.1-0.5 wt%) of Al,O3;, MgO, CaO, Na,O, K>O,
Co0, and NiO are documented (Appendix B). Additionally, in one sample SiO content reaches
up 10 wt%. Iron is in general below the detection limit. The X-ray map shows pyrolusite in the
rock matrix with low Si content and similar Mn values throughout (Fig. 13). Cryptomelane and
undifferentiated manganese oxyhydroxides have minor manganese content compared to pyrolusite
(Appendix B). Figure 14 shows the principal compositional differences regarding pyrolusite,

cryptomelane, and undifferentiated manganese oxyhydroxides.

4.3.8 Mica and Feldspar

Two types of mica are recognized, manganese phlogopite in garnetite and biotite in the
graphite-bearing pelitic gneiss (Fig. 14D). Manganese phlogopite has MnO up to 1.5% wt%
(Appendix B). All biotite is in contact with spessartine garnet and have TiO2, FeO and MgO values
ranging from 1.30-1.86 wt%, 16.52-16.91 wt%, and 8.57-10.78 wt%, respectively (Appendix B).
Two types of feldspar from the graphite-bearing pelitic gneiss were analyzed: one close to the
oligoclase (mean 0.74 mol% of Ab) composition, whereas the second (microcline) displays minor

Na content with mean K/K+Na+Ca = 0.88% (Fig. 14E and Appendix B).

4.4. Whole-rock chemical composition

Twenty-one whole rock chemical analyses are presented in Appendix C and Figure 15,
including one sample of granitic rock from the local basement, for core Ocr-4.

The OMO is characterized by a wide range of SiO; contents (20.4—44.2 wt%), associated
AlO3 (9.51-20.5 wt%), Fe203 (5.61 to 11.6 wt%), and MnO (25.8 to 33.1 wt%), and subordinate
concentrations of K>O (0.35-2.9 wt%), CaO (0.19 to 2.59 wt%) and MgO (0.52 to 1.64 wt%). The
SMO yielded variable SiO2 (10.4-43.7 wt%), MnO (22.5-41.5 wt%), Al203 (7.73-13.9 wt%) and
Fe»0;3 (4.96-16.9 wt%) contents with minor CaO (0.23-3.64 wt%), MgO (0.37-1.84 wt%) and
K>0 (0.27-3.86 wt%) concentrations. The garnetite has similar SiO> (37-41.1 wt%) and MnO
(33.6-35.7 wt%), slightly minor AlO3 (8.25-10 wt%), Fe203 (4.66-5.25 wt%), K>O (0.01-0.93
wt%) and higher CaO (2.81-4.89 wt%) and MgO (3.04-3.68 wt%) contents than the OMO and
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SMO. The contents of graphitic carbon in the manganese-rich rocks reach 3.09 wt%. The garnet
quartzite has higher SiO; (42.1-57.3 wt%) and K>O (up to 8.82 wt%) and minor MnO (5.88-26.7
wt%) contents compared to the manganese-rich rocks previously reported above. The granitic rock
displays an acidic composition (70 wt% of SiO2) and low MnO content (1.29 wt%).

The geochemical profile along core Ocr-4 allows better assessment of the compositional
heterogeneities of the described lithological groups (Fig. 15). In general, MnO has a positive
correlation with Fe>Os, (1= 0.13) and CaO (r>= 0.29), a strong anti-correlation with SiO; (r?=0.72)
and weak correlation concerning MgO (r*= 0.056) contents. Although the graphitic carbon content

is irregular and the profile has some gaps, it concentrates along all the manganese-rich rocks.

4.5. Thermodynamic modeling and P-T-X conditions

Thermodynamic calculations were carried out to constrain P-T-X relationships during the
evolution of the manganese-rich succession and their host rocks with independent methods from
micro-Raman spectroscopy, pseudosection modeling, and isopleth thermobarometry, as presented

below.

4.5.1. Micro-Raman thermometry on graphite (carbonaceous material)

The metamorphic peak temperatures of graphite are over 580°C-652°C, 509°C-664°C, and
597°C-634°C for the OMO, SMO, and garnetite, respectively. Although the temperature ranges
are large, they lie within the amphibolite facies and in agreement with the thermometer error. The
graphite-bearing pelitic gneiss and garnet quartzite yield temperatures ranging between 582-639°C
and 539-675°C, respectively. Considering uncertainties and limitations related to the applied
method, the estimated metamorphic peak temperature of graphite for the manganese-rich rocks is
broadly in agreement with the graphite temperature reached for the host rocks (e.g., graphite-
bearing pelitic gneiss). Detailed micro-Raman thermobarometric results are shown in Table D.1
(Appendix D); textural features and Raman spectra of the analyzed graphite crystals are found in

Figures D.1 and D.2 (Appendix D), respectively.

4.5.2. Petrological phase equilibria modeling of silicate manganese ore and graphite-bearing

pelitic gneiss

16



In a pseudosection (equilibrium phase diagrams), minor chemical changes in a genetically
related rock group will result in minor topological differences in the graphs. Thus, as minerals
from pelitic rocks are susceptible to pressure and temperature changes (Palin and Dyck, 2020),
only one representative sample of the graphite-bearing pelitic gneiss was chosen to provide these
measurements. Similarly, one representative sample of the SMO group was chosen because it
contains a full mineral assemblage, from carbonates to oxides and silicates.

The P-T, T-X(COz) and logf(S2) vs. logflO2) pseudosections have been calculated
following the Gibbs free-energy minimization approach using the Perple X (Connolly, 2005)
software and the internally consistent thermodynamic database for mineral and fluids of Holland
and Powell (1991, 1998; updated 2004).

For the host rock (sample 10029; graphite-bearing pelitic gneiss), the MnNCa(KF)MAST-
COH chemical system was used under a specific bulk-rock composition (Fig. 16 and Appendix
C). The following solution models from White et al. (2014) were used: "Bi (W)" for biotite; "Mica
(W)" for muscovite, "Gt (W)" for garnet, "St (W)" for staurolite, "Crd (W)" for cordierite, "melt
(W)" for the silicate melt, in addition to the C-O-H (COH) fluids. The model 'feldspar' is based on
the solution model of Fuhrman and Lindsley (1988). Due to the abundance of graphite in this rock
(which indicates low fO), the chemical system was saturated in C-O-H fluids with reduced H>O
activity (e.g., Connolly and Cesare, 1993). The O: content was constrained at a ratio of 2H2:102,
according to Bartoli et al. (2013; JMG). These initial conditions (e.g., Xo = 1/3 of Connolly and
Cesare, 1993) are the most suitable for graphite precipitation (Huizenga, 2011). The amount of
H>O content used in modeling the graphite-bearing pelitic gneiss was assumed as the loss of
ignition from XRF. For the SMO (sample 10046) two pseudosections were prepared, one in the
MnCaMAST chemical system under isobaric T-X(CO2) conditions and another through the
MnCa(F)S-C chemical system as a function of logf(S>) vs. logf(O>) (Fig. 17). All modeled phases
in the MnCaMAST chemical system are considered as pure end members and binary H,O-CO»
fluid in excess. The FeO was neglected because it changes the equilibria of some end members,
specifically tephroite, and besides all studied manganese silicate are iron-poor end members
(see Appendix B). Potassium was also not included because, excluding cryptomelane, the mineral
assemblage is potassium poor. Through this system, we evaluated the equilibria between
manganese-rich silicates (e.g., spessartine, rhodonite, tephroite) with pyrophanite and carbonates

(calcite and rhodochrosite). The redox state of the system was constrained using the MnCa(F)S-C
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system in a logf(S2) vs. logf(O2) grid. The solution model of pyrrhotite from Holland and Powell
(1998) was used and rhodonite, tephroite, spessartine, pyrolusite, rhodochrosite, calcite, graphite,
pyrite, and quartz as pure end members.

In the pseudosection under the MnNCa(KF)MAST-COH system (graphite-bearing pelitic
gneiss; Sample 10029) (Fig. 16), the near-peak conditions have been estimated by combining
natural petrological observations with compositional isopleths of garnet (Xmg and Xca) and
feldspar (Xap). Notably, we observe an intersection of X (0.69) and Xca (0.04) compositional
isopleths for garnet at 707 °C and 6.2 kbar that closely matches with natural observations (Figs.
16B and D). Besides, combining the compositional isopleths of XMg (0.69) and plagioclase (XAb
= 0.7) constrains P-T conditions to ~7.2 kbar at ~687 °C, which is also following petrographic
assemblages found in thin sections. This result indicates that the graphite-bearing pelitic gneiss
equilibrated at these P-T conditions.

The pseudosections of the MnCaMAST system for SMO (sample 10046) consist
predominantly of large trivariate fields (Fig. 17A). Spessartine is stable in practically all fields,
except at lower temperatures (T < 420°C) for X(CO») > 0.2. At a temperature higher than 540°C,
tephroite and rhodonite stability fields extend over almost all X(CO2), 0.1-0.97. Carbonates
(calcite and rhodochrosite) are not stable only between 610-750°C for 0.01 X(CO>) (field 9 in Fig.
17A, left upper corner). At lower temperatures (<500°C), some fields contain cummingtonite,
kaolinite, paragonite, and pyrophyllite. In the pseudosection, the highlighted field in blue contains
the near-peak mineral assemblages described in the petrographic section. The resulting logf(Sz) vs.
logflO,) pseudosection at the MnCa(F)S-C system shows that graphite is stable under fO, <107
overall range of /S,. Pyrrhotite is stable from 10° to 10! of /S, and pyrite occurs from the
breakdown of pyrrhotite (under /S, > 10!). Pyrolusite occurs at high fO, fugacity close to 10!
Quartz and calcite occur in all fugacity fields (Fig. 17B).

S. Discussion
5.1. Paragenetic model

Our textural and mineralogical observations make it possible to construct a conceptual
paragenetic model for the Lagoa do Riacho manganese deposit, involving the mineralogical
composition of the manganese-rich rocks (OMO, SMO and garnetite) from diagenesis to

metamorphism to supergene alteration (Fig. 18).
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The earliest minerals formed in the proposed setting, in the sediment through diagenesis,
would be the manganese carbonates (e.g., kutnohorite), which are found as inclusions in the core
of spessartine and rhodonite. This is in line with the findings of Johnson et al (2016) and Polgéri
et al (2012). Furthermore, in unmetamorphosed manganese deposits, such as the Francevillian,
Gabon, the earliest, diagenetic minerals are dominated by manganese carbonate phases (Leclerc
and Weber, 1980; Gauthier-Lafaye and Weber, 2003; Beukes et al., 2016). Besides, these latter
minerals, braunite (not identified here), abundant in low-grade manganese sequences as the
Hotazel formation (Gutzmer and Beukes, 1995; Gutzmer and Beukes, 1996; Johnson et al., 2016)
is also precipitated in the earliest stages. It grows through the reduction of Mn(IV) oxides in the
presence of silica (Johnson et al., 2016). Likewise, manganese carbonate phases would be
generated by reductive dissolution of manganese oxide and hydroxide particles plus organic matter
at or below a redoxcline (Beukes et al., 2016; Johnson et al., 2016). Although lack direct evidence
on these primary precipitates of manganese-oxyhydroxide minerals, the widespread graphite
dissemination may suggest an early organic matter deposition. Thus, the graphite would be a
remnant of organic carbon derived from bacterial biomass. Similarly, pyrite was formed via
respiration of organic carbon linked to bacterial sulfate reduction. The other sulfide minerals (e.g.,
cobaltite and covellite) would have syngenetically precipitated with pyrite and graphite. Triple
contacts, at approximately 120° found between cobaltite and surrounding matrix minerals,
reinforce this statement since this feature suggests that the mineral either crystallized or
recrystallized during metamorphism (Cabral et al., 2019b).

Quartz and feldspar are remnants of detrital components in an early sedimentary stage or
also as part of pre-peak metamorphic assemblage together with spessartine. Some quartz does exist
as late-stage veinlets and thus represents a late metamorphic stage. The metamorphic peak mineral
assemblage is represented by garnet-rhodonite-tephroite-pyrophanite, here considered as a product
of progressive regional metamorphism through decarbonation and dehydration reactions. Biotite
found in the garnetite was developed during prograde metamorphism, while retrograde
metamorphism led to the formation of mangano-cummingtonite. Some carbonate veinlets that
replace rhodonite through fractures could be suggestive of a local hydrothermal process. At the
end of the paragenetic sequence, manganese-oxyhydroxides (e.g., pyrolusite, cryptomelane)

formed from either oxic surficial or subsurface fluid alteration.
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5.2. Effects of metamorphism, metasomatism and other post-depositional processes on the
manganese mineralogy

Metamorphism involves mineralogical transformations of isochemical nature, i.e., with no
change in the bulk composition of the protolith, apart from loss of volatiles (Fyfe et al., 1978;
Philpotts and Ague, 2009; Yardley, 2009; Putnis and Austrheim, 2010; Ague, 2017). This, of
course, excludes both partial melting where there is substantial geochemical differentiation
(Sawyer, 1994) or Na-Si-K metasomatism, which can also significantly alter the initial
composition of a rock (Putnis and Austrheim, 2010). In such situations, due to the passage of
fluids, there is the possibility of adding chemical components, some of which contain exogenous
metals (e.g., Fe, Mn, Cu, Au, Pb, and Zn) (Audétat, 2019).

Most of our results are not compatible with fluids of this nature. Excluding a local
occurrence of calcite veins that replaces rhodonite according to reaction (1), typical features
developed by fluid-induced processes (eg., hydrothermal alteration), such as multiples veins and
corresponding selvages are practically absent. Although the local presence of an intrusive granitic
body has been documented, the chemical, textural and petrographic features from the manganese-
rich rocks do not support their origin as hydrothermal. For example, the whole-rock geochemical
profiles along the cores show a strong anti-covariance between SiO2 and MnO (r= 0.72).
Furthermore, high SiO> (up to 60 wt%) and K>O (~ 9 wt%) coincides only with the input of a

siliciclastic component (garnet quartzite).

MnSiOs; (Rhodonite) T CO2=MnCOs3 (Rhodochrosite) + Si0, (Quartz) (1)

Additionally, garnet composition allows us to make inferences on the gains and losses of
manganese during metamorphism and also monitor external fluid input into the system. For
instance, manganese-rich garnet with weak chemical zoning in the Transvaal Supergroup was
interpreted to have formed during a manganese-rich fluid flow event (Johnson et al., 2019). Our
observations of irregular garnet chemical zoning in the OMO, SMO, and garnetite (Fig. 12 and
Appendix B) indicates its growth from the fractionation between Ca-Mn-rich end members during
progressive metamorphism. Calcium typically has a slow diffusion rate and is temporarily stored
in the reactant carbonate during metamorphic garnet growth, leading to a Ca-depletion in the

product (Willner et al., 2001). Conversely, the garnet chemical zoning pattern in typical open
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systems, such as skarn deposits, is more complex than those described in our samples. In such
settings, garnet commonly displays a distinct oscillatory zoning texture, which results from growth
by fluid-rock interaction, providing an unequivocal evidence of hydrothermal alteration (Ciobanu
and Cook, 2004; Park et al., 2017; Zhang et al., 2017). Besides that, in most cases garnet from
these examples has grossular-andradite-rich end members, differing significantly from the
spessartine-rich garnet presented here. This further suggests that no external fluids have been
present during spessartine garnet growth. Therefore, we propose that spessartine garnet was
formed at the expense of a manganese carbonate and an aluminous phase during a progressive
metamorphic P-T path along reactions 2 and 3, according to Nyame (2001). Rhodonite shows a
similar behavior to spessartine, with an irregular Ca-Mn exchange during its growth (Appendix
B).

Thus, chemical and textural features support spessartine and rhodonite development by
decarbonation and dehydration isochemical reactions during prograde regional metamorphism
(reactions 2, 3, and 4). Regional metamorphism as the driving mechanism of the mineralogical
changes is further supported by the large area of manganese-rich rocks occurring in the field. At a
regional scale, these manganese sequences extend for at least 70 km in a linear belt of N-NE

direction, precluding a local, hydrothermal mechanism of formation.

3MnCOs3 (Rhodochrosite or kutnohorite) + AIZSi4OIO(OH)2 (Pyrophyllite) = MH3A12(Si30]2) (Spessartine) + SIOZ
(Quartz) + HZO + 3C02 (2)

3MHCO3 (Rhodochrosite or kutnohorite) + SIOZ (Quartz) + AIZSIZOS(OH)4 (Kaolinite) = MH3A12(Si30]2) (Spessartine)
+2H,0 + 3C0; (3)

MnCO; (Rhodochrosite) T Si0, (Quartz) = MnSiO3 (Rhodonite) T CO2 (4)

Under minimum CO> molar fraction conditions (XCO2 = 0.1%) and in an assemblage
composed of rhodonite-diopside-spessartine-calcite, tephroite develops at the expense of
rhodochrosite (reactions 5 and 6 below) under amphibolite facies metamorphic conditions (at least
575°C, may reach 650°C under intermediate XCO; 0.4%), as observed in the pseudosection
modeled for the SMO (Fig. 17). Although the equilibrium curve for tephroite formation occurs at
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temperatures up to 120°C higher than another modeling (e.g., Peters et al. 1973, Candia et al. 1975;
Munteanu et al., 2004), it is compatible with the P-T metamorphism estimates for the graphite-
bearing pelitic gneiss (700°C) and the estimated temperatures for graphite (range 560-670°C) in

manganese-rich rocks.

2MHCO3 (Rhodochrosite) + SIOZ (Quartz) = Ml’leiO4 (Tephroite) + 2C02 (5)

Mn3Alx(Si3012) (spessartine) + CaMgSix06 (Diopside) + MnSiO3 (Rhodonitey + CaCO3 (Calcitey + MnCO3
(Rhodochrosite) = MN3AI2(S13012) (Spessartine) T CaMgS1206 (Diopside) + MnSi103 (Rhodonite) + CaCO3 (Calcite) +
Mn;2Si04 (Tephroite) (6)

After peak metamorphism, retrograde processes likely took place as suggested by the
presence of mangano-cummingtonite (Figs. 8, 9 and 11; Appendix B); this amphibole replaces
diopside pyroxene (reaction 7). Although Dasgupta (1997) indicated this replacement to take place
between 550-600°C under P < Skbar, our results suggest slightly lower temperatures (500-550°C)

for reaction (7):

MH3A12(Si3012) (Spessartine) + MgzMgssiSOZZ(OH)Z (Cummingtonite) + SIOZ (Quartz) + CaCO3 (calcite) +
MnCO3 (Rhodochrosite) = MN3Alx(Si3012) (spessartine) T CaMgSi206 (Diopside) T S102 (Quartz) + CaCO3 (calcite)
+ Mn2SiO4 (Tephroite) (7)

During post-metamorphic processes, manganese-rich minerals were further modified by
supergenesis (Jovi¢, 1998) forming high-grade manganese ores (Roy, 2006; Beukes et al., 2016).
Pyrolusite and cryptomelane are the main minerals developed at surface conditions. Besides field
features typically formed in these settings, such as mangano-ferruginous duricrust, some silicates
(e.g., rhodonite) are leached through micro fractures filled with manganese-oxyhydroxide. Such
leaching would be related to alkaline and O>-poor groundwater that mixed with Oz-rich meteoric
waters allowing manganese-oxyhydroxides precipitation under supergene conditions (Dill et al.,
2012, 2013). In the Ocr-4 core, higher MnO contents (close to 40 wt%) are detected in areas with
high pyrolusite contents and low SiO> (10 wt%), reinforcing silicate leaching. The analyzed

pyrolusite crystals (Appendix B) similarly show a negative correlation with SiO> (Fig. 15) and
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accordingly the X-ray maps (Fig. 13) show pyrolusite with low SiO> content. The enrichment in
BaO, K»0, and Na,O (Appendix B) in these minerals (e.g., pyrolusite) supports alkaline low-
temperature oxidizing water percolation in their formation. The physicochemical oxidizing
conditions of surface waters required for pyrolusite precipitation, for example, was modeled (fO2
vs. fS2) for the SMO, being compatible with oxic environments (fO, of 10°). It is also possible to
observe that pyrolusite was formed by the breakdown of rhodonite, as observed texturally, through

reaction (8):

Mn>SiO4 (Tephroite) T MnSiO3 (Rhodonite) T Si0O, (Quartz) T (Mn,Ca)C03 (carbonate) — Mn,SiO4 (Tephroite) T
MnO, (Pyrolusite) T Si02 (Quartz) (Mn,Ca)C03 (Carbonate) (8)

A metamorphic origin, along a progressive metamorphic P-T path for the manganese
minerals at the Lagoa do Riacho manganese deposit, is proposed. On the other hand, in other
Brazilian manganese deposits, alternative hypotheses exist (e.g., Park et al., 1951; Rodrigues et
al.2019a, 2019b). In such environments, similar manganese-bearing minerals (e.g., spessartine,
rhodonite tephroite) may have developed by contact metamorphism followed by hydrothermal

alteration, suggesting an epigenetic rather than syngenetic genesis.

5.3. Paleoenvironmental constraints: Textural features and mineral assemblages as proxies
for protolith nature

Finely banded metamorphic rocks, rich in manganese (OMO), with common intercalations
of garnet quartzite and graphite-bearing pelitic gneiss, indicate a sedimentary protolith.
Specifically, the continuous foliation defined by internal segregations between spessartine-rich
and quartz-feldspathic layers suggests the existence of a metamorphic foliation parallel to the
primary sedimentary bed (S»//So). Moreover, spessartine garnet requires, for its formation, the
existence of a protolith with a notable aluminous contribution (e.g., mudstones; Dasgupta et al.,
1990; Nyame, 2001). In this sense, millimetric to centimetric intercalations between pelitic and
psammitic layers can be interpreted as interlaminations of clays and sands, respectively, in the
protolith, common in a range of marine depositional settings, from deep to shallow deposits
(Pickering et al., 1986; Mutti et al., 2009). However, and in agreement with Nyame (2001), an

aluminous composition alone would not explain the formation of spessartine in large quantities,
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such as in the OMO, and mainly garnetite. According to this same author, we highlight reactions
(2) and (3) as plausible mechanisms to produce spessartine garnet.

Notably, the spessartine garnet, especially in the OMO, has kutnohorite-type
(CaMn(CO3),) inclusions in its core, which directly indicates its origin at the expense of the
consumption of a manganese-bearing carbonate phase. Other studies in manganese-rich
successions have also documented the presence of spessartine garnet porphyroblasts with a
manganese-carbonate inclusion-rich core (De Putter et al., 2018; Chisonga et al., 2012; Cabral et
al., 2019b; Miicke et al., 1999; Mancini et al., 2000; Slack et al., 2000). As for the aluminous
phase, the pseudosection approach (T-XCO:) shows that under low-grade metamorphic conditions
(400°C and 0.2-0.9 XCO3), the aluminous phase consumed to form spessartine is kaolinite and
pyrophyllite (white mica).

Mineral assemblages involving rhodonite can also account for a mixed (pelitic-carbonatic)
origin for these rocks since they form at the expense of rhodochrosite (Roy, 1981). Decarbonation
reactions, according to reaction (4), are commonly necessary to form these minerals. Reaction (4)
is reinforced by the presence of carbonate inclusions in some analyzed rhodonite (e.g., SMO;
sample 10046). However, unlike the OMO and garnetite, the SMO has a relatively minor amount
of spessartine garnet, which would reflect low amounts of aluminum in the protolith composition.
Therefore, the protolith of the OMO and garnetite may be muddy marls, while the SMO, because
it has a relatively lower aluminous contribution and a higher amount of quartz-feldspar, may be
related to silty marls. Marl protoliths spatially related to manganese rocks are usually associated
with organic matter-rich sedimentary environments (e.g., Polgari et al., 2012; Scholz et al., 2018;
Biondi and Lopez., 2019; Ostrander et al., 2019; Yu et al., 2019; Biondi et al., 2020).

Based on the widespread dissemination of graphite in the manganese-rich rocks, and their
host rocks, we speculate that graphite formed as a result of organic matter conversion during
metamorphism and/or as a precipitate from a C-O-H fluid (e.g., Huizenga, 2011; Luque et al.,
2012; Bernard and Papineau, 2014). First, considering that there is a direct correlation between the
peak metamorphic temperatures of graphite crystals (up to 675°C) and that of the graphite-bearing
pelitic gneiss (~700°C), it is unlikely that graphite was introduced late, by metasomatism/
hydrothermal alteration, for instance. A similar approach was used by Tashiro et al. (2017) as
evidence of early traces of life in high grade metamorphosed graphite-rich sequences in the

Archean Saglek Block, Labrador. Second, graphite in the present study occurs as flakes distributed
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along the foliation within the crystalline rock matrix, without any relationship with cross-cutting
veins and other filling textures. Third, graphite from this same graphite-bearing paragneiss unit
(Canindé do Ceara Complex) displays 8'°C values between -30 and -20%o, which suggest a
biogenic origin for the carbonaceous matter (Fragomeni and Pereira, 2013). Thus, all these
constraints agree to Bernard and Papineau (2014) suggested criteria for assigning a biogenic origin
to graphitic carbon.

Preservation of organic matter-rich accumulations in the sedimentary environment requires
rapid burial into anoxic sediments for its preservation (Calvert et al., 1996). Several textural
features described above point to a reducing environment. All described sulfide minerals (e.g.,
pyrite), for instance, are strictly related to graphite, and this association reflects its crystallization
under fO, of 10!, In this regard, the most likely mechanism was bacterial sulfate reduction, where
porewater sulfate served as an electron acceptor and organic carbon as the primary electron donor
(e.g., Boesen and Postma, 1988). The textural relationship in which pyrite occurs parallel to the
foliation in elongated crystals, and metamorphic equilibrium (fO2 vs. fS2) between pyrite and
graphite, correlate well with this assumption. The occurrence of other sulfide minerals with redox-
sensitive metals, such as cobaltite (Co) and covellite (Cu), as well as the whole-rock P,Os content
(0.05-0.3 wt%; Appendix C), also point to a reducing environment (Maynard, 2010). In this
scenario, the precipitation of these minerals was most probably related to redox-sensitive trace
metals (eg., Co and Cu) scavenging during organic matter settling (Tribovillard et al., 2006;
Planavsky et al., 2018).

Additionally, the metal enrichment and previous reported fO» conditions (10-'¥ to 10-%°) are
also supported by the presence of pyrophanite that requires a Mn-Ti-rich precursor under low fO»
(Nayak and Mohapatra, 1998; Velilla and Jiménez-Millan 2003). Within this general context, we
outline an initial environment involving the deposition of anoxic sediments (eg., organic matter-
rich manganese marl, black shales, and wackes) on the seafloor (Fig. 19A). Such scenario may
exist in redox-stratified basins, such as the Baltic Sea, where a redoxcline separates deep
anoxic/euxinic waters from shallow oxic waters (Huckriede and Meischner, 1996). During
transgressive phases, manganese oxides earlier settled above the oxic-anoxic interface would then
be reduced, shifting to the anoxic bottom sediments, re-precipitating as manganese carbonates over
the sedimentary pile (Calvert and Pedersen, 1996; Roy, 2006). Manganese oxide's reductive

dissolution is also used to explain the manganese-carbonate-rich strata in the Paleoproterozoic
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Francevillian basin (Okita et al., 1988; Maynard et al., 2010; Beukes et al., 2016; Mayika et al.,
2020).

The metamorphism previously discussed would be responsible for the physicochemical
transformation of the sedimentary protoliths into manganese-rich rocks (OMO, SMO, and

garnetite), graphite-bearing pelitic gneiss and garnet quartzite, respectively (Figure 19B).

5.4. Similarities with other manganese-rich successions

In general, the field relationships and the mineralogical changes that the protoliths of the
studied manganese-rich rocks experienced, reaching the metamorphic peak in the upper
amphibolite facies, are compatible with South American and West African Paleoproterozoic
history (Alkmim and Marshak, 1998; Feybesse et al. 2006; Rosa-Costa et al., 2006; Vasquez et al.
2008; Baratoux et al., 2011; Brito Neves., 2011; Teixeira et al., 2017). Between 2250-2100 Ma,
during the Transamazonian/Eburnean accretionary orogeny, fragments from north and northeast
Brazil were connected to the West African Craton (Klein and Moura, 2008; Neves, 2011; Costa et
al., 2018; Grenholm, 2019; Grenholm et al., 2019). This orogeny was a promising candidate to
trigger the high-grade metamorphism imprinted in these rock fragments. As a consequence of this
process, other Paleoproterozoic manganese-rich rocks from South America and West Africa share
some similar features to the Brazilian rocks in terms of mineral assemblage and metamorphic grade
(e.g., Miicke et al., 1999; Chisonga et al., 2012; Borges et al., 2015; Cabral et al., 2019a; Rodrigues
et al., 2019a, b; Salgado et al., 2019). In this setting, the best correlation maybe with the Serra do
Navio manganese deposit in the Amazonian Craton (Chisonga et al., 2012) and the manganese
ores at Morro da Mina, in the southern Quadrilatero Ferrifero (Cabral et al., 2019a). In these,
manganese ores composed of spessartine, rthodonite, tephroite, and rhodochrosite are hosted by
graphitic gneiss, manganese carbonate rocks, garnet-bearing quartzite, and cummingtonite-biotite
schists, metamorphosed under amphibolite facies conditions (Scarpelli, 1968; Rodrigues et al.,
1986, Chisonga et al., 2012; Cabral et al., 2019a), which strongly resemble the manganese-rich
Lagoa do Riacho rocks presented here. Additionally, this paragenetic association is close to that
of similar-aged manganese chemical sediments of the Nsuta manganese field from the Birimian,
West African (N-NE Brazil counterpart) succession (Miicke et al., 1999). The mineralogical
associations from Otjosondu ferromanganese deposit in the Neoproterozoic Damara Supergroup

(Cabral et al., 2011) are also similar to those described in our study. Interestingly, the protolith of
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all these manganese-rich sequences has chemical nature and is associated with siliciclastic rocks,
including black shales (Miicke et al., 1999; Chisonga et al., 2012; Cabral et al., 2019a; Roy, 2006),
such as in the Lagoa do Riacho manganese deposit.

Contrasting with previous examples, useful unmetamorphosed and undeformed analogs of
black-shale hosted manganese deposits would be those from the Paleoproterozoic Franceville
basin (Leclerc and Weber, 1980; Gauthier-Lafaye and Weber, 2003; Beukes et al., 2016). These
are interbedded with black shales, siltstones, sandstones and dolomite deposited in deltaic to
marine depositional systems (Gauthier-Lafaye and Weber, 2003; Ossa Ossa et al., 2018). The well-
preserved Francevillian sedimentary protoliths would be examples of likely precursors for the
Lagoa do Riacho metamorphic protoliths in northeastern Brazil. For example, the presence of the
garnet-quartzite (sandstone remnant) and the graphite-bearing pelitic gneiss (black shale remnant)
closely related to manganese-rich rocks (Fig. 19B) reinforces this point of view. Additionally, the
origin of these black shales from the Franceville Basin may be correlated to a global, large-scale
organic carbon burial event that took place in the Great Oxidation Event aftermath, during the so-
called Lomagundi-Jatuli event at ca. 2.2-2.0 Ga. (Karhu and Holland, 1996; Kump et al., 2011;
Canfield et al., 2013; Ossa Ossa et al., 2018; Mayika et al., 2020). In the Morro da Mina manganese
deposit, southern Quadrilatero Ferrifero, Cabral et al. (2019a) correlated this sequence to the
Lomagundi-Jatuli event based on the genetic relationship between manganesiferous and organic-
rich rocks deposited at 2.07—1.86 Ga. In a similar approach, considering the sedimentation age for
the metasedimentary rocks from the Canindé do Ceard Complex (host to manganese-rich rocks)
roughly at 2.1-1.9 Ga., it is possible that the deposition of the manganese-rich succession from
northern Borborema Province and their graphite-bearing sedimentary rocks also coincided with
the global event of organic matter accumulation (Kump et al., 2011; Canfield et al., 2013),
according to the geochronological constraints from Fetter et al (2000), Gomes (2013), Garcia et

al. (2014); Costa and Palheta (2017) and Calado et al. (2019).

6. Conclusions

The relationship between detailed petrography, mineral chemistry and whole-rock
geochemistry, allied to the estimation of physical-chemical conditions, allowed us to trace the
protolith nature of the metamorphosed manganese-rich sequences at the Lagoa do Riacho

manganese deposit in the northern Borborema Province. Our results indicate that the manganese-
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rich rocks and their host rocks were generated in a sedimentary context, possibly in a marine setting
with carbonate and organic matter contribution. The organic matter contribution was supported by
the lithological associations, chemical-textural relations, and matching of the temperatures of the
manganese ore host rock with that obtained by the graphite crystals. Estimate for the deposition of
these rocks in an anoxic/euxinic scenario was also measured based on graphite-pyrite assemblage,
in addition to thermodynamic modeling using whole-rock geochemistry.

The data presented show that the sedimentary association that hosts the manganese ore was
subjected to metamorphic conditions reaching the upper amphibolite facies. Assemblages typically
formed by spessartine, rhodonite and tephroite reinforce these estimates. The transformations are
isochemical, and most compositional changes are balanced by cation exchange between reagents
and products. Additionally, post-metamorphic changes related to the supergene enrichment of
these manganese-rich minerals are evidenced by the presence of late oxides and hydroxides (e.g.,
pyrolusite, cryptomelane).

Although the studied manganese-rich sedimentary association from the north of the
Borborema Province show similarities to manganese deposits in the Amazonian Craton,
Quadrilatero Ferrifero (both in Brazil) and Birimian Succession regarding field association,
mineral assemblages, metamorphic grade, and age of the host-rocks, more specific studies on the
ore-bearing minerals (mainly isotopic) are required in order to have more precise correlations

between the depositional paleoenvironment of these manganese-rich sequences.
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Figure captions

Fig. 1. Simplified map of the Borborema Province (northeastern Brazil) and Birimian succession from West Africa
for the West Gondwana. (A) West Gondwana in the Middle Paleozoic with the Borborema Province location within
the black line: 1 = Amazonian; 2= S0 Francisco; 3= Sao Luis; 4= West African; and 5= Congo cratons. Modified
from Cordani et al. (2016). (B) Geological framework of the Borborema Province (according to Brito Neves et al.,
2000) and southeast of Birimian succession (adapted from Beukes et al., 2016) highlighting manganese mineralization
in white stars. MCD= Médio Coreati Domain; CCD= Ceara Central Domain; TBL= Transbrasiliano Linecament;

OASZ= Oros-Aiuaba Shear Zone; PSZ= Patos Shear Zone.

Fig. 2. Regional and local geological field associations showing the distribution of the manganese-rich rocks from the
North Borborema Province. (A) An anomalous magnetic field (AMF) geophysical map highlighs manganese-rich
rocks associated with graphite ores in a NE trend. These occurrences are in areas with low AMF that correspond to
metasedimentary sequences. (B) Regional geological map of the study area. (C) Aerial photograph of the Lagoa do

Riacho manganese deposit.
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Fig. 3. Schematic log of the Ocr-1, Ocr-4 and Ocr-8 drill cores crossing the manganese-rich rocks and their associated

rocks.

Fig. 4. Photographs showing the lithologies in the studied open pits. (A) Common intercalation of banded oxidized
manganese ore with a garnet-quartzite at the top. (B) Typical view of the banded nature of the oxidized manganese
ore. (C) Detailed photograph showing mineralogical interstratification in the oxidized manganese ore. (D) Manganese
oxyhydroxide veinlets crosscutting the garnet quartzite. (E) The oxidized manganese ore in tilted contact with garnet
quartzite and both lithologies are cut by late-aplitic veins. (F) Detailed view of the contact between the oxidized

manganese ore and the garnet quartzite.

Fig. 5. Hand-specimen photographs of the OMO (A-D) and SMO (D-H). (A, B) Rhythmic banding between
spessartine (Spss) + quartz (Q) and graphite (Gph) + manganese-oxyhydroxide (Mn-oh) minerals. (C) Fine-grained
OMO with fine graphite flakes through a continuous foliation. Note a spessartine porphyroblast wrapped by foliation.
(D) Contact between OMO with SMO showing rhythmic banding of manganese-oxyhydroxide (black) and spessartine
+ pyroxene (Px) (grayish white) layers. (E) SMO. Rhythmic banding consists of intercalations of manganese-
oxyhydroxide and spessartine + pyroxene + olivine (Ol) layers. (F) Late-cryptomelane (Cryp) veinlets crosscutting

the Mn-pyroxene rich bands. (G, H) Massive SMO comprised almost entirely of Mn-pyroxene (Pxmn).

Fig. 6. Hand-specimen photographs of the garnetite (A-B), garnet quartzite (C-F), graphite-bearing pelitic gneiss (G)
and granitic intrusive rock (H). (A, B) Fine-grained and strongly foliated rock comprising spessartine (Spss) and
pyroxene (Px). In hand specimen, the differentiation of these minerals is very subtle; spessartine-rich layers show a
more reddish aspect whereas pyroxenes show greenish tones. (C-F) Monotonous garnet (Gt) quartzite with well
distributed graphite (Gph) flakes and minor sulfide spots. Note the foliated nature of the rock in E. (F) Detailed view
of minor sulfide minerals. (G) Graphite-bearing pelitic gneiss showing rhythmic banding of biotite (Bi), garnet and
quartz (Q) + K-feldspar (Kfs). (H) A metamorphic aureole developed at the contact between a granitic material and a

manganese-rich rock.

Fig. 7. Transmitted (A-C; under cross polarized) and reflected (E) light photomicrographs, (D, F and G) BSE images
showing petrographic aspects of the OMO. (A) Spessartine (Spss) porphyroblasts within a matrix of manganese oxide
(Mn-0). Note several inclusion trails of carbonate minerals (Carb) within spessartine. (B) manganese-oxide
crosscutting and partially replacing manganese pyroxene (Pxmn) porphyroblast. (C) Manganese-oxide replacing
tephroite (Teph). (D) Graphite flakes distributed through rock matrix in contact with spessartine, manganese pyroxene
and manganese amphibole (Mn-Amp). (E) Pyrolusite (Pyro) with typical gemination, along fractures and replacing
manganese pyroxene. Graphite (Gph) flake in contact with manganese pyroxene. (F) Todorokite (Td) appears

intergrowing and replacing manganese silicates. (G) Colloform cryptomelane (Cryp) crosscutting matrix minerals.
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Fig. 8. Transmitted light photomicrographs (A-B; under cross polarized) and BSE images (C-F) showing petrographic
aspects of the SMO. (A-B) Manganese pyroxene (Pxmn) defining a granoblastic texture. Minor spessartine (Spss)
occurs in contact with and included in manganese pyroxene. Fine tephroite (Teph) is in contact with pyroxene and
manganese-oxyhydroxide (Mn-oh) crosses the latter. (C-D) grayish black manganese amphibole (Mn-Amp) replacing
manganese pyroxene. In (C), veinlets of manganese-oxyhydroxide appear crosscutting manganese pyroxene,
manganese amphibole and graphite (Gph). (D) Minor carbonate inclusion (Carb) within manganese pyroxene core.
(E-F) Some sulfide minerals in rock matrix of silicate manganese ore. In (E) cobaltite (Cb) is in a triple contact with
spessartine, and in (F) minor pyrite (Pyr) is in contact with graphite. Note pyrophanite (Pnt) in (F) included in

manganese pyroxene.

Fig. 9. Transmitted light photomicrographs (A-D, F-G) and BSE image (E) showing petrologic aspects of the garnetite.
(A) Thinly (mm-sized) banded rock with alternating spessartine (Spss) and quartz (Q) + feldspar-rich layers. Several
minor graphite flakes are aligned with the foliation. (B and C) Subidioblastic-idioblastic spessartine (Spss) with
polygonal texture. (C) Muscovite (Mu) in interstitial areas close to spessartine rims. (D) Pyroxene (Px) in contact with
spessartine. (E) Amphibole (Amph) replacing pyroxene. (F) Epidote (Ep) in contact with spessartine, quartz and
pyroxene. (G) Carbonate (Carb) as veinlets transversely crosscutting spessartine and other matrix minerals, such as
quartz and pyroxene. Photomicrographs A and B are under uncrossed polarized light and C-D and F-G are under cross

polarized light.

Fig. 10. Transmitted (A and E; under cross polarized) and reflected (B and C) light photomicrographs, BSE images
(D and F) showing petrologic aspects of the garnet quartzite and graphite-bearing pelitic gneiss. (A and B) Graphite
(Gph) flakes aligned with a well-developed foliation in contact with garnet (Gt). Two textural graphite types are
shown, a “pocket" graphite with low crystallinity and a well-ordered graphite (more common). Chalcopyrite (Cp),
covellite (Cv) and pyrite (Pyr) are in contact with graphite flakes. (C) Detailed view of the contact between graphite
and pyrite. (D) Minor ilmenite (Ilm) and pyrophanite (Pnt) in contact with garnet. (E and F) Fibrous sillimanite (Sill)

in contact with biotite (Bi) and garnet in a matrix of quartz (Q) + plagioclase (P1) in the graphite-bearing pelitic gneiss.

Fig. 11. Ternary diagrams showing the mineral composition of: (A) Garnet (Almandine [Alm], Grossular [Gr] and
Spessartine [Spss]) (Klein and Duthow, 2007); (B and C) Pyroxene (Brown et al., 1980); (D) Olivine (Forsterite [Fo],
Fayalite [Fa] and Tephroite [Teph]) (modified from Klein and Duthow, 2007) (E) Amphiboles (Klein and Duthow,
2007); (F) Carbonates (Calcite [Cc], Magnesite [Mg] + Siderite [Sid] and Rhodochrosite [Rhc]) (Goldsmith and Graf,
1960); (G) Pyrophanite (Nayak and Mohapatra, 1998) for the manganese-rich rocks and their associated rocks.

Fig. 12. Profiles of analyzed garnet for the: (A and A’) oxidized manganese ore (OMO); (B and B’ and C and C’)
silicate manganese ore (SMO); (D and D’) garnetite. (A-D’), notice a general Ca-Mn fractionation through these
profiles. Profile for garnet of the (E and E’) garnet quartzite; (F and F’) graphite-bearing pelitic gneiss. Notice a

decrease, from core to rim, in the pyrope (Mg) and an increase in almandine (Fe) molecules.
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Fig. 13. X-ray mapping for Al, Ca, Fe, Si, Mg and Mn in garnet porphyroblasts within a matrix of pyrolusite for the
OMO. Calcium and Mn (B and F) display variations from core to rim. Carbonate inclusions appear as spots with
higher calcium content in (B). Combination of Fe, Si and Mn maps shows that pyrolusite in matrix is homogeneous

in Mn content, and associated veinlets are a mixing of Si, Fe and Mn contents.

Fig. 14. (A, B, C) Pyrolusite compositions plotted on Si, Na+K+Ba and Co+Ni vs Mn (a.p.f.u) diagrams for the OMO.
(D) Binary diagram showing mica composition (Deer et al., 1992). (E) Ternary diagram showing feldspar composition

(Orthoclase [Or], Albite [Ab] and Anorthite [An]) (Deer et al., 1992).

Fig. 15. Log for element abundance in the Ocr-4 core.

Fig. 16. P-T pseudosection phase diagrams in the MnNCa(KF)MAST-COH system for graphite-bearing pelitic gneiss
(sample 10029B). (A) Phase diagram with possible mineral assemblage. (B) Compositional isopleths of garnet (XMg)
in black and (XCa) in green. Estimation of near-peak conditions is at intersection of XMg (0.69) and XCa (0.04)
compositional isopleths and showed by a yellow ellipse. (C) Compositional isopleths of garnet (XMg) in black and
feldspar (XNa) in red. Estimation of near-peak conditions is at intersection of XMg (0.69) and plagioclase (XAb = 0.7)
and showed by an orange ellipse. (D) Estimations of near-peak conditions at 707 °C and 6.2 kbar (yellow ellipse) and
~7.2 kbar at ~687 °C (orange ellipse) placed on the diagram (A) showing best fit areas. Best fit areas are compatible
with observed natural mineral assemblage. The mineral abbreviations are those of Holland and Powell (2011). Gt =
garnet, Mu= muscovite, Pa= paragonite, St= staurolite, Fsp= feldspar, Q= quartz, Rt= rutile, Gph= graphite, Sill=

sillimanite, Ilm= ilmenite, Bi= biotite, Crd= cordierite, Ky= kyanite, And= andalusite.

Fig. 17. P-T-COz and fSz vs fO2 pseudosection phase diagram in the MnNCaMAST system for manganese silicate ore
(sample 10046). (A) T-CO2 pseudosection highlights blue field with near-peak mineral assemblages. The green,
horizontal line shows the average temperature (632°C; see Appendix D) obtained in graphite by Raman. (B) /Sz vs fO2
pseudosection shows phase relations with graphite and pyrite and fugacity conditions of pyrolusite precipitation. The
mineral abbreviations are those of Holland and Powell (2011): Teph= tephroite, Spss = spessartine, Di= diopside,
Rhod=rhodonite, Cc= calcite, Rhc=rhodochrosite, Q= quartz, Cumm= cummingtonite, Zo= zoisite, Prl= pyrophyllite,
An= anorthite, Kao= kaolinite, Pxmn= pyroxmangite, Pyro= pyrolusite, Pyr= pyrite, Po= pyrrhotite, Gph= graphite,
Pnt= pyrophanite, Carb= carbonate.

Fig. 18. Mineral paragenesis chart showing pre-metamorphic, metamorphic and supergene stages for the studied

manganese-rich rocks of the Borborema Province. Pre-metamorphic stage is inferred as diagenetic or earliest minerals.

Fig. 19. Schematic sketch showing the evolution of manganese mineralization and their host rocks from deposition to

metal enrichment. (A) Deposition of the manganese-rich sedimentary precursors and their host rocks in an
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anoxic/euxinic basin. Wacke was deposited in proximal areas and interbedded with sandy/silty marl and muddy marl.
Organic-rich mudstones were deposited in the most distal areas of the basin. (B) Increase of burial as a result of
metamorphism recyrstallized wackes to garnet quartzite, manganese-rich sandy/silty marls to manganese silicate rocks
and manganese-rich muddy marl to spessartine-bearing manganese rocks (i.e., OMO and garnetite). Graphite-bearing
pelitic gneiss is the metamorphic product of organic-rich mudstones. Surface weathering and leaching of manganese

silicates during uplift generated oxidized manganese minerals.
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Table 1: Summary of the mineral assemblages from each lithological group.

Lithotype

Common minerals

Accessory minerals

Oxidized manganese ore - (OMO)

Silicate manganese ore - (SMO)

Garnetite

Garnet quartzite

Graphite-bearing pelitic gneiss

Pyrolusite, todorokite,

cryptomelane, undifferenciated
manganese-oxyhydroxide

minerals, spessartine,

manganese-pyroxene and

graphite
Tephroite, manganese-

pyroxene, spessartine and

graphite

Spessartine, quartz, rhodonite,
amphibole, graphite, epidote,

carbonate, mica

Albite, quartz, mica, graphite

and almandine garnet

Biotite, muscovite, sillimanite,
quartz, cordierite, feldspar,

garnet and graphite

Carbonate, manganese-
amphibole and
pyrophanite

Carbonate, manganese-
amphibole, pyrophanite,
jacobsite, todorokite,
cobaltite, pyrite and
chalcopyrite

Titanite, pyrite,
chalcopyrite and
magnetite

Pyrite, chalcopyrite,
covellite, pyrophanite,
iimenite, zircon and
monazite

Zircon, monazite, rutile
and ilmenite
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