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Abstract
A vast accumulation of manganese occurred in the Paleoproterozoic and it is closely related to the
Paleoproterozoic Great Oxidation Event. Although the largest Mn deposits are located in the African
continent, relevant deposits that potentially correlate with the African ones are found in South America,
speci�cally in the Brazilian territory. The Borborema Province in Northeast Brazil hosts several Mn-rich
meta-sedimentary sequences, containing up to 40 wt.% MnO. These sequences are composed of oxidized
and manganese silicate lenses that alternate with spessartite-quartzite layers. This succession is hosted
by graphite-bearing pelitic gneisses, is metamorphosed to the amphibolite facies, and is intruded by
granitic bodies. Although some preliminary studies report Palaeoproterozoic ages for these meta-
sedimentary sequences, the age at which the Mn-rich sequences were deposited has not yet been
determined. We investigate in this study the Lagoa do Riacho Manganese Deposit, a representative
member of the Northern Borborema Province Mn-rich sequences. Not only was the age of the Mn-rich
protolith deposition determined by LA-SF-ICP-MS zircon U-Pb geochronology, but also the timing of the
metamorphic reworking of the Mn-rich succession was inferred. The youngest detrital zircon population
from a meter-sized bed of spessartite-quartzite interlayered with an oxidized manganese ore from
drillhole Ocr-1 yielded a maximum depositional age close to 2130 Ma. Similarly, a gneiss hosting the
manganese mineralization at the base of drillhole Ocr-1 also yielded a maximum depositional age in the
Rhyacian, close to 2156 Ma. We infer from the U-Pb dating of metamorphic overgrowths on zircon from
the Mn-bearing sequences and host rocks and the U-Pb crystallization age of an intrusive leucocratic
granite that the minimum age of the Mn-rich succession to be 2023-2106 Ma. The metamorphic
reworking of the Mn-rich succession is time-equivalent to the Transamazonian/Eburnean orogeny. Thus,
these constraints point to a Rhyacian age (ca. 2100-2200 Ma) for the deposition of the Mn-rich protolith,
chrono-correlated with other world-class manganese deposits, such as those from the Franceville Basin in
Gabon.

1. Introduction
The formation of enormous manganese deposits in the sedimentary rock record is related to the massive
oxidation of Mn2+ soluble species by molecular O2 (Calvert and Pedersen, 1996; Post, 1999; Tebo et al.,
2005; Roy, 2006; Johnson, 2015). It is believed that the �rst Mn accumulations occurred during the Great
Oxidation Event in the Paleoproterozoic, when oxygenation on Earth exceeded 10− 5 PAL (present-day
atmospheric levels) in comparison to the Archean (Karhu and Holland, 1996; Holland, 2006; Poulton et al.,
2021).

The world’s largest Palaeoproterozoic manganese deposits described to date are on the African continent
(Fig. 1). Notably, the most signi�cant accumulation on Earth is in South Africa, in the so-called Kalahari
manganese �eld (Gutzmer and Beukes, 1995, 1996; Tsikos and Moore, 1997; Tsikos et al., 2001, 2003;
Beukes et al., 2016). Other relevant members include the manganese deposits of the Franceville and
Birimian Group in Gabon and Ghana, respectively (Leclerc and Weber, 1980; Mücke et al., 1999; Nyame,
2001). As Paleoproterozoic reconstructions place the Amazonian and São Francisco cratons respectively
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adjacent to the West Africa and Congo cratons (Klein and Moura, 2008; Neves, 2011; Costa et al., 2018;
Grenholm, 2019; Grenholm et al., 2019), it is possible to infer that such Mn deposits have equivalents in
South America (Fig. 1). For example, Salgado et al. (2019) have recently suggested a connection between
the Buritirama and Serra do Navio manganese formations of the Amazonian Craton and the Nsuta
manganese deposit of the West Africa Craton. Thus, the proper reconnaissance of Mn-rich rocks is
justi�ed, not only as a means to explore new resource-rich areas, but also as a key piece in the
reconstruction of past climatic and tectonic conditions of volcanic-sedimentary associations.

Metamorphosed Mn-rich rocks hosted by a poorly known metavolcanic-sedimentary sequence occur in
Northeast Brazil, in the Northern Borborema Province (Souza and Ribeira Filho, 1983; Gomes, 2013;
Santos et al., 2021). As this region occupies a key position between the São Francisco and Amazonian
cratons, it is then likely that it should be also associated with the African Gabon and West Africa cratons
(Figs. 1 and 2A). Despite Santos et al. (2021) investigated the genesis of such Mn-rich rocks, suggesting
a sedimentary origin for the Mn-rich layers in a redox-strati�ed basin, similarly to the Gabon deposits, little
is known about the precise age of manganese deposition in the Borborema Province. To de�ne such age
is crucial to assess the Mn potential of the Borborema Province, to the reconstruction of marine
environments, to tectonic and climatic evolutions, and to connections with other Paleoproterozoic Mn-rich
successions. The main object of this study is to present new LA-SF-ICP-MS U-Pb zircon ages, in order to
constrain in time the deposition of the Mn-rich sedimentary protolith, to discuss tectonic setting aspects
in the context of the Northern Borborema Province, and to draw correlations between African and
Brazilian manganese deposits.

2. Geological Setting

2.1. The Borborema Province
In pre-drift continental reconstructions of the South Atlantic Ocean, the Borborema Province (Northeast
Brazil) lies adjacent to the West African, Congo and São Francisco cratons (Caby, 1989; Castaing et al.,
1994; Brito Neves et al., 2000; Neves, 2003; De Wit et al., 2008; Fig. 2A). According to this con�guration
and geological and geochronological data, it is believed that the �nal framework of this geological
province is related to the convergence and collision of the Amazonian-São Luiz-West African and São
Francisco-Congo cratons 600 Ma ago, during the Brasiliano/Pan-African orogeny (Caby, 1989; Brito
Neves et al., 2000; Arthaud et al., 2008; Klein and Moura, 2008). In this context, the Borborema Province
represents Gondwana’s westernmost segment.

In general terms, the Borborema Province comprises an Archean tonalite-trondhjemite-granodiorite
basement, overlain by Palaeoproterozoic to Neoproterozoic sequences (Fetter, 1999; Hollanda et al., 2011;
Dantas et al. 2013; Souza et al., 2016). The Paleoproterozoic lithostratigraphic units consist
predominantly of orthogneisses, migmatites and several sedimentary rocks (Fetter et al., 2000; Hollanda
et al., 2011; Souza et al., 2016; Costa et al., 2018) metamorphosed under medium- to high-grade
conditions (amphibolite and granulite facies). Series of Meso- to Neoproterozoic granitic plutons,
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supracrustal rocks and large-scale shear zones (e.g., Patos, Pernambuco, and Transbrasiliano), generated
at the end of the Neoproterozoic, are common features in the Borborema Province (Vauchez et al., 1995;
Neves and Mariano, 1999; Viegas et al., 2014 – Fig. 1B).

A proposal has been made to divide the Borborema Province into three major structural domains, namely
(1) the Northern Borborema Province, including the Médio Coreaú, Ceará Central, and the Rio Grande do
Norte domains; (2) the Central Domain; and (3) the Southern Domain (Brito Neves et al., 2000). The
Northern Borborema Province (Fig. 2B), which is the focus of this study, comprises an expressive
Rhyacian granitic and gneissic belt, as well as related metavolcanic-sedimentary sequences of the same
proposed age that host Mn-rich rocks, object of the present study (Fetter et al., 2000; Hollanda et al., 2011;
Garcia et al., 2014; Costa et al., 2015; Sousa et al., 2019; Calado et al., 2019).

2.2. A Mn-rich succession in the Northern Borborema
Province
The Mn-rich rocks of the Northern Borborema Province de�ne a N-NE-trending linear belt of approximately
70 km in length within Paleoproterozoic lithostratigraphic units (Souza and Ribeira Filho, 1983; Gomes,
2013; Costa and Palheta, 2017) (Fig. 2C). These Mn-rich rocks contain up to 40 wt.% MnO2 and are
interbedded with calc-silicate rocks, graphitic schists and gneisses, quartzites, meta-wackes and meta-
conglomerates, with metamorphic facies varying from greenschist to amphibolite (Souza and Ribeira
Filho, 1983; Gomes, 2013). The Mn-bearing minerals are predominantly rhodochrosite (Mn2+CO3),

spessartine (Mn2
3+Al2[SiO4]3), rhodonite-pyroxmangite (Mn2+, Fe2+, Mg, Ca, SiO4), and tephroite (Mn2 + 

2SiO4). Associated non-manganese minerals are graphite (C), pyrite (Fe2+S2), pyrrhotite ([Fe2+]1-xS), and
cobaltite (CoAsS). The presence of spessartine, rhodonite, and tephroite suggests peak metamorphic
conditions reaching amphibolite facies (6–7 kbars and 550–700 ºC).

The Mn-bearing mineral paragenesis and the association with reduced phases, such as graphite and
pyrite, led Santos et al. (2021) to propose that the Mn-rich protores were metamorphic products derived
from a marly sedimentary protolith that initially evolved from an anoxic/euxinic sea�oor. These authors
stated that Mn mineralization in Northeast Brazil were initially very similar to the Paleoproterozoic black
shale-hosted Mn sequence from the Franceville Basin in Gabon. After metamorphic burial and later uplift,
supergene enrichment took place during exposure to oxic surface waters and produced medium-grade
manganese ores, as indicated by massive ores containing pyrolusite (Mn4+O2), manganite (Mn3+O[OH]),

cryptomelane (K [Mn4+, Mn2+]8O16), and todorokite ([Na,Ca,K,Ba,Sr]1-x[(Mn,Mg,Al]6O12·nH2O (Souza and
Ribeiro Filho, 1983; Gomes, 2013; Santos et al., 2021).

For the present study, we sampled drill cores from the Lagoa do Riacho manganese deposit, which
belongs to the Borborema Province Mn mineralization linear trend mentioned above. In addition, we also
investigated a sample of migmatitic graphite-bearing pelitic gneiss (metatexite) from the Canindé do
Ceará Complex (Fig. 2C), which hosts the Lagoa do Riacho manganese deposit. The Canindé do Ceará
Complex (Torres et al., 2007) is dominantly composed of Paleoproterozoic, high-grade metavolcanic-



Page 5/29

sedimentary rocks, associated with tonalitic-granodioritic orthogneisses, amphibolites and migmatites
(Costa and Palheta, 2017). The U-Pb detrital zircon ages obtained for the high-grade metasedimentary
rocks mostly fall between 2.2 and 1.9 Ga (Kalsbeek et al., 2013; Costa and Palheta, 2017), which are very
similar to the 2.2–1.9 Ga U-Pb zircon ages of the associated orthogneisses, con�rming the
Paleoproterozoic age of the complex (Fetter et al., 1999; Castro, 2004; Garcia et al., 2014; Costa and
Palheta, 2017).

3. Material And Methods

3.1 Sampling
We chose three representative samples from the Lagoa do Riacho drillhole Ocr-1 for U-Pb zircon dating: a
spessartite-quartzite (Ocr-14), a graphite-bearing pelitic gneiss (Ocr-29), and a leucocratic biotite granite
(Ocr-26) (Figs. 3A-F). Additionally, we collected in the �eld a Canindé do Ceará Complex migmatitic
paragneiss sample (FDM-12), in order to compare the ages obtained for the host rocks with those of the
Lagoa do Riacho drillhole Ocr-1 (Fig. 3G). We also report 31 geochemical analyses of Mn-bearing rocks
sampled from drillhole Ocr-1, besides �eld, petrographic and mineral chemistry data obtained for this Mn-
rich succession.

3.2 Petrography
We examined the mineralogical and textural characteristics of the Mn-bearing drill core samples under
the microscope at the Microscopy Laboratory of the Institute of Geosciences, University of Campinas
(UNICAMP), and at the SEMlab of the Federal University of Ceará (UFC), using a Leica microscope model
DM 50P and both polarized and re�ected lights. Microanalysis and detailed imagery, including pre-, syn-
and post-metamorphic minerals and their corresponding textures, was carried out using the JEOL JXA-
8230 super probe of the Department of Geology of the Federal University of Ouro Preto (UFOP, Minas
Gerais – Brazil).

3.3 Mineral chemistry and whole-rock geochemistry
Electron Microprobe Analysis (EMPA) of the spessartite-quartzite sample was conducted by means of a
JEOL JXA-8230 super probe equipped with six WDS spectrometers (TAPH, TAP, LIFH, PETH, PETL and
LIFL), EDS detector, cathodoluminescence detector, and secondary and backscattered electron detectors
at the UFOP Microscopy and Microanalysis Laboratory. Operating conditions were: 15 kV accelerating
voltage, 20 nA beam current, and 5 µm beam diameter. Counting times for Ba, Sr, and P were set at 30s at
peak and 15s at the background, and for Na, F, Si, Al, Mg, Fe, Cl, Cr, Ti, Ca, Mn, and K at 10s at peak and 5s
at the background.

Sample preparation, major oxide geochemical analyses and carbon content determinations were carried
out at the SGS-GEOSOL laboratory. Samples were crushed and grounded to < 200 mesh with a jaw
crusher and agate mill. After milling, 2g of rock powder were mixed with lithium metaborate/tetraborate
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and subsequently heated up to 1050 ºC in a mu�e for approximately 15 minutes. The corresponding
molten material was dissolved in dilute HNO3 (5%) and analyzed using a Phillips PW 2404 X-ray
�uorescence spectrometer (XRF). For carbon content determinations, samples were analyzed by
combustion and CO2 infrared detector techniques using a LECO equipment model CS-775. For more
analytical detail regarding mineral chemistry, geochemical standards used during whole-rock
geochemical and carbon analyses and detection limits of the methods, see Santos et al. (2021).

3.4. Geochronology
In order to constrain the depositional age of the Lagoa do Riacho rocks, four representative samples
(Fig. 3) were dated by the zircon U-Pb method using the LA-SF-ICP-MS technique (Navarro et al., 2017):
(1) spessartite-quartzite (Ocr-14); (2) leucocratic granite (Ocr-26) in intrusive contact with a spessartite-
quartzite bed; (3) graphite-bearing pelitic gneiss (Ocr-29); and (4) neosome pockets from a migmatitic
paragneiss (FDM-12) containing layers of oxidized Mn-rich pelites. As mentioned before, sample FDM-12
belongs to the Canindé do Ceará Complex.

Zircon separates were obtained by conventional magnetic and dense liquid techniques. After
handpicking, the zircon grains were mounted in epoxy resin and polished. To better select the U-Pb dating
spots, the internal zircon structures were imaged by cathodoluminescence (CL) at UNICAMP using a SEM
operating at 15 kV and 6–10 nA beam current. The U-Pb analyses were performed using the LA-SF-ICP-
MS equipment of the UNICAMP Laboratory of Isotopic Geology. A Photon Machines Excite.193 ionization
laser system equipped with two HelEx cells was used in combination with a ThermoScienti�c Element XR
ICP-MS. Helium was used as a transporting gas to increase the transport e�ciency of the ionized
material. The laser spot diameter was 25 µm. Iolite (Paton et al., 2010, 2011) was used for isotopic data
processing and Visual Age (Petrus and Kamber, 2012) for data reduction. All measurements were
normalized relative to the zircon reference material 91500 of 1065 Ma (Wiedenbeck et al., 1995). The
zircon standard Peixe, yielding a LA-ICP-MS U-Pb age of 571 ± 10 Ma (Navarro et al., 2017), was used to
check the quality of the data reduction routine. Analyses of zircon reference 91500 and Peixe yielded
Concordia ages of 1063 ± 2 Ma and of 573 ± 3 Ma, respectively.

A total of 280 zircons were analyzed. Following Spencer et al. (2016) recommendations, only the
analyses with concordance higher than 90% were considered in the calculations. The weighted mean U-
Pb ratio plots, kernel density estimations (KDE), and cumulative probability diagrams were made using
the IsoplotR off-line toolbox (Vermeesch, 2018) of RStudio. Age data and Concordia plots were reported
at 2σ error. The dataset of zircon U–Pb analyses is presented in Electronic Supplementary Table S1 (ESM
Table S1).

4. Results

4.1. General description of the Lagoa do Riacho Manganese
Deposit
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The Lagoa do Riacho manganese deposit is mainly composed of oxidized manganese ore (OMO) and
massive or layered silicate manganese ore (SMO), both occurring interstrati�ed with continuous
spessartite-quartzite meter-sized beds (Figs. 4A, B and C). Anastomosed, up to 3 m-thick aplitic dykes and
granitic bodies crosscut the Mn-bearing rocks (Fig. 4D). This sequence is hosted by a graphite-bearing
pelitic gneiss of the Canindé do Ceará Complex. At the deposit scale, the graphite-bearing pelitic gneiss is
exposed only at the base of the cores (see Fig. 4A). Iron-manganese lateritic and pisolitic duricrusts
usually crop out just above the previously described sequence.

OMO displays a well-developed and spaced foliation formed by alternating grayish black pyrolusite-
graphite-rich bands with pale-brownish silicate-rich bands (e.g., garnet-pyroxene-quartz agglomerates)
(Fig. 5A). This planar feature strongly resembles a S0 relict banding. Pyrolusite and todorokite occur both
in the rock matrix and as veinlets crosscutting the silicate-rich bands (Figs. 5A-C). Spessartite garnet is
the most common manganese silicate in OMO, occurring as sub-idioblastic to idioblastic porphyroblasts
with several aligned rhodochrosite inclusions (Figs. 5B-D). SMO is almost exclusively made of clusters of
coarse-grained crystalline manganese-pyroxene (pyroxmangite-rhodonite) within a mosaic texture.
Subordinate minerals are Mn-oxyhydroxide, graphite, tephroite, and spessartite garnet (Fig. 5E). The
spessartite-quartzite contains numerous millimeter-sized garnet porphyroblasts aligned along the
foliation plane in a medium-grained quartz and plagioclase matrix (Fig. 5F). Microcrystalline graphite
�akes are ubiquitous and usually occur aligned along the foliation plane with garnet, quartz, and
plagioclase. Minor pyrite, chalcopyrite and covellite occur in contact with graphite. It is worth mentioning
that mineral chemistry con�rms spessartite as the main composition of the analyzed garnets (Fig. 5H).

Regarding the Mn-free rock types, the host graphite-bearing pelitic gneiss is mainly constituted by quartz,
feldspar, cordierite, biotite, muscovite, garnet, sillimanite, and graphite. Quartz-feldspar-cordierite layers
de�ne a granoblastic domain interleaved with a conspicuous lepidoblastic muscovite-biotite domain. The
latter domain usually wraps garnet porphyroblasts (Fig. 5G). The texture of the pinkish, medium- to
coarse-grained leucocratic granitic bodies is, in some cases, pegmatitic and composed of plagioclase, K-
feldspar and quartz.

Figure 6 displays the whole-rock geochemical data for drillhole Ocr-1. In OMO, MnO contents usually
reach up to 45.9 wt.%, showing strong negative correlation with SiO2 (R= -0.97), Al2O3 (R= -0.92), K2O (R=
-0.76) and positive correlation with CaO (R = 0.36) and C (R = 0.32). The spessartite-quartzite yields the
highest SiO2 contents, reaching up to 60 wt.%, and MnO contents ranging from 0.6 to 32 wt.%. The
granitic bodies and graphite-bearing pelitic gneiss have negligible MnO contents and carbon is below
detection. It is interesting to note that carbon is only detectable in the manganese-bearing rock types.

4.2. Geochronology
Representative cathodoluminescence (CL) zircon images and the respective 207Pb/206Pb ages and Th/U
ratios are shown in Fig. 7. Excepting sample FDM-12 zircon population, with zircon sizes falling in the
140–350 µm interval, the average sizes of most zircon crystals vary from 30 to 250 µm in length and 30
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to 125 µm in width, resulting in length-width ratios from 5:1 to 1:1. Zircon from all investigated samples is
colorless, transparent or light brownish, and is subhedral to euhedral and prismatic. Rounded and sub-
rounded crystals are common, mainly in samples Ocr-14 and Ocr-26. In general, internal zircon structures
are oscillatory zoning and rimmed cores; some varieties show darker CL rims and soccer-ball-like textures.
The detrital cores in samples Ocr-14, 26 and FDM-12 can be weakly oscillatory, patchy, and even show a
simple broad zoning wrapped by dark-colored overgrowth rim (Fig. 7). Zircon U-Pb analyses are presented
in Concordia graphs, probability density plots, histograms and weighted mean diagrams (Fig. 8). ESM
Table S1 contains more details on the U-Pb analytical data.

Sixty-eight zircons from sample Ocr-14 were extracted from a meter-sized spessartite-quartzite layer.
These zircons usually contain complex detrital cores with individual 207Pb/206Pb ages varying between
approximately 2100 and 2410 Ma (Rhyacian-Siderian), with a major peak close to 2200 Ma (ESM Table
S1, and Figs. 8A-B). The youngest concordant detrital population from this sample yielded 206Pb/238U
ages at 2123 ± 18 Ma (2σ), 2124 ± 20 Ma (2σ), 2137 ± 16 Ma (2σ), 2139 ± 20 Ma (2σ), and 2145 ± 18 Ma
(2σ). Some of these inherited cores are surrounded by darker CL metamorphic rims (Fig. 7A). Furthermore,
low Th/U ratios (< 0.09) were obtained for a recrystallized rim of soccer-ball zircon that yielded Orosirian
ages, being treated as a metamorphic overgrowth (for example, see Figs. 7A and 8A). The metamorphic
overgrowth yielded a 206Pb/238U upper intercept age at 2028 ± 9.5 Ma (MSWD = 1) and a 207Pb/206Pb
weighted mean age of 2029 ± 9.3 Ma (MSWD = 0.92).

Thirty-�ve zircon grains from sample Ocr-26 (leucocratic biotite granite) were investigated and the twenty-
three most concordant spots (concordance > 95%) provided an 206Pb/238U Concordia age of 2009 ± 4.5
Ma (MSWD = 2.6) and a 207Pb/206Pb weighted mean age of 2018 ± 7.7 Ma (MSWD = 1.26). This age was
interpreted as the crystallization age of the biotite-bearing leucocratic granitic body. Additionally, as this
acidic rock crosscuts the Mn-rich rocks (Fig. 8C), this age may also represent the minimum sedimentation
age of the Mn-rich protolith.

A total of seventy-nine spots from sample Ocr-29 (graphite-bearing pelitic gneiss) were analyzed.
Seventy-three spots yielded ages with concordance > 90% (ESM Table S1), including 18 analyses on
metamorphic overgrowth rims (bright and dark CL rims) and 55 analyses on inherited cores. Th/U ratios
varied between 0.01 and 0.22 in the 18 overgrowth rim analyses, agreeing with the predicted for the
metamorphic zircons (Rubatto, 2017). These 18 analyses provided six concordant spots with an
206Pb/238U upper intercept age at 2106 ± 9.5 Ma (MSWD = 4) and a 207Pb/206Pb weighted mean age of
2099 ± 6 Ma (MSWD = 2.19). The youngest spots de�ned a lead-loss trend line (Fig. 8D). This dataset is
likely to represent a metamorphic tectonic and thermal event, also giving a robust minimum constrain for
the Mn-rich protolith depositional age. The assumed maximum sedimentation age for the protolith
corresponds to the concordant zircons older than the previously identi�ed metamorphism age at ca. 2099
Ma. Therefore, the youngest population represented by 14 zircons yielded in a weighted mean
207Pb/206Pb age of 2156 Ma (Fig. 8E).
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Excepting three grains and differently from sample Ocr-29, the 98 zircons from a neosome layer of a
migmatized paragneiss (diatexite; Sample FDM-12) yielded a restricted 207Pb/206Pb age population in the
probability density plots (Fig. 8H), ranging from 1950 Ma to 2075 Ma. These neoblastic (recrystallized)
zircon grains usually yielded low Th/U ratios in the 0.05–0.2 range, indicating multiple metamorphic
overgrowths, and a 206Pb/238U upper intercept age at 2023 ± 6.3 Ma (MSWD = 0.4). Additionally, only
three concordant detrital cores displaying oscillatory zoning were documented and provided individual
207Pb/206Pb ages of 2166 ± 21 Ma (2σ), 2187 ± 21 Ma (2σ), and 2233 ± 26 Ma (2σ).

5. Discussion

5.1. Timing of protolith deposition and reworking of the
Manganese Formation of the Northern Borborema Province
According to Santos et al. (2021), the Canindé do Ceará Complex spessartite-quartzite layers are Mn-rich
metamorphic products derived from Mn-siliciclastic beds deposited in a redox-strati�ed marine setting
along with Mn-rich marls and organic-rich pelites. The youngest detrital population found in the
spessartite-quartzite (sample Ocr-14) from the present study yielded concordant (> 90%) 207Pb/206Pb
ages between 2123 ± 18 and 2145 ± 18 Ma, which can be interpreted as the maximum sedimentation age
of the Mn-rich protolith. Similar to sample Ocr-14, the graphite-bearing pelitic gneiss (sample Ocr-29) that
hosts the manganese ores also yielded maximum sedimentation age in the Orosirian (207Pb/206Pb age of
2156 ± 7 Ma). This age is very close to those reported for the spessartite-quartzite and implies that the
graphite-bearing pelitic gneiss was deposited synchronically with the Mn-rich rocks, con�rming a previous
hypothesis of Santos et al. (2021). Based on a detailed chemical and petrographic study, these authors
suggested that these graphite-bearing pelitic gneiss are remnants of organic-rich black shales deposited
on a euxinic-anoxic sea�oor and were spatially related to Mn oxy-hydroxide-rich layers deposited under
oxic surface water conditions. This black shale-hosted association makes the Manganese Formation of
the Northern Borborema Province a potential metamorphic analog of the Francevillian manganese
deposits in Gabon (Leclerc and Weber, 1980; Gauthier-Lafay and Weber, 2003).

Regionally in the Northern Borborema Province, more speci�cally in the Algodões and Troia/Serra das
Pipocas greenstone-like terrane, which neighbors the Canindé do Ceará Complex and also hosts Mn-rich
silicate rocks, ages range between 2156 and 2123 Ma. This is marked by arc-related ma�c and
intermediate volcanic-plutonic rocks (Fetter, 1999; Martins et al., 2009; Costa et al., 2015; Sousa et al.,
2019). Although ma�c and intermediate rocks have not been reported in the Lagoa do Riacho drillhole
logs, the close spatial and temporal relationship of these units allow us to infer that the volcanic
members may have been potential source-rocks, providing manganese to sediments in an early oceanic
basin (most likely a back-arc basin) that was subsequently deformed and metamorphosed in a continent-
continent collisional setting. However, the early opening of this oceanic basin was estimated at ca. of
2236 ± 55 Ma by Martins et al. (2009). An evolving convergent setting is also supported by the large
proportion of zircon ages close to the depositional age of the sediment (Cawood et al., 2012).
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Multiple collisions around 2100 − 2000 Ma are recorded in several areas of the South American (Brito
Neves et al., 2011) and African continents (Baratoux et al., 2011) and mark the assembly of the Atlantica
Supercontinent, part of Nuna/Columbia (Zhao et al., 2002). This collisional phase is recorded in the
zircons of this study and accounts for the metamorphism imprinted in the Mn-rich rocks. For example,
twelve concordant zircon grains from the spessartite-quartzite (sample Ocr-14) yielded an 206Pb/238U
upper intercept age at 2028 ± 9.5 Ma, interpreted as a metamorphic event, very similar to the upper
intercept yielded by metamorphic zircons from sample FDM-14 (2023 ± 6.3 Ma). However, we believe that
the metamorphic reworking of this Mn-rich protolith may have started earlier, at ca. 2099 Ma, according to
a 206Pb/238U upper intercept age of metamorphic overgrowths of sample Ocr-29 zircons. Thus, this
metamorphic phase may be used as a �rst approach to unveil the minimum age for the Mn-rich protolith
deposition. To the east of the Canindé do Ceará Complex, in the neighboring Jaguaretama Complex, a
migmatite paragneiss petrographically similar to that described in our study (e.g., samples FDM-14 and
Ocr-29) and that also hosts Mn-rich rocks, yielded a U-Pb zircon age of 2046 Ma interpreted as the timing
of the high-grade metamorphism of the sedimentary protolith (Calado et al., 2019). In addition, further
south to the study area and in the same Mn mineralization trend of the Northern Borborema Province,
migmatized orthogneisses hosting manganese silicate rocks yielded a U-Pb isochron at ca. 2046 Ma
(Gomes, 2013). This age was interpreted as of a metamorphic event related to migmatization.

Besides the metamorphic record discussed above, S-type granitic bodies from the Canindé do Ceará
Complex provide U-Pb zircon ages of ca. 2070 Ma (Garcia et al., 2014; Costa and Palheta, 2017).
Furthermore, these S-type granites yield very low Th/U ratios (< 0.03), a common feature of granites
generated by the melting of meta-sedimentary rocks (Rubatto, 2017). Thus, these S-type granites strongly
resemble the intrusive leucocratic biotite-granite from drillhole Ocr-1 (sample Ocr-26). It also yielded low
Th/U ratios (< 0.03) and a 206Pb/238U Concordia age at 2009 ± 4.5 Ma, which was interpreted as the
crystallization age of the leucocratic biotite-granite. Therefore, given the intrusive nature of this rock and
the cross-cutting relationship with the Mn-rich rocks, we �rmly believe that this age, close to 2.0 Ga., may
also account for a good de�nition of minimum age the Mn-rich protolith deposition.

In summary, the 2000–2100 Ma time span is here interpreted as a long-lived period of metamorphic
reworking of the Mn-rich protolith that occurred during the Transamazonian/Eburnean orogeny. Figure 9
(adapted from Santos et al. 2021) is a sketch of the most likely Mn-rich protoliths, their metamorphic
products and the timing of deposition and metamorphic reworking.

5.2. A new piece in the puzzle and connection with the Paleoproterozoic manganese metallogenesis in
South America and Africa

Our new geochronological dataset allows us to place the Mn-rich rocks of the Northern Borborema
Province in the Rhyacian, and, similarly to other African and South American manganese deposits, to
draw some comparisons between these rocks. By far, the African continent hosts the most extensive
manganese deposits, e.g., those from the Kalahari manganese �eld in the BIF-hosted Hotazel Formation
in South Africa (Tsikos and Moor, 1997; Tsikos et al., 2003). It is believed that such manganese formation
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was deposited in a retro-arc basin along the Kaapvaal craton margin during the Rhyacian at
approximately 2200 Ma (Beukes et al., 2016).

Other African deposits known worldwide are hosted in the Francevillian Group. Besides the age between
2200 − 2050 Ma (Bouton et al., 2009; Bros et al., 1992; Horie et al., 2005; Thiéblemont et al., 2009), such
deposits hold some similarities with the Mn-rich succession of the Northern Borborema Province. For
example, the stratigraphic �lling of the manganese formations of the Francevillian Group, which was
deposited adjacent the Congo Craton, also consists of interbedded black shales and siliciclastic lenses
and accumulations of manganese-carbonate rocks (Gauthier-Lafaye and Weber, 2003; Préat et al., 2011).
Thus, the well-preserved Francevillian sedimentary protoliths would be examples of likely precursors for
the metamorphosed Mn-rich rocks of Northeast Brazil. For example, the presence of spessartite-quartzite
(siliciclastic remnant) and graphite-bearing pelitic gneiss (black shale remnant) closely related to Mn-rich
rocks gives support to this point of view (Santos et al., 2021). Furthermore, at this time (2200 − 2050 Ma),
it is believed that the Congo Craton was linked to the São Francisco Craton in Brazil (Weber et al., 2016;
Rigoni Baldim and Oliveira, 2021). As the Borborema Province had a connection with the São Francisco
Craton in the Paleoproterozoic, by association, the rocks studied here may have shared a common
paleogeography at that time.

In the Kasai Block (Congo Craton), there is a group of Paleoproterozoic manganese formations in the so-
called Kisenge-Kamata series (Katanga, D.R. Congo) (De Putter et al., 2018) that strongly resembles the
Northern Borborema Province Mn-rich succession. The available geochronological dataset indicates that
this manganese formation was deposited between 2.0-1.9 Ga. (Delhal et al., 1986; André, 1993; De Putter
et al., 2018), which is a slightly younger age than that presented in this study. However, similar to the Mn-
rich rocks of the Northern Borborema Province, Kisenge-Kamata series contains spessartite-rich rocks
interlayered with oxidized manganese ores (De Putter et al., 2018). Spessartite is developed during the
prograde metamorphism of Mn-carbonate plus an aluminosilicate at the greenschist facies (Santos et al.,
2021; Nyame, 2001). Both terranes underwent metamorphism during the Eburnean/Transamazonian
orogeny in the Paleoproterozoic, explaining the presence of metamorphic products in these deposits.
Additionally, this may also give support to a Paleoproterozoic connection between these terranes. Another
African deposit of similar age, lithology and metamorphism to those described in our study are the Nsuta
Mn-rich successions in the Ashanti orogenic system from the Birimian terrane (Mücke et al., 1999; Nyame,
2001). In this deposit, several granitic bodies of U-Pb crystallization age ~ 2.17 Ga intrude these Mn-rich
rocks, providing a minimum depositional age for the manganese sequence (Mücke et al., 1999).
Furthermore, Goto et al. (2021) have recently reported a Re-Os isochron age of 2235 ± 64 Ma for phyllite
and manganese ore samples from the Nsuta manganese �eld, con�rming a Rhyacian age. The
relationship with this deposit is also meaningful because the Borborema Province occupies a strategic
position between the Amazonian-West African and São Francisco-Congo cratons. In this sense, some
authors (e.g., Klein and Moura, 2008; Neves, 2011; Costa et al., 2018; Grenholm, 2019; Grenholm et al.,
2019) also suggest linking the Borborema Province with the West African Craton during the
Paleoproterozoic.
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In the South American Platform, some Paleoproterozoic (2.07 to 1.86 Ga; Cabral et al., 2019)
metamorphosed black shale-hosted manganese mineralization occur in Morro da Mina, Southern
Quadrilátero Ferrífero, strongly resembling the Northern Borborema Province Mn-rich succession. Besides
�eld associations, petrographic relationship with black shales metamorphosed to the amphibolite facies,
the Morro da Mina manganese ores are composed of spessartine, pyroxmangite-rhodonite, and tephroite
with widespread dissemination of graphite. The Serra do Navio manganese deposit (Chisonga et al.,
2012) in the Amazonian Craton also represents this very same petrographic association and was
deposited between 2.2-2.0 Ga. Other important Brazilian manganese deposits include the Buritirama and
Azul mines (Salgado et al. 2019; Araújo et al., 2021). The depositional age of the Buritirama Formation
has been constrained to 2.3 and 2.1 Ga and its manganese ores are chrono-correlated to those of the
Serra do Navio (Guiana Shield, Amazon Craton) and Nsuta (Birimian succession, West African Craton)
(Salgado et al. 2019). All these Brazilian manganese deposits have been affected by the
Transamazonian orogeny, which explains why they are all metamorphosed.

5.3. A major control on the Paleoproterozoic manganese
deposition?
It is understood that for Mn oxides to accumulate in large quantities in the geological record, large
amounts of oxygen are required in the ocean-atmosphere system. This process occurs because
manganese has a high redox potential and can only be oxidized by O2 or superoxide-derived species
(Calvert and Pedersen, 1996; Post, 1999; Tebo et al., 2005; Roy, 2006; Johnson, 2015). The largest global
manganese accumulations are known to have occurred during the Great Oxidation Event (GOE) in the
Paleoproterozoic and the chemical signals of the environmental changes triggered by GOE are recorded
through a prominent positive carbon isotope (δ13C) excursion that is usually interpreted as the result of
an oxygen-rich atmosphere establishment in the Lomagundi-Jatuli Event (LJE; Karhu and Holland, 1996;
Bekker et al., 2006; Kump et al., 2011; Bekker and Holland, 2012; Can�eld et al., 2013; Bekker, 2014)
(Fig. 10A). Although Kirschvink et al. (2000) suggest that manganese deposition is driven by high bio-
productivity levels from glaciation aftermath and, in this sense, supporting a causal link between
manganese precipitation and climatic-biological crisis, additional mechanisms leading to massive
manganese oxidation are still not well understood.

As stated here and in other studies, the African and Brazilian geological settings have undergone the
Eburnean and Transamazonian orogenies, respectively (Alkmim and Marshak, 1998; Rosa-Costa et al.,
2006; Feybesse et al. 2006; Vasquez et al. 2008; Brito Neves., 2011; Baratoux et al., 2011; Weber et al.,
2016; Grenholm, 2019; Klein et al., 2020). This event may have enabled the opening and closing of
speci�c depositional sites and also may have provided the metal source, which ultimately led to
manganese accumulation on a global scale. Furthermore, it should be stressed here that some authors
(e.g., Klein and Moura, 2008; Neves, 2011; Costa et al., 2018; Grenholm, 2019; Grenholm et al., 2019)
stated that both continents (South America-Africa), nowadays separated in distinct continents by the
Atlantic Ocean, may have shared common paleogeography known as Atlantica Supercontinent during the
Paleoproterozoic. Thus, looking from an integrated perspective, the geological record of these world-class
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manganese deposits (2.2–1.9 Ga), such as those of the Francevillian and Birimian successions of the
African continent and the corresponding members in South America (e.g., Quadrilátero Ferrífero, Serra do
Navio; Northern Borborema Province) may suggest a link between global tectonics and manganese
formations (Fig. 10B).

In addition to some authors (e.g., Roy, 2006; Beukes et al., 2016) who discuss the role of major climatic
and tectonic changes in the sedimentary manganese metallogenesis, Campbell and Allen (2008) argue
that the erosion of super mountains built up via supercontinent cycles may have provided nutrients to the
oceans, leading to cyanobacterial bloom and ultimately a photosynthetic O2 production. This relation is
vital since peak deposition of manganese formations coincides with The Great Oxidation Event (GOE –
Fig. 10A). In support to this association, there are other huge manganese accumulations in the Late
Neoproterozoic during the so-called Neoproterozoic Oxygenation Event (NOE; Och and Shields-Zhou,
2012). This time is also marked by an oxygen overshoot induced by intense photosynthetic biological
activity (Och and Shields-Zhou, 2012) from the Gondwana’s super mountain erosion. In summary, this
association between tectonism and metallogeny may not be casual and more studies are necessary to
solve this conundrum.

6. Final Remarks
Zircon U-Pb geochronology indicates a Rhyacian depositional age (2.22–2.05 Ga) for the sedimentary
Mn-rich precursors of a Mn-rich succession of the Borborema Province in Northeast Brazil. This
depositional age and the lithological associations of the Northern Borborema Manganese Formation are
very similar to the Paleoproterozoic ages of other manganese deposits known worldwide, such as those
hosted by the Francevillian and Birimian groups in Gabon and Ghana, respectively. The
Transamazonian/Eburnean orogeny may have played a role in the Mn-rich protolith deposition by:

1. Creating orogen-related basins in which Mn-rich sediments have accumulated;
2. Reworking via metamorphism and deformation of the sedimentary package during the late stages of

the orogeny; and
3. Inducing major climatic changes that helped to create ideal conditions for manganese precipitation.

The above-mentioned step three mentioned above needs to be studied in more detail by future works. In
summary, our study adds a new element to the framework of Paleoproterozoic manganese
mineralizations, which may help us better understand these manganese distributions through time.
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Figures

Figure 1

Distribution of Paleoproterozoic manganese deposits in South America and Africa. Excepting South
Africa, all deposits were encompassed by the Atlantica Supercontinent (top left corner). The manganese
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deposits used for comparison in the discussion section of this study are signaled in yellow. References
for ages are as follows: (1) Chisonga et al. (2012); (2) Rodrigues et al. (1986); (3) Salgado et al. (2019);
(4) Araújo et al. (2021); (5) Cabral et al. (2019); (6) Goto et al. (2021); (7) Perseil and Grandin (1978); (8)
Beukes et al. (2016); (9) Thiéblemont et al. (2009); (10) Bouton et al. (2009); (11) Horie et al. (2005); (12)
Bros et al. (1992); (13) De Putter et al. (2018); and (14) Tsikos and Moore (1997).

Figure 2
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Simpli�ed map of the Borborema Province (Northeast Brazil) in the context of West Gondwana and
location of the study area. (A) West Gondwana in the middle Paleozoic. Black rectangle signals the
Borborema Province. 1 = Amazonian Craton; 2= São Francisco Craton; 3= São Luís Craton; 4= West
African Craton; and 5= Congo Craton. Modi�ed after Cordani et al. (2016). (B) Geological framework of
the Northern Borborema Province (according to Brito Neves et al., 2000). White star represents the study
area. MCD= Médio Coreaú Domain; CCD= Ceará Central Domain; TBL= Transbrasiliano Lineament;
OASZ= Orós-Aiuaba Shear Zone; PSZ= Patos Shear Zone. (C) Regional geological map of the study area
with the location of the samples collected for zircon U-Pb geochronology and manganese and graphite
occurrences. CCC= Canindé do Ceará Complex.

Figure 3

General macroscopic features of the samples selected for zircon U-Pb geochronology. (A) Schematic Ocr-
1 drillhole log, crosscutting the Mn-rich rocks (oxidized and silicate manganese ores) and their associated
rocks. (B) Drill core box showing the oxidized ore intruded by granite. (C) Banded spessartite-quartzite. (D)
Leucocratic biotite-granite; (E) Drill core box showing the base of Ocr-1 containing a thick package of
graphite-bearing pelitic gneiss. (F) Medium- to coarse-grained graphite-bearing pelitic gneiss. (G)
Migmatitic paragneiss. Black dashed lines highlight the neosome portions collected for U-Pb analysis.
White dashed lines highlight an oxidized ore layer.

Figure 4

Photographs showing the �eld relations in the Lagoa do Riacho Manganese Deposit open pits. (A) Meter-
sized and continuous spessartite-quartzite beds with multiple Mn oxyhydroxide veinlets. (B) Banded
oxidized manganese ore consisting of intercalations of Mn oxyhydroxide-rich and spessartite-rich layers.
(C) Aplitic (granitic) veins crosscutting the oxidized manganese ore and the spessartite-quartzite.

Figure 5

Hand-specimen photograph (A), transmitted light photomicrographs (C, E, F and G), and BSE image
showing petrographic features of the Mn-rich and host rocks. (A) Rhythmic banding of graphite (Gph) +
Mn-oxyhydroxide (Mn-oh) and spessartite (Spss) + Mn-pyroxene (Pxmn) + quartz (Q) in OMO. (B-C)
Garnet porphyroblasts within a matrix of Mn-oxyhydroxide in OMO. (D) Detailed view of the Mn-carbonate
as trail inclusions within the spessartite porphyroblast. (E) Mn-pyroxene (Pxmn) with granoblastic texture
in contact with spessartite (Spss) in SMO. (F) Spessartite-quartzite composed of subidioblastic-
idioblastic spessartite (Spss) in a polygonal texture quartz-rich matrix. (G) Biotite (Bi) in contact with
sillimanite (Sill) and garnet in a matrix of quartz (Q) + plagioclase (Pl) in the graphite-bearing pelitic
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gneiss. (H) Ternary diagram showing the composition of garnet (Almandine [Alm], Grossular [Gr] and
Spessartine [Spss]) for the Mn-rich rocks.

Figure 6

Log for element abundance in drillhole Ocr-1.
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Figure 7

Representative cathodoluminescence images of the analyzed zircon crystals. Red circles represent the
spots analyzed by LA-ICP-MS. (a) Sample Ocr-14. (b) Sample Ocr-26. (c) Sample Ocr-29. (d) Sample FDM-
12.
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Figure 8

Geochronological data for the spessartite-quartzite (Ocr-14; A-B), biotite-granite (Ocr-26; C), graphite-
bearing pelitic gneiss (Ocr-29; D-F), and migmatitic paragneiss (FDM-12; G-H). (A, D and G) U-Pb
concordia diagram showing a discordia age for selected metamorphic zircons (green ellipses). Pink
ellipses encompass detrital cores. (B, F and H) General histograms with age and relative probability for
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the selected zircon grains. (C and E) Concordia diagram for the youngest concordant population and
crystallization age respectively for the graphite-bearing pelitic gneiss and the biotite-granite.

Figure 9

General view of the Mn-rich succession of the Northern Borborema Province, from its deposition to
metamorphic reworking. (A) Deposition of the Mn-rich precursors takes place in a redox-strati�ed basin at
approximately 2200 and 2100 Ma years ago. It is believed that Mn-rich siliciclastic beds (wackes) were
deposited in proximal areas and interbedded with sandy/silty marl and muddy marl. Organic-rich pelites
were deposited in distal areas. (B) Metamorphism and deformation started at 2100 Ma and lasted until
2000 Ma. These processes led to the metamorphism of Mn-rich wackes to spessartite-quartzite and Mn-
rich sandy/silty/muddy marls to manganese silicate rocks. Graphite-bearing pelitic gneiss is the
metamorphic product of organic-rich mudstones. Modi�ed from Santos et al. (2021).
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Figure 10

Relationship between global tectonic processes and manganese metallogeny through time. Major
manganese accumulations during the Paleoproterozoic and Neoproterozoic have a similar temporal
relationship with global positive excursions in the Sr (Shields, 2007) and C isotopic (Campbell and Allen,
2008; Melezhik et al., 2007) records (a). These excursions and the major periods of manganese
accumulations coincide with the time of Supercontinent assembly and break-up, supported by the global
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zircon record (e.g., Roberts and Spencer 2015). This relationship supports the idea that global excursions
are controlled by global tectonic processes (e.g., Des Marais, 1994; Shields, 2007). Furthermore, these
global excursions and the manganese metallogeny overlaps oxygenation events in the Neoproterozoic
(NOE, e.g., Och and Shields-Zhou, 2012) and Paleoproterozoic (GOE, e.g., Holland, 2006). The oxygen
dependence for manganese metallogeny is better viewed in (b), by crossing the classical oxygenation
curve in two steps (e.g., Kump et al., 2011; Lyons et al., 2014) with the global manganese ore occurrence
through time (e.g., Maynard, 2010).
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