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ABSTRACT

An unusual sediment hosted manganese deposit is described from the Mesoarchean Mozaan Group,
Pongola Supergroup, South Africa. MnO contents up to 15 wt.% were observed in marine clastic and
chemical sedimentary rocks. Mn enrichment is interpreted to have resulted from the hydrothermal alter
ation of manganiferous shale and BIF parent rocks, the primary MnO contents of which are as high as
8.5 wt.%. A detailed mineralogical and petrographic study shows that these parent rocks are characterized
by manganoan siderite, ferroan rhodochrosite and other Mn Fe rich mineral phases, such as kutnohorite
and Fe Mn chlorite. Their hypogene alteration gave rise to a diversification of mineral assemblages
where ferroan tephroite, calcian rhodochrosite, rhodochrosite, pyrochroite, pyrophanite, cronstedtite,
manganoan Fe rich chlorite and manganoan phlogopite partially or totally replaced the previous mineral
assemblage. Thermodynamic modeling performed on chlorite phases associated with the described min-
eral assemblages illustrates a decrease of average crystallization temperatures from ca. 310 °C during
early metamorphic stages to ca. 250 °C during a hydrothermal stage. Mineral transformation processes
were thus related to retrograde metamorphism and/or hydrothermal alteration post dating metamor-
phism and gave rise to progressive Mn enrichment from unaltered parent to altered rocks. The timing
of hypogene alteration was constrained by “°Ar/>°Ar dating to between about 1500 and 1100 Ma ago,
reflecting tectonic processes associated with the Namaqua Natal orogeny along the southern Kaapvaal
Craton margin. Manganiferous shale and BIF of the Mozaan Group may represent the oldest known exam-
ples of primary sedimentary Mn deposition, related to oxidation of dissolved Mn(Il) by free oxygen in a
shallow marine environment. Oxygenic photosynthesis would have acted as a first order control during
Mn precipitation. This hypothesis opens a new perspective for better constraining secular evolution of
sediment hosted mineral deposits linked to oxygen levels in the atmosphere hydrosphere system during
the Archean Eon.

Mn and Fe were derived from hydrothermal venting associated
with submarine volcanic activity. Large scale precipitation was

Manganese deposits of diverse genetic types (e.g., hydrother
mal, sedimentary, continental weathering, deep sea nodule) occur
in the geological record from Archean to Recent (Beukes and
Gutzmer, 1996; Ingri, 1985; Gauthier Lafaye and Weber, 2003;
Pack et al., 2000; Roy, 2000, 2006). Manganese minerals associated
with iron formations commonly precipitated from seawater where
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driven by changes in the redox state of the oceans (Anbar and
Holland, 1992; Gauthier Lafaye and Weber, 2003; Roy, 2000,
2006; Tsikos et al., 2010). Manganese metallogenesis studies have
revealed that the most important Mn reserves are associated with
Paleoproterozoic sedimentary rocks. The evolution of the O, con
tent in the atmosphere hydrosphere system is considered respon-
sible for the deposition of manganese during this era (Anbar and
Holland, 1992; Bekker et al., 2004; Gauthier Lafaye and Weber,
2003; Roy, 2000, 2006; Tsikos et al., 2010). Although Fe rich mi-
neral phases are the dominant components of banded iron forma-
tions (BIFs), most of which were deposited during the Archean Eon
(Canfield, 2005; Holland, 2005; Isley and Abbott, 1999), almost



all economically exploitable Mn deposits postdate the Great Oxida-
tion Event (GOE) that represents the rise of oxygen in Earth’s atmo-
sphere ca. 2.3 billion years ago (Bekker et al., 2004). The 2.2 2.3
billion years old Giant Kalahari Manganese Field in South Africa and
the ca. 2.1 billion years old Francevillian Mn ore deposits in Gabon
are the largest exploited Precambrian Mn deposits, and formed
after the GOE (Bekker et al., 2004; Beukes and Gutzmer, 1996;
Gauthier Lafaye and Weber, 2003). However, rare sedimentary
manganese + iron ore deposits are known from successions older
than the GOE (Roy, 2000, 2006), possibly indicating fluctua tions in
the evolution of atmospheric oxygen levels in deep time.

Archean Mn rich ore deposits are rare, being mined specifically
in late Archean greenstone terrains of India and Brazil (Roy, 2000,
2006). In these settings, Mn and Fe are thought to have been
released from high temperature hydrothermal solutions and stored
initially in anoxic seawater in the dissolved state (Holland, 2002;
Roy, 2000, 2006). As the precipitation of Mn in ancient sea water is
thought to be redox driven, it is likely that the substantial fixation
of CO, in large scale carbonate platforms during the late Archean
(Beukes and Klein, 1990; Beukes et al., 1990) led to a reduction in
atmospheric pCO, and, associated with the prolifera tion of
stromatolites, a moderate increase in pO, in seawater to form
restricted oxygenated domains (oxygen oases; Kasting, 1993) in
basin margin photic zones (Roy, 2000, 2006). Therefore, late
Archean Mn deposition could have been related to those local ized
photosynthetic oxygenic domains in shallow marine environ ments
(Roy, 2000, 2006).

The Mesoarchean Pongola Supergroup, deposited on the south
eastern margin of the Kaapvaal Craton in South Africa, is known to
contain shallow marine, epicontinental BIFs (Beukes and
Cairncross, 1991) that are locally enriched in Mn (Alexander
et al., 2008; Beukes, 1973; Nhleko, 2003), the patchy surface
enrichments of which give rise to high grade, but non
economical Mn ores in some areas such as Bellevue in northern
KwaZulu Natal (De Villiers, 1960).

Considering the major role of redox conditions and related O,
levels in seawater, we report on unusually high manganese con-
tents of marine BIF and ferruginous shale of the c. 2.95 Ga old Sin-
geni and Ntombe formations of the lower Mozaan Group, Pongola
Supergroup. With the aid of mineralogical, petrological and chem-
ical investigations, we aim to understand the nature and the origin
of unusually high Mn contents within the Mozaan Group and show
for the first time that initial Mn concentration was associated with
primary sedimentary processes. The variation of Mn contents, min-
eral paragenesis and processes of Mn enrichment are used to illus
trate that the Mozaan Group is host to an exceptional example of a
Mesoarchean manganese iron deposits with possibly implication of
atmospheric oxygen levels half a billion years before the GOE.

2. Geological setting

The Pongola Supergroup is a Mesoarchean volcano sedimentary
sequence deposited ca. 2.98 2.85 Ga on the southeastern margin
of the Kaapvaal Craton, South Africa (Gutzmer et al, 1999;
Hegner et al., 1994). It crops out in northern KwaZulu Natal, Mpu
malanga and Swaziland (Fig. 1) and may be partially correlated
with the Witwatersrand Supergroup (Beukes and Cairncross,
1991). The Pongola Supergroup includes two major stratigraphic
units: (1) the volcano sedimentary Nsuze Group in the lower part,
and (2) the unconformably overlying sedimentary Mozaan Group
that is characterized by marine sandstone, shale, and minor BIF
(Beukes and Cairncross, 1991; Hicks and Hofmann, 2012). The
rocks of the Pongola Supergroup are weakly metamorphosed to
lower greenschist facies grade (Burke et al., 1985; Elworthy et al.,
2000), except for some areas in Swaziland that record high grade

metamorphism (Hofmann et al., 2015). The studied section crops
out in the White Mfolozi Inlier (Matthews, 1967), where the
Mozaan Group is only represented by its lowermost part, region
ally known as the Singeni and Ntombe formations (Figs. 1 and 2).
The Singeni Formation is represented by two sandstone units sep-
arated by a succession of ferruginous shale and BIF. The lower
sandstone includes (1) the laterally discontinuous Denny Dalton
Member of braided alluvial plain conglomerates and pebbly sand
stones and (2) the shallow marine, through cross bedded quartz
arenites of the Dipka Member (Hicks and Hofmann, 2012). The
upper part of this unit is marked by a transgressive ravinement
surface, followed by shale and BIF of the Vlakhoek Member, illus-
trating predominantly sub storm wave base deposition on a clastic
sediment starved shelf (Hicks and Hofmann, 2012). The upper
sandstone unit, referred to as the Kwaaiman Member, overlies
shale along an erosive contact related to sea level fall (Hicks and
Hofmann, 2012). The sandstones show symmetrical and interfer-
ence ripple bedforms, mud cracked mud drapes, flaser bedding and
a multitude of microbially induced sedimentary structures (Noffke
et al., 2008; Hicks and Hofmann, 2012). A decrease in sedimentary
structures indicative of periodic exposure upsection sug gests
deposition in an intertidal environment gradually deepening to a
shallow subtidal environment. In general, deposition of the Sinqgeni
Formation was controlled by (eustatic?) sea level changes.
Sandstones illustrate deposition in a tide influenced, shallow
marine environment under a micro to mesotidal range (Von Brunn
and Hobday, 1976; Beukes and Cairncross, 1991; Hicks and
Hofmann, 2012; Noffke et al., 2008).

The Ntombe Formation is made up predominantly of ferrugi-
nous and non ferruginous shales with minor siltstones and sand
stones (Gold, 2006). Sedimentary structures and microbial mat
fabrics record a variation between shallow marine, storm
dominated shelf and tide influenced environments (Noffke et al.,
2003). Except for minor alteration along the contact, there is no
visible impact on host rock texture, color or composition caused by
the intrusion.

3. Analytical methods
3.1. Sampling

Chemical, petrographic and mineralogical analyses were done
on 30 drill core samples of carbonate rich BIF, shale, siltstone
and sandstone from the Vlakhoek Member and the Ntombe Forma-
tion of the Mozaan Group (Fig. 2), using analytical facilities at
Department of Geology and Spectrum Center, University of Johan
nesburg. Studied samples were obtained from a core (TSBO7 26)
drilled close to Denny Dalton Mine (28°16'6.20”S, 031°13'24.33"
E) in the White Mfolozi Inlier (Figs. 1 and 2). All samples are unaf-
fected by recent weathering.

3.2. Petrographic and mineralogical/geochemical characterization

Petrographic analyses were performed on polished thin
sections by using an OLYMPUS BX51 polarizing optical microscope
equipped with an OLYMPUS DP72 camera. Carbon coated polished
thin sections where analyzed using a TESCAN VEGA 3 scanning
electron microscope (SEM) at Spectrum. The SEM is equipped with
an electron back scattering detector and an energy dispersive
spectrometer (EDS). The operating conditions were 20 keV acceler-
ating voltage for both imaging and elemental analyses. Quantita-
tive spot analyses of mineral phases were obtained on carbon
coated polished thin sections using a four spectrometer equipped
Cameca SX 100 electron probe microanalyzer (EPMA). Operating
conditions were 15 keV accelerating voltage, 6 nA beam current,
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Fig. 1. Geological map of the Pongola Supergroup (modified after Burke et al., 1985).

20 pum spot size for analyses on carbonates, and of 15 keV, 20 nA
and 20 pm for oxides and silicates. Almandine (Al), diopside (Si),
hematite (Fe), periclase (Mg), SrSO4 (Sr), calcite (Ca), rhodonite
(Mn), orthoclase (K), BaSO4 (Ba), TiO (Ti), CrO (Cr), NaCl (Na) and
ZnS (Zn) were used as standards. Mineral characterization was
completed by XRD and Raman spectroscopy (see Text SI,
Figs. S1 3). Powdered samples were analyzed for major elements
by X ray fluorescence spectroscopy. Analysis was carried out on
fusion beads, using a PANalytical MagiX Pro PW2540 spectrometer.

Loss on Ignition (LOI) was determined after heating the samples to
950° C in a furnace for 30 min.

3.3. “°Ar/?%Ar dating of K rich clay fraction

Aliquots of c. 1 mg of pure illite from the <2 pm fraction, sepa-
rated from hydrothermally altered samples of the Singeni and
Ntombe formations, were irradiated at NTP radioisotopes’ SAFARI1
nuclear reactor at Pelindaba, South Africa, for 20 h (position B2 W)
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Fig. 2. Stratigraphic column of drill core TSBO7-26 of the lower Mozaan Group and details of the studied successions of the Singeni Formation (1) and Ntombe Formation (2).

with the reactor running at 20 MW. These were analyzed by step-
wise heating, using a defocused beam from a continuous Nd YAG
1064 nm laser and the MAP 215 50 noble gas mass spectrometer at
Spectrum. A Johnston focused flow electron multiplier, operated in
analog mode, as well as a Faraday collector were used. The
amphibole standards McClure Mountains and Hb3GR as well as
Fish Canyon Sanidine were used as monitors. All yield the same ]
values within analytical error. Measurement control and data
reduction was done using an in house software suite that includes
full error propagation by Monte Carlo procedures.

4. Results
4.1. Sample description and major element distribution

The Vlakhoek Member is represented, from base to top, by a
12 m thick succession of dark grey shale, BIF and dark to light
green ferruginous shale (Fig. 2; 3A). This succession is overlain
by intertidal to shallow subtidal sandstone of the Kwaaiman Mem-
ber showing abundant wave ripples (Fig. 3B) as well as early diage-
netic carbonate concretions (Fig. 3C). The lower shale of the
Vlakhoek Member is 8 m thick and characterized by planar lami-
nated mudstone interbedded with silt rich layers locally showing

ripple lamination. BIF is 1.9 m thick and consists of 1 5 cm thick
dark grey and red bands of iron oxide, interbedded with
carbonate and silica rich bands (e.g. samples 166.4, 165.5 in
Fig. 3). The gradation from shale to BIF shows overall deepening
of the environment from a marginal marine to a shallow outer
shelf environment of an epicontinental sea starved of siliciclastic
input during transgression (Hicks and Hofmann, 2012; Planavsky
et al., 2014). The upper ferruginous shale is 2.1 m thick and con-
sists of 1 15 cm thick mudstone interbedded with 1 5 cm silt
and carbonate rich layers (e.g. sample 165.2 in Fig. 3). Sedimentary
structures of the latter succession are predominantly characterized
by planar lamination (e.g. sample 165.2 in Fig. 3).

A process of alteration has affected the succession at irregular
intervals. Altered rocks have fissure and fracture networks associ-
ated with secondary Mn rich phases (e.g. sample 165.5 and 3D in
Fig. 3). Alteration halos may extend up to few centimeters away
from the fissures. For both BIF and upper shale facies of a total
thickness of 4 m, the average MnO content is 7.75 wt.%. MnO con-
tent may be as high as 8.5 wt.% in the unaltered rocks, and as high
as 11.3 wt.% in the altered rocks (Table 1). BIF samples are charac-
terized by SiO, contents ranging from 10 to 36 wt.%, and Fe,03 from
38 to 53 wt.% (Fig. 2, Table 1). The Fe,03 content conforms well
with both Algoma and Superior type iron formations,
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shale with carbonate-rich interbeds. Sample 92.8: Argillaceous sandstone with mudstone intraclasts representing a reworked Mn-rich mud-drape. Samples 72.75-66.1-65.5:
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carbonate nodule).

whereas the MnO content is much higher than the average values
found in these types of IFs, and the SiO, content appears somewhat
lower (Gutzmer et al., 2008). Except for a few clastic mud rich
interbeds and the overlying ferruginous shale where the Al,O3 con
tent is as high as 12.2 wt.%, the Al,03 content mostly ranges from
0.5 to 4 wt.% (Table 1), which is higher than in both Algoma and
Superior type deposits but lower than the average of mudrocks
of the Mozaan Group (Wronkiewicz and Condie, 1989). However,

the shale below the BIF has relatively low MnO and Fe,Os contents
of up to 0.7 and 10 wt.%, respectively (Fig. 2, Table 1). SiO, contents
are up to 56.2 wt.%, with Al,05 reaching 24.6 wt.% (Table 1), which
is close to the average of shale in the Mozaan Group (Wronkiewicz
and Condie, 1989). In BIF and upper shale, MnO and Fe,03 show a
co variation with LOI, with correlation coefficients (R?) of 0.94 and
0.89, respectively (Fig. 4). Correlation is weaker for LOI vs CaO and
MgO (R?=0.52 and 0.72, respectively). This illustrates that both



Table 1

Chemical composition (major elements) of different type of facies in the Singeni Formation.

Sample N° 164.2 165.5 165.52 166.1 166.12 166.4 167 167.04 167.1 167.65 168.25 168.4 170.1 171.8 1784
Host rock 1NA 2NA 2NA 3NA 3NA 3NA 3NA 3A 3A 3NA 3A 3A INA 1NA 4NA
SiO, 30.28 67.52 59.28 23.86 23.52 21.53 25.38 3143 25.72 24.15 14.95 14.17 54.59 56.23 68.36
Al,03 8.61 0.05 0.42 2.10 3.88 244 2.68 1.33 2.08 0.78 2.17 0.59 24.59 22.01 14.61
Fe,03 29.13 18.78 16.42 40.47 39.70 38.51 39.09 39.79 44.18 42.10 41.32 46.04 7.34 9.96 9.43
MnO 8.04 3.27 6.23 7.12 7.18 6.94 7.16 8.50 7.96 8.53 11.28 10.86 0.47 0.68 <dl
MgO 3.66 1.86 4.09 479 4.49 451 4.52 0.00 4.00 3.98 6.85 5.99 1.85 1.25 <dl
Cao 0.57 0.20 0.57 2.39 2.27 3.67 1.23 0.94 1.06 0.56 0.75 0.66 0.07 <dl <dl
Na,0 <dl <dl <dl 1.11 1.24 1.99 <dl <dl <dl <dl <dl <dl 1.57 1.20 0.16
K,0 <dl <dl <dl <dl 0.05 <dl <dl <dl <dl <dl <dl <dl 4.25 2.65 0.49
TiO, 0.32 <dl <dl <dl 0.10 0.06 0.11 <dl 0.05 <dl <dl <dl 0.84 0.85 0.24
Cr,03 <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl <dl 0.05 0.11
P05 0.05 <dl <dl 0.11 <dl <dl 0.09 0.14 0.26 0.08 0.15 0.05 0.08 0.05 <dl
LoI* 19.15 6.82 12.74 17.03 16.64 19.63 19.13 17.60 14.05 19.20 22.01 21.33 4.24 439 6.39
Total 99.82 98.53 99.78 99.03 99.10 99.30 99.42 99.72 99.36 99.38 99.48 99.71 99.93 9936 99.89
MnO/(MnO + Fe,03) 0.22 0.15 0.28 0.15 0.15 0.15 0.15 0.18 0.15 0.17 0.21 0.19 0.06 0.06 0.00

Major element concentrations obtained by XRF in wt.%. 1NA = unaltered carbonate-rich shale; 2NA = unaltered jasper;

3NA = unaltered banded iron formation (BIF);

3A = altered BIF; 4NA = unaltered argillaceous sandstone/siltstone. " = LOI (lost on ignition) after 30 min at 930 °C in air; <dl = concentration below the detection limit of 0.05

wt.%.
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Fig. 4. Co-variation between some major elements and loss on ignition (LOI). Diagrams of (A) LOI vs Fe,03. (B) LOI vs MnO. (C) Al,03 vs K,0. (D) Al,03 vs TiO,.

MnO and Fe,03 are closely related with carbonate phases, with a
stronger carbonate control on MnO than Fe,05, and that the alkali
earth elements are associated with both carbonate and silicate
minerals.

The studied, c. 40 m thick interval of the Ntombe Formation (Fig.
2) is characterized by fine to very fine grained, dark to light grey
and green sandstone (from several cm to 1 m thick) interbedded
with dark to light grey and green shale and siltstone (from several
cm to 6 m thick) (Figs. 2 and 3; samples 92.8, 66.1 and 65.5).
Sandstone shows planar bedding, current ripple lamination, nor-
mal graded bedding, load casts and mud drapes that are locally
reworked and form intraclasts (e.g. sample 92.8 in Fig. 3). Shale

and siltstone layers show planar and current ripple lamination,
lenticular and wavy bedding, load casts, desiccation cracks, and
carbonate concretions (e.g. Fig. 3E, samples 66.1, 65.5, 72.75 in Fig.
3). This suggests deposition of the studied part of the Ntombe
Formation in a tidally influenced, shallow subtidal environment
with episodic exposure. Intraclasts of Mn rich mud drapes are
abundant in the lower part of the Ntombe Formation, representing
a 6 m thick interval situated between 90.5 and 96.5 m (Fig. 2). The
association of these Mn rich intraclasts with a tidally influenced
marine environment illustrates Mn precipitation in shallow marine
waters. Moreover, laminae of host shale are draped around Mn rich
carbonate concretions (e.g. Fig. 3E, sample 65.5 in Fig. 3), illus



Table 2

Chemical composition (major elements) of different type of facies in the Ntombe Formation.

Sample N° 66.1 66.67 66.97 67.17 7138 71.92 7275 81.75 89.44 90.08 925 92.6 92.8 93.1-1 93.1-2 97.29
Host rock 1NA 1A 1A 1NA 1NA 1NA 1NA 1NA 4NA 4A 1NA 1A 4A 1A 4A 4NA
SiO, 56.11 3226 31.88 58.64 40.01 33.72 3952 51.89 5381 51.01 5148 50.00 59.80 51.39 47.05 74.12
Al,04 7.28 7.86 7.54 1348 1057 8.40 9.05 1492 1159 5.83 1147 1582 1.95 11.30 6.35 8.62
Fe,03 19.84 2449 3031 1145 23.74 2934 2374 1453 1251 1974 16.16 1460 14.18 15.23 18.93 5.60
MnO 4.56 1457 835 1.71 5.71 6.75 6.39 2.88 5.07 7.90 5.66 433 1334 838 15.16 0.14
MgO 0.32 1.91 2.94 2.07 3.38 3.70 2.98 3.05 2.39 4.02 0.38 4,01 4.01 4,55 1.09 2.65
Ca0 2.34 0.93 1.75 0.52 0.39 0.44 0.57 0.27 0.64 0.89 4.08 0.20 0.75 0.37 3.12 4.51
Na,O 0.33 0.07 <dl 0.05 0.12 0.08 0.27 <dl <dl <dl 0.02 <dl <dl <dl <dl 1.20
K>,0 0.49 2.57 0.65 3.85 1.69 0.63 1.57 3.53 334 1.06 3.23 4.20 0.34 3.08 1.64 1.11
TiO, 0.2 023 0.28 0.52 0.42 0.32 0.38 0.70 0.52 0.22 035 0.70 0.12 0.60 0.36 0.60
Cr,03 <dl <dl <dl <dl <dl <dl <dl 0.06 <dl <dl <dl 0.06 <dl 0.05 <dl <dl
P05 0.08 <dl <dl 0.06 <dl <dl <dl <dl <dl <dl 0.05 0.06 <dl 0.06 <dl 0.09
Lor* 8.39 13.4 14.2 6.3 13.1 15.8 14.5 7.3 8.7 8.1 6.94 5.0 4.2 3.9 5.40 0.8
Total 99.96 9829 9790 98.65 99.13 99.18 98.97 99.13 9857 9877 99.85 9898 98.69 98.91 99.16 99.44

MnO/(MnO + Fe,03)  0.19 0.37 0.22 0.13 0.19 0.19 0.21

0.17 0.29 0.29 0.26 0.23 0.48 0.35 0.44 0.02

Major element concentrations obtained by XRF in wt.%. 1NA = unaltered carbonate-rich shale; 1A = altered carbonate-rich; 4NA = unaltered argillaceous sandstone/siltstone;
4A = altered argillaceous sandstone/siltstone. ~= LOI (lost on ignition) after 30 min at 930 °C in air; <dl = concentration below the detection limit of 0.05 wt.%.

trating a pre compactional formation of the concretions. In view of
this, the concretions formed from precipitation and lithification
process during early diagenesis.

Shales of the Sinqeni and Ntombe formations show a foliation at
an angle to bedding, which is developed on a regional scale in the
White Umfolozi Inlier, possibly associated with folding of the Pon-
gola Supergroup along a NE trending axis (Figs. 1, 3F). The timing
of this folding is unclear, but it may have formed during the regio-
nal event of deformation metamorphism that took place in the late
Archaean (Elworthy et al., 2000) or, alternatively, during deforma-
tion related to the c. 1.0 Ga Namaqua Natal orogeny (Eglington,
2006) that affected the southern Kaapvaal Craton margin situated

. 60 km to the south of the White Umfolozi Inlier (Fig. 1).

Both sandstone and shale show some evidence of alteration
near fracture networks showing two main geometries (Fig. 3F),
(1) sub vertical and perpendicular to the foliation, and (2) sub-
horizontal and parallel to the foliation. Aureoles of alteration are
sometimes developed on both sides of the fractures illustrated by
a change of host rock’s color. Similar to the Vlakhoek Member,
we differentiate unaltered and altered intervals, the latter showing
fracture networks with or without alteration haloes. The average of
MnO content across the studied c. 40 m thick interval of the
Ntombe Formation (Fig. 2) is 6.93 wt.%. In samples from unaltered
domains, MnO is up to 6.7 wt.%, whereas concentrations up to
15.2 wt.% may be reached in altered samples (Table 2). These val-
ues are much higher than the average value of the Mozaan Group
shale at 0.16 wt.% (Wronkiewicz and Condie, 1989). In samples
from both Singeni and Ntombe formations, the highest concentra-
tions of MnO associated with unaltered rocks have been recorded
in carbonate rich layers and early diagenetic concretions. Except
for a few samples, MnO/Fe,05 ratios range from 0.1 to 0.5 with
an average of 0.4 (Table 2). This ratio is much higher than that of
Archean Fe rich mudrocks at 0.025 and the crustal average at
0.022 (Lepp, 2008). Co variations exist in the concentration of
some major elements. Fe,03 shows a strong positive co variation
(R? = 0.89) with LOI, suggesting that Fe,05 content could be mainly
associated with carbonate phases. In contrast, MnO shows a very
weak positive co variation (R? = 0.19) with LOI, whereas samples
with the highest MnO contents illustrate a weak relationship
between LOI and MnO (Fig. 4). SiO, and Al,03 contents vary
between 32 and 60 wt.% and 5 and 16 wt.%, respectively (Table 2),
with the higher concentrations being close to average Mozaan
Group shale at 609wt% and 17.5wt% respectively
(Wronkiewicz and Condie, 1989). SiO,/Al,03 ratios are mostly
between 3 and 9, except for sample 92.8 with a value of about
30 (Table 2). Lower ratios suggest a predominance of clay minerals,

whereas a dominance of quartz sand is indicated for sample 92.8.
The strong co variation (R* = 0.86) observed between Al,0; and
K,0 (Fig. 4) suggests a possible increase of aluminous phases (phyl-
losilicates) together with K. According to Veizer and Garrett (1978),
these Al rich phases plot between the illite muscovite sericite and
montmorillonite fields, although much closer to the illite trend (Fig.
4). The positive correlation between Al,O3; and TiO, (Fig. 4)
illustrate an enrichment of Ti together with Al rich phases, sug-
gesting that these Al rich phases may be clay minerals rather than
muscovite, orthoclase or microcline (Veizer, 1978). P,0s5 values are
below 0.09 wt.% (Table 2), indicating the subordinate presence of
phosphate phases.

4.2. Petrography and mineral chemistry

4.2.1. Unaltered rocks of the Sinqeni Formation

BIF is characterized by carbonate rich layers interbedded with
silica and iron oxide rich layers (Fig. 5A C). Carbonate rich layers
and concretions contain between about 60 and 70 vol.% car bonate
(Fig. 5C). The carbonate phases that represent the main Mn host
minerals are essentially siderite and kutnohorite with more than 8
and 17 wt.% of MnO, respectively (Table S2). The latter mineral
assemblage is observed together with magnetite, quartz, as well as
some ankerite and calcite (Fig. 5C, Table S2). Considering that Mn
rich siderite, kutnohorite and ankerite are associated with
carbonate concretions, they appear to have formed prior to com-
paction, probably during early diagenesis. According to these
observations, the manganese content in unaltered Singeni rocks
(including BIFs and green shale), reaching 8.5 wt.% MnO, reflects
syn sedimentary to early diagenetic processes of enrichment.
Beside the carbonates, chlorite is observed associated with the
metamorphic fabric (foliation, Fig. 5D) in BIF.

4.2.2. Altered rocks of the Singeni Formation

Samples are dominated by products of alteration processes driven
by fluid circulations (Fig. 5E H). Mineral phases formed during
these processes involve Mn siderite, rhodochrosite, Fe Mn chlorite,
ankerite, hematite, quartz and pyrite (Fig. 5E H, Table S2). The Mn
sid phase shows MnO contents above 18 wt.%, and much higher
than the average of 8.7 wt.% recorded in the unal tered rocks,
illustrating Mn enrichment during alteration (Table S2). Mn
siderite/ankerite/quartz veins are observed in asso ciation with a
fracture network cross cutting another fracture net work filled by
pyrite (Fig. 5E and F). The presence of hematite also associated with
fractures suggests a possible late circulation of more oxidized fluids
(Fig. 5G). In these samples, MnO content



Fig. 5. Characterization and relationship between mineral phases in the Singeni Formation. (A and B) Photomicrograph and backscattered electron image of carbonate-rich
lamina interlayered with silica- and iron oxide-rich lamina. (C) Backscattered electron image of carbonate- and silica-rich lamina showing manganoan siderite, ankerite,
quartz and magnetite; carbonate abundance may reach about 60-70%. (D) Photomicrograph showing foliation domain of chlorite in a carbonate- and magnetite-rich sample.
(E and F) Photomicrograph and backscattered electron image showing fractures filled with carbonate (manganoan siderite and ankerite), quartz and pyrite. (G and H)

Photomicrograph showing fracture filled by quartz and chlorite controlling the transformation of magnetite to hematite. (Mn-sid: manganoan siderite; Mag: magnetite; Ank:
ankerite; Qtz: quartz; Chl: chlorite; Carb: carbonate; Py: pyrite; Hem: hematite).



may be as high as 11.3 wt.% (Table 1), suggesting slight Mn enrich
ment during alteration.

4.2.3. Unaltered rocks of the Ntombe Formation

The Fe Mn rich mineral phases are dominated by carbonates
associated with chlorite and scattered euhedral pyrite
(Fig. 6A and B). Most carbonate phases are Mn rich, including man-
ganoan siderite (Mn sd, Fig. 6; Table 3), which is associated with
ferroan rhodochrosite (Fe rds, Fig. 6E, S3; Table 3), and a Ca rich
carbonate with a Mn/Fe ratio greater than 1, the composition of
which is close to kutnohorite (Fig. 6C and D; Table 3). The Ferds
phase is characterized by a Mn/Fe ratio greater than 1 (Table 3).
It occurs as remnants in the center of euhedral crystals marginally
replaced by anhedral to subhedral Mn sd, suggestive of a later dia-
genetic or metamorphic replacement (Fig. 6E and F). Mn sd has a
Mn/Fe ratio smaller than 1 (Table 3). As shown with unaltered
rocks of the Singeni Formation, it appears that carbonate phases
are the main Mn hosting minerals. However, their relationship
with intraclasts of mud drapes, carbonate concretions and carbon
ate layers suggest a syn sedimentary and/or early diagenetic origin
of Mn rich mineral precursors of Mn rich carbonate phases. This
suggests that the MnO content, as high as 6.7 wt.% (Table 2),
recorded in the unaltered rocks is also probably a primary (i.e. sed-
imentary or early diagenetic) constituent of the Ntombe Forma
tion. Moreover, the presence of chlorite forming the
metamorphic fabric together with Mn sd (Fig. 6A and B) probably
supports metamorphic overprinting of an earlier Fe rds phase. This
metamorphic chlorite is a Fe rich phase with Mn content lower
than 1 wt.% (Table 3).

4.2.4. Altered rocks of the Ntombe Formation

The altered rocks were affected by late fluid circulation, as veins
filled with Mn Fe rich mineral phases are usually cross cutting the
metamorphic fabric or earlier formed mineral occurrences (Fig. 7A
and B). Alternatively, some deformed veins cross cutting the
metamorphic fabric may also suggest that they formed during the
deformation that gave rise to the observed metamorphic fabric (Fig.
7A). Two different mineral associations can be recognized (Figs. 7
9): (1) carbonate silicate phyllosilicate, and (2) carbon ate oxide
phyllosilicate associations.

4.2.4.1. Carbonate silicate phyllosilicate association. In the meta
morphic fabric, Fe tephroite is associated with cronstedtite, Fe Mn
chlorite, rhodochrosite and pyrophanite (Fig. 7A C, S4; Tables 4, S1).
Early metamorphic Fe chlorite and phlogopite seem to be partially
replaced by Fe Mn chlorite, Fe tephroite and cronstedtite in the
metamorphic fabric (Fig. 7B and C). In the altered intraclasts of
reworked mud drapes, the mineral assemblage is characterized by
Fe tephroite, rhodochrosite, Fe Mn chlorite and Mn phlogopite (Fig.
7D F, S4; Tables 4, S1) and rarely illite (Fig. 7D F). As fracture fillings,
Ca rhodochrosite is associated with Fe tephroite, cronst edtite,
quartz, Fe Mn chlorite and Mn phlogopite (Figs. 7A, 8, S4; Tables 4,
S1).

Rhodochrosite associated with the metamorphic fabric is com-
positionally close to the rhodochrosite end member (e.g. 1A, Table
4), whereas in the altered mud intraclasts and in the fracture
fillings it is Ca rich (e.g. 2A, Table 4). Both types have FeO contents
between 1 and 3 wt.%. MnO and FeO contents of Fe tephroite asso-
ciated with the metamorphic fabric are as high as 30 and 15 wt.%,
respectively (e.g. 1A, Table 4), while those from intraclasts and
fracture fillings are as high as 34 and 27 wt.%, respectively (e.g. 2A,
Table 4). Cronstedtite, both in the metamorphic fabric and fracture
fillings has FeO content up to 82 wt.% and MnO reaching 6 wt.%
(Table 4). Three types of chlorite have been observed: (1) chlorite
type 1, which is the earliest Fe chlorite characterizing the meta-
morphic fabric with MnO content lower than 1 wt.%

(Fig. 7B and C, Table 4), (2) chlorite type 2, represented by Fe Mn
chlorite with MnO contents between 1 and 3 wt.% and partially
replacing chlorite type 1, (e.g. 1A and 2A matrix in Table 4; Fig. 7B
and C), and (3) chlorite type 3 with MnO contents as high as 7 wt.%
and associated with mud intraclasts and fracture fillings (e.g.
samples 1A and 2A frct in Table 4; Figs. 7D F, 8D). Chemical
variations are also observed in the phlogopite phase. Phlogopite
from metamorphic fabric domains has an FeO content reaching 4
wt.% and MnO content lower than 1 wt.% (e.g. 1A, Table 4). Phlo-
gopite associated with fracture fillings and intraclasts is unusually
Fe and Mn rich (Mn phlogopite) (e.g. 2A, Table 4, and as shown by
Raman spectroscopy analyses in Text SI, Fig. S3 and Table S1). Fol-
lowing these observations, a mineral diversification is observed
from unaltered to altered rocks. This mineral diversification, con-
trolled by fluid circulation, is accompanied by local Mn remobiliza-
tion and enrichment, where the MnO content may reach up to 15.2
wt.% in altered rocks (Table 2).

4.2.4.2. Carbonate oxide phyllosilicate association. Mn Fe bearing
oxide mineral phases are dominated by pyrochroite (Fig. 9A and B,
S3; Table S1), rarely associated with a Fe Mn rich oxide phase
showing a Mn/Fe ratio lower than 1 similar to jacob site (Fig. 9C
and D; Table 4). Both pyrochroite and jacobsite seem to replace
previous carbonate phases characterized by Fe rds, Mn sd and
kutnohorite as shown in Fig. 9D. This alteration is found along
fractures to form an alteration halo. Pyrochroite has a MnO content
as high as 77 wt.% and a FeO content lower than 1 wt.%, whereas
jacobsite is characterized by a FeO content of up to 64 wt.% and
MnO reaching 14 wt.% (Table 4). Pyrophanite occurs both in the
metamorphic fabric and mud intraclasts (Figs. 7B, 9E and F). It
replaces rutile crystals as indicated by frequent marginal
replacement (Fig. 9E and F). Its MnO and FeO contents may be as
high as 11 wt.% and 33 wt.%, respectively (Table 4). Fe Mn carbon
ates are by far the dominant phase within the studied samples and
include Mn sd, Fe rds and kutnohorite. Pyrochroite, jacobsite and
pyrophanite were the identified oxide phases. Observed alteration
processes controlled by fluid circulation show mineral diversifica-
tion and Mn enrichment from unaltered to altered rocks where
MnO may reach 14.6 wt.% (Table 2).

4.3. Thermodynamic modeling on chlorite and thermal conditions

The three types of chlorite described in this study are associated
with Mn Fe rich mineral phases that formed during metamorphism
and fluid circulation. Therefore, to constrain under which thermal
conditions these mineral phases formed, thermodynamic modeling
has been carried out based on the chemical composition of chlorite
phases. Calculations were done on the basis of 14 oxy gens and
plotted in the vector representation diagram of Wiewiora and
Weiss (1990) that wusually characterize crystallo chemical
properties of chlorites. The studied chlorites are triocta hedral with
a number of silicon atoms below 3.25 (with a majority below 3) per
formula unit and an octahedral charge ranging between 5.5 and 6
(Fig. 10A). Additionally, according to the trian gular plot of Velde
(1985), these chlorites are Fe rich, situated in the theoretical field of
metamorphic to hydrothermal chlorites (Fig. 10B). Several
thermodynamic models based on chemical com position of chlorite
have been published (e.g. Walshe, 1986; Vidal et al., 2005, 2006;
Inoue et al., 2009). However, the redox state of Fe from Fe rich
chlorite is likely to influence the distribution of other elements in
the crystalline structure of chlorite as well as its formation
temperature. Indeed, the temperature estimate of Fe rich chlorite
derive