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Abstract

Redox conditions in the marine realm prior to the Great Oxidation Event (GOE; ~2.46-2.32

Ga ago), during which the atmospheric oxygen level rose dramatically for the first time, are

still debated. Here, we present C, O, Fe, and Mo stable isotope systematics of Fe-, Mn-, and

carbonate-rich shales, deposited at different water depths in association with iron formations

(IFs) of the Mesoarchean Mozaan Group, Pongola Supergroup, South Africa.
13
C values

VPDB, and
18
O values VPDB for Fe-

Mn-rich carbonate minerals indicate their precipitation out of equilibrium with seawater.

Instead, early diagenetic reduction of Fe-Mn-oxyhydroxide precursor minerals, along with

microbially induced oxidation of organic matter (OM), formed these carbonates.
56
FeIRMM-

014 27 and 0.14 and
98
MoNIST 3134+0.25 values 46 and 0.56

co-vary with Mn concentrations and inferred water depth of deposition. This suggests that,
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despite the diagenetic origin of the Fe-Mn carbonates, the primary light Fe and Mo isotopic

signature of Fe-Mn-oxyhydroxides that originally precipitated from seawater is still

preserved. While isotopically light Mo implies that Mn(II) was oxidized to Mn(IV) due to the

availability of free, photosynthetically produced O2, Mn enrichment suggests that the water

column was redox stratified with a Mn-redoxcline situated at a depth below the storm wave

base. A trend to highly negative
56
Fe values with increasing Mn/Fe ratios and decreasing

depositional depth suggests progressive oxidation of Fe(II) as deep-waters upwelled across a

redoxcline towards shallow, well-oxygenated waters where Mn(IV) oxyhydroxides

precipitated. Combined
56
Fe and

98
Mo data indicate pervasive oxygenation of seawater

with the average O2 content in the photic zone likely reaching levels higher than the

maximum value of 10 µM usually proposed for Archean oxygen oases. Since abiotic Mn(II)

oxidation is kinetically very slow in marine environments, it is likely that Mn-oxidizing

microorganisms catalysed Mn-oxidation in the oxygenated Pongola surface waters during

deposition of IFs. This implies that aerobic metabolism had evolved before the GOE in

shallow, aquatic habitats, where it exerted a first-order control on the deposition of shallow-

marine, Mn-rich iron formations.

Keywords: Mesoarchean, oxygenation, iron formations, manganese deposits, Mozaan Group,

Pongola Supergroup

1. Introduction

Mass-independent fractionation of sulfur isotopes in Archean sedimentary pyrites is

the most compelling evidence for an anoxic Archean atmosphere (e.g., Farquhar et al., 2000;

Pavlov and Kasting, 2002; Bekker et al., 2004). However, several studies suggest that free

atmospheric oxygen began to rise well before the Great Oxidation Event (GOE) (Anbar et al.,



2007; Wille et al., 2007; Lyons et al., 2014 and references therein), a time when atmospheric

oxygen levels rose from <10
-5
of the present atmospheric level (PAL) to % of PAL

between 2.46 to 2.32 Ga (e.g., Farquhar et al., 2000; Bekker et al., 2004).

Iron-rich sediments (> 15 wt.% Fe2O3) are widespread during the Precambrian Era,

with most iron formations (IFs) deposited between 2.8 and 1.8 Ga (Bekker et al., 2014;

Konhauser et al., 2017). The deposition of Fe-oxyhydroxides in IFs requires redox changes,

identifying redox-sensitive elements in IFs as powerful paleoceanographic proxies for the

reconstruction of past conditions of the atmosphere-hydrosphere system (e.g., Siebert et al.,

2003; Rouxel et al., 2005; Beukes and Gutzmer, 2008; Konhauser et al., 2017). The main

source for Fe enrichments in Archean sedimentary rocks is considered to be aqueous Fe(II)

derived from submarine hydrothermal vents, which was oxidized and precipitated in the

shallow parts of oceans to form IFs (e.g., Holland, 1984; Klein and Beukes, 1989; Beukes

and Gutzmer, 2008). Stable isotope compositions of redox-sensitive metals (e.g., Fe and Mo)

within Archean IFs have been interpreted to reflect locally oxygenated shallow-marine

environments, leading to the deposition of Fe(III) bearing minerals (Planavsky et al., 2014;

Satkoski et al., 2015; Kurzweil et al., 2016). Wherever locally oxygenated surface waters

were present in coastal marine environments, the water column must have been vertically

stratified and laterally variable with respect to Fe concentrations (e.g., Holland, 1984; Klein

and Beukes, 1989; Beukes and Gutzmer, 2008). The processes that led to the oxidation of

dissolved Fe(II) to insoluble Fe(III) and precipitation of ferric oxyhydroxides in the Archean

oceans remain highly debated. Two oxidation pathways are generally considered: (1) direct

oxidation by anoxygenic photoferrotrophs in the photic zone (e.g., Kappler et al., 2005;

Konhauser et al., 2017); and (2) Fe(II) oxidation by free, photosynthetically produced O2

(Planavsky et al., 2014; Satkoski et al., 2015). A Fe(II) photo-oxidation pathway involving



solar UV is regarded as too insignificant to account for deposition of IFs (Konhauser et al.,

2017). An ultimate biological control for deposition of the bulk of IFs is thus inferred.

Oxidation of Mn(II) to Mn(IV) requires a higher redox potential compared to Fe(II)

and takes place in the presence of free O2, with participation of an aerobic microbial catalyst

(Tebo et al., 2004). Furthermore, besides O2, Mn(IV)-oxyhydroxides are themselves strong

natural oxidants that can oxidize and influence the biogeochemical cycles of other transition

metals and certain non-metals, such as C and S (Tebo et al., 2004). A pre-GOE example is

the IF of the ca. 2.45 Ga Koegas Subgroup (Transvaal Supergroup, South Africa) which

contain appreciable Mn enrichments (Beukes and Gutzmer, 2008; Schröder et al., 2011;

Kurzweil et al., 2016). Iron formation of the Koegas Subgroup is described as being

deposited under an oxygenated seawater column where Mn-oxides and -oxyhydroxides have

been regarded as important for aqueous Fe(II) oxidation as well as Mo shuttling (Kurzweil et

al., 2016). Mn(II) oxidation by anoxygenic photosynthesizers has been proposed as an

alternative process leading to Mn precipitation before the GOE (Johnson et al., 2013). Mn

redox cycling and transition metal shuttling was proposed to already have operated in

Mesoarchean shallow seawaters, ~500 Ma before the GOE, based on a Mo isotope study of

IF of the Sinqeni Formation (Mozaan Group, Pongola Supergroup) that were deposited on a

shallow, outer shelf during a period of maximum transgression (Planavsky et al., 2014).

The present study is built on this initial work (Planavsky et al., 2014), but we present

additional isotope data (C, O, Fe and Mo) from shales that were deposited above and below

storm wave base at the Pongola Basin scale. This allows more refined insight into the redox

state of the water-column, reaching from deeper- (below the photic zone) to shallow-marine

environments (photic zone), in the Pongola sea. The same applies to the mechanisms leading

to the Fe and Mn enrichments in the Mozaan Group. We place particular emphasis on



identifying the role of water-column Mn mineral phases in metal cycling and biomass

production.

2. Geological setting and samples

We investigated shales from two drill cores intersecting the Mozaan Group in the

White Mfolozi Inlier and the Nongoma area (Fig. 1). The Pongola Supergroup is a

Mesoarchaean volcano-sedimentary sequence deposited ca. 2.98 2.85 Ga on the southeastern

margin of the Kaapvaal Craton, South Africa (Wilson and Zeh, 2018). It crops out in northern

KwaZulu-Natal, Mpumalanga and Swaziland (Fig. 1) and is partially correlative with the

Witwatersrand Supergroup (Beukes and Cairncross, 1991). The lithostratigraphic column

includes two major stratigraphic units: (1) the volcano-sedimentary Nsuze Group, and (2) the

predominantly siliciclastic Mozaan Group (Beukes and Cairncross, 1991; Hicks and

Hofmann, 2012). Due to Phanerozoic erosion, the Mozaan Group in the White Mfolozi Inlier

only consists of the Sinqeni and Ntombe formations (Fig. 1). In contrast, the stratigraphy in

the Nongoma area is more complete, starting with the lowermost Sinqeni Formation to the

uppermost Gabela Formation (Beukes and Cairncross, 1991; Nhleko, 2003). The Nongoma

area also represents an overall more basinal and deeper depositional setting with thicker

strata. Our samples are from the Sinqeni, Ntombe, and Thalu formations of these two areas

(Fig. 1).

The Sinqeni Formation is characterized by predominantly shallow-marine sandstones

with minor middle to outer shelf siltstones, shales and IFs (Beukes and Cairncross, 1991;

Nhleko, 2003). In the White Mfolozi Inlier, drill core TSB07-26 intersects the entire 108 m

thick Sinqeni Formation (Fig. 1), which





3. Analytical methods









NIST 3134 was set to



4. Results

Fe-Mn host minerals observed in shallow-water shales are mainly represented by

manganoan siderite together with ferroan rhodochrosite, kutnohorite, ankerite, and very

limited occurrence of pyrite (Fig. 2). In IFs, manganoan siderite seems to be the main Fe-Mn-

bearing mineral, with magnetite representing another important host of Fe (Fig. 2). In deep-

water ferruginous shale, Mn concentration is very low and

. Electron microprobe analyses were performed on Mn-bearing minerals in shale and

associated IF of the White Mfolozi Inlier (Fig. 2). In shale samples, Mn-bearing siderite has

an average MnO concentration of 18 wt.% (and average MnO/FeO ratio of 0.5), Fe-bearing

rhodochrosite shows an average MnO content of 30 wt.% (and average MnO/FeO ratio of

1.5), and kutnohorite has an average MnO concentration of 14 wt.% (and average MnO/FeO

ratio of 1.4). In IF samples, Mn is mainly found in Mn-bearing siderite, which yielded an

average MnO concentration of 8 wt.% (with average MnO/FeO ratio of 0.2).

The
13
Ccarb values of the shallow-water shales (above the fair-weather wave base) of

the Ntombe Formation (White Mfolozi Inlier) vary between 22.3 and

18
Ocarb values range from 21.1 to Figs. 3 and 4; Table 1). No obvious correlation is

observed between
13
Ccarb and

18
Ocarb values (Fig. 4).

13
Corg values of the same samples

vary between 37.7 and 25 , and shift to more negative values upsection (Fig. 3; Table

1). Total inorganic carbon (TIC) contents decrease upsection from 4.1 wt.% in the lower part



to below detection limit in the upper part; total organic carbon (TOC) content is below 1

wt.% throughout the sedimentary succession (Table 1).

Shales of the White Mfolozi Inlier yielded Fe and Mn concentrations between 5 and

21 wt.% and 0 and 6 wt.%, respectively (Fig. 3; Tables 2; S1). Mo concentrations in the same

samples range from 0.2 to 2 ppm. The
56
Fe values for these samples are predominantly

negative and vary between 1.27 and 0.14 ;
98
Mo values vary between 0.46 and 0.41

(Figs. 3 and 5; Table 2).

In shale samples from the Nongoma area, Mn and Mo contents are lower; 0.05 to 0.31

wt.% and 0.3 1.8 ppm, respectively, while Fe concentrations remain high between 8.12 and

23.05 wt.% (Fig. 3; Table 2). The
56
Fe values for these samples are less fractionated

compared to the White Mfolozi Inlier and vary between 0.48 and 0.13 (Figs. 3 and 5;

Table 2). The
98
Mo values range between 0.34 and 0.56 Overall, the lightest

56
Fe and

98
Mo values of 1.27 and 0.46 , were measured in Mn-rich, shallow-

water facies of the White Mfolozi Inlier (Figs. 3, 5A-E; Table 2). Moreover, shallow-water

samples with high Al2O3 concentrations show near-to-crustal Mo concentrations (Fig. 5F),

but non-crustal
56
Fe and

98
Mo values (Figs. 4D and 4E) indicate that detrital/continental

input did not control the Fe and Mo isotope composition of the studied sediments. Iron and

molybdenum isotope values are thus authigenic signatures, closely linked to the chemistry

and redox state that prevailed in the water column during deposition.

5. Discussion

5.1. Carbon and oxygen isotopes of Fe-Mn-rich carbonates as an indicator for

dissimilatory microbial respiration (DMR)



The isotopic composition of carbonate minerals helps to elucidate whether the

carbonates precipitated in equilibrium with seawater. Apart from anomalies in the early

Paleoproterozoic and the late Neoproterozoic,
13
C values of the marine dissolved inorganic

carbon (DIC) pool are dominantly close to 0 for the Precambrian (e.g., Shields and Veizer,

2002). The Mesoarchean marine carbonates, including limestones and

dolostones, were estimated to carry
13
C values of +0.9 ± 2.1 VPDB, while their

18
O

values are around 6 ± 1 VPDB (Shields and Veizer, 2002; Eglington et al., 2003). These

13
C values are broadly similar to values of 2.5 for marine carbonates of the

Pongola Supergroup, recently reported by Siahi et al. (2018). Considering that the isotope

fractionation of carbon isotopes between calcite and siderite in equilibrium with the same

fluid at room temperature is about 0.5 for
13
C,

18
O (Jiménez-López and

Romanek, 2004), siderite formed in equilibrium with Archean seawater should have
13
C and

18
O values of +0.4 ± 2.1 and 2 ± 1 VPDB, respectively. Consequently, the highly

negative
13
C and

18
O values of Mn-siderite in the Mozaan Group (Table 1; Figs. 3 and 4)

do not record seawater composition. Instead, the negative
13
Ccarb values indicate that

carbonate precipitated from a light C isotope source, such as organic matter in the sediment,

while decreasing
18
O values indicate that this process continued during burial diagenesis and

metamorphism.

Microbial respiration (MR) of organic matter below the sediment-water interface

requires electron acceptors, such as O2, NO3
-
, SO4

2-
, Mn(IV)- or Fe(III)-oxyhydroxides.

Although the presence of oxygen and sulfate in the shallow Pongola epicontinental sea has

been inferred (Planavsky et al., 2014; Eickmann et al., 2018), their overall concentrations

were likely low. High Fe and Mn concentrations associated with carbonate minerals are

consistent with the scenario that Mn(IV)- and Fe(III)-oxyhydroxides formed in the photic

zone and acted as electron acceptors in sediments during early diagenesis (Ossa Ossa et al.,



2016; Planavsky et al., 2014). Two pathways could thus be considered: (1) reduction of both

Mn(IV)- and Fe(III)-oxyhydroxides coupled to anaerobic oxidation of organic matter, and (2)

anaerobic oxidation of biogenic methane with Mn(IV)- and Fe(III)-oxyhydroxides acting as

electron acceptors. The latter pathway is biologically mediated by methanotrophs and would

have resulted in
13
Corg values lower than , which are not observed in the bulk of the

samples (see Table 1). The average
13
Corg value for these samples is and suggests

that organic carbon was mainly derived from primary producers, such as photoautotrophs,

although a trend to more negative
13
Corg and

13
Ccarb values towards the top of the section

may point to methane cycling. We therefore favor oxidation of photoautotrophic-produced

biomass coupled to Mn(IV)- and/or Fe(III)-reduction below the sediment-water interface as a

primary carbon source for sediment pore-waters, and the early diagenetic Fe-Mn-rich

carbonates with highly negative
13
C values. Carbonate precipitation would have been

coupled to a decrease in the initial content of TOC deposited, together with Mn(IV)- and

Fe(III)-oxyhydroxides. Several models have been proposed to estimate the contribution of

sediment pore-water DIC to diagenetic carbonate formation and the initial TOC content prior

to MR (Heimann et al., 2010; Konhauser et al., 2017).
13
Ccarb values can help to constrain

the contribution of carbon from Corg oxidation (DICorg) and inorganic carbon from seawater

(DICsw) to the total DICT concentration in sediment pore-waters. Samples of the Mozaan

Group have
13
Ccarb values between 22.3 and 13.5 and most of them plot below the

DICorg = DICsw line (Fig. 4). A rough estimate of contributions to sediment pore-water DIC

can be obtained with the following equation (cf. Konhauser et al., 2017):

[DIC]carb
13
Ccarb = [DIC]org

13
Corg + [DIC]sw

13
Csw

Assuming that the
13
C value of Archean DICSW is near-to-zero, DICorg (flux of DIC from

oxidation of OM during MR) varied between 52 and 61 % DICT (57 % on average), while

DICSW (flux of DIC from seawater) has an average of 43 % DICT (Table 1). In view of this,



TOC* (the initially deposited amount of TOC, which is the sum between DICorg and actual

TOC of the sample) decreased by 12 to 100 % during MR within the sediment (see %TOC*

in Table 1).

Our carbon isotope data are similar to those for modern marginal marine

environments where large amounts of OM are delivered to sediments (Berner, 1964;

Konhauser et al., 2017). The example of the Santa Barbara continental margin shows that a

high OM flux to sediments leads to steep vertical
13
CDIC gradient in pore-waters, reaching

13
CDIC values < (Berner, 1964). In contrast, areas with a

lower OM flux to sediments yield higher
13
CDIC values 6 (Berner, 1964; Konhauser et

al., 2017). The Archean marine DIC reservoir is typically considered to have been

significantly larger than that of the modern oceans (e.g., Walker, 1983). If true, this would

have considerably influenced sediment pore-water carbon isotope signatures, regardless of

the OM flux, and should have produced early diagenetic carbonates with close-to-seawater

13
C values. Such

13
C values are not observed in this study. Instead, evidence for Mn-Fe-

rich carbonate concretions and disseminated carbonate minerals showing overgrowths in the

Mozaan Group, suggests that their formation started during early diagenesis and continued

during burial diagenesis and low-grade metamorphism (Ossa Ossa et al., 2016). This

formation process is consistent with oxygen isotope values of carbonate minerals, indicating

further precipitation in equilibrium with sediment pore-waters at higher temperature. Our C

and O isotope data indicates carbonate precipitation during diagenesis through MR below the

sediment-water interface in depositional settings where OM was deposited together with

Mn(IV)- and Fe(III)-oxyhydroxides that subsequently acted as electron acceptors.

5.2. Coupled stable Fe and Mo isotope systematics: evidence for aerobic Mn and Fe cycling



The isotopic primary Fe-oxide minerals produced by

Fe(II)-oxidation in the water column through an abiotic O2-driven pathway is similar to that

imparted by anaerobic iron oxidation (e.g., photoferrotrophy; Croal et al., 2004; Johnson et

al., 2008 and references therein). Dissimilatory iron reduction (DIR) below the sediment-

water interface can alter
56
Fe signatures of primary iron minerals and create secondary iron

phases that have generally lower
56
Fe values (between 0.5 and

precipitated Fe-oxide minerals (e.g., Johnson et al., 2008 and references therein). However,

complete to near-complete reduction through DIR produces Fe-rich early diagenetic minerals

with a similar Fe isotope composition to the precursor ferric oxyhydroxide (Johnson et al.,

2008; Heimann et al., 2010; Craddock and Dauphas, 2011; Konhauser et al., 2017). Iron in

shales of the White Mfolozi Inlier is mainly associated with carbonates, which lack obvious

traces of ferric oxyhydroxides and therefore suggest complete to near-complete iron

reduction (Fig. 2). Considering that a large fraction of re-mineralized organic carbon

contributed to the pore-water DIC pool (see section 5.1.), limited exchange between

dissolved pore-water Fe and the Fe reservoir of the overlying water column might be

expected. In that case,
56
Fe values recorded by shallow water samples of the White Mfolozi

Inlier could be inherited from the Fe mineral precursors precipitated in the water column.

Positive
56
Fe values of Archean IFs are commonly thought to reflect

preferential removal of isotopically heavy Fe-oxyhydroxides during partial oxidation of

upwelled, dissolved submarine hydrothermal Fe(II) (Rouxel et al., 2005). Experimental work

has heavier than the residual aqueous

Fe(II) pool (Icopini et al., 2004). Along redoxclines, the progressive removal of isotopically

heavy Fe-oxyhydroxides leaves behind an isotopically light and depleted aqueous Fe(II)

reservoir. Quantitative oxidation of Fe(II) from this depleted reservoir will lead to the

precipitation of isotopically light Fe-oxyhydroxides typically associated with Mn



enrichments, as observed in some Archean and early Paleoproterozoic shallow-marine

settings (Rouxel et al., 2005; Tsikos et al., 2010; Kurzweil et al 2016). Therefore, IFs

deposited under redox-stratified water-column conditions are expected to show gradually

decreasing
56
Fe values from deep to shallow depositional settings. In the Pongola basin, a

redox-stratified water column is inferred from the record of negative
56
Fe values (as low as

1.27 in the more proximal setting of the White Mfolozi Inlier, indicating partial

oxidation of a dissolved seawater Fe(II) reservoir. This is also the case for the tidal-flat

carbonate rocks of the underlying Nsuze Group (Eickmann et al., 2018), and for associated IF

of the Sinqeni Formation, deposited below the storm wave base (Planavsky et al., 2014). The

latter IF even has
56
Fe values within the range of late Archean sulfides ( 2.0 to 1.5 ;

Rouxel et al., 2005), suggesting that the amount of Fe precipitated as oxides represents of the

order of 50 % of the aqueous Fe(II) reservoir. In contrast, higher
56
Fe values between 0.48

and 0.13 are found in deeper-water shales of the Nongoma area (this study) and in felutite-

ferhythmite IFs of the Nconga Formation (Smith et al., 2017).

However, the bathymetric trend in
56
Fe values does not reveal the mechanism(s) for

Fe(II) oxidation in the Pongola sea. Early diagenetic Mn-rich carbonates in shallow-water

shales of the Mozaan Group (Figs. 2 and 3; Tables 2, S1) suggest involvement of Mn-

oxyhydroxide precursors that acted as electron acceptors during MR coupled to dissimilatory

manganese reduction (DMnR). Mn oxidation in natural environments occurs at a higher

redox potential compared to Fe, and requires an aerobic biological catalyst for its rate to

increase (Tebo et al., 2004; Learman et al., 2011). Although Mn can be oxidized with UV

radiation, this process is inhibited in the presence of aqueous Fe(II), and is likely not relevant

in the deposition of Mn- and Fe-rich lithologies of the Mozaan Group (cf. Anbar and

Holland, 1992). Manganese oxidation through anoxygenic photosynthesis has also been

proposed as a possible mechanism for pre-GOE sedimentary Mn deposits (Johnson et al.,



2013), although this model requires further testing due to the absence of modern analogues.

Further questions relate to whether oxygenic or anoxygenic photosynthesis evolved first on

the early Earth (Fischer et al., 2016; Cardona, 2017). However, multiple lines of evidence

point towards the presence of free oxygen in the tidally influenced marine settings of the

Pongola Basin (Planavsky et al., 2014; Ossa Ossa et al., 2016; Eickmann et al., 2018) as well

as in the photic zone of the ~3.2 Ga Fig Tree Basin (Satkoski et al., 2015). Therefore,

photosynthetically produced O2 seems to be the most plausible agent for Mn oxidation in the

Mozaan Group water column.

Another feature that supports Fe(II) and Mn(II) oxidation in shallow-marine settings

relative to deeper-marine settings in the Pongola sea is the strong positive co-variation

between Fe/Mn ratios and
56
Fe values (Fig. 5A). Shallow-water shales of the White Mfolozi

Inlier with the highest Mn concentrations are also characterized by the most negative
56
Fe

values, while Mn-poor shales from the deeper settings of the Nongoma area show a trend to

near-zero and even positive
56
Fe values (Fig. 5A). Furthermore, a positive co-variation is

also observed between Fe/Mn ratios and
98
Mo values, with Mn-rich, shallow-water, shales

having the most negative
98
Mo values (Fig. 5B). Such a positive co-variation reinforces a

link between Mn precipitation and the large Mo isotope fractionation (Fig. 5B) that was

previously identified for contemporaneous and younger IFs (e.g., Planavsky et al., 2014;

Kurzweil et al., 2016). Mn-oxyhydroxides are known to preferentially adsorb isotopically

light Mo from seawater, causing a large isotope fractionation and negative
98
Mo values in

manganiferous sediments associated with a Mn shuttle (e.g., Barling and Anbar, 2004). Mo

adsorption on ferric oxyhydroxides might potentially represent another flux of isotopically

light Mo to the sediments, but should result in a negative correlation between
56
Fe and

98
Mo values (e.g., Czaja et al., 2012). In this case, Fe-oxyhydroxides in deep-water settings

are expected to precipitate with heavy
56
Fe and lighter

98
Mo values, leaving a residual



water-column with light
56
Fe and heavier

98
Mo values likely to be recorded in sediments

deposited in shallow-water settings. Such a negative correlation is not obvious in our full

dataset (Figs. 5A-C), suggesting that sorption on Fe-oxyhydroxides did not play a major role

in the bathymetric trend in
98
Mo values recorded in the Mozaan Group. Based on the link

established here between Mn-oxyhydroxides and preferential sorption of light Mo isotopes,

an absence of negative co-variation between
56
Fe and

98
Mo values argues against Mn(II)

catalytic oxidation on ferric oxyhydroxide surfaces (cf. Lan et al., 2017).

Similar
98
Mo and

56
Fe values have previously been reported for the

contemporaneous IF of the Sinqeni Formation deposited below wave base (Planavsky et al.,

2014). This IF is also characterized by Mn enrichments, where Mn is mainly associated with

manganoan siderite, while Fe is mainly hosted by manganoan siderite and disseminated

coarse-grained magnetite (Ossa Ossa et al., 2016; Planavsky et al., 2014) (Fig. 2).

Comparison of
98
Mo and Fe/Mn values for the Sinqeni IF and other IFs as young as ca. 1.88

Ga led Planavsky et al. (2014) to interpret the observed positive co-variation as a result of

preferential sorption of light Mo isotopes onto Mn-oxyhydroxides, the formation of which in

the relatively shallow setting of the Pongola basin was potentially triggered by the

availability of photosynthetically-produced O2. When all Mozaan data are plotted together,

negative
98
Mo and

56
Fe values are recorded in Mn-rich, shallow-water shales and IF (Figs.

4A and 4B). In contrast, deep-water, Fe-rich and Mn-poor shales show a trend to near-zero

and positive
56
Fe and

98
Mo values, respectively (Figs. 4A and 4B). This pattern of isotopic

signals further supports stratification in the Pongola epicontinental sea with aerobic Mn, Fe,

and Mo cycles in the upper, oxidized part of the water column overlying the deep-water,

anoxic (ferruginous) waters along a redoxcline (Fig. 6). Given the depositional context, the

association of relatively high Mn concentrations with negative
98
Mo and

56
Fe values



indicates that the redoxcline was developed below the storm wave base and the site of IF

deposition (Fig. 6).

5.3. Model for iron precipitation and implications for a Mn-oxyhydroxide shuttle in the

water column

The combination of
56
Fe,

98
Mo, and

13
C values and Mn concentrations suggests

that shallow-water, Fe- and Mn-carbonate-rich shales and mid-depth, Mn-carbonate-rich IF

of the Mozaan Group were deposited under an oxygenated water column having a

pronounced Mn-redoxcline that likely fluctuated in water depth (Fig. 6). Therefore, redox

conditions that controlled Fe and Mn precipitation could be described with Fe- and Mn-

redoxclines (Fig. 6). The Mn-redoxcline in the upper part of the seawater column extended

from the site of deposition of shallow-water Fe-Mn-carbonate-rich shales to environments

characterized by deposition of Mn-carbonate-rich IF just below the storm wave base.

Oxidation of significant amounts of Mn(II) requires ambient O2, which must have been

pervasive in the water column of the Pongola basin to below the storm wave base.

The strong, positive, co-variation between Mn concentrations and
56
Fe values

suggests a close link between Mn and Fe cycles, with progressive Fe-oxyhydroxide

precipitation shifting the composition of upwelling deep-waters to higher Mn/Fe ratios and

lower
56
Fe values. Abiotic oxidation of Mn(II) is kinetically very slow at circumneutral pH

(Learmann et al., 2011; Tebo et al., 2004). Therefore, free O2 and Mn-oxidizing

microorganisms are required to increase the rate of Mn oxidation (Learmann et al., 2011;

Tebo et al., 2004). The high capacity of biogenic Mn-oxyhydroxides (e.g., poorly crystalline

birnessite and vernadite) to oxidize transition metals could have contributed to Fe(II)

oxidation within the Mn-redoxcline (cf. Postma, 1985). However, in the context of low



dissolved O2 in Archean oxygen oases (cf. Olson et al., 2013) and low seawater sulfate

content (Habicht et al., 2002; Crowe et al., 2014; Eickmann et al., 2018), O2 and sulfate

diffusion into sediments would have been limited. In view of this, Mn(IV)- and Fe(III)-

oxyhydroxides were likely the most plausible electron acceptors for MR below the sediment-

water interface during deposition of the Mozaan Group (Fig. 6). Within sediment pore-

waters, Mn(II) escape to the water column would be expected under the low dissolved O2 and

sulfate concentrations. In turn, sediment pore-water Fe(II) derived from Fe(III) reduction

mainly precipitated as carbonate, instead of predominantly sulfide, as in modern marine

settings (Fig. 6). Seawater below the Fe-redoxcline was anoxic and ferruginous. In the

Pongola basin, Fe(II) oxidation was potentially linked to direct Fe oxidation by O2 above,

and/or photoferrotrophy at, the Fe redoxcline (Fig. 6). An alternative mechanism for Fe(II)

oxidation in this setting might be the reduction of shuttled Mn-oxyhydroxides below the Mn-

redoxcline (cf. Dellwig et al., 2010). In this scenario, newly formed Fe-oxyhydroxides were

deposited, while Mn was re-dissolved and exported to the water column.

Moreover,
56
Fe values of shallow-water, Mn-rich shales and mid-depth IF of the

Mozaan Group (Table 2; Figs. 3, 5, 7) are lower than values between

reported for the photic zone low-Fe chert of the ~3.2 Ga Manzimnyama IF, Fig Tree Group

of South Africa (Satkoski et al., 2015). On the basis of a
56
Fe-O2 model (Czaja et al., 2012;

Li et al., 2013; Satkoski et al., 2015), these
56
Fe values of the Manzimnyama IF led Satkoski

et al. (2015) to suggest that photic zone low-Fe chert was deposited under stronger oxidizing

conditions (O2 content 10 µM) compared to more distal deep-water high-Fe chert (O2

content 0.4 µM). This
56
Fe-O2 model is less sensitive for

56
Fe values lower than

(Czaja et al., 2012; Li et al., 2013; Satkoski et al., 2015) recorded in shallow-water, Mn-rich

shales and mid-depth IF of the Mozaan Group. But their combined
56
Fe and

98
Mo values,

as well as Mn concentrations may imply that average O2 concentration of the Archean surface



ocean at ~3.0 Ga reached levels similar to or even higher than the maximum concentration of

10 µM that is usually described for Archean oxygen oases (Olson et al., 2013).

Overall, the geochemical data presented here indicate that the water column of the

Pongola epicontinental sea was redox-stratified, at least during the early stage of deposition

of the Mozaan Group (Fig. 6). Fe and Mo isotope trends in the Mozaan Group are similar to

the ca. 2.45 Ga Koegas Subgroup of the Griqualand West Basin, South Africa (Fig. 7;

Kurzweil et al., 2016). A close relationship between lighter
56
Fe values and Mn precipitation

has also been shown for modern Loihi Seamount deposits, precipitated from oxic seawater

(Rouxel et al., 2018) (Fig.7). This lends further support to oxygenated conditions driving Mn

and Fe precipitation, and thus Fe and Mo isotope fractionations, during deposition of the

Mozaan Group. Maximum O2 likely pervasive in the water-

column up to a depth below wave base. Taken together, Mn-enrichment in ferruginous rocks

of the Mozaan Group, the contemporaneous Witwatersrand Supergroup (Smith et al., 2013),

and the younger, but pre-GOE, Koegas Subgroup, highlights the importance of aerobic Mn

cycling during the deposition of IFs before the GOE.

6. Conclusion

Geochemical data indicate that the Pongola epicontinental sea was redox-stratified

during deposition of the Mozaan Group. The well-oxygenated conditions were pervasive in

the water column, spanning from the sea surface to a depth below storm wave base. Upwelled

Mn(II) and Fe(II) dissolved in deep, anoxic waters were oxidized in the presence of free

oxygen in the shallower part of the water column. Progressive precipitation of iron

oxyhydroxides, as anoxic deep-waters upwelled through the Fe-redoxcline, resulted in Fe-

depletion, high Mn/Fe ratios, and a shift to more negative
56
Fe values in dissolved iron. A



Mn-redoxcline developed above the Fe-redoxcline as a significant portion of Fe was removed

and dissolved oxygen content increased.

Abiotic Mn(II) oxidation by free oxygen is kinetically very slow at circumneutral pH.

Therefore, Mn-oxidizing microorganisms likely played a key role in sustaining Mn cycling in

the upper part of the water column, where shuttled Mn-oxyhydroxides likely contributed to

further Fe(II) oxidation. However, Fe(II) oxidation by O2 and photoferrotrophy at the Fe-

redoxcline, probably aided by Mn shuttling from the Mn-redoxcline, drove deposition of Mn-

poor and Fe-rich shales in deep, anoxic marine environments.
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FIGURE CAPTIONS:

Fig. 1: Geological map of the Pongola basin (modified from Beukes and Cairncross,

1991) showing the locations of studied drill cores TSB07-26 and PNG2 and their



respective core logs with sample positions indicated. Drill core TSB07-26 from the

White Mfolozi Inlier intersected the Sinqeni and Ntombe formations. Drill core PNG2

from the Nongoma area intersected the Sinqeni, Ntombe, and Thalu formations of the

Mozaan Group.

Fig. 2: Main host minerals for reactive Fe and Mn in the Mozaan Group. (A): Back-

scattered electron (BSE) image of a carbonate concretion interior from a shallow-

water shale, showing Mn-rich siderite (Mn-Sd) with high Mn/Fe ratio. (B): BSE

image of an interior of a thin carbonate layer from a shallow-water shale, showing

Mn-Sd cement with high Mn/Fe ratio together with disseminated kutnohorite (Kut)

and Fe-rich rhodochrosite (Fe-Rds). (C-D): BSE images of interiors of thin carbonate

layers in IFs of the Sinqeni Formation, showing Mn-Sd with low Mn/Fe ratio together

with disseminated, coarse-grained, magnetite (Mag). Magnetite grains are surrounded

by Mn-Sd cement, indicating that they were present when Mn-Sd formed.

Fig. 3: Fe, Mn, and TOC concentrations combined with Fe, Mo, C, and O isotope data

plotted along the lithostratigraphic columns of drill cores TSB07-26 from the

White Mfolozi Inlier (shallow-water setting) and PNG2 from the Nongoma area

(deeper-water setting). Shale samples from the White Mfolozi Inlier are Fe- and Mn-

enriched and have the most negative
56
Fe and

98
Mo values. Shale samples from the

Nongoma area are Fe-rich and Mn-poor and have the highest
56
Fe and

98
Mo values.

Fig. 4: Carbon and oxygen geochemical data for bulk carbonate (mainly Mn-siderite) in

shallow-water shales from the White Mfolozi Inlier.
18
O vs

13
C plot shows values

for siderite that are not in equilibrium with Archean seawater. TOC vs
13
C plot

shows measured total organic carbon (TOC) contents remaining after organic matter

remineralization during diagenesis. For the two diagrams,
13
C values show various

organic carbon (Corg) and seawater inorganic carbon (Csw) proportions, where most

data plot close to the Corg:Csw= 1:1 line of Heimann et al. (2010).
18
O values show a

trend of depletion linked to further carbonate precipitation in equilibrium with

sediment pore-waters at higher temperature during late diagenesis and metamorphism.



Fig. 5: Fe, Mn, and Mo geochemical data of shales and IFs from the White Mfolozi

Inlier (shallow-water setting) and the Nongoma area (deeper-water setting). (A)

56
Fe vs Fe/Mn plot shows a strong positive co-variation. (B)

98
Mo vs Fe/Mn plot

shows a positive co-variation. (C)
98
Mo vs

56
Fe plot shows no significant co-

variation. (D-F) Al2O3 content shows no obvious relationship with
56
Fe and

98
Mo

values or Mo content, indicating a minimal effect of detrital input on the recorded

isotope compositions or Mo content. Data of IFs are from Planavsky et al. (2014) and

represent drill core samples of the Sinqeni Formation in the White Mfolozi Inlier (the

same drill core as studied here). Overall, shallow-marine lithologies (shales and IFs)

with higher Mn concentrations are characterized by the more negative
98
Mo and

56
Fe values, while deeper-water shales with low Mn content have the more positive

98
Mo and

56
Fe values.

Fig. 6: Seawater redox conditions and Mn-Fe-Mo cycling in marine environments

during deposition of the Mozaan Group. Coupled Mo and Fe isotope systematics

with Mn concentrations indicate that the shallow part of the Pongola epicontinental

sea was characterized by a thick Mn-redoxcline overlying the Fe-redoxcline where

Mn- and Fe-oxyhydroxides formed. Deep-waters remained anoxic to mildly oxic with

high concentrations of aqueous, hydrothermally-derived Mn(II) and Fe(II), which

episodically upwelled onto the shelf. Upwelling anoxic deep-waters and oxic

conditions allowed progressive removal of Fe-oxyhydroxides with positive Fe isotope

values leaving upwelled waters enriched in Mn and shifting Fe isotope values of

aqueous Fe to more negative values. Fe(II) oxidation by dissolved, photosynthetically

produced O2, and, potentially, photoferrotrophs and shuttled Mn-oxyhydroxides at the

Fe-redoxcline allowed deposition of Mn-poor and Fe-rich shales in the deep, mildly

oxic to anoxic basin. The paleoenvironmental reconstruction highlights sites of

deposition and associated redox conditions by combining them into a single snapshot

without taking into account sea-level variations and the exact time when Mn-Fe-rich

lithologies were deposited. DIR (dissimilatory iron reduction); DMnR (dissimilatory

manganese reduction).

Fig. 7: Comparison of Fe, Mn, and Mo geochemical data for the Mozaan Group

(Planavsky et al., 2014; this study) with those for the ca. 2.45 Ga Koegas

Subgroup (Kurzweil et al., 2016) and modern oxic Loihi Seamount deposits



(Rouxel et al., 2018). (A)
56
Fe vs Fe/Mn and (B)

98
Mo vs Fe/Mn plots showing

strong positive co-variations and suggesting redox cycling of transition metals in the

presence of ambient oxygen.
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Table 1: Carbonate and organic carbon geochemical data.

Drill core

Sample depth TIC TOC 13Corg
13Ccarb

18Ocarb
18Ocarb [DIC]org % [DIC]org/TIC TOC* %TOC*

(m) (wt%) (wt%) (wt%) (%) (wt%) (%)

White Mfolozi Inlier (shallow-water setting)

TSB07-26 19.9 nd 0.2 -36 - - - - - - -

TSB07-26 35.54 nd 0.4 -37.4 - - - - - - -

TSB07-26 39.9 nd 0.4 -37.7 - - - - - - -

TSB07-26 46.27 0 0.5 -31.7 -22.3 -20.5 9.8 - - - -

TSB07-26 54.46 0.4 0.2 -29.7 -17.8 -20.6 9.7 0.2 59.9 0.4 54.5

TSB07-26 56.35 0.2 0.8 -29.3 -16.9 -19 11.3 0.1 57.7 0.9 12.6

TSB07-26 66.1 3 0.4 -28.7 -17.1 -21.1 9.1 1.8 59.6 2.2 81.7

TSB07-26 71.38 3.3 0 -27.4 -16.8 -18.8 11.5 2 61.3 2 100

TSB07-26 72.38 4.1 0 -27.3 -16.4 -19.1 11.2 2.5 60.1 2.5 100

TSB07-26 72.75 3.9 0 -27.1 -14.7 -8.6 22.1 2.1 54.2 2.1 100

TSB07-26 84.52 1.7 0.1 -26.2 -13.8 -18.6 11.7 0.9 52.7 1 90

TSB07-26 90.85 1.2 0.4 -25.7 -13.5 -14.5 16 0.6 52.5 1 61.2

Nongoma area (deep-water setting)

PNG2 519.9 0.2 0 -31.3 - - - - - - -

PNG2 550.5 0.2 0 -29.9 - - - - - - -

PNG2 905 0.9 0 -28.4 - - - - - - -

PNG2 989.9 0.1 0.3 -31.7 - - - - - - -

PNG2 1246.9 0.3 0.3 -31.2 - - - - - - -

PNG2 1490.8 0.1 0 -30.6 - - - - - - -

PNG2 1910.5 0 0.6 -32.9 - - - - - - -

PNG2 2236.5 0 0.1 -30.8 - - - - - - -

PNG2 2808.2 0 0.3 -31.4 - - - - - - -

[DIC]org = inorganic carbon derived from remineralized organic carbon (corresponds to [DIC]org in the equation provided in the main text); %[DIC]org/TIC = percentage of remineralized organic carbon in total inorganic

carbon (with TIC = [DIC]org + [DIC]sw); TOC* = initially deposited total organic carbon prior to microbial respiration (TOC* = TOC + [DIC]org); %TOC* = percentage of consumed (remineralized) organic carbon

during microbial respiration (%TOC* = ([DIC]org/TOC*] x 100); nd = not detected; (-) = not measured.
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Table 2: Fe and Mo isotope data, Mo*, Fe, Mn, and Al concentrations, and loss on ignition (LOI after 12 hours at 600 ºC in air) of shale samples from the

shallow-water setting of the White Mfolozi Inlier (above the storm wave base) and the deeper-water setting of the Nongoma area (below the storm wave

base).

Drill Core Formation

Sample Depth 56Fe 2 SE 98Mo 98Mo 2 SE Mo* Fe Mn Fe/Mn Al LOI

(m)
(IRMM-014, (NIST-3134, (NIST-3134

+ 0.25
(ppm) (wt%) (wt%) (wt%) (wt%)

White Mfolozi Inlier (shallow-water setting)

TSB07-26 Ntombe 19.90 0.144 0.022 -0.645 -0.395 0.010 0.3 5.7 0.1 104.9 10.4 2.6

TSB07-26 Ntombe 35.54 0.114 0.026 0.161 0.411 0.011 1.8 6.5 0.0 168.3 11.0 2.7

TSB07-26 Ntombe 46.53 -0.049 0.026 -0.483 -0.233 0.014 0.4 11.2 0.2 75.9 11.0 3.8

TSB07-26 Ntombe 54.46 -0.569 0.026 -0.321 -0.071 0.013 0.4 7.9 0.7 11.5 6.9 3.0

TSB07-26 Ntombe 56.43 -0.649 0.026 0.156 0.406 0.013 0.6 13.9 2.5 5.6 5.8 6.9

TSB07-26 Ntombe 61.55 -0.872 0.024 0.138 0.388 0.014 1.0 7.8 1.1 7.3 11.2 3.9

TSB07-26 Ntombe 66.10 -0.693 0.022 0.044 0.294 0.014 1.1 13.9 3.5 3.9 3.9 9.0

TSB07-26 Ntombe 67.17 -1.266 0.026 -0.705 -0.455 0.012 2.0 8.0 1.3 6.1 7.1 3.9

TSB07-26 Ntombe 71.38 -0.856 0.021 0.063 0.313 0.010 0.6 16.6 4.4 3.8 5.6 11.5

TSB07-26 Ntombe 71.92 -0.820 0.024 0.066 0.316 0.015 1.0 20.5 5.2 3.9 4.4 13.7

TSB07-26 Ntombe 90.85 -0.853 0.026 -0.008 0.242 0.013 1.0 9.1 3.9 2.3 6.1 2.8

TSB07-26 Sinqeni 164.20 -0.215 0.054 -0.585 -0.335 0.016 0.2 20.4 6.2 3.3 4.6 2.1

TSB07-26 Sinqeni 165.20 -0.736 0.024 0.011 0.261 0.013 0.7 18.3 0.5 40.7 7.0 4.4

TSB07-26 Sinqeni 170.10 -0.583 0.026 -0.025 0.225 0.011 0.7 5.1 0.4 14.1 13.0 2.5

TSB07-26 Sinqeni 171.80 -0.446 0.024 -0.157 0.093 0.013 1.8 7.0 0.5 13.2 11.6 2.9

Nongoma area (deep-water setting)

PNG2 Thalu 519.90 -0.286 0.023 0.210 0.460 0.013 0.4 19.0 0.3 60.4 3.1 4.1

PNG2 Thalu 550.50 -0.479 0.020 0.142 0.392 0.012 0.5 18.6 0.2 118.0 4.7 3.6

PNG2 Thalu 905.00 -0.218 0.024 0.311 0.561 0.012 0.3 20.0 0.3 71.5 2.8 5.5

PNG2 Thalu 989.90 -0.175 0.024 0.131 0.381 0.014 0.8 18.2 0.3 67.1 4.4 3.0

PNG2 Ntombe 1246.90 0.131 0.024 0.121 0.371 0.011 1.8 8.1 0.1 132.8 9.0 2.4

PNG2 Ntombe 1490.80 -0.443 0.025 0.290 0.540 0.012 0.5 23.1 0.2 133.0 3.7 2.0

PNG2 Ntombe 1910.50 0.012 0.027 0.088 0.338 0.014 1.8 8.2 0.1 153.4 9.0 1.0

PNG2 Ntombe 2236.50 -0.417 0.023 0.125 0.375 0.013 1.2 12.4 0.2 64.8 7.9 2.0

PNG2 Sinqeni 2808.20 -0.009 0.024 0.202 0.452 0.014 1.1 8.8 0.1 132.7 8.3 1.8

Mo* = LOI-corrected Mo concentrations; 56Fe and 98Mo values in the table are given to 3 digits, but rounded in the text to 2 digits for ease of reading.
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