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A B S T R A C T   

Recent geochemical data suggest the occurrence of an O2 overshoot during the mid-Paleoproterozoic (~2.3–2.0 
Ga). This O2 overshoot appears to be consistent with carbon isotope records that suggest high burial rates of 
organic carbon during that period, the so-called Lomagundi Event. However, little is known about the changes in 
the ocean redox conditions associated with the O2 overshoot. To better understand the mid-Paleoproterozoic 
ocean chemistry, we investigated the microstructures, major and trace element concentrations, Re-Os and Mo 
(δ98/95Mo) isotopes, and total organic carbon contents of Mn-ore and phyllite samples from the Nsuta Mn deposit 
in the Birimian Supergroup of Ghana which were deposited during the O2 overshoot (at ~2.2 Ga). The Mn-ore 
samples contain early diagenetic rhodochrosite (Mn carbonate). The trace element compositions and Re-Os 
isotopes of the Mn-ore samples suggest that the rhodochrosite originated from primary manganese oxides 
(MnO2) deposited at ~2.2-Ga. The δ98/95Mo values of the least-altered Mn-ore samples range between − 1.10‰ 
and − 0.55‰ (relative to NIST3134), suggesting seawater δ98/95Mo values of 1.85 ± 0.18‰ (1SD) during the O2 
overshoot. Such high seawater δ98/95Mo values can be best explained by enhanced removal of isotopically light 
Mo through adsorption onto Mn oxides. To form extensive Mn-oxide deposits, bottom seawater with O2 con
centrations of > 10 μM would have expanded at ~2.2 Ga. The oxidizing conditions might have supported the 
emergence of stem group eukaryotes during the mid-Paleoproterozoic.   

1. Introduction 

Multiple lines of evidence indicate that the first major oxidation of 

the atmosphere–ocean system occurred between 2.4 and 2.1 Ga (the 
Great Oxidation Event (GOE); e.g., Holland 2006; Lyons et al. 2014). 
Recent studies proposed a large fluctuation in the partial pressure of 
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oxygen (pO2) during the mid-Paleoproterozoic (~2.3–2.0 Ga); such as, 
the pO2 increased from < 10− 5 to ~10− 1 of the present atmospheric 
level (PAL) at ~2.3 Ga, then decreased to a much lower level (<
10− 3–10− 1 PAL) by ~2.0 Ga, representing an O2 overshoot (e.g., Bekker 
and Holland 2012; Hardisty et al. 2014; Kipp et al. 2017; Partin et al. 
2013; Planavsky et al. 2012). An increase in the pO2 during the mid- 
Paleoproterozoic appears to be consistent with the record of a pro
nounced positive excursion of the carbon isotopic compositions (δ13C) of 
up to ~10‰ (the so-called Lomagundi Event), suggesting extensive 
burial of organic carbon at ~2.3–2.05 Ga (Karhu and Holland 1996; 
Melezhik et al. 2007). Even though Kipp et al. (2017) recently suggested 
an expansion of suboxic conditions between 2.3 and 2.1 Ga, there is still 
inadequate data and/or knowledge of the ocean chemistry during the O2 

overshoot. Considering that fossils of multicellular macro-organisms, 
possibly stem group eukaryotes, first appeared in the geologic record 
as early as 2.2 Ga (El Albani et al. 2010, 2014; see also Sawaki et al. 
(2017) for new age constraints), constraints on the ocean redox condi
tions during the O2 overshoot may afford insight into the co-evolution of 
life and Earth’s environments (e.g., Anbar and Knoll 2002). 

We recently showed that Mo isotopic compositions (δ98/95Mo) of Fe- 
and Mn-rich sedimentary rocks, such as modern marine hydrothermal Fe 
and Mn oxides and ancient iron formations (IFs) composed of Fe- and/or 
Mn-rich carbonate and/or oxide, provide key information on redox 
conditions of paleo-oceans (Goto et al. 2020). We can reconstruct the 
δ98/95Mo value of the seawater that existed at that time using Fe- and 
Mn-rich sedimentary rocks, which is a promising proxy indicator to 

Fig. 1. Simplified geological maps showing the locations of (a) the study area in the Birimian Supergroup, (b) the Nsuta deposit, and (c) Hill C South Crest and Hill D 
North Crest (referred to as L1 and L2, respectively, in the text) (modified from Dixon 1979). 
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constrain redox states of the oceans (e.g., Dahl et al. 2010; Siebert et al. 
2003). In the present study, we apply this method to ~2.2 Ga Mn-ore 
samples from the Nsuta Mn deposit of the Birimian Supergroup, 
Ghana (Fig. 1), aiming to constrain the redox states of the oceans during 
the O2 overshoot. 

Manganese plays many roles in (bio)geochemical cycles on Earth. 
Manganese is a redox sensitive element, forming soluble ions under 
anoxic to suboxic conditions and insoluble oxides under highly oxidizing 
conditions (Scott and Lyons 2012; Shaw et al. 1990). Geological evi
dence and biogeochemical model simulations suggest that an increase in 
the pO2 from a low level (< ~10− 5 PAL) to a high level (> ~10− 1 PAL) 
could cause a large perturbation of the ocean Mn cycle (Harada et al. 
2015; Kirschvink et al. 2000; Sekine et al. 2011). Such a perturbation 
may further affect the distribution of bioessential elements because Mn 
oxide is an effective scavenger of heavy bioessential elements, including 
Mo, in aquatic systems (e.g., Noda et al. 2019; Shaw et al. 1990). 

The δ98/95Mo of the oceans are known to be sensitive to the Mn cycle 
(e.g., Dahl et al. 2010; Siebert et al. 2003). Analyses of natural samples 
and laboratory experiments revealed that Mn oxides preferentially 
remove isotopically light Mo from seawater, resulting in an isotopically 
heavy reservoir of dissolved Mo in seawater (Siebert et al. 2003; 
Wasylenki et al. 2008). In addition, Mo is characterized by a long- 
duration ocean residence time in both the oxic modern ocean (~400 
kyr; Miller et al. 2011) and anoxic Paleoproterozoic ocean (~35–140 
kyr; Kendall et al. 2011). The δ98/95Mo can thus be used as a tracer of the 
global ocean Mn cycle during the O2 overshoot. However, to date, only a 
small number of δ98/95Mo data exist for Fe- and Mn-rich sedimentary 
rocks deposited during ~2.35–2.0 Ga, specifically three samples from 
the ~2.35-Ga iron formations (IFs) of the Pretoria Group in South Africa 
(Planavsky et al. 2014) and four samples from the ~2.2-Ga Mn-ore of the 
Francevillian Group in Gabon (Canfield et al. 2013; see also Sawaki et al. 
(2017) for new age constraints). The ~2.0-Ga Mn-ore from Morro da 
Mina in Brazil was extensively analyzed for δ98/95Mo values (Cabral 
et al. 2019), however, those samples had high TOC contents and were 
metamorphosed to the amphibolite facies, which complicate interpre
tation of the δ98/95Mo data. 

A number of sedimentary Mn deposits occur in Paleoproterozoic 
greenstone belts of the West African Craton (e.g., in Ghana, Ivory Coast, 
Burkina Faso, Mali, Eastern Liberia, and Guinea; Markwitz et al. 2016; 
Maynard 2010; Roy 2006). A large Mn deposit in the Amazonian Craton 
(the Serra do Navio deposit) is also believed to be laterally equivalent to 
those in the West African Craton (Chisonga et al. 2012). Because proto- 
ores of these Mn deposits likely precipitated on seafloors at ~2.2–2.1 Ga, 
their geochemical compositions may provide a unique insight into the 
ocean chemistry during the mid-Paleoproterozoic. In the present study, 
we obtain the geochemical compositions of phyllite and Mn-ore samples 
collected from the Nsuta deposit of the Birimian Supergroup in Ghana, 
which is one of the largest Mn deposits in the West African Craton 
(Fig. 1). Based on the geochemical data, we constrain the genesis of the 
Nsuta deposit and examine the local and global ocean redox conditions 
during the O2 overshoot. 

2. Geological setting 

2.1. Birimian Supergroup 

The Birimian Supergroup is a Paleoproterozoic volcano-sedimentary 
succession in the southern part of the West African Craton (Fig. 1a). The 
supergroup comprises volcanic units and deep- and shallow-water 
sedimentary units (Grenholm et al. 2019; Leube et al. 1990). These 
units were intruded by syn- to post-depositional granitoids (Fig. 1a) and 
have been dated to between ~2.27 to ~1.96 Ga based on U-Pb analyses 
of magmatic and detrital zircons (e.g., Grenholm et al. 2019; Oberthür 
et al. 1998). The Birimian Supergroup is considered to have formed in an 
arc system during an early accretionary phase and subsequent collision 
phase of what is known as the Eburnean Orogeny (Grenholm et al. 

2019). The volcanic units typically occur as multiple NE-SW trending 
curvilinear units often referred to as volcanic belts (i.e., Bui, Sefwi, 
Ashanti, and Kibi-Winneba belts; Fig. 1a) (Grenholm et al. 2019; Leube 
et al. 1990). They consist of mafic-to-felsic volcanic rocks and volcani
clastic and siliciclastic sedimentary rocks (Grenholm et al. 2019; Leube 
et al. 1990). The volcanic units are separated by isoclinally folded 
sedimentary units often referred to as sedimentary basins (Grenholm 
et al. 2019; Leube et al. 1990). The deep-water sedimentary units are 
predominately composed of pyroclastic rocks, greywacke, and carbo
naceous phyllite and have been described as flysch-type deposits 
(Grenholm et al. 2019; Fig. 1a). The shallow-water sedimentary units 
are more common in southeastern Ghana and contain siltstone, sand
stone, and conglomerate (Grenholm et al. 2019; Fig. 1a). Manganiferous 
sedimentary rocks are frequently found within the volcanic units or at 
the boundary between the volcanic and sedimentary units (Dixon 1979; 
Leube et al. 1990; Melcher 1995) (Figs. 1b and c). Hence, the man
ganiferous sedimentary rocks were probably deposited on the flanks of 
volcanic edifices in an arc system (Dixon 1979; Leube et al. 1990). The 
volcanic and sedimentary rocks in the Birimian Supergroup were 
metamorphosed to sub-greenschist to amphibolite facies partly due to 
granitoid intrusions and deformation associated with the Eburnean 
Orogeny (Grenholm et al. 2019; Leube et al. 1990). However, amphib
olite facies metamorphism is only found locally and is interpreted to 
have been the result of the contact metamorphism due to granitoid in
trusions and deformation (Nyame 2013; Nyame et al. 2003). 

2.2. Nsuta deposit 

The Nsuta deposit is located on the eastern side of the Ashanti Belt 
and hosted in pyroclastic rocks and/or phyllites (Fig. 1). The Ashanti 
Belt was intruded by granitoids at ~2.17 Ga (U-Pb zircon age; Oberthür 
et al. 1998), which thus provides a lower limit of depositional age of the 
manganiferous sedimentary rocks. Sedimentary rocks from the Nsuta 
deposit were metamorphosed to greenschist facies, and local supergene 
alteration is also reported from several outcrops (Dixon 1979; Nyame 
2008; Nyame et al. 2003). Mineralogically, three types of Mn-bearing 
rocks have been reported to occur in the Nsuta deposit; i.e., carbonate 
(rhodochrosite), silicate (gondite), and oxide (cryptomelane and pyro
lusite) rocks. Among these, Mn‑carbonate rocks are considered to be the 
least altered Mn-bearing rocks in the Nsuta deposit. In contrast, Mn 
silicate and oxide rocks are the products of local metamorphism and 
oxidative weathering, respectively (Dixon 1979; Nyame et al. 1998). 

Based on the mineralogical compositions of Nsuta Mn-ore samples, 
Mücke et al. (1999) proposed that rhodochrosite was the primary min
eral precipitated on the seafloor under reducing and alkaline conditions. 
However, Nyame et al. (2003) observed micronodule structures in 
Mn‑carbonate samples from the Nsuta deposit and argued that the 
rhodochrosite in the samples formed during early diagenesis, although 
its precursor was poorly constrained. The correlative Mn deposit in the 
Amazonian Craton is considered to have formed by oxidation of dis
solved Mn2+ (Chisonga et al. 2012). For example, Chisonga et al. (2012) 
found positive Ce anomalies (Ce/Ce*SN) in the post-Archean average 
Australian Shale (PAAS)-normalized rare-earth element (REE) patterns 
from that deposit. They also reported high concentrations of man
ganophile elements (e.g., Co, Zn, and Ni) in Mn‑carbonate and silicate 
samples, and posited that the chemical compositions of the samples 
indicate metal adsorption onto the primary Mn-oxide phases, which 
were diagenetically transformed into Mn‑carbonate and/or silicate 
minerals. 

3. Materials and methods 

3.1. Samples 

The outcrop samples were collected from two locations within the 
Nsuta deposit, namely, “Hill C South Crest (hereafter L1)” (5o16′23′′N, 
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1o58′11′′W) and “Hill D North Crest (hereafter L2)” (5o16′51′′N, 
1o58′07′′W) (Fig. 1c). The Mn-bearing rocks in both locations exist as 
Mn‑carbonate ore which would be transformed to Mn-oxide ore if the 
outcrops were influenced by supergene alteration (Dixon 1979). Because 
the outcrops have been frequently refreshed by mining processes, the 
influence of modern weathering on the outcrops should be little. The 
target in both outcrops were Mn‑carbonate ore interbedded with pyro
clastic rocks (eight samples from L1 and four samples from L2). Also 
collected from L2 were massive or parallel-laminated phyllite samples 
separated from the Mn‑carbonate layer by ~5 m of pyroclastic rocks. 
The Mn-ore samples are predominantly composed of rhodochrosite and 
are usually massive. Approximately 1 mm-thick quartz veins are 
commonly found in the samples. The microstructure of the Mn-ore 
samples was further investigated through thin-section observations 
using an optical microscope and scanning electron microscope (SEM; 
SU3500, Hitachi) equipped with an energy dispersive X-ray spectrom
eter (EDS; X-max80, Oxford Instruments) at the Geological Survey of 
Japan (GSJ). Qualitative chemical compositions of the minerals in the 
samples were determined using SEM-EDS. 

Powdered samples were used for bulk chemical and isotopic analyses 
of the Mn-ore and phyllite samples. For this purpose, the surface layers 
of the samples were removed using a diamond-blade saw. The samples 
were polished with corundum powder to remove contamination derived 
from the cutter. The polished samples were subsequently washed in an 
ultrasonic bath with deionized Milli-Q water and dried at ~105 ◦C. The 
dried samples were then crushed and pulverized in an agate mortar and 
pestle. The visible secondary quartz veins were removed before the 
pulverization. To facilitate the interpretation of geochemical data, bulk 
mineral compositions of the Mn ore samples were checked prior to the 
chemical analyses. The mineral compositions of the samples from L1 
were partly reported in Yeh et al. (1995), whereas those of the samples 
from L2 were determined during the present study using an X-ray 
diffractometer (XRD)(RINT-2500V, Rigaku Co. Ltd) at GSJ (Appendix 
Table S1). 

3.2. Major and trace element analysis 

Powdered samples of ~50 mg were weighed in 22-mL PFA vials for 
digestion. The samples were digested twice using HNO3 and a mixture of 
HClO4 and HF, although slight amounts of black materials, most likely 
organic material, remained undissolved. All the samples were re- 
dissolved in 0.5 N HNO3 before measurements. The concentrations of 
major and trace elements in the solutions were measured using a 
quadrupole inductively coupled plasma–mass spectrometer (ICP-Q-MS; 
Agilent 7500cx) at GSJ. Measurement of every two samples was 
bracketed by the measurement of a matrix-matched calibrated standard 
solution. A calibrated standard solution was obtained through mixing 
single- or multi-element standard solutions diluted with 0.5 N HNO3. 
This standard bracketing method was used to correct for instrumental 
drift in the concentration measurements. Interferences from oxides, 
argides, and doubly-charged ions were corrected based on estimating 
formation rates through a series of synthesized standard analyses. The 
standard analyses were conducted on the same day as the sample 
analysis. In addition to the collected samples, we also analyzed 
geochemical reference materials of basalt (JB-2; GSJ) and Mn nodule 
(Nod P-1; United States Geological Survey (USGS)) (Appendix Table S2). 

3.3. Re-Os isotope analysis 

Powdered samples weighing ~1 g were added into Carius tubes 
together with 190Os- and 185Re-enriched spike solutions and a dissolu
tion medium. Two types of dissolution media were used for the analysis 
depending on the rock type; 6 mL of inverse aqua regia was used for the 
Mn-ore samples, and 8 mL of CrO3-H2SO4 for the phyllite samples. After 
sealing the tubes, those containing inverse aqua regia were heated for 24 
h at 220 ◦C (Kato et al. 2005), while those containing CrO3-H2SO4 were 

heated for 48 h at 240 ◦C (Selby and Creaser 2003). Osmium and Re 
were separated with CCl4 solvent extraction (Cohen and Waters 1996). 
The Os in the CCl4 solution was back-extracted using HBr and further 
purified with micro-distillation (Birck et al. 1997). The Re that remained 
in the inverse aqua regia or CrO3-H2SO4 solution was separated through 
a two-stage ion-exchange method using an anion resin (Muromac® 
AG1X-8, 100–200 mesh, Muromachi Chemical Inc.). The purified sam
ples were loaded onto Pt filaments with a Ba(NO3)2 activator. The iso
topic compositions of Re and Os were measured using a negative thermal 
ionization mass spectrometry (N-TIMS; Thermo Finnigan TRITION) at 
Japan Agency for Marine-Earth Science and Technology. In addition to 
the collected samples, we also analyzed geochemical reference materials 
of Mn nodule (JMn-1; GSJ) and silty marine shale (SCo-1; USGS) (Ap
pendix Table S3). All measurement data were corrected for procedural 
blank levels of ~12 pg for Re, ~2 pg for Os, and ~0.2 for 187Os/188Os. 

3.4. Mo isotope analysis 

The Mo isotope analysis of the Mn-ore samples was conducted using 
methods described by Gordon et al. (2009) and Romaniello et al. (2016). 
The phyllite samples were not analyzed because they generally exhibi
ted low Mo concentrations (< 1 ppm; Appendix Table S2). The samples 
were leached using 6 N HCl, which selectively, but not completely, 
dissolved carbonate minerals, and minimized the contributions of Mo 
derived from detrital and organic materials, although the mineral 
compositions of the residues were not identified. For comparison, we 
also tested digestion using HNO3 and HF: i.e., HNO3-HF-HClO4 digestion 
for the L1 samples and HNO3-HCl-HF digestion for the L2 samples. The 
samples were analyzed at GSJ except for the L2 samples digested using 
HNO3-HCl-HF which were analyzed at the W. M. Keck Foundation 
Laboratory for Environmental Biogeochemistry at Arizona State Uni
versity. Supernatants containing ~500 ng of Mo were transferred into 
22-mL PFA vials and then mixed with a calibrated 97Mo–100Mo-spike 
solution. Molybdenum was separated from the matrix with a two-stage 
ion-exchange method using an anion resin (AG1X-8, 100–200 mesh, 
Bio-Rad Laboratories) and a cation resin (AG50WX-8, 200–400 mesh, 
Bio-Rad Laboratories). The isotopic compositions of the samples were 
analyzed using a multicollector ICP-MS (Neptune, Thermo Fisher Sci
entific). All the samples were measured in triplicate and the mean values 
reported. The isotopic compositions were expressed using conventional 
delta notation relative to NIST SRM 3134, as follows: δ98/95Mo = (98/ 

95Rsample / 98/95RNIST SRM 3134–1) × 1000, where 98/95R is the 98Mo/95Mo 
ratio. Geochemical reference materials (Nod A-1 and Nod P-1; USGS) 
were also analyzed along the samples (Appendix Table S4). 

3.5. Total organic carbon analysis 

For total organic carbon (TOC) content analysis, Mn-ore samples 
weighing ~300–600 mg were first treated with 6 N HCl at 80 ◦C for ~3 
days to remove carbonate minerals. The residues were rinsed three times 
with deionized Milli-Q water and then dried at 110 ◦C overnight. The 
residual fractions, mostly silicate minerals, accounted for 2–11 wt% of 
total sample amounts for the L1 samples and 10–39 wt% of those for the 
L2 samples (Appendix Table S5). Portions of the dried samples weighing 
~1–4 mg were placed in tin cups. Their carbon isotopic ratios were 
measured using an elemental analyzer/isotope ratio mass spectrometer 
(EA/IRMS) system (Isoprime-EA, Isoprime Ltd.) at the University of 
Tsukuba. Some of the Mn-ore samples were also measured for bulk 
isotopic ratios. The TOC contents were determined through calibration 
of the ion currents using m/z = 44 in the IRMS. The carbon isotopic 
compositions (i.e., δ13C) of organic materials in the samples with high 
TOC contents and of bulk samples were also determined during the 
measurement. The isotopic compositions were expressed using con
ventional δ notation relative to the V-PDB (Vienna-Pee Dee Belemnite) 
reference value; δ13C = (13Rsample / 13Rstandard – 1) × 1000, where 13R is 
the 13C/12C ratio. The measurements were performed in quadruplicate 
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for each sample and the average concentrations and isotopic composi
tions were adopted. The analytical uncertainties were expressed as one 
standard deviation of the measurements (Appendix Table S5). 

4. Results and discussion 

The geochemical data (major and trace element concentrations, Re- 
Os isotopes, δ98/95Mo, TOC, δ13C) are summarized in Appendix 
Tables S2–S5. Here, we first describe the results of microscopic obser
vations and Re-Os dating to consider the influence of the post- 
depositional alteration processes (Sec. 4.1). We then use the trace 
element data to explore the local redox conditions during formation of 
the Nsuta deposit (Sec. 4.2). Finally, we show the results of the δ98/95Mo 
analysis and discuss the global ocean redox conditions existed during the 
mid-Paleoproterozoic based on the framework proposed in Goto et al. 
(2020) (Sec. 4.3). 

4.1. Microscopic observations and Re-Os dating: Potential effects of post- 
depositional alteration 

The microscope and SEM-EDS data indicate that the Mn-ore samples 
collected from both outcrops (L1 and L2) are predominately composed 
of anhedral rhodochrosite with the grain diameter of ~25–50 μm 
(Fig. 2). Some rhodochrosite grains coalesced into large aggregates 
(Figs. 2a–c, g). Minor amounts of silicate minerals (quartz and 
aluminum silicates) also occur in the samples. Sulfide minerals were 
rarely found during the thin section observations, although those min
erals were previously reported from Mn‑carbonate rocks of the Nsuta 
deposit (Mücke et al. 1999). The results of the microscope observations 
are supported by the XRD data (Appendix Table S1). Backscattered 
electron (BSE) images show concentric features or zoning within the 
rhodochrosite grains (Figs. 2c and g). In samples from L1, the zonation 
seems to coincide with variations in the Mg content (Figs. 2c–f). In 
contrast, in the L2 samples, the zonation corresponds to Ca content 
variations (Figs. 2g–j). Similar zonation has been observed in the 
Mn‑carbonate rocks collected from other outcrops of the Nsuta deposit 
(Nyame et al. 2003) and Phanerozoic marine sediments (Chow et al. 
2000; Johnson et al. 2016). These features of rhodochrosite grains may 
reflect their diagenetic precipitation within sediments (Chow et al. 
2000; Nyame et al. 2003) and/or early diagenetic production from 
primarily Mn oxides (Johnson et al. 2016). Calcium-rich rhodochrosite 
cements are also frequently observed in the L2 samples (Fig. 2i), 
whereas such cements rarely occur in the L1 samples (Fig. 2e). 

In agreement with the SEM-EDS observation, the Ca/Mg and Ca/Mn 
ratios of the Mn-ore samples are significantly variable between the 
sampling sites. The L2 samples exhibit higher Ca/Mg and Ca/Mn ratios 
(Ca/Mg = 4.9–10.4 wt%/wt%, Ca/Mn = 0.25–0.46 wt%/wt%) than 
those of the L1 samples (Ca/Mg = 0.47–0.91 wt%/wt%, Ca/Mn =
0.03–0.08 wt%/wt%) (Fig. 3). The residual fractions after HCl digestion, 
mostly silicate minerals, were generally low (Appendix Table S5), 
especially for the L1 samples that were 2–11 wt% of the total sample. 
Hence, the Ca/Mg and Ca/Mn ratios of the samples mostly reflect those 
of rhodochrosite minerals rather than those of detrital silicates. The Ca/ 
Mg ratios of the L1 samples are within the range of suggested Cenozoic 
seawater (Ca/Mg = 0.3–1.7 wt%/wt%; Coggon et al. 2010) (Fig. 3a), in 
contrast to the Ca/Mg ratios of the L2 samples, which are significantly 
higher. Because Ca is effectively released from basalts, volcanic ash, and 
igneous components of terrigenous material during warm/high tem
perature alteration (> ~20 ◦C), hydrothermal fluids that leach these 
igneous materials typically exhibit higher concentrations of Ca than 
seawater (e.g., Coogan and Gills, 2018; Wheat and Mottl 2000). In 
contrast, Mg can be depleted in hydrothermal fluids due to the formation 
of secondary minerals (Coogan and Gills, 2018; Wheat and Mottl 2000). 
Previous experimental investigations showed that the Ca/Mn ratios of 
Mn-rich carbonate minerals broadly reflect Ca and Mn contents of the 
source solutions (Böttcher 1998; Mucci 2004). Hence, if the 

rhodochrosite from both outcrops is of early diagenetic origin (Nyame 
et al. 2003), the difference in the Ca/Mg and Ca/Mn ratios suggests 
spatial chemical heterogeneity of the pore water during formation of 
rhodochrosite. The heterogeneity of pore-water chemistry may reflect 
the variable contributions of hydrothermal fluids. The high Ca/Mg ratios 
of the L2 samples suggest that they were more affected by hydrothermal 
fluids than the L1 samples, which may be consistent with the occurrence 
of Ca-rich cements in the L2 samples (Fig. 2i). This interpretation is also 
supported by larger positive Eu anomalies of the L2 samples (Eu*/Eu =
1.4–2.2) compared to the L1 samples (Eu*/Eu = 1.0–1.5) in PAAS- 
normalized REE patterns (Bau 1991; Fig. 4a). Alternatively, the differ
ence in the Ca/Mg and Ca/Mn ratios may reflect different origins of 
rhodochrosite from L1 and L2. Rhodochrosite in L1 could have precip
itated from seawater (Mücke et al. 1999), whereas that in L2 could have 
formed from hydrothermal fluids. 

We further evaluate the timing of the potential influence of hydro
thermal fluids based on the Re-Os isotope data (Figs. 4 and 5). With the 
exception of a few Mn-ore samples that possess high Os contents 
(Figs. 4c and d), the analyzed samples generally exhibit low Re and Os 
concentrations compared with upper continental crust (~200–600 pg/g 
for Re and ~12–20 pg/g for 192Os; Peucker-Ehrenbrink and Jahn 2001), 
which seems to be consistent with the absence of sulfide minerals in the 
analyzed samples. The Re-Os isotopic compositions of all of the phyllite 
and Mn-ore samples from both outcrops yield a single isochron with an 
age of 2235 ± 64 Ma and an initial 187Os/188Os ratio of 0.22 ± 0.03 
(Fig. 5). If post-depositional fluids affected the analyzed samples, the Re- 
Os age should have been attributed to the incorporation and/or removal 
of Re and Os. Because of the uncertainty in the Re-Os age probably 
resulted from detrital inputs of Re and Os, we cannot rule out contri
butions of post-depositional fluids immediately after the deposition. 
However, the isochron age is consistent with the putative depositional 
age of the Nsuta deposit (> 2.17 Ga), constrained by U-Pb zircon ages of 
intrusive granitoids in the Ashanti Belt of the Birimian Supergroup 
(Oberthür et al. 1998). The Re-Os age may be also supported by the high 
δ13C of organic material in the Mn-ore samples (− 19 to − 14‰; Ap
pendix Table S5), suggestive of an association with the Lomagundi Event 
that occurred between ~2.3–2.05 Ga (Karhu and Holland 1996; 
Melezhik et al. 2007). Hence, the Re-Os data indicate that little over
printing or disturbance by young (e.g., < ~2.2 Ga) metamorphic and 
alteration events, including modern supergene alteration, affected the 
samples studied here. 

4.2. Trace element compositions: Local redox conditions 

The petrographic observations and Re-Os isotope data indicate that 
(1) rhodochrosite is the dominant mineral in the Mn-ore samples, (2) 
chemical compositions of the rhodochrosite may have been partly 
influenced by hydrothermal fluids and, (3) the rhodochrosite could be 
an early diagenetic product or a primary precipitate formed at ~2.2 Ga. 
Given the redox-sensitive behavior of Mn (e.g, Scott and Lyons 2012; 
Shaws et al., 1990), a constraint on a possible precursor of the rhodo
chrosite may provide insight into the local redox conditions. Petro
graphic observations often allow multiple interpretations of a possible 
precursor (e.g., Nyame et al. 2003). Hence, to constrain the origins of the 
rhodochrosite, we focus on the trace element compositions of the sam
ples (Fig. 4). Although the chemical compositions may have been 
affected during early diagenesis, any pattern of enrichment/depletion of 
trace elements preserved in the Mn-bearing phases can provide a clue to 
trace the primary mineral compositions. 

Our results show that the Mn-ore samples collected from both out
crops are enriched in several manganophile elements (Ni, Zn, and Mo) 
compared to the phyllite samples, although Cr enrichment is absent 
(Figs. 4e–h). In addition, the Mn-ore samples are characterized by high 
Os and low Re concentrations (Figs. 4c and d), resulting in the low Re/Os 
ratios (Fig. 5). The patterns of the trace elements resemble those of 
modern sediments containing Mn oxides (MnO2) (e.g., Barrett et al. 
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Fig. 2. Representative photomicrographs, BSE images, and elemental maps of Mn‑carbonate ore samples taken from the Nsuta deposit. Photomicrographs in plane- 
polarized light of samples taken from (a) L1 (993–29–1B) and (b) L2 (NA17). BSE images and elemental maps of samples taken from (c–f) L1 (993–29–1B) and (g–j) 
L2 (NA17). Ca-rich minerals in (e) are tentatively identified as apatite from the elemental mapping data. 
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1987; Peucker-Ehrenbrink et al. 1995; Manceau et al. 2007), and are 
consistent with the co-enrichment patterns of trace elements adsorbed 
onto Mn oxides (δ-MnO2) determined experimentally (Noda et al. 2019). 
The abundance of manganophile elements normalized by Mn concen
trations in the analyzed samples (~3–14 μg/g/wt% for Zn, ~2–7 μg/g/ 
wt% for Ni, and ~0.3–8 μg/g/wt% for Mo) tends to be lower than those 
in modern sediments (~40–110 μg/g/wt% for Zn, ~50–170 μg/g/wt% 
for Ni, and ~5–30 μg/g/wt% for Mo; Barrett et al. 1987). The relatively 
small amounts of manganophile elements in the Nsuta samples may 
reflect low concentrations of those elements in mid-Paleoproterozoic 
seawater compared with modern seawater (Scott et al. 2008; Large 
et al. 2014). Alternatively, a part of manganophile elements could have 
been released from the Nsuta deposit during early diagenesis (e.g., 
Atkins et al. 2014). 

We also find obvious positive Ce anomalies (Ce*/Ce > 1.05) in the 
PAAS-normalized REE patterns of all the Mn-ore samples, whereas such 
anomalies are rarely observed in the phyllite samples (Fig. 4b). The REE 
patterns of the phyllite samples probably reflect that of the rocks eroded 
in the area. Chisonga et al. (2012) also found positive Ce anomalies for 
samples collected from the Serra do Navio Mn deposit, which is 
considered to be a lateral and temporal correlative of the Nsuta deposit. 
In contrast to these positive anomalies, Nyame (2008) reported negative 
or no Ce anomalies for Mn‑carbonate samples collected from the Nsuta 
deposit. In modern oxygenated oceans, a certain fraction of dissolved Ce 
(III) is oxidized to immobile Ce (IV) on the surface of MnO2 (Bau et al. 
2014; Takahashi et al. 2007). This process can cause a positive Ce 
anomaly in the REE pattern of Mn oxides. Since the phyllite samples 
show no clear positive Ce anomalies, the decoupling of Ce from other 
REEs in the Nsuta deposit likely reflects the oxidative scavenging of Ce 
by Mn oxides. A positive Ce anomaly in Mn‑carbonate ores is often 
considered key evidence for a hydrogenetic Mn-oxide precursor (e.g., 
Hein et al. 1999; Polgari et al., 2012). The absence of clear positive Ce 
anomalies in Mn-ore samples from other outcrops (Nyame 2008) implies 
that the magnitude of this anomaly in the Nsuta samples was also 
affected by the accretion rate of the oxides which can be influenced by 
local depositional settings (Bau et al. 2014; Kuhn et al. 1998). 

To summarize, the trace element compositions of the Mn-ore samples 
share many features with modern Mn oxide (MnO2) samples, although 
the studied samples are now predominantly composed of rhodochrosite 
(Sec. 4.1). These observations suggest that Mn oxides were the precursor 
of rhodochrosite from the L1 and L2 Nsuta outcrops. Considering the Re- 

Os isotope data (Fig. 5; Sec. 4.1), the original Mn oxides were most likely 
precipitated on the seafloor at ~2.2 Ga and transformed to rhodochro
site through burial diagenesis. Negative δ13C values of the bulk samples, 
ranging from − 13 to − 4‰ (Appendix Table S5), suggest that oxidation 
of organic materials within the sediments contributed to the reduction of 
the Mn oxides during diagenesis, although these values are slightly 
affected by organic carbon possessing low values (− 19 to − 14‰; Ap
pendix Table S5). The pore water during burial diagenesis, especially for 
the L2 samples, originated partly from hydrothermal fluids, which 
resulted in variable Ca/Mn and Ca/Mg ratios and Eu anomalies of the 
samples (Sec. 4.1). 

The formation of rhodochrosite requires a reduced and alkaline 
environment (e.g., Mücke et al. 1999). If the transformation to rhodo
chrosite took place near the sediment-seawater interface where the 
geochemical system was open to seawater, then substantial amounts of 
Mn, together with Zn and Ni, could have been released and lost from the 
sediments. However, because the Nsuta deposit is extensively large and 
shows high Mn concentrations (Dixon 1979; Nyame 2008; Nyame et al. 
2003), most of the Mn probably was not lost during the mineral trans
formation. Instead, rhodochrosite in the Nsuta deposit likely formed at 
burial depths where the geochemical system was less open. This view is 
supported by the enrichments of Zn and Ni in the rhodochrosite. It is also 
consistent with the finding from modern equatorial Pacific sediments of 
early-diagenetic rhodochrosite minerals at ~30 m depth below seafloor 
(Meister et al. 2009). 

Our genetic model of the Nsuta deposit suggests that at the existed 
depositional environment, dissolved O2 concentration was sufficiently 
high for the precipitation of MnO2. Experimental data showed that Mn 
oxides can be precipitated under rather low-O2 conditions (~0.2 μM) 
through microbial oxidation of dissolved Mn2+ (Clement et al. 2009). 
However, under such conditions, Mn oxides buried in sediments would 
be easily reduced and released into overlying seawater as dissolved 
Mn2+ (Scott and Lyons 2012; Shaw et al., 1990). In contrast, if the 
bottom water O2 concentration is higher than 10 μM, Mn2+ in pore 
water can be reprecipitated as Mn oxides at/near the sediment–seawater 
interface (Scott and Lyons 2012; Shaw et al., 1990). This behavior of Mn 
suggests that dissolved O2 concentration in the Nsuta depositional 
environment would have been higher than 10 μM. 

Fig. 3. Crossplots of (a) Ca and Mg and (b) Ca and Mn concentrations in Mn-ore samples taken from the Nsuta deposit. The shaded region indicates the range of the 
Ca/Mg ratios of Phanerozoic seawater (Coggon et al. 2010). 
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Fig. 4. Trace element contents of Mn-ore and phyllite samples taken from the Nsuta deposit. Magnitudes of the (a) Eu and (b) Ce anomalies in the PAAS-normalized 
REE patterns and concentrations of (c) Re, (d) Os, (e) Cr, (f) Ni, (g) Zn, and (h) Mo with respect to the Mn content. 
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4.3. Mo isotopic compositions: Global redox conditions 

Secular variations in seawater δ98/95Mo generally reflect changes in 
the global ocean redox conditions (e.g., Dahl et al., 2010; Siebert et al. 
2003). We proposed previously that the δ98/95Mo values of Fe- and Mn- 
rich sedimentary rocks can be explained by Mo isotopic fractionation 
during adsorption onto Fe oxide and Mn oxides (Goto et al. 2020). The 
isotopic fractionation during the adsorption of Mo in modern seawater 
onto Fe and Mn oxides explains the measured δ98/95Mo values of modern 
hydrothermal Fe-Mn oxides (see solid curve of modern Rtotal in Fig. 6) 
(Goto et al. 2020). This means that the paleo-seawater δ98/95Mo at the 
time of sedimentation can be reconstructed based on the δ98/95Mo 
values of ancient Fe- and Mn-rich sedimentary rocks. Goto et al. (2020) 
reconstructed mid-Archean (~2.9 Ga) to late-Paleoproterozoic (~1.8 
Ga) seawater δ98/95Mo values using the δ98/95Mo values of various Fe- 
and Mn-rich sediments measured by previous studies (Cabral et al. 2019; 
Canfield et al. 2013; Kurzweil et al. 2015, 2016; Planavsky et al. 2014, 
2018; Ossa Ossa et al. 2018). The reconstructed values are generally 
consistent with records for euxinic shales (Duan et al. 2010; Kendall 
et al. 2011). However, data for ~2.2 Ga are still required to understand 
the global ocean redox conditions during the O2 overshoot. Because the 
primary minerals of the Nsuta deposit were likely Mn oxides, Mn-ore 
samples collected from the deposit may provide information on the 
mid-Paleoproterozoic seawater δ98/95Mo at ~2.2 Ga. In this section, we 
first describe the δ98/95Mo data of Mn-ore samples from the Nsuta de
posit (Sec. 4.3.1) and then discuss the global ocean redox conditions 
during the mid-Paleoproterozoic (Sec. 4.3.2). Although two methods 
were applied to digest the samples (Sec. 3.4), the values and/or trends 
discussed below did not change significantly (Appendix Table S4). To 
minimize the influence of Mo derived from detrital and/or organic 
materials, in the following discussion, we focus on the data obtained by 
HCl leaching. 

4.3.1. δ98/95Mo of the Nsuta deposit 
δ98/95Mo values of the Nsuta deposit are shown in Figs. 6 and 7. One 

sample (993–27–3A) is excluded from the following discussion because 
this sample shows a high TOC content (> 0.2 wt%) with a low Mo/TOC 
value (Fig. 7b). Organic material can be an efficient host for Mo in Fe- 
and Mn-rich sedimentary rocks (e.g., Kurzweil et al. 2015). Hence, the 

δ98/95Mo value of this sample may not represent the isotopic composi
tions of Mo hosted in the Mn-bearing minerals (Goto et al. 2020). All the 
Mn-ore samples from the Nsuta deposit have low Fe/Mn ratios (< 10− 1) 
(Fig. 6), which cannot be explained by Fe release during diagenesis (e.g., 
Shaw et al. 1990). This suggests that the samples are expected to have a 
uniform δ98/95Mo value determined primarily by isotopic fractionation 
during the adsorption of Mo onto Mn oxides (Goto et al. 2020). 
Measured δ98/95Mo values of the Mn-ore samples cluster around − 1‰ to 
− 0.5‰, although the δ98/95Mo values vary significantly between 
− 1.84‰ and +0.35‰ (Fig. 6). 

Given that the analyzed samples are predominantly composed of 
early diagenetic rhodochrosite, the early diagenesis could have caused 
variation in the δ98/95Mo values. Poulson-Brucker et al. (2009) reported 
a depth δ98/95Mo profile of modern Mn-rich hemipelagic sediments from 
the Guatemala Basin in the eastern Pacific (MANOP Site H). Although 
the pore-water data from the sediments indicated reductive dissolution 
of Mn oxides, the sediments showed a constant δ98/95Mo value through 
the sediment column. Therefore, we suggest that the formation of 
rhodochrosite from Mn oxides during early diagenesis probably did not 
alter the primary δ98/95Mo values significantly. In addition, high Mn 
contents of the Nsuta Mn-ore samples (Fig. 3) are inconsistent with the 
reductive dissolution of Mn oxides and subsequent Mn2+ release to 
seawater that would result in low-Mn contents (Poulson-Brucker et al., 
2009). 

Then, what might the causative mechanisms be for the variations in 
the δ98/95Mo values of the Nsuta Mn-ore samples shown in Fig. 6? First, 
we consider that Mo from hydrothermal fluids to the L2 samples would 
be affected by direct additions (i.e., without adsorption onto Mn oxides) 
of Mo from hydrothermal fluids. This is because our geochemical data 
(e.g., high Ca/Mg ratios; Fig. 3) strongly suggest that the L2 samples 
were affected by hydrothermal fluids during early diagenesis (Sec. 4.1). 
The L2 samples tend to have higher δ98/95Mo values (− 0.3‰ to +0.4‰) 
than the clustered data of L1 samples (at around − 1.0‰ to − 0.5‰; 
Figs. 6 and 7). The δ98/95Mo values of L2 samples positively correlate 

Fig. 5. Re-Os isochron diagram for Mn-ore and phyllite samples taken from the 
Nsuta deposit. The Re-Os data yield a Re-Os isochron age of 2235 ± 64 Ma with 
an initial 187Os/188Os of 0.22 ± 0.03 using Isoplot 4.15 (Ludwig 2008). 

Fig. 6. δ98/95Mo–Fe/Mn diagram, modified from Goto et al. (2020), showing 
data of Mn-ore samples collected from the Nsuta deposit. The diagram origi
nally included the δ98/95Mo values of modern marine oxides significantly 
affected by hydrothermal fluids. Here, modern Rtotal denotes the δ98/95Mo of 
modern marine Fe-Mn oxides calculated using both modern seawater δ98/95Mo 
values and the Mo isotopic fractionation factors due to the adsorption of Mo 
onto Fe and Mn oxides (Goto et al. 2020). 
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with Mo concentrations (Fig. 7a), suggesting additions of isotopically 
heavy Mo into the sediments. The highest δ98/95Mo value of +0.4‰ 
among the L2 samples is close to that of hydrothermal fluids reported 
from a modern hydrothermal system in the Juan de Fuca Ridge (δ98/ 

95Mo = ~+0.6‰; McManus et al. 2002). Hence, the high δ98/95Mo 
values in the L2 samples can be attributed to the enrichment of isoto
pically heavy Mo from the pore water affected by hydrothermal fluids. 
Because Mn oxides preferentially adsorb isotopically light Mo with a 
fractionation factor of ~− 2.7‰ (Wasylenki et al. 2008), the isotopically 
heavy Mo in the L2 samples was probably not acquired through 
adsorption onto Mn oxides but would have been directly incorporated 
into rhodochrosite during/after its formation. In contrast, there is no 
positive correlation between the Mo contents and δ98/95Mo values of the 
L1 samples, although some samples with high Mo concentrations show 
low δ98/95Mo values (Fig. 7a). Given the seawater-like Ca/Mg ratios of 
the L1 samples, Mo originated from hydrothermal fluids might have had 
little effect on their δ98/95Mo values during/after mineral trans
formation (Fig. 3a; Sec. 4.1). 

The δ98/95Mo values of samples from L1 exhibit less scatter with a 
mean value of − 1.00 ± 0.40‰, 1SD. However, there is still a variation 
between − 1.84‰ and − 0.55‰ that needs explanation (Figs. 6 and 7), 
although this range is similar to that of the δ98/95Mo values of ~2.0-Ga 
Mn-ore samples from Morro da Mina (from − 1.80‰ to − 0.47‰; Cabral 
et al. 2019). The variation appears mainly due to the lowest δ98/95Mo 
value of sample 993–28–2E (− 1.84‰), which is significantly lower than 
the other δ98/95Mo data of L1 samples (Figs. 6 and 7). The lowest δ98/ 

95Mo value of sample 993–28–2E is close to those of hydrothermal Mn 
oxides collected from the modern Samoan hotspot (Goto et al. 2020). 
The low values of the modern Samoan hotspot were interpreted to 
reflect the contribution of isotopic fractionation during the adsorption of 
hydrothermally derived Mo. This is because hydrothermally derived Mo 
possesses lower δ98/95Mo values (e.g., ~+0.6‰; McManus et al. 2002) 
than ambient seawater. If Mo with a δ98/95Mo of +0.6‰ adsorbed from 
hydrothermal fluids onto Mn oxides, that Mo in Mn oxides could exhibit 
a δ98/95Mo of ~− 2.1‰ due to the large isotopic fractionation (~− 2.7‰) 
during the adsorption process. Sample 993–28–2E is characterized by a 
high Mo content (i.e., 279 μg/g) compared with the other Mn-ore 
samples (Fig. 7). This sample also shows the highest Ni and Zn con
centrations (483 and 259 μg/g, respectively) among the samples; Mo, Ni, 

and Zn are among the few metals known to be enriched in hydrothermal 
Mn-oxide deposits in the modern ocean basins (Hein et al. 1997). Hence, 
sample 993–28–2E may have acquired metals from hydrothermal fluids 
in addition to ambient seawater before the conversion of Mn-oxide to 
rhodochrosite. If sample 993–28–2E is excluded from L1, the δ98/95Mo 
range would narrow, ranging from − 1.10 to − 0.55‰ with a mean value 
of − 0.86 ± 0.18‰, 1SD. Based on petrographic and geochemical data, 
we suggest that the δ98/95Mo values of − 0.86 ± 0.18‰ are representa
tive of the least altered Mn-ore samples in the Nsuta deposit. Because Mn 
oxides were likely the primary precipitates in the Nsuta deposit (Sec. 
4.2), the observed values can be attributed to isotopic fractionation 
during adsorption of contemporary seawater Mo onto Mn oxides. 

4.3.2. δ98/95Mo of mid-Paleoproterozoic seawater 
Using the δ98/95Mo values of the least altered samples and the mass- 

balance calculation of Mo isotopic fractionation (Goto et al. 2020), we 
can estimate the seawater δ98/95Mo values at the time of deposition of 
the Nsuta deposit (~2.2 Ga). The previous study showed a possible 
positive excursion in the reconstructed seawater δ98/95Mo record during 
the mid-Paleoproterozoic; namely, the δ98/95Mo values increased from 
+1.5‰ to +2.1‰ at 2.35 Ga, remained stable at ~+1.9–2.1‰ between 
2.35 and 2.2 Ga, and then decreased to ~+1.2‰ by 1.88 Ga (Fig. 8a; 
Goto et al. 2020). Some of the samples from ~2.0-Ga Mn-ore from Morro 
da Mina in Brazil also suggest high seawater δ98/95Mo during the mid- 
Paleoproterozoic; however, the calculated values also show a large 
variation (i.e., mean δ98/95Mo = 1.65 ± 0.41‰, 1SD) that could be 
caused by the influence of Mo associated with organic material and/or 
metamorphic alteration. Based on the mas-balance calculation that 
considers the isotopic fractionation during adsorption onto oxides (Goto 
et al. 2020), the obtained δ98/95Mo values of the least altered samples 
from the Nsuta deposit suggest a seawater δ98/95Mo of +1.85 ± 0.18‰ at 
~2.2 Ga, confirming the existence of an isotopically heavy reservoir of 
dissolved Mo in the oceans during the mid-Paleoproterozoic (Fig. 8a). 

The Mo isotopic composition of seawater generally reflects the 
relative proportions of Mo removal into strongly euxinic (i.e., [H2S] >
~100 μM) (feux), reducing (i.e., [H2S] < ~100 μM) (fred), and oxic (fox) 
sinks (e.g., Dahl et al. 2010; Siebert et al. 2003). Assuming that the 
riverine Mo input is balanced by the outputs into euxinic, reducing, and 
oxic sediments, seawater δ98/95Mo (Rsw) can be estimated using the 

Fig. 7. Crossplots of Mo concentration versus (a) δ98/95Mo and (b) TOC content of Mn-ore samples collected from the Nsuta deposit. The dashed and solid lines in (b) 
show Mo/TOC ratios of Proterozoic (6 μg/g /wt%) and Phanerozoic (28 μg/g /wt%) black shales, respectively (Scott et al. 2008). The low δ98/95Mo value of sample 
993–28–2E may reflect Mo adsorption from hydrothermal fluids onto Mn oxides. The high δ98/95Mo value of sample 993–27–3A may indicate significant incor
poration of Mo adsorbed onto organic material. 
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following equation: 

Rsw = Rriv − (feuxΔeux + fredΔred + foxΔox) (1)  

where Rriv denotes the riverine δ98/95Mo, and Δeux, Δred, and Δox 
respectively denote the isotopic fractionation factors of Mo removal into 
euxinic, reducing, and oxic sediments from seawater. Euxinic sediments 
effectively remove Mo and cause small isotopic fractionation (i.e., Δeux 
= − 0.48 ± 0.29‰, 1SD; Nägler et al. 2011; Noordmann et al. 2015; 
Appendix Table S6), although sediments deposited under highly euxinic 
conditions often possess δ98/95Mo values that are comparable to the 
contemporary seawater value (e.g., Romaniello et al. 2016). Reducing 
sediments show lower (more negative) Δred values than Δeux (i.e., Δred =

− 1.05 ± 0.35‰, 1SD; Poulson et al. 2006; Poulson-Brucker et al., 2009; 
Siebert et al. 2006; Appendix Table S7). Oxic sediments cause the largest 
isotopic fractionation among the sinks (i.e., − 2.72 ± 0.17‰, 1SD; 
Wasylenki et al. 2008; Appendix Table S8). This is partly because we 
assume that Mo is removed through adsorption onto Mn oxides in oxic 
sediments, although dissolved Mo can be also removed via adsorption 
onto Fe oxides (Goldberg et al. 2009). As for the riverine δ98/95Mo, we 
use a weighted mean δ98/95Mo value of the modern riverine (0.51 ±
0.33‰, 1SD; Archer and Vance 2008; Appendix Table S9), which is 
slightly higher than an average value for the upper continental crust 
(~+0.15‰; Willbold and Elliot, 2017). Using Eq. (1), Rsw was calculated 
as a function of fox that varied from 0 to 1. Because of the large un
certainties for the parameters used in Eq. (1), the Monte Carlo simula
tion method was employed to evaluate a possible range of Rsw. The 
calculations were conducted 1000 times for each fox. The other param
eters (feux, fred, Rriv, Δeux, Δred, and Δox) were randomly sampled from 
their reasonable ranges. The ranges of Rriv, Δeux, Δred, and Δox were 

determined from one-standard-deviations of the previously reported 
data (Appendix Tables S6–S9). 

The results of the calculation are shown as the relative frequency of 
each Rsw (= δ98/95Mo of seawater) in Figs. 8b and c. As fox increases, Rsw 
increases linearly because isotopically light Mo is effectively removed to 
oxic sediments (Fig. 8c). Fig. 8c also shows that a spread of the allowable 
Rsw range becomes wide at low fox values, compared to those at high fox 
values. The wide spread can be attributed to the uncertainties inherent 
in Δeux and Δred (0.29‰ and 0.35‰, respectively). These uncertainties 
have a limited effect on the calculated Rsw for high fox. 

The results of the calculations are generally consistent with modern 
seawater conditions (Fig. 8c). The modern seawater δ98/95Mo value of 
+2.09‰ (Nakagawa et al. 2012; Siebert et al. 2003) can be found in the 
high frequency area (> 0.14) for the calculations using fox = ~0.35–0.50 
(Poulson-Brucker et al., 2009; Scott et al. 2008). This observation may 
indicate that the high-frequency area (> 0.14) represents the realistic 
ocean conditions. The Rsw values of +1.85 ± 0.18‰ that are compatible 
with the measured δ98/95Mo of the 2.2-Ga Nsuta deposit can be repro
duced for a wide range of fox (i.e., fox = ~0–0.6; Fig. 8b) given the un
certainties of the parameters in Eq. (1). Nevertheless, considerably high 
relative frequency (> 0.4) of those Rsw values occurs in the calculations 
using fox = ~0.2–0.4 (Fig. 8b). This peak of relative frequency would 
shift to higher fox if we include Mo removal via Fe oxides. This is because 
the isotopic fractionation factors during Mo adsorption onto Fe oxides, 
ranging from − 2.2‰ to − 0.8‰ (Goldberg et al. 2009), are less negative 
than that exhibited by Mo adsorption onto Mn oxides (− 2.72 ± 0.17‰, 
1SD; Wasylenki et al. 2008). Thus, fox would be greater than ~0.2–0.4 
when considering the occurrence of Fe oxides. 

Figs. 8b and c indicate that the positive δ98/95Mo (or Rsw) excursion 
from ~1.1–1.6‰ in the Late Archean to ~1.8–2.1‰ in the mid- 

Fig. 8. (a) Secular variations in seawater δ98/95Mo reconstructed from Fe- and Mn-rich sedimentary rocks, as modified from Goto et al. (2020), and the results of 
Monte Carlo calculation showing (b) the relative frequency of calculated seawater δ98/95Mo (Rsw in Eq. (1)) compatible with mid-Paleoproterozoic seawater δ98/95Mo 
(+1.85 ± 0.18‰) inferred from the Nsuta deposit and (c) Rsw as a function of the relative size of the oxic sink (fox) (see Eq. (1) in the text). The δ98/95Mo in (a) are 
calculated using a mass-balance model and are reported relative to NIST 3134 (Goto et al. 2020). The data for the Nsuta deposit are highlighted in red in panel (a). 
The ranges of mid-Paleoproterozoic seawater δ98/95Mo inferred from the Nsuta samples and fox (~0.2–0.4) that are particularly consistent with the inferred δ98/95Mo 
(or Rsw) are shaded as red in panels (a) and (c). The grey crosses in panel (a) show samples with high TOC or affected by hydrothermal fluids (Sec. 4.3.1; Goto et al. 
2020), which were disregarded in the calculations of the mean δ98/95Mo values. The dashed line in panels (a) and (c) indicates modern seawater values (δ98/95Mo =
+2.09‰; Nakagawa et al. 2012; Siebert et al. 2003). The hatched area in panels (b) and (c) shows the range of modern fox (~0.35–0.50; Poulson-Brucker et al., 2009; 
Scott et al. 2008;). The contours in panel (c) show the range of the relative frequency of Rsw for each fox. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Paleoproterozoic (Fig. 8a) can be explained by an increase in the fraction 
of Mo removal into the oxic sink (fox). These figures also suggest that the 
Rsw change is possible without increasing fox. As expected from Eq. (1), 
shifts of Δeux and/or Δred to more negative values and/or increases in fred 
and/or Rriv may also elevate Rsw. However, Δeux and Δred probably would 
not change over geological time, although these values could be variable 
depending on locations due to local redox conditions (e.g., Poulson et al. 
2006; Poulson-Brucker et al., 2009). In addition, to achieve high δ98/ 

95Mo values (> 1.8‰) under low fox conditions (fox < 0.1), considerably 
high fred values are required (fred > ~0.7–0.9). In contrast, a positive 
shift in Rriv probably requires high fox conditions. This is because high 
Rriv would be caused by isotopic fractionation associated with Mo 
removal via oxides or organic material during the transport of Mo from 
continental crust to seawater (Archer and Vance 2008; King and Pett- 
Ridge 2018), although the extent of terrestrial life during the mid- 
Paleoproterozoic was probably small. It is more likely that the high 
δ98/95Mo values during the mid-Paleoproterozoic represent an increase 
in the oxic Mo sink during that period, given the high frequency of Rsw 
values of +1.85 ± 0.18‰ in the calculations using fox = ~0.2–0.4. Thus, 
the reconstructed mid-Paleoproterozoic seawater δ98/95Mo value sug
gests that the precipitation of Nsuta primary Mn oxides was not a 
spatially restricted phenomenon in the mid-Paleoproterozoic oceans and 
should have been widespread. This view is consistent with the occur
rence of multiple large Mn deposits in volcano-sedimentary successions 
during this time period (Johnson et al. 2016; Maynard, 2010). Because 
Mn oxides effectively scavenge dissolve elements, extensive deposition 
of the oxides may have significantly influenced the distribution of dis
solved trace elements in mid-Paleoproterozoic seawater. This possibility 
could be further examined to ascertain the existence of a relationship 
between biogenic and environmental evolution, the so-called bio
inorganic bridge (Anbar and Knoll 2002). In contrast, no significant 
fraction (fox = 0) of the oxic sink is required to explain the low Rsw values 
of ~1.1‰ at ~2.9 Ga and ~ 1.9 Ga. This is consistent with the limited 
occurrence of Mn-rich deposits during the Archean and Mesoproterozoic 
(Johnson et al. 2016; Maynard 2010). 

As discussed in Sec. 4.2, Mn oxides can be precipitated and preserved 
in sediments only if the bottom seawater O2 levels are higher than 10 μM 
(Scott and Lyons 2012; Shaw et al., 1990). Given the reconstructed high 
seawater δ98/95Mo value, the bottom water containing dissolved O2 
concentrations of > 10 μM would have expanded during the mid- 
Paleoproterozoic, although the δ98/95Mo data cannot constrain 
whether the oxidizing conditions (or the deposition of Mn oxides) were 
restricted in continental margins or also prevailed in abyssal plains. Our 
lower limit of seawater O2 levels existed at that time is consistent with 
but provides a more restricted value than those provided by previous 
studies (> 0.4–1 μM; Hardisty et al. 2014; Kipp et al. 2017). Hardisty 
et al. (2014) measured high I/(Ca + Mg) ratios in carbonate rocks 
deposited ~2.5–2.1 Gyr ago. The high I/(Ca + Mg) ratios reflect effec
tive iodate (IO3

− ) formation in the oceans under oxidizing conditions 
with dissolved O2 > 1 μM (Hardisty et al. 2014). Kipp et al. (2017) re
ported high δ82/78Se values for offshore shales deposited ~2.3–2.1 Gyr 
ago. They suggested that the high seawater δ82/78Se was caused by 
preferential reduction of isotopically light Se in shallow-marine envi
ronments (Kipp et al. 2017). Because partial reduction of Se occurs in the 
modern oceans with low dissolved O2 levels (< 0.4 μM), a conservative 
lower limit of 0.4 μM was set for the dissolved O2 concentration in 
shallow-marine environments. As noted by Kipp et al. (2017), the for
mation of IO3

− and partial reduction of Se also occur in seawater with O2 
concentrations above 10 μM. Our estimate of seawater O2 concentration 
in the mid-Paleoproterozoic can thus be reconciled with I/(Ca + Mg) 
and δ82/78Se records at ~2.3–2.1 Ga. The estimate is equivalent to >
~4–7% of the O2 levels in modern open oceans. These values are suf
ficiently high for the survival of multicellular eukaryotes (Runnegar 
1991; Waldbauer et al. 2011), and may have facilitated the first 
appearance of stem group eukaryotes in the geological records at ~2.2 
Ga (El Albani et al. 2010, 2014; Sawaki et al. 2017). 

5. Summary and conclusions 

We provide data on the microstructures, major and trace element 
concentrations, and Re-Os and Mo isotopic compositions of Mn‑car
bonate ore and phyllite samples taken from two outcrops at the Nsuta 
deposit in the Birimian Supergroup, Ghana. The Mn-ore samples are 
predominantly composed of early diagenetic rhodochrosite. However, 
enrichments of Mo, Ni, Zn, and Os in the Mn-ore samples compared with 
those of the phyllite suggest a Mn-oxide precursor of the rhodochrosite 
that precipitated on the seafloor ~2.2 Gyr ago. This interpretation is 
supported by positive Ce anomalies found in the Mn‑carbonate ore 
samples, but not the phyllite. Although some of the samples (e.g., 
samples from L2) were likely affected by hydrothermal fluids during 
early diagenesis, δ98/95Mo values (between − 1.10‰ and − 0.55‰) of 
the least altered ore samples (e.g., the samples from L1) suggest a 
seawater δ98/95Mo of +1.85 ± 0.18‰ at ~2.2 Ga. The reconstructed 
seawater δ98/95Mo value is higher than values for Archean and late 
Paleoproterozoic seawater inferred from black shales and IFs (Duan 
et al. 2010; Goto et al. 2020; Kendall et al. 2011). The high seawater δ98/ 

95Mo during the mid-Paleoproterozoic can be best explained by the 
extensive deposition of Mn oxides under oxidizing marine conditions 
characterized by bottom seawater O2 levels > 10 μM. Our δ98/95Mo 
results support the new view of O2 overshoot during the mid- 
Paleoproterozoic, and seem to be consistent with the emergence of 
stem group eukaryotes at ~2.2 Ga. 
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