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Manganese oxidation and mineral transformation pathways
The majority of naturally present Mn-oxides are formed during Mn(II) oxidation, which 

involves both enzymatic and mineral-catalyzed processes, and subsequent transformation of initial 
products (Figure S1).7-9 Microbially mediated Mn(II) oxidation by bacteria (e.g. Pseudomonas 
putida, Leptothrix discophora SP6) and fungi (e.g. Plectosphaerella cucumerina strain 
DS2psM2a2) generates a poorly crystalline phyllomanganate phase similar to birnessite.8, 25-27 This 
initially formed phyllomanganate contains numerous vacancies but later converts to more ordered 
phases, e.g., todorokite and triclinic birnessite, mediated by various types of Mn(II)-oxidizing 
Ascomycete fungi.26 Abiotic Mn(II) oxidation is another important and well-studied pathway for 
Mn-oxide formation (Figure S1). Aqueous Mn(II) oxidation by dissolved O2 is thermodynamically 
unfavorable (at pH<8) and kinetically hindered due to high activation energy of the reaction.4, 30, 

31 The oxidation products of Mn(II) by O2 vary at different pH conditions; e.g., Mn(II) is oxidized 
to manganite (γ-MnOOH) at pH 7.5, to a mixture of feitknechtite (β-MnOOH), groutite (α-
MnOOH) and manganite at pH 8, and to hausmannite (Mn3O4) at pH 9.32 Abiotic processes also 
influence mineral transformation over time. Hexagonal birnessite transforms to ramsdellite (R-
MnO2; pH 2.4), cryptomelane (KMn8O16; pH 4), and groutite (pH 6) in the presence of aqueous 
Mn(II),33 or converts to feitknechtite and eventually manganite or hausmannite at higher pH (7 – 
8.5).30, 34 Hausmannite can also transform to manganite at pH 5–9 under anoxic conditions.35 
Mn(III)-oxides, e.g., hausmannite and manganite, are susceptible to proton-promoted 
disproportionation reactions that form MnO2 precipitates such as birnessite, ramsdellite, nsutite (γ-
MnO2), and pyrolusite (β-MnO2).35, 36 

Mineral surfaces, such as Fe-oxides and Mn-oxides, also catalyze Mn(II) oxidation via 
interfacial catalysis and/or electrochemical reactions to form more Mn-oxide phases,32, 41, 42 at rates 
equivalent to or faster than biological oxidation.9, 43 Abiotic Mn(II) oxidation by the Fe-oxide 
goethite (FeOOH) can form a mixture of hausmannite, groutite, feitknechtite and/or manganite at 
neutral or alkaline conditions, which are then transformed to more stable phases such as 
manganite.42 Similarly, Mn(II) oxidation on ferrihydrite surfaces can generate manganite, 
hausmannite, and/or birnessite at pH 6.5 to 9.32 Mn(II) oxidation by semiconductive Fe-oxides, 
such as ferrihydrite and goethite, follows an electrochemical pathway, i.e., electron transfer within 
the Mn(II)–conduction band of Fe-oxides–O2 complexes.41 This oxidation process is highly 
dependent on pH conditions and mineral surface properties (e.g. semiconductivity and particle 
size).
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Additional notes on assessing Mn-C stabilization and destabilization potential.
Our efforts to quantify stabilization and destabilization of organic compounds by Mn-oxides 

are complicated by data availability. For example, in order to properly assess stabilization and 
destabilization, it is necessary to quantify time-dependent 1) loss of an organic constituent from 
solution; 2) presence of that constituent in the solid-phase (adsorption); 3) presence of degradation 
products in solution, and in the solid-phase. This information should be coupled with quantification 
of solution and solid-phase Fe(II) and Mn(II) to assess net metal reduction; however, no studies 
fully quantity these factors. Taking Mn as an example, many studies report the release of aqueous 
Mn(II) into solution as an indicator of reductive dissolution of Mn(III/IV)-oxides coupled to 
carbon oxidation. However, aqueous Mn(II) release into solution is insufficient to quantify parallel 
C oxidation because 1) Mn(II) can sorb to or persist in the oxide surface,44, 45 and 2) sorbed Mn(II) 
can re-oxidize to Mn (III/IV) on the mineral surface and serve as a catalyst for carbon oxidation.46 
In a mixed-phase system, solubilized Mn(II) can be oxidized by Fe(III)-oxide surfaces42. Organic 
matter sorption to the mineral surface is typically quantified by C loss from solution; however, 
these interpretations are also problematic given that 1) changes in dissolved organic C 
concentration cannot capture C transformation reactions (sorption, reaction, release back into 
solution, and 2) C loss from solution may also result from CO2 loss during decarboxylation 
reactions. Additional quantification of C gain in the solid-phase would complete C mass balance, 
although many studies only report qualitative characterization of solid-phase products. The most 
complete assessments of Mn-C interactions come from studies that track the removal of individual 
compounds and the formation of their degradation products during reaction with Mn-oxides. 
Evaluating a broad suite of these compounds indicate the range of expected behaviors, although 
do not demonstrate how Mn-oxides will react with natural organic matter that contains a 
complexity of poorly studied compounds.  

Reactive interactions are typically represented by either the disappearance of a reactive organic 
compound or the increase in reduced metals in solution (e.g., Mn2+, Fe2+). The disappearance of 
one reactive organic compound is represented by one C atom within that molecule. Similarly, the 
production of either one reduced Mn2+ or two reduced Fe2+ atoms is assumed to equate to the 
transformation of one molecule, represented by one C atom, although the exact stoichiometry can 
vary. Rates are typically reported as the initial linear rates of reaction, and spontaneous degradation 
reactions following the initial reaction between the organic compound and metal oxide are not 
considered. Reactions are limited to interactions between organic molecules with mineral surfaces 
and exclude solution reactions involving organic-Mn(III) complexes and Fe-mediated Fenton 
reactions, as well as light-mediated reductive dissolution (e.g., reductive dissolution of Fe(III)-
oxides by oxalate). 
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Figure S1. A flow chart showing select pathways for Mn-oxide formation and transformation, 
including biogenic (mediated by multicopper oxidase, haem peroxidase and microbially generated 
superoxide) and abiotic (oxidized by O2 with and without mineral surfaces catalysis) reactions 
described in the text. Simplified polyhedral representation of the crystal structures of Mn-oxides 
are illustrated below each name. Cations present in interlayer or tunnels were omitted for 
simplicity. MnIVO6 octahedra, MnIIIO6 octahedra and MnIIO4 tetrahedra are shown as green, grey, 
and purple, respectively.
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Table S1. Occurrence and properties of common Mn-oxides phases in soils and sediments

Mineral Structure
Formula

Occurrence1 Transformation SSAa PZCb

Lithiophorite Layer
LiAl2(Mn4+

2Mn3+)O6(OH)6

Weathered zones of Mn deposits, 
acid soils, low-T hydrothermal 
veins

6.92

Chalcophanite Layer
ZnMn3O7·3H2O

Mn-bearing base metal deposits

Birnessite Layer
-MnO2

Dominant in soils, desert varnishes, 
coatings, and ocean Mn nodules

 Todorokite3 
 Cryptomelane (K+)4 or (Mn(II), pH 4)5

 Nsutite (Na+)4

 Ramsdellite (Mn(II), pH 2.4), groutite 
(Mn(II), pH 6)5

 Feitknechtite (Mn(II), pH 8)6, 7

 Manganite (Mn(II), pH 7–7.5)6

 Lithiophorite (Li+ and Al3+, pH 5–9)8

48.39

1910

14011

15–23012

83.8±0.713

15.9–98.614

174.315

1.759

1.4-4.511

<213

1.2–1.616

Buserite Layer
Na4Mn14O27

Ocean Mn nodules (before drying)  Birnessite
 Lithiophorite (Li+ and Al3+, pH>4)17

 Todorokite18

50–9519

Vernadite Layer
MnO2·nH2O

Oxidized zone of Mn ore deposits, 
ocean Mn nodules, Mn-oxides 
crusts and coatings

 Cryptomelane20

Pyrolusite Tunnel: 1×1
-MnO2

Low-T hydrothermal deposits  Buserite (Mn(II), pH>7)17 4.0521

1–222
<4.323

7.22

Ramsdellite Tunnel: 1×2
R-MnO2

Low-T hydrothermal deposits  Pyrolusite (pH 2.6)24 48.9–241.225

Nsutite Tunnel: 1×3 or 3×3
-MnO2

Ore deposits and ocean Mn 
nodules; intergrowth between 
pyrolusite and ramsdellite

From oxidation of Mn carbonate minerals

 Pyrolusite (acidic)24

3826

Hollandite
Cryptomelane

Tunnel: 2×2
Bax(Mn4+,Mn3+)8O16

Oxidized Mn deposits and ores From feldspar minerals at high pressures
C130.79

H4.628

C2.19
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Coronadite
Manjiroite

Kx(Mn4+,Mn3+)8O16

Pbx(Mn4+,Mn3+)8O16

Nax(Mn4+,Mn3+)8O16

C9627 C2.0–2.116

Romanechite Tunnel: 2×3
(Ba, K, Mn, 
Ca)2(Mn4+,Mn3+)5O10

Botryoidal masses in oxidized 
zones of Mn-rich deposits

 Hollandite (> 550 ºC) 38±0.1729

Todorokite Tunnel: 3×3
(Na, Ca, 
K)x(Mn4+,Mn3+)6O12

Oxidized zones of terrestrial Mn 
deposits

98.59

62.518
3.59

3.5–4.016

3.22

Manganite
Groutite
Feitknechtite

Tunnel: 1×1; 1×2
-MnOOH
-MnOOH
-MnOOH

Hydrothermal vein deposits,
intimately mixed with pyrolusite

 MPyrolusite at 300 ºC
 MRamsdellite or nsutite (acidic)24

 FManganite (pH 7–8); Hausmannite 
(pH 8–8.5)6

M9.5±1.430

M39, 4824

M7.4±0.33

0

Hausmannite Spinel
Mn2+Mn3+

2O4

Hydrothermal and metamorphic 
deposits

 Birnessite (acidic4 or alkaline + K+ 31)
 Manganite (pH 5–9)4

389

20.4±0.830

2931

224

>1030

aSpecific surface area (m2 g-1)
bPoint of zero charge
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