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Abstract

ABSTRACT

Manganese (Mn) is one of the most redox-sensitive elements on Earth, participating in a plethora of
environmental processes. Its reactivity and mobility largely rely on its specific chemical form, i.e., Mn?*,
Mn3*, or Mn*. In soils, Mn is recognized as a major player controlling oxidative transformation of
organic and inorganic constituents. Various Mn minerals are found in soils, but among all, Mn oxides
and hydroxides are commonly referred to as key species, whose precipitation and dissolution primarily
control the sequestration of (heavy) metal pollutants and nutrients. Despite their ecological relevance,
their typically low concentration and poor crystallinity in soils render their analytical accessibility
challenging. Thus, studies identifying and quantifying effectively occurring chemical forms of Mn in
soils are remarkably rare. To overcome this lack of knowledge, this work provides the first Mn K-edge
(6,539 eV) X-ray absorption spectroscopy (XAS) library of soil Mn species and presents the first
guantitative species inventory of bulk sails.

The first study compiles a database of 32 well characterized (in)organic Mn compounds
potentially occurring in soils. Their Mn average oxidation state (AOS) was inferred from Mn K-edge X-
ray absorption near edge structure (XANES) and their local (<5 A) Mn coordination environment form
extended X-ray absorption fine structure (EXAFS) spectroscopy. Principal component and cluster
analyses of k?-weighted EXAFS spectra of Mn compounds implied that at least five primary Mn species
groups can be identified and quantified by EXAFS linear combination fit analysis of environmental
samples. The results highlight the potential of Mn K-edge EXAFS spectroscopy to assess bulk Mn
speciation in soils and establish the first extensive framework for the analysis and interpretation of Mn
XAS spectra of natural samples.

The second study explores Mn speciation of 47 soil samples (45.1-2,280 mg/kg Mn) of nine
Central European soils by XAS and relates the obtained information to major soil properties. In litter
horizons, Mn was mainly present in the form of organically complexed and ‘physisorbed’ Mn, but also
minor amounts of manganates, Mn(lll) oxyhydroxides, and silicate-bound Mn occurred. In all mineral
soil horizons, manganates clearly dominated, but we also highlight the occurrence of feitknechtite (-
MnOOH), groutite (a-MnOOH), and hausmannite (Mn30,) in acidic soils. The low occurrence of primary
silicate-bound and exchangeable Mn phases confirms the early release of Mn from primary silicate
minerals and the rapid conversion into manganates, respectively. These results have far-reaching
implications for the functioning of soil and biogeochemical element cycles, as manganates play a

fundamental role in metal binding, plant nutrition, and redox-related processes in the critical zone.
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Zusammenfassung

ZUSAMMENFASSUNG

Mangan (Mn) ist eines der redoxempfindlichsten Elemente der Erde, das an einer Vielzahl von
Umweltprozessen beteiligt ist. Seine Reaktivitdit und Mobilitdit hangen weitgehend von seiner
spezifischen chemischen Form ab, d. h. von Mn?*, Mn* oder Mn*. In Bdden gilt Mn als wichtiger
Akteur, der die oxidative Umwandlung von organischen und anorganischen Bestandteilen kontrolliert.
Verschiedene Mn-Minerale kommen in Boden vor, doch werden Mn-Oxide und -Hydroxide gemeinhin
als Schlisselspezies bezeichnet, deren Ausfallung und Aufldsung in erster Linie die Riickhaltung von
(Schwer-) Metall-Schadstoffen und Nahrstoffen steuern. Trotz ihrer 6kologischen Bedeutung ist ihre
analytische Erfassung durch ihre typischerweise niedrige Konzentration und geringe Kristallinitat in
Boden eine Herausforderung. Daher sind Studien zur ldentifizierung und Quantifizierung der
tatsachlich vorkommenden chemischen Formen von Mn in Béden erstaunlich selten. Zur Behebung
dieses Wissensmangels liefert diese Studie die erste Mn K-Kanten (6.539 eV)
Rontgenabsorptionsspektroskopie (XAS) Bibliothek von Mn-Spezies in Béden und stellt das erste
guantitative Speziesinventar von Béden vor.

Die erste Studie umfasst eine Datenbank mit 32 gut charakterisierten (an)organischen Mn-
Verbindungen, die potentiell in Béden vorkommen. lhr durchschnittlicher Mn Oxidationszustand (AQS)
wurde aus der Rontgen-Nahkanten-Absorptionsspektroskopie (XANES) an der Mn K-Kante und ihre
lokale (<5 A) Mn-Koordinationsumgebung aus der erweiterten Rontgenabsorptions-
Feinstrukturspektroskopie (EXAFS) abgeleitet. Hauptkomponenten- und Clusteranalysen von k-
gewichteten EXAFS-Spektren der Mn-Verbindungen ergaben, dass mindestens fiinf primdre Mn-
Speziesgruppen durch EXAFS Linearkombination-Fit-Analysen von Umweltproben identifiziert und
quantifiziert werden kénnen. Die Ergebnisse unterstreichen das Potential der Mn K-Kanten EXAFS
Spektroskopie zur Erfassung der Mn Speziierung in Béden und bieten den ersten umfassenden Rahmen
fir die Analyse und Interpretation von Mn XAS-Spektren natirlicher Proben.

Die zweite Studie untersucht die Mn-Speziierung von 47 Bodenproben (45,1-2.280 mg/kg Mn)
aus neun mitteleuropdischen Bdéden mittels XAS und setzt die gewonnenen Informationen mit
wichtigen Bodeneigenschaften in Beziehung. In den Streuhorizonten war hauptsachlich organisch
komplexiertes und ‘physisorbiertes’ Mn vorhanden, aber auch geringe Mengen an Manganaten,
Mn(ll1)-Oxyhydroxiden und silikatgebundenem Mn kamen vor. In allen mineralischen
Bodenhorizonten dominierten eindeutig die Manganate, aber wir betonen auch das Vorkommen von
Feitknechtite (B-MnOOH), Groutite (a-MnOOH) und Hausmannite (MnsQ,). Das geringe Vorkommen
von primaren silikatgebundenen und austauschbaren Mn-Phasen bestatigt die friihe Freisetzung von
Mn aus primaren Mineralen bzw. die schnelle Umwandlung in Manganate. Diese Ergebnisse haben
weitreichende Auswirkungen auf die Funktionsweise des Bodens und auf biogeochemischen
Elementkreisldufe, da Manganate eine grundlegende Rolle bei der Metallbindung, der

Pflanzenernahrung und den Redoxprozessen in der kritischen Zone spielen.
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ABBREVIATIONS
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A

AOS
apfu
CN
DOM
EPMA
EXAFS
FT
ICP-OES
LCF
n.d.
LMWO
Mn (oxyhydr)oxides
MS
PCA

SE

SEM
s.S.
TEM
v.u.

v/v
wt.%
(P)XRD
XAS
XANES
(L-)XRF

Angstrom (10° m)

Average oxidation state

Atoms per formula unit

Coordination number

Dissolved organic matter

Electron probe micro analysis

Extended X-ray absorption fine structure

Fourier transform

Inductively coupled plasma optical emission spectroscopy
Linear combination fitting

Not determined

Low molecular weight organic (acid/compound)
Manganese oxides and hydroxides

Multiple scattering

Principal component analysis

Sequential extraction

Scanning electron microscopy

Sensu stricto (indicating endmember composition of a mineral group)
Transmission electron microscopy

Valence units

‘Volume per volume’; volume concentration of a solution
Weight percent

(Powder) X-ray diffraction

X-ray absorption spectroscopy

X-ray absorption near edge spectroscopy

(Micro-) X-ray fluorescence
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Introduction

1. INTRODUCTION

Manganese (Mn) is a ubiquitous element, whose relatively low crustal abundance of about 0.1 wt.%
(Yaroshevsky, 2006) is vastly disproportionate to its importance to life on Earth. Naturally, it occurs in
the three oxidation states +2, +3, and +4, which account for its large number of existing organic and
inorganic compounds. In that, the highly redox-sensitive transition metal is not only used by modern
humans in the steel industry, as catalyst, and battery material, it is also one of the most effective
natural oxidizing agents participating in a large variety of (in)organic redox-reactions (Bartlett, 1988;
Remucal and Ginder-Vogel, 2014). Understanding the biogeochemical cycling of Mn, and thus its role
in the environment affecting the fate of nutrients and environmental pollutants, involves detailed
knowledge of its speciation — a topic that increasingly attracts scientific interest. In this context,
advances in analytical technology and, in particular, the use of highly brilliant X-rays, known as
synchrotron radiation, provide the opportunity to pursue questions related to Mn speciation in detail
that had long been impossible.

The following section summarizes the current state of knowledge on Mn speciation and Mn-
related processes at the interface of (biogeo-) chemistry and mineralogy, with particular emphasis on
the soil system. This is of special interest considering that the soil system is influenced by processes of
the atmosphere, biosphere, geosphere, and hydrosphere. Some of the most important Mn-based
processes and sites of species transformation of Mn in the environment, which are addressed in the
subsequent subchapters, are illustrated schematically in Figure 1.1. Also, analytical approaches to
assess Mn speciation in in soils and sediments are addressed.

The final part of this chapter details the research motivation and outline of this thesis, which
involves two consecutive studies. The first study focuses on the compilation of an extensive reference
library of Min XAS spectra potentially occurring in soils. The second study employs this XAS library to
guantitatively explore Mn species (-groups) in different bulk soils for the first time. Here, largely
undisturbed soils were investigated, which are unrelated to mining or other obvious human influences,
that may have affected Mn speciation. These studies follow the superordinate aim to enhance our
knowledge of quantitative Mn species distribution in soils with different pedogenic backgrounds, and

thus on the species-dependent dynamics of Mn in terrestrial surface environments.
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Introduction

Mn*"*org,
Mn(l11/1V

solid

Figure 1.1. Schematic illustration of important processes of the Mn cycle in the critical zone, involving
atmosphere, biosphere, geosphere, and hydrosphere. (1) Release of Mn?* upon weathering of primary rock
forming minerals, (2) Mn?* uptake in the rhizosphere, where a more acid microenvironment can be created,
(3) Mn?* storage in foliar tissue, (4) Microbial (i.e., fungal) processing of litterborne Mn?* and subsequent
formation of higher valent Mn species, (5) Mn (oxyhydr)oxides, which are partially reductively dissolved upon
oxidative decomposition of organic litter, showing a high maximum sorption capacity for organic carbon (C),
(6) Microbially accessible low molecular-weight organic (LMWO) compounds after the Mn mediated oxidative
degradation of former complex organic structures, (7) Mn (oxyhydr)oxides as effective scavengers of heavy-
and trace metals, (8) Formation of soil nodules and concretions under recurring wetting and drying cycles, that
constantly change soil Eh and pH conditions.
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Introduction

1.1. ECOLOGICAL RELEVANCE OF MN

Manganese is an essential element for all forms of life on Earth (Blume et al., 2016). It is, for example,
involved in biochemical reactions of numerous enzymes, such as in manganese-dependent superoxide
dismutase and oxalate oxidase (Finley and Davis, 1999; Broadley et al., 2012) as well as in oxidative
lignin degradation (Keiluweit et al., 2015) through lignin-modifying manganese peroxidase (Hofrichter,
2002). Moreover, Mn is crucial for physiological processes like brain function of mammals (Takeda,
2003), DNA-repair (Sava et al., 2004), and reproduction (Studer et al., 2022). Manganese toxicity in
humans, a phenomenon observed in Mn mining or steel-production sites with high Mn exposure, can
cause severe neurological diseases similar to Parkinson and dystonia (Pal et al., 1999; Flynn and Susi,
2009; Michalke, 2016; Dlamini et al., 2020).

In soil, rocks are the primary source of Mn, which is released during weathering of rock-forming
minerals such as ferromagnesian silicates (i.e., olivine, pyroxene, amphibole, biotite) or spinels
(magnetite, ilmenite, chromite) (Gilkes and McKenzie, 1988) (Fig. 1.1 (1)). For plants, Mn is an essential
micronutrient and its role in plant nutrition and soil fertility took shape in the early 20" century for the
first time (Brenchley, 1914; McHargue, 1922). Since in aerobic soils, insoluble, plant unavailable Mn(lll)
and Mn(IV) species prevail at typical soil pH values (see section 1.2), the rhizosphere of plants can
create an acid microenvironment upon the release of H* or low molecular weight organic (LMWO)
acids, that move the thermodynamic equilibria in favor of mobile and bioavailable Mn?*, enabling its
uptake by plant roots (Millaleo et al., 2010) (Fig. 1.1 (2)). Likewise, a more oxic root microenvironment
in, for example, reduced anoxic estuarine sediments, can lead to the formation of Mn-rich rhizo-
concretions or plaque on the root, limiting phytotoxic metal uptake (Weis and Weis, 2004). Nowadays
it is known that plants taking up water soluble Mn?* later store it in foliar tissue, likely predominantly
as free or carboxylate-bound Mn?* (Fernando et al., 2010) and potentially organic Mn3* complexes
(Herndon et al., 2014) (Fig. 1.1 (2-3)). Within the plant, Mn is crucially involved in the oxygen evolving
complex of photosystem Il, which contains a catalytic Mn,Ca site that participates in water oxidation
(Wydrzynski et al., 2005) and in chlorophyll biosynthesis (Bottrill et al., 1970; Macfie and Taylor, 1992).
In plant shoots, Mn concentrations are typically around 50-800 pg/g dry weight (Fernando et al., 2009).
At foliar concentrations <10 pg/g, symptoms of Mn deficiency may occur (Fernando et al., 2009). The
first scientific description of such symptoms in plants, dating back to the mid-19" century, was
reported from oat leaves (Salm-Horstmar 1849). They typically appear as interveinal chlorosis of young
leaves (Blume et al., 2016) and arise in soils with a naturally low plant-available Mn content or with
alkaline pH containing free carbonates, e.g., after liming (Page, 1962), and in intensely weathered soils
(Zech and Drechsel, 1991; Naidu and Rengasamy, 1993). Toxicity thresholds, that decreased dry matter

production by 10%, are reported from 200 pg/g (maize) to 5,300 ug/g (sunflower) dry weight (Edwards
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and Asher, 1982). Phytotoxic levels of Mn can occur when soil pH is low and/or in reducing
environments, such as during flooding or poor drainage (Porter et al., 2004), providing high levels of
plant available Mn?* in the soil solution.

Manganese toxicity in plants may lead to photo-oxidative stress, disruption of electron flow in
chloroplasts, and cellulose formation and can be visible as small dark spots, chlorosis, or necrosis
(Fernando and Lynch, 2015; Blamey et al., 2018). Since Mn speciation — and thus its (bio)availability —
is largely controlled by redox potential (Eh) and pH (see section 1.2), Mn toxicity and deficiency
symptoms may generally occur independently of the bulk Mn concentration of the soil (Schlichting and
Sparrow, 1988). Also, the thresholds for Mn toxicity and deficiency are strongly dependent on the Mn
tolerance of the specific species and on the availability of other elements such as Si, that can mediate
alleviation of metal-derived stresses in plants through different mechanisms (Liang et al., 2007; Blamey
et al.,, 2018). As a result of both, Mn deficiency and toxicity, impaired plant growth, reduced
photosynthetic activity, chlorophyll content and evolution of molecular oxygen (O,) are observed
(Terry and Ulrich, 1974; Ohki et al., 1979; Macfie and Taylor, 1992; Shenker et al., 2004; Schmidt et al.,
2016; Blamey et al., 2018), drastically reducing crop yields and quality. Upon litterfall, Mn stored in
leaves is liberated as bioavailable Mn?* and subsequently (microbially) oxidized to reactive Mn3* and
later to insoluble Mn(lll/IV) species during ongoing litter decomposition (Herndon et al., 2014;
Keiluweit et al., 2015) (Fig. 1.1 (4)).

Increasing attention is being paid to Mn species on the retention and lability of organic carbon
(C) in soils, an essential topic, as they affect the ecological C cycle and thus ultimately climate change
(Estes et al., 2016; Li et al., 2021). In that, the role of poorly crystalline soil Mn oxides and hydroxides,
collectively termed Mn (oxyhydr)oxides, is characterized by a complex redox chemistry with dissolved
organic matter (DOM) (Stuckey et al., 2018). Organo-mineral complexes with iron (Fe) and aluminum
(Al) oxides and hydroxides were shown to be stable against biological degradation (Miltner and Zech,
1998b; Kaiser et al., 2002; Mikutta et al., 2006; Eusterhues et al.,, 2014) and thus contribute to
prolonged Cretention in soils. Conversely, Mn (oxyhydr)oxides such as birnessite (see section 1.2) were
found to be involved in the oxidative decomposition of organic litter (i.e., lignin) (Sunda and Kieber,
1994; Miltner and Zech, 1998a, 1998b), a process that liberates C, some of which evolves as CO,
(Miltner and Zech, 1998a) (Fig. 1.1 (5)). At the same time, Mn (oxyhydr)oxides are partially reductively
dissolved (Stuckey et al., 2018). However, the remaining Mn (oxyhydr)oxides eventually showed a
higher maximum sorption capacity for dissolved organic matter (DOM) (Stuckey et al., 2018), such that
they may also act as important scavengers of organic carbon (Estes et al., 2016) (Fig. 1.1 (5)). These
two distinct roles of Mn in the release and storage of C highlight the complex behavior of Mn in the
ecological C cycle. Additionally, through the oxidative degradation of former complex DOM (i.e., humic

and fulvic acids), LMWO compounds, such as pyruvate, acetone, formaldehyde, and acetaldehyde (in
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order of decreasing importance) are formed (Sunda and Kieber, 1994), which are then easily accessible
energy sources for microbes (Fig. 1.1 (6)).

Overall, the demand for Mn in human, animal, and plant enzymatic processes, as well as its
involvement in the global cycling of other environmentally relevant elements and in the conversion of
recalcitrant organic matter into microbially available substrates, illustrates the multifaceted relevance
of Mn in terrestrial ecosystems. The expression ‘Mn, key to life’ (Bartlett, 1988) is thus supported in

every respect by scientific evidence.

1.2. MN MINERALOGY IN SOILS

Typical Mn concentrations in soils range from 40-1,000 mg/kg, however, they can be <20 mg/kg in
quartz-rich sands and up to >3,000 mg/kg in soils with pedogenic Mn accumulation (Blume et al., 2016).
The fact that neither total nor exchangeable Mn concentration in soil is correlated with bedrock
composition is the result of its high mobility in the Earth’s crust (Mortvedt, 2000), that depends largely
on biological processes controlling its redox state, (Tebo et al., 2005), and thus Eh and pH conditions
of the soil (Blume et al., 2016) (Fig. 1.2). The three natural oxidation states of Mn, i.e., +2, +3, and +4,
account for the panoply of single- and mixed valent Mn minerals in soils. These include carbonates,
phosphates, silicates, Mn (oxyhydr)oxides, organic Mn complexes, and Mn being adsorbed to various

soil compounds.
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At typical soil pH >5.5, Mn(ll1/1V) (oxyhydr)oxides precipitate under aerobic conditions (Blume et al.,
2016) (Fig. 1.2), a fact that accounts for their ubiquity in many soils. Mn(lll) hydroxides in particular
are, however, rather rare in soils (Vodyanitskii, 2009) since they are typically unstable and
disproportionate at pH <7 to MnO, and Mn%* (Blume et al.,, 2016). Mn (oxyhydr)oxides are
characterized by a large surface area (5-360 m?/g), a low point of zero charge between two and five
(McKenzie, 1989; Kampf et al., 2000), and they offer structural vacancies which render them effective
scavengers for trace and heavy metals like Cd, Cu, Co, Ni, Pb, and Zn (Burns, 1976) (Fig. 1.1 (7)). Their
dissolution and precipitation thus influences the release of these metals as well as of bioavailable Mn%
back into solution (Junta and Hochella, 1994; Tebo et al., 2004), which affects the retention of these
elements in soil systems. Mn (oxyhydr)oxides belong to the strongest oxidants in our environment
(Remucal and Ginder-Vogel, 2014), which assigns them a decisive role in the redox-chemistry of
organic and inorganic soil compounds. The latter includes the oxidation of As(lll) to As(V) (Lafferty et
al., 2010; Han et al., 2011; Ehlert et al., 2014), Cr(lll) to Cr(VI) (Kim et al., 2002; Feng et al., 2007), Fe(ll)
to Fe(lll) (Villinski et al., 2001; Ehlert et al., 2014), Se(lV) to Se(VI) (Scott and Morgan, 1996), nitrite to
nitrate (Bartlett, 1981), and the oxidation of iodide (Fox et al., 2009).

The fundamental building unit of Mn (oxyhydr)oxides, the MnOg octahedron, is linked by
sharing edges and/or corners to form either layer or tunnel structures. Layered Mn (oxyhydr)oxides
(‘phyllomanganates’) consist of stacked sheets of edge-sharing MnOs octahedra (McKenzie, 1989;

Post, 1999) (Fig. 1.3).

a Lithiophorite b Na-birnessite

c Todorokite

Figure 1.3. Polyhedral illustration of selected phyllomanganates (a, b) and tectomanganates (c, d) occurring in
soils. MnOs octahedra are shown in magenta. Green colored octahedra in lithiophorite are structural (Al,Li)(OH)e
octahedra alternating with octahedral Mn layers. Na-birnessite shows disordered Na sites (green) between the
octahedral Mn layers. In todorokite and hollandite, green sites represent Mg and Ba interlayer cations. Unit cells
are indicated in blue.
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The most common member of this group in soils are hexagonal and triclinic birnessite and lithiophorite
(Table 1.1). In Mn (oxyhydr)oxides with tunnel structure (‘tectomanganates’), edge-sharing MnOg
octahedra form single, double or triple chains, in which MnOg octahedra share corners to produce
tunnels of varying size (Fig. 1.3). Prominent representatives of this mineral group occurring in soils are
cryptomelane and hollandite (2x2 tunnel), romanéchite (2x3 tunnel), and todorokite (3x3 tunnel)
(Table 1.1). Both, large tunnels and interlayer regions between octahedral sheets may host various
exchangeable cations (e.g., H*, Na*, K*, Ca?, Cu?, Mg?, Ni**) as well as water molecules, which
compensate positive charge deficits from Mn*-site vacancies or from substitution by lower valent
cations (Tebo et al., 2004). Generally, more than 30 Mn (oxyhydr)oxides are known, however, the

number of those identified in soils is lower (Table 1.1).

Table 1.1. Important Mn (oxyhydr)oxides found in soils (McKenzie, 1989)

Mineral Mineral formula® Crystal system? Structure

Phyllomanganates

Birnessite (vernadite, 5-Mn0z) (Mn*",Fe3*,Ca,Na)s1.00(0,0H)2:-nH20 Hexagonal Layer
Lithiophorite (ALLI)Mn*302(0H) Hexagonal Layer
Tectomanganates

Cryptomelane K(Mn*,Mn3*)s016 Monoclinic, 2x2°

Pseudotetragonal

Hollandite Ba(Mn*,Mn3*)3016 Monoclinic 2x2°b
Romanéchite (Ba,H20)2(Mn*,Mn3*)s010 Monoclinic 2x3Pb
Todorokite (Mn?*,Ca,Na,K)(Mn*,Mn%,Mg)s012:3H.0 Monoclinic 3x3°

Mn(lll) oxyhydroxides

Manganite® y-Mn3*O(OH) Monoclinic,
Pseudo-orthorhombic

Other

Hausmannite? (Mn?*,Mn3*)304 Tetragonal Spinel

aAfter Anthony et al. (2003).
bSize of tunnels formed by MnOg octahedra.

‘Reported by Post (1999) to be the most stable Mn(lll) oxyhydroxide mineral in the environment. The other
two MnOOH polymorphs are feitknechtite (B-Mn3*O(OH)), whose unequivocal evidence as a pedogenic soil
formation product is so far not given, and groutite (a-Mn3*O(OH)) (Shobayo et al., 2019).

dFirst described by Chukhrov and Gorshkov (1981) in a Chernozem subsoil (pH 8.3; Priazov district, former
USSR) and in a subsoil of a ‘meadow soil’ (pH 8.1; Prisalair district, former USSR).

Mn (oxyhydr)oxides in soils may be formed by different pathways. Typically, they are the result
of oxidation of dissolved Mn?* (Mayanna et al., 2015), which may occur by three different pathways in

soils:
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(1) Heterogeneous metal-oxide surface catalyzed oxidation, where Mn?* is oxidized at the surfaces of
e.g., albite, goethite, hematite, lepidocrocite, or MnO, (Wilson, 1980; Davies and Morgan, 1989; Junta
and Hochella, 1994; Tu et al.,, 1994). Reaction products from aqueous Mn?* at pH 26 at room
temperature were reported to consist of Mn(lll) oxyhydroxides, predominantly feitknechtite (B-
Mn3*O(OH)) (Junta and Hochella, 1994; Tu et al., 1994).

(2) Oxidation of Mn? by O, in homogeneous solution at pH =8 in the absence of surface catalysts or
bacteria (Morgan, 2005). Abiotic oxidation of Mn?* at approximately neutral pH typically produces
layer-type phases of the birnessite mineral group, with either triclinic or hexagonal symmetry, and with
varying degrees of crystallinity, from poorly crystalline 6-MnO; to crystalline birnessite (e.g., Villalobos
et al., 2003).

(3) Enzymatic oxidation of Mn?* by bacteria such as Pseudomonas putida strain MnB1 (Villalobos et al.,
2003), or fungi like Acremonium KR21-2 (Saratovsky et al., 2009). Under neutral to slightly alkaline pH
and under (hyp)oxic conditions, the microbially mediated oxidation of Mn?* in environmental systems
is well established (Francis and Tebo, 2001; Tebo et al., 2004; Nealson, 2006; Santelli et al., 2011;
Remucal and Ginder-Vogel, 2014). Also, this process is being considered magnitudes faster than abiotic
Mn?* oxidation (Nealson et al., 1988; Morgan, 2000). Recently, Mn?*-oxidizing bacteria were even
isolated from a former uranium mining site with a pH as low as 5.5 (Akob et al., 2014). However, the
mechanism of biological Mn?* oxidation at acidic pH remains to be solved (Bohu et al., 2015). Microbial
Mn?* oxidation may generally yield poorly crystalline and highly reactive phases with hexagonal
symmetry, which are mineralogically and morphologically similar to 6-MnO; (Bargar et al., 2005; Webb
et al., 2005; Villalobos et al., 2006).

In acidic environments, the abiotic oxidation of Mn?* is thermodynamically unfavorable and
slow and it is smaller than rates at circumneutral-alkaline pH reported for microbial Mn?* oxidation
(Nealson et al., 1988; Tebo et al., 2004; Morgan, 2005). For example, at pH = 8, half-lives for bacterial
oxidation of Mn?* are suggested to be 20 hours, oxide catalyzed oxidation may require 30 days, and
the oxidation in homogeneous solution 400 days (Morgan, 2005). Thus, Mn (oxyhydr)oxides generally
formed in natural systems are assumed to be largely of biogenic origin. These may then in turn oxidize
Mn?* at their highly reactive surfaces or are further transformed abiotically to serve as precursors for
more crystalline Mn phases, e.g., todorokite and various birnessites (i.e., triclinic birnessite, 10 A
hydrated phyllomanganate), or feitknechtite and manganite (y-Mn3*O(OH)) (Bargar et al., 2005;
Elzinga, 2011; Santelli et al., 2011).

In mineral soil horizons, Mn minerals are typically finely dispersed and poorly crystalline. Soils
characterized by recurrent wetting-drying cycles and thus changing redox potential (Eh) and pH may,
however, form micrometer to centimeter sized mottles, nodules, or concretions with strong Fe and

Mn enrichments (Schwertmann and Fanning, 1976; Glasby et al., 1979; Tebo and He, 1998; D'Amore
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et al., 2004; Reddy and Delaune, 2008) (Figs. 1.1 (8) and 1.3). During wet seasons and under anaerobic
conditions, solid Fe(lll) and Mn(lll/1V) species are reduced, mobilized and dissolved in pore waters,
while during dry seasons and aerobic conditions, they reprecipitate, become concentrated and cement
soil particles (Tebo and He, 1998; Manceau et al., 2003; Habibah et al., 2014). The result of such
alternating wetting-drying intervals is the typical concentric layering of these in-situ formed soil Fe-Mn
nodules (Manceau et al., 2003; Ettler et al., 2017). An increased occurrence of Mn nodules at the
bottom of the soil profiles was described by Sipos et al. (2011) and Ettler et al. (2017), likely due to

enhanced hydromorphism effects at depth and downward leaching of Fe and Mn.

Figure 1.4. X-ray mapping from field emission gun-electron probe microanalysis (FEG-EPMA) on a section of a
soil Fe-Mn nodule. The elemental distribution of Fe, Mn and Cu is visible in discrete, concentric layers (modified
after Ettler et al., 2017).

Mineralogically, Fe-Mn nodules typically contain primary minerals like quartz, feldspars, and micas,
which are cemented by a matrix of phyllosilicates and Fe and Mn (oxyhydr)oxides (Manceau et al.,
2003). In nodules from Carpathian Albeluvisols, Szymaniski et al. (2014) found todorokite in illuvial
horizons and manganite. Liao et al. (2019) examined deep sea sediments from the Central North Pacific
and detected vernadite, birnessite, and todorokite therein. The latter increased in abundance with
depth, affirming the transformation of birnessite to increasingly crystalline todorokite with time. Other
Mn (oxyhydr)oxides reported from Mn nodules and concretions typically include poorly crystalline,
turbostatic birnessite (6-MnQ) and ferric vernadite (6-(Mn,Fe)0,), cryptomelane, Mn-ferroxyhyte (6-
(Fe,Mn)OOH), hausmannite, hollandite, lithiophorite, manganite, pyrolusite (Mn*0,), and
romanechite (Taylor et al., 1964; Chukhrov and Gorshkov, 1981; Vodyanitskii et al., 2002; De Bakker et
al., 2003; Manceau et al., 2003; Manceau et al., 2005; Neaman et al., 2008) (see Table 1.1 for additional
mineral formulas). Compared to the surrounding soil matrix, soil Fe-Mn nodules and concretions show
strong enrichment factors for many trace and heavy metals like, e.g., Ba, Ca, Co, Cd, Fe, Mn, Pb, Ni,
Nu, V and the rare earth elements La and Ce (Burns, 1976; Latrille et al., 2001; Palumbo et al., 2001;
Liu et al., 2002; Manceau et al., 2003) underlining the role of Mn (oxyhydr)oxides in the sequestration

of (heavy) metal pollutants, rare earth elements (REE), and nutrients.
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1.3. ANALYTICAL APPROACHES TO MIN SPECIATION

Since bulk Mn concentration is typically low in soils (often <0.1 wt.%) and Mn (oxyhydr)oxides in
particular are additionally characterized by poor crystallinity, their identification and quantification by
conventional mineralogical and crystallographic methods (e.g., scanning electron microscopy (SEM) or
electron probe microanalysis (EPMA), (powder-) X-ray diffraction ((P)XRD), Infrared (IR) and Raman
spectroscopy) is challenging, if not impossible. Wet-chemical methods such as redox-based titration,
which are a classical method to infer the average oxidation state (AOS) of Mn in, e.g., mineral specimen
(Grangeon et al., 2012), are not suitable for soils due to low their Mn concentrations and interference
with other redox-active elements such as Fe. Studies targeting Mn speciation in soils and sediments
thus typically apply the following analytical approaches: (1) Sequential extractions (SE), (2) X-ray or

electron diffraction, and (3) Mn K-edge X-ray absorption spectroscopy (XAS).

(1) Sequential extractions

Sequential extraction methods are amongst the most commonly used procedures to assess the
speciation of (trace) metals in soils (Peltier et al., 2005) since they are easy to apply, cost- and time
effective. Sequential extractions selectively separate Mn species upon leaching by using a sequence of
appropriate chemical extractants with increasing extraction strength (Qiang et al., 1994; Narwall and
Singh, 2001; Kalembkiewicz et al., 2008; Frommer et al., 2011; Habibah et al., 2014). As a result,
operationally defined Mn fractions can be determined. Depending on the extractants used, these may
include fractions like ‘ready soluble and exchangeable Mn’ (1 M NHiNOs), ‘specifically sorbed,
carbonate-bound, or other weakly bound Mn’ (1 M NH4OAc, pH 6), ‘Mn oxides’ (0.1 M NH,0H-Cl + 1
M NH4OAc, pH 6), ‘amorphous and poorly crystalline Fe oxide-bound Mn’ (0.2 M NH, oxalate, pH 3.25),
‘crystalline Fe oxide-bound Mn’ (0.1 M ascorbic acid in 0.2 M NH,4 oxalate, pH 3.25), and ‘residual Mn’,
as conducted by Frommer et al. (2011) following the extraction protocol of Zeien and Briimmer (1989).
Quite different particulate metal pools are obtained when applying, e.g., the extraction procedure of
Tessier et al. (1979). Here, the operationally defined Mn pools ‘exchangeable’ (1 M MgCl,, pH7 or 1 M
NaOAc, pH 8.2), ‘carbonate-bound’ (1 M NaOAc, pH 5), ‘iron- and manganese- bound’ (0.3 M Na25204
+ 0.175 M Na-citrate + 0.025 M H-citrate), ‘organic matter-bound’ (5.3% NaOCI, pH 8.5 or (0.02 M
HNO3, 30% H20,, pH 2, 3.2 M NH4OAc in 20% v/v HNOs), and ‘residual’ (HF-HCIO4) can be explored.
This protocol was applied slightly modified by e.g., Qiang et al. (1994) and Kalembkiewicz et al. (2008),
who both studied topsoil materials. Apperently, such speciation results are hardly comparable, owing
to the different protocols used and the resulting different operationally defined metal fractions. Thus,
although sequential extractions offer the possibility to infer information on metal mobility,
transportation, and partitioning in particulate materials (Qiang et al., 1994), they must be discussed

controversially: The poor selectivity of extractants, Mn redistribution during extractions, incomplete
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dissolution of the target material, and above all, the outlined use of a large variety of non-standardized
extraction protocols differing in experimental specifications and chemical extractants, severely limit
the accuracy, explanatory power, and comparability of this speciation approach (Qiang et al., 1994,

Sutherland and Tack, 2003; Hlavay et al., 2004; Hass and Fine, 2010).

(2) X-ray or electron diffraction

To identify and characterize crystalline Mn minerals, X-ray or electron diffraction is frequently used
(Chukhrov and Gorshkov, 1981; Hem and Lind, 1983; Manceau et al., 1992; Drits et al., 1997; Liao et
al., 2019) (Fig. 1.5). However, the application of these diffraction techniques is largely restricted by the
low degree of crystallinity of Mn (oxyhydr)oxides, leading to broad and less diagnostic X-ray diffraction
(XRD) reflections and particularly in inhomogeneous matrices such as soils these are also often
overlapped by more intense peaks from other minerals (Zhang and Karathanasis, 1997; Liu et al., 2002).
In addition, the concentrations of well-ordered crystals, which are necessary to obtain suitable
reflections of Mn minerals with laboratory diffractometers, are rarely reached in soils. For these
reasons, diffraction-based studies in soils almost exclusively focused on more crystalline Mn minerals
in ferromanganese nodules and concretions in soils and sediments (e.g., Taylor et al., 1964; Uzochukwu

and Dixon, 1986; Liu et al., 2002; Manceau et al., 2003; Szymanski et al., 2014; Liao et al., 2019).

4000+
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Figure 1.5. Transmission electron microscope (TEM) image of fibrous todorokite nanocrystals from a Fe-Mn
micronodule obtained from a sedimentary core sample of the Central North Pacific Ocean. (a) Fiber-like
todorokite nanocrystals with (b) lattice fringes, (c) corresponding energy-dispersive X-ray spectrum showing the
elemental composition of the sample (modified after Liao et al., 2019).

Various Mn (oxyhydr)oxides were detected in ferromanganese nodules and concretions. However, it
is highly questionable whether Mn speciation results from these studies can be transferred to

(terrestrial) bulk soils omitting pedogenic Mn accumulation.

(3) Manganese K-edge X-ray absorption spectroscopy

The rapid development in the field of high brilliance, 3™ generation synchrotron radiation allows
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spectroscopic investigations down to the grain size range of poorly crystalline pedogenic Mn minerals.
On that account, synchrotron-based Mn K-edge X-ray absorption spectroscopy (XAS) is an attractive
method for the speciation of soil Mn (Manceau et al., 2005; Frommer et al., 2011; Hernandez-Soriano
et al., 2012; Herndon et al.,, 2014; Keiluweit et al., 2015; Mayanna et al., 2015). As opposed to
diffraction-based approaches, XAS is sensitive to the atomic short range order (Manceau and Combes,
1988), enabling analysis of crystalline and non-crystalline multicomponent samples such as soils, even
when Mn concentrations are only several hundred milligrams per kilogram. In particular, bulk XAS
analyses can be used to determine the average oxidation state and average local (<5 A) coordination
environment of Mn within a sample, supporting the characterization and identification of specific Mn
species therein. Many speciation studies make use of micro-focused pu-XAS, with which information on
the spatial distribution of Mn at the micrometer scale and thus processes in e.g., chemical species
transformation can be inferred (Manceau et al., 2002; Manceau et al., 2005). However, despite all
advantages of highly spatially resolved species information, under which e.g., a synergistic use with
synchrotron p-XRF, that can yield a lateral resolution of a few um?, and p-XRD falls (Manceau et al.,
2002), the local speciation results provided may not reflect ‘the big picture’ within a bulk sample
(Pickering and George, 2007).

The XAS spectrum consists of two sub-regions, the Mn K-edge X-ray absorption near edge
structure (XANES) and the extended X-ray absorption fine structure (EXAFS), both of which are used to
gain supplementary information. The XANES region offers information on the coordination geometry
and AOS (Kelly et al., 2008) of a metal, based on the shift of the absorption edge towards higher

energies with increasing AOS (e.g., McKeown and Post, 2001; Manceau et al., 2012) (Fig. 1.6).
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Figure 1.6. XANES absorption spectra of single-valent Mn species. The shift of the absorbance edge towards
higher energies with increasing Mn valence (i.e., +2, +3, +4) is indicated by the arrow. XANES spectra are obtained
from the publicly available database of Manceau et al. (2012).

By applying linear combination fitting (LCF) of the unknown XANES spectrum with well-characterized
multivalent Mn references, it is possible to obtain information on the fractional amounts of Mn?*, Mn¥,
and Mn* present in the sample (Manceau et al., 2012) with an accuracy of the resulting Mn AOS of
environmental samples down to ~0.1 valence units (v.u.) over the entire AOS range (see chapter 2).
The EXAFS region starts from approximately the absorption edge of the target element, i.e., 6,539 eV
in the case of Mn, and covers the subsequent high energy region of a spectrum. Observed spectral
oscillations arise from interference effects between the photoelectron wave emitted from the
absorbing atom and the fraction of the photoelectron wave that is backscattered by atoms surrounding
the absorbing atom (Manceau et al., 2002).

Various techniques exist for untangling the EXAFS region for the purpose of species
determination. The simplest one is spectral ‘fingerprinting’ (Friedl et al., 1997; McKeown and Post,
2001; Mayanna et al., 2015), where qualitative identification of Mn species is possible, if the species
in question exhibits unique spectral EXAFS features. For example, the peak near 8.0 A" was previously
used as a diagnostic fingerprint to differentiate between phyllo- and tectomanganates (McKeown and
Post, 2001). Moreover, in tectomanganates, the left-side shoulder of the ~6.7-A1 oscillation becomes
more intense with increasing content of corner-sharing octahedra (i.e., smaller tunnel size) and
eventually results in a split oscillation at 6.4 and 6.7 At (Manceau and Combes, 1988).

Another qualitative technique uses a Fourier transformed, background subtracted EXAFS
spectrum. Here, the obtained radial structure function in real space features peaks, that are diagnostic

for the local environment of the target atom (Manceau et al., 2002) (Fig. 1.7).
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The sensitivity of the EXAFS to the local molecular structure (Manceau et al., 2002; Kelly et al.,
2008) enables so-called ‘EXAFS shell fitting’, where nearest-neighbor distances (interatomic distances)
and coordination numbers around the X-ray absorbing atom can be determined. In manganates, the
central Mn atom is typically surrounded by six O atoms and interatomic first shell Mn-Mn distances of
~2.85-2.95 and ~3.40-3.80 A are diagnostic for edge- and corner-sharing Mn*'Os-octahedra
respectively (Fig. 1.7) (Duff et al., 2002; Webb et al., 2005). Typically, interatomic distances can be
resolved by EXAFS shell fitting down to 0.02 A and the coordination number may show an error of 25%

at best (Manceau and Combes, 1988).
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Figure 1.7. Relationship between EXAFS spectrum and atomic coordination. (a) EXAFS spectrum of the
tectomanganate cryptomelane and (b) its Fourier transform. Interatomic distances of (c) edge- and (d) corner-
sharing Mn**Os octahedra can be directly inferred from the Fourier transform by adding a shift of ~0.5 A to the
values indicated by the blue arrows in (b).

When it comes to quantification of metal species in environmental samples, EXAFS LCF is
commonly applied, frequently in combination with preceding principal component analysis (PCA) and
target transformation (TT) testing (Manceau et al., 2002; Scheinost et al., 2002; Langner et al., 2012;
Mikutta and Rothwell, 2016). The statistical PCA approach is basically used to reduce the
dimensionality in a set of sample spectra, thus it provides the number of unique species within all
samples and clarifies spectral membership. The TT is used to relate the PC's to physical standards and
derive the probability that a standard spectrum reflects a species within the sample (Kelly et al., 2008).
In the subsequent LCF analysis, the spectrum from a sample with unknown speciation is modelled by
additive linear combination of the selected reference spectra of known speciation, likely to occur
within the sample (Kelly et al., 2008). When applying LCF, knowledge on spectral (non-)uniqueness of
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reference spectra is a main issue. Similar to XANES LCF, a comprehensive EXAFS reference spectrum
library, containing all species possibly occurring in the unknown material, is decisive for successful

species quantification with EXAFS LCF.

1.4. RESEARCH MOTIVATION AND OUTLINE OF THIS THESIS

Despite decades of research on soil Mn speciation, available XAS studies are limited to the locally
resolved Mn speciation, which do not allow unrestricted conclusions with respect to the bulk sample,
to selected soil components (e.g., ferromanganese nodules and concretions), individual soil horizons,
or single soil profiles. Moreover, relationships between Mn speciation and physicochemical soil
properties are largely missing — such that also causal relationships remain poorly understood. Even
though XAS overcomes the limitations of conventional bulk XRD and SE analyses and can yield
information on major Mn species or species groups present in natural samples, a comprehensive
overview of bulk Mn speciation in soils is lacking. Moreover, the identification of single Mn species in
soils of different pedogenesis is entirely missing and Mn K-edge EXAFS spectroscopy has, to my
knowledge, never been used to quantitatively examine Mn speciation in bulk soils or sediments.
Although the general predominance of manganates in soils is typically assumed, possibly due to their
ubiquity, quantitative evidence is rare (Manceau et al., 2002; Vodyanitskii et al., 2002) and is totally
absent for a comprehensive suite of soil types.

As pointed out previously, XANES and EXAFS LCF is bound to the existence of an extensive
spectrum library. However, different to other redox-active elements like Fe, and even though several
Mn EXAFS studies of solid and aqueous Mn compounds provide fundamental information on the local
Mn coordination (Manceau and Combes, 1988; Silvester et al., 1997, McKeown and Post, 2001;
Manceau et al., 2005; Webb et al., 2005; Bhattacharya and Elzinga, 2018; Ahmad et al., 2019), a publicly
available, comprehensive spectroscopic database of Mn in fundamentally different coordinations does
not exist. The number of those available is either not sufficient for validation of EXAFS parameters
previously determined for specific Mn species, or they are not suited for Mn speciation analysis in soils.
Moreover, molecular-level information on Mn coordination of various potentially relevant soil Mn
species, such as organic Mn species or Mn being adsorbed to soil components, is totally absent.
Furthermore, systematic studies on spectral uniqueness of Mn compounds, a recurrently discussed
topic in LCF analyses (Scheinost et al., 2002; Gustafsson et al., 2020), are largely missing.

Therefore, this work comprises two consecutive studies that serve the overall goal to deepen
our understanding of the dynamics of Mn in soils, which is directly connected to its speciation. In doing

so, the studies link the pure observation of quantitatively determined species present in soils to the
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prevailing physicochemical soil parameter. Various analytical techniques are used in the work, with

the focus of both studies being on Mn-K edge XAS.

The first study (chapter 2) was designed to provide the first comprehensive framework for the
analysis and interpretation of Mn XAS spectra of environmental samples and thus for the evaluation
of the role of Mn in environmental processes. The study presents a suite of 32 Mn reference
compounds, including Mn (oxyhydr)oxides, carbonate, phosphate, and silicate minerals, as well as
organic and adsorbed Mn species, which were investigated by classic analytical methods (XRD, EPMA,
LA-ICP-OES) as well as Mn K-edge XANES and EXAFS spectroscopy. Their local (<5 A) Mn coordination
environment was studied by EXAFS shell-fit analysis. To clarify how well and to what extent individual
Mn species or species groups can be distinguished by XAS based on spectral uniqueness, descriptive
and multivariate statistics were applied. In addition, the accuracy of XAS to determine the Mn AQOS in
natural soil samples was inferred by comparing XANES-derived AOS with the AOS obtained from redox

titrations.

The second study (chapter 3) focuses on the quantification of Mn species in five undisturbed
major Central European soil types (Cambisols, Chernozems, Luvisols, Podzol, and Stagnosol). For this,
basic soil properties of 47 soil samples (45.1-2,280 mg/kg Mn) were determined and a suite of 46 soil
samples was investigated by Mn K-edge XANES and EXAFS spectroscopy. The obtained information
was correlated with major soil properties to relate variations and trends in Mn speciation to pedogenic
properties. For quantification of major Mn species groups in organic and mineral soil horizons, an
improved EXAFS LCF approach was developed and applied after PCA-TT on 20 soil samples, based on
the previously compiled Mn reference spectrum library from chapter 2. The study highlights the
suitability of Mn K-edge EXAFS spectroscopy and specifically EXAFS LCF for the quantification of the
bulk Mn species inventory of soils. Moreover, this is the first comprehensive study to quantify Mn
species in bulk soils by EXAFS spectroscopy. Since Mn speciation is directly connected with Mn mobility
and reactivity in soil and adjacent ecological systems, this study contributes to a deeper understanding

of the dynamics of Mn and the fate of pollutants and micronutrients in surface environments.
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ABSTRACT

X-ray absorption spectroscopy (XAS) offers great potential to identify and quantify Mn species in
surface environments by means of linear combination fit (LCF), fingerprint, and shell-fit analyses of
bulk Mn XAS spectra. However, these approaches are complicated by the lack of a comprehensive and
accessible spectrum library. Additionally, molecular-level information on Mn coordination in some
potentially important Mn species occurring in soils and sediments is missing. Therefore, we
investigated a suite of 32 natural and synthetic Mn reference compounds, including Mn oxide,
oxyhydroxide, carbonate, phosphate, and silicate minerals, as well as organic and adsorbed Mn
species, by Mn K-edge X-ray absorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) spectroscopy. The ability of XAS to infer the average oxidation state (AOS) of Mn
was assessed by comparing XANES-derived AOS with the AOS obtained from redox titrations. All
reference compounds were studied for their local (<5 A) Mn coordination environment using EXAFS
shell-fit analysis. Statistical analyses were employed to clarify how well and to what extent individual
Mn species (groups) can be distinguished by XAS based on spectral uniqueness. Our results show that
LCF analysis of normalized XANES spectra can reliably quantify the Mn AOS within ~0.1 v.u. in the range
+2 to +4. These spectra are diagnostic for most Mn species investigated, but unsuitable to identify and
quantify members of the manganate and Mn(lll)-oxyhydroxide groups. First-derivative XANES

fingerprinting allows the unique identification of pyrolusite, ramsdellite, and potentially lithiophorite
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within the manganate group. However, XANES spectra of individual Mn compounds can vary
significantly depending on chemical composition and/or crystallinity, which limits the accuracy of
XANES-based speciation analyses. In contrast, EXAFS spectra provide a much better discriminatory
power to identify and quantify Mn species. Principal component and cluster analyses of k*-weighted
EXAFS spectra of Mn reference compounds implied that EXAFS LCF analysis of environmental samples
can identify and quantify at least the following primary Mn species groups: (1) Phyllo- and
tectomanganates with large tunnel sizes (2x2 and larger; hollandite, romanechite, todorokite), (2)
tectomanganates with small tunnel sizes (2x2 and smaller; cryptomelane, pyrolusite, ramsdellite), (3)
Mn(lll)-dominated species (nesosilicates, oxyhydroxides, organic compounds, spinels), (4) Mn(ll)
species (carbonate, phosphate, and phyllosilicate minerals, adsorbed and organic species), and (5)
manganosite. All Mn compounds, except for members of the manganate group (excluding pyrolusite)
and adsorbed Mn(ll) species, exhibit unique EXAFS spectra that would allow their identification and
quantification in mixtures. Therefore, our results highlight the potential of Mn K-edge EXAFS
spectroscopy to assess bulk Mn speciation in soils and sediments. A complete XAS-based speciation
analysis of bulk Mn in environmental samples should preferably include the determination of Mn
valences following the ‘Combo’ method of Manceau et al. (2012) (American Mineralogist 97, 816-827),
EXAFS LCF analyses based on principal component and target transformation results, as well as EXAFS
shell-fit analyses for the validation of LCF results. For this purpose, all 32 XAS reference spectra are

provided in the Supplementary material for further use by the scientific community.

2.1. INTRODUCTION

Manganese (Mn) is a redox-sensitive element with a crustal abundance of about 0.1 wt.%
(Yaroshevsky, 2006). It participates in numerous globally important environmental processes such as
photosynthetic oxygen production and oxidative lignin degradation, and serves as an activator of more
than 35 enzymes (Burnell, 1988; Jensen et al., 1996; Broadley et al., 2012; Keiluweit et al., 2015). The
three naturally occurring Mn oxidation states +2, +3, and +4 account for the large variety of single- and
mixed-valent Mn species in environmental samples, including oxides and oxyhydroxides (collectively
termed (oxyhydr)oxides), carbonates, phosphates, silicates, organic compounds or Mn species being
adsorbed to (in)organic surfaces. Manganese concentrations in sediments and bedrocks may be as low
as 20 mg/kg in quartz sands and >1,000 mg/kg in basic rocks like basalt and gabbro (Chatzistathis et
al., 2012; Blume et al., 2016). Natural background levels of soil Mn range between 40 and 1,000 mg/kg
(Blume et al.,, 2016), but neither total nor exchangeable Mn in soil is correlated with bedrock

composition, indicative of a high Mn mobility in the Earth’s crust (Mortvedt, 2000).
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The mobility of Mn in soils and sediments depends largely on biological processes controlling
its redox state (Tebo et al., 2005). Since Mn?* is more soluble than Mn*, Mn bioavailability tends to
increase with decreasing pH and redox potential (Blume et al., 2016). A particularly important role in
the cycling of Mn in surface environments is attributed to Mn(lll/IV) (oxyhydr)oxides, since their
precipitation and dissolution primarily control the amount of soluble and thus bioavailable Mn?* (Tebo
et al., 2004; Martin, 2005). These minerals exist either as layer or tunnel structures. Layer-type
Mn(IlI/IV) (oxyhydr)oxides (‘phyllomanganates’) consist of stacked sheets of edge-sharing MnOg
octahedra, whereas in Mn(lll/1V) (oxyhydr)oxides with tunnel structure (‘tectomanganates’) MnOsg
octahedra form single, double or triple chains by sharing edges, which are linked together via MnQOg
corners to produce tunnels of varying size (McKenzie, 1989). Positive charge deficits created by Mn**
site vacancies or the substitution of structural Mn3*** by cations of lower valence are compensated by
exchangeable cations (e.g., H*, Na*, K*, Ca*, Mg¥, etc.) occupying the tunnel or interlayer spaces
(McKenzie, 1989).

Manganate minerals are thought to be primarily formed via fast enzymatic Mn?* oxidation by
bacteria and fungi (Tebo et al., 2004). Resulting Mn(lll/IV) (oxyhydr)oxides are poorly crystalline
phyllomanganates structurally akin to H*-birnessite (‘acid birnessite’) or 6-Mn0Q,, and may serve as
precursors for more crystalline Mn oxides (e.g., todorokite) and Mn(lll) oxyhydroxides (e.g.,
feitknechtite, manganite) through ageing and/or redox reactions involving dissolved Mn?* (Miyata et
al., 2007; Feng et al., 2010; Elzinga, 2011).

The role of Mn(lll/IV) (oxyhydr)oxides as strong oxidants for inorganic and organic soil and
sediment constituents is well documented (Bartlett, 1981; Villinski et al., 2001; Feng et al., 2007;
Remucal and Ginder-Vogel, 2014; Ehlert et al., 2016). Owing to their low point of zero charge and high
specific surface area, biogenic Mn(lll/IV) (oxyhydr)oxides show a high affinity towards heavy metals
like Co, Cu, Ni, and Zn, which frequently exceeds that of Fe(lll) (oxyhydr)oxides (O'Reilly and Hochella
Jr, 2003; Tebo et al., 2004). As a consequence, soil Mn contained in ferromanganese nodules and
concretions is often associated with these trace metals (Latrille et al., 2001; Liu et al., 2002; Manceau
et al., 2003).

Despite the ecological importance and omnipresence of Mn in terrestrial surface
environments, studies targeting the identification and quantification of chemical forms (species) of Mn
are surprisingly rare. Available Mn speciation studies can be grouped into three categories. Category
1 studies used sequential extraction methods (Qiang et al., 1994; Narwall and Singh, 2001;
Kalembkiewicz et al., 2008; Habibah et al., 2014), which provide valuable information on operationally
defined Mn fractions. However, poor selectivity of extractants, Mn redistribution during extractions,
and the use of a large variety of non-standardized extraction procedures severely limit the explanatory

power of this speciation approach (Sutherland and Tack, 2003; Hlavay et al., 2004; Hass and Fine,
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2010). Category 2 studies employed X-ray or electron diffraction to identify and/or characterize Mn
minerals in geomaterials. The use of these techniques is hampered by the fact that Mn minerals in soils
and sediments are frequently nanocrystalline and amorphous to X-rays (Ross et al., 1976; Chukhrov
and Gorshkov, 1981; Rhoton et al., 1993; Zhang and Karathanasis, 1997; Latrille et al., 2001; Cornu et
al., 2005). Therefore, these studies almost exclusively focused on ferromanganese nodules and
concretions in soils (Taylor et al., 1964; Tokashiki et al., 1986; Uzochukwu and Dixon, 1986; Liu et al.,
2002; Manceau et al., 2003; Szymanski et al., 2014) or sediments (Taira et al., 1981; Lee and Xu, 2016).
Category 3 studies utilized synchrotron-based Mn K-edge X-ray absorption spectroscopy (XAS) to
speciate soil (Manceau et al., 2005; Frommer et al., 2011; Hernandez-Soriano et al., 2012; Herndon et
al., 2014; Keiluweit et al., 2015) and sediment Mn (Friedl et al., 1997; O'Day et al., 2000; Carroll et al.,
2002). Regardless of the type of Mn species present, high-brilliance synchrotron facilities provide the
capability for non-destructive analysis of oxidation state and average local (<5 A) coordination of Mn
in environmental samples with Mn concentrations of several hundred milligrams per kilogram.
Previous XAS studies mostly employed either Mn K-edge X-ray absorption near edge structure (XANES)
or microfocused extended X-ray absorption fine structure (EXAFS) spectroscopy. The XANES technique
is useful to infer the average oxidation state (AOS) of Mn in soils and sediments based on the shift of
the absorption edge towards higher energies with increasing Mn AOS (McKeown and Post, 2001;
Manceau et al., 2012). Quantitative information on the fractional amounts of Mn?*, Mn3*, and Mn*
and the resulting Mn AQOS in a sample can be obtained by the ‘Combo’ linear combination fit (LCF)
analysis method of (Manceau et al.,, 2012) using a XANES spectra database of well-characterized
monovalent Mn references. The accuracy of this method was estimated to be 0.04 valence units (v.u.)
in the Mn AOS range +3 to +4, which decreased when the proportion of divalent Mn was greater than
15% (Manceau et al., 2012). Although this state-of-the-art LCF approach has already been used to
analyze the AOS of soil Mn (Herndon et al., 2014; Keiluweit et al., 2015), its generic applicability has
not been validated by other methods available for Mn AOS quantification.

In addition to the determination of Mn oxidation states, Mn K-edge XANES spectra may in
principle be useful for the identification and quantification of distinct Mn species in unknown samples
using LCF analysis (Frommer et al., 2011; Leven et al., 2018; Morales-Pérez et al., 2021). However,
limited numbers of fit references, spectral similarity of different species, and non-unique LCF solutions
can severely limit this approach (Scheinost et al., 2002; Gustafsson et al., 2020).

In contrast to XANES analyses, EXAFS spectroscopy has hitherto only rarely been used for the
identification and quantification of Mn species in soils and sediments (Manceau et al., 2005; Mayanna
et al., 2015). EXAFS evaluations of environmental samples typically include shell-fit and LCF analyses
(Scheckel and Ryan, 2004; Ahmad et al., 2019), the latter often combined with principal component

analysis (PCA) and target transformation (TT) testing (Manceau et al., 2002; Scheinost et al., 2002;
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Langner et al., 2012; Mikutta and Rothwell, 2016). Decisive for the success of Mn EXAFS LCF analysis is
the existence of a comprehensive spectrum library including relevant Mn species potentially occurring
in terrestrial environments. Several EXAFS studies provide fundamental information on the local Mn
coordination in a range of Mn compounds (Manceau and Combes, 1988; Silvester et al., 1997,
McKeown and Post, 2001; Manceau et al., 2005; Webb et al., 2005; Bhattacharya and Elzinga, 2018;
Ahmad et al., 2019). However, the number of publicly available Mn EXAFS spectra is neither sufficient
for validation of EXAFS parameters previously determined for specific Mn species, nor for Mn
speciation analysis of soils and sediments. Additionally, systematic studies on spectral uniqueness of
Mn compounds are largely missing. Complicating matters further, EXAFS data are lacking for various
potentially important Mn species such as Mn-containing silicate and phosphate minerals, organic
Mn(II/111) compounds, and adsorbed Mn(ll) species.

The main objective of this study was to evaluate how well and to what extent different Mn
species potentially occurring in terrestrial surface environments such as soils and sediments can be
distinguished by Mn K-edge XANES and EXAFS spectroscopy. To this end, we collected XAS spectra of
32 well-characterized mineral and organic Mn compounds and analyzed these spectra for features and
structural information that allow the discrimination of distinct Mn species (groups). This information
is indispensable for the correct analysis and interpretation of Mn XAS spectra of environmental
samples. In addition, we used redox titrations to verify the accuracy of the ‘Combo’ XANES LCF method

of Manceau et al. (2012) for determining the AOS of Mn in geomaterials

2.2. MATERIALS AND METHODS

2.2.1. MANGANESE REFERENCE COMPOUNDS

The 32 natural and synthetic Mn reference samples analyzed in this study, 15 natural and 17 synthetic,
belong to seven main groups: (1) Phyllomanganates, (2) tectomanganates, (3) oxide minerals without
tunnel or layer structure, (4) Mn(lll) oxyhydroxides, (5) carbonate, phosphate, and silicate minerals,
(6) organic Mn(l1/111) compounds, and (7) Mn(ll) adsorbed to (in)organic materials. Table 2.1 lists all
reference compounds along with information on, for example, ideal and empirical formulas, structure

type where appropriate, Mn content, and XAS spectrum source.
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Table 2.1. Manganese reference compounds studied by XAS

No. Reference Mineral formula (nominal / empirical)? Remarks Mn (wt.%)®  Spectrum source
Phyllomanganates
Acid Na-birnessite (hex, 5 4 .
syn) Ho.06K0.18(H20)0.5aMn3*0 08(H20)0.24(Mn**0 g3,vaco 12)51.0002 54 This study
2 86-MnO; (syn) (Mn#,Fe3*,Ca,Na)s1.00(0,0H),-nH,0 49 This study
McKeown and Post
3 Lithiophorite (ALLI)Mn#*,0,(OH), / Al,LiMn**;Mn3*0¢(OH)e 39° (2001)
4 Na-birnessite (tricl, syn) Nao.26(Mn*0.7aMn3*0 26)51.0002 55 This study
Tectomanganates
5 Cryptomelane K(Mn*,Mn3+*)gO16 / (Ko.78Na0.065i0.05Ca0.04ZN0.035r0.02)50.98(MN**6.73Mn3*1 25Al0.06)18.01016 2x2 tunnel 57 This study
6 Cryptomelane (syn) K(Mn*,Mn3+*)gO16 / (Ko.89Pbo.01)0.90(Mn**6 7sMn3*1 31)58.10016 2x2 tunnel 62 This study
. McKeown and Post
7 Hollandite s.s. Ba(Mn#,Mn3*)g016/ (Bao.75Pbo.16)0.91(Mn**Mn3*Fe)ss.00016 2x2 tunnel n.d. (2001)
8 Pyrolusite B-Mn*0, / (MNn*g.99Al0.01)51.0002 1x1 tunnel 61 This study
9 Pyrolusite (syn) B-Mn#0, 1x1 tunnel 61¢ This study
10 Ramsdellite R-M n4+02/ (Mn4+o_99A|0_01)21_0002 1x2 tunnel 62 This study
o McKeown and Post
11  Romanéchite (Ba,H20)2(Mn*,Mn3*)s010 / Bao.es(Mn*3 6sMn*1 35)55.000101.34H,0 2x3 tunnel >0° (2001)
12 Romaneéchite (Ba—free, syn) (Na,Hzo)z(Mn)mOzo/ Na1_03(Mn4+4_17|V|n3+o_74)z4_91010'H20 2x3 tunnel 60 This study
13 Todorokite (Mn2+,Ca,Na,K)(Mn#*,Mn2*,Mg)e012:3H,0 / 3x3 tunnel 52 This study
(Mn2*.18Cap.22Na0.225r0.14K0.11ZN0.08Ba0.03Si0.02)50.99(MN**5 15MNn2* 0. 6:Mg0.23) 56.00 O12:3H20
14  Todorokite (syn) (Mn2+,Ca,Na,K)(Mn?**,Mn2*,Mg)e012:3H,0 / Mng 1Mgo 7012-3H,0 3x3 tunnel 56¢ Peacock and Moon
(2012)
Oxide minerals without layer or tunnel structure
15  Bixbyite (Mn3+,Fe3+),03 / (Mn3*1 74Fe3*0.21Al0.05)52.0003 60 This study
16  Bixbyite (syn) Mn3+,03 70¢ This study
17 Hausmannite (Mn2*,Mn3*)304/ (Mn3*1.97,Mn2*1 goFe3*0.02)53.0004.00 Spinel 70 This study
18  Manganosite (syn) MnZ*O 77¢ This study
Mn(lll) oxyhydroxides
19  Feitknechtite (syn) B-Mn3*O(OH) 62¢ Lefkowitz et al. (2013)
20  Groutite a-Mn3+*O(OH) / a-(Mn3*.9sMgo.1)50.990(OH) 60 This study
21  Manganite (syn) y-Mn3+*O(OH) / y-Mn3*1 oO(OH) 66 This study
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Table 2.1 (continued)

No. Reference Mineral formula (nominal / empirical)? Remarks Mn (wt.%)®  Spectrum source

Carbonate, phosphate, and silicate minerals

22  Braunite Mn3*Mn2*¢05Si04/ (Mn3*6.0sMn2*g 80Cap.15Al0.01)57.0408Si0.9504 Nesosilicate 61 This study

23 Hendricksite K(Zn,Mg,Mn2*)3Si3Al010(0OH), / Trioctahedral 8 This study
(Ko.93Nao.07)s1.00(ZN1.28Mgo.76Mn2*0 76F€2*0 28Ba.01 Ti0.01)s3.10(Si2.83Al1.17)54.00010(Fo.03(OH) 1.97)52.00 mica

24 Masutomilite K(Li,Al,MnZ2*)3(Si,Al)4010(F,OH). / Trioctahedral 2 This study
(Ko.85Nao.04)z0.89(Li1.53A11.23MN2*0.18)52.94(Si3.43Al0.57)£4.0009.93( F2.06Clo.01)52.07 mica

25 Rhodochrosite MnZ*CO3/ (MnZ*5.94ZN0.03Ca0.02Mg0.01)51.00CO3 Carbonate 43 This study

26  Triplite (MnZ+,Fe2+,Ca,Mg)(PO4)(F,0H) / (Mn2*; 10Fe2*5 74Ca0.10M8o0.05)52.00(P0.9903.96) (Fo.70(OH)0.21)51.00 Phosphate 27 This study

Organic Mn(lI/11l) compounds
Mn(Il) acetate tetrahydrate

27 (syn) Mn2+(CH3COO0),-4H,0 22¢ Ehlert et al. (2014)
syn
Mn(ll) oxalate dihydrate
28 (I y Mn2+*C,04-2H,0 31c This study
(syn)
Mn(lIl) acetate dihydrate .
29 Mn3*(CH3C00)3-2H,0 20¢ This study
(syn)
Adsorbed Mn(ll) species
30 Mn(II) ads. illite pH7 KO_G5AI2_0(AI0_55$i3_35010)(OH)2---Mn2+x PhyIIosiIicate 0.7 This study
Organic .
31  Mn(ll) ads. peat pH7 ) 0.9 This study
sediment
Organic
32 Mn(ll) ads. peat pH5 g. 1.2 This study
sediment

aNominal mineral formulas after Anthony et al. (2003). Empirical formulas of birnessites and 6-MnO, are taken from Villalobos et al. (2003, 2006), those of hollandite, lithiophorite, and
romanéchite from McKeown and Post (2001), and the formula of todorokite (syn) from Feng et al. (1995). All other empirical mineral formulas are based on chemical analysis of this study.
bDetermined by chemical analysis of this study unless stated otherwise. n.d. = not determined.

Calculated from mineral formula (empirical if two formulas are stated). No chemical analysis performed in this study.
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Natural mineral samples were carefully handpicked using a binocular microscope. The cleanest looking
crystals or parts with least alteration were chosen for further analysis. Synthetic bixbyite, manganosite,
and pyrolusite were purchased as mineral powders. Cryptomelane was synthesized according to
McKenzie (1971), 5-MnO,, hexagonal acid and triclinic Na-birnessites following Villalobos et al. (2003),
manganite was synthesized using a slightly modified protocol from Chiu and Hering (2000), and Ba-
free romaneéchite following Shen et al. (2005).

Manganese(ll) adsorption samples were prepared by batch experiments using a natural 85:15-
90:10 illite-smectite mineral with R3 ordering from Flizérradvany, Hungary (<2-um fraction; Dohrmann
et al., 2009) and peat from a raised peat bog (Federseemoor) near Bad Buchau, Germany (40-250-um
fraction; Hoffmann et al.,, 2012) as adsorbents. Experimental conditions are detailed in the

Supplementary material.

2.2.2. CHARACTERIZATION OF MIN REFERENCE COMPOUNDS

2.2.2.1. X-RAY DIFFRACTION

All available solids were analyzed by powder X-ray diffraction (PXRD) in Bragg-Brentano geometry
using a Bruker AXS D4 Endeavor diffractometer equipped with a secondary graphite monochromator
(CuKou, radiation) and a scintillation counter. X-ray diffraction patterns were collected at room
temperature within a 2theta range of 5-110° using a measuring time of 4-10 s per 0.02° step (tube
settings: 40 kV/40 mA). The identity of all minerals was confirmed (Figs. A.1 and A.2). Minor impurities
in ramsdellite result from its transition to pyrolusite. Natural pyrolusite and groutite showed minor
manganite impurities. An unknown reflection was found in the diffractograms of triclinic Na-birnessite
and synthetic cryptomelane. Remaining additional diffraction peaks in different Mn compounds could
be assigned to non-Mn phases such as calcite in groutite, annite in hendricksite, and quartz in braunite
and in the peat sample. Literature references or powder diffraction file (pdf) numbers used for XRD

evaluation are compiled in Table A.1.

2.2.2.2. CHEMICAL COMPOSITION

Twelve natural minerals were prepared as polished and carbon-coated thin sections. Their chemical
composition was determined by electron probe microanalysis (EPMA) using a CAMECA SX100
instrument equipped with five wavelength-dispersive spectrometers. A focused beam was used with
an acceleration voltage of 15 kV and a beam current of 15 nA for major elements (Al, Cr, K, Mg, Mn, P,
Si, Ti) and 100 nA for minor or trace elements (Ba, Ca, Cl, F, Fe, Na, Sr, Zn). Counting time on element
peaks was 10 s for Al, Ba, Cr, K, Mn, Na, Si, 20 s for Ca, Cl, Fe, Mg, P, Sr, Ti, 30 s for Zn, and 50 s for F.
Background counting times were half on-peak counting times. The following standards were used for

calibrations (element, analyzer crystal): Fe,03 (Fe, large lithium fluoride (LLIF)), jadeite (Na, thallium
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acid phthalate (TAP)), kyanite (Al, TAP), Mn3O4 (Mn, LLIF), orthoclase (K, pentaerythritol (PET)),
wollastonite (Si, Ca, TAP and PET, respectively), olivine (Mg, TAP), TiO, (Ti, large pentaerythritol (LPET)),
Cr,05 (Cr, LPET), apatite (P, PET), NaCl (Cl, LPET), ZnS (Zn, LLIF), SrF, (F, Sr, TAP and LPET, respectively),
BaSO. (Ba, LPET). Results of these analyses are summarized in Table S2. Detection limits for each
element measured are listed in Table A.3. The elemental composition of remaining reference
compounds is given as provided by the supplier (synthetic bixbyite, manganosite, pyrolusite, organic
Mn(II/1Il) Mn compounds) or as stated in the respective publications (synthetic feitknechtite and
todorokite) (Table 2.1). For references with adsorbed Mn(ll), the Mn content was determined as
described in the Supplementary material.

The chemical composition of six synthetic mineral compounds (acid Na-birnessite,
cryptomelane, 3-Mn0O,, manganite, Na-birnessite (tricl), romanéchite) was determined by inductively
coupled plasma—optical emission spectrometry (ICP-OES, Agilent 5900 SVDV) after acid digestion of
the samples at 120-140 °C (Table A.2.). Acid reagents included 69% HNOs (Suprapur’, Roth), 37% HCI
(p.a., Roth), and, if necessary, 40% HF (p.a., Merck) and 30% H,0, (Suprapur®, Merck). Peat samples
were previously combusted at 550 °C overnight in a ceramic crucible. Digestions are described in the
Supplementary material, and detection limits for each element measured can be found in Table A.3.

Based on chemical composition, empirical mineral formulas (Table 2.1) were calculated after
normalization to oxygen. Fractional amounts of Mn valences per formula unit were determined by
charge-balance calculations. Mineral formulas of synthetic Na-birnessites and 6-MnO, are those stated
in their respective synthesis protocols. Details on empirical formula calculations are presented in the

Supplementary material.

2.2.2.3. REDOX TITRATION

Redox titrations for the determination of bulk Mn AOS were performed after Grangeon et al. (2012)
using an automated titration system (TitroLine 7800, SI Analytics). Briefly, (NH4),Fe(SO4)2:6H20
(‘Mohr’s salt’) was used to reduce Mn3/#* in Mn reference compounds to dissolved Mn?". The excess
reductant (Fe**) was back-titrated with KMnOQ, solution and total Mn determined by the re-oxidation
of Mn?* to Mn*', stabilized by pyrophosphate (P,0;*). All measurements were carried out in duplicates

or triplicates.

2.2.2.4. MANGANESE K-EDGE XAS

Bulk Mn K-edge XAS spectra of 26 Mn reference compounds were collected at beamline 7-3 of the
Stanford Synchrotron Radiation Lightsource (SSRL, Menlo Park, USA), beamline 5-BM-D of the
Advanced Photon Source (APS, Argonne, USA), and beamlines P64 and P65 of PETRAIll at the

Deutsches Elektronen-Synchrotron (DESY, Hamburg, Germany). The beamlines were equipped with
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Si(220) (7-3) and Si(111) double-crystal monochromators (5-BM-D, P64, P65), which were calibrated
by setting the first-derivative maximum of the K-edge absorption spectrum of elemental Mn to 6,539
eV. Higher harmonics in the beam were reduced by detuning monochromators by 15-50% and by
harmonic rejection mirrors (P65). In addition, 3-um Cr filters were used to reduce undesired
fluorescence radiation at beamlines 7-3 and P65. Measurements were performed in both fluorescence
and transmission mode utilizing solid-state fluorescence detectors (7- or 30-element Ge detectors,
Vortex SDDs) and ionic chambers, respectively. To avoid beam damage, all samples were measured at
5-20 K employing He-cryostats or at 77 K (5-BM-D) using a Lincam cell. Details of the sample
preparation can be found in the Supplementary material.

Spectra were recorded with a maximum energy increment of 5 eV before the edge and 0.2-0.3
eV along the edge. The EXAFS was recorded with a k-space resolution of 0.05 AL, Five to 20 scans were
collected per sample. Spectra of a Mn metal foil were used to correct for slight energy shifts during
sample measurements.

Spectral pre-processing, including merging of individual scans, rebinning, and energy
calibration, was conducted in SIXPack (Webb, 2005) or Athena (Ravel and Newville, 2005). The spectra
were further processed in Athena following standard routines. The pre-edge region was fit with a linear
function and the post-edge region with a quadratic polynomial. The edge-step energy, Eo, was defined
as the first maximum of the first XANES derivative. For background removal the Autobk algorithm was
applied. The frequency cut-off parameter, Rug, Was set to 0.9-1.1, and the k-weight for background
removal to two or three. A Hanning window function with a sill width of 2 A was used to Fourier
transform the data.

In addition to the measured spectra, six XAS spectra were obtained from external sources

(Table 1.2). Details on their origin and measurement can be found in the respective publications.

2.2.2.5. MANGANESE XAS DATA ANALYSIS

For the determination of Mn AOS and the fractional amount of each Mn oxidation state present in the
reference compounds, we applied the ‘Combo’ LCF method of Manceau et al. (2012). For this,
normalized XANES spectra were fit using 17 Mn K-edge XANES spectra of monovalent Mn references
available as open source in Manceau et al. (2012) (deposit item AM-12-037), which were processed as
described above. The fits were performed in Athena over an energy range of -20 to 30 eV (E-Eo) by
applying a non-negativity constraint. A single Eo shift was used for all standards. During the fits,
negatively loaded references were progressively eliminated until only references with positive (or
zero) loadings remained. Each previously deleted reference was then again randomly added and the
fit run again to assure that the global minimum was found using the normalized sum of squared

residuals (R-factor) as best-fit criterion (Manceau et al., 2012). Eventually, no negative loadings

52



X-ray absorption spectroscopy study of Mn reference compounds for Mn speciation in terrestrial
surface environments

remained and the total fraction of each Mn oxidation state in the sample analyzed was calculated as
the sum of the individual component fractions (Manceau et al., 2012).

Least-squares fits of k>-weighted EXAFS spectra of Mn reference compounds were performed
in Artemis (Ravel and Newville, 2005) on a shell-by-shell basis in R-space (R+AR ~1-4 A). R-space
resolution as given by the Rayleigh criterion (0.57/(kmax—Kkmin)) Was 0.14-0.20 A, such that atomic shells
separated by lower values could not be resolved. Theoretical phase-shift and amplitude functions were
calculated with FEFF6 (Ankudinov et al., 1998) based on crystal-structure information. Partial
occupancies due to chemical substitution as revealed by chemical analyses were accounted for by
adding additional atoms into the respective feff.inp file. For structures containing two or more
inequivalent Mn sites (e.g., bixbyite, hausmannite), aggregated FEFF calculations were used, that is,
path lists of individual sites were automatically merged together and weighted by the fractional
population of the site in the unit cell (Ravel, 2014). The passive amplitude reduction factor, S¢?, was
fixed to 0.8 during optimization. If individually fitted Debye-Waller parameters, ¢, converged towards

similar values, they were equated in the final fit to reduce the number of fit variables.

2.2.2.6. STATISTICS

The Pearson correlation coefficient was used as a similarity metric for normalized and first-derivative
XANES (E = 6,530-6,600 eV) as well as k*>-weighted EXAFS spectra (k = 2.0-11.5 A, £, = 6,563 eV).
Principal component analysis (PCA) was performed on the k?-weighted Mn EXAFS spectra. Suitability
of this data for PCA was confirmed by the Kaiser-Meyer-Olkin (KMO) test in SPSS Statistics (IBM Corp.).
In addition, an unsupervised hierarchical cluster analysis of the EXAFS spectra was conducted using
Ward's clustering algorithm (Ward, 1963) with squared Euclidean distances as distance measure.
Correlation, PC, and cluster analyses were conducted in Statistica (TIBCO Software Inc.). For linear
regression between XANES- and titration-based Mn AOS, normal distribution of data points, constant
variance of the dependent variable, and independence of residuals were assured by Shapiro-Wilk and
Spearman rank correlation tests as well as Durbin-Watson statistic, respectively, using SigmaPlot v.14

(Systat Software Inc.).

2.3. RESULTS AND DISCUSSION

2.3.1. XANES SPECTRA OF MN REFERENCES COMPOUNDS

Figure 2.1 illustrates absorbance shifts to higher energies with increasing Mn AOS of Mn reference
compounds. Here, a zero-energy value was defined by setting the first maximum of the first XANES
derivative in the pre-edge region (~6,539 eV) to 0 eV. The ordinate represents the relative energy at

which the normalized absorbance XANES signal first reaches 50% of the edge absorption maximum.
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Manganese compounds belonging to different Mn AOS groups are clearly separated, confirming that

XANES data allow a general classification of Mn species with respect to Mn oxidation state.

16 . : | | | . . | |

A A0S 20-25 Pyrolus‘nrte (syn)
—_ m A0S 3.0-35
E v A0S 3.7-4.0 v vvvv
= 14 - v pt
.g r
a v
E Hollandite, Lithiophorite —» & m
o 124 o
- = o
k=)
c [m} =
9o
= |
g 104 ] Hausmannite

B t
3 Rhodochrosite 5 ra:m < o
2 / A
e N A Masutomilite
s o R -
Triplite Hendricksite
A
T T T T T T T -

Relative position of normalized absorption maximum (eV)

Figure 2.1. Classification plot of Mn reference compounds. Different XANES-derived Mn AOS based on
absorption-edge position are shown relative to the first maximum in the first XANES derivative at ~6,540 eV
(after Marcus et al., 2008). Note that masutomilite and hendricksite as well as hausmannite and braunite are
separated from other members of the low- and medium-AQOS range. Synthetic pyrolusite shows the highest Mn

AOS of 4.0 of all reference compounds.

Figures 2.2 and 2.3 show normalized XANES and corresponding first-derivative spectra of Mn reference
compounds, and Table 2.2 summarizes primary absorption peaks identified up to 6,570 eV. Phyllo- and
tectomanganates with varying amounts of Mn** and Mn*" generally show XANES spectra with broad
pre-peaks at 6,541.5-6,543.4 eV, smoothly rising absorption edges, and maximal absorbances between
6,560.3 and 6,562.5 eV (Fig. 2.2, Table 2.2). The similarity of their XANES features suggests that a
unique identification of single members in mixtures would not generally be possible. However,
lithiophorite exhibits a unique edge feature, leading to two distinct peaks in the first-derivative XANES
spectrum at 6,551.5 and 6,557.5 eV. This feature may aid the identification of lithiophorite in mixtures
with other phyllomanganates. Among tectomanganates, cryptomelane (2x2 tunnels), hollandite sensu
stricto (s.s.) (2x2 tunnels), romanechite (2x3 tunnels), and todorokite (3x3 tunnels) possess similar
XANES spectra. In contrast, the first-derivative XANES of pyrolusite (1x1 tunnels) and ramsdellite (1x2
tunnels) feature characteristic double peaks at ~6,552 and ~6,558 eV (Fig. 2.2, Table 2.2), potentially
allowing the identification of tectomanganates with the smallest tunnel sizes in environmental

samples. Differences in XANES spectra observed for natural and synthetic tectomanganates
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(cryptomelanes, pyrolusites, todorokites) reflect the sensitivity of XANES spectroscopy to variations in

mineral composition and/or crystallinity (Fig. 2.2).
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Figure 2.2. Stacked normalized Mn K-edge XANES (left) and corresponding first-derivative spectra (right) of
phyllo- and tectomanganates. The spectrum numbers match the numbers in Table 2.1: 1 - acid Na-birnessite
(hex, syn), 2 - 8-MnO: (syn), 3 - lithiophorite, 4 - Na-birnessite (tricl, syn), 5 - cryptomelane, 6 - cryptomelane
(syn), 7 - hollandite s.s., 8 - pyrolusite, 9 - pyrolusite (syn), 10 - ramsdellite, 11 - romanechite, 12 - romanéchite

(Ba-free, syn), 13 - todorokite, 14 - todorokite (syn).

Manganese oxides without layer or tunnel structure such as bixbyite (ferric Mn(lIl) oxide), hausmannite
(Mn(11/111) spinel), and manganosite (Mn(ll) oxide) show a greater variability in their XANES spectra,
reflecting different Mn oxidation states and Mn coordination environments (Fig. 2.3). While natural
and synthetic bixbyites show featureless absorption edges similar to phyllo- and tectomanganates (but
distinct differences in their first-derivative spectra), hausmannite exhibits a prominent shoulder in the
absorption edge at ~6,553 eV and a well-defined absorption maximum at 6,559.1 eV (Fig. 2.3, Table
2.2). Similarly, the XANES of manganosite possesses a modulated absorption edge, a well-defined
absorption maximum at 6,555.0 eV, and a distinct post-edge oscillation at 6,568.6 eV (Fig. 2.3, Table
2.2). These results suggest that hausmannite and manganosite can be readily identified in soils and

sediments based on XANES analysis.
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Figure 2.3. Stacked normalized Mn K-edge XANES (left) and corresponding first-derivative spectra (right) of Mn
oxide minerals without layer or tunnel structure as well as Mn(lll) oxyhydroxides, carbonate, phosphate, and
silicate minerals, organic Mn(ll/11l) compounds, and adsorbed Mn(ll) species. The spectrum numbers match the
numbers in Table 2.1: 15 - bixbyite, 16 - bixbyite (syn), 17 - hausmannite, 18 - manganosite, 19 - feitknechtite
(syn), 20 - groutite, 21 - manganite (syn), 22 - braunite, 23 - hendricksite, 24 - masutomilite, 25 - rhodochrosite,
26 - triplite, 27 - Mn(Il) acetate tetrahydrate (syn), 28 - Mn(Il) oxalate dihydrate (syn), 29 - Mn(lll) acetate
dihydrate (syn), 30 - Mn(ll) ads. illite pH7, 31 - Mn(ll) ads. peat pH5, 32 - Mn(ll) ads. peat pH7.

The Mn3**O(0OH) polymorphs feitknechtite, groutite, and manganite exhibit similar XANES features,
consisting of smoothly rising absorption edges with two inflection points at ~6,549 and ~6,556 eV, and
absorption maxima located at ~6,560 eV (Fig. 2.3, Table 2.2). Variations among these minerals are
subtle, and suggest that groutite and manganite are virtually indistinguishable by XANES spectroscopy.

Carbonate, phosphate, and silicate minerals have unique XANES spectra which also differ from
those of Mn (oxyhydr)oxide minerals. Unsurprisingly, this group displays the greatest diversity of
XANES characteristics. Triplite, a Mn?*-containing phosphate, shows a steep rise in the absorption edge
with a non-unique absorption maximum of 6,552.7 eV. In contrast, rhodochrosite has a pronounced
absorption-edge maximum at 6,551.1 eV and a distinct post-edge absorption maximum at 6,562.4 eV,
leading to diagnostic first-derivative XANES maxima at 6,548.9 and 6,559.9 eV (Fig. 2.3, Table 2.2). The

two Mn?*-bearing trioctahedral micas hendricksite and masutomilite show similar spectral features

56



X-ray absorption spectroscopy study of Mn reference compounds for Mn speciation in terrestrial
surface environments

with double absorbance peaks at ~6,552 and ~6,557 eV, which are distinct from all other Mn
compounds. The identification of 2:1 phyllosilicates with structural Mn(ll) may thus be possible in
unknown sample materials. Braunite, a Mn(ll/Ill) nesosilicate, shows a marked step in the absorption
edge and two pronounced peaks in the first-derivative XANES at 6,548.1 and 6,552.9 eV (Fig. 2.3, Table
2.2), comparable to feitknechtite.

The XANES of organic Mn compounds differ from each other: While Mn(ll) acetate
tetrahydrate has a smoothly rising absorption edge and a broad absorbance maximum similar to
triplite, Mn(ll) oxalate dihydrate shows a marked shoulder in the rising part of the edge, a sharp
absorption maximum at 6,553.3 eV, and a characteristic double peak in the first-derivative XANES at
6,547.0 and 6,551.5 eV (Fig. 2.3, Table 2.2). In contrast, Mn(lll) acetate dihydrate exhibits a broad,
undulating absorption maximum, which is distinct from all other Mn references (Fig. 2.3).

Samples with adsorbed Mn(ll) (illite, peat) are characterized by smoothly rising absorption
edges, well-defined absorption maxima at ~6,553 eV, and a comparatively featureless post-edge
absorption (Fig. 2.3, Table 2.2). In comparison to the peat samples, Mn(ll) adsorbed to illite has a less
prominent white-line and two discernible main peaks in the first-derivative XANES (Fig. 2.3). The
XANES spectra of the peat samples are different from all other references, and resemble those of
Mn(ll) citrate, Mn(ll) malate, and Mn(ll) succinate (Fernando et al., 2010). This result suggests that
Mn?* complexed by natural organic matter should be uniquely identifiable in environmental samples.
Noteworthy, peat samples prepared at pH 5 and 7 possess identical XANES spectra, implying that pH
had no effect on the coordination environment of organically bound Mn(ll) (Fig. 2.3).

Our results illustrate that Mn compounds differ in absorption-edge energies as related to Mn
AQS, and that several Mn compounds and mineral classes show characteristic inflection points in their
XANES spectra. Manganese K-edge XANES features are more pronounced in the respective first-
derivative spectra. Since small post-edge normalization errors do not affect the shape of the
derivatives (Manceau et al., 2012), they might be better suited for fingerprinting and LCF analysis than
the respective absorbance spectrum. However, XANES LCF analyses of natural samples may become
biased because XANES spectra of individual Mn compounds can differ substantially due to variations
in chemical composition and/or crystallinity, as evidenced for bixbyites, cryptomelanes, pyrolusites

and todorokites (Figs. 2.2 and 2.3).

57



X-ray absorption spectroscopy study of Mn reference compounds for Mn speciation in terrestrial

surface environments

Table 2.2. Primary XANES absorption and first-derivative peaks of Mn reference compounds

No. Reference Absorption First derivative
1 2 1 2 3 4 5
Phyllomanganates
1 Acid Na-birnessite (hex, syn) 6562.5 6540.5 6553.5 6558.0 6560.0
2 6-MnO; (syn) 6561.8 6539.8 6552.5 6556.5
3 Lithiophorite 6560.4 6539.5 6541.7 6551.5 6557.5
4 Na-birnessite (tricl, syn) 6560.9 6539.7 6549.2 6553.6  6558.2
Tectomanganates
5 Cryptomelane 6562.0 6540.8 6556.8
6 Cryptomelane (syn) 6562.0 6540.6 6557.6
7 Hollandite s.s 6561.2 6540.0 6542.0 6551.5 6556.0
8 Pyrolusite 6561.0 6541.0 6552.3 6558.2
9 Pyrolusite (syn) 6560.3 6540.6 6542.2 6552.7 6558.5
10 Ramsdellite 6560.9 6540.6 6542.4 6552.2 6558.3
11 Romanechite 6561.7 6539.8 6541.7 6551.5 6556.5
12 Romanechite (Ba-free, syn) 6561.4 6539.8 6550.7 6557.3
13  Todorokite 6562.1 6540.6 6551.1 6557.8
14 Todorokite (syn) 6560.4 6538.9 6549.0 6556.2
Oxide minerals without layer or tunnel structure
15 Bixbyite 6558.2 6539.4 6547.9 6549.9 65534
16  Bixbyite (syn) 6559.5 6539.8 6548.4 6550.7 6553.8
17 Hausmannite 6559.1 6539.8 6546.8 6550.8 6556.8
18 Manganosite (syn) 6555.0 6568.6 6539.8 6544.5 6550.2 6554.0
Mn(lll) oxyhydroxides
19 Feitknechtite (syn) 6559.7 6539.5 6549.2 6555.5
20 Groutite 6560.4 6539.0 6549.1 6555.1
21 Manganite (syn) 6560.7 6539.4 6549.3 6556.1
Carbonate, phosphate, and silicate minerals
22 Braunite 6556.4 6540.0 6548.1 6553.0
23 Hendricksite 6551.9 6556.4 6539.0 6546.9 6550.3  6555.3
24 Masutomilite 6552.3 6557.5 6539.3 6546.1 6551.1 6556.3
25 Triplite 6552.7 6540.1 6547.4 6548.1
26 Rhodochrosite 6551.1 6562.4 6539.4 6548.9 6559.9
Organic Mn(ll/11l) compounds
27  Mn(ll) acetate tetrahydrate (syn) 6551.9 6539.4 6548.4 6564.7
28  Mn(ll) oxalate dihydrate (syn) 6553.3 6539.0 6547.0 6551.5
29  Mn(lll) acetate dihydrate (syn) 6560.8 6539.0 6552.0 6557.5
Adsorbed Mn(ll) species
30 Mn(ll) ads. illite pH7 6552.2 6539.1 6547.4 6551.0
31  Mn(ll) ads. peat pH7 6552.8 6539.8 6549.3
32 Mn(ll) ads. peat pH5 6553.1 6539.5 6549.0
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2.3.2. AVERAGE OXIDATION STATE OF MN REFERENCE COMPOUNDS

To obtain information on the Mn AOS and relative fractions of Mn?*, Mn*, and Mn** in the reference
compounds, we used the XANES LCF ‘Combo’ method (Manceau et al., 2012). The results are tabulated
in Table 2.3. Note, different from other LCF procedures, the ‘Combo’ method does not claim the
samples to be mixtures of the standards (Manceau et al., 2012; Manceau and Nagy, 2012). Therefore,
no uncertainties are assigned to individual fractions or the derived AOS. Manceau et al. (2012)
estimated the accuracy of AOS determination by the ‘Combo’ method to be ~0.04 v.u. in phyllo- and
tectomanganates (AOS range 3.0-4.0) with a negligible amount of Mn3* in layer structures and less
than about 15% Mn?*. Based on our fit results for the synthetic monovalent Mn references
manganosite (AOS 2.0), bixbyite (AOS 3.0), and pyrolusite (AOS 4.0), the absolute accuracy of Mn AOS
determination using the ‘Combo’ method was not better than 0.12 v.u. Regression of nominal vs. LCF-
derived AOS for these references resulted in a standard error of the AOS estimate of 0.07 v.u. (R? =
0.995, p<0.001). This result is consistent with Manceau et al. (2012) showing that increasing
proportions of Mn?* lead to a decreased accuracy of the LCF ‘Combo’ method.

Manganese reference compounds with a nominal Mn AQOS of two (N = 10) yielded XANES-
derived AOS of 2.0-2.49 (x = 2.13). In this group, higher AOS determined for hendricksite (2.21),
masutomilite (2.49), and Mn(ll) adsorbed to illite (2.35) suggest the presence of up to 50% Mn3*. For
the mica minerals, this result can be explained by partial oxidation of Mn(ll) in their octahedral layers.
For the illite sample, the result may indicate the formation of a Mn(lll/IV) phase upon partial re-
oxidation of adsorbed Mn?%, but this could not be confirmed by EXAFS shell-fit results (see below). LCF
results of reference compounds with a nominal AOS of three (N = 6) and four (N = 4), were largely in
agreement with their nominal AOS (x = 3.07 and 3.96, respectively; Table 2.3).

In order to validate XANES-based Mn AOQOS, we performed redox titrations for selected
reference compounds with Mn concentrations >1.5 wt.% (N = 25). These experiments showed that the
AOQS of hausmannite was significantly overestimated by the ‘Combo’ method, most likely because its
pronounced Jahn-Teller distortion of Mn3*O¢ octahedra (Jarosch, 1987) was not adequately reflected
by the standard spectra used (Manceau et al., 2012). An unreasonable titration-based Mn AOS was
also observed for triplite (Table 2.3), which can be attributed to incomplete reductive dissolution of

the sample during the experiment.
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Table 2.3. Nominal, titration-, and XANES-derived bulk Mn AOS of Mn reference compounds, as well as
fractional amounts of Mn?*, Mn3*, and Mn** (normalized to unity) determined from XANES analysis

No. Reference AOS? AOSP AOS  MnZ Mn3* Mn* Fit sum R-factorc
(nominal) (titration) (XANES) (x 105)
Phyllomanganates
1 Acid Na-birnessite (hex, syn) 3.92 3.94(0) 3.86 0.04 0.05 0.91 0.99 5
2 6-MnO; (syn) 4.00 3.98(2) 3.90 0.01 0.08 0.91 0.99 11
3 Lithiophorite 3.70 n.d. 3.49 0.02 047 0.51 0.97 36
4 Na-birnessite (tricl, syn) 3.57 3.69(1) 3.84 0.03 0.10 0.87 0.97 22
Tectomanganates
5 Cryptomelane 3.88 3.85(1) 3.84 0.04 0.08 0.88 0.99 9
6 Cryptomelane (syn) 3.88 3.88(2) 3.95 0.00 0.05 0.95 1.02 18
7 Hollandite s.s. 3.75 n.d. 3.75 0.08 0.09 0.83 0.96 42
8 Pyrolusite 4.00 4.03(2) 3.98 0.01 0.00 0.99 0.98 31
9 Pyrolusite (syn) 4.00 4.03(0) 400 0.00 0.00 1.00 1.00 21
10 Ramsdellite 4.00 4.02(1) 3.98 0.01 0.00 0.99 1.00 9
11 Romanéchite 3.50 n.d. 3.82 0.02 0.14 o084 0.98 10
12 Romanechite (Ba-free, syn) 3.84 3.76(1) 391 0.03 0.03 094 1.04 8
13 Todorokite 3.67 3.77(2) 3.77 0.01 0.21 0.78 1.02 6
14 Todorokite (syn) 3.67 3.70(2) 3.74 0.04 0.17 0.79 0.99 9
Oxide minerals without layer or tunnel structure
15 Bixbyite 3.00 3.11(3) 3.08 0.16 0.61 0.24 1.00 17
16  Bixbyite (syn) 3.00 3.05 3.07 0.08 0.78 0.15 1.02 10
17 Hausmannite 2.67 2.72(1) 3.35 0.19 0.27 0.54 0.93 32
18 Manganosite (syn) 2.00 2.04(0) 2.12 0.94 0.00 0.06 1.00 118
Mn(l1) oxyhydroxides
19 Feitknechtite (syn) 3.00 n.d. 3.02 0.02 0.93 0.04 0.97 58
20 Groutite 3.00 3.05(1) 3.17 0.03 0.78 0.20 0.99 14
21 Manganite (syn) 3.00 3.07(3) 3.01 0.02 0.96 0.03 1.02 16
Carbonate, phosphate, and silicate minerals
22 Braunite 2.86 2.98(4) 2.99 0.10 0.80 0.10 0.98 57
23 Hendricksite 2.00 2.32(11) 2.21 0.79 0.21 0.00 0.96 655
24  Masutomilite 2.00 2.41(13) 2.49 0.51 049 0.00 0.98 1130
25 Rhodochrosite 2.00 2.06(1) 2.08 0.96 0.00 0.04 0.99 38
26 Triplite 2.00 1.39(5) 2.01 0.99 0.01 0.00 0.99 62
Organic Mn(l1/111) compounds
27 Mn(ll) acetate tetrahydrate 2.00 n.d. 2.00 1.00 0.00 0.00 0.96 45
(syn)
28 Mn(ll) oxalate dihydrate (syn) 2.00 2.04(1) 2.05 0.95 0.05 0.00 1.01 133
29  Mn(lll) acetate dihydrate (syn) 3.00 3.00(0) 3.06 0.00 0.94 0.06 1.02 202
Adsorbed Mn(ll) species
30 Mn(ll) ads. illite pH7 2.00 2.48 2.35 0.69 0.26 0.05 1.01 11
31  Mn(ll) ads. peat pH5 2.00 n.d. 2.00 1.00 0.00 0.00 1.01 218
32 Mn(ll) ads. peat pH7 2.00 n.d. 2.00 1.00 0.00 0.00 1.02 280

aBased on nominal mineral formulas (cf. Table 2.1).

bErrors are given as standard deviation of triplicate measurements for the last significant figure. n.d. = not determined. Figures
without error assignment are based on single measurements due to limited sample availability.

°R-factor = 3j(data;—fit;)2/2data;.
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With the exception of these two references, the Mn AOS derived from redox titrations were in
excellent agreement with the XANES-based AOS (R? = 0.988) (Fig. 2.4). The regression slope was
0.997+0.024 (p <0.0001) and the standard error of estimate 0.08. This result implies that the ‘Combo’
LCF method, when applied to environmental samples, provides accurate Mn AQOS data within

approximately 0.1 v.u. for the entire Mn valence range +2 to +4.
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Figure 2.4. Linear regression (solid line) between average oxidation state (AOS) of Mn obtained from redox
titrations against Mn AOS determined by XANES LCF. Confidence and prediction bands (95%) are indicated by
dark and light blue color, respectively. Data for hausmannite and triplite (out of range) were excluded from
analysis.

2.3.3. EXAFS SPECTRA OF MIN REFERENCES COMPOUNDS

Figure 2.5 shows k3>-weighted Mn K-edge EXAFS spectra and Fourier-transform (FT) magnitudes and
real parts of one representative of each Mn species group along with the corresponding model fit. The
figure exemplifies the diversity of local Mn bonding environments, which can be expected in natural
samples. Corresponding data of the remaining references are shown in Figures A.3 and A.4. EXAFS
shell-fit parameters of all compounds are summarized in Table 2.4. In the following, we detail EXAFS

results for each species group, and clarify (dis)similarities of EXAFS parameters among species (groups).
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Figure 2.5. Stacked k3-weighted Mn K-edge EXAFS spectra (left) as well as corresponding Fourier-transform
magnitudes and real parts (right) of selected Mn reference compounds: 1 - 3-MnO: (syn), 2 - hollandite s.s.,
3 - hausmannite, 4 - feitknechtite, 5 - rhodochrosite, 6 - Mn(ll) oxalate dihydrate, 7 - Mn(ll) ads. peat pH5. Solid
lines represent experimental data and dotted lines model fits. EXAFS parameters are summarized in Table 2.4.
The fits of other Mn compounds are displayed in Figures A.3 and A.4.
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Table 2.4. EXAFS parameter determined by shell-fitting of k3-weighted Mn K-edge EXAFS spectra of Mn reference compounds?

No. Reference R-factor® x2  Nig* Nyar AEo(eV)? CNe R (R) CN R(R) CcN R(R) CN R(A) CcN R(A)
k-range R-range o (AY)f 0% (A?) 0% (A?) 0% (R?) o2 (R?)
Phyllomanganates
1 Acid Na-birnessite  0.005 856  14.4 6 2.2(6) 0:6.2(6)  1.90(0) Mn:5.3(4)  2.89(0) Mn: 1.2(4)  3.49(1)
(hex, syn) 2.8-13.2 1.0-3.2 0.0049(3) 0.0046(1) 0.0046
2 6-MnO:z (syn) 0.007 793 16.1 6 3.0(7) 0:5.6(6) 1.90(0) Mn: 4.7(3) 2.87(0) Mn: 1.0 3.44(2)
2.9-13.1 1.0-3.5 0.0042(3) 0.0044(2) 0.0044
3 Lithiophorite 0.009 74 14.7 8 -0.8(11) 0:4.1(5)  1.92(1) Mn: 6.0 2.92(1) 0:4.0 3.56(3) Mn: 4.0 4.14(12)
3.5-11.3 1.0-4.0 0.0022(3) 0.0067(3) 0.0082(38) 0.0082
4 Na-birnessite 0.006 781 12.7 5 6.1(8) 0:5.3(5) 1.92(0) Mn: 6.8(8) 2.89(0)
(tricl, syn) 2.6-11.8 1.0-3.2 0.0030(3) 0.0066(3)
Tectomanganates
5 Cryptomelane 0.008 769  16.2 6 0.8(7) 0:5.0(4) 1.90(0) Mn: 3.7(3) 2.88(0) Mn: 4.0(4) 3.44(0)
2.7-13.0 1.0-3.5 0.0025(3) 0.0032(2) 0.0032
6 Cryptomelane (syn) 0.016 351 17.8 6 1.4(10) 0:5.8(7) 1.91(0) Mn: 3.7(4) 2.89(1) Mn: 4.2(6) 3.45(1)
2.7-13.0 1.0-3.5 0.0024(7) 0.0026(4) 0.0026
7 Hollandite 0.006 142 13.6 7 -0.7(9) 0:4.3(5) 1.91(0) Mn: 3.6(4) 2.91(1) Mn: 3.5(5) 3.48(1) Mn: 1.9(5) 3.75(1)
3.5-11.3 1.0-3.8 0.0032(3) 0.0062(4) 0.0062 0.0062
8  Pyrolusite 0.013 290 1828 9 -5.5(9) 0:5.6(8)  1.88(1) Mn:2.1(4)  2.87(1) Mn:5.6(6) 3.43(1) 0:8.0 4.01(5) Mn:4.0  4.42(4)
2.6-12.3 1.0-4.0 0.0028(4) 0.0018(2) 0.0018 0.0102(35) 0.0102
9 Pyrolusite (syn) 0.013 53 23.0 9 -5.3(7) 0:5.6(6) 1.88(0) Mn: 1.9(2) 2.88(1) Mn: 7.1(6) 3.43(0) 0:8.0 3.93(2) Mn: 4.0 4.41(1)
2.7-42 1.0-4.2 0.0023(3) 0.0020(2) 0.0020 0.0030(8) 0.0030
10 Ramsdellite 0.006 70 69.3 7 -6.2(6) 0:5.6(4) 1.89(0) Mn: 3.2(4) 2.88(0) Mn: 3.8(5) 3.43(0)
2.7-13.8 1.0-3.6 0.0026(2) 0.0026(2) 0.0010(2)
11  Romanéchite 0.005 309 10.2 6 -2.9(10) 0:4.7(9)  1.90(1) Mn: 4.6(18)  2.90(1) Mn: 3.47(2)
2.8-10.2 1.0-3.2 0.0025(4) 0.0077(6) 2.8(13)
0.0077
12 Romanéchite 0.013 1548 145 6 -2.5(10) 0:5.7(8) 1.90(1) Mn: 4.4(8) 2.88(1) Mn: 2.4(7) 3.44(1)
(Ba-free, syn) 2.9-11.8 1.0-3.6 0.0035(4) 0.0044(4) 0.0044
13 Todorokite 0.011 1593 185 9 0.4(8) 0:5.3(5) 1.92(0) Mn: 4.2(7) 2.87(0) Mn: 2.7 3.43(1) 0:6.0 3.71(3)
2.6-13.9 1.0-3.6 0.0032(3) 0.0049(3) 0.0027(10) 0.0024(21)
14  Todorokite (syn) 0.011 834 18.3 9 -2.1(9) 0:4.7(4) 1.92(0) Mn: 3.8(8) 2.88(1) Mn: 2.7 3.44(2) 0:6.0 3.72(7)
2.7-139 1.0-3.6 0.0033(3) 0.0055(4) 0.0069(19) 0.0072(43)
Oxide minerals without layer or tunnel structure
15  Bixbyiteh 0.011 667 14.2 5 -4.3(12) 01:4.0(5) 1.92(1) Mn:5.2(10)  3.11(1) Mn: 6.0 3.57(1)
2.6-11.0 1.0-3.7 0.0070(6) 0.0053(3) 0.0118(13)
02:1.7(4) 2.24(1)
0.0070
16  Bixbyite (syn)h 0.020 204 159 5 -6.8(13) 01:4.0(6) 1.90(1) Mn:5.1(12)  3.09(1) Mn: 6.0 3.54(1)
2.7-12.1 1.0-3.7 0.0059(7) 0.0057(4) 0.0086(9)
02:1.3(6) 2.23(1)
0.0076
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Table 2.4. (continued)

No. Reference R-factor® x2  Nig" Nyar AEo (eV)? CNe R (A) CcN R(R) CcN R(R) CcN R(A) CN R(A)
k-range R-range o (A?)f o? (A?) 0% (A?) o? (R?) o? (R?)
Oxide minerals without layer or tunnel structure
17  Hausmannite 0.002 66 16.8 10 0.4(11) 01:4.1(3) 1.95(1) Mn1l:1.3(1) 2.88(1) Mn: 8.1(8) 3.44(1) Mn:7.7(7)  3.73(1)
2.9-11.8 1.0-4.0 0.0071(3) 0.0028(5) 0.0082 0.0082(3)
02:1.9(3) 2.27(1) Mn2:2.7(2) 3.10(0)
0.0071 0.0028
Oxide minerals without layer or tunnel structure
18  Manganosite (syn)" 0.010 29 21.8 5 -2.8(6) 0:5.8(10) 2.22(0) Mn: 12.0 3.13(0) 0:8.0 3.84(0)
2.3-13.6 1.0-3.6 0.0063(9) 0.0048(2) 0.0164(92)
Mn(ll1) oxyhydroxides
19  Feitknechtite (syn)  0.002 8 14.2 10 0.3(7) 01:4.02) 1.91(0) Mnl1:1.9(3) 2.83(1) Mn: 4.0 3.33(1) 0:8.0 3.60(2)
2.7-11.1 1.0-3.7 0.0052(1) 0.0074(4) 0.0141(1) 0.0141
02:2.0(2) 2.22(1) Mn2: 2.99(0)
0.0052 3.8(11)
0.0074
20  Groutite 0.008 113 19.1 12 3.6(11) 01:4.2(4) 1.93(1) Mn: 2.1(4) 2.88(1) Mn: 2.0 3.38(3) Mn: 4.0 3.61(1)
2.8-13.7 1.0-3.8 0.0040(4) 0.0028(3) 0.0115(36) 0.0035(7)
02:0.9(4) 2.15(4) 0:8.0 3.77(2)
0.0040 0.0035
03:1.4(3) 2.34(2)
0.0040
21 Manganite (syn) 0.005 214 16.2 11 1.7(9) 01:4.7(4) 1.93(0) Mnl:1.0(1) 2.77(1) 0:8.4(18) 3.61(2)
2.8-12.4 1.1-3.8 0.0062(3) 0.0021(6) 0.0062
02:2.0(3) 2.28(1) Mn2:1.0(1)  2.98(2) Mn: 4.0 3.69(1) Mn: 4.0 3.83(2)
0.0062 0.0021 0.0075(18) 0.0075(14)
Carbonate, phosphate, and silicate minerals
22 Braunite 0.011 26 14.9 8 5.4(10) 01:2.6(2) 1.94(1) Mn:1.9(5)  3.17(1) 02: 3.77(2)
2.9-11.4 1.0-3.8 0.0045(5) 0.0038(5) 5.3(18)
0.0063
02:2.1(3) 2.25(1)
0.0045
03:0.9(3) 2.55(3)
0.0045
23 Hendricksite 0.017 22 12.1 5 3.9(13) 4.9(9) 2.16(1) Mn/Fe: 2.0 3.14(1)
26-11.4 1.1-33 0.0042(8) 0.0037(4)
Zn: 2.5 3.14
0.0037
24 Masutomilite 0.022 52 12.1 6 4.2(15) O/F:4.9(7) 2.15(1) Al: 2.5 3.02(5) Al/Si: 4.0 3.24(3) 0:4.0 3.47(3)
2.1-10.5 1.0-33 0.0027(1) 0.0100 0.0100 0.0100
Mn: 0.4 3.02
0.0100
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Table 2.4. (continued)

No. Reference R-factor® ¥?®  Nig* Nyar® AEo (eV)? CNe R (R) CN R (A) CN R (R) CN R(A) CN R (A)
k-range R-range o2 (Ay)f o? (A?) o? (A?) o? (A?) o? (A?)
Carbonate, phosphate, and silicate minerals
25  Rhodochrosite 0.012 42 21.7 12 2.7(9) 0:6.3(8)  2.19(1) C:6.0 3.08(2) 0:6.0 3.28(1) Mn: 6.0 3.79(1) 01:6.0 4.10(3)
2.2-11.5 1.1-4.8 0.0050(5) 0.0034 0.0033(14) 0.0048 0.0048(4)
02:4.0 4.58(1)
0.0048
Mn: 6.0 4.75(1)
0.0032(1)
26 Triplite 0.008 91 12.4 7 3.6(8) F:1.6 2.05(3) Mn/Fe: 2.93(2) P:2.8(7)  3.55(1)
2.3-10.6 1.0-34 0.0067 1.0(4) 0.0073
0.0073(13)
0:44 2.15(1)
0.0067(1)
Organic Mn(l1/111) compounds
27 Mn(ll) acetate 0.015 175  13.2 6.0 2.1(10) 0:5.9(7) 2.18(1) C:5.2 3.19(4) Mn: 1.6 3.40(2)
tetrahydrate (syn) 2.3-11.1 1.0-34 0.0045(0) 0.0112(62) 0.0060(20)
28  Mn(ll) oxalate 0.029 476 19.0 8.0 6.9(9) 0:6.5(6) 2.18(1) C:4.0 2.95(2) 0-C: 8.0 3.11(12) 0:6.0 3.93(2) C-0-C: 4.0 4.08(4)
dihydrate (syn) 2.8-12.3 1.0-4.2 0.0041(4) 0.0041 0.0062 0.0040 0.0083
C-0:8.0 4.23(2)
0.0062
29  Mn(lll) acetate 0.013 703 24.2 9 5.7(8) 01:5.2(5) 1.93(0) C:4.0 2.98(2) Mn: 2.0 3.40(0) 0:2.0 4.37(5)
dihydrate (syn) 2.7-13.7 0.9-4.4 0.0041(0) 0.0077(24) 0.0014(3) 0.0068(40)
02:1.5(5) 2.20(1)
0.0041
Adsorbed Mn(ll) species
30 Mn(ll) ads. illite 0.005 5 9.9 5 -2.4(9) 01:2.0 1.92(1)
pH7 2.5-10.5 1.0-3.0 0.0123(18)
02:4.0 2.16(1)
0.0123
31  Mn(ll) ads. peat 0.016 540 14.4 5 3.3(9) 0:6.0 2.18(1) C:1.0 3.20(7) C-0:8.0 4.48(5)
pH5 2.0-10.5 1.34.0 0.0057(0) 0.0057 0.0086
32 Mn(ll) ads. peat 0.017 266 14.4 5 3.4(10) 0:6.0 2.18(1) C:1.0 3.21(8) C-0:8.0 4.49(5)
pH7 2.0-10.5 1.3-4.0 0.0051(5) 0.0051 0.0077

aThe amplitude reduction factor, So, was set to 0.8 for all fits. Parameter uncertainties are given in parenthesis for the last significant figure.

bR-factor = Zi(datai—fit)?/Zidata; and reduced x? = (Niap/Npts)Zi((datai—fiti)/€i)2/(Nigo—Nvar), where Nigois the number of independent data points in the model fit, Npts the total number of data points, Nvar the number of fit
variables (with all CNs set in the final fit), and & is the uncertainty of the it" data point.

‘Number of independent points and fit variables in final fit, respectively.

dEnergy-shift parameter.

eCoordination number (path degeneracy). Coordination numbers with assigned errors were fit individually and subsequently set in the final fit.
Debye-Waller parameter. If no uncertainties are indicated, parameters were constrained.

eMean half path length.

PA volumetric lattice expansion parameter was used to calculate atomic distances in bixbyites and manganosite (cubic crystal system).

IMultiple-scattering (MS) path. For Mn(ll) oxalate dihydrate, the Debye-Waller parameter of the Mn-O-C obtuse triangle MS path was defined as 62(Mn-01)+0.56%(Mn-C); MS2 (Mn-C-O-C) and MS3 (Mn-C-0) are forward
triangle MS paths. Their Debye-Waller parameters were defined as

6%(Mn-C)+06%(Mn-01) and ¢?(Mn-C)+0.50%(Mn-01), respectively. For Mn(lIl) adsorbed to peat, the Debye-Waller parameter of the obtuse triangle MS path was defined as 1.56%(Mn-0).

65



X-ray absorption spectroscopy study of Mn reference compounds for Mn speciation in terrestrial
surface environments

2.3.3.1. PHYLLO- AND TECTOMANGANATES

Figure 2.6 illustrates k3-weighted Mn K-edge EXAFS spectra of phyllo- and tectomanganates.
Phyllomanganates with hexagonal layer symmetry (acid Na-birnessite, 8-MnO,, lithiophorite) show
very similar EXAFS spectra featuring comparatively symmetrical oscillations centered at approximately
4.2,6.7,9.2, and 10.4 A, In contrast, the spectrum of triclinic birnessite exhibits a split of the small
oscillation between 7.9 and 8.2 AL, This antinode splitting is attributed to the ordering of structural
Mn3* in triclinic birnessite (Webb et al., 2005; Ling et al., 2018) and allows the distinction of
phyllomanganates with hexagonal and triclinic layer symmetry. The peak near 8.0 A’ was previously
used as a diagnostic fingerprint to differentiate between phyllo- and tectomanganates (McKeown and
Post, 2001). In this study, however, also 2x3 and 3x3 tectomanganates exhibit a similar spectral feature

in this region (Fig. 2.6).
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Figure 2.6. Stacked k3-weighted Mn K-edge EXAFS spectra of phyllo- and tectomanganates. 1 - acid Na-
birnessite (hex, syn), 2 - 3-MnO: (syn), 3 - Na-birnessite (tricl, syn), 4 - lithiophorite, 5 - todorokite, 6 - todorokite
(syn), 7 - romanéchite (nat), 8 - romaneéchite (Ba-free, syn), 9 - hollandite s.s., 10 - cryptomelane (nat),

11 - cryptomelane (syn), 12 - ramsdellite, 13 - pyrolusite (nat), 14 - pyrolusite (syn). Vertical lines and black arrows
indicate important spectral features (see text for details).

Tectomanganates can be generally discerned from phyllomanganates by a gradually emerging

left-side shoulder of the 6.7-A oscillation. This shoulder becomes more intense with increasing
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content of corner-sharing octahedra (i.e., smaller tunnel size) and eventually results in a split oscillation
at 6.4 and 6.7 AL The relative intensities of this double-feature are reversed for pyrolusite (1x1 tunnel)
as compared to other tectomanganates (Manceau and Combes, 1988) (Fig. 2.6). Tectomanganates
with 2x2 (hollandite s.s., cryptomelane), 1x2 (ramsdellite), and 1x1 (pyrolusite) tunnel structure also
possess a pronounced and diagnostic oscillation at ~7.4 A%, which increases and shifts to lower
wavenumbers with decreasing tunnel size (Fig. 2.6). Pyrolusites show two distinct troughs at 7.8 and
8.1 Al which are also visible in attenuated form for ramsdellite, and thus can serve as another
diagnostic fingerprint for tectomanganates with small tunnel sizes. In combination with the
pronounced peak near 7.4 A'and the unique oscillation at 9.5 A, these results suggest that pyrolusite
should be unambiguously identifiable in mixtures of phyllo- and tectomanganates.

All manganates are additionally characterized by an oscillation at 10.2-10.5 A (Fig. 2.6).
Because this oscillation is not accompanied by a pronounced right-side shoulder in case of
phyllomanganates with hexagonal layer structure (Fig. 2.6), it can aid the identification of
tectomanganates, especially those with 1x1, 1x2, and 2x2 tunnel structures, in mixtures with
hexagonal phyllomanganates.

First O neighbors of Mn in phyllomanganates could be modelled with a single shell at 1.90-
1.92 A (Figs. 2.5 and A.3a). Mn-Mn distances of edge-sharing octahedra (Mn-Mn1) were fit at 2.87-
2.92 A, which accord with values published for hexagonal and pseudo-orthogonal phyllomanganate
structures (Webb et al., 2005). For hexagonal birnessite and 6-MnQO,, we obtained Mn-Mn2 distances
of 3.44-3.49 A (Table 2.4). These distances are typically assigned to triple corner-sharing Mn3+
octahedra at interlayer sites above or below cation vacancies (Silvester et al., 1997; Villalobos et al.,
2003; Ling et al., 2018). Similar to triclinic birnessite, no Mn-Mn2 contribution was observed for
lithiophorite, in agreement with the presence of exclusively edge-sharing octahedra (Silvester et al.,
1997; Lanson et al., 2000; McKeown and Post, 2001; Villalobos et al., 2003). Two additional O shells
were fit at 3.56(3) and 4.14(12) A, which accord with the lithiophorite structure published by Wadsley
(1952) (Table 2.4).

Tectomanganates (Figs. 2.5 and A.3b) show similar variations in their Mn-O, Mn-Mn1, and Mn-
Mn2 distances as compared to phyllomanganates (Table 2.4). Within this group, first-shell O neighbors
are located at 1.88-1.92 A, and second- and third-shell Mn neighbors at 2.87-2.90 and 3.43-3.48 A,
respectively. Shell-fit models also included additional O shells at 3.7-3.8 A (todorokites) and 3.9-4.0 A
(pyrolusites) as well as higher Mn shells at 3.7-3.8 A (hollandite s.s.) and 4.4 A (pyrolusites) (Miura,
1986; Bolzan et al., 1993; Post et al., 2003) (Table 2.4). It generally follows that Mn coordination
environments in phyllo- and tectomanganates are largely similar, such that interatomic distances up
to the third coordination shell preclude any meaningful discrimination of these minerals in

environmental samples using EXAFS shell-fit analysis.
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2.3.3.2. OXIDE MINERALS WITHOUT LAYER OR TUNNEL STRUCTURE

Bixbyite possesses two inequivalent Mn sites with an occupancy of 25 and 75% in its unit cell
(Geshnizgani, 2014). As a result, two O subshells at ~1.91 and ~2.24 A were needed to account for the
generally low first-shell amplitudes of natural and synthetic bixbyite (Fig. A.3c). The cubic structure of
bixbyite is further characterized by edge- and corner-sharing Mn3* octahedra, for which we obtained
Mn-Mn distances of 3.09-3.11 and 3.54-3.57 A, respectively (Table 2.4). These distances are consistent
with those published by Longo et al. (2010).

The unit cell of hausmannite also contains two inequivalent Mn sites (Jarosch, 1987). Here,
tetrahedral sites are occupied by Mn?* and octahedral sites by Mn3 cations. For octahedrally
coordinated Mn*, Mn-O distances were fit with 4.1(3) equatorial O atoms at 1.95(1) A and 1.9(3) axial
O atoms at 2.27(1) A, which account for the octahedral Jahn-Teller distortion approximately parallel
to [001] (Jarosch, 1987). A third O shell (~2.01 A) for tetrahedrally coordinated Mn2* (Longo et al., 2010)
was too close to the Mn-O,q distance to be included in the model and did not improve the fit (F-test;
Hamilton, 1965). First-shell oxygens are followed by two Mn subshells at 2.88(1) and 3.10(0) A,
corresponding to edge-sharing Mn3* octahedra (Longo et al., 2010). The third FT peak of hausmannite
(Figs. 2.5 and A.3c) was reproduced with Mn shells at 3.44(1) and 3.73(1) A (Table 2.4). These values
are consistent with tetrahedra-octahedra corner linkages (Longo et al., 2010) and Mn-Mn distances of
Mn?* tetrahedra, respectively (Jarosch, 1987).

In contrast to the former two minerals, the first FT peak of cubic manganosite could be
modeled with a single O shell at 2.22(0) A (Fig. A.3c). Analogous to Ressler et al. (1999), higher
coordination shells were fit with Mn neighbors at 3.13(0) A, indicative of edge-sharing Mn?* octahedra,

and third-shell O atoms at 3.84(0) A (Fig. A.3c, Table 2.4).

2.3.3.3. MANGANESE(IIl) OXYHYDROXIDES

Minerals of this group are characterized by reduced first-shell amplitudes typically caused by the broad
distribution of Mn-O bond lengths and associated scattering cancellation effects (Silvester et al., 1997;
Webb et al., 2005) (Figs. 2.5 and A.4a). Consequently, first-shell oxygens in Mn(lll) oxyhydroxides were
fit with two or three O subshells. For feitknechtite, we obtained Mn-0O1 distances of 1.91(0) and
2.22(1) A, for groutite 1.93(1), 2.15(4), and 2.34(2) A, and for manganite 1.93(0) and 2.28(1) A (Table
2.4). Second-shell Mn in feitknechtite was fit at 2.83(1) and 2.99(0) A, respectively, and third-shell Mn
at 3.33(1) A (Table 2.4). The latter distance is considerably shorter than the 3.43 A reported by Mackle
et al. (1993), but more consistent with the presumed sole presence of edge-sharing Mn* octahedra in
feitknechtite. The coordination numbers (CNs) of the two Mnl subshells in feitknechtite were

previously either set to four and two, respectively (Ressler et al., 1999), or to unity (Mackle et al.,
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1993). We obtained CNs of 1.9(3) and 3.8(11) (Table 2.4), which are in good agreement with the values
used by Ressler et al. (1999).

In contrast to the other two polymorphs, first Mn neighbors in groutite could be fit with a
single shell at 2.88(1) A (Table 2.4). Higher Mn coordination shells corresponding to edge- and corner-
sharing Mn3+ octahedra occur at 3.38(3) and 3.61(1) A, respectively (Table 2.4). These distances are
within the error range of values published by Scheinost et al. (2001). For manganite, we obtained Mn-
Mn1 distances of 2.77(1) and 2.98(2) A, a Mn-Mn2 distance of 3.69(1), and a Mn-Mn3 distance of
3.83(2) A (Table 2.4). The former can be assigned to Mn atoms in chains of edge-sharing Mn3*
octahedra and the latter two to corner-sharing octahedra (Mackle et al., 1993). Even though our Mn-
Mn1/2 distances are up to ~0.07 A longer than those reported for manganite by Mackle et al. (1993),
they fit well with crystallographic data (Dachs, 1963). Contrary to Mackle et al. (1993), who postulated
a similar local Mn coordination environment in manganite and feitknechtite, our data imply a

substantially different Mn coordination within these minerals.

2.3.3.4. CARBONATE, PHOSPHATE, AND SILICATE MINERALS

In minerals of this group, atoms other than O and Mn/Fe contribute to their EXAFS: Al/Si in
masutomilite, C in rhodochrosite, P in triplite, and Zn in hendricksite. To the best of our knowledge,
most of these minerals have not previously been studied by Mn EXAFS spectroscopy. Their spectra and
model fits are depicted in Figures 2.5 and A.4b. Generally, first-shell O/F neighbors within this mineral
group are found at distances of 1.94-2.55 A, and were accounted for by one (hendricksite,
masutomilite, rhodochrosite), two (triplite) or three subshells (braunite) (Table 2.4). Braunite shows a
very broad first FT peak with low amplitude (Fig. A.4b), which was fit with 2.6(2), 2.1(3), and 0.9(3) O
neighbors at 1.94(1), 2.25(1), and 2.55(3) A, respectively. Higher shells included 1.9(5) Mn atoms at
3.17(1) A, typical of edge-sharing Mn octahedra, and 5.3(18) O atoms at 3.77(2) A (Table 2.4). All
parameters agree well with crystallographic data (Ohmann et al., 1998).

The first coordination shell of hendricksite was fit with 4.9(9) O atoms at 2.16(1) A, implying
fairly distorted Mn2+ octahedra in this mica mineral. Second-shell signals arise from Mn/Fe and Zn
neighbors at 3.14(1) A, sharing the same atomic position in the unit cell (Robert, 1985). The CNs of
second-shell Mn/Fe and Zn atoms were set to 2.0 and 2.5, respectively, based on chemical analysis
(1.04 apfu Mn+Fe and 1.28 apfu Zn in octahedral coordination). Magnesium was neglected due to its
low scattering amplitude, and Ba and Ti atoms due to their low concentrations (Table 2.1).

Similar to hendricksite, the first coordination shell in masutomilite was reproduced by 4.9(9)
O/F atoms at a distance of 2.15(1) A. The CNs of second-shell Al and Mn, both located at 3.02(5) A,
were set to 2.5 and 0.4, respectively, based on chemical analysis (1.23 apfu Al and 0.18 apfu Mn in

octahedral coordination). Octahedral-layer Li was not included in the model due to its low scattering
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amplitude. Higher shells of masutomilite include four Al/Si atoms at 3.24(3) and four O atoms at 3.47(3)
A (Table 2.4).

For rhodochrosite, the only important Mn carbonate occurring in soils and sediments (Ying et
al., 2011; Barreto et al., 2016), first O neighbors belonging to the COs* group were fit at 2.19(1) A.
These were followed by a C shell at 3.08(2) A, Mn shells at 3.79(1) and 4.75(1) A, and O shells at 3.28(1),
4.10(3), and 4.58(1) A (Table 2.4). All distances are in agreement with Fried| et al. (1997), except for
the longest Mn-O distance, which is ~0.03 A shorter than previously reported.

The FT of triplite is dominated by first-shell F/O atoms, followed by two smaller peaks hosting
Fe/Mn and P neighbors (Fig. A.4b). First-shell F and O atoms were fit at 2.05(3) and 2.15(1) A,
respectively, atoms of edge-sharing Fe/Mn octahedra at 2.93(2) A, and P atoms at 3.55(1) A (Table
2.4). Chemical analysis suggested 1.6 F and 4.4 O neighbors (0.79 apfu F and 2.21 apfu O) in the first
coordination shell, which is close to theoretical F and O CNs of two and four, respectively (Waldrop,

1969).

2.3.3.5. ORGANIC MIN(11/111) comPOUNDS

The local Mn coordination in Mn(ll) acetate tetrahydrate, Mn(ll) oxalate dihydrate, and Mn(lll) acetate
dihydrate has, to our knowledge, not previously been studied by EXAFS spectroscopy. Their spectra
are displayed in Figures 2.5 and A.4c. The first coordination shell of both Mn(ll) compounds was fit
with approximately six O atoms at 2.18(1) A. In contrast, two O subshells housing 5.2(5) and 1.5(5) O
atoms at 1.93(0) and 2.20(1) A, respectively, were needed to model the first FT peak of Mn(lll) acetate
dihydrate (Table 2.4). For Mn(ll) acetate tetrahydrate, distances of C and Mn shells were fit at 3.19(4)
and 3.40(2) A, respectively (Table 2.4). Remarkably, the best fit was obtained with C and Mn CNs fixed
to nominal values of monoclinic Mn(ll) acetate dihydrate (P2:/c) (Cheng and Wang, 1991). The
determined Mn-Mn distance is 0.2 A shorter than expected for single corner-sharing Mn octahedra
present in monoclinic Mn(ll) acetate tetrahydrate (P21/c) (Bertaut et al., 1974; Tranqui et al., 1977),
but is consistent with long edge-sharing octahedral linkages as in Mn(ll) acetate dihydrate (Cheng and
Wang, 1991).

In Mn(Il) oxalate dihydrate, four proximal C atoms are located at 2.95(2) A, followed by distant
O atoms at 3.93(2) A. In addition, three multiple-scattering (MS) paths were included in the model
(Table 2.4), which significantly improved the fit (F-test). Our fit results comply with XRD data for
monoclinic Mn(ll) oxalate dihydrate (C2/c), and demonstrate the absence of octahedral linkages in
Mn(Il) oxalate dihydrate (Puzan et al., 2018).

In Mn(lll) acetate dihydrate, the first coordination shell is followed by four proximal C atoms
at 2.98(2) A, a substantially shorter distance compared to Mn(ll) acetate tetrahydrate (Table 2.4). Best

fits of higher coordination shells were obtained with two Mn atoms at 3.40(0) A and two O atoms at
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4.37(5) A (Table 2.4). Both, distances and CNs comply with XRD data for monoclinic Mn(lll) triacetate
dihydrate (P21/m), in which Mn(lll) octahedra are linked to chains via single corners (Le Bail, 2016;

personal communication to the crystallography open database (COD), COD ID 3500063).

2.3.3.6. ADSORBED MIN(Il) SPECIES

To the best of our knowledge, molecular-scale information on Mn(ll) adsorbed to clay minerals (illite)
and particulate natural organic matter (peat) is currently not available. Spectra of Mn(ll) adsorbed to
illite and peat are illustrated in Figures 2.5 and A.4d. The EXAFS of Mn(Il) adsorbed to illite is dominated
by first-shell signals, housing two O atoms at 1.92(1) A and four O atoms at 2.16(1) A (Table 2.4).
Implementation of Al or Si backscatterers into the model proved unsuccessful, suggesting that
hydrated Mn?* ions are primarily adsorbed as outersphere complexes on siloxane surfaces. We found
no evidence of a Mn(lll/IV) phase, which could explain the XANES- and titration-derived AOS values >2
obtained for the illite sample (Table 3). This may suggest a similar adsorption mechanism for Mn** ions
or a systematic error in both AOS determination methods, which we consider less likely.

Nearly identical shell-fit results were obtained for Mn(ll) adsorbed to peat at pH 5 and 7,
showing that pH had a negligible effect on the coordination of organically bound Mn(ll). Both EXAFS
were well reproduced with one proximal C atom at 3.20(7) (pH 5) and 3.21(8) A (pH 7), implying
monodentate Mn?* complexation by carboxyl groups. Owing to their low scattering amplitudes, distal
C atoms were not included in the model; instead, an obtuse triangle Mn-C-O MS path was used to
reproduce the low FT peaks at ~4.5A (Fig. 2.5, Table 2.4). Interestingly, Mn? complexation by

particulate organic matter did not lead to Mn?* oxidation under oxic conditions (Table 2.3).

2.3.3.7. COMPARISON OF INTERATOMIC DISTANCES

When XAS is applied to soils or sediments, overabsorption can frequently affect the EXAFS amplitude,
leading to a bias of fitted CNs. Additionally, CNs can be influenced by poor crystallinity (i.e., high static
disorder) and/or small particle size relative to crystalline reference compounds (O’Day et al., 2004). As
these issues do not affect the EXAFS frequency, atomic distances are more robust parameters when
comparing average Mn coordination environments of natural samples.

Figure 2.7 compiles all absorber-single scatter distances determined in this study. The figure
also includes data from various literature sources for comparison (Table A.4). Note that the designation
of individual coordination shells is somewhat arbitrary, and for simplicity, atoms in subshells were
considered part of a ‘shell’. As evidenced by Friedl et al. (1997), Mn-O bond distances depend on the
oxidation state of Mn. In agreement with this, the shortest Mn-O distances were observed for

tectomanganates, and the longest Mn-O distances for (in)organic Mn(ll) species (Fig. 2.7).

71



X-ray absorption spectroscopy study of Mn reference compounds for Mn speciation in terrestrial
surface environments

Shell: first w iu'ﬂmn“.

= © Oxygen
m O Fluorine
® 0 Manganese
¥ Aluminum
= Zinc
I Phosphorus
A Carbon

Acid Na-birnessite (hex, syn)
3-MnO, (syn)
Lithiophorite
Na-birnessite (tricl, syn)
Cryptomelane (nat)
Cryptomelane (syn)
Hollandite

Pyrolusite

Pyrolusite (syn)
Ramsdellite

Romanéchite -
Romanéchite (Ba-free, syn}
Todorokite

Todorokite (syn) 1

Bixbyite (nat)

Bixbyite (syn) -
Hausmannite -
Manganosite (syn) -
Feitknechtite

Groutite

Manganite (syn) -
Braunite

Hendricksite o
Masutomilite
Rhodochrosite -

Triplite

Mn(ll) acetate tetrahydrate
Mn(ll) oxalate dihydrate o
Mn(lll) acetate dihydrate
Mn(I1) ads. illite pH7 ~
Mn(ll} ads. peat pH5
Mn(ll} ads. peat pH7

o
0e%,00%,°%

1.5 2.0 2.5 3.0 3.5 4.0
R (A)

Figure 2.7. Interatomic distances between Mn and near-neighbor atoms in Mn reference compounds obtained
from this study (colored symbols) and the literature (gray symbols). Literature references are listed in Table
A.4. In masutomilite, first-shell O could also be F and third-shell Al could be Si. In triplite and hendricksite, second-

shell Mn may also be Fe. Horizontal lines separate the seven different Mn species groups (see text for further
details).

In general, average first-shell distances of all reference compounds can be classified according to their
XANES-derived Mn AOS: 2.14+0.04 A (x+o) for AOS 2.0-2.5 members (N = 10), 2.02+0.06 A for AOS 3.0-
3.5 members (N = 9), and 1.90+0.01 A for AOS 3.7-4.0 members (N = 13). Differences in average Mn-
O/F bond lengths of AOS groups are significant at the p <0.05 level (Kruskal-Wallis rank-based ANOVA,
Dunn’s method), except for those of the AOS 3.0-3.5 and 3.7-4.0 groups. Figure 2.7 also illustrates that
split shells of first O neigbors are absent in the phyllo- and tectomanganate groups. In contrast, Mn-
01 subshells or longer Mn-O distances are typical features of all other Mn species groups. Likewise,
Mn-Mn1 distances of edge-sharing Mn octahedra in phyllo- and tectomanganates (2.87-2.92 A) are
substantially shorter than corresponding (average) Mn-Mn distances in (1) oxides without layer or
tunnel structure (3.03-3.13 A; bixbyite, hausmannite, manganosite), (2) members of the phosphate
and silicate group (2.93-3.17 A; braunite, hendricksite, masutomilite, triplite), and (3) organic Mn(l1)
compounds (3.40 A; Mn(ll) acetate tetrahydrate). Although Mn-Mn1 distances of phyllo- and
tectomanganates are similar to (average) Mn-Mn1 distances in Mn(lll) oxyhydroxides, the need to fit
two Mn-Mn1 subshells to an EXAFS spectrum of an environmental sample, may indicate the presence

of feitknechtite and manganite (or hausmannite) (Fig. 2.7).
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Organic Mn(Il/1ll) compounds may possess edge- or corner-sharing MnQOg linkages, whose Mn-
Mn distances can overlap with those of manganate and oxyhydroxide minerals, notably groutite (Fig.
2.7). In contrast, organically complexed Mn(ll) species lack Mn or other heavy atoms in higher
coordination shells. Their Mn-C distances are either significantly shorter or longer than the Mn-C
distance of rhodochrosite (3.08(2) A), thus facilitating the distinction between rhodochrosite and

organic Mn(ll) species in environmental samples (Fig. 2.7).

2.3.3.8. STATISTICAL XAS SPECTRUM COMPARISONS

Key to species detection and quantification by means of Mn XAS LCF is spectral dissimilarity. Therefore,
Pearson correlations were used to compare the (dis)similarity of XAS spectra of all reference
compounds. Normalized XANES spectra (6,530-6,600 eV) were highly positively correlated due to
similar overall shape (Fig. A.5), complicating a meaningful species identification and quantification
based on LCF analysis of this data without auxiliary information. Significantly lower spectral
correlations for first-derivative XANES spectra (Fig. A.6) indicate much better discriminative power of
these data. Here, low and moderate correlations (r <0.7) exist between adsorbed Mn(ll) species and
most other species-group members. The same holds for carbonate, silicate, and phosphate minerals
as well organic Mn(ll) compounds (Fig. A.6). This suggests that members of these groups can likely be
identified based on their first-derivative XANES, provided data quality is sufficient. However, high
correlations (r >0.8) were still observed between manganates, oxide minerals without layer or tunnel
structure, and Mn(lll) oxyhydroxides, making it difficult to identify and quantify individual members of
these species groups in mixtures using first-derivative XANES spectra (Fig. A.6). A much better
discriminative power can be achieved on the basis of Mn EXAFS spectra. Figure 2.8 shows the Pearson
correlation matrix of k?>-weighted EXAFS spectra (k = 2.0-11.5 A%, E, = 6,563 eV) of all reference
compounds. A k*-weighting was chosen because environmental studies usually deal with low-Mn
concentration samples that would not allow a higher k-weighting in LCF analyses without risking
excessive spectral noise amplification. However, caution must be exercised in interpreting these
correlation coefficients because strong correlations were observed for species whose EXAFS spectra
differ substantially, for example, pyrolusite and Ba-free romaneéchite (r = 0.82) (cf. Fig. 2.6). It follows
that correlation coefficients of less than approximately 0.8 can be taken as indication of spectral
dissimilarity. Using this criterion, Figure 2.8 shows that EXAFS spectra of most reference compounds
are unique, only exceptions being spectra of several members of the manganates, organic Mn(ll/Ill)
compounds, adsorbed Mn(ll) species, and triplite. This result confirms the supreme potential of EXAFS

LCF analysis to identify and quantify individual Mn species in environmental samples.
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Next, we performed a PCA to reduce the dimensionality of the k*-weighted Mn K-edge EXAFS
dataset and clarify spectral group membership. Output parameters for the first ten principal
components (PCs) are summarized in Table A.5. The number of statistical meaningful PCs based on
eigenvalues >1 (Kaiser-Guttman criterion; Guttman, 1954) was five (Table A.5). These PCs explained
88.6% of the total variance of all Mn EXAFS spectra, suggesting five superordinate variables defining
spectral group membership. A loading plot of PC1 vs. PC2, explaining 56.08% and 13.33% of spectral
variance, respectively, is illustrated in Figure 2.9. Here, PC1 mainly reflects the oxidation state of Mn
reference compounds, as members of manganates load highly negatively, Mn(ll) species positively,
and species with predominantly Mn(lll) intermediately and negatively on PC1. Combined, PCA implies
that at least five Mn species (groups) can be distinguished in the entire EXAFS data set, and Figure 2.9

suggests that the Mn oxidation state plays a major role.
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Hendricksite [-0.42 -0.47 -0.55 -0.58 -0.47 -0.48 -0.51 -0.40 -0.42 -0.47 -0.52 -0.48 -0.50 -0.53 0.33 0.28 0.03 0.63 0.39 -0.27 = o
Masutomilite |-0.37 -0.41 -0.30 -0.42 -0.38 -0.37 -0.38 -0.39 -0.40 -0.40 -0.43 -0.37 -0.45 -0.45 -0.46 -0.39 -0.38 g ‘=E
Rhodochrosite [-0.34 -0.37 -0.35 -0.36 -0.29 -0.27 -0.34 -0.16 -0.14 -0.21 -0.35 -0.37 -0.37 -0.40 -0.33 -0.34 -0.37 -0.44 0.26 =8 s
Triplite [-0.62 -0.63 -0.48 -0.64 -0.58 -0.56 -0.57 -0.47 -0.43 -0.53 -0.67 -0.58 -0.70 -0.69 -0.29 -0.29 -0.16 0.16 -0.50 -0.45 -0.46 o 3
Mn(ll) acetate tetrahydrate |-0.44 -0.49 -0.46 -0.50 -0.44 -0.43 -0.49 -0.32 -0.30 -0.37 -0.49 -0.50 -0.49 -0.53 -0.31 -0.34 -0.22 0.22 -0.48 -0.50 -0.47 -0.42 2
Mn(ll) oxalate dihydrate |-0.43 -0.45 -0.35 -0.43 -0.40 -0.39 -0.42 -0.31 -0.29 -0.36 -0.47 -0.43 -0.51 -0.51 -0.27 -0.29 -0.25 0.20 -0.42 -0.33 -0.45 -0.33 3
Mn(lll) acetate dihydrate | 0.64 0.70 0.71 0.63 0.75 0.74 MO0} 0.71 0.72 0.76 0.64 0.80 0.66 0.71 0.29 0.30 0.56 -0.28 0.71 0.63 0.64 0.54 g
Mn(ll) ads. illite |-0.37 -0.40 -0.30 -0.45 -0.40 -0.40 -0.41 -0.36 -0.36 -0.38 -0.49 -0.38 -0.50 -0.48 -0.18 -0.19 0.25 -0.29 -0.25 -0.23 -0.22 0.85 0.81
Mn(ll) ads. peat pH5 |-0.55 -0.59 -0.50 -0.57 -0.56 -0.55 -0.59 -0.48 -0.47 -0.53 -0.61 -0.58 -0.63 -0.64 -0.29 -0.30 -0.27 0.26 -0.49 -0.47 -0.45 -0.41 0.94 0.87
Mn(ll) ads. peat pH7 |-0.53 -0.57 -0.48 -0.56 -0.54 -0.54 -0.57 -0.46 -0.46 -0.51 -0.59 -0.56 -0.62 -0.63 -0.29 -0.30 -0.25 0.27 -0.49 -0.45 -0.45 -0.40 0.94 0.87 ] 0.93 1.00

*PM = Phyllomanganates

Figure 2.8. Pearson correlation matrix for k:-weighted Mn K-edge EXAFS spectra (k = 2.0-11.5 A%,
(p <0.05) are reported.

Eo = 6,563 eV) of Mn reference compounds. Only significant correlations
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Figure 2.9. Loading plot of the first two PCs obtained from PCA of k*-weighted Mn K-edge EXAFS spectra
(k = 2.0-11.5 A, Eo = 6,563 eV) of Mn reference compounds. Species are colored according to their XANES-
derived Mn AOS.

To validate the PCA results, an unsupervised tree-clustering analysis was performed using Ward’s
method (Ward, 1963). Figure 2.10 shows the output of the cluster analysis. The length of the horizontal
lines (linkage distances) is proportional to spectral dissimilarity. Like PCA, hierarchical cluster analysis
generally separated Mn(lll/IV) phases from Mn(lll)- and Mn(ll)-containing compounds at a linkage
distance of 25-40 (Fig. 2.10). A division into five meaningful clusters, as suggested by PCA, is given at a
linkage distance of about 18. Here, cluster one consists of all phyllo- and tectomanganates with large
tunnel sizes (2x2 and larger) including hollandite s.s. (2x2 tectomanganate). Cluster two comprises
tectomanganates with small tunnel sizes (2x2 and smaller). Minerals dominated by Mn(lll) are grouped
into cluster three. Cluster four unites all Mn(ll) species, and cluster five is exclusively formed by
manganosite. A closer inspection of inner-cluster variability revealed that bixbyite, hausmannite,
hendricksite, masutomilite, pyrolusite, and rhodochrosite are clearly distinct within their respective
clusters. While EXAFS spectra with a linkage distance >6 show discriminable spectral features, they
become virtually indistinguishable at a linkage distance <5 based on direct comparisons. This implies
that six of the 32 Mn reference compounds (hausmannite, hendricksite, manganosite, masutomilite,
Mn(lll) acetate dihydrate, rhodochrosite) are clearly recognizable and quantifiable as individual species
when present in mixtures. All other Mn compounds can at least be reliably assigned to a particular

species group.
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Figure 2.10. Unsupervised tree clustering of k?>-weighted Mn K-edge EXAFS spectra (k = 2.0-11.5 A?,
Eo = 6,563 eV) of Mn reference compounds using Ward’s method. Five clusters are indicated at a linkage
distance of 18.

2.4. IMPLICATIONS

Research on Mn oxidation states in soils and sediments is prerequisite to better understand redox
cycling of Mn and its participation in environmental processes. Since accurate Mn AOS determination
in soils and sediments by wet-chemical methods is impossible due to the excess of other electron
donors/acceptors, especially Fe and organic matter, XANES spectroscopy is currently the only available
tool for process-oriented research relying on this key parameter. By comparing XANES LCF- and redox
titration-based AOS results for mono- and multivalent Mn compounds, we found that the XANES LCF
‘Combo’ method of Manceau et al. (2012) provides accurate Mn AOS data within approximately 0.1
v.u. over the entire natural Mn valence range.

Linear combination fitting of XAS spectra is a widely used method for the identification and
quantification of element species in environmental samples (Hutchison et al., 2001; Scheckel and Ryan,
2004; Langner et al., 2012; Mikutta and Rothwell, 2016; Leven et al., 2018). This approach requires
comprehensive databases with suitable reference spectra (Scheinost et al., 2002; Gustafsson et al.,
2020). While these exist for several key elements such as Fe (Wilke et al., 2001; O’Day et al., 2004),
they are not available for Mn. Therefore, we provide (energy-calibrated) XAS spectra of 32 Mn

compounds, potentially occurring in soils and sediments, in the Supplementary material. This spectrum
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library can be used by the scientific community for Mn species identification and quantification in
terrestrial surface environments.

Prerequisite to the application of XAS LCF for species recognition and quantification is spectral
uniqueness (Scheinost et al., 2002; Gustafsson et al., 2020). Our results show that, compared to EXAFS
spectra, normalized and first-derivative Mn K-edge XANES spectra provide far less discriminative
power to distinguish and thus identify individual Mn species in environmental samples. Owing to high
spectral correlations, the use of normalized Mn XANES spectra for species identification and
qguantification in LCF analysis of environmental samples is not recommended without proper
justification based on auxiliary species information. First-derivative XANES spectra of most analyzed
Mn compounds are unique, suggesting that identification and quantification of most Mn species would
be possible. However, members of the manganate and Mn(lll)-oxyhydroxide groups are probably
indistinguishable in mixtures using (first-derivative) XANES spectra. Prominent exceptions are
pyrolusite, ramsdellite, and perhaps lithiophorite, which possess unique first-derivative XANES
fingerprints. Nonetheless, the employment of XANES LCF for Mn species identification and
quantification in natural samples is limited. First, because XANES features are not solely dependent on
the Mn oxidation state or structural and electronic factors, but also on energy calibration and
monochromator resolution (Manceau et al.,, 2002; Manceau et al., 2012). Second, because XANES
spectra are influenced by subtle changes in chemical composition and/or crystallinity of Mn
compounds. Comparisons of XANES and EXAFS spectra of natural and synthetic Mn compounds
(bixbyites, cryptomelanes, pyrolusites, todorokites) document the robustness of EXAFS spectroscopy
to variations in chemistry and/or crystallinity, demonstrating its superior value for bulk Mn species
identification and quantification in natural samples. Based on PCA and cluster analyses, EXAFS LCF
analysis of environmental samples is at least capable of discriminating the following species groups:
(1) phyllomanganates and tectomanganates with large tunnel sizes (2x2 and larger; hollandite s.s.,
romanéchite, todorokite), (2) tectomanganates with small tunnel sizes (2x2 and smaller;
cryptomelane, pyrolusite, ramsdellite), (3) Mn(lll)-dominated species (nesosilicates, organic
compounds, oxyhydroxides, spinels), (4) Mn(ll) species (carbonate, phosphate, and phyllosilicate
minerals, adsorbed and organic species), and (5) manganosite. Within these conservatively established
species groups, most Mn compounds exhibit unique EXAFS features, which would assist their
identification and quantification in mixtures using EXAFS LCF analysis. Sole exceptions are manganate
minerals (except for pyrolusite) and adsorbed Mn(ll) species whose EXAFS are dominated by first-shell
O signals. These results highlight the potential of Mn K-edge EXAFS spectroscopy to quantitatively
assess bulk Mn speciation in soils and sediments, which so far has not been exploited. For speciation

analysis of natural samples using Mn K-edge EXAFS spectroscopy, we recommend stepwise application
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of PCA-TT and LCF analysis and subsequent validation of LCF results by spectral fingerprinting as well
as EXAFS shell-fitting in order to justify the presence of individual Mn species.

In summary, the results of this study provide a comprehensive framework for the analysis and
interpretation of Mn XAS spectra of natural samples and for the evaluation of the role of Mn in
environmental processes. Our spectrum library thus lays the foundation for further process-oriented

environmental Mn research.
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A. SUPPORTING INFORMATION TO CHAPTER 2

A.1. SYNTHESIS OF MIN(Il) ADSORPTION SAMPLES

Batch Mn(ll) adsorption experiments were performed with a natural 85:15-90:10 illite-smectite
mineral from Flzérradvany, Hungary (<2-um fraction; Dohrmann et al., 2009) and peat from a raised
peat bog (Federseemoor) near Bad Buchau, Germany (40-250-um fraction; Hoffmann et al., 2012).
Both adsorbents were previously homogenized with agate mortar and pestle. Stock solutions of Mn%*
(10 mM) were prepared from MnCl, (98%, Merck) or MnCl,-4H;0 (p.a., Roth) and ultrapure water
(>18.2 MQ-cm), which was purged with N, for a minimum of two hours to remove CO; and O,. After
Mn?* addition, the suspension pH was adjusted to 5 or 7 with HNOs or NaOH. The suspensions (2 g/L
solid concentration) were horizontally shaken (100 rpm) in the dark at room temperature for 24 hours,
centrifuged, and vacuum-filtered through 12-25-um cellulose filter papers (Whatman). The filter
residues were rinsed with ultrapure water, shock-frozen in liquid N,, freeze-dried, and stored in the
dark at room temperature. Adsorbed Mn was calculated as the difference between initial Mn
concentrations and Mn concentrations determined in the filtrates using inductively coupled plasma—

mass spectrometry (Agilent 8900). Results are reported in Table 2.1

A.2. X-RAY DIFFRACTION PATTERNS OF MIN REFERENCE COMPOUNDS

Diffractograms of Mn reference compounds are shown in Figures A.1 and A.2. Mineral identities were
confirmed in all cases using literature data and reference patterns (Table A.1). Here, we only detail

important features (e.g., impurities) of the diffractograms where appropriate.

A2.1. PHYLLO- AND TECTOMANGANATES

Acid Na-birnessite shows four broad diffraction peaks. The peaks located at 11.7 and 24.0° 2theta are
also visible for triclinic Na-birnessite and arise from (001) and (002) reflections of stacked octahedral
sheets (Villalobos et al., 2003). Compared to triclinic Na-birnessite, both peaks are slightly shifted by
about -0.4°. The broad peaks at 36.8 and 66.0° 2theta correspond to d-values of 2.4 and 1.4 A
respectively. The resulting d-value quotient of 1.71 is close to the expected ratio of unit-cell
parameters, b/a, for hexagonal symmetry (Villalobos et al., 2003). 6-MnO; is characterized by broad
hkl diffraction bands caused by its X-ray amorphous character. The poorly resolved basal (001) peak
and the absence of a (002) reflection are typical features of 6-MnO; (Chukhrov and Gorshkov, 1980;
Chukhrov et al., 1987; Post, 1999) indicating a small number of randomly stacked sheets per diffracting

particle (Chukhrov et al., 1987; Grangeon et al., 2008). As with acid Na-birnessite, a hexagonal layer
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symmetry is evident from the broad peaks at ~37.4 and ~65.8° 2theta, corresponding to a d-value
qguotient of 1.71.

Triclinic Na-birnessite shows a set of sharp and well-defined reflections, indicating a high
crystallinity. The peak at 19.3° 2theta could not be assigned to any phase. In any case, hausmannite, a
typical interstitial phase that can form during synthesis, could be excluded.

The XRD patterns of natural and synthetic cryptomelanes show a perfect match of all
reflections. Compared to the natural mineral, the reflections of synthetic cryptomelane have smaller
widths, suggesting a slightly higher crystallinity. Synthetic cryptomelane shows one additional sharp
peak at 8.7° 2theta, which could not be explained. Remains of the acid birnessite precursor phase were
not detectable.

Natural and synthetic pyrolusites exhibit similar XRD patterns with the main (110) reflection at
28.6° 2theta. Natural pyrolusite shows two small additional peaks at 26.2° and 34.0° 2theta caused by
a manganite impurity. The sharper reflections of synthetic compared to natural pyrolusite indicate a
higher crystallinity of the synthetic mineral.

Ramsdellite shows its main (110) and (130) reflections at 21.8 and 35.1° 2theta. The XRD
pattern is characterized by sharp diffraction peaks indicating a high degree of crystallinity. Pyrolusite
was identified as an impurity phase.

The diffractogram of synthetic Ba-free romanéchite is similar to that presented in Shen et al.
(2005) with characteristic (200) and (400) reflections at 12.5 and 25.1° 2theta. However, the typical
small (001) reflection at ~9.2° 2theta (d ~9.7 A) was not observed, potentially caused by preferred
orientation of the needle-shaped crystals along [001]. The peak labelled as (-311) in Shen et al. (2004)
actually lies at ~38.0° 2theta (Turner and Post, 1988).

A2.2. OXIDE MINERALS WITHOUT LAYER OR TUNNEL STRUCTURE

Natural and synthetic bixbyites show nearly identical XRD patterns, which are in agreement with the
standard pattern of bixbyite. Synthetic bixbyite shows an additional peak at 28.8° 2theta, which likely

arises from a pyrolusite impurity.

A2.3. MN(III) OXYHYDROXIDES

The peaks at 29.5 and 43.2° 2theta in the diffraction pattern of groutite originate from calcite.
Additional reflections of a manganite impurity appear at 26.4, 33.7, 37.1, 54.4, and 55.6° 2theta. All

other peaks are consistent with groutite.

A2.4. CARBONATE, PHOSPHATE, AND SILICATE MINERALS

The XRD pattern of braunite is fully consistent with the corresponding reference pattern. Additional

reflections originate from quartz.
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The XRD pattern of hendricksite shows additional small peaks of another mica, likely annite,
the Fe-endmember of trioctahedral micas. Diffraction patterns of hendricksite and masutomilite are
influenced by preferred orientation, resulting in enhanced 00/ reflections. However, peak
displacements due to preferred orientation (da Silva and de Oliveira, 2011) were not observed.

The XRD pattern of triplite is consistent with a solid-solution of triplite and zwiselite, the Fe-
endmember of this mineral group. As evidenced by EPMA, the sample contains a considerable amount
of Fe** (0.74 apfu; Tables 2.1 and A.2). The diffraction peaks are intermediate between triplite and

zwiselite and occasionally show double peaks due to slight shifts of each endmember pattern.

A2.5. COMPOUNDS USED FOR MIN(Il) ADSORPTION

The ‘illite’ sample is a natural 85:15-90:10 R3-ordered illite-smectite mixed layer mineral (Dohrmann
et al., 2009). Its diffraction pattern shows prominent 00/ reflections at 8.6, 17.8, 26.6 and 45.3° 2theta,
which are common to illite and smectite minerals. Contributions of other crystalline mineral phases

were not detected. The peat material is characterized by broad diffuse scattering and a single quartz

reflection at 26.6° 2theta.
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Figure A.1. Diffractograms of phyllo- and tectomanganates, oxide minerals without layer or tunnel structure,
Mn(lll) oxyhydroxides as well as carbonate, phosphate, and silicate minerals. Main reflections are indexed and

asterisks indicate impurities (see text for further details).
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Figure A.2. Diffractograms of trioctahedral micas, the Mn(ll) adsorbents illite and peat, and organic Mn(11)/(111)

compounds. Main reflections are indexed and asterisks indicate impurities (see text for further details).
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Table A.1. Crystallographic properties and literature references or powder diffraction file (pdf) numbers used

for the evaluation of XRD patterns of Mn reference compounds

Mineral

Crystal system

Space group

Literature reference or
reference pattern (pdf no.)

Pyllomanganates

Acid Na-birnessite (hex, syn)
6-MnO,

Na-birnessite (tricl, syn)
Tectomanganates
Cryptomelane
Cryptomelane (syn)

Pyrolusite

Pyrolusite (syn)
Ramsdellite
Romanechite (Ba-free)
Todorokite (nat)

Hexagonal
Hexagonal

Triclinic

Monoclinic
Monoclinic

Tetragonal

Tetragonal
Orthorhombic
Monoclinic
Monoclinic

Oxide minerals without layer or tunnel structure

Bixbyite (nat)

Bixbyite (syn)
Hausmannite
Manganosite (syn)
Mn(l1) oxyhydroxides
Manganite (syn)

Groutite

Cubic
Cubic
Tetragonal
Cubic

Monoclinic
Orthorhombic

Carbonate, phosphate, and silicate minerals

Braunite

Hendricksite

Masutomilite

Rhodochrosite

Triplite

Organic Mn(ll/11l) compounds
Mn(Il) oxalate dihydrate (syn)
Mn(ll1) acetate dihydrate (syn)
Adsorbed Mn(ll) species

Illite

Peat

Tetragonal

Monoclinic

Monoclinic
Trigonal

Monoclinic

Monoclinic

Monoclinic

12/m
12/m

P4,/mnm

P4,/mnm
Pbnm
C2/m
P2/m

la3
la3
141/amd

Fm3m

P21/C

Pnma

141/acd
B2/m
c2

R3c

12/a

C2/c

c2/m

Villalobos et al. (2003)
Villalobos et al. (2003)
Villalobos et al. (2003)

Cryptomelane (00-044-1386)
Cryptomelane (00-044-1386)
Pyrolusite syn (01-081-2261)
Manganite (01-088-0649)
Pyrolusite syn (01-081-2261)
Ramsdellite (00-043-1455)
Romanechite (00-014-0627)
Todorokite (00-038-0475)

Bixbyite C (01-075-0894)
Bixbyite C (01-075-0894)
Hausmannite calc. (01-080-0382)
Manganosite (01-075-1090)

Manganite (00-088-0649)
Groutite (01-088-0648), Calcite (00-005-0586),
Manganite (01-088-0649)

Braunite-1Q (v00-033-0904)
Quartz (01-079-1910)
Hendricksite-1M (00-019-0544)
Annite-1 (00-045-1444)
Masutomilite (00-029-0822)
Rhodochrosite, syn (00-044-1472)

Triplite (00-005-0621), Zwiselite (00-021-0811)

Mn oxalate dihydrate (00-025-0544)

Illite-1 (00-029-1496), Montmorillonite
(00-029-1499),

Illite-Montmorillonite (00-035-0652)
Quartz (01-083-0539)
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A.3. CHEMICAL CHARACTERIZATION OF MIN REFERENCE COMPOUNDS

Based on chemical compositions determined by EPMA and acid digestions followed by ICP-OES
measurements, empirical mineral formulas were calculated after normalization to oxygen (Table 1).
Fractional amounts of Mn?*, Mn¥*, and Mn* per formula unit were determined by charge-balance
calculations (Deer, 1992). All chemical analysis results are summarized in Table S2. Detection limits for
each element measured are provided in Table A.3.

For acid digestions, ~100 mg of powdered sample material was placed in Teflon beakers with
screw caps. Acid reagents used were 69% HNOs; (suprapur, Roth), 37% HCl (p.a., Roth), and, if
necessary, 40% HF (p.a., Merck) and 30% H,0; (suprapur, Merck). The peat material was previously
combusted at 550 °C over night in a ceramic crucible and quantitatively transferred to a Teflon beaker.
The illite sample was previously digested in 3 mL HNOs and 5 mL HF over night at 120 °C. Afterwards,
the peat and illite samples were treated identically to all other samples. Sample powders of all
compounds were digested at 120-140 °C in aqua regia (3:1 v/v HCI:HNOs) for 12-24 hours. After
complete dissolution and vaporization of reagents, the samples were finally taken up in 3% (w/w) HNO3
and elemental concentrations in solutions determined by ICP-OES (Agilent 5900 SVDV). All samples
were digested at least in duplicate. Data quality was monitored by including procedural and
measurements blanks. The accuracy of digestions was determined by comparing measured element
concentrations of USGS BHVO-1 (basalt) and NIST SRM 2710a (Montana | Soil) reference materials with

their certified values. Percent recoveries were always >96%.

A3.1. NOTES ON EMPIRICAL FORMULA CALCULATIONS

The determination of correct empirical mineral formulas for birnessite modifications is complex.
Especially the calculation of vacancies is closely related to the valence of structural Mn cations (Drits
et al., 1997; Villalobos et al., 2003). For example, Drits et al. (1997) showed that different empirical
mineral formulas (NagsMn*14Mn%*,604 and NagsMn**igsvaco1s04; vac = lattice vacancy) can be
calculated from the same chemical birnessite analysis. Variable proportions of each Mn valence might
be present in members of the birnessite family, and there is also the possibility of O atom replacements
by OH groups and the formation of layer vacancies (Drits et al., 1997). Villalobos et al. (2006) stated
the mineral formula of hexagonal acid Na-birnessite with  HoosKo.18(H20)054Mn30.08
(H20)0.24[Mn* 83,vaco12]02, and we adopted this formula since the mineral synthesis was exactly
carried out as described in this study. The same is true for triclinic Na-birnessite and 6-MnQ,, whose
formulas were given by Villalobos et al. (2003) as Nag2s(Mn*074Mn3(2)0, and
Nao.24(H20)072(Mn*0.0s,vaco06)02, respectively. Formula calculation of natural and synthetic

cryptomelane was based on 16 O atoms and 9 cations. As for hollandite, Mn in cryptomelane is mainly
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reported as Mn* and Mn3* (Post et al., 1982; Biagioni et al., 2013). Similar to these studies, we also
used the assumption of Mn* and Mn3* prevalence in cryptomelanes. For Ba-free romanéchite, the
mineral formula calculation based on 24 O atoms (Shen et al., 2004) did not provide results consistent
with elemental analysis. Therefore, the formula calculation was based on oxygen and cation numbers

typical for Ba-romanechite, that is, 6 cations, 10 O atoms, and one H,O molecule as given in Anthony

et al. (2003).
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Table A.2. Average composition of Mn reference compounds determined by EPMA and acid digestions (ICP-

OES). Chemical data were recalculated into atoms per formula unit (apfu) based on the number of oxygens given

below. Numbers in parentheses represent standard deviations of the last significant figure

Acid Na-birnessite Bixbyite Braunite Cryptomelane  Cryptomelane  6-MnO,
(hex, syn) (nat) (syn)
wt. % ICP-OES EPMA EPMA EPMA ICP-OES ICP-OES
N=3? N=4 N=6 N=3 N=1 N=2
P,0s n.d.b b.d.l.c b.d.l. b.d.l. n.d. n.d.
Si0, 0.00(0) b.d.. 9.26(80) 0.37(0) 0.01 0.00(0)
TiO, n.d. 0.15(2) b.d.l. b.d.l. n.d. n.d.
AlL,O; b.d.l. 1.44(7) 0.07(10) 0.42(4) 0.01 b.d.l.
Cr,03 0.01(0) b.d.l. b.d.l. b.d.l. 0.01 0.00(0)
Fe 03 b.d.l. 10.41(27) b.d.l. b.d.l. 0.00 b.d.l.
MnO 70.27(47) 77.37(46) 79.02(120) 73.91(37) 79.87 62.78(15)
BaO 0.00 b.d.l. b.d.l. 0.09(0) b.d.l. b.d.l.
cao b.d.l. b.d.l. 1.38(26) 0.30(1) 0.03 b.d.l.
FeO n.a.d n.a. n.a. n.a. n.a. n.a.
MgO 0.00 b.d.l. b.d.l. b.d.l. 0.00 0.00(0)
PbOs 0.37(4) n.d. n.d. n.d. 0.36 0.14(14)
SrO n.d. b.d.l. b.d.l. 0.21(2) n.d. n.d.
Zn0 0.00(0) b.d.l. b.d.l. 0.30(1) 0.00 0.00(0)
K,0 5.49(29) b.d.l. b.d.l. 4.84(10) 5.81 b.d.l.
Li,0¢ 0.30(42) n.d. n.d. n.d. b.d.l. b.d.l.
Na,O b.d.l. b.d.l. b.d.l. 0.25(2) b.d.l. 6.09(125)
cl n.d. b.d.l. b.d.l. b.d.l. n.d. n.d.
F n.d. b.d.l. b.d.l. b.d.l. n.d. n.d.
Total 76.44 89.37(23) 89.73(71) 80.68(51) 86.10 69.01(129)
Oo=Cl,F
H,0 calculated®
CO; calculatedf
Total corrected  n.d. 98.10(27) 97.74(77) 96.07(63) 102.66 n.d.
apfu based on:
Moles O 3.00 12.00 16.00 16.00
Moles cations 2.00 8.00 9.00 9.00
Moles H,0
Moles OH
apfu
ps+ b.d.l. b.d.l. b.d.l. 0.00
Mn# 0.00(0) 0.00(0) 6.73(3) 6.79
Sid+ b.d.l. 0.95(8) 0.05 0.00
Ti% 0.00(0) b.d.l. b.d.l. 0.00
Al3+ 0.05(0) 0.01(1) 0.06(1) 0.00
Cr3+ b.d.l. b.d.l. b.d.l. 0.00
Fe3* 0.21(1) b.d.l. b.d.l. 0.00
Mn3+ 1.74(1) 6.08(16) 1.22(5) 1.31
Ba?* b.d.l. b.d.l. 0.00(0) b.d.l.
Ca% b.d.l. 0.15(3) 0.04(0) 0.00
Fe2t 0.00(0) b.d.l. b.d.l. 0.00
Mg2* b.d.l. b.d.l. b.d.l. 0.00
Mn2+ 0.00(0) 0.80(8) 0.00(0) 0.00
Pb?* n.d. n.d. n.d. 0.01
Sr2+ b.d.l. b.d.l. 0.02(0) 0.00
Zn? b.d.l. b.d.l. 0.03(0) 0.00
K* b.d.l. b.d.l. 0.78(1) 0.89
Li* n.d. n.d. n.d. b.d.l.
Na* b.d.l. b.d.l. 0.06(0) b.d.l.
H* - - - -
Cl b.d.l. b.d.l. b.d.l. -
F b.d.l. b.d.l. b.d.l. -

aN = number of analysis points/samples analyzed. °n.d. = not determined. ¢b.d.l. = below detection limit (Table A.3).
9n.a.= not applicable. ¢PbO and Li,O determined from ICP-OES measurements. fCalculated from stoichiometry. H,0 for hendricksite
and masutomilite calculated ‘by difference’ such as to yield £(OH, F) = 2.0 and for triplite £(O, OH, F) = 1.0. 8Moles (O, OH, F) for

hendricksite, masutomilite, and triplite.
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Table A.2. (continued)

Groutite Hausmannite Hendricksite = Manganite Masutomilite Na-birnessite
(syn) (tricl, syn)

wt. % EPMA EPMA EPMA ICP-OES EPMA ICP-OES

N=4 N=3 N=3 N=1 N=4 N=2
P,0s b.d.l. b.d.l. b.d.l. n.d. b.d.l. n.d.
Sio, 0.22(10) b.d.l. 33.94(3) 0.01 51.09(47) 0.00(0)
TiO, b.d.l. b.d.l. 0.21(1) n.d. b.d.l. n.d.
Al,03 0.25(7) b.d.l. 11.86(4) 0.01 22.74(43) 0.02(2)
Cr,03 b.d.l. b.d.l. b.d.l. 0.01 b.d.l. 0.00(0)
Fe,03 b.d.l. 0.77(56) - 0.01 - 0.00(0)
MnO 77.77(70) 90.92(79) 10.69(14) 84.80 3.15(24) 71.14(25)
BaO 0.57(82) b.d.l. 0.23(2) b.d.l. b.d.l. 0.00(0)
Cao b.d.l. 0.00(0) b.d.l. 0.01 b.d.l. 0.01(0)
FeO - - 3.99(6) - b.d.l.
MgO 0.35(5) 0.04(2) 6.09(2) b.d.l. b.d.l. 0.00(0)
PbOe n.d. n.d. n.d. 0.38 b.d.l. 0.40(5)
SrO b.d.l. b.d.l. b.d.l. n.d. b.d.l. n.d.
Zn0O b.d.l. b.d.l. 20.72(9) 0.00 0.08(2) b.d.l.
K20 b.d.l. b.d.l. 8.73(17) b.d.l. 9.96(22) 0.01(1)
Li,O¢ n.d. n.d. n.d. b.d.l. 5.68(0) b.d.l.
Na,O b.d.l. b.d.l. 0.41(0) b.d.l. 0.32(8) 8.42(47)
Cl b.d.l. b.d.l. b.d.l. n.d. 0.08(2) n.d.
F b.d.l. b.d.l. b.d.l. n.d. 9.70(48) n.d.
Total 79.16(36) 91.73(32) 96.85(26) 85.22 102.80(111) 80.01(28)
O0=ClLF 0.00(0) 4.10(20)
H,0 calculated® 10.25(6) 3.55(0) 10.22
CO; calculatedf
Total corrected  98.17(32) 98.55(37) 100.41(27) 105.00 98.70(96) n.d.
apfu based on:
Moles 08 1.50 4.00 12.00 1.50 12.00
Moles cations 1.00 3.00 8.00 1.00 8.00
Moles H,0 1.00
Moles OH 1.00 1.00
apfu
ps+ b.d.l. b.d.l. b.d.l. 0.00 b.d.l.
Mn#* 0.00(0) 0.00(0) 0.00(0) 0.00 0.00(0)
Si4* 0.00(0) b.d.l. 2.83(0) 0.00 3.43(3)
Ti4* b.d.l. b.d.l. 0.01(0) 0.00 b.d.l.
A+ 0.00(0) b.d.l. 1.17(0) 0.00 1.80(1)
Cr3+ b.d.l. b.d.l. b.d.l. 0.00 b.d.l.
Fe3* b.d.l. 0.02(2) 0.00(0) 0.00 b.d.l.
Mn3* 0.98(1) 1.98(2) 0.00(0) 1.00 0.00(0)
Baz* 0.00(0) b.d.l. 0.01(0) b.d.l. b.d.l.
Ca?* b.d.l. 0.00(0) b.d.l. 0.00 b.d.l.
Fe? b.d.l. 0.00(0) 0.28(0) 0.00 b.d.l.
Mg?* 0.01(0) 0.00(0) 0.76(0) b.d.l. b.d.l.
Mn2* 0.00(0) 1.00(0) 0.76(1) 0.00 0.18(1)
Pb2* n.d. n.d. n.d. 0.00 n.d.
Sr2* b.d.l. b.d.l. b.d.l. 0.00 b.d.l.
Zn%* b.d.l. b.d.l. 1.28(1) 0.00 0.00(0)
K* b.d.l. b.d.l. 0.93(2) b.d.l. 0.85(1)
Lit n.d. n.d. 0.00(0) b.d.l. 1.53(2)
Na* b.d.l. b.d.l. 0.07(0) b.d.l. 0.04(1)
H* 1.00(0) - 1.98(0) 1.00 0.00(0)
Cl b.d.l. b.d.l. b.d.l. n.d. 0.01(0)
F- b.d.l. b.d.l. b.d.l. n.d. 2.06(9)

aN = number of analysis points/samples analyzed. Pn.d. = not determined. ¢b.d.l. = below detection limit (Table A.3).

dn.a.= not applicable. ePbO and Li,O determined from ICP-OES measurements. fCalculated from stoichiometry. H,0O for
hendricksite and masutomilite calculated ‘by difference’ such as to yield $(OH, F) = 2.0 and for triplite £(O, OH, F) = 1.0.
gMoles (O, OH, F) for hendricksite, masutomilite, and triplite.
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Table A.2. (continued)

Pyrolusite Ramsdellite Rhodochrosite Romaneéchite  Todorokite Triplite
(Ba-free, syn)

wt. % EPMA EPMA EPMA ICP-OES EPMA EPMA

N=5 N=4 N=3 N=2 N=4 N=3
P20s b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 31.45(2)
Si0, 0.13(7) 0.17(10) b.d.l. b.d.l. 0.17(4) b.d.l.
TiO, b.d.l. b.d.l. b.d.l. 0.00(0) b.d.l. 0.16(0)
Al,04 0.84(18) 0.37(34) b.d.l. b.d.l. b.d.l. b.d.l.
Cr03 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Fe,03 b.d.l. b.d.l. 0.44(62) b.d.l. b.d.l. -
MnO 79.33(26) 79.55(45) 55.39(148) 77.16(91) 67.00(42) 34.94(14)
BaO 0.20(4) 0.07(4) b.d.l. b.d.l. 0.67(18) b.d.l.
Cao 0.06(1) 0.21(6) 0.79(21) b.d.l. 1.94(11) 2.46(1)
FeO - - - - - 23.86(16)
MgO b.d.l. 0.07(4) 0.21(2) b.d.l. 1.48(26) 0.93(4)
PbOe n.d. n.d. n.d. 0.38(3) n.d. n.d.
SrO b.d.l. b.d.l. b.d.l. b.d.l. 2.36(55) b.d.l.
Zn0 b.d.l. b.d.l. 1.88(21) 0.00(0) 1.09(5) 0.11(1)
K20 b.d.l. b.d.l. b.d.l. b.d.l. 0.82(9) b.d.l.
Li,O® n.d. n.d. n.d. b.d.l. n.d. n.d.
Na,0 b.d.l. 0.05(1) 0.08(1) 7.42(3) 1.08(12) b.d.l.
Cl b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
F b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 6.68(9)
Total 80.57(28) 80.48(23) 58.79(98) 85.07(94) 76.62(83) 100.60(0)
0=Cl,F 2.81(4)
H,0 calculatedf 3.81 8.73(5) 0.85(0)
CO; calculatedf 38.34(7)
Total corrected 98.46(33) 98.42(24) 97.08(91) 104.46(109) 98.42(88) 99.99(4)
apfu based on:
Moles 08 2.00 2.00 1.00 10.00 12.00 5.00
Moles cations 1.00 1.00 1.00 6.00 7.00 3.00
Moles H,0 1.00 3.00
Moles OH
apfu
ps* b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.99(0)
Mn#* 0.99(0) 0.99(1) 0.00(0) 4.16(2) 5.15(1) 0.00(0)
Si4* 0.00(0) 0.00(0) b.d.l. b.d.l. 0.02(0) b.d.l.
Ti%* b.d.l. b.d.l. b.d.l. 0.00(0) b.d.l. 0.00(0)
Al3+ 0.01 0.01(1) b.d.l. b.d.l. b.d.l. b.d.l.
Cr3+ b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
Fe3* b.d.l. b.d.l. 0.00(1) b.d.l. b.d.l. 0.00(0)
Mn3* 0.00(0) 0.00(0) 0.00(0) 0.75(2) 0.00(0) 0.00(0)
Ba?* 0.00(0) 0.00(0) b.d.l. b.d.l. 0.03(1) b.d.l.
Ca?* b.d.l. 0.00(0) 0.02(0) b.d.l. 0.22(1) 0.10(0)
Fe? b.d.l. b.d.l. 0.00(0) 0.00(0) b.d.l. 0.75(1)
Mg?* b.d.l. 0.00(0) 0.01(0) b.d.l. 0.23(4) 0.05(0)
Mn2* 0.00(0) 0.00(0) 0.94(1) 0.00(0) 0.80(3) 1.11(0)
Pb2* n.d. n.d. n.d. 0.01(0) n.d. n.d.
Sr2+ b.d.l. b.d.l. b.d.l. b.d.l. 0.14(3) b.d.l.
Zn%* b.d.l. b.d.l. 0.03(0) 0.00(0) 0.08(0) 0.00(0)
K* b.d.l. b.d.l. b.d.l. b.d.l. 0.11(1) b.d.l.
Li* n.d. n.d. n.d. b.d.l. n.d. n.d.
Na* b.d.l. 0.00(0) 0.00(0) 1.08(1) 0.22(2) b.d.l.
H* - - - 2.00(0) - 0.21(0)
cl b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.
F- b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 0.79(1)

aN = number of analysis points/samples analyzed. Pn.d. = not determined. ¢b.d.l. = below detection limit (Table A.3).

dn.a.= not applicable. ePbO and Li,O determined from ICP-OES measurements. fCalculated from stoichiometry. H,0O for
hendricksite and masutomilite calculated ‘by difference’ such as to yield 2(OH, F) = 2.0 and for triplite (O, OH, F) = 1.0.
gMoles (O, OH, F) for hendricksite, masutomilite, and triplite.
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Table A.3. Detection limits (ug/g) of EPMA
and ICP-OES analysis

Element  EPMA ICP-OES
Al 318 0.061
Ba 308 0.004
Ca 259 0.145
a 69 n.d.
cr 334 0.182
F 1,318 n.d.
Fe 338 0.018
K 572 1.583
Li n.d. 0.018
Mg 234 0.184
Mn 825 0.026
Na 210 0.324
P 564 n.d.
Pb n.d. 0.047
Si 392 0.211
Sr 555 n.d.
Ti 273 n.d.
Zn 439 0.055

n.d. = not determined.

A.4. MANGANESE K-EDGE XAS OF MIN REFERENCE COMPOUNDS

A4.1. SAMPLE PREPARATION

Samples were hand-ground to a very fine powder in an agate mortar. For transmission measurements
(absorber concentration: >20 g/kg), powders were diluted with boron nitride and CEREOX" wax
(Fluxana) such as to yield an edge-step absorption, ux, of ~1 and prepared as pressed pellets (@: 1.3
cm) sealed with Kapton® tape. Samples for fluorescence measurements were directly filled into sample
holders and sealed with Kapton® tape (BL 7-3 (SSRL), P64 and 65 (DESY)). At beamline 5-BM-D (APS),

pellets for transmission-mode measurements were mounted into a Lincam cell.
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A4.2. MANGANESE K-EDGE EXAFS FITS

Figures A.3 and A.4 show k3-weighted Mn K-edge EXAFS spectra, their Fourier-transform magnitudes
and real parts as well as corresponding model fits (dotted lines) of all Mn reference compounds. Table
A.4 lists literature sources used to compare interatomic distances extracted from shell-fit analyses and

summarized in Figure 2.7.
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Figure A.4. Mn(1l1)
oxyhydroxides (a):

1 - feitknechtite (syn),
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Table A.4. Literature references used to compare interatomic distances (Fig. 2.7)

Reference

Literature reference

Phyllomanganates
Acid Na-birnessite (hex, syn)

6-MnO:z (syn)

Lithiophorite

Na-birnessite (tricl, syn)

Tectomanganates

Hollandite

Pyrolusite

Ramsdellite

Romaneéchite

Todorokite (syn)
Todorokite

Webb et al. (2005)

Bargar et al. (2009)

Webb et al. (2005)

Ahmad et al. (2019)
McKeown and Post (2001)
Manceau and Combes (1988)
Bargar et al. (2009)

Webb et al. (2005)

McKeown and Post (2001)

McKeown and Post (2001)
Manceau and Combes (1988)
Silvester et al. (1997)
McKeown and Post 2001
Manceau and Combes (1988)
Elzinga and Kustka (2015)
Silvester et al. (1997)
McKeown and Post (2001)
Manceau and Combes (1988)
Silvester et al. (1997)
McKeown and Post (2001)
Webb et al. (2005)

McKeown and Post (2001)
Manceau and Combes (1988)

Oxide minerals without layer or tunnel structure

Bixbyite (syn)

Bixbyite (nat)
Hausmannite
Manganosite (syn)
Mn(lll) oxyhydroxides
Manganite (syn)
Groutite

Feitknechtite

Longo et al. (2010)
Ahmad et al. (2019)
Longo et al. (2010)
Ressler et al. (1999)

Mackle et al. (1993)
Scheinost et al. (2001)
Ressler et al. (1999)
Mackle et al. (1993)

Carbonate, phosphate, and silicate minerals

Rhodochrosite

Lee et al. (2002)
Effenberger et al. (1981) (XRD)
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A.5. STATISTICAL XANES COMPARISONS
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Figure A.5. Pearson correlation matrix for normalized XANES spectra (6,530-6,600 eV) of Mn reference compounds. Only significant correlations (p <0.05) are listed.
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Figure A.6. Pearson correlation matrix for first-derivative XANES spectra (6,530-6,600 eV) of Mn reference compounds. Only significant correlations (p <0.05) are listed.
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A.6. PCA OUTPUT PARAMETERS FOR MIN K-EDGE EXAFS SPECTRA

Table A.5. Output parameters for the first ten PCs obtained from PCA analysis of k*--weighted
EXAFS spectra (k = 2.0-11.5 AL, Eo = 6,563 eV) of Mn reference compounds

Component Eigenvalue Total variance Cumulative Cumulative
eigenvalue variance
1 17.94 56.08 17.94 56.08
2 4.26 13.33 22.21 69.40
3 3.45 10.80 25.66 80.20
4 1.56 4.87 27.22 85.06
5 1.14 3.56 28.36 88.62
6 0.86 2.70 29.22 91.32
7 0.62 1.95 29.84 93.26
8 0.47 1.47 30.32 94.74
9 0.41 1.28 30.73 96.02
10 0.27 0.83 30.99 96.85
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ABSTRACT

Manganese speciation is a key to understanding the fate of contaminants, nutrients, and organic
matter in soils. To date, quantification of Mn species in bulk soils has been performed mainly by
sequential extraction methods and rarely supported by spectroscopic analysis. In order to obtain
quantitative information on the Mn species inventory of soils, we investigated 46 soil horizons (<2-mm
fraction, 45.1-2,280 mg/kg Mn) of nine typical Central European soils (Cambisols, Chernozemes,
Luvisols, Podzol, Stagnosol) by chemical Mn analyses and Mn K-edge X-ray absorption spectroscopy,
and related speciation results to major soil properties. Amounts of Mn?, Mn3*, and Mn*, and the
average oxidation state of Mn were evaluated by linear combination fitting (LCF) of X-ray absorption
near edge structure (XANES) spectra. Additionally, we used extended X-ray absorption fine structure
(EXAFS) spectroscopy to identify and quantify major Mn species. For this, EXAFS spectra of 20 organic
and mineral soil samples from five soils (Cambisols, Chernozem, Luvisol) were analyzed by LCF and
shell fitting. XANES analyses revealed a high Mn redox variability in organic surface layers, with Mn?%
being most abundant (100%, X = 54%), followed by Mn3* (<80%, X = 32%) and Mn*" (<55%, X = 14%).
Mineral soil horizons contained significantly less Mn?* (€£56%, X = 23%), about equal quantities of Mn3*

(£68%, X = 31%), and were enriched in Mn* (<89%, X = 46%). EXAFS analyses implied the presence of
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six major Mn species groups: Manganates, organically complexed Mn, Mn(lll) oxyhydroxides, silicate-
bound Mn, Mn oxides without tunnel- or layer structure, and physisorbed Mn. In litter horizons (Oi),
Mn was mainly present in organic complexes (58-91%, x = 78%) and as physisorbed Mn (<15%), but
individual horizons also comprised manganates, Mn(lll) oxyhydroxides, and silicate-bound Mn.
Manganates, likely mixtures of phyllomanganates with hexagonal layer symmetry and
tectomanganates, dominated in all mineral soil horizons (37-94%, x = 67%). Correlation analysis
showed that manganates dissolve completely during dithionite-citrate and acid ammonium oxalate
extractions, and suggested that Mn*-rich manganates preferentially form under less acidic soil
conditions, partly by oxidation of organically complexed Mn(ll), and that they are enriched in the soil
clay fraction. Mineral soil horizons also contained minor quantities of organically complexed Mn
(£39%, x = 11%), silicate-bound Mn (£30%, X = 8%), Mn(lIl) oxyhydroxides (£37%, X = 7%), Mn oxides
without tunnel- or layer structure (<18%, x ~5%), and physisorbed Mn (<14%, x <1%). The detection of
Mn(l1l) oxyhydroxides such as feitknechtite (B-MnOQOH) or groutite (a-MnOOH) as well as the spinel
hausmannite (Mn30,) in acidic soils is remarkable, since their formation is normally linked to neutral
or alkaline pH conditions. Minor contributions of silicate-bound Mn indicate the release of Mn from
primary minerals already at early stages of soil formation, and low concentrations of physisorbed Mn
suggest that exchangeable Mn is rapidly converted into manganates in oxic soils. The predominance
of manganates in mineral soils has far-reaching implications for the functioning of soils and
biogeochemical element cycles, as these minerals play an important role in metal binding, plant

nutrition, and redox-related processes.
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3.1. INTRODUCTION

Manganese is a redox-sensitive element that occurs naturally in the three oxidation states +2, +3, and
+4 and is involved in numerous redox processes in the environment. Manganese is an essential
micronutrient for plants since it plays a crucial role in photosynthesis and enzymatic reactions (Glatzel
et al., 2004; Yano and Yachandra, 2008; Broadley et al., 2012). In soil, Mn is involved in oxidative lignin
degradation (Jensen et al., 1996; Hofrichter, 2002; Keiluweit et al., 2015) and the oxidation of nutrients
and contaminants (Shindo et al., 1996; Negra et al., 2005; Ehlert et al., 2016).

Soil Mn oxides and oxyhydroxides, collectively referred to as Mn (oxyhydr)oxides, are thought
to form primarily through biologically mediated pathways (Remucal and Ginder-Vogel, 2014), although
this remains to be confirmed for MNOOH polymorphs. Under sub- and anoxic conditions, these phases
are reductively dissolved to water-soluble, bioavailable Mn?* (Tebo et al., 2004; Martin, 2005; Frommer
et al., 2011). The dissolution reaction is favored in soils with low pH and reducing conditions (Porter et
al., 2004; Tebo et al., 2004; Blume et al., 2016). Manganese taken up by plants is stored as free or
carboxylate bound Mn2+ in living and dead foliar tissue (plant litter) (Tam et al., 1991; Keiluweit et al.,
2015). During oxidative litter decomposition it can be oxidized to Mn (oxyhydr)oxides (Herndon et al.,
2014).

Understanding the biogeochemical Mn cycle in soil requires quantification of solid-phase Mn
pools and their changes in space and time. Gathering this information remains a challenging task
because total soil Mn concentrations are low, with a mean of 760 mg/kg (N = 8,354 soils; Ure and
Berrow, 1982). Moreover, Mn (oxyhydr)oxides, are often nanocrystalline and amorphous to X-rays
(Chukhrov and Gorshkov, 1981; Zhang and Karathanasis, 1997; Cornu et al., 2005). Thus, previous
micromorphological, mineralogical, and chemical studies have focused mostly on soil ferromanganese
nodules and concretions (Taylor et al., 1964; Tokashiki et al., 1986; Uzochukwu and Dixon, 1986; Liu et
al., 2002; Manceau et al., 2003; Szymanski et al., 2014), which are typical features of soils subjected to
seasonal waterlogging (Reddy and Delaune, 2008). However, the results of these studies can neither
be transferred to the bulk of the same soil nor to other soils.

Studies addressing Mn speciation in soils have so far mainly relied on three analytical
approaches: X-ray diffraction (XRD), sequential extractions (SE), and synchrotron-based Mn K-edge X-
ray absorption spectroscopy (XAS). Although spatially resolved XRD analyses allow for identification
and perhaps (semi)quantification of Mn minerals (Tokashiki et al., 1986; Golden et al., 1993; De Bakker
et al., 2003; Manceau et al., 2005; Mayanna et al., 2015), XRD fails when applied to samples containing
nanocrystalline or X-ray amorphous Mn minerals at low concentrations (<1 wt.%). Likewise, XRD does
not provide any information on other potentially important Mn species such as organic Mn complexes

(Habibah et al., 2014; Herndon et al., 2014; Redzi¢ et al., 2014) and Mn adsorbed to or incorporated in
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silicate or Fe(lll) (oxyhydr)oxide minerals (Anand and Gilkes, 1984; Scheinost et al., 2001; Vodyanitskii
et al., 2002).

Sequential extraction methods are based on the exposure of soil samples to a sequence of wet
chemical assays of increasing extraction strength. These methods assume to selectively extract a
specific solid component the metal in question is associated with (Hass and Fine, 2010). Although SE
methods provide valuable information on operationally defined Mn fractions in soils (Guest et al.,
2002; Kalembkiewicz et al., 2008; Frommer et al., 2011; Habibah et al., 2014; Redzi¢ et al., 2014), poor
selectivity of extractants, Mn redistribution during extractions, and the use of a large variety of non-
standardized extraction procedures severely limit the explanatory power of this speciation approach.

Synchrotron-based spectroscopic techniques allow for non-destructive analysis of the
oxidation state and average local (<5 A) coordination of Mn at concentrations typical of soils and
sediments. However, only few studies to date have used Mn K-edge XAS to speciate Mn in soils
(Manceau et al., 2005; Frommer et al., 2011; Hernandez-Soriano et al., 2012; Herndon et al., 2014;
Keiluweit et al., 2015) and sediments (Friedl et al., 1997; O'Day et al., 2000; McKeown and Post, 2001;
Carroll et al., 2002). These studies usually employed Mn K-edge (micro-focused, p-) X-ray absorption
near edge structure (XANES) spectroscopy to determine the average oxidation state (AOS) of Mn. For
this, the ‘Combo’ linear combination fit (LCF) analysis method of Manceau et al. (2012) has become
increasingly popular (Herndon et al., 2014; Zhu et al., 2017; Flynn and Catalano, 2019; Becknell et al.,
2021). This method utilizes XANES spectra of a set of well-characterized monovalent Mn reference
compounds (Manceau et al., 2012) and can yield the Mn AOS in environmental samples with an
accuracy of ~0.1 valence units (v.u.) over the entire AOS range (Zahoransky et al., 2022).

Even though specific information on the local Mn coordination environment of a given sample
can be inferred from extended X-ray absorption fine structure (EXAFS) spectroscopy, (U-)EXAFS
spectroscopy has only rarely been used for identification and quantification of Mn species in soils and
sediments (Manceau et al., 2005; Mayanna et al., 2015). EXAFS evaluations of environmental samples
typically involve shell-fit and LCF analyses (Scheckel and Ryan, 2004; Ahmad et al., 2019), the latter
often combined with prior principal component analysis (PCA) and target-transformation (TT) testing
(Scheinost et al., 2002; Langner et al., 2012; Mikutta and Rothwell, 2016). Prerequisite for successful
Mn K-edge EXAFS-LCF analysis of environmental samples is a comprehensive reference spectrum
library of relevant Mn species potentially occurring in the studied system. To this end, we compiled
XAS spectra of 32 well-characterized Mn reference compounds, including Mn oxide, oxyhydroxide,
carbonate, phosphate, and silicate minerals, as well as organic and adsorbed Mn species (Zahoransky
et al., 2022).

To our knowledge, Mn K-edge EXAFS spectroscopy has not been used to quantitatively

examine Mn speciation in bulk soils so far. This method overcomes the limitations of bulk XRD and SE
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analyses, and can yield information on major Mn species (groups) present (Zahoransky et al., 2022).
Quantitative information on Mn speciation may allow disentangling its relationships with
physicochemical soil properties, which are well known for other major redox-sensitive elements such
as Fe (Prietzel et al., 2007; Neubauer et al., 2013; Sjostedt et al., 2013). Despite decades of research
on soil Mn speciation, available studies are limited to selected soil components (e.g., nodules),
individual soil horizons, and single soil profiles, so that causal relationships between bulk Mn speciation
and physicochemical soil properties remain poorly understood.

The main objectives of this study were to (1) quantify the Mn species inventory in typical
Central European soils developed on different substrates and exhibiting different physicochemical
properties and (2) test for possible relationships between Mn speciation and physicochemical soil
parameters. For this, we determined basic physicochemical soil properties of nine soil profiles,
collected bulk Mn K-edge XAS spectra of 46 soil horizons, analyzed Mn oxidation states, and evaluated
Mn speciation in 20 soil samples based on EXAFS spectroscopy. The results of this study decipher major
Mn species groups in bulk soils, reveal differences and similarities in Mn speciation of organic and
mineral soil horizons, and clarify relationships between Mn speciation and physiochemical soil

properties, thus contributing to a better understanding of soil Mn pools and their (trans)formation.

3.2. MATERIALS AND METHODS

3.2.1. SOIL SAMPLING AND CLASSIFICATION

A total of 47 soil samples were collected from nine soil profiles at different sampling locations in
Germany in autumn 2018. Photographs of soil profiles, sampling location coordinates as well as
information on climatic conditions, parent material, and vegetation cover are provided in the
Supplementary material (Fig. B.1, Table B.1). With the exception of Stagnosol #9, all soils were dry and
oxic at the time of sampling. All profiles were sampled on a horizon basis and classified according to
the Word Reference Base for Soil Resources (IUSS Working Group WRB, 2014) as a Dystric Skeletic
Cambisol (#1), an Eutric Stagnic Cambisol (#2), a Calcaric Skeletic Cambisol (#3), Haplic Chernozems
(#4 and #5), Haplic Luvisols (#6 and #7), a Skeletic Albic Podzol (#8), and a Dystric Albic Folic Stagnosol
(#9). Soil horizons were designated according to FAO (2006).

3.2.2. BASIC SOIL CHARACTERIZATION

For the determination of basic soil properties, samples were air-dried for two weeks, then oven-dried
at 50 °C for 12 hours, and finally passed through a 2-mm sieve. Visible root fragments were removed
manually. Thereafter, the samples were homogenized and stored at room temperature in the dark.

The Munsell color of the soil samples was determined on field-moist samples. Soil pH was measured
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in 0.01 M CaCl; (1:5 v/v for mineral horizons, 1:10 v/v for organic horizons) and water (DIN 1SO 10390).
Electrical conductivity was determined in the water-soil suspensions. Total C (Cwt) and N (Niwt) were
analyzed by dry combustion using elemental analyzers (Vario EL Il and Vario MAX cube, Elementar),
and inorganic C (Cinorg) Was quantified with Scheibler’s method using a calcimeter (DIN 18129). All
analyses were carried out at least in duplicates. Particle size distribution was determined in triplicates
after Corg removal with H,0; (35%) and dispersion of soil in NasP,0; (Hartge and Horn, 1992) by wet-
sieving (sand fraction) and sedimentation (silt and clay fractions) using the pipette method (Gee and
Bauder, 1986). The effective cation exchange capacity (ECEC) and base saturation (BS) were
determined in duplicates using an unbuffered 0.1 M BaCl; solution according to DIN EN ISO 11260. In
this method, BaCl,-saturated soils are additionally treated with a 0.02 M MgSO, solution (compulsive
exchange) to determine the ECEC by Mg occupancy on exchangeable cation sites (Gillman, 1979).
Exchangeable Al, Ca, Fe, Mn, and Mg were determined by inductively coupled plasma—optical emission
spectrometry (ICP-OES, Agilent 725 ES), and Na and K by atomic absorption spectrometry (AAS, Perkin
Elmer AAnalyst 300). ECEC (cmolc/kg) was calculated from exchangeable cations excluding protons
following Hendershot et al. (2008a). Base saturation (%) was calculated as 5(Na + K + Ca + Mg)/ECEC x
100 and exchangeable acidity (EA) was assessed by titration of the BaCl,-centrifugates with 0.02 M
NaOH (Hendershot et al., 2008a, 2008b). Dithionite-citrate and acid ammonium oxalate extractable Fe
and Mn were determined in triplicates as described in Courchesne and Turmel (2008) and McKeague
and Day (1966), respectively. Their solution concentrations were analyzed by ICP-OES. Total element
contents were determined by energy-dispersive X-ray fluorescence spectrometry analysis (Spectro
XEPOS HE) of pressed pellets prepared from 4 g of soil and 0.9 g of CEREOX® wax (Licowax C, Fluxana)
using Compton normalization to correct for moisture effects. Prior to measurements, samples were
oven-dried at 60 °C overnight and stored in a desiccator. The accuracy of measurements was assessed
by reference materials (NIST SRM 2710a, USGS SDO-1) and was found to be within £8% (x = 2%) of the

certified values of main elements (Al, Ca, Fe, K, Mg, Mn, Na, Si).

3.2.3. MANGANESE K-EDGE XAS

For Mn K-edge XAS measurements, field-moist samples were shock frozen in liquid N,, freeze-dried
(Christ, Beta 1-8 LSCplus), stripped of visible root fragments, sieved to <2 mm, and homogenized in an
agate mortar. Freeze-drying was used to preserve soil Mn speciation because Hjorth (2004) found no
chang-es in Mn speciation after freeze-drying of lake sediments as analyzed by the sequential BCR
extraction method.

Bulk Mn K-edge XAS spectra of 46 soil samples were collected at beamline 7-3 of the Stanford
Synchrotron Radiation Lightsource (SSRL, Menlo Park, USA), beamline 5-BM-D of the Advanced Photon
Source (APS, Argonne, USA), and beamline P64 of PETRA lll at the Deutsches Elektronen-Synchrotron
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(DESY, Hamburg, Germany). Beamlines were equipped with Si(220) (7-3) and Si(111) double-crystal
monochromators (5-BM-D, P64), calibrated by setting the first-derivative maximum of the K-edge
absorption spectrum of elemental Mn to 6,539 eV. Higher harmonics in the beam were reduced by
detuning monochromators by 15-50%. In addition, 3-um Cr filters were used to reduce undesired
fluorescence radiation at beamline 7-3. Measurements were performed in fluorescence mode utilizing
solid-state fluorescence detectors (7- or 30-element Ge detectors, Vortex SDD). To reduce beam
damage, all samples were measured at 5-20 K employing He-cryostats or at 77 K (5-BM-D) using a
Lincam cell. Spectra were recorded with a maximum energy increment of 5 eV before the edge and
0.2-0.3 eV along the edge. The EXAFS of 20 selected samples was recorded up to k = 12.2 A with a k-
space resolution of 0.05 A, Two to 11 scans were collected per sample. Spectra of a Mn metal foil
were used to correct for energy shifts during sample measurements.

Spectral pre-processing, including merging of individual scans, rebinning, and energy
calibration, was conducted in SIXPack (Webb, 2005) or Athena (Ravel and Newville, 2005). The pre-
edge region was fit with a linear function and the post-edge region with a quadratic polynomial. The
edge-step energy, Eo, was defined as first maximum of the first XANES derivative (excluding pre-peaks).
For background removal, the Autobk algorithm was applied. The frequency cut-off parameter, Rpxg,
was set to 0.9-1.1, and the k-weight for background removal to two or three. A Hanning window

function with a sill width of 2 A"t was used to Fourier transform the data.

3.2.4. XAS DATA ANALYSIS

Different XAS data analysis methods were applied to obtain Mn speciation information: XANES LCF
was used for Mn valence determination, EXAFS LCF for Mn species identification and quantification,
and EXAFS shell fitting for independent Mn species identification. These methods are detailed in the

following sections.

3.2.4.1. XANES ANALYSIS

For the determination of the fractional amount of each Mn oxidation state and Mn AQS, we applied
the ‘Combo’ LCF method of Manceau et al. (2012). For this, normalized XANES spectra were fit using
17 Mn K-edge XANES reference spectra of single-valent Mn compounds, available as open source in
Manceau et al. (2012) (deposit item AM-12-037), and processed as described above. Fits were
performed in Athena over an energy range of -20 to 30 eV (E-Eo) by applying a non-negativity
constraint. A single Eo shift was used for all references. During fits, negatively loaded references were
progressively eliminated until only references with positive or zero loadings remained. Each previously
deleted reference was then again randomly added and the fit run again to assure that the global

minimum was found using the normalized sum of squared residuals (R-factor) as best-fit criterion
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(Manceau et al., 2012). Eventually, no negative loadings remained and the total fraction of each Mn
oxidation state in the sample analyzed was calculated as the sum of the individual component fractions
(Manceau et al., 2012). Note that this LCF approach is different from other LCF procedures, since it
does not consider the samples to be mixtures of the standards (Manceau and Nagy, 2012). Therefore,
no uncertainties are assigned to individual valence fractions and the derived AOS (Manceau et al.,
2012). To test the comparability of XANES spectra collected at different beamlines, sample Btl of
Luvisol #7 was analyzed at beamlines 7-3 (SSRL) and 5-BM-D (APS). These measurements showed

deviations in determined Mn valence fractions and calculated AOS of only ~2%.

3.2.4.2. EXAFS ANALYSIS

Twenty k*>-weighted EXAFS spectra of soil samples from all Cambisols, Chernozem #3, and Luvisol #9
were analyzed by LCF over a k-range of 2-11 A (E; = 6,563 eV) in Athena after PCA-TT analysis. The
number of significant PCA components as obtained by the indicator (IND) function of Malinowski
(1977) was evaluated using the ITFA software package (Rossberg et al., 2003). For TT testing, we used
the Mn reference database of Zahoransky et al. (2022). References were selected on the basis of their
SPOIL value as obtained from SIXPack (Webb, 2005). This empirical value was categorized by
Malinowski (1978) to describe the quality of the target transformation: 0-1.5 (excellent), 1.5-3 (good),
3-4.5 (fair), 4.5-6 (acceptable), and >6 for an unacceptable reference spectrum.

Shell fits of 19 suitable k3-weighted EXAFS spectra were carried out in Artemis (Ravel and
Newville, 2005) on a shell-by-shell basis in R-space (R + AR ~1-4 A). R-space resolution as given by the
Rayleigh criterion (0.57/(kmax— kmin); Calvin, 2013) was 0.17-0.22 A. Atomic shells separated by lower
values could not be resolved. Theoretical phase-shift and amplitude functions were calculated with
FEFF6 (Ankudinov et al., 1998) based on crystal-structure information in Zahoransky et al. (2022). The
passive amplitude reduction factor, S¢?, was fixed to 0.8 during optimization. If individually fitted
Debye-Waller parameters, o2, converged towards similar values, they were equated in the final fit to

reduce the number of fit variables (Zahoransky et al., 2022).

3.2.5. STATISTICS

Statistical analyses of Mn speciation and physicochemical soil parameters were performed in Statistica
(TIBCO Software Inc.) and SigmaPlot v.14 (Systat Software GmbH). Since most data were not normally
distributed (Shapiro-Wilk test), Spearman’s rank correlation coefficient (r;) was used to test for
relationships between variables. Significant differences between variable groups were evaluated by
parametric or nonparametric tests (paired t-tests and Wilcoxon signed rank test) and ANOVA (one-way
and Kruskal-Wallis rank-based) with subsequent post-hoc tests (Dunn’s and Holm-Sidak’s method).

Differences were considered significant at p <0.05.
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3.3. RESULTS

3.3.1. PHYSICOCHEMICAL SOIL PROPERTIES

Basic soil parameters are compiled in Tables 3.1 and B.2. Soil pH(H,0) ranged from 3.3 to 8.0
(pH(CaCly): 3.0-7.9), and most soil samples had a loamy texture. Concentrations of N ranged from 0.0
to 1.8 wt.% (x = 0.5 wt.%) and of Ciot from 0.1 to 47.1 wt.% (x = 13.5 wt.%). Inorganic C was solely found
in Cambisol #3 and the deeper horizons of the two Chernozems, with values up to 3.3 wt.%. ECEC
varied between and within soils, and ranged from 2.1 cmol/kg in the C horizon of Luvisol #8 to
44.3 cmol/kg in the Bw horizon of Cambisol #3 (x = 16.4 cmol./kg). The EA varied between 0.0 and
16.7 cmolc/kg (x = 3.2 cmol/kg). Base saturation levels ranged from 2 to 100% (x = 66%), and were
particularly high in Cambisol #3, Chernozems, and Luvisols. In contrast, Cambisols #1 and #2 showed
intermediate base status; BS values <38% were observed for Podzol #8 and Stagnosol #9. In most soils,
BaCl,-exchangeable Mn accounted for less than 1% of ECEC; higher values of up to 3.9% were found in
Cambisol #2. In Cambisol, Chernozem, and Luvisol A horizons, the contribution of Mn to ECEC was
higher than in directly underlying horizons, suggesting that exchangeable Mn is partly associated with
organic material (Table 3.1).

Total Mn concentrations (Mn) ranged from <50 mg/kg in the Oa horizon of Stagnosol #9 to
2,300 mg/kg in the 2Bg2 horizon of Cambisol #2 (x = 790 mg/kg). Dithionite-extractable Mn (Mny)
varied from 20 to 1,850 mg/kg (x = 580 mg/kg), on average corresponding to 61% of Mni: (range: 20-
100%) (Table 3.1). Oxalate-extractable Mn (Mn,) showed similar concentration ranges and was highly
correlated with Mng (rs = 0.99, N = 33, Table 3.2), with a regression slope of 0.93+0.02 (Fig. B.2). Also,
Mng and Mn, were highly correlated with total Mn contents (r; = 0.99 and 0.98, respectively, Table
3.2). The lowest Mng4 concentrations were observed in the E horizon of Podzol #8 (20% of Mn.), in all
mineral horizons of Stagnosol #9 (26-34% of Mn.) as well as in the EB and Bt horizons of Luvisol #6
(28-33% of M) (Table 3.1). Total Mn, Mng, and Mn, were positively correlated with clay content (rs
>0.60) and negatively with silt content (rs <-0.50). Additionally, they were positively correlated with
dithionite- (Fesq) and oxalate-extractable Fe (Feo) (rs 20.54 and rs 20.40, respectively) (Table 3.2).
Statistical differences in Mnwt, Mng or Mn, content between O, A, B, and E horizons (excluding
transition horizons) were insignificant (one-way ANOVA on ranks). However, after logio data
transformation, Mny in E horizons was significantly lower than that in A and B horizons, and Mn, was

significantly lower in A than in B and E horizons (one-way ANOVA).
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Table 3.1. Selected physicochemical properties of the studied soil samples?

Sample Depth pH Clay Silt Sand Nt Ciot  Corg  Corg/ ECEC ECECmn(%) BS EA Mnyot Mngy Mng/Mniot Mn, Mno/Mnyw:  Feior Feq Feo
(cm) (H:0) (%) (%) (%) (%) (%) (%) Nt (cmol/kg) (%)  (cmol./kg) (mg/kg) (mg/kg) (%) (mg/kg) (%) (e/kg) (s/kg) (s/ks)
Dystric Skeletic Cambisol (Hyperhumic, Loamic) #1
Oi -2-0 - - - - 1.0 46.6 46.6 45.0 - - - 960 - - - - 0.29 - -
Ah 0-5 4.3 33 60 7 1.0 159 159 156 17.3 0.7 31 13 973 428 44 422 43 62.9 22.2 19.2
Bw 25-55+ 5.1 16 58 25 03 33 33 116 8.9 0.9 52 4.2 2240 1090 49 1060 47 92.4 19.5 18.4
Eutric Stagnic Cambisol (Loamic) #2
Oi -1-0 - - - - 0.8 45.0 45.0 53.7 - - - - 1560 - - - - 0.15 - -
Ah 0-5 4.5 21 48 30 06 88 88 155 14.0 39 59 5.4 1040 791 76 685 66 37.6 23.0 8.60
Bwg 5-35 4.2 26 49 25 0.1 0.8 0.8 109 7.6 1.7 5.4 7.7 671 672 100 612 91 24.3 29.2 11.9
2Bgl 35-120 4.8 42 39 19 01 04 04 6.7 6.8 2.2 52 4.2 1150 865 75 716 62 49.2 28.8 11.2
2Bg2 120-130+ 5.0 37 40 24 01 04 04 73 9.2 2.4 81 1.6 2280 1850 81 1858 82 46.7 25.8 14.9
Calcaric Skeletic Cambisol (Clayic, Humic) #3
Oi -1-0 - - - - 09 46.8 46.8 54.1 - - - - 449 - - - - 0.19 - -
Ah 0-5 5.3 40 52 8 04 54 54 147 33.0 1.7 87 4.0 971 777 80 698 72 50.2 24.7 3.65
Bw 12-40 7.4 39 52 9 01 12 12 114 44.3 0.1 100 0.0 2280 1610 71 1430 63 71.6 304 3.47
cB 40-60 8.0 44 45 10 02 28 22 112 43.0 0.0 100 0.0 1820 1540 85 1400 77 56.6 26.3 3.16
C 60-90 8.0 63 24 13 02 54 21 124 39.1 0.0 100 0.19 1190 970 82 704 59 43.2 19.6 1.87
Haplic Chernozem (Pachic, Silitc) #4
Oi -0.5-0 - - - - 1.5 37.8 37.8 249 - - - - 181 - - - - 1.19 - -
Ahl 0-20 7.3 18 78 4 0.2 2.7 2.7 109 24.0 0.4 97 0.84 718 517 72 496 69 24.9 6.83 1.59
Ah2 20-35 3.3 17 79 4 02 22 22 105 23.4 0.2 96 1.2 718 525 73 508 71 25.2 7.06 1.62
Ah3 35-50 8.0 16 82 2 02 21 2.0 108 26.0 0.0 97 1.0 691 500 72 488 71 27.1 7.26 1.57
Ck 70-145 8.2 5 93 2 00 16 0.2 9.1 7.1 0.1 97 1.0 425 211 50 152 36 18.9 4.76 0.89
Haplic Chernozem (Loamic, Pachic) #5
Oi -1-0 - - - - 09 424 424 455 - - - - 138 - - - - 1.49 - -
Ap 0-30 6.3 10 54 35 01 14 14 96 7.1 0.6 88 0.05 518 361 70 394 76 19.6 6.35 1.84
Ah 30-50 6.8 21 52 27 01 08 08 74 125 0.3 99 - 556 376 68 436 79 23.8 7.51 1.63
C 60-90 8.0 4 56 44 00 03 03 7.8 10.3 0.0 91 1.0 370 230 62 277 75 19.3 5.85 1.01

aECEC: Effective cation exchange capacity, ECECyn: Mn contribution to ECEC, BS: Base saturation, EA: Exchangeable acidity, Mng4 (Feq) and Mn, (Feo): Dithionite-citrate and ammonium-oxalate
extractable Mn (Fe), respectively.
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Table 3.1 (continued)

Sample Depth pH Clay Silt Sand Nyt Ciot Corg  Corg/ ECEC ECECwvin BS EA Mniot Mng Mng/Mnot Mn, Mno/Mny:  Feior Feq Fe,
(cm) (H:0) (%) (%) (%) (%) (%) (%) N (cmolc/kg) (%) (%)  (cmol/kg) (mg/kg) (mg/kg) (%) (mg/kg) (%) (e/kg) (s/kg) (g/ke)

Haplic Luvisol (Cutanic, Hypereutric, Siltic) #6

Oi -6--3 - - - - 1.4 433 433 30.8 - - - - 821 - - - - 0.47 - -

Oe -3--1 - - - - 1.8 35.0 35.0 19.2 - - - - 1590 - - - - 3.25 - -

Ah 0-6 5.5 14 85 1 04 64 64 161 23.4 1.6 97 0.40 1120 846 76 845 76 19.8 6.14 1.80

E 6-20 4.7 15 83 1 01 08 08 127 11.7 0.5 71 3.8 234 85.0 36 65.2 28 19.9 5.80 1.35

EB 20-40 5.3 18 81 1 01 0.7 0.7 89 17.3 0.1 94 1.0 204 64.0 31 37.0 18 25.5 7.44 1.20

Btl 40-65 4.8 19 80 1 01 05 05 8.5 18.7 0.0 87 2.5 198 55.5 28 17.7 9 335 9.27 1.41

Bt2 65-95 5.2 23 76 0 00 03 03 6.9 18.7 0.1 97 0.62 253 83.6 33 79.9 32 320 9.17 0.98

Haplic Luvisol (Cutanic, Loamic, Oligeoeutric) #7

Ah 0-10 5.7 24 54 23 02 28 28 117 15.0 2.8 96 0.10 1190 - - 1000 85 27.5 - -

E 10-30 6.3 24 52 23 02 14 14 94 14.5 1.2 99 0.0 1610 1000 62 1060 66 38.9 12.1 444
Btl 30-50 6.7 35 42 23 01 08 08 83 22.0 0.3 100 0.0 1410 1380 98 1170 83 29.6 16.4 4.53
Bt2 50-90+ 6.8 31 54 15 01 05 05 7.4 27.0 0.1 100 0.0 1580 1470 93 1320 84 42.3 184  2.55
Skeletic Albic Podzol (Loamic) #8

Oi -9--7 - - - - 1.4 47.1 47.1 34.6 - - - - 503 - - - - 0.20 - -
Oe -7--2.5 - - - - 1.7 446 446 258 - - - - 54.7 - - - - 1.95 - -
Oa -2.5-0 - - - - 1.8 36.3 36.3 20.7 - - - - 143 - - - - 8.59 - -

E 0-5 3.8 14 57 30 0.2 45 45 234 18.9 0.0 1.9 17 106 20.8 20 8.26 8 22.2 119 4.46
Bs 5-18 43 22 49 29 0.2 38 38 202 12.7 0.3 2.2 11 342 193 56 93.9 28 65.6 43.9 28.2
Bw 18-30 4.8 11 55 34 01 26 26 183 2.5 0.6 2.8 3.0 416 248 60 162 39 40.7 18.3 8.07
C 30-50+ 4.9 6 47 46 01 1.0 10 143 2.1 0.3 16 0.41 422 326 77 207 49 36.4 892 1.51
Dystric Albic Folic Stagnosol (Nechic, Siltic) #9

Oi -15.5--12.5 - - - - 1.3 43.7 43.7 329 - - - - 1910 - - - - 0.38 - -
Oe -12.5--4.5 - - - - 1.7 446 446 255 - - - - 461 - - - - 1.15 - -
Oa -4.5-0 - - - - 1.8 352 352 19.7 - - - - 45.1 - - - - 7.78 - -
EA 0-10 4.1 11 71 18 0.2 45 45 217 6.3 0.0 3.9 7.5 109 28.5 26 18.0 16 12.3 5.23 4.60
E 10-18 4.3 11 72 18 00 0.6 0.6 15.0 2.1 0.1 3.4 3.0 142 48.2 34 37.7 27 12.9 5.38 2.71
Eg 18-68 4.3 17 66 17 00 0.2 0.2 7.5 4.8 0.2 9.6 5.0 154 44.5 29 53.4 35 19.3 7.04 2.02
Bg 68-100+ 4.7 17 53 30 00 01 01 5.9 5.3 0.4 38 3.9 88.3 28.5 32 19.8 22 15.2 7.12 0.91

3ECEC: Effective cation exchange capacity, ECECyn: Mn contribution to ECEC, BS: Base saturation, EA: Exchangeable acidity, Mng (Feq) and Mn, (Feo): Dithionite-citrate and ammonium-oxalate
extractable Mn (Fe), respectively.

115



High Manganese redox variability and manganate predominance in temperate soil profiles as
determined by X-ray absorption spectroscopy

Table 3.2: Spearman rank order correlations (rs) of different Mn and Fe pools with physicochemical soil
properties.? Significant correlations at p <0.05 and <0.01 are marked with * and **, respectively.
Correlation coefficients >0.7 are displayed in bold.

Mniot Mngy Mn, Feq Feo Mn?* Mn3* Mn* Mn AOS
Mntot 1 0.99** 0.98**  0.56**  0.42%* -0.41**  -0.65** 0.71** 0.64**
Mng 0.99%* 1 0.99**  (0.58** 0.41* -0.58** -0.77** 0.87** 0.82**
Mno 0.98*%*  0.99** 1 0.54**  0.40* -0.55**  -0.77** 0.86** 0.81**
Fed 0.56** 0.58** 0.54%** 1 0.67** -0.54**  -0.39* 0.56** 0.53**
Feo 0.42%* 0.41%* 0.40%* 0.67** 1 -0.46** -0.18 0.31 0.29
Clay 0.62** 0.61** 0.60** 0.78**  0.41* -0.32 -0.54**  0.65** 0.57**
Silt -0.45**  -0.50** -0.50** -0.68** -0.48** 0.57** 0.56** -0.69** -0.65**
Sand -0.02 0.00 0.04 0.18 0.37* -0.37* -0.09 0.15 0.18
Ntot 0.07 0.32 0.32 0.24 0.45%* 0.15 -0.04 -0.16 -0.21
Cot 0.04 0.20 0.18 0.19 0.42 0.29 -0.13 -0.24 -0.32*
Corg 0.03 0.20 0.18 0.25 0.51%** 0.26 -0.07 -0.26 -0.33*
Corg/Ntot  -0.15 -0.12 -0.14 0.06 0.42%* 0.33* 0.09 -0.40**  -0.45**
ECEC 0.48** 0.49%** 0.45** 0.32 -0.06 -0.16 -0.36* 0.44%* 0.41%*
ECECwmn 0.38* 0.36* 0.40* 0.33 0.47** -0.20 -0.26 0.23 0.18
BS 0.43* 0.42%* 0.43* 0.02 -0.37% -0.09 -0.52**  0.46** 0.44%*
EA -0.49**  -0.49 -0.51 0.10 0.40%* 0.23 0.41%** -0.48**  -0.50**

pH(H20) 0.48**  0.47** 0.48**  -0.13 -0.46** -0.18 -0.55**  0.51**  0.49**
pH(CaCl;) 0.41* 0.41* 0.41* -0.19 -0.51**  -0.17 -0.48**  0.46**  0.45**
EC 0.22 0.16 0.17 -0.15 -0.28 0.18 -0.31 0.18 0.13

2ECEC: Effective cation exchange capacity, ECECmvn: Mn contribution to ECEC, BS: Base saturation,
EA: Exchangeable acidity, EC: Electrical conductivity.

3.3.2. XANES ANALYSIS

Normalized XANES and corresponding first-derivative spectra of soils are illustrated in Figure 3.1. Table
B.3 summarizes prominent absorption features and first-derivative peaks up to 6,580 eV. Fractions of
Mn?*, Mn**, and Mn* and the resulting Mn AOS are compiled in Table 3.3.

Organic soil horizons consisting of fresh, undecomposed plant debris (Oi) tended to be
enriched in Mn?* when compared to their underlying A and E horizons (Cambisols #1 and #2,
Chernozems, Luvisol #6, Podzol #8). In organic surface layers consisting of partially decomposed,
fragmented organic matter (Oe) or amorphous organic matter without mineral material (Oa), the Mn
valence varied considerably. For example, in Luvisol #6 the Oi horizon was dominated by Mn3* (40%)
with approximately equal shares of Mn?* and Mn** (ca. 30%). In contrast, its Oe horizon had a high
proportion of Mn* (55%), an intermediate share of Mn** (33%), and little Mn?* (12%). In Podzol #8, we
observed continuously decreasing Mn?* shares from 100% in the Oi horizon to 15% in the Oa horizon.
This decrease was accompanied by an increase in Mn3 content, reaching 80% in the Oa horizon, while
the Mn* share in the Podzol’s organic surface layers was negligible (<5%) (Table 2). In Stagnosol #9,

organic surface layers derived from a mixed forest stand were also dominated by Mn?* and Mn**, which
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together accounted for 70-100% of Mn: (Table 3.3). Remarkably, Mn*" contents steadily declined
from 29% in the Oi horizon to 0% in the Oa horizon (Table 3.3).

In mineral horizons of most soils, Mn** was the dominant species; only a few soils (Luvisol #6,
Podzol #8, Stagnosol #9) were dominated by Mn3*. Substantial fractions (>40%) of Mn?* in mineral
horizons were solely observed in Stagnosol #9, which is characterized by recurring reducing conditions,
and in the Ck horizon of Chernozem #4, whose loess material contained 1.4 wt.% inorganic C, likely

favoring Mn?* incorporation into carbonate minerals (Ji and Chen, 2000) (Tables 3.1 and Table 3.3).
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Figure 3.1. Stacked normalized Mn K-edge XANES (left) and corresponding first-derivative spectra (right) of soil
horizons of (a) Cambisols, (b) Chernozems, (c) Luvisols, and (d) Podzol and Stagnosol. White-line position ranges
of monovalent Mn references (Zahoransky et al., 2022) are shown at the bottom of each XANES panel. Spectra
were slightly smoothed (box-car averaging, Kernel size <3) to increase the signal-to-noise ratio in order to better
differentiate relevant absorption features.
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Table 3.3. Fractional amounts of Mn?*, Mn3*, and Mn* and calculated average oxidation state (AOS) of Mn

Sample Mn?* Mn3* Mn** Mn AOS Fitsum  R-factor (x 10%)?
Dystric Skeletic Cambisol (Hyperhumic, Loamic) #1

Oi 1.00 0.00 0.00 2.00 0.98 11.2
Ah 0.10 0.36 0.54 3.44 0.96 4.26
Bw 0.15 0.36 0.49 3.34 1.01 3.37
Eutric Stagnic Cambisol (Loamic) #2

Oi 1.00 0.00 0.00 2.00 0.98 7.53
Ah 0.32 0.00 0.68 3.36 0.93 314
Bwg 0.04 0.25 0.72 3.68 0.99 4.26
2Bgl 0.29 0.00 0.71 3.42 0.94 255
2Bg2 0.11 0.19 0.70 3.59 0.93 6.17
Calcaric Skeletic Cambisol (Clayic, Humic) #3

Ah 0.29 0.00 0.71 3.43 0.96 168
Bw 0.17 0.00 0.83 3.67 0.99 49.9
CB 0.11 0.11 0.78 3.68 0.96 3.27
C 0.11 0.00 0.89 3.78 0.93 3.80
Haplic Chernozem (Pachic, Silitc) #4

Oi 0.48 0.29 0.23 2.75 0.99 4.58
Ah1l 0.18 0.30 0.52 3.34 0.98 3.16
Ah2 0.17 0.27 0.56 3.38 0.97 3.21
Ah3 0.16 0.25 0.60 3.44 0.97 5.07
Ck 0.51 0.01 0.48 2.97 1.00 30.3
Haplic Chernozem (Loamic, Pachic) #5

Oi 0.61 0.39 0.00 2.40 1.01 3.25
Ap 0.12 0.35 0.53 3.40 0.98 3.96
Ah 0.14 0.17 0.69 3.56 0.98 6.23
C 0.16 0.21 0.63 3.47 0.97 7.06
Haplic Luvisol (Cutanic, Hypereutric, Siltic) #6

Oi 0.28 0.40 0.32 3.03 0.97 2.54
Oe 0.12 0.33 0.55 3.43 0.99 1.22
Ah 0.20 0.35 0.45 3.25 0.98 3.19
E 0.35 0.61 0.04 2.68 1.01 12.0
EB 0.32 0.68 0.00 2.68 1.03 224
Btl 0.36 0.64 0.00 2.64 1.05 29.2
Bt2 0.37 0.63 0.00 2.63 1.07 66.0
Haplic Luvisol (Cutanic, Loamic, Oligeoeutric) #7

Ah 0.16 0.17 0.67 3.51 0.99 586
E 0.23 0.00 0.77 3.53 0.98 6.66
Btl 0.07 0.12 0.81 3.73 1.00 106
Bt2 0.13 0.15 0.73 3.60 0.97 7.33
Skeletic Albic Podzol (Loamic) #8

Oi 1.00 0.00 0.00 2.00 1.00 10.7
Oe 0.77 0.23 0.00 2.23 1.02 19.5
Oa 0.15 0.80 0.05 2.90 0.98 24.1
E 0.34 0.66 0.00 2.66 1.00 57.7
Bs 0.08 0.63 0.29 3.21 0.99 6.01
Bw 0.12 0.55 0.33 3.21 0.98 8.11
C 0.08 0.35 0.57 3.48 0.97 4.12
Dystric Albic Folic Stagnosol (Nechic, Siltic) #9

Oi 0.37 0.34 0.29 2.92 0.98 2.22
Oe 0.50 0.32 0.18 2.68 1.02 2.84
Oa 0.20 0.80 0.00 2.80 1.01 54.8
EA 0.49 0.51 0.00 2.51 1.07 48.9
E 0.33 0.67 0.00 2.67 1.01 313
Eg 0.42 0.58 0.00 2.58 1.02 61.9
Bg 0.56 0.44 0.00 2.44 1.03 8.47

aR-factor = 3;(data; - fit;)?/Zdata;.
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Figure 3.2 illustrates Mn valence fractions and AOS grouped according to main soil horizons.
As expected by the shift of absorption edges towards lower energy (Fig. 3.1), soil O horizons comprised
significantly higher Mn?* contents as compared to A and B horizons (one-way ANOVA on ranks),
whereas differences in Mn?* contents between A and B horizons were insignificant. We also detected
no significant differences in Mn3* fractions between O, A, and B horizons. In contrast, Mn*" was
significantly depleted in O as compared to both A and B horizons, but Mn* shares in A and B horizons
did not differ significantly. As a result, Mn AOS was significantly lower in O than in A and B horizons,
and did not differ between A and B horizons. Note that transition horizons (CB, EA, EB) as well as E and

C horizons were excluded from statistical analysis; the latter two because of their limited number.
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Figure 3.2. Boxplots illustrating XANES-derived Mn?*, Mn3*, and Mn** fractions and Mn AOS for soil horizon
groups without transition horizons. The boxes contain 50% of the data (interquartile range, IQR). The middle
line represents the median (50" percentile). Whiskers include data within 1.5 x IQR. Lowercase letters indicate
significant (p <0.05) differences in species composition (one-way ANOVA on ranks). E and C horizons were
excluded from statistical analysis.

In the next step, we evaluated correlations between XANES-derived fractional Mn valences and AOS
and physicochemical soil parameters (Table 3.2). Strong positive correlations with rs 20.8 were only
observed between Mn*, Mn AOS, Mng, and Mn,. In contrast, Mn3* was negatively correlated with Mngy
and Mn, (rs =-0.77). Likewise, soil pH (H,0 and CaCl,) was positively correlated with Mn* and Mn AOS,
but negatively with Mn3* (rs ~ £0.5). In addition, Mn* was positively (rs = 0.71) and Mn3* negatively
correlated with Mnit (s = -0.65). Both Mn* and Mn AOS were significantly positively correlated with

Feq and clay content, albeit less strongly, and Mn* was also negatively correlated with silt content
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(Table 3.2), indicating that high-valence Mn species occur predominantly in the clay fraction and are
partially associated with Fe(lll) (oxyhydr)oxides. Additionally, Mn* and Mn AOS showed a significant

negative correlation with the Corg/Niot ratio (rs = -0.40 and -0.45, respectively, Table 3.2).

3.3.3. EXAFS ANALYSES

3.3.3.1. LINEAR COMBINATION FITTING

We first fit soil EXAFS spectra with Mn reference spectra, that were positively identified by PCA-TT
analysis (‘initial LCF’). Results of PCA, including eigenvalues, total and cumulative variances as well as
IND values, are summarized in (Table B.5). Based on the Kaiser-Guttman criterion (Guttman, 1954),
the number of statistical meaningful PCs (eigenvalues >1) was two and accounted for 92% of the
observed variance in the soil EXAFS spectra. However, the minimum of the IND function, which also
indicates the number of statistical meaningful PCs, was reached at the fifth PC explaining 97% of the
total variance of all soil Mn EXAFS spectra. Therefore, we decided to use five PCs for subsequent TT
testing. Fourteen references had excellent SPOIL values, ten were rated good, and six were rated fair.
Out of the 14 references with excellent SPOIL values, 11 unique (non-redundant) spectra were selected
for initial LCF analysis. We arbitrarily excluded references that did not contribute to the fit by at least
a 5% share (O’Day et al., 2004), thereby risking a type-2 error. In addition, a reference spectrum was
retained in the fit, if its inclusion improved the R-factor by at least 10% (Fig. B.3, Table B.5).
Reconciliation of PCA-TT results with spectral features of the soil EXAFS spectra, however, indicated
that several Mn species (groups) were missing in the initial LCFs. Spectral fingerprinting showed
evidence for the presence of additional Mn species in individual soil horizons, such as the spinel
hausmannite (Mn304) and feitknechtite (B-MnOOH) in the 2Bgl and 2Bg2 horizon of Cambisol #2,
respectively (Fig. 3.3). Some EXAFS features of the Ap horizon of Chernozem #5 suggested silicate-
bound Mn as in hendricksite (K(Zn,Mg,Mn?*)3SisAl019(OH),, trioctahedral mica), although spectral
evidence was less conclusive in this case (Fig. 3.3).

Therefore, initial LCFs were refined by considering all non-redundant Mn reference included
in the Mn reference database of Zahoransky et al. (2022) (N = 25). Each new fit started with the
references previously identified by PCA-TT. Additional references were then successively added,
starting with those indicated by EXAFS fingerprinting. All references that decreased the R-factor by at
least 10% and contributed >5% to the fit were retained. Finally, all combinations of the so-obtained

references were tested and the best fit in terms of R-factor and fit sum was selected.
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Figure 3.3. Indications for additional Mn species in individual soil horizons from EXAFS fingerprinting:
Hausmannite (Mnz0a, spinel) and feitknechtite (3-MnOOH, Mn(lll) oxyhydroxide) in the 2Bg1 and 2Bg2 horizon
of Cambisol #2, respectively, and hendricksite (K(Zn,Mg,Mn?*)sSisAlO10(OH)2, trioctahedral mica) in the Ap
horizon of Chernozem #5. Differences were calculated between experimental spectra and their initial PCA-TT-
based LCF (see text for details).

The number of fit references was generally not limited, but fits whose number of references was
implausibly high (>7) compared to the number of PCA components were not considered. The fit quality
(R-factors) of the refined LCFs was generally better than those of the PCA-TT-based LCFs, albeit not
significantly (paired t-test). However, fit totals were significantly closer to unity as compared to the
initial LCFs (paired t-test), and EXAFS LCF-based Mn AOS calculations (see below) for the final fits
showed better agreements with XANES-derived Mn AOS than the initial PCA-TT-based LCFs. The final
fractions of fit references were conservatively combined into Mn species groups based on EXAFS
evaluations of Mn reference compounds (Zahoransky et al., 2022) (see Supplementary material). These
included (1) manganates, (2) organically complexed Mn, (3) Mn(lIl) oxyhydroxides, (4) silicate-bound
Mn, (5) Mn oxides without tunnel- or layer structure, and (6) physisorbed Mn.

Soil-Mn EXAFS spectra along with their final LCFs are illustrated in Figure 3.4 and fit results are
summarized in Table 3.4. Generally, LCFs reproduced soil EXAFS spectra well (Fig. 3.4). However, low-
signal-to noise ratios and misfits, potentially caused by the lack of appropriate references, resulted in
partially mediocre R-factors (Table 3.4). Therefore, fit totals of each Mn species group are more reliable

than fit fractions of individual reference species.
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Figure 3.4. Stacked k*-weighted Mn K-edge EXAFS spectra and LCFs of soil samples. LCF results are
summarized in Table 3.4.
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Table 3.4. Speciation of Mn in bulk soil samples obtained from LCF analysis of k:-weighted Mn K-edge EXAFS spectra®

Manganates Organically Oxyhydro- Silicates Oxides Physi- Fit R- Mn Mn
complexed Mn xides sorbed sum factor’  AOSexars® AOSxanes
AcB 6-Mn NaB Hol Rmn Tdr Total Ac Ox Peat Total Fkn Gro Total Bnt Hds Msu Total Bxb Hsm Total Illite
3.86° 390 3.84 3.75 3.82 3.77 2.00 2.05 2.00 3.02 3.17 2,99 221 249 3.08 2.72 2.35

Dystric Skeletic Cambisol (Hyperhumic, Loamic) #1
Oi - - - - - - 0.00 - 0.07 0.84 0.91 - - 0.00 - - - 0.00 - - 0.00 0.09 096 0.02 2.04 2.00
Ah - - - 0.25 0.26 - 0.51 - - - 0.00 - 0.20 0.20 - - 017 017 - 0.12 0.12 0.00 1.05 0.11 331 3.45
Bw 0.21 - - 0.15 0.21 - 0.57 - - - 0.00 - 0.07 0.07 - - 017 017 0.09 0.08 0.18 0.00 116  0.03 3.38 3.34
Eutric Stagnic Cambisol (Loamic) #2
Oi - - - - - - 0.00 - 0.08 0.77 0.85 - - 0.00 - - - 0.00 - - 0.00 0.15 096 0.01 2.06 2.00
Ah - 0.44 - - - - 0.44 - - 0.39 0.39 - - 0.00 - - - 0.00 0.11 0.06 0.17 0.00 0.85 0.35 2.99 3.36
Bwg - 0.32 - 0.06 0.40 - 0.78 - - - 0.00 - - 0.00 - - - 0.00 - 0.16 0.16 0.07 110 0.05 3.57 3.68
2Bgl - 0.37 - - - - 0.37 - - 0.33 0.33 0.19 - 0.19 - - - 0.00 - 0.11 0.11 0.00 1.10 0.21 2.98 3.42
2Bg2  0.57 - - - 0.06 - 0.63 - - - 0.00 0.37 - 0.37 - - - 0.00 - - 0.00 0.00 1.03 0.13 3.55 3.59
Calcaric Skeletic Cambisol (Clayic, Humic) #3
Ah 0.19 - - - - 0.31 0.50 - - 033 033 0.17 - 0.17 - - - 0.00 - - 0.00 0.00 099 0.15 3.08 3.43
Bw 0.44 - - - - 041 0.85 0.15 - - 0.15 - - 0.00 - - - 0.00 - - 0.00 0.00 1.04  0.05 3.54 3.67
cB - - 0.27 - 0.43 - 0.70 - - - 0.00 - - 0.00 030 - - 0.30 - - 0.00 0.00 1.04 0.17 3.57 3.68
c 0.40 0.42 - - - - 0.81 - - - 0.00 - - 0.00 019 - - 0.19 - - 0.00 0.00 116  0.03 3.71 3.78
Haplic Chernozem (Loamic, Pachic) #5
oie 0.06 - - - - - 0.06 - - 0.58 0.58 - 0.23 0.23 - - 013 0.13 - - 0.00 0.00 0.85 0.11 2.44 2.40
Ap - 0.27 - 0.42 - 0.17 0.86 - - - 0.00 - - 0.00 - 014 - 0.14 - - 0.00 0.00 1.04 0.10 3.58 3.40
Ah 0.27 - - 0.35 - - 0.63 - - - 0.00 0.15 - 0.15 - - 0.08 0.08 - - 0.00 0.14 1.19 0.06 3.37 3.56
C 0.20 - - - 0.41 - 0.61 - - 0.21 0.21 - - 0.00 0.19 - - 0.19 - - 0.00 0.00 1.13 0.07 3.30 3.47
Haplic Luvisol (Cutanic, Loamic, Oligeoeutric) #7
Ah 0.39 - - - 0.43 - 0.82 0.18 - - 0.18 - - 0.00 - - - 0.00 - - 0.00 0.00 1.09 0.04 3.51 3.51
E 0.50 - - - 0.12 - 0.62 - - 0.26 0.26 - - 0.00 - - - 0.00 - 0.12 0.12 0.00 1.08 0.08 3.23 3.53
Btl 0.62 - - - 0.32 - 0.94 - - - 0.00 - - 0.00 - - 0.06 0.06 - - 0.00 0.00 1.12 0.03 3.77 3.73
Bt2 0.51 - - - 0.30 - 0.82 - 0.07 - 0.07 - - 0.00 - 012 - 0.12 - - 0.00 0.00 1.05 0.06 3.54 3.60

aFractions were recalculated to a component sum of 100%. Their relative uncertainty is 10% at best. Abbreviations of fit references: AcB: Acid birnessite (hex., syn), 6-Mn: §-MnO; (syn), NaB: Na-
birnessite (tricl.), Hol: Hollandite s.s., Rmn: Romanechite, Tdr: Todorokite, Ac: Mn(ll) acetate tetrahydrate (syn), Ox: Mn(ll) oxalate dihydrate (syn), Peat: Mn(ll) adsorbed to peat (pH7), Fkn:
Feitknechtite, Gro: Groutite, Bnt: Braunite, Hds: Hendricksite, Msu: Masutomilite, Bxb: Bixbyite, Hsm: Hausmannite, lllite: Mn(ll) adsorbed to illite (pH7).

bMn AOS determined by the ‘Combo’ XANES-LCF method (Zahoransky et al., 2022).

°R-factor = 3;(data; - fit;)2/2data;.

dCalculated from fit fractions and Mn AQS of each fit reference.

eSpectrum analyzed over k = 2.0-8.0 A-L.
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According to the LCF results, organically complexed Mn predominated with 58-91% of Mnu: (X = 78%)
in all Qi horizons investigated (Cambisols #1, #2; Chernozem #5). In addition, noticeable proportions
(9 and 15%) of physisorbed Mn species were found in both Cambisol Oi horizons (Table 3.4). XANES
analysis of the Cambisol litter horizons showed exclusively Mn?" (Table 3.3), consistent with the

3*/%in mineral structures. Besides organically complexed Mn (58%), the Oi horizon of

absence of Mn
Chernozem #5 contained substantial amounts of Mn3* in the form of Mn(lll) oxyhydroxides (23%),
silicate-bound Mn (13%), and a minor fraction of manganate-Mn (6%) (Table 4). These results
correspond well with the XANES analysis, which showed 61% Mn?* and 39% Mn3* (Table 3.3).

Mineral soil horizons were by far dominated by manganates, which accounted for 37-94% of
Mnet (X = 67%, Table 3.4). Concentrations (mg/kg) of manganate-Mn, calculated from fitted
manganate fractions and Mny: values (N = 17), were positively correlated with Mn: (rs = 0.89, p
<0.001), Mngq(rs = 0.90, p <0.001), and Mn, (rs = 0.89, p <0.001) (Table B.6). Significant slopes of linear
regressions (p <0.0001) between manganate-Mn and Mn: (0.7240.09), Mng (0.93+0.12), or Mn,
(0.99+0.13) (Fig. B.4) reaffirm that manganates are the dominant Mn species in these soils and are
almost quantitatively dissolved by dithionite and oxalate extractants. Remarkably, we found no
significant correlations between manganate-Mn and Feq, Fe,, and clay content (Table B.6).

Manganese(lll) oxyhydroxides, contributing <37% to Mni: in mineral horizons (x = 7%, Table
3.4), were present in four out of the five soils. Their occurrence was tied to individual A and B horizons
(N = 6) with no clear profile trends observable (Table 3.4). Likewise, organically complexed Mn was
identified in several mineral horizons with contributions <39% (x = 11%, Table 3.4). The highest
concentrations of organically complexed Mn were found in the Ah and 2Bg1 horizons of Cambisol #2,
and Ah horizon of Cambisol #3. Remarkably, the C horizon of Chernozem #5 comprised 21% organically
complexed Mn, which is plausible given the Cqz content of this horizon and the sorption capacity of
humic materials at pH 7.5 of approximately 17.8 mg/g Mn?* (Zhao et al., 2020). Solid-solution
formation of CaxMn14CO3; may also explain this result. In this case, the local Mn coordination would be
similar to that of organic Mn complexes (Rwin.c~3.2 A) and thus contribute to the fraction of organically
complexed Mn. Regardless of this issue, we observed no significant correlation between organically
complexed Mn and Corg in mineral horizons.

Silicate-bound Mn contributed <30% to Mni: (X = 8%, Table 3.4) in mineral horizons. No
significant correlation was observed between silicate-bound Mn and (Mn: — Mng) concentration, an
indicator of silicate-bound Mn (Table B.6).

Manganese present in oxide structures other than phyllo- and tectomanganates was of minor
importance in all mineral horizons (<18%, x = 5%, Table 3.4). It was detected in A and B horizons of
Cambisols #1 and #2, and in the E horizon of Luvisol #7, where it comprised 11-18% of Mni (Table

3.4). Physisorbed Mn in mineral horizons, which we interpret as Mn?* associated with negatively
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charged soil surfaces (see Supplementary material), was only present in the Bwg horizon of Cambisol
#2 (7%) and the Ah horizon of Chernozem #5 (14%) (Table 3.4).

The validity of EXAFS-LCF results was examined by linear combination reconstructions of soil
XANES spectra (6,530-6,600 eV) based on the fractions of EXAFS references used in each fit (Fig. 3.5).
In the majority of cases, the reconstructions agreed well with the soil XANES spectra (R-factors:
<60x10%). Larger misfits (R-factors: >70x10%) were observed, for example, for the Ah and 2Bg horizons
of Cambisol #2, likely due to the oxidation state of fit references not adequately reflecting the Mn

oxidation state of the respective soil Mn species.
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Figure 3.5. Stacked linear combination reconstructions of XANES spectra (6,530-6,600 eV) of (a) Cambisols #1,
#2, and #3 and (b) Chernozem #5 and Luvisol #7 calculated from EXAFS-LCF results. Numbers on the right
indicate the R-factor (x10%) of each reconstruction.

We also compared EXAFS-derived Mn AOS (AOSexars) With those obtained from soil XANES analysis
(AOSxanes). Manganese AOSexars values were calculated from the LCF fraction of each reference
compound and its XANES-derived Mn AQS, as determined by Zahoransky et al. (2022) (Table 3.4).
Manganese AOSexars values deviated <0.2 v.u. from the soil-Mn AOSxanes values in 80% of cases (Table

3.4). For Oi horizons (N = 3), differences were <0.1 v.u. (<3%, X = 2%), for A horizons (N = 6) <0.4 v.u.
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(£11%, x = 6%), and deviations <0.4 v.u. (<13%, x = 4%) were also recorded for B, E, and C horizons
(N = 11) (Table 3.4). Overall, we found a good correspondence between Mn AOSexars and soil-Mn
AOSxanes Values. Larger discrepancies most likely originate from Mn oxidation-state differences

between the fit references and their respective soil analogues.

3.3.3.2. SHELL FITTING

The local Mn coordination environment in 19 soil samples of Cambisols, Chernozem #5, and Luvisol #7
was additionally analyzed by EXAFS shell fitting. Figure 3.6 exemplarily shows k3>-weighted Mn K-edge
EXAFS spectra and Fourier transforms of soil horizons of Cambisol #2 and Chernozem #5 along with
their model fits. The figure illustrates that soil Mn coordination can change substantially in soils
developed from strata of different parent material (Cambisol), whereas Mn coordination in soils
formed on homogeneous parent materials such as loess (Chernozem) may change only slightly. Spectra
and model fits of the remaining soil samples are shown in Figure B.5, and EXAFS shell-fit parameters

of all soil samples are compiled in Table 3.5.
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Figure 3.6. Stacked k3-weighted Mn K-edge EXAFS spectra (left) as well as corresponding Fourier-transform
magnitudes and real parts (right) of selected soil samples. Solid lines represent experimental data and dotted
lines model fits. All EXAFS parameters are summarized in Table 3.5 and interatomic distances are visualized in
Figure 3.7.
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Table 3.5. EXAFS parameters determined by shell fitting of k*>-weighted Mn K-edge EXAFS spectra of soil samples?

Sample R-factor® 2 Nigp® Nyar AEo(eV)? CN (-2 R(A)E CN () R(A) CcN () R(A) CN () R(A)
k-range fit R-range fit o (AY)f 0% (A?) 0% (A?) o? (R?)
Dystric Skeletic Cambisol (Hyperhumic, Loamic) #1
Oi 0.009 21 16.7 5 3.4(6) 0: 7.5(5) 2.18(0) C: 1.8(9) 3.16(4)  Msh: 8.0 4.41(2)
2.2-9.8 1.0-4.5 0.0081(3) 0.0081 0.0122
Ah 0.010 11 15.2 7 -0.2(7) O: 3.1(3) 1.91(4) Mn:  4.1(11) 2.91(1) Mn: 3.1(12) 3.45(1)
1.5-10.8 1.0-3.6 0.0025(4) 0.0108(7) 0.0049(6)
Bw 0.009 21 14.48 6 -0.1(7) 0:  29(3) 1.89(0) Mn: 3.0(2) 2.88(1) Mn: 3.6(4) 3.43(1)
1.6-10.8 1.0-3.5 0.0011(4) 0.0052(4) 0.0052
Eutric Stagnic Cambisol (Loamic) #2
Oi 0.006 19 16.4 5 3.9(5) O: 7.1(4) 2.18(0) C: 1.9(8) 3.18(3) MSh: 8.0 4.37(2)
2.2-9.7 1.0-4.5 0.0077(3) 0.0077 0.0115
Ah 0.001 2.6 10.6 6 -1.1(5) 01: 2.5(1) 1.90(0) Mn:  4.9(3) 2.81(0)
2.0-9.7 1.0-3.2 0.0037(3) 0.0108(7)
02: 1.7(2) 2.20(1) Mn: 3.0(2) 3.01(1)
0.0037 0.0049(6)
Bwg 0.006 12 15.3 10 0.5(11) 01: 4.8(5) 1.91(1) Mnl: 2.6(16) 2.87(1) Mn: 4.2(16) 3.51(3) Mn: 4.50(13) 3.79(1)
2.1-10.2 1.0-4.0 0.0026(4) 0.0021(7) 0.0106 0.0106
02: 13(4) 225(2) Mn2: 2.7 3.05(4)
0.0026 0.0106(15)
2Bgl 0.004 5.4 10.3 7 -2.6(10) 01: 3.1(3) 1.90(1) Mn: 5.2(9) 2.81(1)
1.9-10.2 1.0-3.0 0.0043(5) 0.0097(5)
02: 1.8(3) 222(1) Mn: 3.04) 3.01(2)
0.0043 0.0097
2Bg2 0.002 8.5 10.3 7 -2.6(10) 01: 4.2(6) 1.90(1) Mn: 6.0(18) 2.81(1)
2.2-10.3 1.0-3.0 0.0022(3) 0.0072(5)
02: 1.7(5) 2.22(1) Mn: 2.5(6) 3.01(2)
0.0022 0.0072
Calcaric Skeletic Cambisol (Clayic, Humic) #3
Ah 0.004 9.7 12.6 8 -2.6(9) 01: 3.1(20) 1.90(0) Mnl: 5.6(6) 2.83(1) Mn: 1.0 3.41(3)
2.2-10.2 1.0-3.5 0.0036(3) 0.0094(4) 0.0094
02: 1.7(3) 224(1) Mn2: 2.2(7) 3.06(1)
0.0036 0.0094
Bw 0.004 20 10.7 7 1.0(10) 01: 4.8(4) 1.91(1) Mnl: 4.5(6) 2.87(1)
2.2-10.3 1.0-3.1 0.0037(6) 0.0051(6)
02: 2.0(4) 225(1) Mn2: 1.6(5) 3.08(2)
0.0037 0.0051
cB 0.024 34 11.2 6 3.2(21) 01: 4.2(8) 1.92(1)  Mn: 2.5 2.90(1)
2.1-10.6 1.0-3.1 0.0011(9) 0.0026(10)
02: 1.4(6) 2.21(3)
0.0011
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Table 3.5 (continued)

Sample R-factor® 2 Nigp® Nyar AEo(eV)? CN ()= R(A)E CN () R(A) CcN ) R(A) CN () R(A)
k-range fit  R-range fit o (AY)f 0% (A?) 0% (A?) 0% (A?)
Eutric Calcaric Skeletic Cambisol (Clayic, Humic) #3 (continued)
c 0.011 34 11.0 6 3.1(21) 01: 5.0(8) 1.89(1) Mn:  3.2(9) 2.85(1)
2.0-10.3 1.0-3.1 0.0018(5) 0.0014(5)
02: 1.0(6) 2.27(4)
0.0018
Haplic Chernozem (Loamic, Pachic) #5
Ap 0.014 12 14.3 8 -2.2(13) 01: 4.5(11) 1.87(1) Mn: 3.9(7) 2.86(1) Mn: 3.3(9) 3.51(1) Mn: 3.3(11) 3.75(2)
2.1-10.3 1.0-3.8 0.0049(6) 0.0073(7) 0.0073 0.0073
02: 0.5 2.25(7)
0.0049
Ah 0.004 4.6 14.3 8 -1.0(6) O: 3.2(2) 1.88(0) Mn: 4.3(5) 2.87(0) Mn: 3.3(4) 3.51(1) Mn: 3.1(4) 3.73(2)
2.0-10.2 1.0-3.8 0.0012(2) 0.0091(4) 0.0091 0.0091
C 0.005 35 14.3 8 3.9(8) 01:  3.7(4) 1.90(1) Mn: 2.9(4) 2.88(1) Mn: 2.7(3) 3.52(1) Mn: 3.0(4) 3.74(1)
2.0-10.2 1.0-3.8 0.0034(3) 0.0057(5) 0.0057 0.0057
02: 0.8(3) 2.25(3)
0.0034
Haplic Luvisol (Cutanic, Loamic, Oligeoeutric) #7
Ah 0.003 5.2 11.8 7 -0.0(7) 01:  3.6(3) 1.90(0) Mn: 3.2(3) 2.85(0) Mn: 1.5(3) 3.42(1)
2.6-10.1 1.0-3.5 0.0014(4) 0.0033(3) 0.0033
02:  1.2(4) 2.21(1)
0.0014
E 0.005 19 11.8 7 -1.0(10) O1l: 3.2(2) 1.90(1) Mn: 3.6(5) 2.82(1) Mn: 1.5(4) 3.43(2)
2.6-10.1 1.0-3.5 0.0021(4) 0.0058(4) 0.0058
02:  1.9(4) 2.20(1)
0.0021
Btl 0.003 20 11.3 7 3.5(10) O1l: 5.5(6) 1.90(0) Mn: 3.8(5) 2.86(1) Mn: 1.3(3) 3.45(1)
3.0-10.2 1.0-3.5 0.0024(3) 0.0027(3) 0.0027
02: 1.2(4) 2.25(2)
0.0024
Bt2 0.016 45 13.1 7 3.4(15) 0o1: 4.2(6) 1.90(1) Mn: 4.2(10) 2.86(1) Mn: 1.3(7) 3.48(3)
2.0-10.3 1.0-3.5 0.0011(7) 0.0066(8) 0.0066
02:  1.0(5) 2.18(1)
0.0011

aThe passive amplitude reduction factor, So?, was set to 0.8 in all fits. Parameter uncertainties are given in parenthesis for the last significant figure. Parameters without error assignment were fit and
fixed in the final fit.

bR-factor = 3i(data; - fiti)?/Zidatai and reduced x? = (Nidp/Npts)Zi((datai - fiti)/&i)*(Nigp — Nvar) — 1, where Nigp is the number of independent points in the model fit, Nyt the total number of data points, Nyar
the number of fit variables in the final fit, and &ithe uncertainty of the it" data point.

‘Number of independent data points and number of fit variables in final fit. “Energy-shift parameter.

eCoordination number (path degeneracy).

Debye-Waller parameter. If no uncertainties are indicated, parameters were constrained. #8Mean half path length.

PMn-C-O obtuse triangle multiple-scattering (MS) path; 0% defined as 1.50*(Mn-0) (Zahoransky et al., 2022).
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All Mn K-edge EXAFS spectra could be adequately fit with Mn-O, Mn-Mn, and Mn-C single scattering
paths (Figs. 3.6 and B.5, Table 3.5). We found that the spectra of all mineral horizons were dominated
by O and Mn scattering, as the inclusion of low-Z elements with low scattering amplitudes (e.g., C, Al,
Si) into the fit models proved unsuccessful because their signals were superimposed by those of Mn
located at similar distances. Since EXAFS amplitudes and thus coordination numbers (CNs) are
influenced by crystallinity and relative proportion of Mn compounds as well as possible overabsorption
by ferromanganese nodules (Stagnosol), we focused on interatomic distances to further elucidate Mn
speciation in the soil samples.

Figure 3.7 summarizes interatomic Mn-0O, Mn-C, and Mn-Mn distances detected in each soil

profile along with interatomic distances of selected Mn reference compounds for comparison.
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Figure 3.7. Interatomic distances between Mn and neighboring atoms in soil horizons of Cambisols #1, #2, and
#3, Chernozem #5, and Luvisol #7 obtained from shell fitting of Mn K-edge EXAFS spectra. Distances found in
selected Mn reference compounds are shown for comparison (Zahoransky et al. (2022) and references therein).
The reference compounds are ordered as follows (top-down): Manganates, Mn(lll) oxyhydroxides, silicates,
spinel, physisorbed Mn, and organically comlexed Mn.

Most soil samples (N = 14) showed two O subshells at an average distance of 1.90+0.01 and 2.23+0.03
A (+0), and up to three Mn shells. Soil Oi horizons (Cambisols #1 and #2) were characterized by a single
O shell at ~2.18 A, a lack of Mn shells, and the presence of Catoms at ~3.17 A — a similar Mn-C distance
as those found in Mn(ll) acetate tetrahydrate and Mn(ll) adsorbed to peat (Fig. 3.7, Table 3.5;
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Zahoransky et al., 2022). These findings are in agreement with the EXAFS-LCF results (Table 3.4), and
suggest the binding of Mn to 1-2 carboxyl groups in these litter horizons. In contrast, all mineral soil
samples contained Mn atoms at ~2.9 A, diagnostic for edge-sharing MnOg octahedra. Interatomic
distances of Mn atoms at R >3.0 A varied considerably among A, B, and C horizons of different soils,
but were consistent within individual soil profiles (Chernozem #5, Luvisol #7; Fig. 3.7).

In the Ah and Bw horizons of Cambisol #1, the single O shell and the presence of edge-sharing
and double corner-sharing Mn at ~2.9 and ~3.4 A, respectively, revealed the presence of manganate
minerals, which accounted for 51-57% of Mn.t according to EXAFS-LCF analysis (Table 3.4).

Mineral horizons of Cambisol #2 showed two O subshells at ~1.9 and ~2.2 A (Fig. 3.7, Table
3.5). Unlike most other soil samples, samples of Cambisol #2 possessed two Mn subshells of edge-
sharing MnOs octahedra at ~2.8 and ~3.0 A. The occurrence of two short Mn-Mn distances points to
the presence of hausmannite and/or Mn(lll) oxyhydroxides (Zahoransky et al., 2022). This finding is
supported by LCF results (Table 3.4) and two additional Mn shells at 3.51(3) and 3.79(1) A in the Bwg
horizon (Fig. 3.7, Table 3.5), which fit the crystal structure of hausmannite (Jarosch, 1987; Zahoransky
et al,, 2022).

Spectra of mineral horizons of Cambisol #3 were all fit with two O subshells at ~1.9 and ~2.2 A,
and a Mn shell at ~2.9 A, indicating the presence of manganate minerals in addition to other Mn
species. The Ah and Bw horizons also exhibited Mn shells at ~3.1 A (Ah/Bw) and 3.41(3) A (Ah) (Fig.
3.7, Table 3.5). These distances comply with those in hausmannite (3.10(0) and 3.44(1) A) and in Mn(l11)
oxyhydroxides such as feitknechtite or groutite (~3.0 and ~3.4 A) (Zahoransky et al., 2022). While
hausmannite was not positively identified, the presence of Mn(lll) oxyhydroxides in the Ah horizon is
supported by EXAFS LCF (17% of Mnt, Table 3.4). Atom types and distances found in the CB and C
horizons underline the dominance of manganate minerals. The second O shell at ~2.2 A in these
horizons may arise from Mn in braunite-like silicate structures, which according to LCF analysis
accounted for 30% (CB) and 19% (C) of Mni: (Table 3.4).

In Chernozem #5, we observed a single O shell at ~1.9 A in the Ah horizon (Fig. 3.7, Table 3.5),
clearly signifying the presence of manganate minerals (Zahoransky et al., 2022). This is corroborated
by Mn shells at ~2.9 and ~3.5 A (Fig. 3.7, Table 3.5). Both Mn-Mn distances are consistent with
manganates such as birnessite or todorokite (3x3 tectomanganate) (Zahoransky et al., 2022). A third
Mn shell at ~3.7 A, observed in all Chernozem mineral horizons, suggests the presence of hollandite
(2x2 tectomanganate) (McKeown and Post, 2001; Zahoransky et al., 2022). This interpretation is
supported by EXAFS-LCF results for both A horizons (Table 3.4). For the Ap and Ck horizons of
Chernozem #5, minor contributions of a second O shell at ~2.2 A indicate the presence of additional

Mn species, likely silicate-bound Mn, as suggested by EXAFS-LCF analysis (Table 3.4).
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Luvisol #7 spectra were fit with two O subshells at ~1.9 and 2.2 A, and two Mn shells at ~2.9
and ~3.4 A (Fig. 3.7, Table 3.5). The split O shell again suggests the presence of at least one Mn species
in addition to manganates (Zahoransky et al., 2022). According to our EXAFS-LCF results, the second O
shell may arise from either organically complexed Mn (Ah, E, and Bt2 horizons), silicate-bound Mn (Bt1
and Bt2 horizons), or Mn present in non-manganate oxide structures (E horizon) (Table 3.4).

In summary, EXAFS shell fits support the predominance of organically complexed Mn(ll/Ill)
species in litter (Oi) horizons and of manganates and Mn(lll) oxyhydroxides in mineral soil horizons.
Additionally, EXAFS shell fits provided evidence for spinel phases (hausmannite) and potentially
silicate-bound Mn (braunite, hendricksite, masutomilite). However, Al or Si neighbors of Mn in
aluminosilicates as well as contributions of Mn-C scattering in mineral horizons remained ‘invisible’ in
the fits because their EXAFS signals were superimposed by Mn-Mn scattering, implying limitations of

EXAFS shell-fit analysis of samples dominated by Mn (oxyhydr)oxides.

3.4. DISCUSSION

3.4.1. SOIL PARAMETER CORRELATIONS WITH MN

Soil extractions by dithionite-citrate and acid ammonium oxalate are typically used to discriminate
poorly and well crystalline Fe (oxyhydr)oxides (Feo/Feq ratio) (Blume and Schwertmann, 1969; Durn et
al., 2001; Courchesne and Turmel, 2008). Dithionite-extractable Mn is thought to comprise
exchangeable and organically complexed Mn as well as Mn present in Fe and Mn (oxyhydr)oxide
compounds, whereas no Mn is extracted from crystalline aluminosilicates (Guest et al., 2002;
Courchesne and Turmel, 2008). In this study, we found no relationship between (Mnwt— Mng) and
silicate-bound Mn as determined by spectroscopy. This may imply that dithionite-citrate also extracts
Mn from silicate minerals and/or that EXAFS LCF is unable to reliably quantify low-abundance species
such as silicate-bound Mn.

Chemical forms of oxalate-extractable Mn are not well resolved and differences to dithionite-
extractable Mn are not easy to interpret (Courchesne and Turmel, 2008). Oxalate is assumed to extract
exchangeable, organically complexed, and poorly crystallized inorganic forms of Mn (McKeague and
Day, 1966; Xue et al., 2006; Rennert et al., 2021). However, dithionite-citrate and oxalate extraction
efficiencies strongly depend on solid-solution ratio, ligand concentration, pH, and extraction time
(Rennert et al., 2021). The almost identical extraction efficiency of dithionite and oxalate observed in
this study implies that both methods target similar Mn pools, which is in line with earlier studies (Blume
and Schwertmann, 1969; Mirabella and Carnicelli, 1992; Haidouti and Massas, 1998). Thus, unlike for
Fe, Mn, and Mng do not allow the differentiation between poorly and well crystalline Mn

(oxyhydr)oxides, as assumed by Haidouti and Massas (1998). This conclusion is also supported by
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higher Mn, than Mngy contents in several soil horizons (Table 3.1). Since our data show only weak
correlations between Mn, and Fe, as well as Mng and Feq, both methods appear to target Mn pools
other than Mn in Fe(lll) (oxyhydr)oxides. This is confirmed by strong correlations of spectroscopically
derived contents of manganate-Mn and Mn extracted by dithionite and oxalate (Fig. B.4). Therefore,
low dithionite- and oxalate-extractable Mn concentrations in Luvisol #6, Podzol #8, and Stagnosol #9
(Table 3.1) point to a depletion in manganate minerals in horizons characterized by eluviation
processes and stagnating surface water, which is also supported by the low Mn* contents in these
horizons (Table 3.3).

The positive correlation of Mntt, Mng, and Mn, with clay content as well as their positive
correlation with DC- and AAO-extractable Fe (Table 3.2), indicates that Mn occurs mainly in the clay
fraction and that Mn- and Fe(lll) (oxyhydr)oxides partly coexist and/or Mn substitutes for Fe in Fe(lll)
(oxyhydr)oxides (e.g., Scheinost et al., 2001). However, the relatively weak and negative correlation
between Mn3 and Feq suggests that isomorphic substitution is not important in the studied soils.
Similar correlations between Mny.: and clay content have been reported by Shuman (1979) for soils
from the southern United States (rs= 0.89, p <0.001, N = 10). These results are contrasted by those of
Yaalon et al. (1972), showing a negative correlation (Pearson r, = -0.62, p <0.001, N =35) for
Mediterranean soils developed on basalt, dolomite, and limestone. Vodyanitskii (2009) found no
correlation between total Mn and clay fraction in agrosoddy-podzolic soils (Mozhaisk district, Moscow
oblast). Nonsignificant correlations between Mn and clay content were also observed for B horizons
of Terra Rossa soils developed on limestone and dolomite in Istria (N = 40) (Durn et al., 2001), Ap
horizons of Serbian Vertisols (N = 10) (Milivojevié¢ et al., 2011), and for Calcisols, Gypsisols, Solonchaks,
and Solonetzs from Spain (N = 12) (Navas and Lindhorfer, 2003). All available data suggest that the Mn
distribution within particle size fractions is variable and depends on parent material, climate, and soil

development.

3.4.2. MANGANESE OXIDATION STATES

The general dominance of Mn?* species in fresh, undecomposed plant residues (Oi horizons) complies
with other studies (Herndon et al., 2014; Keiluweit et al., 2015). It was previously shown that fresh
plant litter, roots, and stems can contain organically complexed Mn*" (Herndon et al., 2014) or Mn3*in
inorganic form such as manganite, hausmannite, and Mn,0s(potentially bixbyite) (Blamey et al., 2018).
Our data also revealed substantial amounts of Mn3* (29-40%) and Mn** (23-32%) in Oi horizons and a
generally high redox variability of Mn in organic surface layers (Table 3.3). High-valence Mn species in
organic surface layers may support the idea that these species are formed via biological oxidation of
soluble Mn?* to Mn*" and subsequent precipitation of Mn (oxyhydr)oxides (Keiluweit et al., 2015). The

progressive formation of Mn (oxyhydr)oxides upon litter decomposition is substantiated by the low
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shares of Mn* in the Oi horizon compared to the Oe horizon of Luvisol #6. In contrast, the observation
of declining Mn* contents in O horizons of Stagnosol #9 with depth (Table 3.3) indicates that
manganate-Mn present in organic surface layers is increasingly utilized as terminal electron acceptor
during microbial oxidation of organic matter under increasingly anoxic conditions. Abiotic oxidation of
organic matter, especially of phenolic compounds (Chorover and Amistadi, 2001), may additionally
contribute to the increasing presence of more reduced Mn in organic surface layers with depth. The
continuously decreasing Mn?* shares from the Oi to the Oa horizon of Podzol #8 in combination with
negligible Mn* contents support an active redox cycling between Mn?* and Mn3*in this soil (Keiluweit
et al., 2015). The negative correlation between soil Mn** content (Mn AOS) and Corg/Niot ratio (Table
3.3), an indicator of organic matter decomposition, suggests that organically complexed Mn?* released
upon organic matter decomposition is oxidized and precipitates as manganates.

As opposed to organic soil horizons, mineral soil horizons were enriched in Mn3**and Mn*. The
positive correlation of Mn* (Mn AOS) and negative correlation of Mn3* with soil clay content (Table
3.2) imply that clay fractions of the studied soils are enriched in manganates. Given the net negative
surface charge of phyllosilicates and manganates in the pH range of the studied soils, which renders
direct association of these phases unfavorable, we assume this correlation to result either from
interactions of manganates with positively charged clay-sized Fe(lll) (oxyhydr)oxides or to simply
reflect the fact that soil manganates are predominately clay-sized. Both assumptions are supported by
significant positive correlations between Mn* (Mn AQS), Feq, and clay content (Table 3.2).

The positive correlation of Mn* (Mn AOS) and negative correlation of Mn** with soil pH (Table
3.2) suggest that more alkaline soil conditions stabilize Mn in its tetravalent oxidation state. This may
be ascribed to faster microbial Mn oxidation under less acidic conditions (Hastings and Emerson, 1986;
Zhang et al., 2002) and/or generally lower Mn?* solution concentrations at higher pH, which would
limit comproportionation-disproportionation reactions of manganates (Tu et al., 1994; Mandernack et

al., 1995; Bargar et al., 2005; Zhu et al., 2010).

3.4.3. EXAFS-BASED MN SPECIATION

3.4.3.1. DATA INTERPRETATION

EXAFS LCF and shell fitting may lead to seemingly conflicting results for some samples. For example,
Cambisol #1 Ah and Bw horizons did not exhibit two Mn-O bond distances at ~1.9 and ~2.2 A, despite
that LCF implied up to 20% Mn(lll) oxyhydroxides (groutite) and up to 12% hausmannite. Nominally,
01 and 02 shells of groutite have CNs of ~4.2 and ~0.9, respectively (Zahoransky et al., 2022). A fraction
of 20% groutite, as obtained by LCF, in a sample containing no other Mn species with split O shells

would correspond to a CNwun-02 of <0.2, which is impossible to determine reliably from shell fits. The
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same argument holds for the Mn-02 shell of hausmannite. On the other hand, it is difficult to
discriminate individual manganates by EXAFS LCF, notably phyllomanganates and tectomanganates
with large tunnel sizes (Zahoransky et al., 2022). However, since tectomanganates contain both edge-
and corner-sharing MnOg octahedra, EXAFS shell fitting can aid the identification and quantification of
tectomanganates in mixtures with phyllomanganates. These examples illustrate that certain Mn
species cannot be identified by EXAFS shell fitting if they are present below a critical concentration
threshold, and that EXAFS LCF and shell fitting can yield complementary species information.
Generally, care must be taken not to overinterpret EXAFS-LCF fractions of individual Mn reference
compounds with similar EXAFS spectra. In this case, fractions of reference compounds need to be

combined into chemically or structurally meaningful species groups.

3.4.3.2. EXAFS SPECIATION OF SOIL SAMPLES

The EXAFS-LCF analyses of 20 samples from five soils provided evidence for manganates, organically
complexed Mn, Mn(lll) oxyhydroxides, silicate-bound Mn, Mn oxides without layer or tunnel structure,
and physisorbed Mn (Table 3.4). Several Mn species with distinct EXAFS features (Zahoransky et al.,
2022) were not observed in any studied soil sample. These include tectomanganates with small tunnel
sizes like pyrolusite (1x1) or ramsdellite (1x2), manganite (y-MnOOH), rhodochrosite (MnCOs), and
polynuclear organic Mn(lll) complexes. Apparently, such phases either do not occur in soil or only in
undetectable concentrations.

Litter horizons consisting of largely undecomposed beech (Fagus sylvatica) and birch (Betula
pendula) leaves comprised predominantly organically complexed Mn (58-91%, X = 78%) and
physisorbed Mn (<15%), but we also identified manganates (6%), Mn(lll) oxyhydroxides (23%), and
silicate-bound Mn (13%) in individual litter horizons (Table 3.4). The latter may be attributed to Mn?*
association with phytoliths, which represent preferential structures for encapsulation of heavy metals
like Mn (Delplace et al., 2020), alleviating metal stress in plants (Bujan, 2013). However, hausmannite,
Mn;0s (probably bixbyite), and manganite, whose presence in leaves of cultivated plants has been
linked to Mn toxicity (Blamey et al., 2018), were not observed in any Oi horizon. Bioturbation as a
source of Mn (oxyhydr)oxides in Oi horizons can be excluded because great care was taken during
sampling to avoid contamination by mineral soil material.

In mineral soil horizons, manganates were by far the most abundant Mn species group (37-
94%, X = 67%), as suspected by Manceau et al. (2002). They were followed by organically complexed
Mn (£39%, x = 11%) and silicate-bound Mn (<30%, x = 8%), about equal quantities of Mn(lll)
oxyhydroxides and Mn oxides, such as bixbyite and hausmannite (<37%, X ~6%), and physisorbed Mn

(£14%, x <1%); the latter being consistent with negligible concentrations of exchangeable Mn in all

134



High Manganese redox variability and manganate predominance in temperate soil profiles as
determined by X-ray absorption spectroscopy

soils (Table 3.1). Our results suggest that a considerable portion of manganates in the studied soils are
tectomanganates (Table 3.4), even though phyllo- and tectomanganates are hard to distinguish
spectroscopically (Zahoransky et al., 2022). The occurrence of tectomanganates may be related to
Mn?* oxidation by microorganisms (Remucal and Ginder-Vogel, 2014) such as fungi (Saratovsky et al.,
2009) and bacteria (Villalobos et al., 2003), or to abiotic transformation of hexagonal
phyllomanganates (Yang et al.,, 2018; Wu et al.,, 2021). Our results also indicate that soil
phyllomanganates generally exhibit hexagonal MnOg layer symmetry (Table 4). Only in one case (CB
horizon of Cambisol #3, pH 8.0; Table 4), the spectrum of triclinic birnessite significantly improved the
fit, suggesting that triclinic birnessites can form in oxic and alkaline soils, probably via interactions of
aqueous Mn?* with hexagonal birnessites (Bargar et al., 2005). Since we found no correlation between
manganate-Mn and Feq (Feo), we conclude that most soil manganates are not associated with Fe(lll)
(oxyhydr)oxides, which contrasts findings of their co-occurrence in ferromanganese nodules or
concretions of redox-affected soils (Vodyanitskii and Sivtsov, 2004; Vodyanitskii, 2006; Blothe et al.,
2015; Ettler et al., 2017). Similarly, we found no correlation between manganate-Mn and clay content,
although there was a significant positive correlation between Mn* (Mn AOS) and clay content. This
may indicate that manganates in clay fractions are enriched in Mn**.

Manganese(lll) oxyhydroxides are typically considered rare in soils since they disproportionate
to MnO, and Mn? at pH <7 (Vodyanitskii, 2009; Blume et al., 2016). In this study, EXAFS LCF,
fingerprinting, and shell fitting confirmed the presence of feitknechtite and/or groutite in few acidic to
near neutral soil horizons (e.g., 2Bg horizons of Cambisol #2, pH ~5; Table 3.4). The occurrence of
Mn(lll) oxyhydroxides in acidic soils is noteworthy, as XRD and XAS data showed no transformation of
vernadite (3-Mn0,) into feitknechtite during 73 days of continuous interaction with dissolved Mn?* at
pH 5 (Elzinga, 2016); similar observations have been made by Lefkowitz et al. (2013). However, Tu et
al. (1994) reported the precipitation of groutite from aqueous Mn?* on surfaces of hexagonal birnessite
at pH 6, attributing its formation to direct solid-state conversion as opposed to dissolution-
reprecipitation reactions. Other laboratory studies showed abiotic formation of feitknechtite,
manganite, and/or groutite either by reaction of Mn?* with phyllomanganates at pH >7 (Bargar et al.,
2005), albite, hematite, and goethite at pH 7.8-8.7 (Junta and Hochella, 1994), and ferrihydrite at pH
6.5-8.5 (Wang et al., 2015), or by Mn?* oxidation by atmospheric O, at pH 7.5-9.5 (Hem and Lind, 1983).
Even though microbial formation of Mn(lll) oxyhydroxides in acidic soils is conceivable, previous
research only reported their biologically mediated formation at pH >6.5 (Greene and Madgwick, 1991;
Mandernack et al., 1995), which could also be the result of secondary abiotic reactions (Bargar et al.
2005). The absence of manganite in all soil samples implies that the formation pathway of soil

birnessites does not proceed via a manganite precursor, as suggested by McKenzie (1972).
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Silicate-bound Mn was found in most mineral soil horizons, except for Cambisol #2, but in low
proportions with an average of 8% of Mn: (Table 3.4). In rocks, Mn is present in phyllosilicate clays
(Guest et al., 2002) and ferromagnesian silicates such as olivine (100-6,500 mg/kg), pyroxene (600-
8,000 mg/kg), amphibole (400-7,000 mg/kg), and biotite (100-10,000 mg/kg) (Gilkes and McKenzie,
1988). Except for the phyllosilicate clays, all other primary Mn-bearing minerals are highly susceptible
to weathering, which explains the minor contribution of Mn still bound in silicate structures and the
prevalence of secondary minerals in the studied soils. This was most striking in Cambisol #1, which was
formed on basalt that probably contained nearly all Mn in highly weatherable primary phases. EXAFS-
LCF, fingerprint, and shell-fit analyses also provided evidence of the spinel hausmannite. This mineral
was first described by Chukhrov and Gorshkov (1981) as isometric grains in a Chernozem subsoil (pH
8.3; Priazov district, former USSR) and in a subsoil of a ‘meadow soil’ (pH 8.1; Prisalair district, former
USSR). Similar to Mn (Ill) oxyhydroxides, the occurrence of hausmannite in acidic soils was unexpected,
as previous laboratory studies showed its formation only at pH >7 by Mn?*-induced reduction of
birnessite with feitknechtite as an reaction intermediate (Lefkowitz et al., 2013) or as a product of
microbial Mn?* oxidation (Hastings and Emerson, 1986; Mann et al., 1988). The existence of
hausmannite under acidic conditions suggests that its presumed dissolution at pH <7 (Luo et al., 2018)
is hindered under natural soil conditions by chemical, physical and/or kinetic factors, similar to other

Mn minerals in the environment (Webb et al., 2005).

3.5. SUMMARY AND CONCLUSION

We assessed bulk Mn speciation in 46 soil samples from nine typical Central European soils and
evaluated its relationship to major soil properties. By employing Mn K-edge EXAFS spectroscopy, we
provide the first quantitative insights into the Mn species inventory of bulk soils. EXAFS analyses of 20
organic and mineral soil samples revealed the presence of six major Mn species groups: (1)
manganates, (2) organically complexed Mn, (3) Mn(lll) oxyhydroxides, (4) silicate-bound Mn, (5) Mn
oxides without tunnel- or layer structure, and (6) physisorbed Mn.

Litter (Oi) horizons showed predominantly Mn?* in organic complexes or in exchangeable form,
but also contained non-organic Mn species, such as manganates, Mn(lll) oxyhydroxides, and silicate-
bound Mn. The high redox variability of Mn in organic surface horizons is likely related to variable
concentrations of inorganic Mn species.

Manganates were dominant in all mineral soils with a mean abundance of 67% of Mn, and
likely consisted of mixtures of hexagonal phyllo- and tectomanganates. Our results demonstrate that
these minerals are almost quantitatively dissolved during dithionite and oxalate extractions. In

addition, our results suggest that Mn*-rich manganates preferentially form under less acidic soil
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conditions, partly by oxidation of organically complexed Mn(ll), and that they are enriched in the soil
clay fraction.

Compared to manganates, other Mn species in mineral soils were far less abundant.
Surprisingly, topsoil A horizons contained little organically complexed Mn. Small amounts of silicate-
bound Mn in mineral soils developed during the Holocene on Pleistocene sediments (loess) and pre-
Quaternary rocks (basalt, phyllite, limestone) corroborate the release of Mn from primary mineral
already at early stages of weathering and soil formation. Similarly, the negligible concentrations of
physisorbed Mn in mineral soil suggest that this Mn pool is rapidly converted into Mn (oxyhydr)oxides
under oxic soil conditions. The unexpected detection of Mn(lll) oxyhydroxides such as feitknechtite or

groutite as well as of the spinel hausmannite in acidic soils warrants further research.
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B. SUPPORTING INFORMATION TO CHAPTER 3

B.1. SAMPLING SITE DESCRIPTION

oi Luvisol 6
Oe,0a Heggess S

Ah

Bt1

Figure B.1. Photographs of soil profiles. Soil horizon names in gray denote horizons that were not sampled.
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Table B.1. Coordinates, climatic conditions, parent material, and vegetation cover of sampling sites

Latitude (N) Longitude (E) Climatic conditions® Parent material Vegetation

Dystric Skeletic Cambisol (Hyperhumic, Loamic) #1

50°21°07.06" 9°55'44.39" 947 mm, 7.9 °C Basalt Deciduous forest (Fagus sylvatica, Acer pseudoplatanu)

Eutric Stagnic Cambisol (Loamic) #2

49°53'20.6" 11°01'08.6" 812 mm, 9.1 °C Mixed loamy solifluction layer over Deciduous forest (Fagus sylvatica, Carpinus betulus, Quercus petraea)
claystone

Calcaric Skeletic Cambisol (Clayic, Humic) #3

49°53'15.4"  11°02'05.9" 812 mm, 9.1°C Limestone Deciduous forest (Fagus sylvatica)
Haplic Chernozem (Pachic, Silitc) #4
51°26'19.0" 11°45'22.9" 515 mm, 9.4 °C Loess over glacial till Grassland (former arable land)

Haplic Chernozem (Loamic, Pachic) #5

51°30'11.2" 12°01'39.1" 515 mm, 9.4 °C Loess-rich sandy alluvium over Scrubby former arable land (Prunus spinosa, Rosa canina)
fluvial deposit

Haplic Luvisol (Cutanic, Hypereutric, Siltic) #6

51°23'08.6" 11°03'18.7" 579 mm, 8.1 °C Loess Deciduous forest (Fagus sylvatica, Betula pendula)
Haplic Luvisol (Cutanic, Loamic, Oligeoeutric) #7
49°58'24.1"  11°37'21.7" 757 mm, 8.5 °C Loess-rich alluvium mixed with Grassland (former arable land), Populus tremula

granite-derived river gravel
Skeletic Albic Podzol (Loamic) #8

49°59'28.62" 11°48'06.25" 1210 mm, 6.4 °C Phyllite Coniferous forest (Picea abies)
Dystric Albic Folic Stagnosol (Nechic, Siltic) #9
51°16°50.05" 12°58'54.10" 578 mm, 9.4 °C Reworked loess Mixed forest (Fagus sylvatica, Vaccinium myrtillus, sporadic Quercus rubra

and Pinus sylvestris)

2Mean annual precipitation and mean annual temperature. Data are averages for the 1981-2010 climate reference period (DWD Climate Data Center (CDC), 2022).
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B.2.

ADDITIONAL SOIL PROPERTIES

Table B.2. Additional properties of soil samples

Sample  Munsell color (field-moist) Soil texture pH(CaCl,) EC2(uS/cm) Cinorg (%)
Dystric Skeletic Cambisol (Hyperhumic, Loamic) #1

Ah 10YR3/3 silty clay loam 3.6 70.6 -
Bw 10YR4/4 silt loam 4.3 26.0 -
Eutric Stagnic Cambisol (Loamic) #2

Ah 10YR3/3 loam 3.9 68.7 -
Bwg 10YR4/4 loam 3.6 47.1 -
2Bgl 7.5YR5/6, 2.5Y7/2 clay 3.9 52.8 -
2Bg2 7.5YR3/4, 5Y6/2 clay loam 4.2 73.3 -
Calcaric Skeletic Cambisol (Clayic, Humic) #3

Ah 7.5YR3/4 silty clay 4.4 53.9 -
Bw 7.5YR4/4 silty clay loam 6.7 89.9 -
CcB 10YR4/4 silty clay 7.3 180 0.66
C 10YR4/6 clay 7.4 160 3.30
Haplic Chernozem (Pachic, Silitc) #4

Ahl 10YR3/2 silt loam 6.9 152 -
Ah2 10YR3/2 silt loam 7.3 174 0.02
Ah3 10YR3/4 silt loam 7.4 205 0.05
Ck 10YR5/6 silt 7.9 857 1.39
Haplic Chernozem (Loamic, Pachic) #5

Ap 10YR3/2 silt loam 5.8 57.7 -
Ah 10YR4/3 silt loam 6.4 43.7 -
C 10YR6/6 silt loam 7.4 94.9 0.01
Haplic Luvisol (Cutanic, Hypereutric, Siltic) #6

Ah 7.5YR2/2 silt loam 5.2 75.5 -

E 7.5YR5/4 silt loam 4.2 48.7 -
EB 7.5YR4/4 silt loam 4.9 42.6 -
Btl 7.5YR4/6 silt loam 4.4 80.1 -
Bt2 7.5YR6/4 silt loam 4.9 150 -
Haplic Luvisol (Cutanic, Loamic, Oligeoeutric) #7

Ah 10YR3/2 silt loam 5.0 80.6 -

E 10YR4/2 silt loam 5.6 58.4 -
Btl 10YR3/3 loam 5.8 41.6 -
Bt2 10YR4/3 silty clay loam 6.2 43.2 -
Skeletic Albic Podzol (Loamic) #8

E 10YR5/3 silt loam 3.0 64.3 -
Bs 7.5YR4/6 loam 3.7 38.4 -
Bw 10YR5/6 silt loam 4.4 24.1 -
C 2.5Y3/4 sandy loam 4.4 18.7 -
Dystric Albic Folic Stagnosol (Nechic, Siltic) #9

EA 10YR4/3 silt loam 3.5 69.7 -

E 10YR6/4 silt loam 3.9 45.7 -
Eg 10YR7/2, 7.5YR6/4 silt loam 3.8 48.2 -
Bg 7.5YR5/6, 5YR7/1 silt loam 3.7 34.5 -

2Electrical conductivity.
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B.3. SELECTIVE MIN EXTRACTION
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Figure B.2. Linear regression between Mng and Mn, of mineral soil horizons (N = 37). Confidence and prediction
bands (95%) are indicated by dark and light blue color, respectively. Transition horizons (CB, EA, EB) were

included in their respective master horizon group.
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B.4. MANGANESE K-EDGE X-RAY ABSORPTION SPECTROSCOPY

Table B.3. Primary XANES absorption and first-derivative peaks of soil samples

Absorption First derivative

1 2 3 1 2 3 4 5 6
Dystric Skeletic Cambisol (Hyperhumic, Loamic) #1
Oi 6552.6 6539.6 6549.2
Ah 6560.2 6573.8 6539.8 65424 6547.0 6551.0 6556.2 65714
Bw 6560.4 6574.4 6540.2 6542.6 6547.1 6551.2 6556.4 6571.4
Eutric Stagnic Cambisol (Loamic) #2
Oi 6552.5 6539.5 6548.6
Ah 6562.9 6539.1 6542.3 6549.3 6556.6 6571.9
Bwg 6562.1 6574.9 6540.6 6542.5 6550.8 6556.3 6573.4
2Bgl 6562.7 6538.8 6542.2 6550.7 6556.5 6574.2
2Bg2 6562.6 6575.8 6540.6 6542.5 6551.2 6557.2  6572.7
Eutric Calcaric Skeletic Cambisol (Clayic, Humic) #3
Ah 6562.4 6539.1 6542.3 65515 6557.2  6572.9
Bw 6562.6 6540.7 6542.5 6557.1 6573.1
CB 6561.9 6574.5 6540.1 6542.1 6550.9 6556.0 6571.9
C 6562.1 6575.3 6540.3 6542.4 6550.8 6556.5 65725
Haplic Chernozem (Pachic, Silitc) #4
Oi 6553.5 6561.2 6539.4 6542.4 6548.1 6549.9 6558.5
Ahl 6561.5 6574.8 6540.3 6542.4 6547.8 6550.2 6556.6 6571.4
Ah2 6561.8 6574.4 6540.6 6542.8 6547.9 6551.3 6556.6 6571.7
Ah3 6562.0 6574.9 6540.3 6542.7 6547.8 65514 6556.5 6571.8
Ck 6552.5 6561.5 6540.0 6542.7 6548.1 6551.1 6556.7 6560.1
Haplic Chernozem (Loamic, Pachic) #5
Oi 6552.9 6539.8 6548.7
Ap 6561.1 6574.3 6539.8 6541.9 6550.2 6556.0 6570.2
Ah 6561.7 6574.1 6540.5 6542.6 6548.2 6551.2 6556.1 6571.9
C 6561.6 6574.7 6540.0 6542.4 6547.7 6550.8 6556.1 6571.3
Haplic Luvisol (Cutanic, Hypereutric, Siltic) #6
Oi 6561.9 6574.3 6540.1 6543.0 6549.2 6557.9 6571.0
Oe 6561.8 6574.5 6540.5 6542.5 6549.5 6557.3 6572.0
Ah 6561.8 6575.3 6540.5 6542.6 6551.0 6556.6 6572.0
E 6553.1 6557.4 6570.1 6540.3 6547.8 6551.3 6555.8 6568.9
EB 6552.8 6557.4 6569.9 6540.2 6547.8 6551.1 6555.8 6568.9
Btl 6557.9 6570.9 6539.9 6548.1 6551.0 6556.2 6569.3
Bt2 6553.1 6557.1 6570.8 6539.8 6547.4 6551.3 6555.4 6568.7
Haplic Luvisol (Cutanic, Loamic, Oligeoeutric) #7
Ah 6562.1 6574.9 6540.5 6442.1 6550.5 6556.3  6572.2
E 6562.5 6574.4 6538.9 6542.3 6550.4 6556.6 6573.6
Btl 6562.1 6574.9 6540.3 6542.4 6550.9 6557.8 6571.4
Bt2 6562.2 6574.7 6540.3 6542.4 6550.5 6556.2 6572.4
Skeletic Albic Podzol (Loamic) #8
Oi 6553.1 6539.9 6548.3 6549.4
Oe 6553.1 6539.9 6547.8 6549.5 6555.2 6569.7
Oa 6557.6 6571.1 6540.2 6547.1 6550.4 6568.8
E 6557.1 6549.5
Bs 6559.2 6574.1 6540.2 6548.5 6551.3 6555.5 6571.2
Bw 6558.8 6573.5 6540.2 6547.7 6551.3 6556.1 6571.4
C 6560.0 6574.1 6540.0 6548.1 6551.1 6555.9 65715
Dystric Albic Folic Stagnosol (Nechic, Siltic) #9
Oi 6561.7 6573.9 6540.2 6542.4 6548.9 6557.3 6571.8
Oe 6553.7 6561.8 6540.0 6548.6 6559.1
Oa 6552.5 6557.0 6569.6 6539.6 6546.5 6550.4 6555.8 6568.4
EA 6554.8 6539.1 6547.5 6550.3 6568.8
E 6557.1 6571.3 6539.9 6548.1 6569.7
Eg 6557.2  6570.7 6539.4 6548.4 6555.0 6568.5
Bg 6553.3 6539.2 6547.9 6550.6 6558.1 6566.8
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Table B.4. Output parameters for the first ten PCs obtained from PCA analysis of k*-
weighted soil EXAFS spectra (k = 2.0-11.0 A, E; = 6,563 eV)

Component  Eigenvalue Total variance Cumulative Cumulative IND (x103)?
eigenvalue variance
1 15.46 0.81 15.46 0.81 0.1017
2 1.98 0.10 17.45 0.92 0.0778
3 0.56 0.03 18.00 0.95 0.0725
4 0.31 0.02 18.31 0.96 0.0709
5 0.20 0.01 18.51 0.97 0.0709
6 0.15 0.01 18.66 0.98 0.0710
7 0.09 0.00 18.75 0.99 0.0747
8 0.05 0.00 18.80 0.99 0.0830
9 0.05 0.00 18.85 0.99 0.0914
10 0.04 0.00 18.89 0.99 0.1010

2IND function calculated with the program package "ITFA" (Rossberg et al., 2003).

B4.1. EXAFS-LINEAR COMBINATION FIT INTERPRETATION SCHEME

(1) k*>-weighted EXAFS spectra of phyllomanganates, such as 6-MnO, and birnessite (triclinic and
hexagonal), and those of tectomanganates, such as hollandite s.s. (2 x 2 tunnels), romanéchite (2 x 3
tunnels), and todorokite (3 x 3 tunnels) are highly correlated. Their subtle spectral differences are
probably not sufficient to uniquely identify and quantify these mineral phases in mixtures (Zahoransky
et al.,, 2022). However, the need to fit tectomanganate reference spectra in addition to those of
phyllomanganates may be taken as an indication of the presence of tectomanganates in soils,

regardless of their exact nature.

(2) Organically complexed Mn was estimated from summed fit fractions of k?>-weighted EXAFS spectra
of Mn(ll) acetate tetrahydrate, Mn(ll) oxalate dihydrate, and Mn?* adsorbed to a natural peat sample

at pH 7 (Zahoransky et al., 2022).

(3) The content of Mn(lll) oxyhydroxides was assessed by EXAFS reference spectra of the polymorphs
feitknechtite (B-MnOOH) and groutite (o-MnOOH). These minerals possess similar k*-weighted EXAFS
spectra, but these differ significantly between 8 and 10 A, which allows for their unambiguous

identification (Zahoransky et al., 2022).

(4) Silicate-bound Mn was estimated from summed fit fractions of k*-weighted EXAFS spectra of
masutomilite and hendricksite, both trioctahedral phyllosilicates containing Mn?* in their octahedral
layers, and braunite, a nesosilicate containing Mn?* and Mn3*. These reference compounds show
distinct features in their k2-weighted EXAFS spectra (Zahoransky et al., 2022), but owing to the diversity
of Mn coordination environments in silicates, this does not allow for the identification of specific Mn-

bearing silicates.
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(5) Manganese in oxides without layer- or tunnel structure was estimated from summed fit fractions
of the Mn?*- and Mn*'-containing spinel hausmannite and the Mn3 containing oxide bixbyite. Both
minerals exhibit unique spectral characteristics that facilitate their identification in mixtures

(Zahoransky et al., 2022).

(6) The reference ‘Mn(ll) ads. illite (pH7)’ refers to Mn?* adsorbed to a natural 85:15-90:10 illite-
smectite phase with R3 ordering at pH 7 (<2-um fraction; Dohrmann 2009). This reference compound
is representative of Mn?/3* species without detectable atomic contributions beyond the first O shell
in their Fourier-transformed EXAFS spectra (Zahoransky et al., 2022). Such species include outersphere

2+/3+

complexes of Mn at mineral or organic surfaces (‘physisorbed’ Mn).

B4.2. INITIAL PCA-TT-BASED EXAFS LINEAR COMBINATION FITS

30 - Cambisol #1

k(AT

Figure B.3. Stacked k*-weighted Mn K-edge EXAFS spectra and initial PCA-TT-based LCFs of soil samples. LCF
results are summarized in Table B.5.
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Table B.5. Speciation of Mn in bulk soil samples obtained from initial PCA-TT-based LCFs of k*--weighted Mn K-edge EXAFS spectra®

Manganates Organically complexed Mn Silicates Physisorbed Fitsum  R-factor®

AcB 6-Mn Hol Rmn Tdr Total Ac Ox Peat Total Msu lllite
Dystric Skeletic Cambisol (Hyperhumic, Loamic) #1
Oi - - - - - 0.00 - 0.07 0.84 0.91 - 0.09 0.96 0.02
Ah - - 0.21 0.60 - 0.81 - - - 0.00 0.19 - 0.85 0.13
Bw 0.18 - 0.14 0.48 - 0.80 - - - 0.00 0.20 - 0.96 0.06
Eutric Stagnic Cambisol (Loamic) #2
Oi - - - - - 0.00 - 0.08 0.77 0.85 - 0.15 0.96 0.01
Ah 0.36 0.07 - - 0.14 0.57 - - 0.43 0.43 - - 0.70 0.38
Bwg - 0.28 0.23 0.39 - 0.90 - - - 0.00 - 0.10 1.06 0.07
2Bgl - 0.40 - 0.18 - 0.57 - - 0.23 0.23 - 0.19 0.87 0.28
2Bg2 0.66 - - 0.25 - 0.91 0.09 - - 0.09 - - 0.89 0.16
Eutric Calcaric Skeletic Cambisol (Clayic, Humic) #3
Ah 0.34 - - - 0.32 0.66 - - 0.34 0.34 - - 0.83 0.17
Bw 0.38 - - - 0.44 0.82 - - 0.18 0.18 - - 1.07 0.05
CB 0.27 - 0.52 0.05 - 0.85 - - - 0.00 - 0.15 1.07 0.19
C 0.27 0.52 - 0.09 - 0.87 0.13 - - 0.13 - - 1.19 0.03
Haplic Chernozem (Loamic, Pachic) #5
(o] - 0.19 - - - 0.19 - - 0.18 0.18 0.09 0.55 0.80 0.16
Ap - 0.30 0.40 - 0.18 0.88 - - - 0.00 0.12 - 0.91 0.11
Ah 0.24 0.08 0.40 - - 0.73 - - - 0.00 - 0.27 1.11 0.07
C 0.25 - 0.31 0.13 - 0.70 - - - 0.00 - 0.30 1.08 0.08
Haplic Luvisol (Cutanic, Loamic, Oligeoeutric) #7
Ah 0.38 - - 0.39 - 0.77 - - 0.10 0.10 - 0.13 1.18 0.04
E 0.46 - - 0.22 - 0.68 - - 0.19 0.19 - 0.13 1.04 0.09
Btl 0.54 - 0.11 0.17 - 0.81 - - - 0.00 - 0.19 1.35 0.02
Bt2 0.49 - 0.22 - - 0.71 - - - 0.00 - 0.29 1.23 0.06

Fractions were recalculated to a component sum of 100%. Their relative uncertainty is 10% at best. Abbreviations of fit references: AcB: Acid birnessite (hex., syn), 6-Mn:
6-MnO;(syn), Hol: Hollandite s.s., Rmn: Romanéchite, Tdr: Todorokite, Ac: Mn(ll) acetate tetrahydrate (syn), Ox: Mn(ll) oxalate dihydrate (syn), Peat: Mn(ll) ads. peat (pH7),
Msu: Masutomilite, lllite: Mn(ll) ads. illite (pH7).

bR-factor = 3i(data; - fit;)%/Zidata;.

Spectrum analyzed over k = 2.0-8.0 AL,
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Table B.6. Spearman rank order correlations (rs) of Mn species pools in mineral soil horizons (N = 17) with
selected soil properties. Significant correlations at p <0.05 and <0.01 are marked with * and **, respectively.
Correlation coefficients >0.7 are displayed in bold. Concentrations of the six Mn species pools were
calculated from final EXAFS- LCF results (Table 3.4) and Mnio: values (Table 3.1)

Manganate- Organic Mn Oxyhydroxide- Silicate-Mn Oxide-Mn Physisorbed
Mn (mg/kg)  (mg/kg) Mn (mg/kg) (mg/kg)  (mg/kg) Mn (mg/kg)

Mniot (mg/kg) 0.89** 0.07 0.10 0.11 0.08 -0.41
Mng (mg/ke) 0.90** 0.07 0.03 0.09 -0.08 -0.37
Mn, (mg/kg) 0.89** 0.09 0.04 0.03 -0.11 -0.34
Mniot — Mng (mg/kg) 0.29 0.24 0.44 -0.05 0.48 -0.40
Clay (%) 0.38 0.02 0.17 0.04 -0.21 -0.23
Fed (g/kg) 0.36 0.13 0.23 -0.33 0.12 0.01
Feo (g/kg) 0.34 -0.04 0.56* -0.19 0.66* -0.11
Corg (%) 0.01 0.04 0.00 0.13 0.33 -0.19
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Figure B.4. Linear regressions between (a) Mntot, (b) Mng,and (c) Mno, and manganate-Mn in mineral soil master
horizons (N = 17). Concentrations of manganate-Mn were calculated from fitted manganate fractions (Table 3.4)
and Mnot values (Table 3.1). Confidence and prediction bands (95%) are indicated by dark and light blue color,

respectively.
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Figure B.5. Stacked k3-weighted Mn K-edge EXAFS spectra (left) as well as corresponding Fourier-transform
magnitudes and real parts (right) of Cambisols #1 and #3 and Luvisol #7. Solid lines represent experimental data
and dotted lines model fits. EXAFS parameters are summarized in Table 3.5 and interatomic distances are
visualized in Figure 3.7.
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4. CONCLUSIONS, IMPLICATIONS, AND PERSPECTIVES

This thesis focused on clarifying how well and to what extent individual Mn species or groups can be
differentiated by XAS, and ultimately concentrated on the identification and quantification of the Mn
species inventory in major Central European soil types. The strength of this study lies in the fact that it
is not tied to local, spatially resolved Mn species information, but instead examines the bulk inventory
of Mn species in soils. The overall objective was to enhance the understanding of the quantitative Mn
species distribution in soils differing in their pedogenic background in order to promote knowledge of
the Mn cycle in terrestrial surface environments. Analytical emphasis was set on Mn K-edge XAS-based
techniques, and | connected the so-obtained Mn speciation knowledge with an array of
complementary physical (grain-size distribution), geochemical (basic soil properties determination,
EPMA, ICP-OES, redox titration, XRF), and structural (XRD) analysis, as well as statistical methods
(descriptive statistics, ANOVA, cluster analysis, PCA). With that, | comprehensively characterized
(inJorganic Mn reference compounds and soil samples, validated XAS results, and examined
dependencies between Mn speciation and physicochemical soil properties.

This thesis shows that linear combination fit (LCF) analysis of normalized XANES spectra can
confidently quantify the Mn AOS within ~0.1 v.u. in the range +2 to +4. This was ascertained by
validating XANES-derived Mn AQS results with those obtained by redox titration of a suite of 32 mixed-
and monovalent Mn reference compounds including Mn (oxyhydr)oxides, carbonate, phosphate, and
silicate minerals, as well as organic and adsorbed Mn species. The obtained information on the
accuracy of XANES-LCF based Mn AOS determination is most useful for future analysis of natural,
inhomogeneous matrices such as soils, where other redox-active elements such as Fe are typically
abundant and wet-chemical methods that include redox titration thus fail in the determination of the
Mn AOS.

Further investigation of these Mn reference compounds allowed the definition of spectral
fingerprints in the normalized XANES spectrum and its first derivative, as well as in the EXAFS domain.
This spectral-fingerprint characterization contributes to recognize single Mn species or species groups
— even more so since some of these species (i.e., compounds with physisorbed Mn?*, organic Mn?*/3*
compounds, Mn containing silicates and phosphates) have never been studied by XAS or EXAFS in
particular before.

As pointed out in the foregoing chapters, spectral uniqueness is a topic of fundamental
importance in reference-dependent XAS techniques like LCF. EXAFS spectra were shown to be clearly
more ‘characteristic’ and thus suitable for the identification and quantification of Mn species than
XANES spectra or their first derivatives. The high spectral correlation of the latter two demonstrates

that they are less suited for an accurate LCF-based Mn species analysis of environmental samples.
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Although exceptions of Mn minerals with clearly identifiable XANES exist (e.g., pyrolusite, ramsdellite,
and perhaps lithiophorite), the XANES spectrum can additionally be influenced by factors other than
the Mn oxidation state, such as the chemical composition and crystallinity of Mn compounds, which
limits their robustness and thus suitability for LCF analysis. While most of the studied Mn minerals
exhibited unique EXAFS signatures, manganate minerals were shown to be almost indistinguishable by
their EXAFS signal, except for pyrolusite, which shows two distinct troughs at 7.8 and 8.1 A
Nevertheless, a gradually emerging left-side shoulder of the 6.7-A" oscillation with decreasing tunnel
size may aid in the distinction of phyllo- and tectomanganates.

The application of PCA and cluster analysis of k*--weighted EXAFS spectra of Mn reference
compounds revealed that among all 32 Mn reference compounds, at least five Mn species supergroups
exhibit spectral uniqueness, supporting their identification and quantification in multicomponent
matrices such as soils by EXAFS-LCF. These supergroups are: (1) Mn(l11/1V) phyllo- and tectomanganates
with large tunnel sizes (2x2 and larger; hollandite, romanéchite, todorokite), (2) Mn(lll/IV)
tectomanganates with small tunnel sizes (2x2 and smaller; cryptomelane, pyrolusite, ramsdellite), (3)
Mn(lll)-dominated species (nesosilicates, oxyhydroxides, organic compounds, spinels), (4) Mn(ll)
species (carbonate, phosphate, and phyllosilicate minerals, adsorbed and organic species), and (5)
manganosite.

Following these results, | used the potential of Mn K-edge XAS to assess bulk Mn speciation in
47 soil horizons from nine typical Central European soils (Cambisols, Chernozems, Luvisols, Podzol, and
Stagnosol). As outlined in chapter 2, it can be deduced from existing literature that manganate
minerals are ubiquitous in mineral soils. However, due to the paucity of quantitative analytical
evidence, it has remained largely unclear until know, whether this ubiquity also meant ‘predominance’.
The results of this PhD project provide the first quantitative results on Mn species distribution in major
soil types of Central Europe. For a complete XAS-based Mn speciation analysis, | included the
determination of Mn valences and the resulting Mn AOS following the ‘Combo’ method of Manceau
et al. (2012), and assessed 20 soil horizons by EXAFS LCF analyses based on PCA-TT results and EXAFS
shell-fit analyses for the validation of LCF results. The obtained XAS results were subsequently related
to physicochemical soil properties.

Organic soil horizons showed a clear dominance of Mn?* species. In Oi horizons, these were
mainly present as organic complexes and physisorbed Mn, but also manganates, Mn(lll)
oxyhydroxides, and silicate-bound Mn were detected therein. Mineral soil horizons showed abundant
presence of Mn*. LCF analysis revealed that manganates (likely mixtures of phyllomanganates with
hexagonal layer symmetry and tectomanganates) were dominating in mineral soil horizons, and
correlation analysis showed that they dissolve completely during dithionite-citrate and acid

ammonium oxalate extractions. Manganese* was strongly positively correlated with pH and clay,
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while Mn?** showed inverse correlations, respectively. It is therefore suggested that Mn*-rich
manganates — and not manganates in general — form preferentially under less acidic soil conditions
and are enriched in the soil clay fraction. Evidence of both feitknechtite and groutite was given by
EXAFS LCF, while manganite, another Mn(lll) oxyhydroxide polymorph, was completely absent. Since
the formation of Mn(lll) oxyhydroxides has previously been reported only under neutral to alkaline pH
conditions in the laboratory (Junta and Hochella, 1994; Tu et al., 1994; Bargar et al., 2005; Elzinga,
2016), their natural formation pathways in soils could be an interesting aspect for future research. In
addition, the proposed formation of soil birnessites via a manganite precursor (McKenzie, 1972) should
be validated, considering the total absence of manganite in all soils analyzed by EXAFS LCF in this work.
The low occurrence of silicate-bound Mn in the relatively young soils, which likely formed after the last
ice age (<10,000 years), confirms the release of Mn from primary minerals already at early stages of
soil formation. Low concentrations of physisorbed Mn demonstrate that exchangeable Mn is rapidly
converted in oxic soils, likely into manganates. Interestingly, organically complexed Mn was also not
very abundant in mineral soil horizons, not even in organic-rich Ah horizons, where it might have been
most expected and where contribution of Mn to ECEC was higher than in directly underlying horizons.
This indicates that the organically-complexed Mn pool is readily accessible for rapid subsequent
(microbial) conversion.

The observed clear prevalence of manganates in all mineral soils of this study has profound
implications on soil functionality and biogeochemical element cycling, owing to the important role
these minerals play in metal sequestration, plant nutrition, and redox-related processes (cf. Fig. 1.1).

In summary, the project provides fundamental insights into the speciation of soil Mn and
important geochemical controls of the Mn cycle in the critical zone. The results of this thesis highlight
the potential of Mn K-edge EXAFS spectroscopy to assess bulk Mn speciation in soils and sediments,
which we performed for the first time in five different soil types. The compilation of the Mn reference
spectrum library lays the foundation for further process-oriented and hypothesis-driven
environmental Mn research and provides the first comprehensive framework for the analysis and
interpretation of Mn-XAS spectra of natural samples. In doing so, | hope that knowledge and the
evaluation of the role of Mn in environmental processes can be greatly advanced in the near future.

One of the remaining questions is the representativity of the results of this work for soils outside
Central Europe. Among the oxic soils studied, Cambisols, Luvisols and Podzols are widespread on Earth,
covering 1.5 x 10°% 230 x 10°% and 490 x 10° ha, respectively, worldwide (Zech et al., 2014), which
corresponds to ~10, ~4 and ~3% of the total landmass extending above sea level. | expect climatic
conditions (temperature, humidity, rainfall), the degree of soil development, and age of the soil to
have a profound impact on their Mn species inventory. For example, Nahton et al. (1982) showed that

lateritic weathering products of the silicate mineral tephroite (Mn?*,Si04) under humid, tropical
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conditions leads to the formation of intermediate, Mn?*-containing smectites and | thus suspect that
the Mn species inventory of such soils may be significantly altered compared to the soils of this study.
Podzols, which are generally typical soils of the boreal coniferous forest zone in temperate climates,
may also occur in humid tropics, where chemical weathering is pronounced and Al and Fe oxides
accumulate. Assuming that supply of Mn in tropical soils is sufficient, the extent of Mn species
formation, their association with other minerals, and quantification of Mn species developing under
such conditions would be of scientific interest. In Luvisols, the influence of higher temperatures can
lead to the development of chromic horizons (Zech et al., 2014), including the possibility of Mn-rich
hematite (a-(Mn,Fe),03) formation (Anthony et al., 2003). Mn species distribution and transformation
processes in Luvisols with waterlogged and anoxic horizons could reveal a very different Mn species
inventory compared to the two Luvisols studied in this work, with a dominance of lower valent Mn
species. For example, it is possible that physisorbed Mn?* species could play a more dominant role in
reduced soils and Mn?* containing carbonates such as rhodochrosite may occur in soils at anoxic or
suboxic conditions and pH >8 (Otero et al., 2006; Barreto et al., 2016). Since this Mn pool is, however,
at the same time more accessible for microbial conversion and/or plant uptake, the final Mn species
guantification in these soils remains an exciting question. Chernozems, another oxic soil type of this
thesis, are globally less abundant, covering ~1.5% of the total landmass extending above sea level, but
they are of vast importance since they are among the most fertile arable soils. The clear absence of
organically complexed Mn in the Ap and Ah horizons could indicate that these Mn pools are effectively
utilized by crops as a readily accessible source of Mn. Future speciation studies in conjunction with
sustainable soil optimization could be valuable for those countries practicing arable agriculture on
Chernozems. The overall dominance of manganates in all soils investigated in this work raises the
question, whether the formation of manganates in such soil types is a worldwide phenomenon. Since
pH, Eh, and climatic factors largely control Mn speciation, | suspect that very different Mn species
inventories can be found in soils outside of Central Europe, especially when characterized by anoxic
conditions.

The need for future research is also warranted by other findings of this work: Generally, the
ability of LCF analysis to discriminate between phyllo- and tectomanganates could be further verified
by complementary u-XAS analysis, which allow spatial resolution of metal species (Manceau et al.,
2002). Triclinic birnessite was nearly totally absent in the soils studied. Its potential formation in high
pH oxic soils by interaction of agueous Mn?* with hexagonal birnessites (Bargar et al., 2005) is another
topic to investigate further.

The results of this study show a strong correlation between Mny: and the clay particle fraction
(<2 um) and the question remains, in what chemical form Mn is present therein. The results of chapter

2 suggest Mn*-rich manganates, and verification by, for example, pu-XAS analysis — could increase the
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validity of this finding. Further illumination of the association of Mn with other minerals therein (e.g.,
clay minerals, Fe(lll) (oxyhydr)oxides) and quantitative exploration of Mn species in other particle size
fractions (e.g., silt fraction) could assist in further deciphering the fate of metals in soils, since particle
size and type may influence adsorption, distribution, and environmental behavior of other metals in
soils (Huang et al., 2020).

It would be additionally of utmost importance to increase the number of soil types studied for
their Mn speciation, since the results of this study are related to oxic soils in Central Europe. As
suggested earlier, it would therefore be of great relevance to explore the Mn species inventory of
anoxic or suboxic (e.g., Cryosols, Gleysols, Stagnosols), as well as of additional oxic soil types (e.g.,
Histosols, Lixisols, Nitisols, Retisols, Ultisols, Vertisols) in future scientific investigations. Similarly, to
ensure the suitability of the Mn reference library for (anoxic) soils and sediments as well, the existing
Mn reference library needs to be expanded. Manganates, Mn(lll) oxyhydroxides, and oxide minerals
without layer or tunnel structure are, on my opinion, currently well represented and can effectively
map their Mn pools in different soil types. However, particularly the reference-pool of Mn silicates
could be further extended, e.g., by primary Mn containing silicates such as tephroite, pyroxene, and
amphibole and clay minerals such as Mn containing smectites and biotites (Gilkes and McKenzie,
1988).

As outlined in the introduction (chapter 1), the accuracy and effectiveness of existing SE
protocols is difficult to verify. The future application of the EXAFS LCF procedure used in this work and
of different XANES and EXAFS techniques in general (XANES and EXAFS fingerprinting, EXAFS shell-
fitting) should aim to validate widely used SE methods for the species analysis of Mn in soils and
sediments, similar to the study on Zn and Pb speciation by Peltier et al. (2005). Validation of SE results
on Mn speciation after each extraction step with EXAFS analysis could help to improve existing
protocols for cost- and time-efficient SE methods, providing a solid basis of confidence that has been

lacking so far.
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