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ABSTRACT

Intimate association of organic matter (OM) with soil mineral phases has been
acknowledged as a fundamental mechanism for stabilizing organic compounds against
biological degradation, controlling the long-term sequestration of organic matter in
terrestrial ecosystems. However, the fundamental nature of the interactions between
OM and soil mineral components is not well understood. Since both the organic and
mineral phases of soils are involved, the extent to which OM interacts with minerals
depends on both mineralogical properties as well as the composition of OM involved.
Landscape topographic positions have important impacts on biogeochemical C and
mineral cycling processes, and thus affect OM-mineral interaction.

We applied NEXAFS spectroscopy and Py-FIMS to characterize organic
matter in soils obtained from a pasture hillslope. Results showed that the recalcitrant
aromatic C and lignin was enriched in the subsoils and poorly-drained footslope
locations. In addition, organic compounds had a greater thermal stability in the
subsoils and poorly-drained footslope locations. STXM coupled with NEXAFS
spectroscopy was used to investigate C associations with Ca, Fe, Al and Si species in
pasture soils at the nanometer scale. Good C-Ca spatial correlations were found for
soil clay fractions with no CaCO3, suggesting a strong role of Ca in organo-mineral

assemblage formation. C showed similar correlation with Fe to Al & Si, implying a
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similar association of Fe oxides and aluminosilicates in organo-mineral assemblages.
Iron oxides are important for OM-mineral interactions because of their abundance and
reactivity. Iron is susceptible to redox variations along landscape gradients over a wide
range of spatial scales. We applied Fe K-edge EXAFS and Mdossbauer spectroscopy to
characterize Fe mineral phases in a floodplain soil profile with spatially sharp redox
gradients. Results showed that the permanent reducing conditions led to a strong
reduction in the structural Fe(II) in the phyllosilicates, in addition to a complete
reductive dissolution of Fe(IIl) oxides. Therefore the importance of Fe oxides in OM-
mineral interaction should be expected to decrease in the low-redox conditions.
Poorly-crystalline Fe oxy-hydroxide ferrihydrite, because of its high surface
area, is of particular importance in OM retention. Organic matter-ferrihydrite
complexes can be formed by either adsorption or coprecipitation. We compared these
interactions by preparing OM-ferrihydrite complexes at varying C:Fe ratios using
dissolved organic matter extracted from a forest litter layer. Our study clearly
demonstrated that coprecipiation could result in greater C retention capacity and C
stability than adsorption. Iron EXAFS measurements revealed that coprecipitation of
OM with Fe led to the formation of OM-Fe(III) cation complexes in the solid phase by
suppressing ferrihydrite formation, which might be related to a significantly greater
organic carbon retention for coprecipitation than adsorption. Formation of strong
complexes between carboxyl C functional groups and ferrihydrite via a ligand exhange
mechanism was evidenced by FTIR and C (1s) NEXAFS analysis for both adsorption

and coprecipitation.
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The ripening of ferrihydrite to more stable and hence less reactive phases such
as goethite is catalyzed by surface reaction with aqueous Fe(Il). While ferrihydrite
within most natural environments contains high concentrations of co-precipitated
organic matter, little is known regarding the impact of this OM on the reactivity of
ferrihydrite. We explored the extent, pathways and products of Fe(Il)-induced
secondary mineralization of OM-Fe coprecipitates by reacting aqueous Fe(II) (0.2 and
2.0 mM) with ferrihydrite containing a range of coprecipitated OM loadings (0-21%
C). Results demonstrated that OM copreciptated with ferrihydrite resulted in
diminished secondary mineralization and preservation of ferrihydrite. Goethite

formation and magnetite nucleation were inhibited by the coprecipitated OM.
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Chapter 1

INTRODUCTION

1.1 Literature Review

1.1.1 The Role of Soil Organic Matter in the Global Carbon Cycle

Interest in soil organic matter (SOM) continues to ramp up, with the ongoing
concern about steadily increasing levels of atmospheric CO,. The amount of organic
matter (OM) stored in soils represents one of the largest reservoirs of organic carbon
on a global scale (Schlesinger, 1995). Globally, soils and surface litter store 2-3 times
the amount of carbon (C) present in atmospheric CO, (Houghton, 2005).
Consequently, any change in the size and the turnover rate of soil C pools may
potentially alter the atmospheric CO, concentration and the global climate. Soil
respiration, which integrates below-ground plant and microbially derived CO,, is one
of the largest annual transfers in the global C budget. The annual global CO; flux from
soils is estimated to average (+ S.D.) 68+ 4 Pg C/ yr (Raich and Schlesinger, 1992).
Managing soils to increase their carbon storage capacity has been proposed as a means
to reduce the rise of CO; concentrations in the atmosphere. Increasing soil C storages

also improves soil fertility and productivity, and thus provides a clear win-win



situation. Appropriate action, however, requires an understanding of mechanisms
governing the long-term residence time of organic matter (OM) in soils. The
mechanisms for C stabilization in soils are still not well understood and the ultimate

potential for C stabilization in soils is unknown.

1.1.2  Soil Organic Matter Stabilization Mechanisms

Three major mechanisms have been proposed for soil organic stabilization
process (Baldock and Skjemstad, 2000; Sollins et al., 1996; von Liitzow et al., 2006).
They are: (1) the innate stability (recalcitrance) of the organic matter; (2) physical
stabilization related to the accumulation of OM due to establishing of physical barriers
between microbes and enzymes and their substrates as aggregates form, and (3)
stabilization of the organic matter through interaction with the soil or sediment matrix,

especially with mineral components.

1.1.2.1 Recalcitrance of Soil Organic Matter

Recalcitrance relates to the preservation of OM caused by structures inherently
stable against biochemical decay such as condensed and lignin-derived aromatic
carbons, melanoidins, some tannins or aliphatic compounds (Krull et al., 2003; Poirier
et al., 2003). Organic matter may range in size and complexity from simple monomers
or organic acids to mixtures of complex biopolymers aggregated together in the form
of cellular debris. In addition, the chemical structure of each component biomolecule,

whether simple or complex, can vary along a continuum of decomposition. Molecular



properties that influence decomposition rates of natural substrates are molecule size,
polarity, ether-bridges, quaternary C-atoms, three-fold substituted N-linkages, phenyl-
and heterocyclic N-groups as well as long-chain (hydrophobic) hydrocarbons (Ottow,
1997). The turnover of simple monomers such as glucose and amino acids could
occurs within hours or days, while polymers (e.g. polysaccharides, proteins) have long
turnover times, e.g., weeks (von Liitzow et al., 2006). The polymers most resistant to
degradation contain aromatic rings, such as lignin and a range of polymethylenic
molecules, such as lipids and waxes, curtin and suberin (Derenne & Largeau, 2001).
Many laboratory and field investigations show that these components are selectively
preserved during the initial phase of degradation of plant residues (Kalbitz et al.,
2003a, 2003b).

Fire can create a range of complex, highly condensed aromatic chemicals
collectively known as black carbon. Black carbon comprises up to 40% of total SOM
in grasslands and boreal forests (Preston et al., 2006). Fire-derived carbon was
suspected to be more stable in soil than other organic matter because of its fused
aromatic ring structures and the old radiocarbon ages of fire residues isolated from soil
(Schmidt et al., 2000).Black carbon has an estimated residence time in the order of
500-10 000 years in soils (Skjemstad et al., 1998; Schmidt et al., 2002). Due to this
apparent long residence time, the formation of charred OM is regarded as a carbon
stabilization process that results in effective carbon retention in the soil (Swift, 2001).
However, data on the turnover times or the age of charred OM in soils is still lacking.

Therefore, the ‘true’ recalcitrance of charred OM in soils is still not understood.



The molecular structure of biomass and organic material has long been thought
to determine long-term decomposition rates in the mineral soil. However, using
compound-specific isotopic analysis, molecules predicted to persist in soils (such as
lignins or plant lipids) have been shown to turn over more rapidly than the bulk
organic matter (Fig.1.1, reviewed by Schmidt et al., 2011; Marschner. et al., 2008;
Amelung et al., 2008). Therefore, the initial stages of litter decomposition could not
explain the persistence of organic compounds in soils for centuries to millennia.
Instead, stabilization through interactions with soil minerals is increasing recognized

as the most important factor.

1.1.2.2 Spatial Inaccessibility

Organic matter could be physically occluded and therefore protected by
aggregation, because C mineralization is enhanced when soil aggregates are disrupted
(Six et al., 2000; Six et al., 2002b). Occlusion could occur via abiotic mechansims
such as the formation of networks of Fe- and Al-oxides or hydroxides (Mayer et al.,
2004). However, soil biota is strongly involved in the process of occlusion of OM by
aggregation (Oades, 1993; Six et al., 2002b). Microbial cells, secretions, root exudates
and faunal mucus act as cementing agents and are also occluded within the aggregates
(von Liitzow et al., 2006). Fungal hyphae and roots could cause larger plant residues
occluded within macroaggregates (von Liitzow et al., 2000).

Occluded OM is spatially protected against decomposition due to: (i) reduced

access for the microorganisms and their enzymes; (i1) reduced diffusion of enzymes



into the intra-aggregate space; and (iii) restricted aerobic decomposition due to
reduced diffusion of oxygen and water. The pore-size distribution in soils primarily
controls the above processes.

Adequate quantities of available water and oxygen are required to optimize the
processes of decomposition and mineralization. Since the total amount of pore space
and the pore size distribution of the soil matrix control the availability of water and
oxygen, these soil architectural properties exert a control over decomposition.
Changes in the pore size distribution towards a greater proportion of large pores, such
as noted in progressing from a clay to sand, accelerated C mineralization
(Franzluebbers, 1999). The pore size distribution of soils also controsl the ability of
decomposer organisms to reach potential organic substrates. With increasing clay
content, the proportion of the total porosity found in small pores increases, and the
potential stabilization of OM against biological attack due to the exclusion of
decomposer organisms increases (Baldock and Skjemstad, 2000).

Turnover of OM in macroaggregates is much faster than in smaller aggregates
(Six et al., 2002b; John et al., 2005), but the exact mechanisms are not clear yet. More
studies combining an analysis of OM structure and OM turnover within aggregate
fractions could enhance an understanding of the contribution of OM occlusion to SOC

stabilization.



1.1.2.3 Interaction between Organic Matter and Soil Minerals

There is a growing acceptance that interactions with soil minerals may be the
most important overarching stabilization mechanism for soil organic matter (Fig.1.2,
reviewed by Schmidt et al., 2011). These are inter-molecular interactions between OM
and either inorganic soil components or other OM that decrease the rate of
decomposition. Evidence for stabilization of OM by binding to mineral surfaces,
comes from the fact that soil OM in fine silt and clay fractions is older (Quideau et
al.,2001; Eusterhues et al., 2003) or has a longer turnover time (Balesdent, 1996;
Ludwig et al., 2003). Kalbitz et al. (2005) showed that sorption of soluble OM to
subsoil material (By, horizon) decreased OM mineralization by 20-30% compared
with mineralization in the soil solution. There is a need for a detailed mechanistic
understanding of the effect of adsorption on OM decomposition mechanisms and
rates.
Interaction Mechanisms

Various mechanisms have been proposed for OM interactions with mineral
surfaces, i.e. ligand exchange, polyvalent cation bridges, and weak interactions, such
as hydrophobic interactions including van der Waals forces and H-bonding (von
Liitzow et al., 2006).

Ligand exchange between simple coordinated OH groups on mineral surfaces,
carboxyl groups and phenolic OH groups of OM is one important mechanism for the
formation of strong organo-mineral associations, e.g. Fe-O—C bonds (Gu et al., 1994).

Ligand exchange between reactive inorganic hydroxyls (OH groups of Fe, Al and Mn-



oxides and edge sites of phyllosilicates) and organic carboxyl and phenolic OH groups
is predominant in acids soils rich in minerals with protonated hydroxyl groups (Shen,
1999). Kaiser and Guggenberger (2003) found that DOM rich in carboxyl- and
aromatic-C forms strong complexes with Al and Fe oxides via ligand exchange in acid
subsoils

Organic anions are normally repelled from negatively charged surfaces in soils,
but binding occurs when polyvalent cations are present on the exchange sites
Polyvalent cations are able to maintain neutrality at the surface by neutralizing both
the charge on the negatively charged surface (e.g. in clay minerals) and the acidic
functional group of the OM (e.g. COQO") and thus act as a bridge between two charged
sites. The major polyvalent cations present in soil are Ca®" and Mg”" in neutral and
alkaline soils and Fe’” and AI*" in acid soils. The bonding efficiency of OM on
phyllosilicates by cation bridges is weaker compared with ligand exchange on Al and
Fe hydroxides (Benke et al., 1999; Kaiser & Zech, 2000).

Hydrophobic interactions are driven by the exclusion of non-polar residues
(e.g. aromatic or alkyl C) from water (entropy-related interactions) to force the non-
polar groups together (von Liitzow et al., 2006). Van der Waals forces (electrostatic
forces) can operate between atoms or non-polar molecules due to a temporarily
fluctuating dipole moment arising from a brief shift of orbital electrons to one side of
one atom or molecule. This creates a similar shift in adjacent atoms or molecules (von

Liitzow et al., 2006). In the case of hydrogen bonds, a hydrogen atom with a positive



partial charge interacts with partially negatively charged O or N atoms (von Liitzow et
al., 2006).

Most often information on the binding mechanisms is obtained from
theoretical considerations, processes found in short-term laboratory experiments, or
from statistical correlations. Further studies are needed to directly investigate the
specific binding mechanisms found in organomineral associations isolated from soils
using high-resolution spectroscopic techniques
Types of Mineral Surfaces Involved in the OM Interactions

Three types of functional surface sites on minerals can be distinguished, which
offer different bonding possibilities to OM (Kdgel-Knabner et al., 2008). Their
availability is assumed to control area density as well as the strength of the bonds
formed: (1) single coordinated hydroxyl groups are common on Fe and Al oxides,
allophone, and imogolite and the edges of layer silicates; (2) siloxane groups with
permanent layer charge due to isomorphic substitution. In soils, these siloxane groups
are present on some 2:1-layer-type phyllosilicates, such as vermiculite, illite, and
smectite; and (3) siloxane groups without layer charge. This type occurs in both 2:1-
layer-type (talc, pyrophyllite) and in 1:1-type minerals (kaolinite group).

Schulten and Leinweber (2000) compiled literature data to deduce possible
effects of clay mineralogy on the organic carbon contents of organic-mineral clay
fractions (Table 1.1). Results showed that fractions rich in kaolinite often had small
organic carbon contents (Table 1.1). Comparatively large organic carbon contents

appeared to be characteristic for chlorite-rich clay fractions, which was attributed to



low pH favoring the formation of secondary chlorites and inhibits the decomposition
of organic matter. The simultaneous formation of poorly crystalline pedogenic oxides
which have a large surface area could be also possible. In general, the data in Table
1.1 indicates that the binding capacity of different clay minerals for organic matter
may vary, depending on factors such as clay content, chemical and biological soil
properties, vegetation, etc.

Strong protection of OM was generally correlated with the presence of
hydroxylated mineral phases in acidic soil environments (Kdgel-Knabner et al., 2008).
The presence of oxy-hydroxides of Al and Fe and increases in surface charge density,
originating from either isomorphic substitution or pH-dependent charges, will increase
the reactivity of the mineral surface and the potential adsorptive and protective
capacities (Baldock and Skjemstad, 2000). In a wide range of different soils, organic
matter concentration often correlates with the content of Fe oxides and/or clay
(Eusterhues et al., 2003) or Fe oxides and short-range order Al silicates (Kleber et al.,
2005; Mikutta et al., 2006). Strong correlations exist between the mineral-bound OC
and the Fe oxide content in subsoils (Fig. 1.3, reviewed by Kogel-Knabner et al.,
2008; Eusterhues et al., 2005). By selective extraction of crystalline pedogenic oxides
using dithionite/citrate/bicarbonate (DCB) it was showed that 40—70% of organic
carbon in syrosem-regosol-cambisol soil associations of the Bolivian Andes was
bound by pedogenic Al and Fe oxides (Leinweber and Schulten 1994). Collectively
these results strongly suggest that OM is predominantly associated with Fe &Al

oxides and short-range order Al silicates. Such minerals provide large reactive surface



arcas (Eusterhues et al., 2005), which renders them most suitable for interaction with
OM either via sorption interactions or coprecipitation. Moreover, there is evidence
that the pedogenic oxides also influence the composition and stability of the organic
matter. A Pyrolysis and field ionization mass spectrometry (Py-FIMS) study carried
out with silt and clay fractions before and after extraction with DCB, indicated a
general destabilization of SOM and preferential extraction of some SOM compounds
by removal of the pedogenic oxides. It was concluded that lipids, lignin dimers and
alkylaromatics were more intensively bound to pedogenic oxides than other SOM
compounds (Schulten and Leinweber 1995).

The mineralogy, surface charge characteristics, and precipitation of amorphous
Fe and Al oxides on clay mineral surfaces give clay minerals a capacity to interact
with OM. Kaiser & Guggenberger (2003) demonstrated that sorption occurs
preferentially at reactive sites such as edges, rough surfaces, micropores or small
mesopores. Micropores are sites of increased reactivity, and thus well suited for
sorptive interactions with organic compounds (Kaiser and Guggenberger, 2003;
Mikutta et al., 2004). OM can bind strongly to micropore openings that decrease
desorbability and the oxidative removal of OM (Kaiser and Guggenberger, 2007).
Kaiser and Guggenberger (2003) hypothesized that the molecules adsorbed first might
be strongly stabilized by multiple ligand attachments. At higher surface loadings,
sorption can then take place with fewer ligand attachments, which leaves part of the
molecule not attached to the surface and thus rendersOM more susceptible to

degradation.
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Interaction of Metal Ions with Organic Substances

The interaction of soil OM with metal ions is well known. However, little
information is available about the effect of metal binding on soil OM stability or about
the mechanisms involved. Metal ions that have been considered as potentially
stabilizing for soil OM are Ca2+, A", Fe’", and heavy metals (Baldock & Skjemstad,
2000). Organic substances can bind to silicate surfaces via Ca*" AI’* and Fe’* bridges.
Dissolved organic matter (DOM) in soils can be precipitated by metal ions such as
AP’" and Fe*'. Larger DOM molecules, which are potentially recalcitrant,
preferentially are uptake by precipitation while small molecules remain in solution
(Blaser et al., 1999; Nierop et al., 2002; Schwesig et al., 2003). To our knowledge, the

mechanisms and stability of DOM-metal coprecipitates is not well understood.

1.1.3  Soil Fe-redox Cycling

As the most abundant transition metal on the Earth’s surface, iron plays a
particularly important role in environmental biogeochemistry. The oxidized form of
iron (Fe(Ill)) is soluble under extremely acidic conditions but Fe(III) precipitates as
Fe(IIT) (hydr)oxides in near-neutral pH environments. Many nutrients, trace elements,
and organic compounds strongly sorb to these Fe(IIl) oxides. Iron is a redox sensitive
element and therefore is subject to oxidation and reduction depending on redox
conditions (Fig.1.4). Iron-redox cycling takes place across a wide range of subsurface
and near-surface environments, potentially encompassing millimeter-to-decameter (or

more) spatial scales. A common ingredient in all such environments is the presence of
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a redox transition zone (or boundary environment). Under reducing conditions, Fe(III)
(hydr)oxides can be reduced abiotically, e.g., by sulfide (Afonso and Stumm, 1992). In
addition, Fe(III) minerals may serve as terminal electron acceptors to dissimilatory
iron-reducing bacteria. These organisms, which are ubiquitous in freshwater and
marine environments, are able to couple the cytoplasmic oxidation of organic
compounds or hydrogen to the extracellular reduction of poorly soluble Fe(III)
minerals, hence gaining energy for growth via electron transport phosphorylation
(DiChristina et al., 2005). Reduction of Fe(III) minerals produces soluble Fe(Il) and a
wide range of secondary minerals, including Fe(Il) minerals (e.g., vivianite
(Fe3(POy),) and siderite (Fe- CO3), Fe(I1l) minerals (e.g., goethite), and mixed Fe(II)-
Fe(IIT) minerals e.g., magnetite(Fe;O4) and greenrusts (Fe(II)-Fe(II) layered double
hydroxides) (Borch et al., 2011). Reductive dissolution of Fe (hydr)oxides due to
reducing conditions often leads to the release of large quantities of dissolved organic
matter into soil solution (Hagedorn et al., 2000). Studies investigating the dynamics of
dissolved organic matter release in wetlands under field condition report positive
correlations between dissolved organic matter and Fe(II) (Hagedorn et al., 2000;
Gruau et al., 2004). This suggests that establishment of reducing soil conditions could
be a key factor in enhancing the release of organic matter which is originally
associated with Fe oxides.

Input of an oxidant such as oxygen or nitrate drives Fe(I) chemical oxidation,
thereby generating Fe(IIl) [e.g. in the form of Fe(Ill) oxyhydroxides at circumneutral

pH]. Oxidation of Fe(II) may be also mediated by aerobic and anaerobic bacteria.
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Microbial Fe(Il) oxidation is common in low pH environments where chemical
oxidation is not favorable (Borch et al., 2010). Under near-neutral pH conditions,
aerobic Fe(Il)-oxidizing bacteria have to compete with the rapid chemical oxygenation
of Fe(Il). Therefore, they thrive mainly at low levels of oxygen typically encountered
at oxic-anoxic interfaces (Druschel et al., 2008), e.g., around plant roots in
waterlogged soils. Phototrophic and nitrate-dependent Fe(II)-oxidizing bacteria
mediate Fe(Il) oxidation in neutrophilic, anoxic environments, where nitrite and
Mn(IV) oxides can serve as chemical oxidants for Fe(I) (Kappler and Straub, 2005).
Since OM is present in soil solutions, oxidation of Fe(II) to Fe(III) (hydr)oxides could
lead to adsorption and coprecipitation of OM and therefore affect soil C storage and
stabilization. The coprecipitation of Fe and dissolved organic matter (DOM) is
common in soil, sediments, surface water and subsurface aquifers, systems that
experience significant variation in either redox or pH conditions (Fuller et al., 1993;
Pokrovsky and Schott, 2002). These interactions are hypothesized to play a role in
immobilizing DOM and stabilizing it against microbial degradation, as well as
controlling the structure and reactivity of natural Fe (hydr)oxides (von Luetzow et al.,
2006; Eusterhues et al., 2008). Studies of OM-ferrihydrite coprecipitation have found
that coprecipitation of ferrihydrite with DOM lowered its crystallinity and decreased
the magnetic ordering temperature, the magnetic hyperfine field and particle size,
compared to organic-free synthetic ferrihydrite (Schwertmann et al., 2005; Eusterhues
et al.,2008). Therefore, the reactivity of natural ferrihydrites will often differ from

their synthetic counterparts, formed in the absence of OM. However, data on the effect

13



of Fe-OM coprecipitation on C storage and stability and also the reactivity of

ferrihydrite is lacking.

1.2 Objectives and Hypthesis

The role of carbon (C)-mineral interactions in the long-term accumulation of
soil organic matter (OM) is increasingly recognized as a key process in terrestrial C
cycling. However, the specific mineral phases or the mechanisms for the formations of
the C-mineral complex are largely unknown. Redox changes, as a consequence of
varying landscape topographic positions, will have important impacts on
biogeochemical C and mineral cycling processes. Whereas the chemical composition
of soil OM has been subject to numerous studies, little is known about whether the
composition of soil organic matter also varies with landscape topographic positions
and drainage regimes. Iron (Fe) oxides are of particular importance in soils because of
their abundance and high reactive surface area. Iron oxides with short-range crystal
order and small particle sizes contain more reactive high surface area compared to
other bulk Fe-oxides. Fe is susceptible to redox variations along landscape gradients
over a wide range of spatial scales. Fe (II) minerals predominate in well-drained
upland soils, while under poorly-drained conditions at lowland locations, floodplains
and streams reductive dissolution of Fe (III) minerals occurs. The soil redox
conditions affect not only the amount but also mineralogical composition of Fe

mineral phases. Since both the organic matter and mineral phases of soils are involved
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in OM-mineral complex formation, differences in both mineralogy and organic matter
composition could lead to differences in organo-mineral complexes.

Ferrihydrite, an amorphous Fe oxyhydroxide, ubiquitously occurs in soils and
sediments. Ferrihydrite, with its high surface area and intrinsic reactivity, serves as an
important sink for organic matter. Organic matter-ferrihydrite complexes could be
formed by adsorption and coprecipitation. In natural environments, ferrihydrite often
forms in the presence of dissolved organic matter, which leads to coprecipitation of
organic matter (OM) with ferrihydrite. The coprecipitation of Fe and dissolved organic
matter is common in soils and sediment that experience fluctuating pH and redox
conditions. However, in contrast to adsorption studies, the coprecipitation process has
received relatively little attention. Little is known about the amount, nature and
stability of the coprecipitated OM in natural environments. Association of OM with
ferrihydrite may also affect the structure and reactivity of the ferrihydrite. Studies of
OM-ferrihydrite coprecipitation have found that coprecipitation of ferrihydrite with
DOM lowered its crystallinity and particle size. However, the role of OM
coprecipitation on ferrihydrite reactivity is not well understood.

Accordingly, the specific objectives of this study are:

(1) To investigate soil organic matter molecular composition under varying
landscape topographic positions; (Chapter 2)

(2) To assess the interactions of C and C forms with soil minerals at the
molecular scale; (Chapter 3)

(3) To characterize Fe speciation along the redox gradients; (Chapter 4)
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(4) To compare the ferrihydrite-OM complexes formation via adsorption and
coprecipitateion with DOM extracts from a forest litter layer; (Chapter 5 & 6)
(5) To investigate iron-organic matter coprecipitation impacts on the structure

and reactivity of ferrihydrite. (Chapter 7)
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Table 1.1  Clay contents, predominant clay minerals and organic carbon (Co,)
contents of organic-mineral clay fractions (Compiled by Schulten and
Leinweber, 2000).

Clay (%)

Predominant clay minerals

60
39
32
6
17
3-15
8
17-18
845
45
17
45
46
69
8
9
9
2

28

Smectite

Kaolinite and smectite
Allophane

Smectite, less vermiculite
Chlorite (vermiculite, illite)
Illite (vermiculite)
Smectite

Kaolinite

Chlorite-mixed layers
Smectite

Kaolinite and illite
Smectite and illite
Palygorskite

Smectite

Illite, less smectite
Chlorite-mixed layers

Illite (quartz, feldspars. smectite)
Smectite
Smectite/vermiculite
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Chapter 2

NEXAFS AND PYROLYSIS-FIMS STUDY OF SOIL ORGANIC MATTER
COMPOSITION ALONG A PASTURE HILLSLOPE: EFFECTS OF SOIL
DEPTH AND LANDSCAPE TOPOGRAPHIC POSITIONS

2.1 Abstract

The characteristics of soil organic matter strongly vary with soil depth and
landscape topographic position. In this study, we used synchrotron-based near-edge x-
ray absorption fine structure (NEXAFS) spectroscopy and pyrolysis-field ionization
mass spectrometry (Py-FIMS) to characterize organic matter in soils obtained from
different landscape positions at three soil depths (0-15, 15-25 and 25-35 cm) along a
pasture hillslope. Carbon NEXAFS spectra demonstrated aromatic C was relatively
enriched in the subsoils. The relative abundance of recalcitrant lignin increased with
soil depth, followed by a decreasing percentage of lipid-like compounds, based on Py-
FIMS analysis. Large proportions of aromatic C and lignin were found in the footlsope
location, compared to the summit. The Py-FIMS thermal evolution curve showed that
the carbohydrates, N-containing compounds (heterocyclic nitrogen, nitriles and
amides), and phenols and lignin monomers were more thermally stable in the subsoil
and footslope location, whereas the thermal stability of recalcitrant alkylaromatics and

lignin dimers remained relatively unchanged with soil depth and hillsope location.
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2.2 Introduction

Organic carbon bound to minerals is considered relatively stable (Torn et al.,
1997, Kalbitz et al., 2005; Mikutta et al., 2006) and it controls the long-term organic
matter sequestration in soils. Organic matter stabilization by minerals has been
envisioned as a combined effect of the chemical properties of minerals (surface area
and charge) and the composition of the OM involved, with an aromatic structure being
most resistant to microbial decomposition (Kalbitz et al., 2005; Mikutta et al., 2007).
Organic matter (OM) in soils is a mixture of a diverse range of organic compounds
that have variable chemical composition and turnover rates (Ko6lbl and Kogel-
Knabner, 2004). The composition of soil organic matter (SOM) is largely influenced
by the nature of OM inputs, management practices, diagnostic horizons, and the extent
of chemical and physical protection offered to the decomposing organic materials
(Baldock and Skjemstad, 2000; Baldock et al., 1992; Chan, 2001).

Soil properties exhibit pronounced differences at different landscape
topographic positions. These differences have been linked to translocation of soil
particles and water redistribution toward downslope locations (Gregorich and
Anderson, 1985; Pennock and de Jong, 1990; Pennock et al., 1994; Verity and
Anderson, 1990). Many studies have reported increases in the organic C and N
contents in the depressional areas, which may be attributed to the accumulation of
eroded organic matter-rich sediments in low-lying landscape positions (Jenny, 1980).
Whereas the chemical composition of soil OM has been subject to numerous studies,

little is known about the structural changes of SOM as a function of landscape
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topographic positions. The components of soil organic matter might vary with
drainage regions at different landscape positions. Lignin is a recalcitrant organic
compound and the decomposition of lignin primarily depends on the supply of O,
(Williams and Yavitt, 2003). Thus water accumulation may inhibit lignin
decomposition at the depressional positions, where O, levels in the soil solution are
limited, therefore enriching SOM in lignin materials (Benner et al., 1984; Gleixner et
al., 2001; Kogel-Knabner, 2002). In addition, lipids to be associated with clay
fractions in soils have been noted by a number of authors (Mahieu et al., 1999;
Schmidt et al., 2000; Mao et al., 2007), and therefore downslope translocation of fine
particles could be enriched in lipids.

Recent carbon inventories have shown that subsoils (B and C horizons) can
store significant amounts of SOM (Swift, 2001; Lorenz and Lal, 2005). Carbon
retained in subsoils may be more stable than that in the surface soil due to the
differences in the quantity, source, composition, and environmental conditions
(Rumpel and Kogel-Knabner, 2011). Plant litter or shoots contributes the majority of
organic matter to the surface soil horizons and degrades progressively with soil depth.
In comparison, subsoil receives a large proportion of inputs from root residues
(including exudates), and translocation of dissolved or particulate organic matter
(Lorenz and Lal, 2005; Rasse et al., 2006). Temperature, moisture, and soil microbial
activities, critical factors determining SOM decomposition rates on a regional scale,
also vary with depth in a soil profile (Gill and Burke, 2002; Taylor et al.,2002).There

is limited information on the chemistry and stability of OM in the subsurface soils
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(Rumpel and Kogel-Knaber, 2011). Aromatic carbon measured with solid-state "*C
nuclear magnetic resonance (NMR) was reported to increase with soil depth (Fox et
al., 1994). Collectively, a better understanding of the characteristics of SOM in
subsurface horizons is important to improve modeling of organic matter turnover and
storage on a landscape scale (Viaud et al., 2010).

Characterizing SOM is challenging because of the intermixture of organic and
mineral components in soils. Researchers have employed alkaline solution to extract
humic fractions from soils for several decades. However, this approach could produce
artifacts and the humic substances extracted are not representative of SOM (Kleber
and Johnson, 2011). In this study, we combined two approaches to characterize SOM:
(1) applying synchrotron-based NEXAFS spectroscopy and classifying carbon into
functional groups based on spectral features corresponding to specific compound
classes, and (ii) using analytical pyrolysis coupled with mass spectrometry, where
soils are thermally degraded in the absence of O,, and the volatilized monomeric
products are characterized using mass spectrometry (Schulten, 1996; Schulten and
Schnitzer, 1997). Our specific objectives were to characterize the characteristics of
SOM at different soil depths and landscape topographic positions along a pasture

hillslope.
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2.3 Materials and Methods

2.3.1 Field Sampling

Our field site is located within the long-term 725-ha research watershed
upstream of the Stroud Water Research Center (SWRC) in southeastern PA (39°53°N,
75°4T°E). The 3" order watershed forms the headwaters of the White Clay Creek and
is an intensive study site for the established Christina River Basin Critical Zone
Observatory. Currently, 23% of the watershed is covered with forests (Newbold,
1997). Approximately 52% of the watershed area is in pasture for horses and cattle,
and 22% is tilled primarily for maize, soybeans and winter wheat or hayed
(alfalfa).The remaining land (~3%) is in residential use, a commercial catering
establishment, and the Stroud Water Research Center (Newbold, 1997). The watershed
is underlain by highly metamorphosed sedimentary rocks containing gneisses, schists,
quartzites, and marbles (Sloto, 1994). The soils are primarily Typic Hapludults
(Newbold, 1997). Soil samples were collected from the summit, backslope and
footslope of a pasture hillslope with an angle of 15°, at soil depths of 0-15 (A
horizon), 15-25 (B horizon) and 25-35 ¢cm (B-horizon), respectively. The pasture has
been used for at least 50 yrs. The same plant species at this site are critical to the study
because they minimize the influence of primary organic sources on the chemical
variability of organic matter. The soil samples represented well and poorly drained

arcas.
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2.3.2 Clay Fraction Separation

The bulk soil samples were air-dried, and roots and visible plant material were
removed. The >2 mm fraction was removed by dry sieving. The clay fraction
separation was performed according to Amelung et al. (1998). Briefly, thirty grams of
soil were ultrasonically treated with an energy input of 60 J mL™ using a probe type
sonicator at a soil/water ratio of 1:5 (w/v). The coarse sand fraction (>250 pm) was
removed by wet sieving. To completely disperse the remaining suspension,
ultrasonication was again applied with an energy input of 440 ] mLat a soil/water
ratio of 1:10 (w/v). The clay-sized fraction (<2 pm) was separated from the silt and
sand sized separates by repeated centrifugation. The clay fractions were then freeze-
dried. Total C and N content of bulk soils and clay fractions were analyzed by dry

combustion with a C/N elemental analyzer.

2.3.3 NEXAFS Spectroscopy

C NEXAFS measurements were conducted at the SGM beamline located at the
Canadian Light Source synchrotron (CLS), Saskatoon, Canada. The samples were
subjected to routine sample preparation developed by SGM beamline scientists before
acquisition of C (1s) NEXAFS spectra. Thin films of samples were prepared by
homogeneously mixing 1mg of the finely ground sample material in 1ml of DI water
and by transferring 1l of aqueous sample on gold coated silicon wafers attached to a
10-mm diameter stainless steel sample holder. The thin film was air dried at room

temperature. The sample holder was inserted into the high vacuum X-ray absorption
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chamber on beamline ID11-1, which is equipped with a spherical grating
monochromator (SGM). C (1s) NEXAFS spectra of the samples were collected using
a photodiode and recorded from 270 to 320 eV in steps of 0.1eV using a dwell time of
500 ms. Exit slit gap was 50 um. Background measurements were collected by
measuring an empty gold-coated silicon wafer. A Ti filter was used in the beamline to
reduce the effects of 2nd oxygen in the pre-edge region. In order to minimize beam
damage to organic matter, we collected only one spectrum from one spot. At least four
to six spectra were collected from each sample and averaged. . The C NEXAFS
spectra were energy calibrated using the 1s —7z*c—o transition of glutaric acid at 288.6

eV (Kim et al., 2003).

2.3.4 Pyrolysis Field Ionization Mass Spectrometry

Soils were dried, milled with a mortar and pestle, transferred to quartz
capsules, and pyrolyzed at temperatures ranging from 110 to 700°C in steps of 20°C in
the direct inlet of a Finnigan MAT 900 mass spectrometer (Finnigan MAT, Bremen,
Germany). Across the full temperature range, 91 scans were recorded for masses
ranging from 15 to 900 m/z; ion intensities were normalized on a sample weight basis
(i.e., ion counts per milligram of soil). These were combined to produce a single
thermogram of total ion intensity (TII) and a single summed and averaged mass
spectrum. A detailed description of the Py-FIMS method and the statistical treatment

of TII and weight normalization was given by Sorge et al. (1993).
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2.4 Results and Discussion

2.4.1 Soil C and N content

The C and N content generally decreased with soil depth in three locations
(Table 2.1). The atomic C/N ratio also decreased from soil depth of 0-15 cm to 25-
35cm (Table 2.1), indicating the degradation of SOM with soil depth. The footslope
soils contained slightly lower C content than the summit and backslope soils (Table
2.1). Total C and N content was significantly greater in the clay fractions than in the
unfractionated, whole-soil samples (Table2.1). The atomic C/N ratios of the clay-
fraction SOM tended to less than those of the whole-soil SOM (Table 2.1), perhaps
reflecting a greater degree of humification in the SOM associated with clay. By
combining C content data with soil clay content data, 44-67% of total C was
associated with soil clay fractions (Table 2.1), indicating the important role of clay
particles in soil C storage. A greater contribution of clay-associated C to total C was
found in the footslope than in the summit and backslope, due to a higher clay content
in the footslope (Table 2.1). This could be a result of downslope transport of soil fine

particles.

2.4.2 Carbon NEXAFS Spectroscopy
The SGM beamline at CLS is a bulk beamline, and with a beam spot size of
1000 pm x 100 pm, allows one to perform bulk near-edge X-ray absorption fine

structure (NEXAFS) analyses on soil samples. Another great advantage of this
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technique is that it allows one to characterize in-situ soil organic matter without
extraction. Soil organic matter extraction techniques are controversial, and may cause
alterations and artifacts.

Figure 2.1 shows C K-edge NEXAFS spectra for the soils from three hillslope
locations at soil depths of 0-15 and 15-25 cm. Resonances corresponding to C
functional groups were identified as (Wan et al., 2007; Lehmann et al., 2008):
aromatic C at 285.5 eV, aliphatic C at 287.4 eV, carboxylic C at 288.6 eV and
polysaccharides at 289.5 eV. There is no peak at 290.3 eV (Fig.2.1), which is
indicative of inorganic carbonate, indicating that all the C in the studied soils is
organic. In general, all the spectra in Fig.2.1 exhibited major features for aromatic and
carboxylic C, as those from spectra of various soil samples (Wan et al., 2007;
Lehmann et al., 2008), but differed in relative intensity. The relative intensity of the
aromatic C peak was greater at a soil depth of 15-25 cm than at a soil depth of 0-15cm
(Fig.2.1), suggesting that the recalcitrant aromatic C is preserved in the subsoil.
Notably, compared to the summit and backslope soil, the footslope soil was enriched
in aromatic C. These results suggest a selective preservation of recalcitrant aromatic C
in the footslope soil. Based on field observations, the footslope soil experiences a
poorly-drained condition after heavy rainfall. Due to periodic O, deficiency,
decomposition of aromatic lignin material may be limited at the footlsope soil, thus

causing enrichment in the aromatic C compounds.
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2.4.3 Pyrolysis-Field Ionization Mass Spectrometry

2.4.3.1 Soil Organic Compound Classes

The summed and averaged Py-FIMS spectra and respective thermograms of
total ion intensity (TII, upper right) are presented in Fig.2.2. Except for the sample
from footslope at a soil depth of 25-35 cm, all the other samples showed two
volatilization peaks at 320 °C and 420 °C (Fig.2.2). In the thermograms, the ratio
between the first (320 °C) and the second (420 °C) volatilization maxima was much
lower in the subsoils than in the top 0-15 cm soils (Fig.2.2a-¢). In addition, the first
volatilization peak at 320 °C disappeared and only one peak at 420 °C was found in
the sample from the footslope at a soil depth of 25-25 cm (Fig. 2.2f ). These results
indicate a higher thermal stability of SOM from deeper soil layers, probably resulting
from stronger C-C or C-mineral bonding.

The spectra of soils from depths of 0-15¢m and 15-25¢m in both the summit
and footslope soils were dominated by sugar peaks at m/z 82/84 96 110 126 from
hexoses (Fig.2.2 a-d), whereas the sample from the footlsope at a soil depth of 25-35
cm was dominated by phenols and lignin monomers and alkylaromatics at m/z 94 156
178 184 196 210 218 (Fig.2.2f). The spectra of soils from depth of 0-15 cm were
nearly indistinguishable between the summit and footslope soil (Fig.2.2a-b), because
they are dominated by grass vegetation. A homologous series of alkenes at m/z 252
266 280 294 308 336 was found in all the other samples except for the sample from

the footslope at a soil depth of 25-35 ¢cm (Fig.2.2). The dominant peaks for grass roots
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are at m/z 194/208, which were observed in soils from soil depths of 0-15 and 15-25
cm but absent in soils from 25-35c¢m (Fig.2.2). In addition, the samples from soil
depths of 0-15 cm and 15-25 cm also received inputs of fresh plant materials,
indicated by octacosanol/nonacosanol at m/z 392/406 from epicuticular waxes
(Fig.2.2a-d). Interestingly, both samples from a soil depth of 0-15¢m and one sample
from the summit at 15-25 cm showed intense markers of aminosugars at m/z 125, 137
and 167 from bacterial cell walls (Fig.2.2a-c), which were not found in soils from a
soil depth of 25-35 cm (Fig.2.2e-f). This indicated a higher soil microbial activity in
the top 25 cm. Collectively, input of fresh plant materials and grass roots and the
abundance of bacteria is significantly greater in the soils from the top 0-25 cm.
Fontaine et al. (2007) suggested that C in deep soil layers is protected from
decomposition due to the lack of fresh plant residues to stimulate microbial activity.
The Py-FIMS spectra can be evaluated by grouping characteristic biomarker
m/z signals into compound classes (Schulten, 1996). The results of this compound
class evaluation are shown in Table 2.2. For Py-FIMS analysis, the signals for lignin
compounds include alkylaromatics, phenols and lignin monomers, and lignin dimers,
while the signals for lipid-type compounds contained lipids, alkanes, alkenes, n-alkyl
esters, sterols and fatty acids. Organic matter in these pasture soils primarily contained
the following compound classes (in order of abundance): alkylaromatics > phenols
and lignin monomers > N-containing compounds > lipids = carbohydrates. This
composition is comparable with previous Py-FIMS analyses (Sleutel et al., 2007). Soil

organic matter composition generally varies with soil depth and landscape topographic
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positions (Table 2.2). Despite a decrease in the relative amount of lignin dimers, the
proportions of lignin significantly increased with increasing soil depth in general
because of the much greater abundance of alkylaromtics and phenols and lignin
monomers in the deeper soils (Table 2.2). Lignin compounds have been considered
highly recalcitrant and resistant against microbial decomposition since only a limited
group of fungi (white rot fungi) is capable of completely decomposing lignin to CO,
(Kogel-Knabner 2002). Since lignin is more abundant in roots than in shoots (Rasse et
al., 2005), and root biomass contributes strongly to subsoil organic matter, it is
reasonable to expect an increasing lignin percentage in the subsoil. Subsoil lignin
could be also stabilized by association with soil minerals such as Fe and Al oxides,
since many studies have shown that the recalcitrant aromatic C compounds are
preferentially sorbed by Fe and Al oxides (e.g. Gu et al., 1995; Chorover and
Amistadi, 2001). These results indicate that lignin is a significant stable fraction of
subsoil organic matter and therefore lignin compounds may be very important with
regards to carbon storage in the subsoil environment. By comparison, the proportions
of lipid products including lipids, alkanes, alkenes, n-alkyl esters, sterols and fatty
acids, strongly decreased with soil depth (Table 2.2). Lipid-like compounds such as
sterols and fatty acids are major organic components of fresh plant biomass and
microorganisms (e.g. Gregorich et al., 1996; Kogel-Knabner, 2002). Because plant
biomass inputs and microbial activity generally decreases with soil depth, one could
expect a decreasing percentage of lipids with increasing soil depth. These data also

suggest that lipids are not preferentially preserved in the subsoil horizons in grassland
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ecosystems. Although lipids are somewhat thermodynamically stable, recent evidence
has shown that lipid-type materials are not persistent in the long-term in soils
(Guggenberger et al., 1994; Gleixner et al., 1999). Therefore, these compounds may
represent soil organic matter stabilized in the medium term.

Landcape topographic positions also impact soil organic matter composition.
The pronounced differences in the chemical composition between the summit and
footslope were much greater percentages of lignin compounds (alkylaromatics,
phenols and lignin monomers) found in the footslope than in the summit at soil depths
of 15-25 cm and 25-35 cm, while no significant difference was found for soil organic
matter composition between the summit and footslope at a soil depth of 0-15cm (Table
2.2). Lignin is a significant component of organic matter in the anaerobic
environment, as decomposition of lignin primarily depends on the supply of oxygen
(Williams and Yavitt, 2003). The knowledge of lignin transformation in soils and
sediments, recently reviewed by Thevenot et al (2010), is mainly based on aerobic
systems and uses the abundance of syringyl, guaiacyl and p-hydroxyphenyl moieties,
oxygen functionality and chain length reduction of alkyl side-chains, and
demethoxylation. The footslope soil is often under poorly-drained conditions.
Decomposition of lignin in low-redox environments is slow in the absence of certain
species of fungi that require aerobic conditions. Therefore, the poorly-drained
conditions at footslope position, where O, in the soil solution is limited, could inhibit
lignin decomposition and thus enrich soil organic matter in lignin compounds (Benner

et al., 1984; Gleixner et al., 2001; Kogel-Knabner, 2002). No difference in the
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proportions of lignin compounds among landscape positions at a soil depth of 0-15cm
(Table 2.2) is probably due to the fact that surface soil organic matter is largely
controlled by grass vegetation. In addition, N-containing compounds (heterocyclic
nitrogen, nitriles and amides) and carbohydrates did not differ among landscape

positions or soil depths (Table 2.2).

2.4.3.2 Thermal Stability of Selected Soil Organic Compound Classes:

One of the great advantages of Py-FIMS over other methods lies in the
temperature-dependent volatilization of organic molecules which gives an indication
of the stability of the chemical bonds involved. Temperature-resolved Py-FIMS gives
an indication of the thermal energy required for the evolution of individual biomarkers
of SOM. Higher thermal stability has been correlated with higher resistance to
biodegradation (Leinweber et al., 2009) and increased protection of OM by the solid
phase. Plante et al. (2005) found that thermal properties of clay associated OM are
related to biological decomposition. Consequently, the volatilization at higher
pyrolysis temperatures indicates a stronger biological stabilization.

Figure 2.3 illustrates the thermal evolution of carbohydrates, N-containing
compounds (heterocyclic nitrogen, nitriles and amides), phenols and lignin monomers,
lignin dimers, and lkylaromatics. In general, the sequences of summed ion intensity of
these compound classes, plotted versus the pyrolysis temperature, resulted in
characteristic curves of either bimodal or gaussian-like shape (Fig.2.3). The bimodal

thermogram curve reflects the different OM bond strength. The volatilization of
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organic matter at lower temperatures is associated with weak organic bonds. The high
temperature volatilization in contrast is indicative of a thermally stable fraction with
strong organic-mineral or organic-organic bonds. At soil depths of 0-15 cm and 15-25
cm, a majority of carbohydrates and N-containing compounds (heterocyclic nitrogen,
nitriles and amides) was volatile at lower temperature (330-350 °C) (Fig.2.3a-c), while
lignin dimers and alkylaromatics showed most intensive volatilization at high
pyrolysis temperature (430-460°C) (Fig.2.3e-f). This indicates that carbohydrates and
N-containing compounds are more labile organic matter in the topsoils as a result of
weak C-C or C-mineral bonds, whereas alkylaromatics and lignin dimers, thermally
resistant up to high temperature, are stabilized fractions of soil organic compounds.
The volatilization curves of phenols and lignin monomers showed one major peak at
340 °C and a second at 470 °C at soil depths of 0-15 cm and 15-25 cm (Fig.2.3d),
indicating phenols and lignin monomers contained both labile and stable organic
compounds due to different C-C or C-mineral bonding strengths.

As soil depth increases from 0-25 cm to 25-35 c¢m, the major peak of
carbohydrates and N-containing compounds (heterocyclic nitrogen, nitriles and
amides) shifted toward higher temperatures (Fig.2.3a-c), indicating increased thermal
energy for these compounds released from soils. The peak temperature for
carbohydrates shifted by 30 K and 80 K at the summit and footslope, respectively
(Fig.2.3a). In comparison to carbohydrates, a greater shift of N-containing compounds
heterocyclic nitrogen, nitriles and amides) was characterized at 80 K and 120 K higher

temperatures at the summit and footslope, respectively (Fig.2.3b-c). The thermal
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evolution curves of phenols and lignin monomers showed that a ratio of the high
temperature volatilization peak to the low temperature volatilization peak increased
with soil depth (Fig.2.3d). In addition, the high temperature volatilization peak shifted
to a 20 K higher temperature for the footslope soil from a soil depth of 25-35 cm
(Fig.2.3d). These results indicate that the stability of organic matter changes with soil
depth, with increasing stability in deeper horizons. These organic substances are either
stabilized by C-C bonds in organic matter or more strongly bound to the mineral
matrix. The latter follows from the shift of evolution maxima toward higher
temperatures with significant lower amounts of C associated with soil minerals in
deeper soils. Therefore it seems that organic mineral bonds contributed to the spectra.
And the strong organic-mineral binds could have a pronounced protection of OM in
the subsoil. This confirms the conclusion of Kaiser and Guggenberger (2003) that
potential OM stabilization at mineral surfaces is limited to those OM molecules that
sorb to surfaces with small surface loading. According to Kaiser and Guggenberger
(2003, 2007), at higher OM loadings at the mineral surface, less organic ligands per
organic molecule are involved in the bonding, making the organic molecules more
flexible and extending more into the soil solution, thus making them more susceptible
for microbial decomposition. Sollins et al. (2006) and Kleber et al. (2007) provide an
alternative explanation stating a zonal structure for OM associated with mineral
surfaces, with the outer layers of the OM having a more rapid turnover than the inner
ones. A greater shift of major peaks of carbohydrates, N containing compounds and

phenols and lignin monomers toward high temperatures was found in the footslope
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than in the summit (Fig.2.3a-d), implying that landscape positions influence the
stability of the OM, with increasing stability displayed at depressional locations. There
were noo temperature shifts for lignin dimers and alkylaromatics as soil depth
increased (Fig.2.3e-f), indicating that some organic constituents, e.g lignin, are
thermally resistant up to high temperatures which was observed in the previous studies
(Schulten, et al ., 1993, Schulten and Leinweber, 1999), and are of little diagnostic

value for the investigation of organic-mineral bonds.

2.5 Conclusions

The goal of this study was to apply NEXAFS and Py-FIMS to examine the
changes in SOM composition along a pasture hillslope. These two techniques were
able to reveal common trends among soil depths and landscape topographic locations.
The relative amount of recalcitrant aromatic C compounds and lignin materials
including alkylaromatics, phenols and lignin dimers increased with soil depth, while
the proportions of lipid-like compounds such as alkanes, alkenes, n-alkyl esters,
sterols and fatty acids decreased with soil depth. A greater contribution of clay
associated C to total C was found in the footslope than in the summit, due to
accumulation of clay particles in footslope as a result of erosion and deposition. In
addition, the footslope soil was enriched in recalcitrant aromatic C compounds and
lignin materials including alkylaromatics and phenols and lignin monomers. N-

containing compounds did not show variations with soil depth and hillslope location.
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Py-FIMS thermal evolution curves provide valuable information on the
thermal stability of specific organic compound classes. It was shown that at a soil
depth of 0-25cm, alkylaromatics and lignin dimers, thermally resistant up to high
temperatures, were stabilized fractions of soil organic compounds, while
carbohydrates and N-containing compounds were more labile organic matter. As soil
depth increased from 0-25 cm to 25-35 cm, the thermal stability of carbohydrates and
N-containing compounds was significantly increased probably as a result of stronger
C-mineral bonds, while alkylaromatics and lignin dimers did not show variations in
thermal stability with soil depth. Pheonls and lignin monomers, containing both labile
and stable forms of organic matter, showed increasing stability at deeper soils. The
thermal stability of carbohydrates, N-containing compounds, and phenols and lignin
monomers changed with landscape position, with increasing stability in depressional
landscape positions. In conclusion, our study suggests that organic compounds are

more recalcitrant and stable in the subsoil and depressional locations.
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Table 2.1  C and N content and atomic C/N ratio in bulk soils and their clay fractions, clay content and percentage of
clay-associated C in total C.

. C content (%) N content (%) At9m1c CN Fraction of

Soil ratio Clay
Landscape denth content clay-
Location (c rIr)1 ) Whole Clay Whole Clay Whole Clay (%) associated C

soil fraction soil fraction soil fraction " in total C (%)

0-15 3.06 7.26 0.33 0.93 10.82  7.81 20 47
Summit 15-25  1.75 491 0.20 0.64 10.21  7.67 20 56

25-35  0.66 1.81 0.08 0.25 9.63 7.24 20 55

0-15 2.87 7.03 0.31 0.87 10.80 8.08 18 44
Backslope 15-25 1.65 4.75 0.19 0.62 10.13  7.66 18 52

25-35  0.63 1.73 0.08 0.24 9.19 7.21 17 47

0-15 2.76 6.87 0.28 0.84 11.50 8.18 24 60
Footslope 1525 1.59 4.43 0.18 0.60 10.31 7.38 24 67

25-35  0.52 1.38 0.07 0.19 8.67 7.26 25 66
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Figure 2.1 C (1s) NEXAFS spectra of soil organic matter from different hillslope locations at soil depths of 0-15 and 15-
25 cm.
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Figure 2.2 Summed and averaged pyrolysis—field ionization mass spectra and thermograms of total ion intensity (TII,
inset) of summit and footslope soils obtained from three soil depths of 0-15, 15-25 and 25-35 cm.
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Table 2.2 Compound class groups of marker signals from pyrolysis-field ionization mass spectrometry of summit and
footslope soils obtained from three soil depths of 0-15, 15-25 and 25-35 cm.

. Soil N-
{“O‘fa“ Depth EX1 EX2 EX3 EX4 EX5 EX6 EX7 EX8 EXI0 Lignin Lipids containing
(cm) compounds
% of total ion intensity
0-15 79 89 34 69 10 9 1.7 37 1 22.3 9.6 12.7
Sl‘tlmm 1525 86 11 35 63 128 88 1 33 06 273 7.9 12.1
2535 59 148 1.7 52 157 87 04 31 05 322 6.1 11.8
0-15 7.1 87 39 82 109 82 22 29 15 235 11.9  11.1
Footsl
ope 1525 7 153 15 56 141 79 12 3 1.1 309 79 10.9

25-35 7.8 21 0.5 34 231 85 0 3.5 0.1 44.6 3.5 12

EX1: Carbohydrates; EX2: Phenols and lignin monomers; EX3: Lignin dimers; EX4: Lipids, alkanes, alkenes, fatty acids,
n-alkyl esters; EXS5: Alkyl aromatics; EX6: Heterocyclic nitrogen and nitriles; EX7: Sterols; EX8: Amides (amino acids,
peptides and aminosugars; EX10: Free fatty acids C16 to C34.

Lignin: EX2+EX3+EXS; Lipids: EX4+EX7+EX10; N-containing compounds: EX6+EXS.
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Chapter 3

SOFT X-RAY SPECTROMICROSCOPY STUDY OF MINERAL-ORGANIC
MATTER ASSOCIATIONS IN PASTURE SOIL CLAY FRACTIONS

3.1 Abstract

There is a growing acceptance that associations with soil minerals may be the
most important overarching stabilization mechanism for soil organic matter. However,
direct investigation of organo-mineral associations has been hampered by a lack of
methods that can simultaneously characterize organic matter (OM) and soil minerals.
In this study, STXM-NEXAFS spectroscopy at the C 1s, Ca 2p, Fe 2p, Al 1s and Si 1s
edges was used to investigate C associations with Ca, Fe, Al and Si species in soil clay
fractions from an upland pasture hillslope. Bulk techniques including C and N
NEXAFS, Fe K-edge EXAFS spectroscopy and XRD were applied to provide
supplementary information. Results demonstrated that carbon was associated with Ca,
Fe, Al, and Si with no seperate phase in soil clay particles. In the soil clay particles,
the pervasive C forms were aromatic C, carboxyl C and polysaccharides over surfaces
with the relative abundance of carboxyl C and polysaccharides varing spatially at the
submicron scale. Only limited regions in the soil clay particles had aliphatic C. Good
C-Ca spatial correlations were found for soil clay particles and CaCOs3 was not present,
suggesting a strong role of Ca in organomineral assemblage formation. Fe EXAFS

showed that about 50% of the total Fe in soils was contained in Fe(IIl) oxides,
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whereas Fe-bearing aluminosilicates (vermiculite and illite) accounted for another
50%. Fe(III) oxides in the soil were mainly crystalline goethite and hematite, with
lesser amounts of poorly-crystalline ferrihydrite. XRD revealed that soil clay
aluminosilicates were hydroxy-interlayered vermiculite, illite and kaolinite. C showed
similar correlation with Fe to Al and Si, implying similar associations of Fe(III) oxides
and aluminosilicates with organic matter in organo-mineral associations. These direct
microscopic determinations can help improve understanding of organo-mineral

interactions in soils.

3.2 Introduction

Soil organic matter (OM) represents the largest terrestrial carbon (C) reservoir
on a global scale. The soil's ability to accumulate and retain C has received increasing
interest, as the concerns about climate change grow. Intimate association of OM with
mineral phases has been acknowledged as a fundamental mechanism for stabilizing
organic compounds against biological degradation (Torn et al., 1997; Baldock et al.,
2001; Liitzow et al., 2006), controlling the long-term sequestration of organic matter
in terrestrial ecosystems. However, the fundamental nature of the interactions between
OM and soil mineral components is not well understood. Since both the organic and
mineral phases of soils are involved, the extent to which OM interacts with minerals
depends on both the physical and chemical properties of the mineral fraction as well as
on the morphology and chemical structure of the organic material (Baldock et al.,

2001; Kaiser, 2003; Kaiser & Guggenberger, 2000; Mikutta et al., 2007).
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Mineral surfaces in soils are dominated by the soil clay fraction (<2 pm). This
fraction is a mixture of aluminosilicates, oxides, and hydroxides, and, in some soil
types, short-range ordered minerals like allophane and imogolite. Iron and aluminum
(oxy) hydroxides are particularly effective in sorbing and stabilizing OC in soils
(Kaiser & Guggenberger, 2000; Kaiser et al, 2002; Kiem & Kogel-Knabner, 2002;
Wiseman & Piittmann, 2009). Studies have shown that stable OC is well correlated
with amorphous and poorly crystalline Al and Fe minerals in soils (Torn et al., 1997;
Mikutta et al., 2005). The aluminosilicate clay minerals can also help preserve organic
matter (Chorover & Amistadi, 2001). However, metal oxides may have better sorptive
potential on a weight basis (mg C g™') than aluminosilicates (Mikutta et al., 2007;
Kaiser et al., 1996; Kaiser & Zech., 19993), due to their large specific surface area
with a high density of surface functional groups. Mikutta et al (2007), for instance,
examined the adsorption of dissolved organic carbon (DOC) on mineral surfaces and
found that goethite adsorbed more carbon than aluminosilicates (pyrophyllite and
vermiculite).

Specific compounds bearing certain chemical functional groups may be
responsible for binding to specific mineral surfaces (Kleber et al., 2007) and form very
stable organic carbon pools with long turnover times. The relationship between soil
mineral components and the chemistry of bound OM has been suggested using
chemical fractionation of OM after sorption with different minerals (Chorover &
Amistadi, 2001; Kaiser 2003; Gu et al., 1994; Wang & Xing, 2005; Kang & Xing,

2008; Namjesnik-Dejanovic et al., 2000). It has been shown that OM rich in aromatic
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moieties and carboxyl groups is preferentially adsorbed on Al and Fe oxides (Kaiser
2003; Gu et al., 1994), while aliphatic fractions are preferentially adsorbed by clay
minerals (Wang & Xing, 2005). However, Kang and Xing (2008) found that aliphatic
fractions were preferentially adsorbed by goethite, while Namjesnik-Dejanovic et al.
(2000) found more aromatic fractions of fulvic acid were preferentially adsorbed onto
clay. The composition of OM stabilized by specific minerals has also been suggested
by analyzing OM in mineralogically diverse density or size fractions of soils (Larid et
al., 2001; Kahle et al., 2003; Kleber et al., 2004). However, a straightforward
evaluation of a mineralogical control can, however, be compromised by the fact that
OM in different soil fractions is subjected to different degrees of microbial
transformations, which may mask the mineral-induced speciation. Therefore, the role
of minerals on OM composition remains an open question.

As discussed above, most of the information on mineral-organic interactions
was derived from indirect methods and/or macroscopic observations. Therefore there
is a need to relate these laboratory results to natural processes and directly investigate
the associations of OM with specific minerals in natural soils using high spatial
resolution and state-of-the-art spectroscopic techniques. However, this is challenging
because there are few techniques that can simultaneously characterize soil organic
matter and soil minerals. Scanning Transmission X-ray Microscopy (STXM),
combined with Near Edge X-ray Absorption Fine Structure spectroscopy (NEXAFS)
is a powerful method for analyses of C functional group distribution in soils and

sediments at the nanoscale (Schumacher et al., 2005; Lehmann et al., 2007 2008; Wan
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et al., 2007). Not only is the spatial distribution of OM important, but also the specific
association with certain minerals. However, most synchrotron-based soft X-ray
spectroscopic analyses do not provide enough flux at higher energies to quantify Al
and Si, which are the major elements in soil clay minerals. To our knowledge, only
one paper has been published so far showing the spatial association of C with Fe, Al,
Si, Ca and K in soils (Wan et al., 2007). In this study, some associations between OM
and mineral cations were obscured by the presence of very thick particles. Further
research is needed to more clearly investigate the spatial association of C with
different mineral phases. In addition to using STXM to map C species, Ca, Fe, Al and
Si were also speciated and mapped. Our objectives were to: (i) determine the spatial
distribution of the major cations (Ca, Fe, Al and Si) and their speciation in soil clay
fractions; (i) determine the spatial arrangement of C and its correlation with cation
(Ca, Fe, Al and Si) species in soil clay fractions; and (iii) investigate the spatial
distribution of C functional groups and their associations with the mineral phases

within the soil clay fractions.

3.3 Experimental Section

3.3.1 Sampling Sites
Our field site is located within the long-term 725-ha research watershed
upstream of the Stroud Water Research Center (SWRC) in southeastern PA (39°53°N,

75°47°E). The 3"-order watershed forms the headwaters of the White Clay Creek and
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is an intensive study site for the established Christina River Basin Critical Zone
Observatory (CRB-CZO). The watershed is underlain by highly metamorphosed
sedimentary rocks containing gneisses, schists, quartzites, and marbles (Sloto, 1994).
The soils are primarily Typic Hapludults (Newbold et al., 2007). Soil samples were
collected from the summit and footslope of a pasture hillslope with an angle of 13°, at
soil depths of 0-15 cm (A horizon). The pasture has been established for at least 50
VyIS.

We specifically examined clay-sized organo-mineral associations isolated from
the soils. We chose the clay fractions because a majority of particulate organic matter
was removed from this fraction. Our choice of clay fractions was additionally
motivated by the technical difficulty in making thin sections of soil samples and
possible alteration of C speciation during preparation of thin sections. In this study, the

soil clay fractions were simply analyzed with STXM without any alteration.

3.3.2 Clay Fraction Separation

The bulk soil samples were air-dried, and roots and visible plant material were
removed. The >2mm fraction was removed by dry sieving. The clay fraction
separation was performed according to Amelung et al. (1998). Briefly, thirty grams of
soil were ultrasonically treated with an energy input of 60 J mL™" using a probe type
sonicator at a soil/water ratio of 1:5 (w/v). The coarse sand fraction (>250 um) was
removed by wet sieving. To completely disperse the remaining suspension,

ultrasonication was again applied with an energy input of 440 J mL'at a soil/water
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ratio of 1:10 (w/v). The sand fraction (>53 pm) was removed by wet sieving the clay-
sized fraction (<2 pm) was separated from the silt and sand sized separates by

repeated centrifugation. The clay fractions were then freeze-dried.

3.3.3 Scanning Transmission X-ray microscope (STXM)

Samples for STXM analysis were prepared by depositing 1-2 ul of an aqueous
suspension (1 mg of the clay fraction mixed with 1 ml deionized-distilled water)onto a
Si3N4 window (75 nm thick), which was then air-dried. The samples were analyzed at
STXM spectromicroscopy beamline 10ID-1 at the Canadian Light Source (CLS), a 2.9
GeV third-generation synchrotron source (Kaznatcheev et al., 2007). The beamline is
equipped with an APPLE II type elliptically polarizing undulator (EPU), which
provides circularly polarized light (up to 1000 eV) and linearly polarized light (130-
2500 eV). All measurements were performed using a 25 nm Fresnel zone plate, which
provided a maximum spatial resolution of ~30 nm and the samples were kept under
1/6 atm of He during data collection.

The samples were raster scanned in STXM with synchronized detection of
transmitted X-rays to generate images. Chemical imaging and NEXAFS spectra were
obtained using image sequence scans (i.e., stacks) over a range of photon energies at a
specific element edge. The C 1s, Ca 2p, Fe 2p, Al 1s and Si 1s data were collected (in
that order) over the same areas in order to identify the associations of OC with specific
soil mineral phases. The stack measurements for each element were obtained with

dwell times of 1-1.5 ms and with pixel sizes from 40-80 nm.
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3.3.4 Data Analysis

The aXis2000 software package was used for image and spectra processing
(Hitchcock, 2000).The image sequences were aligned and then converted to optical
density (OD=In (I¢/I)) by using the transmitted flux through the sample (I) and the
incident flux measured in an empty region adjacent to the analyzed particles (Io), to
correct for the absorbance by the silicon nitride membranes. According to Lambert
Beer’s law, the optical density (OD) is directly proportional to the amount (thickness)
of the individual compound in the X-ray beam path.

The C distribution map was obtained by subtracting below-edge OD map from
its above-edge OD map. The C thickness estimate was obtained by dividing OD
values by the product RE-u-f-p, where RE is the resonance enhancement factor, u is
the difference between the mass absorption coefficient above and below the absorption
edge, f'is the mass fraction of the element within the solid phase, and p is the solid
phase density (Table A.1, Wan et al., 2007). The distribution of Ca, Fe, Al and Si was
mapped by the difference between two images, one measured at the energy of a strong
characteristic absorption feature and the other measured at an energy below the onset
of absorption for the specific element. The image difference map was made
quantitative by converting the change in the optical density (AOD) scale to effective
thickness (in nm) using a scale factor determined from the linear absorbance (optical
density per nm) for a specific compound at the top photon energies. The energies and
scaling factor used for the quantification of the image difference maps (on-resonance

minus off-resonance) for each element are listed in Table A.2.
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For the spatial analyses of C, Ca, Fe, Al and Si species, principle component
analysis (PCA) and cluster analysis (CA) were carried out on image sequence data for
each individual element. The image sequence data were orthogonalized and noise-
filtered by principal component analysis. Significant components were determined
based on observations of the eigenvalues, eigenimage, and eigenspectra (Lerotic et al.,
2005). Cluster analysis was used to identify sample regions with similar spectral
properties. Singular value decomposition (SVD) was performed to calculate target
maps and corresponding fitted target spectra from the spectra obtained by cluster

analysis.

3.4 Results and Discussion

3.4.1 Soil C Content and Clay Mineralogy

In general, the footslope soils contained lower C content than the summit soils
but the difference was very small (Table A.3). C content was significantly greater in
the clay fractions than in the sand and silt fractions. In combination with particle size
distribution data shown in Table A.3, 47-60% of total C is in the clay fractions (Table
A.3), indicating the important role of clay particles in soil C storage. A greater
contribution of clay-associated C to total C was found in the footslope than in the
summit soil, due to a higher clay content in the footslope soil (Table A.4) as a result of

erosion and deposition.

67



The predominate clay minerals in the soils were hydroxy-interlayered
vermiculite (HIV), illite and kaolinite based on X-ray diffraction (XRD) results (Table
A.5). Compared to the summit soil, the footslope soil contained a larger fraction of
kaolinite followed by a lower percentage of hydroxy-interlayered vermiculite,
implying that the footslope soil might have experienced a greater degree of chemical

weathering than the summit soil.

3.4.2 Mapping Carbon and Carbon Functional Group Distribution

The fine-scale spatial distribution of total C and its functional groups was only
obtained for the thin regions from the summit and footslope soil clay particles
(Fig.3.1). For the thick regions of the clay particles, there was a dip (reversed peak) in
the C 1s NEXAFS spectra at around 284.5 eV (Fig.A.3). The dip (reversed peak) at
284.5 eV is due to the thick sample combined with beamline carbon contamination dip
at this energy, which causes the ratio between the very low transmitted counts and the
incident counts to deviate from linear behavior in terms of the OD scale at other
energies. It was argued that the dip at 284.5 eV could lead to the distortion of the rest
of the spectra, which is likely to change peak ratios and the calculation of OD values.
Therefore, we excluded the thick regions of the particles for C spatial distribution and
speciation.

Figure 3.1A-B displays the fine-scale spatial C distribution in the summit and
footslope soil clay particles. The C thickness in the soil clay particles varied at the

nanometer scale, similar to earlier findings for soil microaggregates (Wan et al.,
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2007). The maximum C thickness in the summit and footslope soil particles was 245
and 216 nm, respectively, with the average C thickness in the summit and footslope
soil particles 68 and 48nm, respectively. The thicker C in the summit soil than in the
footslope soil is consistent with the higher C content found for the summit soil
compared to the footslope soil (Table A.3).

Investigation of the fine scale spatial heterogeneity of organic matter forms in
soil clay particles was achieved using principle component (PCA) and cluster analysis
(CA) of all NEXAFS spectra for each pixel, as shown in Figure 3.1C-D. C 1Is
NEXAFS spectra of the distinct regions are presented in Figure 3.1E-F. Functional
groups in the spectra and resonance peak energies used to characterize the organic
carbon species were taken from a compilation of the published literature (Schumacher
et al., 2005; Lehmann et al., 2007 2008; Wan et al., 2007). The resonance peak at
energy level 285.5 eV represents 1s —m* C=C of aromatic C. The peak at 287.4 eV is
assigned to 1s —m* transitions of C-H and is referred to as aliphatic C. The strong
peak at 288.6 eV is attributed to a 1s —m*c—o transition of carboxyl C and the peak at
289.5 eV corresponds to the 1s—3p, o*of C-OH groups, primarily representing
polysaccharides.

The compositional chemistry of organic C displayed fine-scale heterogeneity
(Fig.3.1C-F). The cluster maps displayed various regions with distinctively discernible
C 1s NEXAFS spectral features (Fig.3.1C-F). PCA-CA analysis identified three (red,
green, and blue) and two (green, blue) regions within the clay particles from the

summit and footlsope soils, respectively. The red region was the only location on these
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clay particles having a peak at 287.4 eV for aliphatic C (Fig.3.1C and 3.1E). This is in
contrast to a previous study which has shown that organic matter in soil fine fractions
is dominated by long-chain aliphatic molecules in the topsoil horizons based on NMR
analysis (Kogel-Knabner et al., 2008). In addition to aliphatic C (287.4 eV), the C 1s
NEXAFS spectrum from the red region showed strong resonances at 285.5 eV for
aromatic C and 289.5 eV for polysaccharides and a small peak at 288.6 eV for
carboxylic C. This type of spectrum has not been commonly observed in soils. This C
Is NEXAFS spectral signatures and peak positions recorded from the red region were
similar to the spectral features observed from fungi (Liang et al, 2006), implying that
organic matter in this red region could originate from soil microorganisms and their
metabolites. The aromatic C in this region may be derived from proteinaceous cell
wall components or melanin-like compounds that can be synthesized by fungi.
Melanins are considered recalcitrant due to their aromatic structure (Kdgel-Knabner,
2002; Knicker, 2004), although their fate and decomposition in soils remains
unknown. Aliphatic C is generally attributed to cell wall lipids. Aliphatic-C of CH,
CH, and CHj3; groups may form non-polar termini that confer hydrophobic properties
and lead to hydrophobic interaction between organic C and minerals. The presence of
resonances in the aliphatic-C chain together with carboxyl and O-alkyl C suggested
the occurrence of C forms in phospholipid fatty acids or chitin (Solomon et al., 2005;
Kinyangi et al., 2006) that may be from microbial residues. The strong O-alkyl C
absorption bands appeared at 289.5 eV, representing mainly microbial polysaccharides

in intimate association with minerals in the clay fractions, could be direct evidence
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that such structures can be stabilized by organomineral complexes in soils. Oades
(1984) suggested that polysaccharides can be produced in situ by fungi and bacteria in
soils and exist as a gel or fibrillae. Polysaccharides can be either encapsulated by the
clay minerals or act as cementing agents binding clay minerals to the microbial
structure (Oades, 1984; Liitzow et al., 2006). Microbially secreted polysaccharides are
often negatively charged and they can adsorb strongly to negatively charged clay
mineral surfaces through polyvalent cation bridging (Chenu, 1995). Polysaccharides
can also be adsorbed to clay minerals through week bonds such as hydrogen bonding
and van der Waals forces.

Both green and blue spectra showed a resonance at 285.5 eV aromatic C
regions, followed by a steep rise to a peak at 288.6 eV (carboxylic C) and a peak at
289.5 eV for polysaccharides (Fig.3.1E-F). The spectral types were seen in both the
summit and footslope soils. Spectra of this type have been reported for organic matter
in organo-mineral assemblage (Solomon et al., 2012) and Fe oxides associated organic
matter (Keiluweit et al., 2012). The relative abundance of carboxyl and O-alkyl C
showed prominent difference between the green and blue spectra for both the summit
and footslope soil clay particles. Compared to the green spectra, the blue spectra
showed a strong decrease of O-alkyl C abundance associated with polysaccharides,
with a simultaneous increase in carboxyl C corresponding to proteinaceous materials
(Fig.3.1E-F). These results suggest that the fraction of microbially derived material is

least in the blue region with a simultaneous increase in protenaceous materials. Both
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the summit and footslope soils lacked a peak at 290.3 eV indicative of carbonate

(Fig.3.1E-F), indicating that all the carbon was organic in nature

3.4.3 Mapping and Speciation of Major Cations (Ca, Fe, Al and Si)

Calcium. The distribution of total Ca in the summit and footslope soil clay
particles is displayed in the Ca image difference maps (Fig.3.2A-B). Ca displayed
heterogeneous distribution in both soils. The maximum thickness of the Ca in the
summit and footslope soil particles was 24 and 18 nm, respectively, with the average
Ca thickness in the summit and footslope soil particles being 4.6 and 3.4 nm,
respectively. PCA-CA analysis identified only one type of Ca 2p NEXAFS spectra for
both summit and footslope soil clay particles. The Ca 2p spectra collected from the
summit and footslope soil clay particles, showed two major peaks near 349.3 eV and
352.6 eV, respectively, along with small peaks near 348.2 eV and 351.4 eV (Fig.
3.2C). Compared to several Ca-containing reference compounds such as calcite,
CaHPO,4-2H,0 and sorbed Ca’" to extracellular polymers (EPS), Ca in the soils
showed similar spectra to those of CaHPO4-2H,0 and sorbed Ca on EPS (Fig.3.2C),
suggesting that the soil Ca was sorbed as organic Ca and/or calcium phosphate and
there was no calcium carbonate in these soils. This suggestion is also supported by the
C 1s NEXAFS spectra, which clearly showed the absence of carbonate in the studied
soils. The pH of the investigated soils (pH = 5.5-5.7) may not lead to the accumulation
of CaCOj; compounds, since the stable pH for Calcite is around 8.4 (Cailleau et al.,

2005).
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Iron. Figure 3.3A-B presents the Fe image difference map (OD7¢9.3-OD704)
showing the distribution of Fe in the footslope and summit soil clay particles. The
maximum thickness of the Fe in the summit and footslope soil clay particles was 120
nm, with the average Fe thickness in the summit and footslope soil clay particles being
33 and 25 nm, respectively. Fe 2p NEXAFS spectra provide information on the
oxidation state of Fe (van Aken and Liebscher, 2002). The Fe 2p NEXAFS spectra
from all the samples showed multiple peaks at the Fe L3- (708.2 and 709.8 eV) and L,-
(721.0 and 723.0 eV) edges (Fig.3.3D). The Fe oxidation state could be determined
from the shape of the Fe L3 2p;/, signal that has two main peaks, with the peak at
708.2 eV being the strongest for Fe(II) species and that at 709.8 eV the strongest for
Fe(III) species (Dynes et al., 2006; Hitchcock et al., 2009), as seen in the FeCl;-6H,0
and FeCl,-4H,0 reference spectra (Fig.3.3D). PCA-CA analysis suggested that there
was only one type of Fe 2p NEXAFS spectrum in the summit soil clay particles, while
there were two regions (red and green) with distinct Fe 2p NEXAFS spectra in the
footslope soil clay particles (Fig.3.3C-D). In the summit soil clay particles and the red
region of the footslope soil clay particles, as the observed intensity ratio between the
709.8-eV and 708.2-eV peak mimics that of the Fe(III) standard (Fig.3.3D), it appears
that the mineralogy of the summit soils and the red region of footslope soils are
dominated by Fe(IIl). Although the 709.8-eV peak was also the most intense in the
spectrum from the green region, the Fe 2p spectrum from the green region showed
increased intensity ratio between the 708.2-eV and 709.8-eV peak, compared to that

from the red region (Fig.3.3D). This indicates that the green region also contained
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some Fe(Il) in addition to Fe(IIl), possibly from a mixed valance Fe(II)-Fe(III)
mineral. Collectively, the footslope soil contained mainly Fe(Ill), and only a small
amount of Fe(II). The footslope soil is periodically under poorly-drained conditions.
The periodical low-redox conditions could drive reductive transformation of Fe(III)
minerals into Fe(Il)-bearing solids.

It is impossible to ambiguously differentiate Fe(Ill)-containing oxides,
alumininosilicates and organic compounds based on Fe 2p NEXAFS. Therefore we
employed a more quantitative method, extended X-ray absorption spectroscopy
(EXAFS), to determine Fe speciation. Fe K-edge EXAFS spectra are presented in
Fig.A.4 and the results of least-squares best fits summarized in Table A.7. In both
soils, ~46-50% of the total Fe was bound to Fe(IlI)-bearing aluminosilicates, with
vermiculite contributing 30-35% of the total Fe and the remainder due to illite.
Although XRD analysis showed almost equivalent amounts of vermiculite and illite in
soil clay fractions (Table A.5), the Fe EXAFS data demonstrated that a higher
percentage of total Fe is from vermiculite than from illite. This is probably due to the
fact that vermiculite contains a much higher percentage of Fe in the structure than
illite (Birkeland, 1999). Fe(III) oxides accounted for the other 50-54% of total Fe. Up
to 40% of the total Fe was contained in the crystalline Fe(Ill) oxides, with 16-22% in
hematite and 18-23% in goethite, whereas poorly crystalline Fe(III) oxides such as 2-
line ferrihydrite only accounted for 10-15% of the total Fe. The footslope soil
contained a slightly higher percentage of ferrihydrite than the summit soil, but the

difference was very small.
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Aluminum. The distribution of Al in the summit and footslope soils is
displayed in Figure A.5A-B. The maximum thickness of the Al in the summit and
footslope soil particles was 353 and 394 nm, respectively, with the average Al
thickness in the summit and footslope soil particles of 48 and 66 nm, respectively. The
Al 1s NEXAFS is a useful technique for probing the bonding and symmetry of the
local environment around Al atoms (IIdefonse et al., 1998; Doyle et al., 1999; Shaw et
al., 2009). It has been shown to be particularly powerful in differentiating six-fold
(coordination number (CN)=6) and four-fold (CN=4) coordination environments for
Al atoms. For Al compounds with CN=6 such as gibbsite and kaolinite, their spectra
generally have two main maxima near 1567and 1570 eV (Ildefonse et al., 1998; Shaw
et al., 2009). Al compounds with CN=4 have a strong single-edge maximum near
1565 eV (Ildefonse et al., 1998; Shaw et al., 2009). For Al compounds with mixed
coordination number, e.g. illite (CN=4 and 6), there are three main maxima near 1565,
1567, and 1570 eV (Ildefonse et al., 1998; Shaw et al., 2009). PCA analysis suggested
two regions (red and green) with distinct Al NEXAFS spectra for the summit and
footslope soils, respectively (Fig.A.5C-E). All the Al NEXAFS spectra from soils
contained a slight shoulder near 1565.6 eV, a peak near 1567.7 eV and the most
pronounced peak near 1570.4 eV (Fig.A.5E), indicating there was mainly six-fold
coordinated Al with a slight amount of four-fold coordinated Al in these soils. These
results are in agreement with XRD data which showed that there was a mixture of
kaonilite with six-fold Al, and hydroxy-interlayerred vermiculite and illite with mixed

four-fold and six-fold Al. The Al 1s spectra were similar in both the red and green
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regions, except the Al spectra recorded from the green region showed increased
intensity of the 1570.4-eV peaks increased relative to the 1567.7-eV peak when
compared to the green region (Fig.A.5E). As observed by Shaw et al. (2009), the peak
near 1570 eV is substantially more intense relative to the peak near 1567 eV for
kaolinite (1:1 aluminosilicates) when compared to 2:1 aluminosilicates such as illite. It
was demonstrated that the intensity of the 1570-eV peak increased relative to the peak
1567-eV peak with an increase in the amount of Al in the silicate (Neuville et al.,
2004). Kaolinite with 1:1 structure contains relatively more Al than 2:1 phyllosilicates
like illite and verimiculte. Therefore, the increase in the 1570.4-eV peak relative to the
1567.7-eV peak for spectra recorded from the green region, in comparison to that from
the red region, were attributed to a greater abundance of kaolinite with six-fold Al.
Silicon. The distribution of Si in the summit and footslope soil clay particles is
shown in Figure 3.4A-B.The maximum thickness of Si in the summit and footslope
soil particles was 810 and 800 nm, respectively, with the average Si thickness in the
summit and footslope soil particles of 140 and 120 nm, respectively. PCA-CA analysis
suggested two regions (red and green) with distinct Si 1s spectra for the summit and
footslope soils, respectively (Fig.3.4C-E). The Si 1s spectra collected from the green
region showed distinctive peaks at 1846.4 (1), 1850.4 (ii) and 1857.1 eV (iv). These
spectral features resembled the Si Is spectra of aluminosilicate (Si40104'— Q3) minerals
such as kaolinite, illite and muscovite (Shaw et al., 2009). Aluminosilicates including
kaolinite, illite, vermiculite and muscovite, are characterized by dioctahedral, Al-rich

layers which have similar Si Is spectra. Therefore, it is impossible to tease them apart
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base on Si 1s NEXAFS spectra. 2:1:1 type aluminosilicates such as chlorite were
absent in these soils, since the Si 1s spectral features recorded from these minerals are
distinctively different from the Si 1s spectra collected from these soils. These results
agree with XRD findings. Si Is spectra from the red region were characterized by the
peak shifted to a higher energy (1846.7 eV) and the appearance of the peak (iii) at

1854.6 eV, which is similar to the spectrum for quartz (Shaw et al., 2009).

3.4.4 Correlation between Elements

To show explicitly the spatial relationship between the elements, each
elemental distribution map (total C, Ca, Fe, Al and Si) was aligned to common
reference features and overlayed. The correlation between C and other major cations
(Ca, Fe, Al, Si) was only performed on the thin regions of the summit and footslope
soil clay particles, while the correlation among the major cations including Ca, Fe, Al
and Si was carried out on whole images. The color-coded composite maps are shown
in Figure A.7-8 for the summit and footslope soil clay particles. To determine the
correlation coefficients among the different elements, elemental thickness values on a
pixel-by-pixel basis were compared. Plots of elemental correlations are shown in
Figure A.9-10 and the correlation coefficients in Table 3.1.

Comparing the C map to cation distribution maps showed all C was associated
with the major cations Ca, Fe, Al and Si and there was no discrete phase of C
(Fig.A.7). Organic matter can adsorb onto mineral surfaces via various mechanisms:

i.e. ligand exchange, polyvalent cation bridges, and weak interactions, such as
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hydrophobic interactions including van der Waals forces and H-bonding (Baldock et
al., 2001; Liitzow et al., 2006). In addition, organic matter can enter into small pores
of soil minerals such as Fe(Ill) oxides including goethite and ferrihydrite (Kaiser &
Guggenberger, 2007). The physical protection of organic matter by occlusion within
small clay aggregates is another possible process in these soils. Although a majority of
particulate organic matter is excluded from the clay fraction, the possibility of
particulate organic matter in the clay fractions could not be excluded from STXM
images. Therefore organic matter in the organo-mineral assemblages could be
adsorbed, occluded or particulate OM.

Based on correlation plots, carbon showed the highest correlation with calcium
in both soils (Fig.A.9 & Table 3.1). Carbonate was not observed in the soils based on
the C and Ca NEXAFS analysis, hence we infer that the majority of the carbon is
organic in nature rather than occurring as a carbonate. The good C-Ca correlations
might suggest Ca plays an important role in organomineral assemblage formation in
these soils. Organic anions are normally repelled from negatively charged surfaces in
soils. Calcium can facilitate binding of organic compounds to permanently negatively-
charged siloxane surfaces or to the hydroxyls of aluminosilicates and oxides via
“cation bridging”. In these soils, Ca was moderately well correlated with Fe, Al and Si
(Table 3.1), suggesting that Ca could form bridges between organic matter and iron
oxides as well as aluminosilicate minerals. Batch experiments have shown that Ca
increases the sorption of OM to minerals (goethite, vermiculite, and pyrophyllite)

(Mikutta et al (2007; Varadachari et al., 2000; Weng et al., 2005). In particular,
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Mikutta et al (2007) found that sorption of OM to vermiculite is mainly due to the
formation of “Ca’" bridges” and the bridges reduced the bioavailability of clay-bound
OM. Ca ions are also known to bind to negatively charged functionalities originating
from microbial polysaccharides via polyvalent cation bridges (Liitzow et al., 2006).
Dissolved organic matter can also be precipitated by metal ions such as Ca*" and thus
organic matter- Ca cation precipitates might also be present in the soils. Organic-metal
cation (such as Ca”") complexation has been considered potentially stabilizing for soil
OM. Therefore, the good C-Ca correlation could also be a result of Ca-bearing organic
compounds in soils. In addition, Ca NEXAFS suggested the possible presence of Ca
phosphate compounds which might be important in organomineral interactions, since
it has been observed that organic biomolecules containing proteins and extracellular
polymeric substances are intimately associated with Ca phosphate compounds
(Benzarara et al., 2004). Although no definite conclusion can be made on the
interactive mechanisms of organic matter, calcium and minerals, our results imply an
important role of calcium in organo-mineral associations.

The color-composite maps of three cations (Fe, Al and Si) (Fig.A.8) and
correlation between Fe and Al & Si (Fig.A.10 & Table 3.1) showed that Fe was
associated with Al and Si. This is probably attributed to the fact that in these soils,
aluminosilicate minerals, which consist mainly of Al and Si, also contain different
amounts of Fe in their structure. This is also supported by Fe EXAFS results, which
showed Fe(IlI)-containing aluminosilicates, including vermiculite and illite,

contributed up to 45-50% of the total Fe (Fig.A.4 & Table A.7). Combining the
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dithionite-citrate extraction data with the total digestion results for the soil clay
fractions, Fe content in the aluminosilicate structures (Fei-Feq) was 3.35% and 3% in
the summit soil and footslope soils, respectively (Table A.6). Noticeably, there was no
discrete particles containing Fe that was in association with Al and Si in soil clay
fractions (Fig.A.8), suggesting that Fe oxides, including goethite, hematite and
ferrihydrite, exhibit coatings on the aluminosilicate minerals. These may also
contribute to the correlation of Fe with Al and Si.

The C-Fe correlation plot could reflect C associations with Fe(III) oxides and
with Fe(Ill)-containing aluminosilicate minerals. STXM elemental maps from both the
summit and footslope soils displayed similar correlations of C with Fe to Al and Si
(Fig.A.9 & Table 3.1), suggesting an equivalent role of Fe(III) oxides and Fe(III)-
containing aluminosilicates in organomineral assemblage formation. This is in contrast
to previous field soil studies which showed a strong positive correlation between C
and Fe oxide content (Kaiser et al, 2002; Kiem & Kogel-Knabner, 2002), and to batch
DOM sorption studies which have found that oxides were better sorbents than
aluminosilicate clay minerals (Kaiser et al., 1996; Mikutta et al., 2007 ). In these
investigated soils, based on the ratio of oxalate extracted Fe to dithionite extracted Fe,
20-34% of the Fe(Ill) oxides were amorphous while a majority of the Fe(III) oxides
were crystalline minerals in the investigated soils (Table A.6). This is consistent with
the Fe EXAFS results, which showed most of the Fe(III) oxides were crystalline
goethite and hematite and there was much less poorly-crystalline ferrihydrite (Fig.A.4

& Table A.7). This is probably why we observed a similar correlation of C with Fe to
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Al and Si, since amorphous and poorly crystalline minerals (e.g. ferrihydrite) are more
powerful for stabilizing OC in the soils (1). The low Fe(III) oxide content in the soils
(Table A.6) and the presence of about 50% total Fe in aluminosilicates (Table A.6-7),
might also contribute to these results. Ideally, in order to clearly investigate the role of
specific Fe(Ill) oxides in C-mineral associations in soils, further study on soils with
varying Fe oxide content and crystallinity is needed.

Carbon correlations with Al and Si were similar in the footslope soil, while
carbon displayed a better correlation with Al than with Si in the summit soil (Fig.A.9
& Table 3.1). There was a very strong correlation between Al and Si particularly for
the footslope soil (Fig.A.10 & Table 3.1), due to the predominant aluminosilicate
minerals in the soil clay fractions. In the summit soil, there were also a few discrete
quartz particles that contained Si but neither Al nor Fe. The presence of quartz
particles, in addition to aluminosilicates, accounts for the poorer correlation between
Al and Si in the summit soil than in the footslope soil. The molar ratios of Si/Al were
calculated and plotted on the Al-Si correlation graphs (Fig.A.10). Vermiculite and
illite are 2:1 type aluminosilicates with Si/Al molar ratio of 2, while kaolinite is 1:1
type aluminosilicate with Si/Al molar ratio equal to 1. The Si/Al ratio was 1.7 for the
summit soil and 1.8 for the footslope soil, consistent with the XRD results that soil
clay minerals are dominated by a mixture of 2:1 aluminosilicate minerals (hydroxy-
interlayered vermiculite and illite) with Si/Al molar ratio of 2 and 1:1 aluninosilicate

minerals (kaolinite) with Si/Al molar ratio of 1 (Table A.5).
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3.5 Implications

Scanning transmission X-ray microscopy with high spatial resolution
combined with NEXAFS represents the most direct way to observe organic matter-
mineral interactions. It enables direct assessment of distribution and speciation of C
and major cations and their associations in organomineral assemblages. Bulk
techniques including Fe EXAFS, XRD, and C and N NEXAFS were also applied in
this study to provide supplementary information. The C NEXAFS analyses clearly
demonstrated that aromatic C=C, carboxyl C and polysaccharides were the pervasive
C functional groups associated with soil mineral phases, with a spatial variability in
the relative abundance of carboxyl C and polysaccharides on mineral surfaces at this
submicron scale. Aliphatic C, generally from cell wall lipids, was localized in limited
regions in the soil clay particles. This study suggests the importance of Ca in organo-
(metal)-mineral interactions and/or organo-metal cation omplexation. The metal-rich
mineral matrix was composed of Fe(III) oxides (hematite, goethite, and ferrihydrite),
quartz and aluminosilicates including hydroxy-interlayered vermiculite, illite and
kaolinite. Additionally, the mineralogical impact on C distribution was assessed. C
was associated with both Fe(III) oxides and aluminosilicate minerals and C was
similarly correlated with Fe, Al and Si. This study is among the first
spectromicroscopic investigations of organo-mineral assemblages in soils. Overall, our
results show progress towards examining, at the sub-micron-level, compositional
chemistry and associative interactions between organic matter and natural minerals. Of

particular interest is the need to expand this investigation by including soils with a
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wider range of mineralogical composition and under different land uses. Such a study
will help to develop a clearer understanding of specific C-mineral associations in a

wide variety of soil types.
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Figure 3.1

Carbon image difference maps (OD,g9-OD»g5) of the thin regions from
the (A) summit and (B) footslope soil clay particles. The gray scale
indicates thickness in nanometers. C 1s cluster indices map showing the
distribution of C functional groups in the thin regions from the (C)
summit soil clay particles, with three distinct regions (red, green, and
blue) and (D) footslope soil clay particles, with two distinct regions
(green and blue).The C 1s NEXAFS spectra were extracted from the
regions in the cluster indices maps for the (E) summit and (F) footslope
soil clay particles, respectively. Note the color of the spectra and the
region’s color from which they were extracted are the same. Spectra
features identified by the vertical dashed lines correspond to (i) aromatic
(C=C) (285.5 eV), (ii) aliphatic C-H(287.4eV), (iii) carboxylic (COOH)
(288.6 eV), and (iv) polysaccharides C-OH(289.5 eV) functional groups.
The peaks at higher energies are from K, and corresponding to its L3 and
L, edges.
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Figure 3.2
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Ca image difference maps (OD3s26-OD3s0.3) of the (A) summit and (B)
footslope soil clay particles. The gray scale indicates thickness in
nanometers. (C) Ca 2p NEXAFS spectra of the summit and footslope soil
clay particles, compared to the reference compounds CaHPO4-2H,0,
sorbed Ca on EPS, and calcite. The vertical dashed lines correspond to (i)
348.2, (ii) 349.3, (iii) 351.4, and (iv) 352.6 eV.
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Fe image difference map (OD7¢9.3-OD7¢4) of the (A) summit and (B) footslope soil clay particles. The gray
scale indicates thickness in nanometers. (C) Fe 2p cluster indices map showing the distribution of Fe species in
the footslope soil clay particles, with two distinct regions (red and green). (D) Fe 2p NEXAFS spectra from the
summit soil clay particles, and the red and green regions in the cluster indices map (as shown in Fig.3C) for the
footlsope soil clay particles, compared to reference compounds FeCl;-6H,0 and FeCl,-4H,0. The vertical
dashed lines correspond to (i) 708.2, (ii) 709.8, (iii) 721.0, and (iv) 723.0 eV.
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Figure 3.4 Total Si distribution map (ODjg464-OD;g30) of the (A) summit and (B) footslope soil clay particles. The gray
scale indicates thickness in nanometers. Si 1s cluster indices map showing the distribution of Si species in the
(C) summit and (D) footslope soil clay particles with two distinct regions (red and green), respectively. (E) The
Si 1s NEXAFS spectra were extracted from the regions in the cluster indices maps for the summit and
footslope soil clay particles, respectively, compared to the standards SiO, and muscovite. Note the color of the
spectra and the region’s color from which they were extracted are the same.



Table 3.1  Correlation coefficients from pairs of thickness values of different
elements within distribution maps of the (A) summit and (B) footslope
soil clay particles.

Ca Fe Al Si

(A) Summit

C 0.87 0.64 0.64 0.54
Ca 0.70 0.71 0.60
Fe 0.77 0.49
Al 0.70
(B) Footslope

C 0.89 0.75 0.71 0.71
Ca 0.74 0.72 0.72
Fe 0.78 0.77
Al 0.95
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Chapter 4

SOIL IRON SPECIATION ALONG A FLOODPLAIN REDOX GRADIENT: A
COMBINED EXAFS AND MoSSBAUER STUDY

4.1 Abstract

Properties of Fe mineral phases are poorly understood in soils with fluctuating
water tables and variable redox conditions. The objective of this research was to apply
Fe k-edge EXAFS and Mdssbauer spectroscopy to characterize Fe-containing
mineralogy in a floodplain soil profile with spatially sharp redox gradients. Redox
conditions across the floodplain varied substantially from permanent reducing
conditions in a pre-colonial buried wetland at a soil depth of 80-120cm, to oxidizing
conditions within post-colonial sediments at a soil depth of 0-80 cm. Results showed
that soil redox conditions had an important control on soil Fe mineralogy. Both
EXAFS and Méssbauer analysis showed that the permanent reducing conditions led to
a strong reduction in the structural Fe(III) in the phyllosilicates, in addition to a
complete reductive dissolution of Fe(IIl) oxides. Mossbauer analysis showed that the
mineralogical composition of Fe(III) oxides also varied with the redox levels, with
oxides of smaller particle size abundant at lower redox levels. The relative abundance

of ilmenite increased with decreasing redox levels, as shown by Mdssbauer analysis.
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4.2 Introduction

Iron is a redox-sensitive element and its high redox activity triggers many
processes in terrestrial ecosystems such as mineral weathering, nutrient cycling, and
contaminant mobility (Borch et al., 2010). Iron-bearing minerals in soils occur in a
variety of phases such as Fe-oxyhydroxides (e.g. ferrihydrite, goethite), Fe-oxides
(e.g. magnetite, hematite), or phyllosilicates (e.g. Fe-containing vermiculite or
smectite) (Cornell and Schwertmann, 2003). The crystal mineral phase, size, surface
charge and bonding environment of Fe governs its influence on ecosystem
biogeochemistry such as toxicity of trace elements and cycling of organic compounds
(Tebo and He, 1998; Myneni et al., 1997). Iron oxides with short-range crystal order
and small particle sizes contain more reactive surface area compared to other bulk Fe-
oxides (Cornell and Schwertmann, 2003; Bonneville et al., 2004). Association of
organic matter with Fe minerals has been increasingly recognized as a major process
for soil carbon stabilization (Chorover et al., 2007; Gu et al., 2004; Kaiser et al., 1997)
by decreasing its susceptibility to microbial degradation (Keil et al., 1994; Mikutta et
al., 2006). Fe is susceptible to redox variations along landscape gradients over a wide
range of spatial scales. Fe (III) minerals predominate in well-drained upland soils,
while under poorly-drained conditions at lowland locations, floodplains and streams
reductive dissolution of Fe (IIT) minerals occurs. These redox fluctuations drive local
mobilization of Fe** (aq) (Weber et al., 2006), which can be either removed from soil
by leaching, reoxidiation and precipitation as Fe(Ill)-oxide coatings on soil mineral

surfaces or incorporated into ferrous-bearing solids. Therefore the soil redox
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conditions affect not only the amount but also mineralogical composition of Fe
mineral phases. However, little research has been conducted on the mineralogy of Fe
oxides in soils subjected to different redox conditions.

Assessment of Fe speciation requires the application of techniques capable of
providing accurate and quantitative information on the types and abundance of Fe
phases present. Spectroscopic tools such as Mossbauer and X-ray absorption
spectroscopy (XAS) can provide this type of information for Fe. Mdssbauer
Spectroscopy is one of the most powerful methods to study iron mineralogy in soils
and sediments (Thompson et al, 2011). It is capable of precise physical measurements
of Fe nuclear energy levels, which facilitates detection of Fe coordination in short-
order ranged Fe minerals. It is inherently a “bulk” spectroscopic technique, requiring
>10 mg Fe for detection, and thus is ideal for integrated analysis of whole soil
speciation changes. Iron K-edge extended X-ray adsorption fine structure (EXAFS)
spectra have been shown to be useful in distinguishing among the multitude of
different Fe-bearing minerals in soils and sediments (O’Day et al., 2004; Kiczka et al.,
2011; Baker et al., 2010). O’Day et al. (2004) specifically addressed the utility of Fe K
edge XAS to determine Fe speciation in mineral samples (soils and sediments)
consisting of mixtures of Fe-bearing minerals, and concluded that this technique is
capable of distinguishing between major classes of iron-bearing minerals (phosphates,
oxides, etc.), with a practical detection limit of 5% atomic Fe. The present study

employed both Mdssbauer and XAS spectroscopy to characterize solid-phase iron
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species in soils under different redox conditions. This study will enhance our

understanding of biogeochemical Fe cycling in the natural environment.

4.3 Materials and Methods

4.3.1 Field Site and Sampling

We collected soil core samples under varying redox conditions from a
floodplain within the long-term 725-ha research watershed upstream of the Stroud
Water Research Center (SWRC) in southeastern PA (39°53°N,75°47°E). The 3 order
watershed forms the headwaters of the White Clay Creek and is an intensive study site
for the established Christina River Basin Critical Zone Observatory located in the
Piedmont region of Southeastern Pennsylvania and northern Delaware. The watershed
is underlain by highly metamorphosed sedimentary rocks containing gneisses, schists,
quartzites, and marbles (Newbold, 1997). The soils are primarily Aquic Fragiudults in
the riparian zones. The floodplain soil profile displays a visible C-rich buried A
horizon interpreted to be a pre-colonial wetland (Walter & Merrits, 2008). The
floodplain profiles demonstrats a distinctive heterogeneity in terms of soil
composition, organic C content and redox environment. They vary from post-colonial
legacy sediments, pre-colonial wetland, gravel, to the exposed bedrock (Fig.4.1). The
interface between the anoxic pre-colonial wetland and valley-bottom gravel beds
within the hyporheic zone should demonstrate significant redox gradients that can

control the cycling of Fe and C. To minimize Fe oxidization, samples were loaded into
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plastic flasks with dry ice. Sublimation of solid CO; in the flask yields positive CO,
pressure, thus creating anoxic conditions and preventing sample oxidation via

atmospheric O,

4.3.2 Soil Characterization

All soil samples were freeze-dried and sieved (<63 um) in an O,-free glove
box. Particle-size distribution was determined by wet sieving and sedimentation using
the pipette sampling technique. The soil pH was determined in DI water. Carbon and
N content (CN analyzer) and total element concentrations using microwave digestion
were determined. Specific surface areas of soil samples were analyzed by BET surface
area and porosity analyzer after removing OM with H,O,. Oxalate-extractable Fe was
determined by using the method of Schwertmann (1964) and dithionite-extractable Fe
determined according to Mehra and Jackson (1960). Iron in the extracts was measured

by ICP-AES.

4.3.3 Clay Mineralogy

The clay fraction (< 2 um) was separated by wet sieving, gravity sedimentation
and centrifugation (Jackson, 1979). Clay samples were saturated with Mg and K and
mounted as slurries on glass slides for X-ray diffraction (XRD) analysis. The air-dried
Mg-saturated samples were analyzed at 25 °C followed by glycerol solvation. The air-
dried K-saturated samples were analyzed at 25 °C and then heated at 300 and 550 °C.

All X-ray diffractograms were recorded with a Rigaku Miniflex X-ray diffractometer
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equipped with CuKa radiation generated at 35 kV and 10 mA. The XRD patterns were

recorded from 2 to 20° 20 at a scanning speed of 0.5° 20 min .

4.3.4 EXAFS Spectroscopy

The speciation of Fe in soils was determined using synchrotron-based Fe K-
edge extended X-absorption fine structure (EXAFS) spectroscopy. Using a linear
combination fitting (LCF) approach, the sample spectra were evaluated by fitting them
as a linear combination of reference spectra. In addition to crystalline compounds,
EXAFS analysis also allows quantifying non-crystalline Fe species in soils, which
would not be detectable with common analytical methods such as XRD. The Fe K-
edge EXAFS spectra of sample and reference compounds were measured at beamline
4-1 at the Stanford Synchrotron Radiation Facility (SSRL). Fe K-edge EXAFS spectra
were collected using a Si(220) phi = 0 monochromator crystal set at a slit size of 1
by10 mm. The monochromator was detuned 50% for harmonic rejection. Four to six
scans of each sample were collected either in transmission mode using an ion chamber
or fluorescence mode using a Lytle detector. The Sixpack program was used for
standard background subtraction and edge-height normalization (Webb, 2005). Iron
speciation in samples was quantified by least squares fitting (LCF) of k’-weighted
EXAFS oscillations in the 2-11A™" range, to selected reference standards using the
Sixpack program. LCF analysis of the sample spectra was initiated with the reference
spectrum giving the lowest R-factor (Kelly et al., 2008). A best-fit involving n+1

components was only considered to be superior to the best n-component fit if the R-
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factor decreased by more than 10% (relative). No energy shift was included in the
LCF and the sum of the fitted fractions was not constrained (LCF data are presented
normalized to 100%).

Reference Spectra. For the analysis of the Fe-K EXAFS spectra of soil clay fractions
by linear combination fitting, the reference compounds listed below were considered.
Ilite (IMt-1): from Source Clays Repository, Clay Minerals Society

Fe(IIT)-Oxalate (Fey(C,04)3): Aldrich 98% pure

Fe(IIT)-Citrate Hydrate (CcHsFeO5): Aldrich 98% pure

Nontronite (NAu-1): from Source Clays Repository, Clay Minerals Society

Smectite (SWy-2): from Source Clays Repository, Clay Minerals Society
Vermiculite (VTx-1): from Source Clays Repository, Clay Minerals Society
Chlorite (CCa-2): from Source Clays Repository, Clay Minerals Society

Augite: from Stanford Mineral Collection

Biotite: from Stanford Mineral Collection

Ferrihydrite (Fe(OH)3): synthesized from Fe(NO3);.9H,0 and KOH according to the
2-line ferrihydrite method of Schwertmann and Cornell (1991).

Goethite (FeOOH): synthesized from Fe(NO3);.9H,0 and KOH according to the
method of Schwertmann and Cornell (1991).

Lepidocrocite (FeOOH): synthesized from FeCl,.4H,0 and NaOH according to the
method of Schwertmann and Cornell (1991).

Hematite (Fe,Os): synthesized from Fe(NO3);.9H,0 according to the precipitation

method of Schwertmann and Cornell (1991)
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4.3.5 Maossbauer Spectroscopy

Mossbauer spectra were collected using either a WissEl Elektronik (Germany)
or Web Research Company (St. Paul, MN) instrument that included a closed-cycle
cryostat SHI-850 obtained from Janis Research 18 Company, Inc (Wilmington, MA),
a Sumitomo CKW-21 He compressor unit, and an Ar-Kr proportional counter detector
with WissEl setup or a Ritverc (St. Petersburg, Russia) Nal detection system. A
>’Co/Rh source (50-mCi to 75-mCi, initial strength) was used as the gamma energy
source. With the WissEl setups, the transmitted counts were stored in a multichannel
scalar (MCS) as a function of energy (transducer velocity) using a 1024-channel
analyzer. In both the setups (WissEl and Web Research Company) the raw data were
folded to 512 channels to provide a flat background and a zero-velocity position
corresponding to the center shift (CS) of a metal Fe foil at room temperature (RT).
Calibration spectra were obtained with a 25-um-thick Fe foil (Amersham, England)
placed in the same position as the samples to minimize any geometry errors. The
Massbauer data were modeled with Recoil ™ software (University of Ottawa, Canada)
using a Voigt-based structural fitting routine (Rancourt and Ping, 1991). Sample
preparation (type of sample holder, etc) is identical to the procedures reported in

Peretyazhko et al. (Peretyazhko et al., 2012).
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4.4 Results and Discussion

4.4.1 Basic Soil Properties

Figure 4.1 shows a photograph of the floodplain soil profile. Soil color is an
indication of redox variations. The main feature of the soil is the significant depletion
of Fe(III) oxides in the pre-colonial wetland, whereas a higher Fe(III) oxide content is
shown in the post-colonial sediments and gravel.

Figure 4.2 shows the results of in-situ field monitoring of redox conditions.
There is a significant redox gradient across the floodplain profile. Redox conditions
ranged substantially from very reducing conditions (Eh< -50 mV) within the pre-
colonial buried wetland to oxidizing conditions (averaged Eh > 600 mV) within the
post-colonial deposits. Strongly reducing conditions (Eh< -50 mV) occurred in the
pre-colonial buried wetland at a soil depth of 80-120 cm over entire measurements. In
this permanently water-saturated horizon with its gray color, Fe(III) is
thermodynamically not stable and Fe(III) oxides are virtually absent. Highest redox
fluctuations occurred in the gravel layer, ranging from 400 to 600 mV. The Eh level of
the gravel layer was between that of the pre-colonial buried wetland and post-colonial
sediments.

Soil C content and particle size distribution also changed significantly along
the floodplain profile, as presented in Table 4.1. Soil C content increased from ~1-1.4
% in the post-colonial sediments to 4.2% in the pre-colonial buried wetland. The high

C concentration in the pre-colonial wetland is probably due to inhibited decomposition
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of organic matter under strongly reducing conditions. Particle-size analysis showed
that the soil samples ranged from 2.6 to 22.4 wt.% clay (Table 4.1). Samples from the
top 0-20 cm were dominated by sand particles (77.8 wt.%) with 8.1 wt.% clay. As soil
depth increased from 0-20 cm to 20-120 cm, the percentage of sand particles dropped
dramatically to 28.6-41wt.%, followed by a significant increase in clay fractions to
18.3-22.4 wt.%. These results suggest soils from the floodplain surface are relatively
new sandy deposits as a result of overbank flooding and the clay particles are formed
in deeper horizons during pedogenesis. In the gravel layer, 93.2 wt.% of the particles
were sands.

Soil Fe content varied substantially across the floodplain profile (Table 4.2).
Soil Fe content dramatically decreased from 26.1-34.7 g/kg in the oxic post-colonial
sediments to 16.0 g/kg in the strongly reduced pre-colonial wetland soils, indicating
the reductive dissolution of Fe(IlI)-containing mineral phases. Fe content was lower in
the gravel layer than in the pre-colonial wetland, because of a pronounced lower
amount of clay particles present in the gravel layer (Table 4.2). For soils from the
post-colonial deposits and gravel layer, dithionite-citrate extracted 28.3-38.9% of the
total Fe, and oxalate extracted 43.3-55.3% of the total Fe, suggesting a majority of
Fe(III) oxides in these soils was present in poorly crystalline phases that are subject to
dissolution by oxalate, with a relatively small portion of total Fe in more crystalline
mineral phases. The difference between total Fe and dithionite-citrate extractable Fe

can be attributed to Fe bound in phyllosilicates. In the post-colonial sediments and
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gravel layer, 44.7-56.7% of Fe was bound in phyllosiicates, while phyllosilicate-Fe

contributed up to 84.4% of the total Fe in the pre-colonial wetland.

4.4.2 Fe K-edge EXAFS Spectroscopy

Fe K-edge EXAFS spectra are presented in Fig.4.3 and the results of least-
squares best fits summarized in Table 4.3. In the pre-colonial sediments, about 41% of
the total Fe wasbound to Fe(III)-bearing phyllosilicates, with verimuclite and illite
contributing 31% and 10%, respectively. The greater proportions of Fe in vermiculite
than in illite is in agreement with XRD analysis which showed that clay mineralogy in
this soil is dominated by vermiculite with much lesser amounts of illite (Fig.B.1).
About 9% of the total Fe in the legacy sediments was due to Fe(II)-bearing
phyllosilicates (Table 4.3). However the proportion of total Fe in the Fe(Il)-bearing
phyllosilicates increased up to 56% in the strongly reduced pre-colonial wetland
(Table 4.3). In gravel where the redox level was in between the pre-colonial wetland
and post-colonial sediments, 22% of the total Fe was bound to Fe(Il)-bearing
phyllosilicates and this number was intermediate to the pre-colonial wetland and post-
colonial sediments (Table 4.3). Therefore, these results indicate that the relative
abundance of phyllosilicate-Fe(II) increased with decreasing redox levels. The
transformation of Fe(Ill)-bearing phyllosilicates to Fe(Il)-bearing phyllosilicates is
dominated by direct structural modifications, probably including the reduction of Fe
within the phyllosilicate structure, the partial release of Fe(Il) from the phyllosilicate,

and the precipitation of new clay minerals.
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Based on linear combination fitting, Fe(Ill) oxides accounted for 43% of the
total Fe in the post-colonial sediments, with 28% as ferrihydrite and 15% as goethite
(Table 4.3). A greater contribution of ferrihydrite than goethite to total Fe is
consistent with the selective chemical extractions, which showed that a majority of
Fe(III) oxides in these soils was present in poorly crystalline phases. In the anoxic pre-
colonial wetland, the Fe(III) oxides were not detectable (Table 4.3), indicating that the
permanent reducing conditions led to a complete reductive dissolution of Fe(III)
oxides. Critical redox potentials for the onset of soil Fe(III) reduction are at 150 to 200
mV at pH 6 to 7 (Cogger et al. 1992; Mansfeldt 2004; Patrick and Jugsujinda 1992).
Thus, it is plausible to expect an absence of Fe(IlI) oxides in the wetland with an Eh <
-50 mV over the time. In the gravel layer, 25% and 11% of the total Fe was present as
ferrihydrite and goethite, respectively (Table 4.3). The Fe(IIl) oxides in the gravel
layer might orginate from the oxidation and subsequent precipitation of Fe(Il) leached
from the anoxic pre-colonial wetland, which is just above the gravel layer (Fig.4.1).
High concentrations of Fe(Il) in soil water are caused by reductive dissolution of
Fe(III)-containing minerals under reducing conditions from the pre-colonial wetland.
As pointed out by Banning et al. (2009), when coming into contact with O,, Fe*'is
rapidly immobilized by precipitation as Fe oxide. Ferrihydrite is intrinsically a short-
range-ordered phase having very small particles of about 2 to 4 nm and poor
crystallinity. It is assumed that ferrihydrite is often the first phase to form in soils,
especially under rapid oxidative precipitation (Cornell and Schwertmann 2003;

Schneider 1988). However, under oxidizing conditions metastable ferrihydrite is
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gradually transformed to more thermodynamically stable and crystalline phases like

goethite.

4.4.3 Maossbauer Spectroscopy

Fe-oxides are in ubiquitous in the subsurface. XRD which is commonly
employed to characterize sediments, however, is not optimum if multiple oxide phases
are present and the oxide content is below 1-2 wt.% or the phase is amorphous. Also,
this technique is not suitable to gauge the effect of organic carbon association on
oxides nor is suitable to characterize structural Fe (Feo.; and Fey) in clays and the
redox state. Mssbauer spectroscopic technique is very sensitive to Fe structural
changes and is particularly suitable for Fe-poor systems (Peretyazhko et al., 2012).
Hence, Fe-oxide(s) that were not detected in XRD and Fe-EXAFS will be evident in
Mossbauer spectroscopy. Despite this advantage, unambiguous characterization of soil
Fe-oxides, however, is not straightforward because Fe-oxide distribution in soils and
sediments is rather complex. Particle size, substitution of Fe by other elements (e.g.,
Al Si, P) (Kukkadapu et al., 2001; Carlson and Schwertmann, 1981; Thibault et al.,
2009), and/or organic matter associations (Eusterhues et al., 2008), affect magnetic
properties. For example, Al-/Si-substituted ferrihydrite coprecipitated with organic
matter may exist in soils and sediments. Fortunately, since magnetic properties are
temperature dependent, insights into the nature of these Fe-oxides can be realized, to a
good extent, by coupling Mossbauer data obtained at various temperatures to

operationally defined selective chemical extraction data and complimentary
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microscopic and spectroscopic data. This approach is needed because theoretically
calculated Mdssbauer parameters of small-particle/metal substituted/organic matter
coated, Fe-oxides are not readily available. Also, this approach is found useful in
characterizing systems where Fe-oxides are mixed with small amounts of carbonates
(e.g., siderite, green rust), phosphates (e.g., vivianite), and sulfides (e.g., pyrite)
(Kukkadapu et al., 2004; Qafoku et al., 2009; Peretyazhko et al., 2012), which are
common in reduced soils.

Post-colonial Deposits (Oxic Sediments): A variable temperature

measurement approach is used (as discussed before) to tease apart not only
contributions of various Fe-oxides from each other but also to characterize
phyllosilicate (PS) Fe (Figures 4.4a-d). In general, the characterization of Fe-oxides, is
based on insights gained both from laboratory-synthesized single-phase oxides of
various particle sizes [pure, metal substituted (e.g., Al, Si), and oxides coprecipitated
with organic matter and complex sediments (Thompson et al., 2006; Peretyazhko et
al., 2012; Fox et al., 2013).

At room temperature, ferrihydrite, small-particle (sp) goethite, and PS-Fe(III)
display doublet feature characteristic of octahedral (also tetrahedral in PS) Fe with
more or less similar parameters. The two sextets in the room temperature (RT)
spectrum are due to large-particle/well-crystalline hematite and goethite (~10% total,
Figure 4.4a). Mossbauer spectroscopic data generated below RT temperature provided
some valuable information on the nature of the remaining oxide (Figures 4.4b-d). The

Mossbauer spectral parameters/features of ferrihydrite, small particle (sp) goethite and
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PS-Fe(I1I), are different below RT. For example, PS-Fe(III) exists as a doublet even at
liquid He (4.5 K) temperature (Thompson et al., 2006, 2011). Ferrihydrite transforms
from a doublet to a sextet below 77 K (Murad and Cashion, 2004) and the RT sp-
goethite doublet exists as a sextet at 77 K (Janot et al., 1973). The well-defined sextet
in the 77 K spectra (labeled nG1), thus, can be characterized as sp-goethite (to
simplify modeling, large-particle goethite, and hematite, evident in the RT spectrum,
were also included in this sextet) (Fig.4.4b). The increased sextet peak area from 77 K
to 12 K could be assigned to ferrihydrite (labeled as nG2) (Fig.4.4c). However, it
could also result from goethite with a smaller particle size or poorer crystallinity than
nG1. Recently, Thompson ef al., (2006) assigned a more or less similar well-defined
sextet in liquid He spectra (4.5 K) of sediments, to microcrystalline- and nano-
goethite, respectively. Alternatively, the nG2 domain may be small goethite particles
with substituted Al or Si and/or organic matter association. This assignment is also in
line with the feature of pure ferrihydrite being different than ferrihydrite-OM
coprecipitates (Eusterhues et al., 2008). Finally, for the sake of convenience, the well-
defined sextets and the broad feature in < 77 K spectra were labeled as nG1 (relatively
larger-particle size than nG2) and nG2, respectively (Fig.4.4c). More or less similar
nG1 and nG2 contents in the <77 K spectra also implies these fractions to be
independent domains (Fig.4.4c). Together, the spectral interpretations from these
studies suggest that the post-colonial sediment contains at least two particle-size
domains of Fe(IlI) oxides (in addition to small amounts of large-particle/crystalline

goethite and hematite, Figure 4.4a). But it is not possible to tease goethite and
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ferrihydrite apart based on Mdssbauer analysis, because of the complex nature of the
sediments.

Operationally, sp-oxides and poorly-crystalline Fe-oxides readily dissolve in
oxalate. The spectral area of nG2 (smaller particle domain) that was 24% (based on 12
K spectrum, Fig.4.4c), however, was lower than the amount of Fe extracted by
oxalate-extractable (39%, Table 4.2). This suggests that oxalate may also extract part
of the oxides labeled as nG1. The sextet areas of 5 K data (Fig.4.4d) were not used for
the calculations because the broad-feature may have some contribution from Fe-rich
clays (e.g., illite, verimiculite) (Murad and Cashion, 2004). It is also possible that the
difference is due to a different recoilless fraction of oxides and clays at this
temperature (Stucki et al., 2007). Therefore, the 5 K spectrum was mainly shown to
compare to reduced sediments (see section on pre-colonial wetland). As expected, the
dithionite-citrate extractable Fe was higher (55% Fe, Table 4.2) than oxalate, since
almost all Fe-oxides dissolve in the dithionite-citrate reagent (Mehra and Jackson,
1960). The dithionite-citrate extractable Fe was similar to combined nG1 and nG2
(59%, 12 K spectrum) (Fig.4.4c).

Phyllosilicate-Fe(Ill) in illite and HIV exists as a doublet even at 4.2 K (liquid
He). The Fe(IIl) doublet’s Mossbauer spectral parameters are in agreement with this
phyllosilicate suite (Murad and Cashion, 2004). The presence of multiple clays can be
inferred from the modeled spectrum. A good fit was only realized with two Gaussian
sites in the QSD distribution, suggesting the presence of at least two Fe(III) clay

domains. Twenty nine percent of the total Fe was PS-Fe(III), while PS-Fe(II) was
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~14% of the Fe (Fig.4.4c). Modeling also suggested that this sample contained small
amounts of ilmenite (4% of the total Fe), see RT and 77 K spectra (Fig.4.4a-b).
Ilmenite contribution was not included in the 12 K and 5 K spectra because it exhibits
a complex spectrum below 45 K due to magnetic ordering (Murad and Cashion, 2004).

Pre-colonial Wetland (Reduced Sediment): The Fe content of the sample

was small (1.6 wt.% ) and most Fe was bound to phyllosilicates (evident in the Fe-
EXAFS). The absence of Fe-oxide(s) in the EXAFS analysis indicates that they are
below the detection limits, if any present.

Reducing conditions had a significant effect on Fe mineralogy, which was
evident from a comparison of the pre-colonial wetland Mdssbauer spectra to the post-
colonial sediment (compare Figs.4.4 and 4.5). Its phyllosilicate (PS) Fe(II) content
was significantly higher than the post-colonial sediment, and the absence of sextet
features in the 77 K spectrum indicates that the sediment was free of goethite
(Fig.4.5b). Ferrihydrite and lepidocrocite are also not expected in the sample because
they are readily bioavailable, which is in agreement with the 12 K spectrum that was
devoid of sextet(s) (Fig.4.5¢), and the Fe-EXAFS data. The Mdssbauer spectroscopic
data, therefore, unambiguously indicates that the sample is free of Fe-oxides or Fe-
oxides present in the post-colonial sediment are absent in the reduced sediment.
Although there was no Fe oxides detected in this reduced sediments based on
Maossbauer and Fe-EXAFS, oxalate and dithionite-citrate still extracted 13-15% of the
total Fe (Table 4.2). This suggests that oxalate and dithionite-citrate -reagents

probably extracted Fe associated with organic matter (the sediment’s OC content is ~
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5 wt.% vs. 1 wt.% in the post-colonial sediment). The organic matter bonded Fe
should be ferrous Fe, since this sediment was under permanent reducing conditions
and the presence of organic matter bounded Fe(III) seems possible. Mdssbauer
spectral parameters also indicated that the Fe(II) was not due to siderite, magnetite or
green rust. The fate of biogenic Fe(II), as a result of reductive dissolution of Fe-
oxides, depends upon aqueous biogeochemical conditions and soil mineral
composition. A lack of secondary Fe(Il) minerals in the sediment (e.g., siderite,
magnetite, green rust), despite the sediment being Fe-oxide free, thus seems consistent
with the presence of organic matter-Fe(II) in the sediment.

The Fe(II) doublet feature, thus, is a combination of PS- and OM-Fe(II).
Despite this, the Fe(II) doublet was not modeled into individual contributions because:
a) Mossbauer parameters of Fe(II) associated with OC are not reported in the
literature, to our knowledge, and b) the difficulty in resolving individual clay mineral
contributions from each other. The reduced pre-colonial wetland soil also contained a
greater percentage of ilmenite than the oxic post-colonial sediment (Fig. 4.5a-b). The
difference in 77 K and 12 K spectral features is due to magnetic ordering of ilmenite at
12 K. Its high-energy in the peak 12 K spectrum was indicated by * in the Figure 4.5¢
insert. The spectrum was not modeled because the nature of ilmenite is uncertain (in
terms of Fe and Ti contents) (Fig.4.5c). The 5 K spectral features were similar to the
bioreduced Oakridge sediment that had a similar PS mineral suite (illite, HIV, and
kaolinite) (Kukkadapu et al., 2006), as the post-colonial sediment. By comparing the

12 K and 5 K spectra, broadening of the central feature and incipient sextet peaks
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(indicated by +), evident in the 5 K spectrum (Fig.4.5c¢), is typical of highly reduced
clays due to magnetic ordering of both Fe(Il) and Fe(III)), while the Fe(Il) doublet is
typical of relatively less reduced clays. Finally, modeling of 5 K spectrum was not
attempted because magnetic ordering of clays is not well documented in the literature.

Gravel (Partially Reduced Sediment): Mass balance data of the gravel layer

indicated that its dithionite-citrate extractable Fe (49.8% of Fe), and oxalate
extractable Fe (36.7% of Fey), was similar to that of the post-colonial sediments
(Table 4.2). Despite this similarity, which implies a similar Fe-oxide suite and
distribution in both the sediments, their Mossbauer spectral features were different
(Figure 4.6). First, its ilmenite and PS-Fe(Il) content was relatively higher than the
post-colonial sediment (compare to Figure 4.4). However, their contents were
significantly lower than in the pre-colonial wetland sediment (compare to Figure 4.5).
Its PS-Fe(II) content, which was intermediate to the post-colonial sediment and pre-
colonial wetland, is in agreement with its Eh level that was in between the post-
colonial sediment and pre-colonial wetland. Clearly, the data also indicate that Eh
levels have an impact on ilmenite content, with a higher abundance in the low-redox
conditions. .

The temperature effects on spectral areas of sextets are significant. In the post-
colonial sediment, the nG1 sextet had more or less similar spectral areas in the 77 K
and 12 K spectra (Fig.4.4b-c). In the gravel sample, on the other hand, the sextet area
due to nG1 increased significantly upon cooling the sample from 77 K to 12 K

(Fig.4.6b-c). This suggests that this sediment has a different domain of sp-Fe-oxide
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than those present in the post-colonial sediment. Ferrihydrite/lepidocrocite that exists
as a doublet at 77 K, transforms to a sextet at 12 K. This implied that a fraction of the
12 K well-defined sextet could be ferrihydrite/lepidocrocite or sp-goethite that is
intermediate in particle size to nG1 and nG2. Based EXAFS spectra fitting,
lepidocrocite was not detected in this soil (Table 4.3). Since particle size, metal
substitutions, organic matter coatings, etc., are possible in soil Fe-oxides,
unambiguous labeling of this fraction to a certain mineral (pure or modified) is not
possible. Hence, this fraction was labeled as nG1, for simplicity.

Collectively, a comparison of Mdssbauer spectra in the post-colonial sediment
and gravel sample, indicates that even though their behavior towards various chemical
reagents is similar, they differ considerably from each other in Fe-oxide suite
distribution (due to different particle size domains), ilmenite and PS- Fe(II) contents.
The Mossbauer study also suggests caution should be exercised in assigning a certain
fraction of Fe-oxide of soil Fe-oxides to ferrihydrite, based on selective chemical
extraction data (the same applies for Fe-EXAFS data). The EXAFS linear combination
fitting estimates of components in complex natural samples are typically considered to
be subject to absolute detection limits of ~10%, and relative errors may approach up
to 25% (Ostergren et al., 1999; Roberts et al., 2002); However, for natural samples
these percentages are difficult to quantify, especially for less-abundant species
(Manceau et al., 2000). The standards used for linear combination fitting in this study
include clay minerals containing substituted Fe, but the Fe contents of the standard

clays may differ from the Fe contents of vermiculite, illite and augite in the soil clays.
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Furthermore, the Fe contents of soil clay minerals may vary among samples. Thus, the
linear combination fit percentages shown in Table 4.3 should only be viewed as
approximations of the amount of total Fe in soil minerals. A complete mass-balance

calculation is not possible
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Figure 4.1  Photograph of the soil profile from the floodplain.
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Figure 4.2  Continuous In-situ monitoring of redox potential in the floodplain soil
profile.

123



Table 4.1  Soil C content and particle size distribution in the floodplain soil.

Soil C Particle size distribution

depth  content

Sand Silt Clay
%
m )y ) @)
0-20 1.41 77.8 142 8.1
, 20-40 1.26 41.0 40.7 183
Post-colonial
sediments 40-60  1.03 39.0 417 193

60-80  1.09 28.6 490 224

Pre-colonial

buried wetland 80-120 4.24 31.8 475  20.7

Gravel 0.83 93.2 4.2 2.6
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Table 4.2

Soil Fe content from total digestion and selective chemical extractions in the floodplain soil.

Soil

Fe from selective

Fraction of total Fe

Total Fe extractions (g/kg) (%)
depth  content
(cm) (g/kg) Dithionite Dithionite
Oxalate Citrate Oxalate Citrate
0-20 26.1 7.8 11.3 299 433
) 20-40 33.6 9.5 15.0 28.3 44.6

Post-colonial
sediments 40-60  32.1 10.6 14.0 33.0 43.6

60-80 347 13.5 19.2 38.9 55.3
Pre-colonial = ¢4 154 160 2.1 2.5 13.1 15.6
buried wetland ’ ’ ’ ’ '
Gravel 13.1 4.8 6.5 36.6 49.6
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Figure 4.3 Iron k’-weighted chi spectra of the floodplain soils. Solid lines are the
collected data and dotted lines show the best linear combination fits.
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Table 4.3  Summary of Fe mineralogy of floodplain soils based on EXAFS linear combination fitting over k-range 2—

11A™L
Phyllosilicate Phyllosilicate .
Soil  Fe(Il) Fe(Il) Fe(lIl) oxides
?;Il; t)h Vermiculite Illite  Augite fz‘;ﬁl}f drite Goethite lmenite  R-factor
(%) %) (%) o (%)
(%)
Post-colonial 0-20 32 10 9 26 14 9 0.0077
sediments 20-80 31 10 8 28 15 8 0.0814
Pre-colonial 80-120 20 16 54 ND ND 10 0.0178

buried wetland
Gravel 24 12 20 25 11 8 0.0108

ND means non detectable.
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Figure 4.4 Mdssbauer data of the post-colonial sediment at room temperature (RT),
77 k, 12 K and 5K.
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Figure 4.5 Mdossbauer data of the pre-colonial buried wetland soil at room
temperature (RT), 77 k, 12 K and 5K.
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Chapter 5

RETENTIPN OF DISSOLVED ORGANIC MATTER BY ADSORPTION AND
COPRECIPITATION WITH FERRIHYDRITE I: RETIONTION CAPACITY

5.1 Abstract

Poorly-crystalline ferrihydrite contributes significantly to organic matter (OM)
complexation against microbial decay in soils and sediments. OM-ferrihydrite
complexes can be formed by either adsorption or coprecipitation. In this study, we
examined these interactions by preparing OM-ferrihydrite complexes at varying C:Fe
ratios (0.05-5.36 g/g) using dissolved organic matter (DOM) extracts from a forest
litter layer. We monitored organic carbon (OC) retention capacity, chemical
fractionation of OM by UV-Vis spectroscopy, changes in specific surface area (SSA)
and micro- and mesopore volumes of the OM-ferrihhydrite complexes by N,
adsorption and desorption, and desorbability of the adsorbed and coprecipitated OM
associated with these two processes. The results showed coprecipitation resulted in a
greater maximum OC retention capacity of ca. 486 mg/g ferrihydrite or 3.38 mg C m™
than adsorption (314 mg C/g or 1.64 mg C m™). Complete loss of micro- and

mesopores was observed for adsorption, while coprecipitation led to complete loss of

micropores but 78% maximum reduction in mesopore volumes. For both adsorption
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and coprecipitation, ferrihydrite achieved almost complete coverage of OC at loadings
of 0.88-0.97 mg C m™. Whereas UV-Vis spectroscopy showed preferential removal of
high-molecular-weight, aromatic components by adsorption and coprecipitation at
lower C/Fe ratios, no preference was observed at larger ones. Coprecipitation led to a
more selective uptake of high-molecular-weight compounds than adsorption.
Desorption of coprecipitated OC was much less than for the adsorbed OC at
comparable OC loadings. Our study clearly demonstrated that coprecipiation could
result in greater C retention capacity and C stability than adsorption. The STXM
analysis demonstrated that at lower C loadings, C showed continuous homogenous
distribution on ferrihydrite and C spatially correlated well with Fe, whereas there were
localized concentrated C "hotspots" on ferrihydrite and the correlation between C and

Fe was lower at higher C loadings.

5.2 Introduction

The formation of organo-mineral complexes is an important process in the soil
carbon (C) cycle, stabilizing soil organic matter (OM) against microbial decay (Torn
et al., 1997; Baldock & Skjemstad, 2000; von Liitzow et al., 2006). Dissolved organic
matter (DOM) is present in all ecosystems and occurs in forms that range from simple
amino acids and carbohydrates to complex high-molecular-weight materials (Wershaw
et al., 1996; Neff and Asner, 2001). The retention and also the stabilization of DOM in

the mineral soil contribute substantially to total soil OM storage (Kalbitz and Kaiser,
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2008). Therefore, changes in the retained amount and nature of OM or the degree of
its stabilization can be of fundamental importance in the global C cycle.

Adsorption of DOM to mineral surfaces is an important and well-documented
process for soil organic carbon (OC) stabilization in soils (Kaiser and Guggenberger,
2000, 2003, 2007; Schneider et al, 2010; Kalbitz et al, 2005). Fe oxides and
hydroxides are major sorbents of DOM in many acidic and non-acidic soils (e.g.
Kaiser and Guggenberger, 2000), retaining large proportions of the solid-phase OM
(e,g., Shang & Tiessen, 1998; Eusterhues et al., 2005) and exerting a pronounced
influence on OM stabilization. Poorly-crystalline Fe oxy-hydroxide ferrihydrite,
because of its prevalence in the environment and high surface area, is of particular
importance in DOM adsorption. The adsorptive stabilizing effect is likely due to
multiple strong chemical bonds formed between organic molecules and mineral
surfaces (Kaiser and Guggenberger, 2000). Multiple attachment of OM decreases the
likelihood of desorption (e.g. Kaiser& Z ech, 1999) and degradation (e.g. Jones and
Edwards, 1998; Mikutta et al, 2007). Mineral surfaces of Fe oxides are often
dominated by micropores (< 2nm in diameter) and mesopores (2-50 nm in diameter),
which may also contribute to the accumulation and stabilization of OM. Micropore
entrances are regarded as preferential sorption sites for OM (Kaiser and
Guggenberger, 2003). Molecules sorbed at the opening of mineral micropores are
subjected to stronger multiple attachment, inhibiting organic compound removal from
such pores (Kaiser and Guggenberger, 2003 2007). Some workers have also suggested

that mineral mesopores play a major role in the sequestration and preservation of OM
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in sediments by physical occlusion within mineral pores (Mayer, 1994; Zimmerman et
al, 2004). Furthermore, the sorptive stabilization of OM also likely depends on the
intrinsic stability of the adsorbed organic compounds (Kalbitz et al, 2005). Prior work
focusing on DOM adsorption to iron and aluminum oxides and hydroxides has shown
that DOM fractions with higher molecular weight, acidity and aromaticity tend to be
preferentially adsorbed (Gu et al, 1995; Chorover and Amistadi, 2001). This likely
contributes to the large adsorption-desorption hysteresis that is observed (Gu et al,
1995).

Another process potentially involved in the stabilization of soil organic carbon
against microbial decay is coprecipitation of DOM by polyvalent cations, such as Fe
and Al (Baldock and Skjemstad, 2000). In soils and sediments, amorphous Fe oxides
like ferrihydrite often precipitate from solutions containing varying amounts of
dissolved organic matter. This leads to coprecipitation of OM with ferrihydrite.
Therefore OM-ferrihydrite coprecipitates represent an important class of structures in
nature and may also contribute to the stabilization of organic matter. However, in
contrast to adsorption studies, the coprecipitation process has received relatively little
attention. Little is known about the amount, nature and stability of the coprecipitated
OM in natural environments. A recent study by Henneberry et al (2012) showed no
release of DOM from the OM-Fe coprecipitates after exposure to reducing conditions.
This indicated that coprecipitation of natural complex organic matter may lead to

long-term C sequestration. Moreover, comparative studies on the extent of adsorption
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and coprecipitation and the impacts of such reactions on soil C stabilization are limited
(Eusterhues et al., 2011).

In this study, we investigated ferrihydrite-OM complexes formed via
adsorption and coprecipitation with DOM extracts from a forest litter layer. The
primary objectives were to (1) quantify the OC loadings of the adsorptive complexes
and coprecipitates, (2) determine the changes in N, accessible SSA, and micro- and
mesopore volumes of the adsorptive complexes and coprecipitates with different
amounts of OC to assess the association of OM with mineral surfaces and small pores,
(3) characterize chemical fractionation processes associated with these two processes,
and (4) compare the stability of the adsorbed and coprecipitated OC against

desorption.

5.3 Materials and Methods

5.3.1 Materials

Dissolved organic matter used in the adsorption and coprecipitation
experiments was extracted from field-fresh samples of a forest floor layer by mixing
organic materials with deionized water for 24 h. The dominant tree species were beech
(Fagus grandifolia), red and black oak (Quercus rubra and Q. velutina), and tulip
poplar (Liriodendron tulipifera). The suspension was stirred periodically, centrifuged
at 20000 g for 20 min and subsequently isolated by pressure filtration through 0.2-um

polysulfone membrane filters. The extraction was carried out just before the
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experiments. The DOC concentration of the stock solution was 750 mg C L™
determined by a TOC analyzer (Apollo 9000HS). We prepared 15 initial solutions
ranging from 7.5 to 750 mg C L™ for the adsorption and coprecipitation experiments
by diluting the extract with DI water.

Ferrihydrite was synthesized by neutralization of a Fe(NOs3)3 solution by slow
addition of NaOH until pH of 7 was reached (Schwertmann and Cornell, 2000). The
amorphous structure of ferrihydrite was confirmed by X-ray diffraction (Rigaku,
Japan). The product had a specific surface area (SSA) of 280 m* g”', and micro- and

mesopore volumes of 0.038 and 0.047 cm’ g™, respectively.

5.3.2 Adsorption and Coprecipitation Experiments

Batch adsorption experiments were conducted by adding 200ml of a DOM
solution containing 7.5-750 mg C L™ to 0.05 g of the synthetic ferrihydrite, producing
C:Fe mass ratios ranging between 0.05-5.36 (0.03 -3 mg C/ 1 mg FeOOH). The
suspensions were adjusted to pH values of 4 and 7 by adding NaOH or HCI. The
initial pH of 4.0 is close to the pH at which maximum adsorption of OM is observed
on ferrihydrite. For coprecipitation, 0.2 g Fe(NO3)3-9H,0 was mixed with 200ml of a
DOM solution containing 7.5-750 mg C L™, generating the same C:Fe mass ratios of
0.05-5.35 (g/g) as in the adsorption experiment. The pH of the suspensions was then
raised from ~2.2-2.4 to 7 using 0.1 M NaOH. A solid to solution ratio of 1:4000 (w/v)
was necessary to achieve maximum adsorption and coprecipitation. All experiments

were conducted in triplicate at room temperature.
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After 24 h of shaking adsorption and coprecipitation suspensions on a shaker at
60 rpm, the suspensions were centrifuged at 2000 g for 30 minutes. The supernatant
was removed and pressure filtered through 0.2-um polysulfone membrane filters. The
filtrates were analyzed for DOC with an Apollo 9000HS TOC Analyzer, Fe by ICP-
AES and pH. The possibility of DOM-vessel interaction and/or microbial degradation
of DOM was excluded by verifying the TOC of a DOM solution not reacted with
ferrihydrite. The DOC concentration without added ferrihydrite did not change during
a similar equilibration period. The mass of adsorbed or coprecipitated OC was
calculated by the difference between DOC concentrations in the initial and the
equilibrated solutions. The settled material was washed twice to remove the remainder

of the equilibrium solution, then either stored moist or freeze dried.

5.3.3 Specific Surface Area and Porosity

The SSA and porosity of ferrihydrite, adsorptive complexes and coprecipitates
were analyzed by adsorption and desorption isotherms (25 adsorption and 24
desorption points) of N at 77 K at partial pressure regions of 0.01 to 0.995 P/Py, with
a Micromeritics 3000 surface area and porosity analyzer. Freeze-dried samples were
weighed into sample cells and outgassed under vacuum (10~ mbar) at 298 K for 24 h
at the instrument degas station to avoid structural transformation of the poorly
crystalline ferrihydrite. We are aware that this is a compromise between complete
water removal and the necessity to avoid mineral transformations. Multipoint (12

points) specific surface area (SSA) was determined by the BET equation (Brunauer et
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al., 1938) from the relative pressures of 0.05 to 0.3. The micropore (<2 nm) volumes
were analyzed by the Dubinin—Astakhov method (Ravkovitch & Meimark, 2001). The
mesopore volume was obtained by the BJH model (Barrett et al., 1951) from the
desorption branch at partial pressure of 0.3 to 0.95, assuming slit-like geometry. All

analyses were performed at least in duplicate.

5.3.4 Ultraviolet—visible Spectroscopy

To characterize the fractionation process of DOM in the course of adsorption
and coprecipitation with ferrihydrite, the initial DOM solution and the filtrates, after
adsorption and coprecipitation, were analyzed by UV-vis spectroscopy with a
Shimadzu UV-Probe PC2501 UV—Vis spectrophotometer (Columbia, MD). Prior to
measurement, the OC content of these solutions was diluted with DI water to 10 mg L
' to ensure comparability of all OM samples. Absorbances were recorded at 254, 280
and 365 nm. The specific UV absorbance at 280 nm, calculated as the ratio between
absorption intensity at 280 nm and the OC concentration of the sample, is an index of
aromaticity (Traina et al., 1990; Kalbitz et al., 2003). Scheel et al. (2007) found a
linear relationship between UV absorbance at 280 nm and the aromatic C content as
revealed by "*C nuclear magnetic resonance spectroscopy. The ratio of absorbance at
254 nm to that at 365 nm (E,/E3) serves as an index of the relative molecular size of a
material and was calculated based on the respective absorption values at 254 and 365

nm (Polubesova et al., 2008). The E,/E; ratio can provide a proxy of molar mass, with
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low values generally associated with high molecular weights (Peuravuori and Pihlaja,

1997; Guo and Chorover, 2003).

5.3.5 Desorption Experiment

Desorption of organic matter from the adsorptive complexes and coprecipitates
of varying organic matter loadings was conducted 24 hours after sorption using 0.1 M
NaH,POy4, 0.1 M NaOH, and 0.1 M NasP,05. 10 ml of the desorptive solutions were
added to the moist solid-phase products. After 24 hours of shaking at 60 rpm at 298K,
the suspension was centrifuged at 2000 g for 30 minutes, the supernatant was
removed, pressure-filtered through 0.2-pm membrane filters, and the DOC
concentration was analyzed using a TOC analyzer. This step was repeated once and
the total amount of desorbed OC was calculated by the summation of OC released in
each step. We calculated the apparent fraction of desorbable OC as the ratio of the
cumulative amount of OC released to the amount of OC previously bound to the solid

phases.

5.4 Results and Discussion

5.4.1 OC Adsorption versus Coprecipitation

For both adsorption and coprecipitation experiments, the amount of OC
adsorbed or coprecipitated increased linearly with initial C:Fe ratio at smaller ratios,
followed by a gradual approach to a maximum at larger C:Fe ratios. On a mass basis,

the maximum adsorption observed in this study was 314 mg C/g ferrihydrite at pH 4
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and 288 mg C/g ferrihydrite at pH 7, respectively (Fig.5.1a). This corresponds to
surface area normalized OC loadings of 1.64 mg m™ at pH 4 and 1.44 mg m™ at pH 7,
respectively (Fig.5.1b). The maximum adsorption observed here exceeds the value
found for adsorption of DOM on ferrihydrite (maximum 170 mg C g™') by Eusterhus
et al (2011), but agrees well with the data (maximum 318 mg C g™') reported by Kaiser
et al (2007). The inconsistency in maximum adsorption could be attributed to the
difference in reactivity of the dissolved organic matter and the synthesized ferrihydrite
in each study. The achieved maximum surface loadings in this study fit into the range
of values observed for surface loadings reported for sediments and soils (Mayer &
Xing, 2001; Wagai et al., 2009). Greater adsorption of OC at low pH, which is
commonly observed for OM adsorption on Fe oxides (e.g. Kang & Xing, 2008), can
be explained by considering the electrostatic interactions between the acidic functional
moieties of DOM and the ferrihydrite surface. When the pH decreases, the ferrihydrite
surfaces become more positvely charged and thus more likely to react with acidic
functional groups in solution.

At comparable initial C:Fe ratios, the difference between the amount of
adsorbed and coprecipitated OC is obviously small at lower initial C:Fe ratios, while
the amount of coprecipitated OC is much greater than the adsorbed OC above the
initial C:Fe ratio of 1 (Fig.5.1). Coprecipitation results in maximum mass-based solid
phase OC values of ca. 486 mg/g ferrihydrite or 3.38 mg C m™ ferrihydrite, when

related to the specific surface area of 280 m” g of the pure ferrihydrite for the
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coprecipitates (assuming complete Fe precipitation). Coprecipitation of the DOM with

ferrihydrite yielded a much higher maximum OC loading than for adsorption.

5.4.2 Micropore (<2 nm) and Mesopore (2-50 nm) Volumes and Mineral

Specific Surface Area (SSA)

The adsorbed and coprecipitated OM associated with ferrihydrite resulted in a
strong decrease in the Nr-accessible micro- and mesopore volume of (Fig.5.2a &
5.2b). The decrease in pore volume was linear at smaller OC loadings and leveled off
at larger ones. Filling of micropores is unlikely because of the size constraints of OM
(Buffle et al., 1998; Kaiser and Guggenberger, 2007), while sorption at the openings
of micropores and thus clogging and rendering them inaccessible to N, is more
reasonable. In contrast, most of the mesopore space of minerals could be filled with
OM. In the case of coprecipitation, coprecipitaed OM resulted in complete loss of
micro-and mesopores with loadings of 0.61 mg C m™ and 0.78 mg C m™, respectively.
Adsorption of OM to ferrihydrite also led to complete loss of micropores with ~0.6 mg
C m™ (Fig.5.2b), while the decrease in mesopore volume reached a maximum for
adsorption at loadings of ~ 0.87-0.95 mg C m™ (Fig.5.2b). However at the greatest
decline, ferrihydrite lost 79% and 72% of its mesopore volume for adsorption at pH 4
and pH 7, respectively. In addition, greater reduction of mesopore volume was found
for coprecipitation than adsoprtion at comparable OC loadings. These results suggest
that micropores are equally important for OM retention by adsorption and

coprecipitation, whereas more C could be associated with mesopores in the process of
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coprecipitation than adsorption. In addition, these mineral micro- and mesopores are
subjected to saturation of organic matter. Excess adsorbed and coprecipitated OM at
higher loadings is not associated with these small pores and therefore might not be
efficiently stabilized by these small mineral pores.

For both adsorption and coprecipitation, with increasing amounts of OC
associated with ferrihydrite, the SSA of the ferrihydrite-OM complexes decreased
strongly (Fig.5.2¢c). The decline was linear (r* = 0.94-0.98). Reduced accessibility of
minerals surfaces for N, by OM has been frequently observed for sediments, soils and
minerals (Mayer & Xing, 2001; Wagai et al., 2009; Kaiser & Guggenberger, 2003
2007; Kaiser et al, 2007). This has been attributed to the small SSA of the mineral-
associated OM and the clogging of micropores and small mesopores by sorbed OM. A
linear correlation was found between SSA and micro- and mesopore volumes in this
study (Fig.C.1). The SSA accessible for N, dropped from 280 to 1.5 m* g, which is
similar to the SSA of organic matter (~ 1-2 m* g, for coprecipitates with 0.97 mg C
m™ (Fig.5.2a). This indicates coprecipitation leads to complete C coverage on
ferrihydrite at loadings of 0.97 mg C m™. The SSA finally decline to 6.8 and 9.3 m* g’
for adsorption with 0.95 and 0.88 mg C m™ at pH 4 and pH 7, respectively, indicating
adsorption was able to coat ~97-98% of the ferrihydrite surface. We can conclude that,
in spite of adsorption and coprecipitation, OM achieved almost full coverage on
ferrihydrite at loadings of 0.88-0.97 mg C m™, which is in the range of monolayer
equivalent (ME) levels of OC (0.6 - 1.5 mg OC m?) (Mayer, 1994; Keil et al., 1994).

Above the full coverage on ferrihydrite with C loadings of 0.88-0.97 mg C m™,
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additional adsorbed and coprecipitated C did not affect the SSA. These results imply
that with increasing surface loading, an increasing amount of the organic matter
associated with OM-ferrihydrite complexes, does not attach to mineral surfaces
directly but forms organic multilayers as a result of hydrophobic interaction, bridging
by polyvalent cations between organic ligands of adsorbed/coprecipitated and the
organics in solution, or organic metal complex formation. In the case of adsorption,
because potassium was the dominant cation in the initial DOM solution, the formation
of organic multilayers by a cation bridging or organic metal complex formation is
unlikely, while hydrophobic interactions between adsorbed and dissolved OM may
control this process. However, in the case of coprecipitation, it is possible that a
portion of added Fe** does not completely precipitate to ferrihydrite but forms a bridge
between the copreciptated OM and dissolved OM. Therefore, the formation of organic
multilayers by coprecipitation is not only controlled by hydrophobic interactions but is
also due to the formation of Fe’*-OM complexes via bridging between OM
coprecipitated and dissolved OM. Besides bridging organic molecules, OM-Fe(III)
cation complexes could be also possibly formed in case of coprecipitation. Above the
full coverage of OC on ferrihydrite, the increasing amount of the organic matter which
does not attach to mineral surfaces directly, might not be well stabilized by mineral

surfaces.
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5.4.3 DOM Fractionation: E,/E; and Specific UV Adsorption at 280 nm

The OM remaining in solution after adsorption and coprecipitation was
characterized by E,/Es ratios and specific UV adsorption at 280 nm. The extent of
molecular weight fractionation appears to be greatly influenced by the percentage of
OC removed from the DOM solution (Fig.5.3a). At higher C/Fe ratios, where there
was < 65% OC removal from solution, the E»/E; ratios of the remaining DOM
solution were nearly equivalent with the initial Eo/E; of the original DOM solution
(Fig.5.3a). This suggests no preferential removal of organic matter compounds by
adsorption and coprecipitation. However, at lower C/Fe ratios, where a larger portion
of OM was removed from solution, the ratio increased strongly from 3.15 to 15.12
after coprecipitation, and finally to 14 and 7 for adsorption at pH 4 and pH 7,
respectively (Fig.5.3a). This indicates preferential uptake of higher-molecular-weight
compounds, consistent with previous observations (Chorover and Amistadi, 2001;
Oren and Chefetz, 2012). The extent of molecular weight fractionation appears to be
increasing with increasing OC removal from solution and therefore with decreasing
C/Fe ratios. High-molecular-weight compounds were most enriched in OM-
ferrihydrite complexes formed at small C/Fe ratios. At the comparable OC removal
rate, the extent of increase in the E,/E; ratio after adsorption and coprecipitation
followed the trend: coprecipitation at pH 7> adsorption at pH 4> adsorption at pH 7.
This indicates that high-molecular-weight organic compounds are more selectively
uptake by coprecipitation than adsorption and are more preferentially adsorbed at

lower pH.
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Similar to the E,/E; ratio, at higher C/Fe ratios, where OC removal from
solution was <53% for coprecipitation and adsorption, the specific UV absorbance
value (SUVA»g) in the remaining DOM showed no changes compared to the initial
DOM solution (Fig.5.3b), indicating no preferential removal of the organic
compounds. However, at lower C/Fe ratios, where larger portions of OC were
removed from solution, the SUV A,z decreased in the DOM solutions from 2.2 to 0.32
after coprecipitation with 80% OC removal from solution, and finally to 0.22 and 0.3
for adsorption with 84 and 82 % of OC removed from solution respectively (Fig.5.3b),
indicating preferential adsorption and coprecipitaton of more complex and aromatic
moieties, which matches well with previous studies (e.g., Chorover and Amistadi,
2001). The decrease in specific UV absorbance after coprecipitation and adsorption
became more pronounced with increasing C removal from solution and therefore with
decreasing C/Fe ratios, suggesting that aromatic C was most enriched in OM-
ferrihydrite complexes formed at small C/Fe ratios. At a comparable OC removal rate,
coprecipitation at pH 7 resulted in a similar extent of reduction of SUV Ajg to
adsorption at pH 4, while adsorption at pH 4 reduced SUV Ays to a larger extent (on
average, 24-54%) than at pH 7 (on average, 9-30%). This reflects a more selective

adsorption of aromatic compounds at lower pH.

5.4.4 Stability of the Adsorbed and Coprecipitated OC against Desorption
To give an estimation of the importance of adsorption and coprepitation

processes in the preservation of OM by ferrihydrite, we carried out desorption
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experiments on the respective complexes following adsorption and coprecipitation.
Desorption with a high concentration (0.1 M) of inorganic oxyanion H,PO,", which is
known to compete with OM for binding sites, resulted in a considerable release of OM
(9-47%) (Fig.5.4a). Greater desorption was achieved with NaOH and Na4P,07, which
removed 18-64% and 20-76% respectively, of the OC complexed with ferrhydrite (Fig
5.4b & 5.4c¢). The strong desorption by NaOH and NasP,07 might be caused by the
high pH (10-13) of these reagents. However, even under these harsh alkaline
conditions, a large fraction of the adsorbed and coprecipitated OC did not desorb,
suggesting strong association between OM and ferryhydrite. Largely irreversible
sorption of OM on ferrihydirte and other Al and Fe oxides has been reported in
previous observations (Kaiser and Guggenberger, 2007; Mikutta et al., 2007). This
could be attributed to the strong bonding between OM and the mineral surface and the
roles of small pores in the C sequestering process.

For both adsorption and coprecipitation, fractional OC desorption, irrespective
of the desorptive reagent, increased significantly with increasing OC surface loadings
on ferrihydrite and reached its maximum value at OC loadings of 0.88-0.97 mg C m~,
where there was almost complete coverage of OC on ferrihydrite. Above the full OC
coverage on ferrihydrite, additional adsorbed and coprecipitated C did not affect the
extent of desorption. The higher chemical stability of OM on ferrihydrite at lower C
loadings might be related to the strong chemical bonds formed between C and Fe by a
ligand exchange mechanism, which is investigated in a companion paper part II.

Another possible explanation is association of OM with mineral meso- and
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micropores. Preferential retention of more recalcitrant compounds at lower C loadings
is also a likely contributing factor. Collectively, these results suggest that potential
stabilization at mineral surfaces is limited to those organic molecules that sorb to
surfaces at small surface loadings. The OM sorbed in excess may not be efficiently
protected. This result may also at least partly explain the frequently reported slow
turnover of mineral-associated organic matter in subsoils that contain small quantities
of organic matter. The small amounts of organic matter sorbed in subsoils might thus
be more effectively preserved than the large amounts of organic matter bound in the
topsoil.

The extent of C desorption from the adsorptive complexes was slightly less at
pH 4 than at pH 7 at all C loadings. This appears consistent with the fact that a pH
increase may cause the weakening of mineral-organic bonds, thus promoting OM
desorption. At comparable OC loadings, coprecipitates released significantly less OC
than did the adsorption complexes for all the desorptive reagents, indicating that the
chemical stability of coprecipitated OC is much greater than adsorbed OC.
Coprecipitation may result in stronger bonding between OM and ferrihydrite than
adsorption, as examined in part II. More C occluded in the mesopores during
coprecipitation may also contribute to greater stability. More preferential precipitation
of high molecular weight compounds might be another reason for the larger
stabilization of the coprecipitates when compared with the adsorptive complexes. Our
study demonstrated for the first time that coprecipitation of OM with iron can lead to

stronger C stabilization than adsorption, which might contribute to long-term C
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sequestration in soils. Collectively, the stability of C bound with minerals is dependent
not only on the surface loadings but also on how the OM-mineral complexes are
formed. The effect of DOM -mineral interaction on C stabilization could not be

reliably assessed when the formation process is unknown.

5.5 Implications

Association of carbon with minerals results in stabilization. The stability of
solid-bound C depends on the extent of C coverage on ferrihydrite (referred as C
loadings) for both adsorption and coprecipitation processes. This study shows the
stability of C is greater at low C loadings. At higher C loadings, a portion of C is not
directly associated with mineral surfaces and small pores and therefore the stability
decreases. A greater importance of stabilized C can be expected in subsoil horizons
where there may be less C coverage on minerals due to lower OC contents. Excessive
accumulation of OC on minerals in surface soils may not be efficiently stabilized.

Although the importance of iron oxides for C retention has been long been
known, only recently has the role of coprecipitation of OM with iron for C storage
been shown to be quantitatively important on a global scale (Lalonde et al., 2012). Our
study demonstrated that coprecipitation resulted in a significantly greater amount of C
retained with the solid phase and greater C stability than adsorption, supporting the
conclusion that coprecipitation might be an important process contributing to the

accumulation and stabilization of OM in natural environments Future research should
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also address the dynamics of precipitated OM in situ in the natural field that

experiences significant changes in either redox or pH conditions.
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Figure 5.1  Adsorption and coprecipitation of dissolved organic carbon as a function
of the initial C:Fe ratio. Adsorption and coprecipitation are given as the
relation between the mass of the adsorbed and coprecipitated OC,
normalized to the mass of the ferrihydrite (Figure 5.1a) or to the initial
surface area of the ferrihydrite (Figure 5.1b), and the added mass of C
normalized to initial mass of Fe. Complete Fe precipitation is assumed in
the case of coprecipitation. Bars are standard errors; n = 3.

155



o~
o
~
—_~
=3
~

0.04; 0.05
~
- v—'A JO%

"s0 ‘oo 0.04 {7 &
"’E 0.03 -g 50 3

) e

Q 4

£ g 0.03

Z 0.02 i E §

> g

o 2 0.02

£ g £ #

S 0.01 3 g ci&@’%‘%

5 2 0.01 y 8%y

| % g

0.00 ———§PORNOID—y——¥ rv—y 0.00 FTYIT ¥YY ¥ ¥ X ¥
0 1 2 3 0 1 2 3

OC adsorbed and coprecipitated (mg C m'z) OC adsorbed and coprecipitated (mg C m-Z)

~
e
-

300

250 4
®  Adsorption, pH4
©  Adsorption, pH7
v Coprecipitation, pH7

200 -

150 - %

100 - &
v
-

50

Specific Surface Area (m2 g'l)

o

-
07%
0 1 2 3

OC adsorbed and coprecipitated (mg C m'z)

Figure 5.2  Changes in micropore (< 2 nm) and mesopore (2-50 nm) volumes and
specific surface area accessible to N, with increasing amounts of organic
matter adsorbed to and coprecipitated with ferrihydrite for the
ferrhydrite-OM complexes. Bars are standard errors; n = 3.

156



Figure 5.3

(@)

16

14 1

12 4

Es/E3

(b)

SUVA»g (L mgC'l m-l)
e = = g g
[9)] [—] 19/ ] [—] [9,]

S
=

10 -

®  Adsorption, pH4 § g
©  Adsorption, pH7
v Coprecipitation, pH7 E
¥ 9 §
¥,
A 4
(2 Qg
L % oeva ¢ o8 dn *3 o
0 20 40 60 80
OC removed (%)
$ ] o
¥ ]
) I i §
| L 3
¥ o
% o
0 20 40 60 80
OC removed (%)

IEsse———

Decreasing C/Fe ratio

Changes in E,/Es ratio and specific UV adsorption at 280 nm of the
organic matter remaining in solution followed by adsorption at pH 4 and
pH 7 and coprecipitation at pH 7, as related to the portion of organic
carbon uptake from solution. Error bars indicate the standard error of the
mean of three replicates.

157



—_
&0
~

OC desorbed by 0.1 M NaH PO, (%)

~
]
-

OC desorbed by 0.1 M Na,P,0, (%)

80

60

| [} ]
" %%iiv Eii ¥y i
20-00‘%

et

" X 2 3

60 - ingiﬁiii 1 {i

20 -g’

0

® Adsorption, pH4
O Adsorption, pH7

v Coprecipitation, pH7

0

1

2

3

OC adsorbed and coprecipitated (mg C m?)

(b)

OC desorbed by 0.1 M NaOH (%)

80
YY v o+ = ¥ ¥
40
,
20 gvre
0 T T T
0 1 2 3

OC adsorbed and coprecipitated (mg C m™)

Figure 5.4  OC desorption (in % of the initial amount of OC bound with the solid
phase) from the adsorbed and coprecipitated OC on ferrihydrite by using
0.1 M NaH,POy4, 0.1 M NaOH and 0.1 M Na4P,07, at different OC
loadings. Error bars indicate the standard error of the mean of three

replicates.

158



Chapter 6

RETENTION OF DISSOLVED ORGANIC MATTER BY ADSORPTION AND
COPRECIPITATION WITH FERRIHYDRITE II: SPECTROSCOPIC AND
MICROSCOPIC ANALYSIS

6.1 Abstract

This study investigated the interactive mechanisms of organic matter and
ferrhydrite via adsorption and coprecipitation using Fe K-edge extended X-ray
adsorption fine structure (EXAFS) spectroscopy, Fourier-transform infrared (FTIR)
and Scanning Transmission X-ray microscopy (STXM) coupled with near edge X-ray
absorption fine structure (NEXAFS) spectroscopy. Fe EXAFS measurements revealed
that coprecipitation of OM with Fe led to the formation of OM-Fe(III) cation
complexes in the solid phase by suppressing ferrihydrite formation, which might be
related to a significantly greater maximum organic carbon (OC) retention for
coprecipitation than adsorption, which was observed in part I. Formation of strong
complexes between carboxyl C functional groups and ferrihydrite via a ligand exhange
mechanism was evidenced by FTIR and C (1s) NEXAFS analysis for both adsorption
and coprecipitation. Both FTIR and C (1s) NEXAFS analysis showed that aromatic C
is preferentially removed with adsorption and coprecipitation at lower C loadings but

no fractionation of aromatic C occurred at higher C loadings. The STXM analysis
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demonstrated that at lower C loadings, C showed continuous homogenous distribution
on ferrihydrite and C spatially correlated well with Fe, whereas there were localized
concentrated C "hotspots" on ferrihydrite and the correlation between C and Fe was

lower at higher C loadings.

6.2 Introduction
Organic Matter (OM)-ferrihydrite complexes could be formed by adsorption

and coprecipitation (Kaiser et al., 2007; Eusterhues et al., 2011; Henneberry et al.,

2012). These complexes can play an important role in immobilizing dissolved organic

matter (DOM) and stabilizing it against microbial degradation (Torn et al., 1997;
Baldock & Skjemstad, 2000; von Liitzow et al., 2006). The DOM retention capacities
via adsorption and coprecipitation were investigated in a companion paper (part I).
The results reported in part I indicated that coprecipitation could result in greater C
retention capacity than adsorption. However, the microscopic and molecular
mechanisms involved during adsorption and coprecipitation are still poorly
understood. Surface complexation by ligand exchange between carboxyl and phenolic
fuctional organic groups and surface hydroxyls may control the binding of OM to Fe
oxides (Gu et al., 1994; Kaiser et al., 1997; Chorover and Amistadi, 2001; Kaiser and
Guggenberger, 2007). Despite the progress in the characterization of the adsorptive
interactions between OM and Fe oxides, there is limited knowledge about the
coprecipitation of organic matter with iron. In addition, it is still unclear why the

coprecipitation process is responsible for greater C retention and stability
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demonstrated in part I of this investigation. Furthermore, investigation on spatial
carbon distribution on ferrihydrite via adsorption and coprecipitation is lacking.

The two primary objectives of this study were to: (1) study the interactive
mechanisms of OM and ferrihydrite via adsorption and coprecipitation using Fourier-
transform infrared (FTIR), C (1s) near edge X-ray absorption fine structure
(NEXAFS), and Fe K-edge extended X-ray adsorption fine structure (EXAFS)
spectroscopic techniques and (2) investigate the spatial distribution of organic matter
at the iron-water interface at the nanometer-scale by scanning transmission X-ray

microscopy (STXM) coupled with NEXAFS.

6.3 Materials and Methods

6.3.1 Iron K-edge Extended X-ray Adsorption Fine Structure Spectroscopy

(EXAFS)

Samples for Fe EXAFS measurements included pure ferrihydrite, adsorptive
complexes, coprecipitate samples with different amounts of organic matter, and
organic matter-Fe(III) cation complexes. The Section of Materials and Methods in part
I provides a detailed description of the adsorption and coprecipitation experiments.
For preparing the organic matter-Fe(III) cation complex sample, 0.2 g Fe(NO3);-9H,0
was mixed with 200ml of a DOM solution 750 mg C L™, generating C:Fe ratio (g/g)

of 5.35. After 1 h of shaking the suspensions on a shaker at 60 rpm, the suspensions
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were centrifuged at 2000 g for 30 minutes. The settled material was washed twice to
remove the remainder of the equilibrium solution, and then freeze dried.

Iron K-edge extended X-ray absorption fine structure (EXAFS) spectra were
collected on beamline 4-1 at the Stanford Synchrotron Radiation Facility (SSRL) and
on beamline X11A at the National Synchrotron Light Source (NSLS). Samples were
mounted as thin powders between Kapton tape. Mounted samples were placed in a
He-purged sample chamber at room temperature and two to six replicate spectra were
collected using a Lytle detector with energy calibrated against an Fe(0) foil (7112 eV).
X-ray energy resolution was maintained by a crystal Si(220) and Si(111)
monochromator at SSRL and NSLS, respectively. The monochromator was detuned
by 50% of the maximum intensity in order to reduce the higher harmonic content in
the beam.

The Sixpack program was used for standard background subtraction and edge-
height normalization (Webb, 2005). Linear combination fitting (LCF) analysis was
applied to quantify the contributions of ferrihydrite and organic matter- Fe(III)
complexes in the coprecipitates. The fitting was performed using the Sixpack program
on the &*-weighted spectra. No energy shift was included in the LCF and the sum of

the fitted fractions was not constrained (LCF data are presented normalized to 100%).

6.3.2 FTIR Analysis
The FTIR spectra for the original DOM solution before reaction, freshly

prepared adsorption complexes and coprecipitates after freeze-drying were recorded
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with a Thermo Nico Fourier transform infrared spectrometer equipped with an MCT
detector. Samples were scanned over the 4000-400 cm™ range. Spectra resolution was
2 cm™. An automatic baseline correction and normalization was applied to each
spectrum. To obtain spectra of OM associated with mineral phases, the baseline-
corrected and normalized spectrum of pure ferrhydrite was subtracted from the spectra
of the adsorbed and coprecipitated OM-ferrihydrite complexes. Spectral analysis was

performed using the OMNIC spectroscopy software suite (Thermo Scientific).

6.3.3 Scanning Transmission X-ray Microscopy Coupled with Near Edge X-ray

Absorption Fine Structure Spectroscopy (STXM-NEXAFS)

Samples for STXM-NEXAFS analysis were prepared by depositing 1-2 ul of
an aqueous suspension of freshly prepared adsorption complexes and coprecipitates
onto a Si3sN4 window (75 nm thick), which was then air-dried. The samples were
analyzed at the STXM spectromicroscopy beamline 10ID-1 at the Canadian Light
Source (CLS), a 2.9 GeV third-generation synchrotron source (Kaznatcheev et al.,
2007). All measurements were performed using a 25 nm Fresnel zone plate, which
provided a maximum spatial resolution of ~30 nm and the samples were kept under
1/6 atm of He during data collection. The samples were raster scanned with
synchronized detection of transmitted X-rays to generate images. The C NEXAFS
measurements were obtained from 280 to 310 eV with dwell times of 1-1.2 ms to
avoid potential beam damage and with pixel sizes of 40nm. Two Fe images were

recorded with the same dwell time and pixel size to determine Fe distribution: one
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measured at the energy of a strong characteristic absorption feature and the other
measured at the energy below the onset of absorption for Fe.

The aXis2000 software package was used for image and spectra processing
(Hitchcock, 2000). The energy scale of C-1s spectra was calibrated by using the CO,
absorption peak (C 3p) at 294.96 eV by measuring CO, gas spectra before or after the
measurements (Ma et al., 1991). The total concentration of a given species was
mapped by the difference between two images, one measured at the energy of a strong
characteristic absorption feature and the other measured at the energy below the onset
of absorption for the specific element. The image difference map was made
quantitative by converting the change in the optical density (AOD) scale to effective
thickness (in nm) using a scale factor determined from the linear absorbance (optical
density per nm) for a specific compound at the top photon energies. The energies and
scaling factor used for the quantification of the image difference maps (on-resonance

minus off-resonance) for C and Fe are listed in Table D.1.

6.4 Results and Discussion

6.4.1 Iron EXAFS

Linear combination fitting (LCF) of Fe K-edge EXAFS spectra was applied to
determine the formation of ferrihydrite and organic matter complexed Fe(III) cation in
the coprecipitates. Pure ferrihydrite and organic matter-Fe(III) cation complex was

employed as fit component. Fig.6.1 shows the LCFs of the Fe K-edge EXAFS spectra
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and the relative proportions of Fe contained in the ferrihydrite and organic matter-
Fe(III) cation complex is shown on the right side of this figure. For coprecipitate
samples with C loadings of 0.5 - 1 mg C m™ SA, all iron was precipitated as
ferrihydrite, and no organic matter-Fe(III) cation complex was formed in the
coprecipitates. However, at higher C loadings, a portion of Fe(III) cation did not
precipitate as ferrihydrite but forms complexes with organic matter in the
coprecipitates. In addition, the proportion of Fe in organic matter-Fe(III) cation
complexes increased with increasing amounts of organic matter associated with the
coprecipitates. For the coprecipitate sample with C loading of around 3.1 mg C m™
SA, OM-Fe(III) cation complexes accounted for 36% of total Fe. These results
indicate that coprecipitation of organic matter with iron produces OM-Fe(III) cation
complexes by inhibiting ferrihydrite formation. This is in accordance with the results
presented by Karlsson and Persson (2012), showing that strong complexation between
Fe(III) cation and Suwannee river natural organic matter suppresses ferrihydrite
precipitation. A study by Mikutta (2011) also suggested that natural organic matter can
effectively suppress ferrihydrite precipitation as they kinetically control the
availability of inorganic Fe(IIl) species for nucleation and/or polymerization reactions.
For the adsorptive complexes, there is no OM-Fe(IlI) cation complexes formed even at
the high C loading (Fig.D.1), due to the fact that solubility of ferrihydrite at pH 4 is
limited. In contrast to adsorption of DOM onto ferrihydrite, the formation of organic
matter-Fe(III) cation complexes in the process of coprecipitation might account for

greater maximum C loadings in the coprecipitates, which was observed in part I.

165



Fe(III) cation can promote intra- or intermolecular linkages within OM, causing
precipitation of organic substances (Nierop et al., 2002; Henneberry et al., 2012;
Riedel et al., 2012). This process could help retain organic matter in soils and
sediments in the natural environments. Schwertmann et al. (1986) reported that
complexation of Fe(IIl) ions with dissociated functional groups on organic matter can
occur in soil micro-environments with high amounts of iron (III) and decomposed and
humified materials. Petersen (1976) and Wada (1995) reported that precipitation of
these complexes is an important stabilization mechanism in volcanic and acid leached
subsurface soils. Riedel et al (2013) found that a large portion of DOM can be rapidly

precipitated by iron after aeration of anoxic pore water.

6.4.2 FTIR

Fourier transform infrared spectra of freeze-dried samples of dissolved organic
matter prior to reaction and of organic matter bound in different amounts to
ferrihydrite by adsorption and coprecipitation were determined. The spectra of the
bound organic matter were calculated by the difference between the FTIR spectra of
ferrihydrite with and without associated organic matter. The FTIR spectra of the
unreacted DOM and bound fractions of DOM with ferrihydrite in the course of
adsorption and coprecipitation are presented in Fig.6.2.

Spectra of the ferrihydrite-associated OM (adsorbed or coprecipitated) clearly
differ from the initial unreacted DOM (Fig.6.2). Upon adsorption and coprecipitation,

the symmetric COO™ band at 1400 cm™ became sharper and shifted to a lower
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wavenumber of 1378-1389 cm™ (Fig.6.2) and the peak area of this band increased
(Table D.3). The shift, distortion, or increase of this band is related to carboxylate-
metal bond formation via a ligand exchange mechanism (Gu et al., 1994, Chorover
and Amistadi, 2001; Kaiser and Guggenberger 2007; Heckman et al., 2011). In
addition, adsorption and coprecipitation led to a significant decrease in the band of
asymmetric carboxyl groups at 1595 cm™ and the appearance (emergence) of a new
band at 1615 cm™ (Fig.6.2), probably also suggesting asymmetric carboxyl C function
groups are involved in strong complexes with ferrihydrite. Strong complexes of
carboxylic groups with soil minerals via ligand exchange have been repeatedly
demonstrated using FTIR spectroscopy (Gu et al., 1994, Chorover and Amistadi,
2001; Kaiser and Guggenberger 2007; Oren and Chefetz, 2012). Notably, at
comparable amounts of OC associated with ferrihydrite, although the difference is not
very large, coprecipitation yielded a larger shift in the 1400 cm™ band and greater
increase in peak area than adsorption (Fig.6.2 & Table D.3), implying coprecipitation
may lead to stronger C-O-Fe bonding than adsorption. The stronger chemical C-O-Fe
bonds may contribute to greater stability of the coprecipitated OC than the adsorbed
OC against desorption, which was observed in part I.

At higher C loadings, the decrease in the asymmetric COO™ band at 1595 cm™'
and the shift or increase of the symmetric COO™ band at 1400 cm™ became smaller
(Fig.6.2 & Table D.3), suggesting weaker associations between carboxyl C and iron as
C loading increases. Therefore, the strength of the interactions depends on C loadings.

The large C loadings could result in fewer carboxyl groups per molecule involved in
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the formation of bonds between carbon and mineral, which might be explained by a
decrease in bonding sites, as the more OM is associated with minerals (Podoll et al.,
1987, Kaiser 1997, Kaiser & Guggenbeger 2007). In addition, the analysis of mineral
surface area and small pores in part I, indicated that ferrihydrite achieved almost full
coverage at C loadings of around 0.9 mg C m™ SA. Increasing amounts of organic
matter associated with ferrihydrite may not form direct bonds between C and Fe, but
result in association with the organic matter already sorbed on ferrihydrite through
other weaker interactions such as hydrophobic interactions. This indirect association
could in turn contribute to the weaker bonding between C and Fe at higher C loadings.
These results could also explain the greater fractional C desorbed at higher C loadings
in part L.

At lower C loadings, the aromatic band at 1515 cm™ becomes stronger for
bound OM than for DOM prior to reaction (Fig.6.2), indicating the aromatic group is
preferentially removed with adsorption and coprecipitation. However, this selective
uptake of aromatic C does not occur at higher C loadings. It also matches the trend
recorded in the SUVA280 measurements in part [. Another important observation is
that the peak intensity of the absorbance bands at 1270, 1130, 1080 and 1050 cm
significantly decreased after adsorption and coprecipitation, which clearly indicates
phenolics and carbohydrates seem to be less important for the adsorption and
coprecipitation of DOM on Fe oxides. This agrees with weak sorption to soil minerals
of OM rich in carbohydrates (Kaiser & Guggenberger 2007, Chorover and Amistadi,

2001; Oren and Chefetz, 2012). In contrast, Eusterhues et al. (2011), studying the
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sorption of forest-floor-extracted DOM and lignin on ferrihydrite, observed sorbed

fractions that were rich in carbohydrate peaks.

6.4.3 STXM-NEXAFS Measurements

6.4.3.1 Carbon NEXAFS

Figure 6.3 presents the NEXAFS spectra of the OM-ferrihydrite complexes via
adsorption and coprecpitation and of the initial DOM solution before reaction. The
spectra of the unreacted DOM show two peaks at 285.1 and 286.6 eV and a major
band at 288.4 eV. These features correspond to aromatic (n* ¢, 285.1 eV), phenolic
(* c=c-0, 286.6 eV), and carboxylic carbon (n* o, 288.4 V) as labeled in figure 6.3
(Wan et al., 2007; Lehmann et al., 2008). The two peaks at 297.2 and 299.8 eV are
due to potassium. Upon adsorption and coprecipitation, the two peaks for K
disappeared (Fig.6.3), indicating potassium is not involved with organic matter and
mineral interactions.

The ligand exchange (or bond formation) between COO™ functional groups of
DOM and ferrihydrite was also shown in the NEXAFS spectroscopic studies.
Compared to the unreacted DOM solution, the peak for carboxylic C at 288.4 eV after
adsorption and coprecipitation dramatically declines, suggesting that the COO
functional groups of DOM have complexed with the ferrihydrite. The involvement of
carboxylic functional groups in ligand-exchange complexation reactions with

hydroxylated Fe- and Al-oxide surfaces is considered a major interaction pathway by
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several groups (Parfitt et al., 1977; Tipping, 1981; McKnight et al., 1992; Gu et al.,
1994; Kaiser et al., 1997; Chorover and Amistadi, 2001; Kaiser and Guggenberger,
2007)

An increase in the aromatic C peak at 285.1 eV was observed at lower C
loadings after adsorption and coprecipitation (Fig.6.3), indicating aromatic C is
preferentially removed by adsorption and coprecipitation. However, no fractionation
of aromatic C (Fig.6.3) is visible at greater C loadings. These results agree well with
the SUV Aygp results and FTIR analysis. The peak for phenolic C significantly
decreased after adsorption and coprecipitation (Fig.6.3), suggesting no selective

uptake of phenolic C occurred. This is in line with FTIR analysis.

6.4.3.2 Spatial Distribution of Organic Matter on Ferrihydrite

To show explicitly the spatial correlation between C and Fe, C and Fe
distribution maps (Fig D.3-6) were aligned to common reference features and
overlayed. The color-coded composite maps are shown in Figure 6.4. To determine the
correlation coefficients between C and Fe, elemental thickness values on a pixel-by-
pixel basis were compared. Plots of C and Fe correlations are shown in Figure 6.5.

The color-coded composite maps of C and Fe show C is highly spatially
correlated with Fe for both adsorptive complexes and coprecipitates (Fig.6.4, Fig.D.7-
10c). There is no separate phase of C and Fe. This is in contrast to the results
presented by Heneberry et al (2012), showing the presence of concentrated C spots

with no detectable Fe after coprecipitation of DOM with iron. At lower C loadings, C
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distribution on ferrihydrite is continuous and relatively uniform for both adsorptive
complexes and coprecipitates (Fig.6.4a-b, Fig.D.7-8c), whereas there are localized
concentrated C "hot spots" at higher C loadings (Fig.6.4c-d, Fig.D.9-10c). In addition,
C correlates well with Fe at lower C loadings with a correlation coefficient up to 0.98
at lower C loadings (Fig.6.5a-b, Fig.D.7-8d). However, this correlation is lower at
higher C loadings (Fig.6.5¢c-d, Fig.D.9-10d). These results may support the idea that C
is directly associated on ferrihydrite at lower C loadings, whereas with increasing C
loading an increasing amount of the organic matter associated with OM-ferrihydrite
complexes does not attach to mineral surfaces directly but forms organic multilayers
by interacting with the orginally sorbed OM, which is also evidenced by mineral
surface area analysis in part I. Kleber et al (2007) proposed a conceptual model, which
suggests that soil organic matter sorbs to mineral surfaces in a discrete zone sequence:
(1) in the contact zone, the particularly strong organo-mineral associations are formed
via ligand exchange between polar organic functional groups of amphiphiles and
singly coordinated mineral hydroxyls; (2) Exposed hydrophobic portions of
amphiphilic molecules adsorbed directly to mineral surfaces would be shielded from
the polar aqueous phase through association with hydrophobic moieties of other
amphiphilic molecules. This process can create a membrane-like bilayer containing a
hydrophobic zone, whose components may exchange more easily with the surrounding
soil solution than those in the contact zone, but which are still retained with
considerable force; and (3) Sorbed to the hydrophilic exterior of hemimicellar

coatings, or to adsorbed proteins, are organic molecules forming an outer region, or
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kinetic zone, that is loosely retained by cation bridging, hydrogen bonding, and other
interactions. Organic material in the kinetic zone may experience high exchange rates
with the surrounding soil solution, leading to short residence times for individual
molecular fragments. The STXM analysis in this study might imply that, in case of
association of organic matter with ferrhydrite, the contact zone of OM on ferrihydrite
is continuous and more uniform, whereas the hydrophobic/kinetic zone is, at least

partially, localized.

6.5 Implications

In this study we found that direct chelation of Fe(II) cation with organic
matter in the solid phase occurred in the process of coprecipitation. This chelation of
Fe(III) with organic matter might track DOM in pore water or streams and play a
significant role in C storage in the natural environments. Lalonde et al (2012)
estimated that 21.5 + 8.6% of the organic carbon buried in surface marine sediments
(150 x 10" g of organic carbon), or a global mass of (19-45) x 10'° g of organic
carbon, is preserved as a result of direct chelation or co-precipitation of
macromolecular OC-Fe structures. The strong chemical C-O-Fe bonds formed in the
process of adsorption and coprecipitation and selective uptake of aromatic C might
contribute to stabilizing organic matter by minerals. This study also demonstrated the
spatial distribution of C on ferrhydrite at the nanometer scale for the first time.
Although previous studies on natural soils have shown that C displays heterogeneous

distribution on soil minerals, this study showed that C distribution on ferrihydrite was
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relatively uniform at lower surface loadings. However, at higher C loadings, the
spatial distribution of C on ferrihydrite became more heterogeneous. This study also
provided possible microscopic evidence for the formation of organic multilayers on
minerals at higher C loadings, which supplements specific surface area analysis in part

L.
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Figure 6.1 Iron k’-weighted EXAFS spectra of (a) pure ferrihydrite (Fh),
coprecipitate samples with C loadings of (b) 0.51, (c) 0.98, (d) 1.58, (e)
2.81 and (f) 3.13 mg C m™ SA, and (g) organic matter-Fe(IIT) complexes.
Dotted lines show linear combination fits over a k-range of 2-11 A™
using (a) pure ferrihydrite and organic matter-Fe(IlI) complex as fit
components. The numbers to the right of the spectra give the
corresponding linear-combination-fitting (LCF) results of EXAFS.
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Figure 6.2  FTIR spectra of the (a) adsorbed and (b) coprecipitated organic matter in comparison to the original unreacted

dissolved organic matter (DOM). Numbers to the right of the spectra give the C loadings: normalized C
concentration to the specific surface area of pure ferrihydrite. Table A6.2 of the supporting information

summarizes the peak assignments for organic matter.
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Figure 6.3 C 1s NEXAFS spectra of the adsorbed and coprecipitated OM, compared
to the original DOM before reaction. The numbers to the right of the
spectra give the C loadings: normalized C concentration by specific
surface area of the pure ferrihydrite.
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Figure 6.4 Color-coded composite maps of carbon and iron (carbon, blue; iron, red)
for the (a) adsorptive complexes with C loadings of 0.52 mg C m™ SA,
(b) coprecipitates with C loadings of 0.51 mg C m™ SA, (c) the
adsorptive complexes with C loadings of 1.30 mg C m™ SA and (d)
coprecipitates with C loadings of 1.58 mg C m™ SA.
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Figure 6.5 Correlation plots of thickness values of C and Fe obtained from STXM
elemental distribution maps of the (a) the adsorptive complexs with C
loadings of 0.52 mg C m™ SA, (b) coprecipitates with C loadings of 0.51
mg C m™ SA, (c) the adsorptive complexes with C loadings of 1.30 mg C
m™ SA and (d) coprecipitates with C loadings of 1.58 mg C m™ SA.
Correlation coefficients (R?) are provided on the plots.
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Chapter 7

IRON-ORGRANIC MATTER COPRECIPITATION IMPACTS ON THE
CHARACTERISTICS AND FE(II)-CATALYZED TRANSFORMATION OF
FERRIHYDRITE

7.1 Abstract

The poorly crystalline Fe(IIT) hydroxide ferrihydrite is considered one of the
most important sinks for organic matter (OM), nutrients and contaminants within
soils, sediments and waters. The ripening of ferrihydrite to more stable and hence less
reactive phases such as goethite is catalyzed by surface reaction with aqueous Fe(II).
While ferrihydrite within most natural environments contains high concentrations of
co-precipitated organic matter, little is known regarding the impact of this OM on
Fe(IT)-induced transformation of ferrihydrite to secondary phases. In this study, we
investigated the structural characteristics of OM-Fe coprecipitates and explored the
extent, pathways and products of Fe(Il)-induced secondary mineralization of OM-Fe
coprecipitates by reacting aqueous Fe(I) (0.2 and 2.0 mM) with ferrihydrite
containing a range of coprecipitated OM loadings (0-21% C). XRD and Mdssbauer
results indicated that the coprecipitated OM decreased crystallinity of ferrihydrite .
Regardless of Fe(Il) concentration, OM copreciptated with ferrihydrite resulted in

diminished secondary mineralization and preservation of ferrihydrite and the degree of
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ferrihydrite preservation increased with increasing OM loadings. The secondary
mineral profiles upon Fe(II) reaction with ferrihydrite are a function of OM surface
loadings and Fe(II) concentrations. At lower Fe(II) levels, the coprecipitated OM
impeded goethite formation, while magnetite nucleation, in addition to goethite
formation, was inhibited by OM. These findings provide insight into mechanisms that
may be responsible for ferrihydrite preservation and low levels of secondary magnetite
typically found in sedimentary environments. Considering the preponderance of
organic matter on ferrihydrite in soils and sediments, the reactivity of natural
(compromised) ferrihydrites and the subsequent impact on mineral evolution needs to

be more fully explored.

7.2 Introduction

Ferrihydrite, an amorphous Fe oxyhydroxide, is ubiquitous in soils and
sediments (Jambor and Dutrizac, 1998; Cornell and Schwertmann, 2003). Ferrihydrite,
with its high surface area and intrinsic reactivity, serves as an important sink for many
nutrients, metals and organic matter. Ferrihydrite is a precursor phase for many well-
crystalline Fe phases such as goethite (a-FeOOH), hematite (a-Fe,O3), or mixed
valence phases like magnetite (Fe;O4). Understanding the structure and reactivity of
ferrihydrite and its controlling factors is therefore essential to predict the
environmental stability of ferrihydrite.

While effects of inorganic constituents such as bicarbonate, silicate, or

phosphate on the structure and stability of ferrihydrite have been extensively studied
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in the past (Cornell and Schwertmann, 2003), equivalent studies with organic
compounds are scarce (Nesterova et al., 2000; Rancourt et al., 2005; Schwertmann et
al., 2005; Eusterhues et al., 2008). This knowledge, however, is required in order to
predict the mineral’s biogeochemical reactivity in soils and sediments. In natural
environments, ferrihydrite often forms in the presence of dissolved organic matter
(DOM), which leads to coprecipitation of organic matter (OM) with ferrihydrite. The
coprecipitation of Fe and DOM is common in soils and sediment that experience
fluctuating pH and redox conditions (Fuller et al., 1993; Pokrovsky and Schott, 2002).
Therefore, OM—Fe coprecipitates represent an important class of structures whose
chemistry and reactivity require further understanding under different environmental
conditions since Fe speciation and mobility affect the availability, cycling, and
transport of metals, OM and nutrients. When OM is bound to the surface of
ferrihydrite, organic chelates may retard crystal growth, thus limiting the structural
intermediate and long-range order (>A), or they can alter the Fe coordination at the
sub-nanometer scale. Studies of OM-contained Fe (hydr)oxide structures have found
greater structural disorder in the coprecipitated Fe phases vs. organic-free or synthetic
ferrihydrite (Eusterhues et al., 2008; Cismasu et al., 2011; Mikutta, 2011). Therefore,
the reactivity of natural ferrihydrites will often differ from their synthetic counterparts,
formed in the absence of OM. However the implications of these structural changes on
biogeochemical processes remain unresolved.

Ferrihydrite is thermodynamically unstable with respect to more stable phases,

such as goethite and hematite, and will therefore ripen to these phases over time. This
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‘ripening’ of ferrihydrite to more stable (crystalline) Fe(Ill) (hydr)oxides is catalyzed
by reductive dissolution by chemical reductants like Fe(II) (Jang et al., 2003; Hansel et
al., 2005; Pedersen et al., 2005; Yee et al., 2006). The products of Fe(II)-induced
ferrihydrite transformations have received considerable attention recently in an
attempt to understand the microbial and geochemical controls on Fe mineralization
pathways in soils and sediments (Benner et al., 2002; Zachara et al., 2002; Hansel et
al., 2003, 2004, 2005; Pedersen et al., 2005; Yee et al., 2006; Jones et al., 2009;
Tufano et al., 2009; Pallud et al.,2010a).The rate of conversion and ultimate Fe(III)
mineral species formed, however, is a function of competing mineralization pathways
induced by aqueous conditions including Fe(II) concentration and flux, ligand
composition, and pH (Zachara et al., 2002; Hansel et al., 2003, 2004, 2005; Jang et al.,
2003; Tufano et al., 2009; Pallud et al., 2010a,b). The sequence of precipitation and
subsequent stability of the secondary phases also varies with the aqueous environment,
such that certain phases can serve as either a transient intermediate or a stable end
product (e.g., lepidocrocite) under appropriate conditions (Hansel et al., 2003, 2005;
Tufano et al., 2009). Previous studies have also demonstrated that organic compounds
can kinetically retard and in some instances completely prevent, the transformation of
Fe(IIT) minerals to more crystalline, thermodynamically stable forms of Fe(III) in the
absence of Fe(II) (Cornell and Schwertmann, 1979; Cornell and Schneider, 1989).
Most of the studies used simple or synthesized organic compounds such as citric and
tartaric acids and oxalate rather than more complex, naturally occurring OM. In

addition, despite the prevalence of OM-ferrihydrite coprecipitation in natural
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environments, the role of OM coprecipitation on ferrihydrite transformation in the
presence of Fe(Il) is not well understood. However, such knowledge is critical to
predicting the fate of poorly crystalline Fe (hydr)oxides in the environments such as
wetlands that experience significant variations in either pH or redox conditions.
Accordingly, the goals of this study were to: (1) characterize organic matter-
ferrihydrite coprecipitates by X-ray diffraction (XRD) and Mdssbauer and Extended
X-ray Adsorption Fine Structure (EXAFS) spectroscopic techniques; and (2)
investigate the impact of OM coprecipitation on the extent, pathways and products of

Fe(Il)-induced secondary mineralization of 2-line ferrihydrite.

7.3 Materials and Methods

7.3.1 Synthesis of OM-free ferrihydrite and OM-ferrihydrite coprecipitates
Dissolved organic matter for the adsorption and coprecipitation experiments
was extracted from field-fresh samples of a forest floor layer by mixing organic
materials with deionized water for 24 h. The dominant tree species were beech (Fagus
grandifolia), red and black oak (Quercus rubra and Q. velutina), and tulip poplar
(Liriodendron tulipifera). The suspension was stirred periodically, centrifuged at
20000 g for 20 min and subsequently isolated by pressure filtration through 0.2-pm
polysulfone membrane filters. The extraction was carried out just before the

experiments.
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Two-line ferrihydrite was produced by titrating a 0.01M Fe(NOs3)3 solution
with 0.1M KOH to a pH of 7 (Schwertmann and Cornell, 2000). Organic matter-
ferrihydrite coprecipitates were prepared by dissolving the Fe(NOs); in a solution
containing dissolved organic matter and then raising the pH afterward to 7.
Coprecipitates with different OM loadings were produced by varying the C/Fe ratio of
the initial solution. The precipitates were separated by centrifugation, washed twice

with deionized water and analyzed by XRD and Mdéssbauer and EXAFS spectrocopy.

7.3.2 Transformation Experiment Setup

Fe(Il) catalyzed transformation of ferrihydrite and OM-ferrihydrite
coprecipitates was studied by reaction with FeSO4. The OM-free ferrihydrite and OM-
ferrihydrite coprecipitates were washed with anaerobic deionized water three times
and resuspended in anaerobic PIPES buffer. Five (OM-) ferrihydrite samples containin
C contenst ranging from 0% to 21%, which corresponds 0 to 0.98 mg C m™ SA by
normalizing to the mineral surface area of OM-free ferihydrite, were prepared.
Reactions were performed in 125 ml serum vials. Each vial contained 1% Fe by
weight as an (OM-) ferrihydrite slurry in 100 ml of anaerobic PIPES (1,4-
piperazinediethanesulfonic acid) buffer (10 mM, pH 7.2). Ferrous sulfate (as
FeSO4-7H,0) was added to the vials to obtain the final Fe(II) concentration s of 0.2 or
2.0 mM. Experiments were performed in a glovebox with 95% N, and 5% H,.
Kinetics studies were performed by using a series of reaction vials and sacrificing

vials at each time point. Vials were equilibrated and maintained at pH 7.2 under N,
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atmosphere and gently shaken to minimize diffusion effects. Aqueous samples were
extracted in the glove box using a sterile syringe and analyzed for Fe(II) concentration
and pH. Fe(II) was monitored spectrophotometrically at 562 nm using the ferrozine
assay (Stookey, 1970). After reaction, solids were rinsed twice with anaerobic
deionized water. All the solids were analyzed by Fe K-edge extended X-ray adsorption
fine structure (EXAFS) spectroscopy. The resulting solids sampled after three months

reaction were also analyzed by XRD.

7.3.3 Solid Analysis

7.3.3.1 X-ray Diffraction

All the synthesized precipitates and the solid products after reacting with Fe(II)
for three months were freeze-dried for XRD analysis. All X-ray diffractograms were
recorded with a Rigaku Miniflex X-ray diffractometer equipped with Cu-Ka radiation
generated at 35 kV and 10 mA. The XRD patterns were recorded from 2 to 70° 26

with 0.05° 20 step-size and 2s acquisition time.

7.3.3.2 Iron K-edge X-ray Absorption Spectroscopy

Samples for XAS measurements included all the precipitates and the products
following reaction with Fe(IT). Homogeneous sample films were prepared by vacuum
filtration of mineral slurries onto cellulose nitrate filters that were subsequently sealed
between two layers of Kapton tape. Iron K-edge X-ray absorption spectra were

recorded at the National Synchrotron Light Source (NSLS) on beamline X11A and
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Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 4-1. Fe K-edge
EXAFS spectra were collected using a Si(111) monochromator on beamline X11A
and using a Si(220) monochromator crystal set on beamline 4-1. The monochromator
was detuned 50% for harmonic rejection. Four scans of each sample were collected
either in transmission mode using an ion chamber or fluorescence mode using a Lytle
detector. Scans were obtained from 100 eV below to 1000 eV above the Fe K-edge at
7111 eV. Data reduction and linear combination k’-weighted EXAFS spectral fitting
were performed using SIXPACK (Webb, 2005). To quantify the secondary Fe phases,
linear-combination fitting of k>-weighted EXAFS spectra with a set of reference
standards for Fe was performed from 2 to 11.5 A'. Reference compounds used for
fittings were considered based on XRD data and the known reaction pathways of

ferrihydrite transformation.

7.3.3.3 Maossbauer Spectroscopy

Maossbauer measurements were also performed at the Environmental
Molecular Science Laboratory (EMSL) at Pacific Northwest National Laboratory on
the synthesized precipitates. Samples were prepared by mixing approximately 50-80
mg of samples with vaseline in a Cu Mssbauer sample holder (0.95 cm by 1.27 cm).
The holder was entirely filled with the sample mixture and sealed with Scotch tape.
An oxygen impermeable polymer film (aluminized Mylar) was used as an outer seal
on the ends of the holder. Both the tape and polymer were snapped into the holder

with rings made of carbonized-polyethyletherketone (PEEK) polymer to ensure

189



tightness. Mossbauer spectra were collected using a 50-mCi (initial strength) 57Co/Rh
source. The velocity transducer MVT- 1000 (WissEL) was operated in a constant
acceleration mode (23 Hz, £12 mm/s). An Ar—Kr proportional counter was used to
detect the radiation transmitted through the holder, and the counts were stored in a
multichannel scalar (MCS) as a function of energy (transducer velocity) using a 1024
channel analyzer. Data were folded to 512 channels to give a flat background and a
zero-velocity position corresponding to the center shift (CS or d) of a metal iron foil at
room temperature (RT). Calibration spectra were obtained with a 25-lm-thick a-Fe(m)
foil (Amersham, England) placed in the same position as the samples to minimize
errors due to geometry changes. A closed-cycle cryostat (ARS, Allentown, PA) was
employed below RT measurements. The Mdssbauer data were modeled with the
Recoil software using a Voight-based structural filtering routine (Rancourt and Ping,

1991).

7.4 Results and Discussion

7.4.1 Structural Characteristics of (OM-)Ferrihydrite by XRD and Mossbauser
Spectroscopy
The XRD data for the OM-free ferrihydrite and coprecipitate samples are
shown in Figure 7.1.The XRD of the OM-free sample showed the usual peaks of 2-
line ferrihydrite (Fig.7.1). With an increasing OM surface loading, the two main peaks

broadened (Fig.7.1). The observed broadening indicates a decreasing size of coherent
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scattering domains or an increase of stacking disorder in the anionic layers. Based on
EXAFS, Waychunas et al. (1993) suggested that the precipitation process of
ferrihydrite starts with the formation of small chains of Fe octahedra, continues by
linking these chains via their edges to plate-like dioctahedral and trioctahedral chains,
and only then proceeds by cross-linking the chains at their octahedral corners. In the
presence of bound organic matter, frequent reactions between Fe (O, OH)6 octahedra
and organic molecules may prevent cross-linking and result in a structural disorder of
ferrihydrite.

Figure 7.2 shows Mdssbauer spectra of pure ferrihydrite and coprecipitates. All
spectra recorded at room temperature showed broadened electric quadrupole doublets
(Fig.7.2). The broadening of the doublets can be attributed to a distribution of electric
field gradients. None of the spectra contained a quadrupole doublet component
representing iron that does not exhibit a magnetic splitting, as has been reported by
Schwertmann et al. (2005). No Fe(II) doublets were observed in any of the samples
(Fig.7.2), indicating the absence of detectable amounts of Fe(Il)-containing phases. As
the temperature decreased, the doublets gradually transferred to broadened sextets,
indicating progressive magnetic ordering at low temperatures. Transformation of
doublets to sextets started from 77K for pure ferrihydrite, while doublets begun to
transfer to sextets at 45K and 25 K for the ferrihydrite with 12% and 21% of C,
respectively (Fig.7.2) This indicates that magnetic ordering temperature
(transformation of doublet feature (paramagnetic) to sextet feature (magnetic)) of

ferrihydrite decreased with increasing OM loadings on ferrihydrite. Such a decrease
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can be explained by decreasing particle size and crystallinity or by decreasing
interparticle interaction (Mikutta et al., 2008; Eusterhues et al., 2008). Decreasing
particle size was observed in previous studies (Eusterhues et al., 2008), decreasing
crystallinity is shown by XRD, and decreasing interparticle interactions is plausible
because of the increasing amounts of diamagnetic organic materials between
individual ferrihydrite particles. The nature of the functional groups of organic matter
that are involved in the interaction with Fe was revealed by NEXAFS and FTIR
spectroscopy. Carboxylic C may account for interaction between organic matter and
iron oxides by forming strong Fe-O-C chemical binds.

Collectively, Mdssbauer and XRD results show that the coprecipitated OM
hasa clear impact on the structure of the precipitated ferrihydrite. Natural ferrihydrites
must, therefore, be expected to differ in many properties from their synthetic

analogues.

7.4.2 Effects of the Coprecipitated Organic Matter on Fe(II)-catalyzed
Transformation of Ferrihydrite
To determine the impacts of OM-Fe coprecipitation on Fe(II)-induced
conversion of ferrihydrite, we reacted ferrihydrite minerals containing different
amounts of coprecipitated OM with two concentrations of ferrous Fe(II). XRD
patterns of the secondary mineral phases after 90 days of reaction are shown in figs.

7.3 and 7.4. Quantitative speciation of the final product was determined by Fe K-edge
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EXAFS and linear combination fitting of the sample spectrum with reference mineral
spectra. The results of the linear combination fits are presented in figs.7.5-7.

Following 90 days of reaction with Fe(II) concentrations (0.2 mM Fe(Il);
~0.66 mmol Fe(Il)/g ferrihydrite), pure ferrihydrite is converted to goethite (Figs.7.3
and 7.5). At higher Fe(Il) levels (2.0 mM; ~6.6 mmol Fe(Il)/g ferrihydrite), magnetite,
in addition to goethite, is formed (Figs.7.4 and 7.5). These results are consistent with
that observed previously (Hansel et al., 2005). The secondary mineral phases and their
proportions varied substantially as a function of OM surface loading (Figs.7.3-5).
Regardless of the concentration of Fe(Il), the presence of OM on the ferrihydrite
resulted in diminished secondary mineralization and the preservation of ferrihydrite,
and the degree of preservation increased with an increasing OM surface loadings.

Coprecipitation with 21% C resulted in complete ferrihydrite preservation (Fig.7.3-5).

7.4.2.1 Reaction with Low levels of Fe(II)

Upon reaction with low Fe(II) levels for 90 days, OM-containing ferrihydrite
was converted mainly to lepidocrocite, with only minor amounts of goethite in the
sample with 3% C (Figs.7.3 and 7.5). This is in contrast with the data observed for
pure ferrihydrite where goethite was the sole secondary mineral phase (Figs.7.3 and
7.5). In contrast to pure ferrihydrite and ferrihydrite coprecipitated with 3% C, higher
OM loadings resulted in incomplete ferrihydrite mineralization (Figs.7.3 and 7.5). In
fact, for OM-Fe coprecipitates with 20% C, ferrihydrite was completely preserved

(Figs.7.3 and 7.5). Ferrihydrite is a highly reactive Fe hydroxide that is
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thermodynamically unstable and has a propensity to transform to thermodynamically
stable crystalline phases (an Oswald ripening process) (Cornell and Schwertman,
1996). While ferrihydrite transformation often takes months to years at room
temperaute and near-neutral pH (Schwertmann et al., 2004), Fe(Il) reaction with
ferrihydrite can accelerate Ostwald ripenning at neutral pH (Zachara et al., 2002;
Hansel et al., 2005 20011; Pedersen et al., 2005). The conversion of ferrihydrite to
lepidocrocite and goehtite is attributed to a traditional ripening process. Reaction of
Fe(Il) with the ferrihydrite surface results in Fe(II) adsorption (Tronc et al., 1992) or
exchange of Fe(Il) for Fe(II) in terminal octahedral positions (Pedersen et al., 2005)
and subsequent electron transfer from bound Fe(II) to bulk Fe(III). Increased electron
density within ferrihydrite enhances the rate of dissolution and leads to an increased
rate of reprecipitation to secondary phases (Rosso et al., 2010). The Fe(II)-induced
reductive dissolution of ferrihydrite solubilizes aqueous Fe(III), which rapidly
precipitates as a more thermodynamically stable Fe(IlI) (hydr)oxide (Pedersen et al.,
2005), either lepidocrocite or goethite under these conditions. The presence of OM
impedes the conversion of ferrihydrite to goethite. The presence of 3% C resulted in a
88% decline in ferrihydrite conversion to goethite, which is accounted for by a
corresponding increase in lepidocrocite precipitation (Figs.7.3 and 7.5). Further
increasing C concentration to 8 % on ferrihydrite resulted in complete inhibition of
goethite formation (Figs.7.3 and 7.5). The level of lepidocrocite significantly
decreased with C loadings and instead ferrihydrite was preserved at the expense of

lepidocrocite formation (Fig.7.5).
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The progression/pathway of Fe(Il)-induced secondary mineralization of
ferrihydrite is also altered by the presence of OM. Following 18 hours of reaction of
pure ferrihydrite with 0.2 mM Fe(II), almost equivalents amounts of lepidocrocite and
goethite were formed as major secondary phases (Fig.7.6). However, the relative
abundance of lepidocrocite was significantly reduced at 6 days and completely
disappeared at 90 days (Fig.7.6). These results indicate that goethite observed at later
time points forms at the expense of lepidocrocite, similar to that observed previously
(Hansel et al., 2005 2011; Tufano et al., 2009). The influence of a lepidocrocite
precursor phase was also found for ferrihydrite coprecipitated with 3% C. Twelve
percent of goethite at 90 days was formed from the transformation of lepidocrocite
(Fig.7.6). In contrast, transformation from lepidocrocite to goethite was completely
inhibited in the presence of higher OM surface loadings (5% C, 10% C) (Fig.7.6).
Lepidocrocite is metastable with respect to goethite (Cornell and Schewertmann,
2003). The diminished formation of goethite from lepidocrocite with increasing OM
loadings suggests that the presence of OM inhibits the mineral ripening process. .It has
been shown before that for aging in the absence of catalyst Fe(II), sorption of ligands
suppresses dissolution, internal ordering and aggregation of ferrihydrite, thus
inhibiting its transformation to goethite and hematite (Cornell and Schewertmann,

2003).
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7.4.2.2 Reaction with High Levels of Fe(II)

Reaction of 2.0 mM Fe(II) with ferrihydrite containing a range of
coprecipitated OM also resulted in inhibited ferrihydrite conversion and secondary
mineralization.(Figs.7.4 and 7.5). The impact of OM loadings at high Fe(II) levels
with ferrihydrite is as great as that observed for low Fe(II) reactions. Similar to low
Fe(Il) levels, the presence of OM also favored the conversion of ferrihydrite to
lepidocrocite rather than goethite at higher Fe(II) concentrations (Figs.7.4 and 7.5).
However, it is notable that that in the presence of the coprecipitated OM, the extent of
lepidocrocite accumulation was significantly lower at higher Fe(II) levels than at
lower Fe (II) concentrations, accompanied by a corresponding increase in goethite
formation at higher Fe(II) levels (Fig.7.5). This suggests that continued lepidocrocite
precipitation is impeded by the formation of, or conditions leading to goethite.
Lepidocrocite and goethite levels decreased with OM loadings because of an
increasing degree of ferrihydrite preservation (Fig.7.5). Magnetite is an additional
secondary product of Fe(Il)-induced conversion of pure ferrihydrite at high Fe(II)
concentrations (Figs.7.4 and 7.5), as observed previously (Hansel et al 2005 2011;
Tufano et al., 2009). The proportion of magnetite formed declined dramatically with
the presence of OM on ferrihydrite. About 30% magnetite was formed for pure
ferrihydrate upon reaction for 90 days, while the presence of OM resulted in only 7-
10% of magnetite nucleation (Fig.7.5). Magnetite nucleation from ferrihydrite has
been primarily attributed to a surface atomic rearrangement (topotactic conversion) of

ferrihydrite to magnetite (Zachara et al., 2002). Ferric Fe in tetrahedral coordination
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on the surface of ferrihydrite would allow for a solid state conversion mechanism,
although there are conflicting reports on the presence of tetrahedral Fe(III) in
ferrihydrite and this remains a matter of debate (Michel et al., 2007; Manceau, 2009).
Previous investigations revealed that nucleation of magnetite on lepidocrocite and
goethite was not observed and it was therefore suggested magnetite nucleated on
ferrihydrite followed by continued crystal growth, supported by an Fe(IIl) flux from
lepidocrocite and goethite dissolution (Hansel et al., 2005). Therefore OM-inhibited
magnetite nucleation could not be attributed to a shift in the mineralization to
lepidocrocite rather than goethite, since the solubility of lepidocrocite is greater than
that of goethite. Inhibition of magnetite in the presence of OM on the surface is
attributed to a shift in mineralization pathways. Instead, inhibition of magnetite is at
the expense of ferrihydrite preservation by organic matter.

Organic matter also affected ferrihydrite mineralization pathways. After
reacting pure ferrihydrite with high Fe(II) levels for 18 hours, about 60% of the
goethite with 13% magnetite was precipitated (Fig.7.7). As reaction time increased,
the relative abundance of goethite remained unvaried, while magnetite continued to
increase at the expense of ferrihydrite (Fig.7.7). This suggests that magnetite
precipitates directly from ferrihydrite instead of goethite. The accumulation of high
goethite concentrations (>40%) has been shown to inhibit the precipitation of
magnetite (Hansel et al., 2003; Tufano et al., 2009). This inhibition has been attributed
to the passivation of the ferrihydrite surface (Hansel et al., 2003) and consumption of

tetrahedral Fe(IIl) centers within ferrihydrite that are presumed necessary for the
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nucleation of magnetite via a solid-state conversion of ferrihydrite to magnetite
(Tufano et al., 2009). It is unlikely that the same inhibition processes are operative
here, however, since after 18 hours, equivalent goethite concentrations are present, yet
magnetite precipitation continued to ensue (Fig.7.7). After reaction of ferrihydrite with
3-8% C with Fe(Il) for 18 hours, only 7-10% of magnetite formed and the relative
abundance of magnetite remained constant with reaction time, while goethite and
lepidocrocite continued to accumulate at the expense of ferrihydrite as reaction time
increased, implying that the initial nucleation of magnetite on ferrihydrite was
somehow inhibited by organic matter.

While we cannot confirm the mechanism(s) responsible for the diminished
Fe(II)-induced conversion of OM-ferrihydrite coprecipitates to more stable hydroxides
or inhibition of magnetite nucleation, considering that electron transfer between Fe(II)
and Fe(Il) or surface rearrangement is requisite for ferrihydrite transformation and
secondary mineral formation, the diminished (in some cases completely)
mineralization of OM-ferrihydrite may be due to blocking of surface sites by OM. The
specific surface area of the precipitated ferrihydrite has been shown to decrease with
increasing OM loading, supporting the idea that the surface sites of ferrihydrite are
blocked by organic matter. This site blocking may therefore result in a lower electron

exchange between aqueous Fe(Il) and solid Fe(IIl) in the mineral.
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7.5 Environmental implications

The dominant role of aqueous Fe(Il) concentrations in dictating the
mineralization pathways of ferrihydrite has been observed both in batch and dynamic
flow conditions (Fredrickson et al., 1998; Benner et al., 2002; Zachara et al., 2002;
Hansel et al., 2003, 2005; Tufano et al.,2009). Furthermore, model simulations
exploring the Fe(Il)-induced ferrihydrite transformations along diffusive gradients
reproduced the observed secondary mineral profiles by changing only the aqueous
Fe(II) concentration in the employed rate expressions (Tufano et al., 2009). Here, we
show that coprecipitated OM on ferrihydrite will dramatically affect its structure and
the secondary mineralization profiles upon reaction with Fe(Il). OM stabilizes
ferrihydrite, impeding its transformation to more thermodynamically stable products,
particularly goethite and magnetite. Furthermore, here we observe a linear (R* = 0.93)
increase in ferrihydrite concentrations with increasing OM loadings on ferrihydrite
(see Fig.7.8). Based on this linear trend, OM levels above 21% C will result in
completely inhibited ferrihydrite transformation. The findings of this study may
provide an explanation for the preservation of ferrihydrite and minor levels of
secondary magnetite frequently found within most soils and sedimentary
environments. Considering the preponderance of organic matter bound with
ferrihydrite in soils and sediments, the reactivity of natural ferrihydrites and the

subsequent impact on mineral evolution needs to be more fully explored.
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Figure 7.1  XRD patterns of ferrihydrite coprecipitated with 0-21% C.
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Figure 7.2 Mdssbauer spectra of ferrihydrite coprecipitated with 0-21% of C at
varying temperatures.
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Figure 7.3  XRD patterns of the secondary minerals formed following 90 days of
reaction of 0.2mM Fe(II) with ferrihydrite coprecipitated with 0-21% C.
F: Ferrihydrite; L, Lepidocrocite; G, Goethite.
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Figure 7.4  XRD patterns of the secondary minerals formed following 90 days of
reaction of 2.0 mM Fe(II) with ferrihydrite coprecipitated with 0-21% C.
F: Ferrihydrite; L, Lepidocrocite; G, Goethite; M, Magnetite.

207



0.2 mM Fe(II)

120
I Ferrihydrite
I Lepidocrocite
100 - Goethite
D 80
RN
2
O 60 -
=
40 -
20 -
0 T
0% 3%C 8%C 12%C 21%C
2 mM Fe(1l)
120
E Ferrihydrite
100 4 [ Lepidocrocite
Goethite
I Magnetite
80 -
()
L.
X
o
© 60 -
[e]
=
40 -
20 - I
0 T

0%C 3%C 8%C 12%C 21%C

Figure 7.5 Secondary minerals formed following 90 days of reaction of 0.2 and 2.0
mM Fe(II) with ferrihydrite coprecipitated with 0-21% C. Mineral
percents were obtained via linear combination fitting of Fe K-edge
EXAFS spectra with reference minerals.
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Figure 7.6  Temporal mineral distribution for the conversion of ferrihydrite
coprecipitated with 0-21% of C, upon reaction with 0.2 mM Fe(II).
Mineral percentages were obtained via linear combination fitting of Fe
K-edge EXAFS spectra with reference minerals.
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Figure 7.7 Temporal mineral distribution for the conversion of ferrihydrite
coprecipitated with 0-21% of C, upon reaction with mM Fe(Il). Mineral
percentages were obtained via linear combination fitting of Fe K-edge
EXAFS spectra with reference minerals.
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Figure 7.8  Preservation of ferrihydrite as a function of organic matter loadings on
ferrihydrite, following 90 days of reaction with 0.2 and 2.0 mM Fe(II).

211



Chapter 8

CONCLUSIONS

8.1 Summary

The soil's ability to accumulate and retain C has received increasing interest, as
the concerns about climate change grow. Organic carbon bound to minerals is
considered relatively stable (Torn et al., 1997, 2005; Kalbitz et al., 2005; Mikutta et
al., 2006) and controls the long-term sequestration of organic matter in soils. Organic
matter stabilization by minerals has been envisioned as a combined effect of the
mineralogical properties (surface area and charge) and the composition of the OM
involved, with aromatic structure being most resistant to microbial decomposition
(Kalbitz et al., 2005; Mikutta et al., 2007).

Whereas the chemical composition of soil OM has been subject to numerous
studies, little is known about the structural changes of SOM as a function of landscape
topographic position. In this study, we combined NEXAFS spectroscopy and Py-
FIMS to characterize SOM at different soil depths and landscape topographic
positions along a pasture hillslope. These two techniques were able to reveal common
trends among soil depths and landscape topographic locations. The relative amount of

recalcitrant aromatic C compounds and lignin materials, including alkylaromatics and
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phenols and lignin monmers, increased with soil depth, while the proportions of lipid-
like compounds such as alkanes, alkenes, n-alkyl esters, sterols and fatty acids
decreased with soil depth. In addition, the poorly-drained footslope soil was enriched
in recalcitrant aromatic C compounds and lignin materials including alkylaromatics
and phenols and lignin monomers. Carbohydrates, N-containing compounds, and
phenols and lignin monomers showed increasing thermal stability at deeper depths and
poorly-drained footslope locations. Collectively, this study suggests that organic
compounds are more recalcitrant and stable in the subsoils and depressional landscape
locations.

Scanning transmission X-ray microscopy (STXM) of high spatial resolution,
combined with NEXAFS spectroscopy, represents the most direct way to observe
organic matter-mineral interactions (Wan et al., 2007). It enables direct assessment of
distribution and speciation of C and major cations and their associations in organo-
mineral assemblages. In this study, STXM-NEXAFS at the Cls, Ca 2p, Fe 2p, Al 1s
and Si 1s edges was used to investigate C associations with Ca, Fe, Al and Si species
in soil clay fractions from a .pasture hillslope. Bulk techniques including Fe EXAFS
and XRD were also applied to provide supplementary information. The C NEXAFS
results clearly demonstrated that aromatic C=C, carboxyl and polysaccharides were
the major C functional groups intimately associated with soil mineral phases, despite
variability in the distribution of C species on mineral surfaces. This study suggests the
importance of Ca in organo-metal-mineral interactions and/or organo-metal cation

omplexation, although no definite conclusion could be drawn on the specific role of
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Ca in OM-mineral interactions. The mineral matrix in these soils was composed of
Fe(IIT) oxides (hematite, goethite, and ferrihydrite), quartz and phyllosilicates,
including hydroxyl-interlayered vermiculite, illite and kaolinite. C showed similar
correlation with Fe to Al and Si. This study is among the first spectromicroscopic
investigations of organo-mineral assemblages in soils. Overall, our results show the
progress towards examining, at the sub-micron-level, compositional chemistry and
associative interactions between organic matter and the mineral matrix.

Iron oxides are important in OM-mineral interactions because of their
abundance and reactivity. Iron oxides with short-range crystal order and small particle
sizes contain more reactive surface area compared to other bulk Fe-oxides (Cornell
and Schwertmann, 2003; Bonneville et al., 2004). Soil redox conditions affect not only
the amount but also the mineralogical composition of Fe mineral phases. This research
applied EXAFS and Méssbauer spectroscopy to characterize Fe mineral phases in a
floodplain soil profile with spatially sharp redox gradients. Results showed that soil
redox conditions had an important control on soil Fe mineralogy. The permanent
reducing conditions led to a complete reductive dissolution of Fe(III) oxides.
Therefore, the importance of Fe oxides in OM-mineral interactions would be expected
to decrease with decreasing redox levels. In addition, the reducing conditions resulted
in a strong reduction in the structural Fe(IIl) in the phyllosilicates. The impacts of
redox cycling of structural Fe in phyllosilicates on carbon and metal cycling remain

largely unknown and need to be further explored.
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Poorly-crystalline Fe oxy-hydroxide ferrihydrite, because of its prevalence in
the environment and high surface area, is of particular importance in organic matter
retention. In soils, poorly-crystalline Fe oxides like ferrihydrite, often precipitates
from solutions containing varying amounts of dissolved organic matter. This leads to
coprecipitation of OM with ferrihydrite. In contrast to adsorption studies, the
coprecipitation process has received relatively little attention. In this study, we
compared ferrihydrite-OM complexes formed via adsorption and coprecipitation with
dissolved organic matter extracts from a forest litter layer. Our study demonstrated
that coprecipitation resulted in a significantly greater amount of C retained with the
solid phase and greater C stability than adsorption, supporting the contention that
coprecipitation might be an important process contributing to the accumulation and
stabilization of OM in natural environments. [ron EXAFS measurements revealed that
coprecipitation of OM with Fe led to the formation of OM-Fe(III) cation complexes in
the solid phase by suppressing ferrihydrite formation, which might be related to a
significantly greater organic carbon (OC) retention for coprecipitation than adsorption,
The strong chemical C-O-Fe bonds formed in the process of adsorption and
coprecipitation and selective uptake of aromatic C might contribute to stabilizing
organic matter by minerals. This study also demonstrated the spatial distribution of C
on ferrhydrite at the nanometer scale for the first time. Although studies on natural
soils have shown that C displays a heterogeneous distribution on soil minerals, this
study showed that C distribution on ferrihydrite was relatively uniform at lower

surface loadings. However, at higher C loadings, the spatial distribution of C on
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ferrihydrite became heterogeneous. This study also provided possible evidence for the
formation of organic multilayers on minerals at higher C loadings.

The ripening of ferrihydrite to more stable and hence less reactive phases
such as goethite is catalyzed by surface reaction with aqueous Fe(Il) (Hansel et al.,
2005). While ferrihydrite within most natural environments contains high
concentrations of co-precipitated organic matter, little is known regarding the impact
of this OM on the reactivity of ferrihydrite. In this study, we investigated the structural
characteristics of OM-Fe coprecipitates and explored the extent, pathways and
products of Fe(Il)-induced secondary mineralization of OM-Fe coprecipitates by
reacting with aqueous Fe(II) (0.2 and 2.0 mM). Results indicated that the
coprecipitated OM decreased crystallinity of ferrihydrite. Organic matter stabilizes
ferrihydrite, impeding its transformation to more thermodynamically stable products.
We observed a linear (R? = 0.93) increase in ferrihydrite preservation with increasing
OM loadings on ferrihydrite .OM levels above 21% C will result in completely
inhibited ferrihydrite transformation. At low Fe(II) levels, the coprecipitated OM
impeded goethite formation, while magnetite nucleation, in addition to goethite
formation, was inhibited by OM at high Fe(II) levels. These findings provide insight
into mechanisms that may be responsible for ferrihydrite preservation and low levels
of secondary magnetite typically found in sedimentary environments. Considering the
preponderance of organic matter on ferrihydrite in soils and sediments, the reactivity
of natural (compromised) ferrihydrites and the subsequent impact on mineral

evolution needs to be more fully explored.
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8.2 Recommended Future Research

8.2.1 Investigating the role of Ca in organic matter-mineral interactions in soils
The STXM-NEXAFS analysis of pasture soils in this study demonstrated good
C-Ca correlations and carbonate was not detected, suggesting that Ca plays an
important role in organo-mineral assemblage formation in these soils. Organic anions
are normally repelled from negatively charged surfaces in soils. Calcium can facilitate
binding of organic compounds to permanently negative-charged siloxane surfaces or
to the hydroxyls of phyllosilicates and oxides via “cation bridging”. In addition,
dissolved organic matter can also be precipitated by metal ions such as Ca*" (von
Liitzow et al., 2006) and thus organic matter- Ca precipitates might also be present in
the soils. Organic-metal ion (such as Ca*") complexation has been considered as
potentially stabilizing soil OM (Baldock & Skjemstad, 2000). Therefore, the good C-
Ca correlation could be a result of Ca-bridging and/or OM-Ca”" precipitates in soils. It
is uncertain which mechanism would play the major role based on the current study.
Thus, the specific interactive mechanisms of organic matter, calcium and the soil
mineral matrix need to be assessed in future studies. Investigating the role of Ca in
OM-mineral interactions in agricultural soil is particularly important, since application
of Ca amendments such as calcite and dolomite to soils has been a common
agricultural practice to counteract natural acidifying processes. It remains largely
unknown how and by which mechanism(s) the Ca amendments affect the OM-mineral

interactions.

217



8.2.2 Assessing the importance of Fe oxides in organic matter-mineral

interactions along wide redox and mineralogical gradients

Soil redox conditions affect not only the amount, but also the mineralogical
composition of Fe mineral phases. This study showed that anoxic conditions led to a
reductive dissolution of Fe(IIl) oxides. The degree of reduction increased with
decreasing redox levels, and thus the amount of Fe oxides decreased with decreasing
redox levels. At permanent anoxic conditions, complete reductive dissolution of Fe
oxides occurred. Therefore one could hypothesize that the importance of Fe oxides in
OM-mineral interactions would decrease with decreasing redox levels. However,
under intermediate redox levels, where Fe oxides were partially reduced, Fe oxides
with smaller particle size and lower crystallinity were relatively enriched. This makes
the assessment of the importance of Fe oxides under varying redox conditions more
complicated. The direct assessment of the role of Fe oxides in OM-mineral
interactions under different redox condtions is lacking and deserves further study.

STXM analysis of pasture soils showed that C was associated with both
phyllosilicates and Fe(III) oxides with Fe(IIl) oxides being slightly more prominent
than phyllosilicates in C-mineral association, as inferred from a better correlation of C
with Fe than with Al and Si. In these Utisols, the Fe(IIl) oxide content was low (<
2%). In addition, most of the Fe(IIl) oxides were crystalline goethite and hematite This
is probably why we only observed a slightly better correlation of C with Fe than with
Al and Si as amorphous and poorly crystalline minerals (e.g,. ferrihydrite) are more

powerful in stabilizing OC in the soils. In order to fully investigate the role of Fe(III)
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oxides in C-mineral associations in soils, further study on soils with varying Fe oxide
content and crystallinity is highly recommended. For example, tropical soils usually
contain very high amounts of Fe oxides mainly as hematite, whereas poorly-crystalline
Fe oxides such as ferrihydrite are dominant in Andosols. Of particular interest for
future research is to expand this investigation by including soils with a wider range of
mineralogical composition such as tropical soils and Andosols. Such a study will help
to develop a clearer understanding of specific OM-mineral associations in a wide

variety of soil types.

8.2.3 Examining the impacts of organic matter associations on Fe oxides on the

mobility of metal(oid)s

Associations of organic matter on Fe(IIl) oxides is universal in soils. The
structure and reactivity of Fe oxides in natural soils are influenced by organic matter.
This study indicated that organic matter association with poorly-crystalline ferrihydrite
impeded its transformation to more stable Fe oxide phases, after reacting with
reductants such as Fe(Il). Previous studies have also demonstrated that organic
compounds can kinetically retard, and in some instances, completely prevent, the
transformation of Fe(IIl) minerals to more crystalline, thermodynamically stable forms
of Fe(IIl) in the absence of Fe(Il) (Cornell and Schwertmann, 1979; Cornell and
Schneider, 1989; Mayer and Jarrell, 1996; Schwertmann and Thalmann, 1976).
Dissolved humic substances have been shown to stimulate microbial reduction of

poorly soluble Fe(Ill) minerals by acting as electron shuttles between cells and
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minerals (Kappler et al., 2004). However, the effect of solid-phase associated organic
matter on the microbial transformation of iron minerals remains largely unknown.
Metal(oid)s, such as arsenic desorption from soils/sediments, is primarily controlled
by the reductive dissolution of Fe(Ill) oxides (Smedley and Kinniburgh, 2002; Ahmed
et al., 2004). The rate and extent of Fe oxide dissolution and transformation are critical
to the fate of metal(oid)s. Owing to its reactivity and propensity to transform,
metal(oid) retention/release upon microbial reduction of ferrihydrite is of particular
importance. Despite the prevalence of organic matter associations with Fe oxides in
natural environments, the role of the bound organic matter on ferrihydrite reduction

and metal(oid) release is not well understood and deserves future exploration.
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Appendix A

ADDITIONAL STXM-NEXAFS, FE K-EDGE EXAFS AND C & N BULK
NEXAFS DATA OF CHAPTER 3

Materials and Methods

Site description

The watershed has a long history of human impacts starting with agricultural
expansion during the colonial era. Currently, 23% of the watershed is covered with
forests (Newbold et al., 1997). Approximately 52% of the watershed area is in pasture
for horses and cattle, and 22% is tilled primarily for maize, soybeans and winter wheat
or hayed (alfalfa).The remaining land (~3%) is in residential use, a commercial
catering establishment, and the Stroud Water Research Center (Newbold et al., 1997).
STXM Data Analysis

Energy Scale Calibration: The energy scale of C-1s spectra was calibrated by using
the CO, absorption peak (C 3p) at 294.96 eV by measuring CO; gas spectra before or
after the measurements. The Ca-2p spectra were calibrated internally using the main
2p1, — 3d resonance peak at 352.6 eV (Benzerara et al., 2004). The absolute energy
scale in the Fe 2p region was set by assigning the energy of the second peak in the

Fe2ps); signal of FeCls-6H,0 to 709.8 eV (Dynes et al., 2006); for Al 1s, the 1s-4p

222



peak of muscovite was set to 1570.4 eV (Yoon et al., 2004); and for Si 1s, the t, peak
of muscovite was set to 1846.4 eV (Li et al., 1995).

Reference Spectra for Cation (Ca, Fe, Al and Si) Speciation: Calcite (CaCO3),
sorbed Ca on EPS and calcium phosphate (CaHPO,:2H,0) were used as Ca 2p
reference compounds. Reference spectra of FeCl;.6H,O (Fe(Ill)) and FeCl,.4H,0
(Fe(II)) were collected. The Al 1s and Sils reference spectra of muscovite were
determined using a muscovite sample from the Stanford Mineral Collection. A density
of 2.82 g em™and a structural formula of KAl,(A1Si3010)(OH), were used. The other
Si 1s reference spectrum was coesite (Si0,) (d=3 g cm’™).

Characteristics of Bulk Soils

The soil was air-dried, ground, and passed through a 2 mm sieve. The particle size
measurements and cation exchange capacity were analyzed for <2 mm samples
(Table A3.4) at the Soil Testing Lab at the University of Delaware. Particle size
distribution was determined using the hydrometer method with a standard hydrometer
(ATSM152H); Cation Exchange Capacity (CEC) was determined by a method
described by Sumner and Miller (1996); and exchangeable cations (Ca, Mg, Na, K)
were measured by inductively coupled plasma atomic emission spectroscopy (ICP-
AES, Thermo Intrepid II XSP ICP) after extracting the soil with a IM NH4;OAc
solution at pH 7.

Chemical Analysis of Soil Clay Fractions

Carbon concentration was analyzed by dry combustion with a C/N elemental analyzer.

The different Fe fractions in the soils were determined by extraction methods. The
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crystalline and poorly crystalline Fe oxides (Feq) were extracted from 0.2 g of the
freeze-dried soil clays with 0.4 g sodium dithionite dissolved in 30 ml of a 0.57 M
sodium citrate solution for 12 hours (Soil Survey Laboratory Methods Manual, 2004).
The poorly crystalline Fe oxides were extracted with 0.275 M ammonium oxalate in
darkness at pH 3.25. Total Fe (Fe;) and elemental concentrations were measured using
EPA 3051 microwave digestion. The extracts and digestion were analyzed by ICP-
AES.

Soil Clay Mineralogy Characterization by XRD

X-ray diffraction (XRD) analyses were conducted on the clay fractions. Clay samples
were oriented and mounted on glass slides with the following standard treatment: Mg-
saturation, Mg-Glycerol saturation, K-saturation, and heat treatment of K-saturated
samples at 300 °C and 550°C (Soil Survey Laboratory Methods Manual, 2004). XRD
analyses were made with a Rigaku D/Max 2200 diffractometer producing Cu-ka
radiation with a wavelength of 0.154 nm. The scan range was from 5° to 35° with a
step size of 0.05°. The mineral identification and semi-quantitative estimates of clay
mineral compositions were made according to the XRD parameters of common soil
minerals (Soil Survey Laboratory Methods Manual, 2004).

Bulk Carbon and Nitrogen NEXAFS Spectroscopy

The bulk C and N K-edge NEXAFS data were acquired at the SGM beamline located
at the Canadian Light Source (CLS), Saskatoon, Canada. The soil clay samples were
mixed with C-free nanopure water and then deposited onto gold-coated silicon wafers.

C (1s) and N (1s) NEXAFS spectra of the samples were recorded from 270 to 312 eV
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and from 390 to 420 eV, respectively, in steps of 0.1eV using a dwell time of 500 ms.
Exit slit gap was 50 um. Background measurements were collected by measuring an
empty gold-coated silicon wafer. A Ti filter was used in the beamline to reduce the
effects of second order oxygen in the pre-edge region. In order to minimize beam
damage to organic matter, we collected only one spectrum from one spot. Six spectra
were collected from each sample and averaged. The C NEXAFS spectra were energy
calibrated using the 1s —z*c-( transition of glutaric acid at 288.6 eV (Kim et al.,
2003) and the 1s — #* vibrational manifold of N, gas at 400.8 eV evolved from
(NH4),SO4 was used for the N edge calibration (Gillespie et al., 2008).

Fe K-edge X-ray absorption spectroscopy

Method. Soil clay fraction samples from the summit and footslope were examined by
X-ray absorption spectroscopy (XAS) to determine Fe speciation. Iron K-edge
extended X-ray absorption fine structure (EXAFS) spectra were collected on beamline
4-1 at the Stanford Synchrotron Radiation Facility (SSRL). Samples and reference
standards were mounted as thin powders between Kapton tape. Mounted samples were
placed in a He-purged sample chamber at room temperature and four to six replicate
spectra were collected using a Lytle detector with energy calibrated against an Fe(0)
foil (7112 eV). X-ray energy resolution was maintained by a crystal Si(220)
monochromator. The Sixpack program was used for standard background subtraction
and edge-height normalization (Webb, 2005). Iron speciation of the samples was
quantified by least squares fitting (LCF) of k’-weighted EXAFS oscillations in the 2—

11A7" range, to selected reference standards using the Sixpack program. LCF analysis
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of the sample spectra was started with the reference spectrum giving the lowest R-
factor (Kelly et al., 2008). A best-fit involving n+1 components was only considered
to be superior to the best n-component fit if the R-factor decreased by more than 10%
(relative). No energy shift was included in the LCF and the sum of the fitted fractions
was not constrained (LCF data are presented normalized to 100%).

Reference Spectra. For the analysis of the Fe-K EXAFS spectra of soil clay fractions
by linear combination fitting, the reference compounds listed below were considered.
Ilite (IMt-1): from Source Clays Repository, Clay Minerals Society

Fe(IIT)-Oxalate (Fey(C,04)3): Aldrich 98% pure

Fe(II)-Citrate Hydrate (CcHsFeO5): Aldrich 98% pure

Nontronite (NAu-1): from Source Clays Repository, Clay Minerals Society

Smectite (SWy-2): from Source Clays Repository, Clay Minerals Society
Vermicullite (VTx-1): from Source Clays Repository, Clay Minerals Society
Ferrihydrite (Fe(OH)3): synthesized from Fe(NO3);.9H,0 and KOH according to the
2-line ferrihydrite method of Schwertmann and Cornell (1991).

Goethite (FeOOH): synthesized from Fe(NO3);.9H,0 and KOH according to the
method of Schwertmann and Cornell (1991).

Lepidocrocite (FeOOH): synthesized from FeCl,.4H,0 and NaOH according to the
method of Schwertmann and Cornell (1991).

Hematite (Fe,Os): synthesized from Fe(NO3);.9H,0 according to the precipitation

method of Schwertmann and Cornell (1991).
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Results and Discussion

Bulk C and N near edge X-ray absorption fine structure (NEXAFS) spectroscopy
The challenge with STXM is that we can only image small portions of soil samples.
This limits our ability to compare C speciation in soils as influenced by landscape
topography. Compared to STXM, the SGM beamline is a bulk beamline, and with a
beam spot size of 1000 um x 100um, allows one to perform bulk C and N near-edge
X-ray absorption fine structure (NEXAFS) analyses on soil samples. Another great
advantage of this technique is that it allows one to characterize in-situ soil organic
matter without extraction. Soil organic matter extraction techniques are controversial,
and may cause alterations and artifacts.

Fig.A.11 shows C NEXAFS spectra collected at the bulk SGM beamline. The summit
and footslope soils displayed major features at 288.5 eV for aromatic C, 288.6 eV for
carboxyl C and 289.5 eV for polysaccharides. This agrees with C NEXAFS results
from the STXM technique, suggesting results from the STXM technique may
represent the whole soil, although it only images a small portion of soil samples. A
minor peak at 287.4 eV for aliphatic C was present in the summit soil but disappeared
in the footslope soil. In addition, compared to the summit soil, the footslope soil was
slightly enriched in aromatic C. These results suggest a selective preservation of
recalcitrant aromatic C in the footslope soil. According to the field observation, the

footslope soil may experience poorly-drained conditions after heavy rainfall. Due to
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periodic O, deficiency, decomposition of aromatic lignin material may be limited at
the footlsope soil, compared to the summit soil.

The N NEXAFS spectra in Fig.A.12 showed features at 398.7 eV (i), an intensive
feature at 401.2 eV (ii) and a broad peak at 405.8 eV (iii). These peaks are assigned to
aromatic C in six-membered rings (pyridines, pyrazines) and/or non-peptide C=N as in
aliphatic imines (i), and amide (protein) N (ii) (Leinweber et al., 2007). The broad
feature (iii) can be assigned to overlapping 1s—ac* transition of various N moieties
(Leinweber et al., 2007). The summit and footslope soils showed similar N NEXAFS
spectra. There was a very small peak at 398.7 eV (i) in both soils, indicating a small
contribution of aromatic pyridines, pyrazines and/or aliphatic imines to soil total
nitrogen. N NEXAFS spectra of both soils showed a strong feature at 401.2 eV,
indicating amide (protein) N dominates in these soils. The dominance of the amide N
feature agrees with previous N NEXAFS studies from soils and soil related materials
(Gillespie et al., 2009; Gillespie et al., 2011; Leinweber et al., 2010a; Leinweber et al.,
2010b). Protein and amide N is widely reported to be the largest soil N pool

(Stevenson 1982; Schulten & Schnitzer, 1998).
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Figure A.1 Map of Christina River Basin (~1440 km?). The study area of Stroud
Watershed is marked by the pentagram symbol.

Figure A.2 Picture of the sampled pasture hillsope transect.
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Table A.1  X-ray energies, difference between mass attenuation coefficients above and below the absorption edge (), and
approximate resonance enhancements (RE) used for elemental mapping, according Wan et al. (and references

therein).
Pre-edge Above-edge a2 3 -1
Bdge v (V) p(g em’)  RE - plgem™)  f(gg)
Cls 280.0 289.0 51400 1 1.4 0.58

p is density.
f1s the mass fraction of the element of interest within its solid phase.

Table A.2  Energies, scaling factor and reference compounds used to map the total concentration of Ca, Fe, Al and Si
using image difference maps.

Pre-edge  Peak Scale factor

Edge (V) (V) (nm’™) Reference compound

Ca2p 3503 352.6 0.025 CaHPO4-2H,0

Fe2p 704.0 709.8 0.015 FeCls-6H,0

Al 1s 1555.0 1570.4 0.002 Muscovite (KAI(AlSi3040)(OH),)

Sils  1830.0 1846.4 0.0014 Muscovite (KAl (AISi3010)(OH),)
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Table A.3  Carbon content in bulk soils and their different fractions (sand, silt and clay).

C content Fraction of total C
-1 . .
Location (gkg™) assoglated with clay
fraction
Bulk  Sand  Silt Clay (%)
Summit 30.6 12.6 25.0 72.5 474

03) (0.9 (0.1) (0.1

276 99 220 687
Footslope 5 v 03)  (04) (0.1 397

Standard deviation errors shown in parentheses.

Table A.4 The characteristics of bulk soils.

: Sand Silt Clay Texture Exch. Cations (meq/100g) CEC @ pH7
Location pH o o o 1 /
%) (%) (%) class Ca K Mg Na (meq/100g)
Summit 5.5 41 39 20 loam 6.53 035 1.66 0.06 17.40
Footslope 5.7 35 41 24 loam 5.51 0.21 1.72 0.02 15.89




Table A.5 Soil clay mineralogy by X-ray diffraction. X-ray diffractograms are
shown in Figure A.13.

Hydroxy-Interlayered

Location Vermiculite ?;1;6 5/?1;)11n1te
(%) ° o

Summit 36 30 34

Footslope 25 29 46

Table A.6  Fe content from selective extractions and total digestion of soil clay

fractions.
. Fe: Feq Fe, Fei-Feq Feq/Fe; Fey/Feq
Location (%) (%) (%) (%)
. 5.85 2.50 0.51
Summit (0.12) (0.08) (0.03) 3.35 0.43 0.20
Footslope .10 210 071 300 041 034

(0.10)  (0.06) (0.05)

Fe:, Feq and Fe, refer to total Fe, dithionite and oxalate extractable Fe, respectively.
Standard deviation errors shown in parentheses.
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Figure A.3 Carbon pre-edge images at 282 eV of the (A) summit and (B) footslope
soil clay particles. Carbon image difference maps (OD2g9o-ODyg) of the
thick regions from the (C) summit and (D) footslope soil clay particles.
(E) C 1s NEXAFS spectra extracted from the selected thick regions from
the summit and footslope soil clay particles.
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Figure A.4

Table A.7

W\/\/\/\V" Summit soil
W Footslope soil
WW Illite

Vermiculite

Hematite

\\/\\//\N\/\/ Goethite

W 2-line ferrihydrite
2

k(A"

Iron &’-weighted chi spectra of the summit and footslope soil clay fractions and selected reference compounds.
Solid lines are the collected data and dotted lines show the best linear combination fits.

wkk

Summary of Fe mineralogy of the summit and footslope soil clay fractions based on EXAFS linear
combination fitting over a k-range of 2-11 A™.

Fe(IlI)-aluminosilicates Fe(III) oxides
Vermiculite Illite ferfiﬁlrzieri to Goethite  Hematite R-factor
(%) (%) 0 (%) (%)
(%)
Summit 35 15 9 18 23 0.0078
Footslope 32 12 16 24 16 0.0086
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Figure A.5 Al distribution map (ODs79.4-ODjss50) of the (A) summit and (B) footslope soil clay particles. The gray scale
indicates thickness in nanometers. Al 1s cluster indices map showing the distribution of Al species in the (C)
summit and (D) footslope soil clay particles with two distinct regions (red and green), respectively. (E) The Al
Is NEXAFS spectra were extracted from the regions in the cluster indices maps for the summit and footslope
soil clay particles, respectively. Note the color of the spectra and the region’s color from which they were
extracted are the same. The vertical dashed lines correspond to (i) 1565.6, (i1) 1567.7, and (iii) 1570.4 eV.



(A): Summit

196

180

Figure A.6 Ca, Fe, Al and Si distribution maps of the thin regions from the (A)
summit and (B) footslope soil clay particles. The gray scale indicates
thickness in nanometers.
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(A): Summit
C-Ca-Fe C-Al-Si

(B): Footslopne
C-Ca-Fe C-Al-Si

Figure A.7 Rescaled color-coded composite maps of C-Ca-Fe and C-Al-Si derived
from image difference maps of the thin regions for the summit (A) and
footslope (B) soil clay particles. The color of the symbol (e.g., C) is the

color of the layer.
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A Fe-Al-Si B Fe-Al-Si

Figure A.8 Rescaled color-coded composite maps of Fe-Al-Si derived from image
difference maps for the summit (A) and footslope (B) soil clay particles.
The color of the symbol (e.g., Fe) is the color of the layer.
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(B): Footslope
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Figure A.9 C-Ca, C-Fe, C-Al and C-Si correlation plots of thickness values obtained
from STXM elemental distribution maps of the thin regions (as shown in
Figure 1A-B and Figure A.6A-B) from the (A) summit and (B) footslope
soil clay particles. Linear correlation coefficients for these plots and other
elemental relations are provided in Table 3.1.

242



(A): Summit

Al fmolmm? Si, fmolmm?
0 10 20 EY) 0
z-o ] A A e A la
L8 ~ ~
s = 2
. L4 a- E_
= =
L2
0
08
(B): Footslope
Al fmolmm’
® 1 W N N
L i i i i i ]o _
20 <
15 - 8 ~ - 40 e~
o s =
s -6 = L3 &
= 10 S B
= e & L2 =
™ —-—
05 = <
5 L 2 - 10
0.0 W 0 0
0.0 0.2 04 06 0S8 10 12

Al OD

Figure A.10 Fe-Al and Al-Si correlation plots of thickness values obtained from
STXM elemental distribution maps (as shown in Fig.3.3A-B, Fig.3.4A-
B, and Fig.A.5A-B) from the (A) summit and (B) footslope soil clay
particles. Linear correlation coefficients for these plots and other
elemental relations are provided in Table 3.1.
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Figure A.11 Bulk C 1s NEXAFS spectra of the summit and footslope soil clay
fractions from SGM beamline: (i) 285.5 eV; (ii) 287.4 eV; (3) 288.6 eV;

(4) 289.5 eV.
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Figure A.12 Bulk N NEXAFS spectra of the summit and footslope soil clay fractions
from SGM beamline: (i) 398.7 V; (ii) 401.2 eV; (iii) 405.8 eV.
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Figure A.13 The X-ray diffractograms of the (A) summit and (B) footslope soil clay
fractions.
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Appendix B

ADDITIONAL FIGURE OF CHAPTER 4

(a) Post-Colonial Sediment (b) Pre-Colonial Wetland
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Figure B.1 X-ray diffractograms of the clay fractions separated from the post-
colonial sediment and the pre-colonial buried wetland.
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Appendix C

ADDITIONAL FIGURES OF CHAPTER 5
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Figure C.1 Correlation between specific surface area and micro- and mesopore
volumes. The correlation coefficients (R*) were shown on the plots.
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Figure C.2 The portion of organic carbon uptake from solution by coprecipitation
and adsorption as a function of the initial C/Fe ratio.
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Figure C.3 Fe concentration in the remaining solution after coprecipitation and
adsorption as a functional of the initial C/Fe ratio.
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Appendix D

ADDITIONAL TABLES AND FIGURES OF CHAPTER 6

Table D.1  Energies, scaling factor and reference compounds used to map the total
concentration of C and Fe using image difference maps.

Pre-edge Peak Scale factor
Edge V) V) (nm™) Reference compound
Cls 282.0 288.4 0.0091 albumin
Fe 2p 704.0 709.8 0.015 FeCls;-6H,0
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100% Fh

x(k)(K’) (A

k(A

Figure D.1 Iron k’-weighted EXAFS spectra of the adsorptive complexes with C
loadings of 1.30 mg C m™ SA. Dotted lines show linear combination fits
over a k-range of 2-11 A" using pure ferrihydrite (Fh) and organic
matter-Fe(IIl) complex as fit components. The numbers to the right of the

spectrum give the corresponding linear-combination-fitting (LCF) results
of EXAFS.
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Table D.2  Peak assignments for FTIR spectra of organic matter samples according
to Gu et al., Swift, Chorover and Amistadi, Fu and Quan, Artz et al.,
Heckman et al., Oren and Chefetz (and references therein).

Peak position

(cm’™) Assignment

1730 Symmetric C=0 stretch of esters
1596-1616 Asymmetric COO' stretch

1520 Aromatic C=C stretching

1460 CHj; scissoring

1400 Symmetric COO stretch
1378-1390 COO-metal stretch

1270 O-H stretching of phenolic OH

1130 C—O stretch of carbohydrates

1080 C—O stretch of carbohydrates

1050 C—O stretch of carbohydrates
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Table D.3  FTIR peak areas of the symmetric COO™ band.

C loadings Peak position

(mg C m2 S A) (cm’l) Peak Area

U’ggaﬁed 1400 18.5

0.52 1384 28.8
Adsorptive 0.95 1386 26.3
complexes

1.30 1390 253

0.51 1378 36.2

0.98 1380 34.0

Coprecipitates
1.58 1386 30.7
3.31 1388 29.5

Figure D.2  Color indications of Red-Green-Blue (RGB) composite maps.
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4 |

Figure D.3 STXM elemental distribution maps of (a) carbon and (b) iron for the
adsorptive complexes with C loadings of 0.52 mg C m™ SA. The gray
scale indicates thickness in nanometers.

115

o

Figure D.4 STXM elemental distribution maps of (a) carbon and (b) iron for the
coprecipitates with C loadings of 0.51 mg C m™ SA. The gray scale
indicates thickness in nanometers.
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Figure D.5 STXM elemental distribution maps of (a) carbon and (b) iron for the
adsorptive complexes with C loadings of 1.30 mg C m™ SA. The gray
scale indicates thickness in nanometers.

170

Figure D.6 STXM elemental distribution maps of (a) carbon and (b) iron for the
coprecipitates with C loadings of 1.58 mg C m™ SA. The gray scale
indicates thickness in nanometers.
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Additional elemental distribution and color-coded composite maps and correlation

plots of carbon and iron from STXM technique.
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Figure D.7 STXM elemental distribution maps of (a) carbon and (b) iron for the
adsorptive complexes with C loadings of 0.52 mg C m™ SA. The gray
scale indicates thickness in nanometers. (c) Color-coded composite maps
of (a) carbon and (b) iron (Carbon, blue; Iron, red). (d) Correlation plots
of thickness values of (a) carbon and (b) iron obtained from STXM
elemental distribution maps. Correlation coefficients (R*) are provided on

the plots.
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Figure D.8 STXM elemental distribution maps of (a) carbon and (b) iron for the
coprecipitates with C loadings of 0.51 mg C m™ SA. The gray scale
indicates thickness in nanometers. (¢) Color-coded composite maps of (a)
carbon and (b) iron (Carbon, blue; Iron, red). (d) Correlation plots of
thickness values of (a) carbon and (b) iron obtained from STXM
elemental distribution maps. Correlation coefficients (R?) are provided on

the plots.
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Figure D.9 STXM elemental distribution maps of (a) carbon and (b) iron for the
adsorptive complexes with C loadings of 1.30 mg C m™ SA. The gray
scale indicates thickness in nanometers. (c) Color-coded composite maps
of (a) carbon and (b) iron (Carbon, blue; Iron, red). (d) Correlation plots
of thickness values of (a) carbon and (b) iron obtained from STXM
elemental distribution maps. Correlation coefficients (R) are provided on

the plots.
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Figure D.10 STXM elemental distribution maps of (a) carbon and (b) iron for the
coprecipitates with C loadings of 1.58 mg C m™ SA. The gray scale
indicates thickness in nanometers. (¢) Color-coded composite maps of (a)
carbon and (b) iron (Carbon, blue; Iron, red). (d) Correlation plots of
thickness values of (a) carbon and (b) iron obtained from STXM
elemental distribution maps. Correlation coefficients (R?) are provided on
the plots.
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