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Abstract
The role and distribution of iron (Fe) species in physical soil fractions has received

remarkably little attention in field-scale, systems. Here, we identify and quantify the Fe

phases in two fractions (fine sand, FSa, and fine silt and clay, FSi+Cl), isolated from an
agricultural soil non-amended and amended with different organic materials, by Fe K-
edge extended X-ray absorption fine structure (EXAFS) spectroscopy. Linear
combination fitting and wavelet transform of EXAFS data revealed noticeable differences
between unamended FSa and FSi+Cl fractions. Specifically, the FSi+Cl fraction was
mainly characterized by ferrihydrite (48%) and Fe(lll)-soil organic matter (SOM)
complexes (37%), whereas in the FSa fraction ferrihydrite still represented a major phase
(44%), with a lower contribution from Fe(lI1)-SOM (18%). In the FSa fraction, the
addition of the organic amendments resulted in an increase of Fe-SOM complexes (31-
35%) and a decrease of ferrihydrite (28-29%). By contrast, in the amended FSi+Cl

fractions, the added organic matter led to pegligible changes in percent ferrihydrite.

ha eliminato: are of fundamental importance in regulating organic
carbon (C) biogeochemistry. However, despite the relevance of the
topic and extensive investigation at the laboratory scale, it
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Therefore, regardless of the amendment type, the addition of organic matter to soil
increased the capability of the coarse fraction (FSa) to stabilize organic carbon, thus
pointing out that the role of FSa in C sequestration in agricultural soils at a global scale

may be overlooked.
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INTRODUCTION
Understanding soil organic carbon (C) cycling and its response to climate change requires
identification of the mechanisms involved in the buildup of soil organic matter (SOM)
pools with long residence time.'® Soil scientists are recently asked to provide concrete
answers to two major questions with regard to global issues concerning greenhouse gases
emissions: (1) can agricultural soils sustainably increase their total sequestrated organic
C contents,® and (2) how will soils respond to the expected global warming trend.* These
issues are a challenge because “Sustainable agriculture is not a luxury”.®

Soils may contain a broad range of iron (Fe) mineral species, including clay minerals,
Fe-SOM complexes, and polymeric Fe (oxyhydr)oxides, and their reactive surfaces drive
C stabilization.5 In particular, it has been observed that SOM and low crystallinity short-
range-order (SRO) Fe mineral contents are positively correlated.®® Land use changes and
agricultural practices, including the application of organic amendments, can modify the
physico-chemical conditions related to mineral stability, affecting the reactive surfaces of
organo-mineral complexes and leading to the dissolution of already existing minerals and
the formation of others.’®!! This leaves still several open questions about the influence of
Fe species and abundance on SOM stability,'>*3 especially in agricultural soils which are
commonly subject to amendment with different organic fertilizers (including
biochar).'*15 Quantifying those species in different particle size fractions of soils through
advanced spectroscopic techniques can constitute an additional rapid and nondestructive
approach to sequential extraction methods traditionally used to quantify the stability of
organic C associated to Fe phases.®

One of the most valuable tools to study stabilization mechanisms of SOM is its
fractionation by particle size, as size fractions (sand, silt and clay-sized) contain both

mineral particles and SOM and represent the organo-mineral units. The SOM in the fine-
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silt and clay (FSi+Cl) fraction is stabilized by electrostatic interactions with clays,
hydrogen bonds, precipitation by polyvalent cations (metal bridges) and association with
aluminum (Al) and Fe oxides.” On the opposite, the fine sand fraction (FSa) is supposed
to play a secondary role for organic C partitioning in soils, due to its low surface area and
reactivity.'® The adsorption phenomena and cation exchange capacity of these coarse
fractions can be affected by coatings with Fe oxides through electrostatic forces, Van der
Waals interactions, and Fe-O-Si bonds.?

Moreover, in order to advance the understanding of SOM stabilization mechanisms,
we need to go beyond the size fractionation and combine it with an exhaustive molecular
characterization not only of the SOM, but also of the mineral phases (including Fe
minerals). In fact, limited research has been performed to clarify the complex
interdependence between different Fe mineral phases and SOM at an atomic scale using
advanced spectroscopic techniques.?’ Moreover, although biochar, alone or in association
with other organic amendments (e.g., compost), has been described as a C sequestration
mechanism,%2122 |ittle is known,about its role on the associations between SOM and Fe-
bearing minerals in naturally occurring soil fractions.

Advanced spectroscopic techniques provide both physical and chemical information
at the molecular level to help understand soil organic C (SOC) and Fe interactions. For
example, Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy has been
used to characterize Fe(lll) in organic soils under different pH ranges and with varying
natural Fe content, 2% as well as to investigate Fe speciation in soils and soil aggregates.?*

Recently Fe EXAFS has identified the role of fertilization practices on Fe speciation,
but this research focused mainly on soil colloids.!*?52¢ Xiao et al.** studied the reactive
mineral species and their associations with C affected by inorganic and organic (i.e.,

manure application) fertilization and suggested a greater C loading by Fe minerals under
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organic rather than chemical fertilization. Fe speciation in bulk soils, soil horizons and
aggregates, and the Fe spatial distribution in the aggregates, is controlled mainly by
weathering, pH, redox potential, and organic ligands activity.?*?” Moreover, aggregate
and mineral particle size can affect both SOM storage mechanisms and Fe speciation, and
thus, the role of Fe-bearing minerals in organic C retention. Pairing traditional particle
size fractionation with advanced spectroscopic allows for determination of Fe species in
each size fraction. This is important because the role of SOM in Fe hydrolysis and in the
formation of various hydrolyzed Fe species in natural soil systems is still not well-known.

The application of Fe EXAFS in structurally and elementally complex bulk soils and
soil fractions is still a challenging data analysis problem. In fact, during EXAFS analysis

of trace and transition metals in soil and geochemical systems, a detailed analysis of the
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second shell is extremely difficult when several different types of elements are present,

This is due to the overlap of the scattering photoelectron waves during the absorption

process,?® and particularly true when the elements are comparatively high and low in

atomic weight, such as C and Fe. For this reason, we employed a six-fold approach to

both quantitatively and qualitatively evaluate the standards and spectral fitting in order to

produce conservative results and minimize potential overinterpretation of the data.

Consequently, coupling EXAFS analyses (e.g., linear combination fitting (LCF) and

Wavelet transformation (WT)) with particle size fractionation would allow examining
how Fe speciation varies in soil samples of different particle sizes. In particular, LCF is
a process in which the spectrum of the samples is determined using the other spectra of
well characterized standards, whereas WT provides useful information resolving
simultaneously data in both wave space (k-) and interatomic distance (R-) space, and the
resulting k-R maps are helpful in improving the fitting model and understanding

elemental speciation in the sample.?%3

ha eliminato: Moreover, it is important to discriminate the
different backscattering atoms in higher coordination shells in the
EXAFS data, for example, to distinguish between Fe and C atoms.
These atoms are located at similar bonding distances to the central
absorbing Fe atom; however, each plays a different role in Fe
speciation. ...
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In this work, we used Fe EXAFS (i.e., the classical LCF analysis paired with WT) to
investigate the abundance and composition of Fe minerals in two different size fractions

having opposite features, i.e., fine sand (FSa; 200-50 pm) and fine silt and clay (FSi+Cl;

<20 pm), isolated from agricultural soils as affected by different organic amendments:
biochar (BC), municipal solid waste compost (MC) and the simultaneous application of

both (BC+MC).

MATERIALS AND METHODS

Soil samples collection, analysis and physical fractionation

The site selected for this research was located in the experimental farm “La Poveda”
(Spanish National Research Council, CSIC), Arganda del Rey, Madrid, Spain (40190 N,
3290 W, 534 m above sea level). The site was characterized by a Mediterranean climate,
with an average annual rainfall of 436 mm and average annual temperature of 14 °C. The
soil had a clay loam texture and was classified as a Xerofluvent.®2 The properties of the
top soil (0-15 cm) and amendments are fully reported elsewhere,’>3 with main soil
features summarized in Table S1. The experiment was set up as a randomized complete
block design with two factors, namely BC and organic fertilizer, with four replicates. In
particular, a control treatment (no amendment) and a BC application at a rate of 20 t ha®
were combined with no organic fertilization, and a MC at a rate equivalent to 75 kg
potentially available N ha™’. Biochar and MC were broadcast in late October 2012 and
immediately incorporated into the upper 15 cm of soil with a rotary tiller. Soil samples
representative of the plow layer (0—15-cm depth) were collected randomly from each plot
(5%3 m?) in late June 2013, gently crushed and passed through a 2-mm sieve for physical

fractionation. Total Fe concentration in soil and amendment samples was determined by
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Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES) after digestion

with nitric and perchloric acid.®3**
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A physical size fractionation by ultrasonic dispersion and wet sieving was performed,
allowing for splitting particles into four different size fractions: coarse sand (CSa: 2000-
200 pm diameter), fine sand (FSa: 200-50 pum), coarse silt (CSi: 50-20 pm) and fine silt
and clay (FSi+Cl: <20 um).® Briefly, 15 g of each sample were put into 50 mL vials and
filled with deionized water to 3/4 of their volume. Samples were then subjected to vertical
agitation (20 rpm) for 60 minutes and to ultrasonic dispersion of the soil particles at an
energy input of 1020 J mL"* using a Branson 45 sonifier (100 W output, 10 minutes, 60%
of the total amplitude). The derived suspensions were then wet-sieved through a set of
three sieves (200 um, 50 pum and 20 um mesh) splitting particles into four different size
fractions. The fractions retained by sieves (CSa, FSa, CSi) were recovered, quantitatively
transferred to pre-weighted vials and dried at 60 °C to constant weight. The particles
passing through the last sieve (<20 um: FSi+ClI) were brought to 1 L with water. Two mL
of saturated solution of potassium alum were added, and the suspension was left to stand
refrigerated for 2 days, until complete sedimentation of the solid particles. The overlying
water was siphoned off and discarded. The sediment was recovered by centrifugation (15
min at 2500 g), transferred to a pre-weighed flask and dried at 60 °C to constant weight.
In the present research, we used and compared only the FSa and FSi+Cl fractions,

representing them two fractions with opposite features in terms of specific surface area

(SSA), reactivity and, in turn, potential influence on the SOC turnover time.

Organic C and total N
Total organic C and N contents were determined by dry combustion using a Thermo Flash

2000 NC Soil Analyzer. Each sample was ground with a ball mill and subjected to acid
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fumigation before the analysis to remove carbonates.
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Iron K-edge Extended X-ray Adsorption Fine Structure (EXAFS) spectroscopy
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Freeze-dried and powdered sample material (ca. 15 mg) was pressed into pellets and
sealed with Kapton® tape and mounted in a sample chamber at room temperature. X-ray
absorption spectroscopic analyses of FSa and FSi+Cl fractions were conducted at the

XAFS beamline at Elettra Sincrotrone (Trieste, ltaly).®2% Fe EXAFS spectra were

[ ha eliminato: °

collected in transmission mode using Si (111) monochromator, which was calibrated to
the first-derivative maximum of the K-edge absorption spectrum of a metallic Fe foil
(7112 eV). The foil was continuously monitored to account for small energy shifts (<1
eV) during the sample measurements. Higher harmonics in the beam were eliminated by
detuning the monochromator by 40% of its maximal intensity. LCF analyses of k3-
of all spectra and reference compounds set to 7132 eV. EXAFS data processing (e.g.,
background removal, normalization, glitch removal at 7250 and 7600 eV) and spectra

generation were carried out with the software Athena. Fourier transform and k-weighted
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chi spectra were used to create wavelet transforms using the Igor Pro wavelet transform

script developed by Funke et al 22
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A suite of fitting techniques designed to identify the major Fe components in the

studied samples was employed to analyze the synchrotron-based data. In fact, due to both

the sample complexity and the experimental limitation on the number of samples that can

be analyzed by EXAFS analysis, a six-fold approach was employed to select specific

EXAFS standards for fitting, including (1) Principal Component Analysis (PCA), (2)

Target Transformation (TT) which produces (3) SPOIL values for each standard, a (4)
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scree plot, (5) visual inspection of principal components and finally (6) an F-test to

determine the most appropriate number of standards.

X-ray diffraction (XRD) analysis
X-ray powder diffraction measurements were carried out using a synchrotron source at
the MCX (Materials Characterisation by X-ray diffraction) beamline at Elettra

Synchrotron (Trieste, Italy)*%*L using a wavelength, . = 0.9537 A (E = 13 keV). The

v v

[ ha eliminato: *

beamline is equipped with a diffractometer which has a four-circle goniometer. The
samples were loaded in borosilicate capillaries with a diameter of 0.5 mm, which were
spun during the measurement at a speed of 180 rpm to ensure a randomized orientation
of the crystallites in the sample. XRD patterns were collected in the 1.5-60° 26 range.
Diffracted intensities were recorded using a scintillator detector behind a set of receiving
slits. The exposure time for each point was 1 s. The patterns have been analyzed using
the computer program QualX2.0.*2 Semi-quantitative analysis was conducted using the

normalized reference intensity ratio (RIR) method* and, RIR, values in the powder
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diffraction database of the International Centre for Diffraction Data. All calculations were

performed using X’Pert HighScore 2.2e (Malvern Panalytical, Malvern, UK).

RESULTS AND DISCUSSION

Mineralogy and concentration of organic C and total N of the fractions

The FSa and FSi+Cl fractions show a similar composition in terms of main mineral
phases, with some differences in terms of relative percentages. In particular, quartz is
much more abundant in the FSa (67-76%) compared to the FSi+Cl (34-58%), whereas

muscovite is higher in FSi+Cl (8-15%) versus FSa (2-4%) (Table 1, and Figure S1).
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Smaller differences between the two fractions can be observed also for calcite and
chlorite.

Organic C and total N contents of the examined fractions is shown in Table 2,
Organic C content ranges from 3.5 to 9.1 g kg™* in FSa, and from 18.1 to 28.2 g kgt in
FSi+Cl. Total N varies between 0.26 and 0.41 g kg™ in FSa, and between 1.9 and 2.3 g
kgt in FSi+Cl. In all the cases, the lowest values are ascribed to the unamended soil (UN),
whereas the soil amended with BC+MC contains the highest organic C and total N
contents, in both FSa and FSi+Cl fractions. Therefore, in both FSa and FSi+Cl fractions,
organic C and total N contents followed the order BC+MC > BC> MC > UN. In
agreement with a previous work,> BC combined with compost promote C stabilization
in organo-mineral complexes by chemical binding between organic inputs and mineral

particles,,

Synchrotron-based data analysis
Methods for synchrotron-based data acquisition and analysis, PCA (Table S2 and Figure

S2), TT, SPOIL values (Table S3), LCF (Table S4) of EXAFS data, as well as standards

description, are reported in the Supplementary Material.

Linear combination fitting

LCF results (Figure 1 and Table S4) revealed the dominant species identified as major
components by the fits. The Fe EXAFS data fitting showed that Fe phases in unamended
FSa and FSi+Cl fractions are noticeably different. The fine fraction (FSi+Cl) of the
unamended soil was mainly characterized by ferrihydrite and Fe(l11)-SOM (48 and 37%
of the fitting components corresponding to experimental spectra of model compounds,

respectively). Low molecular weight organic acids constitute an important part of labile

10
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ha eliminato: A suite of fitting techniques designed to identify the
major Fe components in the studied samples was employed to
analyze the synchrotron-based data. In fact, due to the experimental
limitation on the number of samples that can be analyzed by EXAFS
analysis, a six-fold approach was employed to select specific EXAFS
standards for fitting, including (1) Principal Component Analysis
(PCA), (2) Target Transformation (TT) which produces (3) SPOIL
values for each standard, a (4) scree plot, (5) visual inspection of
principal components and finally (6) an F-test to determine the most
appropriate number of standards.
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C and can be subjected to minerals and metal cation binding mechanisms;* among them,
citrate is one of naturally occurring organic ligands existing as microbial metabolite and
in root exudates.* Fe(ll1)-citrate is generally used as an analog model compound for Fe-
SOM complexes because it consists of Fe bound directly to organic C.* In the coarse
fraction (FSa), ferrihydrite represented the main phase (44%), followed by chlorite (26%)
and with less significant contribution from Fe(111)-SOM (18%), here identified in the LCF
with the Fe(l11)-citrate standard. Our results agree with Asano and Wagai*® who suggested
that larger size fractions are increasingly dominated by primary mineral crystals and
smaller size fractions are more dominated by the micron- and submicron-sized
composites enriched in low crystallinity SRO minerals and organo-metal associations.

In the amended soils, ferrihydrite was prominent in all FSi+Cl fractions (47, 45, and
46% in BC, MC, and BC+MC amended soils, respectively), showing levels similar to
those found in the same fraction isolated from the unamended soil (48%) (Table S4,and
Figure 1). The remaining Fe phases were composed of clay minerals and Fe(l11)-silicate,
represented mainly by chlorite (21, 18, and 19% in BC, MC, and BC+MC amended soils,
respectively). The percentage of Fe(111)-SOM was higher for the amended soils (44, 43
and 41% in BC, MC, and BC+MC amended soils, respectively) than for the unamended
soil (37%) (Table S4). The FSa fraction of amended soils was characterized by higher
chlorite contents (25-36%) and lower contents in ferrihydrite (28-29%) compared to that
of the unamended soils (26 and 44% of chlorite and ferrihydrite, respectively). Finally,
FSa fractions in amended soils showed higher Fe(l11)-SOM contents (>30%) compared
to those in the unamended soil (18%). It is to note that the fits of the FSi+ClI fractions
consistently totaled >100%, whereas the FSa fractions consistently <100%.

The Fe concentration in BC and MC amendments was 0.97 and 8.7 g kg?,

respectively, resulting in an Fe input to soil ranging between 11 and 103 mg Fe kg* soil.

11
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Therefore, the increase in the proportion of Fe-SOM complexes with the organic
amendments in both FSa and FSi+Cl fractions is promoted by the addition of organic
materials and not due to a further, significant addition of Fe. In fact, in synthetic systems,
it has been shown that SOM complexes with Fe(lll) can hinder the transformation of
Fe(l1l) into ferrihydrite.*”® Specifically, the sorption of SOM and some organic acids
(i.e., citric acid) on the ferrihydrite surface may inhibit the crystallization of further Fe
oxide phases.*® Additionally, the organic acids may complex Fe and promote Fe oxide
dissolution and complexation. Xiao et al.,' investigating the same, single soil type but
under different fertilization treatments, found that reactive Fe minerals were mainly
composed of less crystalline ferrihydrite in the organic manure-treated soil and more
crystalline goethite in the chemically fertilized soil, while Xu et al.*® reported that the
presence of low molecular weight organic acids was responsible of the further increase
of SRO minerals content. To study the role of organic inputs on the formation of reactive
minerals, Huang et al.?® simulated the formation of SRO Fe minerals adding oxalic acid
to soil colloids isolated from a long-term experiment in which swine manure was used as
fertilizer. They confirmed that low molecular weight organic acids may incorporate into
the structure of SRO minerals, thus inhibiting the further growth of these minerals. The
effectiveness in suppressing crystallization can depend on whether and how strongly the
organic acid adsorbs onto ferrihydrite and how strongly it complexes with Fe(lll) in
solution. Additionally, the extent by which the adsorption of organic molecules prevents
the dissolution of ferrihydrite depends on the degree of surface coverage.> In a previous
sorption and desorption experiment,>2 we proved that SOM in the FSa fraction can be
more strongly stabilized by Fe addition than in the FSi+Cl. The reaction with Fe(l11) may

have caused two opposite effects on SSA, either a decrease in SSA mainly occurring in
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probably due to newly formed Fe surface coatings.> The increased reactivity of FSa
fractions might constitute an explanation for the higher SOM complexation to ferrihydrite

in the FSa fraction.

Organic matter-mineral complexation reactions in soils

Organic ligands are known, through surface adsorption, to either accelerate or retard
dissolution, and this depends on the weakening of the Fe-O bond by organic ligands.>,
Mikutta et al%® found that the coprecipitation of polysaccharides with Fe(lll)
(oxyhydr)oxides can increase the ligand-accessible surface area of ferrihydrite, enhancing
the dissolution of ferrihydrite by low molecular weight ligands. Therefore, the decrease
in the ferrihydrite component observed in amended FSa fractions using LCF (from 44%
in the unamended to 28% in the BC+MC amended soils) is in agreement with Mikutta et
al.> This may also suggest that the addition of organic amendments enhances Fe oxide
dissolution. In the FSi+Cl fraction, the interaction between freshly added amendments
can lead to surface site blockage and to the formation of more aggregated particles and,
consequently, to a lower ferrihydrite dissolution. This is a competing hypothesis to the
increase in Fe oxide dissolution and likely both processes may occur in the samples.
Mikutta et al.> reported that in systems with abundant SOM, organic chelates (such as
hydroxybenzoic acids) can control the kinetics of ferrihydrite formation via Fe(lll)
complexation. The organic complexation effectively lowers the solution saturation state
of inorganic Fe(lll) species, which leaves less Fe(lll) available for ferrihydrite
precipitation. Mikutta et al.>* also illustrated that citrate decreased ferrihydrite particle
size by impairing the polymerization of the octahedrons. Polymerization reaction occurs
between partially hydrolyzed metal cations via—OH- or —O— bonding to form octahedral

bridges by edge and corner linkages. Organic ligands surface adsorption may disrupt
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those bridges or accelerate dissolution, weakening the Fe-O bond. Thus, Fe released into
solution can give rise to Fe-SOM complexes.

The hypothesis of increased ferrihydrite dissolution after amendments in FSa rather
than in FSi+ClI needs to be confirmed over time. By following ferrihydrite transformation
dynamics, proving these mechanisms overtime seem to support the hindering role that

organic amendments can play.

Analysis of peak positions

Fe EXAFS can be also used for qualitative analysis of the composition of Fe minerals.
LCF results are drawn in Figure 2 and the fit of each sample, in dotted lines, is labeled
with the R factor. Fe K-edge EXAFS spectra show similar features at ~4.0 A™ (maximum
1), ~6.5 At (maximum 2), ~7.5 A™* (maximum 3), ~8.5 A™* (maximum 4). The maximum
at 7.5 Ais characteristic of ferrihydrite (Figure S3) and becomes less intense in all
amended FSa samples compared to the amended FSi+Cl samples. This qualitative
difference can be illustrated quantitatively via the % ferrihydrite component, which is
higher in FSi+Cl compared to FSa (47 vs. 29% in BC, 45 vs. 28% in MC, and 46 vs. 28%
in BC+MC) (Table S4). The role of SOM in decreasing the amount of ferrihydrite
component is supported by analyzing the FSa spectra (Figure 2). Compared to the control,
the organic amendments are responsible of the shift of the maximum at 8.5 A~ towards
the characteristic maximum at 8 A= typical of Fe(l11) citrate,** indicating the role of SOM
in promoting Fe-SOM complexation. The already described quantitative decrease in the
ferrihydrite component in the LCF results in the amended fractions is in agreement with
the qualitative LCF data. Moreover, these results agree with Yang et al.** who observed
the dissolution of ferrihydrite with the increased citric acid addition, and reported that the

transformation of aqueous Fe®* to ferrihydrite was mainly retarded with Fe/citric acid
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molar ratios <0.5. This peak shift in the amended soils is evident in FSa samples and not
in FSi+Cl, in which the difference in Fe(l11)-SOM ranged from 37% in the unamended
s0il to 44% in BC amended soil. The maximum at 4.0 A2 (i.e., the peak 1, characteristic
of ferrihydrite) remained unchanged, and its lower intensity in FSa indicates the lower

percentage in ferrihydrite.

Wavelet transformation

Here, WT analysis was used to qualitatively test the presence of Fe back-scatterers in the
second coordination shell of Fe. The Morlet wavelet transforms of k3-weighted Fe K-
edge EXAFS spectra of the samples over a R + AR-range of 2.2-4.0 A was calculated and
the resulting wavelet plots compared with those of Fe(lll) reference compounds
(ferrihydrite, Fe(l11)-citrate, chlorite).*® Figure 3 contains the WT plots while Figure S4
the Fourier transform spectra of the standards. In the ferrihydrite plot, the Fe shell
contributes a strong feature at 7-8 At and 2.75 A;% this feature is also indicated in Figure
S6, where a broader range of eta (n) and sigma (o) parameters, i.e., two parameters
allowing a more detailed analysis of how the Fourier transform peaks are distributed on
the energy axis, were used. In the Fe(lll)-citrate standard, the absence of Fe
backscattering is accompanied by new features at distances of 2.0-2.5 and 3.1-3.7 A and
indicates back-scattering from lighter atoms, in agreement with single and multiple
backscattering from C/O in the second and third coordination shells of

tris(oxalato)iron(111).2°555Z Moreover, these features appear at lower energies (3-4 A™)

[ ha eliminato: ©

[ ha eliminato: ©

than those of Fe. The third standard shown in Figure 3 is chlorite. In general phyllosilicate
minerals, which contain tetrahedral and octahedral sheets, can be described by three
atomic backscattering paths: the first-neighbor O, second-neighbor octahedral Fe, Al, or

Mg; and finally tetrahedral Si.*®> When multiple Fe oxyhydroxides and phyllosilicate

15

[ ha eliminato: ®




442
443
444
445
446
447
448
449
450
451
452
453
454
’455
456
457
458
459
460
461
462
463
464
465

466

minerals are present in the same sample, the Fe-Fe and other scattering elements at similar
interatomic distances overlap. This makes it challenging to use shell fitting of EXAFS to
identify specific elements in heterogeneous systems such as soils. However, other
techniques, such as WT, can assist to distinguish different types of scattering elements.

The WT of the EXAFS data (n=8, o=1) showed that both the intensity caused by
light back-scatterers at low k-values and by heavier atoms at higher k varied among the
samples (Figures 4 and S5). A general trend can be distinguished between the clay and
sand samples, where the clay samples generally have more intense maxima near 8 A,
This is particularly true for the FSa from amended soils, where the maxima at ca. 7 A
decreases in intensity. By looking at the Figure 4 from left to right, the decrease in the
maxima in FSa samples is clear, where the peak changes from red in the unamended soil
to yellow/green in the amended soils. The WT results support the LCF results by
indicating that EXAFS spectra of the soil samples can be described as a mixture of Fe-
bearing clay minerals, Fe (oxyhydr)oxides, and organically complexed Fe.

The WT plots of the unamended FSi+Cl (Figure 4a) and FSa (Figure 4e) samples
indicate a Fe-Fe second shell contribution from ferrihydrite and chlorite. A contribution
from Fe(l11)-citrate at above 2.2 A and 2-4 A is also evident. In the organic amended
samples, the Fe-Fe signal remains the main feature in the FSi+Cl fraction (Figure 4b-d).
A slight increase in the Fe-SOM signal contribution at above 2.2 A and 24 A is also
present, as reported in the LCF results. Fe-Fe backscatters in the second shell of FSi+Cl
samples are in agreement with the results reported in LCF.

In all amended FSa fractions, the signal from the Fe-Fe second shell disappears
(Figure 4f-h), mirroring the decrease in the ferrihydrite percentage from 44 (in the
unamended soil) to 28-29%, whereas the increase of the feature from C backscattering is

evident, and relates to the increase of Fe(l11)-SOM from 18 (in the unamended soil) to
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31-35%.

In conclusion, we provide evidence that size fractionation coupled with Fe speciation
allows new insights about Fe mediated SOM stabilization in an agricultural soil subjected
to organic amendments. Irrespective of the type of amendment, the FSi+Cl fraction
accounted for most of the organic C (53.5£5.7%) and total N (67.6£3.2%) in comparison
to the FSa fraction (9.5+£0.8% and 3.5+0.5%, respectively). LCF and WT results of the
EXAFS data show that FSa and FSi+Cl fractions consist of different proportions of
ferrinydrite and Fe(111)-SOM. In the FSa fraction, the addition of the organic amendments
resulted in an increase of Fe-SOM complexes (31-35%) compared to the unamended soil
(18%) and a decrease of ferrihydrite (28-29% vs. 44% in the unamended soil). By
contrast, in the amended FSi+Cl fractions, the freshly added organic matter led to
negligible changes in percent ferrihydrite. Therefore, regardless of the amendment type
(biochar or compost), the addition of exogenous organic matter to soil increases the

capability of the coarser, FSa fraction to stabilize organic C.

Environmental implications and future perspectives

The FSa is supposed to play a secondary role for organic C partitioning in soils compared
to the finer clay, due to its low surface area and cation exchange capacity. Our data clearly
show that the addition of organic matter as an amendment significantly increased the
Fe(1I1)-SOM in this coarser fraction; actually, the proportion of Fe(l11)-SOM is amended
vs. unamended soils was much higher in the FSa fraction compared to the FSi+Cl. This
finding, while confirming that texture plays a role in soil organic C sequestration,
underlines that the sand fraction may be an overlooked parameter in investigating organic
matter accumulation in agricultural soils. Improving our mechanistic understanding of

the role of the different soil size fractions in SOM stabilization is key to improve Earth
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system models, as well as to design strategies to build up OM in agricultural soils. These
strategies may not only sequester C in soils and help fight climate change, but are also
essential to enhance other soil functions and services needed to achieve sustainable goals
related to food, water, and biodiversity.

Future works will emphasize the possibility of ferrihydrite transformation dynamics
and SOM accrual after amendments in FSa ys. FSi+Cl over time (e.g., years after the
application of the organic amendments). Moreover, due to the experimental limitation on
the number of samples that can be analyzed by EXAFS analysis, one must be cautious in

over-interpretation of the spectroscopic results, especially considering that differences in

organic ligands and mineralogy, typical of each single soil, could affect Fe(ll11)-SOM

formation and environmental fate.585%

Coupling EXAFS and selective extraction methods may provide additional, useful
information to help addressing the specific Fe pools that have also formed. This can
further explain the role played by SOM in the hindrance of Fe hydrolysis or dissolution,
allowing us to more appropriately model our natural field conditions and potential of SOC

build up.

Supporting Information

The Supporting Information is available free of charge on ...

Acknowledgements
We thank Pere Rovira (Forest Sciences Centre of Catalonia, Spain) for the help during
physical fractionation, Peggy O’Day and all the co-authors of the O’Day et al. (2004)

paper for providing the spectra of the standards used for the LCF. Beamtime at the XAFS

18

[ ha eliminato: versus in




517  beamline was provided by Elettra - Sincrotrone Trieste (Italy) in the framework of
518  proposal n. 20175352.

519

19



520

521

522

523

524

525

526

527

528

529

530

531

532

533

34

35

536

537

538

539

540

541

542

543

544

References

@)

@

®)

)

®)

(6)

™

®)

Kdgel-Knabner, 1.; Guggenberger, G.; Kleber, M.; Kandeler, E.; Kalbitz, K.;
Scheu, S.; Eusterhues, K.; Leinweber, P. Organo-mineral associations in temperate
soils: Integrating biology, mineralogy, and organic matter chemistry. J. Plant Nutr.
Soil Sci. 2008, 171 (1), 61-82.

Dungait, J. A. J.; Hopkins, D. W.; Gregory, A. S.; Whitmore, A. P. Soil organic
matter turnover is governed by accessibility not recalcitrance. Glob. Chang. Biol.
2012, 18 (6), 1781-1796.

Lal, R. Soil carbon sequestration to mitigate climate change. Geoderma 2004, 123
(1-2), 1-22.

Bellamy, P. H.; Loveland, P. J.; Bradley, R. I.; Lark, R. M.; Kirk, G. J. D. Carbon
losses from all soils across England and Wales 1978-2003. Nature 2005, 437
(7056), 245-248.

Rasmussen, P. E.; Goulding, K. W. T.; Brown, J. R.; Grace, P. R.; Janzen, H.;

Kdérschens, M. Long-term agroecosystem experiments: assessing agricultural

ha eliminato: T

sustainability and global ghange. Science 1998, 282 (5390), 893-896.

Solomon, D.; Lehmann, J.; Harden, J.; Wang, J.; Kinyangi, J.; Heymann, K;
Karunakaran, C.; Lu, Y.; Wirick, S.; Jacobsen, C. Micro- and nano-environments
of carbon sequestration: Multi-element STXM-NEXAFS spectromicroscopy
assessment of microbial carbon and mineral associations. Chem. Geol. 2012, 329,
53-73.

Lalonde, K.; Mucci, A.; Ouellet, A.; Gélinas, Y. Preservation of organic matter in
sediments promoted by iron. Nature 2012, 483 (7388), 198-200.

Torn, M. S.; Trumbore, S. E.; Chadwick, O. A.; Vitousek, P. M.; Hendricks, D. M.

Mineral control of soil organic carbon storage and turnover. Nature 1997, 389,

20

ha eliminato: A

ha eliminato: E

ha eliminato: A

ha eliminato: A

ha eliminato: S

ha eliminato: G

P T [ [ e [ (e (e

ha eliminato: C

O 0 JC 0 JU L




553
554
555
556
557
FSS
559
560
561
562
Fes
564
565
566
FG?
568
569
570
F71
572
573
574
575
576

577

©)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

170-173.

Kleber, M.; Sollins, P.; Sutton, R. A conceptual model of organo-mineral
interactions in soils: self-assembly of organic molecular fragments into zonal
structures on mineral surfaces. Biogeochemistry 2007, 85 (1), 9-24.
Basile-Doelsch, I.; Brun, T.; Borschneck, D.; Masion, A.; Marol, C.; Balesdent, J.
Effect of landuse on organic matter stabilized in organomineral complexes: g study
combining density fractionation, mineralogy and §°C. Geoderma 2009, 151 (3—
4), 77-86.

Xiao, J.; He, X.; Hao, J.; Zhou, Y.; Zheng, L.; Ran, W.; Shen, Q.; Yu, G. New
strategies for submicron characterization the carbon binding of reactive minerals
in long-term contrasting fertilized soils: implications for soil carbon storage.
Biogeosciences 2016, 13 (12), 3607-3618.

Hall, S. J.; Berhe, A. A.; Thompson, A. Order from disorder: do soil organic matter
composition and turnover co-vary with iron phase crystallinity? Biogeochemistry
2018, 140, 93-110,

Giannetta, B.; Plaza, C.; Zaccone, C.; Vischetti, C.; Rovira, P. Ecosystem type
effects on the stabilization of organic matter in soils: combining size fractionation
with sequential chemical extractions. Geoderma 2019, 353, 423-434.

Ngo, P.T.; Rumpel, C.; Janeau, J.-L.; Dang, D.-K.; Doan, T.T.; Jouquet, P. Mixing
of biochar with organic amendments reduces carbon removal after field exposure
under tropical conditions. Ecol. Eng. 2016, 91, 378-380.

Plaza, C.; Giannetta, B.; Fernandez, J. M.; L6pez-de-S4, E. G.; Polo, A.; Gasco,
G.; Méndez, A.; Zaccone, C. Response of different soil organic matter pools to
biochar and organic fertilizers. Agric. Ecosyst. Environ. 2016, 225, 150-159.

Heckman, K.; Lawrence, C. R.; Harden, J. W. A sequential selective dissolution

21

[ ha eliminato: A

[ ha eliminato: |

[ ha eliminato: 4

[ ha eliminato:




582

583

584

585

586

587

88

89

590

591

592

593

94

95

596

597

598

599

600

601

602

603

604

605

606

a7

(18)

(19)

(20)

(1)

(22)

(23)

(24)

method to quantify storage and stability of organic carbon associated with Al and
Fe hydroxide phases. Geoderma 2018, 312, 24-35.

Litzow, M. V.; Kdgel-Knabner, I.; Ekschmitt, K.; Matzner, E.; Guggenberger, G.;
Marschner, B.; Flessa, H. Stabilization of organic matter in temperate soils:
Mechanisms and their relevance under different soil conditions - A review. Eur. J.

Soil Sci. 2006, 57 (4), 426-445.

1998, 62 (5), 1367-1377.

O 0 0

Six, J.; Elliott, E. T.; Paustian, K.; Doran, J. W. Aggregation and spil grganic (_ ha eliminato: 5
(_ ha eliminato: 0
matter accumulation in cultivated and native grassland soils. Soil Sci. Soc. Am. J. ( ha eliminato: M
[ ha eliminato: A
[ ha eliminato: C
. . . . . ) [ ha eliminato: N
Scheidegger, A.; Borkovec, M.; Sticher, H. Coating of silica sand with goethite: [ ha climinato: G
. . . cpe s [ ha eliminato: S
preparation and analytical identification. Geoderma 1993, 58 (1-2), 43-65.
Karlsson, T.; Persson, P.; Skyllberg, U.; Mérth, C.-M.; Giesler, R. Characterization
of ron(Ill) in grganic soils using extended X-ray apsorption fine structure ( ha eliminato: |
\ [ ha eliminato: O
spectroscopy. Environ. Sci. Technol. 2008, 42 (15), 5449-5454. (" ha eliminato: s
[ ha eliminato: U
Bolan, N. S.; Kunhikrishnan, A.; Choppala, G. K.; Thangarajan, R.; Chung, J. W. (" ha eliminato: £
. ) ) i i i [ ha eliminato: A
Stabilization of carbon in composts and biochars in relation to carbon sequestration (" ha eliminato: F
. - . . [ ha eliminato: S
and soil fertility. Sci. Total Environ. 2012, 424, 264-270. ( —
ha eliminato: S

Agegnehu, G.; Bass, A. M.; Nelson, P. N.; Bird, M. I. Benefits of biochar, compost
and biochar-compost for soil quality, maize yield and greenhouse gas emissions in
a tropical agricultural soil. Sci. Total Environ. 2016, 543, 295-306.

Gustafsson, J. P.; Persson, |.; Kleja, D. B.; Van Schaik, J. W. J. Binding of iron(l11)
to organic soils: EXAFS spectroscopy and chemical equilibrium modeling.
Environ. Sci. Technol. 2007, 41 (4), 1232-1237.

Prietzel, J.; Thieme, J.; Eusterhues, K.; Eichert, D. Iron speciation in soils and soil

aggregates by synchrotron-based X-ray microspectroscopy (XANES, u-XANES).

22

O 0 A )




624
625
626
627
628
629
630
631

32

33

634

640

’641

642
’643
644
45
46
647

648

Eur. J. Soil Sci. 2007, 58 (5), 1027-1041.

(25) Huang, C.; Liu, S.; Li, R.; Sun, F.; Zhou, Y.; Yu, G. Spectroscopic evidence of the
improvement of reactive iron mineral content in red soil by long-term application
of swine manure. PLoS One 2016, 11 (1), 1-15.
(26) Wen, Y.; Xiao, J.; Liu, F.; Goodman, B. A.; Li, W.; Jia, Z.; Ran, W.; Zhang, R.;
Shen, Q.; Yu, G. Contrasting effects of inorganic and organic fertilisation regimes
on shifts in Fe redox bacterial communities in red soils. Soil Biol. Biochem. 2018,
117, 56-67.
(27) Blume, H. P.; Schwertmann, U. Genetic Evaluation of profile djstribution of (ha eliminato: P )
[ ha eliminato: D ]
aluminum, iron, and manganese oxides. Soil Sci. Soc. Am. J. 1969, 33 (3), 438- (_ ha eliminato: A )
[ ha eliminato: | ]
444, [ ha eliminato: M ]
i i o i [ ha eliminato: O ]
(28) Siebecker, M. G.; Sparks, D. L. Structural differentiation between layered single
(Ni) and double metal hydroxides (Ni-Al LDHSs) using wavelet transformation. J.
Phys. Chem. A 2017, 121, 6992-6999.
(29) Xia, Z.; Zhang, H.; Shen, K.; Qu, Y.; Jiang, Z. Wavelet analysis of extended X-ray (_ ha eliminato: 8 )
absorption fine structure data: theory, application. Phys. B Condens. Matter 2018, (_ha eliminato: T )
542, 12-19.
(30) Funke, H.; Scheinost, A. C.; Chukalina, M. Wavelet analysis of extended X-ray ( ha eliminato: 29 )
[ ha eliminato: x ]
absorption fine structure data. Phys. Rev. B 2005, 71 (9), 094110.
(31) Funke, H.; Chukalina, M.; Scheinost, A. C. A new FEFF-based wavelet for [ ha eliminato: 0 ]
EXAFS data analysis. J. Synchrotron Radiat. 2007, 14 (5), 426-432.
(32) Soil Survey Staff. Keys to soil taxonomy. Soil Conserv. Serv. 2014, 12, 410. ( ha eliminato: 1 )
(33) Fernandez, J. M.; Nieto, M. A.; Lopez-de-S4, E. G.; Gasco, G.; Méndez, A.; Plaza, [ ha eliminato: 2 ]

C. Carbon dioxide emissions from semi-arid soils amended with biochar alone or

combined with mineral and organic fertilizers. Sci. Total Environ. 2014, 482-483

23




662
’663
664

65

66
667
’668
669
670

71

72
673

74

75

76
677
’678
679
680
’681
682
683
’684
685

686

(34)

32

(36)

(G4

(1), 1-7.

Faithfull, N. T. Methods in agricultural chemical analysis: a practical handbook.
CABI Publishing, Wallingford, UK, 2002.

Lopez-Sangil, L.; Rovira, P. Sequential chemical extractions of the mineral-
associated soil organic matter: gn integrated approach for the fractionation of
organo-mineral complexes. Soil Biol. Biochem. 2013, 62, 57-67.

Harris, D.; Horwéath, W. R.; van Kessel, C. Acid fumigation of soils to remove
carbonates prior to total organic carbon or carbon-13 isotopic analysis. Soil Sci.
Soc. Am. J. 2001, 65 (6), 1853-1856.

Di Cicco, A.; Aquilanti, G.; Minicucci, M.; Principi, E.;Novello, N.; Cognini, A.;

( ha eliminato: 3

[ ha eliminato: 4

[ ha eliminato: A

( ha eliminato: 5

[ ha eliminato: 6

(38)

(39

(40)

(41)

Olivi, L. Novel XAFS capabilities at ELETTRA synchrotron light source. J. Phys.:
Conf. Ser. 2009, 190, 012043.
Aquilanti, G.; Giorgetti, M.; Dominko, R.; Stievano, L.; Ar¢on, I.; Novello, N.;
Olivi, L. Operando characterization of batteries using X-ray absorption
spectroscopy: agdvances at the beamline XAFS at synchrotron Elettra. J. Phys. D.
Appl. Phys. 2017, 50, 074001.

Ravel, B.; Newville, M. ATHENA, ARTEMIS, HEPHAESTUS: data analysis for

[ha formattato: Inglese (Regno Unito)

[ ha eliminato: 7

[ ha eliminato: x

[ ha eliminato: A

[ ha eliminato: 8

X-ray absorption spectroscopy using IFEFFIT. J. Synchrotron Radiat. 2005, 12
(4), 537-541.

Rebuffi, L.; Plaisier, J. R.; Abdellatief, M.; Lausi, A.; Scardi, P. MCX: A
synchrotron radiation beamline for X-ray diffraction line profile analysis, Z.
Anorg. Allg. Chemie 2014, 640, 3100-3106.

Plaisier, J. R.; Nodari, L.; Gigli, L.; Rebollo San Miguel, E. P.; Bertoncello, R.;
Lausi, A. The X-ray diffraction beamline MCX at Elettra: a case study of non-

destructive analysis on stained glass. Acta Imeko 2017, 6, 71-75.

24

[ ha eliminato: D

[ ha eliminato: 39

[ ha eliminato: 0




’699

700
701
’702
703
704

05

06

07
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722

723

(42)

(43)

{44)

(45)

(46)

(47)

(48)

(49)

(50)

Altomare, A.; Corriero, N.; Cuocci, C.; Falcicchio, A.; Moliterni, A.; Rizzi, R.
QUALX2.0: a qualitative phase analysis software using the freely available
database POW_COD. J. Appl. Cryst. 2015, 48, 598-603.

Chung, F. H. Quantitative interpretation of X-ray diffraction patterns. I. Matrix-
flushing method for quantitative multicomponent analysis. 11. Adiabatic principle
of X-ray diffraction analysis of mixtures. J. Appl. Cryst., 1974, 7, 519-531.

Yang, J.; Wang, J.; Pan, W.; Regier, T.; Hu, Y.; Rumpel, C.; Bolan, N.; Sparks, D.

Retention mechanisms of cjtric acid in ternary kaolinite-Fe(lll)-gjtrate acid
\

systems using Fe K-edge EXAFS and La2-edge XANES spectroscopy. Sci. Rep.

2016, 6, 1-9.

O’Day, P. A.; Rivera, N.; Root, R.; Carroll, S. A. X-ray absorption spectroscopic
study of Fe reference compounds for the analysis of natural sediments. Am.
Mineral. 2004, 89 (4), 572-585.

Asano, M.; Wagai, R. Evidence of aggregate hierarchy at micro- to submicron
scales in an allophanic andisol. Geoderma 2014, 216, 62—74.

Rose, J.; Vilge, A.; Olivie-Lauquet, G.; Masion, A.; Frechou, C.; Bottero, J. Y.
Iron speciation in natural organic matter colloids. Colloids Surfaces A
Physicochem. Eng. Asp. 1998, 136 (1-2), 11-19.

Karlsson, T.; Persson, P. Complexes with aquatic organic matter suppress
hydrolysis and precipitation of Fe(lll). Chem. Geol. 2012, 322-323, 19-27.
Schwertmann, U. Inhibitory effect of soil organic matter on the crystallization of
amorphous ferric hydroxides. Nature 1966, 209, 645-646.

Xu, R. K.; Hu, Y. F,; Dynes, J. J.; Zhao, A. Z.; Blyth, R. I. R.; Kozak, L. M;
Huang, P. M. Coordination nature of aluminum (oxy)hydroxides formed under the

influence of low molecular weight organic acids and a soil humic acid studied by

25

ha eliminato: 1

ha eliminato: 2

ha eliminato: (43) Giannetta, B.; Plaza, C.; Vischetti, C.;
Cotrufo, M. F.; Zaccone, C. Distribution and thermal stability of
physically and chemically protected organic matter fractions in
soils across different ecosystems. Biol. Fertil. Soils 2018, 54, 671-
681.1

ha eliminato: M

ha eliminato: C

ha eliminato: A

ha eliminato: T

ha eliminato: K

ha eliminato: C

ha eliminato: A

ha eliminato: S

ha eliminato: U

N

ha eliminato: S




741
742

,743

744
’745
746
747
,748
749
750
’751
752
753
754
755
756
757
758
759
760

761

762

763

64

65

X-ray absorption spectroscopy. Geochim. Cosmochim. Acta 2010, 74 (22), 6422—

6435.

(51) Schwertmann, U. Solubility and dissolution of iron oxides. Plant Soil 1991, 130 ha eliminato: (51) Huang, C.; Liu, S.; Li, R.; Sun, F.; Zhou,
Y.; Yu, G. Spectroscopic evidence of the improvement of reactive
iron mineral content in red soil by long-term application of swine

(1-2), 1-25. manure. PLoS One 2016, 11 (1), 1-15.1
[ ha eliminato: 2 ]
(52) Giannetta, B.; Zaccone, C.; Plaza, C.; Siebecker, M. G.; Rovira, P.; Vischetti, C.; ( ha eliminato: 3 )
Sparks, D. L. The role of Fe(lll) in soil organic matter stabilization in two size
fractions having opposite features. Sci. Total Environ. 2019, 653, 667-674.
(53) Mikutta, C.; Mikutta, R.; Bonneville, S.; Wagner, F.; Voegelin, A.; Christl, 1.; ( ha eliminato: 4 )
Kretzschmar, R. Synthetic coprecipitates of exopolysaccharides and ferrihydrite.
Part I: Characterization. Geochim. Cosmochim. Acta 2008, 72 (4), 1111-1127.
(54) Mikutta, C.; Frommer, J.; Voegelin, A.; Kaegi, R.; Kretzschmar, R. Effect of [ ha eliminato: 5 ]
citrate on the local Fe coordination in ferrihydrite, arsenate binding, and ternary
arsenate complex formation. Geochim. Cosmochim. Acta 2010, 74 (19), 5574—
5592.
(55) Daugherty, E. E.; Gilbert, B.; Nico, P. S.; Borch, T. Complexation and redox ( ha eliminato: 6 )
[ ha eliminato: R ]
huffering of iron(Il) by djssolved grganic matter. Environ. Sci. Technol. 2017, 51 ( ha eliminato: B )
[ ha eliminato: | ]
(19), 11096-11104. (ha eliminato: D )
] ] ( ha eliminato: 0 )
(56) Persson, P.; Axe, K. Adsorption of oxalate and malonate at the water-goethite [ ha eliminato: M ]
R £ . | | £ L. f hi [ ha eliminato: 7 ]
interface: molecular surface speciation from IR spectroscopy. Geochim. " ha climinato: M )
Cosmochim. Acta 2005, 69 (3), 541-552.
(57) Karlsson, T.; Persson, P. Coordination chemistry and hydrolysis of Fe(lll) in a peat ( ha eliminato: 8 ]
humic acid studied by X-ray absorption spectroscopy. Geochim. Cosmochim. Acta
2010, 74 (1), 30-40.
(58) Newcomb, C. J.; Qafoku, N. P.; Grate, J. W.; Bailey, V. L.; De Yoreo, J. J.

Developing a molecular picture of soil organic matter—mineral interactions by

26



784 guantifying organo—mineral binding. Nat. Commun. 2017, 8, 396.

785 (59) Giannetta, B.; Siebecker, M. G.; Zaccone, C.; Plaza, C.; Rovira, P.; Vischetti, C.;

786 Sparks, D. L. (in press) Iron(lIl) fate after complexation with soil organic matter
787 in fine silt and clay fractions: an EXAFS spectroscopic approach. Soil Till. Res.
788 doi: 10.1016/j.still.2020.104617.

789

27



790
791
792
793
794
795
796
797
,798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813

814

Figure captions

Figure 1.

Results for the 3-component LCF performed on the k3-weighted Fe K-edge EXAFS data,
of fine sand (FSa) and fine silt and clay (FSi+Cl) pools of agricultural soils either
unfertilized (UN), amended with biochar (BC), municipal solid waste compost (MC) and
with both of them (BC+MC). Results are expressed in percentage of the fitting
components corresponding to experimental spectra of model compounds reported in

O’Day et al.**: chlorite, ferrihydrite and Fe(l11)-citrate (see also Table S4).

Figure 2.

k3~weighted spectra of fine silt and clay (FSi+Cl) and fine sand (FSa) fractions of
agricultural soils either unamended (UN), amended with biochar (BC), municipal solid
waste compost (MC) and with both of them (BC+MC). Solid lines indicate the sample

data, whereas dotted lines represent the fit. R-factors are also displayed.

Figure 3.
High resolution WT plots of standards displaying the second and third coordination shells
(n= 8, o= 1). Data are plotted as a function of k (A"%) on the x axis and R (A) on the y

axis in the range 2.0-4.0 (A).

Figure 4.
High resolution WT plots of fine silt and clay (FSi+Cl) and fine sand (FSa) fractions
either unamended (UN), amended with biochar (BC), municipal solid waste compost

(MC) and with both of them (BC+MC), displaying the second and third coordination
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816  shells (n=8, o=1): a) UN FSi+Cl; b) BC FSi+Cl; c) MC FSi+Cl; d) BC+MC FSi+Cl; e)
817 UN FSa; f) BC FSa; g) MC FSa; h) BC+MC FSa. Data are plotted as a function of k (A-

818 1) on the x-axis and R (A) on the y-axis in the range 2.2-4.0 (A).
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Table 1, Main mineral components of agricultural soils either unamended (UN), amended with ha eliminato: Table 1. Total organic C content, total N, C/N ratio
and Fe concentration (mean + pooled standard error) of agricultural

biochar (BC), municipal solid waste compost (MC) and with both of them (BC+MC). Related XRD soils either unamended (UN), amended with biochar (BC), municipal
solid waste compost (MC) and with both of them (BC+MC).{
1

diffractograms are reported in Figure S1.

Soil
[ ha eliminato: 2 ]
Ref. Code Compound Name UN FSa MC FSa BC+MC FSa BC FSa
SemiQuant [%]
00-029-0712 Ferrihydrite, syn - 2 2
818;213;2 """ Albite low / Andesine 12 9 7 12
01-080-0885 Kaolinite 1 1 1 -
01-083-1762 Calcite 1 3 1 1
01-083-1766 Dolomite 1 - 1 2
01-084-1455 Microcline Pellotsalo - K-rich phase 14 14 8 11
01-085-0796 Quartz 68 69 76 67
01-085-1356 Chlorite Fe 1 1 1 1
01-086-1385 Muscovite 2M1 2 3 3 4
UN FSi+ClI  MCFSi+Cl BC+MC FSi+Cl  BC FSi+Cl
SemiQuant [%]

00-029-0712 Ferrihydrite, syn n.g. n.g. n.g. n.g.
01-076-1819 Albite low 10 2 12 15
01-080-0885 Kaolinite 3 3 4
01-082-1873 Palygorskite 2 2 2 3
01-083-1762 Calcite 6 6 6 5
01-083-1766 Dolomite 2 2 2 4
01-084-1455 Microcline Pellotsalo - K-rich phase 15 16 16 15
01-085-0796 Quartz 48 58 43 34
01-085-1356 Chlorite Fe 3 3 4 5
01-086-1385 Muscovite 2M1 11 8 11 15

n.g. = not quantifiable
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Table 2, Organic C and N concentrations of fine sand (FSa) and fine silt and clay (FSi+Cl) pools of
agricultural soils either unfertilized (UN), amended with biochar (BC), municipal solid waste
compost (MC) and with both of them (BC+MC).

[ ha eliminato: 3

O )

FSa FSi+Cl
Total organic C Total N Total organic C Total N
(9kg™) (9kg™) (kg™ (9kg™ ( ha eliminato: -
UN 35 0.26 18.1 19 (o ciminato:
’ ’ ’ ’ [ ha eliminato: -
BC 8.2 0.33 25.1 21 [ha eliminato: -
MC 4.6 0.37 20.8 2.2
BC+MC 9.1 0.41 28.2 2.3
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Figure 2.
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