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RESUMO

SOUZA, Ivan Franciscale, D.Sc., Universidade Federal décosa abril
de 2016. Assessing the role of texture and mineralogy on o@nic
matter protection and cycling in Oxisols. Orientador: Ivo Ribeiro da
Silva. Coorientadores: Emanuelle M. B. SoarBsphael B. A. Fernandes
e Leonardus Vergutz.

Em escala global, os estoques de carbono organigcosdlo (COS)
preservados na forma de matéria orgadnica (MOS) reegntam valores
superiores a soma de todo o C presente na form@@gena atmosfera e
na vegetacaoPortanto, em um cenario de aumentos dos niveis @g C
atmosférico e seus possiveis efeitos na temperatmgéaia global, o
entendimento dos fatores que regulam os estoquesCO&S se faz
essencial. Apesar do grande numero de fatores ggelam os estoques
da MOS no solo, promover o sequestro de C tem <idlosiderado fator
chave para a mitigacdo dos niveis de Cdmosférico. Por outro lado, os
solos também podem contribuir para elevar aindasntes niveis de C®
atmosférico, caso ocorra aumento significativo ndsxas de
decomposicdo da MOS em resposta ao aumento da tenyra média
global (feedback positivo). Até entdo, a comunidadentifica ndo tem
respostas completas para estas questbes fundamendpiesar disso,
importantes avanc¢os conceituais e tecnoldgicos dtsmos 20 anos,
contribuiram de modo significativo para o entendimee da dinamica da
MOS. Consequentemente, ao invés de assumir que & da@le resistir a
decomposicdo apenas por sua composi¢cdo quimicasteawi indicios
significativos que mecanismos fisicos e quimicose qoperam na
interface mineral-organica, exerce papel fundamkenta persisténcia de
compostos organicos em solos. Além disso, estesamsmos podem ser
considerados solo-especificos e por isso, nossodestfoi baseado na
investigagcdo destes processos em Latossolos. Bsies predominam em
ecossistemas tropicais e sua mineralogia é domimpadaargilas de baixa
atividade. Os objetivos especificos deste trabafboam (i) inferir a
capacidade para o acumulo de COS em funcao da taxuwsaturacado por
C (i.e. reducéao da eficiéncia de converséo deifeem MOS associada
aos minerais da fracdo <53 pum, com o0 aumento dasesiode C

aplicadas); (ii) inferir a influéncia dos minerama fracdo <53 pm na



formacdo e persisténcia da MOS associada aos mismiemra Latossolos.
Neste estudo, avaliou-se a incorporacdo de C e &¢do <53 pm em
adicionados via litter de plantas de eucalipto édupénte marcadas com
os is6topos estaveis’C e °N, em experimento de incubacdo conduzidos
por 12 meses. No capitulo 1, avaliou-se a incorgérado’3C na fracéo
<53 um em funcado da textura e saturacdo por C. &Nesdpa do trabalho,
ficou demonstrado o efeito da textura na capacidéel@cumulo de C e a
saturacdo por C da fracdo <53 um. Além disso, dutexdo solo afeta os
mecanismos de protecdo da MOS, com possivel aumeatgrotecao
fisica de compostos em funcdo da agregacao deqdas com o aumento
do teor da fracdo <53 m. No segundo capitulo, avaliou-se a
incorporacdo dos isétopost®C e °N) em funcdo da mineralogia da
fracdo <53 um. Nesta etapa, demonstrou-se quexoshi@roxidos de Al
e Fe de baixa cristalinidade sdo os principais comgntes da matriz
mineral envolvidos na formacdo de associacfes argameral em
Latossolos. Devido a baixa concentracdo das-bidroxidos de Al e Fe
de baixa cristalinidade na fracdo <53 um e sua irtgrcia para protecao
da MOS, sugere que os estoques de C nestas regi@@sm ser muito
sensiveis a alteracdes ambientaiBortanto, pesquisas adicionais séao
necessarias para avaliar a ocorréncia destas asgdes organo-mineral
em solos tropicais, bem como sua sensibilidade tBea mudancas
climaticas e possiveis impactos na taxa de ciclagdem MOS em
Latossolos. No terceiro capitulo, utilizou-se sciaygn transmission
eléctron microscopy (STEM) para a avaliar a compési elementar das
associacfes organo-mineral em um Latossolo humiNeste estudo,
demonstrou-se boa correlacdo espacial entre a M@S &i-hidréxidos
de Al e Fe. Além disso, ao se submeter amostragrd@do <53 pm ao
tratamento térmico, observou-se que as reacfes eldbxilacdo dos
oxi-hidroxidos de Al e Fe foi acompanhada de reacdesodidacdo da
MOS. Estes dados corroboram os dados da distrilmuegspacial da MOS
e confirma existéncia de associacdes entrexishddroxidos de Al e Fe e
compostos organicos em Latossolos. Portanto, etstdmlhos contribuem
para melhorar o atual entendimento acerca dos éstayue controlam a

formacado e persisténcia de associacdes organo-mlireem Latossolos.
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ABSTRACT

SOUZA, lvan Francisco de, D.Sc., Universidade Feadede Vicosa
April, 2016. Assessing the role of texture and mineralogy on oenic
matter protection and cycling in Oxisols. Adviser: Ivo Ribeiro da
Silva. Co-advisers: Emanuelle M. B. Soard®saphael B. A. Fernandes
and Leonardus Vergutz.

Worldwide, the soil organic carbon (SOC) stock agets for more C in
the form of organic matter (SOM) than the total ICthe atmosphere and
in the biomass combined. Therefore, in a contextindreasing levels of
atmospheric C@ and its possible impacts on the average global
temperature understanding the factors controlling SOC stockskesy.
Despite the large number of factors regulating S@Mcks managing
soil C sequestration is thought toe critical for offsetting the excess of
atmospheric C@ Otherwise, soils also could further contribute to
increase the concentration ofCO, in the atmosphere if faster
decomposition rates of SOM is to become an importaimate feedback.
Up to now, the scientific community has not comgetnswers for these
guestions. However, important conceptual and tedbgical
developments over the last 20 years have boostaduoaderstanding on
SOM dynamics. As a result, rather than relying otrinsic resistance of
SOM against decomposers, it seems that physicaluseen and chemical
reactions within the mineral matrix play a much raaignificant role on
the persistence of reduced C in soils. In additidbmese mechanisms can
be soil-specific and as such, we addressed the rweoge of these
processes in Oxisols. These are the predominanisson tropical
ecosystems and are dominated by low-activity clayBhe specific
objectives of this research were to infer (i) thapacity for SOC storage
as a function of soil texture and C-saturation (ilewer conversion
efficiency of plant litter-C into mineral-organic saociations with
increasing C additions; (ii) infer the influence akactive minerals
within the clay+silt fraction of Oxisols on the fimation and persistence
of mineral-organic associations in these soils. Wassessed the
incorporation of a labeled plant litter (containingC and *°N) into
mineral-organic associations in Oxisols by perfongi incubation

experiments conducted throughout 12 months. In tinet chapter, we
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address the incorporation of thé3C label into mineral-organic
associations as related to soil texture and C-sdtan. In this chapter,
we deomontrate that soil texture has a strong iaflce on the capacity
for SOC storage and the C-saturation of the fractia®53 um.
Additionally, we observed evidence of higher the ntmbution of
physical protection of SOM within microaggregate®r@-space area,
with increasing content of the fine fraction. Inetlsecond chapter, we
address the incorporation of the labeled plantelit{**C and '°N) into
mineral-organic associations as affected by the enahogy of the
mineral matrix. In this chapter, we demonstratetthaorphous Al-/Fe-
(hydr)oxides are the main components within theefifimaction of Oxisols
involved in the formation and the persistence of MO Given the
relatively low concentration of amorphous Al-/Feyg@r)oxides within
the fine fraction and their contribution for the gtection of SOM
suggests that SOC stocks in the tropics could beyveensitive to
environmental changes. Therefore, further researctthis subject would
evaluate the composition of mineral-organic asstioras in tropical
soils. This would help to predict the possible impsaa of climate change
on SOM cycling in tropical ecosystems. In the thichapter, we used
scanning transmission electron microscopy (STEMJY @nermal analysis
to probe the chemical composition of mineral-orgamissociations in a
C-rich Oxisol (not included in the incubation expeent). In this
chapter, we used elemental mapping to demonstraa¢ E§OM is closely
associated to Al-/Fe-(hydr)oxides. Furthermore, submitted the sample
to thermal analysis to relate mineral dehydroxybatito the oxidation of
SOM. Indeed, we observed strong oxidation reactidasoverlap with
dehydroxylation of gibbsite, short-range order Adesies and goethite.
Our results contribute to improve the current urstanding on the
minerals and the mechanisms by which these compsnémeract and

ultimately protect SOM against decomposition in 6uxiis.
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INTRODUCTION

Over the last 15 years, several conceptual and reldyical
advances have contributed significantly to improie characterization
of soil organic matter (SOM) and the implicationerfC storage and
cycling in terrestrial ecosystems (Lehmann and Keb2015) Since the
soil C pool surpasses the total amount of C in éhmosphere and in the
vegetation combined (Ciais et al., 2013), SOM dymnemmay affect the
size of the other compartments, either by sequesge€ or by increasing
the release of CO, to the atmosphere. The prospect of faster
decomposition rates of SOM is critical because t@ipool is thought to
be sensitive to higher temperatures (Heimann antchisein, 2008). As
a result faster decomposition rates of SOM could contribtweincrease
the emissions of C® from soils that is, a positive climate feedback
(Heimann and Reichstein, 2008; Schmidt et al., 201Ror this reason,
there is ongoing debate on the mechanisms contrglthe potential and
limitations for SOM storage and dynamics in soils (Schmidt et al.,
2011).

Managing soil C sequestration is intrinsically colmy because it
involves many environmental factors including phoali processes,
chemical reactions, and necessarily biological aityi both autotrophs
and heterotrophs. Invariably, the C content stowesd SOM in a given
ecosystem would include interactions among all dfede factors
(Schmidt et al., 2011)Generally, the C cycle can be affected by nutrient
cycling (e.g., P and N) and it is also intimatelylated to the
hydrological cycle and temperature (Feng et al.l2®;, Wieder et al.,
2015), which add substantial challenges for undemding the dynamics
of the soil C pool Consequently, the research on C cycling and storage
in terrestrial ecosystems has been directed paldrty to (i) quantifying
the potential and limitations for soil organic carb(SOC) sequestration;
(if) linking plant litter decomposition to the foramion of mineral-
organic associations; (iii) connecting the formatioof protective
associations between the mineral matrix and SOM dahdrefore, its

impact on soil C sequestration in the long-term.



Limitations and potential for promoting SOC sequasiton has been
associated to the amount of the clay and silt-sizedticles in soils
(Hassink, 1996; Six et al., 2002a). Additionallyhese authors proposed
that the degree of “C-saturation” of the clay+silt fraction has important
implications for promoting soil C sequestration. ége propositions are
based on the premise that protective mechanismgaipemostly within
the clay+silt fraction (Six et al., 2002a). Onceetheactive sites within
the mineral matrix reach their C-saturation levélrther addition of
organic matter would not cause a proportional imgceat within the SOC
content associated to the clay+silt fraction (Célsteo et al., 2015). In
this context, the parameterization of the potentiat SOM protection
and its degree of C-saturation should be among tha&in factors to
determine the extent by the strategies aiming abnpsting SOC

sequestration will succeed.

Another important aspect concerning SOC sequeginatis the
relative complexity to link plant litter decompogih to the formation of
mineral-organic associations. It has been increglsinrecognized that
soil microbial biomass acts as a bottleneck in domversion of plant
litter into these mineral-organic associations (M#dr et al., 2012;
Hatton et al., 2012; Bradford et al., 2013; Cotruéd al., 2015). The
main implication of such reasoning is that biotichwersion of the plant
material into mineral-organic associations shoubdrbuch more relevant
than abiotic processes in terrestrial ecosystemsti(@o et al., 2015)
Therefore, the type of association (physical and/axhemical
interactions) developed between the microbial-psssd residues and
the mineral matrix would have a huge impact on pegsistence of SOM
in the ecosystem (Dungait et al., 2012). This isimha because the
microbial residues would include relatively labilerganic compounds
rather than intrinsically recalcitrant organic matd (Kleber et al.,
2011).

The preservation of labile organic compounds as thein
constituents of SOC however, would depend mainlytba reactivity of
the components within the mineral matrix (Baldockda Skjemstad,

2000). For this reason, restricting the decomposition armchsequently
2



allowing the accumulation of labile organic compalsnas SOC would
depend upon the mineral matrix acting as a barrs&parating the
potential substrate from the decomposers (Dungtidle 2012) Because
of the inherent complex nature of soils, physicahda chemical
mechanisms often overlap, which limits quantitatingference on the
contribution of each of these interactions for SG@rage. Despite some
limitation for inferring on these mechanisms segeatg, identifying the
structures responsible for SOC preservation isicait for two main
reasons First, quantitative assessment on these factorgsisential for
modeling SOM storage and cycling in terrestrial sgstems. Second
identifying the drivers of SOM persistence is alsoportant because
these components also may be sensitive to enviroriale changes
(Doetterl et al., 2015). Such considerations indéecthat the development
of mineral-organic associations should be soil-9fiec and could be
affected by local conditions (e.g., land-use changed/or by long-term
environmental changes (e.g., positive feedbackgltdal warming).

In this research, we address the potential andthmmons for SOC
storage and link plant litter decomposition to thkevelopment of
mineral-organic associations in Oxisols. The ma&agons stressing the
needs for such research in these soils are (i) dopical regions,
approximately 25-30% of the land surface is dominated by Oxisols,
which can occur as clayey, medium and even coaexeutred soils. This
would limit the size of the clay+silt fraction inoarse-textured soils and
could probably affect their capacity for SOC stoeadii) these soils are
highly weathered, implying the existence of low-acty clays such as
kaolinite, gibbsite (the most common crystallindl-(hydr)oxide in
Oxisols), Fe-(hydr)oxides, mainly in the form of goethite an@rhatite,
and also amorphous Al-/Fgwdr)oxides; (iii) most of the reactive
surfaces that could interact with SOM in these somMould be provided
by amorphous Al-/Fe-(hydr)oxides, a small fraction of the whole
clay+silt fraction; (iv) despite the predominancélow-activity clays in
tropical regions, soils in these areas account rfore than 25% of the
global SOC stock, and (v) given the general lowtifléy of Oxisols,

SOM plays a central rolen nutrient cycling in tropical ecosystems.



We assessed the incorporation of a labeled plarnéedi(containing
13C and'°N) into mineral-organic associations in Oxisols pgrforming
incubation experiments conducted throughout 12 rhentin the first
chapter, we address the incorporation of th* label into mineral-
organic associations as related to soil texture &@wbaturation (i.e.,
reduced conversion efficiency of plant litter intenineral-organic
associations with with increasing C inputsyVe tested the hypotheses
that the capacity of soils to promote C sequestmatis limited by the
amount of the fraction <53m, while the overall increment within the
protected C pool depends on the degree of C-satumabf clay+silt
fraction. The specific objectives were to assesg #xtent by which

mineral protection to SOC and C-saturation are etfiéel by texture.

In the second chapter, we address the incorporaobnhe labeled
plant litter (3C and!®N) into mineral-organic associations as affected by
the mineralogy of the mineral matrixWe tested the hypothesis that
litter-derived C forms preferential associations tlhwi Al- and Fe-
(hydr)oxides, particularly with the amorphous typ8$1e objectives were
to compare the transference of both C and N inte thaction <53um,
infer the influence of microbial activity on the gaess and identify the
components within the mineral matrix involved inethformation of

mineral-organic associations throughout the incudmatexperiment.

In the third chapter, we used scanning transmissielectron
microscopy (STEM) and thermal analysis to probe tlcbemica
composition of mineral-organic associations in ari€h Oxisol (not
included in the incubation experiment). We expect&DM spatial
distribution to be better correlated with Al- ande-Ehydr)oxides than
with kaolinite, the predominant phyllosilicate inx@3ols. We also tested
the hypothesis that SOM oxidation would overlap widehydroxylation
reactions of Al- and Fe-(hydr)oxides under therm@katment. The
specific objective of this research was to infeetimechanisms by which
SOM interacts with the mineral matrix in Oxisols.
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Organic matter storage and Carbon-saturation as redted to texture
in Oxisols — evidence from long-term incubation experiments

(chapter one)
1. Abstract

Rationale: Soil organic carbon (SOC) storage and C-saturataoe
presumably restrained by texture, although the nasé®éms underlying
such patterns are unknowmbjectives: The objectives of this research
were to assess SOC storage and the mechanisms lynagIC-saturation
in Oxisols. Methods: We performed a long-term incubation experiment,
including C inputs at 0, 4.5, 9.0 and 18.0 md goil to samples of six
Brazilian Oxisols, collected at 0-10, 10-20, 20-4md 60-100 cm in
areas under native vegetation. The difference betw#heir original SOC
content and that estimated as a function of thday¢silt content, was
set as the C-saturation deficits. We assessed tfecteof texture on C-
saturation by diluting the mass of clay+silt at 2Q, 40 and 80% by
adding fine sand to the fine earth fractioResults: After the incubation,
the litter-C within the fraction <53 pm increasegpenentially with C-
saturation deficits, with low increments in the meral-associated SOC
content in fine-textured soils. Otherwisthe conversion of litteiC into
the clay+silt fraction increased asymptotically with C additions,
irrespective of texture Conclusions: In fine-textured Oxisols, C-
saturation of microaggregates-associated pore spae&wvork seems
predominant. Otherwise, in coarse-textured OXxiso{3;saturation of
isolated or less aggregated silt- and clay-sizedtiples seems the

prevalent mechanism



2. Introduction

Carbon sequestration in soils has been regardeal kesy strategy to
help counteract the rising atmospheric £0y increasing SOC stocks
(Paustian et al., 2000; Lal, 2004). However, ingieg the C content in
soil is rather difficult to accomplish because t8®C pool is determined
by interactions among many environmental factorsd aphysical,
chemical and biological processes (Schmidt et a011). Consequently,
management practices that are supposed to prommteCssequestration
(e.g., no-tillage) do not always increase the SO@ck (Luo et al.,
2010). Contemporarily, there is growing awareness of ailed capacity
of soils to protect organic matter against decompors (Six et al.,
2002a; Stewart et al., 2007; Powlson et al., 20199ch protected C pool
is typically parameterized as th®OC associated to minerals exhibiting
particle-size <563 um (Castellano et al., 2015),tlher referred to in this
text as the “fine fraction”. Presumably, the potential for increasing the
SOC within the protected pool is mainly affected lbhgw far a given soil
is from reaching its C-saturation level (CSL) (Hads 1996). Therefore,
the CSL is defined as the point where an increaseCiinputs does no
longer lead to a proportional increment in the nrialeassociated SOC at
steady-state, i.e. the system has reached equulmbrwith respect to C
input and output from the soil (Castellano et &0,15).

In terrestrial ecosystems, C enters in the soilpé&nt litter, both
above or belowground (Cotrufo et al., 2013). As the® decomposition
progresses, the plantitter is fragmented and incorporated into the
particle-size fraction smaller than 2 mm, which referred to as
particulate organic matter (POM) (Castellano et 2015). Furthermore,
as the microbial biomass assimilates the decomppgihant material,
part of the microbial-resynthesized compounds cammf associations
with reactive components within the mineral matr(otrufo et al.,
2013). It is widely accepted that the fine fraction incks the soil
components most important for the protection of S@gainst microbial
decomposition (Kégel-Knabner et al., 2008; Mikutaad Kaiser, 2011,
Cotrufo et al., 2013). This is because relative ltoger particle-size

fractions, the fine particles exhibit comparativdbrger specific surface
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area and greater surface charge density, both ofchvipromote the
formation of protective mineral-organic associatsor{Kleber et al.,
2015). Therefore, since mineral-organic associasiomould ultimately
depend upon interactions among organic compounds wilt- and clay-
sized minerals, the total amount of these particlesss been used to
estimate the CSL (Hassink, 1997; Six et al., 2002€pnsequently,
estimating the CSL would allow the calculation ofiet C-saturation
deficit (CSD), which has been suggested as a guatitvie assessment of
the potential for further increasing SOC stocks ¢Hiak, 1996).

CSL estimates based to the content of fine partscdee build on
the premise that the amount of silt- and clay-sizi&dctions would
account for both chemical and physical mechanisimat tallow mineral-
associated organic matter to persist in soils (Bald and Skjemstad,
2000). According to Stewart et al. (2007) the magnitudetloé increment
on the protected SOC content in response to C ispig directly
proportional to the CSD. Hence, in soils with hi@tSD, its protected
SOC content should increase steeply with respect CGtoadditions.
Presumably, after the fine fraction and the aggtegapore-space
network reaching their specific CSL, further addns of organic matter
would cause a large amount of C to accumulate withinprotected pools
(Castellano et al., 2015). Therefore, in soils wne&GOC protection can
be assumed to be dominated by interactions withrtheeral matrix (i.e.
adsorption and aggregation), the protected C pail be mathematically
expressed as an asymptote that rises towards am€maniof SOC content
in response to C inputs (Six et al., 2002a; Stewatt al., 2007;
Castellano et al., 2015). Despite the mechanismadimeg to the
formation of protective mineral-organic associatsobbeing reasonably
well-understood, there remains considerable ungetyawith respect to
soil carbon-saturation and its occurrence in diéfier ecosystems
worldwide (West and Six, 2007).

Carbon-saturation seems to be soil-specific andusthovrary with
physical and chemical properties of the mineral mat(Stewart et al.,
2007; Castellano et al., 2015). However, the mapaf the research on

C-saturation has been conducted in temperate zqKesg et al., 2005;
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West and Six, 2007; Chung et al., 2008; Stewaralet 2008, 2009). This
is relevant because in the tropics, the soils pnésesome specific
features remarkably different from those occurrimgtemperate regions.
For instance, the predominant soils in tropical ioag are Oxisols (Lal,
2004), in which the minerals within the fine frasti are strongly
aggregated, giving rise to a specific microstrucuf®einroth, 1982;
Schaefer, 2001; Schaefer et al., 2004; Buol, 2008).addition, the
mineralogy of Oxisols is mainly composed by kaotmia non-expansive
phyllosilicate (Schaefer et al., 2008). The fineadtion in these soils
also have variable amounts of gibbsite, which i® timost stable Al-
(hydr)oxide), and also Fe-(hydr)oxides, mainly imetform of goethite
and hematite (Schaefer et al., 2008)oreover, Oxisols can occur ia

range of textures and as such, the amount of thme firaction varies
substantially (Schaefer et al., 2004hlowever, it is not yet known to
what extent the strong microaggregation of the fifraction and the

variable texture can exert on SOC storage and Qysaiton in Oxisols.

We tested the hypothesis that the mechanisms ugdsyl C-
saturation in Oxisols vary as a function of theiexture. Thus, C-
saturation would be caused by the clogging of maggregates pore-
space area by SOC as the clay+silt content increas2therwise, in
coarse-textured soils, C-saturation would be a tunt of limited
availability of mineral surfaces to interact withO&. To test our
hypothesis, sampled six representative Oxisols wdtmtrasting natural
textures, which were further modified by dilutinge mass of thie fine
fraction through the addition fine sand to the saaspto the fine earth
fraction. Because we collected samples at differdepths, this would
provide an increasing CSD from the topsoil towamtis bottom layers.
Accordingly, we useda '3C-labeled plant litter to track down its
incorporation into the fine fraction by performiregrelatively long-term
incubation experiment (12 months). The objectivéshas research were
to assess SOC storage capacity and the mechanismderlying C-
sauration by measuring the increment on the C contwithin the fine
fraction as a function of texture, and infer thengersion of plant litter

into mineral-organic associations in Oxisols.

10



3. Material and methods

3.1. Soils collection

Briefly, the soils were collected in a transect gang from 40 to
51° W and 18 to 20° S, but despite being relativelgse to each other,
these are very representative Oxisols, particularyterms of texture.
The selected Oxisols were either under native vageh on forests
remnants of the Mata Atlantica (Atlantic Rainforgstr in the Cerrado
(savanna-like) biomes. The Typic Hapludox (THD)getRumic Hapludox
(HHD) and Xanthic Hapludox (XHD) were collected Wit the Atlantic
Rainforest biome, while the Xanthic Haplustox (XHT}he Rhodic
Haplustox (RHT) and the Typic Haplustox (THT) wecellected within
the Cerrado. Further details on the vegetation tsraand overall
distribution of both biomes on the Brazilian texiy can be found
elsewhere (Ratter et al. 1997; Morellato et al. @Q0According to the
Koppen classification, the climate within the Atkan Rainforest is
predominantly Aw, tropical with dry winter and with the Cerrado is
predominantly Cwa, temperate moist with dry wintemd warm summer
(Alvares et al. 2013). The annual precipitationpiactically the same for
both climate types, ranging from 1300 to 1600 mnr gear (Alvares et
al., 2013), although the rain season for the aredew the Cwa climate
type is mostly concentrated in the period from COwxdo to March. The
sampling consisted on collecting the soil materaaldifferent depths (0-
10, 10-20, 20-40, and 60-100 cm) and after collectithe samples were
kept on plastic bags and transported to the labornat

3.2. Physical analyses

The samples were air-dried and sieved to pass anR-spreen to
yield the fine earth fraction. The water holdingpexity (WHC) of the
soils was estimated by saturating 20 g of the feswrth fraction with
deionized water into a 25.4 mm diameter steel ramgd submitted to a
tension equivalent to -30 kPa. After reaching edwilum, the samples
were weighted before and after being dried at 1G5fér 48 hours.

The texture analysis was preceded by chemical dsipa 5 g of
the fine earth fraction using 5 mL of sodium hydrdea (NaOH) 0.1 mol
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L' and 25 mL of deionized water into a 50 mL centgéutube under
continuous stirring for 16 hours at 120 rpm. Aft@ispersion, the
samples were wet-sieved through a 53-uym mesh sciedn separate de
sand- from the silt- and clay-sized fractions. Ttraction <53 um was
used for quantifying clay and silt content by usitige pipette method
and by applying the Stoke’s Law. The mass of the fractions obtained
were dried at 105 °C during 48 hours and weighted.

3.3.13C isotope labeling

Briefly, the plant material used as the source of f@& our
incubation experiment was produced by growing eypal hybrid
seedlings Eucalyptusurophylla x Eucalyptusgrandis) under controlled
conditions. As such, three seedlings (120-days avdjye grown into a 10
L vase on a nutrient solution (pH 5.5) for 18 weeksth continuous
oxygen supply. For the isotope labeling, the semgldi were kept into a
448 dn? chamber in which thé3C added by acidifying N&3CO; (*3C at
99 atom%, Isotec Inc. Miamisburg, Ohio) with,$0,. The *3C0O, was
added into the chamber by preparing a,N&€0; solution at 0.18 mol 1
that was mixed with 50 mL of $60, 3.8 mol L'*. The CQ concentration
within the chamber was kept at 500 mg dnthroughout the labeling
experiment, which was repeated 3 three times a weédgkthe end of the
isotope labeling, the seedlings were collected aegarated into leaves,
twigs, stem and roots (predominantly fine rootsameter <2 mm), and
dried under forced air circulation at 45 °C untibrcstant weight. After
drying, the plant material was milled on a Wileylmin order to achieve
a particle-size <500 um. For further homogenizati¢prior to the
chemical analysis), the milled plant material wasefly ground using a
ball-mill after which the final particle-size achied was <149 um. The
samples were analyzed using an Isotopic Ratio M&gsectrometer
(IRMS) with continuous flux (20-20, ANCA-GLS, Serop Crewe, UK).
The C and N content, and their respective stabletape abundance
(8'3C) for each of the components (leaves, twigs, stemd roots) are

shown in Table 1.
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Table 1. Components of the plant litter, their C and N temt, and
their respective stable isotopes concentration

Component Mass, ¢ C, g kg* 313C, %o
Bark 21.9 425.0 318.6
Leaves 135.9 455.0 508.5
Twiggs 40.5 427.0 423.1
Stem 52.3 452.0 210.4
Roots 58.5 457.0 358.4
Corrected mean - 449.0 405.5

"Dry mater of each component produced in grams per plant. The plant litter was added
to the soils as a mixture, for which the amount of each component was proportional to
their content on the plant grown for tHe€ labeling.

3.4. Incubation experiment

The incubation was carried out during 12 months emdontrolled
conditions with temperature kept fixed at 25 £ 1.°Che experimental
units consisted on air tight vials (150 mL) contiaig 20 grams of the
fine earth fraction (<2mm). The moisture content thfe samples was
kept at approximately 60-70% of the WHC of eachlsdihe plant litter
additions rates were 0, 10, 20, and 40 my gpil, which were equivalent
to C additions at 0, 4.5, 9, and 18 mg" goil, respectively. For each
treatment, we had 3 replicates. The characterizatnd each component
of plant litter is shown in Table 1. However, fohe& incubation
experiment, the litter-C was added to the soils an mixture that
contained each component in the exact proportiomytbccurred on the

13C-labeled plants, from which they derived.

During the first 4 weeks the vials were opened fds a week
during 1 hour to avoid @limitation for the decomposers. After the first
month, the vials were opened only once a week ama weight of the
experimental units were monitored to avoid watemiliation. The
moisture content was controlled by weighting eactperimental unit
after every 2 weeks and compared to the total weigleasured at the
first day of the incubation. When necessary, detemi water was added
using a pipette in to assure the moisture conteas Wept between 60
and 70% of the WHC.

We modified the natural texture of the soils by adg fine sand
(150 to 250 pm-size) to dilute the clay- and siited fractions by 0, 20,
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40 and 80%, thus yielding 4 textures for each Oki¢dable 2). For

example, to dilute the clay- and silt-sized fractsoby 20%, we used
16.0 g of soil (fine earth fraction) mixed to 4.0af fine sand and so
forth. This procedure was repeated systematicalbr fall Oxisols,

irrespective of their original texture, given thahe objective of the
experiment was not to produce soils presenting s@ane amount of
clay+silt after thé& dilution. Given that we added fine sand to theefin
earth to dilute the mass of the clay+silt fractiome based our
results/discussion on the variation of the SOC assted to this fraction
after the incubation. Accordingly, when the C asisted to the clay+silt
fraction was expressed relative to fine earth fraetmass (whole soil),

we proceeded as follows:
SOC, g kgl soil = C(C+S)*M (C+S) & MEeer

where Gcs+s) is the C content within the fine fraction, g C kg
clay+silt; Mc+s) is the mass of the clay+silt fraction, g; and-gd is the
mass of the fine earth fraction, which was set @tgtams. Irrespective

of the dilution, the final mass of the samples ihated was 20 grams.

We justify the dilution because had we collectedilsowith
different natural textures, we would no longer ket mineralogy or
the C content within the fraction <53 um, as itsswavaried. Thus, by
diluting the silt- and clay-sized fractions we wdulavoid potential
confounding effects due to either direct or indiredfects of texture on
SOC (Parton et al., 1987; Oades, 1988; Baldock Skfemstad, 2000).
The dataset describing the dilution of the finedtan is presented in
Table 2).
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Table 2. Oxisols texture (sand, silt and clay content),raxtable Al and Fe by ammonium oxalate (AO) and
dithionite-citrate-bicarbonate (DC) and kaolinitadagibbsite content within the clay fraction

Oxisol Depth Sand Silt Clay Alaxo' Feao' Alpc' Fepc' Kaolinite* Gibbsiteé Texture Class
cm g kg! soil
0-10 _ 363.8 33.1 603.2 08 0.7 122 49.1 4395 321 Clay
Typic Hapludox.THp  10-20  289.833.7 676.7 0.9 0.9 151 54.3 493.1  36.1 Clay
20-40 249.3 31.6 719.2 1.0 0.8 13.2 54.8 524.1  38.3 Clay
60-100 234.4 31.1 734.6 1.1 0.5 14.0 56.9 5352  39.1 Clay
0-10 3249 78.4 5968 4.1 2.2 145 362 3544  136.3  Clay
Humic Hapludox.{Hp 1020 355.355.4 589.43.9 22 136 37.9 350.0 1346  Clay
20-40 316.0 51.4 632.7 4.4 2.5 152 40.2 375.8  144.5  Clay
60-100 307.9 34.7 657.53.3 1.7 15.2 47.7 3905  150.2  Clay
0-10  752.8 24.2 223.104 02 1.6 4.9 2009 1.2 Sand clay loam
. 10-20  629.0 38.2 332.90.6 0.3 2.7 7.6 299.8 1.8 Sandy clay
Xanthic Hapludox-XHD 54 45 6228 38.0 339.305 03 25 7.9 3055 1.8 sandy clay
60-100 606.8 35.7 357.6 0.7 0.2 2.8 9.2 3220 1.9 Sandy clay
0-10 3950 86.6 517.6 2.5 06 4.2 117 1763  303.8  Clay
Xanthic HaplustoxxT 10-20 388.6 80.0 531518 05 3.6 107 1813 3119  Clay
20-40 378.6 59.4 562.1 2.4 0.7 3.9 11.8 191.5  329.9  Clay
60-100 393.0 44.4 562.6 2.3 0.6 3.6 11.3 191.7  330.2  Clay
0-10 1955 205.1 599.4 3.9 3.7 12.2 103.6 224.5  122.8 _ Clay
Rhodic Haplustox.RHT 1020  154.9 236.6 608.6 3.6 3.8 128 103.6 227.9  124.7  Clay
20-40  169.2 223.5 607.4 3.2 3.7 13.0 105.2 227.5  124.5  Clay
60-100 212.1 202.2 585.8 2.8 3.4 12.8 106.8 219.4  120.1  Clay
0-10 _ 580.1 60.0 359.0 1.0 0.8 2.2 246 2973 1.3 Sandy clay
Typic Haplustox.THT 10-20  635.0 511 313.9.0.8 06 2.0 222 2580 1.1 sandy clay loanm
20-40  644.1 53.5 302.50.8 0.5 1.7 19.0 249.6 1.1 Sandy clay loanm
60-100 553.0 72.1 375.0 0.7 0.4 2.0 22.1 309.4 1.3 Sandy clay

tElement content within the clay fraction, expressed in g kg™* soil. The conversion of Al into AD3; and Fe into

Fe,O3 can be achieved by multiplying the element content(102 + 54) and (160 + 112), respectivefEstimated
by means of thermogravimetry using the clay frantefter Fe removal by DC.
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For the experimental units in which we proceedeé thlution of
the fine fraction by adding fine sand, the watedad to achieve 60-70%
of water retention capacity was proportionally asted to avoid @
limitation. Moreover, although the clay+silt contem Oxisols should
not be lower than 150 g ki some of the soils in our experiment would
no longer meet this criterion after the dilution olie fine fraction.
Nevertheless, we do not expect such difference avehinfluenced our
results in any way, other than the correct clagsifion of the soils after

the dilution of the fine fraction.

Since we collected soil samples from different deptwe prepared
a suspension by mixing 2 g of soil from the 0-10 depth into 200mL
of deionized water, which were agitated continugusbvernight.
Afterwards, the inoculation consisted on pipettiag aliquot of 1 mL
from the suspension (after its dilution), which weasroughly mixed to
the samples. This procedure was done for each separately to make
sure there was no substantial differences on therobial community
among samples collected at different depths. Beeaosr incubation
experiment was conducted overl2-month period, we do not expect that
differences on the size and/or activity of the noleral community
throughout the soils profile to have impacted one thinal results
reported here. However, we have not assessed arcyolmial biomass-

related parameter to support the previous statement

After the 12-month incubation experiment, the saegplwere air-
dried and physically fractionated into sand and P,OtWie fraction >53
pum (data not included here), and the mineral fractco®3 pum and their
associated organic matter. For the physical fracaitoon, a 5-g soil
sample was dispersed into a 50 mL centrifuge tubetaining 15 mL of
hexametaphosphate g'Land 100 mm diameter glass bed. These samples
were thoroughly dispersed under continuous stirrthging 16 hours at
120 rpm. After physical fractionation, the samplesere wet-sieved
through a 53 um screen, and the fractions wereddae45 °C for 7 days.
Afterwards, the samples were weighted, finely grduasing an agate
mortar and pestle yielding a final particle-sizeahar than 149 um. The

C content and its respective stable isotope abundah’C content) were
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determined using an isotope ration mass spectromgtBMS) with
continuous flow (20-20, ANCA-GLS, Sercon, Crewe, MK The
abundance of thé3C was expressed as 8*°C in parts per mil (%) with

reference to the international standard (Pee DeleiBaite).

3.5. C-saturation level and C-saturation deficit as a function of

the clay+silt fraction

Following increasing organic matter inputs to soitday- and silt-
sized particles would eventually reach their prdiee-capacity or C-
saturation level, either as individual mineral pak¢s or in the form of
aggregates (Castellano et al., 2015). Therefore, assumed the SOC
content associated to the fraction <563 uym to acd¢don the protective-
capacity level, and therefore the CSL in Oxisol$.eTefore, proceeded as

follows:
CSL, g C kg* soil = 5.5 + 0.26*(C+S)

where C+S is the fraction <53 pm content, expressed a
percentage (%) of the fine earth fraction (<2 mnThis equation has
been proposed to link the total amount of clay+splarticles to the
mineral-associated SOC retained by adsorption omtiplees aggregation
in soils dominated by 1:1 phyllosilicates, such @sisols (Six et al.,
2002a). After estimating the CSL, we calculated @®D, as follows:

(CSL—-S0C)

CSD,% :( CSL

)x100

where SOC is the observed C content within the ¢kilt fraction
expressed in g K§ soil (as explained earlier) before the incubation
experiment had started. In this way, we would avainy effect of the
treatments on the original SOC content within thenef fraction
throughout the incubation periodBoth, the CSL and the CSD were
estimated for all samples included in our experimenrespective of the
depth at which the samples were collected or thkitcon of the fine
fraction. Furthermore, because Oxisols often présmatively uniform
texture and mineralogy with respect to depth (Sdbae 2001), the
samples collected throughout the soil profile, wabydrovide a gradient
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of CSD. In this case, the CSD would increase frdme topsoil towards

the bottom layers sampled.
3.6. Litter-derived C

The proportion {) of litter-derived C within the fraction smaller
<53 um was calculated as follows:
— 6t_85
f= (—81_ Ss)x 100
where &t is 8*°C of the <53 um for the treatments receiving plant-

litter, 8s is 8'3C of the <53 um in the control treatments (no pléitter
additions), and 8l is 8*3C of the plant litter (405.50%o).

3.7. Statistics

We tested our hypothesis in several steps. Theetlititerived C
within the fraction <53 pm was modeled as functioh the litterC
inputs and the CSD. As such, we would estimate vlaeiation on the
contribution of the litter-derived C for the mindrassociated SOC as
affected by the CSD and litter-C inputs. Subseqiyemte run regression
analyses to test for the relationship between the total increment in
the SOC content in response to litter-C additions. Accioigly, the mass
of litter-derived C remaining in the fraction <53muwas expressed
relative to the mass odriginal SOC, i.e. the “unlabeledC” remaining in
the sample at the end of the incubation period. aedition, we run
regressions to establish a relationship between theer-derived C
remaining in the sample after the incubation widgspect to the totaC
addition at the beginning of the experiment. Instldase, we plotted the
litter-derived C within the fraction <53 pm againshe litter-C mass
added, which was expressed relative to the masthefunlabeled SOC in
the samples at the beginning of the experiment.hSaalculation would
allow us to infer on the conversion of the litteri€to mineral-organic
associations with increasing C inputs with respeéeatthe initial SOC

content within the protected pool.

For all correlations and regression analyses, tilgmi§icance of the
estimated parameters was set at p<0.05 level. Tia¢issical analyses
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were performed using R-softwate Statistica STATSOFY and the

artwork was prepared using Sigma Pldi1.
4. Results

4.1. Litter-derived C fraction and increment in the mineral-

associated SOC content

As expected, the litter-derived C within the fineaftion increased
steeply with increasing CSD, when we include alltalaset (sampling
depth and the fine fraction dilution) in a singleaysis (Fig 1). As such,
for a given C input, the proportion of the litteedved C within the
mineral-associated SOC was determined by the mageitof the CSD.
For instance, in samples presenting positive C31®, ¢ontribution of the
litter-derived C for the mineral-associated SOC could reach
approximately 20% of the total mineral-associatedCSeven with small
C additions (e.g., 4.5 mgysoil). On the other hand, the litter-derived C
within the fine fraction accounted for no more th20% of the SOC
content in the samples exhibiting negative CSD resties (Fig. 1), even
after higher C inputs (e.g., 18 mg'goil). Overall, contributions of the
litter-derived C for the mineral-associated SOC hmag than 20% only
occurred for the samples showing positive CSD. Guansently for soils
exhibiting low or negative CSD, the probability pfomoting significant
incrementsin their protected SOC pool would have been much smaller
than for samples presenting high CSD (Fig. 1). Basa this data, the
collection of soil samples at different depths pimbad a suitable gradient

of CSD, which increased with soil depth.
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Litter-derived C, %=1.0*Litter-C input*(exp(0.016*CSD)); R’=0.84
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Figure 1. Litter-derived C fraction (%) as a function of litter inputs (0, 4.5, 9, and 18
mg g* soil) and the CSD estimated from the CSL based on the linear model (Six et al.,

2002a). The estimated parameters are significant at p<0.05 (F-test). Number of
observations=864.

Although the proportion of the litter-derived C Winh the fine
fraction was mainly affected by the CSD (Fig. 1lhetmagnitude of the
increment in the SOC content was strongly affectedttog dilution of the
fine fraction, further referred to as sditexture’ in this text (Fig. 2a-d).
According to the C-saturation concept, the minepadvtected SOC would
not increase in size due to C additions after tho®l| have reacéd its C-
saturation level (Castellano et al., 2015n our soils, the lack of
increment in the mineral-associated SOC followirg tincorporation of

the litter-C was more evident in the soils at thaiatural texture (Fig.
2a).
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Figure 2. Increment on the soil organic carbon (SOC) content as a function of the litter-
derived C fraction (%) following litter-C additions at 0.0, 4.5, 9.0 and 18.0 spij

and the dilution of the fine fraction at a) 0%, b) 20%, c) 40% and d) 80%. The dotted
line depicts the point at which the contribution of the lite¢quals the “unlabeled”

SOC content (1:1 ratio). The estimated parameters are significant at p<0.05 (F test).
Number of observations=288 for each texture (fine fraction dilution). The increment on
the SOC content was expressed as g of litte:Cogiginal” SOC (i.e. unlabeled SOC
associated to the fraction <53 pum) prior to the incubation experiment had started.

Conversely, the samples in which the fine fractinmas diluted
(Fig. 2b-d), the increment achieved in the protecteOC content was
comparatively higher than that observed in the sawois at their natural
texture. However, the higher amount of clay+silt tlhe soils at their
natural texture would indicate that the lack of iement in the protected
SOC pool, would have been due to the C-saturatibrmecraggregates
surfaces and their associated pore space area. Wese the first
indication that C-saturation in Oxisols should vaeg a function of

texture, according to our hypothesis being testedhis research.

According to the C-saturation concept, the effiasgrby which the

plant litter is converted into the protected SOC oposhould be
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progressively reduced with increasing C inputs, ibmnéaching the CSL
(Stewart et al., 2008)As the soil approaches its CSL, larger amounts of
litter-C should be added to promote detectable gesnon the protected
C pool as compared to soils with high CSD (Fig Hpwever, as the soil
approach such threshold, increasing the C inputsulddonot cause a
proportional increment within the protected C poola&ellano et al.,
2015). Indeed, as the C additions relative to thaial (unlabeled) SOC
content increased in our study, the conversion lé fplant litter into
mineral-associated SOC reached a “plateau” as shown in Fig. 3,

irrespective of texture. Interestingly, the asymfptoconversion of the
litter-C into mineral-associated SOC also variedbstantially with

texture, as demonstrated in Fig. 3a-d.

0% dilution (original texture) 20% dilution
754 a) 1 b)

60 4

—— y=56.6*(1-exp(-0.420*x)); R*=0.98; P<0.001
O Observed values

—— y=55.9*(1-exp(-0.400*x)); R’=0.98; P<0.001 ] ia
©  Observed values

40% dilution 80% dilution

Litter-derived C within the fraction <63 ym, %

—— y=60.7(1-exp(-0.370"x)); R*=0.97; P<0.001 - —— y=62.2(1-exp(-0.350"x)); R*=0.954; P<0.001
@ Observed values ® Observed values

2 30 0 10 20 30
Litter-C input, g g original SOC

Figure 3. Litter-derived C fraction (%) as a function of &idition (g of
litter-C ¢! initial SOC content within the fraction <53 um) drthe
dilution of the fine fraction at a) 0% (originalxture); b) 20%; c) 40%;
d) 80%. For each texture, n=288 (6 Oxisols, 4 depth litter inputs and
3 replicates).
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As we increased the dilution of the fine fractiobhe litterC
addition was equivalent to a higher proportion bé&tinitial SOC content
within the fine fraction (Fig3b-d) as compared to the samples at their
natural texture (Fy. 3a). Nevertheless, despite the C added via plant
litter being equivalent to almost 30 times the ialtSOC for some of the
Oxisols at the highest dilution, the litter-derived fraction would not
increase beyond®0-70% of the total protected SOC content (Figd)3
According to the regressions fitted, the soils wadueach their CSL
following C additions equivalent to 10 times theitial SOC content in
the samples. At the CSL, the litter-derived C wouwldry from 56 up to
62% (Fig. 3a-d), with the higher values occurringthe coarse-textured
soils. Therefore, despite the higher amount of clay+sitthe soils at
their natural textures than in the samples in whitdte fraction was
diluted, both type of samples reached “C-saturation”. In this case, the
samples that become “C-saturated” had a high initial CSD, in contrast to
the samples in which the SOC did not increase folhg litter-C
additions. Given the large difference in terms ¢dyctsilt content among
the samples as a function of the fine fraction tidn, we infer that C-
saturation in fine-textured Oxisols of equivalentinmralogy and C
inputs, the saturation of microaggregates surfaces andrthssociated
pore space area seem to predominate. Converselycoarse textured
Oxisols C-saturation should be mainly affected bye tsaturation of
individual mineral particles (or less aggregatedtpdes).

4.2 Linking SOC content within the clay+silt to the SOCin the

whole soil

As we plotted the mineral-associated SOC conteratiee to the
whole soil (gC kg! soil) as a function of the fine fraction conterg (
clay+silt kg' soil) and its C content (gC kg*' clay+silt), some
interesting patterns emerged (Fig. 4). As such, sSame cases we
observed SOC content as high as 100 ¢'kgay+silt in soils for which
the fine fraction was lower than 200 g ‘kgsoil. Such data is in
agreement with the relatively higher increment hetSOC content as the

fine fraction mass was diluted in our experimentg(F2 a-d). Otherwise,
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as the mass of the fine fraction increased, thees @ general trend of
lower SOC content per unit of clay+silt (Fig. 4).
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Figure 4. Mineral-associated soil organic carbon content (SOC, § dajl) as a

function of the clay+silt content (g Rgsoil) and the SOC content in this fraction (g C
kg™ clay+silt). Number of observations=1152.

Combined, these results corroborate the differdntieechanisms
accounting for the influence of texture on C-satiusa in OXxisols.
Therefore, the relatively low proportion of C maper unit of clay+silt
as the mass of this fraction increases is consisveinh their saturation
in the form of microaggregates. Otherwise, the h@@ktontent per unit of
clay+silt as the mass of this fraction decreasamp®rts our hypothesis

of C-saturation of isolated mineral particles orlatast less affected by
aggregation in coarse-textured Oxisols.
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5. Discussion

5.1. Parameterization of CSL/CSD as function of depth of

sampling and Oxisols texture

We expected the SOC content in samples collectedd-dt0 cm
depth would have been closer to CSL (iad.steady-state) as compared
to the other soil layers included in our study (20; 20-40, and 60-100
cm depth). In combination, the sampling throughahie soil profile
provided a gradient of CSD, which increased withlsbepth. The main
aspects supporting our assumption is that even wheih samples are
collected at layers in the A down to the B horizavhich are often below
one meter deep, there are no substantial changekeirmineralogy or in
the texture of Oxisols (Schaefer, 2001). Theorelligathe inherent
capacity for SOC storage in Oxisols should not vavith depth given
their uniform chemical and physical properties thghout the profile.

Modeling the CSL as a linear function of the claytsontent is
based on the promise that these fractions accowmt bfoth chemical
(coprecipitation and adsorption of SOC by mineralahd physical
processes such as the occlusion of SOC due to aggiren (Six et al.,
2002a). Yet, quantitative assessment on the roleeath mechanism
remains elusive because their influence on SOC agjeroften overlap.
As a result, appropriate parameterization of CSld amonsequently the
CSD is arguably the most critical step to predibe tpotential response
of soils to further C inputs. Despite some signaint progress made on
this front over the last 20 years, defining suchrgmeters remains an
important issue, given the large numbers of fact@aecting SCC
storage (Feng et al., 2013; Beare et al., 201BJr instance, as we
assumed a linear relationship between the massheffine fraction and
the CSL, we observed some negative estimates ferGBD (Fig 1). This
suggests that some of the Oxisols evaluated wouwddehbeen able to
protect a larger amount of C than would be expechaded on a linear
relationship between the mass of the fine fractiamd SOC content.
However, even if we had an underestimated CSD, thas probably less

important because of the different depths at whiwle proceed the
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sampling. Moreover, strong linear correlations beém the amount of
clay+silt and the SOC content in tropical soils alshas been
demonstratedin previous research (Feller and Beare, 1997). Altou
these authors have evaluated the SOC within thetfoma <20 pm, the
magnitude of the variation in the SOC content rdpdrwas quite similar
to ours, ranging from values <10 up to 45 g kgoil for samples
collected in the topsoil (0-20 cm). Therefore, we dot expect that
assuming a linear relationship between the clay+sointent and the SOC
content would affect the inference we made on thechanisms
accounting for C storage and C-saturation as a fiiomc of texture in
Oxisols (see sections below).

5.2. Soil C-saturation dynamics

Based on our results, we inferred two types of Qusation patterns
in the selected Oxisols. The first type, can beeméd from the lack of
significant increment in the protected C pool foMimg C inputs to soils,
which probably dominated in samples with low initi@SD, i.e. samples
collected in the topsoil. This pattern, seems th@stnrecurring indication
of C-saturation dynamics, in which there is no ieerent in the protected
pool following C additions to soils (West and Six, ZD0Castellano et
al., 2015). As we demonstrated in Fig. 1, the litteerived C within the
fine fraction would account for a small proportiai the total mineral-
associated SOC content in samples with low, or emegative CSD. As a
result, the probability of promoting significant drements in the
mineral-protected C pool would have been quite dnialthose soils. The
lack of increment in the protected C pool followingng-term litterC
inputs is often suggested to indicate C-saturatiynamics in field-
based experiments (West and Six, 2007; Gulde et208; Chung et al.,
2010; Brown et al., 2014). Probably, this type ofs@turation behavior
in is more common in areas with high litter-C addits to the topsoil, as
it is often reported soils under no-till, for instee (Corbeels et al.,
2016). Over time, promoting increments to the protected CS@ool
should become more difficult and the topsoil laygm®bably reach their
CSL more quickly than deeper the layers (Castellagto al., 2012)
Although our study was conducted under controlledditions, the lack
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of increment in the protected C pool following tlmecorporation of the
litter-C seems to indicate a similar behavior oet®xisols included in
our study with earlier reports from field-based expnents.

We inferred a second type of C-saturation pattemhjch occurred
in soils that had high CSD at the beginning of téveperiment. In this
case, the litter-C added was equivalent to a lagvg@portion of the initial
mineral-associated SOC content (Fig. 3a-d). In cast to the first type
of C-saturation pattern, in this case the litterrided-C would account
for more than 50% of the total mineral-associatedvBen the samples
reached their CSL. Therefore, the litter-C addisowould have been
high enough to overcome the SOC storage capacityheffine fraction
under such circumstances. We only detected thisosécC-saturation
pattern in such a short-term experiment becausecweld control the
mass of the soil in which the litter-C was addedhigh is not easy to
achieve in field-based experiments. Although suandition should be
much less common in short-term field experimentsstdata is useful for
illustrating the limited capacity of soil for C stage (Hassink, 1997; Six
et al., 2002a; Stewart et al., 2007; Heitkamp et 2012; Castellano et
al., 2015). Our data also confirms predictions frgmevious research
indicating the huge amount of litter-C additionsathare needed to
promote C-saturation (West and Six, 2007; Stewarale, 2007). For this
reason, promoting C-saturation itself is of lesgeirest. However, with
increasing C inputs, there is a decrease on theabeonversion of the
plant litter into the protected C pool as the sodpproach their CSL
(Hassink, 1996; Stewart et al., 2008; Castellanalet 2015). Therefore,
although the mechanism leading to C-saturation mmEbably different in
coarse or fine-textured Oxisols, the incorporati@nthe litter-derived C
within the fine fraction increased asymptoticallyitiv respect to C
additions (Fig. 3a-d).

5.3. The influence of texture on C-saturation - mechanisms

According to our results, the soils reached theigLCafter the
litter-derived C accounting for 56% up to 62% ofethotal mineral-

associated SOC, with the lower values accounting tfee soils at their
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natural texture. The relatively lower amount of tHeter-derived C

needed for promoting C-saturation in the soils heit natural texture
(Fig. 3a) suggests that such saturation was propallle to the

preferential saturation of microaggregates surfaeesl their associated
pore space area (Anda et al., 2008). Our inferemsein line with

previous evidence provided by spectroscopic experts indicating the
occurrence of organic matter as discrete coatingsoil microaggregates
surfaces (Hatton et al., 2012). This is mainly be®&a with increasing
amounts of clay- and silt-sized particles, thereuhbbe expected a high
capacity for aggregation (Oades, 1988; Baldock &lgemstad, 2000Q)

Interestingly, the main feature of Oxisols is theirstrong

microstructure/microaggregation, which makes theséls so distinctive
relative to other soil orders (Beinroth, 1982; Sefexr, 2001; Schaefer et
al., 2004; Buol, 2009). Therefore, we expect thatthwincreasing

clay+silt content, there is a simultaneous incremem OXxisols

microaggregation (Barthés et al., 2008). With incsing C inputs, we
suggest that these microaggregates and their ppexe area are more
likely to exhibit C-saturation, rather than indiwdlized clay- or silt-
sized particles.

In contrast to fine-textured Oxisols, we proposeatthwith
decreasing amounts of clay+silt, soils capacity &gmgregation should be
much smaller (Baldock and Skjemstad, 2000). Therefoit can be
expected the C-saturation of individual particles kess aggregated
particles to predominate. Accordingly, the fine dteon of naturally
coarse-textured soilshould have a higher SOC content per unit of
clay+silt than fine-textured soils (Amelung et all998; Plante et al.,
2006; Zinn et al., 2007; Stewart et al., 2007; Ba& et al., 2008; Curtin
et al., 2016) As we used incubation experiments, the main fadéading
to the dispersion of large aggregates probably whe mechanical
dispersion of these structures when the fine edrdction was mixed
with sand to dilute the fine fraction. In additioayen discrete variations
in the moisture content could have favored aggregdisruption upon
drying/rewetting throughout the incubation perio®ades, 1988; Denef
et al., 2001; Kaiser et al., 2015). As the aggregabreak apart, this
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could reduce particlege-particle interactions, and possibly exposing
reactive surfaces that were contributing to hold tipeir structure,
particularly Al-/Fe-(hydr)oxides (Oades and Waters991; Schaefer,
2001; Six et al., 2002b). These processes combimmdild result in
higher C content per unit of clay+silt in coarsedtered Oxisols as
compared to fine textured types (Zinn et al., 20B&rthes et al., 2008)
Also worth noting that with increasing SOC contgrdr unit of clay+silt
in corase-textured soils, probably there is a lowewntribution of
physical protection of organic matter against deposition as compared
to fine-textured Oxisols. This is mainly becausee thormation of
mineral-organic associations occur irrespective teikture, but with
increasing content of clay- and silt-sized partglethere is more
potential for further protective effects due to fialtes aggregation
(Lehmann et al., 2007). As stated before, the sgraricroaggregation of
Oxisols has strong influence on the spatial disatibn of SOC
(Kinyangi et al., 2006; Lehmann et al., 2007) ansd iole on C storage
and turnover should be considered in further stedikdditionally, given
the inherent limitation of incubations experimentfe mechanisms we
propose to underlie C-saturation in Oxisols shobkl further evaluated
under field conditions experiments. These mechasisprobably have
important implications for SOC storage, its turnovand C-saturation
dynamics, and all these factors should be takeno imiccount for
evaluating the potential for increasing the prossttC pool in Oxisols,

especially in managed areas.

6. Conclusions

Based on our results, we can infer that differeypes of C-
saturation patterns occurred in the Oxisols used oimr incubation
experiments. As such, we suggest that in samples Wwiw initial CSD,
the litter-derived C additions promoted low (if @nyncrement in the
protected C pool. Otherwise, even for soils withghiinitial CSD, in
some cases the litter-C additions were high enoughpromote C-
saturation. We propose that the mechanisms accagnftor C-saturation

in these soils were strongly affected by the tertufherefore, it seems
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that in fine-textured Oxisols, the C-saturation pably occurs due to the
saturation of clay- and silt-sized particles formgirmggregates. In this
case, the organic matter would saturate microaggteg surfaces and/or
their associated pore space area. Otherwise, imrseséextured Oxisols,
C-saturation is probably related to the saturatodfnindividualized clay-

and silt-sized particles (or less aggregated pdesr Further evaluation
of these mechanisms are important because Oxisahsoxcur at a range
of textures and their strong microstructure prolyaplays an important
role in both SOC storage and turnover in tropica@logystems, where

these soils predominate.
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Litter decomposition and **C/**N incorporation into mineral-

organic associations in Oxisols (chapter two)
1.Abstract

Rationale: The persistence soil organic matter (SOM) is though
be driven by physical processes and chemical reasti within the
mineral matrix that lead to the formation of mink@ganic
associations. However, the formation of such int¢r@ns is much less
understood in soils dominated by low-activity clagach as in Oxisols.
Objectives: Therefore, we investigated the connection betwedanp
litter decomposition and the formation of mineralganic associations in
some highly weathered OxisolsMethods: We incubated samples
collected at 4 depths (0-10, 10-20, 20-40 and 60-1@&m) from 6
representative Oxisols using a double labeled plktter (i.e. *3C at
405% and '°N at 74 atom%) and quantified the proportion of ghe
tracers remaining in mineral-organic associationffiem 12 months.
Results: We observed strong evidence of microbial-derive@impounds
being retained within mineral-organic associatidxs such, while 37.3%
of the initial input of litter-N was recovered irhé fraction <53 pumjt
was only 23.7% for the litter-C input. Both isot@punlabeled and
labeled organic matter were strongly correlated amorphous Al-/Fe-
(hydr)oxides. Discussion: The decoupling between the isotopic tracers
was probably related to the preferential preserv@ati of N-rich
compounds in associations with amorphouAl-/Fe-(hydr)oxides.
Apparently, these minerals are the main componeimwolved in the
formation and persistence of mineral-organic asatons in Oxisols.
Conclusions: If such interactions are of widespread occurrenite large
C pool found in tropical ecosystems may be much eneensitive to
environmental changes than currently expected, bseaamorphous Al-
/Fe-(hydr)oxides account for only a small fractioof the total

(hydr)oxides content in Oxisols.

37



2. Introduction

The global soil organic carbon (SOC) stock is anpamtant asset
that ultimately regulates the flux of energy andtments through
ecosystems (Janzen, 2015). Despite the generalesmus that part of the
CO, fixed in photosynthesis in terrestrial ecosystemi$l eventually be
incorporated into the SOC stock, connecting pldttet decomposition to
SOM formation it is still challenging (Cotrufo etl.a2015). In the soil
environment, the plant litter underge hydrolytic and oxidative
decomposition, with continuous decrease in molecuiae and solubility
in water (Hedges and Keil, 1999; Kleber et al., 8D1According to this
framework, once dissolved or solvated by the sailusion, part of the
organic molecules may form direct associations wsdil minerals. In
another pathway, the litter-derived compounds canflorther partitioned
into microbial biomass or CO(i.e. microbial growth or respiration). The
C incorporated into the biomass, may become partmoeneral-organic
associations due to deliberate attachment of miesolbnto mineral
surfaces and/or the production of extracellular ypoéric substances
(EPS) (Miltner et al., 2012; Cotrufo et al., 201Rleber et al., 2015).

From the decaying plant litter towards mineral-assted SOM,
there is a significant reduction on the overall Cratio, which is often
attributed to the preferential accumulation of nobral products within
the mineral matrix (Simpson et al., 2007; Fierera¢t 2009; Cotrufo et
al., 2013) Chemically, the molecular composition of mineralsasiated
SOM is much more similar to microbial products thamh the original
plant material applied to the soils (Grandy and N&008; Mambelli et
al., 2011; Plaza et al., 2013; Heckman et al., 201 a result, the plant
litter N seems to be incorporated within mineralganic associations at
a higher efficiency relative to the litter-derived (Bird et al., 2008;
Hatton et al., 2012, 2015apdditionally, the long-term persistence of N-
rich compounds in soils may be facilitated by theegence functional
groups (e.g., amide) and the mechanisms by whics¢éhcomponents

interact with mineral surfaces (Keiluweit et al.QI2).

38



It is widely accepted that the presence of reactimeerals is a
prerequisite for the development of mineral-orgamigsociations, which
could render SOM temporarily inaccessible to decosgrs (Baldock and
Skjemstad, 2000; Kogeknabner et al., 2008; Dungait et al., 2012)
Among the most reactive minerals in soils, Al- aRd-(hydr)oxides play
an important role on the formation of mineral-orgamssociations (Torn
et al., 1997; Kleber et al., 2005; Lutzow et alQ0B; Kdgel-Knabner et
al., 2008) The formation of these associations seems to slowrdSOM
mineralization, thus favoring its persistence inilso(Rasmussen et al.,
2006). Arguably, the presence of reactive mineralish high specific
surface area (SSA) and high charge density willeatf directly the
overall capacity of soils to protect SOM againsttdmposition (Doetterl
et al., 2015). These findings raise important quess concerning the
formation of mineral-organic associations in highlyeathered soils,
particularly in Oxisols, which are dominated by leactivity clays
(Feller and Beare, 1997)

In Oxisols, kaolinite is the predominant mineralhiwh is a non-
expansive phyllosilicate, presenting low physic-oheal activity (i.e.
low charge density, limited cation exchange capaa@hd also low SSA)
(Melo et al., 2001). Otherwise, these soils alsmt@on variable amounts
of Al-(hydr)oxides (mostly gibbsite), and Fe-(hydxides such as
goethite and hematite, both of which presenting espread occurrence
(Schaefer et al., 2008). Although (hydr)oxides setnplay an important
role on SOM persistence, some specific characterssof Oxisols might
affect their ability to form protective associationwith organic
compounds. First, these (hydr)oxides present higystallinity degree,
which reduces their SSA significantly relative tow crystalline phases
(Kaiser and Guggenberger, 2003). Second, low cilista (hydr)oxides
usually account for a minimal fraction of the tot@dlydr)oxides content
in Oxisols (Schaefer et al., 2008). And third, teeong microstructure
of these soils might block part of the reactive mial surfaces in which
SOM could be protected, although microaggregatiomghth favor C
persistence due to physical protection in Oxisolsnda et al., 2008;

Barré et al., 2014). Combined, these aspects wod&dine specific
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features of Oxisols that could affect C cycling amnd persistence in

tropical ecosystems.

Our conceptual approach to investigate the rolemoherals for the
development of mineral-organic associations withime fine fraction
(<53 pm) of Oxisols consisted on performing relatively lobgrm
incubation experiments (12 months of duration) wsimatural soil
samples. In order to assess the incorporation an@ N within mineral-
organic associations in these soils, we used douabzled plant litter
(*3C and'°N isotope tracers) that would allow us testing tigpothesis
of preferential retention of N-rich compounds byac¢ive minerals. Such
inference would be based on the relative proportioh the labels
recovered within mineral-organic associations. Wésoa tested the
hypothesis that amorphous AFé-(hydr)oxides would account for most
of the reactive surfaces involved in mineral-organassociations in
Oxisols. Therefore the objectives of this research were to link the
relationship between litter decomposition, assdss formation and infer

the persistence of mineral-organic association®xisols.
3. Material and methods
Soils characterization

Briefly, the soils were collected in a transect gang from 40 to 51°

W and 18 to 20° S, but despite being relativelysddo each other, these
are very representative Oxisols, particularly imme of mineralogy and
texture. The selected Oxisols were either underiveatvegetation on
forests remnants of the Mata Atlantica (Atlantic iRf@rest) or in the
Cerrado (savanna-like). The Typic Hapludox (THD)het Humic
Hapludox (HHD) and Xanthic Hapludox (XHD) were cedted within the
Atlantic Rainforest biome, while the Xanthic Haptog (XHT), the
Rhodic Haplustox (RHT) and the Typic Haplustox (THWere collected
within the Cerrado biome. Further details on thege®tion traits and
overall distribution of both biomes on the Braziiaerritory can be
found elsewhere (Ratter et al. 1997; Morellato Bt2000). According to
the Koppen classification, the climate within thdl#@ntic Rainforest is
predominantly Aw, tropical with dry winter and fdhe soils within the
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Cerrado is predominantly Cwa, temperate moist widhy winter and
warm summer (Alvares et al. 2013). The annual ppéaition is
practically the same for both climate types, rangifimgm 1300 to 1600
mm per year (Alvares et al., 2013), although thenrseason for the area
under the Cwa climate type is mostly concentratadthe period from
October to March. The sampling consisted on coliregtthe soil material
at different depths (0-10, 10-20, 20-40, and 60-16&) and after
collection, the samples were kept on plastic bagd &ransported to the

laboratory.
Physical and mineralogical analyses

The samples were air-dried and sieved @ 2-mm screen to yield
the fine earth fraction. The water holding capac{#4 HC) of the soils
was estimated by means of saturating 20 g of time fearth fraction with
deionized water into a 25.4 mm diameter steel rargd submitted to a
tension equivalent to -30 kPa. After reaching edwilum, the samples

were weighted and dried at 105 °C for 48 hours.

The texture analysis was preceded by chemical dispa 5 g of the
fine earth fraction using 5 mL of sodium hydroxigdaOH) 0.1 mol L*
and 25 mL of deionized water into a 50 mL centritugube, under
continuous stirring during 16 hours at 120 rpm. &ft complete
dispersion, the samples were wet-sieved throudB4qm mesh screen to
separate the sand- from the silt- and clay-sizeakctions. The fraction
<53 pm was used for quantifying clay and silt carttéby using the
pipette method, by applying th®toke’s law. The fractions obtained were
dried at105 °C during 48 hours and weighte@hemical properties of the
soils, nutrients availability (Ca, Mg, K and P) argiven in
supplementary Table 1.

For the mineralogical analysis, 5 g of the fine thafraction was
dispersed into 5 mL of sodium hydroxide (NaOH) Gnbl L™ and 25 mL
of deionized water into a 50 mL centrifuge tube ishgr 16 hours under
continuous stirring at 120 rpm. After dispersiometsamples were wet-
sieved through a 53 pm mesh screen to sepattedesand- from the silt-
and clay-sized fractions. The fractions <53 um wdread at 45 °C, after
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which 1 gram of the fraction <53 ym was treatedidgrl8 hours at 25
°C with 50 ml of 6% (v/v) NaOCI adjusted to pH 8 temove SOM. The
residue was centrifuged at 3000 rpm for 30 minutesgshed with
deionized water and this procedure was repeateagethtimes in total

(Zimmermann et al., 2007)

Finished the oxidation of organic matter, the clénaction was
separated using siphoning after the sedimentatiénth@ silt fraction
according to the Stoke’s Law. After the complete separation of the silt
and clay fractions, the material was dried at 45&@ the mineralogical
composition was qualitatively assessed by X-rayrdiétion (XRD) using
fine powdered material (<149 pum). The XRD analyses non-oriented
samples were conducted using ®&a-radiation (A=0.178896 nm) at 30
mA and 40 kV from a Rigaku D-MAX vertical goniometequipped with
a graphite monochromator. XRD patterns were obtdibetween 4 and
60° 20 in 0.02° steps at a scan rate of 10° 20/min for accurate

measurements of the d-spacing.
Selective dissolution of Fe-(hydr)oxides

Samples of the clay samples were submitted to saeleadissolution
of both amorphous and crystalline Fe-(hydr)oxidey treating the
samples with ammonium oxalate (AO) and dithionitier&te-bicarbonate
(DC), respectively. The procedure to extract the oaphous Fe-
(hydr)oxides consisted on treating 0.25 g of clayhwl0 mL of AO 0.2
mol L* pH 3.0 in the dark. The samples were kept in tharkd by
covering the centrifuge tubes using aluminum foalsd were shaken for
2 hours at 120 rpm. After the extraction procedutlkee samples were
centrifuged at 3000 rpm, the supernatant was codédcand stored into
centrifuge tubes to quantify the amounts of Fe &ideleased during ta
treatment. The extraction of crystalline Fe-(hydxijdes consisted on
treating 0.25 g of clay with 10 mL do DC 0.2 mol*lin centrifuge tubes,
which were kept under water bath for 30 minutes5at°C. Afterwards,
the samples were centrifuged at 2000 rpm during rdthutes, the
supernatant collected and stored. The extracticocedure using DC was
repeated three times. The amounts of Fe and Alasted by AO and DC
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were determined by Atomic Absorption Spectrometiyafian Spectra
AA, 220FS).

The clay used for the extraction of Fe-DC was usedstimate the
content of kaolinite and gibbsite by thermogravime{Karathanasis and
Harris, 1994). For this procedure, 5 mg of the clags depositedn an
alumina crucible and submitted to heat flow from @p to 750 °C under
N, atmosphere flowing at 50 mL mih using a Shimadzu (model
DTG60H).

13C and '°N isotope labeling

Briefly, the plant material used as the source ofa@d N in our
incubation experiment was produced by growing ancadypt hybrid
(Eucalyptus urophylla x Eucalyptus grandis) under controlled
conditions Therefore three seedlings (120-days) were grown into a 10 L
vase on a nutrient solution (pH 5.5) for 18 weeksthwcontinuous
oxygen supply. For the isotope labeling, the sergldi were kepton a
448 dn? chamber in which thé3C added by acidifying N&3C0O; (*3C at
99 atom%, Isotec Inc. Miamisburg, Ohio) with,80,;. The **C0O, was
added by preparing a N¥CO; solution at 0.18 mol I and mixed with
50 mL of bSO, 3.8 mol Lt. The CQ concentration within the chamber
was kept at 500 ppm throughout the labeling experim The'°N label
was added through a nutrient solution (\H,* 0.9 mmol L') applied
once a week, by adding®NH4)»,SO; (98 atom% excess, Sigma-Aldrich).
At the end of the isotope labeling, the seedlingsrev collected and
separated into leaves, twigs, stem and roots (pmadantly fine roots,
diameter <2 mm), and dried under forced air cir¢ida at 45 °C until
constant weight. After drying, the plant materiaasvmilled to achieve a
particle-size <500 um using a Wiley mill. For fugth homogenization,
the plant material was subsequently finely groursdng a ball-mill after
which the final particle-size achieved was <149 pfihe samples were
analyzed using an Isotopic Ratio Mass SpectromeflRMS) with
continuous flux (20-20, ANCA-GLS, Sercon, Crewe, UKThe C and N
content, and their respective stable isotope abundal**C and'°N) for

each of the components of the plants are shownahld& 1.
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Table 1. Components of the plant litter, their C and N temt, and their
respective stable isotopes concentration

Component Mass, d C, g kg* 8*C, % N, gkg! '°N, atom % C:N
Bark 21.9 425.0 318.6 5.2 81.4 82
Leaves 135.9 455.0 508.5 18.3 76.2 25
Twiggs 40.5 427.0 423.1 7.6 72.3 56
Stem 52.3 452.0 210.4 2.2 70.7 205
Roots 58.5 457.0 358.4 10.4 66.7 44
Corrected meant - 449.0 405.5 11.8 74.3 38

"The mass of each component produced (grams pertpldfhe plant
litter was added to the soils as a mixture, for @hhithe amount of each
component was proportional to their content on fHant grown for'3C

and '°N labeling *The mean value was corrected considering the C and
N content and the proportion of each component tmtal dry matter of
the labeled plant.

Incubation experiment

The experimental units consisted on air tight vials (150 mL) containing 20 grams
of the fine earth fraction (<2mm). The moisture content of the samples was kept at
approximately 60-70% of the WHC of each soil. In terms of C inputs, we used plant
litter additions at 0, 10, 20, and 40 mid spil (equivalent to C additions at 0.0, 4.5, 9.0,
and 18 mg § soil, respectively). For each C input, the mass of the components of the

litter added was equivalent to their proportion in the whole plant, as shown in Table 1.

The incubation was carried out during 12 monthsaichamber with
controlled temperature (25 °C1} During the first 4 weeks the vessels
were opened 3 times a week during 1 hour to avopdi@itation for the
decomposers. After the first month, the vesselsevepened only once a
week and the weight of the experimental units warenitored to avoid
water limitation. As such, each experimental uniasvweighted after
every 2 weeks and compared to the total weight raead at the first day
of the incubation. When necessary, deionized wates added using a
pipette to assure the moisture content was keptwbeh 60 and 70% of

the WHC. For each treatment, we had 3 replicates.

Because we collected soil samples from differentptths, we
prepared a suspension by mixing 1 g of soil from hh-10 cm depth into
100 mL of deionized water to inoculate the sampiesn the other soil
layers (10-20, 20-40 and 60-100 cm depth). Thiscedure was done for
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each soil separately to make sure there was not anpstantial
difference on the microbial community throughouethoil profile. Since
our incubation experiment was conducted over a whgpéar, we do not
expect that differences on the size and/or activdly the microbial
community would impact on the final results repafteere. However, we
have not assessed any microbial biomass-relateédrpaters to support

the previous statement.

After the 12-month incubation, the samples were air-dried and
physically fractionated into sand (particle-size 3>5um) and its
associated particulate organic matter (PYOMnd the clay+silt fraction
(particle-size <53 um) and their associated orgamatter. For the
physical fractionation, a 5-g subsample was dispdrinto a 50 mL
centrifuge tube containing 15 mL of hexametaphodphg L' and 100
mm diameter glass bead, under continuous stirrimgpaghout 16 hours
at 120 rpm. After physical fractionation, the samplwere wet-sieved
through a 53 pm screen, and the fractions weredae45 °C for 7 days.
Afterwards, the samples were weighted, finely grduansing an agate
mortar and pestle in order to achieve a final pagisize <149 um. The
C, N content and their respective stable isotopenamnce ¥3C and*°N
content) were determined using an IRMS with contins flux (20-20,
ANCA-GLS, Sercon, Crewe, UK). Th¥C results were expressed &5C
in parts per mil(%0) with reference to the internation stardard (PeesDe

Belemnite) and thé°N abundance was expressed in atom%.
Litter-derived C and N

The proportion {) of litter-derived C and N in the fraction <53 um

was calculated as follows
_ 6t— 6

f - Sl_ 8

in which &; is 8'3C of the <53 pm for the treatments receiving plant-
litter, s is 8'3C of the <53 pm in the control treatments (no pléinter
addition), and &, is 8*°C of the plant litter (405.50%0). The same formula
was used to assess the litter-derived N, for whible 5, was 74.30
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atom%. The total amount of litter-derived C and blsaciated to the <53
Hm was calculated as

fxEc
total input

Er,%=( )x100

where Er% is the fraction of the element (C or N) recovered,
expressed in percent (%)Ec is the total element content (C or N)
associated to the <53 pm fraction in the whole 2@ng of soil sample
after the incubation experiment, andtal input is the total C or N added

via plant litter.
Statistics

The influence of specific properties of the 6 OXiso0depth of
sampling, and plant litter inputsn the litter-C and N recovered, their C
and N content and C:N ratio (after the 12-monthubation experiment)
were assessed by means of analysis of variance MN)O The effects of
mineralogy on SOM were assessed by means of simgderelation
analyses. The statistical analyses were performsihgi the Statistic&

13 and the artwork was prepared on Sigma Plbt.
4. Results
Oxisols mineralogy

The texture and mineralogy of the clay fraction tife selected
Oxisols are presented in Table 2. Most of the malgroccurring in the
clay-sized fraction of the selected Oxisols wersaapresent on the silt-
sized fraction, as determined by XRD analyses (Semgntary Figures 1
and 2). Such overlapping cannot be attributed tobpems during the
siphoning of the clay fraction because the silt ot was low for most
of the soils. For some Oxisols, however, the high sontent is due to
their strong microaggregation, because even aftegapnic matter
oxidation the silt content remained quite high @sserved for the HHD
and RHT, Table 2). The XRD data confirms that thghhsilt content is
mostly due to “pseudo-silt” in these soils (Supplementary Figure 2)
because other than quartz, the same minerals oboth in the clay and
silt fractions.
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Table 2. Oxisols texture (sand, silt and clay content), raxtable Al and Fe by ammonium oxalate (AO) and
dithionite-citrate-bicarbonate (DC) and kaolinitadagibbsite content within the clay fraction

Oxisol Depth Sand Silt Clay Alxo' Feao' Alpc' Fepc' Kaolinite* Gibbsite Texture Class
cm g kg! soil
0-10  363.8 33.1 603.2 08 0.7 12.2 49.1 4395 32.1 Clay
Typic Hapludox.THp 10-20 289.8 33.7 6767 0.8 0.9 151 543 493.1 36.1 Clay
20-40 249.3 31.6 719.2 1.0 0.8 13.2 54.8 524.1 38.3 Clay
60-100 234.4 31.1 734.6 1.1 0.5 14.0 56.9 535.2 39.1 Clay
0-10 324.0 78.4 596.8 4.1 2.2 14.5 362 354.4 1363 Clay
Humic Hapludox.HHD 10-20 355.3 55.4 589.4 3.8 22 13.6 37.9 3500  134.6 Clay
20-40 316.0 51.4 632.7 4.4 2.5 152 40.2 3758  144.5 Clay
60-100 307.9 34.7 657.5 3.3 1.7 15.2 47.7 390.5  150.2 Clay
0-10  752.8 24.2 223.1 0.4 02 1.6 4.9 2009 1.2 Sand clay loam
. 10-20 629.0 38.2 332.9 0.6 0.3 2.7 7.6  299.8 1.8 Sandy clay
Xanthic Hapludox-XHD 55 4o 6228 38.0 339.3 05 03 2.5 7.9 3055 1.8 sandy clay
60-100 606.8 35.7 357.6 0.7 0.2 2.8 9.2  322.0 1.9 Sandy clay
0-10 3950 866 517.6 2.5 06 4.2 117 1763 3038 Clay
Xanthic HaplustoxxT 1020 388.6 80.0 531.5 1.8 0.5 36 107 1813 3119 Clay
20-40 378.6 59.4 562.1 2.4 0.7 3.9 11.8 1915  329.9 Clay
60-100 393.0 44.4 562.6 2.3 0.6 3.6 11.3 191.7  330.2 Clay
0-10 1955 205.1 599.4 3.0 3.7 12.2 103.6 2245  122.8 Clay
Rhodic Haplustox.RHT 10-20 154.9 236.6 608.6 3.6 3.8 12.8 103.6 227.9 1247 Clay
20-40 169.2 223.5 607.4 3.2 3.7 13.0 105.2 227.5  124.5 Clay
60-100 212.1 202.2 585.8 2.8 3.4 12.8 106.8 219.4  120.1 Clay
0-10 580.1 60.0 359.9 1.0 0.8 2.2 246 297.3 1.3 Sandy clay
Typic Haplustox.THT 1020 635.0 51.1 313.9 0.9 0.6 20 222  259.0 1.1 Sandy clay loar
20-40 644.1 53.5 302.5 0.8 0.5 1.7 19.0 249.6 1.1 Sandy clay loar
60-100 553.0 72.1 375.0 0.7 0.4 2.0 22.1 309.4 1.3 Sandy clay

+Element content within the clay fraction, expressed in g kg~ soil. The conversion of Al into AD; and Fe into
Fe,O3 can be achieved by multiplying the element contbpt(102 + 54) and (160 + 112), respectivef\Estimated
by means of thermogravimetry using the clay frantefter Fe removal by DC.
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Within the silt- and sand-sized fractions, quartzasw the
predominant mineral, and it does not occur in thiaycfraction of
Oxisols (Schaefer et al., 2008)n the clay fraction, kaolinite was the
only phyllosilicate present ant was of ubiquitous occurrence in the 6
selected Oxisols, although its amounts varied cdesably among these
soils (Table 2). Other than kaolinite, the clay dtimn also presented
variable amounts of Al- and Fe-(hydr)oxides. BasadX-ray diffraction,
the only Al-(hydr)oxide present in the samples wabbsite (y-Al(OH)3).
Among theFe-(hydr)oxides goethite ¢-FeOOH) and hematite (a-Fe,O3)
were the main minerals identifiednatase (TiQ), ilmenite (FeTiQ) and
maghemite (y-Fe;O3) also were detected in both clay- and silt-sized

fractions (Supplementary Figures 1 and 2)
Litter-derived C and N in the fraction <53 pym

Relative to the initial input, the proportion of &d N recovered
within the fraction <53 pm was 23.7 and 37.3%, restpvely (Fig 1).
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Figure 1. Litter-C recovered within the mineral fraction (<53 pm)
expressed as a percentage of the initial input (piant litter) ranging
from 4.5 up to 18 mg g soil applied in samples collected at 0-10, 10-20,
20-40 and 60-100 cm deptin 6 Oxisols. The vertical bars denote the
standard error of the means, n=3. The average amo&nC recovered
across the soils was 23.7% of the initial input.
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Among the Oxisols, the recovered C fraction was nsiigantly
higher (P<0.01) in the RHT and in the HHD. In thessls, the recovered
C fraction was 25.2 and 26.1% in the RHT and in thidD, respectively
(Fig 1). In contrast, the proportion of the addedrézovered within the
fine fraction was significantly lower (P<0.01) irhég THT and in the
XHT. The mean values for the recovered C fractiontihese soils were
21.0 and 22.1%, respectively (Fig 1). For the THBdathe XHD, the
averaged amounts of the C added recovered withen rtineral fraction
were 23.2 and 24.3%.

We also observed significant differences among @rasols for the
N recovered within the fraction <53m (Fig 2).
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Figure 2. Litter-N recovered within the mineral fraction (<53 um),
expressed as a percentage of the initial input (piant litter) ranging
from 0.12 up to 0.48 mg §soil applied in samples collected at 0-10, 10-
20, 20-40 and 60-100 cm depth in 6 Oxisolhe vertical bars denote the
standard error of the means, n=3. The average amo@inC recovered
across the soils was 37.3% of the initial input.

As such, the HHD and RHT were the soils with high¢rrecovery
(P<0.01), which were about 42.0 and 42.2% relatiwethe initial input.
In the XHD, the recovered N was approximately 39.84%ile lower mean
values were observed for the THT, XHT and for thED. In the latter
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soils, the recovered N within the fine fraction wa2.2, 33.2 and 35.1%
of the initial input, respectively. Therefore, thariability among the
Oxisols was proportionally higher for the recoverdldas compared to
the recovered C fraction. The main aspect relatedhe variability on
the recovered N among the soils was due to the tamdiof the plant
litter to samples collected at different depthsgRi).

In terms of absolute values, the C recovered vaffirean about 18
up to 32% of the initial input (Fig 2). As such, the soils with higher
incorporation of C in the fine fraction (in the HH&nd in the RHT), the
recovered C fraction increased significantly withepdh (Fig 2).
Although, similar trend occurred for the soils witbwer C recovery (the
THT and the XHT), the amount of C incorporated irttee fine fraction
was somewhat less affected by soil depth (Fig l1ddiionally, the
variability on the recovered C was much more sigsaht for the THT,
the XHT, the THD and for the XHD. The differencemang the Oxisols
were even higher with respect to the incorporatodfnN with increasing
soil depth. In contrast to the recovered C in thEElHand in the RHT,
the incorporation of N has not increased systendlyc with depth,
except at the lower addition of plant litter (N impequivalent to 0.12 mg
g! soil). In the other 4 Oxisols (THT, XHT, THD and HD) the
recovered N decreased significantly with both ireseng plant litter
inputs and soil depth (Fig 2). The abundance of t#@ and!°N isotopes
within the fraction <53 um after the incubation expment are given in
Supplementary Fig 3 and 4.

Those differences observed for the total amounts ®fand N
recovered within the fine fraction were reflected the C:N ratio of the
labeled SOM. Among the studied Oxisols, lower C:Mtios were
observed for the RHT and for the HHD, with lower riebility as a

function of soil depth or litter input levels (Fid).
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Figure 3. Labeled organic matter'{C and'°N) C to N ratio within the
mineral fraction (<53 um) as affected by plant éittinput ranging from
10 up to 40 mg ¢’ soil applied in samples collected at 0-10, 10-20;

40 and 60-100 cm depth in 6 Oxisols. For simplicityhe plant litter
input is expressed in dry matter to illustrate @sN ratio. The vertical
bars denote the standard error of the means, nd® dveraged C to N
ratio of the plant litter used for the incubatiorp&riment (C:N=38).

The average C:N ratio for the labeled SOM in thesxyls varied
between 20 and 30:1, with higher values observed tfee deeper soil
layers. Similarly, in the XHT the labeled SOM alpoesented a C:N ratio
ranging from about 20 to 30:1, which was corroberhtby the lower
percentage of recovered C in this soil (Fig 1).thee XHD, the C:N ratio
was remarkably low, ranging from about 20 to 25rdespective of depth
for plant litter inputs ranging from 10 and 20 m@ goil. However, for
the highest litter input (40 mg § soil), the C:N varied substantially
from 22 in the 0-10 cm depth up to 45:1 in 60-100 depth layer. Also
in the THT and in the THD, the C:N increased sulnsitally with soil
depth, ranging from 20 to 25:1 in the 0-10 cm depfhto 38:1 at the 60-
100 cm depth layer (Fig 3).
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Combined, the incorporation of C and N and the exdpre C:N
ratio of the labeled SOM, suggest a significant Nriehment within the
mineral fraction (Fig 1, 2, and 3). The averagedfi@éncy of N
incorporation was about 60% higher than for C thgbaut the incubation
experiment. Although we observed some significamtrigbility among
the Oxisols, such tendency indicates that mosthef drganic matter left
in associations with minerals was first incorportby the microbial
biomass. It was also interesting that with increwasisoil depth, the
litter-C recovered increased substantially, whileetopposite occurred
for litter-N, except for the RHT and for the HHD.

As a result of C and N incorporation from the dequraing plant
litter, some significant increments occurred fortbbelements within the
fraction <563 um in all Oxisols (Supplementary Tal#de Irrespective of
soil depth, higher increments occurred in the tne@mts receiving the
highest C inputs (18 mg Ysoil). Overall, the same trend occurred for N,
despite its higher variability as compared to C tparlarly with respect
to different litter inputs and soil depth. Howevegjven the higher
addition of C compared to N the magnitude of therement of the

former element was slightly higher as previouslymbstrated.
The influence of Oxisol$ mineralogy on SOM

The correlations among minerals and SOM parametersthe
Oxisols are shown in Table.According to these analyses, soil organic
carbon (SOC) presented better correlations with grhous Al-Fe-
(hydr)oxides than with clay, kaolinite, gibbsite even with crystalline
Fe-(hydr)oxides content. While the correlation coeffnts among SOC
content, Aho and Feo were 0.80 and 0.67, respectively, for clay,pAl
Fepc, kaolinite and gibbsite, these coefficients were 1.9€.56, 0.41, -
0.04, and 0.30, respectively. All of these coeféicis were highly
significant (P<0.01), except for kaolinite (P<0.4Mespite representing
only a small amount of the whole fine fraction mag¢$able 2),
amorphous Al-/Fe-(hydr)oxides seem to be highlyeetive in protecting
SOM in Oxisols (Table 3).
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Table 3. Person’s correlation coefficients between mineral parameters and organic matter within the fine fraction
(<53 um) in 6 Oxisols

n? Clay Alpc Fexe Alpo  Fepo  Al+Feyo Kaolinite Gibbsite N N* NS C:N c c’ [
24 Clay’ 1

24 Alpc™

24  Fer™|

24 AlaoF

24 Fe't

24 Al+Fexo” 1

24 Kaolinite’; 011 -0.1 -0.1 -0.18" 1

24 Gibbsité; | 0.41 0.07 -0.03‘5¥ 019" = 040" -0.46" 1

288 1N° -0.247 -0.27" -0.02° -0.2 024"  -0.26 -0.04°% -017" 1

288 N* -0.15" 0.10 0.04° 029" 025° 028" -015" -0.08° -0.20" 1

288 N°® -0.03% 017" -0.32" 1

288 C:N -0.31 0.1 -0.1 0.00° -0.157 | 0.37° 0447 -041 -0.41" 1

288 3t -0.21" -0.26" -0.18" -0.327 -027" -0.31" 0.02° -0.16" -0.277 -0.36" [ 0.42" 1

288 C* -0.14° 0.10° -0.09° | 0.38" 0.227 @ 032" -0.16" 0.04* -0.10" -0.13° -0.19" 1
288 C° 0.42" BOB7N 0417 JOBONN067 o7 -0.04° 0.307 -0.257 -0.167 -0.317 [OWEN 1

®The number of observations (n) for mineral paramstaere 24 (6 Oxisols at 4 depths) and for orgamiatter variables, the number
of observations were 288 (6 Oxisols, 4 depths, tdefi inputs and 3 replicatesfMinerals content within the clay fraction expressed
in gkg™* soil; “Atom%; “Delta PDB (%); “C and*N concentration in the fraction (<53 um), expressadg kg®* of fraction;3C and®N
content in the fraction (<53 pm), expressed in g‘kgoil; ﬂDC dithionite-citratebicarbonate; TAO, Ammonium oxalate; {Content

estimated from thermogravimetry. Coefficients foMed by~~~ , ", " are significant at P<0.01, P<0.05 and P<0.10 lemsdpectively;
"S, non-significant (P>0.10).

Color code | Correlation coefficient range (+ Color code| Correlation coefficient range (-
>0.75 >0.75

0.45-0.74 0.45-0.74

0.30-0.44 0.30-0.44

0.29-0.15 0.29-0.15
<0.15 <0.15

The correlation coefficient ranges were definediamdrily .
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Even more intriguing is that the total amount of-Ade-(hydr)oxides
is considerably lower than the SOC content its&ér example, the SOC
content increased exponentially with & content (Fig 4; R=0.76,
P<0.01).

50

—— SOC=11.4 + 0.35exp(1.055*Al-A0); R?=0.76
O  Observed values

40 -

30 -

20 -

SOC within the fraction <53 pm, g kg'1 soil

AILAO, g kg™ soil

Figure 4. Correlation between Al extractable by ammoniumalate (Al-
AQO) in the clay fraction (fraction <2 pm) and theDS content in the
fraction <63 um. All parameter shown in the fitted regressione a
significant at P<0.02 according to the t test.

Despite the litter-N being retained at higher eféiccy than C, the
correlations among N content and the mineralogigatameters followed
the same trend as observed for the SOC content|€rdp. Fec was the
only mineralogical parameter that seemed to predsaiter relationship

with N content as compared to SOC (r=0.51 and r20Q.espectively).

Some characteristics of the samples and the coticaia among
mineral parameters and C and N content, suggest thafact these
(hydr)oxides are very important for the developmeitmineral-organic
associations in Oxisols. As such, isomorphic sutuston of Fe by Al on
the structure of amorphous and crystallinEe-(hydr)oxides may
contribute to increase their SSA (Norrish and Tayl2961), which may
increase the availability of reactive surfaces tdeiract with SOM For
instance,Al-DC and AI-AO presented slightly better correlatsonvith
SOM than FeAO or FeDC (Table 2). Since the Al is released in the
procedures used to dissolve Fe-(hydr)oxides, the stmosimple
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explanation would be that Al occurs as a Fe substt within these
minerals structures (Schulze, 198Amorphous Al- and Fe-(hydr)oxides
also presented higher correlation with their cryste counterparts than
with clay, kaolinite or gibbsite contentt is possible that the amorphous
fractions occur as an external layer enclosing trgstalline core of
these (hydr)oxides. Thus, while AO would dissolvelythe outer region
of crystalline (hydr)oxides, DC would dissolve botlthe outer

(amorphous material) and the crystalline core atean

From a quantitative point of view, the newly devpéad mineral-
organic associations were much smaller than theeyisging SOM. For
this reason, it would not be advisable to conclubdat these (hydr)oxides
are also part of the newly developed mineral-orgaassociations. In
order to verify the influence of Al-/Fe-(hydr)oxideon the development
of mineral-organic associations, we performed ctati®ons among these
variables and the recovered C and N (Table 4). Bgcpeding this way,
we would exclude the influence of the unlabeled SOdh the
correlations. As such, it seems that these minerals in fact actively
involved in the formation of mineral-organic assatibns, since the
correlations among these components and the reeave€ and N
remained strong even with decreasing content ofabeled SOM at

deeper soil layers (Table 4).

Actually, the correlations among the minerals (aptoous and even
crystalline Al-/Fe-(hydr)oxides) and the recover€and N, only were
significant for the soil samples collected at 20-40d 60-100 cm depth
(Table 4). Therefore, the strong correlations olveer for Al-/Fe-AO
when we included all data in a single analysis wast due to the
influence of the unlabeled SOM only. Interestingfpr the recovered C
and N in the 0-10 and 10-20 cm depth, the correlasi were
considerably weaker as compared to the samplesectdd at 20-40 and
60-100 cm depth (Table 4).
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Table 4. Person’s correlation coefficients among mineral parameters and the percentage ddrli€t and N recovered
within the fine fraction (<531m) in the Oxisols grouped by soil depth (0-10, 10-20-40 and 60-100 cm)

0-10 cm 10-20 cm 20-40 cm 60-100 cm

Variable? C N C N C N C N

Clay -0.10"  -0.24 0.12"* -0.03™ 0.30° 0.20™

Alpc 0.10"° 0.04" 0.22"¢ 0.06" 0.317

Fepc -0.01"*  0.10'" 0.16" 0.11" 0.33"

Al ao -0.04"  -0.09" 0.337 0.33"7

Feao -0.01"*  0.09' 0.30° 0.28"
Al+Feano -0.03" -0.01"¢ 0.337 0.32"
Kaolinite 0.03" 0.01" 0.04" -0.14"° -0.01"  -.25 0.25 -0.16"
Gibbsite -0.15" -0.39" -0.02"¢ 0.00" 0.10" 0.29° 0.07"¢ [0.32"

*The number of observations for mineral parameteesevé (6 Oxisols) and for SOM parameters, the numbfeobservations weré4
(6 OXISO|S 3 litter inputs and 3 replicates). Tharits of all parameters are the same as presemetable 3. Coefficients followed by
are significant at P<0.01, P<0.05 and P<0.10 resively; "°, non-significant (P>0.10).

) )

C Correlation C Correlation
olor code | coefficient (+) olor code | coefficient (-)
>0.75 0 >0.75
0.45-0.74 0.45-0.74
0.30-0.44 0.30-0.44
0.29-0.15 0.29-0.15
<0.15 <0.15

The correlation coefficient ranges were definediardrily .
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In two of the Oxisols (HHD and RHT) we observed igraficantly
higher accumulation of the C and N added. In conga@r to the other
Oxisols evaluated, the incorporation of C and N timese soils was
relatively uniform, either as a function of litténputs or soil depth (Fig
2 and 3). Despite the relative uniform incorporatiof C and N into
mineral-organic associations in the HHD and in RET, their chemical
properties were highly different (Table 2; Supplamary Table 1). As
such, the natural fertility (including pH and exatgeable Ca and Mg
content) of the RHT was much higher than for HHDurthermore, the Fe
extracted by DC and AO is much higher in the RHTakTe 2). In terms
of mineralogy, the higher Fe content in the RHT dayv the formation of
hematite, which seems absent in the HHD (Supplemenfigures 1 and
2). Other than hematite, their content of kaolinieend gibbsite are
reasonably similar, although the phyllosilicate neore abundant in the
HHD. Despite these soils presenting much more ddhees than
similarities, they have in common very similar ammasi of Al-/FeAO
and Al-/Fe-DC (Table 2). Thus, it is reasonable tthlhe occurrence of
these minerals might favor, directly or indirectlhe accumulation of C

and N in mineral organic associations in Oxisols.

5. Discussion

Linking plant-litter decomposition to SOM formation

In our study, we observed that approximately 23.@#cthe litterC
and 37.3% of the litter-N added was recovered isozsations within the
mineral matrix after the 12-month incubation expweeint. In a similar
incubation experiment conducted over 8 months, Dmtet al. (2016)
observed that approximately about 12% of the C alddea plant litter
(barley,HordeumvulgareL.) was retained within the silt- and clay-sized
fractions in a Canadian Eutric Cambissol. In thisidy, while the C:N
ratio of the plant litter was approximately 40:hetC:N ratio of mineral-
organic associations developed was 20 units lowguch reduction in
the C:N from the plant litter towards the mineradsaciated C, also
suggests a higher accumulation of N as we obsermeaur Oxisols.
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Although our study was limited to plant litter denposition within
12 months under laboratory conditions, similar tdemdicating higher
accumulation of litter-N relative to C also has beesported for field-
based experiments. As such, Cotruéd al. (2015) conducted a 3-year
decomposition experiment in a temperate Grasslan&ansas, USA. In
this study, approximately 20% of the C and 58% loé tN added via plant
litter (big bluestem, Andropogon gerardii) was transferred into the
fraction <2mm in the soil. Furthermore, Hattoet al. (2015a) also
reported higher accumulation of litter-N relative litter-C within SOM
light fraction (density <1.75 g cf), and the operationally defined
“humic” and “humin” fractions, in a 5-year field experiment conducted
in an Ultic Haploxeralf under a mixed conifer tempte forest in
California, USA. Relative to our study, some of thesults reported here,
were generated under conditions significantly diffet with regard to
the experimental setup (soils, climate conditiopsant litter types) and
fractionation procedures to isolate SOM fractioYet, all these reports
have in common the concentration of N relative to duiring the
decomposition of the plant litter. Such common wes in line with the
hypothesis of a strong influence of soil microbimdmmunity processing
plant litter decomposition (Bird et al., 2008; Hat et al., 2012, 2015a;
Cotrufo et al., 2015; Diochon et al., 2016).

Throughout our incubation experiment, a series vérds probably
contributed for the different incorporation ratesrfC and N in mineral
organic associations (Fig 1 and 2). Initially, theapt litter added
probably was depolymerized into smaller biopolymemown to
monomers due to enzymatic activity (Hedges and K&899). Thereforg
as the enzymatic breakdown progressed, the compsneh the plant
litter became smaller and with higher ability tosdolve in water. This is
important because as the solubility in water ince®, the diffusion of
these compounds also increases, which may facditdteir assimilation
by soil microbes(Kleber et al., 2015). Once the organic compounds are
small enough to be absorbed by soil microbes (<5D@), these
compounds can be either respired or converted mtonass (Hedges and
Keil, 1999). However, after the addition of C via plant litter containireg
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relatively complex mixture of compounds, it is ddtlt to predict the
exact proportion of C that is converted into biomasr CQ. This is
mainly because the partitioning between microbiahaklolism and
respiration can be affected by a range of factomgluding substrate
chemistry and temperature (Frey et al., 2013). Tigioout our incubation
experiment, the litter-C fraction effectively asdlated into microbial
biomass may have become associated to minerals Ileyiberate
attachment of microbes and/or due the productionE®S (Fig 5). The
production of EPS specifically, is often related tbe attachment of
microbial colonies onto mineral surfaces.

Partitioning of fresh organic matter (OM) into microbial biomass
(growth) and respiration (CO,)

3.CO,
2. Solvated or

dissolved T

monomers 4. Dead microbial

biomass
3. lemg microbial and EPS

CHON —> blomass and EPS —
Mineral surface

888 Mineral surface

1. Fresh

Enzymes

Figure 5. The fresh organic matter (OM) added to the soil (i)

depolymerized by microbial enzymes; become dissdlwve solvated (2)

and is subsequently partitioned into microbial bess (growth) and
respiration CO,) (3); and the mineral-organic associations would b
formed after deliberate attachment of microbesto mineral surfaces
and/or EPS production, used for cell adherence dhemineral surface

In Oxisols, Al-/Fe-(hydr)oxides seem to play a ¢c&l role on the

formation and persistence of these mineral-organassociations.

EPS=Extracellular polymeric substances. Adaptedmfriileber et al.

(2015).

Conversely, direct preservation of the plant maaémwithin the soil
mineral matrix is also possible (Cotrufo et al.,150 and its occurrence
cannot be ruled out in our incubation experimentowg¢ver, there is
strong evidence that in aerobic soils, biotic presieg is the major
driver leading to the formation of mineral-organiassociations
(Mambelli et al., 2011; Hatton et al., 2015b). Forstance, had the
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abiotic preservation being the predominant procdssding to the
development of mineral-organic associations in study, there would
be no such a big difference in terms of the amooaih€C and N recovered
within the fine fraction. In such scenario, the rMgwleveloped mineral-
organic associations should have a C:N similar hattin the original

plant litter.

The relative concentration of N with respect to Grichg plant litter
decomposition is a common feature among many térr@&secosystems
and it seems that such pattern is a result fromenattions between
reactive minerals and N-rich compounds (Keiluwettad., 2012). This
suggests that after the plant material being inoogped by the microbial
biomass, further interactions between the resynt#exs organic
compounds and minerals may render the N-rich commglsu(temporarily)
inaccessible. The mechanisms underlying such inasibelity of N may
be attributed to chemical interactions between NHe@dning functional
groups (e.g., amide) and reactive mineral surfag&eiluweit et al.,
2012; Liu et al., 2013; Kleber et al., 2015). Addinally, structura
conformation of microbial proteins that are not peoto dissolve in the
soil water also may persist in soils due to its hyhobicity (Masoom et
al., 2016). With regard to the reactive mineralsOmisols, it seems that
Al-/Fe-(hydr)oxides with low crystallinity degree malye among the
main drivers of the development of mineral-organessociations
particularly those enriched in N (Keiluweit et al2012; Kleber et al.,
2015).

6. Conclusions and implications for C cycling in tke tropics

Our data points out to some specific interactiohattcontribute for
the formation of SOM in Oxisols. It seems that madt the C and N
within the plant litter is incorporated by soil mobes, before being
retained in mineral-organic associations, specifiicawith amorphous
Al-/Fe-(hydr)oxides. These components presented gomdelation with
both, the total SOM in the Oxisols, i.e. unlabel8®M and the labeled
mineral-organic associations developed throughoute tincubation

experiment. The main aspect regarding the amorphoAk/Fe-
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(hydr)oxides is that they contribute to very smathount of the fraction
<53 pum in Oxisols. For this reason, the total Cretbin the tropics,
which is about 30% of the global soil C stock (Jagly and Jackson,
2000) may be highly sensitive to environmental cheas in the long-
term. However, since our dataset was restricted 6toOxisols only,
further research is still needed to improve thereat understanding on
the drivers of mineral-organic associations in thesoils and their

influence on C cycling in tropical environments.
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APENDIX (Chapter two)
Supplementary Table 1 Chemical propertles of the selectecd Oxisols

Soil® | Horizon | Depth [ pHu0 | P | K a®* T [ Mg®T [ AI®T [ H+AI? | "SB [ECEC’ | CEC" | BS' | ECEC...! | CECeort)
- cm - mg dm?> cmol, dm3 % cmol, kg clay
THD A 0-10 4.4 2.0 | 38.0 0.2 0.2 1.7 6.6 0.5 2.2 7.1 | 6.6 3.6 12
THD A 10-20 4.4 2.0 | 24.0 0.1 0.1 1.3 5.8 0.3 1.6 6.1 (4.2 2.3 9
THD AB 20-40 4.4 1.0 | 13.0 0.1 0.1 1.4 5.6 0.2 1.6 5.8 [4.0 2.3 8
THD B 60-100 4.9 0.5 2.0 0.1 0.1 0.7 4.0 0.2 0.9 4.2 | 4.2 1.2 6
HHD A 0-10 4.8 1.6 | 24.0 0.1 0.1 1.1 10.9 0.3 1.4 11.2 | 2.4 2.3 19
HHD A 10-20 5.2 1.5 | 15.0 0.1 0.1 1.0 9.6 0.2 1.2 9.8 | 2.0 2.0 17
HHD AB 20-40 5.4 0.6 | 20.0 0.1 0.1 0.6 7.9 0.2 0.8 8.1 (2.1 1.2 13
HHD B 60-100 5.5 0.0 6.0 0.1 0.0 0.2 4.1 0.1 0.3 4.2 2.3 0.4 6
XHD A 0-10 5.4 3.4 | 57.0 2.6 0.8 0.1 2.1 3.5 3.6 5.6 [62.4 16.1 25
XHD A 10-20 4.9 1.1 | 21.0 1.0 0.3 0.4 4.0 1.4 1.8 54 |26.1 5.4 16
XHD AB 20-40 5.0 0.7 9.0 0.9 0.4 0.6 3.6 1.3 1.9 4.9 |26.1 5.5 14
XHD B 60-100 4.9 0.0 1.0 0.6 0.2 0.3 2.5 0.8 1.1 3.3 | 24.3 3.1 9
XHT A 0-10 4.9 0.9 | 31.0 0.3 0.1 0.4 2.3 0.5 0.9 2.8 |18.4 1.8 5
XHT A 10-20 5.0 0.8 | 35.0 0.3 0.1 0.4 5.6 0.4 0.8 6.0 [7.1 1.6 11
XHT AB 20-40 5.3 0.4 | 29.0 0.2 0.1 0.4 5.0 0.4 0.8 54 | 6.6 1.3 10
XHT B 60-100| 5.7 0.0 | 10.0 | 0.1 0.0 0.0 2.8 0.2 0.2 3.0 |5.3 0.3 5
RHT A 0-10 6.5 14.0| 187.0| 6.4 4.8 0.0 3.3 11.6| 11.6 14.9 | 77.9 19.4 25
RHT A 10-20 6.7 7.3 | 150.0| 5.6 4.1 0.0 3.3 10.0| 10.0 13.3 | 75.2 16.4 22
RHT AB 20-40 6.6 6.7 | 111.0| 3.0 3.2 0.0 3.5 6.5 6.5 10.0 | 65.1 10.8 17
RHT B 60-100 6.1 11.0| 97.0 0.8 0.8 0.0 4.0 1.9 1.9 5.9 |32.2 3.2 10
THT A 0-10 4.5 6.3 | 51.0 0.5 0.3 1.3 7.8 0.9 2.2 8.7 | 10.5 6.1 24
THT A 10-20 4.5 4.2 | 23.0 0.1 0.1 1.4 5.3 0.2 1.6 55 4.1 5.2 18
THT AB 20-40 4.4 1.8 | 11.0 0.1 0.0 0.4 4.5 0.2 0.6 4.7 | 3.4 1.8 15
THT B 60-100 4.9 0.0 | 29.0 0.1 0.0 1.1 2.3 0.2 1.3 2.5 |6.3 3.3 7
20xisols acronyms, the full classification is givem the main text (Table 2jExtracted by Mehlich-1{Extracted by KCI 1 mol L[};

$+

*Extracted by Calcium Acetate 0.5 mol'LpH 7.0;*SB=(C&"+Mg?*+K"): Sum of bases’ECEC=SB+AF": Effective cation exchange
capacity;ﬂCEC=SB+(H+AI): Cation exchange capacity at pH 7'BS: base saturation ((SB/CEC)x100%8CEC and CEC Corrected by
kg of clay.
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Supplementary Table 2 Soil C and N content as affected by depth of sAngpand litter-C and N inputs in the

selected Oxisols

Soil Depth Litter-C input, mg g soil Litter-N input, mg g* soil
cm 0.0 | 4.5 9.0 | 18.0 0.0 0.12 | 0.24 | 0.48
Carbon content, g Kg soil Nitrogen content, g kg soil

THD 0-10 17.50c 18.60bc 19.60ab 21.30a 1.54b 1.86a 1.88a 1.75a
THD 10-20 15.80c 16.90ab 18.30a 18.30a 1.35b 1.50b 1.68a 1.50b
THD 20-40 12.70c 13.50bc 14.80ab 16.40a 1.04c 1.13bc 1.31a 1.28ab
THD 60-100 7.30c 8.30bc 9.70b 12.10a 0.57b 0.67ab 0.74ab 0.75a
HHD 0-10 38.20b 39.00b 42.00a 42.30a 2.70b 2.80b 3.02a 3.00a
HHD 10-20 32.80b 34.05ab 35.10a 35.90a 2.24a 2.38a 2.30a 2.33a
HHD 20-40 28.40b 29.60ab 30.40a 33.10a 1.87b 2.17a 1.82b 2.09a
HHD 60-100 14.60c 16.50bc 18.00ab 19.70a 0.83b 1.04a 0.85ab 1.03a
XHD 0-10 13.40c 13.70c 16.40b 18.90a 1.18c 1.30b 1.47a 1.51a
XHD 10-20 8.80b 9.55b 11.80a 13.40a 0.60c 0.87b 1.06a 0.84b
XHD 20-40 7.00bc 8.00b 8.70b 12.10a 0.50b 0.73a 0.70a 0.72a
XHD 60-100 4.00c 5.10bc 6.70b 9.60a 0.27b 0.44a 0.51a 0.47a
XHT 0-10 16.20b 16.30b 18.90a 19.90a 0.91c 1.20b 1.28ab 1.12a
XHT 10-20 18.30b 19.00b 20.80a 20.90a 1.21b 1.28ab 1.38a 1.30ab
XHT 20-40 15.30c 16.40bc 17.10b 19.10a 1.08b 1.14ab 1.18ab 1.23a
XHT 60-100 9.80c 11.60b 12.15b 15.00a 0.60b 0.69ab 0.71ab 0.79a
RHT 0-10 37.70b 38.40b 40.00a 41.00a 3.56b 3.83a 3.86a 3.74a
RHT 10-20 26.90c 28.30bc 29.10b 31.80a 2.42b 2.60b 2.53ab 2.73a
RHT 20-40 17.80c 20.30b 22.50a 23.40a 1.45b 1.72a 1.78a 1.83a
RHT 60-100 9.80d 11.40c 13.20b 15.70a 0.66b 0.77b 0.80ab 0.96a
THT 0-10 15.90c 17.15bc 18.40ab 19.00a 1.21b 1.30a 1.36a 1.38a
THT 10-20 10.50b 10.60b 12.20b 14.35a 0.75c 0.81bc 0.85b 0.98a
THT 20-40 7.70cC 8.60bc 9.40b 11.90a 0.55c 0.64bc 0.65b 0.77a
THT 60-100 2.90c 4.20bc 5.30b 8.10a 0.23b 0.28b 0.31b 0.44a

For a given depth within each of theOxisols, means followed by the same lowercase letter do not differ accoding to the Tukey’s test

at P<0.05.
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Supplementary Figure 1 Mineralogy of the clay fraction of the selected
Oxisols as defined by X-Ray diffraction patternssing powdeed non-
oriented samplesCo Ka radiation A = 1.789 nm; kt = kaolinite, gb
gibbsite, gt = goethite, hm = hematite, an = anatasnd mh =
maghemite.
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Supplementary Figure 2 Mineralogy of the silt fraction of the selected
Oxisols as defined by X-Ray diffraction patternssing powdeed non-
oriented samplesCo Ka radiation A = 1.789 nm; kt: kaolinite, gb:
gibbsite, gt goethite, hm: hematite, an: anatase and mh: magteenaind
gz: quartz.The occurrence of “pseudo-silt” is more evident in the Humic
Hapludox and in the Rhodic Haplustox.
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Al-/Fe-(hydr)oxides-organic matter associations in a Brazilian humic
Oxisol as revealed by elemental mapping and thermadnalysis

(chapter three)

1. Abstract

Tropical ecosystems store substantial amounts odsCsoil organic
matter (SOMN), despite the climate conditions usually favorings it
decomposition. However, the specific mechanisms vitig the
persistence of SOM in tropical soils are not wetlekvn. Inferring such
mechanisms in natural systems is often difficultchese soil C stocks
are a result of many interactions among organispisysical processes
and chemical reactions. All these factors combiaedtive the formation
of mineral-organic associations and the persisteoat&O0OM in terrestrial
ecosystems. In this study, we applied scanning tebac microscopy
(STEM) to probe the chemical heterogeneity of mileorganic
associations within the fraction <53 um in a hun@igisol. Additionally,
synchrotron-based X-ray diffraction coupled to tmal analysis were
used to follow mineral dehydroxylation and SOM oatibn under a He-
0, (80%-20%) atmosphere. Based on the STEM elememapping, we
observed preferential associations between SOM amrd-/Fe-
(hydr)oxides. Moreover, the oxidation of SOM led tbree strong C®
peaks at 234, 353 @manother aboveé00 °C. We suggest that SOM forms
associations withAl-/Fe-(hydr)oxides through polar functional groups
that interact with hydroxyls groups on these minsraHence, with
increasing temperatures up to 400, the dehydroxylation of thél-/Fe-
(hydr)oxides overlapped with the oxidation of itssaciated SOM
Otherwise, we propose that nonpolar organic commsurshould be
oxidized at temperatures above 60C and decoupled from mineral
dehydroxylation, eitherAl-/Fe-(hydr)oxides or kaolinite Our study
contributes to improve the current understanding tre elemental
composition and the mechanisms leading to the fdroma of mineral-

organic associations in highly weathered Oxisols
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2. Introduction

Worldwide, terrestrial ecosystems store about 13@0of C in the
form of soil organic matter (SOM) only within ther$t meter depth
(Jobbagy and Jackson, 20003uch huge amount of C is a result from
many interactions among organisms, physical andndbal processes
within the mineral matrix of soils (Schmidt et ak011) However, the
ability of soils to protect SOM against decompositiis closely related
to the reactivity of the mineral matrix (Lutzow at., 2006). As such, the
formation of protective associations is restricted minerals presenting
large specific surface area (SSA) and high chargmsity (Koégel-
Knabner et al., 2008; Lutzow et al., 2006). Becaubke formation of
mineral-organic associations ultimately depend ome tpresence of
reactive minerals (Baldock and Skjemstad, 2000)e #ccumulation of
low-activity clays as soil pedogenesis advance (Sétdaet al., 2008)
raises questions on the mechanisms accounting her gersistence of
SOM in highly weathered soils in tropical regionBafré et al., 2014)

Highly weathered soils such as Oxisols, predominanestable and
old geomorphic surfaces in ecosystems characterized intense
biological activity, under warm and humid climate&aohaefer, 2001)
Under such conditions, with intensive leaching dlica and bases, the
vast majority of the primary minerals have been esdively weathered
by dissolution and hydrolysis (Wilson, 1999)hese processs favor the
accumulation of kaolinite, the predominant phyllesate in Oxisols
(Schaefer et al., 2008With greater removal of silica, even kaolinite can
be weathered to gibbsite (Wilson, 1999), which aksan precipitate in
the soil solution as a result of the release Adf* from the weathering
minerals (Chadwick and Chorover, 2001Additionally, throughout the
weathering sequence, the dissolution of Fe-bearprgnary minerals
releases F& that is oxidized to F¥, which hydrolysis leads to the
formation of Fe-(hydr)oxides (Wilson, 2004). In Gxils, the most stable
and widespread forms ofe-(hydr)oxides are goethite and hematite
(Fontes and Weed, 1991; Schaefer et al., 2008) hadgh it is well-
known that Oxisols account for substantial amouafsC, especially in
humic Oxisols (Andrade et al., 2004), the underkyirnechanisms
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leading to the formation of mineral-organic assdmas in these soils

are relatively poorly understood (Barré et al., 2D.1

The specific mechanisms by which mineral-organicsasatiors
occur in Oxisols should be a function of the progpes of the minerals
that predominate within the silt- and clay-sizedadtions (Zinn et al.,
2007). Despite its high abundance in Oxisols, tkaativity of kaolinite
towards SOM is low due to the absence of permandrdrges and low
SSA (Keil and Mayer, 2014; Kleber et al., 201®Ithough kaolinite still
has hydroxyl groups (Si-OH and Al-OH) that can geate pH-dependent
charges, these sites are mostly restricted to bmoleglges or other
structural defects (Barré et al., 20143onsequently, kaolinite exhibits
predominantly noncharged surfaces that are moreelyikto form
associations with nonpolar organic compounds by ropdobic
interactions, e.g., associations with moleculestaomng predominantly
alkyl and/or aromatic C (Kleber et al., 201%)therwise the noncharged
surfaces of kaolinite also could interact with SOtMrough van der
Waals forces and/or by H-bonding (Keil and Mayef12; Lutzow et al.,
2006).

In sharp contrast to kaolinite, Al-/Fe-(hydr)oxidesan exhibit
variable crystallinity degree, often high SSA dantherefore, these
minerals are much more active on the formation ofnemal-organic
associations (Heckman et al., 2013; Keiluweit et, &012; Mikutta et
al., 2011, 2007). The main mechanism by whiéh-/Fe-(hydr)oxides
interact with organic compounds is predominantly eduo ligand
exchange between hydroxyl groups at the surfacehese minerals and
carboxylic, alcoholic and phenolic groups of orgardompounds (Kleber
et al., 2015; Mikutta et al., 2009, 2007). Otheramhligand exchange
reactions, Al-/Fe-(hydr)oxides can form associatowith SOM by H-
bonding or even by van der Waals forces (Cagnassoale, 2010;
Chernyshova et al., 2011Furthermore, in acidic soils such as the vast
majority of Oxisols, the cation bridges should hedrmediated by F¢&
and AP* that are able to form complexes with soluble com@ots of
SOM (Mikutta et al., 2007; Oades, 1988). Howeveiyem the overall

complexity of natural soils, much of the infereno@ the mechanisms
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leading to the formation of mineral-organic are édson artificial
systems, including pure minerals and/or simplerxpes of SOM (Chen
and Sparks, 2015; Mikutta et al., 2011, 2007; Saatyal., 2013). For
this reason, inferring these mechanisms in nats@ls is a critical step
for the understanding on the formation and pergiste of SOM in

terrestrial ecosystems.

Here we address the chemical composition of mineraanic
associations in a humic Oxisol by (i) assessing spatial distribution of
SOM as related to the mineral phase using scannimgnsmission
electron microscopy (STEM); (ii) linking mineral Hgdroxylation to
SOM thermal oxidation, by analyzing the gases eedlfrom the sample
heated stepwise from 25 up to 700 °C, and simulbtarséy recording
synchrotron-based X-ray diffraction (XRD) pattertts detect changes on
the mineral phases under heat flow. Therefore, e®tdd the hypothesis
that Al-/Fe-(hydr)oxides are the main drivers of minerabanic
associations in humic Oxisols. Hence, as the (hgrdijJes undergo
dehydroxylation (loss of functional groups), thigaction also should
release adsorbed SOM, followed by its thermal oxida to CO,. The
objectives of this research were to assess theispatterogeneity of
SOM and infer the mechanisms underlying the formatiof mineral-

organic associations in humic Oxisols.3.

3. Material and methods

3.1. Soil sampling, physical and chemical charactezation

The samples were collectedn a Humic Hapludox located in
Araponga county, Minas Gerais staté¢ southeastern Brazil, within the
Atlantic Rainforest biome. The selected soil wasglen native vegetation
in a highland area (ca. 1200 m above the sea lewelhere the climate is
classified as Cwb aording to the Kéeppen classification (Kottek et al.,
2006). The parent material for the soils in thisearis predominantly

migmatite (Benites et al., 2005). At this site, Wweg a pit to collect soil
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samples at the 0-20 cm depth, upper section of#then deep A horizon.
After collection, the soil samples were placed ihagtic bags and
immediately transported to the laboratory for fusthprocessing. The
soil material was air-dried and sieved through anfh mesh sieve to
obtain the fine earth fraction. Part of the finerhafraction was used for
physical and chemical characterization, includingxture, nutrient

content and mineralogical analysis.

The physical separation of the sand, silt and c$tazed fractions
began with chemical dispersion of 10 g of the fiem&rth fraction into 8
mL of sodium hydroxide 0.05 mol L. After 16 hours under continuous
stirring, the sample was centrifuged at 2000 rpmd awashed with
deionized water. Afterwards, the sample was treateith 25 mL of
NaOCl 6% (v/v) and heated up to 75-80 °C for 15 uotes in a water
bath to oxidize organic matter as recommended bkutia et al. (2005)
After organic matter removal, the sand was sepatatbrough wet-
sieving using a 53-pm mesh sieve. The remainind and clay-sized
fractions were separated through sedimentation by applying the Stoke’s
Law. These fractions were dried at 72 °C during eew, weighted and
used for subsequent mineralogical characterizatiBhysical properties

of the soil are given in Table 1.
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Table 1. Site location and some physical and chemical propesrof the selected Oxisol.

Site location and altitude Araponga, Minas Gerais, Brazil. Coordinates: 20°$9'42°29" W, ano
altitude 1265 m asl

Sand content and mineralogy 246.4 g kg' soil, mineralogy: quartz

Silt content and mineralogy 205.8 g kg' soil, mineralogy: kaolinite, gibbsite, goethitenatase,
quartz, ilmenite

Clay content and mineralogy 547.4 g kg' soil, mineralogy: kaolinite, gibbsite, goethitenatase

Feao 12 g kg* clay

Fepc 74 g kg' clay; Fe\o/Fepc=0.16 g g"

Al a0 25 g kg’ clay

Alpc 28 g kg* clay; Alao/Alpc=0.89 g g'

Gibbsitée 201 g kg clay

Kaolinite" 449 g kg’ clay

Gibbsite dehydroxylatioh 250-300 °C

Goethite dehydroxylatioti 300-400 °C

Kaolinite dehydroxylatioh 400-600 °C

Organic carbon content 111 g kg" of silt+clay (fraction <53 um)

Organic nitrogen content 7 g kg™ of silt+clay (fraction <53 um)

C:N ratio 15:1

pH(H,0) 4.5

ca’*, cmol. dm™ soil 0.1

Mg“*, cmol. dm™ soil 0.05

Al®* cmol dm™ soil 1.0

P, mg dm’ 3.1

K, mg dmi’® 14.0

"Estimated based on thermogravimetf§arathanasis and Harris (1994). According to thasehors, gibbsite and
short-range order Al-(hydr)oxides should undergchydroxylation at the same temperature randArcording to
Schwertmann (1984), low-crystalline goethites mightffer dehydroxylation at temperatures below 3@ °
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Soil chemical characterization consisted on deteimg pH in water
(10 cn? soil into 25 mL of deionized water) using a pH raet(Prolab-
PHB 500). Exchangeable Ca and Mg were extracteshgi&(Cl 1 mol L*
(10 cn? soil into 100 mL solution), and their concentrat®o were
determined by atomic absorption spectrometry in aridn Spectra AA
(model 220F). The same KCI extract also was used gwantify
exchangeable Al, which concentration was determirmsd the titration
method, using NaOH 0.025 molL P and K availability vas assessed by
using the double acid extractant Mehlich-1 (HCI| +3®,), by mixing 10

cm® of soil with 50 mL of the extractant.
3.2. XRD analysis

XRD analyses (non-oriented samples) were conduatgichg Co-Ka
radiation (A = 0.178896 nm) at 30 mA and 40 kV from a Rigaku D-MAX
vertical goniometer equipped with a graphite monmrhator. XRD
patterns were obtained between 4 and 60° 20 in 0.02° steps at a scan rate
of 10° 26/min for accurate measurements of d-spacing and line

broadening determinations.
3.3. Selective dissolution of Fe-(hydr)oxides

Clay samples were submitted to selective dissolutod both short-
range order (poorly crystalline) and well crystaki Fe-(hydr)oxides by
respectively treating the samples with ammonium laka (AO) and
dithionite-citrate-bicarbonate (DCB) (Mehra, 1958h both extractions,
the amount of Fe and Al released was determinedeAthe dissolution
step, the amounts of Fe and Al extracted by AO abD@B were

guantified using an atomic absorption spectromgdarian Spectra AA,
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220FS). The total content of Al and Fe extractedbmgh AO and DCB is

given in Table 1.
3.4. Soil organic matter fractionation

We weighted 10 grams of the fine earth fractioncentrifuge tubes
and suspended the material into 30 mL of sodiumdmeataphosphate 5 g
L, according to (Cambardella and Elliott, 1992). éftdispersion, the
samples were wet-sieved through a 53 pm mesh scrH®erseparate
particulate organic matter and sand (fraction >58)from the clay and
silt with its associated organic matter as welladtion <53 um). The C
and N content within the fraction <53 pm was detared by dry
combustion using an Element Analyzer CHNS/O, PerEmmer, 2400.
The fraction <53 pm was used in subsequent stepsevaluate the
composition of mineral-organic associations by appty elemental

imaging and thermal analyses.

3.5. Elemental imaging: Scanning Transmission Elecon
Microscopy (STEM) and Energy Dispersive X-ray Speabscopy

(EDS)

For the elemental imaging, we prepared a suspenbioweighting 1
mg of the fraction <53 pum into a microcentrifugebtu (2 mL total
capacity) and adding 1 mL of ultrapure water. Aloga of 1 pL were
taken from the suspension and deposited onto anchea-coated Si-wafer

(Sigma Aldrich, St. Louis, MI- USA) and air dried.

The first stage of the elemental imaging was perfed in a

scanning electron microscope (SEM) FEI Quanta 200emvironmental
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mode (30 Torr). In order to avoid sample chargimy accelerating
voltage of 10 kV was applied. This procedure wa®dido locate C-rich
areas (C-hotspots) within the probed mineral-orgaassociations. See
Fig. S1 on support information for further detafiesr sample preparation
steps. After locating the C-hotspots, these areasewfurther protected
with an additional (ca. 50-nm) Au-sputtering usirg metal sputter
(EMS150). The additional sputtering was required reeduce charging
and to preserve the physical and chemical composiof the regions of
interest (ROIls). This procedure was necessary because we used
Focused lon Beam (FIB) to obtain a thin section (d®0 nm thick)
across the ROI using a FEI Nova Nanolab 600. Thast®ned area was
used in the transmission electron microscopy anedysThe same
procedure has been described elsewhere (Archanjal.et2015; Jorio et
al., 2012). For further details on sample preparatsteps, the reader is

redirected to the Fig. S2 and S3 on support infaiiora

Scanning transmission electron microscopy (STEM)d aenergy
dispersive X-ray spectroscopy (EDS) microscopy werrformed on a
Cs-corrected FEI Titan 80/300 transmission electronicnoscope,
equipped with an EDAX analyzer. The elemental magsi were
obtained by integrating characteristic X-ray signatluring a drit-
corrected STEM spectrum imaging experiment, and BTiEages were
acquired using a high-angle annular dark-field (HBR) detector. These
analyses allowed the characterization of the motpbyg of the mineral-
organic associations and SOM spatial distributidnttee nanoscale level
(i.e. mapping C, O, Fe, Al, and Si spatial distrilmin). Imaging analyses

and processing were performed using the TIA sofeavar
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3.6. Thermal analyses

We used the finely powdered mineral-organic fraaticc53 pum) to
evaluate mineral dehydroxylation, organic matteridation and XRD
patterns. These measurements were conducted atXfHe beamline of
the Brazilian Synchrotron Light Laboratory, in Camps, SP. The
experiment consisted on heating the sample (100 ohgthe <53 um
fraction) from room temperature2b °C) up to 700 °C. The reactions
occurred under a controlled oxidizing atmospher8%8He/20% Q) with
total gas flux fixed at 150 mL mih The data collection for the gases
evolved from the sample as it was heated was camrs, even during
the period in which the temperature was kept fixBdd XRD patter
measurements. The gases evolved from the sampleruhdating were
detected by mass spectrometry using a Pfeiffer \WacahermoStar GSD
T series 1-300 atomic mass units (Wetzlar, Hessern@any). We
collected data for KHO-derived ions (m/z 17 and 18) and SOM-derived
ions (m/z 12, 28, 44), although the complete oxidatof organic phase
also should also release ;8-derived ions. We selected these ions
because they should allow us making inference abthwt temperature
range at which SOM undergo oxidation and relate tot minerals

dehydroxylation.

We performed XRD measurements at 17, 105, 300, 60®, and 700
°C and an additional spectrum was collected aftee sample had been
cooled down (from 700 t@5 °C). The time required for collecting each
of the XRD spectrum varied between 18 and 20 misuteor this reason,
during the XRD measurementshe temperature was held constant. The

XRD patterns were collected at 7000 €¥=0.17714 nm) for the interval
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between 10 and 60 °260 and steps of 0.005° using a Dectris Mythen 1K

detector (Baden, Switzerland).

4. Results

4.1. Elemental imaging of the mineral-organic assoations

The morphology and elemental composition of the eral-organic
associations were very heterogeneous. As depictelig. 1, the spatial
distribution of C was more related to O, Fe, and tAhn with Siin the
selected ROI probed by the STEM imagingOM in this selected ROils
apparently located around ahl-/Fe-(hydr)oxides individual particle or
coating a microaggregate approximately <200 pum-siAs such, the
concentration of C seems higher on the outsideaeghan in the central
area, where the concentration of Fe and Al is highdig. 1).
Furthermore, there is no overlapping between anggh high Al and Si
concentration, indicating the absence of kaolinrighis selected ROI. In
a second ROI probed, we observed some overlappinélp Si and Fe,
indicating the presence of kaolinite and Fe-(hydciykes, probably
occurring as a coating on the phyllosilicate (sei®.FS4 on support

information).

In both probed ROI’s (Fig. 1 and Fig. S4), theravas no overlapping
between the distribution of Pt, Gar with C. This is important because
Pt and Ga were introduced during the sputteringduse protect the
ROI’s prior to the elemental mapping (see support information Fig. S2
and S3). Since the distribution of these elementss wot overlapping
with C, Si, Al and Fe (Fig. S4), we are confidemtat the pobed ROI’s

were preserved by the sputtering and the imageBign 1 and Fig. S4, in
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fact represent the heterogeneity of mineral-orgaassociations in the

sample.
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Figure 1. Chemical heterogeneity of mineral-organic asstoias

(silt+clay and its associated SOM) in the select@risols, a) STEM-
HAADF image and the inset shows the EDS spectrumtled analyzed
area (scale bar 100 nm), b) EDS elemental mapsCfo©, Fe, Al, Si and
Ti (scale bar 200 nm). The presence of Ga, Pt (frmample preparation
protection layer) and Cu (from TEM grid) in the speum is due to
secondary effects and had no influence in the eletalemaps.

In both probed ROI’s (Fig. 1 and Fig. S4), therewas no overlapping
between the distribution of Pt, Gar with C. This is important because
Pt and Ga were introduced during the sputteringduse protect the
ROTI’s prior to the elemental mapping (see support information Fig. S2
and S3). Since the distribution of these elementss wot overlapping
with C, Si, Al and Fe (K. S4), we are confident that the probed ROI’s
were preserved by the sputtering and the imageBign 1 and Fig. S4, in
fact represent the heterogeneity of mineral-orgaassociations in the

sample.

4.2. Mineral dehydroxylation and SOM oxidation

Throughout the thermal experiment, we observed gaodrelation
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between the temperature range at which dehydrateomd mineral
dehydroxylation led to the release of,®-derived ions from the sample
(m/z 17 and 18) (Fig. 2). Thus, the readings foedé ions presented a
first peak at 70-80 °C, which was probably due tehgdration of the
sample (i.e. loss of hygroscopic,8). With increasing temperatures, the
readings for the ion m/z 18 led to strong peaks2d9, 383 and 584 °C
that were well within the temperature range at which gilibs goethite
and kaolinite would undergo dehydroxylation, respeely. At
temperatures above 600 °C also occurred peaks Herions m/z 17 and
18, which could not be attributed to any of the mwals present in the
sample. Therefore, it is likely that these peakgintihave been due to
H,O released by complete oxidation of SOM at temperas above 600

°C (Fig. 2).

The oxidation of SOM under our experimental condits led to the
release of ions such as C, CO and L(@/z 12, 28 and 44, respectively).
We could not detect the ion with m/z 30 (NO) and this reason, we
assigned the ion with m/z 44 as @@nly. However, based on the m/z
only is not possible to totally exclude the occurce of NO (m/z 44) in
the evolved gas detected. Overall, the oxidationtgra of SOM at
temperatures between 200 and 400 °C led to twonis¢epeaks of C@at
234 and 353 °C. Therefore, the first peak occurnedll within the
temperature range in which gibbsite and/or shomrga order Al-
(hydroxides) minerals suffed dehydroxylation (200-300 °C)
(Karathanasis and Harris, 1994Fimilarly, the second peak of GO
overlapped with the temperature range (300 and 20f) where goethite

suffers dehydroxylation (Karathanasis and Harri®94). Interestingly,
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while the first CQ peak at 234 °C presented very good overlappindhwit
H,O release, the increase in readings for the ion fBavas considerably
smaller for the second peak of G@t 353°C (Fig. 2). Both peaks o€0;

(at 234 and 353 °C) presented very similar shapehoagh the second
one reached a slightly lower maximum intensity. Téleape of theCO;
peaks at temperatures below 400 °C suggests thaM Sgxidation
proceeded at high rates, and both peaks presergladively small width.
As such, these peaks reached their maximum inteassiapproximately
15 minutes after the CQOreadings started to increase for the first, and 10
minutes for the second peak (Fig. 2).

The H,O peak observed at 383 °C was significantly diffetrevith
respect to the shape and intensity of the firsODHoeak at 239 °C, which
presented higher maximum intensity. Thus, as gdethunderwent
dehydroxylation, a lower amount of,@ was released from the sample as
compared to gibbsite. Indeed, the total mass lo§sgoethite due to
dehydroxylation should be approximatel®-11% of its total mass, while
for gibbsite it would be at least three times high@arathanasis and
Harris, 1994). After reaching its highest intensay 383 °C, the HO ion
intensity remained quite stable as the temperatwas kept constant at
400 °C. This was in sharp contrast with the firsiHpeak observed at
239 °C, for which the ion intensity was significintreduced even with

constant increment in temperature from 239 up t0 3CQ (Fig. 2).
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Figure 2. Evolved gases from mineral-organic associatiogst{clay
and its associated SOM) as function of temperatanel duration of the
thermal treatment. The gases released from the tamg@tected by means
of mass spectrometry. Minerals dehydroxylation esled water, which
main ions presented m/z 17 and 18 (OH, angOH respectively), and
SOM-derived ions presented m/z 12, 28 and 44 (httred to C, CO and
CO,, respectively). The temperature increment was rnintpted at 105,
300, 400, 600, and 700 °C in order to collect thera¢ diffraction
pattern of the mineral within the sample. The hagtiflow rates applied
were: 4.4, 6.5, 5.3, 7.4, 5.5 °C nifnas the temperature varied from 17-
105, 105-300, 300-400, 400-600 and 600-700 °C, eesipely.

At temperatures between 400 and 600 °C, there wasgaificant
dip on the intensity of the COions (m/z 12, 28 and 44, Fig. 2). Thus, at
this temperature range, there was little (if anyxidation of SOM
components in the sample. On the other hand, thenisity of the ions
with m/z 17 and 18 increased steadily and reachetthied peak at 584
°C. This H,O peak is consistent with the temperature rangewhtch
kaolinite should undergo dehydroxylation (400-60Q0C)° Although

kaolinite would lose only 14% of its mass due tohgidroxylation, this
86



mineral was the most abundant component in the damgccounting for
at least 45% of the the clay fraction. In additiosince SOM was not
oxidized between 400-600 °C (the @@eadings remained quite low), the
most likely source of the O ions was indeed kaolinite. As the
temperature was kept constant at 600 °C, the intgnsf the ions with
m/z 17 and 18 decreased steadily. At both tempeetanges, 400-600
°C and 600-700 °C, the maximum intensities of theOHions for both

intervals were very similar.

When the sample was heated from 600 up to 700 h@, €O, ion
intensity increased significantly as compared te thterval between 400
to 600 °C. Importantly, the shape of the £€Peaks at 234 and 353 °C
were very different from the peak observed betw&®0 and 700 °C. As
compared to the first two, the third peak of £€@resented a lower
absolute intensity and was significantly wider. addition, the intensity
of this peak remained stable despite the tempeetwing fixed at 700
°C (Fig. 2). Based on the shape of the £L@eaks it seems that the
reactions leading to SOM oxidation at this lateagd of the thermal

treatment occurred at slower rates as comparedhosd below 400 °C.

4.3. Synchrotron-based XRD patterns

Simultaneously to the thermal decomposition expemin we also
monitored the changes in the mineralogy of the skempsing
synchrotron-based XRD patterns (Fig. 3). TheOHreleased from the
sample with a strong peak at 239 Was probably derived from gibbsite
dehydroxylation. According to the XRD data, at 28dal05°C the main

reflections of gibbsite, the plang®02 and 110 (d=0.484 and 0.437 nm,
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respectively) were detected. Indeed, these majaakpeof gibbsite were

no longer present in the spectra as the temperateaehed 300 °C (Fig.
3).
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Figure 3. Synchrotron-based XRD patterns for the mineradaric

associations at 25, 105, 300, 400, 600 and 700rf@h{oriented sample).
The spectra were collected at 7000 eV and the nalserdentified within

the mineral-organic associations at 105 °C wereolkdte (kt), gibbsite

(gb), quartz (qz), goethite (gt), anatase (an), antenite (il). Hematite
(H) peaks are indicated at 600 and 700 °C.

For goethite, the most intense peaks were due l®4d and 111
planes (d=0.416 and 0.245 nm, respectively), whiedre present at 25
and 105 °C, but no longer appeared at 300 °C. Addidlly, the peak

derived from its301 plane (d=0.267 nm), had a low resolution even at 2

or 105 °C, and for this reason the presence of lghetat 300-400 °C
cannot be ruled out. Based on the low resolution tbfs peak, the

presence of hematite also cannot be ruled out witlie original sample.
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However, as goethite underwent dehydroxylation, was probably
converted into hematite or proto-hematite (Gualtiend Venturelli,
1999). Despite the low resolution, hematite is pms at 700 °C as
inferred from the peak of its plan812 (d=371 nm). In addition, the
planes 104 and 113, (d=0.272 and 0.220 nm, respectively), alamre

detected at 600 °C (Fig. 3).

The XRD patterns also demonstrates that kaolinise the only
phyllosilicate present in our sample, with charactdgc peaks from its
001 and 002 planes (d=0.721 and 0.359 nm, respectively). Thpseaks
were present within the sample until the temperatueached 400 °C. As
kaolinite underwent dehydroxylation between 400 af00 °C, the
aforementioned peaks no longer appeared in the tspec collected at

600 °C (Fig. 3).

5. Discussion

5.1. Spatial heterogeneity of mineral-organic assdations

Based on the elemental STEM mapping, the spatiatrddution of

SOM was closely related tal-/Fe-(hydr)oxides as inferred from Si and

C distribution, Fig.1. Such elemental distribution, suggests the presence
of an organic layer coating the mineral particlepnsistent with
micromorphological observations of humic Oxisols ofr Brazil
(Schaefer, 2001). Additionally, the spatial corredan between Al and Fe
suggests these elements are combined to form alesimgneral (such as
an Al-substituted goethite) or that Al-/Fe-(hydr)jdes are
predominantly combined into microagregates (Schaedé al., 2008).

Because our sample was dispersed prior to the imgagthe remaining
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microaggregate was <200 um (Fig. 1), but could hdneen part of a
large structures as commonly observed in OxisolsugBler et al., 1999)
In addition, the spatial correlation between SOMdahl-/Fe-hydroxides
iIs also in line with previous research on the maukBms by which these
minerals should interact with SOM, i.e ligand exolga, coprecipitation
and H-bonds (Keil and Mayer, 2014; Kleber et al018; Lutzow et al.,

2006).

Despite SOM being clearly part of an associationthwiAl-/Fe-
(hydr)oxides, the organic film enveloping the miakrparticle is
apparently thick (Fig. 1, Fig. S4). The first mecohsam that would
account for such pattern would be the occurrenc&®M as coatings or
occluded in the pore-space area of microaggregé@senu and Plante,
2006; Remusat et al., 2012; Wan et al., 2007). Botdichanisms, either
the coatings or the occlusion of SOM could be inpot for the
persistence of C in Oxisols, given their strong noi@ggregation
(Muggler et al., 1999; Schaefer et al., 2004). Amat mechanism leading
to the formation of thick films of SOM would be due the capacity of
organic molecules to self-assemble to form micdlle structures and/or
forming a zonal structure, with successive layefsooganic compounds
(Kleber et al., 2007). According to the self-asséyiconcept, the
mineral matrix would directly retain organic moldes by forming
ligand exchange complexes at the mineral-organictterainterface
(Kleber et al., 2007) Subsequently, the adsorbed organic layer itself
would be able interact with further organic matdsigdhrough H-bonds
and/or hydrophobic interactions (Lutzow et al., B)0 As extensively

reviewed by these authors, some hydrophobic domamght favor the
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persistence of SOM by preventing its hydration atite access of
degrading enzymes. Therefore, the combination akcli attachment to
the mineral matrix and hydrophobic interactions amgorganic moieties
would allow the occurrence of such thick films ofganic materials as

shown in Fig. 1 and in supporting information Fig.S

5.2. Reactions within the mineral-organic associatins under

heat flow

The most important aspect of our data is that weeskbed very good
overlapping between the temperature range at whAthFe-(hydr)oxides
suffered dehydroxylation and intense oxidation oc®M (Fig. 2). Such
overlapping between these reactions probably occlrscause of
interactions among these components as previousimahstrated in Fig.
1. Such inference is consistent with the fact thgtroxyl groups on Al-
/Fe-(hydr)oxides surfaces are key components foe @dsorption of
organic compounds in soils (Kleber et al., 2015).hus, the
dehydroxylation of Al-/Fe-(hydr)oxides would releashydroxyl groups
at which polar organic compounds had been attactoedrhis is based on
the fact that the polarity and the ability of orgarcompounds to interact
with reactive mineral surfaces increases with theiolecular oxygen
content (Keil and Mayer, 2014). For example, oxygerh groups such
as—-COOH would preferentially interact with mineral $aces by ligand
exchange and/or H-bond#dieckman et al., 2013)Therefore, the thermal
analysis indicates that associations between SOMd aAl-/Fe-
(hydr)oxides seem to account for a significant tian of mineral-

organic associations in humic Oxisols.
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Based on the thermal reactions within the sample234 °C, there
was a proportional release of water and £COas the Al-species
underwent dehydroxylation (Fig. 2). Therefore, dwe tgibbsite and/or
short range order Al species suffered dehydroxyati the sample
probably released a proportional amount of £L&nd HO. Conversely,
during goethite dehydroxylation there was a higlerount of CQ (with
a strong peak at 353 °C) as compared W®HThus, despite being present
at lower concentrations than gibbsite, goethite wa®bably able to
interact with a significant amount of SOM. Otherwisit is possible that
the dehydroxylation of goethite also occurred amperatures below 300
°C. This is because low crystalline goethites should ffeu
dehydroxylation at temperatures below 300 °C (268®D2 while high
crystalline types would have been dehydroxylatedeahperatures above
300 °C (Schwertmann, 1985, 1984). Irrespective ome overlapping in
terms of the temperature range at which gibbsitd gnethite underwent
dehydroxylation, our data demonstrates clearly th#te thermal
treatment leading to alterations on the mineral faoes were almost
simultaneous to strong oxidation of SOM at temparas between 200

and 400 °C(Fig. 2).

As SOM interacts with minerals, ghould presumably become more
resistant against thermal decomposition (Schulted heinweber, 1999)
Experiments testing this hypothesis, however, hamdicated a much
more complicated figure due to the influence of cifie properties of
SOM components on its thermal oxidation (Feng et, &015, 2014,
Heckman et al., 2011; Johnson et al., 2015). As hsuwhile the

“thermally labile” fraction would be oxidized at temperatures below 500
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°C, minel-associated molecules would be included irac“thermally
refractory” pool of SOM, which would only suffer oxidation at
temperatures above 600 °C (Johnson et al., 20150eé¢d, Heckman et
al. (2011) reported higher amount of heat neededokedize organic
matter bound to goethite as compared to the isaladeganic fraction
submitted to the same thermal treatme@obnversely, Feng et al. (2015)
observed that isolated organic matter undergoingritial treatment was
oxidized at higher temperatures than when it wasswadsorbed to
goethite. Similar result were obtained in a prewostudy in which the
increasing C loading, that is, the mass of orgamatter per unit of
mineral surface area, was not followed by highens#vity to thermal
treatments (Feng et al., 2014According to Feng et al. (2015), intrinsic
properties of SOM components and/or their capadiayself-assemble,
seem to be an important regulator of its thermaliseance, irrespective
of its association with minerals Therefore, despite the inherent
difficulties for comparing the results of thermalxidation of SOM
performed wunder different conditions (Plante et ,al200), the
application of such treatments can be importanevaluate the behavior
and the composition of mineral-organic associatiqieng et al., 2015;
Fernandez et al., 2012; Lopez-Capel et al., 200&8owever,
extrapolating such data to infer the resistance $0OM against

decomposition in natural soils should be of lesterest.

5.3. Inferring the formation of mineral-organic assciations in

humic Oxisols

Based on our results, we infer that the presencéyafroxyl groups
on mineral surfaces play an important role on tenfation of mineral-
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organic associations in humic Oxisolglowever, the physicochemical
properties of the mineral phase at which these gsoare attached to
seem more important than the presence of hydroxpugs itself (Kleber
et al., 2015). As such, despite the predominanc&addlinite, which also
has structural hydroxyls groups, the reactivity tifese components
towards SOM is probably much smaller than those &uw-/Fe-

(hydr)oxides surfaces. According to our elementahpping and the
thermal analysis, we suggest that oxygen-rich (pdlanctional groups)
form preferential associations with hydroxyl groupen Al-/Fe-

(hydr)oxides surfaces through mechanisms such a@anld exchange
and/or H-bonding. Additionally, short-range ordet-AFe-(hydr)oxides
could coprecipitate SOM, particularly in acidic &0i(Kleber et al.,

2015). Given their intimate associations, we infdrat a significant
fraction of SOM is oxidized at the same temperatuaege at which the
(hydr)oxides underwent dehydroxylation in our thednexperiment (Fig.

2).

In contrast, we propose that predominantly nonpolarganic
molecules should havébeen oxidized at higher temperatures and/or
decoupled from mineral dehydroxylation. Thereforeg suggest that
most of the CQ released above 600 °C in our study may have been
derived predominantly from organic compounds witdwkr content of
oxygen (i.e. nonpolar organic materials). Possibbenponents of SOM to
be included in this category woulde lipids, lignin and aromatic proteins
(Masoom et al., 2016). Since organic compounds Wotlu polarity would
be preferentially self-assembled through hydropltobriteractions (Keil

and Mayer, 2014; Kleber et al., 2007; Lutzow et,aR006), these
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components would be less sensitive to mineral dehyglation. In

addition, hydrophobic interactions seem to conttuo increase the
resistance of SOM against thermal oxidation (Fengalk, 2015, 2014)

Possibly, long-chain molecules (e.g., lipids) wodbse their functional
groups containing oxygen atoms at lower temperatufeelow 400 °C).
Otherwise, the remaining long C chains, polycondshsnaterials and/or
aromatic rings structures (Kiersch et al., 2012812b) would require
higher temperatures to be fragmented and thus, treath oxygen to

form CO,.

Despite our study being restricted to a single sthe mineralogy of
Oxisols is relatively uniform even in large areasch as the Brazilian
territory (Schaefer et al., 2008). Therefore, theanhanisms described
here could be common to many tropical soils, ratltban a specific
feature of humic Oxisols. Although humic Oxisols tn@resenting
widespread occurrence in tropical regions, theselssoetains large
amounts of SOM (Andrade et al., 2004). However,tlier studies are
warranted to include Oxisols with contrasting miakrgy and SOM
content, across different biomes from tropical m@g. A comprehensive
evaluation of mineral-organic associations, inclglitheir formation and
persistence, is very important given the predomigemf Oxisols in
tropical regions and the contributions of theseasrdor the global SOC

stock.

6. Conclusions

Based on our results, we conclude that:
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1. In humic Oxisols, SOM is preferentially associatedth Al-
/Fe-(hydr)oxides, despite the overall predominarcfekaolinite in the
fraction <53 um.

2. We infer that polar organic compounds are prefeiat
associated to hydroxyls groups on Al-/Fe-(hydr)oxsd surfaces, and
therefore, their dehydroxylation overlap with SOMidation.

3. The fraction of SOM oxidized at higher temperaturess
decoupled from mineral dehydroxylation, either frothydr)oxides or
kaolinite.

4. The advanced degree of microaggregate formatiordeeply
developed Oxisols, and increasing content of gibdsiand Fe-
(hydr)oxides probably help to protect SOM both cheally and

physically against mineralization.
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APENDIX (Chapter three)
Support Information

Al-/Fe-(hydr)oxides-organic matter associations in a Brazilian

Oxisol as revealed by elemental mapping and thermadnalysis

1 - C-hotspot localization

The soil suspension, as previously described in noh&n text was
dispersed onto the substrate, Ao-coated Si-wafer(Sigma-Aldrich). The
hotspot localization was done following the EDS map of C, Al and
O-rich phases, as shown in Fig. S1 a-c. The codieea SEM and
optical images (in bright and dark field) are shown Fig S1d-f,

respectively.

(@)  carbon mapping (b)  Aluminum mapping (c) .~ Oxygen'mapping

® Ok
)

Hotspot ——— F———
localization ,

SEM image . (e) Bright Field Opticai image (f) Dark Field Optica

Figure S1: Hotspot localization based on EDs mapping (a-c)rrémtive
images of hotspot using SEM (d) and optical micrasyg (e and f).

2 - Sample preparation for transmission electron micbscopy

(TEM)
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The samples evaluated in this work were preparedowing the
lift-out method using a dual-beam microscope FEIvBoNanoLab 600.
Firstly, a hotspot was localized (Fig. S2a and bypan in-situ platinum
deposition was performed in order to protect thenpke from ion damage
in the following steps. The initial protection layé~ 100 nm) deposition
was performed using the electron beam at 2 keV anh&4 nA.
Afterwards, the gallium ion beam was used at 30 kawvd 0.3 nA to

deposit a Pt layer having 2m thickness (Fig. S2c).

In order to mill the trenches, on both sides of thenella (Fig. S2d
and e), the gallium ion beam was used at 30 keV @ndA. The lamella
was in-situ lifted-out and transferred to a TEM pe&p grid and attached
via platinum deposition induced by ion beam (Fig2fSnd g). The ion
beam was used at 30 keV and the ion current wasiged from 1 nA
down to 0.1 nA as the lamella thickness was redufredn 2 um down to

100 nm, respectively.

(a) T v ‘Suf)s‘tate %
Hotspot md s M
- localizati

S ————

Milled '[[ nches

]
5
=
=
°

=%
o
3

15
o

Hotspot (lamella) on 5 pum
Cross-sectionabview

Figure S2. Images showing the sequence of the TEM hotspot samp
preparation.
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To conclude the hotspot sample preparation, the eléan was
cleaned and polished using a low ion energy beamd &eV and 29 pA,

with the advantage of minimizing ion beam damage.

In an intermediate TEM lamella preparation step, lsve analyzed
the sample cross section taking a EDS mapping, as lze observed in
Fig. S3a and S3b. The EDS spectrum (Fig. 3c) shditws chemical

elements presents in the investigated area.

(C) Si

Pt

ca Al

Counts (a.u)

0.0 0.5 1.0 15 20 25
Energy (keV)

Figure S3. a) SEM image of lamella cross-section using SEed&or, b)
EDX mapping and c) EDX spectrum.

3- STEM-EDS analyses of a second region of interestROI)

illustrating mineral-organic associations in the hunic Oxisol

Complementary to Fig. 1 in the main text. In the second ROI
analyzed, the mineral organic-associations depicitedhe Fig. S4, the
organic matter also seems localized around an Ad-(Rydr)oxide
particle. Based on the distribution of C, Al, Feda8i, the organic matter
occurs as a coating on the Al-/Fe-(hydr)oxides, ofhiare likely

adsorbed onto a kaolinite particle.
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Counts (a.u.)
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Figure S4. Chemical heterogeneity of mineral-organic asstoia (silt+
clay and its associated SOM) within the region oferest (ROI) inside
the dashed white square in (a) STEM-HAADF image) BDS spectrum
of ROI. Elemental mapping (c) shows the presentédCp O, Fe, Si, Ti
and Al. Pt and Ga presence are due to the FIB sampéparation and Cu
due to TEM grid. The scale bar shown in (a) and r@)resent 200 nm.

We infer the zonal distribution of organic matteitiv respect to
the minerals because the distribution of C is relalty far away from the
C-rich area. In contrast to Si, Fe and Al are relaty closer to the C
rich region. The relative good overlap between AldaSi concentration
within the selected ROI corroborates the hypothetiat a kaolinite
particle is present in this selected ROI, which weast observed in the

Fig. 1 in the main text.

General conclusions

1. Soil texture (i.e. the amount of the fraction <f3n) limits the

capacity for SOC sequestration.

105



The amount of the <53 um is directly associatedhwC@-saturation
behavior.

With increasing content of the fraction <53 pum itdeis an
increment in the physical protection of SOC.
Al-/Fe-(hydr)oxides are the main components withire thineral
matrix involved on the formation and the persistenaf mineral-
organic associations in Oxisols.

The dehydroxylation of Al-/Fe-(hydr)oxides due to thermal
treatments, is followed by a release and oxidatioh SOC in

Oxisols.
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