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Summary

In Podzols, organic matter (OM) is stabilized myihly interaction with minerals, as a direct
consequence of pedogenic processes. Metal-orgasimciations strongly affect OM surface
features, particularly micro-porosity. Cementedstin horizons (CM) may form during
podzolization, accompanied by a spatial arrangerae@M on mineral surfaces which differs
from that in non-cemented horizons (N-CM). To irtigeste the metal-organic associations and
their changes during pedogenesis, we selected &M and CM podzolic horizons, isolated
NaClO-resistant OM and compared the specific serfacea (SSA) before and after OM
oxidation. The SSA was assessed by usipgttNdetect the pores in the range of micro-pores
(<2 nm) and meso-pores (2-50 nm), and, 0@ measure a smaller micro-porosity (<0.5 nm),
which is not accessible to,NOnly the N-CM samples showed the typical increasi,-SSA
after the removal of labile OM, while a decreases ieund in all CM horizons. The GE&SA
revealed a large number of small micro-pores charaing OM, both before and after
oxidation. The smallest micropore classes (<0.5 were, however, more abundant in NaClO-
resistant OM, that had therefore a larger numbét,a@haccessible surfaces than the labile pool.
The N-SSA data thus indicated a more homogeneous cavefamineral surfaces by stabilized
OM in CM samples. Because of the abundance of smialio-pores, OM in these podzolic B
horizons had extremely large GOSA values (about 800 g?), with sharp differences
between the NaClO-labile OM (290-38G gt') and the NaClO-stabilized pool (1380-1860 m

gh), thus indicating very reactive illuvial organicterials.

Keywords: CQand N adsorption, specific surface area, soil organictimastabilization, metal-organic

associations, Spodosols.



Introduction

Carbon (C) stored in soil organic matter (OM) reprgs the world’s third largest pool after
oceanic and geological pools, with a global reserebapproximately 1550 Pg C (Lal, 2008).
Although soil management has been proposed astagyrfor reducing the rate of atmospheric
CGQO; increase, the forms in which organic carbon (O€juos in soils need to be understood
better before attempting to enhance long-term G@ll storage (Mikuttaet al, 2006). The soill
capacity to accumulate and preserve OC againsbhiadrand enzymatic degradation is strongly
dependent on the presence of stabilized OM podser@l factors may potentially play an
important role in the stabilization process, buteomay prevail depending on soil type,
vegetation, management practices and environmewotaditions (von Lutzowet al., 2008).
Recent studies showed that the persistence ofQGddilis not strictly related to its molecular
properties, and indicated the occurrence of othexchanisms that protect it against
decomposition (Schmidtt al, 2011). These mechanisms induce a physicochempiogtction
of the organic molecules, and seem to be direahnected to soil properties and thus to the
main processes that occur during pedogenesis. iysigpchemical protection is based on the
inhibition of OM biochemical degradationa organo-mineral interactions, such as sorption on
mineral surfaces, complex formation with metalglasion within aggregates, and deposition in
pores inaccessible to decomposers and extracebmzymes (Jastrowt al, 2007). Sorption
onto mineral surfaces is considered to be the raffisttive mechanism that protects soil OM
against biochemical degradation. Mineral-organigoamtions can be viewed conceptually as
composed of a zonal sequence consisting of (i)rdacd zone, where strong bonds between
polar organic groups and mineral surfaces occira(hydrophobic zone where exchange with
the soil solution is easier and (iii) a kinetic rowhere cation bridges and other weaker
interactions contribute to the retention of organampounds (Klebeget al, 2007). In this
multilayer arrangement, the OM closest to the nahsurface has a more compacted structure
than the more distant OM (Wang & Xing, 2005). Thiges rise to a large spatial variability of
mineral-organic associations at the <50 nm scakeglwis poorly represented by the bulk soil
OM pool but has a great effect on the mechanismerging OM stabilization and C cycling
(Lehmanret al, 2008).

In sub-soil B horizons, the mineral-associated QGddlps mainly represented (over 90%) by
OM interactions with ferrihydrite, Al (hydr)oxidesnd crystalline Fe (hydr)oxides (Mikutéz
al., 2006). From this point of view, Podzols are maitrly interesting as OM complexation
with metals is the characteristic process of smimfation. In agreement with most theories, the

downward co-migration of metal-organic complexesuss during podzolization, resulting in a
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clear differentiation in the soil profile, with @ht-coloured eluvial horizon which overlies a
darker illuvial B horizon (Bs or Bhs; IUSS Workirtgroup WRB, 2006) enriched in OM, iron
(Fe) and aluminium (Al). The migration of OM intluvial horizons thus favours the presence
of large OC pools at depth, where OM has longadeese times because of the interaction with
mineral phases (Jastrost al, 2007). Indeed, the amount of stabilized OM hasnbelated to
the amounts of metal-organic complexes and poawsgtalline Al and Fe (oxy)hydroxides in
Podzols (Klebeet al, 2005).

During podzolization, cemented ortstein and pldmdzons can also form (Bsm or Bhsm,;
IUSS Working Group WRB, 2006). The genesis of iraded podzolic layers is not precisely
understood: the cementation of placic horizonsh@aught to be mainly related to changes in
drainage conditions and redox dynamics of Fe, wthite genesis of the ortstein seems more
directly linked to the translocation and immobitiba of organic Al complexes (Bockheim,
2011). Cementation in ortstein is favoured by malimoot activity and the presence of large
contents of coarse fragments which, by decreasiagsoil volume, promote the continuity of
illuviated cementing agents (Lapen & Wang, 1999%.aAconsequence, the association between
illuviated OM and metal phases should be more iatinthan in non-cemented spodic horizons.
In addition, the metal-organic interactions aratigely more abundant in the ortstein than in the
non-cemented matrix of the same Bs horizons, tluggesting a selection of stabilized OM
forms.

Recently, we found that the characteristics of m@tganic associations change with
increasing intensity of podzolization and that tregiations can evaluated from the specific
surface area determined by Bdsorption (Bonifaciet al, 2013). The OM removal from the
soil is expected to induce an increase in surfaea because of the elimination of the small-
surface area component, of the enhanced accetysdiilN, into pores previously filled by OM,
and of the exposure of new mineral surfaces cabgetthe removal of organic cements from
aggregates (Kaiser & Guggenberger, 2003; Echevetréd, 1999). However, in our previous
experiment we observed that the-détectable surface decreased after a weak NaGaten
of the most labile OM pools and that this behaviaas typical only of the most developed
spodic horizons (Bonifaciet al, 2013). The NaClO treatment at pH 8 efficientlynowves the
most labile OM with minimal modifications of the naral phase (Zimmermaret al, 2007),
isolating an older OM fraction which is considergdbilized by interactions with the mineral
phases (Mikutteet al, 2006). Our previous results indicated that thid @action, protected

from oxidation, had less Maccessible pores than the labile pool, pointing teariation in the



micro-structural properties of OM that occurs dgrihe stabilization process through interaction
with mineral surfaces.

Although, N> adsorption has been recommended as a standarddretimeasure the OM
surface area, soil OM typically provides valuessmsill as <1 g’ (Sasaket al, 2007), which
are not consistent with the data reported by othethods and with its known strong reactivity
(Chiouet al, 1990). This discrepancy is the direct consequendke micro-porosity extent of
OM, which may easily reach dimensions <2 nm, arel @ktremely slow diffusion of the ;N
molecules into very small-sized pores (<0.5 nm}hat temperature conditions used for the
analysis (de Jonge & Mittelmeijer-Hazeleger, 199Bj)ganic matter resistant to NaClO could
therefore have a greater amount of small micro-gtroin agreement with the denser and less
open configuration of OM found after sorption oretjote by Kaiser & Guggenberger (2007).

To investigate OM structure, with emphasis on smatiro-porosity, the C®adsorption
technique is particularly suitable (de Jorggeal, 2000; de Jonge & Mittelmeijer-Hazeleger,
1996). Although its molecular diameter is similarthat of N, CO, is capable of penetrating
pores <0.5 nm because of the larger operative terye (273 K compared with 77 K), and
CO.-derived surface areas of materials rich in orga@mpounds were orders of magnitude
larger than the N surface areas.

The aim of this work was to evaluate the surfagguies of metal-organic associations in
Podzols with cemented horizons. More specificallg, wanted to assess the differences, if any,
in the small micro-porosity of NaClO-resistant alatbile OM and to relate them to the
interaction between OM and mineral components, diggicemented horizons as the maximum

degree of metal-organic interaction development.

Materials and methods

The samples used in this study were collected fitnee soils in the Alps of North-western
Italy, one in Piemonte (P1) and the other two (R&@ BR3) in Valle d’Aosta regions. All soils
were clearly identified as Podzols and discernialed well-developed cemented ortstein
horizons always occurred (Table 1). From prelimyrsoil surveys, we found that Podzols with
cemented deep horizons were widespread in the paggcularly below sub-alpine coniferous
forest and ericaceous heath on sialic glacial wihere slope angles were small enough to
preserve soils from intense erosive processes.

The three soil profiles were formed on Pleistocenearly Holocene glacial deposits, mainly
composed of gneiss and other quartz-rich metamomuuks; the parent material of P2 also

included significant amounts of calcschists anctlblshales. Soils P1 and P3 were developed
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under sub-alpine forests withacciniumspp. andRhododendron ferrugineuin understory; P1
was dominated by beeclkragus sylvatical.) and white fir(Abies albaMill.) while P3 was
dominated by larchL@rix deciduaMill.). The present-day vegetation overlying P2 veagrazed
grassland, while the climax vegetation at this pblgnatic level should be a sub-alpine
ericaceous heath.

The non-cemented spodic horizons (N-CM: Bs and/es)Band the underlying cemented
ones (CM: Bsm or CBm) were sampled from profilevpdlls; materials (2-3 kg) were collected
from the whole thickness of the genetic horizon. @M horizons had a similar degree of
cementation and similar structure (abundant vesicpbres and visible cemented coatings on
pore and rock surfaces), but varied in colour (€ab). Thus they presumably differed in the
amounts of illuviated metals, silica and OM. Norfetlee horizons contained swelling layer
silicates and mineralogy of the clay fraction wasnthated by chlorite, illite and randomly
interstratified minerals (data not shown).

The soil samples were air-dried and sieved to 2lvefare chemical analyses. Total OC was
determined by dry combustion (CE Instruments NA2&0mental analyser, Rodano, Italy).
Acid ammonium oxalate extractable-Fe (Schwertmd®é4), Al, Mn and Si (Rg Alo, Mno,
Sip) were determined by atomic absorption spectrosc{grkin-Elmer 3030, Waltham,
Massachusetts), andd-and Ab were used to calculate the spodic index (SI: ;5BR&; IUSS
Working Group WRB, 2006) to assess quantitativehe ftilluviation processes and for
classification purposes. All chemical analyses viepdicated.

To eliminate the most labile OM, four sub-samplesf each B horizon were oxidized with
NaClO (pH 8) as described by Mikut& al. (2006). This method involves treating the soil
samples three times with 6% NaClO and leads torehgoval of significant amounts of OM
(Kaiseret al, 2002). After oxidation, the samples were wash&tl deionized water until the
conductivity was less than 405 cmi® and oven dried at 40° C. Changes in ionic strength
influence the conformation of soil OM, but thesearmpes are reversible and organic macro-
molecules are fully uncoiled at NaCl concentratitme$ow 1x10° M (i.e. about 80uS cni')
(Ghosh & Schnitzer, 1980). The electrical conduttiof the UT samples varied between 21
and 45uS cm* (P3-Bsm1 and P3-Bhs, respectively): thus any wifféial ionic strength effect
on OM conformation is unlikely. After the determilman of NaClO-resistant OC and
extractable-elements, the sub-samples were butikgohfysical analyses.

The sample solid phase density) (was determined with a MultiVolume Pycnometer 1305
(Micromeritics, Norcross, GA, USA), with 5 repliogats. The determination of surface

properties was carried out on untreated (UT) andCI@areated samples (T). Before
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measurement of surface properties, both the T ahagdunples were finely ground (<0.5 mm)
and outgassed at 323 K for at least 16 hours waterum (<10 kPa). Nitrogen adsorption and
desorption isotherms were recorded at 77 K withtaics volumetric instrument (Thermo
Scientific Surfer, Rodano, Italy) which has a condadl linearity error of less than 0.1% in the
working pressure range. The Brunauer—-Emmett—TEHET) model (Gregg & Sing, 1982) was
used to calculate the specific surface area (S@Pahd considered a limited maximum number

of layers that can be formed in a pd8: (

_y C(p/p°) A-(N+1)(p/p°)" +N(p/p°)™
"1-(p/p°) 1+(C-1(p/p°)-C(p/p°)"" (1)

where V is the amount of adsorbed gas at every relatiessure valuep(p’), Vi is the
monolayer capacity an@, according to the BET theory, gives an indicatodrithe enthalpy of
adsorption of the first adsorbed layer, that is thagnitude of the adsorbent-adsorbate
interaction. The application of the BET equatiorswanited to the relative pressure range where
the termVi(1-p/P) continuously increases wit/p’ (ISO 9277, 2010). The paramet&sand

Vm Were obtained using the Sorptomatic Software ADEermo Electron) and the SSA-N
calculated by multiplying the number of moleculdsabed invy, by the molecular surface area
of N, (A= 0.162 nm). A wide pore diameter range can be detected th#tBET method, from
meso-pore (2-50 nm) to micro-pore (<2 nm) sizespaling to the IUPAC recommendations
(Kaneko, 1994).

The same experimental equipment was used for thasumement of carbon dioxide
adsorption isotherms at 273 K. The absence of dwption phenomena was verified by
measuring both adsorption and desorption. The ¢tdcx pronounced hysteresis indicated the
absence of irreversible specific chemical bondsl@@ee & Mittelmeijer-Hazeleger, 1996).

Micro-porosity was assessed for both &@d N using the Dubinin and Radushkevich (DR)
equation (Gregg & Sing, 1982):

log) =log(,) - Dlog*(p°/ p) ()

whereV is the volume of gas adsorbed per mass of sdduleded asv/= n/p, in whichn is the
mass of gas adsorbed apds the liquid density of the gas used; is the total micro-pore
volume andD is a parameter related to the structure of adsdrbad adsorbent-adsorbate

affinity. TheV, value was obtained as the intercept in a pléogfV) versudog®(p’/p). The CQ
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monolayer equivalent surface area (SSA;Cas obtained by multiplying the number of £O
molecules inVy by the CQ molecular surface area valui.f, equal to 0.210 nfres suggested
by the standard 1ISO 9277 (2010). Because of thdl smerval of p/p° (<0.03) used, adsorption
of CQO, took place in the narrow micropores down to mdkcdimensions and on the walls of
super micropores (0.7-2 nm; Kaneko, 1994). Themdlecule diffusion at operative conditions
is instead limited to pores having critical diammeté approximately 0.5 nm (de Jonge &
Mittelmeijer-Hazeleger, 2000).

All surface area measurements were duplicated kudta obtained from the samples after

NaClO oxidation were corrected by the mass losgdureatment.
Results

Soil properties and oxidation treatment

In the UT samples, the OC contents in the spod@NNhorizons ranged from 25 to 37 gkg
while all CM horizons had smaller amounts (on agera.1+4.4 g kg), with a maximum value
of 14 g kg' in the P3-Bsm1 (Table 2). The Mdxalate extractable metal concentrations were
more variable; Rgvalues had a wider range (mean of 8.6 +5.8) kigan Ab (mean of 4.2+2.1

g kg") and no trend was found in relation to the horipgue. Large amounts of Mroccurred
only in P2, with a concentration that reached 12l&j*in the Bsm horizon, and $had values
greater than 1 g kgin CM P3 horizons (Table 2). The chemical oxidatidth 6% NaClO left a
variable amount of resistant OC in the T sampleS.{Ofrom 0.8 to 8.9 g kg, Table 2) thus
removing up to 86% of the initial OC content. Tmeoaints of OGsshowed a linear relationship
with the OC in UT soil{= 0.990;P <0.01) and, consequently the C losses were graatbe
OM-richest N-CM horizons, as also confirmed by thass loss data (4.6% and 1.3% of the
initial mass in N-CM and CM on average, respecyivelhe oxidation of the most labile OM
always resulted in an increase in, wittthat changed from 2.57 to 2.64 gcom average, in UT
and T samples, respectively (Table 2). The remo¥dhe most labile OM explained almost
totally the difference in density induced by treatth®=0.891,P <0.001).

The molar concentration of Qgwas related to the moles ofd-and Ab of the UT samples,
but the relationship showed different trends whethe horizon was cemented or not (Figure 1).
In the CM horizons there was always a larger net&@Ges molar ratio (1.8 + 0.5) than in the
N-CM horizons (0.4 + 0.6). The NaClO treatment ¢ghly caused the loss of more than half of
the initial Fe and Ab, although with some exceptions, with mean decsea$e&’7 and 69%,
respectively (Table 2).



Pore characterization by Nand CQ adsorption

The samples differed in the amount of &tdsorbed at 77K, but all isotherms lacked a perfec
correspondence to any IUPAC classification typee@@r& Sing, 1982). Although they could
not be strictly classified as type IV, because gut#in quantities at pfpclose to unit were
unlimited (Kaneko, 1994), they generally showedaestricted hysteresis loop (Figure 2A). The
P2-Bsm soil was an exception as the amounts ofigasrbed in both T and UT samples were
much higher than in all other cases (Figure 2B)allnsamples the loop shape was always
recognized as being intermediary between a H3 ahtlype and the desorption branch showed
the forced closure at similar pressure {p/about 0.42), which is characteristic of a random
distribution of pores and an interconnected porgesy (Echeverrizt al, 1999). The initial
portion of the isotherms was an intermediate foetwieen type Il (indicative of the multilayer
adsorption process in a non-porous or macro-pagstem) and type | (typical of micro-porous
solids).

When the specific surface area was calculated Rdfiration (1) and using the data obtained
by N, adsorption (SSA-B, UT samples had varying surface areas (Tabl¢h®)jargest value
was obtained in P2-Bsm (36.4m"), while the other samples had smaller values, fiognto
14.5 nf g'. After oxidation, the relative differences in SSB-between UT and T samples
discriminated between N-CM and CM horizons, as sedtngure 3. Only Bs/Bhs type horizons
had an increase in SSA;N18% on the average) after the removal of labil, @hile in CM
horizons the specific surface area always decredseatll samples the micro-pore surface area
calculated by Equation (2) followed the same trasdSSA (Table 3). Both before and after
oxidation the surfaces were mainly composed of oapores, and the removal of the most labile
OC always caused an increase in their relativeqotmm.

As shown by the two extreme examples reported guri 4, the C@adsorption isotherms
(Figure 4A) and derived DR plots (Figure 4B) difdrin shape and volumes of adsorbed gas at
every step of p/p indicating that the abundance and characterisfide narrow micro-pores
differ between samples The linearity of the DR tiowc obtained for sample P1-Bhs+Bs
indicated a narrower size and a more homogeneorte $ipe distribution than the P2-Bsm
sample (Figure 4B). For all samples, a limited branf desorption was measured (data not
shown), and the isotherms always showed a restriote absent hysteresis. Although the
detectable surface was limited to pores with di@mgbm molecular dimensions (0.3 nm) up to
0.7 nm, when the surface area was calculated vgtration (2) and the data obtained from,CO
adsorption (SSA-C¢), both UT and T had larger micro-porosity and t&&A than those
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measured with p(Table 3). The only exception was P2-Bsm, in whadhrger surface area was
measured by Nthan by CQ. The calculated SSA-COn N-CM horizons was always larger
than in CM ones, with mean values of 39 +4 and 31r& g™ respectively. After oxidation the
SSA-CQ always diminished (Table 3) and, although thetnedadecrease varied among samples
(from 3 to 54 %), the difference in“ng’ between UT and T was linked to the amount of
oxidized OC ( = 0.915,P <0.01; Figure 5A). Moreover, the SSA obtained by,@@s strongly
related to the OC in both UT and T samples (FidaBer =0.981 and 0.958, respectiveR,
<0.05). The two functions in Figure 5B had equinélmtercept values (4.35 and 4.36gh
respectively), and the slope of the oxidized sasplas more than twice that of the UT samples.

Discussion

In this work we compared the porosity charactersstf NaClO-resistant and labile OM, taking
into account CM and N-CM podzolic horizons in orderhave a gradient in development of
metal-organic interactions. Thus we compared themital and physical characteristics of the

soils and the variations in gas accessibility befamd after oxidation treatment.

Effect of oxidation treatment on soil properties
Cementation was always well expressed and enhdncétk large volume of coarse fragments
(Lapen & Wang, 1999). However, in the case of P@ BB the Bsm samples fulfil all WRB
diagnostic criteria for ortstein, while in P1 thgodic index was too small, both with Bsm and
CBm. Even if induration in acidic deep horizons mdgvelop independently from the
podzolization process, as in the case of glaciadparction, clay bridging or Si cementation, both
field properties and the analogous behaviour ofcreented horizons of P1 with respect to the
other CM horizons (Figure 1) indicate that podzatiion is the main pedogenic process. The
colour of the cemented horizons is related to theunts of specific metal and to OM (Wilson
& Righi, 2010). The strong presence of m P2, whose parent material included Mn-rich
calcschists, resulted in the very dark brown coloiuthe P2 Bsm horizon. In P3, although the
amount of S was relatively large, the quantity of iron in CMnsples was sufficient to
dominate the hue (Table 1). In P1, the CM horizbad a hue comparable to that found in
cemented horizons of North America Spodosols (Brekk& Evans, 1993).

The OC concentrations in N-CM spodic horizons waymparable to those normally found
in non-cemented deep layers of NW Italian foregsd@onifacioet al, 2011), and the smaller

concentrations in CM horizons were in agreemenh witose of other Podzols with ortstein
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(Bockheim, 2011). The proportions of NaCIlO-labil€ @ere always more than 50% and similar
to those of acidic forest soils (Kaisetral, 2002; Mikuttaet al, 2006). No specific trend in the
proportion of the most labile C down the profilesaabserved, because of the strong dependence
of C losses on the sample OC contents.

The OM content affects sojls substantially because of the density of organi¢ceneals
which is reported to range from about 1 to 1.9 ¢*¢Mayeret al, 2004) depending mainly on
the elemental composition of organic compounds. Veg/ good relationship between the
variation in density and the amounts of NaCIlO-l@lC indicated a remarkable homogeneity of
this OM pool.

Figure 1 shows that the amount of @ds correlated with the occurrence obAInd Feg in
the samples, thus confirming the importance of id &e interactions in podzolic illuvial layers
and suggesting a relationship between illuviated & NaClO-resistant OC. The importance
of metal-organic interaction in affecting the ambahresistant OM toward oxidation was noted
by Mikutta & Kaiser (2011), whose results suggestlkdt although the NaClO-removable
fraction was not directly linked to the biodegra@abiraction, the treatment caused an
enrichment of the OM preferentially bound to oxiddswever, the oxalate extractable metals to
OC.es molar ratio differed markedly depending on whettie¥ horizon was cemented or not,
with larger values in CM horizons than in N-CM sdesp This difference between horizon types
may be related to the modification of OM forms atig with podzolization. Buurman &
Jongmans (2005), with thin section observationgtpd out that strongly cemented ortstein is
made up by welded and illuvial organic coatings,iclvhare composed of uniform and
continuous colloidal-sized materials. Instead, Bhdorizons of N-CM well drained horizons
yielded OM resulting also from the transformati@ishon-illuvial materials (Wilson & Righi,
2010). This indicates that OM changes toward a nmam@ogeneous distribution of stabilized
organic forms on mineral surfaces in the ortsteinzons.

Kaiser & Guggenberger (2003) suggested that OM bwgtabilized by the formation of
multiple bonds per molecule at the micropore mautisnsequently, the illuvial organic
coatings, having a more intimate association withemal surfaces, should be characterized by a
larger metal to OC molar ratio. As the interactidmetween OM and mineral surfaces differ in

cemented and non-cemented horizons, surface prepslitould also vary accordingly.

Effect of OM removal on soil surface features
Nitrogen adsorption gave small SSA values, with Imuariability among samples (Table 3).

Podzol B horizons are typically characterized bgrse texture and a relatively large presence of
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OM, which generally translate into small surfaceast On the other hand, even small amounts
of Al and Fe (hydr)oxides strongly influences sadgroperties because of the large SS#oN
their poorly crystalline forms (Cornell & Schwertnmg 1996). We observed a synergic effect of
several soil features on the final SSA-\lues, that did not show any direct relationshith

the amount of Ofgs or with the oxalate-extractable metals X0.05 in both cases). This is in
contrast with the results of previous studies dts faiser & Guggenberger, 2003) and marine
sediments (Mayer, 1999), in which direct inverdatrenships between the SSA properties and
the contents of mineral associated OM were repofiég variation of SSA-Nvalues upon
oxidation was instead linked to the horizon typéhwa clear discrimination between N-CM and
CM horizons (Figure 3). In contrast to previousdfimgs (Bonifacioet al, 2013), the expected
increase in SSA was present in all N-CM horizomsl @ CM horizons a decrease in SSA was
always observed. This occurred independently ofitgree of horizon development, their initial
OM content, OM decrease upon oxidation, and oxaateactable metal losses. These results
confirm the greater effectiveness of 6% NaClO ttien2% solution used previously to remove
the small SSA OM component, but also indicated titweaker treatment better discriminated
among different steps of spodic horizons develogmEme balance in surface area before and
after oxidation gives indications of whether thevhyeexposed surfaces are mainly mineral or
organic. Consequently, in N-CM horizons the inceeas SSA-N indicates the prevalence of
mineral surfaces exposed after oxidation (Figurg. G the CM horizons the decrease of SSA-
N> probably reflects the exposure of homogenouslyidiged stabilized OM, characterized by a
surface with more Ninaccessible pores (<0.5 nm), further indicating occurrence of illuvial
organic coverings in CM podzolic horizons (WilsorR8ghi, 2010).

When estimated by Nadsorption, micro-porosity (<2 nm) always domidatetal SSA-N
indicating the importance of the smallest sizedtfam in all analysed samples independently of
the absolute meso-porosity, and the relative ptapoof the <2 nm surface always increased
after oxidation. This indicated that the newly es@d surfaces in both N-CM and CM samples,
either organic or mineral, were rich in micro-paotpsAs a consequence, no relationship was
found between micro-pores and OC, as the <2 nmspare also typical of the mineral phase
(Aringhieri, 2004).

The micro-pore surface obtained with £®as generally much larger than with able
3). Because of greater diffusivity, only the smstlleized micro-pores are measured with,CO
(de Jonge & Mittelmeijer-Hazeleger, 1996). Our Hssuhus confirm the importance of
molecular-dimensioned pores (< 0.5 nm) in all pdidzeoil samples but P2-Bsm. The smaller

SSA-CQ values in comparison to the measured SSAduWnd in this sample indicated that a
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micro-pore class of at least three molecules wadb®(t 1.5 nm) dominated both before and after
oxidation. Using the standard operative conditiam$act, the amount of adsorbedibllarger in
the presence of super micropores (1.5-2 nm), bec&@ molecules can only adsorb on the
pore walls, while M completely fill their volume (Mittelmeijer-Hazeleg 2006).

The good linear relationships reported in FiguresbiBgest that the SSA-G@Was strongly
affected by the presence of OC in both UT and Tpdasn regardless of the specific micro-pore
main class. The similarity of the intercepts of twadations confirmed the selectivity of the
oxidation treatment that did not have any effecttlb@ mineral phases (Zimmermaen al,
2007), at least when small micro-porosity is conedr and indicated a mineral specific surface
area of around 4.4y in these samples. The variations in SSA-B€&ween UT and T samples
were caused by the release of OC upon oxidatidfio(6f explained variance), while the clear
relationship between SSA-G@nd C contents in both UT and T samples (Figuresagpested
that both labile and stabilized OM affect the SSAsmall-sized pores. The relationships
between SSA-CPand OC in UT and T samples, however, differed mdisk in slope, thus
clearly pointing to important structural differescia oxidized and stabilized OM pools. In fact
OC had a more pronounced effect (twice as muchhersSA-CQ in the T samples than in the
UT samples (Figure 5B), indicating a larger presesicsmall micro-pores in the stabilized OM
than in the labile pool. However, the occurrenceaofood relationship for both UT and T
samples indicated that each OM pool was homogenebas the micro-porosity was measured
with CO, independently of the morphological characterisfibarizons.

Assuming therefore that both labile and stabili£&d pools had homogeneous elemental
composition, we transformed the OC to OM contegtsltiplying by either 2 or 1.5 (Table 4),
thus taking into account the widest reported C aasitpn of soil OM (Kasozet al, 2009;
Bhatti & Bauer, 2002). We were therefore able tlzdate the SSA of small microporeSA—
CQO,) of both OM pools with an additive model as folkw

SSA-CQUT =SSACQ OM_, [k, + SSACQ OM [k  + 440k .. 3)

whereX,x andx.es were the weight fractions of oxidized and NaClGitant OM pools, while
Xmin Was the weight fraction of mineral material in ga@mple, which had a SSA-GOf 4.4 nf
g™ as found previously. ThH8SA — CQ@OM,y andSSA — COOM, values were the micro-pore
surface areas of NaClO-labile and resistant OMpeetively. TheSSA — CQ OMy was
obtained with a similar additive model consideritigg mineral and resistant OM fractions
together Xmin+re9 and the measured SSA-¢0f the T samplesSSA — CQT):

SSA-CQ UT =SSACQ,OM_, X, +SSACO T K e 4)
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The SSA — CQ OM,svalues were determined with Equation (3) and usimgcalculated
SSA — CQOM,y by applying Equation (4). Using this method welddterefore confirm that in
our samples the two OM pools showed marked difis#enn the micro-pore surface measured
by CO, adsorption, as on the average the SSA-@@ied from 287 to 379 fig™ as a function
of C percentage in labile OM, while in the stakitizOM it was 1383-1856 Tg* (Table 4,
Figure 6B). Organic matter in Podzols is reportedé composed of up to 62-67% C (Kaszizi
al., 2009), thus the largest calculated values aentbst plausible. The calculated SSALD
labile OM was more variable than that of the stabéd pool (Table 4), but in both cases it was
much greater than previously measured data (80sf5§", de Jonge & Mittelmejier-Hazeleger,
2000). It is worth noting, however, that the milerused in the latter experiment were peat,
organic layers and a synthetic humic acid, thusreptesentative of OM in Podzol B horizons,
for either labile or stabilized forms. OM in podwoB horizons accumulates due to a chemical
selection process thus the large SSA data obtanedn agreement with an expected much
greater reactivity than that of poorly sorted amskltransformed materials of organic layers.

Conclusions
In podzolic B horizons, the morphological charastezs and the process of metal-organic
translocation and immobilization sharply affect tkeM surface properties and structural
organization. Organic matter is characterized blarge degree of small-porosity, but the
stabilization through association with mineral aggs induces a considerable increase of <0.5
nm pores in comparison to the NaClO-labile forms.
The non-cemented and cemented illuvial horizonsalodiffer in the strength of association
between organics and minerals, but in the relaiv®unt and arrangement of organic matter
pools. In non-cemented horizons, the NaClO-resista is present as patches on mineral
surfaces, while NaClO-labile OM occurs in a bulkyea configuration, covering both mineral
phases and some patches of the stabilized OM sgtfdn cemented horizons, illuvial OM
coatings are homogeneously spread over mineraesf As illuvial OM is are not removed by
oxidation, organic surfaces prevail on inorganie®nvhen the labile OM is removed. As a
consequence, the SSA measured by @@3orption is large in both cemented and non-cteden
B horizons and directly dependent on the relatmeant of NaClO-stabilized OM. Because of
the limited diffusion of M into the small micro-pores, instead, the prevateat mineral or
stabilized organic phases determines the increadeapease in SSA-MNafter oxidation.

These results indicate that, in illuvial podzolichBrizons, the intimate association with

mineral surfaces causes a remarkable variationeo©iM micro-pore structure which potentially
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affects C cycling. They also show the need fortfartinvestigations to verify if this is a typical
feature of illuvial OM or if other less specific gimgenic processes may induce similar

characteristics.
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Tablel Site characteristics and morphological propertigb® studied horizons.

Coordinates

Profile Location (327) Altitude  Classification Horizon sequerice Sample Depth  Munsell Colour SkeletonStructurd
crushed and
UTM WGS84 /mas.l. WRB /lcm , 1%
moist
Chiusa 03942330E, _ O-A-E-Bhs-Bs-
P1 _ 1400 Albic Podzol Bhs+B§ 25-30  7.5YR 3/3 85 w, m, sbk
Pesio 4895146 N Bsm-CBm
Bsm 30-45 10YR 5/4 90 Cemented
CBm 45-65 2.5Y 5/4 90 Cemented
Gran San 0356811E, Ortsteinic Albic
P2 2280 A-E-Bs-Bsm-Cm Bs 10-20 10YR 4/3 75 vw, m, sbk
Bernardo 5081660N Podzol
Bsm 20-30 7.5YR 2.5/2 80 Cemented
0407445E, Ortsteinic Albic O-AE-E-EBhBs-
P3 Staffal 1995 Bhs 50-70 7.5YR 3/3 90 w, f, sbk
5074613N Podzol Bsml-Bsm2-Cm
Bsm1l 70-110 7.5YR 4/8 95 Cemented
110-
Bsm2 10YR 5/6 95 Cemented

% talics indicate the horizons analysed in thisigtu
® Sampled and analysed together.

¢ field estimate.

4 Structure: vw= very weak, w=weak, m=medium; f=fine=medium; sbk=subangular blocky.



Table 2 Characteristics of untreated (UT) and NaClO-&d4T) of non-cemented (N-CM) and cemented (CMpBzons. In parentheses, the

standard deviation is given.

Profile Cementation Sample OoC pd AlO FeO MnO SiO Mass los SI
lg kg /g cm® /g kg* /g kg* Ig kg* /g kg* 1% 1%
P1 N-CM Bhs+Bs UT 37.3(4.8) 2.40 4.57 (0.08) 12.75(0.09)  0.01 (0.00) 0.15(0.03)  4.46 (0.44) 1.09
T 8.9(1.3) 2.51 2.27(0.04) 7.78(0.05) 0.01(0.00) 0.12(0.04)
CM Bsm uT 6.6 (0.0) 2.57 2.01(0.02) 2.22(0.01) 0.03(0.00) 0.30(0.04) 1.25(0.50) 0.31
T 0.9(0.2) 2.60 1.06(0.02) 1.13(0.02) 0.02(0.00) 0.12(0.03)
CM CBm uTt 4.0(0.2) 258 1.75(0.03) 0.66(0.00) 0.09(0.01) 0.40(0.02) 0.62(0.48) 0.21
T 0.8(0.1) 2.64 1.35(0.02) 0.57 (0.01) 0.05(0.00) 0.66 (0.02)
P2 N-CM Bs uT 24.9 (3.1) 2.48 2.43(0.02) 13.45(0.10) 0.34(0.02) 0.04 (0.01) 3.95(0.43) 0.92
T 6.0 (0.3) 2.58 1.91(0.03) 11.84 (0.08) 0.27 (0.02)  0.12(0.01)
CM Bsm uT 8.7 (0.4) 2.68 5.69 (0.06) 14.08 (0.09) 12.59(0.02) 0.17(0.01) 1.98 (0.90) 1.27
T 2.4(0.1) 2.74 6.13(0.06) 16.36 (0.05) 15.48(0.01)  0.30 (0.02)
P3 N-CM Bhs uT 36.9 (0.3) 2.56 4.43(0.04) 13.17 (0.04) <0.01(0.00) 0.13(0.03) 5.42(0.33) 1.10
T 7.8(0.6) 2.68 3.16 (0.03) 17.11(0.05) <0.01(0.00)  0.21 (0.03)
CM Bsm1 uT 13.7 (1.4) 2.64 8.08 (0.00) 10.07 (0.02)  0.01(0.00) 1.79(0.05) 1.85(0.47) 1.31
T 3.7(0.4) 2.70 5.53(0.03) 9.47 (0.01) 0.01(0.00) 1.32(0.04)
CM Bsm2 uT 2.4(0.1) 2.66 4.44(0.02) 2.15(0.02) 0.03(0.00) 1.52(0.04) 0.62(0.63) 0.55
T 1.1(0.1) 2.70 3.82(0.01) 1.82(0.01) 0.03(0.00)  1.41(0.01)

& Standard deviation <0.01 for all samples.

® recorded mass loss upon NaClO oxidation.

All T samples were corrected for the mass loss ip@@lO oxidation.

OC: organic carbons: soil particle density; A, Fer, Mno, and Sé: NH;-oxalate extractable elements; SI: Spodic Inded&&@+Alo;



Table3 Surface properties of untreated (UT) and NaC#atd (T) B horizons, the T sample data are caueictr the weight loss upon NaClO
treatment. The standard deviation is given in paeses.

Profile Cementation Sample SSA-N, N2 — micro-pore surface SSA-CQ
Inf gt Im? gt Im? gt

P1 N-CM Bhs+Bs uT 5.7 (0.1) 4.2 (0.0) 43.3 (0.8)
T 7.2 (0.3) 5.6 (0.4) 22.5 (0.5)

CM Bsm uT 3.0 (0.2) 2.2(0.1) 8.6 (0.2)

T 2.1 (0.0) 1.7 (0.0) 4.0 (0.1)

CM CBm uT 1.9 (0.3) 1.4 (0.1) 6.3 (0.2)

T 1.7 (0.3) 1.4 (0.1) 3.9(0.0)

P2 N-CM Bs uT 6.9 (1.8) 5.1 (0.8) 35.2 (0.3)
T 8.1 (2.5) 6.7 (1.1) 21.7 (0.1)

CM Bsm uT 36.4 (3.3) 32.9 (2.4) 13.4 (0.2)

T 28.8 (4.5) 28.6 (2.8) 11.6 (0.2)

P3 N-CM Bhs uT 14.5 (1.0) 11.6 (0.7) 38.4 (1.1)
T 16.0 (0.3) 13.5 (0.1) 24.7 (0.6)

CM Bsm1l uT 9.7 (1.9) 8.1 (0.7) 19.2 (0.2)

T 8.7 (2.1) 7.4 (0.6) 14.1 (0.0)

CM Bsm2 uT 2.5 (0.1) 2.0 (0.0) 8.7 (0.3)

T 2.1 (0.0) 1.8 (0.0) 8.5 (0.1)




Table4 Labile and resistant OM amounts calculated bytiplying 2.0 (Min) and 1.5 (Max) the OC values &8A-CO2 calculated with

Equations (3) and (4).

Profile Cementation

Calculated SSA-CO

NaClO- labile OM NaClO-resistant OM  NaClO- l[&®DM NaClIO- resistant OM Total OM
Min Max Min Max
Im? g—l

P1 N-CM 5.7 4.3 1.8 1.3 389 512 959 1297 526 699
CM 11 0.8 0.2 0.1 408 543 nd nd nd nd
CM 0.7 0.5 0.2 0.1 375 498 nd nd nd nd
P2 N-CM 3.8 2.8 1.2 0.9 378 497 1385 1863 622 827
CM 1.2 0.9 0.5 0.4 158 207 1448 1935 522 695
P3 N-CM 5.8 4.4 1.6 1.2 260 338 1231 1666 465 618
CM 2.0 1.5 0.7 0.5 267 352 1310 1754 544 725
CM 0.3 0.2 0.2 0.2 63 82 1968 2624 902 1201
Mgt 287 379 1383 1856 597 794
it 125 166 333 437 158 210
44 44 24 24 26 26

nd: not determined



Figure 1 Relationship between oxalate-extractable Fe dnand resistant OC (Q&) in non-
cemented (N-CM) and cemented (CM) horizons. Limesdaawn only to show the two different

trends. Vertical and horizontal bars representdgtethdeviations.
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Figure 2 Representative Nadsorption and desorption isotherms of untreatdwfzons from
(a) profile 3 (non-cemented, UT-P3 Bhs), and (lofif 2, (cemented, UT-P2 Bsm).
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Figure 3 Relative variations in specific surface area hyabsorption (SSA-N upon oxidation
with NaClO. Bars represent standard deviationshefdifference in SSA before and after the
NaClO treatment.
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Figure 4 Representative (a) G@dsorption isotherms of untreated B horizons frmofile 1
(UT- P1 Bhs+Bs), and profile 2 (UT — P2 Bsm) an{l tfieir relative Dubinin-Radushkevich

plots.
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Figure 5 Relationships between organic carbon and spesifitace area obtained by g@dsorption (SSA-CQ. (a) effect of OM removal
(NaClO-labile OC) on SSA-Cfupon oxidation, (b) effect of organic carbon (Gfntents on SSA-CLOnN untreated (UT, open symbols), and
treated samples (T, closed symbols). Fitting liregwesent linear correlation equations (r=0.981 @u9&8 for UT and T samples, respectively,
OC.sis NaClO-resistant OC). Vertical and horizontaisbare standard deviations.
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Figure 6 Schematic representation of spatial arrangemedtsamface properties of organic
matter in non-cemented (N-CM) and cemented (CM)zpbd B horizons as deduced from the
N> (a) and CQ (b) adsorption data.
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