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The soil: a key and non-renewable resource for humankind

World Soil Day (WSD)is held annuallyon 5 December(from 2002, promoted by

IUSS: InternationalUnionof SoilSciences)to focusattention on the importanceof

healthysoilandto advocatefor the sustainablemanagementof soil resources



Soilproduces95%of our food, be it the cropswe eat, or

foragesand other plants to feed animalsfor meat (FAO,

InternationalYearof Soils2015)

The soil: a true cradle of life enables to feed humanity



INDICATORS DESCRIPTORS

Procedure2023/0232/COD

COM (2023) 416: Proposalfor a DIRECTIVEOF THE

EUROPEANPARLIAMENTAND OF THECOUNCILon

SoilMonitoring andResilience(SoilMonitoring Law)



Soil threats



L.D. 
152/2006

M.D. 
46/2019

mg kg-1

As 20 30

Cd 2 5

Cu 120 200

Zn 150 300

Italian legal benchmark



Bioavailability of potentially toxic elements (PTEs)

Source: Mishra et al., 2017. Front Microbiol8, 1706

Bioavailable pool of a PTE 

can be defined as the 

fraction of its total content 

in the soil that can interact 

with a biological target 

(Geebelenet al., 2003)

Bioavailability to plants is 

governed by the dynamic 

equilibrium between 

aqueous and solid soil 

phases, rather than by 

the total metal content

Total content Bioavailablepool

mg kg-1

Fe 30000-50000 30-500

P 1000-4000 10-150



The influence of rhizosphere activity

In the rhizosphere,many physical, chemical and

biochemicalprocessesoccur as a consequenceof

root growth, water andnutrient uptake,respiration,

rhizodepositionandenhancedmicrobialactivities

Thedifferent bioavailablepoolsare in a dynamicequilibriumҦ if the most easilybioavailablefraction is takenup from the soil,

the lessavailablefractioncanrapidlyreintegratethe easilyavailablepool



Theorical sequence of PTE mobility in the soil

INCREASING MOBILITY AND AVAILABILITY

pHof hydrousoxideformation

Fe3+ 2.2-3.2 Pb2+ 4.2-5.7

Al3+ 3.8-4.8 Cu2+ 5.4-6.9

Cr3+ 4.6-5.6 Zn2+ 5.2-8.3

Cd2+ 8.0-9.5

Antoniadiset al., 2017. Earth SciRev
171, 621-645



Assessment of bioavailability

In vivo tests are generallyconsideredthe

best bioavailability tests, as the plant

uptake measured in these tests is

believed to resemble the natural

conditions. However, these assaysare

time- andresource-consuming

In vitro testsmust enablequantificationof

the metal dissolution under realistic

conditions, by extractions with one or

morereagentssimulatingsoilsolution



Assessment of PTE bioavailable fractions

1M NH4NO3 (ISO19730, 2008) or 0.01M CaCl2 (Houbaet al., 2000), to addressthe soluble
andnon-specificallyadsorbedfractions

0.05M EDTAat pH 7 (Rauretet al., 2001) or DTPA(Lindsayand Norvell, 1978), to quantify
the potentiallybioavailablefraction of metalsorganically-boundor specificallyadsorbedby
oxidesandsecondaryclayminerals

Sequential extractions Ҧ 4-step EU-BRC(Rauret et al., 1999) or Wenzel
procedure (Wenzel et al., 2001), to estimate the distribution of metals in
presumedgeochemicalfractions

Rhizon-samplerҦ  ǘƻ ƳƻƴƛǘƻǊ ƳŜǘŀƭ ŘƛǎǎƻƭǾŜŘ ƛƴ ǇƻǊŜ ǿŀǘŜǊ ƻǾŜǊ ǘƛƳŜ 

Single-stepextractions

PassivesamplerҦ diffusivegradientsin thin films (DGT)or semipermeablemembrane,to measurethe freelydissolved
concentrationof organicpollutantsin equilibriumwith the rapidlydesorbingfraction

Non-exhaustivetechniquesҦ mild solvent extraction, solid sorbents (e.g. Tenax) and hydroxypropyl- -̡cyclodextrin
(HPCD),to extractthe rapidlydesorbingfractionof organicpollutantsfrom soil



The assessment of PTE chemical species

The bioavailability of the PTEs is closely interlinked with their chemical speciation, i.e. the distribution of elements among their various chemical forms

IC coupled to ICP-MS Cr(III) ς Cr(VI) speciation

Isotopedilution massspectrometry(IDMS)

V correctionof Crredoxinterconversions

V low detection limits

V Cr extraction phase at high temperature

SynchrotronX-rayabsorptionspectroscopy(XAS)

V high element specificity

V limited samplepreparation

V highlevelof expertise

V high detection limits

500 to 1000x 
less toxic than

Cr(III)

Cr(VI)



The International Union of Pure and Applied

Chemistry (IUPAC) defines as bioaccessible a

substanceΨŀōƭŜto come in contact with a living

organismand interact with ƛǘΩand bioavailablea

substanceΨableto beabsorbedby livingƻǊƎŀƴƛǎƳǎΩ

Bioaccessibilityvsbioavailability of soil contaminants

Exposure to soil 

contaminant(s)

Entry into body through 

the mouth, nose or 

contact with the skin

Adsorption into blood 

and lymphatic systems

Transport to organs

Effects to organs

Excretion from body

Intake

Uptake

BIOACCESSIBLE

BIOAVAILABLE

Source: Kumpieneet al., 2017. Pedosphere27(3): 389-406



Methodological complexity of in-vitro assays



Highly-contaminated case studies

Main pollutants: Pb (max 80000 ppm),  

Sb (1475), As (312) and Cd (235)

6 ha of farmland currently confiscatedby the

Italian Judiciarydue to past illegal burial of

industrial wastes

Main pollutants: Cr (max 4500 ppm) 

and Zn (1850) and hydrocarbons C>12 (1800) 

3.5 ha of industrial soil inside an

automobile-battery recyclingplant in

operation since1970

Site A Site B



V Samplinggrid: 20 x 20 m

V Depths at site A:                    

0-20, 30-60, 70-90 cm

V Depths at site B:                   

0-10, 10-40 cm

Phytoremediationplants consistingof poplar trees (Populusnigra L.)

and permanent grass cover, assisted by compost amendment and

irrigationsystem,werethen implementedon both sitesyearsago

IMPLEMENTATIONOF ECO-COMPATIBLEPROTOCOLSFOR

AGRICULTURALSOILREMEDIATIONIN LITORALEDOMIZIO-

AGROAVERSANONIPS(LIFE11/ENV/IT/275ςECOREMED)

Site B

Site A

Soil characterization and phytoremediation plants



Portable-XRF technique

In short time, pXRFprovides

accurate total elemental

contents in soil samples

(USEPA method 6200),

although it does not have

verysensitivedetectionlimits

The X-ray fluorescence (XRF)

analysisisbasedon the excitationof

inner electronsand the emissionof

photons after they relax to their

groundstate(fluorescence)

Microwave-assistedsoil digestionby aqua regia (3:1 v/v, HClto HNO3),

followed by analysisof metal-containingextractsby AASor ICP-OES/MS

(ISOstandard 54321, USEPAmethod 3051A), determines the pseudo

total content of the analysedelements

Aquaregiadoesnot producea completesoildigestionbecausethe least

acid-solublecomponentsasmetal-bearingsilicatesare not completely

dissolvedandarethusnot includedwithin the analyticalmeasure

Benchmark lab-based technique
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Best linear regression fits

Very satisfying correlations (R2>0.90) were 

ƻōǎŜǊǾŜŘ ōŜǘǿŜŜƴ !w ŀƴŘ Ǉ·wC ŎƻƴǘŜƴǘǎ ƻŦ Χ
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The comparison among different regression parameters revealed that regression models were strongly site-specific and metal-dependent 

Metal-dependent and site-specific models
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slopes < 1 slopes җ м
Slope Intercept R2

Site A Site B Site A Site B Site A Site B

As 0.567 0.391 1 19 0.64 0.69

Ca 0.768 1.409 -2021 -12383 0.95 0.73

Cr 1.252 0.330 -84 -5 0.95 0.54

Cu 0.999 0.859 -5 9 0.96 0.95

Fe 0.623 0.420 3901 10248 0.47 0.62

K 0.103 0.235 3913 3808 0.37 0.59

Mn 0.615 0.538 53 244 0.66 0.73

Nb -0.126 -0.033 13 7 0.17 0.01

Ni 0.958 0.855 -7 -3 0.94 0.83

Pb 0.812 1.451 -2 18 0.90 0.93

Rb 0.316 0.538 15 -18 0.75 0.53

Sn 1.310 0.577 -22 3 0.96 0.75

Sr 0.093 0.288 109 57 0.06 0.39

Th 0.308 0.154 3 6 0.25 0.31

Ti 0.615 0.276 -480 511 0.56 0.57

V 0.417 0.351 3 16 0.53 0.47

Zn 1.004 0.771 -19 5 0.97 0.95

Zr 0.151 0.012 -13 19 0.16 0.02



Themagnitudeof the anthropogenicfraction in soilmetal contentswasestimated

by the geoaccumulationindex(Igeo) andmetalenrichmentfactor (EF)

As Ca Cr Cu K Ni Pb Sn Zn

EF site A 1.40 (<2) 3.19 (2-5) 12.22 (5-20) 6.56 (5-20) 1.91 (<2) ND 1.84 (<2) ND 5.37 (5-20)

EF site B 4.84 (2-5) 2.09 (2-5) 1.29 (<2) 10.95 (5-20) 1.36 (<2) 1.81 (<2) 42.61 (>40) 3.15 (2-5) 2.94 (2-5)

Fe Mn Nb Rb Sr Th Ti U V Y Zr

EF site A 0.91 (<2) 1.32 (<2) 1.06 (<2) 1.39 (<2) 1.09 (<2) 1.09 (<2) 0.87 (<2) 1.30 (<2) 0.89 (<2) 1.06 (<2) 1.07 (<2)

EF site B 1.00 (<2) 0.90 (<2) 0.93 (<2) 1.51 (<2) 1.27 (<2) 0.92 (<2) 0.79 (<2) ND 0.83 (<2) ND 0.88 (<2)

As Ca Cr Cu K Ni Pb Sn Zn

Igeo site A -0.10 (0) 1.09 (2) 3.03 (4) 2.13 (3) 0.34 (1) ND 0.30 (1) ND 1.84 (2)

Igeo site B 1.66 (2) 0.44 (1) -0.25 (0) 2.83 (3) -0.17 (0) 0.24 (1) 4.80 (5) 1.04 (2) 0.94 (1)

Fe Mn Nb Rb Sr Th Ti U V Y Zr

Igeo site A -0.72 (0) -0.19 (0) -0.50 (0) -0.11 (0) -0.46 (0) -0.46 (0) -0.79 (0) -0.21 (0) -0.76 (0) -0.50 (0) -0.48 (0)

Igeo site B -0.62 (0) -0.77 (0) -0.73 (0) -0.03 (0) -0.28 (0) -0.74 (0) -0.97 (0) ND -0.88 (0) ND -0.80 (0)

Igeo and EF

Metal enrichment categories:

(EFÒ2) deficiency to minimal

(2<EFÒ5) moderate

(5<EFÒ20) significant

(20<EFÒ40) very high

(EF>40) extremely high

Anthropogenic pollution categories:

(IgeoÒ0) practically uncontaminated

(0<IgeoÒ1) uncontaminated to moderately contaminated

(1<IgeoÒ2) moderately contaminated

(2<IgeoÒ3) moderately to heavily contaminated

(3<IgeoÒ4) heavily contaminated

(4<Igeo<5) heavily to very heavily contaminated 

(IgeoÓ5) very heavily contaminated

Igeo

EF



SOIL PROPERTIES RANGE

Texture Sandy-loam

pHin H2O  (R=1:2.5) 7.4 ς8.0

O.M. (gkg-1) 8 ς50

Carbonates(gkg-1) 1 ς79

C.E.C. (cmol(+) kg-1) 18 ς29

Site A: soil properties, and bioavailability to plants of main contaminants 
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EU-BCR Sequential Extraction 

Step 1: easily extractable fraction 

(soluble, exchangeable, associated to carbonates)

Step 2: reduciblefraction

(associatedto FeandMn oxides)

Step 3: oxidasablefraction

(associatedto organicmatter)

Step 4: residualfraction

(occluded in non-siliceous

minerals)
ReferenceҦ Agrelli, Caporale,Adamo,
2020. Agronomy10, 1440



Chromium speciation by IC-IDMS 
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