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riassunto: La bonifica dei siti contaminati è stata affrontata 
in Italia come nel resto del mondo con una successione di inter-
venti originata dalla disponibilità di tecnologie specifiche per il 
recupero della qualità dei suoli e delle acque sotterranee, agendo 
secondo il principio di sostenibilità.
Si premette innanzitutto un inquadramento delle norme (valori 
limite e tipologia di interventi) e una sintesi della qualità dei 
suoli e delle acque sotterranee nei siti contaminati italiani.
La progettazione della bonifica è stata consentita anche dal miglio-
ramento della caratterizzazione del sito, con apparecchiature speci-
fiche indirizzate ad esempio ad individuare la stratigrafia dei con-
taminanti, la presenza di composti volatili, il prelievo di campioni 
di acque significativi della qualità delle acque sotterranee, etc..
Nel testo sono descritti alcuni interventi relativi a barriere fisiche 
e barriere idrauliche che comportano consistenti costi di inve-
stimento e di gestione ed anche il consumo di risorse naturali.
Successivamente si considerano anche importanti interventi in 
situ che hanno determinato una riduzione delle concentrazioni e 
un recupero significativo di massa di inquinanti.

abstract: The remediation of contaminated sites has been faced in 
Italy and elsewhere in the world with a series of works originated by the 
availability of specific technologies for the recovery of soils and ground-
water quality, acting in accordance with the principle of sustainability.
A framework of rules (target values and type of intervention) and a 
summary of the quality of soil and groundwater in Italian contami-
nated sites must be mentioned first.
The design of the remediation was also permitted by the improvement of 
the site characterization, with specific equipments addressed for example 
to identify the stratigraphy of the contaminants, the presence of volatile 
compounds, the sampling of water of significant groundwater quality, etc..
The text describes some interventions relating to physical and hydraulic 
barriers that involve substantial capital and O&M costs and also the 
consumption of natural resources.
Subsequently they are also considered important in situ interventions 
that resulted in a reduction in the concentration and significant recovery 
of the pollutants mass.
The evolution of the residual concentration in the groundwater must be 
considered by monitoring natural attenuation.
Despite the recovery of the mass of pollutants even up to 90-99%, val-
ues of cleanup (expected concentrations of the order of μg/L) which are 
established by national legislation have not been achieved.
It can be stated that the scientific community is considering the new 
paradigm expressed by the “order of magnitude of the flow of pollutant 
mass” to replace the old paradigm consisting in the “limit value of final 
concentrations”.

L’evoluzione delle concentrazioni residue nelle acque sotterranee 
deve essere considerato mediante monitoraggio dell’attenuazione 
naturale.
Nonostante un recupero di inquinanti fino al 90-99% della mas-
sa, non si possono raggiungere limiti di bonifica stabiliti dalla 
norma nazionale (valori attesi dell’ordine del mg/L).
E’ quindi auspicabile che la comunità scientifica consideri un 
nuovo paradigma consistente in “ordine di grandezza del flusso 
di massa inquinante” che sostituisca il vecchio paradigma consi-
stente in “valori limite finale delle concentrazioni”.

Paper
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Introduction
From nearly forty years at the international level and thirty 

years in Italy, the problem of soil and groundwater remedia-
tion has been faced in order to ensure the use of the terri-
tory under conditions compatible with human health and the 
respect for environment, in areas of very different sizes and 
geology.

The difficulty of the problem is mainly related to:
•	 the knowledge of a complex and heterogeneous environ-

ment;
•	 the different behaviour of contaminants (solubility, vola-

tility, biodegradability, etc.)
•	 the measurement of chemical-physical low values with 

complicated techniques in field and in laboratory:
•	 the application of traditional and innovative technolo-

gies;
•	 the achievement of very low target concentrations;
•	 the knowledge, sometimes limited, of the relationship 

between human health and environmental conditions.

At a first stage, the approach to the problem was to consider 
the contaminated soil as a waste to be confined in landfill and 
groundwater as discharge.

At a second stage the remedial actions and emergency mea-
sures were achieved by the application of traditional hydraulic 
and geotechnical techniques (pump and treat, vertical engi-
neering barrier, capping).

At a third current stage the evolution of the remediation 
industry applies the recycle, reuse, transform and biodegrade 
criteria of in situ interventions (Hellis D.E., Hadley P.W. 
2009).

The Italian law (D.Lgs.152/2006 and D.Lgs.4/2008) pro-
vides for soil two limit values: a screening value (in Italian 
“concentrazione soglia di contaminazione” - CSC), also con-
sidering the background values, for a) residential and green 
use, b) industrial and commercial use, and remediation tar-
gets established by means of risk analysis. (“concentrazione 
soglia di rischio” - CSR).

The fill is also considered, with assessment of possible re-
lease to groundwater through tests of their elution.

For groundwater the screening and remediation target 
(CSC) are the same and with very low values.

The interventions in contaminated sites are well summa-
rized in space and in time by the law:
•	 Emergency measures (in Italian “messa in sicurezza 

d’emergenza”): interventions to prevent further contami-
nant migration in the environment;

•	 Operational emergency measures (“messa in sicurezza 
operativa”): provisional measures pending the cleanup in 
sites with industrial activities;

•	 Adjective confinement (“messa in sicurezza perman-
ente”): permanent confinement of polluted environmen-
tal matrices or wastes.

•	 Cleanup (“bonifica”): intervention to reach the final tar-
gets values of soil and groundwater remediation.

Soil and groundwter pollutants in remediation sites
In Italy a three type of contaminated site are present.

1. Sites of National Interest (“Siti di interesse nazionale” 
SIN) - are sites (private end/or public) of high surface 
area, and with many and important pollutants from en-
vironmental and toxicological point of view; the Table 1 
summarizes the sites currently affecting a surface of more 
than 2000 km2.

2. Regional sites SIR - are sites (private and/or public) gen-
erally of smaller surface involving the municipalities, 
with some pollutants and wastes.

3. Municipal sites SIC - are sites generally private, of lim-
ited surface and with few pollutants.

The Table 2 summarizes the remediation sites in Italy and 
the state of cleanup.

As part of the SIN the Environment Ministry, in the pe-
riod 2001-2012, made available approximately 1887 M€ for 
interventions of public interest; in the same period they were 
approved by decree some 250 projects of private initiative, for 
an amount of about 1709 M€.

With regard to the sources of pollution, in Italy it prevails 
the treatment/disposal of waste, industrial, and commercial 
activities more than in Europe, probably related to poor na-
tional management of waste and absent or non-compliance 
with regulations in the course of production activities prior.

Additional contributions can be given with respect to sub-
stances released to the environment and that are involved in 
the application of remediation technologies.

The figure 1 shows how in soils it is present a larger com-
ponent of heavy metals, chlorinated hydrocarbons and poly-
cyclic aromatic hydrocarbons.

Figure 2 concerning groundwater, identifies a higher fre-
quency for chlorinated hydrocarbons and BTEX, probably in 
connection with the difficulties of identifying these compounds 
in soils because of their volatility and the consequent need for 
adoption of specialized investigation of characterization.

On the families of pollutants classified treatment technolo-
gies provided in figure 3 were applied in Italy. Although the 
survey sample is limited to certain Regions and then also de-
scriptive of a “treatment train”, is observed as yet recently the 
activities of ex situ treatment covering 75% of the interven-
tions, with a large and prevalent component landfilling.

Improvement of site charaterization
It has been proposed by the US Environmental Protec-

tion Agency a new approach for the characterization of con-
taminated sites that was also taken by European and Italian 
researchers (Kästner M. et al. 2012) based on three criteria: 
systematic project planning, dynamic work strategies and 
real-time measurement technologies (TRIAD approach).

To apply these criteria they should be adopted new investi-
gation technologies overcoming the limitations of traditional 
ones; they are explained below some of these new technolo-
gies used at the national level, although currently small in 
number.
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Tab. 1 - Site of National Interest (SIN) for remediation in Italy: (*) Site later removed.

Tab. 1 - Siti di Interesse Nazionale (SIN) per la bonifica in Italia: (*) Sito successivamente rimosso.

region SIN Surface (ha)

Abruzzo Fiumi Saline e Alento (*) 1.915

Basilicata
Tito 314

Area industriale Val Basento 3.393

Calabria Crotone – Cassano e Cerchiara 2.318

Campania 

Litorale  Domitio Flegreo ed Agro Aversano (*) 670 

Area del litorale Vesuviano (*) 8.121 

Coroglio  Napoli Bagnoli 961 

Bacino Fiume Sarno (*) (39 comuni)

Pianura (*) 156

Emilia Romagna
Sassuolo-Scandiano (*) (9 comuni)

Fidenza 26 

Friuli Venezia Giulia 
Trieste 1.698 

Laguna di Grado e Marano 11.029 

Lazio 
Frosinone (*) (85 comuni)

Bacino Fiume Sacco (*) (9 comuni)

Liguria
Cengio e Saliceto 22.228
La Spezia – Pitelli (*) 22.045
Cogoleto 212

Lombardia

Sesto San Giovanni 255
Btescia Caffaro 262
Laghi di Mantova e Polo Chimico 1.028
Broni 14
Pioltello e Rodano 84
Cerro al Lambro (*) 6.193
Milano Bovisa (*) 43

Marche
Basso Bacino Fiume Chienti (*) 3.832
Falconara Marittima 1.274

Molise Guglionesi II (*) 8

Piemonte

Casale Monferrato 73.834
Balangero 314
Pieve Vergonte 15.148
Torino – Basse di Stura (*) 8.785
Serravalle Scrivia 74

Puglia

Manfredonia 1.156
Brindisi 11.323
Taranto 11.374
Bari 15

Sardegna
Sulcis-Iglesiente-Guspinese (34 comuni)
Area industrial Porto Torres 4.571
La Maddalena (*)

Sicilia

Gela 5.358
Priolo 13.451
Biancavilla 339
Area industriale Milazzo

Toscana

Piombino 2.842
Massa e Carrara 3.537
Livorno 2.072
Orbetello 335
Ex discarica Strillaie (*)

Trentino Alto Adige - Trento Trento 24
Trentino Alto Adige Bolzano Bolzano (*) 27
Umbria Terni –Papigno 655
Valle d’Aosta Emarese 15

Veneto 
Porto Marghera 5.790
Ceregnago Mardimago (*) 57
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Tab. 2 - Cleanup of contaminated site in Italy by Region: update to 2013 (Beretta G.P. 2013).

Tab. 2 - Bonifica di siti contaminati in Italia suddivisi per Regione: aggiornamento al 2013 (Beretta G.P. 2013).

region/

Province

Virtually 

contaminated sites

Contaminated sites 

found
Contaminated sites

Sites with ongoing 

actions
Cleanup sites

Piemonte 1315 402 466 1171 146

Valle d’Aosta - 14 12 15 22

Liguria - 81 119 78 50

Lombardia 3970 1879 853 - 1238

Trento - 31 86 86 351

Bolzano - - 272 114

Veneto 541 181 87 376 55

Friuli-Venezia-Giulia 684 229 - - 94

Emilia Romagna ND 225 323 343 331

Toscana 2826 477 1050 324 257

Umbria 120 44 64 64 12

Marche 673 81 297 741 295

Lazio 887 621 71 798 18

Abruzzo - - - - -

Molise - - 2 3 0

Campania 2592 359 183 73 12

Puglia 298 98 200 152 1

Basilicata - 316 6 190 3

Calabria ND 646 52 18 7

Sicilia 642 45 - 347 0

Sardegna 574 403 171 100 5

ITALY 15122 6132 4314 4879 3011

Fig. 1 - Inquinanti del suolo 
in Europa e in Italia (EIONET 
2007, 2014; Beretta G.P. 2013)

Fig. 2 - Inquinanti delle ac-
que sotterranee in Europa e in 
Italia (EIONET 2007, 2014; 
Beretta G.P. 2013)

Fig. 1 - Soil pollutants in Europe 
and in Italy (EIONET 2007, 
2014; Beretta G.P. 2013).

Fig. 2 - Groundwater pol-
lutants in Europe and in Italy  
(EIONET 2007, 2014; Beretta 
G.P. 2013).
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Fig. 3 - Sistemi di bonifica di siti contaminati in Italia (Beretta G.P. 2013).

Fig. 3 - Soil and groundwater remediation system in Italy (Beretta G.P. 2013).

The use was also applied during the remediation, and not 
only in the initial cognitive stage, to study for example the 
problems of cross contamination through a natural barrier 
due to foundation piles construction, the equivalent hydrau-
lic conductivity of sheet piles.

The migration of substances injected in subsoil for react-
ing with pollutants, the losses from old discharges, the in-
door/outdoor concentration of VOC, etc..

Ground penetration radar is used to identify conductive 
plumes of free phase liquid, Electromagnetic induction, 
Electrical impedance tomography and Self Potential for de-
tection of contaminant and utilities in subsoil.

The geophysical methods have been applied not only in 
aid to geological surveying, but in the clean phase as the 
elettrotomography an Georadar methods in the control the 
in situ chemical reduction (ISCR) of hexavalent Chromium 
in Spinetta Marengo plant (AL) due to injection of Sodium 
dithionite (Na2S2O4).

A probe MIHPT, a combination probe derived from di-
rect push technology, that can perform membrane interface 
probe (MIP) and injection pressure of water (HPT) are used 
and maximum investigation depth of 30 m was verified in 
Milan.

A typical log acquired with the MIHPT system (Fig. 4) 
can be shown Electrical Conductivity (mS/m), Flow (mL/
min), Pressure (kPa), PID max (µV·106) and K (m/day)

This information is used to recognize the subsoil hetero-
geneity and the contaminant stratigraphy, especially the 
VOC concentration, for the better characterization and the 
cleanup design. In addition, a free phase of DNAPL was 
identified at the base of a sandy aquifer.

The flow of VOC in the unsaturated media with flux 

chamber was monitored to verify the results of risk analysis 
and to support theoretical analytical model.

A low flow method of groundwater sampling is now widely 
used to sample the water in the geological media with low 
permeability and to obtain samples free of sediments, with 
the need for filtration of the water.

Vertical measurement with flowmeter heat-pulse tests and 
multilevel sampling are very rare (Petitta M. et al. 2012).

A traditional method of hydrocarbon fingerprinting was 
applied to evaluate hydrocarbon degradation in the Trecate 
(NO) crude oil spill.

A blow-out occurred at the Eni -Agip crude oil well TR-24 
released 12,600 m3 of light sweet crude oil, 1,000,000 m3 
of natural gas and 1,000 m3 of water  into the environment.

After on site and in situ remediation works (pumping of 
residual free oil phase, polluted soil excavation, biopiles, land-
farming, bioventing, biosplurping, phase -separated hydrocar-
bons recovery, thermal desorption) a monitoring natural at-
tenuation program, which lasts for several years, was applied.

The use of a “line 2” of monitoring natural attenuation 
MNA (American Society for Testing and Materials, 1998, 
U.S. Environmental Protection Agency, 1997) has shown that 
the dissolved hydrocarbon plume seems stable and controlled 
via aerobic and anaerobic bacterial degradation; as expected 
the electron acceptors such as Oxygen, Nitrates and Sulphates 
are depleted and ferrous Iron and Sulphides are produced.

The monitoring activities is very important to control the 
transport of pollutants and the presence downgradient of re-
ceptors, for example in hexavalent Chromium plumes 3-4 km 
long in the Bergamo plain.

At last the hydrocarbon fingerprinting gas chromatography 
underline a hump in the baseline due to unresolved residual 
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Fig. 4 - Un esempio di log MIHPT (per concessione di INFOGEO Srl).

Fig. 4 - An example of MIHPT log (from courtesy of INFOGEO Srl).
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complex mixture of difficult biodegradation.
The isotopic fingerprinting, especially for Carbon, was ap-

plied to know better the pollutants transport and the bio-
degradation of Chlorinated compounds for example in Ferrara 
(Shouakar-Stash O. et al. 2009) or Chienti river (Petitta M. 
et al. 2012); difficulties with an extensive and desirable use is 
due to lack of analytical laboratories in Italy.

These techniques, defined compounds-specific isotope anal-
ysis (CSIA), exploit the enrichment of heavier isotopes (for 
example 13C respect 12C ) in the residual contaminant frac-
tion and their depletion in the degradation product due to 
microbial activities.

Biogeochemical techniques have been developed at the IR-
SA-CNR in Monterotondo (Roma) and applied for special cases 
of contaminated site (Rossetti S. et al. 2008a and 2008b).

These techniques, described for example in Kaster M. et al. 
2012, are the BACTRAPs and FISH and CARD-FISH.

In the BACTRAPS the composition of bacteria exposed to 
groundwater colonising an in situ microcosm area analysed, 
highlighting the potential of pollutants degradation.

The Fluorescent I-situ Hybridization techniques (FISH and 
CARD-FISH) in combination with the quantitative real-time 
Polymerase Chain Reaction (qPCR) area used for quantify the 
dechlorating microorganism, the individual microbial cells  
and potential active microorganisms.

The organic compounds undergo a degradation in an aerobic 
and anaerobic environment and this transformation can be medi-
ated by microorganisms (biotic) or by chemical reaction (abiotic).

For example the microorganisms involved in the anaerobic 
degradation of chlorinated solvents are Dehalococcoides ethe-
nogenes strain 195 (PCE to ethylene) and Dehalobacter sp (PCE 
to cis-DCE) (U.S. Environmental Protection Agency, 2006).

An extensive use of these techniques are desirable, also for 
operational purpose and not only scientific laboratory.

A series of guidelines have been proposed to carry out the 
characterization investigations (APAT 2006a, 2006b; Provin-
cia di Milano-Università degli studi di Milano 1999, 2003b, 
2003d, 2004b, 2006a, 2006b).

Engineering vertical barriers
Many initial interventions on contaminated sites have de-

signed and implemented superficial barriers and diaphragms.
The latter in the case of Cengio and Saliceto (the first area 

of national interest) were made to separate the area with the 
waste disposal from the area reused for industrial purpose, 
with the unitary cost of cutoff wall of 400 €/m2.

In Venice the “macroisole” in the industrial area of Porto 
Marghera are being completely confined from the lagoon with 
diaphragms and sheet piles, with extension of tens of kilome-
tres at the cost of about 12 M€/km.

Within the confined area, groundwater drains are made to 
capture and treat the contaminated water and keep the hy-
draulic head lower than the external.

In many other sites were made the engineering barriers 
(Gela, Priolo, etc.) that leave an almost perennial constraint 
for land reuse.

Their use is more justified in the presence of many soil con-
taminants with different chemical, physical and biological 
behaviour and or the waste.

An important and big realization is made for the confine-
ment of the old landfill in Manfredonia (FG) based on the iso-
lation of the body and the bottom, reducing the permeability 
of limestone below the facility.

These interventions have been conducted working from 
the surface (outside the landfill perimeter) with horizontal 
directional drilling (HDD) with a 130 m long (Commissario  
Delegato 2011).

A guideline for design and verification of barriers are pro-
posed in Italy by Provincia di Milano-Università degli studi 
di Milano, 2003a.

The thickness and the hydraulic conductivity of the bar-
rier must comply with some criteria that can be derived from 
Italian law (D.Lgs. 36/2003 “Implementation of Directive 
1999/31 / EC on the landfill of waste”) and scientific literature:
•	 minimum thickness: 0.5 m;
•	 minimum crossing time of a barrier with a thickness 

of 5 m and hydraulic conductivity equal to 10-9 m/s in 
the case of the adoption of an equivalence to a hazard-
ous waste in the landfill (corresponding to approximately 
158.5 years);

•	 unitary flow rate of the filtration system, under unitary 
hydraulic gradient, of: 1.71 ÷ 6.83 L/ m2/year (U.S. Envi-
ronmental Protection Agency, 1984 and 1988);

•	 minimum depth of clamping designed based on the 
time of crossing minimum expected, corresponding to 
a thickness of 5 m and hydraulic conductivity equal to 
10-9 m/s.

To verify the thickness of the vertical barrier we can refer to 
the following relationship:

In which:
 - b: thickness of vertical barrier (m);
 - kd: hydraulic conductivity of the vertical barrier (m/s);
 - ΔH: hydraulic head difference between inner and outer 

zone of the vertical barrier (m);
 - nd: effective porosity of vertical barrier:
 - ta: crossing time (s).

The clamping depth c (m) of vertical barrier in the sub-
strate can be evaluated by means the following relationship:
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In which:
 - ks: hydraulic conductivity of the substrate (m/s);
 - ns: effective porosity of the substrate.

Finally, to verify the hydraulic head difference in the design 
(ΔH) can be apply the relationship:

in which:
 - C: concentration at the time t (mg/L);
 - C0: initial concentration (mg/L);
 - D: diffusion coefficient (m2/s).

In this way it is possible to hinder also the molecular dif-
fusion (10-10 m2/s in groundwater), which might result in the 
escape of contaminants from the confined zone, although in 
low concentrations.

During the barrier construction the tests are also aimed at 
verifying the values of hydraulic conductivity of the wall.

Because the scale-effect, the values obtainable from labora-
tory tests are lower than those in the field (Fig. 5), which are 
therefore preferable.

Fig. 5 - Esempio di misura in laboratorio e in situ della conducibilità idraulica di un diaframma in cemento bentonite (Chini A. et al. 2002).

Fig. 5 - Example of laboratory and in situ test for hydraulic conductivity measurement of slurry wall (Chini A. et al. 2002). 

Similar experiences are reported in the scientific literature 
concerning the tests inside the diaphragm by means of slug 
tests (Choi H., Daniel, D.E. 2006a and 2006b; Nguyen T.B 
et al. 2010) and other hydraulic tests (Britton J.P et al. 2002; 
Teeter R.M., Clemence S.P. 1986).

Various tests after the completion of the works are available: 
hydraulic stress (pumping test with piezometric controls inside 
and outside the confined area), geophysical methods, piezocone 
test (CPTU) and laboratory test on slurry wall samplings.

A tracer test with LiCl was carried out to evaluate the per-
formance of the seal in sheet piles in Porto Marghera indus-
trial area.

Modelling of slurry wall containment are made by Choi H. 
2007 and Pedretti D. et al. 2012

A further aspect is the durability of the barriers, on which 
we have an insufficient experimental data.

In the Table 3 they are proposed the lifetimes of some 
materials used for the engineering barriers (Inyang H.I., To-
massoni G. 1992); according to the Authors, it seems that in 
about 30 years of life, some systems are inefficient.
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Indexing time Increment (t years)

Effectiveness (%) t0 t10 t30 t100

Clay cap 80 75 60 20(85a)

Synthetic cap 90 85 75 15(90b)

Clay plus synthetic cap 95 92 80 35(98c)

RCRA C composite liner system 98 95 85 60

Clay liner 70 60 40 5

Synthetic liner 85 75 35 0

HDPE wall 65 60 50 25(65d)

Slurry wall 70 60 20(70e) 0

Tab. 3 - Estimated long-term effectiveness of selected waste containment measures: a-
assumes addition of new cap at 100 years, b-assumes addition of new synthetic cap at 
100 years, c-assumes addition of new composite clay and synthetic cap at 100 years, 
d-assumes addition of new HDPE at 100 years, e-assumes addition of new slurry wall 
at 30 years (Inyang H.I., Tomassoni G. 1992).

Tab. 3 - Efficacia stimata a lungo termine di alcuni sistemi di confinamento 
di rifiuti: a – si assume un’aggiunta di una nuova copertura a 100 anni; b – si 
assume un’aggiunta di una nuova copertura artificiale a 100 anni, c – si assume 
un’aggiunta di una copertura composita in argilla e artificiale a 100 anni, d – si 
assume un’aggiunta di una geomembrana in HDPE a 100 anni, e – si assume 
un’aggiunta di un diaframma in cemento bentonite a 30 anni (Inyang H.I., 
Tomassoni G. 1992).
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)/log(
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Hydraulic barriers
The hydraulic barriers have been used in Italy from the 

seventies in urban areas to prevent the spread of pollutants 
plumes toward wells for drinking water.

The polluted groundwater, withdrawal by trenches or wells, 
has had 1) an uncertain classification from the regulatory 
point of view: waste or discharge, 2) an uncertain treatment 
goals (target value in exit to plants), 3) a possibility of inject-
ing water into subsoil.

For point 1) a decision was taken considering discharge the 
direct water shipment to a facility for treatment of water by 
means of pipeline dedicated, otherwise water is considered 
waste.

For point 2) various criteria have been proposed:
•	 Treatment of water
•	 Possible reuse of water in situ (industrial areas)
•	 Measure in mass of pollutants values discharged

In any case, the treatment should ensure an effective reduc-
tion of pollutant loads released into the environment.

For point 3) emphasis can be reserved at the European Di-
rective 2000/60/EC that in the “Article 11 – Programme of 
measures” provides:

“Member States may authorize reinjection into the same aquifer of 
water used for geothermal purposes.

They may also authorise, specifying the conditions for: ………
Discharges of small quantities of substances for scientific purposes 

for characterization, protection or remediation of water bodies limited 
to the amount strictly necessary for the purposes concerned.

Provided such discharges do not compromise the achievement of the 
environmental objectives established for that body of groundwater.”

The Italian law 98/2013 has incorporated these principles.
Another important problem concerns the location of the 

“point of compliance” of groundwater quality downgradient 
that is established primarily to property line of the contami-
nated site.

We can also consider other criteria if have background val-
ues higher or if have defined quality goals less restrictive on 
the Water Protection Plan.

Various layout patterns of wells with the pump and treat 
(P&T) function have been made: in the source of contamina-
tion, along the plume, at the property limit.

The horizontal directional drilling (HDD) were made in 
Porto Marghera (Venise) in a thin polluted sandy aquifer with 
low flow rate (about order of magnitude of L/s).

Matrix diffusion and back diffusion influence the ability to 
restore groundwater quality in source zones and in plumes.

For compounds while chlorinated solvents the plume in 
first phase expanding in the trasmissive zones of subsoil, in 
the second phase expanding in the stagnant zones (less per-
meable) and in the third phase simultaneous inward and out-
ward diffusion occurs in stagnant zones.

Important phenomena of tailing and rebound of concentra-
tion, in expected final cleanup is recorded in many cases, also 
due to very low target values, in some cases of the order of 
magnitude or less than the µg/L.

By convection, the rebound of concentration can be esti-
mated by the following formula:

In which 
 - Cr= concentration at the end of monitoring time; 
 - Cf = concentration at the end of remediation; 
 - C0= concentration at the start of remediation: 

 ◦ REB<0.2 permanent concentration decrease, 
 ◦ 0.2<REB< 0.5 pursuance of the monitoring, 
 ◦ REB >0.5: rebound of the concentration.

Furthermore high costs for the recovery of a limited mass 
of pollutant were employed also in agreement with literature 
data (Landesanstalt für Umwelt, Messungen und Naturschutz 
Baden-Württemberg 2012) for the recovery of poorly soluble 
substances.

For example in Pieve Vergonte (Verbania-Cusio-Ossola) a 
hydraulic barrier withdraws a rate of 350-850. m3/day (season-
al flow rate of groundwater) and a plant unique in the world 
for the treatment also the DDT with capital cost of about  
18 M€ required O&M cost of about 2 M€ for the recovery of 
1.2 kg/year of the compound.

Seasonal withdrawal by wells is regulated by a computer-
ized system based on piezometric levels.

In other cases, such as for hexavalent Chromium, they have 
been achieved very low values of remediation, in relation to 
the high solubility of this metal.
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Tab. 4 - Costs of some works in contaminated sites (Majone M. et al. 2009).

Tab. 5 - Plume classification with Creceptor = 1μg/L (from Neville C.J. et al. 2011 
modified)

Tab. 4 - Costi di alcuni interventi in siti contaminati (Majone M. et al. 2009).

Tab. 5 - Classificazione dei pennacchi con Crecettore = 1μg/L (da Neville C.J. 
et al. 2011 modificato).

type of 

work

average 

depth 

(m)

average 

cost 

Unit of 

measure

range

Well 30 1.344 €/m 600 - 2900

Trench 4 – 5 755 €/m 425 - 1500

Well point 4 – 5 429 €/m 400 - 505

Permeable 

reactive barrier
10 965 €/m² ******

Sheet pile 20 185 €/m² 139 - 316

Slurry wall C/B 20 280 €/m² 120 - 462

Slurry wall C/B 

+ HDPE
20 360 €/m² 300 - 425

Jet grouting 20 240 €/m² 175 - 350

Treatment plant ******* 57.300 €/(m³/h)
12500 - 

153100

Mass disharged

(g/day)

Class of 

plume

Flux condition that virtually 

impact the wells or rivers

< 0.001 “Mag 1Plume” Limited impact

0.001 to 0.01
“Mag 2 

Plume”
Domestic well (10 m³/day)

0.01 to 0.1
“Mag 3 

Plume”
Water supply well (100 m³/day)

0.1 to 1
“Mag 4 

Plume”
Water supply well (1000 m³/gday)

1 to 10
“Mag 5 

Plume”
Water supply well (10000 m³/day)

10 to 100
“Mag 6 

Plume”
River base flow of 1.16 m³/s

100 to 1000
“Mag 7 

Plume”
River base flow of 11.6 m³/s

1000 to 10000
“Mag 8 

Plume”
River base flow of 115.7 m³/s

10000 to 100000
“Mag 9 

Plume”
River base flow of 1157.4 m³/s

> 100000
“Mag 10 

Plume”
River base flow  > 1157.4 m³/s

In coastal contaminated sites (Manfredonia, Napoli-Bag-
noli) a line of pumping wells was combined with a line of 
recharge wells downgradient to counteract active saline water 
encroachment due a general lowering of water table; the qual-
ity of recharge water (after treatment) must respect the target 
values provided by the law.

To verify the efficiency and effectiveness of hydraulic barri-
ers they were also made available national guidelines (ISPRA  
2003; Provincia di Milano-Università degli studi di Milano 
2003c), that are also inspired by the numerous international 
experiences.

A simple statistic summarizes in Table 4 some costs of the 
cleanup works derived from 17 SIN in which an important 
total flow rate of  40.5 Mm3//year is taken from groundwater, 
with an average of 6500 m3/day for the single site.

A problem of great impact on the management of ground-
water resources is due to presence, as in Milano, of plumes of 
different pollutants.

It is therefore necessary to establish a classification of plumes 
(for priorities of intervention and risk evaluations) based on 
mass transport, as proposed by Neville C.J. et al. 2011 and 
modified to fit the national experience in Table 5.

In situ treatment
Numerous examples of application of in situ technologies 

are now also available in Italy, largely derived from the inter-
national approach to remediation soil and groundwater and 
following some significant experiences are described.

In large industrial areas, even partially abandoned, with re-
fineries or fuel storage, traditional interventions of Soil Vapor 
Extraction (SVE), Air Sparging (AS), Multiphase Extraction 
(MPE), with systems of significant size are realized for treat-
ment the petroleum hydrocarbons.

An example of a Soil Vapor Extraction (SVE) of high per-
formance has been designed on two depths of 20 and 60 m 
(above and below of a perched aquifer); a radius of influence 
in deep system has reached about 100 m with a flow rate of 
290 m3/day.

The mass of chlorinated solvents extracted in Cesano  
Maderno site (Milan) was 49.5 t in the period 1997-2013.

In Bologna province a double system of in situ thermal 
treatment: was applied on the pollutant source (10x25 m): 
only steam injection in the West side of the source area and 
afterwards only electrical resistance heating in the Est side of 
the area: 

After 110 days of remediation activities it was recovered a 
mass of about 970 kg of chlorinated solvents.

In industrial area of Brugherio (Milano) a soil flushing sys-
tem with tap water were applied for removal hexavalent Chro-
mium to soil, up to a depth of 22 m (Avanzini M. et al. 1994).

The mass removed by downgradient wells is 142 kg and a 
finishing of intervention was made with geochemical fixation 
(injection of dilute solution of FeSO4) to reduce Cr6+ in Cr3+.

Only few application of zerovalent Iron permeable reactive 
barrier were carried out in Italy; a first (Di Molfetta A., Sethi 
R. 2005 and 2006) was designed and realized to chlorinated 
solvents remediation in Avigliana (TO).

A first application of pollutant oxidation was for Acetone 
cyanohydrin (spill source of about 90 t that degrades quickly 
the compound in cyanides) in Rho (Milan).
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In addition to a P&T system pump, an injection of Hydro-
gen peroxide in a double line allowed to recover or degrade 
almost completely the compound (Avanzini M. et al. 1996); 
In figure 6 are represented the isopleth maps of cyanides and 
Hydrogen peroxide injected.

In recent years, a patented products and other specific com-
pounds as Ozone, persulfates, Hydrogen Peroxide (Fenton) 
and permanganate were employed as pollutant degradation 
via oxidation reactions.

Other patented product were applied to produce reduction 
of pollutants; the application of whey (by-product of dairy 
industry) is an interesting application on hexavalent Chro 
mium plumes in Bergamo and Brescia provinces, even for 
lower costs, but with results still to be evaluated in depth. 
A whey permeate should be used, to prevent other unwanted 
reactions affecting Azote compounds.

Only a few Italian patents systems have been studied and 
applied for cleaning up: solidification of contaminated soils, 
extraction of the organic compounds from the soil by ethyl 
acetate, reduction of hexavalent Chromium by Hydrogen in-
jection.

The application of the various remediation systems can be 
indicated by the statistics of the Lombardy Region, in which 
were performed many remediation of contaminated sites; 

Fig. 6 - Carta delle isocone di cianuri (A) e Perossido di idrogeno (B): valori in mg/L.

Fig. 6 - Isopleth maps of cyanides (A) and Hydrogen peroxide (B): values in mg/L.

At the regional sites the interventions of dig and dump are 
35.9% and interventions in situ to 30.76%, with a P&T to 
12.82%; 19 sites have been reclaimed and 30 are yet contami-
nated.

In the municipal sites dig and dump increases to 62.01% 
while interventions in situ decrease to 22.78%, with P&T at 
7:41%; 1282 sites have been reclaimed and 766 are yet con-
taminated.

This situation for the municipal sites may be due to:
•	 the smaller size of the contaminated area; 
•	 a reduced number of contaminants;
•	 the need for short-term solution of the pollution prob-

lems;
•	 the intervention in case of accidental spill;
•	 the absence of a significant volume of contaminated 

groundwater; 
•	 the reduced technological knowledge;
•	 the absence of experimental test of their application in 

local site; 
•	 the competitive costs expected for traditional techniques, 

etc..

A guidelines of APAT 2005a and 2005 b and Provincia di 
Milano 2006e can be used to verify the applicability and the 
results of in situ remediation.
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Summary and conclusions
Dig and dump, vertical engineering barrier and hydraulic 

barrier (with pump & treat) have required significant capital 
and O&M costs, especially in SIN.

This has also led to a significant consumption of water 
resources in the face of a reduced mass of contaminant ex-
tracted.

Therefore, the application to these remedial measures at 
large scale has revealed a low efficiency and effectiveness, in 
relation to the expected environmental improvement, in the 
face of high costs, often due to the state of emergency.

In effect some emergency measures, made without an ap-
propriate geological, hydrogeological and hydrochemical 
knowledge, have often anticipated and influenced the further 
remediation measures.

Therefore, in the recent time, the need to introduce new in 
situ techniques that tend to really break down the pollutant 
load, and reuse natural resources arose.

New technologies for the remediation of contaminated 
sites, already available at the international state of the art, 
have been applied in Italy, also with some but few original 
interventions.

In general, the site characterization requires many geo-
logical and hydrogeological data that can be processed with 
advanced methods such as geostatistics: a proper conceptual 
model is the basis of the subsequent processing of the data.

Furthermore the new approach has included flow and trans-
port groundwater numerical modelling (finite difference or 
finite elements) used in the design.

The need for the application of in situ methods required 
the improvement of the instrumentation for the site charac-
terization, such as active and passive soil gas survey, the flux 
chamber, the direct push techniques, the membrane interface 
probe, the flowmeter, the low flow purging, etc., with the in-
tegration of geophysical techniques.

In any case, some technical and economic elements have 
mainly influenced and limited the choices of the adopted 
method:

•	 the presence of screening values (table values) also con-
sidered as final target values of groundwater cleanup, and 
the difficulty to achieve them by the techniques even if 
highly performing;

•	 the need for a quick use of the urban areas, with high 
economic value per unit, without the constraints result-
ing from the adoption of remediation with emergency 
measures;

•	 the difficulty of using hot techniques (thermal desorp-
tion at low and high temperature, incineration);

•	 the slowness of the administrative process;
•	 the costs sustainable in the presence of brownfield sites.

Therefore, the achievement of the objectives of groundwater 
reclamation, notwithstanding the application of best available 
technology for long life, has not been achieved.

In fact, despite the recovery of the mass of pollutants even 
up to 90-99%, they have not been achieved values of cleanup 
(expected concentrations of the order of mg/l) which are estab-
lished by national legislation.

It can be stated that the scientific community is consider-
ing the new paradigm expressed by the “order of magnitude 
of the flow of pollutant mass” to replace the old paradigm 
consisting in the ‘limit value of final concentrations “.

Thus, the control of water quality and the monitoring of 
the natural attenuation of the residual concentrations and 
mass following a treatment in contaminated site assume con-
siderable importance.

Finally, the hydrogeological knowledge governs the choice 
of the technology (with chemistry, biology and engineering) 
and especially the success of groundwater remedial actions.
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