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List of abbreviations

BTEX  benzene, tolouene, xylene, ethylbenzene

CHC  chlorinated hydrocarbons

CMD  copper mediated destruction
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c-DCE  cis-dichloroethene

t-DCE  trans-dichloroethene
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P&T  pump and treat

SF6  sulfur hexafluoride

TCE  trichloroethylene
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1. Introduction
The acronym FOKS stands for “Focus on key sources of 
environmental risks”. The project is focused on the protec-
tion of water, particularly groundwater. It is already known 
all over the EU that groundwater is a treasure to be saved 
for future generations. This was the reason for adopting 
the Water Framework Directive in 2000 and Groundwater 
Daughter Directive in 2006. Both directives aim at improving 
water quality till 2015. The most challenging task will be to 
reach this aim in industrially affected areas. Usually there 
are a lot of potential sources of groundwater contamination 
in such areas. The cost of immediate removal of all potential 
sources is usually too high for the responsible institutions 
and very often it is even technically impossible.

Intensive industrial use, mainly during the 19th and 20th 
century and the resulting environmental pollution are one of 
the characteristic features of the Central European region. 
This is also true for FOKS partners’ regions and areas cho-
sen for pilot actions. They represent a variety of groundwater 
contamination like pollution with chlorinated hydrocarbons, 
persistent organic pollutants and heavy metals. The main 
objective of the FOKS project was to focus the remediation 
efforts in degraded areas on the key sources of contamina-
tion. The FOKS project approach was demonstrated on five 
project test sites.

The Polish test site in Jaworzno is located in a border zone 
of the most densely populated region of the country. The 
site consists of the ORGANIKA-AZOT Chemical Plant and 
the nearby waste disposal area. It is contaminated as a re-
sult of activity of chemical industry dating back to the 1st 
World War period, with the highest intensity from the 60s 
till 80s of the 20th century. The site is known as one of the 
seven most important “hot spots” in the Baltic Sea basin (ac-
cording to the list announced by the Helsinki Commission). 
Among the disposed wastes there are hundreds of danger-
ous, persistent toxic substances, such as: pesticides, their 
semi-finished products and partial decomposition products.

The town of Novy Bydzov is located in Eastern Bohemia 
(The Czech Republic). Novy Bydzov is one of the smaller 
towns in the Czech Republic. A serious health problem of a 
citizen living beside a ruined and closed plant KOVOPLAST 
was discovered in 2007 as a consequence of drinking con-
taminated water from a private well. The level of ground-
water contamination by chlorinated  aliphatic hydrocarbons 
runs to thousands of micrograms per litre. Moreover, other 
sources of contamination are located in the territory of the 
town. The FOKS project provides considerable help for 
Novy Bydzov in identifying, classifying and rectifying the 
contamination of groundwater in the whole area of the town.

The Milan metropolitan area is one of the most populous 
in Italy and in Europe. Several contaminant plumes mi-
grate in the aquifers from the north into the city, where the 
groundwater is the only resource used by the Milan public 
water supply system. The main contaminants of concern 
are chromium, phreon and chlorinated hydrocarbons. Pro-
ject implementation in Milan was designed in order to test 
FOKS methodology in thick aquifers and inside a big city, 
where drilling of boreholes and field test activities are often 
difficult to perform and manage. 

In the Arcade site (Treviso Province), located in the Veneto 
alluvial plain, the contaminant of concern is PCE. The case 
concerns contamination detected in the 80s in a single 
monitoring well. The difficulties are not related to the com-
plexity of the hydrochemical situation or hydrogeological 
structure but to the problems with achieving and investigat-
ing a deep and highly conductive aquifer.

Stuttgart, the capital of Baden-Württemberg state, is lo-
cated in the centre of a densely populated region in south-
western Germany. The FOKS project area is situated in the 
valley of the Brook Feuerbach. As many districts of Stutt-
gart, the district of Feuerbach is constricted by severe soil 
and groundwater contamination generated over decades 
of industrial and commercial use. About 300 contaminated 
sites were identified and majority of them are polluting or 
potentially polluting groundwater by chlorinated hydrocar-
bons known to generate long plumes. Due to the neigh-
bouring sources and overlapping of different plumes the 
identification of the liable polluters is a challenging task. 
Additionally, the allocation of groundwater damages is im-
peded by the complex hydrogeological conditions in the 
project area. 

One of the most important objectives of the FOKS project 
was to demonstrate and apply the innovative tools for in-
tegral groundwater risk management in order to prioritise 
mitigation measures on key sources of groundwater con-
tamination.

The tools themselves have been described in details (Ertel, 
ed., 2011). Within the current report we describe how the 
tools were used at FOKS sites and how they contributed to 
solving the problem of contaminated groundwater in these 
areas.

The FOKS tools were applied on 5 test sites in 4 coun-
tries. At each site the specific selection of FOKS tools was 
applied, depending on the local situation. Tab. 1.1 shows 
which tools were applied at each test site. 
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Tab. 1.1. FOKS tools and sites

FOKS tools Field of application
FOKS sites

Jaworzno Stuttgart Milan Treviso Novy  
Bydzov

Passive sampling
General characterisation X X
Vertical characterisation X

Integral Pumping 
Tests (IPTs)

General characterisation X X X X X
Assessment of contaminant mass 
flow rates X X X X X

Fingerprinting
Hydrogeological characterisation X
Source – plume relationships X X

Risk-based  
approach

Definition of key parameters X
Ecological Risk Assessment X
Health risk assessment X X X

Gnostics
Check of historical data X
QA for sampling and analysis X
Risk assessment X

Modeling /  
backtracking

Interpretation of IPTs and other 
tests X X X X X

Mapping of plumes X X X X X
Source-plume relationships X X X X
Forecast and prognosis X X X
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2. Jaworzno site
Jaworzno is located in the south of Poland, in a border 
zone of the most densely populated region of the coun-
try. The site consists of the ORGANIKA-AZOT Chemi-
cal Plant and the nearby waste disposal area - Central 
Landfill (CSO) in the Wąwolnica Brook valley (including 
a former sand pit Rudna Góra) (Fig. 2.1).

It is contaminated as a result of activity of chemical in-
dustry dating back to the 1st World War period, with the 
highest intensity from the 60s to 80s of the 20th century. 
The site is known as one of the seven most important “hot 
spots” in the Baltic Sea basin (according to the list an-
nounced by the Helsinki Commission). Up to now about 
200 thousand tons of hazardous wastes have been re-
corded in this area and their adverse effect on the envi-
ronment, especially soil, groundwater and surface water 
has been confirmed. Among the disposed wastes there 
are hundreds of dangerous, persistent toxic substances, 

such as: pesticides, their semi-finished products and par-
tial decomposition products. Some of them, like - DDT, 
DDE, DDD, dieldrin, endrin, α-HCH, β-HCH, γ-HCH are 
considered as posing particular threat to the environ-
ment and are included in the list of persistent organic 
pollutants (POPs) under the Stockholm Convention. 

Some of the disposed substances – pesticides, volatile 
phenols, free cyanides – are regarded as particularly 
dangerous for the water environment. Although part of 
the contaminants is being captured through a trench sys-
tem constructed at the bottom of the former sand pit, the 
groundwater is still being contaminated. The contaminant 
concentrations measured in groundwater are often sev-
eral hundred to several thousand times higher than the 
permissible values. Although several studies have been 
conducted so far at this site, none of them managed to 
describe the key sources and relationships responsible 

Fig. 2.1. Location of Jaworzno site
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for contamination. Therefore, the FOKS project tools for 
groundwater risk management were applied at the site to 

identify the key sources of groundwater contamination. 
The main FOKS tool applied at the Jaworzno site was 
modeling. Other FOKS tools like integral groundwater 
investigation, fingerprinting, data treatment and analy-
sis, passive sampling and risk-based approach provided 
necessary information for proper model identification, 
calibration and verification. Afterwards, the remediation 
concept for the site was developed. The model forecasts 
also played there an important role (Fig. 2.2).

Hydrogeological conditions in the area of the former sand 
pit and chemical plant are relatively simple (Fig. 2.3). 
The groundwater aquifer in Jaworzno consists of the 
Quaternary sand layer, the thickness of which ranges 
from a few to over 10 meters. The aquifer is formed in 
a post-glacial buried valley of the Wąwolnica Brook. Hy-
draulic conductivity is around 10-4 m/s. The bottom of the 
aquifer is covered with a layer of clays. The thickness of 
the layer varies, however, in the whole area of concern 
it seems to be continuous, as it has been found in all 
boreholes so far. The greatest complication for identifica-
tion of the flow conditions comes from the trench system 
constructed at the bottom of the former sand pit. Still, the 
filtration field is quite uniform in this aquifer and ground-
water flow is towards south-east, in general - along the 
Wąwolnica Brook.

At first, the two main potential sources of groundwater 
contamination seemed to be the Central Landfill (CSO) 
and the so-called K Field (Fig. 2.4, areas no 1 and 2). 
The CSO was formed as a few meter thick layer of pure 
wastes, consisting mainly of HCH isomers. It is located at 

Fig. 2.3. Conceptual model of Jaworzno site

Fig. 2.2. Logic framework for application  
of FOKS tools in Jaworzno site
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Fig. 2.4. IPT application

the bottom of the former sand pit and it is unsealed at the 
top and bottom. Therefore, rainfall water can penetrate 
it and the contaminants can leach into the groundwater. 
The very bottom of the landfill is placed underneath the 
local groundwater table, which enhances the leaching 
process. 

The CSO covers only a part of the former sand pit. 
The  K  Field is the easternmost part of the former sand 
pit, partially filled with wastes of the unknown origin. 
Quite probably part of it is covered with wastes coming 
from the production of pesticides. The northern part of 
the K  Field includes mainly coal mining wastes, how-
ever pesticide wastes can also be found there.

At the bottom of the former sand pit the system of 
trenches was constructed in order to dewater the area 
and catch the contaminants leaching from the CSO and 
K  Field. However, a significant part of the leached con-
taminants is not being captured by the trench system 
which results in contaminant migration along ground-
water flow within the Quaternary aquifer. Moreover, the 
results of passive sampling as well as the results of eco-
logical risk assessment carried out for Wąwolnica Brook 
and Przemsza River (the main river of the city), show 
that there is a serious negative impact of the pilot site on 
surface water. 

In order to assess the contaminant mass flow rate and 
the average concentration of contaminants in groundwa-
ter leaving the area of concern the FOKS tool - Integral 
Groundwater Investigation was applied. Therefore, Inte-
gral Pumping Tests (IPTs) were performed on the con-
trol plane perpendicular to groundwater flow direction, 
downstream the potential source area (Fig. 2.4).

The number of wells needed to cover the designed control 
plane, required pumping rate, total time of pumping and 
specific timing of groundwater sampling were all designed 
using MAGIC software available at www.magic-cadses.
com. Therefore, 17 new wells were constructed in early 
spring 2010 and in the period spring – summer 2010 the 
IPTs were performed. During the pumping tests samples of 
pumped groundwater were collected and then analysed in 
a laboratory of the Institute of Public Health, Ostrava (CZ) 
for the presence of pesticides and organic solvents. The 
IPTs were carried out in two phases, in order to avoid the 
interference between the neighboring wells. The first phase 
was performed in May 2010 and 8 wells with even numbers 
(S-2, S-4, … S-16) were pumped. The second phase took 
place in August 2010 and 9 wells with uneven numbers  
(S-1, S-3, … S-17) were used. After receiving the labora-
tory results, the interpretation using MAGIC software was 
made in order to calculate the contaminant mass flow rate 
and the average concentration across the control plane. 
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Fig. 2.6. Plume of solvents

Fig. 2.5. HCH plumes
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The obtained results indicate that a big mass of HCH is 
constantly flowing out of the investigated area through 
groundwater aquifer across the control plane. In most of 
the wells the average concentrations of HCH in groundwa-
ter are above the permissible limit. Two separate plumes of 
HCH were detected (Fig. 2.5). 

One of them with values mostly above 10 but below 100 
micrograms of HCH per liter was found on the right (north-
ern) bank of the Wąwolnica Brook. The second plume of 
HCH with even much higher concentrations were observed 
in the south of the Wąwolnica Brook and all dewatering 
trenches where in most of the wells concentrations of HCH 
were above 100 micrograms per liter. The total mass flow 
rate of HCH across the whole control plane (sum from all 
17 IPT wells) is around 40 grams per day, (15 kilograms 
per year). Most of the HCH mass (about 95%) is migrating 
within the southern plume.
The main and the most challenging task of the investiga-
tion at the Jaworzno site was to establish a source – plume 
relationship. It is crucial for the future remediation concept 
to recognise the key sources responsible for major plumes 
of groundwater contamination. The most important FOKS 
tool applied in Jaworzno to fulfill this task was modeling. 

The objective of the modeling work in Jaworzno was to 
identify the sources of contamination detected along the 
Integral Pumping Tests (IPTs) control plane. After model 
calibration the contaminant transport modeling was per-
formed using MT3DMS code. The results show that there 
are indeed two groundwater contamination plumes in the 
area. The previously assumed sources (CSO and K Field) 
cannot be responsible for the northern plume as it is ex-
cluded taking into consideration the modeled groundwater 
flow direction. This is also supported by the results of fin-
gerprinting performed at the Jaworzno site. The chemical 
fingerprint of contamination in the northern plume is com-
pletely different from the fingerprint in the southern one. 
The application of Gnostic data treatment and analysis 
tool gave the evidence for that. Therefore, the conceptual 
model of the site must be reconsidered in order to add 
additional source inside the chemical plant, most prob-
ably in its western corner. Based on the interviews with 
the older employees of the plant it is suspected that there 
is an old landfill, which was covered only with a surface 
layer of soil and turned into a green area. Obviously, con-
tamination remained there in the deeper soil layer and it is 
responsible for significant contamination of groundwater 
at the northern side of the Wąwolnica Brook (Fig. 2.5, see 
also Fig. 2.4, area no. 4). The source-plume relationship 
seems to be already recognised there but the exact loca-
tion and delineation of this source has to be identified in 
the near future. 

As far as the southern plume is concerned (which is the 
most important plume in the investigated area), it can 
be associated with the CSO and the northern part of 
the K Field (Fig. 2.5, see also Fig. 2.4, area no. 3). The 
highest concentrations in groundwater are observed up-
stream the CSO, which proves that the CSO cannot be 
the only source of the southern plume. Application of the 
risk-based approach tool for the site also confirms that 
the highest groundwater contamination risk most prob-
ably comes from the source upstream the CSO. From the 
results of surface water sampling and from the applica-
tion of passive sampling tool, that were both performed in 
the surface water flows (including the trenches), it is also 
clear that significant contamination comes from the area 
upstream of the CSO. However the northern part of the K 
Field is several hundred times less contaminated than the 
CSO. Therefore, it is obvious that the northern part of the 
K Field cannot be the only key source of contamination. 
The site conceptual model had to be reconsidered again 
and additional investigation was performed upstream the 
K Field. As a result of this investigation a potential signifi-
cant source of HCH just upstream the K Field was found 
in the area where HCH products were stored – (Fig. 2.5, 
area no. 5). Moreover, a very important source of organic 
solvents was detected upstream of the K Field in the area 
where non-aqueous phase liquids gathered in the form 
of a pool of free phase contaminants (Fig. 2.6, see also 
Fig. 2.5, area no. 6). It is in line with the results of the risk 
based approach tool which indicated the contamination of 
chlorobenzenes to be very significant, especially for the 
area upstream of the CSO.

In the final conceptual model it is assumed that the pres-
ence of solvents is the most important driving force for 
groundwater contamination at the Jaworzno test site. 
The organic solvents present in groundwater cause 
significant leaching of HCH from the area of the former 
HCH product storehouse, the northern part of the K Field 
and also from the CSO. Taking this into consideration, 
at first the plume of organic solvents was modeled to 
identify the area of increased leaching of HCH. Then, 
both plumes of HCH (northern and southern) were mod-
eled for current conditions. The resulting source–plume 
relationships were finally assumed as satisfactory. The 
following key sources were identified for the Jaworzno 
test site: 
– central landfill (CSO) – top priority,
– pool of NAPLs – top priority,
– area of the former HCH product storehouse – top pri-

ority,
– northern part of the K Field – high priority,
– internal waste dump in the western corner of the 

chemical plant – high priority. 
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3. Severovychod – Novy Bydzov site

The town of Novy Bydzov (Fig. 3.1) is located in East-
ern Bohemia in the Hradec Kralove Region (The Czech 
Republic). Novy Bydzov is one of the smaller towns 
in the Czech Republic, with the population of about 
7,200 people. It covers the area of 3,524 ha. The town 
was founded in 1305, originally as a royal town, and it 
was an important administrative centre of the Cidlina 
Region. Industry developed in the 19th and 20th cen-
tury. Industrial plants, such as machinery plants, metal 
cutting plants, metal foundry plants, plants for chemi-
cal treatment of metals etc., were scattered within the 
town and a lot of them were situated in the vicinity of 
residential areas. State owned enterprises were pri-
vatised in the 90s of the last century. Some industrial 
plants were later abandoned or closed as a conse-
quence of bankruptcy or economic inefficiency.

Fig. 3.2. Map of groundwater contamination in the vicinity of the former KOVOPLAST Plant

Fig. 3.1. The Novy Bydzov town centre
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The improper handling of hazardous compounds (such 
as chlorinated hydrocarbons, mineral oils etc.) caused 
during the communist period uncontrolled contamina-
tion of Quaternary aquifer (Quaternary aquifer is shal-
low, about 4-5 meters thick, composed of sandy gravel 
with the hydraulic conductivity of 10-4 m/s, delimited by 

an impermeable Mesozoic strata of 400 meters thick-
ness). Although the majority of households in Novy By-
dzov have access to drinking  water distributed by the 
municipal water supplying system, private wells (qua-
ternary aquifer) are also used by some households as 
a source of drinking water or for irrigation of gardens.

Fig. 3.3. Map of PCE contamination of Quaternary aquifer (August 2009)
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A serious health problem of a citizen living beside a ruined 
and closed KOVOPLAST Plant was discovered in 2007 as a 
consequence of drinking contaminated water from a private 
well. The level of groundwater contamination from chlorinated 
aliphatic hydrocarbons runs to thousands of micrograms per 
litre (Fig. 3.2). The municipality of Novy Bydzov started to un-
dertake measures to protect the public health. Exploitation of 
groundwater from private wells in the area surrounding the 
plant was banned. Simultaneously, the municipality initiated 
groundwater investigation to identify precisely the source of 
contamination and to evaluate the range of contamination.

Other potential risks of groundwater contamination arise from 
the historical character and disposition of industrial plants in 
the town of Novy Bydzov. In addition to the identified con-
tamination source, there are other potential hot spots in the 
area of Novy Bydzov that could pose serious threats to the 
groundwater quality, as well as to the public health. The po-
tential sources of chlorinated hydrocarbons are: glassworks 
situated in the vicinity of a municipal drinking water intake, 
a former tannery located at the Cidlina River, a dry cleaning 
factory which used to apply chlorinated hydrocarbons as de-
tergents in the past, a former petrol station, etc.

Identification of hot spots and the evaluation of ecological 
and health risks caused by groundwater contamination rep-
resent a key priority for the municipality of Novy Bydzov.

The FOKS project provides a considerable help for Novy 
Bydzov in identifying, classifying and rectifying the contami-
nation of groundwater in this town. 
The following tasks were performed under the FOKS pro-
ject in Novy Bydzov:
– assessment of health risks arising from previously iden-

tified contamination of groundwater in the premises of 
the former KOVOPLAST Plant (Case 1 – KOVOPLAST 
– Risk analysis),

– identification of other potential local points of groundwa-
ter contamination in the territory of the town, their veri-
fication and assessment with regard to possible health 
impacts on the population, sources of drinking water 
and other environmental aspects (Case 2 - Identification 
of potential sources of contamination in the territory of 
the town).

The investigation was carried out between April 2009 and 
December 2010. 

Fig. 3.4. Localisation of sampling points
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During the investigation of the Case 1 (KOVO-
PLAST Risk Analysis) nine shallow wells were 
drilled for soil, soil gas and groundwater sam-
pling in the source of contamination. According 
to the monitoring layout three rounds of ground-
water sampling were carried out. 
Indoor air was collected in buildings situated 
above the contamination plume of chlorinated 
hydrocarbons in the groundwater. 

The scope of activities carried out within the task 
“Identification of potential sources of contamina-
tion in the territory of the town” consisted of the 
following activities: 
– comprehensive research of findings on geo-

logical, hydrogeological data regarding the 
whole territory of Novy Bydzov, together with 
an inspection of previous explorations of 
groundwater and soil contamination in Novy 
Bydzov,

– identification and definition of potential 
sources of groundwater contamination,

– drilling of 12 IPT wells,
– performance of integral pumping tests,
– evaluation of results, development of a re-

mediation concept,
– development of innovative tools for integral 

groundwater investigation.

The investigation identified the main source of 
contamination in the area of the former KOVO-
PLAST Plant – the former foundry building. On 
the basis of groundwater investigation consist-
ing of three rounds of sampling, the map of con-
tamination plume of chlorinated hydrocarbons in 
the Quaternary aquifer was evaluated (Fig. 3.3). 

The high level of contamination of the shallow 
aquifer with volatile organic compounds rep-
resents a risk for the health of citizens living in 
the vicinity of the contamination source due to 
the release of contaminants into indoor air and 
their accumulation in the environment of con-
fined space in buildings (in cellars, living rooms 
etc.). The results of indoor quality measurement 
showed unacceptable risks for human health in 
the residential area in the vicinity of the former 
plant KOVOPLAST caused by the release of 
PCE into indoor air from contaminated ground-
water. The concentrations of PCE in different 
locations were the following: 364, 511, 187, 332, 
196 µg/m3 and excedded the acceptable sani-
tary limits for indoor air quality.

Sample 
ID

tetrachlorethene
Time-

integrated 
Passive 

Sampling

conventional sampling average 
concen-
tration18.8.2010 6.9.2010 20.9.2010

µg/l µg/l µg/l µg/l µg/l
HV-1 (4,0 

m.o.p) 3210 5180 6980 975 4378

HV-1 (6,5 
m.o.p) 3500 1140 9680 12700 7840

well No.2 5400 15200 7180 3290 8557
well No.3 510 844 775 1220 946
well No.4 380 969 479 411 620
well No.5 <70 12,3 12,6 15,4 13

Sample 
ID

cis-1,2-dichlorethene
Time-

integrated 
Passive 

Sampling

conventional sampling average 
concen-
tration18.8.2010 6.9.2010 20.9.2010

µg/l µg/l µg/l µg/l µg/l
HV-1 (4,0 

m.o.p) 90 30,3 45 56,5 44

HV-1 (6,5 
m.o.p) 180 11,5 221 410 214

well No.2 1810 5750 1600 1100 2817
well No.3 91 58,7 63 73,2 65
well No.4 132 182 91 65,4 113
well No.5 <40 0,7 1,7 1,5 1,3

Sample 
ID

trichlorethene
Time-

integrated 
Passive 

Sampling

conventional sampling average 
concen-
tration18.8.2010 6.9.2010 20.9.2010

µg/l µg/l µg/l µg/l µg/l
HV-1 (4,0 

m.o.p) 130 54,5 50 40,1 48

HV-1 (6,5 
m.o.p) 110 24,9 226 299 183

well No.2 420 2260 539 293 1031
well No.3 43 37,6 30,9 35,2 35
well No.4 42 83,4 31,5 22,7 46
well No.5 <30 3,4 4,2 4,1 3,9

Tab. 3.1. Concentration of chlorinated hydrocarbons 
in passive samplers and in grab samples
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Fig. 3.5. Concentration of chlorinated hydrocarbons in grab samples in time

Fig. 3.6. Potential sources of groundwater contamination
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A detailed field investigation of the area of the former 
company KOVOPLAST enabled testing of an innovative 
tool – application of passive sampling for groundwater in-
vestigation. The purpose of the passive sampling was to 
determine the average concentration of CHC in the Qua-
ternary aquifer, which is characterised by high variability of 
chemical composition depending on seasonal influence of 
the Cidlina River. 

The passive samplers - ceramic dosimeters were tested in 
six monitoring wells for determination of the time-integrated 
concentrations of chlorinated hydrocarbons. The monitor-
ing wells were selected with the purpose to ensure a differ-
ent concentration level of chlorinated hydrocarbons con-
tamination for testing – the high level with the sum of CHC 
above 1000 µg/l, the medium level (sum of CHC among 
100 – 1000 µg/l) and the low concentration level (below 
100 µg/l). The location of the tested monitoring wells is il-
lustrated in Fig. 3.4.

Ceramic dosimeters were installed for the period of one 
month in the wells to stable depth position. Mini-pressure 
pumps were placed in the same positions as dosimeters. 
During the testing period, which lasted one month, three 
individual sampling cycles (at the beginning, in the mid-
dle and at the end of the passive sampler exposure) were 
carried out using a conventional water sampling with mini-
pressure pumps. The results of chlorinated hydrocarbon 
determination in passive samplers and in grab samples are 
presented in Tab. 3.1. The time-integrated concentration 
from passive samplers and the average concentration cal-
culated from individual measurements of grab samples are 
illustrated in the graph below the table.

While the results of the time-integrated concentrations 
from passive sampling are comparable to the average con-
centrations of three individual grab samples, the individual 
concentrations of chlorinated hydrocarbons received from 
grab sampling changed significantly during the testing pe-
riod. The graph below illustrates great variability of contam-
ination in the Quaternary aquifer within a relatively short 
period, and shows potential difficulties in the evaluation of 
monitoring events which are based on sparse frequency of 
sampling (Fig. 3.5).

The testing confirmed a relatively good consistency of the 
time-integrated concentrations received from passive sam-
pling and the average concentrations calculated from three 
individual grab samples collected during the testing period. 
The testing shows the advantages of passive sampling ap-
plication, especially the possibility to reduce the number of 
sampling events mostly in the highly variable environment 
of the Quaternary aquifer, without any dramatic limitations 
to the data evaluation quality. 

During the investigation of the Case 2 the identification of 
potential sources of contamination in the town was carried 
out.
In accordance with the rules of groundwater management 
for the integral groundwater investigation defined within 
the MAGIC project (2005-2008), the preliminary activi-
ties started with a comprehensive research of findings on 
geological inspection in the territory of Novy Bydzov and 
identification of potential sources of groundwater contami-
nation in this town. On the basis of these investigations 
about 13 potential sources of contamination were identified 
(Fig. 3.6).

The administrative authorities of Novy Bydzov responsible 
for groundwater management selected six key contamina-
tion sources for further investigation taking into considera-
tion potential risks for human health, groundwater protec-
tion and future development of the town. 

Twelve wells were drilled through the whole thickness of 
the Quaternary aquifer in the vicinity of the selected po-
tential sources for performing integral pumping tests. The 
wells were situated below these sources in the direction 
of the groundwater flow. The location of wells for integral 
pumping tests is illustrated in Fig. 3.7.

Integral pumping tests were performed for a 5-day period. 
Results of integral pumping tests were evaluated using the 
MAGIC software tool and the reverse routes of contamina-
tion spread from IPT wells were interpreted using the nu-
merical flow model. The concentration time series from the 
IPTs on the well no. 3 and no.10 are illustrated in Fig. 3.8.
Three new sources of groundwater contamination were 
confirmed using the IPTs, instead of the six originally iden-
tified:
– former Transport Services – contamination of ground-

water with oil substances,
– Glassworks - Sklárny Bohemia – contamination of 

groundwater with chlorinated hydrocarbons,
– dry cleaning factory – contamination of groundwater 

with chlorinated hydrocarbons.
The above-mentioned localities are presented in Fig. 3.7. 

The application of IPTs saved time and costs in the process 
of identification and the first ranking of the potential sourc-
es of groundwater contamination in the territory of Novy 
Bydzov. Using the approach of integral groundwater inves-
tigation only 12 new wells were drilled instead of 24 (4 wells 
for each of the 6 potential sources), which would have to 
be applied in the “case by case” approach. Although further 
investigations of the confirmed sources will be necessary, 
savings in drilling works, sampling or analyses as well as in 
time consumed at the first stage to recognise the range of 
the problem were undoubtedly quite significant.
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Fig. 3.8. The concentration time series from the IPTs on the well no.3 and no.10

Fig. 3.7. Sources of groundwater contamination in Novy Bydzov
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4. Milan – Gorla site
The city of Milan is affected by the existence of a former, 
broad and extended industrial area in the northern dis-
tricts, as well as several current and past industrial set-
tings all around the northern outskirts of the city and the 
province. Several contaminant plumes migrate in the 
aquifers from the north into the city, where the ground-
water is the only resource used by the Milan public wa-
ter supply system.

The Milan metropolitan area is one of the most populous 
in Italy and in Europe. The local public administration 
(Office for Reclamation Plans), which is responsible for 
authorisation of remediation actions in soil, subsoil and 
groundwater in the municipal territory, was involved in 
the FOKS project.

The Gorla pumping station (8˙807 m3/d) is one of the 31 
stations used to provide urban water supply services. 
This is one of the FOKS pilot areas (about 5 ha, see 
Fig. 4.1) and it was chosen because of its northerly po-
sition and exposure to incoming contaminants: currently 
it is known for the existence of Chromium VI, Freon 141, 
PCE and TCE contamination that frequently determines 
the shutdown of many pumping station wells.

In the extended pilot area, which covers several north-
eastern districts of the city, there are also other wells 
belonging to different pumping stations as well as mu-
nicipal network monitoring wells; anyway, Gorla is still 
the most exposed pumping station.

The aquifer characteristics in the pilot site represents 
a challenge for FOKS tool application, because of the 

high thickness and the mean hydraulic conductivity 
value. The phreatic alluvial aquifer is mainly built up of 
gravel and sand, then around the Gorla pumping station 
area a clayey layer separates the so called “A aquifer” 
(unconfined) from “B aquifer” (semi-confined) (Fig. 4.2). 
In the map the white colour represents the zone where 
the clay layer does not occur and there is no division be-
tween A and B aquifer. The red lines indicate the cross 
sections position. The depth of the B aquifer bottom var-
ies from 80 to 100 m a.s.l. (marked with cyan), while 
the depth of the unconfined aquifer bottom is about 
30 – 35 m a.s.l. (marked with yellow). The hydraulic con-
ductivity of the two aquifers, estimated through pump-
ing tests, is quite similar and ranges from 7.5•10-3 to 
7•10-4 m/s, while the clayey layer hydraulic conductivity 
is about 5•10-6 m/s.
The FOKS project goal was to study the distribution of 
plumes and evaluate the strength of the contamination, 
i.e. to list the most probable sources, reduce the study 
area for deeper investigation activities and select the 
actions for water supply protection.

Project implementation in Milan was designed to test 
the methodology in thick aquifers and inside a big city, 
where drilling of boreholes and field test activities are of-
ten difficult to perform and manage. Another interesting 
issue concerns the chance to minimise costs and logisti-
cal aspect through the application of IPT methodology 
using the already existing public wells in order to avoid 
drilling of new wells. 

The first step of the project implementation included the 
analysis of hydrogeological and hydrochemical data col-

lected during the past years and 
identification of industrial sites lo-
cated upstream the test site. The 
second step was the implementa-
tion of a conceptual and numeri-
cal model of the aquifer, based 
on the collected data, useful to 
evaluate groundwater flow direc-
tions and flow rate.

Thanks to the numerical model 
and the available data on the 
Gorla site, two sets of IPTs were 
designed. The first set of IPTs 
was performed in spring 2010 
and the second one in autumn 
2011 to improve the results in the 
eastern part of the pilot site. The 
IPT results, evaluated through the  Fig. 4.1. General view of Gorla site
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Magic software tool, allowed to estimate the concentra-
tion profiles and the mass flow rates of each contami-
nant along the control planes (placed orthogonal to the 
groundwater flow). This information was very important 
to identify the plumes that are currently crossing the 
Gorla pumping station wells. Finally, using the back-
tracking analysis the most probable sources of contami-
nation were identified.

To achieve the expected results, several concurrent 
as well as sequential tasks were undertaken. The con-
ceptual model was built with several collected bore-
hole data (stratigraphy of public and private wells and 
piezometers), as well as historical hydrochemical data 
coming from public control agencies and companies.

Then more detailed information was collected around 
the area where IPTs were to be held in order to improve 
the hydrogeological structure representation and to es-
timate the real extension of the clayey layer between 
the aquifers A and B. Pumping tests were performed to 
determine local variations in hydraulic conductivity and 
the clayey layer confining characteristics.

Based on the performed conceptual model, a numeri-
cal model, using Modflow, was implemented, in order 
to design IPT tests and to determine inflows through 

the pumping station coming from potential sources lo-
cated upstream the Gorla area. The applied model de-
rived from a wider one prepared by Alberti et al. (2001), 
which was modified through Telescopic Mesh Refine-
ment (TMR); this refinement was carried out on over 
approximately 25 km2. The extracted model grid was 
refined throughout the whole area (10 m x 10 m) and 
specifically around the Gorla pumping station wells (1 m 
x 1 m) to guarantee good numerical calculations. Since 
only the traditional aquifer had to be simulated, the verti-
cal discretisation consisted of 3 layers that represented 
respectively the aquifer A, the separation clayey layer 
(aquitard) and the aquifer B.

The first set of IPTs (May-July 2010) was performed 
on a control plane (with a length of about 1 km), which 
consists of 7 Gorla wells, lined up perpendicular to the 
mean groundwater flow. These wells are usually used 
to provide water supply services in the NE zone of Mi-
lan. Therefore, due to public water demand issues that 
obliged the pumping station to work properly to satisfy 
the population needs, all the wells were turned on at the 
same time and 15 samples were taken from each well.

Since the evaluation of the first set of IPT results 
showed more uncertainties about the distribution of the 
contaminants in the eastern side of the control plane, 

Fig. 4.2. Conceptual model of Gorla site
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a second set was designed and executed, to better de-
fine the plume position of Chromium VI and PCE and to 
fill the gaps between wells P1, P2 and P4. Therefore, in 
November-December 2011 new data (10 samples) were 
collected performing 22 days long IPTs in wells P15 and 
P16.

During the IPTs the following compounds were moni-
tored: TCE, PCE, Chromium VI and Freon 141b. The 
concentration values measured during the application 
of the two IPT sets were converted, with the Magic soft-
ware, into concentration versus the distance from the 
pumping well, allowing to represent the distribution of 
the 4 compounds’ concentrations in groundwater and to 
estimate the location of plumes along the control plane.
The last application of the toolset was modeling of par-
ticle backtracking that allowed, once the main plume 
identification was achieved, to backtrack the contami-
nant paths upstream to the control planes. So it was 
possible to identify Freon 141b sources and to reduce 
(about 80%) the number of Cr VI potential contamina-
tion sources. Consequently, also the area for further 
deeper investigations, required to find the responsible 
entities and to design mitigation actions for public water 
supply protection, was greatly reduced.

To calibrate the mathematical model used for IPT de-
sign, simulation and backtracking analysis, two series 
of wells were applied: wells screened in the B aquifer, 
and monitoring wells screened in the aquifer A (in total 
22). The absolute residual mean from the steady state 
model is 0.14 m and the arrangement of points along 
the 45° line indicates the good agreement between the 
numerical model and the observed values, whereas the 
water budget provides an error of about 0.3%.

The IPTs were reproduced by means of the mathemati-
cal model in order to identify well capture zones (i.e. the 
investigated areas) and to evaluate the distribution of 
the contaminants. 

Unfortunately, the well capture zones of the first set 
of IPTs were not complete, because the pumping flow 
rates of wells were smaller than the ones designed. Any-
how, using the Magic software, concentration versus 
time was converted into concentration versus capture 
zone and the inverted concentrations were represented 
in a coloured scale, for each compound, and placed in 
a georeferenced map. The symmetrical solution of re-
sults is presented in Fig. 4.3 and Fig. 4.4. Concerning 
Freon 141b, it was clearly detected in the western part 
of the control plane with concentrations up to 130 µg/l 
(Tab. 4.1, Fig. 4.3) and the plume centre line was sup-
posed to be between P11 and P18. Through numerical 
particle backtracking analysis, starting from the control 
plane, 16 brownfield/productive areas were selected 
as potentially responsible for contamination (Fig. 4.5). 
According to the production history and the analysis of 
chemicals detected in the last 5 years in the municipal 
groundwater monitoring network, 2 particular areas 
were recognised as sources responsible for Freon 141b 
contamination.

All TCE concentration values were lower than 5 µg/l 
(Tab. 4.1) which can be considered as a background 
value in Milan. Therefore, based on the integral ap-
proach application, we could state that TCE plumes did 
not exist in that area. TCE contamination could be rea-
sonably considered as a diffuse contamination (mass 
flow rate 2.14 g/d for 100 m aquifer width).

Tab. 4.1. IPT results

P18 P11 P12 P1 P3 P4 P5 P15 P16

TC
E

Mean concentration (µg/l) 3.2 3.2 2.4 1.8 2.1 2.1 3.3 2.0 2.0
Max concentration (µg/l) 3.6 4.2 3.2 2.6 2.4 2.5 4.1 2.0 2.9 Σ
Mass flow rate (g/d) 4.1 4.6 2.5 1.5 1.3 1.3 2.3 2.0 1.8 21.4

PC
E Mean concentration (µg/l) 9 14.4 13.5 15.6 12.4 11.8 9.7 9.8 10.5

Max concentration (µg/l) 14.8 26.7 17.2 20.2 14.1 13.0 11.1 11.0 12.5 Σ
Mass flow rate (g/d) 11.5 20.7 13.5 13.1 8.0 7.2 6.7 9.8 9.4 99.9

Cr
 V

I Mean concentration (µg/l) 5.9 6.0 8.0 11.8 16.2 20.4 11.2 15.2 41.0
Max concentration (µg/l) 8.9 15.7 14.4 17.6 29.3 40.1 14.6 17.7 84.2 Σ
Mass flow rate (g/d) 7.5 8.6 8.0 9.9 8.1 12.5 7.7 15.3 36.9 114.5

Fr
eo

n 
14

1b

Mean concentration (µg/l) 73.2 92.0 57.9 31.7 8.3  -  - - -
Max concentration (µg/l) 94.3 120.8 74.0 50.5 15.3  -  - - - Σ
Mass flow rate (g/d) 93.5 133.8 59.1 26.7 5.4  -  - - - 318.5
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The highest concentration values of Chromium VI were 
detected in the eastern part of the control plane be-
tween wells P1 and P5 and the core of the plume was 
identified in P16 (Fig. 4.4). The concentration 5 µg/l is 
the threshold limit value according to Italian regulations. 
Orange dashed line indicates the core of the plume. Us-
ing the numerical particle backtracking analysis, starting 
from the control plane, 9 brownfield/productive areas 
were selected as potentially responsible for contamina-
tion (Fig. 4.5). For their position and production history, 
these 9 areas were added to the ranking list for further 
and deeper investigation to definitely allocate the ac-
countable source/s. Violet lines in Fig. 4.5 show the par-
ticle backtracking for P11 and P16, in which the highest 
mass flow rates, respectively of Freon 141b and CrVI, 
were detected.

The high PCE concentration values were found in the 
western zone of the control plane with a peak in P11, 
that showed also the highest mass flow rate - 20.7 g/d 
(Tab. 4.1). Nevertheless, the quite homogeneous PCE 
concentration distribution along the control plane did not 

allow to clearly detect the plume center line and showed 
a large plume between P11 and P4. The numerous de-
tected “strips” should indicate that small plumes, orig-
inating from many sources, probably overlap each other 
in different zones.

The northern area of Milan was considered unsuitable 
for IPT methodology application because of high thick-
ness and high hydraulic conductivity values of its aqui-
fers. Under such hydrogeological conditions applying 
IPTs is rather expensive and interpretation of results in 
the context of vertical concentration variations - quite 
uncertain. However, the IPT methology was aplied in 
this case in order to improve knowledge on the quality of 
water in the existing wells supplying water to the public. 

The advantages of such a decision were the following:
– opportunity to pump high water volumes - chance to 

cover long control planes,
– cost reduction (as it was not necessary to drill new 

wells of about 100 m depth) - possibility to discharge,
– contaminated water in the municipal sewage sys-

tem, avoiding long pipe connections,
– there was no need to close streets and it was pos-

sible to use public areas with no limitation,
– opportunity to replicate the IPT elsewhere in one of 

the 31 Milan pumping stations.

On the other hand, the main challenge was to solve the 
problems related to logistics and subject the manage-
ment of a waterwork pumping station to the IPT needs 
and time schedule.

The wells in the Milan pilot site are generally used to 
provide water supply services in the north-eastern zone 
of the city. Therefore, this aspect required a great effort 
and involvement of engineers and workers of the pub-
lic waterworks (MM Company) in IPT design and man-
agement phases. Consequently, the related costs were 
higher than the foreseen ones. Furthermore, in order to 
satisfy the daily water demand, some compromises for 
the methodology application were reached: it was not 
possible to turn off all the Gorla wells before the first 
set of IPTs started, and P15 and P16, located upstream 
the control plane, pumped night and day with constant 
pumping rates during all the IPT duration. These two 
wells surely reduced the mass flow rate through the 
control plane, and the interpretation of results was 
more difficult. For this reason the second set of IPTs 
performed in P15 and P16 was necessary to draw some 
conclusions. 

Therefore, taking into consideration the reduction of 
drilling costs, the use of the existing wells to perform 

Fig 4.3. Freon141b concentrations values and 
plume identification

Fig 4.4. Chromium VI concentration values   
and plume identification
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IPTs is applicable and reasonable, provided that we are 
aware of the limits and restrictions deriving from the ap-
plication to such a complex system as a city, character-
ised by interference with urban activities and needs that 
may often interfere with pumping time and volume of 
groundwater subjected to demand.

Although the IPT application was not rigorous, the inter-
pretation of results provided important information about 
the distribution of plumes in the Gorla zone. Moreover, 
the Milan study area showed that the methodology was 
suitable also for thick and permeable aquifers. On the 
basis of IPT and backtracking results regarding Freon 
141b, implementation of a hydraulic barrier just down-
gradient the 2 sources was suggested in order to cut off 
the plume. Consequently, this will unable Freon 141b to 
hit the Gorla station in its western side. A decrease of 
concentrations in P11 is foreseen in 2 years. As detailed 
information about the characteristics of the hot spots 
was not available, it was impossible to recommend any 
remediation actions.

For Cr VI it is still not possible to exactly locate the re-
sponsible source/s of groundwater contamination. Nev-
ertheless, it is now clear that the source (or sources) 

Fig. 4.5. Particle backtracking and potential sources individuation for Freon 141b and Cr VI

should be situated in the area that corresponds to the 
backtracking particle strips starting from wells P15, P16 
and P04. To define the source of Cr VI contamination, 
new investigations - in a smaller area than the pilot one - 
must be performed. Having analysed strips starting from 
P16 and then strips going from P15 and P04 a ranked 
list of contamination sources was prepared but it still re-
quires further investigation. 

After adding at least 2 new monitoring wells to the exist-
ing private ones, new information should be available to 
better localise the main source.

To sum up, applying the IPTs in the urban environment 
must be very well planned and designed, because the in-
terferences might complicate the proper analysis of data. 
In Milan quite clear results were achieved for the com-
pounds showing the highest concentration values (Freon 
141b) and for Cr VI, but there are still some uncertainties 
for PCE. 

In general, a quite successful implementation of FOKS 
tools in Milan enables identification of the most relevant 
sources and this, of course, is the first step towards the 
development of a site-specific remediation strategy.
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5. Treviso – Arcade site
In the site of Arcade the contaminant revealed by the chemi-
cal analysis of groundwater samples is PCE. The study area 
is located in the Veneto alluvial plain, in the northern Italy, 
characterised by sandy gravel alluvial deposits and an un-
confined aquifer with high values of hydraulic conductivity 
and water table at 20 – 30 m below ground level (Fig. 5.1).
The bottom of the aquifer is a cemented gravel layer (50 me-
ters depth).

The case concerns contamination detected in the 80s in 
a single monitoring well (AR3) through chemical analysis 
carried out by public bodies. The recorded contaminant con-
centration ranged from 25 - 40 µg/l.

In this case, the difficulties are not related to the complexity 
of the hydrochemical conditions or hydrogeological structure 
but to the problems in achieving and investigating a deep 
and highly conductive aquifer (8.8 •10-3 to 1.4 •10-2 m/s) 
which is important because it is used as a source of drinking 
water.

The surveys were coordinated by the Province of Treviso 
and aimed at planning and performing geological and envi-
ronmental studies to be carried out in 2009-2012.
Initially it was necessary to define the hydrogeological con-
text of the site, so the first activities were:
– drilling of new monitoring wells, organisation of a piezo-

metric network for groundwater monitoring and chemical 
surveys to obtain new information about local geology/
hydrogeology and to improve the conceptual model,

– several campaigns of water table measurements to de-
termine the hydraulic gradient and the direction of the 
groundwater flow,

– groundwater level monitoring through the installation of 
automatic dataloggers in some wells in order to study the 
seasonal variation of the water table correlated with the 
recharge factors,

– multi-parametric logs to measure chemical parameters 
(temperature, pH, electric conductivity, dissolved oxygen 
and oxidation reduction potential) in different depth levels 
inside the monitoring wells,

– hydrochemical characterisation with several sampling 
campaigns, from a wide investigation in all the available 
monitoring wells to a more detailed analysis focused on 
the contaminated area.

These investigations were necessary because at first the 
dataset for the study was limited to the concentration in AR3 
without any satisfactory information about the hydrogeologi-
cal context.

After preliminary surveys the conceptual model was devel-
oped through the application of two FOKS tools: integral 
pumping test and passive sampling.

A preliminary risk analysis was also applied with the use of 
the software RBCA Toolkit 2.5 (www.gsi-net.com/software.asr) 
on the basis of new information to point out the environmen-
tal situation of the site.

The first IPT was realised in a single well, obtaining an ex-
perimental value of hydraulic conductivity and a preliminary 
approach to the application of IPT theory.

The chemical distribution inside the capture zone of the 
pumping well and consequently the probable plume position 
was defined. The obtained results were integrated with the 

Fig. 5.1. Geological section of the Treviso – Arcade site
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hydrochemical characterisation of the site and further de-
tailed investigations were planned. The second step started 
with drilling of three large diameter wells (P1, P2 and P3), 
placed along a transect orthogonal to the groundwater flow 
direction in the north of AR3. The IPTs were conducted in 
these wells in order to verify the results obtained with the first 
IPT in AR3 and to delineate with more precision the PCE 
plume path that came out after the first IPT.

Each test was realised for 73 hours of continuous pumping 
(pumping rate = 60-90 l/s) with 14 time steps of sampling. 
Fig. 5.2 shows the final interpretation scenario, with all re-
sults from IPTs and chemical analysis of water samples (av-
erage PCE concentration).

The main result is that the probable plume centerline (shown 
in purple in Fig. 5.2) coincides with the axis passing through 
AR11 – MW2 – P2 – MW1 – AR3 wells. It was possible to 
define more accurately the area where the source is located 
(near the most probable plume position). In this domain all 
the industrial sites using PCE in the production cycle were 
identified, which allows to exclude some of them and focus 
the study on the narrowed area.

Afterwards, another monitoring well (MW5) was drilled in 
order to detect the PCE concentration in the upstream posi-

Fig. 5.2. Final interpretation of IPTs

tion of the groundwater field. The chemical analysis showed 
a high concentration of PCE which indicated that we came 
closer to the possible source of contamination. The next step 
was implementation of a multilevel passive sampling cam-
paign, conducted in 8 strategic monitoring wells to under-
stand the three-dimensional distribution of the contaminant 
in the aquifer. 

This technique is based on the deployment of multiple PDB 
(water-filled Passive Diffusion Bag) samplers at pre-deter-
mined depth intervals inside the monitoring well; these sam-
plers are left in place till the equilibrium with groundwater is 
reached (2-3 weeks was adequate for the Arcade case), in 
particular concerning the contaminant concentration in well 
water flow.

In Arcade passive samplers were coupled with active sam-
plers, placed at the same horizons and connected via mini 
pipes with Mini-Pressure Pumps (MPP) for low flow sam-
pling of groundwater in monitoring wells in order to compare 
two different interpretations of chemical results.

The samplers were deployed at 4 depth intervals from the top 
of the piezometer: the first at about 29 – 33 m (correspond-
ing to the water table level) and the others with a 4 – 4.5 m 
step (Fig. 5.3). The results of this detailed characterisation 
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are presented in the next figure, which displays the three-
dimensional distribution of PCE in the analysed monitoring 
wells. Each graph shows PCE concentration measured in 
the sample collected using two different sampling methods.
Higher concentrations are confirmed in MW1, MW2 and 
P2 and PCE traces are observed in P1 and P3 but at lower 
concentration levels. Analysis of concentration vertical distri-
bution does not show high variations (except for P2 where 
an anomalous concentration is detected). However in MW2 

the concentration measured with passive sampling is higher 
while in MW1 it is lower than the concentration measured 
low flow sampling. This behavior can be explained by flow 
direction rotation. Passive sampling provides CHC mean 
concentration during the equilibrium interval while low flow 
sampling provides an instant concentration. Now, if there is 
a flow rotation in the measurement period and consequently 
a variation of concentration, the two different methods may 
record different values. Higher concentrations are observed 
in the central sector of the filter between 35 and 40 meters of 
depth: these results suggest that the source is probably not 
close to the P1-P2-P3 area but at some distance upgradient 
from MW2; otherwise, in this hydrogeological context, higher 
concentrations should be expected in the superficial level. In 
this case the new monitoring well (MW5) did not reveal the 

presence of PCE in the water column inside the piezometer, 
no matter which sampling technique was applied (Fig. 5.4). 
This chemical configuration can be explained again with 
the rotation of the flow direction and further investigations 
in the upgradient area would define the exact position of the 
source. 

Based on the results of experimental data, a screening-level 
health risk assessment was carried out. For the evaluation, 
the software RBCA Toolkit 2.5 was used, which is not only 
one of the most widespread programmes, but is also one 
that is recognised by regulatory authorities both nationally 
and internationally. It well fits the transport mechanisms and 
the exposure pathways found here, and in particular the 
vapour volatilisation process from source which in this case 
was defined by the plume.

The concentration at the source was set at 100 µg/l, which 
is the highest level found in the water samples according to 
the protocol of the Institute for Environmental Protection and 
Research (ISPRA). 

In the risk assessment some of the parameters were deter-
mined at the site, others were set as default values. These 
precautionary default values were used particularly to set the 
indoor vapour flow and that is why only a rough estimation 
can be given. A more precise evaluation could be provided 
once complete site surveys are carried out. 

The active exposure mechanisms are vapour volatilisation 
of contaminants from groundwater and their atmospheric 
dispersion. Exposure may, therefore, occur because of in-
door or outdoor inhalation in a residential context. Children 
are considered as receptors due to their greater sensitivity to 
these particular exposure pathway. 

Groundwater ingestion is not taken into consideration be-
cause in this case the Italian law imposes the analysis based 
only on generic risk-based screening levels (Fig. 5.5). The 
risk analysis revealed that the indoor risk levels were over 
the limit. Nevertheless, it is necessary to mark that the pa-
rameters were set with default values for this case, and 
therefore cannot be considered as site specific. According 
to the results obtained from the introduction of precaution-
ary parameters, a risk situation cannot be ruled out for the 
population and preventing measures should be undertaken 
or investigation activities should be carried out. After a de-
tailed site investigation the risk will be reassessed and the 
remediation will be planned to achieve the established risk-
based remedial targets.

The specific surveys and in particular the implementation of 
the FOKS tools were essential to define the hydrogeological 
and environmental context of the contamination.

Fig. 5.3. Passive sampling configuration 
and passive sampler
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Fig. 5.4. Low-flow and passive sampling results 
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Fig. 5.5. Active exposure mechanisms for screening level health risk assessment in the Arcade site

Despite the difficult hydrogeological conditions the applica-
tion of the FOKS approach and tools allowed to narrow 
the search area of groundwater contamination sources. 
Taking into consideration the cost-benefit analysis it can 
be noticed that the FOKS approach proved to be more ef-
fective than the traditional one. 

From a limited data set analysis, passive sampling and 
IPTs defined three-dimensional geometry of the plume and 
allowed to make a preliminary risk assessment. 

In particular passive sampling was useful for defining the 
vertical extent of the plume showing that the contamination 
concerns the whole aquifer thickness.

Investigations provided information on the magnitude and 
fluctuations of the concentrations which suggested that the 
source was very strong and continuous and that an envi-
ronmental risk for the population was possible.

In this case the plume is very narrow and therefore dif-
ficult to detect. The number of monitoring wells to be im-
plemented to achieve the current results would be very big 
and, considering the depth of the water table (30 meters), 
plume length and the type of deposits (gravel, cemented 
gravel) also the costs would be very high.

In this regard a cost analysis can be developed, consider-
ing planned investigations, using two different study ap-
proaches:
– traditional - the costs could amount even to 

400.000 EUR, taking into consideration the implemen-
tation of 50 – 80 monitoring wells, water table mea-

surements, sampling surveys and pump tests to char-
acterise the aquifer,

– innovative - implementation of the tools made available 
by the FOKS project, the costs of the investigations 
were limited to about 100.000 EUR. In this case the in-
vestigations that were provided are: 5 monitoring wells, 
3 large diameter wells, water table measurements and 
sampling surveys, passive sampling and IPTs.

Although the estimate is rough, the difference in costs is 
evident.
Based on the results the possible next steps are:
– improvement of the site investigation to identify the 

source of contamination, (with eventual identification 
of the person liable for contamination) e.g. through on-
site inspections at the risk sites or through additional 
investigation activities in the area targeted on the basis 
of experimental results obtained so far,

– containment measures (e.g. pump & treat) often per-
formed to prevent, or significantly reduce, the contami-
nants migration in soils or groundwater,

– remediation: corrective actions can be focused on both 
the saturated and unsaturated zone, monitored natural 
attenuation (MNA) may constitute a viable alternative, 
both technically and economically competitive to other 
remediation methods,

– monitoring plan: necessary to control concentrations 
and monitor trends, evaluating the opportunity for 
further corrective actions and validating the effec-
tiveness of containment and remediation measures. 
In this case IPT tests along the existing transect are 
going to be useful to decide the appropriate removal 
technology and verify its effectiveness with the mass 
flux monitoring.
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6. Stuttgart – Feuerbach site

Stuttgart, the capital of Baden-Württemberg state, is 
located in the centre of a densely populated region in 
south-western Germany. The FOKS project area of 
533 ha is situated in the north of the city centre, in the 
valley of Brook Feuerbach. 

As many districts of Stuttgart, the district of Feuerbach 
(Fig. 6.1) is constricted by severe soil and groundwater 

contamination generated over decades of industrial and 
commercial use. Due to the structural changes many 
former industrial sites are now converted into service 
and residential purposes. Numerous single site inves-
tigation and remediation activities have taken place in 
Feuerbach since 1984. Thus 300 contaminated sites 
were identified. 193 of them are polluting or potentially 
polluting groundwater with chlorinated hydrocarbons 
(CHC), which are known to generate long plumes. Sev-
eral remediation activities in the form of pump & treat 
are still carried out throughout Feuerbach, both private 
and public, to reduce the groundwater contamination. 
As many sources of contamination have not been iden-
tified by now, these remediation activities in the plumes 
are often inefficient and long-standing. 

Due to the neighbouring sources and overlapping of 
different plumes, the identification of the liable pollut-
ers is a challenging task. Additionally, the allocation of 
the groundwater damages is impeded by the complex 
hydro-geological conditions in the project area, charac-
terised by a stratified aquifer with numerous layers of 
sandstone, mudstone and gypsum (Fig. 6.2). Beyond 

Fig. 6.2. Complex geological structure entailing stratified hydro-geological conditions 

Fig. 6.1. City district Stuttgart – Feuerbach
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that, groundwater flow direction changes locally about 
more than 90°, depending on seasonally rising or sink-
ing groundwater level. Although groundwater in the 
city district of Feuerbach is not used as drinking water, 
there is a risk of uncontrolled spreading of contami-
nants to deeper aquifers and the Brook Feuerbach.

The investigation of individual contaminated sites can 
be inefficient in such cases. 

Therefore, under the INTERREG project MAGIC (Er-
tel and Schollenberger 2008, Gzyl and Gzyl, 2008), 
implemented before the FOKS project, a conceptual 
model based on data from 900 wells was developed 
for the city district Feuerbach and later on a numeri-
cal model providing a general overview on the con-
taminant spread in different aquifers. However, for 
some of the main plumes identified under the MAGIC 
project significant knowledge gaps still remained. Fur-
ther analyses of the numerical model revealed that 
microbial degradation should be considered in order 

to achieve a real picture of the contaminant migration 
and the spatial distribution of sources. 

Therefore, the objectives of the FOKS project were as 
follows: 
– to reliably identify and localise the key sources in 

Feuerbach by closing knowledge gaps in site char-
acterization,

– to assess the effects of microbial degradation of CHC 
and to include this in the existing numerical model,

– to develop an integrated groundwater risk manage-
ment / remediation strategy for the whole city district.

The integral groundwater risk management should be 
based on the numerical groundwater model.

Fig. 6.3 shows the total area and contamination pattern 
considered for the risk management strategy and the 
location of the two cases to be further described. The 
activities in the Case 1 were focussed on the assess-
ment of natural attenuation processes. Case 2 – P954 

Fig. 6.3. Stuttgart – Feuerbach site: The map on the left shows the contamination plume pattern in 
the city district (yellow and red colours). Cross sections on the right characterise the situa-
tion at the cases investigated under FOKS
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is characterised by a complex pattern of contamination 
around a massive plume of CHC, the source of which 
was unknown.

For each of the cases, a sound study was carried 
out in 2009 and 2010 (Schollenberger and Spitzberg, 
2010). All available data (reaching back to the 80s) of 
the surrounding area were analysed. Composition of 
contaminants in the plumes was compared to the local 
measurement data in order to eliminate the potential 
sources. Based on these studies, for each case a con-
cept for further investigation was proposed. In a step-
wise approach two campaigns were performed to gain 
additional information (Tab. 6.1).

In the Case 1 (Schollenberger and Spitzberg, 2011a) 
the identification of natural attenuation processes in a 
complex situation with overlapping plumes from known 
sources was made. We dealt with contaminant plumes 
resulting from several industrial TCE releases. The 
FOKS work was mainly based on time series analysis 
of contaminant concentrations, characterisation of the 
redox-parameters and fingerprinting using mainly com-
ponent distribution patterns. Application of these tools 
allowed to identify aerobic degradation processes, 
which led to significant reduction of the total contami-
nant mass flow rates.

Extended plumes of CHC originating from several 
sources with originally dominant TCE inside a large 
industrial facility have been investigated and partly 
cleaned-up for many years (see Fig. 6.4) The colored 
segments of the pie charts represent molar percent-
ages of different CHC components to the total concen-
trations. The size of the circles indicates in turn the to-
tals in mass concentrations, which allows a comparison 
to the established threshold values (see also Fig. 6.6 
for further explanation).

Taking into consideration the first characteristics from 
the mid 80s, the overall contamination situation im-
proved significantly with much lower CHC concentra-
tions at many wells. This is due to a number of pump 
& treat operations as well as most probably to effective 
microbial degradation processes. Primarily the situa-
tion e.g. in Case 1 (ISAS 4508) was dominated by TCE. 

Tab. 6.1. Work done during the field campaign

Field campaign 2010 Field campaign 2011
drilling of 5 observation wells
5 integral pumping tests
isotope, tracer and standard lab analyses of groundwater
reference data measurement concerning groundwater level

drilling of 2 observation wells
3 integral pumping tests
isotope, tracer and standard lab analyses of groundwater
reference data measurement concerning groundwater level

Fig. 6.4. CHC distribution and concentration: 
average values from the years 1990-
1999 compared to 2000-2009
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The occurrence of c-DCE and VC now indicates ongoing 
dehalogenation processes. However, the redox milieu 
does not allow a complete degradation, which would 
require extended areas with sulfate and methane reduc-

ing environment. Besides, nowadays in the central and 
southern parts PCE seems to be the dominant contami-
nant instead TCE observed in the previous decades.

Fig. 6.5 exemplifies the dominance of PCE instead of 
TCE for the well B11, in operation for pumping since 
1985. The upper part of this continuous time series of 
lab results displays the molar proportions of the differ-
ent components, the lower part - the development of 
the concentration in µmol/l. Initially dominated by more 
than 95 Mol-% TCE, the degrees of PCE and c-DCE 
were gradually increasing relatively to the amount of 
TCE, nowadays being less than 40 Mol-%. In paral-
lel the total CHC concentrations were decreasing. This 
leads to the relative higher contribution of PCE, which 
remained constant while TCE concentrations were 
decreasing. Considerations about degradation are 
preferably made with molar concentrations (µmol/l) in-
stead of mass concentrations (µg/l) as usually applied 
to get valid mass balances. A molar concentration of 
1 µmol/l PCE is an equivalent to a mass concentra-
tion of 166 µg/l; 1 µmol/l TCE respectively to 131  µg/l, 
1 µmol/l c-DCE to 97 µg/l and 1 µmol/l VC to 62 µg/l. 
The use of mass concentrations would result in misin-
terpretations of the dimension of the stepwise degrada-

tion processes from PCE finally leading to VC.  Exam-
ple in Fig. 6.6: a water sample representing an equal 
distribution of the 4 components (left side) as a result 
of degradation of primary PCE would underestimate 
the real proportions of degradation. However with each 
step of degradation the weight of the product is less 
compared to the precursor. Molar concentrations (right 
side) reveal that this amount of VC represents about 
40% of degradation of the CHC.

The higher share of PCE with time might result 
from its lower solubility (by a factor of ca.10) in 
water in comparison with TCE. Hence, any pump & 
treat operation will preferably extract TCE from the 
source. Additionally, also aerobic microbial degra-
dation of TCE, c-DCE and VC has to be considered. 
Fig. 6.7 illustrates the pathways for anaerobic and 
aerobic degradation of chlorinated hydrocarbons.  

Fig. 6.5. CHC composition and concentra-
tion in well B11 (47011)

Fig. 6.6. Mass concentrations vs. molar concentration: PCE in red, TCE in yellow, c-DCE in 
green and VC in blue

Fig. 6.7. Overview of chloroethene biodegra-
dation (Tiehm and Schmidt, 2011)
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Fig.6.8. Schematic presentation of various terms used to describe environmental redox condi-
tions (Bradley and Chapelle, 2010)

As aerobic degradation of PCE is not possible, it 
can be accumulated.

How to assess such a selective aerobic degradation 
of TCE, c-DCE and VC? And to which extent does re-
ductive dehalogenation occur? This can be assessed 
by a set of traditional redox-parameters and respec-
tive microbials. Fig.6.8 illustrates the links between 
redox conditions, indicative parameters and the no-
menclature currently applied to characterise such 
processes.

Mapping of the respective redox parameters as for 
example nitrate and Fe(III) concentration in and 
around the area under consideration illustrates well, 
that in large areas of the city district Feuerbach the 
redox conditions provide a favourable environment 
for oxic and post-oxic degradation of TCE, c-DCE 
and VC. This would lead to substantial aerobic bio-
degradation of DCE and VC to non-specific minerali-
sation products. Therefore, considering only the ac-
cumulation of the daughter products associated with 
reductive dechlorination may greatly underestimate 
biodegradation processe. As a matter of fact, it might 
be the concurrence of:
– a set of effective pump & treat measures,
– favourable conditions for aerobic degradation in 

large areas of the MGH aquifer,

– reductive dehalogenation only in some specific 
source areas and when passing downstream 
a former fuel depot with BTEX contamination.

This status of running pump & treat measures in combi-
nation with aerobic degradation should be enhanced or 
at least preserved. However, with the implementation 
of the future risk management and remediation plan 
for the city district Feuerbach additional interventions 
should be considered enabling also a further reduction 
of PCE.

It is the aim of the Case 2 (Schollenberger and Spitz-
berg, 2011b) to identify and localise the source area 
of a strong plume within a complex pattern of con-
taminated sites. The component distribution pattern of 
the CHC plume does not really match those patterns 
with all the other adjacent sites. Detailed groundwater 
investigations at a small scale including different ap-
proaches and parameters for fingerprinting finally ena-
bled unambiguous identification of the related source 
area.

For many years in well P954 remedial actions have 
been performed by a pump & treat installation. Around 
this well a number of contaminated wells is recorded 
as well as numerous sources of contamination. How-
ever, so far no site or point source could be identified 
and justified to be the origin of this plume remediated 
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in P954. Fig. 6.9 gives an overview of the situation in 
the area under consideration. For all interpretations 
of investigation results the strong dependency of the 
flow regime from the general hydraulic conditions has 
to be considered.

In the first attempt the hydraulic situation as known 
from the numerical model had to be adjusted accord-
ing to up-to-date information. The investigations for 
Case 2 (P954 area) shows that it might not be suf-
ficient to simply zoom in, when a regional flow model 
is used for a specific local problem at a focus area. 
In this case considered, the small scale vertical flow 
components acting on the horizontal flow pattern had 
to be considered. Although the regional flow model 
could not be used immediately for the focus region, 
it was still very useful as it provides the larger scale 
flow system in which the local system is embedded. 
Understanding the interaction between the different 
scales is an important prerequisite to well-targeted 
investigations and to the implementation of efficient 
remedial actions.

The evaluation of the existing data and historical 
information concerning the Steinhauser site up-
stream indicated that further investigations using 
IPTs should be carried out in the southern and the 
adjacent western part (petrol station) - see Fig. 6.10, 
top right side.

Along both cross sections a contaminant plume could 
be detected, with the one from the West nearly identi-
cal to the characteristics of P954. The following key 
assessment parameters were used to identify the 
source-plume relationship:
– reliability of the available historical data,
– flow regime,
– total concentration of CHC and mass flux estima-

tions,
– component distribution patterns of CHC and 

FCHC,
– long-term variations in concentrations,
– 13C isotopic signatures.

The set of the above-mentioned parameters is illus-
trated in Fig. 6.10.  Evaluation of the available in-
formation with the help of a matrix is presented in 
Tab. 6.2. This leads to the final conclusion that al-
though many potential source zones had already 
been known, the major contribution to the contami-
nation extracted by the pump & treat installation in 
P954 comes from an unknown spill along a historical 
industrial freight track directed to the south of P954. 

The assessment of natural attenuation processes 
(Stuttgart Case 1) clearly indicated effective micro-
bial degradation of CHC in Feuerbach. Therefore, the 
contaminant transport, originally modelled as simple 
advective transport of PCE, TCE, c-DCE and VC, 

Fig. 6.9. Situation around P954. Left - contamination pattern and groundwater flow according to 
FOKS site characterisation in 2011. Right - variant groundwater flow conditions in different 
years, depending on groundwater levels
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Fig. 6.10. Key assessment parameters used for source identification

was redefined as a reactive transport model includ-
ing degradation (Schäfer, 2011) The model area, the 
control planes used for the calculation of mass flow 
rates and the four main source areas (mainly large 
industrial sites) are presented in Fig. 6.11, including 
their daily released contaminant mass flow rates. 
The area covers more than 2950 m in E-W direction 
and 2700 m in N-S, representing five hydrogeologi-
cal units (see Fig. 6.2). Horizontal discretisation is 
measured in cells of 10 m x 10 m. 

Degradation was introduced to the transport model 
as a general decay of the first order for the parameter 
“CHC total” with a half-time of 2 years. 

For such a non-specific degradation it is not neces-
sary to specify the relevant processes. Based on this, 
the mass flow rates along the control planes were 
recalculated and compared to the mass flow rates 
calculation based on IPT results. By considering this 
degradation, the calibration reached a much better 

representation of the actual concentrations along 
those control planes in far distances from the sour-
ces, without inducing the underestimation of the con-
centrations for those planes closer to the sources. 
This proves that the accuracy of the model fits to the 
prerequisites for the remediation scenario modeling 
in the next step.

Fig. 6.12 displays the CHC distribution pattern for 
two scenarios: excluding degradation and P&T ac-
tivities on the left and including current P&T activities 
and degradation processes on the right.

Besides their importance at a local level for the reha-
bilitation of the groundwater in Stuttgart, the results 
of the case studies reveal important methodological 
aspects and lead to more generic recommendations 
for the general application of the integral groundwa-
ter risk management approach. Based on the cases 
analysed, these are:
– Always start with a characterisation of distribu-
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Fig. 6.11. Model area Stuttgart – Feuerbach with four main sources and their daily contaminant 
release mass flow rates

Fig 6.12. CHC distribution patterns for the two scenarios: without degradation on the left and 
including degradation on the right
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Tab. 6.2. Matrix for source identification 

Potential source areas responsible for contamina-
tion plume remediated by P&T in well P954 (related 
key wells in brackets)

site 
2430

AS Stein-
häuser ARAL

ehem.
TEXACO Railway 

track

weight credits credits credits credits credits
Located upstream / within the capture zone of P954 
at average flow conditions? 3 1,5 3 1,5 3 3

Concentrations and mass flow rates sufficient to 
create the plume? 3 1,5 1,5 0 0 3

Component distribution pattern coincidental? 2 0 0 1 0 2
Further components of CHC besides PCE, TCE and 
cisDCE identified as e.g.
(1,1,1-TCA, t-DCE, 1,1-DCE)?

2 0 0 2 1 2

Potential source areas responsible for contamina-
tion plume remediated by P&T in  well P954 (related 
key wells in brackets)

site 
2430

AS Stein-
häuser ARAL

ehem.
TEXACO Railway 

track

weight credits credits credits credits credits
Freons (F12, F11, F113) identified in similar concen-
trations and distribution pattern? 2 0 0 0 0 2

Total concenctrations of CHC without strong varia-
tions in time? 1 0,5 0 0,5 0 0,5

Similar 13C isotopic signature for PCE  
(± 1‰)? 1 0 0 0 0,5 1

Similar concentration of SF6 (± 0,5 fmol/l)? 1 0 0 0,5 0,5 0
Reliable evidence from historical records? 1 1 1 0,5 0 0,5
Sum of credits 4,5 5,5 6 5 14
Crediting: if the criterion listed can be agreed
fully agree = 1 credit
partially agree = 0,5 credits
do not agree = 0 credits

Weighting of strength / significance of criterion: 
high relevance for interpretation - multiply by 3,
medium relevance - multiply by 2,
important but less relevant - multiply by 1

tion patterns of “traditional” parameters (e.g. total 
concentration of components, redox parameters) 
over time and space;

– Chlorinated hydrocarbons usually form narrow 
contamination plumes in groundwater, which has 
to be considered in the planning of investigation 
measures, e.g. sampling intervals for IPT. How-
ever, time-variant groundwater flow conditions 
(Case 2) or historically significantly different 
groundwater abstractions and uses (Case 3) may 
result in wider plumes or even more diffuse distri-
bution of contaminants in groundwater;

– Although anaerobic degradation is considered to 
be the dominant degradation mechanism for CHC 
in groundwater, aerobic degradation processes 
can play a significant role as well (Case 1). Oxic 
or post-oxic conditions are widespread in Euro-
pean groundwater bodies and provide a favorable 
environment for microbial degradation of TCE and 

even better for the less chlorinated components. 
Apart from mapping of redox conditions also time 
and spatial distribution profiles of CHC can help 
to characterise and describe the significance of 
these processes;

– It is of utmost importance to fully understand the 
relevant driving forces in contaminant fate and 
transport at the site considered. This should be 
based on a sound conceptual modeling. In com-
plex cases the numerical groundwater flow and 
transport model proved to be a powerful tool. 
The model enables to check the applicability of 
different hypotheses about the driving processes 
and their impact on the current local conditions;

– All Stuttgart cases illustrate that combining dif-
ferent characterisation tools may be very impor-
tant and useful for providing a consistent and 
comprehensive interpretation, particularly in 
complex cases.
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7. Remediation concept
Remediation concepts were developed for individual 
sites with the use of FOKS investigation tools. In the 
case of Jaworzno also pilot remediation actions gave 
input to the remediation concept. The following descrip-
tions are understandable only if they are collated with 
adequate information in chapter 2 (Jaworzno), chapter 
5 (Treviso) and chapter 6 (Stuttgart).

Jaworzno site 
For the Jaworzno site a general concept of remedia-
tion was developed, which is a start point for the fu-
ture preparation of a remediation program and more 
detailed plans. The remediation concept is based on 
the deliverables from FOKS investigations, including 
results of modeling and backtracking, IPT tests and les-
sons from the pilot remediation. Based on that a prelim-
inary selection of technological options for remediation 
was made. Possible technologies were compared ac-
cording to their: applicability to targeted contaminants, 
maturity (commercialised / near at start of commerciali-
sation / promising), location (in situ / ex situ), applicabil-
ity to key sources, applicability to plumes, suitability for 
elimination of dispersed contamination, health risk and 
environmental risk issues, cost of investment, operation 
and maintenance. 

The expectations formulated in the National Program 
for Implementation of the Stockholm Convention, indi-
vidually addressed to the Jaworzno site were also tak-

en into consideration while considering the remediation 
options. According to the document, preferable solution 
for the CSO is to prevent the waste mass from contact 
with groundwater and rainwater, and in the same time 
not to impact the waste mass. The remediation concept 
meets the following strategic goals: 
– to eliminate, as soon as possible, the emission of 

contaminants into groundwater and water environ-
ment (= to prevent the environment by treatment of 
contaminated water outflow from the site), 

– to minimise environmental risk and health risk by 
remediation activities, 

– to make it possible to reestablish, in acceptable time 
frames and in accordance with environmental safety 
rules, the land use forms predefined in local spatial 
plans, including greenery as well as industry and 
services, 

General remediation concept is illustrated in Tab. 7.1. 
Elimination of key sources will be preceded by prevent-
ing further contamination spread from the site, i.e.:
– cutting off the pathway of contaminants from the site 

area
– elimination of contaminant emission from key sour-

ces: CSO, pool of NAPLs, northern part of the K Field 
and area of the former HCH product storehouse. 

Both kinds of activities should be launched in parallel, 
as soon as possible, and investment work should last 
no more than one year. The idea of elimination of con-
taminant spread is illustrated in Fig. 7.1. 

Fig. 7.1. The concept for elimination of contaminant spread in Jaworzno: high priority sources and 
southern plume 
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For prevention from further expansion of contaminants 
in groundwater, the pump & treat system will be imple-
mented. The system of wells and pumps will be installed 
in the western (downstream) part of the site, across the 
Wąwolnica valley. The capacity of the pumping system 
will be big enough to make it possible to catch the total 
contaminated groundwater outflow. Pumped water will 
be directed to the already existing wastewater treat-
ment plant situated inside the site area. The plant is 
already in use for treatment of contaminated water col-
lected in drainage ditches and the treatment technology 
is suitable also for groundwater treatment. However, 
the treatment plant throughput has to be enlarged by 
c.a. 30%. 

For elimination of contaminant emission from the key 
sources technological solutions approved by the Land-
fill Directive for hazardous landfill sites should be im-
plemented, including establishment of artificial sealing 
liner, impermeable mineral layer, drainage layer and top 
soil cover. This will prevent penetration by rainwater. At 
the same time, vertical impermeable bentonite barrier 
should be built around the whole area of the top priority 
sources. This will prevent washing and contamination 
spread in groundwater.

For some of the technologies presented in Tab. 7.1 the 
procedure of Health Risk Assessment at different stag-
es of the remediation technology (like building remedial 
installations and their exploitation phase) was applied. 
Different pathways of exposure for potential groups ex-

Tab. 7.1. General remediation concept for Jaworzno site 

Key sources
Prevention of contamination spread

Elimination of sourcesElimination of contamination 
spread from key sources Pathway cutoff

Top priority: sources 
of southern plume

Vertical impermeable bar-
rier around the area of the top 
priority sources: CSO, pool of 
NAPLs, area of the former HCH 
product storehouse and north-
ern part of the K Field, down to 
natural isolation in the bottom 
and capping from the top

Pump & treat: 
– installation of a system of 

wells and pumps across the 
Wąwolnica Valley 

– treatment in the already ex-
isting wastewater treatment 
plant 

– CSO: non-combustion 
methods for destruction of 
contaminants on site 

– pool of NAPLs and area 
of the former HCH product 
storehouse: pump & treat 

– northern part of the K Field: 
in situ treatment; possible 
solutions: phytoremediation, 
bioremediation 

High priority: source 
of northern plume

Internal landfill and northern 
plume: no action before better 
understanding of the actual 
spatial range of the source

Pump & treat: 
– installation of a system of 

wells and pumps across the 
Wąwolnica Valley 

no action before better under-
standing of the actual spatial 
range of the source; possible 
solutions: permeable reactive 
barrier, destruction on site, phy-
toremediation

posed to contamination, like workers and people living 
in the neighbourhood were taken into account. 

For final elimination of contaminants present in key 
sources, non-combustion technologies for POPs on 
site destruction should be implemented. In the case of 
the CSO, on site chemical destruction of contaminants 
is recommended. Several applicable, mature tech-
nologies of chemical destruction like BCD, GEOMELT, 
GPCR are available. Moreover, a newly developed 
technology of copper mediated destruction (CMD) have 
been tested within the FOKS project by the Czech part-
ner at the Jaworzno site and the results of the applica-
tion are very promising. However, the application of any 
technology for destruction is a process that will have 
to be carried out for many years. In the case of NAPLs 
and the area of the former HCH product storehouse 
local pumping of contaminants is possible providing a 
fast solution. As far as the northern part of the K Field 
is concerned, the possible solution will be ground de-
contamination with the use of bioremediation methods. 

In the case of the internal landfill which is the source 
of the northern plume, the pathway cutoff for contami-
nants will already be achieved due to the establishment 
of a pump & treat installation in the downstream part of 
the Wąwolnica Valley. Among final remediation options, 
all three technologies tested under the FOKS project 
as pilot remediation actions will be taken into consid-
eration, however, for selection of a specific option ad-
ditional field investigations are required. 
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In the area of plumes, the remediation of soil and 
ground should start only several years after the elimi-
nation of contaminant spread from key sources. Time 
frame of these works will depend on the rate of plume 
attenuation. 
For remediation of contaminated soil and ground in less 
contaminated areas, phytoremediation and other biore-
mediation techniques will be preferred. The time frame 
will depend on timing of elimination of key sources. Oc-
currence of local, still unrecognised sources of contam-
ination is quite possible; according to the experience 
from FOKS pilot remediation, the use of mobile instal-
lation for chemical destruction can be a good solution 
in many cases. 

Pilot remediation in Jaworzno: CMD 
As the main pilot remediation action, the Copper Media-
ted Destruction (CMD) technology was applied for trial 
dehalogenation of pesticide concentrates in Jaworzno 
landfill in mobile full scale unit. 

The CMD technology has been recently developed and 
patented by Czech scientists, as a novel best avail-
able technology (BAT) for POPs destruction of various 
organic compounds, like PCDD/Fs, PCBs, OCPs. This 
technology was proposed as one of the options for the 
complex Jaworzno remediation procedure. The system 
was installed in the ORGANIKA-AZOT Chemical Plant 
(Fig. 7.2.) in pilot arrangement as a mobile full scale unit 
and particularly as a proof of technological efficiency. 
The technology is based on detoxification of persistent 
organic compounds, especially hexachlorobenzene 
(HCBz), polychlorinated biphenyls (PCBs), polychlori-
nated dibenzo-p-dioxins (PCDDs) and dibenzofurans 
(PCDFs) with the use of a new, patented method of CMD 
(Bures et al. 2003, Pekarek et al. 2003, Pekarek et al. 
2006, Pekarek et al. 2007). 

Since 2008, a new reaction system in mobile arrange-
ment has been designed and manufactured, together 
with laboratory facilities, necessary disposal of by-prod-
ucts, hygienic purification and office background. Then, 
pilot testing of CMD was performed for the needs of the 
FOKS project implementation in Jaworzno. The pilot 
dehalogenation of chlorinated pesticides with dominant 
content of HCH compounds and DDTs and their metabo-
lites was carried out.

As an integral part of the operational mobile unit, the 
laboratory unit was designed and used for pilot testing 
of all analysed loads, with the aim to: (i) verify the de-
struction efficiency of each batch, (ii) optimise reaction 
conditions and reactor operation with a view to ensuring 
maximum operating safety of the whole system, (iii) test 
various matrix effects to confirm usability for other ap-
plications (additional value), e.g. fly ash, (iv) verify and 
compare this method with other destruction technologies 
in accordance with accepted criteria and standards. 

The applied CMD reactor is a single-purpose vessel, 
reaching over 99,99% destruction efficiency. 
Apart from other methods, CMD operates under atmo-
spheric pressure. The CMD has great advantages in 
comparison to other destruction techniques, mainly: 
– independence of DE percentage on the chlorination 

level (easy optimisation from laboratory experiments 
to full-scale unit),

– suitability for precursors, like chlorinated benzenes, 
phenols, that act as precursors of highly chlorinated 
compounds, like dioxins,

– no reactive media, like high amounts of alkaline or 
acids,

– no explosive media,
– no condensation reactions.
It seems to be featured as a novel BAT technology. 
Nowadays, it is commercially available. The scalability to 
both mobile and stationary applications reaches up to 5. 
However, for the majority of applications the maximum 
and sufficient volume is estimated at 10m3, with parallel 
cycling of units.

Pilot remediation in Jaworzno: phytoreme-
diation and permeable reactive barriers 
The main idea of the experiments was to assess decon-
tamination efficiency of the installations, especially the 
removal of hexachlorocyclohexane (HCH) and other 
chloroorganic contaminants from water. Both experi-
ments illustrate the possibilities of preventing Wąwolnica 
and Przemsza River valleys from contamination. Prelimi-
nary results of decontamination efficiency assessment 
are very promising. 

Fig. 7.2. Full-scale pilot installation in Jaworzno site
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The phytoremediation bed (Fig. 7.3) was constructed for 
remediation of surface water. It is located in the area of 
the southern plume, near the drainage ditch collecting 
contaminated water from the area of key sources. The 
bed is a kind of an off-line wetland system. Water pen-
etrates the inflow zone made of dolomite (alkalic reac-
tion), then it meets the sorption area which consists of 
peat (acid reaction), and at the end it reaches the outflow 
zone constructed of sand (neutral reaction). The sorption 
zone is covered with live plants and the outflow zone is 
covered with indicator plant species. The results of treat-
ment were monitored with the use of passive samplers 
for assessment of both total losses - concentration and 
total load – of numerous contaminants. The phytoreme-
diation experiment will be continued after the completion 
of the FOKS project.

The permeable reactive barriers were constructed to 
demonstrate the possibility of preventing migration of 
contaminants in groundwater from the area of key sourc-
es to the Wąwolnica Valley. The barriers were located 
in the area of the southern plume, in the vicinity of the 
CSO. Three wells were built, each of them filled with dif-
ferent reactive material: nano-iron, granulated active car-
bon and iron swarf/dust. The construction details made 
it possible to take probes and to make measurements 
without dismantling the barrier, with no need to stop the 
experiment. The well form a line perpendicular to the di-
rection of groundwater flow and the results of decontami-
nation measurements are comparable depending on the 
applied reactive material.

Treviso – Arcade site
Investigation activities in the source area, prevention ac-
tions and containment measures are to be performed in-
side the site prior to implementation of the final remedia-
tion activities. To achieve the objectives of remediation it is 
necessary to pinpoint the source of contamination within 

the area identified during the investigation, with the sup-
port of the supervisory authorities. Corrective actions can 
be focused on both the saturated and unsaturated zone. 
In particular, regarding the unsaturated zone, ventilation 
technologies could be evaluated (e.g. Soil Vapour Extrac-
tion) for the reduction of the source in the soil. 
On the other hand, there are many available technolo-
gies which are related with biological, chemical or physi-
cal process occurring in the aquifer. According to the site 
conceptual model, the most effective technology may be 
the In Situ Chemical Oxidation (ISCO). The advantages of 
this technology are: moderate cost, processing speed and 
compatibility with biological treatments (e.g. Monitored 
Natural Attenuation - MNA). Moreover, it might be more ef-
fective than Air Sparging (which is often used for solvents 
coupled with Soil Vapour Extraction) because the aquifer 
is deep and thick.

In some cases the Monitored Natural Attenuation (MNA) 
may constitute a viable alternative, both technically and 
economically competitive to other remediation methods. 
The method allows to check if the conditions in the aqui fer 
are favourable for the spontaneous processes of micro-
bial degradation and to monitor these processes. Based 
on these findings, it will be essential to adopt a monitoring 
plan that will indicate location, timing and methods of mon-
itoring and sampling to verify that the natural attenuation 
follows the trend suggested, to confirm that there are no 
variations in natural conditions and that the protection of 
all targets is ensured. The main advantages of this method 
are relatively low costs and limited interference with the 
activities/processes within the site. The MNA is often con-
sidered too slow without a prior active treatment, especial-
ly when there is DNAPL present at depth. According to the 
recommendations of the U.S. Environmental Protection 
Agency (USEPA), MNA can be combined with remedia-
tion measures for removal or containment of the source.
 
Stuttgart – Feuerbach site
In the case of Stuttgart a brief groundwater risk manage-
ment plan including a groundwater remediation and risk 
management strategy was developed. For this purpose 
it was important to clearly identify the relevant sources, 
pathways and receptors of contamination. These can 
best be displayed in a conceptual model and illustrated by 
cross sections as shown in Fig. 7.4. 

Based on the conceptual model, three main risk related 
remediation targets were defined for Feuerbach:

1. Priority Deeper Aquifers: Prevention of con-
taminant input and transport in deeper aquifers. The 
deeper aquifers are to be safeguarded from any con-
taminant input. 

Fig. 7.3. Phytoremediation bed – inlet area 
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2. Priority Surface Water: Prevention of contam-
inant transfer into the Feuerbach Brook as a surface 
water system aiming at a medium term minimisation 
3. Priority Quartenary Aquifer: Limitation of 
the contaminant release to the Quaternary aquifer to 
significantly less than 20g/day. The general objective is 
a medium term reduction of contamination. 

The four most CHC releasing areas of Feuerbach 
were selected to be considered in terms of these re-
mediation targets (see Fig. 6.11). The total mass flow 
rates released from the areas are calculated as g/d 
PCE-equivalent, according to the molar concentra-
tions introduced in chapter 6. 
Several pump & treat installations are under opera-
tion in the city district of Feuerbach, and a significant 
clean-up of most contaminant plumes can already be 
observed there. Nevertheless, for the development of 
a comprehensive and cost-effective strategy, these 
should be neglected in order to derive an optimal 
strategy without any premature setting. So in the first 
step the current situation was compared to a sce-
nario, in which no pumping installations were active. 
The resulting mass releases for different pathways or 
receptors are listed in Tab. 7.2, second column. 

Fig. 7.4. Remediation targets in Stuttgart – Feuerbach

Then, the calculations were made for the 4 main 
sites, covering about 7% of the model area. Due to 
the modelling results they comprise more than 89% 
of the contaminant release into the groundwater 
system. Focussing remedial activities will bear tre-
mendous positive effects on the groundwater qual-
ity in Feuerbach. Tab.7.2 indicates the individual 
contaminant release rates for the main source ar-
eas. The table shows that there are big differences 
between the sites concerning their hazardous po-
tential for the surface water system (Brook Feuer-
bach) and the deeper groundwater aquifers. Vice 
versa, this shows directly, to which extent the daily 
contaminant release would be reduced, if any kind 
of “source remediation” totally reduced the contami-
nant load in the aquifer.

The most significant source with the release of 
387 g/d PE (72%) is the very large area ISAS 4508 
with a number of different sub-source areas. Their 
removal would increase the groundwater quality in 
the upper layers to a very large extent. However, 
nearly no positive remediation effect can be expect-
ed for deeper aquifers.
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Already at a glance it becomes clear that focussing 
remedial actions on these 4 contamination sources 
would nearly reach 90% of the level of effect than 
working on all 193 sites! These four areas can, there-
fore, really be declared as the “key sources” in Feu-
erbach. A stronger focus of remedial actions on the 
sources located in these four areas should result in 
significant improvement of the groundwater quality in 
this area.

Based on the obtained results, future activities will fo-
cus on site specific remedial planning including con-
siderations what can be achieved by improving the 
existing pump & treat installations and additionally, 
what should be set in place, e.g. to remove the con-
tamination source. However, all these considerations 
should also take into account what else can be done 
to increase the effectiveness of natural degradation 
processes occurring in the aquifer. 

Severovychod – Novy Bydzov site
According to general recommendations concerning 
groundwater remediation in a wider area of Novy By-
dzov, formulated by the representatives of Novy By-
dzov municipality, the proposal of remediation meas-
ures should be preceded by: 
– detailed exploration of the contamination sources,
– identification of inhabitants’ exposure to contami-

nants from different contamination sources,
– elaboration of risk analysis assessing risks arising 

from the sources of groundwater contamination.
Following these recommendations, the remediation 
concept was developed for the area of the former 
KOVOPLAST plant and the City of Novy Bydzov ap-
plied for a financial support from the EU funded Op-
erational Programme – Environment to remediate the 
contaminated land. Knowledge of the subject and the 
supervision of the Ministry over the performed activi-

Tab. 7.2. Calculated effect of single main source remedation (g/dPE for grams per day PER-
equivalent)

Pathways
All 193 sources in 

Feuerbach

Four main key sources Reduction by complete 
remediation or degradation 

of 4 key sources
Case 1 ISAS 

4508
Case 2 
P954

Case 3 
ISAS 4567

ISAS 
2430

g/d g/d g/d g/d g/d g/d % of all sources
Sink rate deep 
aquifers 36 1 10 18 2 31 86

Input of the  
Feuerbach Brook 168 129 2 6 9 146 87

Degradation 336 257 11 17 20 305 91
Total release 540 387 23 41 31 482 89

ties resulted in the Request for Support for the State 
Fund of the Environment. The request for the financial 
support was approved in 2010. The remedial activi-
ties, launched in February 2012, will be completed in 
2015. These activities are divided into two steps.

Detailed investigation for the best prepa-
ration of remedial work 
The aim here is deeper understanding of geologi-
cal and hydrogeological situation at the site, includ-
ing detailed diagnosis of the extent and distribution 
of contaminated groundwater. It is necessary for 
proper placement of wells intended for groundwater 
monitoring or for testing of the remediation results. 
Prior to the assessment of innovative remedial tech-
nologies, implementation of the following investiga-
tion steps is planned: geophysical exploration, Mem-
brane Interphase Probe, construction of monitoring 
wells, determination of the initial contamination level. 

Testing suitable remedial technologies 
for removal of contamination sources
Two innovative technologies for destruction of 
chlorinated hydrocarbons in groundwater are rec-
ommended for testing: In Situ Chemical Oxidation 
(ISCO), and Biological Enhanced Reductive De-
halogenation (BRD). High efficiency of removal is 
expected, however, the application of these meth-
ods requires thorough validation of their suitability 
under given conditions, together with optimisation 
of operational parameters. All technical instalations 
constructed during the testing process will be used 
in the course of subsequent remediation works. 
The results will be evaluated using groundwater and 
indoor air monitoring in areas above the contami-
nation plumes. The outcomes of the monitoring will 
determine the further course of remedial actions.
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8. Decision Support System 
FOKS project target groups and indirect benefi-
ciaries are mainly Central European public au-
thorities dealing with large scale groundwater 
and soil contamination. They need a decision 
support system and guidelines for implement-
ing the Groundwater Directive at degraded areas 
such as contaminated sites and brownfields. 

One of the outcomes of the FOKS project is a 
strategic framework for groundwater risk assess-
ment and management. Its application in a pilot 
case study and the definition of the architec-
ture and contents of a Decision Support System 
(DSS) is based on the proposed framework. DSS 
is a class of computerised knowledge-based in-
formation systems supporting decision making 
processes. The primary goal of the DSS is to 
help the decision maker in taking effective deci-
sions by identifying actions to be undertaken and 
ensure that the assessed criteria are relevant, 
sound and transparent.

The FOKS DSS can be characterised as a pas-
sive data and knowledge-driven DSS as it is not 
intended to supply any kind of solution or de-
cision concerning the assessed case study, but 
rather to elaborate large amounts of data by 
knowledge-based rationale and to supply clear 
and reliable relative risk evaluations, which can 
assist decision makers in the groundwater as-
sessment and management process. 

The conceptual framework of the FOKS DSS is 
strictly related to the Source-Pathway-Receptor 
paradigm, which guides the implemented meth-
odology. First, assessment components are 
identified, then, a score for each risk assess-
ment component has to be estimated (i.e. source 
hazard score, receptor vulnerability score and 
transport pathway score). Scores are first nor-
malised (i.e. values are converted in a homoge-
neous domain), by the use of classification or 
normalisation by maximum, and then aggregat-
ed by means of specific Multi-Criteria Decision 
Analysis (MCDA) techniques in order to establish 
the level of risk related to each assessed source 
of contamination.

As far as the use cases and functionalities are 
concerned, the FOKS DSS is dedicated for two 
types of users: expert and decision maker. The 
decision maker identifies the practical executor 
of the assessment who is not necessarily an ex-
pert. This implies that the actions which can be 
undertaken by this type of users cannot include 
specific complex environmental evaluations. 
Conversely, the other type of users represents an 
expert in groundwater management who is able 
to supply correct information related to technical 
aspects of the assessment. 

The technical structure of the FOKS DSS is 
based on a collaborative logic: i.e. different mod-
ules, characterised by a specific role, interact to-
gether generating the architecture able to carry 
out the whole assessment process. The FOKS 
DSS technical structure is composed of six main 
interactive modules: Orchestrator, Data Manage-
ment, GIS Visualisation, Normalisation, Entities 
Assessment and Risk Assessment Modules. 
In order to collect the data required to perform 
the software assessments, the different results 
evaluated with tools from other FOKS work pack-
ages should be taken into consideration. These 
tools are supposed to be util ised in a prior stage 
in respect to the application of the FOKS DSS 
in order to collect all the necessary information, 
which leads to a correct estimation of the relative 
risk. Basically, the information which can be im-
ported into the DSS is related to sources, recep-
tors and pathways.

To sum up, the FOKS DSS is a useful instru-
ment which can be used to perform relative risk 
assessment of groundwater contamination by 
means of prioritisation of sources of impairment 
and consequently - support the remediation con-
cept. The DSS is a modular software able to uti-
l ise results from other tools of the FOKS project 
and supply georeferenced results.
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9. Lessons learned
Within the FOKS project successful implementa-
tion of innovative tools for groundwater remedia-
tion at five pilot sites in four Central European 
countries was carried out. The sites represent 
a wide variety of hydrogeological conditions and 
different groundwater contamination levels. This 
gave an opportunity to test the possibility of ap-
plying FOKS tools in various conditions. The 
conditions were often quite extreme, making the 
application a very challenging task. On the other 
hand, such conditions enabled to draw lessons 
important for future users of tools developed and 
demonstrated within the FOKS project. The les-
sons are listed and described below, starting from 
those which are more important in our opinion.

It is essential to fully understand the relevant 
driving forces in contaminant fate and trans-
port. It was shown in particular for test sites in 
Jaworzno and Stuttgart that can be achieved 
only by effective combination of a set of tools. 
Such combination does not mean that all tools 
should be treated equally with the same level of 
importance - on the contrary - usually one or two 
of the tools should be selected as leading ones. 
For example, in the case of Jaworzno, model-
l ing was the leading tool supported mainly by 
IPT. Other tools provided necessary information 
for identification, calibration and verification of 
the groundwater flow and contaminant transport 
model. While using this approach in Jaworzno 
a new source of organic solvents was found as 
a result of the FOKS tools application. The pres-
ence of solvents appeared to be the main driving 
force for the spread of severe pesticide contami-
nation at this site. 

Passive sampling is a tool that can provide the 
plume picture in the 3rd dimension. It also en-
sures data integration over time, which is of par-
ticular importance especially if the groundwater 
flow direction and contaminant concentrations 
fluctuate significantly, l ike for example in the 
case of Arcade and Novy Bydzov. 

Comprehensive health risk assessment is a proper 
tool to address all potential impacts of groundwater 
contamination on human health and the environ-
ment. It is important to consider not only drinking 
water but also indoor air contamination. The results 
of risk assessment were presented at four test sites, 
Jaworzno, Novy Bydzov, Treviso and Milan. 

Fingerprinting is a sophisticated tool very useful 
for environmental forensics, however while apply-
ing this tool some basic chemical conditions have 
to be considered, for example one should always 
start with a characterisation of distribution patterns 
of conventional parameters (e.g. total concentra-
tion of components, redox parameters) over time 
and space before using the advanced methods like 
isotope measurements. It is also important not to 
underestimate the aerobic degradation of CHC, that 
might significantly contribute to the process of natu-
ral attenuation.

The FOKS tools are appropriate for implementation 
in complex contamination situation, as shown at the 
Jaworzno site. They also work well in complex hy-
drogeological conditions, which was demonstrated 
in the case of Stuttgart (with complex multilayer sys-
tem of groundwater flow) as well as at Italian sites 
in Milan and Treviso Province, where groundwa-
ter aquifer is very thick and hydraulic conductivity 
is extremely high. In Milan it was also shown that 
valuable results of IPTs could be obtained also from 
application in the existing public drinking water sup-
ply wells, which brings about some complication but 
also saves money as drilling costs can be avoided. 

Application of IPTs saves time and costs also in the 
process of identification and ranking of potential 
sources of groundwater contamination, which was 
demonstrated in the case of Treviso, Novy Bydzov 
and Stuttgart. In Stuttgart, as a result of the FOKS 
tools application it became clear that focussing re-
medial actions on the top 4 out of the total 193 po-
tential sources of contamination could reduce the 
impact on groundwater by about 90%. 
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