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1. Introduction and basic principles of integral groundwater risk 

management approach

Areas polluted by industrial production could be both complex single locations (sites) with 

various sources of pollution (contrary to particular and limited single impacts of pollution) and 

larger areas such as industrial areas, industrial city quarters or whole cities with many industrial 

locations. There are also locations of raw material extraction and processing as well as sites 

of residue deposition or deposition of industrial wastes (landÞ ll sites). The MAGIC approach is 

particularly suitable for areas with various sources of pollution, which form distinctive plumes of 

pollution. It takes into account that plumes of pollution coming from several sources of pollution 

may merge or overlay.

The Integral Groundwater Investigation is at the Þ rst step of investigation more extensive 

than the single case (case by case) investigation. However, in complex cases only an integral 

approach ensures effective and well targeted activities, which are shown by experience 

of many years. Only the integral approach enables to identify the most relevant plumes of 

pollution and thus to determine all groundwater-relevant sources and their contribution to the 

overall pollution.

Source of pollution and pollution plume

Contaminants released to the environment are stored in the soil matrix and aquifer at/near the 

place of the release. Depending on the type of pollutant and pollution source, the contaminants 

can form one or more pollutant phase bodies in the soil or groundwater.

Fig. 1.1: Scheme of the complex site conceptual model
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The pollutant plume originates from the source of pollution. Depending on the type of the input, 

hydrogeological situation and the type of pollutants, one or several plumes of pollution may 

occur. The length of the pollution plume(s) is limited by the pollutant type (pollutant speciÞ c 

plume lengths), retardation and degradation (Fig. 1.1).

The Integral Groundwater Investigation is distinguished by the investigation of the impact of 

pollution to the groundwater, therefore assessing contaminant plumes and their relationship to 

potential contaminant sources. 

The currently common case by case management of pollution („treatment of individual cases”) 

is derived from the liability of the polluter (Polluter Pays Principle). It concerns thereby a 

generally practiced approach in the treatment of environmental damages. In the cases of single 

damages and clear liability the case by case investigation has proved itself well. This strategy 

starts in the core of the damage i.e. at the entry of the pollutants into the soil. It pursues the 

pollutant transport beyond the soil passage into the groundwater. It is based on the concept 

that a pollutant always spreads from a defective plant or in other words - from a given property. 

This facilitates the tracing of the impact and the effects on the subjects of protection (here in 

particular on the groundwater) along the traceable transport pathways and thus forms the so-

called „red thread”. This veriÞ cation justiÞ es the liability of the polluter besides the liability of the 

property owner. The case by case treatment is focused on the treatment of pollution sources.

However, this standard approach for treatment of pollution sources is limited, if:

• many different sources of pollution might contribute to an identiÞ ed groundwater 

damage, and it is however unclear, which ones are actually liable for the groundwater 

damage,

• many sources of pollution overlay one another and the objective of the investigation is 

to identify the contribution of each source to the entire groundwater damage,

• the source of pollution was removed e.g. by excavation; in the larger depth, however, 

secondary damages (e.g. pools) do still exist, which can be hardly identiÞ ed, although 

they continue to emit pollutants.

Fig. 1.2: Neighboring sources of pollution
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In the above-mentioned cases the competent authority is challenged by the task to investigate 

such damages technically and to select which of the potential liable persons must be obliged 

in which manner (and/or for which measure) for further treatment. In such situations the 

application of integral groundwater investigation offers a useful and technically suitable option, 

in order to identify the polluter and to relieve investors or other persons concerned without 

polluter contribution. It is just the right approach enabling to assure effective improvement of 

groundwater quality.

Groundwater risk management and integral groundwater investigation

The general aim of groundwater risk management is to obtain good chemical status of the 

groundwater body in concern. This requires a survey of the qualitative status and, if necessary, 

a trend description of the groundwater quality. If no decreasing trend for a qualitatively good 

condition can be assumed in polluted groundwater bodies, a trend reversal must be achieved 

with the long-term objective of a good quality.

The trend reversal will be gained if the following goals are achieved:

• prevention of further pollutant impacts,

• prevention of further pollutant spreading, i.e. further transport of pollutants in the 

groundwater,

• remediation of the main pollution sources.

The Integral Groundwater Investigation facilitates in an efÞ cient way the description of the 

qualitative condition of the groundwater body - also in a long time perspective – and creates 

thereby an important basis for the trend reversal. The Integral Groundwater Investigation 

scheme is presented in Fig. 1.3.

This integral investigation requires a reversion of the investigation approach from the individual 

case related consideration of sources of pollution (case-by-case-approach, source approach) to 

the integral investigation of the plumes of pollution. With the FOKS toolbox a suite of innovative 

investigation tools and approaches shall be described, which allow an effective implementation 

of the operative technical measures in order to fulÞ l the strategic task, which are: 

• Record of groundwater quantity and quality: Integral, three-dimensional and 

simultaneous recording and description of the groundwater status in the investigation 

area in terms of quantitative and qualitative aspects. IdentiÞ cation of plumes of 

pollution.

• IdentiÞ cation of the sources of pollution. Description of the interactions between the 

sources and the plumes in terms of quality and quantity, for example in terms of 

emission rates (mass ß uxes) and plume lengths for the description of the pollution 

impacts.

• Prioritisation: Ranking of the pollutant impacts to prioritise the particularly relevant 

sources of pollution on which remedial actions should be concentrated and for the 

exclusion of irrelevant subordinate sources of pollution from the further treatment.

• Remediation of the sources and the plumes of pollution (D9, D10) or implementation 

of any other kind of measures to be undertaken by the competent authority.
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Fig. 1.3: Objectives, tasks and measures of the Integral Groundwater Investigation

Application of the Integral Groundwater Investigation

The integral groundwater investigation is necessary and without technical alternative to achieve 

key objectives under speciÞ c conditions:

• Evaluation of the contribution of the individual source of pollution to the entire 

environmental damage in cases of several neighbouring sources of pollution in an 

investigation area. 

• Investigation of sources of pollution and emission rates in areas of strong building 

activities (e.g. due to the structural land use changes), where primary sources were 

removed and the secondary sources still have remained. 

• Investigation of pollution in areas with complex hydrogeological conditions.

• Proper monitoring of the groundwater quality in a complex body of groundwater and 

observation of trends.

The applicability of the integral groundwater investigation is amongst others dependent on 

the type of the pollutants. This is due to different lengths of the plumes of pollution. The 

approach is particularly well suitable for damages with pollutants that can form long plumes of 

pollution, like inorganic contaminants (Sulfates, Chloride, heavy metals) and common organic 

contaminants as Chlorinated Hydrocarbons CHC, MTBE, chlorobenzenes, BTEX (benzene, 

tolouene, xylene…) and a wide range of further POPs (persistent organic pollutants) as e.g. 

pesticides etc. and some PAHs (polycyclic aromatic hydrocarbons).

The approach is less suitable in case of short plumes (e.g. petroleum hydrocarbons): According 

to their physical properties these organic pollutants can also be classiÞ ed as 

• VOC volatile organic contaminants and SVOC semi-volatile organic contaminants

• LNAPL light non aqueous phase liquids and DNAPL dense none aqueous phase liquids 
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2. Specifi c aspects of integral approach

In order to fulÞ l the strategic tasks, operational technical measures are to be carried out (see 
Fig. 1.3). Depending on the single site or area, speciÞ c measures have to be selected and 
applied depending on the speciÞ c local characteristics. Operational technical measures are: 

1. Data collection and –evaluation, monitoring of the groundwater quality, trend 
observation and evaluation by a survey and summary of all former investigation activities 
on contaminated sites, the single sources of pollution and groundwater monitoring wells 
(results of former investigations). 

2. Compilation and mapping of all available information in a data base and in a GIS: 
Data from sources of pollution and groundwater monitoring wells. 

3. Conceptual hydro-geological modelling - Modelling of the hydrogeological settings, 
the groundwater ß ow conditions and the quantitative and qualitative status of the 
groundwater in the different aquifers.

4. Integral pumping tests, i.e. the summarising, three-dimensional and simultaneous 
recording and description of the hydrogeological conditions in the investigation area in 
terms of quantitative and qualitative aspects.

5. Delineation of the plumes of pollution with the help of reference values (threshold 
values, test thresholds), i.e. with the help of concentration values. These are to be 
speciÞ ed (up to Nitrate and Pesticides) on the basis of national reference values. 

6. Numerical modelling the plumes of pollution, i.e. development of a conceptual model 
of the groundwater ß ow and pollutant transport to the summarizing record, balance 
and evaluate the transport processes in the groundwater layers (aquifers) and the 
interactions, i.e. the current and/or transport mechanisms including the mass ß uxes 
between the aquifers

7. Backtracking of the pollutants from the plumes of pollution to the sources of pollution, 
i.e. clariÞ cation of the source – plume relationships. This can be done e.g. via advanced 
modelling techniques or Þ ngerprinting.

8. Risk assessment for sources and plumes of pollution using national evaluation tools, 
if necessary numerical groundwater modelling. Ranking of the pollutant impacts to 
prioritise the particularly relevant sources of pollution on which remedial actions should 
be concentrated and for the exclusion of irrelevant subordinate sources of pollution 
from the further treatment. This procedure implies that relevant sources of pollution 
emit large and spacious plumes. All other sources of pollution are not relevant for 
groundwater risk management, nevertheless they can be ecologically important (e.g. 
on the effect the path soil – human being, which is not regarded here further).

9. Identifi cation of natural attenuation processes - description of natural retention and 
degradation processes.

10. Development of remediation concepts with concentration on the priorities of the 
damages, i.e. derivate and evaluate additional needs for action.

The central element of the integral groundwater investigation is the integral pumping test. 
This test is a powerful measure to investigate source – plume interactions in the groundwater, 
which is the basis for the assessment of the actual impact of a source of pollution on the 
groundwater. Prerequisite for the design of the implementation of integral pumping tests is 
a proper understanding of the hydrogeological setting, which is described in a conceptual 
hydrogeological model. The results of the pumping tests will vice versa improve the model.
The interpretation of the integral pumping tests contributes to the localisation of plumes and 
their contaminant loads. With the help of backtracking techniques (e.g. Þ ngerprints, modeling 

approaches) the source – plume interactions can be qualiÞ ed.
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Results from historical surveys, hydrogeological setting, contaminant loads and source – plume 

relationship are key input data for the subsequent evaluation, risk assessment and ranking of 

the sources, which lead to prioritisation of further corrective actions and concrete remediation.

Besides well known and established standard underground characterization methods a set 

of innovative investigation tools facilitates the implementation of the integral groundwater 

investigation. These tools listed in the following table, on which the transnational cooperation 

on methodological aspects of the FOKS partnership is focused, are described in detail in this 

toolbox for integral groundwater investigation.

Table 2.1: FOKS tools and their application

FOKS tools Field of application Operative technical measures

Passive sampling General characterization Data collection (time integrating), 

delineation of plumes, risk 

assessment

Vertical characterization Delineation of plumes

Integral pumping tests

IPT

General characterization Data collection (spatially integrated) 

and visualization, conceptual 

modeling, delineation of plumes

Assessment of contaminant 

mass ß ow rates

Delineation of plumes, numerical 

modeling, backtracking, risk 

assessment and ranking of plumes

Fingerprinting Hydrogeological 

characterisation
Conceptual modeling

Source – plume 

relationships

Delineation of plumes, Þ ngerprinting 

and backtracking

Risk-based approach DeÞ nition of key 

parameters
Risk assessment and ranking

Environmental risk 

assessment
Risk assessment and ranking

Gnostics Check of historic data Data collection, conceptual 

modeling

QA for sampling and 

analysis

Data collection, Risk assessment 

and ranking

Risk assessment
Risk assessment and ranking

Modeling / backtracking Interpretation of IPT and 

other test
IPT, numerical modeling

Mapping of plumes, Delineation of plumes

Source-plume relationships Backtracking and Þ ngerprinting

Forecast and prognosis Risk assessment and ranking, 

identiÞ cation of NA (Natural 

Attenuation)
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FOKS Toolbox

The methodological aspects of the FOKS tools are described in the following chapter, a separate 

sub-chapter for each tool. Their practical application will follow in chapter 4, presenting the 

FOKS pilot sites and illustrating the different tools, their applicability and limitations as well as 

their interaction in the site speciÞ c context..

Table 2.2: Matrix tools and pilot sites

Passive

sampling
IPT

Finger-

printing

Risk-based

approach
gnostics

Modelling,

backtracking

Stuttgart X X (X) X

Milan X X

Treviso X X X

Jaworzno X X X X X X

Novy

Bydzow
X X X

Klatovy X X

Considering the FOKS pilot sites it is also important to mention that they different kinds of 

pollutants are characteristic for the sites, which are

- Stuttgart, Treviso and Novy Bydzow focusing on volatile CHC

- Milan dealing with Chromium and volatile CHC

- Klatovy with pesticides as key contaminants

- Jaworzno as a big chemical plant offering a wide spectrum of inorganic and organic pollutants, 

mainly pesticides and chlorinated solvents.

The range of pollutants occurring in the pilot areas and the site speciÞ c, mainly hydrogeological 

conditions, have to be considered when choosing the most appropriate tools for site 

characterization.
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3. Passive samping

This chapter gives reference to further results of the project on tool development laid down in 

methodological guidelines for application of passive sampling techniques, see www.Projectfoks.

eu/downloads/report-on-tools/. The Guidelines are focussed on the detection of POPs by the 

use of semipermeable membrane interface devices and related methodological aspects on 

handling, analysis, data treatment and evaluation aspects. The subsequent recommendations 

however focus on the practical application of passive sampling technologies for groundwater 

contamination in general.

The method of passive sampling is applied as a standard tool for an evaluation of quality 

of surface water, indoor and ambient air. Passive sampling could also be considered a very 

perspective investigation tool for evaluation of groundwater contamination. With respect to the 

application in groundwater the following document, from which key information is extracted 

and quoted in this publication, can be considered as a “basic reference”:

ITRC (Interstate Technology & Regulatory Council). 2005. Technology Overview of Passive 

Sampler Technologies. DSP-4. Washington, D.C.: Interstate Technology & Regulatory Council, 

Authoring Team. www.itrcweb.org

A “passive” sampler can be deÞ ned as one that is able to acquire a sample from a discrete

location without the active media transport induced by pumping or purge techniques, see Þ g. 

3.1 All of these passive technologies rely on the sampling device being exposed to media in 

ambient equilibrium during the sampler deployment period. For example, in wells, the well 

water is expected to be in natural exchange with the formation water. All of the devices provide 

a sample from a speciÞ c location (i.e., point samples). 

Fig. 3.1: Spatial representation of passive sampling
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3.1 questions to be applied for

The Passive Sampling 

(PS) represents an 

innovative tool of the 

Integral Groundwater 

Investigation used 

for identiÞ cation 

and for monitoring 

of groundwater 

contamination. The PS 

systems can be applied 

to characterize pollution 

load in plumes vertically 

and horizontally. PS 

results in concentrations 

of contamination in 

groundwater, thus being 

applied in general as

any other concentration measurement too. However due to the kind of sampler, the measurement 

results in information on either the concentration at the end of sampler exposure or the average 

aqueous concentration during sampler exposure, time-integrated concentration as illustrated 

in Þ g. 3.2. The total concentration reß ects the integral amount of an analyte and thus reduces 

problems arising from its short time concentration peaks.

The sampling strategy is suited for identiÞ cation of contamination by many of VOCs and 

SVOCs, to which most POPs are grouped. Some passive samplers can also be applied for 

metals, anions, explosives and oxygenates.

3.2 basic principle

As mentioned above all 

passive technologies rely on a 

sampling device being exposed 

to groundwater for a deÞ ned 

sampler deployment period. 

The well water is expected to 

be in natural exchange with the 

formation water thus ensuring 

that the sample is representing 

the natural situation in the 

groundwater.

This is achieved by samplers 

consisting of a receiving phase 

which is contained within a 

permeable housing, usually a 

porous wall. The following Þ gure 

illustrates the basic design of a 

passive sampling device:Fig. 3.3: Basic design of passive samplers

Fig. 3.2: Time-integrated concentration of groundwater pollution
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Passive samplers can be classiÞ ed on the basis of sampler mechanism and nature of the 
collected sample, as follows:

1. Devices that rely on diffusion of the analytes for the sampler to reach and maintain
equilibrium with the sampled medium.
Samples are representing the conditions at the sampling point during the latter portion of the 
deployment period. The degree of time-weighted concentration depends on analyte and device-
speciÞ c diffusion rates. Typically, conditions during the last few days of sampler deployment 
are represented.

• Regenerated-Cellulose Dialysis Membrane Samplers
• Nylon-Screen Passive Diffusion Samplers (NSPDS)
• Passive Vapor Diffusion Samplers (PVDs)
• Peeper Samplers
• Polyethylene Diffusion Bag Samplers (PDBs)
• Rigid Porous Polyethylene Samplers (RPPS)

2. Devices that rely on diffusion and sorption to accumulate analytes in the sampler.
Samples are a time-integrated representation of conditions at the sampling point over the 
entire deployment period. The accumulated mass and duration of deployment are used to 
calculate analyte concentrations in the sampled medium.

• Semi-Permeable Membrane Devices (SPMDs)
• GORE™ Sorber Module
• Polar Organic Chemical Integrative Samplers (POCIS)

• Passive In-Situ Concentration Extraction Sampler (PISCES)

Fig. 3.4: Principle of classiÞ cation of passive samplers
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From the wealth of technologies two of them shall be considered in more detail, as they were 

used at the FOKS pilot sites.

The Polyethylene Diffusion Bag (PDB), an equilibrium passive sampler, sampler was 

developed in the late 1990’s and has become a widely accepted technique for determining 

concentrations of VOCs in groundwater monitoring wells. PDBs are installed in groundwater 

monitoring wells, at one or more intervals below the water surface in the well screen, and left 

in place under natural ß ow conditions. After sufÞ cient residence-time the PDBs are removed 

and the contents discharged directly into analysis vials for standard volatile analysis. Because 

pumping and purging Þ eld time are eliminated and waste water disposal is reduced to a few 

milliliters, the technique results in signiÞ cant cost savings over purge and pump techniques. The 

technique also provides depth speciÞ c proÞ ling for compound and concentrations. PDBs are 

also used in saturated sediments in and around surface water to approximate VOC discharge 

to the surface.

The PDBs’ ability to reß ect dissolved VOC concentrations in the adjacent aquifer allows 

determination of stratiÞ cation and vertical concentration gradients of VOC contaminants. 

PDB samplers are made of low density polyethylene (typically 4mm thick) Þ lm which serves as a 

semi-permeable membrane. The membrane is formed into the shape of a tube to create a sample 

chamber which is Þ lled with de-ionized water and sealed. Various conÞ gurations are commercially 

available either pre-Þ lled and sealed at both ends at the factory, or with a Þ ll port and plug for Þ lling 

at the factory, in the Þ eld, or at the user’s lab. PDB samplers are typically 30 – 30 cm long and 

3 – 5 cm in diameter to Þ t into a 2-inch diameter and larger monitoring wells. These dimensions 

provide 200 to 350 ml of sample for multiple VOA samples and duplicates. Other diameters and 

lengths are available to Þ t smaller diameter wells or to provide speciÞ c sample volumes. PDBs are 

available with an exterior polyethylene mesh that protects against abrasion.

Fig. 3.5: PDB- Equilibrium Sampler
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VOCs in the groundwater are driven to diffuse into the sampler until the concentration gradient 

equilibrates between the water in the well and the water in the sampler. The PDB maintains 

dynamic equilibrium so that if analyte concentrations in the well change, the concentrations in 

the sampler will change accordingly. Diffusion rates vary by compound so the sample in the 

PDB typically represents the concentrations of the last several days prior to removal.

Semi-permeable Membrane Devices (SPMDs) are designed to sample chemicals dissolved 

in water, capturing the bioconcentration of organic contaminants into the fatty tissues of 

organisms. The SPMD enables concentration of trace organic contaminant mixtures for 

analysis, toxicity assessments, and toxicity identiÞ cation evaluation. It is designed to sample 

lipid or fat-soluble (nonpolar or hydrophobic) semi-volatile organic chemicals from water and 

air. The SPMD is an integrative sampler which accumulates analyte mass over a deployment 

period ranging from days to months. SPMDs provide a highly reproducible means for monitoring 

contaminant levels, and are largely unaffected by many environmental stressors that affect 

biomonitoring organisms.

The SPMD consists of a neutral, high molecular weight lipid such as triolein which is encased 

in a thin-walled (50-100  m) lay ß at polyethylene membrane tube. The nonporous membrane 

allows the nonpolar chemicals to pass through to the lipid where the chemicals are concentrated. 

Larger molecules and materials such as particulate matter and microorganisms are excluded. 

A standard SPMD is 2.5 cm wide by 91.4 cm long containing 1 mL of triolein. SPMDs of 

different sizes can be made by maintaining the ! 100 cm2/g SPMD ratio.

Fig.3.6: Functional set-up and deployment of an SPMD- sampler

SPMD deployments typically are for one month, however, depending on the study design, 

deployment times can range from days to months. SPMDs are transported to and from the 

sampling site in gas-tight metal cans. Following receipt of a Þ eld deployed SPMD, the device is 

stored frozen until processing. Chemical residues in the SPMD are recovered by using an organic 

solvent dialysis step. SPMDs are submersed in an organic solvent such as hexane and analytes 

diffuse out into the hexane while lipids remain inside the tubing. Following dialysis, all targeted 

chemicals are in the hexane and the used SPMD can be discarded. At this point, the sample is 

ready for further processing (clean-up and/or fractionation), analysis, toxicity screening, etc.
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SPMDs use the Performance Reference Compound (PRC) approach to account for site-speciÞ c 
environmental factors (ß ow/turbulence, temperature, biofouling, etc.). PRCs are compounds 
which are added to the SPMD during construction, and during the exposure a percentage of 
each PRC is lost to the surrounding water or air. Determination of the amount of PRC lost 
provides an exposure adjustment factor to adjust laboratory-derived sampling rates to site 
speciÞ c conditions.

3.3. range of application, operating window

In general advantages of passive sampling compared to conventional sampling can be 
summarised as follows 

• No power supply or heavy and bulky equipment necessary
• No Þ ltration necessary 
• No disposal of contaminant water
• No limitations through depth
• No or little losses of high volatile compounds during sampling process
• Small effort for sampling, transport, cooling and storing of the samples
• No losses through sorption to pump tubing and sampling vessels
• No danger of cross contamination
• No inß uence regarding the hydraulic ß ow situation of groundwater
• Detectability through accumulation
• Time-integrated concentration of concentration ß uctuations

Vice versa this list indicates at which site speciÞ c conditions the application of PS can be a 
considerable option. However, also some disadvantages have to be taken into account.

• Inß uence of biofouling and/or bioÞ lms
• Sampling rate inß uenced by ß ow velocity or turbulance and temperature
• Low sampling rates result in low sensitivity or long sampling times

Target analyte, contaminant stratiÞ cation, and horizontal ß ow are the primary considerations 
when deploying the PDB. PDBs should be deployed only at well characterized sites where 
the contaminants of concerns have been identiÞ ed as VOC compounds. PDB samplers have 
been manufactured to sample wells as small as 1-inch inside diameter. Samples have been 
successfully collected at depths over 200 m below ground surface.

SPMDs can sample hydrophobic organic contaminants from water or air under nearly any 
environmental conditions and at very low concentration level. Chemicals sampled by SPMDs 
include hydrophobic, bioavailable organic chemicals such as polychlorinated biphenyls (PCBs), 
PAHs, organochlorine pesticides, dioxins and furans, selected organophosphate and pyrethroid 
pesticides, and many other non-polar organic chemicals. This has been shown as highly effective 
dosimeter of hydrophobic, lipophilic organic contaminants (and their mixtures) in water of very 
low concentration due to bioaccumulation ability. This feature makes it suitable for sequestering 
previously mentioned contaminants for subsequent human and environmental risk assessment.

In the context of integral groundwater investigation three main types of application can be 
deÞ ned:

1. Vertical characterisation of pollution plumes
2. Selective sampling and analysis of speciÞ c organic compounds at very low concentration 

level even in  complex pollution mixtures
3. in-situ mass ß ux measurement in cases of well-known ß ow conditions in and around 

the wells
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These technologies are still considered to be innovative technologies. Only few of these 

sampling technologies are relatively mature and accepted for appropriate applications by 

regulators in some states. No generally accepted standards are available yet.

3.4 practical aspects for application

During sampler installation water in the well can become stratigraphically mixed. It is therefore 

necessary to allow enough time for the analyte concentrations in the well to re-stratify and for 

ß ow to resume according to natural conditions. It is generally recommended that the samplers 

are left in place a minimum of two weeks to allow the well to resume normal ß ow and stratiÞ cation 

and for equilibration. Samplers can be left in from one sampling event to another then removed 

and replaced with a new sampler to minimize mobilization and maximize efÞ ciency.

Using a PDB is a simple operation. Deployment consists of attaching the PDB sampler to a 

carefully measured, weighted suspension cord and lowering the PDB to the exact predetermined 

location within the screened interval of the well. Recovery is a simple matter of pulling the 

sampler out of the well and transferring the contents to VOA vials. Transfer should be made 

within minutes of removal from submersion to prevent loss of volatiles to the air. PDB samplers 

are commercially available from various vendors. Cost estimates have to consider the sampling 

device, its deployment and sampling as well as the following analysis. The volume of water 

sampled during a SPMD deployment is a function of the sampling rate for a particular chemical 

and the sampling duration.

For example, a SPMD deployed for 30 

days, sampling a chemical with a sampling 

rate of 5 L per day, will result in an equivalent 

of 150 L of water sampled. However these 

sampling rates can vary with changes in 

the water ß ow/turbulence, temperature, 

and buildup of a bioÞ lm on the sampler’s 

surface. Therefore appropriate knowledge 

about horizontal / vertical ß ow conditions 

in the well and water temperature are 

prerequisite for interpretation. To satisfy 

certain detection limit requirements, the 

extracts from multiple devices can be 

combined thereby increasing the total 

volume of water sampled.

Fig. 3.7: Installation of passive sampler in 

monitoring well in Treviso
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3.5 interpretation and assessment of results

In general the sampling and analysis using passive samplers delivers contaminant 

concentrations, which can be interpreted according to the general use of all sampling and 

analysis data. However it has to be considered, that these concentrations represent in many 

cases time-integrated concentrations over the sampling period. Further the samples are 

completely point based, which can be an important advantage e.g. concerning vertical proÞ ling 

of contaminant plumes, but makes it difÞ cult to compare the results to conventional sampling 

schemes.
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4. Integral pumping test

One of the most important FOKS project tools is the methodology for Integral Pumping Test 

IPT. This methodology of assessment of groundwater contamination was already developed 

within some previous projects, among which the most relevant are:

• 5th Framework project INCORE (1999 – 2003)

• INTERREG III B CADSES project MAGIC (2005 – 2008).

The most important methodological outputs of MAGIC project are the Handbook for Integral 

Groundwater Investigation (ERTEL & SCHOLLENBERGER, 2008) and the standard software 

for planning and interpretation of Integral Pumping Tests.

Since 1997 the chair of applied geology at Tübingen University, Germany, has been developing 

a methodology for spatially integral pumping tests (Holder et al. 1998,   Ptak & Teutsch, 2000, 

Jarsjö et al. 2002, Bayer-Raich et al., 2003, 2004). These developments were accompanied 

by the practical implementation, which was from the beginning strongly supported by the Amt 

für Umweltschutz, Landeshauptstadt Stuttgart within the frame of the projects Neckartalaue 

1996-1999 and INCORE 2000-2003.

Within FOKS the IPT was applied on 4 test sites in 3countries. The details of demonstration and 

application of the  are given in“Report on application and demonstration of Integral groundwater 

investigation approach”, see http://projectfoks.eu/downloads/reports-on-tools/

4.1. questions to be applied for

The integral pumping test is the central element of the integral groundwater investigation This 

test is a powerful measure to investigate source – plume interactions in the groundwater, which 

is the basis for the assessment of the actual impact of a source of pollution on the groundwater. 

Integral pumping tests can be used either for general characterization of contaminant spread 

situation or for detailed assessment including calculation of contaminant mass ß ow rates, 

delineation of plumes as well as their detailed characterization in the direction perpendicular 

to groundwater ß ow.

4.2. basic principle

The method of integral pumping test employs the effect of the increasing capture zone during 

a pumping test, see Þ g 4.1. Simultaneously with the pumping time multiple contaminant 

concentration measurements are performed. This allows estimating the spatial distribution of 

the contaminants and the total mass ß ow rate of a contaminant plume in groundwater.

The aquifer in the vicinity of pumped well 

is affected with the long term pumping 

of groundwater. The capture zone is 

increasing according to hydrogeological 

conditions of the aquifer and to the 

parameters of pumping speciÞ cation 

with the pumping time.

Fig. 4.1: Principle of steady-state 

integral measurement (ERTEL & 

SCHOLLENBERGER, 2008) 
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In simple cases the capture zone of a single 

well comprises the whole area downgradient 

a suspicious site after a certain pumping 

time (see 4.2). The quality of groundwater in 

the speciÞ c time interval corresponds with 

the spatially integrated concentration in the 

capture zone which diameter is determined 

according to the Bear & Jacobs formula:

W = Q/(kf x I x m)

Q: pumping rate [L3/T]

Kf: hydraulic permeability of aquifer [L/T]

I: Gradient [L/L]

m: aquifer thickness [L]

W= width of capture zone 

In geometrical terms, W is the diameter of 

the capture zone in cylindrical cases.

Fig. 4.2: Comprise of downgradient area with

              capture zone of a single well

Using the sampling and analysis of groundwater in the speciÞ ed time intervals during the pumping 

(the multiple concentration measurement) the information of the quality of groundwater related 

to the speciÞ c capture zone can be received. The time curve of contaminant concentration 

indicates the occurrence of an important variation in groundwater quality (the occurrence of the 

contaminant plume) in the capture zone of pumping.
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Fig. 4.3: Relation between measured and real concentrations (acc. to Bockelmann et al., 2001)

The concentration time series yield information on the position and extent of the contaminant 

plume(s) as well as on the concentration of the target substances in the plume(s).The typical 

examples of the time concentration curves resulting from the position of the pumping well and 

the spatial occurrence of contaminant plume are illustrated in the following scheme (according 

to Bockelmann et al., 2001).

Fig. 4.4: Characteristic hydrograph curve for concentrations with different capture zone 

geometries (acc. to Holder & Teutsch, 1999)

During evaluation of concentration time series the contaminant mass ß ow rates are determined, 

which allows to calculate the average contaminant concentration in the capture zone of the 

given IPT well. With an inverse method also the possible distribution of contaminants in the 

capture zone of a well can be calculated.
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4.3. Range of application, operating window

Integral pumping tests are generally applicable within a broad range of hydrogeological and 

technical conditions. Key criteria are the extension of the potential plumes related to the width 

of captures zones which can be achieved by the pumping tests.

Table 4.1: Range of applications based on hydraulic and chemical criteria 

Range of IPT application From to

  Hydrogeological conditions

! hydraulic coefÞ cient - k
f 
(m/s) 10-6 10-2

! hydraulic gradient - I < 0,01

! effective porosity - n
e

< 0,2

  Pollutants

! soluble in water
major ionts, inorganic salts, 

naphthalene, benzene, 

chlorinated hydrocarbons etc.
! low sorption, low degradability

! octanol-water partition coeffcient Kow logKow < 3

According to this table IPT are applicable in the majority of hydrogeological settings occurring 

in porous aquifers and to large extent in fractured aquifers too.

However IPTs are not useful in situations when only very small widths of capture zones can be 

achieved. Low permeabilities (kf<ca. 1E-6 m/s) give unfavourable conditions for this method. 

Another disadvantage is a very high yield (Kf>ca.1E-2 m/s). Due to high pumping rates there 

are considerable amounts of water to be cleaned and/or discharged, causing high costs. 

Furthermore narrow plumes of contaminants with low trigger values (e.g. PAH or pesticides) 

might not be detectable due to dilution effects combined with analytical detection limits.

A further condition for performing an integral pumping test is if the water head in the pumping 

is well high enough to enable pumping with a sufÞ cient drawdown.  The expected depression 

of the groundwater level in the extraction well can be calculated. The well has to be yielding 

enough as well as the static water column in well has to be thick enough to enable pumping 

with a sufÞ cient drawdown. For example a water column of 1,5 m high would not meet this 

condition.

It is also problematic if aquifer thickness is too high, because pumping tests are depth-

integrating. Contaminant plumes with small vertical extent might not be discovered, because 

their concentrations might fall below detection limits due to dilution. Moreover hydraulic 

connections between different aquifer layers or from aquifers to surface waters might inß uence 

measurement results and lead to misinterpretations. 

In the immediate vicinity of light non aqueous phase liquids (LNAPL’s) planning and performance 

of pumping test has to be handled with great care. A displacement of free phase LNAPL’s 

within the capture zone, possibly causing contamination of deeper aquifer levels, has to be 

prevented. Therefore in case of LNAPL’s this method should be applied only in exceptional 

cases.

In cases of small-scale-investigations and smooth hydraulic gradients even small measurement 

mistakes strongly inß uence the calculated groundwater ß ow direction. Surveying and mapping 



FOKS Handbook for Integral Groundwater Investigation

26

the location of monitoring wells and measuring hydraulic heads therefore is to be done with 

very high precision. Otherwise the real groundwater ß ow direction might not be recognized.

4.4. Practical aspects for application

The costs of integral pumping tests are an important factor and it is obvious that they should 

be minimized whenever possible. The main sources of the costs are: drilling the wells, hiring/

buying/operating the pumps, personnel for supervising the pumping and sampling, analyzing the 

groundwater samples and Þ nally (if needed) treatment and sewerage of pumped groundwater. 

Spending e.g. more money on drilling more wells can reduce the costs of pumping (shorter 

pumping, or pumping with lower rate) with the same level of gained information. 

Therefore, optimal planning of Integral pumping tests is a time-consuming iterative process. In 

order to facilitate it, several approaches have been used so far (CSTREAM, ROTHSCHINK 2007, 

modelling). The MAGIC software tool for integral pumping tests planning and interpretation has 

been developed by team of Central Mining Institute, Katowice, Poland. Basing on convergent 

ß ow equations (BEAR & JACOBS, 1965) further evaluated by University of Tuebingen (BAYER-

RAICH, 2004) and starting from the algorithm by ROTHSCHINK 2007, a user friendly GIS-

based software in Java environment have been created. On following pages the planning and 

interpretation of Integral pumping tests using this software is described.

Detailed planning of the Integral Pumping Tests is important. Test planning includes the 

following steps:

Defi nition of control planes

Control planes are vertical cross-sections through the groundwater aquifer., see Þ g. 1.1 and 

4.5.. The most important results related to control planes are contaminant mass ß ow rates 

across the control plane as well as average and maximum concentrations. These values 

are supposed to characterize the emission and source strength of the contaminant from the 

investigated source zone(s). 

Fig. 4.5: Principles for the calculation of the mass ß ow rates (pollutant load) at the source of 

pollution
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Therefore, it is important to ensure that control planes:

• are placed downstream the investigated source zone(s)

• cover total width of groundwater stream that might be contaminated by the source 

zone(s)

• are as much as possible perpendicular to groundwater ß ow direction

For ensuring mentioned features of control planes, their deÞ nition should be based on detail 

analysis of the conceptual hydrogeological model.

The scale of application and the distance between downgradient control planes is a key issue. 

Aiming at a precise quantiÞ cation of the source strength not inß uenced by natural attenuation 

processes along the ß ow path a Þ rst control plane should be located closely downstream of 

the potential sources of pollution. Further downgradient control planes to delineate the plumes 

and to quantify natural attenuation processes should be deÞ ned according to the contaminants 

considered. In case of volatile CHC a distance between control planes of up to 500 -1.000 

m can be appropriate, whereas for BTEX and PAHs 100 – 150 m should be considered as 

a maximum. If complex plume patterns and interactions of plumes are to be expected, the 

control planes should be located in closer distances.

Fig. 4.6: DeÞ ning the control planes at Feuerbach site within MAGIC project 

Planning also implies the expected magnitude of contaminant concentrations and pumping 

rates. Especially in locations near to the plume edge concentrations might fall below the 

detection limits with increasing pumping rates. In these cases, no complete interpretation of 



FOKS Handbook for Integral Groundwater Investigation

28

the pumping test is possible. Also should be checked if there is a sufÞ cient number of available 

monitoring wells (three to Þ ve) in the vicinity of the control planes. The observation of wells 

is necessary for sufÞ ciently recording the hydraulic system’s response to pumping and for a 

sufÞ cient data evaluation. Furthermore drawdown in different observation wells provides an 

indication for the depression’s geometry.

Hydraulic planning

The aim of planning process is to deÞ ne the crucial parameters of future IPTs, such as:

• number of wells to be used

• pumping rates

• duration of pumping test

• number of samples 

• timing of particular samples

Technical constrains are usually linked to drilling the wells, operating the pumps, maintaining 

the pumped water and sampling. It should be taken into consideration that in some places 

drilling is very difÞ cult (e.g. in industrial area there are a lot of areas full of concrete and 

underground installations). In case previously existing wells are planned to be used the well 

diameter might not allow the installation of a powerful pump to achieve desirable pumping 

rates. In other cases the amount of water to be pumped cannot be beard by the local sewage 

system. As regards sampling, overnight or weekend sampling might be difÞ cult to organize and 

therefore should be avoided, if possible.

The MAGIC software offers a comfortable tool both for planning and interpretation. Basic 

parameters have to be inserted Þ rst (see Fig.4.7.).They can be divided into 2 groups:

• independent hydraulic parameters: effective porosity [n] , hydraulic conductivity. [K], 

hydraulic gradient [i] and aquifer thickness,

• pumping parameters: pumping rate [Q], total time of IPT, number of samples.

Accordance of input parameter units should be checked. The next needed data is the set of 

times at which each of planned samples is going to be taken.

Figures at the bottom of the dialog window help to imagine how the changes of input parameters 

affect the values interesting for planning purposes, such as: width of capture zone at given time 

step and increase of this width between subsequent time steps. The times of sampling should 

be planned in such way, that increase of width does not change signiÞ cantly during whole IPT.

With steep hydraulic gradients, low permeability-values and small pumping rates the pumping 

test reaches the quasi-steady state very quickly. The capture zone width then does not increase 

any more. Longer pumping times would only cause costs but no additional information.

Should detailed planning show, that investigation targets cannot be achieved with the provisional 

investigation program, modiÞ cations to pumping parameters should be done. Possibly the 

investigation target can be achieved with a longer pumping time, otherwise additional extraction 

wells are necessary.
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Fig. 4.7: Planning of integral pumping tests using MAGIC software tool

4.5. Interpretation and assessment of results

MA GIC software tool allows for interpretation of results of IPT in the case of pumping single 
wells at one time or no signiÞ cant interference among simultaneously pumped wells. Results 
for each well are separately calculated and visualized in simple GIS environment.
Required input parameters are the same as for IPT planning plus the laboratory results for 
the given contaminant at each time step. The time steps are determined by sampling in such 
sense, that each groundwater sample is linked to one time step (Tx). 

 The software then calculates the main IPT results (Fig. 4.8) The main and very reliable results 
are:

• Contaminant mass ß ow rate across the control plane of individual well
• Average concentration of water ß owing through the control plane

The software also gives the comparison between the concentration measured in the sample 
and the “real” concentration in the aquifer (evaluated taking into account the dilution effect due 
to pumping). It has to be stressed that the exact values of evaluated concentration are nothing 
but a rough estimates. Also the qualitative relationship between the distance from pumping well 
and the concentration (concentration pattern across the control plane) is valuable information. 
Even if the magnitude of the maximum concentration might be not very precise (as it is very 
sensitive to even small parameter changes) the position of the peak concentration (centre of 
contaminant plume) can be considered reliable.



FOKS Handbook for Integral Groundwater Investigation

30

Fig . 4.8: Results of IPT evaluation using MAGIC software tool

After inputting very simple GIS information such as the position of well and groundwater ß ow 
direction, the results can be visualized in GIS environment (see Fig.4.9.). The main visualized 
results are the isochrones of IPT (concentric ellipses), the width of control plane (represented 
by dark grey bar) and the expected centre of the plume (zone of peak concentration – shown 
as a violet stripe). The violet stripe can be displayed either on the left or on the right side of the 
pumping well, according to user’s decision based on site-speciÞ c information. The Software 
allows also for saving the generated graphics as a vector Þ le with the co-ordinates (in .SHP 

format). The results can also be exported to a report in spreadsheet format.

Fig. 4.9: GIS visualization of IPT results with MAGIC software tool

Further information is provided in MAGIC handbook and MAGIC IPT software manual, both 
available via: www.magic-cadses.com.
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5. Tool: Fingerprinting

5.1. Questions to be applied for

This chapter gives reference to further results of the project on tool development laid down in 

the report “Fingerprinting tools for localisation of pollution sources”, see http://projectfoks.eu/

downloads/reports-on-tools/

The FOKS project general objective is to focus the remediation efforts in degraded areas on 

the key sources of contamination. These key sources Þ rst have to be identiÞ ed and deÞ ned, 

which might be a challenging task within intensively used industrial areas bearing complex 

and overlapping contamination patterns. DeÞ nite identiÞ cation of the polluter is prerequisite to 

apply the polluter-pays principle. However in many cases when various polluters (in relation 

to time and location) are responsible for the complex contamination classical environmental 

techniques are limited. The application of forensic methods provide a powerful tool to develop 

a better understanding of the current situation as well as past and ongoing processes, thus 

facilitating the demonstration of source – plume relationships and identiÞ cation of polluters.

Environmental Forensic in contaminated site management is an innovative site investigation 

approach for the identiÞ cation of the sources (spatial and temporal) of soil and groundwater 

pollution. The results of forensic investigations can further be used in the development of 

efÞ cient remediation strategies including monitored or enhanced natural attenuation and to 

identify the polluter.

The main methods are called Þ ngerprints whereas contaminants in two different ways leave 

typical Þ ngerprints which help to trace the source and degradation process: 1. typical component 

distribution patterns in the source as well as during degradation process; 2. typical distribution 

of isotopes (isotopic signatures) to be analyzed in the chemical compounds of the contaminant 

and its metabolites during degradation process.

5.2. basic principle

The method of environmental Þ ngerprinting by typical component distribution patterns makes 

use of typical patterns of single compounds of a chemical substance which varies according 

to manner, origin or time period since drag-in. For example the spectrum of Superplus Fuel 

resulting from a gas chromatographic analysis is quite different to that of a diesel fuel, that of 

a fresh PAH contamination differs from one already under degradation process. In this way 

conclusions can be drawn from the distribution patterns received by lab analysis in respect to 

origin, chemical constitution of the original pollutant as well as to the age of the pollution  (see 

Þ g. 5.1).

Also the natural degradation of CHC is following under several conditions always the same 

chemical processes. Consequently the identiÞ cation of metabolites can prove degradation 

processes and the distribution pattern between metabolites and non degraded original chemical 

substances enables an evaluation or degree of degradation.

When applying Þ ngerprinting methodology it is of special importance to assess and describe 

site speciÞ c degradation process, respective metabolites and milieu conditions.
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Fig.5.1: Degradation pattern of petroleum

The reductive dechlorination respectively dehalogenation are the most important degradation 

processes of CHC. During degradation of PCE, TCE, cDCE and VC in each case one chlorine 

atom is substituted with a hydrogen atom. This process is going stepwise from PCE by TCE to 

cDCE and further to VC and Ethen (ETH). ETH is degraded to ethan and this Þ nally mineralised. 

The degradation is limited depending on the availability of electron donors. However in many 

cases in nature this reductive dechlorination seems to end with cDCE.

Fig.5.2: Degradation regimes for CHC (acc. to Lohner 2011)
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In general it can be stated that reductive degradations works best, the more CL- atoms 

available. Vice versa the aerobic degradation works better the less Cl-atoms available. This 

leads in practice to situations in which a temporal or spatial combination or sequence of both 

hydrochemical regimes can achieve complete degradation.

Fig.5.3: Overview of chloroethene biodegradation (PCE: perchloroethene; TCE: trichloroethene; 

cDCE: cis-1,2-dichloroethene; and VC: vinyl chloride) (acc.to Tiehm, Schmidt 2011)

As regards to POPs, the tracing of dechlorination chain is possible, however POPs have 

much more complicated structures than volatile CHCs. Therefore it is much more complicated 

to describe and quantify the relationships between primary products and their metabolites. 

Degradation schemes are rarely simple chains, quite often they are ß owcharts with many 

branches and interconnections between them. However, the POPs themselves often are 

present in the form of different isomers, which can be used in the process of Þ ngerprinting.

More elaborative in terms of analytics is the isotopic Þ ngerprint. Isotopes are species of the 

same chemical element, which have different numbers of neutrons. Therefore they have 

different masses inducing differences in chemical characteristics. Carbon for example appears 

in three naturally existing Isotopes: 12C, 13C und 14C. Whereas 12C and 13C are stable 

isotopes, 14C is undergoing radioactive decay. Thus it can be used to deÞ ne the age of a 

pollution. Differences between those Isotopes are very narrow so that they do not differ in 

chemical behaviour and form equal chemical bounds. During synthetic production as well as 

during degradation it can be recognised that isotopic more heavy atoms are stronger bound to 

a molecule as compared to the lighter atoms which forms weaker bounds.

In general this leads to a preferred transfer of lighter isotopes. In products, either from chemical 

synthesis products or from chemical degradation products the proportion between light and 
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heavy isotopes is shifted to the lighter ones, whereas the heavier isotopes are cumulated in 
residuals (kinetic isotope fractioning) (Schmidt et al. 2004, Meckenstock et al. 2004)

The isotope geochemistry is using these natural variations in isotopic composition of some 
chemical elements and concludes from these Þ ndings to origin or processes which they were 
underlying since synthesis. Chemical substances bare their individual isotope signatures 
depending on their origin and thus leave their individual Þ ngerprint  which can be used to identify 
and delineate pollutions and their sources (drag-in points). (Slater 2003, Benson et al. 2006).

Physical processes as sorption, dilution or vaporisation which are not related to degradation 
processes but also result in a decrease of concentration do not affect the isotopic distribution pattern 
(signature). Under laboratory conditions investigations on mixed and pure cultures have been 
applied to elaborate for various contaminants the degradation process under aerobic and anaerobic 
conditions, and deÞ ne for carbon and hydrogen isotopic fractions factors. Those can be use to 
estimate the contamination degradation process within an aquifer (in-situ) (Elsner et al. 2005).

5.3. range of application, operating window

In course of contaminated site investigation process the main objectives in applying 
environmental forensic methods are: 

• Timing of polluting event (DeÞ nition of age)
• Location of source of pollution
• Original chemical constitution of the pollutant at point in time of drag-in
• QuantiÞ cation of degradation and natural attenuation processes

However not all forensic methods are applicable to all kinds of pollutants. An overview which 
method could be beneÞ cially applied for pollutants as aliphatic or aromatic hydrocarbon (e.g. 
BTEX), PAH (very often at former gaswork sites), volatile Clorinated Hydrocarbons (Industrial 
sites, dry cleaning) or heavy metals and MTBE (gas stations, fuel depots)

 Table 5.1 Most important application of environmental forensic methods for key pollutants

TPH/BTEX PAK CHC Heavy metals MTBE

Age + " o o -

Location of 
drag-in

+ " + + o

Chemical
constitution

+ + - + -

NA + + + - +

+ Application possible

- Application not possible

o single clases

" not relevant

Table 5.1 indicates that forensic methods Þ t well for the age estimation of contaminations with 

petroleum hydrocarbons, whereas it is only possible in special cases for CHC. MTBE can 

serve as marker for age deÞ nition because of its use from the 80th on. The location of point of 
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drag-in can be supported by forensic methods for petroleum hydrocarbons -, CHC- und heavy 

metals. The chemical constitution and origin of the pollutant can be identiÞ ed for petroleum 

hydrocarbons-, PAH- and heavy metal contaminations.

In single cases the consideration of a combination with further analytical methods could be 

beneÞ cial and the application of multiple indications for evidence could enlarge the Þ eld of 

applicability as shown in the overview.

As PAH are very often found at former gaswork sites the investigation of age and location of 

drag-in is simple when history of the site is known. Environmental forensic methods are not 

relevant in these cases.

In the FOCKS project pilot applications are realised for CHC in Stuttgart, Novy Bydzov,Milan 

and Treviso, POPs are subject in Jaworzno and Milan additionally deals with Chromium VI.

5.4. practical aspects for application

Fingerprints single compound distribution pattern

The applicability of the method is deÞ nitively limited in cases:

• only minor traces of the compounds are found in groundwater or soil

• all samples show an advanced stage of degradation

• various sources or plums are overlapping, which are similar in terms of original 

contaminant and/or age.

Also in cases where over longer periods of time drag-in was continuously ongoing the 

interpretation of results from Þ ngerprinting is questionable. On the one hand different charges 

could haven been mixed (changes in production process, supplier) on the other hand younger 

pollutants could mask older ones.

Application of Þ ngerprinting based on the isomer distribution is possible for HCH 

(hexachlorobenzenes). This pesticide is a very good example, having several isomers, out 

of which four are of major concern (alpha, beta, gamma and delta). During its synthesis 

so called technical HCH was produced, in which the four isomers were formed always in a 

speciÞ c distribution, with domination of alpha-HCH (Fig. 5.4). Technical HCH was also used 

directly (Fabre et al., 2005; Lodha et al., 2007) as it is, however, gamma-HCH was the most 

interesting isomer, due to its insecticide properties. Therefore, this isomer was then selectively 

extracted from technical HCH. In such cases the large amounts of waste was produced with a 

composition similar to technical HCH, but with much lower concentration of gamma-HCH. The 

waste was even more dominated by alpha-HCH than the technical HCH.
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Fig. 5.4: Example Þ ngerprint of technical HCH

During the degradation of HCH in the environment, usually beta-HCH is the most resistant isomer 
(Philips et al., 2005; Kumar et al., 2006; Lodha et al., 2007). Also isomerization processes were 
described of different directions among the isomers, however usually leading to enrichment in 
beta HCH. As a result, the older HCH contamination is usually beta-dominated. This is giving 
the opportunity to use the speciÞ c isomer distribution of HCH to characterize the relative age 
of contamination and the plume-source relationship.

The isotopic fi ngerprinting

This method has two main Þ elds for application. On basis of the typical isotopic signatures 
of individual organic substances conclusions can be drawn to single sources. In this way 
pathways and ratio of mixtures can be identiÞ ed.

As a consequence of kinetic isotope fractioning heavier isotopes are cumulated in the residual 
contaminant fraction the longer this process is already ongoing. The detection of a changed 
isotope ratio can thus be seen as prove for degradation process of organic substances in the 
environment. The factors for fractioning which were determined during laboratory experiments 
are available through several published articles and can be used to quantitatively estimate the 
biological degradation process in the Þ eld (Meckenstock et al. 2004).

The detection limit is strongly depending on the analytical method used as well as on the 
sample preparation, extraction and supply system. Using solid phase micro extraction, purge-
and-trap or large volume-injection enable a reliable detection limit of #13C values down to 
lower $g/L areas (> 5 -10 $g/L). The analytical exactness of a Gas Chromatography Isotope 
Ratio Mass Spectrometer (GC/IRMS) for carbon is regularly ±0,5 ‰.

Crucial for reliability and reproducibility of the analysed #-values is the level of separation of 
co-eluting substances and knowledge about non dissolving (aromatic) complex mixtures as 
they are unfortunately often found in samples take from real environmental media (soil/water). 
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Therefore it is recommended to analyse the samples additionally with other chemical methods 

to exactly know which compounds are present and verify the purity of the related chemical 

compound.

5.5. interpretation and assessment of results

In general it has to be taken into account that the molecular weight of the chemical compound 

is decreasing with decreasing chlorination (from PCE to ethene). This is due to the fact that the 

atom mass of chlorine with 35,45 in relation to the one of hydrogen with 1,01 is much higher. 

The molecules loose weight during dechlorination step by step while the chlorine atoms were 

substituted by hydrogen atoms.

Without taking this into consideration the interpretation of degradation processes would deliver 

misleading conclusions. By only comparing mass concentrations (eg  g/L] in a series of 

measurements (timeline or spatial distribution) a reduction of mass concentration already could 

result from a substitution of chlorine by hydrogen. Thus it could be concluded by mistake that 

a degradation of the pollutant with complete dechlorination already haven been taken place 

whereas in reality only the substitution by the lighter atoms (from PCE to cDCE) as one single 

step in the whole degradation process leaded to theses reductions in mass concentrations.

More reasonable is the comparison of molar concentrations [for example  mol/L], where 

it clearly can be seen if the reduction in mass concentrations is due to single steps in the 

degradation process or if the reduction is due to complete dechlorination leading to not 

chlorinated metabolites.

The spatial depiction of compound distribution patterns (as chlorinated ethene PCE, TCE,cDCE 

and VC) can be presented with a pie chart placed on a map of the sampling site.

These diagrams and other additional information are included most often in a 

Geoinformationsystem (GIS). The colourd pieces of the pie diagram show the ratio [Mol-%] 

of the single compounds (as PCE, TCE, cDCE und VC) basing on the total sum of molar 

concentration which is illustrated by the size of the pie itself. Often these total sums are given 

in mass concentration unites as in this classiÞ cation it is directly comparable to the threshold 

values given in several legislation documents. An example on how this various information can 

be depicted is given in Þ g.5.5.

A spatial depiction of the distribution pattern would also be possible by placing star diagrams 

on the maps. Star diagrams are commonly used as they easily allow the comparison of various 

distribution patterns and indicate clearly where differences or compliances appear. 
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Fig. 5.5: C HC distribution in groundwater (20th century) (taken from Spitzberg & Schollenberger, 

2011)

At the beginning of measurement the CHC were composed to over 95 Mol-% of TCE. Since 

this time PCE as well as cDCE molar ration are continuously increasing whereas TCE is 

decreasing respectively. In the meantime is is reduced to 40 Mol-%. Simultaneously also the 

total CHC mass concentrations are decreasing.

The increase of cDCE is a direct result of the degradation process which is following the rule of 

reductive dechlorination. And since the TCE concentration is decreasing it can be concluded 

that signiÞ cant degradation from TCE to cDCE occurs. The accumulation of PCE in the upper 

graph is only relative, no increase in mass concentration can be seen.
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Fig. 5.6: CHC compound distribution pattern of a groundwater sample given in molar as well 

as in mass concentrations (taken from Spitzberg & Schollenberger, 2011)
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6. Tool: Risk-based approach to the assessment of groundwater 
pollution

This chapter provides a summary description of the report “Risk-based approach to assessment 

of water pollution sources”, developed in the FOKS project see http://projectfoks.eu/downloads/

reports-on-tools/

6.1. questions to be applied for

To undertake efÞ cient remediation aiming at reducing groundwater pollution risk identiÞ cation 

of key pollution sources and key pollutants is required. This identiÞ cation may be very difÞ cult in 

cases where many pollution sources and complex pollution occur. In such cases prioritisation 

of pollutants and pollution sources according to existing national standards may be further 

supported by combination of different tools. These may include mass ß ux and plume length 

based approaches as well as the subsequently outline FOKS risk-based approach to the 

assessment of groundwater pollution.

The groundwater risk-based approach developed in the FOKS project takes into account the 

criteria for evaluating groundwater quality which are speciÞ ed in the Water Framework Directive 

(WFD 2000/60/EC) and the Groundwater Directive (GWD 2006/118/EC). These criteria include 

groundwater threshold values (GTVs) deÞ ned for a “good chemical status” of the groundwater, 

set by the Member States for each pollutant identiÞ ed in any of groundwater bodies within their 

territory considered to be at risk.

The risk–based approach to the assessment of groundwater pollution was designed primarily 

to support the identiÞ cation of key sources of groundwater pollution. However, taking into 

consideration that groundwater and surface water can intermix or interconnect, it could be 

justiÞ able to include the risk-based approach also to assessment of surface water pollution, 

depending on the scope and scale of the evaluation. In that case environmental quality 

standards (EQS) for dangerous substances representing limit criteria for assessing “good 

chemical status” of a surface water body, established in the EC proposal of EQS Directive 

(2006), may be applied as the evaluation criteria.

6.2. basic principle

The FOKS risk-based approach to the assessment of groundwater pollution is based on the 

source-pathway-receptor (S-P-R) concept, generally applied to polluted land assessment 

(Bardos et al. 2003, DEFRA 2006, EA-UK 2003). The S-P-R model is created to provide a 

conceptual picture of the mode through which pollutants act and cause potential harm to 

receptors. The source can be surface, underground, point or diffuse pollution. The pathway is 

the route by which pollution reaches the receptor, e.g., underground strata laying between the 

source and the receptor.

The potential receptors are drinking water abstraction wells, surface and groundwater, protected 

ecosystems/ecological receptors, etc. Fig. 6.1 presents a illustrative  example of S-P-R model 

for a contaminated site.

Groundwater may play a dual role of being both a receptor and a pathway to other humans 

or environmental receptors (EA-UK 2003). In the identiÞ cation of receptors the objectives and 

scale of the assessment (local, regional, on-site, off-site) are of great importance.



FOKS Handbook for Integral Groundwater Investigation

43

Fig. 6.1: An illustrative example of S-P-R model for a contaminated site (adapted from
EC-GC 2011)

In the FOKS project the relevant bodies of groundwater and/or surface water are considered 
as the receptors.

Groundwater

The groundwater risk-based assessment method is based on classiÞ cation of groundwater 
measuring points (piezometers and wells) into groups representing the potential pollution 
sources and on calculation of groundwater pollution risk index for each group. Average 
pollutant concentrations in groundwater determined in particular groups of measuring points 
are compared with the GTVs and aggregated within each group of measuring points into one 
groundwater pollution risk index (GRI).

Groundwater pollution risk is assessed by undertaken the following detailed steps:

• Identifying and selecting pollutants which potentially contribute to the pollution of 
the relevant groundwater body (based on archived monitoring data and taking into 
consideration a type of past and present industrial activities at a site),

• Classifying groundwater measuring points into groups representing different potential 
sources of groundwater body pollution (based on the conceptual hydrological site 
model),

• Gathering the investigation data (concentrations of groundwater pollutants) by the 
measuring points,

• Calculating the average pollutant concentrations (GC) within each group of measuring 
points,

• Comparing the GC calculated within each group with the relevant national-speciÞ c 
GTVs; calculating groundwater pollutant-speciÞ c risk quotients (GRQ):
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• GRQ
ij
 – groundwater pollutant-speciÞ c risk quotient for the ith 

pollutant in the jth group of the measuring points,

• GC
i
 – average concentration of the ith pollutant in groundwater 

in the jth group of the measuring points,

• GTV
i
 – national-speciÞ c groundwater threshold value for the 

ith pollutant established for assessing “good chemical quality 

status” of the groundwater body,

• Calculating the groundwater pollution risk index (GRI) for each group of measuring 

points by summing up the relevant pollutant-speciÞ c GRQ values:

• GRI
j
 – groundwater pollution risk index for the jth group of the 

measuring points,

• GRQ
ij 
– groundwater pollutant-speciÞ c risk quotient for the ith 

pollutant in the jth group of the measuring points,

• n – number of pollutants,

• Ranking the calculated GRI values,
• Identifying the key groundwater pollution sources by the GRI values,
• Calculating the contribution of each pollutant to the entire GRI value in each group of 

measuring points,
• Prioritising the pollutants in each group of measuring points,
• Ranking the pollutants by the GRQ values; categorising the pollutants as of low, 

medium or high priority on the basis of the relevant GTVs exceedance degree:
Low priority pollutants - average groundwater risk quotients (GRQ

A
) are below 

or equal 1 (GRQ
A
<=1) in all measuring points,

Medium priority pollutants - average concentrations exceed their respective 
GTVs less than 10 times (1<GRQ

A
<=10),

High priority pollutants - average concentrations exceed their respective 
GTVs more than 10 times (10<GRQ

A
).

Surface water

To assess risk for the surface water body (river, brook, stream) sampling points located up 
and down-stream pollutant discharges are assigned. Pollutant concentrations in surface water 
determined in the sampling points are compared with the EQSs and aggregated within each 
sampling point into one surface water pollution risk index (SRI), similarly as it is proposed for 
groundwater.

Surface water pollution risk is assessed by undertaken the following detailed steps:

• Identifying and selecting pollutants which potentially contribute to the pollution of 
the relevant surface water body (based on archived monitoring data and taking into 
consideration a type of past and present industrial activities at a site),

• Selecting sampling points located up and down-stream of pollutant discharges 
representing different potential sources of surface water body pollution,

• Calculating the average or maximum pollutant concentrations (SC) within each 
sampling location,

• Comparing the SC calculated within each sampling location with the relevant EQS 
values; calculating surface water pollutant-speciÞ c risk quotients (SRQ):
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• SRQ
ij
 – surface water pollutant-speciÞ c risk quotient for the ith 

pollutant in the jth sampling location,

• SC
i 

– average or maximum concentration of the ith pollutant in 

surface water in the jth sampling location,

• EQS
i 
– environmental quality standard for ith pollutant 

established for assessing “good chemical quality status” of the 

surface water body,

• Calculating the surface water pollution risk index (SRI) for each sampling location by 

summing up the relevant surface water pollutant-speciÞ c SRQ values:

• SRI
j
 – surface water pollution risk index for jth sampling location,

• SRQ
ij
 – surface water pollutant-speciÞ c risk quotient for the ith 

pollutant in the jth sampling location,

• N – number of pollutants,

•   Ranking the calculated SRI values; indicating the river sections of the worst quality,

•   Calculating the contribution of each pollutant to the entire SRI value in each sampling 

location,

•   Prioritising the pollutants in each sampling location,

•  Ranking the pollutants by the SRQ values in all sampling locations; categorising 

the pollutant as of low, medium or high priority on the basis of the relevant EQS 

exceedance degree.

6.3. range of application, operating window

The FOKS risk-based assessment tool is applicable to those groundwater and surface water 

pollutants for which national-speciÞ c GTVs/EQSs were established.

In the FOKS project this is being applied for the assessment of groundwater and surface water 

pollution risks posed by inorganic and organic pollutants, mainly pesticides, in the surroundings 

of “Organika-Azot” Chemical Plant in Jaworzno, Poland (Wcis&o et al. 2011). 

6.4. practical aspects for application

The risk-based assessment approach was designed primarily to support the identiÞ cation of 

pollution sources representing the highest risk to the relevant body of groundwater and/or 

surface water.

This approach, using groundwater pollution risk indices (GRI) and surface water pollution 

risk indices (SRI) complements existing national standards and procedures as well as mass 

ß ux (load) and plume length based approaches applied for the identiÞ cation and ranking of 

key sources of water pollution. The application of the risk-based approach may be especially 

important for cases where a very complex pollution occur. It may also be suitable for prioritisation 

and identiÞ cation of the pollutants that may require further evaluation (pollutants of high and 

medium priority). Moreover it can support the selection of appropriate remedial options/

mitigation measures for large-scale groundwater pollution. It may also support monitoring and 

assessment of the effectiveness of the selected remedial measures.
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6.5. interpretation and assessment of results

In groundwater risk-based approach appropriate grouping of groundwater measuring points is 

very important for the spatial analysis of groundwater pollution risks posed by potential pollution 

sources, and their prioritisation. This step requires further consultations with a hydrologist.

A simpliÞ ed example of classifying the measuring points into groups at the contaminated site X 

is illustrated in Fig. 6.2. Based on the developed conceptual hydrological model for the site, 

groundwater ß ow direction was established (from the north-west to the south-east). For the 

purposes of the groundwater pollution risk assessment, taking into consideration the inferred 

groundwater ß ow direction and the locations of potential groundwater pollution sources 

(discharge points), the wells were classiÞ ed into four groups:

1. GW1 - wells: W-1—W-6 – outß ow from the former waste disposal site (A)

2. GW2 - wells: W-7—W-11 – potential outß ow from the hazardous waste landÞ ll (B)

3. GW3 - wells: W-12—W-15 – groundwater outß ow from the former waste disposal 

site (C)

4. GW4 - wells: W-16—W-18 – outß ow from the waste incineration plant (D).

Fig. 6.2: Location of the grouped groundwater measuring points in the contaminated site X.

Results of the risk-based groundwater pollution assessment are simply tabulated. Table 1 

and 2 present ranking of groundwater pollution risk indices (GRI) and ranking of groundwater 

pollutant-speciÞ c risk quotients (GRQ) for each group of measuring points.
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Table 1. Ranking of groundwater pollution risk indices (GRI) in groups of 

measuring points - contaminated site X

Groups of measuring points GRI

GW2 W6-W9 4542.75

GW1 W1-W5 3264.8

GW3 W10-W14 1629.7

GW4 W15-W17 61.7

Table 2. Ranking of groundwater pollutant-speciÞ c risk quotients (GRQ) in each group of 

measuring points - contaminated site X

GW1 GW2 GW3 GW4

Substance 1 1560.40 Substance 1 2890.60 Substance 1 1205.10 Substance 6 43.50

Substance 2 1260.40 Substance 4 1340.80 Substance 4 367.40 Substance 1 10.50

Substance 4 416.50 Substance 5 121.75 Substance 3 29.10 Substance 4   4.80

Substance 6 18.30 Substance 3 83.70 Substance 5 12.80 Substance 3   1.70

Substance 5 5.30 Substance 2 71.80 Substance 6 12.60 Substance 5   0.80

Substance 3 3.90 Substance 6 34.10 Substance 2 2.70 Substance 2   0.40

In the presented example the highest and the lowest GRI values were obtained for GW2 and 

GW4 groups of measuring points, respectively. The results indicate that the hazardous waste 

landÞ ll (B) is a groundwater pollution source of the highest priority and  the waste incineration 

plant (D) - of the lowest importance.

Substances of the highest priority (GRQ<10) are as follows:

GW1 - Substances 1, 2, 4, and 6,

GW2 - Substances 1, 2, 4, 5, 3, 2 and 6,

GW3 - Substances 1, 4, 3, 5 and 6, 

GW4 - Substances  6 and 1.

Substances 1 and 6 are of the highest priority in all assigned groups of measuring points.

Fig. 6.3: contribution of each pollutant to the entire GRI values
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Fig. 6.3 presents the contribution of each pollutant to the entire GRI value in each group of 

measuring points (GW1, GW2, GW3, GW4) in the contaminated site X.

Concerning the pollutant contribution to the highest priority GRI value (GW2) substance 1 

contributed the most (over 60 %).

6.6. references

Bardos P., Lewis A., Nortcliff S., Matiotti C. Marot F., Sullivan T. 2003. Review of Decision 

Support Tools for Contaminated Land and their Use in Europe. A report from the Contaminated 

Land Rehabilitation Network for Environmental Technologies (CLARINET). Austrian Federal 

Environment Agency (on behalf of CLARINET), Vienna, Austria.

DEFRA 2006. Defra Circular 01/2006. Environmental Protection Act 1990: Part 2A.Contaminated 

Land. Department for Environment, Food and Rural Affairs.

EC-GC 2011. Environment Canada. Groundwater Contamination (http://www.ec.gc.ca/eau-

water/default.asp?lang=En&n=6A7FB7B2-1)

EQS Directive 2006. Proposal for a Directive of the European Parliament and of the CounciL 

on environmental quality standards in the Þ eld of water policy and amending Directive 2000/60/

EC; Brussels, 17.7.2006; COM(2006) 397 Þ nal 2006/0129 (COD).

GWD (Groundwater Directive) 2006. Directive 2006/118/EC of the European Parliament and 

of the Council of 12 December 2006 on the protection of groundwater against pollution and 

deterioration.

EA-UK 2003. Hydrogeological Risk Assessments for LandÞ ll and the Derivation of Groundwater 

Control and Trigger Levels. Environmental Agency, UK.

WFD (Water Framework Directive) 2000. Directive 2000/60/EC of the European Parliament 

and of the Council of 23 October 2000 establishing a framework for the Community action in 

the Þ eld of water policy.

Wcis&o E., Krzy'ak J., Gzyl G. 2011. Risk-based approach to assessment of groundwater 

pollution. 5th International Conference “Innovative Solutions for Revitalization of Degraded 

Areas” - Abstracts. The Research and Supervisory Centre of Underground Mining Co. Ltd 

in L(dziny, Institute for Ecology of Industrial Areas in Katowice, Ustro), 5 – 7 October 2011

(15-16).



FOKS Handbook for Integral Groundwater Investigation

49

7. Tool Gnostics

This chapter gives reference to further results of the project on tool development laid down 

in  the report “Mathematical Gnostics”, usage of methods of innovative robust data treatment 

and analysis, see www.Projectfoks.eu/downloads/report-on-tools/ This report outlines the 

methodology with its mathematical basics and illustrates the applicability for a broad range of 

environmental topics.

7.1. questions to be applied for

The efÞ ciency of results of environmental investigation depends on the quality of measured data 

delivered to data analysis as well as on quality of information obtained by the data treatment. 

Environmental data are speciÞ c not only by extreme costs of their measurements but also by 

the high requirements to the treatment. The reliability of the resulting information has a strong 

impact on the health of people and can have vital importance. The mathematical gnostics is 

a tool to evaluate the efÞ ciency of data and results obtained by environmental investigation. 

The term “gnostic” derives from “gnosis,” which means “knowledge” in Greek. The notion of 

mathematical gnostics should not be mistaken with the substantive „gnostics“, which denotes 

devotees of Gnosticism, a both ancient and modern religion.

Gnostics is a methodology of data treatment alternative to statistics based on the mathematical 

theory of individual uncertain data and small data samples.

Unlike mathematical statistics developed to be applied to “sufÞ ciently large” samples, computing 

programs based on the gnostic theory of uncertain data enable the maximum information to be 

obtained from small samples of strongly uncertain data. The application Þ eld of this tool is thus 

even broader than that of statistics including the technology, production quality assessment, 

Þ nancial management and decision making, medical diagnostics, insurance policy rating, 

environmental control and others. Complete information is available on www.math-gnostics.com. 

7.2 basic principle

The key tools of gnostic analysis are:

• Gnostic programs of probability and density distribution functions and for their 

applications.

• Programs for robust multi-dimensional analysis.

Application of gnostic distribution functions to one-dimensional analysis results in more 

information on the data samples than that obtained by point statistical estimates (statistical 

moments or order statistics, etc.). The distribution functions provide not only the probability 

of each quantiles as well as percentiles for all probabilities, but also robust estimates of data 

support bounds and of the location and scale parameters. Further applications of the distribution 

functions include following tasks: 

• to globally or/and locally represent the structure of both homogeneous and  

inhomogeneous data samples, 

• to test the homogeneity of a data sample, 
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• to provide homogeneous data samples from non-homogeneous data by three 
reasonable methods of homogenization,, 

• to estimate the bounds of membership intervals of a sample, 
• to perform the marginal cluster analysis, 
• to quantify the coincidence and/or similarity degrees of data samples, 
• to perform robust tests of statistical hypotheses,  
• to robustly estimate the correlation coefÞ cients and correlation matrices, 
• to improve the data values by cross-section Þ ltering, 
• to Þ lter and predict the time series, 
• to estimate the true values of incompletely deÞ ned (“censored”) data.

Gnostic distribution functions solve all these tasks in a robust manner ensuring the maximum 
information obtained. The user can choose two kinds of robustness, the Þ rst one preferring 
the central data over the outliers, while the other one ensuring the opposite preference. A 
signiÞ cant feature of the gnostic method is, that all information needed in data treatment is 
taken from data only without using any assumptions or a priori (statistical) data model, whereby 
the information borne by the results is maximized. Results are thus objective, independent on 
the analyst.

The multidimensional gnostic analysis solves following tasks: 
•   Robust identiÞ cation of multidimensional regression models of four types:

- Explicit (ordinary) data regression models,
- implicit data regression models,
- explicit regression models in data probabilities,
- implicit regression models in data probabilities. (All of these models can have 

additive or multiplicative form.) 
•   Robust ordering of multidimensional objects. 
•   Robust multidimensional cluster analysis. 
•   Multidimensional homogenization, Þ ltering and prediction of data.

7.3. range of application, operating window

Mathematical gnostics can be applied when data treatment by statistics is limited theoretically 
and practically.

Gnostics theory of uncertain data enables the maximum information to be obtained from small 
samples of strongly uncertain data. Such kind of data sets is often obtained from environmental 
investigations because of speciÞ c factors:

1) Environmental measurements are difÞ cult and data can be strongly dispersed. Data 
treatment must be applicable to strongly uncertain data and robust with respect to 
outlying data. On the other hand, the outlying data must be reliably recognized to react 
to emergency events and to failing of monitors.

2) Pollutants are accumulated in organisms. Even very low amounts of them can thus 
become sooner or later dangerous for organisms. Their level is frequently below the
Limit of Detection (LOD). Such data are called left-censored

3) Contamination by pollutants can be spatially distributed in a very non-homogeneous 
manner. Extreme data values can exceed the Range of Measurements.

4) Some measurements do not result in “point” values but in data having two bounds 
(such as e.g. spectra measured by a multichannel analyser). Such data are called 
interval data
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5) DifÞ culty and high costs of data are unavoidable limits for availability of large data 
amounts. Data available to analysis are therefore rare and data treatment must warrant 
the maximum of information from rare data.

6) Environmental processes are non-stationary. Temporal changes are caused by many 
factors. Requirements to information efÞ ciency of the treatment are further enhanced 
by necessity to follow processes by means of rare measurements.

7) The main goal of the environmental investigation is to minimize risks of uncertain 
events. Risk is measured by probability. Data treatment must provide measurement of 
risks in terms of probability.

7.4. practical aspects for application

Computer programs are used to realize Mathematical Gnostics. These are:
• S-PLUS®5

• R-project

The version for S-PLUS

The gnostic functions have been originally developing by using the S-language in the commercial 
environment S-PLUS® 6.2 Insightful Corporation. S-PLUS (is a registered trademark of the 
Insightful Corp., Seattle, Wa, USA) is a tool for exploratory data analysis, data visualization 
and exploration, statistical modeling, and programming the data treatment. S-PLUS is a 
system combining the usage of standard routines professionally written in Fortran, C+, Java 
and other languages with the functions of an interpreter of the S-language written by the user. 
The main advantage of the interpreted language is that it allows the incremental development 
of functions. A function is written, run, another function is written and then a third function 
that calls the previous two is written. The incremental development is what makes S-PLUS 
a prototyping tool.  The compiled standard functions called by the interpreted user’s function 
execute the operations quickly, making thus the combined software acceptably efÞ cient.

The great disadvantage of this environment is its dependence on the contractor and his trading 
conditions. All of the products are licensed. After updating a software version, purchasing of 
the new version is assumed. However, the number of S-PLUS users over the whole world 
reaches tens of thousands. It would be therefore pity to not offer the chance of using the new 
methods to the users of S-PLUS. However, authors of this report do not have an access to the 
new generation of the S-PLUS (e.g. 8.0), so the possible corrections of the present state of the 
gnostic software have to be left to the users.

The commercial package includes a rich documentation and is periodically updated.

The version for the R-project

It became obvious from the development of the programming Þ eld, that the commercial way 
cannot ensure such popularity to new ideas as the open-source technology. The R-project 
appeared to be the most attractive for gnostics:

1) Its language (R) is to a large degree similar to the S-language.

2) R-project http://www.r-project.org/ also combines compiled standard functions 
with the interpreted user’s language.

3) Versions of the R-environment are available for many platforms (e.g. UNIX, 
LINUX, FreeBSD, Windows, MacOS)

4) R-project is supported by a broad scientiÞ c and technologic community, thanks 
to which it develops and improves in a fast and reliable manner.
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There are several elements necessary for efÞ ciently using the full capacity of the recent version 
of the R-project:

1) The recent version of the mathematical, statistical and graphical software R
version 2.12.2 released on 2011-02-25.

2) Program rscproxy 1.3-1.
3) Program rcom 2.2-1.
4) Program RExcel.
5) Program R-commander.

The most easy way of getting these tools is to download the Þ le RAndFriendsSetup2122V3.1-
13-1-64Incl from the http://rcom.univie.ac.at//download.http and install it. This program leads 
the user by means of a series of windows by the automatic installation of all components.

The main package of R consists of many mathematical and statistical functions provided with 
their open sources and with their compiled versions programmed in C or Fortran to be run by 
calls of interpreted scripts written by the user in R-language. Operations can be launched by 
using several ways:

1) Individual line commands in R-console,
2) Launching of scripts from the R-commander,
3) Launching of scripts from the RExcel,
4) Launching of scripts from an editor linked with the R. A suitable editor for R is the 

Tinn-R GUI/Editor for R Language and Environment, available under the GNU licence 
from http://www.sciviews.org/Tinn-R.

Using of RExcel assumes availability of the Microsoft Excel on the computer.  
Activation of the RExcel icon automatically installed on the screen opens three windows: 
R-console, R-commander and Excel. The spreadsheet Excel is a comfortable tool for input 
and output operations of R.

To start working in R, an introduction can be helpful, see simpleR: Using R for Introductory 
Statistics, Verzani J., freely available: http://www.math.csi.cuny.edu/Statistics/R/simpleR/
Simple 0.4.zip for Windows users.
http://www.math.csi.cuny.edu/Statistics/R/simpleR/Simple 0.4.tar.gz for UNIX users.

Application of Gnostic programs

Everything necessary for application of the gnostic methods is available on the web-site
www.math-gnostics.com with following free downloads:

• A book on Gnostic theory and applications (Kovanic P., Humber M.B.2009)
• A Guide to Gnostic programs (Kovanic P.2011)
• Publications on mathematical gnostics and related topics: 23 important papers, 

selected presentations, list of publications of P.Kovanic, 
• Software (Open Source programs):

a. Gnostic analyzer for S-Plus 6.2,
b. Gnostic analyzer for R-project.

• Further information: BASIC INFO, HISTORY, ACKNOWLEDGMENTS, 
INTRODUCTIONS, DOWNLOADS, TRAINING/EDUCATION, FAQ, EXTERNAL 
REFERENCES, LINKS

Thanks to its GNU character, R-project is becoming a preferred tool for data processing in 

many world universities and laboratories. 
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The talk is on the R (“GNU S”), a language and environment for statistical computing and 

graphics. R is similar to the award-winning S system, which was developed at Bell Laboratories 

by John Chambers et al. It provides a wide variety of statistical and graphical techniques 

(linear and nonlinear modeling, statistical tests, time series analysis, classiÞ cation, clustering). 

A number of small changes was made in gnostic functions to reß ect differences between the 

R and S programs.  Some of the material were expanded. The Comprehensive R Archive 

Network (CRAN) is available at a number of URLs. To choose a location close to the user’s 

place is the recommended way of downloading. . Some statistics on the status of the mirrors 

can be found on R-sites. Sources, binaries and documentation for R can be obtained via 

CRAN, whose current members are listed at mirrors http://cran.r-project.org/, (for instance 

Austria http://cran.at.r-project.org/). The R-environment is platform independent: it is possible 

to install R on LINUX, Mac OS and Windows. R is available as Free Software under the terms 

of the Free Software foundation’s http://www.gnu.org/

Although similar, the R-environment is far from being identical with the S-PLUS:

1) Some mathematical and statistical functions differ. This relates to many functions 

of robust statistics, but also – among others – to such frequently used functions 

as that for optimization.

2) The assignment operator “_” acceptable in S is not used in R, it must be 

substituted by the “<“.

3) A part of graphical commands is entirely different.

4) GUI (The Graphical User’s Interface) is different:

R is missing its own graphical user interface to design graphical features and GUI. Instead, 

external packages to extend the graphical technique and properties are to be used. There 

already exist many packages in various program languages (e.g. Tcl/TK, GTk and many 

others), which provide the interface structure for such services. However, it is necessary to 

built up user’s own functions for GUI like speciÞ c programs. Creation of its own GUI would 

thus be welcome for the gnostic SW transferred to the R. A version of such a program called 

RGNGui is in progress in the Institute of Public Health, Ostrava, Czech Republic. However, 

application of gnostic programs available on www.math-gnostics is already possible for users 

accepting the not quite comfortable application of line commander of the R-system.

The gnostic methods and functions are represented in R as the package RGNOSTIC and 

RGNGui. These packages include functions for marginal analysis, multidimensional analysis 

and many auxiliary functions, which need a lot of arguments and data objects. RGNGui was 

built for GUI (Graphical User Interface) as an environment without explanation of appropriate 

entries and arguments of functions. This GUI environment is a tool for comfortable running 

of gnostic functions. It is based on graphical environment of TCLTK libraries in R-project. 

It is therefore necessary to install the package tcltk. This is a part of contributed system of 

development R-project and CRAN. After the start of RGNGui a new menu in the toolbar is 

available (Þ g.4.1).



FOKS Handbook for Integral Groundwater Investigation

54

Fig. 7.1: Menu of package RGNOSTIC

7.5.interpretation and assessment of results

The following examples shall illustrate just a few of the wealth of interpretation methods, which 

can be applied on base Gnostics.

Homogeneity of data

Observed data are composed of two quantities, of the true and uncertain ones. Statisticians 

use the term random in the latter case, which is unknown in gnostic theory. Instead, the 

uncertain component is viewed as an effect of a certain, real, but unknown impact. The variability 

of a data item can be generally caused by its true as well as uncertain component. When 

considering a single data item, its true data value is assumed to be at the moment of observation 

an unknown but Þ xed value, while the effect of the uncertain component is characterized by 

its probability distribution. Variability of a data sample reß ects the effects of changes of true 

data’s values as well as of the distributions of uncertainties (e.g. their inconstant spread, called 

heteroscedasticity). The feature of a data sample called homogeneity relates to samples, the 

probability density of the global type is unimodal. This feature is tested automatically when 

running the gnostic function GNDF to estimate the global distribution function. The global 

distribution function is estimated always along with its lower and upper bounds of distribution’s 

domain LB and UB also called bounds of data support. The non-homogeneous sample has 

only these bounds, but in the case of the positive outcome of the GNDF’s homogeneity test 

two membership bounds LSB and USB can be estimated by the function Gbounds. If a data 

value of a homogeneous sample would leave the interval (LSB, USB), the sample would cease 

to be homogeneous and this data item is happening to be an outlier or a member of a different 

cluster of data. All these bounds are Þ nite. 

The domain of a homogeneous data sample can consist in a general case of three non-empty 

subintervals (LB, LSB, USB, UB). Probability values are by deÞ nition P{LB}=0 and P{UB}=1 or 

some given initial values determined by special boundary conditions. Probabilities P{LSB} and 

P{USB} are uniquely estimated by the function GNDF. 

There are fundamental differences of these bounds from other approaches: 
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1) Bounds LB and UB are inÞ nite in cases of many statistical distribution functions and when 
they are Þ nite, they are ordinarily assumed but not estimated. In the case of parametric 
standard distributions they are assumed along with the distribution’s type. 

In the case of statistical kernel estimation, they are subjectively chosen. In the case of the 
GNDF they are uniquely and objectively determined by data. 
2) To test an outlier statistically, several fundamental assumptions are needed: the kind and 

parameters of the distribution function and the signiÞ cance of the test. The results are thus 
subjective and not unique. A deÞ nition of a homogeneous sample as a sample with no 
outliers would be illogical in the case of inÞ nite bounds, where an arbitrary data value can 
be reached with a non-zero probability. 

The membership problem is “solved” in the fuzzy-set theory by an assumption, that a 
membership function is given characterizing the degree of membership in a fuzzy set. There 
exist methods of “guessing” such functions, but they are criticized for subjectivity and prejudices 
of their authors. Unlike this, the gnostic bounds are obtained automatically and by consequent 
adherence to the idea “Let data speak for themselves”. 
The gnostic solution of the homogeneity problem can be illustrated by Fig.2. Measurements 
of Tetrachlorethen in well ID 1759 are considered. There are 21 valued from 11 through 35 
forming the sample. A look at the data structure shows, that 19 items have values from 11 
through 15, while the two largest are 33 and 35. Do they belong to the subsample of 19 or not 
and what is their impact on the sample’s distribution? The answer is provided by the red line 
in Fig.2, the probability distribution function of the 21 data and by its density (light red line). 
Function GNDF detected, that both data 33 (measured on 1999-08-23) and 35 (1988-05-24) 
are outliers. The automatic homogenization of the sample was therefore performed by the 
function homogenizeE resulting in elimination of the two outliers and in the blue distribution 

functions of the sample of 19 data.

Table 7.1: Comparison of 

characteristics of the non-

homogeneous and homogenized 

data sample 

The bounds LB and UB of domains 

of both distributions are worth of 

comparison: 

Sample size 21        19 

LB 8.85     8.97 

UB 35.24   15.06 

Data fi tting error   1.80     0.32 

The 1st 12.18  11.44 

statistical moment

The 2nd 2.80   1.55 

statistical moment

Fig.7.2: Global probability distribution functions and densities of the non-homogeneous 
and homogenized data sample of tetrachlorethen in well ID 1759 

Quality of the distribution function measured by the mean absolute data Þ tting error substantially 
improved by the homogenization as well as the robust standard deviation measured by means 
of the probability density function. The most important impact of the outliers is manifested by 
the upper bound LB, which fell to less than a halve. The importance of the LB and UB is to 
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be emphasized once more: the statement “the contamination less than LB and higher than 

UB is not expected” is – in terms of statistics – almost sure, i.e. its probability is 1.The outliers 

should not be ignored, There further investigation can frequently provide information leading 

to improving the measuring technology.

Left-censored data

Another difÞ cult problem is that of left-censored data (data denoted LCD having values below 

the Limit of Detection (LOD). This problem occurs frequently in Environmental Investigation. So, 

e.g., 59% of measurements multiparameter of a long- time series in Stuttgart survey appeared 

to be below LOD. There exist several simple statistical methods of treating such data:

a) To estimate LOD and to apply LCD=LOD.

b) To estimate LOD and to apply LCD=LOD/2.

c) To estimate LOD and to apply LCD=LOD/sqrt(LOD).

d) To ignore the LDF and to treat only the non-zero data.

e) To put LCD=0.

A good laboratory delivers their estimate of LOD by routine along with non-zero results. Only 

the method e) works without LOD estimates.

There are two solutions of this problem in the gnostic package, one (the recommended) using 

the LOD estimates and another (less efÞ cient) relying on the gnostic estimates of unknown 

LODs.

Application of the recommended gnostic method with the methods a) through e) is compared 

in Fig.7.3 by means of distributions of methods’ results.

Fig.7.3: Comparison of methods treating the left-censored data

The red line (1) represents the recommended gnostic method while the green line shows the 

relative frequency of non-zero values (about 80%).

Application of the gnostic estimates of unknown LODs is demonstrated in Fig.7.4.
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Fig.7.4: Treatment of the LCD with the estimated LOD.

The blue squares mark the observed non-zero values, the magenta marks depict the estimated 

values of left-censored data.

There also exist an advanced statistical method suitable for this task, the generalization of the 

Kaplan-Meier method developed especially for the survival problems (right-censored data). 

The drawback of this method is that it represents the distribution function only discretely, as a 

stair-like curve. However, it was shown, that the gnostic curve Þ ts this function very well.

Stationary of processes

Many statistical methods assume, that the data variance (scale parameter) is constant, 

independent on data values.

Such data are homoscedastic. However, this is an universal case, heteroscedastic data exist 

as well.

Typical case of non-stationarity can be demonstrated by an example of long-term monitoring 

of contamination in Stuttgart. There is a function PredRisk in the gnostic package enabling 

the required risks values of a time series to be robustly estimated by using a moving window 

(Fig.7.5).
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Fig.7.5: Time series of tetrachlorethen’s robust 

means and location parameters

Fig.7.6: Monitoring of probabilities of extreme 

values

Location parameter is a quantile of density maximum (density’s mode). It coincides with the 

mean data value in cases of normal or log-normal distribution. Difference between these 

statistics contradicts to the assumption of normality, but this is the case in Fig.7.5: both mean 

and location parameter should be constant in case of stationarity, but they strongly dependent 

on time. Moreover, there is an increased variability of both parameters revealing the changes 

in scale parameter. Such process cannot be analyzed by methods assuming stationarity.

The same function PredRisk can be used for in-line monitor which can estimate probabilities 

of extreme values. An example is presented in Fig.7.6, where the extreme values were set to 

probability values of 0.05 and 0.95. Values of probability of 0.5 are also monitored to enable 

visualization of the time changes of the distribution form: The distance between P(0.5) and 

P(0.05) is evidently shorter than that from P(0.5) to P(0.95) over the interval (2000, 3400). 

Symmetry occurs over (4000, 5000) to be followed by an opposite asymmetry since time 

5000. It shows that signiÞ cant time changes of distribution’s form exist making some a priori 

assumptions on standard statistical distributions unreal.

Using Þ xed a priori assumptions on statistical data models could thus lead to false results.

Robust correlation analysis

Correlation coefÞ cients play an important role in Environmental Investigation. They can 

be applied in “Þ ngerprinting” in revealing the coincidence or differences in substances and 

processes. They also can be applied as a point of departure of more complex analytic operations 

like factor and principal component analysis, discrimination analysis and regression modeling. 

Their classical (Pearson’s) deÞ nition is based on the Þ rst and second statistical models, which 

are unrobust when obtained by classical point estimation. Practical applicability of correlations 

is thus strongly dependent on the choice of the estimation method.

Two kinds of robust correlation methods  exist in gnostic package: one is based on gnostic 

distribution functions, the other on gnostic robust regression models. Application of distribution 

functions enables speciÞ c data features like censoring, hard bounds of data support and other 

to be taken in account in estimates. The regression version is more suitable for fast estimations 

like on-line or in-line monitoring of correlations and autocorrelations, but both versions are 

robust.
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The problem of multicity of robust methods can be illustrated by Figs 7.7 and 7.8. The Þ rmer 

graph shows the diversity of correlations between summarized concentrations of organic 

pollutants in several Czech and Moravian rivers. Such large contradictions exist, that some 

measurements are deep below the signiÞ cant value of 0.01 determined by the degree of 

freedom of the estimates. Differences between rivers are of course natural. Gnostic estimates 

are also presented.

Fig 7.7: Robust estimates of correlations Fig.7.8: Comparison of gnostic estimates 

with the statistical ones

In cases of differing results the question appear, which result is the “best” or “true” one. 

One possible answer is offered by Fig.7.8: gnostic results are practically coinciding with the 

geometric mean of 8 considered statistical estimates, which can be considered as a “collective” 

point of view of a statistical board of experts.

Robust 1D- and MD-models

Models inform on relative impacts of model’s variables in terms of “sharing” of contributing 

to the Þ xed value 1. An example of application of robust multidimensional implicit regression 

model is in Fig.7.9 showing time changes of relations between six pollutants in wells of 

Stuttgart contaminated territory. Several periods of more or less stable relations are visible in 

this graph, the most noticeable one can be seen for latest measurements. Vanishing role of 

1,1,1-Trichlorethan at the early phase and of cis-1,2-Dichlorethen gives evidence to remediation 

and degradation processes to be further interpreted by chemical experts.
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Fig.7.9: Implicit model of relations between pollutants

A wide range of further applications of Gnostics is given in the Þ eld of robust multidimensional 

models (MD) as

• MD cluster analysis e.g. in Þ ngerprinting and QA/QC of lab analysis, passive sampling

• MD ordering (priorisation), e.g. in Þ ngerprinting, backtracking / modelling

• MD analysis of time series, e.g. in risk assessment, Þ ngerprinting, modelling.
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8. Tool: Modeling, Backtracking

This chapter gives reference to further results of the project on tool development laid down in the

report “Numerical groundwater modeling for assessment and prognosis of source – plume 

relationships of groundwater contaminations”, see http://projectfoks.eu/downloads/reports-on-tools/.

8.1. Questions to be applied for

The groundwater transport and ß ow modelling is a tool of the Integral Groundwater Investigation 

that allows the user to represent the ß ow and transport phenomena inside the studied aquifer. 

Flow modelling allows to represent groundwater ß ow due to natural boundary conditions, 

such as rivers, lakes, … and to anthropogenic withdrawals/discharges. The model should be 

calibrated on the basis of observed data (for examples head levels) considering the seasonal 

variations. After the calibration procedure it could be useful to forecast the head levels inside 

the aquifer as consequence of different withdrawals / discharges, and, for instance, design of 

remediation activities (such as: pump and treat methods, ß ow barriers, walls, …). The model 

can be used for numerical interpretation of IPTs and other hydraulic tests. The results of the ß ow 

model are the aquifer head levels; these data are very important because they allow to track 

particles and to draw the pathlines. The pathlines allow the user to map plumes of pollution, to 

identify source – plume relationships and to forecast the future evolution of a contamination. 

An important application of the pathline backtracking methodology is the determination of 

the well capture zones for planning or restoring actions oriented to the management of the 

groundwater resources.
The transport model could be developed when the ß ow model is considered accurate and 

efÞ cient; it allows to reproduce pollution sources and mass ß ow rates released from them and 

to forecast future.plume development.

8.2.basic principle

Although this chapter comprises all aspects about groundwater model based interpretation 

of investigation results, the basics about a) ß ow model, b) ransport model are not reß ected 

further here, as they are comprehensively described in a wealth of study books and technical 

guidelines. The following is focussed on the aspects related to c) particle tracking: forward 

tracking and backtracking.

The particle tracking is a technique that tracks particles in a groundwater ß ow Þ eld along their 

pathlines. The forward particle tracking tracks the path starting from a speciÞ ed point and 

ending at a speciÞ ed following time or at a boundary. The backtracking is an inverse technique 

that allows to track particles backward in time, along their pathlines, starting from a point 

in space and showing the previous positions at speciÞ ed earlier times. The particle tracking 

technique requires the knowledge of the ß ow Þ eld in the steady or unsteady state simulation 

in order to allow the computation of the displacements along the domain of interest. A very 

good discretisation of the ß ow Þ eld is required to get reliable pathlines and several numerical 

algorithms have been developed at that aim.

The IPT methodology allows to evaluate the mass ß ux and the concentration proÞ le along 

a speciÞ ed control plane. The concentration proÞ le is very useful to evaluate and delimit a 

pollutant plume inside the aquifer. The boundary of the plume at the control plane could be 

used as starting position in the backtracking approach. 
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Fig.8.1 reports an example of an IPT analysis performed by Alberti et al. (2011). The IPTs 
allowed to estimate the concentrations along the control plane and to identify the presence of 
strong plumes (concentrations of PCE of about 500  g/l). Starting from the boundary of the 
plumes it is possible to backtrack in time the particles and evaluate the area upstream the 
contaminated control plane. Knowing the potential contamination sources it is possible to draw 
up a ranking list of the most probable one on the basis of the backtracking results.

Fig. 8.1: Example of backtracking results, from Alberti et al. (2011).

The grey patterned areas (labelled A to I and L) are the probable contamination sources. The 
orange areas represent the areas upstream of the control planes that contain the source areas 
with a conÞ dence interval of 75%. The green area represents the area that does not contain 
the source areas with a conÞ dence interval of 75%. The thick dashed black lines represent the 
unknown boundary of the plumes. The colour scale represents the PCE concentration proÞ les 
( g/l) along the control planes.

8.3. range of application, operating window

Numerical modelling is a very important tool to reproduce ß ow and transport in aquifers and 
to interpret Þ eld results. It could be applied in a wide range of cases (saturated/unsaturated 
aquifers, heterogeneous porous media, …) but it presents an important characteristic: the 
results obtained from a numerical model are the direct effects of the  boundary and initial 
conditions; so a wrong interpretation of Þ eld data, such as stratigraphies, borehole logs, head 
levels, aquifer stratiÞ cations, …, could lead to wrong results. For this reason, it is very important 
to state the objectives of the model, to deÞ ne the level of details (for instance the dimension 
of the computation grid and the time intervals) and the expected results. A regional model 
requires different dataset than a local one. A thorough assessment of the existing or realistically 
achievable quality of the knowledge base (conceptual model) against the objectives of the 
numerical modelling is prerequisite in order to avoid failure.

8.4. practical aspects for application

Conceptual Model
The most important step in groundwater modelling is the development of a consistent 
conceptual model of the study area that describes the hydro-dispersive properties of the 
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aquifer, the boundary conditions and the sources and sinks. A mistake in the conceptual model 

is propagated into the numerical one.

The modeller should answer to several questions:

1. What is the problem domain? Which are the extensions and depths of the aquifer?

a) It is very important to collect all the well logs available, stratigraphic and hydro-

geological information of the study area in order to deÞ ne the planar and vertical 

dimensions of the aquifer. Frequently a lithological cross section is used to visualise 

geologic and hydrogeological data. Vertical control planes give a good view of 

hydraulic conditions. Fig. 8.2 shows a schematic view of the aquifer in Treviso site.

b) Moreover, to better deÞ ne the extensions of the aquifer it is important to identify the 

boundary conditions, such as: rivers, watersheds, sources, and lakes.

2. Is the aquifer conÞ ned or unconÞ ned? Is it fully saturated or partially saturated?

a) Knowing the type of the aquifer allows the modeller to simplify the problem in study.

b) The saturation condition of the aquifer implies or not the deÞ nition of the unsaturated 

coefÞ cients. If these data are not available the performing of Þ eld tests is required.

3. What are the hydraulic parameters of the aquifer? Is the aquifer homogeneous and/or 

isotropic?

a) The modeller should collect all the available data of the study Þ eld such as: head 

levels, previous study of the area and former pumping tests.

b) The head levels allow the modeller to evaluate the groundwater ß ow direction and 

gradient. It is very important to analyse the historical piezometric maps of the area 

and to build new ones (with the recent collected data), see Fig.8.3.

c) If the previous studies are not enough for a reliable interpretation of the area, the 

modeller should perform pumping tests in order to increase the knowledge on the 

hydraulic properties. New interpretation methodologies to identify heterogeneous 

hydraulic conductivity Þ elds have been recently developed (Yeh e Liu, 2000; Fienen 

et al., 2008). Tracer tests have to be done to acquire values of effective porosity.

d) A homogeneous and isotropic aquifer allows to introduce few simpliÞ cations on the 

conceptual model.

e) The identiÞ cation of homogeneous areas could be helpful to simplify the description 

of the study area.

4. Are sources or sinks present in the area?

a) The inß uence of the evapotranspiration and the presence of withdrawal (pumping 

wells) or recharge (such as meteoric inÞ ltration or irrigation) have to be considered 

in the model.

5. Is pollution present in the area? Which is the chemical compound? Is it reactive? 

Is it subjected to chemical transformations? Is it monitored? Where is the source of 

pollutant? Is it still active? How strong is it?

a) A sampling campaign on monitoring wells is required in order to evaluate the 

distribution of the contamination and the concentration values.

6. What are the hydro-dispersive parameters?

a) a. In most cases no data are available and literature values based on aquifer type 

and chemical compound are assumed.
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Fig. 8.2: schematic view of the Treviso site

aquifer.

Fig. 8.3: Milano, in cyan head contour 

lines elevation in m a.s.l. (March 2010, 

source SIF Provincia di Milano), in blue 

the Lambro River and in red the study 

area

Mathematical Model and Selection of the Numerical Code

The conceptual model should be translated into a well-posed mathematical one, deleting non-

dominant effects, simplifying assumptions, providing Þ rst estimate of the spatial variability and 

the values for the hydraulic parameters.

The next step is the selection of the numerical code; it depends on the aquifer type (2-D, 3-D, 

conÞ ned, unconÞ ned, …) and on the studied problem (ß ow, transport, ß ow and transport, …). 

The most common freeware numerical codes that consider ß ow and transport phenomena are:

• MODFLOW (Mc Donald and Harbaugh, 1988), MODPATH (Pollock, 1994) and MT3D 

(Zheng, 1990) that consider 3-D Þ nite difference grid for fully saturated aquifer.

• FEMWATER (Hsin-Chi et al., 1997) a 3-D Þ nite element grid for unsaturated and 

saturated aquifer.

• SUTRA (Voss and Provost, 2002) 2-D, 3-D, variable-density, variably-saturated ß ow, 

solute or energy transport.

After the selection of the numerical model and the delimitation of the study area, it is important 

to deÞ ne the grid dimension in the planar and vertical directions; moreover, all the assumptions 

made about the boundary conditions should be converted into the chosen numerical model (for 

instance constant head, variable head, ß ux, no ß ow boundary).

If the boundary conditions are very far from the study area a nested model could be necessary: 

a nested model consists in local model whose boundary conditions are extracted from the 

regional model. The nested model allows a better description of the zone of interest and the 

reduction of the computation time. Figure 8.4 shows the Treviso study area and the grid of the 

numerical model. The IPT site is a small part of the numerical model.
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Fig.8.4:Treviso study area and MODFLOW model grid. The cyan lines represent the hydraulic 

head contours. The blue line is the Piave River

Model Calibration

Every model must be calibrated considering Þ eld data sets in order to evaluate the goodness 

of the assumptions and the adopted simpliÞ cations.

The calibration process consists in adapting the hydraulic and hydro-dispersive parameters 

(manually or automatically through numerical procedures such as PEST), from a Þ rst estimate, 

to represent with accuracy the observed data (for instance head levels, ß ow rates and 

concentrations). The modeler decides the accuracy and what parameters have to be changed. 

Fig.8.5 shows the observed heads compared to the computed ones.

As contaminant transport in groundwater is mainly a long term process, in many cases a 

steady state calibration of the groundwater ß ow for average conditions is enough.

A sensitivity analysis of the parameters is suggested in order to evaluate the inß uence of 

parameters variability to the solution (for instance hydraulic head or concentration values).
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Fig. 8.5:Calibration of the numerical model

8.5. interpretation and assessment of results

Model Runs and Results

After the calibration procedure the model could be used to simulate ß ow (under different boundary 

conditions, withdrawals, recharges, …) and transport processes (considering possible sources 

and releases), in order to obtain forecast of head levels or evolution of pollution in time.

The actual numerical results of the models consist in the head and concentration values in the 

computation points for the different times of the simulation. But starting from that, a wide variety 

of derived results can be developed. Of great interests are the velocity values in the domain of 

interest that can be computed with numerical processing of the head values; then the ß ow net 

can be determined for an efÞ cient visualization of the ß ow Þ eld. Isolines chart can be realized 

(piezometric maps are often the most common products) for a better comprehension of the 

main characteristics of the aquifer, see Figure 8.6 and 8.7.

In the unsteady state simulations the time series plots are very efÞ cient for the representation 

of the time evolution of the interesting physical quantities (head, drawdown, pollutant 

concentration) as a result of different alternatives of groundwater actions or scenarios of 

evolution.
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Fig. 8.6: Groundwater 

table after model 

calibration (Jaworzno 

pilot project area)

Fig. 8.7: Simulated 

effects of operation of 

existing wells (Stuttgart – 

Feuerbach pilot area)

a) all wells in operation 

as pump & treat

b) no well in operation



FOKS Handbook for Integral Groundwater Investigation

68

8.6. references

Alberti L., Lombi S., Zanini A., Identifying sources of chlorinated aliphatic hydrocarbons in a 

residential area in Italy using the integral pumping test method, Hydrogeology Journal 19(6): 

1253-1267, (2011) Doi:10.1007/s10040- 011-0742-1, Springer Berlin / Heidelberg, ISSN:1431-

2174 (Print) 1435- 0157 (Online).

ANDERSON M.P., WOESSNER W.W., (1991) – Applied Grounwater Modeling: Simulation 

of Flow and Advective Transport. Academic Press, San Diego, New York, Boston, Londyn, 

Sydney, Tokio, Toronto.

Bear J., Beljin M.S., Ross R.R., (1992) Fundamentals of Ground-Water Modeling, Ground 

Water Issue, EPA/540/S-92/005, April 1992.

Doherty J., (2005) PEST Version 9 User’s Guide. Brisbane, Queensland, Australia: Watermark 

Numerical Computing.

Fienen, M. N., T. M. Clemo, et al. (2008). “An Interactive Bayesian Geostatistical Inverse 

Protocol for Hydraulic Tomography.” Water Resources Research.

Hsin-Chi J. L., Richards D.R., Talbot C.A., Yeh G.T., Cheng J.R., Cheng H.P., Jopnes N.L., 

(1997) FEMWATER: A Three-Dimensional Finite Element Computer Model for Simulating 

Density-Dependent Flow and Transport in Variably Saturated Media, Technical Report CHL-

97-12.

McDonald, M.G., Harbaugh, A.W., (1988) A modular three-dimensional Þ nite-difference ground-

water ß ow model. Techniques of Water-Resources Investigations, Book 6. U.S. Geological 

Survey.

Pollock D.W., (1994) User’s Guide for MODPATH/MODPATH-PLOT, Version 3: A particle 

tracking post-processing package for MODFLOW, the U. S. Geological Survey Þ nite-difference 

ground-water ß ow model, U. S. GEOLOGICAL SURVEY Open-File Report 94-464.

Voss C. I., Provost A.M., (2002) SUTRA, A model for saturated-unsaturated variable-density 

ground-water ß ow with solute or energy transport, U.S. Geological Survey Water-Resources 

Investigations Report 02-4231, 270 p.

WANG X., (1997) – Conceptual design of a System fot Selecting Appriopriate Grounwater 

Models in Grounwater Protection Programs. Environmental Management, New York.

Yeh, T. and S. Liu (2000). “Hydraulic tomography: Development of a new aquifer test method.” 

Water Resources Research 36(8): 2095-2105.

Zheng C., (1990) MT3D A Modular Three-Dimensional Transport Model for Simulation of 

Advection, Dispersion and Chemical Reaction of Contaminants in Groundwater Systems, 

Report to the U.S. Environmental Protection Agency.



FOKS Handbook for
Integral Groundwater Investigation

Toolbox for the identification of
key sources of groundwater

contamination


	FOKS_handbook first.pdf
	Toolbox_FOKS handbook



