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Introductin to modelling 
 

Old ecological loads pose danger to the environment and have a negative impact on human 
health. Various mathematical models are applied to identify hydrogeological conditions at a certain 
site, to understand spatial migrations of contaminants and their any potential transformations into other 
substances at a given site. A model is an image of certain properties of an object (a studied part of the 
real world), obtained by abstraction, where the essential aspects of the object are emphasised and the 
irrelevant ones are eliminated. The quality of the model is given by the accuracy of capturing the 
object, the simplicity and degree of comprehending the laws which apply to the given object. A 
mathematical model is generally formed by a set of equations which are supplemented with initial and 
boundary conditions. 
 
Modelling used in contamination hydrogeology 
 

Models of groundwater are usually applied to the solution of problems relating to the flow of 
groundwater and the spreading of substances in the saturated zone (models of transport). The starting 
model for models of transport, however, must always be a model of the system of groundwater flow. 
Whereas conceptual models are static and describe current conditions of a system, dynamic models 
serve for the prediction of the behaviour of a system in the future and do not enable manipulation. 
Dynamic models are further divided into physical ones, which are formed by materials simulating the 
natural environment (balls, cubes) by their sole composition and shape; analogue ones, where the 
natural environment is simulated by applying materials indirectly emulating the natural environment 
(an electric field, thick liquids); analytical ones (application of formulae); and numerical ones. In 
modelling the system of groundwater flow, numerical models are currently most applied, enabling the 
solution of complex tasks, in which a great number of diverse spatial and time parameters are 
necessary to be taken into consideration. Numerical models, unlike the other types of models, also 
enable a rapid change in parameters in the calibration process. Numerical models apply different 
mathematical methods to solve the basic equations of groundwater flow, e.g. the finite element method 
(FEM), the boundary element method (BEM), the finite difference method (FDM) and the integral 
finite difference method (IFDM). 
 
Modelling of groundwater flow and transport of contaminants in groundwater 
 

For modelling the system of groundwater flow, the program package PMWIN (Processing 
Modflow for Windows) is often used, which is an integrated graphic simulation system for 3D models 
MODFLOW (a model of groundwater flow applying the finite difference method), MT3D, MT3DMS, 
MOC3D (transport models), PMPATH (an advective model), PEST and UCODE (calibration models). 
The model MODFLOW enables to simulate a confined aquifer, an aquitard and an unconfined aquifer, 
and also the transition between a confined and an unconfined aquifer. The basic outputs are then the 
maps of isolines of hydraulic heads and the maps of isolines of lowering of hydraulic heads for 
individual aquifers; in unsteady flow for individual pressure and time levels. Another possible output 
is the map of path lines from any point of an area, which can be graphically displayed in the form of 
streamlines or vectors of flow velocity, even in profiles. It is thus possible to predict the likely flow of 
groundwater or a contaminant from a point or line source. To plot the streamlines, we can apply the 
PMPATH modulus, and it is possible to simulate the transport of contaminants by subsequent 
applications of MOC3D, MT3D and MT3DMS. The output is then a space-time distribution of the 
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concentration of a contaminant in a studied area, which is usually supplemented with the mass balance 
of this substance. 
 
Modelling of natural attenuation 
 

To evaluate the processes of natural attenuation of various contaminants at a given site, we can 
apply a relevant transport model calculator. In case of chlorinated ethylenes, it is, e.g., the 
BIOCHLOR program; in case of petroleum hydrocarbons, it is the BIOSCREEN program. It is the 
programs developed in a spreadsheet processor of Microsoft© Excel and in which the calculation is 
based on an analytical transport model (Domenico Analytical Solute Transport Model), which is 
capable of simulating 1-D advection, 3-D dispersion, linear adsorption and biotransformation by 
reductive dechlorination (in case of chlorinated ethylenes). In case of BTEX, it is, e.g., CORONA 
program (CoronaScreen Natural Attenuation Assessment Models), part of which is three simplified 
transport models with conceptual models (an analytical model, a model of electron equilibrium and 
travelling 1-D model). 
 
Application of mathematical modelling in practice – Site EMP s.r.o., Slavkov u Brna 
 
 The area of interest is located in the south-western urban lands of the town of Slavkov u Brna, 
about 300 m south of the left bank of the brook Litava. The oldest part of the premises of the company 
EMP s.r.o. dates back even to the 19th century and the character of production has changed in the 
course of the subsequent years. The premises of the company EMP s.r.o. (Electric Motors and Pumps) 
are currently used for the production and testing of electric machinery such as electric motors and 
electric pumps.  
 At the site, significant contamination of the saturated zone by chlorinated hydrocarbons has 
been detected. The origin of contamination relates to the historical industrial use of the premises. At 
the site, chlorinated hydrocarbons (trichloroethylene and perchloroethylene) were used in the 
technological process as degreasers from 1975 to 1991. Based on the results of previous survey work 
and the recently implemented survey, we can state that the presence of pollution by chlorinated 
hydrocarbons in the premises of EMP s.r.o. results from old ecological loads and that at the present 
time neither non-legislative handling of hazardous substances or wastes, nor leaks of chlorinated 
hydrocarbons into the environment occur thanks to the present operator of the premises. 
 The geologic basement in the premises of EMP s.r.o. is formed by slightly fissure-permeable 
rocks consisting of Palaeogene clays to claystones (fissure aquifer), and by overlying Quaternary pore-
permeable rocks consisting of soils (sand with gravel, clayey and silty-sandy loams) and fills, where 
only an occasional groundwater body is formed in a period of higher infiltration of precipitation. 
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Legend:  
anthropogenic fill (railway embankment) 

clayey, loess loams and anthropogenic fill (Quaternary) 

silty-sandy loams and anthropogenic fill (Quaternary) 

clayey loams (Quaternary) 

sand with gravel (Quaternary) 

green-greyish claystone (Palaeogene) 

blue-greyish claystone (Palaeogene) 
 

Based on the results of the survey, the area of interest was divided into three parts in terms of 
the geologic structure. The south part, moderately sloping, which represents the premises of EMP 
s.r.o., is formed by Palaeogene clays to claystones with typical greenish colour and the Quaternary 
cover of small thickness. This section is followed by a transition area, which is formed partly by slope 
sediments and partly by fluvial sediments of the Quaternary age with the Palaeogene basement. The 
north part of the territory consists of the floodplain of the brook Litava with Quaternary fluvial 
sediments. 
 In the premises of EMP s.r.o. and its vicinity, cased and uncased boreholes were installed 
within the survey. The layout of boreholes was chosen in such a way so that the reference line of 
monitoring holes could be appropriately complemented with respect to the potential presence of 
privileged pathways of groundwater flow. Within the recent survey, an atmogeochemical survey, air 
sampling for chemical analyses, sampling of soil, building structures, groundwater and surface water, 
regime measurements of the stage of groundwater level, hydrodynamic tests and geodetic surveying of 
objects were conducted at the site. To find the privileged pathways of groundwater flow, 
morphohydrogeometric analysis was performed, where inhomogeneities of rock mass and zones of 
anthropogenic affection with the privileged groundwater flow were identified. 
 The main contaminants at the site are chlorinated hydrocarbons trichlorethylene (TCE), 
tetrachlorethylene (perchlorethylene – PCE), dichlorethylene (DCE), and vinylchloride (VC), which 
belong to the group of DNAPL (dense non-aqueous phase liquid), because in the past the rock 
environment in the premises of the current company EMP s.r.o. had been recharged for a long time 
(about 20 years) particularly with PCE and TCE substances. Chlorinated hydrocarbons are altogether 
part of the saturated zone, where they migrate in the direction of groundwater flow and by gravity 
gradient.  

At present, the hotspot of contamination in the saturated zone lies outside the premises of 
EMP s.r.o., about 10 metres from their northern edge. The contamination plume partly occurs outside 
the plots of land being in the property of EMP s.r.o. The maximum detected values of CHC 
concentrations in groundwater from hole HG-5 are given in the following table relative to the limits 
stipulated by a decision of the CEI (Czech Environmental Inspection): 
 

Substance Maximum detected 
concentration (µg/l) CEI limit  (µg/l) 

DCE 1, 420 150 
TCE 3, 160 150 
PCE 100 60 

 
 The dominant contaminant is currently TCE, which is represented in prevalence over PCE in 
the transition area (the area of hole HG-5). At the same time, concentrations of DCE (cis-1,2-DCE) 
and VC are increasingly rising in this area, which is indicative of the ongoing degradation of 
chlorinated hydrocarbons. Hole HG-2 was chosen as zero point because it is found at the edge of the 
historical source of contamination by chlorinated hydrocarbons in the old part of the plant. On the 
contrary, in the area of holes located upstream from the groundwater flow (HP-15 and HG-3) in the 
premises of EMP s.r.o., the content of PCE prevails over TCE or is represented comparably (HG-4), 
which probably relates to their smaller distance from the original source of contamination. In the 



direction of groundwater flow from the source of contamination, a slow decrease of primary 
contaminants (PCE and TCE) is evident. 
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The estimate of the amount of chlorinated hydrocarbons in the saturated zone corresponds to 
hundreds of kilograms of mostly TCE. At the site, no presence of the free phase of chlorinated 
hydrocarbons was detected, only its existence is anticipated in closed capillary pores. 
 

• Model solution of groundwater flow 
 
 The assumed general direction of groundwater flow is from SSE to NNW. In the area around 
hole HJ-5 in the floodplain, the groundwater flow in both aquifers turns to the west. The watercourse 
Litava represents an artificially created drainage channel, which functions as a drainage base of the 
first Quaternary groundwater body in the floodplain of the brook Litava. 
 Based on analysis of accuracy, amount, and quality of input information, a two-dimensional 
model was applied in the form of steady flow. This means that the aquifer is discretised by one layer 
of blocks and the solution simulates the steady regime, which will be reached after a longer time under 
long-term average conditions of precipitation conditions, marginal conditions and, if possible, constant 
groundwater extraction or recharge. Modelling of groundwater flow was performed for the Palaeogene 
fissure aquifer, which is formed in the premises by slightly permeable rocks, and which passes 
towards the north into a confined gravel-sand aquifer with pore permeability (the second Quaternary 
groundwater body). Communication with the surface stream Litava was not considered in the surface 
of the model, and neither the recharge of the aquifer from precipitation or from the upper occasional 
Quaternary groundwater body. No withdrawals or infiltration of water due to anthropogenic activity 
were considered. 
 The aquifer is discretised by one layer of blocks with a square vertical projection of 10 x 10 m. 
The surface of the model (where the flow takes place) has an area of about 0.3 km2. The marginal 
conditions of the model were chosen as artificial and determined on the basis of a map of 
hydroisohypses dated 4. 11. 2008. Due to the fact that the purpose of the model does not require a 
simulation of any extraction or infiltration of water at the calibrated stage, the marginal conditions 
were chosen as the condition of the 1st type (constant level). As already said, we do not assume the 
communication of the surface stream of the brook Litava with the Palaeogene fissure aquifer, hence 
the northern marginal condition is also chosen as artificial, even though it runs approximately in the 
place of the stream. 



 The groundwater level is defined as mixed (transition between free and confined). In each 
block, the altitude of the impermeable basement and of the roof of the groundwater body, and the 
horizontal coefficient of permeability (one of hydraulic parameters) were entered in the model. For the 
calculation of the groundwater flow velocities, the assumed effective dynamic porosity Pdyn= 0.25 was 
entered in the model, for the simulation of contaminant transport with time – the storativity Sy = 0.25; 
both the values are constant for the whole surface of the model. The thickness of the groundwater 
body varies in a range of 1 m to 5 m (in the place of holes HP-15 and HG-4), and up to 9 m in the 
southern part of the model. Here, we must again emphasise the necessity to apply a qualified estimate 
and schematisation of the addressed groundwater body, especially in the southern part of the model, 
where there are very complicated geological conditions with hard-to-quantify and hard-to predict 
fissure permeability. 
 The coefficients of permeability were determined by magnitudes calculated on the basis of 
hydrodynamic tests performed in selected holes of the area of interest and further specified in the 
course of model calibration. The main source of groundwater in the modelled area is groundwater 
affluent through the southern and eastern boundaries. Infiltrated precipitation in the surface of the 
model were neglected, for we do not consider the potential transmission of water from the first 
Quaternary groundwater body due to the impermeable roof and the confined level in the northern part 
of the model, and, in the southern part of the model, there is a built-up area, where we assume the 
drainage of most precipitation by sewerage. The most abundant source of water is probably 
precipitation infiltrated south of the plant premises, where there is a field, and which enters into the 
model as affluent through the southern boundary. 
 

• Model calibration 
 

The principle of the model calibration to the real stage of groundwater level consists in the 
gradual correction of unknown or inaccurate input parameters until the stage of the modelled 
groundwater level (shape of hydroisohypses) agrees with the real measured stage. The calibrated 
coefficients of permeability of the Palaeogene fissure aquifer were determined by calibration in the 
whole model in a range of k = 1.10-3 – 5.10-7 m/s. 

Based on the calibrated model of groundwater flow, it was found out that the real advance 
velocity of groundwater flow varies in a range of  8 – 55 m/year, assuming the effective dynamic 
porosity Pdyn= 0.25, in the plant premises and their immediate vicinity. Of which in the southern part 
of the plant premises: v = 8 m/year, in the northern part of the premises: v = 15 m/year, north of the 
premises in the area of holes HJ-3 and HJ-4: v = 29 m/year, and in the area of hole HJ-5: v = 55 
m/year. 
 

• Model solution of contaminant spreading 
 

A simplified transport model of spread of contaminants was developed for the purpose of the 
general assessment of development of contamination at the site. It focused on chlorinated 
hydrocarbons limited by a decision of the CEI in the area of hole HG-5. To model the migration of 
such substances, we applied the MT3D99 program, which is part of the Visual Modflow model 
system. The correctness of the model description of the behaviour of contaminants depends on both 
the calibration of the hydrodynamic model and the correct choice of the schematisation of transport 
phenomena. 

The migration model of spread of contaminants, PCE, TCE, and DCE, provides estimates of 
the future concentration of chlorinated hydrocarbons in space and time. The detected values of 
positions of concentration isolines can be loaded with inaccuracies introduced into the hydraulic 
model by incomplete measurements (level heights, groundwater overflows between horizons, marginal 
conditions, coefficients of permeability) and by the “mere” estimate of parameters of migration for the 
transport model (coefficients of sorption, half times of disintegration, and omitting the decay chain of 
PCE). The model of transport of chlorinated hydrocarbons and its approximate agreement with the 
situation at the site shows the behaviour of pollutants of concern in the future. 

Due to the lack of data on balance flows during chlorinated hydrocarbons handling within the 
historical operation at the site and on the time development of concentrations of substances in 



groundwater, we can only proceed from the current state and from the assumption that the sources of 
contamination had been releasing pollutants for a long time in the past. Chlorinated hydrocarbons are 
denser than water and thus fall to the insoluble base of the groundwater body; they are dissolved into 
groundwater in the saturated zone. 

The initial measured concentrations of contaminants in groundwater, the estimates of the 
distribution coefficient of such substances between aqueous and solid phases, and the half times of 
degradation of contaminants served as input data for the model of contamination transport. Other 
parameters entering into the model are magnitudes connected with the dispersion of contaminants in 
water, the velocity of water advance vpost and of advance of monitored substances vkont, and their 
sorption onto rocks. 

The following table sums up the results of the model solution of spread of contamination in 
the saturated zone at time intervals of 10 and 20 years from the beginning of the assumed migration of 
contaminants into groundwater from the vicinity of hole HG-5. 
 

Contaminant Current hotspot of 
contamination 

Concentration 
isoline   
(mg/l) 

Range of 
contamination isoline 

in 10 years from 
hotspot (m) 

Range of 
contamination isoline 

in 20 years from 
hotspot (m) 

PCE HG-5 0.06* 15 18 
0.02x 30 40 

TCE HG-5 0.15* 70 90 
0.05 x 90 130 

DCE HG-5 0.15* 57 63 
0.05 x 84 100 

* CEI (DI Brno) limit  

x Criterion “C” of MoE Guideline  

The spreading of DCE may be underestimated due to omitting the recharge from TCE degradation. 
 

• Modelling of migration of contaminants, including processes of natural attenuation 
 

Natural attenuation is a sum of natural processes participating in the elimination of 
groundwater contamination. Both abiotic and biotic processes (biodegradation) take part in the 
reduction of the content of contaminants in groundwater. A drop in the concentration of contaminants 
in groundwater can occur for two reasons: 
– The amount of contaminants dissolved in water reduces: 

1) by degradation (biochemical or physical-chemical) – a real decrease in contaminants; and 
2) by sorption (onto the rock medium – clay minerals, organic matter) – a relative decrease – 
the amount of dissolved substances in groundwater lowers, but a decrease does not occur from 
the view of the total balance of contaminants in the medium; 

– The concentration of contaminants decreases without reducing their total amount in groundwater 
(advection, dispersion-diffusion processes). 

In terms of a possible application of natural attenuation of priority contaminants, oxidation-
reduction characteristics of the saturated zone are of essential significance. Therefore, selected indirect 
indicators of natural attenuation were monitored for the purpose of assessing conditions for the course of 
natural attenuation at the site within an additional pre-remediation survey. They particularly include the 
concentration of dissolved oxygen, redox potential, pH, temperature, conductivity, the content of organic 
carbon, the chemical and biological oxygen demand, and the concentration of nitrates, nitrites, 
ammonium ions, iron, manganese, sulphates, and chlorides.  

Based on the above-given findings, we modelled the migration of chlorinated hydrocarbons, 
taking into consideration degradation processes running in the decay chain of PCE-TCE-DCE-VC-
ETH (ethen) with the use of the Biochlor 2.2 EPA program. Modelling is made in a 1-dimensional 
scenario, but it is also possible to identify the transverse dimensions of the contamination plume. An 
important role is played by hydraulic conditions, initial conditions concerning concentrations, and, if 



possible, time images of the areal distribution of concentrations of contaminants at different moments. 
Last but not least, we can mention parameters of sorption and half times of disintegration of 
contaminants.  
 At the site, there are processes of natural attenuation, in which both abiotic and biotic factors 
are participating. Abiotic factors include advection, mechanical dispersion, molecular diffusion, and, 
partially, sorption. Based on the geochemical indicators of natural attenuation and due to the reduction 
of the contents of PCE and TCE and the origin of products of disintegration in the direction of 
groundwater flow, we can consider the processes of natural attenuation at the site as proved. The 
intensity of degradation appears as relatively low on the basis of evaluation of geochemical indicators, 
but due to the presence of VC (proof of degradation) and the relatively small extent of the 
contamination plume, we consider the intensity of attenuation processes (biodegradation) as 
significant, notably in the proximity of hole HG-5, where high concentrations of decay members, 
including vinyl chloride, and a relatively small extent of the contamination plume were detected. This 
fact is documented by the comparison of chlorinated hydrocarbons concentrations in a period of 20 
years, proceeding from a model without attenuation and from an analytical attenuation model (at a 
distance of 120 m from the source of contamination in hole HG-5). 
 
Conclusion 
 

Chlorinated hydrocarbons from the northern part of the premises, where a few significant 
sources of contamination by PCE and TCE had been detected, were transported to the surface by 
action of gravity and partly by washing out with rainwater and subsequently along the surface of 
relatively impermeable Palaeogene rocks in the direction of gravity gradient. In the area represented 
by holes HG-4, HP-15, PV-3, and HG-5, contaminants have partially transmitted into the second 
Quaternary groundwater body, stratified and subsequently spread at the base of the second Quaternary 
aquifer downgradient along the impermeable basement toward the northwest. The transmission of 
contamination into the second Quaternary groundwater body is influenced by the presence of 
privileged pathways of anthropogenic origin and the complicated geologic structure of the “transition 
area”. The highest concentration of chlorinated hydrocarbons detected by the recent survey is in hole 
HG-5, which is located in the transition area. In this hole, processes of ongoing natural attenuation 
were detected: PCE and/to TCE down to VC are disintegrated. It is probably a consequence of a 
combination of appropriate hydrochemical, geochemical, geological, biological, and anthropogenic 
effects. Due to the above-given findings, we assume the spread of contamination in the floodplain of 
the brook Litava, preferentially in the lower Quaternary groundwater body. The presence of 
contamination of soils and particularly groundwater in hole HJ-4, lying about 100 m SW of the 
hotspot, in all likelihood, relates to a privileged pathway in the area between holes HG-5 and HJ-4, 
which, however, was not verified by either morphohydrogeometric analysis or drilling work. 
However, the survey of this area by drilling work, with a possible application of tracing tests, is much 
restricted by a high density of utility lines (especially overhead and underground lines of high 
voltage), a rail yard of the Czech Railways, and the presence of local roads. The application of indirect 
methods, such as geophysical, does not come into consideration for the same reasons either. 
 The clear determination of the origin of the increased concentrations of chlorinated 
hydrocarbons in holes HJ-3 to HJ-5 is impossible. The given area has been intensively exploited for 
industry; furthermore, there are privileged pathways of groundwater flow in the area of concern. 
 Input information on the total amount of contaminants escaped into the environment and their 
composition was absent for the more accurate evaluation of the balance of pollution of the saturated 
zone. For the needs of survey, a qualified estimate of the input amount was made on the basis of 
analogy with similar types of production, sizes and duration of risk operations. 

The front of the contamination plume of chlorinated hydrocarbons in the saturated zone is 
located at least at a distance of 90 m from the northern edge of the premises. As compared to the 
previous results, the front of the contamination plume has been provably moved in the direction of 
groundwater flow by 25 m since 2003. The intensity of chlorinated hydrocarbons contamination is at 
comparable level. 


