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Summary 
 

In order to protect water resources from contamination, it is necessary to assess both 
the waterborne spreading of contaminants from all existing sources of pollution in the area, as 
well as from potential new sources (as a consequence of, for example, accidents or incidents 
that lead to the discharge of pollutants). In this report, we present a methodology for the 
assessment of the waterborne contaminant spreading from existing and conceivable future 
sources of pollution, as well as for the assessment of the related risk for contamination in 
terms of the probability that pre-determined acceptable limits for contaminant levels will be 
exceeded in sensitive water environments within and downstream of a catchment area. We 
also investigate and illustrate the methodology’s usefulness with the help of example 
calculations for the example cases of the Forsmark and Norrström catchment areas. 

 
The proposed methodology consists of two calculation steps: 
  
1. Step 1: Calculation and mapping of travel times and travel time distributions for 

flowing water, as well as for waterborne non-reactive substances that directly follow 
the movement of the water, from various sources of pollution to sensitive groundwater 
and surface water environments within and downstream from the catchment area.   

 
The results obtained from these initial, substance-independent calculations can be used 

to identify the particular parts of a catchment area where discharge of pollutants into the 
water systems can mostly affect contamination of sensitive downstream groundwater and 
surface water environment. These particularly pollution-sensitive parts of the catchment 
area will be the ones from which the estimated travel times of flowing water and 
waterborne pollutants to the downstream groundwater or surface water recipient are the 
shortest, leaving the least time available for pollution abatement measures, and also for 
degradation and other natural attenuation processes to occur along the transport pathways 
to the recipient. 

 
2. Step 2: Calculation and mapping of the substance-specific transport of reactive 

pollutants with the water and of the related risks for contamination. This is done by 
linking the substance-independent water travel times and their distribution that were 
calculated in Step 1, with suitable process models for degradation and other natural 
attenuation processes (such as decay of radioactive substances, and sorption and 
immobilisation of nutrients and metals that removes them from the flowing water 
phase) for various specific substances or groups of substances with similar process 
characteristics.  

 
Our results show that in this calculation step it is important to account for the entire 

distribution of different possible travel times that can occur from source to recipient when 
assessing the transport of waterborne pollutants. If one only accounts for an average travel 
time, the result will be a systematic underestimation of the total amount of pollutants that 
reach the recipient. 

 
Calculation uncertainties, related to the characterisation of the sources of pollution, the 

water flows, and the transport of substances with the water, are also accounted for in the 
proposed methodology in the form of probability-based sensitivity analyses. These encompass 
both the statistical representation of the random parameter variations that natural systems 
often display, as well as various scenarios of present or future conditions for which 
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uncertainty cannot be estimated in statistical terms. In this way, one can relatively easily 
assess how large the uncertainties are, and identify those intervals of transport conditions and 
substance-specific attenuation properties for which the uncertainties are of great practical 
significance for water management in a catchment area, as well as the remaining intervals for 
which they are not of such significance. In the last-named case, despite the uncertainties, one 
can use the scenario analyses to obtain a relatively robust basis on which to make decisions 
concerning, for example, emergency preparedness and measures for limiting the spreading of 
contaminants from existing sources of pollution. Also, by clearly identifying the cases for 
which the uncertainties are of great practical significance, one obtains a rational basis on 
which to decide, even in those cases, whether to perform further investigations in order to 
reduce the levels of uncertainty, or to assess the risks for contamination on a conservative 
basis and consider the worst of all possible scenarios when planning water management, 
remediation measures, and emergency preparedness. 
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Introduction 
 

Water management in Sweden, the EU and other parts of the world is increasingly 
organised in relation to hydrological catchment areas, for example in accordance with the EU 
Water Framework Directive (2000/60/EC). A catchment area’s boundary, the water divide, is 
formed by the landscape’s level variations, and represents nature’s own boundary for the flow 
of water. The catchment areas are thus independent of national and international political 
boundaries. Countries, provinces and municipalities that exist in the same catchment area, 
share its water resources and need to coordinate their water management activities.  

In order to protect the water resources within a catchment area from contamination, it is 
necessary to consider all of the sources of pollution that exist within the area, such as 
industries, agriculture and waste deposits. The risk for future discharges of pollutants as a 
result of accidents and other potential sources of pollution must also be taken into account. 
After an industrial fire, for instance, the contaminated fire-fighting water can infiltrate the soil 
and pollute the groundwater. Along a road that is trafficked by trucks carrying dangerous 
goods, an ill-timed nap at the wheel can lead to a tanker accident and the spillage of chemicals 
that quickly infiltrate the normally permeable material at the side of the road. Waterborne 
substances from all existing and conceivable future sources of pollution can be transported 
through the interconnected groundwater and surface water systems, and threaten the quality of 
the water in them and in the water environments downstream, such as lakes, watercourses and 
coastal areas.  

In this report, we present a methodology for the assessment of the water pollution risks that 
can arise as a result of such waterborne dispersion of pollutants through the catchment areas. 
The objective of the methodology is to be able to use it in overall water management and 
planning, for instance in the identification of high risk areas for various existing or future 
sources of pollution, and the assessment of how different protection and remediation measures 
can affect the contamination risks. In the report, we summarise the results from a series of 
published studies1–5 that together illustrate the methodology’s various steps as well as its 
possible areas of use. The research that formed the basis of the methodology’s formulation 
was funded by the Swedish Civil Contingencies Agency (MSB), along with financial 
contributions from the Swedish Nuclear Fuel and Waste Management Company (SKB). 
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Problem description  
 

Figure 1 illustrates a typical contamination situation, with a number of sources of 
pollution within a catchment area. From these sources, waterborne pollutants can be 
transported through the interconnected groundwater and surface water systems to sensitive 
water systems (recipients) downstream, such as drinking water wells, lakes, streams and 
coastal areas. The compound risk for the contamination of such sensitive surface water and 
groundwater recipients is defined by both the environmental and health-related consequences 
of different levels of contamination, as well as the probability that these levels of 
contamination will be reached. An estimation of the consequences of water pollution in a 
catchment area can be used to decide on the highest acceptable levels of contamination. 
Consequently, exceeding such pre-determined values for acceptable contamination levels can 
be expected to involve unacceptable environmental and health-related risks. In this research 
project, we have assumed that the acceptable limits for contamination have been pre-
determined, for instance on the basis of toxicological studies and assessments. Our focus in 
this report is on the other, equally necessary aspect of a comprehensive analysis of 
contamination risk: the assessment of how probable it is that the pre-determined limits will be 
exceeded.  

Many environmental toxins are oil-based and, after a spill, they will infiltrate through the 
soil as a separate oil phase with limited horizontal dispersion. Consequently, the oil phase 
itself is primarily a local problem; while the pollutants that dissolve in the soil water or the 
groundwater within the source of the pollution, referred to as the source zone, accompany the 
water and can be dispersed over large areas through the interconnected flow of groundwater 
and surface water within each catchment area. The amount of pollutants that are transferred to 
the water phase within a source zone can be described as a function of the solubility limit6 and 
is, in practical terms, independent of the total spilled mass or volume in the oil phase. 

The concentration and mass flow of waterborne pollutants decrease as the transport 
distance from the source of the pollution increases. This is a result of natural attenuation 
processes such as the biodegradation of organic substances, the decay of radioactive 
substances, and the retention processes (involving temporary or permanent removal of the 
substance from the flowing water phase) that operate on most substances including metals and 
nutrients. The phenomenon of natural attenuation is broadly described in a US-EPA fact 
sheet7. 

Field studies have shown that this process of attenuation can be estimated through the use 
of constants that represent the speed of the process, similar to the decay constants derived for 
radioactive substances. Unlike radioactive decay however, which is entirely substance–
specific, attenuation constants can vary for different types of pollutants depending on the site 
conditions. Nevertheless, substance-specific differences are often found to be dominant, 
making it of relevance to define characteristic attenuation constants for different substances or 
groups of substances. One can, for instance, show that the group of pollutants known as 
BTEX compounds generally has significantly higher degradation constants than chlorinated 
hydrocarbons. Since higher degradation constants amount to a faster degradation of pollutants 
along every flow path, the length of BTEX plumes seldom exceeds 500 meters, while 
chlorinated hydrocarbons can produce pollution plumes that are several kilometres long8.  

In this research project we have, amongst other things, performed example calculations 
concerning the dissolved pollutant mass that is, under varying conditions, transported with the 
water from every possible source zone within a catchment area to a downstream recipient too 
quickly for any attenuation processes to fully remove the pollutant along the way. For a 
specific substance, or for a group of substances with similar characteristics with regards to 
such features as the attenuation rate, we calculate the amount of pollutants that reach the 
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recipient on the basis of a substance-independent assessment of the flow paths and travel 
times of water from the source zone to the recipient. In order to understand the example’s 
relevance, it is important to bear in mind that the amount of pollutants that dissolve in the soil 
water and the groundwater within a given source zone can be estimated based on the 
substance-specific solubility limits (as mentioned above) and that one does not, therefore, 
require detailed information about the actual amount of pollutants discharged at the surface. 

  

 
 
Figure 1: Hypothetical existing or possible future sources of pollution (black fields 
surrounded by red rings on the map) in a catchment area. Forsmark’s coastal catchment 
area is used here as an example to illustrate a typical contamination situation in which 
substances that are a threat to health and to the environment, are dispersed from various 
sources of pollution through the water systems in a catchment area towards sensitive 
recipients downstream, such as drinking water wells, lakes and coastal zones.  
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Proposed methodology for the assessment of the risk for water 
pollution 
 

The methodology for the calculation and mapping of the spreading of pollution and 
the risk for contamination in a catchment area that we present in this report consists of two 
steps:  

 
1. Step 1 consists of the calculation and mapping of travel times and travel time 

distributions for the flowing water, as well as for the non-reactive substances that 
directly follow the water’s movement, from various sources of pollution within an area 
to various recipients of interest, such as sensitive groundwater and surface water 
environments within and downstream from the catchment area. Already by way of this 
calculation of substance-independent water travel times, one is able to identify the 
area’s most sensitive locations, from which the waterborne transport of discharged 
pollutants to a recipient occurs the most quickly, leaving the least amount of time 
available for pollution abatement measures as well as for natural attenuation processes, 
such as biological degradation, to occur along the transport pathways to the recipient. 

 
2. Step 2 consists of the calculation and mapping of the transport of specific, reactive 

pollutant substances with the water, as well as the related risks for contamination. This 
is done by coupling the substance-independent water travel times and their 
distributions that were calculated in Step 1 with suitable, more or less complex process 
models that describe degradation and other natural attenuation processes for different 
substances, or for groups of substances with similar characteristics in relation to these 
processes. 

 
Step 1: estimation of water travel times 

Travel times for water flowing through a catchment area’s surface water network depend 
on the flow velocities in the watercourses and the water’s turnover rates in lakes and wetlands. 
Water travel times through the groundwater system are dependent on the groundwater’s flow 
velocities, which are in turn determined by the hydraulic conductivity (the permeability of soil 
or rock layers), the hydraulic gradient (the groundwater surface gradient) and the effective 
porosity (the pore volume that the water can flow through, as a percentage of the total soil or 
rock volume) in different parts of the catchment area. The subsurface permeability, in 
particular, tends to vary greatly and irregularly in space, which also means that the 
groundwater’s flow velocity also varies, both between different flow paths as well as along 
the course of each flow path from the source zone to the recipient (see Figure 2). 

Differences in distance to the recipient, and the variations in the water’s flow velocity, 
mean that the water travel time to the recipient varies from different sources, as well as 
between flow paths from one and the same source. For this reason, one must quantify the 
distribution of travel times instead of only one single travel time. The travel times for water 
are independent of the type of pollutant that the water is transporting, and represent a lower 
limit for the travel times for pollutants dissolved in water, since these cannot be transported 
any quicker than the water itself, only slower. Consequently, the water travel times represent a 
conservative assessment of the travel times for various waterborne pollutants. 

When we have estimated the distribution of water travel times from a given source zone (or 
several source zones) to a recipient, we can then calculate the waterborne transport of any 
pollutant substance we choose, by linking the water travel times to the relevant substance-
specific attenuation and retardation processes that can take place during the transport of the 
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substance, for instance biodegradation and sorption to soil and sediment. This travel time-
based method has previously mostly been used to assess the transport of pollutants in rather 
small-scale groundwater systems. In this project, we have widened the scope if its usability to 
the assessment of the transport of pollutants in entire catchment areas, and we have also 
examined the uncertainties that are connected with the use of the method on such a catchment 
area-wide scale. 
 

 
 
Figure 2: (a) In an assumed ideal case with homogeneous subsurface conditions, the 
transport velocity of the soil water and groundwater is the same along the course of all 
possible flow paths from a source zone to a downstream recipient, which means that 
dissolved pollutants that are discharged at the same time, and at the same distance from a 
downstream recipient, will reach the recipient simultaneously. (b) In reality, the subsurface 
conditions are heterogeneous and the transport velocity of the soil water and groundwater 
can vary greatly, both between different flow paths as well as along the course of each flow 
path, even over small distances. Consequently, the travel times for dissolved pollutants to the 
recipient will be different along different flow paths from the same source zone. 

 
As an example case study in this project, we have used Forsmark’s 30 km2 coastal 

catchment area in northern Uppland, Sweden, an area for which detailed geographical and 
hydrological data is avilable9. Despite the abundance of such data there are, however, several 
possible alternative model representations of the groundwater transport. Later on in this 
report, we will examine how uncertainties about groundwater transport can affect the 
assessment of travel time distributions and the transport of pollutants.   

Figure 3 illustrates calculated travel times in groundwater from every 10•10 meter model 
pixel in the area to the nearest surface water, and provides us with an example transport 
scenario. This scenario represents relatively shallow transport near to the groundwater surface, 
for which the average value of the subsurface permeability is assumed to vary within the 
catchment area in accordance with the available soil data and information about the 
permeability of different types of soil. This type of map representing water travel times to the 
nearest surface water, or to some other sensitive recipient further downstream, can be used to 
identify those parts of a catchment area in which the discharge of pollutants entails the 
greatest risk for contamination. These are the areas with the shortest travel time to the 
recipient (shown with the wine-red colour in Figure 3), since a short travel time means that a 
greater fraction of the total amount of discharged pollutants will reach the recipient without 
undergoing degradation or other attenuation processes.  
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Figure 3: The map shows the calculated water travel times from different locations (model 
pixels) in Forsmark’s example catchment area to the closest water recipient (lake, stream, 
wetland or coastal water). 
 
Step 2: assessment of the spreading of pollutants and the risk for water 
pollution based on the estimated water travel times 

In Step 2 of the methodology, the substance-independent water travel times and their 
distributions, as have been calculated and mapped in Step 1, are linked with more or less 
complex models that describe the different attenuation and retardation processes that also 
affect the spreading of pollutants. In this section, we show the results from example 
calculations in which we have assumed the existence of various attenuation processes in order 
to demonstrate how the spreading of pollutants and the related risk for contamination, defined 
as the probability that pre-determined acceptable levels of contamination will be exceeded, 
can be estimated in relation to different substances. 

One possible measurement of contaminant spreading is the amount of pollutants that is 
transported from a source zone to a downstream recipient without being subject to degradation 
or some other natural attenuation process along the way. By calculating that pollutant amount 
from various sources of pollution in a catchment area, it is possible to assess the level of the 
contamination burden that the various pollutant sources are placing on the recipient. In such a 
way, we are able to decide which pollutant sources pose the greatest risks for the environment 
and for people’s health. 

For Forsmark’s example area, we have quantified the spreading of pollutants in terms of 
different attenuation cases, whereby each attenuation case is characterised by the product of a 
typical attenuation rate for a specific substance or group of substances, and the substance-
independent characteristic average value of travel times to the nearest surface water for the 
entire area (this average value is calculated as being at least 1.5 years in the case of the 
Forsmark example provided). Table 1 illustrates examples of different organic pollutants, 
metals and nutrients that, on the basis of their reported attenuation rates derived from field 
experiments and model studies, can be characterised as belonging to different attenuation 
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cases in relation to the average travel time of 1.5 years in Forsmark’s catchment area. The 
reported attenuation rates for many substances vary over great intervals. This depends 
primarily on the fact that natural attenuation is affected by the various conditions that vary 
between different sites (e.g. soil composition, oxygen availability and temperature), but is also 
due to the fact that the process speeds cannot be estimated in the field without a significant 
amount of uncertainty10-13. In order to reduce the level of uncertainty concerning the estimated 
attenuation rate that is used to make calculations regarding the transport of substances in the 
catchment area, it may therefore be necessary to perform a more careful evaluation of the 
literature and other appropriate materials available with regards to the specific case in 
question, and possibly even to carry out more studies of the actual field conditions that prevail 
in the area. 

 
Table 1: Examples of pollutants that can be characterised as belonging to various attenuation 
cases as a result of the pollutants’ reported attenuation rates. The attenuation product shown in 
the table, is the product of the substance-specific attenuation rate and the substance-
independent, but area-specific, average travel time for water to the nearest surface water for 
the entire catchment area (in this case, 1.5 years for Forsmark’s catchment area). 
  
Examples of pollutants, with references made 
to different reports concerning their 
attenuation rate 

Value of the 
attenuation product for 
Forsmark’s catchment 
area 

Attenuation 
case 

Polyaromatic hydrocarbons (PAH) with 4 or 5 
benzene rings(13,14), polychlorinated biphenyls 
(PCB) (15), zinc(16,17), phosphorus(18), 

0.1 or less 
 

Slow 
attenuation 

Benzene, ethyl benzene(12-14), vinyl chloride, 
trichloroethene(12-14, 20), phenol, naphthalene(10), 
cadmium, copper(16), zinc(16,17), phosphorus(18,19), 
nitrogen(19) 

1 
 

Quite slow 
attenuation 

Toluene, benzene, ethyl benzene, 
trichloroethene, vinyl chloride(13,14,20), phenol, 
naphthalene(13,14) 

10 
 

Quite fast 
attenuation 

Toluene, benzene, ethyl benzene, 
trichloroethene, vinyl chloride(13,14,20), 
phenol(13,14), naphthalene(14) 

100 
 

Fast 
attenuation 

Toluene, benzene, ethyl benzene(14,20), phenol, 
naphthalene(14) 

1000 or greater Very fast 
attenuation 

 
 
Figure 4 shows the amount of pollutants, for each of the 5 different attenuation cases 

shown in Table 1, which will reach the nearest surface water after discharge of the pollutants 
at different locations within Forsmark’s catchment area (apart from directly to the area’s 
surface water system). The results shown in Figure 4 are calculated on the basis of the 
estimated travel time distribution that is shown in Figure 3. The spreading of pollutants is 
indicated by the varying coloured fields on the map, which show the different percentages of 
the total amount of pollutants that are transported from the place of discharge to reach the 
surface water recipient. In the case of a pollution accident in the red-coloured zone, for 
instance, the need for effective decontamination measures is great, since the majority of the 
total amount of the pollutants discharged (50–100%) will reach the recipient if no preventative 
measures are taken. 

 11



 

 
 
Figure 4: Maps of the example catchment area of Forsmark that show the calculated 

amount of pollutants (expressed as a % of the total amount of pollutants discharged) that will 
reach the nearest surface water recipient (lake, stream, wetland or coastal water) for different 
attenuation cases, after the discharge of pollutants at varying locations (model pixels) in the 
area. The calculations are based on the water travel time distribution that is illustrated in 
Figure 3. 
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For substances that, in light of the prevailing field conditions, are characterised by the 
attenuation case that we have referred to as “slow attenuation” (for which the characteristic 
product of the attenuation rate and the average value for travel time is 0.1 or less), the entire 
area will more or less be red-coloured – meaning that pretty much all of the discharged 
amount of pollutants reaches the recipient without time for any significant attenuation to occur 
along the way. For substances characterised by the attenuation case “very fast attenuation” 
(for which the characteristic attenuation product is 1000 or greater), the attenuation occurs so 
quickly that an amount of pollutants dissolved in the water anywhere within the area will be 
almost totally attenuated before reaching the recipient. It is only with regards to the substances 
characterised by the attenuation cases that fall between these two extreme cases (in other 
words, the cases for which the characteristic attenuation product is greater than 0.1 but less 
than 1000), that the differences in the travel time from different locations within the area are 
of more significance in terms of how much of the total amount of discharged pollutants that 
will reach the nearest surface water recipient. 

Figure 5 shows the average amount of pollutants, with regards to the different attenuation 
cases, that reach the nearest surface water after being discharged somewhere (or everywhere) 
within Forsmark’s example area. The black columns in the figure show the results when the 
transport of pollutants in the area has been quantified on the basis of the transport time 
distribution illustrated in Figure 3; in this transport scenario, the travel time to the recipient 
from different locations in the area varies depending on both distance and flow velocity. The 
green columns show the results if we choose to neglect the fact that the travel time is different 
from different locations, and simply base the calculation of the transport of pollutants on the 
average travel time for the entire area (1.5 years in this case). We can see from the figure, that 
the result of the last-named assumption is that the amount of pollutants that is calculated to 
reach the recipient is zero for those attenuation cases characterised by fast to very fast 
attenuation (for which the characteristic product of the attenuation rate and the average value 
for travel time is 10 or greater). If, however, we address the same attenuation cases but 
perform our calculations on the basis that the travel times vary throughout the area, suddenly a 
significant amount of pollutants is anticipated to reach the recipient, specifically when it 
comes to the areas (those coloured wine-red in Figure 3) that have much shorter travel times 
than the average travel time of 1.5 years. When calculating the spread of pollution from a 
larger area to a downstream recipient it is, therefore, important to include the entire 
distribution of transport times in the calculations. If we only use the average travel time for 
the entire area in our calculations, we will systematically underestimate the total amount of 
pollutants that reach the recipient. 
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Figure 5: Calculation of the amount of pollutants, expressed as a percentage of the total 
mass of waterborne pollutants discharged, that will, with regards to different attenuation 
cases, reach the nearest surface water recipient (lake, stream, wetland or coastal water) in 
the example area of Forsmark after a discharge of pollutants over the entire area upstream 
from the catchment area’s surface water system. The columns show the results for two 
different assumptions regarding how the travel times in the area vary around the average 
travel time value for the entire area of 1.5 years: (1) the travel time is the same for the entire 
area and equates to the average value for the area of 1.5 years (represented by the green 
columns); (2) the travel time from different locations in the area varies as previously 
illustrated in Figure 3 (represented by the black columns).  
 

Which of the attenuation cases for which the variation in the travel times within an area is 
of great practical significance, is dependent upon what information about the spreading of 
contaminants that water management decisions require. For decisions concerning measures to 
limit the contaminant spreading, for instance, it may not be necessary to calculate precisely 
how large a percentage of the total amount of discharged pollutants that will reach a recipient 
from different parts of a catchment area, as shown in Figure 4. For such decisions, it may be 
of greater importance to estimate the risk (probability) that the contamination burden placed 
on the recipient will exceed a pre-determined acceptable level of contamination (which can, 
for instance, be expressed as the highest acceptable concentration, mass flow or total amount 
of pollutants that is permitted to reach a recipient without the need to instigate measures in 
order to reduce the burden on the recipient).   

Figure 6 illustrates, for the distribution of water travel times that was previously shown in 
Figure 3, a simple example of the calculated probability that an example contamination limit 
will be exceeded, the limit being expressed in the form that a maximum of 1% of the total 
mass of dissolved pollutants (depending on, for example, the pollutant substances’ solubility 
limits) at a source zone somewhere within the catchment area, is permitted to reach the 
surface water recipient. The variation in the travel times within the catchment area is, with 
regards to such probability estimations, not of such practical significance in so many of the 
attenuation cases as it is with regards to the more precise calculations concerning the 
percentage of the total amount of discharged pollutants that will reach the surface water 
recipient from various locations in the catchment area shown in Figure 4. For instance, with 
regards to the attenuation case “quite slow attenuation” (for which the characteristic 
attenuation product is 1), the differences in travel time from different locations in the 
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catchment area mean that the percentage of the total amount of pollutants that reaches the 
surface water recipient varies considerably in the area (Figure 4b), while the probability that 
more than 1% of the total amount of dissolved pollutants will reach the surface water recipient 
is hardly affected at all (Figure 6b). 

 

 
 
Figure 6: Maps of the example area of Forsmark showing, in relation to different attenuation 
cases, a simple example of the calculated probability that the amount of pollutants that will 
reach the nearest surface water recipient (lake, stream, wetland or coastal water) after 
discharge at different locations (model pixels) in the area, will exceed 1% of the total mass of 
waterborne pollutants discharged. The calculations are based on the travel time distribution 
that is illustrated in Figure 3.
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The methodology’s applicability in relation to risk prevention 
 

In the previous section, we went through the methodology’s fundamental steps. Now, 
we shall demonstrate its applicability in relation to risk prevention work within a catchment 
area.  

Through the calculation and mapping of substance-independent water travel times and their 
distributions, as performed in Step 1 of the methodology, specific parts of a catchment area 
are identified that can have a significant effect on the level of contamination: parts from which 
discharged pollutants can quickly be transported to a groundwater or surface water recipient 
downstream, with little time available for degradation and other attenuation processes to 
occur. The estimation of travel times is, however, uncertain, since the availability of reliable 
data is always limited, and we must rely on different simplified assumptions about such things 
as, for instance, the groundwater surface gradient and how the subsurface characteristics vary 
throughout the area. In order to take this calculation uncertainty into account in the proposed 
methodology, several alternative travel time distributions are calculated that are based on 
different scenarios that cover the varying conditions that can prevail in reality. In this way, 
one can identify those contamination situations for which the calculation uncertainty is of 
great, or little, significance in relation to the contamination burden placed on a sensitive 
recipient, and hence the related risk for contamination.  

In order to exemplify this approach, we will show the calculation results for four different 
scenarios with regards to the subsurface possible heterogeneity (spatial variations in the 
subsurface characteristics) in Forsmark’s example area. The scenarios are explained and 
illustrated in Table 2 and Figure 7. In scenarios 1–3, the average value of the subsurface 
permeability (hydraulic conductivity) is assumed to be the same over the entire area 
(representing transport in a particularly permeable layer at the interface between the soil and 
the underlying bedrock). In scenario 1, we assume that there are no local variations in 
permeability. In scenarios 2 and 3, we account for the existence of random local variations in  
permeability assuming two different extreme cases of subsurface structure: layered subsurface 
profile (scenario 2) and mixed subsurface profile (scenario 3). For a contrasting comparison 
with these first three scenarios, all of which assume a constant average value with regards to 
the subsurface permeability, we also have scenario 4, which was the scenario that was the 
basis for the calculation of the travel times that are shown in Figure 3 in the previous section. 
In scenario 4, which represents transport in the soil above the particularly permeable layer at 
the interface between the soil and the bedrock, the average value of the subsurface 
permeability varies throughout the catchment area, but we do not allow for any local 
variations around the local average value for permeability in the various parts of the area. 

The maps in Figure 8 show, in relation to the different scenarios, the travel times in 
groundwater from every 10•10 meter model pixel in the Forsmark area to the nearest surface 
water. The average travel time for the entire area is the same (1.5 years) in all of the 
scenarios, once the travel times in scenario 4 have been normalised for the sake of comparison 
(it is these normalised travel times that are also illustrated in Figure 3). In scenarios 2 and 3, 
local variations in the subsurface permeability mean that the travel time varies between 
different flow paths from each model pixel to the surface water recipient. The least amount of 
time available for degradation and other attenuation processes exists in situations reflecting 
the waterborne transport of a substance along the fastest flow paths. For both of these 
scenarios (2 and 3, which by definition have the same local average travel time as scenario 1 
for every point in the area), the map shows a travel time to the nearest surface water recipient 
that is undercut along 90% of the flow paths from each discharge point in the area.  

Figure 8 shows that different model representations of variations in subsurface 
permeability in an area can lead to large differences in calculated travel times through 

 16



groundwater to a recipient. For a robust analysis of the risk for contamination in a catchment 
area, it is therefore necessary to make allowance in the risk calculations for the uncertainties 
that may exist regarding how the subsurface permeability varies between, and along, different 
flow paths throughout the area. 

 

 
 
Figure 7: Schematic illustration of transport velocities along the water’s flow paths in the four 
different scenarios with regards to subsurface heterogeneity (see Table 2 for additional 
descriptions of these scenarios). The arrows’ different colours represent different transport 
velocities. Scenarios 1–3 represent transport at the relatively homogeneous and permeable 
interface between soil and bedrock, while scenario 4 deals with transport in the soil above 
this border zone. 

 
 
Table 2: Description of the four considered scenarios with regards to subsurface 
heterogeneity.  
 
Scenario 1 The subsurface permeability (the hydraulic conductivity) is assumed to be 

constant over the entire area, in order to represent transport in the relatively 
homogeneous border zone between soil and bedrock. 

Scenario 2 The subsurface permeability is assumed to vary randomly, with the same 
average value and variance (coefficient of variation 130%) in the entire area. 
The subsurface profile is assumed to be layered in order that the permeability 
only varies between the water’s different flow paths, but not along each flow 
path throughout the area. 

Scenario 3 The subsurface permeability is assumed to vary randomly, with the same 
average value and variance (coefficient of variation 130%) in the entire area. 
The subsurface profile is assumed to be mixed in order that the permeability 
varies both along the water’s flow paths as well as between them. 

Scenario 4 The average value of the subsurface permeability is assumed to vary within the 
area, in accordance with the soil data and available information about the 
geographical distribution of different types of soil in the area. Consequently, 
the permeability is treated as locally known and constant, in other words we 
assume in this scenario that no uncertainties exist and that no local fluctuations 
occur with regards to the local average value for permeability. 
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Figure 8: The maps show the travel times for water from the different locations (model 

pixels) in Forsmark’s example catchment area to the nearest surface water recipient (lake, 
stream, wetland or coastal water), with regards to the four different scenarios concerning 
subsurface heterogeneity that are described in Table 2 and illustrated in Figure 7. In 
scenarios 2 and 3, in which allowance is made for local variations in the subsurface 
permeability, there is variation in the travel time between different flow paths from each 
model pixel to the recipient. For both of these scenarios, the map does not show the average 
travel time, which is by definition the same as in scenario 1, but instead displays a travel time 
that is undercut along 90% of the flow paths from each model pixel in the area. 

 
 
Figures 9 and 10 illustrate how the different assumptions about subsurface heterogeneity 

that are represented by scenarios 1–4, affect the amount of pollutants that reaches the nearest 
surface water after discharge at various locations within Forsmark’s catchment area. For 
substances characterised by the attenuation case “very slow attenuation” (for which the 
characteristic attenuation product is 0.1 or less – Figure 9a), the greater part of the pollutant 
mass that has been discharged and has dissolved in the water somewhere within the area, 
reaches the surface water recipient, regardless of which scenario is applied concerning 
subsurface heterogeneity. Consequently, substances that are characterised by this attenuation 
case under prevailing field conditions must be prioritised in terms of quick and 
comprehensive measures aimed at reducing the level of contamination, regardless of where in 
the area the source of the contamination is situated, or where it could conceivably be situated 
in the future. For substances characterised by the attenuation case “very fast attenuation” (for 
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which the characteristic attenuation product is 1000 or greater – Figure 9b), an insignificant 
amount of the pollutant mass reaches the recipient in all four of the subsurface heterogeneity 
scenarios concerning, after discharge within the greater part of the area. For substances 
characterised by the uncertainty-sensitive attenuation cases that exist between these two 
extreme cases (in other words, attenuation cases for which the characteristic attenuation 
product is greater than 0.1 but less than 1000 – Figure 10), the results in relation to the four 
different scenarios vary significantly. For substances characterised by such an uncertainty-
sensitive attenuation category, one must, in the case of pollutant discharge at a large number 
of locations in the area, either decide to perform more investigations in order to reduce the 
uncertainties involved, or else assess the risks for contamination in a conservative fashion and 
thus always prioritise these substances when it comes to selecting measures aimed at limiting 
the contaminant spreading.  

 
 

 
 
Figure 9: Maps of the example area Forsmark show that, in certain attenuation cases, 
uncertainties about subsurface heterogeneity and variations in water travel times are of little 
practical significance when it comes to estimating whether or not the discharge of pollutants 
in an area is of little or great consequence to the environment. In the case of “slow 
attenuation”, almost all of the pollutant mass reaches the surface water recipient after 
discharge in the greater part of the area, regardless of which of the four scenarios concerning 
subsurface heterogeneity (Table 2, Figure 7) we apply; while in the case of “very fast 
attenuation”, almost none of the pollutant mass reaches the surface water recipient after 
discharge in the greater part of the area, once again regardless of which of the four scenarios 
concerning subsurface heterogeneity (Table 2, Figure 7) we apply. 
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Figure 10: Maps of the example area Forsmark that show, for the attenuation case “quite 

fast attenuation” (for which the characteristic attenuation product is 10), and for each of the 
four different scenarios concerning subsurface heterogeneity that are described in Table 2 
and illustrated in Figure 7, what percentage of the total mass of discharged waterborne 
pollutants that will reach the nearest surface water recipient after discharge at different 
locations (model pixels) in the area. 

 
 
We have also examined the methodology’s applicability with regards to different 

catchment areas, by way of a direct comparison between the results for Forsmark’s catchment 
area and the equivalent results for Norrström’s catchment area. Norrström is much larger than 
Forsmark (22, 000 compared with 30 km2), and the approaches used in order to calculate 
water travel times at these two areas must, of necessity, differentiate themselves from each 
other, due to the differences in the available data resolution and, as a consequence, the 
possible model resolution, which was much lower in Norrström (1 km) than in Forsmark (10 
m). Figure 11 shows the amount of pollutants that are transported through the catchment 
areas’ interconnected groundwater and surface water systems all the way out to the Baltic Sea 
coast, after the discharge of pollutants somewhere in each area. The results for the equivalent 
attenuation cases (in other words, the results corresponding to the same product of a 
substance’s characteristic attenuation rate and the subject-independent average travel time in 
the area) are similar for both of the catchment areas, despite the difference in size, and despite 
the fact that water travel times through the two areas were quantified in different ways.  
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Figure 11: Maps of Norrström’s (a, c and e) and Forsmark’s (b, d and f) example areas that 
show, with regards to different attenuation cases, the amount of pollutants (expressed as a 
percentage of the total mass of pollutants discharged) that, after the discharge at different 
locations (model pixels) within the areas, are transported through the interconnected 
groundwater and surface water systems, eventually reaching the Baltic Sea coast 
downstream from the catchment areas. 
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For substances characterised by the attenuation case “slow attenuation” (for which the 
characteristic attenuation product is 0.1 or less), both of the areas will be more or less totally 
red-coloured – meaning that the greater part of a dissolved pollution mass reaches the 
recipient without having time to be attenuated. For substances characterised by the attenuation 
case “very fast attenuation” (for which the characteristic attenuation product is 1000 or 
greater), the attenuation occurs so quickly that a significant amount of pollutants will only 
reach the Baltic Sea coast if the pollutants are released directly into those parts of the 
catchment areas’ surface water systems that are very close to a direct outlet to the sea. In the 
case of Norrström, the parts of the surface water systems for which this is of relevance are 
those that are closest to the outlet to the Baltic Sea in the catchment area’s southeast corner. In 
the case of Forsmark, where the flow paths through the surface water systems are generally 
much shorter than in Norrström, it is of relevance in relation to a considerably larger part of 
the catchment area’s surface water systems. For both areas, the difference in the travel time 
from different locations in the area is of great significance when it comes to how much of the 
total pollutant mass that will reach the Baltic Sea with regards to substances that are 
characterised by the attenuation cases ranging from “very fast attenuation” to “slow 
attenuation”. These similarities in the results for both of these catchment areas demonstrate 
that the proposed methodology is applicable for risk prevention work in relation to both large 
and small areas, despite the significant differences in the data available for the calculation of 
travel times. It also indicates a high degree of generality and transferability to other areas with 
regards to the results that we have derived in relation to our main example area, Forsmark. 
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The methodology’s applicability in relation to choice of measures 
 

In the previous sections, we have discussed and shown examples of how the 
proposed methodology can be used to quantify the spreading of pollutants and the risk for 
contamination downstream from one or several different sources of pollution within a 
catchment area. This quantification process can also be used in order to assess the scope of 
prevention or remediation measures required to ensure that the risk for contamination 
downstream from a certain source of pollution is not allowed to become unacceptably high, 
with concentrations of pollutants or pollutant mass flows that exceed pre-determined 
acceptable limits.  

Since the conditions for the contaminant spreading in nature are not constant with regards 
to time and space, local concentrations of pollutants and pollutant mass flows will, as a 
consequence, vary depending upon which transport pathway the pollutants follow from one 
and the same source of pollution. In all of the scenarios 1–4 that have been described above 
(Table 2, Figure 7), the substances from one or several source zones are transported at varying 
velocities along the different flow paths to a downstream recipient. Along slow or long flow 
paths, the transported substances have time to be completely attenuated before they reach the 
recipient, while substances that are transported along the fastest and shortest flow paths have 
almost no time to be attenuated at all. This means that the likelihood that local concentrations 
of pollutants exceed a pre-determined acceptable limit at an individual recipient location can 
be great, even if the average concentration at that location is less than the pre-determined 
acceptable limit. In order to be able to choose the appropriate measures, therefore, it is not 
sufficient to only work with a pre-determined acceptable limit, but one must also determine 
what can be considered as an acceptable likelihood that local values of pollutant 
concentrations may exceed this limit.   

The likelihood that an acceptable limit is exceeded at a recipient location downstream from 
a source zone is only partially dependent upon the amount of pollutants that have leaked out 
from the source zone. A factor that is often of even greater significance is the effect of the 
processes that control the spreading of pollutants from the source zone to the recipient. Figure 
13 shows how both of these factors affect the probability that a pre-determined acceptable 
limit with regards to the concentration of pollutants may be exceeded at varying distances 
downstream from a source zone, the distances being expressed as the number of source zone 
lengths along the groundwater’s main flow direction (see Figure 1). As in the report’s 
previous sections, we calculate the contaminant spreading with regards to different attenuation 
cases that are expressed in terms of a characteristic attenuation product, which is here between 
the attenuation rate and the average time it takes for the water to be transported along a 
section of a flow path that is equivalent to the source zone’s length in the groundwater’s main 
flow direction. Figure 13 shows the results for the two very different cases of subsurface 
heterogeneity that were described in the previous section: mixed subsurface profile, which 
entails relatively small variations in travel time between different flow paths; and layered 
subsurface profile, which entails large variations in travel times along the different flow paths 
from the source to the recipient. The dotted line at probability level 1% in the Figures is an 
example of a possible maximum acceptable likelihood that local concentrations of pollutants 
exceed the pre-determined acceptable limit. 

The results in Figure 13 indicate that the prevailing subsurface heterogeneity (mixed or 
layered subsurface profile) and the relevant attenuation case (fast or slow attenuation in 
relation to the average travel time) are of greater significance in relation to the probability that 
the pre-determined acceptable level of concentration will be exceeded than is the actual 
concentration of the substance that has leaked out from the source zone. Consequently, the 
spreading of the pollutants downstream from the source zone is more decisive than is the 
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concentration of pollutants discharged from the source zone, in terms of deciding on the scope 
of the measures required to undercut the highest acceptable probability that the pre-
determined acceptable limit will be exceeded (1% in our illustrative example). In the 
attenuation case “fast attenuation” (for which the characteristic attenuation product is 1 or 
greater), for instance, the probability that the pre-determined acceptable limit will be exceeded 
reduces very rapidly at the same time that the distance from the source zone increases, even in 
cases when the levels of concentrations discharged from the source zone are up to 1000 times 
greater than the pre-determined acceptable limit, and regardless of whether the subsurface 
profile is mixed or layered. Hence, for substances that are characterised by this attenuation 
case, it is not necessary to know the concentration of pollutants leaking out from the source 
zone with any particular accuracy in order to be able to choose the appropriate level of 
protection or remediation measures. For substances with slower attenuation processes, the 
concentration at source can be of greater significance with regards to the probability that the 
pre-determined acceptable limit will be exceeded; but exactly how significant will depend 
upon the prevailing subsurface heterogeneity, so it is still the conditions for the spreading of 
pollutants downstream from the source zone that are of primary importance when it comes to 
assessing the significance of the concentration of pollutants discharged at the source in 
relation to the choice of appropriate measures.  
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Figure 12: The black curves surrounded by grey zones illustrate the probability that the 
pollutant concentration at different distances downstream from a short-term pollutant 
discharge exceeds a pre-determined acceptable level, Climit, in relation to the leakage of a 
concentration of pollutants from the source zone that is: 100 times the limit (black curves), 10 
times the limit (the grey zone’s bottom boundary) and 1000 times the limit (the grey zone’s 
top boundary). The assumption of a layered subsurface profile means that the transport 
velocity only varies between different flow paths and not along each flow path from the 
source zone; while the assumption of a mixed subsurface profile means that the transport 
velocity varies both along the water’s flow paths as well as between them. 
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The focus of this report has been on the quantification of the horizontal contaminant 
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reading from a source zone to a downstream recipient. The two-step methodology that
have proposed for the quantification of this spreading, and of the related risk for 
contamination downstream from the source zone can, however, also be applied to
quantification of the vertical spreading from the soil surface to the groundwater, and th
for the contamination of the groundwater directly at the source zone. One can calculate 
substance-independent water travel times down to the depth of the groundwater table for this 
vertical transport component21–22. Based on these calculations, it is possible to quantify the 
vertical transport of a substance down to the groundwater21–24, the probability-based risk for 
contamination of the groundwater at the source zone22, 24–29 and the need to instigate 
protection or remediation measures in order to ensure that the likelihood to exceed a p
determined acceptable contamination level does not exceed the highest acceptable likeliho
level29. 

Subse
ter phase become functions of the prevailing moisture level, which is an independent 

parameter that can be estimated relatively easily and quickly in the field, for instance in t
case of a situation arising from an accident involving contaminants. This broadening of the 
methodology to include the unsaturated zone between the soil surface and the groundwater 
could, for instance, be directly linked to and assist in the further development of, the RIB 
transport model that is used by the Swedish Civil Contingencies Agency (MSB). This repo
does not include any results or applicability maps for such vertical transport of pollutants 
down to the groundwater, but in coming scientific studies and publications, that are planne
and currently under production, we will also consider this aspect of the contaminant spreadin
and its significance for the choice of measures in order to prevent or limit the spreading of 
contaminants in water.  
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Conclusions and recommendations 
 

In this report we have presented a methodology for the calculation and mapping of 
the spreading of pollutants and the risk for contamination in hydrological catchment areas. By 
summarising the results from earlier studies, we have illustrated the methodology’s different 
steps to be performed in order to estimate both the expected results as well as the uncertainties 
that exist in relation to these.  

 The methodology consists of two calculation steps:  
Step 1: Calculation and mapping of the shortest possible travel times and their 
distributions for flowing water and non-reactive waterborne substances to sensitive 
groundwater and surface water environments within and downstream of the catchment 
area. 
Step 2: Calculation and mapping of the transport of reactive pollutants and the related 
risks for contamination, by linking the substance-independent travel times derived from 
Step 1 with suitable process model descriptions of degradation and other attenuation 
processes that affect the transport of specific substances, or groups of substances with 
similar process characteristics. An important result of the research performed during 
this step is that it is crucial, when calculating the transport of pollutants, to include the 
entire distribution of travel times from the source to the recipient in the calculations. If 
one only uses an average travel time in the calculations, the result will be a systematic 
underestimation of the total amount of pollutants that reaches the recipient. 
 

A central point in relation to the proposed methodology is that one is able, already after 
performing the calculations and mapping described in Step 1, to use these results in order to 
identify the particular parts of a catchment area that are of greatest significance concerning 
contamination, and from which discharged pollutants can most quickly be dispersed to a 
downstream recipient. The travel times for water represent a conservative assessment of the 
equivalent travel times for reactive, waterborne pollutant substances, since no such substances 
can be transported more quickly than the actual water that bears them; such substances can, 
however, be transported more slowly due to reaction processes that cause retardation along 
the flow paths. 

Another central point in relation to the methodology is that the substance-independent 
water travel times derived from Step 1 are also relatively easy to use in order to calculate the 
waterborne transport of reactive substances, or groups of substances with similar reaction 
characteristics, in Step 2 of the methodology. Based on such a calculation of the spreading of 
substances in the catchment area, one can then also relatively easily calculate and map the 
related risk (likelihood) that pre-determined acceptable environmental limits with regards to 
the pollutant substances discharged may or may not be exceeded anywhere within a catchment 
area or at the location of its recipient. 

Our calculation examples for Forsmark’s and Norrström’s catchment areas were based 
solely on the type of data that can realistically be expected to be available for a catchment 
area, either locally or overall. These examples of the methodology’s applicability showed that 
the methodology is well-suited to use in overall water resource management and planning, for 
instance in the identification of high-risk areas in relation to the discharge of certain 
pollutants, in the creation of water protection areas and in the choice of appropriate measures 
required in order to prevent or limit water pollution. Consequently, it is our recommendation 
that an assessment of the risks for contamination in such contexts should, as a fundamental 
step in the assessment process, always be based upon the explicit calculation and mapping of 
water travel times and their distributions.  
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When we assess water travel times, their distributions and the transport of substances 
throughout entire catchment areas, there are a number of uncertainties involved, for instance 
in relation to the characterisation of the sources of pollution, the water flows and the 
waterborne transport of substances. Our results have shown how the methodology we have 
developed can also be used in probability-based sensitivity analyses, in which one takes 
account of not only the random variation and uncertainty, but also alternative possible 
scenarios involving the prevailing (unknown) conditions. In this way, one is able to relatively 
easily identify the conditional intervals within which the various uncertainties are of great 
practical significance as well as the other, often wider intervals within which they are not of 
significance. With regards to the last-named case, one is able to obtain, despite the existence 
of the uncertainties, a relatively robust foundation on which to base decisions with regards to 
water management and emergency preparedness. Even in relation to those conditional 
intervals for which the uncertainties are of greater significance, one still obtains a rational 
basis for making decisions through such use of the methodology. The alternatives at that stage 
are, either to perform more investigations in order to reduce the uncertainties, or to manage 
the uncertain conditions conservatively, in other words to formulate decisions based on the 
assumption that the prevailing scenario is that which entails the greatest risk for 
contamination. Which of these alternatives is most appropriate should reasonably be decided 
based upon rational analyses of the costs involved with performing several more uncertainty-
reducing investigations in comparison to the additional cost of measures taken as a result of 
conservatively assuming the worst possible contamination scenario. Such cost-effectiveness 
analyses have been described in various scientific studies regarding how one can rationally 
identify effective environmental measures in situations of uncertainty16-17, 29–32. 
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