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ABSTRACT 
At Bromma Stockholm Airport, fire drills have previously been performed at 
a location outside the current airport confinements. Fire drills were 
performed with extinguisher foams containing toxic perfluorooctanesulfonic 
acid (PFOS), which have polluted the site. Harmful effects of PFOS include 
but are not limited to damages to the endocrine system. The contaminant is 
relatively soluble and can be transported by water. The aim of this thesis was 
to model groundwater flows and PFOS transport in the area. In order to 
build the model, data was gathered from databases, literature studies and 
field investigations. The field investigations included geophysical 
measurements. The model was built in the software Visual MODFLOW 
Classic. It was used to increase knowledge of hydrogeological conditions in 
the area, predict the fate of PFOS leaching from the site and suggest 
preventative measures for preventing the spread. The model results showed 
that the contaminant is transported towards the current airport area by 
means of groundwater at a slow rate and with low concentrations. 
Additionally, high concentrations of PFOS will remain in soil and 
groundwater at the study area for several hundreds of years, according to 
model results. Preventative measures should therefore be focused on 
minimizing risks to frequent visitors to the site, which is currently used as a 
golf course.  
KEYWORDS 
Bromma Stockholm Airport, PFOS, Visual MODFLOW, Geophysics 
(resistivity, IP), GIS, groundwater modeling. 
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SAMMANFATTNING 
Vid Bromma flygplats i Stockholm har brandövningar tidigare genomförts 
vid en plats utanför nuvarande flygplatsområde. Brandövningar 
genomfördes med brandsläckningsskum innehållande det toxiska ämnet 
perfluoroktansulfonat (PFOS) som har förorenat platsen. Hälsofarliga 
effekter av PFOS inkluderar men är inte begränsade till skador på det 
endokrina systemet. Föroreningen är relativt lättlöslig och kan transporteras 
av vatten. Målet med detta examensarbete var att modellera 
grundvattenflöden och transport av PFOS i området. För att bygga modellen 
samlades data in från databaser, litteraturstudier och fältundersökningar. 
Fältundersökningarna inkluderade geofysiska undersökningar. Modellen 
byggdes upp i Visual MODFLOW Classic. Modellen användes till att öka 
kunskapen om hydrogeologiska förutsättningar i området, uppskatta 
spridningen av PFOS och rekommendera åtgärder för att begränsa 
spridningen. Resultatet av modellen visar att föroreningen transporteras 
med grundvatten mot det nuvarande flygplatsområdet med långsam 
hastighet och låga koncentrationer. Dessutom visar modellen att höga 
koncentrationer av PFOS kommer finnas kvar i jord och mark vid 
studieområdet under hundratals år. Åtgärder bör därför fokusera på att 
minska risker för frekventa besökare till området, som i dagsläget används 
som en golfbana. 
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CONCEPTS AND TERMS 
Aquifer A geological formation from which groundwater can be extracted in useful amounts 

(Knutsson & Morfeldt, 2002). 
Calibration Fitting a model to observed or measured data, while upholding reasonable values of 

all input data 
Catchment All water that enters a catchment leaves it through the same point. Catchments are 

separated by water divides. 

Confined 
aquifer 

In a confined aquifer, the groundwater is under pressure due to the aquifer being 
contained between two relatively impermeable soil layers. Hence, if a groundwater 
well penetrates the aquifer, the water level would be above the top of the aquifer 
(Hiscock & Bense, 2014). 

Hydraulic head 
The sum of elevation head and pressure head of the water. Water flows from areas 
with higher hydraulic head to areas with lower hydraulic head (Hiscock & Bense, 
2014). It describes the elevation level where groundwater is found in observation 
wells. 

Root Mean 
Square Error A common statistical term used to quantify errors in numerical calculations. 

Steady-state A term used to describe a system that has reached a state where its properties do not 
change over time.   

Transient A term used to describe something that undergoes changes over time. 
Unconfined 
aquifer 

In an unconfined aquifer the groundwater is at atmospheric pressure (Hiscock & 
Bense, 2014). 

Model 
Validation 

Using a calibrated model to simulate a known hydrologic response and checking the 
validity of the model. Sometimes referred to as verification (Domenico & Schwartz, 
1998). 

Watershed See “Catchment”. Synonymous with catchment. 
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1. INTRODUCTION 
Perfluorinated alkyl acids (PFAA) are a group of organic contaminants that 
are toxic, persistent and easily bio-accumulated (Kemikalieinspektionen & 
Livsmedelsverket, 2013). PFAA are more easily soluble in water than most 
organic contaminants, which allow for the contaminants to be spread over 
large areas. Potential toxic effects of PFAA include damage to the endocrine 
system and homeostatic processes (DeWitt, 2015). Even though toxic effects 
to humans have been observed, detailed knowledge regarding the effects is 
lacking. This is illustrated by the fact that there have not existed any 
guideline values of PFAA in soil and surface water in Sweden before 2015 
(Pettersson, et al., 2015). 
     PFAA substances are found in fire extinguisher foam of the type AFFF 
(Aqueous Film Forming Foam) (Kemikalieinspektionen & Livsmedelsverket, 
2013), impregnation chemicals for textiles and leather, ski wax and floor 
polish (DeWitt, 2015). Kemikalieinspektionen & Livsmedelsverket (2013) 
found that groundwater at investigated sites where AFFF extinguishers have 
been used was often contaminated with PFAA, particularly if fire drills were 
held often and on graveled surfaces that allow for high infiltration rates. Fire 
drills traditionally consist of lighting objects on fire and subsequently putting 
out the fire with fire extinguishers, under controlled circumstances. A very 
common type of PFAA substance that is traditionally found in AFFF:s is 
perfluorooctanesulfonic acid (PFOS) (Kemikalieinspektionen & 
Livsmedelsverket, 2013). PFAA that originate from AFFF extinguishers are 
transported by surface water on impermeable surfaces or by groundwater 
(additionally affected by chemical and physical factors), therefore 
assessment of transport of PFAA in contaminated sites requires good 
knowledge of the hydrogeological conditions in an area 
(Kemikalieinspektionen & Livsmedelsverket, 2013).  
     An example of when heightened levels of PFAA have been observed in 
humans in recent years is an incident in Uppsala, Sweden 
(Kemikalieinspektionen & Livsmedelsverket, 2013). It was found during 
investigations that concentrations of PFAA in blood from pregnant women 
were increasing whereas they were decreasing for pregnant women from the 
nearby city of Stockholm. PFAA is transferred from mothers to infants 
through breastfeeding (Glynn, et al., 2013). The investigation showed that 
the source of PFAA was usage of firefighting foam containing PFOS at a 
military airstrip near the source of drinking water for Uppsala 
(Kemikalieinspektionen & Livsmedelsverket, 2013). PFOS had been 
transported to the source of the city’s drinking water by means of surface- 
and groundwater. The drinking water in Uppsala was shown to have been 
contaminated for more than 15 years (Livsmedelsverket, 2015). 
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     Several investigations have been made in Sweden detailing the potential 
of PFAA to contaminate and spread from fire drill sites where AFFF 
extinguishers have been used. An investigation at a fire drill site at 
Stockholm Arlanda Airport in Sweden, found significant concentrations of 
PFAA compounds in water and soil surrounding the site, with PFOS as the 
most common type of compound, followed by PFHxS (Ahrens, et al., 2015). 
A monitoring program was set up to monitor concentrations of PFAA in fish 
in the nearby Lake Halmsjön and results showed that no significant 
decreasing trend could be found between the years of 2009 and 2012, 
indicating that similar sites can have a long-term contaminating influence on 
their surroundings (Ahrens, et al., 2015). Another investigation, performed 
at Stockholm Arlanda Airport as well as Landvetter Airport in Gothenburg, 
Sweden, showed that there is a direct correlation between the concentrations 
of PFOS found in surface water bodies located downstream of fire drill sites 
and distance to the respective fire drill sites (Norström, et al., 2013). Higher 
concentrations of PFOS were found at shorter distance to fire drill sites. 
     The Swedish parliament has decided upon 16 environmental quality goals 
(Swedish Parliament, 1998). The different goals include groundwater of good 
quality, a non-toxic environment and a well-built environment. The years 
when the goals are set to be fulfilled vary between each goal. As part of the 
efforts to reach the goals of a toxic-free environment, the Swedish 
Environmental Protection Agency has initiated a process for investigating 
polluted sites in Sweden, called MIFO (methods for inventories of 
contaminated sites), administrated by the different county administrative 
boards (Länsstyrelsen Stockholm, 2013). It is a two-step process where the 
first phase consists of administrative work as well as collection of previously 
existing data and the second phase consists of investigations on-site 
(Naturvårdsverket, 1999). 
     An MIFO investigation was performed at Bromma Stockholm Airport in 
2008 (Axelsson & Myrhede, 2008). The MIFO investigation showed, among 
other things, that potential sources of pollution at the airport are deicing of 
airplanes and landing strips with glycol and leakage of fuel from vehicles and 
fueling spots. Furthermore, elevated concentrations of PFAA were found 
where snow containing glycol was deposited. The type of PFAA that was 
found in highest concentrations in the area was PFOS. A subsequent 
investigation concluded that PFAA was found in heightened levels 
downstream of an old fire drill site located southwest of the current airport 
perimeter, indicating that the old fire drill site is a source of PFAA for the 
area (Holmström, et al., 2013). The existence of PFAA contaminants at the 
old fire drill site in soil and groundwater was proven during the following 
year by sampling and laboratory analysis, with PFOS being the contaminant 
found in highest concentrations (Fogelberg & Holmström, 2014). 
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     With background of the potential risks of PFAA in the ground and water 
surrounding Bromma Stockholm Airport, there is a need for further 
investigations of the fate of toxic PFAA contaminants leaching from the old 
fire drill site. Leakage of PFAA to drinking water wells may lead to adverse 
health effects. It is therefore important to map the transport of PFAA to see 
which locations are affected by the spread of the contaminant. The study 
area for the scope of this report is the surroundings of the old fire drill site at 
Bromma Stockholm Airport. 
1.1. Aim 
The aim of this report is to answer a number of questions regarding the 
hydrogeology in the study area and the transport of PFOS contaminants, by 
means of groundwater, from the old fire drill site near Bromma Stockholm 
Airport. The focus of the study is on PFOS since it is the contaminant that 
has been observed in the highest concentrations among other PFAA 
contaminants in the study area. A detailed groundwater model will be 
created for answering the following research questions: 
 What is the estimated flow direction of groundwater in the study area? 
 What are the flow rates of groundwater in the study area? 
 What is the fate of PFOS pollutants leaching from the old fire drill site 

and being transported by means of groundwater? 
 What is the modeled transport velocity for a contaminant plume of PFOS 

leaching from the old fire drill site? 
 What are the modeled concentrations of PFOS in a contaminant plume 

leaching from the old fire drill site? 
 Which preventative measures can be recommended for containing the 

spread of PFOS in the future, based on model results? 
1.2. Problem definition 
Fire extinguisher foams containing toxic, persistent and easily bio-
accumulated PFAA contaminants have been used previously at a fire drill site 
near Bromma Stockholm Airport. The fire drill site is no longer in use but 
PFAA contaminants, particularly PFOS, is leaching from the location of the 
old fire drill site. PFOS can be transported from the site by means of 
groundwater. The location of the old fire drill site is currently being used for 
other purposes, mainly as a skidpan and a golf course. As of the time of 
writing this report, no models illustrating groundwater flow and PFOS 
transport from the area of the old fire drill site had previously been created 
(Environmental Manager at Bromma Stockholm Airport, 2015).  
     PFAA are contaminants that are fairly soluble and can be transported by 
water. If PFAA are transported from the study area in significant 
concentrations to nearby large water bodies, private wells or residential 
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areas, there is a potential risk for harmful effects to humans. Significant 
concentrations of PFAA being transported into the airport area could 
potentially lead to a risk for harmful effects to humans visiting the airport 
often, such as workers or employees at the airport. Harmful effects of PFOS 
include damage to the endocrine system and homeostatic processes (DeWitt, 
2015). The main exposure pathways for PFAA substances for adult humans 
are from contaminated drinking water and food intake, while the potential of 
infants to be exposed mainly stems from breastfeeding (Mondal, et al., 
2012). No drinking water is extracted from groundwater at the airport area, 
according to the Environmental Manager at Bromma Stockholm Airport 
(2015) and the MIFO investigation (Axelsson & Myrhede, 2008). 
1.3. Background 
Following the introduction of the environmental goals by the Swedish 
parliament, several detailed investigations into contaminated sites were 
initiated. Among them, a MIFO investigation performed at Bromma 
Stockholm Airport showed that PFAA contaminants, in particular PFOS, 
were found in heightened levels in the soil and groundwater at the airport 
(Axelsson & Myrhede, 2008).  
     In several studies following the MIFO investigation, detailed 
investigations were performed with regards to the existence of PFAA in the 
Bromma airport area (Holmström, et al., 2013). The study showed that PFAA 
in the area originated from AFFF extinguisher foam that has been used 
during fire drills. A ban on extinguisher foams containing PFAA was issued 
by Swedavia in 2008 (Holmström, et al., 2013), following the issue of an EU 
Directive heavily restricting use of PFAA (European Union, 2006). 
Decontamination was performed for all fire drill equipment at Bromma 
Stockholm Airport during 2011 (Fogelberg & Holmström, 2014). There exist 
two fire drill sites in the area. Only one is currently being used and is located 
inside the airport area. The other was located southwest of the airport, 
outside the current confinements of the airport area (Holmström, et al., 
2013). The latter is referred to as the old fire drill site within the scope of this 
report. 
     The new fire drill site has been in use since 1997 (Fogelberg & Holmström, 
2014). Fire drills were performed at the old fire drill site before 1997, but the 
site has since undergone changes and a golf course is currently found at its 
location. A runway is located next to the old fire drill site, which was 
previously used as a landing strip for airplanes (Environmental Manager at 
Bromma Stockholm Airport, 2015). The landing strip was eventually 
excluded from the airport confinements and is now being used as a skidpan 
(Axelsson & Myrhede, 2008). The old fire drill site was approx. 300 m2 in 
size and consisted of a graveled surface and a small pond (Fogelberg & 
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Holmström, 2014). During fire drills, objects were placed on the graveled 
area, lit on fire and extinguished with AFFF extinguishers (Fogelberg & 
Holmström, 2014). At the pond, aviation fuel was poured onto the pond, lit 
on fire and extinguished with AFFF extinguishers (Fogelberg & Holmström, 
2014). During previous decontamination work, large masses of soil have 
been removed from the old fire drill site and deposited in banks near the new 
fire drill site (Fogelberg & Holmström, 2014). PFAA remains in the study 
area, however, as it was measured downstream of the old fire drill site at a 
later date (Holmström, et al., 2013) and subsequently found in soil and 
groundwater at the old fire drill site (Fogelberg & Holmström, 2014). The 
type of PFAA contaminant that was found in highest concentrations was 
PFOS. Several other sites where AFFF extinguishers have been used exist in 
other parts of the country (Kemikalieinspektionen & Livsmedelsverket, 
2013).  
     A stormwater pipe stretches from the area where the old fire drill site was 
situated and along the old runway, towards the northeast (Fig. 5, section 2.1) 
(Axelsson & Myrhede, 2008). Stormwater is led to the bay Bällstaviken 
(Environmental Manager at Bromma Stockholm Airport, 2015). Bällstaviken 
is surrounded by residential areas. Water sampling has shown that PFOS 
with a concentration of 1000 ng/l existed inside the stormwater pipe during 
a previous study (Fogelberg & Holmström, 2014). Even though 
concentrations of PFOS have been measured inside the stormwater pipe, it is 
not known for certain whether the pipe drains groundwater or not. Water 
sampling in observation wells at the old fire drill site showed concentrations 
of PFOS as high as > 120,000 ng/l, while a concentration of 150 ng/l was 
found approx. 100-150 m downstream of the old fire drill site (Fogelberg & 
Holmström, 2014). 
     The Swedish National Food Agency advises precautions to be taken if 
drinking water has PFAS concentrations exceeding 9.0 × 10-5 mg/l 
(Livsmedelsverket, 2016). The Swedish Geotechnical Institute (SGI) 
performed an investigation with the aim of finding preliminary guideline 
values for PFAA in groundwater and soil (Pettersson, et al., 2015). The 
results included a generic guideline value for PFOS in groundwater of 
4.5 × 10-5 mg/l. Protection of groundwater as a natural resource was the 
foundation for the guideline value. As for guideline values to prevent health 
risks of PFOS to humans, SGI proposes a guideline value of 2.2 × 10-4 mg/l 
(Pettersson, et al., 2015). 
     Techniques for remediation of water contaminated by PFAA can be 
complex and include the use of granular activated carbon filters, membrane 
technologies and ion exchange technologies (Kemikalieinspektionen & 
Livsmedelsverket, 2013). Removal efficiencies vary depending on the type of 
PFAA compound present. For example, granular activated carbon filters and 
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ion exchange technologies are more effective at removing PFOS than PFHxA 
over long time periods (McCleaf, 2014). 
1.4. State of the art 
During this study, groundwater modeling and geophysical measurements 
have been performed. The geophysical measurements included electrical 
resistivity imaging (ERI) and induced polarization (IP) methods. 
Groundwater modeling has been performed previously in research, with the 
intention of answering questions regarding hydrogeology, groundwater and 
contaminant transport. Saghravani, et al. (2011) modeled groundwater 
movement, flow rates and contaminant transport of phosphorus using 
MODFLOW and MT3DMS. Results of the study were useful to predict the 
future spread of phosphorus in an aquifer in Malaysia. In the Sahel region of 
Tunisia, groundwater modeling using MODFLOW has been useful to 
increase knowledge of the hydrogeological conditions in complex aquifer 
systems (Lachaal, et al., 2012). Additionally, analysis of hydrogeological data 
using GIS tools was shown to be very useful for creation of detailed 
groundwater models. 
     A similar study to the one in Tunisia was performed at the Sherwood 
Sandstone aquifer, UK, where spatial analysis and pre-processing of data 
using GIS tools were used to generate input data for a groundwater model 
(Zhang, et al., 2013). The groundwater model was built in Visual MODFLOW 
and a contaminant transport model was additionally built using MT3DMS. 
Subsequently, the contaminant transport model was used to predict the 
spread of nitrate for different concentrations in the study area. No modeling 
of groundwater or contaminant transport has previously been performed for 
the study area which is the focus of this study. 
     Geophysical measurement methods such as ERI have been used 
previously to investigate complex geological conditions. Magnusson, et al. 
(2010) performed a study on the usefulness of ERI to map geological 
formations and fractures in quarries. It was found that the method was 
efficient for mapping geology and fractures. A study conducted in the 
Maharashtra region of India concluded that ERI was useful to map aquifers 
and distinguish hard rock from soil saturated with groundwater (Gupta, et 
al., 2015). A similar study was conducted in Ghana with the intention of 
mapping aquifers and using ERI to locate areas suitable for groundwater 
extraction by means of boreholes in fractured granites (Ewusi & Kuma, 
2011). The method was successful for 80 % of the boreholes. 
     Rosales, et al. (2012) conducted electrical resistivity measurements to 
investigate the subsoil properties and find non-aqueous phase liquids 
(NAPL:s) in the Murcia region of Spain. Measurement data was analyzed for 
variations in resistivity throughout the soil profiles with the software 
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RES2DINV. It was concluded that the method was useful to find NAPL:s and 
investigate the subsoil properties. In Brazil, IP measurements have been 
shown to be useful for finding several different contaminants downstream 
from a waste deposit (Ustra, et al., 2012). Additionally, other possible 
anomalies in IP measurement results during the study were found to be salt 
water and clay particles. Mondal, et al. (2010) investigated the utility of 
using coupled resistivity and IP measurements for mapping areas where 
fluoride has contaminated groundwater in granite areas. They concluded 
that the method was useful for the purpose and likely useful for similar 
studies. No geophysical methods have previously been used to investigate 
geological conditions or fracture zones in the area surrounding the old fire 
drill site at Bromma Stockholm Airport. No research has been found during 
literature studies regarding attempts to find PFOS by means of IP 
measurement techniques. An attempt to find PFOS by means of IP 
measurements was performed during this study.
2. METHODOLOGY 
To construct a groundwater model of an area, extensive knowledge of the 
area in question is required. Data describing the study area was collected 
from a number of sources (sections 2.1 and 2.2), edited and analyzed to find 
information that could be used as input data for the groundwater model. 
Field investigations were performed to complement data acquired by other 
means (section 2.3). The methodology for constructing a groundwater model 
can be divided into two main parts; conceptual modeling and numerical 
modeling and is explained further in section 2.4. A description of the study 
area introduces the methodology section. 
2.1. Study area 
Bromma Stockholm Airport is situated in the northwestern part of 
Stockholm, Sweden, roughly 10 km from the city center (Fig. 1). The airport 
managed about 2.5 million passengers in 2015 and its top three destinations 
are all within Sweden (Swedavia, 2016). 
     A map of the whole airport area showing the catchment (watershed) of the 
airport area, model boundaries for the study area and outlet points for the 
catchment and study area respectively, is shown in Fig. 2. Methodology for 
defining the boundaries of the study area, catchment and outlets are 
described in section 2.2.1. The study area considered for the groundwater 
model is defined as a sub-catchment of the larger catchment for the airport. 
The study area is delimited by the airport perimeter to the northeast, due to 
security and access restrictions. The locations of the old and new fire drill 
sites and outlets are marked in Fig. 2. The exact location of the old fire drill  
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Fig. 1. The location of Bromma Stockholm Airport. Areas where photography is prohibited in the airport are 

covered in black. Map data: (ESRI, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, 
Getmapping, Aerogrid, IGN, IGP, swisstopo and the GIS User Community, 2016).  

site is unknown due to lack of documentation. Its location was roughly in the 
marked area in Fig. 2. 
     The golf course is currently situated at the location of the old fire drill site, 
stretching along the runway. It also includes a driving range situated south of 
the runway. The golf course is managed by Bromma Golf, Björkliden Golf 
Club. Northwest of the golf course there are several allotment gardens 
managed by the Linnéa allotment garden association. In some of the 
allotment gardens, vegetables are grown for private consumption. South of 
the golf driving range is a residential area, Riksby, which is partly inside the 
domains of the study area. Both the allotment garden area and the 
residential area consist of small houses with large gardens, small roofs and 
few impermeable surfaces. The geology in these areas is similar to that of the 
central study area. The map (Fig. 2) additionally shows the location of a 
pond that is part of the golf course, near the outlet of the study area. 
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Fig. 2. Overview of Bromma Stockholm Airport with the study area and catchment illustrated. Boundaries for 

the study area are stretched to the south to be consistent with high bedrock elevation levels being 
considered as groundwater divides (section 2.2.1). Bällstaviken is located at the outlet for the airport 
area. The background map is supplied by ESRI, et. al. (ESRI, DigitalGlobe, GeoEye, i-cubed, USDA 
FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo and the GIS User Community, 2016). 

     A photo taken at the study area showing the golf course and runway is 
shown in Fig. 3. The study area has an approximate surface area of 
532,000 m2. High elevation surrounds most of the area, acting as water 
divides. An area of low elevation is located at the northeastern end of the 
skidpan/runway, towards the airport area. To visualize the shape of the 
study area, elevation levels are shown in 3D in Fig. 4, using the software 
Surfer (Golden Software, LLC, 2011). Due to the shape of the study area, the 
northeastern area of low elevation is likely to be the outlet of groundwater 
from the study area towards the airport. 
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Fig. 3. Photo of the study area showing the golf course to the left and the runway to the right. The runway is 

currently used as a skidpan. The black area covers areas where photography is prohibited. 

 
Fig. 4. Elevation levels in the study area shown as a 3D image generated using Surfer. The Z-scale is 

exaggerated in the image to better visualize differences in elevation. The northeastern point of low 
elevation in the study area, which is assumed to be the outlet point towards the airport, is to the right in 
the image. 
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The bedrock in the area consists mostly of granites and gneissic granites 
(Andersson & Seman, 1995), but there is also sedimentary rock present in 
parts of the area (SGU, 2016a). The soil consists of a thin layer of silty sandy 
till on top of the bedrock and a layer of clay at surface level, forming a 
confined aquifer (J & W, 1974a; J & W, 1974b; Andersson & Seman, 1995). 
The top part of the clay in parts of the area is dry and cracked. An asphalted 
runway is located inside the study area. Soil types on surface level in the 
study area are shown in Fig. 5. The exact location of the stormwater pipe in 
the study area is not known but its location is roughly shown in Fig. 5 
(Fogelberg & Holmström, 2014).  
2.2. Data 
In order to construct a model of groundwater flow, extensive amounts of 
site-specific and general data for geology and hydrogeology were analyzed. 

 
Fig. 5. The soil types at surface level in the study area. The exact location of the stormwater pipe is not known 

and the figure only shows the approximate location of the pipe. 
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Necessary data for model construction include, but is not limited to, surface 
elevation levels, soil types, soil depth, geographical boundaries and hydraulic 
boundary conditions (section 2.4). Literature studies were performed into 
general hydrogeological properties for soil types present in the study area. 
Previous investigations performed in the study area were analyzed in detail. 
Interviews were conducted with the environmental manager at Bromma 
Stockholm Airport (2015), the chairman of the Linnéa allotment garden 
association (Lennmo, 2016) and the greenkeeper at Bromma Golf (2016) 
regarding the history of the study area as well as the potential influence of 
their respective operations on groundwater in the study area. 
     General geological characteristics have been found from geotechnical 
investigations performed by the company J & W (1974a; 1974b; 1974c; 
1976a; 1976b). Additionally, soil types, bedrock elevation levels and soil 
depth have been analyzed from maps, borehole protocols and well data 
(SGU, 2015; SGU, 2016a; SGU, 2016b). Recent investigations performed in 
the airport area and its surroundings by Andersson & Seman (1995), 
Axelsson & Myrhede (2008) and Holmström, et al., (2013) as well as 
Fogelberg &Holmström (2014) have also resulted in increased knowledge of 
the geological properties in the area. 
     Spatial data was obtained from Lantmäteriet (Swedish National Land 
Survey) using a KTH license (Lantmäteriet, 2015). Extracted data included 
DEM (Digital Elevation Model), soil depth and a topographic map showing 
structures in the area. Details about the data are shown in Appendix II – 
Data used for GIS analysis. Additional data was supplied by SGU (2016a), 
which showed the potential existence of several plastic fracture zones deep in 
the bedrock. 
2.2.1. Spatial analysis 
Spatial analysis of data and data editing was performed using ArcGIS (ESRI, 
2015). To avoid fill and sink effects, DEM data was edited in ArcMap (part of 
the ArcGIS package) with the ArcHydro extension, as recommended by Zhu 
et al. (2013). Fig. 4, section 2.1, was created by importing the edited DEM 
data into the software Surfer (Golden Software, LLC, 2011) and plotting the 
DEM as a 3D image. A map of slope inclinations was created from DEM data 
and outliers in data for slopes were removed. Flow direction and flow 
accumulation raster file maps were created using ArcHydro, to analyze 
topographically contingent surface runoff in the area. Catchments and 
outlets were generated from the flow accumulation map with ArcHydro, by 
considering the cells where most water accumulates near Bällstaviken and 
the location where the study area borders the airport perimeter. Results of 
the model show that the general flow path for surface runoff in the study 
area is to the northeast. From the old fire drill site runoff flows towards the  
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Fig. 6. Flow accumulation on the ground surface generated by ArcGIS. More water accumulates in the dark 

blue areas than in the light blue areas. The general flow direction of runoff from the study area is 
towards the northeast and Bällstaviken (located at the outlet for the airport area). 

airport, then north-northwest around the rock outcrop where the air traffic 
control tower is placed and finally to the east-northeast towards the bay 
Bällstaviken (Fig. 6).  
     The extents of the study area were defined by considering both surface 
and groundwater divides. The catchment area, which was delineated by 
water divides by ArcGIS, defines the flow direction of water that enters the 
area (Hiscock & Bense, 2014). Water will not cross water divides and 
therefore water fluxes outside the catchment area are insignificant for the 
spreading of PFAA within the study area. Hence, the study area is confined 
from upstream by the boundaries of the catchment. There are, however, both 
surface water divides and groundwater divides. This means that both the 
surface topography and bedrock elevation are important to consider when 
defining the catchment area. Catchments for groundwater flow are often 
assumed to be similar to surface water catchments, while the reality is that 
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catchment areas for surface and groundwater can sometimes differ 
significantly (Hiscock & Bense, 2014). For a groundwater model, it is 
appropriate to delimit the model area by groundwater divides. It was found 
during analysis of previous investigations and soil depth data that the 
groundwater and surface water divides differed at the southern part of the 
study area (due to bedrock elevation), and therefore the study area was 
stretched to the south past the surface water divide (Fig. 2, section 2.1). 
     The distribution of soil types at surface level was analyzed in ArcGIS, 
using data from previous investigations (J & W, 1974c), a soil type map made 
by SGU (2015) and information acquired during field investigations. 
Information regarding soil types at surface level is compiled in Table 1 and 
visualized in Fig. 5, section 2.1. Note that no distinction was made for soil 
types at surface level for areas where allotment gardens and small houses 
with large gardens are located, due to similar geology and lack of 
impermeable surfaces.  
Table 1. Surface areas for the top layers of soil (including the runway). 

Approximate surface area for different soil types 

Clay Till Bedrock (granite) Runway (impermeable 
surface) Whole area Unit 

295,500 111,300 106,600 20,300 532,000 m2 
55 21 20 4 100 % 

 
Raster files were created in ArcMap to represent elevation levels for the top 
of the till soil layer and the bedrock, respectively. The raster file for the top of 
the till layer was created by interpolation of point data from geotechnical 
investigations performed by J & W (1974a; 1974b; 1976a; 1976b) and data 
acquired from field investigations performed during this study. A kriging 
interpolation method was used. To create a raster file showing elevation 
levels of the bedrock, soil depth data was subtracted from the DEM data and 
then edited to be consistent with the geotechnical investigations performed 
by J & W and field investigations performed in the scope of this study 
(section 2.3). The approximate locations of the fracture zones seen in data 
supplied by SGU (2016a) were digitized into ArcMap using georeference 
points. Their locations are indicated in Fig. 8, section 2.3. 
     An asphalt runway and a drainage network exist in the study area. Man-
made networks such as roads and ditches can have significant effect on 
catchment hydrology (Carluer & De Marsily, 2004). Structures made up of 
impervious surfaces such as roads and runways play a similar role in 
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hydrology to ditches, with water often accumulating and flowing along the 
sides of such structures. Similar preferential flow of water can occur in dry 
cracks in clay soils according to Greve, et al. (2010). The presence of a buried 
artificial drainage network can influence a catchment to, for example, have a 
quicker response to rainfall events and less surface runoff (Carluer & De 
Marsily, 2004). Overall, the effects of the runway, drainage network and dry 
cracks in clay soils on the hydrology at the study area should be considered 
in the model, if possible. As a step in analyzing the effects of the runway on 
hydrology in the study area, a TWI (Topographic Wetness Index) map was 
created. The concept of a TWI model was first introduced by Beven & Kirkby 
(1979) and is useful for visualizing zones of high surface saturation as well as 
effects of man-made networks on hydrology. The method considers 
contributing upstream surface area as well as surrounding slopes to each 
raster cell, for estimating hydraulic gradients. A raster cell size of 10 m was 
used for creating the TWI map as recommended by Haas (2010). The TWI 
map was created using algebra expressions in ArcMap, consistent with the 
methodology used by Ali (2013). Equation 1 illustrates the algebra 
expression. 
 = ln tan( )  (1) 
where  is the local uphill area draining through each point and  is the local 
slope inclination in radians. In ArcMap, Equation 1 is expressed as 
Equation 2. 
 = ln (  + 1) ×  

tan(   )  (2) 

2.2.2. PFOS properties 
PFOS is an organic contaminant with a chemical formula of C8HF17O3S and a 
structure that is shown in Fig. 7 (Filipovic, 2015). It is a contaminant with 
natural polarity, due to the SO3H sulfonic acid group. 

 
Fig. 7. The chemical structure of perfluorooctane sulfonate (PFOS). 
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Only limited data was found regarding parameters affecting transport of 
PFAA contaminants. The solid-liquid distribution coefficient Kd of PFOS is 
one of the parameters which were found during the literature review. It is 
defined in Eq. 3 as (Pettersson, et al., 2015): 
 

=     [  ]
    [ ]  (3) 

The Swedish Geotechnical Institute performed a literature review with the 
aim of finding Kd values for PFOS (Pettersson, et al., 2015). The results from 
the review of five different studies gave a median value of 17 l/kg for 
sedimentary soils. The modeled Kd value was therefore set to 17 l/kg (1.7 × 
10-5 l/mg). Note that Kd values can vary significantly for different sites and it 
is therefore recommended by Kemikalieinspektionen & Livsmedelsverket 
(2013) to perform soil and water samples of a contaminant at a site to be able 
to calculate site-specific Kd values.  
2.2.3. Hydrogeology 
The study area is based on both the extent of the groundwater catchment and 
the surface water catchment, implying that no water crosses its boundaries 
except from the outlet. However, since no field investigations have been 
performed with the aim of ascertaining this assumption, there is a possibility 
that water enters and leaves the system in other parts than expected. Given 
the assumption that the study area is delimited by water divides, the only 
source of ground- and surface water is precipitation and artificially added 
water, such as irrigation. The outputs are evapotranspiration, runoff and 
groundwater discharge. The general water balance equation is illustrated in 
Eq. 4 (Hiscock & Bense, 2014). Artificial recharge occurs with seasonal 
variations at the golf course (Greenkeeper at Bromma Golf, 2016) and the 
allotment gardens (Lennmo, 2016). Artificial recharge is neglected in Eq. 4 
since it is of an unknown quantity. 
 = + +  ± ∆  (4) 
P is precipitation, ET is evapotranspiration, RG is groundwater discharge, RS 
is surface water runoff and ∆  is change in storage. While seasonal variations 
in storage are expected, it is generally assumed that there is no change in 
storage (∆ = 0) for a longer steady-state time period of for example a full 
year (Hiscock & Bense, 2014). This assumption is used during all modeling 
steps. Eq. 5 is the water balance after neglecting changes in storage, and 
Eq. 6 is used for calculating groundwater discharge. 
 = + +  (5) 
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 = − −  (6) 
Monthly measurements of precipitation from 1999 to 2013 were gathered 
from a nearby meteorological station (SMHI, 2016). The measurements were 
adjusted to obtain an average yearly precipitation of 600 mm/year for the 
study area. Appendix III – Average yearly rainfall compiles the data used 
for calculating the average yearly rainfall. With an average yearly 
evapotranspiration of 450 mm/year between the years 1961 and 1990 
(SMHI, 2014), the resulting yearly effective precipitation ( − ) is 
150 mm/year. Using Eq. 6, the maximum rate of the sum of groundwater 
discharge and surface water runoff ( + ) was calculated to 150 mm/year. 
     Rodhe, et al., (2006) calculated average groundwater recharge for 
different representative areas in Sweden. The results suggested that for the 
study area, the groundwater recharge rate in till is 150-225 mm/year. A 
recharge rate of 150 mm/year was used for till in the model, similar to the 
effective precipitation for the study area. Recharge can also be calculated as a 
percentage of effective precipitation that does not form runoff, using runoff 
coefficients (Svenskt Vatten, 2004). A runoff coefficient is a measure of the 
percentage of water that forms runoff after contact with the surface and can 
therefore give an indication of the amount of water that can potentially 
infiltrate into the ground. This method gives a good indication of potential 
recharge rates. To estimate recharge for rock outcrops and asphalt in the 
model, runoff coefficients were multiplied with the effective precipitation 
(150 mm/year). Svenskt Vatten (2004) suggests a runoff coefficient for rock 
outcrops that varies between 0.8 for steep slopes and 0.3 for mostly flat 
terrain. Rock outcrops in the study area have moderate slopes. Using a 
runoff coefficient of 0.5 resulted in a recharge rate of 75 mm/year for rock 
outcrops. A runoff coefficient of 0.8 applies for asphalt surfaces (Svenskt 
Vatten, 2004), yielding a recharge rate of 30 mm/year. 
     Recharge rates in clay were estimated using an adaptation of Darcy’s law 
(Knutsson & Morfeldt, 2002) (Eq. 7) that is appropriate for estimating 
leakage to confined aquifers (Olofsson, 2014) (Eq. 8). Darcy’s law is an 
equation describing saturated groundwater flow. 
 = − ℎ (7) 
 =  (8) 
where  is the water flux [m3/s],  is the hydraulic conductivity of the 
confining material [m/s],  is the cross-sectional area [m2],  is the 
hydraulic gradient [m/m], q is the leakage through the confining layer [m/s], 

 is the difference in hydraulic head between the confining layer and the 
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confined layer [m] and  is the thickness of the confining layer [m]. Note that 
hydraulic head is defined as the sum of elevation head and pressure head of 
the water, with water flowing from areas with higher hydraulic head to areas 
with lower hydraulic head (Hiscock & Bense, 2014). 
     The confining clay layer in the study area varies between approximately 
1-10 m in thickness (Axelsson & Myrhede, 2008). Vägverket Konsult (2008) 
found the hydraulic conductivity of the clay in the area to be in the order of 
10-11 to 10-9 m/s. Data regarding measured hydraulic head in two wells found 
approx. 500 m east-northeast outside the study domain was provided by 
SGU (2016b). The hydraulic head in these wells was 5 m above sea level 
(m.a.s.l.) in May 1993. The hydraulic head inside the study area was found to 
be at 9-12 m.a.s.l. using methods described in section 0. For the estimation 
of recharge in clay it is assumed that the hydraulic head values of 9-12 m 
apply for the clay layer. This is further discussed in section 4.1. With this 
data as motivation, the difference in head level between the clay and till 
layers can be expected to be in the order of 4-10 m for the purpose of 
estimating recharge with the adapted Darcy’s law equation. Using 
Equation 8, the recharge rate of the clay layer was estimated to be in the 
order of 1 mm/year minimum and 25 mm/year maximum. The modeled 
recharge rate for areas covered by clay was initially set to 10 mm/year. 
     Seasonal variations occur for the extraction and recharge of groundwater. 
Between May and October, the allotment gardens located to the north and 
west of the study area utilize municipal water for irrigation, contributing to 
groundwater recharge (Lennmo, 2016). In the same period, the golf course is 
irrigated with stormwater and local groundwater taken from a pond located 
downstream the old fire drill site (Greenkeeper at Bromma Golf, 2016). The 
irrigation system consists of sprinklers. Moreover, municipal water is used 
during peak demands. 
     It is likely that the stormwater pipe system in the area leads water to the 
pond, according to the Greenkeeper at Bromma Golf (2016). The sprinkler 
system is accounted for in the model by assigning a smaller infiltration rate 
in the clay layer, as the groundwater in the area is extracted and sprinkled, 
leading to losses due to evaporation as well as winds. Since the asphalt 
surface is located next to the golf course where the sprinkler system exists, a 
similar assumption was used to calculate the recharge rate for this area. 
Recharge rates for clay and the runway were cut in half after initial 
calculations (10 to 5 mm/year for clay, 30 to 15 mm/year for the runway), 
with the irrigation system kept in mind. Other seasonal variations were not 
considered when defining recharge rates. The recharge rates for the 
conceptual model were set to values shown in Table 2. Note that no 
distinction was made for recharge rates in areas where allotment gardens 
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and small houses with large gardens are located, due to few impermeable 
surfaces, small roofs and similar geology. 
Table 2. Recharge rates used in the model for different soil types at ground level. 

Soil type at ground level Recharge rates [mm/year] 
Clay 5 
Till 150 

Rock outcrops 75 
Asphalt runway 15 

 
Using the recharge rates in Table 2, calculations were made to estimate the 
amount of water that enters and exits the model. Eq. 9 is an adaptation of 
Eq. 6, where the right-hand side is written as the recharge through each soil 
type on the ground surface. It is assumed that all recharge water exits the 
model as groundwater discharge at the northeastern outlet towards the 
airport. The surface areas of different soil types are presented in Table 1. 

= = × + × + × + ×  (9) 
RG  is the groundwater discharge [m3/year], Rclay, Rtill, Rrock, Rasphalt  are 
recharge rates for the soil types [m/year], RTot is the sum of recharge for the 
model domain [m3/year] and Aclay, Atill, Arock, Aasphalt  represent the surface 
areas [m2], respectively. 
     Some of the most important hydrogeological properties for different soil 
types regarding contaminant transport are defined by the parameters 
hydraulic conductivity  [m/s], specific storage  [1/m], specific yield  [-], 
primary porosity [-] and effective porosity [-]. The hydraulic conductivity 
describes how easily a fluid can move through the pore spaces of a medium 
(Hiscock & Bense, 2014). Note that values for hydraulic conductivity can 
differ for different directions in an anisotropic material. Specific storage is 
defined as the volume of water that can be released from storage from one 
single unit volume of aquifer, under a unit decline in head. Specific storage is 
relevant for confined aquifers and relates to the compressibility of the 
aquifer. Specific yield is relevant for unconfined aquifers and is the quantity 
of water that a unit volume of aquifer will yield by gravity after being 
saturated (Hiscock & Bense, 2014). The primary porosity is the percentage of 
hollow spaces in a medium that is preserved after deposition, while the 
effective porosity is the percentage of pores in a medium that can contribute 
to fluid flow. For granite, water flow is concentrated to secondary porosity 
(porosity that results from alteration of the rock, such as fracturing) 
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(Knutsson & Morfeldt, 2002). Representative values for these parameters 
were found from literature studies (Table 3).  
Table 3. Representative values of hydrogeological properties for different materials. 

Material Clay Till Rock (granite) 

Specific storage [m-1] 9.2 × 10-4 – 2.0 × 10-3 
(Batu, 1998) 

4.9 × 10-5 – 1.0 × 10-4 
(based on dense sandy 

gravel) (Batu, 1998) 

3.3 × 10-6 – 6.9 × 10-5 
(fissured) 

< 3.3 × 10-6 
(unfractured) (Batu, 

1998) 
Specific yield [%] 2 (Heath, 1983) 16 (Morris & Johnson, 

1967) 
0.09 (granite) (Heath, 

1983) 
Primary porosity [%] 50-80  (Espeby & 

Gustafsson, 1998) 
30 (Espeby & 

Gustafsson, 1998) 0.01 (Heath, 1983) 

Effective porosity [%] 1 (Espeby & 
Gustafsson, 1998) 

5 (Espeby & Gustafsson, 
1998) 

0.05 (Domenico & 
Schwartz, 1998) 

Hydraulic conductivity 
K [m/s] 

10-13 - 10-9 (Hiscock & 
Bense, 2014) 

10-11 - 10-6 (Hiscock & 
Bense, 2014) 

10-6 - 10-5 (Domenico & 
Schwartz, 1998) 

10-7 – 10-5 (Knutsson & 
Morfeldt, 2002) 

 
Hydraulic properties for different soils can be highly variable. To illustrate, 
till is a geological formation formed from glacial deposits, making it consist 
of different grain sizes such as clay, sand and coarser materials (Andréasson, 
2006). Therefore, properties such as hydraulic conductivity for till often vary 
significantly between different sites. Extensive research has been performed 
to investigate the variability of properties of Swedish tills and results have 
shown that till has a tendency to compact easily and achieve lower values of 
hydraulic conductivity at increased depth (Lundmark & Jansson, 2009). 
Similar conclusions have been drawn by Knutsson & Morfeldt (2002), who 
state that the assumption of an isotropic hydraulic conductivity in a soil layer 
is a simplification of reality and that hydraulic conductivity decreases as 
depth increases. To account for the variability of the hydrogeological 
properties of till at different depth, different K-values were assigned to the 
till at different depths in the groundwater model. Granite was given different 
K-values for different directions to account for preferential flow in fractures, 
based on field investigations described in sections 2.3.3 and 3.1. 
     Modeled values for specific storage and primary porosity were chosen 
within the ranges presented in Table 3. Modeled values for specific yield and 
effective porosity were set exactly to literature values presented in Table 3. 
Hydraulic properties were finally adjusted in an iterative manner in order to 
fit the model to observed data during calibration of the model, as explained 
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in section 2.4.2. Modeled values of hydrogeological properties are compiled 
in Table 4. 
Table 4. Modeled values of hydrogeological properties for different materials. 

 
2.3. Field investigations 
Literature studies were not considered sufficient for obtaining a reliable and 
calibrated model. A good hydrogeological model should be calibrated to fit 
field observations of groundwater head levels. This is particularly true for an 
area such as the study area, as anomalies like the stormwater pipe could 
affect the surrounding groundwater head levels. To investigate the reliability 
of the known geological data in the central parts of the study area and to find 
any anomalies in the area, geophysical field investigations were performed. 
Fracture mapping was performed on the bedrock outcrops to find if fractures 
were more frequent in certain directions. This information was considered 
helpful to improve the model by accounting for preferential water flow 
directions in the bedrock. Additionally, literature studies were performed to 
investigate knowledge of any fracture zones at high depth. For details 
regarding the instruments used during field investigations, see Appendix IV 
– Instrument details. 
     Fig. 8 illustrates the location of observation wells, geophysical 
measurement lines and the fracture zones in the study area. The locations of 
the fracture zones were found in data supplied by SGU (2016a). The 
fractures cross the first resistivity/IP measurement line at approximately 
200 and 265 m along the measurement line, respectively. The arrows on the 
resistivity/IP measurement lines show the direction of measurements along 
the stretch of the cables. Geophysical measurement lines were placed in 
areas where data regarding soil layering was sparse. 

 Clay Till Rock (granite) 

Specific storage [m-1] 1 × 10-2 5 × 10-5 1 × 10-5 
Specific yield [%] 2 16 0.09 

Primary porosity [%] 65 30 0.01 
Effective porosity [%] 1 5 0.05 

Hydraulic conductivity K [m/s] 5 × 10-9 5 × 10-6 (shallow depth) 

1 × 10-6 (high depth) 

8 × 10-6 (x-direction) 
5 × 10-8 (y-direction) 
1 × 10-7 (z-direction) 
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Fig. 8. The groundwater observation wells, fracture zones (SGU, 2016a) as well as lines for resistivity and IP 

measurements. Background map shows housings and allotment gardens as purple, areas with 
vegetation as green and areas without vegetation as white. 

2.3.1. Hydraulic head measurements 
Field investigations were performed to complement data from the literature 
studies and previous investigations, but also to calibrate the numerical 
model. Observation data was obtained by measuring hydraulic head in six 
existing observation wells. The instrument was a groundwater level meter 
with a probe. Fig. 9 shows a measurement of hydraulic head being conducted 
in the field. Wells used for calibration were also tested for proper 
functionality. This was done by adding fresh water to the wells and logging 
the recovery time for the wells to return to the undisturbed hydraulic head 
level, using a probe and a diver. Results were evaluated using the software 
Diver-Office (Schlumberger Water Services, 2013). 
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Fig. 9. Measuring the hydraulic head in observation well 1. 
Coordinates of observation wells were logged with a GPS. Default 
coordinates were transformed to GPSX format using the software GPS Babel 
(Lipe, et al., 2016) and then imported into ArcMap, where a point layer was 
generated in the SWEREF 99 TM coordinate system. The relative elevation 
levels of the tops of the observation wells in relation to each other were 
measured using a levelling instrument (Fig. 10). Observation data was 
adjusted accordingly. 
2.3.2. Resistivity and IP measurements 
The geophysical method chosen was Electrical Resistivity Imaging 
(henceforth ERI). Note that the method is sometimes referred to as Electrical 
Resistivity Tomography (ERT) in some parts of the world (Milsom & 
Eriksen, 2011), but will hereinafter be referred to as ERI. Fig. 11 is a photo 
taken of the ERI field setup. Other geophysical methods that were 
considered, but not used, include electromagnetic Slingram measurements 
and the use of ground penetrating radar (GPR). The average soil depth in the 
area was indicated by previous studies to be greater than appropriate for a 
Slingram study and GPR measurements are very difficult to perform in areas 
with a lot of clay, due to signal loss (Milsom & Eriksen, 2011). 
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Fig. 10. Measuring relative heights of observation wells by using leveling instruments.  

 
Fig. 11. Ongoing resistivity measurement. Electrical cables are connected to metal electrodes, which are 

placed in the ground along a line. 
The ERI technique is one where multiple metal electrodes are placed in the 
ground along a line, connected with a cable and a measurement device 
(terrameter) (Milsom & Eriksen, 2011). The metal electrodes are hammered 
into the ground. An electrical current is injected into the ground through the 
electrodes and the response signal is analyzed for heterogeneities in soil 



 Methodology | 25 

 

resistivity (tendency to resist electrical current) (Milsom & Eriksen, 2011). 
The equipment measures apparent resistivity in the geological formation by 
application of Eq. 10, where  is the apparent resistivity,  is the voltage 
between two electrodes,  is the current between two electrodes and  is a 
geometric factor based on the electrode arrangement. 
 = 2  (10) 
Fig. 12 is an illustration of the signal patterns from ERI investigations and 
how resistivity changes for different geological formations. 
     Results from ERI investigations can be used to produce 2D cross-sections 
of resistivity depth sounding to illustrate soil layering (Milsom & Eriksen, 
2011). For example, water-saturated clay is highly conductive and will be 

 
Fig. 12. Sketch of signal patterns from ERI investigations for different geological conditions. Signal is altered 

when passing between mediums with different resistivity. Three different situations are shown in the 
sketch. a) depicts signal in a homogenous medium, b) depicts signal patterns in an area where a 
layer of low resistivity overlays a layer of high resistivity (such as saturated clay overlaying dry 
bedrock) and c) depicts signal patterns in an area where a layer of high resistivity overlays a layer of 
low resistivity (such as dry gravel overlaying saturated clay). Sketch is adapted from illustrations by 
Milsom & Eriksen (2011). 
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illustrated as areas of low resistivity in a 2D cross-section, while bedrock will 
be shown as areas of high resistivity. ERI equipment such as the one used in 
this study is generally designed for surveys at shallow depths up to a 
maximum of approx. 20 m (Milsom & Eriksen, 2011). For the scope of this 
study, a Gradient array setup was used with an electrode spacing of 5 m and 
a measurement length of 500 m for the first measurement and 200 m for the 
second measurement. A current strength with a minimum of 1 mA and a 
maximum of 20 mA was used. 
     Measurements were performed along two different lines, marked in the 
map in Fig. 8. Measurement 1 was performed parallel to the runway, 
measured from the rock outcrops near the end of the runway towards the 
airport area. Measurement 2 was performed perpendicularly to the 
groundwater outlet. The measurement setup using the terrameter is shown 
in Fig. 13. 
     Data produced by the measurements are rough interpretations of 
resistivity, commonly referred to as apparent resistivity  (Milsom & 
Eriksen, 2011). Post-processing of data is therefore recommended to produce 
more reliable results. Post-processing methods revolve around inverting the 
data with finite element or least-squares methods to produce more realistic 
resistivity data  (sometimes referred to as true resistivity) that better shows 
how resistivity  varies with depth. Note that the signals used for resistivity 
measurements are sensitive to disturbances in the form of electricity cables, 
conductive metal structures, phone lines etc. (Milsom & Eriksen, 2011). All 
such structures were noted down in logbooks during the field investigation to 
be able to interpret possible anomalies in the data. 
     Coordinates of the start, middle and end points of the measurement lines 
were recorded with a GPS. To analyze topographic effects on the cross-
sections better, the relative heights of electrodes to each other were 
measured using a GPS and known GIS surface elevation values for the 
respective coordinates. Elevation levels were then added to the data files 
containing measurement results. 
     In addition to resistivity measurements, IP measurements were 
performed. The equipment and setup were the same for the two types of 
measurements as the terrameter allowed for measuring resistivity and IP 
simultaneously. IP methods inject currents into the ground through 
electrodes and produce a signal response in soils and compounds that have a 
tendency to be polarized (Milsom & Eriksen, 2011). Since PFOS is a 
compound with natural polarity (Filipovic, 2015), IP measurements may 
indicate the location and spread of PFOS in the study area. IP methods 
measure polarization voltage as chargeability  (Milsom & Eriksen, 2011). 
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Fig. 13. Resistivity and IP measurements being carried out. 
When current is injected into the ground, the voltage between two electrodes 
rises rapidly towards the voltage . The current is then abruptly terminated, 
causing the voltage to quickly drop from  to . The process is repeated 
several times and just as for resistivity, the result is a rough estimation of 
chargeability referred to as apparent chargeability. Apparent chargeability is 
defined as the ratio / . Post-processing of the data is highly 
recommended, in a similar manner as for the resistivity measurements, to 
produce better estimates of actual chargeability (Milsom & Eriksen, 2011).  
     Post-processing of both resistivity and IP data was performed using the 
software RES2DINV (Geotomo Software, 2016). Both types of data were 
inverted using a maximum of 10 iterations and a robust least-squares 
inversion method, with included topography and a horizontal grid that was 
refined to twice the initial detail level. RES2DINV produces different results 
if topography is included or not. This is due to the fact that the software uses 
a finite difference method if no topography is included and a finite element 
method if topography is included. Due to the varying topography in the study 
area, a finite element method with included topography was considered 
more appropriate to use. Therefore, further analysis was based on this case. 
The results of the ERI and IP investigations were used to analyze the soil 
layering and the potential location and spread of PFOS in the study area. 
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2.3.3. Fracture mapping 
The water flow in crystalline rocks is concentrated to secondary porosity 
(Knutsson & Morfeldt, 2002). Hence, knowledge of the strike and dip 
directions of fractures are crucial for estimating the preferential groundwater 
flow direction in bedrock fractures. Mapping of fractures was performed as a 
field study on the outcrops in the area. A geological compass was used for the 
measurements. After mapping the fractures, the data was analyzed in the 
software Joint for Windows (Olofsson, 2011). 
2.4. Modeling approach 
A groundwater model was constructed with the intention of drawing a 
number of conclusions regarding groundwater flow and transport of PFOS. 
Modeling is an iterative process performed in a number of steps (Fig. 14). 
For example, if the numerical model does not meet the calibration criteria, it 
may be necessary to refine the conceptual model. The process used was 
adapted from methodology described by Domenico & Schwartz (1998).  
2.4.1. Conceptual model 
The conceptual model describes the main features of the model domain such 
as inherent properties and boundary conditions. To avoid repetition, only 
new information is presented in this section. Parts that are included in the 
conceptual model are: 
 Geographical boundaries of the study area. 
 Boundary conditions such as groundwater recharge, water divides, fluxes 

across model boundaries and constant head levels in the area.  
 Location of soil layers with homogeneous hydrogeological properties.  
 Water balance for the study area. 
 Field measurements of groundwater head levels. 
 Sources and sinks for contaminant transport. 
 Parameter values defining chemical properties of PFOS. 
A constant head boundary condition defines an area where the hydraulic 
head is constant over time. Constant head boundary conditions were iterated 
forth with modeling software using a process described in detail in 
section 2.4.2. The aim was to define constant head boundaries to fit observed 
data collected during field measurements, while being at reasonable levels 
considering the topography. 
2.4.2. Numerical model 
The numerical groundwater model is built using modeling software that 
solves a number of equations describing groundwater flow. The numerical 
modeling aims to quantify the output of the model, including hydraulic  
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Fig. 14. Modeling procedure. Modeling is an iterative process. 
heads, flow rates and flow directions. To construct a numerical model, all 
data included in the conceptual model was used as input data. The 
groundwater model is built using the software Visual MODFLOW Classic 
(Waterloo Hydrogeologic, 2015). The software builds up the model using 
rectangular blocks (cells) ordered in layers, rows and columns. It is limited to 
model groundwater flow and does not consider surface water flow. 
Equation 11 is a three-dimensional mass balance equation that is solved by 
Visual MODFLOW Classic for each cell using the finite difference method 
(Waterloo Hydrogeologic, 2011). The equation is a combination of the 
continuity equation in three dimensions and Darcy’s law (Cvetkovic, et al., 
2008), which also assumes that the porosity of the transport medium 
remains constant in time and space (Domenico & Schwartz, 1998). 
 ℎ + ℎ + ℎ + = ℎ (11) 
where Kxx, Kyy and Kzz [m/s] are the hydraulic conductivity values along the 
axes x, y and z, respectively. Ss [m-1] is the specific storage, h [m] is the 
hydraulic head, t [s] is the time and Q [m3/s] is the volumetric water flux 
(positive sign means flow into the system). 
     Owing to a limited amount of temporal data, a steady-state model was 
created to analyze the groundwater flow. Visual MODFLOW Classic iterates 
forth numerous solutions to underlying finite difference equations for a set 
time period until the model converges to a final steady-state solution 
(Waterloo Hydrogeologic, 2011). Thus it is appropriate to run the model for a 
long time span, to make sure that the model has time enough to successfully 
reach steady-state. For the purpose of this study, the model start date was set 
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to 1 January 2000 and the model run for a 300 year period with a maximum 
of 50,000 outer iterations and a maximum of 25,000 inner iterations. Head 
change and residual criteria were set to 0.01. The engine used was 
MODFLOW 2005 with the WHS solver setup. The steady-state solution was 
later converted to a transient model, used for creating a contaminant 
transport model. 
     The model was designed by first creating a grid with 50 rows, 50 columns 
and 3 layers. The horizontal extents of the model were based on a polygon 
representing the study area imported from GIS (Fig. 2). Visual MODFLOW 
Classic transformed the coordinates to generate a model placed in a 
Cartesian coordinate system origin with an x-axis stretching from 0 to 970 m 
and a y-axis stretching from 0 to 1015 m. The vertical extent of the z-axis was 
chosen as -10 m to 40 m. Cells outside the model domain were marked as 
inactive to prevent water flux outside the model boundaries. The elevation 
levels of the layers were edited by importing surfaces as ASCII files from 
ArcMap representing surface elevation, the top of the till soil layer, the top of 
the bedrock layer and a flat bottom of the bedrock, set at -10 m on the z-axis. 
The soil layers in the model were edited to be consistent with soil types at 
surface level presented in Fig. 5, to remove errors caused by interpolation 
methods used by MODFLOW while importing raster files. Examples of the 
model structure are compiled in Appendix I – Model design. Dry cracks in 
the clay and the stormwater pipe were omitted from the model, due to data 
limitations and the fact that the focus for the project was on groundwater.  
     In order to run a groundwater model it is crucial to have appropriate 
boundary conditions. Examples of boundary conditions are constant flow 
boundaries, no flow boundaries and constant head boundaries. Recharge 
boundary conditions were applied to the uppermost active layer in the 
software (layer with the groundwater level) to minimize errors caused by dry 
cells appearing over the groundwater level (section 4.3). Initial head values 
for the model were set to 40 m.a.s.l. 
     In order to define constant head boundary conditions, a simplified cube 
model was created as a separate Visual MODFLOW Classic model. The cube 
model represented the model area without considerations of geographic 
boundaries and had completely horizontal layers of property zones stacked 
on each other vertically. This cube model was used to iterate forth constant 
head values that resulted in a difference of < 1 m for observed and modeled 
groundwater head levels. Results from the cube model were used as initial 
values in the detailed model. Constant head values for the detailed model 
were then iterated forth after a multitude of model calibration runs (Table 5). 
This resulted in three different constant head boundaries being created along 
the northwestern, northeastern and south-southeastern boundaries (Fig. 15).  
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Fig. 15. Locations of constant head boundaries in the groundwater model, marked with dark red color along 

the boundary. 
Table 5. Parameter values for constant head boundaries. 

Constant head boundary Parameter value [m.a.s.l.] 
Northeast 5 
Northwest 13 

South-southeast 11.5 
 
Calibration of the model was performed with the aim of achieving an RMSE 
(root mean square error) of ~ 0.5 m or less. Calibration was only applied for 
the wells with a measureable hydraulic head. Dry wells were not considered 
during calibration, except for making sure that the model produced head 
values below well bottom for these wells. The main parameters that were 
adjusted for calibration between iterations were the hydraulic conductivity 
and constant head values. Results from the calibrated model included a map 
with head levels throughout the study area and a map with velocity vectors of 
the groundwater. 
     It is recommended by Domenico & Schwartz (1998) to perform a 
validation of a model to further investigate its reliability. A validation is a test 
where a known hydrogeological response from a real event is simulated by 
the model to investigate if the model behaves in a similar manner to reality. 
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For example, a pumping test can be performed in the field and a simulation 
for a pumping test run by the model. No such validation test was performed 
for reasons discussed in section 4.6. 

Calculations of water velocity 
In order to double-check the achieved results of the water flow velocity, 
calculations were made using Darcy’s law (Eq. 7). The aim was to compare 
the modeled and calculated values in order to see if the modeled results were 
reasonable (results in section 3.6). Darcy’s law can be rewritten to calculate 
the Darcy velocity, which in turn yields the linear flow velocity of water if 
divided by the effective porosity ne (Eq. 12) (Hiscock & Bense, 2014). The 
calculations were made to estimate water flow velocities through the till 
layer, clay layer and both, respectively. Equation 12 is defined as: 
 = = / = − ×  (12) 
where v is the linear flow velocity [m/s],  is the effective porosity [-] and q 
is the Darcy velocity [m/s]. The effective hydraulic conductivity for the 
aquifer when considering multiple layers is calculated from Eq. 13, which is 
used for layered aquifers where it is assumed to be horizontal groundwater 
flow (Cvetkovic, et al., 2008). Hence, the equation is valid only when there is 
no difference in hydraulic head between the layers. Now, groundwater flow 
in the bedrock is neglected. 
 × = × + ×  (13) 
Eq. 13 can be refined to: 
 = × + ×  (14) 
where Kclay, Ktill [m/s] are the hydraulic conductivity values for clay and till, 
respectively, and Ktot [m/s] is the effective hydraulic conductivity, in other 
words a value used for the entire aquifer. In the same way, the different 
values for b [m] are the thicknesses of the layers. 
     Using the hydraulic head levels in wells 2 and 3 yields a flow velocity 
between the wells that can be assumed to represent the flow in the system. 
The distance dl between the wells is roughly 150 m, and the difference in 
hydraulic head dH was at the time of measurement about 2.6 m (Table 6, 
section 3.1). The effective porosity of the whole aquifer is estimated to 3 % 
(Table 3, section 2.2.3). Approximate values for the hydraulic conductivities 
of clay and till are Kclay = 5 × 10-9 m/s and Ktill = 5 × 10-7 m/s (Table 3, 
section 2.2.3). Thicknesses of the clay and till layers (in average) are 
estimated to roughly bclay = 6 m, btill = 2 m. Velocities of water in the clay and 
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till layers, respectively, were estimated using Eq. 12. The effective hydraulic 
conductivity (when considering both layers) was estimated to about 
1.3 × 10-7 m/s according to Eq. 14. The velocity according to Eq. 12 becomes 
(with flow in the positive direction); 
 = × = 1.29 × 10 × 2.6

150 × 0.03  ≈ 7.5 × 10  /   (15) 
Model water balance 

When running Visual MODFLOW Classic, it is possible to simultaneously 
run a number of modules that visualize different outputs based on the 
solution modeled by MODFLOW. One such module is the Zone Budget 
module, which models water balance results for a number of user-defined 
zones of interest (Harbaugh, 1990). The user assigns zones where water 
balance results are modeled and the result is presented as a volumetric flow 
rate for each specific zone for the time span specified. 
     For the purpose of this report three zones were specified for the Zone 
Budget module. Their locations in the model domain are shown in Fig. 16. 
The first zone consisted of the cells in the entire domain (with the exception 
of cells assigned to other zones). The second zone consisted of the cells at the 
outlet towards the airport. The third zone consisted of the cells along the 
south-southeastern domain boundary. The two first zones were chosen to be 
able to model results for the water balance of the whole domain and to model 
groundwater discharge rates towards the airport. The third zone was chosen 
to be able to estimate any possible model errors generated by the difference 
in location of the south-southeastern surface water divide and groundwater 
divide 

PFOS transport 
In the modeling software there is a possibility to define several parameters 
controlling water transport for a single contaminant, including diffusion 
coefficients and the coefficient for describing the partitioning between 
liquids and solids, Kd. Because of the lack of data regarding the chemical 
properties of PFOS, the contaminant transport was modeled using default 
values except for the Kd-value. To model contaminant transport, Visual 
MODFLOW Classic uses the modules MODPATH and MT3DMS (Waterloo 
Hydrogeologic, 2011). 
     MODPATH is a module used for water particle tracking that computes 
advective particle flow paths for model simulations (Pollock, 2012). Particle 
flow paths are calculated on a cell to cell basis based on defined recharge 
areas, sinks, sources and results for MODFLOW head calculations. In the 
software it is possible to define areas of known sources or sinks and define  
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Fig. 16. Locations of zones defined for the model water balance and Zone Budget module. The areas to the 

northeast and south-southeast shown in dark blue and red colors are two of the zones. The third 
zone encompasses the entire model domain. 

particle tracking forwards or backwards from these areas of interest, to be 
used for MODPATH to compute flow paths. During the numerical modeling 
for this study, several forward tracking particles were assigned to the surface 
of the old fire drill site. The partial differential equation solved by 
MODPATH for describing steady-state three-dimensional groundwater flow 
is defined in Eq. 16 as (Pollock, 2012): 
 ( ) + + ( ) =  (16) 
where ,  and  are vector components of groundwater velocity in three 
dimensions,  is the porosity and  is the volumetric flow rate of water 
entering or exiting the system through sinks and sources for each unit 
volume of aquifer. To calculate flow paths, MODPATH solves Eq. 16, 
considers the solution for head values obtained from MODFLOW 
simulations and finally computes components of the velocity vector at every 
individual point in the flow field based on flow rates between cells in the 
model (Pollock, 2012). The algorithm to compute the principal velocity 
vector components within each cell uses linear interpolation and is defined 
in Eq. 17 as (Pollock, 2012): 
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 = ( − )
∆ ,  = −

∆ ,  = ( − )
∆  (17) 

where ∆ , ∆  and ∆  are the dimensions of each cell in the respective 
coordinate direction. −  etc. is the difference in velocity between two 
cells for the respective coordinate direction. ,   and   are constants 
that represent the different three dimensional components of the velocity 
gradient within each individual cell. 
     To simulate contaminant transport affected by the specific properties of 
individual contaminants, it is possible for MODFLOW to incorporate the 
MT3DMS module. MT3DMS simulates transport of contaminants affected 
by advection (transport of a substance by means of a fluid’s bulk motion), 
mechanical dispersion (spreading due to varying velocities of the 
contaminant in the pores of the soil (Hiscock & Bense, 2014)) and chemical 
reactions in groundwater systems (Zheng & Wang, 1999). Users of the model 
can conditionally choose to simplify the transport model when running the 
software by ignoring soil reactions such as sorption and decay or solving the 
equation with implicit methods. An implicit solution method was used 
during modeling due to a lack of detailed data concerning the PFOS 
transport. MT3DMS solves several partial differential equations for 
contaminant transport, further described by Zheng & Wang (1999). Results 
from the module can be illustrated as a contaminant plume for different time 
steps. 
     A linear sorption isotherm was used for the MT3DMS module. The linear 
sorption isotherm builds on the assumption that the adsorbed concentration 
of the contaminant ( ̅) is directly proportional to the dissolved concentration 
of the contaminant ( ) as described in Eq. 18: 
 ( ̅) =   (18) 
where  is the solid-liquid distribution coefficient. PFOS was assigned a 
Kd-value consistent with the results of the conceptual model. The initial 
concentration of PFOS at the old fire drill site was set to 0.12 mg/l, 
consistent with field measurements from previous investigations (Fogelberg 
& Holmström, 2014). 
     A transient model was created to visualize contaminant transport for 
different time steps, using MT3DMS in Visual MODFLOW Classic. The 
hydraulic heads received as output from the steady-state model were used as 
input for the transient model. Outputs were generated for several different 
output times to visualize the spread of the contaminant plume appropriately. 
Results were analyzed for the time required for different concentrations of 
PFOS to reach the outlet towards the airport area. The velocity of PFOS 
transport was estimated using the visual representations of the contaminant 
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plume generated by the model (section 3.6). Effects of the stormwater pipe 
or fracture zones as potential sinks for the contaminant transport were not 
modeled. 
     The results of the model were used for drawing a number of conclusions 
about reasonable measures for containing the spread of PFOS in the study 
area. The effects of installing sheet pile walls around the old fire drill site 
were investigated. This is possible in Visual MODFLOW Classic by assigning 
a wall boundary condition to the soil layers around the site. 

Sensitivity analysis 
Different parameters in a model have different influence on the output. A 
sensitivity analysis aims to determine which of the input parameters have 
the greatest influence on results. The sensitivity analysis was performed in 
several steps. In the first step, parameter values for hydraulic conductivity, 
specific storage, specific yield, porosity, recharge rates and constant head 
levels were analyzed. The analysis was performed by varying the parameters 
during set intervals, running the model each time a parameter was changed 
and observing the effects of the change on the calibration results. The 
porosity, specific storage, specific yield and boundary conditions were 
changed + 20 % and – 20 %, respectively (using values listed in Table 4 and 
Table 5 as initial values), and the resulting effect on the root mean square 
error for the calibration results was documented. The hydraulic conductivity 
in the x-, y- and z-directions were all changed ± one order of magnitude (101) 
using values listed in Table 4 as initial values. 
     In the second step of the sensitivity analysis, parameters defining PFOS 
transport were tested. Important input data for the contaminant transport 
are dispersivity values (which were initially assigned default values) and the 
Kd-value of the contaminant. These parameter values were varied with a 
doubling and halving of their respective values between model runs. Results 
were analyzed for visual changes in the PFOS transport model. 
     The third step of the sensitivity analysis further investigated the effects of 
adsorption processes on the contaminant transport time. For this purpose, 
the model was run for a more soluble contaminant, namely chloride. 
Parameter values defining chloride transport were assigned in accordance 
with values described by Söderlund, et al. (2014). The Kd-value of chloride 
was set to 1.3 × 10-7 l/mg, meaning that chloride is approximately 100 times 
more soluble than PFOS in the model. 
     The fourth and final step of the sensitivity analysis investigated the effects 
of different model design. Two secondary models were built to investigate 
the effect of modeling the study area under different conditions. One of these 
models was created with a less permeable bedrock layer and a more 
permeable till layer, for reasons discussed in sections 4.1 and 4.5. For this 
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model, the hydraulic conductivity value was assigned to 1 × 10-7 m/s in all 
directions for the granite and to 1 × 10-5 m/s in all directions for the till. The 
other secondary model was similar to the main model except for having the 
bedrock layer completely removed from the model domain. The secondary 
models were calibrated to fit observed values as well as possible by adjusting 
other parameters in the model accordingly.
3. RESULTS 
The results from field investigations, groundwater modeling and 
contaminant transport modeling are described in the following sections. 
Additional results include analysis of surface water hydrology, water balance 
calculations and a sensitivity analysis. 
3.1. Field investigations 
Groundwater head levels measured in observation wells during field 
investigations are compiled in Table 6. The dates of observation differ 
somewhat, due to weather conditions with ice melting etc. Dry wells are 
considered in modeling as having a head level below the level of the well 
bottom. The functionality test of wells 2, 3 and 6 showed that the wells were 
functional. However, well 3 was considered to be in a relatively poor 
condition, since it was observed to have a fairly slow drawdown. 

Table 6. Hydraulic head data in the observation wells. Locations of wells are shown in Fig. 8. 
 Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 

X coordinate 
(SWEREF 99 TM) 666993 667002 667141 666881 666958 667060 

Y coordinate 
(SWEREF 99 TM) 6582623 6582577 6582626 6582569 6582476 6582443 

Elevation [m.a.s.l.] 16.59 14.92 10.36 17.95 14.8 12.15 
Well bottom 

[m.a.s.l.] 13.59 11.62 8.56 13.75 11.8 6.65 
Observed head 
level [m.a.s.l.] - 11.97, 

11.92 
9.36, 
9.21 - - 11.35 

 

Date of observation 2016-03-
14 

2016-03-
21, 

2016-05-
04 

2016-03-
08, 

2016-05-
04 

2016-02-
24 

2016-03-
14 

2016-02-
24 

Notes Dry - - Dry Dry - 
PFOS conc.[ng/l] 

(Fogelberg & 
Holmström, 2014) 

1300 > 120 000 150 53 - - 
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Results of the fracture mapping were used to define hydraulic conductivity of 
granite in different directions (Table 4, section 2.2.3). The rock outcrop 
fracture mapping showed that the preferential flow directions in the 
fractures are to the west and east. This was accounted for by assigning the 
highest value for hydraulic conductivity in the x-direction for the modeled 
granite. Additionally, it was found that most fracture planes had a steep dip 
angle, motivating a relatively high K-value in the vertical direction for the 
modeled granite, as well. Results from the fracture mapping are presented in 
Fig. 17. 

 
Fig. 17. The diagram to the left is a rose diagram of fracture sets in the area. A stereonet graph of the same 

data is shown on the right-hand side. The direction of lines in the rose diagram shows strike direction 
for fracture sets in the bedrock outcrops. A larger frequency of fractures in the rose diagram is 
represented by a line stretching further out from the center. The stereonet shows the frequency of 
fracture sets with both strike and dip data. End points of lines represent strike while the bend of lines 
toward the circle origin represents dip. 

Resistivity results for the first measurement line (Fig. 18) show an 
approximate depth of 10-15 m to bedrock and a till layer of approximately 
2 m thickness in general (location of measurement lines in the study area are 
shown in Fig. 8, section 2.3). Results additionally show two zones of 
comparatively low resistivity at high depth around 200 and 260 m from the 
start of the measurement line, respectively. These locations correspond well 
with the data supplied by SGU (2016a) for fracture zones in the area at high 
depth (Fig. 8). No objects on surface level such as metallic pipes that could 
influence measurement results were observed in these two zones of interest. 
The last 100 m of the first measurement line was located close to golf course 
ponds, which are shown in the results as areas of very low resistivity. 
     IP measurements for the first measurement line (Fig. 19) show two zones 
of high chargeability at approximately 100-130 m and 250 m along the 
measurement line, respectively. This correlates well with the known 
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locations of the old fire drill site and the second fracture zone crossing the 
measurement line, respectively. No objects that could influence 
measurement results were observed in these two zones, either. Since PFOS is 
a polar particle, it might be shown in the IP measurements. In this case, 
results suggest that PFOS is present on a depth of more than 10 m by the old 
fire drill site as well as in the fracture zone.  
     Resistivity measurements for the second measurement line (Fig. 20) show 
an approximate thickness of the clay layer varying between 5-10 m, a till 
layer that increases in thickness away from the runway from roughly 2 to 
15 m and a bedrock that is found beneath the till at a depth of 10-25 m. IP 
measurements for the second measurement line (Fig. 21) indicate no zones 
of high chargeability near the runway and outlet towards the airport but 
indicate a zone of high chargeability approximately 160 m away from the 
runway. The nature of this zone of high chargeability is unknown and does 
not correlate with any other known data. No objects on surface level that 
could influence measurement results were observed along the second 
measurement line.
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Fig. 18. Resistivity with topography along line 1 (Fig. 8). Blue colors symbolize zones of low resistivity, such as saturated clay (high electric conductivity) and red colors 

symbolize zones of high resistivity, such as bedrock (low electric conductivity). 
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Fig. 19. IP with topography along line 1 (Fig. 8). Blue colors symbolize zones of low chargeability, such as zones with low tendencies to become polarized. Red colors 

symbolize zones of high chargeability, such as zones with high tendencies to become polarized (possibly indicating the spread of PFOS in this case).
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Fig. 20. Resistivity with topography along line 2 (Fig. 8). Blue colors symbolize zones of low resistivity, such as saturated clay (high electric conductivity) and red colors symbolize 

zones of high resistivity, such as bedrock (low electric conductivity). 
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Fig. 21. IP with topography along line 2 (Fig. 8). Blue colors symbolize zones of low chargeability, such as zones with low tendencies to become polarized. Red colors symbolize 

zones of high chargeability, such as zones with high tendencies to become polarized (possibly indicating the spread of PFOS in this case).
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3.2. Surface water hydrology 
The tendency of water to accumulate as topographically contingent zones of 
high saturation is illustrated with a TWI map (Fig. 22). Results indicate that 
zones of high surface saturation are located along sides of roads and runways 
in the airport area. The TWI map indicates that surface water accumulates 
and flows northeast from the study area towards the airport, north past the 
airport control tower, then turns east and eventually reaches Bällstaviken 
(Fig. 22).  
3.3. Groundwater model results 
The result of the steady-state model for groundwater head values in the 
study area is shown in Fig. 23. Results show that the highest head values are 
found in the northwestern part of the domain. Apart from fulfilling the 
calibration requirements, the results are in accordance with the difference in 

 
Fig. 22. TWI map. A higher value for TWI results indicates a zone of higher water saturation (such as flow 

paths for surface water) and is shown in blue color. Bällstaviken is located at the outlet for the airport 
area in the map. 
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Fig. 23. Modeled hydraulic head values after calibration. Red colors are high values and blue are low values. 

The six observation wells are illustrated, as well as a satellite image of the area. 
elevation of the bedrock and surface. The bedrock and surface level have 
higher elevation levels in the northwest compared to the southeast, implying 
that the hydraulic head would be higher there. A similar reasoning applies 
for finding the lowest head values towards the northeast. 
     Calibration was performed for the wells with a measurable groundwater 
head level, meaning well 2, 3 and 6 (Fig. 8, section 2.3). Results are plotted 
as a graph for comparison of modeled to observed head levels, for each 
calibration well (Fig. 24). The model was calibrated to an RMSE of 0.566 m 
for steady-state conditions. While the RMSE is slightly higher than the aim 
of 0.5 m, it is still considered a satisfactory result. 
     The average velocity of water in the till layer was modeled as approx. 
3 × 10-7 m/s, corresponding to 9.5 m/year. This velocity corresponds to a 
transport time of approx. 42 years to reach the outlet towards the airport, 
assuming a distance of 400 m. It applies for the most permeable soil layer in 
the aquifer and can be considered a maximum velocity of groundwater flow. 
In the clay layer, which is the least permeable layer, the average velocity was 
modeled as approximately 3 × 10-9 m/s, corresponding to 0.09 m/year and a 
transport time of more than 4000 years. In reality, the water flows in both 
layers as well as bedrock fractures and as a consequence the transport time is  
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Fig. 24. Calibration results generated by Visual MODFLOW Classic. Head values calculated by the model are 

compared to observed values in the observation wells. Calibration was only performed for wells with 
a measureable head level. 

in between these values. It was only possible to model water velocity in 
individual layers. 
     Results for plotting velocity vectors in the bedrock (selected for 
visualization purposes due to dry cells in other layers), scaled for relative 
magnitude towards each other, are shown in Figure 25. Velocity vectors in 
other layers have similar directions. The majority of velocity vectors are 
directed towards the northeastern part of the domain, in other words 
towards the airport perimeter. The results can be interpreted as the modeled 
water velocity being slow in most of the model domain and a gradual 
increase in velocity occurring as water flows closer towards the outlet point. 
3.4. Calculations of water velocity 
Calculations were made with the intention of comparing with the modeled 
water flow velocities. Additionally, an approximate velocity was estimated for 
water flowing through both clay and till, applying Eq. 14 for the effective 
hydraulic conductivity. Calculating with equations 12 to 14 yields water  
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Fig. 25. Water flow velocity vectors in bedrock, with arrows scaled relative to the flow magnitude. In the till and 

clay layer, several cells were dry, inhibiting the visualization of flow direction as shown by velocity 
vectors. 

velocities of 9 m/year for till and 0.09 m/year for clay, respectively 
(assuming water only flows in either layer).When considering water velocity 
through both clay and till, velocity is calculated using Eq. 12 to 
7.5 × 10-8 m/s. This corresponds to a velocity of approx. 2.4 m/year. 
Considering that the old fire drill site is assumed to be situated 400 m from 
the outlet of the model domain (northeastern part), it would take about 
170 years for the groundwater, flowing through both clay and till, to reach 
the outlet according to these calculations.  
Table 7 summarizes the modeled and calculated velocities of water. 
3.5. Water balance 
Equation 9 was used for calculating groundwater discharge for comparison 
purposes. Input data from Table 1 and Table 2 yields an estimated total 
recharge rate and groundwater discharge rate of 73 m3/day (Eq. 19). 
 = =  × + × + ×  

+ × ≈ 73 /  (19) 
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Table 7. Modeled and calculated water flow velocities between wells 2 and 3. 

Soil type 
Modeled velocity 

between wells 2 and 3 
[m/year] 

Calculated velocity 
between wells 2 and 3 

[m/year] 
Modeled transport 
time to reach the 

outlet [years] 

Calculated 
transport time to 
reach the outlet 

[years] 
Clay 0.09 0.09 4000 4000 
Till 9.5 9 42 44 

Clay and till 
combined - 2.4 - 170 

 
Given the recharge rates in Table 2, Visual MODFLOW Classic modeled a 
water balance with Zone Budget. Furthermore, it was possible to show how 
much water flows into and out from the different zones specified for the 
Zone Budget module, as described in section 2.4.2. The result of the Zone 
Budget calculations show the modeled volumetric flow rates for the different 
specified zones as well as the recharge and is presented in Fig. 26. The 
column “Study area” includes all water that enters and exits the domain. This 
means that it includes both recharge and water that flows into the domain 
across the sides of the model, such as across constant head boundaries. 
     Zone Budget modeled a flow rate of 90 m3/day across the entire model 
domain. The flow rate across the outlet towards the airport is modeled as  

 
Fig. 26. Zone Budgets (water balances) and recharge rate for the study area. A map of the locations for the 

different Zone Budget zones in the model is shown in section 2.4.2. 
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71 m3/day. Recharge is modeled as 73 m3/day. The flow rate across the 
boundary towards the south-southeast is modeled as 19 m3/day. A 
comparison of calculated to modeled water balance results is compiled in 
Table 8. The results are further discussed in section 4.1. 
Table 8. Comparison of calculated to modeled water balance results. 

 Calculated water balance 
results [m3/day] 

Modeled water balance results 
[m3/day] 

Recharge 73 73 
Flow rates northeast towards 

airport 
73 71 

Flow rates south-southeast 
across model boundaries 

0 19 

Flow rates across model domain 73 90 
 
3.6. PFOS transport 
By assigning forward tracking particles to the surface of the old fire drill site 
it was possible to track modeled particle flow paths using MODPATH in 
Visual MODFLOW Classic. Modeling particle transport from the presumed 
area of the fire drill site shows that the particles flow to the northeast, 
towards the airport perimeter (Fig. 27). Similar tests were conducted for 
other points in the domain as well, with similar results. 
     The transient groundwater model generated a contaminant plume of 
PFOS that spreads towards the airport in the northeast, over time. Plotting of 
PFOS concentrations was done to visualize initial concentrations, guideline 
values mentioned in section 1.3 and a low concentration value of 
4.5 × 10-9 mg/l, corresponding to 1/10000 of SGI’s generic guideline value. 
The minimum value was chosen to be able to better visualize the spread of 
the contaminant plume under the effect of adsorption, dilution and 
dispersion over distance.  
     Estimating the velocity of the PFOS plume visually from model results for 
the concentration of 4.5 × 10-9 mg/l, gave an approximate velocity of 
0.7 m/year. It would therefore take approximately 570 years for the 
contaminant plume to reach the outlet towards the airport area, from the old 
fire drill site. Modeled concentrations of PFOS, which are higher than all 
guideline values, remain in the soil in the study area after several hundred 
years. The spread of the contaminant plume is visualized for different output 
time steps in Figures 28 to 30. The figures show a cross-section of the study 
area in 3D. Installation of sheet pile walls penetrating the clay and till layers 
around the site was modeled but results showed that the effects of the 
installations on PFOS transport were insignificant.  
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Fig. 27. Forward tracking particles from the old fire drill site and from other locations in the study area. 

 
Fig. 28. PFOS plume 30 days after being released from the clay layer. In the model structure, bedrock is blue, 

till is green and clay is white. The contaminant plume is shown for different concentrations plotted in 
different colors as described by the legend in the upper left corner. 
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Fig. 29. PFOS plume 100 years after being released from the clay layer. In the model structure, bedrock is 

blue, till is green and clay is white. The contaminant plume is shown for different concentrations 
plotted in different colors as described by the legend in the upper left corner. 

 
Fig. 30. PFOS plume in the model 300 years after being released from the clay layer. In the model structure, 

bedrock is blue, till is green and clay is white. The contaminant plume is shown for different 
concentrations plotted in different colors as described by the legend in the upper left corner. 
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3.7. Sensitivity analysis 
A sensitivity analysis was performed for the model in four steps. The first 
step tested the sensitivity of the model results for hydrogeological parameter 
values. The second step tested parameter values defining PFOS transport, 
namely the Kd-value and dispersivity. In the third step, the model was used 
for simulating transport of chloride instead of PFOS to investigate 
adsorption tendencies further. Finally, two different model designs in 
regards to the till and bedrock layers were tested. 
     For the first step of the sensitivity analysis, the model was run several 
times with changes being made to the parameter values for hydraulic 
conductivity, specific storage, specific yield, effective porosity, total porosity 
as well as boundary conditions for recharge and constant head. The 
respective impacts on the RMSE for the calibration were analyzed. The 
results show which parameters were the most crucial to define thoroughly 
for the model and are presented in Table 9 and Table 10. Only the 
parameters which had an effect of more than ± 1 % on the RMSE during 
testing are listed. Results of the sensitivity analysis show that the most 
sensitive parameters for the model are the hydraulic conductivity of the 
granite and the constant head boundary conditions with a maximum 
increase of RMSE of + 1200 % (for the K-value of the granite in the 
x-direction).  
     In the second step of the sensitivity analysis, changes to the values for Kd 
and dispersivity were tested. By halving and doubling parameter values it 
was found that Kd is the most sensitive parameter (of the two parameters 
tested) to define thoroughly for the PFOS transport. However, the changes to 
PFOS transport times were small overall for the entire test. 
     To further investigate the effects of Kd on the transport time of 
contaminants, the contaminant transport model was constructed for the 
compound chloride, which is much more soluble. The result shows that the 
transport time for chloride was far shorter than for PFOS and the 
contaminant plume was able to reach the airport area with a concentration 
according to the guideline value from SGI of 4.5 × 10-5 mg/l (Pettersson, et 
al., 2015) within 2 years. The Kd value for chloride is approx. 1.3 × 10-7 l/mg 
(Söderlund, et al., 2014), about 100 times larger than the respective value for 
PFOS. Consequently, chloride is in the order of magnitude of 102 times more 
soluble than PFOS. The modeled velocity of the chloride contaminant plume 
was approx. 9-10 m/year, similar to the modeled water velocity in till. Cross-
sections of the 3D model for the spread of the chloride contaminant plume 
over time are shown in Figure 31 and 32. 
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Table 9. Sensitivity analysis for the effect on RMSE for changes of ± 20 % to important parameters. Only 
parameters that showed a larger effect on RMSE than ± 1 % are compiled in the table. Changes were made 
using values listed in Table 2, Table 4 and Table 5 as initial values. 

Parameter RMSE effect after a change of 
– 20 % 

RMSE effect after a change of 
+ 20 % 

Constant head (northeastern part) + 2 % + 25 % 

Constant head (southeastern part) + 82 % + 80 % 
Constant head (northwestern 

part) + 35 % + 23 % 
Recharge in till + 5 % Negligible 

Recharge in clay +1.5 % + 1.5 % 
 
Table 10. RMSE changes when multiplying and dividing the hydraulic conductivities by 10. Only parameters 
that showed a significant effect on RMSE of ± 1 % are compiled in the table. Changes were made using 
values listed in Table 4 as initial values. 

Parameter RMSE effect with K × 10-1 [%] RMSE effect with K × 10 [%] 

Kgranite (x-direction) + 1200 % + 95 % 
Kclay (z-direction) + 108 % - 8 % 

Ktill, deep (x-direction) - 2 % + 32 % 
 
The fourth and final step of the sensitivity analysis investigated the effects of 
different model designs by creating two secondary models. The first altered 
model was created with a less permeable bedrock layer and a more 
permeable till layer. It was not possible to achieve satisfactory results using 
this model with reasonable hydrogeological parameter values. The other 
secondary model had no bedrock layer included. It was not possible to 
achieve satisfactory results with this model either, due to boundary 
conditions not functioning properly in the model. 
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Fig. 31. Chloride plume after 10 years. In the model structure, bedrock is blue, till is green and clay is white. 

The contaminant plume is shown for different concentrations plotted in different colors as described by 
the legend in the upper left corner. 

 
Fig. 32. Chloride plume after 20 years. In the model structure, bedrock is blue, till is green and clay is white. 

The contaminant plume is shown for different concentrations plotted in different colors as described by 
the legend in the upper left corner.
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4. DISCUSSION 
Models are always simplifications of real world systems. A model will 
therefore not represent the target fully. For example, the conceptual model 
only includes rough estimations of the soil layer properties, such as their 
hydraulic property values and thicknesses. It is therefore important to note 
whether a model is useful to answer the main questions for which the model 
was created. In this case, it was possible to answer the research questions 
with the use of the model. Furthermore, calculations as well as field 
investigations correlated well with modeled results. Therefore the model was 
considered to be useful. 
4.1. Hydrogeology 
The hydraulic conductivity values were based on literature studies and 
calibration. Optimally, tests should be performed to find site-specific 
K-values. It was not possible to conduct such tests due to resource 
constraints. A few of the modeled K-values were almost outside the range of 
literature values. To illustrate, the hydraulic conductivity of granite (in the 
x-direction) is higher than in the till, which may not seem intuitive (Table 4). 
The reasons for using that particular hydraulic conductivity are several. 
Firstly, the fracture mapping in the rock outcrops indicated that more water 
flows in the x-direction than in the y- and z-direction, respectively. Further, 
the value is supported by literature values of fractured granite. Thirdly, the 
combination of all input data gave a good calibration result with the used 
value. Generalizing the parameter value to the entire study area may seem 
excessive but resulted in excellent calibration results. One of the main 
reasons for creating two secondary models during the sensitivity analysis 
was to investigate the validity of using relatively high hydraulic conductivity 
values for the granite and the resulting effect on PFOS transport.  
     The model domain was defined as a catchment area in order to decrease 
errors in the boundary conditions. For a catchment area, no water flow is 
crossing the boundaries. In Visual MODFLOW Classic the boundaries of the 
model are automatically set to no flow boundaries if no other condition is set 
or cells are assigned as inactive. The design of the catchment area was based 
on the shape of the bedrock surface, forming groundwater divides. The 
surface water divide did not correlate with the groundwater divide to the 
south-southeast, a possible source of error for the water balance. The 
groundwater divide was found to be located further south than the surface 
water divide. 
     The result of the Zone Budget (water balance) modeling shows that there 
is a discrepancy between the amount of water that enters the entire domain 
and the amount of water that exits the model through the outlet in the 
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northeast. This discrepancy is due to the amount of water that enters the 
model as recharge in the south-southeast part between the locations of the 
groundwater and surface water divide. Water that enters the model there 
does not exit the model to the northeast but rather to the south-southeast. 
This can be surmised by the fact that adding the volumetric flow rates across 
the two zones located at the model boundaries (see Table 8) sum up to the 
volumetric flow rate across the entire domain. 
     Another possible reason for the flow direction at the southern part of the 
model is the combination of a relatively flat surface and the assigned 
constant head boundary conditions. The latter causes a relatively small 
hydraulic gradient directed to the southeast. If velocity vectors in the 
southern area are scaled to a much larger size, it becomes apparent that 
water entering the model between the groundwater and surface water 
divides in this part of the domain flow in a manner that is clearly defined by 
the surface water divide. This can be seen as a model design error. Even 
though this error exists, the majority of the modeled water flow is still 
directed towards the northeast. Further, velocity vectors of water, scaled to 
relative magnitude, are also shown to be far greater towards the northeast. 
The influence of this design error on the PFOS transport is small, as all the 
water from the area surrounding the old fire drill site flows towards the 
northeast. If this design error would not be present, a larger modeled 
volumetric flow rate towards the airport can be expected, consistent with the 
addition of the modeled volumetric flow towards the south-southeast. 
     The Zone Budget results for the entire study domain consider all water 
that enters the study area from all sources, including recharge and flow 
across boundaries (constant heads etc.). The water balance calculations 
using Eq. 9 only considers water that enters the domain as recharge, 
therefore it is understandable that the modeled Zone Budget results for flow 
rates are larger in comparison (see Table 8). It is, however, also shown that 
results for the calculations of the amount of water that enters the domain as 
recharge alone correlates very well with the corresponding amount modeled 
in Zone Budget. 
     Zone Budget results for the amount of water that flows into and out of the 
second zone at the outlet towards the airport area correlate very well with 
modeled recharge rates for the domain as well as calculation results for 
estimated groundwater discharge using Eq. 9. Another reason for differences 
in results is the surface area of the model domain, which due to the design of 
the system as quadratic cells do not correspond exactly to the area used 
during calculations (as analyzed in ArcMap). Overall, the water balance 
results can be seen as satisfactory and an indication that the model behaves 
as expected, with the exception of the south-southeastern part of the domain 
between the surface water divide and groundwater divide. Given the 
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relatively low flow rates in this area and the distance to the old fire drill site, 
this is not assumed to affect the PFOS transport to any significant extent. 
     Infiltration into soils is site-specific and depends on precipitation, slopes 
and soil types among other aspects. Infiltration in clay was estimated using 
differences in hydraulic head for groundwater wells. However, the 
methodology is uncertain owing to lack of data on the depth of penetration of 
the wells. Additionally, the data on hydraulic heads were from different 
years. It is not known whether or not all wells with observable hydraulic 
heads penetrate to the same soil layer. This is a source of error for the 
calculations. However, the calculated infiltration rate in clay is reasonable, 
given the relatively low hydraulic conductivity. 
4.2. Field investigations 
Required data on the groundwater observation wells in Visual MODFLOW 
Classic include depth of the wells but also screen length. No well protocols 
were available, causing a need for assuming screen lengths. Furthermore, 
information regarding the soil layering where the wells were drilled was 
lacking. It was therefore assumed that the three wells with observable 
hydraulic heads were drilled to the same soil layer. 
     Functionality tests were performed on the groundwater observation wells 
to ensure their proper functionality. Performing functionality tests on wells 
requires admittance from the well owners. The first head measurements 
were performed before requesting admittance to perform functionality tests 
on the wells, therefore functionality tests were performed at a later time. 
Optimally, functionality tests should be performed before any head 
measurements are taken, to increase reliability of data. The results of the 
tests showed that all wells used for calibration were functional; although 
well 3 was showing results that indicated that the well functions sub-
optimally, with a slow recovery time. In well 2, the hydraulic head was 
measured before, during and two hours after the functionality test. After two 
hours, the level had returned to the state before the test, indicating that the 
well was functioning properly. Consequently, the level used for calibration 
was trustworthy. Well 1, 4 and 5 were dry during all measurements. Another 
uncertainty related to the hydraulic head measurements was that they were 
performed on two different dates. Optimally, longer time-series of data 
should be used to account for seasonal variations. This was not possible due 
to time constraints. New information regarding the construction of well 6 
prompted the authors to measure the head level for the well a second time at 
the time of performing functionality tests, with a technique that was 
considered slightly more appropriate. The second measurement showed a 
head level 0.7 m lower than the value used to calibrate the model. This head 
measurement was disregarded, however, for several reasons. First of all, the 
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two measurements were performed during different parts of the year and it 
is likely that seasonal variations have influenced the difference in results. 
Secondly, all other measurements were taken at approx. the same time of 
year and it would not be representative to use a value observed a couple of 
months later for a single well. Thirdly, the new observation value was tested 
during calibration and yielded a RMSE that was 0.13 higher than the RMSE 
for the model described in this report. The difference was considered too 
small to perform any further changes to the model. 
     The ERI investigations aimed to complement the geotechnical data from 
previous investigations, in areas where data was scarce. Additionally, the 
ERI investigations were used to investigate the reliability of the available 
data. Knowledge about the details of the soil layering in the outer parts of the 
study area remained sparse throughout the entire project. This is particularly 
true for the southern and northwestern part of the domain, where no 
previous investigations had been performed. It was not possible to perform 
ERI investigations in these areas due to the current land use as allotment 
gardens and residential areas.  
     Results from the geophysical investigations indicate high concentrations 
of polar particles that could be PFOS at two spots of main interest (Fig. 18). 
The first spot is at the location of the old fire drill site but at high depth. The 
second spot is at the location of the second fracture zone that crosses the first 
measurement line at a depth that corresponds to the bedrock. The low 
resistivity results at the second fracture zone indicate that the zone is water-
bearing. Therefore it is highly likely to assume that PFOS contaminants are 
leaking into the fracture zone. This assumption is strengthened by the fact 
that the IP measurements for the second measurement line do not show any 
zones of high chargeability near the runway close to the groundwater outlet. 
Additionally, this assumption correlates very well with the fact that PFOS 
concentrations measured previously show significantly higher concentration 
levels upstream of the fracture zone compared to downstream of it (Table 6). 
The data from SGU (2016a) shows that the relevant fracture zones are plastic 
and therefore should be fairly tight, but the data is likely to be 
generalizations for the area, while the geophysical investigations are detailed 
point investigations.  
     IP results at the old fire drill site show a lack of polar particles at shallow 
depth. This is likely due to the fact that the upper part of the soil in this area 
was removed during decontamination work several years before the 
geophysical investigations were performed. The PFOS at the site is therefore 
likely to be concentrated to higher depths, which is an assumption that 
correlates well with the results of the IP measurement. The fact that the 
decontamination work was performed in this area likely means that the soil 
properties differ somewhat in this area compared to its surroundings. Filling 
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material may be present at the site. Geophysical results did not show any 
clear indications of such discrepancies, however. Thus no distinction was 
made for the soil in this area and its surroundings in the model. The IP 
measurements at the second measurement line indicated the existence of a 
zone of high chargeability approximately 180 m northwest of the outlet to the 
airport. The location of this zone does not correlate with any available data 
for zones of high PFOS concentrations. No information is known regarding 
this zone of high chargeability at the time of writing this report. 
     Even though several different data sources indicate that the ERI results 
may show fracture zones and the IP results may show the spread of PFOS 
contaminants, it is not possible to say this with absolute certainty without 
performing soil sampling and extracting borehole logs. IP results, in 
particular, could indicate completely different findings, as long as the objects 
shown can be polarized. Examples of easily polarized objects include ore 
findings and large metallic structures. No such objects were observed above 
surface level during field investigations but they may exist below surface 
level. No investigations were made to investigate this matter further, due to 
resource constraints. Another source of error for the IP results is that the 
final image produced by RES2DINV has a relatively large error of 43.6 %. 
The error is an estimate of the difference between the calculated and 
measured apparent chargeability values (Geotomo Software, 2010). It is 
assumed that the trends in the result would persist despite the large error. 
4.3. Modeling settings 
Different settings in Visual MODFLOW Classic can produce very different 
results. A common problem when modeling in Visual MODFLOW Classic is 
errors related to dry cells appearing in upper layers over time (Waterloo 
Hydrogeologic, 2011). It is reasonable for dry cells to appear at higher 
elevation than the groundwater level, which is something that happened for 
the model created during this project. Model errors can appear when 
recharge is applied to a dry cell. Consequently, problems may occur when 
modeling contaminant transport from an area where dry cells exist. 
Recharge was chosen to be applied to the uppermost active cells to avoid 
such errors. This setting has a consequence of bypassing the cells at the 
surface were the PFOS contaminant is applied, making it impossible for the 
PFOS found there to be transported by water through the system. A few cells 
at the old fire drill site were affected by this problem of dry cells at surface 
level. To account for this fact, the contaminant in the model was moved a few 
cells closer to the outlet at surface level where no dry cells were found. 
Consequently, the distance to the outlet was shortened by a few meters for 
the contaminant transport (for both PFOS and chloride). The effect on 
transport time should be fairly small but remains a source of error. 
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     The MODFLOW 2005 engine and MT3DMS both have several different 
solvers to choose from, respectively. The WHS engine was used for 
MODFLOW 2005 and an implicit solution method was used for the 
MT3DMS module. Slight differences in results may be a possibility for 
MODFLOW 2005 depending on solver. The reason for selecting an implicit 
solution method for MT3DMS was the fact that the data available for the 
properties of PFOS were lacking. With the data available, results for the 
contaminant transport would have significant sources of error regardless of 
solution method. An explicit solution may indeed produce better, more 
detailed results if detailed data about the properties of PFOS is available and 
is recommended for future studies where such data can be found. For the 
purpose of this report, however, an implicit solution method was chosen to 
produce more generalized results.  
4.4. PFOS transport 
The spread of PFOS is shown to be very slow and highly affected by 
adsorption effects throughout the entire domain. The modeled PFOS velocity 
of 0.7 m/year is slow compared to the modeled water velocity of 9.5 m/year 
and the difference is mainly due to retarding adsorption effects. A velocity of 
0.7 m/year means that it would take about 570 years for the PFOS plume to 
reach the outlet towards the airport.  
     The model clearly shows that the PFOS spread to the northeast towards 
the airport, with most of the transport occurring in till and rock fractures. 
PFOS transport in the clay layer is negligible according to the model results. 
Due to the till being the most permeable layer overall, it is considered 
reasonable for most of the contaminant transport to occur in the till, with a 
smaller fraction in the bedrock fractures. Particle pathways generated in the 
model are shown to follow the contact surface of till and bedrock, indicating 
that water flows on that particular elevation level in the final model. 
However, the contaminants (both PFOS and chloride) leak into the bedrock 
at high depth after a fairly short time. The amount of water that leaks into 
the bedrock may therefore be exaggerated in the model. Without 
investigations into the nature of the fracture zones (where most water flows 
in the bedrock), however, it is not possible to say for certain whether this is 
the case. The IP results indicate that PFOS is potentially found at a depth 
corresponding to the bedrock, both at the old fire drill site and the location of 
a fracture zone. This correlates well with the results of the model. The effect 
of different model designs on PFOS transport is discussed in section 4.5. 
     Detailed modeling of the fracture zones found during literature studies 
and geophysical measurements was not possible due to data and time 
constraints. The nature of these fracture zones is unknown and modeling the 
zones would lead to extreme uncertainties regarding hydrogeological 
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parameters such as hydraulic conductivity and porosity. If more data and 
time was available, modeling of the fracture zones could be done to estimate 
how the fracture zones influence PFOS transport. 
     The general flow direction of water is estimated to be towards the airport 
in the northeast, as visualized by the maps showing flow accumulation, TWI 
and MODPATH particle tracking. Visual MODFLOW Classic is limited by the 
fact that the software is only able to model groundwater flow. It does not 
take into account surface water for modeling results. Recharge for different 
areas in the model therefore must consider the amount of water that actually 
infiltrates into the ground, rather than the amount of rainfall that falls on the 
study area. This has been considered when selecting recharge rates. A source 
of error that persists, however, is that Visual MODFLOW Classic and the 
contaminant transport modules do not consider the possibility of 
contaminants being transported by means of surface water. The TWI 
analysis shows that water accumulates along the sides of the runway and 
flows towards the airport. A similar effect may be expected along the dry 
cracks in the top part of the clay layer. Although the upper soil layers at the 
old fire drill site have been excavated previously, there may still be a 
possibility that PFOS is transported along these pathways on surface level by 
means of runoff. The velocity, volumetric flow rate and concentrations of 
PFOS in surface runoff along these pathways are currently unknown and no 
tests were conducted to gather such data during this project, due to time and 
budget constraints.  
     The time required for the contaminant plume of PFOS to reach the outlet 
to the airport area may seem very long at first glance. It should be considered 
that the soils in the area are all soil types of fairly low to very low 
permeability. The till layer, which is the overall most permeable layer, is 
fairly thin. The fact that clay is found on surface level at the old fire drill site 
greatly increases the transport time for any water particles and contaminants 
that infiltrate through the surface. Since PFOS is transported with water that 
enters the system as groundwater recharge, the transport time of PFOS in 
the ground is therefore likely to be slow. In accordance with this reasoning, 
the modeled results show that the part of the contaminant plume where 
PFOS is found at high concentrations in the clay, hardly moves at all over 
time. A higher PFOS transport velocity for higher concentrations of PFOS 
would be expected if similar modeling work was performed at other sites 
with more permeable soil layers. 
     The model results for PFOS transport are dependent on field observation 
data used for calibration of the model. The field observation data reflect the 
conditions that were relevant at the time the field observations were 
performed. If any measures that influence the hydraulic head levels in the 
study area are performed, such as a pumping test, the hydrogeological 
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conditions would change. For example, the gradient of hydraulic head levels 
would likely change as water flows towards the location where pumping is 
performed. Therefore the transport of PFOS could be very different under 
such changes to the hydrogeological conditions in the area and new areas 
could be contaminated by a pumping test. Modeling of a pumping test was 
not performed during this project due to time and data constraints. 
     Noteworthy is the fact that the velocities are not constant in the model 
domain. The modeled water velocity was 9.5 m/year in till and 0.09 m/year 
in clay. Meanwhile, the calculations made for comparison purposes take into 
account both the till and clay layer simultaneously and it is therefore 
reasonable that the calculated velocity will be in between the modeled 
velocity values for either till or clay. The calculated velocity of 2.4 m/year for 
both layers simultaneously therefore seems reasonable. Large sources of 
error exist in the calculations, however, due to uncertain input data and 
assumptions. The modeled results are based on far more detailed data and 
are considered more reliable, overall. 
     The modeled results of PFOS transport should overall be considered to be 
more reliable for the direction of spread and transport time than for the 
concentration levels shown in the model results. Very limited information is 
available for parameter values affecting PFOS transport, such as dispersion 
parameters. The lack of data for these parameters is due to the fact that 
PFAA contaminants have not been a focus of extensive research until recent 
years. A more detailed model could be constructed if more data regarding the 
chemical properties affecting transport mechanics were known about PFOS. 
Additionally, it would be a good idea to perform soil and water sampling of 
PFOS concentrations in several sampling spots. This data could be used for 
calibrating the modeled PFOS concentrations to the field measurements. It 
was not possible to perform such tests due to budget restrictions. 
     Noteworthy are the facts that neither a stormwater pipe nor the effects of 
water transport in dry cracks in the top part of the clay are modeled. It is 
unknown whether the stormwater pipe drains groundwater or not. If the 
stormwater pipe drains groundwater, the observed data would include that 
effect. However, modeled hydraulic head values would most likely change if 
a drainage pipe was added to the model. This would result in a slightly 
different calibration process and model results for the groundwater model. 
Resource constraints prevented further analysis of the pipe, as no detailed 
data was found describing the pipe design. Dry cracks in the clay were not 
modeled either and could influence model results in a similar manner if 
included. There was not enough data available to properly model the effects 
of the dry cracks in clay on groundwater. Additionally, the aim of the project 
was to model the transport of PFOS by means of groundwater alone. Thus 
the effects of a drainage pipe and dry cracks in clay were not considered to be 
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entirely within the scope of the project. 
     Modeling PFOS transport in the pipe (if drainage effects are included) 
would likely shorten transport time to the recipient. Concentrations of PFOS 
in the water reaching the recipient could differ due to different adsorption 
and dilution effects in the pipe. Investigations such as a tracer test could be 
useful to show the transport velocity in the pipe, investigate if the pipe drains 
groundwater and to draw more conclusions about the need to perform 
further analysis of the potential spread of PFOS through the stormwater pipe 
(section 0). 

Installation of sheet pile walls around the old fire drill site would likely be 
costly and would not produce any significant improvements according to the 
modeling results. Therefore it is not a recommended method. 
     Results of the PFOS transport model show that the PFOS is transported 
very slowly towards the airport area in low concentrations. The main 
exposure pathways to humans for PFOS are contaminated drinking water 
and food intake. The model suggests that no contaminated groundwater 
reaches the areas where allotment gardens and residential areas are located, 
unless fracture zones lead water there. Hence, if groundwater is used for 
irrigation of vegetables in the allotment gardens, the model shows that the 
water is not likely to be contaminated with PFOS. 
     No drinking water is extracted from the groundwater at the airport. The 
combined effect of low modeled PFOS concentrations reaching the airport 
and limited oral exposure make it unlikely that there is a risk for harmful 
effects to frequent visitors to the airport. Since Bällstaviken is surrounded by 
residential areas, there is a possibility of contaminated water reaching 
sensitive locations such as areas with private wells. However, the low 
modeled PFOS concentrations leaching from the study area, combined with 
an expected dilution effect in the open waters in Bällstaviken, make any risks 
to the surrounding residential areas low. The potentially highest risk exists 
for frequent visitors to the golf course who come in direct contact with soil 
and water at the site. This is particularly true during time periods when the 
sprinkler system is active, since it may be connected to water contaminated 
with PFOS.  
4.5. Sensitivity analysis 
The sensitivity analysis showed that the most crucial parameters to define 
thoroughly for the model were the K-value in the x-direction for the granite, 
the vertical K-value (z-direction) in the clay and the constant head boundary 
to the southeast. Since clay is the dominant soil type on the surface, a change 
in the K-value would be expected to have a relatively large influence on the 
groundwater recharge. Lowering the vertical K-value of the clay results in a 
large increase in RMSE since the model becomes flooded with excessive 
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amounts of water. 
     Changes made to the Kd-value and dispersivity during the second step of 
the sensitivity analysis did not produce significant effects on PFOS transport 
velocity. The modeling of chloride contaminant transport can, with regards 
to Kd, be seen as an extension of that sensitivity analysis. Chloride has a 
Kd-value that makes it approx. 100 times more soluble than PFOS. This 
difference allows for chloride to be transported much faster through the 
model, even with similar dispersivity parameters. The modeling of chloride 
shows that large changes in the Kd-value have a significant effect on the 
contaminant transport. One of the main reasons for the relatively slow PFOS 
transport in the model is therefore adsorption effects. Since the parameter is 
very important and a generalized Kd-value was used during modeling, results 
with increased reliability could be obtained by calculating a site-specific 
Kd-value for PFOS. Performing such calculations would require soil and 
water samples to be taken, which was not a possibility due to resource 
constraints. 
     Since the results of the model showed that PFOS leaks into the bedrock 
over time, two secondary models were created to investigate the effect of 
different model designs on PFOS transport. It was not possible to achieve 
satisfactory calibration results with the model that was designed for a less 
conductive bedrock layer and a more conductive till layer, even when 
extreme changes were made to parameter values for recharge and hydraulic 
conductivity of clay. The model that did not include the bedrock layer at all 
faced similar problems, with the addition of forcing extremely high constant 
head values and hydraulic gradients. This was a result of highly variable 
elevation levels for the soil layers and bedrock throughout the model 
domain. When bedrock was removed, constant head boundaries either had 
to be assigned outside the model domain, which is not allowed in Visual 
MODFLOW Classic, or at an unrealistic elevation level. The fact that these 
models produced insufficient calibration results indicate that groundwater 
flow in bedrock fractures may indeed be significant in the study area.
4.6. Model validation 
Apart from calibrating the model to the observed hydraulic head values, a 
validation could be conducted, increasing reliability of model results. There 
was no data available for a hydraulic response that can be compared with 
modeled results for the purpose of performing such a validation. An example 
of a test that could be conducted for this purpose is an aquifer pumping test, 
which produces data describing a lowering of the groundwater level. A 
similar response could be modeled and results analyzed for any 
discrepancies. Performing a pumping test is not without risks, however, as 
such a test would likely influence the transport of PFOS in the area. In the 
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model domain no transient data on hydraulic heads or PFOS concentrations 
exists, making it impossible to perform such a validation. Further, 
conducting such tests would not be possible due to budget restrictions. 
5. CONCLUSIONS 
It was possible to construct a model of groundwater flows for the study area, 
which was calibrated to field observations. It was found to have satisfactory 
calibration results for the data and time available for the project. The model 
was tested for reliability using sensitivity analysis, field investigations and 
calculations. Overall, the constructed model was considered useful for 
drawing conclusions about transport of PFOS by means of groundwater in 
the area. 
     The results of the groundwater model suggest that PFOS is transported by 
groundwater from the old fire drill site towards the airport perimeter in the 
northeast. Flow rates of water towards the airport were modeled to 
71 m3/day. The low hydraulic conductivity of the soil layers and adsorption 
tendencies of PFOS make the contaminant transport very slow. The velocity 
of PFOS transport was estimated to 0.7 m/year. It would take approx. 
570 years for PFOS to be transported by groundwater to the airport area 
from the old fire drill site. Concentration levels would at that time only be at 
0.1 ‰ of the guideline value for protection of groundwater as a natural 
resource. The model showed that the transport of PFOS by means of 
groundwater is concentrated to the till and bedrock fractures. 
     Due to the low transport velocities and concentrations, the modeled 
spread of PFOS by means of groundwater is limited. Based on those results, 
there is no need for immediate measures to contain the spread based on the 
modeled hydrogeological conditions in the area. However, measures that are 
likely to change the hydrogeological conditions and affect the spread of PFOS 
in unknown ways, such as pumping tests, should be avoided. Model results 
indicate that PFOS remains in the soil and groundwater in high 
concentrations. Therefore there may still be a need of minimizing risks to 
frequent visitors. Investigating risks through further studies is 
recommended.
6. RECOMMENDATIONS FOR FURTHER STUDIES 
The field investigations were conducted in the spring, before the allotment 
gardens and the golf course start using irrigation water. The water balance 
would therefore be different during summer, with an outtake of water from 
the pond and recirculation of water through sprinkler systems on the golf 
course. Additionally, an increase in recharge in the allotment gardens is 
likely during the times of the year when municipal water is used for 
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irrigation. Hydraulic heads are therefore expected to be at different levels 
during summer than during spring, due to changes in demand, 
evapotranspiration etc. The measured hydraulic heads apply for the spring 
when no irrigation occurs. Additional measurements should therefore be 
performed to obtain longer time series of hydraulic head data for the 
groundwater. It is suggested that investigations on water use are performed 
in the summer as well. It was not possible to conduct such investigations due 
to time constraints.  
     A pumping test could be conducted with the intention of measuring the 
hydrogeological response. The data acquired from such a test could then be 
used to perform a validation for any future hydrogeological models of the 
area, to increase reliability of model results. Data from the pumping test 
could additionally be used to calculate site-specific K-values for the soil types 
found in the study area, to be used for increased reliability of model results. 
There are some risks related to performing a pumping test, however. The 
resulting change in hydraulic head gradients in the area will change the flow 
directions of groundwater in the study area, possibly spreading PFOS to new 
locations. The implications of this risk should be carefully considered before 
planning any such tests. 
     All calibration data was concentrated to the center of the model domain. 
No observation wells existed along the model boundaries at the time of 
writing this report. Hence, it is recommended that more investigations are 
made along the outer geographical boundaries of the system to find 
groundwater head levels at these locations. Installing additional 
groundwater observation wells, for example, would provide more data to be 
used for calibration. 
     Plans were made to take samples and measure PFOS concentrations in the 
pond used for irrigation of the golf course. It is likely that the potentially 
polluted stormwater pipe is connected to the pond, according to the 
greenkeeper at Bromma Golf. This suggests that contaminated water with 
concentrations of PFOS more than ten times higher than the guideline value 
for drinking-water reaches the pond. The water is then sprinkled onto the 
golf course. Adverse health effects to frequent visitors such as golfers and 
golf course employees are therefore a possibility. Performing sampling at the 
pond was not possible due to budget limitations. It is advised to make 
further investigations of the water quality in the pond and its suitability as a 
source of irrigation water.  
     An additional benefit of taking soil and water samples of PFOS in the 
study area is that it would make it possible to calculate site-specific 
Kd-values, which is advised for future studies and could increase reliability of 
model results. Water samples should also be performed to measure the 
concentration of PFOS in surface runoff, for example along the sides of the 
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runway in the study area after an intense rainfall event. The results of such 
tests would be useful to draw conclusions regarding if surface runoff is an 
important transport pathway for PFOS. 
     The model implied that the PFOS contaminants move with groundwater 
towards the northeast, into the current airport area. A suggested further 
investigation is therefore to extend the model to include the entire airport 
area. The current fire drill site, according to previous studies, is potentially 
another source of perfluorinated compounds and should be included in such 
a model. 
     Performing sampling at the catchment outlet towards Bällstaviken is 
recommended. The results can be used to draw conclusions regarding 
potential leakage of contaminants into fracture zones before reaching the 
bay, as well as the potential of contaminants to cause adverse effects to water 
bodies and surrounding residential areas near Bällstaviken. 
     More studies are recommended concerning the chemical properties of 
PFOS. For example, uncertain input data in the model include dispersivity 
values. These values determine the spreading of the contaminant in the 
horizontal, vertical and longitudinal directions and will have an effect on the 
movement of PFOS in the model domain. If more data can be acquired for 
the chemical properties of PFOS affecting contaminant transport by means 
of groundwater, a more detailed model can be created. For such a model, an 
explicit solution method is recommended for the MT3DMS engine. 
     Three additional potential transport pathways exist to transport PFOS 
from the study area towards the airport, namely the stormwater pipe, 
fracture zones and surface water. Previous investigations indicate that PFOS 
is potentially infiltrating into the stormwater pipe, which leads towards the 
airport. A tracer test could show whether or not water and PFOS infiltrate 
into the pipe. The choice of tracer would have to be considered carefully and 
approved by land owners and representatives of the golf course to minimize 
potential harmful effects. For example, if the tracer was chloride, salt water 
would end up in the pond used for irrigation, possibly leading to harmful 
effects on the flora. If the tracer test shows that water from the old fire drill 
site infiltrates into the pipe, methods for preventing spread of PFOS through 
the pipe should be considered. 
     The geophysical measurements indicated that PFOS can potentially be 
found at the old fire drill site at high depth, as well as at the location of a 
fracture zone downstream of the site. Transport of PFOS into a fracture zone 
can be a serious issue, as remediation efforts become virtually impossible at 
such a location. Little information is known of where the fracture zone leads 
PFOS transported by groundwater. If drinking water or irrigation water wells 
are drilled into the fractures, they may be contaminated. It is advised to 
investigate the extent of the fracture zones and areas of potential 
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contamination affected by PFOS through the fracture zones. Transport with 
surface water is another possibility, which needs to be examined to see if it is 
a problem that requires measures to be taken. For this purpose, it is 
recommended to perform sampling and chemical analysis of surface water in 
the study area. 
     The methodology described in this report has been useful to draw a 
number of conclusions regarding the spread of PFOS in the study area. It is 
recommended to use similar methods to investigate other sites that have 
been contaminated with PFAA compounds. This is particularly 
recommended for sites that have more permeable soil types compared to the 
study area described in this report, since transport of PFAA is likely faster 
and occurs in higher concentrations in such areas. 
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APPENDIX I – MODEL DESIGN  
Three-dimensional models are created in Visual MOFLOW Classic by first 
assigning conditions to different layers in 2D. Adjustments can also be made 
while viewing cross-sections of the model grid rows or columns. The figures 
show a variety of figures describing the model design in Visual MODFLOW 
Classic, both in 2D layer view and 2D cross-sectional view. The figures are to 
be seen as examples of the model design, using the Visual MODFLOW 
Classic interface. 

 
The regions with different recharge properties. Blue is rock outcrops, green is till, white is clay and teal is the 
runway. The spotted teal cells at the outer parts of the domain are inactive cells outside the model domain. 
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Areas with different hydraulic conductivity. Rock outcrops are blue, till is green and clay is white. The 
highlighted row is shown as a cross-section in Appendix I – Model design. The spotted teal cells at the outer 
parts of the cross-section are inactive cells outside the model domain. 

 
Cross-section of the model domain. Rock is blue, clay is white, shallow till is green and teal represents deep 
till. The spotted teal cells at the outer parts of the cross-section are inactive cells outside the model domain. 
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APPENDIX II – DATA USED FOR GIS ANALYSIS 
The table compiles data that describes the origin and quality of the data used 
for analysis in ArcMap. 
GIS data with resolution and origin (Lantmäteriet, 2015). 

 Format data type 
(vector/raster) 

Spatial resolution (pixel 
size) (m2) Origin 

Terrain map Vector Not applicable Remote sensing imagery 
Digital elevation model Raster 2×2 Airborne laser mapping 

Soil depth Raster 10×10 Interpolation of point data 
from field investigations 
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APPENDIX III – AVERAGE YEARLY RAINFALL 
The table compiles the data for average monthly rainfall at the study area 
that was supplied by SMHI (2014). 
Calculation of average yearly rainfall in the study area (SMHI, 2016). 

Month Average monthly rainfall between 
1999-2013 [mm] 

Jan 42.9 
Feb 33.4 
Mar 26.9 
Apr 31.8 
May 36.4 
Jun 67.0 
Jul 67.9 
Aug 76.0 
Sep 48.2 
Oct 57.1 
Nov 54.4 
Dec 60.5 

Total: 602.5 [mm/year] 
 
Using an average evapotranspiration of 450 mm/year (SMHI, 2014), the 
data results in an average runoff amount of about 150 mm/year. 
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APPENDIX IV – INSTRUMENT DETAILS 
The table describes the instruments used during field investigations. 
Instruments used for the field measurements. 

Instrument Name 
GPS Garmin GPS 76CS 

ERI and IP measurement device ABEM Terrameter LS 
Hydraulic head meter Yamayo Million Water Level Measure 50 m 
Leveling instrument Sokkisha B2C 

Diver Schlumberger Water Services Micro-Diver 
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