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Abstract 

Groundwater Movement and PFAS Transportation in the Vreta-Bålsta Esker 

Kevin Pettersson 

 

Håbo municipality is looking for alternative drinking water sources for its residence city of Bålsta. One 

possible source is the Vreta-Bålsta esker located northeast of Bålsta, which could be used for artificial 

infiltration and extraction of groundwater. Located on this esker is an area called Dragets industrial area, 

in which several objects of potential contamination have been identified. One of these is a Landfill 

located in the northern part of the industrial area in which the local fire fighting forces has used this area 

for training exercises. During these exercises they have used aqueous film forming foams (AFFFs) 

containing Per- and polyfluoroalkyl substances (PFAS). Some PFASs have demonstrated adverse health 

effects already at low concentrations and no more than 90ng l-1 is recommended in Swedish drinking 

water. 

In order to assess the suitability of the esker as a source for drinking water a model of the esker was 

created inside the program GMS (Groundwater modeling system). In GMS the package MODFLOW 

was used to create a groundwater flow model, and the package MT3DMS was used for contamination 

transport of PFAS from the landfill. 

The finished model showed a groundwater divide located in the central parts of Dragets industrial 

area, with the water either running south toward Lake Mälaren or north towards Lilla Ullfjärden. In total 

three different PFAS species were used in the transport model with the abbreviations PFOS, PFPeA and 

PFBA. The transport model was created as a point source to see the transport behavior of PFAS from 

the landfill. This showed that all the contamination transport that occurred would transport the PFAS 

north towards Lilla Ullfjärden. Based on this result this would mean that a use for artificial infiltration 

and extraction of groundwater in the southern part of the esker would not pose a contamination risk from 

the landfill. 
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Populärvetenskaplig sammanfattning 

Grundvattenflöde och PFAS transport i Vreta-Bålstaåsen 

Kevin Pettersson 

 

Ett alternativ till dricksvattenkällor kan vara att artificiellt infiltrera vatten i exempelvis en rullstensås, 

för att sedan extrahera det som dricksvatten. Detta alternativ undersöks just nu av Håbo kommun för att 

förse sin residensstad Bålsta med dricksvatten. Lokaliserad i nordöstra delen av Bålsta finns Vreta-

Bålstaåsen som i detta fall skulle vara området som skulle användas. På åsen däremot så ligger ett 

område som kallas Dragets industriområde. I detta område finns både industrier och deponier som 

producerar avfall som skulle kunna kontaminera vattnet som infiltreras i åsen och därför måste en 

bedömning av hur olika potentiella kontaminerings källor skulle kunna påverka området. Ett av dessa 

områden är en deponi som även använts som övningsområde av brandförsvaret. Under övningarna har 

de använt sig av ett speciellt brandskum (AFFFs) som innehåller högfluorerade ämnen (PFAS). PFAS 

är en samling artificiellt skapade ämnen som är väldigt svåra för naturen att bryta ner, vissa PFAS specier 

har även visat sig ha skadliga effekter på människor och/eller miljön. För att undvika att människor ska 

få i sig för mycket av dessa ämnen finns idag i Sverige en gräns på att dricksvatten max får innehålla en 

total PFAS koncentration av 90 ng l-1. 

För att kunna undersöka hur en potential PFAS spridning från detta område skulle kunna se ut 

skapades en grundvattenmodell av åsen i programmet GMS (Groundwater modeling system). I 

programmet så ritades gränserna för området upp och delades sedan upp i mindre områden efter olika 

egenskaper som fanns. För att veta vart vattnet kom ifrån tilldelades området värden för 

grundvattentillrinning från nederbörd och bestämda vattennivåer på intilliggande sjöar sattes för att ge 

vattnet någonstans att rinna ut. Inuti området identifierades även en mindre sjö som fick en bestämd 

vattenyta där vatten även kunde samlas. Inom området fanns fler olika jordarter som alla har olika 

egenskaper när det kommer till att kunna transportera vatten. Därför delades området upp efter olika 

jordarter som sedan fick olika värden på sin hydrauliska konduktivitet. Områdets tjocklek bestämdes 

baserat på en högkarta över området och interpolation av berggrunden baserat på ett flertal borrhål. 

Nuvarande grundvattennivåer kunde observeras tack vare fyra observations brunnar installerade av 

Bjerking AB under mitten av 2019. Dessa nivåer användes även för att kalibrera modellen. Men data 

nämnd ovan så kunde extensionen MODFLOW användas för att skapa en grundvattenflödesmodell av 

området för att kunna se både vilken nivå som vattnet i området ligger på i förhållande till havsytan och 

baserad på detta se i vilka riktningar grundvattnet flödar genom marken. I modellen ritades sen 

deponiområdet där den potentiellt PFAS spridningen skulle utgå från. Från provtagningar gjorda av 

DGE under 2019 så lades de högsta observerade koncentrationerna in i modellen som punktkällor där 

en dos av denna PFAS tillsattes i området och sedan spreds utan att mer tillkom med tiden. Totalt 

användes tre species av PFAS i området med förkortningarna PFOS, PFPeA och PFBA. I modellen fick 

dessa species en koncentration tillsammans med en distributions koefficient som avgjorde hur pass bra 

specien skulle adsorbera eller ”fastna” i jorden under transporten. De fick även värden för dispersion 

och och diffusion som anger hur kontaminationen skulle spridas ut allt eftersom det transporterades 

genom jorden. Denna information angavs till extensionen MT3DMS som baserat på MODFLOW 

skapade en transportmodell för PFAS inom området. 

 Resultatet från dessa modeller var att från grundvattenflödesmodellen gick det att se att en 

vattendelare existerade i de centrala delarna av dragets industriområde och härifrån så transporterades 

vattnet antingen norrut mot Lilla Ullfjärden eller söderut mot Mälaren. Från transportmodellen så 

betedde sig samtliga PFAS species likadant och alla visade på att en potentiell kontamination inom 

området skulle transportera PFAS norrut mot Lilla Ullfjärden, med PFOS som hade högst distributions 

koefficient skulle transporteras minst sträcka och PFBA som hade lägst distributions koefficient skulle 

transporteras den längsta sträckan. Baserat på detta resultat så skulle de delarna av området som ligger 

söder om grundvattendelaren där vattnet transporteras mot Mälaren inte skulle kunna kontamineras av 



 

eventuella PFAS läckage från deponin och i så fall inte skulle bli påverkad från denna källa vid 

användning som källa för artificiell infiltration och extrahering.  
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1. Introduction 

1.1 Background 

Håbo municipality is investigating their options in order to find an alternative water source to its city 

Bålsta, located about 40 km northwest of Stockholm. One alternative that is being assessed as a possible 

source is the Vreta-Bålsta esker located in the north eastern part of the city (Håbo kommun, 2008) 

(Figure 1). 

 

 
Figure 1. Photo over Bålsta with the main area of interest represented within the yellow oval (Bjerking AB, 2019). 

 

In a report from Bjerking AB (2019) five places were discussed as the most critical environmental risk 

sources within the area; the highway (E18), the railway line Mälarbanan, landfill in the north part, and 

small industrial activities around the esker such as car facilities and waste management (Figure 2). The 

existence of these objects means that there is a potential risk that the groundwater may have been 

affected by pollution of nonaqueous phase liquids (NAPLs), leaching metals, poly- and perfluoroalkyl 

substances (PFAS) and pesticides. 
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Figure 2. Different risk assessed places in the study area around Dragets industrial area. With those of class 4 

begin seen as low risk areas and class 1 as very high-risk areas. Here the points A-F are: A – Landfill; B - 

Intermediate waste storage; C – Car care facility; D - Plant school; E – Incinerator; F - Oil spill area (Berjking AB 

2019). 

 

Between these five mentioned potential risk objects, a landfill located in the northern part of the study 

area classified as the potentially largest risk object (Bjerking, 2019) (Figure 2). The landfill was used 

for barrels with unknown contents and a car wreckage. During 2018 the municipality was informed that 

the area had been used for fire extinguishing exercises. From this landfill soil and water samples have 

been taken showing high concentrations of metals and levels of PFAS above the limit from drinking 

water recommended by the Swedish drinking water regulations (Svenska Miljöinstitutet, 2018, DGE, 

2019) (Figure 3, Table 1).  
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Figure 3. Map of soil and groundwater sampling made by DGE in Väppeby estate located in Drages industrial 

area. The figure is revised from DGE (2019). 

 

 
Table 1. PFOS and sum of PFAS found in samples taken by DGE. The Drinking water limit is based on directions 

from livsmedelsverket, while the groundwater limit is based of directions from Statens geotekniska institut (SGI). 

PFOS is one species of PFAS and “Σ PFAS 11” is the total concentration of 11 different PFAS species. All rates 

are given in µg l-1. 

20190429 

(Date) 

Drinking 

water (limit) 

Groundwater 

(limit) 

19DGE01 19DGE03 19DGE04 

PFOS - 0.045 0.0165 0.0136 <0.0100 

PFAS Sum 11 0.09 - 0.066 0.15 0.28 

 

Within the study area at least one case of oil spill and one case of diesel-fuel spill has occurred (Sweco, 

2018). The oil spill took place in 1976, were VBB Viak estimated 1999 that 20 – 30 m3 of oil leaked 

into the southern part of Lillsjön, which is a kettle lake located on the esker. Remediation of the area 

started two days after the leak by vacuuming the contaminated sediments from the lake bottom and 

excavating the contaminated soil (Sweco, 2018). The diesel fuel leakage occurred 6th December 1976 
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when a pipe froze, which caused it to burst. A treatment process including the excavation of 40 m3 of 

soil and groundwater pumping were performed. This cleansing treatment was not fully successful, as a 

few liters of diesel were found at a depth of about 10 meters below surface level in 1996 and further soil 

extraction during 1997 and 1998 to remove the contaminated soil (Sweco, 2018). 

In the area the red listed species Northern crested newt can also be found. This species is protected 

according to the species- and habitat directive from Naturvårdsverket (Malmgren, 2007). To protect this 

species a marshland has been constructed in the northern area for its perseverance (Bjerking, 2019). 

 

1.2 Objective 

The main objective of this master thesis is to create a groundwater model of the Vreta-Bålsta esker and 

map the transport of PFAS in groundwater from the landfill located in Dragets industrial area within the 

study area. More precisely, the project aims to address the following points. 

• Determination of the groundwater flow direction in the study area with help of a numerical 

model (MODFLOW) 

• Investigate the spreading and transport of PFASs from a landfill in the northern part Dragets 

industrial area using MT3DMS. 

• Studying and defining the most important properties of PFAS for the transport model 

• Understanding and defining hydraulic properties and geological aspects in different soil layers 

as well as boundary conditions 

With answering these points an assessment over how suitable the Vreta-Bålsta esker is for artificial 

infiltration and extraction of groundwater can then be made. 

This will be done by using the software GMS (Groundwater modeling system) which supports the 

packages MODFLOW and MT3DMS. This project is done in cooperation with the company Bjerking 

AB, who provided most of the hydrogeological data used by the model. 

 

2. Theory 
 

2.1PFAS 

Per- and polyfluoroalkyl substances (PFAS) are synthetic organic surfactants which have a wide range 

of use (Trudel et al., 2008; Xiao, 2017). The general formula for PFAS is CnF2n+1-R where “n” refers to 

the number of atoms and “R” is any kind of functional group, some common formulas of PFAS can be 

seen in Table 2 (Skoglund, 2017, Järnberg et al., 2007). 

All PFAS all either partly or fully fluorinated meaning hydrogen atoms have been replaced by 

fluorine in the carbon bonds (Karolinska Institutet, 2019). They are both hydrophobic (water repellant) 

and oleophobic (oil repellant). This fluorinated “tail” then joins with a hydrophilic “head” which is the 
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functional group. Between these two groups a so-called spacer can often be found. This is an organic 

group that links the two parts together (Buck et al., 2012) (Figure 4). 

 

 
Figure 4. Example of a PFAS with the hydrophobic and oleophobic fluoride and ending up with the hydrophilic 

head as the functional group. In this example the functional group is sulfonic acid and the PFAS formed is PFOS. 

Created with the help of (Chemspider.com) 

 

 
Table 2. Example of some common PFASs substances together with their abbreviations and chemical formula 

(Järnberg et al., 2007, Buck et al., 2011). 

Name Abbreviation Chemical formula 

Perfluorooctane sulfonate anion PFOS C8F17SO3H 

Perfluoroctaonic acid PFOA C7F15COOH 

Perfluorooctane sulfonamide (P)FOSA C8F18SO2NH2 

Perfluorohexane sulfonate anion PFHxA C6F13SO3H 

Perfluorohexane sulfonic acid PFHxS C6F13SO3H 

perfluoropentanoic acid PFPeA C4F9COOH 

Perfluorobenzoic acid PFBA C6F5COOH 

 

 

PFASs have been produces since the 1950s, and some of their uses include painting material, nonstick 

cookware, waterproof clothes and aqueous film-forming foams (Xiao, 2017). These aqueous film 

forming foams (AFFFs) are widely used to extinguish hydrocarbon-fuel fires, with the surfactant 

properties as mentioned earlier of PFAS allowing the AFFFS to spread out over a large area (Hale et al., 

2016). Backe et al. (2013) noted that AFFFs used in fire-training exercises at military bases have been 

one of the main sources of release of PFAS into the environment. 

 In Sweden AFFFs has commonly been used at airports in training activities to extinguish jet fuel 

fires (Filipovic et al., 2015). One example is the military airport F18 in Tullinge south of Stockholm, 

which was closed in 1994. There the military used AFFFs during their fire-training exercises which led 

to leakage of PFAS in the nearby area. Samples from soil, groundwater and fishes from the nearby lake 

were collected to estimate the spread of PFAS in the area. The soil samples taken in the main fire-

fighting training facility showed PFAS concentrations of 1000 ng g-1 dry weight – 80 000 ng g-1 dry 

weight and the fish from the lakes closest to the airport (Lake Bysjön and Lake Genaren) both showed 

that the lakes high PFASs concentrations with intervals between 52 ng l-1 to 79 ng l-1(Filipovic et al., 

2015). 

https://www.chemspider.com/StructureSearch.aspx
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PFAS are also proved to have a high resistance to thermal and chemical degradation and degrade very 

slowly in nature (Lim, 2019). Some species of PFAS have also been found to be mobile in the 

environment and bioaccumulate in human bodies and animals. These can produce health problems 

linked with PFAS such as cancer, liver damage and developmental and reproductive harm (Pelch et al., 

2019). Because PFAS both are fat- and water repellant, they however do not accumulate in fat tissue. 

Instead they bind to proteins and accumulate in other organs in the body, such as the liver or in the blood 

stream (Kemikalieinspektionen, 2020). Livsmedelsverket states that 11 different species of PFAS should 

be tested for in drinking water, these can be referred to as PFAS-11 (Livsmedelsverket, 2020). The 

European Union recommends that individual PFAS species in drinking water must not exceed a 

concentration of 0.1 µg l-1 and the total sum of PFAS-11 in drinking water to not exceed 0.5 µg l-1 

(European Union, 2018). While in Sweden the recommended limits for total PFAS in drinking water are 

0.09 µg l-1. According to Swedish Environmental Protection Agency’s guideline (Naturvårdsverket, 

2016), water with PFAS concentration above 0.9 µg l-1 is considered undrinkable and should neither be 

used as drinking water or for cooking until the concentrations has gone down. 

 Because of PFAS new treatment solution for the contaminated soil and water has also been needed. 

The reason of this being that treatments such as thermal treatment, soil vapor extraction and hydroxyl 

chemical oxidation has proven to be ineffective at removing both PFOS and PFOA (Kucharzyk et al., 

2017). Three common ex-situ treatment of groundwater are, sorption by activated carbon, reverse 

osmosis and nanofiltration (Kucharzyk et al., 2017). Granular active carbon (GAC) is one of moat 

common treatment methods used in water treatment plants to clean water from PFAS (Uppsala Vatten, 

N.D.; Kucharzyk et al., 2017). Kucharzyk et al. (2017) also mentions several in situ treatment for PFASs 

contaminations, such as fungal degradation and in situ chemical oxidation. Most of these however, are 

still at the experimental state and more research needed to investigate their feasibility. 

 

2.2. Hydraulic conductivity  
Hydraulic conductivity is a parameter that indicates how easy a liquid can flow through a soil pore 

system or rock fractures, this value is typically given in m s-1 (Hendricks, 2010). Hydraulic conductivity 

in soils are largely dependent on soil porosity and the pore size distribution. Typical values for hydraulic 

conductivity are given in Table 3. (Hendriks, 2010; HydroSOLVE, 2019). In cases with a soil consisting 

of multiple layers with water flowing through it an average hydraulic conductivity can be calculated 

based on if the water runs parallel to the layers (Equation 1) or perpendicular to the layers (Equation 

2) Both equations are based on Hendriks (2010). 

 𝐾𝑒𝑓𝑓 =
∑ 𝐿𝑖𝐾𝑖

𝑛
𝑖=1

∑ 𝐿𝑖
𝑛
𝑖=1

 Parallel     (1) 

𝐾𝑒𝑓𝑓 =
∑ 𝐿𝑖

𝑛
𝑖=1

∑
𝐿𝑖
𝐾𝑖

𝑛
𝑖=1

 Perpendicular    (2) 



7 

 

Keff = effective hydraulic conductivity through the layer (distance time-1) 

Li = thickness (distance) 

Ki = hydraulic conductivity of layer i (distance time-1) 

 

Table 3. Typical ranges for hydraulic conductivity and for grainsize for different soil types. Based on data from 

Larsson (2008), Freeze and Cherry (1979) and Geosigma (2016). 

Soil type Grainsize (mm) Hydraulic conductivity (ms-1) 

Gravel 6 – 2 10-2 – 10-3 

Sand 2 – 0.06 10-3 – 10-5 

Silt 0.06 – 0.002 10-5 – 10-9 

Clay < 0.002 < 10-9 

Peat n.a. 10-2 – 10-8 

 

2.2.1 Slug test 

A slug test is a field test usually used to estimate the aquifer properties such as hydraulic conductivity 

and is based on a rapid change in the water level in a monitoring well and then observe the response 

from the aquifer (HydroSOLVE, 2019). For slug tests there are two variations. First there is the rising 

head tests, were the water level rapidly is lowered. Then the time for the water levels return to normal 

through a rising water head is observed. The second method is a falling head test. In the experiment the 

water level is instead rapidly increased, to then monitor the return of a normal water stage through a 

falling head (HydroSOLVE, 2019). These tests are an alternative way to determinate the hydraulic 

conductivity and transmissivity of an aquifer. The most common way to estimate these parameters in an 

aquifer is through a pump test. These however often take longer time compared to a slug test. Compared 

to the pump test a slug test is an easier, faster and cost-effective way to estimate the hydraulic 

conductivity in the field. Although, it has some disadvantages as an anisotropic aquifer (the hydraulic 

conductivity varies in different directions) or an incomplete well development can give large errors in a 

slug test (Sun, 2018). Another positive side effect in using a slug test is that no water is produced or 

relocated, which could have the unwanted side effect or spreading the contaminated water to other areas 

(Wang et al., 2018). The slug test is commonly used within the environmental industry (Butler, 2019). 

However, the groundwater scientists and engineers are more skeptical to the solution. This is mainly 

because of the discrepancy in hydraulic conductivity that often can be obtained in a slug test compared 

with other field tests. Although there are other factors that might add to this discrepancy rather than 

problems with just the slug test. An observation well with small casing radius or a small screen opening, 

can both affect the result and give an aquifer with moderate to high hydraulic conductivity and 

artificially low result (Butler, 2019). 
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2.3 Groundwater flow and transport process 
 

2.3.1 Flow modeling principles 

When it comes to process-based groundwater models, they all follow two basic principles. The first is 

the conservation of mass and the second is Darcy’s law (Andersson et al., 2015). Darcy’s law is based 

on that all water will flow from a higher to a lower potential. Darcy found that the discharge is directly 

proportional to three factors. The size of the hydraulic conductivity, the area and the hydraulic gradient 

with an increase in any of these factors would directly increase the discharge. By also dividing the 

discharge with the perpendicular area the water transport direction, the formula can also be simplified 

(Equation 3 and 4) (Hendriks 2010). 

𝑄 =  −𝐾𝐴 [
𝑑ℎ

𝑑𝑙
]      (3) 

𝑞 =
𝑄

𝐴
=  −𝐾 [

𝑑ℎ

𝑑𝑙
]     (4) 

Q = discharge (given as volume Time-1) 

q = specific discharge (given as volume Area-1 Time-1) 

K = hydraulic conductivity (given as distance Time-1) 

A = area (perpendicular to the waterflow direction) 

[
𝑑ℎ

𝑑𝑙
] = hydraulic gradient (can be expressed as the difference in hydraulic potential at two points divided 

by the distance between them. This is unitless) 

 

By defining the direction of the specific discharge in the x, y or z direction it can also be defined as a 

vector (Bear, 2012) (Equation 5). 

𝑞𝑥 =  −𝐾𝑥 [
𝑑ℎ

𝑑𝑥
]  

𝑞𝑦 =  −𝐾𝑦 [
𝑑ℎ

𝑑𝑦
]      (5) 

𝑞𝑧 =  −𝐾𝑧 [
𝑑ℎ

𝑑𝑧
] 

Kx, Ky and Kz is the hydraulic conductivity in the x, y, and z directions (distance time-1) 

qx, qy and qz are the specific discharge in the x, y and z directions (distance time-1) 

[
𝑑ℎ

𝑑𝑥
], [

𝑑ℎ

𝑑𝑦
] and [

𝑑ℎ

𝑑𝑧
] are the hydraulic gradient in the x, y and z directions (unitless).  
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As for the conservation of mass states that the water cannot be created or destroyed and all changes in 

the storage of water in a model is from water entering of leaving the modelled area (Equation 6) 

(Andersson et al., 2015). 

𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡 =  ∆𝑆𝑡𝑜𝑟𝑎𝑔𝑒     (6) 

Based on these two principles of three-dimensional groundwater movement in a porous material is 

described by a partial-differential equation (Equation 7) (Harbaugh, 2005) 

𝜕

𝜕𝑥
[𝐾𝑥

𝜕ℎ

𝜕𝑥
] +

𝜕

𝜕𝑦
[𝐾𝑦

𝜕ℎ

𝜕𝑦
] +

𝜕

𝜕𝑧
[𝐾𝑧

𝜕ℎ

𝜕𝑧
] + 𝑊 = 𝑆𝑠

𝜕ℎ

𝜕𝑡
   (7) 

W = Volumetric flux per unit volume representing sources and/or sinks of water (Time-1) 

Ss = Specific storage of the porous material (Distance-1) 

t = Time 

2.4 Groundwater model and transport model 
 

2.4.1 Conceptual model 

A conceptual model represents the basis for all simulation models. The conceptual model describes the 

complex processes and their interactions taking place in the system in an adequate way, using a certain 

degree of abstraction. In this sense the system is reduced to a few single aspects that are considered 

essential. The first assumption is that the pore-scale properties can be represented averaged on a 

representative elementary volume, and the macro-scale parameters can be derived, e.g. porosity, 

permeability. Furthermore, the scale of investigation, the boundary conditions and the main processes 

are selected when building the conceptual model. This model describes the relationship between 

geological, hydrological and hydrogeological conditions (Jonasson et al., 2007). Their parameters are 

not perfectly measurable and must be calibrated from observed data (Kravetski et al., 2005). Here the 

Conceptual model is based on inferred data (calibrated) from field observations such as groundwater 

level measurements. The conceptual model is used as a foundation for a numerical model and can also 

be used for model calibration (Jowhichnasson et al., 2007). 

2.4.2 Numerical model 

A numerical model describes the transfer of the mathematical model (i.e., system of partial differential 

equations) to numerical algorithms. Based on the conceptual model the resulting numerical models are 

used to the groundwater flow and/or the contaminant transport (Jonasson et al., 2007). The equations in 

these kinds of models are commonly in a matrix from and solved with the help of a computer (Fetter, 

2000). 
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There are several different software packages that can create a conceptual model and a numerical model. 

For this master thesis the chosen program to implement the conceptual model is GMS. Inside GMS the 

packages MODFLOW and MT3DMS are used for the numerical flow and transport models. 

GMS 

Groundwater modeling system (GMS) is a modeling program created by Aquaveo. The program has 

support for creating models in applications such as MODFLOW (Borgia et al., 2011). The program can 

create a conceptual model using features like GIS such as arcs, nodes and polygons. Files created in for 

example GIS or CAD can also be imported and used for the creation of a model (Aquaveo, 2019). 

MODFLOW 

MODFLOW is a groundwater model application that was developed by the U.S. Geological Survey 

(USGS) in the early 1980s (McDonald and Harbaugh, 2003). This application was created during its 

time in order to standardize the groundwater models in the USGS. As most modelers had their own 

codes, which often caused errors and data reading to be incompatible (McDonald and Harbaugh, 2003). 

By creating all cellular grid with active and inactive cells MODFLOW can then use the data from the 

conceptual model to create a numerical solution to the groundwater flow. In each cell usually located in 

the middle is a node where the hydraulic head for the cell is calculated (Harbaugh, 2005) (Figure 5).  

 

 
Figure 5. Example of a three-dimensional MODFLOW model set up. The dashed line represents the model 
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boundary, with the black dots inside being active cells. The hollow white dots outside the boundary is example of 

inactive cells. This example is built with nine columns (i), five rows (j) and five layers (k) (Harbaugh, 2005). 

 

MT3DMS 

MT3DMS is a package for contamination transport modeling, were MT3D stands for Modular 3-

Dimensional Transport and MS denotes Multi Species. Created by Zheng and Wang (1999), the model 

can be used to simulate the advection, dispersion, diffusion and chemical reactions that happens to a 

contaminant as it is transported in a groundwater system. MT3DMS is designed to work in conjunction 

with a flow model such as MODFLOW, in which the flow model is created and then loaded with 

MT3DMS a transport of a contaminant within the flow model can be created (Zheng and Wang, 1999) 

3. Method 
 

3.1 Site description 
 

3.1.1 Geology 

The esker is composed by glaciofluvial material with the sides of it being postglacial sand. The ground 

to the west where Bålsta lies is mostly composed of glacial and postglacial clay, while to the east 

postglacial sand and till is dominant. The western area also contains areas where exposed bedrock can 

be found (Figure 6).  These soil conditions lead to a high hydraulic conductivity in the esker, in Dragets 

industrial area as well as in Kalmarsand, which consequently increases the vulnerability in the area as 

possible contaminations would spread fast. The contamination could then pollute the groundwater and 

remediation work would be much harder because of the spreading. 
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Figure 6. Map over the surface soil types in the study area. The figure was made in ArcMap with the assistance 

from of data from SGU and Lantmäteriet. 
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3.1.2 Bedrock 

The bedrock in the area is dominated by quartz arenite in the south, and by granodiorite in the north. 

Around the residence area Fånäs metabasite can also be found (Figure 7). 

 

 
Figure 7. Map of the bedrock material in the study area. The blue area is quartz arenite, the brown area is 

granodiorite and the green area is metabasite. All bedrock is estimated to an age of 1.92 – 1.87 GA. The scale is 

1:25 000. © Geological survey of Sweden 

 

 

3.1.3 Hydrogeology and groundwater 

The potential groundwater withdrawal is very high in large parts of the study area. With the southern 

part of the esker and central part of Dragets industrial area both show withdrawal capacities of up to 125 

l s-1 (Figure 8). The groundwater divide in the area around Dragets industrial area seem to not be fixed, 

and consequently it has some variation. This represents a source of uncertainty for the travel direction 

of a potential groundwater contamination, depending on the exact location of the groundwater divide.  
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Figure 8. Groundwater map from SGU with estimated flow direction and the groundwater divide. The coloring in 

in the map indicates the withdrawal possibilities in the area with light brown being <1 l s-1, light blue is 1-5 l s-1, 

blue is 5-25 l s-1, dark blue is 25-125 l s-1 and purple is >125 l s-1. The arrows represent groundwater flow directions. 

The dotted line is a fixed groundwater divide, while the dotted line interrupted by dashes represent a non-set 

(moving) groundwater divide. © Geological survey of Sweden 

 

 

 

3.1.4 Topography and catchment areas 

To visualize the topography variation in the area digital elevation model (DEM) data was collected from 

Lantmäteriet and merged into one map (Figure 9). That map also later laid the foundation for the 

boundaries of the conceptual model. The study area is located in the boundary between two different 

catchment areas (Figure 10). It is both part of the smaller catchment area for Lilla Ullfjärden, and for 

one of Lake Mälaren’s sub catchments. 
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Figure 9. DEM data over the study area. All height references are given as meters above sea level. Created in 

ArcGIS pro with data from Lantmäteriet. 
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Figure 10. The two catchment areas that the study area is in, with the left being Lilla Ullfjärdens Catchment area 

and the right being a sub catchment area for Lake Mälaren. © SMHI 

 

3.2 Field work 

 

3.2.1 Groundwater level measurement  

The groundwater was measured with the help of Diver (pressure sensor) data collected by Bjerking AB 

between July 2nd to October 12th, 2019. The Divers were installed in four observation wells named 

19002, 19003, 19007 and 19009 in the area. The average water level, median water level and standard 

deviation of the average water level was then calculated from the data. Because the difference between 

the average and the median was very small, the average was decided to be used for the model. 

Additionally, one well installed near Lillsjön by SGU was added with its water level being estimated 

from the graph seen at SGUs database. Two points in the middle of all wells got an interpolated water 

level by using an inverse distance height equation (Equation 8, Figure 11).  

𝒛𝒑 =
∑

𝒁𝒊
𝒅𝒊

𝒏
𝒊=𝟏

∑
𝟏

𝒅𝒊

𝒏
𝒊=𝟏

      (8) 
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Figure 11. Boundary of the study area together with the observation wells and inferred groundwater reference 

levels. A-D is the observation wells set up by Bjerking in the order A – 19002; B – 19003; C – 19007; D - 19009. 

E is the observation well found in SGUs groundwater well archive and F and G are the two interpolated points 

calculated with the inverse height distance equation. 

 

3.2.2. Slug test 

A Falling head test was made by Bjerking AB October 12th, 2019 on well 19002 the response in the well 

was plotted in the program AQTESOLV using an unconfined aquifer and a Bouwer-Rice solution to 
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calculate a hydraulic conductivity of 10-4. This value was used in the entire model for both the 

glaciofluvial material and the sand areas (Figure 12). 

 
Figure 12. Graphic result from the falling head test done by the Bjerking AB on observation well 19002. 

 

3.3 Groundwater model 

The modeling process was done with the intention of creating a groundwater flow model of the study 

area. Based on the obtained velocity fields obtained with the flow model, a transport model for PFAS 

substances from the landfill area is created. With modeling being an iterative process several stages 

calibration might be needed in order to get a final result (Figure 13) 
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Figure 13. A computer drawn Flowchart over the modeling process, inspired by similar charts from lectures in 

modeling. 

All modelling was done in GMS version 10.4.8 which also contained both MODFLOW and MT3DMS 

for the numerical groundwater flow model and transport model. 

3.3.1 Conceptual groundwater model 

The boundaries for the conceptual model was based on a combination between an orthophoto and the 

DEM data mentioned in 3.1.4.  Both were downloaded from Lantmäteriet through maps.slu.se. Because 

of the size of the area several DEMs needed to be joined for the entire area. This process was done in 

ArcGIS Pro. Lake Mälaren in the south and Lilla Ullfjärden in the north was set as north and south 

specific head boundaries. The water level for Lake Mälaren was set to 0.66 meters above the sea level 

which is slightly below the average height of Mälaren according to Miljöbarometern (2020). While 

water level for Lilla Ullfjärden was set to 0.4 meter above sea level based on Upplands-Bro kommun 

(2015). Inside the investigating area there is also a smaller lake called Lillsjön, which was considered 

as a general head boundary with a water stage of 0.8 meters above sea level (Figure 14). Different soil 

sections with the help of SGU’s geological map were defined. In total four soil categories were used 

(Clay, Sand, Peat and Glaciofluvial material) (Figure 15). Each soil type also got a soil hydraulic 

conductivity assigned to them. 

For the top elevation of the model the same DEM that had been used to draw the model boundaries 

was used. While for the bottom elevation 14 boreholes from SGUs borehole data base “Kartgeneratorn” 

was used. These boreholes contained data in form of coordinates and the depth to the bedrock. So, they 

were first imported into ArcGIS Pro and the depths of each borehole was subtracted from the DEM 

value in order to estimate the level of the bedrock (Table 4, Figure 16). These depths values were then 

imported into GMS and interpolated by the software to estimate the bedrock elevation in the model area. 

The bedrock was treated as an impermeable layer and used as the bottom elevation for the model. 

https://apps.sgu.se/kartvisare/kartvisare-jorddjup.html
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Table 4. Coordinates and depth of the borehole used to interpolate the bedrock in the study area. The coordinates 

are set according to SWEREF 99 and depth are meters above sea level or meter below sea level, based on the depth 

drilled compared with the DEM data in Figure 9. 

X coordinate Y Coordinate Depth (meters above sea 

level) 

642736 6607391 1.2 

642909 6606204 -5 

643351 6605372 -11 

643391 6607280  -4.2 

643675 6605475 -10 

643703 6604528 -10 

643733 6605112 -10 

643977 6604561 -9 

644001 6604685  -12.5 

644016 6604336 -16 

644090 6605840 -15 

644183 6606076 -20 

644317 6605255 -18 

644503 6605442 -20 
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Figure 14. The concenptual model with the boundaries for Lilla ullfjärden in the north and Lakemälaren in the 

south seen as the purple lines. The red area represents Lilsjön. 
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Figure 15. The conceptual model with each group used within it. 1 represents sand, 2 represents glaciofluvial 

material, 3 represents clay, 4 represent clay* and 5 represents peat. Each area had a hydraulic concuctivity and 

recharge assigned to them. The final values can be seen in Table 8. 
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Figure 16. Map of the study area with the 14 boreholes represented as red pentagons. 

The runoff in the area was calculated using the water balance equation (Equation 9). 

𝑅 = 𝑃 − 𝐸 − ∆𝑆     (9) 

R = Runoff (volume time-1) 

P = Precipitation (length) 

E = Evaporation (length) 

ΔS = Changes in Storage (Volume time-1) 
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In this equation Δ Storage can be assumed to be zero over a longer period (Hendriks, 2010). So, for this 

the SHMI data for the hydrological cycle between 1961-1990 was used. The average value for 

evaporation was taken from the map over Sweden where they showed the yearly average evaporation. 

This value was presented to be between 400 mm – 500 mm so 450 mm was used as an average value 

(SMHI, 2017). For the precipitation data, data from the closest SMHI weather station located in Skjörby 

was used. From the collected data the yearly average precipitation was calculated to be 566 mm. The 

runoff was then calculated to 116 mm per year or 0.32 mm per day with the water balance equation. 

This value was further adapted for the different soil types in the model, see the discussion for more 

details (Table 8). 

The groundwater elevation in the observation wells, the estimated level in the well from SGU 

together with the two calculated groundwater level points were all imported into GMS and used to 

interpolate the groundwater level in the entire area for the model (Table 5). The four observation well 

groundwater levels was also used for model calibration. 

Table 5. Water stage values used in order to interpolate the starting water stage for the groundwater in the model 

area. 

Observation well Water Stage (meters above sea level) 

19002 0.905 

19003 0.810 

19007 0.866 

19009 0.829 

SGU 1.130 

Calculated 1 0.901 

Calculated 2 0.899 

 

3.3.2 Numerical groundwater model 

For the numerical model a grid with cell size of 10 x 10 meter was created. The size of the model 

consisted of 346 rows, 152 columns and 1 layer. The thickness of the layer varied throughout the model 

based on the DEM and interpolated bedrock elevation. The rest of the data written into the conceptual 

model was then imported into the numerical model for running the MODFLOW. The simulated 

hydraulic heads vs. observed groundwater levels was then compared for further model calibration 

(Table 6). Then the model was calibrated until a groundwater flow model that could be representable 

for the area was reached. 

Table 6. Average water level in the observation well installed by Bjerking. The levels are based on data collected 

from July 2nd, 2019 until October 12th, 2019. 

Observation well Average water level (m) Standard deviation 

19002 0.905 0.012 

19003 0.810 0.010 

19007 0.866 0.020 

19009 0.829 0.011 

 

http://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-observationer/#param=precipitation24HourSum,stations=all
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3.3.3 Sensitivity analysis 

For the groundwater flow model, a sensitivity analysis was also done with the final values. Each 

parameter was changed with ±20 % compared to the used value. The model rerun with each parameter 

being changed separately with this fraction to see how the parameter affected the model. The hydraulic 

conductivity was changed by ± one magnitude instead. To compare the effect of each parameter the 

change in hydraulic head compared with the four observations well was done by percentual difference 

from the observed groundwater level. 

 

 

3.4 Transport model 

3.4.1 Conceptual transport model 

After building the groundwater flow model in MODFLOW, a transport model was made in MT3DMS. 

The PFAS contaminated area was set as a point source in the transport model, by defining three different 

PFAS species. These species were PFOS, PFBA and PFPeA which were the three species found in at 

least two of the three sampling points in the area by DGE (2019). The highest observed concentration 

for each species was used as a starting concentration in the model (Figure 17). Because the starting 

concentration in the model was based on only one measurement occasion, there are uncertainties if there 

could be a larger body that continuously is still leaking. The porosity in the entire area was set to 0.3 

which is the standard value for GMS. the density for quartz (2.65 [
𝑔

𝑐𝑚3]) was used for the soil in the 

entire area, and with the porosity the dry bulk density was calculated to be 1.85 [
𝑔

𝑐𝑚3]. 
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Figure 17. Map over the starting area for the PFAS contamination transport. The highlighted area represents the 

area were a point source concentration was added. 

3.4.2 Numerical transport model 

The numerical model was set to run for 36500 days (100 years). The longitudinal dispersivity was set 

to 10 m. Other default values in MT3DMS was left untouched. The sorption used in the model was a 

linear isotherm reaction which had a distribution coefficient assigned individually to each PFAS species 

(Table 7). No other chemical reaction or degradation was considered in the simulation. Since only one 

layer exists in the model the PFAS was spread in the entire layer from the starting point. This means 

that the result will only give a plume which spreads only in the X and Y direction and not in the Z 

direction. 

Each PFAS species also needed a distribution coefficient (Kd) for the sorption in the model. The 

value for PFOS was based on Enevoldsen and Juhler (2010) and PFPeA on Svenska Miljöinstitutet 

(2017). For PFBA, no value for Kd was found. Therefore, a low value was used. Assuming some, but 

not a lot of sorption. The starting concentration for each species is the highest measured concentration 

by DGE (2019) in the area. Because of no measurements of PFAS in the soil had has been done in the 

area, the area was assumed to have no prior PFAS sorbed and the only PFAS in the area is the one added 

in the initial concentration. 

Table 7. PFAS species used in the model with their staring concentrations and distribution coefficient. 

PFAS species Concentration (µg l-1) Distribution coefficient (kd) 

(l kg-1) 

PFOS 0.0165 15 

PFPeA 0.112 0.49 

PFBA 0.144 0.01 
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4. Results 
 

4.1 Numerical groundwater model 

4.1.1 Groundwater flow 

The results from the groundwater flow model can be seen in Figure 18. With the model area being 

drawn with referencing the DEM map the area in the south cuts of slightly before the lake boundary 

does not fully reach lake Mälaren. Because of the study area from pollution transport is in the northern 

part of the model area an emphasis was put to get those values as close to the observed values as possible. 

The simulated hydraulic head for 19002 and 19003 are both lower compared to the average observed 

hydraulic head and both are also lower than the standard deviation for the average observed hydraulic 

head. 19007 also have a simulated hydraulic head lower than the average observed hydraulic head. 

However, it is within the standard deviation. 19009 has a simulated head above the average observed 

hydraulic head and is within the standard deviation. 
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Figure 18. Calculated hydraulic head over the esker area in Bålsta. The four error bars are the highest and lowest 

observed groundwater level in the observation wells set up by Bjerking. The hydraulic head is given in meter 

above sea level. 

The final values of recharge and hydraulic conductivity were reached after calibrations had been made. 

The calibration was done by manually adjusting the parameters, with one of the parameters being 
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changed the most was recharge. The observation wells 19007 and 19009 was used as main reference 

points for a good calibration. Recharge in the area was the parameter which was changed the most. 

Being reduced by 90 % or more compared to the calculated value in each soil type. For the hydraulic 

conductivity the same value was used for the Sand and glaciofluvial material. For the peat areas a 

lower value was used and the conductivity in the clay was set to a high value compared with normal 

values for clay (Table 8). 

Table 8. Final values for hydraulic conductivity and recharge used in each soil type area in the model. Clay* 

represents the two “patches” located on the esker (central in Figure 6), while Clay is the larger clay area in the 

south western part. 

Soil type Hydraulic cond. (k) 

(m s-1) 

Recharge (mm d-1) % of calculated 

recharge 

Sand 10-4 0.036 11.25 % 

Glaciofluvial material 

(esker) 

10-4 0.036 11.25 % 

Clay 10-6 0.006 1.88 % 

Clay* 10-6 0.032 10 % 

Peat 10-6 0.012 3.75 % 

 

4.1.2. Water balance 

The water balance was calculated with GMS using the flow budget function (Table 9). This shows that 

almost all the water entering the model was trough recharge, and the majority leaving it was through the 

constant head boundaries. The model also shows a discrepancy of about 0.3 m3 water per day. This 

would mean that there is a total net loss in the model. However, this value is small and can be neglected. 

Table 9. Table over the flow budget inside the model. With how much water is entering the model and how much 

is exiting the model. All values are given in m3 day-1. 
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4.1.3 Sensitivity analysis 

The sensitivity analysis was performed by comparing the hydraulic heads in the observation wells with 

the new simulated values. The parameter changes and respective results are given in Table 10. The 

largest percentual changes in the southern observation wells could be seen when the changing of the 

specified head. As rising and lowering had the largest impact on simulated values. While for the 

observation wells in the north the hydraulic conductivity had the largest impact in changing the hydraulic 

head, with a lowering of all soil types by a factor of 10 changed both water stages by around 200 %. 

Table 10. Percentual difference in the simulated hydraulic head at the observation wells compared with the average 

observed head value. For head rerun of the flow model only the mentioned parameter has been changed while the 

other parameters have been identical to the standard model. A positive value indicates an increase in hydraulic 

head and a negative value indicates a decrease in hydraulic head. 

Changes 19002 19003 19007 19009 

General head 

+20% 

-23.9 % -17.5 % +1.6 % +6.0 % 

General head -

20% 

-25.2 % -17.9 % -7.0 % -2.7 % 

Specified head 

south +20% 

-10.7 % -5.3 % +2.2 % +6.6 % 

Specified head 

south -20% 

-38.3 % -33.8 % -7.7 % -3.5 % 

Specified head 

north +20% 

-24.4 % -17.7 % +1.3 %  +5.8 % 

Specified head 

north -20% 

-24.6 % -17.8 % -6.7 % -2.7 % 

Specified head 

both +20% 

-10.6 % -1.6 % +6.0 % +10.9 % 

Specified head 

both -20% 

-38.5 % -33.8 % -11.7 % -7.8 % 

Recharge +20% -24.1 % -17.5 % +3.3 % +8.0 % 

Recharge -20% -25.0 % -17.9 % -8.9 % -4.8 % 

Hydraulic kond. 

+10^1 Esker 

-26.9 % -18.5 % -26.6 % -24.4 % 

Hydraulic kond. 

-10^1 Esker 

-17.2 % -15.6 % +17.8 % +43.4 % 

Hydraulic kond. 

+10^1 Sand 

-26.4 % -18.3 % -33.1 % -27.1 % 

Hydraulic kond. 

-10^1 Sand 

-23.9 % -17.4 % +33.3 % +34.6 % 

Hydraulic kond. 

+10^1 Clay 

-24.5 % -17.8 % -2.9 % +1.4 % 

Hydraulic kond. -

-10^1 Clay 

-24.5 % -17.7 % -2.7 % +1.7 % 

Hydraulic kond. 

+10^1 Peat 

-24.5 % -17.8 % -3.3 % +0.5 % 

Hydraulic kond. 

-10^1 Peat 

-24.5 % -17.7 % -2.3 % +1.8 % 

Hydraulic kond. 

+10^1 all 

-27.3 % -18.5 % -33.9 % -31.4 % 

Hydraulic kond. 

-10^-1 all 

-15.1 % -14.2 % +182.4 % +201.2 % 
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4.2 Numerical transport model 

4.2.1 Transport of PFASs 

For the transport model each species was tracked between 0.1 µg l-1, which is slightly below the starting 

concentration of PFPeA and PFBA. down to a concentration of 10-4 µg l-1 or 0.1 ng l-1.  The PFOS which 

had the lowest concentration and highest Kd value had the smallest spreading from the starting area. 

After a hundred years the main concentration of the plume still staying inside the starting area and lower 

concentrations spread up to about 20 m away (Figure 19). PFPeA had a larger spreading. The main 

plume with a concentration between 10 ng l-1 – 50 ng l-1 had after a hundred years traveled about 80 

meters and the minimum level concentrations could be traced up to 160 meters away from the starting 

area (Figure 20). Finally, PFBA which had the lowest set Kd value and the highest concentration had 

traveled the furthest after a hundred years. The main plume which were in the same concentration 

intervals as PFPeA had travelled about 300 meters from the starting area, while concentrations of 0.1 ng 

l-1 could be found up to about 450 meters away (Figure 21). No Sensitivity analysis was done for the 

transport model. 
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Figure 19. PFOS spread from the research point after a 100-year time period. The values in the legend is given in 

in mg l-1. Each cell in the grid has a size of 10 x 10 meters. Concentration values are in mg l-1 
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Figure 20. PFPeA spread from the research point after a 100-year time period. The values in the legend is given 

in in mg l-1. Each cell in the grid has a size of 10 x 10 meters. Concentration values are in mg l-1 
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Figure 21. PFBA spread from the research point after a 100-year time period. The values in the legend is given in 

in mg l-1. Each cell in the grid has a size of 10 x 10 meters. Concentration values are in mg l-1 
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5. Discussion 

5.1 Groundwater model 

With a model being a simplification of the real world, several assumptions and rough estimates was 

done when creating this model.  

5.1.1 Numerical groundwater model 

The water divide in the model is possibly located further south compared with the water divide 

mentioned by SGU in Figure 8. Some factors that could affect this is variations in how the Bedrock 

looks compared to the GMS interpolation, the model general water divide in between the two catchments 

compared to the smaller study area and the relative effect from other sources such as Lillsjön. More 

about this is discussed in section 5.1.2. The water levels are low with the highest level being around 1.1 

meter in the clay and Peat areas. Compared with the height used for Mälaren this is 0.5 meters above 

which means that the variation in water stage is also low. With the water divide being located straight 

through large areas of Dragets industrial area, this would need to be kept in mind is any plans for using 

the esker to extract groundwater. As industries with high pollution risks should to the best of abilities 

not be located on the same side of the water divide as the location for groundwater extraction. This also 

have a positive effect, since locating industries on the opposite side of the groundwater divide greatly 

reduce the risk of pollution from them. This also makes for some classification on what risk areas could 

be focused on when proceeding possible exploitation options. Since if the southern area would be of 

higher interest risks described by Bjerking (2019) such as the Oil spill, Kalmarsand incinerator and the 

plant school would be higher priority to study. Also, further studies about Lillsjön on its hydrological 

status, together with the effect it might have on the area could be needed. While in the case of the 

northern part is of interest the landfill and waste storage together with Mälarbanan and E18 could be 

more important to assess the risks around. Naturally the model also shows buildup of water in the areas 

with a lower hydraulic conductivity. This is because of that the infiltrating water would take longer to 

leave these areas. Some larger variations could possibly be seen here depending on the actual depths of 

the soil layers. A result from this could be that if the upper part has a much lower conductivity and the 

rest under is sand or glaciofluvial material this could limit the upper areas actual interaction with the 

rest of the area. 

5.1.2. Uncertainties for groundwater flow 

When constructing the groundwater flow model, some challenges with the largest probably being getting 

a good interpolation of the bedrock. As the number of boreholes found in the SGU archive was quite 

scarce and most of them not going all the way to the bedrock values had to be assumed using common 

sense knowledge. Some problems in the interpolation also led to the bottom elevation being located 

above the top elevation. The only method this successfully was solved with was removing borehole 

points, thus potentially giving the model a more uncertain interpolation. The southern part of the model 
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also ends slightly prematurely before the shore. This margin of error comes from the boundaries being 

draw mainly from the DEM map, and the effect on the model this had is unsure. It is possible to have 

had some effect on the error margins on observation well 19007 and 19009.   

The height of Lillsjön is according to SMHI 3 meters above sea level (SMHI, 2012) (Lillsjön has the 

lakeID 660531-159884). With the general head of the lake set to this value, the hydraulic head in the 

southern part of the model gave a result close to the observed values. However, in the northern part of 

the model the hydraulic head of the observation wells were much higher than the observed values. Since 

this part of the model was the main focus for the transport model, obtaining more accurate values in this 

area was very important. Since other than this also little to no information could be found about Lillsjön 

its interaction with the nearby area is uncertain and a possibility that no interaction with the northern 

part of the model area exists. There is also a possibility that the water stage of Mälaren in this area is 

higher than the used one in the model, and the forced hydraulic gradient the model creates in the end is 

large compared to reality. Which can be supported by the fact that the error margin is the lowest for the 

southern observation values when the specified head is raised.  This especially applies for 19003 (Table 

10).  

The recharge used for the model is also much lower compared to the calculated, as when the 

calculated values were used the hydraulic head could reach up to 8 meters in large parts of the model. 

Even with the assumption that a lot of the surface recharge is lost due to overland flow from impermeable 

areas as some of the area on the esker today is industrialized, the values used a still low. One reason can 

could assist is these errors are that the bedrock is assumed impermeable in the model and if there exist 

any fractures this could also help with transporting water. Within the calibration the recharge was the 

value changed the most while for hydraulic conductivity both in sand and glaciofluvial material was 

untouched. Comparing with the sensitivity analysis in Table 10, the increase of hydraulic conductivity 

from 10-4 m s-1 to 10-3 m s-1 raised the water level in 19007 and 19009 by almost 200 % in both 

observation wells. Based on this it is likely that an increase on the hydraulic conductivity would have 

allowed higher recharge values. 

When it come to the hydraulic conductivities the value of 10-4 m s-1 is the only value which is taken 

from field testing. With eskers being complied of mainly sand and gravel, using a similar value for both 

these areas could be justified. Personal at Bjerking had stated that they had experienced the peat to have 

a lower conductivity compared to the surrounding area. This together with some reruns when a large 

discrepancy occurred, or cells got flooded led to the final value. The clay has a large hydraulic 

conductivity compared to the typical values. This was also mainly a result of flooded cells in the eastern 

part of the model. Depending of the depths of these peat and clay layers especially on the esker, these 

values could also need a revision. As when using Equation (1), the high hydraulic of the sand and 

glaciofluvial material would dominate and the difference in hydraulic conductivity would be lower. This 

could of course be easier to solve by getting more information about different thickness of layers and 

then create a model with several layers. 
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The fact that the model also is made isotropic and confined can also have added a lot to the 

uncertainties. Since the only two exit locations are the specified constant head boundaries located at the 

lakes. So, it is highly possible that water could enter the model along its borders. With the 1-layer model 

it also assumes that the same conditions are applied throughout the entire layer which is in practice 

highly unlikely. If for example the peat or clay areas on the esker only reached down a meter or two 

followed by glaciofluvial material this could lead to a substantially different result. Furthermore, 

considering anisotropy i.e. different K-values in the X, Y and Z directions would also likely lead to very 

different results but it might be hard to be properly investigated when dealing with an area of this size. 

5.2 Transport model 

The transport model was largely based on data found in literature, as little to no field tests or 

measurements has been done. The three modeled species (PFOS, PFPeA and PFBA) were all found in 

the water samples taken by DGE. In sample 19DGE04 perfluorohexanoic acid (PFHxA), 

Perfluoroheptanoic acid (PFHpA) and Perfluorooctanic acid (PFOA) were also found. However, since 

these only were observed in one sample point it was decided that the focus would be placed on the three 

modeled species. All samples made in the area for PFAS was done in the groundwater. However, in a 

study by Dauchy et al. (2019) they found that the soil can store large amounts of PFAS with their largest 

value being 12 112 ng g-1 of soil. While the highest PFAS concentration in groundwater they found was 

8300ng l-1. This means that it is highly likely that there are more PFAS in the area than has been added 

in the model. The time of 100 year was used to guarantee a spread and through this long spread monitor 

if there would be any similar behavior from the PFAS species. 

 Since no data about how much PFAS that was contained in the soil existed the model was instead 

ran as a how the contaminant would spread rather that the real values that there would be in the area. As 

mentioned in section 3.4.2 the contaminant was instead added as a point source and allowed to spread 

with no additional PFAS getting added to the model. One likely source that could exist would be that 

PFAS already sorbed in the ground getting released into the water. 

 

5.2.1 Numerical transport model 

With the final model all PFAS species show some of the same behaviors. They all transport northward 

in the model towards Lilla Ullfjärden and travels around the nearby peat area (the second part cannot be 

seen in PFOS since its transport distance is to short). This is likely because of the lower hydraulic 

conductivity in the peat cause the contaminant to travel around in the sand and glaciofluvial material 

which have a higher hydraulic conductivity allowing for a faster transport (Freeze and Cherry, 1979). 

With all the contaminants spreading north according to the model, would mean that the southern part of 

the study area would not be affected by the landfill. As a result, from this the southern part of the esker 

would then be a safe area is which Håbo municipality could infiltrate and extract groundwater. 
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For the PFOS transport with its high Kd value and low concentration barely left the starting area 

(Figure 19). With the result and looking at the main plume and residual concentrations PFOS 

transported somewhere between 0 – 0.2 meters per year, with its high Kd value causing a lot of sorption 

and preventing the contaminant transport. 

PFPeA which had about a thirty-time lower Kd value and an almost ten-times higher concentration 

spread considerably further (Figure 20). With comparison between the main plume and residual 

concentration a transport speed between 0.8 – 1.6 meters per year can be seen. 

PFBA had as mentioned the highest concentration of all three PFAS species and travelled the furthest 

(Figure 21). With as mentioned earlier no Kd value was found in literature for PFBA and therefore the 

low value of 0.01 was used. This choice was based on having a low value to get a somewhat of a worst-

case scenario. At the same time using a value of zero was decided to give a to unrealistic result and was 

therefore not used. In total PFBA transported between 3 – 4.5 meters per year. 

Dauchy et al. (2018) did a study of a fire training site in which AFFFs had been used for over three 

decades. They modelled the possible spread of PFOS and PFHxA from three potential points of entry. 

With them using a higher Kd for PFOS compared to PFHxA led to a similar transport result. With PFOS 

transporting considerably shorter compared to PFHxA. Notable for their model is that PFOS shows a 

larger transport over the shorter time span of 30 years. The largest difference that could explain this is 

that they use a Kd value of 3.50 l kg-1 instead of the chosen 15 l kg-1 for the Vreta- Bålsta esker. They 

also use a constant release of a specified concentration over this time instead of using their site as a point 

source, which is much more realistic for these kinds of sites. With their accumulation of more data both 

from the sites and from surrounding monitoring wells, the model can then be validated from collected 

data. Two other differences that can have had an impact on the differences on their result is that they 

have a lower porosity of 0.2 and from at least two of the areas they had a considerably higher 

concentration of PFOS, with one of the closest monitoring well showing groundwater samples with a 

concentration of 0.539µg l-1 

 

5.2.2 Uncertainties for transport 

The transport model was created with less data compared with the transport model, and with little 

knowledge about the actual PFAS amounts in the area. The model needed to be constructed as a transport 

behavior model, rather than a model which would predict future levels in the area. With no knowledge 

about the PFAS concentrations in the ground these were set to zero in the model. It is likely that an 

abundance of sorption took place in early parts of the model during transport. Since if this soil already 

would have a lot of PFAS in it no sorption would take place as all the area in which adsorption could 

occur would already have been filled. This would allow a further initial transport of especially PFOS 

which almost all of it stayed within the starting area. 
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Considering also the PFAS was released throughout the entire layer at the same time with the same 

concentration made it unable to trace any kind of spread throughout the groundwater. As the entire 

saturated groundwater zone had the same PFAS concentrations. 

No sensitivity analysis was done on the transport model in the same vein as the groundwater flow model. 

The parameters which could have been controlled here would for example have been tested upon would 

be porosity, the different PFAS distribution coefficient and longitudinal dispersity. Changes in 

concentration to see if higher concentrations would have led to a further transport could also have been 

made. 

5.3 For further research 

For further studies some of the following points should be addressed. 

• Study the interaction between Lillsjön and the study area to see if it is connected to the esker of 

if the act independently from another. 

• Further mapping of the bedrock. Both for a more accurate interpolation and a possibility to have 

hydraulic conductivity values in it based on possible existing faults and cracks allowing for 

transport of water and pollution inside the bedrock. 

• Further soil mapping with an emphasis on variations of soils with depths allowing for a multi 

layered model. One area this could be important in is with the peat areas as these likely does not 

reach all the way down to the bedrock. 

• Further studies to locate the exact location of the groundwater divide. With to low variation in 

hydraulic head this could however be a challenge. 

• More PFAS sampling both from groundwater but also in the ground. Both to get a more accurate 

picture of how much PFAS exist in the and if these is a continuous leaking source. Sampling 

sites in the modelled direction could also be used and observation points to validate the model. 

• With one sample also containing PFHxA, PFHpA and PFOA, these species could be added 

within a model. 

• No Sensitivity analysis was done for the transport model. So, this could be relevant to see which 

parameter have the largest impact on pollution transport.  
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6. Conclusion 

From the model result it is visible that the groundwater divide is located within Dragets industrial area. 

The exact location of the divide is not fully clear and could be located further south compared with 

earlier results. 

With this groundwater divide all PFAS contamination from the landfill located in the northern part 

of Dragets industrial area will transport north towards Lilla Ullfjärden. 

Based on this result the southern part of the esker in which the water exits out in Lake Mälaren should 

not be affected by the landfill and any use of this area for artificial infiltration and extraction of 

groundwater for drinking water purposes should not be contaminated from the landfill 
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