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Sammanfattning 

Testbädd dricksvatten är ett pågående projekt och testanläggning där tester och utveckling av filter 

och småskaliga tekniker för rening av dricksvatten samt kvalitetscertifiering för effektivitets och 

hållbarhetstester kommer utföras. Testanläggningen består av ett nedlagt grundvattenverk med tre 

tillhörande bergborrade brunnar i Svanberga utanför Norrtälje. Grundvattensystemet och 

flödesvägar för grundvattnet i området är relativt okända och bättre förståelse av hydrogeologin 

skulle kunna bidra till framtida arbete med att identifiera och bedöma risker för 

föroreningstransporter i området samt till grundvattenverkets brunnar. Detta examensarbete har 

genom beprövade metoder i form av sprick-kartering, geofysiska undersökningar (VLF) och 

grundvattenmodellering med COMSOL Multiphysics identifierat flera möjliga flödesvägar i 

berggrunden kopplade till grundvattenverket. Resultatet från studien visar att ett antal sprickzoner i 

öst-västlig riktning utgör en större risk för föroreningstransport av ämnen från trafik och jordbruk 

samt att en större del av det vatten som tillförs grundvattensystemet troligen har sitt ursprung från 

tjockare morän-lager i de norra delarna av området. Provpumpningar och verifiering av de 

identifierade sprick-zonerna genom spårämnestester och geofysiska undersökningar bör utföras för 

att stärka resultaten från detta arbete och möjligen utöka kunskapen om hydrogeologin i området 

kring Svanberga gamla grundvattenverk. 
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Abstract 

Sweden is a country with a relatively high number of private wells, where about 1.2 million inhabitants 
in permanent housing and an equal amount in summer housing relies on private wells as their 
drinking water supply. At the same time the market for drinking water treatment products is 
unregulated regarding quality and requirements are needed. A testing facility with the aim of 
providing quality certifications as well as sustainability- and efficiency- tests of small scale drinking 
water treatment techniques is under development and located in a decommissioned groundwater 
treatment plant in Svanberga, outside Norrtälje, Stockholm County, Sweden. The groundwater 
treatment plant has three operational bedrock wells connected to it and the groundwater system is 
rather unknown with only a few previous studies done in the region. Better understanding of the 
hydrogeological system would aid in further work of evaluating the risks of contaminant spread in the 
region. Trough fracture outcrop mapping, geophysical Very Low Frequency measurements and 
groundwater modelling using COMSOL Multiphysics this master thesis have identified several 
possible flow paths within the bedrock connected to the GWTP. The results indicates there are one or 
two approximately east-west striking fracture zones that could play a major role in transportation of 
contaminants related to road traffic and agriculture to the wells, while several north to south striking 
fracture zones most likely supplies the groundwater basin with water from the thicker soil layers in 
the northern part of the region. Recommendations of future studies includes conducting a detailed 
pumping test of the operational wells in Svanberga old GWTP as well as verification of the presumed 
most important identified fracture zones to the south east and north in the studied area by additional 
geophysical investigations or  tracer tests. 
 

Keywords 

Svanberga, groundwater modelling, COMSOL Multiphysics, Very Low Frequency geophysics, GIS  
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1. Introduction 

Sweden is a country with a relatively high number of private wells. According to Livsmedelsverket 

(2006) the number of persons relying on drinking water from private wells are about 2.4 million; 1.2 

million from permanent housing and an equal amount from summer houses. The quality of 

groundwater and sustainability of groundwater resource management is hence important issues 

related to both small scale as well as large scale usage. One of the environmental quality goals set by 

the Swedish government in 1999 – Good-Quality groundwater, states that the supply of drinking 

water from groundwater is to be sustainable and safe. However, a high number of the private wells 

have quality issues, where high levels of micro bacteria as well as chemical compounds occur in the 

water. A technical solution to such problems in private wells is the use of water filters and other 

treatment techniques. Despite this, the market for drinking water treatment products in Sweden is 

unregulated regarding quality and requirements are needed.  

Utvecklingscentrum för Vatten (UCV) leads a water filter certification and development project in 

Norrtälje – a municipality which has a high number of households relying on drinking water from 

private wells. UCV rents a decommissioned groundwater treatment plant (GWTP) in Svanberga and 

the projects idea is to construct a test facility where development and tests of small scale drinking 

water treatment techniques as well as testing of materials in contact with water and filter materials 

are made possible (Utvecklingscentrum för Vatten, 2017). Further, quality certifications of filters with 

sustainability- and efficiency- tests is the goal of the project where tests will be conducted as 

simulations of water consumption, following schemes of standard household water usage.  

The old groundwater treatment plant receives its water from three different wells with slightly 

different water qualities. The hydrogeological system from which the groundwater originates from is 

rather unknown, and no detailed investigations have been done earlier. Flow paths to the GWTP and 

interconnections between the wells are unknown as well. By knowledge from previous research, data 

regarding fracturing in the bedrock from field studies and numerical groundwater modelling this 

master thesis aims to supply new information regarding the groundwater flow system in Svanberga 

and possible flow paths of potential contaminants in the area.  

1.1 Aim and objectives 

This study aims to delineate the groundwater flow system connected to Svanberga old GWTP, identify 

possible groundwater flow paths within the bedrock as well as to identify and evaluate the risk of 

contaminant spread towards Svanberga old GWTP through these flow paths. Several objectives were 

considered to reach the aim: (1) Conducting map studies & data collection trough literature and field 

studies as a part of conceptualising the hydrogeological system and to achieve basic understanding of 

the groundwater system at hand. (2) Describe the hydrogeological system through numerical methods 

in a groundwater model. (3) Simulate future possible scenarios considering water extraction 

representative of future plans in order to evaluate the risks of pollutants entering Svanberga old 

GWTP as well as to identify the origin and flow paths of groundwater. 

1.2 Background 

Svanberga is a village north of Norrtälje, Sweden located east of Lake Erken. Earlier, Svanberga had 

two local groundwater supplies supplying its inhabitants with drinking water: Svanberga north GWTP 

(Fig 1) and Svanberga south GWTP supplying 275 and 225 persons respectively, with water in 1992 

(VBB VIAK, 1992). Today Svanberga receives its drinking water from Lake Mälaren through 

Norrvatten (Norrtälje kommun, 2018) and the GWTPs are no longer in use as drinking water supplies. 

Svanberga south GTWP have been closed down while the north is rented by UCV (Norrtälje Kommun, 

2017) in order to develop the testing facility. The location of Svanberga and the north GWTP (from 

here referred to as Svanberga old GWTP) can be seen in Fig. 2 below. 
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Figure 1: Svanberga old GWTP. 

  
Figure 2: Orange marker shows the location of a) Svanberga, created from Sverigekartan 1:2 000 000 © 
Lantmäteriet, and b) Svanerga old GWTP (Background map: Areal photography, 0,5 m, colour © Lantmäteriet.). 

  

a) b) 



 

3 

 

Svanberga old GWTP is connected to five drilled wells (Fig. 3) of which three are fully working and 

can collect water (Table 1). Two additional wells – A & B, have been used in earlier studies.  

 
Figure 3. Positions of the five wells. 
 
Table 1: Well data. 

Name Old name Diameter 
(mm) 

Depth 
(m) 

Maximum 
capacity 
(l/h) 

Status 

Well 1 
(Alpha) 

Well 1 115 106 1620 Working 

Well 2 
(Beta) 

Well 2 115 80 500 Working 

Well 3 Well 3 115 80 4200 Not working 
- Well A - 80 900 Decommissioned 
- Well B - 80 1950 Decommissioned 
Well 4 
(Gamma) 

Well C - 76 6000 Working 

Well 5 - - 76 6000  Not working 

(AIB (1979); Söderberg (1980) & VBB VIAK (1992)) 

According to Engqvist & Fogdestam (1984) no judicial decision on water supply have been recorded 

before 1984 in Svanberga. A judicial decision on water supply is a legal permission of water resource 

management activity. A water resource management activity as defined by Miljöbalk (1998:808), 

Chapter 11 3§, point 3 is for example the withdrawal of groundwater or construction of a facility with 

the purpose of groundwater withdrawal. There are some exceptions from the requirements of a 

permission of a water resource management activity, such as small scale groundwater withdrawal for 

one or two family households or agricultural properties household requirements – otherwise a 

permission is generally required. Establishment of the testing facility and continuous extraction of 

groundwater thus most probably pose judicial requirements according to Swedish law and the results 

from this work could potentially be used in further work considering this matter. 
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1.3 Earlier site specific work 

There are few studies related to the hydrogeology and geology in the area of Svanberga and 

particularly the area around Svanberga old GWTP. The literature dates several decades back and lacks 

deeper detail.  Due to an increasing population in Svanberga in the 1970’s plans were to construct a 

new well either at the south or north GWTP. It was forecasted that the north GWTP were required to 

supply 300 inhabitants with water and AIB (1979) recommended to construct the well here because 

of better water quality and larger water needs. The recommended locations were at the area around 

the current locations of well 4 and 5. Regarding the geology, the work concludes the bedrock is of 

gneissic granite and the soil layer clayey till.  

Pumping tests were conducted in 1979-1980 (Söderberg, 1980) where three new boreholes were 

tested in order to evaluate the possibilities of establishing new wells near Svanberga old GWTP. 

Groundwater levels were recorded from 10th of October 1979 to 28th of May 1980 in 15 wells – 8 drilled 

and 7 dug while pumping occurred in the three boreholes between 19th of October to 5th of May. 

Measurements were taken at intervals varying between 2-10 days. Conclusions were drawn related to 

interconnections in both the bedrock and the soil layer and in-between them. A hydrogeological study 

was also conducted at Svanberga south GWTP in 1963 (Mellansvenska Ingenjörsbyrån, 1963). The 

results from this work could be of interest when considering the north GWTP as well, access to the 

report have however not been possible.  

Water protection areas (WPAs) have been constructed for several wells at Svanberga GWTPs, both 

for the south and north. A WPA is created in order to maintain a sufficient protection to a drinking 

water supply so that it can be considered protected from pollution of contaminants, both temporary 

and continuous, for several generations ahead (Naturvårdsverket, 2011). In other words, a WPA 

delineate the area from which water and potential contaminants within it can be drawn into a drinking 

water supply. The extent of already existing WPAs of Svanberga old GWTP (Fig. 5) hence give an 

indication of how large area could be affected upon groundwater withdrawal. According to Åkerblad 

(2002) there is a WPA for two of the wells in the area – well 4 and 5 – well 1, 2 and 3 not considered. 

VBB VIAK (1992) have delineated an inner and outer WPA for well 1, 2, 3 & 4 in Svanberga north 

GWTP as well as for the well in Svanberga south GWTP. Svanberga north GWTP will not be used as a 

drinking water supply, and because of this the task of creating a new WPA for all used wells is not the 

primarily task of this work. An existing protection area gives on the other hand a good view of the area 

from which water is potentially drawn.  Thereby, methods for developing a WPA according to 

Naturvårdsverket (2011) are of interest in this work have been used as guidelines to delineate the area 

from which groundwater could potentially be drawn to Svanberga old GWTP wells. 
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Figure 5: Water protection areas, reproduced from Åkerblad (2002) and VBB VIAK (1992). Background map: Areal 

photography, 0,5 m, colour © Lantmäteriet. 

1.4 Groundwater in crystalline bedrock 

The bedrock in the area consists primarily of Granodiorite-granite – a type of granite. Due to 

crystalline bedrocks impermeable properties the groundwater does not flow through the bedrock 

mass itself but rather trough fractures within the bedrock (Knutsson & Morfeldt, 2002). Earon et al 

(2015) developed a methodology for assessing groundwater resource potential in crystalline bedrock 

based on geological and topographical factors, where some of the most important factors were 

considered to be the frequency, interconnectivity and openness of the fractures within the bedrock. 

Fracturing of bedrock originates from governing processes such as cooling, pressure release or 

tectonic movements, resulting in different width, length, connectivity and depths where cooling and 

pressure release results in shallower fracturing while tectonic movements results in larger regional 

fractures and fracture zones (Knutsson & Morfeldt, 2002). Some regional structures in the bedrock 

near Svanberga have been recorded by the Geological Survey of Sweden (SGU) and are presented in 

the method section. In this work, field surveys (outcrop fracture mapping and geophysical Very Low 

Frequency measurements) were conducted in order to identify additional fracture zones in the 

studied area. 
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1.5 Outcrop fracture mapping and geophysical ground surveys 

Outcrop fracture mapping is a quick and cheap way of achieving information regarding fracture 

settings in the surrounding bedrock and have been used earlier in site evaluations of  nuclear waste 

storage (Cruden, 2011) as well as in the work of delineating well head protection areas (Lipfert et al, 

2004). The basic principle is to measure the strike and dip angle of fractures visible at bedrock 

outcrops at ground surface (Fig. 4). Assuming the fractures can be represented as planes, the strike 

angle is the angle measured from the north direction to the direction that the plane intersects with 

the horizontal plane. The dip angle is the angle measured from the horizontal plane to the inclination 

of the plane.  

  
Figure 4: Conceptual picture of the a) dip and b) strike angle. 

Geophysical investigations are useful when assessing geological conditions beneath ground surface 

or spreading of contaminants (Knutsson & Morfeldt, 2002) as well as in engineering related work 

when exploring for minerals, groundwater, buried cables & pipe and in archaeological work 

(Reynolds, 2011). Advantages of such investigations is that one can reduce the usage of more 

conventional, expensive investigation techniques such as drilling (Knutsson & Morfeldt, 2002) and 

that large areas can be investigated at low costs and be done rather quickly (Reynolds, 2011). There 

are several different geophysical methods including: seismic refraction and reflection, gravity, electric 

resistivity, ground penetrating radar and electromagnetics, where each method suits different 

purposes differently. Seismic and georadar methods are suitable when detecting layering in soil or 

the depth to bedrock, while electromagnetics and electrical resistivity measurements are better 

suitable for investigations of contamination spread in groundwater (Knutsson & Morfeldt, 2002). 

Combining electromagnetic methods such as very low frequency (VLF) and electrical resistivity 

methods is an efficient way of identifying possible water bearing fracture zones within sedimentary 

bedrock (Kumar & Yadav, 2014) as well as in crystalline bedrock (Dutta et al, 2006). 

The method of interest in this work is the electromagnetic VLF method. VLF is one of the 

electromagnetic (EM) methods commonly used in geophysical surveys aiming to detect fracture 

aquifers in bedrock (Milsom & Eriksen, 2011) as well as ore bodies (Reynolds, 2011). The method is 

an active method, i.e. it uses an artificial signals generated from transmitters. The artificial signal 

used in VLF measurements are generated at one of the 11 major radio stations used mainly as military 

communication (Reynolds, 2011) which transmit signals with frequencies in the span of 15-25 kHz 

(Milsom & Eriksen, 2011). The method is hence rather simple as it does not require handling of a 

transmitter in field - only a receiver. The basic principle of the VLF method as described by Reynolds 

(2011) can be divided into four parts: (1) Strong EM waves propagates horizontally, behaving as planar 

waves out from the transmitting station. (2) If an electrically conductive body in the ground is dipping 
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more or less vertically (either a water bearing fracture, ore body or an artificial metal object such as a 

pipe) and its oriented so that it is striking in the same direction as the EM waves propagates, this 

primary magnetic field will induce an electric current within the body. (3) The induced current will 

produce a secondary magnetic field emitted from the body. (4) The primary and secondary field is 

detected by the receiver and the tilt angle between the vector component of the horizontal primary 

field and the vertical vector component of the secondary magnetic can be expressed. 

1.6 Modelling of groundwater 

A model can be defined as “a simplified representation of the complex natural world” (Anderson et 

al, 2015, p. 5), and hence the specific reason why to model varies greatly depending on the field of 

study. A model describing the flow of groundwater within a system can be done for several particular 

reasons: to study the effects on the surrounding environment from different settings of water 

abstraction from a groundwater body or delineating capture zones of wells for groundwater protection 

(Hiscock & Bense, 2014) as well as to determine the impact of climate change on available 

groundwater resources or water abstraction effects on river flows (Attwood et al, 2002). Groundwater 

studies using modelling methods concerns besides the subjects mentioned above also saltwater 

intrusion prediction (Gopinath et al, 2018), simulation of vertical groundwater flow within the 

unsaturated zone & estimation of evapotranspiration and recharge (Xu et al, 2011) as well as 

simulations of combined surface and subsurface groundwater flow (Spanoudaki et al, 2009). 

Models can be divided into physical and mathematical (or numerical). A physical model aims to 

depict the reality through the use of physical materials in a laboratory environment while 

mathematical models rely on equations as well as physical principles and processes to describe the 

problem at hand (Anderson et al, 2015). Mathematical models can be further divided into two 

categories – forecasting or hindcasting and interpretive models. Interpretive models include the 

general understanding of hydrogeological systems and the present conditions at the systems while 

forecasting or hindcasting models aims to describe past or present conditions (Anderson et al, 2015). 

In this work, the main purpose of the modelling is to forecast the effects of future scenarios used. 
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2. Method 

Five different methods were used to reach the aim of this work. First, literature, map and data 

research were done to determine what relevant data existed and what additional data had to be 

achieved through field studies. Secondly, field studies (outcrop fracture mapping and geophysical 

ground surveys) were conducted to collect data regarding fracture structures within the bedrock as a 

complement to the literature, map and data research. Based upon the results from the first two 

methods, a conceptual hydrogeological model was constructed, conceptualizing the hydrogeological 

system in Svanberga. The conceptual model was further used in constructing a mathematical model, 

describing the hydrogeological system and groundwater flow numerically. Finally, the numerical 

model was used to simulate scenarios representing the presumed future conditions at Svanberga 

water works as well as to verify the identified hydraulic pathways in the hydrogeological system and 

evaluate risks of contamination. 

2.1 Geodata and software used 

Spatial data regarding topography, soil depth, soil type, bedrock type as well as different referential 

maps such as satellite images and topographical maps were collected from the National Survey of 

Sweden (Lantmäteriet) and the Geological Survey of Sweden (SGU), see a summary of spatial data 

collected and used in Table 2 below. 

Table 2: Geodata used. 

Name Type Description Author 
GSD-Elevation data, grid 2+ Raster Digital Elevation Model data of 2 

meters resolution. 
Lantmäteriet 

Soil depth model Raster & 
vector 

General overview of the soil layer 
thickness calculated through 
interpolation of known soil depth 
data. 

SGU 

Soil types 1:25 000-1:100 
000 

Vector  Shows type of soil and spatial 
distribution as well as land forms and 
boulders. 

SGU 

Bedrock 1:50 000 - 1:250 
000 

Vector 2D model of the bedrock surface 
showing bedrock type and 
information such as mineral content 
and age. 

SGU 

Aerial photography, colour 
with 0,5 m resolution 

Raster Aerial photographs taken at an 
altitude between 4800 – 7400 meters 
with a resolution of 0.48 meters. 

Lantmäteriet 

GSD-Property Map Vector Properties, building, roads, ground 
data etc. 

Lantmäteriet 

 
Several software programs were used including ArcGIS ArcMap 10.5, AutoCAD Civil 3D 2015, 

COMSOL Multiphysics 5.3a, VLFCon, Surfer 12 & Stereonet 10.0.4. ArcMap is a part of the mapping 

and analytics platform ArcGIS developed by the Environmental Systems Research Institute (ESRI). 

ArcMap is widely used for creating maps, managing geographical data as well as preforming spatial 

analyses for community development planning. Some examples of usages are finding suitable 

locations for wind power development and water resource management. AutoCAD Civil 3D is one of 

several Computer-aided design (CAD) software programs developed by Autodesk that supports 

drawing of 2D and 3D objects used in both engineering and architectural work. AutoCAD Civil 3D is 

frequently used in civil engineering construction and design and supports the use of BIM (Building 

information modelling). COMSOL Multiphysics is a modelling software developed in Sweden capable 

of simulating engineering applications and physical processes such as heat transfer, electromagnetics 

and fluid flow. VLFCon is a software developed by Bo Olofsson, AQUATER specifically developed to 
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export and post process data from the ABEM WADI VLF instrument. Surfer is a mapping and data 

analysing software developed by Golden Software, capable of displaying data in 2D environments and 

map creation. Stereonet is a software used to analyse and create graphics of collected fracture data. 

Graphs are in the form of stereonet – a special type of graph typically used in representing fractures 

as planes in a three dimensional environment. 

2.2 Geological map study of bedrock 

Based on the geological map from SGU there are three main rock types occurring in the area: 

Granodiorite-granite, sedimentary gneiss and granite (Fig. 6). The granite is located in a small area 

around central Svanberga and Lake Norasjön, while the gneissic granite and sedimentary gneiss exists 

in wedge formed bodies stretching in SW-NE direction. See Table 3 for detailed description of rock 

types. According to Karlsson et al (1990), there are at least two major fracture zones in the area that 

stretches eastwards: one from Norra Jersjö slightly north of Svanberga and one from south of 

Svanberga itself. The soil depth model created by SGU contains data of observed fracture zones and 

faults from geological and geophysical investigations (SGU, 2017) and shows similar positions of 

these major fracture zones, (Fig. 6). 

 
Figure 6: Bedrock types in the area. Berggrund 1:50 000 – 1:250 000 © SGU; Terrängkartan © Lantmäteriet; Soil depth 

model © SGU. Hillshade effect created from GSD-Höjddata, grid 2+ © Lantmäteriet  
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Table 3: Description of rock types.  
Granite Gneiss Granodiorite-granite 

Age 1,84-1,74 billion years 1,92-1,87 billion years 1,92-1,87 billion years 

Type Intrusive rock (granite-
pegmatite), metamorphic 
and migmatite 

Metamorphic intrusive Metamorphic intrusive 

Composition Quartz, feldspar and mica Micaceous Quartz, feldspar and mica 

Silica content Felsic Siliceous Felsic 

Texture N/A N/A Porfyric, schistosity, fine 
to coarse grained 

(SGU, 2018) 

2.3 Geological map study of soils 

The soils in the area around Lake Erken were deposited about 10 000 years ago – at the time when 

the glacial ice sheets were drawn northwards at the end of the latest glacial period (Karlsson et al 

1990). The area is also situated below the highest coast line – the border of the highest points to which 

the sea reached during the last glacial period. The soil layering in the landscape thus has the typical 

looks of soil layer in the middle parts of Sweden – till covering the bedrock (where the bedrock has 

not been washed free of soils and forming bedrock outcrops), clay covering the till and muddy clay 

and/or peat on top of the clay layer (Knutsson & Morfeldt, 2002). The predominating soil type in the 

area is clayey till. Areas of glacial clay and muddy clay are relatively common. Bedrock outcrops occur 

as well as smaller areas of peat, glacio-fluvial sediments and sand (Fig. 7). The soil depth in the vicinity 

of Svanberga old GWTP varies from 0 - 2 meters, while thicker soil layers can be identified further 

away to the east, west and north. The dominating soil type near the GWTP is clayey till and there are 

several bedrock outcrops here as well. There are larger clay layers near Lake Norasjön to the east and 

some smaller near Lake Erken to the west and to the north. The highest points nearby the GWTP is 

around 30 meters and the lower points around 12 meters. 

 
Figure 7: Soil types in the area. Soil types 1:25 000 – 1:100 000 © SGU; Terrängkartan © Lantmäteriet; Hillshade effect 

created from GSD-Höjddata, grid 2+ © Lantmäteriet 
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2.4 Outcrop fracture mapping 

Fracture mapping was done by studying bedrock outcrops in the area near the GWTP. Strike was 

measured with the use of a compass. Dip, length, width and water flow was estimated by ocular 

examination in the field. 115 fractures were mapped in total at 7 different areas: outcrop 4, 5, 6, 8, 10, 

13 and 16 (Fig 8). Histograms and stereonet graphs of the identified fractures were constructed and 

analysed with Excel and Stereonet. Outcrop 4 & 6 were analysed together as well as outcrop 8, 10 and 

16. Too few fractures were available to analyse these outcrops individually and it was assumed that 

the outcrops do not differ largely in fracture settings based upon that they lie close to each other.  

 
Figure 8: Bedrock outcrops in the region. Investigated outcrops marked and numbered with outcrop ID. Soil types 

1:25 000 – 1:100 000 © SGU. Background map: Areal photography, 0,5 m, colour © Lantmäteriet. 

2.5 Geophysical measurements 

Geophysical EM VLF measurements with an ABEM WADI VLF instrument were conducted to identify 

possible fracture zones in the bedrock within the studied area. A total of 26 survey lines were 

measured, distributed in 6 sub-surveys: VLF1000, VLF2000, VLF3000, VLF 4000, VLF5000 and 

VLF6000.  

2.5.1 Survey locations 

The geophysical ground surveys were conducted at 5 locations – at the area in the middle closest to 

the GWTP (VLF1000 & VLF2000), to the west (VLF3000), to the northwest (VLF4000), to the north 

(VLF5000) and to the east (VLF6000). VLF3000, VLF4000, VLF5000 and VLF6000 were conducted 

with a measurement length of 5 meters, i.e. measurements were taken each 5 meters along the survey 

lines. VLF1000, VLF2000 were done with a measurement length of 3 meters. The locations of the 
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survey lines were determined so that most of the surroundings around the GWTP area would be 

covered but still of enough quality regarding the absence of artificial objects disturbing the 

measurements. The direction of measurement were based on the results from the outcrop fracture 

mapping and survey lines were placed in an approximate perpendicular angle to the major strike 

angles detected (Table 4 & Fig. 9-13). 

Table 4: Direction of measurement for the surveys. 

Survey line group 1000 2000 3000 4000 5000 6000 

Approximate direction NE75o NE165o NE10o NE56o SE110o NE00o 

 
Figure 9: Survey lines 1001, 1002, 1003, 1004, 1006, 1007. Arrows showing the direction of each measurement survey 

line. Background map: Areal photography, 0,5 m, colour © Lantmäteriet. 
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Figure 10: Survey lines 1002B, 1003B, 1004B & 1005B. Arrows showing the direction of each measurement survey 

line. Background map: Areal photography, 0,5 m, colour © Lantmäteriet. 

 
Figure 11: Survey lines 2001, 2002, 2003, 2004 & 2005. Arrows showing the direction of each measurement survey 

line. Background map: Areal photography, 0,5 m, colour © Lantmäteriet. 



 

14 

 

 
Figure 12: Survey line 2002B. Arrows showing the direction of measurement. Background map: Areal photography, 

0,5 m, colour © Lantmäteriet. 

 
Figure 13: Survey lines 3001-6004. Arrows showing the direction of each measurement survey line. Background map: 

Areal photography, 0,5 m, colour © Lantmäteriet. 
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2.5.2 Measurement procedure 

The most suitable transmitter station were chosen prior to the start of each measurement, ensuring 

that the signal was strong enough - at least 10 units as specified by the WADI instrument. For each 

survey line, start and end coordinates were recorded using a Magellan eXplorist 100 GPS. The selected 

directions of measurement were followed using a compass while measurements were recorded at the 

specified measurement interval.  Field notes were taken in situations such as when artificial objects 

were nearby the measurement location as well as variations in the landscape such as steep outcrops 

or changes in nature type, simplifying interpretation of the data.  

2.5.3 Data extraction and preparation 

All measurement data were extracted from the WADI and further processing were done using the 

software VLFCON prior to the analysis of the data. Graphs of the real and imaginary part of the 

original raw data and Fraser filtered data for multiple depths were exported as well as Fraser filtered 

data of the real part for usage in Surfer and interpolation within ArcMap. For further analysis in 

Surfer, the original coordinates from within the WADI was kept and pseudo cross sections for all 

measurement profiles were created. The sub-surveys 1006, 1007 and 2005 were shorter than the 

required length for creating pseudo cross sections, and at these locations only graphs of original raw 

data and Fraser filtered data were analysed together with interpolation analysis.  For analysis in 

ArcMap, the original coordinates were substituted by coordinates in SWEREF99TM coordinate 

system using the built-in function in VLFCON entering start and end coordinates of each 

measurement and calculating average coordinates for all measurement points in-between. Thus, the 

position of the measurements were assumed to lie exactly on the lines specified using the exact 

measurement intervals.  

2.5.4 Data analysis 

The data from the geophysical measurements have been analysed by studying (1) graphs of the real 

and quadrature part of the original data, (2) graphs of real and quadrature Fraser filtered data for 

multiple depths, (3) pseudo cross sections constructed from Fraser filtered data and (4) interpolated 

surfaces of the Fraser filtered data for several depths using IDW and kriging interpolation. All graphs, 

pseudo cross sections and interpolated surfaces shows the secondary fields relative signal strength 

compared to the primary field in percentage. Fraser filtered data of the real part in the span of 10-

35% were considered possible fracture zones, values between 0-10% have been treated as more 

uncertain and values above 35% have been considered most likely to be artificial. Artificial objects 

such as fences, power lines, cables and pipes constructed out of well conducting materials will produce 

a secondary magnetic field as well which will be detected by the WADI instrument and seen in the 

results. All field notes considering artificial structures were considered to exclude fracture zones at 

the corresponding positions.  

The imaginary part of the signal has been studied in some situations in order to see if it is reasonable 

to eliminate the possibility of hidden artificial objects. There are three typical scenarios mentioned by 

ABEM (1989) that were applied when studying the Fraser filtered results from VLF surveys: (1) an 

imaginary signal similar in magnitude to the real signal but with opposite sign indicates the presence 

of a very strong conductor such as an ore body or fracture zone containing salt water (2) An imaginary 

signal much weaker than the real signal, but with the same sign indicates a weaker anomaly such as 

a water bearing fracture zone. (3) An imaginary part of the same magnitude and sign as the real part 

indicates a strong anomaly probably originating from a highly conductive material.  

The following section descibes the analysis of VLF6000. At VLF6000, three survey lines were 

conducted in an approximate south-north direction – VLF6001, VLF6003 & VLF6004. Graphs of 

original and fraser filtered data at 10 meters depth (Fig. 14), pseudo cross sections (Fig. 15) as well as 

Inverse Distance Weighting (IDW) (Fig. 16) and Kriging (Fig. 17) interpolation surfaces of fraser 
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filtered data were analysed. Studying the data together with field notes taken, three possible fracture 

zones were identified, refered to as Frac. 13, 14 and 15. One broad zone to the south (Frac. 13) seen in 

all three surveys, one smaller slightly north of this (Frac. 15) clearly seen in two out of three surveys 

(VLF6004 & VLF6003) and finally a strong south dipping conductuive zone to the north (Frac. 14), 

visible in all three surveys. Distubances from powelines can be seen clearly as very strong signals. The 

dip of the fractures were approximated by studying the pseudo cross sections where the angle of the 

anomaly is interpreted as the dip angle of the possible fracture zone. From the interpolation surfaces 

the spatial extent and approximate strike of the potential fracture zone could be determined and 

drawn as lines within ArcMap (Fig. 16 & 17). A summary of the analysis process for each survey line 

can be seen in Table 5, 6 & 7. 

 

 

 

 

 

 
Figure 14: Graphs of original VLF data and Fraser filtered data at 10m depth for VLF 6004, 6001 & 6003. Blue line 

shows real part, green the imaginary part of the signal. X-axis show the distance in meters from the starting positison. 

Occurrence of negative or positive x-axis values depends on the settings done in the WADI instrument. Y-axis shows 

the secondary field strength in percentages of the primary field strength. 
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a)  

b)  

c)   
Figure 15: Pseudo cross sections of Fraser filtered real part data of survey line a) VLF6004, b) VLF6001 and c) 

VLF6003. Colour scale shows values of the secondary field strength in percentages of the primary field strength. 

Values on the y-axis shows the depth in meters. Values on the x-axis shows measurement distance in meters from 

the starting position. Occurrence of negative or positive x-axis values depends on the settings done in the WADI 

instrument. 
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Figure 16: IDW interpolations of Fraser filtered data at a) 30 meters depth and b) 10 meters depth of VLF6000. Colour 

scale shows secondary field strength in percentage of the primary field. Interpreted fracture position & strike shown 

as dashed line with fracture zone id. Background map: Areal photography, 0,5 m, colour © Lantmäteriet. 

 

a) b) 
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Figure 17: Kriging interpolations of Fraser filtered data at a) 30 meters depth and b) 10 meters depth. Colour scale 

shows secondary field strength in percentage of the primary field. Interpreted fracture position & strike shown as 

dashed line with fracture zone id. Background map: Areal photography, 0,5 m, colour © Lantmäteriet. 

  

a) b) 
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Table 5. Fracture analysis table for VLF6001. 

VLF6001 
Distance 
from 
start 

Field notes Analysis Fracture zone 
possibility 

Strike  Dip Frac 
ID 

50-150 - Conducting broad 
zone 

Possible 90 90 13 

335 Powerline  Strong disturbance Not possible    
350-375 - Highly conductive 

zone. No visible 
artificial objects. 

Possible 90 70 14 

445 Powerline  Strong disturbance Not possible - - - 
 
Table 6. Fracture analysis table for VLF6003. 

VLF6003 
Distance 
from 
start 

Field notes Analysis Fracture zone 
possibility 

Strike  Dip Frac 
ID 

40 Powerline Strong disturbance - - - - 
125 - Dipping fracture 

close to the 
powerline 

Possible 90 80 14 

170 Powerline Strong disturbance - - - - 
325 - Small conductive 

zone dipping south 
Possible 90 80 15 

375-450 - Conducting broad 
zone 

Possible 90 90 13 

 
Table 7. Fracture analysis table for VLF6004. 

VLF6004 
Distance 
from 
start 

Field notes Analysis Fracture zone 
possibility 

Strike  Dip Frac-
ID 

0-170 - Conductive broad 
zone 

Possible 90 90 13 

225 - Small conductive 
zone 

Possible 90 90 15 

285 Fence (metal) - Not possible - - - 
345 Powerline - Not possible - - - 
360 Signal 

disturbance 
- Not possible - - - 

390-400 - Highly conductive 
zone 

Possible 90 80S 14 

425 Near powerline - Not possible - - - 

 
Another way of identifying fracture zones as well as to confirm the position of identified possible 

fracture zones is to study natural lineaments in the terrain. The digital elevation model from 

Lantmäteriet has a pixel size of 2x2 meters per pixel and thus show good detail of the landscape. Each 

steep slope in the terrain is a possible location of a fracture zone (Olofsson, B., Personal 

communication 8th of February 2018) and the DEM data have been used to verify the identified 

fracture zones and have in some situations strengthen the possibilities of delineating the fracture 

zones propagation direction and in some situations not. Further, in some of the situations where 

verification of the fractures have been possible, the original strike and position of the identified 

fracture zones have been corrected slightly to match the terrain details, but still conforming with the 

VLF-result interpretations (Fig. 18). 
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a)  

b)  
Figure 18: Verification of fracture delineation with DEM data. a) Shows fracture delineation before adjustment, b) after 

adjustment. Fracture 18 keeps the original interpreted strike and fracture 5 have been adjusted slightly to match the 

topography. Note that fracture 5 still correlates with the interpolation surface. 

2.6 Hydrogeological conceptual model 

As the groundwater basin in Svanberga consists of mainly fractured crystalline bedrock, methods for 

developing a conceptual model appropriate for this type of environment have to be used. Two 

different literature guidelines have been followed: the creation of a hydrogeological conceptual 

model according to Knutsson & Morfeldt (2002) and Guidelines for determining a protection area 

for a groundwater supply according to Naturvårdsverket (2011). According to Knutsson & Morfeldt 

(2002) a conceptual model is a simplified description of the studied specific water system which is 

based upon data such as: the type, size and border of the aquifer, groundwater recharge and flow. The 

hydrogeological conceptual model developed in this work have been divided into 8 parts: (1) 

Identification of boundaries of the groundwater basin, (2) Identified boundaries and their hydraulic 

nature, (3) Identification of aquifers, non-aquifers and interconnections, (4) Groundwater recharge, 

(5) Groundwater discharge, (6) Parameters of aquifers and flows, (7) Contamination risks, (8) Data 

from well archives and earlier pumping tests. The conceptual model is considered as data to be used 

within the numerical model and hence only a graphical summary is presented in the result section. 

2.6.1 Identification of boundaries of the groundwater basin 

In order to identify boundaries of the groundwater basin, the guidelines according to 

Naturvårdsverket (2011) for delimitating a water protection area of a groundwater supply situated in 

bedrock with a withdrawal lower than or equal to 100 m3/day were used. Svanberga old GWTP will 

not be used as a drinking water supply and withdrawals near or above this limit is unlikely. According 

to Naturvårdsverket (2011), when determining a water protection area the whole catchment area of 

the groundwater supply should be considered, and thus the method of determining the boundaries of 

the groundwater basin of interest and the method of determining a water protection area of the 
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groundwater supply is here treated equally. Three methods for delineating a water protection area for 

a ground water supply located in bedrock were used: identification of boundaries by (1) topography, 

by (2) a safety zone around each well and by (3) studying near surface fracture zones and overlying 

soil layers.  

2.6.1.1 Boundaries based on groundwater divides 

In this work, the ArcHydro tool was used within ArcMap to create groundwater divides out of the 

bedrock topography. Similar studies have been done earlier, where digital elevation models have been 

used as initial approaches of the groundwater basin boundaries (Chebud & Melesse, 2009) as well as 

the use of bedrock topography from interpolated bedrock elevation data in the development of 

delineating the catchment area of groundwater basins (Bovin, 2011). As an initial approach it was 

hence assumed that the bedrock topography determined the groundwater divides. Input data was the 

DEM from Lantmäteriet together with the soil depth model from SGU. A raster layer with values of 

the bedrock elevation was created by withdrawing the soil depth from the DEM. The catchment 

delineation then followed the nine stages: Fill sinks, Flow direction, Flow Accumulation, Stream 

definition, Stream segmentation, Catchment grid delineation, catchment polygon processing, 

drainage line processing and drainage points processing according to ESRI (2011).   

1. Fill sinks manipulate the input DEM raster layer so that no cell is surrounded with cells of 

higher elevation, i.e. it is used to prevent water from getting trapped in sinks in the raster. 

2. Flow direction determines the steepest path in the raster layer and calculates the flow 

direction for all cells out of this. Each cell can be assigned 8 different directions representing 

N, NE, E, SE, S, SW, W and NW direction. 

3. Flow Accumulation calculates the total number of cells upstream each cell based on the flow 

direction grid. 

4. Stream definition uses the flow accumulation grid and defines stream networks based on an 

input value defining the size of the maximum drainage area. The size used was 0.1 square km 

(i.e. 1000 pixels). Stream definition will thereby determine the relative size and number of 

catchments created. 

5. Stream segmentation splits up the stream networks into segments. 

6. Catchment grid delineation creates catchments out of the stream segmentation grid.  

7. Catchment polygon processing converts the catchment grid delineation raster layer into 

polygons. 

8. Drainage line processing converts the stream segmentation grid into line features 

9. Drainage points processing sets the drainage point of each catchment, i.e. the point of 

outflow from the catchment. 

Five final sub catchments were delineated (Fig. 19), where four sub-catchments have their outflow 

into Lake Norasjön and one catchment have its outflow into Lake Erken. Based on the fact that well 

4 & 5 are situated close to a groundwater divide, the sub catchment with outflow to Erken was 

included as well. 
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Figure 19: Groundwater divides created using ArcHydro within ArcMap. Green sub catchments have their outflow into 

Lake Norasjön while the blue sub catchment have its outflow into Lake Erken. Svanberga GWTP wells are numbered 

and shown as black dots. Background map: Areal photography, 0,5 m, colour © Lantmäteriet. 

2.6.1.2 Boundaries based on safety zone around each well 

The second method used is the creation of a safety zone around each well based on the depth of the 

well beneath the groundwater surface b, the withdrawn water Q, the retention time t and effective 

porosity ne. In the calculations, b were set to 50 meters based upon the depth of wells and known 

groundwater levels. Q were set to the value corresponding the water usage of 6 households. t were set 

to 100 days and ne to 0.001 according to Naturvårdsverket (2011). 

Using the equation 

𝑄 ∙ 𝑡 = 𝜋𝑟2𝑏𝑛𝑒      (1) 

(Naturvårdsverket, 2011) and the parameter values 

𝑏 = 50𝑚 
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𝑄 = 6 ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠 ∙ 5
𝑝𝑒𝑟𝑠𝑜𝑛𝑠

ℎ𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑
∙

140𝑙

𝑝𝑒𝑟𝑠𝑜𝑛
, 𝑑𝑎𝑦 =

4200𝑙

𝑑𝑎𝑦
=

4,2𝑚3

𝑑𝑎𝑦
 

 
𝑡 = 100 𝑑𝑎𝑦𝑠 
 
𝑛𝑒 = 0,001 
 

we get 

 

𝑟 = √
(𝑄𝑡)

𝜋𝑏𝑛𝑒
= √

4,2∗100

3,14∗50∗0,001
= √1529 = 51,7𝑚  

 
However, r should not be less than 100 meters according to (Naturvårdsverket, 2011) and the safety 

zones around each well is thereby set to 100 meters (Fig. 20).

 

Figure 20: Safety zone of 100 meters around each well. Background map: Areal photography, 0,5 m, colour © 

Lantmäteriet. 

2.6.1.3 Boundaries based on fracture zones and overlying soil layer 

The third method of delimitating the water protection area used were to study where fracture zones 

are in contact with the surface of the bedrock, what soil types are present here and the possibilities of 

water to infiltrate into fracture zones or flow out from the groundwater basin trough fracture zones. 

It is assumed that all identified fracture zones have contact with the bedrock surface and thereby 

recharge from overlying soil layers may occur. The soil layer in the area is up to 4 meters thick and 

consists mainly of clayey till (Fig. 21 & 22) – a soil with relatively low hydraulic conductivity. There 

are several areas where fracture zones are covered with soil layers and where the soil potentially can 

act as a recharge source, suppling the underlying bedrock with water. To the E, N and S-W there are 

thicker clay and till layers overlying fracture zones potentially stretching towards the GWTP.  The 

length of the fracture zones and existing interconnections to the wells are however unknown. In the 
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area close to the wells and to the W there are more bedrock outcrops and thinner soil layers and where 

a more direct infiltration of precipitation into the fracture zones is possible.  

 
Figure 21: Identified fracture zones and soil types. Soil types 1:25 000 – 1:100 000 © SGU; Terrängkartan © 

Lantmäteriet 
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Figure 22: Identified fracture zones and soil depth. Soil depth model © SGU. 

2.6.2 Identified boundaries and their hydraulic nature 

The final boundaries of the groundwater supply have been set as the boundaries defined based upon 

topography, i.e. the groundwater divides created. The well safety zones are situated within this area 

and most of the interesting fracture zones with overlying thicker soil layers are near or within this 

boundary (Fig. 23). The water surface levels of Lake Erken and Lake Norasjön was determined from 

the DEM data. Otherwise, no records of groundwater levels exist near the defined boundary. 

However, older data from well constructions and groundwater level measurements in the area show 

that groundwater levels occur at depths of 7 to 13 meters below ground surface in the central part of 

the domain, near Svanberga old GWTP. Rough estimations of groundwater levels at the boundary 

were based on these data. 

 Lake Erken to the SW has a water surface level of 11.55 meters above sea level. 

 The boundary to the S consists of a water divide and is assumed to have a groundwater level 

varying between the level of Lake Erken to the west and Lake Norasjön to the east.  

 Lake Norasjön to the SE is a very small lake surrounded mainly by agricultural areas and the 

water level in the lakes water surface elevation probably fluctuates more than the water 
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surface of Lake Erken. It is however assumed that the ground water level at the boundary 

near Lake Norasjön has the same level as Lake Norasjön: 5.63 meters. 

 At the boundary to the E – the clay layer north of Lake Norasjön, the GW level is assumed to 

be slightly higher than the elevation of Lake Norasjön, following the shape of the topography 

along the boundary.  

 The boundary at the northern parts have the highest elevations in the area and it is likely that 

the groundwater levels are the highest here as well.  

 The boundary to the west have several possible fracture zones potentially creating 

interconnections crossing the divide. The wells lies close to this boundary and if pumping 

continues for longer times and groundwater levels decrease, water could be drawn across this 

boundary. The boundary could thereby either be seen as a boundary with constant 

groundwater level, but also a varying groundwater level depending on the withdrawal from 

the GWTP. However, Lake Erken is situated close to the whole boundary and the groundwater 

level could be slightly higher than the level of the lake starting at 11.55 meters to the south 

and rising along the boundary to the maximum levels at the northern boundary. 

 
Figure 23: Identified boundaries of the groundwater basin. Background map: Areal photography, 0,5 m, colour © 

Lantmäteriet. 

2.6.3 Identification of aquifers, non-aquifers and interconnections 

There are three main aquifer types in the area: the soil layer, the fracture zones within the bedrock 

and the bedrock without fracture zones. There are several possible fracture zones identified within 

the groundwater basin boundary and interconnections in-between these could be possible. Studying 

the results from the fracture analysis, it is likely there are several fracture zones with interconnections 

near the GWTP. This network is most likely a part of the main aquifer connected to Svanberga old 

GWTP and from which larger volumes of water is extracted. However, the fractured bedrock near the 

GWTP is not seen as an isolated aquifer, but rather a part of a larger body represented by both 

fractured bedrock aquifers and soil aquifers.  
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Within the defined boundaries of the groundwater basin the bedrock consists of mostly Granodiorite-

Granite - a type of granite, as well as two smaller areas with sedimentary gneiss and granite (Fig. 24). 

The properties of the bedrock can hence be assumed to be similar to the properties of granite (The 

University of Auckland, 2018). As stated in the introduction, the main flow of groundwater within 

bedrock occurs within fractured parts of the rock, and not within the bedrock mass itself. The 

surrounding bedrock does however contain fractures in which water can potentially flow. The 

fracturing in granite often occurs in three planes – two approximately vertical perpendicular to each 

other and one horizontal with a decreasing fracture intensity with depth (Knutsson & Morfeldt, 

2002). Because of groundwater flow within bedrock primarily flows within these fractures, the upper 

part of the bedrock have properties allowing groundwater to flow more freely than the lower part of 

the bedrock. 

 
Figure 24: The identified boundaries of the groundwater basin and bedrock types within. . Berggrund 1:50 000 – 1:250 

000 © SGU.  

The thickest soil layers are found in the N and SE part of the domain while the middle and southern 

part has thinner layers of soil or no soil layer at all (Fig. 25). The soil types (Fig. 26) of the thicker soil 

layer to the east consist of clay and clayey till. The thicker soil layer to the north and the rest of the 

domain consists mainly of clayey till. The capacities of groundwater transport in till normally vary 

largely due to its complex composition of varying grain sizes ranging from clay particles to boulders. 

As the till in Svanberga is a clayey type, the soils should have a relatively low hydraulic conductivity. 

Combinations of thicker soil layers with capacities of storing large amounts of water and underlying 

fractured bedrock with good hydraulic conductivities can however result in good conditions of 

groundwater extraction (Knutsson & Morfeldt, 2002). Hence, the soil layers are not regarded a main 

aquifer but rather act as a recharge source, supplying underlying fracture zones with water while 

groundwater transport and extraction to the GWTP occurs within the fracture network. 
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Figure 25: Identified boundaries of the 

groundwater basin and thickness of the soil 

layers within. . Berggrund 1:50 000 – 1:250 000 © 

SGU 

Figure 26: Identified boundaries of the groundwater basin and 

occurring soil types within. Soil types 1:25 000 – 1:100 000 © 

SGU; Terrängkartan © Lantmäteriet. 

2.6.4 Groundwater recharge 

There are two possibilities of groundwater recharge to open soil aquifers: (1) percolation of infiltrated 

precipitation through the vadose zone into the saturated zone or (2) by receiving groundwater from 

an adjacent aquifer (Rodhe et al, 2006), also known as direct and indirect infiltration (Knutsson & 

Morfeldt, 2002). There are adjacent potential soil aquifers in some locations around the defined 

domain, and so both process of soil aquifer recharge are relevant in this work. Soil layer can also act 

as a recharge source that constantly supplies the underlying bedrock with groundwater (Rohde, et al, 

2004). As stated earlier, it is thereby highly likely that especially the thicker till layers and also to 

some extent the clay layers supplies the bedrock aquifer with groundwater. Where a thinner soil layer 

or bare rock is present, the recharge occur more directly into the bedrock (Rodhe & Bockgård, 2006). 

The amount of precipitation that results in groundwater recharge depends on several factors 

including: the potential evapotranspiration, runoff, precipitation, temperature, land use and soil type 

present. Typical values of groundwater recharge in Swedish soils representative for the geographical 

location of Svanberga can be seen in Table 8, in which the soil type Till also reflects the values of 

recharge in bedrock outcrops and thin or discontinuous layer of soil on top of the bedrock (Rodhe et 

al, 2006).  

Table 8: Groundwater recharge. 

Soil type Groundwater Recharge (mm/year) 
Coarse grain 300 
Till 225 
Fine grain 200 
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2.6.5 Groundwater discharge 

Groundwater discharge often occurs as diffuse flow out of the groundwater basin at locations such as 

mires, bottoms and shorelines of lakes, along streams and at the lower part of slopes in the landscape 

(Knutsson & Morfeldt, 2002). Two more or less obvious locations of groundwater discharge in the 

studied area are the south east boundary to Lake Norasjön, and the south west boundary to Lake 

Erken. However, it is also possible that outflow from the boundary occurs at other locations along the 

identified boundaries of the groundwater basin. 

2.6.6 Contamination risks 

Earlier studies show that the water quality in the groundwater wells differ slightly. According to 

Söderberg (1980), well 1 had at the time brackish or salt water, well A had high levels of Cl , Well B 

high levels of Fe, Mn and Cl, well C high levels of Mn, Cl as well as hardness. Within the defined 

domain of the groundwater supply there are residential areas, roads, agricultural areas and a car 

mechanic that could result in contamination of the groundwater. Residential areas are common in 

the centre and southern part of the domain which could potentially be a source of pesticides, 

fertilizers, oil spills from cars and other minor pollutant sources. In the eastern part of the domain 

there are agricultural areas. These are situated at a lower altitude than the area around the wells, but 

it is possible that compounds such as nitrogen and phosphorous (Jordbruksverket, 2018) could be 

drawn from here when water extraction occurs. Near these agricultural areas there is also a car service 

station which could result in release of pollutants. The main source of pollutants is however likely the 

roads, and especially road 76 from which release of diesel, gasoline, anti-rust agents, oils and heavy 

metals such as lead, zinc and cadmium as well as polyaromatic hydrocarbons (PAHs) and road salt 

(Trafikverket, 2018) are released. 

2.6.7 Parameters of aquifers and flows 

Physical parameters of the domain were achieved according to relevant literature (Table 9). These 

values were used as initial approaches to the values used within the numerical model. 

Table 9. Parameters of the conceptual hydrogeological model. 

Parameter Value Source 
Temperature (oC) 6 (Knutsson & Morfeldt, 2002) 
Density of water (kg/m3) 1000 (U.S Geological Survey, 2018) 
Reg. hydraulic conductivity gneissic granite (m/s) 0.405*10-7 Engqvist & Fogdestam (1984) 
Hydraulic conductivity gneissic granite (m/s) 10-7  10-5 (Knutsson & Morfeldt, 2002) 
Reg. hydraulic conductivity granite (m/s) 0.572*10-7 Engqvist & Fogdestam (1984) 
Hydraulic conductivity granite (m/s) 0.5*10-7  

0.5*10-5 
(Knutsson & Morfeldt, 2002) 

Hydraulic conductivity sedimentary gneiss (m/s) 10-9  10-7 (Knutsson & Morfeldt, 2002) 
Hydraulic conductivity fracture zones (m/s) 10-8 10-3  (Knutsson & Morfeldt, 2002) 
Hydraulic conductivity clay & till (m/s) 10-10  10-8 (Knutsson & Morfeldt, 2002) 
Porosity crystalline bedrock (%) >10 (Knutsson & Morfeldt, 2002) 
Porosity fracture zones (%) ≥10 (Hiscock & Bense, 2014) 
Porosity clay & till (%) 40  55 (Hiscock & Bense, 2014) 
Effective porosity Swedish crystalline bedrock (%) 0,0001  0,1 (Knutsson & Morfeldt, 2002) 

2.6.8 Well archives and data from groundwater level measurements 

Data regarding groundwater levels in the region was found in the earlier work done by Söderberg 

(1980) and in the well archives from SGU. New groundwater level measurements were done in well 3 

and 5 at Svanberga old GWTP. 
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2.6.8.1 Earlier pumping tests. 

A pumping test of three boreholes near Svanberga old GWTP were done in the period between 10th of 

October 1979 and 28th of May 1980 by Söderberg (1980). 15 wells (Fig. 27) were used in which 

groundwater levels were recorded during the whole period while test pumping of borehole A, B and 

C were done between 19th November and 5th of May (Fig. 28 & 29). The drinking water wells were 

pumping water until 29th of November, the extraction rates are unknown. Thereby, steady state of 

groundwater levels were not achieved prior to the test pumping.  

 
Figure 27: Location of well A-C and 1-11, 13. Drilled wells marked with circles, dug with triangles. Background map: 

Areal photography, 0,5 m, colour © Lantmäteriet. 
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Figure 28: Groundwater levels and pumping rates in drilled wells 

 
Figure 29: Groundwater levels and pumping rates in dug wells 

Söderberg (1980) states several conclusions regarding the test pumping results which can be 

summarised in 

1. All dug wells (4, 6, 8, 9, 10, 11 & 13) are unaffected.  

2. Well 1 is affected slightly 
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3. Well 2 is affected by B (The drawdown decrease follows the decreasing pumping rates) 

4. Well 3 is slightly affected, probably by well B 

5. Well 5 is probably affected by well B (The drawdown decrease follows the decreasing pumping 

rates) 

6. Well 7 is probably affected by well C (The drawdown decrease follows the decreasing pumping 

rates) 

7. Well A is affected by well B and/or C 

2.6.8.2 Groundwater level data  

Groundwater level measurements were done 2018-05-16 in well 3 and 5 using a Solinst Water Level 

Meter Model 102. The height of the top of the well casing was recorded with a Magellan eXplorist 100 

GPS and the measured depth to groundwater was subtracted to achieve the groundwater level. See 

the results in Table 10. Some data of wells without detailed coordinates but within the defined domain 

was achieved from the well archives of SGU regarding groundwater levels, capacities and bedrock/soil 

compositions, see Table 11. 

Table 10: Values of groundwater levels in meters above sea level in the two measurement sets. 

Well GWL measurements 2018-05-16 
3 9.77 
5 9.74 

 
Table 11: Well data available from three well constructions. 

Well ID 
from 
construction 
protocol 

Capacity 
(l/min) 

Date Depth – Geology Depth to 
GW (m) 

Other 

901137240 100 2001-10-
11 

0-120 Gneiss  (grey) 10 Private energy 
well north of 
well C 

1193:298 32.5 1979-07-
31 

0 – 2 Fillings 
2 – 20 Grey and red 
20 – 45 Grey 
45 – 60 Red 
60 – 80 Grey 

7.5 25 m From 
Lyhundravägen.  
Could be Well 
A, B or 5. 

988024469 117 1988-04-
11 

0 – 1,4 Sand 
1,4 – 68 Gneiss, grey 
68 – 90 Gneiss, red 

8 Probably well C 

 
  



 

34 

 

2.7 Numerical model 

A numerical model was constructed using COMSOL Multiphysics and the Darcy’s Law Interface. The 

Darcy’s law Interface is commonly used in both time dependent and stationary simulations of fluid 

flow within a porous medium where the pressure gradient (i.e. the pressure difference between 

different points in the model) is the primary driving force (COMSOL 2018A). Other assumptions 

embodied within Darcy’s law are single phase flow, constant density and flow within a continuous 

porous medium (Anderson et al, 2015). The Darcy’s Law interface within COMSOL Multiphysics 

combines Darcy’s law with the continuity equation applied in a three dimensioned environment. The 

computations preformed in this work are stationary studies – i.e. they are not time dependent and 

the governing equations to be solved for are 

𝒖 = −
𝐾

𝜌𝑔
∇𝑝      (2) 

and 

∇(𝜌𝒖) = 𝑄𝑚       (3) 

in which u is the specific discharge vector (in x-, y- and z-direction) or the Darcy velocity (in m/s), K 

the hydraulic conductivity of the material (m/s), p the pressure of the fluid (Pa),  𝜌 the density of the 

fluid (kg/m3) and g the gravitational acceleration constant (m/s2) and 𝑄𝑚 the mass source term 

(kg/m3,s). For problems with groundwater flow in a three-dimensional environment such as this, the 

PDEs cannot be solved for analytically, and thus approximations of the equations are formed and 

solved for by the modelling software using the Finite Element Method (FEM) (COMSOL, 2018B).  

2.7.1 Model domain 

In order to create the geometry representative for the domain defined in the hydrogeological 

conceptual model, 20 points along the delineated domain were extracted using ArcMap that was 

representative for the domain shape. A rectangular study area was then created in ArcMap covering 

the whole domain and the coordinate in the lower left corner (origo) was stored. By withdrawing the 

x and y coordinate of origo from the coordinates of all points along the domain shape and importing 

these into COMSOL Multiphysics a Bezier Polygon was created and extruded into a 3D shape (Fig. 

30). The domain geometry was created so that the bottom of the domain is at a depth of 100 meters 

below reference level (sea level). 
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Figure 30: The domain geometry. The x-, y- and z-axis represent east, north and vertical direction, respectively. 

2.7.2 Model sub-domains 

The sub domains in the model consists of the soil layers, upper and lower bedrock layer as well as 

fracture zones. The soil layer and bedrock layer were created based upon the DEM from Lantmäteriet 

and the soil depth model from SGU. The soil depth data was reclassified so that no soil depth 

shallower than 2 meters existed. In this way the geometry was simplified and eliminated errors 

occurring in the geometry and mesh generation within COMSOL Multiphysics. The DEM and bedrock 

surface data were exported into ASCII format within ArcMap and imported into AutoCAD Civil 3D 

for further processing. Using AutoCAD Civil 3D, both elevation models – the surface and the bedrock 

could be exported into a USGS DEM-format and imported into COMSOL Multiphysics as Parametric 

surfaces. The parametric surface representing the surface elevation was assigned a relative tolerance 

of 10-6 and a maximum number of knots 100. The parametric surface representing the bedrock 

elevation was assigned a relative tolerance of 5*10-3 with a maximum number of knots equal to 150. 

Combining the imported parametric surfaces with the model domain the bedrock and soil layer could 

be separated (Fig. 30). The two smaller entities representing soil were assumed to have minor 

influence on the groundwater model and were hence neglected. To simulate a decreasing fracture 

intensity with depth, the upper 20 meters of bedrock was divided into a separate subdomain (Fig. 31). 

The fracture zone geometry was based upon the fracture zone analysis. The middle point and strike 

angle of each interpreted fracture was extracted using ArcMap. Blocks could then be created in 

COMSOL Multiphysics representing all fracture zones as one sub-domain (Fig. 32). The initial length 

and width of all fractures was 500 and 10 meters, respectively. The depth of the fracture zones was 

set from the bedrock surface down to the lower boundary of the domain. Since the VLF method 

primarily detects more or less vertically dipping structures all zones were assumed to be of 90 degrees 

dip (i.e. vertical). All sub-domains (Soil, fracture zones, upper and lower bedrock) assumed an 
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isotropic porous medium described by hydraulic conductivity, i.e. flow properties of the fluid and 

matrix were assumed to be equal in all directions. 

 
Figure 30: Bedrock and soil layer. The y- and x-axis represent north and east direction, respectively. 

 
Figure 31: The upper (marked) and lower (unmarked) bedrock layer. The y- and x-axis represent north and east 

direction, respectively. 
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Figure 32: The four sub-domains upper and lower bedrock (unmarked), soil layer (unmarked) and fractures (marked 

blue). The y- and x-axis represent north and east direction, respectively. 

2.7.3 Model boundaries 

When building a numerical groundwater model there are three main types of boundary conditions 

commonly used: (1) Dirichlet boundary condition (constant head), (2) Neumann boundary condition 

(constant flux) and (3) Cauchy boundary condition (head dependent flux) (Franke et al, 1987). The 

lower boundary of the domain was set to (2) with zero flux. All remaining boundaries in the domain 

was set as (1) as based upon the conceptual model (Table 12).  However, no data regarding 

groundwater levels along the defined domain are known, except for the surface water levels of Lake 

Erken and Norasjön. According to data from earlier well constructions and the test pumping done in 

the area, the groundwater level have been reached at between 7 and 13 meters below ground surface. 

And so, assumptions were made that the values of hydraulic heads at the boundary lies within or near 

this. 
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Table 12: Boundary types and values. The y- and x-axis represent north and east direction, respectively. 

Boundary 
name 

Value 
(m) 

Description  

S 8,6 Average value of GWL between 
Lake Erken & Norasjön. 

 
S2 5,6 Surface level of Lake Norasjön. 

 
SE 7 Clay layers north of Lake 

Norasjön up to 10 meters 
elevation. 

 
E 10 Clay layers at 15 meters elevation. 

 
NE 13 Maximum elevation at bedrock 

outcrops around 15-25 meters. 
Soil layers around 20 meters. 

 
N 13 Maximum elevation at bedrock 

outcrops around 25-30 meters.  

 
NW 13 Maximum elevation at bedrock 

outcrops around 25-30 meters. 
Soil layer to W at 20 meters.  

 
W2 13 Maximum elevation at bedrock 

outcrops around 30 meters. Soil 
layers around 20 meters slightly 
west of boundary. 

 
W1 12 Maximum elevation at bedrock 

outcrops around 20 meters. Clay 
layers to W of border at 14 meters. 

 
SW 11,55 Surface elevation of Lake Erken. 
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2.7.4 Mass fluxes 

There are two different inwards mass flux compartments: Mass flux onto the soil layer through 

precipitation & mass flux onto bedrock through precipitation. All effective precipitation that falls onto 

the soil were assumed to infiltrate into the soil and form groundwater. All effective precipitation that 

falls onto the bedrock outcrops were assumed to infiltrate at either the boundary between the bedrock 

and the soil layer (into the soil) or at the boundaries of fracture zones (into the fracture zones).  

2.7.5 Wells 

All known wells drilled in bedrock were constructed by using the Well boundary on edges representing 

the wells. All wells were assumed to reach a depth of 20 meters above the lower boundary of the 

domain (i.e. at an elevation of -80 meters). The diameter of all wells was set to 115 mm. Positions of 

all wells (Fig. 33) were extracted from ArcMap into COMSOL using the same principle as when 

constructing the model domain.  

 
Figure 33: Well 1, 2, 3, 4, 5, A79, B79, 579 and 779 as represented in the numerical model. 
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2.7.6 Mesh generation 

Prior to the computations the element mesh required was generated for the whole domain with the 

element size settings set as seen in Table 13. 

Table 13: Mesh element size settings 

Maximum element size 38.4 meters 
Minimum element size 8 meters 
Maximum element growth rate 1.2 
Curvature factor 0.7 
Resolution of narrow regions 0.6 

 

 
Figure 34: Mesh grid generated for the whole domain. 

2.7.7 Computations 

Ten different studies of calibration, verification, sensitivity and future scenarios were conducted: 

1. Calibration A – Calibration study without pumping. 

2. Calibration B – Calibration study with pumping of well A79, B79 & 4 (15, 20 & 100 l/hour, 

respectively). 

3. Verification – Verification study with pumping of well A79, B79 & 4 (11, 17 & 70 l/hour, 

respectively). 

4. Sensitivity A –  Sensitivity analysis without fracture zones 

5. Sensitivity B –  Sensitivity analysis with original fracture zone network 

6. Sensitivity C – Sensitivity analysis with 10% increased hydraulic conductivity of soil 

7. Sensitivity D – Sensitivity analysis with 10% increased hydraulic conductivity of bedrock 

8. Sensitivity E – Sensitivity analysis with 10% increased hydraulic conductivity of fracture 

zones 

9. Predictive scenario A – Simulation of steady state conditions at 60l/hour water extraction 

from Well 1, 2 & 4.  

10. Predictive scenario B – Simulation of steady state conditions at 60l/min water extraction 

from Well 1, 2 & 4.  
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2.7.7.1 Calibration 

In calibration A & B, several parameters were varied including: fracture zone parameters, hydraulic 

conductivity of all materials, mass flux onto soil layers and bedrock as well as hydraulic heads of the 

domain boundaries. The parameters was changed until the model showed similar hydraulic heads as 

the older test pumping data while keeping the parameters within reasonable value ranges. The 1979-

1980 measurements of groundwater levels from wells in bedrock (well 1, 2, 3, 4, 579, 779, A79, B79) were 

used in the calibration. For calibration using Calibration A, values from the latest date – 28th of May 

1980 – were used. When these measurements were taken, no water extraction from the wells had 

occurred for a period of 21 days and thus the groundwater levels were assumed to have reached steady 

state. For calibration using Calibration B, values from 25th of mars were used. At this day, the pumping 

rates in Well A, B and C had been relatively constant at 15, 20 and 100 l/min, respectively, since the 

beginning of December and steady state assumed to have been reached at this time. Calibration of all 

parameters were done until the modelled values of hydraulic heads in most wells were within at least 

± 5 meters compared to the calibration data from measurements.  

The strike angle set for the fracture zones identified in the VLF analysis is highly uncertain due to the 

few points available to use in determining the angle. Therefore, the strike of several fracture zones 

within COMSOL were calibrated slightly where this change resulted in better correlation with the 

data. The strike angles were altered so that the position of wells were either enclosed within the 

fracture zones or situated outside the zones, without changing the position of the wells themselves. 

The width of all fracture zones was kept at 10 meters while the length were set different for several 

fractures. The spatial limits of the VLF data results in lack of knowledge regarding fracture zone 

propagation extent. However, it is likely that fracture zones in some situations propagate significantly 

longer than the VLF measurements show. As interconnections of fracture zones are dependent on the 

length, this parameter was varied until interconnection with other zones was achieved and 

improvements of the results were seen. A summary of the changed fractures and factors applied to 

the length can be seen in Table 15 and the final fracture network used in simulations in Fig. 35 

(Compare with original fracture zone network in Fig. 33). 

Table 15: Fracture zone ID and factor applied to fracture zone length. 

Fracture 
zone ID 

1 2 3 7 8 9 10 11 13 15 16 17 

Factor 0.5 0.5 3 0.4 0.43 0.5 2 1.05 1.25 2.01 0.6 1.05 



 

42 

 

 
Figure 35: Final fracture network used within the numerical model. 

The soil layers were assigned a higher value of hydraulic conductivity than the initial as the initial 

hydraulic heads in soil were unreasonable high in several areas. The bedrock were divided into an 

upper and lower zone. The upper zone were assigned a hydraulic conductivity of 100 times the lower 

based upon the decreasing weathering with increasing depth in bedrock. Fracture zone 13 and 15 were 

assigned a hydraulic conductivity 10 times larger than all other. This action resulted in a significantly 

better compliance between the model and the real values in well 4 and 7.   

The effective precipitation was lowered by 30% for the whole domain and lowered even further at the 

smaller southern soil layer (additional 50 %). Prior to lowering the effective precipitation, the 

hydraulic heads especially in the soil layers but the rest of the domain as well were significantly too 

high. The assumption made of no soil layers thinner than 2 meters existing will have effect on the 

infiltration of water into the domain. In reality, precipitation would first infiltrate into the overlying 

soil layers and then percolate down towards the bedrock. As the soil consists of clayey till, the 

movement of water ought to be relatively slow. However, the model assumes bare bedrock in large 

areas that in reality are covered by soils. This assumption ought to result in a more direct infiltration 
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into the fracture zones and the surrounding thicker soil layers instead of the more delayed process 

occurring with soil layers. The mass flux that falls onto the bedrock has hence been lowered by 

multiplying with a factor of 0.2 to compensate for this. Based on the same motivation, the mass flux 

onto the fracture zones themselves has been adjusted with a factor of 0.75. The results from the 

calibration can be seen in the results section and the final parameters used as well as settings of the 

model can be seen in Table 16 below. 

Table 16: Used parameters. 

Parameter Value [unit] 

Hydraulic heads at domain boundary  

Hydraulic head S  8,59 [m] 

Hydraulic head S2 5,63 [m] 

Hydraulic head SE 7 [m] 

Hydraulic head E 10 [m] 

Hydraulic head NE 13 [m] 

Hydraulic head N 13 [m] 

Hydraulic head NW 13 [m] 

Hydraulic head W1 12 [m] 

Hydraulic head W2 13 [m] 

Hydraulic head SW 11,55 [m] 

Mass fluxes  

Effective precipitation 157.5 [mm/year] 

Factor applied to bare bedrock 0.2 

Factor applied to southern soil layer 0.5 

Factor applied to fracture zones 0.75 

Properties of soil and bedrock  

Hydraulic conductivity, soil  10-5 [m/s] 

Hydraulic conductivity, lower bedrock 0.2*10-9 [m/s] 

Hydraulic conductivity, upper bedrock 0.2*10-7 [m/s] 

Hydraulic conductivity, fracture zones 0.3*10-5 [m/s] 

Hydraulic conductivity, fracture zone 13 & 15 0.3*10-4 [m/s] 

Other properties  

Well diameter 0.115 [m] 

Well depth  100 [m] 

Density of water 1000 [kg/m3] 

2.7.7.2 Verification 

In the period between 8th of April and 5th of May 1980, well A, B and C used different pumping rates 

of 11, 17 & 70 l/min, respectively. A verification using values from 5th of May was done in order to 

evaluate the robustness of the model, i.e. if simulation of different stress of the groundwater 

conditions compared to the conditions used in the calibration resulted in significantly different 

variations in hydraulic heads.  
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2.7.7.3 Sensitivity analysis 

A sensitivity analysis was conducted using the five sensitivity studies based on the same settings as 

Calibration B (i.e. values from the 5th of March 1980), in which the hydraulic conductivity and fracture 

zone setup was varied individually (Table 17). For each sensitivity study, the change in hydraulic heads 

in all wells was evaluated. 

Table 17: Values of hydraulic conductivity and fracture zone setup used in the sensitivity analyses. 

  Ksoil [m/s] Kbedrock [m/s] Kzone [m/s] Fracture zones setup 

Sensitivity A 1.1*10-5 0.2*10-9 3*10-6 Calibrated 

Sensitivity B 1*10-5 1.1*0.2*10-9 3*10-6 Calibrated 

Sensitivity C 1*10-5 0.2*10-9 1.1*3*10-6 Calibrated 

Sensitivity D 1*10-5 0.2*10-9 3*10-6 No fracture zones 

Sensitivity E 1*10-5 0.2*10-9 3*10-6 Original  

2.7.7.4 Svanberga future scenario simulations 

Finally, the model was used in simulating future conditions at Svanberga old GWTP using the 

predictive scenario A, B. In these scenarios, well 1, 2 and 4 were tested with pumping rates of 1 l/min 

and 60 l/min assigned to all three wells (i.e. a total extraction rate of 3 l/min and 180l/min, 

respectively). 
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3. Results 

3.1 Outcrop fracture mapping 

Looking at all outcrops together (Fig. 36), the major direction of strike is in the interval of 240o - 270o. 

This is followed by 210o - 240o, 150o - 180o and 60 o - 90o. For outcrop 4 and 6, two distinct intervals 

of fracture strikes could be identified. 120o - 150 o and 210o - 250o. The dip of these two strike intervals 

were around 80 degrees. At outcrop 13, three major strike directions were identified: 60o - 90o, 150o - 

180o and 240o - 270o. The last one the most distinct. The major dip angle of these strike intervals were 

90o. For outcrop 5, two distinct intervals could be identified: 150 o - 180 o & 240o - 270o. Once again, 

240o - 270o being the most distinct. In the interval of 150o - 180o most fractures were dipping around 

70o. In the interval 240o< α ≤ 270o most fractures were dipping around 80o. Outcrop 8, 10, 16 showed 

three intervals – 30o - 90 o  with dip angles around 75 o -90 o, 210 o -270 o  being the most distinct with 

dip angles around 75-85 degrees and finally 330o  - 360o with a majority of vertical fractures. 

 

Outcrop 4 & 6  
A1)

 
A2)  

Outcrop 13  
B1)

 

B2) 

 
Outcrop 5  
C1)

 

C2) 
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Outcrop 8, 10 & 16 

 

D1)

 

D2) 

 
All outcrops  

E1)

 

E2) 

 

Figure 36: Histograms and stereonets showing the fracture settings at the different outcrops. The histograms were 

created so that for example a reading at the bar above 180o at the x-axis indicates 8 fractures we have 8 fractures 

in the interval from above 150o to exactly 180o. 
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3.2 Identified fracture zones 

The geophysical VLF measurements resulted in 20 identified fracture zones with approximate 

position, strike, dip & depth (Fig. 37, Table 18. The method does not show the length of the fracture 

zones, and so the length shown in Fig. 37 are arbitrary).  

 
Figure 37: Fracture zones identified through geophysical measurements with fracture zone id number. Background 

map: Areal photography, 0,5 m, colour © Lantmäteriet. 
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Table 18: Results from the fracture analysis showing fracture zone id, coordinates in SWEREF99TM, strike, dip 

direction and maximum detected depth. 

Fracture zone Id N  E Strike (oN) Dip direction Depth (m) 

0 705346 6639858 49 Steep S 20 

1 705272 6639949 241 Steep S 15 

2 705273 6639882 252 Vertical 15 

3 705257 6639863 156 Steep W 10 

4 705344 6639846 189 Steep E 12 

5 705061 6639540 118 Steep S 30 

6 705063 6640253 287 Vertical 15 

7 705032 6639914 98 Steep S 40 

8 705038 6640012 306 Steep SW 30 

9 705038 6639945 125 Vertical 30 

10 705382 6640067 157 Steep NE 30 

11 705181 6640171 188 Vertical 30 

12 705263 6640204 230 NW 40 

13 705690 6639658 248 Vertical 40 

14 705698 6640023 268 Vertical 40 

15 705828 6639810 254 Vertical 20 

16 705266 6639918 268 Vertical 20 

17 705331 6639935 157 Vertical 20 

18 705074 6639604 77 Vertical 20 

19 705094 6640107 169 Vertical 20 
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3.3 Hydrogeological conceptual model 

Based upon the sections in the creation of the hydrogeological conceptual model, a graphical 

representation including inflows and outflows, soil thickness, identified fracture zone network, 

known and approximated groundwater levels have been created (Fig. 38). 

 
Figure 38: The hydrogeological conceptual model graphically represented. 



 

50 

 

3.4 Numerical results 

From the calibration and verification (study 1-3) the model results are shown graphically and a 

comparison of the modelled hydraulic heads and the real measured hydraulic heads were done. From 

study 4 & 5 (sensitivity analysis with alternative fracture settings) the model results are shown 

graphically and the change in hydraulic head compared to the model results from Calibration B (Study 

2) were done. From the sensitivity analysis with alternative hydraulic conductivities (study 6-8) only 

the change in hydraulic head compared to the results from Calibration B (study 2) were evaluated. 

Finally, the results from the Prediction scenarios (Study 9 & 10) are represented graphically and 

predicted groundwater levels are shown. 

3.4.1 Calibration 

Calibration A resulted in similar groundwater levels as the real measured (Fig. 39). Most of the 

modelled hydraulic heads are deviating within +3 meters when compared to the real values while two 

values are deviating more than this (well 3 and 4). The groundwater flows out from the domain at 

several locations – primarily to the south east, but also out of the domain boundaries to the north as 

well as to the south west from the smaller soil layer (Fig. 40). 

 
Figure 39: Values of modelled, real and difference between modelled and real groundwater levels from Calibration A. 

 
Figure 40: Results from Calibration A.  Colour scale shows hydraulic heads in meters and black arrows show Darcy’s 

velocity field, i.e. fluid flow direction of movement. 
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Calibration scenario B showed larger variations of the modelled results as compared to Calibration A. 

Five values deviating within approximately ±3 meters from the measured values while Well 3, 4 & A79 

have a deviation greater than this (Fig. 41). Groundwater flows primarily from the thicker soil layers 

to the SE through fracture zones towards well 4 as well as to some extent through the fracture zones 

from the SW (Fig. 42). Groundwater flow also occurs from the norther parts of the domain and the 

soil layers here, trough fracture zones towards well A79 & B79. Outflows from the domain occurs to the 

SE, E, N and SW. 

 
Figure 41: Values of modelled, real and difference between modelled and real groundwater levels from Calibration B. 

 
Figure 42: Results from Calibration scenario B. Colour scale shows hydraulic heads in meters and black arrows show 

Darcy’s velocity field, i.e. fluid flow direction of movement. 
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3.4.2 Verification 

The verification study showed similar results as Calibration scenario B in which slightly higher 

magnitudes of pumping rates are used. Well B79 showed the largest difference of 11.5 meters, and the 

other wells were within ±3 meters (Fig. 43). As seen in figure Fig. 44, the flow of groundwater within 

and out from the domain is similar to Calibration scenario 2. 

 
Figure 43: Values of modelled, real and difference between modelled and real groundwater levels from the verification 

scenario. 

 
Figure 44: Results from the verification scenario. Colour scale shows hydraulic heads in meters and black arrows 

show Darcy’s velocity field, i.e. fluid flow direction of movement. 
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3.4.3 Sensitivity analysis 

Sensitivity scenario A clearly shows the importance of the present fracture zones within the model 

(Fig. 45 & 46). The modelled values of hydraulic heads is extremely low at all wells, especially in well 

4 which uses the highest pumping rate of the wells. Groundwater flow occurs primarily towards well 

4 from all directions, but also to a small extent towards well A and B. Outflow from the domain occurs 

to the SE and N. 

 
Figure 45: Shows the results from Sensitivity scenario A as the groundwater level from Calibration B and Sensitivity 

A, as well as the difference in groundwater levels between the two studies. 

Figure 46: Results from Sensitivity scenario A. Colour scale shows hydraulic heads in meters and black arrows show 

Darcy’s velocity field, i.e. fluid flow direction of movement. 
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Sensitivity scenario B shows the results of using the original length of fracture zones (500 meters). In 

all wells except well A79, the hydraulic heads have decreased (Fig. 47). The largest impact seen in well 

5, 3 and A79. The use of original lengths results in no interconnection with the SE parts of the domain 

while the N interconnections exist (Fig. 48). Water is no longer drawn from the SE which probably 

explains this groundwater level pattern. 

 
Figure 47: Shows the results from Sensitivity scenario B as the groundwater level in wells from Calibration B and 

Sensitivity B and the difference in groundwater level between the studies. 

 
Figure 48: Results from Sensitivity scenario B. Colour scale shows hydraulic heads in meters and black arrows show 

Darcy’s velocity field, i.e. fluid flow direction of movement. 
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Sensitivity scenario C, D and E shows the impact of varying the hydraulic conductivity in the soil, 

bedrock and fracture zones (Fig. 49, 50 & 51). Increasing the hydraulic conductivity in soil and 

bedrock with 10% (Sensitivity C & D) shows relatively low impact on the groundwater levels in most 

wells as compared to values from Calibration scenario B. Increase of hydraulic conductivity in the 

fracture zones (Sensitivity E) results in the largest changes (Fig. 51). The changes are still smaller than 

+2 meters in all wells while well 5 shows the largest relative change. Looking at the wells individually, 

the largest changes are seen in well A79 (+2.86 meters) when increasing the hydraulic conductivity in 

bedrock and in well 4 (+1.66 meters) when increasing the hydraulic conductivity in fracture zones. 

Otherwise, the overall changes are largest when changing the fracture zone hydraulic conductivity 

and smallest when changing the hydraulic conductivity of the soil and bedrock. 

 
Figure 49: Shows the results from Sensitivity scenario C as the groundwater level in wells from Calibration B and 

Sensitivity C as well as the difference in groundwater levels between the two studies.  

 
Figure 50: Shows the results from Sensitivity scenario D as the groundwater level in wells from Calibration B and 

Sensitivity Das well as the difference in groundwater levels between the two studies. 
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Figure 51: Shows the results from Sensitivity scenario E as the groundwater level in wells from Calibration B and 

Sensitivity E as well as the difference in groundwater levels between the two studies. 

3.4.4 Predictive scenarios 

Predictive scenario A shows the impact of using relatively low extraction rates similar to the planned 

activity at Svanberga old GWTP. Compared to the hydraulic heads measured in unstressed conditions 

(Fig. 39 - values from 29th of May 1980), the modelled values of hydraulic heads are slightly lower 

(Fig. 52) – around 0.3 meters lower in all wells. Outflow of groundwater from the domain occurs to 

the SE, SW and across the boundaries to the N and no flow of groundwater from the SE to either of 

the wells is noted (Fig. 53). 

 
Figure 52: Modelled values of hydraulic heads from Predictive scenario A. 
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Figure 53: Results from Predictive scenario A. Colour scale shows hydraulic heads in meters and black arrows show 

Darcy’s velocity field, i.e. fluid flow direction of movement. 

Predictive scenario B show the impact of groundwater withdrawal where well 1, 2 & 4 were assigned 

a pumping rate of 60l/min. No unreasonable decreases in groundwater levels occurs – the largest 

decreases are seen in well 1 and 2 (GWLs at -10 and -9.5 meters, respectively) (Fig. 54). The results 

indicate that the largest flow of groundwater occurs from the SE soil layers to the direction of well 4 

(Fig. 55), similar results as in Calibration B and the Verification scenario. The flows from this direction 

probably explains the slightly higher groundwater levels in well 4 compared to the groundwater levels 

in well 1 and 2. 

 
Figure 53: Values of modelled groundwater levels from Predictive scenario B. 
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Figure 54: Results from Predictive scenario B. Colour scale shows hydraulic heads in meters and black arrows show 

Darcy’s velocity field, i.e. fluid flow direction of movement. 
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4. Discussion 

4.1 Limitations in outcrop fracture mapping 

A limited number of bedrock outcrops were selected in the process of mapping outcrop fractures. The 

most relevant were thought to be the ones close to Svanberga water works and were assumed to be 

representative for the whole domain. The strike was recorded with the use of a compass while dip 

were approximated by ocular examination, hence both strike and dip is associated with some 

uncertainty, especially the dip. The fracture mapping in this work was primarily used as a basis for 

the geophysical measurements, and as the fracture mapping showed the main fracture settings of 

strike and dip it was thought to be of enough quality, not needing the exact value of strike and dip. 

Future similar studies could include more extensive fracture mapping surveys in order to achieve a 

higher number of observations to use in the outcrop fracture mapping analysis. The survey results is 

also affected upon the position of the actual measured fractures. Non-horizontal fractures can be 

detected both on flat outcrop surfaces as well as on vertical surfaces of outcrops. Horizontal fractures 

on the other hand, will only be detected at steep outcrops walls where the more or less vertical area 

of bare rock exists. This fact hence cause a bias in the survey data which has to be considered in the 

representation of the fracture results, where flat or horizontal fractures may be overrepresented. 

4.2 Limitations in geophysical measurements 

The results from the VLF measurements are shown in relative values, i.e. it is not an exact method 

showing physical properties in numbers such as results from the similar electromagnetic method 

Slingram does. Hence, we cannot draw any conclusions regarding the properties of the anomalies 

other than in relation to the surrounding materials. The data post processing assumed exact compass 

directions and constant measuring intervals. However, the measurements were conducted in varying 

terrain – in open fields as in scrubby forest and an exact compass direction and measurement 

intervals was not always achieved. Further, signal disturbances in the measurement occasionally 

occurs which makes it impossible to record a measurement at a desired position. The results from the 

geophysical measurements will be affected upon these uncertainties and some values does not 

represent the actual position of measurement. Overall however, the measurements show the main 

characteristics of the anomalies in the ground and have worked as a basis for the groundwater model. 

The VLF method and the measurements themselves includes several limitations as well. First, a 

limited number of locations were chosen as to be investigated that were assumed to be the most 

important. Additional measurements or more extended measurements at the selected locations could 

have been conducted. However, the chosen locations were considered to be adequate for the purpose 

of this work. Secondly, the method detects only vertically or steeply dipping anomalies in the ground, 

striking with an approximate perpendicular angle to the line of measurement. Hence, several fracture 

zones have most likely not been detected in the measurements, such as horizontal zones or zones 

approximately parallel to the line of measurements. Again, to detect such anomalies, additional 

measurements must be conducted. Finally, disturbances due to artificial objects interfering with the 

electromagnetic signals detected with the VLF measurements have resulted in unreliable data at some 

locations, not least within the area around the Svanberga old GWTP. This pose a huge limitation in 

the analysis and modelling work as several possible water bearing fracture zones might have been 

undetected. 

4.3 Geodata quality 

The geodata used within this work has varying quality. The digital elevation model is relatively 

accurate with a spatial resolution of 2x2 meter per pixel. It does however contain uncertainties in both 

the measurements (the average error of vertical values is 0.05 meters while the average error of planar 

values is 0.25 meters) and in the process of converting measurement data into usable raster format 
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(normally better than vertical errors of 0.1 meters and planar errors of 0.3 meters) (Lantmäteriet, 

2016). The soil depth model has a spatial resolution of 10x10 meters and is as mentioned earlier based 

upon a number of points with known soil depth from either outcrop mapping or well data. Within the 

delineated domain, there are 12 such points and thus the quality of the soil depth data used is rather 

low. The quality of the input data reflects the quality of both the delineated groundwater basin 

boundary as well as the parametric surfaces used within the numerical model and must be considered 

when studying the results from this work. 

4.4. Limitations in the numerical Model 

4.4.1 Soil, bedrock and fracture zones 

As stated in the introduction, a model is a simplification of the real world, and thus a limited selection 

of properties and settings have been used in the numerical model. All sub-domains within the 

numerical model were assumed to be homogenous and isotropic. In reality, this is most likely not the 

case where the structure in the soil and bedrock matrix may promote flow in certain directions and 

lead to anisotropic conditions.  Only vertical fracture zones with identical width and depth have been 

modelled, all soil layers have been modelled as till and the bedrock have been assigned properties 

similar to granite. In reality, the physical properties of the soil and bedrock varies greatly and the 

fracture network in the bedrock is likely to be more complex. The soil layer was further simplified by 

neglecting layers thinner than 2 meters. As the soil layers in many cases act as a recharge source to 

the fracture zones, this could result in a too small recharge source. However, as stated by Rohde et al 

(2006) – thin soil layers may also result in a more direct infiltration into the bedrock than thicker soil 

layer, and so the simplification of removing thinner soil layer and instead assigning a direct 

infiltration into the fracture zones is thought to be sufficient for the aim of this work.  

4.4.2 Boundaries of the domain 

In the conceptual model, the domain boundary was determined from the ground water divides 

created based upon bedrock topography. If the created groundwater divide indeed corresponds to the 

actual groundwater divide of the groundwater basin, all boundaries except the outflows to Lake Erken 

and Norasjön could potentially be represented as no flow boundaries (Neumann boundary condition 

with flow set to 0). However, it is unknown if there are interconnections between the groundwater 

basin within the domain and groundwater bodies outside the domain. Fracture zones or soil layers 

could result in either inflows to, or outflows from, the domain and so the approach of using the 

constant head (Dirchilet) boundary condition along the whole boundary was selected. A problem with 

this approach is as mentioned earlier that no wells exist at the boundary and the groundwater levels 

along it are thereby unknown except near Lake Erken and Norasjön. Constructions of monitoring 

wells could give information of such but lies outside the possibilities of this work. The set hydraulic 

heads along the boundary is hence highly uncertain, but seems feasible studying the results from the 

numerical model. Franke et al (1987) discuss the use of groundwater divides as boundaries within 

groundwater models and states that it can be a reasonable choice in modelling steady state conditions 

where no water is extracted or ejected from the system. Thus, in study 1, the constant heads are 

probably reliable while study 2-10 could result in more accurate descriptions of the groundwater basin 

in Svanberga if other boundary conditions were set. 

4.4.3 Locations of wells 

Location of well A79, B79, 5 & 7 were based upon hand written maps from 1980 including information 

regarding estate properties and the wells. The maps were compared to modern similar maps and 

position of the wells were extracted with the help of ArcMap. There is hence an uncertainty regarding 

the position of the wells which has to be considered using the results from this work. Verification of 

the location of several of these wells could be done in fieldwork prior to future investigations, however 
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at least two of the older wells tested (well A & B), are decommissioned and hidden and thus the older 

maps are the only source of these positions. 

4.5 Analysis of calibration process and the model results 

The process of calibration is an iterative process, where parameter influences are tested in steps and 

the results evaluated after each change. To reduce the error in the model results (i.e. to achieve a 

better correlation between modelled and real values) several parameters can be changed which will 

affect the result in similar ways. Most parameters were adjusted so that the final value did not deviate 

considerably from the literature values. However, some final parameters used within the model does 

not accurately represent the initials. Hydraulic conductivity of the soil were set significantly lower 

than the hydraulic conductivity representative of till or clay. The calibrated value conform to literature 

values of fine sand (Knutsson & Morfeldt, 2002) or one order of magnitude outside the higher span 

of basal till (Hiscock & Bense, 2014). Adjustments of the model could have been done in separation 

of different soil layers enabling finer calibration of this parameter.  

Some fracture zones identified through the geophysical measurements have been considered relevant 

as hydraulic pathways and some have been considered less relevant. The process of creating and 

calibrating the numerical model included testing different fracture settings (length and 

interconnection with other fracture zones) that resulted in a more accurate model. Since the 

geophysical measurements lacks detail regarding the extent and exact strike angle of fracture zones, 

some adjustments within the model were allowed. Extending fracture zone 13 & 15 to the east as well 

as assigning a hydraulic conductivity 10 times higher the original improved the results considerably, 

indicating there are interconnections to this region. The location of fracture zone 13 & 15 coincides 

with a junction of three different bedrock types. One of them – the granite, is an intrusive igneous 

rock and the youngest of all three formations, lying at the southern border of the groundwater basin. 

At the time of the event of the formation it is likely that shrinking of bedrock due to cooling and 

following fracturing of the bedrock masses occurred. At the location there is a depression in the 

landscape as well as a small lake (Lake Norasjön) which makes it probable the bedrock is fractured 

from previous geological events. Studying the final results from the numerical model, it is clear that 

there are two major interesting interconnections within the fracture network: (1) Connection between 

centre and south east parts where water is drawn from the south eastern soil layers and possibly Lake 

Norasjön to well C as well as (2) connection between centre and northern part where water drawn 

from the northern soil layers to well A and B when pumping. 

All wells used in the model except A & 7 lies within the modelled fracture zones. The results from this 

work thus indicate that all five wells (Well 1-5) connected to Svanberga old GWTP as well as the other 

wells used in the older pumping tests except well A and 7 lies within a network of more conductive 

material of the bedrock. Comparing these results with results and conclusions according to Söderberg 

(1979) some similarities of well interconnections can be seen with the most interesting being (1) Well 

7 & Well 4/C, (2) Well A & Well B (With well A situated in less conductive material), (3) Well 2 & Well 

B, (4) Well 3 & Well B and (5) Well 579 & Well B. 

4.6 Contamination risks 

In the area around Svanberga water works there are no larger industries or agriculture areas. In the 

vicinity of the wells there is a neighbourhood with a lot of private houses surrounded by forest. There 

should be no release of wastewater from the housings as wastewater is collected to a municipal 

wastewater treatment plant. Pesticides from gardening and release of compounds from car washing 

is probably the highest risks in the neighbourhood. To the east of Svanberga old GWTP road 76 runs 

in a south to north direction, a road with rather dense traffic from which release of both road salt and 

contaminants from traffic occurs. To the east of the road there is an agricultural area as well as a car 

mechanic. From agriculture, nutrients from fertilisers is a risk and from the car mechanic heavy 
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metals and oil spills is a risk. To the north, outside the domain there is agricultural areas as well. 

When no pumping occurs, groundwater flow occurs from the northern part of the domain through 

the area close to the water works and into Lake Norasjön. When pumping occurs (all scenarios in 

which pumping occurs except Predictive scenario A), groundwater flows from basically all directions 

in the domain, primarily from the south east and north towards the GWTP wells. Thus, there is a risk 

of contaminants from road 76, agriculture and the car mechanic reaching the GWTP. 

4.7 Future work 

In order to verify the results from this work as well as to broaden the knowledge of hydraulic pathways 

and pollutant transportation paths more work can be done, including additional geophysical ground 

measurements, tracer tests and well pumping tests. More extensive geophysical measurements than 

the ones done, preferably electromagnetic measurements in the form of either VLF, Slingram or 

seismic could be done at the locations of the identified fracture zones. This would result in 

confirmation or deduction of the location of the identified fracture zones as well as more detailed 

information of the position, extent, strike and dip of these. To verify weather contaminants could be 

transported from the south east as well as from the north, tests with tracer elements could be done. 

Example of a suitable tracer element would be 131I (Iodine), which is a nonreactive radioactive isotope 

of Iodine and has been successfully used in similar studies of soil aquifers (Yang et al, 2001). In low 

concentrations, the compound is nontoxic and concentrations can be easily measured in the water 

from the wells. Chloride (Cl-) is another compound often used as a more economically feasible 

alternative, but is not suitable in this case due to the risk of Chloride from road salt most likely present 

near road 76 to the east. 

The test pumping data used to calibrate the numerical model in this work originates from extracting 

groundwater from three wells of which only one well still exists today. The test done are also using 

relatively constant pumping rates in the wells while measurements are done at unregularly and sparse 

time intervals. The results hence lack detail and new tests should be conducted with finer 

measurement intervals where more rapid changes in groundwater levels can be detected. In order to 

achieve such data regarding responses of the groundwater system due to groundwater extraction from 

the wells used today, a new test pumping ought to be conducted using well 1, 2 & 4. Such test would 

give more relevant information of flow patterns and transportation routes within the system used 

today. 

There are many ways of conducting a test pumping with varying time spans and setups. One example 

of a test plan for the wells in Svanberga follows and could work as a basis in future work. The three 

wells (1, 2 and 4) should be run separately for 14 days at pumping rates similar to or higher than the 

ones planned to be used in future activities. Prior to each well pumping, the groundwater levels ought 

to be stable and thus a period of approximately 14 days without pumping would be required between 

each test pump as well as before and after the first and last well, resulting a total time period of 98 

days. When pumping tests are conducted it is of relevance that enough monitoring wells is available 

as well. A high number of monitoring wells leads to a more detailed picture of the affected area and 

indicates where there are large drawdown and where are small. If too few wells are available, local 

variations in groundwater level drawdown might be undetected. It is also important to cover different 

hydrogeological bodies, i.e. both the underlying bedrock as well as different overlying soil layer with 

monitoring wells. Usable monitoring wells can be either constructed ones specific for monitoring of 

the groundwater level, or existing dug or drilled wells intended for drinking water. In some cases, 

private households both have private wells and are connected to the municipality’s drinking water 

supply. In these cases, the private wells could be suitable as a monitoring well. There are several 

known private wells in the area including the ones used in earlier pumping tests. More private wells 

could be present and investigations of this should be conducted prior to a test pumping. Besides 

private wells and the existing GWTP wells, new monitoring wells could be constructed. 
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Finally, the model created in this work is based on Darcy’s law and the continuity equation. No regular 

solute transport has hence been modelled. Conclusions made regarding contaminant transport only 

relies on the process of advection – transport of contaminants due to the movement of groundwater. 

It is however likely that other processes takes place within the groundwater system such as dispersion, 

retardation, adsorption and degradation depending on the compound of interest. To get more detailed 

results regarding contaminant transport further work should be undertaken in a more specific 

contaminant transportation model.  
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5. Conclusion 

Identification of 20 possible fracture zones have been done using geophysical VLF measurements of 

which several have relevance regarding groundwater flow within the groundwater basin around 

Svanberga old GWTP. Several steady state simulations of groundwater flow have been done using the 

groundwater model and three main conclusions were drawn regarding flow patterns. First, at steady 

state without pumping, the groundwater in the basin discharges mainly to the south east – into Lake 

Norasjön, both through soil layers and through fracture zones, but also to some extent to the south 

west near Lake Erken and at several locations around the basin boundary. Secondly, when pumping 

occurs in larger magnitudes (60l/min), Well 1 most likely receives water from the western and 

northern parts, Well 2 from the northern, eastern and southern part and Well 4 primarily from the 

south eastern parts. Thirdly, when smaller pumping rates are used (3l/min) in well 1, 2 & 4, 

groundwater flow occurs mainly from the northern part towards the south east trough fracture zones 

and no larger flow of water is detected from the SE.  

Explanation to these flow patterns most likely lies within the fracture zones and interconnections in 

the bedrock, regarding which two major conclusions were drawn. First, there seems to be one or 

several more hydraulic conductive zone within the bedrock stretching from the south east to the 

middle part of the domain. These zones most likely have connections to the wells connected to 

Svanberga old GWTP. Secondly, there are several fracture zones stretching from the northern parts 

of the groundwater basin to the GWTP. The soil layers in the northern parts is relatively thick and 

most likely act as a recharge source, supplying these underlying fracture zones with water.  

A few risk objects have been identified that could pollute the groundwater within the basin including 

road 76, a car mechanic, agriculture and residential areas. Transportation of related contaminants to 

the GWTP such as pesticides, nutrients from agriculture, diesel, gasoline, anti-rust agents, oils, heavy 

metals (lead, zinc and cadmium) as well as  (PAHs) and road salt could occur through the identified 

flow paths but further work remains to be done before any final conclusions can be made. There are 

several uncertainties regarding both the data achieved from outcrop fracture mapping and VLF 

measurements, but also from the assumptions made within the groundwater model. Additional 

geophysical measurements at the identified fracture zones, tracer tests and solute transport modelling 

is recommended to be done in order to verify the identified flow paths, interconnections of fracture 

zones, groundwater flow patterns and contaminant spreads in the area of Svanberga old GWTP. 
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Appendix I 

Fracture data from outcrop fracture mapping 

Frac 
ID 
 

Outcr 
ID 

N E Strike  Dip  Width 
(mm) 

length 
(m) 

Mineral 
filling 

Water 
leakage 
(1-3) 

Other 

1 4 705109 6639718 120 90 1 3 
 

2 
 

2 4 705109 6639718 148 85 1 1 
 

2 
 

3 4 705109 6639718 248 85 1 2.5 
 

2 
 

4 4 705109 6639718 160 90 4 0.5 
 

2 
 

5 4 705109 6639718 170 85 4 0.5 
 

2 
 

6 4 705109 6639718 218 10 2 4 
 

2 
 

7 4 705109 6639718 310 10 2 6   2   

8 5 705560 6640043 75 80 10 4 
 

2 Sprängt 

9 5 705560 6640043 270 80 2 4 Quartz 0 Sprängt 

10 5 705560 6640043 300 60 20 4 
 

2 Sprängt 

11 5 705560 6640043 270 80 1 4 
 

2 
 

12 5 705560 6640043 270 85 2 0.5 
 

2 
 

13 5 705560 6640043 270 85 2 
  

2 
 

14 5 705560 6640043 152 70 
 

0.5 
 

1 Sprängd 
hällkant 

15 5 705560 6640043 152 70 
 

0.5 
 

1 Sprängd 
hällkant 

16 5 705560 6640043 110 80 1 0.5 
 

2 
 

17 5 705560 6640043 0 0 2 0.2 
 

2 
 

18 5 705560 6640043 270 80 2 1 
 

2 
 

19 5 705560 6640043 150 80 4 1 
 

2 
 

20 5 705560 6640043 270 80 
 

1 
 

1 
 

21 5 705560 6640043 168 80 
   

1 
 

22 5 705560 6640043 340 45 3 1 
 

2 
 

23 5 705560 6640043 160 70 1 2 
 

2 
 

24 5 705560 6640043 160 70 1 2 
 

2 
 

25 5 705560 6640043 20 10 1 
  

1 
 

26 5 705560 6640043 0 10 
 

0.5 
 

1  

27 5 705560 6640043 270 20 1 3 
 

2  

28 5 705560 6640043 250 70 3 4 
 

2  

29 5 705560 6640043 80 10 2 3 
 

2  

30 5 705560 6640043 35 90   5   1  

31 6 705170 6639576 240 80 5 6 
 

1  

32 6 705170 6639576 82 75 7.5 8 
 

2 Rötter 

33 6 705170 6639576 230 80 4 3 
 

2 Rötter 

34 6 705170 6639576 235 10 1 1 
 

2 
 

35 6 705170 6639576 145 80 
 

10 
 

1 Hällkant 

36 6 705170 6639576 145 80 1 1 
 

2 
 

37 6 705170 6639576 122 80 1 0.5 
 

2 
 

38 6 705170 6639576 38 90 2 2 
 

2 
 

39 6 705170 6639576 20 80 1 4 
 

2 
 

40 6 705170 6639576 328 85 1 12 
 

2 
 

41 6 705170 6639576 294 85 1 1 
 

2 
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42 6 705170 6639576 294 85 1 1 
 

2 
 

43 6 705170 6639576 255 90 2 2 
 

2 
 

44 6 705170 6639576 228 85 1 2 
 

2 
 

45 6 705170 6639576 230 90 1 2 
 

2 
 

46 6 705170 6639576 50 90 1 5 
 

2 
 

47 6 705170 6639576 90 90 
 

2 
 

2 
 

48 6 705170 6639576 10 90 
 

1 
 

3 
 

49 6 705170 6639576 340 85 2 4 
 

3 Mossa, 
växter 

50 6 705170 6639576 230 45 2 2   2   

51 8 705400 6639915 238 80 1 4 
 

2 
 

52 8 705400 6639915 80 75 3 8 
 

2 
 

53 8 705400 6639915 345 90 
 

5 
 

2 Hällkant 

54 8 705400 6639915 100 80 0.5 0.5 
 

2 
 

55 8 705400 6639915 135 90 2 3 
 

2 
 

56 8 705400 6639915 70 90 1 7 
 

2 
 

57 8 705400 6639915 228 85 5 5 
 

2 
 

58 8 705400 6639915 250 80 1 1 
 

2 
 

59 8 705400 6639915 250 80 1 1 
 

2 
 

60 8 705400 6639915 250 80 1 1 
 

2 
 

61 8 705400 6639915 80 80 5 5 
 

2 
 

62 8 705400 6639915 0 80 2 3 
 

2 
 

63 8 705400 6639915 314 70 2 1.5 
 

2 
 

64 8 705400 6639915 64 80 2 1   2   

65 10 705260 6639769 35 20 1 2 
 

1 
 

66 10 705260 6639769 170 80 2 1 
 

2 
 

67 10 705260 6639769 100 90 2 1 
 

2 
 

68 10 705260 6639769 165 80 3 1 
 

2 
 

69 10 705260 6639769 10 80 
 

5 
 

2 Hällkant 

70 10 705260 6639769 270 80 1 
  

1 
 

71 10 705260 6639769 40 70 1 4 
 

2 
 

72 10 705260 6639769 260 80 
 

7 
 

2 Hällkant 

73 10 705260 6639769 150 30 2 3 
 

2 
 

74 10 705260 6639769 150 10 2 3 
 

2 
 

75 10 705260 6639769 50 90 2 4 
 

2 
 

76 10 705260 6639769 20 85 1 2 
 

2 
 

77 10 705260 6639769 270 80 1 1.5 
 

2 
 

78 10 705260 6639769 270 80 
 

1.5 
 

2 
 

79 10 705260 6639769 252 75 1 2 
 

2 
 

80 10 705260 6639769 218 75 5 5 
 

2 
 

81 10 705260 6639769 350 85 2 1.5 
 

2 
 

82 10 705260 6639769 48 90 5 1.5   2   

83 13 705059 6640014 160 85 1 10 
 

1 
 

84 13 705059 6640014 80 90 2 
  

2  

85 13 705059 6640014 80 90 2 
  

2  

86 13 705059 6640014 80 90 2 
  

2  

87 13 705059 6640014 130 50 3.5 1 
 

2 
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88 13 705059 6640014 168 90 4 5 
 

2 
 

89 13 705059 6640014 220 30 1 10 
 

2 
 

90 13 705059 6640014 230 85 2 1 
 

2 
 

91 13 705059 6640014 250 90 10 1 
 

2 
 

92 13 705059 6640014 255 85 10 1 
 

2 
 

93 13 705059 6640014 172 45 2 4 
 

2 
 

94 13 705059 6640014 270 80 100 10 
 

2 Vittrad 

95 13 705059 6640014 265 90 2 
  

2  

96 13 705059 6640014 330 80 
 

10 
 

2 Hällkant 

97 13 705059 6640014 260 85 2 
  

2  

98 13 705059 6640014 252 900 2 
  

2  

99 13 705059 6640014 260 85 1 
  

2  

100 13 705059 6640014 30 35 30 1 
 

2  

101 13 705059 6640014 255 75 3 4 
 

2 
 

102 13 705059 6640014 18 90 2 
  

2 Mossa, 
växter 

103 13 705059 6640014 325 25 3 1.5 
 

2 
 

104 13 705059 6640014 70 90 2 
  

2  

105 13 705059 6640014 165 90 5 5 
 

2 
 

106 13 705059 6640014 110 75 7.5 
  

2  

107 13 705059 6640014 280 45 1.5 1 
 

2 Hällkant 

108 13 705059 6640014 318 90 1 4 
 

2 
 

109 13 705059 6640014 350 90   15   2 Hällkant 

110 16 705222 6639891 348 85 1 
  

2 
 

111 16 705222 6639891 325 85 1 
  

2 
 

112 16 705222 6639891 235 80 1 2 
 

2 
 

113 16 705222 6639891 235 80 
 

4 
 

2 Hällkant 

114 16 705222 6639891 30 90 
 

1 
 

2 Hällkant 

115 16 705222 6639891 270 90 
 

1 Quartz 2 Hällkant 

116 16 705222 6639891 340 85 
 

2 
 

2 Hällkant 
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Appendix II 

Graphs of real and imaginary part of original data, graphs of real and imaginary part of Fraser filtered 

data & pseudo cross sections of Fraser filtered data from VLF measurement analysis. 

VLF-1001A 

 
Field notes: Artificial objects at 105 m (Well 1)  
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VLF-1002A 

 
Field notes: Artificial objects at 0 m (Presumed dug pipe), At 51 meters; change of VLF frequency as 
well as disturbances, erased data for point 48 & 45 
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VLF-1002B (VLF9002) 

 
 
Field notes: Artificial objects at 126 (Pile of junk), 150 (metal object), 159 (pile of junk), 171 
(Presumed dug pipe), 51m (Steep outcrop), 138m (Fractured bedrock) 
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VLF-1003 

 
Field notes: Artificial objects at 0 m (Gravel road, possible dug pipe), 99 (parallel to powerline), 135 
(powerline), 147-156 (metal objects). Downslope at 99-138m. 
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VLF-1003B (VLF-9006) 

 
Field notes: Powerline at 126, metal objects at 138-147, road at 180. 
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VLF-1004A 

 
Field notes: Artificial metal object at 18 (goal), 30 (goal), 45 (powerline), 60 (goal), 66 (Skateboard 

jump), 78 (grave road, dug pipe)  & 144m (pile of junk). 
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VLF-1004B (VLF-9003) 

 

Field notes: Artificial objects at 60 (gravel road, pipe?), 69 (skateboard jump), 78 (goal), 93 

(powerline), 108 (goal), 117 (goal), 120 (light), 144m (street light). 



 

79 

 

VLF-1005A 

 
Field notes: Artificial objects at 9-12 (pipe), 30 (Well 2), 45 (pipe)  and 99 meters (powerline). 
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VLF-1005B (VLF-9005) 

 
Field notes: Artificial objects at 18 (Possible pipe), 36 (possible pipe), 45 (possible pipe), 90 

(Powerline), 108 (Metal object), 135 (Road, street lights) 
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VLF-1006 

 
No field notes 
  



 

82 

 

VLF-1007 

 
No field notes 
 



 

83 

 

VLF-2001 
 

 
 
 
Field notes: Artificial objects at 12 (Well 1), 27 (Car), 33 (Well lid), 39 (Concrete), 69 (Benches), 99 

(Powerline), 132 (Iron pole), 168 (Pile of junk). 
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VLF-2002A 
 

 
 
 
Field notes: Artificial objects at 6 (Metal fence), 78 (Bicycle jump), 87 (Pipe) and 108m (powerline).  
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VLF-2002B (VLF9004) 
 

 
 
 
Field notes: Artificial objects at 48 (possible pipe), 63 (bicycle jump), 87 (close to powerline), 93m 
(Powerline) 
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VLF-2003 

 
 
Field notes: Artificial objects at 48 (powerline), 105 (Junk pile), 111m (possible dug pipe) 

  



 

87 

 

VLF-2004 

 
 

 
Field notes: Artificial objects at 0m (close to well 2), 30m (metal object) 
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VLF-2005 
 

 
Field notes: Artificial objects at 57 (landfill material), 63m (possible dug pipe)  
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VLF-3001 
 

 
 
 
Field notes: Artificial objects at 65m (ditch), 170 (water/ice-cover), 201 (ditch), 300 (ditch), 350 
(powerline), 365 (ditch), ~530 (fence), 610-720 (ditch & fence parallel), 685 (ditch), 725 (fence + 
farmland start). New VLF-frequency at 165 and 480m 
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VLF-3002 

 
Field notes: Artificial objects at 95 (fence), 100 (ditch+ fence), 240 (fence), 435 (powerline), 550 
(ditch), 695 (ditch), 770 (ditch). 
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V LF-4001 

 
Field notes: Artificial objects at 30 (fence), 45 (ditch & fence), 75 (fence), 80 (ditch), 85 (fence), 105 
(fence+ ditch), 110 (fence) 260 (wetland), 385 (gravel road), 420 (fence). 
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VLF-4002 

 
 

Field notes: Artificial objects at 20m (gravel road), 130m (ditch), 270 (fence), 280 (farmland), 365 

(ditch + fence), 410 (old foundation). 
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VLF-5001 

 
Field notes: Artificial objects at 65 (gravel road), 90 (metal sign), 95 (metal fence)  
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VLF-5002 

 
Field notes: Artificial objects at 40 (ditch), 60 (ditch), 95 (change in landscape to scrubby forest), 
160 (Fence), 200 (gravel road) 
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VLF-6001 

 
Field notes: Artificial objects at 215 (cairn), 255 (ditch), 335 (Powerline), 395 (ditch), 435 (ditch), 
445 (powerline)  
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VLF-6003 

 
 
 
Field notes: Artificial objects at 40 (powerline), 85 (agriculture starts), 170 (powerline), 310 
(agriculture starts), 505 (end). 
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VLF-6004 

 
Field notes: Artificial objects at 285 (fence w metal?), 345 (powerline), 360 (possible dug cable), 
425, (ditch, close to powerline) 
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Appendix III 

Pumping rates of pump A, B & C from Söderberg (1980) 

Date Pump A (l/min) Pump B (l/min) Pump C (l/min) 

10-okt 0 0 0 

18-okt 0 0 0 

25-okt 0 0 0 

30-okt 0 0 0 

05-nov 0 0 0 

06-nov 0 0 0 

12-nov 0 0 0 

16-nov 0 0 0 

19-nov 19 36 67 

21-nov 19 37 74 

22-nov 19 37 74 

23-nov 15 37 87 

26-nov 13 33 81 

29-nov 14 34 81 

03-dec 13 30 84 

11-dec 15 30 94 

14-dec 15 27 96 

18-dec 14 28 101 

21-dec 15 26 98 

28-dec 16 26 96 

02-jan 16 21 100 

08-jan 16 19 99 

11-jan 15 18 100 

15-jan 16 19 99 

23-jan 15 20 97 

25-jan 14 20 95 

29-jan 14 20 97 

06-feb 14 21 97 

15-feb 13 22 102 

19-feb 13 23 102 

26-feb 13 23 102 

04-mar 13 22 100 

07-mar 13 21 99 

12-mar 13 22 100 

18-mar 13 22 100 

25-mar 12 22 100 

28-mar 12 23 99 

01-apr 12 23 98 

08-apr 11 17 77 
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11-apr 11 17 76 

16-apr 11 17 63 

18-apr 11 17 68 

28-apr 11 17 70 

02-maj 11 17 71 

05-maj 11 17 71 

07-maj 0 0 0 

09-maj 0 0 0 

13-maj 0 0 0 

19-maj 0 0 0 

28-maj 0 0 0 
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Appendix IV 

Groundwater level measurements in drilled wells (Söderberg, 1980). 

Date Well A 
(m) 

Well B 
(m) 

Well C 
(m) 

Well 1 
(m) 

Well 2 
(m) 

Well 3 
(m) 

Well 5 
(m) 

Well 7 
(m) 

10-okt 7.61 8.77 7.33 -21.96 -3.79 0.04 9.07 7.04 

18-okt 7.08 8.42 7.36 -20.49 -3.85 2.62 8.65 7.09 

25-okt 6.83 8.36 7.24 -20.43 -3.34 2.22 8.77 7.16 

30-okt 7.43 9.05 7.05 
   

9.22 7.03 

05-nov 2.7 8.71 7.55 -28.7 -2.14 5.89 9.04 7.25 

06-nov 7.31 8.76 5.1 -26.6 -0.79 3.5 8.87 7.22 

12-nov -6.8 8.86 
 

-28.2 -2.08 -28.5 8.63 7 

16-nov 4.7 8.87 5.6 9.3 6.81 3.5 9.15 7.12 

19-nov -38.8 -9.9 -3.9 
     

21-nov -36.3 -6.4 -8.9 -30.7 -1.79 -27 2.68 5.07 

22-nov 
  

-15.4 
   

1.91 4.68 

23-nov -39.3 -7.9 -9.9 
   

1.74 4.54 

26-nov -39.3 -7.4 -17.4 -33.2 -4.89 -28 1.43 6.37 

29-nov -38.7 -5.9 
 

-14.2 -3.42 -6.5 3.04 5.32 

03-dec -33.3 -3.9 -8.9 3.8 -0.76 1.5 2.73 4.53 

11-dec -39.3 -1.9 -11.9 3.8 -0.09 3.5 2.44 
 

14-dec -39.3 -6.9 -11.9 4.8 0.84 0.5 2.66 
 

18-dec -36.3 -1.9 -11.9 4.8 0.86 5.1 2.66 3.74 

21-dec -34.3 -1.9 -11.9 5.8 -0.14 1.5 
  

28-dec -36.3 -1.3 -11.9 5.8 1.83 5.5 3.33 4.03 

02-jan -35.8 2.1 -2.4 5.8 2.68 3.5 3.81 4.07 

08-jan -36.3 2.1 -11.9 6.8 3.26 4.5 3.99 4.06 

11-jan -34.3 -3.9 -11.9 5.8 3.36 -5 3.87 3.97 

15-jan -35.3 2.1 -11.9 8.8 3.11 5.5 3.91 4 

23-jan -34.3 2.1 -11.9 7.8 2.56 5.5 3.39 3.66 

25-jan -34.3 2.1 -11.9 8.3 2.51 5.5 3.73 3.81 

29-jan -34.3 1.6 -12.9 5.8 2.26 
 

2.89 3.12 

06-feb -34.3 0.6 -12.9 6.3 1.96 4.5 
 

2.34 

15-feb -33.3 -6.4 -13.9 6.8 
 

0 2.12 2.8 

19-feb -33.8 -1.9 -13.9 6.8 1.01 5.5 1.31 2.72 

26-feb -32.3 -2.9 -14.4 8.8 0.71 
 

1.64 2.52 

04-mar -35.3 -1.9 -13.9 9.8 0.91 8.5 -0.41 2.44 

07-mar -34.8 -2.9 -13.9 9.3 0.86 6.5 1.09 2.47 

12-mar -33.3 -1.9 -14.4 9.3 0.76 8 1.54 2.51 

18-mar -34.3 
 

-14.4 
 

0.69 
 

1.34 2.47 

25-mar -31.8 3.1 -13.9 7.8 0.56 5.5 1.07 2.31 

28-mar -34.3 -0.9 -14.4 8.3 0.66 6 1.04 2.39 

01-apr -31.3 
 

-13.9 
 

0.36 
 

1.03 2.46 

08-apr -23.3 0.15 -7.4 
 

3.96 
 

5 3.97 
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11-apr -22.8 -6.9 -6.9 3.3 3.66 4.1 5.44 11.86 

16-apr -21.3 0.7 
 

11.8 4.76 
 

5.46 5.42 

18-apr -2.03 -2.9 -4.9 9.8 4.66 1.7 5.51 6.57 

28-apr -18.3 0.58 -5.4 
 

4.94 
 

5.39 4.73 

02-maj -19.3 -11.9 -5.9 -1.2 
 

7.5 5.19 4.67 

05-maj -19.3 -6.9 -5.9 3.8 
  

4.39 4.57 

07-maj 5.7 -9.9 5.1 9.8 
 

7.5 9.19 6.37 

09-maj 10.2 9.1 2.1 
   

9.44 6.97 

13-maj 11.65 0.1 0.1 6.8 
  

7.64 7.17 

19-maj 12.63 12.7 8.1 6.3 
 

8.27 10.54 7 

28-maj 11.74 12.28 7.1 13.8 12.54 8.02 11.01 7.13 
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Appendix V 

Groundwater level measurements in dug wells (Söderberg, 1980). 

Date Well 4 
(m) 

Well 6 
(m) 

Well 8 
(m) 

Well 9 
(m) 

Well 10 
(m) 

Well 11 
(m) 

Well 13 
(m) 

10-okt 13.71 9.12 8.28 
 

8.53 16.21 14.05 

18-okt 13.68 9.47 8.38 
 

8.68 16.29 14.03 

25-okt 13.78 9.5 8.38 
 

8.62 16.27 14.04 

30-okt 13.79 9.23 8.35 
 

8.48 16.31 14.07 

05-nov 13.76 9.21 8.39 
 

8.77 16.34 14.12 

06-nov 13.84 9.25 8.43 
 

8.79 16.35 14.16 

12-nov 14.05 9.34 8.54 
 

8.78 16.41 14.32 

16-nov 14.12 9.28 8.51 
 

8.75 16.4 14.32 

19-nov 
       

21-nov 14.72 10.18 8.95 9.28 9.01 16.67 15.02 

22-nov 
       

23-nov 14.67 10.07 9.08 9.04 8.89 16.57 15.11 

26-nov 14.74 10.21 9.25 9.19 8.97 16.78 15.38 

29-nov 14.82 10.33 9.73 9.4 8.93 16.69 15.66 

03-dec 14.74 10.22 9.68 9.03 8.85 16.61 15.49 

11-dec 14.57 9.88 9.28 
 

8.75 16.52 15.17 

14-dec 14.45 9.69 9 
 

8.7 16.4 14.9 

18-dec 14.32 9.58 8.92 
 

8.68 16.5 14.87 

21-dec 14.27 9.36 8.78 
 

8.63 16.46 14.72 

28-dec 14.57 9.51 8.63 
 

8.75 16.56 14.93 

02-jan 14.42 9.48 8.68 
 

8.75 16.57 15.04 

08-jan 14.52 9.32 8.61 
 

8.68 16.56 14.91 

11-jan 14.42 9.26 8.56 
 

8.67 16.53 14.85 

15-jan 14.47 9.23 8.48 
 

8.65 16.55 14.83 

23-jan 14.37 9.08 8.24 
 

8.35 16.53 14.67 

25-jan 14.42 9.3 8.23 
 

8.38 16.54 14.75 

29-jan 14.07 8.96 7.98 
 

8.15 16.51 14.54 

06-feb 
 

8.43 
  

7.7 16.46 
 

15-feb 14.05 8.46 
  

8.15 16.45 14.36 

19-feb 14.12 8.43 
  

8.28 16.31 14.37 

26-feb 14.02 8.28 
  

8.55 16.44 14.3 

04-mar 13.97 8.15 
  

8.5 16.4 14.26 

07-mar 13.99 8.18 
  

8.53 16.43 14.26 

12-mar 13.82 8.18 
  

8.75 16.4 14.18 

18-mar 
    

8.78 
 

14.19 

25-mar 13.72 8.02 
  

8.41 
 

14.09 

28-mar 13.71 
   

8.41 
 

14.14 

01-apr 13.92 9.03 7.88 9.29 8.8 
 

14.39 

08-apr 14.67 10.15 9.06 9.51 8.97 
 

15 
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11-apr 14.47 10.23 9.19 
 

8.88 
 

15.04 

16-apr 14.6 10.18 9.21 8.95 8.82 16.58 14.99 

18-apr 14.62 10.17 9.19 
 

8.85 16.55 15.04 

28-apr 14.7 10.33 9.46 9.3 8.97 
 

15.22 

02-maj 14.62 10.3 9.63 
 

8.9 
 

15.32 

05-maj 14.62 10.16 9.53 
 

8.84 
 

15.22 

07-maj 14.49 10.18 9.46 
 

8.84 
 

15.16 

09-maj 14.59 10.1 9.31 
 

8.83 
 

15.09 

13-maj 14.42 10.02 9.23 
 

8.8 
 

14.94 

19-maj 14.2 9.92 9.09 
 

8.82 
 

14.83 

28-maj 14.12 9.82 8.9 
 

8.73 16.43 14.63 

 


	kth-cover9019911908856190537
	Thunell_final_final_final_final_version

