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SUMMARY IN SWEDISH  

I den här uppsatsen har området runt en grafitgruva studerats. Gruvan heter 
Kringelgruvan och är belägen i Hälsingland, i norra Sverige. Malmutvinning har ej 
utförts sedan 2001 på grund av ekonomiska och strukturella problem inom 
produktionen. I anslutning till gruvan är ett sandmagasin anlagt där anrikningssand 
bestående av svavel- och metallrikt avfall deponerats. Eftersom en anaerob miljö inte 
har uppehållits har delar av anrikningssanden oxiderats och stora mängder surt vatten 
lakats ut till omgivningen genom dammvallarna som omgärdar magasinet. Det är både 
komplicerat och mycket kostsamt att avgränsa en föroreningsspridning med 
traditionella geotekniska metoder, såsom rigorösa borrprogram. I den här studien har 
därför geofysiska metoder använts för att bestämma dammvallarnas uppbyggnad samt 
avgränsa föroreningsspridningen till omgivningen. I de inledande kapitlen redogörs 
för de geologiska förutsättningarna vid Kringelgruvan vilket bestämmer lämplighet av 
olika metoder samt avgränsar områdena där de geofysiska undersökningarna ska 
förläggas. Därefter följer en genomgång av hur magasin för anrikningssand generellt 
konstrueras. Sedan beskrivs de geofysiska metoderna som har använts samt hur 
undersökningarna genomförts i fält. 

De geofysiska metoderna utnyttjar markens fysiska egenskaper, ofta den elektriska 
konduktiviteten, för att bestämma markens innehåll av vatten, typ av jordart samt 
mineralogisk uppbyggnad. Då användning av enskilda geofysiska metoder kan ge 
svårtolkade resultat har tre metoder använts parallellt, slingram, markradar och 
elektriska resistivitetsmätningar, så kallad CVES (Continuous vertical electrical 
sounding). Spridningsvägar av lakvatten har kartlagts på både den östra och västra 
sidan om sandmagasinet vid Kringelgruvan. Bergdjupet nedströms damvallarna har 
tolkats från markradar- och resistivitetsdata samt eventuella sprickzoner identifierats. 
Den resulterande mätdatan från markradar- och resistivitetsmätningar har 
samanalyserats i Matlab där algoritmer har producerats vilka bestämmer positionen av 
underjordiska strukturer i resistivitetsdata samt jämför dessa visuellt och statistiskt 
med tolkade strukturer ifrån markradardata. 

Undersökningarna har visat att markradar är känsligare än CVES för att finna lokala 
variationer av underjordiska strukturer då jordtäckets mäktighet inte överskrider 
penetrationsdjupet för den använda frekvensen. Däremot ger CVES betydligt mycket 
mer information angående lokalisering av lakvatten och andra elektriskt ledande 
material samt bergytans läge vid mäktiga jordtäcken. Slingram har visats vara den 
överlägset tidseffektivaste metoden för att kartlägga grundvattenflöden. Just 
kombinationen av flera geofysiska metoder har gett bra resultat både vad det gäller 
den geologiska stratigrafin samt föroreningsspridningen.  
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SUMMARY IN ENGLISH  

In this paper an area around a graphite mine have been studied. The mine is called 
Kringelgruvan and is located in Hälsingland, northern Sweden. Ore beneficiation has not 
been conducted since 2001 due to financial and structural problems in the production. 
Tailing that is rich in sulfur and metals have been deposited in the area. Since an anaerobic 
environment has not been sustained, part of the tailings has oxidized and large amounts of 
acid mine water has leached into the environment through the embankment dams 
surrounding the tailings. It is both costly and difficult to identify where leachate have 
occurred with traditional geotechnical methods, such as drilling program. In this study 
geophysical methods have been used to evaluate the construction of the embankment dams 
and delineate the contamination spread to the surroundings. The opening chapters outline 
the geological conditions at Kringelgruvan. The conditions determine the suitability of 
different methods and define areas where the geophysical surveys should be performed. 
After that a description follows that outlines the design of embankment dams and tailing 
impoundments. The geophysical methods and the strategic and technical aspects of the 
investigations are described. 

Geophysical methods utilize physical properties, often the electrical conductivity which can 
determine the soil type, content of water and mineralogical structure. The data from 
individual geophysical methods can be difficult to interpret. Therefore three methods were 
used in parallel, slingram, ground penetrating radar (GPR) and electrical resistivity called 
CVES (Continuous vertical electrical sounding). Pathways of leachate have been mapped on 
both the eastern and western side of the tailings impoundment at Kringelgruvan. Soil 
thickness downstream the embankment dams have been interpreted from GPR and CVES 
measurements and possible fracture zones have been identified. The data from GPR and 
CVES have been incorporated in Matlab where a program has been produced. This program 
determines the position of underground structures from CVES data depending on user input 
and visually and statistically compares it with interpreted structures from GPR. The 
investigations have shown that the GPR is more sensitive than CVES in finding local 
variations of underground structures where soil cover thickness does not exceed the depth of 
penetration of the used frequency. In contrast, CVES attains significantly more information 
regarding the location of leachate, electrically conductive material and rock surface location 
when the soil cover is thick. Slingram has been shown to be the most time-efficient method 
for mapping groundwater flows. However, the combination of several geophysical methods 
has yielded good results both in terms of the geological stratigraphy and pollution dispersion.  
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Table 1. List of the symbols and abbreviations most frequently used in the text. 

GPR Ground penetrating radar 

VES Vertical electrical sounding 

CVES Continuous vertical electrical sounding 

IP Induced Polarization 

EMM Electromagnetic methods 

Radargram The graphical output of a 2D GPR section. 

Pickfile A vector containing the position in two dimensions of an interpreted subsurface retrieved from a GPR survey. 
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ABSTRACT 

The enrichment of ore produces large amounts of sulfur and metal-rich residual waste 
called tailings, which need to be deposited and stored for a long time. When the tailing 
is oxidized, large amounts of protons and metals are dissolved and diffuse to the 
groundwater. This poses a major environmental threat to biological life forms in the 
downstream ecosystem (Karltorp, 2008). In this study, leachate plumes and geological 
structures surrounding the tailings impoundment at the Kringelgruvan mine in 
northern Sweden have been successfully mapped using geophysical methods. Three 
methods have been used in parallel, slingram, ground penetrating radar (GPR) and 
electrical resistivity measurements, known as continuous vertical electrical sounding 
(CVES). The resulting data from GPR and CVES have been co-analyzed using 
Matlab. Algorithms have been produced that plots underground structures from 
CVES and compares them with interpreted structures from GPR. Studies have shown 
that the GPR is more sensitive than CVES to local variations of substructures when 
used in shallow soil cover, while CVES gives considerably more information regarding 
localization of the leachates and other electrically conductive materials, such as ore. 
Slingram EM31 has been shown to be the most time-efficient method to localize 
groundwater flow. 

Key words: geophysics; tailings; acid mine leachate; pollution mapping; CVES; 
GPR; slingram 

INTRODUCTION 

The mining industry is closely associated with 
many environmental problems during the entire 
life cycle of a mine. However, the largest 
problems often arise during the extraction and 
beneficiation of ore and deposition of waste 
material, so called tailings. Tailings consist of fine 
grained material and often have a high content of 
sulphide minerals and metals. As sulphide 
minerals oxidizes, protons are dissolved into the 
pore water and produces acid mine water with a 
very low pH as well as causes dissolution of 
heavy metals. In order to avoid this, tailings must 
be kept under anaerobic conditions either by 
keeping it constantly water saturated or having it 
covered with an impermeable material.  Tailings 
are often stored in an impoundment with 
constructed embankment dams at the outlet. This 
raises large demands on the design of the dams 
regarding stability and permeability. 
Unfortunately, many of the tailing dams in 
Sweden are old and a sufficiently low 
permeability is not achieved which results in high 
flows of uncontrolled leachate through and under 
the dam bodies. The design of the dams and the 
structure of the subsurface as well as the leachate 
paths in the surroundings are sometimes 
unknown due to a lack of pre-investigations and 
documentation. Extensive groundwater sampling 
and drilling programs are often necessary in order 
to obtain representative results which leads to 
unwanted high costs (U.S. E.P.A., 1994; 

Karltorp, 2008). Geophysical measurement 
methods are relatively cheap nondestructive 
investigation techniques used to gather 
knowledge about the soil, bedrock and deeper 
parts of the earth’s stratigraphy (Erkan, 2008; 
Milsom, 2008; Reynolds, 2011). Methods that 
utilize the electrical properties of the soil and its 
contents have been successfully used in the past 
to find leachates (Yuval & Oldenburg, 1995; 
Petterson & Nobes, 2003; Poisson et al, 2009; 
Bergman, 2009; Reynolds, 2011). The choice of 
geophysical method is crucial for the outcome as 
the suitability of a specific method may be 
optimal during one condition but entirely wrong 
under different circumstances. In some cases 
there may simply be no ideal method and a 
combination is more viable. The most preferable 
is often to use several geophysical methods that 
measures different properties in order to get an 
integrated approach (SOU, 2004; Reynolds, 
2011). 

Three different geophysical methods: ground 
penetrating radar (GPR), slingram and 
continuous vertical electrical sounding (CVES) 
have been used to trace leaching acid mine water 
from an impoundment of tailings at 
Kringelgruvan graphite mine in Hälsingland, 
northern Sweden. Kringelgruvan have been 
closed since 2001 but plans exist to resume 
operation in the near future. The retrieved data 
from GPR and CVES investigations will be 
inserted in the same software and analyzed 
mathematically and statistically. Few studies have 



David Barkels & Johan Åberg TRITA LWR Degree Project 12:40 

 

2 

been performed in the past where data from 
different geophysical methods are used to 
compare and evaluate the different methods. 
Furthermore, no studies have been encountered 
where data from different methods have been 
compared and analyzed mathematically in the 
same software. However, such studies may have 
been performed but it is probably unusual. 

Aims of the study 

To ensure a sustainable long-term deposition of 
tailings at Kringelgruvan, leachate paths and 
stratigraphy of the geological formations in the 
neighboring subsurface need to be determined. A 
program has been written using Matlab that co-
process data from GPR and CVES. The main 
focus has been to compare how the interpreted 
thickness of the soil cover and shape of the 
bedrock surface differ between the two methods. 

The differences between these two methods have 
also been analyzed statistically. 

Analysis of GPR data is based on interpretation 
of radar wave reflections in a radargram; 
consequently difficulties in the interpretation can 
be encountered due to a too low or too high 
magnitude of reflections. To overcome this, an 
algorithm has been produced that amplifies 
differences in a radargram. 

Background 

As part of the efforts to restart the former 
Woxna Graphite AB (Kringelgruvan AB) mine in 
Hälsingland, Sweden, investigations are required 
to determine what steps need to be implemented 
in order to ensure production in the long run. 
Large leaks through and under the embankment 
dams surrounding the tailings sand (Fig. 1) have 
been observed and construction plans for these 

Figure 1. The mining facilities at Kringelgruvan (Holmström, 2012). 
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earth dams are missing. Therefore the content 
and structure of these dams need to be mapped 
and documented. The extension of the leakage 
plumes in three dimensions needs to be identified 
and documented as well. 

Kringelgruvan 

Woxna Graphite AB was first founded 1993-11-
24. Tricorona Minerals AB bought the company 
in 1996 and has handled the production through 
their subsidiary Woxna Graphite AB since 1996. 

However, the production was stopped in 2001 
due to financial losses. The year of 2000 was the 
most profitable and was the last of the normal 
production years (Woxna Graphite AB, 2002). In 
the autumn of 2011 Flinders Resources Ltd 
bought Woxna Graphite AB with all belonging 
land and equipment. 

In the area of Kringeltjärn there are four graphite 
ore deposits (Fig. 2), which are considered to be 
of world class quality and have been classified as 
objects of national interest for exploitation by 
Swedish authorities. All four of these deposits 
have been granted mining licenses according to 
the Swedish mineral law. An issued mining 
license guarantees a mining permit for 25 years 
after the license is approved. There exist 
environmental permits to extract 100 000 tons of 
ore per year from three of these deposits and the 
total content of ore amounts to approximately 
11.6 million tons with an average content of 
carbon of 8.1 % (Appendix I). Around 7 million 
of these 11.6 million tons graphite ore can be 
extracted with open pit mining which guarantees 
ore reserves for the beneficiation plant for at least 
50 years. Only the main ore reserve, the 
Kringelgruvan deposit which is closest to the 
beneficiation plant, has been mined so far as an 
open pit (Fig. 1). It has a mining permit until 
2017 with a right to extension. The 
Kringelgruvan deposit is estimated to hold 1.6 
million tons of graphite ore with a high carbon 
content of 11.6 %. If less rich ore is accounted 

Figure 2. An aerial photograph which 
displays the location of three out of four ore 
reserves in the vicinity of Kringeltjärn 
(Woxna Graphite, 2002). 

Figure 3. The 
bedrock map from 
Sveriges Geologiska 
Undersökning (2012) 
have been overlaid on 
an aerial photograph 
from Google maps. 
Visible features like 
roads and the tailings 
have been fitted 
together and the 
foliated bands have 
been colored to 
match the legend. 
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for there are an additional 4.4 million tons with 
carbon content of 6.6 %. The beneficiation plant 
can yearly produce 10 000-15 000 tons of 
crystalline, graphite flakes with a carbon content 
of maximum 95 %. During the year of 2000 
Woxna Graphite commenced an investigation 
which showed that the carbon content of the 
complete product can be raised to 99.5 % 
(Woxna Graphite AB, 2002). However, the plant 
is in need of extensive renovations (Holmström, 
2012). 

Geology in the area  

Bedrock 

The bedrock in the area is gneiss of a sedimentary 
origin that is rich in feldspar and quartz 
(Appendix II). Foliated bands of sedimentary 
gneiss with a high content of carbonate or mica 
schist exist, stretching from west to east just 
south of the tailings basin and under the mining 
pit (Fig. 3). The graphite ore was identified using 
a slingram with 60 m departure and is located in 
these bands of veined gneiss (Fig. 4). These were 
formed under high pressure, perpendicular to the 
main compression during the Svecokarelian 
orogenesis (2850-1870 Ma) under the 
Paleoproterozoic period (2500-1600 Ma) 
(Lindström et al, 2000). The layer order of the 
bedrock in the Los area (Appendix II) is 
described from the bottom up in the following 
paragraphs: 

 

 Gray shale which has been transformed into 
mica slate, mica gneiss and veined gneiss with 
an increasing degree of metamorphosis in the 
south and southeast of the area. The gray 
shale has been dated to 3.02 Ga with the Sm-
Nd-method. This is within the Archean time 
period that is the oldest geological period and 
dates from 4600-2500 Ma when life originated 
on earth. 

 Quartzite with clastical properties preserved in 
some areas.  

 Rhyolitic vulcanite which has been dated to 
1.862 Ma 

 Thick layers of basaltic volcanic rock which 
are known as “Los Greenstones”. 

 Quartzites, schists, conglomerate, iron ore, 
dolomite and various igneous rocks 
(Lindström et al, 2000). 

Soil 

Kringelgruvan is situated on an altitude of 270 m 
above the sea level. The highest shore line 
stretches from 230-240 m in the area. As a 
consequence, no surged material is present. 
Instead, the bedrock is covered with a thick layer 
of till (Appendix III). During the withdrawal of 
the glacier stagnant water was maintained in 
depressions and formed small lakes or ponds. 
Due to a low circulation of fresh water, moss and 
other plants overgrew these ponds and with time, 
formed peat. Till is a mixed soil with all grain 
sizes from clay to large boulders. Its properties 

Figure 4. The ore has been overlaid the slingram anomaly map where the red color 
indicate high electrical conductivity. Figure modified from Claesson et al (1989). 
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depend on a set of factors, namely what kind of 
rocks that is the mother material, the distance and 
way it has been transported within the ice, the 
way it has been incorporated in the ice and most 
importantly how it has been deposited. Material 
that has been deposited directly from the ice is 
called moraine and consists of till material. The 
till retains the same composition it had in the ice, 
whilst material that has been transported by air or 
water is sorted. There are two main types of till, 
matrix supported and clast supported till. The 
boulders in matrix supported till lies freely in the 
fine grained soil while in clast supported till they 
rest directly against other blocks with soil as 
cement in between. During the ice movements 
minerals on the bottom of the ice is deposited 
due to high friction between the ice and the 
ground. This type of till is highly compacted and 
is called lodgment till. Whilst the ice passively 
melts of the glacier another more loosely packed 
melt out till is formed. It keeps the same structure 
as it had inside the glacier with the only 
difference that the ice between the grains is gone. 
This type of melt out till is superficial if the 
melting takes place from the ice surface and a 
bottom till if the melting takes place from under 
the ice. There are also lenses of water sorted 
material with only a few grain sizes in melt out 
till. These are most often located around and 
especially beneath blocks and boulder in the till 
matrix. Alluvial deposits in the till are most 
common upstream, nearby glacifluvial deposits, 
in valleys particularly close to larger basins and 
also on the leeward side of mountain peaks 
(Lindström et al, 2000).  

The major part of the till matrix around the 
mining facilities is sandy-silty or silty-sandy with a 
content of boulders between 20-40 %. The 
bottom till is highly compacted lodgment till, and 
sometimes it is necessary to use explosives in 
order to excavate it. During investigations along 
the sand deposit a layer with gravel as the main 
fraction has been identified at a depth of 2.5 m 
and below (Appendix IV) (Mattsson, 2011). 

Impoundments and storage of tailings 

In the mining industry, dams and especially 
embankment dams fill a very important purpose 
when it comes to containing the residue product 
from the mining activity. This residue called 
tailings is the left-overs produced when ore is 
crushed during the extraction of minerals. After 

the extraction process the tailings is transported 
to an impoundment for storage. Many factors 
have to be taken into account when choosing 
localization and type of impoundment. 
Impoundments are generally constructed in the 
most preferable topographical area to limit the 
need of construction material for the 
embankments. Cross-valley embankments, where 
possible, are the most common since these allows 
the tailings to be stored in a natural depression in 
the topography. This design also limits the 
dispersion of tailings in the air due to a decreased 
exposure to wind. When the cross-valley design is 
not possible an alternative are the hill-side and 
valley-bottom impoundments. If the general area 
is very flat a ring-dike approach with dams 
surrounding all sides of the impoundment may be 
required. Ring-dike impoundments are however 
very costly due to the large amount of fill material 
needed, and are not used unless necessary (U.S. 
E.P.A., 1994). A more detailed description of 
different impoundments can be found in the 
technical report “Design and evaluation of 
tailings dams” (1994) by the U.S. Environmental 
protection agency. 

Tailings 

The tailings normally consist of sand-to-finely 
grained material, contained in a form of slurry, 
oftentimes with a lot of remaining minerals that 
can be potentially hazardous to the environment. 
Chemicals are commonly used to extract the 
mineral from the ore and may constitute an 
added hazard. Additionally many ores contain 
pyrite with a high content of sulfide which may 
end up in the tailings. Oxidization of sulfide 
minerals results in an acidic leachate which can 
dissolve heavy metals and by itself lowers pH in 
the ground water. In order to prevent oxidation 
as well as air dispersion the tailing storages are 
often kept water saturated which puts additional 
requirements on the structure and permeability of 
the dams. The grain size and chemical 
composition of the tailings have to be taken into 
account and can also have a major impact on the 
design. In some cases where the tailings is 
determined to be dominated by sand-sized 
material and the chemical composition is not 
considered to be very hazardous, the sand may be 
used as construction material in the dam (U.S. 
E.P.A., 1994). 
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Embankment dams 

Tailing dams are constructed similarly to 
embankment dams used for water retention. The 
embankment dam can be either homogenous or 
built up of sections with different purposes for 
dam functionality. A homogenous dam is most 
commonly built of till which have a good internal 
stability as well as a limited permeability. This 
design is used for lower dams and where a certain 
degree of seepage may be permissible. When 
applicable the homogeneous dam is however a 
simpler construction and can depending on the 
construction material at hand be considerably 
cheaper than a more advanced design. When the 
requirement on storage capacity, stability and low 
permeability increases, an embankment dam with 
multiple sections is the preferred alternative. A 
design with different layers is nowadays 
considered the standard design for large 
embankment dams (Vattenfall, 1988). 

The main constituent of an embankment dam 
with multiple sections is the impermeable core, 
filters and the support fill (Fig. 5). The 
construction of the core is the most complicated 
procedure and requires continuous measurements 
and assessment of water saturation and 
compaction. The core is constructed of a material 
with a low permeability that is compacted 
repeatedly during the entire construction phase 
(Vattenfall, 1988). In Sweden, till is the 
dominating soil type in most regions and is often 
used as construction material for the core. 
Thorough investigations have to be performed 
on the till to determine the grain size distribution 
as well as properties with respect to stability and 
permeability. The permeability of the core 
material should according to Vattenfall (1988), 

not be higher than 3∙10-7 m2 to prevent internal 
erosion due to high flows. At the same time the 
permeability should be higher than 3∙10-9 m2 for it 
to be able to consolidate within reasonable time. 
In areas where till is not naturally occurring or 
not of suitable quality, clay or clayey silt may be 
used for core material. These soils have good 
properties regarding permeability but a lot of care 
has to be taken that the water content is at an 
optimal level for the compaction to be effective. 
Furthermore consolidation takes longer and the 
internal stability of a clay core is lower than in a 
core made of till. The impermeable core is 
preferably constructed on a concrete slab placed 
upon rock. The rock foundation is normally 
grouted, both to fill cracks to prevent erosion of 
dam material and to prevent water from flowing 
beneath the dam. Sometimes it is not possible to 
dig to bedrock and the dam instead has to be 
founded directly on soil (Vattenfall, 1988). 

Surrounding the core on both the upstream and 
downstream side is one or multiple layers of 
filters of increasing grain size outwards from the 
core. The number of layers required is dependent 
on the grain size and internal safety towards 
erosion of the core. It has been found that 
erosion constitutes approximately 1/3 of all dam 
failures (SOU, 1987) which could in some cases 
have been prevented by properly designed filters. 
Commonly this happens through backwards 
erosion where coarse material in the downstream 
slope starts getting transported due to too high 
water flows, often taking the form of a 
wellspring. The dam is then continuously eroded 
in the upstream direction until a tunnel is formed 
through the dam leading to more erosion, 
settlements and in the worst scenario, a dam 

Figure 5. Depiction of the components in a sectioned embankment dam: 1. Impermeable core 
2. Fine grained filter, 3. Medium grained filter 4. Coarse grained filter 5. Support fill 6. Grout 
curtain 7. Concrete slab 8. Drainage system 9. Slope protection 10. Crest protection 11. Dam 
toe support fill (Vattenfall, 1988). 
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failure. This phenomenon is denominated piping 
(U.S. E.P.A., 1994). 

The filter layers in an embankment dam have two 
main functions: 

 To prevent erosion of the core through 
transport of fine material 

 To have a draining effect on the core 

Closest to the core a layer of sand to gravel sized 
grains are placed to prevent migration of the finer 
particles in the core. A coarser layer of gravel or 
macadam, crushed rock material, is put in 
between the first filter layer and the support fill. 
This is necessary especially if the supporting layer 
is of a rock fill type. In special cases additional 
intermediary filters may be required. When the 
embankment dam is used to store tailings the 
grain size of that material must also be taken into 
account when designing the upstream filters as 
infiltration of fine particles may lead to clogging 
(U.S. E.P.A., 1994). 

The permeability in the filter material must be at 
least ten times that of the compacted core for it 
to be able to consolidate as well as have a 
draining effect on the core during operation. The 
same must be true for the upstream filter as it 
must be able to lower pore pressures inside the 
core in the case of a rapid draw down of the 
reservoir (Vattenfall, 1988). 

The last major part of the embankment dam is 
the support fill. It is constructed with the material 
that is most readily available at the location and 
can be either earth or rock material. The main 
purpose of the support fill is to provide overall 
stability and support the water load without 
allowing movements that can damage the core 
(Vattenfall, 1988). A thorough description of 
embankment dam construction is available in 
Swedish in “Jord- och stenfyllningsdammar” by 
Vattenfall (1988). 

Raised embankments 

When constructing impoundments for tailings 
storage an alternative to constructing a full-height 
embankment dam from the start is the raised 
embankment approach. The most common types 
of raised embankments are simply called the 
upstream, centerline and downstream raised 
embankment (Fig. 6). These are constructed with 
a lower initial height but can be raised 
continuously as the level in the tailings 
impoundment increases. This lowers the initial 
construction cost (Vattenfall, 1988; U.S. E.P.A., 
1994). 

The downstream embankment is the one that 
most closely resembles a regular embankment 
dam. In this type material is added to the 
downstream slope to raise the crest. This can be 

Figure 6. Images showing the 
principal constructions of a raised 
embankment. 

  
a) Downstream  
b) Upstream  
c) Centerline  
1. Impermeable Core 
2. Downstream filter  
3. Support fill  
 4. Upstream filter  
5. Tailings  
(Vattenfall, 1988). 
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done while keeping the impoundment in use. 
Coarse tailing material can be used for support 
material and compacted on the downstream 
slope. If required this type of embankment can 
be constructed with an inclined impermeable 
core. Hence this is the only method suitable 
when the dam must be able to take a long term 
water load. The drawback is the amount of 
material required if the tailings are not suitable as 
fill material and the space required when the dam 
is raised. The upstream embankment can be used 
when the tailings consists of a large fraction of 
sand sized particles that provide sufficient 
stability for the dam. It is also the most cost-
effective using the least material and conserving 
space required for the impoundment. Care has to 
be taken to make sure the stability in each raise is 
sufficient and that the base tailing materials have 
been sufficiently compacted before construction. 
It can also be complicated depending on the 
characteristics of the tailings to control the 
phreatic surface on the downstream slope of the 
dam which can in turn lead to piping. A well-
controlled “beach” must be kept between the 
embankment and the free water surface. A 
centerline embankment can be considered a mix 
of the two above-mentioned methods where 
tailings are used as support material for the 
upstream side while adding material to the 
downstream slope. A central impermeable core 
can be constructed but this method is still not 
recommended for long term water storage. In 
comparison with the upstream method it has 

increased stability but in turn it requires more 
material to construct (Vattenfall, 1988; U.S. 
E.P.A., 1994). 

Embankment dams at Kringelgruvan 

The till for the construction of the impermeable 
cores and some of the backfill of the 
embankment dams have been taken from the 
vicinities of the mining facilities but it still 
remains unclear from where (Holmström, 2012). 
Areas are marked in a map (Fig. 7) presented in 
the Stockholm tingsrätt shows where the 
extraction of till was to have taken place 
(Stockholms tingsrätt, 1992). No records of the 
design of the embankment dams are available. 

METHODS  

Three different geophysical measurement 
methods have been used; GPR, CVES and 
Slingram EM31. 

Ground penetrating radar – GPR 

Ground penetrating radar has become a widely 
accepted and popular geophysical method to 
investigate the ground, search for hidden objects 
and evaluate the properties of geological material. 
Today it is being used in a wide range of field 
investigations ranging from peat investigations, 
archaeology, geological mapping, locating 
pollutions to evaluating concrete and asphalt 
structures. While investigating the subsurface 
with GPR it is important to know as much as 
possible about the geology and underground 
structures. Drilling or excavating pits to 

Figure 7. The till for the dams should have been extracted in the encircled areas 
(Stockholms Tingsrätt, 1992). 
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document the soil layers should be done in order 
to interpolate and draw conclusions from the 
results (Hänninen et al, 1992; Milsom, 2008; 
Reynolds, 2011). In 2005, GPR and other 
electromagnetic methods (EMM) were 
successfully used to map the internal structures 
and the distribution of electrically conductive 
zones of a rock pile in northern New Mexico 
(Remke et al, 2005). During another investigation 
during the summer in 2002-2003 several surveys 
were conducted with a GPR on a waste rock pile 
in order to investigate the shallow water fluxes. 
Three different geological layers were identified 
and infiltration tests monitored with GPR 
showed flow paths (Poisson et al., 2009). In a 
laboratory based study, Zhang (2012) showed a 
mathematical relationship between the frequency 
of the radar wave, the attenuation and the water 
content of the soil. Several surveys have been 
carried out with GPR in order to locate 
hydrocarbon spills on Scott Base, Antarctica. The 
spills were not successfully detected but the 
retrieved data provided useful information about 
the geological substructures in the ground 
(Pettersson & Nobes, 2003). GPR and VES 
methods were conducted at and by a waste burial 
site in southeast Brazil in order to delimit the 
contamination plume due to solid residue. The 
results from GPR and VES was coherent and 
showed the top of the contamination plume and 
that it was moving laterally beyond the borders of 
the burial site (Porsani et al, 2004).  

Ground penetrating radar consists of a signal 
generator, a transmitter, a device which measures 
the survey distance and a control panel. The 
signal generator emits an electromagnetic pulse of 
a certain frequency and amplitude into the 

ground and the transmitter registers the return 
time and amplitude of the reflection. The control 
panel processes the information and displays it in 
a window which allows the user to view the 
results in situ. In vacuum the speed of an 
electromagnetic wave is the same as the speed of 
light in vacuum (v=2.998*108 ms-1). The speed of 
the radio waves is dependent upon the speed of 
light, the electrical conductivity, the permittivity 
and the magnetic permeability (μ=1 for non-
conductive materials) of the material 
(Appendix V). The magnetic permeability of 
most soils and rocks encountered in radar work is 
close to one which means this factor is only 
important in rare cases, for example in soils with 
a high iron or magnetite content. Each time an 
electromagnetic pulse is transmitted to a material 
with different electrical properties than the 
present a part of the signal is reflected. If the 
difference in electrical properties is larger, more is 
reflected and vice versa. The amount of the 
fraction that is reflected is dependent on the 
difference of the electrical permittivity between 
the two materials. The electrical permittivity is a 
measure of the resistance which the 
electromagnetic wave encounters when it enters a 
new material. There is a direct link between the 
electrical permittivity and the electrical 
susceptibility which is a measure of how easily a 
dielectric polarizes due to an electromagnetic 
field. A dielectric is an electrical insulator which 
can be polarized when an electric field is applied 
onto it. Since water and especially ion-containing 
water polarizes easily, energy losses in the ground 
is directly connected to the moisture and ion 
content. As a consequence, the penetration depth 
in soils with a high content of clay and ions is 

Figure 8. This image shows a contaminant plume of leachate water from a landfill 
(Reynolds, 2011). 
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strongly reduced. Solutions in the ground with a 
high content of ions such as most pollutions, 
appears as diffuse areas in the radargram (Fig. 8). 
In order to delimit a contaminant plume from the 
environment it is easier if the surrounding 
material is not of a conductive nature 
(Reynolds, 2011).  

The electrical permittivity was originally described 
by the dielectrical constant. The dielectrical 
constant is defined as the ratio of capacities of 
otherwise identical parallel-plate capacitors with 
vacuum or the material in question placed 
between the plates. Instead of assigning a value of 
the permittivity to every material they are 
assigned values, εR, (Appendix V) which are 
linearly relative to the permittivity of air, 
ε0=8.854*10-12 farad-1 (Milsom, 2008). 

The total energy loss of the wave as it propagates 
through the ground consists of five parts: 

 Antenna losses; energy is lost into heat while 
transmitting the signal. 

 Transmission losses between the air and the 
ground. 

 

 The radar signal is emitted as a cone with a 
90O cone angle. As the beam spread out there 
is a geometrical loss proportional to 1/r2 in 
energy per unit area where r is the distance 
from the antenna. 

 The physical properties of the ground cause 
attenuation losses. 

 Objects in the ground cause the signal to 
break up and scatter. If there are objects of 
the same dimension as the wave length, these 
will cause the signal to scatter randomly. This 
is known as Mie scattering.  

A common conception to describe the 
penetration depth of an electromagnetic wave is 
the skin depth (Appendix V). It is defined as the 
depth where the reflected signal has the 
amplitude of 1/e (37 %) of the emitted signal. 
The skin depth is the reciprocal of the 
attenuation (Appendix V) which is often called 
the damping factor. However, it is important to 
remember that the penetration depth is not 
exactly equal to the skin depth. The penetration 
depth is also dependent on the antenna and 
transmission losses mentioned before. The speed, 
period and wave length of the emitted 

  
 

Figure 9. a) shows a single trace and how it is represented in a radargram. b) illustrates how the 
traces are positioned besides each other and how the hyperbel in the radargram is created 
(Reynolds, 2011). 

a) b) 
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electromagnetic wave changes as a function of 
the attenuation as it propagates through the soil 
(Reynolds, 2011). 

Interpretation of GPR data 

Since the radar signal spreads out in the shape of 
a cone, single, distinct objects like tubes and 
barrels will show up as hyperbolas in the 
radargram (Fig. 9b). This is due to the fact that 
every burst is saved as one single trace (Fig. 9a) 
even though it represents information about the 
physical properties of a whole cone of soil. A 
trace is the recorded amplitude of the reflected 
signals during a short period of time, normally 
some tenths of nanoseconds. The time 
determines the theoretical depth by c*t/2 where c 
is the propagation speed of the radio wave. These 
traces contain information about the amplitude, 
wave length and return time of the reflected 
signal. When making the measurements it is also 
possible to choose the distance, or time between 
the emitted pulses. This distance between traces 
combined with the wave length of the 
electromagnetic wave determines the resolution. 
Roughly the resolution is around one quarter of 
the wave length given that the distance between 
the traces is not larger (Table 2). However, this is 
purely theoretical and normally it is possible to 
distinguish smaller objects due to the nature of 
the wave and the fact that there are many pulses 
emitted, not only one. It is possible to 
approximate the average velocity of the radar 
wave in the medium by adapting a shape over the 
retrieved hyperbola in most interpretation 
programs. This can be used to evaluate the 
geological structures of a radargram since the 
velocity of an electromagnetic wave is a function 
of the physical properties of the medium 
(Reynolds, 2011). 

Table 2. Typical resolutions and 
penetrations depth for common frequencies 
(Malå Geoscience AB, 2012).  

Antenna 

Range (MHz) 

Resolution 

(m) 

In Soil 

(m) 

In Rock 

(m) 

25 1.000 25.0 40.0 

50 0.500 20.0 30.0 

100 0.250 12.0 20.0 

250 0.100 6.0 12.0 

500 0.050 3.5 5.0 

800 0.030 1.5 3.0 

1200 0.020 1.0 1.9 

1600 0.015 0.7 1.5 

 

During the work with this thesis, interpretation 
of radar data has been made in the software 
program Reflex2DQuick with many tools 
available for interpreting the data. These are 
mathematical operators located in the geometry 
processing menu in Reflex2DQuick which 
enhance and correct the radargrams in order to 
facilitate the interpretation process (Fig. 10). The 
filters that have been applied to the retrieved 
radar data in this thesis are: 

 Subtract DC-shift: a  subtraction of an 
existing time constant shift is calculated for 
each trace as the mean of the first two or 
three nanoseconds. In other words the dc-
shift function eliminates some of the existing 
background noise. 

 Static correction: This function regards the 
fact that there is a small distance from the 
transmitter to the ground. Therefore a time 
constant will be subtracted from each trace in 
order to compensate for the travel time in air. 
This time constant is retrieved from the 
radargram by an ocular inspection.  

 Subtract mean: a time independent running 
mean is calculated for each value of every 
trace and subtracted from the central point. A 
running means is the mean of a given number 
of values in each row or column. The purpose 
is to eliminate static noise. 

  Gain function: the recorded amplitudes of 
each trace are multiplied with function of time 
which includes both a linear and one 

exponential function.              

       where      is the magnified amplitude 
as a function of the time t, a and b are the 
linear and the exponential coefficient 
respectively. The constants a and b are 
determined by the user. 

 Bandpass butterworth: a lower and upper 
value is given for the displayed frequencies in 
order to suppress noise.  

 Running average: this filter calculates an 
average over a given number of columns for 
each value in every trace. It emphasizes 
horizontal structures such as soil layers or 
rock surfaces and reduces trace dependent 
noise. 

There is also a possibility to correct the 
topography of a radargram by loading an ASCII-
file to the geometry processing tab. This 
facilitates the interpretation of surveys conducted 
in hilly terrain (Sandmeier, 2006). 
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Continuous vertical electrical sounding – 
CVES 

Measuring of the ground’s electrical resistivity has 
been done for the major part of the 20th century. 
It was however, highly impractical due to the 
difficulty in interpretation of data. With more 
recent advancements in computer technology 
these limitations have been eliminated and 
electrical resistivity has become more and more 
accepted and are nowadays used for multiple 
different purposes such as ground water surveys, 
monitoring of pollutions and prospecting. During 
the 1980s great progress was made in the 
development of automated scanning arrays which 
allowed the use of much larger arrays compared 
to the original four electrode setup 
(Reynolds, 2011). This led to much more accurate 
and large scale surveying and resulted in the 
method called Continuous Vertical Electrical 
Sounding (CVES) by van Overmeeren and 
Ritsema (1988, cited in Reynolds, 2011).  

Geological materials exhibits a vide span of 
different electrical properties (Appendix VI). 
These differences can be used to evaluate the 
composition and structures of the subsurface 
through resistivity measurements and modeling. 
In a study by Brunzell (2006), the CVES was used 
to determine the distribution of soils in glacial 
sediments. Studying the internal structure and 
moisture distribution of a mine waste rock pile, 

Poisson et al (2009) showed how the grain size 
and oxidation state of mine waste can affect the 
measured electrical resistivity. Bergman (2009) 
similarly showed how CVES can be used to trace 
leachate plumes from a landfill site. Closely 
related to the problems at Kringelgruvan, Sjödahl, 
Dahlin and Johansson (2005) tried to assess 
internal erosion and dam stability of a tailings 
dam using CVES. 

Basic principle of electrical resistivity 

Electric resistivity is often referred to as direct 
current (DC) measurements even though the 
current is alternated at regular intervals. This 
alternation is done to reduce the noise from 
background sources. However the current fed to 
the system is most commonly from a DC-battery 
(Milsom, 2008). There are three different ways 
for electric current to propagate in the ground. 
The first way is when an electron carries the 
charge in a highly conductive material such as a 
metal. This occurs since the electrons are not 
directly bound to the atoms but instead allowed 
to move freely within the material. It is the 
normal propagation method for electric currents 
when passed through a wire but is however not 
as common in the ground since it requires the 
conductive material to form a continuous mass. 
Since these materials normally occur as scattered 
grains in the ground it prevents the free transport 
of electrons. The exception is however the 

 
 Figure 10. The right image in the figure displays the geometry processing window and the 
left illustrates the effect of the gain function (Sandmeier, 2006). 
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occurrence of massive ore bodies, which makes 
electrical resistivity methods viable for ore 
prospection (Reynolds, 2011). Secondly, electric 
current can be transported through electrolytic 
conduction. This is when, instead of electrons, 
ions transports the charge through an electrolyte, 
most commonly an ionic solution. Electrolytic 
conduction is the most common way of electric 
propagation in the ground. This is especially true 
for porous rock where almost all of the current is 
transported through pore water. A relation 
between the electric conductivity, brine saturation 
and porosity in rock was established by Archie 
and is called Archie’s Law. The last and least 
common way of electric conduction is through 
electrons that start moving when they are 
exposed to an alternating current. The 
contribution from this is negligible in electric 
resistivity measurements (Reynolds, 2011). The 
electric current is passed between two electrodes 
in direct contact with the ground. These are 
appropriately called current electrodes A and B 
with one positive and one negative. The current 
passing through the ground gives rise to an 
electric potential that decreases with increasing 
resistivity and distance from the current 
electrodes. It is important to remember that it is 
not the potential per se that is of interest, but 
rather the change in potential between two 
points. This change manifests itself as a potential 

drop due to the innate resistance in the ground 
and can be measured by two “potential” 
electrodes, M and N connected to a high-
impedance voltmeter (Fig. 11). In modern-day 
equipment, the measured potential is 
automatically recalculated to resistance which in 
turn can be converted to an apparent resistivity 
for the measured volume. Resistivity is measured 
in the unit ohm-meters, Ωm (Herman, 2001; 
Reynolds, 2011). The current electrodes are 
sometimes denoted as C1 and C2 and the 
potential electrodes P1 and P2. 

VES and CVES surveys 

In a 1-D survey, or vertical electrical sounding 
(VES), the array is expanded in both directions in 
successive measurements while keeping the 
midpoint fixed. When the distance between the 
current electrodes is increased, more of the 
current tend to flow deeper in the ground and 
encompass a larger volume of the subsurface. 
Below the midpoint of the array all of the current 
flow in a homogeneous soil will be horizontal. By 
conceiving the midpoint as a vertical plane 
perpendicular to the array an effective depth can 
be established. At that point half the current flow 
will occur above and half the current flow will 
occur below this depth. In a two-layer system the 
effective depth will determine how much 
influence each of the layers will have. If the 
effective depth is exactly the same as the 
boundary between the two layers they will have 
an equal influence. As the effective depth 
increases the deeper layer will start having a 
bigger influence on the measured total resistivity 
and will eventually asymptotically reach the 
resistivity of the lower layer (Herman, 2001). A 
simple array oftentimes used for a 1-D survey is 
the Wenner array (Fig. 12a). 

The 1-D survey goes fairly quickly to perform but 
only gives information of variations in resistivity 
in the lateral direction. To be able to create 
profiles of the soil in both the horizontal and 
lateral direction a 2-D survey is performed. In a 
2-D survey (CVES) multiple electrodes are 

Figure 12. This image illustrates the sensitivity pattern of the Wenner (a) and Gradient array 
(b). C1 and C2 are the current electrodes and the crosses represent the location of the 
measured resistivity value (Dahlin & Zhou, 2004). 

Figure 11. Illustration of the electric current 
flow lines between two current electrodes A 
and B (U.S. E.P.A., 2011). 
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connected by multicore cables to expand the 
array. Generally between 60 and 80 electrodes 
depending on equipment used can be connected 
at once. The electrodes are setup with a constant 
spacing a. An automatic switching unit governs 
the measurements and decides which electrodes 
acts as current electrodes and which ones 
measure potential (Fig. 13). Once measurements 
have been performed for each data point, a roll-
along is performed. This means that you move 
the measurement station from its original to a 
new position further along the survey line. New 
electrodes are connected to the forward part of 
the array and measurements of the new data 
points are performed. By continuously removing 
the end-part and expanding the array in the 
forward direction very long measurement profiles 
can be created (Reynolds, 2011).  

In this study the gradient array (Fig. 12b) has 
been utilized. It is a modification of the 
Schlumberger array where the potential 
electrodes can be offset between the current 
electrodes. This allows multiple potential 
combinations to be used at once which speeds up 
data collection and allows a larger data density 
(Dahlin & Zhou, 2004). It is however, more 
sensitive to noise but as shown by Dahlin and 
Zhou (2004) is still very reliable and produces 
comparatively good results to other arrays. The 
measured apparent resistivity can thereafter be 
plotted and contoured into a pseudosection 
which depicts the entire profile. The 
pseudosection is only a first display of the 
measured data and not equal to the true 
resistivity. They can however be useful to get a 
first overview of the ground conditions and the 
quality of the data. To obtain a good 
representation of the true resistivity of the 
ground the apparent resistivity data is processed 
through inversion methods. In the inversion 
process the profile is subdivided into rectangles 

and each rectangle is assigned a model resistivity 
value. The process then tries to improve the 
model accuracy by minimizing the deviation 
between apparent and modeled resistivity. There 
are also factors in some methods which improve 
smoothness of features or contrarily increase the 
sharpness between boundaries. Equifinality 
commonly occurs during modeling and has to be 
accounted for when deciding on which model 
best represents the true resistivity. Basic 
knowledge of the geology in the area is required 
and can then be used to determine the suitability 
of a certain type of model (Reynolds, 2011). 

Induced Polarization 

Induced Polarization (IP) measurements are a 
type of geoelectrical investigations closely related 
to electrical resistivity. IP measurements are 
performed by having an electric current induce a 
polarization in conductive material 
(Reynolds, 2011).  

IP measurements can be performed in four 
different ways and these are time, frequency and 
phase domain as well as spectral IP 
measurements. In this thesis time-domain 
measurements will be employed and the practice 
for these will be explained shortly. Frequency 
domain or variable frequency IP measurements 
are performed through the use of two different 
frequencies less than 10 Hz that allows for the 
determination of the apparent resistivity. In 
Phase domain the phase lag between the applied 
current and the polarization voltage is measured. 
Last but not least is the spectral IP method which 
utilizes multiple different frequencies to 
determine the dielectric properties of materials in 
the ground (Reynolds, 2011). 

Time domain IP measurements can be done with 
the same equipment that is used for electrical 
resistivity. Many modern-day instruments for 
resistivity also have a built-in function for 

Figure 13. This image illustrates the arrangement in a CVES array and the resulting 
measurement points under a pseudo profile (Loke, 1999). 
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performing time domain IP-surveys. In time 
domain IP a current is turned on for a set time. 
As the current is passing through the ground, 
material with the ability starts to get polarized and 
build up charge. This means that except for the 
applied voltage from the current there is also a 
polarization voltage being built up in the ground. 
The polarization voltage continues to increase as 
long as the current is turned on and eventually 
reaches a maximum value. When the current is 
turned off the applied voltage instantaneously 
drops to zero. However, the polarization voltage 
does not immediately fall to zero but instead 
decays over time. This is called the overvoltage 
effect. The decay is measured for a number of 
time intervals and results in a value of 
chargeability calculated in units of milliseconds 
(Reynolds, 2011). 

There are two mechanisms that mainly control 
the induced polarization in the ground. These are 
grain and membrane polarization. When an 
electric current is induced into a porous or 

fractured rock almost all of the current will be 
transported via ions in an electrolytic solution. If 
a grain is restricting the electrolytic transport by 
blocking off the flow, a build-up of ions or 
charges will start to occur on each side of the 
grain. This means that the grain will start to 
become polarized and have a positively and 
negatively charged side. When the current is 
turned off the ions starts to disperse in the 
solution; the polarization of the grain hence starts 
to subside towards zero. Grain polarization most 
often takes place in a material where you have 
dispersed grains of ore that get polarized 
individually. If it is a dense ore body the entire 
zone may also take on a net polarization. The 
other main process in polarization is through 
membrane polarization. In most rocks the 
minerals on the surface towards a pore fluid tend 
to have a negative net charge. This will attract 
positive charges in the electrolyte which forms a 
layer on the surface. The layer can get as thick as 
100 µm and if this happens in a constriction of a 

Figure 14. The theoretical principle of a horizontal, co-planar system, such as a slingram 
(Grant & West, 1965). 
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pore channel with a similarly small diameter the 
layer forms a barrier that prevents the flow of 
negative charges. Much like in the case of grain 
polarization this will lead to a build-up of charge 
as long as the current is turned on. Similarly when 
the current is turned off, the charges will diffuse 
into the solution. Membrane polarization can also 
occur if there are particles present such as clay 
that naturally can hold a negative net charge in a 
solution. This attracts positive charges which may 
form a cloud that repel and prevent the 
electrolytic conveyance of charges 
(Reynolds, 2011). 

Slingram 

The slingram is a low frequency electromagnetic 
instrument that utilizes electromagnetic waves to 
induce electric currents in conductive material in 
the ground. It is a small loop system that most 
commonly consists of two coils separated by a 
constant distance where one of the coils acts as a 
transmitter and the other a receiver. When an 
alternating electric current is passed through the 
transmitter coil it produces a magnetic field that 
similarly alternates direction. The alternating 
magnetic field has the ability to induce electric 
currents in conductive material in the ground. 
These are called eddy currents and produce 
secondary magnetic fields that along with the 
primary magnetic field are measured as a resultant 
by the receiver coil (Fig. 14). Since the 
characteristics of the un-modulated primary 
magnetic field are known the change in phase and 
amplitude due to the secondary fields are used to 
calculate the apparent conductivity of the ground 
(McNeill, 1980; Milsom, 2008; Reynolds 2011). 

The coils can be aligned in multiple different 
ways where placing them horizontally and co-
planar is the most common (Fig. 15). A 
horizontal, co-planar operation yields a vertical 
magnetic dipole field. Depending on the coil 
configuration the relative response of the 
secondary field compared to the primary field 
varies differently with depth. In the vertical 
dipole mode (øv(z)), the largest relative response 
is achieved at a depth of 0.4 times the coil 

spacing (Fig. 16). The maximum effective depth 
of exploration for this mode is approximately 1.5 
times the coil spacing. Comparison of the 
response function for vertical dipole opposed to 
horizontal dipole mode also shows that it is not 
as sensitive to highly conductive material in the 
uppermost soil. It is very important to keep in 
mind that when performing slingram 
measurements you acquire the apparent 
conductivity over a large volume, so anomalous 
objects in the soil can give a large response even 
though the soil itself is very homogenous 
(McNeill, 1980). For an all-encompassing 
description of the theory behind electromagnetic 
conductivity measurements “Electromagnetic 
terrain conductivity measurement at low 
induction numbers” by McNeill (1980) is 
recommended. 

There are many case studies of how the EM-31 
and closely-related ground conductivity meters 
can be used for different purposes, commonly in 
the study of geological properties related to 
ground water (McNeill, 1991; Poisson et al., 2009) 
or mapping of pollutions (Pettersson & Nobes, 
2003; Bergman, 2009). 

The measurement is generally performed along 
lines perpendicular to the main propagation 
direction of the anomaly. This is especially useful 
when looking for flow paths of ground water, 
pollutants or when looking for fault zones and 
dykes in rock. When the magnitude and 
distribution is of major importance the 

Figure 15. An illustration of two horizontal 
and co-planar coils (Adapted after Milsom, 
2008). 

Figure 16. The relative responses of the 
secondary magnetic fields for vertical and 
horizontal magnetic dipoles at z, where z 
is the depth from the surface divided by 
the inter-coil spacing (McNeill, 1980). 
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measurements can instead be performed in a grid 
pattern that covers the investigated area 
(Reynold, 2011). 

A pole type slingram of model EM-31 by 
Geonics was used for the measurements. It is a 
traditional small loop system with a coil 
separation distance of 4.6 m that can be operated 
in either vertical or horizontal magnetic dipole 
mode by having the instrument turned 90 degrees 
(McNeill, 1980). Only vertical magnetic dipole 
was utilized in this study.  The EM-31 has a good 
depth penetration, approximately 7 meters, while 
still being fairly mobile and easy to operate by 
one person. A great advantage of the method is 
the speed at which data can be acquired. 
Measurements are taken at a regular interval of 
approximately 5-25 m and the instrument only 
requires a few seconds for measurements to 
stabilize. This result in the time consumption of 
the measurements generally being more 
dependent on the sparsity of the measurements 
points and how the measurements are recorded 
(digitally/analogically) than on the technical 
function of the equipment (McNeill, 1980). The 
measurements were performed along mostly 
straight profiles, only obstructed by terrain, and 
with a measurement interval of approximately 
5 m. The data was recorded analogically in the 
field and processed digitally afterwards. The 
computer software Surfer 7.0 was used to 
produce image maps of the apparent 
conductivity. 

Grain size distribution of till and 
hydraulic conductivity 

As shown in the chapter “Embankment dams”, 
the hydrological properties of the till are of 
importance whilst determining whether it is 
suitable for dam construction or not. It is 
possible to derive the hydrological conductivity 
from a grain size distribution curve (Andersson et 
al, 1984; Kuang et al, 2010; Vienken & Dietrich, 
2011). As described in chapter “CVES” the major 
part of the electrical current is transferred 
through electrolytic transport in the pores of the 
bedrock or soil. In order to analyze the profiles 
from the resistivity measurements it is an 
advantage to have knowledge about the location 
of groundwater fluxes and clay-rich layers since 
these will lower the resistivity values in most 
cases (Milsom, 2008; Reynolds, 2011) The till for 
the construction is extracted on the 
Kringelgruvan facilities (Stockholms tingsrätt, 
1992; Holmström, 2012). Therefore, sieving will 
be performed on samples from different 
delimited soil layers extracted in front of the 

northwestern and the southeast embankment 
dams. However, the derived results of the 
hydrological conductivity should only be seen as 
an initial assessment. Small variations in the soil 
such as thin layers of clay, shape of grains and 
degree of compaction are neglected in most of 
these formulas and the result may differ from the 
true value (Andersson et al, 1984; Kuang et al, 
2010; Vienken & Dietrich, 2011). 

The porosity, moisture content and wet density 
will be approximated by eqs. 1-6 (Appendix VII). 
However, the moisture content of the soil 
samples is expected to be lower than the moisture 
content of undisturbed soil due to evaporation. 
As a result, the value of the porosity will be lower 
than the true value. Therefore, the porosity will 
be approximated by assigning literature values of 
the porosity to the different fractions obtained by 
the sieving test. The total porosity will be 
estimated by multiplying each fraction with the 
corresponding porosity and add up the sums 
(Appendix VII; Eq. 5). This will overestimate the 
result since the porosity of a mixed soil is lower 
than in a sorted soil (Knutsson & Morfeldt, 2002; 
Larsson, 2008). Therefore an average of the two 
will be used while calculating the conductivity. 
The heterogeneity of each sample is represented 
by the coefficient of uniformity (Appendix VII; 
Eq. 6) which was expressed by Hazen (1893, 
cited in Vienken & Dietrich, 2011). 

Sieving 

Sieving is a direct approach to physically 
determine the grain size distribution of soil and is 
usually performed in several steps. The grains in 
soils are commonly cemented together in 
aggregates. The cement normally consists of 
organic substances, clay, iron- and aluminum 
hydroxides, deposited calcium carbonates and 
silicic acid. In order to separate the aggregates 
both mechanical and chemical dispersion have to 
be performed on the retrieved soil samples. The 
soil samples were air dried for 120 hours in a 
temperature of 20 0C, and weighed and crushed 
mechanically. In order to neutralize the 
aggregates further, the soil was put in a solution 
with natriumpyrophosphate to disperse. It was 
stirred continuously, let to stand during one night 
and stirred one more time. In order to determine 
whether or not the aggregates have been 
dispersed ocular inspection was performed. 
When the result was satisfying the water around 
the soil was poured through a wet sieve with a 
grid size of 0.074 mm to separate the fine from 
the course particles. More water is mixed with the 
soil and the process is repeated until the water is 
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clear. The coarse grains are air dried and weighed 
again in order to determine the fraction of fine 
particles such as clay and silt. Stones larger than 
19 mm were removed from the sample and 
weighed. The second largest diameter of the 
biggest stone is measured and represents the 
coarsest fraction. The dried representative soil 
sample was placed upon the most coarsely 
meshed of a series of sieves with quadratic holes 
and the set is shaken in a device for 30 minutes. 
The grains pass through the sieve until they reach 
a mesh finer than the particle size. The grain size 
is assumed to correspond to the mesh width of 
the net they stall upon. The soil on each net was 
weighed and the fraction determined. Since 
boulders and rocks are too large to bring back to 
the laboratory, the fraction of boulders is 
determined by ocular inspection in the field. For 
fractions smaller than 0.074 mm it is possible to 
perform a hydrometer analysis but this is not 
used in this study. When all fractions are 
determined a grain size distribution curve is 
produced (ASTM, 1972; Andersson et al, 1984; 
Larsson, 2008). Sieving was only performed for 
the pits dug downstream the embankment dams 
which are pit three, four and five. These were the 
only pits dug deep enough to reach below the 
groundwater surface and hold water bearing 
layers. The produced grain size distribution 
curves will represent the till in the area. 

Hydrological conductivity 

The hydrological conductivity can be 
approximated by many different formulas that 
take several factors into account 
(Andersson et al, 1984; Kuang et al, 2010; Vienken
 & Dietrich, 2011). However, in this study a 
formula developed from laboratory tests by 
Terzaghi (1925, cited in Vienken & Dietrich, 
2011), was used (Appendix VII; Eq. 7). During 
the laboratory tests Terzaghi used water at 10 0C. 
The dynamic viscosity describes the inner friction 
of the groundwater at different temperatures and 
is inversely proportional to the temperature of 
the water. Therefore the equation contains a 
correction factor of the viscosity as a function of 
the temperature (Kuang et al, 2010, Vienken & 
Dietrich, 2011). The average temperature of 
ground water in Sweden is 7 0C (Knutsson & 
Morfeldt; 2002); hence this value will be used in 
the calculations. 

Matlab 

Almost anyone can perform the actual 
measurements in field and retrieve the results. 
One of the greatest challenges as a geo physicist 
is to interpret the data (Reynolds, 2011). In this 

thesis three different geophysical methods have 
been used and it would be wasteful not to co-
process the results to optimize the results and 
compare the different techniques. 

Introduction and purpose 

In order to analyze the retrieved data from the 
CVES and GPR measurements some 
programming have been done in Matlab which is 
a matrix calculating software for algorithm 
development, data analysis, visualization and 
numerical computation. Since both radargrams 
and CVES profiles are basically matrixes with 
three dimensions it is possible to process and 
visualize these data in Matlab. In Reflex2DQuick 
it is possible to interpret visualized surfaces and 
manually choose data points which constitute a 
surface by a visual interpretation of the 
radagrams. This process is called “picking” and 
the position of the points is saved in a file called 
“pickfile”. The radargrams and pickfiles have 
been saved as ASCII files which are editable in 
Matlab. Pseudo profiles have been processed in 
Res2DInv and the calculated true resistivities 
have also been saved to ASCII files. 

The focus has been to find the position of the 
bedrock in the numerical modeling. While 
interpreting surfaces from pseudo profiles the 
focus lies mainly on the resistivity values which 
are displayed in intervals as areas of different 
colors. An algorithm has been developed that 
creates, saves and plots a line that follows the 
upper pixels of a selectable color value as long as 
it forms a visible surface. This vector is saved in a 
file and will be referred to as the CVES-pick 
from now on. The pickfile from the 
corresponding radargram is also plotted and for 
every element in these vectors where both the 
pickfile and the CVES-pick contains a depth the 
value, these are analyzed statistically. Standard 
deviations of the pickfile, CVES-pick, and the 
difference between them are saved into a text file. 

While interpreting a radargram to find bedrock or 
leakages the focus lies mainly in finding boundary 
layers between areas rich in reflections and areas 
which are displayed as diffuse areas with few 
reflections. Till with a high content of boulders 
display a high frequency of reflectors while 
homogeneous bedrock and large saturated zones 
in soil only show small reflections. An algorithm 
has been developed that focuses on the 
differences of the reflection amplitude in the 
radargram and amplifies them. The equation for 
the amplitude reflection coefficient (Appendix 
VIII; Eq. 1) is the original equation which has 
been the inspiration for this algorithm. The 
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equation has then been modified and used on 
every element in every column of the radargram. 
Absolute values of amplitudes have replaced the 
velocity values in the modified equation 
(Appendix VIII; Eq. 2 & 3). The pickfile has 
been plotted in the same figure and if they are 
coherent no changes in the pick has been done. If 
the selection of bedrock level is not satisfactory 
the parameters are modified and the algorithm is 
run again. However, since both solid bedrock and 
leakage water exhibits similar numbers of 
reflections it is not always possible to distinguish 
one from the other merely by inspection of 
radargrams. 

Surface maps 

A statistical and visual analysis has been executed 
by performing map algebra with soil cover depth 
maps from both GPR and CVES measurements. 
The distances (Fig. 17) have been measured on a 
printed picture with a ruler. A grid has been 
created in Surfer 7.0 utilizing data from the 
corresponding pickfiles.  

Field surveys 

The aims of the field surveys have been to 
determine the leakage paths through and 
downstream the earth and rock fill dams 
surrounding the tailings, estimate the thickness of 
the till and determine the content of the 
embankment dams. In order to determine the 
fluxes from the tailings, profiles have been 
measured perpendicular to the supposed 
direction of flow, all through the area of interest. 
The reason is to ensure no flows are overlooked. 

To determine the depth to bedrock, ground 
penetrating radar has been used. The propagation 
of the pollution plumes has been mapped with 
slingram and in some cases highly conductive 
regions have been compared with the attenuation 
in the radargram at the same location. At some 
locations the attenuation has been very high and 
the radargrams have been impossible to interpret 
differently than that the damping effect has to 
originate from the leakage (Appendix V; Fig. 1-4). 
The start- and endpoints of the radar survey 

Figure 17. The black 
rectangle represents 
the area that has 
been interpolated. 
The measurement 
profiles 
(CVES/GPR3 & 
CVES/GPR4) used 
to create the grid 
can be seen as green 
lines. 

Figure 18. The measured GPR-profile along 
the western embankment dam and across 
the tailings impoundment. Satellite photo 
taken from Eniro (2012). 
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profiles are marked on the pictures with green 
and black dots respectively. Surf markers are used 
to mark targets such as sites of special interest or 
a place where the investigation is not considered 
reliable because of the obstacles in the terrain. 
These surf markers are marked with red dots in 
the pictures and appear in the produced 
radargram as white squares just above the ground 
level (first reflection). All satellite photos with no 
reference in the caption are taken from Google 
Maps. 

Field survey 1 – 250 MHz GPR 

On the Wednesday of the 11th of January 2012 
measurements with a 250 MHz GPR were made 
on and around the embankment dams of 
Kringelgruvan. The main purpose of the field trip 
was to get a first impression of the facilities and 
the pollution situation downstream the 
embankment dams. Expectations were high to 
achieve good results in order to help determine 
the composition and depth of foundation of the 
embankment dams. During this survey the 
measurements have been carried out along the 
four embankment dams located around the 
tailings and sedimentation pond. A radar profile 
was measured along the western embankment 
dam (Fig. 18) and a second profile in a selected 
cross section. Two profiles were also measured 
across the impoundment to investigate whether it 
was possible to determine the depth of the 
tailings. For evaluation of the composition and 
structure of the east embankment dam of the 

tailings deposit and at Uxatjärn, profiles were 
measured at these sites (Fig. 19). 

Field survey 2 – slingram and 100 MHz GPR 

Between Monday and Thursday during the 7th 
week of 2012, geophysical surveys were 
conducted around the tailings pond at 
Kringelgruvan. The methods used were ground 
penetrating radar with 100 MHz antenna and an 
analog slingram of type EM31. Several survey 
profiles with both 100 MHz GPR and slingram 
were performed on both sides of the 
impoundment (Fig. 20-22). The start and end 
points of the survey profiles have been marked 
with orange spray paint on trees in the terrain. 
Starting points were marked with a vertical line 
and end points with a circle around the trunk. 
Relative coordinates of these points have been 
measured with measuring tape in the Y-and X-
direction with the southernmost part of each 
embankment dams as the origin. Every trace in 
the radargram is 0.1 m and the distance between 
the measuring points using EM31 have been 
estimated by dividing the length of the transverse 
profile of the number of measured point values. 
However, while making the measurements it was 
attempted to hold a constant distance of 
approximately five m between the measuring 
points. The X-direction represents the east to 
west direction and Y-direction is south to north 
with the origin at the south of the earthfill dams. 
X values between the starting and end points 
have been approximated by linear interpolation in 
Excel. Maps of the apparent conductivity and 

 
 Figure 19. The pictures show the locations of the measured GPR-profiles on the East 
embankment dams of the tailings (a) and the profile downstream the sedimentation pond, 
Uxatjärn (b). Satellite photo from Eniro (2012). 
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depth to the bedrock have been produced in 
Surfer 7.0 with kriging as interpolation method.  

Field survey 3 – verification of data 

During the 28th and 29th of March, five pits were 
excavated in front of the embankment dams of 
Kringelgruvan (Fig. 23). Photographs of the pits 
were taken and the stratigraphy was recorded by 

measuring the diverse soil layers and 
documenting the physical properties. Soil samples 
were taken from different levels where possible 
and if ground water was encountered pH, water 
temperature and electrical conductivity were 
measured. The last-mentioned was also measured 
in the tailings basin and in the well-spring 

Figure 21. The slingram profiles on the eastern side of the tailings impoundment. The picture 
has been tilted approximately 40 degrees counterclockwise. The countour spacing is 5 m. 

Figure 20. The surveyed radar profiles on the eastern side of the impoundment. The picture has 
been tilted approximately 40 degrees counterclockwise. The countour spacing is 5 m. 
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downstream the northwestern embankment dam. 
The depth to the groundwater surface from the 
ground surface was measured three days after 
excavation. The electrical conductivity was 
measured with a conductivity meter in field and 
the readings have been corrected in order to 
match the measured temperature. Furthermore a 
Terrameter SAS from ABEM was used in order 
to approximate the resistance of the soil and 

compare the results from the CVES field 
investigations. Soil from each sample was placed 
in an 18*25*20 cm plastic box to a depth of 
15 cm. The simplest arrangement of a Wenner 
array measurement with four electrodes 
(Appendix IX; Fig. 1) was performed and the 
geometrical factor K, was calculated (Appendix 
IX; Eq. 1) in order to correct the measured 
resistance to the arrangement. Under these 

Figure 23. The image illustrates the positions of the excavated pits downstream the north-
western embankment dams (a) and downstream the south-east embankment dam (b). 

Figure 22. The seven profiles measured on the western side of the tailings. The three 
easternmost profiles were surveyed with both GPR 100 MHz and Slingram EM31. 
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circumstances the geometrical factor is equal to 
2πα where α is the distance between the 
electrodes, 0.06 m resulting in a value of 0.38 for 
K. pH values of all soil samples was also 
measured through leaching tests in the laboratory 
at the department of Land- and Water resources 
at KTH. 40 g of dried representative soil was 
intermixed with 80 g of distilled water and 
rotated for 24 hours before pH and electrical 
conductivity was measured. 

Field survey 4 - CVES and 100 MHz GPR 

During five days between the 8th and the 12th of 
May, measurements with CVES and GPR were 
performed. The equipment used for the CVES 
investigations was a Terrameter LS by ABEM 
(Appendix X) with four cables of 40 m length 
and an electrode departure of two m were used 
giving one measurement the length of 160 m. 
When the measurement is done the rear cable is 

Figure 25. The 
survey line across 
the tailings 
impoundment. The 
red dots marks 
locations of the 
excavated test pits 
and the numbers is 
the depth of the 
tailings sand. When 
marked with (>) the 
maximal depth of 
the excavator was 
reached before the 
underlying soil. 

Figure 24. Map showing the measured profiles during field survey 4. 
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moved to the front and the Terrameter is moved 
one step ahead so that it maintains its position in 
the center of the four cables. This procedure is 
repeated until the full distance of the 
measurement is accomplished. GPR profiles have 
been measured along these profiles in order to 
co-analyze the respective profiles. The interpreted 
bedrock surfaces retrieved in the radargrams will 
be used in Matlab together with the CVES 
profiles in order to see if they correspond. Two 
survey lines were measured downstream the 
southeast embankment dam. One was placed on 
the bog dam (CVES2) and one on the outlet of 
the bog Stormyran (CVES1)). Two 
measurements were also performed downstream 
the northwestern embankment dams with CVES 
and GPR (Fig. 24). An additional GPR profile 
was measured perpendicular to the assumed 
groundwater flow at the well spring downstream 
the northwestern embankment dams (GPR5; 
Fig. 24). Downstream Uxatjärn another survey 
line with CVES and GPR was made. A radargram 
along the road downstream Uxatjärn was 
measured with a 100 MHz antenna in order to 
verify the radargrams retrieved with a 250 MHz 
antenna during the startup of the project (GPR6; 
Fig. 24). Measurements were performed across 
the tailings impoundment to determine the 
thickness of the sand layer and to find the water 
divider (Fig. 25). Included in the figure are also 
the results from several excavated test pits. In 
order to determine if there are any shear zones 
north of the tailings basin it was first planned to 
place e survey line there. While exploring the area 
for an optimal location of the measurement 

profile it became obvious that the gradients of 
flow were aiming towards the tailings deposit and 
towards Stormyran (Appendix XI). 

RESULTS  

The results in the following sections will be 
presented with respect to chronology and 
location. 

Field survey 1 and 2 – depth to bedrock 

Continuous surfaces have been observed in 
several places around the tailings basin using 
GPR. The depth to bedrock downstream both 
the west and east embankment dams have been 
interpolated using Kriging in Surfer 7.0 
(Fig. 26 & 27). 

Field survey 1 and 2 – embankment dams 

The radargrams obtained with both 100 MHz 
and 250 MHz antennas show a transition 
between two zones with different electrical 
properties in the northwestern embankment 
dams (Fig. 28 & 29). In the eastern dam it was 
difficult to determine different surfaces due to 
the highly conductive nature of the material and 
Mie scattering of the radar wave (explained on 
page 10). 

Field survey 2 – slingram EM31 

The east embankment dam and downstream on 
the bog Stormyran 

The apparent electrical conductivity tends to 
increase along an 80-100 m long stretch along the 
dam crest, just above the open water that was 
located at the foot of the embankment dam 

Figure 26. The 
picture illustrates the 
estimated bedrock 
depths from GPR 
measurements at the 
eastern embankment 
dam and out on 
Stormyran. 

[m] 
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(Fig. 30). To the east of the bog dam the ground 
was dry and the values of the apparent 
conductivity were lower and decreased 
furthermore to the east. Groundwater fluxes have 

been interpreted (Fig. 31). The average and 

median apparent conductivity have been 
calculated in excel (Appendix XII; Fig. 1). 

Figure 27. These images illustrate the depth to the bedrock based on GPR data and depending 
on how the radargrams are interpreted. a) Displays the depth when bedrock has been 
interpreted shallowly, on top of an uncertain area and b) if the interpreted bedrock surface 
passes under the uncertain area. 

Figure 28.This picture shows a GPR profile along the northwestern earth fill dams obtained 
with a 250 MHz antenna. The red solid line in the middle has been interpreted as a rock 
surface and the connecting dotted lines have been interpreted as moraine ridges. The lines 
have been saved in a file in Reflex2DQuick and loaded into the radargram which figure 31 
illustrates. Observe that the south dam crest is higher than the north, which results the 
difference in depth to the interpreted moraine ridge. 

S N 
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The west embankment dam and downstream to 
the clarification pond 

During the investigations with the slingram 
EM31 along the western earth fill dams, elevated 
levels of electrical conductivity was measured on 
the crest and downstream of the dams at the 
same northing as the static water surfaces. The 
values on the embankment dams exhibit the same 
relative change along with the profiles from south 

to north as the profiles downstream, but generally  

with somewhat lower values (Fig. 32). The 
highest values have been measured in the high 
conductivity areas 1 - 4, in the forest downstream 
the northern embankment (Fig. 33). The flow 
paths from the tailings basin to Uxatjärn have 
also been interpreted. The average and median 
apparent conductivity have been calculated in 
excel (Appendix XII; Fig. 2).  

Figure 29. A 100MHz antenna has been used having a lower resolution but higher penetration 
depth than the 250 MHz antenna. The red interpretation lines are exactly the same as in 
Figure 28. 

S N 

Figure 30. This image illustrates the apparent electrical conductivity on and downstream the 
eastern embankment dam. The red lines are the survey profiles where the conductivity has been 
measured approximately every 6 m. All other values have been interpolated with Kriging in 
Surfer 7.0. Black to red show areas of low electrical conductivity and the blue to purple colors 
indicate high conductivity areas.  

[mS/m] 
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Figure 31. The flow path has been interpreted using the elevation curves and the apparent 
conductivity.  

[mS/m] 

Figure 32. This image illustrates the apparent electrical conductivity on and downstream the 
western embankment dams. The black lines are the profiles where the conductivity has been 
measured approximately every 6 m. All other values have been interpolated with Kriging in 
Surfer 7.0. 

[mS/m] 
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Field survey 3 – verification of data 

According to the excavated pits the till thickness 
predictions made by interpreting the radargrams 
are virtually correct (Fig. 34 & 35).  During the 
measurements with the 100 MHz antenna from 
Malå Geoscience AB, legion amounts of 
hyperbolas were observed in the radargrams and 
it was found that the attenuation in the till was 
low. The conclusions at that time were that the 
hyperbolas derived from boulders and the soil 
transparency was due to low clay content and that 
the main fractions of the till were sand and silt. 
This coincides with the result of the visual 
evaluation of the excavated pits (Appendix IX). 
Sieving tests have been performed on soil 
samples from the test pits and the results have 
been compiled and presented (Appendix XIII). 

Field survey 4 – CVES and 100 MHz GPR 

The bog dam and the bog 

Three low resistive zones have been identified in 
the measurement profile at the bog dam (Fig. 36). 
The measurement at the bog (Fig. 37) generally 
shows five time higher resistivity and five times 
lower chargeability (Fig 38) compared to the bog 
dam.  

The tailings impoundment 

The electrical conductivity in the tailings is very 
high which is in accordance with the previous 
investigations performed with the slingram 
EM31. The IP measurement at the embankment 
dam to the east is of the same magnitude and 
correlates well with the IP values measured on 
the southern part of the bog dam. An elevation in 
the bedrock can also be noticed stretching from 
approximately 84-120 m to the left in the profile 
(Fig. 39). Black dots represent the interface 
between peat and till according to the excavations 
performed previously at the tailings.  

West of the embankment dams 

There is a low resistivity area to the north in front 
of the north western embankment dam (Fig. 40) 
and very high resistivities have been measured in 
the till. The high values are a consequence of the 
large amount of blocks and organic material in 
the till. This resulted in difficulties with achieving 
good, electrical contact with the ground while 
inserting the electrodes. At the southernmost part 
of CVES3 very low resistivities have been 
measured at a depth that corresponds to the 
known location of the bedrock. 

Figure 33. The flow path has been interpreted using the elevation curves and the apparent 
conductivity. Black and red colors show areas of low electrical conductivity while the blue and 
purple colors indicate high conductivity areas. 1-4 indicate areas where the highest conductivity 
has been measured. The contour spacing is 5 m. 
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The pattern of a low resistivity zone downstream 
the northern part of the embankment dam 
continues in the second measurement profile 
performed further downstream (Fig. 41) 

(CVES4). At this location however it is more 
isolated to the deeper parts of the profile and 
does not extend towards the surface. The 
boundary between the more resistive top layers 
and the layers with lower resistivity below is 
generally deeper along CVES4 below 4-6 m, as 
opposed to the boundary ranging from 2.5-6 m in 
CVES3. The low resistivity zone in front of the 
southern embankment dam that is apparent in 
CVES3 is similarly present in CVES4.  

Figure 36. The measured profile of resistivity (top) and IP (bottom) on top of the bog dam 
(CVES2). 

N S 

[m] 

Figure 34. Map of till thickness based on 
GPR (see Fig. 22) on the northwestern side 
of the tailings basin with the location of the 
excavated pits illustrated as red dots with 
correlating depth to bedrock. 

[m] Figure 35. Map of till thickness based on 
GPR (see Fig. 20) on the eastern side of the 
tailings basin with the location of the 
excavated pits illustrated as red dots with 
correlating depth to bedrock. 

[m] 
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Figure 37. The profile measured of resistivity (top) and IP (bottom) at the outlet of the bog 
Stormyran (CVES1). 

Figure 38. The same resistivity scale has been used on the two profiles from the bog dam and 
the outlet of the bog Stormyran. (CVES1 & CVES2) The two top profiles show that the 
resistivity is much lower at the bog dam. The two bottom pictures show that the chargeability is 
also higher there. 
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The IP response at this location is not as distinct 
in the second measurement profile as in the first. 
It is however, set apart from the rest of the 
survey line.  

Downstream the sedimentation pond Uxatjärn 

In CVES5 (Fig. 40) most of the top soil is shown 
to have a very low resistivity. Between the outlet 
and the road embankment a deep, approximately 
20 m wide low resistive zone was detected. A low 

resistivity zone was also encountered below the 
road embankment. 

Matlab – modified amplitude coefficient 

Values of the modified amplitude coefficient 
decreases significantly in homogeneous materials 
as bedrock and saturated soil volumes (Fig. 41 & 
Appendix V; Fig. 6). 

Figure 39. Measurements at the tailings deposit (Fig. 25) show that the resistivity in the sand is 
extremely low which is in accordance with the results of the performed investigation with 
Slingram EM31. 

E 

 
W 

Figure 40. The measurement profile CVES3 in front of the northwestern embankment dams. 
The top picture shows the resistivity and the bottom show the IP. 
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Comparison between CVES and GPR 

The measurement profile (Fig. 44a) depicts the 
interpreted bedrock level from the GPR 
investigation and the bedrock level estimated 
from the CVES data at the outlet of Stormyran. 
The GPR pick of the bedrock is presented in 
black and the CVES pick in red.  

In the measurement at the bog dam the bedrock 
surface could not be determined for the entire 
profile with either of the two methods due to the 
high conductivity of the pore water and the 
heterogeneity of the subsurface (Fig. 44b). 

At the tailings storage the extremely high 
conductivity of the soil made it impossible to 
perform GPR measurements, hence only the 

Figure 41. The profiles from the second survey line in front of the northwestern embankment 
dams (CVES4). 
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Figure 42. The measured survey line just downstream Uxatjärn (CVES5). The area 
located under the pump well excibits the highest chargeability values. 
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CVES pick can be presented (Fig. 45). It is 
presented as a black line due to the red color of 
the background. 

The first profile (CVES3) at the northwestern 
embankment dam shows many very distinct 
features which help to approximate the bedrock 
surface in the CVES pick (Fig. 46a). The second 
profile downstream of the northwestern 

embankment dam (CVES4) show similarities 
between the CVES and GPR picks (Fig. 46b). 

Similarly to the bog dam, both CVES and GPR 
failed to delineate the bedrock surface due to the 
high conductivity and heterogeneity of the 
subsurface in the profile south of Uxatjärn 
(Fig. 46c). The individual standard deviation of 
the CVES and GPR picks as well as the deviation 
between them has been calculated (Table 3). 

Figure 43. The images display the modified amplitude coefficient when applied to the 
radargrams from the outlet of Stormyran (a) (GPR1), the first profile downstream the 
northwestern embankment dam (b) (GPR3) and at the well-spring upstream Uxatjärn (c) 
(GPR5). The black curve is the interpreted bedrock surface from the corresponding pickfile. 
The left y-axis is the two way travel time of the emitted radar wave. 
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Surface maps 

The standard deviation of the bedrock depth map 
produced with CVES-data is larger than for the 
GPR-dataset (Appendix XIV). The reason is that 
the CVES manages to penetrate deeper into the 
soil and bedrock. This is apparent in the northern 
part of CVES3 (Fig. 46a). 

The map produced with map algebra show 
similar results (Appendix XIV). The soil was too 
thick and the groundwater far too conductive due 
to the acid mine water for the radar wave to 
penetrate (Appendix IX; Table 2). 

Grain size distribution and hydrological 
conductivity 

The till around the mining facilities is highly 
unsorted with coefficients of uniformity ranging 
from 35-100. The main fractions of the matrix 
are sand, gravel and stones. There is a general 
tendency of coarser material with depth and finer 
particles such as silt and clay in the superficial 
melt out till. The approximate fraction of 
boulders varies between 40-70 % with higher 
concentrations near the surface. A gravel layer 
with a thickness of between 0.70-1 m has been 
found on top of the bedrock on both sides of the 

Table 3. Standard deviations of the bedrock 
picks. 

Location CVES-pick GPR-pick CVES-GPR 

Stormyran 0.65 1.26 1.05 

Bog dam 0.90 0.36 0.32 

Tailings 2.15 - - 

NW1 2.14 0.70 1.82 

NW2 0.70 1.08 0.83 

Uxatjärn 1.23 1.65 0.66 

Figure 44. Modeled CVES profile of the outlet of the bog Stormyran (a) (CVES1) and the bog 
dam (b) (CVES2) with corresponding bedrock pick from both GPR in black and CVES in red. 
Color scale is the same as in Fig. 37. 
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a) 

b) 

Figure 45. Modeled CVES profile of the tailings with the corresponding bedrock pick (black). 
No GPR survey was performed here since the penetration depth in the tailings sand is minimal 
due to its electrically conductive properties. Color scale is same as in Fig. 39. 
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tailings basin. High flows of ground water were 
visible from the gravel layer during the excavation 
(Appendix IX). 

DISCUSSION  

Bedrock surfaces interpreted from GPR 

Interpretations of the data achieved at one time 
often changes as more information is acquired 
(Milsom, 2008; Reynolds, 2011). 

The accuracy of the bedrock maps generally 
decreases with increasing soil thickness as it gets 
closer to the penetration depth of the GPR. On 
the northwestern side (GPR3 & GPR4) some 
insecurity regarding the soil thickness in the 
middle part of the measurement profiles arose. A 
horizontal fracture zone was assumed by 
interpreting the two radar surveys (Appendix V; 
Fig. 5). This is supported by the excavation of pit 
2 (Appendix IX) where the soil thickness was 
found to be approximately 1,5 m. This is 
coherent with the upper bedrock pick in the same 
area of the corresponding radargrams (Appendix 
V; Fig. 5). 

It is possible that the fracture zone continues 
upstream into the tailings considering the deep 

reflectors in the bedrock in the middle of the 
northwestern embankment dam (Fig. 31). 

The embankment dams 

An obvious yellow border of absorbed 
suspension on the concrete structure of the outlet 
on the western dams shows that the water level 
has been approximately 1.4 m higher than at the 
time of the investigation (Fig. 47). There is a 
transition between two zones with different 
electrical properties in the northwestern 
embankment dams (Fig. 28 & 29). This transition 
zone and the yellow suspension on the outlet can 
be interpreted in three different ways from most 
to least likely: 

1. The embankment dams consists of till with 
blasted rock covering the surface. The dam 
was initially sufficiently impervious but has 
successively been eroded by water flow and is 
now highly permeable.  

2. The embankment dams consist of two 
different materials. The overlying material 
must be the same as the material that is visible 
at the surface which consists of large boulders 
and macadam. This may be blasted rock from 

Figure 46. CVES3 (a) CVES4 (b) and CVES5 (c) along with corresponding picks of the bedrock 
surface from CVES (red) and GPR (black). Color scales are the same as Fig. 40-42 respectively. 
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the quarry. The reflections in the radargrams 
of the underlying material show no apparent 
differences from the surrounding till. This 
together with the fact that an impermeable 
core should be present according to 
Stockholms tingsrätt (1992) leads to the 
conclusion it is an embankment of compacted 
till. The till has probably been extracted from 
the quarry or nearby (Fig. 7) and transported 
to the location of the dams.  

3. High flows have occurred for a long time 
which has allowed these yellow suspension 
marks to arise on the outlet (Fig. 47). In this 
case, the transition zone probably originates 
from deposited fine material from the tailings 
basin. However, the gradient in a coarse 
material should be quite large so the transition 
zone should be located a little lower than the 
highest water level. 

Slingram EM31 

The east embankment dam and downstream on 
Stormyran 

There is a flow of water from the tailings pond to 
the east and across the bog (Fig. 30 & 31). The 
low conductivity values obtained in the dam crest 
indicate that flows through the embankment 
occur deep down along the rock surface. At the 
time of the investigation there was an open water 
surface at the toe of the embankment. The 
conductivity tends to increase along an 80-100 m 
long stretch located above this open water 
surface (Fig. 30), which suggests a maximum flow 
here. The peat to the east of the embankment 
was water saturated all the way up to the surface 

and footprints were filled immediately with 
brown colored water. Since the temperature was 
well below the freezing point of water, this is a 
strong indication of high groundwater flows. To 
the east of the bog dam the ground was visibly 
dry and the values of the apparent conductivity 
were lower further to the east. This suggests that 
the bog dam has an impounding effect on the 
water flow. This leads to the conclusion that the 
dam is probably constructed of compacted till. 
The high median value of the apparent 
conductivity in the bog dam (Appendix XII; 
Fig. 1) suggests that a large deposition of minerals 
has taken place within the dam. The largest 
leakage is located in the middle of the bog dam 
(Fig. 31). Since the values of electrical 
conductivity is decreasing to the east the 
deposition of minerals is probably smaller. 
Deeper groundwater flows can also be part of the 
explanation due to the limited detection depth of 
the Slingram EM31. 

The west embankment dam and downstream of 
the sedimentation pond 

The values of the apparent electrical conductivity 
are lower on top the dam crests. The reason is 
probably because the groundwater level is located 
at a greater depth compared to measurements 
performed on the natural ground level. 

At the north end of the embankment dams the 
highest values have been measured in the natural 
terrain, area 1 and 2, which extends in a direction 
west-northwest (Fig. 33). It can be considered an 
expected result since both areas are located in a 
depression originating just downstream the 
northern embankment. A possible explanation 

Figure 47. A yellow border of 
absorbed suspension on the 
concrete structure of the outlet (to 
the left in the picture) shows that 
the water level has been 
approximately 1.4 meters higher 
than the actual level during field 
study 2. 
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for the elevated values is deposition of highly 
conductive minerals such as pyrrhotite due to 
leachate from the tailings. When compared to the 
contour lines (Fig. 33), one can also note that 
area 1 and 2 roughly coincides with a potential 
flow direction from the tailings pond to Uxatjärn. 

Downstream of the southern section of the 
embankment dams there is a larger region, area 3, 
with higher conductivity than in the surroundings 
(Fig. 33). When compared to the radargram of 
the same section (Appendix V; Fig. 5) it is 
possible to see a clear reflection corresponding to 
a subsurface structure, which lies at a depth of 3-
5 m in the radargram. In the case that this surface 
corresponds to the depth of the rock and thus 
falls within the optimum detection depth of the 
slingram the increased conductivity can be caused 
by a combination of the following: 

 The groundwater level lies shallower than it 
would do in the northern parts of the profile 
where the depth to rock is greater. 

 The contaminated water, like described for 
the north, has previously deposited 
conductive minerals. 

 The bedrock contains the highly conductive 
minerals naturally. 

There is also an area 4 (Fig. 33) where very high 
values of conductivity have been measured. On 
this particular site, an elevation of the ground 
with sparse vegetation gave the impression that 
the rock appears superficially. This would mean 
that the bedrock has a large impact on the 
measured conductivity and that these high values 
may be the result of a mineralization. It could 
also mean that the till depth is less and the 
ground water surface lies shallower and thence 
increases the electrical conductivity. It is possible 
that the leakage from the horizontal fracture zone 
(Appendix V; Fig. 5) and the south embankment 
coincides upstream and results in the high 
conductivity in area 4 (Fig. 33). 

The southern flow line is considered more 
uncertain then the northern one. The reason is 
that less water from the tailings flow in this 
direction judging from the gradients (Fig. 33) and 
the size of the visible water surfaces upstream the 
embankments. 

CVES 

The bog dam and the bog 

The model resistivity profiles retrieved by 
performing a gradient array following the bog 
dam from north to south (Fig. 36.) and into the 
forest show that the resistivity is somewhat lower 

than typical acidic peat water. The values of the 
resistivity in the deep blue zone at a depth of 
approximately eight m and downwards  is around 
20 Ωm which is in accordance to acidic mine 
water. This zone is thought to be caused by a 
flow of leachate from the tailings impoundment 
towards Stormyran (Fig. 48). A large low 
resistivity zone south of the bog dam at the depth 
of the bedrock exhibits resistivity values in the 
range 0–20 Ωm which corresponds to 
mineralization of graphite (Appendix VI). 
Furthermore the IP shows that this area also has 
a very high chargeability akin to the physical 
properties of a graphite mineralization. In the 
northern part of the profile approximately 
between the road and the bog dam, a low 
resistive zone has been detected at a depth of 
four m. This could be either a minor 
mineralization or leakage water from tailings and 
the surrounding till. 

At the outlet of the bog Stormyran the average 
resistivity retrieved from the CVES results is 

Figure 48. The image shows the two 
resistivity profiles measured downstream 
the eastern embankments with the same 
color scale (Fig. 36a & 37a). The blue arrow 
represent the interpreted primary flows of 
acidic mine water. 
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significantly higher than in the bog dam (Fig. 38) 
and corresponds to common peat water 
(Appendix VI). The chargeability of the peat 
water at the outlet is also much lower which 
indicates a smaller concentration of dissolved 
metal ions (Reynolds, 2011). 

The tailings impoundment 

The elevation of the bedrock below the tailings 
stretching from 84-120 m has been interpreted as 
a water divider considering the topography of the 
ground surface. Calculated resistivity values of 
the underlying peat and the actual tailings are 
approximately equal due to migration of metals; 
hence there is no apparent way to distinguish one 
from the other. The upper sharp border between 
the orange and blue zone at a depth of 
approximately 1-3 m is interpreted as the 
groundwater surface. The lower green horizon at 
a depth of approximately 10 m marks the border 
between peat and till (Fig. 39). 

The northwestern embankment dams 

In the profile just downstream the north 
embankment dam there is a low resistive zone 
ranging from 6500 Ωm at the surface to 
approximately 250 Ωm at the depth (Fig. 40 & 
49). The deep extent could possibly be a result of 
a highly conductive zone which Res2DInv fails to 
delimit to the depth. However, it cannot be 
excluded that there might exist a fault or shear 
zone at this location. According to Lindström et 
al (2000) and Knutsson and Morfeldt (2002) 
these are primarily located along depressions in 
the landscape which is the case here. This low 
resistive zone is most likely the location of the 
largest fluxes of acidic mine water from the 
northwestern embankment dams. In the middle 
of the profile there is a low resistive area with a 
vertical extent (Fig. 40 & 49) but it is difficult to 
interpret this phenomenon. It’s either a vertical 
fracture zone or caused by a different content of 
minerals than in the surrounding bedrock. The 
resistivity in this zone is also the same as in 
weathered rocks (Appendix VI). The pattern of a 
low resistivity zone downstream the northern 
part of the embankment dam continues in the 
second measurement profile performed further 
downstream (Fig. 41 & 49). At this location 
however it is more isolated to the deeper parts of 
the profile and does not reach the surface. It can 
be an indication that the ground water flow, and 
leakage, occurs at a deeper depth here compared 
to the upstream measurement. The boundary 
between the more resistive top layers and the 
lower resistivity layers below is generally deeper 
along the second measurement profile, below five 

m in the downstream profile, as opposed to the 
boundary ranging from 4-6 m in the upstream. 
This boundary passing from high-to-low 
resistivity is most likely due to the ground water 
surface. During the field study “Verification of 
data” the ground water surface was found to be 
located in or just above a layer consisting of 
coarser material overlying the bedrock at the 
same depth as is indicated (Fig. 40). This 
difference in depth points to a larger soil 
thickness further downstream. 

The high chargeability area indicates that a 
mineralization is present (Fig. 40). However, the 
resistivity is approximately 10 times higher than 
the measured values in the assumed 
mineralization at the south of the bog dam 
(Fig. 36). In the second IP profile the 
chargeability is even lower. This is probably 
because of a lower content of minerals (Fig. 41). 

Figure 49. The two resistivity profiles with 
the same color scale (Fig. 40 & 41) and the 
radargram (GPR5) measured just upstream 
the wellspring. The blue arrows represents 
the interpreted flows of acidic mine water. 
Contour line spacing is 5 m. 
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It cannot be excluded that the bedrock with low 
resistivity on the west and east side of the tailings 
is the result of a continuous mineralization. To 
the south in the uppermost profile there is a thin 
low resistive zone. This may be caused by acidic 
mine water leachates (Fig. 40).  

Downstream the sedimentation pond 

The low resistive zone found between the outlet 
and the road embankment (Fig. 42) has a 
resistivity that corresponds to weathered rock 
(Appendix VI). The blue low resistive area 
beneath the pump well may be caused by metal 
pipes, pump equipment and the actual water in 
the well reservoir. A water surface is present on 
the downstream side of the road embankment 
which can only be explained by water flow from 
Uxatjärn. This is supported by the high 
conductive zones indicated in the measurement 
profile (Fig. 42 & 50). 

Comparison between interpretations of 
GPR and CVES picks using Matlab 

The CVES pick model is highly reliant on having 
good data and clearly defined boundaries to work 
with. This is limited both by the soil conditions 
and by the inversion process and classifications 
performed on the data. The CVES profiles 
generally seem better at mapping larger structures 
and general soil configurations while the GPR is 
better at determining details and the exact 
location of boundaries. This becomes most 
apparent where you have a wet top soil consisting 
of organic material such as in the measurements 
at the peat bog (Fig. 44a) and downstream 
Uxatjärn (Fig. 46c). At the bog, the penetration 

depth with GPR was excellent and a distinct 
surface which is assumed to be the bedrock has 
been highlighted. At the bog dam the electrical 
conductivity is higher due to higher water or ionic 
content (Fig. 44b). This causes the penetration 
depth of the GPR to decrease significantly and 
therefore it is impossible to determine the level of 
the rock surface or other subsurface features for 
most of the measurement profile (Appendix V; 
Fig. 1).  The CVES inversion model functions 
much better in these conditions and allows for a 
better interpretation. The CVES profile gives 
very detailed information of zones with increased 
conductivity where it is highly probable that 
water is seeping through as well as higher 
resistivity areas indicating a less permeable zone. 
Where picking of the rock surface in the GPR 
data is possible it corresponds very well with the 
level produced by the CVES pick function. This 
is reflected as a low value of the standard 
deviation between the two pick vectors. At the 
tailings deposit a GPR survey was not possible 
due to the extremely conductive material that 
attenuated the signal fully within a couple of 
decimeters. Here the CVES produced a very 
smooth continuous surface which is assumed to 
be the rock surface and marked accordingly. It is 
very important to consider the implications that 
may come of the very conductive soil that 
comprises the top part of the profile and the 
effects it may have on the accuracy of the 
measurements. Electricity flows along the path of 
least resistance and a thick and highly conductive 
zone will hence alter the effective penetration 
depth of the CVES making the depth estimations 
of less conductive zones a little uncertain. The 
depth and shape of the bedrock selected by the 
pick function does seem reasonable albeit not 
one hundred percent certain. Downstream the 
northwestern embankment dams the 
measurements show a large variation in resistivity 
along both the profiles. This is partly caused by 
the very high resistivity due to bad contact in the 
top soil which impacts both the calculated values 
and the graphical representation of the resistivity. 
At this location it is due to aforementioned 
reason a little uncharacteristically the CVES pick 
that shows a large variation while the GPR 
estimated rock level have a smoother variation 
(Table 3).  Both the GPR and CVES picks align 
quite well at this location, especially in the 
downstream northwestern profile (Fig. 46b), 
which exhibits one of the lowest standard 
deviations between the differences of picked rock 
surfaces. 

Figure 50. The resistivity profile (CVES5) 
measured downstream the sedimentation 
pond, Uxatjärn. Same color scale as Fig. 42. 
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Grain size distribution and hydrological 
conductivity 

Downstream the northwestern embankment 
dams the grain size distribution shows there is a 
transition between coarser and finer material at a 
depth of approximately 2.8 m (Appendix XIII; 
Fig. 4) However, the location of this transition 
zone has been elevated due to a high content of 
stones at the depth of 3.2 m and does not 
correspond to the ocular inspection when 
excavation was done. The corresponding 
transition zone in test pit five lies on a depth of 
three m (Appendix XIII; Fig. 2) which coincides 
with the inspection during excavation. The 
content of finer material such as silt and clay 
seems to decrease linearly with depth. Fractions 
of sand increase slightly and linearly with depth. 
Coarser fractions like gravel and stones increase 
strongly with depth but exhibit a somewhat 
random distribution. The hydrological 
conductivity increases with depth and has the 
highest value in the gravel layer situated on the 
bedrock. 

CONCLUSIONS  

There are mayor leakages of acid mine water 
throughout all dam bodies. All embankment 
dams adjacent to Kringelgruvan facilities 
resemble regular road embankments more than 
water retention dams. At the western side of the 
impoundment, at least two flow paths have been 
identified from the embankments. High flows of 
water from the tailings are also leaking through 
the eastern embankment and towards Stormyran. 
However, the ion content at the outlet of 
Stormyran is considerably lower than in the bog 
dam. To ensure a long-term usage of the 
impoundment as well as the wellbeing of the 
downstream habitats the dams need to be 
reconstructed or renovated. 

The powerful reflections in the lower bedrock 
pick (Appendix V; Fig. 5) shows there is a surface 
with deviant electrical properties compared to the 
adjacent rock. This is concluded to be the result 
of a horizontal fracture zone conveying leaking 
water. 

Ore mineralization have been identified on both 
the west and east side of the embankment dams. 
The mineralization on the west side decreases 
downstream. 

Slingram in combination with a surface mapping 
software such as Surfer is the superior method to 
trace conductive pollution plumes due to the 
rapid measurements and low cost. GPR data has 
been hard to interpret but through interpolation 

from dug test pits it has been proven to be very 
useful in identifying substructures such as shallow 
bedrock surfaces and ground water surfaces. 
Performing CVES measurements is a time 
consuming and heavy labor in this kind of terrain. 
The obtained data however, contain a substantial 
amount of useful information which can be used 
to identify different geological materials, 
stratigraphy, ground water, fracture zones and 
minerals. It was the method that by far gave the 
most diverse information about substructures. 

The most prominent advantage with the co-
analysis of GPR and CVES data in Matlab was 
that the interpreted bedrock surface from GPR 
could be overlaid on the respective resistivity 
profile which simplified the interpretation. The 
combination of several methods in the same 
program helped to support the interpretation 
work and ensure more accurate results. The 
statistical calculation of standard deviation of the 
bedrock picks showed that the GPR is more 
sensitive to local variations while CVES with this 
array seemed to flatten surfaces. However, if the 
soil thickness exceeds the penetration depth of 
the GPR the CVES is obviously superior for 
determining the bedrock surface. 

The modified amplitude coefficient algorithm 
made the GPR pick easier to perform and 
visualized both bedrock and ground water 
surfaces in an appealing fashion. 
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APPENDIX I 

  

The four different graphite ore resources owned by Woxna Graphite AB and their properties are listed. However, the available information 
about the length, dip and strike of the ore does not allow accurate planning and must be seen as professional estimations (Woxna Graphite, 
1996). 

Ore deposit Environmental 
permit 

Ore type Amount of 
Graphite ore 
[Mt] 

Content of 
carbon  

[%] 

Amount of 
carbon  

[Mt] 

Geological conditions 

Kringelgruvan 
Extraction of 
100 000 tons 

ore/year 

A 1.6 11.6 0.1856 Depth 40-60 m. The mineralization is open to the depth. . 

B (less rich) 4.4 6.6 0.2904 

Gropabo 
Extraction of 
100 000 tons 

ore/year 
B (less rich) 2 6.9 0.138 

Depth 50 m. The mineralization is open to the depth. If veins of 
pegmatite are removed the carbon content can be increased. 

Mattsmyra 
Extraction of 
100 000 tons 

ore/year 
B (less rich) 2.2 8.9 0.1958 

Depth 50 m. The mineralization is open to the depth and consists of 
several small ore bodies. 

Månsberg Not yet. B (less rich) 1.4 9.4 0.1316 
Depth 60 m. Open both laterally and to the depth but located 
approximately 40 km from the beneficiation plant and should 
therefore be seen as a reserve. 

Total amount [Mt]: 11.6 

 
0.9414  

Average content of carbon [%]  8.12  
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APPENDIX II 

  

The tailings deposit is 
highlighted with a red 
ellipse in the middle of the 
picture (Sveriges 
Geologiska Undersökning, 
2012). 
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APPENDIX III 

  

The tailings deposit is 
highlighted with a red 
ellipse in the middle of the 
picture (Sveriges 
Geologiska Undersökning, 
2012). 
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APPENDIX IV 

 

All flags marks locations 
where excavation of till 
have been done in order to 
classify its suitability for 
construction of 
embankment dams. A 
gravel layer has been 
identified on top of the 
bedrock in pits 106, 112 
and 117 (Mattson, 2011). 
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APPENDIX V 

 

  

Equation 1. The formula expresses the speed of an electromagnetic wave as it propagates 
through any materials. 

   
 

{(
    
 

)  [       ]}
 

 ⁄
 

c = speed of light in vacuum. 

εR and μR  are the relative dielectric constant and the magnetic susceptibility.  

P = the loss factor =σ/εω where ε is the electrical permittivity = εR ε0.  ε0  is the permittivity of vacuum = 8,854*10
-7 

F/m. σ is the 
electrical conductivity of the medium and ω is the angular velocity = 2πf where f is the frequency. 

Equation 2. Formula to describe the skin depth. 

  
 

 
                            

Equation 3. The formula describes the attenuation. 

     √
  

 
 {√  

  

    
  } 

                         [   ] 

                                  [  ] 

                                     [   ] 

Under normal survey conditions the electrical conductivity of the ground, σ, is much greater than ωε. Therefore the attenuation, 
α, can be expressed with a simpler equation (Equation 4).  

Equation 4. The formula describes the attenuation in most soils. 

   √    
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Figure 1. The grey area in the middle of this radargram is due to the high attenuation of the 
acid mine water upstream the bog dam. The red line is the interpreted bedrock surface.  

N S 

Figure 2. The grey area in the middle of this radargram is due to the high attenuation of the 
peat water by the outlet of the bog Stormyran.  

N S 
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Figure 3. The grey area is due to the high attenuation of the acid mine water in the well 
spring downstream the northwestern embankment dams of the tailings.  

N S 

Figure 4. The grey areas are due to the high attenuation of the water fluxes through the 
Uxatjärn embankment dam.  

E W 
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N S 

Figure 5. The most upstream profile (a) and the downstream profile (b) from the radar surveys 
performed downstream the western embankments.  

a) 

 

b) 
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Figure 6. Radargrams display the modified amplitude coefficient. a) The bog dam. b) NW2. 
c) Road downstream Uxatjärn. d) Downstream Uxatjärn. 

S 

W E 

S N 

N 

W E 

a) 

d) 

c) 

b) 
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APPENDIX VI 

Resistivity values of the most common materials in the study area (Reynolds, 2011). 

Material 
Resistivity [Ὤm] 

Min Max 

Sandy clay or clayey sand 30 215 

Sand and gravel 30 225 

Acid peat waters 100 100 

Acid mine waters 20 20 

Rainwater 20 100 

Frozen ground 1000 10000 

Morraine 10 5000 

Clays 1 100 

Clay with boulders 15 35 

Gravel(dry - wet) 100 1400 

Granite 300 1000000 

Weathered granite 3,00*10
-5
 500 

Basalt 10 1,30*10
7
 

Sand and alluvium 10 800 

Magnetite 5,00*10
-5
 5700 

Pyrrhotite 7,50*10
-6
 0,05 

Graphite 10 100 
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APPENDIX VII 

 

 

 

 

 

 

 

  

Equation 1. Equation used to estimate the water content of the retrieved soil samples 
(Larsson, 2008). 

  
  

  
⁄ [ ]                                                

Equation 2. Equation used to estimate the density of the moist soil samples (Larsson, 2008). 

      
         

       
[     ]                                   

Equation 3. Equation used to estimate the volume of the retrieved soil samples (Larsson, 2008). 

     
     

     
⁄ [  ]                                                    

Equation 4. Equation used to estimate the porosity of the retrieved soil samples (Larsson, 2008). 

  
  

    
⁄ [ ]                    [  ]                            [  ] 

Equation 5. Equation used to estimate the porosity of the retrieved soil samples by multiplying 
the fractions with literature values (Vienken & Dietrich, 2011). 

  
∑    

∑  

 

                   

                          
  

                          

Equation 6. The coefficient of uniformity defined by Hazen (1893) (cited in 
Vienken & Dietrich, 2011). 
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Equation 7. This equation was developed by Terzaghi (1925, cited in 
Vienken & Dietrich, 2011). Values of dynamic viscosities are collected from the Handbook of 
Chemistry and Physics (Lide, 1999) and the ground water temperature is set to the average 
temperature of Sweden which is around 7 0C (Knutsson & Morfeldt, 2002). 

 

 

= 1452.5 Pa*s 

= 1307 Pa*s 

Ø = porosity;  0.26 < Ø < 0.476 CT = constant by Terzaghi; 460 <  CT  < 800. 
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APPENDIX VIII 

 

 

 

  

Equation 1. Amplitude reflection coefficient (Reynolds, 2011). 

  
     

     
 

                           

                               

                                   

Equation 2. Modified reflection amplitude coefficient. 

  
     

     
 

                                              

                                                  

                                            

Equation 3. Matlab code for the modified reflection amplitude coefficient. 
 

function a = amp(GPRdc) 

  
a=zeros(size(GPRdc)); 

  

  
for i = 1:size(GPRdc,1) 

     
    if i >= 1 && i <= size(GPRdc,1)-1 

         
    a(i,:)=100*(GPRdc(i,:)-GPRdc(i+1,:))./(GPRdc(i,:)+GPRdc(i+1,:)); 

     
    else 
        a(i,:)= 100*GPRdc(i,:); 
    end 
end 

  
end 

                                                                   



David Barkels & Johan Åberg TRITA LWR Degree Project 12:40 

 

56 

APPENDIX IX 

 
  

Equation 1. Formula used to calculate the geometrical factor (Reynolds, 2011). The distances are 
apparent in figure 1. 

    [(
 

  
 

 

  
)  (

 

  
 

 

  
)]

  

 

                                      

                                      

                                      

                                      

Figure 1. The image displays the array and symmetry of the verification measurements 
performed with the Terrameter SAS from ABEM. The Wenner array with constant spacing 
between the electrodes was performed. In this case the departure is 6 cm which is shown in the 
left picture. 
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Figure 2. Pit one. The thickness of the 
soil was very shallow in coherence with 
the interpretations of the measured 
radargrams. The bedrock was visible in 
many places. No soil classification was 
performed since the soil cover was very 
shallow. 
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Figure 3. Pit two. A typical humus 
layer with a high content of organic 
material is apparent as the dark 
colored soil at the top two decimeters. 
It is followed by six decimeter of an 
orange mineral soil which has been 
colored by oxidized iron (rust). 
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Table 1. Pit two. The resistivity values have been recalculated as the inverse of the measured 
conductivity values. 

Soil stratigraphy Sampling 

Depth [m] Soil type 
Content of 

blocks [~ %] 
Note Depth [m] Type 

0-0.2 Humus 50 
Black colored with a high 

content of organic material. 
- - 

0.2-0.8 Till 50 
Reddish, brown from 

oxidized iron, many roots. 
Sandy. 

0.7 Soil sample. 

0.8-1.4 Till 50 Grey, mineral, sandy. 1.4 Soil sample. 

1.4 (2 meters relative to 
the radar profile) 

Rock surface - 

The rock surface is 
probably the top of the 

boulders interpreted from 
the GPR-investigations. 

- - 

Water properties and electrical conductivity 

Depth 
[m] 

Temperature 
[
0
C] 

Electrical 
resistivity from 

field test  
[kΩm] 

Electrical 
resistivity from 
leaching test 

[kΩm] 

Electrical 
resistivity from 

Terrameter  
ABEM SAS 

[kΩm] 

pH in 
field 

pH  
from 

leaching 
test 

0.7 - - 0.177 18.519 - 4.48 

1.4 - - 0.168 0.003 - 5.63 
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Figure 4. Pit three. High water flows 
was encountered at a depth of 
approximately 2 meters. The water 
flows stopped after a while, probably 
because a pocket of water had been 
punctured and emptied into the pit. 
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Table 2. Pit three. The resistivity values have been recalculated as the inverse of the measured 
conductivity values. 

Soil stratigraphy Sampling 

Depth [m] Soil type 
Content of 

blocks  
[~ %] 

Note Depth [m] Type 

0 – 0.2 Humus 60 - - - 

0.2 – 1.5 Till 50 - 1.4 Soil sample 

1.5 -2.4 Till 40 - - - 

2 -  
Ground water 

surface 
- 

Measured 48 hours after 
excavation 

2 

Temperature, 
electrical 

conductivity and 
pH. 

Water properties and electrical conductivity 

Temperature 
[
0
C] 

Electrical 
resistivity from 

field test  
[kΩm] 

Electrical 
resistivity from 
leaching test 

[kΩm] 

Electrical 
resistivity from 

Terrameter  
ABEM SAS 

[kΩm] 

pH in 
field 

pH  
from 

leaching 
test 

0.1 0.023 0.070 1.053 4.58 4.48 
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Figure 5. Pit four was excavated to the bedrock 
at the depth of 4.7 meters. A 0.7 meter thick soil 
layer with gravel as the main fraction was 
encountered on top of the bedrock. 
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Table 3. Pit four. The resistivity values have been recalculated as the inverse of the measured 
conductivity values. 

Soil stratigraphy Sampling 

Depth [m] Soil type 
Content of 

blocks [~ %] 
Note Depth [m] Type 

0 - 0.1 Humus 60 
Black colored with a high 

content of organic 
material. 

- - 

0.1 - 1 Till 50 
Reddish, brown from 

oxidized iron, many roots. 
Sandy. 

- - 

1 - 3.7 Till 50 Grey, mineral, sandy. 3.2 Soil sample. 

3.3 
Ground water 

surface 
50 Measured after 2 full days - - 

3.7 - 4.7 Till - 
Main fraction is gravel. 

High flows of water. 
4.5 Soil sample. 

4.7 Bedrock - - - - 

Water properties and electrical conductivity 

Depth 
[m] 

Temperature 
[
0
C] 

Electrical 
resistivity from 

field test  
[kΩm] 

Electrical 
resistivity from 
leaching test 

[kΩm] 

Electrical 
resistivity from 

Terrameter ABEM 
SAS 

[kΩm] 

pH in 
field 

pH from 
leaching 

test 

3.2 - - 0.483 20 - 6.33 

3.3 3.5 0.012 - - 4.33 - 

4.5 - - 0.044 3.28*10
-5
 - 5.23 
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Figure 6. Pit five had the highest content of 
boulders and large grain sizes of the 
investigation pits. 
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Table 4. Pit five. The resistivity values have been recalculated as the inverse of the measured 
conductivity values. 

Soil stratigraphy Sampling 

Depth [m] Soil type 
Content of 

blocks [~ %] 
Note Depth [m] Type 

0-0.1 Humus >60 
Black colored with a high 

content of organic 
material. 

- - 

0.1-0.6 Till >60 
Reddish, brown from 

oxidized iron, many roots. 
Sandy with big boulders. 

- - 

0.6-2.5 Till >60 
Grey, mineral, sandy with 

very big boulders. 
2 Soil sample. 

1.9 
Ground water 

surface 
- Measured after 2 full days - - 

2.5-3.5 Till ~50 
Somewhat larger grain 

sizes and fewer boulders. 
4 Soil sample. 

3.5-4 Till <25 
Main fraction is gravel with 

some sand. High water 
flows. 

- - 

4 Bedrock - - - - 

Water properties and electrical conductivity 

Depth 
[m] 

Temperature 
[
0
C] 

Electrical 
resistivity from 

field test  
[kΩm] 

Electrical 
resistivity from 
leaching test 

[kΩm] 

Electrical 
resistivity from 

Terrameter  
ABEM SAS 

[kΩm] 

pH in 
field 

pH  
from 

leaching 
test 

1.9 3.8 0.015 - - 4.91 - 

2 - - 0.192 0.51*10
-3
 - 6.04 

4 - - 0.042 0.03*10
-3
 - 5.48 
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APPENDIX X 

  

Figure 1. First page of the leaflet for Terrameter LS from ABEM. 
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Figure 2. Second page of the leaflet for the Terrameter LS from ABEM. 
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APPENDIX XI 

 

While surveying in the forest it was observed that the gradient of flow was pointing westwards 
since an encountered stream flowed in the same direction. The picture is taken from Google 
maps. 
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APPENDIX XII 

  

Figure 1. The 
average and median 
apparent electrical 
conductivity of each 
measurement profile 
on the eastern side 
of the impoundment. 
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Figure 2. The 
average and median 
apparent electrical 
conductivity of each 
measurement profile 
on the western side 
of the impoundment. 
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APPENDIX XIII 

  

Figure 1. The sum of the different grain sizes have been plotted against the corresponding 
depth. 
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Figure 2. The grain fractions on the southeast side have been plotted against their 
corresponding depth. The equations of the trend lines are the same as the equations for the true 
lines since there are only two point values. 

Figure 3. The averages of the different fractions have been plotted against depth. 
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Figure 5. The averages of the different fractions have been plotted against depth. 

Figure 4. The grain fractions on the northwest side have been plotted against their 
corresponding depth. 
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Table 1. The standard deviation of every fraction at a certain depth when the fractions from all 
test pits are included. 

Depth 
Standard deviation 

Fine fractions 
Standard deviation 

Sand 
Standard deviation 
Gravel and stones 

1.4 8.839716 7.703639 16.49544 

2 6.78624 7.703513 13.84026 

3.2 3.779453 6.901084 9.270825 

4 4.586578 6.781543 9.190257 

4.5 5.010467 3.101436 1.749155 

Average 5.800491 6.438243 10.10919 

 

Table 2. Physical properties of the different soil samples retrieved in field. 

Pit 
Depth 

[m] 

Saturated 

Weight [g] 

Unsaturated 

Weight 

[g] 

Water content [%] 

(Larsson, 2008) 

Saturated 
density [kg/dm

3
] 

(Larsson, 2008) 

Volume 

[(cm)
3
] 

2 0.7 88.2 72.3 13.7 2.24 36.67 

2 1.4 88.8 80 11.0 2.31 38.43 

3 1.4 84.6 72.9 16.0 2.19 38.70 

4 3.2 84.4 79.3 6.4 2.45 34.47 

4 4.5 88.1 82.4 6.9 2.43 36.26 

5 2 83.6 76.7 9.0 2.37 35.31 

5 4 92.1 83.9 9.8 2.35 39.27 

Pit 
Depth 

[m] 

Porosity 

[%] 

(Larsson, 2008) 

Theoretical Porosity 
[%] 

 

2 0.7 27.0 - 

2 1.4 22.9 - 

3 1.4 30.2 40.2 

4 3.2 14.8 36.3 

4 4.5 15.6 33.9 

5 2 19.5 38.7 

5 4 20.9 32.8 
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Table 3. The hydrological conductivity has been calculated using Equation XX. Both the 
theoretical porosity (Equation XXX) and an average between the theoretical porosity and the 
porosity derived using Equation YYY have been used. In pit 4 at a depth of 3.2 meter it was hard 
to 

Pit Depth [m] d10 [cm]                         
K[m/s] 

Theoretical 
K[m/s] 

Average 

4 3.2 0.004 0.36 0.15 0.26 8.20*10
-6
 2.38*10

-6
 

4 3.2 0.006 0.36 0.15 0.26 1.85*10
-5
 5.35*10

-6
 

4 4.5 0.0175 0.34 0.16 0.25
*
 1.28*10

-4
 4.55*10

-5
 

5 4 0.04 0.33 0.21 0.27 6.02*10
-4
 2.78*10

-4
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Figure 6. The grain size distribution curve for the soil sample taken at a depth of 1.4 meters five 
meters in front of the embankment dam is illustrated above. 

Figure 7. The histogram for the soil sample taken at a depth of 1.4 meters five meters in front of 
the northwest embankment dam is illustrated above. 
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Figure 9. Histogram of pit four at 3.2 meters depth.  

Figure 8. The grain size distribution curve of sample in pit four taken at 3.2 meters depth. D10 
has been approximated by adapting a straight line from the smallest fraction D10≈0.04 mm. 
D60≈ 4mm. D60/ D10=100. 
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Figure 10. Grain size distribution curve of pit four at 4.5 meters depth. D10≈0.175 mm. D60≈ 6.7 
mm. D60/ D10≈37.14. 

Figure 11. Histogram of pit four at 4.5 meters depth.  
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Figure 13. The grain size distribution for pit 5 at a depth of 2 m. 

Figure 12. The grain size distribution for pit 5. D10≈0.4 mm. D60≈ 20mm. D60/ D10=50. 
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Figure 14. The picture shows the grain size distribution for pit 5. D10≈0.4 mm. D60≈ 20mm. 
D60/ D10=50. 

Figure 15. The picture shows the histogram for pit 5.  
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APPENDIX XIV 

 
 


