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Preface 
 
The work has been divided as follows: 
 
Jonas Siikanen has been responsible for the interpretation and discussion of the field tests at Lund and Aarhus, 
chapter 6.5 and 7.5. 
 
Carl-Henrik Månsson has been responsible for the interpretation and discussion of the field test at the Hallandsås 
Horst, chapter 8.5. 
 
The rest of the work has been done together. 
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Abstract: It has been shown that surveys of Induced polarization (IP) often contain data of low quality, because it 
is highly sensitive against different noise sources. When measuring induced polarization, where the method uses 
multicore cables and continuous electrode sounding (CVES, Continuous Vertical Electrical Sounding), noise phe-
nomena such as capacitive coupling effects have to be considered. It is possible to decrease the capacitive coupling 
effect by using separated cables. This noise occur between transmitting current cable and potential reading cable. 
Also, other effects such as electromagnetic coupling effects will generate bad quality of data. This appears between 
the current electrodes and the electrical properties of the subsurface. It is strongly dependent on the length of the 
array. However, to obtain data of good quality, the electrode contact has to be taken into account as well. The pur-
pose with this thesis is to examine the quality of data when measuring IP, with different techniques, and then apply 
the obtained experience in two different geological environments, Aarhus, Denmark and the tunnel construction at 
the Hallandsås Horst. The geophysical methods used were CVES 2D sounding of IP and resistivity. For a better 
interpretation and analysis, the results of the resistivity measurement are used as a complement to the results of IP. 
To achieve the purpose, measurements with both normal layouts, i.e. multicore cable, and separated cables has been 
made. Also different types of electrode configurations have been examined. Analysis of negative data and distribu-
tion of chargeabilities gives a good picture of the data quality. Once, electrode contact resistance was measured; 
this was done by measuring the resistance of each electrode. The survey was performed on a lawn at the Institute of 
Engineering, Lunds University, Lund. From earlier measurements it has been indicated that the area of investiga-
tion in Aarhus contains something that gives IP effect. This was examined with experience from the measurements 
in Lund. The survey area at the Hallandsås Horst has never earlier been examined with the method that is used in 
this work. Therefore, this site was chosen to complement the last part of the tunnel area and also use the knowledge 
from the measurements in Lund. This thesis shows that the capacitive coupling is manifested for example by nega-
tive data, which affect the measured IP effects negatively. Bad electrode contact is probably a strong candidate to 
the low quality of data, as well as the inductive coupling effects. The technique of using separated cables contrib-
utes to data of good quality IP data, but are logistically complicated and time consuming. It was shown, both in 
Aarhus and at the Hallandsås Horst, that if the geology in an area contributes to a good electrode contact, the results 
are satisfying when using normal cable layout. The survey in Aarhus gave a strong IP-effect that is interpreted as a 
pipeline. This is situated about 5 to 10 m under the ground surface. The results from the measurement at the 
Hallandsås Horst have given three major structures: One dolerite dike that crosses the tunnel, a probable fracture 
zone that may be partly clay weathered and partly water bearing. Finally, one more clay weathered fracture zone 
was interpreted which might contain amphibolite. The upper boundary is in level with the tunnel.  
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Mättekniker av Inducerad Polarisation med avseende på data-
kvalitet samt tillämpning på ett testområde i Århus, Danmark och 
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Sammanfattning: Undersökningar med Inducerad Polarisation (IP) är mättekniskt sett mycket känsliga mot olika 
störningskällor och innehåller därför ofta data av dålig kvalitet. När man mäter inducerad polarisation, och använ-
der sig av multiledare och kontinuerlig mätning (CVES,  Continuous Vertical Electrical Sounding), uppstår brus 
orsakat av kapacitiv koppling. Denna effekt genereras mellan strömledare och mätande potentialkabel. Det är möj-
ligt att minska den kapacitiva kopplingen genom att separera dessa kablar. Även andra störkällor påverkar datakva-
liteten negativt. Elektromagnetisk (induktiv) koppling är en sådan effekt som uppstår mellan strömelektrod och 
markens ledande egenskaper, denna effekt är också beroende av längden på kabelutlägget. Det är viktigt att ha en 
god elektrodkontakt för att uppnå data av god kvalitet. Syftet med examensarbetet är att undersöka datakvaliteten i 
IP-mätningar när olika typer av mättekniker använts, för att sedan applicera dessa erfarenheter på två olika geolo-
giska miljöer, Århus, Danmark och tunnelbygget vid Hallandsås. De geofysiska metoder som användes var CVES 
2D-undersökning av IP och resistivitet. Resistivitetsresultaten användes som komplement till IP-resultaten för en 
bättre analys och tolkning. För att uppnå syftet har mätningar med både normalt utlägg, d.v.s. en enkel multiledar-
kabel, och separerade kablar utförts och analyserats. Även olika elektrodkonfigurationer har undersökts. Analys av 
negativa värden och distributioner av IP effekter i pseudosektioner ger en god bild av datakvalitet. Elektrodkontak-
ten har vid ett tillfälle analyserats genom att resistansen mättes vid varje elektrod. Analyserna är utförda på en gräs-
matta vid Teknisk geologi, Lunds Universitet, Lund. Det fanns indikationer från tidigare mätningar att undersök-
ningsplatsen i Århus innehöll något som gav IP effekt. Detta undersöktes med erfarenheter från de tidigare mät-
ningarna i Lund. Undersökningsplatsen på Hallandsås har ej tidigare undersökts med denna metod. Därför valdes 
denna plats för att komplettera den sista biten av tunnelsträckningen, samt tillämpa erfarenheterna från mätningarna 
i Lund. Resultaten bekräftar att kapacitiv koppling orsakar t.ex. negativa data som påverkar resultaten av IP effekter 
negativt. Elektrodkontakten är förmodligen också en stark bidragande orsak till dålig kvalitet på data, likaså den 
elektromagnetiska kopplingen. Tekniken med att använda separerade kablar ger god kvalitet på IP data men är ock-
så en väldigt logistiskt komplicerad och tidsmässigt krävande metod. Det har visats sig, både i Århus och på 
Hallandsås, att om geologin i ett undersökningsområde är av sådan karaktär att god elektrodkontakt kan uppnås, är 
kvaliteten på data tillfredställande även när en normal mätning med en kabel är utförd. Undersökningen i Århus gav 
en stark IP-effekt vilket tolkas som ett rör och ligger ca 5 till 10 m under markytan. Resultaten från Hallandsås har 
visat tre huvudsakliga geologiska formationer: En diabasgång som skär tunneln, en trolig sprickzon som kan vara 
delvis lervittrad och delvis vattenförande. Denna ligger huvudsakligen under tunnelnivån. Slutligen hittades ytterli-
gare en sprickzon som bör innehålla amfibolit och troligtvist är lervittrad. Sprickzonens övre gräns är i nivå med 
tunneln. 
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1. Introduction 
 
1.1 Background 
In geophysics, measurement of Induced Polarization 
(IP) is a method that uses the sub-surface capability to 
act as a capacitor. The first who described the IP effect 
was Conrad Schlumberger (1878-1936) in 1920. He 
claimed though that background noise was so exten-
sive that it tended to overshadow the IP effect. This led 
to that research on IP was discouraged for many years 
(Sumner 1976). 

During the 20th century, the use of IP in environ-
mental, hydrogeological and mineral prospecting pur-
poses has been more popular, but the method is still at 
a research stage (Reynolds (1997). 

Besides background noise, there are other noise 
sources that are more prevalent when using e.g. multi-
core cables and CVES (Continuous Vertical Electrical 
Sounding) technique. One is the capacitive coupling 
effect, which depends on for example the separation of 
the electrodes. Another one is the Electromagnetic 
(inductive) coupling effect (EMC). 

 These effects will affect the quality of data nega-
tively. Unfortunately, it is problematic to reduce these 
effects by mathematical corrections. This study will 
show the difference in quality by physically reducing 
the capacitive coupling effect when using separated 
cables for current transmitting and potential reading 
cables in the layout. Also, the EMC will be discussed. 
However, it is a time-consuming and logistically com-
plicated method to use separated cables.  

In this study, an investigation regarding data qual-
ity was performed. This was surveyed at a site close to 
the Lund Institute of Technology.  

The obtained experience was applied on two other 
sites, a test-line in Aarhus and the tunnel construction 
on the Hallandsås Horst. 

The test-line in Aarhus has a moderate ground re-
sistivity and the subsurface may contain something 
that gives IP-effect. The data quality was investigated 
by using both single cable and separated cable arrays. 
Constructing a tunnel requires a good knowledge 
about the subsurface, especially the quality of the rock 
and the hydrogeological conditions. One way to get 
this information is to drill boreholes and examine the 
drilling cores. However, this is a very expensive way 
to get this information and will only provide discrete 
points of information. Geoelectrical methods provide 
continuous information about the subsurface that is 
feasible in point of economy.   
In 1988 a decision was made by the Swedish govern-
ment that the traffic in Sweden should be safer, more 
effective and ecofriendly. Therefore, the decision,  
among other things, led to a project of constructing a 
railway tunnel in the Hallandsås Horst, to make the 
railway net more modern. This tunnel should reduce 
the transport problems due to sharp curves and steep 
slopes that are present today (www.banverket.se). In 
1989 the pre-study of the geological and hydrogeologi-

cal conditions took place and was surveyed by differ-
ent geophysical methods. Between year 1995-1998, 
investigation with CVES were performed (Banverket 
2002). 

 One part of the site is still not investigated either 
by resistivity nor IP measurement. This site is situated 
south of the Southern Marginal Zone (SMZ), at the 
southern part of the tunnel. 

The measurement of this site will complete the last 
part of the geoelectrical measurements of the 
Hallandsås Horst. Both resistivity and IP will be meas-
ured and the data quality will be investigated as well. 

 
1.2 Purpose and limitations 
The purpose of this study is to: 

 
• Investigate the data quality when measuring In-

duced polarization (IP) for optimizing field tech-
niques.  

• Applying and evaluate the technique in a field 
measurement at a test site in Aarhus and the tun-
nel project at Hallandsås Horst. 

 
This study will discuss primary the results of in-

duced polarization, but the results of resistivity will be 
taken into account as well, especially in the measure-
ment of the Hallandsås Horst.  

In the first stage, the test-line in Lund, Sweden, 
concentration on the data quality is the primary object. 
Therefore, the geological description is not so detailed. 

In the second and third stage, applying the tech-
nique in a field test in Aarhus, Denmark and on the 
Hallandsås Horst, Sweden, the geological description 
is more detailed. 

 
2. Study areas 
 
2.1 Test-line Lund 
The site is situated on the backside of building V, Fac-
ulty of Engineering, Lund University, Sweden. It is 
approximately a 120 m long and 5 m wide grass cov-
ered area with some trees on a line. The site is in an 
urban environment with buildings and paved courts; 
hence the subsurface contains filling material and elec-
trical power-cables etc. The area is expected to be a 
high noise area and the data acquisition will probably 
give data of rather low quality. The different types of 
measurements will probably appear with significant 
differences. 

 
2.2 Test-line Aarhus, Denmark 
The study area is located just outside the city of Aar-
hus on the eastern coast of Jutland, Denmark. The area 
of investigation is a grass path between a pea field and 
a forest with deciduous trees. The subsurface contains 
material which gives IP-effect. This will be investi-
gated with experience from the measurements in Lund 
and analysis of data quality can be made. 
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2.3 The Hallandsås Horst 
The Hallandsås Horst is situated in the north-western 
part of Scania, Sweden. It is the northernmost of the 
scanian horsts (Wikman and Bergström 1987). 

The area of interest is the southern part of the tun-
nel. It is situated north of Förslöv, a small village on 
the Bjäre peninsula.  

The field site is approximately 1 km long. The first 
200 m of the site is located on a rather flat meadow. 
The site is then interrupted by a road, where measure-
ments can not be made. After the road the topography 
increases and a beech forest covers the ground for 
about 100 m. The next 400 m consists of a grass field 
and the last 200 m goes over a ploughed field.   

 
3. Geology and hydrogeology 
Geological timescale is shown in Fig. 3.1. 

 
3.1 Lund, Sweden 
The geology is built up of clayey till with intrabeds of 
sand and silty sand overlying shale, according to meas-
ured log 25 m west of the line (Table 3.1). The quater-
nary deposits are up to 50 meters thick (Persson (Alm) 
1985). Paved courts are situated on both sides, so 
probably there are some filling materials as well 
(Dahlin 1999).  

3.2 Aarhus, Denmark 
Geological development 
Thick layers of tertiary and quaternary deposits cover 
the middle part of Jutland. The depth to the underlying 
Cretaceous limestone decreases northward. The Fen-
noscandian border zone, a NW – SE trending fault 
zone that marks the south-western end of the Fenno-
scandian shield, crosses Northern Jutland. The Pre-
cambrian bedrock south of it has subsided gradually 
during long time; more or less at same time the over-

laying Mesozoic layers were formed. This resulted in 
the Danish basin with thick layers of Mesozoic bed-
rock. There are several salt domes that penetrate the 
Mesozoic layers. The salt was formed during Permian, 
when the climate was very dry, and later uplifted by 
the pressure of overlaying sedimentary bedrock. The 
salt domes do not reach higher than 200 m below 
ground level. During the Tertiary period heavy layers 
of clays were deposited in a deep-sea environment, in 
some places these layers are more than 1 km thick. 
Towards the end of the Tertiary period the land was 
uplifted and during the Quaternary period several ice 
sheets deposited till material. Mid-Jutland have actu-
ally sediment from all known glacials and intergla-
cial's in Denmark (Larsen and Kronborg 1994). 

 
Quaternary and Tertiary deposits  
The Tertiary formation consists of mud and low-
permeable clays with chalk and sand. The thickness of 
the Tertiary formation in the Aarhus area can be up to 
200 m and is formed during the Eocene and Oligo-
cene.  

The Quaternary deposits, are in some part of the 
Aarhus area, made of unconsolidated sediments that 
contains fine to medium and coarse-grained sand. The 
composition of the sand is predominantly made up of 
quartz. The thickness of these sediments can reach up 
to 100 m. Thus; this type of formation is the main aq-
uifer in the area. These deposits are often covered by  
periglacial formations due to eolian, fluvial, and lacus-
trine processes. They are mostly composed of clay, 
silt, sand and gravel. In other parts  the sandy Quater-
nary deposits are covered by glacial tills with varying 
contents of clay. 

In the area of investigation, data from TEM 
(Transient Electric Method) measurements show a 
highly conductive layer where the top boundary is 
lying between 40-80 meter above sea level (m.a.s.l.) 
(Fig. 3.2). This formation is low-permeable clay and 
serves as the lower hydraulic boundary of the aquifers 
(Sørensen et al. 2003).  

 
3.3 The Hallandsås Horst, Sweden 
Geological development 
The Hallandsås Horst consists mainly of Precambrian 
fine-grained to medium-grained gneiss, flanked by 
sedimentary rocks. It is situated within the Fennoscan-
dian Border Zone. In the area there are also amphiboli-
tic parts and several generations of NW-SE trending 
dolerite dikes. (Dahlin et al. 1999) 

Amphibolites are present in the area in two differ-
ent generations. The older generation of amphibolites 
often appears as layers or prolonged amphibolite parts 
in the gneiss. The origin is basaltic rock that has un-
dergone metamorphosis and mineral transformation. 
When the content of amphibolitic minerals is at least 
50 percent, the bedrock is considered an amphibolite. 
The younger generation is in fact metabasites that 
have not gone through a complete amphibolite trans-
formation. This generation is more homogenous and 

Depth (m) Material 
0.0  –  8.0 Boulder clay 
8.0   – 11.0 Sandy layer 
11.0 – 13.5 Boulder clay. 

13.5 – 28.0 Sand and silty sand. 
28.0 – 29.3 Silty sand and sand with 

stones and gravel. 

29.3 – 41.8 Boulder clay. 
41.8 – 51.3 Sand. 
51.3 – 52.5 Sand and gravel. 
52.5 – 64.0 Shale and limestone. 

64.0 – 66.0 Silty sandstone. 
66.0 – 73.5 Shale and limestone. 
73.5- Dolerite 

Table 3.1 Lithology in borehole LTH1, Sweden  (Persson (Alm) 
1985) 
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tends to shows up as dikes (Wikman and Bergström 
1987). 

The development of the Tornqvist zone resulted in 
a NW-SE trending fracture and fault system. The ex-
pansion started in the Cambrian-Silurian periods but 
the zone has also been active in later periods. In the 
Permian-Carboniferous periods basaltic magma slowly 
erupted through the fractures and formed dolerite 
dikes. The orientation is NW-SE to WNW-ESE and 
the widths of the dikes are from some decimetres to 
about 50 meters. In the vicinity of the dolerite dikes 
water bearing fractures are commonly present. How-
ever, the contact between dolerite and surrounding 

rock is often dry due to merging when the magma 
cooled. Another joint system exists roughly perpen-
dicular to the main fracture orientation. The orienta-
tion is N-S to NNE-SSW and seems to be younger 
than the NW system. During Triassic, Jurassic and 
early Cretaceous the area underwent extensive weath-
ering which transformed the upper bedrock layer to, 
among other things, kaolin (Wikman and Bergström 
1987). During late Cretaceous major faulting and up-
lifting of the bedrock occurred which resulted in horst 
development. Some parts of the weathered bedrock in 
faulted areas was then subsided and protected from 
erosion by later inland ice. (Sturk et al. 2005).  

The major fault zones that limit the Hallandsås 
horst are the northern and southern marginal zones. 
Tectonic activity has also had considerable impact on 
the central parts of the horst where the bedrock in 
places has been fissured and divided into minor plinths 
surrounded by weak zones. The most extensive weak 
zone in the central area is the Möllebacken zone 
(Banverket 2002). 

The Southern Marginal Zone, SMZ is roughly 650 
m wide (Sturk et al. 2005). It is a complex area which 
mainly consists of heavily weathered bedrock with 
small amounts of  free water. Some sections are just 
partly weathered and moderately water-bearing 
(Banverket 2002). 

 
Quaternary deposits 
The Hallandsås horst is mainly covered by till. In 
places where the bedrock is partly exposed the till 
layer is rather thin, commonly less than 5 meters. The 
thickest till deposits are found in the region around 
Förslöv with thicknesses up to 15 – 40 m. Small areas 
of hummocky moraine are present above the highest 
coastline. These areas are most likely formed by melt-
ing dead-ice. The till is generally sandy. Medium boul-
der frequency dominates on the horst, while the area 
south of the SMZ normally has a low boulder fre-
quency. Glacial striae and drumlin shapes indicate one 
main direction of glacial movement from N50°-55°E 
(Ringberg 1995). 

The highest coastline in the area is situated ca 55 – 
60 m above the present coastline. The region around 
the highest coastline between Grevie in northwest and 
Förslöv in southeast is characterized by several hills 
that in most cases have been classified as till. At least 
some of these contain glaciofluvial deposits with only 
a thin cover of till. The glaciofluvial material is proba-
bly kame formations that have been deposited in a 
dead-ice environment. Till material have then melted 
out from the recessing ice sheet and covered the gla-
ciofluvial deposits. Glaciofluvial deposits are also lo-
cated in the Sinarp valley and especially south of the 
valley as eskers trending NE-SW. Littoral sediments 
are found below the highest coastline. On the south-
west flank of the horst littoral sediments occur be-
tween 45 and 60 m.a.s.l. Gravel is the main fraction in 
this area. The thickness does probably not exceed 1 – 3 
m. Peat is present in forms of moss peat and swamp 

Fig. 3.1. Geological timescale (www.kabrna.com) 
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peat. The moss peat thickness is 1 – 8 m and the 
swamp peat 1 – 3 m. In some of the bogs gyttja and 
fine-grained lake sediments is present beneath the peat 
(Ringberg 1995).     

 
Hydrogeology 
Groundwater is mainly connected to fracture zones in 
the bedrock. The contact zones between gneiss and 
amphibolites has normally less discontinuities than 
contact zones between gneiss and dolerite. Hence 
dolerite dikes are of great importance when interpret-
ing the presence and quantity of water-bearing bed-
rock. The degree of weathering is also important. Very 
high degrees of weathering leads to low hydraulic con-
ductivity, but moderate weathering leads to high or 
very high hydraulic conductivity.  

Groundwater pressure in the tunnel varies with 
topography and groundwater conditions. The piezo-
metric pressure is normally parallel to the ground sur-
face and groundwater table is usually 0 – 15 meters 
beneath it. In some boreholes artesian pressures up to 
10 meters above ground surface have been measured. 
(Banverket 2002).  

 
4. Geoelectrical methods 
 
4.1 Resistivity 
4.1.1 Background 
Conrad Schlumberger developed the technique of re-
sistivity measurements in his first experiment in Nor-
mandy in 1912 and since the 1970s this method has 
become more widely used. 

The technique is suitable for groundwater resource 
assessment and also used for surveying sub-surface 
cavities, fissures, faults and conductive ores (Reynolds 
1997). 

When measuring resistivity, the most common way 
is to apply a driven current through the ground, and 
meanwhile measure the resulting potential difference 
at the surface (Sharma 1997). 

 
4.1.2 Theory 
Measuring resistivity is a method that uses the capabil-
ity of a material to act as an insulator and has the term 
ρ and the unit Ωm. Resistivity is defined as a property 
of a material and is a function of the amount of resis-
tance in an electric conductor.  

To describe resistivity, consider a cube that is elec-
trically uniform with a side length of L which an am-
perage I is passing through (Fig. 4.1). 

Depending on the properties of the material in the 
cube, it will somehow have an influence on the con-
duction of electricity and a potential difference be-
tween the opposite faces will appear. 

Potential difference is caused by the resistance, R. 
Hence, the resistance is proportional to the length L 
and inversed proportional to the cross-sectional area, A 
(Reynolds 1997): 

 
 (4.1) 

 
 

The constant of the proportionality is defined as the 
‘true’ resistivity, ρ. This gives us: 

 
 
 (4.2) 

 
 
Simultaneously, according to Ohms law, resistance R 
is defined as: 

 

R ∝
L
A

R = ρ L
A

Fig. 3.2. Elevation of good conductor . TEM, White square represents the area of 
investigation (Modified, Sørensen et al. 2003). 
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 (4.3) 

 
 

where V is the difference in potential (voltage) and I is 
the amperage. 

By combining equation (4.2) with (4.3), resistivity 
(ρ) is calculated according to: 

  
 (4.4) 

 
 
The factor A/L is dependent on type of electrode con-
figuration and electrode distance.  

There are two types of conduction in a rock: elec-
tronic and electrolytic conduction. 

Electronic conduction occurs when the material 
contains, e.g., metals, in which electrons can move 
rapidly and carry the charge. Electrolytic conduction is 
a relatively slow transportation of charge, which oc-
curs when the material has electrolyte including ions. 
This type is dependent on the ionic concentration, type 
of ions and mobility, etc. 

In a homogenous earth, the current is flowing ra-
dially from an electrode in a hemisphere. The current 
density, J, is proportional to the current, I, divided by 
the area over which the current is distributed through, 
in this case 2πr2. This will give: 

 
  
 (4.5) 

 
 
Therefore, the density of the current, J, will decrease 
with the distance from the transmitting current elec-
trode. This gives the possibility to calculate the voltage 
at any point at a distance (r) from the current source. 
Adding one more electrode creates a new potential 
distribution. This leads to a modified expression of the 
resistivity and a geometric factor (k) can be defined. 
This geometric factor is strictly dependent on the type 

of electrode configuration.  
When measuring resistivity in field, ‘true’ resistiv-

ity cannot be obtained because the earth is not a ho-
mogenous body. The value that is obtained when 
measuring in the field is called apparent resistivity (ρa) 
and represents a set of data that can give an estimation 
of the resistivity distribution. To obtain ‘true’ resistiv-
ity, interpretation techniques have to be considered 
(Reynolds 1997).  

The variation in resistivity of geological materials 
is commonly highly depending on the composition of 
minerals. Therefore, resistivity, in almost all geologi-
cal material, depends on pore, filled pores and the re-
sistivity of the pore liquid.  

Sedimentary rocks are relatively porous types of 
rocks compared to crystalline rocks. Hence, the resis-
tivity will be more dependent on the interstitial fluid 
than the resistivity of the host rock. Archie (1942) de-
veloped an empirical formula that gives the effective 
resistivity of a rock formation where the porosity, the 
fraction of the pores containing water and the resistiv-
ity of the water is accounted for. This is called Archie's 
law and is used mostly in borehole logging. However, 
if the medium is some kind of a gas, e.g. air (empty 
pore), it will increase the resistivity of a porous mate-
rial. If the medium is liquid, e.g. contaminated water, 
it will instead decrease the resistivity (Reynolds 1997). 

The resistivity in different type of earth materials is 
listed in Fig. 4.2. 

Fig. 4.2 show that many rock types have the same 
resistivities and that they overlap each other. It also 
shows that one type of geological material can have 
the same resistivity as another type of geological mate-
rial, e.g. both sedimentary rocks and glacial sediments 
have resistivity in the range of ~5 Ωm to 10 000 Ωm. 
Therefore, a good geological knowledge is very im-
portant when a survey with geoelectrical methods is 
performed. 

Other things that influence the resistivity are sub-
surface anthropogenic materials, such as pipelines, 
power lines and scrap (metallic or isolating material), 
etc.   

The field procedure when measuring resistivity is 
discussed in detail in chapter 5. 

 
4.2 Induced polarization 
4.2.1 Background 
In 1920, Conrad Schlumberger developed a new type 
of sub-surface investigation method, Induced polariza-
tion (IP). He claimed though that background noise 
was so extensive that it tended to overshadow the IP 
effect. Therefore the research on IP was discouraged 
for many years. In the 1950’s research was made on 
the use of IP in petroleum well logging in the Soviet 
Union. Since the late 1950’s IP has been extensively 
used for ore prospecting (Sumner 1976). 

In 1957 attempts were made to develop IP tech-
niques for use in hydrogeological applications. Vac-
quier and his associates at New Mexico Institute of 

Fig. 4.1. a) Explaining model for definition of 
resistivity (ρ) in a homogenous cube with the 
sides L, where a current (I) passing thru and a 
potential drop (V) is created. b) Corresponding 
electrical circuit. R is a resistor (Reynolds 1997). 

ρ =
V
I

⋅
A
L

J = −ρ I
2πr2

R =
V
I



12 

 

Mining and Technology discovered IP effects in con-
taminated sands and water-saturated clays (Sumner 
1976). In recent years IP has been successfully used in 
hydrogeological and environmental applications, but it 
is still very much at a research stage (Reynolds 1997).  

Some scientists claim that the name Induced po-
larization is not a completely correct description of the 
phenomenon. Induction assumes that the electrical 
field propagate through space without giving rise to 
conduction in some material. However, Induced Po-
larization is now an accepted term (Sumner 1976). 

 
4.2.2 Theory 
Induced Polarization is a geoelectrical method that 
measures the polarization characteristic of the ground 
and is usually measured as a function of time or a 
function of frequency. IP is most often used in ore 
prospecting applications because of the strong IP- ef-
fect in especially metal sulphides. IP is very suitable 
for use together with resistivity measurements. Some 
materials are hard to distinguish from only resistivity 
as the values often vary in a wide spectrum. For exam-
ple fracture zones have low resistivity whether they 
are clay weathered or not. Clay weathering can easily 
be detected by IP though, since it shows high IP-effect. 
Resistivity is also something that is measured as a part 
of the procedure in IP measurements (Reynolds 1997). 

The theory of Induced Polarization is very complex 
and not yet fully understood. There are two mechanics 
that describe the IP effect. These are electrode polari-
zation and membrane polarization 

 
Electrode polarization 
Electrode (grain) polarization is a process that results 
from an electronically conducting mineral grain block-
ing a pore or a small fracture in the rock (Fig 4.3b).  

When a current is applied, electrons cannot move 
through the grain and are therefore gathered on one 

side of it, making the grain polarized. When the cur-
rent is switched off the ions will diffuse back through 
the electrolytic medium, which gives rise to voltage 
decay. The diffusion of ions may depend on several 
factors such as (Reynolds 1997): 

 
• Pore shape and size 

• Rock structure 

• Permeability 

• Electrolytic conductivity and ionic concentration 

• Electronic conductivity of the mineral grain 

 
Electrode polarization occurs in materials with high 
conductivity such as metal sulphides, oxides and 
graphite. IP is stronger in materials with high mineral 
content. Several surveys show that IP increases with 
increasing resistivity of the host rock (Bertin and Loeb 

Fig. 4.2. Resistivity and the inverse (conductivity) in different earth material 
(Palacky 1987).  

Fig. 4.3. Electrode polarization. (a) No polarization 
conditions. (b) Polarization of a grain blocking the 
channel (Reynolds 1997). 
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1976, Slater and Lesmes 2002). IP also increases as 
the metallic grain size decreases, maybe down to some 
limit. This is because the total surface area of a body 
increases and electrode polarization is a surface phe-
nomenon. IP is therefore a good method to find dis-
seminated ore bodies. Likewise homogenous ore bod-
ies show highest IP-effect at the contact zones to the 
surrounding bedrock (Bertin et al. 1976).     

 
Membrane polarization  
Membrane polarization has two causes. One has to do 
with pore channel shape and the other with the pres-
ence of clay particles (Fig 4.4). Mineral surfaces are 
commonly negatively charged and therefore will at-
tract positive ions from the pore fluid. A positively 
charged layer about 100 µm thick will develop at the 
mineral surface. If the pore channel is narrower than 
this the positive ions makes up a barrier for the nega-
tive ions and produces a potential over the pore chan-
nel (Fig. 4.4a). Diffusion takes place when the current 
is switched off. The other process arise when clay par-
ticles, which are negatively charged, attract positive 
ions and build up barriers for the negatively charged 
ions (Fig. 4.4b). This happens when clay particles or 
filaments of fibrous minerals are present in the pore 
space and the pore space are small enough to produce 
a barrier (Reynolds 1997). Membrane polarization 
tends to decrease with increasing pore fluid ion con-
centration (Bertin and Loeb 1976, Slater and Lesmes 
2002).  

Membrane polarization and electrode polarization 
give the same appearance on the overvoltage decay 
curve. Electrode polarization can contribute to consid-
erably higher IP-effects though (Bertin and Loeb 
1976).  

 
Time-domain measurements 
When inducing a current into the ground a voltage 
builds up in favourable situations as mentioned above. 

The voltage between two potential electrodes is then 
measured. When the current is turned off the voltage 
will decrease. The voltage is divided into primary volt-
age, which is the voltage that the current induce, and 
secondary voltage (overvoltage) that is caused by the 
polarization processes explained earlier. The primary 
voltage will vanish immediately when the current is 
switched off, but the secondary voltage will decrease 
with time in a way that is material dependent (Sumner 
1976).      

The most common term used in time-domain IP is 
chargeability (M),  

 
 (4.6) 

 
 
where VP is the overvoltage and V0 the primary volt-
age. Chargeability is usually expressed in terms of 
millivolts per volt (mV/V) (Reynolds 1997). 

It is almost impossible to measure the overvoltage 
at the moment the current is switched off. Therefore 
there is a time delay, usually 0.1 s, before measure-
ment starts. The IP decay after current cut-off is then 
measured in several time-windows and integrated by 
formula 4.7, which gives the apparent chargeability 
(Ma) (Reynolds 1997).  

 
 

 (4.7) 
 

 
Apparent chargeability is expressed in milliseconds 
(ms) or millivolts per volt (mV/V) (Reynolds 1997). 
The form of the overvoltage decay-curve can then be 
studied for more detailed information of the IP charac-
teristics (Fig. 4.5). Field values are influenced by the 
volume of the earth and the array geometry and are 
therefore measured in apparent chargeability (Butler, 
2005). What is measured is the true resistivities and 
absolute chargeabilities for all layers within the range 
of the equipment (Reynolds). Actual chargeability for 
each layer is interpreted in the modelling process 
(Butler, 2005).  

M =
VP

V0

∫=
2

1

)(1

0

t

t
Pa dttV

V
M

Fig. 4.4 Membrane polarization. (a) Ions crea-
ting a barrier where the channel is narrow. (b) 
Ions arranging due to presence of clay partic-
les and fibrous filament (Reynolds 1997). 

Fig. 4.5. Overvoltage decay curve (Sumner 1976). 
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Frequency-domain measurements 
Frequency-domain IP is measured with alternating 
currents. Two different frequencies are measured. If 
the material shows large differences in apparent resis-
tivity values for the two frequencies it means that it 
has a resistivity that is strongly frequency dependent .  
Also multifrequency IP measurement is possible. This 
is named Spectral IP (SIP) or complex resistivity 
(Reynolds 1997). 

Frequency-domain measurements can be expressed 
as percentage frequency effect, 

 
  (4.8) 

 
 
where ρa0 is the apparent resistivity at low frequency 
and ρa1 is the apparent resistivity at high frequency. 

Another way to express frequency-domain IP is the 
metal factor. 

 
  (4.9) 

 
 
The numerical multiplying factor is used to place the 
metal factor in the same numerical range as resistivity 
and chargeability (Sumner 1976). 

 
4.3 Noise 
4.3.1 Capacitive coupling  
Capacitive coupling is a problem when measuring 
Induced Polarization due to signals registered in the 
data acquisition that are not connected to geological 
parameters. This often causes errors in the IP measure-
ment. According to Sumner (1976), capacitive cou-
pling is a voltage change due to electrical leakage or 
displacement currents.  

Occurrence of capacitive coupling is common 
when the transmitting cable is near the measuring ca-
ble in a common insulated sheath. The phenomenon 
that occurs is likewise an electric capacitor where the 
wire isolator sheath behaves as the dielectricum of a 
capacitor. According to Equation 4.10, the capacitance 
between two wires are (Sumner 1976): 

 
 
 (4.10) 

 
 
The equation shows the capacitance C per unit length 
L (pF/m) of two conducting wires. h is the distance, 
center-to-center, between the two conductors and r is 
the radius on the cross-section of the conductor. Kr  is 
the relative permittivity of the material between the 
conductors. 

There is also capacitive coupling between the cable 
and the ground. The potential difference that occurs is 
twice the value compared to the potential difference 
between two conductors (Sumner 1976). 

When the data acquisition is carried out by using a 

multicore cable and a multi-channel instrument, a lot 
of current transmissions and potential readings are 
performed with a very short distance between the 
wires. 

The capacitive coupling is relatively stable and 
with increasing distance between the cables, the effect 
will decrease quickly. Therefore, a good separation of 
the cables and devices will reduce the capacitive cou-
pling (Dahlin et al. 2002). 

 
4.3.2 Electromagnetic coupling 
Electromagnetic coupling (EMC) is defined as the 
inductive response of the Earth, which manifests itself 
as a response over the IP signal (Partha et al. 2000). 
EMC is also called Inductive coupling (Sumner 1976). 

This effect has to be considered when measuring 
IP. It is a noise phenomenon that has an IP-like charac-
ter. Depending on array type, EMC can be a positive 
or negative contribution; e.g., dipole-dipole electrode 
configuration gives positive values and gradient elec-
trode configuration gives negative values (Sumner 
1976). Large dipole separation, i.e. long cable array, 
gives high EMC effects,. In frequency domain meas-
urements, high frequencies contribute to high EMC 
effects. At measurements in time domain the time be-
tween the transmission and reading is of great impor-
tance. By increasing the time, the EMC effects can be 
reduced. The resistivity will also affect the magnitude 
of EMC effects where large effects can be obtained in 
low resistivity areas (Çağlar 2000).  

A method to identify EMC is to investigate the 
decay curves. If the curve has increasing values in the 
earlier time, it is probably caused by EMC (Sumner 
1976). 

 
4.3.3 Electrode charge-up effects 
In the measurement sequence, a charge is built up at 
the contact between the electrode and the soil. This 
charge-up effect contributes to significant noise in the 
data acquisition and can remain for tens of minutes 
after a current has been transmitted (Dahlin 1999). 
Because the measurement of IP is made shortly after 
the current is switched off, it is important to have low 
charge-up effects. Therefore, the design of the meas-
urement protocol will contribute to more or less 
charge-up effects. When measuring with a normal lay-
out, one single multicore cable, the protocol should be 
designed so that the reading of the potential is not per-
formed when transmitting current has recently been 
made in the same electrode (Dahlin 1999). By using 
separated cables, charge-up effects should be nonexis-
tent because the transmitting electrodes and potential 
reading electrodes are separated. 

 
4.3.4 Other noise sources 
Telluric noise 
In the earth, a small, slowly varying current is flowing 
continuously. This is due to variation in the earth’s 
magnetic field. This current will affect the signal in the 

PFE =
(ρa 0 − ρa1)

ρa1
⋅100

MF = 2π105 (ρa 0 − ρa1)
(ρa 0ρa1)

C
L

=
27.8Kr

log h r ± h r( )2 −1 
  

 
  
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IP data acquisition and has to be considered. Telluric 
noise is often larger in high resistivity areas than in 
low resistivity areas. This is because the transmitting 
signal is larger relative to the noise in areas with low 
resistivity. (Sumner 1976). 

 
Man made noise 
Also power-lines, buried or airborne, will contribute to 
the noise in data. This is usually AC on low frequency 
and can therefore be low-pass filtered in the voltage-
meter/receiver and thereby reduced. More problematic 
is man made DC-noise such as electric railways and 
other DC-devices (Sumner 1976). 

 
Self potential 
Depending of the contents of the subsurface, there is 
usually a difference in potential between two points. 
This will also have an influence on the collected data. 
The differences are weak and are caused by e.g. 
groundwater movement, ores and high geothermal 
areas (Parasnis 1997). 

 
4.4 Negative response 
Sumner (1976) points out that negative effects is de-
pendent on type of electrode configuration used. He 
claims that if a polarisable body is lying between elec-
trode pairs of the dipole-dipole array it will cause 
negative data. Meanwhile the gradient array, is more 
sensitive to EMC effects. Both type of effects will 
cause negative data, but to different extent. As dis-
cussed earlier, large separation of the electrodes will 
contribute to EMC effects which can be negative val-
ues (Martinho et al. 2006).  

Sumner (1976) claims that negative IP response is 
created during the polarizing and depolarizing cycles 
of a polarisable body. It is not unusual to receive nega-
tive response when a conductive body is lying close to 
the surface. Sumner (1976) propose that negative IP 
response occurs if the subsurface contains horizontally 
multilayered structures. To get this effect, the lowest 
layer has to be more conductive than the layer right 
above and the uppermost layer has to be polarisable in 
some way.  

If there is a horizontally three-layer situation where 
the geoelectrical section is of K-type (ρ1<ρ2>ρ3) or Q-
type (ρ1>ρ2>ρ3) , negative effects can occur as well 
(Martinho and Almeida 2006). 

Sumner (1976) suggests that large negative IP data 
may depend on coupling effects, if this is due to ca-
paci t ive and/or  e lectromagnet ic coupl ing is 
unmentioned. Therefore, as discussed earlier, a good 
choice of array and a separation of cables and trans-
mitter/receiver will give less negative response. 2D 
and 3D effects will also contribute to negative data 
points. These effects may be related to geological 
structures in the subsurface. 

A good knowledge of the geology and the 
lithostratigraphy will give more understanding regard-
ing negative responses in the data acquisition.  

 

4.5 Electrode contact 
In order to get a good data quality, a low resistance 
between the electrodes and the ground is needed. 
When measuring Induced Polarization and resistivity, 
it is important to obtain a high transmitting current. 
According to Ohm’s law, a current is inversely propor-
tional to the resistance; therefore, a low resistance is 
needed.  

According to Sumner (1976), ‘electrode resis-
tance’, RE, is the resistance that is situated close to the 
electrode. The resistances between two electrodes are 
not linear with distance, even with the assumption of a 
homogenous and isotropic subsurface. In Fig. 4.3 it is 
shown how the total percentage resistance between 
two electrodes is varying. It shows that the resistance 
gradient is steepest close to the electrodes. This is the 
area that is most important when talking about elec-
trode resistance (Sumner 1976). 

To evaluate the contact resistance with the type of 
equipment that is used in this work, a specially de-
signed protocol is needed (Appendix 3). With the pro-
tocol the voltage can be test measured with a fixed 
current between two closely spaced electrodes. The 
resistance on an individual electrode can then be cal-
culated according to the equation system: 

 
  
 

 
 
 
where Ra and Rb is the resistance on electrode a and 
electrode b respectively. Rab, Rbc and Rac are the meas-
ured resistances between two electrodes. 
Further derivation finally gives: 

 
 (4.11) 

 
 
The resistance that is calculated according Eq. 4.11 is 
a sum of electrode resistance and the ground resis-
tance, se Fig. 4.3. If only the resistance of the elec-

Ra + Rb = Rab

Rb + Rc = Rbc

Ra + Rc = Rac

 

 
 

  

Ra =
Rab − Rbc + Rac

2

Fig. 4.3 The potential distribution between two 
current electrodes (Sumner 1976). 
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trode is wanted, the resistance of the soil volume has 
to be taken into account in the calculations. However, 
in field, this information is impossible to obtain today.  

 
4.6 Reciprocity 
When data acquisition is made in one direction, i.e. a 
specially set of C1, C2, P1 and P2, the recorded values 
should in theory be the same when measuring in the 
opposite direction, i.e. C1 change to P1 and C2 change 
to P2. But in reality it will usually not be the case, due 
to different types of effects. In a measurement with 
one single multi-electrode cable, occurrence of charge-
up effects will affect the equivalence between the for-
ward and reciprocal measurement. This is because in 
the measurement cycle, an electrode is used as a po-
tential reading recently after it has been used for trans-
mitting the current (Dahlin 1999). 

By looking at the difference between the forward 
and the reciprocal measurement, an estimated error 
can be obtained. This is a good measure of the overall 
quality of the data. The value is presented in mV/V for 
the error in the IP measurement. This is because if the 
data points that have a value that is close or equal to 
zero, it will not give a meaningful error value when the 
ratio is calculated. In the measurement of the resistiv-
ity, percent (%) is used. For low values, a low occur-
rence of noise and other sources of error are present. 

 
4.7 Geometrical effects 
Depending on the shape of a conductive body, differ-
ent emplacement of negative data is obtained when 
measuring IP (Fig. 4.4). This is due to the depolariza-
tion currents that are in opposite direction to the pri-
mary current which always goes from A+ to B-, M and 
N measure the IP anomaly (Bertin and Loeb 1976). 
Also, 2D effect can occur as negative data close to a 
high chargeability in the profile (Dahlin and Zhou 
2005, Dahlin personal communication).  

Measurements of resistivity are commonly made as 
a 2D profile. But in reality the ground is three-
dimensional and the current that is transmitted is flow-

ing in a hemisphere. This creates 3D effects in the data 
acquisition of resistivity and has to be considered 
when interpreting. It is known that 3D effects are 
really significant where the geology changes in a rela-
tive small scale. One way to decrease this effect is to 
place the 2D profile perpendicular against the geologi-
cal structures (Danielsen and Dahlin 2004b). However, 
this method is not taken into account in this work. 

 
4.8 Signal-to-noise-ratio 
Obtaining a high signal-to-noise ratio is a main task in 
IP methodology. It has very much to do with ground-
ing contact, i.e. the contact between electrodes and 
ground. The electrode has practically no resistance in 
itself, neither has the wetted, disturbed zone in the 
immediate vicinity of the electrode if present. The 
main contribution to electrode resistance is the undis-
turbed soil further down. The total current resistance 
RT is 

 
 (4.12)  

 
where RW is the wire resistance, RE is the electrode 
resistance and RG is the ground resistance. 

Ground resistance is of high importance concern-
ing noise behaviour. If the resistance is low a high 
current can be transmitted and thus, a high voltage can 
be received (Sumner 1976).  

 
4.9 Normalized IP 
It has been shown that in some cases it is difficult to 
distinguish IP-effect caused by conduction differences 
and IP-effect caused by lithological differences.  

Laboratory tests have shown that chargeability is 
strongly dependent on sample resistivity. Resistivity is 
in turn dependent on salinity, porosity, saturation and 
clay content. Normalized chargeability (MN) is a pa-
rameter that mainly accounts for surface polarization 
processes, and is given by 

 
 (4.13) 

 
where σ′rock is rock conductivity and M is chargeability 
(unit is mS/m). Since conductivity is the reciprocal of 
resistivity, MN can be achieved by dividing M with 
resistivity (ρ) (Slater and Lesmes 2002).  

Normalized chargeability is much more sensitive to 
lithology, e.g. clay content, than to fluid conductivity. 
Since surface polarization depends on the specific sur-
face area, as well as surface charge density and surface 
ionic mobility, fluid conductivity has an indirect influ-
ence on normalized chargeability. 

Chargeability seems to decrease with increasing 
fluid conductivity and therefore, decreasing resistivity. 
Normalized chargeability on the other hand seems to 
have an optimum at about 1000 mS/m (Slater and Les-
mes 2002). This has been interpreted as a trade-off 
between increasing surface charge density and de-
creasing surface ionic mobility, when the solution con-

RT = RW + 2RE + RG

MN = ′ σ rock M

Fig. 4.4. Negative data caused by geometrical effects 
(Bertin 1976). 
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centration is increasing (Vinegar and Waxman 1984). 
Field experiments in a beach environment have 

shown that normalized chargeability does not give any 
response on the transition between freshwater and salt-
water, while resistivity and chargeability does. How-
ever, a glacial till formation at the same site gave a 
slight resistivity increase, a clear IP response and a 
high-normalized chargeability. This illustrates the pos-
sibility for normalized IP to differentiate between 
structural changes and changes due to only surface 
conductivity (Slater and Lesmes 2002). 

 
4.10 Equipment  
The equipment for all measurements in this study is 
shown in Fig. 4.5 and listed in Table 4.1. The differ-
ence between the contents of equipment in the differ-
ent field tests is only the type of multicore cables. 
These are with 2 m or 5 m electrode distance and the 
total lengths are 40 m or 100 m, respectively. For the 
separated cables, the amount of cables are doubled. 
Also, a remote cable is used when measuring with 
pole-dipole array.  

The Terraohm RIP924B is a 8 channel receiver  
that is equipped with 24 bit sigma-delta AD-
converters.  

The ABEM Terrameter Booster SAS2000 has a 
40W transmitter: Max output: 400V-100mA, 200V-
200mA, 80V-500mA. 

 The ABEM Electrode Selector ES10-64C has 
10x64 relay matrix switch and the ES464 has 4x64 
relay matrix switch. 

5 Data acquisition and  
 processing 
 
5.1 Electrode arrays and measuring  
 techniques 
CVES (Continuous Vertical Electrical Sounding) is a 
2D measuring technique that measure both vertical and 
horizontal variations. Compared to 1D measuring, 
which only concerns the vertical variations of resistiv-
ity or IP. However, the variation that occurs perpen-
dicular to the measuring line is not taken into account 
in a CVES measurement. 

When measuring with the CVES method, different 
types of techniques can be chosen for optimizing the 
results by using different type of electrode configura-
tions. These electrode configurations have their own 
properties and depending on the goal of the survey, 
electrode configuration should therefore be chosen 
with care. 

The differences in the electrode configuration are 
depending on how the transmitting current electrodes 
(C1 and C2) are situated relative to the potential read-
ing electrodes (P1 and P2).  

The different types of electrode configuration have 
different distance between the electrodes (a) and dif-
ferent separations (n) between C and P electrodes. This 
combination gives the geometric factor. For example, 
in a dipole-dipole array, the electrodes C1 and C2 are 
situated pair wise in one end of the array and P1 and 
P2 are reading pair wise. Fig. 5.1 shows the arrange-
ment and the geometric factor (k). In a gradient array 
the C1 and C2 are situated at the ends of the array and 
the potential is measured with a constant electrode 
distance between these.  

The gradient array is a type of the Wenner -
Schlumberger array where the potential electrodes can 
be placed randomly between the current electrodes. 
The multiple gradient array is very well suited for mul-

Fig. 4.5. Field equipment. (1) Operator PC. (2) ES464. (3) 
Booster SAS2000. (4) ES10-64C. (5) RIP942 v.2. (6) Router 
WLAN. (7) Acquisition PC. Photo: Siikanen J. 

Function 
Relay switch - Potential reading 

Relay switch – Current transmit-
ter 
Current transmitter 

Type (No. in figure) 
ABEM Electrode Selector ES10-
64C (4) 
ABEM Electrode Selector ES464 
(2) 
Terrameter Booster SAS2000 (3) 

Instrument Terraohm RIP924B v..2 (5) 

Electrode Stainless 

Connection cable-electrode Normal jumpers 

Operator Device (OD) Mobile touch screen PC (1) 

Data Acquisition Storage (DAS) PC (7) 

Communication OD-DAS WLAN 

Power source 12 V Batteries 

Table 4.1 Equipment. 
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tichannel surveying. It allows many simultaneous 
measurements to be done at the same current injection 
which reduces the fieldwork time considerably (Dahlin 
and Zhou 2004).  Fig. 5.2 shows the arrangement in 
the special case of gradient array when P electrodes 
are situated in the middle.  

These two types of arrays have a relatively good 
resolution, but they are in addition quite sensitive to 
noise contamination. However, the dipole-dipole array 

has a slightly better resolution than the gradient array 
but the signal-to-noise ratio is lower (Dahlin and Zhou 
2004).  

To obtain a greater depth, pole-dipole array can be 
used. The pole-dipole array requires that a remote 
electrode be used as one of the current electrodes (C2). 
The distance to the remote electrode is dependent on 
the profile length and should be at least 5 times the 
maximum separation between C1 and P1 (Loke, 
2003a). With a profile of 200 m the space between 
instrument and remote electrode has to be at least 1000 
m. The pole-dipole array has roughly as good resolu-
tion as the dipole-dipole array. For some environments 
the signal-to-noise ratio is higher than for the other 
two arrays but for some environments it is lower 
(Dahlin and Zhou 2005). Fig. 5.3 shows the arrange-
ment and the geometric factor (k). 

 
Roll-along technique 
The roll-along technique means that cables, for exam-
ple four cables, are rolled out with the instrument 
placed between cable 2 and 3. When the measuring is 
finished the instrument is moved one cable in the pro-
file direction and the first cable be placed as number 
four in the next measurement. In the first measurement 
cable 1 is excluded and in the last measurement cable 
4 is excluded, which means that only three cables are 
used. This is done to obtain data in the lower corners 
of the profile (Fig 5.4). 

 
Single cable measurements 
Single cable measurements mean that the same cable 
is used for both current injection and potential read-
ings. This is a normal and  more simple technique than 
using separated cables because fewer cables are 
needed and only one relay switch is used. The disad-
vantage is that coupling effects that distort data quality 
are more prone to occur (Fig. 5.5). 

Fig. 5.1. Dipole – Dipole configuration and geo-
metric factor (Loke 2003). 

Fig. 5.2. Wenner – Schlumberger configuration 
and geometric factor (Loke 2003). 

Fig. 5.3. Pole-dipole configuration and geometric 
factor (Loke 2003). 

Fig 5.4. Roll-along technique (Dahlin 1999). 
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Separated cables measurements 
The idea of separating the electrodes used for current 
injection and potential measurement is to minimize the 
capacitive coupling effects that arise between the con-
ductors in a single cable. Electrode charge up effects 
that occur when an electrode previously has been used 
for current injection are reduced as well, as discussed 
in chapter 4.3.1 

Measurements with separated cables is done 
through laying out two parallel cables and setting out 
electrodes with half the electrode spacing. Every sec-
ond electrode is connected to the current cable and the 
electrodes between are connected to the potential ca-
ble. The first current electrode is placed a half elec-
trode distance behind the first potential electrode. Two 
relay switches are used, one for current injection and 
one for measuring potentials (Fig. 5.6). 

 
5.2 Computer software 
The following programs are used for acquisition and 
analysing of data: 

 
Eric v. 2.17 
Eric is the program that controls the data acquisition . 
The software is developed by Dr T. Dahlin, Engineer-
ing geology, Lund University. 

 

Erigraph 
Erigraph converts raw data to pseudosections and han-
dles the visualization of both pseudosections and in-
verted models. The software is developed by Dr T. 
Dahlin. Engineering geology, Lund University. 

 
Res2Dinv 
Res2Dinv is the inverse numerical modelling program. 
The inversion routine is based on the smoothness-
constrained least-squares method. It produces 2D mod-
els of the pseudosections. The use of this program is 
explained in detail in chapter 5.3. The software is de-
veloped by Dr M. H. Loke, Geotomo Software.  

 
OBSError 
OBSError compares normal field values with the re-
ciprocal ones. This is useful when estimating the data 
quality of a specific measurement. It requires that re-
ciprocal measurements have been done. The software  
is developed by Dr T. Dahlin, Engineering geology, 
Lund University. 

 
Workbench 
Workbench is a GIS based resistivity and IP data han-
dling program. It allows the user to study IP decay 
curves in detail. It is also possible to identify elec-
trodes that for example cause negative data. The soft-
ware is developed by the Hydrogeophysics Group, 
Aarhus University. 

Fig. 5.5 Exampel of the single cable layout (Dahlin 2003 et. al.) . 

Fig 5.6. Example of  the separated cable layout (Dahlin et al. 2003). 
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5.3 Modelling 
Broad outline modelling of field data is a process 
where a 2D or 3D model is adapted to measured val-
ues. The model is divided into cell blocks, which often 
have a width of half the electrode spacing (Fig. 5.7). 
The cell block depths normally increase with 10% for 
every deeper layer. The modelling program is then 
trying to adjust the resistivity of the model blocks so 
that they agree with the measured values. This process 
is called inversion and is done several times, each time 
enhancing the agreement between measured and mod-
elled values. The difference is quantified with the 
RMS (root-mean-squared) error (Geotomo Software 
2006). 

A common programme for 2D-modeling of field 
data is Res2Dinv. If present, topography shall be in-
corporated in the dat-files before inversion. Data 
points that are obviously erroneous, i.e. many times 
larger or smaller than the others, are deleted. Remain-
ing outliers are deleted in Res2Dinv with the function 
“Exterminate bad data points”. It has been shown that 
robust inversion gives the best results in most circum-
stances. The robust inversion attempts to find a model 
that minimizes the absolute values of the data misfit 
which makes it less sensitive to outliers in the data 
than the smoothness-constrained least squares inver-
sion (Dahlin and Zhou 2004).  

The vertical/horizontal flatness filter can be ad-
justed to emphasize vertical or horizontal structures. If 
the expected measurement target is a vertical structure, 
e.g. a dolerite dike, the flatness filter is given a higher 
value. If the expected target on the other hand is a 
horizontal structure, e.g. sedimentary layers, the flat-
ness filter is given a lower value (Loke 2003). 

Furthermore a modification called model refine-
ment can be worth considering. This adjustment splits 
the model block cells into half the electrode spacing, 

reducing the model misfit when there are large resis-
tivity contrasts in shallow data (Loke 2003). 

The damping factor constrains the range of values 
the cellblocks can take (Loke 2003). Noisy data gener-
ally require a higher damping factor than data of good 
quality. The damping factor increases with depth since 
the resolution decreases in the lower parts of the inver-
sion model. The change of damping factor with depth 
can be manually adjusted. For each modelling iteration 
the damping factor generally decreases, as the model 
response gets more and more similar to the measured 
values. However, a minimum value is set to stabilize 
the inversion process. The initial and minimum damp-
ing factors can be manually adjusted. The damping 
factor can also be optimized to give the lowest RMS 
error in each iteration (Geotomo Software 2006).  

 
5.4 Merging protocols 
Resolution differs from array to array, both horizon-
tally and vertically. Some characteristics worth consid-
ering when choosing appropriate array may be the 
structure orientation, ground conductivity and depth 
penetration. One solution to this problem is to merge 
protocols from different arrays that combine their good 
qualities. There are though some questions to bear in 
mind when modelling the merged protocol. It has been 
shown that some arrays tend to dominate over others. 
To overcome this problem a weighting factor can be 
introduced in the algorithm. This seems to give a more 
accurate model than inverting all datasets without 
weighting. However, it is not always a good solution 
to merge protocols. If one of the arrays has signifi-
cantly better data quality than the other merging of 
data might be a bad idea (Athanasiou et al. 2006). 
Merging of such datasets could yet be justifiable if for 
example good resolution at shallow depths and large 
depth penetration cannot be achieved in another way.   

Fig. 5.7. Cell block arrangement (Loke 2003). 
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5.5 Analysis of data quality 
To achieve knowledge about the data quality, an 
analysis of negative data can be made. According to 
chapter 4.4, dataset of low quality often contains nega-
tive values. Generally, this has to be taken with care 
because there are cases where the geological settings 
gives ‘true’ negative data (Sumner 1976).  

However, by examine the difference between nor-
mal and separated cable layouts in terms of negative 
data amount and distribution of apparent chargeability 
in the IP pseudosections, the effect of capacitive cou-
pling can be examined. Analysis of the decay curves 
will also contribute to understanding of capacitive cou-
pling effects, but also the electromagnetic effects can 
be examined. 

The electrode contact will be investigated by an 
electrode contact test, which is performed with a spe-
cially designed protocol. 

 
6. Field tests – Test-line Lund  
 
6.1 Fieldwork 
To evaluate the quality of data in different types of 
arrays and measurement set-ups, four measurements of 
Induced Polarization with different electrode configu-
rations and arrays were made. All profiles that were in 
the layout had a length of 108 to 116 m and were ap-
proximately in the same direction. In the layout, three 
multicore cables were used in the normal measurement 
(single multicore cable) and six cables in the special 
array of separated cables. All cables were connected to 
the inputs of the relay-switches. The instrument was 
placed between cable 1 and 2. Therefore, an extension 
cable was needed to reach cable 3. Since the length of 
the lawn limits the length of the array, exclusion of the 
last electrodes had to be done.  

To evaluate the electrode contact, one measure-
ment with a specially designed protocol was made and 
the same layout was used.  

Also, both forward and reciprocal measurements 
were made. This gave us the difference between the 
normal and reciprocal measurement and an observa-
tion error was obtained. 

The study examined two types of arrays, dipole-
dipole and multiple gradient, with an electrode dis-
tance of 2 meter. In the separated cable layout, the 
electrode distance between a transmitting current elec-
trode and a potential reading electrode was 1 meter. 
During the days when the measurements with dipole-
dipole array were performed, the ground was very dry 
because the lack of rain during the period. When the 
measurement with the gradient array was performed, 
the ground was relatively moist due to heavy rain the 
days before. The protocols used are listed in Appendix 
3. 

 

6.2 Equipment 
The equipment that was used is according Table 4.1 
and the type of cable was 3X40 m multi-core, 2 m 
electrode distance, 21 take-outs. 

 
6.3 Reference data 
Earlier, Dr T. Dahlin has surveyed the site, where he 
examined charge-up effects. According to Dahlin 
(1999), it is obvious that the records from the site in-
cludes disturbance from electric power lines. This will 
probably influence the measurements that are made in 
this study.  

 
6.4 Results 
6.4.1 Difference between single cable array and 

separated cable array. 
The results are presented in the form of pseudosections 
and graphs. The unit are apparent chargeability, 
mV/V. Note that the scale on each pseudosection is 
designed so that black represents negative data and 
light grey represents positive data. 

The pseudosections show the first time window 10-
30 ms. The total time is 310 ms and consists of 5 time 
window with an increasing factor of 20 ms on each 
window. 

In Fig. 6.1a, the measured IP-pseudosection with 
one single cable is shown. The electrode configuration 
is dipole-dipole. The total amount of data points is 
1021. The length of the profile is 110 m and the total 
amount of electrodes is 55. The pseudodepth is ca 24 
m. The measurement cycle has been stacked maximum 
5 times and minimum 2 times. 

In Fig. 6.1b, the measured IP-pseudosection with 
separated cable is shown. Electrode configuration is 
dipole-dipole. The total amount of data points is 1071. 
The length of the profile is 114 m and the total 
amounts of electrodes are 57 (114). The pseudodepth 
is ca 24 m. The measurement cycle has been stacked 
twice. 

In table 6.1 the amount of negative data in the dif-
ferent time windows is shown. The amount of negative 
data in M1 is decreasing with time, while in M2 is it 
increasing. 

Time window 

 (ms) 

10-30 

30-70 

70-130 

Dip.-Dip. Sing. 

(M1) 

(%) 

Dip.-Dip. Sep. 

(M2) 

(%) 

Grad. Sep. 

 (M3) 

(%) 

63 29 3.5 

52 30 1.6 

45 32 2.1 
130-210 44 35 2.9 

210-310 44 35 3.4 

Table 6.1.Difference in negative values from measurements of test-
line, Lund. Dipole-dipole array - Single (M1) and Separated cables 
(M2). Gradient array – Separated cables M3). 
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Fig. 6.1. Pseudosections of measured apparent chargeability with different electrode arrays. 
Time window 1 (10-30 ms). Note that black represents negative data and light grey represents 
positive data. (a) Single cable array, dipole-dipole array. (b) Separated cable array, dipole-
dipole array. (c) Separated cable array, gradient array. 

a) 

b) 

c) 
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Fig. 6.2. Measured apparent chargeability with different array and electrode configuration. 
(a) Single cable, Dipole-Dipole array. (b) Separated cable, dipole-dipole array. (c) Separa-
ted cable array, multiple gradient array. The small window in (c) shows the decay curves 
of selected electrodes, each line representing one data point.  

a) 

b) 

c) 
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6.4.2 Difference between dipole-dipole array and 
gradient array 

In Fig. 6.1c, the measured IP-pseudosection with sepa-
rated cable is shown. The electrode configuration is 
gradient array. The length of the profile is 116 m and 
the total amount of electrodes is 58 (116). The pseudo-
depth is ca 20 m. The measurement cycle has been 
stacked 2 times. 

In column M3 in Table 6.1, the amount of negative 
data points in the different time windows for measure-
ment with gradient array and separated cables are 
shown. 

 
Electrode resistance 
The electrode contact is shown in Fig. 6.3 as two 
curves, which represent each cable in the separated 
cable array. The curve with circles represents cable 
east (usually used as current transmitting cable) and 
the curve with triangles represent cable west (usually 
used as potential reading cable). Each value is calcu-
lated according to Equation 4.11. The triangles are 
shifted a half step compared to the circles, this dis-
tance represent 1 m in the layout. 

The highest recorded resistance is ca 7000 Ω on 
cable east, and the lowest recorded resistance is ca 300 
Ω on cable west. Total amount of electrodes is 57 
(114). 

 
Apparent resistivity 

The pseudosections in Fig. 6.4a, 6.4b and 6.4c 
show the apparent resistivity. The apparent resistivity 
in Fig. 6.4a ranges from 15 Ωm up to 100 Ωm, and the 
pseudodepth is ca 23 meters. 

In Fig. 6.4b the apparent resistivity is ranging from 
20 Ωm to 4400 Ωm, although the highest value is not 
seen in the pseudosection. The pseudodepth is maxi-
mum 24 meters. 

Fig. 6.4c has an apparent resistivity 
from 15 Ωm up to 200 Ωm. The 
pseudodepth is maximum 20 meters. 
Note that the scales have different 
units for IP and for resistivity, mV/V 
and percent (%), respectively. 
 
Observed error, chargeability 
Fig. 6.5a shows observed error be-
tween forward and reciprocal meas-
urement of Induced Polarization. Cal-
culated mean value is ca 235 mV/V 
and median value is ca 106 mV/V. 
The pseudosection is missing data 
points in the NE direction, as a conse-
quence of the measuring protocols 
used. Single cable layout is used in 
this measurement. 
Fig. 6.5b shows the measurement 
when separated cables layout is used. 
Calculated mean value is ca 55 mV/V 

and median value is 22 mV/V. Also, here is some lack 
of data in the NE direction, but in less extension com-
pared to Fig. 6.5a. 

 
Observed error, resistivity 
In Fig. 6.6a is observed error between forward and 
reciprocal measurement of apparent resistivity shown. 
Single cable layout is used and the calculated mean 
value is 4.5 % and median value is 1.2%. Fig. 6.6b 
shows observed error in measurement of resistivity 
where separate cables layout is used. The calculated 
mean value is 1.0 % and median value is 0.5%.  

 
6.4.3 Inversions  
The inverted resistivity section in Fig. 6.7a. shows that  
a layer from x = 8 meters goes through the whole pro-
file. Its thickness is ca 5 meter and contains some in-
homogeneities and the resistivities range from ca 13 
Ωm up to 36 Ωm.  Below this layer, a body with resis-
tivities between 36 Ωm up to 130 Ωm is present. The 
depth of penetration is 22 m and the mean residual 
value is 1.8 %. 

The inverted IP section in Fig. 6.7b shows an area 
in the NE part of the line where the chargeability is 
close to zero mV/V. Its extension is from x = 0 to ca x 
= 7 m. Otherwise the chargeability is increasing down-
wards up to ca 9 mV/V. The depth of penetration is 22 
m and the mean residual value is 0.9 %. 

Inversion parameters for the IP and resistivity 
models are shown in Appendix 1. 

Fig. 6.3. Electrode resistance. 
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Fig. 6.4. Pseudosections of measured apparent resistivity with different electrode array. (a) 
Single cable array, dipole-dipole array. (b) Separated cables, dipole-dipole electrode configu-
ration. (c) Separated cables, gradient array. 

a) 

b) 

c) 
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Fig. 6.5. Calculated errors of apparent chargeability between normal 
and reciprocal measurement. All time windows (10-110 ms)  (a) 
Single cable, dipole-dipole array. (b) Separated cables, dipole-dipole 
array. 

Fig. 6.6. Calculated errors of apparent resistivity between normal 
and reciprocal measurement. All time windows (10-110 ms)(a) 
Single cables, dipole-dipole array. (b) Separated cables, dipole-
dipole array. 

a) 

b) 

a) 

b) 
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Fig. 6.7. Inverted sections. Gradient array. (a) Resistivity. (b) IP, all time windows (10-310 ms). 

b) 

a) 
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6.5 Discussion 
By looking at pseudosections of IP, information can be 
found regarding the quality of the data. 

The site that was investigated is a high noise area. 
This is quite clear in the pseudosections of the IP-
measurements. 

The presented sections include systematic bad data 
points and sharp transitions in the chargeabilities. 
Therefore, because of the large amount of negative 
values, only pseudosections of apparent chargeability  
are presented showing negative and positive data. No 
apparent value of chargeability is presented. 

In a single cable array the noise level is higher than 
in a separated cable array and the measurements will 
be affected by several different type of noise sources. 
According to Dahlin (1999), it is important to consider 
adverse effects such as charge-up effects when a meas-
urement of the potential is made recently after the 
electrode has been used for current transmitting. This 
can be done by separate current cable and potential 
reading cable, which will eliminate the charge-up ef-
fects. 

Other effects, such as electrode polarization self-
potentials, telluric currents, and electric power lines, 
have to be considered as well when an interpretation of 
a survey is going to be made. The investigated area 
contains some electric power cables that probably have 
affected the results (Dahlin 1999). 

In Fig. 6.1a, the measurement with single cable 
array contains more negative data compared to Fig. 
6.1b, which is measured with separated cables. Ac-
cording to Table 6.2 and Fig. 6.1b, the difference in 
the amount of negative data between the single cable 
array and separated array results in highest difference 
in the earlier time. However, by looking on each type 
of measurement, it seems that the amount of negative 
data is decreasing with time in the single cable array 
and increasing in the separated cable array. This may 
depend on other noise sources having a relatively 
stronger influence with time.  

If we assume that the capacitive coupling has more 
or less no influence in the separated cable array, then 
other noise source, e.g. electric power lines, telluric 
noise, subsurface contains horizontally multilayered 
structures etc., will have a constant noise signal mean-
while the injected current is in its decay phase. This 
will result in a lower signal-to-noise-ratio with increas-
ing decay time and the data will consist of more nega-
tive response in the later time. 

In the single cable array the capacitive coupling 
has a large influence on the acquisition of data, 
(Sumner 1976), and will contribute to a “shadow ef-
fect” of the other noise sources behaviour as in sepa-
rated cable array. This will be most pronounced at 
earlier times. 

In this survey, the frequency of the negative data 
seems to differ much between the measurement with 
gradient and dipole-dipole array (Figs. 6.1b and 6.1c). 
According to Dahlin (2004), the dipole-dipole array is 
more sensitive than gradient array. 

Fig. 6.1c shows the distribution of negative data in 
the gradient array with separated cables. According to 
table 6.2, the amount of negative data in the gradient 
measurement (Fig. 6.1c) is much smaller compared to 
the other measurement. The quality of the data is 
probably influenced beneficially by the precipitation 
the site was exposed to before the measurement took 
place. However, in this survey, the difference shows 
that using gradient array compared to dipole-dipole 
array gives a better quality of data.  

The presented results seems to show that capacitive 
coupling frequently occurs as negative data in the 
measurement of IP. Sumner (1976) supports our con-
clusion when he claims that large negative values 
(compared to positive values) can be due to couplings 
effects. But, if it is capacitive and/or EMC, he leaves 
unmentioned. However, the positive data points should 
be affected of this phenomenon as well and will be 
shown by reciprocity analysis. 

In this survey, the negative response seems also to 
be dependent on other things such as the electrode 
contact, EMC, external noise sources, measurement 
errors and of course human factor. This interpretation 
is based on the results of the separated cable array. 
Hence, there are still negative values in Fig. 6.1b and 
6.1c when separated cables are used. The capacitive 
coupling due to direct coupling between the conduc-
tors is decreasing with a factor of distance in square 
(Dahlin, personal communication). Therefore, there 
should not be any negative data points when using 
separated cables. However, it may be capacitive cou-
pling effect between the ground and the cables that 
contributes to negative data. This is not investigated in 
this study. 

Important is that when the measurements of dipole-
dipole array were made, the precipitation was more or 
less nonexistent, before and during the test weeks. 
Indeed, this will not promote good data quality be-
cause of bad contact. Therefore, the condition of the 
subsurface will also influence the quality of the data. 

In Fig. 6.2, the chargeability variation is shown. 
Fig. 6.2a, dipole-dipole array and single cable, shows a 
very noisy measurement with high variation in charge-
ability’s between the data points. It seems, when using 
separated cables, the variation is decreasing. However, 
still there is some noise in the data points. Therefore, 
the decay curves are not shown in Fig. 6.2a and 6.2b 
because it just shows noise behaviour. 

The measurement with separated cables and gradi-
ent array shows a small variation (Fig. 6.2c). Also, the  
curves that are shown in Fig. 6.2c have a logarithmi-
cally decay form, which represents data of good qual-
ity. This is probably due to the fact that the area was 
exposed for precipitation as discussed before. This will 
contribute to a low resistivity in the surface which may 
be responsible to the big difference compared to the 
other measurements. 

 The measured contact resistance shows a large 
variation, from a couple of hundred Ω and up to sev-
eral thousand Ω. Also between two closely spaced 
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electrodes, a significant variation is present. The result 
of the resistivity measurement contains some “bad” 
data point as well. These bad data points are not in the 
form of negative values. Instead, it is some kind of 
differences in the value of the measured apparent re-
sistivity between the different types of measurement. 
Compared to the IP results, these sections are of better 
quality. This is because the measurement of resistivity 
is not so sensitive to noise as IP measurement, since 
the measurement of the resistivity is made at the same 
time as the current is injected, (Reynolds 1997). 

The sections in Fig. 6.4a, 6.4b and 6.4c show al-
most the same type of apparent resistivity. The 
boundaries in the transitions are a little more disturbed 
in the single cable measurement compared to the other 
measurement with the separated cable array. In Fig. 
6.4b, the apparent resistivity is very high in the top 
layer compared to the other sections. This may depend 
on the protocol design of the separated cables array, it 
can also be due to measurement errors. Fig. 6.4c repre-
sent probably the truest values because the ground 
contact was better due to heavy precipitation wetted 
the ground. 

In Fig. 6.5a the observed error, estimated from 
reciprocal measurements, in the chargeabilities of the 
single cable array is shown. It is quite high values, 
which means a large difference between the normal 
and the reciprocal measurement. This is probably due 
to capacitive coupling effects, but may also depend on 
the EMC effects. The position of the calculated data 
points is displaced. This is due incompleteness of the 
protocol file. The section that shows the observed er-
rors in the separated cable array, Fig. 6.5b, has a pat-
tern of lower values. This difference, between the sin-
gle cable array and the separated cable array is proba-
bly due to the charge-up effects, where capacitive cou-
pling effect is reduced in the separated cable array. 
The EMC effect is probably still present in the data set 
of separated cables (Fig. 6.5b). According to Sumner 
1976, the dipole-dipole array contributes to positive 
values, which are connected to EMC effects, hence the 
difference in the normal and reciprocal data set.  

In the single cable array, the mean value is 235 
mV/V; in the separated cable array it is 55 mV/V. This 
is a difference of a factor of 5. Also the median value 
has a difference of a factor of ca 5, 106 mV/V and 22 
mV/V for the single cable array and separated cable 
array, respectively. The maximum value in the sepa-
rated cable array is deviating compared to the other 
values. It has a difference of a factor of 5, approxi-
mately, compared to the second highest value. This 
data point will indeed influence the mean and median 
value. 

In Figs. 6.6a and 6.6b, the reciprocal errors from in 
the measurement of the resistivity is shown. It is clear 
that the data of resistivity has a much better quality 
compared to the IP-data. There are really low mean 
and median values. But still, a difference between sin-
gle cable array and separated cable is shown. The sin-
gle cable array shows larger reciprocal errors than the 

separated cable array. 
The inverted section of resistivity and IP of meas-

urement M3 (separated cables, gradient array) pre-
sented in Fig. 6.7a and 6.7b, are of good quality. The 
mean residual value is 1.8 % and 0.9 %, respectively. 
According to Fig. 6.1c, the measurement has a small 
amount of negative data in the IP. This is probably due 
to, as earlier discussed, type of electrode configuration 
and separated cable array. However, also the electrode 
contact has a considerable influence on the data acqui-
sition in the measurement. The modelled section 
shows an area in the NW part of the line, 5-15 meters 
in x-direction. On the surface in that area, filling mate-
rial as macadam was observed. It seems to be a reason-
able assumption because the area is shallow and the 
penetration is not more than 4 meters. The rest of the 
profile shows an increasing chargeability downwards. 
However, the chargeabilities are not very high, maxi-
mum, 9 mV/V, and it is a smooth transition from low 
to high values. 

The resistivity is low with values ranging from 
about 13 Ohm to ca 180 Ohm. The top layer has the 
lowest values and the resistivity increase with depth. 
As discussed before, borehole data from LTH1 (Alm 
(Persson) 1985) indicate that the subsurface is made 
up of different types of clayey till and sand beds to a 
depth of ca 50 m. The penetration depth of the meas-
urement is barely 25 meters. Clay does normally have 
a low resistivity (Palacky 1987, Reynolds 1997, Fetter 
2001 ). 

For obtaining good data quality, i.e. high signal 
strength, a high injection current is important. On the 
other hand the capacitive coupling effect will also in-
crease more or less perpendicular to the increasing 
current (Dahlin, personal communication). But the 
other noise sources, such as telluric noise and self-
potential as earlier discussed, will be weaker compared 
to the signal and the signal-to-noise ratio will therefore 
be better. In high resistivity areas, a high-injected cur-
rent is difficult to achieve. In this survey the injected 
current is ranging from 20 mA up to 200 mA. That is a 
difference of factor 10 and has probably an effect on 
the IP-data. To examine this influence, further investi-
gation has to be done. 

 
6.6 Conclusions 
It is obvious that the noise, mostly capacitive coupling, 
will decrease with increasing the distance between the 
transmitting current cable and the potential reading 
cable. This will give a higher quality data set. Of the 
presented results it seems that capacitive coupling 
gives negative data in the measurement of IP but also 
the positive data points may be affected by this noise.  

The result of difference in normal and reciprocal 
measurements shows that the positive values differs 
and this might be caused by the EMC effect.  

The user always wants to have data of good qual-
ity, therefore measurement with separated cables may 
be useful when measuring in high noise areas, such as 
urban environments, but also in normal areas is of in-



30 

 

terest. Unfortunately, measuring arrays with separated 
cables is more time consuming and logistically com-
plicated than standard data acquisition, but it may be 
worth the work. 

A good idea is to make the measurement when the 
site of investigation has been exposed to precipitation, 
or water the area close to the electrode. This should 
indeed contribute to better quality of the data.  

This survey has been concentrated on the results of 
induced polarization. But also good quality of the re-
sistivity is important. However, a simple rule is that 
when IP data is of good quality, the quality of resistiv-
ity is in all likelihood sufficient 

If the measurement of electrode contact was done 
before the data acquisition of IP is started, it would 
give somehow an idea of how the quality of the data 
will be. For good data quality, the electrode contact 
should be as good as possible, i.e. the resistance 
should be as low as possible. However, in field, it is 
very important to have good electrode contact. And 
this has to be considered when applying the electrodes 
into the ground. 

 
7. Field tests – Test-line Aarhus 

 
7.1 Fieldwork 
Fieldwork took place during one day  (the 11th of July 
2007). The weather was rainy and it had rained a lot 
before and during the survey, thus the soil was very 

moist. The profile was 400 m long and the electrode 
separation was 5 m. One measurement with single 
cable layout and gradient protocol was carried out. The 
experience from the survey in Lund entailed that sepa-
rated cables with gradient array was used. In addition 
pole-dipole array was used to obtain deeper penetra-
tion; this was also with separated cables. The remote 
electrode used in the pole-dipole measurement was 
placed approximately 700 m from the instrument (Fig 
7.1). 

The protocols used are listed in Appendix 3. 
 

7.2 Equipment 
The equipment is according Table 4.1 and the type of 
cable was 4X100 m multi-core (8X100 m in the sepa-
rated cables layout), 5 m electrode distance, 21 take-
outs. A remote cable was also used. 

 
7.3 Reference data 
The area has earlier been surveyed but no reports have 
been written. According to A. Viezzoli from Aarhus 
University it is an area that consist of till to a depth of 
a few meters to a few tens of meters. This till is over-
lying a thick layer of tertiary clay. The aquifer and the 
bedrock of limestone are on an unreachable depth for 
our measurement. 

In the earlier investigations, an anomaly of high IP 
effect was obtained at around x = 300 m. This was 
interpreted as a pipeline. 

Fig. 7.1. Area of investigation, Aarhus, Denmark. The black line represents the cable 
layout and the black dot represent the remote electrode. 
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Fig. 7.2. Pseudosections of measured apparent chargeability with different 
electrode arrays. Time window 1 (10-110 ms), Test-line Aarhus, Den-
mark. Note that black represents negative data and light grey represents 
positive data. (a) Single cable, gradient array. (b) Separated cables, gradi-
ent array. (c) Separated cables, pole-dipole array. 

c) 

b) 

a) 
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Fig. 7.3. Measured apparent chargeability with different cable layout. All time windows (10-910 ms). Test-line Aarhus, Den-
mark. (a) Single cable, gradient array. (b) Separated cables, gradient array. Small window in (b) shows the decay curves of se-
lected electrodes, each line represent one data point. 

a) 

b) 



33 

 

Fig. 7.4. Pseudosections of measured apparent resistivity with different electrode array. Test-line 
Aarhus, Denmark. (a) Single cable, gradient array. (b) Separated cable, gradient array. (c) Separated 
cables, pole-dipole array. 

b)

a)

c)
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Resistivity IP 

Fig. 7.5. Inverted sections, Test-line Aarhus, Denmark. (a) Single cable array, gradient array, resistivity. (b) Separated cables, 
gradient array, resistivity. (c) Separated cables, pole-dipole array, resistivity. (d) Single cable, gradient array, IP. (e) Separated 
cables, gradient array, IP. (f) Separated cables, pole-dipole array, IP. 

a) 

f) c) 

e) b) 

d) 
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7.4 Results 
Note 
When using separated cables, the current electrodes 
are shifted a half step relatively the potential elec-
trodes. Therefore the penetration depth varies a bit, 
which leads to fewer data points on the same depth. 
The plot of a pseudosection is a linear interpolation 
between data points that are on the same depth. If the 
depth differs, it may result in gaps in the pseudosec-
tion. This phenomenon is visible in Fig. 7.2b-c,  Fig. 
7.4b-c and Appendix 2.  

 
7.4.1. Difference between measurements using 

single cable, separated cables and differ-
ent electrode configuration 

The results are presented partly in the same way as in 
chapter 6, i.e. in form of pseudosections and graphs. 

 
Chargeabilities and decay curves 
The pseudosections in Fig. 7.2 show the first time win-
dow 10-110 ms. The total time is 910 ms and consists 
of 9 time windows adding 100 ms for each window. 

All profiles that are presented have a length of 400 
m and the total amount of electrodes is 81 (162 in the 
separated cables layout). The measurement cycle has 
been stacked twice. The pseudodepth is approximately 
68 m for the gradient measurement and 140 m for the 
pole-dipole measurement. 

In Fig. 7.2a the measured IP-pseudosection with 
one single cable is shown. The electrode configuration 
is gradient. Total amount of data points is 742. Nega-
tive values are concentrated to the longer electrode 
separation. In the separated cables measurement, Fig. 
7.2b, is the total amount of data points 707. 

In Fig. 7.2c, measured IP-pseudosection with sepa-
rated cable is shown. Electrode configuration is pole-
dipole. Total amount of data points is 2045. Negative 
values are situated at same places in the pole-dipole 
array as in the separated gradient array. In the pole-
dipole there are also some more negative values scat-
tered in the profile. 

Fig. 7.3 shows the chargeability variation from the 
data set and also the decays for some positive and 
negative data points are shown. Unfortunately, the 
section of pole-dipole array is not presented, because 
the software presentation did not have the capability to 
read that type of protocols.  

The pseudosections that are shown in Fig. 7.4 show 
the apparent resistivity. The apparent resistivity in Fig. 
7.4a and 7.4b is varying from 2 Ωm up to over 320 Ω
m. The pseudodepth is approximately 68 meters. Fig. 
7.4c has an apparent resistivity from 1 Ωm up to 320 
Ωm. The pseudodepth is around 140 meters.  

 
7.4.2. Inversions 
The inverted resistivity section in Fig. 7.5a-c has resis-
tivities between 1-500 Ωm, where the highest values 
are situated on the upper part of the section. The depth 
of penetration in the gradient array is around 10 meter 

below sea level (m.b.s.l.) and the mean residual value 
is 2.7 %. In the pole-dipole array the depth of penetra-
tion is approximately 100 m.b.s.l. and the mean resid-
ual value is 11.2 %. 

In the inverted IP section (Fig. 7.5d-f) is the high-
est chargeability situated at x = 280 m. The charge-
ability is varying between 0-450 mV/V. The maximum 
chargeability in the scale is set to 120 mV/V. There-
fore, the highest values in Fig. 4f are not visualized in 
the section. The depth of penetration is the same as in 
the resistivity sections (Fig. 7.5a-c). 

Inversion parameters for the IP and resistivity 
models are shown in Appendix 1 

 
7.5 Discussion 
When using separated cables, the amount of negative 
data in the IP section seems to be, except for a few, 
almost nonexistent. The negative values that are pre-
sent in Fig. 7.2b and 7.2c are probably most connected 
to 2D-effects, which are caused by the high anomaly 
in the chargeability. This is especially seen in Fig. 7.3b 
where the negative values are very close to the high 
chargeability, at x = 280 m. This negative effect and 
high chargeability are present in all pseudosections 
except in the measurement with the single cable (Fig. 
7.3a). The 2D effect is probably present but due to the 
noise level it is not so obvious.  

The difference between the amount of negative 
data in later and earlier times seems not to be so sig-
nificant, therefore it is not discussed in this work. 

The area with negative data in the deepest part of 
the single cable measurement (Fig. 7.1a) is probably 
due to coupling effects. Based on experience from the 
measurement in Lund our suggestion is that the cou-
pling effect is mostly capacitive, since the effect is 
almost totally absent when using separated cables.  

Because the small amount of negative values, pseu-
dosections of apparent chargeability is presented in 
Appendix 2, where the distribution is shown.  

The transitions in the gradient single cable meas-
urement are more jagged than the measurement with 
the separated cables. Also, in the gradient single cable 
measurement, the chargeabilities are overall of lower 
values, especially where the predicted anomaly is situ-
ated. In the pole-dipole measurement, the values are 
very scattered and the chargeabilities are very high.  

In the pole-dipole measurement, the transition in 
the apparent resistivity seems to be a little more dis-
turbed (Fig. 7.4c). However, the differences in appar-
ent resistivities between the single and separated ca-
bles array are not so significant (Figs. 7.4a and 7.4b). 
The pseudosection and inverted section shows both 
much the same anomalies and transition in the values. 
This is probably due to the moderate ground resistiv-
ity. 

In the inverted resistivity section the mean residual 
value is larger (3.0 %) in the gradient separated cables 
measurement, compared to the gradient single cable 
array (3.1 %) (Figs. 7.5a and 7.5b). However, the 
mean residual value is in a reasonable magnitude. 



36 

 

In the inverted IP sections of the gradient measure-
ments, the mean residual value is as low as 3.4 % 
(single cable measurement) and 1.8 % (separated ca-
bles measurement), which indeed are very good for 
further interpretation (Figs. 7.5d and 7.5e).  

The resistivity and IP section of the pole-dipole 
measurement (Figs. 7.5c and 7.5e) shows a higher 
mean residual value (5.5 % in the resistivity measure-
ment and 6.7 % in the IP measurement) compared to 
the gradient measurement. This is probably because 
the depth penetration is larger and the quality of data is 
decreasing with depth. 

The presented inverted sections show a top layer of 
relatively high resistivity. In the section with separated 
cables and gradient array (Fig. 7.5b), the area from x = 
0 m to 150 m the layer is close to 20 m thick. Further 
north the thickness of the layer is a slightly smaller,  
~ 10 m. This layer has a resistivity of 40-460 Ωm. This 
large difference is probably caused by a varying con-
tent of clay in the till (Sørensen et al. 2003) According 
to Fig. 4.2 and observation in field this resistivity 
probably represents a till. Downwards in the section 
the resistivities are decreasing. This may be due to the 
layer of  tertiary clays and the surface of it seems to be 
situated in contact with the till layer, i.e. 30 m.a.s.l. in 
the south and 50 m.a.s.l. in the north. According to 
Parasnis (1997), clay has resistivities of 1-120 Ωm. 
The presented section shows resistivities of 1 Ωm to 
10 Ωm and chargeability’s of 10-60 mV/V.  

The area contains thick layers of glacial formations 
and the bedrock surface may be on a depth that is lar-
ger than the penetration depth of the sections 
(Sørensen et al. 2003). Therefore, the low resistivity 
layer is probably clay, as discussed before.  

In the pole-dipole section (Fig. 7.5c) a square 
shaped area of very low resistivity is present from x = 
275 to 300 m on a depth of 20 to 30 m.a.s.l. In the IP 
section (Fig. 7.5f), it is shown that the area does not 
have any significant IP anomaly. However, this may 
be a result of different sensitive patterns of the arrays 
(Dahlin and Zhou 2006). It might also be a lens of clay 
with another kind of mineral composition that causes 
the lower resistivity. Another possibility is if the pipe-
line contains, or has been containing, some geoelectri-
cal responding medium. It may also be an inversion 
problem. Most probable it may be a result of a 2D or a 
3D effect.  

Below this is a large area of  low resistivity, x = 
150 m to 375 m. This may be a layer of clay with an-
other mineral composition, which is more conductive. 
Or, it is a result of inversion problems. 

The boundary between the layers at a depth of 
about 20 m.a.s.l. (x = 325-400 m), a relatively high 
chargeability is present (~ 60 mV/V). Around 280 m a 
very high chargeability is present in the top layer. In 
the gradient array using single cable the area is split up 
in two circle-shaped formations. In the gradient sec-
tion using separated cables the area has a drawn-out 
form, while in the pole-dipole section it is more 
shaped as a circle. This may be a pipeline. Why the 

gradient array using single cable gives two anomalies 
and the gradient array using separated cables gives a 
stretched formation may depend on the high 2D-effect, 
mentioned earlier. 

 
7.6 Conclusion 
In this survey the use of separated cables results in a 
higher quality of the data compared to single cable 
measurements. However, the difference is not so large. 

In the use of pole-dipole array, a much higher 
penetration depth is obtained, around twice as deep. 
Important is that the resolution is decreasing with 
depth and the quality will be affected as well. 

The area has a higher resistivity in the top layer, 
which is probably a till, and is more conductive with 
depth. The surface of the tertiary clay layer is inter-
preted to be about 30 m.a.s.l. in the south and at about 
50 m.a.s.l. in the north. The bedrock is situated on a 
greater depth and is therefore not present in these sec-
tions. 

The high chargeability anomaly at x = 280 m is 
probably the pipeline that was assumed earlier, and it 
is lying quite shallow (~ 5 m). By looking at the decay 
curves (Fig. 7.3b), the shape of the negative charge-
ability close to the high positive chargeability is likely 
to be a result of a 2D-effect, but it also can be a 3D 
effect depending on how the pipeline is orientated. 

Below this anomaly, approximately 20 m.a.s.l., a 
low resistivity is present. This may have different ex-
planations. It might be a lens with clay of a different 
type of mineral composition compared to the sur-
rounding clay material, or, it may be something 
geoelectrically responding medium from the pipeline. 
However, most probable is it a result of 2D or 3D ef-
fects and maybe inversion problems. Further down a 
large area of a more conductive material is present. 
This could be a clay with another type of mineral com-
position. To obtain a more exact interpretation of these 
formations, more investigations have to be done, e.g. 
drilling. 
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8 Field tests – The Hallandsås 
Horst 
 

8.1 Fieldwork 
Site 1 
The first measurement took place on the 5th and 6th of 
June 2007. A meadow close to the southern connection 
of the tunnel had been chosen as the first site to inves-
tigate. The north side of the meadow was moist while 
the southern end was drier. A stone wall marks the 
boundary between the moist ground and the drier 
ground. The profile was 200 m long with 5 m elec-
trode spacing. The profile was situated between the 
western and the eastern tunnel and was parallel with 
the tunnel direction, i.e. 34˚ E. Roll-along technique 
was not necessary because of the short distance.  

Measurements were carried out with gradient and 
pole-dipole arrays. Separated cables were used but the 
gradient array was additionally done with single cable 
layout. The protocols used are listed in Appendix 3.  

The pole-dipole measurement was carried out with 
a remote electrode distance of about 600 m. That is too 
short for a profile length of 200 m and data should 
therefore be critically evaluated. 

 
Site 2 
The next measurement session at the Hallandsås Horst 
took place the 12th and 13th of September 2007. 700 
m was done with roll-along technique. The same elec-
trode arrays as during the first measurement occasion 
were used, i.e. gradient array with single cable layout, 
gradient array with separated cables and pole-dipole 
array with separated cables. The profile was laid out 
between the eastern and the western tunnels, parallel 
with the tunnel direction. The profile started at the 
tunnel coordinate 198+748 just north of the road that 
ended the first measurement occasion. The profile 
ended at 198+048. The remote electrode in the pole-

dipole measurement was placed as far away as possi-
ble but limited by the railroad and roads in the area. 
The distance between the remote electrode (C2) and 
current electrode (C1) varied between 400 – 550 m 
during the roll-along. One stonewall crossed the pro-
file at about 120 m and another stonewall at about 345 
m. A power line is present at 550 m. 

 
8.2 Equipment 
Equipment used at the Hallandsås Horst is according 
to Table 4.1 and the type of cable was 4X100 m multi-
core (8X100 m in  the separated cables layout), 5 m 
electrode distance, 21 take-outs. A remote cable was 
also used. 

 
8.3 Reference data 
Documentation done while constructing the tunnel 
using drill and blast is used as reference. The data is 
supplied by Banverket, the Swedish Railroad Depart-
ment. Mapping data from the tunnels show rock type, 
fractures and rock quality at approximately 30 m.a.s.l. 
The bedrock surface is interpreted from refraction seis-
mic measurements (Banverket 1999). Groundwater 
data were taken from the Banverket internet site 
(www.banverket.se). Maps of bedrock, structure geol-
ogy and Quaternary deposits have also been used in 
the geological interpretation (Wikman and Henkel 
1979b, Wikman and Bergström 1987, Ringberg 2000, 
Ringberg 1995) 

Earlier resistivity measurements have shown that 
resistivity in the SMZ is low, below 300 Ωm. It is 
however difficult to tell from just resistivity data if the 
rock is water bearing or clay weathered with low water 
content (Danielsen et al. 2004). The SMZ consist 
mainly of heavily clay weathered rock but there are 
also more unweathered parts (Sturk et al. 2005). Resis-
tivity at the ends of the SRZ is low enough to indicate 
that the rock is fractured and water bearing (Dahlin et 
al. 1999). 

Fig. 8.1. Expected geological model of Site 1 and Site 2 at the Hallandsås Horst. Coordinates according 
to Banverket. 
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Fig. 8.2. Map showing groundwater levels and position of measured line at Site 1. 
Black numbers are groundwater levels in m.a.s.l. Measurements were done 2007-05-
29. Data are taken from the Banverket internet site (www.banverket.se) 

Fig. 8.3. Map showing ground water levels and position of 
measured line at Site 2. Black numbers are groundwater 
levels in m.a.s.l. Measurements were done 2007-08-22. Data 
are taken from the Banverket internet site  
(www.banverket.se). 
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Fig. 8.4 Pseudosections of measured apparent chargeability with different 
electrode arrays, Site 1, Hallandsås Horst. Time window 1 (10-30 ms). Note 
that black represents negative data and light grey represents positive data. (a) 
Single cable, gradient array. (b) Separated cables, gradient array. (c) Separa-
ted cables, pole-dipole array. 

a) 

b) 

c) 
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The different types of reference data are compiled 
in the following two chapters, Site 1 and Site 2. This 
information is then used for the interpretation and dis-
cussion of the results. A model of the expected geol-
ogy in the area was also made and is presented in Fig. 
8.1. 

A summary of the most fractured areas in the tun-
nels along the profile (Site 1 and 2) is listed below. 
Data were taken from the Tunnel documentation 
(Banverket 1999). 

  
198+925 – 198+830: Gneiss and dolerite. A dolerite 
dike of 45 m width crosses the tunnels at approxi-
mately 198+900. Increased fracturing in the whole 
area.  

 
198+520 – 198+385: Gneiss, amphibolite and dolerite. 
A dolerite body is present in the western tunnel and an 
amphibolite body is present in the eastern tunnel. In-
creased fracturing in connection with dolerite and am-
phibolite.  

 
198+205 – 198+180: Amphibolite. In the eastern tun-
nel the amphibolite border on gneiss to the south and 
in the western tunnel the amphibolite border on gneiss 
to the north. Fractured and bad rock. 

 
Site 1 
From the reference data it is seen that the bedrock at 
site 1 mainly consists of gneiss. Approximately the 
middle of the profile a dolerite dike is present 
(Wikman and Henkel 1979b). Soil type in the first part 
of the profile is postglacial gravel and in the second 
part swamp peat (Ringberg 2000). There are probably 
till beneath the gravel and the peat.  

At this site the depth to the tunnel roof is approxi-
mately 25 m according to Banverket (1999). The sur-
face slopes gently from 52 m.a.s.l. in the southern end 
of the profile to 56 m.a.s.l. in the northern end. Soil 
depth is  about 10 m. Tunnel documentation 
(Banverket 1999) confirms that main rock type is 
gneiss and that a dolerite dike crosses the profile at 
198+900. There are also increased fracturing in the 
contact zone between dolerite and gneiss. The bedrock 
surrounding the dolerite is of poor quality. In the west-
ern tunnel some thin parts of amphibolite are present 
north of the dolerite dike, but they are not present in 
the eastern tunnel. Water leakage is almost zero in the 
southern part but increases at 70 m to about 150 l/min 
(Banverket 1999).  

Groundwater data showed that the groundwater 
level in late May 2007 varied in the area between 48 
and 52 m.a.s.l. (Fig 8.2). This is approximately 2 – 6 m 
below ground level.   

 
Site 2 
The reference data shows that the bedrock mainly con-
sists of gneiss. An amphibolite dike crosses the profile 
at approximately 198+300 (Wikman and Henkel 
1979b). The map of structural geology shows a frac-

ture zone at about 198+450. The soil consists of till 
(Ringberg 2000), which according to Ringberg (1995) 
could overlay glacifluvial sediment, see chapter 3.3. 

The ground level in the profile varies between 64 
and 82 m.a.s.l. and soil depth is 13 – 26 m. Groundwa-
ter levels in late August varied between 45 and 75 
m.a.s.l. in the area. This is approximately 2 – 20 m 
below ground level. There is a gradient decrease to-
wards southeast (Fig. 8.3).  

 
8.4 Results 
8.4.1 Difference between measurements using 

single cable, separated cables and differ-
ent electrode configuration. 

Note 
The presented pseudosections (Fig. 8.4b-c, Fig. 8.5.b-
c and Appendix 2) show the same interpolation prob-
lem as in the Aarhus result. 

 
Site 1 
Three pseudosections from site 1 were obtained, gradi-
ent array using single cable, gradient array using sepa-
rated cables and pole-dipole array using separated ca-
bles. The unit is apparent chargeability, mV/V. 

The pseudosections in Fig. 8.4 show the first time 
window, i.e. 10 – 30 ms. The length of the profile is 
200 m. The measurement cycle has been stacked two 
times. 

Fig. 8.4a shows single gradient array. The total 
amount of data points is 329. The total time is 310 ms 
and consists of 5 time windows with an increasing 
factor of 20 ms on each window. The total amount of 
electrodes is 41. The pseudodepth is approximately 34 
m. 

In Fig. 8.4b and 8.4c the pseudosections using 
separated cables are seen. In both cases the total time 
is 910 ms and consists of 9 time windows with an in-
creasing factor of 20 ms on each window. The total 
amount of electrodes is 82. The separated gradient 
array (Fig. 8.4b) has 297 data points and the pseudo-
depth is about 35 m. The pole-dipole array (Fig. 8.4c) 
has 512 data points and the pseudodepth is roughly 60 
m. 

In Appendix 2, the pseudosections of apparent 
chargeability is shown. 

Negative data are very rare at Site 1 and are there-
fore not presented as detailed as at Site 2. The meas-
urement using single cable has some negative data in 
the first time window in the left corner of the pseu-
dosection (Fig. 8.4a). The negative values percentage 
is then decreasing with time. The measurements using 
separated cables have almost no negative data (Figs. 
8.4b and 8.4c). There are some single negative values 
in later time windows though. The pseudosections in 
Fig 8.5 shows the apparent resistivity. The apparent 
resistivity in Fig. 8.5a and 8.5b is varying from 80 Ωm 
up to 1000 Ωm. The pseudodepth is about 35 m. Fig. 
8.5c has an apparent resistivity from 10 Ωm up to 
2000 Ωm. The pseudodepth is about 60 m. 
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Fig. 8.5. Pseudosections of measured apparent resistivity with different elec-
trode arrays, Site 1, Hallandsås Horst. (a) Single cable, gradient array. (b) 
Separated cables, gradient array. (c) Separated cables, pole-dipole array. 

a) 

b) 

c) 
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Fig. 8.6. Pseudosections of measured apparent chargeability with different electrode arrays, Site 2, Hallandsås 
Horst. Time window 1 (10-30 ms). Note that black represents negative data and light grey represents positive data. 
(a) Single cable, gradient array. (b) Separated cables, gradient array. (c) Separated cables, pole-dipole array. 

a) 

b) 

c) 
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The highest apparent resistivity is found in the up-
per left corner in all three pseudosections (Fig. 8.5). 
The area extends to x = 70 m in the separated gradient 
array, x = 40 m in the single gradient array and x = 10 
m in the pole-dipole array. The single gradient array 
and pole-dipole array has higher apparent resistivity 
than the separated gradient array in this area. The low-
est apparent resistivity is found in the upper middle 
and upper right parts of the sections. The pole-dipole 
array shows lower values than the gradient arrays. Fur-
ther down, to about 35 m pseudodepth, the three sec-
tions have an apparent resistivity interval of about 150 
– 300 Ωm. In the bottom of the pole-dipole array the 
apparent resistivity is roughly 300 – 400 Ωm. 

 
Site 2 
Three pseudosections with the same arrays as at Site 1 
were obtained. In Appendix, the apparent chargeability 
is shown.  

The pseudosections in Fig. 8.6 show the first time 
window, 10 – 30 ms. The total time is 910 ms consist-
ing of 9 time windows with an increasing factor of 20 
ms on each window. The length of the profile is 700 m 
and the total amount of electrodes is 162. The meas-
urement cycle has been stacked one time. Gradient 
array single cable (Fig. 8.6a) has 1991 data points and 
the pseudodepth is around 70 m. Gradient array sepa-
rated cables (Fig. 8.6b) have 1986 data points and 
slightly larger pseudodepth. Pole-dipole array (Fig. 
8.6c) has 5845 data points and the pseudodepth is ap-
proximately 140 m.  

The gradient array using single cable shows a sig-
nificantly higher degree of negative data in the first 
time window than gradient array using separated ca-
bles (Fig. 8.6). The negative values in the single cable 
measurement are mostly located to the left part of the 
section, whereas the separated cables measurement has 
most negative values towards both sides of the section. 
The pole-dipole measurement has negative values 
preferably on the sides and the lower parts of the sec-
tion. The amount of negative data are somewhere be-
tween the gradient sections. 

Table 8.2 shows how the percentage of negative 
values changes with time during measurement. There 
are less negative values in the measurements using 
separated cables (Table 8.2). The negative values de-
crease in the first time-windows but increase in later 
time-windows. In the single measurement the negative 
values decrease at earlier times and then stabilize. The 
pole-dipole measurement has a negative values per-
centage that is almost as low as for the gradient array 
using separated cables.  

Fig. 8.7 shows IP-values integrated over the whole 
time spectrum and decay curves for some negative 
data in the gradient arrays. It is seen that IP-values in 
the gradient array using single cable is significantly 
noisier than IP-values in the gradient array using sepa-
rated cables. Also, the negative data points in the sin-
gle cable measurement have noisier decay curves than 
the separated cables measurement. Decay curves in the 

separated cables measurement have a significant rise 
in the first time window. The curves then go up and 
down in an abnormal pattern. In the profile centre of 
the separated cables measurement a strong negative 
anomaly is situated just beside a strong positive anom-
aly. Strong anomalies are also present in the right cor-
ner. 

The pseudosections in Fig. 8.8 show the apparent 
resistivity. The apparent resistivity in Fig. 8.8a and 
8.9b is varying from 80 Ωm up to 2000 Ωm. The pseu-
dodepth is about 70 m. Fig. 8.8c has an apparent resis-
tivity from 50 Ωm up to 3000 Ωm. The pseudodepth is 
about 140 m. 

There are no large differences between single cable 
and separated cables when it comes to apparent resis-
tivity. The pseudosections from measurements using 
separated cables are slightly less, though. The gradient 
arrays show highest apparent resistivity (about 400 – 
2000 Ωm) near the surface. The centre area, x = 330 – 
470 m, is an exception where the apparent resistivity is 
low (about 100 – 180 Ωm). At pseudodepths of 10 – 
30 m the apparent resistivity is roughly 200 Ωm. Ap-
parent resistivity then gradually increases downwards 
to about 400 Ωm at the bottom. The pole-dipole array 
has approximately the same appearance in the depth 
interval of the gradient arrays. Further down the data is 
a little bit more scattered. Some small spots of high 
apparent resistivity with systematically distribution are 
present, preferentially in the right part of the section. 
In the lower left corner the apparent resistivity is about 
70 – 200 Ωm. 

 
8.4.2 Inversions 
Inversion was only made on the datasets with sepa-
rated cables because they have shown better data qual-
ity than the measurements using single cable. The 
whole time span was selected because it gives a good 
compromise between signal strength and noise con-
tamination.  

At the first measurement site the expected geology 
was a more or less vertical dolerite dike surrounded by 

Time window 

 (ms) 

Grad. Single. 

(%) 

10-30 20 
30-70 16 
70-130 14 
130-210 13 
210-310 13 
310-430 14 
430-570 15 
570-730 13 

Grad. Sep. 

 (%) 

Pole-dipole Sep. 

(%) 

6.1 9.7 
4.6 9.2 
3.8 6.7 
5.0 7.7 
2.9 4.9 
3.0 5.2 
6.6 10 
6.3 11 

730-910 14 8.0 11 

Table 8.2. Difference in negative values from Site 2 at the 
Hallandsås Horst. Gradient array using single and separated cables. 
Pole-dipole array using separated cables. 
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a) 

b) 

Fig. 8.7. Measured apparent chargeability and decay curves of negative values in gradient array. (a) Single 
cable. (b) Separated cables. Small windows shows the decay curves of selected electrodes, each line repre-
senting one data point. 
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Fig. 8.8. Pseudosections of measured apparent resistivity with different electrode arrays, Site 2, Hallandsås Horst, 
Sweden. (a) Single cable, gradient array. (b) Separated cables, gradient array. (c) Separated cables, pole-dipole ar-
ray. 

a) 

b) 

c) 
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Fig. 8.9. Resistivity models from Site 1 (left part) and Site 2 (right part) at the Hallandsås Horst. Separated cables. (a) Gradient 
array. (b) Mixed array in the left part and pole-dipole array in the right part. 

a) b) 
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Fig. 8.10. IP and normalized IP models from Site 1 (left part) and Site 2 (right part) at the Hallandsås Horst. Separated cables. 
All time windows (10-910 ms). (a) IP, gradient array. (b) Normalized IP, gradient array. 

a) b) 



48 

 

Fig. 8.11. IP and normalized IP models from Site 1, mixed array (left part) and Site 2, pole-dipole array (right part) at the 
Hallandsås Horst. Separated cables. All time windows (10-910 ms). (a) IP. (b) Normalized IP. 

a) b) 
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fissured gneiss (Banverket 1999). Therefore the verti-
cal/horizontal flatness filter was set to 2.0 to empha-
size the vertical component in the data. In the inver-
sions from the second measurement site the flatness 
filter was set to 1.0 (default). 

Pole-dipole data has greater depth penetration then 
gradient data. Since there are missing data points in 
the pole-dipole section from Site 1 the resolution at 
shallow depths are better in the gradient section. To 
get both good resolution and depth penetration merg-
ing of pole-dipole and separated gradient data was 
done. This resulted in a model with mixed arrays from 
Site 1.  

After inversion the gradient models from Site 1 and 
Site 2 were put together. The model with mixed arrays 
from Site 1 and the pole-dipole model from Site 2 
were also put together and presented in profiles 
stretching over the whole measured area. 

Fig. 8.9 shows resistivity models from the 
Hallandsås Horst. The uppermost region where resis-
tivity is high, >1000 Ωm, is named Zone A. This layer 
is about 10 – 15 m thick. There is a zone with resistiv-
ity values below 150 Ωm that is found beneath Zone A 
and at the surface at 198+940 - 198+800 and 198+500 
– 198+400. This is named Zone B. There is one area 
with high resistivity, > 1000 Ωm, in the lower part of 
Fig. 8.9a. In Fig. 8.9b there are three high resistivity 
areas. The southern area has resistivity up to about 
2000 Ωm. The middle area has resistivity up to about 
4000 Ωm and the northern area has resistivity up to 
about 8000 Ωm. These areas are named Zone C. The 
areas in between have resistivities on 200 – 700 Ωm 
and is named Zone D. One area with very low resistiv-
ity in Fig.8.9b sticks out. This area is named Zone E. 

Fig. 8.10 and 8.11 shows IP and normalized IP 
models. The IP models show high chargeability (50-70 
Ωm) at 198+900, anomaly 1 (Fig. 8.10a and 8.11a). 
The model in Fig. 8.11a has a stronger and wider 
anomaly. The gradient model shows IP-effect at 
198+450 (anomaly 2) with highest values (70 Ωm) in 
the bottom of the model (Fig. 8.10a). The model in 
Fig. 8.11a shows high chargeability (> 70 Ωm) in an 
area stretching from 198+650 to 198+550 with a maxi-
mum around 198+600 (anomaly 4). Anomaly 5 is also 
strong (> 70 Ωm) and has small lateral spread. It is 
situated at 198+290. Anomaly 3 (> 70 Ωm) is seen on 
shallow depths at 198+150 (Fig. 8.11a). Anomaly 3 is 
not that clear in the gradient model but still visible and 
a few negative values are also present in this region 

(Fig. 8.10a).  
The normalized IP in the gradient model has three 

weak anomalies (Fig. 8.10b). One is located in the 
bottom of the model at approximately 198+900. The 
second one is located in the bottom of the model at 
198+450. The third one is located at approximately 
198+200 at 65 m.a.s.l. The normalized IP in Fig 8.11d 
has one clear anomaly in the bottom of the model at 
198+875. The anomaly between 198+670 and 
198+460 is very strong (over 10mS/m). At 198+300 
and 198+200 there are also anomalies, the latter quite 
strong. 
 
8.5 Discussion 
Pseudosections 
The quality of the resistivity data from the gradient 
measurements does not differ much between single 
and separated cable layout. Pole-dipole data are 
slightly more scattered and uneven than gradient data 
(Figs. 8.5 and 8.8). The short pole-dipole protocol at 
Site 1 is missing due to measuring errors. Hence, data 
is missing in the upper part of the section, leading to 
low resolution at shallow depths. The difference be-
tween gradient and pole-dipole data in the upper part 
of the section is therefore expected (Fig. 8.5).  

Apparent chargeability sections are presented in 
Appendix 2. 

There are rather large differences in IP-data quality 
between single cable and separated cables using gradi-
ent array at Site 1. This is especially obvious in the 
first time window (Appendix 2 Fig. A2.2). The sepa-
rated section has smoother boundaries and more even 
distribution of IP values. Data quality in the pole-
dipole section is relatively poor, since IP values have a 
more scattered distribution (Appendix 2 Fig. A2.2).  

In the IP sections from Site 2 there are also signifi-
cant differences between single and separated cables 
(Appendix 2 Fig. A2.3). The separated gradient array 
is more even and has less sharp transitions in IP value.  
The pole-dipole data has a rather scattered distribution 
at depths. The upper part of the section is more even 
and comparable to the separated gradient array. 

 One interesting feature is that the negative values 
percentage in the pole-dipole array, change in time 
more or less in the same way as separated gradient 
array (Table 8.2). This may indicate that the negative 
values are caused by something else than capacitive 
coupling, and that the capacitive coupling have been 
significantly reduced, as expected.  

Site 2 shows a significantly higher degree of nega-
tive data than Site 1 (Figs. 8.4 and 8.6). This could be 
due to increased coupling effects or a higher degree of 
external noise, such as a power line. If it is coupling 
effects, one explanation is that the uppermost ground 
has a higher resistivity at Site 2, which could lead to 
increased capacitive coupling (Dahlin et. al. 2002). 
Another possible explanation is that the layout at Site 
2 was much longer and therefore more prone to cou-
pling effects. 

Site Gradi-
ent 
 (%) 

  Res 

1 3.7 

2 2.1 

 Gradi-
ent 
 (%) 

 Pole-
dipole 
 (%) 

 Pole-
dipole 
 (%) 

Merge      

         
(%) 

Merged        
                
 (%) 

IP Res IP Res IP 

1.7 - - 12.9 2.3 

3.2 5.3 8.0  - - 

Table 8.4. Mean errors from the Hallandsås Horst inversions. 
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The strikingly noisier appearance of the single ca-
ble measurement compared to the separated cable 
measurement could indicate that the capacitive cou-
pling is stronger in the gradient array using single ca-
ble (Fig. 8.7). The distinct rise of the decay curves in 
the first time window of the separated cables measure-
ment might be a sign of inductive coupling (Sumner 
1976). However, the curves are fluctuating and deviate 
very much from a logarithmic decaying response. It is 
possible that external noise contaminate the data, per-
haps some electrical arrangements in the tunnel. It also 
might be connected to bad electrode contact. This was 
attempted to examine. But it was too complex to de-
fine because the four responsible electrodes resulted, 
in different combinations, in a large amount of both 
positive and negative data.  

The anomaly in the centre of the profile in Fig. 8.7 
b looks like a 2D geometric effect and might be caused 
by a fracture zone as discussed later. The strong 
anomalies in the right corner are probably due to exter-
nal noise effects from the power line.   

Difference in negative values between single cable 
and separated cables using gradient array are larger in 
earlier times, i.e.10 - 430 ms (Table 8.2). Approxi-
mately the same pattern was seen in the measurements 
made in Lund. As discussed in chapter 6, this is proba-
bly due to decreasing capacitive coupling and signal-
to-noise-ratio with time. 

 
Geological interpretation of resistivity models 
The bedrock surface is not clear in the resistivity mod-
els (Fig. 8.9). If the seismic data are correctly inter-
preted the upper part of the bedrock seems to be very 
weathered since the resistivity is lower than 200 Ωm. 
It could also be an effect of uncertainties in resistivity 
and/or seismic data. As indicated from the map of 
Quaternary deposits, the first part of the profile should 
consist of postglacial gravel. The resistivity in this area 
is high, which support the expected geological model. 
The area at shallow depths between 199+000 and 
198+940 is therefore interpreted as postglacial gravel. 
The area at shallow depths between 198+940 and 
198+800 should be peat. The low resistivity and ob-
served wetness support this interpretation. There may 
be till underneath the gravel and the peat since they are 
both postglacial formations. It is however hard to tell 
from the resistivity models. Zone A in the area from 
198+750 to 198+050 is probably till due to reference 
data (Ringberg 1995). Zone B in the same area (Site 2) 
could be water saturated till or glaciofluvial sediments 
as discussed in chapter 3.3. The relatively low resistiv-
ity indicates that the soil in any way has a high water 
content.  

Zone C is most likely rock with less joints or just 
slightly fissured rock. The resistivity values in Zone D 
are very low for fresh rock (200-700 Ωm). This is in 
the resistivity range for fissured rock, and several re-
sistivities are even low enough to indicate substantial 
clay weathering (Jeppsson 2003). The tunnel docu-
mentation shows some fracturing in the area and rather 

poor rock quality, although not as severe as in the 
SMZ (Banverket 1999). Zone E could be the fracture 
zone that is located on the map of structural geology at 
198+450. 

There are some differences in resolution at tunnel 
level between gradient and mixed/pole-dipole arrays 
(Fig. 8.9a and 8.9b). Data from gradient measurement 
does not correlate as well with the tunnel documenta-
tion as data from pole-dipole measurement, especially 
not in the last part of the profile (Banverket 1999). The 
explanation for that is probably that the resolution at 
tunnel level is lower in the gradient model than the 
pole-dipole model. Therefore, comparison only be-
tween tunnel documentation and the mixed/pole-dipole 
model is presented. 

Resistivity contrasts are larger and anomalies gen-
erally higher in Fig. 8.9b. The first 200 m has resistivi-
ties between 150 and 450 Ωm. Tunnel documentation 
(Banverket 1999) shows quite poor rock quality, espe-
cially in the eastern tunnel. Bedrock between 198+750 
and 198+600 has low resistivity (100 – 400 Ωm). Tun-
nel documentation (Banverket 1999) shows gneiss of 
relatively good quality in the eastern tunnel but more 
fractured gneiss in the western tunnel. Between 
198+600 and 198+500 there is high resistivity at tun-
nel level (400 – 2000 Ωm). In the tunnel documenta-
tion there is gneiss with good quality except for the 
last 20 m where some amphibolite and fractures are 
present (Banverket 1999). At 198+500 – 198+210 
there is moderate resistivity (300 – 700 Ωm) with 
lower values between 198+450 and 198+350. This 
correlates well with the presence of amphibolite and 
fracturing in the eastern tunnel. The pole-dipole array 
shows lower resistivity between 198+210 and 
198+150. This correlates well with the presence of 
fracturing in the contact zone between gneiss and am-
phibolite in the tunnel. The resistivity at tunnel level 
increases through the last part of the profile. The rock 
quality increases, as expected, in the corresponding 
tunnel part.  

 
Geological interpretation of IP models 
The high chargeability anomaly (anomaly 1) that is 
seen in the IP models at 198+900 could be the dolerite 
dike expected at this location (Figs. 8.10a and 8.11a). 
The normalized IP models have also anomalies at ap-
proximately 198+900 (Figs. 8.10b and 8.11b). That 
indicates that the anomalies are effects of structural 
changes and not only conductivity changes, which 
further support the interpretation of a dolerite dike. 

The tunnels do not go through the IP-anomalies in 
the pole-dipole model (Fig. 8.11a). Anomaly 2 in the 
gradient model (Fig. 8.10a) is though correlating rather 
well with a fracture zone in the contact between gneiss 
and amphibolite in the tunnels. In the western tunnel 
even dolerite is present (Banverket 1999). The map of 
structural geology also shows a fracture zone at this 
location (Wikman 1979a). Resistivity in this area 
(198+450) is relatively low (ca 500 Ωm) as expected 
in a fracture zone (Fig. 8.9). The high IP-effect could 
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indicate that the fracture zone is clay weathered (Fig. 
8.10a). Anomaly 2 also shows normalized IP-effect 
(Fig. 8.10b), which indicates a structural change. 

It is likely that anomaly 3 is caused by the power 
line. The negative values in the gradient model indi-
cate noise effects that further strengthen this interpre-
tation (Fig. 8.10a). 

It is possible that anomaly 2 and 4 are parts of the 
same fracture zone that is seen on the map of structural 
geology. Anomaly 4 lies just next to an area with very 
low resistivity, Zone E (Fig. 8.9b), which also could be 
connected to the fracture zone as mentioned earlier. 
The lowest resistivity could then indicate an area with 
heavy fracturing, but weathering and clay development 
may be most prevalent in the area with highest IP-
effect, i.e. the southern part of the fracture zone, anom-
aly 4. The normalized chargeability is high in the area 
between 198+650 and 198+450, below 0 m.a.s.l. (Fig. 
8.11b). However, the highest values (over 10 mS/m) 
are located between 198+550 and 198+500. This could 
also be an indication that the fracture zone is most 
prominent here and that the high IP-effect in anomaly 
4 (Fig. 8.11a) is in higher degree affected by conduc-
tivity changes caused by weathering and clay forma-
tion. The boundary of this zone is sharp in the normal-
ized IP model compared to the IP model (Figs. 8.11a 
and 8.11b). 

The bedrock map shows an amphibolite dike at 
approximately 198+300 where anomaly 5 is present 
(Fig. 8.11a). Tunnel documentation also shows a high 
amphibolite content in the area. Fracturing and clay 
weathering in the contact zone of the amphibolite dike 
probably cause the IP-effect. The normalized charge-
ability of anomaly 5 is relatively low compared to 
anomaly 4 (Fig. 8.11b). This could mean that the 
structural change of anomaly 5 is not as large as anom-
aly 4, e.g. a weaker fracture zone. The chargeability on 
the other hand is high, which could indicate severe 
weathering. 

 
8.6 Conclusions 
Capacitive coupling is significantly reduced when us-
ing separated cables. Earlier time windows give the 
best data quality in measurements with separated ca-
bles. That is probably due to decreasing signal strength 
with time. The measurements with single cable layout 
on the other hand have better data quality in later time 
windows. That is probably because the capacitive cou-
pling is decreasing with time. This seems to have a 
larger effect on data quality than decreasing signal-to-
noise-ratio. 

The electromagnetic coupling increases with in-
creasing cable length. This could be one explanation 
for the low amount of negative values at Site 1. An-
other explanation could be that the grounding resis-
tances are lower than at Site 2, leading to lower ca-
pacitive coupling. 
The bedrock of the investigated area seems to be very 
fractured. Three major structures are found. The first 
one is connected to a dolerite dike that crosses the pro-

file at 198+900. The second one is probably a fracture 
zone that stretches from 198+650 to about 198+450 
and is most prevalent below sea level. This fracture 
zone distinguishes itself by showing much higher nor-
malized IP than the others and the resistivity is also 
exceptionally low. That could indicate an area of sub-
stantial fracturing and perhaps water-bearing rock. The 
southern end of this fracture zone, which shows higher 
IP, might be heavy clay weathered. The degree of frac-
turing most likely decrease upwards but the zone 
seems to extend up to tunnel level. The third structure 
is located at 198+300 and is probably a clay weathered 
fracture zone containing amphibolite. 

The soil layer consists of postglacial gravel, peat 
and till. A boundary between high and low resistivity 
in the soil layer was found that probably represents a 
transition from dry till to wet till or glaciofluvial sedi-
ment.  



52 

 

9 Conclusions 
 
9.1 Data quality 
This study shows that the acquired IP data is of higher 
quality when using separated cables. This is significant 
in all measurements. It is shown that the capacitive 
coupling mostly causes noise manifested by negative 
data, as well as anomalously high data values, but also 
other effects such as 2D effects give negative data. 
The quality is better if the area of investigation has a 
low to moderate top surface resistance. This is shown 
in the survey in Lund where the results has a signifi-
cant difference when the area was exposed by heavy 
precipitation but also where the area has a moderate 
ground resistivity.  

The ground surface at the Hallandsås Horst was 
generally more resistive than in Aarhus. Simultane-
ously, the difference in negative values between single 
and separated arrays was larger at the Hallandsås 
Horst. Also, the distribution of IP-values were more 
scattered in the single cable measurement compared to 
the separated cables measurements at the Hallandsås 
Horst. Therefore, regarding data quality, separated 
cables have been a good choice at the Hallandsås 
Horst but may have been overambitious in Aarhus. It 
is also important to bear in mind that the use of sepa-
rated cables are a logistically complicated and time 
consuming method.  

It is also shown that the measurements of resistiv-
ity are not much affected of using single multicore 
cables. This is because the resistivity measurements 
start a relatively long time (200-500 ms) after the start 
of current injection. Compare this with the IP integra-
tion, which is started very recently (10 ms) after cur-
rent switch-off and last during the decay of  the depo-
larization. A good rule is when having high quality of 
IP data; the data of resistivity is as well with high 
probability of good quality. 

Finally conclusions regarding data quality: 
 

• Layout with separated cables contributes to better 
quality of data in surveys of Induced Polarization. 

• The capacitive coupling generates negative data, 
as well as anomalously high. 

• The capacitive coupling increase with increasing 
ground resistance. 

• 2D-effects may generate negative data. 

• The electromagnetic coupling (inductive cou-
pling) may increase with increasing length of the 
layout. 

To obtain data of good quality in a disturbed and/or 
highly resistive area when measuring Induced Polari-
zation, following actions should be performed. 

• Use layout with separated cables. 

• Make sure that the contact between electrode and 

ground are good. 

• Use protocols that are designed for minimizing 
charge-up effects. 

 
9.2 Geological interpretation 
Aarhus 
The thickness of the upper layer consisting of a till 
reaches a depth of about 30 m.a.s.l in the south and 
about 50 m.a.s.l. in the north. Under this a thick layer 
of Tertiary clays is situated. The profile of the pole-
dipole measurement reaches a depth of about 100 m. 
The bedrock is situated on a greater depth than the 
penetration depth of the measurement. The high 
chargeability anomaly at x = 280 m is probably the 
pipeline that was assumed earlier. It has chargeability 
values of 60-100 mV/V and resistivity value of 5-20 
Ωm. The upper part of the “pipeline” is lying  about 5 
m below surface. 

 
The Hallandsås Horst 
The study shows that there are three major structures 
in the bedrock. These are: 

 
• Dolerite dike at x = 198+900, crossing the tunnel. 

There is no significant anomaly in the resistivity 
data. Chargeability values are 50-70 mV/V. 

• Probable fracture zone between x = 198+650 and 
x = 198+450. The southern part of the fracture 
zone could be more weathered and less water 
bearing than the northern part. The upper bound-
ary of this zone is situated on a depth about 10-30 
m below the tunnel.  The resistivity values vary 
between 1-60 Ωm, the chargeability values are 
around 70 mV/V and the normalized chargeability 
values are 1-10 mS/m. 

• Clay weathered fracture zone which probably con-
tains amphibolite. It is situated at x =198+300. It 
may cross the tunnel. There is no significant resis-
tivity anomaly in this area. The chargeability val-
ues are around 70 mV/V but the normalized 
chargeability does only reach 0.25 mS/m. 

The soil layer consists of postglacial gravel, peat and 
till. There may also be glacifluvial sediments present. 
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Appendix 1 
Inversion parameters 
 
Test-line Lund, Sweden 
Filename: ideon7_b_c_east_1-5ed.INV 
INITIAL DAMPING FACTOR  0.160 
MINIMUM DAMPING FACTOR  0.015 
VERTICAL TO HORIZONTAL FILTER RATIO   1.00 
Flatness filter is directly used on model parameters. 
Jacobian matrix is recalculated after each iteration. 
Normal nesh used. 
Factor to increase damping factor with depth is   1.05 
Damping factor is optimised for each iteration 
Robust constrain used on data with epsilon factor 0.0500 
Robust constrain used on model with epsilon factor 0.0050 
Finite-difference method was used in forward modelling. 
Logarithm of apparent resistivity values used as inversion parameter. 
Limit imposed on range of model resistivity values 
Average model resistivity used as reference resistivity 
Upper and lower range limits are 50.000 and 0.020 
Effect of side blocks is severely reduced 
Simultaneous inversion of IP data 
Relative change in RMS error for convergence is 5.0000 
Minimum change in RMS error for line search is 0.4000 
Ratio of maximum number of model blocks to data points 20.00 
Factor to increase model depth range is 1.00 
Position of electrodes are not rounded to nearest unit electrode spacing. 
Position of electrodes for dipole-dipole array are automatically switched 
Recalculation of Jacobian matrix is not restarted in quasi-Newton steps. 
Standard Gauss-Newton inversion method used 
Width of model cells is 1.00 times the unit electrode spacing 
Number of nodes between adjacent electrodes is 2 
 
Test-line Aarhus, Denmark 
Filename: grad_l_s_singel_lund_aw025.INV 
INITIAL DAMPING FACTOR  0.160 
MINIMUM DAMPING FACTOR  0.015 
VERTICAL TO HORIZONTAL FILTER RATIO   0.25 
Flatness filter is directly used on model parameters. 
Jacobian matrix is recalculated after each iteration. 
Normal nesh used. 
Factor to increase damping factor with depth is   1.05 
Damping factor is optimised for each iteration 
Robust constrain used on data with epsilon factor 0.0500 
Robust constrain used on model with epsilon factor 0.0050 
Finite-element method was used in forward modelling. 
Logarithm of apparent resistivity values used as inversion parameter. 
Limit imposed on range of model resistivity values 
Average model resistivity used as reference resistivity 
Upper and lower range limits are 50.000 and 0.020 
Effect of side blocks is severely reduced 
Simultaneous inversion of IP data 
Relative change in RMS error for convergence is 5.0000 
Minimum change in RMS error for line search is 0.4000 
Ratio of maximum number of model blocks to data points 20.00 
Factor to increase model depth range is 1.00 
Position of electrodes are not rounded to nearest unit electrode spacing. 
Position of electrodes for dipole-dipole array are automatically switched 
Recalculation of Jacobian matrix is not restarted in quasi-Newton steps. 
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Incomplete solution Gauss-Newton inversion method used with convergence limit 0.005 
Width of model cells is 1.00 times the unit electrode spacing 
Number of nodes between adjacent electrodes is 2 
 
Filename: grad_sl_sep_lund_electfixed_aw025.INV 
INITIAL DAMPING FACTOR  0.160 
MINIMUM DAMPING FACTOR  0.015 
VERTICAL TO HORIZONTAL FILTER RATIO   0.25 
Flatness filter is directly used on model parameters. 
Jacobian matrix is recalculated after each iteration. 
Normal nesh used. 
Factor to increase damping factor with depth is   1.05 
Damping factor is optimised for each iteration 
Robust constrain used on data with epsilon factor 0.0500 
Robust constrain used on model with epsilon factor 0.0050 
Finite-element method was used in forward modelling. 
Logarithm of apparent resistivity values used as inversion parameter. 
Limit imposed on range of model resistivity values 
Average model resistivity used as reference resistivity 
Upper and lower range limits are 50.000 and 0.020 
Effect of side blocks is severely reduced 
Simultaneous inversion of IP data 
Relative change in RMS error for convergence is 5.0000 
Minimum change in RMS error for line search is 0.4000 
Ratio of maximum number of model blocks to data points 20.00 
Factor to increase model depth range is 1.00 
Position of electrodes are not rounded to nearest unit electrode spacing. 
Position of electrodes for dipole-dipole array are automatically switched 
Recalculation of Jacobian matrix is not restarted in quasi-Newton steps. 
Incomplete solution Gauss-Newton inversion method used with convergence limit 0.005 
Width of model cells is 0.50 times the unit electrode spacing 
Number of nodes between adjacent electrodes is 2 
 
Filename: poledipole_s_l_sep_lund_electfixed_aw.INV 
INITIAL DAMPING FACTOR  0.300 
MINIMUM DAMPING FACTOR  0.030 
VERTICAL TO HORIZONTAL FILTER RATIO   0.25 
Flatness filter is directly used on model parameters. 
Jacobian matrix is recalculated after each iteration. 
Normal nesh used. 
Factor to increase damping factor with depth is   1.05 
Damping factor is optimised for each iteration 
Robust constrain used on data with epsilon factor 0.0500 
Robust constrain used on model with epsilon factor 0.0050 
Finite-element method was used in forward modelling. 
Logarithm of apparent resistivity values used as inversion parameter. 
Limit imposed on range of model resistivity values 
Average model resistivity used as reference resistivity 
Upper and lower range limits are 50.000 and 0.020 
Effect of side blocks is severely reduced 
Simultaneous inversion of IP data 
Relative change in RMS error for convergence is 5.0000 
Minimum change in RMS error for line search is 0.4000 
Ratio of maximum number of model blocks to data points 20.00 
Factor to increase model depth range is 1.00 
Position of electrodes are not rounded to nearest unit electrode spacing. 
Position of electrodes for dipole-dipole array are automatically switched 
Recalculation of Jacobian matrix is not restarted in quasi-Newton steps. 
Standard Gauss-Newton inversion method used 
Width of model cells is 1.00 times the unit electrode spacing 
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Number of nodes between adjacent electrodes is 2 
 
The-Hallandsås Horst 
Site 1 
Filename: M1_sep_b_w1-9.INV 
INITIAL DAMPING FACTOR  0.300 
MINIMUM DAMPING FACTOR  0.030 
VERTICAL TO HORIZONTAL FILTER RATIO   2.00 
Flatness filter is directly used on model parameters. 
Jacobian matrix is recalculated after each iteration. 
Normal nesh used. 
Factor to increase damping factor with depth is   1.05 
Damping factor is optimised for each iteration 
Robust constrain used on data with epsilon factor 0.0500 
Robust constrain used on model with epsilon factor 0.0050 
Finite-element method was used in forward modelling. 
Logarithm of apparent resistivity values used as inversion parameter. 
Limit imposed on range of model resistivity values 
Average model resistivity used as reference resistivity 
Upper and lower range limits are 50.000 and 0.020 
Effect of side blocks is severely reduced 
Simultaneous inversion of IP data 
Relative change in RMS error for convergence is 5.0000 
Minimum change in RMS error for line search is 0.4000 
Ratio of maximum number of model blocks to data points 20.00 
Factor to increase model depth range is 1.00 
Position of electrodes are not rounded to nearest unit electrode spacing. 
Position of electrodes for dipole-dipole array are automatically switched 
Recalculation of Jacobian matrix is not restarted in quasi-Newton steps. 
Incomplete solution Gauss-Newton inversion method used with convergence limit 0.005 
Width of model cells is 0.50 times the unit electrode spacing 
Number of nodes between adjacent electrodes is 2 
 
Filename: merging_pd_grad.INV 
INITIAL DAMPING FACTOR  0.300 
MINIMUM DAMPING FACTOR  0.030 
VERTICAL TO HORIZONTAL FILTER RATIO   2.00 
Flatness filter is directly used on model parameters. 
Jacobian matrix is recalculated after each iteration. 
Normal nesh used. 
Factor to increase damping factor with depth is   1.05 
Damping factor is optimised for each iteration 
Robust constrain used on data with epsilon factor 0.0500 
Robust constrain used on model with epsilon factor 0.0050 
Finite-element method was used in forward modelling. 
Logarithm of apparent resistivity values used as inversion parameter. 
Limit imposed on range of model resistivity values 
Average model resistivity used as reference resistivity 
Upper and lower range limits are 50.000 and 0.020 
Effect of side blocks is severely reduced 
Simultaneous inversion of IP data 
Relative change in RMS error for convergence is 5.0000 
Minimum change in RMS error for line search is 0.4000 
Ratio of maximum number of model blocks to data points 20.00 
Factor to increase model depth range is 1.00 
Position of electrodes are not rounded to nearest unit electrode spacing. 
Position of electrodes for dipole-dipole array are automatically switched 
Recalculation of Jacobian matrix is not restarted in quasi-Newton steps. 
Incomplete solution Gauss-Newton inversion method used with convergence limit 0.005 
Width of model cells is 0.50 times the unit electrode spacing 
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Number of nodes between adjacent electrodes is 2 
 
Site 2 
Filename: grad_sep_exp_topo_w1-9_merge.INV 
INITIAL DAMPING FACTOR  0.160 
MINIMUM DAMPING FACTOR  0.015 
VERTICAL TO HORIZONTAL FILTER RATIO   1.00 
Flatness filter is directly used on model parameters. 
Jacobian matrix is recalculated after each iteration. 
Normal nesh used. 
Factor to increase damping factor with depth is   1.05 
Damping factor is optimised for each iteration 
Robust constrain used on data with epsilon factor 0.0500 
Robust constrain used on model with epsilon factor 0.0050 
Finite-element method was used in forward modelling. 
Logarithm of apparent resistivity values used as inversion parameter. 
Limit imposed on range of model resistivity values 
Average model resistivity used as reference resistivity 
Upper and lower range limits are 50.000 and 0.020 
Effect of side blocks is severely reduced 
Simultaneous inversion of IP data 
Relative change in RMS error for convergence is 5.0000 
Minimum change in RMS error for line search is 0.4000 
Ratio of maximum number of model blocks to data points 20.00 
Factor to increase model depth range is 1.00 
Position of electrodes are not rounded to nearest unit electrode spacing. 
Position of electrodes for dipole-dipole array are automatically switched 
Recalculation of Jacobian matrix is not restarted in quasi-Newton steps. 
Incomplete solution Gauss-Newton inversion method used with convergence limit 0.005 
Width of model cells is 0.50 times the unit electrode spacing 
Number of nodes between adjacent electrodes is 2 
 
Filename: poldipol_sep_topo_w1-9_merge.INV 
INITIAL DAMPING FACTOR  0.160 
MINIMUM DAMPING FACTOR  0.015 
VERTICAL TO HORIZONTAL FILTER RATIO   1.00 
Flatness filter is directly used on model parameters. 
Jacobian matrix is recalculated after each iteration. 
Normal nesh used. 
Factor to increase damping factor with depth is   1.05 
Damping factor is optimised for each iteration 
Robust constrain used on data with epsilon factor 0.0500 
Robust constrain used on model with epsilon factor 0.0050 
Finite-element method was used in forward modelling. 
Logarithm of apparent resistivity values used as inversion parameter. 
Limit imposed on range of model resistivity values 
Average model resistivity used as reference resistivity 
Upper and lower range limits are 50.000 and 0.020 
Effect of side blocks is severely reduced 
Sequential inversion of IP data 
Relative change in RMS error for convergence is 5.0000 
Minimum change in RMS error for line search is 0.4000 
Ratio of maximum number of model blocks to data points 20.00 
Factor to increase model depth range is 1.00 
Position of electrodes are not rounded to nearest unit electrode spacing. 
Position of electrodes for dipole-dipole array are automatically switched 
Recalculation of Jacobian matrix is not restarted in quasi-Newton steps. 
Incomplete solution Gauss-Newton inversion method used with convergence limit 0.005 
Width of model cells is 0.50 times the unit electrode spacing 
Number of nodes between adjacent electrodes is 2 
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Appendix 2 
Pseudosections 
 
Test-line Aarhus, Denmark 
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Fig. A2.1. Apparent chargeability. Test line Aarhus, Denmark. Time window 10-110 ms. (a) Single cable, gradient 
array. (b) Separated cable, gradient array. (c) Separated cables, pole-dipole array. 
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Test-line Hallandsås Horst, Sweden 
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Fig. A2.2. Apparent chargeability, Test line Hallandsås Horst, Site 1. Time window 10-30 ms. (a) Single cable, 
gradient array. (b) Separated cables, gradient array. (c) Separated cables, pole-dipole array. 
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Fig. A2.3. Apparent chargeability, Test line Hallandsås Horst, Site 2. Time window 10-30 ms. (a) Single cable, 
gradient array. (b) Separated cables, gradient array. (c) Separated cables, pole-dipole array. 



 

 

Appendix 3 
 
Protocol-files 
 
Test-line Lund, Sweden 
Single cable, dipole-dipole array 
DIDI7F3L.org 
DIDI7F3S.org 
DIDI7R3L.org 
DIDI7R3S.org 
 
Separated cables, dipole-dipole array 
DIDI7F3L.org 
DIDI7F3S.org 
 
Separated cables, gradient array 
GRD7_3_shift_exp.org 

 
Electrode contact test 
CONTACT3.org 
 
Test-line Aarhus, Denmark 
Single cable, gradient array 
GRAD7S.org 
GRAD7S.org 
 
Separated cables, gradient array 
Grad7L_shift_exp.org 
Grad7S_shift_exp.org 
 
Separated cables, pole-dipole array 
POLDIP7L_shift.org 
POLDIP7S_shift.org 
 
Test-line Hallandås Horst, Sweden 
Single cable, gradient array 
GRAD7S.org 
GRAD7S.org 
 
Separated cables, gradient array 
Grad7L_shift_exp.org 
Grad7S_shift_exp.org 
 
Separated cables, pole-dipole array 
POLDIP7L_shift.org 
POLDIP7S_shift.org 
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