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Thesis structure and reading guide 
  
The thesis begins with an abstract written in both English and Danish. This is followed by a short 

introduction in chapter 1, which summarizes the aim and purpose with the thesis. 

In chapter 2 the history and recent development of the induced polarization method is briefly 

mentioned, before the theory of the two methods used in this thesis; the resistivity and induced 

polarization method is described. Afterwards the possible origins to the induced polarization 

response are summarized. 

Chapter 3 begins with a short summary of the measurement procedure and factors that influence 

data quality, before different array types are explained. This is followed by a comparison of the 

previously mentioned array types, in terms of pro and cons for acquisition of induced polarization 

data and the general data quality obtained with the array types. Afterwards a study of data 

repeatability is shown and discussed. 

The processing and inversion procedure is described in chapter 4. The processing of resistivity and 

induced polarization data was performed with the Workbench software program developed at 

Aarhus University by the HydroGeophysics Group.  

In chapter 5 one of the areas of interest, the Eskelund landfill, is described. The description of 

Eskelund landfill is followed by an overview of the data collected and an interpretation of the 

inverted resistivity and induced polarization data.  

The second area of interest, the Hørløkke landfill, is described in chapter 6. This is followed by an 

overview of the data collected and an interpretation of the inverted resistivity and induced 

polarization data. 

The most important results are outlined in the conclusion in chapter 7. 

In chapter 8 the future development of the induced polarization method and a general outlook is 

mentioned. 

A list of referenced litterature is shown in chapter 9, and chapter 10 contains a list of all the figures 

that are used in the thesis. Likewise chapter 11 and 12 contains a list of the used tables and 

appendices, respectively.   

 

The thesis is addressed at the reader with a basic knowledge of geoelectrical methods, but not 

necessarily the induced polarization method.   
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Abstract 
 

A detailed comparison with focus on signal-to-noise aspects and measurement methodology of the 

gradient array, the dipole-dipole array and the newly proposed linear grid for the acquisition of 

induced polarization (IP) data are presented. The comparison was performed by measuring the same 

profile with the three array types at the Hørløkke field site in South Jutland, Denmark. By 

comparison of the measured data, it was revealed that especially the geometrical factor has a key 

influence on the data quality of the IP data, but also the current level affects the data quality 

significantly and should be as high as possible. Furthermore it was found that electrode polarization 

does not influence the data quality. On the basis of the data quality for the three array types it is 

concluded that the gradient array is superior to the other array types for the acquisition of IP data, 

mainly due to the lower geometrical factors.  

Additionally a study of data repeatability was performed at the Hørløkke site by 

measuring the same profile over different timelapses, with exactly the same configuration and 

instrumentation setup. The repeatability study revealed that the instrumentation is working in a 

robust manner and data can be trusted. Another important conclusion is that the data quality is not 

influenced by potentials arising from electrochemical processes between the ground and the 

electrodes, when the electrodes are inserted into the ground. In the data repeatability study it was 

possibly to attain a threshold value for the IP voltage. If the voltage is above the threshold, good IP 

data quality can be expected, which could prove to be important information in future IP studies. 

Finally a three-dimensional characterization of two landfills by a combined use  

of the resistivity and IP method was successfully carried out. The first landfill is situated in the 

Eskelund area in Aarhus, Denmark. At Eskelund landfill the waste body was clearly delineated with 

the IP method, whereas there was some ambiguity of the resistivity of the waste body due to 

differences in saturation and changing lithology at the landfill. An ellog auger drilling with the 

addition of IP measurements were performed at Eskelund landfill and proved as a strong tool in the 

interpretation process. The second landfill is Hørløkke landfill, where the waste body was clearly 

delineated with both methods within the landfill boundaries. Outside of the landfill borders the 

contamination could only be seen with the resistivity method, which reflects that the contamination 

is deep lying, where there is a low resolution with the IP method due to the poor data quality with 

depth.  

                
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iv 
 

Resumé 
 

En detaljeret sammenligning med fokus på signal-til -støj forhold og måle metodologi for gradient 

array, dipole-dipole array og det nyligt fremlagte linear grid til indsamling af induceret polarisation 

(IP) data præsenteres. Sammenligning er udført ved at måle det samme profil med de tre array typer 

ved Hørløkke i Sønderjylland, Danmark. Ved sammenligning af de målte data, er det klarlagt at 

specielt den geometriske faktor har en afgørende indflydelse på datakvaliteten af IP data, men også 

strømniveauet påvirker datakvaliteten væsentligt og skal være så højt som muligt. Yderligere blev 

det fundet at elektrodepolarisation ikke påvirker datakvaliteten. På baggrund af datakvaliteten for de 

tre array typer kan det konkluderes at gradient array er bedre i forhold til de andre array typer med 

hensyn til indsamling af IP data, hovedsageligt på grund af de lavere geometriske faktorer.           

Endvidere blev et studie af datareproducerbarhed udført ved Hørløkke, ved at måle det  

samme profil over forskellige tidsperioder, med præcis den samme konfiguration og 

instrumentopstilling. Studiet klarlagde at instrumentationen virker og man kan stole på data. En 

anden vigtig konklusion er at datakvaliteten ikke er påvirket af potentialer der opstår fra 

elektrokemiske processer mellem jorden og elektroderne, når elektroderne sættes i jorden.     

I studiet af datareproducerbarhed var det muligt at finde en grænseværdi for IP spændingen. 

Hvis spændingen er over grænseværdien, kan god IP data kvalitet forventes, hvilket kan vise sig at 

være vigtig information i fremtidige IP studier.  

Afslutningsvis blev en tredimensional karakteristik af to lossepladser ved kombineret brug af  

resistivitets- og IP metoden succesfuldt udført. Den første losseplads ligger i Eskelund området i 

Aarhus, Danmark. Ved Eskelund losseplads blev fyldet tydeligt kortlagt med IP metoden, hvorimod 

der var usikkerhed omkring resistiviteten af fyldet grundet forskelle i mætning og ændringer i 

litologi i lossepladsområdet. En ellog snegleboring med IP målinger blev udført ved Eskelund 

losseplads og viste sig at være et stærkt redskab i tolkningsprocessen. Den anden losseplads er 

Hørløkke lossepladsen, hvor fyldet tydeligt blev kortlagt med begge metoder indenfor 

lossepladsgrænserne. Udenfor lossepladsafgrænsningerne kunne forureningen kun ses med 

resistivitetsmetoden, hvilket reflekterer at forureningen er dybtliggende, hvor der er en lav 

opløsning med IP metoden grundet dårlig datakvalitet med dybde.            
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1. Introduction  
 

The induced polarization method has been used in the field of mineral exploration for decades, but 

in recent years a new-found interest in the method has developed, due to its widespread use in 

environmental and engineering applications. Although the induced polarization effect has been 

known for a long time, the method is relatively new and there is still a lot that needs to be better 

understood in terms of instrumentation, data acquisition, data quality and inversion of induced 

polarization data. This thesis should be seen as a contribution to the ongoing development of the 

induced polarization method. The aim with the study is twofold and can be divided into two parts. 

 

Part one is an investigation of signal-to-noise ratio and measurement methodology for three 

different array types. The three array types that are compared are the gradient array, the dipole-

dipole array and the newly proposed linear grid (Martorana et al., 2009). The comparison is made 

on the basis of the data quality of the measured data with the three array types. Furthermore a study 

of data repeatability is carried out by comparing data from the same profile which has been 

measured over several timelapses, with the purpose of making statistical analysis to clarify if the 

measured data can be trusted and how to improve data quality.  

  

For part two of the study, the aim is to make a three-dimensional characterization of the waste body 

at two former landfills by a combined use of the resistivity and induced polarization method. The 

former landfills are Eskelund landfill, which is located in a central part of Aarhus city, and Hørløkke 

landfill, which is located in southern Jutland near Vojens city.  

Part two of the study is carried out as a part of the CLIWAT project, which is a European 

interregional IVB project carried out in corporation between a number of countries in the North Sea 

region. The main focus of the CLIWAT project is determining the effects of climate change on 

groundwater systems, which potentially can lead to higher flux to rivers/coastal waters and a forced 

outwash of nutrients and pollutants from industrial areas, agriculture and landfills.  

The CLIWAT project is partly funded by the European Union under the interregional IVB 

programme and partly funded by Central Denmark Region, Region South Jutland, Aarhus 

University and other partners. 

 

The resistivity and induced polarization data have been measured for the study and is supplemented 

with borehole data, which is made available by the Central Denmark Region and Region South 

Jutland.
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2. Theoretic background for geoelectrical methods 
 

In the following chapter the history of the induced polarization method is briefly summarized, 

before the resistivity and induced polarization theory is explained. Afterwards the origins to the 

induced polarization response are described. The measurement procedure and technique for the 

acquisition of resistivity and induced polarization data will be described more detailed in chapter 

3.1 and 3.3. 

    

2.1 The induced polarization method 
 

In 1913, Conrad Schlumberger was the first to observe the induced polarization effect in a mining 

region in France. But due to World War I it took 16 years before Schlumberger introduced the 

induced polarization method in the USSR, which lead to further development in the East (USSR, 

Yugoslavia and East Germany) and West (USA, Canada and western Europe). At this time the 

development had two independent roots, which were well separated in space and time due to 

linguistic and political barriers. In the west the development basically began in 1942, when the 

United States Navy did wartime research on the method, as the Navy believed the method could be 

useful for beach mine detection. Due to knowledge of the research, U.S mining companies started to 

develop the necessary mathematical theory, field equipment and practice, and in 1950 induced 

polarization surveys for mineral exploration was a reality both in the west and in the USSR. 

Actually the theoretical and field practice of the induced polarization method had already reached a 

high standard by 1950 in the USSR, due to intense research only interrupted by World War II.  

Since then, research at universities and especially the mining and oil industries has resulted in 

significant advances in instrumentation, efficient field practice, processing and inversion of induced 

polarization data (Seigel et al., 2007).  

 

Today the induced polarization method is widely used in the mineral exploration industry to explore 

for different types of minerals like; porphyry copper, bedded lead/zinc and sulphide-related gold 

deposits. Although initially designed for mining purposes, the induced polarization method has seen 

widespread use in environmental and engineering applications in the last decade. Examples of use is 

detecting saltwater intrusions (Slater and Sandberg, 2002; Viezzoli and Cull, 2005), delineating 

contaminant (Vanhala, 1997; Sogade et al., 2006; Aal et al., 2006; Martinho et al., 2006; Leroux et 

al., 2007), mapping peat stratigraphy (Slater and Reeve, 2002), estimating permeability of lithologic 

units (Kemna et al., 2004), mapping seepage and acid drain in tailing dams (Oldenburg, 1996; 

Buselli and Lu, 2001) and  lithological discrimination (Slater and Lesmes, 2002; Slater and Glaser, 

2003; Kemna et al., 2004). The growing use of the induced polarization method is due to fact that 

data acquisition has become easier and less time consuming, but there is still a lot of improvements 

to be done, especially regarding inversion, data acquisition and the understanding of the 

fundamental induced polarization parameters.    

 

2.1.1 Resistivity theory 

 

Resistivity measurements are carried out by injecting electrical current into the ground and 

subsequently measuring the resulting potential differences at the surface. The measured resistivity 

depends on the material, porosity and the pore fluid resistivity. For instance clayey material is 

characterized by a low resistivity, because water can diffuse between the mineral grains and thereby 

increase the specific surface area, which supports the surface conductivity (Kirsch, 2006).  
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In the field, measurements are carried out by sending current into the ground through two electrodes 

(A and B) and measuring the potential difference at a different set of electrodes (M and N), and 

thereby getting an estimate of the resistivity of the ground called the apparent resistivity (figure 

2.1a). The current pattern and equipotential surfaces for a homogenous and isotropic ground is 

shown on figure 2.1a.  

 

 
Figure 2.1, a) Electrical current and potential field in a homogenous ground. A and  B are current electrodes and M and 

N potential electrodes. b) Sketch showing that by increasing the current electrode spacing, information on the deeper 

part of the ground is obtained. Figure from Christensen, 2008. 

 

The potential at any observation point at the surface of a homogenous isotropic halfspace can be 

expressed as:  

 

ὠὶ   
 

  
      (Eq. 2.1.1.1) 

 

Where I is the transmitted current, ɟ is the resistivity of the ground and r is the distance from the 

observation point at the surface to the point source. With an electrode configuration like the one 

shown on figure 2.1a, the potential difference in a homogenous halfspace can be calculated from: 
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Where |AM|, |BM|, |AN| and |BN| denote the distance between current and potential electrodes. 

In reality the measured potential rarely comes from a homogeneous halfspace and equation 2.1.1.2 

is rewritten to give the apparent resistivity: 
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 K   (Eq. 2.1.1.3)  

 

Where K is the geometrical factor, which depends on the geometry of the chosen electrode 

configuration. The apparent resistivity is the resistivity a homogenous halfspace should have to give 

the actual measurement.   

 

Different electrode configurations have different penetration depths, but generally when increasing 

the distance between current electrodes, information on deeper parts of the earth is obtained (figure 

2.1b). 

 

There is an empirical relationship between pore fluid resistivity pw and bulk resistivity pb, when 

performing resistivity measurements (Kirsch, 2006): 
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”  ” Ὂz      (Eq. 2.1.1.4) 

 

Where F is the formation factor, which is dependent on the soil porosity, pore shape and diagenetic 

cementation. Equation 2.1.1.4 is only valid for clay-free materials and must be modified for 

significant clay content. It follows from equation 2.1.1.4 that if the structural properties of the soil 

are constant, the bulk resistivity pb will directly reflect changes in the pore fluid resistivity pw, thus 

making resistivity measurements dependent on the pore fluid resistivity. 

 

2.1.2 Induced polarization theory 

 

When current is injected into the ground through the electrodes, as previously mentioned in chapter 

2.1.1, the current will not reach its stationary value instantaneously, but rise from zero to a steady 

value. Likewise, the voltage will not disappear immediately after the current is shut off, but instead 

slowly decay over a time interval until it reaches a steady level (figure 2.2). This is caused by the 

induced polarization effect and the magnitude of the induced polarization effect can be expressed in 

terms of the apparent chargeability. The apparent chargeability can in the time domain be calculated 

as:   

 

ὓ  
᷿  
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     (Eq. 2.1.2.1) 

 

Where Vdc is the direct current voltage (also denoted the primary voltage) measured at a given time 

during application of the current and is used for calculating the resistivity. Vs is the secondary 

voltage integrated over a time interval æt, defined between times t1 and t2 after the current is shut 

off (figure 2.2).  

 

 
Figure 2.2, Schematics of the induced polarization phenomena. Vdc is the direct current voltage measured at a given 

time during application of the current and Vs is the secondary voltage integrated over a time window defined between 

times t1 and t2. The relaxation time is the time it takes for the voltage decay to reach a steady level.   

 

The relaxation time is the time it takes for the voltage decay to reach a steady level and is 

characterized by the time constant denoted Ű (figure 2.2). The voltage decay is typically referred to 

as the induced polarization decay curve, and stems from a time varying potential originating from 

internal currents at the grain- fluid interface of polarisable materials. The internal currents originate 

from local charge gradients reaching equilibrium after the applied current is shut off. The origins to 

the induced polarization response will be explained in details in chapter 2.2.        
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The induced polarization effect arises because the ground has a capitance, meaning it takes some 

time for the ground to charge and discharge after the current is shut on/off. Different materials will 

consequently have distinctive chargeability values. Whereas the resistivity tells how freely a 

material can conduct current, the induced polarization method provides a measure of the 

temporarily energy storage capacity of the ground. 

 

2.2 Origins of the induced polarization response 
 

Although, in recent years, there have been much focus on the induced polarization method, the 

physiochemical interpretation of induced polarization parameters is not well established or fully 

understood. With a better understanding of the relation between the response of induced 

polarization parameters, lithology, saturation and pore fluid properties, the effectiveness of induced 

polarization interpretation in environmental investigations would be enhanced. In the following 

subchapters the principal mechanisms and models that are believed to be the origin of the induced 

polarization response are summarized. These mechanisms and models include the electrical double 

layer, membrane polarization, electrode polarization, restrictions in pore-throats, hydrocarbon 

contaminated areas, saline areas and peat soils.        

  

2.2.1 Electrical double layer 

 

The surface of silicate mineral grains carries a net negative charge due to surface defects in the 

crystalline structure. The net negative charge is counterbalanced by cations attracted to the mineral 

grain surface to restore electron neutrality. The counter ions are attached to the mineral grain 

surface by physical forces (Van der Waals) or chemical (Covalent) bonds, by which two layers are 

formed at the mineral grain ï electrolyte surface; a fixed layer (Stern) formed by adsorption of 

cations to the grain surface and a diffuse layer which extends into the pore space (figure 2.3).     

  

 

 
Figure 2.3, Sketch of the electrical double layer model. C represents 

cations (e.g. Na
+
 or K

+
) and A anions (e.g. Cl

-
).The mineral grains 

posses a net negative charge due to defects in their crystalline 

structure and attracts cations so the fixed (Stern) and diffuse layer is 

formed. Modified figure from Leroy et al. (2009).  

 

 

 

 

 

 

 

 

The fixed layer is only a few molecular layers thick and the net surface charge on the mineral grain 

can be measured by the ion exchange capacity (Sogade et al., 2006). Ions from the electrolyte are 

consequently bound in the diffuse layer and the charge densities in the diffuse layer are constrained 

by the surface charge density in the fixed layer. The fixed and diffuse layer combined constitutes the 

electrical double layer. At some distance from the mineral grain surface, the electrolyte is unaffected 

and this zone is called the free electrolyte (figure 2.3).      
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Polarization of the electrical double layer results from local charge concentration gradients 

developed upon application of electrical current. Schematics for polarization of the electrical double 

layer around a single mineral grain are shown on figure 2.4. The polarization can be divided into 

two steps. First, a displacement of the ions within the electrical double layer following application 

of electrical current, by which local charge gradients are developed. Second, a redistribution of the 

ions back to their equilibrium position upon current termination, giving rise to internal currents at 

the mineral grain - fluid interface, which results in time varying potentials. 

  

 
Figure 2.4, Schematics for polarization 

of the electrical double layer around a 

single mineral grain. Following 

application of electrical current, the ions 

in the electrical double layer will be 

displaced and develop local charge 

gradients. Upon termination of the 

electrical current, the ions will 

redistribute back to their equilibrium 

position, giving rise to internal currents 

at the mineral grain ï fluid interface, 

which results in time varying potentials. 

 

The relaxation time is the time it takes for an ion in or around the electrical double layer to return 

to its equilibrium position upon termination of the applied electrical current. The relaxation time 

has usually been explained by the granular model, where mineral grain size is believed to be the 

controlling factor on polarization lengths (Schwarz, 1962; Klein and Sill, 1982). According to 

Schwarz (1962), the mineral grain can be considered as a small polarizing cell. The relaxation time 

of the cell (t) is related to the ion diffusion coefficient (D) and mineral grain radius (R): 

 
2

2

R

D
t= (Schwarz, 1962)     (Eq. 2.2.1.1)                

     

There is thus a direct relation between the polarizing effect and the mineral grain size, where larger 

mineral grain size means a longer relaxation time.    

 

2.2.2 Membrane polarization                                 

 

Membrane polarization is caused by the presence of clay grains. The clay grains have a negative 

surface charge, and to restore electron neutrality, cations from the electrolyte are attracted to the 

clay grain surface. Membrane polarization is thus closely related to the electrical double layer, and 

likewise there will be a fixed and diffuse layer. In areas where the diffusive layer is thick enough, 

membrane zones will develop. The membrane zones will extend into the pore space, and thereby 

selectively only passing ions of a certain size and polarity, which causes local charge builds-ups 

(Sogade et al., 2006). The mechanism behind membrane polarization is shown on figure 2.5. Here 

cationic clouds, related to clays grains, acts as electronegative membranes between sand grains 

(figure 2.5a). During application of an electrical current, the membrane zones enhance the transport 

of cations relative to anions (figure 2.5b). Upon termination of the applied current, voltages 

resulting from the local charge concentration gradients will slowly decay with time as the ions 

redistribute back to an equilibrium position (Slater and Sandberg, 2000).   
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According to Slater and Lesmes (2002) there is a non-linear relationship between chargeability and 

clay content. The non-linear relationship is caused by a trade-off between increasing polarization 

and higher conductivity with increasing clay content.  

The optimal clay content, with regards to membrane polarization and high chargeability, is most 

likely a few percents clay distributed in the soil, but also depends on clay type, because of varying 

ion exchange capacity for different clay types. The induced polarization response is relatively low 

for montmorillonite, but higher for kaolinite and illite (Slater and Lesmes, 2002). 

 
  

Figure 2.5, Schematic of membrane 

polarization. a) Before application of an 

electrical current. Cationic clouds, 

related to clays, acts as electronegative 

membranes between sand grains. b) 

During application of an electrical 

current. Membrane zones locally 

enhance the transport of cations relative 

to anions, which give rise to local 

charge concentration gradients. The 

following redistribution of the ions to 

an equilibrium position when the 

current is shut off, will give an induced 

polarization response. Figure from 

Slater and Sandberg (2000).    

 

 

Often minerals like sand and clay are coated with organic matter, which like clays, have a high ion 

exchange capacity. Likewise contaminants often form a thin surface coating on mineral grains, so it 

is believed that membrane polarization is the mechanism for the induced polarization response seen 

in peat and hydrocarbon contaminated areas.      

 

2.2.3 Electrode polarization 

 

Electrode polarization is attributed to metal containing soils, where metallic minerals form a 

continuous conduction path, so the current conduction changes from ionic to metallic at the mineral 

grain ï electrolyte surface. According to Slater et al. (2005), there are two mechanisms attributing to 

the polarization seen in metal containing soils; 

 

¶ The first mechanism is an accumulation of inactive charge excess or deficits near the metal 

grain surface, due to flow of inactive ions in the diffuse layer of the electrical double layer. 

The flow of inactive ions is similar to the ion movement in the electrical double layer seen 

in non-metallic containing soils (Chapter 2.2.1). 

 

¶ The second mechanism is caused by a minor concentration of redox active metal ions in 

solution, which engages in electrochemical reactions, so charge-transfer reactions across the 

metal mineral grain ï electrolyte surface occurs.   
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2.2.4 Pore throats  

 

Recently a model called the pore throat model has been proposed (Scott and Barker, 2003). The 

pore throat model suggests that the relaxation time and thus induced polarization response is 

dependent on pore throat size.  

 

Scott and Barker (2003) showed experimentally that the relaxation time is related with localized 

charge blockage caused by constrictions in the fluid-filled pore space. The pore throat model is 

sketched on figure 2.6. Here electrical current give rise to a localized ion flow, but due to 

differences in pore throat size a charge blockage arises, which results in a longer relaxation time of 

the ions in the electrical double layer.  

 

 

 
Figure 2.6, Pore throat model. Upon application of current, we get a 

localized ion flow. Due to differences in pore throat size, a charge 

blockage arises, which results in a longer relaxation time of the ions 

in the electrical double layer. Figure from Ulrich and Slater (2004).  

 

 

 

 

 

2.2.5 Hydrocarbon contamination  

 

Numerous studies have shown that hydrocarbon contaminated areas show an increased induced 

polarization response (Vanhala, 1997; Kemna et al., 2004; Aal et al., 2006; Martinho et al., 2006; 

Sogade et al., 2006). The mechanism behind the polarization response in hydrocarbon contaminated 

soils is poorly understood, but can be related to the interaction between the mineral grains and 

organic compounds. 

There are several possible interaction ways and some of them are described in details in Martinho et 

al. (2006) and Aal et al. (2006), and in the following a brief summary of these models will be 

mentioned.  

The three different models are shown on figure 2.7. One thing they all have in common is that there 

is a change in tortuosity and/or porosity of the soil. 

 

 
Figure 2.7, a) Porosity variation as a result of clay grains coated by organic compounds. b) Porosity and tortuosity 

variation due to dispersed organic compounds. The organic compounds will occupy pore space just like mineral grains. 

c) Porosity and tortuosity variation caused by both models. Figure from Martinho et al. (2006).   
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Figure 2.7a shows the first model, where clay mineral grains are coated by organic compounds like 

hydrocarbons. According to Martinho et al. (2006), this model could explain the induced 

polarization response seen in contaminated soils, due to the fact that a larger electrical double layer 

is formed. On figure 2.7b a variation in porosity and tortuosity is created, because the pore space is 

filled with dispersed organic compounds. Figure 2.7c shows the third model, which is mixture of 

the two previously mentioned. Although the first model is the widely accepted model, the two other 

models are likely to also be capable of generating the induced polarization response, since with 

these models an enhanced electrical double layer is formed due to coating of the mineral grains 

and/or change in the pore space due to dispersed material. 

 

According to Aal et al. (2006) micro organisms and microbial activity affect the induced 

polarization response by altering the physicochemical properties of the hydrocarbon contaminated 

soil. Bacteriaôs will eat the hydrocarbons, which results in more organic material that sticks to the 

particles like a membrane. In the previously mentioned article, it is suggested that this could result 

in an enhanced induced polarization response, but it is difficult to estimate how big the response 

difference will be and how the biodegradation will affect the signal. Furthermore, the 

biodegradation produces organic acids, which when released into the pore fluid, will increase the 

measured conductivity. Directly, by increasing the electrolyte concentration, and indirectly by 

enhancing the dissolution of mineral grains, by which more ions are released into the pore fluid, so 

the electrolyte concentrations are further increased. 

         

Clay minerals exhibit a high induced polarization response because of the high ion exchange 

capacity and the creation of membrane zones (Chapter 2.2.2). In Aal et al. (2006) it is suggested that 

the growth of bacterial cells and their accumulation on mineral grain surfaces, likewise enhances 

the induced polarization response in hydrocarbon contaminated areas, due to an increase in the 

surface area and charge density. On the basis of this theory a simple schematic can be set up for 

hydrocarbon contaminated soils. Figure 2.8 shows the two different types of microenvironments; a 

fresh or biodegraded hydrocarbon contaminated soil. 

 

 
Figure 2.8, a) Fresh hydrocarbon contaminated microenvironment, where the hydrocarbons will replace the pore fluid, 

adsorb to mineral grains or dissolve into the water. Characterized by a low conductivity and induced polarization 

response. b) Biodegraded microenvironment, where there is an increase in ionic concentrations because of leaching of 

ions from the soil due to microbial colonization of mineral grains, dissolution by organic acids and attachment of 

charged microbial cells to mineral grain surfaces. Compared to the fresh hydrocarbon contaminated microenvironment, 

the biodegraded microenvironment is characterized by a relatively higher conductivity and induced polarization 

response. Figure from Aal et al. (2006).  
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Figure 2.8a shows a fresh hydrocarbon contaminated microenvironment. As shown on the figure, 

the hydrocarbons will replace the pore fluid, and partition into several phases. The hydrocarbons 

can adsorb to the mineral grain surface (residual phase), dissolve in the pore fluid (dissolved phase) 

or exist as dispersed compounds (free phase). According to Aal et al. (2006) this results in a 

decrease in conductivity, since hydrocarbons have higher resistivity than the pore fluid, and a 

decrease in the induced polarization response.  

When hydrocarbon contaminated soils are modified by microbial degradation, the electrical 

properties of the soil is altered (figure 2.8b). Organic acids produced by bacteriaôs enhance mineral 

grain weathering and dissolution, resulting in a release of ions. The pore fluid conductivity will thus 

be increased and the increase in pore fluid ionic strength further intensifies the attachment of 

microbial cells to the mineral grain surfaces. The attachment of microbial charged cells to the 

mineral grain surface is believed to cause an induced polarization response by the same mechanisms 

as described for membrane polarization. Compared to the fresh hydrocarbon contaminated 

microenvironment, the biodegraded microenvironment is characterized by a relatively higher 

conductivity and induced polarization response.  

 

It is consequently difficult to predict what the resistivity or chargeability changes will be in 

hydrocarbon contaminated areas. They may be delineated either as resistive areas, since dispersed 

hydrocarbons have a higher resistivity than the pore fluid, or as conductive areas, due to 

biodegradation of hydrocarbons that increase the amount of dissolved ions in the pore fluid. But 

with combined use of the resistivity and induced polarization method, one should be able to 

delineate hydrocarbon contaminated soils.   

  

2.2.6 Pore fluid salinity 

 

The induced polarization response will be reduced when saline pore fluid is present in the soil. 

Generally the membrane polarization will decrease as pore fluid salinity increases. This is caused 

by a decrease in the thickness of the electrical double layer with increasing salinity, since the ion 

concentration in the free electrolyte is higher and thus the ions are not at disposal for the electrical 

double layer.  

 

2.2.7 Peat 

 

The water content in peat soils can be up to 95 %, with the water content varying with degree of 

decomposition and the plant types in the peat (Slater and Reeve, 2002). As mentioned in chapter 

2.1.1, when the structural properties of the soil are constant, the bulk resistivity pb will directly 

reflect changes in the pore fluid resistivity pw, thus making resistivity measurements dependent on 

the pore fluid resistivity. The resistivity measured in peat soils is consequently strongly dependent 

on the pore fluid resistivity, due to the high water content.  

 

Whereas the resistivity method has problems identifying peat because of the strong dependency on 

pore fluid resistivity, the induced polarization method has shown to be a good method for 

delineation of peat. Peat contains high amounts of decomposed plant materials that have a high 

surface charge density, which gives a high ion exchange capacity. The induced polarization 

response seen in peat soils is caused by the high surface charge density and ion exchange capacity 

of the decomposed plant materials (Slater and Reeve, 2002).
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3. Method study and development 
 

Since the early development of the induced polarization method, little effort has been put into study 

of data repeatability and thus an intuitive measure of the reliability of the method. Furthermore the 

traditional array types (Wenner, Schlumberger, Dipole-Dipole etc.) have usually been chosen for 

induced polarization surveys, since these array types are well known from typical geoelectrical 

surveys, but they are not necessarily the best for induced polarization measurements. 

 

As a part of my master thesis several tests were performed at Hørløkke landfill, to investigate the 

previous mentioned issues. The first part of the project was a study of several array types for the 

acquisition of induced polarization/DC resistivity data. Each array type has its own characteristics 

in terms of sensitivity to geological structures, penetration depth, data quality etc., so a comparison 

between several datasets using different array types were performed to clarify the advantages and 

disadvantages of each array type. The second part was a detailed study of data repeatability, to 

investigate if the data can be trusted and how to get the best data quality. Before looking into details 

with the study, the measurement procedure, factors that influence data quality and measurement 

technique is explained.    

 

3.1 Measurement procedure  
 

When carrying out the measurements multi-electrode systems were used. Multi-electrode systems 

consist of a number of stainless steel electrodes, in this case 84, which are connected to the ground 

along a line with the same distance between the electrodes. 

The electrodes are through cables connected to an instrument which is placed central in the 

configuration and controls the switching unit, current waveform etc.  

The principle is sketched on figure 3.1. The electrodes function as both current and potential 

electrodes. When measuring, two electrodes function as stationary current electrodes, while another 

two work as potential electrodes. The switching unit within the measuring instrument assigns which 

electrodes are used as current and potential electrodes, respectively. For each current injection 10 

potential measurements can be measured, before another two electrodes are assigned as current 

electrodes and ten new potential measurements are measured. The measurement continues in this 

manner until the chosen protocol has finished.  

           

 
Figure 3.1, Sketch of the measurement setup. A number of stainless steel electrodes, in this case 84, are placed in the 

ground and connected to the instrument through cables. The instrument is placed central in the configuration and 

controls the switching unit, current waveform, stack sizes etc. Electrodes can both function as current and potential 

electrodes. The current, I, is transmitted through two current electrodes and the potential, V, is measured with two 

potential electrodes.    

 

Usually four cables with a length of 100 meters each are used, so the total length of the layout is 

400 meters. For some systems additional cables can be added to increase penetration depth.  
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The distance between the electrodes is 5 meter, and it is important that this distance is maintained 

and the line layout is kept as straight as possible. In the calculation of the geometrical factor, and 

hence the apparent resistivity/chargeability, the distances between the electrodes are used, and here 

it is assumed that the distance between neighbour electrodes is 5 meters. Depending on the type of 

array, an error of a few percent on the distance between the electrodes could thus give en error of a 

few percent in the calculation of the apparent resistivity/chargeability (Christensen, 2008). 

 

3.2 Factors that influence data quality 
 

With the induced polarization method, the measured signals are often one per mille to one percent 

of the direct current voltage. When dealing with small signals like this, it is crucial to get the best 

data quality possible, so that the signal-to-noise ratio is good. Several factors influence data quality, 

but one of the most important is couplings from cultural sources like fences, power lines, pipelines 

etc. Especially in suburban areas like Eskelund, problems with couplings due to cultural noise can 

be expected, since there are underground cables, gas pipes and transformer stations in the vicinity. 

There are two kinds of couplings, called capacitive and galvanic coupling. 

 

Capacitive coupling occur between the cables and the ground or when the current from the 

transmitter comes in contact with buried cables, so an L-C-R circuit is formed. The electrical circuit 

consists of a resistance R, capacitance C and inductance L. Capacitive couplings are identified as 

decay curves that have negative chargeability values throughout the decay (Viezzoli et al., 2008). 

An example of capacitive coupled data is shown in chapter 4.1. 

 

Galvanic coupling can arise between the current and potential wires inside the cable or from contact 

with fences and power lines. The galvanic coupling is characterized by an L-R circuit, where the 

current has a galvanic return path to the ground (Christiansen, 2006). Negative early times, but well 

behaving middle and late times are characteristic for galvanic coupled induced polarization data 

(Viezzoli et al., 2008).     

 

Electrode polarization occurs when a part of the measured signal originates from charge build-up 

on the potential electrodes. Electrode polarization can have two origins. One origin is when a 

stainless steel electrode is inserted into the ground. The pore fluids in the soil contain dissociated 

inorganic ions and especially close to the surface in the biologically active zone, many organic 

compounds. Quickly after the electrode has been put into the ground, chemical processes will arise 

on the surface between the electrode and the ground. The chemical processes give rise to 

electrochemical potentials in the order of 100 mV on the electrodes, but the amplitude quickly 

decreases in a matter of few seconds to 0.1-1 mV (Christensen, 2008). 

Charge build-up on the electrodes also occurs when switching between measuring the potential and 

sending out current on the same electrode. If the time between measuring and sending out current is 

not long enough, there can still be a residual potential on the electrode. There will thus be a charge 

build-up between the stainless steel electrode and the surrounding ground of less conductance. This 

charge build-up can last several tens of minutes (Dahlin et al., 2002) and the measured signal is thus 

misleading since a part of it stems from charge build-up on the electrodes. The removal of the 

electrode polarization effect is explained in chapter 3.3.  

 

Self-potentials stem from signals of human and natural origin. Telleuric currents produce a natural 

level of electromagnetic noise. These currents originate from fluctuations in the earthôs magnetic 

field, which are caused by interaction between solar winds and the magnetosphere. Signals of 
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human origin from power grids and electrical devices can also produce weak electrical currents. 

The potentials are very small, often in the order of few millivolts, but it is enough to disturb induced 

polarization measurements.  

 

For all geoelectrical and electromagnetic methods, there is a decreasing resolution capability with 

depth (Christiansen et al., 2007). Thus the signal-to-noise ratio will decrease with depth. 

Furthermore, good data quality is also closely related to the strength of the measured signal. In 

induced polarization surveys signals are often in the range of tens of millivolts and in sandy areas, 

where one would expect a small induced polarization response, the signal can be very low (1-2 

millivolts). Assuming that the noise level is constant, the data quality in sandy areas will 

consequently become poor, since the signal-to-noise ratio is smaller compared to areas with a higher 

signal (hundreds of millivolts).     

 

3.3 Measurement technique 
 

To minimize the problems mentioned in chapter 3.2, various measurement techniques are used to 

improve data quality. These techniques include filtering, averaging, alternating current direction, 

stacking and log-gating. Figure 3.2 shows schematically the different measurement parameters that 

are important for the data quality.  

 

Vdly defines the delay time from which the direct current voltage measurements will be taken into 

account after current injection. This delay time permits to be sure that all effects like the induced 

polarization effect and electromagnetic responses will have vanished, so they will not disturb the 

measurements.  

 

Mdly is the delay time from which the induced polarization voltage measurements will be taken into 

account after the current is shut off. If this parameter is set too small, it is not entirely the earthôs 

induced polarization response that are measured, but also a signal arising from the low-pass filter of 

the instrument and the results can thus be misleading.  

 

 
Figure 3.2, Definition of induced polarization measurements parameters. Vdly is the delay time from which the direct 

current measurements will be taken into account. Mdly is the delay time from which the induced polarization 

measurements will be taken into account. Mi is the partial integral chargeability values and TMi the width of the IP 

windows.   

 

Mi is the integral chargeability measurements that all together represent the induced polarization 

response of the ground. The decay curve shown on figure 3.2 is divided into a number of IP 

windows, where more IP windows give a better representation of the decay curve and consequently 
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the induced polarization response of the ground. Due to instrument limitations, only 20 IP windows 

can be used. To define the width of the IP windows a log gating technique was used, since the log 

gating technique has been shown to be efficient in reducing noise when working in the time domain 

(Munkholm and Auken, 1996). The log gating technique has been widely used within the field of 

the transient electromagnetic method (TEM) for a number of years, but it is new for the acquisition 

of induced polarization data. The width of the time windows should especially be small at early 

times and a dense coverage at early times should be obtained, since it is at early times the slope of 

the decay curve is biggest.  

 

To remove noise signals arising from power lines a low-pass filtering, which removes frequencies 

above å 10 Hz is used. This filtering effectively removes noise signals around 50 Hz from power 

grids, but also reduces electrochemical potentials.  

 

By alternating the direction of the current, self-potentials are alternating added and subtracted from 

the measurements, before an average value is calculated. We thus average out the low frequency 

noise arising from self-potentials and reduce calibration errors of the instrument (Christensen, 

2008).  

 

The electrode polarization effect is automatically removed by the measuring instrument. The 

instrument measures the potential on the electrodes immediately before current is transmitted, while 

measuring and at some point where the signal-off time has been long enough, so the induced 

polarization effect nearly has disappeared. By interpolating between these 3 measurements, the 

instrument automatically corrects for the electrode polarization effect before calculating the integral 

chargeabilities. Studies by Dahlin et al. (2002) has shown that by using this removal technique, the 

electrode polarization effect is almost completely removed, which means that stainless steel 

electrodes can be used in the field without degrading the data quality.  

 

In the end the measurements are stacked, which basically means they are added and an average 

value is calculated, which further reduces uncorrelated noise. 

 

3.4 Comparison of array types  
 

To study the difference between array types for the acquisition of induced polarization data, two 

different profiles were measured at Hørløkke landfill in may 2010. Both profiles were measured 

with the gradient array, the dipole-dipole array and the newly proposed linear grid (Martorana et al., 

2009). The location of the two profiles can be seen on figure 3.3. 

 

The aim of the experiment was to compare data quality for the three different array types and 

getting a better understanding of the characteristics of the arrays. To ensure that it would be reliable 

to make a comparison of data quality between the three array types, it was necessary to be strictly 

methodical, to ensure that the measurements were affected by exactly the same level of noise. This 

was fulfilled by using the same cables, instrument settings and keeping the electrodes in the ground 

at precisely the same location when measuring with the three array types. The instrument settings 

when measuring are shown in table 3.1. The number of channels refers to the maximum number of 

potentials measurement that can be performed simultaneously and the quality factor is a standard 

deviation threshold for the measurements. If the quality factor of a measurement is above 5%, the 

measurement will be repeated and stacked 6 times.   
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Figure 3.3, Location of Hørløkke landfill and profile 8 and 10. Both profiles cross the landfill and intersect at 200 

meters profile distance. Both profiles start in north and end in south and southeast, respectively.    

 

Parameter Setting 

Number of channels 10 

Min/Max. number of stacks 3/6 

VAB 800 V 

Max. standard deviation/Quality factor 5 % 

Mdly 20 milliseconds 

Number of IP windows 20 

Current injection time  4 seconds 

Relaxation time 4 seconds 
Table 3.1, Instrument settings when measuring.  

 

The width of the induced polarization time windows is shown in table 3.2. The first number refers 

to the width of the time windows and the second number to the total measurement time.  

 

IP 

window  

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

Time 

[ms] 

10 /  

30  

10 / 

40  

10 / 

50 

10 / 

60 

10 /  

70 

20 /  

90 

30 / 

120 

40 / 

160 

40 / 

200 

60 / 

260 

IP 

window 

T11 T12 T13 T14 T15 T16 T17 T18 T19 T20 

Time 

[ms] 

80 / 

340  

100 / 

440 

140 / 

580 

180 / 

760 

260 / 

1020 

400 / 

1420 

400 / 

1820 

600 / 

2420  

700 / 

3120 

800 / 

3920 
Table 3.2, Width of IP time windows. The first number refers to the width of the IP window. The second number refers 

to the cumulative measurement time.  


