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ABSTRACT 
Today many natural disasters around the world are due to landslides. Landslides can be both 

life threatening and pose high extra expenses due to damages made on houses, etc. In Sweden 

are landslides often connected to a particular soil type called quick clay. Even though this type 

of soil and its connection to landslides have been investigated for a long time, more knowledge 

about the geological structures that control and trigger such events are still crucial.  

In Fråstad, an old landslide site in the southwest of Sweden, a considerable number of 

different investigations such as geotechnical and geophysical measurements have been made to 

get a better understanding about the key structures. In this report, results from direct current 

resistivity (DCR) and electromagnetic (EM) methods have been presented, to create resistivity 

sections with detailed information about the variation of the physical properties of the 

subsurface structures. One profile has together with borehole and reflection seismic data been 

analyzed and compared to results from previous investigations in the area. The analyses were 

used to determine spatial variations in the overburden and to evaluate the usefulness of these 

methods. 

Geoelectrical multiple electrode data, often referred to as electrical resistivity tomography 

(ERT) data were acquired with a small electrode distance of 2 m to increase the vertical and 

lateral resolution. However, the resulting resistivity model does not provide any significant extra 

information compared to the radio magnetotelluric (RMT) data collected along the same 

profile with station spacing of 20 m. The ERT method is more sensitive to high resistivity 

structures and the RMT to the low resistivity structures and therefore a combination can be 

useful to detect both types of structures. Joint inversion of ERT and RMT was also tested, but 

the large differences between the station spacing caused oscillatory artifacts in the final 

resistivity model from the inversion. Due to very low resistivity of overlying marine clays the 

depth of investigation was limited to about 30m and neither the ERT nor the RMT were able 

to resolve the resistive crystalline bedrock along the whole profile. When adding controlled 

source magnetotelluric (CSMT) data to the inversion the depth resolution was substantially 

improved. 

 By using resistivity models alone no obvious structures could be defined as quick clay, 

however extensive parts of the model could be interpreted as marine clay due to its low 

resistivity. Based on the RMT data, a layer of higher resistivity was found and this coincides well 

with a coarse-grained layer resolved in the borehole measurements and the seismic section. This 

study shows that combining resistivity models with reflection seismic and borehole data 

improved the interpretation and imaging of the geological structures existing in the area. 
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SUMMARY IN SWEDISH 
I dagsläget är jordskred en vanligt förekommande naturkatastrof runt om i världen. Jordskred 

kan både vara livshotande och skapa stora kostnader på grund av förstörda hus och liknande. I 

Sverige är jordskred ofta nära kopplade till en speciell jordtyp som kallas för kvicklera. Även om 

kvicklera och dess relation till jordskred har undersökts sedan länge är mer kunskap om de 

geologiska stukturer som kontrollerar och utlöser liknande händelser fortfarande viktiga.  

I Fråstad, ett gammalt jordskredsområde i sydvästra Sverige, har många olika 

undersökningar gjorts så som geotekniska och geofysiska mätningar för att skapa en bättre 

förståelse kring viktiga strukturer. I den här rapporten, har resultat från elektriska (DCR) 

tillsammans med elektromagetiska (EM) metoder presenterats för att skapa en resistivitets 

sektion med detaljerad information om variationer med djupet. En profil har tillsammans med 

borrhål och reflektion seismik analyserats och jämförts med tidigare undersökningar i området. 

Analysen användes för att detektera variationer inom jordtäcket och för att utvärdera 

metoderna.  

Geoelektrisk multi-gradient data ofta kallat electrical resistivity tomography (ERT) data var 

insamlat med ett kort elektrodavstånd på 2m för att öka den vertikala och laterala 

upplösningen. Dock ger den slutliga resistivitet modellen ingen signifikant extra information 

jämfört med radio magnetotelluriska (RMT) data insamlat längst samma profil med 20 m 

mellan stationerna. ERT metoden är mer känslig för strukturer med hög resistivitet medan 

RMT är känsligare för strukturer med låg resistivitet, det innebär att en kombination av de båda 

metoderna kan vara användbart för att detektera båda typer av strukturer. En sammanslagen 

inversion av ERT och RMT data testades men de stora skillnaderna i avstånd mellan 

datapunkterna skapade oscillerande artefakter i den slutliga resistivitets modellen från 

inversionen. På grund av den marina leran med väldigt låga resistiviteter blev 

undersökningsdjupet begränsat till cirka 30m och varken ERT eller RMT kunde detektera den 

kristallina bergytan längs hela profilen. När magnetotelluriska data från en kontrollerad källa 

(controlled source magnetotellurics, CSMT) adderades till inversionen förbättrades 

upplösningen avsevärt med djupet.  

Genom att bara använda resistivitets modeller kunde inga uppenbara stukturer definieras 

som kvicklera, däremot kunde en stor del av profilen tolkas som marin lera på grund av dess 

låga resistivitet. Utifrån RMT modellen detekterades ett lager med högre resistivitet som 

stämmer väl överens med ett grovkornigt lager som återfinns både i borrhåls mätningar och i 

reflektions seismiska mätningar från tidigare undersökningar. Den här studien visar på att en 

kombination av resistivitets modeller tillsammans med reflektions seismik och borrhålsdata 

förbättrar tolkning och avbildning av de geologiska strukturer som finns i området. 
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1 INTRODUCTION 

 

Landslides are today a common natural disaster around the world. Impacts landslides make, 

both on human lives and the costs of damaged houses, roads, etc. are enormous (Petley, 2012). 

In Scandinavia and Canada a soil type called quick clay exists and is one of the main reasons 

for landslides in these areas (Lundström, et al., 2009). The definition of quick clay originates 

from the sensitivity to stress changes the clay experience. Small changes in the stress situation 

can cause the clay to liquefy. When the clay liquefies it behaves like a heavy liquid and can flow 

long distances. Whatever stands in the way follows until the clay stabilizes again. Sweden and 

Norway are both exposed to several landslides like this throughout the history, one of the 

largest is Rissa landslide, described in Gregersen (1981). In Sweden, one of the most vulnerable 

areas to quick clay landslides is along the Göta River. Because of the large damages quick clay 

can cause, is it important to spatially map and understand the presence of it.  

Geophysical models and data along profiles, as well as various data collected in boreholes, 

can be used to image and classify various geological units and structures. Classification will then 

be based on the observed variations in the estimated physical properties from geophysical 

models and measured parameters in boreholes. Both geophysical borehole and geotechnical 

data have rather low spatial coverage horizontally and higher vertical resolution. The 

geophysical models, on the other hand, have reasonably good horizontal coverage and rather 

poor vertical resolution. Combination of both data sets will thus provide an effective tool to 

image spatial variations of the subsurface physical properties. Studies conducted to determine 

the geometry and physical properties of the subsurface in areas prone to landslide have mainly 

been limited to traditional geotechnical and borehole data acquisition (Bichler, et al., 2004). 

These methods are expensive and only provide information at specific points.  

Salt content in marine clays can be used as an indication if the clay should be classified as 

quick clay or not and are closely connected to the clays resistivity. Geophysical methods that 

measure the resistivity as the physical property are therefore useful in detecting quick clay. In a 

review paper, Perrone, et al. (2012) stated that ERT provides useful information concerning 

landslide geometry and site characterization. Although many investigations of quick clay and its 

properties are made (Rankka, 2003), (Bichler, et al., 2004), (Lundström, et al., 2009), (Solberg, 

et al., 2012), (Kalscheuer, et al., 2013), more knowledge about the behavior and the presence is 

needed. It is therefore necessary to image the geometry and physical properties of surrounding 

sediments, as well as the bedrock in areas of previous landslides. These structures play a key role 

in both formation of quick clays and triggering of landslides.  



INTRODUCTION  2 

1.1 Aim 

This study aims to add more information about the spatial variations of sediments along 

a selected profile measured in an old landslide site called Fråstad in the southwest of Sweden. 

Ground geophysical data collected along Line 1 together with borehole information will be 

used for the analysis. Identifications will be based on the correlation between the estimated 

physical properties from the inversion of ground geophysical data (in this case electrical 

resistivity) in one hand, and those measured in the borehole on the other. Especially of interest 

is the identification of quick clay zones. Figure 1 shows the investigated profile which is located 

along the Göta River.  

 

Figure 1  Site map. Aerial photo of the study area. Red line shows the profile used in this study. Location of the area in 
Sweden is shown in the frame at the lower right corner.  

1.2 Method 

In order to get a better insight and overview, a literature review was conducted on the 

result from similar investigations and previous investigations in the specific area. The most 

frequently used databases in the literature review were Scopus and ScienceDirect. In Chapter 2 
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the result from the literature review can be found and this was used in the discussion to 

compare and find similarities and differences with the result from this investigation. All 

analyzed data in this report were provided by SGU and UU, implying that no data collection 

was made during this project. The provided data were collected along one profile measured 

with three ground geophysical methods, ERT, RMT and CSMT. Visualization of the modeled 

resistivity from these methods was made with two inversion software’s; ERT was inverted with 

RES2DINV (Loke, 2013a) and RMT, CSMT with EMILIA. The inversion process was made 

with single data type inversions but also joint inversion was tested to study the improvement of 

resolving the subsurface in such an inversion. Constraints from seismic measurements 

(Malehmir, et al., 2013a), (Polom, et al., 2013), about the bedrock topography were 

implemented in the inversion to study any increase of resolution. This was done for the ERT 

data using RES2DINV (Loke, 2013a).  

The modeled pseudo sections of electrical resistivity from the inversion, and the result 

from the geophysical borehole, were analyzed together with a seismic section made in previous 

investigations to find correlations and to be able to draw conclusions about the spatial 

variation. 

 

1.3 Questions to be answered 

- What kind of correlation between the geophysical models and the result from the borehole 

and previous investigations can be found?  

-Can the inversion result be improved with constraints containing information about bedrock 

surface from seismic? 

-Can the inversion result be improved with a joint inversion of ERT and RMT? 

-Which methods have better potential in resolving the key structures? 

-Can the result from this report confirm or exclude any possible triggering factors or formation 

theories of the quick clay, suggested in previous work? 
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2 LITERATURE REWIEV 
 

Chapter 2 covers information about quick clay and the relation between quick clay and landslides 

in general. The report continues with a description of the site and previous investigations. 

2.1 Quick clay and landslides 

Due to the retreating ice of the last ice-age, large areas in Scandinavia, North America and 

Russia have been covered with marine clays. During the regression of the ice, these areas 

systematically got exposed due to isotactic uplift. Pore water from these marine clays can be 

expected to have the same composition as the sea water when the clay minerals became 

deposited. Since the uplift, freshwater from groundwater flow and precipitation have infiltrated 

the clay and ions have been leached out (Löfroth, et al., 2011). Leaching of ions affects both the 

mechanical and physical properties of the clay and especially its strength. Because of the 

sensitivity in strength and the fact that small stress changes can lead to a collapse of the soil 

structure, the leached clay is named either sensitive or quick clay (Rankka, 2003). When the soil 

structure collapses the quick clay liquefies and behaves like a heavy fluid. Landslides in areas 

where quick clay is present are often destroying great areas due to this heavy fluid sliding down a 

slope in a retrogressive manner. A known example of a quick clay landslide is the Rissa landslide 

in Norway 1978, which most likely occurred due to a small excavation in a farm (Gregersen, 

1981). Among the most recent big landslides in Sweden is the Tuve landslide in November 1977 

with nine fatalities. Tuve landslide also destroyed electric cables and 65 houses became 

completely demolished (Nadim, et al., 2008).  

Heavy rainfall and increasing pore water pressure are possible triggering factors for 

landslides and after large slides attempts are often made to determine the most dominant factors. 

At Munkedal, Bohuslän a possible cause of the landslide has been speculated to be construction 

activities combined with heavy rainfall (Nadim, et al., 2008). In Malehmir, et al. (2013a) three 

possible scenarios to trigger the landslide in the Fråstad area is discussed (Table 1). The preferred 

scenario is the third option which is a combination of the two others. They also discuss the 

formation of quick clay and suggest an infiltration of surface water as the main factor, but also 

that a coarse-grained layer acted as an artesian aquifer and provided fresh water to the clay. The 

coarse-grained layer could also have acted as a conduit and transported the leached surface water 

into the river. Another function this layer might have is to act as a sliding surface for the quick 

clay. 

 

 



LITERATURE REWIEV  5 

Table 1 Three possible triggering factors for an old landslide in Fråstad.  

1. A coarse-grained layer acts as a conduit and surface water can infiltrate the clay through 

this. Heavy rainfall or snowmelt would increase the pore water pressure and become the 

main triggering effect for the landslide 

2. Erosion and increased pore pressure from water coming from the river could be a 

potential trigger factor. 

3. Combination of the two above mentioned scenarios, erosion and infiltration of both 

surface water and river water would increase the pore pressure. 

 

Today the classification of quick clay is made through geotechnical data. A usual classification 

method can be found in Rankka (2003). The classification is based on sensitivity and remoulded 

shear strength. Sensitivity is a dimensionless parameter and is defined as the ratio between 

undrained shear strength of undisturbed and remoulded soil, Equation (1) 

   
  
  

 (1) 

where su is the undrained shear strength of undisturbed soil and sr the undrained shear strength 

of remoulded soil, both measured in kN/m2.  

According to Rankka (2003) quick clay has a sensitivity > 50 and a remoulded shear strength 

from a falling cone test below 0,4kN/m2. These classification values may vary among different 

countries and in Andersson-Sköld, et al. (2005) they state that the sensitivity should be above 30 

or 50 and the remoulded shear strength should be below 0,4 or 0,5 kN/m2 for the clays to be 

classified as quick. Rankka (2003) also states that a characteristic feature of quick clay is if the 

liquid limit determined from a fall cone test is below its natural water content. Salt content in the 

pore water can also be used as an indicator of quick clay. Löfroth, et al. (2011) suggest a salt 

content of <2g/l as a limit to indicate quick clay.  

Long, et al. (2012) states according to Archie’s law (Archie, 1942) that the electrical resistivity 

in soils depends on many factors including pore water chemistry/salinity. Formation of quick clay 

is mainly restricted to freshwater leaching salts from marine clays. A reduction of salt content in 

the clay affects the electrical resistivity which implies the quick clays to be more resistive 

compared to the surrounding unleached clays. 

Resistivity has been used in previous investigations to classify quick clay and a compilation of 

some of the results from these investigations can be found in Solberg, et al. (2012). A suggested 

classification for early investigations with resistivity based on the results from Solberg, et al. 

(2012) can be found in Table 2. 
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Table 2 Classification of different soil types 

Soil type Resistivity [Ωm] 

Unleached clay 1-10 

Possible quick clay, leached clay 10-100 

Dry crust or coarser sediments >100 

  

2.2 Previous investigations 

The area of interest is called Fråstad and situated along the Göta River in the south-western 

part of Sweden. 

In 2008, SGI (Swedish geotechnical institute) got the responsibility from the Swedish government 

to investigate the soil stability along Göta riverbank, this resulted in a research-collaboration 

together with Linköping University during three years. During these three years, great amount of 

geotechnical information were acquired. Information about CPTU, total sounding, vane tests, 

samples and in some places also CPTU-R exists. CPTU is used to determine soil layering and to 

obtain an idea of the strength parameters of the soil. A rod with a cone is pushed into the ground 

at a continuous rate and sleeve friction, cone resistance and pore pressure is measured. In CPTU-

R a sensor measuring resistivity is also added to the rod. Total sounding is similar to CPTU but 

can penetrate stiffer layers and also detect the bedrock, it only record the pushing force. Vane 

tests are made to determine the remoulded and undisturbed shear strength of the soil by rotating 

a vane in the soil. In Figure 2, the geotechnical sites are marked with a red ring. Based on the 

result from the geotechnical investigations ERT measurements were also conducted. The ERT 

measurements made by Löfroth, et al. (2011) are not displayed in Figure 2, but the location of 

them and more details can be found in Löfroth, et al. (2011). 
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Figure 2 Previous investigations. Red squares: Geotechnical investigations. Blue squares: Geophysical borehole, Black lines: 
Profiles of ground geophysical investigations carried out in 2011, Blue lines: Profiles of ground geophysical investigations 
carried out 2013, Red triangle: Position of transmitter for CSMT, Black dots: Profile 1c and 3c passive seismic measurements. 
Along line 5b were wireless geophones used. 

Geotechnical evaluation from the CPTU and sounding showed a 2m dry crust above a 20m 

thick clay sequence overlaying a coarse-grained layer. In places where the CPTU could penetrate 

the coarse-grained layer, clay continued. The coarse-grained layer was about 15m thick close to 

the landslide scar, but thins out to 3m in the eastern part and does not exist in the profiles to the 

west. Above the coarse-grained layer and closest to the landslide the clay was determined to be 

quick in a 15m thick sequence. Same pattern as for the coarse-grained layer is shown in the quick 

clay, it thins out to the east to 6m and cannot be found in the western part. In the eastern part a 

3-6 meter sequence of fluvial sediments overlay clay which has been observed down to a depth of 

45m (Löfroth, et al., 2011). In a comparison between the CPTU-R and the ground resistivity 

measurements the agreement was in general good. Ground resistivity though, could only resolve 

the coarse-grained layer in places where it was thick, compared to the CPTU-R that could resolve 

the layer in all test sites where it was present.  
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In the upper 20-25m in almost all CPTU-R sites, the resistivity was greater than 5 ohm-m 

indicating possible quick clay. Rankka, et al. (2004) confirmed the limit of 5ohm-m compared to 

10 ohm-m as described in Table 2 to be useful for indicating a salt content low enough to allow 

the clay to be considered quick.  

During two years pore pressure measurements were carried out in 3, 8, 15 and 30 m depth 

close to the river. The results indicated no temporal variations or strong correlations between 

rainfall and pore pressure variations (Malehmir, et al., 2013a). 

In September 2011, SGU together with the Earth science department at UU conducted extensive 

geophysical investigations in the area. ERT, RMT and P-wave seismic measurements along Line 1-

5 according to Figure 2 were made. Ground penetrating radar and slingram were also conducted 

but because of the thick clay, penetration depth was less than 5 meter, and in this sense assumed 

to be of no use. Ground gravity and magnetic surveys were collected along Line 1 and 5. S-wave 

seismic measurements were collected by LIAG (Leibniz Institute for Applied Geophysics) along 

Line 1 and 2 to get high-resolution images, and CSMT were acquired over Line 1. For one week, 

passive seismic data were acquired in stations along 1C and 3C according to Figure 2. Along the 

profiles marked with 3D in Figure 2, RMT, CSMT, ERT and P-wave seismic surveys were 

conducted. A summary of the result from these investigations are covered in Malehmir, et al. 

(2013a).  

None of the resistivity measurements could resolve the bedrock all the way because the thick 

conductive clay layer concentrates much of the energy. The seismic sections suggest two 

reflections above the bedrock. The bedrock is interpreted as closer to the surface in the southern 

part and this is consistent with the outcrops found there. Along Line 5, the two reflectors above 

the bedrock are correlated to two coarse-grained layers known from previous investigations. A 

more detailed interpretation of the reflection seismic measurements can be found in Malehmir, 

et al. (2013a).  

In 2013 Line 6 and 7 were conducted to supplement previous investigations and Line 2 and 5 

were prolonged. Along these profiles, RMT and seismic measurements were made. During the 

same time period performed UU three boreholes with geophysical logs in Line 1, 4 and 5, these 

are marked with blue squares in Figure 2. Fluid, electrical, sonic and natural gamma radiation 

logs were collected in the field. Samples were also taken to the lab from the boreholes and 

magnetic properties, conductivity and pH were measured (Salas Romero, et al., 2013; Salas 

Romero, et al., 2014) 

2.3 Geological settings 

According to the quaternary geological map made by SGU (Malehmir, et al., 2013a), the part 

close to the river is post-glacial silt and pockets of organic silt or clay may occur. Along the river 

meandering, observations of river sediments have been made. Outcrops of granite and 

granodiorite are observed within glacial clay which dominates in higher elevations. The outcrops 
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are often surrounded by thin units of sandy, silty sediments. Most likely is the bedrock surface 

undulating because the outcrops are only exposed occasionally. An old landslide scar of 300m by 

300m is the most investigated area. This scar is located underneath the surveyed area marked 

with 3D in Figure 2. Hundred meters east of the scar a smaller stream flows into the river 

(Malehmir, et al., 2013a). 
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3 ELECTRIC RESISTIVITY TOMOGRAPHY 
Resistivity measurements are one of the most common used methods today in mapping quick 

clay (Solberg, et al., 2012). The theory behind direct resistivity methods and electric resistivity 

tomography (ERT) originates in Ohm’s law. 

3.1 Theory 

If an electric current is maintained in a thin conductor Ohms law states that the resistance 

of the conductor is proportional to the ratio of potential difference and current through 

Equation (2). 

  
  

 
 (2) 

where R is the resistance defined in ohm, dV is the potential difference defined in volt and I is 

the current defined in ampere (Parasnis, 1986). The resistance is related to the resistivity 

through Equation (3) 

    
 

 
 (3) 

where L is the length of the conductor defined in meter and A is the cross-section of the 

conductor defined in square meter (Parasnis, 1986). Substituting the resistance into Ohms law 

results Equation (4)  

   
   

 
 (4) 

To find the resistivity of an infinite homogeneous half-space, a point source of current is 

considered as shown in Figure 3. 

 

Figure 3 Left: Current distribution. Right: Definitions for the integration. 
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The current injected through the electrode will flow as shown in Figure 3 and will at any point 

due to symmetry be along a semicircle. Integrating the potential drop with respect to the radius 

in meter across a semicircle from r to infinity provides the potential at any point as Equation (5) 

(Parasnis, 1986). 

 ( )  
  

  
 
 

 
 (5) 

To be able to inject a current, two electrodes have to be used in practice, one transferring the 

current into the ground and one collecting the returning current, Figure 4. 

 

Figure 4 Two electrodes, one transmitting electrode and one receiving electrode. 

 

At any point on the ground, the potential can be calculated by Equation (6) where r and r’ are 

the distance between the electrodes and the point of interest, see Figure 4 for definition 

(Parasnis, 1986). 

  
   

  
(
 

 
 
 

  
) (6) 

In geophysical applications four electrodes are used; two to inject current and two to measure 

the potential difference. Different electrode configuration exists and depends on the actual 

problem of investigation. Increased current electrode spacing usually corresponds to increase in 

depth of investigation. By knowing the values of measured potential difference and electrode 

spacing, Equation (7) can be used to find the resistivity of a homogeneous half space. K is a 

geometrical factor depending on the electrode configuration used (Parasnis, 1986). 

  
    

  
 (7) 

Because of the inhomogeneity of the earth the resistivity found from this relation in geophysics 

is called apparent resistivity (Parasnis, 1986). 

3.2 ERT Field set up 

The electrical resistivity measurements in Fråstad were conducted with a multi electrode 

system which provides high resolution both vertically and horizontally. When using this 

geoelectrical multi-electrode system the method is often referred to as ERT because it creates a 
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resistivity section with depth. Sixty one steel electrodes with 2m separation were pushed into 

the ground and the instrument chose in a predefined way, electrode pair to be either current or 

potential electrodes. Different electrode combinations then build up a pseudo section. The 

apparent resistivity is displayed horizontally centered in the electrode array and the “pseudo” 

depth is defined by half the current electrode spacing, Figure 5. In this field set up the Wenner 

electrode configuration with equal electrode separation during each measurement, was used. 

 

Figure 5 Location of the datapoints in a pseudo-section build up. 

 

3.3 RES2DINV-Inversion software  

Measured resistivity data have to be modeled to create a depth section of the subsurface. 

This can be done by using an iterative procedure called inversion were the measured data are 

compared to the model response and when the difference is below or equal a given threshold 

the iteration stops. 

In this study RES2DINV (Loke, 2013a) software was used to model the measured data. The 

inversion in this software is based on a smoothness constrained least-square method solution 

(deGroot-Hedlin & Constable, 1990). Gauss-Newton solution tries to minimize the square of 

the difference between the measured values and the model responses in an iterative manner by 

modifying the initial model.  

The produced model from the inversion consists of more parameters than observed data and 

to overcome problems of unrealistic values in adjacent cells a modification can be made to the 

original Gauss-Newton Equation. This modification can either create a model were the 

difference in model resistivity values change in a smooth manner using an l2-norm (smoothness 

constrained inversion) (deGroot-Hedlin & Constable, 1990) or in a more robust way using an 

11-norm (blocky inversion method) (Loke, 2013b). The first option is preferred when the 

subsurface is assumed to vary in a smooth manner (Loke, et al., 2003). In the modification, 
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horizontal and vertical smoothness filters are added to the model parameters to be able to give 

more weight to preferred horizontal or vertical structures. Löfroth, et al. (2011) describe from 

their previous work in the area that an l2-norm fits the CPTU-R measurements in the clay 

sequence better while the L1-norm is better to resolve the soil-bedrock transition. They also use 

a vertical to horizontal smoothness filter of 0,25 to enhance the horizontal structures. In the 

smoothness constrained inversion a Lagrange multiplier is added to the model parameters. The 

Lagrange multiplier serves as a weight factor between data misfit (RMS, see below) and model 

roughness, and is found by requesting a predefined RMS simultaneously as requesting a 

minimum roughness.  

The inversion uses as discretization of the earth into a regular grid with homogenous 

resistivity within each grid cell. This implies that the model parameters are the resistivity values 

of each cell; see Figure 6, cell thicknesses may vary in different depths. The mathematical link 

between the model parameters and the model response can be provided with a finite difference 

or finite element method (Loke, 2013b). In the inversion made in this study, a finite difference 

method is used. 

 

Figure 6 Cell structure in a 2D inversion with a finite difference method.  

For the computation, the software needs a starting model and in this inversion the default value 

of the measured average apparent resistivity in the pseudo section is used. The model 

discretization horizontally is one meter, half the minimum electrode distance. In the vertical 

direction, the first block is 0.75m and then increased by a factor of 1.01 down to 27m implying 

31 layers. Desired RMS is chosen to 1% (RMS explained below) and a maximum number of 

iterations to 20. Figure 7 illustrates the model discretization and Figure 8 illustrates the 

extended model discretization used.  
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Figure 7 Model discretization for RES2DINV.  

 

 

Figure 8 Model discretization extended model. 

 

Information from seismic sections or boreholes regarding depth to bedrock surface can be 

added to the inversion. This can be done by dividing the subsurface into zones where the 

resistivity can change smoothly inside each zone. In the transition zone, all smoothness 

constraints are removed to allow an abrupt change (Smith, et al., 1999). In this site, seismic 

sections provide information about the depth to the bedrock and have been tested to constrain 

the inversion of ERT data. 

To check the quality and reliability of a model, RES2DINV provides four different ways. 

Sensitivity plots illustrates where resistivity values are more reliable depending on the array and 

block size used. In areas with high sensitivity values, the reliability is higher. Block uncertainties, 

to achieve a percentage estimate of the blocks uncertainty. Model resolution, can be described 

as a filter through which the inversion method attempts to resolve the subsurface resistivity. In 

new versions of the software an option exist to display the model resolution and values of 1 

indicate perfect resolution. 
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RMS, root mean square, as a percentage of the difference between the calculated  ̂  and 

measured   apparent resistivity, Equation (8). 

    √
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      (8) 

In this report, the only quality measure analyzed and presented is the RMS. In the 

literature, different definitions of RMS are in use. Instead of normalizing the misfit      ̂ by 

the data value    in Equation (8), a common procedure is to normalize by an assumed or 

estimated standard deviation of data number i and by neglecting the percentage conversion. In 

that case, Gaussian distributed errors with zero mean would correspond to an expected RMS 

value of 1 for the true model. A value of 1% of the expression (8) is then equivalent to 1% 

relative error on the data when comparing with the model response of the estimated model. 

The procedure by normalizing with the standard error is used in the EMILIA inversion 

program (see below). 

All data inverted in RES2DINV have been displayed using nearest neighbor interpolation 

with a searching radius of 2m in both directions as gridding method, this has been visualized 

through Surfer software. 
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4 RADIOMAGNETOTELLURICS 
 

Radio magnetotellurics (RMT) has been proved to be a useful method in shallow studies such 

as hydrogeological (Turberg, et al., 1994) and environmental investigations (Tezkan, et al., 

2000). The electromagnetic methods including RMT are based on the theory of 

electromagnetics. 

4.1 Theory 

Electromagnetic principles were early described in various works and James Clerk Maxwell 

used them to explain the electromagnetic wave phenomena, (Maxwell, 1865). Four 

fundamental electromagnetic laws are shown in Equation (9-12). 

 Faraday:      
  

  
   (9) 

where E  is the electric field vector with intensity defined in V/m and B is the magnetic 

induction vector with intensity defined in Wb/m2  or T. 

 Ampere:       
  

  
  (10) 

where H  is the magnetic field vector with intensity defined in A/m, J is the electric current 

density vector defined in A/m2 and D  is the electric displacement current vector defined in 

C/m. 

 Gauss:         (11) 

where qv  is the electric charge density defined in C/m3 and also here D is the electric 

displacement current vector defined in C/m2. 

 Gauss:        (12) 

where B is the magnetic induction vector with intensity defined in Wb/m2  or T. 

Maxwell’s set of Equations describes the relation between an electric and magnetic vector 

field. Equation (10) quantifies the magnetic field around a time varying current and Equation 

(9) quantifies the electric field around a time varying magnetic source. The electromagnetic 

fields described in Maxwell’s Equations satisfy the wave Equations and can be written as 

Equation (13-14) (Nabighian, 1987). 
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          (13) 

          (14) 

where k, the complex wavenumber is defined as (         )
 

   and ε is the dielectric 

permittivity defined in As/Vm, µ is the magnetic permeability defined in Vs/Am, σ is the 

electrical conductivity defined in S/m and ω  is the angular frequency  defined in radian/s. E is 

the electric field intensity defined in V/m and H  is the magnetic field intensity defined in 

A/m. 

In a low frequency range the first term µεω2 (displacement current) of the complex 

wavenumber becomes much smaller compared to the second one (conduction current). By 

neglecting the displacement currents the electromagnetic wave equation can be simplified and 

satisfy the diffusion equation, this is called the quasi-static approximation. Another assumption 

made is the plane wave approximation; this implies that far away from an electromagnetic 

source waves can be assumed to behave like plane waves (Bastani, 2001). 

From Maxwell’s equations, certain boundary conditions and the above assumptions a 

relationship between the two components in the electromagnetic field can be used to find the 

resistivity of a homogeneous half space according to Equation (15) (Bastani, 2001). 

  
 

     
| |  (15) 

where f  is the frequency of the EM-wave defined in Hz, µ0 is the magnetic permeability of free 

space defined in Vs/Am and the impedance, Z is defined as 
  

  
  

  

  
  , where indices x and y 

refers to orthogonal components and the ratio is calculated by using the norm or amplitude of 

the components. 

 The impedance can also be defined as a complex quantity, Equation (16).  

  (
  

 
)

 
 
  
 
  (16) 

where ω is the angular frequency defined in radian/s, µ is the magnetic permeability  defined 

in Vs/Am and σ is the electrical conductivity defined in S/m.  The phase can from this be 

determined to 45 degrees (π/4) for a homogeneous half space. In other words, the Ex–field is 45 

degrees ahead of Hy for a homogeneous subsurface. The general expression of the phase is 

described in Equation (17) 
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       (
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  ( )
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The relation of magnetic and electric fields measured at the earth surface was first shown by 

Cagniard, (1953). Telluric currents are natural electromagnetic waves in the frequency range of 

10-4-102Hz. Further developments of the method used electromagnetic fields from large radio 

transmitters, these transmitters emit signals in the range of 15-25 kHz and the geophysical 

method using this range became known as VLF (very low frequency). RMT is closely related to 

VLF but works in the range between 15-250 kHz.  

Varying electromagnetic fields are generated by powerful transmitters connected to the 

ground all over the world, these electromagnetic fields travels through the air and penetrates 

the ground orthogonal to its surface. Incoming magnetic fields will induce electric currents in 

existing conductors in the subsurface, these currents will in their turn create a secondary 

magnetic field (Parasnis, 1986). On the surface, the total field of the primary and secondary 

field can be recorded. The magnetic field is recorded in three orthogonal directions (Hx, Hy, Hz) 

and the electric field in two directions (Ex, Ey). The depth (skin depth) in which the original 

amplitude of an electromagnetic wave has been reduced to a value of 1/e of its initial value is 

described in Equation (18) (Nabighian, 1987). Skin depth is also called the penetration depth 

because this is the depth were the electromagnetic wave has lost most of its energy. According 

to this equation, a low frequency wave will penetrate deeper into the ground compared to a 

high frequency wave. RMT with its wide frequency range can thus be a favorable method to 

make vertical resistivity soundings in shallow investigations for environmental problems.  

       (
 

 
)

 
 
 (18) 

where δ is the skin depth defined in meters, ρ is the resistivity defined in ohm and f is the 

frequency of the incoming wave. 

During an RMT survey, the signal is recorded within the entire frequency band (15-250 

kHz) to get an image of resistivity variations with depth. Measured data are processed to 

generate two tensors or transfer functions. The impedance tensor relates the electric field (Ex, 

Ey) to the magnetic (Hx, Hy), Equation (19), and the tipper vector, Equation (20) relates the 

vertical magnetic field (Hz) with the two horizontal components (Hx, Hy). The tipper vector, TT, 

is often not used in the quantitative interpretation. Reason for that is merely a matter of 

practical difficulties in measuring the vertical magnetic component. 

[
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] (20) 

 It is often convenient to use the determinant of the impedance tensor, Equation (21), to 

model the earth resistivity variation along a given profile. 

                   (21) 

Advantages with using a determinant are the independence of reference coordinate system 

and the tendency to produce inversion models that are less influenced by 3D structures 

(Pedersen & Engels, 2005). The determinant of the impedance tensor is then used in Equation 

(15) and (17) to calculate apparent resistivity and phases. Because of the inhomogeneous 

subsurface the derived resistivity are called apparent resistivity.  

Measured phase will differ from 45 degrees depending on how the subsurface resistivity is 

varying according to Figure 9. If a less resistive layer is overlaid by a more resistive layer the 

phase will be above 45˚ and conversely below 45˚ when a low resistive layer overlays a more 

resistive layer (Bastani, 2001). 

 

 

                

 

                

 

Figure 9 Variation of the phase depending on resistivity changes between the layers. 

 

Sometimes lower frequencies down to 1-2 kHz may be desired to achieve a deeper 
penetration depth than the fields produced from radio transmitters. Naturally frequencies in 
the range of 1-2 kHz originate from thunderstorms and are, therefore, unpredictable and often 
contain a lot of noise. To be able to use this frequency range, strong signals can artificially be 
produced with a controlled source. Advantages of creating own fields are the ability to control 
the direction, amplitude and frequency. The method using a controlled source is called CSMT 
(controlled source magnetotelluric). With RMT, the plane wave assumption could be applied 
because of the great distance between the transmitter and the investigated area. In CSMT, the 
same assumption can be made if the source is sufficiently far away from the investigated area. 
This distance is depending on the subsurface resistivity and the source frequency which suggests 
that data close to the transmitter may become distorted (Bastani, 2001). A distance of five skin 
depth from the transmitter is usually sufficient for the plane wave assumption to be valid.  
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4.2 RMT Field set up 

In this investigation the RMT data have been collected with an instrument called Enviro MT 
developed at UU (Bastani (2001). Enviro MT consists of three magnetic sensors which will pick 
up the magnetic field in three perpendicular directions, Hx, Hy and Hz. Electric field is 
registered in two directions, Ex and Ey, and the electric sensors are two pairs of electrodes 
pushed into the ground with a distance of maximum 10m. The field setup is preferably made in 
the N-S, E-W direction but in this study the directions of previous resistivity measurement 
profiles were followed. To achieve RMT data radio transmitters in the frequency range of 10-
250 kHz with a 2MHz sampling rate were used. Frequencies between 1-10 kHz were produced 
with a controlled source transmitter. The transmitter consists of two current loops which can be 
looked upon as horizontal magnetic dipoles. 

4.3 EMILIA-Inversion software  

In EMILIA, a modified version of the inverse scheme Rebocc is used (Siripunvaraporn & 

Egbert, 2000). The goodness of fit measured as a misfit of the field data (RMS) is tried to be 

minimized by changing the model parameters in an iterative process (Kalscheuer, et al., 2013). 

The earth is discretized into regular cells and forward model responses are based on a 2D finite 

difference approach. 

More model cells compared to data point are required. Some cells can then always have a 

range of values, reflecting the non-uniqueness experienced in inversion problems. To overcome 

parts of the problem, regularizations with constraints are added to the inversion. Model 

resistivity of adjacent cells in the inversion are restricted to vary in a smooth manner (l1 or l2-

norm) instead of creating extreme values in cells were no data provide information (deGroot-

Hedlin & Constable, 1990). To make them vary in a smooth manner, a second term 

(roughness) is added to the inversion, with a Lagrange multiplier and a vertical and horizontal 

smoothness filter on the model parameters. The Lagrange multiplier is iteratively chosen to 

minimize the RMS to a predefined value simultaneously as the roughness is minimized. In 

EMILIA, the l1-norm is defined as the first order derivative smoothing and the l2-norm as the 

second order derivative smoothing.  

In EMILIA, an input start model has to be created. For the ERT data inverted with EMILIA 

a start model with a horizontal block size of one meter, half the electrode distance have been 

used. Vertically the blocks increase with a factor of 1.1 down to 30 m, this implies that the 

model down to 30 m consists of 17 layers, see Figure 10. All inversions with EMILIA have 20 as 

a maximum number of iterations and a desired RMS of 1 (see discussion above in section 3.3). 

The start model used can be found in Appendix (A). 
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Figure 10 Start model for ERT-data in EMILIA. 

 

RMT data were collected every 20m and the start model consists of horizontal model blocks 

of 10m. The model discretization and settings used can be found in Appendix (A).  

EMILIA calculates an RMS as Equation (22) which shows a measure of how well the model 

describes the data.  
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N is the total number of data, di is the observed data,   ̂ is the calculated data and σi is the 

standard deviation of data i. In excess to the RMS-value, the inversion results are analyzed with 

a normalized misfit in every point in the same manner as in Equation (22) but without 

summing the results. EMILIA provides further options to analyze the results such as model 

resolution and model variance (Kalscheuer & Pedersen, 2007). This option has not been used 

in this inversion due to lack of time.  

In (Kalscheuer, et al., 2010) a test of joint inversions with synthetic RMT and DC resistivity 

data are described. In his work, it can be shown that single RMT inversion are better to resolve 

low resistive bodies compared to DC resistivity data that better resolve high resistive bodies. 

This implies an advantage in resolving the subsurface by combining the methods in a joint 

inversion. In this report, the inversion was tested with joint inversions of DC resistivity/ERT 

and RMT data. The inversion was carried out with a model discretization shown in Appendix 

(A). Due to differences in the data sets regarding sampling distances, sensitivity, etc. the sets 

were given different weights to minimize the risk of one set to be dominant in the inversion 

(Kalscheuer, et al., 2013).  

All model results obtained with EMILIA are visualized with MATLAB.  
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5 BOREHOLE INVESTIGATIONS 
 

Borehole logs are widely used in a number of fields, from oil field prospecting (El Sharawy & 

Gaafar, 2012) to hydrogeological investigations (Maliva, et al., 2009). In shallow investigations, 

it can be used to provide information about lithology, porosity, density, pH, temperature etc.. 

The borehole geophysical data in this investigation include log-information of gamma 

radiation, fluid conductivity and temperature. A sonic log with P-wave velocity and electrical 

measurements was also made but mostly reflect the PVC casing. Due to this the electric log is 

not presented in this report. Soil samples were collected in the borehole and pH, conductivity 

and magnetic properties were measured in the lab (Salas Romero, et al., 2013; Salas Romero, et 

al., 2014). 

Natural gamma radiation most often originates from spontaneous emissions of potassium, 

thorium or uranium, where potassium is the most abundant element (Ellis & Singer, 2008). 

Clay contains more potassium compared to quartz sediments which imply that natural gamma 

radiation can be used to identify clay layers (Markstrom, 1992). Relation to geotechnical 

parameters such as water content and shear strength are discussed in Ayres & Theilen (2001). 

In their work, they suggest that natural gamma radiation can be a good indication of 

geotechnical properties in near surface marine sediments. Gamma radiation is displayed in API 

to be able to compare the result between different probes. API stands for American Petroleum 

Institute and is a unit defined from an artificially radioactive concrete block existing at the 

University of Houston. This source emits 200 API and consists of a known ratio between 

thorium, potassium and uranium, this to represent a value of twice the amount of a shale (Ellis 

& Singer, 2008). In this report the natural gamma radiation is used to make a lithology log 

(Table 3). No official soil classification according to natural gamma radiation exists, but the 

ranges used in this report are confirmed with a visual inspection.  

 

Table 3 Soil classification with gamma radiation. 

Sand < 75 API 

Sandy silt 75-100 API 

Silt 100-125 API 

Silty clay 125-150 API 

Clay >150 API 
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Resistivity measurements can be used to interpret the lithology or correlate the results with 

surface resistivity measurement. The oil industry often uses resistivity measurements to calculate 

porosity and water saturation (Ellis & Singer, 2008). Resistivity measurements from the lab 

have in this case been correlated to resistivity profiles from the models created.  

Magnetic susceptibility is mostly used in exploration to measure iron content but can 

provide information about layers of sand and clay. Temperature logs have been used to provide 

information about water bearing zones (Sharma, 1997).  

In Rankka, et al. (2004) the relation between quick clay and pH are discussed with reference 

to a laboratory test. The results showed a drastic increase in sensitivity with pH when the ratio 

of sodium to calcium, magnesium and potassium ions (
  

       
) was close to 5.5. 

 



RESULTS  24 

6 RESULTS  
This chapter includes the resulting resistivity model from the inversion of both ERT and RMT 

data. It also includes the results obtained from the borehole. All resistivity models are displayed 

using a logarithmic color scale changing between 1-181 Ohm-m, this was preferred by 

RES2DINV to enhance all structures. 

6.1 ERT 

In the inversion of ERT data with RES2DINV, an l1 and l2-norm were tested with and 

without a bedrock constraint. In the case of a robust inversion (l1-norm), the RMS increased 

from 2.9% to 3.9% when a boundary constraint was added, as can be seen in Figure 11.  

 

 

Using a smooth model inversion (l2-norm) compared to the robust (l1-norm) show a clear 

increase in RMS, from 3-4% to 8%. On the other hand, the RMS for smooth inversion with 

and without a bedrock constraint defined from seismic data only differed with 0.1 units. These 

results can be seen in Figure 12. 

 

Figure 11 Robust inversion (l1-norm). Top: Without bedrock boundary. Bottom: With bedrock boundary (black line) from 
reflection seismic data. 
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The l1-norm were also tested with a vertical/horizontal smoothness filter of 0,25 as 

suggested in previous investigations (Löfroth, et al., 2011). This option lowered the RMS but 

also elongate the structures in a non-plausible way, Figure 13.  

 

Figure 13 Resistivity model with a vertical/horizontal smoothness filter of 0.25 used in the inversion. 

 

Different settings were tested in RES2DINV and Figure 14 shows the only model that 

converged at an RMS close to 1%. This model was obtained with an l1-norm and an extended 

model with boundary constraints. Existing data points are displayed in the uppermost picture 

in Figure 14. The data distribution should be kept in mind when looking at the model result in 

Figure 12 Resistivity model with smoothness regularization.  Top: Without bedrock boundary. Bottom:  With bedrock 
boundary (black line) from reflection seismic data. 
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the extended model display. Some short wavelength oscillations in the resistivity variations can 

be seen. This is an indication of fitting to error in the data. Thus, an average data error above 

1% relative to the data values is likely. White lines are added to the model result to illustrate 

where data coverage exist. The model outside these lines are not reliable but help the inversion 

to adapt the model to the measured data in a better way. Figure 14 also illustrate the apparent 

resistivity calculated by the software.  

 

The extended model in Figure 14 was also inverted without the bedrock boundary and an 

acceptable RMS was achieved as illustrated in Figure 15. Detailed inversion settings used can be 

found in Appendix (B).  

Figure 14 Top: Measured apparent resistivity, black dots represent data points. Center: Calculated apparent 
resistivity. Bottom: Extended model. Data in the model outside the white lines are not reliable. Black line is bedrock 
boundary from reflection seismic data. 
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Figure 15 Extended model without bedrock boundary. Data in the model outside the white lines are not reliable. 

 

Independent of the different settings tried in the inversion, some common characteristic 

structures are detected. One upper layer with resistivity values around 30 ohm-m that is thicker 

in the north eastern parts. A highly conductive material of resistivity down to 3 ohm-m can be 

found below the uppermost layer. In both lower corners resistivity above 100ohm-m are shown 

as high resistive structures. 

The ERT-data were also inverted with the software EMILIA. In EMILIA a relative error-

floor of 3% and an absolute error floor of 0,001 was chosen. With the l2 norm the lowest RMS 

of 1.21 was achieved in iteration 10 shown in Figure 16. The model is not supported with 

measured data outside the white lines, which implies the model here to be less reliable. With an 

l1-norm, the model converged at 0,98 in iteration 13. Same structures that were detected with 

RES2DINV can be found in these inversions. 
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6.2 RMT 

By calculating a skin depth from Equation (17) with an average resistivity of 21ohm-m, 

average of the apparent resistivity from the measured ERT-data, the lowest frequency of RMT 

used should penetrate the subsurface to about 19m. In reality, the clay can be even less resistive 

indicating that the method may have a shallower depth of investigation. To be able to resolve 

the location of the bedrock CSMT and RMT data were combined and used with frequencies 

down to 1kHz. The combination is called CSRMT. Theoretically is it possible with these 

frequencies to penetrate down to 73m with an average resistivity of 21 ohm-m (Table 4). 

Table 4 Calculated skin depth. 

 

 

 

 

Resistivity (ohm-m) Frequency (Hz) Skin depth (m) 

21 14156 19,4 

21 1000 73 

Figure 16 Top: Smooth inversion. Bottom: Robust inversion. Data in the model outside the white lines are not 
reliable. 
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Start models with different resistivity values were tested to determine if the RMT data can 

resolve data below 20 m. Model results, as illustrated in Figure 17, below 20m can vary a lot but 

does not significantly affect the RMS value, this is an indication of how deep the method can 

penetrate the subsurface along this profile. 

 Figure 17  Different start models.  

 

In EMLILA, different settings were tested and the settings used can be found in Appendix 

(C). Figure 18 shows the inversion of the first and second order derivative smoothing. The 



RESULTS  30 

second order derivative smoothing is comparable to the smooth inversion (l2-norm) in 

RES2DINV and first order derivative smoothing is comparable to the robust inversion (l1-

norm). The RMS for these inversions dropped to 2.18-2.19 

 

Figure 18 Upper picture: 1st derivative smoothing (l1-norm). Lower picture: 2nd derivative smoothing (l2-norm). 

 

From the inversions, one upper layer of a few meters with resistivity around 30 ohm-m can 

be found. Below is a low resistive structure with resistivity down to 3 ohm-m. In the north 

eastern end of the profile, a large highly resistive body is shown and also along the bottom of 

the profile a more high resistive structure can be found. Around 10m depth, a layer of slightly 

higher resistivity is detected. 

To analyze the inversion results, observed and calculated apparent resistivity with a 

normalized error, Equation (22) were calculated for the first derivative smoothing and are 

displayed in Figure 19.  
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In stations 1-9 the observed phase indicate a high resistive layer overlaying a less resistive 

layer. From stations 10-13 the phase indicates three layers, an upper high resistive layer on top 

of a low resistive layer and in the bottom a higher resistive layer compared to the second layer. 

 

 

Figure 19 Top: Observed apparent resistivity and observed apparent phase. Center: Estimated apparent resistivity and 
phase. Bottom: Normalized error. 

 

The four dark-red blocks in the apparent resistivity Figure 19, of the lowest frequency are 

excluded from all inversions due to lack of data. In both the first and second derivative 

smoothing the normalized error are high at frequencies 28 kHz and 116 kHz, the first station 

also shows bad data points since it was located close to a noise source. When manually 

excluding data in the robust inversion with a normalized error higher than 4 the RMS reduced 

to 1.65 and the results are shown in Figure 20.  
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Figure 20 First derivative inversion. Top: All data points included. Bottom: Excluded data points with a normalized error 
above 4. 

 

By making a joint inversion, the intention is to increase the resolution of the subsurface. 

Joint inversion with ERT and RMT data was made and the result is shown in Figure 21. The 

inversion could not handle the difference in spacing between ERT data points (2 m), and RMT 

(20 m) in a proper manner. Artifacts consistent with the RMT station spacing are clearly 

present in the model. Most likely some inconsistencies between the ERT and RMT data exist. 

In this inversion, no data points were excluded. The inversion was also tested with different 

weights between the methods but did not affect the result and is not presented in this report.  
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To be able to resolve the bedrock surface, data from CSMT measurements were added to the 

RMT data. The CSMT data include five lower frequencies compared to the original RMT data. 

Figure 22 illustrates the inversion of data with and without CSMT. CSRMT data would 

theoretically be able to resolve the subsurface below 50m but due to the very low resistive layer 

in the center the model results below 50m is not reliable. 

Figure 21 Joint inversion of RMT and ERT. 
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6.3 Borehole measurements 

The measurements from the borehole were compiled and shown in Figure 23 and Figure 24. 

Measurements made in the lab are not continuous, they are made every half or one meter and 

are displayed with markers in the graphs. It should be noted that perforated sections of the 

borehole casing exist between 13-16m and in the bottom of the borehole from 33-35m. 

Natural gamma radiation shows a decrease from 150API to 100API at 13-14m depth. A 

decrease in gamma radiation is a good indication of a sand layer. Except for this decrease, the 

natural gamma radiation does not show any big variations.  

The temperature in the borehole is stable with depth on 8-8,5 degree Celsius and thus not 

indicate any specific water bearing zones. Conductivity from the fluid log and p-wave velocity 

from the sonic log are affected by the casing and do not contain important information. 

Figure 22 Top: RMT resistivity model. Bottom: CSRMT. Both sections are inverted with first order derivative smoothing 
and shown down to a depth of 50 m. 
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Instead of using the P-wave velocity from the sonic log a profile from (Adamczyk, et al., 2014) 

with full waveform tomography is displayed in Figure 23. The profile was made in the same 

position along the RMT profile where the borehole is also located. A slight increase from 1000 

m/s up to almost 2000m/s in P-wave velocity can be seen at 10m depth. Around 15 m the 

velocity is back to 1000m/s and is smoothly increasing with depth. The variations indicate a 

change in the soils physical parameters but the values of 1000-2000m/s are in the range for 

both clay and sand which makes it difficult to distinguish between them.  

 

 

Figure 23 Gamma-, fluid-, and sonic logs with modelled velocity from tomography. Gamma-, fluid- and sonic logs are 
unpublished data courtesy of S. Salas Romero, 2014; velocity model from tomography given by Adamczyk et al. (2014). 

 

From the gamma radiation a lithology log has been made with the same ranges as used in Salas 

Romero et al. (2013), Table 3 and Figure 24. The conductivity measurements from the lab have 

been converted into resistivity and the first three meters indicate a dry crust of values up to 60 

ohm-m, down to 12m the resistivity is stable and equal or above 10 ohm-m. In the resistivity 

log, no obvious evidence for a coarse-grained layer can be found but below 12m something 

happens and the resistivity drops below 5ohm-m indicating marine clay. From the magnetic 

laboratory measurements, a peak can be found in magnetic susceptibility in the same depth as 
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the gamma radiation drops, and is interpreted as a more sandy layer. Magnetic susceptibility is 

also stable with small variation above the peak and varies more beneath. 

pH measurements are stable around 7,5-8, but a small increase can be seen below 12m. 

 

 

Figure 24 Measurements from lab. Unpublished data, courtesy of S. Salas Romero, 2014. 
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7 INTERPRETATION AND DISCUSSION 
This chapter contains interpretations made from the result and combined interpretations with 

different methods. Together with the interpretations, discussions around previous results are 

added. 

Bedrock constraints show small or little effect on the RMS when used in ERT data 

inversions along this profile as seen in Figure 11 and Figure 12. On the other hand, the 

sections show a more realistic picture of the subsurface when bedrock constraints are added. A 

more realistic picture of the subsurface implies the overburden to be more detailed resolved 

because the inversion do not need to smooth out the high resistivity from the bedrock. In this 

case, extensive parts of the bedrock boundary exist outside the area covered by the measured 

ERT data which makes it difficult to analyze the applicability of this option.  

When letting the free model parameters extend outside the measured data points the RMS 

drops significantly. The inversion software finds it easier to adapt the data when it can extend 

the structures beyond the measured data. A bedrock boundary in these extended models shows 

the same result as Figure 11 and Figure 12, the RMS is not affected very much but a more 

realistic geological model can be seen.  

To easy compare the resistivity model from RES2DINV inverted with robust inversion and 

extended model, with a S-wave seismic section from Malehmir, et al. (2013a) the model is 

superimposed on top of the seismic section, Figure 25. From Figure 25 it can be seen that 

resistivity above 50 ohm-m follows the bedrock interpreted from seismic data in a good way. 

The uppermost layer with resistivity above 10 ohm-m can be interpreted as a dry crust or 

possible leached clay as described in section 2.1. A dry crust of 2 m (Löfroth, et al., 2011) 

should be expected as mentioned earlier in the report. In Figure 25, a 5-6 m thick dry crust can 

be interpreted from the inversion. It is possible that the dry crust and a quick clay layer are here 

seen as one layer by the inversion. It could also be possible that the overburden in the NE part 

is quick clay, but it could also be an artifact from the smoothness regularization. 

Where the first reflector S1 are seen, interpreted as a sand layer in previous work (Malehmir, 

et al., 2013a) no resistivity variation is seen to support this interpretation. From the seismic 

section a second reflector, S2, was interpreted as a quick clay pocket (Malehmir, et al., 2013a) 

but this is not seen in the inverted section. In the center of the profile a very low resistivity 

structure exist, most likely marine unleached clay. Low resistivity layer acts as a screen so that a 

great portion of the electric currents flows in this layer which in return reduces the depth 

penetration, in the literature this  is called screening effect. ERT data is not able to resolve 

small layers like the quick clay pocket with a subsurface of such a low resistivity. In this case, the 

ERT profile was restricted in length between two houses (240 m) which reduces the depth 

penetration.  
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Figure 25 Resistivity model from robust inversion with RES2DINV, without bedrock boundary and with an extended 
model. Outside white lines no data exist. The model is superimposed on a modified S-wave seismic section shown in 
Malehmir, et al. (2013a). 

 

 Figure 26, where the RMT data is superimposed on to the reflection seismic section shows 

some interesting correlations. Structures at deeper parts of the model, with resistivities above 

100 ohm-m follow the interpreted bedrock surface, modified S-wave seismic section by 

Malehmir et al. (2013a). One should note that the two datasets are processed and modeled 

independently. In this inversion, a small layer of 2-3m from the top with resistivity values 

around 100 ohm-m can be interpreted as a dry crust. The S1 reflector can be seen as a slightly 

higher resistive layer almost persistent along the whole profile. From previous investigations, 

this reflector is interpreted as a coarse-grained layer. This layer seems thicker in the north 

eastern part close to the bedrock. The increasing thickness can be an artifact when the 

inversion wants to vary the model in a smooth manner. The quick clay pocket cannot be 

resolved in the resistivity inversion, instead marine clay with resistivity down to 3 ohm-m is 

found below the coarse-grained layer. It is possible that the pocket is too thin to detect with the 

RMT data and the inversion regularization used. Above the sand layer, RMT data show a layer 

with slightly higher resistivity values compared to the marine clay underneath. Depending on 

the limit used, 5 or 10 ohm-m, the layer can be interpreted as quick clay. With a limit of 5 ohm-

m the result is consistent with previous investigations which suggest a layer of quick clay right 

above the coarse-grained layer. If the limit of 5 ohm-m is used to interpret quick clay a big part 

underneath the coarse-grained layer in the south west could also be interpreted as quick clay 

which is most possibly due to the smoothing in the inversion. 
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 Figure 26 RMT data with first derivative smoothing and bad data point excluded. The model is superimposed on a 
modified S-wave seismic section shown in Malehmir, et al. (2013a). 

 

From the misfit in Figure 19 it should be noted that the second highest frequency have 

several points with high error values. One possible reason is a gap in frequency between 

transmitters that makes it hard to achieve good data in this frequency range. After manually 

excluding data with normalized error above 4, the RMS is decreased but no considerable 

difference can be seen in the inversion results. Excluding these data points also show the small 

influence a few bad data points have on the inversion. 

RMT compared to ERT is capable of resolving the coarse-grained layer and also have a better 

ability to model the bedrock. The resistivity values are not always consistent between the two 

methods but most likely this is an effect of how the resistivity is measured. ERT uses a current 

that is running both vertically and horizontally to the earth surface while the currents generated 

by the electromagnetic waves in the RMT runs mainly horizontally. The different way of 

measure the resistivity can have great effects if the subsurface is anisotropic. RMT has the 

advantage compared to ERT of determining the dimensionality of the data, due to the different 

modes measured. Tests to determine the dimensionality have not been made in this report, but 

because of the undulating bedrock it could have been a good option. RMT also has the ability 

to inspect the quality of each data point in the field that enables the operator to make an on-

site data quality control. Another advantage with RMT is that it is not geometrically 

constrained in the same way as ERT, se Figure 5. In every RMT station, a complete sounding is 

carried out, this means that the profile can continue on the other side of obstacles and all the 

stations have similar depth coverage. RMT though has the disadvantage of being more sensitive 

to surrounding noise compared to ERT. 

The joint inversion of ERT and RMT data show an oscillating pattern consistent with the RMT 

station spacing, this indicates an inability in the inversion software to handle great difference in 
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separation between data points. To overcome this problem it is better to use 10 m separation of 

the RMT stations and 5m separation of the ERT electrodes, which have been successful along 

the other profiles (Shan, et al., 2014 (in press)). CSMT data were added to the RMT data to 

gain deeper penetration depth and thus better resolve the bedrock. The increase in the 

resolution can be seen in  Figure 26. More resistive structures at depth coincide well with the 

bedrock surface interpreted in the seismic section. In the middle of the profile screening effects 

are probably still the reason why the bedrock is less resolved. In the southwestern part of the 

profile the bedrock seems less resistive, this may be due to the thicker layer of low resistivity 

material above but could also indicate a more fractured bedrock. 

 

Figure 27 Resistivity model from inversion of CSRMT. The model is superimposed on a modified S-wave seismic section 
shown in Malehmir, et al. (2013a). 

 

To enable a comparison between the resistivity models and the measurements made in the 

laboratory, a depth profile of the resistivity model at the location of the borehole was made. 

Adding CSMT to the RMT data does not significantly change the profile, they both show a 

profile of 5 layers. On top, a dry crust, then a less resistive layer above something more resistive, 

and underneath this a low resistive layer on top of the bedrock. Both the RMT and the 

resistivity measured in the lab indicate a dry crust with higher resistivity in the uppermost part 

of the profile. RMT shows a dry crust of almost 5 m while the lab measurements indicate a 

thickness of 2m. From previous geotechnical work, it should be expected to find a dry crust 

with a thickness of about 2 m (Löfroth, et al., 2011). The inversion strives to make smooth 

models and that may cause all the layers to seem thicker with depth. RMT shows an increase in 

resistivity in the same place as the gamma radiation indicates a coarser grained layer. The same 

increase in resistivity is not seen in the measurements from the lab, instead a decrease in 

resistivity can be found in the same depth. The drop below 12m may indicate marine clay in 
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both the measurements from the lab and the RMT. A visual inspection of the gamma 

classification confirms the ranges used. 

RES2DINV only shows two layers, one upper layer of around 30 ohm-m and a lower with 

values around 10 ohm-m and does not show any correlation to the gamma radiation. This 

indicates an advantage of RMT compared to ERT to resolve low resistive structures. 

 

 

Figure 28 Resistivity profiles from ERT, RMT, CSRMT and lab measurements compared to the lithology from 
gamma radiation. Lab and gamma measurements are unpublished data, courtesy of S. Salas Romero, 2014 

 

To better illustrate how well the CSRMT model fits the lithology log Figure 29 was made. 

Here it is shown that the sand layer seen in the lithology-log is found in the bottom of the 

higher resistive layer found in the inverted section. It may be an indication that water has 

infiltrated from the surface and leached the clay above the coarse-grained layer, causing a more 

resistive layer. When water reaches the coarse-grained layer the ions will be transported away 

along the layer. Comparing this to the hypotheses in Table 1 the best match is with the first 

option. Option two and three is related to erosion from the river but because the distance from 

the river bank of this profile it is hard to see any correlations. The great distance from the river 

is most probably also the reason why no landslides have occurred in this specific profile. 
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Logs have been made down to 35m without encountering the bedrock. In the model made 

by the inversion, it is hard to know if the bedrock starts at 25 or 40m depth. Also this is a 

drawback with making smooth inversions; the bedrock surface will not be resolved with a sharp 

boundary. 

 

Figure 29 Lithology log on top of CSRMT model. 

 

As discussed above the pH have small variations around 8 which is assumed to be a normal 

value and will not be seen as extra favorable indicator for the presence of quick clay. Magnetic 

measurements show stable, slightly increasing values down to 11-12 meter, the same pattern can 

be found in the electric conductivity. Stable values may indicate a homogeneous soil. In the 

magnetic susceptibility log, a peak can be found in the same depth as the lithology indicate a 

more sandy layer. No support could be found to correlate high magnetic susceptibility to coarse-

grained soil.  

Both conductivity and magnetic susceptibility show a more irregular pattern underneath 12 

m. The clay sequence beneath the peak may be more inhomogeneous and consist of silt and 

more sandy layers. A small average increase in the magnetic susceptibility underneath 12m 

should also be noted. Since magnetic susceptibility is mostly due to iron content in the soil it 

can be assumed that the layer above the peak has been leached from its iron-ions or that 

magnetite has been oxidized to less magnetic hematite.  

A recent paper (Shan, et al., 2014 (in press)) handles the RMT and ERT measurements along 

profile 2-5. From Figure 2, it can be seen that Line 2 coincide with Line1 right after BH1. 

Figure 30 illustrates the two lines, Line 2 is 450m long and covers a depth down to 75 m but 

only 250 m and a depth of 50 m are displayed, this was done to make it easier for the 

comparison. In both profiles, a small dry crust can be seen. From Line 2 a high resistivity 

structure can be found at 12 m depth. This coincides with the coarse grained layer found in the 

borehole, but is not clearly visible in Line 1 with the color scale used in Figure 30. Notice the 

color scale which is not the same as used in previous pictures in this report. From seismic in 
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Line 2, a bedrock surface is interpreted (Shan, et al., 2014 (in press)) and shown by a black line 

in Figure 30. If the line is extrapolated down to 30 m in the beginning of the profile it could 

coincide well with the interpreted bedrock surface in Line 1. These two profiles show how 

much the bedrock is undulating in the area. It also shows the consistency of the collected RMT 

data and the modeling made on two independent data sets. 

 

Figure 30 Black arrows show where the profiles coincide; black line indicates bedrock surface interpreted from seismic. 
Upper picture: Line 1 with CSRMT data. Lower picture: Line 2 with joint inversion of ERT+RMT data, modified from 
(Shan, et al., 2014 (in press)). 
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8 CONCLUSION 
-What kind of correlation between the geophysical models and the result from the borehole 

and previous investigations can be found?  

RMT data together with CSMT show a good correlation with existing seismic data. When all 
frequencies are included in the inversion the bedrock could almost be resolved along the whole 
profile at a depth of about 40m. The potential quick clay pocket found in the seismic data was 
not resolved in the resistivity inversions but it is clear that a big part of the profile consists of 
marine clay, which might be considered as potential future quick clay. Bore hole measurements 
give information of a coarse-grained layer at 12m depth, consistent with what is found in the 
seismic sections. A more resistive layer/feature could be identified in the RMT and CSRMT 
inversion at the same depth that can be considered as an overall effect from the coarse-grained 
layer and the quick clay above it. This feature could not be detected in the ERT model.  

-Can the inversion result be improved with constraints containing information about 

bedrock surface from seismic? 

In this case a bedrock constraint in the ERT inversion did not alter the RMS significantly, 
but was a powerful tool in creating a more realistic model of the subsurface.  

-Can the inversion result be improved with a joint inversion of ERT and RMT? 

Combining ERT data every 2m with RMT data measured at every 20 meter in a joint 
inversion did not provide any useful result in this study. Either could the software not handle 
the great differences between the data sampling intervals or some inconsistence of the different 
data sets exists. Artifacts consistent with RMT station spacing are obvious in the joint resistivity 
model- 

-Which methods have better potential in resolving the key structures? 

In areas where the main objective is to detect quick clay in low resistive marine clay, ERT 
can have great problems with screening effects especially if there are obstacles that restrict long 
profiles. In areas prone to landslides where geometry of different strata needs to be determined 
a good option is to make combinations of seismic and RMT. If greater depth is required, 
CSMT is a good option. It is obvious that seismic in this case have a much more detailed 
picture of the structures but combining it with RMT gives a better possibility for interpreting 
the lithology and physical properties. Geophysical measurements have to be supplemented with 
geotechnical investigations to be able to state where quick clay exists and to achieve the soil 
strength. None of the measurements can determine if the soil should be classified as quick clay, 
this can only be made with sampling in boreholes combined with geotechnical investigations. 
The measurements made in the lab provided a good resistivity profile used to check the 
resistivity models. Natural gamma radiation is a useful method to create a lithological log to 
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compare with the resistivity models. In this case, the electric log would have been of most 
interest but the data were affected by the borehole casing.  

-Can the result from this report confirm or exclude any possible triggering factors or 

formation theories of the quick clay, suggested in previous work? 

It is not possible to determine the triggering factor of the landslide just by using the 
resistivity models and seismic sections, but borehole data suggest water infiltration from the 
ground surface down to a coarse-grained layer which may have played the main role in the 
formation of quick clay.  
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9 FUTURE RESEARCH 
 

There is no single geophysical or geotechnical method that can answer all the geological 
questions. Geophysical models from a single method cannot show the true picture of the 
subsurface. In this work some examples are presented which show that a combination of 
methods improved the interpretation and the results became more realistic. RES2DINV 
contains the option to add constraint which helped to get a more detailed resistivity model by 
adding a bedrock surface from reflection seismic. The RMT inversion with EMILIA could be 
further developed to add constraints from other geophysical data. 

Today quick clay is only classified through sensitivity and this has to be tested with a vane 
test out in the field or by sending samples to the laboratory. No geotechnical investigations have 
been made along the modeled profile and this is needed to be sure about the interpretations of 
the lithology. It would have been interesting to penetrate the quick clay pocket interpreted in 
the seismic section to classify the material from a geotechnical point of view.  

Lot of interesting data from the borehole disappeared due to the PVC casing. By increasing 
the knowledge about which methods that work and how to use these in shallow environmental 
investigations much information could be gathered through logs like this. In the oil industry, 
these logs are commonly used to determine bedrock lithology but not to investigate soil. To 
make better use of the information gathered further research needs to be made to better suit 
shallow investigations.  

Since drilling expenses is closely connected to the number of holes made, it is often 
convenient to achieve as much information as possible from one hole. Today CPTU-R is one 
first step in this direction but further technical developments could be adding the sensors from 
the logging equipment onto the geotechnical CPTU. 
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Appendix A: Model discretization 

 

 

ERT startmodel 20 ohm-m:  
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TITLE 20_ohm-m_HalfSpace       

NY 284       

180 120 80 55 37 25 17 11 7 5 3.5 2.5 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

1 1 1 1 1 1 2.5 3.5 5 7 11 17 25 37 55 80  

120 180     

NZB 17       

0.75  0.825  0.9075  0.9983  1.0981  1.20788   

1.32867  1.46153  1.60769  1.76846  1.94531   

2.13984  2.35382  2.58920  2.84812  3.13294 

3.5562  

RESISTIVITY_MODEL HalfSpace       

20        
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RMT and CSRMT startmodel 1000ohm-m:  
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

TITLE                1000_ohm-m_HalfSpace                      

NY                   41    

204.00     147.00     106.00     77.00      56.00      

41.00      30.00       

10.00      10.00      10.00      10.00      10.00      

10.00      10.00      10.00      10.00      10.00       

10.00      10.00      10.00      10.00      10.00      

10.00      10.00      10.00      10.00      10.00       

10.00      10.00      10.00      10.00      10.00      

10.00      30.00      41.00      56.00      77.00      

106.00     147.00     204.00     

NZB                  55    

1.00       1.12       1.26       1.41       1.58       

1.78       2.00       2.24       2.51       2.82        

3.16       3.55       3.98       4.47       5.01       

5.62       6.31       7.08       7.94       8.91        

10.00      11.22      12.59      14.13      15.85      

17.78      19.95      22.39      25.12      28.18       

31.62      35.48      39.81      44.67      50.12      

56.23      63.10      70.79      79.43      89.13       

100.00     112.20     125.89     141.25     158.49     

177.83     199.53     223.87     251.19     281.84      

474.34     798.33     1343.61    2261.34    3805.89     

RESISTIVITY_MODEL    HalfSpace   

1000       
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Joint inversion start model 1000 ohm-m: 

 
 

 
 

TITLE                1000_ohm-m_HalfSpace                      

NY                   284 

180 120 80 55 37 25 17 

11 7 5 3.5 2.5 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 1 

1 1 1 1 1 1 2.5 

3.5 5 7 11 17 25 37 

55 80 120 180    

NZB  20       

0.5 0.625 0.78125 0.97656 1.2207 1.5259 1.9073 

2.3842 2.9802 3.7253 4.6566 5.8208 7.276 9.0949 

11.369 14.211 17.764 22.204 27.756 34.694  

  

RESISTIVITY_MODEL    HalfSpace    

1000   
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Appendix B: Inversion settings used in RES2DINV 

 

 

Initial damping factor (0.01 to 1.00) 

0.1500 

Minimum damping factor (0.001 to 0.75) 

0.0300 

Line search option (0=Never, 1=Sometimes, 2=Always) 

2 

Convergence limit for relative change in RMS error in percent (0.1 

to 20) 

0.1 

Minimum change in RMS error for line search in percent (0.5 to 100) 

0.5000 

Number of iterations (1 to 30) 

20 

Vertical to horizontal flatness filter ratio (0.25 to 4.0) 

1.0000 

Model for increase in thickness of layers(0=default 10, 1=default 

25, 2=user defined) 

2 

Number of nodes between adjacent electrodes (2 or 4) 

2 

Flatness filter type, Include smoothing of model resistivity 

(0=model changes only,1=directly on model) 

1 

Reduce number of topographical datum points? (0=No,1=Yes. Recommend 

leave at 0) 

0 

Carry out topography modeling? (0=No,1=Yes) 

0 

Type of topography trend removal (0=Average,1=Least-squares,2=End to 

end) 

2 

Type of Jacobian matrix calculation (0=Quasi-Newton, 1=Gauss-Newton, 

2=Mixed) 

1 

Increase of damping factor with depth (1.0 to 2.0) 

1.1000 

Type of topographical modeling (0=None, 1=No longer supported so do 

not use, 2=uniform distorted FEM, 3=underwater, 4=damped FEM, 5=FEM 

with inverse Swartz-Christoffel) 

0 

Robust data constrain? (0=No, 1=Yes) 

1 

Cutoff factor for data constrain (0.0001 to 0.1)) 

0.0001 

Robust model constrain? (0=No, 1=Yes) 

1 

Cutoff factor for model constrain (0.0001 to 1.0) 

0.0001 

Allow number of model parameters to exceed datum points? (0=No, 

1=Yes) 

1 
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Use extended model? (0=No, 1=Yes) 

0 

Reduce effect of side blocks? (0=No, 1=Slight, 2=Severe, 3=Very 

Severe) 

2 

Type of mesh (0=Normal,1=Fine,2=Finest) 

0 

Optimise damping factor? (0=No, 1=Yes) 

1 

Time-lapse inversion constrain (0=None,1=Least-

squares,2=Smooth,3=Robust) 

0 

Type of time-lapse inversion method (0=Simultaneous,1=Sequential) 

0 

Thickness of first layer (0.25 to 1.0) 

0.3750 

Factor to increase thickness layer with depth (1.0 to 1.25) 

1.0100 

USE FINITE ELEMENT METHOD (YES=1,NO=0) 

0 

WIDTH OF BLOCKS (1=NORMAL WIDTH, 2=DOUBLE, 3=TRIPLE, 4=QUADRAPLE, 

5=QUINTIPLE) 

1 

MAKE SURE BLOCKS HAVE THE SAME WIDTH (YES=1,NO=0) 

1 

RMS CONVERGENCE LIMIT (IN PERCENT) 

1.0 

USE LOGARITHM OF APPARENT RESISTIVITY (0=USE LOG OF APPARENT 

RESISTIVITY, 1=USE RESISTANCE VALUES, 2=USE APPARENT RESISTIVITY) 

0 

TYPE OF IP INVERSION METHOD (0=CONCURRENT,1=SEQUENTIAL) 

0 

PROCEED AUTOMATICALLY FOR SEQUENTIAL METHOD (1=YES,0=NO) 

0 

IP DAMPING FACTOR (0.01 to 1.0) 

0.100 

USE AUTOMATIC IP DAMPING FACTOR (YES=1,NO=0) 

0 

CUTOFF FACTOR FOR BOREHOLE DATA (0.0005 to 0.02) 

0.00010 

TYPE OF CROSS-BOREHOLE MODEL (0=normal,1=halfsize) 

0 

LIMIT RESISTIVITY VALUES(0=No,1=Yes) 

0 

Upper limit factor (10-50) 

50.000 

Lower limit factor (0.02 to 0.1) 

0.020 

Type of reference resistivity (0=average,1=first iteration) 

0 

Model refinement (1.0=Normal,0.5=Half-width cells) 

1.00 

Combined Combined Marquardt and Occam inversion (0=Not used,1=used) 

0 

Type of optimisation method (0=Gauss-Newton,2=Incomplete GN) 

0 
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Convergence limit for Incomplete Gauss-Newton method (0.005 to 0.05) 

0.005 

Use data compression with Incomplete Gauss-Newton (0=No,1=Yes) 

0 

Use reference model in inversion (0=No,1=Yes) 

1 

Damping factor for reference model (0.0 to 0.3) 

0.01000 

Use fast method to calculate Jacobian matrix. (0=No,1=Yes) 

1 

Use higher damping for first layer? (0=No,1=Yes) 

1 

Extra damping factor for first layer (1.0 to 100.0) 

5.00000 

Type of finite-element method (0=Triangular,1=Trapezoidal elements) 

1 

Factor to increase model depth range (1.0 to 5.0) 

1.050 

Reduce model variations near borehole (0=No, 1=Yes) 

0 

Factor to control the degree variations near the boreholes are 

reduced (2 to 100) 

5.0 

Factor to control variation of borehole damping factor with distance 

(0.5 to 5.0) 

1.0 

Floating electrodes survey inversion method (0=use fixed water 

layer, 1=Incorporate water layer into the model) 

1 

Resistivity variation within water layer (0=allow resistivity to 

vary freely,1=minimise variation) 

1 

Use sparse inversion method for very long survey lines (0=No, 1=Yes) 

0 

Optimize Jacobian matrix calculation (0=No, 1=Yes) 

0 

Automatically switch electrodes for negative geometric factor (0=No, 

1=Yes) 

1 

Force resistance value to be consistant with the geometric factor 

(0=No, 1=Yes) 

0 

Shift the electrodes to round up positions of electrodes (0=No, 

1=Yes) 

0 

Use difference of measurements in time-lapse inversion (0=No,1=Yes) 

0 

Use active constraint balancing (0=No,1=Yes) 

0 

Type of active constraints (0=Normal,1=Reverse) 

0 

Lower damping factor limit for active constraints  

0.4000 

Upper damping factor limit for active constraints  

2.5000 
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Appendix C: Inversion settings used in EMILIA 

 

 
 
 
 

 

 

regularisation_mode     occam 

hor_weight                  1 

ver_weight                  1 

smooth_type              diff 

smooth_derivative_order   1st 

model_control         default 

max_iter                   20 

max_smooth                 10 

rms_desired               1.0 


