
P O S I V A  O Y

O l k i l u o t o

F I -27160 EURAJOKI ,  F INLAND

Te l +358-2-8372 31

Fax +358-2-8372 3709

K immo Korhonen

Apr i l  2010

Work ing  Repor t  2010 -20

Interpretation of Electromagnetic Sampo
Monitoring Soundings of Olkiluoto



Apr i l  2010

Base maps: ©National Land Survey, permission 41/MML/10

Working Reports contain information on work in progress

or pending completion.

The conclusions and viewpoints presented in the report

are those of author(s) and do not necessarily

coincide with those of Posiva.

K immo Korhonen

Geo log ica l  Su rvey  o f  F in l and

Work ing  Report  2010 -20

Interpretation of Electromagnetic Sampo
Monitoring Soundings of Olkiluoto



INTERPRETATION OF ELECTROMAGNETIC SAMPO MONITORING 
SOUNDINGS OF OLKILUOTO 
 

ABSTRACT 
 

The Geological Survey of Finland (GTK) has carried out electromagnetic Sampo sound-

ings at Olkiluoto annually since 2004 commissioned by Posiva. The soundings have 

been carried out at the same measurement stations every year. The goal of the soundings 

is to detect any changes in the electrical conditions of the bedrock surrounding the 

ONKALO underground research facility. This study aims to detect possible changes in 

the groundwater conditions using modelling. 

 

The sensitivity of the Sampo method to changes in the electrical properties and the level 

of groundwater were investigated as part of this study. The results of the sensitivity in-

vestigation indicate that the Sampo method is capable of detecting changes occurring 

even quite deep in the bedrock. Thus, the usage of the Sampo method to monitor the 

groundwater conditions is warranted. 

 

The plots of apparent resistivity as a function of depth indicate that the area directly 

above the ONKALO facility is very disturbed electromagnetically. However, most of 

the soundings to the east and west of ONKALO are of better quality and were inter-

preted. The results indicate possible changes in the groundwater conditions. The level of 

saline groundwater may be sinking in the eastern part while it may be rising on the 

western part. 

 

Keywords: electromagnetic Sampo soundings, monitoring, saline groundwater, layer-

model interpretation 

 



OLKILUODON SÄHKÖMAGNEETTISTEN SAMPO-MONITOROINTILUO-
TAUSTEN TULKINTA 
 
TIIVISTELMÄ 
 

Geologian tutkimuskeskus (GTK) on tehnyt sähkömagneettisia Sampo-luotauksia Olki-

luodossa Posivan toimeksiannosta vuodesta 2004 alkaen. Luotaukset on tehty joka vuosi 

samoilla mittausasemilla, tarkoituksena monitoroida kallioperän sähköisissä ominai-

suuksissa tapahtuvia muutoksia ONKALO-tutkimustunnelin alueella. Tämän tutkimuk-

sen tarkoituksena on selvittää mallintamisen avulla mahdollisia muutoksia pohjavesiti-

lanteessa. 

 

Osana tutkimusta tarkasteltiin Sampo-menetelmän kykyä havaita pohjaveden sähkön-

johtavuudessa ja pinnankorkeudessa tapahtuvia muutoksia. Tulokset osoittavat, että 

Sampo-menetelmä kykenee havaitsemaan riittävän hyvin syvälläkin kalliossa tapahtuvia 

muutoksia. Näin ollen, Sampo-menetelmän käyttö pohjavesitilanteen monitorointiin on 

tulosten mukaan perusteltua. 

 

Luotauskäyrät osoittavat ONKALO-tunnelin yläpuolisen alueen olevan sähkömagneet-

tisesti erittäin häiriöinen. Vain tunnelin itä- ja länsipuolella tehdyt luotaukset ovat tulkit-

tavissa. Tulkinnat indikoivat mahdollisia muutoksia pohjavesitilanteessa. Itäpuolella 

suolaisen pohjaveden pinta on mahdollisesti laskussa, kun taas länsipuolella se saattaa 

olla nousussa. 

 

Avainsanat: sähkömagneettiset Sampo-luotaukset, monitorointi, suolainen pohjavesi, 

kerrosmallitulkinnat 
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1 INTRODUCTION 
 

Posiva is responsible for investigating and constructing the final repository for the high-

active nuclear waste produced by the Finnish nuclear power plants. As part of these in-

vestigations, a programme has been established to annually monitor the crystalline be-

drock of the future repository using Gefinex 400S frequency-domain electromagnetic 

soundings (hereafter Sampo soundings; e.g., Soininen and Jokinen, 1991). The benefits 

of using the Sampo method include the depth of investigation which can be up to one 

kilometer and the resiliency of the method to noisy electromagnetic environments such 

as the Olkiluoto island. 

 

The monitoring programme was initiated in 2004 and the Geological Survey of Finland 

(GTK) has carried out annual Sampo soundings during springtime at permanently 

marked stations along two measurement lines directly above the future repository (Joki-

nen and Lehtimäki 2004; Jokinen and Lehtimäki, 2005; Jokinen and Lehtimäki, 2006; 

Jokinen and Lehtimäki, 2007; Jokinen and Lehtimäki, 2008). The 6th monitoring survey 

was carried out in the June of 2009 (Jokinen et al., 2009) but is not considered here. 

 

The monitoring soundings provide a unique data set which has thus far not been studied 

in a thorough and systematic way. The present study is a first attempt at extracting use-

ful information concerning the changes brought about by the ongoing excavation of the 

ONKALO research facility which will also serve as a part of the final nuclear waste re-

pository. 

 

The bedrock in Olkiluoto is known to contain deep saline groundwaters (e.g., Posiva 

Oy, 2009) which alter the electrical properties of rocks. Because electrical resistivity is 

the petrophysical parameter that electromagnetic methods respond to, Sampo soundings 

can be used to detect changes in the conditions of such groundwaters. In particular, the 

parameters of interest are the changes in the level and salinity of the groundwaters in 

Olkiluoto since they have direct consequences on the final repository. 
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2 ELECTROMAGNETIC SAMPO SOUNDINGS 
 

2.1 Principle of the method 
 

Sampo is a wide-band frequency-domain electromagnetic sounding system employing 

82 discrete frequencies from 2 Hz to 20 kHz to probe the subsurface (e.g., Soininen and 

Jokinen, 1991). A horizontal wire loop is used to generate a time-harmonic primary 

magnetic field (Bp) at each frequency fi (where i = 1–82). The primary field induces 

secondary magnetic fields (Bs) in subsurface conductors. The total magnetic field (Bt = 

Bp + Bs) is measured using three orthogonally aligned air-cored coils at a distance from 

the transmitter. Figure 1 provides a schematic illustration of the Sampo system. 

 

 
 

Figure 1. A schematic illustration of the Sampo system. The transmitter is a horizontal 

wire loop generating a time-harmonic primary magnetic field. The primary field is 

equivalent to the field of a vertical magnetic dipole of moment m at the distance L from 

the transmitter. The receiver consists of three orthogonally aligned air-cored coils mea-

suring the radial, tangential and vertical components (Bx, By and Bz) of the total mag-

netic field. 

 

The depth penetration of electromagnetic fields is governed by geometrical and electric-

al attenuation. The skin depth is a measure of the electrical attenuation of electromag-

netic waves and is defined as 

 







2
, (1) 

 

where  and  are the permeability and conductivity of the medium and  is the angular 

frequency of the field (e.g., Peltoniemi, 1988). The skin depth gives the distance after 

which the field has lost 63 % of its energy. Due to electrical attenuation, the primary 

field penetrates to different depths at different frequencies and the measured field pro-

vides information coming from different ground volumes. Lower frequencies provide 

information from larger volumes whereas higher frequencies provide information only 

from shallow depths. 

 

Sampo measurements are typically carried out at regularly spaced measurement stations 

located along straight measurement lines (Figure 2). The measurement station is the 
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mid-point between the transmitter and receiver. The transmitter-receiver distance (coil 

separation) is an important factor influencing the depth of investigation of the system. 

Larger coil separations yield deeper penetration but require larger loops with higher 

magnetic moments. 

 

 
 

Figure 2. A Sampo measurement line. Sampo soundings are carried out at regularly 

spaced measurement stations along a straight measurement line. 

 

2.2 Interpretation of Sampo soundings 
 

When the ground is electrically resistive ( = 0), the primary field is purely vertical 

(Figure 3a). But when the ground is electrically conductive ( > 0), a secondary field is 

induced in it and the total field is tilted (Figure 3b). Thus, the tilting provides informa-

tion about the electrical conductivity of the ground. Furthermore, if the ground is as-

sumed to consist only of horizontal layers, the ratio of the vertical to radial field compo-

nent (S = Bz/Bx; henceforth the Sampo ratio) provides the required measure of the tilting 

of the total field. Finally, because the Sampo ratio is measured at several frequencies, 

information about the vertical conductivity structure of the ground is obtained. 
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Figure 3. A schematic illustration of the underlying principle behind the Sampo me-

thod. (a) The transmitted field is purely vertical in resistive ground ( = 0). (b) A sec-

ondary field is induced in electrically conductive ground ( > 0) and the total field is 

tilted. If the ground is horizontally layered, the radial and vertical components (Bx and 

Bz) convey all the required information about the conductivity of the ground. 

 

For qualitative interpretation, the Sampo ratios measured at each frequency (Figure 4a) 

are transformed into curves of apparent resistivity as a function of depth (ARD curves; 

Figure 4b) using the algorithm of Aittoniemi et al. (1987). Plots of apparent resistivity 

as a function of depth (ARD plots; Figure 4b) provide a quick and easy way to investi-

gate the resistivity structure of the ground. 
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Figure 4. Results of a Sampo sounding. (a) A plot of the measured Sampo ratios. (b) A 

plot of apparent resistivity as a function of depth for the measured ratios. 

 

Quantitative interpretation of Sampo soundings is carried out by fitting the response of a 

1-D layered-earth model (Figure 5a) to the measured Sampo ratios (Figure 5b) using 

non-linear optimization (Aittoniemi et al., 1987). The computer program of Sipola 

(2002) is used to carry out both qualitative and quantitative interpretation of Sampo 

soundings. 
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Figure 5. The principle of quantitative interpretation of Sampo soundings. (a) The 1-D 

layered-earth model is the basis for the interpretation of Sampo soundings. The model 

consists of N horizontal layers having thicknesses hi and resistivities i (where i = 1–N). 

(b) A 1-D layered-earth model is fitted to observations using non-linear optimization. 

 

2.3 Corrections and data processing 
 

Field work under real-world conditions introduces errors and noise to the soundings. 

These can be categorized as: 

1. Misorientation errors. The direction of the receiver coil measuring the radial com-

ponent (Bx) is never perfectly aligned with the radial direction (Figure 6a). 

2. Tilt errors. The transmitter loop is never perfectly horizontal (Figure 6b) and the di-

rection of the receiver coil measuring the vertical component (Bz) is never perfectly 

aligned with the vertical direction (Figure 6c). 

3. Topographical errors. The transmitter and receiver are never exactly on the same 

level (Figure 6d). 

4. Electromagnetic noise. Natural and anthropogenic sources of electromagnetic fields 

and secondary fields from man-made constructs introduce noise in the measure-

ments. 



 

 
 

  
 

Figure 6. A schematic illustration of the causes of geometrical errors. (a) The misorientation error caused by incorrectly aligning the 

radial axis of the receiver with the radial direction giving rise to a measurable tangential component (Bx ≠ B and By ≠ 0) while only a radi-

al component (Bx = B and By = 0) should be measured. The tilt error caused by (b) placing the transmitter loop on a non-horizontal plane 

(sloping ground), (c) tilted receiver and (d) placing the transmitter and receiver on different levels (topographical error) giving rise to a 

measurable radial component (Bx ≠ 0 and Bz ≠ B) while only a vertical component should be measured (Bx = 0 and Bz = B). (a) shows a 

plan view while (b), (c) and (d) show meridional sections. The thin grey lines illustrate magnetic field lines. 

1
0
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Misorientation errors are not corrected. However, as the modeling investigation pre-

sented in Figure 7 illustrates, the Sampo method is not very sensitive to misorientation 

even up to such large values as 10 degrees. The investigation was carried out by calcu-

lating the theoretical response from the three-layer model specified in Figure 7a using a 

receiver that was misoriented 0, 2, 4, 6, 8 and 10 degrees. As can be seen from the re-

sults presented in Figure 7a, the ARD curves are virtually indistinguishable even up to 

the misorientation of 10 degrees. Furthermore, quantitative interpretation was carried 

out for each misoriented response. Figure 7b shows the relative errors in the model pa-

rameters estimated from the misoriented theoretical responses. Even the most sensitive 

parameter (the top-layer resistivity 1) is not affected by more than about 2.5 % relative 

error. 

 

 
 

Figure 7. An investigation of the sensitivity of the Sampo system to misorientation. (a) 

ARD curves of the theoretical responses of the specified three-layer model assuming the 

receiver to be misoriented 0, 2, 4, 6, 8 and 10 degrees. (b) Relative errors in the model 

parameters estimated from the theoretical responses of (a). 

 

Electromagnetic noise is an unavoidable feature of nature and civilization. Particularly, 

the Olkiluoto island is known to be a very noisy environment (Korhonen and Lehtimäki, 

2007). This is much due to the fact that the Olkiluoto power plant supplies some of the 

Finnish electricity demand through a high-voltage power line traversing the island. The 

high-voltage power line is a significant source of electromagnetic noise. The effects of 

noise can, however, be alleviated by statistical procedures and using a transmitter with a 

high magnetic moment. Electromagnetic noise is mostly present at the high and low end 

of the measured frequency band. 

 



 12 

The preprocessing of Sampo data includes editing out noisy measurements and tilt cor-

rection (Figure 8). The tilting of the transmitter and receiver and the effect of topogra-

phy all have the same effect of making the measured field tilted (see Figures 6b–6d). 

Thus, their effects can be considered together and corrected with a single tilt correction. 

This correction is carried out by first estimating the tilt angle and then computationally 

tilting the receiver (Oksama, 2006). The tilt angle is estimated using data from the low-

est frequencies because electromagnetic induction diminishes towards the lower end of 

the frequency band. Thus, most of the tilting of the measured field at low frequencies is 

caused by tilted transmitter and receiver and topographical effects, not tilting due to in-

duced secondary fields. Furthermore, using data from the lowest frequencies to estimate 

the tilt angle highlights the importance of properly removing noisy low-frequency data 

points as is illustrated in Figure 8. 

 

 
 

Figure 8. Data editing and tilt correction. (a) Unedited data and tilt-corrected unedited 

data. The tilt angle is estimated to be −7.4º which can be considered unrealistically 

high. (b) Edited data and tilt-corrected edited data. The tilt angle estimated from the 

edited data is −2.6º which is a more realistic value. (The data is from Olkiluoto.) 

 

2.4 The effect of overburden 
 

The Olkiluoto island is mostly covered by fine-textured sandy till of glacial origin 

(Lahdenperä et al., 2005). The thickness of the overburden is 2–4 meters on the average, 

however, thicknesses even up to 12–16 meters are encountered (Lahdenperä et al., 
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2005; Vaittinen et al., 2005). The resistivity of such an overburden is around 200–500 

m when saturated with water while it is ten times higher under dry conditions (Pelto-

niemi, 1988). 

 

During springtime when snow is melting, the overburden is likely to have a significant 

effect on Sampo soundings. The worst-case scenario is illustrated by the theoretical 

modeling presented in Figure 9. A two-layer model is used with its top layer 

representing the overburden and bottom layer representing resistive crystalline bedrock. 

Figure 9a shows the theoretical responses calculated assuming the overburden resistivi-

ties of 2000, 500 and 200 m corresponding to dry and wet conditions. Figure 9b 

shows the same responses but having the higher-frequency data edited out which effec-

tively removes any indication of a conductive overburden leaving only data that indicate 

a half-space. Often the higher-frequency data has to be edited out when processing 

soundings carried out in such a noisy environment as Olkiluoto (e.g., see Figure 8). 

 

 
 

Figure 9. The effect of an electrically conductive overburden. (a) Theoretical responses 

of the specified two-layer model with 2000, 500 and 200 m overburden resistivity 1. 

(b) The theoretical responses from (a) but having some of the higher-frequency data 

edited out leaving only data that indicate a homogenous half space. 
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3 THE MONITORING SURVEYS 
 

The Sampo monitoring surveys were initiated in 2004. The original survey plan com-

prised two lines (the lines K50400 and K50600) spaced 200 meters apart, both contain-

ing 8 stations at 200-m intervals. The stations were permanently marked on the ground 

and surveyed using 200-m, 500-m and 800-m coil separations. These stations have been 

re-measured every year since 2004, currently providing data for 6 subsequent years (Jo-

kinen and Lehtimäki 2004; Jokinen and Lehtimäki, 2005; Jokinen and Lehtimäki, 2006; 

Jokinen and Lehtimäki, 2007; Jokinen and Lehtimäki, 2008; Jokinen et al., 2009). 

 

The Olkiluoto island is under continuous development. New power lines, roads and 

buildings are constructed. This has required some changes to the original survey plan in 

subsequent years due to new obstructions preventing the planned placement of the 

transmitter and receiver. The most notable changes are the following: 

 The addition of an extra station at the end of both lines (the stations K50400/L11500 

and K50600/L11500). 

 The changes in the transmitter and receiver locations at four stations (the stations 

K50600/L10400 and K50600/L10600, and K50400/L10400 and K50400/L10600). 

Furthermore, it hasn’t been possible to measure each station every year due to strong 

electromagnetic noise. Figures 10–12 show the placement of the transmitter and receiv-

er and the station locations for the current survey plan and Table 1 provides a statistical 

summary of the soundings carried out during 2004–2008. 

 

 
 

Figure 10. A map of the transmitter, receiver and station locations for the 200-m coil 

separation soundings. The survey coordinate system with the K and L axes is shown. 

Red symbols are used for the line K50400 and blue ones for the line K50600. 
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Figure 11. A map of the transmitter, receiver and station locations for the 500-m coil 

separation soundings. The survey coordinate system with the K and L axes is shown. 

Red symbols are used for the line K50400 and blue ones for the line K50600. 

 

 
 

Figure 12. A map of the transmitter, receiver and station locations for the 800-m coil 

separation soundings. The survey coordinate system with the K and L axes is shown. 

Red symbols are used for the line K50400 and blue ones for the line K50600. 
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Table 1. A statistical summary of the Sampo monitoring surveys carried out at the Olki-

luoto island during 2004–2008. 

 

Year 

Coil 

separation 

[m] 

Number of 

soundings on 

line K50400 

Number of 

soundings on 

line K50600 

Number of 

soundings per 

coil separation 

Number of 

soundings 

per year 

2004 

200 8 8 16 

46 500 9 8 17 

800 7 7 14 

2005 

200 6 6 12 

41 500 11 4 15 

800 6 8 14 

2006 

200 6 6 12 

40 500 7 6 13 

800 7 8 15 

2007 

200 6 7 13 

42 500 7 6 13 

800 8 8 16 

2008 

200 7 7 14 

43 500 7 6 13 

800 8 8 16 

 Total 110 103 213 213 
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4 THE RESULTS 
 

4.1 ARD plots 
 

Appendices 1–9 show the preprocessed and tilt-corrected data as ARD plots. It is evi-

dent from these plots that the soundings carried out directly above the ONKALO facili-

ty (lines L10400–L10800; Appendices 3–5) are too distorted by anthropogenic influ-

ences to be interpreted in a meaningful way. Best results are obtained from the sound-

ings carried out to the east of ONKALO (lines L10000 and L10200; Appendices 1 and 

2). Soundings carried out on the line L11200, to the west of ONKALO, also provide 

good results (Appendix 7). Furthermore, the soundings carried out on the line L11000 

provide some useful results (Appendix 6). 

 

Soundings on the line L10000 (Appendix 1) 

 

The data are of good quality and indicate annual changes. The changes are largest dur-

ing the first two years and diminish towards 2008. Furthermore, the data from the 500-

m coil separation soundings at the station K50600/L10000 indicate increasing anthro-

pogenic influence. 

 

Soundings on the line L10200 (Appendix 2) 

 

The ARD plots indicate that the data are quite similar to the data from the line L10000. 

However, there is more noise. In particular, the 800-m coil separation sounding carried 

out in 2006 at the station K50400/L10200 and the 500-m coil separation sounding car-

ried out in 2008 at the station K50600/L10200 are too noisy to provide meaningful in-

formation. 

 

Soundings on the lines L10400–L10800 (Appendices 3–5) 

 

Most of the soundings on these lines are too distorted by anthropogenic influences or 

too noisy to provide meaningful information. At some stations, soundings have not been 

carried out every year due to disturbances. However, it is interesting to note that the sit-

uation seems to have stabilized during 2007–2008 at some stations (e.g., the 200-m coil 

separation soundings at the station K50600/L10600). 

 

Soundings on the line L11000 (Appendix 6) 

 

Most of the soundings on this line provide useful information, especially the 200-m coil 

separation soundings at the station K50600/L11000. However, the 500-m and 800-m 

coil separation soundings at the station K50400/L11000 are quite distorted and noisy 

and indicate drastic annual changes. 

 

Soundings on the line L11200 (Appendix 7) 

 

The data are of good quality and indicate slight annual changes. However, the 800-m 

coil separation soundings at the station K50400/L11200 indicate drastic changes which 
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seem to stabilize during 2006–2008. The observed changes are only slight but systemat-

ically towards decreasing apparent resistivities at all frequencies. 

 

Soundings on the line L11400 (Appendix 8) 

 

This line is problematic. The 800-m coil separation soundings have not been carried out 

at the station K50600/L11400. Furthermore, the 200-m and 500-m coil separation 

soundings have been carried out only during the first two years. The 800-m coil separa-

tion soundings at the station K50600/L11400 are too distorted to provide any meaning-

ful information. 

 

Soundings on the line L11500 (Appendix 9) 

 

This line was added to the monitoring plan in 2007 due to the problems encountered on 

the line L11400. Only the 200-m and 800-m coil separation soundings have been carried 

out at the station K50400/L11500. The data are of high quality, indicating no changes. 

 

4.2 Layer-model interpretations 
 

Soundings on approximately half of the stations are not suitable for interpretation by 

1-D layered earth models. They are either too distorted by strong electromagnetic noise 

or exhibit effects that cannot be interpreted by simple 1-D layer models. Most of the 

discarded stations are located directly above the ONKALO facility. The results of the 

interpretations are shown in Appendices 10–30. The top panels illustrate the layer mod-

els and the bottom panels show the edited and tilt-corrected data together with model 

responses. 

 

For each station, interpretation was initiated using the sounding from the first available 

year (typically 2004). The interpretation of a subsequent year’s sounding was always 

initialized using the previous year’s model. Thus, the interpretation of subsequent years 

typically provided only incremental changes with respect to previous years. This was 

desired since changes occurring in groundwater conditions are likely to be gradual. Fur-

thermore, only the minimum number of layers required to provide a good fit to the data 

was used. Thus, the interpretations are very conservative. 

 

The station K50400/L10000 (Appendices 10–12) 

 

The 200-m and 800-m coil separation soundings can not be interpreted well by 1-D 

layered earth models. This can be seen by looking at the model fits in Appendices 10 

and 12. The degree of fit varies significantly from year to year which is likely due to 

anthropogenic influences distorting the ARD curves. The interpretations of the 500-m 

and 800-m coil separation soundings indicate a conductive zone somewhere around the 

depth of 200 m. 

  

The station K50600/L10000 (Appendices 13–15) 

 

The 800-m coil separation soundings can not be interpreted well by 1-D layered earth 

models which can be seen by looking at the poor model fits in Appendix 15. Again, this 
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is likely due to anthropogenic influences affecting the data. The 200-m coil separation 

soundings indicate a conductive zone at the depth of about 250 meters. Similarly, the 

500-m coil separation soundings indicate a conductive zone at the depth of about 150 

meters. 

 

The station K50400/L10200 (Appendices 16–18) 

 

The interpretations of the 200-m coil separation soundings indicate a conductive top 

layer with drastically decreasing resistivity and thickness. The resistivity trend (Figure 

13) is statistically significant at the 95 % confidence level. The 500-m and 800-m coil 

separation soundings indicate a conductive zone at the depth of about 150 and 180 me-

ters, respectively. 

 

 
 

Figure 13. The trend in the resistivity of the top layer as interpreted from the 200-m coil 

separation soundings at the station K50600/L10200. 

 

The station K50600/L10200 (Appendices 19 and 20) 

 

The 500-m coil separation soundings at this station are too noisy to be interpreted. The 

interpretations of the 200-m coil separation soundings indicate a conductive bottom 

layer which appears to be rising (the more resistive top layer gets thinner) from below 

200 meters to 150 meters. The 800-m coil separation soundings indicate a homogenous 

half space (a two-layer model in 2008) which is getting less resistive by the year. The 

resistivity trend (Figure 14) is statistically significant at the 95 % confidence level. 
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Figure 14. The trend in the resistivity of the homogenous half space as interpreted from 

the 800-m coil separation soundings at the station K50600/L10200. (The 2008 value is 

the top-layer resistivity.) 

 

The station K50600/L10800 (Appendix 21) 

 

The 800-m coil separation soundings cannot be interpreted using 1-D layered-earth 

models (see Appendix 5). The interpretations of the 200-m coil separation soundings for 

the years 2004, 2007 and 2008 indicate a conductive layer at the depth of about 200 me-

ters. 

 

The station K50400/L11000 (Appendix 22) 

 

The 500-m and 800-m coil separation soundings are either too noisy or cannot be inter-

preted using 1-D layered-earth models. No systematic changes can be deduced from the 

interpretations since there is no data for the years 2006 and 2007. 

 

The station K50600/L11000 (Appendix 23) 

 

The 500-m and 800-m coil separation soundings are either too noisy or cannot be inter-

preted using 1-D layered-earth models. The interpretations of the 200-m coil separation 

soundings indicate no systematic changes. 

 

The station K50400/L11200 (Appendices 24 and 25) 

 

The 800-m coil separation soundings cannot be interpreted using 1-D layered-earth 

models. The interpretations of the 200-m coil separation soundings indicate a conduc-

tive bottom layer which appears to be suddenly rising about 75 meters during 2005–

2006 (Figure 15). The interpretations of the 500-m coil separation soundings also indi-

cate a rising conductive bottom layer, however, the trend is not statistically significant 

at the 95 % confidence level. 
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Figure 15. The change in the depths of the bottom layer inferred from the interpreta-

tions of the 200-m coil separation soundings at the station K50400/L11200. 

 

The station K50600/L11200 (Appendices 26–28) 

 

The interpretations of the 200-m and 800-m coil separation soundings indicate a bottom 

layer which is less resistive than the top layer. There is no well-defined trend in the 

depth or resistivity of the interpreted bottom layers. The interpretations of the 500-m 

coil separation soundings indicate a conductive zone at the depth of about 500 meters. 

This zone shows no well-defined trend in depth or resistivity. 

 

The station K50400/L11500 (Appendices 29 and 30) 

 

The 200-m and 800-m coil separation soundings can not be interpreted well by 1-D 

layered-earth models. However, the interpretations of the 200-m coil separation sound-

ings indicate a conductive zone at the depth of about 50 meters. No indications of sig-

nificant changes can be deduced from the interpretations. 

 

4.3 Layer model interpretations utilizing a priori information 
 

The electrical model of the Olkiluoto island (Paananen et al., 2007) contains 3-D solid 

models of electrical conductors interpreted from drill hole logs and mise-á-la-masse, 

slingram and Sampo surveys. This a priori information was used to provide a model of 

known conductors for the quantitative interpretation of the soundings at the stations 

K50600/L10200 and K50600/L11000. In addition to the known conductors, a conduc-

tive bottom layer representing saline groundwater was added to the models. 

 

Quantitative interpretation was carried out keeping the locations of the known conduc-

tors fixed but setting the resistivities of all layers and the location of the bottom layer 

free. Appendices 31–33 show the results of the interpretations using these models. 

 

The station K50600/L10200 (Appendices 31–32) 

 

The interpretations of the 200-m coil separation soundings indicate that the bottom layer 

is a good electrical conductor (its resistivity is less than 1 m) and that it is sinking. The 
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trend is 59 meters per year (Figure 16a) and it is statistically significant at the 95 % con-

fidence level. 

 

The interpretations of the 800-m coil separation soundings also indicate that the bottom 

layer is a good electrical conductor (its resistivity is less than 1 m in all years except 

2004 when it is 66 m) but its locations are considerably deeper compared to the loca-

tions interpreted from the 200-m coil separation soundings. Even though the bottom 

layer appears to be sinking at the rate of 58 meters per year (Figure 16b), the trend is not 

statistically significant at the 95 % confidence level. 

 

 
 

Figure 16. The depths of the bottom layer interpreted from the (a) 200-m and (b) 800-m 

coil separation soundings at the station K50600/L10200. The trend is statistically sig-

nificant at the 95 % confidence level in (a) but not in (b). 

 

The station K50600/L11000 (Appendix 33) 

 

The interpretations of the 200-m coil separation soundings indicate that the bottom layer 

is a good electrical conductor with resistivities varying between 6 and 20 m. The in-

terpretations indicate that the bottom layer is rising (Figure 17). However, the trend is 

not statistically significant at the 95 % confidence level. 
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Figure 17. The depths of the bottom layer interpreted from the 200-m coil separation 

soundings at the station K50600/L11000. The trend is not statistically significant at the 

95 % confidence level. 
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5 SENSITIVITY INVESTIGATION 
 

5.1 Background 
 

To draw valid conclusions concerning the interpretation results, some idea of the sensi-

tivity of the Sampo method to changes in the electrical conductivity conditions of the 

ground is needed. In the context of the present study, changes in the level of saline 

groundwater and the salinity of groundwater are of particular interest. 

 

To test the ability of the Sampo method to detect these kinds of changes, ARD plots of 

theoretical models are used. However, the problem with theoretical modelling is that 

there is no way to determine whether two theoretical ARD curves are different enough 

from each other for the change to be detected. Figure 18 serves to illustrate the problem. 

The black curve shows the response from a model with saline groundwater at the depth 

of 400 meters. This is the reference response against which other responses are com-

pared to. The blue and red curves show the responses from models with the groundwa-

ter level at 350 and 300 meters corresponding to 50-m and 100-m rise in the groundwa-

ter level, respectively. Theoretical modelling offers no criterion indicating whether the 

50-m and 100-m rise models are different enough from the reference model to be de-

tected. 

 

 
 

Figure 18. Theoretical responses from three models with a layer of saline groundwater 

at the depth of 400, 350 and 300 meters (the black, blue and red curves, respectively). 
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5.2 The method 
 

To solve the above problem, a simple Monte Carlo method is used to estimate the 95 % 

confidence region for the reference response. Then, those theoretical responses that fall 

outside this region are considered to constitute a change that is large enough to be de-

tected by the Sampo method. 

 

Figures 19 and 20 illustrate the method with an example that utilizes the following 

three-layer model: 

1. A top layer of conductive overburden (h1 = 5 m and 1 = 500 m). 

2. A middle layer of resistive crystalline bedrock (h2 = 400 m and 2 = 10 km). 

3. A bottom layer of porous crystalline bedrock saturated with saline groundwater 

(3 = 1000 m). 

First, the theoretical responses (the radial and vertical components Bx and Bz) are calcu-

lated (Figure 19a) assuming a coil separation of 500 meters. Then, the responses are 

perturbed by adding Gaussian noise to them. In this example, the noise is 5 % at the 

high frequencies and increases exponentially towards 50 % at the low frequencies. Next, 

10000 noise-perturbed realizations of the theoretical responses are created (Figure 19a). 

Then, 10000 Sampo ratios (for each frequency) are calculated from the noise-perturbed 

components (Figure 19b). Finally, the 95 % confidence intervals for the Sampo ratios 

are calculated as the 2.5 and 97.5 percentiles of the 10000 simulated Sampo ratios (Fig-

ure 19b). 
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Figure 19. An illustration of the Monte Carlo method used to determine the 95 % confi-

dence intervals. (a) The theoretical responses are perturbed by adding Gaussian noise 

to them. The noise is 5 % at the high frequencies and increases exponentially to 50 % at 

the low frequencies. 10000 noise-perturbed realizations of the theoretical responses are 

created. (b) 10000 Sampo ratios are calculated for each frequency from the noise per-

turbed components of (a). The 95 % confidence intervals are calculated as the 2.5 and 

97.5 percentiles of the 10000 simulated Sampo ratios. 

 

Once the 95 % confidence intervals have been calculated (Figure 19b), they are trans-

formed into ARD curves and the 95 % confidence region for the reference response is 

constructed (Figure 20a). The confidence region constructed in this way provides an 

estimate of the influence of measurement noise on the theoretical response. Using the 

confidence region, theoretical responses can be tested for detectability by the Sampo 

method (Figure 20b). 
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Figure 20. Estimating the 95 % confidence region and using it to determine the sensi-

tivity of the Sampo method to changes in the level of saline groundwater. (a) The refer-

ence response and its 95 % confidence region. (b) Testing whether a 50-m and 100-m 

rise in the level of saline groundwater is different enough from the reference response 

to be detected by the Sampo method. The confidence region completely contains the re-

sponse of the 50-m rise model and it can be rejected as not detectable whereas the re-

sponse of the 100-m rise model falls mostly outside the confidence region and is deemed 

to be detectable. 

 

5.3 Sensitivity to groundwater salinity 
 

The sensitivity of the Sampo system to the degree of salinity of groundwater was inves-

tigated using the above Monte Carlo method using coil separations of 200, 500 and 800 

meters. For each coil separation, different depths of the water level were considered. 

This is necessary because the sensitivity of the Sampo system is a function of the depth 

of the target. (Electromagnetic waves need to travel longer distances to reach deeper 

targets, and the further the waves travel the more they are attenuated. And the more the 

waves are attenuated the harder it is to detect signals from noise.) 

 

The reference model used in the investigation has the following two layers: 

1. A top layer of wet overburden (h1 = 5 m and 1 = 500 m). 

2. A bottom layer of resistive dry crystalline bedrock (2 = 10 km). 
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The models that were tested against the reference model contained the following layers: 

1. A top layer of wet overburden (h1 = 5 m and 1 = 500 m). 

2. A middle layer of resistive dry crystalline bedrock (h2 = variable and2 = 10 km). 

3. A bottom layer of porous crystalline bedrock saturated with saline groundwater of 

resistivity w (3 = varied). 

The resistivity 3 of the saturated layer was calculated using the small-sphere porosity 

model of Grant and West (1965) as 

 

w

2ww2

2ww2
3

)()1(22

)()1(2





 






n

n
, (2) 

 

where n is the porosity of the crystalline bedrock. The porosity value of 0.5 % is used in 

all tests. This value should be quite common for the rocks in Olkiluoto (e.g., Gehör et 

al., 2007). 

 

The results are shown in Figures 21–23. The ability of the Sampo system to detect sa-

line groundwaters from different depths is summarized in Table 2 and plotted in Figure 

24. The results indicate that the detection ability diminishes with increasing depth as 

expected. If the saturated zone is located at shallow depths (100–200 m), the Sampo 

system is able to detect it even if the groundwater salinity is low (as fresh as tap water, 

ca. 20 m). Saline groundwater at 600-m depth is reliably detected only by 800-m coil 

separation soundings if the resistivity of the fluid is less than 10 m (or conversely, if 

salinity is at least 100 mS/m). 
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Figure 21. Testing the sensitivity of 200-m coil separation Sampo soundings to the de-

gree of salinity of groundwater. The black curve is the reference response, the grey re-

gion is the 95 % confidence region for the reference response assuming 1 to 25 % er-

rors. The coloured curves are the responses of three-layer models with a bottom layer 

saturated with groundwater of the specified salinity. The saturated zone is located at the 

depths of 100 and 200 meters. 

 

 



 

 
 

Figure 22. Testing the sensitivity of 500-m coil separation Sampo soundings to the degree of salinity of groundwater. The black curve is 

the reference response, the grey region is the 95 % confidence region for the reference response assuming 2 to 50 % errors. The coloured 

curves are the responses of three-layer models with a bottom layer saturated with groundwater of the specified salinity. The saturated zone 

is located at the depths of 100, 200 and 400 meters. 
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Figure 23. Testing the sensitivity of 800-m coil separation Sampo soundings to the degree of salinity of groundwater. The black curve is 

the reference response, the grey region is the 95 % confidence region for the reference response assuming 3 to 75 % errors. The coloured 

curves are the responses of three-layer models with a bottom layer saturated with groundwater of the specified salinity. The saturated zone 

is located at the depths of 100, 200, 400 and 600 meters. 

3
4
 



 35 

Table 2. A summary of the ability of the Sampo system to detect groundwaters of differ-

ent salinities from different depths. 

 

Coil 

Separation 

[m] 

Depth of saline 

waters 

[m] 

Salinity threshold 

for possible but 

unlikely detection [m] 

Salinity threshold 

for very likely 

detection [m] 

200 
100 100 71 

200 14 4 

500 

100 141 100 

200 80 32 

400 10 3 

800 

100 141 100 

200 80 32 

400 19 7 

600 10 3 

 

 
 

Figure 24. The ability of the Sampo system to detect groundwaters of different salinities 

from different depths. 

 

5.4 Sensitivity to changes in the water level of saline groundwater 
 

The sensitivity of the Sampo system to a rise in the water level of saline groundwater 

was investigated using the above Monte Carlo method. Again, coil separations of 200, 

500 and 800 meters were used. Different depths of the water level of saline groundwater 

were considered due to the reason stated earlier. 

 



 36 

The reference model and the models tested against it have the following three layers: 

1. A top layer of wet overburden (h1 = 5 m and 1 = 500 m). 

2. A middle layer of resistive dry crystalline bedrock (h2 = variable and2 = 10 km). 

3. A bottom layer of porous crystalline bedrock (porosity of 0.5 %) saturated with sa-

line groundwater having the resistivity of w = 3.7 m (conductivity of 270 mS/m) 

which gives the total resistivity value of 3 = 1000 m for the layer using Eq. (2). 

 

The results are shown in Figures 25–27. The ability of the Sampo system to detect rises 

in the water level of saline groundwater from different depths is summarized in Table 3 

and plotted in Figure 28. Again, the results indicate that the detection ability diminishes 

with increasing depth. To detect a rise in the water table, the rise must be larger if the 

water table is located deeper. Using 200-m coil separation soundings, rises of even less 

than 10 meters are detectable from the depth of 100 m. The detection ability is quite 

poor for deep targets. Using 800-m coil separation soundings, a rise of at least 150 me-

ters is needed if it occurs from the depth of 600 m. 

 

 
 

Figure 25. Testing the sensitivity of 200-m coil separation Sampo soundings to rising 

saline groundwater. The black curve is the reference response, the grey region is the 95 

% confidence region for the reference response assuming 1 to 25 % errors. The co-

loured curves are the responses from three-layer models assuming the water table has 

risen the specified amount with respect to the reference model. The water table of the 

reference model is located at the depths of 100 and 200 meters. 



 

 
 

Figure 26. Testing the sensitivity of 500-m coil separation Sampo soundings to rising saline groundwater. The black curve is the reference 

response, the grey region is the 95 % confidence region for the reference response assuming 2 to 50 % errors. The coloured curves are the 

responses from three-layer models assuming the water table has risen the specified amount with respect to the reference model. The water 

table of the reference model is located at the depths of 100, 200 and 400 meters. 
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Figure 27. Testing the sensitivity of 500-m coil separation Sampo soundings to rising saline groundwater. The black curve is the reference 

response, the grey region is the 95 % confidence region for the reference response assuming 3 to 75 % errors. The coloured curves are the 

responses from three-layer models assuming the water table has risen the specified amount with respect to the reference model. The water 

table of the reference model is located at the depths of 100, 200, 400 and 600 meters. 
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Table 3. A summary of the ability of the Sampo system to detect a rise in the water table 

of saline groundwater from different depths. 

 

Coil 

Separation 

[m] 

Depth of 

saline 

waters [m] 

Water table rise 

threshold for possible but 

unlikely detection [m] 

Water table rise 

threshold for very 

likely detection [m] 

200 
100 5 7.5 

200 20 25 

500 

100 15 20 

200 20 30 

400 40 60 

800 

100 40 50 

200 40 50 

400 60 80 

600 100 150 

 

 
 

Figure 28. The ability of the Sampo system to detect a rise in the water table of saline 

groundwater from different depths. 
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6 SUMMARY AND CONCLUSIONS 
 

The most striking feature is the lack of good data from the stations measured directly 

above the ONKALO facility. The soundings are either too noisy or too distorted to be 

interpreted by simple 1-D layer models (Appendices 3–5). The ONKALO facility hosts 

underground excavation work and requires surface activity. These are the most likely 

causes for the degradation of the data. 

 

6.1 Stations to the east of the ONKALO facility 
 

The electrically conductive zone at the depth of about 200 meters indicated by the 500-

m and 800-m coil separation soundings at the station K50400/L10000 (Appendices 11 

and 12) is very likely either a mineralization or a fracture zone since it is located rough-

ly at the same depth every year. A similar zone appears in the interpretations of the 200-

m and 500-m coil separation soundings at the station K50600/L10000 (Appendices 13 

and 14). Also, the 500-m and 800-m coil separation soundings at the station 

K50400/L10200 (Appendices 17 and 18) indicate a conductive zone at the depth of 

about 150–180 meters. This is likely the same zone which is indicated by the interpreta-

tions of the soundings at the station K50400/L10000. 

 

The interpretations of the 200-m coil separation soundings at the station 

K50400/L10200 (Appendix 16) and the interpretations of the 200-m and 800-m coil se-

paration soundings at the station K50600/L10200 (Appendices 19 and 20) clearly indi-

cate changes. However, it is difficult to determine the details of the changes from these 

interpretations. The interpretations of the 200-m and 800-m coil separation soundings at 

the station K50600/L10200 that utilize a priori information (Appendices 31 and 32) in-

dicate that there may be deep saline groundwaters that are sinking several tens of meters 

per year (Figure 16). The sensitivity investigation indicates that changes of this magni-

tude that are occurring at the depths of 400–800 meters are very close to the threshold of 

detection but, nevertheless, might be detectable by the Sampo method (see Table 3 and 

Figure 32). 

 

6.2 Stations to the west of the ONKALO facility 
 

An electrically conductive zone appears at the depths of about 200, 500 and 50 meters 

in the interpretations of the 200-m coil separation soundings at the station 

K50600/L10800 (Appendix 21), the 500-m coil separation soundings at the station 

K50600/L11200 (Appendix 27) and the 200-m coil separation soundings at the station 

K50400/L11500 (Appendix 29), respectively. These may be indications of different 

electrically conductive mineralizations or fracture zones. 

 

The interpretations of the 200-m coil separation soundings at the station 

K50600/L11000 with no a priori information do not indicate clearly identifiable syste-

matic changes (Appendix 23). However, the interpretations utilizing a priori informa-

tion (Appendix 33) indicate possible saline groundwaters that are rising about 50 meters 

per year (Figure 17). Again, the sensitivity investigation indicates that changes of this 

magnitude that are occurring at the depths of 300–600 meters might be detectable by the 



 42 

Sampo system even though the threshold of detection is very close (see Table 3 and 

Figure 32). 

 

The interpretations of the 200-m and 500-m coil separation soundings at the station 

K50400/L11200 (Appendices 24 and 25) provide possible indications of rising saline 

groundwaters. The interpretations of the 200-m and 800-m coil separation soundings at 

the station K50600/L11200 (Appendices 26 and 28) provide similar indications giving 

support to the idea of rising groundwaters. According to the sensitivity investigation, 

the Sampo method should be capable of detecting changes of 25–100 meters occurring 

at depths of about 200–600 meters (see Table 3 and Figure 33). 
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7 SUGGESTIONS FOR FUTURE WORK 
 

The interpretations utilizing a priori information proved to be much more useful than 

the interpretations without any prior information about the geology of the area. Thus, it 

is suggested that all stations providing good data be interpreted with models that incor-

porate all available a priori geological information and the conclusions provided in this 

report be revised according to the new results. 

 

Furthermore, it is suggested that the feasibility and usability of 2-D and 3-D modelling 

be investigated. The problem with 1-D models is that the necessary assumption of hori-

zontally layered earth is quite often violated in crystalline rock environments. Thus, 2-D 

and 3-D models might prove useful if they are feasible. 

 

It might be advantageous to reduce the number of stations directly above the ONKALO 

facility and, instead, survey those regions more carefully where stations are known to 

provide good data. Surveying the eastern and western parts of the research area with 

smaller station interval might also serve 2-D and 3-D modelling better. 

 

Finally, it is suggested that detailed interpretation incorporating the available a priori 

geological information be carried out every year subsequent to the monitoring surveys. 

This would maximize the benefits of the annual monitoring soundings by ensuring that 

any possible changes occurring in the electrical conditions of the bedrock in the vicinity 

of the ONKALO facility are detected as soon as possible. 
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APPENDIX 2 SAMPO MONITORING SOUNDINGS ON LINE L10200 
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APPENDIX 3 SAMPO MONITORING SOUNDINGS ON LINE L10400 
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APPENDIX 4 SAMPO MONITORING SOUNDINGS ON LINE L10600 
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APPENDIX 5 SAMPO MONITORING SOUNDINGS ON LINE L10800 
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APPENDIX 6 SAMPO MONITORING SOUNDINGS ON LINE L11000 
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APPENDIX 7 SAMPO MONITORING SOUNDINGS ON LINE L11200 
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APPENDIX 8 SAMPO MONITORING SOUNDINGS ON LINE L11400 
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APPENDIX 9 SAMPO MONITORING SOUNDINGS ON LINE L11500 
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APPENDIX 14 INTERPRETATIONS OF 500-M COIL SEPARATION SOUNDINGS AT STATION K50600/L10000 
 

 

6
2
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APPENDIX 16 INTERPRETATIONS OF 200-M COIL SEPARATION SOUNDINGS AT STATION K50400/L10200 
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APPENDIX 20 INTERPRETATIONS OF 800-M COIL SEPARATION SOUNDINGS AT STATION K50600/L10200 
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APPENDIX 22 INTERPRETATIONS OF 200-M COIL SEPARATION SOUNDINGS AT STATION K50400/L11000 
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