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ELECTROMAGNETIC SAMPO SOUNDINGS AT OLKILUOTO IN 2007 

ABSTRACT 

The Geological Survey of Finland (GTK) carried out a Sampo Gefinex 400S frequency 

domain electromagnetic (EM) survey in the central part of the eastern Olkiluoto island. 

The survey comprised a total of 408 soundings; 134 of these were measurements of EM 

noise. The goal of the survey was to supplement previously performed soundings. 

The measurements of EM noise were used to analyse the influence of power lines on the 

soundings. A statistically significant correlation was found between EM noise and the 

distance between the receiver and the high-voltage power line located northeast of the 

research area. The high-voltage power line exerted a considerable influence on the 

soundings.

Numerical modelling was used to evaluate the effect of a dipping layer on the 

interpretation of Sampo soundings, which is based on the 1-D layered earth model. The 

results indicate that Sampo interpretation is robust even in the case of a dipping layer, 

assuming that the dip of the layer is not steep, and both the transmitter and receiver are 

located above the layer. 

The interpretations of the soundings indicate three conducting layers. There appear to be 

two layers of significant conductivity above the depth of 600 m. These layers may be 

indications of sulphide and/or graphite rich layers. Furthermore, a deeper conducting 

layer below the depth of 600 m was also indicated by the interpretations. This layer may 

indicate deep saline groundwater. 

Keywords: Sampo soundings, electromagnetic measurements, Olkiluoto, electromag-

netic noise, numerical modelling, layer interpretation 



OLKILUODON SÄHKÖMAGNEETTISET SAMPO-LUOTAUKSET VUONNA 
2007

TIIVISTELMÄ

Geologian tutkimuskeskus (GTK) suoritti sähkömagneettisia Sampo Gefinex 400S taa-

juusluotauksia Olkiluodon itäosassa. Mittaukset käsittivät 408 luotausta, joista 134 

suoritettiin ilman lähetintä, mitaten sähkömagneettista häiriökenttää. Luotausten 

tarkoituksena oli saaren itäosassa aiemmin tehtyjen mittausten täydentäminen. 

Häiriökenttämittausten avulla analysoitiin voimalinjojen vaikutusta luotauksiin. Analyy-

sistä ilmeni, että häiriökentän amplitudi ja vastaanottimen ja koillisessa sijaitsevan 

korkeajännitelinjan välinen etäisyys korreloivat keskenään. Korrelaatio on tilastollisesti 

merkitsevä. Korkeajännitelinjan vaikutus luotauksiin havaittiin myös luotauskäyristä. 

Numeerisen mallintamisen avulla selvitettiin kaatuvan johdekerroksen aiheuttamaa 

vaikutusta 1-D kerrosmalliin perustuvaan Sampo-tulkintaan. Tulokset osoittavat, että 

Sampo-tulkinta toimii myös kaatuvan johdekerroksen tapauksessa, kunhan kerroksen 

kaade ei ole liian jyrkkä ja sekä lähetin että vastaanotin ovat kerroksen päällä. 

Sampo-luotausten kerrosmallitulkinnat indikoivat kolmea johtavaa kerrosta. Kaksi 

ylintä kerrosta sijaitsevat 600 metrin syvyystason yläpuolella, ja mitä todennäköisimmin 

indikoivat sulfidi- ja/tai grafiittivyöhykkeitä. Näiden lisäksi tulkintatulokset indikoivat 

mahdollista suolaisen pohjaveden kerrosta syvemmällä kallioperässä, yli 600 metrin 

syvyydellä.

Avainsanat: Sampo-luotaukset, sähkömagneettiset mittaukset, Olkiluoto, 

sähkömagneettinen häiriökenttä, numeerinen mallintaminen, 

kerrostulkinta
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1 INTRODUCTION 

The Geological Survey of Finland (GTK) carried out an electromagnetic (EM) fre-

quency domain survey in the eastern part of the Olkiluoto island (Fig. 1) using the 

Sampo Gefinex 400S system (hereafter called Sampo). Four earlier Sampo surveys 

were carried out in 1990, 1994, 2002, and 2004 (Fig. 1) (Jokinen, 1990; Jokinen and 

Jokinen, 1994; Ahokas, 2003; Jokinen and Lehtimäki, 2004). These surveys provide a 

fairly good coverage of the central part of the island. In addition, GTK has carried out 

Sampo monitoring surveys at the ONKALO site each year starting from 2004 (e.g., 

Jokinen, 2006). However, the eastern part of the island is covered only partly. The goal 

of the new Sampo survey was to provide a more complete coverage of this part of the 

island.

Figure 1. Map of Olkiluoto. Earlier Sampo soundings, and the research area for the 

new Sampo survey are indicated.

To achieve the goal, a Sampo survey utilising the nominal coil separations of 200, 400, 

and 800 m along 5 survey lines of 100-m line separation was planned. The nominal 

station separations were 50 m for the 200-m coil separation soundings, and 100 m for 

the 400-m and 800-m coil separation soundings. The planned survey should provide a 

detailed description of the subsurface down to the depth of ca. 800 m. 
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A total of 408 Sampo soundings were carried out during 12 days from 20 March to 2 

April; 134 of these soundings were measurements of the EM background field. Not all 

of the planned soundings could be performed due to inaccessible terrain and EM noise 

contamination from near-by power lines. 

The research area is surrounded by power lines, which are likely sources of EM noise. 

The purpose of the EM noise measurements was to investigate the effect these sources 

have on the soundings. The analysis of the measurements provide evidence supporting 

the hypothesis that the high-voltage power line just northeast of the research area is a 

major source of EM noise contamination. 

The interpretation of Sampo soundings relies heavily on the validity of the 1-D layered 

earth assumption. Because violations of this assumption are expected to occur, numeri-

cal modelling was carried out to investigate the effect of a dipping layer on the results of 

interpretations. It was found that the interpretation method can resolve a dipping layer 

fairly well, assuming that the layer is not dipping too steeply, and that both the transmit-

ter and receiver are located above the layer. 

The interpretations of the soundings indicate three conducting layers. The interpreta-

tions of the 200-m and 400-m coil separation soundings indicate two layers above the 

depth of 600 m. These are possibly sulphide and/or graphite rich layers, which may be 

linked to deformation zones. The interpretations of the 800-m coil separation soundings 

indicate also a deeper layer, below the depth of 600 m, which is a possible indication of 

deep saline groundwater. 
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2 THE SAMPO METHOD 

The Sampo system consists of a transmitter and a receiver (Fig. 2). The transmitter is a 

square or circular wire loop that acts as a vertical magnetic dipole. The receiver consists 

of three perpendicular coils for measuring the radial, tangential, and vertical compo-

nents of the EM field. The transmitter and receiver are placed a distance L apart from 

each other, and the sounding information is conceptualised to come from the midpoint 

between the transmitter and receiver (called the measurement station from here on). The 

transmitter and receiver communicate with each other through a radio link. 

BxBy

Bz

L

Transmitter

Receiver

m

Figure 2. Configuration of the Sampo system. The transmitter loop acts a vertical mag-

netic dipole of moment m. The receiver coils measure the radial (Bx), tangential (By), 

and vertical (Bz) components of the EM field at a distance L from the transmitter.

The Sampo system is a frequency domain sounding system that employs 82 discrete 

frequencies from 2 to 20000 Hz to probe the subsurface. At this frequency range, the 

generated primary field Bp (Fig. 3a) is a near field, which induces currents in subsurface 

conductors. The induced currents generate a secondary field Bs that makes the total field 

Btot (= Bp + Bs) tilted (Fig. 3b). The tilted total field is said to be elliptically polarised as 

it traces an ellipse at the point of measurement. The tilt angle  that the axis of the po-

larisation ellipse makes with the horizontal plane provides a measure of the conductivity 

of the subsurface. 

A single Sampo sounding is performed by measuring the three perpendicular compo-

nents Xi, Yi, and Zi of the total field Btot at each frequency fi (i = 1, 2, …, 82) (Fig. 4a). 

Often measurements at some frequencies fail due to large fluctuations in the field 

caused by EM noise. In such cases, measurements at those frequencies are skipped. The 

successfully measured field components are further processed into ratios of vertical to 

radial field for each measured frequency using the formula Si = Zi / Xi (Fig. 4b). Finally, 

the calculated ratios Si are transformed into apparent resistivity vs. depth (ARD) values 

i and zi (Fig. 4c). The ARD transformation is performed using the algorithm of Ait-

toniemi et al. (1987). 
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a)

 = 0

B

b)

B

  > 0

Bz

Bx

Figure 3. Illustration of the principle of elliptical polarisation of EM fields. a) The di-
polar field B generated by a current loop is undisturbed by resistive ground (conductiv-

ity  = 0). b) The dipolar primary field is disturbed by conductive ground (conductivity 

 > 0), making the total field B tilted. The tilted total field vector B traces an ellipse. 

The axis of the ellipse makes an angle  with the horizontal.

In practical survey conditions, it is never possible to place the transmitter loop on a per-

fectly horizontal surface that is located at the same vertical level as the receiver. This 

introduces an error in the measurements, which are corrected by computationally tilting 

the receiver (Oksama, 2006) (Fig.4c). The tilt angle for the correction is calculated us-

ing the lowest frequencies, which constitute a frequency regime where no induction oc-

curs. In this regime, the field should be purely vertical and, thus, any deviation is caused 

by the tilt of the transmitter and receiver, and/or differences between their vertical lev-

els.

A Sampo survey usually comprises measuring one or more survey lines. The measure-

ments along a line can be carried out using either in-line or broadside arrays. In the in-

line array, the transmitter and receiver, and the measurement station between them, are 

located on the survey line, and move along it (Fig. 5a). In the broadside array, the trans-

mitter and receiver are offset from the survey line in a direction perpendicular to it, 

keeping the measurement station located on the survey line (Fig. 5b). Utility lines paral-

lel to the survey line are used for locating the transmitter and receiver in the broadside 

array.



a) b) c)

Figure 4. Results of a Sampo sounding. a) The measured perpendicular field components X (red), Y (green), and Z (blue). b) The vertical to radial

field ratio S calculated from the measured x and z components. c) The uncorrected (red) and tilt-corrected (blue) apparent resistivity vs. depth curves.

7
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a)
RX location i

TX location i

Measurement station i

Measurement station i 1

Measurement station i+1

b)

Station spacing

Survey line

Figure 5. Schematic illustration of the two Sampo arrays. a) The in-line array: the 

transmitter (TX) and receiver (RX) are located on the survey line, and move along it. b) 

The broadside array: the TX and RX are offset from the survey line in a direction per-

pendicular to it, but move in the survey line direction. In both arrays, the measurement 

stations are located on the survey line, between the TX and RX. (Modified after Heikki-

nen et al., 2004.)
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3 THE SURVEY 

3.1 The survey plan 

The goal of the survey was to provide a more complete data coverage of the research 

area (Fig. 6). The research area covers the centre of the eastern part of the Olkiluoto is-

land (see Figs. 1 and 6), and is appropriately confined by power lines and roads in the 

northeast, northwest and southwest, and an inlet in the southeast. Five supplemental 

survey lines were planned (Fig. 6). These lines are located to the northeast and south-

west of the soundings carried out in 2002. 

The nominal coil separations for the survey were chosen to be 200, 400, and 800 m. 

Soundings carried out using these coil separations provide a description of the resisti-

vity structure of the subsurface from near surface depths down to depths of ca. 800 m. 

The nominal line separation was 50 m for the 200-m coil separation soundings, and 100 

m for the 400-m and 800-m coil separation soundings. Thus, the survey plan comprises 

a total of ca. 340 soundings. However, not all of the planned soundings could be carried 

out due to influence of EM noise, water bodies, buildings, and other obstacles. 

Figure 6. The research area and the planned survey lines. The locations of the 2002 

soundings are shown as green circles.
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They key issues that guided the planning were: 

1. To align the survey lines in the NW-SE direction, which is the most important direc-

tion of deformation and lithology in the area according to Paulamäki et al. (2006). 

2. To keep the transmitter and, especially, the receiver as far away from any power line 

as possible. 

3. To plan the measurements as broadside soundings whenever possible, keeping issue 

2 in mind. 

The close location of the power lines to the research area prevented planning all sound-

ings as broadside soundings. The following description and Fig. 7 summarise the survey 

plan.

Line 1

The 200-m and 400-m coil separation soundings were designated in-line soundings in 

order to avoid placing the receiver too close to the high-voltage power line in northeast. 

The 800-m coil separation soundings were designated as broadside soundings. Fig. 7a 

shows the planned soundings for Line 1. 

Line 2

The 400-m coil separation soundings were designated in-line soundings in order to 

avoid placing the receiver too close to the high-voltage power line in northeast. The 

200-m and 800-m coil separation soundings were designated as broadside soundings. 

Fig. 7b shows the planned soundings for Line 2. 

Line 3

Same as Line 2. Fig. 7c shows the planned soundings for Line 3. 

Line 4

Same as Line 1. Fig. 7d shows the planned soundings for Line 4. 

Line 5

The 200-m coil separation soundings were designated in-line soundings in order to 

avoid placing the receiver too close to the power line in southwest. The 400-m and 800-

m coil separation soundings were designated as broadside soundings. Fig. 7e shows the 

planned soundings for Line 5. 
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a)

b)

c)

Figure 7. Continued on the next page.
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d)

e)

Figure 7. (Continued from the previous page.) The planned soundings. a) Line 1: 200-
m and 400-m coil separation soundings are performed in-line; 800-m coil separation 

soundings are performed broadside. b) Line 2: 400-m coil separation soundings are 

performed in-line; 200-m and 800-m coil separation soundings are performed broad-

side. c) Line 3: 400-m coil separation soundings are performed in-line; 200-m and 800-

m coil separation soundings are performed broadside. d) Line 4: 200-m and 400-m coil 

separation soundings are performed in-line; 800-m coil separation soundings are per-

formed broadside. e) Line 5: 200-m coil separation soundings are performed in-line; 

400-m and 800-m coil separation soundings are performed broadside. The transmitter 

and receiver locations are shown only for broadside measurements. The line symbols 

are as in Fig. 6.
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3.2 The survey coordinate system 

To make navigation simpler, a custom coordinate system was constructed for the sur-

vey, instead of using the Finnish KKJ coordinate system. The custom coordinate system 

is an orthogonal AB coordinate system (Fig. 8). The a axis of the system points towards 

northeast making an angle of 27.47º with the north direction. The b axis is aligned in the 

direction of the survey lines, and points towards northwest making an angle of 297.47º 

with the north direction. The AB point (20 km, 100 km) is tied to the KKJ Zone 1 point 

(1527780 m, 6790547 m). The relation between KKJ Zone 1 coordinates and AB coor-

dinates is given by the homogenous coordinate transformation 

1100

10000010

2000001

100

001

010

100

0cossin

0sincos

100

679054710

152778001

b

a

w

y

x

, (1)

where x and y are the KKJ Zone 1 easting and northing, w is the homogenous coordinate 

that can be ignored in this case, and  (= 27.47º) is the angle that the a axis makes with 

the north direction. Performing the matrix and vector multiplications in Eq. (1) yields 

1527780sin20000cos100000 abx , (2a)

6790547cos20000sin100000 aby . (2b)

Figure 8. The survey coordinate system. The b axis of the AB coordinate system is 

aligned along Line 5 making an angle of 297.47º with the north direction. The a axis of 

the coordinate system is orthogonal to the b axis, making an angle of 27.47º with the 

north direction.
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3.3 Survey execution and results 

Before surveying was started, the survey lines and additional utility lines (see Fig. 6) 

were marked on the ground. These lines were used for navigational purposes; the 

transmitter and receiver were positioned along the lines (see Fig. 7). 

The survey was carried out during 12 days between 20 March and 2 April 2007. Not all 

of the planned soundings could be performed. Fig. 9 shows the station locations for the 

268 soundings that were successfully carried out during the survey; 27 of these were 

repeat measurements. Table 1 shows a summary of the soundings, and Appendices 1–12 

show the ARD curves for these soundings. The results were stored in 12 ASCII files. 

Table 1. Summary of the soundings performed at Olkiluoto in 2007. Repeat measure-

ments are excluded.

Number of soundings 

Coil separation [m] Line 1 Line 2 Line 3 Line 4 Line 5 Total

200 0 27 33 29 28 117

400 0 0 13 15 16 44

800 16 16 17 16 15 80

Total 16 43 63 60 59 241

The survey plan could not be implemented fully. This was mainly due to the following 

two reasons. Firstly, the research area is surrounded by strong anthropogenic EM noise 

sources generating strong EM fields that completely prevent soundings at some loca-

tions. Secondly, the terrain along the planned survey lines was not fully accessible. 

The most likely noise sources include the high-voltage power line to the northeast of the 

research area, and the metallic constructs supporting it. There are also communications 

lines near the research area. These kinds of lines can be considered very harmful to fre-

quency domain EM soundings because they generate fields on a wide frequency band. 

The 400-m coil separation soundings on Line 1, and part of the 200-m coil separation 

soundings on Line 2 from 26 March were lost due to malfunctioning equipment. A new 

attempt to measure Line 1 using 400-m coil separation was carried out. The attempt 

failed due to large fluctuations in the EM field caused by an increased noise level, most 

likely due to the high-voltage power line. For the same reason, the planned 200-m coil 

separation soundings on Line 1, and the 400-m coil separation soundings on Line 2 

could not carried out. 

In practice, all the 800-m coil separation soundings are of low quality due to EM noise 

contamination, and also possibly due to the effect of seawater. The 800-m coil separa-

tion soundings suffer most from EM noise. This is because EM field attenuation is pro-

portional to 1/r
3
, where r is the distance between the transmitter and receiver. Thus, the 

signal-to-noise ratio (SNR) is significantly lower for the 800-m coil separation sound-

ings than for the 200-m and 400-m coil separation soundings. 
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a)

b)

c)

Figure 9. The station locations for the soundings carried out during the survey. a) The 

200-m coil separation soundings; b) the 400-m coil separation soundings; and c) the 

800-m coil separation soundings.
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4 INTERPRETATIONS OF THE SOUNDINGS 

4.1 The interpretation method 

Sampo soundings are interpreted using the interactive interpretation program of Sipola 

(2002), which uses the 1-D layered earth model (Fig. 10) (e.g., Dey and Ward, 1970). 

The interpretation of a sounding is started by constructing an initial model containing up 

to ten horizontal layers with prescribed resistivities and thicknesses (Fig. 11a). The 

ARD curve of the sounding usually gives some indication of the resistivity structure of 

the subsurface, in which case it can be used to deduce the starting model. 

The model parameters are then optimised by minimising the difference between the 

model response and the observations (Fig. 11b). The optimisation is iterative and con-

trolled by the interpreter. That is, the interpreter can arbitrarily change the model during 

the interpretation. Moreover, any model parameter can be frozen at any time during the 

interpretation. 

The ARD curves usually contain spurious points (e.g., see the bottom part of the tilt-

corrected ARD curve in Fig. 4c). These points are manifestations of EM noise. The in-

terpretation program allows the user to remove any number of points from an ARD 

curve before or during the interpretation. Data editing is usually carried out before in-

terpretation to ensure improved convergence. 

Layer 1

Layer 2

Layer 3

Layer N–1

Layer N hN =

hN–1

h3

h2

h1 1

3

2

N–1

N

Ground surface (z = 0)

z

Figure 10. The 1-D layered earth model used in the interpretation of Sampo soundings. 

The subsurface consists of N layers with thicknesses hi and resistivities i.
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a)

b)

Figure 11. The model construction and optimisation dialog, and the ARD curve and model 

visualisation window of the interactive Sampo interpretation program of Sipola (2002). a) 

The model construction and optimisation dialog contains the current layer model parame-

ters, and optimisation controls. b) The ARD curve and model visualisation window contains 

the current state of the interpretation: the uncorrected ARD curve (black), the tilt-corrected 

ARD curve (blue), the model response curve (brown), and the layered earth model in the 

background with colours indicating resistivity (yellow colour indicates lower resistivity than 

green colour).
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4.2 The initial model 

Interpretation usually converges to some solution. However, there are usually many 

convergent solutions, not just one. The choice of the initial model is the determining 

factor that selects the solution to which the interpretation converges. Due to this ambi-

guity in interpretation, a priori information can be of vital importance. 

In general, the starting model for the interpretation of the Olkiluoto soundings was a 4-

layer model. It is known a priori that there is an overburden of ca. 2–10 m consisting of 

fine grained quaternary deposits. The overburden is also possibly wet. Thus, a top layer 

of 10-m thickness and 500 m resistivity was used. It is also known a priori that below 

the top layer there is Precambrian crystalline bedrock that may encompass a less resis-

tive layer of sulphides or graphites. Thus, the 2nd and 4th layers were bedrock layers set 

to 5000 m resistivity. The thickness of the 2nd layer depended on the form of the 

ARD curve. The thickness and resistivity of the conducting 3rd layer also depended on 

the form of the ARD curve. 

The 4-layer model described above was used as the tentative initial model. In some 

cases, a better fit to the observations was achieved with a model having only 2 or 3 lay-

ers. And in some cases, a model with two conducting layers (a 5-layer model) was 

needed to get a better fit. 

4.3 Results of the interpretations 

A total of 177 soundings were successfully interpreted; 64 of the 241 successful non-

repeat soundings (Table 1) could not be interpreted due to EM noise effects, or effects 

of 3-D structures that violate the 1-D layered earth assumption. Table 2 shows a sum-

mary of the interpreted soundings, and Figs. 12-15 show the interpreted layer models. 

Soundings from Line 1, and the 400-m and 800-m coil separation soundings from Line 

2 provided no data that could be interpreted using the 1-D layered earth model. 

Table 2. Summary of the interpreted soundings.

Number of interpretations 

Coil separation [m] Line 1 Line 2 Line 3 Line 4 Line 5 Total

200 0 26 31 29 18 104

400 0 0 13 15 5 33

800 0 0 15 11 12 38

Total 0 26 59 55 35 175

The results of the interpretations were included in a Microsoft Access drill hole data-

base that contains also the 1990, 1994, 2002, and 2004 soundings. This database was 

mapped to Surpac Vision to facilitate future 3-D visualisation and interpretation of the 

results. The interpretations are located at the measurement stations as virtual drill holes, 

and can be viewed in the same way as real drill hole data, with the interpreted layers 

coloured according to their resistivities. 



Figure 12. The interpretations of the soundings on Line 2. Only the 200-m coil separation soundings provided data that could be inter-

preted. The dashed line indicates the depth of one coil separation.

2
0



Figure 13. The interpretations of the soundings on Line 3. Top panel: the interpretations of the 200-m coil separation soundings. Middle 

panel: the interpretations of the 400-m coil separation soundings. Bottom panel: the interpretations of the 800-m coil separation sound-

ings. Gaps indicate soundings that could not be interpreted. The dashed line indicates the depth of one coil separation.

2
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Figure 14. The interpretations of the soundings on Line 4. Top panel: the interpretations of the 200-m coil separation soundings. Middle 

panel: the interpretations of the 400-m coil separation soundings. Bottom panel: the interpretations of the 800-m coil separation sound-

ings. Gaps indicate soundings that could not be interpreted. The dashed line indicates the depth of one coil separation.

2
2



Figure 15. The interpretations of the soundings on Line 5. Top panel: the interpretations of the 200-m coil separation soundings. Middle 

panel: the interpretations of the 400-m coil separation soundings. Bottom panel: the interpretations of the 800-m coil separation sound-

ings. Gaps indicate soundings that could not be interpreted. The dashed line indicates the depth of one coil separation.

2
3
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4.3.1 Interpretations of soundings from Line 2 

The interpretations of the 200-m coil separation soundings from Line 2 (Fig. 12) indi-

cate 3 conducting layers. 

The topmost layer is located at the end of the line, at 1600–1300 m. Its depth varies be-

tween 70 and 170 m, and its resistivity is 30–60 m. It appears to be dipping ca. 15° to 

NW. 

The mid layer is located at 400–1350 m. It reaches the depth of ca. 80 m at 800 m, and 

it is clearly dipping ca. 30° to NW. Its resistivity is ca. 200 m at 500 m, decreasing 

towards NW. 

Finally, the lowermost layer is located at 350–1150 m, at the depth of ca. 300 m. It is a 

horizontal layer with low resistivity, well below 60 m. This layer may be an artefact 

because it is located below the depth of one coil separation (200 m), which can be con-

sidered to be the maximum depth of interpretation. 

4.3.2 Interpretations of soundings from Line 3 

The interpretations of the 200-m, 400-m, and 800-m coil separation soundings from 

Line 3 (Fig. 13) indicate 3 layers. 

The 200-m coil separation soundings indicate a top layer at 400–2000 m. The depth of 

the layer varies between 100 and 200 m, and its resistivity is 20–160 m. A bottom 

layer is located at 1250–2000 m, with depth varying between 200 and 400 m. The layer 

appears to be dipping ca. 20° to SE. It is more conductive than the top layer, with resis-

tivities between 2 and 40 m. However, this layer may be just an artefact since it is lo-

cated below 200 m. 

The 400-m coil separation soundings indicate a top layer at 600–1800 m with depths 

varying between 100 and 350 m. The resistivity of the layer is around 50 m. A bottom 

layer is located at 600–1800 m with depths varying between 300 and 600 m. The layer 

appears to be dipping ca. 15° to SE, and has resistivity of 10–60 m. This layer is lo-

cated only partly above the depth of 400 m depth increasing the possibility of false in-

terpretation. However, this layer is very likely an indication of the same layer as the bot-

tom layer interpreted from the 200-m coil separation soundings. 

The 800-m coil separation soundings indicate two layers. The top layer is located at 

400–1900 m with depth varying between 150 and 300 m. Its resistivity varies between 

10 and 80 m. This layer could be a combination of the top and bottom layers inter-

preted from the 200-m and 400-m coil separation soundings. 

The 800-m coil separation soundings also indicate a bottom layer. This layer is located 

at the depth of 650–750 m, and has resistivity below 10 m. At 600–1100 m it appears 

to merge with the top layer. This layer could indicate a layer of deep saline groundwa-

ter. However, it is located near the depth of 800 m, which increases the probability of 

false interpretation. 
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4.3.3 Interpretations of soundings from Line 4 

The interpretations of the 200-m, 400-m, and 800-m coil separation soundings from 

Line 4 (Fig. 14) indicate 2 layers. 

The 200-m coil separation soundings clearly indicate two layers at 1500–1850 m. At 

other places along the line, the interpretation is less clear. The top layer has depths vary-

ing between 50 and 200 m, and the bottom layer depths vary between 150 and 300 m. 

The resistivities of both layers are mostly around 80–100 m. 

The 400-m coil separation soundings give a somewhat similar interpretation. There is a 

top layer with depth varying between 50 and 200 m, and a bottom layer with depth 

varying mostly between 300 and 500 m. The resistivity of the top layer is around 30 

m, whereas the bottom layer is even more conducting with resistivity mostly below 20 

m. 

The 800-m coil separation soundings indicate two layers. The top layer could be a com-

bination of the two layers interpreted from the 200-m and 400-m coil separation sound-

ings. The layer is located at 400–1700 m with depth varying between 150 and 500 m. Its 

resistivity varies between 20 and 100 m. 

The more conducting bottom layer at 400–1700 m interpreted from the 800-m coil sepa-

ration soundings has resitivity mostly below 1 m. It is located at the depth of 500–750 

m, which makes the probability of false interpretation higher. However, this could be an 

indication of a layer of deep saline groundwater. 

4.3.4 Interpretations of soundings from Line 5 

The interpretations of 200-m and 400-m coil separation soundings from Line 5 (Fig. 15) 

indicate 1 layer, whereas the 800-m coil separation soundings indicate 2 layers. 

The 200-m coil separation soundings indicate a layer at 500–1700 m, with depth vary-

ing between 50 and 250 m. Its resistivity is 5–50 m. 

The 400-m coil separation soundings indicate a layer at the depth of 100–150 m, with 

resistivity varying between 60 and 800 m. This may be a weak indication of the same 

layer as was interpreted from the 200-m coil separation soundings. 

The 800-m coil separation soundings indicate a top and a bottom layer at 400–1900 m. 

The top layer is located at the depth of 75–175 m, and has resistivity mostly around 100 

m. The bottom layer is located at the depth of ca. 250 m at 1900 m, dipping ca. 15° to 

SE, sinking to the depth of ca. 600 m at 400 m. Its resistivity varies mostly between 50 

and 100 m.
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4.3.5 Summary of the interpretations 

In general, the interpretations indicate 3 conducting horizontal to subhorizontal layers. 

The interpretations of the 200-m and 400-m coil separation soundings from Lines 3 and 

4 indicate two layers. The top layer appears to be horizontal, whereas the bottom layer 

seems to be dipping ca. 20° to SE on Line 3 but is more or less horizontal on Line 4. 

The interpretations of the 200-m coil separation soundings from Line 1 indicate 3 lay-

ers. The two topmost layers appear to be dipping NW, while the bottommost layer ap-

pears to be horizontal. This is not entirely consistent with the interpretations of the 200-

m and 400-m coil separation soundings from Lines 3 and 4. However, the interpretation 

of the horizontal bottommost layer appears concordant with the interpretations from 

Lines 3 and 4. 

The interpretations of the 800-m coil separation soundings from Lines 3 and 4 indicate 

two layers. The top layer is most likely a combination of the two layers interpreted from 

the 200-m and 400-m coil separation soundings from Lines 3 and 4. The bottom layer 

interpreted from the 800-m coil separation soundings could be an indication of deep sa-

line groundwater. 

The interpretations of the 200-m and 400-m coil separation soundings from Line 5 do 

not appear to be very reliable. On the other hand, the interpretations of the 800-m coil 

separation soundings from Line 5, again, indicate two layers. However, in this case the 

bottom layer is located at ca. 600 m, and has higher resistivity than might be expected 

from a layer of deep saline groundwater. 

The layers interpreted from the 200-m and 400-m coil separation soundings may indi-

cate sulphide and/or graphite rich zones. Furthermore, these zones may be linked to de-

formation. 
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5 MEASUREMENTS OF EM NOISE 

Noise is an important factor in EM soundings as it lowers the signal-to-noise ratio 

(SNR). EM noise can be classified roughly as (i) anthropogenic, (ii) natural, (iii) geo-

logical, and (iv) instrumental (see, e.g., Szarka, 1988). EM noise may introduce bias 

and/or spurious points to the data. In the worst case, noise can distort measurements be-

yond interpretation, or saturate the sensor and completely prevent measurements. 

Anthropogenic noise is termed active or passive (Szarka, 1988). Active noise is gener-

ated mainly by man-made alternating current systems, such as power lines. Passive 

noise is the distortion of the primary field by man-made objects (e.g., buildings and 

metal structures). Natural EM fields are generated, for example, by the solar wind and 

thunderstorms. Secondary fields by uninteresting subsurface objects are geological 

noise. Lastly, instrumental noise is the effect of the measurement device itself. 

As part of the survey, 138 soundings were performed keeping the transmitter turned off, 

having the receiver measure EM noise only. Of these soundings, 127 comprise meas-

urements at 40 frequencies, and are used in the following analysis. Fig. 16 shows the 

locations where the EM noise measurements were carried out. 

Figure 16. Locations where the EM noise measurements used in the analysis were car-

ried out. Line symbols are as in Figure 6.
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5.1 EM noise spectrum for Olkiluoto 

Fig. 17a shows the mean EM noise spectrum for Olkiluoto. The amplitudes were calcu-

lated using 

0

mean

10

)(
log20)(

A

fA
fA i

i , (3)

where A(fi) is the amplitude at the ith frequency fi, Amean(fi) is the mean amplitude of the 

x, y or z component of all EM noise measurements at the ith frequency, and A0 is the 

reference amplitude. For comparison, Fig. 17b shows an EM noise spectrum measured 

13 June 2007 at Veikkola, Kirkkonummi. The Veikkola test site is located far from an-

thropogenic EM noise sources, and should provide a good estimate of natural EM noise. 

However, it must be noted that the spectra of Fig. 17 are not fully comparable because 

the measurements at Veikkola were performed using an uncalibrated sensor. 

The noise spectra of Fig. 17 reveal the typical structure of an EM noise spectrum 

(Szarka, 1988). Very low frequency (VLF) and magnetotelluric (MT) fields dominate 

the high end of the spectrum. The peaks in the central part of the Olkiluoto spectrum are 

most likely power line harmonics (Szarka, 1988). It is expected and observed that the 

power line peaks are absent in the Veikkola spectrum. However, the Veikkola spectrum 

has a notable peak in the low end of the spectrum, which appears to be absent from the 

Olkiluoto spectrum. This peak is probably caused by geomagnetic disturbance (Szarka, 

1988). It is also likely that the peak is clearly visible in the Veikkola spectrum because 

near-by anthropogenic EM noise sources are not masking it, while they overwhelm the 

low end of the Olkiluoto spectrum. 

5.2 Further analysis 

5.2.1 Correlation between EM noise and distance to power lines 

The high-voltage power line just northeast of the research area and the other power lines 

(see Fig. 6) are likely the prime sources of EM noise in the area. This hypothesis is 

based on the following factors: 

1. On the observation that scatter in the ARD curves of the Appendices appear to in-

crease when coming close to power lines. This behaviour is most pronounced in the 

800-m coil separation soundings. The ARD curves of the soundings from Lines 1 

and 2 are distorted beyond interpretation. The 200-m coil separation soundings 

failed on Line 1, and the ARD curves appear to be more scattered on Line 2 than on 

Lines 3 and 4. Then, on Line 5 the curves become more scattered again, when the 

southwest power line is approached. The 400-m coil separation soundings on Lines 

1 and 2 failed. Scatter in the ARD curves increase when the southwest power line is 

approached. 

2. On the fact that a power line acts as a line antenna generating an EM field. 
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a)

b)

Figure 17. EM noise spectra. a) An EM noise spectrum calculated using all Olkiluoto 

EM noise measurements. b) An EM noise spectrum calculated using noise measure-

ments performed 13 June 2007 at Veikkola, Kirkkonummi, far from anthropogenic noise 

sources. The spectra of a) and b) are not fully comparable because the Veikkola meas-

urements were performed using an uncalibrated sensor.
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To investigate this hypothesis, the correlation between EM noise amplitude at the ith

frequency and the cubic root of the distance between the receiver and the high-voltage 

power line (HVPL) and nearest power line (NPL) was calculated. Pearson’s correlation 

coefficient (e.g., Milton and Arnold, 1990) was used as the measure for correlation. Cu-

bic root of distance was used because EM field attenuation is proportional to 1/r
3
, where 

r is the distance between the source and receiver. EM noise amplitude Ti for the ith fre-

quency was calculated using 

2/1222

iiii ZYXT . (3)

Fig. 18 shows the results. The correlations between EM noise amplitude and distance to 

the HVPL are considerable for most mid and high frequencies. The correlations are 

negative as is expected because EM field strength decreases with increasing distance. 

Furthermore, the correlations are statistically significant at the 99% significance level 

(shown with grey shading in Fig. 18) for most of the mid and high frequencies. This re-

sult provides evidence in support of the hypothesis. 

Fig. 18 indicates that EM noise amplitude and distance to the NPL are only weakly cor-

related, if at all, and that the correlations are not statistically significant at the 99% sig-

nificance level (except for one frequency). Furthermore, the correlations are mostly 

positive, which would indicate that EM field strength increases with increasing distance. 

This result is somewhat unexpected and counter-intuitive. 

Figure 18. Correlation between EM noise amplitude and cubic root of distance to the 

high-voltage power line (HVPL) and nearest power line (NPL). The grey shading indi-

cates correlation that is statistically significant at the 99% significance level.
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For a further test of the hypothesis, the number of frequencies successfully measured 

per sounding (Nfreqs) was plotted as a function of the cubic root of distance to the HVPL 

and NPL. The Nfreqs is a proxy for EM noise amplitude because measurements at a fre-

quency fail if there is too much noise.  

Fig. 19 shows the results. In the case of 200-m coil separation soundings (Fig. 19a), 

there is only weak correlation between Nfreqs and distance to the HVPL. In the case of 

400-m coil separation soundings (Fig. 19b), there is moderate correlation. Finally, in the 

case of 800-m coil separation soundings (Fig. 19c), there is strong correlation. All these 

correlations are positive as is expected because EM noise amplitude should fall off with 

distance to the HVPL and, thus, Nfreqs should increase as more frequencies get success-

fully measured. Furthermore, the correlations for the cases of 400-m and 800-m coil 

separation soundings are statistically significant at the 99% significance level. This re-

sult provides further support to the hypothesis. 

There is, at most, only moderate correlation between Nfreqs and the distance to the NPL 

in any of the cases (Fig. 19). Furthermore, the correlations are negative indicating de-

creasing Nfreqs with increasing distance to the NPL. Only the last of the correlations is 

statistically significant at the 99% significance level. This result is, again, somewhat 

unexpected and counter-intuitive. 

The following conclusions can be drawn from these tests: 

1. There is statistically significant correlation between EM noise amplitude and dis-

tance to the HVPL. 

2. This correlation is significant at high frequencies and large coil separations. 

3. There is no meaningful or statistically significant correlation between EM noise am-

plitude and distance to the NPL. 



32

a)

b)

c)

Figure 19. Correlation between the number of frequencies successfully measured per 

sounding (Nfreqs) and cubic root of the distance to the high-voltage power line (HVPL) and 

nearest power line (NPL). The cases of a) 200-m, b) 400-m, and c) 800-m coil separation 

soundings. The blue circles are observations, and the red line is a regression line fit to the 

observations. R is Pearson’s correlation coefficient. The p-value gives a rough estimate of 

the probability of getting a correlation of R when there is no correlation.
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5.2.2 Correlation between EM noise and survey date 

EM noise soundings were systematically performed each day starting from 26 March. 

Thus, they can also be used to investigate the dependence of EM noise amplitude on 

survey date. 

Fig. 20 shows a map of normalised EM noise amplitudes for each of the 40 frequencies 

as a function of date. The normalised EM noise amplitudes were calculated by first cal-

culating the mean noise amplitude for each frequency as a function of date. This re-

sulted in 40 noise amplitude time series (one time series for each frequency). Each time 

series was then processed separately by normalising the noise amplitudes to lie between 

0 and 1. 

There appears to be very little correlation between EM noise amplitude and survey date. 

The most striking feature in Fig. 20 is the low noise amplitudes at the high and mid fre-

quencies during March 30th and 31st. Furthermore, April 2nd appears to be the noisiest 

day. Other than that, EM noise amplitude appears to be randomly fluctuating from one 

day to the other. 

5.3 Influence of EM noise on the soundings 

The above analysis indicates that EM noise generated by the high-voltage power line 

has exerted a detectable influence on the soundings. This influence was most pro-

nounced on the 800-m coil separation soundings, and at high frequencies. Furthermore, 

EM noise from the high-voltage power line completely prevented 200-m and 400-m coil 

separation soundings on Line 1, and 400-m coil separation soundings on Line 2. 

Even though the above analysis does not indicate a correlation between EM noise am-

plitude and distance to the nearest power line, it can be observed from the ARD curves 

of the Appendices that also the southwest power line has generated noise that influenced 

the nearest soundings. Some soundings were even prevented by the southwest power 

line.

It must be noted that the above analysis and conclusions apply mostly to the active an-

thropogenic and natural EM noise sources. In addition to these sources, the metal struc-

tures supporting the high-voltage power lines may have considerably distorted the gen-

erated EM fields (passive EM noise). Furthermore, the Olkiluoto island is only ca. 2 km 

in width and surrounded by a large body of sea water. Thus, the near-by conducting sea 

water body (resistivity of sea water is ca. 2 m) may also have influenced especially the 

800-m coil separation soundings (geological noise). The effects of the man-made metal 

structures and the sea water body could be quantified using numerical modelling. How-

ever, at the moment, the magnitude of their effect remains unknown. 
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Figure 20. Map of normalised EM noise amplitudes as a function of survey date and 

frequency.
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6 NUMERICAL MODELLING 

6.1 The earth model 

Interpretation of Sampo soundings relies upon the validity of the 1-D layered earth as-

sumption. However, nature rarely conforms to idealisations. Thus, it is useful to investi-

gate the effect of a dipping layer to the interpretation of Sampo soundings. 

The earth model used in the numerical modelling is shown in Fig. 21. The model con-

sists of a homogeneous half space of 5000 m resistivity, and a thin dipping sheet. The 

sheet has the dimensions of 500 m in the strike direction (the direction perpendicular to 

the paper in Fig. 21), and 1500 m in the dip direction (the direction of increasing station 

coordinate). The sheet was placed at the depth of z = 50 m at x = 0 m, and the conduc-

tance-thickness product of the sheet was given the value of 1 S. 

Three different measurement arrays were used: (i) the broadside array, (ii) the in-line 

array with transmitter moving ahead of receiver, and (iii) the in-line array with receiver 

moving ahead of transmitter. The stations (calculation points) were spaced 20 m apart 

starting at x = –400 m and ending at x = 400 m. Furthermore, the 7 dip angles of 0º, 15º, 

30º, 45º, 60º, 75º, and 90º were used. Thus, the total number of model runs was 21. 

 = 5 000 m

Station coordinate, x

Depth coordinate, z

Depth to top

Dip

Figure 21. The earth model used in the numerical modelling. The model consists of a 

homogeneous half-space of 5000 m resistivity, and a thin dipping sheet (red).

6.2 Results of the modelling 

The modelling was performed using CSIRO’s AMIRA program Leroi (e.g., Chen et al.,

2000). The results of the calculations were then interpreted using the interpretation pro-

gram of Sipola (2002). Figs. 22–28 show the results of the interpretations. 



Figure 22. Interpretations of numerically calculated horizontal thin sheet results. Top panel: broadside measurements. Middle panel: in-

line measurements with transmitter (TX) moving ahead of receiver (RX). Bottom panel: in-line measurements with receiver moving ahead

of transmitter. The conductivity-thickness product of the sheet (white line) was 1 S, and coil separation was 200 m. Gaps indicate results 

that could not be interpreted using a 1-D layered earth model.
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Figure 23. Interpretations of numerically calculated results for a thin sheet dipping 15º. Top panel: broadside measurements. Middle 

panel: in-line measurements with transmitter (TX) moving ahead of receiver (RX). Bottom panel: in-line measurements with receiver mov-

ing ahead of transmitter. The conductivity-thickness product of the sheet (white line) was 1 S, and coil separation was 200 m. Gaps indi-

cate results that could not be interpreted using a 1-D layered earth model.
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Figure 24. Interpretations of numerically calculated results for a thin sheet dipping 30º. Top panel: broadside measurements. Middle 

panel: in-line measurements with transmitter (TX) moving ahead of receiver (RX). Bottom panel: in-line measurements with receiver mov-

ing ahead of transmitter. The conductivity-thickness product of the sheet (white line) was 1 S, and coil separation was 200 m. Gaps indi-

cate results that could not be interpreted using a 1-D layered earth model.
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Figure 25. Interpretations of numerically calculated results for a thin sheet dipping 45º. Top panel: broadside measurements. Middle 

panel: in-line measurements with transmitter (TX) moving ahead of receiver (RX). Bottom panel: in-line measurements with receiver mov-

ing ahead of transmitter. The conductivity-thickness product of the sheet (white line) was 1 S, and coil separation was 200 m. Gaps indi-

cate results that could not be interpreted using a 1-D layered earth model.
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Figure 26. Interpretations of numerically calculated results for a thin sheet dipping 60º. Top panel: broadside measurements. Middle 

panel: in-line measurements with transmitter (TX) moving ahead of receiver (RX). Bottom panel: in-line measurements with receiver mov-

ing ahead of transmitter. The conductivity-thickness product of the sheet (white line) was 1 S, and coil separation was 200 m. Gaps indi-

cate results that could not be interpreted using a 1-D layered earth model.
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Figure 27. Interpretations of numerically calculated results for a thin sheet dipping 75º. Top panel: broadside measurements. Middle 

panel: in-line measurements with transmitter (TX) moving ahead of receiver (RX). Bottom panel: in-line measurements with receiver mov-

ing ahead of transmitter. The conductivity-thickness product of the sheet (white line) was 1 S, and coil separation was 200 m. Gaps indi-

cate results that could not be interpreted using a 1-D layered earth model.
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Figure 28. Interpretations of numerically calculated vertical thin sheet results. Top panel: broadside measurements. Middle panel: in-line

measurements with transmitter (TX) moving ahead of receiver (RX). Bottom panel: in-line measurements with receiver moving ahead of 

transmitter. The conductivity-thickness product of the sheet (white line) was 1 S, and coil separation was 200 m. Gaps indicate results that 

could not be interpreted using a 1-D layered earth model.
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6.3 Discussion of the results 

The results (Figs. 22–28) indicate that the broadside array outperforms the in-line array, 

assuming that the surveying direction is the dip direction of the layer. This suggests that 

the broadside array should be used when a survey traverses above a dipping layer. 

However, the in-line array with transmitter moving ahead of receiver performs well 

also, as long as the transmitter is located above the layer. This suggests that the location 

of the transmitter is of great importance. 

The results also indicate that the Sampo method can resolve a dipping layer when both 

the transmitter and receiver are above it. The depth of a dipping layer can be resolved 

fairly well even for a layer that dips as steeply as 45º. In case of steeper dips, the results 

of the interpretations are progressively degraded. 

The finite extent of the sheet caused an effect that influenced the interpretations. The 

edge of the sheet distorted the field, creating a 3-D effect that manifested itself as a rap-

idly sinking layer edge, or a phantom layer. At some stations, the edge effect distorted 

the ARD curves beyond interpretation, which can be seen as gaps in Figs. 22–28. The 

in-line array with receiver moving ahead of transmitter is most plagued by the edge ef-

fect, whereas the broadside array is nearly uninfluenced as long as the layer is not dip-

ping steeper than 45º. 

An important issue regarding the interpretation of real world Sampo data is to minimise 

and recognise 3-D effects. The results of the numerical modelling suggest the following. 

In the first place, properly using the broadside array minimises 3-D effects. Secondly, 

interpretations indicating a layer that is dipping 45º or steeper should be considered sus-

picious because the 1-D interpretation method cannot resolve layers that dip too steeply. 

Thirdly, as is indicated by Figs. 22-28, a rapidly sinking layer edge or a parabolic shape 

is generally associated with a 3-D effect. Finally, as is suggested by Fig. 29, a phantom 

layer is associated with ARD curves that progressively become more linear with in-

creasing distance. This suggests that care should be exercised when interpreting ARD 

curves that show little variability in apparent resistivity. 



Figure 29. ARD curves from the model run with a conducting thin sheet dipping 15º, which was surveyed in-line with transmitter (TX) moving ahead 

of receiver.
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7 SUMMARY AND CONCLUSIONS 

A new Sampo survey was performed at Olkiluoto during 12 days from 20 March to 2 

April 2007. The goal of the survey was to provide full data coverage of the central part 

of the eastern Olkiluoto island, down to the depth of ca. 800 m, supplementing the 2002 

Sampo survey. To achieve this goal, soundings with 200, 400, and 800 m coil separa-

tions along 5 survey lines were planned, and carried out. A total of 408 Sampo sound-

ings were performed. Of these soundings, 134 were measurements of EM noise. 

The quality of the measurements suffered from strong EM noise fields. The high-

voltage power line to the northeast of the research area was found to be a significant 

source of EM noise. The influence of the high-voltage power line can be observed in the 

EM noise spectrum; the power lines cause several high peaks in the spectrum. Espe-

cially, the 800-m coil separation soundings were strongly influenced by EM noise. 

Numerical modelling was performed to investigate the effect of a dipping layer to 

Sampo interpretations. The results suggest that the depth of a dipping layer can be re-

solved fairly well using the Sampo method if the dip is not too steep (below 45º) and the 

transmitter and receiver are located above the layer. The results also indicate that the 

broadside array is superior to the in-line array; at least when the survey is carried out in 

the dip direction. 

The interpretations of the 200-m and 400-m coil separation soundings indicate two con-

ducting layers, which are likely to be sulphide and/or graphite rich zones. These layers 

are located above the depth of 600 m. The 800-m coil separation soundings indicate a 

top layer at ca. 200 m depth. This layer is probably a combination of the two layers in-

dicated by the 200-m and 400-m coil separation soundings. Furthermore, the 800-m coil 

separation soundings indicate a deeper layer at ca. 600–800 m depth. This deeper and 

more conducting layer could be an indication of deep saline groundwater. 
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