
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

Arto  Korp i sa lo

He l i  O jamo

December  2010

Work ing  Repor t  2010 -89

Electromagnetic Sampo Monitoring Soundings
at Olkiluoto 2010



December  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

Arto  Korp isa lo

He l i  O jamo

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

Work ing  Report  2010 -89

Electromagnetic Sampo Monitoring Soundings
at Olkiluoto 2010



ELECTROMAGNETIC SAMPO MONITORING SOUNDINGS AT OLKILUOTO 
2010 
 
ABSTRACT 
 
The Geological Survey of Finland has carried out electromagnetic frequency-domain 
depth soundings at fixed measurement stations in Olkiluoto annually since 2004. The 
purpose of the soundings is to monitor the groundwater conditions in the vicinity of the 
ONKALO rock characterization facility which will ultimately be part of the final nu-
clear waste disposal facility for the Finnish nuclear power companies. 
 
A new monitoring survey was carried out at the turn of May-June 2010. The survey re-
sulted in 38 successfully performed soundings at 10 stations. The data set spanning the 
time period of 2004 to 2010 was interpreted with layered-earth models. Most of the in-
terpretations indicate no systematic changes in the level of deep saline groundwater. 
However, at one station there are indications of a systematic rise in the groundwater 
level. 
 
Keywords: Electromagnetic depth soundings, Olkiluoto, monitoring, modeling, saline 

groundwater 
 
 
 



OLKILUODON SÄHKÖMAGNEETTISET SAMPO-LUOTAUKSET 2010 
  
TIIVISTELMÄ 
 
Geologian tutkimuskeskus on tehnyt Olkiluodossa vuosittain taajuusalueen sähkömag-
neettisia syvyysluotauksia kiinnitetyillä mittausasemilla, vuodesta 2004 alkaen. Luota-
usten tarkoituksena on seurata ONKALO-tunnelin läheisyydessä mahdollisesti tapahtu-
via muutoksia pohjaveden pinnassa. ONKALO-tunnelista tulee lopulta osa Suomen y-
dinvoimayhtiöiden ydinjätteiden loppusijoitustilaa. 
 
Vuoden 2010 touko-kesäkuun vaihteessa tehtiin uudet luotaukset. Tuloksena saatiin 38 
onnistunutta luotausta 10 mittausasemalla. Aikavälin 2004–2010 kattava havaintoai-
neisto tulkittiin kerrosmalleja käyttäen. Suurin osa tulkinnoista ei indikoi systemaattisia 
muutoksia syvällä sijaitsevan suolaisen kalliopohjaveden pinnassa. Yhden mittausase-
man havaintojen tulkinnat kuitenkin osoittavat systemaattista nousua pohjaveden pin-
nassa. 
 
Avainsanat: Sähkömagneettiset syvyysluotaukset, Olkiluoto, monitorointi, mallinnus,

suolainen pohjavesi 
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1 INTRODUCTION 
 
Posiva is a company responsible for the final disposal of nuclear waste in Finland. The 
waste disposal facility will be sited deep in the bedrock of Olkiluoto, South West 
Finland. At present, Posiva is excavating the ONKALO rock characterization facility 
that will eventually act as the access tunnel to the underground waste disposal facility. 
 
The excavation causes a disturbance in the crystalline bedrock. The disturbance may 
influence the groundwater conditions in the surrounding bedrock (e.g., Lin and Lee 
2009). Thus, monitoring the groundwater conditions is warranted. 
 
The groundwater in the bedrock of Olkiluoto is known to be saline (e.g., Palmén et al. 
2004). As saline groundwater is electrically conductive, changes in the groundwater 
conditions also change the apparent electrical properties of the bedrock. Thus, electro-
magnetic methods can be used to detect such changes because they respond to electri-
cally conductive formations. 
 
The electromagnetic frequency-domain Gefinex 400S depth sounding system (hereafter 
Sampo; e.g., Soininen and Jokinen 1991) has been used to monitor the crystalline bed-
rock of Olkiluoto annually starting from 2004. The purpose of the Sampo monitoring 
surveys has been to detect changes in the bedrock of Olkiluoto in the vicinity of ON-
KALO. At present, seven surveys have been carried out. These are described in Jokinen 
and Lehtimäki (2004, 2005, 2006, 2007 and 2008) and in Jokinen et al. (2009). The pre-
sent report describes the latest survey that was conducted at the turn of May-June 2010. 
 
Korhonen (2010) attempted to interpret the Sampo data from the 2004–2008 surveys. 
The present report describes a new attempt at interpreting the results of the Sampo sur-
veys. The new interpretations include all available data from the 2004–2010 surveys. 
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2 THE SAMPO DEPTH SOUNDING SYSTEM 
 
2.1 The operational principle 
 
The Sampo system is a wide-band frequency-domain electromagnetic depth sounding 
system. It consists of a transmitter and a receiver (Figure 1). The transmitter is a hori-
zontal wire loop carrying an alternating current which generates an alternating magnetic 
field. The primary field (Hp) generated by the transmitter penetrates the ground and in-
duces eddy currents in subsurface conductors which generate a secondary magnetic 
field (Hs). At a distance from the transmitter the receiver measures the radial, tangential 
and vertical components (Hx, Hy and Hz) of the total field which is the superposition of 
the primary and secondary fields (H = Hp + Hs). 
 

 
 

Figure 1. The Sampo system. The transmitter is a horizontal wire loop carrying an al-
ternating current. The receiver is placed at the distance L from the transmitter and con-
sists of three coils that are used to measure the three orthogonal components of the
magnetic field generated by the transmitter. The field of the transmitter is equivalent to
that of a vertical magnetic dipole of moment m. 
 
Each sounding comprises the measurement of the total field at 82 discrete frequencies 
ranging from 2 Hz to 20 kHz (Figure 2a). The results are further processed into wave 
tilts 
 

���� i

r

z e
H
HW , (1)

 
where � is the phase difference between the vertical and radial components of the total 
field (Figure 2b) (see Frischknecht et al. 1991). 
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(a) (b)

Figure 2. The results of a Sampo sounding. (a) The amplitudes of the radial and vertical 
components of the total field (Hx and Hz) as a function of frequency. (b) The amplitude 
of the wave tilt (W) as a function of frequency and the phase difference (�) between the 
vertical and radial components as a function of frequency. The jumps in (a) that occur
around 10, 3 and 1.5 kHz are due to more turns being switched on in the transmitter
loop to increase the magnetic moment of the transmitter to compensate for the loss of 
signal at lower frequencies. 
 
The total field would be completely vertical at the receiver if the ground was electrically 
resistive (Figure 3a). However, the ground is always finitely conductive and the primary 
field induces eddy currents in it. The induced currents generate a secondary field which 
makes the total field tilted at the receiver (Figure 3b). The strength of the secondary 
field depends on the conductivity of the ground. The wave tilt is a measure of the tilting 
of the total field and, thus, also a measure of the conductivity of the ground. 
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 (a)

 
 

(b)

 
 

Figure 3. The total field. (a) The total field would be completely vertical at the receiver 
if the ground was electrically resistive. (b) The primary field induces a secondary field 
in finitely conductive ground making the total field tilted at the receiver. 
 
The electrical attenuation of the transmitted field is dependent on its frequency. The 
skin depth 
 

���
2� �  (1)

 
is a function of the electrical and magnetic properties of the ground (� is the electrical 
conductivity and � is the magnetic permeability) and the frequency of the transmitted 
field (� is the angular frequency) and gives the distance after which the field has lost 
37 % of its energy (e.g., West and Mcnae 1991). The skin depth indicates that decreas-
ing frequencies penetrate deeper into the ground. Thus, when performing a sounding 
with fixed transmitter and receiver and variable frequency, information is received from 
different depths. 
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Sampo surveys are carried out by performing soundings at several measurement stations 
located on straight measurement lines (Figure 4). The station spacing and coil separa-
tion range from 50 meters to several hundreds of meters. The coil separation is an im-
portant parameter that determines the depth of investigation. Normally the depth of in-
vestigation is considered to lie somewhere between the depth of one and two coil sepa-
rations. 
 

 
 

Figure 4. A Sampo measurement line. Sampo soundings are carried out at measure-
ment stations located on straight measurement lines. 
 
2.2 Data processing and visualization 
 
The wave tilts describe increasing ground volumes at decreasing frequencies. This is the 
underlying principle of the apparent resistivity transformation (Aittoniemi et al. 1987) 
which is used to transform the results of a sounding into a curve of apparent resistivity 
as a function of depth (Figure 5a). At each frequency, the apparent resistivity is taken as 
the resistivity of the homogenous half-space that produces the observed wave tilt. The 
depth is calculated by first splitting the half-space into two layers and making the bot-
tom layer orders of magnitude more conductive. Then the depth of the bottom layer is 
adjusted until it no longer influences the response and the observed wave tilt is pro-
duced. 
 
Electromagnetic and instrument noise is unavoidable. Thus, data will always contain 
spurious and noisy points. Such points are simply removed (Figure 5b) since there is no 
applicable correction. 
 
All data processing and visualization is carried out using specialized software (Sipola 
2002). 
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(a) (b)

 
Figure 5. Sampo data processing and visualization. (a) The results of a sounding are 
transformed into apparent resistivity as a function of depth. (b) Noisy data are removed.
 
2.3 Tilt correction 
 
Incorrect alignment and levelling of the receiver and varying topography introduce er-
rors in the measurements. Misalignment errors (Figure 6a) are often unavoidable be-
cause the view from the receiver to the transmitter may be obscured (e.g., by trees). 
Misalignment errors of even 10 degrees are barely detectable (see Korhonen 2010) and 
are not corrected. 
 
Varying topography causes problems either by making the transmitter loop inclined due 
to sloping ground (Figure 6b) or by making the transmitter and receiver lie on different 
height levels (Figure 6c), or any combination of both. These are sources of topographi-
cal errors which make the total field appear anomalously tilted. Incorrect levelling of the 
receiver (Figure 6d) has the same effect. Thus, topographical errors and errors due to 
incorrect levelling combine together and can be corrected using the same tilt correction 
procedure. 
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(a) (b)

 
(c)

 

(d)

 
Figure 6. Misalignment and topographical errors. (a) The misalignment of the receiver
gives rise to a false tangential component (Hy) and makes the radial component (Hx)
appear smaller than it really is. The varying topography may manifest as (b) sloping
ground and (c) ground height variations which give rise to a false radial component
(Hx) and make the vertical component (Hz) smaller than it really is. (d) The incorrect
levelling of the receiver has the same effect as (b) and (c). 
 
Electromagnetic induction diminishes at decreasing frequencies and the total field ap-
proaches the primary field. Thus, at low frequencies virtually all tilting of the primary 
field is due to either topographical effects or incorrect levelling of the receiver. The tilt 
angle 	 is given by 
 

21

cos2
2tan

W

W

�

�

�	  (3)

 
(Smith and Ward, 1974). The tilt error 	err used for the tilt correction is estimated for 
each sounding by first calculating the tilt angles�at the five lowest frequencies using 
Eq. (3) and then taking their median (Sipola, 2002). Finally, the wave tilts at each fre-
quency are adjusted using 
 

err

err
corr tan1

tan
	�
	�

�
W

WW , (4)

 
which is derived from the ratio of the rotated vertical and radial components 
 

��� cossinz zx HHH  (5a)
 
and 
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��� sincos zxx HHH , (5b)
 
where the rotation angle  is –	err. 
 
Figure 7 illustrates the tilt correction procedure while Figure 8 demonstrates the impor-
tance of proper removal of spurious and noisy data points in order to get a reliable esti-
mate of the tilt error. 
 
(a) 

 

(b)

 
Figure 7. An illustration of tilt correction. (a) The blue curve shows the theoretical re-
sponse from a horizontal 10×10-m square loop transmitter on a 100-�m half-space at
200-m distance. The red curve shows the response from the same model but with the 
transmitter loop inclined 5 degrees. The green curve shows the results after applying 
the tilt correction procedure to the inclined loop response. (b) Same as in (a) but show-
ing the apparent resistivity curves. 
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(a) (b)

 
Figure 8. An illustration of the importance of proper data processing. (a) Raw and tilt-
corrected data when the tilt-correction (	err) is estimated from noisy and spurious data 
points. (b) Properly processed and tilt-corrected data when the tilt-correction is esti-
mated using good quality data. 
 
2.4 Interpretation of soundings 
 
The interpretation of Sampo soundings is carried out using one-dimensional layered-
earth models (Figure 9). The specialized interpretation software of Sipola (2002) takes 
an initial guess and finds a model that minimizes the misfit between the observations 
and the model response using non-linear optimization (see Aittoniemi et al. 1987; and 
Sipola 2002). The misfit is given by the sums of squares of residuals as 
 

� ��
�

��
N

i
ii fW

1

2);F(loglog(SSE xx) , (6)

 
where x is a vector of model parameters, N is the number of frequencies, and Wi and 
F(fi; x) are the wave tilt and theoretical model response at frequency fi, respectively (see 
Aittoniemi et al. 1987). Figure 10 presents an example of the results of the fitting pro-
cedure. 
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Figure 9. The one-dimensional layered-earth model. Each layer has its own thickness h
and resistivity �. The layers have infinite horizontal extents. There are N layers and the
bottom layer is a half space. 
 

 
 

Figure 10. Fitting a model to observations. 
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3 THE SAMPO MONITORING SURVEYS 
 
3.1 The Sampo monitoring program 
 
Posiva is the authority responsible for the final disposal of nuclear waste in Finland. The 
disposal will take place in an underground facility located at the depth of about 400 me-
ters. Posiva has begun excavating a tunnel which is currently used as a rock characteri-
sation facility called ONKALO but which will eventually act as the access tunnel to the 
disposal facility. Because underground excavations may induce changes in groundwater 
conditions that lead into adverse effects, there is great interest in detecting and monitor-
ing any and all changes in these conditions. 
 
Drill hole logs indicate that groundwater in the vicinity of ONKALO is quite saline 
(Figure 11). Changes in the level of saline groundwater and its salinity alter the electri-
cal conductivity of the bedrock. Thus, using geophysical electromagnetic methods to 
detect and monitor groundwater conditions is warranted. 
 

 
 

Figure 11. Fluid resistivity logs from drill holes at the ONKALO site. OL-KR10 is
nearly vertical while OL-KR22 is more inclined. Both logs indicate electrically conduc-
tive groundwater. 
 
The Sampo monitoring program was initiated in 2004 in order to detect and monitor 
changes in the groundwater conditions in the vicinity of ONKALO. Sampo surveys 
have been carried out every year during the last week of May or the first week of June. 
The nominal survey plan is shown in Figure 12. 
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Figure 12. A map of the survey lines and monitoring stations. Lines K50400 and 
K50600 have been measured every year starting from 2004 while Line ABC has been 
measured starting from 2009. The stations labelled L11500 on lines K50400 and
K50600 were added to the program in 2005. The LK and AB survey coordinate systems 
are also shown. 
 
Soundings have been performed at 200 meter station spacing along lines K50400 and 
K50600 during 2004–2008. The coil separations of 200, 500 and 800 meters have been 
used on stations on these lines. Line ABC was added to the program in 2009. Soundings 
on that line have been performed at 300-m station spacing using coil separations of 200, 
400 and 800 meters. The field work is documented in Jokinen and Lehtimäki (2004, 
2005, 2006, 2007 and 2008) and Jokinen et al. (2009). 
 
Figure 13 shows the locations of the successfully performed soundings during 2004–
2009. It has been impracticable to measure all stations at all coil separations each year. 
The actual station locations are also slightly offset from their nominal locations. These 
deviations are due to the changing and expanding infrastructure at the ONKALO site 
and inaccessible ground. Buildings and fences have been constructed and some loca-
tions are obscured by woods. The greatest challenge is the placement of the transmitter 
loop because it requires a fairly large amount of accessible terrain. At some locations 
even the placement of the receiver may be problematic due to difficult terrain. More-
over, soundings on some stations have failed due to strong electromagnetic noise. 
 
The monitoring programme was revised in 2009. Stations most affected by electromag-
netic noise were removed (see Jokinen et al. 2009). Soundings on these stations were 
found to provide no meaningful information. 
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The transformation between LK coordinates and KKJ zone 1 coordinates is given by 
 

� � � � 1526200�sin50000�cos10000 LKLK ����� KLX  (7a)
 
and 
 

� � � � 6791352�cos50000�sin10000 LKLK ����� KLY  (7b)
 
where L and K are the LK coordinates, X and Y are the KKJ zone 1 easting and nor-
thing, and 	LK is –144.817°. Similarly, the transformation between AB coordinates and 
KKJ zone 1 coordinates is given by 
 

� � � � 1527074�sin500000�cos100000 ABAB ����� BAX  (8a)
 
and 
 

� � � � 6791140�cos500000�sin100000 ABAB ����� BAY  (8b)
 
where A and B are the AB coordinates and 	AB is –152.574°. 
 
3.2 The 2010 monitoring survey 
 
The 2010 monitoring survey was carried out between 31 May and 3 June. The field 
team was headed by geophysicist Arto Korpisalo and included assistants Heli Ojamo, 
Reijo Sormunen, Jukka Piispa and Terho Turunen. 
 
On Line ABC, additional soundings at 600-m coil separation were attempted. Unfortu-
nately, soundings were possible only at station C. Suitable locations for the transmitter 
could not be found to perform soundings at stations A and B. 
 
Figure 14 shows the locations of all the 38 successfully performed soundings carried out 
at 10 measurement stations. 
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(a)

 
 

(b)

 
 

(c)

 
 

Figure 14. The locations of all the 38 successful monitoring soundings performed dur-
ing the 2010 survey. (a) The 200-m coil separation soundings on Lines K50400, K50600
and ABC. (b) The 400-m and 600-m coil separation soundings on Line ABC and 500-m
coil separation soundings on Lines K50400 and K50600. (c) The 800-m coil separation
soundings on Lines K50400, K50600 and ABC. 
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3.3 The results and their quality assessment 
 
Each sounding was carefully processed. Noisy and spurious data points were removed 
in order to obtain best estimates for tilt errors. In some cases, tilt correction had to be 
carried out using a heuristic approach because the low-frequency data was too noisy for 
the automatic estimation of tilt errors. The processed and tilt-corrected data are pre-
sented as apparent resistivity curves in Appendices 1–10. 
 
Tables 1–3 present a quality assessment of the soundings performed on each station at 
each coil separation. The assessment is based on visual inspection of the apparent resis-
tivity curves, taking into account the general noise level, the number of retained data 
points and the level of distortion exhibited by the curves. 
 
Table 1. A quality assessment of the soundings performed on Line K50400. 
 

 L10000 L10200 L10400 L10600 L10800 L11000 L11200 L11400 L11500 
200 High High Low Low Missing High High Low High 
500 High High Low Low Low Low High Low Missing 
800 High High Low Low Medium Low Medium Low High 

 
Table 2. A quality assessment of the soundings performed on Line K50600. 
 

 L10000 L10200 L10400 L10600 L10800 L11000 L11200 L11400 L11500 
200 High High Low Low Low High High Low Missing 
500 Medium Medium Low Low Low Medium High Low Missing 
800 High Medium Low Medium Low Medium High Low Missing 

 
Table 3. A quality assessment of the soundings performed on Line ABC. 
 

 A B C 
200 High High High 
400 High High High 
800 High High Medium 
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4 THE LAYER MODEL INTERPRETATIONS 
 
4.1 Station selection 
 
Stations that provide high-quality data for more than 3 years were selected for interpre-
tation. There are 9 stations satisfying this criterion. Figure 15 shows the nominal loca-
tions of these stations. 
 

 
 

Figure 15. A map of the nominal locations of the 9 stations that were selected for inter-
pretation. 
 
4.2 A priori models 
 
The interpretation of the soundings is based on geophysically derived a priori knowl-
edge of the conductivity structures at Olkiluoto (Figure 16). These structures were in-
terpreted from Mise-à-la-masse surveys carried out at Olkiluoto during the time period 
of 1995 to 2008 (see Ahokas and Paananen 2010). The structures are represented by tri-
angulated surfaces where each triangle represents a single electrical conductor simulta-
neously observed in three drill holes. 
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Figure 16. A south-west view of the known electrical conductors interpreted from Mise-
à-la-masse surveys. The black lines indicate the nominal locations of the measurement
stations. The general dip and strike of the geology of Olkiluoto is evident. 
 
Figure 17 presents the concept that is utilized for modelling the real world conductivity 
structures as layered-earth models. Closely adjacent conductivity structures were mod-
elled using a single thick conductive layer. This was necessary because the interpreta-
tion software can handle only 10 layers and in many cases the number of layers would 
otherwise have exceeded that limit. The thickness of a combined layer was determined 
from the top-most and bottom-most conductivity structures included in the layer. If a 
conductivity structure had no close neighbours, it was modelled as a conductive layer 
having its thickness deduced from one or more near-by drill-hole resistivity logs. 
 

 
Figure 17. The modelling concept. The concept indicates how real-world features are
represented by a layered-earth model. The blue colouring indicates resistive bedrock,
the grey lines indicate fractures and the red colouring indicates electrically conductive
material. 
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The bedrock at Olkiluoto is mostly covered by fine-textured sandy till of glacial origin 
(Lahdenperä et al. 2005) which is also likely to be wet. Such an overburden is electri-
cally conductive with resistivities as low as few hundreds of ohm meters (e.g., Pel-
toniemi 1988). Thus, an additional conductive top layer was added to model the over-
burden as an electrically conductive layer. The thickness of the layer was taken as 10 
meters as the thickness of the overburden is 2–4 meters on the average but thicknesses 
of even 12–16 meters are encountered (Lahdenperä et al. 2005; Vaittinen et al. 2005). 
 
Figure 18 shows the resulting a priori layered-earth models determined using the known 
conductivity structures shown in Figure 19. 
 

 
 
Figure 18. The a priori layered-earth models for each station selected for interpretation. 
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 (a) (b)

 
Figure 19. Close-ups of the known electrical conductors below of the 9 interpreted sta-
tions. (a) The eastern stations. (b) The western stations. The black lines indicate the lo-
cations of the nominal measurement stations. The view is from south west. 
 
4.3 The interpretation principle 
 
The 200-m, 500-m and 800-m coil separation soundings at each of the selected stations 
(Figure 15) were interpreted independently. The interpretations were carried out in the 
following manner. 
 
For the first available year, the a priori model for the station under consideration (Figure 
18) was set as the initial model. First, the thicknesses of the layers were kept fixed while 
their resistivities were fitted with a few rounds of iteration of the non-linear optimiza-
tion algorithm. At this point, some of the deeper layers (below ca. 2 coil separations) 
were dropped out because they provided no improvements to the fit. Moreover, in some 
cases the layer models had to be simplified to improve the fit to the data. The simplifi-
cations were needed especially for some of the 500-m and 800-m coil-separation sound-
ings. 
 
Then, all the model parameters were freed for a few rounds of iteration to get better fits. 
After this stage, the thicknesses were fixed again and the models were considered to 
represent the static part of the geology of the bedrock. 
 
Next, a conductive half-space was added at the bottom and the updated model was fitted 
with the non-linear optimization algorithm. This conductor acts as an equivalent source 
for the deep-seated electrically conductive groundwater (Figure 17) that permeates the 
fractured and porous bedrock. 
 
Finally, data from the subsequent years were interpreted with the updated model in the 
following way. The model from the first interpreted year was set as the initial model for 
the next year. The resistivities of all layers, and the depth of the bottom layer, were fit-
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ted to the data using the non-linear optimization algorithm. Then, this updated model 
was again used to initialize the interpretation of the subsequent year. 
 
4.4 The results of the interpretations 
 
4.4.1 Station L10000/K50400 
 
The data are mostly of high quality (Appendix 1). Appendix 11 presents the results of 
the interpretations. 
 
200-m coil-separation soundings 
 
Soundings from the first two years cannot be interpreted using layered-earth models. 
However, the soundings from 2006–2010 can be fitted quite well using layered-earth 
models. The bottom layer settles down to ca. 900 meters showing no significant annual 
changes (Figure 20). 
 
500-m coil-separation soundings 
 
Most of the soundings could be fitted very well using layered earth models. However, 
the models had to be drastically simplified, leaving only a conductive middle layer and 
the conductive bottom layer. The location of the bottom layer appears to sink deeper by 
the year (Figure 20). The trend is statistically significant and it is 54 meters per year (the 
95 % confidence interval is 32–76 meters per year). 
 
800-m coil-separation soundings 
 
Again, the models had to be simplified leaving only a conductive middle layer and the 
bottom layer. For 2006 the bottom layer was removed and for 2010 a conductive over-
burden was added to improve the fits. Overall, the fits are mostly good. The bottom 
layer shows no systematic changes (Figure 20). 
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Figure 20. The depth of the bottom layer interpreted from the 200-m, 500-m and 800-m 
coil-separation soundings carried out at station L10000/K50400. 
 
4.4.2 Station L10000/K50600 
 
The data for the 200-m coil-separation soundings are of high quality while the data for 
the 800-m coil-separation soundings is fairly noisy and the data for the 500-m coil-
separation soundings are not interpretable by layered-earth models (Appendix 1). Ap-
pendix 12 shows the results of the interpretations. 
 
200-m coil-separation soundings 
 
The deletion of the bottom layer resulted in good fits. No changes in the depth of saline 
groundwater can be inferred from these interpretations (Figure 21). 
 
800-m coil-separation soundings 
 
The fits are fairly good. The two top-most conductors were removed from the models 
for the years 2009–2010 to improve fits. The bottom layer shows a sinking trend (Figure 
21) but it is not statistically significant. 
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Figure 21. The depth of the bottom layer interpreted from the 800-m coil-separation 
soundings carried out at station L10000/K50600. 
 
4.4.3 Station L10200/K50400 
 
The data for the 200-m coil-separation soundings are not interpretable by layered-earth 
models while the data for the 500-m and 800-m coil-separation soundings is of high 
quality despite the apparent failure of the 800-m coil separation soundings at 2006 (Ap-
pendix 2). Appendix 13 shows the results of the interpretations. 
 
500-m coil-separation soundings 
 
The fits are mostly good. To improve the fits, the top-most layer was removed com-
pletely from all models while the bottom layer was removed from the models for the 
years 2004–2006 and 2010. The bottom layer appears to be sinking rapidly during the 
years 2007–2009 (Figure 22). 
 
800-m coil-separation soundings 
 
The fits are fairly good. Again, the top-most layer was removed to improve the fits and 
the bottom layer appears to be sinking rapidly during 2007–2009. However, during 
2004–2005 there are no apparent changes and in 2010 the bottom layer has risen con-
siderably (Figure 22). 
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Figure 22. The depth of the bottom layer interpreted from the 500-m and 800-m coil-sepa-
ration soundings carried out at station L10200/K50400. 
 
4.4.4 Station L10200/K50600 
 
The data for the 500-m coil-separation soundings are not interpretable by layered-earth 
models while the data for the 200-m coil-separation soundings are of high quality; the 
data for the 800-m coil separation soundings are of lower quality due to increased noise 
level but are still interpretable by layered-earth models (Appendix 2). Appendix 14 
shows the results of the interpretations. 
 
200-m coil-separation soundings 
 
The fits are good. The top-most layers were removed from the models of the years 
2008–2010 to improve the fits. The interpretations indicate that the bottom layer is sink-
ing during 2004–2008 but rebounds back up in 2009 and stays up at 2010 (Figure 23). 
 
800-m coil-separation soundings 
 
The data are noisy which is reflected negatively in the quality of the fits. The top-most 
layers were removed from all models to improve the fits. The bottom layer appears to 
sink first and then after 2007 to rise back up (Figure 23). 
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Figure 23. The depth of the bottom layer interpreted from the 200-m and 800-m coil-sepa-
ration soundings carried out at station L10200/K50600. 
 
4.4.5 Station L11000/K50400 
 
The data for the 200-m coil-separation soundings are of high quality while the 500-m 
and 800-m coil-separation data are distorted and not interpretable by layered-earth mod-
els (Appendix 6). Appendix 15 shows the results of the interpretations. 
 
200-m coil-separation soundings 
 
Despite the good quality of the data, the soundings cannot be interpreted well with lay-
ered-earth models. The models were drastically simplified, leaving only the top-most 
layer. Nonetheless, the fits are poor at best. 
 
4.4.6 Station L11000/K50600 
 
The data are of high-quality (Appendix 2); however, the 800-m coil-separation sound-
ings are not interpretable by layered-earth models. Appendix 16 shows the results of the 
interpretations. 
 
200-m coil-separation soundings 
 
The fits are good. The bottom layer appears to be rising steadily (Figure 24). The trend 
is 26 meters per year and it is statistically significant (the 95 % confidence interval is 
16–36 meters per year). 
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500-m coil-separation soundings 
 
The fits are fairly good; however, there are not many data points constraining the solu-
tions. The bottom layer exhibits a rising trend (Figure 24). The trend is 133 meters per 
year and it is statistically significant (the 95 % confidence interval is 43–223 meters per 
year). 
 

 
Figure 24. The depth of the bottom layer interpreted from the 200-m and 500-m coil-
separation soundings carried out at station L11000/K50600. 
 
4.4.7 Station L11200/K50400 
 
The data are of high-quality; however, most of the 800-m coil-separation soundings are 
not interpretable by layered-earth models (Appendix 7). Appendix 17 shows the results 
of the interpretations. 
 
200-m coil-separation soundings 
 
The fits are good. The bottom layer is located at ca. 550 meters with no apparent annual 
changes (Figure 25). 
 
500-m coil-separation soundings 
 
The fits are very good. The bottom layer is located at ca. 650 meters with no apparent 
annual changes (Figure 25). 
 



 31

 
Figure 25. The depth of the bottom layer interpreted from the 200-m and 500-m coil-
separation soundings carried out at station L11200/K50400. 
 
4.4.8 Station L11200/K50600 
 
The data are of high-quality (Appendix 7). Appendix 18 shows the results of the inter-
pretations. 
 
200-m coil-separation soundings 
 
The fits are very good. There are no apparent annual changes in the depth of the bottom 
layer which is located at ca. 475 m (Figure 26). 
 
500-m coil-separation soundings 
 
Again, the fits are very good. The bottom layer is located at ca. 550 m with no apparent 
annual changes in its depth (Figure 26). 
 
800-m coil-separation soundings 
 
The models had to be simplified in order to improve the fits to the data. The layers at 
the depth range of 100 to 400 meters were deleted from all models resulting in good fits. 
There is no apparent trend in the depth of the bottom layer which is located at ca. 800 
meters (Figure 26). 
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Figure 26. The depth of the bottom layer interpreted from the 200-m, 500-m and 800-m
coil-separation soundings carried out at station L11200/K50600. 
 
4.4.9 Station L11500/K50400 
 
Data is available only from the 200-m and 800-m coil-separation soundings starting 
from the year 2007 (Appendix 9). The quality of the data is very high. Appendix 19 
shows the results of the interpretations. 
 
200-m coil-separation soundings 
 
The data are not well interpretable by layered-earth models making the fits only fair. 
There are no apparent systematic changes in the depth of the bottom layer (Figure 27). 
 
800-m coil-separation soundings 
 
The fits are very good. Again, no systematic changes in the depth of the bottom layer 
can be inferred from the interpretations (Figure 27). 
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Figure 27. The depth of the bottom layer interpreted from the 200-m and 800-m coil-
separation soundings carried out at station L11500/K50400. 
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5 DISCUSSION AND CONCLUSIONS 
 
A new Sampo monitoring survey was carried out during the period of 31 May to 3 June 
2010. The survey resulted in 38 successfully performed soundings at 10 measurement 
stations (Figure 14). The data was carefully processed and corrected for tilt errors. The 
resulting apparent resistivity curves are presented in Appendices 1–10. 
 
Annual changes are evident in the apparent resistivity curves. However, there is no im-
mediately obvious pattern in these changes. For example, at station L10000/K50600, 
the apparent resistivity curves for the 200-m coil-separation soundings appear to shift 
towards greater resistivities while the curves for the 500-m coil separation soundings 
appear to drift towards smaller resistivities. 
 
These changes may be caused by the following factors. Firstly, the degree of wetness 
influences the resistivity of the overburden. This, in turn, influences the apparent resis-
tivity curves by shifting them towards smaller or greater resistivities by a constant shift 
as was shown in Korhonen (2010). In addition, changes in the infrastructure of the area 
are likely to exert an influence. This influence may be due to active electromagnetic 
noise from machinery and power and communications cables. It may also be due to pas-
sive electromagnetic noise from electrically conductive constructions. 
 
Some recurring patters can be discerned from the apparent resistivity curves. In some 
cases, the soundings carried out during 2004 and 2005 appear to be significantly differ-
ent from the soundings carried out during subsequent years. This indicates that some-
thing notable occurred between 2005 and 2006. This may have been, e.g., an extensive 
change in the infrastructure of the area. 
 
More importantly, the apparent resistivity curves directly above the ONKALO facility 
are categorically distorted (e.g., the 200-m coil-separation soundings carried out at sta-
tions L10400/K50400 and L10400/K50600) and noisy (e.g., the 500-m coil separation 
soundings carried out at station L10800/K50400). It is obvious that the excavation of 
the ONKALO facility has exerted a great influence on the soundings conducted directly 
above it. 
 
In general, Olkiluoto is a very difficult environment for electromagnetic measurements. 
This is because the Olkiluoto nuclear power plant produces much of the Finnish elec-
tricity supply. Thus, Olkiluoto hosts several high-voltage power lines which are an ob-
vious source of electromagnetic noise, both active by generating strong fields and pas-
sive by creating grounded loops. Olkiluoto also hosts a great number of communica-
tions lines which generate electromagnetic noise on a wide band of frequencies. 
 
Most of the layer model interpretations presented in Appendices 11–19 show no statisti-
cally significant trends in the depth of the bottom layer. The interpretations of the 500-
m coil-separation soundings carried out at station L10000/K50400 indicate a sinking 
trend of ca. 50 meters per year. It is unlikely that such changes that occur so deep 
(around 1 km) could be detected by the Sampo method. Furthermore, as the 200-m and 
800-m coil separation soundings indicate no sinking trends, the trend exhibited by the 
interpretations of the 500-m coil separation soundings is most likely spurious. 
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The interpretations of the soundings carried out at station the station L10200/K50400 
indicate extremely rapid sinking of the bottom layer during 2007–2009. The trends are 
339 and 504 meters per year in the cases of the 500-m and 800-m coil-separation sound-
ings, respectively. Even though the trends are mutually consistent, the rate of the sink-
ing is implausibly high. 
 
The interpretations of the 200-m coil-separation soundings carried out at the station 
L10200/K50600 indicate a sinking trend during the period 2004–2008 (see also Korho-
nen, 2010). Similarly, the interpretations of the 800-m coil-separation soundings carried 
out at the same station indicate a sinking trend during the period 2004–2007. However, 
the bottom layer appears to rebound back up at 2009 in the case of the 200-m coil-
separation soundings and at 2008 in the case of the 800-m coil separation soundings. 
The new interpretations complicate the earlier interpretations presented for this station 
in Korhonen (2010). 
 
The interpretations of the 200-m and 500-m coil separation soundings carried out at the 
station L11000/K50600 indicate a rising bottom layer (see also Korhonen 2010). The 
trends are 26 and 133 meters per year for the 200-m and 500-m coil separation sound-
ings, respectively. Both trends are statistically significant. The earlier interpretations for 
this station presented in Korhonen (2010) are strengthened by the new interpretations. 
 
When considering the validity of the layer-model interpretations, the following issues 
must be taken into account. In electromagnetically disturbed sites like Olkiluoto, the 
low-frequency data are almost categorically unusable. This leads to problems when es-
timating the tilt error because the reliability of the estimate depends on the quality of the 
low-frequency data. Due to bad data, the tilt error had to be estimated heuristically in 
some cases. 
 
Violations of the layered-earth assumption are inevitable. The general geology of Olki-
luoto is not horizontal but dipping. Also, electrically conductive formations have finite 
extents leading to possible edge effects. Also, the close proximity of the electrically 
conductive sea may cast an effect on the soundings, at least when using the coil separa-
tion of 800 meters. 
 
A key issue regarding the validity of the layer-model interpretations is the existence of a 
fracture and pore network enabling saline groundwater to permeate the crystalline bed-
rock at least fairly homogenously. Without such a network, layer modelling is not a 
proper way to detect and monitor changes in the groundwater level. 
 
Finally, it must be stressed that the depth of the bottom layer should not be taken to di-
rectly represent the level of saline groundwater. It is more an equivalent source captur-
ing the changes occurring deep in the ground rather than the actual groundwater layer as 
such. 
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APPENDIX 1: SOUNDINGS ON LINE L10000 
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APPENDIX 2: SOUNDINGS ON LINE L10200 
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APPENDIX 3: SOUNDINGS ON LINE L10400 
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APPENDIX 4: SOUNDINGS ON LINE L10600 
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APPENDIX 5: SOUNDINGS ON LINE L10800 
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APPENDIX 6: SOUNDINGS ON LINE L11000 
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APPENDIX 7: SOUNDINGS ON LINE L11200 
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APPENDIX 8: SOUNDINGS ON LINE L11400 
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APPENDIX 9: SOUNDINGS ON LINE L11500 
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APPENDIX 10: SOUNDINGS ON LINE ABC 
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APPENDIX 11: INTERPRETATIONS FOR STATION L10000/K50400 
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APPENDIX 12: INTERPRETATIONS FOR STATION L10000/K50600 
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APPENDIX 13: INTERPRETATIONS FOR STATION L10200/K50400 
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APPENDIX 14: INTERPRETATIONS FOR STATION L10200/K50600 
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APPENDIX 15: INTERPRETATIONS FOR STATION L11000/K50400 
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APPENDIX 16: INTERPRETATIONS FOR STATION L11000/K50600 
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APPENDIX 17: INTERPRETATIONS FOR STATION L11200/K50400 
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APPENDIX 18: INTERPRETATIONS FOR STATION L11200/K50600 
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APPENDIX 19: INTERPRETATIONS FOR STATION L11500/K50400 
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