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Cross-Borehole Research with EMRE-System: Radiofrequency 
Measurements in Drillhole Section OL-KR40 – OL-KR45 at Olkiluoto, 2009 

ABSTRACT 

Posiva Oy carries out research and development work for the spent nuclear fuel disposal 
in Finland. The repository will be constructed deep in the crystalline bedrock at 
Olkiluoto island in Eurajoki. Construction of the underground characterization facility 
ONKALO started in 2004.  

Posiva Oy has been actively reviewing the methods for examining granitic i.e. 
crystalline bedrock properties. One of the considered methods was electromagnetic 
cross-borehole survey. This report describes the field work carried out in 2009 and the 
interpretation of the continuous wave device in one drillhole panel at 100-750 m depth 
level. Panel was conic in shape thus the collars were in close vicinity (about 10 m) at 
the earth surface and diverged in deeper parts being several hundreds of meters from 
each others. The works were carried out by Geological Survey of Finland.  

After the pioneering work in 2005 the device was repaired thoroughly and the proper 
functioning of the device was ensured after several tests. Geological–geophysical 
characterization of Olkiluoto site has been run since 1989, and more than 40 drillholes 
have been prepared.  

Olkiluoto migmatitic bedrock has undergone a polyphasic ductile–brittle deformation. 
Resistivity in bedrock varies strongly in range of tens to tens of thousands of ohmm. 

Today system is called EMRE system and it consists of radiofrequency continuous 
wave (CW) device, versatile graphical interface for editing measured signals, 
commercial interpretation software (ImageWin) and final presentation module (EMRE) 
to be used within Geosoft program where attenuation or conductivity distributions can 
be illustrated in 3d borehole environment. Transmitter and receiver antennas of CW 
device are electrical dipoles which are connected with wireline to ensure the vital tuning 
operation in receiver. Antennas are separated from winch cables galvanically with 
special filters. The field units are amplitude and relative phase difference at four 
separate frequencies 312.5, 625, 1250 and 2500 kHz. For each transmitter station at 5–
10 m spacing a continuous scan of 200–450 m was measured at 0.5 m receiver interval. 
Field work was finalised within a week successfully despite of strong noise encountered  

In processing the amplitude signal was cleaned of outliers in normal editing stage and 
normalised by distance and geometry to obtain attenuation (dB/m), and a tomographic 
reconstruction was carried out to obtain attenuation distribution in 7.5*7.5 cell size 
which was converted to conductivity (S/m) using plane wave solution. 

Cross-borehole radiowave imaging is applicable in Olkiluoto for detecting conductive 
and resistive domains better than unique fractures or zones. For objects of adequate 
contrast to be observed, minimum thickness is 20–30 m, and length dimension larger. 
Drillhole deviation and recorded depth correctness are critical for successful 
interpretation. The attenuation is associated with conductivity variation (fracturing and 
sulphide content) whereas the phase difference would supplement with dielectric 
permittivity (water content, lithology). Magnetic susceptibility is not used in 
interpretation, but its variation may affect the results.  



The conic shape of panel was very challenging to the system. In upper parts where 
denser transmitter steps were used the disadvantageous orientation of radiation patterns 
with the highest frequency might be the reason why the reconstruction of the attenuation 
distribution was not comparable with other frequencies. Receiver spacing 0.5 m was 
reasonable. Frequencies 312.5 and 625 kHz apply to distances of 600…700 m, and in 
some cases with 1250 kHz to under 500 meters. With three lower frequencies the results 
were very good and comparable. Using ray theory assumption which is valid in 
moderate contrast situations good results might be gotten but the development of 2D/3D 
numerical modelling and inversion schemes must be considered in future. But it has to 
be mentioned that the task is very time-consuming when whole 3d borehole model has 
to be discretized. 

Keywords: Spent nuclear fuel, geological disposal, Olkiluoto, migmatitic gneiss, 

ductile deformation, brittle deformation, radiowave imaging method, RIM, CW, EMRE, 

FARA, drillhole geophysics. 

 

 



Reikien välinen radiotaajuusmittaus EMRE -laitteistolla reikäleikkauksessa 
OL-KR40 – OL-KR45 Olkiluodossa vuonna 2009 

TIIVISTELMÄ 

Posiva Oy huolehtii käytetyn ydinpolttoaineen loppusijoitukseen liittyvistä tutkimus- ja 
kehitystehtävistä Suomessa. Loppusijoitustilat rakennetaan syvälle kiteiseen perus-
kallioon Olkiluodon saaressa Eurajoella. Maanalaisia ONKALO tutkimustiloja on 
louhittu 2004 lähtien.  

Posiva Oy on aktiivisesti selvittänyt graniittisen (kiteisen) kiven tutkimusmenetelmiä. 
Yksi käsiteltävistä menetelmistä on ollut sähkömagneettinen reikien välinen radio-
varjostusmittaus (Radio Imaging Method). Tämä raportti käsittelee yhdessä reikä-
leikkauksessa 100-750 m syvyydellä vuonna 2009 tehtyä radiovarjostusta ja sen tulkin-
taa. Leikkauksen muoto oli kartiomainen, joten reikien kaulukset olivat hyvin lähellä 
toisiaan (n. 10 m) maanpinnalla ja erkanivat toisistaan syvemmällä ja olivat usean sadan 
metrin päässä toisistaan syvimmällä mittaussyvyydellä. Mittauksen teki GTK. Tarkoi-
tuksena oli jatkaa radiovarjostusmittauksia alueella laitteen aktiivisen korjausoperaation 
ja testausjakson jälkeen sekä edelleen testata menetelmän kykyä kuvailla deformaatio-
vyöhykkeitä ja kivilajiominaisuuksia. Olkiluodon kallioperää on tutkittu geologisissa ja 
geofysikaalisissa tutkimuksissa vuodesta 1989, ja alueella on tehty yli 40 syvää 
kairanreikää. Olkiluodon migmatiittinen kallioperä on käynyt läpi monivaiheisen 
plastisen ja hauraan deformaation. Kallion sähköinen ominaisvastus vaihtelee voimak-
kaasti joistakin kymmenistä kymmeniin tuhansiin ohmimetreihin.  

Nykyään systeemistä käytetään nimitystä EMRE System. Se kostuu radiotaajuisesta 
CW- laitteesta, monipuolisesta graafisesta työpöydästä mittausdatan editoimiseksi, 
kaupallisesta tulkintaohjelmasta (ImageWin) sekä EMRE –moduulista tulkintatuloksen 
esittämiseksi poranreikien 3d ympäristössä. Lähettimen ja vastaanottimen antenneina on 
sähköiset eristetyt dipolit, jotka on kytketty toisiinsa referenssilinjan avulla, jolloin 
vastaanottimen virittäminen mittaustaajuuksille (tuning) on mahdollista. Antennit 
erotetaan vinssikaapelista kalvaanisesti suodattimilla. Mittausparametrit ovat kentän 
amplitudi ja suhteellinen vaihe-ero neljällä eri taajuudella 312.5, 625, 1250 ja 2500 
kHz. Jokaisella 5–10 m välein sijainneella lähetinasemalla mitattiin jatkuva, 200–450 m 
pitkä profiili 0.5 m välein. Kenttätyö valmistui viikossa hyvin tuloksin. Vaikka alueen 
kohinataso oli voimakas, laite oli hyvin immuuni kohinalle koska laitteen vaihe-ilmaisu 
toimi moitteettomasti. 

Prosessoinnissa amplitudisignaalista poistettiin häiriöt editointivaiheen aikana ja 
tulkintavaiheessa se normalisoitiin etäisyyden ja geometrian suhteen vaimennukseksi 
(dB/m). Tomografisena rekonstruktiona laskettiin leikkauksen vaimennusjakauma 
(solukoko 7.5*7.5 m), joka muutettiin johtavuusjakaumaksi (S/m) tasoaaltoratkaisun 
avulla. 

EMRE soveltuu Olkiluodossa paremmin reikien väliseen laajojen johtavien ja eristävien 
tilavuuksien paikantamiseen kun kontrastit ovat riittävät. Näitä ovat kivilajiyksiköt ja 
deformaatiovyöhykkeet ennemmin kuin yksittäiset rakoiluvyöhykkeet. Kohteiden 
paksuusluokka on noin 20–30 m, ja pituussuuntainen jatkuvuus tätä suurempi. Reikien 
taipumatietojen ja laitteiden syvyystiedon oikeellisuus on kriittinen tulkinnan 
onnistumiseksi. Vaimennus liittyy johtavuusvaihteluun (rikkonaisuus, sulfidipitoisuus), 
jota vaihe-ero täydentäisi tiedolla sähköisestä dielektrisyydestä (vesipitoisuus, kivilajit). 



Magneettista suskeptibiliteettiä ei ole käytetty tulkinnassa, mutta se vaikuttanee 
tuloksiin. 

Leikkauksen kartiomainen rakenne oli hyvin haasteellinen. Yläpäässä tehtiin lähettimen 
askeltihennys mutta se ei mahdollisesti toiminut kuten suunniteltiin. Säteilykuvio eten-
kin suurimalla mittaustaajuudella kärsi ehkä eniten ja suuntautui hyvin epäedullisesti ja 
suurimmalla taajuudella saatu vaimennusjakauma ei ollut verrannollinen alempien taa-
juuksien tuloksiin. Mainita pitää kuitenkin, että pelkkä visuaalinen tarkastelu oli hyvin 
samankaltainen kaikilla taajuuksilla. 

Vastaanotinasemien tiheys on 0.5 m ja se on riittävä. Olkiluodossa menetelmä on 
toimiva matalimmilla 312.5 ja 625 kHz taajuuksilla 600…750 m reikäetäisyydelle, ja 
joissakin tapauksissa 1250 kHz taajuudella n. 500 m reikäetäisyydelle. Reikien keski-
näisen asennon tulisi olla lähellä tasomaista, ja tutkittavan leikkauksen riittävän syvä 
etäisyyteen nähden. Sädeteorian pohjalta tehty tulkinta on toimiva jos väliaineen kon-
trastit ovat kohtuullisella tasolla. Lisäksi se on hyvin nopea. Tulkinnan kehittäminen 
tulevaisuudessa 2D/3D numeerisia menetelmiä hyväksikäyttäen on iso ja vaativa askel 
jopa nykyaikaisille tietokoneille.  

Avainsanat: Käytetty ydinpolttoaine, geologinen loppusijoitus, Olkiluoto, migma-

tiittinen gneissi, plastinen deformaatio, hauras deformaatio, radiotaajuus, RIM, CW-

laite, EMRE, FARA, reikägeofysiikka. 
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1  INTRODUCTION 

 

Posiva Oy carries out investigations related to final disposal of the spent nuclear fuel in 

Finland. Work is focused at Olkiluoto, in Eurajoki. Underground characterization 

premises (ONKALO) have been constructed since 2004.  

Cross-drillhole radio wave imaging (RIM) was tested in 2005 at two drillhole pairs as a 

pioneering work in Finland. After intensive repairing period of half year the system is 

now working in the level which it was planned by the manufacturer. And now also the 

vital reference and tracking system are working which assure that the relative phase 

information is correct and furthermore amplitudes are reliable. Two drillhole sections 

(OL-KR40-OL-KR45 and OL-KR45-OL-KR50) were selected to take EMRE 

measurements and resolve the usefulness of RIM method at Olkiluoto. Method 

background is in coal seam mapping and exploration, where conductive bodies and their 

distance and location azimuth can be detected even when these are not intersected. 

Resistive coal seams function as wave guides, and termination of seam can be observed 

to distances of 600 m from transmitter. In the pioneering work (Korpisalo, 2005) despite 

the functioning of the system was not at reliable level, the results were good and they 

coincided tolerably with the results from other methods in the district. So method was 

estimated feasible at Olkiluoto. At the area conductivity changes according to sulphide 

content of the rock mass, due to groundwater salinity variation, and due to fracturing. 

Frequency range of EMRE, from hundreds to thousands of kilohertz, is higher than in 

common electromagnetic soundings. This enables higher spatial resolution, which is 

further enhanced by drillhole geometry directly applied in investigation volume. Still 

frequency is lower than in ground penetrating radar, producing greater investigation 

range, even in conductive or in magnetic environment (Korpisalo 2008, Redko et al. 

2000, Stevens et al. 1998).  

Project was set between Posiva Oy and Geological Survey of Finland (GTK). The client 

Posiva defined the tasks and organised the site and background information for use. 

Pöyry Environment Oy consulted in design and review of field work. GTK operated 

measurements using EMRE system. GTK organised the tools, interpreted the data and 

compiled the report. Field work was only carried out in drillhole section OL-KR40-OL-

KR45 because drillhole OL-KR50 was crashed down and the other section was not 

usable in May 2009. 
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2  EMRE -SYSTEM CAPABILITIES 

 

In 2009, a system of radio wave investigation (EMRE system) was used for 

measurements in the final repository district for spent nuclear fuel in deep bedrocks. 

The main feature of the system is in the possibility of simultaneous measurements at 4 

operating frequencies. A simultaneous use of 4 frequencies reduces the measurement 

time remarkably. Measurements can be made at one, two, three or four from 4 available 

frequencies. In that case, the emission power of the transmitter at each of working 

frequencies is increased owing to unused frequencies. The transmitter and the receiver 

are connected via a wire line through which a reference signal is transmitted. This 

allows the measurement of both amplitude and relative phase of the vertical electrical 

component of the electromagnetic field. It is just the reference signal which is vital for 

the proper functioning of the system. The down-hole probes are connected to the cable 

through a system of filters excluding the antenna effect of the carrying cable. The filters 

are actually only transformers in order to isolate the probes galvanically from winch 

cables. 

Measurements are controlled and information accumulation is performed using a 

portable computer provided with the corresponding software. The measurement process 

is fully automated and requires the minimal intervention of operator. In addition, the 

measuring instrumentation includes winches and connecting cables. Two winches with 

1000 meter long cables were used. Receiver winch cable was armoured and the 

transmitter winch cable had external plastic insulation. The system consists of three 

main blocks: a set of down-hole transmitters of the radio wave field, a set of down-hole 

receivers of the radio wave field, control and data recording units (Figure 1). 

 

Technical specifications of the EMRE (FARA-device) system are given in the Table 1 

below:  

Table 1. FARA -device information. 

 

Operating frequencies 312.5, 625, 1 250 and 2 500 kHz 

Measurement range of voltage 0.5 – 1000 V 

Measurement range of phase parameter 0-360 degrees 

Transmitter maximum output power 2 W 

Diameter of downhole modules 36 mm 

Depth of study drillholes Up to 2 km 

 

The use of low frequencies is justified at long distances between the receiver and the 

transmitter drillholes as well as at high values of conductivity of a medium investigated. 

Besides, the use of low frequencies allows some general integral characteristics of the 

medium to be obtained which might be useful in conducting more detailed studies at 

high frequencies. 
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Figure 1. FARA equipment. The receiver unit (above) and transmitter unit (below). The 

antenna and necessary cables. Transmitter and receiver tubes. Small surface filter. 

 

 

An important and distinctive feature of the EMRE system is the possibility of the 

measurements of the phase of the receiver signal relative to the reference signal 

generated in transmitter drillhole unit where it is fed through winch cable to surface 

amplifier and further via wire reference line to the surface receiver box. The reference 

signal frequency is 156.25 kHz and is low enough not to disturb the measurement. The 

signal is also vital for the proper functioning of the device. It is just the phase 

measurement that makes also the amplitude values reliable. It is the precise phase 

measurements that would make it possible to determine the lag time of the 

electromagnetic wave passing through the medium under study that could help to 

calculate some additional parameters characterizing a geological section – such as 

wavelength and specific dielectric permittivity. The system's high noise-immunity, 

tolerably dynamic range (35 dB) and reliability allow the continuous measurements 

(using even highest speed limits of winch – 30 m/min) during the receiver movement 

along the other drillhole, which increases substantially the survey performance. 

Among the original technical solutions one should mention a special system of filters, 

which excludes the antenna effect of the carrying cable practically completely. When 

operating the system, a two-way measurement procedure is used to improve 

substantially the confidence of obtained results and to provide a high quality 

tomographic reconstruction of an attenuation distribution throughout the drillhole 

section (full tomographic survey). 

The use of computer technologies permits to make the measurement process fully 

automated. The process and recording of results are controlled with the help of a 

portable computer Notebook via any 32-bit MS Windows system. The operator can 

keep track of the quality of incoming amplitude and phase information at all the 

frequencies in real time as well as review any previous measurement. The program is 

meant to provide the operator with all on-line information from which he can draw a 

conclusion whether it should be necessary to make checking measurements, increase or 

decrease the depth range of the receiver movement, to concentrate the grid of 

transmitter stations or to repeat the data reading. 

EMRE system consists of graphical interface (GUI) for data handling (Figure 2). 

Because the basic idea in the interpretation is that the signals generated by the 
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transmitter are propagating as straight rays to the receiver (geometric optics) so 

refraction, reflection and diffraction phenomenon can be cancelled in the data. The 

diffraction could be handled with the extension of geometric optics where diffraction is 

handled as a local edge effect. Using also diffracted rays the lateral smearing could be 

decreased furthermore because the diffracted rays could contain also information in the 

shadow parts where the straight rays don‟t reach. Measured signals can contain features 

from above mentioned physical phenomenon and they must be cancelled and it is done 

in GUI. The straight ray assumption is a strong one. It is practical when the contrast is 

in moderate level (30-40 %). If the contrast is too high no signals are passing through 

the object (because of strong internal attenuation) and no information would be 

available from the internal parts. This is a paradoxal situation because there must be 

strong minimum in the registered signal or the object is clearly visible in the signal. The 

main interpretation is done using commercial software called ImageWin. The final 

representation of results is made automatically in OasisMontaj (Geosoft) Earth Science 

Mapping and Processing program by using EMRE -module (Korpisalo 2009). 

 

 
 

Figure 2. Graphical Interface for handling of EMRE system data (Korpisalo 2005). 
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3  OPERATING PRINCIPLES OF RADIO IMAGING METHOD 

 

Radio wave imaging method (RIM) was developed in the early 1980‟s to detect hazards 

or obstructions in coal panels prior to long-wall mining. Method was successful because 

the coal seam, having electrical resistivity substantially greater than in the surrounding 

geology, act as EM wave-guide. The wave-guide allows reasonably high frequencies to 

be transmitted and received at distances of almost 600 meters. Method can be applied in 

drillhole to detect conductive bodies and their location azimuth and orientation, even 

when these are not intersected. Recently the technique has been applied in cross-bore 

hole imaging mode, and successfully operated also in crystalline bedrock environment 

in exploration (Arto Korpisalo 2008, Redko et al. 2000, Stevens et al. 1998). 

Cross-borehole EM survey has several clear benefits over the near or ground level 

electromagnetic sounding methods. Applying a drillhole source brings the survey closer 

to the target, and will allow usage of higher frequencies and thus enables a higher 

resolution. Another benefit is possibility to view the target from different angles and 

directions, not only in vertical direction and from above. Further more normal surface 

methods are unable to see or get reliable information under conductive layers which 

may be near the surface. It is the RIM method, which can get reliable information under 

the conductive layers. Placing the source in drillhole also will enable getting rid of 

boundary effects related to ground surface and strong attenuation emerging from soil 

deposits. Drawback is availability and location of drillholes, perhaps limited power of 

transmission of drillhole probe, and a relatively complex behaviour of 3D source field 

within subsurface target, which is difficult to resolve numerically without significant 

approximations. 

The physical behaviour of electromagnetic field in rock is governed mathematically by 

Maxwell‟s equations, which states that a changing magnetic field produces an electric 

field and s changing electric field produces a magnetic field. Thus electromagnetic 

waves are able to self-propagate. When propagating in free space EM waves are usually 

modelled as propagating from the source in all directions, resulting in a spherical wave 

front. The source is called an isotropic radiator which physically is not real world 

phenomenon strictly speaking. As the distance from the source increases, the spherical 

wave-front converges to a planar wave-front over finite area of interest, which is how 

the propagation is imaged to propagate when interpreting the measured amplitudes in 

this report. The cross-vector product of the electric field and magnetic field at any point 

on the wave-front will give the direction of propagation. The cross product is called the 

Poynting vector (1) 

 

  HEP   .    (1) 

When the Poynting vector is divided by the characteristic impedance of the intermediate 

medium (2) 

  
r

rZ 377 ,   (2) 
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where 377 is free-space impedance in ohms and in general Z is complex number having 

resistance and reactive component, the resulting vector gives both the direction of 

propagation and the power density. The power density on the surface of sphere 

surrounding the source point can be expressed as 

 

  
2 4 r

P
S ,    (3) 

 

where r is the diameter of the sphere, P is the total power at the source and S is the 

power density on the surface of the sphere in watts/m
2
. From table 4 the reader may 

have a description of the total power losses on the transmitter-receiver path (device 

losses not included). The velocity of the propagation of an EM wave depends on the 

medium and can be written as (4) 

 

2

1

1

2

1

2

2

1

1

r

r

V    (4) 

 

For almost all rocks magnetic susceptibility is << 1 and o. Velocity is thus 

controlled primarily by dielectric properties, conductivity and frequency and Q-factor 

( r / ) describes the relative importance of these. Conductivities of earth materials vary 

from 10
8
 to 10

-14
. At radio frequencies the dielectric constant is in air 1, 5-10 in many 

rocks and 81 in pure water. Q-values much greater than 1 indicate that dielectric 

properties are important, whereas for Q-values << 1 conductivity dominates. It is 

obvious that Q increases with frequency, so that at higher frequencies dielectric 

properties become more important, for most rocks above 1GHz, attenuation and 

velocity are quite sensitive to variations in , whereas below 1kHz they are determined 

entirely by conductivity. In higher frequency range, the frequency dependence of the 

conductivity plays an important role and the effective conductivity increase significantly 

with the frequency. As a direct consequence, the range of technique decreases with an 

increase in frequency.  

 

Dr D Vogt has taken and published (D Vogt et al. 2000) Vector Impedance Meter –

measurements to estimate electrical properties of seven different rock types in 

frequency range 1 - 30 MHz. Permission to publish the results has been gotten (personal 

discussions). EMRE system uses also frequencies below 1 MHz which are not included 

in the sets. In general conductivity does increase as a function of frequency and thus 

increasing attenuation and decreasing wavelength. Relative permittivity and loss tangent 

both have rather descending trend in most cases. 

 

 



11 

1) Quartzite: The sample is an example of a high quality massive quartzite with very 
little contamination by other minerals, almost pure silica (SiO2), with a low 
conductivity. 

2) Granite: A coarse grained igneous intrusive rock consisting of quartz, feldspar 
and biotite mica. 

3) Dolerite: A fine grained igneous intrusive rock of more mafic composition than 
the granite. 

4) Peridotite: A coarse grained ultramafic rock with a low silica content. This 
particular sample has also undergone weathering and contains clay minerals. 

5) Cassiterite: The sample contains cassiterite, a tin ore, hosted in chlorite. 

6) Pyrite: The sample is a quartzite that contains over 25 % of pyrite mineralization. 

7) Sulphide: The sample is an example of massive sulphide mineralization and 
contains a variety of metallic sulphides, including those of copper, lead and zinc. 

 

Figure 3. Electric properties of quartzite sample. 

 

 

 

Figure 4. Electrical properties of the granite sample. 
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Figure 5. Electrical properties of the dolerite sample. 

 

 

Figure 6. Electrical properties of the peridotite sample. 

 

 

Figure 7. Electrical properties of the cassiterite sample. 
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Figure 8. Electrical properties of the sample containing pyrite mineralization. 

 

 

 

Figure 9. Electrical properties of the sample containing massive sulphide 

mineralization. 

 

 

 

So time–alternating E  and H  fields are inter-coupled, and the components are induced 

from each another, e.g., magnetic field creates electric fields, vice versa. The fields may 

be according to relative rate of loss encountered in medium either in the inductive 

(diffuse) or propagating (radio wave) field. When using plane wave assumption, the 

electric field and magnetic field and the direction of propagation are mutually 

orthogonal. By using the propagation vector to represent the plane wave, the 

visualization and analysis of plane wave propagation is simplified. This is called ray 

theory and is used in the interpretation. Ray theory is very useful in far-field. The main 

characteristics of electromagnetic wave theory are expressed in our pioneering work 

(Arto Korpisalo 2005). 
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Figure 10. Schematic drawing of RIM transmitter and receiver dipoles and the effective 

field components. Eθ  component is normalised with distance l and with the receiver and 

transmitter angles to field vector. The magnetic axial BΦ and radial Er are not 

encountered (because Er is inversely proportional to R
2
 it is smaller than Eθ in far-field 

domain kr>>1 (r> )). The paths passing through section are minimized computing line 

integral of attenuation over cells. 

 

 

 

According to cross-borehole measurement geometry EMRE system is working in 

transmission mode in order to detect the attenuation of the transmitted radiofrequency 

waves (Figure 10). As light is propagating in free space rays are reflected and diffracted 

both scattered by the obstacles so EMRE waves are experiencing the same phenomena 

when travelling through different geological deposits with quite different electrical and 

magnetic characteristics. 

The behaviour of electromagnetic fields on the boundary of interface between two 

media is important in the solution of electromagnetic problems. Macroscopically the 

interface can be considered as a geometrical surface. The boundary equations can be 

written as 
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     (5) 

 

where n is the unit vector normal to the boundary and pointing from medium1 to 

medium 2. Js vector is surface current density and s is surface charge density. The first 

equation states that the tangential E components are continuous across the interface. The 

tangential H components are discontinuous and relative to the surface current density. 

The normal electric flux (D) is discontinuous and relative to the surface charge density. 

Normal magnetic B field components are continuous. These equations are the general 

boundary equations. Reader must consider carefully the physical situation of the 

boundary to determine whether the surface charge or surface current is existing at all. In 

normal situation there are both tangential electrical and magnetic components on the 

surface and the ratio of these two components is defined as the surface impedance.  

In Electromagnetic Theory for Microwaves and Optoelectronics (K Zhang et al. 2008) 

two special and interesting cases are illustrated. Electrical wall or short-circuit surface 

consists of perfect conductor and insulator. In statics free charges are mobile until the 

electrostatic equilibrium is reached in which case no free charge remains inside the 

conductor and all the charges reside on its surface. It is the relaxation time of the 

conductor which determines the time required for the equilibrium. The charges are 

distributed on the surface so that no electric field exists inside the conductor or 

tangentially to its surface and the electric field outside is normal to the conducting 

surface. In time varying situation there are electric and magnetic field in the conductive 

material as damping waves. Only when conductive reaches finite value the time varying 

fields are vanishing. It is just as in static case all charges are concentrated in a vanishing 

thin layer on the surface of perfect conductor and no internal electric field exists inside 

the conductor and on the surface the electric field has only it‟s normal component. 

According to Maxwell‟s equations it is not possible to have a time varying magnetic 

field without an electric field. So there must be neither magnetic nor electric field inside 

the prefect conductor. And the magnetic field outside the conductor must be tangential 

to the surface. This kind of surface is called electric wall. The situation where the 

tangential magnetic component is zero and electric field has non-zero tangential 

component, is called magnetic wall (open-circuit surface). There is no real material that 

can form electric or magnetic wall. Good conductor surface can be considered as an 

approximate electric wall. The boundary between vacuum or air and dielectrics with 

sufficiently high permittivity can be considered as approximate electric wall looking 

from air. When looking from high permittivity dielectric material the surface can be 

considered as magnetic wall.  

When electromagnetic wave is impacting on the material boundary between two 

dielectrics and assuming smooth and flat enough conditions the angle of reflection is 

equal to the grazing angle (reflection angle). In addition, Snell‟s law of refraction tells 

us that  
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where v1 and v2 are the propagation velocities in materials 1 (wave is coming from 

material 1)  and 2, respectively n1 and n2 are the refraction indexes (n= c/v) of materials 

1 and 2. Furthermore when permeability is assumed to be unity (nonmagnetic material), 

the Equation (6) can be written 
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.     (7) 

 

Again reader must remember the difference between static and time-varying case. When 

dealing with static electric and magnetic fields the angle of incidence ( 1) is the angle 

of electric (magnetic) field lines but when time-varying EM wave is impacting on the 

boundary the angle ( 1) is the angle if direction of travel of an EM wave. One very 

important issue must also be considered and it is the polarization of the EM wave or the 

polarization (TM wave or traverse magnetic wave when the magnetic field is normal to 

the plane of incidence, respectively electric field is in the plane of incidence and TE 

wave or traverse electric wave) angle relative to the plane of incidence, since boundary 

effects are acting on the electric field portion of the wave when nonmagnetic materials 

are assumed. Normally the polarization of wave does change in reflection and 

transmission but in TM- and TE -cases the polarization remains. When treating the 

problem as a transmission line problem, reflection and transmission can be handled with 

simple relations assuming flat and smooth surfaces. The following relationships hold 
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Where  and  are reflection and transmission coefficients. Z2 is the effective wave 

impedance of the material 2, which is a function of grazing angle and propagation 

velocities in each material. It is also important to remember that polarization of the 

incident wave has its own importance in Z2. Some fundamental characteristics of 

reflection and transmission coefficients are: the transmissions coefficient minus the 

reflection coefficient must be equal to one. So it is possible for the transmission 

coefficient to exceed one since the electric field will be stronger in the second material 

(when the dielectric constant is higher) and when the dielectric constants are equal there 

is no reflection and the total transmission is expected. When TM –polarization is 

considered at the point of critical angle (grazing angle) there is no reflection and total 
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transmission of the wave occurs. Sometimes the critical angle is called Brewster angle 

(or polarizing angle). 

 

In the case where the other material is perfect conductor, the resulting reflection and 

transmission coefficients are 

 

 

case)-TE(in  0

1

and

case)-TM(in   1

    (10) 

 

Vertical polarized wave (TM wave) will undergo a 180-degree phase shift on reflection, 

whereas horizontally polarized wave (TE wave) doesn‟t experience a phase shift.  

When considering the situation where EM wave is impacting on the boundary between 

dielectric and lossy material, complex permittivity must be taken into account (Equation 

14). The resulting coefficients are also complex and thus have both magnitude and 

phase. The reflected and transmitted components of the wave will be in the same angles 

as previous. In addition, amplitudes and phases will be modified depending on material 

properties. In practical situations, it is rare that the surfaces are not sufficient smooth 

and flat and properties sufficiently understood to make a detailed analysis of surface 

interaction. Even today only some simple situations can be treated with a reasonable 

efforts and computer time (Seybold et al. 2008).  

So when an electromagnetic wave is incident on the surface, some of its energy will be 

reflected and/or scattered and some will be absorbed/refracted. Scattering is reflection 

from sharp edges or irregular surfaces. Besides, of the energy that enters the material, 

some is also absorbed due to the conductivity of the material and the rest propagates 

into the material as refracted wave. The simplest electromagnetic wave is uniform plane 

wave. In a plane wave, the fields propagate in a specific direction. The plane 

perpendicular to the direction of propagation is an equiphase plane or wave front. In a 

uniform plane wave, the equiphase plane is also an equiamplitude plane or the field 

strength is constant in the plane perpendicular to the direction of propagation. Only 

infinite uniform sources can generate plane waves but waves at large distances from an 

arbitrary source have negligible curvature, and are well represented by plane waves 

when observed over a limited area. Uniform plane is so called TEM wave when both the 

electric field and magnetic field have only transverse components perpendicular to the 

direction of propagation. Good conductors reflect almost all the incident wave, allowing 

only a tiny amount to be transmitted. Dielectrics and magnetically active materials 

reflect some and transmit some depending on how different their r or r is from 1. 

Larger r or r means more reflection and less transmission. If the wave does not enter 

exactly perpendicular to the surface, the path of the transmitted part will be bent 

(refracted). The degree and direction of bending will depend, once again, on the value 

of r and r. 
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Because EMRE system detects the whole field the most important consideration is its 

inability to distinguish between above mentioned phenomena and so there can be seen 

e.g. multipath (Rayleigh scattering) waves generated by above mentioned physical 

phenomena in the recordings. Rayleigh scattering is so called small-scale fading effect 

and is associated with small changes in the environment, on the order of a wavelength. 

One more interesting concept must be also introduced when we are speaking about 

waves in the ground and it is Fresnel zone (K Holliger et al. 2001) which is illustrated 

in Figures 11-12. According to the ray theory the electromagnetic energy is propagating 

along rays from transmitter and changes in the electromagnetic field from transmitter to 

receiver are only due to changes in the material properties along the ray. In 

homogeneous material the rays are straight lines but in the inhomogeneous material 

they are bending. The ray theory works better as the frequency goes higher. In real 

world it is just the Fresnel zone volume of the ray with radius Fn where coming rays are 

can be significant and detectable and the volume is dependent on the wavelength.  

 

 

Figure 11. Fresnel zone geometry. T (transmitter) and R (receiver). 

 

Figure 12. Fresnel zone (only first zone n=1 is visible). 

 

If d1 and d2 are much larger that the wavelength  then Fn  d1, d2 and if the phase 

difference between the direct and reflected ray (through P) is  then the radius can be 

written as 

  1
2

2

1

2

d

F

d

F nn ,   (11) 

taking into account that d=d1+d2 is the total distance, so 
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Fresnel zone between transmitter and receiver volume is prolate ellipsoid. The 

maximum value for Fn can be written as  

 

  
2

max

d
F ,    (13) 

and is reached when d1=d2=d/2. 

 

Fmax-values in the situation, where the drillhole distance is 400 meters, dielectric 

constant has value er=10 and resistivity values go from 1000 ohm-m to 10 000 ohm-m, 

are illustrated in table 2. 

 

Table 2. Maximum Fresnel zone (n=1) radius at the distance 400 m. 

 

312.5 kHz 625 kHz 1 250kHz 2 500 kHz 5 000 kHz 

(ohmm) (m) Fmax(m) (m) Fmax(m) (m) Fmax(m) (m) Fmax(m) (m) Fmax(m) 

1000 164 128 107 103 64 80 36 60 18.7 43 

2500 195 140 188 108 67 82 36.5 60 18.8 43 

5000 230 151 132 115 72 85 37 61 18.8 43 

7500 264 162 143 120 74 86 37.5 61 18.9 43 

10000 294 171 152 123 76 87 38 62 18.9 43 

 

It is the first zone (n=1) wherein generated Fresnel waves (multipath waves) may have a 

considerable and visible effect on the recordings. Also the diffraction is a physical 

phenomenon whereby the electromagnetic wave can propagate over or around the 

objects that obscure the path. Diffraction has the effect of filling in shadows, so that 

some amount of the electromagnetic energy will be present in the shadowed region or 

we could see around the corner. Regardless of whether the obstacle is conductive or 

non-conductive, the diffraction still occurs and there will be losses due the 

phenomenon. Accurate modelling of losses due the diffraction is extremely challenging 

for all but the most basic geometries. It is EMRE‟s internal property to sense always the 

strongest wave (coming from the first Fresnel zone) which according to Fermat‟s 

principle is the shortest in time only. When sensing multipath wave phase difference 

does tell to the operator how much longer (relative to the wavelength) path it has 

travelled. Phase difference between the direct and the reflected wave may cause that the 

amplitude is increased or decreased (Figure 13). Phase has changed suddenly about 180 

degrees (receiver depth 450 m) and the amplitudes have been crashed. The reflected 

waves have travelled half wavelength longer path to the receiver than the direct waves. 
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Figure 13. Possible multipath waves in EMRE recording (frequency 312.5 kHz, 

amplitude above and phase below). 

 

In Figure 14 EMRE signals with frequencies 625 and 312.5 kHz are displayed. The 

amplitudes (not normalized) are left and relative phase differences right. The 

measurement was taken in the massive sulphide deposit area. In deeper part of the 

scanning the changes in attenuation and phase are rapid and happen in very short 

distance. Recordings with the same and high quality were made during all other scans. 

It is hence quite obvious that the sensitivity of EMRE system (about 0.5 V/m) makes 

the planning of the measurement possible also during the field works by the skilled 

operator. 

 

 

Figure 14. Recording in massive sulphide deposit (Frequencies 625 (up) and 312.5 kHz 

(down), amplitudes (left) and phase (right)). 
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Every wireless system must employ an antenna to radiate and receive electromagnetic 

energy. The antenna is the transducer between the system and surrounding drillhole 

environment. A fundamental principle of antennas is reciprocity. It means that antenna 

performance is the same whether radiation or reception is considered. So antenna 

parameters could be measured either transmitting or receiving. The principle of 

reciprocity means that estimates of antenna gain, beam-width and polarization are the 

same for both transmit and receive. EMRE system has vertical linear insulated dipole 

antennas when transmitting and receiving. The bandwidth is broad and because the 

whole band is transmitted simultaneously there is severe impedance mismatching 

problem in EMRE system. An antenna tuner (ATU) would match a transceiver to a load 

(antenna) impedance. The mismatch is usually caused when using a non-resonant 

antenna (one that has not the correct electrical length as compared to the wavelength of 

the signal). Typically the ATU is connected between the antenna and the transmitter and 

receiver but in EMRE system we are lacking ATU and high voltage standing wave 

ratios (VSWR) are evident. This means that a part on the transmitted power will return to 

the transmitter and does heat it and might cause severe damage in the transmitter. This 

is the situation with EMRE and one has to live with it. 

When transmitting, antenna generates electric-, magnetic- and electromagnetic field in 

the space where it exists. Electric field is generated by electric charges. Charges may be 

in rest or moving. Magnetic field is generated by moving charges (steady current flow) 

or magnetic materials. The time-varying electromagnetic field is generated by 

accelerated charges. In the vicinity of antenna (near field) electric and magnetic fields 

are dominating but they are damped down very dramatically when the distance from the 

antenna increases. Originally weaker electromagnetic field attenuates slower and it 

propagates in the material until it is also diminished by the increasing distance from 

antenna. It is usual that the transmitter antenna also determines the polarization of the 

electromagnetic wave which is defined as the orientation of the plane in which the 

electric field resides. 

Antenna can be placed in versatile materials such as air, earth, water. The essential 

electrical earth parameters, which have strong effect on the functioning of antenna, are 

conductivity and dielectric permittivity. Normally in earth these parameters are complex 

with conductivity „ i* „„ and permittivity „ i* „„. The imaginary part of 

conductivity takes account of time lags in conduction response. Correspondingly, the 

imaginary part of permittivity takes account of time lags in polarization response. These 

parameters are expressed in Maxwell equations in the following combination (R King et 

al. 1981, S Dokoupil et al. 1962) 

 

 /i  .    (14) 

 

Permeability is in general real and can be expressed as 0 r , where 0=4 10
-7

 H/m. 

The relative permeability of rocks is usually r=1 or 0. 

Wave number k is very important parameter which binds up conductivity, permittivity, 

permeability and frequency. In its simplest form it can be expressed as k=2 , where 

lambda  is the wavelength of the electromagnetic wave. Generally wave number is also 

complex when it can written as 
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where  real phase parameter and  real attenuation parameter and losse is ”loss 

tangent” eeloss /  (inverse Q-value, Figures 3-9). 

Formula (9) can be also written as 
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where 

    

 

The relative permittivity of the rock is positive and larger than 1 when  

 

 )(    )( eeee lossglossf   (17) 

 

Propagation constant  can be determined as 

 

  iik    (18) 

 

where  is attenuation and  is phase constant and i is imaginary unit.  

 

By calculating from (9) and (12) we get 

    (19) 

 

  (20) 
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It can be seen from (19) and (20) that the attenuation and phase constants are frequency 

dependent. The loss tangent (losse) categorizes materials: poor conductors, also called 

insulators or dielectrics, with , good conductors, where  and lossy 

dielectrics, or quasi conductors at intermediate values of conductivity, where . For 

a medium with low conductivity (and in relative high frequency range), the conductivity 

current is much less than the displacement current, , so we have 
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     (21) 

 

In a such media the conductivity hardly affects the phase coefficient and wave 

impedance, but it gives rise to an attenuation that is independent of frequency and   

When conductivity of a medium is rather high and the frequency is relative low, the 

conductivity current is much higher than the displacement current. Such a medium is a 

good conductor with  
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  (22) 

 

The attenuation coefficient in good conductors is very large and it equals the phase 

coefficient. At a distance of about /6 (phase shift of 1 rad), the amplitude of the field is 

attenuated to 1/e of the original value, or attenuated to 1/e
2

1/534 in one wavelength. 

The wave impedance is also complex 

 

    (23) 

 

where Rs is surface resistance and Xs is reactive component. Electric and magnetic field 

are no longer is in phase but the difference is /4. Furthermore magnetic field is 

dominant in the field (K Zhang et al. 2008). 

When un-insulated antenna is placed in even a weakly conductive material, the current 

in antenna will diminish along the antenna axis because the surrounding material acts as 

a complementary path for the current. The current in the antenna is very sensitive for the 

surrounding material so bare metal wire could be used as a diagnostic probe to 

investigate the electric parameters of drillhole vicinity. In general (as in EMRE system) 

the antennas are highly insulated. Depending on its thickness, insulation will not only 

prevent the leakage of conducting charges from the antenna but also greatly reduces the 
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sensitivity of the entire distribution of current  to the electrical properties of the ambient 

medium. The permittivity of earth is quite a bit higher than that of air, so a wavelength 

is much shorter along a buried wire than it is along a wire suspended in air. A 

wavelength in air is about 300/f meters, where f is measured in MHz. A wavelength in 

dirt or any medium other than free space is 300/Nf, where N is a factor based on the 

dielectric constant (relative permittivity) and conductivity of that medium (Equation 24) 

 

4/1
2

102
10*24.3

f

S
eN er     (24) 

where er = the dielectric constant, normal dry rock 8-10 and S = the conductivity in 

Siemens/m (S=1/R). In table 3 D1/2 ja D1/4 are the corresponding values of wavelengths 

of half wave dipole and quarter wave dipole in air ( air wavelength). N is the dipole 

length correction factor and Dearth_1/2 and Dearth_1/4 are the corresponding wavelengths in 

lossy earth. 

 

Table 3. The wavelengths (Dearth_1/2 , Dearth_1/4 ) of half and quarter wave dipoles in lossy 

earth. 

 
312.5 kHz 

air=960 

D1/2=480m 

D1/4=240m 

625 kHz 

air=480 

D1/2=240m 

D1/4=120m 

1250 kHz 

air=240 

D1/2=120m 

D1/4=60m 

2500 kHz 

air=120 

D1/2=60m 

D1/4=30m 

5000 kHz 

air=60 

D1/2=30m 

D1/4=15m 

R=1000 ohmm 

er=10 

N=7.6 

Dearth_1/2=63m 

Dearth_1/4=31.5m 

N=5.5 

Dearth_1/2=47m 

Dearth_1/4=23.5m 

N=4.2 

Dearth_1/2=28.5m 

Dearth_1/4=14.2m 

N=3.5 

Dearth_1/2=17m 

Dearth_1/4=8.5m 

N=3.3 

Dearth_1/2=9m 

Dearth_1/4=4.5m 

R=2500 ohmm 

er=10 

N=5.0 

Dearth_1/2=96m 

Dearth_1/4=48m 

N=3.9 

Dearth_1/2=61m 

Dearth_1/4=30.5m 

N=3.4 

Dearth_1/2=35.5m 

Dearth_1/4=17.5m 

N=3.2 

Dearth_1/2=18.8m 

Dearth_1/4=9.4m 

N=3.2 

Dearth_1/2=9.4m 

Dearth_1/4=4.7m 

R=5000 ohmm 

er=10 

N=3.9 

Dearth_1/2=123m 

Dearth_1/4=61.5m 

N=3.4 

Dearth_1/2=70m 

Dearth_1/4=35m 

N=3.2 

Dearth_1/2=37.5m 

Dearth_1/4=18.7m 

N=3.2 

Dearth_1/2=18.8m 

Dearth_1/4=9.4m 

N=3.2 

Dearth_1/2=9.4m 

Dearth_1/4=4.7m 

R=7500 ohmm 

er=10 

N=3.5 

Dearth_1/2=137m 

Dearth_1/4=68.5m 

N=3.2 

Dearth_1/2=75m 

Dearth_1/4=37.5m 

N=3.2 

Dearth_1/2=37.5m 

Dearth_1/4=18.7m 

N=3.2 

Dearth_1/2=18.8m 

Dearth_1/4=9.4m 

N=3.2 

Dearth_1/2=9.4m 

Dearth_1/4=4.7m 

R=10000 ohmm 

er=10 

N=3.4 

Dearth_1/2=141m 

Dearth_1/4=70.5m 

N=3.2 

Dearth_1/2=75m 

Dearth_1/4=35m 

N=3.2 

Dearth_1/2=37.5m 

Dearth_1/4=18.7m 

N=3.2 

Dearth_1/2=18.8m 

Dearth_1/4=9.4m 

N=3.2 

Dearth_1/2=9.4m 

Dearth_1/4=4.7m 
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Thus a wire looks longer in any medium that has a greater permittivity or greater 

conductivity than air. When N-factor value is 4, it means that the 20 meter band in air 

looks more like the 5 meter band in material. Furthermore, a half wave dipole at 15 

MHz is about 10 meters long in air, but only about 2.5 meters long when buried in the 

earth. The earth surrounding the wire dipole forces us to reduce its length by a factor of 

4 in order to achieve antenna characteristics which are normally attributed to a half-

wave dipole It is also the same with EMRE antennas and they become closer to the 

lengths of half-wave dipoles and do work quite efficiently in the rocks. It is important to 

remember that the permittivity and conductivity of the earth are frequency sensitive. 

Even if these parameters were constant, the frequency term in equation 9 results in that 

N ranges from 9.5 at 1 MHz to 4.5 at 5 MHz, when er is everywhere 10 and  is .005. 

At lower frequencies the conductivity term predominates, but at the higher frequencies 

the permittivity term has the greatest effect. This inverse frequency effect in equation 8 

is why the input resistance of buried dipole can be held fairly constant over a wide 

frequency range. The electrical length of a buried dipole tends to change more slowly 

than that of a dipole in free space.  

In EMRE-system the transmitter is a continuous wave source with power 2 W. 

Estimating the maximum ranges in different situations very simplified measurement 

geometry can be used (R Zdunek, et al. 2005). The model consists of vertical drillholes 

separated by d meters and the scanning depth or the area of interest is h meters. The 

maximum distance between Tx and Rx is equal to the diagonal of the rectangle. The 

field strength at this distance is (using far-field equation for electric field equation 25). 

 

    (25) 

 

When arranging the geometry so that d=h, one can estimate the total attenuation in 

desibels (dB) as 

 

 ddEEdB h *2)(log*20)2(log*30 10100 , (26) 

 

where  is the internal attenuation in dB/m. Total attenuation (Table 4) –columns are 

containing the corresponding values of the total attenuation in desibels (dB) in different 

kind of rocks with four radiofrequencies from 312 kHz to 5000 kHz and with two 

relative permittivity values (εr, 10 and 40). Water content increase does improve the 

performance of device remarkably but also pure sulphide minerals (pyrite) may have 

quite high relative permittivity, which compensate high conductivity values. In EMRE 

system the output power is about 2 W but taking into account impedance mismatching 

the proper output power, which is fed into the rock, is less. The sensitivity of the 

receiver (thermal noise level) is from pW(10
-12

W) to fW(10
-15

W). Defining bmax= 10 

log10(2/10
-14

) 135 dB we can estimate the dependence of transmitter range rmax on 
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frequency for bmax, given by the ratio of power of transmitter and power sensitivity of 

receiver in dB using equation (11) setting dB as 135 dB. The results are displayed 

(appendices, figures 56-69) where rock resistivity is in range between 1000 ohmm and 

20 000 ohmm and relative permittivity r=10 and r=40 . In calculating the transmitter 

range we must keep in mind that the situation is idealized. 
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Table 4. The total attenuation (dB) lost along the diagonal ray-path as a function of material 

parameters and frequency (excluding equipment loss, much lesser than path loss. 

 Skindepths 

(m) 

Attenuation 

(dB/m) 

Total 

attenuation 

dB - 200 m 

Total 

attenuation 

dB - 400 m 

Total 

attenuation 

dB - 600 m 

Total 

attenuation 

dB - 800 m 

=2 500 hmm 

r=10    r=40 

312 kHz 

1000 kHz 

2500 kHz 

5000 kHz 

 

 

55              87 

44              84 

42              84 

42              84 

 

 

0.16          0.1 

0.19          0.1 

0.20          0.1 

0.20          0.1 

 

 

108             83 

108             83 

111             83 

111             83 

 

 

151          174 

117          117 

168           174 

117          117 

 

 

200            149 

225            149 

234            149 

234            149 

 

 

248             180 

282             180 

293             180 

293             180 

=5 000 hmm 

r=10    r=40 

312 kHz 

1000 kHz 

2500 kHz 

5000 kHz 

 

 

94              170 

85              168 

84              168 

84             168 

 

 

0.092         0.05 

0.1             0.05 

0.1             0.05 

0.1            0.05 

 

 

81                69 

83                69 

83                69 

83                69 

 

 

113              89 

117              89 

117              89 

117              89 

 

 

142            107 

149            107 

149            107 

149            107 

 

 

171             123 

180             123 

180             123 

180             123 

=7 500  hmm 

r=10    r=40 

312 kHz 

1000 kHz 

2500 kHz 

5000 kHz 

 

 

133            252 

126            252 

126            252 

126            252 

 

 

0.065       0.034 

0.068       0.034 

0.068       0.034 

0.068       0.034 

 

 

73                64 

74                 64 

74                64 

74                64 

 

 

97                 80 

99                 80 

99                 80 

99                 80 

 

 

113               93 

122               93 

122               93 

122               93 

 

 

140             105 

144             105 

144             105 

144             105 

=10000 ohmm 

r=10    r=40 

312 kHz 

1000 kHz 

2500 kHz 

5000 kHz 

 

 

174            337 

168            336 

168            336 

168            336 

 

 

0.049       0.026 

0.051       0.026 

0.051       0.026 

0.051      0.026 

 

 

68                 62 

69                 62 

69                 62 

69                 62 

 

 

88                 75 

89                 75 

89                 75 

89                75 

 

 

106              87 

107              87 

107              87 

107              87 

 

 

122             96 

124             96 

124             96 

124             96 

=15000ohmm 

r=10    r=40 

312 kHz 

1000 kHz 

2500 kHz 

5000 kHz 

 

 

256             504 

252            504 

252            504 

252            504 

 

 

0.034       0.017 

0.034       0.017 

0.034       0.017 

0.034       0.017 

 

 

66                 60 

64                 60 

64                 60 

64                 60 

 

 

80                 71 

80                 71 

80                 71 

80                 71 

 

 

93                 79 

93                 79 

93                 79 

93                 79 

 

 

105             86 

105             86 

105             86 

105             86 
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It is the attenuation of propagating wave between transmitter and receiver in dB/m, 

which can be estimated from the EMRE amplitudes. The attenuation will depend on 

distance from the source. Wavenumber k times distance r defines the attenuation 

behaviour. When │kr│< 1 (distances shorter than wavelength), field attenuation 

resembles static dipole behaviour r
–3

, and when │kr│= 1, attenuation is governed by 

distance, wavenumber, exponential decay, and geometric decay. In far field, when 

│kr│>> 1 (distances much greater than wavelength), attenuation is depending inversely 

on distance, r
-1

. This is the case on which EMRE cross-borehole tomographic 

interpretation is based. The far field propagation factor e
-ikz

 can now been written in the 

alternative form 

 

  izzikz eeee    (27) 

 

Thus the amplitudes attenuate exponentially with factor e
- z

 and oscillate with the phase 

factor e
- z

. The energy flux moving with the Poynting vector can be written as 

 

  (28) 

 

Power in distance z and z-direction may be written as 

 

 zePzP 2)0()(     (29) 

 

The attenuation constant  is measured in nepers per meter but more practical way to 

express it, is to use dB/m-units. It can been determined by taking logs of equation (29), 

we have attenuation along Path(z) in dB/m 

 

 zze
P
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zPathdB *686.8*)(log*20
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log*10)( 1010 , (30) 

 

where 20*log10e=8.686. Thus the quantity dB=8.686  is the attenuation in dB per 

meter 

 

 )/(   686.8 mdBdB     (31) 

 

It is usually to express the power attenuation by means of skin depth as the inverse of  

 

 
1

.     (32) 
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Equation (30) can now be written in the form 

 

 
z

PathdB *686.8     (33) 

 

which determines the attenuation in dB. The expression above (33) gives the so-called 

“9-dB per delta” rule. That is, every time z is increased by a distance of skin depth , 

the attenuation increases by 8.686 dB  9 dB (S Orfanidis at al. 2008). This is only the 

approximate total dB-value generated by the internal material attenuation without 

geometric issues e.g. 

 

For low <300 kHz frequencies and short < 50 m distances, and for resistivities <1000 

ohm-m, the EMRE operates in near field domain. When frequencies increase >1000 

kHz, distances extent >100 m and resistivities approach 10000 ohm-m, the case is, or is 

approaching, the far field. Mostly the behaviour takes place in intermediate field, 

meaning the near field effects will affect occasionally. Considering loss tangent or 

inverse Q-value, at the frequency range of 300–2500 kHz the electromagnetic signal 

behaviour is in intermediate (Q  1) transition domain between propagating radiowave 

(high Q >> 1) and diffuse EM field (low Q < 1). In the transitional domain both 

dielectric permittivity and electrical conductivity will affect to attenuation. True 

propagating EM wave field is used in radar, with frequencies >10 MHz and wave 

lengths < 20 m, but also with limited range. Field properties would be characterized by 

travel time, amplitude and reflection. In purely inductive EM field at frequencies < 100 

kHz and for > 300 m wave lengths, the interaction would be characterized by frequency, 

skin depth, attenuation, and phase difference. As presented in (Korpisalo 2005), the 

wave velocity at the EMRE frequency range and dominant relative dielectric 

permittivity range, εr: 6,5–8, does not depend on conductivity but on dielectric 

permittivity, when conductivity is less than σ < 10
-4

 S/m. When conductivity is higher 

than σ > 10
-2

 S/m, velocity is not affected by dielectric permittivity. At conductivity 

range σ: 10
-4

–10
-2

 S/m the velocity v depends on conductivity σ and changes from 

100…120 m/µs to 50…70 m/µs (Appendices, Figures 52-55). Velocity v would be 

rather good tool to analyze conductivity distribution, but it is not an interpretation 

parameter, as the arrival time is not recorded. 

Considering the understanding of near and far fields, and high and low Q domains, it is 

useful to take the wavelength into account (Appendices, Figures 44-47). In the same 

range of dielectric permittivity εr and frequencies f, the wavelength  is depending on 

dielectric permittivity εr, conductivity σ, and frequency f. At conductivity σ  < 10
-4

 S/m 

the wavelength  depends on dielectric permittivity εr and frequency f, ranging at 

relevant dielectric permittivity range, εr: 6,5–8, at 35–320 m. At conductivity σ > 10
-2

 

S/m the wavelength  is little depending on dielectric permittivity εr, and according to 

frequency it is varying at 20–60 m. Nevertheless in diffuse EM field domain, and in 

transition between near and far field, for resolution the wavelength  cannot be directly 

applied as a resolution criteria. Cell sizes in inversion are fractions of the wavelength 

as in true travel time tomography there should not be more than 2–4 cells on each 

cycle. 
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Attenuation (Appendices, Figures 48-51) is strongly depending on conductivity at the 

EMRE frequencies. At the dielectric permittivity range of Olkiluoto rocks, εr: 6,5–8, the 

dielectric permittivity has a minor influence to attenuation α. Increasing frequency f 

increases the attenuation α the more the conductivity σ increases. At conductivity range 

σ: 10
-4

–10
-2

 S/m, the attenuation α ranges from 0,05…0,06 dB/m to 1…2,5 dB/m. As 

the amplitude is the directly measurable parameter, it can be used to estimate 

conductivity σ, bearing in mind the following limitations: 

attenuation α is formulated for E  electrical field component of the dipole antenna 

having 1/r attenuation in intermediate - far field 

formulation holds for isotropic, locally homogeneous medium, any deviations 

from this condition will affect also the results. 

the near field effects cause also other components of E field with different 

attenuation α, and static field behaviour attenuation related to 1/r
3
 present; closer 

than 50–100 m distances need to be considered for these effects. 

off plane conductive targets will also affect strongly to the diffuse field results, 

i.e. the “ray” is actually not a ray, but the shortest distance and the field angle used 

in normalization 

regarding the above stated, numerical inverse modelling would resolve in more 

detail the case, where tomogram would be used as a starting model (seed) 

 

It is necessary to understand these fundamentals when interpreting EMRE 

measurements (Figures 3-9). For this reason also the full solution of Maxwell‟s 

equations for electrical dipole field would be useful. In practical tomographic 

reconstruction an approximation is adequate. There is yet not available any software, 

which can take into account the whole wave equation solution in 3D. In EMRE field 

solution (frequency domain), only amplitude attenuation and relative phase difference 

are considered. Signal velocity, wave length, or phase behaviour is not taken into 

account. The amplitude and relative phase difference data can be interpreted to indicate 

locations, where the wave is attenuated or shadowed due to attenuating structures. 

Applying similar cross-hole measurement geometry in time domain would lead to some 

benefits over the continuous signal, single frequency amplitude decay approach. One of 

these is the measurement during signal off-time. Important approximation is to consider 

the survey volume a full space, without taking the boundary conditions at ground 

surface into account. Normally in tomography a far field condition is assumed where 

source and transmitter are separated by several wavelengths, which is not completely 

true in all EMRE surveys, but the approximation makes interpretation much easier. A 

further approximation has been made to handle only attenuation distribution which 

generally correlates well with conductivity. However the interaction will include also 

influence of magnetic and dielectric properties of the rock. In the intermediate domain 

the Maxwell‟s equations should be preferably completely written open to take into 

account the electrical conductivity, attenuation, magnetic susceptibility, dielectric 

permittivity and phase difference. Spatial variations in physical properties in the survey 

volume are observed as variation in received amplitude. In the linear approximation of 

electrical field, the amplitude is normalized for distance and dipole field geometry, as 

deviation from normal of the field both in transmitter and receiver (maximum field 
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intensity is measured at dipole axis). The attenuation rate (amplitude loss normalized 

over distance – dB/m) is computed to describe conductivity variation. Multiple pairs of 

transmitter stations and dense scans over large angle window can be used to reconstruct 

a tomographic image on attenuation, which can give geometric idea on conductivity 

variation. 
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4  FIELD WORK AND QUALITY CONTROL 

 

The task of the field work was to test feasibility of the method with respect to known 

site properties, and to provide further information on shape and continuity of the 

resistive and conductive bodies in the subsurface.  

Measurements were carried out at Olkiluoto in a section located roughly on an East–

West traverse (Northing 6792.000 in Finnish KKJ1 datum). The contract consisted of 

two sections but OL-KR50 was crashed and the other section was not even started. 

Measurements were carried out in OL-KR40-OL-KR45 section only (Figure 16). 

 

 

 
 

Figure 16. Drillholes OL-KR40 and OL-KR45. The collars are only about 10 meters 

from each others at the surface. North is upwards. 

 

Diamond drilled holes OL-KR40 and OL-KR45 are water filled, equipped with steel 

casing to 40 m, and 76 mm (OL-KR40) or 76 mm (OL-KR45) in diameter. Drillholes 

OL-KR40 and OL-KR45 are 15–20 degrees tilted from vertical, and their azimuth 

aligned roughly towards the West and East. Lengths of drillholes were 1023 m for (OL-

KR40) and 1020 m for (OL-KR45). The distance between the drillhole collars was 

about 10 meters at the earth surface. Section ranging from 100 to 750 meters was 

surveyed in this work.  The highest position of the survey was set approximately to 100 

meters, to avoid the saturation of the receiver. In designing a cross-hole profile, the 

panel depth extent shall be longer than horizontal distance between the drillholes. 

Before measurements the openness of the drillholes was carefully ensured with dummy 

probe and it was done by PRG-Tec. The transmitter stations were placed at 5, 10 and15 

m spacing in both transmitter drillholes (OL-KR40 and OL-KR45). In upper and lower 

parts it was used shorter steps (5 meters) to assure even ray densities (Figures 26-27).  

In the intermediate depths 10 meters steps sizes were used. For each transmitter station, 



34 

a receiver scan (scanning length) is performed with dense continuous logging mode of 2 

readings/ second stacked to 0.5 m spacing in final record (Figure 17). The receiver 

scanning length along the drillhole was determined by the tool sensitivity and the 

signal–to–noise ratio. The scanning coverage angle (between the drillhole and the 

transmitter–receiver ray paths) was usually larger than 40–50 degrees. In Figure 18 

measurements session is in progress under control of the operator. After each receiver 

scan the transmitter was moved to the next station. After the drillhole transmitter 

stations were completed, transmitter and receiver drillholes were interchanged. This will 

provide denser and more homogeneous ray coverage near both drillholes, as the receiver 

scans are faster to perform than moving the transmitter positions. 

All four frequencies were attempted to be measured in section OL-KR40–OL-KR45. 

Transmitter situated in KR40, frequencies 312.5 and 625 kHz were applicable down to 

750 meter depth. After 500 meter level 1 250 kHz was not anymore applicable. In OL-

KR45 two lowest frequencies were applicable to 500 meter level. 1 250 kHz was not 

applicable under 325 meter level. Highest 2500 kHz frequency produced low signal 

because of disadvantageous measurement geometry and internal attenuation. In OL-

KR40 only transmitter range between 200 and 330 meters was applicable and in OL-

KR45 the range was only between 100 and 220 meters (Appendices, 7.3.1, 7.3.2). 

 

 
 

Figure 17. EMRE cross-hole measurement layout. Conductive body in the middle is 

shadowing (causing attenuation) in the EM field. 

 



35 

There was 85 transmitter locations in OL-KR45 at 5 m spacing from 100 to 210 m 

(including 23 points), 10 m spacing from 210 to 610 m (including 40 points), 5 m 

spacing from 610 to 665 m (including 12 points) and 10 m spacing from 675 to 750 m 

(including 9 points).  Respectively in OL-KR40 there was 51 transmitter locations at 5 

m spacing from 100 to 200 m (including 21 points), 10 m spacing from 200 to 300 m 

(including 11 points), 5 m spacing from 305 to 400 m (including 19 points). In addition 

to these 51 points transmitter points 450 and 500 m were taken to check signal levels. 

According to these trials it was evident that the functioning of EMRE-system 

(transmitter) below 400 m was not good in OL-KR40. But these points were used in the 

interpretation. 

 

 

 

Figure 18. EMRE measurement is in progress. Receiver operator (Arto Korpisalo, 

GTK). 

 

Electromagnetic and electric noise and interference were detected to be high due to 

power lines and infrastructure in the district, even so the measurements could be taken 

without problems. But it was evidently the drillhole geometry which was the biggest 

challenge to overcome. Measurement recording between drillholes OL-KR45–OL-

KR40 (transmitter at 210 m in OL-KR45, scan at 60–370 m) is displayed in Figure 19 

and between drillholes OL-KR40–OL-KR45 in Figure 20 (transmitter at 300 m in OL-

KR40, receiver scan 100–700 m). 
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Figure 19. Measurement signals from section OL-KR45-OL-KR40, frequency 2 500 

kHz on then top and 312.5 kHz at bottom. Amplitude is in left and relative phase 

difference in right. Transmitter was in drillhole KR45 at 210 and scanning length was 

about 300 m. 

 

 
 

Figure 20. Measurement signals from section OL-KR40-OL-KR45, frequency 2 500 

kHz on then top and 312.5 kHz at bottom. Amplitude is in left and relative phase 

difference in right. Transmitter was in drillhole OL-KR40 at 300 and scanning length 

was about 600 m. 
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In Figure 21 EMRE -amplitude in drillhole OL-KR40 is displayed with galvanic long 

normal measurement results. It is evidently clear that EMRE system does response to 

the same low resistivity sections as long normal galvanic measurement. 

 
 

Figure 21. EMRE –amplitude (blue) and galvanic long normal results are displayed in 

the same figure. It is evidently that EMRE does response to the low resistivity sections 

as long normal measurement. 

 

During measurement session some quality tests were taken to ensure the functioning 

level of EMRE-system and a couple of transmitter positions were repeated randomly. 

Below in Figure 22 is result from transmitter position 200 m in OL-KR45. The results is 

excellent taking into account that accumulation levels of batteries may have been in low 

level during repetition measurement and so amplitude levels may differ a little from 

each others. 
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Figure 22. Repetition measurement in one transmitter position (200 m) in OL-KR45. 

There is amplitude level difference between measurements because of different 

accumulation levels of batteries or perhaps transmitter may be slightly in different 

position. Overall the result is excellent. 
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5  PROCESSING AND INTERPRETATION 

 

The problem of forming cross-sectional or tomographic image of the attenuation 

characteristics of objects arises in a variety of contexts, including medical tomography 

(CT) and geotomography between two drillholes. General purpose methods are real 

optimizations methods where the ultimate goal is to minimize general differentiable cost 

function like “find x that minimizes y-Ax ”. However, in the field of tomographic 

image reconstruction, many iterative algorithms have been proposed that are not based 

on minimizing any cost function and which are designed like “find x such that y=Ax”. 

These methods are called special purpose methods too. Algebraic reconstruction 

techniques like (ART, SIRT) belong to these algorithms. The interpretation in this report 

was done with commercial software called ImageWin where beside these two algebraic 

reconstruction methods LSQR- and CGLS –iterative methods are included. LSQR-

method does solve the matrix equation directly but CGLS uses the normal equation. 

The results have been processed in two stages. At the first stage, the raw data was 

smoothed and sampled. In processing the signal was cleaned from noisy sections and 

spurious values with rejection and average filtering (Figures 23-24). Only the amplitude 

measurements were being processed. The 3D coordinates of the measurement points are 

calculated in the initial stage. 

 

 

 

Figure 23. Graphical interface GUI to handle measurement data.  
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Figure 24. Possible multipath effects must be eliminated from the signals. 

 

It is the plane wave assumption which is used when measured amplitudes are converted 

to the attenuation along raypaths in homogeneous medium. In far-field domain the 

relation between transmitter amplitude and measured amplitude can be written as 

 

dll
of eEE

)(
    (34) 

where )(l  is the attenuation in a cell which is located at distance l from transmitter. 

 

Measured amplitudes must be corrected for the radiation pattern of the antennas and 

geometric spreading of the wave so Equation (34) becomes (Holliger & Bergman 2002) 
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where denominator contains geometric spreading factor, t  is correction function for 

transmitter antenna and correspondingly r  is correction function for receiver antenna. 

Angles t  and r  are defined in figure 1. Antenna radiation pattern functions can be 

approximated by sinusoid functions (Zhou & Fullagar 2001) and Equation (35) becomes 

along raypath i (j cell number) 
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Rearranging and taking natural logarithm of eq. (36) and finally changing to common 

logarithm (decibel units) leads to 
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r
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where term 0.155 comes from conversion of natural to common logarithms being 

)(log20

1

10 e
. 

E0 is initial field source strength and usually not known but it can be estimated by linear 

regression of reduced amplitudes in homogeneous media. There are two possibilities to 

handle source strength estimation in ImageWin. In homogeneous case one could use 

global source strength estimation but in normal situation where the near environmental 

region of drillhole may be quite inhomogeneous, it is justified to use local source 

strengths. It is just the antenna impedance which is sensitive to the near environmental 

electric properties of drillholes and the lack of ATU (automatic tuning unit) together 

make the antenna behaviour very different from one transmitter position to another. Or 

shortly said the real outgoing power which is fed to the rock is a function of the antenna 

impedance (see chapter 2). And it is our strategy to use local source strengths in this 

work. Uniting the first and second term as )/(log20 10 oEE  does represent the total 

intrinsic attenuation (amplitude drop due absorption). The third term is the ray angular 

correction factor for transmitter and receiver. The data arrays were prepared to 

reconstruct tomographic images according to Equations (34-37). In Figure 25 

ImageWin‟s source gather option is used to estimate the local source strength in one 

transmitter point. 

 

 

 

Figure 25. Local source strength estimation using linear regression. 
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Possible sources of error may arise from several factors e.g. 

1) measurement errors, 

2) uncertainty in interpreted E0 and 

3) near field effects (deviation on far field approximation). 

 

At the second stage, the research section is discretized into rectangular cells (cell size 

7.5*7.5 m). Number of rays passing through each cell is determined. The ray path 

density distributions of the section with EMRE-frequencies are shown in Figures 26-27. 

In central part of the panels the density is highest. On edges the ray density is reduced. 

A tomographic interpretation should include a discussion of ray path coverage in order 

to know which parts of the resulting model are best constrained by the data. In this 

imaging project the ray densities in the top and bottom parts of the sections are low. So 

there may be artefacts in the image due to low ray coverage of parts of the model. 

Normally, both the number of rays and the angles, 40–60 degrees, of the ray paths are 

important for creating a well-determined tomographic image but in present work the 

angle restriction that longer ray paths resulting angles less than 40 was not so strict 

because of the conic geometry of the drillholes. OLKR40 is the left drillhole and 

OLKR45 is the right drillhole. 

 

 

 

Figure 26. Ray path densities in drillhole section OL-KR40-OL-KR45 (312.5 and 625 

kHz left, 1 250 kHz right). The measured signal levels (transmitter in drillhole OLKR45) 

were so reduced that there are only few points measured below 400 meters (left figure). 
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Figure 27. Ray path density in drillhole section OL-KR40-OL-KR45 (2 500 kHz). 

 

The highest concentration of ray paths can be seen in Figure 26 displayed in red with 

different system frequencies. This results in better imaging in the central region. 

Tomographic images will be biased (accumulating the error) towards areas having 

lesser ray coverage than in the high coverage cells. After the discretization data 

reduction is made according to equations 34-37. Field spreading is chosen either 

spherical (inverse distance) or cylindrical (inverse square–root distance usable in coal 

seams) and source–receiver geometry is removed (incidence angle compared to dipole 

axis both from transmitter and to receiver, Equation 36 above). Tomographic inversion 

is computed to find the attenuation values (Equation 37) along the ray paths. Cell size 

7.5 x 7.5 m was selected for panel OL-KR40-OL-KR45. Tomographic processing was 

performed separately for each frequency, at 312.5, 625 and 1250 kHz in section OL-

KR40–OL-KR45. At highest frequency, the signal level was too low to get reliable 

result. It is the attenuation which can be estimated from measured amplitudes but the 

attenuation distribution of the section can be used for estimating the conductivity 

properties of the rock using formula (B Zhou at al. 1998) 
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where  is attenuation in Nepers/m and f frequency in kHz. It is a plane wave formula 

which is satisfied in far field conditions. 

At 312.5 and 625 kHz the whole transmitter range could be used and so transmitter 

range was from 100 to 750 meters in OL-KR40 and from 100 to 500 meters in OL-

KR45. The total ray path number was about 110 000. Using 1 250 kHz decreased the 

usable transmitter range so that transmitter positions from 100 to 510 meters could be 

used in OL-KR40 and from 100 to 325 meters in OL-KR45. The ray path number was 

about 65 000. With the highest frequency 2 500 kHz the range was further decreased 

and was from 100 to 320 meters in OL-KR40 and from 100 to 220 meters in OL-KR45. 

The ray path number was about 40 000. Transmitter positions can be seen in Figure 25 

where they are displayed in red spots. See transmitter schedules in appendices, tables 

9.3.1 and 9.3.2. 
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6   RESULTS 

 
The interpretations were done with ImageWin software. There were 135 appropriate 

transmitter positions in the section OL-KR40–OL-KR45. When working with amplitude 

data, it is the attenuation distribution which is estimated from the measured signals. 

There is an option in ImageWin to change these attenuation values to whole space 

conductivity values. The final presentation of the interpreted section was done in 

OasisMontaj using EMRE – toolbox (Korpisalo 2009), where attenuation values were 

situated in drillhole environment. Some further modifications were done during this 

process to get smoother section image e.g. adjusting colour saturation degree. 

 

6.1  Drillhole section OL-KR40–OL-KR45 

 

For drillhole section OL-KR40-OL-KR45 the distance between the drillholes was less 

than 10 meters on the earth surface, whereas in the lower parts of the working interval it 

was over 1000 meters. Thus section geometry was (Figure 26) conic, which was very 

demanding measurement configuration for EMRE system. The positions of electric 

dipoles might be situated very disadvantageously in many cases and with conductive 

regions nearby drillholes the radiation patterns of dipoles might have been oriented in 

more disadvantageous way. The deviation of drillhole OL-KR45 from vertical was 

larger than that of drillhole OL-KR40 which evidently induced stronger problems when 

transmitter was situated in OL-KR45. In Figures 28–43 the interpretation results for 

four frequencies are given. 

As a whole, the results obtained at different frequencies coincide excellently at three 

lower frequencies. There are certain differences in section images and it is how the 

things must also be because of different wavelengths and first Fresnell zone volumes. 

Thus the effective space which EMRE –system is sensing is different at the three 

frequencies. There were difficulties to get the highest frequency detected. The 

amplitude levels were very moderate and thus solved attenuation and conductivity 

distributions were misleading. The geometric and internal attenuation especially with 

the highest frequency was obviously very critical and noticeable signal levels could be 

measured only in the upper parts of the section (transmitter range from 100 to 250 

meters), where distances between transmitter and receiver were only 100-300 meters so 

it was not the internal attenuation which could alone be the reason for moderate 

amplitude levels and stronger influence was generated by the geometry. It has to be 

mentioned that one has to remember that the upper and lower edges are the most 

potential error positions because of lower ray path densities. 
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6.1.1  Attenuation - frequency 2 500 kHz 

 

 

 

Figure 28. The attenuation distribution of section OL-KR40-OL-KR45 is displayed with 

frequency 2 500 kHz. Moderate and very low amplitude levels generate correspondingly 

too low attenuation values. Despite misleading low attenuation values with 2 500 kHz 

the same characteristic features of the section are visible as with other frequencies and 

section image is very informative. In Figure 28 the section image is displayed without 

text block and colour legend bar. 

 

 

 

 

 

 

 

 

 



47 

 

 

Figure 29. The attenuation distribution of section OL-KR40-OL-KR45 is displayed with 

frequency 2 500 kHz. Regardless of misleading levels the section image is very 

informative. 
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6.1.2  Conductivity - frequency 2 500 kHz 

 

 

 

Figure 30. The estimated conductivity distribution of section OL-KR40-OL-KR45 is 

displayed with frequency 2 500 kHz. The approximate conductivity is estimated using 

plane wave formula. As the attenuation values are in quite misleading and narrow 

range conductive values are still closer to each others, ranging between 0.068 mS/m 

and 0.066 mS/m. The corresponding apparent resistivity value is about 15 000 ohm-m. 

Thus the conductive section image is quite poor in information. The same figure is 

displayed below (Figure 30) without text block and colour legend bar. 
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Figure 31. The conductivity distribution of section OL-KR40-OL-KR45 is displayed 

with frequency 2 500 kHz. There are no other relevant contrasts visible in the region 

but the two strong attenuators because moderate amplitude levels.  
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6.1.3  Attenuation - frequency 1 250 kHz 

 

 

 

Figure 32. The attenuation distribution of section OL-KR40-OL-KR45 is displayed with 

frequency 1 250 kHz. In upper parts (100 m) of drillhole OL-KR40 there is a region of 

moderate attenuating material which seems to continue towards drillhole OL-KR45. In 

deeper between 200 and 350 meters stronger attenuating material region is evident 

which also continues towards drillhole OL-KR45 slightly deviated from horizontal level. 

Also deeper in drillhole OL-KR40 stronger attenuating material region is solved. In 

upper parts (100 m) of drillhole OL-KR45 attenuating region from OL-KR40 has 

reached the drillhole. Moderate attenuating material can be seen in 200-300 meters but 

still heavier attenuating material (over 1.3dB/m) region is in 300-400 meters in deeper 

parts of drillhole OL-KR45. The region evidently continues slightly downwards. The 

same figure is displayed below (Figure 32) without text block and colour legend bar. 

One has to remember that upper and lower edges are really the most potential error 

positions because of low ray path densities. 
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Figure 33. The attenuation distribution of section OL-KR40-OL-KR45 is displayed with 

frequency 1 250 kHz. Text block and colour legend bar are removed. Attenuation values 

range between 1.3 (in red) and 0.0015 dB/m (in blue). The minimum value is too low 

because amplitude levels may have reached noise level. 
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6.1.4  Conductivity - frequency 1 250 kHz 

 

 

 

 

Figure 34. The estimated conductivity distribution of section OL-KR40-OL-KR45 is 

displayed with frequency 1 250 kHz. Conductivity values are in range between 4.7 mS/m 

and 0.06 mS/m. Corresponding apparent resistivity values are from 200 ohm-m to 

17000 ohm-m. The same figure is displayed below (Figure 34) without text block and 

colour legend bar. 
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Figure 35. The conductivity distribution of section OL-KR40-OL-KR45 is displayed 

with frequency 1 250 kHz. Approximate conductivity goes from 4.7 to 0.06 mS/m. The 

corresponding apparent resistivity values range between 200 and 17 000 ohm-m. 
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6.1.5  Attenuation - frequency 625 kHz 

 

 

 

Figure 36. The attenuation distribution of section OL-KR40-OL-KR45 is displayed with 

frequency 625 kHz. In upper parts (100 m) of drillhole OL-KR40 there is a region of 

moderate attenuating material which seems to continue towards drillhole OL-KR45. In 

deeper between 200 and 500 meters stronger attenuating material region is evident 

which also continues towards drillhole OL-KR45 slightly deviated from horizontal level. 

Also deeper in drillhole OL-KR40 stronger attenuating material region is solved. In 

upper parts (100 m) of drillhole OL-KR45 attenuating region from OL-KR40 has 

reached the drillhole. Moderate attenuating material can be seen between 200 and 300 

meters but still heavier attenuating material (over 0.83dB/m) region is in 400 meters in 

deeper parts of the drillhole OL-KR45. The region evidently continues slightly 

downwards and towards drillhole OL-KR40. The same features as with frequency 1 250 

kHz are clearly visible but because longer wave length with 625 kHz, the distribution 

has lost some detailed features. The same figure is displayed below (Figure 36) without 

text block and colour legend bar. 
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Figure 37. The attenuation distribution of section OL-KR40-OL-KR45 is displayed with 

frequency 625 kHz. The attenuation values range between 0.83 and 0.0015 dB/m. The 

minimum value is perhaps to low because noise level may have been reached in 

receiver.  
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6.1.6  Conductivity - frequency 625 kHz 

 

 

 

Figure 38. The estimated conductivity distribution of section OL-KR40-OL-KR45 is 

displayed with frequency 625 kHz. Conductivity values are in range between 3.8 mS/m 

and 0.065 mS/m. Corresponding apparent resistivity values are from 250 ohm-m to 

17000 ohm-m. The same figure is displayed below (Figure 37) without text block and 

colour legend bar. 
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Figure 39. The conductivity distribution of section OL-KR40-OL-KR45 is displayed 

with frequency 625 kHz. Apparent resistivity goes from 250 to 15000 ohm-m. 
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6.1.7  Attenuation - frequency 312.5 kHz 

 

 

 

Figure 40. The attenuation distribution of section OL-KR40-OL-KR45 is displayed with 

frequency 312.5 kHz. In upper parts (100 m) of drillhole OL-KR40 there is a region of 

moderate attenuating material which seems to continue towards drillhole OL-KR45. It 

is a little bit reduced if compared with former results. In deeper between 200 and 500 

meters stronger attenuating material region is evident which also continues towards 

drillhole OL-KR45 slightly deviated from horizontal level. Also deeper in drillhole OL-

KR40 stronger attenuating material region is solved. In upper parts (100 m) of drillhole 

OL-KR45 attenuating region from OL-KR40 has reached the drillhole. Moderate 

attenuating material can be seen in 200-300 meters but still heavier attenuating 

material (over 0.7dB/m) region is in 300-400 meters in deeper parts of the drillhole OL-

KR45. The region evidently continues slightly downwards and towards drillhole OL-

KR40. The same features as with frequency 1 250 and 650 kHz, are still clearly visible 

but because longer wave length with 312.5 kHz, the distribution has further lost some 

its detailed features. The same figure is displayed below (Figure 39) without text block 

and color legend bar. 
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Figure 41. The attenuation distribution of section OL-KR40-OL-KR45 is displayed with 

frequency 312.5 kHz. The relevant attenuation is in range between 0.7 and 0.001 dB/m. 
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6.1.8  Conductivity - frequency 312.5 kHz 

 

 

 

Figure 42. The estimated conductivity distribution of section OL-KR40-OL-KR45 is 

displayed with frequency 312.5 kHz. Conductivity values range between 5.3 mS/m and 

0.064 mS/m. Corresponding apparent resistivity values are from 200 ohm-m to 17000 

ohm-m. Section image coincides very well with other results. The same figure is 

displayed below (Figure 41) without text block and colour legend bar. 
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Figure 43. The conductivity distribution of section OL-KR40-OL-KR45 is displayed 

with frequency 312.5 kHz. Conductivity values range between 5.3 and 0.064 dB/m and 

the corresponding apparent resistivity values go from 200 to 15000 ohm-m. 
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7  DISCUSSION 

 

In May 2009, GTK carried out radio wave imaging with EMRE-system at Olkiluoto 

site. Two adjacent drillhole pairs (OL-KR40–OL-KR45 and OL-KR45–OL-KR50) were 

selected to take cross-borehole researches in depth interval between 100 and 1000 

meters. Drillhole OL-KR50 was crashed down in 300 m level and thus other section 

was not started at all. 

The method takes use of a far-field approximation of electrical dipole field. The 

resistivity 100–10000 ohm-m and frequency range 312.5–2500 kHz imply that field 

properties may lay in transition domain rather than in pure propagating wave field 

making understanding of results cumbersome. Besides the geometry of the section was 

conic thus being very demanding research geometry for EMRE-system. In upper parts 

of the conic section possible near field effects in the signals are more than probable but 

in deeper assumed far-field conditions are dominating. 

Pre-processing of the measurement results was performed to cancel out visible 

multipath reflections and other possible “errors” in the raw data and to calculate xyz -

coordinate drillhole system. Data reduction according to far-field equation (Equation 

37) was done at the initial step of interpretation using ImageWin program. The final 

results (tomographic section images) are being given in the present report. Quite high 

attenuation values (1.3-0.7 dB/m) have been detected in the cross-borehole space and 

they coincided very well with three lower measurements frequencies. The 

corresponding approximate conductivity (plane wave solution in far-field) values were 

also calculated. The overall result is that the positions of the targets, obtained in the 

tomographic sections, are in excellent agreement with each other with three lower 

system frequencies. Certain differences have physical origin in different wavelengths 

and thus the volumes of the first Fresnell zones are also different getting EMRE -system 

to sense the differences in these parameters (see Chapter 3, page 14). 

The measurement geometry was far from optimal one for full tomographic survey 

resulting from conic shape of the section. The drillholes were 10 meters from each 

others on the earth surface and in deeper parts over 1000 meters apart.  When working 

in this kind of geometry it was evident that the functioning of electric dipoles could not 

be in maximum level. So the geometric attenuation would be in very important role. It 

seemed that the section shape had its most dramatic effect on the highest system 

frequency. Further it has to be mentioned that in upper parts of the conic there must be 

near field effects within the measurements. On the other hand in lower parts of conic the 

dipoles might have been in very disadvantageous positions to each others which could 

limit effectively the deepest points in the measurements because the deepest acceptable 

transmitter points were 700-750 meters in OL-KR40 and 450-500 meters in OL-KR45. 

The system consisted of two winches with 1000 meter cables so even the deepest points 

could had been measured. 

It was decided that transmitter step size would be 5 meters in upper and lower parts of 

the measurement range to provide denser ray path densities (Figures 26-27) and use 10 

meter step size elsewhere. It was a good choice but because of the conic shape of the 

section denser steps could have been used also in the intermediate depths. It must be 
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mentioned short 5 meter step size generated some difficulties for ImageWin trying to 

use 5*5 m grid size. Thus 7.5*7.5 m grid size was used during interpretation. 

Investigation of the permeability of system frequencies through Olkiluoto rock revealed 

that there were situations where the lowest two frequencies, 312.5 and 625 kHz could 

be used in drillhole distances of 600–650 m in the area (OL-KR40:Tx740) but the 

functioning of the two frequencies was quite different: frequency 312.5 kHz could be 

detected in receiver positions deeper than 500 meters but 625 was detectable only up to 

250 meters. In both cases the ray path was over 600 meters. The higher 1250 kHz 

frequency was detectable even minor distances, and the highest 2500 kHz didn‟t seem 

to penetrate through in Olkiluoto moderate conductivity domain at all. It should have 

been very important to model these kinds of geometric cases in prior but timetable was 

too tight. Even with the highest frequency there were situations where signals suddenly 

came through the rock in several 100 meter distances and amplitude might increase over 

two decades. 

High and moderate attenuation contrasts could be mapped. EMRE-system is rather fast 

to apply and the highest winch speed (35m/min) could be used without difficulties. The 

technique is feasible for cross-borehole electromagnetic characterization. Spatial 

resolution is better and application faster than with resistivity cross-borehole imaging, 

and the distance range of investigation larger than 30–50 m at 20 MHz obtainable with 

cross-drillhole radar (which is also slower to apply). On the contrary, cross-drillhole 

radar would provide velocity data controlled almost purely by dielectric permittivity, 

associated to water content and lithology, whereas a trade-off of EMRE-system 

compared to radar is, that the arrival time measurement for dielectric permittivity 

(relevant for lithology mapping) is not available, and would not be even quite valid for 

diffuse field solution. Phase difference data of EMRE-system is not the precise phase 

difference between transmitter and receiver so its usefulness in interpretation has to be 

investigated in future projects. It is evident that it could be used to estimate dielectric 

permittivity as is done (Redko et al. 2000, Stevens et al 1998). EMRE-method proved 

useful to map and detect attenuating (conductive) regions between drillholes. Higher 

transmitter station density, 5–10 m is recommended. Receiver station spacing 0.5 m (2 

Hz) is acceptable. Requirement for optimal drillhole survey section is the location where 

the drillholes would be vertical. But drillhole can deviate from vertical but the angle 

should be in the same direction. There is no actual minimum starting depth for the 

research because it is possible to start detecting reliable signals near the earth surface 

especially when transmitter is deep enough. Maximum distances between drillholes can 

be 600–700 meters at Olkiluoto site.  

Obtained raw data was in the level that could be expected or EMRE-system was 

functioning in the limits of manufacture. Receiver station over sampling and rejection of 

spurious values (possible reflection, diffraction and scattering effects) and smooth 

inversion method will allow compilation of reasonably smooth tomographic images. 

It is possible to apply the relative phase difference in extracting dielectric permittivity 

information. In current research the phase difference data was not been exploited. 

Generally when speaking the precise phase information, it can only be useful under 

complicated geoelectrical conditions–small resistivity differences, rather small length of 

tectonically dislocated targets; presence on many dikes at the site, etc. It is yet not 

known how well phase information would apply at Olkiluoto and in available 
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investigation scale. Dielectric permittivity partly governing the phase is varying due to 

felsic and mafic lithology domains, and due to groundwater content in bedrock. In 

larger scale the different bedrock domains are rather large and can be considered 

homogeneous. In closer scale the features are strongly heterogeneous and the internal 

variation rather detailed. 

The radio wave surveying method with the EMRE system is promising for studies of 

the attenuation (conductivity) variation associated to geological structure of the 

Olkiluoto site. Objects to be detected need to be in order of 20–30 m in thickness (very 

good conductors may be rather thin if they shadow the field strongly), and continuous in 

length direction. Method was proven feasible in crystalline rock investigation. 

Interpretation would benefit from numerical inverse methods where the real minimizing 

of cost function is attached to the inversion. The first steps have already been taken and 

in future we may have more reliable results with EMRE-system. The present rapid 

interpretation would always have its position in the field when first trials may be 

wanted. 
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APPENDICES 

1. EM-wavelength as a function of conductivity 

 

FARA- signal wavelengths as a function of conductivity (Figures 44 – 47). 

 

 

 

Figure 44. FARA- frequency 312.5 kHz. Wavelengths are displayed as a function of 

conductivity (k- dielectric constant). Wavelengths values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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Figure 45. FARA- frequency 625 kHz. Wavelengths are displayed as a function of 

conductivity (k- dielectric constant). Wavelengths values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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Figure 46. FARA- frequency 1 250 kHz. Wavelengths are displayed as a function of 

conductivity (k- dielectric constant). Wavelengths values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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Figure 47. FARA- frequency 2 500 kHz. Wavelengths are displayed as a function of 

conductivity (k- dielectric constant). Wavelengths values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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2. EM-wave attenuation as a function of conductivity 

 

FARA- signal attenuation as a function of conductivity (Figures 48 – 51). 

 

 

 
 

Figure 48. FARA- frequency 312.5 kHz. Attenuation is displayed as a function of 

conductivity (k- dielectric constant). Attenuation values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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Figure 49. FARA- frequency 625 kHz. Attenuation is displayed as a function of 

conductivity (k- dielectric constant). Attenuation values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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Figure 50. FARA- frequency 1 250 kHz. Attenuation is displayed as a function of 

conductivity (k- dielectric constant). Attenuation values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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Figure 51. FARA- frequency 2 500 kHz. Attenuation is displayed as a function of 

conductivity (k- dielectric constant). Attenuation values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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3. EM- wave velocity as a function of conductivity 

 

FARA- signal velocities as a function of conductivity (Figures 52 – 55). 

 

 

 

Figure 52. EM-wave velocity at 312.5 kHz. Velocity is displayed as a function of 

conductivity (k- dielectric constant). Velocity values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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Figure 53. EM-wave velocity at 625 kHz. Velocity is displayed as a function of 

conductivity (k- dielectric constant). Velocity values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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Figure 54. EM-wave velocity at 1 250 kHz. Velocity is displayed as a function of 

conductivity (k- dielectric constant). Velocity values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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Figure 55. EM-wave velocity at 2 500 kHz. Velocity is displayed as a function of 

conductivity (k- dielectric constant). Velocity values (y) marked with corresponding 

conductivity values (x) using relative permittivity value k=6. 
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3.1 Tx-schedule in OL-KR40 

 

Tx-positions 

(m) 

Repeated/rename Frequency(kHz) / Used in interpretation 

  312.5 625 1 250 2 500 

95  x x x x 

100  x x x x 

105  x x x x 

110  x x x x 

115  x x x x 

120  x x x x 

125  x x x x 

130  x x x x 

135  x x x x 

140(cancel) 141 (rename 140) x x x x 

145  x x x x 

150  x x x x 

155  x x x x 

160  x x x x 

165  x x x x 

170  x x x x 

175  x x x x 

180(cancel) 181 (rename 180) x x x x 

185  x x x x 

190(cancel) 191 (rename 190) x x x x 

195  x x x x 

200(cancel) 201 (rename 200) x x x x 

205  x x x x 

210  x x x x 

220  x x x x 

230  x x x x 

240  x x x x 
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250  x x x x 

260  x x x x 

270  x x x x 

280  x x x x 

290  x x x x 

300  x x x x 

310  x x x x 

320  x x x x 

330  x x x  

340  x x x  

350  x x x  

360  x x x  

370  x x x  

380  x x x  

390  x x x  

400  x x x  

410  x x x  

420  x x x  

430  x x x  

440  x x x  

450  x x x  

460 461 (rename 460) x x x  

470  x x x  

480  x x x  

490  x x x  

500  x x x  

510  x x x  

520  x x   

530  x x   

540  x x   

550  x x   

560 570 (rename 560) x x   

570 571 (rename 570) x x   
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580  x x   

590  x x   

600  x x   

610  x x   

615  x x   

620  x x   

625  x x   

630  x x   

640  x x   

645  x x   

650  x x   

655  x x   

660  x x   

665  x x   

675  x x   

677(cancelled)  x x   

585  x x   

695  x x   

705  x x   

715  x x   

720  x x   

730  x x   

740  x x   

750  x x   
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3.2 Tx-schedule in OL-KR45 

 

Tx-positions 

(m) 

Repeated/rename Frequency(kHz) / Used in interpretation 

  312.5 625 1 250 2 500 

100  x x x x 

105  x x x x 

110  x x x x 

115  x x x x 

120  x x x x 

125  x x x x 

130  x x x x 

135  x x x x 

140  x x x x 

145  x x x x 

150  x x x x 

155  x x x x 

160  x x x x 

165  x x x x 

170  x x x x 

175  x x x x 

180  x x x x 

185  x x x x 

190  x x x x 

195  x x x x 

200  x x x x 

210  x x x x 

220  x x x x 

230  x x x  

240  x x x  

250  x x x  

260  x x x  
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270  x x x  

280  x x x  

290  x x x  

305  x x x  

310  x x x  

315  x x x  

325  x x x  

330  x x   

335  x x   

340  x x   

345  x x   

350  x x   

355  x x   

360  x x   

370  x x   

375  x x   

380  x x   

385  x x   

390  x x   

395  x x   

400  x x   

450  x x   

500  x x   

200(cancel)      

151(cancel)      
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4. Maximum transmitter ranges and attenuation 

  

Figure 56. Range and attenuation. Figure 57. Range and attenuation. 

  

Figure 58. Range and attenuation. Figure 59. Range and attenuation. 

 ‟ 

Figure 60. Range and attenuation. Figure 61. Range and attenuation. 
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Figure 62. Range and attenuation. 

 

  

Figure 63. Range and attenuation. Figure 64. Range and attenuation. 

 

  

Figure 65. Range and attenuation. Figure 66. Range and attenuation. 
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Figure 67. Range and attenuation. Figure 68. Range and attenuation. 

 

 

Figure 69. Range and attenuation. 

 




