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PREFACE

Cooperation in the use of geophysical methods within the framework of the
agreement on Scientific and Technical Cooperation in Geology between Finland and the
Soviet Union began in 1975. The exchange visits paid by Finnish and Soviet scientists in the
first couple of years provided an overall view of the geophysical exploration methods in use in
the Baltic Shield areas of each country. In 1977-80 the cooperation was focused on magnetic
bore hole measurements; the results were published in Finland in 1981 as a collection of
articles in English entitled "Interpretation of bore hole magnetic data and some special
problems of magnetometry" in a series of reports from the University of Oulu.

As a result of the growing popularity and increasing scope of electrical methods in
prospecting the theme selected for 1981-85 was "Electrical prospecting methods on the
Baltic Shield". The work was divided into two phases: 1981-82 - galvanic methods and
1983-84 - inductive methods; only ground and drill hole methods were included. Each phase
consisted of introductory reports, field and laboratory visits, quantitative interpretation with
various methods of theoretical and practical survey data, examination of case histories, and
comparison of results. The cooperation has made it possible to follow recent developments
in equipment and methods of interpretation in exploration geophysics in both countries. In
the Soviet Union the project was undertaken by the Production Geological Amalgamation
"Sevzap-geologia" (SZPGO), and in Finland by the Geological Survey of Finland, the
Department of Geophysics of the University of Oulu, Outokumpu Oy and Rautaruukki Oy.

The results of the cooperation have been published as two reports in a series of
Report of Investigation from the Geological Survey of Finland. Report 73 deals with galvanic
methods and Report 95 with inductive methods. The undersigned express their gratitude to
the Geological Survey of Finland, which made it possible to publish the results of the
cooperation, and to the Finnish-Soviet Commission for Scientific and Technical cooperation
for their financial support.

M. Ketola N. Khrustalev

Key words: geophysical methods, electromagnetic methods, electromagnetic induction, mineral
exploration, crust, Precambrian, Baltic Shield, Finland, USSR






Theory and modelling



THE INFLUENCE OF THE ELECTRICAL CONDUCTIVITY OF THE SURROUNDING MEDIUM
ON THE ANOMALY IN INDUCTIVE METHODS OF ELECTRICAL PROSPECTING
(FROM CALCULATION AND MODELLING)

by
A. Savin and G. Vargin

Savin, A. & Vargin, G., 1990. The influence of the electrical
conductivity of the surrounding medium on the anomaly in inductive
methods of electrical prospecting (from calculation and modelling).
Geologian tutkimuskeskus, Tutkimusraportti 95. 8-19, 7 figs.

Presented are the results of comparing the calculated values
for the anomalous effect above spherical models of conductors
placed in conductive whole space and half-space. When evaluating
the anomalous effect in ground electrical induction prospecting, it
seems sufficient to confine oneself to the calculations for a case of a
conductive sphere in a conductive whole space.

The variation of a medium-to-object conductivity ratio from
1/10000 to 1/100 does not, in fact, affect the maximum value of the
anomalies or, correspondingly, on the depth of penetration of
prospecting, while the optimal frequency of the EM field depends
basically on the conductivity of the surrounding medium.

The influence of the conductivity of the medium on the
anomalous effect in both dipole profiling and TEM measurements is
illustrated by model cases.

Key words: electromagnetic methods, electromagnetic induction,
numerical models, transient methods, electrical conductivity,
anomalies, mineral exploration, geophysical surveys

CapmH, A.Il., Baprmm, I.I., 1990. BAUAHHe
SA€KTPONPOBOAHOCTH BMeIalIeH CpeAH Ha aHOMAaALHHIM
3ppeKT B HHUYKLUYKAHOHHHX MeTOAAX SA€KTPOPasBeAKH IIO
pesyAbBTaTaM PacyeTOB H MOASAHPOBAHHUA. [€OAOTHUECK Uil
UeHTD $UHASHAMH, PallopT HCCAeAOBaHHA 95. 8- 19, Uaa. 7.

[IpUBOAATCH PeSYABTATH COMOCTABASHHA PACUeTOB
AHOMAABHOI'O 2§$¢KTa HaZ MOAEABK IPOBOAHHKA B OPMeE
Wwapa, NOMEWEeHHOr0 B MNPOBOAAIlee IPOCTIAHCTBO H
NDOAYNPOCT PAHCTBO. JAd OLEHKH aHOMAABHOI'O 3§3¢KTa
IpH MPOBeA¢HMH paboT HHAYKLIHOHHHMH MeTOJaMH
SAGKTPOPABBEeAKH Ha JAHEBKOH IOBePXHOCTH MOXHO
OFPAaHMYHTECA pacueTaMH AAA CAyYad INPOBOAAIIETO lIapa
B NIPOBOAAIéM IIPOCTPAHCTRE.

[lokasaHO, UTO H3MEHEeHHe OTHOWEHHS YASABHHX
NPOBOANMOCTEH CPels U OOBeKTa B NpedeAax oT 1/10000
Ao 1/100 Npak THYECKH He OTPAXaeTCH Ha MaK CHMAALHOM
SHAUeHHH aHOMAAMH M, COOTBETCTBEHHO, Ha I'AYOHHHOCTH
MIOMCKOB, a ONTHMAALHAg YacTOTA BAEKTPOMATHHTHOTO
MOAd B OCHOBHOM S8aBHCHT OT YAEABHOH IPOBOAUMOCTH
CPpeXH.

BAMAHHe SAGKTPONPOBOAHOCTH CPeAH Ha
AHOMAABHHH 3§§¢KT B MeTOoAAX AHNOABHOTO
NPOJHUAUPOBAHUA H TMePeXOAHHX IPOLECCOB
HAAKCTPHPYETCA IIPHME PAMH MOASAHPOBAHHA.



Analysis of spherical conductors

One of the most important and intricate points in analyzing the behaviour of electrical
induction prospecting methods is the influence of the surrounding medium on the anomalies
caused by highly conductive orebodies.

The most common procedure in studying the anomalous effects involves the
computation of the field above a sphere that imitates an isometric orebody. This particular body
geometry in modelling provides the advantage of obtaining such analytical solutions as enable
the anomalous effect to be calculated and thoroughly analyzed. In some cases, a sphere
approximates a certain type of ore model; in particular, the Nud-Il copper-nickel deposit in the
Kola peninsula corresponds to this type (Vargin et al., 1985). The results of calculations above
the sphere model can also be applied to objects of other geometries. The considerations
given to the behaviour of anomalies above a sphere when analyzing the efficiency of electrical
induction methods can hardly cause an overestimation of the depth penetration since a sphere
displays the most attenuation of an anomaly with depth.

In the dipole induction profiling method using a transmitting coil with a vertical axis, we
need to calculate the components of the magnetic field intensity produced by a vertical
harmonic magnetic dipole located on the horizontal surface of the conductive half-space
containing a spherical inhomogeneity (Fig. 1a). The conductivity of the upper half-space, lower
half-space and the sphere proper is marked as o1, 02 and 03, respectively; the magnetic
permeability is consequently uq, pu2, and u3, with u1 and p2 assumed as equal to pg, the
magnetic permeability of vacuum. To simplify the problem, the dipole is located so as to
coincide with the vertical axis running through the centre of the sphere.

Since the solution to this problem is far from being easy, several versions of
approximate solutions have been proposed. They include substitution of the half-space by the
whole space (March, 1953), cf., Fig. 1b, or by a concentric sphere (Negi, 1962; Negi et al.,
1973; Raval, 1973; Sochelnikov, 1974; Savin, 1975) - Fig.1c. Such approximations simplified
the problem solution, yet failed to clear up the point of whether these assumptions are
possible. On the other hand, the mutual discrepancy in results of simulating a sphere in the
surrounding medium and concentric spheres (Savin, 1975) indicated that at least one of these
models is inappropriate for quantitative estimation.

There exist early solutions to the problem (Dyakonov, 1959; Ogunade et al., 1974)
corresponding to the model shown in Fig. 1a. Because of some inaccuracies in these
solutions, however, the results cannot be used. Therefore, the authors of the present article,
together with Simovski-Veitkov, have found a solution (Vargin et al., 1983; Savin et al., 1985)
that enabled comparing the results of the calculations for each of three model cases. Shown in
Fig. 2 is an example of a comparison of the characteristics of real and imaginary components of
the anomalous portion of the normalized vertical magnetic field

hz = Hz/m 4 7r3,
as a function of parameter

a3 = wuj3 03 - a2,

where
m - magnetic dipole molent,
Hz — anomalous vertical component of the magnetic field intensity,
w - cyclic frequency,
“r"and "a" — asin Fig. 1.
The anomaly

Hz=Hzy —Hzo
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means a difference between the intensity values of a total field Hzy and "normal field" Hzo.

Fig. 1. Types of models applied for studing the influence of the surrounding medium. M — magnetic
dipole, L — measurement point.

Fig. 2 shows that the occupation of the whole space by the conductive material (curve
3) leads to the "attenuation" of Re hz and Im hz at low a3 values. Using the concentric sphere
model (curve 5), where a half-space is generally not filled completely with conductive material,
makes Re hz and Im hz subject to distortion in precisely the opposite sense.

Yet the results of calculations over the object in the whole space do not differ much from
those obtained over the object in the half-space (cf., additional samples of comparison in Fig.
3). This enables one to employ, and with an accuracy high enough to meet practical
requirements, the solution for the model presented in Fig. 1b. A further advantage of this
particular model is the possibility of making calculations even when the system geometry is not
axially symmetric.

All these things considered, we made use of the solution of March (1953) for calculating
the anomalies in the dipole induction profiling method. The results presented here refer to the
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Fig.2. Re hz and Im h; characteristics with a/d = 0.5, r/d = 4, uolug = 1, 503 = 1/64.

1, 2 - for a sphere in the conductive half-space; 3, 4 - same in the conductive whole space; 5, 6 - same
inside a conductive sphere with large dimensions; 1, 3, 5 - negative values; 2, 4, 6 - positive values.

most common modification of dipole induction profiling: measuring the vertical magnetic
component in a field of the vertical magnetic dipole (the ZZ-array). Sample curves for different
r/d ratios are shown in Fig. 3. The surrounding medium affects the anomaly profiles as
differences in "hz" and in the form for two values of ratio go/63. The anomalous values for
o2/a3 = 1/100 are much higher than those for 62/63 = 1/10000 under otherwise equivalent

conditions. This peculiarity is a well-known fact, which in the geophysical literature is called the
"negative screening effect" (Gaur, 1963; Negi, 1967).

Nomograms for spherical conductors

Now, it is a common practice in dipole induction profiling to measure in the field a
modulus of the total field |hz| as compared with that of a normal field |hzg|. In this case, attention
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Fig.3. Graphs of hz above a sphere in conductive medium, with a/d = 0.5; ag = 40; 6p/c3 = 1/10000 and

1/100. 1, 2 - according to the results of calculation above the sphere in conductive whole space; 3, 4 -
same above the sphere in conductive half-space; 1, 3- Re hz; 2, 4 - Im hy.

is drawn to the anomaly of the total field modulus expressed through a relation

Y (Re hzo + Re hz)2 + (Im hzg + Im hy)2

za

-1
Inzol

As long as the anomalies differ considerably in their form under different conditions, the
efficiency of dipole induction profiling can be described by the so-called "span” of anomaly Az,
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Az = (hza)max - (hza)min. For ratios 62/63 = 1/10000 and 1/100 respectively at u3/u» = 1, the
results of calculations are represented as nomograms (Fig. 4) connecting the r/d and a/d ratios
with the optimal "a3" values, which make the Az - span reach its maximum.

The nomograms in Fig.4 give us an idea of the size of the anomaly in particular for two
values of the object-to-surroundings resistivity ratio. The nomograms also enable methodic
problems to be solved, viz., to determine the optimal values of array spacing "r" (from r/d), the
EM-field frequencies (from "«3") and the lowermost depth of detecting an isometric object
(from a/d). Provided we have field data enough to distinguish a maximum value in the
frequency characteristic, nomograms can be of use in interpretation.

a/d 6,/6,=1/10000

10 5
1 -7 7 e
4= 7 s
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Fig.4. Nomograms connecting ratios a/d and r/d with values of anomalies Az(1) and corresponding
optimal a3 (2) values above a sphere in a conductive half-space, with ao/a3 = 1/10000 and 1/100.

Based on the analysis of nomograms and on initial data required for their drawing, the
following conclusions can be made concerning the technique used and its effectiveness in
dipole induction profiling:

1. When a sphere lies deep enough (a/d < 0.6) the optimal r/d ratio does not depend
on the resistivity ratio; it is on the average 2 to 2.3. An unmotivated increase of array spacing "r"
to more than (2 + 2.3)d causes a decrease of the anomaly.

2. Increasing the conductivity of the surrounding medium (at least up to 62 = 63 /100)
does not, in fact, decrease the anomalous effect, while only decreasing the optimal a3 value.

3. Optimal "a3" values correspond (by this we mean £2 = Ya3- 62/ 63 - 7/a) to the
reduced distances £2 = |k2| r - 2.81 - 10-3 V- 62 - r (where k2 - wave number of a medium)
covering relatively small limits, from 1.8 to 3.6. Knowing this fact, we can easily determine an
optimal frequency "f*, which depends upon the conductivity o2 of a medium and bears actually

no relation whatsoever to the properties, size and depth of the object in question.
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Platelike (flat) conductors

Unlike isometric objects, which are fairly rare, orebodies possessing a bedlike form are
quite common in the Baltic Shield (Eloranta, 1981; Vargin et al., 1985). Modelling is basically
used when studying the influence of the conductivity of the surrounding medium upon the
anomalies produced by bedlike bodies. For dipole induction profiling, most of the modelling
with the surrounding medium simulated by water solutions was carried out in India (Gupta, Mary,
1971: Gaur et al., 1972, 1973; Verma, Gaur, 1975). Water solutions ensure a high resistivity
contrast between the medium and the object. For low-contrast materials like metal (Zakharov,
1975), graphite, coal, etc., are most frequently used. Shown in Fig.5 is an example of
modelling over a thin vertical plate made of lead (Savin, 1978); the latter, when in a molten
state, was poured as a filler into a slot in a solid-state graphite as a background medium. The
thickness of the lead plate was t = 0.5 cm, the vertical distance from the coils to the top edge of
the plate is d = 1.2 cm and that to the graphite model, ¢ = 0.8 cm; the array spacing "r" is 6.65
cm. The resistivity values of lead and graphite were p3 = 1/063=3.7 - 10-7Qmand p2 = 1/ 62 =
1.2 - 10-5Qm, respectively. Fig. 5 shows the real and imaginary components (hzy)
corresponding to the measurements on frequencies 80, 315,1250, 5000 and 20000 Hz. To
ascertain the influence of the medium the same measurements were carried out in the air ( p2 =

The results correspond to the ratio a3/ ap = 0.4, where a3 = pgogwtr is the plate
induction parameter and a2 = pd2wr the induction parameter of the medium (o2 = 0 in the
air). On low frequencies, when a3 = 0.57, the anomalies Re hz and Im hz over a plate in the
medium practically do not differ from those in the air. With increasing a3, the discrepancy
between them becomes more and more evident and distortions of the anomaly form also takes
place. The anomalous effect in the medium is sometimes higher than in the air, which just
confirms a so-called "negative screening effect".

The present state of knowledge in modelling above plates in a conductive medium
appears to be insufficient for drawing the nomograms of similar bodies as shown in Fig.4. Yet
the most common regularities in the influence of the conductive surrounding medium on the
plate anomalies are not likely to differ from those of anomalies above a sphere. It seems that it is
precisely from this standpoint that one should decide on the technique of dipole induction

profiling when prospecting for ore-layer (platelike) targets occurring among rocks with relatively
low resistivity.

Time domain measurements

As far as TEM is concerned, the approach to a study of the influence of the surrounding
medium was the same as in the dipole induction profiling. In calculating the anomalous effect,
use was made of a sphere in the whole space (Singh, 1973; Makagonov, 1977b), a model of
concentric spheres (Hjelt, 1971; Nabighian, 1971; Rao, 1972; Raval, 1973; Makagonov,
1977a; Kamenetski, Timofeev, 1979; Nagendra et al., 1980) and a sphere in a halfspace (a
model that corresponds best of all to the problem and which is given a somewhat more
scrupulous solution) (Kamenetski et al., 1975; Lee, 1975).

For the study of the anomalous effect in TEM, we decided to use the model of a vertical
magnetic dipole field above a sphere in a homogeneous half-space (Fig. 1a) (Savin et al., 1984)
and to present the results using generalized dimensionless characteristics. In this case, the
computations involve the calculated anomalous part of the azimuthal normalized electric field
ep = (Ep/jwuom) - 4mr2, where Eg - anomaly of the azimuthal component of the electric field
intensity, j- imaginary unit. According to the reciprocity principle, the results of measuring Ep
in the field of a vertical magnetic dipole are identical to the results of measuring Hz in the field of
an azimuthal electric dipole. Integration of the electric dipole moment along the circular contour
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helps .tq associate the magnetic intensity with the circular current along the contour in the plane
that divides both half-spaces and has its axis running through the centre of the sphere. The
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Fig. 5. Results of modelling dipole induction profiling above a thin vertical layer (plate). 1 - (Re Hzy - 1)
over a plate in a nonconducting medium (in the air); 2 - Im Hzy over a plate in a nonconducting medium (in

the air); 3 - (Re Hzy - 1) over a plate in a conductive medium; 4 - Im Hzy over a plate in a conducting
medium.

transition from the harmonic to the transient mode is effected by the Fourier-Laplace
transformation.

The results of the calculations are presented in terms of a function y, its argument being
a parameter t/u303a2. where "t" denotes time when the transient process is measured. The

emf "U" in the receiving coil placed in the centre of the circular loop with | and with radius r is
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derived from the formula:

HolS (al)3 6
U= g ~ v,
ar (1+d2r2)32 25

where S - effective area of a receiving coil.
When t/(u303a2) is high enough, the results of the y - calculations can be used to

analyze the data obtained by a single- or incorporated-loop array modification of TEM. In this
case, the emf (U) across the receiving loop is expressed by the formula:

T Holr (@/d)3 (/)3 6
U = . G e—— Y.
2 (1+r2d23 2

The characteristics of function y for various ratios 02/63 with dimensions are shown in
Fig. 6. It is obvious that by increasing the ratio oc2/03, we shift the extreme y values towards
greater time periods. In the area of remarkably long time periods, the anomaly might become
larger with an increasing ratio o2/63 (under otherwise equivalent conditions), which
corresponds to the already mentioned "negative screening effect".
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Fig. 6. Characteristics of function y (¥ u3o3a2) with uy/ ug =1, a/d = 0.5, r/d = 4. The curve codes
correspond to o053 values.
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Practical examples

A study of the anomalous effect of composite geoelectric sections requires the use of
modelling. Modelling resuits imitating the ore target of the Windy Belt zone (Vargin et al., 1985)
are represented in Fig. 7. The surrounding medium was simulated by a solution of potassium
chloride (p2-3 = 7.1 - 10-2 Qm) but the ore object by graphite (p5 = 1.1 - 10-3Qm) and the
layer of Quaternary sediments, together with a bed imitating the layer of apo-olivinite
serpentinites, by a special compound with resistivities of p1 = 1.15 - 10-2 Qm and pg = 7.0 -
10-3 Qm, respectively. A square-loop array with a side length of 2 | = 8 cm was used.
Measurements were carried out in the frequency range 1.25 to 80 kHz. Conversion of the
harmonic field characteristics into transient field characteristics was made with the
Fourier-Laplace transformation. The transition from modelling conditions to the actual in-field
ones is based on the well-known similarity parameter. In this particular case, the relations were
as follows: Lp =25 -103 Lm, pn=2.8 - 104 pm, th = 2.2 - 102 ty, where L is any linear
dimension while the indexes "n" and "m" stand for field (natural) and modelling conditions. The
values plotted in Fig.7 correspond to the actual field (natural) conditions.
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Fig. 7. Results of TEM modelling above a model of the Windy Belt ore.
1 - graphs of Ut (ll); 2 - level of the normal field. In the brackets - extreme values of U/l in uV/A. The

dimensions of layers p4 and ps in the field along the strike are 1250 and 1000 m respectively.

The modelling procedure involved variations in the immersion depth of an ore object
(the latter being immersed down the dip of the layer). Now, being high enough for detectioq at
d = 70 and 100 m respectively, the U/l anomaly at d = 200 m is comparable with the interfering

2 403333F
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anomaly (exceeding it 2 to 2.5 times only) associated with the apo-olivinite serpentinite zone
(cf., graphs at d = 200 m and d = «). Comparing with the same model, yet without the
background medium and top horizontal layer (p| = p2-3 = ) gives us an idea of the extent of

the screening effect produced by the host rocks and the Quaternary sediments. o
The measurements performed provided the basis for evaluating the capabilities of TEM
prospecting under certain field conditions.

Conclusions

Based on analysis of the available data as to the influence of the surrounding
conductive medium upon the anomalies in the electrical induction methods, the following
conclusions can be drawn:

1. When determining the anomalous effect in the ground electrical induction methods,
a whole conductive space can be used instead of a conductive half-space. Such substitution
does not cause any noticeable distortions in the calculation results; on the other hand, it
essentially simplifies the calculations made for solving the normal and inverse geophysical
problems.

2: A change in the medium-to-object conductivity ratio in the range of 1/10000 to
1/100, which is typical of most of the ore deposits in the Baltic Shield, does not, in fact, affect
the maximum value of the anomalies and, consequently, the depth of penetration. The optimal
frequency of the EM-field corresponding to this value, however, turns out to be a function of
the conductivity ratio.
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THE TRANSMISSION SURFACE ANALOGY IN CALCULATING FIELDS OF 2D MODELS

by

H. Soininen, P. Saksa and I. Suppala

Soininen, H., Saksa, P. & Suppala, I, 1990. The transmission
surface analogy in calculating fields of 2D models. Geologian
tutkimuskeskus, Tutkimusraportti 95. 20-27, 5 figs, one table.

The transmission surface algorithm is based on the similarity
between Maxwell's equations and transmission line equations. A program
package for modelling two-dimensional structures is presented. The primary
source can be either a plane wave or an infinite line current source. Itis also
possible to use the program package as part of an iterative model-fitting
scheme because the partial derivatives of the fields can readily be
calculated with respect to the model resistivities at the same time as the
forward problem is solved.

Some modelling results for the audiomagnetotelluric (AMT) method
are presented as an application of a program package. For deep-seated
elongated bodies, E-parallel polarization gives more information on the
electrical structure than does H-parallel polarization. Nomograms for
interpretation of vertical conductance and depth of a thin two-dimensional
conductive body are given.

Key words: electromagnetic methods, electromagnetic induction, numerical
models, two-dimensional models, transient methods, audiomagnetotelluric
methods, electrical conductivity

CofimmHeH, X, Cakca, I, Cynmaaa, M., 1990. Axaaorusg
[IOBEPXHOCTH Mepedadld B BHUHCASHHH IIOAEH IMPH ABYMEpPHOM
MOAeAHPOBAaHHH. ['€OAOTHUECKHH LUSHTP SMHAAHAHH, PaIlopT
HCCcAeAOBaHHA 95. 20-27, Max. 5.

AATOPHTM IMOBEePXHOCTH NepeJauM OCHOBAH Ha NIoAcOHH
YpaBHeHHH MaKCBeAAd H YpaBHeHHH AMHHH Nepelaud. B pabore
npeACTAaBAEH IIAKeT MNPOorpaMM AAS MOASAHPOBAaHHA ABYMEDHHX
CTPYKTYpP. [lepBUUHHM HCTOUHHKOM MOXeT OHTE MAH MIAOCKaA
BOAHA HAH DeCKOHEUHHN AHHEHHHIN HCTOYHHK Toka. IlakeT
nporpaMM MOXeT TaKkXe HCIOABZOBATBCA KaK YacTh
HTePaTHBHOM CXeMH Aoabopa MOAeAH, TaK KaK YacTHYHHE
npousboAHHe TMOAeH N0 OTHOWEHHK K MOASALHHM
COAPOTHBASHHAM AerK0O BHYHCAAKTCA OAHOBPeMEHHO ¢
pelleHHeM IPAMOH 33 JauH.

B KavyeCTBe IpHMeIa NPHMeHEeHHA IIaKeTa IPOTpaMm
MOKa8aHH HEKOTOPHEe IMe3YABTATH MOAESAHPOBAHHA JAAL
S3BYKOYaCTOTHOIC MArHHTOTEAAYPHUECKOro MeToZa (3MT). B
cAyuae FAYDOKO SaAeraolIMX YAIAMHEHHHX TeA IOAApHSaLHd,
naparieAbHad E, HeceT CoAbllle HHIOPMALMM O SASKTPHUESCK O
CTPYKTYpe oBBEeKTa UeM NOASPHUsAUUA o H. ZaHH HOMOTPaMME
AAfl HHTEPNPeTALHH BePTHKAABHON SASKTPOIPOBOAHOCTH H

FAYOHMHE SaAeTaHHd MaAOMOIIHOTO ABYMEPHOTO NPOBOAMAIEro
TeAd.
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Introduction

The transmission surface algorithm, or network solution technique, is based on the
similarity between Maxwell a equations and transmission line equations. This technique was
first applied to geophysical problems by Madden and Thompson (1965). It has since been
used for two-dimensional problems by Swift (1967,1971), Madden and Vozoff (1971), Madden
(1972), Smith (1975), and others. Brewitt-Taylor and Johns (1980) have presented an
algerithm for three-dimensional problems.

In this paper we shall present a program package for numerical calculation of
two-dimensional structures for plane wave incidence and for an infinite line current souree. It is
also possible to calculate efficiently the partial derivatives of the fields with respect to the-model
parameters at the same time as the forward problem. Thus the program package can be used as
part of an iterative model-fitting program (Soininen, 1980).

Formulation of the problem

Let us consider a two-dimensional structural model (Fig. 1), assuming e-iwt time
dependence. Maxwell's equations

vx E =iwu H, (1)
vx H=(0-iwe)E

Fig. 1. Two-dimensional model and coordinate system.

now separate for the two polarizations (1) H parallel to the strike with H(0, Hy, 0) and E(Ex, O,
Ez), and (2) E parallel to the strike with H(Hx, 0, Hz) and E(0, Ey, 0). The resulting equations
are:

H-parallel
OHylax = (0 - iwe) Ez,
aHylaz = -(0 - iwe) Ex, 2

aEx/OZ ® aEzl ox = i(:J]JHy,
and E-parallel

OEylox = + iwp Hz,
OEy/ 0z = - iwp Hy, 3
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OHx/Oz - OHZ/0x =( 0 - IWE) Ey

In the network solution, equations (2) and (3) are solved numerically for an arbitrary
cross-section using discrete approximation over a finite grid. The technique is based on the
analogy between transmission line equations and equations (2) and (3). The transmission line
equations are (Harrington, 1961)

v=-2ZI, (4)
V. l=-YV,

where V is the voltage, | is the current along the line, Z is the distributed impedance and Y is the
distributed admittance per unit length. The one dimensional transmission line equations (4) can
be extended to two-dimensional transmission surface equations:

oVIox =-Z Iy,
NIz = -Z 13, (5)
Ol /10X + 01,/0z = -YV.

Comparing equations (5) with equations (2) and (3), we can derive the following
analogies (Table 1).

Table 1. Analogies between Maxwell's equations and transmission surface equations.

E-parallel Transmission H-parallel
surface eq.

Ey v Hy

Hz Ix -Ez

-Hx Iz Ex

-iwp 4 o -iwe

0 - IWe Y - iwu

Forming of network

To form an electrical network that simulates a two-dimensional structure, the earth model
must be sectioned into a grid of rectangles or elements, and the lumped circuit parameters Zg

(d = v, h) and Y determined for each element. The nodes of our circuit are placed at the
corners of each element. The lumped parameters are defined as

Zy = ZAz/ Ax,
Zn=2Z AX Az, (6)
Yo =Y Az Ax,

where Zy is the vertical impedance, Z, is the horizontal impedance and Y, is the admittance.
Ax and Az are the element size in the x and z direction.
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Boundary and source conditions

To terminate the grid the lumped terminal impedances are calculated at the bottom of
the grid from the characteristic impedance

Zo= VZINIAX. @

The bottom layer is thus assumed to extend into infinity.

A one-dimensional transmission line problem is solved along the sides of the grid
assuming that lateral inhomogeneities are far enough away from the sides of the grid.

For plane wave incidence, a constant source is applied at the top of the grid. To ensure
that the secondary fields are zero at the source, it must be placed far from the earth-air
boundary. We must introduce sufficiently thick air layers above the ground and then put a
constant source at the top of the layers.

The horizontal magnetic field is independent of the conductivity of a layered earth. Thus
for the E-parallel polarization constant vertical current Iz is put at the top of the air layers,
whereas for the H-parallel polarization constant voltage V is put at the top of the grid. For the
modelling of possible topographic effects, we have included air layers for both polarizations
(Smith, 1975).

Forming the linear set of equations

After the mesh parameters and boundary conditions are satisfied the equation of
electrical current continuity can be written at each node ij.

Vneighbour - Vij
+Yjj Vij =Sij, 8

Zconnecting

where Vjj is the voltage of the ijth node, Vneighbour is the voltage at one of the four nearest
neighbour nodes of Vijj, Yijj is the admittance of the ijth node, Zconnecting is the lumped
impedance to the adjacent node and Sij is a current source term. Applying conservation of the
current at each node point, we obtain the linear set of equations

AV =S, 9

where A is a (m x n) x (m x n) system matrix, which is a banded, sparse, diagonally dominant
matrix. V and S are vectors of (m x n) length. It should be mentioned that system matrix A is
essentially the same as that which would be obtained by the finite difference method. As a
solution of equation (9), we get the nodal voltages in our mesh and by using the analogies
shown in Table 1 we can now calculate the required electric and magnetic field components.

Infinite line current source

The algorithm presented can be used for calculating two-dimensional anomalies for an
infinite line current source. Thus it is possible to model Turam responses over two-dimensional
inhomogeneities aligned parallel to the long axis of the transmitting loop. The transmitting loop
is approximated by one (or two) infinite line current sources. This problem is solved like the
E-parallel case. Swift (1971) has represented the current source by replacing the plane-wave
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source by a finite Sjj just above the surface of the Earth. Inthe present work, we calculate the
secondary voltages VS instead of the total voltages V, because the secondary field structure is
simpler and smoother in the regions with sharp spatial variations of the primary field (near the
current source) (Varentsov, 1983). Now the source term Sjj in equation (8) (conductivity and
dielectric inhomogeneities) is -(Yij- Y°jj)V°jj, where Y¢jj is the normal admittance of the base
structure and V°jj is the primary voltage (primary E°y). Boundary conditions are approximated by
characteristic impedances (7) at the top and sides of the model.

Calculation of partial derivatives for inversion

Generalized linear inverse and iterative model-fitting has proved to be an effective tool
in the interpretation of electromagnetic sounding measurements in plane-layered regions
(Glenn et al., 1973; Ward et al., 1973). The inversion of more complex conductivity structures
has been difficult because of the long computing time needed. In the inversion, both the
forward problem and the partial derivatives of the fields with respect to the model parameters
must be calculated. Oristaglio and Worthington (1980) have developed a two-dimensional
inversion for EM data using a finite element method. Their algorithm permitted the resistivities
of the elements or blocks in a two-dimensional model of predetermined geometry to be
optimized. A similar technique can be used in a network solution. Let us differentiate equation
(9) with respect to model resistivity pj. The result is (the source being independent of model

parameters):
A (0V/0opj ) = - (0AIOpj)V. (10)

Equation (10) is the same equation as (9) but with a different right-hand side. The new
source term is the product of the derivative of the system matrix with respect to parameter p
and the column vector of voltages V. Equation (10) is solved through a process of
forward-reduction and back-substitution with the new right-hand sides. The partial derivatives
are calculated as accurately as the fields themselves and the accuracy is independent of
conductivity values. The computation is also fast in terms of computer time, since it takes only
about 3 % extra time per conductivity value to calculate partial derivatives. The final derivatives
of the desired field components are calculated by using the analogies presented in Table 1.

Applications

One of the applications of the present program package has been the analysis of
two-dimensional responses for the audiomagnetotelluric (AMT) method (Saksa, 1983). The
model discussed in this paper is presented in Fig. 2 with the notation used.

The anomaly profiles of E-parallel and H-parallel polarizations for two-dimensional
models are quite different from each other in the AMT-frequency range. The H-parallel anomaly
is caused mainly by variation in surface charge density at the boundaries of the body. With
outcropping structures, the abrupt change in the normal component of the electric field and its
effect on apparent resistivity values will outline boundaries of electrical structures clearly
(Strangway et al., 1973). The behaviour of the E-parallel anomaly is in contrast smooth and
continuous.

The situation will change, however, when the depth of the two-dimensional model
increases. In this case, the difference between the E-parallel and H-parallel anomalies is striking
as shown by the calculated model curves in Fig. 3. The upper surface of the model is at a depth
of 200 m. The H-parallel anomaly has practically disappeared but the E-parallel anomaly is
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Fig. 2. Two-dimensional plate model.

strong over a wide frequency range. We can conclude that for the exploration of deep-seated
elongated bodies, the E-parallel polarization contains more information on the electrical
structure than does the H-parallel polarization.
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Fig. 3. Apparent resistivity anomalies for E-parallel and H-parallel cases.

Next, we shall analyze methods for resolving the resistivity and thickness of a thin
two-dimensional model. According to the model calculations, the vertical conductance S2 = a2
h of the model can be interpreted from AMT measurements within the depth range zg =
50-1000 m and at a width of d = 50-200 m. Fig. 4 shows the relation between the frequency
fmin that gives the lowest apparent resistivity value along the profile across the conductive
body and vertical conductance S2 of the two-dimensional model.

Fig. 5 is an example of nomograms compiled for the direct interpretation of the depth of
conductive models. The model parameters are again the same as in Fig. 3. The minimum values
of apparent resistivity are picked from the calculated AMT profiles (above the center of the
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body). The nomogram is designed for a frequency of 8 Hz and for a model with a width of
100 m.
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Fig. 4. Nomogram for the interpretation of the vertical conductance of a two-dimensional model.
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Fig. 5. Nomogram for the interpretation of depth to the upper surface of a two-dimensional model.

Conductance values S (and Sg) can be determined using, for example, the nomogram

in Fig. 4. The nomogram in Fig. 5 also indicates the behaviour of the profile curves when the
depth to the two-dimensional model and the vertical conductance is varied.
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Summary

The present work describes a program package intended for two-dimensional numerical
EM computation. The transmission surface analogy used is one of many possible procedures
for solving EM boundary value problems. It has proved to be easy to uss, flexible for modelling
complex conductivity structures and cheap in terms of computational time.

The ability to calculate the partial derivatives of field components with respect to model
resistivities at the same time as the forward problem means that the program can be used in
inversion. Hence interpretation is more effective and information can be obtained about the
sensitivity of the solution to possible errors in the data and the degree of nonuniqueness
associated with the model.
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TYPE CURVES FOR MAGNETIC DIPOLES AND THEIR USE IN COMPUTER
INTERPRETATION

by
T. Valkeila and M. Rossi

Valkeila, T., & Rossi, M., 1990. Type curves for magnetic
dipoles and their use in computer interpretation. Geologian
tutkimuskeskus, Tutkimusraportti 95. 28-37, 4 figs, one table.

Many electromagnetic methods have a magnetic dipole as a
source. Their mathematical interpretation is difficult and has resulted
in the importance of scale models and type curves. In the first part
of this paper, we describe the scale model measurements made in
Finland.

The second part deals with the utilization of calculated and
measured type curves. First, we present an algorithm based on the
interpolation of Slingram anomalies. Then, we describe an
interpretation program based on this algorithm.

Key words: electromagnetic methods, electromagnetic induction,
numerical models, physical models, inverse problem, data
processing, Slingram

Baaxernra, T, PoccH, M, 1990. TumnoBHe KPHBHE AAHA
MarHMTHHX JHIOOAeH M HX TIpPpHMEeHeHHe B
AaBTOMATHSHPOBAHHON HHTepHHPeTAlUHH. [e€O0AOrHUYECKHH
LOeHTP FHHAAHAHH, PallopT HCCAeAOBaHHA Q5. 28-37.

HUzxa. 4.
Bo MHorux SACKTPOMAarHHTHHX MeTOHA3aX B KayeCTBe
HCTOYHHKA IOAATraKTCd MArHHTHHEe AHIOAH. Ux

MaTeMaTHUeCKad HHTePIpeTaUHsd SaTPYAHHTEAbBHa, UTO
0BYCAOBAMBaeT BaXHOCTh MACIITAGHHE MOJEAEH H
THIOBHX KPHBHX. B mnepBoM pasieAe ZaHHOH CTaThH
OMHUCHBAKTCA H3MEePEeHHA Ha MaclITaBbHHX MOAEAHAX B
PUHA AHHAUH.

Bo BTOpOM pasZeAe CTaThH paccMaTpPHBAeTCH
NpUMeHeHHe PacYHTAHHHX H B8aMepPeHHHX THIIOBHX
KpHUBHX. CHmepBa INPHBOAUTCA AATOPHTM, OCHOBAHHHIN Ha
HHTePNOAAQHH 3aHOMAAHH NPH MeTOoAe TOPHU3CHTAABHOMU
neTAH (Slingram). 3aTeM ONMCHBAETCH HHTEPIPETALHOHHA
por paMma, OCHOBAaHHHSA Ha SpPOM AATOpPHTMeE.
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Introduction

An important class of electromagnetic methods consists of those with the magnetic
dipole as a source. These can be divided into two parts, depending on the nature of the signal.
The harmonic continuous wave is used with the frequency domain methods and a pulse wave
with the time domain methods. In Finland, frequency-domain measurements$ are used almost
as widely as the magnetic survey. This hold for both the Slingram method and airborne
electromagnetic methods.

It would be very practical if the theoretical solution could be formulated in a short
mathematical expression. For the magnetic dipole, however, this has succeeded only with
rather simple models. Geologically, more representative models have to be calculated
numerically with a computer.

Scale model measurements are another way of solving the theoretical fields. This
paper reviews briefly the history of Finnish research work in this field with the help of a table.

Algorithm based on the interpolation of model curves

The use of a computer in the interpretation requires an algorithm for the theoretical
result of the model. If we are aiming at an interactive graphic program, the algorithm must be
fast; a numerical solution with integral equations is far too slow.

In 1978, Valkeila presented a solution based on of Pelton's original idea (1977). In this
solution, stored in the memory of a computer, there are previously calculated and measured
model curves from which the final result is obtained by interpolation. The digitized model
curves, each of which contains 15-40 points, can also be called a data bank.

The interpolation is carried out in two phases. A single model curve is constructed by
fitting a parabola with three successive digitized points. The spaces between the model curves
are then solved with the linear interpolation. The interpolation is shown in Fig. 1.
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Fig. 1. A model curve with a dip of 15 degrees interpolated between model curves of 10 and 20 degrees.



Table 1. Type curves for magnetic dipoles documented in Finland in 1967-1985. 1 (3)

o€

coil type of |surround-|response |value of| «a h/a x/a p/a e/a hlla b/a remarks ref.

config. scatterer|ings parameter|r.p.

z2zZ/3/ thin free W=pdwad |1.75... |30°...(0.10...| -2... /4/
plate space w (6) 90°(5)0.60(5)| +2...

zz thin free W=péwad |0.20... 0° |0.10...| o /4]
plate space 60 (21) 0.40(4)

zz 2 thin free W=péwad ™ 45°5 1051060150 0.5.. /4]
plates space 90°(3)(0.60(5) |+4 2 (4)

ZZ thick free W=pdwap L 30%:60 80620056 #2655 1009, horizontal and /4]
plate space 90°(5)|0.60(5) (+2 1.0 dipping upper

edges

YA half free W=Juéw, |1-14(10) 0 0 conductive /4]
space space X .001-10 0-.6(6) 0 susceptive

XX lor 2thin|free W=psdwdh [0.5... 90°, 0.33... coincident Al
plates space 80 (11) |0°..90° « (3) loops

b'4' thin free W=pdwdh 05w 90, coincident 114
plate space 80 (11) |0°..90° loops

ZZ lor 2thin|free W=péwdh |0.5... 90° 0.33. .. coincident /1/
plates space 80 (11) = (4) loops

Xz lor 2thin|free W=pdwdh |0.5... 90°, 03345 coincident 1
plates space 80 (11) |0°..90° = (4) loops

zz thin free W=pdwad o 90° 0.10...| o 0B s I5(
plate space 0.60(5) =

zz 2 thin free W=pdwad |1.75... [45°...|0.1, s P 0.5 /5/
plates space 150 (4) |135°(3) 0.3 +3 2 (4)




2 (3)

coil type of |surround-|response |value of| a h/a x/a p/a e/a hI/a b/a remarks ref.
config. scatterer|ings parameter|r.p.
ZZ thick free W=pdwap = 90° 0.300 5. [~1:5.:12,4 340, conductive /5/
plate space pd 0.325 0°,90°|0.80(6) |+7 0.25,0.5 6.0 susceptive
ZZ syncline, |free W=péwad |150 45°...(0.10... |range r/a=3.2, /5/
anticline|space 135°(3)0.60(5)(8a contour maps
ZZ complex extensive /5/
shapes case histories
YA A thin horizontalW=pdéwad |[5.3... 45°,10.20 =145% 4 0.10 positive /7/
plate plate wl=u161wad 69.3(5), 90° 1.5 screening
0...1.28(5)
ZZ thin with and [W=péwad [0.9... 30°%...1.05:0. F<2:.. 0,05, . follow-up work /10/
plate without Wl=u,6, 44(12), (90° 0.60(6)|+2 0.20(3) of /4/ and /7/
a plate |wad w25 v (5),0°
15(17)
ZZ thin or |free W=pdwad |.9..44(17) 5°..(0.10...|-1... |1.0,2.0 5.0 small dip angles| /6/
thick space W=pdwap |7.1... 30°(4)(0.60(5)|+6,
plate 40 (4) [90° = 26505
+2.5
YA lor 2thin|free W=t/pudad |0.07... [30°...|0.10...|range 0S5 crone PEM /16/
plates space 8d=30 0:2; 110°(5) 0.60(4) 4a 1.5 transient
4 channels response
Zz thin free &d 1260... 0° 0524 PEM transient /15/
plate space (a=0.1m) [1710 (3) 1.2 (3) and step response
2Z7,ZX thin free W=pdwad ) (. 5°... |0.05...|range 1.2... |curves created /14/
plate space 100 (8) |175(13)0.90(6)|5.28a 3.2 (3)|by computer /13/

LE
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coil type of |surround-|response |value of| «a h/a x/a p/a e/a hI/a b/a remarks ref.

config. scatterer|ings parameter|r.p.

GSF-system thin free W=pdwad 1:75%v:s [0°%.. 035, =2 ugens 15° tilted ZZ- /8/

IT f12{ plate space 398 (5) |180°(13) 0.47 |+2.5 geometry

GSF-system thin free W=pdéwad |0.87... |0°... |dipping plate h/a=1...2 (3), x/a=-3...+3, 121

111 12/ plate [space 398 (9),|90°(4)|vertical plate h/a=0.5...10 (10), x/a=-3...+3, coplanar coils

GSF-system thin free W=pdéwad |0.87... |0°... |dipping plate h/a=1...2 (3), x/a=-3...+3, /2/

v /12/ plate |space 398 (9),|90°(4)|vertical plate h/a=0.5...10 (10), x/a=-3...+3, coaxial coils

Xz thin free W=péwad [199... |0°... |dipping plate h/a=1...2 (3), x/a=-3...+3, /2/
plate space 398 (3) |90°(4)| perpendicular coils at wingtips

GSF- thin or free 13 different scale modelling series, characteristic curves /11/

systems thick space or

I,I1I,III,|plate horizontal

v /12/ plate l

GSF- Half-space 6=.0003...5000 (21), h/a=0.60...9.20 (12). Susggptive half-space &= 3-10-5...50 (18), /12/

system IV|ur=1...2 (6), h/a=1.2 and 1.6. Susceptive half-space &=10 ...0.005 (5), upr=1.1, h/a=1.2...4.0 (6).

(coaxial |2-layer-model éld =0.002...100 (15), w2r=1...2 (6), h/a=1.2 and 1.6. Horizontal thin plate 8d=0.05...2500

coils, (14), h/a=0.60...§.20 (10). Horizontal layer 8=0.005...50 (12), d=2... (5), h/a=1.6.

fa=80500 |Sphere 6=0.2...1000 (12), r/a=0.3...7.2 (19), h/a to centre 1.6...8 (5), amplitudes. Thin plate in free

m/s) space 6d=0.37...56 (13), a=30° and 90° h/a=1.0...2.0 (3), amplitudes. Thin plate in free space 8d=5.6,
a=30°...90° (3), h/a=1.0, x/a=-5...+5. Thin plate under a horizontal plate 6d=0.37...« (3), 8,d =0.19
and 1.2, a=90°, hl/a=1.0...2.0 (3), amplitudes. Thick plate 6f=1000 and 5000, a=90°, h/a=1.0, x}a=-5...+5,
p/a=0.5 and 1.0.

4
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List of symbols

coil separation

depth extent along the plate

thickness of an inductively thin plate or horizontal layer
separation between the upper edges of conductors
depth to the upper edge of conductor

depth to the layer simulating overburden

thickness of an inductively thick plate

radius of sphere, radius of syncline or anticline
coordinate of the measurement profile with the origin above
the body

dip angle clockwise from the horizontal

measurement frequency

delay time after transmitter current shut-down

angular frequency

electrical response parameter
magnetic susceptibility
magnetic permeability
relative magnetic permeability

XD ITT OO
—

E X £ € 1 *Q

3=
.y

magnetic permeability of overburden

Q T
Y

electrical conductivity
electrical conductivity of overburden

transmitter dipole points upwards, receiver dipole in the
direction of movement

N 2

The model curves are given in the order of three parameters. For a thin plate these are
response parameter, depth and dip, and for a thick plate thickness, depth and dip. The
three-dimensional linear interpolation always needs the eight nearest model curves.

The accuracy of the method depends on the number of model curves it involves and
the number of points each model curve has. A large data bank improves the accuracy of the
result, but the calculation takes longer.

A computer program with this kind of interpolation acts like an algorithm that calculates
the real and out-of-phase anomalies as a continuous function of the model parameters. The
range of this algorithm is limited by the original model curves. Thus, for a thin plate the
response parameter varies between 0.9 and 44, the dip between 5 and 175 degrees and the
ratio of depth to coil separation between 0.1 and 0.6. (Ketola and Puranen, 1967,
Kurimo-Salminen, 1979; Ovaskainen, 1976).

The program is intended for Slingram interpretation, which is dealt with in the next
chapter. It can also be used for calculating model curves for transient methods. Theoretically,
the time domain and the frequency domain results contain the same information. In 1979,
Silvennoinen applied the Fourier transformation to calculate model curves for a transient
method from slingram results.

Slingram interpretation with the computer

Outokumpu Exploration stores all systematic geophysical measurements in an IBM
4341 computer with a disk as a medium. This IBM mainframe is also used for drawing contour
maps and measurement profiles.

The interpretation is performed with an HP 984 desktop computer. This small computer
features a central processor, keyboard, graphic display, thermal printer and two tape drives.
The interpretation system described in the following is similar in use for magnetic, gravimetric

3 403333F
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and Slingram methods.

The IBM magnetic disk currently contains 3.6 million Slingram data points. The desktop
computer is used as a time-sharing terminal of the mainframe in order to retrieve the required
slingram data. The connection is through a telephone line modem, and hence it can be used
anywhere in Finland.

The search for the measured data is based on coordinates, frequency and coil
separation. The search program stores the data on the tape through the telephone line. As an
example, the transmission speed is such that it takes five minutes to handle 2,000 data points
at a speed of 1,200 baud.

The interpretation program of the desktop computer, which is written in Basic, has about
1,300 lines, and the data bank has 940 model curves and almost 32,000 points. A measured
line may have 151 points, and up to 10 plate models can be used. All these fill the computer
memory of 186 K. The interpretation program has the following characteristics:

- it is conversational and interactive

- operation is similar to that of the magnetic and gravimetric interpretation program;

hence, one has to learn to use only one of them

- measured data are read from the tape file or given manually

- the interpretation models are thin and thick plates

- the theoretical result is calculated by interpolation

- the measured and calculated curves with models are shown graphically on the

display

- interpretation is effected with 32 special function keys

- model parameters are varied graphically, numerically or by an optimization algorithm

- as an example, the calculation speed permits in-phase and out-of-phase anomalies

with 100 survey points to be calculated in nine seconds per model

- the interpretation result is drawn with a thermal printer or plotter.

This system has been applied to interpret the field measurements shown in Fig. 2.

< INTERPRETARTION

. sp Coil separation 48 m.
- 48

- 38

MEASURED (IM)

CALCULATED (IM)

X (km)

t
/_ CALCULATED (RE)

-—40 Depth 4.8 m
Dip 122 deg.

-=5e W=17

--60

Fig. 2. Interpretation example.
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The shape of the anomalies allows the thin plate to be used as a model. For the
geometrical parameters, the interpretation agrees well with the drilling results.

Determination of the depth extent of plates and utilization of a horizontal
component be means of numerically calculated type curves

A more recent, numerically calculated, data bank contains 132,480 anomaly values in
per mille of the primary field arranged in six tables. To limit the size of the bank, a procedure was
applied that did not require storage of the coordinates of the stations.

For calculation of the anomaly corresponding to a chosen parameter combination (ct, W,
h/a, b/a), the program, GEFINT (Rossi, 1985), performs a hyperparabolic interpolation in three
or four dimensions. Third degree polynomial surfaces are used in a two-dimensional
interpolation. Finally, the anomalies at the stations measured are obtained by Lagrangian
interpolation.

It takes between 4 and 10 seconds to calculate and display a HLEM profile containing
60 anomaly values. The same interactive main program that controls the interpretation based
on the scale modelling data bank (half-infinite plates and without a horizontal component) is
used as the link between the interpolation procedures and the user.

It has been established that the in-line horizontal component is sensitive to small
changes in the dip angle of a plate close to 90 degrees (Fig. 3).

HORIZONTAL COMPONENT

Coil separation 6@ m.
%

. % -Imag. % -Imag. %

[\ X (km)

Real %
r-28
-25
[ Real %
_3 )
Dip 112 deg. Dip 908 deg. Dip 70 deg.
W=43 W=43 W=43
Depth S m. Depth S m. Depth 8 m.

Fig. 3. Effect of the dip angle on the horizontal component anomaly. The depth to the lower edge is111m
and the coordinate of the transmitter is greater than that of the receiver.

Combined use of vertical and horizontal components enhances the reliapility of
interpretation. The setting of the lower edge of the plate to a finite depth may consuc_!erably
improve the compatibility between the measured and calculated anomalies. An experimental
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interpretation was performed for a case in which a resistive horizontal fracture zone i§ likely to
exist in the prospecting area. The optimization algorithm sets the lower edge to a finite depth.
A horizontal mylonite zone 2 m thick was detected at a depth of 1.2 a in the target rock volume
in two boreholes spaced 100 m apart. Fig. 4 illustrates the effect of the size of a finite plate on a
vertical anomaly.

Scattering from finite plates

N

el GEFINT software
[ 24 W= 24
e he=32m coil separation 158 m

vertical anomaly

=12
-~16
--28

24

Fig. 4. Effect of depth extent on the anomaly when o = 127°, w = 24, h/a = 0.20.

The computer program GEFINT is being used with the Finnish GEFINEX EM 303 HLEM
system, which automatically measures the three orthogonal field components at five
frequencies and stores the results in a 256 Kb CMOS RAM.

Usability and extension potential of the interpretation system

The interpretation system based on the data bank is useful only within the limits of the
original model curves. However, an individual thick plate seldom meets the requirements for an
interpretation model. In the case of a thick plate there is usually an imaginary component
anomaly, and hence the conductivity is no longer infinite. Even more difficult to handle are the
cases that involve a conductive medium, conductive overburden or several plates close to
each other. This interpretation system cannot be applied under these conditions.

There are several ways of extending the interpolation solution for new parameters. The
simplest is to generate correction coefficients and functions. Then there is no need to
increase the data bank. However, this could lead to difficulty with the accuracy of the space of
extension.

Another procedure would be to calculate or measure model curves for a new
interpretation parameter, for instance, thickness. This, however, would make the data bank
larger and reduce the speed of the interpretation program. Furthermore, the desired parameter
cannot necessarily be dealt with using the present scale model equipment or numerical
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solution program.

The case of plates situated close to each other involves, in principle, consideration of all
possible combinations. This would, however, lead to far too many model curves for an
application of this kind.

Despite these limitations, we conclude that the solution based on the interpolation of
model curves is useful. Its use should be considered whenever calculating a geophysical
anomaly would be slow or difficult. Because scale model measurements and numerical
solutions can be utilized effectively in this system, it is worthwhile developing them both in the
future to meet the demands of practical interpretation problems.
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MULTIFREQUENCY EM MEASUREMENTS NEAR CONDUCTIVE OREBODIES

by

K. Aittoniemi, M.T. Hirvonen, J. Rajala, J. Sarvas and J. Soikkeli

Aittoniemi, K., Hirvonen, M.T., Rajala, J., Sarvas, J. &
Soikkeli J., 1990. Multifrequency EM measurements near
conductive orebodies. Geologian tutkimuskeskus, Tutkimusraportti
95. 38-45, 5 figs.

Some aspects of frequency-domain EM measurements with
controlled sources are briefly described together with a plate model
for their interpretation. Studies of two conductive dikes, one
containing metal sulphides, the other graphite schists, are reported
in detail. In each case, the results of the multifrequency
measurements are interpreted in terms of an electrically
heterogeneous plate model. Good agreement is reached between the
experimental and theoretical results. The principal conclusions
emerging from the interpretations concern the depth extents and
conductivity-thickness distributions of the dikes. In both cases, the
minimum depth extent consistent with the experimental results
exceeds that verified by drilling. The conductivity-thickness product
increases with depth in both dikes. In the graphite dike, a minimum is
observed in the strike direction, agreeing with earlier investigations.

Key words: electromagnetic methods, electromagnetic induction,
frequency sounding, numerical models, electrical conductivity,
anomalies, dikes, Kiuruvesi, Kiihtelysvaara, Finland

AuTTOHHSMH, K., XapBoHeH, M.T., Pasaa, W, Capmac,
Fi., ColkkeAH, MH., 1990. CHeXTpaAbHHE
SA€KTPOMArHWTHHE H3MePEeHHHA BBAH3H INPOBOAAINHX
PYAHHX TeA. I'eOAOTHYECKHH LEHTP §HUHASHAWH, PamopT
HCCAe AoBaHHA, 95. 38-45. Uaa. 5.

KpaTko ONHCHBAKTCH HEeKOTOPHE ACIHeKTH
WHPOKOYACTOTHHX B8A€KTPOMAarHHTHHX HSMEepPEeHHH ¢
YIpaBAAeMEM HCTOUHHKOM M IIAACTHHHAH MOJASAb AAH HX
HHTepIpeTalHH. JeTaABHO ONMHCAHH HCCACJOBAHHA Ha
ABYX NPOBOAAWMX JaHkKaxX - OAHOH, coJepXaljed
CYABPUAUNE MHHEPAAH, H JAPYroH ¢ TpPajHUTOBHMHU
CABHUaMH. B 0BOHMX CAYYadX PESYABTATH CIEKTPAABHHX
UBMEpPEeHHN HHTEePNPEeTHPOBAHH ¢ MOMOIBI MOAEAH
SBACKTPHYECKH HEOAHOPOAHOH ITAACTHHH. lloAy4yeHa
Xopowasg KOoppeAdAUHA MeXJAY ONHTHHMH H
TEOPEe THUSCKHMHU JAaHHHMHU. OCHOBHHEe BHBOJH,
BOSBHHKAKIHe TINPH HHTEPNPeTALUH, KacCaoTCH
OPpOTAXEeHHA Ha TAYOHHY H pacnpeleAeHHUS
NMPOBOAMMOCTH H MOWHOCTH JaeK. B oBoux cAyvagx
MHHHMAaABHO® SHAUYeHHe TAYOHHH, COOTBETCTBYIOLee
ONHTHHM ZAaHHHM, NPEBHINAeT 3HAUeHHe, YCTAHOBACHHOS
Oy peHHE M. [lponsBe AeHHE NPOBOAUMOCTH M MOWHOCTH
BOBpPacTaeT ¢ TAYOHHOM B oDeHX Za¥Kax. B rpaguToBOM
Aadke OTMevYaeTcd MHHHMYM B HAIPaBACHHHU
OPOCTHPAHUA, UTO MNOATBEPXJaeT IOAYUYEHHHE paHee
JaHHEHE .
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Introduction

Electromagnetic fields have long been utilized in prospecting for metallic orebodies, as
such bodies often differ from their surroundings in electrical conductivity, magnetic
permeability or electric polarizability. The incident or primary fields used in practice are almost
always time-dependent, whether they are natural or artificial. The time dependence of an
artificial source can be chosen by the user, and it is usually pulse-like ("time-domain"
measurements) or sinusoidal ("frequency domain") (Ward et al., 1974; Lodha ,1977; Pridmore
et al.,, 1979). In this article we restrict ourselves to continuous sinusoidal primary fields
generated by artificial sources. The primary purpose of the work reported here was to learn to
what extent measurements taken on the various spatial and time components of the B-vector
near conductive bodies with controlled sources can be made to agree with detailed model
calculations in a broad frequency range. We make two simplifying assumptions throughout this
report. First, there is no magnetic contrast between the target body and its surroundings.
Second, there is a substantial conductivity contrast in the sense that the inductive response of
the target appears in a frequency range clearly separated from the range where the
environment responds. The latter condition ensures the possibility of an interpretation of the
observed results in terms of scattering models.

Conductive dikes were chosen as targets, because they are common in Finland and
because a computer program is available which calculates the EM field of an oscillating source
in the presence of a plate-like conductor under reasonably general conditions (Rajala and
Sarvas, 1985). The targets are not known to have interfering conductors in their vicinity. We will
show that a remarkably good agreement in a broad frequency range can be achieved between
measurements and model calculations. In addition, we obtain new information on the targets,
which was our secondary purpose in this study.

The conductive deposits are modelled by a thin plate of finite extent, situated in a
homogeneous space of conductivity g, of permeability pg = 47 - 10-7 Vs/Am, and of
permittivity e = 8.8542-10-12 As/Vm. The system is excited by a point dipole of arbitrary
location and orientation, or by a larger inductive or galvanic transmitter, and the position of the
point of observation is also arbitrary. The plate can differ to an arbitrary degree from the
environment in its conductivity. The discretized integral equation method is used to calculate
the scattered B-vector. The plate is divided into rectangular cells, and a constant
conductivity-thickness product is assigned to each cell. Thus the plate can be electrically
heterogeneous. The secondary current density js is assumed to be constant within any given
cell, and the resulting matrix equation is solved for the values of js. The scattered field is then
calculated by using js as the source. Because of the discretization, the results become
inaccurate especially when the source is very near the plate. An approximate rule is that a
distance of two cell dimensions is enough to ensure sufficient accuracy in practice. Before the
computed results were compared with experimental ones, it was made sure that they stabilized
within reasonable limits as the cell size was decreased.

Study of a sulphide deposit

A deposit of pyrite and pyrrhotite at Hallaperd, Kiuruvesi, central Finland, was chosen for
detailed studies. The deposit is a thin dike whose upper edge is covered by an overburden
only a few meters thick. The thickness of the dike is of the order of ten meters or less, the total
length is about 1800 m, and the dip angle about 60°. This information had been derived earlier
from magnetometric (maximum anomaly 4uT) and slingram measurements, and a few drillholes.
The drillholes being rather shallow (penetrations at vertical depths between 40 m and 150 m),
the position of the lower edge is unknown. The deposit seems to be continuous along its
strike, but in the transverse direction it is known to consist in somr places of separate branches.
Measurements on core samples indicate that the small-scale conductivity is not uniform.
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The measurements were conducted on a section 200 m long at about the middle of the
deposit using a square loop of measuring10 m x 10 m as the transmitter (Fig. 1). The loop was
mounted on a wooden frame in order to have it lie entirely in a horizontal plane. There are three
drillholes on the central profile K = O, and the dike seems to be unbranched there, while the
holes on the side profiles K = -80 and K =120 indicate branching.

K=120
K=
K= -80

______ B R L=80

e e ———

180 410

Fig. 1. Schematic drawing of the measurement situation from above. [ Transmitter , ... Observation
points, --- Outcrop of the deposit, O Drill hole.

The points of observation were arranged in a square network of 20 m x 20 m cells with
additional points on the central profile. The altitude of each point relative to the center of the
transmitter was carefully determined. The Z-, L- and K-components of the total flux density B at
16 logarithmically spaced frequencies in the range 10 Hz - 10 kHz were measured at each point
of observation. In addition, the component parallel to the hole axis was measured in drillholes
39 and 40 at the points where the holes penetrate the deposit. A description of the sensing
equipment, the measurement system and the data processing is given elsewhere (Aittoniemi
et al., 1985).

For the interpretation of the results, it is assumed that the actual geological situation is
well enough represented by the plate model, the rectangular model is soaght that best
explains the observations. In the absence of evidence for significant lateral variation
(K-dependence) in the conductivity-thickness product, we chose to use only the data obtained
on the central profile K = O. Since the observed K-components of B were very small on this
profile, the upper edge of the plate was constrained to be parallel to the K-axis. These
restrictions make it easier to evaluate the most interesting parameters, namely, the downward
extent and the conductivity-thickness variation in the plate. The horizontal length of the plate
was fixed at 400 m, which was practically equivalent to infinity.

Fig. 2 shows the experimental results obtained at selected points on the central profile,
together with the corresponding responses of the best model, to be described later. The
overall frequency dependences are typical in that the real parts rise from zero at low
frequencies to saturation at high frequencies, while the imaginary parts exhibit a maximum at an
intermediate frequency. The more subtle features, especially the saturation levels at high
frequencies and the positions of the maxima on the frequency axis, can be used for detailed
interpretation. Since the influence of the conductivity distribution eventually disappears as the
frequency is raised, we may use the levels at 10 kHz to determine the geometrical parameters
independently of the conductivity. The real part of Bz exhibits a sharp transition, and that of B

a peak above the upper edge. The observed values are best explained by setting the upper
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edge at L = 80 + 3 m, in good agreement with the available geological information.
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Fig. 2. Results of measurements at points on the central profile K= 0 (left) and the corresponding model
results (right) computed from the model of Fig. 3. The vertical scale is normalized by B, the real part of
Bz at 10 Hz, and the real parts at-10 Hz have been subtracted from all three components at all
frequencies. 0 Bz; ABL; ¢ Bk; — Re; - Im. a) Observation point (-60,0), b) (40,0), c) (60,0), d)

(100,0).

Similarly, the best value of the depth of the upper edge is between 2 m and 5 m, also in
agreement with other data. For the determination of the dip angle, values of Bz and B were

computed for various angles. Comparison with the observed values showed that the best value
of the dip angle is very near 60°. Finally, to determine the downward extent of the plate, values
of the Bz and B were computed for various extents and compared with the observed values.
Apparently, the plate must extend more than 150 m downward to explain the observed values.
However, below about 200 m the sensitivity is lost, and it can only be concluded that the plate
must extend at least 200 m downward.
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The geometrical parameters having been determined one looks for that distribution of
the conductivity-thickness product which best explains the observed frequency dependences
of Bz and BL. Attempts to reproduce the observed dependences by a homogeneous model
resulted in qualitative agreement, with 65 S as the best value of the average
conductivity-thickness product. However, the observed positions and shapes of the maxima of
the imaginary parts of Bz and B| at the various points could be reproduced in detail only by an
inhomogeneous plate. The smoothly varying distribution shown in Fig. 3 gave the closest
agreement with the observations, and it was used to compute the responses in Fig. 2. The
observations can be explained only with a downward increasing distribution down to about 100
m, below which the distribution no longer influences the computed response.

13 = 400m
(=
8 | 1
'
30/Q
50/Q
70/
100/Q2
E
o
(=
™
150/Q

Fig. 3. The model that best explains the observed results on the central profile K = O.

The above interpretation was carried out using only data obtained on the ground. The
results of measurements in drillholes 39 and 40 are in qualitative agreement with the
corresponding results from the model, but the maximum in the imaginary part from drillhole 40
lies at a lower frequency than in the computed results. This indicates that the
conductivity-thickness product may actually increase faster with increasing depth than in the
model.

Study of a graphite deposit

A deposit containing up to 40 % of amorphous graphite at Kiintelysvaara in eastern
Finland was chosen as another target. This schist dike exhibits only a slight magnetic anomaly.
The thickness of the dike varies from 2 m to about 30 m, and the horizontal length is at least
2000 m. The upper overburden covering the edge is only a few meters thick. The dip angle
varies between 60° and 75° according to slingram measurements The deposit is possibly
discontinuous at some points along the strike, and it is known to split into parallel branches in
some places. The few existing drillholes are less than 80 m deep, and the depth of the lower
edge of the dike is unknown.

The measurements were conducted on a section 200 m long located some 400 m north
of the estimated midpoint of the deposit. The outcrop is less than 15 m thick throughout this
section, with a very thin point in the middle, and the dip seems to be close to 70°. Preliminary
measurements showed that very low frequencies were needed to observe the details of the
inductive response, which indicated a very high conductivity in the dike. A frequency band of
0.2 Hz to 130 Hz was chosen accordingly, and in order to reach adequate signal levels a
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two-turn unshielded loop measuring100 m x 100 m and of low-frequency moment 200 kAm2,
laid freely on the ground, was used as the transmitter. The final measurement situation is
shown schematically in Fig. 4.

The Z-, L- and K-components of the total flux density produced by the loop transmitter
were measured at each observation point. The K-components were very small on the central
profile K = O, and the results at (50,-100) and (50,100) also indicated approximate symmetry
with respect to K = O. However, the maxima of the imaginary parts indicated some lateral
variation in the conducti vity-thickness product. Some measurements of the flux density
produced by the electric transmitter were also made, but their results were not used in the
interpretation.

An interpretational procedure similar to the one just described was carried out with the
important difference that the results on three profiles (Fig. 4) were considered simultaneously.
Several properties of the plate were fixed at the beginning. The upper edge was horizontal and
directed as the vector (-1,20) in the LK-plane. Its horizontal distance from the center of the loop
along the central profile was 100 m, and its length was fixed at 500 m.
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Fig. 4. Diagram of the foregoing measurement situation. --- Outcrop of the deposit, - - - Observation

points, O Point used in the interpretation.

The square loop was not planar owing to the topography. The grounding points of an electric transmitter
are marked with arrows and the corresponding observation points with X. The numbers give the relative
altitudes in meters.

The other geometrical parameters were determined on the basis of the saturation levels
at 130 Hz. The best values of the depth of the upper edge and the dip angle turned out to be 2
m (6 m below ground level at (100,0)) and 65°. The computed results were sensitive to the
downward extent of the plate up to about 200 m, and it can be concluded that the plate
extends at least 200 m down.

The distribution of the conductivity-thickness product was finally determined. About 60
trials were made altogether using seven frequencies selected from the experimental band. The
goodness criterion was the sum of the squares of the differences of the experimental and
theoretical results, over the frequencies, the components and the points of observation. The
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distribution was sought in the form
od=(od)o (1+a1x+ax?) - (1+byy+bgy?),

where the y-axis is parallel to the upper edge and the x-axis points downward in the plate. Such
a distribution gave clearly better fits than constant ad. To avoid excessively high values for large
values of y the values of ad were limited to a maximum of 7000/Q2 which resulted in better fits
than the unlimited parabolic dependence. The approximate x-dependence was first
determined on the basis of Bz and B[ on the central profile. The final distribution was L, then
determined by considering all three components of at points on all three profiles. The
distribution that best explains the observed response is shown in Fig. 5. As in Section 2, the
computed results are not sensitive to variations below about 100 m. Two general conclusions
can be drawn. The value of ad in the plate increases downward, and in the lateral direction it
exhibits a minimum close to the central profile. The latter feature agrees with earlier information
about the thickness of the dike.

500m

70[70 [ 6647 [32] 2114 [11 121828 s2[60[70[70]
70 |70 | 66| 44| 29[ 19 | 15 [ 18 [25|39 597070
70 [70 63 [ 41]27[22]25[36[56/70]70
70 [70[56]38[30 34 [50[ 7070
70 [70 [ 50| 4046 [67]70
70 | 66 | 53 |60 | 70

300m

70

Fig. 5. The model that best explains the observed results at the points encircled in Fig. 4. The values

of od are given in units of 100 S. The approximate locations of the measurement profiles are marked by
arrows.

Discussion

In principle, measurements at a single high enough frequency are sufficient for the
determination of the geometrical features of the target. However, the use of a broad frequency
band offers several advantages. It reveals the possible influence of the environment of the
target and thus indicates roughly its conductivity. An initial frequency sweep is needed to
choose the right band for the response of the target. A broad-band measurement offers a
good experimental means of removing the primary field from the results and makes it easier to
assess their reliability. Broad-band data are necessary for the determination of the distribution
of the conductivity-thickness product in the target.

The measurement of at least two spatial components of the field is essential if a detailed
mapping of the geometry of the target is intended. It is even more important for the
determination of the conductivity distribution. If the conductivity varies in two directions, all
three components are required. Multicomponent measurements may generally help to reduce
the number of observation points needed for the interpretation.
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Electromagnetic methods and equipment



47

GROUND EM METHODS AND EQUIPMENT USED IN ORE PROSPECTING IN FINLAND

by

S.-E. Hjelt, A. Hattula, T. Jokinen and E. Lakanen

Hjelt, S.E., Hattula, A., Jokinen, T. & Lakanen, E., 1990. Ground
EM methods and equipment used in ore prospecting in Finland. Geologian
tutkimuskeskus, Tutkimusraportti 95. 47- 52, 3 tables.

The paper brings together information about the EM methods and
equipment used in Finland in connection with prospecting for mineral ore bodies
(the situation at the beginning of 1986). The material is organized following the
type of the source field into plane wave, long cable, large loop and magnetic
dipole methods. The time domain equipment is described as a separate group.
Only ground measurements are considered and the data is presented in table
form. Examples of data presentation and special interpretation procedures are
also given, but detailed case histories are confined to other papers in this issue.

The Slingram (horizontal loop) method has traditionally been the main
method used in EM prospecting in Finland. It has been used to locate well
conducting (out-cropping) bodies in the upper part of the bedrock. During the late
'70s, greater emphasis was given to structural studies, whence methods allowing
also for the determination of resistivities have been taken into use.
Multifrequency methods have become popular very slowly in Finnish mineral
prospecting.

Key words: geophysical methods, electromagnetic methods, electromagnetic
induction, mineral exploration, geophysical surveys, frequency sounding,
transient methods, instruments, Finland

EAbT, C.-3., XaTTyAa, A., Hoxmuen, T.M., Aakamen, 3., 1990.
HaseMHad BSAeKTPOMArHHWTHad MeToZHKAa H annapaTypa,
NnpeHMeHAeMad IIPH IIOUCKAX MOAS3HHX HCKONAeMHX B (HHAAHAHH.
FeoAOTrHUeCK HH LeHTP FUHAAHAWH, PallopT HCCAeJOBaHHA, 95. 47-52.

B paboTe cBeleHH JaHHHE IO SACKTPOMACHHUTHOM MeTOAUKE H
anmnapaTHpe, MNpHMeHAeMOH B JHUHAAHAHM TIIPH IOHCKAX
MeCTOPOX AeHHH IIOAESHHX HUKONaeMHX. MaTepHaAH pacnpeleAeHH
o THMaM HCTOYHHKA IOAA HA CAeAYIOI[HEe I'AABH: MEeTOAH MAOCKOH
BOAHH, AAMHHOTO KabeAd, SOABION NMeTAM H MAarHHTHOIO AHIOASA. B
0coby0 Trpynny BHAeASHA annapaTypa BpeMeHHOM oBAaCTH.
PaccMaTPHBAKTCH HCKAKUHTEABHO HAaseMHHE H3MepPeHHH, H AaHHHE
NpeACTABASHH B BHZAe TabaHI. B paboTe IpHBeAeHH TaKXe MPUMePH
H3AOXEHHA JeHHHX H CcHelHAABHHE AATOPHTMH JAAS HX
HHTePNpeTalHH, HO AeTAABHOEe OIHCAaHHEe ASHCTBHTEAbLHHX CAYYaeB
BHIXOZAHUT 33 paMKH A3HHOH CTAThH.

TpaAULUHOHHO, OCHOBHHM MeTOAOM 3SASKTPOMATHHTBLOH
pasBeAKH B $HHAAHAUU BCerZa OHA MeTOA TOPUBOHTAABHOH IETAH
(Slingram). Ero meablo OHAa AOKAAMSALMA XOPOIO INPOBOAAIMX
{(oPHax aWHUXCA) PYAHHX TeA B BepXHeW YaCTH K PHCTAAAHUECKOTO
dyHZaMeHTa. B KoHIe CeAbMHASCATHX TOJAOB BHHMAaHHE CTaAO
BoAbBIle YASAATHCA CTPYKTYPHHM HMCCASACBAHUAM; IIPH 8TOM CTAAH
NPUMEeHATECA MeTOAH, MO3SBOAAKIIHE TaKXe ONpeAeAeHHE
CONPOTHBACHHA. IIOTHXOHBKY B I'eOACrOPASBEAOYHON MpPak THKE B
PUHAAHAUH TMNOAYUHAH PacHoCTpaHeHHe H CIeKTPaAbHHE
(MHOIOUACTOTHHE ) METOAH.
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This paper summarizes the information about the ground EM methods and equipment
used in Finland in mineral prospecting. The data are presented in table form and describe
approximately the situation at the beginning of 1986. (Editor's note: During the late '80s,
mineral prospecting in Finland was completely reorganized. The prospecting department of
Rautaruukki Co. ceased to operate. Its geophysics field crew and equipment were overtaken
by Outokumpu Oy , only to be soon transferred, together with the majority of the ground
geophysics field crew at the Geological Survey of Finland, to Suomen Malmi. Originally, the
manuscript also contained examples of data presentation and a table on interpretation and
computer modelling programs. Because of the reorganization and rapid changes in advanced
measuring, data processing and interpretation techniques, this material would have been less
informative and has thus been omitted from the final version of the paper.)

Detailed case histories are confined to other papers included in this issue, which also
discuss the virtues and drawbacks of various methods in more detail. A separate paper (Valkeila
and Rossi, this issue) summarizes the extensive scale modelling work for the EM dipole
method, that has taken place over the years in Finland. The history of exploration geophysics in
Finland has recently been presented by Ketola (1986), to whose paper the reader is referred
for more detailed information on the development of EM methods in Finland.

The horizontal loop (Slingram) method has traditionally been used in EM prospecting in
Finland. It has been suitable for locating well conducting (out-cropping) bodies the main
method used in the upper part of the bedrock in resistive environments. During the late '70s,
greater emphasis was given to structural studies also in prospecting. The methods allowing
also for the description of the resistivities of the bedrock surrounding good conductors have
therefore become more and more important and been taken into use. Multifrequency- and
time-domain methods have become popular more slowly in 