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PREFACE

The aim of the present study is to promote
the use of airborne electromagnetic (AEM)
survey data, particularly in Finland. AEM
measurements have been conducted through-
out practically the whole country, and the
survey data are voluminous and continuously
increasing. The present study deals ex-
clusively with the AEM data of the Geo-
logical Survey of Finland, which has been
engaged in the development and use of AEM
methods since the early 1950’s and has carried
out the majority of the measurements.
Several AEM methods have been applied
during that time, and hence they reflect the
development in AEM methods in general.
A discussion of all these methods is beyond
the scope of the present paper. Attention is
focused on the vertical coaxial rigid-coil
system installed in a DC-3 aircraft and used
for low-elevation surveys in 1973-1979.
Judging by its results, it is a representative
example of an up-to-date AEM system and
of the applicability of the data produced
by such a system.

On account of the mutual correlation of
the survey data and of the costs involved,
aeromagnetic, AEM and airborne gamma-ray
surveys should be undertaken simultaneous-
ly. This is the procedure the Geological
Survey of Finland has invariably followed in
its systematic surveys. Difficulties arise,
however, when the geophysical instruments
constitute complicated units that place great
demands on the space and payload of the
aircraft. In these respects, the DC-3 is a highly
suitable platform.

The application of the results of the com-
bined surveys to exploration and geological
mapping requires that the survey data of
various methods be presented systematically
and with sufficient uniformity. Consequently,
from the outset, the Geological Survey has
stressed the importance of presenting the
original AEM data as anomaly maps, and
thus of increasing the usefulness of the
results. This is particularly important for the
results of the low-elevation AEM surveys,
since these surveys are conducted in detail
in an attempt to replace electromagnetic (EM)
ground surveys over extensive areas.

There are four major parts to the present
study. The first part is an introduction to the
principles underlying the method and
reviews the various AEM measurements
undertaken in Finland. The second part
describes the DC-3 low-elevation survey
system in terms of AEM and auxiliary func-
tions. The computer processing of the data
and the concepts underlying the application
of the results are also discussed. In the third
part the theoretical responses of the DC-3
AEM system are examined with the aid of
numerical and scale modelling methods; the
important properties of the system are
analysed by means of modelling results, and
an inversion method based on computer
processing of the AEM anomaly data is
presented. The last part of the study shows
how the theoretical results can be applied to
actual field survey data. Finally, the limits of
the applicability of the results produced by
the system are summarised.



INTRODUCTION

Development of airborne electromagnetic (AEM) methods

Aerogeophysical surveys were started after
the Second World War, although some test
measurements had been conducted before
that. The surveys began with aeromagnetics;
the results obtained were of such undis-
putable benefit to geological studies that the
method soon came into general use. At the
end of the 1940’s the development of airborne
electromagnetic methods got underway in
Canada, Finland and Sweden. As early as
1947 Hans Lundberg undertook experiments
in Canada with helicopter-borne AEM equip-
ment. Systematic AEM measurements,
however, did not begin until 1950 when the
AEM method developed by the McPhar
Engineering Co. of Canada Ltd. and the
International Nickel Company of Canada Ltd.
went into use. The method was long used
with success in exploration by the latter com-
pany.

In Finland the Geological Survey initiated
aeromagnetic surveys in 1951. The first test
flights were undertaken in 1953 with an AEM
method developed by Maunu Puranen, Aarno
Kahma and Viiné Ronka. In 1954 the Geo-
logical Survey started systematic AEM sur-
veys. In Sweden the company Boliden Ab
commenced AEM measurements in the same
year by a method developed at that company.

In 1955 Aeromagnetic Surveys Ltd. of
in Canada a dual-
frequency method (later known also as the
Canadian or Hunting Canso method) that

Toronto introduced

became very popular and was applied suc-
cessfully over large areas. This method, too,
was developed by Puranen, Kahma and
Ronka. In the same year at least two other
AEM methods went into use, namely, the
rotary-field method developed by the Swed-
ish company AB Elektrisk Malmletning and
the helicopter-borne rigid-coil method of the
American Metals Company.

In 1957 at least ten different types of AEM
units were in use in various parts of the
world. All of them were based on the trans-
mitting of an audio-frequency, continuous
wave by means of an induction coil. At the
same time a new AFMAG method, based on
the use of the natural electromagnetic field,
was also tested as an airborne version. The
next new AEM method was the pulse tran-
sient method, which was developed in
Canada by the Selco Explorations Company
and went into use in 1959. Towards the end of
the 1950’s a line-source method, i.e. a semi-
ground, semi-airborne method, was also
tested in Canada. Finally, the very low fre-
quency (VLF)
adopted for airborne use at the beginning
of the 1970’s.

In the USSR a rotary-field method was
first put to use at the end of the 1950’s; the
line-source method was introduced in the
early 1960’s and since 1968 a pulse transient
AEM method has been developed and em-
ployed as a helicopter-borne application.

plane wave method was
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To improve the resolution, accuracy and
sensitivity of the AEM data the Nordic
countries switched in the 1970’s from towed-
coil methods with a large coil separation to
rigid-coil methods with a shorter coil sep-
aration. In North America emphasis shift-
ed in the latter half of the 1960’s to the
pulse transient method. So far, the airborne
applications of the VL F method have been to
supplement rather than replace other meth-
ods (the Geological Survey of Sweden being
a notable exception), whereas the AFMAG
method is still at an experimental stage.

In the 1970’s a common trend in devel-
opment was towards the introduction of

digital techniques for measuring and record-
ing devices. Although the basic output of
the AEM detector
signal, the digitisation of the signal markedly
enlargesits dynamic range and thus improves

is the analog voltage

the accuracy of the measurement. The digital
storage of the survey data allows the produc-
tion of various types of anomaly, derivative
and interpretation maps by means of com-
puter techniques.

The development of AEM methods has
been treated in more detail by several au-
thors, e.g. Puranen (1959), Mizyuk (1960),
Pemberton (1962), Ward (1967b), Grip (1978)
and Becker (1979).

Classification of AEM methods

As the previous chapter shows, numerous
AEM methods have been developed. With
some exaggeration, one could claim that no
two AEM units are exactly alike in technical
details. AEM methods differ from other aero-
geophysical methods in that the structure
of the aircraft largely determines the type of
AEM system that the aircraft can house. This
results from the noise generated by the
mechanical (structural deformation) and
electrical (conductive metal structure and
electric circuitry) properties of the aircraft.

The large number of methods means that
they can be classified on the basis of many
diverse properties, the most common being
the nature of the signal (harmonic continuous

wave or pulse wave), the geometry of the
source field (dipole, line or plane wave source)
and the coil configuration (moving towed-coil
or rigid fixed-coil system). The majority of the
AEM systems are included in the harmonic
dipole source methods; only the line source
and the VLF and AFMAG methods belong
to the less frequently used groups of line
and plane source methods. In terms of data
recording, the AEM systems, excluding the
pulse transient methods, usually feature one
or two channels. In the 1970’s, however, the
harmonic dipole source methods also ex-
perienced a certain shift towards the multi-
channel AEM systems with several fre-
quencies or coil pairs.

Fields of application of AEM methods

AEM methods have been applied to ex-
ploration, geological mapping and special
studies. Depending on the problem, the
surveys are conducted as regional, local,
detailed or special measurements.

The most important field of application of

the AEM methods has been and still is ex-
ploration. The aim of the survey may be
either directly to locate conductive forma-
tions, such as sulphide ores, or to apply it
indirectly, e.g. to locate and trace ore-
potential rock types. The mapping of ore-
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ence signal also allows for the time variation
of the total field, i.e. the signal measured can
be divided into an in-phase component and a
quadrature component 90° out of phase.

The intensity of the primary field for an
arbitrary coil configuration can be deduced
from the general formula of an oscillating
magnetic dipole,

3 .
@ H. = m 1 (m - r)r

p

(Am™),

4ar3 4nrd

where m = nlArr, = magnetic dipole
moment of the transmitter coil (Am?2), n =
number of turns in the coil, I = output cur-
rent (A), At = surface area of the coil (m?2),
r = rr, =distance from the centre of the coil
to the measuring point (m) and r,,r, = unit
vectors. A harmonic time variation I = I el
is assumed where I, = a complex constant,
j= V-1 =imaginary unit, o = 2xf = angular
frequency of the harmonic alternating field
(s!), f = frequency (Hz) and t = time (s).

The formula (2) is valid when r= 10 - rp
where rp = radius of the transmitter coil. It is
also assumed that the displacement currents
are negligible, or that the condition (Ward
1967a, p. 46)

(&)
WwEe

>>1

(3)

is met, where o = electrical conductivity
(hereafter abbreviated as conductivity) of the
medium (Sm-!) and ¢ = dielectric permittivity
of the medium (Fm-1).

From the formula (2) we obtain for the two
AEM rigid-coil systems in general use:

@) Hy=-———

4rs

for a vertical coplanar coil configuration, and

for a vertical coaxial configuration. The coil
configurations of towed-coil systems have
not been standardised to such an extent as
have those of the rigid-coil systems. Hence,
once the dimensions of the coil configura-
tion are known, the intensities for the primary
field of the towed-coil systems must be
deduced from the general formula (2).

AEM survey data are commonly given as
relative changes, i.e. as anomaly values
divided into in-phase and quadrature com-
ponents Re and Im

H: (Re)
6) Re =(——
(6) Re =( 0

—-1)10% (ppm)

P

Hi (Im)
(M Im= —
H

106 (ppm),
P

where H; (Re) and H,; (Im) are the in-phase
and quadrature components of the total field,
and the abbreviation ppm stands for parts
per million.

The formula of the primary field (2) shows
that the field strength of the dipole source is
attenuated proportional to the inverse third
power of the distance r from the source.
In addition to this geometric attenuation, an
electrical attenuation also takes place in
a conductive medium. Its magnitude is
defined as a skin depth distance 6, over which
the intensity of the plane wave is reduced by
1/e,i.e. the field strength is 37 % of the primary
one. The formula of the skin depth distance
can be deduced from the expression of the
field strength of a plane wave (Ward 1967a,
pp. 41-46) by assuming the effect of the
displacement currents to be negligible

) / 2
8 0=V ———(m),

ouw

where @ = magnetic permeability of the
medium; in the international (SI) system of
units



potential structural conductors (joint and
fracture zones) may also be included in this
group.

In geological mapping, AEM data supple-
ment the results obtained by aeromagnetics.
Provided that the surveys have been under-
taken systematically and that the results are
displayed appropriately, AEM data allow
weakly magnetised but conductive forma-
tions to be traced effectively in areas of poor
outcrop. Even so, AEM data do not seem to
have been used very often in this way except
in the Nordic countries and in the USSR.
Lately, however,
distinct increase, and good results have been
reported, even from tropical areas with

their use has shown a

Geological Survey of Finland, Bulletin 321 13

strongly weathered bedrock (Palacky 1981).

The application of AEM methods to over-
burden studies, although at its initial stage,
shows some promise for the future. Its task
may be to indicate soils that are either
distinctly better (clay) or poorer (gravel) con-
ductors than the surrounding ones (Fraser
1978, Becker 1979). Special applications
include studies on the degree of fracturing
in bedrock, investigations related to civil
engineering projects or areas producing
geothermal energy (Barringer 1971, Sellman,
Arcone & Delaney 1976) and permafrost
studies in arctic regions (Hoekstra, Sellman
& Delaney 1975).

Principles and definitions

The present study deals in detail with a
harmoniec, continuous wave type of AEM
method with a dipolar source and a rigid
coil configuration. Consequently, unless
otherwise stated, the following discussion
refers to this type of AEM method.

The principle underlying the AEM method
is the electromagnetic induction produced in
the conductive medium (Fig. 1). The trans-

N

PRIMARY FIELD

TRANSMITTER
coiL =%

RECEIVER COIL
/

SECONDARY FIELD

CONDUCTOR

Fig. 1. Principle of the AEM method.

mitter oscillator feeds alternating current
into the transmitter coil. This gives rise to
a primary field H that is dependent on the
dimensions and self inductance of the coil.
The primary field generates an electromotive
force in the subsurface conductor, which
produces an eddy current that is dependent
on the properties of the conductor. The
eddy current produces the secondary field
H.. The primary field also induces eddy
currents into the metal components of the
aircraft, which generate their own secondary
field H,. An electromotive force, which is
proportional to the sum of all the above
field components, i.e. to total field vector Hy,

(1) HL:Hp+Hs+Hay

is induced in the receiver coil.

The difficulty of the AEM measurements
arises from the fact that, whereas H; is the
only part of the signal that carries geological
information, both H, and H, are several
orders of magnitude bigger than H,. Attempts
are made to eliminate the influence of H,
and H, by means of a reference signal and
an electric compensation circuit. The refer-




14 Geological Survey of Finland, Bulletin 321

ence signal also allows for the time variation
of the total field, i.e. the signal measured can
be divided into an in-phase component and a
quadrature component 90° out of phase.

The intensity of the primary field for an
arbitrary coil configuration can be deduced
from the general formula of an oscillating
magnetic dipole,

m 3(m - r)r
2 H, = - -

D
: 4nr3 4mrs

(Am),

where m = nIArr, = magnetic dipole
moment of the transmitter coil (Am?2), n =
number of turns in the coil, I = output cur-
rent (A), At = surface area of the coil (m?),
r = rr, =distance from the centre of the coil
to the measuring point (m) and r,,r, = unit
vectors. A harmonic time variation I = I el"t
is assumed where I, = a complex constant,
j=\/-1 = imaginary unit, o = 2xf = angular
frequency of the harmonic alternating field
(s, f = frequency (Hz) and t = time (s).

The formula (2) is valid when r=> 10 -r¢
where rt = radius of the transmitter coil. It is
also assumed that the displacement currents
are negligible, or that the condition (Ward
1967a, p. 46)

is met, where o = electrical conductivity
(hereafter abbreviated as conductivity) of the
medium (Sm-!) and ¢ = dielectric permittivity
of the medium (Fm-1).

From the formula (2) we obtain for the two
AEM rigid-coil systems in general use:

m
4trs

4 H,=--

for a vertical coplanar coil configuration, and

for a vertical coaxial configuration. The coil
configurations of towed-coil systems have
not been standardised to such an extent as
have those of the rigid-coil systems. Hence,
once the dimensions of the coil configura-
tion are known, the intensities for the primary
field of the towed-coil systems must be
deduced from the general formula (2).

AEM survey data are commonly given as
relative changes, i.e. as anomaly values
divided into in-phase and quadrature com-
ponents Re and Im

(6) Re =(

_H;H@ ~1)108 (ppm)

p

H; (Im)
(7) Im= ——

108 (ppm),

P

where H,; (Re) and H; (Im) are the in-phase
and quadrature components of the total field,
and the abbreviation ppm stands for parts
per million.

The formula of the primary field (2) shows
that the field strength of the dipole source is
attenuated proportional to the inverse third
power of the distance r from the source.
In addition to this geometric attenuation, an
electrical attenuation also takes place in
a conductive medium. Its magnitude is
defined as a skin depth distance 6, over which
the intensity of the plane wave is reduced by
l/e,i.e. the field strength is 37 % of the primary
one. The formula of the skin depth distance
can be deduced from the expression of the
field strength of a plane wave (Ward 1967a,
pp. 41-46) by assuming the effect of the
displacement currents to be negligible

/ 2
8 8=V ———(m),

ouwm

where uw = magnetic permeability of the
medium; in the international (SI) system of
units
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(9 u=>10+k4x107 (Hm')
= Uil

where k = magnetic susceptibility and u, =
1 + k = relative permeability of the medium.

The skin depth parameter plays a signifi-
cant role in the application of EM methods.
Practical experience shows that the inter-
pretability of EM data depends on the o
value of the conductor (e.g. Frischknecht
1967, p. 15). At high 0 values the conductor
is electrically thin and it is not possible,
within the limits of measuring accuracy, to
interpret separately its conductivity ¢ and
thickness d from the survey data but merely
the conductance s

(10) s =o0od (S).

Within the limits allowed by the method,
however, the o and d values can be deter-
mined separately for an electrically thick con-
ductor, i.e. when d 2 9.

The sensitivity of an AEM system is the
ratio of the signal S produced by the con-
ductive formation to the noise N of the
system. Hence the sensitivity of an AEM
system can be enhanced either by increasing
the signal or by reducing the noise level, or
both. Problems related to the design of the
AEM instrumentation affecting the sensi-
tivity have been discussed in detail by Ward
and Hood (1969). Note that the sensitivity
refers to the S/N ratio when the normal
operational specifications of the AEM system
have been met and that the properties of the
conductor must be unambiguously defined
(Paterson 1971). The signal S can then be
determined by means of modelling and the
noise level N from the data of field measure-
ments.

If the depth to the upper surface of the
conductor measured from the AEM unit in-
creases while the other parameters remain
constant, the anomaly and sensitivity, or the

S/N ratio, decrease. The penetration of the
AEM method is defined as the maximum
depth of the conductor from which its effect
is still detected in the survey data. The
detection limit of an anomaly, Sq, is given in
terms of S/N ratio and is generally set up at

(11) S, = 4N.

As with sensitivity, the unambiguous deter-
mination of penetration requires definition
of the parameters for the conductor and the
AEM system, particularly if various systems
are compared with each other.

The resolution of the AEM system means
the possibility of recognising in the survey
data the influence of the adjacent conductors.
The property depends in declining order of
importance on coil separation, flight eleva-
tion and coil configuration.

The discrimination of the AEM system
refers to the possibility of deriving from
survey data information relevant to the
shape, location and physical properties of the
conductor. Discrimination depends on the
same factors as resolution, but in the reverse
order of importance.

The lateral coverage of the method de-
scribes how well the strips between the
flight traverses are surveyed when the line
spacing is given. The factors primarily af-
fecting the lateral coverage are flight eleva-
tion and coil separation.

The response function of the AEM system
defines the behaviour of the in-phase and
quadrature components as a function of the
properties of the conductor and the system.
On the basis of the theory of electromagnet-
ism, it can be shown (Grant & West 1965,
pp. 485-492, and Ward 1970, pp. 86—88) that
the Re, Im anomaly values remain constant
within certain limits at the constant values
of the response parameter when the latter
is combined from the variables of the con-
ductor and the AEM system in a certain
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manner. The general form for the response
function RF is

(12) RF = Re(8) + jIm(6),

and the response parameter § is a dimension-
less quantity of the form

(13) 0 = Ouwlllz.

In expression (13),1; and [, are the two linear
dimensions of the measuring system and the
conductor that have the greatest effect on the
eddy current distribution in the conductor.
It follows from the definition that the re-
sponse function changes when the geometry
of the conductor or the AEM system changes.
The response function, however, retains its
general form in spite of the changes and is
thus very useful when the results of different
conductors and AEM systems are compared,
as is also shown by the examples in the
present study. The problems entailed in
selecting response parameters have been
discussed by Ward (1970, pp. 86—88).

Fig. 2 is an example of the graph of a re-
sponse function. It shows that the behaviour
of the in-phase and quadrature components
as a function of the response parameter is
different. With u, = 1.0 and at low § values

the in-phase component becomes zero, and at
high ¢ values it reaches the saturation value

Re .x, from which the in-phase anomaly will
not change even if some of the factors in the
response parameter, such as conductivity o,
increase. In contrast, the quadrature com-
ponent equals zero at both low and high 6
values and attains its maximum between
these limit values. Only in an area where the
values of the response function change is it
possible to interpret the properties of the
anomaly source in any detail. The area is
called either a o or a od aperture, because
the conductivity or the conductance are the
parameters that alter the § value within a
given measuring system.

ANOMALY (103 PPM)

-1s4 AEM RESPONSE FUNCTION

IN-PHASE —_ Mre!0
- x—x pr=1.25 f
——— pr=1.0 /
QUADRATURE
*——x Pr=1.25/x

,
1072 & 100 102 104

RESPONSE PARAMETER ©

— %

+5 J

Fig. 2. Response function of the conductive, sus-

ceptive half-space in the DC-3 AEM system: the

in-phase and quadrature anomalies as a function

of the response parameter § as defined by equa-

tions (13) and (26). The flight elevation h = 30 m is
constant.

The lower (resistive) limit of the aperture
defines the minimum value of o or od that
is needed to make an anomaly recognisable
within the sensitivity of the system. The
upper (inductive) limit of the aperture may
be either closed or open. In methods based
solely on the measurement of the quadrature
component or pulse transients the aperture is
closed, which means that at high conduc-
tivities no anomalies are obtained. In meth-
ods measuring the in-phase component the
aperture is open; thus, even if the discrimina-
tion range is truncated at the saturation limit
Re ax, g00d conductors will always produce
an anomaly. Since the response parameter
is also a function of the frequency, it is
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possible to affect the location of the aperture
on the conductivity scale by appropriate
choice of the frequency of the AEM system.

When u, > 1.0 and the response parameter
is on the resistive limit, the in-phase com-
ponent of the response function receives
values that are reversed to those of the normal
responses due to conductivity. The response
remains nearly constant up to a limit value;
it then grades within a narrow range of
response parameter values towards a normal
conductivity The quadrature
component is less affected, but the response
values are systematically higher than those
obtained with u, = 1.0.

Coil separation plays a complicated role in
AEM methods.
increases while the other parameters remain
constant the anomaly increases (H,, which

response.

When the coil separation

intersects the receiver coil, is reduced more
than H.), as does the lateral coverage of the
method. On the other hand, the noise level
also increases, and resolution and possibly
discrimination are reduced. Even though the
anomaly amplitude is enhanced the increase
in coil separation does not necessarily imply
an increase in sensitivity and penetration,
the type of change being determined by the
accompanying change in noise level. As the
first approximation, let us assume that the
noise level of the system is controlled by the
motion-induced noise resulting from the
small changes in the distance Al between the
transmitter and the receiver coils. The effect
of the change in the distance on the in-phase
noise signal is (cf. formula (2))

AH
Hp

a9 N=|—"—|=3] All |10° (ppm).

Thus, for example, with a coil separation
of l =25 m, the effect of Al =1 mm on the
noise signal is N = 120 ppm. For two different
systems with coil separations of [, and [,
respectively, to be equal in terms of this noise
factor, the noise levels N, and N, must
change in proportion to the change in the
primary field, or

N, z
(15) 2 =
N, Lo

Hence, for example, the following systems
are equal in terms of motion-induced noise:
l,=25m, N, =25 ppm and |, =10 m, N, =
1.6 ppm. In practice, however, the situation
is more complicated because the changes in
Al and AH, also give rise to a change in the
field H, produced by the aircraft, which in
turn results in a noise signal on both the in-
phase and quadrature channels.

The list of principles and definitions given
also reflects the requirements the AEM
method has to meet. Some of the require-
ments are contradictory. Hence, compro-
mises must be made at the design stage by
taking into consideration the properties of the
aircraft, the purpose of application of the
AEM results and the general geological setup
of the survey area. Thus, there is no such
thing as an AEM system ideal in all circum-
stances. The discussion also demonstrates
that the design, constructing and installation
of a high-quality AEM system is a complex
process that requires expertise in various
fields and is partly »more art than science».

AEM SURVEYS IN FINLAND

Since only a few of the AEM surveys
carried out in Finland have been discussed

in the literature, a brief summary of the
subject is given.
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Systematic measurements by the Geological Survey

Most aerogeophysical measurements in
Finland have been undertaken by the Geo-
logical Survey. As stated on page 00, the
Survey was among the first organisations to
develop AEM methods. Development of and
preparations for the measurements took
several years (Puranen & Kahma 1947, 1949;
the Geological Survey of Finland Annual
Report 1951), and the decision reached in 1950
to start systematic aerogeophysical mapping
to cover the whole country was a bold and
far-reaching one. Mapping started in 1951
with aeromagnetics using a flux-gate mag-
netometer acquired from Canada. In 1954,
measurements by a towed-coil AEM system
constructed at the Survey were started, and
in 1956 the equipment was supplemented by
a gamma-ray scintillometer acquired from
the USA (The Geological Survey of Finland
Annual Report 1952, 1955, 1957). These high-
elevation surveys were undertaken at a
flight elevation of 150 m, with a line spacing
of 400 m and an average survey speed of
260 km/h. The whole equipment was installed
in a Lockheed Lodestar aircraft, owned and
operated by Veljekset Karhumaéki, later Kar-
Air Oy. Field work for the high-elevation
airborne surveys was completed in 1972 when
general aeromagnetic mapping covered the
whole country. In the same year more de-
tailed low-elevation surveys were started
with a nominal flight elevation of 30 m, a
line spacing of 125—200 m and a survey speed
of 170-200 km/h. In 1973—1979 the equip-
ment, which included the AEM rigid-coil
system, was fitted in a Douglas DC-3 aircraft
owned and operated by Kar-Air Oy, and in
1972 and since 1980 again in a DHC-6 Twin
Otter aircraft belonging to the same company.

Since 1954 the Geological Survey has used
four different AEM dipole systems in its
systematic surveys. In addition, various
modifications of the main systems have been
employed, but with less conspicuous differ-

Direction of flight B1
“— :Tx @;
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@ h
7/ 7L A 7 7 77 VT a4
G‘I
— =
8; 0
® Gs
R x
h
Ve 777 o g P4 vy ard
Rﬁ——
©® — W4
Tx h
ri 4 A 7 7 AT L7
|
@ «— S &
Tx Rx
h
rard 2L L LTI 2L T LT 777 rF riZ7

Fig. 3. Coil configurations used by the Geological
Survey of Finland in systematic AEM surveys. Tx
= transmitter coil, Rx = receiver coil, h = flight
elevation, | = coil separation, pi, s = inclination
angles of the transmitter and receiver coils, res-
pectively, f2 = towing angle of the receiver coil. (a)
Towed-coil system I of the high-elevation surveys
(Lockheed Lodestar, 1954—1959). (b) Towed-coil
system II of the high-elevation surveys (Lockheed
Lodestar, 1960—-1971). (c) Rigid-coil system III of
the low-elevation surveys (De Havilland Twin
Otter, 1972, 1980—). (d) Rigid-coil system IV of the
low-elevation surveys (Douglas DC-3, 1973—1979).

ences in the survey data. The coil configura-
tions of the AEM systems are shown in Fig. 3
and their main specifications in Table 1.
Two different towed-coil methods were
used in the high-elevation flights. These are
referred to as system I and system II. System
I, which utilised only the quadrature com-
ponent, was in service as two modifications
in 1954—-1959, the only visible difference



Table 1

Specifications of the systematic AEM survey systems used by the Geological Survey of Finland. Years of application for different ver-
sions are given in brackets.

Towed-coil systems

Rigid-coil systems

1 n III v
Lockheed Lodestar Lockheed Lodestar DHC-6 Twin Otter Douglas DC-3
(1954-59) (1960—-171) (1972, 1980—) (1973-179)
Survey specifications
Line spacing (m) 400 400 200 200
Velocity (km/h) 260 260 180 200
Flight elevation (m) 150 150 30 30
Instrumentation specifications

Coil separation (m) 150 150 (1960) 21.0 (1972) 26.5 (1973-74)

190 (1961) 21.44 (1980-) 25.8 (1975-177)

250 (1962-71) 25.0 (1978—-179)
Frequency (Hz) 390 (1954-55) 390 (1960) 3220 3220

410 (1956-59) 410 (1961-66, 1968—71)

820 (1967)
Transmitter coil inclination angle ; (degr.) 0 15 90 90
Receiver coil inelination angle (3 (degr.) 45 15 90 90
Towing angle 3, (degr.) 15 15 = =
Recorder type analog analog digital digital
Recording rate (times/s) continuous continuous 2 (1972) 2

4 (1980-)
Detector time constant (s) 1 1 0.3 0.3
Components recorded quadrature in-phase} (1960) in-phase in-phase
(in-phase) quadrature quadrature quadrature
amphmde} (1961-71)
phase angle
Recorder resolution 0.1 % 0.2 % 5 ppm (1972) 5 ppm
0.1 degr. 1 ppm (1980-)
Noise level (under normal flight conditions)(0.1-0.2 % 0.5-1.0 % 40 ppm 25 ppm
0.1-0.2 degr.

1Z€ undNg ‘PUBIUI] JO A2AINS [BIISO[09D)

61
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Fig. 4. Areal distribution of the systematic AEM surveys undertaken in Fin-
land by the Geological Survey using the high-elevation towed-coil airborne

systems.
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Fig. 5. Low-elevation AEM survey areas in Finland in 1972—-1981.
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being in the operating frequency. Since the
lack of in-phase component data in the
towed-coil methods restricts the usability of
the results, the equipment was improved by
slightly changing the coil configuration
and increasing the tow resistance of the
receiver coil unit. As a result, the variation
in the coil separation became so small that
it warranted the utilisation of in-phase com-
ponent data as well. This improvement,
which greatly enhanced the usefulness of the
towed-coil method, seems to have been a rare
achievement in routine use at that time.
Thus renewed, system II went into operation
in 1960. In the following year, the coil separa-
tion was increased to 190 m and the recording
of new parameters (amplitude and phase
angle) was started. The principal version of
system II was developed in 1962, when the
coil separation was further lengthened to 250
m, and was in service as such until 1971.

Towed-coil methods like those of systems I
and II as used by the Geological Survey of
Finland do not seem to have been in service
elsewhere; at least they have not been re-
ported in the literature. Probably the closest
counterpart is the dual-frequency (Hunting
Canso or Canadian) method developed by
the same investigators (Puranen & Kahma
1956, Ronka 1958), but which differs from the
towed-coil systems of the Geological Survey
in both coil configuration and principle of
operation. The dual-frequency method has
been described in detail by Puranen (1959)
and Paterson (1961).

The data of the towed-coil systems were
recorded in analog form on a chart recorder
and then processed manually into profile

maps on a scale of 1:20000. After photo-

graphic reduction and compilation, maps on
a scale of 1: 100 000 were also released.

The low-elevation surveys in 1972 and
1980— were conducted with the vertical
coplanar rigid-coil system III. In 1973—1979
the surveys were undertaken with the vertical

coaxial rigid-coil system IV. The data of rigid-
coil systems III and IV were recorded in
digital form and processed by computer
methods into profile and contour maps on a
scale of 1: 20 000.

Fig. 4 illustrates the areal distribution of
the surveys undertaken with the wvarious
high-elevation AEM systems. The areas
surveyed in 19541971 cover a total of 316 000
km? (about 800 000 line kilometres), or about
94 % of the surface area of the Finnish main-
land. With the exception of the Turku Archi-
pelago, no AEM surveys were conducted over
sea areas. In 1972-1981 the Geological
Survey AEM
surveys with a total coverage of 86 000 km?
(430 000 line kilometres) in the areas shown
by the index map in Fig. 5. Of them 58 100
km?2 were covered by the DC-3 AEM system
IV (295 000 line kilometres).

Mention should be made of the publica-
tions relevant to systematic AEM surveys.
Especially noteworthy is the pioneering
but little known work by Puranen (1959)
that describes in detail the development,
measuring technique and

undertook low-elevation

interpretation
of the results of the high-elevation system
1. The application of AEM data to prospecting
and geological mapping has been discussed
by Puranen (1963), Marmo (1964), Marmo and
Puranen (1966) and Lanne (1980a, 1980b).
The data given in the preceding pages on
the later AEM systems of the Geological
Survey are based on a paper by Peltoniemi
(1977), which also describes modelling results
for various systems. AEM instrumentation
and data processing of low-elevation systems
have been described by Peltoniemi (1975,
1978a). Liljestrand (1972) has carried out scale
model studies to interpret the results of
system II. Hamaéldinen (1977) has performed
similar studies for systems III and IV. Ovas-
kainen and Peltoniemi (1979) have reported
what is so far the largest set of results for
scale model studies on systems I-IV of the




Geological Survey. Peltoniemi (1978b, 1980a,
1980b) has given numerical modelling results
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for layered earth and a conductive sphere on
most of the AEM methods used in Finland.

Supplementary studies by the Geological Survey

Apart from the above systems in routine
use, the Survey has applied several other
AEM methods either in supplementary or
experimental 1959 detailed
measurements were carried out with a towed-
coil system attached to a Cessna 195 aircraft;

studies. In

the coil configuration was similar to that of
the Lockheed system I in use in those days.
The flight elevation was 50-70 m, the coil
separation 120 m or 150 m and the line spac-
ing 400 m. The frequency of the transmitter
was 1 620 Hz, and the data were recorded as
in-phase and quadrature components. In
1960—1963 the same system was installed in
an Aero Commander aircraft. The coil separa-
tion was 200 m, the flight elevation 100 m and
the line spacing 200 m. A total of 5000 km?
was covered with this system over prospect-
ing targets in various parts of Finland.

An experiment was undertaken in 1964
with a vertical coaxial rigid-coil system
mounted in a helicopter-towed boom. The
experiment had to be suspended for lack of a
helicopter with a bigger payload than the

Other measurements

The national aerogeophysical mapping
programme of the Geological Survey of
Finland was not alone able to meet all the
survey requirements of Finnish exploration
organisations. Moreover, it was often neces-
sary to perform more accurate measurements
for exploration purposes over smaller targets
with a shorter line spacing and lower flight
elevation than was possible with the national
mapping programme. As a consequence,

Bell 47J then available. In 1966 tests were
run with the same equipment as a vertical
coplanar coil system fitted to Aero Com-
mander 500 and Pilatus Porter aircraft.

In 1972, experimental measurements were
performed with the VLF method in associa-
tion with systematic low-elevation surveys.
In these measurements use was made of the
primary field of a transmitter station in the
Omega navigation chain in Norway. Both
magnetic and electric field components were
recorded in the measurements. In 1978 air-
borne VLF measurements were performed
over an area of 1 530 km? in NW Lapland with
a VLF receiver fitted in a Sikorsky 55B
helicopter and by using the GBR (Rugby,
England) transmitter station. Savolainen
(1979) has reported in detail on the measure-
ments and the results obtained. In the same
year, a 4 345-line-km AEM survey was flown
for the Geological Survey with Suomen Mal-
mi Oy as contractor. The equipment is de-
scribed in the next chapter.

undertaken in Finland

bigger exploration organisations have per-
formed quite extensive AEM surveys either
with their own systems or with those of
contractors.

Outokumpu Oy started aerogeophysical
surveying in 1957 with aeromagnetics. In
1959 the company started with AEM test
measurements and in 1960 it began systemat-
ic surveying with its own equipment. Until
1970 surveys were undertaken with a rotary-
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field method. In 1973—-1979 a vertical coplan-
ar rigid-coil method was in use. A total of
173 000 line kilometres was covered with the
rotary-field system and 58 330 line kilometres
(7250 km?) with the rigid-coil system.

Torngvist (1958) has described the concept
of the rotary-field method. Ketola, Laurila
and Suokonaukio (1971) and Ketola (1972)
have reported on the system as it was used
by Outokumpu Oy. The company applied the
system as a two-aircraft modification, the
distance between the aircraft, i.e. the coil
separation, being 220-260 m, the frequency
880 Hz, the flight elevation 60—100 m and the
line spacing 250 m. Until 1968 the data were
recorded in analog form and profile maps
were drawn manually. The results of the
rigid-coil method wused later have been
reported by Ketola (1979) and Laurila (person-
al communication). The system, operated first
with Finnprospecting Ky and then with Suo-
men Malmi Oy as contractors, was installed in
a Pilatus Turbo Porter aircraft. The coil separa-
tion was 16.4 m and the frequency 3 600 Hz.
The surveying was undertaken from a nomi-
nal flight elevation of 30 m with a line spacing
of 125 m. The unit was provided with digital
data recording, and the results were drawn
as contour maps by computer processing
methods.

Rautaruukki Oy (formerly Otanmaéaki Oy)
started aerogeophysical surveying with aero-
magnetics in 1955. From 1966 onwards
the company undertook AEM measurements
with its own rigid-coil unit installed in a
Cessna 185 aircraft. The coil separation of the
vertical coplanar system was 11 m and the
frequency 1920 Hz. The surveys were per-
formed at a nominal flight elevation of 30 m
and with a line spacing of 200 m. The data
were recorded in analog form and the profile
maps were compiled manually. In 1973—-1979
Rautaruukki Oy conducted AEM surveys

with the same contractors as Outokumpu Oy.
From 1966 to 1979 the company undertook
AEM measurements over an area totalling
33190 km?2. Paarma (1969, 1971) and Nuuti-
lainen (personal communication) have
summarised the aerogeophysical methods
employed by Rautaruukki Oy.

The survey and data processing methods
used by the various organisations in their
systematic low-elevation AEM studies have all
been fairly similar. Hence, the target areas of
the AEM surveys conducted by Outokumpu
Oy and Rautaruukki Oy in 1973—1979 are also
marked on the index map of low-elevation
surveys in Fig. 5.

Finally, as a speciality of AEM surveying,
it is worth mentioning the airborne measure-
ments of the field intensity of Finnish broad-
casting stations undertaken by Oy Yleisradio
Ab. The results have been compiled by Laiho
(1975) as a ground conductivity map on a
scale of 1:2 million covering the whole
country. The map is, however, of a rather
generalised nature on account of the mea-
suring and data processing techniques.

Finland has been fairly self-sufficient in its
AEM surveying, only some test flights being
undertaken with foreign equipment. Rotary-
field test surveys from AB Elektrisk Malm-
letning, Sweden, were ordered by Outokum-
pu Oy in 1959 before the company acquired
its own instrumentation. In 1964 Otanmaki
Oy performed a test survey with a fixed-coil
wingtip system developed by Boliden Ab,
Sweden. In 1961 the same system had been
applied in a test survey at the Pyhé&salmi ore
deposit (Barlund 1966). In 1965 Barringer
Research Ltd. of Canada collaborated with
Otanmaéki Oy in experiments with the pulse
transient method off the town of Raahe (Boni-
well 1967) and in the following year with both
Otanméki Oy and Outokumpu Oy on various
prospects in NW Finland.
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THE DC-3 AEM SYSTEM OF THE GEOLOGICAL SURVEY OF FINLAND

The present study deals with the charac-
teristics and results of the vertical coaxial
coil system installed in a DC-3 aircraft. There-
fore, only the instrumentation of this AEM

system 1is treated here in more detail. The

main specifications of the equipment are
listed in Table 1.

Instrumentation

The concept and main components of the
AEM device are shown in Fig. 6. The trans-
mitter unit consists of a stabilised power
source, a crystal-controlled oscillator, a
current transformer for reference output and
a tuned transmitter coil. The receiver unit
features a tuned receiver coil, a compensating
circuit and two tuned, phase-locked ampli-
fiers. Except for the amplifiers, the equip-
ment was designed and constructed in 1971—
1972 by Maunu Puranen, Uljas Hamaléainen,
Simo Lehtinen, Kalevi Sulkanen and Keijo
Westerlund at the Geophysics Department of
the Geological Survey. Some smaller altera-
tions and improvements have been made
every year. The main technical and opera-
tional specifications of the equipment were
as follows.

The output power on the terminals of the
air-cored transmitter coil was 50 W. The mo-
ment of the magnetic dipole produced by the
transmitter coil was originally m = 27 Am?
(the diameter of the transmitter coil 0.28 m)
and, since 1975, owing to the new and larger
coil (diameter 1.01 m), m = 120 Am?2 The
increase in the dipole moment substan-
tially improved the S/N ratio of the sys-
tem. The transmitter fed a square wave
into the coil at a frequency of f =3 220 Hz.
The mass of the transmitter coil was 5 kg and
that of the crossbeam support 36 kg.

The air-cored, tuned receiver coil had 680
turns and a tuning ratio of Q; = 85 without
load. The coil diameter was 0.28 m and the

mass 5 kg. As an original crossbeam struc-
ture, the mass of the support was 37 kg and
since 1978, as a shell structure, 38 kg. The
coil installations with the supports are illus-
trated in Fig. 7a (transmitter coil) and Fig. 7b
(receiver coil).

The coil separation of the system was
originally | = 26.5 m; after the changes in the
transmitter coil and receiver support it was
l = 25.0 m. Structurally, the vertical coaxial
coil system used was well suited to the DC-3
aircraft, because, in spite of the fairly large
coil separation, the fuselage was subject to
only very slight bending and vibration
during flight.

According to the manufacturer’s specifica-
tions, the phase-locked amplifiers (type
Brookdeal 401A) have an accuracy of 3 %, an
output stability of < 0.1 %/°C and < 0.03 %/
24 h, and a non-linearity value of < 0.01 %.
The specified noise of the amplifier is < 10
nV/VHz with an optimum load. The time
constant of the low-pass filter in the amplifier
output was set at t = 0.3 s, which should be
kept in mind when judging the noise value
N of the system. Such an exceptionally low
time constant is essential in low-elevation
airborne surveying with fixed-wing aircraft
so that the sharp anomalies caused by small
conductors can be recognised in the recorded
data. The noise value, the importance of the
time constant and the noise filtering of the
data are discussed in greater detail on pages
32—41.
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Fig. 7. Coils and supports of the AEM
device fitted in a DC-3 aircraft (Photo
E. Halme). (a) Transmitter coil. (b)
Receiver coil.
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The AEM analog voltage signals of the
in-phase and quadrature components were
converted into digital form in 14-bit analog-
to-digital conversion (ADC) circuits (Datel
Systems Inc. type E12D) with a conversion
time of 5 ms/sample. The digital data were
recorded at 0.5 s intervals with 3 significant
digits and with an electrical resolution of
+ 1 mV (x5 ppm). The sign and the ADC
overflow bits were stored into a fourth

digit. For monitoring purposes during the
flight, the analog signals were displayed by a
chart recorder on two channels, initially with
a sensitivity of 40 ppm/mm and later 200
ppm/mm.

Important peripherals and auxiliary
devices in the DC-3 AEM system included:

— A digital incremental magnetic tape
recorder, originally with a recording

Table 2

Contents and format of the 1-second digital record of data in the DC-3 aerogeophysical system.

Variable Identifier Number Resolution Remarks
of digits
Day T 3
Time 6 ls update cycle 1 s
Doppler x-coordinate X 5 10 m
Doppler y-coordinate Y 5 10 m
Flight elevation A 3 1m
Fixpoint P 3
AEM in-phase component E 4 5 ppm
AEM quadrature component 4 5 ppm
Magnetic total field (left-wing sensor) M 5 1 nT
Magnetic total field (right-wing sensor) N 5 1 nT
Doppler time C 1 0.1s update cycle 0.5 s,
Vertical acceleration change 3 0.05 ms 2 first period
Fixpoint time 1 0.1s
Spherics monitor channel 3 1 mV
Gamma-ray spectrometer channel 1 R 2
2 2

54 2
Synchronisation character S
Flight elevation A 3 1m
Fixpoint P 3
AEM in-phase component E -+ 5 ppm
AEM quadrature component 4 5 ppm
Magnetic total field (left-wing sensor) M 5 1 nT
Magnetic total field (right-wing sensor) N 5 1 nT
Doppler time C 1 0.1s update cycle 0.5-s,
Vertical acceleration change 3 0.05 ms 2 second period
Fixpoint time 1 0.1s
Spherics monitor channel 3 1 mV
Gamma-ray spectrometer channel 1 R 2

2 2

54 2
Synchronisation character S
Total number of variables/s 132
Total number of characters/s 318




density of 200 bytes per inch (BPI), in
1974 of 556 BPI and finally since 1975
of 800 BPI.

— A digital data acquisition device with a
processor unit having a reprogram ma-
ble read-only-memory capacity of 2 k
12-bit words and a direct-access mem-
ory capacity of 256 words. From 1975
onwards the basic 1l-second digital
record included 299 digits of geo-
physical data and 19 control digits, that
is, a total of 318 ASCII characters as
listed in Table 2. The data acquisition
device was modified by Eero Hiltunen
from a processor originally produced by
Nokia Oy for the »Mikko 1» micro-
computer. He was also responsible for
the assembler programming of the
processor unit.

— A spherics monitor to recognise spuri-

ous anomalies (noise transients from

atmospheric electricity) originated
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outside the AEM instrumentation.
The device featured a small auxiliary
coil and a bandpass (1-10 kHz) am-
plifier. The output voltage of the ampli-
fier was digitised and recorded at 0.5 s
intervals.

A strain-gauge transducer to measure
the changes in the vertical acceleration
of the aircraft. These data, which give
an indirect measure on the motion-
induced AEM noise, were also digitally
recorded at 0.5 s intervals.

A flight-path camera.

A Dopper positioning system.

A radio altimeter.

The total mass of the instrumentation was
about 1100 kg and the power consumed
about 1700 W. The signal flow diagram of
the whole aerogeophysical system is shown
in Fig. 8 and the schematic installation draw-
ing in Fig. 9. The instrumentation inside the

Fig. 10. DC-3 aerogeophysical survey instrumentation. From left to right: strain gauge transducer and

spherics monitor amplifiers, DC/AC converter and power pack (rgck I), gamma-ray spectrometer and

magnetic tape recorder (rack II), digital data logger and two mgltlchannel analog recorders (rack III),

AEM compensator and lock-in amplifiers, Doppler navigation unit, two proton free-precession magneto-
meters, ADC converter, switch and fuse board (rack IV) (Photo E. Halme).
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aircraft was fitted in four racks as illustrated
in Fig. 10.

Aeromagnetic surveying with the DC-3
aerogeophysical system has been described

by Korhonen (1979), and gamma-ray spectro-
meter studies by Peltoniemi (1975, 1979b) and
Peltoniemi and Kuittinen (1978).

Noise level of the system

Sources of noise

The noise in the AEM data is due to:

— Noise generated within the measuring
system.

— Noise from external sources.

— Noise due to geology.

The noise that is generated within the
measuring system derives from the aircraft or
from the AEM instrumentation. The noise
produced by the aircraft is due to the ignition
circuitry of the engines and to the eddy
currents that are induced in the metallic
components (e.g. propellers, ailerons) as they
move in relation to the AEM coil configura-
tion. Noise due to movements of the rudder,
elevator and the ailerons can be reduced by
cutting off the eddy current loops. Temporary
changes in the compensation of the anomaly
produced by the aircraft (H, in equation (1))
manifest themselves in the data as noise that
generally has a low rate of drift.

It would be highly advantageous for the
AEM if all the instruments,
including the aircraft’s electrical systems,
were wired using two-lead cables (floating)
and the whole circuitry had only one earthing
point. Since, however, the two-lead design
is not used in the aircraft’s electric circuitry,
the minimising of the electrical noise pro-
duced by the earthing currents and by the
current loops of its instruments is a very
important phase in the final installation of
the AEM equipment. If this is successfully
achieved, the biggest source of electronic

installation,

noise is the compensator, as all distortions in

the reference waveform are transferred as
spurious signal voltages from the com-
pensator into the amplifiers.

Noise in the AEM installation is also pro-
duced by changes in the separation and
attitude of the coils (motion-induced noise,
equation (14)), by the thermal drift of the
mechanical structures and the components
of the electric circuitry, and by the thermal
agitation (Johnson) noise caused in the
receiver coil, compensator and amplifiers.
The magnitude Nt of the Johnson noise in
the terminals of the receiver coil can be
calculated from the equation (Ward & Hood
1969 p. 65)

(16) N1 =V4kgBTR (V/\VHz)

where kg = Boltzmann’s constant, 1.38 - 10-23
(VA/°K), B = bandwidth of the tuned receiver
coil circuitry (Hz), T = temperature (°K), and
R = resistance of the receiver coil (Q). In the
DC-3 AEM system the equation gives Nt =
6.9 nV (0.4 ppm)/\VHz, when T = 300 °K, R =
24 Q and B =119 Hz.

The maximum noise Npc due to the finite
accuracy in the digitisation of the analog
voltage signal can be calculated from the
formula (Hartimo 1981)

a7 .5 = énapc — 1.24 AdB),

Nanpc

where n,pc is the number of bits in the
ADC conversion circuit. When S = 1000 mV
and napc = 12, the formula gives for the DC-3
system Njapc= 1.5 ppm as the maximum
noise value.
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Natural and man-made electromagnetic
fields are the predominant sources of external
noise. The natural EM field creates both a
background noise that fluctuates rather
slowly and rapid noise transients due to
thunderstorms and other atmospheric
electricity discharges. The man-made noise
derives from transmission lines, railways and
telegraph lines. As
noise, their effect is felt only within a nairrow

area around the source, and the linear anom-

individual sources of

aly produced is usually readily recognisable
on the AEM profile map. In the vicinity of
towns and developments the
effects are summed up and the signal/noise
ratio is so reduced that the AEM data do not
have much value.

The concept of geological noise can be
clearly defined only when the AEM system is
applied to exploration. The geological noise
is then due to variations in the conductivity
and thickness of the overburden and to
changes in the anomalies caused by weakly
conductive and/or susceptive country rocks.
The amount of geological noise can be
affected by the dimensioning of the AEM

industrial

system, as was demonstrated in connection
with the response parameter (p. 16). If, how-
ever, the AEM data are used in other applica-
tions than direct exploration, the geological
noise signal may not exist at all. The success
of the geological assessment of the data then
depends on the interpretation employed by
the user and on the follow-up studies.

As was stated on page 15, the signal to noise
ratio S/N, which affects decisively the use-
fulness of the data, can be improved by
increasing the signal S and/or reducing the
noise N. The changes in coil separation and
coil attitude introduce noise that is directly
proportional to the primary field H,, equation
(14), and hence their effect on the noise level
cannot be eliminated by increasing the signal.
Thus, motion-induced noise remains the
predominant one in continuous-wave, rigid-
coil systems, even if all the other sources of
noise could be minimised.

Estimation of noise level

In the DC-3 AEM system the voltage signal
induced by the primary field in the receiver

Table 3

Noise in the DC-3 AEM data: the averages of the in-phase and quadrature data Re, Im and the standard
deviations oge, 01, calculated from the profiles marked in Fig. 11. The averages of the flight elevation

(Fig. 19) h, the average changes in vertical acceleration (Fig. 21) Ag,, and the standard deviations o, and oag;
are also given for the same profiles.

Survey Flight Number AEM Flight elevation Vert. acceleration
profile conditions of — — - —
number points Re ORe Im Olm h oh Ag, OAgz
(ppm)  (ppm)  (ppm) Pppm (m) (m) (mV)  (mV)
108 good 73 18.5 20.3 =T77.2 11.5 44.0 7.2 14.1 13.6
109 good 59 38.4 26.0 3.1 15.0 43.5 5.1 14.6 18.3
113 good 54 — 8. 14.0 14.9 11.4 46.2 6.7 14.1 11.9
118 good 113 —~1T.D 14.2 12.7 20.9 45.6 6.4 13.8 15.7
144 good 63 2.5 17.6 - 9.8 18.5 41.5 6.8 2.1 9.2
101 fair 68 — 5.6 37.2 18.1 371 38.0 4.7 16.6 15.1
107 fair 53 =25.0 21.1 68.6 14.9 39.9 4.8 17.1 17.2
127 poor 58 1.6 12.9 377 14.7 50.6 6.2 3.1 19.5
135 poor 81 -21.0 157 29.5 23.3 40.9 4.5 4.3 13.7
139 poor 62 —34.2 28.3 = 9.5 18.7 37.8 3.9 3.3 17.4
141 poor 63 23.4 26.7 30.9 37.7 38.1 6.4 2.6 11.7
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Fig. 11. Anomaly maps drawn from DC-3 AEM data, map sheet 3313 12 from the Tervo area. The
portions of the profiles used in calculating the noise level are marked on the figure. (a) In-phase
component. (b) Quadrature component (see page 35).
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Fig. 12. DC-3 AEM anomaly maps of the Sotkamo area, map sheet 3344 06. The portions of the profiles
used in calculating the noise level are marked on the figure. (a) In-phase component. (b) Quadrature
component (with exceptionally high noise level) (see page 37).
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coil was 20 mV. After compensation and
owing to the combined effect of the slow-
varying noise factors listed, the noise voltage
on the input of phase-lock amplifiers was
0.1-1uV at T = 0.3 s time constant. The noise
voltage equals 5—50 ppm of anomaly values
and was generally distinctly less than the
upper limit.

The true noise level of an AEM system can
be determined more accurately from the field
survey data. Fig. 11 illustrates the in-phase
and quadrature component maps for map
sheet 331312 of the Tervo area surveyed
with the DC-3 AEM system in 1978. In terms
of noise level, the data represent a normal
outcome. The data shown in the figure were
subjected to basic computer processing in
the manner described in the following
chapter. No smoothing procedures were
applied. The spherics transients were elimi-
nated in the basic computer data processing,
but this in no way alters the normal values.
The figure displays portions of profiles that
do not contain any observable geological
signals (true anomalies). The standard devia-
tions of the anomaly valuesoge, 01, have been
calculated for these portions and are listed
in Table 3. The average standard deviations
of the anomaly values are oy, = 21 ppm and
om = 20 ppm.

An abnormally high noise level is ex-
emplified in Fig. 12 in data from the Sotkamo
1977 survey area, map sheet 3344 06. The
average standard deviations of the anomaly
values calculated from the profiles marked
on the figure are oy, =45 ppm for the in-
phase component and o1, = 85 ppm for the
quadrature component. As the survey maps
released demonstrate, however, such results
are rare. On the basis of the entire data the
present author has made a conservative
estimation that, after the removal of the
spherics transients, the average noise level
of the DC-3 AEM system is

(18) N = 25 ppm,
for both in-phase and quadrature com-
ponents.

The time stability of the system was so
good that it was not necessary to make any
zero level adjustments during a normal
survey flight of 3 to 4 hours, the average
drift being about 100—-500 ppm/h. Excluding
some data in 1978—-1979, the drift was linear
and easily removed during the basic data
processing.

Noise filtering

The study of the field survey data indicates
that the problem of noise level in the DC-3
AEM system is not of such magnitude as to
warrant systematic noise filtering of all data.
If desired, however, an auxiliary program
can be used for this purpose, and this was
done for the primary data in Fig. 12. The
filtered Im anomaly values are shown in
Fig. 13. As a consequence, the average standard
deviations of the filtered data were reduced
to og. = 35 ppm, oy, = 69 ppm.

The filtering was accomplished by a 3-point
recursive filter, which, although simple in
terms of computational technique, is an
efficient procedure (Tammenmaa, Grasty &
Peltoniemi 1976),

(19) Aysl — bOAA’i e b]A”._] i b2A”j.2
=1 : « o Ty

where A’; are the primary values, A”; the
filtered anomaly values and b,, b; and b,
coefficients. Since the AEM data are recorded
at At= 0.5 s intervals, the sampling fre-
quency is 2 Hz and the Nyquist frequency fy

(20) fy= =1 Hz.

24t
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Fig. 14. Effect of filtering on the AEM anomaly of a thin, perfectly conductive vertical half-plane in the
DC-3 system, with a flight elevation of h = 30 m. Energy spectra of the original anomaly, the filter and
the filtered anomaly as a function of the signal frequency (left). The original anomaly and its filtered

version (right).

According to the sampling theory, only
signal frequencies lower than fy can be
correctly recovered from the sampled data.
Hence, the true anomalies should only con-
tain signal frequencies lower than fy. An
anomaly produced by a vertical thin half-
plane conductor and measured from the
nominal flight elevation is a reasonable
approximation in practice of a true anomaly
with the highest signal frequencies. The
energy spectrum of such an anomaly as a
function of signal frequency has been calcu-
lated with the Fourier transform method
(Ruotoistenméaki 1979). The spectrum is
shown in Fig. 14. The energy spectrum of
the recursive filter (19) with coefficients
by = 0.339, by = 0.992, b, = -0.331 and cut-off
frequency = 0.2fy is also shown in the same
figure as is the energy spectrum of the
anomaly after filtering. It is seen that the
spectrum of the anomaly changes markedly
as does the anomaly itself. The problem is
that, as the aim is to reduce the noise alone,

the cut-off frequency of the filter cannot be
decreased significantly. Hence, the coef-
ficients of the filter are a compromise be-
tween efficiency of noise filtering and distor-
tion of true anomalies.

The simplest way to reduce short-wave-
length noise would be to increase the time
constant of the low-pass filter of the amplifier.
The influence of the detector time constant
on the field survey data has been treated in
general terms by Ghosh (1972) and Palacky
(1976) and in more detail by Jensen and
Becker (1979). The time constant makes it
possible to apply phase-locking techniques in
amplifier design and reduces the aliasing
of the high signal frequencies in the digital
sampling of the data. On the other hand, the
time constant reduces the amplitude of the
anomaly and causes a phase shift. The values
of the time constant settings reported in the
literature vary between 1 and 5 s. Although a
high t value reduces the noise value N, the
signal to noise ratio will be materially im-




proved only for large anomalies in which the
wavelength of the signal is much greater
than that of the noise. In contrast, the anom-
aly wavelength of narrow conductors is
shorter and the high time constant reduces
the signal as well, with the consequence that
the S/N ratio does not necessarily improve.
Hence, the maximum =t value allowed is
determined by the wavelength of the true
anomalies, that is, in practice, by the survey
flight elevation h and the speed v. Jensen
and Becker (1979) have given a condition for
the maximum value 1

max

(21) ThaxV=<h

to keep the distortion of true anomalies so
low that it does not seriously affect the inter-
pretation of the results. In the DC-3 AEM
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system with h = 30 m, v = 58 m/s the equa-
tion(21) gives 1, =< 0.5s,i.e. the applied value
of © was quite conservative. However, as
the results on page 40 show, even a time
constant as short as t = 0.3 s cannot be held
insignificant. Hence, the constraint expressed
by equation (21) must be considered as too
wide.

On account of the small difference between
the maximum signal and the Nyquist fre-
quencies of the DC-3 AEM system, inverse
filtering to eliminate the effects of the time
constant (Jensen & Becker 1979) would lead
to severe distortions in the short-wavelength
anomaly data. This was not considered ap-
propriate. Therefore, the theoretical modell-
ing results (pages 82-87 and 90—96) were
prepared so that the effect of the time con-
stant is taken into account when necessary.

Auxiliary instrumentation and results

The auxiliary procedures that directly
affect the quality of the AEM survey results
are the recording and processing of the posi-
tion data. Indirectly and mainly for monitor-
ing, use can be made of the data relevant to
flight elevation, vertical acceleration of the
aircraft and the spherics monitor.

Positioning

The reduced elevation of low-elevation
surveying, nominally 30 m, introduces dif-
ficulties in both flight-time navigation and
subsequent flight-path recovery and posi-
tioning of the survey data. The narrow line
spacing, 200 m, however, requires highly
accurate navigation and positioning in order
to keep errors in the location of the survey
points within reasonable limits. Large errors
would hamper the production of contour
maps from the aerogeophysical survey data

and increase the amount and cost of follow-
up studies. Taking into consideration the
characteristics of the DC-3 aircraft and the
quality of the navigation maps, the aim in the
accuracy of across-track navigation has been
set at Ap = +50 m. Correspondingly, the
positioning accuracy of the survey points
on the navigation map should be Ap, = + 30
m and on the topographic map Apz = + 50 m.

Navigation is accomplished with the aid of
aerial maps or aerial mosaics on a scale of
1: 10000 on which the desired survey lines
are drawn in advance. The most accurate
navigation map is obtained with aerial maps
but these are not available for the whole
country. The accuracy of an aerial map on a
scale of 1: 10 000 corrected with a dry glue
method is generally 3—5 m in flat or un-
dulating terrain (Noukka 1979). If the varia-
tion in topographic elevation is large the
errors may be significantly higher. The
aerial mosaics are compiled with uncorrected
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aerial photos enlarged from originals on a
scale of 1:31000 or 1:60000. Thus, as is
demonstrated on page 45, aerial mosaics may
differ markedly from the corresponding
topographic maps.

The flight line is photographed for the
positioning with a continuous-strip film
camera provided with a wide-angle 1:2.8/7.5
mm lens and a 35 mm/120 m film cassette.
The scale of the exposed film is about 1: 7 000
in along-track and about 1: 4000 in across-
track direction. The location code and the
fixpoint number are also recorded in the
margin of the film. To meet the positioning
requirements, the spacing between the
fixpoints must be short, 1-2 km, when the
navigation is done visually and the x.)y
coordinates of the intervening points are
linearly interpolated. Hence, changes in
flight velocity and across-track deviations
are unable to make the errors at the inter-
vening points too large.

Navigation requirements can only be met
when the flight weather is practically free
from turbulence, and the across-track wind
component is less than 5 m/s. Under such
conditions the average across-track devia-
tion was Ap; = 22 m, when 477 fixpoints of
the Porvoo 1975 and Savukoski 1977 survey
lines were compared with the nominal line
positions.

Before the introduction of a Doppler
positioning system the above accuracy
requirements entailed considerable manual
work: about 30 000 fixpoints had to be pro-
cessed annually. In addition to the high costs
involved, there was also a marked time lag
in the computer data processing of the survey
data.

In 1975, Doppler navigation equipment
was added to the DC-3 instrumentation to
facilitate and speed up the positioning.
When tested, the equipment was found to be
very good as regards short-term accuracy.
However, the drift of the whole equipment as

specified by the manufacturer, 1 % of the
total distance travelled, was so high that the
long-term accuracy is not good enough for
flight-time navigation in this application.
Nevertheless, since the adoption of the
Doppler equipment, it has been possible to
increase the distance between the fixpoints
to 5—10 km. As a result, there has been a
marked reduction in the processing of the
fixpoints, the annual number of points
having been reduced to 5000-10000. The
introduction of the Doppler equipment has
also made positioning somewhat easier,
because the most readily recognisable land-
marks can be selected as fixpoints and
because all the x,y coordinates of the inter-
vening points are recorded.

The Doppler equipment is composed of
three main units: the Doppler radar, a gyro-
scope and a calculator. The Doppler radar
measures the ground-speed vector of the
aircraft, and the gyroscope determines the
angle between the longitudinal axis of the
aircraft and the reference axis, e.g. North.
The calculator integrates the ground-speed
vector and transforms the along-track, across-
track data into the coordinate system desired,
e.g. a rectangular x,y coordinate system. The
calculator updates the x,y coordinates of the
survey point with a = 10 m resolution at an
average time interval of 1.6 s. An example
of the flight path recovery based on original,
uncorrected Doppler data is shown in Fig. 15.

The drift in the Doppler data is removed in
the computer data processing with the aid
of the fixpoint coordinates checked from the
navigation map and the flight-path film. At
first, the accuracy of the fixpoint coordinates
collected manually is tested by comparing
the flight speed estimates vyp and vp calcu-
lated between each pair of fixpoints from the
respective manual and Doppler coordinates.
The drift of the Doppler equipment is so
small over the distance between two succes-
sive fixpoints 2—10 km apart that the calcu-
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Fig. 15. Example of a survey flight route map based on Doppler data. (a) Uncorrected data,

total flight time 3.37 h and distance travelled 610 km. Closure error Ax = 6 080 m, Ay = 2 550 m.

(b) Position estimates of survey lines after a least squares fit to the original data. Note the errors

between fixpoints 56, 34—35 and 39—41. (¢) Position estimates of survey lines after the correc-

tion of Doppler errors. The correction is based on the extrapolation of the last correct recordings
of heading, drift angle and ground speed data.
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lated estimate of flight speed vp is a useful
parameter for comparison. If the difference
between the estimates vgp and V[_)- exceeds
a given limit, the values of the manual fix-
points are checked. Once the coordinates of
the manual fixpoints are approved, they are
assumed to be exactly correct and the
Doppler data are linearly adjusted to match
them.

The theory, instrumentation and accuracy
of the Doppler navigation method has been
described comprehensively by Boie (1970).
By elaborating the method that Boie pro-
(1977)
studied the accuracy of the Doppler equip-
ment of the Geological Survey. They reached
the following conclusions: the average drift
calculated from the closure errors of the
survey flights in 1976, 99 in all, was 0.46 %
of the total distance flown. The results of the
four survey flights made in the Porvoo area
in southern Finland were analysed in more
detail. The test material included data on 24
flight lines, each 70 km long, with a total of
852 fixpoints. Comparison of the manual and
the original Doppler coordinates of the fix-
points demonstrated that the average drift of
the gyroscope was 0.71°/h. The average
across-track error due to one 180° turn was
found to be 94 m and the standard deviation
127 m. The along-track error Ae in the
original Doppler coordinates was, according
to a model defined by the equation,

posed, Peltoniemi and Vironmaiki

(22) Ae=e, +epVL

where L = length of the line (km), e, = 110 m
+70m,ep =29m £ 9m. Fora singléDoppler
fixpoint, the standard deviation of across-
track error averaged 31 m.

In the above study, the manual x,y coor-
dinates of the fixpoints were assumed to be
error-free because the magnitude of the errors
was not known. Boie (1970, p. 112) has
reported an average error of 34 m for the
manual x,y coordinates, but under flight
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Fig. 16. Distribution of the position differences,

Ap,, between two fixpoint positionings. (a) The

Porvoo survey area totalling 153 fixpoints. (b) The

Sodankyld and Savukoski survey areas totalling
343 fixpoints.

conditions that were different than those
upon which the above material is based. In
the present work, errors in the manual fix-
point x,y coordinates of the DC-3 low-eleva-
tion flights were estimated on the basis of
two different sets of data. The first consists
of the same Porvoo 1975 data that were used
as test material in the previous study. The
navigation map of the survey area was com-
piled from aerial maps exceptionally on a scale
of 1:20000, photographed in 1958—1959.
Although quite old, the aerial maps were
judged satisfactory owing to the highly
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Fig. 17. Error distribution of the control points
transferred from aerial photo mosaics to topo-

graphic maps. The Sodankyla survey area, total of
205 fixpoints compared.

detailed topography of the area. Of the fix-
points, 153 were repositioned by a different
person from the one who made the original
positioning. The difference between the new
and old positions of the fixpoints is shown
as a distribution histogram in Fig. 16a. The
difference averages 13 m, and for 88 % of the
points the difference is less than 30 m.

In the second comparison, the material
studied comprises 1140 line kilometres and
343 fixpoints from the Savukoski 1977 and
Sodankyla 1977 survey areas in northern
Finland. The navigation map was composed
of aerial mosaics on a scale of 1: 10 000 that
were enlarged copies of high-elevation aerial
photos taken in 1971 and 1974. On account
of extensive bogs and forests, the terrain is
not so easy to recognise as in the Porvoo
area, and the larger scale of the navigation
map does not compensate for the larger
errors in coordinates. In addition to the

normal continuous-strip films, it was possible
in this comparison to make use of the colour
slides taken of each fixpoint with a single-
exposure camera then in experimental use.
Both cameras were fitted with the same
type of lenses. The difference between the
new and old positioning results is shown as a
distribution histogram in Fig. 16b. The
average difference for this material is 19 m,
and for 78 % of the values the difference does
not exceed 30 m. The differences are slightly
higher than in the data on the Porvoo area.

In comparison with the topographic maps
published for the Savukoski and Sodankyla
areas, the errors in the aerial mosaics were
studied by determining the coordinates for
205 control points from both types of maps
and by computing the differences between
the coordinates. The results are illustrated
as a distribution histogram in Fig. 17. The
average difference is 24 m, and for 73 % of
the values the difference does not exeed 30 m.
Note that the differences also include errors
due to the compilation of the aerial mosaics
and the positioning of the national x,y co-
ordinate grid.

The position error estimates thus obtained
can also be compared with the errors that
can be deduced from the locations of the
sharp AEM anomalies produced by power
lines on the anomaly maps. For such anom-
alies the difference between the along-track
location of the power line on the AEM
anomaly map and the topographic map can
be estimated within an accuracy of 10 m.
The comparison for the 169 control points
inthe Tervo 1978 survey area gives an average
of Apz =16 m, which also includes the
effects of time constant and digital sampling.
The result is of the same order of magnitude
as that obtained in the fixpoint error analysis.
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Fig. 18. Topographic elevation data and type of terrain from the Tervo survey area, map sheet 3313 12.
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Fig. 19. Flight elevation map of the Tervo survey area, map sheet 3313 12.
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Flight elevation

Low-elevation surveying by the Geological
Survey aims at a flight elevation of 30 m
(100 ft) from the obstacles, which, in practice,
makes it 30 to 50 m from the ground surface.
A constant flight elevation is very important
for the quality of all aerogeophysical survey
results because variations in flight elevation
have a strong influence on survey data and
cannot be exactly corrected in the anomaly
values. great
operational skill in flying and experienced
and highly professional personnel. Likewise,

The specifications call for

the flying weather must meet strict condi-
tions of wind, visibility and turbulence.
Since the DC-3 aircraft is not designed
specifically for low-elevation flying its
specifications and characteristics had to be
taken into consideration when planning the
surveys. In practice, however, its perform-
ance turned out to be so good that only

some fell regions in northern Finland had
to be excluded from the surveying areas.

The flight elevation was measured with a
radio altimeter and recorded in digital form
at 0.5 s intervals with a + 1 m resolution. The
average flight elevations and standard devia-
tions for the survey areas were calculated in
the course of computer processing of the
aerogeophysical data. The results from vari-
ous areas differ mainly owing to differences
in topography, because the variations in the
flight weather tend to become smoothed. The
influence of the topography is reflected in the
averages h and standard deviations on of the
flight elevation data, as shown by Table 4.
The highest areal average h was recorded in
1973 during the most difficult working con-
ditions of the first operational year in the
Sokli survey area, NE Finland, h = 48 m, o}, =
9.2 m, and the lowest in 1975 in the Uusikau-
punki survey area, SW Finland, h = 28 m,
onh = 5.8 m.

Table 4

The average flight elevations h and the standard deviations o},, measured by the DC-3 system in various
survey areas. The average survey velocities ¥V are also given.

Type of topography Flight elevation Velocity
Survey area (year) h (m) oh (m) v (m/s)
Areas with flat topography

Evijéarvi (1973) 34 5.7 55
Utajarvi I (1974) 30 6.0 56
Pomarkku (1975) 30 5.6 56
Korsnas (1976) 30 4.9 58
Areas with low or intermediate, yet sharp

differences in elevation

VuokKkijarvi (1976) 33 5.7 58
Sotkamo (1977) 39 7.2 59
Tervo (1978) 40 7.8 58
Lieksa (1979) 39 7.6 58
Areas in which the topography shows large differences

in elevation although with varying gradient

Tanhua (1975) 33 9.4 57
Savukoski (1977) 40 6.8 58
Tulppio (1978) 40 Tl 60
Martti (1979) 38 6.1 59
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area (map sheet 3313).

An example of the correlation between
flight elevation and topography is given by
the results in Figs. 18 and 19. Fig. 18 illustrates
the topographic elevation map (map sheet
3313 12 of the Tervo 1978 survey area) and
Fig. 19 the flight elevation data of low-eleva-
tion DC-3 surveys in the same area. When
comparing the results it is necessary to re-
member the principle on which the radio
altimeter operates: on account of the high
frequency of the device, f =4 000 MHz, the
data measured refer to the shortest distance
to the reflecting object. Hence, the data usual-
ly show a jump at the boundary between
forest and field. Otherwise the data behave
as expected: owing to the flight technique
the valleys exhibit maximum and the hills

4

50

100 h(m)

minimum values. A more detailed distribu-
tion of the flight elevation records is given in
Fig. 20 for the data of the test map sheet
(100 km?) and the whole survey area (1 200
km?). The distributions do not show a sig-
nificant difference and, as expected, they are
positively skewed over the greater values.
The data contain 3.3 % flight elevations of
over 50 m.

Turbulence

Flight conditions affect the quality of all
aerogeophysical data, because the flight el-
evation (safety margin) has to be increased
when conditions deteriorate and it becomes
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more difficult to navigate the aircraft accu-
rately along the desired profile. Turbulent
flight conditions also affect the AEM data by
excessively raising the noise level, particu-
larly in wingtip coil systems. As pointed out
on pages 17 and 33, motion-induced noise,
which is one of the predominant sources of
AEM noise, directly affects the quality
of the results. In the DC-3 system, changes
in the vertical acceleration of the aircraft
due to the combined effect of turbulence
and variations in topographic elevation
were measured by means of a strain-gauge
transducer whose data were recorded at
intervals of 0.5 s with a resolution of + 0.05
ms? (£ 1 mV). The device measures relative
values, and an increase in downward accel-
eration gives a positive deviation.

Fig. 21 gives the data on the vertical ac-
celeration recorded in the area of the map
sheet exhibited in Figs. 11, 18 and 19. The
figure shows some adjacent line pairs along
which the flight log-books reveal that the
quality of the flight conditions varied from
good to poor. Visual inspection of these data
reveals no difference. To establish the AEM
noise that is due solely to the variation in

vertical acceleration, the data recorded under
different flight conditions were studied in
greater detail. The profile sections were the
same as those used in the AEM noise calcula-
tions (Fig. 11). The average values for the
changes in vertical acceleration Ag, and the
standard deviations o,,, for the test profiles
are given in Table 3. The results demonstrate
that the average Ag, values correlate with
flight weather, but there is no significant cor-
relation between the Ag, values and the
standard deviations o,.,,. ore and orm. The
variation in vertical acceleration does not af-
fect the DC-3 AEM data so much that it can
be distinguished in the AEM noise. On the
basis of even more extensive material, Ruo-
toistenméaki (1980) has studied the correla-
tions between the DC-3 AEM data, flight el-
evation and vertical acceleration. His results
also suggest that the correlation between
flight conditions and AEM data is not stat-
istically significant. Hence, there is no need
to correct the AEM anomaly data by means
of the measured vertical acceleration. These
results are good evidence of the degree of
mechanical rigidity achieved in the installa-
tion of the DC-3 AEM coil supports.

COMPUTER PROCESSING OF DIGITAL AEM DATA

Background

When the low-elevation surveys began in
1972, automatic data processing (ADP) was
in its initial stages at the Geological Survey
of Finland and the production of aerogeo-
physical survey maps was their first large-
scale ADP application. The computer system
of the Geological Survey, a Hewlett Packard
HP 2100A including peripherals,
stalled in the autumn of 1971 in a configura-
tion that included a central processing unit

was in-

(CPU) with 16 k of 16-bit words, two magnetic
tape stations, a graphic printer-plotter, and
paper tape read and punch units. The oper-
ating system allowed one batch job to be run
at a time. The hardware was extended and
the operating system changed several times
during the years 1972—-1974.

During the initial stages of the low-eleva-
tion surveys even the development of the
reading and checking program for the pri-
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mary data tapes was a laborious task owing
to the unusual packing density of the mag-
netic tape, 200 BPI, and the numerous re-
cording errors on the tapes. The original ver-
sion developed by Westerlund (1973) and
Korhonen (1974) has since been supple-
mented and modified several times.

Owing to the limited capacity of the com-
puter, the low-elevation survey data had to
be handled on the basis of batch processing
and separate data files, i.e. the desired com-
ponent had to be picked out from the primary
magnetic tape and treated separately. The
data processing was started with data from
low-elevation aeromagnetics. The appropriate
application programs were developed by
Korhonen (1974).

At the end of 1973 the Geological Survey
acquired a set of computer programs devel-
oped at the Geological Survey of Canada for
processing airborne gamma-ray survey data
(Grasty 1972). In Canada the programs were
run on a big CDC 6400 computer. Hence, in
Finland, the programs could be brought into
use more quickly when they were converted
to fit the U1108 central computer of the Min-
istry of Education. At the same time the Geo-
logical Survey ordered a Calcomp 925/1036
drum plotter together with a contouring pro-
gram for the graphic production of survey
maps. The U1108 modification of the software
for processing airborne gamma-ray survey
data and the plotter were ready to be tested
in the summer of 1974; the first low-elevation
aeromagnetic and airborne radiometric maps
were released by the end of the year.

In their systems design the computer pro-
grams for airborne radiometric data corre-
spond to those applied at the Geological Sur-
vey of Canada. Owing to differences in in-
strumentation and methods, changes had to
be made in the program versions at the Geo-
logical Survey of Finland (Peltoniemi 1975).
The greatest changes were the processing of
36-channel gamma-ray spectrometer data and

the inclusion of more detailed processing of
the positioning data. When compared with
the topographic map, the survey positioning
data should be accurate to + 50 m, as de-
scribed on pages 41-45. Therefore, a set of
programs was developed for that purpose by
Kari Laakso, Martti Laasasenaho and the
present author.

The software for handling the AEM data
was developed in 1975 (Peltoniemi 1975) by
making as much use as possible of the ex-
isting software for airborne radiometrics. The
first AEM maps were released at the end of
1975.

Since the capacity of the HP 2100A was
small, even after extensions, the Geological
Survey decided to purchase a new and more
efficient computer. The new one, a HP 3000
Pre-Cx, was installed at the end of 1974. The
installation of the software for drawing con-
tour maps was, however, more difficult than
expected and thus the U1108-based versions
continued to be used. The contouring soft-
ware was transferred at the end of 1975 (Kaila
1976) and the remaining software during the
winter of 1975—1976.

After these rather complicated arrange-
ments had been completed, the computer-
based map production of AEM low-elevation

Table 5

Number of in-phase and quadrature low-elevation
AEM survey maps on a scale of 1: 20 000 released
from 1975 to 1981 by the Geological Survey of

Finland.
Year Survey area Number of maps
(km?) released
1975 235 8
1976 11880 266
1977 12455 258
1978 16670 350
1979 8945 188
1980 15865 312
1981 16700 464
Total 82750 1846




Geological Survey of Finland, Bulletin 321

COMPUTER PROCESSING OF AEROGEOPHYSICAL DATA
GEOLOGICAL SURVEY OF FINLAND

MAGNETIC DATA
ground base station

CHECKING AND
PROCESSING OF
BASE-STATION
DATA

PRIMARY AEROGEO-
PHYSICAL DATA

CHECKING OF DATA
main program 1

—

CHECKING OF AERO-
MAGNETIC DATA

SORTR EDIT OF DATA

INTERPOLATION OF
DOPPLER DATA
main program 2

SAFETY COPY
FIXPOINT LIST

NAVIGATION MAPS
FLIGHT PATH FILMS

[
—

1

MANUAL FIXPOINT
POSITIONING

DIURNAL CORRECT-
IONS OF AEROMAG -
NETIC DATA

CHECKING OF GAMMA-
RAY DATA
main program 3

FILE OF DOPPLER
XY VALUES OF
FIXPOINTS

CHECKING OF
MANUAL FIXPOINT

FILE
1

l

MERGE OF MANUAL
AND DOPPLER
FIXPOINT DATA

1

FINAL XY VALUES
OF DATA
CORRECTIONS OF
GAMMA-RAY DATA
main program 4

|

1

MERGE OF FINAL
XY VALUES

SORT FROM FLIGHT
TO MAP-SHEET FILES

main program 5

INTERPOLATION
OF AEROMAGNETIC
DATA

INTERPOLATION
OF GAMMA-RAY
DATA

main program 8

CONTOURING.
main program 9

CONTOURING
main program 9

]

CHECKING AND
CORRECTION OF
AEM DATA

main program 6

1

PROFILE MAPS
OF AEM DATA
main program?7

1
INTERPOLATION
OF AEM DATA
main program 8

TRANSFORMATION
OF AEROMAGNETIC
DATA DATA

TRANSFORMATION
OF GAMMA-RAY

Fig. 22. Generalised flowchart of the basic ADP processing of the aerogeophysical survey data.

CONTOURING
main program 9

TRANSFORMATION
OF AEM DATA

53



54 Geological Survey of Finland, Bulletin 321

surveys got underway in the spring of 1976,
and an effort was made to ease the backlog
in the survey data. The number of AEM in-
phase and quadrature component maps re-
leased on a scale of 1: 20 000 in various years
is shown in Table 5. By 1979 all the aerogeo-
physical low-elevation data had been sorted

out. The computer processing of the annual
low-elevation survey data into aeromagnetic,
AEM and airborne radiometric anomaly
maps equals about 10 million CPU seconds
of processing time for the two HP 3000 mini-
computers, and about 2 000 hours of plotting
time for the drum plotter.

Description of basic software

In this context the basic processing of AEM
data means the positioning and reduction of
data and their presentation as anomaly profile
or contour maps of in-phase and quadrature
components. The flowchart of the basic pro-
cessing sequence is shown in Fig. 22. The
computer processing is common to all the
aerogeophysical survey data in terms of in-
itial checking, processing of the positioning
data and contouring program. Moreover, for
the reasons given above, the software for the
AEM and airborne radiometric data is com-
mon in other respects as well except for the
execution of methodic reductions.

The software for the AEM survey data in-
cludes nine main programs and auxiliary pro-
grams. The main programs undertake the
processing and updating of survey data files.
The data files are sequential, the data being
in binary form except in the ASCII-formatted
archives and security files. The first six main
programs execute the initial processing for

the last three plotter programs. The auxiliary
programs (not marked in Fig. 22) include
listing and line printer plotting programs,
programs for processing the fixpoint data, for
generating the control card decks and for
undertaking safety-copying. Apart from the
first main program, all the programs are
coded in HP FORTRAN.

The CPU capacity required by the main
programs varies, the highest being for the
contouring program. This program needs
such a large proportion of the capacity of the
HP 3000 processor that no other programs
can be executed at the same time. Since in
the other main programs the data are pro-
cessed by flight lines, the survey area has to
be divided into subareas if the line length
exceeds 70 km. The size of the data file that
is processed in one run depends on the stage
and varies between 1 and 10 megabytes. The
input and output files must therefore be
stored on magnetic tapes.

Method of reductions

The joint programs for processing airborne
radiometric and AEM survey data (main pro-
grams 2-5 and 8, cf. Fig. 22) have already
been released (Peltoniemi 1975); hence, in the
following, only the concepts of the methodic
AEM reductions (main program 6) are de-
scribed in detail. In the input file the AEM

survey data are arranged in flight linesin 1 s
records that already include the final x,y
coordinates. The formally erroneous records
and the ones with coarse sporadic errors have
been set to zero. The data are then corrected
as follows (Peltoniemi 1978a):




Geological Survey of Finland, Bulletin 321 55

o~ t(s)

—

-10007

-2000

A (mV)

+10000 a9

-1000+

= 2000l

A (mV)

+ 5000‘{

-5000

-10000

A’ (ppm)

Fig. 23. Principle of the methodic reductions of AEM data. (a) Original survey data. (b)
Survey data after spherics filtering. (¢) Survey data after reducing the overflow of the
ADC circuit. (d) Final AEM anomaly values after level and drift reductions.
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— Single recording errors and spherics
transients are removed.

— Truncations of the anomaly peaks due
to overflow of the analog-to-digital con-
version circuit are corrected.

— The equation for the true zero level line
of the anomaly curve is determined,
and the level- and drift-corrected anom-
aly values are calculated.

— Anomaly values are converted by
means of a calibration coefficient from
voltage signals (mV) into final, relative
anomaly values (ppm).

The various reduction stages are illustrated
in Fig. 23. Fig. 23a shows a sample line of
primary input data including the above com-
ponents which require methodic corrections.

On account of the small time constant of
the detector, the effect of the spherics tran-
sients is often seen as distinct anomalies in
the AEM data. These must be filtered off
sufficiently accurately before the contour
maps can be drawn. The number of spherics
transients varies with the survey weather and
the season, the maximum being reached dur-
ing long sunny periods at the height of the
summer. At its worst, the number is so high
that AEM surveying is impossible. Fig. 24a
shows an example of uncorrected survey data
with abundant spherics transients.

Several methods of eliminating spherics
transients have been tried. Large transients
can be detected simply through the differ-
ences between readings at successive points.
Small transients, however, cannot be dis-
tinguished from true anomalies in this way.
A comprehensive study was undertaken to
establish the feasibility of numerical filtering
of the transients based on spectral analysis
(Tammenmaa & Peltoniemi 1979). The fre-
quency analysis demonstrated, however, that
the frequency spectra of transients and true
anomalies overlap so strongly that filtering
with a low-pass filter cannot be accomplished

satisfactorily. Another drawback of the meth-
od would be the distortion of the true anom-
alies.

In practice, the best procedure found was
to use a filter based on the shape of the tran-
sient. In transient recognition, good use can
be made of the fact that the shape of tran-
sients is mostly characteristic and close to the
impulse response of an RC-circuit (Fig. 25).
If anomaly profiles have portions in which
the ratios of the survey data are as shown
in Fig. 25, the sections are identified as spher-
ics transients and are eliminated by linear in-
terpolation. The inspection is undertaken in
the direction of increasing time for both in-
phase and quadrature components. The tran-
sients are always eliminated from the data
on both channels, even though the identifica-
tion is performed on only one of the two
channels. The method has the advantage that
the transient is detected irrespective of its
amplitude, and that the application of the
method has no effect on the values of the true
anomalies. What is more, single-point re-
cording errors can usually be rectified at the
same time. As demonstrated by Fig. 24b, al-
most all the transients have been eliminated
by filtering. Unfortunately, however, data
sometimes include transients that differ in
shape from the usual ones and cannot there-
fore be identified. The identification limits
cannot be made too wide, because the frue
anomalies might then be affected.

If necessary, the spherics transients that
escaped filtering can be eliminated by means
of a separate spherics monitor (cf. p. 31). The
monitor is dimensioned so that the output
signal does not show the influence of the true
conductor anomalies. Thus the data recorded
on the monitor channel can be used directly
as a correlation signal to eliminate the spher-
ics transients. It has, however, not been pos-
sible to increase the sensitivity of the monitor
so much that all the small transients are
recorded. In practice, the use of numerical
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Fig. 25. Principle of the spherics filter (Tammenmaa & Peltoniemi 1979).

Aj = original value, D; = value with a local zero level at point i. If the

successive values have ratios of —0.10 = D,/D, = 0.10, —0.10 = D,/D, < 0.30

and —0.10 = D,/D, = 0.10, the data sequence is recognised as a spherics
transient.
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filtering is usually sufficient. For this reason
and because of restrictions in the computer
CPU capacity the outputs of the monitor
channel have only occasionally been applied
to filtering purposes.

In the next step of the reduction procedure
the overflow of the voltage signals is cor-
rected. Since the digital output from the ana-
log-to-digital converter is recorded with 3
digits and a bit indicating the overflow, volt-
ages exceeding + 2 000 mV are truncated in
the conversion, see Fig. 23a. In practice this
is a rare event, because it requires anomaly
amplitudes of at least 10 000 ppm. The over-
flow is identified by the magnitudes of and
differences between successive survey data.
The reduction itself is a trivial exercise, but
its ADP procedure is somewhat hampered by
the fact that, under such conditions, the true
variation in the anomaly is usually high as
well. Fig. 23c illustrates the survey data after
they have been corrected for the overflow.

The most difficult methodical problem is

how to determine accurately the true zero
level of the anomaly data. As an instrumenta-
tion quantity the zero level of the voltage
signal can be set arbitrarily. Changes in flight
weather, such as temperature, cloud cover
and wind, produce changes in the termal flow
of the coils and other analog components and
in the coil separation; hence, it is difficult in
practice to wholly eliminate slow drift in the
zero level. In the DC-3 AEM instrumentation
the change is so slow and linear that it is
not necessary to reset the zero level during
a survey flight of normal duration. Hence, the
drift can be accurately reduced by means of
a correction equation that is a linear function
of time. The correction coefficients could be
manually determined for each flight line. The
annual survey data, however, are so volumi-
nous (c. 1000 lines/a) that the coefficients
should be determined by an automatic proce-
dure if possible. The problem is, how to take
the effect of the anomalies into account, be-
cause a direct least squares fitting for the
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whole data gives an erroneous result; the
more anomalous values there are along the
line, the greater is the systematic error. Con-
sequently, the computer program is based on
the following procedure (cf. Figs. 23c and
23d):

— An average A and standard deviation
0, are calculated for all the AEM survey
data on a line.

— The values A; that meet the condition

(23) (A—q104) < A; < (A + q,04),

where q, and g, are constants deter-

mined experimentally, are picked out.
— A line is fitted with least squares

method to the data A; picked out

(24) A= cy + cyty,

where t; = recording time of datum i (s),
which gives the estimates for the cor-
rection coefficients ¢, and c,.

— For each point along the line a reduced
anomaly value Z;' is calculated from
the equation

(25) A’i=(A;i—co — Clti)qa.

where q, = calibration coefficient (ppm/
mV).

The method is applies separately to in-
phase and quadrature components. It is sim-
ple and generally gives good accuracy pro-
vided all the data on the lines are not anoma-
lous.

Visual interpretation and the use of profile
maps are not disturbed by small errors in
zero level and drift. When compiling the con-
tour maps, however, it is imperative that the
zero level be correct within + 50 ppm. The
requirement is strict and, as a consequence,
about 2—5 % of the lines must be re-run on
an additional reduction program before the
data for contour maps can be interpolated.
The reduction program, which also allows for
non-linear drift, has been developed by Jou-
ko Vironmaki.

After the methodical corrections, the AEM
data are ready for the program that generates
the stacked anomaly profiles (main program
7). The maps are produced on a scale of 1:
20 000 in accordance with the Finnish topo-
graphic map division. The profiles have a
linear scale for the anomalies with a scale
coefficient of 400 ppm/cm or, in areas with
large anomalies, 1000 ppm/cm. The scale
coefficient is the same for all the maps of
a given survey area, and is given in the legend
of the map. Examples of AEM profile maps
are shown in Figs. 11a and 11b. It is worth
noting that the data on the profile maps have
not been submitted to any additional filtering
except that resulting from the time constant
of the detector (r = 0.3 s) and spherics fil-
tering. This preserves the original resolution
ofthe data and allows the recognition of small
anomalies. Anomalies caused by man-made
noise (cf. p. 33) are not systematically deleted
either, although some of them are eliminated
in the spherics filtering.

The interpolation program of the AEM data
(main program 8) is based on linear interpola-
tion. At the same time the data are smoothed
by a moving average procedure with binomial
coefficients over a desired number of points
(generally 5 points). The data are interpolated
into a rectangular grid, an element measuring
25%200 m2. In other words, the data matrix
of a standard-sized map sheet of 10x10 km?
has 53x401 = 21 253 points. The contours are
generated from the gridded data by a com-
mercial software package GPCP-II (Califor-
nia Computer Products Inc. 1972). The anom-
aly contours on the maps are shown on a
progressive scale and the original plotting is
produced in three colours. The contour val-
ues are listed in Table 6. Examples of the
AEM contour maps are given in Figs. 54a and
54b. The specifications of the AEM device
and data processing are listed in the legend
of the maps (not reproduced here).

The question may be raised as to why both
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Table 6

Numeric values and colours of the countour lines used in the plotting of the AEM contour maps. Owing
to the small scale of reproduction possiblé in this context, some of the original contour levels have been
omitted from the figures.

Value (ppm)
Colour 1. 2.
Blue +100, +150, +200, ... +100, +300, +500, . ..
Black +50, —100 —100
Red —200, —300, —400, ... —1000 —200, —600, —1000, —1500
—1250, —1500, —1750, —2000, —2500, -3000, —3500, ... -2000, —3000, —4000, ...

1. Original maps on a scale of 1: 20 000
2. Maps reproduced here; all contours black (except Fig. 106)

Table 7

Capacity requirements (in terms of CPU time) of the HP 3000 Pre-CX computer used in the processing

of the aerogeophysical low-elevation data, calculated as averages per one original record of data (cf.

Table 2), one line km (averaging 35 points of AEM data) and one map sheet (530 line km). Numbers in
brackets refer to the ADP flowchart in Fig. 22.

CPU time (s) %

per 1 s record per line km per map sheet

Basic data processing

Main programs 1-5 0.80 14.0 7500 12.9
Safety copying 0.34 6.1 3200 5.5
Fixpoint data processing 0.06 1.2 600 1.0
Processing of AEM anomaly data
Methodic corrections (6) 0.05 1.0 500 0.9
Profile map plotting (7) 0:23 4.1 2200 3.8
Gridding (8) 0.13 2.3 1200 2.1
Contouring (9)) 0.32 5.8 3100 5.3
Transformation of AEM data
Transformation 0.06 1.0 600 1.0
Gridding (8) 0.13 2.4 1200 2.1
Code conversion 0.07 1.3 700 1.2
Contouring (9)1) 0.61 11.0 5900 10.1
Processing of aeromagnetic data
Correction of base station data 0.19 3.5 1800 3.1
Methodic corrections 0.59 11.0 5700 9.8
Single-sensor data gridding and contouring (9)) 0.38 6.9 3700 6.3
Gradient data gridding and contouring (9)!) 1.26 23.0 12100 20.8
Processing of airborne gamma-ray data
Gridding (8) 0.11 2.1 1100 1.9
Contouring (9)!) 0.74 13.0 7100 12.2
Total (nominal) 6.07 110 58200 100
Repeats due to hardware and software
failures (c. 40 % of total) 2.43 40 22800
Total (effective) 8.5 150 81000

1) The CPU time required in contouring depends on the number of contours generated.
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profile and contour maps need to be pro-
duced from the same AEM data. In the opin-
ion of the present author, there are advan-
tages in both compilation techniques, and the
results are complementary. The profile map
displays the true position and value of each
data point actually measured. Hence, the map
gives a true representation of the original
quality and noise level of the data, and makes
it possible to distinguish between small sig-
nal and noise anomalies (geological conduc-
tor vs man-made anomaly source). On the
other hand, the contour map makes it pos-
sible to display even the biggest anomalies
in a readable form. As the contouring neces-
sarily means a degree of smoothing of the
original data, this may ease the visual inter-
pretation of the results, as some of the short-
wavelength signals are filtered off. These
points are easily seen by comparing Figs. 12
and 81 (lower half), which are based on the
same original data.

The ADP software developed serves the
data processing of the AEM and airborne
radiometric surveys and partly also of the
aeromagnetic surveys. Thus there is no point

in describing the use of the computer re-
sources for AEM data processing alone. The
average figures given in Table 7 hold for the
data processing of one map sheet (100 km?2,
530 line kilometres). The figures are for the
HP 3000 Series I and Pre-Cx computers of
the Survey in 1980. The standard outputs
comprise 2 profile and 2 contour maps for
AEM data (in-phase and quadrature com-
ponents), 3 contour maps for airborne radio-
metric data (total radiation, eU and eTh con-
centration maps) and 2 contour maps for
aeromagnetic data (absolute values of mag-
netic total field intensity based on a single
sensor or a transverse horizontal gradient).
The software described refers to the version
applied at the Geological Survey of Finland
in 1974—-1980. Part of the same AEM software
is also in use at the Geological Survey of
Norway.In 1981 a new software package with
an entirely redesigned and methodically im-
proved set of programs was brought into use
(Vironméki & Multala 1981). The new soft-
ware is faster, more flexible and more effi-
cient than the one described in the present

paper.

PRINCIPLES UNDERLYING THE APPLICATION OF AEM RESULTS

Physical properties causing AEM anomalies

When expressed in the SI system of units,
the behaviour of electromagnetic fields in
a medium is controlled by the following
physical properties:

— Conductivity o, dimension Sm 1.

— Magnetic susceptibility k, dimension-
less quantity.

— Relative dielectric permittivity e,, di-
mensionless quantity.

In AEM methods the physical property that
most affects results is conductivity. The sys-
tems are generally dimensioned for explora-
tional purposes so that only intermediate and
good conductors produce anomalies. As
pointed out on page 16, the lower limit of the
conductivity aperture can be adjusted with
the response parameter; in a rigid-coil system
this is done most readily by changing the



transmitter frequency. The usefulness of
AEM results in bedrock mapping and over-
burden studies is improved if indications are
also obtained from weak, and even from poor
This, however,
crease in the number of anomalies, and the
explorational application of AEM data based

conductors. entails an in-

merely on visual interpretation of anomalies
becomes more difficult.

In practice, magnetic susceptibility, al-
though in this context a secondary property
in comparison with conductivity, often also
produces AEM anomalies. According to Fara-
day’s law, the eddy currents in a susceptive

medium are proportional to the product
aHp

u—
at

Hence, the secondary field H, generated by
the eddy currents is directly proportional to
the magnetic permeability u and is in phase
with the primary field H,,. Thus, a susceptive,
resistive formation gives rise only to an in-
phase component anomaly. This phenom-
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enon can be put to good use within the limits
of the sensitivity of the AEM method in the
integrated application of AEM and aero-
magnetic data, e.g. when interpreting the
depth to the upper surface of the formation
and the mode of magnetisation.

The effect of dielectric polarisation is neg-
ligible in audio frequency AEM methods; for
example for the DC-3 AEM system the effect
on a permittive half-space is a few ppm at
most. The effect, which becomes measurable
with AEM methods only at frequencies f =
20 kHz, has been utilised in permafrost stud-
ies and in exploration for resistive formations,
such as gravel occurrences in a well-conduc-
tive environment (Sinha 1977a). The effect of
induced polarisation (IP) has not been noted
in the continuous wave AEM methods at
audio frequencies. Some attempts have been
made to interpret the AEM pulse transient
results by taking into consideration the IP
effect as well (Morrison, Phillips & O’Brien
1969, Lee 1981); such attempts are, however,
still speculative.

Conductivities of Finnish rocks and soils

The average conductivities of Finnish rock
and soil types, determined by means of gal-
vanic earth resistivity measurements, are
listed in Table 8. The values demonstrate
that the conductivity of some rock and soil
types is so high that in explorational applica-
tions they constitute a geological noise com-
ponent in the AEM survey data. In Finland,
particularly the following formations are
marked producers of AEM anomalies:

— Marine clays, especially the saline Lit-
torina Sea clays that cover the coasts of
the Gulf of Finland and the Gulf of
Bothnia and extend far inland, par-
ticularly in Bothnia.

— Graphite- and pyrrhotite-bearing schists
(black schists), which are fairly com-
mon in the Precambrian bedrock.

— The preglacial weathering layer that is
found in numerous localities in Lap-
land and whose conductivity at best
approaches that of the saline clays.

The areal distribution of these conductive
formations in Finland has been fairly well
established thanks to the quantity of litholog-
ical and soil data gathered (e.g. Marmo 1960,
Okko 1964, Kujansuu 1972). The utilisation of
AEM data in exploration is, however, often
hampered by the lack of sufficiently accurate
in-situ conductivity data, particularly on soil,
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Table 8

Electrical conductivities of some Finnish soil and rock types according to Puranen (1959) and Pernu
(1979). The data refer to galvanic earth resistivity measurements.

Material ty pe Conductivity (Sm 1)

Lake or stream water 0.002 —-0.01
Sea water 0.2 ~1
Coarse sand and gravel 0.0007 —0.001
Sand 0.001 —-0.002
Silt 0.005 -0.012
Clay 0.015 -0.03
Till 0.002 -0.005
Peat 0.003 -0.01
Mud, gyttja, mould 0.007 -0.012
Saline or graphitic clay 0.02 -0.5
Weathered bedrock in situ 0.003 —0.01

Gabbro
Granite, limestone }

0.00003-0.0001
Cneiss; mica sehist rocks of low conductivity

Quartzite, greenstone U.00006-R:(008

gelzggsetr:) t,llrélte 88g2 :88% rocks of medium conductivity
g’;?gﬁ:; ;):espyrrhotite—bearing schist 8(1)2 :180 } rocks of high conductivity

NB Values of soils are valid for layers below groundwater level. Values of soils above groundwater
level are approximately one order of magnitude lower.

associated with ultramafic and mafic rocks;
they are most difficult to interpret when re-

because the conductivity measurements are
undertaken only on a limited scale.

Anomalies due to magnetic susceptibility
show up best in AEM results when they are

lated to pyrrhotite-bearing black schists.

Methods of interpretation

The most common usage of AEM results
is visual interpretation. When applied with
experience, the method is both rapid and
effective. The interpretation is based on
the background information available on the
lithology and soil geology of the study area
as well as on the shape of the anomalies and
their areal extension. Hence, the anomalies
over a target can be classified, with a fair
degree of confidence, as due to overburden
or bedrock conductors. On the basis of the
amplitude and in-phase/quadrature ratio of

the anomalies, the conductors can further be
classified into poor, intermediate and good
conductors. Since the promising AEM anom-
alies in the exploration applications are gen-
erally measured in greater detail on the
ground, there has been no attempt to inter-
pret accurately the relations between the
AEM anomaly and the conductor properties.
Hence, visual interpretation is often very
general and much checking is needed in the
field.

When approaches more quantitative than
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a visual interpretation are aimed at, the in-
terpretation can be performed on the basis
of the special points or curve fitting of the
AEM anomaly. The application of the meth-
ods requires that the AEM responses to a
variety of idealised conductor models, such
as a conductive half-plane, have been deter-
mined either by numerical modelling or by
scale model measurements as a function of
the various parameters. With the aid of the
modelling results, the interpretation can give
more exact parameters, such as the conduc-
tivity-thickness product and the depth to the
conductor. Manual interpretation utilising
modelling results is arduous and hence much
slower than visual interpretation.
Methodically the most advanced way of
interpreting the AEM data would be to in-
vert the survey data into a model that in-
cludes both the geometry and the physical
properties of the conductors. The difficulties
of inversion are, however, such that it has not
been possible to apply the method in a gen-
eral form. Even so, the method can already
be partly used by fixing the geometry of the
inversion model and by employing the theo-
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retical solutions of the fixed model with the
aid of a data bank. Palacky (1972) and Fraser
(1978) were the first to apply the method to
the interpretation of AEM data. In Finland,
Valkeila (1978) has used the method in the
computerised interpretation of slingram
(horizontal loop) results. The method has also
been applied in the present study. It has the
advantage of allowing the anomaly values to
be converted as an ADP application systema-
tically and rapidly into apparent property
values. On the other hand, the interpretation
values are so strongly related to the fixed
geometry of the model used that they cannot
be more than a complementary way of pre-
senting the AEM results.

So far, the interpretation of AEM data in
Finland has been based almost exclusively
on visual interpretation. In this study theo-
retical results and methodic examples are
presented to demonstrate the feasibility of
other methods as well. In the opinion of the
present author, all the methods should be
applied if the aim of AEM surveys is, even
partly, to replace ground EM surveys.

Models used in interpretation

The interpretation of AEM anomalies has
to be based on models with a simple ge-
ometry, because theoretical solutions allow
only certain special cases to be resolved in
closed form. Solutions of geoiogically more
representative models must be searched for
by means of numerical or scale modelling
approximations. In this way some of the dif-
ficulties related to the models can be elim-
inated.

In the present work the AEM responses to
the following models were studied in the
DC-3 vertical coaxial coil system of the Geo-
logical Survey (cf. Fig. 26):

5

— One-layer model.
Two-layer model.
Half-plane.
Sphere.

|

The one-layer (half-space) model corre-
sponds to an extensive formation that is hom-
ogeneously conductive and/or susceptive
within the lateral coverage and penetration
of the AEM method. The formation may thus
be either a bedrock that is exposed or covered
by resistive overburden, or an electrically
thick conductive overburden whose thick-
ness exceeds penetration. The varied par-
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Fig. 26. Models and symbols of the variables used:
(a) One-layer model. (b) Two-layer model. (¢c) Half-
plane model. (d) Sphere model. o; = the con-
ductivity, u; = the relative permeability, ¢, =

ameters of the model include conductivity,
susceptibility, and depth to the surface.

In Finland, the most important example of
the two-layer model is a conductive and elec-
trically thin blanket of overburden overlying
resistive and possibly also susceptive bed-
rock. The parameters of the model are the
conductivity-thickness product of the con-
ductive layer, the depth to the upper surface
of that layer and the susceptibility of the bed-
rock. The same model geometry but with an
electrically thick layer of overburden can
rarely be used in Finland, because its ap-
plicability is restricted by the geological
conditions of the country. The multilayer
earth models could also easily be solved;
their use in Finland, however, seems only
seldom to be possible.

A sheetlike bedrock conductor is modelled
by an electrically thin, dipping half-plane.
The conductor is assumed to be infinite along
the strike, i.e. 2-dimensional. In the model,
the conductivity of the country rock is taken
as zero. The conductive overburden, how-
ever, can be included in the model with some
restrictions. Experiments have also been
performed on the model of an electrically
thick half-plane, an important AEM model
that has been subject to few studies to date.
The varied parameters of the model are the
depth to upper surface, the dip angle, the
conductivity-thickness product of the half-
plane and the conductivity-thickness product
of the horizontal conductor.

A conductive sphere in a resistive environ-
ment, i.e. a local conductor in bedrock or soil,
was studied as an example of a 3-dimensional
model. The varied parameters of this model
are conductivity, radius and the depth of the
centre.

the relative permittivity and d; = the thickness ot

layer i, uo=the permeability of vacuum

471107 Hm-!, e = the permittivity of vacuum

8.854-10-12 Fm-!, h = the flight elevation, | = the

coil separation, d = the thickness and a = the dip

angle of the half-plane, a = the radius and z = the
depth to the centre of the sphere.
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DC-3 AEM RESPONSES RESOLVED FOR VARIOUS MODELS

This chapter describes briefly how the
model responses are solved and gives ex-
amples of the results for the vertical coaxial
DC-3 AEM system. Previous studies of the
models, as reported by other authors, and the
accuracy of the modelling methods are also
discussed. The results are given directly in

accordance with the DC-3 AEM system; thus,
the user does not have to transform the par-
ameters. If desired, the results can also be

transformed to suit other vertical coaxial coil
systems by means of the response parameter,

equation (13), and by scaling the linear di-
mensions (Grant & West 1965, pp. 548—551).

One- and two-layer models

The solutions to the one- and two-layer
models can be written as formally exact
special cases of a general multilayered earth
model. The solutions, however, include os-
cillating infinite integral functions and hence
the calculation of numerical results requires
the use of numerical integration methods.

Previous studies

Conductivity effects

Theoretical solutions for a horizontal mag-
netic dipole above conductive one- and two-
layer earth models have been given by Wait
(1955, 1958). Malmqvist (1965) was the first
to calculate numerical data for the one-layer
model by means of series expansion meth-
ods. The results obtained with a computer
program as numerically integrated values
have been reported by Frischknecht (1967)
in a study that gives in tables the response
functions of the vertical and horizontal dipole
at given values of the parameters. Since the
number of parameters affecting the responses
is high, the coverage of the tables, in spite of
their large size, cannot be sufficient to meet

all needs. This was noted at the start of the
present study, when attempts were made to
calculate characteristic diagrams for the high-
elevation AEM systems of the Survey on the
basis of the tables. Ward and Hood (1969,
Fig. 25) and Fraser (1978, Fig. 7) have com-
piled characteristic diagrams for the one-
layer model from the tabulated values of the
response function. The characteristic dia-
grams calculated by Malmqvist are, however,
still of the most general use.

Peltoniemi (1977, Fig. 12) and Pitcher, Bar-
low and Lewis (1980, Fig. 13) have published
characteristic diagrams for the conductive
two-layer earth model. Both sets of graphs
have been produced by employing the com-
puter program reported by Sinha and Collett
(1973).

Wait (1962) has presented a theoretical solu-
tion to the multilayer earth model. On the
basis of this, Sinha and Collett (1973) pub-
lished their computer program which, how-
ever, omits the effect of displacement cur-
rents. By means of the program, responses
have been calculated for one- and two-layer
earth models of all the AEM systems in use
in Finland; the results have been reported as
1977,

characteristic diagrams (Peltoniemi
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1978b). The program was further developed
so that it can be applied to other towed-coil
(e.g. dual frequency) systems as well.

Susceptibility effects

Few theoretical studies have been pub-
lished to date on the effect of magnetic sus-
ceptibility on the results of electromagnetic
and AEM survey metbods. The first study
reported was that by Ward (1953), in which he
showed the responses to a conductive, sus-
ceptive sphere in a homogeneous primary field.
Later, Ward (1959) demonstrated that in order
to interpret the dimensions and properties of
the source, measurements must be under-
taken at several frequencies so that use can
be made of the information relevant to the
resistive and inductive limit of the response
function. Thomas (1977) has studied the effect
of susceptibility on the results of ground
electromagnetic survey in a multifrequency
dip-angle method. He has also calculated the
effect for the one-layer model in a helicopter-
borne AEM system. As a result, he gives k =
0.004 as the limit of sensitivity in the sus-
ceptibility determinations of the AEM sy stem
in question. Lodha and West (1976, Fig. 8)
give some response values for a susceptive,
conductive sphere in an AEM vertical coaxial
system. Fraser (1973) and Sequin (1975) have
reported case histories of experimental inter-
pretation procedures for AEM data in pro-
specting for taconite iron ores. Finally, Fraser
(1981) has presented a magnetite mapping
technique for a horizontal coplanar AEM
system. The technique is based on a resistive
half-space model and an empirical relation-
ship between susceptibility and magnetite
content.

Since remanent magnetisation is a static
property, the measuring of induced mag-
netisation by electromagnetic methods pre-

sents a means of discriminating directly be-
tween these two mechanisms of magnetisa-
tion by ground or airborne surveys, provided
that the electromagnetic survey is sensitive
enough. The first study on this subject was
probably that undertaken by Goldstein and
Ward (1966), who utilised the micropulsations
of the Earth’s natural electromagnetic field.
Later, Peltoniemi (1981b) gave examples of
the application of the method in the com-
bined interpretation of AEM and aeromag-
netic data.

The special case of a homogeneous, suscep-
tive half-space with zero conductivity can be
readily solved with a method of images. The
results thus calculated for various coil con-
figurations have been reported, for example,
by Keller and Frischknecht (1966, Fig. 201)
and for the slingram method more extensively
by Ketola and Puranen (1967, Fig. 75).

Solution method and its accuracy

A new version of the computer program
for the multilayer earth model has been pub-
lished for permafrost studies (Sinha 1977b),
in which the displacement currents generated
by dielectric polarisation are also taken into
account. Although the effect of magnetic
polarisation was omitted from the original
version, its addition to the solution and to
the new computer program did not entail too
large alterations. The addition of the magnetic
permeability w of the layer i as a variable
requires that it be taken into account in the
boundary conditions on the surfaces between
the layers and in the values of the skin depth
and propagation constant. The boundary
conditions determine the equations of the
reflection coefficients, which can be deduced
for the electric and magnetic polarisation
mode from the solutions reported by Sinha.
The equations are transformed into the form
reported earlier (Peltoniemi 1980a).
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In the calculations for the horizontal con-
ductor (two-layer earth) model, the conduc-
tivity of the lower layer o, was taken as o, =
0.001 - 0,. The contrast was selected experi-
mentally to be so high that, within the sen-
sitivity limits of the method, the model cor-
responds to a horizontal conductor layer in
a highly resistive environment. Since in-
formation on the shape of the anomaly is not
available for the layered earth model, the
characteristic diagrams describe all the in-
formation included in the model results.

The values of the relative dielectric per-
mittivity can be varied in the program and
hence a value of ¢,, = 10 was used for all the
layers in the calculations. Compared with
€, = 1.0, the effect on the DC-3 AEM data
is negligible, a few ppm at most.

After the changes the program was tested
as follows:

Table 9

— On the inductive limit the conduc-

tivities of the layers are the predomi-
nant parameters. Hence the results on
the in-phase anomaly must, at high con-
ductivity, approach the same limit val-
ues that can also be calculated with the
method of images. As Table 9 demon-
strates, the responses already approach
the limit value at o, = 50 Sm !, and yet
the effect of susceptibility is still rec-
ognisable. The limit value is reached in

practice at a conductivity of o, = 500 Sm-1.

On the resistive limit the susceptibility
values are the predominant parameters.
Hence the results should approach the
limit values calculated with the method
of images when very low conductivity
values o, are used. The results in Table
9 demonstrate that this condition, too,
is met excellently.

Comparison of responses to conductive and/or susceptive earth in the DC-3 AEM system, solved by means
of the computer program and the method of images at a flight elevation of h = 30 m.

(a) Inductive limit.

Computer program

Method of images

Wiy 0=50Sm"! 0=500 Sm !

o= 5000 Sm ! g =00

Re (ppm) Im (ppm)

Re (ppm) Im (ppm)

Re (ppm) Im (ppm) Re (ppm) Im (ppm)

1.0 —15430 —408 —15700 -126 —15780 —40 —15820 0
1.01 —15420 —410 —15700 —127 —-15780 —40
1.1 —15410 —428 —15690 =133 —15780 —42
1.5 —15330 -501 —15670 —155 =57 T0 —49
2.0 —-15260 -580 —15650 -179 —15770 —-56
(b) Resistive limit.
computer program method of images
Kp 0=10.001 Sm ! o= 0.0001 Sm 1 o= 0.00001 Sm~! o=10

Re (ppm) Im (ppm)

Re (ppm) Im (ppm)

Re (ppm) Im (ppm) Re (ppm) Im (ppm)

1.0 -54.6 —286 =10 -33.9
1.01 23.5 —-228 77.1 -34.2
1. 692 —311 752 ~37:1
1.5 3080 -396 3162 —48.2

2.0 5164 —476 5271 —59.0

0.8 -3.6 0 0
79.5 -3.6 79 0
754 -4.0 753 0
3166 —5.2 3165 0
5276 -6.4 5274 0
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Sinha (1977b, p. 9) reports that the accuracy
of the calculation in the original program is
so good that »accuracies of 1 ppm or better
are realized in most cases». The above checks
also show that the accuracy is very good.
Therefore, the usefulness of the computed
results depends on the compatibility of the
model (layered earth structure) with true
geological formations.

The calculation accuracy and time are pro-
portional to the accuracy in the numerical
evaluation of the infinite integrals involved
in the solution. The accuracy of the method
of integration — Gaussian Quadrature meth-
od,-96 calculation points per area between
successive zeros of the integrand — is good,
although the computing time required is rela-
tively long. The lower the elevation h of the
coil pair from the ground, the greater is the
number of terms that must be taken into the
solution. On the boundary h = 0 the integrals
diverge. As an example, the computing time
on the U1108 computer for the response curve
in Fig. 28 (h =30 m, {x,, = 1.01, 19 o,-values)
was 50 CPU-seconds.

Results

The set of characteristic diagrams shown
in Figs. 27-34 were calculated for the DC-3
AEM system with the modified program.
Corresponding results for the vertical copla-
nar coil configuration have been reported
elsewhere (Peltoniemi, 1980a).

Comparison of Figs. 28, 29 and 31, 32 dem-
onstrates that, on the resistive limit, an al-
most linear correlation on a logarithmic scale
prevails between the susceptibility and the
amplitude of the in-phase anomaly. The sign
of the in-phase component is reversed in com-
parison with the conductor response, where-
as the quadrature component remains almost
constant at low values of o, or o,d,. The

change from a positive response determined
by susceptibility to the normal negative re-
sponse controlled by conductivity takes place
within a rather narrow range of conductivity
or conductivity-thickness product. After a
further increase in conductivity, the response
is determined entirely by the conductivity of
the medium within the measuring accuracy

of the system.

Figs. 27 and 30 demonstrate that the sign
of the quadrature component becomes posi-
tive at h =20 m and at high values of o; or
0,d,. Since flight elevations that low are un-
usual in practice, use cannot be made of this
diagnostic effect.

As stated previously (page 00), the average
noise level of the DC-3 AEM system is N =
25 ppm. In accordance with the generally
accepted definition of the anomaly detection
limit s} (11), the minimum recognisable
anomaly of the system is 100 ppm. Fig. 28
(flight elevation h = 30 m, one-layer model)
shows that, in terms of susceptibility, this
means a detection limit of about k = 0.01.
A k-value like this corresponds to a magnetite
content of about 0.3 volume %, and a static
anomaly of about 250 nT. The sensitivity of
AEM methods to detect the variations in sus-
ceptibility is thus essentially lower than that
of magnetic surveying. However, if the mag-
netisation is strong enough, the results de-
scribed present a means of testing prelimi-
narily whether the static anomaly is due to
induced or remanent magnetism. The k-value
derived from the interpretation of the aero-
magnetic data can namely be applied with
the theoretical AEM results. Thus, assuming
that the magnetism is entirely induced, it is
possible to compare the interpreted and mea-
sured magnitudes of the in-phase component
anomaly in the AEM data (see examples on
pp. 207—-220). The comparison cannot be
made if the magnetised formation is also
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Fig. 27. In-phase and quadrature anomalies caused by a conductive half-space
in the DC-3 AEM system as a function of the flight elevation h and the con-
ductivity o, of the half-space.

highly conductive, because the response is
then determined by the conductivity.
Characteristic AEM anomalies due to sus-
ceptibility are more frequently encountered
in low-elevation than in high-elevation AEM
data. The difference is due to the higher sur-
vey elevation and the larger coil separation
in the high-elevation systems. The response

parameter ¢, of the one-layer model
(26)

0, = 0,1, 012

receives essentially higher values than it does
in the low-elevation systems at the same

o,u; values, and the higher frequency of the
low-elevation systems does not compensate
the difference. Thus, in the high-elevation
surveys, the inductive limit of the response
function is approached more easily and con-
ductivity becomes the predominant factor.

An outcome for the practical interpretation
of electromagnetic survey data is that the
susceptibility attenuates the in-phase anom-
aly of the conductor, and too low values of
interpreted conductivity or
thickness product are then obtained from
Figs. 27 and 30 (k = 0).

conductivity-
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Fig. 30. In-phase and quadrature anomalies produced by a thin conductive horizontal
layer in the DC-3 AEM system as a function of the depth to the upper surface h
and the conductivity-thickness product o7d; of the horizontal layer.

Table 10

Effect of conductivity and susceptibility on the behaviour of the response functions in the DC-3 AEM
system. One-layer and two-layer models, survey flight elevation h = 30 m.

Source of One-layer model Two-layer model
dominant effect

Susceptibility 0, < 0.001 Sm-! 0,d, < 0.04 S
0.001 Sm-1=o0,<0.01 Sm! 0.04 S=0,d, <04 S
and u;, > 1.15 and uy, > 1.2

Conductivity, conductance 0; > 0.05 Sm~! 0,d; >06 S
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Fig. 33. In-phase and quadrature
anomalies produced by a conductive
and susceptive half-space in the DC-3
AEM system as a function of the flight

elevation h and the conductivity o,. —
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space uy, = 1.10 is constant.

Based on the data in Figs. 28 and 31, Table
10 shows the limit values of the conductivities
and conductivity-thickness products at
which the DC-3 AEM responses grade from
those controlled by susceptibility into those
controlled by conductivity. The results dem-
onstrate that in the case of a homogeneous
half-space, when the conductivity o; = 0.001
Sm 1, the anomalies are always controlled by
susceptibility. At conductivity o, = 0.05
Sm 1, the anomalies are controlled by con-
ductivity, and in the intervening range both
properties have a significant influence. The
effect of conductive soil begins at conduc-
tivity-thickness products o,d; > 0.04 S and
becomes predominant at o,d; = 0.6 S.

It was suggested above that there are pos-
sibilities for using the AEM susceptibility
responses for interpreting the mode of mag-
netisation. The lack of a characteristic in-
phase anomaly over an anomalously mag-

IN-PHASE (PPM)

netised formation does not, however, neces-
sarily imply that the magnetisation is rema-
nent. In practice, the in-phase anomaly may
be lacking simply because the outcrop of the
magnetised formation is too deep for the
penetration of the AEM method. Fig. 33 il-
lustrates the influence of the depth of the
subsurface outcrop on the results of the DC-3
AEM system in the case of the one-layer mod-
el. The figure illustrates the variation in re-
sponse as a function of the depth h and the
conductivity o,, when the susceptibility is
constant, u, = 1.10. The anomaly detection
limit (100 ppm) is reached with a depth value
of h =75 m. When u,, is 1.25, the detection
limit value is increased to h = 100 m.

The characteristic diagram in Fig. 30 refers
to an electrically thin horizontal conductive
layer. Fig. 34 shows the effect of the thickness
d, and the conductivity o, of the horizontal
conductor on the DC-3 AEM data, when the
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Fig. 34. In-phase and quadrature anomalies produced by a thick con-

—-10000

DC-3 AEM system as a function of the

conductivity o, and the thickness d, of the horizontal layer. The flight
elevation h = 40 m is constant. Dashed line = thelower limit of interpreta-
bility as given by equation (31).

flight elevation h = 30 m and the susceptibili-
ties (u;, = u,. = 1.0) are constant. The result
indicates the theoretical possibilities for in-
terpreting the thickness of a conductive layer.
The practical application of the result, how-
ever, requires that also the depth to the upper
surface of the conductor be accurately

Half-plane

A Widely-used interpretation model in ex-
plorational applications of AEM data has
been a thin conductive half-plane in a resis-
tive environment. Modelling with the finite
conductivities of the half-plane must be con-

known; otherwise it would not be possible
to discriminate between the characteristic
diagrams in Figs. 30 and 34 (changes in h or
dy). The discrimination would be possible
by applying a multifrequency method of
AEM surveying.

model

ducted on scale models. Only if the conduc-
tivity of the half-plane is infinite can the
anomalies produced by the model be solved
numerically.



Previous studies

Wieduwilt (1962, Fig. 6b) and Podolsky
(1966, Fig. 5) were the first to report the re-
sults of scale model measurements on a ver-
tical coaxial coil system. Brant, Dolan and
Elliot (1966, Fig. 10) have extended the char-
acteristic diagram of the vertical half-plane
published by Wieduwilt to cover also the h/l
-ratios between 0.25-1.0. A comprehensive
scale model study of different AEM systems
has been undertaken by Ghosh and West
(1971) and Ghosh (1972). In the latter paper,
Ghosh also discusses the change in the half-
plane response caused by a conductive hori-
zontal layer of overburden. Of the scale model
measurements conducted at the Geological
Survey of Finland, a treatise by Hamaldinen
(1977) and a larger one by Ovaskainen and
Peltoniemi (1979) deal with this coil con-

figuration.

Results for a thin, vertical half-plane of in-
finite conductivity, solved by numerical
modelling methods, have been reported by
Hjelt (1964), Paterson (1971) and Jain (1973).

EM scale model responses to a susceptive
half-plane model have been reported for the
slingram coil configuration only (Ketola 1968,
Figs. 22—26). The papers by Wieduwilt (1962),
Fraser (1973) and Seguin (1975) give examples
of anomalies due to susceptive bodies in
AEM field survey data.

The most realistic 2-dimensional model for
EM data interpretation would be a conduc-
tive half-plane in a medium of poor, but finite
conductivity. This would best allow for the
complicated interaction and current chan-
neling effects between the overburden, coun-
try rock and half-plane. Owing to modelling
difficulties, results of this model structure
are scarce in the literature. Gaur, Verma and
Gupta (1972) and Gaur and Verma (1973) have
shown examples of the changes caused by
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conductive overburden and/or country rock
on the responses to a thin half-plane in a
vertical coaxial coil configuration. Their re-
sults suggest that, even with low conduc-
tivity, the environment clearly affects the
quadrature component of the anomalies. It
would also be important to establish the re-
sponses, which likewise have not been re-
ported in the literature, to the thick half-plane
in the AEM fixed-coil systems. Thus, the need
for future scale model studies still exists, in
spite of the number of studies already under-
taken and the significant contribution of the
available results to the interpretation of AEM
data.

AEM scale model measurements and re-
sults play a minor role in the present study.
Some data relevant to the DC-3 AEM system
are, however, presented on the basis of a
report by Ovaskainen and Peltoniemi (1979).
The results seek to demonstrate the effect of
the conductive overburden and the detector
time constant on the half-plane data and to
illustrate the responses to the electrically
thick half-plane.

Solution method and its accuracy

The scale model measurements were un-
dertaken with the modelling facilities of the
Laboratory of Economic Geology at the Hel-
sinki University of Technology. The con-
struction and accuracy of the instrumenta-
tion have been described by Ovaskainen
(1976). The data relevant to the models and
the measurements are listed in Table 11. The
measurements with different od values were
undertaken by varying the values of the re-
sponse parameter @z of the half-plane
(27) 0, = ouwld,
where d = the thickness of the half-plane (m),
between 6, = 0.25 and 750, and for the hori-
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Table 11

Properties of the instrumentation and models used in the scale model measure-
ments (partly according to Ovaskainen 1976 and Kurimo-Salminen 1979).

Specifications

Instrumentation

Principle
Coils

Coil separation

Model velocity

Oscillator

Frequency
Detector

Recorder
Models

Thin half-planes

Horizontal sheets

Thick half-planes

Accuracy
Along-track accuracy of model
Accuracy of model depth
Accuracy of dip angle
Recorder resolution
Noise level

fixed coils, moving model

diameter 18 mm, length 8 mm, 1875
turns, electrostatic shielding

10—20 cm

0-10 cm/s

HP Model 201C Audio oscillator
1000-15000 Hz, adjustable

PAR Model 129A Lock in Amplifier
Philips Model PM 8010 2-line flat bed

recorder

aluminium foils and sheets
thickness 0.01 -2 mm, area 1 x 1 m?2
conductivity 3.15- 10 Sm-!
aluminium foils

thickness 0.005-0.01 mm, area 1 X 1 m?
conductivity 3.15- 107 Sm !
graphite slabs

No 1: 5 x 29 x 51 cm?3

No 2: 10 x 23 x 51 cm3

No 3: 30 x 22 x 51 cm?
conductivity 1.0 10% Sm-!

5 mm
1 mm
1 degr.

2
ki } on the most

sensitive scale

20 ppm (original)
5 ppm (digitised)

zontal conductor between 6, = 0.12 and 3.7,
when the response parameter of the hori-
zontal conductor is defined by

(28) 92 = o uowldy,

where d; = the thickness of the horizontal
conductor (m). In practice, variations in @,
or §, values were achieved by varying either
the conductor thickness or transmitter fre-
quency.

By keeping the scaling factor tv/l constant
in field and scale model measurements, it

was possible to scale the effect of the time
constant to meet true flight conditions. The
depth to the upper surface of the half-plane
was varied as h/l = 1.0, 1.5 and 2.0. Hence,
in this respect, the measurements comple-
ment those undertaken by Ghosh and West
(1971), in which the h/l ratio was = 2.0. Ex-
perimental measurements on the thick half-
plane were conducted with graphite con-
ductor models, cf. Table 11. The properties
of and responses to these models in the
slingram coil configuration have been re-
ported by Kurimo-Salminen (1979).
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Table 12

Comparison of the scale and numerical modelling results for the vertical coaxial coil system as published
by various invgstigator :

(a) Thin half-plane with dip angle a = 90°, depth/coil separation h/l = 2.0 and time constant 1= 0s.

odf/103 Wieduwilt (1962) Brant et al. (1966) Ghosh (1972) Ovaskainen &
Peltonigmi (1979)
(SHz) Re (ppm) Im (ppm) Re (ppm) Im (ppm) Re (ppm) Im (ppm) Re (ppm) Im (ppm)
f 3.6 -110 -250 -60 -200 -85 -230 -110 —-240
12 —450 -510 —400 —400 =310 —410 —460 -390
- 36 -920 =500 -800 —-280 -810 —-480 =770 -290
120 —1220 —200 —950 —140 —1200 —-320 —950 —150
360 —-1260 -67 —-1000 -35 -1300 -200 -1000 -50
% (calc.) —1380 0 —1380 0
(b) As in (a) but h/l = 3.0. (c) As in (a) but a = 0°.
odf/10% Podolsky (1966) Ghosh (1972) od Ovaskainen & Peltqniemi (1980a)
Peltoniemi (1979)
‘ (SHz) Re (ppm) Im (ppm)  Re (ppm) Im (ppm) S Re (ppm) Im'(ppm) Re (ppm) Im (ppm)
|
‘ 3.6 —-60 -130 —-40 -95 0.37 -80 -800 —400 —-1150
12 —230 —190 —-125 —150 0.74 —450 —1400 —1050 —1800
36 -390 -150 —-280 —-140 1.78 -1700 -2300 -2300 —-2400
120 —-500 -90 —-370 —-80 3.70 —-3400 —2100 —3900 —2000
360 —560 —-40 -410 =50 7.42 —4800 —-1330 -5200 —-1200
« (calc.) —460 0 11.9 —-5100 —-980 —5600 —950
| 37 -5200 -370 —5700 -310
‘ 55 -5200 —180 —-5700 —-230
|
The accuracy of the measurements was Results

studied by comparing the results of different
measurements as given in Table 12. The re-
sults clearly show that the absolute accuracy
of different measurements is poor, because
each study has suffered from different sys-
tematic errors, and because the accuracy
requirements are very high: maximum anom-
alies measure only 0.01-1 % of the primary
field H,,. The results for the vertical half-plane
show systematic differences of 100—400 ppm
and for the horizontal conductive thin sheet
100-600 ppm. However, the relative precision
of results within each study is acceptable,
because the systematic errors are constant
for the same modelling facility.

6

Fig. 35a shows the characteristic diagram
of the DC-3 AEM system for a vertical thin
half-plane conductor in a resistive environ-
ment. The effect of the time constant has
been omitted from the results. In contrast,
the diagram in Fig. 35b refers to results with
v =58 m/s, t = 0.3 s. Figs. 36a and 36b illus-
trate the corresponding results of the model
measurements when the dip angle of the half-
plane is a = 30°. In the results of Fig. 37 the
model includes a vertical thin half-plane and
a horizontal conductor. The vertical and the
horizontal models were not in galvanic con-
tact in the measurements. The effect of the



82 Geological Survey of Finland, Bulletin 321

QUADRATURE (PPM)
-3000 -

-2000 4

h({m) 25

-3000

-4000 -6000

IN- PHASE (PPM)

QUADRATURE (PPM)

=2000 7

8 h(m) 25

®

-2000
IN-PHASE (PPM)

1
-4000

Fig. 35. In-phase and quadrature anomalies produced by a thin conductive hailf-pla.ne in the DC-3

AEM system as a function of the depth to the upper surface h and the conductivity-thickness product

od of the half-plane. The dip angle a = 90° of the half-plane is constant. (a) The time constant of the
detector T = 0 s. (b) The time constant of the detector 1= 0.3 s.

dip angle and the detector time constant on
the thin half-plane model curves are studied
in Fig. 38. Finally, model curves of a thick
conductive half-plane are shown in Fig. 39.
In all the diagrams in Figs. 35—37 the char-
acteristic values are the peak values of the
in-phase and quadrature anomalies digitised
from analog curves. In the results including

an overburden model the peak anomalies are
defined in relation to the local zero level pro-
duced by the conductive overburden. On
account of the difficulties encountered in
modelling, measurements on the thick half-
plane are still too limited to warrant the com-
piling of characteristic diagrams.
Comparison of Figs. 35a and 35b demon-
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In-phase and quadrature anomalies produced by a thin conductive half-plane in the DC-3

AEM system as a function of the depth to the upper surface h and the conductivity-thickness product
od of the half-plane. The dip angle a = 30° of the half-plane is constant. (a) The time constant of the
detector 1= 0 s. (b) The time constant of the detector 1= 0.3 s.

strates that the influence of the time constant
on the anomaly values is not negligible at
small survey elevations (h/l < 1.5) even if the
condition (21) given on page 41 holds.

The effect of the dip angle on the anomaly
amplitude is very clear as a comparison of
Figs. 35 and 36 shows. In practice, however,
the interpretation of the dip angle is hindered
by the fact that the effect of the dip angle
on the anomaly shape may be difficult to
recognise from the field data.

Fig. 37 demonstrates that the influence of
the conductive overburden is stronger on
the quadrature component. At high o,d;
values of the horizontal conductor, the phase
angle changes so that the sign of the quadra-
ture component turns positive in relation to
the local zero level. Use could be made of
the phenomenon even in visual interpreta-
tion, because positive quadrature anomalies
like these do not normally occur in survey
data.
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Comparison of the thin and thick half-plane
model curves in Figs. 38 and 39 clearly shows
that the increase in half-plane thickness leads
to very complicated forms in the anomaly
profiles. This fact gives support to the further
modelling needs of the thick half-plane con-
ductors.

Preliminary data on the dependence of the
anomaly half-width values on the thickness,
conductivity and depth of the half-plane are
given in Fig. 40. The data qualitatively outline
the behaviour of anomalies for the thick half-
plane model. The point is of practical im-
portance, because fixed-coil AEM systems

IN-PHASE (PPM)

-3000 -4000  system when the half-plane
is covered by a thin horizont-
al conductor. The dip angle
of the half-plane a = 90 ° and
the time constant of the
detector 1= 0.3 s are con-
stants, whereas the depth to
the upper surface of the
horizontal conductor h and
the od product of the half-
plane vary. (a) The con-
ductance of the horizontal
conductor s = 0.19 S. (b) The
conductance of the hori-
zontal conductor s = 1.2 S.

easily reach values of d/l >1 even for sheet-
like bedrock conductors. In such cases, the
thin half-plane model is a poor approxima-
tion. On the other hand, the importance of
the time constant decreases with increasing
values of half-plane thickness. The data in
Fig. 40 indicate that for a thin half-plane the
anomaly half-width values of w;; increase
with decreasing od value or increasing depth
to outcrop. In both cases, however, the
change in w;, value is very small. For a
thick half-plane the w,,, values increase with
increasing od value and depth, and the
change is significant.
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Fig. 39. Scale model results of a thick conductive half-plane in the DC-3 system as in-phase and
quadrature anomaly curves. The depth to the upper surface h = 25 m is constant, whereas the thickness

d and the conductivity o of the half-plane vary. (a) The time constant of the detector t= 0 s. (b) The
time constant of the detector t = 0.3 s.
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Fig. 40. Half-width wy> of the in-phase com-
ponent anomaly curve produced by a conductive
half-plane as a function of the half-plane thickness
d and the outcrop depth h in the DC-3 AEM system.
The columns at h = constant show the effect of
the half-plane thickness on the half-width. The data
adjacent to the columns refer to the in-phase
anomaly peak values with the corresponding h,
d and w12 combinations. The dip angle of the half-
plane a = 90° and the time constant of the detector

T = 0.3 s are constants.

Sphere model

In the interpretation of the AEM anomalies
produced by locally restricted conductors,
theoretical model results are also needed for
the responses to the 3-dimensional conduc-
tors. The model that is most studied by nu-
merical methods is the conductive sphere,
and even that is troublesome to solve up to
a numerical outcome. Although geologically
strongly idealised, the model still gives useful

interpretational information on local con-
ductors.

Previous studies

A theoretical solution for the EM response
to the conductive sphere in a dipole field
was given by March (1953). Approximative
numerical results have been reported by Wait
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(1953). Lodha (1974) presented the ﬁrst‘ ac-
curate results applicable to the interpreta-
tion of AEM survey data in the form of char-
acteristic diagrams. The general solution,
which also allows for transversal dipole

sources, was published by Best and Sham-"-

mas (1979).

Solution method and its accuracy

The theory of the solution has been given
in detail by Best and Shammas (1979) and
it is referred to in this context only in so far
as is needed for the discussion on accuracy.
The secondary field generated by the trans-
mitter dipole source is solved by differen-
tiating the secondary field caused by the
magnetic pole at the transmitter source point.
The solution is achieved by the equations
of the secondary field inside and outside the
sphere, which are fitted, with the aid of the
boundary conditions, to be continuous on the
surface of the sphere. The solution consists
of an infinite series of multipoles in the centre
of the sphere. Each multipole produces a sum
term in the response function, whose ampli-
tude and phase depend on the ratio of the
radius of the sphere to the distance to the
transmitter dipole, and on the value of the
response parameter of the sphere. In his cal-
culations, Lodha used p; = 15 as the number
of multipole terms; the corresponding figure
for Best and Shammas was p; = 20.

The numerical results in this study were
calculated with the computer program devel-
oped by Best and Shammas (1979), which
Shell Canada Resources Ltd. kindly put at
the disposal of the Geological Survey of Fin-
land. The program is run on a U1108 com-
puter and is very fast in execution: the com-
puting time for all the results given in this
study totals 400 CPU seconds.

The accuracy of the computing method and

the program was studied as follows. The for-
mal operation of the program was checked
with the aid of the test data and by comparing
the results with those published by Lodha,
and by Best and Shammas. The results were
identical.

The accuracy of the numerical solutions
depends also on the computational accuracy
of the modified Bessel function I(A);,, and
its derivative I’'(A);.12 incorporated in the
solution. The values of the functions were
calculated from series expansions or recur-
sion relations that vary depending on the
value of the formal parameter A. The program
operates correctly with the values of the re-
sponse parameter of the sphere ¢, > 1.0,
where

(29) 0:= ouwa?,

and a = the radius of the sphere (m). This
has somewhat restricted the coverage of the
calculated characteristic curves.

The accuracy of the program was also ex-
amined by comparing the results with the
anomaly values calculated by the method
of images: when the conductivity of the
sphere tends to infinity, the first multipole
term in the series expansion can be solved
by placing an image dipole in the centre of
the sphere. The anomaly values calculated
with this method, described in detail by Lod-
ha (1974, Appendix I), were compared with
those calculated with the computer program
in Table 13, part a. The compatibility of the
results is excellent.

As another method of comparison, the
anomaly produced by the sphere can be stud-
ied by increasing the radius of the sphere
so that it is very large in relation to the coil
separation and flight elevation. The anomaly
should then approach the anomaly caused
by a conductive half-space. Results of such
an approach are shown in Table 13, part b,



Table 13

Comparison of responses to a conductive sphere in the DC-3 AEM system at a

flight elevation of h = 30 m. (a) Values of the first multipole term of the AEM

in-phase and quadrature anomalies, calculated by means of the computer

program and the method of images. The data refer to the observation point

= 12.5 m, y = 0. The conductivity of the sphere is constant, o = 5000 Sm'-l,

and the detector time constant t =0 s. The radius a and the depth to the
centre z of the sphere vary.
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a (m) z (m) Computer program Method of images
Re (ppm) Im (ppm) Re (ppm) Im (ppm)

50 80 -1183 -4.5 -1187 0
100 130 -683 —1.3 —684 0
150 180 —-355 -0.4 —359 0
200 230 —200 -0.2 —200 0
250 280 -122 -0.1 -122 0
300 330 —-79.5 —0.0 -79.6 0

(b) Comparison between the AEM in-phase and quadrature anomalies of the sphere and half-space. The number of multipoles p; and the
conductivity o and radius a of the sphere vary. For the sphere, the values are maximum anomalies along profile y =0. The detector time

constant equals t = 0.3 s.

a(m) z(m) Computer program p; = 20 Computer program p; = 27

0=10Sm"! o= 100 Sm-1 o= 1000 Sm~-1 0=10Sm ! 0=100 Sm -1 o= 1000 Sm-1

Re (ppm) Im (ppm)" Re (ppm) Im (ppm) Re (ppm) Im (ppm) Re (ppm) Im (ppm) Re (ppm) Im (ppm) Re (ppm) Im (ppm)

100 130 —5240 -420 —5550 —152 —5660 —48 —5240 —418 —5550 —152 -5650 -48
150 180 —7300 -575 —7700 —183 —7830 —-58 7160 —507 —7480 —152 -17580 —-47
200 230 —-9120 -824 —9740 =277 —9930 -89 —8620 —649 —9070 —205 -9190 -63
300 330 —11310 -1065  —12120 —363 —12370 -118 -11120 —-1015 —11890 —344 —12130 -111
700 730 —-6680 =375 —6950 =124 —17040 —-40 —9960 —697 —10470 —233 —10630 -75

©  (l-layer model) -14920 —935 —15540 —286 —15730 -89
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in the ‘data given in the present paper (a =
170 m) is 0.01 --- 1.0 % at the most, depending
on the length of the radius and the conduc-
tivity. The accuracy is satisfactory and the
usefulness of the results depends on how
well the sphere model corresponds to true
geological formations.

Results

The present study supplements the results
reported by Lodha (1974) and later by Lodha
and West (1976) for a conductive sphere in

80 120 -120 -80 -40

the vertical coaxial coil system. The results
published by the above investigators cover
the flight elevation/coil separation range of
5 < h/l < 14. For the DC-3 AEM system, data
are needed for lower h/l values; in the present
study they were therefore calculated for h/l
= 0.8. The effect of the time constant on the
anomaly values has also been taken into ac-
count for the same reasons as in the half-
plane model.

The peak values of the in-phase and quadra-
ture anomalies were collected from the com-
puted sets of anomaly profiles and compiled
into characteristic diagrams. All the data
refer to the profile y = 0, (cf. Fig. 26d). The

-1500

- 2500

AMPLITUDE (PPM)

AMPLITUDE (PPM)

t=0s

-150

AMPLITUDE (PPM)

x IN-PHASE
—— QUADRATUDE

S

t=03s

O = —0

a=50m
0=2Sm™!

FLIGHT DIRECTION

Fig. 41. Examples of AEM modelling results on a conductive sphere in the DC-3 AEM system as in-phase

and quadrature anomaly curves. The radius of the sphere a= 50 m, its conductivity o =2 Sm-! and

the across-track coordinate of the flight line y = 0 are constants, whereas the depth to the centre of
the sphere z varies.
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Fig. 42. In-phase and quadrature anomalies produced by a conductive sphere in the DC-3 AEM system

as a function of the radius a and the conductivity o. The depth to the centre of the sphere z = 40 m is
constant.

point separation Ax was either 10 m or 20 m.
The effect due to the time constant of the
low-pass filter in the amplifier was taken into
consideration by convolving the original
anomaly profiles with the impulse response
of the low-pass filter. An example of the origi-
nal and the convolved profiles are given in
Fig. 41.

For each characteristic diagram, the depth
of the centre of the sphere z is constént,
whereas the conductivity of the sphere and
the radius vary. The diagrams were compiled
for five values of z, and the graphs are shown

in Figs. 42—46. The results are given directly

in accordance with the DC-3 AEM system.
Corresponding diagrams with t = 0 s for the
vertical coaxial and coplanar coil configura-
tions have been reported elsewhere (Pelto-
niemi 1980b).

In a vertical coplanar AEM system the
anomaly amplitude attains a single maximum
above the sphere. Apart from the maximum
amplitude the single anomaly profile does
not contain any other information except the
anomaly half-width (or corresponding pa-
rameter), which indicates primarily the depth
of the sphere. In the vertical coaxial coil sys-
tem the situation is made more difficult by




92 Geological Survey of Finland, Bulletin 321

QUADRATURE (PPM)

-1000 1

-100

A

-10000

IN-PHASE (PPM)

Fig. 43. In-phase and quadrature anomalies produced by a conductive sphere in the DC-3 AEM system
as a function of the radius a and the conductivity o. The depth to the centre of the sphere z = 75 m is
constant.

the fact that the anomaly shape becomes
more complicated when the depth to coil
separation ratio, z/l, is small. In these cases,
the anomaly curves exhibit an intervening
maximum whose magnitude depends on the
z/l ratio, the radius of the sphere and con-
ductivity, as exemplified by Fig. 41. For this
reason and because of the effect of the time
constant, the characteristic diagrams no long-
er show the beautiful analogy reported by
Lodha and West (1976, Fig. 7).

The application of the modelling results
to the interpretation of survey data requires,
in addition to the model curves depicted in

Figs. 42—46, a selection criterion to find the
correct graph. The selection is best made
with the aid of the half-width value of the
anomaly. The half-width values were cal-
culated for all the anomaly profiles, and the
half-width values of the in-phase components
are compiled in Fig. 47. In practice, the AEM
field survey results can be interpreted in the
following steps:
— The possible z values are found in Fig.
47 by means of the half-width value wy),
of the measured in-phase anomaly.
— If several depths correspond to the
measured wy, value, as they often do,




Geological Survey of Finland, Bulletin 321 93

QUADRATURE (PPM)

-

-1000

T |

IN-PHASE (PPM)

Fig. 44. In-phase and quadrature anomalies produced by a conductive sphere in the DC-3 AEM system
as a function of the radius a and the conductivity o. The depth to the centre of the sphere z = 100 m is
constant.

the right one can be selected by using
as an additional criteriori the amplitude
of the in-phase anomaly, whose values
for the z and w,; combinations in ques-
tion are also marked in Fig. 47.

The radius and conductivity of the
sphere corresponding to the amplitudes
of the in-phase and quadrature anoma-
lies can now be read from the char-
acteristic diagram selected.

Hence, with the aid of the three parameters

— the in-phase and quadrature anomalies and
the half-width of the in-phase anomaly - it
is possible to interpret the depth, radius and
conductivity of the sphere. With regard to
the accuracy in field survey results, however,
the outcome of the interpretation is ambig-
uous.

The results in Fig. 47 indicate that the
wavelength of the anomalies of the sphere
decreases when the conductivity of the
sphere increases and the other variables re-
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Fig. 45. In-phase and quadrature anomalies produced by a conductive sphere in the DC-3 AEM system
as a function of the radius a and the conductivity o. The depth to the centre of the sphere z = 150 m is
constant.

main constant. Exceptions are the responses
when h <30 m, in which case the wave-
lengths start to increase again with increasing
conductivity values. Modelling results of the
vertical coplanar coil system (Peltoniemi
1980b) demonstrate that, particularly at low
z values, the wavelength of the anomalies
is shorter than in the vertical coaxial coil
system when the model is the same. More-
over, with z as constant, the change of the
wavelength as a function of the sphere radius
is much larger in the vertical coplanar coil

system. Hence, the resolution of adjacent
conductors in this system is better but the
discrimination ability in terms of z poorer
than in the vertical coaxial coil system. As
a consequence, in the vertical coplanar coil
system, either the flight speed or the interval
of the digital sampling must be reduced to
keep the sampling frequency in relation to
the anomaly wavelength comparable with
that in the vertical coaxial coil system.

The graph in Fig. 42 is important from a
practical point of view. It allows the estima-
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Fig. 46. In-phase and quadrature anomalies produced by a conductive sphere in the DC-3 AEM system
as a function of the radius a and the conductivity o. The depth to the centre of the sphere z = 200 m is
constant.

tion of the minimum dimensions that a small
conductor located right on the flight line
must have in order to produce an anomaly
detectable from the noise. It is seen that the
minimum radius required in the DC-3 AEM
system is a = 8 m for the highly conductive
sphere. Similarly, Fig. 44 demonstrates that
the radius of the highly conductive sphere
located between the flight lines (separation
200 m) must be a = 35 m to make the anomaly

detectable from the noise. At the other limit
of size discrimination, even a sphere with
radius a = 150 m gives only half of the anom-
aly (cf. Table 13) measured over a half-space
of the same conductivity.

For the sake of comparison, characteristic
response values with t=0 s have also been
marked in Fig. 44. It is seen that with a low
depth to outcrop, the differences in results
between 1t = 0.3 s and t = 0 s are significant.
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Fig. 47. Half-width w2 of the in-phase component anomaly curve produced by a
conductive sphere as a function of the depth to the centre of the sphere z in
the DC-3 AEM system. The columns at z = constant show the effect of the sphere
radius on the half-width. The data adjacent to the columns refer to the in-phase
anomaly values with the corresponding z and w3 combinations.
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ANALYSIS OF MODELLING RESULTS

Electrical thickness of the conductor

By definition (cf. p. 15), an electrically thin
conductor is one whose conductivity o and
thickness d cannot be determined separately
from the electromagnetic survey data owing
to the finite accuracy in field measurements;
only the value of product od (conductance)
is obtainable. Hence, measurements under-
taken at two different frequencies and re-
sulting in different in-phase and quadrature
anomalies lead to the same od value in the
characteristic diagram. In contrast, conduc-
tivity and thickness can be separately deter-
mined for an electrically thick conductor
provided that two components, e.g. in-phase
and quadrature anomaly values, are available.
In AEM surveys, use must also be made of
the elevation data or the nominal flight eleva-
tion must be assumed.

The limit value of the layer thickness d;,,
at which the conductive layer passes from
thin to thick in terms of the EM method
depends on the true thickness of the conduc-
tive layer d, its electrical thickness in 6 units
and the properties of the survey system. The
problem has not been treated very rigorously
in the literature. Parasnis (1971, p. 167) de-
fines the limit for the vertical half-plane in
slingram surveys

(30) dlim = 10 (m)

Seigel and Pitcher (1978, p. 567) have sug-
gested limit values dy;,,, = 50— 10 m for a hori-
zontal conductor in a vertical coplanar, three-
frequency AEM system when the conduc-
tivity varies o = 0.01-1 Sm-! and the layer
thicknecs in relation to flight elevation d =
(0.1- Dh. Peltoniemi (1978b) has proposed an
interpretation range for a thick horizontal
conductor in the DC-3 AEM system to be
approximately between the limit

31) diim = 0.250 (m)

and the inductive saturation limit. The lower
limit given by equation (31) is marked as a
dashed line in the characteristic diagram for
the thick horizontal conductor in Fig. 34.
When the theoretical interpretability of a
thick layer is considered in terms of the con-
ductivity and thickness of the overburden
in Finland, only the thickest saline clay
deposits can be interpreted as thick hori-
zontal conductors. With the conductivity
0=0.2 Sm-1 (the maximum conductivity
of the saline clays) the required thickness
of the layer would be dj,,, =5 m. Hence,
the theoretical results of the electrically thick
horizontal layer have not been further dis-
cussed in the present study, and only one
practical example (Fig. 61) is given.

Conductivity and conductivity-thickness apertures

On the basis of the definition of the anom-
aly detection limit S4, equation (11), and the
theoretical model results, the o and od aper-
tures of the DC-3 AEM system can be deter-
mined for different conductor models. Figs.
42—46 demonstrate that the electrical equiva-
lence does not hold for a conductive sphere:
when the conductivity o and radius a change

7

in such a way that the product ca? remains
constant, the anomalies change. For the de-
tection limit to be unambiguously applicable
on the conductive sphere as well, the con-
stant radius of the sphere that is used in the
consideration must be defined. Since the
mass of a sphere with radius a = 50 m and
density 3.5-10% kg/m3 is 2 million tons, an
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Fig. 48. Response functions of various conductor models in the DC-3 AEM system
for a constant survey elevation of h= 30 m. Symbol lc stands for the response
function of a conductive half-space and Is for a susceptive half-space (ujr = 1.10),
2 refers to the response function of a thin horizontal conductor and 3 to that of
a vertical thin half-plane (t = 0.3 s). Symbol 4 stands for the response function
of a sphere (a =50 m, t=0.3 s). The response parameters §, — §4 of different
conductors have been defined by equations (26)—(29). (a) The in-phase parts of the
response functions. (b) The quadrature parts of the response functions (see page 99).

appropriate choice for the constant radius sideration can now be displayed and com-
would be a = 50 m. The response functions pared as in Figs. 48a and 48b. The figures
of the different conductor models under con- illustrate the difference in range within which
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the response function varies depending on
the conductor geometry, although in prin-
ciple it retains its behaviour as already shown
in Fig. 2.

When the detection limit S, = 4N is ap-
plied to the data in Fiigs. 48a and 48b the limit

values listed in Table 14 are obtained for the
o and od apertures of the DC-3 AEM system.
Note that because the upper limits are not
detection limits but discrimination limits, the
maximum in-phase anomaly Re. . is still
obtained on the inductive limit. The anomaly,
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however, remains constant irrespective of the
increase in the response parameter. Further-
more, with the specifications of the system
used, a large range of conductivity or con-
ductance is covered. This allows the anomaly
datato be transformed into values of apparent
conductivity and conductivity-thickness
product as is shown in the following chapter.
On the other hand, a large aperture means
that change into a multifrequency AEM sys-
tem would not have any significant advan-
tages, at least not under the geological condi-
tions prevailing in Finland. The search for
new interpretational possibilities, if needed,
should rather be directed towards multicom-
ponent systems (Fraser 1979) or plane wave
VLF methods (Arcone 1979).
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Table 14

Conductivity and conductance apertures of the

DC-3 AEM system for various conductors when

the survey flight elevation h=30 m and the

anomaly detection limit Sq = 4N, i.e. 100 ppm, are

constants. Note: if the elevation h is increased, the

apertures are shifted towards higher o and od
values.

Formation Aperture

Conductors (k < 0.01)

Half-space 3-10-4-3-102Sm-!

Thin horizontal sheet 10-2-4-10%S
Thin vertical half-plane

(t=10.35s) 0.2-102S
Sphere with a radius of

50 m (t= 0.3 s) 10-2 - 102Sm-!

Susceptive formations (o low)

Half-space 0.01 — 1 SI-units

Penetration

A criterion of the usability of the AEM
system is its penetration. Before an objective
comparison can be drawn between the pene-
tration values of different systems, the con-
cept must be defined exactly. The definition
is derived from the detection limit in accord-
ance with equation (11) (Paterson 1971).
Hence the penetration of the system is the
maximum depth to the outcrop of the con-
ductor, which produces an anomaly distin-
guishable from the noise. The change in the
signal S as a function of depth can be de-
duced from the modelling data, and the noise
value N from the field survey results. For
the layered model conductors it is enough
to define the conductivity of the conductive
layer 0 = « as a supplementary parameter.
The thickness of the conductive layer has
no effect, i.e. the same penetration value is
obtained for one-layer and two-layer models.
For the half-plane model, the examination
is undertaken with a vertical, thin half-plane
with infinite conductivity. If the time con-

stant of the system is so high that it affects
the anomaly of a thin half-plane in field sur-
veying, then the influence of the time con-
stant must also be taken into account. The
penetration for the sphere model could be
defined in the same way as the response func-
tion aperture described above. Thus, for a
sphere, the penetration equals the maximum
depth to the upper surface of a perfectly con-
ductive sphere, 50 m in radius, at which the
equation of the detection limit (11) is valid
when the smoothing effect of the time con-
stant is once more taken into account.

In accordance with the above principles,
the penetration values for various conductor
models were determined for the DC-3 AEM
system and are listed in Table 15. The table
also includes penetration values for suscep-
tive formations (from page 77). It is seen that
the dimensions of the conductive formations
strongly affect the penetration of the AEM
system. The time constant t = 0.3 s has only
a slight effect on the penetration for 2- and
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Table 15

Penetration of the DC-3 AEM system for large con-
ductive or susceptive formations when the

anomaly detection limit S4 = 4N, i.e. 100 ppm, is

constant.
Formation Penetration
(m)
Conductors (k < 0.01, 0 = =)
Half-space 210
Thin horizontal sheet 210
Thin vertical half-plane (1t = 0 s) 125
Thin vertical half-plane (t= 0.3 s) 123

Sphere with a radius of 50 m (t= 0 s) 85
Sphere with aradius of 50 m (1= 0.3 s) 85

Susceptive formations (o low)

Half-space with k = 0.1 75
k =0.25 100
k=1.0 145

3-dimensional conductors, because the wave-
length of the anomaly is increased with in-
creasing depth to conductor outcrop.

The penetration values obtained are only
valid if the conductor is in a resistive environ-
ment. The conductive overburden attenuates
both the primary and secondary EM fields
in proportion to the conductance o,d;, thus
reducing the values in Table 15. Peltoniemi
(1978b) has studied the penetration in a case
when an extensive conductor is overlain by

Table 16

The maximum thicknesses d ., of the conductive

horizontal layer for various conductivities o; on

condition that the difference between the one-layer

model data and the two-layer model data exceeds

100 ppm. The survey flight elevation of the DC-3
AEM system is h = 30 m.

Conductivity d 1max d i max
0y (Sm-1) (m) (in 6 units)
0.01 78 0.88
0.02 70 1.1
0.1 49 1.7
0.2 35 1.8
1.0 13 1.5

<102

101

conductive overburden. In the study, the
maximum penetration of the DC-3 AEM sys-
tem was determined as follows. On the basis
of the two-layer model data (Fig. 30), the limit
thickness of the conductive overburden was
determined as a function of the conductivity
0, so that with the maximum thickness of
layer d; the anomalies are identical with the
structure d; = =, i.e. with the one-layer
model, within the detection limit of the
anomaly (Sg, 100 ppm). Hence, at depths
greater than this, a large underlying con-
ductor at least cannot produce a detectable
change in the anomaly. The results of the
examination are given in Table 16. They
show, for example, that overburden with
conductivity 0.2 Sm-! and thickness 40 m
masks all the conductors in the bedrock in

CONDUCTIVITY (Sm-1)
100 ]

10-3

10-4 v : - T T T v T . v
0 20 40 60 80 100
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120

Fig. 49. Discrimination and penetration of the

DC-3 AEM system as a function of the thickness

and conductivity of the overburden, based on

analysis of the computed modelling data. The flight

elevation h = 30 m and the detection limit Sg =

4N, i.e. 100 ppm, are constants. For explanation
see text on page 102.
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such a way that they do not produce a rec-
ognisable AEM anomaly.

Attempts were also made to examine the
method for the half-plane conductor below
a conductive overburden by studying the
relevant results of scale model measure-
ments. At least within the limits of the results
available, these comparisons corroborate
the maximum penetration approach given
above. The effect of the conductive country
rock is, however, unknown and may, owing
to the channeling of the induction currents
(Gaur & Werma 1973), even increase the pen-
etration values listed in Table 16.

As a summary of the model studies, Fig. 49
shows in compact form the discrimination
properties of the DC-3 AEM system for a con-
ductive horizontal layer. Marked by symbol 1
in the figure is the area in which the anomaly
is below the detection limit Sd, i.e. no rec-
ognisable anomaly can be obtained from the
combinations of thickness and conductivity.
Symbol II refers to the area in which the

anomaly is distinguishable from the noise;
with the aid of Fig. 30, however, only a thin-
layer interpretation is possible. Symbol III
marks the area in which the anomalies allow
the interpretation of a thick layer. The bound-
ary between areas II and III is approximated
by equation (31). Symbol IV denotes the area
in which anomalies due to various conduc-
tivity and thickness combinations are of
equal and maximum magnitude within the
given measuring accuracy. The boundary
between areas III and IV thus shows the
maximum penetration of the system when-
ever conductive overburden covers an ex-
tensive conductor. If the conductivity of the
overburden is o1 < 0.1 Sm-!, the penetration
is controlled by geometric attenuation in-
stead of electrical attenuation. Symbol V in-
dicates the area in which a detectable anom-
aly is obtained, but which is so low in intensi-
ty that the discrimination ability of the
system allows no differentiation between one-
and two-layer earth models.

Sensitivity

The penetration values given above cor-
respond to the sensitivity of the system at
the detection limit. The sensitivity values at
the nominal flight elevation can also be de-
duced from the modelling results of different
conductor types and are given in Table 17.
The results show that the sensitivity values
of horizontal conductors are much higher
than those for a half-plane and a sphere. This
fact explains the large contribution horizontal
overburden conductors make to the geologi-
cal noise in the application of AEM data to
exploration purposes. In contrast to penetra-
tion, the time constant has a decisive influ-
ence on sensitivity values, owing to the short-
er wavelengths of anomalies at nominal sur-
vey elevation.

The characteristic properties of the DC-3
AEM system are also studied in the examples
of the field survey results.

Table 17

The signals S and sensitivities S, of the DC-3
AEM system for various conductors (o = «) at the
nominal survey elevation h = 30 m.

Formation S (ppm) Snom
Horizontal conductive layer —15820 633
Vertical thin half-plane (t = 0 s) —-3600 144
Vertical thin half-plane (t = 0.3 s) —-2700 108
Sphere with a radius of 50 m

(t=10s) -3290 132
Sphere with a radius of 50 m

(t=0.35) -3040 122
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COMPUTER-BASED UTILISATION OF LAYERED-EARTH MODEL DATA

Principles

The results of the various conductor models
presented above can be used manually al-
though tediously as a set of characteristic
diagrams. If the system is dimensioned like
the DC-3 AEM system, in which the inter-
mediate conductors also give rise to anoma-
lies, the number of detectable responses
readily becomes too high to be interpreted
manually. The modelling results, however,
make it possible to transform all the anom-
alous in-phase and quadrature survey data
into more meaningful apparent properties.
The systematic application of such a trans-
formation requires the use of computer data
processing techniques. For the transforma-
tion to be feasible the survey data must be
reduced for level, drift and spherics with
sufficient accuracy; in the present study the
accuracy aimed at was 10 to 40 ppm, de-
pending on the component and survey area.

Palacky (1972) was the first to develop
methods for the computerised transforma-
tion and interpretation of AEM data for the
pulse transient method. Later, Fraser (1978)
and Seigel and Pitcher (1978) gave examples
of ADP-based transformations for multicom-
ponent and multifrequency systems based
on modelling results of a conductive half-
space. Seigel and Pitcher also used models
of electrically thin and thick horizontal con-
ductors in the transformation.

All of the transformation methods devel-
oped so far are applicable to multichannel
AEM systems. With the quality of the data in
mind, a study was implemented to apply the
transformation method to the two-channel
DC-3 AEM results. A set of computer pro-
grams was developed to transform the in-
phase and quadrature anomaly values of the
DC-3 AEM system into the apparent con-

ductivity o, of a half-space or into the appar-
ent total conductance s, of an electrically
thin horizontal conductor. As a result of the
transformation, the apparent depths to the
upper surface of the conductor da, (one-layer
model) and da, (two-layer model) are also
obtained. It has not been considered worth-
while in Finland, for the reasons given on
pages 78 and 101, to include the model of the
thick horizontal conductor in the transforma-
tion. If necessary, it can be readily added to
the software. The first version of the software
was developed in 1978 (Peltoniemi 1979a) and
an improved one in 1980—1981.

The transformed results have the following
advantages:

— The results of the different AEM systems
are easier to compare, because the dif-
ferences between the dimensions and
recording parameters of the systems
are partly eliminated.

— They are more illustrative and closer
to the physical properties of the anom-
aly source than the in-phase and quad-
rature anomaly values, whose relation
to source geometry and conductivity is
complicated. For this reason, the pro-
cessing of slingram results into Re/Im
ratio maps has already been practised
for quite a long time (Hattula 1970).

— They make it easier to assess the type
of conductor that produces the anom-
aly, i.e., whether it is an overburden
or a bedrock conductor.

— The method allows some of the distor-
tions introduced into the survey data
by the variation in flight elevation to
be eliminated.
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Method of transformation and its accuracy

The computer programs use the numerical
modelling results in Figs. 27 and 30 as com-
parative values digitised and stored in a data
bank matrix. With the aid of these values,
the survey data are transformed into o,, da,
or s,, da, values of one-layer or two-layer
models. Hence, the programs read the output
file of the basic processing stage 6 (cf. Fig. 22)
as input data and perform the following
tasks:

— The smoothing of the input, i.e. the in-
phase and quadrature survey data if
desired, either by a moving average
method with binomial coefficients or
by recursive filtering.

— Should both in-phase and quadrature
anomaly values exceed given threshold
values Re i, Im i, the corresponding
transformation results are sought. It is
checked that the in-phase and quadra-
ture values fall within the definition
range covered by the characteristic
curves. If this requirement is met, that
cell of elements of the data bank matrix
is sought to which the measured in-
phase, quadrature data pair belongs.
By means of linear interpolation, o,,
zaj Or S,, za, values corresponding to
the data pair are calculated from the
cell values.

— In special cases (when only one of the
anomaly values exceeds the threshold,
or the in-phase, quadrature data pair
falls outside the definition area of the
matrix) the transformation results are
determined on the basis of the higher
anomaly value and the measured flight
elevation alone. The transformation is
then always undertaken towards the
conservative, i.e. lower, o, or s, values.

— If both anomaly values are so low (be-
low the threshold) as not to warrant

accurate transformation, the trans-
formation results are given constant
values. These are o, = 0.0002 Sm-! and
Sa = 0.005 S. In this case, the apparent
depth values za, or za, are made equal
to the flight elevation at the survey
point in question.

— The measured flight elevation h is sub-
tracted from the transformation results
za; or za,. The difference da,; or da,,
which is the apparent depth of burial
to the conductoer outcrop, can have a
value higher than, equal to or lower than
zero. The conductive half-space is not a
suitable model if da; < 0. Similarly, the
conductive overburden is not a suitable
model if the apparent depth to the con-
ductive overburden da, < 0. Thus it is
possible to obtain useful diagnostic in-
formation for interpretation even from
negative apparent depth values.

— The results are coded into integer vari-
ables and transferred into an output
file, which is processed in the same
way as the anomaly data: the transfor-
mation results are interpolated into a
rectangular grid, the data are decoded
and the logarithmic values are con-
toured and plotted. If desired, the re-
sults can also be plotted directly as
survey profiles.

The methodically unnecessary coding of
the transformation results into integer vari-
ables is caused by the limited size of the CPU
memory of the HP 3000 minicomputer. The
alternative would have been to develop a
new interpolation program.

A transformation program based on the
above concepts is fast to execute. When op-
erated in an HP 3000 Pre-Cx environment it
requires about 1.0 CPU seconds per line kilo-
metre (cf. Table 7). Hence the transformation
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takes only 5 % more computing time than
the methodic reductions (main program 6).
By the end of 1981, data from four AEM sur-
vey areas, totalling 12500 line kilometres,
had been processed with the software. The
0. and da, maps in Fig. 89 and the s, and
da, maps in Fig. 55 exemplify transformed
AEM results.

The accuracy of the method is affected
mainly by the accuracy of the input data and
errors due to the digitisation of the char-
acteristic curves. The lower the anomaly
values, the lower is the relative accuracy of
the input data. The results from the test areas
show that, in some cases, the threshold values
of the anomalies (20 to 60 ppm) were too low.
This is revealed as a noise of low o, or s,
values on the output maps. The test data
suggest that a reliable threshold value would
have been 20 to 80 ppm, depending on the
area. This would still be less than the 100
ppm detection limit in visual anomaly recog-
nition.

The error resulting from the digitisation
of the characteristic curves consists of errors
generated during the original building up
of the data bank matrices and the linear in-
terpolation of the intervening points. The
modelling data are stored in the data bank
matrices 10 points/decade. Thus the size of
the one-layer model matricesis 26 x 36 points
and that of the two-layer model 27 X 46
points. The linear interpolation is accom-
plished within such small subareas that the
error produced in it is negligible compared
with the other sources of error. Checking
with theoretical results demonstrates that
the error incorporated in the transformation
values is the higher of the values:

for o, data = 0.0005 Sm™ or 5 %,
for s, data = 0.01 S or 5 %.

In practice, the most important source of
error is greatly simplified model geometry.
If the conductor dimensions are less than
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the lateral coverage and penetration of the
system, the transformed values exhibit large
systematic deviations from true conductivity
and conductance values.

As was pointed out on page 103 and will be
demonstrated in the following chapters, the
transformation results obtained have some
indisputable advantages. The present author,
however, feels that transformation cannot be
the only way of presenting the AEM results
for the following reasons:

— Therelative accuracy of the transforma-
tion data is poor at low conductivity or
conductance values because the in-
phase anomaly values are then low.

— Since the structural models used in the
transformation are 1l-dimensional, the
0,, Sa results for noise-free anomalies
of 2- or 3-dimensional conductors are
invariably too low. However, for noisy
field data with very low anomaly am-
plitudes, the Re/Im ratio may change
so that erroneously high o,, s, values
are obtained.

— Compared with galvanic earth resis-
tivity measurements, the transforma-
tion method poses the additional dif-
ficulty that, for the model of the ho-
mogeneous half-space, it is not possible
to transform all the data into o, values.
For example, some of the anomaly values
of a thin conductive horizontal layer
fall outside the definition area of the
half-space. This can be seen by com-
paring Figs. 27 and 30. The situation,
although informative in terms of inter-
pretation, complicates the calculation
of the o, transformation values.

The addition of 2- and 3-dimensional models
to the transformation software would in itself
be a rather small task, because much of their
theoretical modelling results have already
been given above. The use of the method
would then, however, require development
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of interactive, graphic software and signifi-
cantly more effective computer hardware
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than that currently available at the Geologi-
cal Survey.

EXAMPLES OF THE INTERPRETATION AND APPLICATION OF DC-3 AEM RESULTS

In the following chapters the interpret-
ability and applicability of the DC-3 AEM
results are illustrated by examples from field
surveys. The examples refer to the following
applications:

— Conductance determinations of the
overburden, with Seindjoki and Tervo
Utrianlahti-Talluskyld as targets.

- AEM anomalies due to black schists,
todether with their classification, with
Seindjoki and Sotkamo as targets.

— Interpretation of the AEM anomalies
produced by a high-grade sheet-like
sulphide conductor, with Pielavesi
Savia as target.

— Comparison between the AEM trans-
formation, galvanic earth resistivity
and IP survey results, with Tervo Luve-
lahti as target.

— Interpretations of 3-dimensional con-
ductive bodies, with Savukoski Miek-
kaoja and Pielavesi Ilokangas as targets.

— Information gained from AEM data in
the interpretation of susceptive bodies,
with Savukoski Sokli, Savukoski Kuol-
lutvaara and Ylivieska as targets.

The location of the target areas is shown
on the index map (Fig. 50). Although the em-
phasis is on the AEM anomaly and trans-
formation data, other geophysical data have
also been used whenever they have contrib-
uted towards solving the problem in ques-
tion. Extensive data are available from the
target areas. Consequently, all other data, in-
cluding the geological ones, can be presented
only briefly.

The other geophysical data were inter-
preted with the following methods:

— The total conductance s, was calculated
asymptotically from the direct current
(DC) earth resistivity sounding data
(Keller & Frischknecht 1966, p.115),
and the sounding curves were inter-
preted with the interactive interpreta-
tion program of the layered earth model
developed by Jokinen and Vironmaki
(Vironmaéki 1977).

— Slingram data were studied with the aid
of scale model results and characteristic
diagrams as reported by Ketola and
Puranen (1967), Ketola (1968) and Kuri-
mo-Salminen (1979). The slingram mod-
elling data needed in the interpretation
of the sphere and layered earth models
were computed with the ADP programs
described on pages 68-70. Since the
reading accuracy of the older one- and
two-layer characteristic diagrams (Ke-
tola & Puranen 1967 Figs. 73 and 74,
Malmqvist 1965 Fig. 5a) is low for small
anomaly values, additional results were
elaborated by means of the computer
program, and the enlarged parts of the
characteristic diagrams are shown in
Fig. 51.

— The VLF-R data were interpreted with
layered earth models using the char-
acteristic diagrams given in the report
TN-1 of Geonics Limited (1975).

The double dipole EM detector data
were interpreted with the aid of the
numerical modelling results reported
by Peltoniemi (1981a). In addition to
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Fig. 51. In-phase and quadrature anomalies as a function of the depth/coil-separation ratio h/l
and the response parameter in the slingram method. (a) The conductive half-space model,
6, = oiucwl2 (b) The conductive horizontal layer model, 8, =0 ,du,wl.

boulder tracing, this light-weight por- AEM anomalies. A combined char-
table instrument is occasionally used acteristic diagram of one- and two-layer
in the preliminary follow-up studies of models for the Apex MK I double dipole
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EM detector used in the measurements
is reproduced in Fig. 52.

— The aeromagnetic data were interpreted
using the interactive interpretation
program developed by Jokinen (1979).

The program is based on the anomaly
solutions for a thick plate and a prism
derived by Hjelt (1972, 1973) and on the
computer algorithms developed by Vi-
ronmaéki (1977).

Seinajoki: Conductive overburden and bedrock layers

The Seindjoki area (map sheet 2222 06 Mu- AEM anomalies in closer detail, diverse geo-

nakka) was selected as a target for study be-
cause the AEM survey data on the area ex-
hibit anomalies due to both conductive over-
burden (sulphide-bearing Littorina clays)
and bedrock conductors (black schists). In
the middle of the study area the conductors
occur close to each other and the anomalies
are partly summed up. To investigate the

physical ground surveys were undertaken
in the area, the results of which have been
reported by Peltoniemi (1981a). The example
illustrates:

— How the AEM anomaly data can be
transformed in practice into s, and
dag values applying the thin horizontal
conductor model.
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Fig. 53. Generalised version of the lithological map by Neuvonen (1961) covering map sheet 2222 06.
Test lines 198, 190 and 170 are marked on the map.

— What other interpretational information
the transform results contain apart
from that obtained by the visual in-
terpretation of the in-phase and quadra-
ture data.

— How the AEM results given by trans-
formation with the horizontal conductor
model are applicable to narrow, sheet-
like conductive zones in bedrock.

— How the conductance aperture of the
DC-3 AEM system corresponds in prac-
tice to the theoretical results in Table
14.

— How the resolution, conductance aper-
ture and penetration of the AEM, EM
and electrical ground surveys compare
with each other in practice.

The geological map by Neuvonen (1961)
(simplified version in Fig. 53) shows that the
test area is part of the Bothnia schist belt
with mica schist and mica gneiss as predomi-
nant rock types. On the SW margin of the

area there is, however, a narrow amphibolite
and quartzite zone with intervening graphite
and iron sulphide layers. Plutonic rocks,
quartz diorite and granodiorite are encoun-
tered on the eastern margin of the test area.
Consequently, except for the black schists,
the bedrock in the area is poorly conductive.

The clay deposits around the river Kyron-
joki are conductive soil formations typical
of the test area. Postglacial clays contain
abundant dark saline and sulphide-bearing
layers and cover large tracts. The clays in this
area are very acidic in chemical properties
(Romu 1980) and electrically highly conduc-
tive, as is indicated by the results of geophys-
ical surveys and electrochemical analyses.
Laboratory determinations on the conduc-
tivity of clay suspension for samples collected
from the adjacent map sheet 2222 08 gave an
average conductivity of 0 = 0.16 = 0.05 Sm !
(Romu 1980, p. 51).

Aerogeophysical low-elevation surveys
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Test lines 198, 190 and 170 are marked on the map.

— What other interpretational information
the transform results contain apart
from that obtained by the visual in-
terpretation of the in-phase and quadra-
ture data.

— How the AEM results given by trans-
formation with the horizontal conductor
model are applicable to narrow, sheet-
like conductive zones in bedrock.

— How the conductance aperture of the
DC-3 AEM system corresponds in prac-
tice to the theoretical results in Table
14.

— How the resolution, conductance aper-
ture and penetration of the AEM, EM
and electrical ground surveys compare
with each other in practice.

The geological map by Neuvonen (1961)
(simplified version in Fig. 53) shows that the
test area is part of the Bothnia schist belt
with mica schist and mica gneiss as predomi-
nant rock types. On the SW margin of the

area there is, however, a narrow amphibolite
and quartzite zone with intervening graphite
and iron sulphide layers. Plutonic rocks,
quartz diorite and granodiorite are encoun-
tered on the eastern margin of the test area.
Consequently, except for the black schists,
the bedrock in the area is poorly conductive.

The clay deposits around the river Kyron-
joki are conductive soil formations typical
of the test area. Postglacial clays contain
abundant dark saline and sulphide-bearing
layers and cover large tracts. The clays in this
area are very acidic in chemical properties
(Romu 1980) and electrically highly conduc-
tive, as is indicated by the results of geophys-
ical surveys and electrochemical analyses.
Laboratory determinations on the conduc-
tivity of clay suspension for samples collected
from the adjacent map sheet 2222 08 gave an
average conductivity of 0 = 0.16 + 0.05 Sm !
(Romu 1980, p. 51).

Aerogeophysical low-elevation surveys
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were undertaken in the Seiniajoki area in
1975. AEM survey data from the study area
are shown as contour maps in Fig. 54. The
terrain in the test area is flat, the elevation
fluctuating gently between 40 and 60 m above
sea level. The average flight elevation in the
whole area was h = 29 m, the standard devia-
tion being 5.8 m. Power transmission and
telegraph lines abound. High-elevation AEM
surveying has not been conducted in the area.

The predominant features of the AEM
anomaly maps (Fig. 54) are the extensive and
high-amplitude anomaly zones around the riv-
er Kyronjoki. The anomaly values exceed Re
< -3000 ppm, Im < -4 000 ppm over large
areas, the minimum values being Re = —8 500
ppm and Im = —5 500 ppm. The anomaly zone
in the southern part of the area, which trends
SE-NW and is caused by the narrow black
schist layers, is not readily distinguishable
on the contour map as a different conductor
from the clay beds. In contrast, the difference
in the in-phase/quadrature ratio between the
clay and black schist area is easily seen on
the profile maps. The AEM data suggest that
the black schist layers extend farther east-
wards under the overburden thanis indicated
on the geological map on the basis of the
scarce exposure observations.

The AEM anomaly data were transformed
into apparent conductance s, and depth da,
values of an electrically thin horizontal con-
ductor by means of the computer program
described in the previous chapter. The trans-
formation was undertaken by setting the
anomaly threshold values at Re,;, = —60
ppm, Im ., = =60 ppm. Mutual comparison
of the anomaly and transformation maps
(Figs. 54 and 55) indicates that the method
of transformation is feasible in practice and
that the output maps are technically accept-

able. The transformed results show distinctly
the difference between the various conduc-
tive formations: the s, values for the clay
areas are s, =3 S, whereas the values for
the black schist layers are s, = 10—30 S. The
pattern of the map in Fig. 55a demonstrates
that even by transforming the data on the
standard model (horizontal conductor) it is
possible to establish the difference in con-
ductance between different types of con-
ductors. The s, values are highest for the
black schist layers, in which the in-phase/
quadrature ratio is highest, and not for the
clay beds, in which the anomaly amplitudes
are highest.

The depths to the upper surface of the con-
ductive layer (Fig. 55b) are reasonable within
large conductor areas (da, =3—20 m), but
unrealistically high (70—150 m) for small con-
ductor sources. These maximum da, values
are associated with anomalies small in size
and low in intensity, but which exceed the
given in-phase and quadrature thresholds.
At low in-phase, quadrature values one oper-
ates close to the origin of the characteristic
diagram (Fig. 30), and even a slight change
in the in-phase/quadrature ratio produces
large changes in the interpreted s,, da, values.
Thus, the usability of the apparent depth map
in everyday practice is probably restricted
to the evaluation of the fitness of the trans-
formation model. This is well illustrated by
the profile in Fig. 70 and the contour maps
in Fig. 55.

The AEM data can best be studied and
compared with other data if shown as pro-
files. Marked on Fig. 53 are the locations of
the three test lines, 198, 190 and 170. The
results of these lines will be examined more
closely in the following.
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Line 198

The following measurements were made
on test line 198 (y = 439.6, between x =
6973.400—-6978.420):

— AEM and aeromagnetic measurements,
results in Fig. 56a.

- Slingram measurements with coil sepa-
ration | =40 m at f= 3 600 Hz, results
in Fig. 56b.

— Measurements with Apex Mk I double
dipole EM detector, coil separation | =

1.22 m, f = 8 000 Hz, results in Fig. 56c.

— VLF-R measurements (between x =
6973.400—6975.150) with a Geonics
EMI16R instrument, transmitter JXZ,
f = 16 kHz, results in Fig. 57a.

— Measurements of VLF magnetic total
field components H (horizontal) and
V (vertical), with GT-04,-05 instruments,
transmitter JXZ, f = 16 kHz, results in
Fig. 57Db.

— Direct-current resistivity soundings
with an ABEM Terrameter instrument
and a Schlumberger electrode con-
figuration at three points 198/1,198/2
and 198/3, results in Fig. 58.

— Seismic refraction survey (between x =
6973.530—-6974.530) with a 12-channel
ABEM Trio instrument, interpretation
results in Fig. 59.

The aeromagnetic survey data (Fig. 56a) in-
dicate weak, homogeneous magnetisation of
the bedrock. The biggest anomaly, +200 nT
around x = 6975.4, is located on the river Ky-
ronjoki and is interpreted here as a fracture
zone controlling the placement of the river
valley. Another small +40 nT anomaly is sit-
uated south of the river on x = 6974.2, where
also a seismic sounding profile was shot. The
propagation velocity v, of the acoustic waves
at the site is so low that interpretation of a

Geological Survey of Finland, Bulletin 321

fracture zone at this site, too, is justified. Since
the predominant conductor is a conductive
soil, i.e. an extensive horizontal layer, the
VLF-H, V components do not show any clear
anomalies apart from that due to the southern
fracture zone.

To ease comparison, some of the EM survey
data are recompiled in Fig. 60. In spite of the
diversity of methods applied the quadrature
component data of various EM measure-
ments are surprisingly concordant. The
quadrature component of the slingram meas-
urements exhibits the most complex be-
haviour, the sign of the phase angle (and that
of the quadrature component) being reversed
when the conductance of the horizontal con-
ductor increases.

Attempts were made to determine the total
conductance s, of the horizontal conductor
from all the results. The values given by the
various methods at resistivity sounding
points are listed in Table 18. Also shown in
the table are the interpretation results for
the seismic data at the same points. The loca-
tions of the resistivity soundings were chosen
on the basis of AEM data so that there would
be only a thin conductive layer at point 198/2.
Even so, the double dipole EM data suggest
that, even at this point, the overburden shows
such a high 0,d, product that its conductance
value cannot be determined from Fig. 52
(upper half). This is exhibited in the survey
data by the fact that the in-phase-quadrature
data pairs always remain below the family
of two-layer curves, i.e. within the definition
area of the conductive half-space model.
When the values of and variations in the in-
phase component are very small, the one-
layer characteristic diagram in Fig. 52 is not
readily applicable either. Nonetheless, it has
been applied to interpret the variation in the
depth to the upper surface and the con-
ductivity of the sulphide clay. Thus inter-
preted, the double dipole EM data and their
good qualitative correlation with other data,
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data of slingram survey, Ax = 20 m. (¢) In-phase, quadrature data of double dipole EM (Apex MK I)
survey, Ax = 20 m.

above all with the AEM results, become un-
derstandable. Fig. 61a shows the AEM and
double dipole EM data on the test profile
transformed with the aid of the one-layer

model (Figs. 27 and 52). The transform re-
sults, which are given as apparent resistivity
values, show moderate correlation. Fig. 61b
exhibits the AEM data transformed into con-
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Fig. 58. Test line Seindjoki 198, DC earth resis-
tivity sounding results at points 198/1, 198/2 and
198/3. Half-value of the current electrode
separation = AB/2, Schlumberger electrode con-
figuration. Discrete points refer to survey data,
curves denote the theoretical model results with
the parameters of the models as listed in Table 18.

ductance values with the aid of the thin-layer
model (Fig. 30).

An attempt was also made to interpret the
AEM data with the thick-layer model results
given in Fig. 34. The interpretation results,
which are given in Fig. 61c, are inaccurate
and a constant elevation model (h =40 m)
could not be applied to the whole set of data.

At survey points 198/1 and 198/2 the total
conductance s, of the overburden was deter-
mined by means of resistivity sounding,
AEM, VLF-R and slingram methods. As
shown by Table 18, the values are fairly close
to each other. The VLF-R results demon-
strate that at x = 6973.9 and x = 6974.3—-.9,
the phase angle ¢ exceeds 45°. According
to the characteristic diagrams, this means
that, at these sites, the penetration of the
VLF-R method is not sufficient to intersect
the clay layer. The total conductance of the
overburden s, increases farther northwards,
and at point 198/3 it is too high even for the
penetration of the slingram method with 40 m
coil spacing and 3600 Hz frequency. Thus
it is not possible to use the characteristic
diagram (Ketola & Puranen 1967 Fig. 73) of
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waves. Geophone spacing = 10 m. Interpretation according to Jarvimaki (1977).
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the thin horizontal conductor, as the data
points fall outside the definition area of the
diagram. The same holds for the results of the
half-space model; the reason for this behav-
iour is unexplained. The resistivity sounding
data and the AEM data, however, make in-

terpretation possible and the total conduct-
ance s, can be determined even within this
range.

According to the seismic and resistivity
sounding data, the overburden on the test
line has at least three layers:
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Table 18

Test line Seindjoki 198, interpretation results at earth resistivity sounding points 198/1, 198/2 and 198/3.

(a) Values of the total conductance od (S) interpreted by various methods.

Method

Total conductance (S)

Point 198/1

Point 198/2 Point 198/3

Earth resistivity

sounding (ERS) 1:33
AEM 0.82
Slingram 1.02
VLF-R 0.76
Double dipole EM not defined

0.67 1.92

0.49 2.93

0.53 not defined

0.61 not measured
not defined not defined

(b) Interpretation of various EM data by means of the one-layer model. The depth to the upper surface

of the conductor = da,, apparent resistivity = g,.

Method Point 198/1 Point 198/2 Point 198/3

da; (m) oa (Qm) da, (m) oa (Qm) da, (m) oa (Qm)
AEM —6 54 2 110 6 5.9
Slingram 19 14 10 90 5 3.7
Double dipole EM 2.8 33 2.5 50 4.5 11

(c) Interpretation of the earth resistivity sounding (ERS) survey and seismic refraction survey data by
means of a multilayer model. Thickness of layer = d, apparent resistivity = g, and the propagation

velocity of the acoustic wave = v.

Layer Point 198/1 Point 198/2 Point 198/3
ERS Seismic s. ERS Seismic s. ERS Seismic s.
d (m) pa (@m) d (m) vs (m/s) d (m) pa (Qm) d (m) vg(m/s) d (m) pa (Qm) d (m) vg (m/s)
1 0.2 90 43 360 0.2 90 1.7 480 0.9 45
2 3.0 120 7.7 900-1000 1.7 120 6.7 900-1000 3.9 9 not
3 16 16 5.3 1800-1900 10 21 18.3 1800—-1900 14 7 measured
4 0 340 w4100 00 340 o 5400 o 1000

— organic soil, vg = 300-700 m/s, 0, = 45
-120 Qm;

— sulphide clay and gyttja, v,= 700—
1100 m/s, o, = 7—21 Qm;
and

— till, vy = 1 500—2 800 m/s, g, > 340 Qm.

Comparison of the interpreted thicknesses
of the layers (Table 18) shows clearly that
electrical equivalence has made the inter-
pretation of the resistivity sounding data so

difficult that only the total conductance val-
ues s, are reliable if used alone without re-
lated control (e.g. drilling) data. The same
was evident when the preliminary results of
the manual interpretation based on partial
curve matching were compared with the re-
sults of the ADP interpretation program.
Apart from those for the clay layer, the results
were in good agreement. The s, values of the
clay layer were also close to each other, but
the o and d values separately showed marked
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Fig. 61. Test line Seingjoki 198, transformed EM data. (a) The values of apparent
resistivity p. and apparent depth to the surface da, calculated from AEM data by
means of the conductive half-space model. Some o, values obtained with the
double dipole EM (Apex MK I) data from the southern end of the line are also
shown. (b) The values of apparent conductance s, and apparent depth to the upper
surface das calculated from AEM data by means of the conductive horizontal thin-
layer model. (¢) The values of apparent conductivity o, and thickness d, calculated
from AEM data by means of the conductive horizontal thick-layer model.
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differences when interpreted by different Line 190

methods.

The AEM in-phase, quadrature and s, in- The following surveys were undertaken on
terpretation results (Figs. 56a and 61b) show test line 190 (y = 438.0, between x = 6971.550
that the conductance obtains maximum val- —6972.450):
ues s, = 4.2 Sat x = 6975.380. In these circum- — AEM survey, results in Fig. 62a.
stances the method approaches the inductive - Slingram surveys with coil separation
limit of the response function; the quadrature ofl = 20 m and | = 40 m, results in Figs.
component has already passed its maximum 62b and 62c. The in-phase anomaly
and decreases in this range when the con- values measured were corrected for
ductance increases. level offset in the data compilation.

Table 19
Test line Seindjoki 190, interpretation results at earth resistivity sounding points 190/1, 190/2 and 190/3.

(a) Values of the total conductance od (S) interpreted by various methods.

Method Total conductance (S)

Point 190/1 Point 190/2 Point 190/3

Earth resistivity

sounding <011 2.63 1.82
AEM 1.04 1.92 0.91
Slingram (I = 20 m) not defined 3.34 0.70

1 =40 m) not defined not defined 0.88
VLF-R 0.11 not defined 0.68
Double dipole EM not defined not defined not defined

(b) Interpretation of various EM data by means of one-layer model. The depth to the upper surface of the
conductor = day, apparent resistivity = o,.

Method Point 190/1 Point 190/2 Point 190/3

da, (m) oa (Qm) da; (m) 0a (Qm) da, (m) oa (Qm)
AEM 22 37 5 16 1 45
VLF-R not applicable 6.6 10 not applicable
Double dipole EM not defined 5 5 5 10

(c) Interpretation of the earth resistivity sounding data by means of a multilayer model. Thickness of
layer = d, apparent resistivity = g,.

Layer Point 190/1 Point 190/2 Point 190/3
d (m) oa (Qm) d (m) oa (Qm) d(m) ea (m)
1 4.0 150 1.3 35 0.6 42
2 oo 950 4.8 12 1.8 18
3 16 4 13.2 11
4 o 10000 © 300
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The interpretation results of the conductive
overburden at the resistivity sounding points
are shown in Table 19. The result for sounding
point 190/1 demonstrates that sulphide clay
is absent and that the total conductance of
the soil is low, s, < 0.1 S (the asymptotic val-
ue has not yet been reached). Even so, it is
still not possible to interpret the double di-
pole EM data with the two-layer model, but
only with the half-space model. Since the
anomaly values of the double dipole EM data
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Fig. 64. Test line Seinijoki 190, DC earth resis-
tivity sounding results at points 190/1, 190/2 and
190/3. Half-value of the current electrode separa-
tion = AB/2, Schlumberger electrode configura-
tion. Discrete points refer to survey data, curves
denote the theoretical model results with the
parameters of the models as listed in Table 19.

— Double dipole EM survey, results in
Fig. 62d.

— VLF-R survey, results in Fig. 63a.

— VLF-H, V survey, results in Fig. 63b.

— Direct current resistivity profiling with
Schlumberger electrode configuration
(MN =5 m, AB =40 m), results in Fig.
63c.

— Aeromagnetic survey, results and inter-
pretation in Fig. 63d.

— Resistivity soundings at three points,
190/1, 190/2 and 190/3, results in Fig. 64.

If not explicitly given, the specifications of
the different survey methods were the same
as on test line 198.

The test line was originally planned to ex-
emplify an area with a gradual increase in
the conductivity of the overburden. Later
interpretation (cf. Fig. 63d) of the magnetic
data, however, indicated the possibility of
a deep-buried, steeply dipping and magnet-
ised (black schist?) zone around x = 6972.0.
It could explain the difficulties encountered
in the application of layered earth models
to the interpretation of EM, especially
slingram, data.

are very low at this site (in-phase and quadra-
ture values = 40 ppm), the results are un-
reliable for the latter model as well. The value
of the total conductance at this point is so
low that the anomaly values produced by the
slingram survey are below the noise level of
the instrument.

At sounding points 190/2 and 190/3 the com-
position of the overburden is similar to that
on test line 198, i.e. it includes a conductive
(0 = 10 Qm) clay layer. Thus, at point 190/2 the
conductance is so high that the penetration
of the VLF-R method is insufficient and the
method gives no more than an estimate of
the depth to the upper surface and of the
conductivity of the clay layer (Table 19). The
change in the coil separation in the slingram
surveys from 20 m to 40 m shifts the data
points beyond the definition area of the char-
acteristic diagrams of one-layer and two-layer
models. At point 190/3 the penetration of all
the methods, the double dipole EM method
excluded, is sufficient to establish the total
conductance.

The total conductance values interpreted
from the various measurements on the test
line and covering the whole profile are shown
in Fig. 65. The data indicate that by com-
bining the slingram and VLF-R methods the
conductance can be interpreted along the
whole profile. Alone, neither of the methods
is sufficient. Within the region 0.5—1.0 S both
methods work well and the results are in
good agreement. The interpreted AEM sur-
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Fig. 65. Test line Seindjoki 190, the values of apparent conductance s, of the conductive horizontal
thin-layer model calculated from the data of various methods.
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Fig. 66. Test line Seindjoki 190, the values of apparent resistivity 0a of the conductive half-space model
calculated from the data of various methods.



Geological Survey of Finland, Bulletin 321 127

SEINAJOKI 190

CONDUCTANCE (S) PR SL'NGRAM,I=20m

10. 1
a——a VLF-R
o—o AEM
5.7 8 DC SOUNDING
»\,\r}
2 /190/2 190/3
: o
x \
1 T 7 T S\
6971.500 /' 6972.000 &
05
l
A
0.2 4
A
190/1/
o]
014
A
A
0.05-

Fig. 65. Test line Seindjoki 190, the values of apparent conductance s, of the conductive horizontal
thin-layer model calculated from the data of various methods.
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Fig. 66. Test line Seindjoki 190, the values of apparent resistivity g, of the conductive half-space model
calculated from the data of various methods.
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Fig. 67. Test line Seindjoki 170, results of various geophysical methods. (a) DC-3 aero-

geophysical survey, AEM, aeromagnetic and flight elevation data, point spacing Ax = 28 m.

(b) Slingram in-phase, quadrature data, Ax = 20 m. (c) Double dipole EM (Apex MK I)
survey in-phase, quadrature data, Ax = 10 m.
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vey data also correlate well with the ground
survey data at the northern end of the profile.
On account of the flight elevation and the
data processing method (five-point smooth-
ing), the resolution of the AEM data is poorer,
and the narrow resistive area between x =

6971.75—-.851is not shown by the AEM results.

The measured and interpreted (one-layer
model) values of the apparent resistivity are
shown in Fig. 66. The g, values of the VLF-R
and DC resistivity profiling survey correlate
very well with each other and fairly well with
the AEM o, values. The VLF-R survey data
also provide the values of the phase angle
¢, and hence the interpretability of the data
(cf. Fig. 65) is better than in the DC resistivity
profiling. The operational costs of the method
are also lower and thus, in soii studies, VLF-R
surveying could evidently largely replace DC
resistivity profiling. At the southern end of
the profile the o, interpretation results of the
double dipole EM survey (Fig. 66) exhibit a
variation similar to that of the other data.
The o, values obtained are about a decade
smaller than those given by other methods.
This means a zero-level difference of about
10—30 ppm in the in-phase component values
and thus illustrates the accuracy needed in
adjusting and reading the instrument.

Line 170

The following measurements were under-
taken on test line 170 (y = 434.0, between x =
6970.500—6974.800):

— AEM and aeromagnetic survey, results
in Fig. 67a.

— Slingram survey with coil separation
l = 40 m, results in Fig. 67b.

— Double dipole EM survey, results in
Fig. 67c.

Geological Survey of Finland, Bulletin 321

— Survey with a Geonics EM-31 electro-
magnetic conductivity meter with [ =
3.66 m and f = 8 kHz, results in Fig. 68a.

— VLF-R survey (between x = 6970.500—
6972.500), results in Fig. 68b.

— VLF-H, V survey, results in Fig. 68c.

The test line is located in an area in which
the overburden lacks saline clay beds,
although there are soils of weaker conduc-
tivity in the northern part of the test line.
In the southern part there are several isolated
narrow black schist layers in the bedrock that
generate strong EM and magnetic anomalies.
The difference in conductivity between the
northern and southern parts of the test
line can be directly seen as a change in the
Re/Im ratio on the AEM and slingram data,
but not on the EM-31 and VLF data. The
anomalies measured with different methods
coincide well with each other. The observa-
tion point spacing in the ground surveys was
either 10 m or 20 m and hence, the results
do not differ markedly in resolution. The EM
results can, however, be arranged in order
of declining resolution so that the VLF-R and
EM-31 methods have the best resolution and
the slingram method the next best. The poor-
est resolution is shown by the VLF-H, V
method. The resolution of the AEM data (h =
30 m, Ax = 28 m) is only slightly poorer than
that of the slingram data.

The AEM data were transformed into ap-
parent resistivity values with the one-layer
model, and the results are shown in Fig. 69.
The measured o, values of the EM-31 survey
are also shown in the figure. It can be claimed
that the discrimination ability of the trans-
formed AEM data exceeds that of the EM-31
and VLF-R results. In the northern part of
the test line the o, values with different meth-
ods agree well with each other. For the south-
ern part with black schist conductors the
EM-31 and VLF-R o, values are about two
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Fig. 69. Test line Seindjoki 170, comparison of EM results. (a) Values of apparent

resistivity ¢, and apparent depth da; calculated from AEM data by means of the

conductive half-space model. (b) Values of apparent resistivity 0, measured with a
Geonics EM-31 conductivity meter.
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Fig. 70. Test line Seindjoki 170, aeromagnetic survey data: anomaly values of the magnetic total field
ABr and their plate-model interpretation, point spacing Ax = 28 m. The dip angle a = 75° N is constant.

decades higher than the AEM transform val-
ues. The difference must be due to the greater
penetration of the AEM method. For this
reason and in spite of the unsuitability of
the theoretical model, the transformed data
could give conductivity values of the right
order of magnitude even for the sheet-like,
dipping conductors in the bedrock.

The aeromagnetic data for the southern
part of the test line have been interpreted
with plate models, and the outcome is given
in Fig. 70. According to the results, the black

schist layers are covered with a thin layer
of overburden and dip steeply northwards.
The two strongest adjacent sources of EM
and aeromagnetic anomalies around x =
6971.2 have smaller depth extents than the
other formations. The AEM and slingram
anomalies of these sources have been tenta-
tively interpreted with a combination of thick
and thin half-plane models in Fig. 71. The
modelling results are not extensive enough
to allow a good fit between the measured
and the model data.
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Summary of the results for the Seinajoki
test area

The results for the Seinijoki test area can
be summarised as follows:

— The transformation of the AEM data by

means of one-layer and two-layer mod-
els was feasible in practice and made
the classification of the different types
of conductors easier than when it was
based on the original anomaly data. The
small size of the conductor is empha-
sised in the apparent depth values, and
in other respects, too, the usability of
the apparent depth map seems to be
restricted.

Comparison between the various EM
data shows that the compatibility of
the quadrature component values is
surprisingly good considering the dif-
ferences in coil separation and distance
to the conductor. The differences in
penetration between the methods are
due to the behaviour of the signal/noise
ratio as a function of the h/l-ratio,
which, in the slingram and AEM data,
is significantly better than in the double
dipole EM-data.

The results for the test area show that the
total conductance of the overburden
can be interpreted by various methods
as follows: the double dipole EM data
can usually be interpreted only visually;
the VLF-R survey data were applicable
up to s, values of about 1 S and the sling-

ram survey data (I = 20—40 m, f = 3 600
Hz) up to about 4 S. For the AEM survey
and the DC resistivity sounding data,
the upper limit is still higher and was
not reached during the measurements.

— Total conductance appears to be the
most reliable result of interpretation of
conductive overburden for all the elec-
tromagnetic measurements. The o and
d values cannot be obtained separately,
except as very rough estimates, even
if the results of various methods are
combined. Thus, for example, the solu-
tion of the three-layer model

d, o, (low, e.g. organic soil)

d, 0, (high, e.g. clay)

o5 (low, e.g. till)

would be theoretically possible as a
combination of the VLF-R and slingram
or AEM methods (d; and o, are ob-
tained by interpreting VLF-R data,
de0, by interpreting the slingram or
AEM data), but the results obtained in
practice were not reliable.

— For the conductive overburden and
within the limits of penetration, the
VLF-R survey seems to be more ad-
vantageous than the DC resistivity pro-
filing method in both interpretability
and operation costs.

— Provided that the survey is done care-
fully, the double dipole EM data can
be interpreted to some extent with the
aid of the one-layer model.

Tervo: Conductive zones in bedrock overlain by poorly conductive overburden

The target, which covers map sheets 3313 08
Utrianlahti and 3313 11 Talluskyla, is an ex-
ample of AEM anomalies caused by different
types of bedrock conductors overlain by
poorly conductive glacial soils. The example

includes the response to a buried conductor
in the Sorosuo area and the comparison of
AEM and induced polarisation (IP) survey
data on the Luvelahti area.

The bedrock of the study area is part of
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Fig. 72. Lithological map of the Tervo area according to Ekdahl (1976b). The target areas of Sorosuo and
Luvelahti are marked on the map.

the Savo schist zone and is composed mainly
of various gneisses, amphibolites, quartz
diorites, granodiorites and granites, as shown
by the geological map by Ekdahl (1976b) in
Fig. 72. In places the gneisses contain garnet,
cordierite and anthophyllite. The western
part of the study area (map sheet 3313 08)
exhibits a few small mafic bodies, and the
eastern part (map sheet 3313 11) the larger
Saarinen-Luvelahti zone of mafic and ultra-
mafic rocks. The Quaternary geology of the
area is characterised by moraine cover (Ten-
hola 1979). The till layers average from a few

metres up to 10 m in thickness, but reach
30 to 40 m in the drumlins. At least two till
beds of different ages have been established.
The Koivulahti-Pulkonkoski zone, the pre-
dominant esker formation, has been classified
as an end moraine. Topographically, the area
is fairly flat although relatively large local
variations in elevation (50—70 m) occur due
to drumlins and eskers. There is a high pro-
portion of lakes and bogs in the surface area,
and the lake sediments include, at least in
some places, clay and gyttja.

The schists and mafic rocks in the area
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pages 136—137). (b) Quadrature component (see pages 138—139).
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Fig. 74. The values of apparent conductance s, of map sheets 3313 08 and 3313 11 (Tervo area) calculated
from the AEM data in Fig. 73 by means of a thin conductive horizontal layer model. The target areas of
Sorosuo and Luvelahti and the till sampling profiles (1,2) are marked on the map (see pages 140—141).
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have been subject to exploration since the
1950’s. The major prospects have been the
Ayskoski and Vauhkola Zn mineralisations
and the Saarinen-Luvelahti Ni-Cu miner-
alisation. Several smaller prospects and some
high-grade Zn, Cu and Ni floats,
source has not yet been established, are
also known in the area (Ekdahl 1976b, Vasti
1978). The Savia Cu—Zn deposit described
on pages 172—186 is located in the same schist
zone, some 15 km north of the test area.

The area was studied with AEM high-eleva-
tion survey in 1960 and low-elevation survey
in 1978. The outcome of the latter is shown
as profile maps in Fig. 73. Apart from the
airborne surveys, diverse and extensive
ground measurements have been conducted
in the area; some targets have been tested
with diamond-core drilling. Geochemical till
sampling has been extended over the whole
area. In the western part (map sheet 3313 08)
the samples were taken from the greatest
depth possible using a light percussion drill
(Tenhola 1979). The maximum depth attained
was 10 m.

whose

In the AEM anomaly maps, the effects of
the extensive weak conductors manifest
themselves as large quadrature component
anomaly zones in which the amplitudes vary
between —200 and —1000 ppm. The zones
are related to the lake and bog areas, i.e. con-
ductive overburden. The in-phase component
data (Fig. 73a) differ distinctly from the quad-
rature component data, the anomalies being
better defined and areally much more re-
stricted. Except for the zone of positive in-
phase anomalies in the NW corner of the
area, which is caused by susceptive schists
that contain disseminated magnetite, most
of the in-phase anomaly bands are due to
bedrock conductors. The in-phase anomaly
map reveals that there are AEM anomalies
associated with most of the ore showings and
prospects located in the study area. For ex-
ploration applications, the in-phase com-
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ponent data are significantly more useful
than the quadrature component data in the
delineation of the bedrock conductor zones
and in the appraisal of the anomalies. This
conclusion is supported by other examples
of the DC-3 AEM data.

If the anomaly maps are compared with
the transformation map (Fig. 74) produced
by applying the horizontal conductor model,
the transformation can be judged as techni-
cally successful, although the original anom-
aly values are much lower than in the pre-
vious example. In the resistive areas the Sa
values are = 0.01 S, in the areas of poor1§
conductive overburden 0.01-0.1 S, and over
the bedrock conductors generally 0.1-3.0 S.
The Selkdmia conductor around x = 6996.4
and y = 489.0, which produces a small but
strong anomaly, shows the best conductance.
In this test area, however, the conductance
map does not yield as much useful explora-
tional information as do the original in-phase
component data; rather, it must be pointed
out that conductors that generate a very small
indication, such asthe Cu showing in the Saa-
risenjarvi gabbro, do not show up in the s,
values owing to smoothing and the contour
map form of presentation.

The transformation map demonstrates that
the conductance values also fluctuate some-
what in poorly conductive till-covered areas.
If the sensitivity of the AEM results were
high enough, they might possibly be of as-
sistance in the planning of geochemical till
sampling. Fig. 75 shows a comparison be-
tween the penetration of the till blanket at
the sampling points along the two test pro-
files and the corresponding values of quadra-
ture component AEM data. It must be noted
that from the 67 sampling points along the
test profiles, only 2 reached the bedrock sur-
face. Even so, the variables are moderately
correlated with each other. Test line 1 does
not cross any known bedrock conductors.
On test line 2 the correlation is also clear,
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although the interpretation is now more dif-
ficult owing to the bedrock conductors which
also contribute to the AEM anomalies. The
lower, older basal till encountered in the area
contains silt and clay (Hirvas & Nenonen
1978). Another possible source of AEM anom-
alies are layers of weathered rock, which have
also been found in the test area. The results
in Fig. 75 indicate that it might be feasible,
under favourable conditions, to map the areal
distribution of these types of poorly conduc-
tive soils by means of AEM results.
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Sorosuo: conductive half-plane covered by
thick overburden

In spite of extensive studies, the source
of all the Zn-rich floats in Utrianlahti has
not been established; one possible source
is farther off to the north-west in the Soro-
suo-Hirviniemi area (Ekdahl 1976b). The bed-
rock is covered by bog and has no expo-
sures, which makes exploration difficult. The
slingram survey (I = 40 m, f = 3 600 Hz) con-
ducted earlier in the Sorosuo area did not
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produce any indications. Magnetics, how-
ever, revealed weak anomalies in the area,
and the AEM and new slingram surveys pro-
duced a distinet conductor indication, as
shown by Figs. 73, 74 and 76.

Various EM data on the flight line 79 (x =
6995.8 between y = 480.400—482.600) are
shown in Fig. 76. The new slingram data dem-
onstrate that the anomaly shows up vaguely
when the coil separation is | = 60 m; it is
clearly distinguishable only when the coil
separation is I = 100 m. The interpretation of
different results is given in Fig. 77. By means
of Fig. 35b and the original scale modelling
profiles, the interpretation of the AEM data,
in phase = —520 ppm, quadrature = —-320
ppm, gives 5.6 S for the od product of the
conductor and da; = 63 m—38 m = 25 m for
the depth to the outcrop of the conductor
from the ground surface. An eastward dip
of the conductor can be anticipated from the
in-phase anomaly profile. Slingram inter-
pretation gives correspondingly od = 11 S,
da, = 25 m and a = 60°. The AEM data show
that the conductance of the horizontal con-
ductoris low, s, = 0.01-0.1 S. Its thickness is,
however, so high that the penetration of the
slingram method is sufficient only when | =
60 m. In comparison, sampling depths up
to 8 m have been reached in regional till
sampling in the Sorosuo area (cf. Fig. 75, test
line 2). Studies on the target are underway
and more data to test the interpretation are
not yet available.

Luvelahti: conductive zone in bedrock

Explorational activities were initiated at
Luvelahtiin 1960 by the discovery of chalco-
pyrite-bearing gabbro floats, whose source
was established in the eastern portion of the
Saarinen-Luvelahti gabbro massif. The
source of the best floats, however, cannot
yet be considered fully established and fol-
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low-up studies, which include IP surveying,
have been conducted in the environment of
the gabbro massif. In Fig. 78 the transformed
AEM data calculated with the half-space
(one-layer) model are compared with the
values of apparent resistivity and phase angle
measured by the IP method with a gradient
electrode array. Both methods give anomalies
indicating adjacent conductors east of the
gabbro massif. Considering the differences
in the methods, the apparent resistivity val-
ues of the various methods are in surprisingly
good agreement. All the resistivity lows
mapped with the AEM method can be found
in gradient array results as well (areas 1-6
in Fig. 78). A strong anomaly, area 7 around
X = 6992.4 and y = 495.0, in gradient data
does not have any correspondence in the
AEM, aeromagnetic or slingram data. As the
0, values measured in the boundary points
with the next set of current earthings are
a hundred times higher, the anomaly must
be a spurious one.

One of the drawbacks of the gradient array
is that it is not easy to combine the data
measured with different current earthings.
The more serious hindrance in this case, how-
ever, is due to the highly abnormal negative
phase angle values (up to —670 mrad) in the
resistive zone between the conductors (area
4 in Fig. 78c). These values are obviously
caused by too low values of electric field in-
tensity in the resistive zone. The phenomenon
makes it difficult to interpret the phase angle
data (Lehtimé&ki 1981). It can be concluded
that, in this particular case, the transformed
AEM data are as good as, if not better than,
the IP data at localising the conductors. The
results of the various methods for a test line
are shown in profile form in Fig. 79. The data
refer to survey line 68 (x = 6993.6, between
y = 494.250—497.250). The AEM, slingram
and IP resistivity data confirm that the main
indication around y = 495.5 is due to two
separate conductors. The difference in resolu-
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tion of o, and IP phase angle data, measured
with a gradient or a dipole-dipole electrode
array, is clearly seen in Fig. 79. The nearest
exposures show that cordierite-bearing
gneiss rocks occur in the area. According to
Ekdahl (1976b), this rock type contains gra-
phitic portions, a fact that could explain the
EM and electrical indications at the target.

— The transformation of DC-3 AEM data

is technically feasible, even in areas in
which the conductance of the over-
burden shows the moderately low val-
ues typical of till in Finland.

The penetration of the AEM method ex-
ceeded that of the slingram method
with a coil separation of [ = 40 m and

rather matched a value of [ = 60 m.

— Therelatively low and small indications
produced by the bedrock conductors
were recognised in the transformed
data as well; not, however, with the

Summary of the results for the Tervo study
area

Examination of the results for the target
area shows that:
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Fig. 79. Test line Tervo 68 (Luvelahti target), results of various geophysical methods. (a) DC-3 aero-
geophysical survey, AEM, aeromagnetic and flight elevation data, point spacing Ay = 29 m. (b) Slingram
survey, in-phase and quadrature data, coil separation | = 60 m, frequency f = 3 600 Hz, Ay = 20 m. (¢) IP
survey, the values of phase angle ¢ measured with gradient and dipole-dipole arrays, Ay = 20 m. IP
equipment model FP and an electrode array with AB = 20 m, MN = 20 m and dipole separation = 60 m
were applied in the dipole-dipole measurements. (d) IP survey, the values of apparent resistivity o5
measured with gradient and dipole-dipole arrays. The g, values calculated from the AEM data are also
shown for comparison (see page 152).
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resolution of the original in-phase
anomaly values.

— The values of the apparent resistivity
0, calculated from the AEM data cor-
respond well with the g, values deduced
from the gradient array measurements.

— On account of the good penetration of
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the AEM method, explorationally use-
ful information was obtained, even
from this area which had long been
submitted to ground studies more di-
verse and detailed than the AEM sur-
vey.

Sotkamo: Extensive black schist formation of varying conductivity

Owing to their high conductivity, black
schist zones are readily indicated by various
EM methods. When they occur as extensive
formations, however, they are such dominant
sources of anomaly that it is not generally
considered possible to study their internal
structure in detail on the basis of AEM data
nor to assess the explorational priority of
the anomalies. Nonetheless, such a methodic
trial will be made in this example. It will also
be demonstrated that, with transformed data,
it is possible to reduce the variations in
anomaly values caused by the large varia-
tions in topography and flight elevation so
that the transformed data are considerably
more useful than are the original anomaly
values.

The target area is part of the western mar-
gin of the Kainuu schist belt. According to
Heino and Havola (1980), the bedrock in the
area is composed of three major groups (Fig.
80): the Presvecokarelian gneiss complex,
Karelian schists and intrusive rocks. The
Presvecokarelian gneiss complex is grano-
dioritic or granitic in composition. The Kare-
lian schists include quartzites, black schists
and mica schists, all of which also occur to-
gether as intervening layers. The intrusive
rocks are rare and occur mainly as meta-
diabase dykes in the western margin of the
schist formation.

On the basis of the sulphides present, the
large black schist formation in Sotkamo can

be subdivided into four major types (Erva-
maa & Heino 1980):

- Pyrite-predominant black schist (type 1).

— Pyrrhotite-predominant black schist
(type 2).

— Ni—Cu-—Zn-bearing black schist (type 3).

— Mn-bearing black schist (type 4).

The black schists average 8—20 % sulphides
and about 7 % graphite. Only a small propor-
tion of the sulphides are ore minerals, and
in the exploration studies the limit of the type
3 has been at 0.25 % Cu+Ni.

The Geological Survey of Finland has un-
dertaken exploration in the area several
times, most intensely in 1977-1979 (Ervamaa
& Heino 1980). The problem has been how
to distinguish black schist types 3 and 4,
which contain valuable metals, from types 1
and 2, which do not contain such metals; the
types differ only in trace metal content. A
decisive contribution to solving the problem
was made through petrophysical studies and
subsequent slingram measurements. The
results of the geophysical ground surveys
made in 1977 (Tervo 1980) and the low-eleva-
tion airborne survey made in the same year
are dealt with in the present context.

On account of the quartzites the topography
varies sharply, particularly in the eastern part
of the area. This made it rather difficult to
conduct low-elevation survey flights. The
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average flight elevation was h =32 m, the
standard deviation being o, = 7.2 m. The
overburden is predominantly till that varies
in thickness between 1 and 5 m with maxi-
mum recorded values of 15 m. The western
margin of the black schist formation.is well
exposed; elsewhere exposures are scarce.

Most, but not all, of the schist formations
are also strongly magnetised. Interpretation
of magnetic data is, however, complicated by
a strong remanent magnetisation. The Q
values measured from 26 samples average
Q = 15.6 in intensity, and the directions are
widely scattered (Tervo 1980, p. 9). Because
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of remanence, the separation of black schist
zones into different types is not possible on
the basis of magnetic data. This is indicated
by a visual inspection of the aeromagnetic
profiles shown in Figs. 83a, 85a and 86a.

AEM anomaly maps for the whole area are
shown in Fig. 81. As expected, the black
schist responses dominate the AEM data.
The largest in-phase anomalies, (in-phase
< —10000 ppm), are around the lakes Kolmi-
soppi and Kuusilampi.
clearly distinct anomaly group are the positive
in-phase anomalies produced by metadia-
bases. The other rock types in the area do
not show up on the AEM maps as separate
units. The quadrature component map shows
extensive weak anomalies also due to poorly
conductive soil layers. The original AEM
quadrature component data in this area have
an abnormally high noise level, averaging
50—150 ppm.

The anomaly values, transformed into ap-
parent conductivity data, are shown in Fig.
82. The results demonstrate that the black
schist zone is highly conductive; the trans-
formation has led to maximum apparent con-
ductivity values of o, = 10 Sm~-1. The curve
0, = 0.1 Sm-! approximately delineates the
contact between the black schist zone and
the resistive country rock. Closer comparison
of the maps in Figs. 81 and 82 shows further
that the in-phase and ¢, maxima do not coin-
cide everywhere. Fig. 80 also shows the areas
occupied by the Cu—Ni—-Zn-bearing black
schist (type 3) as deduced from the explora-
tion data available to date. The o, maxima
on the transformation map coincide well with
the known occurrences of the type-3 black
schist. The transformation results also sug-
gest that the likelihood of extensive black
schist portions of type 3 is unlikely in the
vicinity of the Taattola pit (x = 7100.5, y =
554.1), where exploration started.

Another visually

Considering the geological environment,
the use of the conductive half-space model

is well motivated in this area. The anomaly
data were also transformed by applying the
model of a thin horizontal conductor. The
map obtained is analogous to that in Fig. 82.
The slingram surveys were originally un-
dertaken in the whole area with a coil separa-
tion of I =60 m and at a frequency of f=
3 600 Hz. On account of the shorter point and
line spacings the resolution is slightly better
than in the AEM data. The discrimination
ability, however, is poor, because in the black
schist area the data are on the inductive limit
of the response function of the system (in-
phase = —100 %, quadrature = —1--- —10 %),
and the internal differences in the conduc-
tivity of the formation cannot be detected.
Measurements of drill-core samples showed
that the conductivity of type-3 black schist
is still higher than that of the other types.
Hence, multifrequency and multicoil-separa-
tion surveys with the slingram method (f =
222-3 555Hz,l = 60—160 m) were undertaken
in the area. The measurements delineated the
portions of the formation with the highest
conductivity and thus directed the follow-up
studies to limited targets in the Kolmi-
soppi—Talvivaara area (Tervo 1980). In that
respect the value of the transformed AEM re-
sults is only that of a methodic comparison,
because they were produced too late to aid in
prospecting. For more detailed comparison,
results of three survey lines are examined.

Line 587

Fig. 83 shows survey data on various meth-
ods from survey line 587 (x = 7097.4 between
y = 551.000—-559.000). The flight elevation
was fairly constant, h = 30 £ 10 m, along this
line.

The positive AEM in-phase anomalies in-
dicate the metadiabase dykes in the contact
zone marked by la and 1b in Fig. 83. The
AEM anomaly produced by the black schist
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zone is extensive and consists of separate
parts. The maximum of the anomaly values
is reached at point y = 553.260, at which in-
phase = —12840 ppm, quadrature = —480
ppm. Hence, the AEM response parameter,
although already close to the inductive limit,
is still within the conductivity aperture. The
westernmost narrow black schist layer (mark-
ed by 2) is so close to the main zone (marked
by 3) that the in-phase anomalies of the zones
are completely summed up. In contrast, the
effects of zones 2 and 3 on the quadrature
component data are separate. Closer examin-
ation shows that the in-phase/quadrature
ratio is highest in zones 3a and 3b but already
distinctly lower in zone 3c. Above a mica
schist outcrop, a high AEM anomaly with
in-phase = -2 200 ppm, quadrature = —240

Geological Survey of Finland, Bulletin 321

ppm was recorded in the spot denoted by
symbol 4. The result indicates the depth to
the gently dipping black schist bed at this
point. On the basis of Fig. 27, the interpret-
ation gives o, = 2 Sm™!, da, = 40 m from the
ground surface for this conductor. Judged
by the in-phase/quadrature ratio, the eastern
black schist zone (marked by 6) is a poorer
conductor than the western zone. On account
of the complicated structure of black schist
beds 2—6 it is not possible to estimate their
dip from the AEM data; the dip of the separ-
ate narrow black schist layers (marked by 7a
and 7b) is, however, suggested to be east-
wards.

Fig. 83 also shows results of the multifre-
quency slingram survey. The survey direc-
tion was perpendicular to the strike of the
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spacing Ay = 29 m. (b) Slingram survey in-phase and quadrature data with frequency f = 3 555 Hz, coil
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hole

Drill

formation, i.e. the airborne and ground sur-
vey lines make an angle of 20° with each oth-
er. The coil separation was | = 60 m but the
frequency varied. The data given in the figure
were recorded at f= 3555 Hz, 888 Hz and
222 Hz. At higher frequencies the slingram
responses are very close to the inductive
limit. The difference in conductivity between
zones 3a, b and c is hardly discernible in the
quadrature component data. At frequencies
f =888 Hz and 222 Hz the difference in the
in-phase/quadrature ratio between various
zones is already distinct.

The o, and da, values of the survey line
calculated with the transformation program
are shown in Fig. 84a. They corroborate the
concept of the difference in conductivity be-
tween various parts of the black schist forma-
tion suggested by the visual interpretation.
The highest o, values are over the mineralised
black schist in area 3b, where 0, = 30 Sm 1,
da; =5 m. The eastern zone 5, which dips
below the mica schist, is only slightly less
conductive, o, = 10 Sm-1, da, = 15 m, than
area 3b. This is not easy to see by visual ex-
amination. The graph of apparent conduc-
tivity also shows the conductivities of sam-
ples taken across the formation and reported
by Tervo (1980). It is seen that the o, values
from the AEM interpretation are systemati-
cally lower than but satisfactorily compatible
with the measured petrophysical data.

Theoretical slingram responses were cal-
culated for various frequencies and thick-
nesses of overburden by means of the ADP
modelling program of multilayer earth. On
the basis of the model results, Tervo (1980,
Fig. 16) interpreted the slingram data from
the line; the values are also in good agree-
ment with the results shown in Fig. 84a.

Finally, Fig. 84b shows the geological pro-
file over the whole study area compiled by
Heino and Havola (1980, p. 9) from geological
observations and geophysical results.
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Line 591

The various geophysical results on the line
are shown in Fig. 85. Line 591 is less favour-
able in terms of AEM data than is line 587,
because the western black schist zone is lo-
cated in a topographic low and the flight
elevation at this site was 30 m higher than
in the environment. Consequently, the peak
amplitudes of the whole anomaly zone, in-
phase = —3 000 ppm, quadrature = —80 ppm,
were much lower than those of line 587. Over
the black schist zone (marked by 6) east of
the mica schist area the peak anomalies are
in-phase = —7800 ppm and quadrature =
—1 000 ppm. The transformation results show
that the 0, map and profile are now distinctly
more useful than are the original anomaly
values. The maximum value, o, = 50 Sm;l,
da; = 6 m, is over zone 3b, and the effect of
the large variation in flight elevation on the
in-phase, quadrature data has thus been elim-

SOTKAMO 591

Pk

Geological Survey of Finland, Bulletin 321

inated. Correspondingly, values o, = 3 Sm-1,
da; = 11 m are obtained for the eastern anom-
aly zone 6.

The interpretation of the mica schist area
(marked by symbols 4 and 5 in Fig. 85) gives
the following outcome. In area 4 the anomaly
values are in-phase = —500 ppm, quadrature
~ 0 ppm; hence, the conductor is deep-
buried and highly conductive. With a mini-
mum value of 0, =5 Sm~! for the conductor,
we obtain da; = 95 m. In area 5 the depth
to the conductor is already smaller, and from
the anomaly values of in-phase = —4 000 ppm,
quadrature = —1240 ppm, values o, =0.5
Sm-1, da; = 20 m are obtained. Diamond drill
hole R340, which is located 300 m south of
line 591 in the western margin of the mica
schist area, intersected 75 m of mica schist
before penetrating the uppermost black
schist bed. In the slingram data(l = 60 m, f =
3 600 Hz) the conductor overlain by the mica
schist in areas 4 and 5 produces a weak posi-
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Fig. 85. Test line Sotkamo 591, results of various geophysical methods. See text for explanation of

symbols 1-8. (a) DC-3 aerogeophysical survey, AEM, aeromagnetic and flight elevation data, point spacing

Ay = 29 m. (b) The values of apparent conductivity o, calculated from AEM survey data. (c) Slingram

survey in-phase and quadrature data with coil separation | 60 m, frequency f= 3 600 Hz, Ay = 20 m
(see page 167).
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tive anomaly zone, in-phase = +4.5 %, quad- in satisfactory agreement with the other re-
rature = +1.0 %. For the slingram results the sults.

data in the characteristic diagram (Fig. 51a) As suggested by the AEM data, zones 7a
give 0,=0.3 Sm~!, da; = 90 m, which are and 7b dip eastwards. On the basis of Fig. 36b
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(a thin half-plane, dip 30°), od =8 S, dag =
28 m are obtained for interpreted values of
conductor 7b. Conductive zone 8 shows a
good example of an anomaly produced by
a thick half-plane with an intervening mini-
mum in quadrature component values. In-
terpretation based on Fig. 39b (h =1, d/l = 1.0,
of = 10%) gives approximately o, = 0.3 Sm-1,
d =25 m.

Line 613

The survey and transformation data on the
line are shown in Fig. 86. The variations in
topography and flight elevation caused by
the quartzite formations along the line are
higher still than on the previous line. The
test line cuts the northern end of the black
schist formation that is partly under the lake
Kolmisoppi. The measured AEM in-phase
and quadrature anomalies are higher on the
western shore than on the eastern shore of
the lake (zones la and 1b). The transformation
results, however, demonstrate that the eastern
black schist zone 1b has markedly better con-
ductivity; the 0, =100 Sm-1! is the highest
value recorded in the whole Sotkamo area.
The outcome is not entirely compatible with
the petrophysical data, according to which
the sulphides occur in this portion of the
formation as dissemination and farther south
as breccia with higher conductivity. Even so,
it can be concluded that the effect of the
relatively large variations in flight elevation
was satisfactorily reduced by means of trans-
formation. Thus the transformation results
are more easily applied to exploration than
are the original in-phase and quadrature
anomaly values.

The extensive quartzite zone is poor in out-
crops. Symbol 3 denotes a poorly conductive
swarm of dykes that includes mafic and ultra-
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mafic rocks. Zone 4 is a black schist bed that
dips eastwards. Some of the narrow black
schist beds, e.g. number 7b in Fig. 85 and
number 2 in Fig. 86, were not recognised in
the earlier mapping for lack of outcrops.

Summary of the Sotkamo results

The AEM results for the target area can be
summarised as follows:

— On account of the shorter coil separa-
tion and the smaller value of the re-
sponse parameter than in the standard
slingram method, the DC-3 AEM data
on the Sotkamo black schist formation
are not yet on the inductive limit.
Hence, the discrimination ability of the
AEM method extends up to values of
0, =100 Sm-1,

— The AEM results obtained from test line
591 demonstrate that the system has as
good penetration for an extensive con-
ductor as predicted by the modelling
results.

— The merit of transformation is clear
when the flight elevation and/or the
depth to the conductor outcrop vary:
use can be made of all interpretational
information contained in the original
data, including that of the in-phase/
quadrature ratio. The true o, maxima
can be recognised regardless of the
anomaly amplitudes. Hence, the ap-
plicability of the AEM data to explora-
tion can be improved if the transforma-
tion results are also available.

— The o, values calculated from the large
AEM anomalies compare favourably
with the conductivity data measured
from samples. In situ variation in con-
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ductivity being so high, perfect com-
patibility is, in practice, beyond ex-
pectation.

— In the most favourable cases, the in-
fluence of the dip is also visible in the
in-phase and quadrature anomaly
curves, as predicted by the scale model
data.

- Some of the ground measurements
could have been replaced by AEM
transformation results had these been
available in the early stages of explora-
tion.
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Pielavesi Savia: Conductive vertical half-plane overlain
by weakly conductive overburden

The target exemplifies the AEM and EM
responses to a vertical half-plane conductor.
With this example the penetration and dis-
crimination ability of various methods are
compared when the conductivity of the over-
burden is low but significant.

The chalcopyrite-sphalerite-pyrite occur-
rence at Savia was discovered in 1966 by the
Geological Survey. The history of the dis-
covery and the geological studies on the de-
posit have been described by Laitakari (1968)
and the geophysical surveys by Siikarla
(1968). The results of the slingram survey
and their interpretation (Ketola 1968) are still
one of the most detailed case histories of the
method and constitute excellent comparative
material for the AEM data of the present
study.

The Savia ore deposit, whose geological
map is shown in Fig. 87, is located in the
middle of a roughly 500-m-wide schist zone
that strikes in an almost N—S direction. The
schist zone is composed of hornblende—cum-
mingtonite gneisses, cordierite-anthophyllite
gneisses, quartz-feldspar gneisses and am-
phibolites. Quartz diorite rocks are encoun-
tered west and east of the schist zone. At its
northern and southern ends the orebody is
subvertical, dipping 70°—85°E; in the middle
it has a shallower dip, 40°—50°E. At the north-
ern end it is 10—30 m thick, and in the middle
less than 10 m. In the south the orebody
branches into two and finally into three sep-
arate slabs.

The massive northern part of the orebody

averages 1.1 % Cu and 28 % sulphur and the
less regular southern part 2 % Zn and 33 %
sulphur. The ore is highly conductive. Ketola
(1968, pp. 29—30) has measured conductivities
0=1-300 Sm-1 on the drill-core samples
and deduced conductivity-thickness prod-
ucts sa=1.6—-88 S from the slingram data
interpreted with thin half-plane models. The
ore deposit also exhibits a distinct density
contrast with the host rock. The density of
the ore varies between 4.10 and 4.20- 103 kg/
m3 and that of the host rocks between 2.68
and 3.04- 103 kg/m3. The susceptibilities are
k = 0.11-0.35 for the ore, 0.0005—0.05 for the
schists and k = 0.05 for the quartz diorite.
The magnetisation of the schists varies in
accordance with the amount of accessory
magnetite. Hence it is difficult to localise
the deposit by magnetic surveys. The ore
deposit is entirely beneath the lake Pielavesi.
The depth of the water over the deposit varies
from 2.0 to 4.5 m and that of the soil (gyttja
and till) from 6 to 27 m. The depth of the
soil means that the target is not ideal for EM
methods even though the deposit itself has
high conductivity and a large conductivity
contrast with the country rock. Pyrrhotite
and pyrite zones have also been encountered
in structures that crosscut the ore deposit
diagonally. These zones do not contain min-
erals of economic value but produce strong
electrical anomalies in places.

The area was submitted to high-elevation
AEM survey in 1959 and low-elevation survey
in 1979. Although not large, the variation in



Geological Survey of Finland, Bulletin 321

173

o
o

>
XX
dotoses

1900,.0.0.0.

+9a%%

Y 482.800 483.000 483.200 483,400
7012.200
RIHAARREE
| ‘\”\III I||1!'[|' ';)l
[
W [
7012.000 }1 zfl\‘ 1‘, ! 160
! ! o
Lake | T L1 e
'l | &

19.0.0.0.00.

I

|

Pielavesi |
|

O
0.2000‘

SRR

KK

0‘0000

9:%0.0.9:0.9.0.0-0

900,90
> 0‘0'0.0

e

2

Dotetetelele!
X
Podolelets!
e

&
GORRIBEES
D000 %0202 % 20%
e

O

>
ol

e 00,000,

o0
=

SR,
ﬁﬁf.
Dodelete!

o2

bode!

o1
ICO

92%:%
008

e

AT
QLRX,
KKK
SRRIXLRS
X
X
PeSede:
LRRH

TR
3RES
Pode et
deso%s
be%e

e X
> S
S STRIIERLEKK
GOIRRIIEEELEK
0RO
oo Sogstotetetetetetete%
Sole

X%

5,
DOSe SeSesetes
SRR

%
%
0K
ORRAXK
=~
RRKA0RS

7011.600 | i)

o0
KX
%%
% 200

P
£
£
£
f
f
QR RE
A
ol
R
RXRILEEIET
|

2
QIITRILIS
RN 245

S SS IS X RN O

.000'0‘00 R ot

XX
.f????u
?3???
QK5
00‘0.:.0.0

9s
%%

SoSetototoletetes
9900000, 9.
225K

o

255,
Podoele!
PeSete

XXX
ol

%

X 7011.400

[RXRZ

5% Amphibolite Quartz diorite
~—= Hornblende- = . 5
= cummingtonite gneiss Leptite gneiss

—] Antophyllite~ B suiphide ore

cordierite gneiss

Fig. 87. Geological map of the Pielavesi Savii area according to Laitakari (1968

). Test lines 160, 159
158 are marked on the map. o



174

Geological Survey of Finland, Bulletin 321

AIRBORNE ELECTROMAGNETIC MAP

N IN-PHASE COMPONENT ANOMALY (PPM)
~io00 LINE NO
S y o
500
LEHTI 3314 07 PIELAVESI M ﬁ\ * SHEET 3314 07 PIELAVESI
,uonCO — ‘B?A 48, N J 486 488 5!2 ‘307020
ferrrrifl A DN e (T T e _199
198 P, N /{[”W»{A L\-\ A A 198
BT . IM_ gy 82 ey
T receeedN T O A 106 |
P i - o
184 Dpetberefien A
183 WL 4\* 188 1
o8 B ca 1010 SO\
14l Ajhﬁfﬂ7h~_~4, o 191
7018 TS Wi s el T T ,xr__zm'/l\ 190 18
ST T B T o M 189
il A—/I o 18§
g AP (T e ererrreeees N a7
s A Senssaunansc ol e— T e NP 188
1Ty | 185
B— 111} ABA
430 M ﬁ"f‘ S2asusi N — g | e
15" eI T T T T T T T e AN 2 157
s i et [l — O 181
7016 —~rrrree i i il 016
| 178
o e r— i 2t
= h‘lx; A I\ i 178
LIS DIy oed)) . - — e IS
174 ] 1) S Brasuiisnsne®
173 e S
172 AN TR 3
el :i:‘z i uiBNEsNEED t‘t,
7014 014
189 —_— — Vi ,(“ 88
"_Wq 4TI e - <
. ] V(1. A w
D> s AA
o 166
A
— A\ 184 1y
2 — | i - BNT
EP () - P S, T
18 N A B | DU\ T 1
— Al 160 J ,—/ﬁ\. A 180 oiz
P e A\ 159 o ] 20 oa 1 N — 138
s 158 (I A S,
_— 441A¥;;QEH}A D e L v‘k;.
LS T et Ao &‘%M T P 0 1
et BT T e e )ﬁs\ A — —— 134/
53 TMIT I e T | S . 153
7010 150 ~—°-~——-v___a~'ﬁékjt;mo
480 zs"m‘ 482 484 486 488 490

GEOLOGINEN TUTKIMUSLAITOS

MITTAKAAVA SCALE

4 0.5 1 KM

GEOLOGICAL SURVEY OF FINLAND

Fig. 88. DC-3 AEM survey data, map sheet 3314 07 (Pielavesi Savii area). Test lines 160, 159 and 158
are marked on the maps. (a) In-phase component. (b) Quadrature component (see page 175).



N t:;a.
S

Geological Survey of Finland, Bulletin 321

175

AIRBORNE ELECTROMAGNETIC MAP

y

LEHTT 3314 07 PIELAVESI

QUADRATURE COMPONENT

ANOMALY (PPM)

-1000
-500

LINE NO
567
0
+500

SHEET 3314 07 PIELAVESI

7020

7018

7014

7012

7010

A i ws MM e ATN 200 490
M Y oL o] 199
1] Iﬂ}¥> —— }TTAqlk O WTﬂTl”T}TrnTThﬁ(ﬂ¥h~»qu\ A AT 198
i | i o ——
YY1 a1 1 ] e YN
183 Y Hmﬁjﬂlﬁh
fressvvon 111111 NN oL !
M O e Toh, A \Aﬁ4
| e e T L L R a | ]k i brora
i T
A LTI HIIMI] Dl D
| AT A I ceriny il | VN M otas
AT [ P e P e AP o ATre_rA8S
b i ﬂm A 184 1
= 1 i mﬁ oy
IS . W Amnt;m;mu
- Attt =
T Tl
P Wwﬂﬂlur I
We. el . A
l: I 1%
o170 —. ll | ]
i i
ST [T ]
Loz, ]
T | ipnNe
b t65 A\ mmrfﬂHHHUllll[lml
= \|
— AU :
760
159
| 158 | e AT ]
! M»
| e, |
il i
(A Dhd (][} b
@t TN, e e \
150 i ——— S 010

zs"]co

GEOLOGINEN TUTKIMUSLAITOS

MITTAKAAVA

4 0.5 T KM

SCALE

GEOLOGICAL SURVEY OF FINLAND



176 Geological Survey of Finland, Bulletin 321

AIRBORNE ELECTROMAGNETIC MAP

APPARENT RESISTIVITY

N X
’ CONTOURS IN am
S y

LEHTI 3314 07 PIELAVESI SHEET 3314 07 PIELAVESI

480
7020

7018

7016

7014

7012

—Jise[ N
158] V@
G

7010
480

GEOLOGINEN TUTKIMUSLAITOS GEOLOGICAL SURVEY OF FINLAND

Fig. 89. Transformation results for map sheet 3314 07 (Pielavesi Savié area) calculated from the original

AEM data in Fig. 88 by means of a conductive half-space model. Test lines 160, 159 and 158 are marked

on the maps. (a) The apparent resistivity values ga. (b) The apparent depths to the upper surface of the
conductive half-space da, (see page 177).
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topography is sharp in some places. The av-
erage flight elevation in the area wash = 38 m
and the standard deviation o, = 6 m. Noise
anomalies due to power transmission and
telegraph lines are abundant in the AEM
data. The in-phase, quadrature anomaly maps
of the low-elevation survey in the area (map
sheet 3314 07) are shown in Fig. 88. The trans-
formed values, apparent resistivities o,, are
shown in Fig. 89. Visual examination of the
AEM anomaly data shows that the quadra-
ture component anomalies are large, although
rather low in amplitude (0 --- —600 ppm), and
that they are caused by gyttja in waterways
and by other poorly conductive soils. In con-
trast, the in-phase anomaly map exhibits
anomaly zones of restricted size and fairly
high amplitude, in-phase = —1 000 --- —1 500
ppm, indicating graphite- and sulphide-bear-
ing zones in bedrock. The strong SW-NE-
trending anomaly zone on the map is caused
by a power transmission cable buried in the
lake bottom. One of the in-phase anomaly
zones clearly indicates the Savia ore deposit.
It is seen that the quadrature component
produces only such a low indication of the
deposit that it is easily masked by theregional
anomaly caused by the poorly conductive
horizontal layer (gyttja on the lake bottom).
This also explains why it was not possible
to obtain clear anomalies of very good con-
ductors, the ore deposit included, with the
high-elevation airborne AEM system I that
utilised merely the quadrature component.

Comparison between the original data and
the transformed o, values demonstrates that
transformed values equal in-phase com-
ponent data in explorational applicability but
that, in this case, they do not offer additional
means of sorting out anomalies. This is main-
ly due to the quadrature anomalies of the
bottom gyttja, which make the in-phase/
quadrature ratios of the sum anomalies only
moderate (Re/Im = 2) even over good con-
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ductors in the bedrock. The ore body is out-
lined by a 100 @m-contour, but the best con-
ductors in the study area are larger graphite-
and pyrrhotite-bearing schist zones with
minimum values of 0.3 Qm around x = 7015,
y = 488.

Line 160

The AEM data were analysed in more detail
for three survey lines passing over the ore
deposit (see Fig. 87 and Table 20). The north-
ernmost of them, line 160 (x = 7012.0 between
y = 480.000—485.000), passes over the massive
and thickest portion of the deposit. Fig. 90
gives, for this line, survey data of various
geophysical methods. A positioning error of
80 m along the AEM survey line is evident
when the airborne and ground data are com-
pared with each other. As pointed out earlier
the difference between the in-phase com-
ponent and quadrature component data is
conspicuous. The outcome of the slingram
survey with a coil separation of l = 40 m and
a frequency of f = 3 600 Hz was negative, i.e.,
an indication was not produced at the deposit
(Siikarla 1968). The result obtained with a
coil separation ofl = 60 m is, however, a good
example of an anomaly produced by a thick
vertical sheet-like conductor. The interpreta-
tions of the AEM and slingram data on the
basis of scale model results are given in Fig.
91.Inthe interpretation, the regional anomaly
of the horizontal conductor has been graphi-
cally subtracted from the quadrature com-
ponent of the AEM survey data, because
combined model results for a conductive
overburden and a thick half-plane were not
available. Since the depth and thickness
values of the conductor in the scale model
tests were only slightly varied, the AEM inter-
pretation must be considered approximative
and less effective in discrimination ability
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Fig. 90. Testline Pielavesi 160, results of various geophysical methods. (a) DC-3 aerogeophysical survey,

AEM, aeromagnetic and flight elevation data, point spacing Ay = 29 m. (b) Lockheed Lodestar aero-

geophysical survey, AEM data of high-elevation system I. (c) The values of apparent conductivity oa
calculated from the DC-3 AEM survey data.

than the slingram data. Interpretation of
AEM in-phase anomaly data (Re = —1072
ppm, w2 = 125 m) gives d = 25 m, daz =
43 m—36 m = 7 m from Fig. 40. The best fit

was achieved with a model curve correspond-
ing to a od value of 116 S. In spite of its short-
comings, the AEM interpretation may be con-
sidered satisfactory.
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Table 20

Comparison of results from Pielavesi Séavia area, test lines 160, 159 and 158.

(a) The DC-3 AEM results together with data on flight elevation and overburden thickness.

Test line
160 159 158
In-phase peak anomaly (ppm) —1072 —584 —-1132
Quadrature peak anomaly (ppm) - 620 -300 - 370
Quadrature anomaly due to overburden (ppm) - 400 -150 - 200
Quadrature anomaly due to half-plane (ppm) - 220 —150 - 170
Flight elevation (m) 36 46 37
Depth of water (m) 4 3 1
Thickness of soil (m) 13 13 18

(b) The results of AEM interpretation compared with the slingram interpretation results (Ketola 1968).

Test line
160 159 158
AEM Slingram AEM Slingram AEM Slingram
Overburden conductance (S) 0.08 0.27 0.03 0.13 0.04 0.17
Half-plane conductance (S) 120 % 14 (81) 7.2 56 88
Depth to subsurface outcrop (m) 7 13 9 (4) 24 8 12
Half-plane dip angle (degr.) 90 90 90 60 90 90

The DC-3 AEM data in Figs. 90 and 30 give
s, = 0.08 S, day = 10 m for the horizontal con-
ductor over the ore outcrop. The slingram
data in Fig. 90 also vaguely indicate the effect
of the horizontal conductor as a change in
the anomaly zero levels. The interpretation
based on Fig. 51b and the anomaly values
of in-phase = +4.0 %, quadrature = +4.5 %
gives for the horizontal conductor s, = 0.27 S,
da;, = 8 m.

Line 159

The results for line 159 (x = 7011.8, between
y = 480.000—485.000) are shown in Fig. 92.
The AEM anomaly is now lower in amplitude
and, in spite of a 10 m increase in flight eleva-
tion, narrower than on line 160. The anomaly

is symmetrical in shape, and hence, the char-
acteristic diagrams of a vertical thin half-
plane were used. The anomaly values (in-
phase = —584 ppm, quadrature = —150 ppm)
and Fig. 35b give od = 14 S and da; = 55 m—
46 m = 9 m when the conductance of the
horizontal conductor is s, = 0. Fig. 37a, in
which the horizontal conductor has a value
of s, = 0.18 S, gives correspondingly od =
12 S and das; = 7 m. Hence, the field survey
data give for the half-plane conductor a depth
that is greater than the true one and a od
product that is higher, if the conductive over-
burden is not included in the scale model
configuration. The phenomenon has been
reported earlier in connection with AEM
scale model studies, e.g. Ghosh (1972).

The AEM interpretation results above are
in satisfactory agreement with those deduced
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Fig. 92. Testline Pielavesi 159, results of various geophysical methods. (a) DC-3 aerogeophysical survey,
AEM, aeromagnetic and flight elevation data, point spacing Ay = 29 m. (b) The values of apparent con-
ductivity oa calculated from AEM survey data.

by Ketola (1968, Fig. 39) from the slingram
data, od = 7.2 S, dag = 24 m. A comparison
of AEM field and model data.as anomaly
profiles, however, reveals a very poor fit: the
measured anomaly is much broader than the
thin half-plane model predicts. The applica-
tion of the thick half-plane model gives a
better fit as shown in Fig. 93. The selection of
the model curve was based on measured
values (in-phase = —584 ppm, wsz = 90 m)
and Fig. 40, which lead to d = 18 m, da; =

4 m. The best-fitting model curve with these
parameter values corresponds to a od value
of 81 S. These results are widely different
from those achieved with the thin half-plane
model.

Both the AEM and the slingram interpreta-
tion results for lines 160 and 159 show that
the outcrop of the conductor is deeper on
line 159 than on line 160. Unlike the slingram
survey, the AEM data give no indication of
the change in dip.
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Line 158 AEM high-elevation results are again domi-
nated by the response from the conductive
overburden. The DC-3 in-phase anomaly has
two peaks, but the quadrature anomaly only

The results for line 158 (x = 7011.6, between
v = 480.000—485.000) are given in Fig. 94. The
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Fig. 94. Testline Pielavesi 158, results of various geophysical methods. (a) DC-3 aerogeophysical survey,

AEM, aeromagnetic and flight elevation data, point spacing Ay = 29 m. (b) Lockheed Lodestar aero-

geophysical survey, AEM data with high-elevation system I. (c) The values of apparent conductivity
0a calculated from AEM survey data.
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Fig. 95. Test line Pielavesi 158, interpretation of AEM data with a combination of two thin half-plane
models. Interpretation of slingram data by Ketola (1968, Fig. 42, model curve 1) is given for comparison.

one; hence the type of the anomaly source
is difficult to establish from the AEM data.
The scale model results suggest that the
anomaly may be caused by a thick conduct-
ive plate or two adjacent thin sheets. On the
basis of the slingram and drilling results, the
latter alternative is correct. The interpreta-
tion of the AEM data (Fig. 95) on this line
remains approximative, as the model data
has been obtained by adding graphically two
separate thin-sheet responses. Values of od =
5¢ S, dag = 8 m are obtained for both con-
cdiuctors. The interpreted slingram and AEM
values are of the same order of magnitude for
both conductor zones. The discrimination
ability of the AEM data on the western con-
ductor, however, is markedly poorer than
that of the slingram data, as no indication

of the finite depth extent of the conductor
is obtained.

Summary of the Savia results

The AEM results for the Savii deposit can
be summarised as follows:

— The discrimination ability of the AEM
results was found to be from satisfac-
tory to poor in practice. The AEM re-
sponse to a vertical, highly conductive
half-plane could be clearly distin-
guished from the background anomaly
caused by geological noise, and inac-
curate but qualitatively correct values
were obtained for the variations in the
conductivity and/or depth to outcrop
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of the half-plane. Although it was pos-
sible to interpret the data on the basis
of the half-plane model, the discrimina-
tion ability in terms of dip angle and
depth extent was distinctly poorer than
in the detailed slingram survey.

— On the basis of the Savia target and
other similar examples (e.g. Sorosuo,
p. 146), it can beconcluded that, in prac-
tice, the penetration of the DC-3 AEM
system is superior to that of the sling-
ram survey with a coil separation of
| =40 m and at a frequency of f = 3 600
Hz. This is so at least in overburden that
is even slightly conductive. In such a
case, the penetration of the slingram
method will be reduced to less than
0.25 1.

Geological Survey of Finland, Bulletin 321

— There are other examples besides the
Savid deposit of explorational applica-
tions, e.g. the Pyhédsalmi ore deposit
(Peltoniemi 1977, Fig. 23), which demon-
strate that the conductance aperture of
AEM systems operating merely on the
quadrature component is closed also
in practice. When applied to a highly
conductive half-plane, such systems
operate so close to the inductive limit
of the response function that the small
quadrature anomaly produced by the
half-plane conductor cannot be dis-
tinguished from the geological noise
generated even by weak overburden
conductors.

Pielavesi Ilokangas: Small conductive ore breccia

In another context, i.e. Savukoski Miekka-
oja (pp. 210—213), an example is given of
AEM responses to local three-dimensional
conductors. In the present example, the res-
olution of the AEM method is examined in
relation to the minimum size of a detectable
conductor. As shown by the detailed geologi-
cal map in Fig. 96, the conductor is a small
sulphide ore breccia in a peridotite body in
the area of Ilokangas, Pielavesi (map sheet
3314 06).

The low-elevation AEM survey conducted
in 1979 covered the whole Pielavesi area, in-
cluding the map sheet in question. The AEM
and aeromagnetic results of the target area
are shown in Fig. 97. By visual inspection
the target can only be localised on the aero-
magnetic map. The magnetic and slingram
ground survey maps of the target are given
in Figs. 98a,b. The minimum of the slingram
anomaly is located on profile x = 7036.950.
The low-elevation airborne AEM survey was
undertaken on profile x = 7037.000. Accord-

ing to the fixpoint and the Doppler position-
ing data, however, the true flight path passed
between x = 7036.950 and .960 at this site,
and so the AEM and ground survey profiles
almost overlap. Figs. 98c, d show the AEM
and aeromagnetic survey profile on the tar-
get. The AEM anomaly is very small, —70
ppm in in-phase component and —60 ppm
in quadrature component. This means that
within the normal detection limit of 100 ppm
the anomaly would not be distinguishable
from the noise. The anomaly can be recog-
nised, however, on the basis of the in-phase
component. On account of the low amplitude
of the anomaly the model interpretation is
not much use. The half-width (50—70 m) and
the in-phase/quadrature ratio (=1) of the
anomaly, however, suggest that the conduc-
tor is small, has medium to high conductivity
and is located close to the surface of the bed-
rock. The blanket of overburden at the site
is shallow, only 1-2 m thick.

The slingram survey data on profile x =
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7036.950 are so straightforward that their in-
terpretation can be expected to give a more
accurate result. With the aid of the sphere-
modelling program, a set of model curves
was calculated by varying the radius, depth
and conductivity of the sphere and the coil
separation.

The responses that best suit the slingram
survey data for a coil separation ofl = 100 m
were computed and are shown together with
the survey data in Fig. 99b. The parameters
of the best-fitting model were z = 7 m, a =
5m, o =100 Sm™. The compatibility between
the measured and computed results is good.
Figs. 99a,c give the corresponding data of
the same model for coil separations of | =
60 m and | = 160 m. These results are also
compatible. It became evident during the
computing that the outcome of the inter-
pretation is very sensitive to changes in the
parameter values. Thus, the models z = 12 m,
a=10m,0=10Sm-,orz=9m,a=7m,
o = 30 Sm ! result in a distinctly poorer fit
than does the model shown in Fig. 99. Both
the measured and the computed slingram

responses on profiles 50 m away from the
outcrop are below the reading accuracy of
the instrument.

Interpretation of the slingram data with
the aid of the half-plane model would not
give very good results. If applied, a model
with two adjacent vertical sheets should be
used. In that case, however, the minima are
not as sharp as in the measured data. Hence,
in the slingram method as well, the anomaly
of a sphere with low z/a values is diagnostic
in shape and differs clearly from the anomaly
of the half-plane. Consequently, the similarity
pointed out by Lodha (1974) between the
slingram anomalies of the half-plane and the
sphere is valid only at higher values of the
radius a and the depth z.

Fig. 98d shows the aeromagnetic survey
results, values of the magnetic total field and
its horizontal across-track difference. The
latter suggest that the source is three-dimen-
sional and occurs south of the flight line. The
interpretation of the magnetic total field
anomaly with the special points method gives
z=25m,a = 5.5m and susceptibility k = 0.01.
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Fig. 97. DC-3 aerogeophysical survey data on the NW quarter of map sheet 3314 06 (Pielavesi Ilokangas
area). Test line 285 is marked on the maps. (a) AEM in-phase component. (b) AEM quadrature component
(see page 189). (c) Aeromagnetic survey data, the absolute values of the magnetic total field 1965.0 (see
page 190). Horizontal transverse gradient data were employed in the interpolation of the grid for con-
touring (Korhonen 1979). Contour interval 50 nT.
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Fig. 98. Pielavesi Ilokangas area, results of various geophysical surveys. (a) Quadrature component data
of slingram survey as a contour map; coil separation | = 60 m, frequency f= 3 600 Hz, point spacing
Ay = 20 m. Flight survey line 285 and the exact locations of the AEM data points are also marked on the
map. (b) Results of the magnetic ground survey as anomaly values of the vertical component of the
magnetic total field ABz (c) Test line Pielavesi 285, AEM survey in-phase, quadrature and flight elevation
data. (d) Test line Pielavesi 285, aeromagnetic data: anomaly values of the magnetic total field ABT (LH)
and values of horizontal across-track difference Bt (RH) — Bt (LH) of the magnetic total field. Sensor
distance Ax = 24.5 m (see page 192).
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Since the average flight elevation on the pro-
file was about 35 m, the interpretation of the
aeromagnetic data also suggests that the
source of the anomaly is a small outcropping
body.

Trenching on the outcrop exposed sul-
phides on the surface of the bedrock. Any
extensions at depth were not, however, in-
tersected by drillholes. Hence, the drilling
seems to corroborate the concept of the lim-
ited size and location of the conductor given
by the interpretation.

The AEM result in Figs. 97a, b does not cor-

respond to the normal situation, in which
use can only be made of anomalies that differ
more clearly from the noise. The location
of the conductor directly below the flight line
was also the best possible. Hence, the ex-
ample must be taken as the limit of the maxi-
mum resolution of the DC-3 AEM data, and
conductors smaller than the above target
cannot be expected to produce anomalies
distinguishable from the noise, even under
the most favourable conditions. The con-
clusion is supported by the analysis of the
theoretical results (p. 95).

Savukoski Sokli: Extensive susceptive body overlain by conductive
weathered rock

The carbonatite massif of Sokli at Savu-
koski (map sheets 4723 01 and 4723 04) was
selected as an example of an extensive,

Y466 470
I 1

strongly magnetised formation that also pro-
duces an AEM anomaly. The example illus-
trates the applicability of the theoretical re-
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according to Vartiainen (1980).
Test line 355 is marked on the
map.
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Fig. 101. DC-3 aerogeophysical survey data, parts of map sheets 4723 01 and 4723 04 (Savukoski Sokli

area). Flight direction N—S, line spacing 200 m. Test line 355 is marked on the maps. (a) AEM in-phase

component. (b) AEM quadrature component (see page 196). (c) Aeromagnetic survey data, the absolute
values of the magnetic total field 1965.0 (see page 197). Contour interval 200 nT.
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Fig. 102. Test line Savukoski 355, aerogeophysical survey data, point spacing Ax = 30 m. (a) Flight
elevation. (b) AEM in-phase component. (¢) AEM quadrature component. (d) Absolute values of the
magnetic total field.

sults of Figs. 28—33 under favourable condi-
tions. Comparison is also made between the
susceptibility values interpreted from the
AEM data and those obtained from aeromag-
netic and petrophysical measurements.

The Sokli carbonatite massif was discov-
ered in 1967 in the course of exploration by
Rautaruukki Oy (Paarma 1970). The extensive
work carried out in the area by the company
has been summarised by Vartiainen and
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conductivity o, and apparent conductance s, calculated from AEM data by means of one-layer and

two-layer model results. (b) Values of apparent susceptibility k, calculated from aeromagnetic data by

means of plate models and from AEM data by means of one-layer and two-layer models (Figs. 29
and 32).

Paarma (1979). The geological map of the
massif is shown in Fig. 100. The carbonatite
core is surrounded by a fenite ring enveloped
by gneisses, granites and amphibolites. West
of the massif there is an ultramafic intrusion.
The surface diameter of the carbonatite and
fenite massif is about 6 km. The massif is
covered by a layer of till, sand and, locally,

peat that varies from 1 to 60 m in thickness.
The surficial portions of the massif are deeply
weathered, and there are extensive areas
where the weathered rock is tens of metres
deep.

To date, P, Nb and U mineralisations have
been located in the NW portion of the Sokli
massif. Both Rautaruukki Oy and the Geolog-
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ical Survey have undertaken several airborne
surveys over the massif; the last one was
made in 1978. The massif is unusual in that
it can be readily located by aeromagnetic,
AEM and aeroradiometric surveys. Figs. 101a,
b show the outcome of the low-elevation
DC-3 AEM surveys in 1978; Fig. 101c shows
the aeromagnetic results.

The massif produces a strong aeromagnetic
anomaly, about 5000 nT in intensity, and an
area of positive AEM in-phase component
anomalies, 100 to 1 000 ppm in intensity. The
quadrature component does not allow the
borders of the massif to be delineated equally
well. The average flight elevation in the area
was h = 40 m and the standard deviation
7.1 m. For a detailed interpretation test the
low-elevation survey data on line 355 (y =
471.0, x =17522.000-7527.000), shown in
Fig. 102, were collected from the middle of
the massif. The interpretation was under-
taken by making use of the theoretical results
given in Figs. 29 and 32 and the in-phase and
quadrature anomaly values collected from
the profile at every 200 m.

The outcome of the interpretation is shown
in Fig. 103. The upper part of the figure il-
lustrates the apparent conductivity o, (one-
layer model) of the massif and the apparent
conductance s, (two-layer model) of the hori-
zontal conductive layer. The electrical ground
survey results demonstrate that the two-layer
model is more realistic. The lower part of
Fig. 103 shows the apparent susceptibility
values of the massif interpreted with the aid
of one-layer and two-layer AEM models. The
figure also gives the apparent susceptibility
values interpreted from the aeromagnetic
survey data. The interpretation, whose out-
come is shown in Fig. 104, was accomplished
by assuming that the anomaly is due entirely
to induced magnetisation.

The compatibility of the susceptibility
values deduced from the magnetic and AEM
data demonstrates the methodical feasibility

Geological Survey of Finland, Bulletin 321

of the new AEM interpretation method.
Petrophysical studies have indicated that the
magnetisation of the Sokli carbonatite massif
is predominantly induced (Hattula, personal
communication). Remanent magnetisation,
with Q values between 1 and 10, has been
determined in various parts of the massif.
Hence, in places, the remanent magnetisation
may be a significant factor contributing to
the systematically lower susceptibility values
interpreted from the AEM data. Another
reason for the systematic difference is the
thinness of the uppermost layer in the AEM
model, i.e. 2 m. If the uppermost layer were in
fact essentially thicker, the depth to the
surface of the lower susceptive layer would
then be greater than that used in the model
and the interpreted k values would be too
low. For instance, at point x = 7522.8, the
interpreted value, k, = 0.08, would change to
k, =0.11 if the thickness of the overburden
were 10 m instead of 2 m.

Since the two-layer model is more realistic
in the light of the control data available, the
values of the conductivity-thickness product
of the overburden and the weathered layer
obviously best describe the electrical proper-
ties. The interpreted results show that the
conductance of the horizontal conductor
varies between 0.001 and 0.11 S in the massif.
The conductivity and thickness cannot be
interpreted separately merely on the basis
of AEM data. If the apparent resistivity values
0, =70-300 @m obtained from earth resis-
tivity measurements are used, the AEM re-
sults suggest that the thickness of the con-
ductive layer is 40 m at the most.

One detail that should be noted is that on
the test profile at x = 7524.5 (Fig. 102) the
in-phase component approaches zero, where-
as the quadrature anomaly has the extreme
value of —680 ppm. This is due either to the
susceptibility being lower than in the en-
vironment or to the conductance being so
high that it starts to dominate the AEM re-
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sponse. The shape of the anomaly (Fig. 101)
suggests the latter alternative and that the
anomaly may be due to a local two-dimen-
sional conductive formation. If so, the con-
ductance value s, obtained from the layered
earth model is too low, and the interpretation
with a vertical thin half-plane model gives

=188S.

From the interpretation test on the AEM

data for the Sokli carbonatite massif it can
be concluded that, at least in this methodical-
ly favourable case, the interpretation results
are compatible with the data of other methods.
The agreement between the AEM and
aeromagnetic interpretations also corrobo-
rates the concept that the magnetisation of
the massif is largely induced.

Savukoski Kuollutvaara: Susceptive and/or conductive bodies
in bedrock

The mafic Kuollutvaara formation at Savu-
koski (map sheets 3733 02 and 3733 05) was
selected as the second example of AEM sus-
ceptibility effects. The geological setup of the

area represents a more general case in which
the thickness, magnetisation, conductivity
and depth to the outcrop of the formations
vary. The aim is to study the applicability of
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noinen et al. (1980). Test lines 76, 61 and 68 are marked on the map.
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Fig. 106. DC-3 aerogeophysical survey data, parts of map sheets 3733 02 and 3733 05 (Savukoski Kuollut-

vaara area). Flight direction E—W, line spacing 200 m. Test lines 76, 61 and 68 are marked on the maps. (a)

AEM in-phase component. (b) AEM quadrature component (see page 204). (c) Aeromagnetic survey

data, the absolute values of the magnetic total field 1965.0 (see page 205). Horizontal transverse gradient
data were employed in the interpolation of the grid for contouring. Contour interval 200 nT.

the theoretical AEM layered model results to
two-dimensional formations under condi-
tions normally encountered in practice. It
will also be demonstrated that the AEM data
may contribute to the information given by
aeromagnetic interpretation, even by a visual
examination of the data.

Geological mapping has shown (Mikkola
1937, Silvennoinen et al. 1980) that, in the
Kuollutvaara—Rovaselkd area, there is an
extensive volcanic sequence with black
schist zones in its margins. A simplified geo-
logical map of the area is reproduced in Fig.
105. The volcanics have been metamorphosed
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into amphibole chlorite rocks and amphibo-
lites. The bedrock in the area is poorly ex-
posed and the overburden is locally very
thick, up to several tens of metres. The to-
pography shows large variations in elevation,
and the hill tops are 100 to 200 m above the
environment. The average flight elevation in
the area was h = 38 m and the standard devia-
tion oy = 6.1 m.

Low-elevation airborne survey in the area
was undertaken in 1979. The AEM and aero-
magnetic maps are shown in Fig. 106. The

GEOLOGICAL SURVEY OF FINLAND

in-phase component data demonstrate that
there is a circular chain of AEM anomalies
in the area. The circular structure consists of
an outer conductive ring (black schists) and
an inner susceptive ring with poorer con-
ductivity. The western boundary and the
northward extension of the circular structure
are better shown by the quadrature data. The
pattern of the magnetic field (Fig. 106c) is
characterised by short-wavelength anomalies
typical of volcanic rocks. For closer inter-
pretation, data were collected from two test
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lines passing over the margins of the forma-
tion. East of the volcanic formation there is
a small but strong in-phase component
anomaly that was interpreted separately with
the spherical conductor model.

Line 76

The results of test line 76 (x = 7475.2, be-
tween y = 548.000—556.000) are shown in Fig.

GEOLOGICAL SURVEY OF FINLAND

107. The magnetic minimum and the electri-
cal anomaly »A» of a good conductor coin-
cide, as do the magnetic maxima and the
electrical anomalies »B» and »C» of the sus-
ceptive formations. The eastern area of sus-
ceptive response, anomaly »B», is about 0.5
km wide. Considering the coil separation of
the DC-3 AEM system it could be assumed
that the interpretation of anomaly »B» with
the half-space model would still give mod-
erately reliable results. The anomaly area »C»
is so narrow and the susceptive AEM re-
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sponse so low that the interpretation with ductive one-layer model, i.e. the theoretical
the half-space model probably only gives a results in Figs. 27 and 28. The outcome of
rough minimum estimate for susceptibility. the AEM interpretation is shown in Fig. 108

The AEM results in Fig. 107 were inter- and that of the aeromagnetic profile in Fig.
preted by means of a susceptive and/or con- 109. The results suggest that anomaly »A» is
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Fig. 107. Test line Savukoski 76, aerogeophysical survey data, point spacing Ay = 30 m. See text for
explanation of symbols A—-C. (a) Flight elevation. (b) AEM in-phase component. (¢c) AEM quadrature
component. (d) Absolute values of the magnetic total field.
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(b) Values of apparent susceptibility ka calculated
from AEM and aeromagnetic survey data. The k,
values of AEM data were calculated with the aid
of Fig. 28. The values for the aeromagnetic data
were obtained by applying the plate model in-
terpretation (Fig. 109).

due to a conductive black schist layer at the
eastern margin of the formation. The coin-
cident magnetic minimum is due to the re-
gional anomaly of the volcanic formation
dipping 70° W. Anomaly »B» is presumably
due to the amphibole chlorite rock, and its
susceptibility values deduced from AEM and
aeromagnetic anomalies are of the same order
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of magnitude. Anomaly »C» is produced by a
thin sheet-like body. The true location of its
outcrop is shown directly by the AEM data.
As expected, the k value 0.012 interpreted
from the AEM data is far too low compared
with the k value 0.17 interpreted from the
aeromagnetic data.

Line 61

The results of test line 61 (x = 7472.0, be-
tween y = 545.000-548.000) are shown in Fig.
110. Comparison of the AEM with the aero-
magnetic data reveals that the case is now
more complicated than it was above. The
western source of anomaly is strongly mag-
netised and produces a negative in-phase
anomaly as good conductors normally do.
Hence the anomaly could be produced by a
pyrrhotite-bearing black schist horizon. In-
terpretation on the basis of the half-plane
model data in Fig. 35b gives z = 43 m for the
depth to the outcrop and od = 20 S for the
conductivity-thickness product. The exten-
sive quadrature anomaly is partly due to
poorly conductive overburden. The eastern
anomaly source »E» producesa slightly larger
magnetic anomaly but no AEM anomaly. As
pointed out on pages 70 and 77, there are
three possible reasons for this:

1. The formation that gives rise to the
magnetic anomaly is at such a great
depth that it is beyond the AEM pene-
tration.

2. The conductivity of the formation is
such that the values of the response
function fall in the transition region in
which the in-phase component passes
through zero and thus has very low
values (see e.g. Fig. 28).

3. The magnetisation of the formation is
remanent.
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Fig. 109. Test line Savukoski 76, plate model interpretation of the aeromagnetic data. The dip angle
a = 70° W and the depth values z, = 40 m, z; = 5 000 m are constants.

An aeromagnetic profile interpretation was
undertaken to test the first hypothesis. The
outcome is shown in Fig. 111. The interpreta-
tion suggests that anomaly source »D», which
is composed of several layers, has a depth
of 62—-65 m and a susceptibility of 0.015—
0.12 SI units. The corresponding figures for
anomaly source »E» are depth 110 m and k =
0.15 ST units. The results of the interpretation
show that hypothesis 1 is capable of explain-
ing the lack of in-phase anomaly, for it was
demonstrated previously (page 00 and Fig. 33)
that at k = 0.1 the penetration of the AEM
system is only 75 m. To test the second hy-
pothesis, the AEM data were interpreted by
means of Fig. 29. The anomaly values of in-
phase < +50 ppm, quadrature = —250 ppm,

give k, = 0.02. Since the flight elevation was
60 m instead of 40 m, the k, value obtained
is too low, and k, = 0.05 is a more correct
value on the basis of Figs. 29 and 33. The
outcome contradicts the results of the aero-
magnetic interpretation. Hence the explana-
tion based on hypothesis 2 is very unlikely.
The third hypothesis was tested by petro-
physical measurements. Fourteen amphibole
chlorite rock samples collected from the area
during geological mapping were measured
for petrophysical parameters. Three samples
showed remanence values of Q exceeding 7,
with the maximum value of Q = 83. Since
the samples could not be collected directly
from profile 61 but from farther east, from
the formation that is traversed by test line
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76, nothing definite can be said about the first hypothesis is most likely the correct
hypothesis 3. Nevertheless, the interpreta- one.

tion of the aeromagnetic data suggests that

14
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Fig. 111. Test line Savukoski 61, plate model interpretation of the aeromagnetic data. The depth value
z, = 5000 m is constant.

Line 68

The results of a small but strong anomaly
in Miekkaoja on test line 68 (x = 7473.2 be-
tween y = 556.000—558.000) are shown in Fig.
112. Owing to the 3-dimensional structure
of the conductor, the high-elevation AEM
data result in a distinctly lower S/N-ratio than
do the DC-3 AEM data. The target was also
submitted to slingram measurements, the
outcome of which is given in the same figure.
The AEM and slingram survey lines both
pass over the conductor, but the lines cross
in a 70-degree angle as shown in Fig. 112c.

The data were interpreted on the basis of
one-layer and sphere models, and the results

are given in Fig. 113. Transform with the con-
ductive half-space model leads to o,=35
Sm-!, da; =10 m. In contrast, the inter-
pretation employing the sphere model gives
a =200 m for the radius, 0 =2 Sm! for the
conductivity and da, = 10 m for the depth to
the outcrop. A good fit could be found for
both sets of data when different sphere models
were used. However, a combined interpreta-
tion of AEM and slingram data with the same
model (Fig. 113b) gives only a poor agreement
between the measured and theoretical anoma-
lies. One of the reasons for this phenomenon
must be a more complex geometry than the
spherical one of the conductive body.




Fig. 112. Test line Savukoski 68,
results of various geophysical
surveys. (a) AEM, aeromagnetic and
flight elevation data, DC-3 system,
point spacing Ay = 30 m. (b) AEM
data, Lockheed Lodestar system II.
(¢) Slingram survey, in-phase and
quadrature components, coil separa-
tionl = 60 m, frequency f = 3 600 Hz,
survey line direction 148° point
spacing 20 m.
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Summary of the Savukoski Kuollutvaara
results

Interpretation tests on the Savukoski AEM
data applying the model results of a suscep-
tive layered earth demonstrated that:

— If the width of the outcrop of the mag-
netised formation is = 200 m and k =
0.01, the AEM interpretation can give
susceptibility values of the right order
of magnitude for the formation. If the
width of the outcrop is shorter, the k

da, (m)

+ 150

+ 100

F 50

values obtained are too low. On the
other hand, the lack of AEM anomaly
over a strongly magnetised formation
is a diagnostic fact that can be put to
use in interpreting the depth to the out-
crop.

The AEM method is naturally not the
primary method of mapping suscepti-
bility variations in the bedrock. Even
so, interpretation of the susceptibility
effects of the AEM data may usefully
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contribute to combined interpretation.
Since AEM and aeromagnetic anom-
alies differ radically in their mode of
origin, the results of different methods
are independent in terms of interpreta-
tion. Thus, the reliability of the com-
bined interpretation can be improved,
particularly if petrophysical data are

not available. The combined interpreta-
tion, however, does not make the deter-
mination of petrophysical parameters
obsolete; on the contrary, the combined
interpretation may give inconsistent re-
sults, indicating that petrophysical data
are indispensable to a reliable outcome.

Ylivieska: In situ distinction between induced and remanent
magnetisation of a mafic intrusive rock

The Ylivieska gabbro massif (map sheet
2431 07) has been subjected to intense geologi-
cal and geophysical studies. The geological
map of the area is reproduced in Fig. 114.
The massif is composed of olivine pyroxene
gabbro, but more rare variants, such as

troctolite and harrisite, are also encountered.
The country rocks include granodiorite, mica
schist and conglomerate (Salli 1955). The
petrophysical and -paleomagnetic properties
of the massif have been studied by Pesonen
and Stigzelius (1972) and the electrical deep

Y 533

7113

YLIVIESKA AREA
LITHOLOGICAL MAP

7110

v
v
v
v/

64°

Study area

Gabbro and
diorite

N

Quartz diorite
and granodiorite

e

Granite

Pourphyrite and
amphibolite

Quartz -feldspar
schist

7100

Feldspar ~bearing
mica schist

0 0 B

X 7097

Fig. 114. Lithological map of the Ylivieska area according to Salli (1955). Test line 25
is marked on the map.
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structure by Pietila (1979). The topography
of the area is flat and the variation in eleva-
tion less than 20 m. The average flight eleva-
tion of the low-elevation airborne surveys
conducted in 1979 was h = 32 m and the stan-
dard deviation on = 5.5 m. The overburden,
which is composed of till, sand, silt and peat,
usually varies between 0 and 5 m in thickness.
In the valley of the river Kalajoki, in the
northern part of the area, the maximum
thickness of the overburden encountered so
far is 16 m, of which clay accounts for 11 m.

The outcome of the low-elevation AEM and
aeromagnetic survey in the map sheet area
is shown in Fig. 115. The most outstanding
features of the AEM results are the conduc-
tivity anomalies caused by clay in the valley
of the river Kalajoki and those resulting from
human activity (the town of Ylivieska, rail-
way, power transmission lines). Small posi-
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tive AEM in-phase anomalies, 50—300 ppm,
are associated with the southern end of the
gabbro body and the mica schist formations
northwest and east of the gabbro. The gabbro
massif is strongly magnetised, and the aero-
magnetic survey map offers a beautiful ex-
ample of short-wavelength anomaly patterns
typical of volcanics. The anomaly maxima
over the gabbro formation are about 6 000 nT.
Distinet anomalies, although lower in in-
tensity, of about 1000 nT, are encountered
over mica schists.

The results of survey line 25, which passes
through the centre of the gabbro massif (x =
7105.0, between y = 520.000—528.000), were
compared more closely on the basis of the
survey data shown in Fig. 116. The aeromag-
netic data were interpreted with prism mod-
els by assuming the magnetisation to be en-
tirely induced. The outcome is shown in Fig.
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Fig. 116. Test line Ylivieska 25, data of various aerogeophysical methods, point spacing Ay = 29 m.
(a) Flight elevation. (b) AEM in-phase component. (c) AEM quadrature component. (d) Absolute values
of the magnetic total field.
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Fig. 117. Test line Ylivieska 25, the aeromagnetic data interpreted by means of prism models. The dip
angle a = 85° E and the depth values z; = 40 m, z, = 4 000 m are constants.

117. The interpreted values of susceptibility
for gabbro are k, = 0.17-0.28 and for mica
schists k, = 0.01-0.03. The interpretation of
the AEM data on the basis of Fig. 28, how-
ever, gives k, = 0.01-0.02 (maximum values)
for gabbro and k, = 0.02 for mica schists.
The interpreted values for the mica schists
are compatible. In contrast, the values for
gabbro differ by an order of magnitude.
Again there are three possible reasons for
this difference:

1. The depth to the outcrop is > 100 m.
2. The AEM in-phase data fall into the

transition region of the response func-
tion.
3. The magnetisation is remanent.

Hypothesis 1 is not compatible with the
magnetic interpretation. On the basis of Fig.
26, hypothesis 2 would require the conduc-
tivity of the gabbro to be 0.005—-0.01 Sm-1.
In that case, however, the quadrature anom-
alies would be much higher than those ob-
served, at least —1 000 to —1 500 ppm. In fact,
they measure only —100 to —300 ppm, which
makes hypothesis 2 very unlikely. Hence,
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remanent magnetisation remains the most
probable explanation of the difference be-
tween the AEM and aeromagnetic interpreta-
tions. The petrophysical parameters mea-
sured on the gabbro samples average k =
0.02, Q = 13, inclination 40° and declination
—30° (Pesonen & Stigzelius 1972). Pietila
(1979 p. 63) has interpreted the high-eleva-
tion aeromagnetic data applying the prism
model and taking into account the remanent
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magnetisation as the average value. He ended
up with k = 0.018 for the gabbro.

The methodic example of the Ylivieska
gabbro demonstrates that, under favourable
conditions, the presence of strong remanent
magnetisation can be recognised by com-
bined interpretation of aeromagnetic and
AEM data. In such a case, the AEM method
gives susceptibility values that are closer to
the true ones.

SUMMARY

The development and application of AEM
methods have been described and the under-
lying principles outlined. The AEM measure-
ments and the relevant methods applied in
Finland by the Geological Survey and other
exploration organizations have been reviewed.
The vertical coaxial fixed-coil system fitted
in a DC-3 aircraft has been described in detail
with special reference to technical perform-
ance, results and auxiliary measurements.
The coil separation of the system was 25.0 m,
the transmitter frequency 3 220 Hz and the
detector time constant 0.3 s. The digital re-
cording of data took place at an interval of
0.5 s with a resolution of 5 parts per million
(ppm) of the primary field. The survey flights
were undertaken at a line spacing of 200 m,
at a speed of 200 km/h and at a nominal
elevation of 30 m. In 1973—1979 the Geolog-
ical Survey of Finland applied the system
to exploration and bedrock mapping studies
over a total of 295 000 line kilometres.

A set of computer programs has been devel-
oped to process the AEM digital data into
anomaly profile and contour maps. The main
stages of the data processing have been
described and the principles underlying the
methodic reductions were given. As a result
of the data processing, the Geological Survey
has compiled and released the AEM survey

data as in-phase and quadrature anomaly
maps on a scale of 1: 20 000.

The physical properties of the Finnish
rocks and soils, the methods of interpretation
of the survey data and the models used in the
interpretation have been discussed as factors
related to the application of the AEM results.
The characteristic response diagrams have
been deduced by numerical modelling for
the following anomaly sources: a conductive
and/or susceptive half-space, a conductive
horizontal layer overlying a resistive and/or
susceptive half-space, and a conductive
spherein a resistive medium. Resultsrelevant
to a thin conductive half-plane have been
elaborated by means of scale modelling. Pre-
liminary measurements have also been un-
dertaken on a thick conductive half-plane
model, and the effect of the detector time
constant on the responses of the thin half-
plane and sphere have been studied.

Based on the modelling resulits of the con-
ductive half-space and the thin conductive
horizontal layer, computer programs have
been developed that permit the anomaly data
produced by the system to be transformed
into apparent conductivity, conductance and
depth values. The principles underlying the
transformation are given, and the accuracy




Geological Survey of Finland, Bulletin 321 221

and properties of the transformed data are
discussed.

The AEM responses produced by different
geological formations have been interpreted
by applying the modelling results. The ex-
amples include 8 case histories. Anomalies
due to conductive overburden and sheet-like
and local conductors in the bedrock have been
examined and compared with results ob-
tained by other electrical and electromagnetic
methods. Similarly, the qualitative inter-
pretation of the susceptibility and remanence
effects has been studied with the aid of com-
bined AEM and aeromagnetic survey data.
The AEM anomaly data have been trans-
formed by means of computer programs, and
the apparent conductivity values thus ob-
tained were compared with those produced
by earth resistivity survey methods. It has
been demonstrated that, under favourable
conditions, the apparent conductivity and
conductance values deduced from the origi-
nal AEM anomaly data can be used directly
to guide follow-up studies and to establish
potential targets even in explorationally dif-
ficult, e.g. black schist, areas.

The characteristics of the DC-3 AEM sys-
tem can be summarised as follows:

1. The system coil separation | and the
frequency f were dimensioned so that
the conductivity and conductance
apertures of the results are large (Ta-
ble 14).

2. As demonstrated by the low noise in
relation to the coil separation and the
linearity and slow rate of drift, the
technical realisation of the system
was good. This means that the pene-
tration is good in both theoretical
approaches (Table 15) and field survey
data (page 166). Owing to the low
flight elevation and the low time con-
stant, the resolution and the sensitiv-
ity of the data are good.

3. Analysis of the field survey data es-

tablished 25 ppm as the average noise
level and 100 ppm as the detection
limit of an anomaly. At the nominal
flight elevation, this limit value and
the model tests performed give 0.0003
—300 Sm-! for the conductivity aper-
ture of a half-space, 0.01-400 S for
the conductance aperture of a hori-
zontal conductor, 0.2—100 S for the
conductance aperture of a vertical
thin half-plane, and 0.01-100 Sm-! for
the conductivity aperture of a sphere
with a diameter of 50 m. The upper
limits refer to the inductive saturation
limit of the anomaly values. For the
same conductor models the penetra-
tion of the system, flight elevation in-
cluded, is correspondingly 210 m,
210 m, 125 m and 85 m. The detection
limit of the system is 0.01 SI units
for the susceptibility of a resistive and
susceptive half-space, and the pene-
tration 75 m at a susceptibility of 0.10
SI units. When the conductivity o of
a half-space is less than 0.001 Sm-1,
susceptibility is the predominant
property affecting the AEM response;
within the range of o = 0.001 to 0.05
Sm-! both properties are significant
and when o exceeds 0.05 Sm~-! con-
ductivity is the predominant property.
The penetration values of the DC-3
AEM system from field examples
compare favourably with ground EM
slingram results. The penetration was
found (p. 147 and p. 178) to exceed
that of the slingram method with a
coil separation of |l = 40 m and a fre-
quency of f = 3 600 Hz, and to be equal
or better than with [ = 60 m. These
results are from test areas in which
the overburden conductance varies
between 0.01-0.1 S.

The digital recording and the com-
puter processing of the survey data
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combined with the high quality of the
original data made possible the sys-
tematic production of profile and con-
tour maps. To maintain resolution,
the former were not submitted to any
smoothing at all, and the contour
maps only to the minimum amount.
The lowermost contour on the con-
tour maps equals a detection limit of
Sqs=4 N, ie. 100 ppm.

Owing to the large conductivity and
apertures, the DC-3
AEM survey data contain abundant
anomalies produced by various con-
ductors. Visual and manual inter-
pretation of the survey maps is feasi-
ble but cumbersome. The interpreta-
tion can be developed and facilitated
by means of computer-based trans-
formation of data (o,, s,, da; maps).
The production of transformation
maps was shown to be technically
feasible and often useful for the uti-
lisation of the results. The transforma-
tion results were found to agree well
with the apparent resistivity values
measured with earth resistivity
methods.

The high quality of the results (items
1-4) and the use of computer data
processing methods (items 5-6)
would have made it possible to partly
replace slingram surveys by AEM
data in regional exploration. In prac-
tice, the substitution was rarely
achieved owing to the time lag in data
processing. The results can be directly
applied to bedrock mapping as well
as to exploration.

Although theoretical modelling data
on the responses to the system have
been obtained earlier as well as in the

conductance

10.

course of the present work, these data
are not sufficient. Particularly the re-
sults of the thick half-plane conductor
and the responses to the combined
effect of poorly conductive country
rock and overburden should be fur-
ther studied. Existing scale-model
data could be put to more effective
use if more computing capacity for in-
teractive graphic interpretation soft-
ware were available.

In Finland the total conductance of
the overburden, saline clays excluded,
is usually rather low, 0.01 to 0.1 S.
Hence, the influence of the overbur-
den can usually be interpreted from
AEM data only with the aid of an elec-
trically thin sheet model. Even in
favourable cases, only approximate
values of conductivities and thick-
nesses can be separately interpreted
for the electrically thick horizontal
conductor.

The interpretation capability of the
AEM data can be somewhat improved
with multifrequency or multicom-
ponent systems. These systems,
though, inevitably cause additional
problems with regard to technical
realisation, cost and the maintenance
of high quality results. The above ex-
amples of field survey results indicate
that, under the geological conditions
in Finland, these systems would have
no decisive advantages over the DC-3
AEM system. In terms of methodology
and total costs, a better way of en-
larging the field of application of the
AEM method would be to supplement
a dipolar AEM system with a plane-
wave method.
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