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ABSTRACT 

Transient electromagnetic  (TEM)  methods in geophysics started to evolve in North America 
and the former Soviet Union in the 1950's. However it was not until new electronic 
components became available and computer technology had matured in the 1970's that the 
technique came to be one of the most important ones in the search for base-metal ores. Since 
then instrument design, interpretation techniques and numerical modelling tools have been 
refined and  TEM  measurements are today established as an exploration tool. 

Even though computer programs that can calculate the electromagnetic response to 
complicated geological models have been presented during the last years, exploration 
geophysicists are more or less reduced to using simple models like thin plates or spheres to 
interpret their data. The effects of coupled multiple conductors or conductor inhomogeneity 
are often neglected. 

It is shown in this thesis that if conductors (in free space) are coupled there will be 
eigencurrent systems distributed between the conductors. An eigencurrent is an induced 
current that decays exponentially in the time domain and is uncoupled to all other 
eigencurrents. A rule of thumb in the interpretation of  TEM  data is that the induced currents 
will be more or less confined to the best conductor in the investigated volume during the late 
stage of transient decay. The effect of coupling between conductors is however that slowly 
decaying currents will be present also in poorer conductors. The eigencurrents with large time 
constants are more difficult to separate from the others if measurements are made in the 
frequency domain. In this case the response is proportional to the time constant of the 
eigencurrent and if the geometrical coupling to other eigencurrents is strong these might 
dominate the response also at very low frequencies. 

Many ore-bodies are electrically inhomogeneous. The conductivity can vary considerably 
between different parts of the body due to different grades of the conductive minerals. The 
thickness can also vary and the body can be cut by poorly conducting veins or it can be 
dislocated by faults. Due to these factors it is quite possible that small separated parts of the 
ore-body as a whole can host induced currents that decay very slowly. The response to a  TEM  
system of a number of such electrically separated small conductors is easy to confuse with the 
response of a uniform large body with the same time constant. The magnitude of the 
secondary field will however be weaker compared to the uniform body. If the ore-body is 
assumed to be homogeneous and the decay rate is used to estimate the conductivity the value 
will be to low. The estimated conductivity will also tend be a function of time or if the 
measurements are made in the frequency domain a function of frequency.  

TEM  sounding data are often converted to apparent resistivities in order to give an intuitive 
understanding of the electrical structure of the ground. Calculation of apparent resistivities is 
actually a normalisation to a homogeneous half-space. The  TEM  response to a half-space is a 
function of resistivity but the problem is that the inverse function is dual-valued in many cases 
and analytic expressions are impossible to find. Both numerical methods and methods based 
on asymptotic expressions have been presented. Most of them however assume a simple 
system wave-form like an ideal pulse or step function and some simple transmitter-receiver 
configuration like dipole-dipole or central loop. 



I present a simple and rapid method to calculate apparent resistivities where effects of the 
system wave-form are included and which can be used for almost any transmitter-receiver 
geometry. 

Forward calculations of the  TEM  response to a homogeneous half-space is straight-forward 
even for complicated transmitter-receiver geometries and if the effects of system wave-form 
are included. In the cases where analytic expressions cannot be found, modern PC's are fast 
enough to carry out the calculations by numerical integration very quickly. The responses to a 
number of half-spaces, with resistivities ranging from the lowest to the highest value that is 
expected in the survey area, are calculated. If the inverse in this resistivity interval is not dual-
valued these calculated values are fitted to a polynomial by the least-squares method. The 
polynomial coefficients can then be used to convert field data to apparent resistivities. 
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transient electromagnetic  (TEM)  measurements. The purpose of this part is partly to bring 
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Lainijaur nickel deposit and these data have come to use again in this thesis. 
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1 Transient electromagnetic measurements, an overview 

1.1 Introduction 

The electric properties of the earth are dependent upon the presence of water, temperature, 
dissolved ions and sulphides and other conductive minerals. This implies that geoelectrical 
measurements can be used to map or trace the occurrences of e.g. conductive minerals of 
economic interest. Basically the methods can be divided into DC and AC methods where the 
former rely on galvanic coupling with the target and the latter on inductive coupling. The 
inductive or electromagnetic measurements became popular in the 1920's and 30's in the 
search for massive, complex sulphide mineralizations. Much of the pioneer work was done in 
Sweden where several of the ore bodies in the Skellefte mining district were discovered 
during this period. 

1.2 Fundamental theory 

The behaviour of electromagnetic fields in space and time is governed by Maxwell's 
equations: 

VxE=—dBldt 

'7><H= j+dDlat 

V•D=q 

V•B= 0 

where  

E 	= 	Electric field (V m-1)  
B 	= 	Magnetic flux density (T)  
H 	= 	Magnetic field (A m-1)  
j 	= 	Current density (A m-2)  
D 	= 	Electric displacement (A s m-2)  
q 	= 	Electric charge density  (C  m-3) 

The implication of these equations is that non-static magnetic and electric fields are coupled 
to each other. Other important relations are: 

B=ill 

D=EE 

j=crE 

where 
It  
E  

= 	magnetic permeability  (Q  s m-1) 
= 	electric permittivity  (C  V-1*m-1) 

1-1 
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6= 	electric conductivity (S m-1) 

A change in magnetic flux density will hence induce galvanic currents in a medium with a 
finite electric conductivity. Assuming no free charges (q=0) we can write: 

VxE.-dBldt=-µ•dHlat 

VxVxE----ii•dldt(VxH)=-µ•djIdt-µ•(92 DIdt 2  

using the identity V  x  Vx = VV • -V 2  we get: 

VV•E—V 2 E=—µcy•dEldt—µe•d 2 Eldt 2  

V•E=1/e•V•D=0 

V 2 E=iicr•dEldttue•d 2 Eldt 2  

The second term on the right hand side of the last equation above can usually be neglected for 
the instrument systems and geological conditions that are considered in this thesis. This is 
mainly due to the rather low frequencies or late times at which measurements are made but 
also to the conductivity of most geological materials. The remaining equation becomes a 
diffusion equation. Exactly the same equation can be derived for the magnetic field  H.  
Solutions to these equations describe the behaviour of the electric and magnetic fields related 
to electromagnetic measurements in geophysics. The boundary conditions that must be 
fulfilled are that the normal components of the  D-  and  B-fields and the tangential components 
of the  E-  and  H-fields are continuous. 

1.3 Relationship between time domain and frequency domain measurements 

The early electromagnetic measurements were done in the frequency domain. An alternating 
primary field was generated by feeding a current into a cable loop or a  multiturn  coil. The 
amplitude and phase changes in the magnetic field due to an electric conductor in the ground 
were recorded with an induction coil receiver at some distance from the transmitter (figure 
1.1). The receiver was moved along traverses, either with the transmitter fixed or moving 
along, and readings were made at regular intervals. Basically, this technique is still in 
widespread use even if the instrument design is more sophisticated today and the 
interpretation theory has evolved  (Frischknecht  et al. 1991, Parasnis 1991). 

The depth of investigation of electromagnetic systems, defined as the maximum depth to a 
target that can be located by the system, is a function of many factors: 
• the attenuation of the transmitted field due to the conductivity of the host rock and/or 

overburden 
• the ability of the system to resolve the secondary field in the presence of the primary field 
• the presence of near-surface uninteresting poorer conductors 
• the system's signal to noise ratio 

Measurements can be done with low frequencies in order to increase the depth of 
investigation. The attenuation of the host-rock and the overburden will be low and the 
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influence of poor conductors will be suppressed. However, since the induced e.m.f. is 
proportional to the time rate of the magnetic field, lowering the frequency will reduce the 
amplitude of the secondary field. This will introduce problems with detectability and in many 
cases the secondary field will be masked by false anomalies due to incorrect transmitter-
receiver orientation or instrument noise. 

Frequency domain system 

Figure 1.1. Layout in principle of an electromagnetic system operating in the frequency 
domain with a fixed transmitter and a moving receiver. 

In order to overcome these problems much attention has been directed towards 
electromagnetic measurements in the time domain (figure 1.2). Much of the early work with 
this technique was done in the previous Soviet Union but also in North America and 
Australia. The technical development during the last decades has made it possible to design 
equipments that today are in standard use for base metal prospecting and electromagnetic 
soundings (Nabighian & Macnae 1991, Spies &  Frischknecht  1991). The decaying field after 
a transmitted transient is measured. In theory, there is no difference in making the 
measurements in the time or the frequency domain since the fields in question are related to 
each other through the Fourier transform (Kaufman & Keller 1983, assuming the frequency 
domain field having a time dependence of exp(-iox)): 

1 1  H(w) 	. 
H(t)= 	 • e-1" dco 

2tri 	co 

where 

= 	angular frequency  (rad  s-1) 
t = 	time (s) 
H(co) = magnetic field as function of frequency (A m-1) 



decaying 
secondary 
field 

H(t) = magnetic field as function of time (A m-1)  
i= 	(-1)1/2  

Time domain system 
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Current off 

Figure 1.2. Layout in principle of an electromagnetic system operating in the time domain 
with a fixed transmitter and a moving receiver. 

This means that the time domain field can be calculated from the frequency domain field if 
this is known over a sufficiently large frequency range. Similarly, the frequency domain field 
can be calculated from time domain data through the inverse Fourier transform. The 
difference between time and frequency domain measurements is of a technical and instrument 
design nature. Misorientation of the transmitter and the reciever is of less importance in time 
domain measurements since they are made in the absence of any primary field. This means 
that, in theory, there is no limit to how much the signal to noise ratio can be increased by 
increasing the transmitter power. It is thus possible to make measurements at late delay times, 
thereby achieving a large depth of investigation. It will also be shown in a later section that 
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the secondary field caused by poor conductors is suppressed relative to the field caused by 
good conductors if measurements are made at late times. 

1.4 Instrument design considerations 

Time domain measurements are broad-band by nature. This makes them susceptible to noise if 
no precautions are taken. This can be done by brute force by simply increasing the transmitter 
power, but since this will make the instrumentation very bulky and heavy, other methods must 
be used as well (Macnae et a. 1984, McCracken et al. 1986b). Most importantly, the 
transmitted wave-form can be changed from a simple current turn-off. Usually it looks like the 
one in figure 1.3 for commercially available systems. The current is switched on and increases 
linearly or exponentially to a constant value. The increasing current will create an increasing 
primary field that induces currents in the ground. After some time these currents will have 
decayed so much that the secondary magnetic field caused by them can be safely neglected. At 
this time the current is switched off. The current is decreased linearly over a finite time to 
avoid high voltages being induced over the transmitter terminals. Increasing the ramp time 
will also have the effect of reducing the high frequency content of the signal, thereby 
suppressing the effect of poor conductors. The transient decay is measured in time windows 
during the current off period. By repeating this process the signal can be stacked with the 
effect of suppressing incoherent noise. Coherent noise like power-line harmonics can be 
suppressed by selecting an appropriate repetition rate and an alternating polarity of the 
transmitted current. The signal is integrated in time windows and this will attenuate the effect 
of noise with a period time less than the window width. Usually, the signal to noise ratio of 
time domain systems is comparable to frequency domain systems (McCracken et al 1986b). 
However, the time domain systems are usually less portable and slower to operate. If effects 
of incorrect transmitter-receiver geometry are considered as noise, time domain systems will 
usually have better signal to noise ratios. 

4 Current  
i 	

Ramp time 

      

3. 

      

      

     

Time 

Integration windows 

Figure 1.3. Transmitter wave-form typical of many commercial time-domain electromagnetic 
equipment. The signal is integrated in the receiver in time windows. 

Most transient electromagnetic systems pick up the secondary field with an induction coil or 
loop receiver. This means that it is not really the magnetic field that is measured but rather the 
time rate of change of the magnetic flux density (SB/at). This will sometimes complicate the 
intuitive understanding of the behaviour of transient field measurements. Measuring the 
RB/at-response to a transmitter step current (figure 1.4) is however equivalent to measuring 



1-6 

the  B-field response to a transmitter current that looks like the dl/dt-function in figure 1.4. 
Instrument systems that transmit a primary field like the upper one in figure 1.4 and measure 
the aBa-field are sometimes referred to as measuring the impulse response whereas systems 
measuring the  B-field are referred to as measuring the step response. This is only true if the 
ramp time can be neglected. In reality the aBa-measuring systems measure the step response 
when measurements are made at times that are early compared to the ramp time length and 
with increasing delay time the response gradually shifts to an impulse response. 

I 	 -dI/dt 

> 
step function 	 impulse function 

\ramp 

step'"  7 / 

transition 
impulse 

Figure 1.4. Step, impulse and ramp functions. The time derivative of a ramp function will be a 
box function. At small delay times this box approximates a step and at late times it 
approximates an impulse. 

1.5 Transient  EM  soundings 

In this and the following section the response of simple geologic models to a transient 
electromagnetic system will be discussed. The application of these models to real life 
situations in terms of interpretation of geophysical data will also be treated. 

Consider a case where a DC current is running in a circular or rectangular loop on the surface 
of a homogeneous, isotropic earth of conductivity CY (figure 1.5). If the current is suddenly 
switched off, secondary currents at the surface of the earth will be induced so that the 
magnetic flux is preserved. Due to ohmic losses these currents will however immediately start 
to decay and at the same time diffuse into the ground (figure 1.5). This effect is often referred 
to as a "smoke-ring" of current (Nabighian 1979). The speed of this diffusion process will 
depend on the conductivity of the ground, high conductivity giving slow speed and vice versa. 
It should also be noted that there is no vertical or radial component of the electric field, the 
shift of the electric field maximum with time is due entirely to inductive coupling. 

->  ->  
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Figure 1.5. The cut-off of the current in the transmitter induces a "smoke-ring" of maximum 
current density in the ground that diffuses downwards and outwards. 

The direction of the magnetic field at the surface due to the distribution of currents in the 
ground can easily be visualised if the smoke-ring is approximated by a single circular current 
filament (figure 1.6). Using a sign convention like the one in figure 1.6, the vertical 
component will be directed downwards inside the filament and upwards outside the filament. 
If we measure the vertical magnetic field at a point outside the transmitter loop we will 
experience a sign change from negative to positive after some time. The signal strength will 
initially be independent upon the conductivity of the ground but the conductivity of the 
ground can be found by studying the decay of the field at later times. A change in conductivity 
will not change the shape of the curves for point  P  in figure 1.6; it will simply shift them 
horizontally. 

log(Bz) 

 

 

• • , P (high a) , 

.*, , 

log(t)  

Figure 1.6. If the diffusing smoke-ring is replaced by an equivalent current filament the 
direction of the secondary magnetic field is realised. At  P  the vertical field component is 
positive throughout the decay whereas at  Q  it changes from negative (dashed line) to 
positive (solid line) as the smoke-ring passes. 
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The impulse response is not as easy to imagine intuitively. If we consider the transmitter 
current as an impulse and study the secondary magnetic field we will have a double smoke-
ring with negative and positive signs respectively (Silic 1987, figure 1.7). The decay of the 
magnetic field due to this current system can be understood if we differentiate the curves in 
figure 1.6 with respect to time. As can be seen in figure 1.7, the decay curves for the impulse 
response have some features that resemble the step response but also some differences. The 
initial amplitude is dependent on the conductivity of the ground in the impulse case and the 
sign reversal for a point outside the loop takes place at a later time compared to the step 
response. The decay is quicker for the impulse response than for the step response. A change 
in half-space conductivity will not simply shift the curves horizontally as in the step response 
case. Instead, an increase in conductivity will first shift the curve downwards and then to the 
right, having the effect that the two curves cross each other. 

log( aBz  / a o 

     

    

   

‘'..P (high a) 

     

     

      

log(t)  

Figure 1.7. Measuring the time derivative of the magnetic field is equivalent to measuring the 
magnetic field caused by the time derivative of the current density (dj/dt). This represents 
a double smoke-ring with current circulation in opposite directions. 

The conductivity of the half-space can be uniquely determined from step response 
measurements during the later part of the decay since a point in the graph in figure 1.6 is 
passed by only one possible decay curve. This determination is not possible for the impulse 
response since curves corresponding to different conductivities cross each other (Spies & 
Eggers 1986). It should also be noted that the rate of decay is independent of conductivity 
during the late stage of the process for both step and impulse response. In both cases the 
measured signal decays as an inverse power function of time. If the vertical field is measured, 
the exponent in the power function will be -1.5 for the step response and -2.5 for the impulse 
response at late times. 
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It is obvious that information from a certain depth cannot be acquired with transient field 
measurements unless the smoke ring has reached this depth. The diffusion depth  d  can be 
expressed by a formula equivalent to the more familiar skin depth formula in frequency 
domain measurements, namely: 

2t 
d = — 

VcTU 

In other words, as the induced electric field gradually reaches greater depths measurements at 
corresponding times will be more influenced by the electrical properties of the ground at these 
depths. This is the basis for vertical soundings with transient field measurements. 

The most commonly used geoelectric model in depth soundings is the horizontally layered 
earth. The diffusion of a smoke ring through such a model has been described by Hoversten 
and Morrison (1982). The expanding smoke ring will tend to follow high conductivity layers 
and avoid low conductivity layers. The process can be visualised schematically like in figure 
1.8. The magnetic field at the surface will decay more slowly as the smoke ring enters a 
conductive layer. If this layer is very thick or constitutes the substratum of the model, the 
magnetic field will eventually approach the same value as if the measurements were done on a 
half-space with the same conductivity as this layer (figure 1.9). The decay curve will gradually 
shift horizontally from one half-space curve to a second corresponding to the conductivities of 
the upper and lower layers respectively. In a similar way the magnetic field will start to decay 
more rapidly as the smoke ring enters a layer with low conductivity. 

Figure 1.8. The diffusion of the current density is affected by conductive layers in the ground. 
The diffusion process is slower in such a layer and the direction of the smoke-ring 
movement is closer to horizontal. 
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If we differentiate the curves in figure 1.9 with respect to time we will get the impulse 
response to a layered earth model. Since the magnetic field decay is slowed down by a 
conductive layer we will initially have a decrease in the impulse response during this period 
due to the time differentiation. A transition from one half-space curve to a second will be 
achieved by first a shift downwards and then to the right. This will produce a characteristic 
undershoot in the impulse response curve. A similar overshoot is characteristic for the initial 
effect of a resistive layer (Spies & Eggers 1986). 

log( aBz  7 ao 
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Figure 1.9. The dashed lines represent decay curves for two half-spaces with different 
conductivities. If measurements are made on a two-layer ground with a conductive 
basement the magnetic field will gradually shift from one half-space decay curve to 
another. During this shift the decay will be slow which is noticed in the dB/dt-response as 
a typical undershoot. The opposite phenomenon is observed over a resistive basement. 

Dispersion effects are sometimes noted in transient electromagnetic soundings. The electric 
field in the ground is initially very strong in the vicinity of the transmitter after current turn-
off. If the ground is polarizable, an effect of a smoke ring of reversed direction may be picked 
up by the receiver (Smith & West 1988). This is a manifestation of the same phenomenon that 
is used in induced polarisation  (IP)  measurements but without galvanic contact. The time 
constant of the LP-effect is usually much larger than the electromagnetic effect, so the reversed 
current ring will have relatively large effects at late times. The dispersion effects can be 
neglected in most cases, but in areas with strong clay alteration or sulphide impregnation in 
the rock it can be appreciable. 

Several different transmitter-receiver configurations are used for transient  EM  soundings. In 
the coincident loop configuration a square loop of  c.  50 to 200 metres side length is used. 



After current turn-off the same loop, or another one laid out close to it, is used as receiver. A 
benefit of this configuration is that it can easily be moved to a nearby location, thus enabling 
profile measurements. The method is popular in areas with open, flat terrain like e.g. parts of 
Australia and Russia, where the loops can be moved easily. Another configuration is the  in-

loop  or central loop where a large square or rectangular loop source is used. The transmitter is 
usually powered by an engine and the transmitter current is of the order of 10 to 25 amperes. 
The secondary field is measured with a coil receiver or a small loop inside the transmitter. 
Since the side length of the transmitter can be several hundreds of meters and the current is 
strong, a large dipole moment is achieved. The method is suitable for deep soundings and 
measurements in areas with rocks of low conductivity. Very deep soundings are usually done 
with separated transmitter and receiver (Keller et al. 1984,  Strack  et al. 1990). Most 
commonly a grounded wire is used as transmitter in this case. Commercially available 
transient  EM  equipment are usually not suited for this kind of setup since the transmitters do 
not work properly with a grounded cable. 

Transient  EM  soundings have been used for a large number of different applications including 
evaluation of sedimentary basins for hydrocarbon exploration, permafrost mapping, 
geothermal exploration, mapping of coal seams and mapping of saline or polluted ground 
water (see Spies &  Frischknecht  1991 for a compilation of references). The relative merit of 
transient field soundings compared to traditional DC current soundings is the large depth of 
investigation without the need of large transmitter-receiver separations. 

1.6 Base metal prospecting 

A base metal mineralization of sulphides can be considered as a conductor of finite 
dimensions. To start with, we neglect the conductivity of the host rock. If such a finite 
conductor is exposed to a transient electromagnetic field, eddy currents will be induced on the 
surface of the conductor so that the magnetic flux through the conductor is maintained. The 
intensity of surface currents is thus largest where the primary field is strong, e.g. if a part of 
the conductor is in the vicinity of the transmitter (McNeill 1980). The eddy currents will 
diffuse into the conductor and eventually be distributed more evenly. Eventually the diffusion 
process reaches a steady state when the current density distribution remains geometrically 
constant and from this moment the current density decays uniformly and exponentially (figure 
1.10). The time constant of this decay is proportional to the conductivity for a given size and 
shape of the conductor (Kaufman 1978a). By plotting the measured secondary field in a 
semilogarithmic graph, the time constant can be found graphically or by regression analysis 
(figure 1.11). If the shape and size of the conductor can be estimated from the shape of the 
anomaly along profiles, the conductivity of the conductor can be estimated. Graphitic shales 
and schists and massive sulphide mineralizations are good conductors while disseminated 
mineralizations and fracture zones are poor ones. 
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Figure 1.10. Eddy currents are induced in a body of finite size in free space  i  f a primary 
magnetic field is turned off Initially these currents will have a distribution such that the 
primary field is maintained. The currents will eventually diffuse into the conductor and 
will be distributed more evenly throughout the conductor. 

We will now consider the effect of the conductivity of the host-rock surrounding the 
conductor. During the time period when the electric-field smoke-ring in the host rock is 
present in the vicinity of the conductor these currents will tend to channel through it. This is 
accomplished by accumulation of charges at the areas of current inflow to and outflow from 
the conductor (Lamontagne 1975, McNeill et al. 1984, Walker & West 1991). The local 
enhancement of the current density will produce an anomaly in the secondary magnetic field. 
Since the diffusion rate in the host rock is dependent upon conductivity this effect will prevail 
longer if the host rock is conductive. When the smoke ring has much larger dimensions than 
the mineralization, channelling effects will have decreased considerably. In unweathered 
crystalline rocks the conductivity is low enough that the current channelling effect can be 
neglected at delay times comparable to the time constant of a typical sulphide mineralization. 
However, in areas with unconsolidated rocks or extensive weathering this effect can be large 
enough to mask the effect of eddy currents and thus making it difficult to estimate the quality 
of the conductor from its exponential time constant (Spies & Parker 1984, Buselli et al. 1986, 
McCracken et al. 1986a). 
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log( aBz  / t) 

time 

Figure 1.11. The secondary field from a conductor of finite dimensions will eventually decay 
as a purely exponential function. The slope of the decay curve (in a semilogarithmic plot) 
at late times is inversely proportional to the conductivity of the body for a given size and 
shape. 

Figure 1.12. The "smoke ring" caused by an interrupted current in a loop transmitter (red) 
has been replaced by en equivalent current filament (reddish). Part of the current will be 
channelled through the conductive zone (grey) in the rock thus causing a secondary 
magnetic field (black) that is added to the magnetic field caused by the smoke ring (not 
shown). 
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Since the secondary field from eddy currents decays exponentially and the secondary field 
from the host rock decays as an inverse power function the latter will eventually dominate the 
former. Furthermore, 

A • e-"T 
0 as t=°° 

B • t' 

A and  B  are constants depending on system characteristics and geometry. By differentiating 
the left hand part of the equation above McCracken et al. (1986a) showed that the ratio has its 
maximum when t=at. 

It is not really correct to treat these different phenomena separately. However, the coupling 
between the different types of secondary currents is often weak enough so that the total 
response can approximately be estimated as the sum of current channelling, eddy current and 
host rock effects (McNeill et al. 1984, Buselli et al. 1986). Due to the different decay 
characteristics of the secondary current systems, there will be a time window when the 
exponentially decaying eddy current effect is dominating (figure 1.13), of course under the 
condition that the conductor is large enough and conductive enough to give a sufficiently large 
response. 

log( aBz  / a 0 

log(time)  

Figure 1.13. The measured e.m.f will always be dominated by host-rock response at early 
and late times. Current channelling effects in conductive zones can contribute 
considerably to the signal at early times but these effects will usually vanish before the 
end of measurements. Due to the exponential character of the decay of the secondary field 
from confined conductors these might dominate at intermediate times depending upon 
geometry and other parameters. In view of this it is obvious that measurement over a 
large time range is important. 
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A problem can arise in an exploration situation when minor uninteresting, near-surface 
mineralizations are present in the same area as the exploration target. Under the condition that 
the target has a larger time constant ('r1) than the near-surface mineralizations (T2) it will 
eventually dominate the response if measurements can be made at sufficiently late times, 
since: 

A  

B • e-""r2 
as t=oo 	and 	ti  > T2  

The response from the better conductor will usually start to dominate at a delay time 
comparable to its time constant. Measurements at late times correspond roughly to low 
frequency measurements in the frequency domain. The frequency domain response of a good 
conductor will however not dominate over a poor conductors response in the same way 
(Kaufman 1978b). If we define a time domain function as 

f (t) = 0 

f (t)= e-"r 

t < 0 

t 0 

the corresponding frequency domain function will be: 

icor  
F(w) = 

1+ icor 

In the low frequency asymptote this function becomes purely imaginary and proportional to 
COT. This means that the ratio of the response of a good conductor to the response of a poor 
conductor will be: 

A cor, 

Bon-2  

If the ratio of the geometrical coefficients A and  B  is smaller than the ratio of the time 
constants T1  and T2, the response of the good conductor will never dominate over the poor 

conductor's response no matter how much the frequency is decreased. This might seem to 
contradict the statement that time and frequency domain measurements are equivalent. 
However, the frequency domain response of a good conductor can be relatively enhanced by 
differentiating the response with respect to co (Kaufman 1978b, McCracken et al 1986b). The 
question is if the cancellation effects in this differentiation will decrease the signal to noise 
ratio so that the presence of the good conductor is masked in a practical field situation. 

The low frequency limit response of the host rock is also purely imaginary and proportional to 
co. This means that the ratio of the target response and the host rock response will approach a 
finite value as the frequency is decreased. If the response is dominated by host rock or target 
effects will thus depend on geometrical factors like size, shape and depth to target and 
transmitter-target-receiver coupling but also on host rock and target conductivity. 
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In reality it is more complex to calculate the time-domain response of a conductor situated in a 
conducting host rock than the simple summation of effects that is illustrated in figure 1.13 
(Lajoie & West 1976, Walker & West 1991). The host rock response is always the dominating 
one at very early times since the primary current in the transmitter is replaced by an equivalent 
current distribution close to the surface. This means that the magnetic flux at any point in 
space does not change until these initially induced currents start to decay and diffuse into the 
ground. When this happens, other secondary current systems starts to develop and produce 
secondary fields. The true secondary field of a confined conductor is better estimated by 
convolving the impulse response of the conductor with the magnetic field produced by the 
decaying, channelled and diffusing smoke-ring in the host rock. This has the effect of slightly 
delaying the onset of induction in the conductor. It will also have the effect that at times that 
are late compared to the time constant of the conductor, the induced currents in the conductor 
will decay according to an inverse power function in a similar manner as the host rock 
response. 

As with transient soundings a number of different source-receiver geometries are used in base-
metal prospecting applications. Magnetic dipole-dipole configurations are used both for 
airborne and ground profiling. This corresponds to the well known slingram geometry that is 
used extensively in the frequency domain. In order to increase the transmitter dipole moment a 
cable loop transmitter can be used. This loop can be mobile as in the coincident loop 
configuration or fixed. The benefit of the coincident loop configuration is that it is less 
sensitive to variation in overburden conductance in areas with extensive weathering (Spies & 
Parker 1984). In terrain with rugged topography and dense vegetation a configuration with a 
large fixed transmitter loop and a mobile dipole receiver is usually preferred. The transmitter 
loop can have dimensions of up to several km. With such a configuration all three orthogonal 
components of the secondary field can be measured. In Scandinavia and North America this 
configuration has been the most popular. A similar setup is used in drillhole measurements 
(Dyck & West 1984). Previously drillhole receivers were limited to measuring the axial 
component of the secondary field but three-component receivers are now becoming common. 
The secondary field can also be measured from an aircraft. In such cases the transmitter loop 
can also be laid out and picked up from the air and this combination gives a very productive 
system in terms of profiling distance per day (Elliot 1996). 

In figure 1.14 the shape of the secondary field anomaly in the case of a steeply dipping 
conductor can be seen. A fixed large transmitter and a mobile dipole receiver are assumed. 
There is a symmetric anomaly in the horizontal component along the profile if the influence of 
the overburden and host-rock conductivity can be neglected. In the vertical component there is 
a zero-crossing above the conductor. In figure 1.15 the same situation can be seen for a flat 
lying target. In this case we get a cross-over anomaly in the horizontal component and a 
symmetric anomaly in the vertical component. A dipping conductor will produce an anomaly 
that is a transition between the horizontal and the vertical-conductor anomalies. The sign of 
the anomaly will depend upon the direction of the primary field flux through the conductor. 
Making measurements with more than one transmitter location can often be very informative 
since the dependence of the primary field coupling with the target will yield information about 
the position, size, dip and depth to the conductor. This is especially important in drillhole 
applications if only one component of the secondary field, that along the hole, is measured. In 
the case of ground profiling the target parameters can usually be determined from the shape 
and width of the anomaly. This can be done by measuring specific curve characteristics like 
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half-width or distance between  extrema  but more commonly the curves are matched by trial 
and error with calculated curves for simple models like thin rectangular plates or spheres. 

Figure 1.14. The secondary magnetic field over a vertical body will have a maximum (or 
minimum) in the horizontal component and a zero-crossing in the vertical component. 

Secondary field 

Figure 1.15. The secondary magnetic field over a horizontal body will have a maximum (or 
minimum) in the vertical component and a zero-crossing in the horizontal component. 
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The use of transient electromagnetic measurements has been proven very efficient in the 
search for and characterisation of massive sulphide mineralizations. The benefit of the method 
is the large depth of investigation in combination with the broad spectral information that is 
acquired. This will in most cases give data in one or more time windows where the target 
response is dominating over host rock or overburden effects (Buselli et al. 1986, Nabighian & 
Macnae 1991). This is especially important in areas with extensive weathering and thus 
conductive overburden. However, transient electromagnetic measurements require large 
magnetic moments for the transmitter which makes the equipment bulky and heavy. Stacking 
is also necessary in order to achieve sufficiently high signal to noise ratios. Measurements are 
slow compared to simple and light-weight frequency domain equipment and with each fixed 
transmitter location, an area of only roughly one km2  can be covered. Moving the transmitter 
is time consuming especially since cables with large cross-sectional area have to be used to 
minimise the transmitter resistance. In reconnaissance work the productivity of transient 
methods is so low that VLF or slingram is often preferred. 

1.7 Spectral characteristics of received signal. 

The spectral signature of an ideal impulse is purely white, i.e., all frequencies have the same 
magnitude. The signal recorded in a transient electromagnetic equipment can be considered as 
the effect of passing this white signal through a number of convolution "filters", all having the 
effect of attenuating the amplitude and changing the phase of the high-frequency part of the 
spectra. In the time domain this is equivalent to delaying and broadening the pulse. The 
approach of treating the received electromagnetic transient as passed through filters has been 
used by McCracken et al (1986b) for calculating target response and by Qian (1985) for the 
antenna characteristics but in the discussion below all the various factors that change the 
signal are included. 

First the transmitted impulse is changed into a box function through the use of a ramp current 
turn off. The angular cut-off frequency (4) of this filter is roughly equal to 1/(ramp time). The 
next filter in the series consists of the diffusion of the electromagnetic field through the  host-
rock.  The cut-off angular frequency of this filter (4) is dependent on the host-rock 
conductivity. The next delay of the pulse is due to the effect of induced eddy-currents in 
confined conductors. The cut-off of this filter (cot) is roughly the same as the inverse of the 
conductor's exponential time-constant. The host-rock and target conductor effects are not 
truly uncoupled but as mentioned above this coupling can be neglected if the contrast in 
conductivity between the host rock and the target is large enough. 
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Figure 1.16. The recorded signal in a transient electromagnetic system expressed as an ideal 
impulse function that is step by step convolved with low-pass filters corresponding to: 
actual waveform, host-rock response, target response, antenna and analog filter 
characteristics and integration windows. 

The original pulse convolved with the three filters above is what reaches the receiver. The 
induction coil receiver will also distort the signal through its spectral signature. It is important 
in time domain measurements to use receivers which are broad-band (Qian 1985). The cut-off 
of the receiver antenna (coa) will depend upon the coil's inductance and due to this it is not 

possible to increase the recorded signal strength by increasing the number of turns or 
introducing a ferrite core if this has the effect of lowering coa  to much. The antenna is actually 

part of an analog filter in the receiver that also includes some circuitry. This filter is necessary 
in order to avoid aliasing effects due to noise from, e.g., VLF transmitters. Finally the signal is 
integrated in time windows. In older analog equipment this is done through charging of RC-
circuits with the received voltage. In digital equipment a number of  A/D-converted signal 
samples are simply grouped and averaged. This integration is actually equivalent to the effect 
of the ramp time mentioned above. The cut-off due to the integration window (cow) is thus 

equal to 1/(window width). Since measurements at late delay times correspond to low 
frequencies, the integration window width can safely be increased for late channels without 
attenuating the response of the large time-constant targets that are recorded there. 

In order to be able to detect a certain target it is favourable if this target's cut-off (cot) is lower 

than the cut off of any of the other filters above. The effect of poor conductors can thus be 
attenuated by e.g. increasing the ramp time. 

In both analog and numeric modelling of transient electromagnetic data it is important to 
consider the effect of all the various filters. This can be done by convolving the modelled 
pulse with the filter effect to resemble the field situation or by deconvolving the data to 
remove the filter effect. If any of the filters is neglected one should make sure that this can be 
done without seriously misinterpreting the data. 

1.8 References 

Buselli  G.,  McCracken K.G. and Thorburn M., 1986. Transient electromagnetic response of 
the Teutonic Bore orebody. Geophysics, 51, 957-963. 



1-20 

Dyck A.V. and West G.F., 1984. The role of simple computer models in interpretation of 
wide-band drillhole electromagnetic surveys in mineral exploration. Geophysics, 49, 957-
980. 

Elliot  P.,  1996. New airborne electromagnetic method provides fast deep-target data 
turnaround. The Leading Edge, 15, 309-310.  

Frischknecht  F.C., Labson V.F., Spies B.R. and Anderson W.L., 1991. Profiling methods 
using small sources, in Nabighian M.N., Ed., Electromagnetic methods in applied 
geophysics - applications.  SEG  IG  No. 3, 105-270. 

Hoversten G.M. and Morrison H.F., 1982. Transient fields of a current loop source above a 
layered earth. Geophysics, 47, 1068-1077. 

Kaufman A.A., 1978a. Frequency and transient responses of electromagnetic fields created by 
currents in confined conductors. Geophysics, 43, 1002-1010. 

Kaufman A.A., 1978b. Resolving capabilities of the inductive methods of electro-prospecting. 
Geophysics, 43, 1392-1398. 

Kaufman A.A. and Keller G.V., 1983. Frequency and transient soundings. Elsevier Science 
Publ. Co., Inc. 

Keller G.V., Pritchard J.I., Jacobson J.J. and Harthill  N.,  1984. Megasource time-domain 
electromagnetic sounding methods. Geophysics, 49, 993-1009. 

Lajoie J.J. and West G.F., 1976. Electromagnetic response of a conductive inhomogeneity in a 
layered earth. Geophysics, 41, 1133-1156. 

Lamontagne Y.L., 1975. Application of wideband, timedomain  EM  measurements in mineral 
exploration. Ph.D. Thesis, Univ. of Toronto. 

Macnae J.C., Lamontagne  Y.  and West G.F., 1984. Noise processing techniques for time 
domain  EM  systems. Geophysics, 49, 934-948. 

McCracken K.G., Oristaglio M.L. and Hohmann G.W., 1986a. A comparison of 
electromagnetic exploration systems. Geophysics, 51, 810-818. 

McCracken K.G., Oristaglio M.L. and Hohmann G.W., 1986b. The minimization of noise in 
electromagnetic exploration systems. Geophysics, 51, 819-832. 

McNeill J.D., 1980. Applications of transient  EM  techniques: Technical Note TN-7. Geonics 
Ltd. 

McNeill J.D., Edwards R.N. and Levy G.M., 1984. Approximate calculations of the transient 
electromagnetic response from buried conductors in a conductive halfspace. Geophysics, 
49, 918-924. 



1-21 

Nabhigian M.N., 1979. Quasi-static transient response of a conducting half-space: An 
approximate solution. Geophysics, 44, 1700-1705. 

Nabhigian M.N. and Macnae J.C., 1991. Time domain electromagnetic prospecting methods, 
in Nabighian M.N., Ed., Electromagnetic methods in applied geophysics - applications.  
SEG  IG  No. 3, 427-520. 

Parasnis D.S., 1991. Large-layout harmonic field systems, in Nabighian M.N., Ed., 
Electromagnetic methods in applied geophysics - applications.  SEG  IG  No. 3, 271-284. 

Qian  B.,  1985: Selection of frequency bandwidth of a  TEM  receiving system to avoid false 
anomalies.  Geoexploration,  23: 519-526. 

Silic  J.,  1987. The nature of step and impulse TDEM systems. Presented at the 5th  Austral. 
Soc. Expl. Geophys. Conf. Abstract in Expl. Geophys., 18, 204-207. 

Smith R.S. and West G.F., 1988. Inductive interaction between polarizable conductors: An 
explanation of the negative coincident loop transient electromagnetic response. 
Geophysics, 53, 677-690. 

Spies B.R. and Parker P.D., 1984. Limitations of large-loop transient electromagnetic surveys 
in conductive terrains. Geophysics, 49, 902-912. 

Spies B.R. and Eggers D.E., 1986. The use and misuse of apparent resistivity in 
electromagnetic methods. Geophysics, 51, 1462-1471. 

Spies B.R. and  Frischknecht  F.C., 1991. Electromagnetic sounding, in Nabighian M.N., Ed., 
Electromagnetic methods in applied geophysics- applications.  SEG  IG  No. 3, 285-425.  

Strack  K-M., Lüschen  E.  and Kötz A.W., 1990. Long offset transient electromagnetic 
(LOTEM) depth soundings in the Black Forest and the Swabian Alb, Federal Republic of 
Germany. Geophysics, 55, 834-842. 

Walker P.W. and West G.F., 1991. A robust integral equation solution for electromagnetic 
scattering by a thin plate in conductive media. Geophysics, 56, 1140-1152. 



2 Electromagnetic response of inhomogeneous conductors 

2.1 Introduction 

Electromagnetic methods using large fixed transmitters are often used in the search for good 
electric conductors like sulphide mineralizations. Quantitative interpretation is however 
difficult due to the complicated behaviour of the electric and magnetic fields in a space where 
the electric properties vary three-dimensionally. Analytic solutions to such problems can only 
be found for a few cases with simple geometry and numeric modelling is processor intensive 
especially if the effect of host rock and overburden is taken into account. In Precambrian 
shield terrains like Scandinavia or Canada the resistivity of the host rock is usually so high 
that currents in the host can almost be neglected. Modelling a conductor in free space is much 
simpler than in a conducting environment and computer programs are available for models 
like layered spheres and thin plates (Dyck et al. 1980, Barnett 1984). 

An important feature of the electromagnetic response in the time domain, for a conductor of 
finite dimensions in free space, is that it can be expressed as a sum of exponential functions 
with different time constants (Kaufman 1978a). Although the series is infinite, the term with 
the largest time constant will eventually dominate the response. It has been shown for a 
number of different types of bodies that this late time decay constant is proportional to the 
conductivity of the body for a given size (Kaufman 1978a). Each term in the series of 
exponentials can be related to a so called system of eigencurrents  (Annan  1974). An 
eigencurrent has a given geometric distribution irrespective of the coupling with the primary 
field from the transmitter. It is also completely uncoupled to all other eigencurrents with other 
time constants. This means that the decaying secondary field will reach a steady state and the 
shape of an anomaly curve along a profile over such a conductor will not change with time 
when the term with the largest time constant is dominating. Unless the conductor is 
equidimensional, e.g. a sphere or a cube, the shape of the curve will be the same regardless of 
the position or the size of the transmitter. Geologic noise from minor conductors with smaller 
time constants will also vanish in late time. Assuming that the shape of the body can be 
approximated as e.g. a thin rectangular plate, the size, attitude and position of the body can be 
determined from the shape of anomaly curves from one or more profiles. The conductivity can 
then be calculated from the late time decay constant. 

A few simplifications are involved in the interpretation technique described above. The effect 
of conductive host rock and overburden is neglected, the conductor is assumed to have 
homogeneous conductivity and the coupling between multiple conductors is neglected. For the 
frequently used thin plate model the thickness of the plate is assumed to be small compared to 
the electromagnetic diffusion depth (equivalent to skin-depth in the frequency domain) in the 
conductor. The effect of host rock and overburden has been treated by several other authors 
and will not be discussed further here (e.g. Lamontagne 1975, Eaton & Hohmann 1984, Irvine 
& Staltari 1984, McNeill et al. 1984a, Oristaglio & Hohmann 1984, San Filipo et al. 1985, 
Walker & West 1991, Walker & West 1992). Many real conductors are quite inhomogeneous. 
They are often surrounded by a halo with lower resistivity than the host rock and sometimes 
they are dislocated at faults or cut by veins or dikes. The grade of conductive minerals and the 
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thickness can vary a lot for some mineralizations. The effect of these factors has not been 
discussed much in the literature. In general the late time response, when the induced current 
system has reached a steady state, is considered to be caused by currents that are confined to 
the best conducting part of the body which is modelled. 

2.2 Coupling between single-turn loops 

A simple, but still instructive, model to study is a single turn wire loop. In fact, 
electromagnetic field data have often been possible to interpret successfully with such models 
(McNeill et al. 1984b). Assuming that a primary magnetic flux, 430, passes through the loop 

(fig 2.1) the secondary current after primary-field shut-off satisfies the equation:  

R • I(t)+ L—
dl

=  0  
dt  

(2-1) 

Figure 2.1. Induction in a single-turn loop due to change in magnetic flux. 

The solution to this differential equation must satisfy the boundary condition, that the current 
has such a magnitude that the original magnetic flux through the loop is maintained at 
primary-field shut-off, and becomes:  

R 

1(0 = 43°  • e L  = ° • e  

where: 

I = induced current (A) 
L = loop self inductance  (H)  

(2-2) 
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R  = loop resistance (S2) 
= time constant (s) = L/R 

It should be noted that the initial current amplitude does not depend upon the resistance of the 
loop. If the secondary magnetic field caused by the current is measured with an induction coil 
receiver at some point in space the voltage will be: 

cDo  • R 
U(t)= po •K•A• 	• e  

where  

U = induced voltage (V) 
= magnetic permeability of free space (VsA-1m-1)  

K  = geometric constant (m-1) 
A = effective area of receiver coil (m2) 

The received signal is initially larger for a poor conductor than for a better one. However, 
since the response from the poorer conductor decays more rapidly the better conductor will 
eventually give a much larger signal. 

The wire loop model can also be used to simulate properties of inhomogeneous and/or 
multiple conductors. In such a case we need to examine the behaviour of multiply coupled 
wire loops. The coupling between two loops can be described by the mutual inductance, 

which is the ratio of magnetic flux through loop  i  and the current in another loop  j  causing the 
flux. If the number of loops is  N  we can write for the current I in the loop  i:  

4912 	 dI N  
Ri  •  I  + Mil  —+ Mi2 • 	

at 
 + . . . + MiN  • 	= 0 

at  
(2-4) 

where Mii  = L1  and M1  = 

The boundary condition is that the original magnetic flux through each loop is maintained at 
primary-field shut off. Equation (2-4) can be solved analytically but the expressions become 
complicated unless the number of loops is kept small. If we consider a simple case of two 
identical loops (R=R1=R2, L=L1=L2) we can assume a solution to equation (2-4) to be of the 

form: 

± /012 e-12i  
(2-5) 

12= 1021'  e-Alt  + /022  e-Ä2r  

Differentiating equations (2-5) and substituting into equation (2-4) gives the following 
expression for Al  and X2 (M#L). 

(2-3) 
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A = L2  - M 2  - L2  - M 2  / L2 -M2  

In the general case with  N  loops (in which case there will be  N  different  k),  finding the 
solution for the different  X,  in a system of equations like equations (2-5) reduces to finding the 
roots of a polynomial of order  N.  The polynomial is found by differentiating such equations 
with respect to time N-1 times and substituting in equation (2-4). This process can easily be 
computerised. Equation (2-7) can be written in a dimensionless form by making the following 
substitutions: 

2-4 

(2-6) 

(2-7) 

(2-8) 

To  represents the time constant of the two loops in an uncoupled situation. Equation (2-8) is 

plotted in figure 2.2. 

M/L  

Figure 2.2. Time constants for exponential transient decay in two coupled wire loops as a 
function of mutual coupling. 

The current decay in the loops is simply a sum of exponentials with different time constants. 
In calculating the time constants we have not used the boundary conditions which means that 
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the time constants are not a function of the primary magnetic flux through the loops. The 
problem can also be described in matrix form. 

I + M* I' -= 0 
(2-9) 

   

If the number of loops is  N,  the matrix M* has dimensions N'N and contains the elements 
Mij/Ri. Equation (2-9) is the matrix form equivalent to equation (2-1) and we can assume a 
solution like: 

I 	e-th.  • ti 

Differentiating (2-10) and substituting into (2-9) yields: 

M*u= 'r•u _ _ 

(2-10) 

(2-11) 

   

Equation (2-11) is an eigenvalue expression and numerical solutions to such problems can be 
found in texts on numerical methods in mathematics (Press et al. 1989). The eigenvalues (T) 
are the time-constants of the decaying exponentials and the eigenvectors (11) describe the 
relative distribution in the different loops of a current system with a certain decay rate. One 
such distributed current system can be referred to as an eigencurrent. As above, we have not 
made use of any boundary conditions which means that the time constants as well as the 
geometrical distribution of the eigencurrents are independent of the primary field. The 
eigencurrents will act as uncoupled current systems and the initial amplitude of each 
eigencurrent will be governed by the coupling between that specific eigencurrent and the 
primary field. 

An interesting detail about an eigenvalue expression like (11) is that the sum of the 
eigenvalues, and hence of the time-constants in the system, is the same, irrespective of the off-
diagonal elements in M*. The sum of time-constants for the eigencurrents can thus be 
calculated by adding all the time-constants for the loops in an uncoupled situation (EL/R). 

A consequence of the eigencurrents is that the currents in all conductors in a coupled system 
will decay with the same time constants. If a poor conductor is present in the vicinity of a 
better one the eigencurrent systems will be distributed to both conductors. The time-constants 
will also be shifted to both lower and higher values compared to an uncoupled situation with 
the same conductors. A practical consequence of this is that when a steady state is reached in 
the transient decay, the secondary currents are not confined to the body with the highest 
conductivity. In most cases the mutual inductance will be very small compared to the self-
inductance of the conductors, but in some cases it may be of significance (figure 2.3): 
• two or more relatively closely spaced parallel plate-shaped conductors 
• a good thin conductor embedded in or at the edge of a thick poor conductor 
• a good thin conductor which locally increases significantly in thickness and/or 

conductivity 
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Figure 2.3. Examples of complicated conductors. To the left: multiple parallel thin 
conductors. Centre: thin good conductor within larger poorer conductor. Right: single 
thin conductor that locally increases in thickness or conductivity. 

In order to model the situations above a computer program was written which could 
numerically calculate the time-constants and current amplitudes of coupled wire loops. In the 
next section the conclusions from this numerical modelling of simple models is tested with 
analog scale modelling. 

2.3 Examples of modelling the electromagnetic response of multiple loops 

Although a model with multiple wire loops is a great simplification of a real geological 
situation it is still reasonable to believe that experience from such modelling is of relevance 
in the interpretation of field data. The mutual inductance between two wire loops can be 
calculated as: 

po 	ids]  dsi  

471-  c c  
(2-12) 

where 

Ci,  C;  = the perimeters of the two loops 
dsi  = line elements on the perimeters of the loops 

Rij  = distance between line elements 

Equation (2-12) cannot be used to calculate the self-inductance of a loop by setting ij since 
the distance between the loops is zero and the integral will diverge. In the examples below 
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problem has been solved by adding a small number  (c.  2% of the loop side length) to the 
distance in equation (2-12). This will simulate the physical situation of a distributed current. 
The number chosen is quite arbitrary but seems reasonable when the results are compared 
with the analogue modelling results below. The purpose of the modelling is also not to imitate 
a certain field situation but to give insight into the behaviour of multiple conductors in 
principle. 

The transient response from two types of such models has been calculated. A fixed loop 
transmitter and a moving receiver setup has been used in both cases. The source-receiver 
geometry can be seen in figure 2.4. 
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Figure 2.4. Transmitter-receiver setup in scale modelling experiments. The distance unit is 
arbitrary but if kilometres is assumed a reasonable real world situation is modelled. 

The first model resembles a situation where a good conductor is present at the edge of a poor 
one e.g. when a massive sulphide mineralization is present at the edge of an alteration zone or 
a disseminated mineralization. An alternative situation could be when several thin parallel 
stringer mineralizations are present close to the main massive mineralization. The model can 
be seen in figure 2.5. Five closely spaced loops all have an inductance/resistance ratio of 1 
(arbitrary unit, time-constant if uncoupled). The sixth loop, that is at the greatest distance from 
the transmitter, has an inductance/resistance ratio of 3 (arbitrary unit) and is thus the best 
conductor in the system. The self-inductance of all loops is the same since they have the same 
physical dimensions. The mutual inductance between two loops in the system ranges from 
10% to 32% of the self-inductance and the exponential time-constants of the eigencurrents are 
0.62, 0.66, 0.74, 0.94, 1.63 and 3.40 (arbitrary unit) respectively. If we consider the best 
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conductor to be the target, we would like to examine the eigencurrent with the largest time-
constant since we would expect it to have a large amplitude in that conductor. However, the 
amplitude of this eigencurrent in the other five loops is between 9% and 18% of the amplitude 
in the best conducting loop, the effect of which cannot be neglected. Almost 40% of the 
eigencurrent is distributed outside the best conducting loop. 
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Figure 2.5. A system of six single-turn loops. The strike lengths of the conductors are 0.4 units 
and the profile is above the centre of the conductors. The time constant of the rightmost 
conductor is three times larger than the time constant of the other five conductors. 

The secondary vertical magnetic field of the model, as measured with an induction coil 
receiver, can be seen in figure 2.6. The anomaly is nearer to the transmitter for the early 
channels but with increasing time the anomaly migrates towards the best conducting loop and 
eventually, when the eigencurrent with the largest time-constant is dominating, a steady state 
is reached. From this moment the shape of the anomaly curve does not change. The zero-
crossing will in this case be shifted 0.02 distance units away from the best conductor. If this 
situation appeared in the field, the risk of misinterpretation of the data would be considerable. 
The shape of one single anomaly curve in figure 2.6 is almost identical to the shape of a curve 
caused by one single vertical conductor located at the position of the zero-crossing. If the 
migration of the zero-crossing is not recognised as caused by inhomogeneous or multiple 
conductors, the position of the target might easily be wrongly interpreted. The broad-band 
nature of time-domain measurements is however helpful in recognising a situation like this. If 
the frequency domain response is calculated for the same model we get the result in figure 2.7. 
In this case the zero crossing in the low frequency limit is at a greater distance from the best 
conductor than in the time domain case. The frequency domain response in the resistive limit 
can be written as: 

     

     

x  

Conductors  

     

       



0.0 	0.1 	0.2 -0.2 

H(co)=co 2 IK,,•1-„2  +  i  a) 1, K„•z„ 	 (2-13) 

where 

H(o)) = Secondary magnetic field at receiver 
co = angular frequency 
Ki, = transmitter-eigencurrent-receiver coupling factor, geometry dependent 
tn  = time constant of n:th eigencurrent  
i  = 

Figure 2.6. Transient electromagnetic e.m.f.-response of the model in figure 2.5. The time 
channels are 2, 4, 6, 8, 12 and 16 dimensionless time units (normalised to time constants 
of the conductors) respectively. The scale for the e.m.f. is arbitrary. 
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Figure 2.7. Frequency domain electromagnetic response of the model in figure 2.5. In-phase 
components are drawn with solid lines and out-of-phase components are drawn with 
dashed lines. The angular frequencies are 0.5, 0.25, 0.17, 0.125, 0.083 and 0.0625 in 
dimensionless units (normalised to time-constants of conductors). The vertical scale is 
arbitrary and the sign of the in-phase component has been reversed in the plot. 

Contrary to the time domain case, the term in the summations above corresponding to the 
eigencurrent with the largest time constant will not be the only one of significance, no matter 
how much we lower the frequency. The influence of the other eigencurrents is the reason why 
the anomalies in figure 2.7 are at a greater distance from the best conductor compared to 
figure 2.6. The zero-crossing for the imaginary and real components does not occur at the 
same position for all frequencies due to the fact that the factors in the summation in equation 
(2-12) are squared for the real component which will enhance factors representing large time 
constants. This means that difference in position and/or shape of anomalies in the real and 
imaginary components is a good indicator of inhomogeneous or multiple conductors in a 
practical field situation. 

The second model can be seen in figure 2.8. It is very similar to the previous model with the 
exception that it has been mirrored at x=0. Since the model is basically the same we will have 
the same set of eigencurrents for this model. The difference is the coupling between each 
eigencurrent and the transmitter. For the model in figure 2.8 the eigencurrents with small 
time-constants have decreased in magnitude relative to the eigencurent with the largest time-
constant. This can be seen e.g. by studying the normalised ratio: 

/22  / 121 

- 
0.35 

/12  / 1.11   
(2-14) 
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where I, refers to the current amplitude in model  i  for the eigencurrent with the j:th largest 
time-constant. Equation (2-13) implies that the eigencurrent with the second largest time-
constant has decreased to 35% of its amplitude when normalised to the amplitude of the 
eigencurrent with the largest time-constant. The time domain response of this model can be 
seen in figure 2.9. The migration of the zero-crossing is not as pronounced as for the previous 
model which is a consequence of the decreased effect of eigencurrents with small time-
constants. This also has the effect that a steady state is established earlier for the second 
model. The shapes of the anomaly curves at late times for the two models are basically the 
same since they are caused by the same type of eigencurrent. The curve shape for model 2 is 
found by mirroring the curve for model 1 at the point x=0. The frequency domain response of 
the second model can be seen in figure 2.10. Since the eigencurrent with the largest time 
constant is dominating in this case the anomaly curves do not change as much with frequency 
as with the previous model. The real and imaginary components are also closer to each other. 
The shapes of the curves for very low frequencies are dissimilar when the two models are 
compared due to the fact that no matter how much the frequency is decreased, a secondary 
field caused purely by one eigencurrent will not be achieved. This also means that for some 
frequency, the ratio between the real and imaginary component anomalies at a profile point 
will be dependent upon the transmitter position and could hence influence the estimate of the 
conductor's quality. 
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Figure 2.8. A model of six single-turn loops. The leftmost loop has a time constant that is 
three times larger than the time constant of the other loops. The transmitter receiver setup 
can be seen in figure 2.4. The strike length of the conductors is 0.4 units and the profile is 
over the centre of the loops. 
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Figure 2.9. Transient electromagnetic e.m.f-response of the model in figure 2.8. The time 
channels are 2, 4, 6, 8, 12 and 16 dimensionless time units (normalised to time-constants 
of conductors) respectively. The scale of the emf is arbitrary.  

i  

Figure 2.10. Frequency domain electromagnetic response of the model in figure 2.8. In-phase 
components are drawn with solid lines and out-of-phase components are drawn with 
dashed lines. The angular frequencies are 0.5, 0.25, 0.17, 0.125, 0.083 and 0.0625 in 
dimensionless units (normalised to time-constants of conductors). The vertical scale is 
arbitrary and the sign of the in-phase component has been reversed in the plot. 
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The second type of model that has been investigated simulates the situation when a plate-
shaped conductor contains inhomogeneities with increased conductance or when a good 
conductor is cut by resistive veins or faults. The model, consisting of six coupled loops can be 
seen in figure 2.11. The time-constants of the four smallest loops are 3 arbitrary units and the 
time-constants of the two big loops are 0.5 units. The mutual coupling between the loops is in 
this case within a few percent of the self-inductance of any loop in question. This weak 
coupling makes the six eigencurrents very similar to currents induced in an uncoupled 
situation and the time constants are only slightly affected by the coupling. The vertical 
component of the secondary field can be seen in figure 2.12. The distance between the 
extreme values of the anomaly increases with increasing time, indicating that the responses of 
the small, deep, good conducting loops increase in importance. At early times the distance 
from the model to one of the extreme values on the curves is 0.03 distance units but this 
increases to 0.06 units when a steady state is reached at late times. The response was also 
calculated after removal of the two big, poorly conducting loops. The result for the late 
channels can be seen in figure 2.12 as dashed lines. The shape of these curves is inseparable 
from that for the model with the large loops included. The magnitude is however slightly 
reduced. The results are also plotted in figure 2.13 as a function of time. The part of the 
eigencurrent with the largest time-constant that is distributed to the large poorly conducting 
loop is negligible. It is easy to realise that the mutual coupling between any two loops that lie 
in the same plane is small compared to their self-inductance unless they almost coincide. This 
means that no great errors are made in the interpretation of field data if the effect of the 
mutual inductance between conductors that lie in the same plane is neglected. The difference 
in magnitude between the models that can be seen in figure 2.12 will have the effect that the 
size of the good conductors will be slightly overestimated if the influence of the poor large 
conductors is neglected. This will however not be very serious in most cases. 
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Figure 2.11. Six coupled single-turn loops representing an inhomogeneous conductor. The 
transmitter-receiver setup can be seen in figure 2.4. The view is perpendicular to the 
profile and all conductors are at x-coordinate 0. 



2-14 

0.1 	 0.2 

/  
z 

-0-.-2-_  
N 

N 
N 

N 

// 
N  

.0 	0.1 	 0.2 

Figure 2.12. Transient electromagnetic e.m.f.-response of the model in figure 2.11. The time 
channels are 0.25, 0.5, 1, 2, 3, 5 and 8 dimensionless time units (normalised to time-
constants of conductors) respectively. The five first channels are plotted in the upper 
graph and the two last channels in the lower graph. The scale for the e.m.f. is arbitrary. 
The dashed curves in the lower graph represent the response with the two large loops 
removed. 
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Figure 2.13. Transient decay of the model in figure 2.11 (full line). The dashed line shows the 
decay of the model with the two large, less conducting loops removed. The line with long 
and short dashes shows the decay of the model with the four small, well conducting loops 
replaced by one loop with the same size as the four small ones together and a time-
constant equal to that of one of the small ones. 

The weak coupling between the loops in the model also indicates that if a good conductor is 
cut by resistive veins or is dislocated at faults, the resulting smaller units will act as separate 
uncoupled conductors. The size and position of a mineralization is usually interpreted from 
the shape of an anomaly curve and the conductivity from the late time decay rate. This time 
constant is a function of conductivity and size of a conductor, e.g. for a plate shaped 
conductor: 

= 07,UL • c 	 (2-15)  

where  

6 = conductivity (S m-1) 
= magnetic permeability (V s K1m-1) 

t = thickness (m) 
L = width of plate (m)  
c  = constant that is a function of width/length ratio 

L in equation (2-15) is usually estimated from the shape of the anomaly field. If the induced 
currents are more or less confined to smaller eigencurrent systems this will result in an 
overestimate of L and hence an underestimate of the conductivity. 

The frequency domain response for the model in figure 2.11 can be seen in figure 2.14. 
Noticeable is that the width of the anomaly in the imaginary component is very small. The 



2-16 

distance from one extreme value to the zero crossing is  c.  0.035 units. This is comparable to 
the width of the early-time response in the time domain. The width of the real component is 
larger  (c.  0.045) but still smaller than for the late time-domain response. This means that there 
is a considerable risk that a good conducting core of an inhomogeneous conductor will be 
undiscovered in frequency domain measurements, especially if the real component is too weak 
or too noisy due to incorrect transmitter receiver separations. The reason for this behaviour is 
once again that the eigencurrent with the largest time-constant will never dominate no matter 
how much the frequency is decreased. This might seem to contradict the fact that frequency 
and time domain responses are Fourier transform pairs and thus carry the same information. 
The large time constant eigencurrents can however be enhanced by cancelling the terms 
proportional to the  T:s  in equation (2-13). Kaufman (1978b, 1989) suggested that geologic 
noise could be suppressed by calculating: 

A  

AQ = Qi — 
A 

• Q2 (2-16) 

where Qi  and Q2 are the imaginary components of the secondary field measured at the 
frequencies f1  and f2  respectively. The result of such an operation can be seen in figure 2.14. 
The calculations have deliberately been made at reduced numeric precision by rounding off 
the imaginary components to three significant digits. The cancelling of terms proportional to I.  
will make AQ proportional to 13  and good conductors can thus be enhanced relative to poor 
ones. The width of the anomaly in figure 2.14 is comparable to the late time response. The 
introduction of cancellation errors might however seriously affect this technique in a practical 
situation. 

The transient decay for the model is plotted in figure 2.13. At times greater than the time 
constant of the best conducting loops the decay becomes purely exponential whereas the decay 
is more rapid at early time. If the model is treated as one single conductor the conductivity 
will appear to increase with time. This is a diagnostic feature for inhomogeneous conductors 
and similar effects have been observed for two-layered spheres (Nabighian 1971, Hjelt 1971, 
Nabighian & Macnae 1991). The effect is also often observed in the field and numerous 
authors has reported inconsistency in conductance or conductivity estimates at different 
frequencies or transmitter receiver separations (see  Frischknecht  et al. 1991 for a compilation 
of references). The effect has been explained by the influence of overburden (Parasnis 1971) 
or finite thickness of the conductor when a thin plate model has been used for the estimates 
(Parasnis 1971; Joshi et al. 1988). The influence of host rock conductivity through current 
channelling (McNeill et al. 1984a) will also affect the spectral response of a target. However, 
in many cases neither of these factors can fully explain the great deviation from an 
exponential decay that is observed in field surveys. Conductor inhomogeneity is a likely 
explanation to the observed phenomenon in combination with the factors mentioned above. 
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Figure 2.14. The top graph shows the frequency domain electromagnetic response of the 
model in figure 2.11. In-phase components are drawn with solid lines and out-of-phase 
components are drawn with dashed lines. The angular frequencies are 4, 2, I, 0.5, 0.33, 
0.2 and 0.125 in dimensionless units (normalised to time-constants of conductors). The 
vertical scale is arbitrary and the sign of the in-phase component has been reversed in the 
plot. The lower graph shows the response of the same model with the two large, less 
conducting loops removed. Note the change in anomaly width. The noisy line with thick 
dashes shows the differential out-of-phase component calculated according to equation 
(2-16) for the frequencies 0.2 and 0.125 in the top graph. The data were rounded off to 
three digits before differentiating. 

The decay of a model that is the same as the previous model except that the four small loops 
have been replaced by a larger one can also be seen in figure 2.13. The larger conductor has 
the same time-constant as the four smaller ones but the physical dimensions correspond to the 
outer limits of the four small ones joined together. This is a likely interpretation of the data in 
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figure 2.12 if the geometrical shape of the anomaly is used to estimate the size and position of 
a plate model. The decay rate at late times will of course be the same as for the previous 
model. The magnitude of the anomaly is however considerably larger. Anomaly magnitudes in 
field data that are considerably smaller than would be expected from a homogeneous plate 
model with a corresponding time-constant could thus be explained by conductor 
inhomogeneities. 

2.4 Model experiments 

Some of the conclusions drawn from the numerical modelling above have been tested with 
scale model experiments. Scale modelling of multiple conductors has been carried out by e.g. 
Vail& (1981) and Buselli & Lee (1987). A Sirotem field equipment was used for the 
collection of data. The measurements were made at an assumed scale of 1:1000 but the data 
have been resealed to simulate a 1:1 scale in the plots and in the text below. The transmitter 
receiver geometry can be seen in figure 2.15. A fixed transmitter and a moving vertical dipole 
receiver was used. The set up was checked by making measurements with thin rectangular 
plates as models and the results were found to be in good agreement with numerical results 
from the program PLATE (Dyck et al. 1980). Graphite was used to model thick plates. The 
resistivity of the graphite was 910-6  SIm which corresponds to a resistivity of 9 12m on the 
assumed scale. Thin plates were modelled with zinc, aluminium and copper sheets of varying 
thickness. 
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Figure 2.15. Transmitter-receiver setup for scale model experiments. The experiments were 
peiformed on the scale 1:1000. 
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The response of a model consisting of a thin well conducting sheet with a conductance of 3 S 
in contact with a 100 m thick plate with 9 üm resistivity can be seen in figure 2.16. The thin 
conductor is positioned on the far side from the transmitter and the model was assumed to 
resemble the model in figure 2.5 for the numerical calculations. The zero crossover in the 
vertical field migrates away from the transmitter with increasing time and when a steady state 
situation is reached after  c.  1.2 ms the crossover is located  c.  20 to 30 metres from the well 
conducting plate. The late time decay time constant for the model is 0.33 ms. These results are 
in accordance with the numerical modelling of coupled wire loops. Similar results were also 
obtained by BuseIli (1987) for a homogeneous thick plate but in that case the zero-crossing at 
late times occurred over the centre of the body. 

The results for a model where the well conducting, thin sheet has been moved so that it is 
facing the transmitter can be seen in figure 2.17. In this case the crossover is almost constant 
in position but the distance between the crossover and the well conducting sheet is the same as 
in the previous model. This is also in agreement with the numerical results and verifies that 
only one eigencurrent is of any significance for the latest channels plotted. The experiment 
was repeated with sheets with larger conductance. With 6 S conductance the zero crossover 
was almost 20 metres away from the sheet and with 18.5 S conductance  c.  8 metres. The 
results from these measurements are plotted in figure 2.18 and 2.19 respectively. Although the 
effect of the poor conducting thick sheet decreases with increasing conductance of the thin 
sheet, the effect is significant for all models. Currents that migrate in the plane of a thin 
conductor have been observed in model experiments by Woods (1975) and Buselli & Lee 
(1987). 

The results of measurements across a model with varying conductance can be seen in figure 
2.20. Four small plates with a conductance of 74 or 92.5 S were in galvanic contact with a 
larger plate with a conductance of 6 S. The time constant of the large plate was 0.2 ms and the 
time constant of the smaller ones 0.8 and 1.0 ms. The transient decay of the secondary field 
from the model is plotted in figure 2.20. The steady state decay time constant is  c.  1.0 ms 
which is very close to the time constant of the small well conducting plates. This means that 
the mutual coupling between the plates in the model can almost be neglected at least for late 
times. At early times the decay rate approaches that of a single plate with conductance 6 S. 
The decay of a homogeneous plate with the same time constant can also be seen in the figure. 
The amplitude of this signal is considerably higher than the one for the inhomogeneous plate. 
It also lacks the fast decay at early times. The vertical secondary magnetic field along a profile 
across the models can be seen in figure 2.21. The shapes of the curves are indistinguishable. 
This means that the curve shape, decay rate and amplitude all must be taken into account to 
interpret  EM  data correctly. Otherwise the conductivity and hence the quality of a 
mineralization might be misinterpreted. 
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Figure 2.16. Results from scale modelling with a thin, well conducting plate at the edge of a 
thick, less conductive plate. The delay times are 0.487, 0.879, 1.271 and 1.663 ms. The 
late time decay constant is  c.  0.33 ms. 
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Figure 2.17. Results from scale modelling with a thin, well conducting plate at the edge of a 
thick, less conductive plate. The delay times are 0.487, 0.879, 1.271 and 1.663 ms. The 
late time decay constant is  c.  0.33 ms. 
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Figure 2.18. Results from scale modelling with a thin, well conducting plate at the edge of a 
thick, less conductive plate. The delay times are 0A87, 0.879, 1.271 and 1.663 ms. The 
late time decay constant is  c.  0.41 ms. 
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Figure 2.19. Results from scale modelling with a thin, well conducting plate at the edge of a 
thick, less conductive plate. The delay times are 0.487, 0.879, 1.271 and 1.663 ms. The 
late time decay constant is  c.  0.86 ms. 
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Figure 2.20. Transient decay of inhomogeneous model consisting of four small plates with 
large conductance in galvanic contact with a large plate with lower conductance. The 
curve marked with x:es represents the decay of this model. The curve marked with squares 
shows the decay of a homogeneous plate of the same size as the inhomogeneous model 
and with the same time-constant (conductivity 28.5 S). The straight dashed lines are 
exponential fits to these two curves with time-constants 0.97 and 0.95 ms respectively and 
the curve marked with crosses shows the decay of the 6 S plate alone. The transmitter was 
tilted compared to figure 2.15 to improve the transmitter-target coupling. 
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Figure 2.21. Results from scale modelling with the inhomogeneous model in figure 2.20 (top 
graph), and a homogeneous plate with conductivity 28.5 S (lower graph). The delay times 
are 0.487, 0.879, 1.271 and 1.663 ms. The late time decay constants are  c.  0.97 and 0.95 
ms respectively. Note that the shape of the curves for the two models is impossible to 
distinguish. 

2.5 Field example 

In this section field data from the Lainijaur nickel deposit in northern Sweden will be 
presented. The mineralization consists of two elongated tabular lenses of pyhrotite, 
chalcopyrite and pentlandite at the bottom of a small mafic intrusion (figure 2.22). The  gabbro  
surrounding the massive sulphides is known to contain disseminated sulphides close to the 
contact with the schist. The deposit was discovered in 1940 and the ore-body was mined 
during the second world war to a depth of approximately 150 metres. The geology of the 
deposit has been described in detail by Grip (1961) and  Martinsson  (1987) examined the 
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geochemistry of the host rock. The mineralization dips 30 degrees to the north and is known 
through drilling to extend to more than 300 meters depth. The thickness of the mined ore-
body was very variable as can be seen on the isopach map in figure 2.23. This fact suggests 
that the Lainijaur deposit is suitable for studying the effect of inhomogeneity on 
electromagnetic measurements. 

Quartzdiorite  MI  Massive ore  
Gabbro    Schist  
Morain  

Figure 2.22. Geology of the Lain ijaur deposit (from Grip 1961). The massive ore is 
surrounded by sulphide impregnation. The outcrop of the ore-body was in the southern 
part of the map and it was mined to  c.  150 metres depth which coincides with y-
coordinate 1160. 
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Figure 2.23. Isopach map of the part of the massive ore at Lainijaur that was mined in the 
1940's (from Grip 1961). 

Transient electromagnetic  (TEM)  measurements were carried out on the mineralization with 
fixed large transmitters and a moving receiver. The transmitter positions and the measured 
profiles can be seen in figure 2.24. A new electric conductor was found in this investigation  c.  
100 metres from the previously known one (Thunehed 1984). The conductor was steeply 
dipping and at a depth of  c.  90 metres. It was assumed that this conductor was of the same 
type as the Lainijaur ore body, i.e. a massive sulphide mineralization at the contact between 
the  gabbro  and the schist and surrounded by a halo of disseminated sulphides. 
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Figure 2.24. Transmitter-receiver setup for the measurements at Laimjaur. Two 200 by 400 
metres transmitters (A and  B)  were used and four profiles were measured with each 
transmitter. The grey body at 1000X is the continuation of the mined ore-body which is 
known from drilling. The body at 900X is the conductor that was found in the  TEM  
measurements. Its extension to the north is inferred from the  Y-component in the  TEM  
data. 

The size of the newly discovered conductor can be estimated reasonably well due to 
geological constraints and the geophysical data. The depth extent cannot be larger than the 
depth to the bottom of the intrusion which is known from the drilling. The lateral extension 
towards smaller  Y-coordinates (figure 2.24) can be estimated from the transient  EM  anomaly 
curves, whereas no data are available for  Y-coordinates greater than 1400. However, since the  
Y-component of the secondary field is close to zero at profile 1400 it is reasonable to assume, 
due to symmetry, that this profile is close to the centre of the conductor. The measured 
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secondary field along profile 1400 can be seen in figures 2.25 and 2.26. The early channels are 
affected by current channelling through the conductor. The data for the late channels are 
somewhat affected by the secondary field caused by induced currents in the host rock. In the 
plots below, where the data are compared to calculated anomalies, a layered earth response to 
a model consisting of a 20 meters overburden with resistivity 300 S2m and a host-rock of 
resistivity 3000 Shn has been subtracted. 
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Figure Z25. Field data for profile 1400Y measured with transmitter A. The e.m.f.-scale is the 
raw Crone instrument readings which are scaled so that channel 8 has a ten times higher 
gain than channel 1. The delay times for the eight channels are 0.15, 0.3, 0.55, 0.9, 1.45, 
2.4, 4.0 and 6.4 ms. 
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Figure 2.26. Field data for profile 1400Y measured with transmitter  B.  The e.m.f-scale is the 
raw Crone instrument readings which are scaled so that channel 8 has a ten times higher 
gain than channel 1. The delay times for the eight channels are 0.15, 0.3, 0.55, 0.9, 1.45, 
2.4, 4.0 and 6.4 ms. 

The anomaly curve shape doesn't change with time after channel three (0.55 ms) which would 
indicate that the secondary field has reached a steady state at this time. The data from this time 
and onwards have been modelled with the PLATE program from the University of Toronto  
(Annan  1974, Dyck et al. 1980, Dyck & West 1984). 
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In figure 2.27 the secondary field has been modelled with a thin plate whose dimensions are 
dictated by geological constraints and geophysical data from other profiles. The curve shape 
and the amplitude of the field match the field data very well for channel three where the 
steady state sets in. However, when we look at the later channels we see that the secondary 
field of the model decays much more rapidly than the field data. Obviously this model cannot 
be accepted. In figure 2.28 the conductance of the plate model has been adjusted so that the 
decay rate of the model matches that of the field data at late times (>2 ms). In this case the 
amplitude of the calculated anomaly is much too large. Note that the field data and the 
calculated anomaly are plotted on different scales in this example. It is possible to get a good 
match between the field data and the calculated anomaly in the late time by reducing the size 
of the plate (fig 2.29). However, this small plate model is not compatible with the strike 
length estimated from all the profiles and there is also a poor fit to the data in earlier channels 
(e.g. # 3,4). 

A model composed of several individual plates of varying sizes and conductivities was 
designed and the responses of the different plates were calculated individually and then 
summed. This means that the mutual coupling between the plates is ignored. As could be seen 
in the sections about numerical and scale modelling this coupling is however not of very great 
significance. It is also not the intent to exactly model the resistivity distribution in the 
mineralization but instead to give an idea about the degree of inhomogeneity in the body. The 
model can be seen in figure 2.30 and the calculated anomaly curves are compared to the field 
data in figure 2.31. The response to this model is also plotted as a function of time in figure 
2.32. The fit is good also in this domain except for the early channels where current 
channelling effects dominate. The response to the model is dominated by the large plate with 
conductance 6.5 S in the early channels and the intermediate size plates with conductivities of 
40 S during intermediate times and the most conducting, 350 S, small plates at late times. The 
large plate centered at  c.  1000X has a rather poor coupling with the transmitter and affects the 
curve shape only slightly. The response to this model has also been calculated for the other 
three profiles and the results are plotted in figures 2.33, 2.34 and 2.35. 
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Figure 2.27. Measured (left) and calculated (right) e.m.f. for profile 1400Y and transmitter A. 
The model is a thin 400 by 133 m vertical plate at coordinate 890 dipping 85 degrees to 
the right and at a depth of 85 metres. The conductance is 17 S which gives a late time 
decay constant of 0.12 ms. The plotted delay times are 0.55, 0.9, 1.45 and 2.4 ms. The fit 
is good for the first channel but the decay in the calculated field is to rapid. 

Figure 2.28. Measured (left) and calculated (right) e.m.f. for profile 1400Y and transmitter A. 
The model is a thin 400 by 133 m vertical plate at coordinate 890, dipping 85 degrees to 
the right and at a depth of 85 metres. The conductance is 135 S which gives a late time 
decay constant of 2.5 ms. The plotted delay times are 0.55, 0.9, 1.45 and 2.4 ms. The curve 
shape and the late-time decay rate fit the measured data but the magnitude of the 
calculated anomaly is too large. 
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Figure 2.29. Measured (left) and calculated (right) e.m.f: for profile 1400Y and transmitter A. 
The model is a thin 100 by 100 m vertical plate at coordinate 890, dipping 85 degrees to 
the right and at a depth of 85 metres. The conductance is 225 S which gives a late-time 
decay constant of 2.44 ms. The plotted delay times are 0.55, 0.9, 1.45 and 2.4 ms. The 
curve shape, the late-time decay rate and amplitude fits the measured data but the 
magnitude of the calculated anomaly is too small at early times. The model is also 
incompatible with the other profiles. 

Figure 2.30. Horizontal and two vertical views of a model consisting of 10 plates with 
conductances from 6.5 S to 350 S. 
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Figure 2.31. Measured (left) and calculated (right) e.m.f for profile 1400Y and transmitter A 
for the model in figure 2.30. The e.m.f.-responses of the ten plates were calculated 
individually and summed, neglecting the coupling effects. The late-time decay constant of 
the model is 2.44 ms. The plotted delay times are 0.55, 0.9, 1.45 and 2.4 ms. The fit 
between field data and calculated e.m.f is good throughout the decay. 
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Figure 2.32. Transient decay of the vertical component at 1400Y/820X measured with 
transmitter A. The crosses are the raw field data and the circles are the field data with a 
layered earth response due to overburden (300 fin, 20 m) and host rock (3000 an) 
subtracted. The squares are the calculated response for the model in figure 2.30. The 
dashed line without symbols shows the late time exponential decay with a time constant of 
2.5 ms. 
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Figure 2.33. Measured (left) and calculated (right) e.m.f. for profile 1320Y and transmitter A 
for the model in figure 2.30. The e.m.f-responses of the ten plates were calculated 
individually and summed, neglecting the coupling effects. The late-time decay constant of 
the model is 2.44 ms. The plotted delay times are 0.55, 0.9, 1.45 and 2.4 ms. The fit 
between field data and calculated e.m.f is good throughout the decay. 

Figure 2.34. Measured (left) and calculated (right) e.m.f. for profile 1240Y and transmitter A 
for the model in figure 2.30. The e.m.f.-responses of the ten plates were calculated 
individually and summed, neglecting the coupling effects. The late-time decay constant of 
the model is 2.44 ms. The plotted delay times are 0.55, 0.9, 1.45 and 2.4 ms. The fit 
between field data and calculated e.m.f. is fair throughout the decay. 
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Figure 2.35. Measured (left) and calculated (right) e.m.f. for profile 1160Y and transmitter A 
for the model in figure 2.30. The e.m.f.-responses of the ten plates were calculated 
individually and summed, neglecting the coupling effects. The late-time decay constant of 
the model is 2.44 ms. The plotted delay times are 0.55, 0.9, 1.45 and 2.4 ms. The fit 
between field data and calculated e.m.f. is fair for the late channels. 

The data for transmitter position  B  have not been treated in such detail as for position A. 
However, a model consisting of three plates was constructed. The secondary fields caused by 
the three plates were added in the same manner as above, neglecting the mutual coupling 
effects. The geometry of the model can be seen in figure 2.36. As in the previous case it is 
impossible to achieve a good fit between measured and calculated secondary fields with one 
single plate. The deeper part of the mineralization has better coupling with this transmitter and 
dominates the response at late times. At early times a significant part of the secondary field 
originates from the part of the mineralization at 900X. The curve shapes for the anomalies 
caused by the two transmitters differ significantly from each other. This fact is a clear 
indication that the Lainijaur mineralization is inhomogeneous or consists of multiple 
conductors. 
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Figure 2.36. Horizontal and two vertical views of a model consisting of three plates that has 
been used to model the data for transmitter  B.  The conductances of the plates are 30, 180 
and 350 S. 

Figure 2.37. Measured (left) and calculated (right) e.m.f: for profile 1400Y and transmitter  B  
for the model in figure 2.36. The e.m.f-responses of the three plates were calculated 
individually and summed, neglecting the coupling effects. The late-time decay constant of 
the model is 2.5 ms. The plotted delay times are 0.55, 0.9, 1.45 and 2.4 ms. The fit 
between field data and calculated e.m.f: is good throughout the decay. 
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A likely explanation for the behaviour of the interaction between the Lainijaur mineralization 
and the transient field is that at early times the entire mineralization, including the halo of 
disseminated sulphides that surrounds the massive ore bodies, participates in the current 
channelling. Eddy current starts to dominate after  c.  0.5 ms and at this stage eigencurrents 
enclosing most of the massive part of the mineralization will be of most importance. In 
general, at a certain time the secondary field will not be affected by eigencurrents with a 
smaller time constant than the delay time. The time constant is proportional both to the 
physical dimension of the conductor and the conductivity. The conductivity can vary by 
several orders of magnitude which means that a fairly small conductor can have a very large 
time constant if it is conductive enough. In the Lainijaur case it seems like the secondary field 
with increasing time is caused by eigencurrent sources of decreasing size. The process is 
visualised in figure 2.38, 2.39 and 2.40. The reason why the smaller current sources are of no 
importance during early times is that the amplitude of the secondary field caused by them is 
fairly weak. Since it has not been possible to model such a complex conductor numerically it 
is difficult to estimate the size of such a current system. An estimate based on the multi-plate 
modelling described above would indicate a size of these current systems to be of the order of 
some tens of meters for the latest times recorded (6.4 ms). It should be noted that even though 
the process of a secondary field caused by many small eddy current sources could be 
extended to very late times, the secondary field will eventually be dominated by sources in 
the host rock since they decay according to some inverse power function. 

Figure 2.38. Illustration of how the  TEM  system couples with the Lainijaur mineralization at 
early times, however late enough so that current channelling effects can be neglected. The 
red rectangle is the transmitter and the red cylinder the receiver. The black arrows 
indicate the direction of the secondary field caused by eddy currents in the conductor. 
The entire mineralization including the impregnation produces a strong secondary field 
that decays rapidly. 



2-39 

Figure 2.39. Illustration of how the  TEM  system couples with the Lainijaur mineralization at 
intermediate times. The black arrows indicate the direction of the secondary field which is 
roughly the same as in figure 2.38. The massive part of the mineralization produces a 
fairly strong secondary field that decays slowly. 

Figure 2.40. Illustration of how the  TEM  system couples with the Lainijaur mineralization at 
late times. Only the thickest and most conductive parts of the massive ore produce a 
secondary field that decays slowly enough to be detected at these late times. The direction 
of the secondary field is roughly the same as at early and intermediate times which means 
that the anomaly curve shape at the surface will be very similar in all cases. 
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2.6 Conclusions 

The electromagnetic response from inhomogenous or multiple conductors can differ 
considerably from the corresponding response from a single homogeneous conductor. The 
differences might however not be easily recognised from the shape or magnitude of individual 
anomaly curves. The effects will often be seen in the spectral characteristics of the secondary 
field. Broad-band measurements in the time or frequency domain will therefore help in 
interpreting these kinds of features. At present, no numerical modelling tools exist that can 
model the complex geological situations that have been described. However, a general 
understanding of the behaviour of these kinds of conductors can be obtained by studying 
much simpler models like coupled single turn loops or by adding the response of several 
homogeneous models and neglecting mutual coupling. 

If the effects of inhomogeneities or multiple conductors are not taken into account in the 
interpretation of field data there is a great risk that the conductivity and the position of the 
conductor is misinterpreted. If the target is a mineralization of economic interest this might of 
course be serious. 

If the conductivity and/or thickness varies considerably within an orebody the electromagnetic 
response will be affected. The conductivity will apparently increase with increasing time or 
decreasing frequency if e.g. homogeneous plate models are used to model the data. Careful 
examination of field data will however indicate the possibility of this situation. Estimating the 
economic value of such a target through drilling is very difficult which can easily be realised 
by looking at the isopach map of the Lainijaur deposit. If too few drillholes are used there is a 
great risk that the estimates are biased to erroneous values if the drillholes intersect the body 
where it is thicker or thinner than average. It would therefore be of great interest to know 
beforehand that the body is inhomogeneous. 
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3 Full wave-form apparent resistivity in transient electromagnetic 
soundings 

3.1 Introduction 

For many years a debate has been going on among geophysicists on how to normalise 
controlled source electromagnetic (CSEM) sounding data (Spies & Eggers 1986). There has 
been a strive to imitate the techniques used in direct current and magnetotelluric soundings 
where the measured values are converted to apparent resistivities. The apparent resistivity is 
defined as the resistivity of a homogenous half-space that would give the same data for a 
given measurement setup as the value collected in the field. 

A closer look at the response of a CSEM system to homogenous half-spaces with different 
resistivities will however show that in most cases this type of normalization is impossible 
since the inverse of this response is ambiguous. Recently,  Das  (1995) showed that slingram 
sounding data can be converted to sounding curves throughout the frequency spectrum. Since 
his method requires integration of both the electric and magnetic components of the secondary 
field over a large frequency range it will however fall outside the classical definition of the 
apparent resistivity. 

A number of different numerical or approximate techniques have been proposed to convert 
CSEM data into apparent resistivities (Sternberg 1979, Wilt & Stark 1982, Spies & Raiche 
1980, Sheng 1986). In most common use are solutions based on asymptotic expressions in 
either the resistive limit or the inductive limit. A large collection of such expressions can be 
found in Spies &  Frischknecht  (1991). Sounding curves calculated with asymptotic 
expressions will however suffer from ascending or descending slopes being included in the 
curves due to the resistivity formulation. 

Electrical and electromagnetic soundings are normally used to investigate horizontally layered 
structures. The electrical properties of the subsurface vary only with respect to depth in such 
cases. It is therefore convenient to transform the measured data into a quantity that describes 
this depth variation of electric resistivity. 

In DC electrical soundings the depth of investigation will depend upon the electrode 
separation. The resistivity of a homogeneous half-space that would give the same measured 
result as the actually acquired one is defined as the apparent resistivity for that separation. It is 
straightforward to calculate the apparent resistivity since there is a linear relationship between 
the measured potential difference and a supposed half-space resistivity. In the DC case the 
apparent resistivity is exact since measurements performed over a homogeneous half-space 
will give an apparent resistivity equal to the half-space resistivity irrespective of the 
instrument setup. A plot of apparent resistivity versus electrode separation will give a good 
intuitive understanding of the resistivity distribution in the subsurface. This is what is called a 
sounding curve. 

3-1 
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A similar approach is used in magnetotelluric (MT) soundings. In this case there is a linear 
relation between the apparent resistivity and the square of the ratio between the measured 
electric and magnetic fields. The depth of investigation depends upon the period in MT 
soundings. A sounding curve can therefore be produced by plotting the apparent resistivity as 
a function of period. 

Soundings can also be performed with electromagnetic methods using a controlled source. 
The depth of investigation will be a function of frequency if the measurements are performed 
in the frequency domain or a function of delay time if the measurements are performed in the 
time domain. A common layout for these kind of measurements in the frequency domain is 
the slingram or horizontal loop electromagnetic (HLEM) method. In this case both the 
transmitter and the receiver are magnetic dipoles with vertical axes. Assuming a time 
dependence of the transmitted field of exp(-icür), the measured magnetic field on the surface of 
a homogeneous half-space can be written, for the quasi-static case, as (Kaufman & Keller 
1983): 

Hz°  _
18 

r2 	
ikr  4  __k 2r 2 ik 3r3) .  eikr)  

k 2  	 9  
(3-1) 

where: 

= field in free space (primary field, Am-1) 

k2 	= ipwlp  

P 	= electric resistivity (12m) 
= magnetic permeability (12sm-1) 
= angular frequency (radians s-1) 
= 
= distance between the dipoles (m) 

11, is a complex quantity as can be seen above. Equation (3-1) is plotted in figure 3.1. Note 
that since Kaufman & Keller (1983) uses the time dependence exp(-icüt), the imaginary 
component should be the coefficient of  -i  and not of  i.  With the above modification the curve 
in figure 3.1 conforms to the sign convention of Wait (1982). 
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Half-space response to a HLEM system 
Frequency = 3600 Hz 
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Figure 3.1. Response of a horizontal loop dipole-dipole electromagnetic system to a 
homogeneous half-space as a function of resistivity. 

Expressing HLEM-data as apparent resistivities would be possible if equation (3-1) were 
inverted so that the resistivity of the half-space were expressed as a function of the measured 
field instead of the other way around. It can easily be realised that this is not possible since 
there is no one to one relationship between the two parameters. A measured normalised real 
component of e.g. 1.1 could be explained by a half-space with a resistivity of 3.68 S2m as well 
as 41 üm. In the case of slingram,  Das  (1995) has presented a method to calculate 
unambiguous apparent resistivities. His method however requires measurements of both the 
magnetic and electric fields over a large frequency range which means that he does not follow 
the conventional way of defining apparent resistivities. 

A common way of getting away from the problem above is by only looking at the resistive 
limit of the response. If equation (3-1) is expanded as power series we get the following 
expressions for the magnetic field (Kaufman & Keller 1983): 

G
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(3-2) 

(3-3) 
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As we can see from equations (3-2) and (3-3) the imaginary component will dominate 
compared to the secondary part of the real component in the resistive limit since it decreases 
more slowly with increasing resistivity. The real component is also sensitive to variations in 
dipole separation. Measurements of the imaginary component are therefore usually preferred 
to the real component in resistivity sounding and mapping in the resistive limit. If we neglect 
all but the first term in equation (3-3) we can get an expression for the resistivity: 

1  1 ( 	2) 
P  = -7.  ‘I'vr  hn(H, tH„) 

(3-4) 

If the dipole separation is small compared to the skin depth of the half-space, equation (3-4) 
gives the resistivity with good accuracy. This is unfortunately often not the case in reality. 
Expressions corresponding to equations (3-1, 3-2, 3-3, 3-4) for other geometries can be found 
in Spies and  Frischknecht  (1991). 

3.2 Transient electromagnetic response of a homogenous ground 

There are a number of different ways of performing electromagnetic soundings in the time 
domain. One common method is the central loop configuration where a large rectangular or 
circular loop transmitter is used as a transmitter and a vertical dipole induction coil in the 
centre of the transmitter is used as receiver. This type of system will ideally measure the pulse 
response of the ground in the time domain if the transmitted current is suddenly switched off 
to produce a transient. An induction coil receiver measures the time derivative of the magnetic 
field (aBziat in this case) as a voltage. Assuming a circular transmitter the measured field on a 
homogeneous half space will be (Kaufman & Keller 1983): 

dB, I 4u3  3 

	

dt 	2r \, Vircy2g2 r4 (u2 ± 2) •  e-u2  - 
6 

gtir
2 

where 

	

I = 	transmitted current (A) 

	

r = 	radius of transmitter 

	

a = 	electric conductivity (S m-1) = 1/p 

	

u= 	-I-2-  •  Irr  1  y 

	

y= 	27r..\12tp I 

	

t = 	delay time (s) 

and 

(I)(x) =  
0 

(3-5) 

(3-6) 
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Equation (3-5) cannot be inverted to give the resistivity of the half-space as a function of 
aBjat. The transient decay for a number of different half-space resistivities can be seen in 

figure 3.2. 

Figure 3.2. Transient decay of the secondary magnetic field over half-spaces of different 
resistivities. The receiver is a dipole at the centre of a circular transmitter of 500 metres 
radius. An impulse primary field function is assumed. 

For small delay times and low resistivities aBiat is independent of delay time whereas for 

large delay times the decay approaches a straight line with a slope of -2.5 in the double 
logarithmic plot. This indicates a (5/2  dependence of the decay. If equation (3-5) is expanded 
in power series a late time and an early time expression for the half space resistivity can be 
found (Kaufman & Keller 1983). 
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late time 	 (3-7) 

early time 	 (3-8) 
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In figure 3.3 aBAt is plotted as a function of resistivity for a specific delay time. As can be 
seen the inverse function is clearly dual-valued and hence a general expression for the 
apparent resistivity is not possible to find. 

Figure 3.3. Measured signal as a function of half-space resistivity for a transient 
electromagnetic system with a dipole receiver at the centre of a circular loop transmitter 
of 500 metres radius. 

Another thing that can be seen in figure 3.3 is that above a certain value of aBlat the apparent 
resistivity becomes undefined as Spies & Eggers (1986) has pointed out. Such values are quite 
possible to obtain over a layered earth or if noise is present in the data. If measurements are 
made over a homogeneous half space and a sounding curve is plotted using the expressions in 
equations (3-7) or (3-8) a straight horizontal line is not obtained as would be the case in DC or 
MT soundings which means that these apparent resistivities are not unique. Two-layer or 
three-layer standard curves of apparent resistivity for manual curve matching using these 
expressions can be found in the literature for the central loop and other  TEM  sounding 
configurations (e.g. Kaufman & Keller 1983). One problem with such curves is that if they are 
calculated with the late time asymptotic expression a descending slope is present in the curve 
for delay times for which the asymptotic expression is not valid. This might confuse an 
interpreter of the data, especially an inexperienced one, since the shape of the sounding curve 
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not only reflects the resistivity distribution in the ground but is also affected by the apparent 
resistivity formulation.  

Figure 3.4. Apparent resistivity curves, for half-spaces of different resistivities, calculated 
according to a late time asymptotic expression. A dipole receiver at the centre of a large 
circular loop transmitter is assumed. 

The descending slope in late time apparent resistivity curves is illustrated in figure 3.4 where 
apparent resistivities are calculated for different half-space resistivities. A curve like e.g. the 
one for the 50 ürn half-space acquired in a field survey could mistakenly be confused with a 
geologic structure where the resistivity decreases with depth if the consequences of the 
apparent resistivity formulation are not taken into account. Another property of these apparent 
resistivity curves is that at a delay time of e.g. 0.25 ms the apparent resistivity of all models in 
the range 50 to 200 Om will produce almost the same apparent resistivity of  c.  300 m. An 
apparent resistivity below this value would be impossible to obtain for any half-space. 
However, the last two statements are a consequence of the general behaviour of the transient 
and not the apparent resistivity formulation. For large half-space resistivities or late times the 
curves approach straight horizontal lines. The lower resistivity limit where the apparent 
resistivity formulation ceases to influence the sounding curves is however a function of both 
geometry and the time range where measurements are made. It can thus be stated that apparent 
resistivity curves calculated using equation (3-7) have similar properties to DC or MT 
sounding curves and reflect the resistivity structure of the ground if measurements are made 
with a system that records the pulse response of the ground and if the resistivity is high 
enough. One exception is when large resistivity contrasts appear in a layered earth. In such 
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cases considerable under- or overshoot appears in the sounding curve due to the time 
differentiation in pulse response measurements (Spies & Eggers 1986). 

3.3 Influence of system parameters 

Time domain measurements are necessarily broad-band. This makes them susceptible to 
various kinds of noise. The signal to noise ratio can be improved through stacking of the 
signal (Macnae et al 1984). This is accomplished by using a pulse which is repeated regularly 
with alternating polarities. Aliasing problems are avoided by integrating the signal in time 
windows. The transmitter current is not switched off instantly since this will increase the 
dynamic range of the signal and induce high voltages over the transmitter terminals. This can 
be avoided by using a linear ramp current shut-off when at the same time effects of local 
geological inhomogeneities will be suppressed. A wave form commonly used in transient 
electromagnetic  (TEM)  equipment can be seen in figure 3.5. 

Figure 3.5. Typical transmitter wave-form for transient electromagnetic equipments. The 
signal is integrated over time-windows in the receiver. 

The time derivative of the secondary field will be measured by an induction coil receiver and 
hence if the ramp time, integration window size and the effect of current turn-on and previous 
cycles can be neglected the system will measure the pulse response of the ground. This will, 
however, not be the case in many situations (Raiche 1984,  Asten  1987, Fitterman & Anderson 
1987). The length of the ramp time varies between different transient electromagnetic 
equipments. In some systems it has a fixed value and in others it will depend upon the time 
constant of the transmitter loop. In any case it is common that the earliest integration window 
appears at a delay time that is shorter than the ramp width. In such a situation the system will 
actually measure something that more resembles the step response of the ground. With 
increasing delay time the response will gradually slide over to a pulse response. Another effect 
of the ramp width is that since the delay time in most cases is defined from the end of the 
ramp, the pulse response and the late time ramp response will be shifted in time by half the 
ramp width. In figure 3.6 the pulse and ramp response of a homogeneous half-space can be 
seen. The effect of current turn-on and integration windows has not been included. The ramp 
response curve has an amplitude that is  c.  four times lower for the earliest times plotted. 
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Figure 3.6. Effect of finite ramp current turn-off in a transient electromagnetic system over a 
homogeneous half-space compared to an ideal impulse response. 

The effect of current turn-on is that a negative transient with a large delay time is added to the 
signal  (Asten  1987). Since the transient decays quickly this effect can usually be neglected. 
However, consider a case where the transmitted wave form cycle has a period time T. The 
wave form begins with a current turn-on of 0.25T and then a current turn-off of 0.25T where 
measurements are made and then the whole sequence is repeated with opposite polarity. At 
the end of a measurement cycle the delay time relative to current turn-off will be 0.25T and 
relative to current turn-on 0.5T. Assuming a late time homogeneous half-space response, the 
ratio of the two transients will be: 

(  0.5T  1-92  

L 0.25T) 
=0.1768 	 (3-9) 

This means that the recorded signal will be only  c.  82 % of the pulse response. If equation 
(3-7) is used to calculate the apparent resistivity the result will be: 



P. 

	

	 • phs = 1.1385. p„ = 
0.8232  

(3-10) 
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where 

Phs -= the resistivity of the half-space 

This means that the resistivity will be overestimated by roughly 14 %. Even if this is not very 
much it is still significant in most cases. The effect of current turn-on will depend upon the 
decay rate of the transients. If the transient decays slowly in the interval 0.25T to 0.5T in the 
example above the effect will be larger. This will happen when e.g. the resistivity decreases 
with depth in a layered earth. The same kind of reasoning can of course be made regarding the 
effect of previous measurement cycles. Delay times of 0.75T and T will have an effect of 6.4 
% and 3.1 % respectively on the signal compared to 0.25T. It should be noted that due to the 
alternating polarity of the transmitted current (figure 3.5) the current turn-off of the previous 
cycle (0.75T) will decrease the signal whereas the current turn-on (T) will increase the signal. 

Time window integration of the transient signal is made to increase the system's signal to 
noise ratio (Macnae et al 1984). The signal is also stacked during a large number of 
measurement cycles to decrease the influence of incoherent noise. In digital instruments the 
weighting of the individual stacks is usually equal whereas analog instruments perform the 
integration and stacking in real time and store the result in RC-circuits. In such cases the last 
stackings will have a larger weight than the early ones. In the following discussion we will 
however assume that the time constant of the RC-circuit is large enough to make this effect 
negligible. The integrated voltage in a time window is often referred to as a measured channel 
and can be written as: 

1 	'2"  dB
z dt C

n  =  t2,1  —  tin  Ti  dt 

where 

Cn  = measured voltage, channel  n  

tln,  t2n = start and end times of integration window 

(3-11) 

The effect of this is that the collected data (Cn) are not a pure function of time. However, it is 

desirable to be able to plot the data as a function of time both as a decaying transient and as a 
sounding curve. This is usually done by assigning the channel value to a time that is the 
arithmetic mean of t1n  and t2n. This is of course justified if the integration window is narrow 

but it will always distort the curves compared to the original dBz  I  dt  data since the transient 
rarely decays linearly with time. Assuming a late-time half-space decay we can rewrite 
equation (3-11) as:  

i 	t,„  
c= 	 f A  •  t-"2  • dt 

n 	t2n — tln  4,, 

(3-12) 

where A is a constant where e.g. the half-space resistivity is included. 
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The integration windows are often sampled equidistant on a logarithmic scale. Assuming  n  
channels per decade we can write: 

t2n  =  B  • th, 	where  B =10" 	 (3-13, 3-14) 

Substituting (13) and (14) into (12) and evaluating the integral yields: 

A • (1— B-3/2 ) 

Cn  = 	  t-3/2  

(3 / 2) • (B —1)) ' n  
(3-15) 

Using equation (3-15) we can now find the time, tx, when the transient decay has the same 

value as  C.  

tx  = ti  

—2/5 

1 B-312  

n 

  

(3 / 2)• (B —  1))) 

(3-16) 

For an instrument with narrow integration windows like Geonics  EM-37 that has 10 channels 
per decade tx  will be 1.120841n. A plotting point defined as above will be 1.129541n. This 

means that the transient voltage at the plotting point will be  c.  1.9 % lower than the measured 
value. This corresponds to an underestimate of the apparent resistivity by  c.  1.3 % if equation 
(3-7) is used which can be neglected for practical purposes, but the effect will be larger if  n  is 
lower and for transients that decay faster than a power of 5/2. If we choose 4 samples per 
decade and a decay proportional to t3  we will overestimate the measured value by almost 18 
% compared to the transient decay at the plotting point. From the above it can be realised that 
when plotting a transient that decays as a power function it would be preferable to use the 
geometric mean of the start and end times of the integration window as a plotting point. 

3.4 The least squares formulation 

In the previous section effects of the system wave form on the measured transient and on 
apparent resistivities were demonstrated. Since the recorded signal is the convolution of the 
pulse response and the system wave form, one way of overcoming this problem is to 
deconvolve the data (Keller et al 1984). Deconvolution will however inherently mean that the 
original data are tampered with and that noise in one data value will propagate to other delay 
times in the deconvolved data. The advantage of deconvolution is that data acquired with 
different system parameters become more comparable with each other. If the data have been 
measured with commercial instrument systems like e.g. Geonics EM37, Crone PEM or 
SlROTEM the transient wave form is known at a very limited number of samples and 
deconvolution becomes risky. Instead, a scheme to normalise full wave form data into exact 
apparent resistivites is presented below. 

We have already noted that an apparent resistivity formulation comparable to the ones used in 
MT or DC soundings is not possible to find due to the character of a decaying transient. To 
calculate the forward response of a  TEM  system channels, for a uniform half-space, is 
however quite straightforward and can easily be done on a PC. If a number of samples of 
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channel voltage as a function of half-space resistivity is calculated a curve like the one in 
figure 3.3 can be constructed. Obviously the pairs of resistivity and voltage will produce a 
dual-valued function with a maximum and the function cannot be inverted to obtain a unique 
value of apparent resistivity. If we know that our data originate from an area with higher 
resistivities than the resistivity corresponding to the maximum signal we can approximate the 
inverse function by a polynomial in an interval with higher resistivities. The same can of 
course be done for low resistivities. So for a half-space: 

Cn = f  (p)  

An approximate inverse function can be written as: 

log(p) Px (cn ) 

where Px  is a polynomial of order  x,  e.g. with  x  = 2 so that 

log(p) ao  + ai  •  c„+  a2  • cn2  

(3-17) 

(3-18) 

(3-19) 

cn  is the logarithm of Cn  scaled to the interval -1 to 1. The unknown coefficients  aj  can be 

determined by minimising the sum of squared differences between the polynomial and the 
calculated samples. Written in matrix form: 

R=CA 	
(3-20) 

where  R  is a column vector with  N  samples of log(p) and  C  is a matrix with  N  rows and M 
columns containing powers of cn  and A is a column vector containing the polynomial 

coefficients.  N  is the number of calculated half-space resistivity responses and M is the 
number of polynomial coefficients (polynomial order +1). M should be much smaller than  N  
since high order polynomials tend to oscillate, but large enough to give a good fit to the data. 
The least squares solution will be: 

A = (CTC)  1CT R 	
(3-21) 

The process has to be repeated for each instrument channel. The apparent resistivity for field 
data can now be calculated from equation (3-19). Polynomial coefficients using the technique 
above have been presented by Nissen (1986) for slingram frequency domain data. The 
problem is however more complicated for transient measurements since the number of system 
parameters that might vary from one survey to another is so large. It is therefore of no 
practical interest here to use precalculated polynomial coefficients like the ones presented by 
Nissen (1986). The entire process of calculating the half-space resistivities and converting 
them into polynomial coefficients can be done very quickly on a PC. There is therefore no 
difficulty in including this as a first step in a program for inversion or forward modelling of 
transient (or frequency domain) electromagnetic sounding data. At the same time as the half 
space resistivities are calculated a check can be included in the program to look for the 
resistivity corresponding to the maximum signal (figure 3.3) and a warning can be issued for 
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the lower (or higher) limit where the calculated apparent resistivities are valid. If the inversion 
is based on full wave form data the same will apply to the apparent resistivity calculations. In 
figure 3.7 the decaying transients of three different models are shown. The calculations are 
based on full wave form data with a base repetition rate of 25 Hz, a ramp time of 0.3 ms and 
ten integration windows per decade equidistant on a logarithmic scale. The three models are: 

Layer # Resistivity  (em)  Thickness (m) 

Model 1: 1 800 00 

Model 2: 1 6400 800 
2 800 ...  

Model 3: 1 800 200 
2 6400 00 

Figure 3.7. Transient decay of three models for a central loop system 

The decay curves of the same half-space resistivities as in figure 3.2 have been included in 
figure 3.7 as dashed lines for comparison. The discrepancy between figure 3.2 and 3.7 is due 
to the effect of the wave form. As can be seen the decay of model 2 is slower than that of the 



3-14 

half-spaces. For small delay times this curve approaches the curve of the 6400  Qm  half-space 
and for large delay times the 800  Qm  curve. The opposite applies to model 3. This means that 
we would expect that an apparent resistivity curve in this time interval for model 2 should be a 
descending one starting close to the upper layer resistivity value and gradually approaching 
the lower layer resistivity. In the case of model 3 an ascending curve starting with an apparent 
resistivity above the upper layer resistivity would be expected. Model 1 plotted as apparent 
resistivity as a function of time should of course correspond to a flat horizontal line. In figure 
3.8 the apparent resistivity curves computed by the method presented in this paper are plotted 
as full drawn lines. The shapes of the curves are in accordance with the statements above. The 
accuracy of the polynomial fit can be estimated by looking at apparent resistivity values 
calculated for homogenous half-spaces. In general the agreement is within 4 to 7 significant 
digits. The calculations have been made with 64 bit word length. 

Apparent 
resistivity (0.m) 

1000 

I  model 11 

10000 —_- 

I 	II 

0.1 
	

1 	 to 
Delay time (ms) 

Figure 3.8. Apparent resistivity curves for the three decays in figure 3.7 calculated with late-
time asymptotic expressions (dashed lines) and the polynomial fit method (solid lines). 

The apparent resistivities for models 1, 2 and 3 calculated using equation (3-7) are plotted in 
figure 3.8 as dashed lines. These curves do not approach the resistivities of the models either 
in the early time limit or in the late time limit. The curve for model 1 descends from a large 
value and resembles a two-layer curve with a resistive upper layer whereas the curve for 
model 3 could be mistaken for a three-layer curve. The deviation of the late time asymptotic 
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values from the polynomial fit are mainly due to the wave form which can be seen by 
comparing the curve for model 1 with the corresponding curve in figure 3.4. 

3.5 Conclusion 

Due to the problem of defining apparent resistivities without ambiguity in CSEM soundings, 
the data are often plotted in raw form as coupling ratios or measured field components. This 
will however make manual or computer assisted interpretation of the data more difficult since 
these curves cannot be intuitively related to the resisitivity structure of the earth in the same 
way as a sounding curve  (Das  1995). One step ahead is to include curves for a selected set of 
half space resistivities in the plot like in figure 3.7. The method of converting  TEM  data to 
apparent resistivities presented in this paper can be applied to almost any kind of CSEM 
method. The only requirement is that the measured field component increases or decreases 
monotonically with respect to resistivity in the range of resistivities that is expected in the 
field. The method is actually simple and quick enough to be incorporated in a digital, 
microprocessor controlled instrument directly so that the apparent resistivity values can be 
displayed in the field. 
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