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ABSTRACT veys where the TURAM loop is approximated by 
Numerical solutions of Maxwell’s equations aninfinite linecurrent and theconductorbya two 

usinganetwork techniqueare presented fora two dimensional geometry. The effect ofoverburden, 
dimensional conductive inhomogeneity parallel coil separation and configurations, multiple con- 
to an infinite line current. These are shown to be ductors, dipping dykes, etc, on the responses is 
approximate solutions to TURAM type EM sur- investigated. 

INTRODUCTION 
A significant portion of Canadian base metal 

production comes from volcanogenic massive 
sultide ore deposits. In fact, 100% of the nickel 
production, about 70% of the zinc production, 
and 4G’% of the copper production comes from 
this type of deposit. As expected, more explora- 
tion effort has been devoted to these deposits 
than all others combined. Since these deposits 
are much better electrical conductors than the 
surrounding rocks, electromagnetic (EM) pros- 
pecting methods in turn play the dominant role 
in their exploration. 

In this paper we shall present some modelling 
results for TURAM type EM systems. Although 
there are many EM systems on the market, each 
with their advantages and disadvantages, there 
are several reasons for modelling TURAM type 
systems. 
1. Although TURAM type methods have been 
used for many years in the search for massive 
sultide deposits, there are few modelling results 
published in the literature. Published results such 
as Bosschart (1964), Duckworth (1973). Lajoie 
(1973), Dosso (1966), Coggon (1971), Hohmann 
(1970, 1971), Lamontagne (1970), Swift (1971), 
Wong (1973). do not in general discuss overbur- 
den, coil configurations and separation, resolu- 
tion, etc. 

2. TURAM type systems can be modelled using 
two dimensional modelling techniques. 

The objective ofthis paper is to use two dimen- 
sioinal EM modelling techniques to supplement 
modelling results already published. To this end 
the paper has been divided into the following 
sectloos: field procedures, modelling, numerical 
results and conclusions. 

FIELD PROCEDURES 
Figure I shows a typical layout of a TURAM 

survey. The transmitter consists of a large 
rectangular loop of insulated wire (usually 600 
metres by 1200 metres) which carries an AC cur- 
rent at one or more frquencies between 100 and 
2000 Hertz. This current is applied by a motor 
generator. Measurements are made along 
traverse lines perpendicular to the long side ofthe 
loop, using two receiver coils separated by a 
fixed distance, usually between 30 and 120 
metres. The strong field gradient near the 
current source prevents meaningful readings at 
distances closer than 120 metres to the loop. At 
large distances (greater than 600 metres from 
the loop), the low signal to noise ratio due to 
the weak signal again prevents meaningful 
readings. 

Present systems measure the vertical compo- 
nent of the magnetic field Hz, although in prac- 
tice, the horizontal component Hx (or Hy) could 
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Fig. 1. General Layout 01 a Typical TURAM Survey. 
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Fig. 3. Field Strength Ratio and Phase Difference for 
a Horizontal Magnetic Field. 

also be measured. Figures 2 and 3 show these 
quantities. The field strength ratio (FSR) is sim- 
ply the ratio of the amplitude of the fields in the 
two coils while the phase difference is the differ- 
ence in the phase of the fields in the two coils. 

MODELLING 
Solving Maxwell’s equations for a TURAM 

source in the presence of arbitrary conductive 
inhomogeneities in the earth is difficult. How- 
ever, they are amenable to numerical solution 
with the following assumptions: 
1. The conductive inhomogeneities have inti- 
nite strike length (two dimensional), which im- 
plies that the electromagnetic properties of such 
inhomogeneities can vary only perpendicular to 
thestrike. Inournotation, thestrikedirectionlies 
along the y-axis. 
2. The infinite transmitting loop is approxi- 
mated by an infinite line current parallel with the 
strike direction. 

It is important to bear these approximations in 
mind when using the model curves to predict the 
expected TURAM responses. Loop sires, al- 
though usually around 600 metres by 1200 
metres, are not infinite, nor is the conductor 
geometry generally two dimensioinal. 

Calculations indicate that the influence of the 
far side of the loop on the model curves is rela- 
tively small, and can therefore be neglected. 

Reasonable agreement between field and 
theoretical TURAM curves can be expected if 
the length of the conductive inhomogeneities is 
greater than one half the long side of the loop and 
measurements are made only along the middle 
third of the long side. 

Numerical solution to Maxwell’s equations 
using the above approximations is accomplished 
using a technique described by Swift (1971). A 
computer program to calculate the EM fields for 
an infinite line current for two dimensional 
geological structures with strike parallel to the 
line current was purchased from Geoscience In- 
corporated of Cambridge, Massachusetts. De- 
tails of this technique are described by Swift. In 
order to utilise this programme, a mesh (Figure 4) 
is constructed which contains all resistivity 
changes, source positions, and measurement 
points. 

Various meshes were tested to investigate the 
accurxy of the program. Figure 5 shows excel- 
lent agreement between our calculations and 
those presented by Swift (1971) and Hohmann 
(1971). However, Hohmann’s curves were ob- 
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tained usingan integral equation technique which 
differs significantly from ours. 

The program outputs, at specific measurement 
points, the three non-zero components ofthe EM 
field: the electric field parallel to the strike direc- 
tion (Ey) and the magnetic field which is perpen- 
dicular to the strike direction (Hx, Hz). TURAM 
curves were obtained by first interpolating bet- 
ween these measurement points and then com- 
puting the field strength ratios and phase differ- 
ences as defined in Figures 2 and 3. 

NUMENCAL RESULTS 
In our modelling both vertical and horizontal 

components of the magnetic field (H) have been 
used to calculate the field strength ratio and 
phase difference. These components are 
denoted by subscripts z and x respectively. 

The vertical components are the quantities 
normally measured in the field. However, our 
studies have indicated that the horizontal com- 
ponents can be equally diagnostic. 

Definitions of TURAM Quanrities 

Unfortunately, there is no uniformity in the 
detinition of the field strength ratio. Figures 2 
and 3 indicate that two definitions (FSR and 
1IFSR) are possible for the amplitude ratios. In 
this paper the following definitions are used: 

FSR: 

The FSR for Hz is defined by HZIIHZZ where 
Hz1 and HZZ are the magnitudes of the vertical 
magnetic field at receiver positions I and 2 re- 
spectively. In this definition we assume that re- 
ceiver 2 is the closer one to the source. This 
convention concurs with Grant and West (1965) 
as well as Keller and Frischknecht (1966). 

The phase difference for Hz is defined by (+z, - 
C&Z) where $21 and $2~ are the vertical phases at 
receiver positions 1 and 2 respectively. 

Similar definitions hold for the FSR and phase 
difference of the horizontal magnetic field. 

IIFSR: 

Some authors such as Bosschart (1964) and 
Duckworth (1973) calculate the inverse of the 
above definition, i.e. IIFSR. Their phase differ- 
ence also has the reverse algebraic sign. In this 
definition receiver 2 is chosen as thefar one from 
the source. 

While either of the above definitions can be 
used, their numerical values are significantly dif- 
ferent. For a simple geological model, Figure 6, 
comparison of FSR versus l/FSR is shown in 
Figures 7 and 8. 

Normalised FSR: 

The field strength ratio and phase difference 
curves presented in this paper are calculated 
using the total magnetic fields. However, these 
field strength ratio curves could be normalised or 
reduced. Most contracting companies do present 
reduced curves. The reduced curves are obtained 
by taking the FSR (IIFSR) value at a particular 
point and r@tiplying it by the ratio of the re- 
ceiver positions ~1x2 (xw.~) at that point. This 
reduction has the advantage of removing the free 
magnetic field gradient from the FSR and l/FSR 
curves. Figures 9 and IO provide a comparison of 
normalised versus unnormalised curves for both 
the vertical and horizontal IIFSR. 

Vertical Subsurface Dyke 

The peak of the vertical component and the 
inflection point of the horizontal component of 

144 m 

Fig. 6. A Vellical Dyke with Overburden, 
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the field strength ratio can be used to indicate the 
conductor axis. However, neither the peak (Fi- 
gure 1 I) nor the inflection point occurs directly 
over the conductor. The position of the peak of 
the vertical c”mp”nent of the FSR is shifted 
about 50 to 60 metres away from the source while 
the inflection point of the horizontal component 
of the FSR is shifted by about IO metres towards 
the source. For a fixed coil separation, this shift 
increases as the dyke-source separation is de- 
creased. In the field, a typical conductor loop 
separation varies between 250 m and 350 m, 
which is approximately twice the distance 
selected for m”st of these model curves. Con- 
sequently, the shift in the above peak and inflec- 
tion point is less accentuated. Our model studies 
have also indicated that reduced shifts can be 
expected for higher frequencies and shorter coil 
separation. 

If the coil separation is halved (i.e., readings 
are taken at intervals of 30.5 metres instead of 61 
metres), then the field strength ratio values for a 
coil separation of 61 m can be obtained from 

the 30.5 m readings by multiplying the two 30.5 m 
readings. The phase difference can be obtained 
by adding the two phase differences at 30.5 m. 
These results are exact and have been verified 
using our model curves. It should be noted, how- 
ever, that in field systems, these tw” results 
will differ because of geologic noise. The field 
strength ratio and phase difference decrease 
with decreasing coil separation. Therefore the 
signal to noise ratio depends on coil separation. 

Figure I2 shows typical TURAM c”r”es gen- 
erated with coil separatioins of 61 m and 30.5 m. 
A decrease in the shift of the anomaly peak rela- 
tive to the conductor axis is evident with the 
smaller coil separation. 

Near surfare condurror 
Curves for the magnetic fields and phases have 

been generated by Hohmann (1971) for a “ear 
surface conductor. In this paper we extend his 
results by including normalised l/FSR and phase 
difference results for a typical near surface con- 
ductor (Figure 13). 
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Fig. 13. Near Suriace Conductor, 

Figures 14 and 15 show the responses of a near 
surface conductor at two frequencies. As ex- 
pected, the increase in frequency from 400 Hz to 
1000 Hz produces larger responses in all curves 
(most noticeably in the vertical phasedifference). 
This behaviour differs from that of a subsurface 
dyke. Indeed, as the frequency of the line source 
is increased, the response of the dyke becomes 

presence of an inhomogeneity were investigated 
in our model studies. Contours of the phase of the 
vertical and horizontal magnetic fields were gen- 
erated to study these effects. Examples are given 
in Figures 16 througth 19. These contours also 
show the effects of doubling the source-dyke dis- 
tance on the phases of the vertical and horizontal 
magnetic fields. 

smaller.Thisbehaviour suggeststhat,inprinciple, 
the use of a multifrequency EM system can sepa- Doubling the source distance has little effect on 

rate subsurface and near surface conductors. the phase of the horizontal magnetic field (Fi- 
gures 16and 17). The phaseoftheverticalmagne- 

Changes in the phase of the fields (which is tic field, however, shows a pronounced gradient 
related to the current distributions) due to the over the inhomogeneity when the distance is 



I 

, 

/ 
! 
/ 
/ 

i 

I 

I 

1 

SOME MODELLING 13 

2.5 

XIX !I!!mL 
FSR - --- 
PH. DIFF. ---- -- 

90 

01 
50 100 150 200 250 300 

k0 
350 

DISTANCE FROM SOURCE (m) 

Fig. 14. The Normalised Vertical and Horizontal 1 /FSR and Phase Differences for the Model inFigure 13.(f = 
400 Hz. Coil Separation = 61 m). 

YERT. HQR!L 
FSR - -.- 

&‘H. DIFF. ---- -- 

\.-. / 

0 50 100 150 200 250 300 35b60 
DISTANCE FROM SOURCE (m) 

Fig. 15. The Normalised Vertical and Horizontal 1 /FSR and Phase Difference far the Model inFigure 13. (t = 
1000 Hz, Coil Separation = 61 m). 



14 M.E.BESTandB.R.SHAMMAS 

1zsI] OVERBURDEN ( IOm DEEP)- 5Onm 

iii: HOST ROCK - 1OOOnm 

0 DYKE (46m x em)-lnm 

FREQUENCY = 400Hz 

Q sp ICOrn 

SCALE 

Fig. 16. Phase of the Horizontal Magnetic Field (SourcelDyke Separation = 140 m) 

m OVERBURDEN (lOmDEEP)- 50 nm 

0 HOST ROCK - IOOOnm 
Q 5,O 1OOm 

0 DYKE(46m x Em)-lnm SCALE 

FREQUENCY = 400 Hz 

Fii. 17. Phase of the Horizontal Magnetic Field (SourceiDyke Separatioin = 280 m). 



SOME MODELLING I5 

doubled (Figure 18 and 19). This quantity appears difference curves The next series of illustrations 
to be the most sensitive to changes of the show this effect for a 45” dyke dipping towards 
source-dyke separation. (Figure 20) and away (Figure 23) from the source. 

Dipping Dyke The skewness is more pronounced for the ver- 
The presence of a dipping dyke introduces tical magnetic field (Figures 22 and 25) than for 

skewness into the normalised FSR and phase the horizontal magnetic field (Figures 21 and 24). 
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Fig. 18. Phase of the Vertical Magnetic Field (SourceiDyke Separation = 140 m). 
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Fig. 19. Phase of the Vertical Magnetic Field (Source /Dyke Separation = 280 m) 
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Although our limited modelline has not verified Resolution of .Mcdtinle Conducrorr 
the extinction theorem, (Bosschart (1964)). it is 
worth mentioning that in general the extinction 
angle cannot be the same for both the vertical and 
horizontal magnetic fields. This is one point 
which illustrates the advantage of measuring 
both components of the magnetic field if the 
conductors are expected to be non-vertical. 

Overburden Resisrivity 

The influence of overburden resistivity on the 
TURAM curves was investigated in our model 
studies (Figure 26). Figures 27 and 28 show the 
normalised l/FSR and phase difference of the 
verti&al magnetic field resulting from overburden 
resistivities of 5.0, 25.0, 50.0 and 250.0 ohm- 
metre. When the overburden resistivity is de- 
creased to 5.0 ohm-metre, the sham of the nor- 
malised l/FSR curve and particularly the phase 
difference curve becomes flatter and the charac- 
ter of the curve due to the dyke begins to 
disappear. This behaviour is to be expected as 
the overburden becomes more conductive, 
since more current will flow near the surface, 
thus obscuring the dyke buried below the 

” . 

Resolution of multiple conductors was studied 
by selectingtwo identical conductors and varying 
the distance between them (Figure 29). The two 
conductors render distinct responses when they 
are separared by 80 and 140 metres (Figures 30 
and 31). Resolution, however, breaksdown, par- 
ticularly in the normalised IiFSR (Figure 30). 
when the separation is decreased to 35 metres. 

CONCLUSIONS 
Conclusions for the individual model cases 

have been discussed within the main body of the 
paper, but some general observations may be 
made: 

1. Our model curves have shown the various 
options available to measure and plot the data. 
Since several alternatives are available, care 
must be exercised when comparing results from 
different contractors and/or papers. The particu- 
lar choice of measurement technique and plotting 
depends on the type of field equipment and the 

overburden. preference of the individual 
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Fig. 26. Changes in Overburden Resistivity. 
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2. The shift between the conductor axis and the formation as before some combination of phases 
oeak or inflection point of the TURAM curves and magnitudes such as tilt angle and ellipticity 

3” such parameters as the sourceidyke (Ward et al., 1974) must be measured. 
separation, the receiver coil separation and the 
frequency. This shift is related to the two receiver 3. Useful information is contained in both the 
coils being physically at two positions. One obvi- vertical and horizontal magnetic field compo- 
ous way to eliminate this shift is to use only one nents. More interpretive information is available 
measurement position. To obtain the same in- if both of these fields are measured. 

Fig. 29. Resolution of iwo Conductors 
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