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Introduction
This publication describes an electromagnetic (EM) survey and computer 
modelling studies which attempt to derive information about the Precam 
brian basement west of Cobalt, Ontario, where it is overlain by thick Huro 
nian sedimentary rock cover.

The study area encompasses the southern part of Firstbrook Township 
and the northern part of ColemanTownship. The general geology of this area 
was discussed by Johns (1985). Conductive horizons are known to occur in 
the Precambrian metasediments but are not known to occur in the overlying 
Huronian rocks. One objective of the project was to locate and trace such 
conductors for the purpose of making inferences about the basement stratig 
raphy and the thickness of the sedimentary rock cover using profiling meth 
ods (Figure 1a). Further objectives were to use sounding or imaging meth 
ods (Figure 1 b} to determine the reliability and detectability of any conductiv 
ity contrast between the Precambrian basement and the overlying sedimen 
tary rocks, and to determine whether EM techniques could be used to map 
the topography of the unconformity in areas devoid of basement conductors.

Survey Equipment Considerations
Electromagnetic prospecting systems using large stationary transmitter 
loops have exceptional depth penetration when applied lo the search for 
conductive mineral occurrences. This is mainly because they induce cur 
rents in larger volumes of ground than a magnetic dipole. Magnetic dipole 
sources, which are commonly moved in tandem with a magnetic dipole re 
ceiver, tend to energize only the upper part of a target. This target does not 
have to be very big before the limits of strike and depth extent can be ig 
nored. The resulting data profiles depend on a small number of parameters 
and are easily catalogued in phase diagrams or monograms which makes 
the extraction of the interpretable parameters more-or-less routine.

Large stationary loops, on the other hand, often energize the entire tar 
get, and this can be a great advantage because it makes possible the deter 
mination of important parameters such as depth extent. However, the data 
profiles are influenced by a much larger number of parameters and they are 
not readily catalogued. Consequently, the price for the advantages of a 
large loop is often paid in terms of convenience at the interpretation stage. 
This is not to say that large loops do not have other disadvantages, such as 
operational logistics of the loop itself, and the possibility of a poorly coupled 
target.

Profiling Sounding
R R

Figure ^Electromagnetic surveying methods.

For the above considerations, and because of a widely recognized ca 
pability for detecting deep conductors, the Lamontagne Geophysics Ltd. 
UTEM 3  Transient EM prospecting system was chosen as the main data 
gathering instrument. This syslem is a wide-band system (West et al. 1984), 
which permits the detection of targets having a wide range of conductances, 
and is responsive to conductivity variations in the host rocks.

Modelling Studies
Factors governing UTEM  responses include size, shape, location and con- 
duclivity of the target; the conductivity structure of the host; the bandwidth 
and waveform of the equipment; and the presence of other conductors. One 
of the most common models encountered in exploration interpretation is a 
planar dike-like body and the ensuing discussion pertains to this model.

Knowledge of the physical processes occurring near a conductive dike 
in a conductive host has improved greatly in recent years. Galvanic effects 
which result in poloidal current patterns on the plate, and local induction 
which causes toroidal (or vortex) plate currents are illustrated in Figure 2 
(G.F. West 1983).

Both effects have been demonstrated computationally in Ihe frequency 
domain by Lajoie and West (1976) for a large stationary loop.

Similar geometric current patterns occur in the time domain. Galvanic 
effects dominate the scatter currents at early times (high frequencies) in con 
ductive hosts, while local induction toroids tend to dominate at late times 
(low frequencies) in resistive hosts.

TOROIDAL J 
(magnetic dipole)

POLOIDAL J 
(electric current dipole)

Figure l.Induced secondary currents and electromagnetic fields for a plate in a 
conductive host.

At present, the most common interpretation strategy is to examine the 
response on the late time-channels (or lowest frequencies) and interpret the 
anomaly profile as though the host were non-conducting, using a 
plate-in~free-spacG model. This works well for highly conductive dikes in 
highly resistive hosts, and several schemes have been reported for simulat 
ing the toroidal currents which predominate in such conditions (Annan 1974). 
When there is a definite late-time host response, this method is normally 
applied after subtracting (stripping) an appropriate layered-earth or 
half-space response from the data. However, interpreting stripped profiles 
with p l at e-in-free-space models gives erroneous results when galvanic ef 
fects account for a significant portion of the plate current. Depending on a 
number of common survey conditions, significant galvanic effects can per 
sist beyond the latest measurement time, or at least until the response of the 
dike is lost in the ambient noise.

Because modern EM prospecting systems tend to have large band- 
widths, much of the data collected pertains to galvanic effects and goes un 
used, or is used only qualitatively to assist with anomaly recognition. In this 
publication, we attempt to further the understanding of large-loop dike re 
sponses, but the results are far from complete. Results presented here per 
tain to the UTEM  prospecting system (Wesl et al. 1984) which measures the 
step response of the ground. Although UTEM  uses induction coils to mea 
sure the effects of a triangular current waveform, this discussion revolves 
around the magnetic square wave analogy.

1 Scope
The responses presented below pertain to the survey configuration illus 
trated in Figure3. A 1000 m by 1000m rectangular transmitter loop rests on 
the surface of a 1000 Hm half-space. The target is a 1000 m (strike extent) by 
500 m {depth extent) plate of 1 m thickness striking parallel to the front side of 
the loop. The top edge, or apex, of the plate is horizontal and is centred under 
the survey line which right bisects the front side of the loop. The top centre of 
the plate is 500 m horizontally from the loop and the survey stations range 
from 100 to 1300 m outside the loop. Results are given for three depths (125, 
250 and 500 m), five dips (30, 60, 90,120 and 150 0 ), and six conductances 
(2, 4, 8, 16, 32 and 64 S).

Plate responses range from purely galvanicto purely inductive, and conduc 
tances are incremented in factors of fwo to facilitate time-conductivity scal 
ing since UTEM  channel widths double with successive windows.

Responses were prepared for the above plates in a free-space host us 
ing program OGSPLATE (Hanneson, in press). In addition, the loop-target 
distance was also varied.

Figure 3.Typical large-loop electromagnetic survey configuration.

METHOD

A computer program which generates frequency-domain horizontal loop EM 
responses for a vertical plate in a conductive host (Hanneson and West 
1984) was modified to handle dipping plates in the presence of a large sta 
tionary rectangular loop. Solutions were prepared at 18 frequencies in the 
range 0.625 to 81920 hertz for subsequent transformation into transient 
UTEM  responses using program YVESFT (Holladay 1981).

PLATE-IN-HOST RESULTS
The step response of a homogeneous host has been described by Nabig 
hian (1979) in terms of a distribution of current which expands downward and 
outward in the nature of a smoke ring after the cessation of the loop current. 
The subroutines used by Nabighian to compute the incident electric field on 
the plate were also used to calculate the current in the region of the 1000 Urn 
host used in this study.

The results for the earliest even-numbered UTEM  channels are illus 
trated in Figure 4, which also indicates, with three solid dots, the apexes of 
the plates whose responses are discussed helow. The host is seen to be 
quite resistive, with the current having penetrated into the region of study be 
fore the time of the first measurement. By about Channel 6 (0.39 ms), the cur 
rent intensity is maximum, and at later times (not shown) the current maxi 
mum has passed largely beyond the region of study.

Channel 10 {.024ms)

Channels (.098ms)

Channel 6 (0.39ms)

Figure 4.A cross section of induced current for early UTEM  channels in a 
homogeneous half-space.

Two styles of presentation for UTEM  data are in common use: continu 
ously normalized and poinl normalized (West et al. 1984). An example of 
each style is given in Figures 5 and 6 for a 32 S plate at 125 m depth. In Fig 
ures 5a and 6a, the dashed lines give the response of the host only, and the 
solid lines give the response of the plate-in-host model. After stripping, the 
responses appear as in Figures 5b and 6b, and at least three well- known 
physical effects are evident when the stripped responses are compared with 
the plate-in-free-space responses presented in Figures 5c and 6c. Firstly, 
early time blanking is evident in that the earliest responses of the 
plate-in-host model are of low amplitude compared to the saturated early 
time plate-in-free-space responses. Secondly, mid-time enhancement is ev 
ident in that the middle channel profiles have stronger amplitudes; and third 
ly, the late time response converges to the late time plate-in-free-space re 
sponse.

For this host and these plates, anomaly amplitudes increase with time 
for the first four or five channels, while later channels progressively weaken. 
To avoid the clutter of numeric labels on Figures 5b, 5c, 6b and 6c and on 
subsequent profiles, Channels 10 to 7 are shown dashed, while Channels 6 
to 1 are shown solid.

Figures 5 and 6.A plate-in-host and host UTEM  response compared to a 
plate-in-free-space and stripped response profile. Figure 5 is continually nor 
malized. Figure 6 is poinl normalized.

Figures 5b and 6b reveal that a substantial change in profile shape takes 
place after about Channel 6. This is best understood when related to the cur 
rent in the host (see Figure 4) and the anomalous current on the plate, a few 
examples of which are shown in Figure 7. For a p l at e-in-f re e-space, the cur 
rent is solenoidal at all times, as illustrated for a 32 S plate. When the same 
plate is immersed in a 1000 nm half-space, the late time vortex compares 
favourably with the free-space case; however, at progressively earliertimes, 
the currents of the plate-in-host model change gradually to poloidal. Current 
patterns on the less conductive plates in the same host all have similar early 
time amplitudes, indicating galvanic saturation at the earliest measurement 
time. At later times, the current on the 8 S plate in Figure 7 remains dominated 
by the poloidal form although the vortex is becoming apparent at Channel 4. 
The 2 S plate is dominated at all times by the galvanic effect; only a filament 
of current is induced at Channel 10 since the main body of the smoke ring has 
not yet reached the plate, but later, at Channel 6, the total current on the plate 
reaches a maximum as the smoke ring maximum sweeps past (see Figure 
4). The short peak-to-trough separation for the Channel 10 stripped profiles 
(Figures 5b and 6b) is thus seen to relate to a filament of current at the top of 
the plate; the subsequent increase in separation and amplitude relates to the 
downward progression and increasing strength of the poloidal current distri 
bution. If conditions permit, the increasing peak-to-trough separation may be 
stabilized (or even decrease as will be shown later) with the establishment of 
a vortex, after which the profiles decay in amplitude without significantly 
changing shape.
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Figure 7.Currents induced on a plate of various conductivities in a conductive 
host and free space. The plate currents are plotted for increasing delay times 
of the UTEM  system.

Figure S.Computer-gencralcd UTFM  lypc curves for a l km by 500 m 
plate-in-free-space for various depths, dips and conductivities. 'l"he transmit 
ter loop is l km by l km, with the plate having a 500 m offset.

Stripped point normalized responses for the suite of responses de 
scribed earlier are presented in Figures 8a to 8e. The normalization point is 
475 m from the wire. Continuously normalized versions of the same dia 
grams were judged less useful since the inherent asymmetry of such profiles 
worsens the problem of interpreting conductor dips. A number of observa 
tions are worth discussing; however, it must first be conceded that the practi 
cal usefulness of these stripped model responses is contingent upon the 
ability to properly strip field data and how closely the host may resemble the 
half-space.

Plate-in-free-space models show that for toroidal currenls, the point on a 
profile at which the Hz-component values change sign is always on the 
up-dip side of the conductor apex. This remains true for the more conductive 
plates in Figures 8a to 8e, but is not easily seen because of the compressed 
profile scales. When the currents are poloidal, however, the zero points on 
the profiles are on the down-dip side of the apex. This can be seen in Chan 
nels 10 to about 6 for all plates in Figures 8a to Se, and it occurs on all chan 
nels for the less conduclive plates where poloidal currents dominate at all 
times (All zero poinls are over the apex for vertical plates.) For non-vertical 
plates, the larger lobe (either peak or trough) indicates the dip direction; al 
though this asymmetry is only detectable when the plate currents are toroidal 
and it is only seen with Ihe more conductive non-vertical plates al late times.

Poloidal current patterns have greater inherent symmetry (actually anti 
symmetry) as regards z-components of the associated magnetic fields. This 
Is reflected in the relatively antisymmetric profiles observed over all plates at 
early times. This symmetry means that profile shape cannot be used lo infer 
dip. It is noteworthy, however, that the zero point on the early profiles moves 
in the down-dip direction as the centre of the poloidal current pattern prog 
resses down the plate. Considering the smoke ring pattern in Figure 4, it is 
apparent that for plates with very shallow dips towards the loop, the poloidal 
currents could initially be induced at the bottom of the plate and progress 
upwards, while the zero point on profile would move in the up-dip direction. 
From a practical point of view, the usefulness of tracking the progression of 
profile zero points will be limited. The effect will be highly susceptible to er 
rors introduced by stripping with slightly inappropriate host models.

Until computer programs such as the one described herein can be run 
quickly and routinely, simulating late time responses with 
plate-in-free-space models will be an important interpretation technique. It is 
necessary, therefore, to be able to recognize when local induction domi 
nates over galvanic effects. Figure 9 presents the peak-to-trough amplitude 
versus peak-to-trough separation for the profiles in Figure 8c. Following a 
given locus in the direction of decreasing index numbers, (the UTEM  chan 
nel numbers) described the profile as a function of increasing time. For 
plates at a given depth, the loci start at much the same place, indicating gal 
vanic saturation, but at later times, the path taken is a sensitive function of 
plate conductance. For the poorly conducting plates, the always dominant 
poloidal currents simply dissipate in whatever region of the plate the passing 
smoke ring (the host current) is strongest. Thus, it is common for the 
peak-to-trough separation to increase throughout the entire measurement 
period as Ihe current centre progresses to greater depths. For conductive 
plates, the establishment of a vortex stabilizes the peak-to-trough separation 
after which time the amplitudes continue to attenuate due to ohmic losses. A 
comparison of the amplitude-separation plots for the 2 S. 8 S, and 32 S 
plates at 125 m depth in Figure 9 with the appropriate currents in Figure 7 
demonstrates these effects. For these plates, the separation decreases with 
the establishment of the vortex, apparently because this places a greater 
concentration of current nearer the top of the plate than in the poloidal cur 
rents that flow when the smoke ring is passing.
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Figure 9.Amplitude separation plots for plates of various depths and conducti 
vities.

It would seem that plots such as Figure 9 for field data, could be used to 
infer the establishment of a vortex (stable peak-to-trough separation) to justi 
fy interpretation with free-space models. It is therefore worth noting, as a 
counterexample, that inward dipping plates carrying poloidal currents can 
sometimes have profiles with stable peak-to-trough separations if the smoke 
ring is moving perpendicular to the plane of the plale. This is illustrated in the 
top row of Figure 8e where the troughs are stationary.

The spectral plots in Figure 10 present peak-to-trough amplitudes versus 
time for the vertical 125 m deep plates, supplemented with the response of a 
128 S plate. Early time blanking, early time galvanic saturation, and mid-time 
enhancement are evident for the 2 S to 8 S plates. The 16 S and 32 S plates 
show these effects in addition to late time p late-in-free-space asymptotic 
behaviour. For reference, the responses for the same plates in free-space 
are also presented. Plates with conductances greater than about 32 S have a 
Channel 1 response, which means that the system would no longer be mea 
suring the step response of the ground, but rather the response to an alternat 
ing square wave. The effect of previous cycles (accounted for by YVESFT, 
Holladay 1981) is evident in the slightly reduced, early time saturation ampli 
tudes for the plale-in-free-space responses, for which the disturbance in the 
primary magnetic field is considered to propagate instantaneously. The re 
duced early time amplitudes are the result of an alternating series of re 
sponses {from previous vortices) which have similar shapes, but alternating 
signs and weaker amplitudes. In the conductive half-space, the propagation 
is not instantaneous, and for the present models, the full effect of the smoke 
ring is not felt until well into the measurement period. At the earliest times, the 
(reversed) vortex from previous cycles can still persist if the plate is suffi 
ciently conductive, and, because the early- and late-time responses are so 
different, the effect is sometimes observable. This is evident in the reduced 
Channel 10 amplitude for the 128 S plate in Figure 10, but would be en 
hanced for a more conductive plate located farther from the loop so as to 
increase the time- delay.

Figure 10.Spectral plots of peak-to-peak amplitudes for vertical plates of vari 
ous conductivities in a 1000 ilm test host (solid lines) compared to the same 
plate-in-free-space (dotted line).
Figure 11.Spectral plots of peak-to-peak amplitudes for a vertical 
plate-in-host of various conductivities.

Only one host conductivity has been used in this study; however, it is 
possible to simulate the effects of other half-spaces through time-conductiv 
ity scaling as explained by West et al. (1984). For example, the response of a 
32 S plate in a 500 nm host would be the same as the response of a 16 S 
plate in a 1000 nm host with each of the UTEM  time channels shifted to the 
next (later) channel. Figure 11 illustrates peak-to-trough amplitudes versus 
time for the vertical 32 S plate at 125 m depth in five different half-spaces. For 
this range of hosts, increasing the conductivity decreases the peak galvanic 
response, and shifts the peak to later times. The Channel 2 response in the 
16 mS half- space arises from currents like those on the 2 S plate at Channel 
6 in Figure 6. This host has apparently slowed the smoke ring to the extent 
that even the latest responses are galvanic.

PLATE-IN-FREE-SPACE RESULTS
The computational complexity of the plate-in-host algorithm makes it slow 
and cumbersome to use. An efficient plate-tn-free-space algorithm, there 
fore, is often very useful even though it does not account for all physical 
mechanisms which are operative during wide-band EM surveying. Several 
continuously normalized plate-in-free-space responses were prepared for a 
1 km by 500 m plate in the presence of a 1 km by 1 km loop and are presented 
in Figures 12a to 12f. They comprise useful guidelines for interpreting pro 
files which can be attributed to local induction processes in conductive 
dikes situated in resistive media. Within a given panel of Figure 12, plate 
depth and dip are varied, and, changing from panel to panel changes the 
horizontal distance between the target and the loop. The right side of the 
loop is at -750 m, -500 m, -250 m, O m, 250 m, and 500 m in Figures 12a to 12f 
respectively. For a large stationary loop, the profile shape over a dike-like 
target is a sensitive function of the target location, as can be seen by com 
paring the upper left profile in each panel of Figure 12. Profile amplitudes 
change sign over the conductor as well as at a wire location.

Field Surveys

EM NOISE STUDIES

Feasibility testing at the outset of the project indicated much higher noise 
levels than at other test areas such as the Nighthawk Geophysical Test 
Range east of Timmins, Ontario. Measurements were subsequently made at 
several sites west of Cobalt to determine the nature of ambient signals in the 
absence of a UTEM  transmitter signal. At a given site the receiver was pro 
grammed to take 25 measurements, each of which was the result of three 
different stacking intervals: 256, 512, and 1024 cycles. Each set of 25 read 
ings was used to compute a standard deviation and error for the different 
stacking intervals, which could then be compared from site to site. Figure 13 
shows results for 10 channels and three stacking intervals from two sites. 
The west site (Figure 13a) is 13 km west of Cobalt and ideal survey condi 
tions prevailed. The east site (Figure 13c) is 3 km west of town and noise 
conditions are worse by factors of up to 4 in the important lato time channels. 
From the knowledge that noise decreases as the square root of cycles 
stacked, averaging times in the east would have to be greater by a factor of 
up to ten to achieve a data quality comparable to what is easily attained un 
der ideal conditions. The upper diagrams in Figures 13a and !3c give the 
errors normalized to the calculated field strength of a 1 km by 1 km loop car 
rying one ampere of current. That the noise is cultural is inferred from Figure 
13b which shows steadily worsening noise from west to east except for a 
central spike at a pipeline.
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Figure 12-Computer-generated UTEM  type curves for a plate-in-free-space 
for various depths, dips and offsets. The transmitter loop is l km by l km, with 
the plate having a conductivity of 32 S.
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Figure 13.a) Noise spectrum for the area west of the survey area, b) 
West-to-east profile across mapped survey area, c) Noise spectrum for the 
area east of the survey area.

PROFILE DATA
Profile data were collected during two survey periods and are available as 
Ontario Geological Survey Preliminary Maps P3133 and P.3141 (Hanneson 
and Huxter 1989; Hanneson et al. 1989). The data were interpreted, for the 
most part qualitatively, for dike-type anomalies. Such anomalies are charac 
terized by inflection points in the z-comppnent profiles and as troughs (or 
peaks to the north of the baseline) in the x-component profiles. As an exam 
ple, Figure 14a presents data for line 16E which indicates an early time re 
sponse at about 1000 S and a subtle late time response near 1250 S. The 
more smoothly varying north half of the profile indicates a roughly homoge 
neous earth. Figure 14b is a computer simulation of a 2 S plate at 125 m 
depth in a 2000 Urn half-space and is a reasonable approximation of the ob 
served response. It was created by time-scaling the response for the4 S, 125 
m deep plate from Figure 8c.
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Figure IT.Apparent resistivity as afunction of apparent depth for the UTEM  
depth imaging process. The section was taken from line OE to 40F, along 
2550N.
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Figure 14.a) Field data collected from line 16E. b) first-try computer model 
interpretations of field data for line 16E.

A preliminary interpretation map of the profiling surveys indicates ap 
proximate conductor locations in Figure 15. Responses are grossly catego 
rized as early time responses (o), late time responses (O), or both (o). Early 
time responses tend to be caused by shallow, poorly conducting features 
such as faults, contacts, and overburden. Conductors with both early and 
late responses tend to be caused by graphite or sulphides. Conductors with 
only late time responsGs tend to be caused by deeply buried graphite or sul 
phides. Additional data would be required for definitive estimates of depth 
and dip for the various conductors; however, a few computer simulated re 
sponses have been attempted. They suggest that the late time responder 
near 13 + COS between 38E and 48E may exceed 400 m in depth. Their dips 
are unknown but are probably near McLaren Lake (at 1 -i- SON on lines 26E, 
28E, and 30E) has been well defined by detailed surveying; quantitative 
p late-in-free-space modelling suggests a depth of about 75 m, a depth ex 
tent of about 120 m, a steep southward dip, and a conductance of about 140 
S. (See Figure 16 for observed data and inset modelling results, and further 
comments by Hanneson and Huxter 1988). The transmitter loops were desig 
nated 87P1 through 87P4, and 88P1 through 88P4.

SOUNDING DATA

Sounding normally implies the determination of a horizontally layered earth 
model whose response matches the observed data. A variation of this meth 
od referred to as imaging (Macnae and Lamontagne 1987) was performed 
by Lamontagne Geophysics Ltd., under contract, on data collected along 
line 550N between transect lines OE and42E. Eleven, 400 m by 400 m rectan 
gular transmitter loops, centred on line 550N with eastings OE, 4E. 8E,... and 
40E were deployed. The pseudosection in Figure 17 is the result of the pro 
cessing, and Figure 18 is an interpretation provided by J.C. Macnae, Lamon 
tagne Geophysics Ltd. Evidently, many mappable features exist in the area 
but a sparse geological data base precludes the identification of any geo 
physical features with the possible exception of the west-dipping fault. The 
high resistivity of the rocks means very fast propagation of EM fields; conse 
quently little near-surface information was generated by the imaging work.

Discussion and Conclusion
To attempt to present and catalogue enough plate responses to cover all the 
cases one might encounter in large-loop EM prospecting would be a rather 
hopeless undertaking, and the results presented herein fallfar short of such a 
goal. Nevertheless, enough models have been presented to reveal trends 
and physical processes that should be useful to many interpreters. In addi 
tion, several deep conductors, apparently not previously known, have been 
detected. Although none of the conductors have been traced into the imme 
diate Cobalt area, they indicate a general westward trend of geological units 
and Huronian sedimentary rock thicknesses of at least a few hundred metres 
in some areas. Whilst this publication deals exclusively with EM surveying 
and modelling, a gravity survey was also performed on the east half of the 
grid. The data was released as Preliminary Map P.3147 in 1989.

Figure IS.Preliminary interpretation of Figure 17 provided by J.C. Macnae, 
Lamontagne Geophysics Ltd.

Figure 16.McLaren Lake field data and computer-aided interpretations.
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Figure 15. A preliminary interpretation map of the 1987 and 1988 profiling sur 
veys indicates approximate locations for dike-like conductors. Responses are 
grossly categorized as early time responses (small circles), late time responses 
(large circles) or both.
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