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QUANTITATIVE INTERPRETATION OF INPUT AEM MEASUREMENTSt 

G. J. PALACKY' AND G. F. WESTt 

Recent improvements of the INPU'f airborne 
electro1nagnetic systen1 have made possible a 
n1ore quantitative approach to interpretation. 
'J'he necessary· interpretational aids can be ob
tained in t\vo \vays: either by correlating the sys
tem and ground EJ\.1I measurements, or by devis
ing co1nputational or analog quantitative models. 
Both approaches have been explored. In the 
former, the systcrn decay rate can be correlated 
\Vith the apparent conductivity-thickness (ut) 

INTRODUCTION 

INPUT1 (hereinafter referred to simply as the 
system) is a to\ved-bird 1 tiine-domain ."\E?vI sys
te1n \vhose first version \Vas constructed by A .. R. 
Barringer in the late 1950's. Currently, it is the 
n1ost widely used AEJ\1 system; 160,000 n1iles of 
surveys \Vere :flo\vn in 1972. Its principle ls ex
plained in Figure 1. 

Brief description of the systeni 

rrhc primary magnetic field is generated by cur
rent pulses \Yhich are 1. 1 msec long and alternate 
in polarity. The emf due to the secondary mag
netic field is measured at six ti111e gates (0.26, 
0.48, 0.75, 1.10, 1.57, and 2.10 msec) after the 
transrnltter S\Vitch-ofL 'I'hc amplitude is averaged 
over a time interval -..vhich is increased from 
0.22 msec to 0.54 msec. 

The presence of a conductor in the ground gen
erates in the receiver an induced emf which is 
superimposed upon the primary signal and dis
torts it, but subsequently \vhich appears uniquely 
as a decaying signal follo\ving the cessation of the 
primary pulse. 

1 Registered Trademark of Barringer Research Ltd. 

t lYianuscript received by the Editor February 8, 1973. 

estimated b:y ground surveys. In the latter1 four 
quantitative rnodcls were investigated, vertical 
half-plane, vertical ribbon, dipping half-plane, 
and homogeneous half-space. Nomograms have 
been constructed \\·hich make it possible to deter-
1ninc a-t, conductor depth, and dip for sheet-like 
conductors, and conductivity for a homogeneous 
half-space. Field examples sho\v that this pro
cedure can be used satisfactorily in the routine 
interpretation of records obtained by this system. 

The transmitter is fanned by a horizontal loop 
>vound around the aircraft. To make its area as 
large as possible, it is fixed at the wing tips and 
the rudder. 'The receiver coil is oriented ·with its 
axis horizontal, approximately in the direction of 
the primary 1nagnetic field vector. 'The nominal 
position of the bird containing the receiver is 
350 ft behind and 200 ft below the aircrafL The 
nominal flight height of the aircraft is 400 £t and 
the usual Hight speed is 120 mph. 

Continuous records of the six secondary signal 
amplitudes are generated by averaging the single 
pulses over several trans1nitter periods. A. simple 
exponential averaging \\'ith a time constant of 
0.5 sec is employed in the currently used system 
Cl\Tk VI)./\ more elaborate four-pole active filter 
with a time constant of 5 sec \Vas used in Mk \ 1. 

J\!Ik \lI1 \vhich became operational in 19721 is 
considered in this paper, if not stated otherwise. 

Interpretation 

'f\VO courses of action are open in the search for 
a more quantitative interpretation procedure. 
One possibility is to extend the existing qualita
tive approach: the type of response generated by 

*Now with Barringer Research Limited, IZexdalc, Ontario, Canada 1vI9\V 5G2; formerly, University of Toronto, 
Ontario, Canada, 1'L5S 1A7. 

:j: University of Toronto, Toronto, Ontario, Canada lvISS 1A7. 

@ 1973 Society of Exploration Geophysicsts. All rights reserved. 
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FIG. 4. Correlation of ground E11 and measuren1ents of the system. Ground ,,f was determined from the hori
zontal-loop E1'1 measurements using phasor diagrams. It is correlated to (a) the decay rate of the exponential 
model fitted at the anomaly peak, and (b) amplitude ratios of channels 4 to 2. 

nels 1 and 51 and lo\ver on 2, 3, and 4. The major 
departure on channel 6 is not significant in abso
lute tcnns because logarith1nic differences arc 
plotted. The bias for the po'xer la\v is opposite. 
'The measured channel 1 is lo\v con1parcd \\'ith 
approximation; channels 2, 31 and 4 are high; 
and 6 is 101v. 

The s;.:ste1n 1s records (:\.Tk \.') and the result of 
the subsequent ground checks in t\VO areas of the 
Canadian Preca1nbrian Shield 1vere n1ade avail
able by the SociCtC QuCbecoise d'Exploration 
l\.1iniCre, /\n attempt ·was made to correlate the 
t\VO data sets. 'fhe ground 1neasurements ein
ployed the horizontal-loop El\1 method. l'viost of 
the ground checks revealed conductive zones of 
substantial strike length and lin1ited \vidth. 
Phasor diagra111s of response amplitude, based on 
a vertical half-plane or dipping half-plane n1odel 
(Grant and \Vest, 1965) 1vere used in the quanti
tative interpretation of such ano1nalies, \vhich 
\Vere ;;resuin::hly caus?d hy dike-like bodies. 
\Vith this prcccdclrc, tl1c cn1·1duct.ivity-thickness 
(ut) of the conductive zones can be csti1nated. l\s 
Parasnis (1971) has pointed out, there arc many 
circun1stanccs that can n1ake such an esti1nate 
inaccurate, particularly if conductive overburden 
is present. 1'herefore1 the ut estimates fro1n the 
ground surveys arc only rough estimates of the 
true r:rt, perhaps reliable to \Vilhin a factor of two 

in the majority of cases. i\nother difficulty arises 
from n1atching the location of airborne and 
ground anomalies. 1'his can scldotn be achieved 
perfectly and the true r:rt may change significantly 
along the strike of a conductor. 

Figure 4a sho\YS the correlation bet1veen ground 
r:rt and the exponential decay rate. A similar corre
lation, although slightly· more scattered, \Yas found 
for the po1ver la1~· decay rate. 'fhe decay rate 
\vhich uses infonnation available on all channels 
is a better parameter than channel ratios (Fig
ure 4b). 

MODELING OF THE SYSTEM'S RESPONSE 

l'dost theoretical and model studies for the sys
ten1 have been made in the frequency do1nain .. An 
exception is a recent paper by Becker el al (1972) 
\Vhich describes tnodel mcasure1nents in the tirne 
domain. In principle, if sets of frequency-domain 
data covering a broad frequency range are avail
able, they can be converted to the time do1nain by 
perfonning a Fourier tr:tn:'ifcrrnation. 'fhe tabula
tion of lhe secondary fields due to an alternating 
dipole source situated over a la:.'ered conducting 
half-space, n1adc by Frischknecht (1967), has 
served for the co1nputation of the tin1e-do1nain 
response in t1vo papers. Kelson and 1-f orris ( 1969) 
obtained data for the hon1ogeneous half-space 
and a layer over the half-space. Their results arc 
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given in the form of relative channel amplitudes 
versus conductivit}. Becker ( 1969) has obtained 
similar results for the homogeneous half-space 
and a thin horizontal sheet. His results are in the 
forn1 of decay curves sho\ving the change >vith 
delay tirne of the instantaneous ctnf induced in 
the receiver after cessation of the trans1nittcr 
pulse. 

Computations of system response over thin 
conductive dikes are not available because no 
suitable theoretical solution is possible except for 
infinite frequency, but this is not useful for the 
transformation to the time domain. Ghosh and 
\Vest (1971) completed an atlas of frequency
do1nain master curves for several AEM syste1ns 
over thin dike conductors by analog rnocleling . 
The results are available only for a lin1itcd num
ber of induction numbers and the accuracy is 
limited by a measurement error. 1'hese two facts 
had to be considered before transforming their 
data to the thne do1nain. 

Transfonnation of frequency-doniain results to the 
tinze donzain 

A computational sche1nc for obtaining system 
amplitudes C1c, k = 1, 2, · · · 6 fro1n the frequency
domain analog data is sho1vn in Figure 5. The 
inputs are the real and i1naginar_y parts of the 
secondary' field intensity F1i (expressed as a frac
tion of the prin1ary field intensity) for n values of 
frequency (expressed in combination with ut of 
the conductor). A continuous function notation

1 

such as x(t) 1 G(w), is used \Vhen the nun1ber of 
points is determined by the computational feasi
bility. If it is lin1ited for other reasons, the dis
crete notation such as Ci, F,, is used. 

For a reliable cornputation of the Fourier trans
fonnation, a sufficient nu1nber of points of the 
function G(w) 1 derived fron1 F,,, had to be ob
tained. 'fhe analog model tneasure1nenls 1vere 
n1ade only for ten or fewer induction numbers. 
G(w) \Vas therefore obtained from a cubic spline 
interpolation (Greville1 1964) of Fn. For this 
interpolation, it 1vas assumed that no error existed 
in the values of Fn. 'fhus, the interpolated curve 
is forced to pass through each point Fn. Due to the 
measurement error, this assumption 1vas not al
\vays correct and undulations sometimes occurred 
in G(w) in the vicinity of less reliable points of!<',,. 
The in-phase and quadrature co1nponcnts 1vere 
measured and interpolated separately even though 

FIG, 5. Flow chart showing the procedure used for 
transformation of frequencv-domain analo"' model 
measurements to the time doillain. "' 

they are not independent. 1\ correction scheme 
was then constructed to rectify this situation. 

The phy·sical systetn is real and realizable, i.e., 
the time-domain system function g(t) correspond
ing to G(w) has no imaginary part and vanishes 
for t<O. 'rhus, the real part of G(w) is an even 
function and the in1aginary part is odd. Because 
of this sym1netry1 if separate inverse transforms 
arc taken of the real and imaginary parts1 

r(t) = ;r- 1 [R(w)] = ;r- 1 [Re G(w)] 

and 

then r(t) tnust be purely real and s(t) purely 
i1naginary. Also, because R(w) and S(w) arc them~ 
selves real functions, r(t) and s(t) must have even 
real parts and odd i1naginary parts, respectively. 
Since 

an<l 

G(w) = R(w) + iS(w), 

g(t) = r(t) + is(t), 

r(t) 

r(I) 

is(t) 

- is(I) 

I< 0, 

t > 0. 

(6) 

( 7) 



1148 Palacky and West 

' l 
5 ' ' ' 

' 

2 lO 

(a) 

20 so 
CONOUClJVJ1l-lHJCKNESS, JN MHOS 

' • 

100 

N 

;'; 

' 
~ 

I 
u 

~ 
~ 
~ 
~ 

a.a 

0,6 

0.4 j 
'·' 1 
0.0 

(b) 

' ' 
' • 
' • 

' ' ' ' "" ' " ' • ' • ' ' " ' ' • " ' " ' ' ' ' ' 
" • 

' 
s IO 20 50 JOO 

C~NOUCllVJ1Y-lH!CKNESS, JN tiH!lS 
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zontal-loop E1'1 measurements using phasor diagrams. It is correlated to (a) the decay rate of the exponential 
model fitted at the anomaly peak, and (b) amplitude ratios of channels 4 to 2. 

nels 1 and 51 and lo\ver on 2, 3, and 4. The major 
departure on channel 6 is not significant in abso
lute tcnns because logarith1nic differences arc 
plotted. The bias for the po'xer la\v is opposite. 
'The measured channel 1 is lo\v con1parcd \\'ith 
approximation; channels 2, 31 and 4 are high; 
and 6 is 101v. 
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exception is a recent paper by Becker el al (1972) 
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domain. In principle, if sets of frequency-domain 
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given in the form of relative channel amplitudes 
versus conductivit}. Becker ( 1969) has obtained 
similar results for the homogeneous half-space 
and a thin horizontal sheet. His results are in the 
forn1 of decay curves sho\ving the change >vith 
delay tirne of the instantaneous ctnf induced in 
the receiver after cessation of the trans1nittcr 
pulse. 

Computations of system response over thin 
conductive dikes are not available because no 
suitable theoretical solution is possible except for 
infinite frequency, but this is not useful for the 
transformation to the time domain. Ghosh and 
\Vest (1971) completed an atlas of frequency
do1nain master curves for several AEM syste1ns 
over thin dike conductors by analog rnocleling . 
The results are available only for a lin1itcd num
ber of induction numbers and the accuracy is 
limited by a measurement error. 1'hese two facts 
had to be considered before transforming their 
data to the thne do1nain. 

Transfonnation of frequency-doniain results to the 
tinze donzain 

A computational sche1nc for obtaining system 
amplitudes C1c, k = 1, 2, · · · 6 fro1n the frequency
domain analog data is sho1vn in Figure 5. The 
inputs are the real and i1naginar_y parts of the 
secondary' field intensity F1i (expressed as a frac
tion of the prin1ary field intensity) for n values of 
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bility. If it is lin1ited for other reasons, the dis
crete notation such as Ci, F,, is used. 
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interpolation (Greville1 1964) of Fn. For this 
interpolation, it 1vas assumed that no error existed 
in the values of Fn. 'fhus, the interpolated curve 
is forced to pass through each point Fn. Due to the 
measurement error, this assumption 1vas not al
\vays correct and undulations sometimes occurred 
in G(w) in the vicinity of less reliable points of!<',,. 
The in-phase and quadrature co1nponcnts 1vere 
measured and interpolated separately even though 

FIG, 5. Flow chart showing the procedure used for 
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they are not independent. 1\ correction scheme 
was then constructed to rectify this situation. 

The phy·sical systetn is real and realizable, i.e., 
the time-domain system function g(t) correspond
ing to G(w) has no imaginary part and vanishes 
for t<O. 'rhus, the real part of G(w) is an even 
function and the in1aginary part is odd. Because 
of this sym1netry1 if separate inverse transforms 
arc taken of the real and imaginary parts1 

r(t) = ;r- 1 [R(w)] = ;r- 1 [Re G(w)] 

and 

then r(t) tnust be purely real and s(t) purely 
i1naginary. Also, because R(w) and S(w) arc them~ 
selves real functions, r(t) and s(t) must have even 
real parts and odd i1naginary parts, respectively. 
Since 

an<l 

G(w) = R(w) + iS(w), 

g(t) = r(t) + is(t), 
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F1G. 6. The continuous function G'(w) was obtained fro1n the model rneasurements 
F,, (n = 1, · · · , 10) by the procedure shown in Figure 5. 

'l'hc procedure adopted, therefore, \Vas to take 
inverse transforms of the in-phase and quadra
ture frequency response separately to see if 
r(t) =s(t). 'fhe observed differences \Vere less 
than 10 percent. The errors \Vere minin1izecl by 
averaging -is(t) >vith r(t). 'The corrected values 
are denoted r'(t) and s'(t). In finding s(t), a >vin
do\V function \Vas applied to S(w) to prevent 
aliasing effects which otherwise \Vere apparent 
even after taking 4000 harmonics for the trans
formation. 

After windo\ving in the frequency don1ain and 
averaging in the tin1e domain, any undulations 
present in G(w) disappeared in G'(w) because the 
ne\v function is not forced to go exactly through 
all Fn points. An exa1nple of the peak frequency
domain response over a vertical half-plane at a 
flight height of 385 ft, is sho\Vn in Figure 6. 'fhe 
effects of forcing g(t) to be realizable arc apparent. 

The secondary received signal y(t), in the tin1e 
domain, can be expressed as a convolution of the 
pri1nary field signal x(t) and the system function 

g(t) characterizing the ground response. x(t) >Vas 
taken as a sine pulse, the duration of 1vhich was 
1.1 msec and a1nplitude unity. 1'he convolution 
can be computed more conveniently as a inultipli
cation in the frequency domain 

Y(w) ~ X(w) · H(w). (8) 

H(w) is taken fro1n G'(w) after rescaling for dif
ferent <Jt values. For this Fourier transformation, 
256 values of H(w) have been found sufficient. 
The Cooley-'fukey (1965) algorithm for fast 
Fourier transfonn has been used. All secondary· 
fields have been expressed as fractions of the zero
to-peak prirnary-field signal at the receiver. 

To obtain the systcn1 channel amplitudes Ck, 
k = 1, 2, ... 6, the secondary tnagnctic field y(t) 

is san1pled and averaged over each of the six time 
intervals 

NRk 

C, 1/(NR, - NL,+ 1) i:= y(t;), (9) 
-i=NLk 

Interpretation of Airborne EM Measurements 

>vhere NRk, NLk are the lin1its of the tin1e gate in 
n1sec. 

THIN SHEET .MODELS 

Vertical ltalf-plane profiles 

The results of analog model mcasurernents by 
Ghosh and \Vest (1971) \Yere transformed to the 
tin1e don1ain using the procedure outlined in the 
previous section. 'The frequency-domain profiles 
were available for ten induction numbers. 1'he 
titne-domain profiles arc shown for t>vo flight 
heights, 385 and 462 ft, and 3 values of at (Figure 
7). 

The average anornaly half-\vidth is 300 ft. It 
varies only slightly \Vith <ft, but increases \Vith 
the flight height. 'The an1plitude changes \Vill be 
described in the next section. A. comparison of 
model and field profiles can be made only for 

o-t ~ 2 HHOS 0"1" ta HHOS 

-!ODO 1000 Fl -1000 

HElGHT 385 FT 

-1000 !DOO Fl -1000 

HEIGHT "' 462 FT 

FLIGHT DIRECTION 

11k VI 1neasure1ncnts because the shapes of 
ano1nalies are distorted on 1-fk V records, due to 
the heavy nonlinear smoothing. 

The s1nall peak followed b_y a large one is typ
ical for anomalies due to vertical half-plane con
ductors. In practice, ho\vever, the peaks \Vere fre
quently marked as two separate conductors by 
some interpreters. Not surprisingly, the anomaly 
corresponding to the s1naller peak could not be 
detected in the ground follo\v-up n1easurements. 
A. comparison of a 1nodel profile and .i\tlk \TI rec
ord is in Figure 8. The survey \Vas flo\vn over the 
Staunton Cu-Zn ore deposit in Quebec. 

Vertical lzaf:f-plane amplitudes 

A.s long as quantitative interpretation is 1nadc 
\vithout a digital cornputer, the evaluation of 
several parameters is more practicable than 
matched filtering. 'fhe dependence of anomaly 

O"! " 30 HHOS 

1 000 Fl -1000 1000 n 

1000 n -1000 1000 FT 

'.::=:'::::=== 

l """ 10000 

"" 

F1G. 7. :.\Jodel profiles over a vertical half-plane of given qt, The flight height was 385 and 462 ft and the 
conductor was located at zero depth . .Note the minor peak before the anomaly center. 
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Fourier transfonn has been used. All secondary· 
fields have been expressed as fractions of the zero
to-peak prirnary-field signal at the receiver. 

To obtain the systcn1 channel amplitudes Ck, 
k = 1, 2, ... 6, the secondary tnagnctic field y(t) 

is san1pled and averaged over each of the six time 
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the flight height. 'The an1plitude changes \Vill be 
described in the next section. A. comparison of 
model and field profiles can be made only for 

o-t ~ 2 HHOS 0"1" ta HHOS 

-!ODO 1000 Fl -1000 

HElGHT 385 FT 

-1000 !DOO Fl -1000 

HEIGHT "' 462 FT 

FLIGHT DIRECTION 

11k VI 1neasure1ncnts because the shapes of 
ano1nalies are distorted on 1-fk V records, due to 
the heavy nonlinear smoothing. 

The s1nall peak followed b_y a large one is typ
ical for anomalies due to vertical half-plane con
ductors. In practice, ho\vever, the peaks \Vere fre
quently marked as two separate conductors by 
some interpreters. Not surprisingly, the anomaly 
corresponding to the s1naller peak could not be 
detected in the ground follo\v-up n1easurements. 
A. comparison of a 1nodel profile and .i\tlk \TI rec
ord is in Figure 8. The survey \Vas flo\vn over the 
Staunton Cu-Zn ore deposit in Quebec. 

Vertical lzaf:f-plane amplitudes 

A.s long as quantitative interpretation is 1nadc 
\vithout a digital cornputer, the evaluation of 
several parameters is more practicable than 
matched filtering. 'fhe dependence of anomaly 

O"! " 30 HHOS 

1 000 Fl -1000 1000 n 

1000 n -1000 1000 FT 

'.::=:'::::=== 
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"" 

F1G. 7. :.\Jodel profiles over a vertical half-plane of given qt, The flight height was 385 and 462 ft and the 
conductor was located at zero depth . .Note the minor peak before the anomaly center. 
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peak amplitude on a'l 1vas studied first. .Figure 9 

sh(nvs results of the transformation to the time 
dotnain. 1'he deviations £ro1n the smoothed curve 
are due to errors in model ineasurernents, spline 
interpolation in the frequency domain1 and in
accuracies in the transfonnation. 1'he smoothed 
curves are shown in Figure 10. The channel ampli
tudes rise rapidly \Yith O"t, reach a maximum of 
11,000 ppm on channel 1, for ut= 10 mhos, and 
slo•vly decrease. 

Next the change of anomaly amplitudes \Vith 
conductor depth \Vas studied (Figure 11, channel 
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FIG. 9. Example of data on which Lhe interpre~ation 
no1nogram (Figure 10) is based. The transfo~mat1on to 
the ti1ne-domain \Vas made for 12 values of ut tn one run. 
These values (circles, triangles, etc.) ·were then interpo
lated by hand. 
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2 shown). The frequency-domain n1casurements 
were available at five different flight heights (385, 
462, 578, 770, and 1039 ft). Because the inodel 
\Vas placed in a free space, the change in flight 
height and the change in conductor depth are 
equivalent. For convenience in discussion, the 
standard flight height of 400 £t •vill be assun1cd 
and all changes in an1plitude \Yill be considered 
due to changes of conductor depth. '[he decrease 
of amplitude \Vith depth depends strongly on ut. 
It is slower for poor conductors; a 2. 7th po\vcr for 
rrt= 1 mho1 a 5th po\vcr for rTt =SO n1hos. Because 
of its effect on the response fall-off with depth, 
it is desirable that fft is estimated before any cor
rection to amplitude for flight height ls made. 

After co1nputing tbe channel aJnplitudes for 
conductor depths in the con1pletc range of rrt

1 
it 

\Vas found that ·within the data accuracy all the 

of shift required is shown in Figure 10 in the form 
of a grid near the upper edge of the illustration . 
This permits the use of Figure 10 as a nornogram 
in the follO\Ying \\·ay: The six channel a1nplitudes 
for an anomaly should be plotted on a tracing 
paper along the vertical logarithn1ic scale given on 
the right-hand side. 1'hc 100,000 ppm point n1ust 
also be marked. 'fhen the set of points should be 
fitted to the curve fan1i!y by shifting in both ver
tical and horizontal directions1 but without rota
tion. 'f'hc position of the 100,000 ppn1 n1ark on 
the upper grid \\-ill indicate the value of a't and 
conductor depth. 'The vertical scale n1ay be re
calibrated in 1nillimeters of the records using the 
equivalence 1 n1n1 100 pp1n for the ::\Ik \/I 
(\Vondergern, 1971). 

Vertical ribhon 

curve sets can be 1T1atchcd by shifting them along For the vertical ribbon n1odcl (a thin sheet hav-
thc fJ't and channel arnplitudc axes. 'fhe arnount ing finite dip extent and infinite strike length), 
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FIG. 10. Nomogram for estimation of ut and conductor depth. The peak anomaly amplitudes are plotted on an 
overlay using the "scale for plotting." The array of points is then fitted to the curve family. 1'he position of the 
circle in the upper grid indicates the values of the interpreted parameters. 
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dotnain. 1'he deviations £ro1n the smoothed curve 
are due to errors in model ineasurernents, spline 
interpolation in the frequency domain1 and in
accuracies in the transfonnation. 1'he smoothed 
curves are shown in Figure 10. The channel ampli
tudes rise rapidly \Yith O"t, reach a maximum of 
11,000 ppm on channel 1, for ut= 10 mhos, and 
slo•vly decrease. 
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2 shown). The frequency-domain n1casurements 
were available at five different flight heights (385, 
462, 578, 770, and 1039 ft). Because the inodel 
\Vas placed in a free space, the change in flight 
height and the change in conductor depth are 
equivalent. For convenience in discussion, the 
standard flight height of 400 £t •vill be assun1cd 
and all changes in an1plitude \Yill be considered 
due to changes of conductor depth. '[he decrease 
of amplitude \Vith depth depends strongly on ut. 
It is slower for poor conductors; a 2. 7th po\vcr for 
rrt= 1 mho1 a 5th po\vcr for rTt =SO n1hos. Because 
of its effect on the response fall-off with depth, 
it is desirable that fft is estimated before any cor
rection to amplitude for flight height ls made. 

After co1nputing tbe channel aJnplitudes for 
conductor depths in the con1pletc range of rrt
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\Vas found that ·within the data accuracy all the 

of shift required is shown in Figure 10 in the form 
of a grid near the upper edge of the illustration . 
This permits the use of Figure 10 as a nornogram 
in the follO\Ying \\·ay: The six channel a1nplitudes 
for an anomaly should be plotted on a tracing 
paper along the vertical logarithn1ic scale given on 
the right-hand side. 1'hc 100,000 ppm point n1ust 
also be marked. 'fhen the set of points should be 
fitted to the curve fan1i!y by shifting in both ver
tical and horizontal directions1 but without rota
tion. 'f'hc position of the 100,000 ppn1 n1ark on 
the upper grid \\-ill indicate the value of a't and 
conductor depth. 'The vertical scale n1ay be re
calibrated in 1nillimeters of the records using the 
equivalence 1 n1n1 100 pp1n for the ::\Ik \/I 
(\Vondergern, 1971). 

Vertical ribhon 

curve sets can be 1T1atchcd by shifting them along For the vertical ribbon n1odcl (a thin sheet hav-
thc fJ't and channel arnplitudc axes. 'fhe arnount ing finite dip extent and infinite strike length), 
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conductor depth obeys a po\ver law: the pnwer changes 
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FIG. 12. The change of channel amplitudes with 
depth extent depends on ut. The lines should not be 
extrapolated for a depth extent of less than 500 fL 

the ainplitudc depends on the depth extent (Fig
ure 12). The model measurements \Vere conducted 
for four depth extents (587, 880, 1467, and 
2934 ft, the last being nearly identical to the 
vertical half-pl'lne). The model data \Vere avail
able for only five induction nun1bers and the 
reliability of transformation is lower than in the 
previous experi1nents. The ano1naly arnplitude 
increases n1arkedly \Vith increasing depth extent 
for poor conductors, but inuch less so for good 
ones. The change obeys approximately a po\ver 
la\v for the depth extents between 500 and 3000 

ft. This relationship must not, ho\vever, be 
extrapolated to depth extents sn1aller than 500 ft 
because the amplitude starts to decrease more 
rapidly and does not obey a simple po\ver la\v. 

The depth extent cannot be determined fron1 
an AENI survey alone as an additional piece of 
geologic or geophysical information is required. 
In most cases, it is not \Yorth\vhile to consider the 
ribbon 1nodel a priori. 

Becker ct al (1972) have made a nu1nber of 
time-domain model measurements for this sys
tetn. Their \Vork \Vas less extensive than the model 
\vork of Ghosh and \Vest (1971) and the channel 
gates do not quite correspond to the actual sys
tem. 'I'heir results, seven values of a:t versus 
amplitude at 0.5 rnsec, are sho\vn in Figure 13 
matched to the -channel 2 curve fro1n Figure 10 
\Vhich was corrected for a finite depth extent. The 
agreement is reasonably good. 1'he flight height, 
450 ft, agrees well \Vith the value of 440 ft found 
from our nomogram. Ho\Vever, according to our 
data, Becker's (1972) plate model \Vas not quite 
large enough to simulate a vertical half-plane as it 
had a scaled depth extent of only 780 ft. 

Dipping half-plane 

The unique anomaly shape (Figure 7) consist
ing of minor peak, saddle, and major peak sug
gests the use of the ratio of the t\vo amplitudes in 
interpretation. 1'he model data sho>vs that this 

100000 

, 
" iOOOO 
" 
" 
1-ci 

2 1000 
u 

" , 
" 
I 100 
u 

IOI 2 

VERTICAL RIBBON 

5 

BECKER'S DATA 
CH 2 TEMPLATE FOR 
DEPTH EXTENT 1500 FT 
CONDUCTOR DEPTH 440 FT 

10 20 50 !00 200 

crl,IN MHOS 

F1G. 13. Comparison of the lime domain measure
ments by Becker et al (1972) with a curve, <fl versus 
channel 2 amplitude frotn Figure 10, corrected for a 
finite depth extent. 
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FIG. 14. Dip of a half-plane can be estimated from 
the ratio of "major" to "minor" peak amplitude. 
Anomalies A, B, C from Figure 15 den1onstrate the use 
of the graph. Because of the strong effect of dip on 
anomaly amplitude, a correction (using the left-hand 
scale) has to be made before estimating conductor 
depth. 

ratio depends on the dip of the half-plane model 
(Figure 14). The frequency-domain inodel inea
sure1nents \Vere made for dips 45 1 60, 90, 120, and 
135 degrees. The angle increases clockwise. The 
ratio for a vertical half~plane is 10; for 135 degrees 
it decreases to 1.5. T\vo distinctive peaks are 
observed in updip flights. The second indicates 
the conductor 1s upper edge. In the opposite direc
tion, only one peak \Vi th much larger amplitude is 
recorded. 

1'he dip determination is demonstrated on a 
field example from northern 1'1anitoba. An 
Tvik \TI survey \Vas conducted in 1972 in an 
area covered by 50-100 ft of moderately con
ductive overburden. J\ifost of the conductors are 
clipping graphitic bands. 'I'hree parallel profiles 
(A, B, C) 1200 ft apart are sho\vn in Figure 15. 
'The flight direction \Vas north-south on 1\ and 
C, south-north on B. As expected for a dip
ping conductor, t\VO peaks are on profiles A. and 
C and only one on B. The ratio of the t\vo peak 
amplitudes is 2.1 on A and 1.9 on C. A dip of 120 
degrees is obtained from the graph in Figure 14. 
An independent dip estimate can be made from 
the ratio of peak amplitudes on profiles ilo\vn in 
the opposite direction. By comparing the ampli
tudes on profiles A and B, a ratio of 2 is obtained 
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FIG. 15. An example of a dipping conductor. Profile B was flown in opposite direction to A and C. 
All three profiles indicated approximately the same dip <fl and depth. 
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the ainplitudc depends on the depth extent (Fig
ure 12). The model measurements \Vere conducted 
for four depth extents (587, 880, 1467, and 
2934 ft, the last being nearly identical to the 
vertical half-pl'lne). The model data \Vere avail
able for only five induction nun1bers and the 
reliability of transformation is lower than in the 
previous experi1nents. The ano1naly arnplitude 
increases n1arkedly \Vith increasing depth extent 
for poor conductors, but inuch less so for good 
ones. The change obeys approximately a po\ver 
la\v for the depth extents between 500 and 3000 

ft. This relationship must not, ho\vever, be 
extrapolated to depth extents sn1aller than 500 ft 
because the amplitude starts to decrease more 
rapidly and does not obey a simple po\ver la\v. 

The depth extent cannot be determined fron1 
an AENI survey alone as an additional piece of 
geologic or geophysical information is required. 
In most cases, it is not \Yorth\vhile to consider the 
ribbon 1nodel a priori. 

Becker ct al (1972) have made a nu1nber of 
time-domain model measurements for this sys
tetn. Their \Vork \Vas less extensive than the model 
\vork of Ghosh and \Vest (1971) and the channel 
gates do not quite correspond to the actual sys
tem. 'I'heir results, seven values of a:t versus 
amplitude at 0.5 rnsec, are sho\vn in Figure 13 
matched to the -channel 2 curve fro1n Figure 10 
\Vhich was corrected for a finite depth extent. The 
agreement is reasonably good. 1'he flight height, 
450 ft, agrees well \Vith the value of 440 ft found 
from our nomogram. Ho\Vever, according to our 
data, Becker's (1972) plate model \Vas not quite 
large enough to simulate a vertical half-plane as it 
had a scaled depth extent of only 780 ft. 

Dipping half-plane 

The unique anomaly shape (Figure 7) consist
ing of minor peak, saddle, and major peak sug
gests the use of the ratio of the t\vo amplitudes in 
interpretation. 1'he model data sho>vs that this 
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Anomalies A, B, C from Figure 15 den1onstrate the use 
of the graph. Because of the strong effect of dip on 
anomaly amplitude, a correction (using the left-hand 
scale) has to be made before estimating conductor 
depth. 

ratio depends on the dip of the half-plane model 
(Figure 14). The frequency-domain inodel inea
sure1nents \Vere made for dips 45 1 60, 90, 120, and 
135 degrees. The angle increases clockwise. The 
ratio for a vertical half~plane is 10; for 135 degrees 
it decreases to 1.5. T\vo distinctive peaks are 
observed in updip flights. The second indicates 
the conductor 1s upper edge. In the opposite direc
tion, only one peak \Vi th much larger amplitude is 
recorded. 

1'he dip determination is demonstrated on a 
field example from northern 1'1anitoba. An 
Tvik \TI survey \Vas conducted in 1972 in an 
area covered by 50-100 ft of moderately con
ductive overburden. J\ifost of the conductors are 
clipping graphitic bands. 'I'hree parallel profiles 
(A, B, C) 1200 ft apart are sho\vn in Figure 15. 
'The flight direction \Vas north-south on 1\ and 
C, south-north on B. As expected for a dip
ping conductor, t\VO peaks are on profiles A. and 
C and only one on B. The ratio of the t\vo peak 
amplitudes is 2.1 on A and 1.9 on C. A dip of 120 
degrees is obtained from the graph in Figure 14. 
An independent dip estimate can be made from 
the ratio of peak amplitudes on profiles ilo\vn in 
the opposite direction. By comparing the ampli
tudes on profiles A and B, a ratio of 2 is obtained 
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from \vhich a dip of 65 degrees on profile B can be 
estimated. 

1\s discussed in the previous section, the peak 
atnplitudes are used for a depth estimate. It is 
necessary to tnakc the dip determination and 
amplitude correction before atten1pting a depth 
estimate. 'J'he corrections can be read from Figure 
14. 1'he an1plitude correction is L4 for the exa1nple 
shown. 'J'he values of a-t and conductor depth ·1;vere 
estimated for the three ano1nalies sho\vn in Fig
ure 15. \Vithout the a1nplitude correction for dip, 
a depth of 130 ft would have been estimated on 
profiles A. and C and 50 ft on B. 

HOMOGENOUS HALF-SPACE MODEL 

In the previous computations of the s:vste1n 
response over a ho1nogeneous half-space er-.; elson 
and lYiorris, 1969; Becker, 1969) 1 the channel am
plitudes either \Vere not co1nputed or given in 
relative units. Ho1vever, a knowledge of actual 
a1nplitudes (in pp1n) is essential. Instead of going 
again to Frischknecht's tables (1967), the fre
qucncy-do1nain s:yste1n response \vas con1puted 
using the incthod of Lajoie et al (1972). The 
results \Vere transformed to the tin1c don1ain using 
the same procedure as applied to the n1odcl data. 

First, the change of channel an1plitudes 11·ith 
conductivity 1Yas studied in the range 0.01 to 
5 mho/m (Figtire 16). For poor conductors, the 
amplitudes rise rapidly ·with conductivity, reach 

a inaximum of 35)000 ppm on channel one for 
u=0.1 rnho/m and then slo1v]y decrease. The 
maximu1n is about three tin1es larger than for the 
vertical half-plane n1odel. 

VVhile in the previous chapters the analysis has 
been made for anomaly peaks, the anon1aly shape 
is of no interest for the half-space n1odeL Because 
the conductive zone is infinitely extensive in all 
directions, the only dimension \vhich can affect 
the amplitude is the flight height (or equiva
lently, the conductor depth). The co1nputations 
\Vere made for depths 0, 150, 300, and 450 ft 
assun1ing a standard flight height of 400 ft. 'fhe 
decrease of arnplitude \Vith depth (Figure l 7, 
channel 2 sho\vn) depends on the conductivity 
and clearly obeys a po\ver la1v. A. dependence on u 
was suspected by Becker (1969), but \Vas not 
clearly demonstrated. For u=0.1 mho/m, the 
ainplitude decreases \Yith 2.2nd po1\·er, increasing 
to 3 for a-=5 mho/1n. In comparison, the 1nax
imum an1plitude decrease 1vith increasing rrt for 
the vertical half-plane n1odel 1vas 1vith the fifth 
po\ver. 

The number of bodies \vhich can be realis
tically approxitnated by a ho111ogcneous half
spacc model is rather limited. Only the sea or large 
deep lakes fall into this category. The dependence 
of syslen1 a1nplitudcs on flight height \Vas studied 
in a test flight over Lake Ontario. 'fhe survey 1vas 
1nade by Questor Surveys Ltd. in November, 
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FrG. 17. Channel a1nplitudes decrease with the con
ductor depth according to a power law. Cnlike the 
vertical half-plane model, the dependence on conduc
tivity is not very significant. 

1971. The flight height \Vas between 380 and 540 
ft. 1'he 6 channel amplitudes are plotted on a 
logarith1nic scale and compared \Yith theoretical 
response of a ho1nogeneous half-space (Figure 18, 
n1odel A). The agreement in amplitude change is 
rea<:;onably good, but there is a discrepancy in the 
absolute Vdlues of an1plitudes. 'l'he systc1n cali
bration is kno\vn to be 1 n1n1=100 ppm and the 
n1easurcd an1plitudes are about 50 percent 
sn1aUer. By comparison \vith Figure 16

1 
a conduc

tivity of 0.1n1ho/m1vas found. 'l'his value is sig
nificantly higher than that given in IJC I<.eport 
(1969) for Lake Ontario (u=0.035 n1ho/1n). 

'fhc likely explanation for the disagree1nent in 
a1nplitude and conductivity is that the bo1no
gcneous half-space is not a suitable model. It is 
evident from the geologic situation that the lake 
botton1 is tnadc of conductive Paleozoic shales. 
It is likely· that in the surveyed area east of 
'I'oronto the water layer 1vas not sufficiently 
thick (only about 100 ft). 'fherefore, another 
1nodcl (B) was considered. A response of a hoino
geneous half-space of u = 0.1 mho./1n overlain by 
a 100 ft layer of 0'"=0.035 mho/111 \Vas co1nputed. 
The t\\·o rnodels arc identical except for a1npli
tude which is about 50 percent ::-:n1aller (Figure 
18). 

In practice, the ho1nogcneous half-space 1nodel 
may be used for the dctcnnination of conduc-

tivit:y of large tabular bodies. Anomalies are 
selected for interpretation according to their 
slutpe. A suitable anotnaly 1vhich 1vas recorded 
over a lake was interpreted using Figure 16. The 
conductivity estin1ate, a-=0.013, mho/m is rea
sonable for unpolluted fresh 1vatcr (Figure 19). 

CONCLUSIONS 

Several approaches to the quantitative inter
pretation of the s:ystcm's n1easuren1ents 1vere dis
cussed in this paper. In our opinion, the best pro
cedure for a routine interpretation \\'ill consist of 
the fol101ving steps. First, the records arc searched 
for anornalics and suitable quantitative models 
selected according to the unomaly shape. A. 
double peak pattern is typical for the dipping 
sheet conductors. The ratio of the tv .. ·o peaks is 
used for a dip estimate and a1nplitude correction 
(Figure 14). The conductivity-thickness (O'"!) and 
conductor depth arc detennined fro1n a nomo
gram (Figure 10) \Vhich is an equivalent of phasor 
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of amplilude change will1 flight height re1nains un
changed. 
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from \vhich a dip of 65 degrees on profile B can be 
estimated. 

1\s discussed in the previous section, the peak 
atnplitudes are used for a depth estimate. It is 
necessary to tnakc the dip determination and 
amplitude correction before atten1pting a depth 
estimate. 'J'he corrections can be read from Figure 
14. 1'he an1plitude correction is L4 for the exa1nple 
shown. 'J'he values of a-t and conductor depth ·1;vere 
estimated for the three ano1nalies sho\vn in Fig
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HOMOGENOUS HALF-SPACE MODEL 
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relative units. Ho1vever, a knowledge of actual 
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5 mho/m (Figtire 16). For poor conductors, the 
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a inaximum of 35)000 ppm on channel one for 
u=0.1 rnho/m and then slo1v]y decrease. The 
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vertical half-plane n1odel. 
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and clearly obeys a po\ver la1v. A. dependence on u 
was suspected by Becker (1969), but \Vas not 
clearly demonstrated. For u=0.1 mho/m, the 
ainplitude decreases \Yith 2.2nd po1\·er, increasing 
to 3 for a-=5 mho/1n. In comparison, the 1nax
imum an1plitude decrease 1vith increasing rrt for 
the vertical half-plane n1odel 1vas 1vith the fifth 
po\ver. 

The number of bodies \vhich can be realis
tically approxitnated by a ho111ogcneous half
spacc model is rather limited. Only the sea or large 
deep lakes fall into this category. The dependence 
of syslen1 a1nplitudcs on flight height \Vas studied 
in a test flight over Lake Ontario. 'fhe survey 1vas 
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Interpretation of Airborne EM Measurements ,, 57 

100000 

" it 10000 

<; 

I'S 
=> ,_ 

1000 :J a. 

" ., 
N 

I 
u "'o 

0.1 

002 

00, 

HALF-SPACE 
FLIGHT HEIGHT 400 FT 

CONDUCTIVITY 
IN MHO/M 

5 

,o,~~~~o,_--~~~,~oo~~---,-40~0,---~soo 

CONDUCTOR DEPTH, IN FT 

FrG. 17. Channel a1nplitudes decrease with the con
ductor depth according to a power law. Cnlike the 
vertical half-plane model, the dependence on conduc
tivity is not very significant. 

1971. The flight height \Vas between 380 and 540 
ft. 1'he 6 channel amplitudes are plotted on a 
logarith1nic scale and compared \Yith theoretical 
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n1easurcd an1plitudes are about 50 percent 
sn1aUer. By comparison \vith Figure 16
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nificantly higher than that given in IJC I<.eport 
(1969) for Lake Ontario (u=0.035 n1ho/1n). 
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a1nplitude and conductivity is that the bo1no
gcneous half-space is not a suitable model. It is 
evident from the geologic situation that the lake 
botton1 is tnadc of conductive Paleozoic shales. 
It is likely· that in the surveyed area east of 
'I'oronto the water layer 1vas not sufficiently 
thick (only about 100 ft). 'fherefore, another 
1nodcl (B) was considered. A response of a hoino
geneous half-space of u = 0.1 mho./1n overlain by 
a 100 ft layer of 0'"=0.035 mho/111 \Vas co1nputed. 
The t\\·o rnodels arc identical except for a1npli
tude which is about 50 percent ::-:n1aller (Figure 
18). 

In practice, the ho1nogcneous half-space 1nodel 
may be used for the dctcnnination of conduc-

tivit:y of large tabular bodies. Anomalies are 
selected for interpretation according to their 
slutpe. A suitable anotnaly 1vhich 1vas recorded 
over a lake was interpreted using Figure 16. The 
conductivity estin1ate, a-=0.013, mho/m is rea
sonable for unpolluted fresh 1vatcr (Figure 19). 

CONCLUSIONS 

Several approaches to the quantitative inter
pretation of the s:ystcm's n1easuren1ents 1vere dis
cussed in this paper. In our opinion, the best pro
cedure for a routine interpretation \\'ill consist of 
the fol101ving steps. First, the records arc searched 
for anornalics and suitable quantitative models 
selected according to the unomaly shape. A. 
double peak pattern is typical for the dipping 
sheet conductors. The ratio of the tv .. ·o peaks is 
used for a dip estimate and a1nplitude correction 
(Figure 14). The conductivity-thickness (O'"!) and 
conductor depth arc detennined fro1n a nomo
gram (Figure 10) \Vhich is an equivalent of phasor 
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in mm) arc co1npared wilh two theoretical models 
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changed. 
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er= 0·013 mho/m 

FLIGHT 

l/2MILE 

Frc. 19. :\n example of a large tabular conductor 
(fresh-water lake in northern l\lanitoba). The conduc
tivity was eslirnatcd by a con1parison with the homo
geneous half-space 1nodel (Figure 16). 

diagran1s used for the interpretation of frequency 
dornain E).I n1casuren1ents. A..J1 actditional piece 
'.lf geor;l-~ysical :r:forn1ation \•:culd be required for 
an est~;nate of the d(pth o~· strike extent. If an 
anon1aly does not fit the thin sheet n1oclel and is 
very broad, the ho1nogeneous half-space rnodel 
(Figure 16) is used for a conductivity cstin1ate. A 
digital con1putcr can be used for inost routine 
operations, such as anon1aly recognition and 
paran1eter estin1ation. 1'he necessary soft\Yare has 

been <lcvelnpcd and tested on .field data (Palacky, 
1972). 
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