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EXPLORATION TECHNOLOGY DEVELOPMENT FUND

Final Research Report 

Foreword

The Exploration Technology Development Program was created 
in the Fall of 1981 as part of the Ontario Government*s Board 
of Industrial Leadership and Development program to assist in 
areas of mineral exploration and research. The intention of this 
program is to encourage the advancement of exploration geophysics 
and geochemistry through mission-oriented joint ventures with 
industry.

Zt is the intent of this Program to finance 60 percent of 
approved project activities to a maximum government contribution 
of S150,0007year.

A requirement of the Exploration Technology Development 
Program is that grant recipients submit a final report concerning 
project activities while receiving a grant. A final report is 
defined as a comprehensive summary stating the findings obtained 
during the tenure of the grant, together with supporting data.

Zt is not the intent of the Ontario Geological Survey to 
formally publish the final reports for wide distribution but rathe: 
to encourage the recipients of grants to seek publication in . 
appropriate scientific journals whenever possible. The Survey, 
however, also has an obligation to ensure that the results of the 
research are made available to the public at an early date. 
Although final reports are the property of the applicants and the 
sponsoring agencies, they may also be placed on open file. This 
report is intended to meet this obligation.

No attempt has been made to edit the report, the technical 
content of which is entirely the responsibility of the authors.

V.G. Milne
Director
Ontario Geological Survey.
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GRANT Oil DEVELOPMENT OF COMPUTER SOFTWARE FOR GEOPHYSICAL INTERPRETATION

S. W. Reford, N. R. Paterson, D. J. Misener and F. S. Grant

ABSTRACT

Computer software has been developed to assist in the interpretation of 

airborne and ground EM, airborne spectrometer, airborne and ground 

magnetometer (including gradiometer) and gravity data. In addition, a 

suite of applications and general purpose software has been developed for 

the IBM Personal Computer. Emphasis has been placed on techniques of 

direct application to current exploration problems in Ontario. Five 

programs (AEMINV, SPECMAP, SUSMAP, MAGMOD 1.4 and DENS3D) have been 

applied to exploration data, and are now in routine use by the mining 

industry through Paterson, Grant and Watson Limited. A sixth program 

(GEMINV) will soon attain the same status. Work is continuing to further 

develop these techniques and to test their applicability by means of data 

sets from a number of well-known areas.

OBJECTIVES

Although numerous programs exist for processing and interpreting 

geophysical data, many of them have been prepared for research purposes 

and have limited application to exploration.

With the advent of routine digital recording of multichannel, high 

resolution, wide-band data sets, and the growing availability of high 

speed computers (Paterson et al, 1982), the need for user-friendly 

processing and interpretation software is urgent.
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The ETDF grant was awarded to assist in the development, testing, and 

application of a variety of software designed to meet the current 

priorities of exploration organizations in Ontario.

INTRODUCTION

Paterson, Grant St Watson Limited has applied the funds awarded under 

ETDF grant Oil to extensive research and development of computer 

software for geophysical interpretation between November 1981 and 

March 1984. The fields of study have been airborne and ground 

electromagnetics (EM), airborne spectrometry, airborne and ground 

magnetics, gravity and personal computer software. In each field, 

software has been successfully developed and tested. In most cases, 

the software is now in routine use by the mining industry. Under a new 

ETDF grant (089), further refinement and testing of this software will 

take place as well as research into such fields as inverse magnetic 

modelling and joint inversion of multiple datasets.

FIELDS OF STUDY

Airborne EM

There have been rapid improvements in the field of multi-channel 

airborne EM (AEM), both fixed-wing and helicopter, in recent years. It 

is common (Paterson et al 1982, Pitcher et al 1980, Fraser, 1979) for
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six channels of EM data, of several different frequencies and/or coil 

separations, to be recorded simultaneously at intervals of less than one 

second. Obviously such data can, if properly assimilated, reveal a 

great deal about the conductivity distribution of the ground. Attempts 

at half-space and two-layer modelling (Pitcher et al ibid, Fraser ibid, 

Palacky, 1981) have been successful in producing "apparent resistivity" 

maps which assist in recognizing local conductors and (in areas of 

residual soil) in lithologic mapping. Where a conductive overburden 

overlies the bedrock (e.g. most of the Canadian Shield) the existing 

methods have limited application. None are directly available to 

industry geophysicists.

A need was identified for a rapid, economical program to derive the 

parameters of a two-layer earth (Figure 1) in which the conductivity and 

thickness of the overburden, as well as its depth below the sensor, 

would be allowed to vary in order to produce an optimum "fit" to the 

observed data. Edwards (Edwards et al 1981) developed a program, 

based on earlier work by Wiggins (1972), by which model parameters are 

decomposed in such a way that the effects of fractional changes are 

independent of one another and the parameters can therefore be 

identified and determined.

With the help of Dr. R. N. Edwards, University of Toronto, this 

technique of eigenvector decomposition was applied successfully in



Figure 1 - Model of two-layer earth, 
h, t and p .

Program determines
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April 1982 to a helicopter EM data set. A paper (Paterson et al 1982) 

was presented in May 1982. Subsequently, more than 5,000 line km of 

helicopter EM data have been inverted using steadily improved versions 

of the program. Copies of the program, called AEMINV, are currently in 

use by two survey contractors. Cost of running the program on the 

VAX/11/780 computer is roughly 52.00 per km, at a data density of 

approximately 50 m along the profile.

The calculated parameters are normally listed, together with the 

observed and fitted data values, their RMS error, and the critical 

eigen-statistics, for each point on the profile. Selected data are then 

plotted as stacked profiles (Figure 2) and (usually) contours of 

conductance or resistivity of the upper layer (Figure 3). Overburden 

thickness can be derived uniquely only within its determinable range 

(normally about 0.2 to 0.7 times the flying height of the sensor). 

Outside this range it can be approximated by multiplying the conductance 

values on the contour map by the average local overburden resistance, 

estimated from the stacked profiles. Advantages of the two-layer model 

and, particularly, the method of inversion, include:

1) Bedrock conductors are usually "flagged" by sharp spikes in the RMS 

error profile (see Figure 2).
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Contours represent the calculated conductance (conductivity x thickness), 500m 
in milli-mhos, of the upper layer of a two-layer earth modelj the underlying '  l

Figure 3 - Apparent conductance contours, same area as Figure 2, 
(see Profile AAl). Fairly reliable overburden thick 
ness can be derived by multiplying conductance by 
average local resistivity, even when the inversion 
method cannot uniquely separate t fromyO.
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2) Within the range established by the operating system, changes in

thickness and resistivity of the overburden are distinguishable from 

one another. Changes in depth to the top of the conductive layer 

are positively identified.

3) Since all the recorded EM data are used, there is no chance that a 

solution will be obtained that is incompatible with part of the data 

set.

4) The two-layer model is more realistic than the half-space in most of 

Canada. In areas of heavily weathered soils a half-space version of 

the program can be adopted. In this case the above three advantages 

are still valid.

Ground EM

In 1982, the algorithm AEMINV was developed to perform the inversion of 

multi-channel airborne EM data to a halfspace or two-layered earth model 

(Paterson et al, 1983). Due to the nature of the forward solution, the 

program could not perform an inversion for the special case when the 

sensor height approached zero (i.e. the case for a ground EM survey).

After AEMINV proved to give results that were coherent and interpre- 

table, it was decided that a similar program to invert ground EM data 

should be attempted.
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The algorithm GEMINV was developed, in conjunction with Dr. R. N. 

Edwards, University of Toronto. Dr. Edwards was also involved in the 

work on AEMINV.

The software for GEMINV is structured in a similar fashion to that of 

AEMINV and incorporates the same eigensolution analysis algorithm as 

well as similar input and output styles. However, there are significant 

differences between the two programs. The forward solution of GEMINV 

can be adapted to any double-loop configuration. The "effective radius" 

of the transmitter loop is specified as an input parameter so that data 

measured by any system ranging from SLINGRAM (zero radius) to Turam 

(large radius) can be analyzed. Large, square or rectangular loops may 

be approximated by a circular loop of "average" radius if measurements 

are taken by the receiver sufficently far from the transmitter loop.

The data are inverted to an n-layer earth model, each layer being of 

finite thickness except the if-*1 (bottom) layer, which is a half space 

(Fig. 4). The improvement of the model from two layers for airborne 

data to n layers for ground data is both valid and feasible. Ground 

EM data is often measured over a greater number of channels, and the 

response to local inhomogeneities is more discrete. The multilayer 

approach allows for greater emphasis to be placed on existing geological 

and drillhole information. Each finite layer possesses three 

parameters: resistivity, relative permeability and thickness. The 

resistivity and relative permeability are specified for the halfspace. 

Before inversion, initial values for all the parameters of each layer
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and the halfspace are entered as input by the interpreter. Any number 

of these parameters may be held fixed or allowed to vary over the course

of the inversion. A rule of thumb is that for m free parameters to be

2 calculated accurately, the inversion will require approximately m

pieces of measured input data. For example, for amplitude and phase 

data measured at two frequencies (or coil separations), one would allow 

two parameters to vary. To calculate three free parameters, one would 

require in-phase and quadrature values measured at four, or better 

still, five frequencies. As with AEMINV, GEMINV calculates the 

eigenvalue and associated eigenvector for each free parameter in order 

that the interpreter may observe how well-determined each parameter is 

and what influence it has on the calculated forward solution. This 

technique of eigenvector decomposition has been previously described 

(Paterson et al, 1983). Also, the calculated forward solution is 

compared to the measured data so that one may see the difference for 

each reading as well as the overall RMS error of the inversion.

GEMINV also differs from AEMINV in the integration method used to 

calculate the forward solution. Gauss-Laguerre 5-point quadrature 

integration was utilized by AEMINV. GEMINV uses a method developed by 

Chave for the numerical integration of related Hankel transforms by 

quadrature and continued fraction expansion (Chave, 1983). It provides 

a more accurate calculation of the required Bessel functions. Given the 

new method of integration, the CPU time taken on a VAX 11/780 by the 

GEMINV program for a typical inversion is about seven times that of its 

AEMINV counterpart, a necessary sacrifice for the sake of accuracy. The
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CPU time required by a single inversion varies widely with the number of 

layers in the model, fitted parameters and channels of data. The 

average is on the order of 30 CPU seconds, or 55.00 at current 

commercial rates, per inversion. Future plans include automation of the 

program so that a number of inversions may be performed in a single run. 

This will significantly reduce the cost of processing. The increase in 

CPU time required by GEMINV may not be significant when one considers 

that many fewer inversions would be necessary for a typical ground EM 

survey when compared to an airborne survey.

Testing of the algorithm was initially conducted on the forward model. 

Two- and three-layer models were calculated for various parameters using 

a standard horizontal loop coil configuration. The results were 

compared to Eadie's curves (Eadie, 1979) and were found to have 

excellent correlation. Data from certain of Eadie's curves were then 

inverted. The calculated parameter values were very close to those of 

the given forward solution.

The O.G.S. provided real data measured at the Nighthawk Lake test site 

(Fig. 5), from both MAXMIN and Turam surveys. Inversion of MAXMIN data 

(at five frequencies and three coil separations) away from the 

conductor, so as to conform to the layered earth model, resulted in a 

depth to basement fitted to within 30?; of the value obtained through 

seismic profiling (114 m vs 85 m) (Fig. 6).



LOCATION MAP:
NIGHT HAWK LAKE, ONTARIO
TEST SITE

TIMMINS

TEST 
EXAMPLE

1777 Hz. J-5%

EXAMPLE FIELD DATA 
Night Hawk Lake Test site 

*57o Line 0+00
MAXMIN m data 
Coil separation - 200 m

inphase response

quadrature
response

222 Hz.

Ill Hz.

45
i i i 

25 2N
i 

4N
Figure 5



o ^ o z
* in 

UJ CJ

—l o
ujz" 
l- O

CO ^ 

. . *

C/) O
v^ C "O
^ o
^ Q. l
< 2

V

h

o
10 
CJ

11
c 
o
4-
O

8

E

rf
S,
s

S
O

E
i

C5
o o o
cfCJ — 
II II 
cvj CM

O

cu
U 
O

O Q 
CO

UJ UJ 

Z Q

U.

h-

LU U- 
O

E

8
•i
^o

o.
O)en

O)"o M

CVJ 

CVJ

1 \ ^^
co ^ N^-.^,..

—— ——— 43 ——— — 1
O ^,^^"* ^^^ 

^^ ^r^^^ i
E 
O

1— l U J

^\
•^v -
^^̂*^^

^^N^^

f t ^^^^XO

it

^ ok.o
CL
O)

—"o
0

——— 0

.m ^" O

o

o
Q.

1
to

J

4
1
1
A
i

ttat.
^1H

4
T 
C

i
il

i

:

fsl

GO 

CO

10

O)k. 
3 
O*



- 9 -

A good deal of further testing of the GEMINV software is planned for the 

next year. A variety of model layer configurations will be studied. A 

number of coil orientations will be tested. Special emphasis will be 

placed on determining the accuracy and reliability of the method in 

large transmitter loop situations (e.g. Turam).

It is envisioned that a series of EM soundings will be conducted in the 

field in an area where the geology is well documented and known to 

conform to the layered earth model. It is expected that the data will 

be acquired by both MAXMIN and GEM-5 (or GEM-8) systems. The results 

will be analysed using the GEMINV method and will be compared with other 

geophysical surveys in the area, including, we hope, multi-channel 

airborne EM data.

Airborne Spectrometry

Historically, the interpretation of multi-channel gamma-ray spectrometer 

survey data has required the study of a number of contour maps, which 

include maps of the intensities of each individual radioelement, the 

total count and ratios of the radioelements. Geologically zoning such 

data can be a tedious and time-consuming task. The more subtle, but 

perhaps quite important, geological features can easily be missed. A 

variety of zoning methods have been studied, the use of cluster analysis 

for example. However, such methods require much hands-on intervention 

by the geophysicist. To our knowledge, none have been judged to be
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particularly useful by the exploration industry. A practical and 

reliable technique of zoning such data, requiring a single map only, 

would be of benefit to the geophysicist.

The advent of automated colour plotting of geophysical data in recent 

years has added a new dimension to interpretation. Although a colour 

plot does not retain all the information of a contour map, certain 

aspects are much better defined. The delineation of regional trends in 

the geology and the recognition of subtle changes in radiochemistry are 

facilitated by the use of colour plotting. The method is also far more 

objective than conventional radiometric zoning.

The computer program SPECMAP was developed, in cooperation with Dr. R. 

C. Bailey, University of Toronto and Dataplotting Services Inc., to plot 

three radioelement gamma-ray spectrometer data on a single, colour map 

using an Applicon colour plotter. The program is based on the 

elementary principle of combining the three primary colours (red, green 

and blue). Each of the three radioelements (U, Th, K) is assigned a 

specific primary colour. At a particular data point, the intensity of 

each of the three colours is scaled according to the response of the 

respective radioelement. The three distinct colours are combined in 3-D 

colour space and plotted at the location of the data point (Figure 7). 

In this manner, a colour map will show the relative distribution of 

radioelements at any one point and their overall intensity.
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A geological unit that possesses an anomalously high response in one 

radioelernent will appear on the plot as a particular colour. A 

different unit that is deficient in the same radioelement will be 

plotted as a different colour. For the situation where two units 

possess the same ratio of radioelements but different overall 

intensities, the program will produce the same colour, with one unit 

appearing brighter than the other. By processing and plotting the 

results of a survey using this program, the interpreter produces a final 

map which may be zoned according to colour, intensity and texture.

The Applicon colour plotter uses three ink jets, their colours being 

yellow, magenta and cyan. These are the three primary colours of 

pigmentation rather than those of the spectrum. The complements 

of these three colours are purple, green and orange respectively. 

Figure 8 shows the range of colour of the Applicon at a medium 

intensity level, as well as the assignments of the three radioelements 

to the ink colours. The radioelements may be assigned their colours 

by the "direct" or "reverse" methods. For the direct method, the ink 

colours (yellow, magenta or cyan) denote a high response for the 

assigned radioelement whereas the complement colours (purple, green 

and orange) signify the lowest response for that radioelement. For 

example, if a response at a given point were due entirely to uranium, 

the colour plotted would be cyan. Conversely, orange signifies the 

presence of thorium and potassium only, no uranium. Combining the
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three radioelements, the highest response areas are plotted as the 

darkest, the lowest response as the lightest. The assignments 

for colour and intensity are the opposite for the reverse method 

e.g. a light magenta indicates high values of uranium and thorium with 

little potassium response.

On the Applicon plotter, each of the three ink colours may be plotted at 

one of seventeen intensity levels, ranging from white (no colour) to 

full colour. Hence, there are 4913 different colour combinations 

available to the program. The radioelement responses at each data point 

are plotted in a pixel 0.8 mm square. Consesquently, the data must be 

gridded at a specific interval, depending on the map scale desired.

The satisfactory presentation of spectrometer data in contour form is 

particularly sensitive to levelling errors. Poor levelling of data is 

even more apparent on colour maps because of the conspicuous colour 

striping. This can occur very easily when more than one radiometric 

sensor is used on a survey and when spectrometer(s) is (are) not 

properly calibrated. It was found during testing and production use of 

SPECMAP that this technique reduces such levelling discrepancies when 

all three radiometric channels "drift" coherently. Once the data has 

been levelled satisfactorily, filtering/splining along the flight-lines 

is necessary to prevent streaking on the map perpendicular to the flight 

direction. This is especially important when the flight-line separation 

is much larger than the grid interval.
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The survey data input to the program is normalized to a window specified 

by the user for each of the three radioelements. All values lying 

outside these windows are set to the minimum or maximum. The entire 

dataset is then normalized (when intensity information is required) to 

determine the "brightness factor", so that the resultant map will show a 

distribution over the entire range of available colours. The user may 

specify two exponential factors that regulate the amount of colour and 

intensity variation on the map.

Initial testing was conducted on a dataset acquired by the G.S.C. in the 

Sharbot Lake, Ontario area. The data were processed and plotted, at 

1:50,000 and 1:200,000 scales, a number of times, varying the colour 

scales, exponential factors and using both the direct and reverse 

methods of colour assignment. Maps with both intensity and no-intensity 

(relative radioelement distribution only) information were produced. 

One result of this testing was to reduce the colour scale from seventeen 

to thirteen intensity levels by omitting the darkest four levels, as it 

is more difficult for the human eye to differentiate between dark 

colours than light colours.

The final map of the Sharbot Lake dataset was plotted using the reverse 

method of colour assignment (the highest response equivalent to the 

lightest colours). The exponential factors used increased the colour 

variation and reduced the intensity range. The resultant colour plot
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showed quite good correlation with the mapped geology. It was also 

apparent that for some rocks grouped as a single unit on the geology 

map, their radiometric signature varied across the area.

The second test dataset was measured by the G.S.C. in the Hearne Lake, 

N.W.T. area. It was chosen because of the relatively large amount of 

outcrop in the area. Figures 9, 10 and 11 show the corrected U, Th, and 

K intensity maps respectively, for the survey area. One can see a large 

variation in the anomalies from radioelement to radioelement. 

Conventional methods would require zoning of these three maps and most 

likely ratio maps as well, a cumbersome task.

The colour plotting program was first applied to the data without taking 

into account the intensity of the radioelement responses. The reverse 

method of colour assignment was used. In other words, a map that shows 

only the relative distribution of the three radioelements was produced 

(Figure 12). The reader should refer to Figure 8 to correlate colour 

with radioelement distribution. The map does not reflect intensity, 

except in the areas of the pure colours (yellow, magneta, cyan and 

white), where the response of one or more of the radioelements is 

greater than the upper bound of the corresponding normalization window.

The map shown in Figure 13 is the colour plot of the same area that 

includes the intensity information and is the final product of the
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program. The exponential factors discussed previously have been applied 

so as to enhance the colour variation and decrease the intensity 

variation. The light areas are those of highest radiometric response 

and the dark areas, lowest response. The bright colours indicate a 

significant response to one or two radioelements. Comparing this map to 

the previous map, one can see that little is lost in the colour but 

much is gained in the intensity information.

Figures 12 and 13 show not only the distribution and intensity colour 

plots, but also a simplified version of the G.S.C. mapped geology on the 

former and a typical zoned interpretation on the latter. There are both 

similarities and differences between the mapped geology and the zoning. 

The dark units marked L on the zoned map are lakes. Some of the other 

dark units may be the response to water (e.g. swamps) but this could not 

be definitely determined. Radiometric Unit A, rich in uranium and 

potassium, shows a good correspondence with geological Unit 11. Unit B, 

rich in uraniuim and thorium appears to correlate with Unit 1. Unit C 

and Unit 2 appear to be the same. The low response of Unit 2 would not 

have been apparent without the intensity information. Unit D is rich in 

thorium and potassium. It is mapped as both Units 4 and 9. Much of the 

rest of Unit 4 shows a medium potassium response, and is zoned as Unit 

E. It does not appear that the boundaries between the a and b 

components of Unit 4 can be determined by their radiometric signature. 

Unit F is a small uranium-rich body that is not delineated on the 

geology map. It could be a volcanic or intrusive feature or a zone of 

alteration.
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Unit G is a circular, potassium-rich structure mapped as part of Unit 9. 

However, the radiometric response suggests that it is its own distinct 

geological unit.

The SPECMAP technique of geologically zoning radiometric data is a 

significant improvement over conventional methods. The interpreter can 

perform his task much more quickly, without foregoing accuracy. A 

single colour map allows for correlation of similar radiometric units in 

different parts of a survey area. In the case of overburden attenuation 

of the radiometric signal, a reduction in intensity (darker) would be 

seen on the map. However, the colours would remain the same as the 

relative distribution of the radioelements would not be greatly 

affected. Correlation between radiometric zones and mapped geology 

suggest that this technique will aid the interpreter both to interpret 

lithology in un-mapped areas and/or to recognize litho-facies that do 

not show up on reconnaissance mapping. To date, this technique has been 

applied successfully to two large-scale, regional interpretations of 

radiometric data measured in West Africa.

Magnetic Interpretion (Susceptibility Mapping)

Maps of apparent magnetic susceptibility have been a standard product of 

the company since 1973 (Grant 1973) and have been used in the 

preparation of pseudo-lithology maps of many thousands of square km of 

magnetically surveyed terrain. Versions of the program have been used 

(for example Bambrick et al 1982 and Yunsheng et al 1982) to 

characterize the magnetic signatures of a variety of mineralized areas.
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All of these techniques have, to this date, involved operations such as 

downward continuation and reduction to the pole, all carried out, after 

Fourier transformation, in the wavenumber domain. All of them suffer 

from an assumption of uniform depth to the surface upon which the 

magnetic susceptibility is being calculated. In practice, as, for 

example, in the Hudson Bay or James Bay lowlands, the Precambrian 

basement can vary laterally from a few metres to several hundred metres 

in a distance of a few kilometres (Figure 14). By assuming a constant 

depth the calculated susceptibilities are not only incorrect but the 

patterns are badly distorted, leading to poor definition of unit 

boundaries.

A spatial domain procedure (SUSMAP) has been developed that permits a 

depth to be assigned to each grid point of an X-Y gridded data set. The 

magnetic susceptibility is varied iteratively at each point until the 

calculated field on the surface of measurement is equal to the measured 

field (Figure 15).

Initial attempts to apply the method were unsuccessful. Resolution was 

poor and short wavelength noise was severe. After experimenting with 

several field data sets, it was decided to work with synthetic fields 

over simple bodies. Figure 16 illustrates the results of tests over a 

single prism, before and after program modifications.



h variable

Figure 14 - Aeromagnetic survey over basement of varying depth.
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Figure 15 - Method of calculating magnetic susceptibility of
basement from a gridded set P (is, ij) at variable 
height (hi,j).
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The new program has been applied successfully to several sets of recent 

high resolution aeromagnetic data, including one over a major cratonic 

sedimentary basin. A portion of the total field data is illustrated in 

Figure 17. A regional depth to basement map (Figure 18) has been 

generated over the survey area using magnetic depths as calculated from 

the measured vertical magnetic gradient profiles (Reeves 1982). The 

depth within this portion of the survey area varies from 126 m to over 

800 m; the global minimum depth over the whole survey area was near the 

edge of the basin, a shallow 50 m. Initial susceptibility calculations 

were carried out using Fourier domain techniques, assuming a uniform 

basement depth of 50 m below ground surface (Figure 19). This 

continuation depth was selected in order to approach the basement 

surface and yet not unduly distort the shallower magnetic features. 

This initial susceptibility map has not shown the desired resolution of 

the deeper part of the basement, as evident in the region of the large 

anomaly in the centre of the figure. In order to obtain the required 

resolution, at depth, the susceptibility map would have to be calculated 

at a depth of at least 500 m below ground. If this was done throughout 

the area, shallow sources would be unduly amplified and badly distorted.

The solution to the problem lies in generating the susceptibility map on 

an uneven bedrock surface. Combining the total field map and the 

depth-to-basement map, a susceptibility map of the "true" basement 

surface may be generated (Figure 20), using the SUSMAP program.



Figure 17 - High resolution aeromagnetic survey over a major
cratonic basin. A base level of 61/000 nT has been 
removed. Contour interval 2 nT.
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Figure 18 - Basement depth contour map generated from calculated 
vertical magnetic gradient model depths. Contour 
interval 100 m. Depths measured below ground surface; 
flight elevation 150 m above ground surface.



Figure 19 - Apparent magnetic susceptibility map, assuming
basement depth of 5Q m below ground surface. Contour 
interval 200 x 10"6 emu.



Figure 20 - Variable depth susceptibility map calculated for
the basement surface defined in Figure 13. Contour 
interval 200 x 10~6 emu.
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The deeper regions of the area have been resolved to the same detail as 

the shallow regions, and magnetic signatures can be interpreted (Figure 

21) with more confidence across the sloping basement surface.

The underlying algorithm upon which the SUSMAP program is based 

superimposes a grid (Figure 15) having the same dimensions as the 

gridded data set upon the magnetic basement surface. Each cell of the 

grid represents the top of a square-ended, vertical-sided prism which is 

inductively magnetized in the earth's magnetic field. The magnetic 

susceptibilities of the prisms are calculated such that their aggregate 

magnetic field intensity or its vertical gradient matches the 

geomagnetic anomaly values (with the geomagnetic component removed) at 

all grid points of the data set. Since the inversion of very large 

matrices is impractical, the calculations are performed by successive 

approximation, using only the prisms contained within a "window" of a 

certain size surrounding the point at which the calculation is made. 

Special techniques are used for compensating the solutions for the 

finite window size, and for accelerating the convergence of the 

calculations in troublesome areas.

In making the calculations, the actual elevations of the prisms and the 

actual heights of the grid points (in other words, the actual vertical 

distances between the grid points and the magnetic basement surface) are 

used, so that the magnetic basement surface need no longer be assumed to 

have been acquired at a constant (barometric) elevation.
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This allows for the calculation of apparent susceptibilities on uneven 

surfaces, and by extension, for the continuation of magnetic fields 

between general surfaces.

Two application subroutines have been written as additions to the SUSMAP 

software. The algorithm of the subroutine GENER generates the total 

magnetic field, or its derivatives, on any general surface above the 

source surface. It facilitates the calculation of a constant barometric 

field from a recorded "drape" flown aeromagnetic survey, or vice-versa. 

The input values of susceptibility for each prism are those calculated 

by SUSMAP from the original recorded field.

The second application algorithm is a high frequency filter operator 

(HIFILT) that will be applied to the original total field data, before 

susceptibility values are calculated, in order to reduce the high 

frequency "noise" from sources shallower than the main magnetic basement 

that may cause incorrect values of susceptibility over individual grid 

cells. The "cut-off" point for the application of the filter is 

determined by comparing the actual second vertical derivative of the 

recorded field over a prism to the theoretical value for the second 

derivative for a prism at the given depth.

Vertical Magnetic Gradient Modelling

A computer model-fitting program was developed to optimally fit the 

parameters of simple 2-, 2\- and 3D models to airborne or ground 

measurements of vertical magnetic gradient. This procedure, an
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extension of the commpany's MAGMOD computer program (Reeves 1982), is 

now in routine service and has been available to industry users since 

1982 through Dataplotting Services Limited's public library. Figure 22 

illustrates the application to data in Northern Ontario.

The main advantages of modelling the gradient rather than (or in 

addition to) the total field include:

1) Gradient anomalies are sharper than total field anomalies and better 

resolved from the effects of adjacent bodies. There is therefore 

less distortion and a more accurate fit.

2) The base-level of the gradient anomaly is much easier to determine 

(one less degree of freedom).

The gradient modelling technique has now been introduced as a subroutine 

to the company's semi-automatic version of MAGMOD (Reeves ibid) which 

allows large numbers of anomalies, recorded digitally during a survey, 

to be processed sequentially. This program has been used on several 

projects including the interpretation of the Geological Survey of 

Canada's airborne gradiometer survey of the AECL East Bull Lake (RA-7) 

research area, from which the following examples are drawn.

Figure 23 is an area of the total field anomaly map and Figure 24 shows 

the same part of the vertical gradient anomaly map. Figure 25 shows the 

plan view of the models interpreted by analysis of this data. In total, 

over 200 anomalies were analysed in this way, and very good agreement
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Figure 23- Aeromagnetic survey. Total magnetic field contours. 
Height 150 ra. Line spacing 300 ra. Contour interval 
10 nT.



Figure 24 - Aeromagnetic survey (see Figure 5). Vertical
gradient contours. Contour interval 0.05 nT/m. A) c,
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between model parameters for the total field and vertical gradient 

interpretations was demonstrated. Figure 26 is the final geological 

interpretation of the same portion of the area, constructed with the aid 

of the modelling results.

The method is used also as the basis for preparing depth-to-basement 

maps as part of the process of mapping suceptibility on the basement 

surface (SUSMAP) described in the previous section.

Gravity Interpretation

Two new programs for interpreting gravity survey data were developed in 

conjunction with the Ontario Geological Survey during 1982. The first 

is for calculating bottom elevations of basin-like structures in which 

the density varies laterally. It is an extension of the conventional 

basin-fitting algorithm (fixed upper surface, variable lower surface) 

which allows each vertical prism to have a different density contrast. 

The second program calculates an apparent bedrock density down to given 

depth from gridded Bouguer gravity data, using Fourier domain 

operations. This algorithm, like the first, assumes that density varies 

laterally but not vertically.

Both of these programs were used in the interpretation of a large-scale 

gravity survey in central Ontario (Gupta fe Grant), 1982). It was 

demonstrated that because the densities of rocks are determined by their 

major component mineralogy, apparent density is particularly effective 

for mapping lithologies. In addition, the 3-D picture that was obtained
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by using a combination of apparent densities and actual measurements, 

(on more than 2800 samples), introduced an important new dimension to 

the structural interpretation of major intrusive bodies within the area.

A version of the method (DENS3D) has been used to interpret the struc 

ture of the gabbro-anorthosite intrusion at East Bull Lake (AECL RA-7). 

Figure 27 shows the depth to the base of the sill, calculated on a 500 m 

by 500 m grid using the results of detailed surface density measurement.

Personal Computer Software

The company has been applying the IBM Personal Computer to geophysical 

problems for the past two years, particularly for forward modelling and 

general processing of ground geophysical data. Some of the software has 

been developed under the ETDF program during the past year. It is 

written for the general manipulation of geophysical line data. A very 

simple standard text-file format is used for the data so that any 

typical text-file editor may be employed. This ensures compatibility 

between applications and utilities software, such as that for line 

plotting or filtering. All the software is now written in PASCAL.

Two data reduction programs have been developed. GRAVRED carries out 

the standard gravity reductions, including calculation of the tide 

corrections and the Bouguer anomaly. It will accommodate data measured 

on a local or regional (UTM) grid. TURAMCOR calculates the reduced 

ratio values and secondary field components for any Turam EM loop 

configuration. For processing purposes, the program SPLINE will spline 

profile data to a specified increment using either a cubic or Akima 

spline.
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A good deal of general purpose software has also been developed. 

PASGRAPH is a powerful, versatile and device-independent virtual 

graphics language to support PASCAL graphics on the IBM-PC and 

compatible systems. More than twenty-five graphics commands support 

windows, viewports, automatic scaling and many device characteristics.

The program GRAPHED plots any number of profiles from a standard line 

file onto the graphics screen. It allows for the creation of new 

profiles by the manipulation of existing profiles. PROJECT will project 

a given profile from its recorded X and Y coordinates onto a specified 

plane and is used in conjunction with 2-D modelling programs.

Under the ETDF program, a six-pen colour plotter, the MP1000 

manufactured by Watanabe Instruments Corporation, was purchased. Using 

the plotter's command language and PASGRAPH software, the program 

PLOTLINE was written on the IBM-PC to plot data of the standard 

line-data format in profile form. The program is menu-driven and 

provides the user with a number of options as to scale, size, colours, 

labels, symbols, number of profiles, etc. PLOTLINE has been adapted to 

automatically plot the results of magnetic and gravity inversion 

modelling (the MAGMOD and GRAMOD methods)computed on the mainframe.

Extensive software development is planned on the IBM-PC. It is expected 

that programs for the inversion of magnetic and gravity data, existing 

on the mainframe and written in FORTRAN, will be downloaded to the PC. 

Software to grid observed ground line data and to display it on the
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graphics screen as a colour plot will be written. A suite of 1-D 

frequency-domain and numerical filters to be applied to line data are 

being implemented. In addition, existing software will continue to be 

revised and improved. The company is in the process of making all of 

the above software available to the exploration community through a 

marketing program under the tradename GEOSOFT.

CONCLUSIONS

Computer software for geophysical interpretation has been successfully 

developed and tested for every field of study discussed in this report. 

Most of this software is currently available and utilized on a 

commercial basis. The remainder soon will be. The objectives that 

formed the basis of this ETDF grant have been met. Continued support of 

projects of this nature will help to keep Ontario's mineral exploration 

industry at the leading edge of the world market.

FUTURE PLANS

A new ETDF grant has been awarded to the company to further test, 

evaluate and demonstrate some of the above interpretation programs 

(GEMINV, SPECMAP and SUSMAP). Additional development will also be 

undertaken in the areas of inverse magnetic modelling and joint 

inversion of multiple datasets.

It is intended that the application (and limitations) of the 

newly-developed software will be fully determined and presented to the 

exploration community in the form of well-documented case histories.
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CONTINUOUS TWO-LAYER INVERSION OF

MULTI-COIL AEM DATA

Norman R. Paterson* 
R. N. Edwards 
Stephen W. Reford

1. STATE OF THE ART

Several multi-coil and/or multi-frequency AEM systems are

currently being operated world-wide. The systems record (Figure 1)

the secondary EM field as a proportion of the primary at

the receiver. This is good enough to indicate the presence

of discrete conductors (Figure 2).

TOWED BIRD 
SYSTEM

RIGID BOOM 
SYSTEM

FIGURE l

Also, the variation in background response can be used to 

map qualitatively the boundaries of more or less conductive 

formations (Figure 3).
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In recent years attempts have been made to derive a 

qualitative estimate of ground resistivity, based on a 

simple model of the earth. To date, as far as we know, 

these attempts have been limited to the half-space and thin 

sheet models. The former is a fair approximation, possibly, 

in the case of strongly weathered terrains. In glaciated 

areas the overburden more nearly approximates a thin sheet.

Helicopter AEM profile 
over shallow-dipping "ribbon" type 
conductor. (Courtesy Aerodat)
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Helicopter EH profile*, 
horizontal, coplanar aystem, 4022 Bs, 
dolomite-shale contact. Arctic Islands, 
NWT

ut*- -ii it 11 " "- li m

FIGURE 3

Pitcher et al (1980) showed how 3-frequency, coaxial TRIDEM 

data could be used to derive both half-space and thin sheet 

solutions over the Onakawana lignite deposits of N. Ontario 

(Figures 4 and 5).
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Palacky (1981) derived a half-space apparent conductivity 

map from INPUT profile data in Brazil (Figures 6 and 7), and 

from it interpreted the bedrock geology (Figure 8).
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Fraser (1978) demonstrated that single frequency, coaxial 

helicopter EM data could be used to obtain half-space apparent 

resistivity. By comparing the apparent depth (i.e. height) 

with the measured sensor height some indication of the fit of 

the model to the real earth could be obtained. Maps of half- 

space apparent resistivity (Figure 9) have become a standard 

product of DIGHEM Limited.

APPARENT RESISTIVITY 
HALF-SPACE MODEL

(ohm-metres)
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2. THE HALF-SPACE MODEL

The half-space apparent resistivity can be used, much in the 

same way as apparent resistivity in electrical and MT sounding, 

to eliminate (or reduce the effect of) system factors such as 

height and coil orientation. Lateral changes in apparent 

resistivity indicate anomalies in the model domain rather than 

in the measurement domain and can be interpreted by comparison 

with synthetic profiles over dipping sheets, contacts etc.

A layered earth is not easily interpreted from half-space 

apparent resistivity approximations. Lateral changes can be 

caused by variations in either the resistivity or the thickness 

of a shallow layer. Sharp anomalies due to underlying bedrock 

conductors are often indistinguishable from narrow bedrock 

depressions filled with conductive overburden.

A correct knowledge of the resistivity and thickness of a 

depth-limited surface layer would be of great value in:

(1) groundwater, environmental and engineering studies;

(2) correctly interpreting and planning follow-up of 

AEM surveys for base metal exploration;

(3) geologic mapping in weathered terrain.

3. OPTIMIZATION USING MULTIPLE DATA SETS

Three and four frequency (six or eight component) AEM systems

are now common. At least four Canadian contractors operate

helicopter systems based on Geonics or Geotech rigid boom

equipment
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A common configuration, used by Aerodat Limited, has two 

vertical coaxial coil pairs and one horizontal, coplanar coil 

pair, all operating at different frequencies

By simultaneously inverting all six data sets (three in-phase, 

three quadrature) it should be possible to:

(1) obtain solutions for up to six unknown parameters;

(2) obtain better approximations to simple models with 

two or three unknowns;

(3) extend the range of model parameters determinable

by the system; 

and, most importantly,

(4) derive sufficient information on the physics of the 

problem that the solution can be assessed critically 

in terms of how well it is determined and how each 

of the model parameters affects the solution.

4. EIGENSOLUTION ANALYSIS

It was decided to approach the inversion problem by the route

of eigenvector decomposition. Edwards et al (1981) showed how

this method, based on earlier work by Wiggins (1972) allows

the inherent ambiguities of the model-fitting procedure to

be described in a more physical way than by a simple statement

of the errors in the model parameters.



A
Given a set of measured data, d^, d2 .....etc. which are assumed 

to be functions of a combination of a number of model parameters 

p., p2 .....etc. a decomposed model is derived (Figure 13), 

involving a new set of eigendata and eigenparameters - linear 

combinations of the original data and the individual model 

parameters. Fractional changes in the eigendata are related to 

fractional changes in the eigenparameters through a linear 

combination of a set of partial derivatives.

EIGENFUNCTION ANALYSIS

ANY GIVEN MODEL

d| " P| (Pi i Pt -... Pu ) 
where d,, d2 .... etc. art DATA points 
end p,, pt ....etc. ore layer PARAMETERS (tor/*)

LINEARIZATION

8d, " a,, 8p, -t- al2 8p2 .... etc. 
8d2 * o2,8p, -f o^Spj .... etc. 
etc. 

where a,,, aa .... etc. are computed PARTIAL DERIVATIVES

DECOMPOSED MODEL FIGU

8d, * Q) Sp,
8d2 * Oj 8p~2
etc.

where d, , d 2 . ... etc. ore linear combinations of d,, d 2 .... etc( 
and p, i p 2 ... .etc. are linear combinations of p,, p2 ... .etci 
the Independent EIGENDATA and EIGENPARAMETERS

APPLICATION
GIVEN fractional measurement errors in d ( , d 2 ....etCi 

WE FIND fractional errors in the INDEPENDENT p,, p,...etc

PHYSICS

IDENTIFY the significance of p, , p2 .... etc.

The properties of these eigenparameters are such that the effects 

of fractional changes in the individual model parameters on the 

measured data are independent of one another and can therefore be 

identified and determined.
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For example, given a Schlumberger resistivity sounding in 

which each data point is assigned an experimental error 

(Figure 14) , a solution can be derived by one-dimensional 

inversion (Figure 15). An analysis of the eigenparamenters 

for this solution (Figure 16) shows which are the most 

significant model parameters contributing to each eigenparameter 

and, through the standard error, to what extent errors in the 

data result in fractional errors in that model parameter. In 

this example it is evident that only in the uppermost layer 

can thickness and resistivity be determined separately. In 

layer two only conductivity-thickness is determinable within 

an error range of -52%.
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It is also an important property of the eigenparameters that in 

the inversion process the model parameters having the greatest 

effect on the data are fitted first. Parameters having little 

importance in the solution are given little weight or are 

ignored completely depending upon the tolerances assigned. Thus a 

rapid convergence is effected even when one or more of the model 

parameters is poorly determined.

5. TWO-LAYER INVERSION

A program has been developed, using eigenvector decomposition

and a fast forward AEM solution (in the frequency domain) , to

determine three parameters of a two-layer earth. The program

is written to accept data of any frequency and coil separation

for a variety of coil geometrics. The model parameters determined

are:

(1) depth to the layer;

(2) resistivity of the layer;

(3) thickness of the layer.



The resistivity of the underlying half-space is assumed to be 

constant and is given a value at least 100 times the expected 

resistivity of the layer.

Because, in certain limiting cases, only the conductivity-thickne s 

(conductance) is determinable, this parameter is also listed.

The program records the complete statistics of the eigensolution 

analysis, for each data point, so that the solution can be 

critically assessed. In addition, the variance between the 

observed and fitted data values is listed, together with the 

number of iterations involved in the inversion process. ~

For continuous (profile) data the program takes as its starting 

model parameters the fitted values from the previous point on 

the profile. Optional constraints are available to deal with 

negative in phase values over magnetic bedrock and situations 

where the layer becomes too thin to respond and the half-space 

resistivity is a more meaningful parameter.

Base-levelling the raw data is perhaps the most critical problem 

None of the existing systems is free from long term drift and 

none at present has a means of calibration. Contractors use a 

combination of high-altitude and network adjustments; but,most 

frequently, the levelling is done by inspection .of the analogue 

records.
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fi
The inversion program, since it tries to fit all of the observed 

data, is quite forgiving of base-level errors. Furthermore, 

an incorrectly assumed base-level will usually result in a 

large variance, so corrections can be applied based on improving 

the average goodness of fit.

The program, currently operating on a VAX 11/780 computer, takes
\

approximately one second per inversion. This translates, at 

commercial computer rates, to a cost of between $1.00 and $2.00 

per km at a data density of approximately 50 m along the profile.

The most serious problem facing the program at present is the 

inherent ambiguity of AEM data when, because of the model or an 

insufficiently measured response, the solution is poorly determined 

by the available data. The following example illustrates this 

difficulty.

6. WEDGE TEST

A wedge-shaped layer of resistivity 100 ohm-m overlies a half- 

space of resistivity 10,000 ohm-m. A three-coil rigid boom sensor 

is carried at 30 m above the layer. Responses at 945, 4022 and 

5465 Hz (Figure 17) show increasing in-phase amplitudes as the 

layer thickens to 100 m; the quadrature responses at the higher 

frequencies peak towards the thin end. In this test experimental 

errors of 0.2 to 10.0 ppm were assumed.
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The two-layer program was run from both the thick and thin ends 

(Figures 18 and 19), with rather similar results:

(1) up to a thickness of about 40 m the conductivity- 

thickness product is fairly accurate but the fitted 

resistivity is strongly biased by the starting 

parameters;

(2) at the thick end, allowing depth to vary has resulted 

in the model being lowered up to 15 m below the ground 

surface, with the result that its fitted resistivity 

is also lowered;

(3) where the layer thickness exceeds the skin depth at

the middle frequency (56 m) thickness is a very poorly 

determined parameter; the program tends to hold the 

thickness constant and adjust the resistivity and depth;

(4) the fitted and measured data agree in general to better 

than Q.1%.
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A listing of the results is illustrated in summary form in Figure 

20. The physical significance of the results can be seen better 

in the complete listings at the thick and thin ends of the wedge 

(Figures 21 and 22). At the thick end the eigenparameter matrix 

shows no clear separation of height from resistivity or thickness 

and the conductivity-thickness product is likewise poorly 

determined. At the thin end the height is slightly better 

separated from resistivity but neither resistivity nor thickness 

can be determined individually.
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LINE NUMBER 2 POINT NUMBER 3
CAMERA FID. -90.00000

INPUT &ATA
FREQUENCY INFHASE ERROR QUADRATURE
945.0000 3.2000000E-06 2 . OOOOOOOE-07 l . 7400000E-05
4022.000 9.7400COOE-OS 4 . 9999999E-06 2. 2260001E-04
5465.000 3.4599998E-03 2 . OOOOOOOE-06 6.7499997E-05

1

STARTING MODEL
HEIGHT OF SENSOR ABOVE LAYER 35.79743
LAYER RESISTIVITY 60.79765
LAYER THICKNESS 39.93568

*
CONVERGENCE ON r RED ICTED ( TOLA ) DECREASE

TWO -LAYER
MODEL

ERROR
1.0000000E-C6
9.9999997E-06
3.SOOOOOOE-06

THE FINAL INVtRSE PARAMETERS (MODEL) ACTUAL VALUES
DEPTH TO TOP OF LAYER* 5.420925 DEPTH * 0
LAYER RESISTIVITY- 59.58488 RESISTIVITY " WO FTfTTRF 91 
LAYER THICKNESS- 37.93842 THICKNESS * 90 J-VJUXVC. ^ J.
CONDUCTIVITY-THICKNESS PRODUCT -' 0.6367123 GTP

THE FIT OF THE ORIGINAL DATA TO THE MODEL
FREQUENCY INPHASE MODEL QUADRATURE

945.000 0.3200000E-05 0.3218S16E-OS 0. 1740000E-04
4022.000 0.9740000E-04 0.9S20408E-04 0.2226000E-03
5465.000 0.3460000E-04 0 . 3545726E-04 0.67SOOOOE-04

NUMBER OF ITERATIONS - 7
THE SUM OF SQUARES ERROR OF THE DATA - 1 .3632397E-03

ENTRY TO STATISTICS SECTION

THE 3 PARAMETER EIGENVECTORS
EIGPARH D (LOG H ) D (LOG RHO) 0(UOG 0) STD ERR

0 1 0.7773 0.5729 -0.2600 0.1283E-01
0 2 -0.3966 0.5402 -0.5935 0.3822E-01
0 3 0.1996 -0.6163 -0.7617 0.2883E+GO

LINE NUMBER 2 POINT NUMBER 18
CAMERA FID. -15.00000

INPUT DATA
FREQUENCY INPHASE ERROR QUADRATURE
945.0000 4. OOOOOOOE-07 2. OOOOOOOE-07 8.8000006E-06
4022.000 1 .9899999E-OS 4.9999999E-06 1 . 4080001E-04
5465.000 B.3000004E-06 2. OOOOOOOE-06 4 . 7099998E-05

STARTING MODEL
HEIGHT OF SENSOR ABOVE LAYER 31.18722
LAYER RESISTIVITY 65.82921
LAYER THICKNESS 11.30120

CONVERGENCE ON PREDICTED ( TOLA ) DECREASE

THE FINAL INVERSE PARAMETERS (MODEL)
DEPTH TO TOP OF LAYER* -0.1454372
LAYER RESISTIVITY- 74.91619
LAYER THICKNESS- 10.26655
CONDUCTIVITY-THICKNESS PRODUCT * 0.1370405

THE FIT OF THE ORIGINAL DATA TO THE MODEL
FREQUENCY INPHASE MODEL QUADRATURE
945.000 0.4000000E-06 0.3257844E-06 0 . 8800001E-05

4022.000 0. 1990000E-04 0.2042548E-04 0 . 1408000E-03
5465.000 O.S300000E-05 0.8S15090E-OS 0. 4710000E-04

NUMBER OF ITERATIONS - 6
THE SUM OF SQUARES ERROR OF THE DATA * 2 . 0413232E-03

ENTRY TO STATISTICS SECTION

THE 3 PARAMETER EIGENVECTORS
EIGPARM D(LOG H ) DfLOG RHO". D(LOG D) STD ERR

0 1 0.8127 0.4634 -0.3534 0.2272E-01
0 2 -0.3717 0.5164 -0.6376 G.l349EfOO
0 3 0.1130 -0.7202 -0.6843 0.4961E + 0""

•0.9

MODEL SUM. 30. ERROR
0.1726193E-04 0 . 393693 IE-02
0.2224381E-03 0. 4S310SBE-02
0.678S3S7E-04 0 . 61 12715E-02

TWO - LAYER
MODEL

ERROR
1. OOOOOOOE-06
9.9999997E-06
3.SOOOOOOE-06

FIGURE 22

ACTUAL VALUES
DEPTH * Q
RESISTIVITY * IOO
THICKNESS * 19
GTP * 0.15

MODEL SUM. SO. ERROR
0.8689296E-03 0. 7364895E-02
0.1424842E-03 0 . 6203646E-02
0.4663960E-04 0 . 531261 IE-02



A half-space inversion was done on the same set of synthetic 

data (Figure 23) for comparison purposes. With the height 

unconstrained the program tends to raise the layer and the 

resistivity but obtain a remarkably good fit to the data 

considering the nature of the model. By constraining the 

height to - 1(^ of the measured altitude the fitted resistivity 

is much closer to the real model, increasing, as expected, where 

the layer thins out and the influence of the half-space is 

greater. The variance in this case is relatively large.

WEDGE TEST
x - Model fitted values (right to left) 

HALF-SPACE MODEL
p -IOOil-m 
H -30m

199 ZO5 212 224 241. 269 SOS 375 5O7

Depth unconstrained

IO5 106 lOeT 109 137 154 165 236
\ \jprn
Upper il-m

IO.OOO H-m

Depth constrained to 
surface ± 3 m

x——x——x

*—x—x— x—x

Depth constrained

Depth unconstrained
-X^x^x———x——— X———X ———x- x——x——x——x-

IOOO 600 600 40O

FIGURE 23

200 o m
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The EM data, after preliminary levelling (Figure 24) , are 

typical of a conductive area; discrete anomalies could be 

caused either by sharp irregularities in a conductive surface 

layer or by bedrock conductors.

A two-layer inversion (Figure 24) shows a layer of low resistivity 

buried up to several tens of metres below the ground, the base 

of which is very poorly determined by the data along most of 

the profile. Discrete anomalies result in spikes on the 

conductance and depth prof iles , indicating that the model is 

locally poorly fitted to the data. Variance averages about 8%.

The height-constrained half -space solution (Figure 24) shows 

much higher resistivities and a variance in excess of

Half-space inversions with height unconstrained (Figure 25) 

appear to offer the best solutions to the problem when only two 

frequencies (four data sets) are available. With the base-levels 

unadjusted the depth and resistivity profiles are not unlike 

those of the two-layer model (Figure 24) but are probably more 

realistic quantitatively. Inspection of the data suggested that 

the rather large apparent depths were the result of incorrect 

levelling (levels picked too high) and the program was re-run 

after an an adjustment of up to 10 ppm at the higher frequency. 

A marked improvement was noted in the variance (upper profile) and 

the depth and resistivity appear more reasonable. The eigensolution 

suggests that both parameters are generally well determined.
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8. CONCLUSIONS .

An inversion method has been developed that shows some promise 

for dealing with the problem of the layered earth on routine 

AEM surveys.

The special feature of the method is that where ambiguities 

exist in the solutions, it is usually possible to identify them 

physically and quantify them.

Testing has shown that the measurement aperture of existing 

systems should be increased in order to reduce the ambiguities 

and to provide better resolution.

Work on this problem is continuing, with financial support from 

the Ontario Government's Exploration Technology Development Fund

Toronto, May 10, 1982
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NEW DEVELOPMENT OF COMPUTER SOFTWARE

FOR GEOPHYSICAL INTERPRETATION

Reford, Stephen W. and Paterson, N. R.

Paterson, Grant and Watson Limited

1. INTRODUCTION

The methods and instrumentation of the geophysical industry are 

continually improving. To keep pace with the increased accuracy and 

resolution of survey data, the exploration geophysicist requires more 

sophisticated computer software for interpretation if he is to 

properly address his first priority: finding new deposits. To this 

end, we have developed software applicable to three exploration 

methods: electromagnetic (both airborne and ground), airborne 

magnetics, and airborne gamma-ray spectrometry.

Two programs for the inversion of E.M. data have been developed, 

AEMINV for airborne systems and GEMINV for ground systems. The two 

programs are similar in many respects. One fundamental difference, 

however, lies in their forward models. AEMINV will invert to a 

halfspace or two-layered earth. GEMINV will invert to an n-layered 

earth. As a result, each program requires a different method of 

integration, of which the more accurate and costly is necessary for 

GEMINV.

The program SUSMAP has been developed to aid in the interpretation of 

airborne magnetic data. This program will calculate a grid of 

magnetic susceptibility values, due to sources (prisms) at specified 

varying depths, from a grid of magnetic data (total or vertical 

gradient). This program may be used to "continue" the magnetic field 

and its derivatives onto any prescribed surface in space.
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The program SPECMAP has been developed as the basis of a technique for 

the geological zoning of three-channel airborne gamma-ray spectrometer 

data. A single colour map is plotted, showing the relative 

distribution and intensity of the three radioelements, each of which 

has been assigned an ink colour. The resulting map can be zoned 

according to colour and texture of the response.

Of the four programs, AEMINV, SUSMAP and SPECMAP have been used on a 

production basis. GEMINV is still in the development and testing 

stage. All four are written in FORTRAN-77 and are operational on a 

VAX 11/780.

We would like to acknowledge the Ontario Geological Survey and its 

Exploration Technology Development Fund. The O.G.S. has made 

significant contributions to all four of the computer programs 

discussed here. We would also like to thank Dataplotting Services 

Inc. for their help in the development of the SPECMAP program.

1. INVERSION METHODS FOR MULTI-CHANNEL AIRBORNE AND GROUND E.M. DATA 

Two computer programs have been developed, in conjunction with Dr. 

Edwards at the University of Toronto, to invert E.M. data to a layered 

earth model. The first program, AEMINV, processes airborne E.M. data 

and the second, GEMINV, ground data. The structures of the two 

programs are similar in many respects. The forward model of the 

airborne E.M. inversion is restricted to a halfspace or two-layered 

earth (Figure 1). The number of layers for the model earth of the 

ground E.M. inversion is unrestricted (Figure 2).



- 3 -

The airborne inversion program will process data comprising three or 

more inphase and/or quadrature amplitudes on a continuous basis. The 

forward solution will accommodate a variety of coil configurations so 

that data from any rigid-boom system may be processed. The inversion 

will derive the following model parameters: 1) the apparent depth to 

the top of the upper layer or halfspace, 2) the apparent resistivity 

of the upper layer or halfspace and, 3) the apparent thickness of the 

upper layer (two-layer model only).

The program for inversion of multi-channel ground E.M. data will 

accept data measured by any transmitter-receiver configuration, both 

large and small loop. The forward model is an n-layer earth, where 

each layer is specified by three parameters: resistivity, thickness 

and magnetic permeability. The n'th layer is a halfspace. For a 

given inversion, some of these parameters may be held fixed while the 

others are fitted. A general rule of thumb requires that for m 

parameters to be fitted, m 2 pieces of data (two pieces per channel) 

are needed.

The input and output routines for both programs are similar. The 

specifications of the coil configurations as well as initial values 

for the model parameters are entered. Some or none of these 

parameters may be held fixed while the remaining are fitted through 

the inversion process. Eigenfunction analysis is then used to 

determine the reliabililty of these fitted parameters. Both programs 

require a good deal of care in setting the base levels of the data 

before processing commences.
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Eigenfunction analysis, summarized in Figure 3, allows the inherent 

ambiguities of the model-fitting procedure to be described in a more 

physical way than by a simple statement of the errors in the model 

parameters.

Given a set of measured data, d , d .....etc. which are assumed to be 

functions of a combination of a number of model parameters p., p^ 

.....etc. a decomposed model is derived, involving a new set of 

eigendata and eigenparameters - linear combinations of the original 

data and the individual model parameters. Fractional changes in the 

eigendata are related to fractional changes in the eigenparameters 

through a linear combination of a set of partial derivatives.

The properties of these eigenparameters are such that the effects of 

fractional changes in the individual model parameters on the measured 

data are independent of one another and can therefore be identified 

and determined.

An example of eigenfunction analysis for a Schlumberger resistivity 

sounding is given in Figure 4. It shows which are the most 

significant model parameters contributing to each eigenparameter and, 

through the standard error, to what extent errors in the data result 

in fractional errors in that model parameter. In this example, it is 

evident that only in layer l can the thickness and resistivity be 

determined separately. The conductivity-thickness product of layer 2 

is also well-determined. The remaining parameters are not so 

reliable.
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It is also an important property of the eigenparameters that in the 

inversion process, the model parameters having the greatest effect on 

the data are fitted first. Parameters having little importance in the 

solution are given little weight or are ignored completely, depending 

upon the tolerances assigned. Thus, a rapid convergence is effected 

even when one or more of the model parameters is poorly determined.

The ground E.M. program usually has more pieces of data input, 

therefore allowing a greater number of layers in the forward model 

than the airborne E.M. program. Hence, the ground program requires a 

more accurate method of integration for inversion and, in turn, more 

accurate determination of Bessel functions. This serves to increase 

the computer time required per inversion over its airborne 

counterpart. However, this cost increase is offset because the 

processing of a typical ground E.M. survey would require many fewer 

inversions than an average airborne E.M. survey. Typical CPU time on 

a VAX 11/780 computer would be l second for airborne data and 30 

seconds for ground data, per inversion. Once the ground E.M. program 

has been sufficiently developed to process survey data on a continuous 

basis, the CPU time will be greatly reduced.

Figure 5 shows a typical result of AEMINV processing in the form of 

stacked profiles for a flightline. The top four profiles refer to 

inversion using the two-layer model. The variance reflects the fit 

between the observed and calculated E.M. response. The conductivity- 

thickness product, depth (and thickness) and resistivity are all
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fitted parameters of the model. The variance and resistivity are 

also plotted for the halfspace model. The measured E.M. and magnetic 

response are plotted on the bottom three profiles. A parameter that 

is well-determined throughout a survey area may be gridded and 

contoured as a further aid to interpretation (Figure 6).

An example of a test of GEMINV is illustrated in Figures 7 and 8. The 

first layer thickness of 114 m compares to a value of approximately 

85 m obtained from a seismic section of the same line. Eigenfunction 

analysis of this test shows that the magnetic permeability is the 

best-determined parameter, with both the resistivity and thickness 

only slightly less reliable.

Both programs will aid the interpreter in distinguishing between 

bedrock conductors and changes in overburden thickness or resistivity. 

They can also be used for overburden depth mapping and hydrogeology 

studies, for a variety of exploration and engineering applications. 

Any available drillhole or other information, geological and/or 

geophysical, should be integrated with the inversion processing. Any 

model parameters already measured can be fixed during inversion, 

thereby allowing more accurate determination of the unknown 

parameters.

The airborne E.M. inversion program has been used on a production 

basis for over a year. The ground E.M. inversion program is a more 

recent development and it is still in the final testing stages, using 

data ranging from MAXMIN to TURAM surveys.
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3. SPACE DOMAIN MAGNETIC SUSCEPTIBILITY MAPPING

Maps of apparent magnetic susceptibility often make a significant 

contribution to the interpretation of airborne magnetic data. 

Conventional susceptility mapping methods involve such operations as   

downward continuation and reduction to the pole, all conducted, after 

Fourier transformation, in the wavenumber domain. The magnetic 

sources are assumed to lie at a uniform depth. This assumption is 

not valid in many survey areas, where the depth to the Precambrian 

basement may vary laterally on the order of hundreds of meters (Figure

9). In such cases, the calculated susceptibilities are incorrect and 

the patterns on the map are distorted, leading to poor definition of 

unit boundaries.

To alleviate the above-mentioned problem, we have developed a method 

(SUSMAP) whereby the susceptibility is calculated at a basement 

surface that varies in depth. Each cell in a grid of total field or 

vertical gradient data is assigned a square-ended, vertical-sided 

prism, which is inductively magnetized in the earth's field (Figure

10). SUSMAP requires that a grid of depths to the tops of the prisms 

be specified. Such a grid may be generated from geological and/or 

drillhole information, and/or the inversion of discrete magnetic 

anomalies. Initial susceptibility values for each prism are obtained 

by implementing Fourier domain susceptibility calculations. This 

involves reducing the magnetic field to the pole and continuing 

downward to a level roughly equivalent to the highest elevation on the 

magnetic basement surface. The values for each prism are then
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fine-tuned individually until the difference between its calculated 

and observed magnetic fields falls within a specified tolerance. The 

calculated magnetic field at each prism includes the contribution of 

adjacent prisms.

Figure 11 shows an example of total field data measured over a major 

cratonic sedimentary basin. A depth-to-source grid (Figure 12) was 

created through the inversion of selected anomalies. The grid of the 

initial susceptibility values was calculated at a uniform basement 

depth of 50 m below ground surface. The map (Figure 13) shows poor 

resolution, especially where the basement is deeper. Calculation of 

susceptibility at a deeper surface, 500 m below ground for example, 

would certainly improve the map in the area of the large anomaly. 

However, the shallow sources would appear greatly amplified and 

distorted.

Using the grid of depth values (Figure 12), the final susceptibility 

map (Figure 14) was generated using SUSMAP. ^The anomalies on this map 

are much more well-defined, and the maps appearance is cleaner and 

smoother. The most noticeable improvement is in the area of the 

deepest sources. The resolution does not suffer when compared to the 

shallow regions. As expected, the calculated values for 

suceptibility in the deep area are much higher than those on the 

previous map.

Figure 15 shows the geological interpretation, derived in part from 

the final susceptibility map of the test area. Such a detailed 

interpretation could not have been obtained using conventional 

susceptibility mapping techniques.
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The SUSMAP technique of mapping susceptibility at a variable 

depth-to-source shows considerably better definition in comparison 

with the previous methods of mapping to a level surface. The 

technique does not assume that the magnetic field is measured on a 

horizontal plane. Hence, the method may be extended to allow for the 

continuation of the field from any one specified surface to another. 

For example, the magnetic response measured on a drape-flown 

aeromagnetic survey could be regenerated at a constant barometric 

height, or vice-versa.

4. COLOUR PLOTTING OF THREE RADIOELEMENT GAMMA-RAY SPECTROMETER DATA 

Historically, the interpretation of multi-channel gamma-ray 

spectrometer survey data has required the study of a number of contour 

maps, which include maps of the intensities of each individual 

radioelement, the total count and ratios of the radioelements. 

Geologically zoning such data can be a tedious and time-consuming 

task. The more subtle, but perhaps quite important, geological 

features could easily be missed. A variety of zoning methods have 

been studied, the use of cluster analysis for example. However, such 

methods require much hands-on intervention by the geophysicist. To 

our knowledge, none have been judged to be particularly useful by the 

exploration industry. A practical and reliable technique of zoning 

such data, requiring a single map only, would be of benefit to the 

geophysicist.
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The advent of automated colour plotting of geophysical data in recent 

years has added a new dimension to interpretation. Although a colour 

plot does not retain all the information of a contour map, certain 

aspects are much better defined. The delineation of regional trends 

in the geology and the correlation of geological units in different 

locations is facilitated by the use of colour plotting.

The computer program SPECMAP was developed, in conjunction with 

Dr. R. C. Bailey, University of Toronto, to plot three radioelement 

gamma-ray spetrometer data on a single, colour map using an Applicon 

colour plotter. The program is based on the elementary principle of 

combining the three primary colours (red, green and blue). Each of 

the three radioelements (U, Th, K) is assigned a specific primary 

colour. At a particular data point, the intensity of each of the 

three colours is scaled according to the response of the respective 

radioelement. The three distinct colours are combined in 3-D colour 

space and plotted at the location of the data point (Figure 16). In 

this manner, a colour map will show the relative distribution of 

radioelements at any one point and their overall intensity.

A geological unit that possesses an anomalously high response in one 

radioelement will appear on the plot as a particular colour. A 

different unit that is deficient in the same radioelement will be 

plotted as a different colour. For the situation where two units 

possess the same ratio of radioelements but different overall 

intensities the program will produce the same colour, with one unit
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appearing brighter than the other. By processing and plotting the 

results of a survey using this program, the interpreter produces a 

final map which may be zoned according to colour, intensity and 

texture.

The Applicon colour plotter uses three ink jets, their colours being 

yellow, magenta and cyan. These are the three primary colours of 

pigmentation rather than those of the spectrum. The compliments of 

these three colours are purple, green and orange respectively. Figure 

17 shows the range of colour of the Applicon at a medium intensity 

level, as well as the assignments of the three radioelements to the 

ink colours. The radioelements have been assigned their colours by 

the "reverse" method, that is, the ink colours (yellow, magenta or 

cyan) denote a lack of response for the assigned radioelement whereas 

the complement colours (purple, green and orange) signify the highest 

response for that radioelement. For example, if a response at a given 

point were due entirely to uranium, the colour plotted would be 

orange. Conversely, cyan signifies the presence of thorium and 

potassium only, no uranium.

SPECMAP was initially tested using a dataset from the Sharbot Lake, 

Ontario area. A number of colour combinations and orientations were 

studied to determine how one might obtain a map with the best colour 

variations so as to facilitate zoning. The best maps were found to be 

produced by assigning the high response to the high intensity (light) 

colours and the low-response to the low-intensity (dark)
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colours. The darkest intensity levels have been omitted as it is 

difficult for the human eye to differentiate between colours at these 

levels. Two exponential factors have been introduced so that the user 

may adjust the brightness and intensities of the colours to produce 

the optimum map. In the case of processing a large survey, the 

geophysicist may want to select a test area to determine the best 

colour appearance before proceeding.

The second test dataset was measured in the Hearne Lake, N.W.T. area. 

It was chosen to be the subject of a case study due to the large 

amount of outcrop in the area. Figures 18, 19 and 20 show the 

corrected U, Th, and K intensity maps respectively, for the survey 

area. One can see a large variation in the anomalies from 

radioelement to radioelement. Conventional methods would require 

zoning of these three maps and most likely ratio maps as well, a 

cumbersome task.

The colour plotting program was first applied to the data without 

taking into account the intensity of the radioelement responses. In 

other words, a map that shows only the relative distribution of the 

three radioelements was produced (Figure 21). The reader should refer 

to Figure 23 to correlate colour with radioelement distribution. The 

map does not reflect intensity, except in the areas of the pure 

colours (yellow, magenta, cyan and white), where the response of one 

or more of the radioelements is greater than the upper bound of the 

corresponding normalization window.
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The map shown in Figure 22 is the colour plot of the same area that 

includes the intensity information and is the final product of the 

program. The exponential factors discussed previously have been 

applied so as to enhance the colour variation and decrease the 

intensity variation. The light areas are those of highest radiometric 

response and the dark areas, lowest response. The bright colours 

indicate a significant response to one or two radioelements. 

Comparing this map to the previous map, one can see that little is 

lost in the colour but much is gained in the intensity information.

Figures 24 and 25 show the same map with the addition of a simplified 

version of the G.S.C. mapped geology to the former and a typical zoned 

interpretation to the latter. The reader should refer to Figure 23 to 

correlate the colours with the radioelements. There are both 

similarities and differences between the mapped geology and the 

zoning. The dark units marked L on the zoned map are lakes. Some of 

the other dark units may be the response to water but this could not 

be definitely determined. Radiometric Unit A, rich in uraniumand 

potassiuim, shows a good correspondence with geological Unit 11. Unit 

B, rich in uranium and thorium appears to correlate with Unit 1. Unit 

C and Unit 2 appear to be the same. The low response of Unit 2 would 

not have been apparent without the intensity information. Unit D is 

rich in thorium and potassium* It is mapped as both Units 4 and 9. 

Much of the rest of Unit 4 shows a medium potassium response, and is 

zoned as Unit E. It does not appear that the boundaries between the a 

and b components of Unit 4 can be determined by their radiometric 

signature. Unit F is a small uranium-rich body that is not delineated 

on the geology map. This may be a volcanic intrusive.
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Unit G is a circular, potassium-rich structure mapped as part of Unit 

9. However, the radiometric response suggests that it is its own 

distinct geological unit.

The SPECMAP technique of geologically zoning radiometric data is a 

significant improvement over conventional methods. The interpreteter 

can perform his task much more quickly, without foregoing accuracy. A 

single colour map allows for correlation of similar radiometric units 

in different parts of a survey area. In the case of overburden 

attenuation of the radiometric signal, a reduction in intensity 

(darker) would be seen on the map. However, the colours would remain 

the same as the relative distribution of the radioelements would not 

be affected. Correlation between radiometric zones and mapped geology 

suggest that this technique will aid the interpreter both to interpret 

lithology in un-mapped areas and/or to recognize litho-facies that do 

not show up on reconnaissance mapping.

5. CONCLUSIONS

Four computer software techniques have been developed to aid the 

geophysicist in interpretation: AEMINV and GEMINV for the inversion 

of multi-channel airborne and ground (respectively) E.M. data to a 

layered earth model, SUSMAP for the mapping of magnetic susceptibility 

in the space domain, and SPECMAP for the colour mapping of three 

radioelement gamma-ray spectrometer data. All four techniques are 

significant improvements or additions to existing interpretation 

methods. At present, all but GEMINV are being used on a production 

basis. It should attain the same status in the- near future.
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Note: Figures 17 to 25 were all created on the Applicon colour 

plotter. They have not been included here due to the 

expense of reproduction. Should you be interested in a 

copy of these figures (no charge), please contact:

Stephen Reford

Paterson, Grant and Watson Limited

111 Richmond Street West, Suite 1214

Toronto, Ontario

M5H 2G4

Telephone: (416) 868-0888
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h variable

Figure 9 - Aeromagnetic survey over basement of varying depth.



y 5

Figure 10 - Method of calculating magnetic susceptibility of
basement from a gridded set P (is, ij) at variable 
height (hi,j) .



Figure 11 - High resolution aeromagnetic survey over a major
cratonic basin. A base level of 61,000 nT has been 
removed. Contour interval 2 nT.
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Figure 12 - Basement depth contour map generated from calculated 
vertical magnetic gradient model depths. Contour 
interval 100 m. Depths measured below ground surface; 
flight elevation 150 m above ground surface.



Figure 13 - Apparent magnetic susceptibility map, assuming
basement depth of 50 m below ground surface. Contour 
interval 200 x 10~6 emu.



Figure 14 - Variable depth susceptibility map calculated for
the basement surface defined in Figure 13. Contour 
interval 200 x 10~6 emu.
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Figure 15 - Geological interpretation of variable depth suscep 
tibility map.
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Ternary Colour Plotting of Three Radioelement Spectrometer Data
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D. J. Misener, S. W. Reford, Paterson, Grant and Watson Limited 
R. C. Bailey, University of Toronto 
M. Holroyd, Dataplotting Services Inc.

The interpretation of multi-channel gamma-ray spectrometer survey 
data has required the study of a number of contour maps, which 
include maps of the intensities of each individual radioelement 
(K, U, Th), the total count, and the ratios of the radioelements. 
Geological zoning of such data can be a tedious and time consuming 
task. The more subtle, but perhaps quite important, geological 
features could easily be missed. A variety of zoning methods, 
including cluster analyses, have been suggested; however, such 
methods require much intervention by the geophysicist. We have 
developed and tested a practical and reliable technique of zoning 
such data, requiring a single map.

The advent of automated colour plotting of geophysical data in 
recent years has added a new dimension to interpretation. The 
colour plot may not retain all the information of the contour map; 
however, certain aspects are much better defined. The delineation 
of regional trends in the geology and the correlation of geological 
units in different locations is facilitated by the use of colour 
plotting. The computer program, SPECMAP, was developed as a joint 
research project between Paterson, Grant and Watson Ltd., 
Dataplotting Services Inc., and the University of Toronto, to plot 
three radioelement gamma-ray spectrometer data on a single colour 
map using the Applicon colour plotter.

The program is based on the elementary principle of combining the 
three primary colours (red, yellow and blue). Each of the three 
radioelements (K, U, Th) is assigned a specific primary colour. At 
a particular data point, the intensity of each of the three colours 
is scaled according to the response of the respective radioelement. 
The three distinct colours are combined in three dimensional colour 
space and plotted at the location of the data point. In this 
manner, a colour map will show the relative distribution of 
radioelements at any one point and their overall intensity. A 
geological unit that possesses an anomalously high response in one 
radioelement will appear on the plot as a particular colour. A 
different unit that is deficient in the same radioelement will be 
plotted as a different colour. For the situation where two units 
possess the same ratio of radioeleraents but different overall 
intensities, the program will produce the same colour, with one 
unit appearing brighter than the other. By processsing and 
plotting the results of a survey using this program, the 
interpreter produces a final map which may be zoned according to 
colour, intensity and texture.

The Applicon colour plotter uses three ink jets, their colour being 
yellow, magenta and cyan. These are the three primary colours of 
pigmentation rather than those of the spectrum. The 
compliments of these three colours on the ternary diagram are
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purple, green and orange respectively. The possible assignments of 
the three radioelements to both the "direct" and "inverse" colour 
schemes are shown on Figures 1A and IB. In the direct mode, the 
ink colours (yellow, magenta or cyan) denote the highest response 
for the assigned radioelement whereas the compliment, or inverse, 
colours (purple, green and orange) signify a lack of that 
radioelement. For example, if a response at a point were solely 
due to uranium, the colour plotted would be magenta, conversely, 
green signifies the presence of thorium and potassium only, no 
uranium.

mo
______________ Cyan

(Ul, ^^ 
Magenta/____Pun**_____^ Cyan

Yellow

Figure 1A: Direct ternary plot Figure IB: Inverse, or complimentary 
colour scheme ternary plot colour scheme

Two colour scaling parameters have been incorporated in the colour 
scaling algorithm. The resulting colour scaling function has the 
following properties:

i) Increasing only one radioelement activity will increase
only the corresponding primary colour intensity. 

ii) Multiplying all radioelement activities by C^ , Oy ,
by a common factor will change only the brightness o* 
the plotted colour and has the following, relatively 
simple, form:

where at - Ldt , where dt are desired reference 
compositions.

The two scaling parameters L and p have quite different effects on 
the colour scaling. Increasing L simply reduces the brightness of 
the plotted colours, without changing the colour balance. It moves 
the data points directly towards the origin in three dimensional 
 colour space as illustrated on Figure 2. Point positions on the 
ternary colour diagram do not change.



Th

Figure 2: Effect of changing colour scaling parameter L

Increasing p, on the other hand moves points on the ternary diagram 
away from the center, towards the corners, as shown on Figure 3.

Yefow

Mogentn

Increasing p

Orange

Cyan
Purple

Figure 3: Effect of changing colour scaling parameter p on a direct 
ternary plot colour scheme

Increasing p is therefore a device for making the data points use 
the entire range of available colours. The scaling strategy is 
therefore as follows: adjust p until the data points fill the 
ternary diagram as uniformly as possible, then adjust L from its 
initial value of 1.0 to bring the majority of the dataset within 
the legal hexadron (defined by K, U, Th, white and black and 
illustrated in Figure 4) without altering the colour balance of the 
points.
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VARIABLE DEPTH SPACE DOMAIN MAGNETIC SUSCEPTIBILITY MAPPING

D. J. Misener, F. S. Grant, Paterson, Grant and Watson Ltd. 
P. Walker,University of Toronto

Maps of apparent magnetic susceptibility often make a significant 
contribution to the interpretation of airborne magnetic data. 
Conventional susceptibility mapping methods involve such operations 
as downward continuation and reduction to the pole, all conducted, 
after Fourier transformation, in the wavenumber domain. The 
magnetic sources are assumed to lie at a uniform depth. This 
assumption is not valid in many survey areas, where the depth to 
the Precambrian basement may vary laterally on the order of 
hundreds of meters. In such cases, the calculated susceptibilities 
are incorrect and the patterns on the map are distorted, leading to 
poor definition of unit boundaries.

To alleviate the above-mentioned problem, we have developed a 
method whereby the susceptibility is calculated at a basement 
surface that varies in depth. Each cell in a grid of total field 
or vertical gradient data is assigned a square-ended, 
vertical-sided prism, which is inductively magnetized in the 
earth's field. The program requires that a grid of depths to the 
tops of the prisms be specified. Such a grid may be generated from 
geological and/or drillhole information, and/or the inversion of 
discrete magnetic anomalies. Initial susceptibility values for 
each prism may be obtained by implementing Fourier domain 
susceptibility calculations. This involves reducing the magnetic 
field to the pole and continuing downward to a level roughly 
equivalent to the highest elevation on the magnetic basement 
surface. The values for each prism are then fine tuned 
individually until the difference between its calculated and 
observed magnetic fields falls within a specified tolerance. The 
calculated magnetic field at each prism includes the contribution 
of adjacent prisms.

The problem is linearized by neglecting the interaction of the 
prisms with each other. This assumption is usually good for most 
geological conditions, with a notable exception being iron 
formations. The model is further simplified by assuming that the 
prisms have no remanent magnetization. These assumptions allow us 
to assume that the magnetization vector in each prism is constant 
and parallel to the inducing field of the earth. The magnitude of 
the magnetization in each prism becomes proportional to the 
susceptibility of that prism.

The field from which the susceptibility distribution must be 
calculated is a synthesis of the fields of the magnetization 
induced in each prism and of the earth's magnetic field. The 
earth's field is stripped from the total field by subtracting the 
IGRF. The remaining residual field is assumed to be solely from 
the induced magnetization in the prisms and this is the field that 
is used to derive prism susceptibilities.
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Because the problem has been linearized, it can be formulated as a 
set of linear equations in which a vector of susceptibilities is 
multiplied by a matrix to generate a residual field. The elements 
of the matrix consist of the fields that prisms of unit 
susceptibility generate at the field grid points. These elements 
can be calculated using the formulae of Bhattacharyya (1964). In 
principle, it would be possible to calculate the susceptibility 
vector by invoking Gaussian elimination and back substitution. 
However, since a typical problem has 105 unknowns, this method of 
solution is not tractable and an iterative technique is employed.

In the iterative solution, the susceptibilities of the prisms are 
changed successively until a satisfactory match between the 
residual field and the field synthesized from the prisms is 
attained. Only prisms lying within a window are considered to 
contribute to the field. This window is centered on the prism 
whose susceptibility is being changed, and is chosen to be large 
enough to include the effect of nearby variations in susceptibility 
on the residual field.

The susceptibility of a prism is improved by subtracting the field 
generated by prisms lying in the window from the residual field. 
This difference is found at the grid point where the central prism 
has the largest contribution. (This point depends on the 
inclination and declination of the field and the prism depth.) 
Since the prism at the center of the window is not the only one to 
contribute to the difference in the field, the difference is 
multiplied by the ratio of the field from the central prism to the 
field of the window. This adjusted difference is then divided by 
the inducing field and added to the existing estimate of the 
susceptibility to yield an improved estimate. By repeating this 
procedure for all of the prisms in the grid, successive 
improvements in the estimate of susceptibility can be generated 
until a good match between the measured and synthesized fields is 
obtained.

Because the prisms can lie at variable depths, the size of the 
window is defined at the solid angle subtended from the field point 
to the source level rather than by using a window size defined in 
grid cells. By doing so the fractional contribution to the 
residual field of the prisms in the window to the total 
contribution of the magnetized earth is kept roughly constant. For 
a surface of constant succeptibility at a magnetic latitude of 90 
degrees, this fraction is constant because the prisms become polar 
sources.

In practice, the field grid is reduced to the magnetic pole and is 
continued downward to highest prism prior to using this algorithm. 
Downward continuation makes the window smaller, because the window 
size is defined by the solid angle subtended from the field point.

This improves run time significantly as the number of operations 
used by the algorithm is proportional to the square of the window 
size. Reduction to the pole makes the contribution of the prisms 
surrounding the window symmetric. Prisms then have their maximum 
contributions to the fields at the field points directly above 
them.
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Figure 1 - High resolution aeromagnetic survey over a major
cratonic basin. A base level of 61,000 nT has been 
removed. Contour interval 2 nT.

Figure l shows an example of total field data measured over a major 
cratonic sedimentary basin. A depth-to-source grid (Figure 2) was 
created through the inversion of selected anomalies. The grid of 
the initial susceptibility values was calculated at a uniform 
basement depth of 50 m below ground surface.

Figure 2 - Basement depth contour map generated from calculated 
vertical magnetic gradient model depths. Contour 
interval 100 m. Depths measured below ground surface; 
flight elevation 150 ra above ground surface.



The map (Figure 3) shows poor resolution, especially where the 
basement is deeper. Calculation of susceptibility at a deeper surface, 
500 m below ground for example, would certainly improve the map 
in the area of the large anomaly. However, the shallow sources 
would appear greatly amplified and distorted.

Figure 3 - Apparent magnetic susceptibility map, assuming
basement depth of 50 m below ground surface. Contour 
interval 200 x 10~6 emu.

Figure 4 - Variable depth susceptibility map calculated for
the basement surface defined in Figure 13. Contour 
interval 200 x 10~6 emu.



Using the grid of depth values the final susceptibility map 
(Figure 4) was generated using the variable depth susceptibilty 
program. The anomalies on this map are much more well-defined, and 
the maps appearance is cleaner and smoother. The most noticeable 
improvement is in the area of the deepest sources. The resolution 
does not suffer when compared to the shallow regions. As expected, 
the calculated values for susceptibility in the deep area are much 
higher than those on the previous map.

GEOPHYSICAL LEGEND- Moqnctfc Facto
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Figure 5 - Geological Interpretation of variable depth suscep 
tibility map.

Figure 5 shows the geological interpretation, derived in part from 
the final suscseptibility map of the test area. Such a detailed 
interpretation could not have been obtained using conventional 
susceptibility mapping techniques.

The technique of mapping susceptibility at a variable 
depth-to-source shows considerably better definition in comparison 
with the previous methods of mapping to a level survace. The 
techique does not assume that the magnetic field is measured on a 
horizontal plane. Hence, the method may be extended to allow for 
the continuation of the field from any one specified surface to 
another. For example, the magnetic response measured on a 
drape-flown aeromagnetic survey could be regenerated at a constant 
barometric height, or vice-versa.
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