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FOREWORD 

The papers in this volume were presented at a workshop 
organized by the Geological Survey of Canada and 
held on 2-3 October 1985 at Camsell Hall in Ottawa. 
Despite the fact that it was not advertised, the meeting 
attracted 150 participants from 14 countries, and in
cluded most of the world's experts on airborne re
sistivity mapping. 

The workshop consisted of four sessions: at the 
first, introductory papers and contributions defining the 
concept of resistivity mapping were presented. The first 
airborne electromagnetic systems were developed as 
tools for prospecting for massive sulphide deposits, 
and attempts are being made to broaden their applica
tion. Advanced systems are now capable of producing 
maps of apparent resistivity or in some cases even 
resistivity sections. The second session was dedicated 
to new systems, already in operation or in the final 
stages of development, and to novel applications as 
seen from the contractor's perspective. The third ses
sion focused on non-traditional applications, this time 
from the point of view of users. A panel discussion, 
providing an excellent view of the current state of the 
industry, formed the final session. 

The workshop took place at a critical time for the 
airborne geophysics industry. The demand for services 
is down, mostly because of a slowdown in mineral 
exploration, and new applications have not yet been 
widely accepted by potential users. Therefore, a sub
stantial effort, not only by contractors but also by other 
organizations, is needed to further develop and pro
mote new applications. Until now Canadian companies 
have enjoyed a virtual monopoly on airborne elec
tromagnetic surveys, and have carried out over 80% of 
such surveys worldwide. It is hoped that the application 
of the technicalities described in this volume will en
able Canada to stay in the forefront of airborne re
sistivity mapping. 

AVANT-PROPOS 

Les textes du present volume ont ete presentes a un atelier organise 
par Ia Commission geologique du Canada qui s'est tenu les 2 et 3 
octobre 1985 ala salle Camsell a Ottawa. Meme si aucune publicite 
n'a ete faite, la reunion a attire 150 participants de 14 pays dont 
la plupart sont des specialistes mondiaux de !eves aeriens de 
resistivite. 

L'atelier etait divise en quatre sessions : la premiere comportait 
des communications definissant le concept de leves de resistivite. 
Les premiers systemes electromagnetiques aeroportes ont ete mis 
au point pour faire la prospection des gisements de sulfure massif et 
certains essais visent a etendre leur application. Des systemes 
elabores sont actuellement capables de produire des cartes de 
resistivite apparentes et, dans certains cas, des coupes de resistivite 
uniforme. La deuxieme session a ere consacree aux nouveaux 
systemes, ayant deja atteint le stade de !'exploitation ou les der
nieres etapes de la mise au point, ainsi qu'aux nouvelles applica
tions telles que per~ues par les entrepreneurs. La troisieme session a 
porte sur les applications non classiques, cette fois du point de vue 
de l'utilisateur. Enfin, la derniere session qui a consiste en une 
reunion-debat a permis d'obtenir un excellent aper~u de la situation 
actuelle de l'industrie. 

Cet atelier a eu lieu a un moment crucial pour l'industrie de Ia 
geophysique aerienne. Les demandes de services sont faibles, 
situation qui est en grande partie attribuable au ralentissement de 
!'exploration rninerale et au fait que de nouvelles applications n'ont 
pas encore ere largement acceptees par les utilisateurs potentiels. 
Par consequent, il faudra que non seulement les entrepreneurs mais 
egalement d'autres organismes prennent des mesures importantes 
pour elaborer et promouvoir de nouvelles applications. Jusqu'a 
maintenant, les societes canadiennes possedaient le monopole des 
!eves electromagnetiques aeriens' ayant realise plus de 80 % de ces 
!eves a travers le monde. II reste a esperer que !'application des 
details techniques d'ecrits dans le present volume permettra au 
Canada de demeurer a l'avant-garde des !eves aeriens de resistivite. 
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OPENING REMARKS 

A.G. Darnleyl 
Geological Survey of Canada 

The purpose of this workshop is to examine the options for 
systematic resistivity mapping, examine the present state
of-the-art, identify any necessary or desirable improve
ments, and summarize the reasons why such surveys are 
scientifically and economically important. This work
shop, whilst marking a new beginning, also provides me 
with the opportunity to pay tribute to Len Collett's work 
over the past 25 years in establishing the Geological 
Survey of Canada's involvement and reputation in elec
trical methods. 

It is significant that at a time when there is a general 
shortage of customers for airborne electromagnetic 
(AEM) surveys so many people in the industry should 
think it worthwhile to come to this meeting. Unfortunately 
there are no plans at present to launch a major government 
program involving airborne resistivity mapping in the near 
future. Any move to introduce airborne resistivity surveys 
could only be at the expense of the other methods cur
rently being provided to satisfy various established needs. 
Since 1984 there has been a marked increase in the amount 
of government sponsored airborne survey work in Canada, 
compensating to some degree for the worldwide decrease 
in demand by the exploration industry. This work has been 
financed through a number of short term special programs 
including federal-provincial Mineral Development Agree
ments, the Frontier Geoscience and Offshore Bilateral 
Boundaries programs. In 1985 these have resulted in aero
magnetic gradiometer surveys in six provinces, involving 
both fixed-wing and helicopter work, and the extension of 
standard aeromagnetic surveys into far offshore areas. 
Also a limited amount of airborne gamma-ray spectrome
try is being funded. 

In the interests of economy and effectiveness I believe 
that the most likely means of introducing airborne re
sistivity surveys into the program of national systematic 
mapping will be as a component of a multiparameter 
survey system. The value of multi parameter airborne map
ping has been well demonstrated in Finland and Sweden 
for a number of years, and I think we in Canada should 
learn from and build on their experience, which has been 
well documented. 

Over the past two decades it has become increasingly 
obvious that it is not sufficient for geophysical and geo
chemical surveys to be limited to finding anomalies. 
Whilst anomalies will always attract the attention of any
one concerned with mineral exploration, anomalies form a -
very small percentage of the available information. The 
main mass of physical and chemical data should be used to 
map the geological environment in quantitative terms. 
There is a great need to use geophysics and geochemistry 
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INTRODUCTION 

A.G. Darnleyl 
Commission geologique du Canada 

Le but de cet atelier est d'examiner Ies options qui s'offrent en 
matiere de cartographie systematique par resistivite, de faire le 
point sur Ia technologie actuelle en ce domaine, de determiner 
les ameliorations necessaires ou souhaitables et de resumer les 
raisons pour lesquelles les !eves de ce type sont scientifiquement 
et economiquement importants. Tout en constituant un nouveau 
depart, cet atelier me fournit !'occasion de rendre hommage au 
travail qu'a accompli Len Collett depuis 25 ans pour etablir Ia 
presence de Ia Commission geologique du Canada dans le 
secteur des methodes electriques et asseoir Ia reputation de Ia 
Commission en cedomaine. 

A un moment .ou l'on constate une penurie ~enerale 
d'usagers pour les !eves electromagnetiques aeriens (EMA), il 
est significatif que tant de representants de l'industrie aientjuge 
utile de venir a cette reunion. Malheureusement, on ne prevoit 
pour l'immediat aucun programme gouvernemental important 
comportant des travaux aeriens de cartographie par resistivite. 
L' introduction de !eves de ce genre dans un programme donne ne 
pourrait se faire qu'aux depens d'autres methodes actuellement 
appliquees pour repondre a divers besoins determines. Depuis 
1984, le nombre de !eves aeriens patronnes par l'Etat est en 
hausse marquee au Canada, ce qui compense jusqu'a un certain 
point Ia baisse mondiale de Ia demande emanant de l'industrie 
d'exploration. Ces travaux sont finances dans le cadre de pro
grammes speciaux a court terme, notamment les ententes fede
raux-provinciaux de mise en valeur des mineraux, Ie programme 
geoscientifique des regions pionnieres et le programme de !eves 
dans les zones frontieres au large des cotes. En 1985, ces 
programmes ont donne lieu a Ia realisation de I eves magnetiques 
par gradiometre aeroporte et heliporte dans six provinces, en 
meme temps qu'on etendait les !eves aeromagnetiques tradition
nels a des zones en mer. On realise aussi un nombre limite de 
travaux de spectometrie aerienne par rayons gamma. 

Pour des raisons d'economie et d'efficacite, je crois que 
!'insertion de travaux de !eves aeriens par resistivire dans le 
programme de cartographie systematique nationale se fera pro
bablement dans le cadre de !eves multiparametriques. La valeur 
de Ia cartographie aerienne multiparametrique est bien etablie en 
Finlande et en Suede depuis plusieurs annees et je crois que nous 
devrions, au Canada, tirer profit de !'experience de ces pays, qui 
est bien documentee, et Ia perfectionner. 

Depuis deux decennies, on se rend compte de plus en plus 
que les !eves geophysiques et geochimiques ne doivent pas se 
limiter a la detection des anomalies. Certes, les anomalies at
tireront toujours !'attention de quiconque s'interesse a !'explora
tion des mineraux, mais elles forment un tres petit pourcentage 
des donnees disponibles. La grande masse des donnees physi
ques et chimiques devrait servir a cartographier l'environnement 
geologique en termes quantitatifs. Un grand besoin existe d'utili
ser Ia geophysique et Ia geochimie pour obtenir des parametres 
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to provide objective discriminating parameters for map
ping overburden and bedrock on a systematic basis. Effec
tive mineral exploration is undertaken in the context of 
comprehensive geological exploration, and knowledge of 
geology should not be limited to what can be deduced 
from chance outcrops. Our target for the future should be 
to produce geoscientific maps, the reliability of which is 
not drastically controlled by the degree of visible bedrock 
exposure. This can only be done by recognizing 
lithologies and structures from their characteristic phys
ical and chemical properties and by delineating discon
tinuities in these properties. In parallel with obtaining 
lithological and structural information about bedrock it is, 
of course, of great practical importance to have compre
hensive information about the overburden which conceals 
the bedrock. Resistivity mapping can contribute substan
tially to the solution of these problems as part of a multi
parameter system. 

Canada is many times larger than Finland and Sweden 
where systematic multiparameter airborne mapping is in 
routine use. Even with enlightened and generous funding, 
multiparameter airborne mapping in Canada will neces
sarily have to be very selective in terms of areas to be 
covered, and it will require many decades to complete. It 
will entail the use of many different sets of instrumenta
tion. Note that the aeromagnetic mapping of Canada has 
been in progress for almost 40 years, and is still in
complete! In order to allow systematic compilation and 
comparison of data it is essential that there are established 
and generally accepted units of measurement, reference 
standards and calibration procedures. This does not, and 
must not, preclude the steady improvement of techniques, 
depth of penetration, spatial resolution and sensitivity. A 
metre is a metre irrespective of whether it is measured with 
a tape or a laser beam. The fact that on one occasion a 
measurement is determined within ± 10% whilst on an
other occasion it is determined to ±0.0001% does not 
imply that a common unit of measurement cannot be used. 
The adoption of standardized reporting formats will make 
it obvious which are the most sensitive and consistent 
measurement systems, and this is advantageous in the 
development and selection of new equipment. Once it is 
acknowledged that what many exploration geophysicists 
have dismissed as geological background noise is in fact 
useful information, then the necessity to adopt rigorous 
and consistent quantitative procedures becomes apparent. 
Airborne resistivity mapping entails advancing from the 
past where different AEM instrumentation systems have 
presented data in different formats , each format based on 
some arbitrary, ill-defined and difficult to reproduce 
datum. 

Approximately 70% of Canada is presently covered by 
systematic aeromagnetic surveys, 25% by systematic radi
ometric, and 15% by systematic geochemical surveys. The 
establishment of standard procedures with respect to each 
of these methods has played a major part in establishing 
their validity and maximizing their usefulness. This sys
tematization has not only benefitted Canada, it has also 
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objectifs pour cartographier le mort-terrain et la roche en place 
de fa~on systematique. Pour etre efficace, !'exploration des mi
neraux doit se faire dans le cadre d'une exploration geologique 
etendue et la connaissance geologique ne devrait pas se limiter a 
ce qu'on peut dectuire des affleurements observes ~a et la. Notre 
objectif devrait etre de produire des cartes geoscientifiques dont 
la fiabilite ne tienne pas essentiellement au degre d'exposition de 
la roche en place visible. On ne pourra y arriver que par un 
inventaire des donnees petrographiques et des structures' a partir 
de leurs proprieres physiques et chimiques caracreristiques et en 
determinant les elements de discontinuite de ces proprietes. 
Parallelement a Ia connaissance de Ia lithologie et de structure 
sur la roche en place, il est naturellement d'une grande valeur 
pratique de disposer de donnees completes sur le mort-terrain 
qui cache la roche en place. La cartographie par resistivite peut 
contribuer substantiellement a Ia solution de ces problemes dans 
le cadre d'un systeme a plusieurs parametres. 

Le Canada a une superficie plusieurs fois plus etendue que 
celles de Ia Finlande ou de Ia Suede, pays qui pratiquent sys
tematiquement Ia cartographie aerienne a plusieurs parametres. 
Meme avec des fonds genereux et judicieusement employes, Ia 
cartographie aeroportee a plusieurs parametres devra necessaire
ment s'operer d'une maniere tres selective au Canada et il faudra 
bien des decennies pour Ia mener a bonne fin. Elle exigera 
l'emploi d'un grand nombre d'instruments divers. On ne doit pas 
oublier que Ia cartographie aeromagnetique du Canada se pour
suit de puis pres de 40 ans et qu'elle n'est pas encore terminee! La 
compilation et Ia comparaison systematique des donnees exige 
absolument la definition d'unites de mesures, de normes de 
reference et de procedes de calibration communement admis. 
Cela n'empeche pas et ne doit pas empecher d'ameliorer cons
tamment les techniques, Ia profondeur de penetration, Ia resolu
tion spatiale et Ia sensibilite. Un metre demeure un metre, qu'on 
le mesure avec un ruban ou avec un rayon laser. Le fait qu'une 
mesure soit, dans un cas, determinee avec une precision de ±1 
p.cent et, dans un autre, avec une precision de ±0.0001 p.cent, 
n'empeche pas l'emploi d'une unite de mesure commune. L'uni
formisation de la presentation des rapports permettra de voir 
clairement quels sont les systemes de mesurage les plus sensi
bles et les plus coherents, ce qui facilitera Ia mise au point de 
nouveaux instruments et la selection du materiel. Des lors qu'on 
admet comme donnees utiles ce que bien des geophysiciens 
d'exploration ecartaient comme bruits de fond geologiques, la 
necessite d'adopter des procedes quantitatifs rigoureux et uni
formes s'impose. La cartographie aerienne par resistivite sup
pose qu'on doit depasser l'epoque ou differents systemes d'in
strumentation EMA presentaient des donnees sous des formes 
diverses, chaque forme etant basee sur un element de donnee 
arbitraire, mal defini et difficile a reproduire. 

Environ 70 p. 100 du Canada a faitjusqu'ici !'objet de !eves 
aeromagnetiques, 25 p. 100, de !eves radiometriques et 15 p. 
100, de !eves geochimiques systematiques. L'etablissement de 
procectes normalises pour chacune de ces methodes a grande
ment contribue a etablir leur validite eta maximiser leur utilite. 
Cette systematisation n'a profite qu'au Canada; elle a egalement 
encourage !'adoption de la cartographie quantitative systemati
que dans d'autres pays. En revanche, Ia cartographie EMA ne 
couvre pas plus de 2 p. 100 du territoire canadien actuellement et 



encouraged the adoption of systematic quantitative map
ping in other co~ntries. In contrast, the present AEM 
coverage does not exceed 1% of the area of Canada, and it 
has been largely directed towards the detection of massive 
sulphides, in other words, anomaly seeking. Because of 
the costs involved it is unlikely that systematic airborne 
resistivity mapping, either on its own or as part of a 
multiparameter system, will be applied to more than 10 or 
15% of the area of Canada in this century. Even this 
represents a large volume of work, sufficient to provide the 
airborne survey industry with business for many seasons 
into the future. This workshop is intended to bring us a 
step closer towards placing resistivity measurements on 
the map of Canada in a systematic and cost-effective 
manner. 

elle porte en grande partie sur la detection des sulfures massifs, 
autrement dit sur la detection d'anomalies. Vu les couts en cause, 
il est peu probable que la cartographie aerienne systematique par 
resistivite, realisee d'une fa~on autonome ou dans le cadre d'un 
systeme multiparametrique, couvrira plus de 10 ou 15 p. 100 de la 
superficie du Canada d' ici la fin du siecle. Cela represente 
neammoins un gros volume de travail, suiffisant pour tenir 
occupee l'industrie des leves aeriens pendant bien des saisons. 
Le present atelier vise a nous rapprocher un peu plus de l'objectif 
consistant a inscrire les mesures de la resistivite sur la carte du 
Canada d'une maniere systematique et efficace. 
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AIRBORNE ELECTROMAGNETICS 
AT CROSSROADS 

G.J. Palacky1 

Geological Survey of Canada 

The first airborne electromagnetic (AEM) systems 
were developed in the 1950s in Canada. Their early 
development is treated by Collett in this volume. AEM 
surveys proved successful as a fast and cost-effective 
method of mineral exploration, particularly for vol
canogenic massive suphides. 

In the 1970s, the technique was increasingly ap
plied outside Canada, where near surface conditions 
were unlike those encountered in the Canadian Pre
cambrian Shield. Instead of the generally thin and 
rather resistive glacial cover typical of the Canadian 
Shield (with the notable exception of the Abitibi clay 
belt), the weathered layer was often thick and highly 
conductive. For example, in Australia, where many 
AEM surveys were flown at that time, the thickness of 
the weathered layer often exceeds 100m. AEM surveys 
were less effective in such environments and alternate 
exploration techniques were applied. 

Studies in several tropical countries, particularly 
Brazil, have shown that weathered layers forming over 
certain rock types produce characteristic AEM re
sponses. This discovery resulted in the increased use of 
AEM techniques for geological mapping. Several types 
of mineral deposits are formed by weathering (lateritic 
nickel, manganese, gold, tin, bauxite, phosphates) and 
AEM techniques can be effectively used in their pro
specting. 

Other new applications of AEM techniques that are 
discussed in this volume include: groundwater explora
tion (identification of freshwater-saltwater interface), 
coal and lignite prospecting, mapping of hydrothermal 
alteration zones and lineaments, prospecting for kim
berlites, geotechnical studies, agricultural investiga
tions (salinization in irrigated areas), and offshore ma
rine surveying (bathymetric charting). Even though 
these new applications of AEM techniques appear suc
cessful, the acceptance of EM as an exploration tool 
has so far been limited outside the mining community. 

With the reduction of spending on mineral explora
tion, AEM activities have declined substantially in the 
Western world since 1981. Historically, Canadian con
tractors have carried out between 70 and 90% of AEM 
surveys in free-market and developing countries and 
because many of these contractors derive a substantial 
portion of their revenue from AEM surveying, the 
impact of the recent decline on the geophysical indus
try has been considerable. Based on data from annual 
Society of Exploration Geophysists (SEG) geophysical 
activity reports, Figure I shows two periods of high 
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OU EN SONT LES SYSTEMES 
ELECTROMAGNETIQUES 

G .J. Palacky 1 

Commission geologique du Canada 

Les premieres systemes electromagnetiques aeroportes CEMA) ont 
ete mis au point au cours des annees 1950 au Canada. Leurs debuts 
sont presentes par Collett dans le present volume. Les leves EMA se 
sont reveles un moyen rapide et rentable d'exploration des mine
raux, en particulier dans le cas des sulfures massifs volcanogeni
ques. 

Au cours des annees 1970, cette technique a ete de plus en plus 
appliquee a I'etranger, en des endroits ou les conditions super
ficielles etaient differentes de celles du Bouclier precambrien cana
dien. Au lieu de la couche glaciaire generalement mince et de haute 
resistivite qu'on trouve communement dans le Bouclier canadien (a 
I' exception notable de la zone d'argile de !'Abitibi), la zone d'altera
tion etait souvent epaisse et hautement conductrice. Ainsi, en 
Australie, ou il se faisant beaucoup de I eves EMA a cette epoque, la 
zone d'alteration depassait souvent 100 m d'epaisseur. Les !eves 
EMA etaient moins efficaces dans ces environnements et on appli
qua d'autres techniques d'exploration. 

Des etudes realisees dans plusieurs pays tropicaux, en particu
lier au Bresil, ont montre que les zones d'alteration formees sur 
certains types de roches produisaient des reponses EMA caracteris
tiques. Cette constatation a entraine un usage accru des techniques 
EMA pour la cartographie geologique. Plusieurs types de gise
ments de mineraux se forment par alteration (nickel lateritique, 
manganese, or, etain, bauxite, phosphates) et on peut utiliser avec 
efficacite les techniques EMA pour leur prospection. 

Le present volume porte sur d'autres applications des techni
ques EMA, notamment dans les domaines suivants : prospection 
des nappes d'eau souterraines (determination de I' interface entre les 
eaux douces et Ies eaux salees ), prospection du charbon et du 
lignite, cartographie des zones d'alteration hydrothermale et des 
lineaments,, prospection des kimberlites, etudes geotechniques, 
enquetes agricoles (salinite des zones irriguees) et !eves au large des 
cotes maritimes (cartographie bathymetrique). Quoique ces nou
velles applications des techniques EMA se revelent fructueuses, 
!'acceptation des systemes EM comme instruments de prospection 
est encore restreinte, en dehors du secteur minier. 

Parallelement a la diminution des depenses de prospection des 
mineraux, les activites EMA ont ftechi substantiellement dans Ie 
monde occidental depuis 1981. Par le passe, les entrepreneurs 
canadiens realisaient de 70 a 90 p. 100 des !eves EMA dans le 
monde occidental et dans Ies pays en developpement. Comrne un 
grand nombre de ces entrepreneurs tirent une part substantielle de 
leurs revenus de ce type de !eves, la diminution recente des activites 
dans ce secteur a eu un impact considerable sur l'industrie 
geophysique. La figure 1, etablie d'apres les rapports annuels sur les 
activites geophysiques publies par la Society of Exploration 
Geophysicists (SEG), montre deux periodes d'intense activite, au 
cours desquelles on a realise de 500 000 a 600 000 km lineaires de 
I eves EMA par annee. La premiere peri ode a 'dure sept ans, de 1967 
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Figure 1. Quo vadis airborne electromagnetics? Surveys flown with AEM systems between 1961 and 1984. 
Based on data published annually by the Society of Exploration Geophysicists. The figures do not include 
surveys in socialist countries. 

Figure 1. Fluctuations des leves aeriens electromagnetiques de 1961 a 1984, d'apres des donnees publiees 
annuellement par Ia SEG (Society of Exploration Geophysicists). Les chiffres ne comprennent pas les leves 
realises dans les pays socialistes. 

activity when 500 000 to 600 000 line km of AEM 
surveys were flown per year. The first period, from 1967 
to 1973 lasted 7 years, the second, from 1979 to 1981, 
only 3 years. Both coincided with periods of high 
mineral exploration activity. The average distance 
flown in the last three years (1982-84) is comparable to 
that during the exploration slump of the mid 1970s 
(about 250 000 line km). The probable reason is the 
accelerating decline in mineral exploration in North 
America. Unfortunately, the technique has not found 
sufficient acceptance in tropical developing countries, 
where the exploration activities still remain at a rela
tively high level (even though reduced in absolute 
terms). 

From the limited amount of information available, 
one can assume that AEM surveying activities continue 
to rise in the USSR. China and India have recently 
acquired AEM systems from a Canadian manufacturer 
and have started to carry out their own surveys. Also 
geological surveys in several European countries oper
ate AEM systems (Austria, Finland, Germany, Norway, 
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a 1973, la deuxieme seulement trois ans, de 1979 a 1981. Les deux 
ont coincide avec des periodes d'intense prospection des mineraux. 
Le volume moyen des !eves EMA realises au cours des trois der
nieres annees (1982-1984) est comparable a celui du flechissement 
marque qu'a connu la prospection au milieu des annees 1970 
(environ 250 000 km lineaires ). Cela tient probablement ala baisse 
acceleree de la prospection des mineraux en Amerique du Nord. 
Malheureusement, la technique n'a pas suscite suffisamment d'ad
Msions dans les pays tropicaux en developpement, oii: les activites 
d'exploration demeurent a un niveau relativement eleve (tout en 
ayant diminue en chiffres absolus). 

D'apres les donnees limitees disponibles, on peut supposer que 
les travaux de !eves EMA continuent d'augmenter en URSS. La 
Chine et l'Inde ont recemment achete des systemes EMA d'un 
fabricant canadien et commence leurs propres leves. En outre, les 
commissions geologiques de plusieurs pays europeens (Allemagne, 
Autriche, Bulgarie, Finlande, Norvege, Suede) executent des leves 
EMA avec des systemes propres. Des travaux sont en cours en 
Australie pour I' elaboration d'un systeme EMA avance en domaine 
tempore!. II est manifeste que le monopole dont disposaient prati
quement les societes canadiennes est en voie de rapide disparition. 



Sweden). Development is underway in Australia to 
design an advanced time-domain AEM system. It is 
obvious that the virtual monopoly the Canadian com
panies had is disappearing fast. 

During the period of consolidation in the 1960s, the 
cost of AEM surveys was relatively stable- the 1970 
average was US $11.80 per km. During the inflationary 
1970s, the survey cost accompanied the general price 
index, and at the end of the decade the average price 
was US $23.60 (in 1979). Surprisingly, in the 1980s, 
when the inflation was brought under control in West
em countries, the US dollar price continued to climb 
-it doubled between 1979 and 1984 to US $47.10 per 
km. A nagging question: Is the technique becoming 
less cost-effective than alternatives, even in mineral 
exploration programs? (The survey costs quoted were 
obtained from SEG geophysical activity reports which 
use figures furnished by contractors and organizations 
conducting AEM surveys). 

An interesting comparison can be made with other 
airborne geophysical techniques. In 1979, the peak 
year for AEM, 615 229line km were flown worldwide, 
compared to 1 386 018 line km of magnetics and 
95 302line km of radiometries. Five years later, the use 
of AEM declined 48%, while aeromagnetic surveying 
has more than doubled, to 2 829 012 km. Aeromag
netic surveys are now used in petroleum, mineral and 
groundwater prospecting. Despite the decline in ura
nium exploration activities, radiometric surveys are 
being more widely used for mapping purposes and 
showed an increase, to 128 534 km in 1984. While the 
cost of AEM surveys doubled between 1979 and 1984, 
the cost of aeromagnetic surveys decreased slightly 
from $12. 7 4/km to $10. 80/km (all prices are quoted in 
current US dollars, not adjusted for inflation). There 
was no significant change in AEM technology between 
1979 and 1984. Companies operating in a shrinking 
market see their revenues decline and as a group have 
probably entered the vicious circle of less work and 
higher unit cost. 

What can be done to increase the use of airborne 
electromagnetics? Potential new users must be made 
aware of its capabilities, new markets must be devel
oped, contractors must offer AEM services for new 
applications as a cost-effective alternative to other ap
proaches. 

Hopefully, the Workshop on Airborne Resistivity 
Mapping has played a positive role in this process and 
has generated new ideas. In the technical program, we 
have attempted to focus on non-traditional applications 
for airborne electromagnetics and on new Canadian 
AEM systems in the final stages of development or 
testing. Even though the audience consisted mainly of 
specialists, highly knowledgeable in their field, papers 
have been included on the geological background and 
principles of AEM interpretation. 1\vo papers authored 
by geophysicists from Finland and Quebec describe the 

Au cours de la periode de regroupement des annees 1960, le 
cofit des leves EMA est reste relativement stable. La moyenne de 
1970 s'est etablie a 11,80$ americains par kilometre. Durant la 
periode d' inflation des annees 1970, le cofit des leves a sui vi l'indice 
general du cofit de Ia vie et a la fin de la decennie, sa moyenne etait 
de 23,60$ americains (en 1979). Fait etrange, au cours des annees 
1980, alors qu'on a reussi ajuguler I' inflation dans les pays occiden
taux, le prix par kilometre a cependant continue a monter. 11 a 
double de 1979 a 1984, passant a 47' 10$ americains par kilometre. 
D'ou la question genante suivante : la technique est-elle en voie de 
devenir moins rentable que les autres methodes, meme pour les 
programmes de prospection des mineraux ? (Les cofits cites sont 
tires des rapports sur les activites geophysiques publies par la SEG, 
qui utilise les chiffres foumis par les entrepreneurs et les organisa
tions effectuant des leves EMA.) 

On peut etablir une comparaison interessante avec les autres 
techniques de leves geophysiques aeriens. En 1979, la meilleure 
annee pour les leves EMA, on a fait 615 229 km lineaires de leves 
EMA dans le monde entier, comparativement a 1 386 018 km 
lineaires de leves aeromagnetiques et 95 302 km lineaires de leves 
radiometriques. Cinq ans plus tard, l'emploi des techniques EMA 
avait diminue de 48 p. 100 tandis que les leves aeromagnetiques 
avaient plus que doubles, passant a 2 829 012 km. Les techniques 
de !eves aeromagnetiques sont actuellement employees pour la 
prospection du petrole, des mineraux et des eaux souterraines. 
Malgre le flechissement des activites de prospection d'uranium, les 
leves radiometriques sont plus \argement employes dans les activi
tes de cartographie geologique et ont augmente, s'etablissant a 
128 534 km en 1984. Si le cofit des !eves EMA a double de 1979 a 
1984, celui des !eves aeromagnetiques a legerement flechi, passant 
de 12,74$ a l0,80$le km (tousles cofits sont en dollars americains 
constants, non corriges de I' inflation). La technique des methodes 
EMA n'ont pas connu de changements notables de 1979 a 1984. Les 
entreprises, fonctionnant dans un marche en regression, voient 
leurs revenus baisser et, dans !'ensemble, elles sont probablement 
entrees dans le cercle vicieux du flechissement de la demande 
accompagne de !'augmentation des cofits unitaires. 

Quels moyens prendre pour augmenter l'emploi des techniques 
electromagnetiques de leves aeriens ? 11 faudrait renseigner les 
nouveaux utilisateurs eventuels sur leurs possibilites, ouvrir de 
nouveaux marches. II faudrait que les entrepreneurs offrent leurs 
services EMA a de nouvelles applications, comme options renta
bles par rapport a d'autres approches. 

On peut esperer que l'Atelier sur la cartographie aerienne par 
resistivite aura joue un role positif dans ce processus et suscite de 
nouvelles idees. Nous avons cherche a centrer la partie technique du 
programme sur des applications non traditiopnelles des techniques 
electromagnetiques de leves aeriens et sur les nouveaux systemes 
EMA parvenus aux demiers stades de developpement ou au stade 
des essais. Meme si !'assistance se composait principalement de 
specialistes, tres competents dans leurs domaines, nous avons 
indus des exposes sur les notions geolo&iques et les principes sous
jacents a !'interpretation des donnees EMA. Deux exposes ayant 
comme auteurs des geophysiciens de la Finlande et du Quebec 
decrivent des programmes de couverture systematique utilisant des 
techniques EMA. Des programmes similaires existent egalement 
en Suede, en Norvege et en Ontario. Peut-etre que l'avenir reside 
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systematic coverage using AEM techniques. Similar 
programs exist also in Sweden, Norway, and Ontario. 
Perhaps the future lies in such a systematic approach 
using all available geophysical systems. The resulting 
data base can be used in assessment of mineral and 
groundwater resources. In the long run, systematic 
geophysical surveys may emerge as the most cost
effective means of geological mapping - by inter
pretation of geophysical data in advance of geological 
field work and checking of selected geophysical fea
tures in the field, rather than traditional traversing. 
Some of the questions concerning the future of air
borne electromagnetics have been addressed during the 
Panel Discussion, whose proceedings are included in 
this volume. 
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dans ce type d'approche systematique utilisant tous les systemes de 
leves geophysiques disponibles. La base de donnees ainsi produite 
pourrait servir a evaluer les ressources en mineraux et en eaux 
souterraines. A la longue, les leves geophysiques systematiques se 
reveleront peut-etre le moyen le plus rentable de realiser la car
tographie geologique, grace a !'interpretation des donnees 
geophysiques avant les travaux geologiques sur le terrain et a la 
verification sur place de caracteristiques geophysiques choisies, au 
lieu de la methode traditionnelle de parcours du terrain. Certaines 
questions sur l'avenir des techniques electromagnetiques de !eves 
aeriens ont ete debattues au cours des tables rondes, dont les 
comptes rendus figurent dans le present volume. 
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Development of the airborne electromagnetic technique 

L.S. Collett1 

Geological Survey of Canada 

Collett, L.S., Development of the airborne electromagnetic technique; 0: Airborne Resistivity Mapping, 
ed. G.J. Palacky; Geological Survey of Canada, Paper 86-22, p. 9-18, 1986. 

Abstract 

The idea of using airborne electromagnetic (AEM) systems for resistivity and geological mapping dates 
from the 1950s. In the Western World, AEM systems were developed for the main purpose of detecting 
massive sulphides. This paper attempts to record the chronological development of AEM systems. In the 
early years, the ideas emanated from Finland and Sweden and with foreign capital were transformed into 
operational systems in Canada. With the first AEM discovery of the Heath Steele lead-zinc deposit in New 
Brunswick in 1954, the usefulness of the AEM system was established. By 1970 there were approximately 
twenty AEM systems available. The INPUT® system has been the most popular system ever developed and 
today accounts for about 70% of all the AEM line km flown in the Western World. Since 1970, new 
developments or improvements on AEM systems have emphasized multifrequency capability, multicoil 
arrangements, and increased receiver sensitivity. Parallel to these developments, institutes in the USSR 
have developed AEM systems that are not unlike those operated in Canada and Europe. The characteristics 
of these systems are tabulated along with their closest Western counterparts. 

Resume 

L' idee d' emplayer des systemes electromagnetiques aeroportes (EMA) pour etablir Ia resistivite et dresser 
des cartes geologiques date des annees 1950. Dans le monde occidental, les systemes EMA ant ete mis au 
point principalement pour Ia detection des sulphures massifs. La presente etude a pour objet de presenter 
Ia chronologie du developpement de ces systemes. Les premieres idees ant ere elaborees en Finlande et en 
Suede et, grace a des cayitaux etrangers, elles ant ete transformees en systemes operationnels au Canada. 
L'utilite des systemes EMA a ete etablie a !'occasion de Ia decouverte du gisement plombo-zincifere de 
Heath Steele, au Nouveau-Brunswick, en 1954. Ce Jut la premiere decouverte realisee a !'aide des 
techniques EMA. En 1970, il existait environ 20 systemes EMA. Le systeme INPUJ'® est devenu le systeme 
le plus repandu. Eviron 70 p.100 de !eves EMA du monde occidental sefont actuellement avec ce systeme. 
Depuis 1970, les nouvelles techniques mises au point ou les peifectionnements apportees aux systemes 
EMA existants ant porte principalement sur les systemes a plusieurs frequences, sur les dispositifs a 
plusieurs bobines et sur I' accroissement de Ia sensibilite des recepteurs. Paraltelement a ces travaux, des 
centres de recherche d' URSS ont elabore des systemes EMA assez semblables a ceux qui fonctionnent au 
Canada et en Europe. Les caracteristiques de ces systemes sont presentees ici sous forme de tableaux oil 
elles sont comparees a leurs contreparties occidentales les plus proches. 

EARLY YEARS 
In 1946, Hans Lundberg, a native of Sweden, put together the 
world's first airborne electromagnetic (AEM) system. It was a 
null-coupled coil system mounted entirely inside the cabin of 
a Bell helicopter. That summer, it was flown on a survey in 
northern Quebec and Ontario. It detected sulphides only 

when flying within 5 m of the top of the conductor. There was 
no quantitative basis for the prediction of the response of 
conducting bodies to an AEM system. In fact, it has been 
said, if there had been a study done, no AEM system would 
have been developed. Although the experiment failed, the 
idea did not. 

1601 Booth Street, Ottawa, Ontario KlA OE8 
During the mid-1940s, Stanley Davidson, a geologist 

with Stanmac Ltd., had been using a vertical-loop ground 

®Registered Trademark of Barringer Research Ltd. I Marque deposee de Barringer Research Ltd. 
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EM system to detect sulphides in the Sudbury Basin, Ontario. 
In 1946, he contacted a group of electronic engineers in 
Toronto to make the instrument more portable. The unit was 
modified, installed in cabooses and towed across frozen lakes 
in northern Manitoba. The configuration used led to the first 
AEM system to be used on a fixed-wing aircraft (Hanula, 
1982, p. 141-142). The portable ground EM system was so 
successful that in 1949 the engineers (McLaughlin, Cartier, 
Perz, Harvey, Anthes and Robinson) decided to form a com
pany, McPhar Geophysics Ltd. Before that time they were 
known as the McPhar group (McPhar is an acronym of the 
names of these engineers). 

After the success of the ground EM system, Stanmac Ltd. 
commissioned McPhar to build an AEM system and install it 
in a wooden-skinned Anson (Fig. 1.1). This aircraft had been 
used for training during World War II. Test flights over the 
Whistle Mine near Sudbury proved successful. Probably as a 
result of high development costs Stanmac Ltd. went bank
rupt. In 1949 Davidson approached Ralph Parker, Interna
tional Nickel Co. of Canada Ltd. (INCO), who contracted 
McPhar to build an improved version of the AEM system. 
Two years later, the INCO system, which consisted of 
orthogonal coils in the transmitter and in the towed receiver, 
went into operation. 

In 1952, McPhar Geophysics Ltd. carried out a ground 
vertical-loop EM survey in New Brunswick and discovered 
the Brunswick Number Six orebody near Bathurst. After this 
American Metals Co. (later AMAX Inc.) approached INCO 
for the use of their newly developed AEM system to search 
for lead-zinc massive sulphide deposits in New Brunswick. A 
year later, John Dowsett of INCO supervised an AEM survey 
over a major portion of the Bathurst-Newcastle area (Hanula, 
1982, p. 162). The detected anomalies were drilled in 1954, 
resulting in the discovery of the Heath Steele lead-zinc de
posit, about 65 km southwest of Bathurst (Fig. 1.2). This was 
the first AEM discovery in the world. 

Development in Finland 

In 1950 the Geological Survey of Finland made a bold deci
sion to start a systematic airborne geophysical mapping of the 
whole country. Aeromagnetic surveys commenced in 1951 
using a fluxgate magnetometer acquired from Canada. In 
1953 a single frequency quadrature AEM system was devel
oped by Maunu Puranen, Aamo Kahma, and Vaino Ronka. 
The Geological Survey started systematic AEM surveying a 
year later. Table 1.1 summarizes the AEM systems used in 
this coverage from 1954 to 1979 (Peltoniemi, 1982). 

Figure 1.1. The first Canadian-built AEM system, North Bay airport, July 1948 
(from Fountain and Bottos, 1970). 
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Fig'ure 1.2. Bathurst mining camp, New Brunswick, where the first AEM discovery took 
place in 1954 (from Potter, 1985). 
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Table 1.1 Geological Survey of Finland: systematic mapping using AEM systems 

Period Aircraft AEM system Flight height Line spacing 

(a) Towed receiver 

1954-59 Loekheed Single f (Q) 150 m 400 m 
Lodestar 390 or 410 Hz 

1960-71 Lockheed Single f (IP, Q) 150 m 400 m 
Lodestar 390, 410 or 820Hz 

(b) Rigid coil 

1972, 1980 + Twin Otter Single f (IP, Q) 30m 200m 
3220Hz 

1973-79 OC-3 Single f (IP, Q) 30m 200 m 
3220Hz 

IP = inphase component x = coil axis in direction of flight 
a = quadrature component y = coil axis perpendicular to flight direction 
T = transmitter z = coil axis vertical 
R = receiver 

Note: In case of VLF, x denotes radial field direction from transmitter and not the direction of flight. 

Theoretical development 

Prior to 1950, little had been published in the English liter
ature about the response of a conductive body to an excitation 
frequency. The first article on the subject was written by Wait 
(1951) who described the behaviour of a conducting sphere in 
a time varying magnetic field (Fig. 1.3). This work led to the 
realization of the importance of measuring the in-phase as 
well as the out-of-phase (or quadrature) component. As a 
result, rigid-coil systems were designed after 1955 capable of 
recording the in-phase response, which is more sensitive to 
good conductors. 

In the early 1950s, M. Puranen derived the in-phase and 
quadrature responses for a sphere, vertical plane, and a half
space (V. Ronka, personal communication, 1985). Most of 
this information is in the files of the Geological Survey of 
Finland, but has never been published in English. 

Other developments 

The discovery of the Heath Steele deposit in 1954 was the 
stimulus for a sustained period of development of fixed-wing 
and helicopter AEM systems. After successful work at the 
Geological Survey of Finland, A. Kahma came to Toronto in 
late 1953 to interest the Hunting Survey Corp. (formerly 
Aeromagnetic Surveys Ltd.) in a dual-frequency quadrature 
system (400 and 2300Hz). Final tests with the system, which 
became known as the "Canadian" or "Hunting" Canso sys
tem, were completed in late 1954 (refer to Table 1.2). At that 
time V. Ronka started to design the Hunting helicopter EM 
system which was flight tested in the spring of 1955. 

In the meantime, McLaughlin, Cartier, Robinson, Harvey 
and others formed Nucom Ltd. to develop instrumentation 
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and carry out surveys for AMAX. In 1955, the company built 
a helicopter system and developed AFMAG (Audio Fre
quency MAGnetics), but the latter never became a reliable 
EM technique since the natural EM fields were too low to 
measure except during the summer months. Nucom Ltd. was 
bought out by AMAX in 1959. 
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Figure 1.3. The first theoretical EM study applicable to min
eral exploration. The variation of in-phase (M) and quadrature 
(N) components of the secondary magnetic field with fre
quency over a sphere (after Wait, 1951). 



In 1954, A.B. Elektrisk Malmletning (ABEM) in Swe
den developed a two-plane AEM system, which was de
signed by the same team from Finland responsible for the 
dual-frequency quadrature system (Puranen, Kahma and 
Ronka). Two years later, the ABEM system was operated 
under license in Canada by C.C. Huston and Associates and 
Lundberg Explorations Ltd. until 1960. 

In 1956, Rio Tinto Canadian Explorations Ltd., intro
duced into Canada the Rio-Mullard coplanar fixed-wing 
system with coils installed on the wing tips of a Twin Pioneer 
aircraft. The equipment was acquired by Canadian Aero 
Service Ltd. five years later. About 1957, Aerogeophysics of 
Canada Ltd., an affiliate of Spartan Air Services Ltd., Ot
tawa, was flying an Anson equipped with a single-frequency 
quadrature system. The receiver was towed in a bird below the 
aircraft. 

Table 1.2. AEM systems developed between 1950-60 

(a) Towed bird systems 

Coil Measures 

I NCO-Anson coplanar & Amplitude 
coaxial differences 

Hunting Canso Tz, Rx Q 
(Aeromagnetic Surveys Ltd) 

ABEM (2 plane) 2 orthogonal IP, Q 
Sweden (Ty, z; Ry, z) 

Nucom AFMAG Cross coils Tilt angle 

Aerophysics-Anson Tz, Rx Q 
(Spartan Air Services) 

Barringer INPUT Tz, Rx Transient 
4 channels 

(b) Rigid coil systems 

American Metals (Bell) Tx, Rx IP, Q 
(Nucom Ltd) 

Hunting Helicopter (Bell) Tx, Rx IP, Q 
(Aeromagnetic Surveys Ltd) 

Rio-Mullard (Otter) Tx, Rx IP, Q 
(coplanar) 

Canadian Aero S-55 Tx, Rx IP, Q 
(Varian/Newmont) 

Texas Gulf Sulfur (Bell G-2) Tx, Rx IP, Q 
(Varian/Newmont) 

In the mid 1950s, Ken Ruddock, Newmont Exploration 
Ltd., had designed an in-phase and quadrature rigid-boom 
EM system, which was built by Varian Associates Ltd. in 
California. Canadian Aero Service Ltd. installed this system 
on a Canso aircraft in 1957 and a year later on a Sikorsky S-55 
helicopter. By 1959, Texas Gulf Sulphur Co. used the New
mont-Varian system with a Bell G-2 helicopter. 

In 1956, A.R. Barringer, Selco Exploration Ltd., started 
work on a radically new design for an airborne system, called 
INPUT (INduced PUlse Transient), which used a half-sine 
excitation of 1.5 ms duration followed by off-time, during 
which the EM response was measured. A large transmitting 
loop was mounted horizontally on a Canso aircraft and a 
horizontal-axis receiver was towed in a bird at the end of a 
150 m cable. The first operational surveys commenced in 
1959. 

Frequency (Hz) Operation by 
or delay (ms) 

3 freq. 1951 
142 to 2430 

400 & 2300 1954 

BOO 1954 

90 & 330 1955 
150 & 590 

140 1957 

0.45 to 2.0 ms 1959 

1000 1955 

4000 1955 

320 1956 

390 1958 

400 1959 

IP = inphase component x = coil axis in direction of flight 
Q = quadrature component y = coil axis perpendicular to flight direction 
T = transmitter z = coil axis vertical 
R = receiver 

Note: In case of VLF, x denotes radial field direction from transmitter and not the direction of flight. 
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During the 1950s some of the major mining companies 
developed their own systems. They were either copies or 
slight modifications of the existing systems. Besides the 
companies mentioned above (INCO, AMAX, Rio Tinto, 
Texas Gulf Sulphur, and Selco Exploration), Sherritt-Gordon 
Mines Ltd. in Canada and Anglo-American Corp. of South 
Africa used their own systems. An excellent review of this 
decade was published by Pemberton (1962). 

PERIOD 1961-1970 
During the first half of this decade, the development of AEM 
systems levelled off substantially with only improvements 
made to existing systems. One notable step forward was made 
by Barringer Research Ltd. when the INPUT Mark V became 
operational in 1965. In the following years, INPUT became 
the most widely used AEM system in the world, a distinction 
which prevails today. 

Between 1967 and 1970, a number of new AEM systems 
were developed, including four helicopter systems (Table 
1.3). Companies bringing out these systems were Sander 
Geophysics Ltd., Barringer Research Ltd., Scintrex Ltd. 
and Dighem Ltd. McPhar Geophysics Ltd. introduced two 
"button-on" airborne systems during 1967, the F-400 dual
frequency quadrature system and AFMAG AF-4 natural field 
cross-coil system. 

During the 1960s four companies developed airborne 
VLF (Very Low Frequency) systems. Barringer Research 
Ltd. placed into service the RADIOPHASE® and the E
PHASE® units, McPhar Geophysics Ltd. the KEM cross-coil 
system, Lockwood Survey Corp. the EM-18, which was 
developed by Geonics Ltd. , and Scintrex Ltd. introduced the 
Deltair system. The last named company also developed the 
Thrair system which can be described as a fixed-source, semi
airborne, gradient measuring device. 

By 1970, Canadian companies did 80% of all AEM 
surveys in the Western World (Paterson, 1973). It is interest
ing to note that three AEM systems (INCO, AMAX and 
Hunting) accounted for 20 of the 25 mines discovered until 
1970, the remaining 5 made by the Rio-Mullard and INPUT 
systems. Paterson (1971) reviewed the characteristics of 12 of 
the approximately 18 systems that were used in routine explo
ration for massive sulphides. 

PERIOD 1971-1980 
At the commencement of this decade, it became evident that 
new advances in instrumentation had to be made to increase 
the survey effectiveness. Efforts were directed toward the 
improvement of signal-to-noise levels, introduction of multi
frequency measurements and signal processing to reduce 
acceleration effects in rigid-boom systems, and toward better 
anomaly resolution by decreasing time constants in the time
domain systems. 

®Registered Trademarks of Barringer Research Ltd. 
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Table 1.4 lists chronologically the developments of the 
AEM systems during this period. Most of the systems em
ployed 2 to 3 frequencies and were essentially improvements 
of existing systems. SOQUEM (Societe Quebecoise Mini ere) 
developed a single-frequency light-weight system that could 
be installed on a small aircraft such as a Cessna. Barringer 
Research Ltd. and Questor Surveys Ltd. developed jointly the 
Mark VI version of INPUT with a time-constant instrument 
response reduced to 0.5 s. The Scintrex 3-frequency Tridem 
system, which was developed in 1972, was used for contract 
surveying two years later using an Otter aircraft. In 1977, 
Scintrex Ltd. and Kenting Earth Sciences Ltd. formed a joint 
venture to provide Tridem AEM services. McPhar introduced 
the F-500 three-frequency quadrature " button-on" system in 
1973 and in 1975 Dighem brought out a two-frequency heli
copter EM system (Dighem II). 

In 1976, Barringer Research Ltd. announced the develop
ment of a new towed-bird AEM system, named COTRAN® 
(COrrelation TRANsient). The system consisted of a full
waveform transmitter with two receiver coils in the bird. The 
purpose of the development was to build a system superior to 
INPUT in sensitivity and depth of penetration and to classify 
geophysical targets in real time in terms of their time-con
stant spectra (Collett et al., 1983). Geonics Ltd. announced 
their helicopter rigid-boom EM system EM 33-2 and 3, 
McPhar produced a new 4-frequency Quadrem system for 
fixed-wing and helicopter installations, and Terra Surveys
Geoterrex Ltd. obtained an exclusive license from Hudson 
Bay Mining and Smelting Co. to operate the EM-30 AEM 
system, which was installed on a Beechcraft E-18-S with a 
horizontal-axis transmitter on the nose of the aircraft. 

In 1977, the newly formed Herz Industries Ltd. and Vaino 
Ronka developed an airborne VLF system, Totem 1A, which 
measures the total field and the vertical quadrature compo
nent. Because of its small size, light weight, easy installation 
and simple operation, this system has become widely used in 
conjunction with other airborne geophysical methods in 
fixed-wing aircrafts and helicopters. In 1979, two more air
borne VLF systems were developed, Scintrex SE-90 and 
Sander Geophysics VLF-EM 11. 

In 1978, Scintrex Ltd. announced an improved HEM-802 
two-frequency helicopter EM system, which could be trans
ported by air freight and installed in a range of locally 
available helicopters. Geotech Ltd. , which was formed in 
1979, introduced a three-frequency helicopter system Geo
tech-3 with coaxial (945 and 5450 Hz) and horizontal 
coplanar (4100 Hz) coils in the same bird. In 1980, 
Geoinstruments Ky of Helsinki, Finland, installed a coaxial 
EM system (SLR-80) operating at 3700 Hz on an Aero 
Commander. 

During the 1970s the use of AEM systems for resistivity 
mapping had not yet become a popular idea, but Fraser (1978) 
and Palacky (1981) led the way. From the tests and experi
ments that had been carried out it was realized that the AEM 



Table 1.3. AEM systems developed between 1961-1970 

Year Company Description Coil Measures Frequency (Hz) 
or delay (ms) 

1967 Barringer HEM/Questor Tx, Rx or Rz IP, Q 400 or 800 

Radiophase Hy/Ez IP, Q VLF 

Sander HEM Tx, Rx IP, Q 1000 

McPhar AFMAG AF-4 Cross coils Tilt Angle 140 & 470 

F-400, H-400 Tx, Rz Q 340 & 1070 

1968 Barringer E-PHASE Ex/Ez Q VLF 

Geonics EM-18 Rz/Rz+y IP, Q VLF 

Scintrex HEM-701 Tx, Rx IP, Q 1600 

Scintrex/ Ai Resource TX, Rx IP, Q 320 
Otter (coplanar) 

McPhar KEM Cross coils Dip Angle VLF 

1970 Dighem Dighem I Tx, Rx, y, z IP, Q 900 Hz 

Scintrex Turair Tz (ground} Ampl. Ratio 200, 400 
Rx, X & 800 

- Phase Grad. 

Deltair Rx, x Ample. Ratio VLF 

Phase Grad. 

· IP = inphase component x = coil axis in direction of flight 
Q = quadrature component y = coil axis perpendicular to flight direction 
T = transmitter z = coil axis vertical 
R = receiver 

Note: In case of VLF, x denotes radial field direction from transmitter and not the direction of flight. 

systems had to be very stable, i.e. low drift, and that a broad 
band of frequencies was necessary. Towards the latter half of 
the decade, one of the most significant advances was the 
improvement in data gathering capabilities due to micro
electronic technology development. Until then AEM systems 
rarely recorded more than six channels of data. 

PERIOD 1981-1985 
The first half of this decade experienced a great deal of 
activity in improving the existing AEM systems, particularly 
with multifrequency capability and multicoil configuration. 
However, by 1985 the airborne geophysical survey industry 
had been affected by the decline in the demand for base 
metals. Since gold deposits became the exploration target, 
the AEM technique has increasingly been considered to be a 
tool of geological mapping and overburden thickness deter
mination. 

In 1981, Herz Industries Ltd. developed the Totem-2A, 
which records the same parameters as the Totem-1A, but at 
two VLF frequencies (Table 1.5). In 1982, Dighem Ltd. 
completed the development of Dighem III, which is an im
proved version of the Dighem II system with an added hori
zontal coplanar coil pair operating at 7200 Hz. Geotech Ltd. 
introduced the helicopter EMEX-1 boom system which con
sists of a coaxial-coplanar set operating at any combination 
of frequencies from 380 to 8000 Hz, and Questor Surveys 
Ltd. announced their helicopter INPUT Mark VI system. In 
1983, Sander Geophysics Ltd. came out with a three
frequency helicopter EM system, EM3-A, operating at 1000, 
4000, and 8000Hz which was capable of mapping forma
tions with resistivities up to 4000 Om. In 1984, Geoinstru
ments Ky of Helsinki introduced a two-frequency system 
(SLR-84) similar in design to the earlier SLR-80. 

During 1985, Dighem announced a four-frequency Dig
hem IV and Geotech Ltd. a seven-frequency helicopter EM 
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Table 1.4. AEM systems developed between 1971-1980 

Year Company Description Coil Measures Frequency (Hz) 
or delay (ms) 

1972 SOaUEM Emal-19 Tx, Rx IP, a 625 
(coplanar) 

Barringer/auestor INPUT MK 6 Tx, Rx Transient 0.1 to 2.0 ms 
6 channels 

Scintrex Tridem Tx, Rx IP, a 500, 2000, 
(coplanar) 8000 

1973 McPhar F-500 Tx, Rx a 340, 1070, 3450 

1975 Dighem Dighem II Tx, z, Rx, z IP. a 900, 3600 

1976 Barringer COT RAN Tz, Rx, z Transient .03 to 2.43 ms 
5 channels 

Geonics EM-33-2 & 3 Tx, Rx IP, a 300, 1500, 7500 

McPhar au ad rem Tx, Rz a 95, 285, 855, 2565, 
7695 

Hudson Bay M&S EM-30 Tx, Rx IP, a 380, 1225 

1977 Herz Industries Totem 1A Rx, y, z Total, az VLF 

1978 Scintrex HEM-802 Tx, Rx, IP, a 735, 3220 

1979 Geotech Geotech-3 Tx, z, Rx, z IP, a 945, 4100, 5450 

Scintrex SE-90 Rx, y, z Ampl. x, y; IPz, az VLF 

Sander VLF-EM II Rx, y, z Ampl. x, y; IPz, az VLF 

1980 Geoinstruments SLR-80 Tx, Rx IP, a 3700 
(Finland) 

IP = inphase component x = coil axis in direction of flight 
a = quadrature component y = coil axis perpendicular to flight direction 
T = transmitter z = coil axis vertical 
R = receiver 

Note: In case of VLF, x denotes radial field direction from transmitter and not the direction of flight. 

system. Geoterrex Ltd. had completed the development of 
Geotem, which is a time-domain towed-bird system, consist
ing of a large vertical-axis transmitting loop with a selectable 
fundamental frequency of 7 5, 90, 125, or 150 Hz and a ~alf
sine current pulse. The completion of two new-generation 
systems was announced in the same year. Kenting Earth 
Sciences Ltd. introduced the software-controlled Sweepem 
system which was initially designed by KSEPL (Royal 
Dutch/Shell Exploration and Production Laboratories) in 
Rijswijk, Netherlands. A large transmitting loop (vertical 
axis) is driven by a pseudorandom sequence primary field 
with a frequency range of 50 to 5000Hz. Two receiving coils 
are mounted in a towed bird. A-Cubed Inc. tested a fully 
digital AEM system (PROSPECT I) mounted on a fixed
wing aircraft with a high-drag bird in which 3 orthogonal 
receiving coils are mounted. Both developments are de
scribed in this volume. 
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Hood (1985) has compiled the most recent list of AEM 
systems that are available for purchase or as a contract ser
vice. 

AEM developments in the USSR 

Parallel to the development of AEM systems in Canada, 
Finland and Sweden, similar systems were developed in the 
USSR. The exact year when each system was put into opera
tion is not known. Table 1.6 summarizes the AEM systems 
developed until1980 as reported in the Geophysicist's Hand
book on Electrical Exploration (Tarkhov, 1980). Before 1960, 
two AEM systems were developed, the semi-airborne 
BDK-70 and the VMP which was a two plane version of the 
Swedish ABEM rotary field method. In the case of BDK-70, 
a long grounded cable was used as the transmitter. 



Table 1.5. AEM systems developed between 1981-1985 

Year Company Description Coil Measures Frequency (Hz) 
or delay (ms) 

1981 Herz Industries Totem 2A Rx, y, z Total, Qz VLF, 2 frequencies 

1982 Dig hem Dighem Ill Tx, z, Rx, z IP, Q 900' 900' 400/7200 

Geotech EMEX-1 Tx, z, Rx, z IP, Q 380, 933, 918, 5500 

Questor HEM INPUT Tz , Rx Transient 0.1 to 2.0 ms 
6 channels 

1983 Sander EM 3-A Tx, z, Rx, z IP, Q 1000, 4000, 8000 

1984 Geoinstruments SLR-84 Tx, Rx IP, Q 910, 7040 
(Finland) 

1985 Dig hem Dighem IV Tx, z, Rx, z IP, Q 900, 900/7200, 
56 000 

Geotech EMEX-2 Tx, z, Rx, z IP, Q 7 frequencies 
190-12 000 

Kenting/Shell Sweepem Tz, Rx, z IP, Q or transient 14-32 frequencies 
50-5000 

Geoterrex Geotem Tz, Rx, z Transient 0.1 to 2.0 ms 
· 11 channels 

IP = inphase component x = coil axis in direction of flight 
Q = quadrature component y = coil axis perpendicular to flight direction 
T = transmitter z = coil axis vertical 
R = receiver 

Note: In case of VLF, x denotes radial field direction from transmitter and not the direction of flight. 

Table 1.6. AEM systems developed in USSR 

Period Frequency (Hz) 
(Approximate) Description Coil Measures or delay (ms) 

1955-60 BDK-70 T(grounded cable) IP, Q 81 ' 163, 244, 488, 976 
Rx (only 2 frequencies 

simultaneously) 

1955-60 VMP 2-orthogonal IH I, d <p 612, 1225, 2450 
(2 planes) (Ty, z, Ry, z) (only one frequency at a 

time) 

1960-70 DIP-AD Tz, Rx, z IHXI , IHyl 312 , 2500 

1968-70 AMPP-2 Tz, Rz Transient, 3 channels 125Hz; 0.5-3 ms 

1970-75 DIP-ZK Tx, Rx IHXI , Q 625 , 5000 
(coplanar) (only one frequency at a 

time) 

IP = inphase component x = coil axis in direction of flight 
Q = quadrature component y = coil axis perpendicular to flight direction 
T = transmitter z = coil axis vertical 
R = receiver H = magnetic 
'P = phase 

Note: In case of VLF, x denotes radial field direction from transmitter and not the direction of flight. 
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The DIP-AD system developed in the late 1960s re
sembled the McPhar F-400 (fixed-wing) and H-400 (heli
copter) systems. A horizontal loop was installed around the 
fuselage of the plane and two orthogonal coils were towed in a 
bird. About this time, a helicopter borne transient system, 
AMPP-2, was installed. The pulse repetition rate was 125Hz 
and three channels were recorded with delay times from 0.5 
to 3 ms. The DIP-ZK system introduced in the early 1970s 
was a coplanar wing-tip system, somewhat similar to the 
early version of the Tridem. Systematic AEM surveys have 
been conducted since 1977 in the Ural Mountains. The devel
opments in airborne electromagnetics were discussed at a 
Symposium "Induction Electrical Prospecting" held in April 
1984 in the USSR (Kamenecky and Yakubovsky, 1985). 

CONCLUDING REMARKS 

The development of AEM systems has taken place mostly in 
Canada since the first airborne test was carried out by Hans 
Lundberg in 1946. The demand for base metals provided a 
strong impetus to the AEM developments. Since much of 
Canada has geology favourable for mineral discovery and 
legislation has encouraged exploration and mining, Toronto 
and Ottawa became the pioneering centres for this develop
ment. By 1970, approximately 20 systems were used in 
routine exploration for massive sulphides and Canadian com
panies carried out 80% of all AEM surveys in the Western 
World. In 1985, 15 companies in Canada provided AEM 
systems for purchase or as a contract service. Because of the 
continuing low demand for metals, mineral exploration bud
gets were severely cut back by the mining companies, with a 
serious impact on the AEM community. The aim of this 
workshop is to assess our present status and to provide 
stimulation for "lateral" thinking in creating new applica
tions which will eventually lead to future markets. 

ACKNOWLEDGMENTS 
I thank V. Ronka for information that he provided on the early 
developments in Finland and Sweden and his subsequent 
years in Canada. Also, my appreciation is expressed to Misac 
Nabighian for drawing to my attention the AEM develop
ments in the USSR, and to G. Palacky for helping me with 
the Russian translations, for critically reading this paper, and 
providing many useful suggestions. 

18 

REFERENCES 
Collett, L.S., Barringer, A.R., and Loveless, A.J. 

1983: COTRAN electromagnetic survey of the NENIAEA 
Athabasca test area, in Uranium Exploration in 
Athabasca BAsin, Saskatchewan, Canada, ed. E.M. 
Cameron; Geological Survey of Canada, Paper 82-11, 
p. 179-190. 

Fountain, D.K. and Bottos, F.B. 
1970: The McPhar 400 Series dual frequency airborne elec

tromagnetic system; McPhar Geophysics Ltd. , 
Toronto. 

Fraser, D.C. 
1978: Resistivity mapping with an airborne multicoil elec

tromagnetic system; Geophysics, v. 43, p. 144-172. 

Hanula, M.R. (ed.) 
1982: The Discoverers; Pitt Pub!. Co. 

Hood, P.J. 
1985: Mineral exploration; trends and developments in 1984; 

Canadian Mining Journal, v. 106(1), p. 14-41 . 

Kamenecky, F.M. and Yakubovsky, J, V. 
1985: Indukcionnaya elektrorazvedka v seredine 80-kh 

godov; Geologia i razvedka, v. 28(7), p. 87-97. 

Palacky, G.J. 
1981 : The airborne electromagnetic method as a tool of geo

logical mapping; Geophysical Prospecting, v. 29, 
p. 60-88. 

Paterson, N.R. 
1971: Airborne electromagnetic methods as applied to the 

search for sulfide deposits; Canadian Institute of Min
ing and Metallurgy Bulletin, v. 64(705), p. 29-38. 

1973: Airborne EM in perspective; Canadian Mining Jour
nal, v. 94(4), p. 101-105. 

Peltoniemi, M. 
1982: Characteristics and results of an airborne electromag

netic method of geophysical surveying; Geological 
Survey of Finland Bulletin, v. 321, 229 p. 

Pemberton, R.H. 
1962: Airborne electromagnetics in review; Geophysics, 

v. 27' p. 691-713. 

Potter, R.R. 
1985: New Brunswick's mineral industry- past present and 

future ; Canadian Institute of Mining and Metallurgy, 
Directory, p. 81-108. 

Tarkhov, A.G. (ed.) 
1980: Elektrora'zvedka, Spravochnik Geofizika; Nedra, 

528 p. 

Wait, J.R. 
1951: A conducting sphere in a time varying magnetic field; 

Geophysics, v. 16, p. 666-672. 



- 2 -

Geological background to resistivity mapping 

G.J. Palacky1 

Geological Survey of Canada 

Palacky, G.J., Geological background to resistivity mapping;!:!!: Airborne Resistivity Mapping, ed. G.l. 
Palacky; Geological Survey of Canada, Paper 86-22, p. '19-27, 1986. 

Abstract 

Conductors detectable by airborne electromagnetic (AEM) systems include massive sulphides, graphite 
(both with conductivities in excess of 500 mS!m), and clays in alteration zones, weathered layers, and 
glaciolacustrine sediments (with conductivities between 5 and 500 mS!m). In principle, data obtained with 
multifrequency or broad-band AEM systems permit identification of these conductors. Massive sulphides, 
which have been the traditional exploration targets since the development of AEM methods in the 1950s, 
have been amply discussed elsewhere and are not treated in this paper in detail. The type of clay 
encountered in saprolite (thoroughly chemically weathered rock) depends on the lithology of the parent 
rock. Saprolites developing from mafic volcanic rocks are more conductive than thosefromfelsic volcanic 
rocks or granite. AEM techniques can therefore be used for pseudogeological mapping in areas where the 
weathered layer has not been removed. Such situations exist locally in Canada, but generally they are more 
typical of non-glaciated terrains. 

Conductivity of water depends on its mineral content (primarily NaCl).ln coastal areas, AEM methods 
can be used to map the extent of salt-water aquifers. Salt water is significantly more conductive than fresh 
water (respective conductivities, 1-5 and 10-500 mS!m). Offshore, bathymetric charting can be performed 
with AEM systems. A recently developed AEM technology has the potential of monitoring thickness of sea 
ice in Arctic areas. 

Resume 
Les conducteurs detectables par les systemes electromagnetiques aeroportes (EMA) comprennent les 
sulfures massifs, le graphite, tous deux presentant des conductivites superieures a 500 mS!m et les argiles 
situees dans les zones d'alteration et les sediments glaciolacustres, presentant des conductivites de 5 a 
500 mS!m. En principe, [es donnees obtenues avec les systemes EMA a plusieurs frequences ou a larges 
bandes permettent de detecter ces conducteurs. Les sulfures massifs, qui sont La cible La plus courante des 
explorations depuis Ia mise au point des methodes EMA durant les annees 1950, sont amplement etudies 
ailleurs et la presente etude ne les traite pas en detail. Le type d'argile qui se rencontre dans La saprolite 
(roche ou les mineraux lessives primaires sont remplaces par mineraux argilitiques) depend de La 
composition petrographique de La roche saine. Les saprolites qui se forment a partir des roches volcani
ques mafiques sont plus conductrices que celles qui se developpent a partir des roches volcaniques felsiques 
ou du granit. On peut done employer les techniques EMA pour etablir une cartographie pseudogeologique 
dans les regions ou les zones d'alteration n'ont pas ete erodees. [[ existe des situations de ce genre en 
certains endroits au Canada, mais on les retrouve plus communement dans les zones non soumises a La 
glaciation. 

La conductivite de l'eau depend de sa teneur en mineraux (NaCl principalement). Dans les secteurs 
cotiers, on peut utiliser les methodes EMA pour cartographier l' etendue des aquiferes d' eaux salees. L' eau 
salee est sensiblement plus conductrice que l' eau douce ( conductivites respectives de 1-5 et 10-500 mS!m). 
Au large des cotes, on peut dresser des cartes bathymetriques avec des systemes EMA. Une technique EMA 
recemment mise au point permet de mesurer l'epaisseur des glaces de !'ocean Arctique . 

1601 Booth Street, Ottawa, Ontario KIA OE8 
... ·:... ....... 
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INTRODUCTION 
The first AEM systems were developed in Canada in the 
1950s (Collett, 1986). Until recently, such systems have been 
used almost exclusively in prospecting for massive sulphide 
ore bodies primarily of the volcanogenic type. The procedure 
of airborne EM and magnetic coverage followed by ground 
identification of conductors has been highly successful in 
Canada and numerous orebodies have been found. When 
attempts were made to use a similar approach in regions 
without previous glacial erosion, the technique was less suc
cessful. Frequently the response from the weathered layer was 
found to be much stronger than that from the target. The 
remedy pursued in the 1970s was to decrease the operating 
frequency of the system substantially, but this approach 
proved unsatisfactory. The presently widely accepted opinion 
is that AEM measurements should be carried out in a wide 
band or at multiple frequencies in order to identifY responses 
from massive sulphides and weathered layers. This paper 
outlines the principal types of conductive inhomogeneities 
that can be detected by EM surveys. 

Table 2.1 shows conductivity values (in mS/m) of com
mon earth materials. The conductivities represent a typical 
range for the materials, but this physical property is highly 
variable, particularly in situ, and values outside these ranges 
can often be found. The table was compiled from a variety of 
sources (e.g. Angenheister, 1982) and generally, preference 
was given to values obtained in the course of field EM and 
resistivity measurements rather than to those derived from 
laboratory investigations. Conductivities over 500 mS/m are 
considered high. Materials falling into this category are mas
sive sulphides, graphite, and salt water. The medium con
ductivity group (between 1 and 500 mS/m) includes a variety 
of materials - sedimentary rocks, unconsolidated glacial 
sediments, weathered layers, alteration zones, and fresh 
water. Most readers are probably well acquainted with the 
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Table 2.1 Conductivity of some earth materials 

Massive sulphides 
Graphite 
Alteration zones 
Saprolite (mafic volcanic rocks, schist) 
Saprolite (felsic volcanic rocks, granite, 
gneiss) 
Mottled zone 
Duricrust (canga) 
Glaciolacustrine clays 
Glacial tills 
Gravel and sand 
Sedimentary rocks 
Igneous and metamorphic rocks 
Sea water 
Fresh water 
Sea ice 
Permafrost 

Conductivity 
mS/m 

103-107 
500-10000 
10-500 
50-500 

5-50 
0.5-5 
0.03-0.5 
10-200 
0.5-20 
0.1-2 
0.01-500 
1Q-5-1 
1000-5000 
10-500 
1-50 
10-2-2 

traditional application of AEM methods in prospecting for 
massive sulphides, but may not be familiar with other types of 
conductive inhomogeneities. This paper tries to fill the gap 
and focuses primarily on electrical response of clays, which 
occur in weathered layers, alteration zones, and 
glaciolacustrine sediments. 

BEDROCK CONDUCTORS 

Until the late 1970s, only bedrock conductors were consid
ered important and interpretable; other types were regarded as 
"noise". In mineral prospecting the aim was to recognize 
anomalies caused by massive sulphide deposits. Rule-of
thumb criteria were based on experience in the Canadian 
Precambrian Shield. Massive sulphides were presumed 1) to 
have high conductance, 2) to be isolated from other bedrock 
conductors, 3) to be small, and 4) to have a magnetic expres
sion. Priorities in ground follow-up of AEM anomalies were 
commonly assigned on the basis of these four criteria. As 
Gaucher (1983) has demonstrated on data from Quebec, 
highly conductive sulphides with magnetic association are 
usually rich in pyrrhotite, but only seldom are of economic 
interest (with the exception of nickel-copper rich orebodies). 
Reed (1981) described the discovery of the Detour zinc
copper-silver deposit in Quebec, which is without magnetic 
association and poorly conductive (interpreted conductance 
of 5 S); because of this the AEM anomaly associated with the 
deposit was not followed up until 1974 even though it was 
detected 16 years earlier. The Casa Berardi gold deposit in 
Quebec was discovered by routine drilling for assessment 
purposes in 1981, even though an AEM survey of the area 
flown in 1974 detected the body (Tintor, 1986). Responses due 
to two isolated conductors of low conductance were recorded 
by the AEM system, but the anomalies were not followed up. 

Since mid 1970s, case histories have been published of 
massive sulphide orebodies with no magnetic response (e.g. 
Webster and Skey, 1979; Whiteley, 1981). In terrains with a 
thick weathered layer, the EM response of massive sulphides 
may be obscured by anomalies due to conductive bands 
resulting from weathering of volcanic rocks. Even though the 
use of the four criteria mentioned above can be misleading, 
there still is a need for some guidelines to be used in the 
selection of AEM anomalies for ground follow-up. Typically, 
only 1 to 10% of anomalies will be tested by drilling. The best 
recommendation is to use integration of available 
geophysical, geological, and geochemical information. 
There are at least two ways to improve effectiveness of AEM 
data: by presenting them in several forms, in which one 
conductor type can be emphasized over another, and by 
performing statistical analysis of conductivities within a 
given formation. Thus "anomalies within anomalies" can be 
identified, which is particularly important in regions with 
conductive cover (Palacky and Sena, 1979). 

For geological mapping and uranium prospecting, bed
rock conductors other than massive sulphides are of interest. 
The most prominent EM anomalies in shield areas are caused 
by graphite and graphitic schists. Such conductors can be 



used as marker horizons to unravel the local stratigraphy. 
Unlike sulphides, whose conductivity varies substantially 
even over one deposit, physical properties of graphite are 
usually constant along a given trend. Detection of graphitic 
metapelites in Aphebian metasediments was the strategy used 
in prospecting for uranium deposits in the Athabasca Basin in 
Saskatchewan, because uranium is often concentrated near 
reducing graphitic basement (Saracoglu et al. , 1983). The 
Cigar Lake orebody, which is covered by 415 m of resistive 
Helikian sandstones, is the deepest discovery so far using an 
AEM system (Fouques et al., 1986). 

In frequency-domain AEM measurements, anomalies 
due to magnetite can easily be recognized by their negative 
in-phase response. In this case the magnetic susceptibility 
contribution outweighs conductivity. The EM response is 
determined by the "response parameter" (Grant and West, 
1965), which is a product of conductivity, magnetic suscep
tibility, the system frequency, and dimensions (which in turn 
depend on the model used in interpretation and the type of 
EM system). 

CLAYS 

Many AEM anomalies are caused by water-saturated conduc
tors, mostly clays, which appear in a variety of geological 
situations. Compared with the previously described mate
rials, clays are not highly conductive (conductivity ranges 
between 5 and 500 mS/m). Clays concentrate in what 
geophysicists have been describing as "overburden". In the 
past anomalies caused by clays were considered a nuisance 
and dismissed as "noise". However, on closer examination 
one can extract significant information from this "noise". 

In glaciated regions, clayey lacustrine sediments were 
formed after the retreat of glaciers (e.g. Lake Agassiz in 
Manitoba, Lake Abitibi in Ontario). Studies in Ontario 
(Pitcher, 1985) indicate that glaciolacustrine clays have a 
fairly constant conductivity (about 35 mS/m) and that EM 

surveys can be used to map their thickness. If the new 
generation of multifrequency (or wide-band) AEM systems 
succeeds in identifying the clay-till and till-bedrock inter
faces, a significant new application will be born. Knowledge 
of subsurface bedrock topography is important in conducting 
geochemical programs (till sampling is presently used in gold 
exploration) and in various engineering projects (Fig. 2.1). 
Test AEM surveys for overburden mapping have been carried 
out in northeastern Ontario (Pitcher et al., 1984). 

AEM mapping of lineaments, shear and fracture zones 
has been done successfully for many years, usually with the 
VLF technique. Mapping of tectonic features has become 
particularly important in Canada with the increase in gold 
exploration. Despite the frequent application it seems that 
very few researchers have tackled the fundamental problem 
-what makes the lineaments conductive? It is the writer's 
opinion that water-filled clays are the conductive material. 
Depending on the type of the feature, clays can be present 
along the entire plane of the shear zone (if they are a product 
of hydrothermal alteration), or only near the surface, forming 
a conductive wedge. The latter situation results from weather
ing along a weakened fracture zone. Formation of clays by 
hydrothermal activity is well known and one can use EM 
techniques to locate sources of hydrothermal activity (Hoover 
and Pierce, 1986). It is important to establish the clay origin 
before attempting quantitative interpretation of the detected 
EM responses. Generally, the half-plane model has been used 
in interpretation, but such approximation is not suitable in the 
case of wedge-like conductors. 

In situ weathering produces clays which give clues about 
the local geology because their composition is a function of 
the bedrock lithology. Clays are highly conductive because of 
their ability to absorb water in their lattice, which depends on 
the clay mineralogy. It is this phenomenon which makes 
mapping of geological units feasible under certain circum
stances. When dry, all clays are quite resistive (Angenheister, 
1982). 

SOIL SOIL SOIL 

ACID 

GLACIAL COVER WEATHERING LINEAMENTS 

Figure 2.1. Schematic sketch of three situations in which clays commonly occur. Their detection is of 
importance in geological mapping and in prospecting for some resources (lateritic nickel, saprolite gold, 
bauxite, etc.). 
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Geologists distinguish two weathering mechanisms, 
physical and chemical (Oilier, 1969). The first, which causes 
mechanical destruction of solid rocks and creation of detrital 
cover, occurs primarily in arid and frigid regions. In all other 
regions chemical weathering is present and usually it prevails. 
The intensity of weathering increases with rainfall and tem
perature. Thus the hydrolysis process will be faster in tropical 
climates than in temperate ones. Nevertheless , it takes mil
lions of years to create a thick weathered layer. In the absence 
of tectonic uplift and denudation or glacial erosion, the 
weathered layer will be preserved for millions of years. There
fore, there is not necessarily a correlation between the pre
sent-day climate and the thickness of the weathered layer. 
Conversely, by studying the properties of the weathered layer 
one· can gain information about paleoclimates. Thick 
weathered layers have been observed in Australian deserts 
(over 150 m), Central Europe, and under thin glacial cover in 
Lappland, in regions where the present climates are not 
favourable for intense weathering. On the other hand, there 
are many tropical regions where the weathered layer is rela
tively thin because of continuing tectonic uplift (e.g. Central 
America, Jamaica). Therefore, one cannot speculate a priori 
about weathering patterns only by examining modem cli
matological maps. 

Not all rock types are affected equally by weathering. 
Rocks with high content of resistant minerals, like quartz, are 
less affected by chemical weathering than those with an 
abundance of mafic minerals, which contain vulnerable ele
ments like iron (Millot, 1970). Table 2.2 shows the vul
nerabililty of the major plutonic and volcanic rock types to 
chemical weathering. The more easily weathered rocks (in 
the lower part of the table) contain more minerals that are 
replaced by secondary clays during the weathering process. 
The rock types are ordered according to their silica content 
(standard petrological nomenclature). 

Sample weathering profiles are shown in Figure 2.2 for 
felsic and mafic rocks. From the bottom to top, we can 
identify several distinct layers: a) fresh rock, which is un
affected by weathering; b) zone of fractured rock, where the 
mineral composition is essentially the same as that of the 
parent rock (typically this zone is thick over granites); c) 
saprolite, where the original rock textures are still preserved 
by stable primary minerals and neoformed secondary clay 

Table 2.2 Standard classification of igneous rocks 
based on their silica content. The susceptibility of 
rock to weathering and saprolite conductivity 
increase with decreasing quartz content 

PLUTONIC VOLCANIC . 

r~ ll GRANITE RHYOLITE >-' -o 1-a: SYENITE TRACHYTE (.)a.. 

QUARTZ DIORITE DACITE 
:::1<( 

~(/) 
DIORITE ANDESITE 0 LL. 

GABBRO BASALT c..:>O 

PERIDOTITE ULTRAMAFITITE 

22 

minerals (formation of clays is more extensive over mafic 
rocks); d) leached (pallid) zone, which lies above the water 
table and where the clays are therefore less conductive; e) 
mottled zone, where the original rock textures are unrecog
nizable and the material becomes soft, and f) a ferruginous 
zone (duricrust, canga, cuirasse), which is hard and enriched 
in Fe minerals (hematite), but which may be missing in many 
areas. Clay minerals, such as chlorite, vermiculite, smectite 
and montmorillonite, which form over mafic rocks, are more 
conductive than sericitite and kaolinite which result from 
weathering of granites and gneisses (Butt, 1982). 

Resistivity or EM soundings can be used to obtain con
ductivity values of weathered layers. Perle (1981) reported 
from Burundi conductivity of saprolite formed over perido
tite as being between 50-100 mS/m, leached zone (ferralite) 
1.2 mS/m, and canga 0.15 mS/m. The respective thicknesses 
ranged from 20-40 m for saprolite, 7-20 m for ferralite, and 
6 m for canga. In Goias, Brazil, Palacky and Kadekaru 
(1979) found conductivity of 125 mS/m for a weathered layer 
formed over peridotite. Slightly lower conductivity values, 
100 mS/m, were obtained for weathered amphibolite in Bur
kina Paso (Palacky et al., 1981). Saprolite formed over schists 
is less conductive and values of approximately 50 mS/m were 
reported from Burkina Paso (Palacky et al., 1981), Mali (En
galenc , 1978), and Para, Brazil (Palacky and Kadekaru, 
1979). Saprolite overlying granite appears more resistive, 
14 mS/m in Burkina Paso (Palacky et al., 1981) and 15 mS/m 
in Bahia, Brazil (Palacky and Kadekaru, 1979). All values 
quoted were obtained from interpreted results of galvanic 
resistivity soundings which were converted to conductivity. 

One can conclude that: 1) conductivity of saprolite de
pends on the parent rock, 2) conductivity values for a given 
lithology are fairly uniform not only within a given area, but 
on a global scale, 3) the more mafic the parent rock, the more 
conductive the saprolite. The third assertion has important 
implications for geological mapping - resistivity and EM 
methods appear to give results which correlate with the parent 
lithology. 

AEM techniques may be more suitable for pseudo
geological mapping than magnetic surveys in areas where 
lithological units do not have a sufficient susceptibility con
trast. Because of its indirect character (an AEM technique is 
not "seeing" the rock but its weathered layer) the technique 
may be subject to many local limitations (absence of 
weathered layer because of uplift or glacial erosion). How
ever, a duo of techniques (or possibly a trio, including 
gamma-ray spectrometry) would in any case be a more 
powerful mapping technique than magnetics alone. 

Palacky (1981) published examples of application of 
AEM methods to geological mapping in Brazil. Figure 2.3 is 
a geological map of an area near the Araci gold mine in the 
ltapicuru greenstone belt (200 km NNW from Salvador, 
Bahia). The map of apparent conductivity derived from 
INPUT® AEM data is shown in Figure 2.4. In several areas 
resistivity soundings were carried out and the values obtained 

®Registered trademark of Barringer Research Ltd. 
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Figure 2.2. Weathering profiles over felsic and mafic rocks. The minerals most common for each layer 
(names in the centre column) are given on sides of the section. Mineral content of fresh rock and zone of 
fracturing are the same. 
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Figure 2.3. Geological map of a part of the ltapicuru greenstone belt (near the Araci gold mine) and its 
contact with Mesozoic sediments. State of Bahia, Brazil. 

23 



SAPROLITE 0 5 km -a> 65 mS/m 
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Figure 2.4. Map of apparent conductivity based on INPUT AEM data of the area shown in Figure 2.3. The 
conductive area in the east corresponds to Mesozoic shales. There are numerous bedrock conductors 
(graphite) in the Precambrian graywacke sequence. All other anomalies are caused by conductive saprolite. 

from AEM and ground data were in agreement. Highest 
conductivity values (over 100 mS/m) were obtained over 
Mesozoic shales (Alian~a Formation) which are highly con
ductive even when unweathered (Lima, 1979). In the shield, 
numerous anomalies (narrow in shape) are caused by graph
itic layers within the greywacke sequence. Existence of some 
conductors was confirmed by drilling. The remaining anoma
lies appear to be related to saprolite, whose conductivity 
varies according to the underlying geology. The most con
ductive saprolite layers (over 60 mS/m) form over basalts, 
slightly less conductive layers were found over amphibolites. 
The INPUT response over granite was essentially zero, but 
resistivity soundings indicated conductivities of approxi
mately 15 mS/m for the saprolite layer. One should add that 
there are very few outcrops in the area and that geological 
mapping is largely based on soil colour differences. This fact 
enhances the applicability of the AEM method to geological 
mapping in tropical regions. 
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Selective weathering permits the use of AEM techniques 
in diamond prospecting. The "yellow ground" forming over 
kimberlites is highly conductive (Macnae, 1979). In Africa, 
AEM surveys have been found to be more reliable exploration 
tools than magnetics. Several types of mineral deposits are 
related to the weathering process: bauxite, nickel laterites, 
saprolite gold (e.g. Serra Pelada, Brazil) and cassiterite (e.g. 
Central Goias, Brazil). Even though marginally used to date, 
EM methods could be effectively applied in conjunction with 
geochemistry in prospecting for such orebodies. 

The application of AEM surveys to general geological 
mapping in Canada depends to a large extent on the develop
ment and preservation of weathered layers. Recent geological 
studies have indicated that existence of such layers is more 
common in glaciated areas than thought previously (e.g. 
Veillette and Nixon, 1982). Figure 2.5 shows a geological 
map and INPUT AEM conductors from the Rice Lake green
stone belt in Manitoba (Dyck et a!., 1975). Most of the area 



shown is underlain by granites of the Wanipigow River Plu
tonic Complex. Six AEM anomalies in the lower part of the 
map are associated with a peridotite body, whose outcrops 
have been mapped. The INPUT survey was flown with a 
horizontal-coil configuration and the type of response ob
tained resembles a horizontal ribbon rather than a vertical 
dyke. This suggests that the source of anomalies lies in a 
saprolite layer formed over peridotite. Petrophysical studies 
indicate that fresh peridotite is highly resistive (Angenheister, 
1982). 

WATER 
Conductivity of water depends on its dissolved mineral con
tent and temperature. The most common mineral dissolved in 
water is sodium chloride. Sea water conductivity varies sub
stantially from sea to sea, e.g., the Red Sea has a very high 
salt content, the Baltic, very low. Measurements performed in 

....... ==-=:,. ~ _r-,...._- ~ ' 
FRESH-:B-= SALT WATER 
~ 
AQUIFER 

the Atlantic Ocean indicated that 4 S/m can be assumed as a 
representative near shore conductivity value. Because this 
value remains constant over a given area (with the possible 
exception of tidal beaches), one can use AEM systems to 
measure the thickness of the water layer, and in this way 
perform bathymetric charting. So far only a few tests have 
been performed (Won and Smits, 1986; Becker et al., 1986), 
but the results appear encouraging. Accuracy of 1 m in water 
to a depth of 20 m has been achieved. Depth sounding 
capabilities of AEM systems can hopefully be extended to 
100m. 

Another application (Fig. 2.6) of AEM technique which 
seems feasible is to measure the thickness of ice in Arctic 
regions (Holladay et al., 1986). Ice is more resistive than sea 
water (20 mS/m and 4 S/m, respectively). Repeated surveying 
of shipping lanes by helicopter EM systems would make 
passage by icebreakers safer. Fuel could be economized by 
selecting traverses with lesser ice thickness. 

l'l tjl Granite-gneiss 

0 Peridotite outcrop 
Shear zone 
Flight line 

• Discrete anomaly 

- Wide anomaly 

Figure 2.5. Geological map of area 5 of the Project Pioneer 
in Manitoba (after Dyck et al., 1975). The location of INPUT 
AEM anomalies is also indicated. 
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Figure 2.6. Situations in which mapping of salt water presence or its thickness has practical importance 
(groundwater exploration, shallow water bathymetry, and airborne ice-thickness measurements). 
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Conductivity measurements have been used to map the 
extent of salt water aquifers in coastal regions. Surveys have 
been carried out in various countries, in France as early as 
1966 (Baudoin et al., 1970). Two surveys are reported in this 
volume (Johnson and Seigel, 1986; Sengpiel, 1986). Salinity 
increase in soils after years of intense irrigation causes fertil
ity degradation. The problem is becoming serious in many 
regions of the world. AEM surveys can be used to map the 
extent of the affected areas (O'Connell and Nader, 1986). 

Compared with prospecting for massive sulphides all 
applications mentioned in this section are still less common, 
but the potential volume of surveys related to other objectives 
may become in future larger than in mineral prospecting. 

CONCLUSIONS 
The AEM technique has the potential of becoming a versatile 
mapping tool. Anomalies are caused not only by bedrock 
conductors (sulphides, graphite, magnetite), but also by clays 
which are present in weathered layers, hydrothermally altered 
zones, and glaciolacustrine sediments. Multifrequency or 
wide-band AEM measurements should become an integral 
part of multiparameter geophysical surveys that are carried 
out in resource-inventory programs. Economic spinoffs 
would be of significance not only in mineral prospecting, but 
also in groundwater resource assessment. Systematic map
ping programs are more cost-effective than one-purpose sur
veys. In offshore areas AEM systems can be used for 
bathymetric charting and in Arctic waters for monitoring of 
sea ice thickness. 
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Abstract 

An ability to predict at least roughly what response should be expected from an electromagnetic (EM) 
exploration system when it is in the vicinity of a given configuration of conductors is fundamental to EM 
survey interpretation. Early interpretation procedures were based on a few elementary analytical models 
such as a uniform sphere in free space and a source on a conductive half-space, and on "type curve" 
studies carried out on scale models, mostly of dipping sheets. More recently, computing methods have 
improved to the point where models of somewhat greater complexity can be analyzed at reasonable cost. 
Complex models such as an arbitrarily shaped target-conductor in an arbitrary host medium are, however, 
still very difficult to handle, either computationally or in the scale-model laboratory. 

Currently, computer modelling is a relatively straightforward way of obtaining the frequency or time
domain response of a controlled source EM system to an arbitrarily layered half-space, a sphere, a plate, or 
to a number of other simple shapes in an insulating host medium. With more difficulty and with more 
limitations, a simple target conductor in a host medium consisting of a uniformly conductive half-space or 
layer and half-space can be handled. Research trials on arbitrarily structured two-dimensional models (3d 
source) have shown promise. In the scale modelling laboratory, electronic advances have facilitated the 
modelling of time-domain EM systems. Modern computer plotting systems have made the production of 
systematic type curve sets more economical. 

) 

For situations where cost-effective modelling is possible, inversion methods have been constructed 
based on Marquhardt type iterative regression or on other methods. Where the number and range of free 
parameters in the model is limited and the observational data can be reduced to a few key characteristics, 
inversion by table look-up techniques is a very fruiiful approach. 

Resume 

Pour interpreter un !eve electromagnetique (EM), if est essentiel de pouvoir predire au moins appro
ximativement quelle reponse attendre d'un systeme EM lorsqu' il est au voisinage d'une configuration de 
conducteurs. Les premiers procedes d'interpretation etaient bases sur quelques modeles analytiques 
elementaires, p. ex. une sphere uniforme en espace libre et une source sur un demi-espace conducteur, et 
sur des etudes de "courbes types" effectuees sur des modeles a l'echelle, principalement des feuilles 
inclinees. Recemment, on a ameliore les methodes informatiques si bien qu' on peut analyser des modeles 
d'une complexite un peu plus grande a des couts raisonnables. Toutefois, les modeles complexes, p. ex. un 
conducteur-cible ayant une forme arbitraire dans un milieu arbitraire, sont encore tres difficiles a 
manipuler, tant par calculs que sur des modeles a l'echelle en laboratoire. 

Actuellement, l' elaboration de modeles par ordinateur est une far;on relativement directe d' obtenir la 
reponse d'un systeme EM a source controlee dans le domaine desfrequences ou dans le domaine tempore[ 
a causee par un demi-espace des couches arbitraires, par une sphere, par une plaque ou par uncertain 

1Geophysics Laboratory, Department of Physics, University of Toronto, Toronto, Ontario, M5S lA 7 

29 



nombre d' autres formes simples dans un milieu isolant. On peut, avec plus de difficultes et de limitations, 
manier un conducteur-cible simple dans un milieu uniformement conducteur en forme d'un demi-espace ou 
d'un tandem couche/demi-espace. Des essais theoriques sur des modeles a deux dimensions (source 
tridimensionnelle) arbitrairement structures ont he prometteurs. Dans le laboratoire de modeles a 
l'echelle, des progres electroniques ont facilite le modelage de systemes EM a domaine tempore!. Des 
systemes modernes de tral{age par ordinateur ont rendu plus economique la production d' ensembles 
systematiques de courbes types. 

Dans le cas oil un modelage rentable etait possible, on a utilise des methodes d' inversion basees sur 
une regression iterative de type Marquhardt ou sur d'autres methodes. Si le nombre et la gamme des 
parametres libres du modele sont restreints et qu' on peut ramener les donnees d' observation a quelques 
caracteristiques cles, l' inversion par des techniques de controle tabulaire est une approche tres fructueuse. 

INTRODUCTION 
To discuss the modelling of airborne EM response, it is useful 
to classify AEM applications into 3 categories: 

I. Search for unusually conductive features in a com
paratively resistive host medium. 

2. Areal conductivity mapping, particularly of surficial ma
terials. 

3. Identification and interpretation of complicated con
ductivity structures. 

Interpretation concepts and techniques differ depending 
on the category of the problem being investigated, but all 
involve determination of model responses. The basic models 
for the first two applications are: 

I. Discrete uniform conductors in free space. 

2. Horizontally layered earth models. 

The third category includes all cases which are too com
plicated for 1 or 2 to be applied. By and large, our present 
capabilities in modelling are reasonably satisfactory for cate
gories 1 and 2, but tour de force efforts are still required for 
the more complicated cases. 

There are two basic methods of response modelling: 
numerical evaluation of mathematical solutions to the EM 
equations, and measurement on scale models. Both methods 
have been used since the inception of EM geophysical explo
ration, and both methods are still strongly limited in the cases 
they can handle adequately. Neither method has supplanted 
the other. The great advances of recent years in computing 
capability have lead to corresponding advances in computa
tional techniques of EM modelling, and evaluation of ana
lytical solutions is being supplanted by direct numerical 
solution methods. In the scale modelling laboratory, elec
tronic advances have made measurement much less laborious 
than formerly. 

Conceptual distinctions between airborne and ground 
EM are only marginal, insofar as interpretation and model
ling are concerned. However, it is an annoying feature of all 
controlled source EM methods that modelling studies are 
necessarily specific to a single type of EM system. In this 
short review, I concentrate initially on what modelling is 
available to assist AEM interpretation. Unfortunately, most 
recent modelling developments have focussed on ground 

·EM, but they could certainly be applied to AEM if there is 
enough need. They are discussed under new developments. 

The main distinction between ground and airborne EM 
interpretation is in the quantity of data to be analyzed and the 
level of detail or resolution expected in the interpreted output. 
The large amount of data usually acquired, coupled with the 
limited spatial information provided by a usual airborne 
survey grid having a line separation of, say, 400m (not to 
mention any other possible limitations of the airborne survey) 
means that interpretation must concentrate on simple meth
ods which reliably can give a rough idea of subsurface con
ductivity in the survey area, rather than on elaborate model 
fitting exercises directed to obtaining detailed information 
about specific anomalies. 

PRESENT STATUS 

Conductive targets in free space 

Much routine interpretation of AEM surveys for conductive 
target location has been based on the following models con
sisting of a single homogeneous conductor in free space: 

1. Dipping thin half-plane. 

2. Dipping rectangular plate. 

3. Sphere. 

Currently, responses to these models are most easily obtained 
by computation, but most early AEM interpretation methods 
were in fact developed from a computed solution for a per
fectly conductive half-plane (e.g., Wesley, 1958; Wieduwilt, 
1962) and scale model studies on plates of finite conductivity 
(e.g., Grant and West, 1965; Ward, 1967; Ghosh, 1972; Pal
acky, 1974). Several organizations have their own computer 
models for such cases, but accessible programs well known in 
Canada are the Annan/Dyck program PLATE and the 
Nabighian!Dyck program SPHERE available from the Uni
versity of Toronto (Dyck et al., 1980). Weidelt (1983) has 
developed a method for modelling a half-plane of finite 
conductance. 

Interpretation concepts based on free-space conductor 
models have really not changed much in the last two decades. 
The well known review by Ward (1967) is still an excellent 
introduction to current practice. The vertical half-plane model 
serves as a basic reference point because of its simplicity 
(only two parameters, depth to top and surface conductance) 
and its widespread applicability to interpreting data from 
the greenstone belts of glaciated shields. Other studies show 
the general effects of shortened strike and depth extent, dip 
and strike angle, etc., and the ability to resolve multiple 



conductors. What has happened in the interim is that similar 
kinds of study have been made for new types of EM systems. 
The fixation with plate-like models continues, although some 
attention has been given to interpreting compact massive 
conductors with a sphere (Lodha and West, 1976; Best and 
Shammas, 1979). In retrospect, it seems clear that availability 
of a practical modelling capability has as much ihfluence on 
what models are used in interpretation as any a priori consid
eration of actual ground structure. 

Layered earth models 

The formal mathematical solution for the EM response of 
layers has been well known for more than sixty years. The 
horizontal spatial variation of the field in (r,e) or (x,y) co
ordinates is Fourier transformed to horizontal wavenumber 
domain. For a dipole transmitter, the angular (6) variation of 
the various EM field components is always simple for a dipole 
type of source, so the Fourier representation is usually written 
as one or possibly a very few terms in which radial wave
number is the only transform variable. General solutions of 
the transformed equations are easily obtained for any number 
of layers, either in explicit algebraic form or as a recursion 
relationship. Source terms are likewise easily written ex-
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plicitly. Solutions for the fields in space domain are then 
obtained as the Hankel inverse transform of an algebraically 
computable function which describes the source and the 
layering. Solutions for transient responses require a further 
inverse Fourier or Laplace Transform. 

Although responses to certain simple models such as a 
uniform half-space have long been relatively easy to evaluate 
for airborne EM configurations (e.g., Wait, 1955, 1958), it 
was some time before similar results could be obtained for 
the time-domain INPUT® system (e.g., Morrison et al., 
1969). However, development of algorithms such as the Fast 
Hankel Transform (Koefoed et al., 1972; Anderson, 1979; 
Johansen and Soerensen, 1979) and Exponential Fourier 
Transform (Lamontagne, 1975; Holladay, 1982) have now 
made it relatively easy to calculate layered earth response for 
any kind of layering or EM coil configuration in frequency or 
time domain. Nevertheless, such programs are not trivial to 
code, and occasionally suffer from accuracy problems. In 
general, AEM responses are much easier to calculate than 
ground EM cases because the height of the system introduces 
an exponential convergence factor into the Hankel inverse 
transform. There is now little excuse for an AEM interpreter 
not to have a convenient layered earth modelling program 
available for his system. 
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Figure 3.1. Effect of a uniformly conductive host medium on the local anomaly observed by a helicopter EM 
system over a vertical plate-like target conductor. Note that anomaly strength is measured from the regional 
(host) response level. Host response is also plotted for small values of the host medium's response parameter. 
Note how the target anomaly is enhanced from the free space value in amplitude as the host conductivity 
increases, and is then phase rotated and attenuated at higher conductivities (Ferneyhough, 1985). 
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Complex models 

In only a few cases has the response of a complex model been 
studied systematically over a range of parameter values for a 
practical EM system, either by scale model or mathematical 
methods. One example is the vertical plate conductor in a 
conductive half space with or without an overburden layer 
(Lajoie and West, 1976; Hanneson and West, 1984). This is an 
important model for base metal exploration, but still is of 
limited applicability because it lacks geometrical flexibility 
and is expensive and cumbersome to use. The most interest
ing results are the filtering effect of the overburden and 
overlying half-space on the plate anomaly (relative to a free
space case) and the enhancement of the plate anomaly by 
currents channelled from the host region whenever the host is 
sufficiently conductive. Figure 3.1 shows the twin effects of a 
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uniform host medium as seen by a frequency-domain heli
copter EM system. Figure 3. 2 shows the equivalent results for 
a time-domain AEM system. They were calculated by Fer
neyhough (1985) using an extended version of Hanneson's 
program. 

The effect on the response of an underlying target con
ductor situated in a resistive host medium, of an overburden 
not in contact with the target is known to be principally a 
phase rotation. Femeyhough (1985) has shown that such an 
overburden can easily be introduced approximately into most 
free-space conductor models, at least for calculation of the 
peak anomaly amplitude. The procedure is just to find a 
frequency-domain filter function using a layered earth al
gorithm and apply it to the free-space results, before convert
ing to the time-domain if that is required. Figure 3. 3 gives an 
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Figure 3.2. Effect of a uniformly conductive host medium on the INPUT response of a vertical plate. 
Anomaly amplitude is measured relative to the host response level, and the host response is plotted 
separately. Note how increasing the conductivity of the host medium adds to the target response a component 
which has a decay rate similar to the host medium, and supresses or even reverses the early time target 
response (Ferneyhough, 1985). 
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Figure 3.3. The effect of a conductive overburden layer on 
the reponse of target conductor in an insulating subspace, 
modelled as a simple filtering process. Here the filter for a thin 
sheet overburden has been applied to free space HEM model 
data from Ghosh (1972), and the result can be compared with 
analogue scale model data where an overburden layer is 
included. The filter theory provides a reasonably good esti
mate of the overburden effect, but becomes progressively less 
accurate when the overburden becomes more conductive 
(Ferneyhough, 1985). 

example for frequency-domain helicopter EM and Figure 3.4 
gives a simplified example for a time-domain system. 

The effects of host rock and overburden on the response of 
a helicopter EM system are not much different qualitatively 
than on a ground horizontal-loop EM. Their manifestations 
in a time-domain system with an INPUT waveform are, 
however, somewhat paradoxical. The conductive host me
dium and overburden of course contributes a strong addi
tional component to the total response. More surprisingly, its 
filtering effect on the target component of the response not 
only reduces the early time target response but makes it 
negative. This comes about mainly because the receiver 
output is proportional to the time derivative of magnetic field. 
The secondary magnetic field from the target is initially 
supressed by the shielding effect of the overburden, and then 
its growth phase produces a negative voltage in the receiver 
coil. The negative response was demonstrated on model data 
by Palacky (1974). 

Inverse methods 

The classical method of interpreting AEM data has been the 
Method of Characteristics whereby some key characteristics 
of an anomaly are defined and measured and then compared 
with graphs (called interpretation diagrams or characteristic 

curves) which relate the same characteristics to the parameter 
values of a simple model. The simplest and best known AEM 
example is the helicopter EM response characteristics of a 
vertical half-plane model (Fig. 3.5), where the anomaly 
characteristics are just the peak in-phase and quadrature 
amplitudes which are related to the model parameters depth
to-top and conductance. Palacky and West (1973) introduced 
an interpretation technique based on peak amplitudes for 6 
measured channels for the INPUT system. 

The Method of Characteristics is easily extended to take 
account of slightly more complicated situations, such as the 
strike angle at which the flight path crosses the conductor, 
dip, etc. , and may readily be automated by storing the charac
teristic curves as tables in a computer and obtaining the 
parameter values of the model from the observed values of 
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Figure 3.4. The effect of a conductive overburden on the 
INPUT response of a target which behaves as an elementary 
loop conductor. Note the supression and inversion of the early 
time response (Ferneyhough, 1985). 
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anomaly characteristics by table look-up and interpolation. 
Figure 3.6 gives some examples of interpretation diagrams 
for plate models. De Moully and Becker (1984) described 
such interpretation approach for the INPUT system. 

The method of characteristics is based on finding nun
known model parameters from n measured characteristics. 
Error limits can be assigned in the inversion process, but 
problems of ambiguity and mismatch are glossed over. The 
problem may be somewhat remedied if a non-linear, iterative, 
least-squares regression approach is taken using the Mar
quhardt algorithm or one of its relatives (Glenn et al., 1973). 
Layered earth modelling algorithms for frequency domain 
EM systems are simple enough to be used in this way, when 
the quality and variety of data acquired by the AEM system 
warrant it. 
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Computer methods 

Many different numerical modelling methods have been 
tried, with varying degrees of success and practicality. 
Hohmann (1985) has provided a very useful review. In gen
eral, modelling of EM response (which must necessarily be 
of 3-dimensional fields if it is to be compared with controlled 
source AEM field data) has proved to be more difficult than 
for resistivity or other potential field methods. Difficulties 
arise from the diffusive nature of the EM field, the rapid 
geometrical attenuation of field strength with distance from 
the source, and the dualistic physics of EM induction in 
complicated media (the electric field being generated both by 
charge on boundaries and by changing magnetic field). Few 
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Figure 3.5. HEM anomaly characteristics for a vertical half-plane model, from Ghosh (1972). Peak in-phase 
and quadrature anomaly amplitude is related to depth-to-top and conductivity-thickness of the model. 



methods have been able to deal with all three problems 
simultaneously and at the same time be simple, economical 
and robust. 

There are three basic methods for numerical solution of 
the EM equations: integral equation, finite difference/finite 
element, and hybrid methods. They differ in how general a 
model may be analyzed and are illustrated in Figure 3. 7. The 
integral equation method is the most restrictive in model 
design, requiring the model to consist of a limited region of 
uniform anomalous conductivity superimposed on a simple 
background medium. The FD/FE method allows a general 
specification of the model, but it is very slow to execute and 
often has accuracy problems. The hybrid method is an attempt 
to combine the better features of both. 

Researchers at several institutions have constructed vari
ous kinds of model and run a few test cases with them (e.g., 
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Best et al., 1985; and for a list see Hohmann, 1985), but I am 
not aware of any extensive parametric studies yet made with 
them which are applicable to AEM. However, I think they 
will soon (2-3 years) offer practical though not inexpensive 
modelling capability to AEM interpreters. The methods of 
numerical modelling which show the most promise of prac
ticality in the near future are those that limit the form (integral 
equation methods) or the dimensionality of the conductivity 
model. So-called lY2 models (2d earth model, 3d EM source 
fields) permitting arbitrary conductivity structure have been 
successfully analyzed using FD/FE or hybrid methods. 

An example of a freely structured model of reduced 
dimensionality that is approaching practicality is a thin hori
zontal sheet of arbitrary and variable conductance. It can be 
used to study the AEM response of a patchy overburden. 
Smith (1985) has developed numerical methods for simula
tion of frequency or time-domain EM response of this model 
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Figure 3.6. HEM anomaly characteristics for a thin plate target. Figures A and B show one way of handling 
dip and strike angles. Dip can be estimated from the asymmetry of the coplanar coil system's anomaly (A) and 
strike from the correlation of anomalies on adjacent lines. B then is used to correct the observed coaxial coil 
anomaly amplitudes before application of Figure 3.5. C and D show, for one flight height and geometry, how 
the effects of dip extent (W) and strike extent (S) affect the response (Ferneyhough, 1985). 
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Figure 3.7. Discretizations for numerical modelling by the 
integral equation, FD/FE, and hybrid methods, shown for a 
two-dimensional ground structure. For the IE method, the host 
medium must be simply layered, and the anomalous region 
must be of simple shape and uniform anomalous conductivity. 
The FD/FE method discretizes all of the space occupied by 
the EM fields, using rectangular (FD) or more complex (FE) 
grid cells. The hybrid method discretizes a limited region and 
inserts it into a very simple host region. 

(Fig. 3. 8). The technique is computationally intensive, requir
ing an array processor for economical use, but otherwise 
reasonably robust and accurate. Extreme conductance con
trasts are a limitation. 

Scale modelling 

The limitations of the scale modelling laboratory are of long 
standing. It is difficult to make a good contact between 
different types of material except for a solid immersed in a 
liquid which can lead to unwanted IP problems at interfaces 
if modelling is done at low frequencies (Guptasarma, 1983). 
Some modelling of uniloop TEM has been done with cast 
metals (e.g., Spies, 1980) but thermal contraction can be a 
problem. Also, it is laborious to make systematic changes in 
conductivity of model conductors; frequency is the only 
easily changed intrinsic parameter. Furthermore, there are 
very large gaps in the conductivity spectrum of easily avail-
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. able materials (Fig. 3.9). These factors combine to make 
scale modelling most useful for investigating those problems 
where a universal conductive host medium is not required 
and where computer modelling is not applicable. Examples 
might be investigations of complicated shapes or multiple 
conductors. 

Where an electrolytic host medium is to be used and the 
modelling laboratory has limited dimensions, it often be
comes necessary to use frequencies in the high kHz-low MHz 
range. Modern wide-band differential amplifier and ana
logue-to-digital conversion technology as used in current 
digital oscilloscopes has certainly made accurate phase and 
amplitude or time-domain measurement routinely feasible in 
this part of the spectrum where it was formerly difficult. It has 
been demonstrated that composites of intermediate con
ductivity between strong electrolytes and sintered carbon can 
be made by mixing graphite or similar materials in a self
setting plastic, but it is difficult to achieve satisfactory ho
mogeneity without industrial scale manufacturing facilities. 
It seems likely, however, that suitable materials in the range of 
103-104 S can be found or manufactured, if there is sufficient 
interest and need. 

A state of the art versatile modelling laboratory with 
computer driven positioning and computerized data logging 
reduction and plotting can now be put together from pur
chaseable components and some custom engineering of a few 
items such as the model EM system coils and the transmitter 
drive circuits. The cost is in the neighbourhood of $200 000. 
Effective production of data output would be more the work 
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ductance. The example shows the response of a conductive 
strip of overburden with tapered edges. The scale model re
sults were over a relatively thick sheet, and this accounts for 
most of the differences between the calculated and measured 
data (Smith, 1985). 
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of a skilled professional rather than graduate students. There 
is no doubt in my mind that the necessary modelling data to 
solve many interpretation problems could be produced from 
such a facility at very moderate operating cost, if the 
geophysical industry felt the need were great enough to 
warrant the setup expense. 

OUTLOOK 
Numerical modelling is indeed the way of the future. One 
cannot, however, expect numerical methods to solve all mod
elling problems. Scale model studies will remain a cost
effective and even the sole method of tackling some problems 

for a long time. The ideal of a completely flexible computer 
modelling package where any EM system can be specified 
and any arbitrary picture of ground conductivity can be 
modelled is still a long way off, either from a technical or an 
economic point of view. Generalized inversion of data onto 
such a general model is even further in the future, if it is even 
possible or desirable. Nevertheless, we can expect to see 
computer modelling of a number of new and useful idealized 
field situations soon become available. 

Given the considerable expense of developing and run
ning complex computer modelling programs and also the 
amount of intelligent supervision required to make sure that 
the output data are reliable, practical use of these models in 
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inversion and interpretation will be obtained by carrying out 
comprehensive a priori model studies and then creating a 
numerical data bank from each study that can be interpolated 
by computer for arbitrary input values of the model param
eters. The data interpolation computer program then may 
serve as the basic forward modelling algorithm for an auto
mated inversion method. 
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Abstract 

The airborne electromagnetic (AEM) method has been increasingly used in geological mapping, explora
tion for coal and lignite, geotechnical studies, and groundwater prospecting. The most meaningful way of 
interpreting AEM surveys conducted for such applications is to invert the measured data and obtain 
estimates of conductivity and thickness of the important subsurface layers. An analytical method based on 
singular value decomposition (SVD) was developed for a three-layer model, which is under normal 
circumstances the most realistic in the above mentioned situations. The algorithm provides stable, 
geologically meaningful solutions and can deal with real situations, such as the disappearance of the 
conductive upper layer. 

The inversion method has been tested on approximately 4000 line km of data obtained in the course of 
AEM surveying in Africa andNorthAmerica. Examples are shown of inversion oftwojrequency helicopter 
EM data from Tanzania, where the objective was to map the surface of unweathered bedrock. In Canada, 3-
frequency helicopter EM surveys were conducted as a part of the nuclear fuel waste management program 
where one of the tasks was to map the thickness of glacial sediments and the topography of the underlying 
Precambrian. In western USA, helicopter EM surveys have been used to determine the depth to water table 
in semi-arid areas. In the three mentioned surveys (and several others) the inversion algorithm provided the 
desired answers at a relatively modest cost. Continuous inversion of AEM data appears to be a powerful 
tool for many new applications. 

Resume 

La methode des !eves electromagnetiques aeriens (EMA) est de plus en plus utilisee pour la cartographie 
geologique, la prospection du charbon et du lignite, les etudes geotechniques et la prospection des eaux 
souterraines. Lafafon la plus valable d' interpreter les !eves EMA effectues pour ces applications consiste a 
inverser les donnees mesurees pour obtenir des estimations de conductivite et d' epaisseur des couches 
importantes du so us-sol. Une methode analytique basee sur la decomposition de la valeur unique (DVU) a 
ete elaboree pour un modele a trois couches, ce qui correspond le plus, en conditions normales, aux 
situations sousmentionnees. L' algorithme fournit des solutions stables et geologiquement significatives et 
peut trailer des situations reelles, comme la disparition de la couche conductrice superieure. 

La methode d' inversion a ete testee avec des donnees recueillies sur environ 4000 km lineaires par 
!eves EMA en Afrique et en Amerique du Nord. No us donnons des exemples d' inversion de donnees EM 
mesurees par helicoptere sur deuxfrequences, en Tanzanie, pour cartographier la topographie de la roche 
en place non altere e. Au Canada, des !eves EM sur troisfrequences ont ete effectues par helicoptere dans le 
cadre du programme de gestion des dechets de combustibles nucleaires. L'une des taches consistait a 
cartographier l' epaisseur des sediments glaciaires et la topographie des couches precambriennes sous
jacentes. Dans !'Ouest des Etats-Unis, des !eves EM par helicoptere ont servia determiner la profondeur 
de la nappe phreatique dans des zone semi-arides. Pour les trois !eves mentionnes (et plusieurs autres), 
l'algorithme d'inversion a fourni les reponses voulues a un cout relativement modique. L'inversion 
continue des donnees EMA semble etre un instrument puissant se pretant a bien des, applications nouvelles. 
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INTRODUCTION 
There is a growing realization that the traditional role of 
airborne electromagnetics (AEM), which is to search for 
discrete metallic conductors, fails to utilise the full potential 
of modem surveying and interpretation methods. At the same 
time the need for technological assistance in the areas of 
environmental studies and groundwater exploration has be
come acute, even critical (Paterson and Bosschart, 1987). 
Starting in the early 1970s (Dyck et al. , 1974; Fraser, 1978) 
resistivity mapping has become an increasingly popular by
product of routine AEM surveys. Palacky (1981) illustrated 
the application of simple resisitivity mapping to lithologi
cal interpretation. More recently (Paterson et a!. , 1982; 
DeMoully and Becker, 1984) examples have been published 
of applications of AEM to a wide range of exploration and 
geotechnical problems, including: 

1. Mapping buried layers of coal, lignite, tar-sands and 
other deposits of nonmetallic minerals. 

2. Determining depth to unweathered bedrock for geo
technical, alluvial prospecting and groundwater pur
poses. 

3. Searching for and delineating groundwater aquifers and 
hot brine (geothermal) deposits. 

4. Measuring water depth and ice thickness in bathymetric 
and hydrographic sounding. 

Currently a great deal of effort is being spent on the 
problem of inverting A:EM data in order to provide mean
ingful information for the above applications. Most methods 

use some form of table look-up and interpolation procedure. 
This paper describes an analytical method based on singular 
value decomposition (SVD) and illustrates its application by 
means of a number of geotechnical and groundwater case 
histories. 

CONDUCTIVE EARTH MODELS 
For all of the above applications the first decision to be made 
is the choice of geological/physical model. Obviously the 
simpler the model the better in terms of instrumental con
straints and economy of computer modelling. Thus the half
space model has been a popular choice. 

Intuitively, one would think that the "apparent con
ductivity" of a half-space, measured at a number of frequen
cies simultaneously along a continuous profile, would yield 
pseudo-sections that could be employed in much the same 
manner as those derived from electrical resistivity and mag
netotelluric (MT) soundings. Unfortunately, the problem is 
not that simple. The inherent difficulty is that, unless the earth 
happens to be electrically homogeneous, it is unlikely that an 
apparent conductivity can be found that will exactly fit the 
observed AEM data. Stated simply, the problem is overdeter
mined. Given a minimum of three measured data, e. g. height, 
and in-phase and quadrature response, and only one un
known, the half-space conductivity, it will generally be im
possible to fit more than one of the two AEM measurements. 

Figure 4.1 illustrates this difficulty. Given a typical geo
logical situation in Canada, namely a relatively conductive 
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Figure 4.1. Comparison of actual two-layer and best fitting half-space AEM responses. 



overburden over a resistive bedrock, measurable values of in
phase and quadrature AEM responses are obtained at normal 
coil elevations and operating frequencies. If the ground is 
assumed to be a half-space, each channel of information 
provides a different value of apparent conductivity (as it does, 
for example, in MT). However, the added problem here is 
that, in order to fit at least one of the AEM measurements, it is 
necessary to allow the height above the conductive half-space 
to vary. Thus, the model is not only changing from one 
channel to the next, but it fails to approximate in geometry or 
conductivity the real ground. Most importantly, the model 
provides no information on the overburden, which is often the 
layer of greatest interest. 

Faced with this difficulty all the interpreter can do is to 
record an apparent depth (positive or negative) to the hypo
thetical half-space and use this information in a qualitative 
fashion, together with the apparent conductivity, to suggest 
what might really be going on under the surface. 

In practise, half-space inversion methods seldom employ 
more than one channel, since the concept of variations in 
apparent depth with frequency and/or coil configuration is 
difficult to treat in a meaningful way. In our studies we have 
found the half-space model to have limited application except 
in very restricted areas where, for example, a thick clay layer 
is overlain by dry surficial deposits such as sand or gravel. 
Here, the apparent depth can be of direct value in measuring 
the alluvial thickness. 

n-layer earth 

Another popular model in electrical resistivity and MT 
sounding is then-layer one-dimensional earth. This is clearly 
a useful model for most of the applications we have men
tioned. True, the real earth is not strictly one-dimensional, but 
the effects of variations from one-dimensionality are usually 
recognizable in the solution. A more serious limitation is 
imposed by the number of independent measurements that 
are needed to solve for the parameters of ann-layer earth. If 
each layer is assumed to have a thickness t and a conductivity 
a, the minimum number of channels of AEM information 
(assuming in-phase and quadrature data, in the frequency 
domain) required to obtain a solution, is equal to the number 
of layers. In practise, because of the ambiguities inherent in 
many situations, the number of independent AEM measure
ments required is very much greater than the number of 
model parameters. Even if these could be provided, it is 
doubtful whether meaningful fits would be obtained for mod
els of more than 3 or 4 layers. The problem of inverting data 
sets of such magnitude is one that we would hestitate to 
attempt on a routine basis. 

3-layer earth 

Faced with these dilemmas most workers have chosen to 
simplify the earth to a 3-layer model, as shown in Figure 4.2. 
The model actually consists of a conductive layer over a 
resistive halfspace, but a third layer can be added over the 
conductive one if it is assumed to be highly resistive. Paterson 

et al. (1982) and DeMoully and Becker (1984) described 
inversion techniques in the frequency domain and time do
main respectively for this relatively simple and useful model. 
In the remainder of this paper we examine the requirements of 
an effective inversion procedure, as illustrated by results from 
recent AEM surveys. 

AEM INVERSION 
We have noted that, in general, the problem of fitting a model 
to AEM data is generally an overdetermined one. Unlike 
most overdetermined problems in physics, however, each 
independent measurement or set of measurements cannot be 
relied upon to yield an approximation to the same solution. 
Because of the failure of the model to exactly resemble the 
real earth, and because the measurements are made at dif
ferent frequencies and/or coil configurations, each measure
ment can generally be counted upon to offer a different 
solution. 

What is needed, therefore, is a method of optimizing the 
model fit to all of the available measured data. Subsidiary 
requirements of the scheme include the following: 

1. Because, even if the model exactly fits the earth, some 
parameters are "well determined" and others are not, it 

h 

Figure 4.2. Three-layer conductive earth model. 
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is necessary to obtain a measure of the relative impor
tance of each parameter to the model fit. For example, a 
high degree of correlation often exists between the con
ductivity and the thickness of the conductive layer. If the 
two are solved independently, it is clearly important to 
know how much each of these parameters can vary 
without af{ycting the solution. 

2. Since the model does not, in general, exactly represent 
the real earth, it is useful to know which of the measured 
data are fitted well and which are not. For example, if the 
lower frequencies are fitted better than the higher ones, it 
is probably because of the presence of conductive in
homogeneities in the near-surface. 

3. Since not all of the measured data have the same ac
curacy, it is desirable to be able to place error limits 
independently on each measurement. In this way, for 
example, the geophysicist can improve the fit to the 
measurements that are of most geological significance, 
while de-emphasizing those that would respond most to 
the inhomogeneities of least importance. 

4. As in the case of most inversion procedures, it should be 
possible to assign a tolerance to each model parameter, 
within which the fit is deemed to be acceptable. This is 
necessary in the interest of economy and also to ensure 
that the less important parameters are not fitted at the 
expense of others that are more geologically significant. 

5. Finally, the inversion method must be robust and eco
nomical. The AEM method produces, typically, six or 
more values of EM response and an elevation above 
ground every 50-60 m along each profile. A relatively 
small survey of 600 line km contains 12 000 measure
ment sets requiring inversion. Obviously, the inversion 
method must involve minimum interaction by 
geophysicist and the least possible CPU time. 

With the above objectives in mind, we decided in 1981 to 
adopt the method of SVD or eigenfunction analysis, based on 
work by Edwards et al. (1981) and Wiggins (1972). This 
method allows the inherent ambiguities of the model-fitting 
procedure to be described in a physical way, and has proved to 
be a reliable method for a variety of applications, including 
the layered earth conductivity model (Inman et al., 1973). A 
complete description of the inversion procedure is given by 
Reford et al. (1985), but the illustration in Figure 4.3 may be 
useful. 

Given a set of measured data, dp d2 ..... etc., which are 
assumed to be functions of a combination of a number of 
model parameters Pt> p2 ..... 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 para
meters on the measured data are independent of one another 
and can therefore be identified and determined. 
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It is also an important property of the eigenparameters 
that in the inversion process the model 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. 

An example of SVD analysis of AEM data is given in 
Figure 4.4, the model being that described in Figure 4.1 
Before the SVD process is applied the eigendata are scaled in 
two ways. Each datum is assigned a standard error of unity; 
hence, the standard error in each independent eigenvector is 
the reciprocal of its associated eigenvalue. Parameters de
fined by eigenvectors with errors greater than about 0.3 are 
considered not significant in their contribution to the EM 
response. Secondly, the parameters Pi (Fig. 4.3) are re
defined, for the purposes ofthe analysis, as the logarithms of 
the layer parameters (H-height, RHO-resistivity, D-thick
ness). Hence,the physical meaning of each eigenvector is 
defined by the product of the contributing layer parameters, 
not the sum (i.e. log D - log RHO = log (D/RHO)). Also, 
the standard error in each eigenvector becomes the fractional 
error in the derived layer parameter. 

In Figure 4.4, despite poor starting parameters the Jlro
gram converged in 6 iterations to fitted parameters within 
10% of those of the model. The rms errors in the fitted data are 
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Figure 4.3. The SVD method of eigenfunction analysis. 
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Figure 4.4. Statistics for a three-channel AEM inversion. 

less than 0.01%. The eigenparameter matrix shows height H 
to be dominant in the solution and well-fitted; RHO/D (1/ot) 
to be of next importance and well-fitted; and D, RHO and 
D•RHO to be of least importance and poorly fitted. 

Applying this technique to real survey data was no simple 
task. It was decided early on to use as starting parameters for 
each measurement set the fitted parameters of the previous 
set. This procedure worked well when all parameters were 
well determined. However, when two of the parameters be
come strongly correlated, such as the conductivity and thick
ness of a thin conductive layer, the parameters would often 
wander aimlessly, giving poorer starting values for each sub
sequent inversion. Means had to be provided to jog the 
"sleepy" parameters so that they would respond to the fitting 
process and still remain within geologically reasonable lim
its. Also, the problem of disappearance of the conductor, for 
example a pinch-out of a conductive overburden in an out
crop area, had to be dealt with. Does the program see the 
outcrop as the new conductive layer and, if so, how does it 
deal with the overburden when it appears again along the 
profile? This problem was solved by switching automatically 
from the 3-layer to the half-space model in such situations, 
and continuously testing the data until the surface layer 

reappeared. Other difficulties were experienced and were 
dealt with by one means or another. 

Various versions of our SVD frequency domain inversion 
method have been applied to surveys in North America and 
Africa. A total of approximately 4000 line km of survey data 
have been processed and compiled in profile and/or contour 
form. The following examples illustrate the applications in a 
number of different environments. 

EXAMPLES 
The first commercial application of the inversion method was 
on a two-frequency helicopter EM data set from Tanzania. 
Here, the objective was to map the surface of the unweathered 
bedrock in order to assess the contribution of overburden to 
the AEM response and to identify bedrock conductors of 
possible economic interest. Figure 4.5 shows a typical profile, 
raw and interpreted. The inversion method proved relatively 
forgiving of base-level errors in the raw data, a severe prob
lem in most surveys of this type. Furthermore, by adjusting 
the base-levels on one or two profiles from each survey flight 
so as to minimize the deviations between the measured and 
fitted data, excellent agreement could be obtained between 
model fits on intersecting profiles. The example illustrates 
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Figure 4.5. Three-layer inverison of two-channel helicopter EM data, Tanzania. Stacked profiles showing 
raw AEM data (d, e) and computer-derived geological interpretation (a, b, c). Apparent thickness spikes (a, b) 
probably represent shallow bedrock conductors - possibly faults. 



how spikes in the apparent conductive layer thickness (and 
peaks in the rms error profile, not shown in the figure) point to 
probable bedrock conductors. Also of interest is the ability to 
delineate the conductive weathered zone, or saprolite layer, of 
major interest as a potential source of groundwater in many 
areas. 

The method has been applied to overburden mapping in 
several areas in Canada, including a 3-frequency helicopter 
EM survey of the East Bull Lake nuclear fuel waste manage
ment research area, 200 km west of Sudbury, Ontario (Fig. 
4.6, 4. 7). Here, the depth of overburden, occurring mainly in 
narrow, glacially scoured depressions, are presented in profile 
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Figure 4.6. Application of AEM to overburden mapping at 
the East Bull Lake nuclear fuel waste mangement research 
area, near Massey, Ontario: Stacked profiles of 3-frequency 
helicopter EM response and 3-layer interpretation. Rms errors 
spikes indicate local bedrock conductivity, possibly faulting. 

Figure 4.7. Contours of conductance (in S) of the water· 
saturated layer derived from the EM data. 

form, together with plan contours of overburden con
ductance. Fault-controlled gulleys, of particular interest to the 
study team, were again recognized by conductance or thick· 
ness spikes and large rms errors in the fitted data. Other 
applications in Canada have included surveys to determine 
the depth to, and approximate thickness of, the conductive 
regolith overlying Archean basement under the Athabasca 
sandstone. 

The final example is from a two-frequency helicopter EM 
survey for groundwater in the Western USA (Fig. 4.8, 4.9). In 
this case contour maps were prepared of depth, thickness, 
conductivity, and conductance of the conductive layer. The 
depth map in Figure 4.8 shows a water table varying in depth 
from less than 15 m to more than 100 m from the ground 
surface. Shallower areas include several mapped springs; the 
deeper areas are mainly under the higher ground. Wells 
occur, for the most part (Fig. 4. 9), on or close to regions of 
high conductance, probably indicating a thicker water layer or 
locally higher porosity. Several zones of high conductance, 
occurring in areas of relatively shallow depth, are of potential 
importance. 
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Figure 4.8. Groundwater survey, Western U.S.A. Contours of depth in metres to water table derived from 
two-channel helicopter EM data. Note occurrence of surface springs and seasonal drainage in some areas of 
shallow water table. Where the depth is large, springs are rare and probably seasonal. 
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•W well •s spring 
Figure 4.9. Groundwater survey, Western U.S.A. Contours of conductance (inS) of water-layer derived from 
two-channel helicopter EM data. Wells are generally close to zones of higher conductance probably indicat
ing a thicker water layer or higher porosity. 
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CONCLUSIONS 
Modem AEM sun'ey and interpretation methods are useful 
for a wide variety of conductivity mapping purposes. A multi
layered model is necessary in most areas and in nearly all 
applications if geologically meaningful results are to be 
obtained. An inversion method based on SVD eigenvector 
analysis has been found to be effective in a variety of terrains. 

Using a three-layer model, the top layer of which has zero 
conductivity, estimates of depth to and conductance of the 
second layer are found to be generally well determined and, 
given good survey data and a reasonably one-dimensional 
earth, accurate to better than about 10%. The individual 
parameters t and (J' of the conductive layer are often poorly 
determined and, in the limiting cases of very thin or very thick 
(or conductive) layers, may be indeterminate. The con
ductivity-thickness product (J't can be used to derive satisfac
tory approximations of thickness over limited areas for many 
applications. 

Continuous inversion of AEM data appears to be a power
ful tool for many overburden mapping, geotechnical and 
groundwater purposes. 
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Abstract 

The pseudo-layer half-space model is commonly used to produce apparent resistivity maps from helicopter 
electromagnetic (EM) data. The model yields an apparent resistivity which is unaffected by errors in 
altimetry since flight height does not enter the resistivity equations. This is important because the measured 
altitude frequently is wrong due to the presence of trees and irregular topography. 

The Dighem IV helicopter EM system typically operates at frequencies of900, 7200, and 56 000 Hz. 
This allows apparent resistivity maps to be made for each of these frequencies. The apparent resistivities for 
the three frequencies provide a qualitative means of resistivity sounding. 

A recent innovation is the use of a two-layer inversion technique to provide a simplified resistivity 
section, from helicopter EM data. A specialized model has been developed, called the pseudo-layer two
layer model, which is unaffected by errors in altimetry. 

The applications of airborne resistivity are many, for example, Dig hem surveys have been flown for 
base and precious metal exploration, geothermal mapping, exploration for kimberlites, shallow sea 
bathymetric mapping,fresh water detection, and general geological mapping for radiation waste disposal 
and other engineering programs. 

Resume 
Le modele de pseudo-couches dans un demi-espace est couramment employe pour produire des cartes de 
resistivite apparente utilisant des donnees electromagnetiques (EM) mesurees par helicoptere. Le modele 
donne une resistivite apparente insensible aux erreurs d' altimetrie, carl' altitude n' intervient pas dans les 
equations de resistivite. C' est Ia une caracteristique importante, carl' altitude mesuree est souventfausse a 
cause de Ia presence des arbres et de Ia topographie irreguliere du terrain. 

Le systeme heliporte Dig hem IV fonctionne generalement aux frequences de 900, 7 200, 55 000 Hz. 
Cela permet d' etablir des cartes de resistivite apparente pour chacune de ces frequences. Les resistivites 
apparentes obtenues aces trois frequences permettent d' etablir qualitativement un sondage de resistivite. 

Une innovation recente consiste a appliquer une technique d' inversion pour deux couches qui fournit 
une coupe simplifiee de resistivite a partir de donnees EM obtenues en helicoptere. On a elabore une 
modele specialise, appele modele de pseudo-couche a deux couches, sur lequelles erreurs d' altimetrie 
n' ont pas d' effet. 

Les applications des levis aeriens par resistivite sont nombreuses. Par exemple, les levis Dighem 
servent a l' exploration de meraux communs ou precieux, ala cartographie geothermique, a Ia prospection 
des kimberlites, a Ia cartographie bathymetrique des hauts-fonds marins, ala detection des nappes d' eau 
douce et a Ia cartographie geologique generale appliquee a !'elimination des dechets radioactifs et a 
d' autres programmes d' etudes techniques. 

1228 Matheson Boulevard East, Mississauga, Ontario L4Z IXI 
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COMPUTATION OF RESISTIVITY FROM 
HEM DATA 
The pseudo-layer half-space model (Fig. 5.1) is commonly 
employed for apparent resistivity mapping when using towed
bird helicopter EM (HEM) •systems (Fraser, 1978). Such 
systems employ maximum-coupled transmitter-receiver coil 
pairs. The coil pairs are oriented in both the vertical coaxial 
and horizontal coplanar positons in modern HEM systems 
(e.g., Fraser, 1979). Resistivity can be computed from any 
coil pair. For horizontal layers, the horizontal coplanar coil 
pair is to be preferred (Sinha, 1973). Only the horizontal coil 
orientation will be considered herein (Fig. 5 .1). 

The system Dighem III, for which field examples will be 
shown, has 2 horizontal coplanar coil pairs operating at 
frequencies 900 and 7200 Hz and one vertical coaxial coil 
pair, whose frequency can be varied between 385 and 
7200 Hz depending on the target and the environment. 

The pseudo-layer half-space model actually represents a 
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Figure 5.1. Configuration of the Dighem system with hori
zontal coplanar coil pair. Definition of the pseudo-layer half
space model. 
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two-layer case. The resistivity of the upper layer is infinite, 
and the resistivity of the lower layer is that of the conductive 
earth or half-space. 

In essence, the resistivity is obtained as a function of 
inphase and quadrature channels of the horizontal coils. The 
distance h from the bird to the conductive earth is obtained as 
a by-product of the resistivity calculation. Discrepancies be
tween distance h and bird altitude "a" are ascribed to a 
fictitious, highly resistive upper layer. This model provides 
resistivities which are free of an altitude dependency, since 
altitude does not enter into the resistivity equations. The 
model may be called a "pseudo-layer" half-space because the 
pseudo-layer is merely an artifice to account for discrepancies 
between the measured altitude "a" and the computed dis
tance h. The nature of the pseudo-layer depends on the 
physical conditions of the survey area. The thickness of the 
pseudo-layer may be a measure of tree height in a dense 
forest, or the thickness of resistive permafrost in Arctic areas, 
or the thickness of a resistive gravel deposit overlying a clay 
substratum. 

NIGHT HAWK TEST RANGE DATA 
Figure 5. 2 shows horizontal coplanar EM survey data over the 
Night Hawk test range in Ontario. For a summary of geo
physical surveys at the test range see references in Pitcher 
(1985). The wide graphitic conductor is irregularly shaped 
and is buried beneath 85 m of glacial deposits which consist 
mainly of sands. The resistivity of the sands is estimated to be 
300 Om and the graphite 1 Om from Dighem survey data. The 
resistivity of the host rock is probably well in excess of 3000 
Om based on Dighem resistivity responses over barren out
crop areas in the region. 

For the Dighem III data of Figure 5.2, the conductor 
response is most prominent on the 900 Hz inphase channel. 
The two lower channels are the apparent resistivity from the 
half-space model, computed for two frequencies, 900 and 
7200 Hz. The apparent resistivities are 16 Om over the 
conductor for 900 Hz and 200 Om for 7200 Hz. These 
resistivity channels show that the penetration is much better 
at the 900 Hz frequency, into the graphite, than that at 7200 
Hz, where the response of the higher frequency is determined 
mainly by the overlying sands. 

A recent innovation is the use of a two-layer inversion 
technique to separate the response of overburden from that of 
the bedrock. We have developed a specialized model which 
we term the pseudo-layer two-layer model (Fig. 5.3). 

As in the case of the previously discussed half-space 
model, the sensor-source distance h in the pseudo-layer two
layer model is an unknown. A dense tree cover would result in 
the airborne altimeter "a" understating the distance h, so h 
must be treated as an unknown. There are four unknowns, 
comprising two resistivities and two thicknesses, for the three 
media of Figure 5. 3. 

The Night Hawk conductor, due to its width, fits a two
layer case reasonably well. The coplanar EM channels over 



Vt 
Figure 5.2. Dighem Ill survey data over the Night Hawk test range (top) 
and resistivity calculated using the pseudo-layer half-space model (bottom). 
ALT-altimeter, MAG-total field magnetometer, EM-horizontal coplanar-coil EM 
response at two frequencies, inphase and quadrature, RES-computed resistivity. 

TRANSMITTER I . ·--

( ) 

altimeter =a 

LAYER 

PSEUDO 

1 

2 

I I 

h = sensor- source 
distance 

RESISTIVITY THICKNESS 

? C>O 

? 

? 

? 
C>O 

Figure 5.3. Dighem system with horizontal coplanar coil pair 
over pseudo-layer two-layer model. 
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Figure 5.4. Dighem Ill survey data over the Night Hawk test range (top), and 
resistivity calculated using the pseudo-layer two-layer model. Explanation of 
symbols as in Figure 5.2. 

DIGHEM IV 

Typical Frequencies: 

900 , 7200 , 56000 Hz 

~ \ I I \ \ I 1--- 1---) 
TRANSMITTERS RECEIVERS 

Figure 5.5. Configuration of the Dighem IV system, which 
has 3 horizontal coplanar coils (suitable for resistivity sound
ing) and one vertical coaxial coil pair. 
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Figure 5.6. Dig hem IV data over the Night Hawk test range. EM channels are shown for horizontal coplanar 
coil pairs at 3 frequencies and vertical coaxial coil at 900 Hz. At the bottom, difference channels, computed 
apparent depth and resistivity are shown for all three frequencies. The Night Hawk conductor is indicated by 
the prominent resistivity anomaly at 900 Hz. 

the Night Hawk conductor are shown in the upper half of 
Figure 5.4. The results of the two-layer resistivity inversion 
are shown in the lower half of the figure. The conductor is 
seen to have a resistivity of l Om and it is surrounded by 
highly resistive rocks (saturated at 8000 Om). The upper 
glacial layer has a resistivity of about 300 Om. The inter
preted depth to the conductor is 120 m, rather than the true 
value of 85 m; the error presumably arises because the con
ductor does not appear infinitely wide to the EM system. In 
general, however, the inversion seems to be quite satisfactory 

in this case. It has a greatly increased dynamic range over the 
half-space method. For example, the half-space resistivity at 
900 Hz (Fig. 5.2) was 16 times higher over the graphitic 
conductor than the l Om resistivity of Figure 5 .4. 

IMPROVED MAPPING SYSTEM 
We have recently added another tool to our resistivity map
ping technology, the Dighem IV system, which has three 
horizontal coplanar coil-pairs (Fig. 5 .5). The fourth coil-pair, 
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with a vertical coaxial orientation, provides a geometric 
analysis of conductors. In the following discussion, let us 
consider only the resistivity-sounding array provided by the 
horizontal coplanar coils. 

The frequencies increase from 900 Hz in steps of 8, 
comprising 900,7200, and 56 000 Hz. The system can map 
half-space resistivities up to 20 000 f!m. It allows more 
accurate inversions than the previously developed Dighem III 
system which lacks the high frequency coil pair. 

Figure 5. 6 shows an example of Dig hem IV data over the 
Night Hawk test range. The EM channels are shown in the 
upper half of the figure, and the corresponding half-space 
resistivities are shown in the lower half. 

On the resisitivity profiles, the graphitic conductor can be 
seen best at the lowest frequency of 900 Hz. It does not give 
any response on the resistivity profile at 56 000 Hz. Such a 
result is desirable. This is because the bedrock conductor can 
be separately defined more reliably if the high frequency 

54 

defines only the cover. The geologically useful result is a 
superior definition of a highly conductive target under mod
erately conductive cover. 
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Abstract 

Airborne VLF measurements are now commonly performed as a part of multiparameter airborne 
geophysical surveys. Present VLF instruments are light-weight, reliable, and easy to install and operate. 
Their addition to the airborne geophysical package increases only marginally the survey cost, yet the data 
are extremely useful in geological mapping. Total-field VLF data are usually presented as contour maps. 

In the past, attempts have been made to conduct airborne resistivity mapping at VLF and higher (up to 
1 MHz)frequencies. The £-PHASE was the first system capable of generating contour resistivity maps, but 
the lack of information at the lower end of the audiofrequency spectrum prevented it from becoming a widely 
used airborne mapping tool. 

Presently, airborne VLF systems are manufactured by 3 Canadian companies. The parameters 
measured differ slightly in each case. VLF sensors can be installed on a wing tip, nose stinger, lower 
helicopter frame, or a towed bird. 

Resume 

On effectue couramment des mesures par systemes aeroportes fonctionnant en VLF, dans le cadre de !eves 
geophysiques multiparametriques aeriens. Les instruments VLF actuels sont tegers, fiables etfaciles a 
installer et a manier. Leur inclusion dans l' instrumentation geophysique aeroportee n' augmente que tres 
peu le cout des !eves, tout enfournissant des donnees extremement utiles a Ia cartographie geologique. Les 
donnees VLF du champ total sont ordinairement presentees sous forme de cartes en courbes. 

Parle passe, on a essaye de realiser des travaux de cartographie aerienne par resistivite afrequences 
VLF et plus elevees (jusqu'a 1 MHz). Le systeme £-PHASE a he le premier qui ait permis produire des 
cartes de resistivite en courbes, mais le manque de donnees a l' extremite inferieure du spectre d' audiofre
quence le empeche de devenir un instrument de cartographie aerienne courant. 

Trois socihes canadiennes fabriquent actuellement des systemes VLF aeroportes. Les parametres 
mesures different tegerement d'un systeme a !'autre. On peut installer les detecteurs VLF en bout d'aile 
dans le nez de l'appareil, sur le cadre inferieur d'un helicoptere ou sur un tube remorque. 

INTRODUCTION 
Radio signals in the MHz range were used for geological 
mapping already in the 1930s, but at that time only on 
experimental basis (Cloos, 1934). Measurements at very low 
frequencies (VLF) - between 15 kHz and 25 kHz- became a 
practical exploration tool in the 1960s when Vaino Ronka 
designed the first portable VLF apparatus. The Geonics 
EM-16, as it was called, is a light-weight instrument (1.6 kg) 

177 Finch Avenue East, Suite 362, Willowdale, Ontario M2N 6H8 

which measures tilt angle and ellipticity of the magnetic 
component of the VLF field. The instrument is still in use and 
it has been consistently outselling other EM ground units. 
The VLF technique became practicable after the completion 
by the U.S. Navy and other powers of a network of powerful 
transmitters which were designed for communication with 
submarines. The VLF method, which does not require its own 
transmitter, could thus become the fastest and the least expen
sive EM technique. Another attractive feature of VLF mea
surements is the ease of theoretical solutions for a number of 
models. The plane-wave excitation is much easier to handle 
theoretically than dipole or large-loop sources. 
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EARLY AIRBORNE VLF SYSTEMS 
The first operational airborne VLF system was developed by 
McPhar Geophysics Ltd. of Toronto in the early 1960s.lt was 
called KEM and it used a pair of cross coils which measured 
horizontal-field strength and tilt angle. No measurements of 
the quadrature component were recorded. The instrument 
was rather simple and susceptible to errors in dip angle 
measurements, which resulted from pitch movement of the 
aircraft. 

Geonics Ltd. of Toronto designed an airborne version of 
the successful EM-16 . The instrument (EM-18) measured the 
vertical in-phase and quadrature components of the second
ary magnetic field as a percentage and phase of the horizontal 
vector. A vertical gyro was used for correction of the aircraft 
pitch. 

AIRBORNE RESISTIVITY MAPPING 
The most ambitious VLF project was undertaken from 1969 
to 1973 by Barringer Research Ltd. of Toronto. The com
pany designed two airborne systems, RADIOPHASE® and 
E-PHA~E®, which should have established the technique 
as an a1d to geological mapping at par with magnetics and 
radiometries. 

The RADIOPHASE system used three orthogonal coils 
to measure the magnetic components of the magnetic VLF 
field and a vertical whip antenna to measure the vertical 
c.omp~nent of the electrical field. Because of its poor coup
ling w1th the ground, the vertical electrical component could 
be used as. phase reference to correct the magnetic compo
nents for a1rcraft movement and variable transmitter intensity 
(Barringer and McNeill, 1970). Data were presented as vec
tors along profiles and contour maps of the in-phase compo
nent of the horizontal m1gnetic field. Anomalies were 
caused by surficial features (changes in overburden thick
ness), shear zones and bedrock conductors. 

The second system, E-PHASE, was more widely used 
than RADIOPHASE and it was in use until 1979. Fifteen 
years ago, the existing AEM systems were not considered 
suitable for airborne resistivity mapping (Sinha, 1973) and 
the VLF techniques were thought highly promising for this 
task. The E-PHASE measures the in-phase and quadrature 
components of the horizontal electric field and the in-phase 
component of the vertical electric field. The ratio of the 
quadrature component of the horizontal electrical field and of 
the in-phase component of the vertical electrical field is 
called wave tilt. As Sommerfeld (1909) showed this quantity 
can be used to calculate earth resistivity. 

As in galvanic resistivity measurements, one postulates 
apparent resistivity, which can be calculated for all measured 
points along the flight line. Measurements were carried out 
simultaneously at 3 frequencies, one in the VLF band (15 to 
25kHz), one in the LF band (200 to 400kHz), and one in the 
MF band (550 kHz to 1.1 MHz). In the last band non
directional radio beacons (NOB) located at airports ~rAM 
®Registered Trade Marks of Barringer Research Ltd. 
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broadc.as~ s~ations (BCB) were used. Three profiles of appar
ent res1st1vtty were generated by digitally processing the raw 
data and resistivity maps were compiled for 3 frequencies. An 
example from a survey near Wadena, Saskatchewan is shown 
in Figure 6.1. The three-frequency data could b~ used to 
!nterpr~t thicknesses and resistivities of up to 3layers assum
mg honzontal stratification (Fig. 6.2). TheE-PHASE scheme 
can be cited as the first successful application of digital data 
processing in AEM surveying. All operations were auto
~ated: digit~! r~cording, data correction, resistivity calcula
tion, map gnddmg and plotting, and semi-automated inver
sion of the data to produce resistivity sections (Palacky and 
Jagodits, 1975). 

While theE-PHASE was a technical success, it did not 
become one of the leading AEM techniques in terms of the 
mileage flown. In the context of this Workshop on Airborne 
Resistivity Mapping, it is interesting to note that the tech
nique was marketed as "airborne resistivity". In the days 
when most efforts went into designing deeper penetrating 
AEM systems for massive sulphide exploration, the E
PHASE pursued the concept of a shallow penetration tech
n!que applicable primarily to Quarternary geological map
pmg. Numerous surveys in various parts of North America 
were successful in identifying lithological changes in shallow 
sediments. 

PRESENT AIRBORNE VLF TECHNIQUES 
The history of the last 20 years shows that VLF systems are 
viewed as a valuable accessory tool in multiparameter sur
veys, but are not accepted as a primary airborne geophysical 
technique. The demand is for reliable light-weight instru
ments that would be insensitive to changes in aircraft move
ment and remain virtually maintenance-free. 

At present, airborne VLF systems are manufactured by 
Scintrex Ltd. and Herz Industries Ltd. of Toronto, and Sander 
Geophysics Ltd. of Ottawa. The Scintrex SE-99 is similar to 
the previously described Geonics EM-18, but in addition to 
the vertical magnetic component, it also measures the hori
zontal vector amplitude of the VLF magnetic field. The coils 
are compensated for aircraft pitch using level sensors. The 
Sander Geophysics VLF system has three orthogonal coils. A 
vertical gyro is used for aircraft movement compensation. 
Multichannel measurements are recorded and inflight pro
cessed by an onboard computer. 

Herz Industries Ltd. developed two airborne VLF 
sys.tems, Totem-1A (Fig. 6.3) and Totem-2A. Both are light
weight and easy to install in an aircraft or a towed bird. 
Figures 6.4-6.6 show installations of the sensors on a wing tip 
and nose stinger (for fixed- wing planes) and a helicopter. 
While the Totem-lA was designed to operate at one frequency 
(oper~tor selected), Totem-2A can simultaneously record 
VLF stgnals at two frequencies. This improvement is signifi
cant as it permits a better coverage using two transmitters. It is 
a known fact that conductors must point in the direction of the 
transmitter to produce optimum response. Other strikes result 
in degradation or even disappearance of VLF response. If the 
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Figure 6.1 . Map of apparent resistivities obtained with theE-PHASE system near Wadena, Saskatchewan 
(frequency used 368 kHz). The shaded area indicates a gravel deposit found as a result of this survey (from 
Palacky and Jagodits, 1975). 
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Figure 6.2. E-PHASE response at 3 frequencies along Line 47 (indicated in Fig. 6.1). Interpretation of AEM 
data is shown for 2 anomalies, along with logs of 5 drillholes (from Palacky and Jagodits, 1975). 

Figure 6.3. Totem-1A VLF receiver consisting of 19-inch rack-mounted console, the receiving coils, pre
amplifier unit, and interconnecting cables. 



Figure 6.4. Wing-tip installation of Totem-2A receiving coils (courtesy of Geoterrex Ltd. of Ottawa). 

Figure 6.5. Nose-stinger installation of Totem-2A receivers (courtesy of Geosurveys International Ltd. 
of Nairobi). 
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Figure 6.6. Helicopter installation of Totem:2A receivers (courtesy of Placer Exploration Ltd. of Vancouver). 

Figure 6.7. Contour map of total field VLF response from Utik Lake, Manitoba. Also shown are locations 
of conductors obtained in the course of a helicopter EM survey (courtesy of Westmin Resources Ltd. and 
Dighem Surveys and Processing Inc. of Mississauga). 



directions to the two transmitters are mutually perpendicular, 
good coupling with at least one can be expected, thus assur
ing a good coverage of the survey area. Totem-2A has three 
orthogonally mounted coils which measure the total field 
strength and the vertical quadrature component of the mag
netic VLF field. No external correction is required for aircraft 
pitch, roll, and yaw. 

The airborne VLF data are usually recorded digitally, and 
several sets of maps can be produced (2 quantities measured 
at 2 frequencies). Figure 6.7 shows total-field VLF data from 
Utik Lake, Manitoba. The survey area is located in a Pre
cambrian greenstone belt, where iron-formations and graph
itic conductors have been identified. Conductors appear as 
anomaly highs; on the example also the results of a helicopter 
EM survey are shown (circles indicating location of conduc
tors). 

CONCLUSION 
The airborne VLF technique is widely used in airborne 
geophysical surveying. Usually, it is an inexpensive add-on in 
multiparameter surveys. However, the low cost does not im
ply low utility of the data. Hundreds of thousands, perhaps 
millions of line kilometres of airborne VLF surveys all over 
the world have demonstrated the usefulness of the technique 
in geological mapping. 
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Abstract 

PROSPECT[® is a new fixed-wing, towed-bird system which is being developed for airborne conductivity 
mapping applications. This paper presents the design philosophy and describes the design features. The 
system is now in the initial test-flying stages. 

The PROSPECT I system has an operating frequency band from a few lOs of Hz to over 10kHz. A 
3-component, vector-field towed bird which has been designed for high stability and position tracking 
provides the multi-component data essential for motion compensation and target geometry descrimination. 

Automated data handling and anomaly selection form an integral part of the system design. Examples 
of automated anomaly selection using existing AEM data are presented. 

Resume 

Le systeme PROSPECT[® est un nouveau systeme monte sur avion avec un tube remorque qu'on est a 
mettre au point pour des applications de cartographie aerienne par conductivite. La presente etude en 
expose les principes de conception et en decrit les caracteristiques theoriques. Le systeme est actuellement 
au stade des premiers essais en vol. 

Le systeme PROSPECT I utilise une bande de frequences allant de quelques dizaines de Hz a plus de 
10 kHz. Un tube a 3 bobines a champ vecteur, con~u pour une haute stabilite et le tra~age de la position, 
fournit les donnees a plusieurs composantes essentielles a la correction du mouvement eta la discrimina
tion geometrique de la cible. 

Le traitement des donnees enregistrees par ordinateur et la selection automatisee des anomalies font 
partie integrante de la conception du systeme. L'etude presente des exemples de selections automatisees 
des anomalies utilisant des donnees EMA existantes. 

INTRODUCTION 
The concepts underlying the PROSPECT I system have been 
fermenting with its developers for the past decade. The first 
major action toward the development of the system took place 
approximately 3 years ago when A:.Cubed Inc. was estab
lished. Its founding members set out with the objective of 
doing for airborne EM surveying what had been done for 
seismic data acquisition 20 years ago, namely, to provide 
state-of-the-art totally digital systems with quantified mea
surements throughout. 

nated PROSPECT I to indicate that this is the first embodi
ment of the fundamental design principles which have been 
used in this new series of EM systems. 

PROSPECT is an acronym for Periodically Repeated 
Output SPECTrum which reflects the nature of the transmit
ter and signal processing components. The system is desig-

15566 Tomken Road, Mississauga, Ontario L4W IP4. 

The development of a modern EM system requires ra-
tionalization of: 

1) The physical embodiment of the system. 
2) The operational logistics of running the system. 
3) The data handling and interpretation of results ob

tained with the system. 

This paper reviews each of these aspects of system devel
opment. In the case of the PROSPECT I system, the stage of 
physical embodiment has now been completed. The system is 

®Registered trademark of A-Cubed Inc./Marque de commerce de A-Cubed Inc . 
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Figure 7.1. Illustration of the PROSPECT I system geometry and airborne platform. The orthogonal 
receiver signal components are x, y and z where xis aligned with the flight direction, z is vertically up andy is 
selected to complete a right-handed co-ordinate system. 
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Figure 7 .2. Typical PROSPECT transmitter line spectrum as measured with the digital receiver employing a 
5 kHz 1Oth order anti-aliasing filter. 
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now constructed and is being initially tested in the air. The 
latter two aspects have been addressed throughout the devel
opment cycle and will continue to be given important consid
eration as the system moves from testing into production. 

SYSTEM DESIGN PRINCIPLES 
Each of the three main aspects of an EM system presents its 
own goals and objectives. Compromises have to be made 
between engineering practicality and geophysical utility. The 
primary objective of the PROSPECT system design has been 
to assemble a precision geophysical tool which reproduces 
the ground response with fidelity. In the area of physical 
embodiment which encompasses the instrumentation and 
physical construction of the system, the basic design princi
ples were modularity, flexibility, and fidelity. For the opera
tional aspect of the system, the costs of assembly and opera
tion, the reliability, and the minimization of operator 
intervention were at the fore. For the geophysical aspect of the 
system, which encompasses data reduction and interpreta
tion, the objectives were penetration, discrete target discrimi
nation, conductivity mapping, and automated data handling. 

System platform configuration 

The fundamental decision in developing an airborne EM 
system is to settle on the platform and system configuration 
that one is going to use. This step involves examination of the 
geophysical requirements of the system and the practical 
constraints of available aircraft. The PROSPECT I system 
was designed as a fixed-wing, towed-bid (FWTB) system for 
the following reasons. 

i) FWTB systems have the maximum penetration of any 
system configuration. 

ii) FWTB systems have a large ground footprint which is 
extremely useful for regional reconnaissance. 

iii) The operational costs of fixed wing platforms are less 
than helicopters. 

iv) FWTB systems have superior target discrimination 
because of their greater power-bandwidth capability. 

v) The state-of-the-art of FWTB systems is still primitive 
and there is tremendous room for improvement. 

Two factors viewed as limitations of FWTB systems are 
the spatial resolution and target positioning accuracy. These 
limitations are the result of outdated technology or meth
odology and not an inherent feature the FWTB configuration. 

A major problem with a towed-bird system is bird mo
tion. For discrete bump detection it is not a major problem. 
For resistivity mapping or detecting discrete bedrock targets 
in a conductive environment, it is a critical item to be consid
ered. The problems of bird motion have been presented by 
Annan (1983, 1984). 

The PROSPECT I system has been mounted on a DC-3 
aircraft as sketched in Figure 7 .1. This aircraft gives long 
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range, large size, and economic performance. The liability of 
such a platform is that it is an old aircraft. 

Transmitter design 

Designing the PROSPECT I transmitter required going 
back to the fundamentals. The objective was to achieve a 
transmitter which had a clean spectral distribution and which 
could be operated down to very low frequencies. The current 
PROSPECT I transmitter has no bottom end on its opera
tional frequency. The lowest frequency of operation is limited 
only by the speed at which the aircraft flies. In other words, 
one transmit cycle cannot be too long, otherwise the speed of 
the aircraft motion over the ground will average the signal 
over too large a spatial distance. The practical lower limit for 
operating frequency is typically in the 30 to 100 Hz range. 

An example of the spectral distribution of the transmitter 
system being operated in one mode of operation is shown in 
Figure 7.2. The spectrum in this case varies inversely with 
frequency. This transmitter spectral distribution is designed 
to achieve approximately equal signal-to-noise across the 
operating bandwidth. The general behaviour of the at
mospheric noise spectrum is shown in Figure 7. 3. The high
frequency bulge in the atmospheric noise spectrum is due to 
"spherics" which are eliminated by sophisticated digital 
signal processing. 

Towed-bird receiver 

The towed-bird system which has been developed is unique 
and proprietary. The bird is currently towed at a distance 
120 m behind and below the aircraft as shown in Figure 7 .1. 
The towed-bird unit measures all three vector components of 
the field. As indicated in previous work on bird motion 
effects, it is imperative that the total vector field be obtained 
if compensation for bird motion is to be undertaken systemat
ically. -

Size constraints and aerodynamic system bandwidth 
limit the operation of the towed-bird system to an EM band
width of approximately 10 Hz to 20 kHz in the current imple
mentation. This bandwidth is a design cut-off limit based on 
requirements for the PROSPECT I system and not a funda
mental hardware limitation. 

Digital EM receiver 

The heart of the PROSPECT I system lies in its digital 
receiver technology. The system is operated under computer 
control. The receiver is a four-channel wideband, digital 
signal acquisition unit. Four channels of analogue signal can 
be acquired at sampling rates of up to 100 kHz. Figure 7.4 
shows a block diagram of the receiver system. 

The four channels of data are currently assigned to trans
mitter current and the 3 signals from the towed bird. These 
sampled data are fed to an array processor which removes the 
system transfer function, and reduces the data to a format for 
real-time display. The real-time signal processing steps are 
outlined in Figure 7.5. 
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Figure 7.3. The general electromagnetic noise spectrum 
encountered by AEM survey systems. 

The functional bandwidth of the receiver is DC to 
10kHz. Changes in bandwidth can be accomodated by 
changes in the clock rates and the anti-aliasing filters used in 
the signal preconditioning circuitry. 

The PROSPECT I system is digitally controlled and is 
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completely reconfigurable for a wide variety of measure
ments. For example, a complete-self-calibration of the system 
is carried out under computer control. Diagnostic signals are 
injected at numerous points along the signal path, re-acquired 
by the computers, and analyzed for stability, integrity and 
fidelity. 

For testing and debugging bird operation and defining 
other system noise sources, the receiver has proved invalu
able. Monitoring of motion-induced noise from a towed-bird 
sensor over a period of a few minutes and utilization of 
spectral analysis of these data defines the natural aero
dynamic oscillaton frequencies of the bird system. These 
frequencies are exactly those predicted from an aerodynamic 
analysis of the bird suspension system. Examples of the use 
of a digital EM receiver were presented by Annan and Lobach 
(1985). 

Data acquisition and peripheral instrumentation 

The MIDAS (Modular Interactive Data Aquisition System) 
has been uniquely designed to support the EM receiver's wide 
bandwidth and large-volume data generation capabilities. A 
block diagram of MIDAS is shown is Figure 7. 6. The heart of 
MIDAS is a general-purpose, multi-tasking mini-computer 
which supports a wide variety of peripherals. The system has 
been designed to be totally modular and reconfigurable. For 
example, the current MIDAS survey mode configuration is 
handling approximately 25 000 bytes of data per second. 
Any channel of information can be displayed via menu driven 
user control. 

EM CONTROL Tx 

~ Tx REF 

AID #1 r-
A/D #2 X COIL 

A/D #3 y COIL 

A/D #4 z COIL 

Figure 7.4. The block diagram of the PROSPECT I four-channel, wideband, digital EM receiver. The 
receiver controls all system timing and co-ordinates transmitter operation in addition to its wideband signal 
acquisition functions. Each AID unit consists of analogue signal pre-conditioning circuitry in addition to 
analogue to digital signal conversion. 
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DATA PROCESSING AND DISPLAY 
The PROSPECT system permits measurement of the ground 
transfer function over a frequency range of a few tens of Hz to 
over 10 kHz. The output of the system is the transfer function 
uncontaminated by DC level offsets, unknown calibrations, 
and system drifts. One of the major problems with such a 
system is the manner of data presentation. One has 3 compo
nents of data to display with an enormous bandwidth of 
information to convey. 

Choices of display are either the time domain or the 
frequency domain. The current PROSPECT data are being 
displayed in the time domain as the windowed step response 
of the ground as illustrated in Figure 7. 7. For those familiar 
with the UTEM system on the ground, PROSPECT I pro
vides the same type of data presentation (West et al., 1984). 

In order to convey a feeling for system performance, 
standard interpretation aids have been generated for first
order data analysis. The PROSPECT I response over a con
ductive half-space is shown is Figure 7.8 for varying ground 
conductivity. The superior bandwidth of the PROSPECT 
system produces improved performance in target discrimina
tion based on conductivity. Needless to say, the additional 
geometrical information from the multicoil receiver sys
tem is also very useful for discrete target analysis and 

. discrimination. 
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Figure 7.5. The major elements of the real-time signal pro
cessing carried out in the PROSPECT I digital AEM receiver. 
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Figure 7.6. The block diagram of the MIDAS (Modular Interactive Data Acquisition System) developed to 
provide flexible, reconfigurable data display and recording capabilities for the PROSPECT I system. 
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Figure 7.7. This diagram shows the transformation of deconvolved time domain step response data into 
chart profile format. The full waveforms shown on the left are windowed at logarithmically spaced time 
intervals to generate the profile format results shown in the centre and on the right for the multiple coil receiver. 

DATA HANDLING AND 
INTERPRETATION 
The key to success of any system is how data are presented to 
the user. The data presentation methods that have been used 
for towed-bird AEM data in the past decade have vastly 
limited the utilization of the data. There is a wealth of infor
mation which lies in existing towed-bird EM data which has 
not been extracted. Systematic attempts to improve data 
presentation and to extract more quantitative results lead to 
better data collection practices and technology. 

A-Cubed has systematically undertaken to address this 
subject just as thoroughly as the rest of the system develop
ment. For experimental purposes and design of data process
ing and presentation techniques, procedures for processing 
Input AEM data in a systematic manner have been developed 
which allow automated anomaly selection and discrimination 
by computer (Vaughan, 1985). Figure 7.9 shows an automat
ically reduced data set displayed in stacked profile form. 
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CONCLUSIONS 
The PROSPECT I system is now well down the development 
path. From the geophysical viewpoint, however, it is just at 
the starting gate in terms of operation, data handling, and data 

Figure 7.8. Plot of the logarithmically windowed PROS
PECT I step response for the system flying at an altitude of 
120 m over a conductive half-space of varying conductivity. 
This nomogram displays the secondary field response for the 
x component receiving coil. 
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Figure 7.9. Example of a computer generated anomaly map displaying stacked profiles of the initial 
amplitude- time constant product for a standard set of INPUT AEM data. Anomaly quality (confidence) has 
been used to window the data for features with a 0.65 confidence level. The colour display allows time 
constant to be superimposed on the amplitude information. 

presentation. A tremendous amount of design, thought and 
effort has gone into the system. Over the next 3 years this 
same kind of effort will be expanded on bringing the system 
into a state where it is a viable, commercially usable system. 

As one can plainly see, the PROSPECT I system max
imizes the utilization of computer technology. There is no 
doubt that this is the way of the future and systems that do not 
operate this way will not be able to compete in the market 
place of the future. 
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Abstract 

Sweepem, a new towed-bird AEM system has been developed during the last few years. It is a multifre
quency, multicoil system with a large dipole moment ( 1.2 X 1()5 Am2 ) capable of measuring in-phase and 
quadrature responses at as many as 30 frequencies. Conversely, Sweepem can provide the band limited 
impulse response of the earth in the time-domain. The emitted waveform is a pseudo-random sequence 
whose parameters are controlled in flight. They are adjustable and can be optimized for the specific survey 
area. 

A new algorithm allows for correction of the effect of bird motion on the in-phase response. The in
phase component is corrected in real time, resulting in approximately equal noise levels for the in-phase 
and quadrature responses. 

Some results over a graphite zone near Senneterre, Quebec, are shown. Although they are preliminary, 
they show the high quality of this multifrequency system when compared to other frequency-domain towed
bird systems. 

Resume 

Le systeme Sweepem est un nouveau systeme EMA a tube remorque mis au point ces dernieres annees. C' est 
un systeme a plusieurs frequences et a plusieurs bobines comportant un moment dipole etendu 
( 1.2 X 1()5 Am2 ). Il peut mesurer des reponses en phase et en quadrature sur une gamme pouvant atteindre 
jusqu' a 30 frequences. Inversement, le Sweepem peut donner la reponse d' impulsion de la duration limitee 
par rapport au sol, pour le domaine tempore! dont il s' agit. La forme d' onde emise est une sequence 
pseudo-ateatoire dont les parametres sont controles en cours de val. Les parametres sont ajustables et 
peuvent etre optimises en fonction du secteur particulier du !eve. 

Un nouvel algorithme permet de corriger les effets du mouvement du tube sur Ia reponse en phase. La 
composante en phase est corrigee en temps reel, ce qui se traduit par des niveaux de bruit approximative
men! egaux pour les reponses en phase et en quadrature. 

L'etude presente les resultats obtenus au-dessus d'une zone de graphite pres de Senneterre, Quebec. 
Ces donnees sont preliminaires, mais elles montrent La haute qualite de ce systeme a plusieursfrequences 
comparativement aux autres systemes EMA a tube fonctionnant dans le domaine de frequence. 

INTRODUCTION 
mounted the system into the Canso aircraft and is continuing 
to test it under operating conditions. 

The Sweepem system resulted from the work of many 
geophysicists and engineers (Zandee et al., 1985). Royal 
Dutch/Shell Laboratories developed the basic hardware and 
processing design while Shell Canada Ltd. supplied the 
interpretation software. Finally, Kenting Earth Sciences Ltd. 

The Sweepem is a towed-bird AEM system with two 
orthogonal receiver coils in the bird. The transmitted current 
waveform is a pseudo-random sequence (PRS) with adjusta
ble parameters to govern the frequency bandwidth and the 
number of frequencies. Thus the frequency spectrum can be 

1Teknica Resource Development Ltd., Suite 1100, 736 6th Street S.W., Calgary, Alberta T2P 3T7. 
2Kenting Earth Sciences Ltd., 380 Hunt Club Road, Ottawa, Ontario KlG 3N3. 
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adjusted to specific survey requirements. The system can 
operate either in frequency-domain or time-domain mode. 

The present system covers the frequency band between 
approximately 50 and 5000 Hz. Depending on the param
eters in the PRS sequence, the number of frequencies can vary 
from 14 to 32 (or more). 

A new algorithm allows for the correction of bird motion 
and hence in-phase and quadrature or the equivalent time
domain responses can be obtained after corrections from the 
raw data. The processed in-phase and quadrature responses 
have approximately equal noise levels. 

The design parameters for this system were developed 
after extensive modelling (Best et al., 1985). The main 
features are: 

1. Measurement of in-phase and quadrature response using 
the bird correction algorithm. 

2. Adjustable frequency spectrum between 50 and 
5000 Hz. A slight modification to the present hardware 
can extend the upper frequency limit to 10 kHz. 

3. Two orthogonal receiver coils which measure the mag
netic field directly. 

4. A large transmitter dipole moment (1.2 x 105 Am2 rms). 

HARDWARE AND EQUIPMENT 
Figure 8.1 is a schematic diagram of the overall system. The 
receivers are mounted in a fibreglass bird, which is towed 
approximately 45 m behind the aircraft by a kevlar reinforced 
fibre optics cable (Figure 8.2). As the cable contains no 
metal, coupling with the earth's magnetic field and stray eddy 
currents on the aircraft are minimal. The cable transmits 
digital data at a very high rate (i.e. a large band width). 

A PDP 11!23 (MIN C) CPU is programmed to handle the 
data manipulation and control. An FPS 100 array processor is 
attached to this system to allow real-time processing of cor
relations and Fast Fourier Transforms (FFT). There is only a 
several second delay between the actual measurement of the 
signal by the receivers and the final display on a strip-chart 
recorder. 

The transmitter emits any PRS combination of square 
waves under computer program control. The fixed rise time of 
100 J.LS determines the upper limit of the frequency range. 
The wide wingspan (30 m) and the rigid structure of the 
Canso aircraft provide an ideal frame for mounting the large 
transmitter loop needed to generate a large dipole moment. 

The receiver coils are part of an electronic feedback 
system which determines the magnetic field (B) instead of the 
usual first derivative (dB/dt). This means that the low fre
quency end of the spectrum is not degraded as is the case with 
normal coils. Inside the bird the signals are filtered, converted 
from analogue to digital, and then to optical signals. 

Presently, the bird is approximately 45 m behind and 
40 m below the aircraft at a normal cruising speed of 
100 knots. This geometry is still being modified as the system 
develops. In the aircraft the received signals and the measured 
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values for the transmitter current are stored in the array 
processor memory and processed after some averaging. 

PROCESSING SEQUENCE 
The waveform emitted by the transmitter is a pseudo-random 
sequence. The waveform is characterized by the length of the 
basic clockpulse (T) and one additional integer number (N) 
(Duncan et al., 1980). Figure 8.3 shows a typical current 
waveform for N = 4. The sequence is repeated after 2N-1 
clock pulses. We have chosen the value of N to be 4 for most 
of our applications. Figure 8.4 shows the frequency spectrum 
of the PRS sequence in Figure 8. 3. All peaks are equidistant, 
their-spacing and total number solely determined by the value 
of T and N. The frequency spectrum is generally chosen so 
that no frequency is too close to 60 Hz and its harmonics. 

The first step in the processing sequence is to calculate 
auto- and cross- correlations between the transmitter and 
receiver signals. These correlations are then Fourier trans
formed using an FFT algorithm and a frequency deconvolu
tion applied to remove the transmitter response and the total 
instrument response of the system. These responses are aver
aged over 0.5 s. 

The in-phase and quadrature responses are available at all 
frequencies present in the PRS spectrum. The aircraft chart 
recorder plots a subset of these while all the data are recorded 
on digital tape for further processing. Additional processing 
includes analysis of the data as phasor plots or as band limited 
impulse responses in the time domain. 

BIRD MOTION CORRECTION 
Bird motion causes large distortions in the in-phase response 
because of relative changes in the primary signal between the 
transmitter and receiver coils. Consequently, such noise can 
be larger than the secondary signals of interest. We have 
developed a new method of correcting the measured data for 
the bird motion. 

The correction is based on the presence of a DC compo
nent in the PRS spectrum. As no ground response is present 
at 0 Hz frequency, fluctuations in the measured DC value are 
related to the bird motion. In practice, this so-called DC 
component, which is measured by the feedback coils, con
tains frequencies up to some maximum depending on the 
filters and the PRS sequence used. A typical value for the 
maximum frequency is 15 to 20 Hz. This means that good 
conductors will have a response in the DC channel. We have 
found that the combination of two receiver coils reduces this 
effect due to different coupling between the earth response 
and the bird-motion response. The bird motion shows up 
opposite in sign while the secondary signals have the same 
sign. 

Examples of corrected in-phase and quadrature responses 
for the vertical receiver are given in Figures 8.5 and 8.6. Six 
frequencies ranging from 500 Hz to 4500 Hz and the al
timeter trace are shown. The survey was flown near Sen
neterre, Quebec. 
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Figure 8.1. Schematic diagram of the Sweepem system installation in a Canso PBY aircraft. The bird is 
towed on a fiber-optic cable. f. magnetometer is installed in the bird. The BELCA box consists of electronics 
for filtering, AID conversion and electrical to optical conversion. 
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Figure 8.2. Geometrical configuration of the Sweepem system. The horizontal and vertical separations 
have not finalized and may be changed after completion of test surveys. 
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Figure 8.3. Current waveform of the PAS sequence for 
N = 4. There are 15 clock pulses before the waveform is re
peated. The shortest time can never be less than the clock 
time. 

74 

I 
0 

NO. OF FREQUENCIES 
PER LOBE IS 2N -1 = 15 

1(Tprs 

FREQUENCY ----~~ 

Figure 8.4. Frequency spectrum of the PRS sequence given 
in Figure 8.3. The frequencies are equally spaced with the first 
zero at 1/clock time. There are 2N-1 frequencies in each lobe. 
Note the large DC component in the frequency spectrum. 
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Figure 8.5. In-phase response for the horizontal-coil receiver from a test survey flown near Senneterre, 
Quebec. The digital sampling rate for these data was 90 j.~.S . Although not shown here, the digitally stored data 
have been properly normalized for input to the resistivity inversion program. 
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Figure 8.6. Quadrature response for the horizontal-coil receiver, Senneterre, Quebec. See Figure 8.5 for 
comments. 



INTERPRETATION 
Presently, our interpretation consists of a series of forward 
and inverse frequency-domain modelling packages, although 
there is no inherent reason why similar time-domain model
ling packages could not be used. Indeed, one of the reasons 
for developing this system was to allow flexibility between 
time-domain and frequency-domain. 

A major component of the interpretation package is an 
inverse program for one- and two- layer resistivity models. 
The forward program uses the Hankel transform method 
(Anderson, 1979) where explicit kernels are computed for 
one- and two- layer cases. The inverse package uses the 
Marquardt algorithm (Marquardt, 1963) which is a non
linear ridge-regression technique. These two programs have 
been coupled together to provide a first-pass interpretation 
package. 

The input to the program consists of the in-phase and 
quadrature components of both receiver coils over the entire 
frequency range for each fiducial. Editing facilities are pro
vided to eliminate noisy frequencies or incorrect fiducial 
values. Options are also available in the inverse program for 
statistically weighing the data according to their quality. 

The output from the best fit at fiducial n is used as input to 
fiducial n + 1. This makes the procedure very fast and effec
tive once the initial model has been determined. If the para
meters of the overburden and/ or bedrock are changing rapidly 
between fiducials (i.e. 25 to 50 m on the ground) and a 
significant change exists in the receiver values, then this 
procedure of using the last set of best fit values as the initial 
model for the next fiducial will cease to be time efficient. The 
inversion will continue but at a slower pace. Areas of rapid 
change are usually associated with near-surface overburden 
effects on bedrock conductors. The method tends to flag such 
areas by the number of iterations that were necessary to 
obtain a good fit. 

The output from the inversion program consists of the 
best fit parameters for a one- to two- layer earth plus an 
estimate of the statistical fit to the data and the number of 
iterations that was required for that fit. Profiles of overburden 
resistivity and thickness (one or two layers) and bedrock 
resistivity are provided as well as contour maps of the same 
data. 

These profiles and maps can be used to isolate areas of 
unique conductivity. Also, the statistical and iteration para
meters can be contoured and used to flag areas where the layer 
model is inappropriate. These regions can then be investi
gated individually. Forward and inverse packages for a multi
layered earth (Best et al., 1985), a free space sphere (Best and 
Shammas, 1979) and a free space plate (Annan, 1974) are 
available to aid the interpretation. 

The average time to invert a typical fiducial with 2 re
ceiver components (both in-phase and quadrature) and 19 
frequencies (i.e. 76 data points) was between 6 and 8 son a 
UNIVAC 1100/83 system. We have found that a line 8 km 
long, which has approximately 150 fiducials, can be inverted 
in 5 minutes. This is without any obvious optimization or 

tuning. We believe that proper optimization will reduce this 
time in order to permit integration of the inversion program 
and the field computer system. The data will then be pro
cessed in the field after each flight. 

CONCLUSIONS 
The Sweepem has been developed as an AEM system with a 
large transmitter dipole moment and a large frequency band
width. The present design provides also the flexibility to 
modify the hardware and the data processing sequence with 
minimum effort. The original bird-motion correction repre
sents a breakthrough in fixed-wing, towed-bird surveying as it 
permits accurate measurement of in-phase and quadrature 
components. 

The multifrequency and multicoil nature of the system 
makes it an ideal tool for resistivity mapping and detection of 
deep conductors. As more data are collected and interpreted, 
the full potential of the Sweepem system will be realised. 
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Abstract 

A multigeometry, broadband helicopter electromagnetic system has been developed by Aerodat Ltd. Its 
flight testing is expected to begin in early 1986. The transmitter consists of two concentric coils, 6 min 
diameter; one with its axis vertical, the second with its axis in the direction of flight. The receiver, which is 
located at the centre of the transmitter loops, consists of 3 orthogonal coils. Both the transmitter and the 
receiver are mounted in a bird towed 30 m below the helicopter. The tWo transmitter loops are energized 
with a transient pulse of a unique shape on a time shared basis. The pulse length is digitally controlled to 
provide a variable bandwidth. Computer modelling has been carried out for plates in various geometric 
situations. The wealth of data generated by this novel system will permit less ambiguous interpretation in 
complex geological situations. 

Resume 

La societe Aerodat Ltd. a mis au point un systeme electromagnetique heliporte a geometrie multiple et 
fonctionnant sur une bande etendue. Ses essais en vol sont prevus pour le debut de 1986. L'emetteur 
comporte deux bobines concentriques de 6 m de diametre, l'une a axe vertical, l' autre axee dans le sens du 
vol. Le recepteur, situe au centre des bobines de l'emetteur, consiste en trois bobines orthogonales. 
L' emetteur et le recepteur sont montes sur un tube remorque a 30m au-dessous del' helicoptere. Les deux 
bobines de I' emetteur sont char gees par une impulsion periodique d'une forme particuliere sur Ia base d'un 
partage du temps. La longueur de !'impulsion est controlee numeriquement defar;on afournir une largeur 
de bande variable. La reponse EM a ete calcutee par ordinateur pour des plaques en diverses situations 
geometriques. La quantite des donnees obtenues par ce nouveau systeme permettra une interpretation 
mains ambigue dans le cas de situations geologiques complexes. 

INTRODUCTION 

In 1982 Aerodat Ltd. initiated the development of a new 
helicopter electromagnetic (HEM) system. The objective was 
to design a button-on system with the following features: 

1) A receiver consisting of 3 orthogonal induction coils. 

transmitter is one capable of transmitting a primary field in 
any one of 3 orthogonal directions. The system under con
struction is one transmitter coil short of the full complement 
as shown in Figure 9 .1. Current HEM systems consist of 
coaxial and coplanar configurations (Fraser, 1979). Several 
ground EM systems now have 3 axis receivers but are limited 
to transmitter loops lying on the ground (McNeill, 1980). 

2) At least 2 orthogonal transmitter axes. 

3) A wide response band. 

A receiver consisting of 3 orthogonal coils is a vector 
device capable of measuring both the amplitude and the 
direction of the secondary magnetic field. A multi-geometry 

1Aerodat Limited, 3883 Nashua Drive, Mississauga, Ontario L4V lR3 

The broadband concept can best be explained in a re
sponse diagram (Fig. 9.2). This is a plot of the inphase and 
quadrature components of the secondary EM field versus the c 

response parameter of a given anomaly type. The curves 
plotted are for a simple L-R circuit, but their general form is 
similar for a wide range of geological models. The response 

79 



EM SYSTEM GEOMETRY 

EM SYSTEM TRANSMITTER RECEIVER 

t k 
Full Multi-Geometry '/ k 
System k -
Present Aerodat t t 

HEM - -
NewAerodat t k 

HEM - k 
Large Loop t f4 Ground EM 

Figure 9.1. Transmitter/receiver coil configurations for an 
ideal multigeometry system, two Aerodat systems, and 
ground EM. 

parameter is a product of conductivity, magnetic per
meability, system frequency and two dimensions of the sys
tem and/or of the target (Grant and West, 1965). 

A diagnostic region is indicated for the central curve set. 
It is a region, here arbitrarily defined as one decade, in which 
variations in signal amplitude can be most accurately mea
sured. Below the lower response parameter limit the signal 
level falls rapidly for both components. Above the high limit 
of the indicated band the inphase component reaches satura
tion, and hence it becomes insensitive to changes in the 
response parameter value. The quadrature component de
creases to values below noise limit. 

A system with a range of frequencies one decade apart 
would ensure that for any given response parameter at least 
one observation would be made within the diagnostic region. 
For example, if ground resistivities ranged from say I0-1!l-m 
to I0-5!l-m, six frequencies would be required to span the 
bandwidth. 

OBJECTIVES OF THE MULTI
GEOMETRY BROADBAND CONCEPT 
Resistivity is a 3-dimensional variable; it may change with 
depth reflecting various geological strata or laterally across a 
dyke or contact. In the case of a massive sulphide deposit, the 
resistivity distribution is truly 3-dimensional. Interpreta
tional models of increasing sophistication have been devel
oped for quantitative interpretation of horizontal strata, dip
ping sheets, and spheres. If the chosen model is appropriate 
to the geological situation, reasonable quantitative deter
mination of resistivity and dimensions can be expected. At 
this interpretive stage the spectral resolution of a broadband 
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system has its greatest value. In a typical mineral exploration 
program, however, the initial problem of model identification 
may be the most difficult. The multi-geometry transmitter can 
provide information sensitive to the geometry rather than the 
resistivity of the target. This additional parameter greatly 
improves the interpretability of broadband data. 

A multi-geometry transmitter is currently available on 
HEM systems but not on fixed-wing AEM systems (Fraser, 
1979). The concept is easily illustrated by the case of a thin 
vertical conductive sheet in free space beneath a horizontal 
dipole transmitter (upper part of Fig. 9. 3). Optimum coupling 
is achieved with the transmitter directly over the target. Null 
coupling occurs at the two lateral locations shown. In the case 
of a vertical dipole transmitter, (lower part of Fig. 9.3) the 
reverse occurs: Null coupling occurs over the target with 
optimum coupling occurring to the sides. This substantial 
contrast in inductive coupling between the two transmitter 
orientations provides excellent interpretive basis for model 
identification. 

Aerodat has approached the multi-geometry objective 
with a non-traditional bird designed to meet the electrical! 
electronic requirements of the system (Fig. 9 .4 ). The two 
outer rings, the transmitter loops, are 6 min diameter. At the 
centre of the bird are 3 orthogonal receiver coils surrounded 
by two smaller scale transmitter loops. These are part of the 
main transmitter loop but create a field of reverse polarity to 
partially protect the receiver from the strong primary field. 
The bird structure has been designed by a team of aero
nautical engineers. Wind tunnel testing and computer model
ling were carried out prior to full scale construction. 

RESPONSE 
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RESPONSE PARAMETER 

'BROADBAND' =FREQUENCY RANGE+ SPECTRAL RESOLUTION 

Figure 9.2. Response diagram for a simple L-R target. The 
diagnostic region is arbitrarily indicated as one decade. 
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Figure 9.4. The Aerodat bird consists of two rigidly mounted 
transmitters and a 3-component receiver. The diameter of the 
transmitter loop is 6 m. 

BROADBAND TRANSMITTER DESIGN 
The Aerodat current pulse used in the new system is initiated 
by a quarter sine rise to 200 A and followed by a period of 
steady current flow (Fig. 9.5). The pulse is terminated by a% 
sine rise to 280 A prior to falling to zero. The duration of the 
steady current flow is variable and digitally controlled. The 
rate of the pulse truncation is determined by both the peak 
current and the transmitter loop inductance. The current 

I (current) 

200A 

ll. Ton ~ 420 ps 

Ton~ 730 ps 

levels indicated together with the selected transmitter coil 
design yield a fall off from the 200 A level to zero in 70 f.LS. 
Alternate transmitter configurations might be considered in 
the future that would reduce the shut off time to about 20 f.LS 
albeit with a reduced transmitted moment. 

An initial appreciation of the waveform can be gained by 
plotting the induced current in the simple lrR target against 
time for different time constants 1' (Fig. 9. 6). For comparison, 
the half-sine waveform which is used by the INPUT AEM 
system is also shown. For each 1' the ground current starts in a 
negative direction but more slowly for the more resistive 
target. During the period of steady current flow, the induced 
emf is zero and attenuation of the ground current begins; 
rapidly for small'!', slowly for large 1'. The transmitter shut
off drives the current in a positive direction and the decay 
starts again at t = o, the start of the signal measurement 
period. It is interesting to note that the induced current profile 
for large 1' closely follows the form of the primary field. For 
small'!' and higher resistivity, the current profile resembles the 
derivative of the primary field. 

For small'!' the reverse current flow that follows the pulse 
tum-on is of little significance at t = 0; it has decayed to an 
insignificant amount. The amplitude of the signal at t = 0 is 
related only to the sharpness of the pulse truncation. How
ever, for larger 1', this negative current flow from the tum-on 
is still present at the tum-off and would be subtracted from the 
final signal amplitude at t = 0. An increase in the pulse 
duration can reduce this negative impact of tum-on from tum
off by allowing more time for attenuation. 

As noted above, it is the amplitude of the secondary field 
or the induced target current at the end of the pulse that most 
clearly reflects the signal level to be measured. In Figure 9. 7 

AERODAT WAVEFORM 

I ·-1 T FALL 70 ps 
I 

T OFF 0 -.oosec 

Figure 9.5. Aerodat transient current waveform. 
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Figure 9.6. Induced current flow in a target as a function 
of time for various time constant -r. Aerodat and half-sine 
(INPUT) pulse responses are compared. 

this amplitude is plotted as a function of the time constant of 
the target. Similar graphs for the INPUT AEM system were 
published by Becker et al. (1984). The pulse duration is 1 ms, 
repeated every 3. 5 ms in opposite polarity. The limiting effect 
for small ,. is due to the finite steepness of pulse truncation 
and at large ,. it is due to the finite pulse length. The truly 
broadband step current function described earlier would pro
vide a constant amplitude independent of ,. . The variable 
pulse duration provided for in the Aerodat system permits 
modification of large ,. response without modification of the 
low limit. 

It is possible to draw a parallel between transient and 
frequency domain bandwidth. Noting that the centre of the 

response band for an lrR circuit occurs when ~L= 1, 

frequency may be defined as Y2 'TT'l". This conversion is illus
trated in Figure 9.8 in which the diagnostic region has been 
set at the 50% amplitude level. With a 2 ms pulse duration, 
the transmitted bandwidth by this definition is 65 to 4550Hz. 
The operational bandwidth is larger and the receiver has a 
uniform response from 100 to 10 000 Hz. 

To appreciate the full operating range of the system other 
factors must be considered. For example, the repetition rate of 
the transmitted waveform is important. As the repetition rate 
is increased, the number of measurements increases with the 
ensuing improvement in the signal-to-noise ratio. In resistive 
areas, the repetition rate can be simply increased at the 
operator's console to improve the high-frequency response, 
but with some accompanying loss at the low-frequency end. 
Flight testing of the system is necessary before the limits on 
this form of flexibility can be properly assessed. 

RESULTS OF COMPUTER MODELLING 
The number and spacing of receiver time gates is not yet 
confirmed and will await flight testing. To provide an idea of 
what may be expected from the system, modelling has been 
done using the University of Toronto PLATE program (Dyck, 
1980). 

The receiver window boundaries were set to 0. 035, 0. 07, 
0.14, 0.28, 0.56, 1.12, and 2.24 ms, to provide 6 channels of 
output. The conductive plate was 300m in strike length, 150 
m in depth extent with a conductance of 64 S. 

Figure 9. 9 illustrates the system response for a vertical 
plate striking 90° to the flight line. Arrows indicate the 
relative orientation of the transmitter and receiver dipoles. 
The top row is for a transmitter dipole aligned in the direction 
of flight. The bottom row is for the vertical dipole transmitter. 
The response in each of the 3 orthogonal receiver coils is 
presented from left to right. The graphic amplitude of the 
profiles has been normalized in all cases. Due to the complete 
symmetry of the model there is no response on the receiver 
coil whose axis is perpendicular to the flight line. 

Figure 9.10 illustrates the response for a plate dipping 
45°. Note the clear asymmetries reflecting the dip and the 
coplanar null corresponding with coaxial maximum. 

Figure 9.11 shows the responses obtained over a horizon
tal ribbon. At early times (the higher amplitude channels), 
strong edge effects exist due to significant current concentra
tions at the edge of the sheet. At later times, the edge effects 
disappear in the coaxial and coplanar pairs as the induced 
current distributes itself more evenly throughout the ribbon. 

Figure 9.12 shows the response for a vertical plate striking 
at 45° . In this case the receiver coil oriented perpendicular to 
the direction of flight is no longer null coupled and provides 
useful information on the strike. 
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Figure 9.7. Peak induced current as a function of time constant ·r. The inductive coupling factor is assumed 
to be unity for all waveforms. The amplitude of the step, peak half-sine amplitude, and steady current flow 
amplitude of the Aerodat waveform are equal. 
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conductance 64 S. All amplitudes normalized to the peak response of the earliest channel. Plate strike and 
dip are 90°. 
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SUMMARY 
The Aerodat HEM system has been designed to provide 
maximum interpretative information. The multi-geometry 
transmitter/receiver configuration provides indication of the 
geometry of the conductor and thereby aids in the selection of 
a suitable model for interpretation. The broadband nature of 
the transmitted waveform ensures that a wide range of re
sistivities can be measured with a sufficient spectral resolu
tion to calculate the dimensions and resistivities associated 
with the particular conductor. 
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and shallow-water bathymetry 

J, Scott Holladay 1, N. Valleau1, E. Morrison1 

Geotech Ltd. 

Holladay, J. Scott, Valleau, N. and Morrison, E., Application of multifrequency helicopter electromagnetic 
surveys to mapping of sea-ice thickness and shallow-water bathymetry; in Airborne Resistivity Mapping, 
ed. G.J. Palacky; Geological Survey of Canada, Paper 86-22 , p. 91-98, 1986. 

Abstract 

Airborne ice-thickness and bathymetry measurements can be made with a multifrequency, high-precision, 
low-drift airborne electromagnetic system. Estimates of ice and water thickness and of the conductivity of 
the ice, water and bottom sediments are constructed using inversion techniques for a layered-earth model. 
The Singular Value Decomposition method employed in the inversion can be used to provide estimates of 
parameter error for a given example; these were found to be acceptable for typical model parameter 
ranges. The effects of noise and certain types of systematic error in the measuring system were simulated 
numerically in order to explore the errors that they would introduce to the interpretation. Systematic errors 
such as miscalibration and baseline drift were found to be the most serious, since they are difficult to 
distinguish from the effects of water depth and conductivity changes. In contrast, effects due to misorienta
tion of the EM system can be corrected for if the misorientation is measured during .flight, while the severe 
errors associated with incorrect altitude estimates can be reduced to acceptable levels by continuous 
measurement of the bird altitude using a high-precision laser altimeter mounted in the bird itself. AEM 
systems incorporating these design considerations have been constructed and .flight tested in the Maritimes 
and elsewhere for Canadian and U.S. government agencies. Further testing under Arctic conditions is 
scheduled for early 1986. 

Resume 
On peut realiser des mesures aeriennes bathymetriques et de l' epaisseur des glaces avec un systeme 
electromagnetique aeroporte a plusieurs frequences, de haute precision et a faible derive. On fait des 
estimations de l'epaisseur de La glace et de l' eau ainsi que de La conductivite de la glace, de l' eau et des 
sediments dufond a !'aide de techniques d'inversion etablies pour un modele de sous-sol en couches. La 
methode de Ia decomposition de La valeur singuliere employee dans l' inversion peut servir a fournir des 
estimations de l' erreur parametrique pour un exemple donne; ces estimations se sont revelees acceptables 
pour des gammes typiques des parametres du modele. On a simule numeriquement les effets du bruit et de 
certaines erreurs systematiques intervenant dans le systeme de mesurage afin d' etudier les erreurs qu' its 
pourraient introduire dans l' interpretation. Les erreurs systematiques, p. ex. une calibration erronee et La 
derive de La ligne de base, se sont revelees les plus graves, car elles sont difficiles a distinguer des effets des 
fluctuations de Ia profondeur de l'eau et de Ia conductivite. En revanche, les effets dus ala mauvaise 
orientation du systeme EM peuvent etre corriges, si cette mauvaise orientation est mesuree en cours de val, 
tandis qu' on peut ramener a des niveaux acceptables les erreurs graves liees a des estimations inexactes de 
!'altitude, en mesurant constamment !'altitude du tube a !'aide d'un altimetre laser de haute precision 
monte sur le tube. Des systemes EMA comportant ces composantes ant ete testes en val dans les Maritimes 
et ailleurs pour lecompte d'organismes gouvernementaux canadiens et americains. On prevoit realiser 
d'autres tests, dans les conditions arctiques, au debut de 1986. 

1Geotech Ltd. , Units 18-20, 101 Amber St. , Markham, Ontario L3R 3B2 
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INTRODUCTION 
The determination of ice properties and water depth in shal
low marine environments is now seen as an important appli
cation of the airborne electromagnetic (AEM) method, made 
possible by the advent of systems which combine large 
bandwidth, high sensitivity, large dynamic range, low drift 
and stable calibration with high-precision altimetry and bird 
attitude control. This paper indicates some of the considera
tions that apply to the design of the EM hardware and survey 
methodology. 

Two components of the problem can often be dis
tinguished. Bathymetry per se is the determination of water 
depth, although some measure of bottom conditions is often 
desired. In practice, AEM bathymetry provides a depth esti
mate, but normally requires the estimation of water con
ductivity as a separate parameter. The conductivity of the 
sediments at the sea bottom affects the response in very 
shallow water and thus may have to be included in the 
interpretation as well. Airborne ice measurement (AIM), a 
somewhat better-conditioned problem, seeks to estimate the 
thickness and conductivity of sea ice over deep water. In 
many situations, seawater in ice-covered areas will be shallow 
enough to require solution of the more general problem of 
through-ice bathymetry (TIB). 

Conventional bathymetry in open water is normally car
ried out by relatively small launches carrying echo sounders. 
Such craft can work in shallow water and around rocks and 
other obstructions. When sea ice is present, conventional 
bathymetry becomes much more difficult and expensive, 
since icebreakers might be the only craft capable of entering 
the area. Thick ice accumulations preclude all possibility of 
bathymetry from surface vessels, as the greatest ice thickness 
that can be continuously broken is on the order of 1 m. A 
number of methods have been proposed and tested for rapid 
reconnaisance TIB, but all have been found to be pro
hibitively expensive, unreliable, and/or slow. The standard 
approach at present is to sample ice thickness and water depth 
at widely spaced points using echo sounders on the ice 
surface. 

By contrast, AEM bathymetry can be performed over 
large areas using helicopter or fixed wing systems. Dense 
grids of accurately positioned TIB data can be gathered 
rapidly and processed into preliminary maps on site. It is 
anticipated that such data will be useful not only to hydro
graphers in chart preparation, but to oil companies seeking 
shallow water with stable bottom conditions for drilling sites, 
reflection seismic contractors and others requiring safe sur
face routes over thick ice, and salvage or rescue teams search
ing for conductive wreckage in shallow water. 

The approach that has been used in this paper is based on 
generalized linear inverse theory as applied to nonlinear 
regression problems. In particular, the Singular Value De
composition (SVD) method (Lancsoz, 1961) using damping 
and cutoff of singular values (Jupp and Vozoff, 1975) has 
yielded valuable insights into the electromagnetic TIB prob-
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lem. The SVD method provides a clear mathematical frame
work for stable, efficient model fitting, estimates of param
eter importance and error, identification of equivalence 
problems such as conductivity-thickness ambiguity, and an 
indication of importance of individual data channels to the 
determination of a given parameter. 

The paper is organized in two sections. The first deals 
with the idealized problem of bathymetry with and without 
ice, including the importance of model parameters to the 
response and the choice of frequencies at which data should 
be obtained. The second examines the practical problem: the 
shortcomings of the one-dimensional model, typical sources 
of error in AEM methods and examples of the effects these 
can have on the interpretation of survey data. · 

THE IDEALIZED PROBLEM 
The basic model used in this section consists of a conductive 
layer of seawater, with or without relatively resistive ice cover, 
over a moderately conductive bottom. In Figure 10. 1, this 
model is represented schematically. Note that although there 
are 5 parameters present in this model, not all will necessarily 
be sought in a given situation. 

The SVD approach clearly shows that in general the 
parameters in the linearized response of an electromagnetic 
model tend to factor out into groups called parameter eigen
vectors, each associated with a so-called "singular value" 
which provides an estimate of the importance of the eigenvec
tor to the response. A useful feature of the AEM TIB method 
is that the parameters separate remarkably well with proper 
design of the measurement with respect to frequencies and 
flight elevation: for a given singular value, the corresponding 
eigenvector often consists almost entirely of a single param
eter's contribution. This simplifies the task of analysis consid
erably. The frequencies and base model parameters chosen 
for this study were f = 50, 200, 1000, and 10000 Hz, repre
senting the minimum goals of the Geotech Through-Ice 
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Figure 10.1. Schematic sketch of layered earth model used 
for interpretation of through-ice bathymetry (TIB}. 



Bathymetry System (TIBS). Horizontal coplanar coil ar
rangements were chosen for all frequencies to simplify as
sessment of the contributions of different frequencies. The 
model conductivities were chosen to be a 1 = 0. 02 S/m for ice 
where present, a 2 = 3 S/m for seawater, and a 3 = 0. 3 S/m for 
bottom sediments, which represent fairly typical values for 
these parameters. The flight elevation is taken as ·a "known" 
parameter in this paper, for reasons that will be explained in 
the next section. If it were left free, it would certainly be the 
best-determined parameter in the model, while the other 
parameters would be somewhat less well-resolved. 

One way of presenting the results graphically is to plot the 
error for a given parameter as a function of one of the model 
parameters. This can be estimated by the SVD method for a 
given noise level in the measuring system and its environ
ment. The noise is estimated at 1 ppm. The parameter error 
estimates scales linearly with the noise level, but the error 
estimate for a given parameter will remain constant with 
respect to the error estimates for the other parameters. 

In Figure 10.2, parameter error is plotted as a function of 
water depth t2 . Note that the relative error estimate is nearly 
constant at 0.08% for the water conductivity a2 : the water 
conductivity is a very well-determined parameter for a wide 
range of water depths. The water thickness error estimate is 
also nearly constant at about the 1% level in shallow water, 
but starts a rapid increase at 40 m, which is about 1 skin depth 
at the lowest frequency (50 Hz). These results suggest a 10% 
depth error level at 80 m, which may be somewhat optimistic. 
The error estimate for the bottom conductivity a 3 is greater 
than 1% for water depths greater than about 10 m. For this 
figure, ice thickness and conductivity were not included as 
the ice thickness was set to negligible levels to emphasize the 
bathymetric parameters. 

Figure 10.3 presents results for the AIM problem: the 
parameter errors are plotted as a function of ice thickness. 
Note the near-constant behaviour in all parameters except for 
the ice thickness t1, for which thicker ice has lower relative 
error. The error estimate reaches 1% for t2 = 0. 3 m. The rather 
complicated behaviour of this error estimate for very thick ice 
is mainly due to the presence of equivalence problems. Such 
thick ice rarely occurs at sea, except in large pressure ridges 
or icebergs. 

The main conclusions that can be drawn here are that 
the important parameters for through-ice bathymetry under 
"normal" circumstances are the water conductivity a 2 , water 
thickness t2 and ice thickness tp with ice and bottom con
ductivities becoming important under some circumstances. It 
should be noted that precise estimates of ice conductivity are 
not critical to most users, since hard, multiyear ice and soft, 
first year ice have substantially different conductivities which 
should be easily resolvable. 

The same type of analysis can be applied to the "data 
eigenvectors" produced by the SVD to yield estimates of data 
importance or "information density". These results are hard 
to display in a simple format. However, the conclusions 
reached are essentially as expected on the basis of rule-of
thumb arguments: the lowest useful frequency available is 

dictated not so much by what is desired by the interpreter as 
by design considerations like weight and power requirements 
for the system hardware. The maximum depth of reliable 
interpretation is between one and two skin depths at that 
frequency. At somewhat less than one skin depth, the water 
thickness information is in the inphase, conductivity informa
tion in the quadrature of the lowest frequency. The choice of 
the highest frequency should be based on the precision re
quired in ice properties: frequencies well over 10 kHz are 
required for reliable ice conductivity estimates, while fre
quencies lower than 10kHz are satisfactory if only the thick
ness of the ice is desired. At 10 kHz, the ice conductivity 
information is in the quadrature. Intermediate frequencies are 
again dictated partially by weight and power considerations 
at the low end, and their distribution should reflect design 
goals for the system: more low frequency data is required for 
fairly deep water bathymetry. 

PRACTICAL AEM BATHYMETRY 
The simple, one-dimensional model is in some cases a gross 
approximation to the actual situation. The seawater can ex
hibit salinity, layering, or lateral variations caused by fresh 
water influx from rivers or runoff. Ice tends to be layered and 
laterally variable in its conductivity and other properties and 
its surface is often rough. 

Water layering tends to be fresh water on top of salt water. 
In such a case, the fresh water would show up as an increase in 
apparent ice thickness if the salinity contrast is large. Lateral 
variations in water conductivity tend to becsmall, although ice 
conductivity can vary substantially over short distances 
owing to the presence of fissuring and other structural hetero
geneity. Water depth and ice thickness can be approximated 
by successive one-dimensional interpretations along a survey 
line with excellent results (compared to ground truth informa
tion) except near unusually sharp two-dimensional or three
dimensional structures: ice layering and surface roughness in 
particular are smoothed out somewhat by the nature of the 
EM measurement. While this reduces the accuracy of spot 
thickness and conductivity estimates for the model, it in
creases the reliability of the estimate as averaged over the 
footprint of the EM system. Sharp relief will be blurred and 
distorted, but the degree of misfit also increases to warn the 
interpreter that a complicated structure may exist. Experience 
indicates that bottom dips of several degrees are easily toler
ated by inversion methods. 

Typical sources of error in helicopter EM surveys include 
noise, such as sferics and microphonics, and electronic noise 
in the measuring system. Calibration errors in amplitude and 
phasing can produce systematic errors in the data that are 
hard to distinguish from the response of a slightly different 
model. Baseline drift is an especially difficult problem to 
eliminate, and once again can bias both amplitude and phase 
measurements. Distortions in EM response can also be 
caused by bird attitude variations such as pitch and roll, 
which should be monitored continuously to allow correction 
at the interpretation stage. The attitude of the bird also affects 
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altitude estimates based on laser altimetry from the bird. Such 
laser altimeters provide a highly accurate alternative to con
ventional radar devices, which typically have accuracies of a 
few meters in 30 m over water and even worse over ice and 
snow. Since radar altimeters are normally mounted in the 
aircraft, static and dynamic errors in the estimated bird al
titude will be observed much of the time. Laser altimeters, on 
the other hand, tend to be small devices with accuracies of 
10 em or less in 30 m. Since they sense the distance to any 
reflective surface, they are ideal for use over ice and snow. 
Their size and low power levels make it practical to mount 

them in the EM bird, and their tight beam makes correction of 
the measured altitude for attitude variations straightforward. 

40 

30 

20 

10 

In the next few figures, examples of how such errors 
would be treated by the inversion process are given. The base 
model for this study consists of a 30 m water layer of con
ductivity 3 S/m overlying a bottom layer of conductivity 
0.3 S/m, with a bird altitude of 30 m. Synthetic forward 
models for several related models have been computed using 
a layered-earth forward model (Holladay, 1981) which has 
been augmented by a 55 point linear filter provided by D.E. 
Boerner, and a variety of error types have been superimposed 
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Figure 10.8. Interpretation of a synthetic data profile for the base model: Altimeter error was simulated by 
adding a constant to the altitude; this constant ranged from - 4 to + 4 m from left to right. 
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on these model responses. In the absence of error, the inver
sion proceeds quickly and gives excellent agreement with the 
original model. When error is included, the number of itera
tions required is increased and a larger misfit is observed at 
the end of the fitting process. 

For the first example, random Gaussian-distributed noise 
with a known standard deviation was added to the synthetic 
response of the base model: the in-plane and quadrature at 
each frequency had an independent amount of noise added. 
The inversion routine was then run using this noisy response 
as data. Figure 10.4 displays the result of one such run, in 
which the standard deviation of the added noise was varied 
from 100 ppm at left to 0 ppm at the right as a linear function 
of position. To be rigorous, one would have to repeat this 
procedure many times and construct an envelope of inversion 
results for a given noise level. As expected, a fluctuation in 
interpreted parameter values is observed, mainly in the water 
depth. The conductivity estimates remain fairly steady even 
with large errors the depth estimate. 

In Figure 10.5, a severe calibration problem is modelled 
by multiplying all data at a given station by a constant, whose 
value ranges from 0.98 to 1.02 over the profile, giving ±2% 
error in overall calibration over the length of the profile. 
Coherent error as in this example should be the worst case, 
since incoherent error (i.e. different errors for the in-phase 
and quadrature at each frequency) would tend to cancel out in 
the inversion step. This type of error distorts the model in a 
fairly linear way in which ±2% error gives ±10% error in 
depth and ±7% error in water conductivity. Station 11 in the 
centre of the profile is the 0 error point: the slight kink in 
interpreted water depth is due to the inversion routine accept
ing the previous station's model as acceptable without itera
tion. Baseline drift was also modelled by adding a variable 
offset to the data in the in-phase and quadrature at each 
frequency, coherently as before. The results strongly resem
ble those for calibration error: ± 100 ppm drift gives ± 10% 
error in depth and ±7% error in water conductivity. 

Figure 10.6 shows the effects of bird attitude on the EM 
system due to the mixing of coupling modes and errors in 
estimated altitude caused by misorientation of the laser al
timeter, which is mounted rigidly to the bird, while Figure 
10.7 gives results for the case in which the altitude values have 
been corrected. In both examples, pitch and roll vary through 
± 20 de g. In Figure 10.6, no altitude or EM system correction 
has been applied to data generated for a misoriented bird. 
There is a clear altitude deviation from the "true" value of 30 
m of from 10 to 15% for 20 degrees pitch and roll to zero at 
zero pitch and roll at the centre of the profile. The asymmetry 
is due to the noncentral position of the altimeter in the bird. 
The water thickness estimate is reduced much below the 
"true" value of 30 m at large pitch and roll values where the 
conductivity estimate is exaggerated. In Figure 10.7, where 
the altitude has been corrected, the water thickness is exag
gerated by some 60% for 20 degrees of pitch and roll, while 
its conductivity is underestimated by about 30%. 

Finally, Figure 10.8 shows the effects of ±4 m of altitude 
error about the "true" altitude of 30m. Once again, station 11 
represents the error-free condition, while 4 m have been 
subtracted from the altitude on the left side of the profile and 
added on the right. Even for ± 1 m of altitude error (3% ), the 
effect is substantial: the interpreted water thickness is altered 

by about 10 m or 30%, and the water conductivity estimate is 
out by about 15%. Of course, the altitude could be determined 
as a parameter, but this leads to an undesirable loss of 
resolution in the other parameters. However, if only radar 
altimeter data are available, there is little choice. 

CONCLUSIONS 
Through-Ice Bathymetry (TIB) using a helicopter EM system 
is theoretically capable of water depth estimation to < 10% 
for water depths less than 2 skin depths, and to about0.3% for 
water depths less than 1 skin depth, given 1 ppm noise levels 
for an 8 m bird. The water conductivity must be determined 
jointly with the thickness, unless it is known to be uniform 
and stable in the survey area both laterally and as a function of 
depth. Water conductivity is a well-determined parameter, 
with estimated error levels of 0. 08%. The accuracy of the 
conductivity estimate for saturated bottom sediments de
pends on the thickness of the water: levels of 1% or better may 
be possible for water depths of 20 m or less. 

Ice thicknesses can be estimated to the order of 2% or 
better error for ice thicknesses over 0.1 m, while ice con
ductivity estimates to the order of 4% are possible even with 
10 kHz as the highest frequency used, and will be more 
accurate if higher frequencies are available. The presence of 
even 8 m of ice does not significantly degrade water thickness 
or conductivity estimates. 

One-dimensional interpretation is an acceptable approx
imation under most circumstances, given the spatial averag
ing performed by an AEM system. Where such an interpreta
tion is not valid, clear indication is usually given by the 
inverse program that the model fits poorly. 

Errors must be kept strictly under control. As noise can 
generate substantial errors in the more weakly determined 
parameters, it is mandatory to reduce the noise due to the 
measuring system to well below natural noise levels. This, 
however, is difficult to achieve at low frequencies. The effects 
of incorrect calibration and baseline drift are especially se
rious because they may distort the interpretation without 
generating strong misfits between the model and the data. 
Altitude and attitude errors can be controlled by means of 
suitable altimetry, pitch and roll sensors. 

This paper has addressed some of the issues that were 
encountered during the development of the Geotech TIBS 
and AIM systems. Clearly, airborne bathymetry and ice prop
erty measurement are techniques which can be implemented 
with existing technology and interpretation methods. Case 
histories will be published as the survey data are released. 
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Abstract 

An experimental airborne electromagnetic (AEM) survey was carried out in the Cape Cod Bay area 
(Massachusetts, USA) to investigate the potential of extracting bathymetric information over a shallow 
ocean. A commercially available Dighem Ill AEM system was used for the survey without any significant 
modification. The helicopterborne system operated at 385 and 7200Hz, both in a horizontal coplanar 
configuration. A concurrent ground truth survey included extensive acoustic profiles, as well as spot water 
conductivity measurements. 

The interpreted bathymetric profiles show excellent agreements with corresponding acoustic depth 
profiles up to one (possibly more) skin depth of the source frequency. It is envisioned that with further 
improvements in hardware and software, the bathymetric resolution may extend beyond the skin depth. 
AEM data can also produce (as byproducts) conductivity profiles of both seawater and bottom sediments 
that may find potential applications in various offshore geotechnical engineering works. 

Resume 
On a ejfectue un leve electromagnetique aerien (EMA) experimental dans Ia baie de Cape Cod (Mas
sachusetts , E.-U.) pour examiner la possibilite d'obtenir des donnees bathymetriques sur les fonds 
oceaniques peu profonds. Le !eve a ete fait avec le systeme EMA Dig hem Ill sans modification importante. 
Ce systeme heliporte fonctionnait aux frequences de 385 et 7200Hz, toutes deux emises a partir de 
bobines coplanaires horizontales. En meme temps, on a effectue un leve de verification au sol qui 
comprenait des profils acoustiques etendus ainsi que des mesures aleatoires de Ia conductivite de l' eau. 

Les profits bathymetriques interpretes des donnees EMA montrent d' excellentes concordances avec les 
profils acoustiques correspondants, jusqu'a concurrence d'une (et peut-etre plus d'une) profondeur de 
penetration de lafrequence d' origine. On croit que moyennant d' autres perfectionnements du materiel et du 
logiciel, Ia resolution bathymetrique s' etendra peut-etre au-dela de Ia profondeur de penetration. Les 
donnees EMA peuvent egalement fournir (a titre de sous-produit) des profils de conductivite de l' eau de la 
mer et des sediments du fond, qui pourraient trouver des applications dans divers travaux geotechniques au 
large des cotes. 

INTRODUCTION 

The Naval Ocean Research and Development Activity 
(NORDA) has been investigating a possible application of 
the airborne electromagnetic (AEM) method to the 
bathymetric charting in a shallow ocean. There is a strong 

Navy requirement for a rapid airborne and cost-effective 
shallow-ocean bathymetric method capable of supplement
ing or even replacing the traditional shipborne acoustic 
sounding methods, which are time-consuming and often not 
suited to shallow coastal areas. Periodical and repetitive 
bathymetric mapping of shallow-ocean regions with heavy 

1North Carolina State University, Department of Marine, Earth and Atmospheric Sciences, P.O. Box 8208, Raleigh, 
N.C. 27695, U.S.A. 

2Department of the Navy, The Naval Ocean Research and Development Activity (NORDA), NSTL Station, 
Mississippi 39529, U.S.A. 
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traffic is necessary for monitoring bottom sediment move
ments, ship lane maintenance, and a variety of geotechnical 
operations, as well as for routine charting. 

TEST SURVEY IN THE CAPE COD BAY 
The test survey area and the AEM flight lines are shown in 
Figure 11.1. All flights and ground truth surveys were per
formed during a 3 day period in June 1984. The AEM system 
used was a commercially available Dighem III, described in 
detail by Fraser (1978, 1979, 1981). The system was equipped 
with two horizontal coplanar coil pairs operating at 385 and 
7200Hz. Both pairs had an 8 mcoil separation(an additional 
coaxial coil pair operating at 900 Hz was deactivated due to 
an electronic malfunction). 

The sensor platform, or bird, towed by a Sikorsky S58T 
twin-engine helicopter using a 30 m cable, maintained an 
average altitude range between 40 and 50 m above the sea 
surface. The aircraft altitude was measured by a radar al
timeter (Sperry Model 220 mounted on the aircraft) that had a 
manufacturer-specified accuracy of 5%. A total of about 200 
line km AEM data consisting of 13 segment profiles was 
obtained in three sorties in a less than 7 h period. The 
sampling rate was 1 s, corresponding to about 50 m along the 
ground track (about a 50 mls ground speed). The maximum 
water depth in the survey area is about 40 m, according to the 
bathymetric chart (NOAA Chart 13 246). 

The flight plan included data collection before and after 
each profile at an altitude of about 270 m to calibrate the zero
level signal of the receiver coils. In addition, three short 
calibration flights were made in a location about 15 krn east 
of the Cape, where the bathymetric chart indicated water 
depth in excess of 60 m. These data were intended to be used 
for determining the absolute calibration constants for ampli
tude and phase of each coil pair on an assumption that the 
water body below may be considered a uniform conductive 
half-space. It turned out, however, that this calibration 
method is not accurate enough for the bathymetric process
ing. As discussed later, both zero-level signal and amplitude/ 
phase calibration constants are derived from a small portion 
of each actual flight line data. 

Figure 11.2 shows a raw AEM data profile accompanied 
by a corresponding radar altimeter profile along Line 5021 
(see Fig. 11.1 for location). Clearly, the AEM data are over
whelming correlatable with variations in altitude. A very 
crude indication of water depth may be observed from the 
ratio of the quadrature component to the inphase component 
of the 385 Hz data: the ratio increases with a decreasing water 
depth. Unfortunately, this relationship is highly nonlinear. 
Even though the aircraft altitude is maintained mostly within 
a 10 m range (between 40 and 50 m), the corresponding 
variations of the AEM responses amount to more than 
500 ppm. Owing to the high water conductivity, errors in
duced by inaccurate altimetry pose a critical problem. At a 
45 m bird altitude, a 1% altitude change at a given water 
depth of 10 m generates amplitude differences of 22 ppm at 
385 Hz and 33 ppm at 7200 Hz. It can also be shown that, for 
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a 1 m depth change at the same water depth of 10m, the 
predicted amplitude differences amount to only 10 ppm at 
385 Hz and 0 ppm at 7200Hz. 

Since the employed radar altimeter has a specified ac
curacy of 5%, it soon became evident that the radar altitude 
cannot be trusted for the bathymetric processing. Instead, a 
new algorithm was developed to use the 7200 Hz response to 
derive the electromagnetic altitude during the inversion pro
cess. The new altitudes thus derived show fairly random zero
biased differences (with respect to the radar altitudes) whose 
rms amounts to about 2-3%. 

It was originally planned to employ a Del Norte naviga
tion system supported by three ground transponders. Because 
excessive distances caused poor reception, a Loran-e system 
was installed on site with a makeshift arrangement of a printer 
that produced co-ordinates at a 5 s interval. These were later 
interpolated to produce 1 s interval co-ordinate data corre
sponding to the AEM data rate. 

A ground truth bathymetric survey concurrent with the 
AEM flights was carried out using an acoustic depth sounder. 
A total of about 120 line krn of depth profiles was obtained, 
which covered about 60% of the AEM flight area. Unfor
tunately, due to many practical reasons, the flight lines and 
the ship track did not coincide and were often more than 
500 m apart. Therefore, the best available ground truth still 
reflects another interpolated approximation unless the bot
tom topography fluctuates rapidly, the ground truth is con
sidered to be accurate within 1 to 2 m. 

Spot measurements of water conductivity were made at 
eight different locations along the ship track at a 3 m depth. 
They ranged between 4.0 S/m and 4.12 S/m. While these 
values may be fairly representative for deep water, there are 
considerable uncertainties over very shallow water ( <3 m) 
where water temperature may rise significantly during the day 
(particularly during sunny days in June, as in this case). A 
mere 4°C difference in the water temperature at a given 
salinity can result in as much as a 10% change in water 
conductivity. Unfortunately, no ground truth measurements 
were made during the survey to confirm this possibility. 

INTERPRETATION 
The high conductivity of seawater (between 3 and 5 S/m, 
depending on salinity and temperature with no fresh-water 
inlets) severely restricts the ability of EM waves to penetrate 
the water. Bathymetric range and resolution are, therefore, 
primarily governed by the source frequency. Figure 11.3 
shows the skin depths in a frequency range between 40 Hz 
and 40 kHz for assumed water conductivities of 2, 3, 4, and 
5 S/m. 

For the employed frequencies of 385 and 7200 Hz and 
seawater with a conductivity of 4 S/m, we may, therefore, 
expect skin depth of 12.8 and 3.0 m, respectively. From 
Figure 11.3 the source frequency obviously should be less 
than 100 Hz to achieve a depth range of 50 m or more. 
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Figure 11.4. AEM bathymetric profile for line 5021 after applying an 11 point running average filter. Solid 
circles represent depths obtained by acoustic soundings. 
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Figure 11.5. AEM bathymetric profile for line 5031 and acoustic depths (solid circles). 
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Figure 11.7. AEM bathymetric profile for line 5051 and acoustic depth (solid circles). 
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Figure 11.8. AEM bathymetric profile for line 1021 and acoustic depth (solid circles). 

The Cape Cod test data were initially interpreted and 
reported by Fraser (1985) using a least-squares algorithm by 
Anderson (1979). Subsequently, the data were reprocessed 
at NORDA using a different Marquardt least-squares al
gorithm, notably Subroutine ZXSSQ in the IMSL package. 
The inverted bathymetry in both cases agreed approximately 
in trends with known bathymetry but showed a considerable 
static bias that often exceeded 5-10 m. Further careful inspec
tion of the least-squares inversion results leads us to the 
following conclusions. 

1) Computer inversion time is unacceptably long: one
point inversion of the two-frequency data consumes 
from 5 s to 1 min on a VAX 111780 computer, even when 
the water depth is the only sought parameter, while all 
other parameters are prescribed and fixed. 
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2) AEM response is too sensitive to the bird altitude to 
accept the specified 5% accuracy of the radar altimeter 
used for the survey. 

3) Both the water and the sediment conductivities must be 
allowed to float albeit in constrained ranges. 

The AEM bathymetric profiles reported here are derived 
from yet another method: analytical solutions of simul
taneous nonlinear equations. At each data location, we have 
four measured quantities; i.e., inphase and quadrature com
ponents at two frequencies. From this data set we derive exact 
solutions of four parameters: water depth, water conductivity, 
sediment conductivity, and electromagnetic altitude. When 
unconstrained, the solutions are exact (since the number of 
knowns and unknowns is the same), resulting in zero re
siduals regardless of data error. However, severe data error 



may produce physically unacceptable solutions (e.g. negative 
depth or conductivities). While the least-squares methods (in 
which the number ofknowns is usually much more than that 
of unknowns) may produce a stable solution set from a noisy 
data set (even though its rms error may be high), the present 
analytic approach is understandably sensitive to data error. 
Under this circumstance, a low-pass filtering of the inverted 
profile is justifiable to countermeasure the random data 
errors. 

An inversion algorithm using a modified Newton
Raphson method is then applied to the data. Initially, we 
derive the sensor altitude and water conductivity from the 
7200 Hz data and, subsequently, water depth and bottom 
conductivity from the 385 Hz data. Inversion time for deriv
ing all four parameters amounts to 0 .5 to 2 son a VAX 111780 
computer. The analytic method, as in the least-squares 
method, also requires initial guesses and, to ensure phys
ically acceptable solutions, reasonable solution constraints. 
The constraints used for the final processing of the Cape Cod 
data follow. 

1) Water conductivity (rr 1): 3-5 Slm 
2) Sediment conductivity (rr2): 0.01-2 S/m 
3) Water depth (d): 0-50 m 
4) Altitude (b): positive 

Spot measurements of water conductivity at a 3 m depth 
at eight locations ranged from 4.0 to 4.12 S/m. No bottom 
sediment conductivity data are available. However, an exten
sive in situ study by Hulbert et al. (1982) off the Florida 
coast showed a common range of 0.4 to 1.4 S/m within the 
first 5 m depth, decreasing only slightly with increasing 
depth of burial. 

The inversion process is initiated as follows. For the very 
first point, we prescribed starting values of <T 1 = 4 S/m, <T 2 -

1 S/m, d as read from the hydrographic chart, and b as 

indicated by the radar altimeter. Once the process starts, the 
solution set a the present location is prescribed as the initial 
parameters for the next location. Thus, after the first data 
point of a profile, the interpretation becomes completely 
autonomous. 

We present only the bathymetric results. Presentation of 
other parameters will be dealt with in a separate report. It is 
noted, however, that (1) the derived electromagnetic altitude 
is well within ± 1 m of the radar altitude (less than the 
manufacturer-specified 5% error), (2) water conductivity is 
mainly 4 ±0.2 S!m except for very shallow-water regions, 
and (3) bottom sediment conductivity ranges between 0.5 
and 1.5 S/m in most profiles. 

RESULTS 

Figure 11.4 shows the interpreted AEM bathymetry for Line 
5021 (see Fig. 11.1 for location). The solid line represents the 
water depth inferred from the AEM data. Solid circles denote 
the depths determined from acoustic profiles. Depths are 
computed at approximately 50 m intervals. Small numerals 
at the bottom are the flight line fiducials representing every 
20th data point. The profile length is about 20 km. 

The agreement is excellent up to a water depth corre
sponding to about one skin depth (12.8 m) of the 385 Hz 
signal. In fact, the agreement up to this depth is well within 
the interpolation accuracy of ground truth data. Below the 
skin depth we notice progressively degrading resolution re
sulting in oscillatory bathymetric profiles. 

In essence, the oscillatory behaviour is a direct result of 
the decreasing signal-to-noise ratio with respect to the al
titude uncertainty. At a 20 m depth, for instance, the max
imum theoretical385 Hz response (against an infinitely deep 
water) is expected to be about 10 ppm, while a mere 0.2 m 
error in altitude will result in the same amount of difference in 
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response. Since the bathymetric errors appear to be random, 
yet strongly correlated with the aircraft altitude, we tenta
tively conclude that the error sources are likely related to the 
altimeter resolution and to such bird attitude uncertainties as 
pitching and yawing associated with the aircraft altitude 
variations. The bird attitude will be monitored in the future 
using inclinometers whose output can be incorporated into 
the interpretation. 

Such an oscillatory behaviour can sometimes be sup
pressed if we use instead a least-squares inversion method 
when a sufficient number of redundant measurements is 
available. The resultant solutions in this case will carry large 
rms errors, yet may give a deceptively smooth solution profile 
(errors never die; they simply become hidden in the process). 
The present analytical inversion method produces zero-re
sidual solutions that fit the observed data regardless of the 
measurement errors. Although the two approaches are equiv
alent in the sense of error budgeting, the analytical inversion 
method appears to be superior in field logistics and in com
putational speed. Figures 11.5-11.8 show additional AEM 
bathymetric profiles produced by the above described pro
cedure. 

A composite of seven AEM profiles is shown in Figure 
11.9. We notice striking details of the sea bottom morphology 
showing subtle trends and developments of slopes, trenches, 
and shoals. The fact that each profile is independently derived 
and yet shows remarkable correlations with neighbouring 
profiles renders further credence to the AEM results. 

CONCLUSIONS 
From our experience through the Cape Cod AEM bathymetry 
experiment, we summarize some of the error sources that 
degrade the bathymetyric resolution. 

l) Calibration errors: amplitude, phase and zero level. 
2) Error in the interpretive ocean model, particularly as

suming the vertically homogeneous bottom sediment 
layer. 

3) Altimeter error. 
4) Measurement error due to pitching and yawing of the 

bird (negligible up to 10° if the bird altitude is 50 m or 
higher). 

5) Ground truth interpolation error due to noncoincidence 
of tracks by boat and aircraft. 

6) Electronic measurement noise. 

Most of the above error sources can be significantly reduced 
through improvements in equipment and interpretation soft
ware. 

It is envisioned that with additional research and develop
ment efforts, the AEM method will be able to produce 
accurate bathymetric charts over a shallow ocean (perhaps up 
to 100 m in depth). Compared with the traditional acoustic 
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sounding techniques, the AEM method can provide an order
of-magnitude faster survey speed at a reduced cost and thus 
yield a synoptic knowledge of ocean-bottom topography. 
With improved interpretation schemes, even a real time data 
processing appears to be a realizable goal. 

In addition, the method has potential applications to 
remote measurements of electrical conductivities of ocean 
water and bottom sediments. The bottom sediment con
ductivity, in particular, is closely related to certain mechan
ical characteristics, such as compaction rate, porosity, den
sity, and (indirectly perhaps) sediment types, which carry 
broad geotechnical implications for many offshore activities. 
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Doug Fraser of Dighem Surveys and Processing Inc., for 
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Abstract 

A specialized automated simple inversion technique was developed for the interpretation of airborne time
domain electromagnetic (AEM) offshore data obtained in coastal areas. This method was tested on a 
limited amount of data that was acquired in Canada with the Barringer!Questor Mark VI INPUT® AEM 
system along a 28 km long flight traverse off the coast of Cape Breton/stand inN ova Scotia. An analysis of 
the data and comparison of the results with the available bathymetric charts indicates that the data can be 
interpreted to an accuracy of about 10% or 2m in areas where the depth of sea water does not exceed 20m. 
A second test off the coast of New Brunswick showed that reasonably good bathymetric estimates could be 
obtained to about 50 m of water depth. 

Resume 

On a elabore une simple technique specialisee et automatisee d' inversion pour l' interpretation des donnees 
de !eves electromagnetiques aeriens (EMA) obtenues en domaine tempore! au large des cotes. Cette 
methode a ete testee sur une quantite limitee de donnees obtenues au Canada avec le systeme EMA Mark VI 
INPUT® de Barringer!Questor, sur un parcours lineaire de 28 km au large de l'fle du Cap-Breton, en 
Nouvelle-Ecosse. Une analyse des donnees et une comparaison des resultats avec les cartes bathymetri
ques disponibles montrent qu' on peut interpreter les donnees avec une precision de ±10 p.cent, so it ±2m, 
dans les zones ou la profondeur de la mer ne depasse pas 20 m. Un deuxieme test au large des cotes du 
Nouveau-Brunswick a montre qu'on peut obtenir des estimations bathymetriques raisonnablement bonnes 
jusqu'a une profondeur d'environ 50 m. 

INTRODUCTION 

Traditionally, airborne electromagnetic (AEM) systems have 
been used for the detection of distinct subsurface conductors. 
As equipment quality improved all of the state-of-the-art 
apparatus could also be employed for mapping ground con
ductivity. Thus Dyck et al. (1974), Whiting (1983) and 
DeMoully and Becker (1984) have reported the use of the 
towed-bird, time-domain INPUT system for mapping the 
conductivity and thickness of surficial materials. Similar 
applications of frequency-domain apparatus were reported by 
Fraser (1978) for the Dighem helicopter system and by Seigel 
and Pitcher (1978) for the fixed-wing Tridem system. Evi
dently, the data interpretation techniques used for geological 

interpretation can be readily adapted for the purposes of 
airborne bathymetry. Indeed, the feasibility of using a con
ventional AEM system for bathymetry was confirmed by 
Morrison and Becker (1982). Their analysis of conventional 
survey systems shows that the INPUT system appears to be 
particularly well suited for the task, because under ideal 
conditions it can resolve a 40 m depth of seawater to better 
than 3% and a 60 m depth to about 15%. 

In parallel with improvements in data quality, the last 
decade has also witnessed the evolution of appropriate theo
retical methods for data analysis. Because of the amount of 
data that needs to be interpreted it is impractical to use 
classical inversion techniques (c.f. Glenn et al., 1973) for the 
analysis of time-domain AEM data. Instead, as shown by 

1University of California, Department of Materials Science and Mineral Engineering, Hearst Mining Building, 
Berkeley, California 94720, U.S.A. 

2Questor Surveys Limited, 6380 Viscount Rd., Mississauga, Ontario L4V IH3. 
®Registered Trademark of Barringer Research Ltd./Marque deposee de Barringer Research Ltd. 
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Zollinger et al. (1985), the field data can be best interpreted 
using automated, noninteractive, nomogram fitting tech
niques based on the assumption of very simple geological 
models. 

SURVEY PARAMETERS 
The survey data were acquired with the Barringer/Questor 
Mark VI INPUT system in its standard configuration (hori
zontal-axis receiver positioned 100m behind and 70 m below 
the aircraft). A two ms pulse was used to induce transient 
eddy currents in the seawater. The decay of the secondary 
magnetic fields was measured with a conventional six-chan
nel detector. For detail of the configuration and wave form see 
O'Connell and Nader (1986). 

The first test survey was done by Questor Surveys Ltd. of 
Mississauga, Ontario, in conjunction with a mineral survey 
near Cape Breton Island, Nova Scotia. The data relates to a 
single 27 km long flight line which is oriented roughly east
west and crosses the mouth of the 'Lennox Passage. The centre 
of the line is located at 45° 35' N, 60° 50' W. Detailed 
bathymetry for this area is available as shown on two Cana
dian Coastal charts for St. Peters Bay (No. 4275; 1:30000 and 
No. 4308; 1:37500). The survey line was repetitively flown six 
times. The data were acquired at altitudes of 180, 210, and 
240 m in both east and west directions. In addition to analo
gue records, the flight data, including altimeter and magne-
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tometer values, have also been recorded in digital form on 
computer compatible magnetic tapes. Thus the data are read
ily accessible for automated interpretation on a high speed 
digital computer. On survey, the aircraft maintains a speed of 
about 193 krnlh or 53 rn/s. The detector output is scanned 
twice a second so that the data interval corresponds to a linear 
distance of about 27 m. 

A second test survey, done with the same equipment, was 
carried out near Pokesudie Island in New Brunswick. This 30 
krn line commenced at 47° 45 ' N, 64° 39.5' Wand was flown 
on along a N 50° W azimuth. It extended over deep water at 
the NW end and thus allowed us to evaluate the system 
performance to a water depth in excess of 40 m. 

DATA INTERPRETATION 
In interpreting offshore AEM data it is reasonable to assume a 
single layer model made up of conductive seawater overlying 
a very resistive halfspace of bottom sediments and basement 
rocks. The problem is further simplified by considering the 
conductivity of seawater to be constant at 4 S/m, and by 
assuming that the bottom is infinitely resistive. The only 
unknown parameter, depth of seawater, may be determined by 
comparing the observed EM transients to a table of the
oretical values computed for various depths of seawater. 

In areas of very high surficial conductivity, the amplitude 
of the secondary field transient is a very sensitive function of 

' 6 

• Depths from coast guard charts 

14 16 18 20 22 24 26 28 

test line (km) (East) 

Figure 12.1. Example of a survey from an offshore area near Cape Breton, Nova Scotia. The INPUT AEM 
data were obtained at a flight height of 210m. At the top are INPUT amplitudes normalized to geometric 
means of Channels 3 and 4. At the bottom, sea bottom depth interpreted from AEM data (solid lines) and 
published bathymetry information (dots). 
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the system elevation and geometry. The transient shape, how
ever, is relatively insensitive to these effects and it is mainly 
related to the thickness and conductivity of the surficial layer. 
Thus an optimal data interpretation technique for this prob
lem should rely on the relative channel amplitudes rather than 
on their absolute values. A method of data interpretation 
based on these principles was recently described by Zollinger 
et al. (1985). It was found that normalizing the data by the 
geometric mean of Channel 3 and Channel 4 amplitudes one 
could derive satisfactory bathymetric estimates from the sur
vey results. 

EXPERIMENTAL RESULTS 
Normalized data for one traverse of the Cape Breton flight 
line are shown in the upper part of Figure 12.1. The data were 
acquired at an altitude of about 210 m. The lower part of the 
illustration shows the interpreted bathymetry. The corre
sponding published bathymetry from Canadian Coastal 
Charts of St. Peter's Bay (#4275 and #4308) is also plotted 
for comparison with the interpreted data. The agreement 
between the interpreted AEM depths and the published 
bathymetry is quite good, generally agreeing within 2 m 
when the water is less than 20 m deep. As anticipated, the 
short wave length variations in the survey data that relate to 
amplitude changes were removed from the interpreted section 
by the normalizing procedure. The single major discrepancy 
between the interpreted section and the conventional 
bathymetry occurs near km 12 where we traversed the Lennox 
Passage. This relatively narrow feature is probably filled with 
saturated unconsolidated sediments which from an electrical 
point of view cannot be distinguished from seawater. It is also 
possible that the depths in the Lennox Passage at this point 
are not accurately charted. 

CONCLUSION 
By using a simple one layer model and an efficient table look
up scheme, large volumes of offshore AEM data may be 
interpreted accurately and inexpensively in terms of seawater 
depth. This technique could make AEM surveys a viable 
alternative to other methods for obtaining bathymetric data. 
Although the accuracy of AEM bathymetry is limited in deep 
waters by the "skin depth" at the pulse repetition frequency, 
this new method of obtaining bathymetric data appears to be 
very useful in coastal waters. 
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Abstract 

The full potential of computer processing of geophysical data could only be realized with the advent of 
digital recording of AEM measurements.In the late 1970s, Geoterrex Ltd. started to pursue the concept of 
airborne conductivity mapping and to produce resistivity or conductivity maps from INPUT® AEM data. 
Several computer programs were developed in 1982-83 to automatically transform the AEM measurements 
using a conductive layer model. The presently used routine determines conductivity, thickness, and depth of 
burial, assuming that the layer is near surface (within 200-400 m) and that all adjacent layers are highly 
resistive. 

Three field examples are presented from Australia. The first two (Kyancutta, S.A., and Esperance, 
W.A.) provide interpretation of the layer thickness of conductive sediments and the location of paleochan
nels that may be of economic importance (lignite). The third example from East Perenjori, W.A., illustrates 
airborne resistivity mapping of soil salinization in a water catchment area. 

Resume 

La pleine utilisation des moyens de traitement informatique des donnees geophysiques n'a pu etre obtenue 
qu' avec l' arrivee de l' enregistrement numerique des mesures EMA. A La fin des annees 1970, Geoterrex Ltd. 
a commence a appliquer Ia notion de cartographie aerienne par conductivite eta produire des cartes de 
resistivite ou de conductivite sur la base de donnees EMA recueillies par l' INPUT®. Plusieurs programmes 
informatiques ont ete elabores en 1982-1983 pour transformer automatiquement les mesures obtenues par 
ce systeme utilisant le modele de couche conductrice. La methode actuellement utilisee determine la 
conductivite, l' epaisseur et la profondeur d' enfouissement, dans l' hypothese que La couche se trouve pres 
de La surface (a 200-400 m) et que toutes les couches adjacentes ont une haute resistivite. 

L'etude donne trois exemples de travaux realises sur le terrain en Australie. Les deux premiers 
(Kyancutta, Australie du Sud, et Esperance, Australie de /'Ouest) presentent une interpretation de 
l' epaisseur de La couche des sediments conducteurs et indiquent l' emplacement de paleocanaux qui 
peuvent avoir une importance economique (gisement de lignite). Le troisieme exemple (East Perenjori, 
Australie de /'Ouest) illustre des travaux de cartographie aerienne par resistivite concernant le degre de 
salinite du sol dans un bassin de retention des eaux. 

INTRODUCTION 
In the late 1970s Geoterrex Ltd recognized the potential of 
INPUT® as a geological mapping tool following sev!!ral 
surveys to map fresh/salt water interfaces (Hetu, 1978). Dyck 
et al. (1974) showed the usefulness of INPUT for surficial 
conductivity mapping. Palacky (1981) gave an example of the 

system's application to geological mapping in the Itapicuru 
greenstone belt in the State of Bahia, Brazil. 

1Geoterrex Ltd., 2060 Walkley Road, Ottawa, Ontario KIG 3P5 . 
2Geoterrex Pty. Ltd., 13 Whiting St., Artarmon, NSW 2064, Australia. 

With the advent of digital recording, it has become possi
ble to derive computer generated resistivity profiles and con
tour maps from INPUT data. Dyck et al. (1974) described a 
method to obtain resistivity values using average amplitudes 
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and decay times. The technique did not, however, yield any 
depth information. Fraser (1978) illustrated a computer rou
tine for obtaining depth and conductivity for a multicoil 
helicopter EM system (Dighem). Seigel and Pitcher (1978) 
reported on a computer procedure that was able to simul
taneously solve for depth, conductivity and thickness for a 
buried conductive layer over an infinitely resistive substrate. 
Based on the work of the aforementioned authors it is gener
ally concluded that it is possible to perform resistivity map
ping using an airborne electromagnetic (AEM) system. In 
this paper the principles of a computer processing routine 
developed at Geoterrex in 1982-83 will be outlined with the 
results from three test surveys from Australia to illustrate the 
application of AEM surveys to geological mapping. 

THE INPUT AEM SYSTEM 
INPUT is a time-domain AEM system, which has been in 
operation since the mid-1960s. In the configuration used by 
Geoterrex Ltd, the transmitter is a six-tum, vertical-axis loop 
attached to the aircraft generating a peak current of approxi
mately 300 A to give a maximum dipole moment of 453 600 
Am2 . The receiver is a small coil that is towed in a bird 107 m 
behind the aircraft and 80 m below (Fig. 13 .1). The waveform 
of the current in the transmitter is a series of alternating half 
sine pulses of width approximately 1 ms and at a repetition 
rate of 144Hz. There is an "off" time of 2.47 ms to record 
ground response (Figure 13.2). The induced voltage in the 
receiver coil is shown in Figure 13.2 as a time derivative of the 
transmitted wave form and the ground response. There are 
twelve channels to record ground response with the first 
channel starting 100 J..l.S after tum off of the primary pulse and 
the last channel ending just prior to the start of the next pulse. 

AUTOMATED INTERPRETATION OF 
INPUT DATA 
Several data processing schemes were tested during the initial 
development. In the first approach, data were fitted to either a 
thin sheet or half-space Palacky nomogram giving depth and 
conductance or conductivity. The response curves for the 
nomograms were generated by a modified version of the 
University of Toronto Layered-Earth program (Holladay, 
1981). To use the nomogram (Fig. 13.3), the user compares 
the logarithm of measured field amplitudes to the theoretical 
response by moving the data across and up or down to obtain 
the best fit (Palacky and West, 1973). Because it was time 
consuming the procedure was of rather limited use. It became 
necessary to derive an automated method that would accu
rately resolve the parameters for a range of thicknesses and 
conductivities for the conductive layer. We tested the horizon
tallayer interpretation routine of Dyck et al. (1974) in com
bination with the thin sheet and half-space Palacky 
nomograms. The software gave good results (Whiting, 1983), 
but only when the conductor was at or very near to surface. 

®Registered Trade Mark of Barringer Research Ltd. 

112 

It was then decided to fit the data to a set of nomograms that 
would vary from a thin sheet to a half space; a similar tech
nique was also employed by DeMoully and Becker (1984). 
These nomograms would be stored in the computer in table 
form. A typical data processing sequence is shown in Fig
ur~ 13.4. Initially the INPl}T data are fitted to the 1 m thick 
layer nomogram (such as the one in Figure 13.3). The pro
gram then computes a conductance (at) which corresponds to 
the minimum of the rms error versus conductance curve. The 
minimum rms error (designated RMS 1) is stored and the best 
estimate of depth is then read directly from the depth versus 
conductance curve. In the example shown in Figure 13 .4, the 
conductance is 5 Sand the depth is 170 m below the aircraft. 
These values are stored along with RMS 1 and the procedure is 
repeated for all the nomograms up to a thickness of 160 m. 
The best estimate of thickness corresponds to the minimum in 
the rms versus the thickness curve for all layers. For the 

I 
BOm 

Figure 13.1. INPUT configuration used by Geoterrex Ltd. 

---1--- Z.47m. sec. ----i 

SECONDARY FIELD 

Figure 13.2. Transmitted INPUT waveform and the meas
ured signal in the receiver. 
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Figure 13.3. Palacky nomogram for a 1 m thick layer. 

example in Figure 13 .4, the minimum error is at a thickness of 
90 m, the conductance is then 10 S, and the depth is 150 m 
below aircraft (the sequence of graphs is (a) to (e)). 

Conductivity can be derived from thickness and con
ductance. The depth of burial is obtained by subtracting the 
value of the radar altimeter from the depth below aircraft. The 
main source of error in the depth estimates is related to the 
variable separation between the transmitter and receiver. In 
INPUT configuration the receiver is not always in its ex
pected flying position behind the aircraft. The bird is con
stantly moving both vertically and horizontally about its 
mean position. These oscillations are normally only in the 
order of several metres and are manifested in the inversion 
routine as an error of up to 5 m, occasionally yielding slightly 

negative depths (i.e. above surface). For interpretational pur
poses these negative depths are considered to be at surface. 

The routine discussed above was tested with a variety of 
data sets. A test with a wedge model having a resistivity of 
10 flm and varying in thickness from 10 to 160 m is shown in 
Figure 13.5 a. The synthetic data are a sequential combination 
of one dimensional layer models with no noise added. The 
second model, shown in Figure 13.5b, is a dipping layer40 m 
thick with a resistivity of 10 flm. This dipping layer can also 
be equated to a horizontal layer where there is a large varia
tion in the flying height of the aircraft. The described routine 
was able to recover the data sets with a good degree of 
accuracy. The resistivity values are resolved to within 5% and 
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Figure 13.6. Location of survey areas described in the paper. 

the thickness and depth values to within 7 m. The resolution 
aperture of the routine is typically 1 to 80S and up to depths of 
200 m for a half space and 400 m for a thin sheet. 

FIELD EXAMPLES - PALEOCHANNELS 

In many sedimentary basins throughout the world, coal, gold, 
uranium and some base metals occur in buried channels or 
small basins. Geophysical techniques, notably seismic, _grav
ity, and electrical methods, have been successfully used m the 
search for paleochannels and basins. Only in recent yea:s ?as 
the AEM method become a viable technique for achtevmg 
equally satisfactory results. 

Kyancutta, Eyre Peninsula, South Australia 

In the Eyre Peninsula of South Australia (Fig. 13. 6). 
Cenozoic fluviatile sediments, eolian sands and calcrete over
lie early Proterozoic and Archean metasediments. Expl~ra
tion throughout this region has been concentrated on kim
berlite targets as well as Tertiary channels wh~ch may. host 
sedimentary uranium mineralization or economtc depostts of 
brown coal. 

A 200 km INPUT/magnetic profile was flown in 1984 
across the Eyre Peninsula from Bairds Bay to the township of 
Kimba. A section of this profile, taken from an area near 
latitude 33°30'S and longitude 135°40'E, is shown in Figure 
13.7. The twelve INPUT channels show broad variations that 
can be attributed to lithological changes along the profile. 
The geology along this section is known to consist of con
ductive Tertiary sediments overlying a more resistive Pre
cambrian basement. 

The results of the automatic processing scheme on this 
data set are shown in traces 15, 16 and 17 in Figure 13.7. The 
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computed parameters of apparent resistivity, depth and layer 
thickness provide a one-dimensional interpretation of a 
layered earth. For this example, a highly conductive (1 0~), 
40 m thick surface layer has been mapped between fiduc1als 
420500 and 422000. Possible paleochannels are included 
within this horizon, typified by the change in layer thickness 
at fiducial 421950. 

A major sedimentary channel or basin ( 4 km wide) with a 
maximum thickness of approximately 150 m dissected by a 
basement high is centred at fiducial419750. Across this zone 
trace 15 shows a marked increase in the layer resistivity. Also 
shown is the Bouguer gravity profile obtained from govern
ment maps, which indicates a corresponding prom_inent lo:V 
of 5 mgal, implying a major basement depressiOn. It 1s 
important to note that the density of gravity stations w~s not 
detailed enough to verifithe presence of the basement htgh as 
indicated by the EM measurements. 

Esperance, Western Australia 

The geology of the Esperance region consists of a Tertiary 
sequence of conductive sands and clays unconformably over
lying resistive Precambrian basement which is com~osed of 
granites and metamorphic schists. Within the Terttary se
quence, there are known occurrences of lenticular lignite 
which are hosted in basement depressions (Fig. 13.8). An 
INPUT survey located at latitude 33°30'S and longitude 
I21°45'E (Fig. 13.6) was flown on behalf of Western Colli
eries with the object of mapping these basement depressions, 
i.e. areas of thicker cover. The procedure and results of this 
test survey were described by Whiting (1983) and are sum
marized below. 

Results of six DC electrical soundings that were taken 
across partial sections of a basement depression are shown as 
conductivity versus depth plots in Figure 13.9. These plots 
indicate that there is only one conductive layer starting at 
surface, which overlies an electrically resistive basement. The 
dashed lines in Figure 13.9 represent the drillhole depth to 
basement. Electrical techniques are unable to separate the 
equally conductive clays of the Tertiary sequence and of the 
weathered layer overlying the basement. For the purposes of 
this work the absolute differences between depth values ob
tained by electrical surveys and from drillholes wer~ not of 
real importance, considering that the relative changes m those 
values remained quite similar. The results suggest that an 
AEM system would be useful for mapping the apparent 
thickness of the Tertiary sequence and for outlining channels 
possibly bearing lignite. 

The survey results are best illustrated by the INPUT 
response on one line that was flown over several paleochan
nels (Fig. 13 .10). The upper trace in the figure is the altimeter 
measurements followed by six traces of AEM recordings and 
the computed apparent resistivity. In the bottom trace, the 
dashed line represents the interpreted depth to basement and 
the solid line is the drillhole depth to basement with the clay/ 
lignite layers shown. Figure 13:10 illustrates t~e ~apabilio/ ~f 
our routine to resolve layer thickness and reststtvtty. Thts ts 
indicated by significant variations in the layer thickness with 
little or no change in the layer resistivity. In effect, the 
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Figure 13.7. Measured INPUT data and interpreted parameters (apparent resistivity, depth) for Kyancutta, 
S.A. Also shown are-the simultaneously measured magnetic data and the results of a ground gravity survey. 
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W.A. (after Whiting, 1983). The apparent resistivity values 
interpreted from soundings were converted to conductivities. 
The depths determined from soundings are larger, because 
the technique cannot distinguish electrically conductive Terti
ary sediments and weathered layer. 

computed resistivity has remained uniform which is consis
tent with the results of DC electrical soundings in Figure 
13.9. The overall interpreted depth to basement shows cor
rectly the relative changes. The comparison between the 
interpreted and drillhole depth to basement is excellent. 

Figure 13 .II shows the depth to basement contours for the 
test area as computed from the AEM data. Also outlined are 
the nine east/west survey lines and the location of lignite 
deposits (basins A, B, and C). The original lignite discovery 
is situated in the southern section of basin A. Delineation of 
the north trend from geophysical interpretation resulted in the 
discovery of lignite deposits to the north (dashed lines). 

The depth contour lines resulting from the follow-up 
drilling program are shown in Figure 13.12. The drilling 
confirmed the north trend of basin A and the presence of 
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lignite. Drilling completed in basin B resulted in the discov
ery of a previously unknown deposit of lignite, while drilling 
in basin C revealed scattered lignite occurrences. In a direct 
comparison of depths, the computed depths from the AEM 
data are consistently greater than the drillhole depths, but 
accurately reflect the relative changes in the depth. 

FIELD EXAMPLE - SALINITY MAPPING 
Salinization of land is a common problem in arid regions 
throughout the world. Australia, U.S.A., Pakistan, the Mid
dle East, and Africa lose millions of dollars each year as a 
result of production losses due to the effects of salinization. 
Salinity hazards may develop through various means, such as 
irrigation, excessive water evaporation, or recharge im
balances, to name a few (Garland and Duff, 1984). An exam
ple of salting developed from a confined aquifer is illustrated 
in Figure 13. 13. Such an aquifer has a fresh water intake or 
recharge area on high ground and an outlet or discharge area 
of salt laden water lower down. The outlet may be in the 
foothills or plains where soil salting will result as the salt 
laden waters are released. 

To identify areas affected by salting, ground geophysical 
techniques, such as electrical resistivity and EM profiling 
have been employed. These methods permit the definition of 
areas of high conductivity and hence, by inference, areas of 
high soil salinity. An AEM survey will map an equivalent area 
in a much shorter time than ground techniques. 

East Perenjori, Western Australia 

The East Perenjori catchment area, where several geophysical 
studies were conducted is located at latitude 29°30'S and 
longitude l16°35'E (Fig. 13.6). The soil distribution and 
predominant soil groupings in the area (Fig. 13.14) were 
mapped by the Western Australian Department of Agri
culture (WADA). The soil cover consists mainly of sandy 
loams and clays with varying textures. The dominant soil type 
is a brown-red sandy loam unit which trends nottheast into 
highly saline soils around a salt lake and clay pan area. 

The contour map (Fig. 13 .15) shows the soil conductivity 
in the top 30 em of soil as measured by the WADA in 1983. 
The conductivity was measured in the field with a DC Wenner 
array using a very small electrode spacing. The DC results 
show that within this small catchment there has been a 
buildup of saline ground water near the surface which has 
occurred mainly in the centre of the catchment due to a 
recharge-discharge imbalance. The strong linear trend along 
the axis of the catchment correlates well with the major brown 
sandy loam soil trend shown in Figure 13 .14. 

In 1984 Geoterrex Ltd. flew an INPUT survey across the 
Perenjori area. The results reported by Butt (1985) give an 
excellent illustration of the use of AEM in a resistivity 
mapping mode. The apparent resistivity contours across the 
area as calculated from the AEM data are shown in Figure 
13 .16. Survey lines were flown east-west at a line spacing of 
I. 5 km and a mean aircraft clearance of 120 m. The apparent 
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Figure 13.13. Confined aquifer salting after clearing of the intake area 
(after Garland and Duff, 1984). 

resistivity values were determined from AEM data by match
ing to a half-space model. The contour map shows a low 
resistivity trend (5-10 Om) through the axis of the catchment 
area. While the general correlation between this map and the 
soil conductivity is excellent, the airborne data appear to be 
sensitive to the bulk of the ground water salinity distribution, 
which is the ultimate cause of, but is not identical to, the 
shallow soil salinity distribution (Butt, 1985). Even with the 
wide flight line spacing chosen, the AEM resistivity contours 
still provide good detail and bear a strong relationship to the 
soil distribution of the Perenjori catchment area. Obviously, a 
tighter line spacing would have allowed for the delineation of 
smaller, isolated saline pockets. 

CONCLUSIONS 
We have presented a method of computer interpretation for 
time-domain AEM data. Three field examples have demon
strated the application of computer derived parameters (ap
parent resistivity and thickness) to specific geological targets. 

The first area (Kyancutta, S.A.) is characterized by a layer 
of conductive material with significant variations in both the 
layer resistivity and its thickness. The example from Es
perance, W.A., illustrates a single layer of uniform con
ductivity with pronounced changes in the thickness of the 
layer. The final example from East Perenjori, W.A., shows a 
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half-space of varying conductivity. In all three cases the 
computer routine was able to provide accurate and reliable 
results. An analysis of synthetic data shows the routine to be 
capable of estimating thickness, depth, and conductivity with 
a typical error of 7 m for the thickness and depth parameters 
and 5% for conductivity. 

The processing routine does have some limitations. It is 
restricted to a single conductive layer with a minimum re
sistivity contrast of about 3: l or more. In areas of rapid 
changes in conductivity, thickness, or depth (e.g. presence of 
a fault or vertical conductor), the accuracy of the determined 
parameters deteriorates. Although such changes may not 
accurately represent the geology they can be utilized to 
delineate major structural trends within a horizontally layered 
geological environment. 

With the development of new processing techniques large 
quantities of time-domain AEM data can be routinely pro
cessed. Meaningful resistivity contours can be produced and 
in favourable geological environments fixed-wing time
domain AEM systems should be considered as a cost-effec
tive method for resistivity mapping. Also, with the advent of 
high-speed digital acquisition systems such constraints as 
excessive instrument drift, noise and poor system calibra
tions will be minimized. This will provide significant im
provements in the quality of AEM measurements and the end 
products. 
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Abstract 

The fixed-wing Tridem airborne EM system, which was developed by Scintrex Ltd., operates at three 
frequencies (520, 2020 and 8020Hz). The most common coil configuration has been vertical coplanar with 
transmitter/receiver coils mounted at the wing tips. The system has been operated in Canada, China, and 
various parts of Africa. 

Examples are shown of resistivity (and conductivity) maps produced from Tridem survey data. In James 
Bay lowlands the system was used to outline a lignite deposit near Onakawana, Ontario. A survey flown 
near Mombasa, Kenya, was successful in mapping the boundary between fresh-water and salt-water 
aquifer. In prospecting for kimberlites the AEM results were found more diagnostic than those of magnetics 
alone. The plane operated by the Ministry of Geology and Mineral Resources in China has been used in a 
number of surveys with various applications. 

Resume 

Le systeme EM aeroporte Tridem monte sur avian, mis au point par Scrintrex Ltd., fonctionne sur trois 
frequences (520, 2 020 et 8 020 Hz). La configuration des bobines la plus courante est coplanaire 
verticale, les bobines de temetteur!recepteur etant installees en bout d'ailes. Le systeme a ete utilise au 
Canada, en Chine et dans diverses regions d' Afrique. 

L' etude donne des exemples de cartes de resistivite ( et de conductivite) compitees avec des donnees 
obtenues par le Tridem. Dans les basses-terres de la baie James, le systeme a servia delimiter un gisement 
de lignite pres d'Onakawana, Ontario. Un !eve aerien pres de Mombasa, Kenya, a permis de cartographier 
avec succes l' interface des aquiferes d' eau douce et d' eau salee. Lars de la prospection de kimberlites, les 
resultats des donnees EMA se sont reveles d'une plus grande utilite diagnostique que ceux obtenus avec les 
mesures magnetiques seulement. L'avion utilise par le ministere de la Geologie et des Ressources en 
mineraux de la Chine a servi a la realisation de plusieurs !eves aux applications diverses. 

INTRODUCTION 
The Scintrex Tridem system is a three-frequency airborne 
electromagnetic (AEM) system operating at 520, 2020 and 
8020 Hz. Transmitter and receiver coils are normally 
mounted at the wing tips of the de Havilland Twin Otter 
aircraft. The three sets of coils are held in vertical coplanar 
geometry with a coil separation of 21 m. The Tridem system 
records the inphase and quadrature components of the sec
ondary magnetic field. They are measured as a fraction (in 
parts per million) of the primary field at the receiver. 

The Twin Otter configuration is the most recent in a series 
of installations stretching back to the early 1970s. Earlier 
versions were installed on a Single Otter. In the late 1970s, a 
coaxial version of the system was operated by Kenting Earth 
Sciences Ltd. of Ottawa. Twin Otter Tridem systems are 
currently in operation by Geosurvey International Ltd. of 
Nairobi and by the Ministry of Geology and Mineral Re
sources of the People's Republic of China. Another system 
built for the Geological Survey of India is expected to be in 
operation in 1986. 

1Scintrex Limited, 222 Snidercroft Rd., Concord, Ontario L4K 1B5 
The instrument development has been characterized by 

regular improvements in the system design. Included have 
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been reduction in short and long wavelength noise and the 
introduction of accelerometers and temperature monitors. All 
Tridem systems have, at one time or another, collected data 
which have been later processed to some type of resistivity 
maps. However, this type of processing is not routine. The 
total survey coverage achieved by Tridem systems of all types 
is in excess of 500 000 line km. Of this less than 2% has been 
presented in resistivity map form, but this percentage is likely 
to increase with demand. Costs for such processing, which 
has become routine, can be an acceptably small fraction of 
standard survey costs. 

JAMES BAY LOWLANDS, CANADA 
The area is one of fiat lying Mesozoic and Cretaceous uncon
solidated sediments with known lignite deposits near surface. 

An orientation/test airborne EM survey was flown in 1976 
over a known lignite field near Onakawana with a Single Otter 
system. Resistivity maps indicated a reasonable correlation 
between lignite and low resistivity areas (Seigel and Pitcher, 
1978). A more extensive (8000 line km) program was under
taken in 1978 using the Kenting Tridem system which had 
coils mounted in vertical coaxial geometry (nose-tail config
uration). 

A portion of the earlier results are shown in Figure 14.1. 
The calculation of apparent conductivity is based on a two
layer model and was determined for each of the three frequen
cies. The information was combined by extrapolation to low 
frequency in order to focus on the physical properties most 
diagnostic of the target at hand - the conductivity of the 
second layer (Pitcher and Barlow, 1979, and Pitcher et al., 
1980). 

2km 

Figure 14.1. Apparent conductivity map from a Tridem survey flown in 1976 over a portion of the James Bay 
lowlands near Onakawana, Ontario. Distribution of known lignite deposits is shown superimposed (from 
Seigel, 1979). 
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The results in Figure 14.1 show a good correlation be
tween areas of high conductivity (i.e. greater than 30 mS/m) 
and known deposits of lignite which are overlain by a con
ductive fine clay horizon. These results indicate that the 
mapping of near-surface lignite deposits associated with clays 
is possible using an AEM system and a suitable data process
ing and presentation strategy. 

As noted by Pitcher et al. (1980), the method was limited 
by the inaccuracies of the reduction process of the raw EM 
data to a true zero, by the simplicity of the model used, and by 
the similarity in conductivity between lignite and clays. Of 
these, the reduction process is potentially the most critical in 
that such processes are designed around the noise charac
teristics of the system. Early AEM systems were designed to 
search for near vertical targets and consequently paid little 
attention to "drift". The quality of inversion of AEM data to 
resistivities and thicknesses relies upon minimal system 
noise at all frequencies. 

PEOPLE'S REPUBLIC OF CHINA 
The Ministry of Geology and Mineral Resources began sur
vey work with a Twin Otter based Tridem system in 1980. 
Since that time some 50 000 line km have been achieved. The 
system has been used in the following exploration/mapping 
programs. 

1. Reconnaissance AEM surveys for volcanogenic massive 
sulphide deposits (principally copper). 

2. Exploration for kimberlites. Magnetic-electromagnetic
radiometric signatures thought to be due to kimberlites 
are being investigated. 

3. Gold exploration. AEM results have been used to inter
pret fault structures. 

4. Groundwater exploration. AEM survey work was con
ducted to study the transgression boundary between sea
water and fresh water. 

Unfortunately, final maps from this work have not yet 
been released and cannot be shown here. 

GEOSURVEY INTERNATIONAL LTD., 
NAIROBI, KENYA 
The Geosurvey Tridem IV system is the most recent and 
includes a number of improvements over the earlier systems. 
In terms of EM noise reduction, of note are: 

A. The addition of temperature monitors. The principal 
cause of drift in wing-tip AEM systems is the relative 
movement of coils as the airframe contracts or expands 
with changing temperature. Temperature monitors, 
when properly located, provide information which can 
correct the in-phase readings. Such techniques may be 
used to significantly reduce drift. 

B. The addition of accelerometers. Aircraft accelerations 
distort the airframe and result in changes in relative coil 

Figure 14.2. Geosurvey aircraft with Tridem coil pod at extreme end of the wing. Nose stinger contains the 
magnetometer sensor. 
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separation and/or orientation. Accelerometer informa
tion can be used to eliminate noise caused by such 
distortions. 

The aircraft installation is shown in Figure 14.2. In addi
tion to the Tridem EM system, it includes a multi-channel 
spectrometer with both upward and downward looking crys
tals, and a high sensitivity magnetometer. Navigation is 
Doppler controlled. 

The system has been flown over a number of areas. Results 
of a survey flown to map a fresh water aquifer are shown in 
Figure 14. 3. The aquifer is bordered by a saltwater aquifer and 
the Indian Ocean on one side and by shales, on the other. The 
survey of some 450 line km was flown with a line spacing of 
250 m. The inphase and quadrature Tridem data were in
verted to give apparent resistivity and depth of burial. The 
model used is the same one as the "pseudo-layer" model of 
Fraser (1978). Apparent resistivities derived from the data 
obtained at 520 Hz are presented in Figure 14.3. The contour 
interval is 2.5 nm. The freshwater aquifer shows up as a 
resistivity high of more than 20 Om, the land area bordering 
the sea has an apparent resistivity of some 5 Om, and sand
stones and shales west of the aquifer have apparent re
sistivities of 10 to 12 nm. 

An important application of AEM surveying is prospec
ting for kimberlites. These igneous ultramafic rocks, which 
are the source formation for diamonds, weather deeply (Pal
acky, 1986). The highly conductive "yellow ground" formed 
at their top can be detected by an EM system and such 
techniques have become increasingly used in diamond pro
specting both from the air and on the ground. Typical re
sistivity of the "yellow ground" ranges from 3 to 10 n-m. 
Like most ultramafic rocks, kimberlites are usually mag
netic, but cases have been described of economic pipes 
without magnetic association (Macnae, 1979). As long as 
conductive clays have not been removed, AEM systems pro
vide a more reliable kimberlite mapping tool than magnetics. 
Figure 14.4 shows geophysical responses of three kimberlite 
pipes in eastern Africa. The AEM magnetic survey was flown 
with the Tridem IV system. While strong AEM anomalies are 
associated with each of the known pipes, one of them does 
not have an associated magnetic anomaly. The conductivity 
contour lines have an interval of 0.02 S!m. 

CONCLUSIONS 
The Tridem is the most popular close-coupled fixed-wing 
AEM system in use today. Emphasis has been put on installed 

systems which are operationally simple and capable of pro
ducing low noise inphase and quadrature data at three fre
quencies. The system has been used in a number of countries 
in programs to map resistivity changes over large areas. The 
use of temperature and accelerometers to reduce noise is 
expected to become standard. Methods to routinely produce 
geologically useful resistivity maps at a reasonable cost are 
advancing in parallel. 
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Abstract 

Under favourable conditions, airborne electromagnetic (AEM) surveys even with one operating frequency 
can yield useful results for groundwater prospecting. In general, however, a more detailed section of the 
resistivity distribution is desired. This can be achieved by measurements with a multifrequency EM system, 
and by an appropriate inversion of the survey data into ground parameters. 

Large quantities of multifrequency EM data and their inversion into parameters of ground with an 
unknown number of layers can be handled efficiently using a newly developed algorithm. Results of its 
application to several hydrogeological models with up to five layers are presented and discussed. The 
models are mainly related to the problem of determining the freshwater/ saltwater interface. Based on the 
encouraging results a large helicopter EM survey (10 000 line km) is scheduled for 1986-87 in Pakistan. 

Resume 

Dans des conditionsfavorables, les !eves electromagnetiques aeriens (EMA), meme realises sur une seule 
frequence, peuvent apporter des resultats utiles dans le domaine de la prospection des eaux souterraines. 
Mais en general, une coupe plus detaillee de la repartition de Ia resistivite est souhaitable. On peut 
l'obtenir enfaisant des mesures avec un systeme EM a plusieursfrequences et en inversant d'une maniere 
appropriee les donnees du leve pour obtenir des parametres au sol. 

Un algorithme recemment mis au point permet de traiter efficacement de grandes quantites de donnees 
EM obtenues sur plusieurs frequences et de les inverser pour obtenir les parametres au sol, relativement a 
une quantite inconnue de couches. L' etude examine les resultats de cette technique appliquee a plusieurs 
modeles hydrogeologiques comportant jusqu' a cinq couches. Les modeles portent principalement sur la 
determination de l' interface entre l' eau douce et l' eau sa tee. Par suite des resultats encourageants obtenus, 
un vaste leve EM heliporte (10 000 km lineaires) est prevu pour 1986-1987 au Pakistan. 

INTRODUCTION 
To apply AEM techniques to groundwater prospecting means 
to face competition of a successful standard technique, 
ground de resistivity sounding, which yields a detailed pic
ture of the ground resistivity distribution. Obtaining results of 
comparable quality by AEM would require a multifrequency 
measuring system and inversion of EM survey data into 
multilayer parameters. 

1Postfach 510153, D-3000 Hannover 51, Federal Republic of Germany 

Neither requirement is met by the available three-fre
quency systems and currently performed data inversion with . 
a two-layer model. These shortcomings of the AEM tech
niques are partly balanced by the speed (100 krnlh) and the 
sampling density (one measurement per 15m) of an airborne 
survey. Furthermore, for EM data acquired with systems with 
small transmitter-receiver separations, the results of inter
pretation using the layered model should be less affected by 
lateral changes of resistivity than the results of de soundings 
with electrode distances of several hundred metres. In 
groundwater applications, the two methods supplement 
rather than replace each other. 
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GROUNDWATER SURVEY ON 
SPIEKEROOG 

Bundesanstalt fiir Geowissenschaffen und Rohstoffe (BGR) 
selected the sandy island of Spiekeroog, several kilometres 
off the North German coast, for a test survey with the 
Dighem II system (Fraser, 1979). At that time (1978), both 
transmitters generated EM fields close to 900 Hz. In the 
northern part of the island, there is an elongated freshwater 
lens, recharged by rain, with a depth from several metres 
below the land surface to about 50 m. This lens is surrounded 
by a saltwater-bearing sandy environment. J¥pical re
sistivities are 1-1.5 Om for saltwater-saturated layers and 

100-150 Om for freshwater-filled sands. The values are known 
from 26 ground de resistivity soundings and the geological 
situation was checked by a few drillholes. The depth contours 
of the bottom of the freshwater lens as inferred from the de 
soundings are shown in Figure 15 .1. 

The results of the AEM survey are presented in Figures 
15.2 and 15.3. The line spacing was 100 m and the total flown 
was 40 line km. The interpretation of the measured secondary 
magnetic field was based on the homogeneous half-space 
model. If the ground is not homogeneous, the interpretated 
parameters are referred to as "apparent resistivity" and "ap
parent depth" of equivalent half-space (for further explana
tion see Sengpiel and Meiser, 1981). The contours of apparent 
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Figure 15.1. Depth contours (m) of the bottom of a freshwater lens as inferred from 26 de resistivity 
soundings on the Island of Spiekeroog. 
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resistivity (Fig. 15.2), especially the belt of somewhat higher 
resistivities, follow the outlines of the freshwater lens. 

Without additional information it is difficult to interpret 
the distribution of apparent resistivity in terms of the fresh
water lens. Compared with apparent resistivity, the apparent 
depth contours (Fig. 15.3) are certainly more informative: 
they show approximately the depth to the surface of a con
ducting half-space, i.e. the saltwater zone, which is depressed 
by the overflowing freshwater lens. The Spiekeroog case 
history and the technique used in interpretation of Dighem II 
data was described by Sengpiel (1983). 

• •. 0 

INVERSION ALGORITHM 
In the described case the results of mapping apparent depth 
and resistivity with only one frequency were useful. The 
method, however, is not adequate for more complicated layer
ing, especially when a conductive upper layer is present, 
which can render the apparent depth values too small or even 
negative. This was our experience from surveys in coastal 
areas. A new impulse to tackle the problem came from the 
author's development of a fast inversion algorithm which 
yields approximate resistivity/depth distribution from multi
frequency AEM survey data obtained with dipole sources 

BEACH 

Figure 15.2. Apparent resistivity contours (Om) around the freshwater lens obtained from a HEM survey 
with one operating frequency (900 Hz), Spiekeroog. 
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(Sengpiel1984). Instead of apparent depth of the equivalent 
half-space a new parameter called the "central depth" z* is 
calculated from the secondary magnetic field for each fre
quency. Under certain conditions z* is the depth of the 
"centre of gravity" of the induced current system and p* is 
the ambient resistivity at that depth. The following examples 
of model calculations will give the reader an insight into its 
capabilities for groundwater prospecting. BGR will apply 
this algorithm to data from a pilot project in Pakistan, in 1986, 
where an AEM survey will be carried out to prospect for 
freshwater aquifers in a saline desert environment. 

Let us start with a simple two-layer case (Fig. 15.4) where 
resistivities are p1 = 500 flm, p2 = 1 flm, the thickness d1 of 
the top-layer varies !Jetween 10 and 100 m. For each of the five 

SEA 

frequencies indicated in the figure we obtain a depth value z*, 
and an apparent resistivity p* or Pa• which is representative of 
the resistivity within a certain volume around the central 
depth z*. 

The figure may be viewed as a resistivity section along a 
flight line. Resistivities Pa are roughly contoured with two 
lines per decade. The interface of the two layers is clearly 
indicated by the maximum gradient of resistivity versus depth 
andcoincides closely with the 10 flm contour. Figure 15.4 
also shows that a broad range of frequencies is necessary to 
explore the ground within a limited depth range. 

Figure l5.5 gives some details of Pa (z*) for a two-layer 
case with d 1 = 30, 60, and 100 m. Now, the function 

NORTHERN BEACH 

0 100 200 300 m 
b I 1 I 

G 

Figure 15.3. Map of apparent depth to the conductive layer (saltwater) obtained from HEM data. The 
contours indicate the extent and thickness of the freshwater lens, Spiekeroog. 
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Pa = f(z*) is shown for 12 frequencies. Note that the strongest 
gradient of Pa occurs for z*=dp where Pais about 10 !lm for 
all three values of d1• Such calculations should be done 
before commencing a survey to establish the most suitable 
frequencies for a given situation. 

may not be appropriate when the actual layering is more 
complicated. 

Unknown parameters for a two-layer case may, of course, 
be ascertained also by other methods. Nevertheless, there 
remains the risk that the application of a two-layer inversion 

The p* (z*) method does not require previous knowledge 
of tl)e number of significant layers. Moreover, it gives a clear 
indication of that number. This can be seen from the calcu
lated results for the four-layer cases of Figure 15.6, where 
p1 =50, p2 ;, p4 = 1000, and.p3 = 1 !lm. The thickness d1 of 
the cover layer is heldconstant at 10 m, while the depth of a 
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Figure 15.4. Calculated apparent resistivities and central depths (•) for two-layer cases with different d1. 
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Figure 15.5. Pa as a function of central depth z* resulting from a new inversion algorithm for two-layer cases 
where resistivities are p1 = 500 Om, p2 = 1 Om, and thicknesses of the top layer d1 = 30, 60, or 100 m. 
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Figure 15.6. A four-layer case with an intermediate conductive layer (p3 = 1 flm) at varying depth: 30, 50, 70, 
or 90 m. Four solidcurves show the p*(z*) function. The curve IV' gives the results p8 (d8 ) for the case IV, where 
Pa and d8 are conventional apparent resistivity and depth, respectively. 
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Figure 15.7. Freshwater lens below a morphological depression. 



thin, intermediate conducting layer (d3 = 5 m) is varied as 
indicated (z3 = 30,50,70, and 90 m). Ten frequencies were 
used to show how Pa varies with depth z*. A four-layer case 
p1<p2>p3 <p4 can be derived from each of the Pa (z*)
curves. The most important fact is that the minimum of Pa as a 
function of z* occurs at the true depth of the intermediate 
conductor. This enables us, for instance, to map the true 
depth of a conducting layer using z* at the minimum of Pa at 
each sampling point. 

PAKISTAN PILOT STUDY 

To assess the feasibility of groundwater prospecting by AEM 
in desert areas in Pakistan, we have applied the central depth 
algorithm to the actual resistivity distribution which was 
obtained at 25 field sites by ground de soundings (Bender and 
Sengpiel, 1984). The three selected survey areas are rather 
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flat. In general the groundwater is saline, but some freshwater 
aquifers are known. They originate from rainwater by the so
called indirect recharge. A typical situation is presented in 
Figure 15.7. Below the groundwater table the resistivity is 
1-2 Om in the saline zone and 16-150 Om in the freshwater 
lens. There may be considerable changes of resistivity in the 
top-layer. The following two examples relate to sites around 
and above the described freshwater lens. 

In the upper part of Figure 15.8 there is an apparent 
resistivity sounding curve obtained with a Schlumberger 
array (electrode spacing AB/2) at a site with saline ground
water. The calculated layer model is shown as a bar at the 
bottom of the figure. Indicated are resistivities of the five 
layers and depths of the interfaces (to be read on the AB/2, z* 
axis). This five-layer model was the input for a calculation of 
the p*(z*) values shown in the diagram. In the vicinity of the 
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Figure 15.8. Apparent resistivity data from a Schlumberger sounding in Pakistan, model curve (diagram), 
and layer parameters (lower bar). The p*(z*) values are calculated for the geoelectric model and seven 
frequencies. 
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Flgur~ 15.9. Results of a Schlumberger sounding in Pakistan and theoretical p*(z*) values for an AEM 
sounding with 7 frequencies. Compare with Figure 15.8, where no freshwater aquifer was found. 

water table (at 22m) there is a dramatic drop of p* from 21 to 
1.1 Om, fully accomplished within few metres. The results 
suggest that there is little chance of finding freshwater below 
the water table at that place. 

More promising are the results shown in Figure 15.9. The 
results of the Schlumberger sounding can be interpreted as a 
five-layer situation with a thin intercalation of highly con
ducting material between 2 and 3m and a substratum of 4.3 
Om at 104 m depth. A broad zone of medium resistivity 
extends from 10 to 104m depth. No change of resistivity was 
observed at the depth of the water table (here at 18 m, as found 
by drilling). These conditions are also met by the p*(z*) 
results for the frequency range of 14 400 to 900Hz. For lower 
frequencies, i.e. for z* approaching the depth of the con
ducting substratum (which contains saline water), p* starts to 
decrease. At this site, a freshwater body was found by drilling. 
It extends from 18 to 104 m depth in silty and fine grained 
sand. 

CONCLUSIONS 

Surveys with helicopter EM systems in coastal areas have 
shown that the technique is effective in mapping freshwater/ 
saltwater interface. Satisfactory results were obtained after 
interpretation of one-frequency AEM data. However, to ob
tain a detailed resistivity section, which is necessary in com
plex hydrogeological environments, AEM surveys have to be 
conducted at various frequencies. In preparation for a pilot 
AEM survey in a desert area in Pakistan, which will be 
carried out in 1986-87, a computer algorithm was developed 
for interpretation of multifrequency AEM data. Although the 

algorithm does not yield true resistivities of a multilayer 
ground, it gives a correct image of the resistivity change with 
depth and of the approximate interface depth. Tests have 
indicated that the p*(z*) method is faster and more robust 
than a rigorous multilayer inversion. The details of the tech
nique will be published after successful testing on survey 
data. 
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Abstract 

Tests of INPUT® and Dighem II airborne electromagnetic (AEM) systems were flown in the Basin and 
Range and High Cascade physiographic provinces of western United States to evaluate their effectiveness 
for reconnaissance geothermal exploration. The airborne work resulted from extensive ground EM surveys 
which showed that deep-penetration AEM methods should be effective in many geothermal areas. 

Results of the INPUT survey at Steamboat Springs, Nevada, show excellent correlation with a variety of 
ground electrical surveys. Dig hem resistivity maps obtained at LassenNationa!Park, California, identified 
four principal areas of near-surface thermal features. These features correlate closely with results from 
audio-magnetotelluric measurements in the region. The Medicine Lake, California, geothermal area was 
flown prior to acquisition of ground electrical data and showed three areas of low resistivity. Subsequent 
ground work has confirmed the presence of the three low resistivity areas and no others. The results, we 
feel, demonstrate the utility of AEM mapping techniques for geothermal exploration. 

Resume 

On a realise des essais avec les systemes electromagnetiques aeroportes (EMA) INPUT® et Dig hem II dans 
les provinces physiographiques Basin and Range et High Cascade, dans !'Ouest des Etats-Unis, pour 
evaluer leur efficacite dans le domaine de la prospection geothermique de reconnaissance. Les travaux 
aeroportes etaient consecutifs a des /eves EM etendus effectues au sol et its ont montre que les methodes 
EMA a penetration profonde pourraient etre efficaces dans un grand nombre de zones geothermiques. 

Les resultats du !eve realise avec le systeme INPUT a Steamboat Springs, Nevada, montrent une 
excellente correlation avec divers /eves electriques au sol. Des cartes de resistivite etablies avec le systeme 
Dig hem au pare national Lassen, en Californie, ont permis de determiner quatre secteurs principaux de 
phenomenes thermiques pres de La surface. Cettes determinations presentent une etroite correlation avec 
les resultats de mesures audio-magneto-telluriques faites dans la region. Dans La zone geothermique de 
Medicine Lake, Californie, on a fait un leve aerien avant !'acquisition de donnees electriques au sol qui a 
revele trois zones de faible resistivite. Les travaux ulterieurs au sol ont confirme l' existence de ces trois 
zones et le manque d' autres zones de faible resistivite. C es resultats demontrent, a notre avis, le potentiel de 
!'utilisation des techniques de cartographie EMA pour la prospection geothermique. 

INTRODUCTION 

The U.S. Geological Survey has recently conducted tests of 
deep-looking airborne electromagnetic (AEM) systems in 
order to evaluate their effectiveness for geothermal explora
tion. Fixed-wing INPUT and helicopterbome Dighem II sys-

terns were used in the High Cascade and Basin and Range 
physiographic provinces, where the Geological Survey had 
conducted extensive ground geophysical surveys. To our 
knowledge, AEM techniques had not been used in prior 
geothermal work because the principal targets were generally 
considered to be too deep for detection. However, based on 

1MS 964, Denver Federal Center, P.O. Box 25046, Denver, Colorado 80225, U.S .A. 
®Registered Trademark of Barringer Research Ltd./Marque deposee de Barringer Research Ltd. 
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our ground EM studies, we predicted that the present deep
penetration AEM methods would be useful in many geother
mal areas. 

Most hydrothermal systems leak to the surface, often 
along faults as evidenced by fumaroles, hot springs, geysers, 
sinter, etc. These leaks also tend to be self-sealing with time. 
The process of sealing causes the leaking portion to migrate 
along weak structures. Within the more than fifty Known 
Geothermal Resource Areas (KGRAs) investigated by 
Hoover et al. (1978) in western USA, low resistivities are 
generally associated with known areas of shallow thermal 
manifestations. These resistivity lows, at depths less than 
100 m, often extend along fault trends for considerable dis
tance and show no evidence of surface thermal features. We 
assume these areas of low resistivity are related to the pres
ence of hot, saline thermal waters and associated alteration, or 
to fossil hydrothermal systems. Audio-magnetotelluric 
(AMT) soundings in the KGRAs have shown that the shallow 
zones of low resistivity were connected in many cases at 
depth to deeper and broader low-resistivity zones which 
could represent the geothermal targets. AEM techniques 
which can identify such shallow leakage zones can become a 
useful reconnaissance tool for selecting areas where deeper 
penetrating ground geophysical methods can be applied. 

A total of 1282 line km of INPUT surveys was flown at 
Long Valley, CA, Surprise Valley, CA, Steamboat Hills, NV, 
Wabaska, NV, and Raft River, ID, in late 1979 (Christopher
son et al., 1980 a, b). As the results of these surveys were very 
encouraging, a sec.ond test with 1325 line km flown was 
conducted in the High Cascades using a Dighem II system 
(Christopherson and Hoover, 1981; Fraser, 1983). The 
Dighem II system was used in the Cascades because of 
rugged topography. The areas surveyed were Lassen, CA, 
Medicine Lake, CA, Mt. Hood, OR, and Mt. St. Helens, 
WA. The area of Surprise Valley, CA, surveyed previously 
with INPUT, was reflown. Flight line spacing for each area 
was nominally 400 m. Magnetic data were also recorded 
during both surveys. 

RESULTS OF INPUT AEM SURVEYS 
Because earth resistivities are very low in most of the Basin 
and Range areas flown with the INPUT system (about 20 
fim) it was necessary to reduce the normal system gain in 
order to keep signals from saturating. Typically, channels 1 to 
5 were operated at 25% of normal, channel6 was operated at 
either 50% or 100% of normal. Palacky (1975) discusses the 
interpretation of INPUT data in areas of conductive over
burden. The area of Surprise Valley has particularly con
ductive surficial material due to the presence of saline lake 
deposits. 

The best correspondence between ground and airborne 
electrical data was observed in the Surprise Valley, Wabuska, 
and Steamboat Hills surveys. No clear patterns could be 
established in data from the Raft River area. We believe this 
reflects the lack of significant leakage of hydrothermal fluids 
to the surface and the information is consistent with other 
data from the area. At Long Valley, areas of extensive surface 
alteration as well as many of the hot springs were identified. 
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Thermal springs at Hot Creek Ranch and Whitmore Hot 
Springs, however, showed no significant anomalies, although 
ground electrical data suggested that deep conductors were 
present. 

Figure 16.1 shows nested profiles of the channel 6 data 
from Steamboat Hills, NV. Because of abundance of ground 
data this area will be used for comparisons. The principal hot 
springs are located just west of Highway 395. They are 
aligned along a north-trending fault zone (not shown on the 
map) on which several shallow geothermal wells are located. 
A strong AEM response was observed in the springs area, 
although some anomalies are related to local cultural features. 
To the west, a strong conductor with a north strike can be 
correlated with a fault. Its presence was also inferred from 
ground electrical data, and we believe the feature forms the 
east side of a small graben. The inferred bounding faults are 
shown in Figure 16.1. This AEM anomaly correlates directly 
with the most significant conductive anomaly, which was 
defined by ground methods - telluric J mapping and 2 
telluric traverses at 30 s periods, and AMT soundings in a 
frequency range of 7.5 to 20 kHz (Hoover et al. , 1978). A 
large, 200 m V self-potential anomaly was also observed 
along the trend. A production steam well has been drilled 
near the southern end of this structure. 

RESULTS OF DIGHEM AEM SURVEYS 

In the Cascades Province, the near surface resistivities are 
high over outcropping volcanic rocks. At Medicine Lake, 
resistivities have been measured exceeding 100 000 fim (A. 
Zohdy, personal communication, 1985). The Dighem system 
was flown with a coaxial coil pair operating at 3600 Hz and a 
coplanar pair at 900 Hz. Details of the survey were described 
by Fraser (1983). At the time of flying we had extensive 
ground geophysical data from Lassen and limited data from 
Mt. Hood. No electrical data, however, were available from 
Medicine Lake so that this area served as a true test of the 
method for focusing of follow-up exploration. 

At Lassen, four principal regions of low resistivity (less 
than 30 fim) were identified in the Dighem resistivity maps 
(Fig. 16.2). At the Bumpass Hell thermal area (within the 
National Park) resistivities were determined under 10 fim. 
The conductive areas are surrounded by materials having 
surficial resistivity in excess of 1000 fim. Three of the four 
regions have known surface thermal features. The HEM re
sistivity map clearly defines structural trttnds associated with 
the thermal features and shows that thermal waters are, or 
have been, more pervasive than previously thought. A good 
correlation was found between HEM and AMT results in 
identifying thermal features not only in areas where they were 
known, but also in a previously untested area (Hoover et al., 
1978). 

Figure 16.3 shows the resistivity map of Medicine Lake 
obtained at 900 Hz. Three areas were identified where re
sistivities are less than 32 fim, while the regional background 
is over 1000 fim. The easternmost low is associated with a 
fumarole known as the Hot Spot which is the only known 
surface thermal manifestation in the region. The Hot Spot is 
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Figure 16.1. Nested channelS INPUT profiles across Steamboat Springs, Nevada, geothermal area. AEM 
data on each profile are referenced to the flight path location. 
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Figure 16.2. Dighem II resistivity map at 900 Hz of Lassen National Park, California. Only areas with 
resistivities smaller than 1000 Om are contoured. 
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Figure 16.3. Dighem II resistivity map at 900 Hz of Medicine Lake, California. Only areas with resistivities 
smaller than 1000 nm are contoured. 

offset significantly from the major anomaly of low resistivity. 
Within the Medicine Lake Caldera, on the western edge of 
Medicine Lake, another low resistivity area trends north
northwest. No thermal springs are known in this area, but 
subsequent to this survey, a small area of hydrothermal altera
tion has been mapped. The third anomalous area was identi
fied on only one flight line, in the area of Telephone Flat, 
where no thermal manifestations have been known. Extensive 
follow-up surveys using Schlumberger VES and time-domain 
EM soundings have been carried out at Medicine Lake 
(Zohdy and Bisdorf, 1982). This work has identified extensive 
deep conductors which narrow toward the surface and coin
cide at shallow depth with the HEM results. The surface 
leakage in this region appears to be fault controlled. 

CONCLUSIONS 
The results from both INPUT and Dighem surveys in the 
western United States clearly show the utility of AEM meth
ods for reconnaissance surveying of potential geothermal 
areas. Such surveys can identifY regions where hydrothermal 
systems have leaked hot saline fluids to within the upper 
100 m of the surface. A better outline could be obtained of the 
aerial extent of shallow alteration and the presence of thermal 
fluids than from the previously used surface geological map-
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ping. AEM surveying provides an efficient means of focusing 
additional ground exploration effort because many of the 
near-surface conductive areas are directly related to hydro
thermal systems at depth. 

The AEM surveys reported here were all concerned with 
exploration for active hydrothermal systems. Their applica
tion is obvious and straightforward to exploration for fossil 
hydrothermal systems as well. Such systems are receiving 
increasing exploration interest today because of their direct 
genetic relationship to disseminated gold deposits. 
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Abstract 

In I98I, Compagnie de Prospection Geophysique Franr;aise (CPGF) was asked by Electricite de France 
(EDF) to study the feasibility of using airborne geophysics for site investigations for nuclear power plants. 
It was necessary to investigate soil properties of the first IOO m, mostly in horizontally stratified environ
ments. Mathematical modelling showed that airborne EM surveys could give appropriate answers in at 
least 70 % of the geological situations of interest to ED F. 

Test flying with the Dig hem system was carried out in I982. CPGF acted as supervisor on behalf of 
ED F. Seven sites were flown in different areas of central and southeastern France, totaling 2 000 line km. 
The flight line spacing was IOO or 200m. At some of the sites, large amounts of ground geophysical and 
drilling data were available. At Sennecey, in the Saone Valley, correlation with 50 drill holes showed that 
HEM surveys could outline resistive limestones beneath a layer of conductive clays and marls which was up 
to IOO m thick. 

Resume 

En I98I, la Compagnie de Prospection Geophysique Franr;aise (CPGF) a ete chargee par Electricite de 
France (EDF) de realiser une etude defaisabilite sur !'application des methodes geophysiques aeroportees 
a l' etude des fondations de centrales nucleaires. It etait demande de prospecter les IOO premiers metres de 
terrain, dans des milieux horizontalement stratifies. Un modele mathematique mantra que l'electroma
gnetisme heliporte pouvait donner des reponses significatives dans 70 % des situations geologiques defi
nies par EDF. 

En I982, des vols d' essai furent realises avec le systeme Dig hem, CPGF ayant un role de conseil 
d'EDF. Sept sites furent etudies dans differentes regions du Sud-Est et du Centre de la France, avec 
2 000 km de vols. L'ecartement entre !ignes etait de IOO au de 200m. Pour quelques uns de ces sites, 
d'importantes quantites de donnees (geophysique et sondages) etaient disponibles. A Sennecey, dans la 
vallee de Ia Saone, une correlation avec 50 forages mecaniques a montre que les prospections electroma
gnetiques heliportees pouvaient suivre le toit des calcaires resistants, so us une couverture d' argile 
conductrice pouvant atteindre IOO m d' epaisseur. 

INTRODUCTION 
In December 1980, the French State Power Board (Electricite 
de France), decided to invest~gate the possibility of prelimin
ary site investigation of nuclear power plant sites by airborne 
geophysics. Obviously, it is advantageous to cover a large 
area without entering private properties. In follow-up, the 
most favourable zones are surveyed in detail by more con-

ventional means. Electricite de France (EDF) made a cata
logue of the main geological features found in those parts of 
France where nuclear power plants were to be constructed. 

1Electricite de France, 18 rue de Tilsitt, 75017- Paris, France 

A feasibility contract was awarded to Compagnie de Pro
spection Geophysique Fran~aise (CPGF) in order to appraise 
all available airborne geophysical techniques. This study 
included: 

2ComP,agnie de Prospection Geophysique Fran«aise, 77 avenue Victor Hugo, 92500- Rueil-Malmaison, France 
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I) The development of a mathematical model correspond
ing to the selected technique, and checking of its ap
plicability. 

2) Enquiries among users, universities, contractors and 
constructors. 

3) Assistance to EDF in calling for tenders among selected 
contractors. 

It was soon realized that helicopter electromagnetic 
(HEM) surveying was the most appropriate technique. After 
a call for tenders, Dighem Ltd. of Toronto, Canada, was 
selected to carry out, under CPGF's supervision, test flights 
over 7 selected areas {Fig. 17 .I). These sites were already well 
surveyed by ground geophysics and drilling. 2000 line km 
were flown between February and March 1982. 

GEOLOGICAL SITE CONDITIONS 
The geological conditions at the nuclear power plant sites in 
France are sketched on Figure 17.2. The illustration corre
sponds to the following test sites: 

(a) Alluvium on Tertiary marls: Verdun-sur-le-Doubs, St. 
Pour~ain. 

(b) Alluvium on Tertiary marls, with dipping Jurassic lime
stone at depth: Sennecey, Soyons. 

(c) Alluvium on variable Tertiary bedrock (clays and sand
stones): Limons. 

(d) Karstic limestone: Civaux. 

.. Civaux 
s1 Pourcain 

I 
• umons 

Arras -sur - Rhone 

I 
I 

Soyons 

Figure 17.1. Locations of sites investigated by CPGF for 
nuclear power plants in France. 
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(e) Alluvium on faulted sedimentary structures: Arras-sur
Rhone 

(f) Additionally buried river channels exist at Soyons , 
Limons, St. Pour~ain (not shown in Fig. 17.2). 

The probable ranges of resistivities are as follows: 

All · f clay and top soil : 7 to 30 Om 
uvtum 1. sand and gravel : 200 to 1 ,000 Om 

Tertiary marls and clays : 10 to 30 Om 
Tertiary sandstone : 100 to 300 Om 
Jurassic limestone : 200 to 800 Om 

POSSIBLE GEOPHYSICAL TECHNIQUES 
In specifying the requirements for geophysical techniques, 
the depth of investigation had to exceed 100m. Several 
methods were assessed during a preliminary investigation. 

Airborne gravity was not found accurate enough. Anoma
lies of less than 5 mgals and 3 km wide (corresponding to a 
horst over 200 m high) are not detectable. Results of airborne 
magnetic surveys have been frequently used to calculate 
overburden depth elsewhere, but in the sedimentary areas 
selected by EDF the susceptibility contrast was not sufficient. 
A magnetometer was included aboard the survey helicopter 
and the results confirmed the initial skeptical assessment of 
the technique. 

Airborne VLF has been mainly used in delineating ver
tical faults and conductors in resistive environment. Such 
situations do not exist at the investigated sites. Nevertheless , 
a VLF receiver was fitted on the helicopter. The field results 
confirmed that this method is not suitable for the mapping 
task. 

Time-domain INPUT is probably the most extensively 
used airborne mapping tool. However, at the time of the 
enquiry (1980-1981), aids for quantitative interpretation of 
horizontally stratified media were not commercially avail
able. Interpretation of frequency-domain EM data could sup
ply resistivity and depth maps in horizontally stratified cases 
even at that time. After a detailed study, questionnaires were 
sent to 29 institutions, such as geological surveys, univer
sities, contractors and manufacturers in 10 countries. The 
results confirmed their interest in helicopter EM surveying, 
but showed that 99 % of previous surveys had been applied to 
mining exploration. 

MATHEMATICAL MODEL 
In order to predict the HEM response at the given geological 
sites, and particularly to evaluate depth of penetration, com
puter software was developed for a CDC 7600 computer. It is 
based on the program written by Sinha and Collett (1973). 
The survey parameters were defined as follows: 

Flight altitude 
Bird length 
Frequencies 

: 30m 
: 9 m 
: 375 , 900, 3600 and 8000Hz (on all 3 

coil configurations) 
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Coil configurations : vertical coplanar 
horizontal coplanar 
vertical coaxial 

For interpretation, the following model was suggested: 
horizontally stratified media with 4 layers. Typical thick
nesses (t) and resistivities (p) are: 

First layer (clay): t = 0, 3 , or 6 m, p1 = 10 Om 

Second layer (sand and gravel) : t = 20, 17, or 14m, p2 
400 Om 

Third layer (Tertiary clay and sandstone) : t = 0 to infinite, 
p3 = 0 .2 to 400 Om 

Fourth layer (Jurassic limestone or granite): p4 = 1000 Om 

These cases are summarized schematically in Figure 
17 .3. The main problem was whether the resistive fourth layer 
basement could be located under a thick conductive third 
layer. 

Figure 17.4 shows the in phase response for one of the 
cases which was described in greater detail by Lakshmanan 
and Bichara (1981). For a frequency of900 Hz, the maximum 
response of 130 ppm corresponds to an infinitely thick third 
layer. When the basement (fourth layer) is moved up to a depth 
of 100 m, the total response is reduced to 123 ppm , i.e. 95 % 
of the maximum response. This depth of 100 m can be 
considered to be the "depth of penetration" for 900 Hz in this 
particular case, i.e., depth up to which the resistive fourth 
layer can be located. The algorithm is used separately for each 
frequency. However, a way to combine results acquired at 
different frequencies is to compute the ratio of two apparent 
resistivities, or their logarithmic difference. 

0 

Legend 

~ (1) 

1~-<&1 (2) 

~ (3) 

E;] (4) 

D (s) 

8 (6) 

ES3 (7) 

200m 

Figure 17.2. Typical geological 
situations (see text for their loca
tion and description). Geological 
units: (1) Top-soil and clay, 
(2) Quaternary sand and gravel, 
(3) Quaternary clay, (4) Karstic 
clay, (5) Tertiary sands, (6) Terti
ary clay, (7) Jurassic limestone. 

147 



0 ----------~3~m~·==~6:m~t:. ::JJ~P~1~= ~1o~n[m~[:::: 

Figure 17.3. Sketch of geological parameters used in math
ematical modelling. The situations should be considered as 
columns. 
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FIELD TESTS 

The system used (Dighem) had two coplanar coils operating 
at 900 and 3600 Hz. They were placed in a 9 m long bird, 
which was towed by a helicopter. In addition, VLF and 
magnetic data were recorded, but did not generally give 
significant results in the sedimentary basins studied. Re
sistivity processing was done, for each frequency, with the 
infinite half-space algorithm (Fraser, 1978). This supposes an 
infinitely resistive first layer overlaying an infinitely thick 
conductor. 

The algorithm first takes into account inphase and quad
rature response and neglects bird's height. It then computes 
the conductor resistivity and its depth below the bird. In a 
second step, the actual bird elevation above the ground is 
subtracted from the computed depth. If the difference is 
positive, it is equal to the apparent thickness of the first layer, 
supposed to be infinitely resistive. If one ends up with a 
negative thickness, the first layer is in fact conductive. In all 
cases, the computed second layer resistivity is quite stable, 
and is not much affected by variations in first layer resistivity 
(Fraser, 1986). 

100 

ISOOOHzl 

maximum resQonse 

1900Hz I 

lOOm 

200 

1375 Hzl 

~ 
! 

500 Depth Z 3 
Figure 17.4. inphase EM response for 4 frequencies as a function of depth. Resistivities and thicknesses 
are sketched. 
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Figure 17.5. Geological map of the Sennecey test site. Letters indicate the following: S: Sequanian 
limestone, 0: Oxfordian marl, C: Callovian limestone, F: Fault, A: Main horst. Contours indicate the eleva
tion of the limestone horst above sea level. The mean elevation of the area is 200 m. 

The Sennecey site is described here in greater detail. 
Figure 17.5 shows the geological map, and Figure 17.6 the 
east-west sections. The site is located in the Saone River 
valley, where Quaternary sands and gravels, 8-15 m thick, 
overlie thick Tertiary marl. At the western limit of the Tertiary 
basin lie Burgundy hills, which are formed by outcropping 
Jurassic limestone and marl. Under Tertiary marl, folded 
Jurassic formations plunge towards the east. South of the test 
area, a limestone horst (A) outcrops. In the test area, over 50 
drillholes were used to trace the topography of the limestone 
below the Tertiary marl (Fig. 17.5). The average ground 
elevation is around 200 m. The limestone horst (A) plunges 
gently north of its outcrop. 

Figure 17 .7 shows Schlumberger apparent resistivities 
for a separation of \B = 200 m. The contour map was 
plotted from over 100 resistivity soundings. The highest ap
parent resistivities were observed above the top of the horst 
(A), and confirmed its plunge towards the north. Apparent 
resistivity computed from HEM data (frequency 900 Hz) is 
shown in Figure 17 .8. Four elongated resistive zones have 
been detected corresponding to limestone ridges. They are 

separated by conductive zones , which are due either to 
Oxfordian marl, or thick Tertiary marl. The easternmost ridge 
corresponds to the main horst "A". The extent of horst A is 
clearly shown when geological map (Fig. 17.5) and HEM 
resistivity map (Fig. 17 . 8) are compared. 

A novel concept of "logarithmic resistivity difference" 
D, was first tested during this survey. D is defined as 34.74 
[In p3600 -In p900] . When D is negative, a conductor overlies 
a resistor. This map (Fig. 17. 9) clearly shows the limestone 
horst extension towards the north (A), where D is negative 
(P9oo > P36oo Hz). 

Analyzing the depth of penetration reached by various 
techniques, one comes to the conclusion that HEM at 
3600 Hz penetrates 70 m of conductive marls (10 Om). At 
the frequency of 900 Hz the penetration increases to 120 m. 
Schlumberger resistivity soundings with AB/2 = 200 m had 
a penetration of 150 m. Surficial high-resistivity lenses de
grade the accuracy of the soundings, but have practically no 
influence on HEM measurements. The field results confirm 
the mathematical model, which had shown that a resistive 
basement could generally be located below 100 m of con
ductive (10Om) overburden. 
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Figure 17.6. Sections at the Sennecey test site. Letters indicate: QC: Quaternary clay, QG: Quaternary 
gravel, UTC: Upper Tertiary clay, TG: Tertiary gravel, TC: Tertiary clay, S: Sequanian limestone, 0: Oxfor
dian marl, C: Callovian limestone, A: Main horst, F: Fault. Numbers give resisitivites (in !1m) interpreted from 
Schlumberger soundings. 

Figure 17.7. Contour map of apparent resistivities obtained 
along traverses Band C from Schlumberger soundings (AB/2 
= 200 m). The area shown is the same as in Figure 17.5. 
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Figure 17.8. Contour map of apparent resistivities computed from HEM data at 900 Hz. The area shown is 
the same as in Figure 17.5. 
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Figure 17.9. Map of HEM resistivity "difference" (for definition see text). Three situations can be dis
tinguished: a-conductor over resistor, b-homogeneous medium, c-resistor over conductor. The area shown 
is the same as in Figure 17.5. 
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CONCLUSIONS 
The seven selected sites constitute about 75 %of the possible 
nuclear sites in France. Satisfactory results were obtained at 
horizontally stratified sedimentary sites, dipping sedimen
tary sites, over lateral facies variations and buried river chan
nels. At Sennecey, a penetration through 100 m of conductive 
clays was proved. Less satisfactory results were obtained over 
karsts at Civaux. Coastal sites were not tested. 

EDF's conclusion was that low-cost continuous coverage 
could be achieved by using helicopter EM surveys. Progress 
in interpretation techniques seem necessary to increase the 
efficiency of the quantitative data analysis. 

152 

REFERENCES 
Fraser, D.C. 

1978: Resistivity mapping with an airborne multicoi! elec
tromagnetic system; Geophysics, v. 43, p. 144-172. 

1986: Dighem resistivity techniques in airborne electromag
netic mapping; in Airborne Resistivity Mapping, ed. 
G.J. Palacky; Geological Survey of Canada, Paper 
86-22, report 5. 

Lakshmanan, J, and Bichara, M. 
1981: Depth of penetration of airborne electromagnetics 

over stratified earth; 50th Annual Meeting, Society of 
Exploration Geophysicists, Los Angeles, p. 32 (ab
stract). 

Sinha, A.K. and Collett, L.S. 
1973: Electromagnetic field of oscillating magnetic field 

placed over a multilayer conductive earth; Geological 
Survey of Canada, Paper 73-25, 48 p. 



- 18 -

Airborne electromagnetic methods in the concept 
assessment phase of the Canadian Nuclear Fuel Waste 

Management Program 

N.M. Soonawala1 and J.G. Hayles 1 

Atomic Energy of Canada Ltd. 

Soonawala, N.M. and Hayles, J.G., Airborne electromagnetic methods in the concept assessment phase 
of the Canadian Nuclear Fuel Waste Management Program; 0. Airborne Resistivity Mapping, ed. G .J. 
Palacky; Geological Survey of Canada, Paper 86-22, p. 153-158, 1986. 

Abstract 

Airborne EM methods have been widely applied in the Canadian Nuclear Fuel Waste Management 
Program, the objectives being the development of techniques for the detection of fracture zones in bedrock 
and the characterization of overburden. Major linears in the Whiteshell and Atikokan Research areas have 
been adequately mapped by helicopter-borne VLF and Dig hem systems. Follow-up, consisting of detailed 
ground surveys and drilling has confirmed that the major airborne VLF anomalies correspond to 
significant fracture zones in the bedrock. Numerical modelling shows that if a fracture zone is overlain by 
conductive overburden, the latter can contribute significantly to the resultant anomaly. 

Resume 

Le programme canadien de gestion des dechets de combustibles nucleaires fait un large usage des 
methodes de [eves EM aeriens. L' objectif de ce programme est d' elaborer des techniques pour la detection 
de zones de fracture dans la roche en place et l' etablissement des caracteristiques du mort-terrain. On a 
cartographie adequatement des lineaments majeurs dans les zones de recherche Whiteshell et Atikokan a 
!'aide de systemes heliportes a VLF et Dighem. Le suivi, qui a consiste a effectuer des !eves detailles au sol 
et des forages, a conjirme que les grandes anomalies detectees aux cours des !eves VLF correspondent a 
des zones de fractures importantes dans la roche en place. Les modeles obtenus par ordinateur montrent 
que si une zone de fracture est recouverte par un conducteur superjiciel, ce dernier peut sensiblement 
contribuer a l' anomalie detectee. 

INTRODUCTION 

Since the mid 1970s, Atomic Energy of Canada Ltd. (AECL) 
has been implementing a major research and development 
program, the Nuclear Fuel Waste Management Program 
(NFWMP), aimed at developing methodologies for the safe 
and permanent disposal of nuclear fuel wastes arising from 
nuclear generating stations. Since the concept being cur
rently examined is that of the burial of nuclear fuel waste 
about one kilometre below surface in plutonic rock, the 
geosciences play a major role in the research program (Scott, 
1979). An overview of the role of geophysics in this program 
has been provided by Soonawala (1984). 

Amongst the methodologies being developed are those 
for geotechnical reconnaissance of relatively large areas of up 
to several hundred square kilometres, and thus airborne 
geophysical methods are expected to play a significant role in 
this phase of the research activities. Several research areas 
have been established in the Precambrian Sheild for the 
purposes of field testing the concepts being developed in the 
NFWMP, and all of these have been surveyed with helicopter 
electromagnetic (HEM) systems, which in most cases have 
been followed-up by ground geophysical surveys and drill
ing. Some results of such surveys at the Whiteshell and 
Atikokan research areas are presented in this paper. Both 
research areas were surveyed with the Dighem system (Fraser, 

1Whiteshell Nuclear Research Establishment, Pinawa, Manitoba ROE ILO 
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1979) with a VLF (15 to 30kHz) sensor also being a part of 
the HEM package. 

The geological features that are of interest in the NFWMP 
and on which information can be provided by the HEM and 
VLF techniques are the following: low-resistivity zones that 
coincide with the surface expression of vertical-trending frac
tures in the bedrock, the depth of overburden, and the type 
(and hence the resistivity) of overburden. All granitic plutons 
studied so far have been found to contain large regional 
linears, several kilometres long, which can be mapped by 
several methods including geological mapping, air photo 
analysis, aeromagnetics, and HEM. Drillhole data strongly 
suggest that some of these features are structural discon
tinuities that can have depths in excess of 1 km. Since 
structural discontinuities can be major groundwater path
ways, it is important to identity major linears and determine 
whether they are related to potential pathways. The success of 
the EM methods in detecting linears is probably due to the 
fact that the bedrock is preferentially eroded in their vicinity, 
and the resulting valleys are filled with wet, highly conductive 
overburden such as clay. 

Information provided by the EM methods on the depth 
and the nature of overburden helps hydrogeological model
ling, the planning of shallow drilling, and the interpretation 
of several types of geophysical surveys. 

The effects of conductive overburden on the VLF field 
and the relative magnitudes of anomalies caused by bedrock 
conductors and overburden, can be clearly seen in Figure 18.1 
which shows the results obtained from a numerical model 
developed by T.R. Madden of the Massachusetts Institute of 
Technology (A.K. Sinha, personal communication, 1985). A 
modelled bedrock conductor (Fig. 18 .1A) is assumed to have 
a resistivity of 500 Om and a width of 12.5 m, values that 
are typical of many of the fractures that have been drilled in 
the NFWMP. Host rock is assumed to have a resistivity of 
10 000 Om. Figure 18 .lB shows a 3 m thick layer of over
burden of resistivity 30 Om. It can be noted that it produces 
an anomaly much larger than the fracture zone. The com
bined effect of these two conductive features is shown in 
Figure 18.1C. It is obvious that for the situation described 
here the contribution of the bedrock conductor is very small 
and could possibly remain unrecognized. Though this analy
sis has been done for a ground VLF survey, it can be expected 
that the results for a low altitude helicopter-borne VLF survey 
would be similar. 

WHITESHELL RESEARCH AREA 
The Whiteshell Research Area is located on the Lac du 
Bonnet batholith in southeastern Manitoba, which is a mem
ber of the Winnipeg River batholithic belt in the English 
River Subprovince of the Superior Province_ of the Pre
cambrian Shield (Beakhouse, 1977). Extensive geoscience 
investigations to provide data for groundwater modelling and 
to verity its results have been carried out there. Figure 18.2 
shows the conductor axes interpreted from a helicopter-borne 
VLF survey implemented over a 40 km2 area. The Dighem II 
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system was also operated from the same aircraft at a fre
quency of about 3600 Hz. Lines spaced 100 m apart were 
flown by a turbine helicopter at a nominal air speed of 130 
km/h. The EM bird was at an average height of 53 m. A Herz 
Totem 1A VLF sensor (Herz, 1986) was deployed at an 
average altitude of 58 m, and the station NAA (Cutler, Maine, 
17.8 kHz) was used for the primary north-south survey direc
tion. Conductor axes, interpreted from a ground VLF-EM 
survey at 100 m line spacing over a 4 km2 area, within the 
larger area covered by the HEM survey, are shown in Figure 
18.3, along with highly resistive zones (greater than 10 000 
Om) mapped by a gradient-configuration resistivity survey. 
As can be expected, the airborne survey map does not show 
the same degree of detail as the ground VLF survey map, but 
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Figure 18.1. VLF tilt angle and quadrature responses due to: 
A) bedrock conductor alone; B) a layer of conductive over
burden, and C) a combination of the two. 
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the more prominent conductors, e.g., AA' and BB', were 
adequately mapped by the airborne system. As discussed 
earlier in relation to the models shown in Figure 18.1, it is 
likely that these anomalies are caused by conductive over
burden, which in turn can be related to bedrock features. 

Figure 18.4 is a cross-section showing subsurface frac
tures in that area, interpreted from extensive drilling data by 
Davison (personal communication, 1983). This section is 
approximately at right angles to the strike direction of AA'. It 
is evident that the intersection of the moderately dipping 
fracture zone 3 with the surface corresponds to AA' . Geo
logical examination of core has shown that this fracture zone 
is entirely within the Lac du Bonnet granite and consists of 
highly weathered material up to 10 m wide. At places, the 
consistency of the weathered material is similar to that of clay. 

ATIKOKAN RESEARCH AREA 

The Atikokan Research Area is centred around the granite 
Eye-Dashwa Lakes pluton, about 25 km northwest of 
Atikokan in northwestern Ontario. It lies within the Superior 
Structural Province of the Precambrian Shield (Stone, 1984). 
At this research area a helicopter-borne EM survey was car-
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Figure 18.2. Airborne VLF 
conductor axes over a part of 
the Whiteshell Research Area. 
The NAA transmitter was used 
for north-south flight lines. 

ried out using equipment and survey parameters similar to 
those used at the Whiteshell Research Area. As a result, a 
prominent VLF conductor has been located that extends 
through Eye and Dashwa lakes and is open-ended at either 
end (Fig. 18.5). Its location has been confirmed by detailed 
YLF and magnetic surveys on the ground between the two 
lakes and on the ice on Dashwa Lake. Figure 18.6 shows 
conductors AA' to PP' that have been interpreted on the basis 
of VLF surveys carried out in two orthogonal directions and 
for which transmitters NAA, NSS and a local transmitter 
were used. Conductors AA' and HH' clearly correspond to 
the airborne conductor shown in Figure 18.5. A prominent 
fracture zone corresponding to this conductor has also been 
located by drilling, at a downhole length of about 150 m in 
borehole ATK-8 whose trace is shown in Figure 18.6. 

A two-layer model developed by Dighem Ltd. was also 
used to calculate th~ overburden characteristics in that area, 
using data from the Dighem III system at 900 and 7200 Hz. 
One pair of co-axial coils and two pairs of coplanar coils were 
used. The former operated at 900 Hz, whereas the latter two 
pairs were operated at either frequency. A two-layer inversion 
routine was employed, in which the input parameters are the 
in-phase and quadrature components at 900 and 7200 Hz 
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Figure 18.3. Ground VLF conductor axes and resistive rock at 
the Underground Research Laboratory lease area. The outline of 
this area is shown in Figure 18.2. 
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from the two sets of coplanar coils; and the output parameters 
are the resistivities of the upper and the lower layer and the 
thickness of the former. Results of the modelling were not 
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Figure 18.6. Ground VLF conductors in the Eye-Dashwa 
lakes region of the Atikokan Research Area. 
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entirely satisfactory, probably because in the rugged topo
graphy of the Precambrian Shield, the two-layer model is not 
very realistic and the lower frequency (900Hz) was too low to 
energize any material other than the most conductive lake 
bottom sediments. 

CONCLUSIONS 
Helicopter-borne EM and VLF methods have been useful in 
mapping linear conductors, which are significant features in 
the context of the Canadian Nuclear Fuel Waste Management 
Program and usually correspond to fracture zones in the 
bedrock. Most of these are prominent regional features which 
can also be observed on aerial photographs. Much success 
has not been achieved so far in the characterization of surficial 
material, but the prospects are good once more suitable 
frequency ranges and more realistic interpretation models 
become available. 
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Abstract 

The development and application of airborne electromagnetic (AEM) methods in Finland are briefly 
described. Most of the AEM surveys have been carried out by the Geological Survey of Finland, which has 
been involved in the development and the use of the technique since the early 1950s. Several different 
methods have been applied until today. Special attention is focused in this paper on the rigid-coil AEM 
systems used for low-elevation surveys since 1972. Such surveys, for both exploration and geological 
mapping, are conducted in Finland in an attempt to replace geophysical ground surveys over extensive 
areas. On account of the mutual correlation of survey data and the costs involved, aeromagnetic, AEM, and 
airborne gamma-ray surveys are undertaken simultaneously. The amount of AEM surveys currently flown is 
about 60 000 line km per year. 

Numerical and scale modelling studies have been used to assess the performance of the different AEM 
systems. Computer programs have been developed by the Geological Survey and by industry that permit the 
inphase and quadrature data to be transformed into apparent conductivity, conductance, and depth values 
with one-layer, two-layer and half-plane conductor models. 

Further developments for AEM survey methods in Finland include the addition of a new VLF resistivity 
mapping technique, and the improvements in the data processing and interpretation methods. The 
importance of airborne geophysical surveys for geological mapping in Finland is evidenced by the fact that 
since 1982, no such mapping projects have been started without the map area being first surveyed with 
airborne geophysics. 

Resume 

L' etude decrit La mise au point et l' application des methodes de !eves electromagnetiques aeriens (EMA) en 
Finlande. La plupart des leves EMA ont ete realises par la Commission geologique de Finlande, qui 
elabore et utilise des techniques de ce genre depuis le debut des annees 1950. Plusieurs methodes ont ete 
appliquees jusqu' ici. La presente etude accorde une attention particuliere aux systemes EMA a bobines 
rigides utilises pour les /eves d'altitude de volfaible depuis 1972. En Finlande, on effectue des [eves de ce 
type tant pour la prospection minerale que pour la cartographie geologique, afin de remplacer les leves 
geophysiques au sol sur de vastes etendues. Afin de porter la correlation reciproque des donnees des !eves 
et La rentabilite des travaux, les Leves magnetiques, EMA et radiometriques aeriens sont entrepris 
simultanement. Le rendement annuel des leves EMA est proche de 60 000 km lineaires. 

On a realise des etudes numeriques et sur modeles a l'echelle pour evaluer le rendement des differents 
systemes EMA. La Commission geologique et.l'industrie ont elabore des programmes informatiques qui 
permettent de transformer des donnees en phase et en quadrature en valeurs de conductivite apparente, de 
conductance et de profondeur avec des modeles a une couche, deux couches et a demi-plan vertical. 

Les perfectionnements qu'on prevoit apporter aux methodes de !eves EMA en Finlande porteront 
notamment sur une nouvelle technique de cartographie par VLF et sur !'amelioration des methodes de 
traitement des donnees et d' interpretation. On peut juger l' importance que reverent les !eves geophysiques 
aeriens pour la cartographie geologique en Finlande, si L' on considere que depuis 1982, aucun pro jet de 
cartographie geologique n'a ere entrepris dans ce pays sans que La zone a cartographier ait d'abordfait 
!'objet de !eves geophysiques a !'aide de systemes aeroportes. 

1SF-02150 Espoo, Finland 
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INTRODUCTION 
This study deals with the application (past, present, and 
future) of airborne electromagnetic (AEM) methods in 
Finland. The Geological Survey of Finland has been engaged 
in the development and use of AEM methods since the early 
1950s, and has carried out the majority of the measurements. 
However, larger exploration companies in Finland have also 
carried out quite extensive AEM surveys, either with their 
own systems or with those of contractors. As several AEM 
methods have been applied during the past thirty years, the 
developments in Finland reflect world wide trends in AEM 
techniques. 

An important step in the execution of any airborne 
geophysical survey is the selection of methods. Multiple 
techniques flown simultaneously lower the survey cost and 
permit better correlation between data sets. Aeromagnetic, 
AEM, and airborne gamma-ray systems should, when possi
ble, be included. A longterm, country-wide mapping pro
gram allows two major applications, direct prospecting and 
geological mapping of conductive formations and favourable 
horizons. The use of the results of the combined surveys to 
exploration and geological mapping requires that survey data 
of various methods are presented systematically and with 
sufficient uniformity, and in a form readily available to all 
end-users. This is particularly important for present-day 
detailed surveys, since they are conducted to maximize detail, 
in an attempt to replace geophysical ground surveys over 
extensive areas. 

The importance of airborne geophysical results for geo
logical mapping in Finland is evidenced by the fact that, since 
1982, no new geological mapping at a scale of 1 : 100 000 or 
greater has been started without the area first having been 
surveyed with airborne geophysics. This allows direct savings 
in the cost of fieldwork and improves substantially the ac
curacy of the final geological maps. 

AEM SURVEYS IN FINLAND 
Most airborne geophysical measurements in Finland have 
been undertaken by the Geological Survey of Finland. Map
ping started in 1951 with aeromagnetics using a flux-gate 
magnetometer. In 1954, measurements with a towed-coil 
AEM system constructed at the Survey were introduced, and 
in 1956 an airborne gamma-ray scintillometer was added to 
the equipment. These early (high-elevation) surveys were 
undertaken at a flight height of 150 m, a line spacing of 
400 m, and an average survey speed of 260 krnlh. The AEM 
equipment, a predecessor of the widely used dual-frequency 
system (Paterson, 1961), was installed in a Lockheed Lodestar 
aircraft. The System operated at a frequency of 400 Hz and 
had a coil separation of 150-250 m. 

High-elevation airborne surveys were terminated in 1972, 
when the general aeromagnetic mapping of the whole 
country was completed. In the same year, more detailed (low 
elevation) surveys were started at a nominal flight elevation of 
30 m, a line spacing of 125-200 m, and a survey speed of 
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170-200 krnlh. The survey equipment, which included two 
proton precession magnetometers, an AEM rigid-coil system 
(frequency 3220 Hz, coil separation 25 m), and a gamma-ray 
spectrometer, was installed in a Douglas DC-3 aircraft (Pel
toniemi, 1982). Since 1980, the present equipment, which 
consists of a three-magnetometer gradiometer, a wing-tip 
AEM rigid-coil system (frequency 3113 Hz, coil separation 

· 21.4 m), and a gamma-ray spectrometer, has been fitted in a 
DHC-6 Twin Otter aircraft (Vironmiiki et al., 1982). 

In the 1960s and 1970s, the national airborne geophysical 
mapping program of the Geological Survey was not able to 
meet alone all the survey requirements of Finnish mining 
companies. Consequently, both Outokumpu Oy Exploration 
and Rautaruukki Oy Exploration have performed extensive 
AEM surveys. 

Outokumpu Oy Exploration started systematic AEM sur
veys in 1960 with the rotary field method (Ketola et al., 1971). 
The company used the system in a two-aircraft version. The 
distance between the two aircraft (the coil separation) was 
220-260 m, the frequency was 880 Hz, the flight elevation 
60-100 m, and the line spacing 250m. 

Rautaruukki Oy exploration undertook AEM surveys 
from 1966 onwards with a wing-tip AEM system installed in 
a Cessna 185 aircraft. The coil separation of the vertical 
coplanar coil system was 11 m, and the frequency 1920Hz. 
The surveys were flown at a nominal elevation of 30 m, and 
with a line spacing of 200 m. 

Finnprospecting Ky, and later Suomen Malmi Oy, per
formed AEM contract surveys for Finnish mining companies 
from the early 1970s untill979. The system was installed in a 
Pilatus Turbo Porter aircraft and included AEM, aeromag
netic and gamma-ray spectrometric equipment. The coil sep
aration of the wing-tip AEM system was 16.4 m and the 
frequency 3600 Hz. 

Geoinstruments Ky, a Finnish manufacturer of geo
physical survey intruments, has been actively involved in the 
design and construction of AEM systems. The company has 
recently exported two rigid coil AEM systems to Sweden. 

To date, AEM surveys in Finland have covered almost 1.9 
million line km, which is a large amount considering the size 
of the country (337 000 km2 ) . The breakdown of the total 
coverage is given in Table 19 .1. The amount of AEM surveys 
currently flown is about 60 000 line km per year. 

Finland has been virtually self-sufficient in its AEM 
surveying programs. Only a few test flights were undertaken 
with foreign equipment. Rotary-field test surveys from 
AB Elektrisk Malmletning, Sweden, were ordered by Out
okumpu Oy in 1959 before the company acquired its own 
system. In 1964, Otanmiiki Oy performed a test survey with a 
rigid-coil wing-tip system developed by Boliden Ab, Swe
den. In 1961 the same system had been used in a test survey at 
the Pyhiisalmi sulphide ore deposit. In 1965, Barringer Re
search Ltd. of Canada collaborated with Otanmiiki Oy in 
experiments with the time-domain system over the Gulf of 
Bothmia near the town of Raahe, and in the following year 



Table 19.1 AEM surveys flown in Finland in 1954-1985. 

Distance 
Organization and type of survey (line km) 

Geological Survey of Finland 
high elevation surveys 800 000 
low elevation surveys 676 000 

Outokumpu Oy Exploration 
rotary field surveys 173 000 
low elevation surveys 58 000 

Rautaruukki Oy Exploration 
low elevation surveys 166 000 

Total 1 873 000 

with both Otanmaki Oy and Outokumpu Oy on various 
prospects in NW Finland. 

PROCESSING AND INTERPRETATION 
OF AEMDATA 
In Finland, both stacked-profile and contour maps of inphase 
and quadrature components are produced from the AEM 
survey results. The basic processing of AEM data involves the 
removal of noise originating from non-geological sources, 
and the correction of temporal drift in the zero levels of the 
recorded signals. Visual interpretation and the use of stacked 
profile maps are not hindered by small errors in the zero levels 
or drift corrections. However, for compilation of contour 
maps, the zero levels must be correct within a narrow error 
range. 

The maps (example of stacked-profile maps is given in 
Fig. 19.1) are produced at a scale of 1 : 20 000 in accordance 
with the Finnish topographic map division. The stacked
profile maps have a linear scale for anomalies with a scale 
coefficient of 400 ppm/em or, in areas with large anomalies, 
1000 ppm/em. It is worth noting that the data on the stacked
profile maps have not been submitted to any additional filter
ing except that due to the time constant of the detector (0. 3 s) 
and spherics removal. This preserves the original resolution 
of the data and allows the recognition of small, short-wave
length anomalies. 

To produce AEM contour maps of inphase and quad
rature components the data are interpolated onto a rec
tangular grid, one element measuring 50 X 200 m2 . 

Hence the data matrix of a standard-sized map sheet of 10 x 
10 km2 has about 11 000 data points. Contours are generated 
from the gridded data by a commercial software package. The 
contours are plotted on a progressive scale, and the maps have 
three colours to highlight high and low amplitude anomalies 
(red and blue respectively, with black used for average 
values). 

The most common usage of AEM results has been in 
visual interpretation, using also information from lithology 
and Quaternary geology of the study area. Geometric charac
teristics of anomalies such as their shape and extent are used 

to distinguish conductor types. Where quantitative rather 
than visual interpretation is called for, well-defined anoma
lies can be interpreted using characteristic anomaly param
eters or curve-fitting methods. The application of these meth
ods, an example of which is given in Figure 19.2, requires a 
suite of AEM responses to a variety of idealized conductor 
models by both numerical modelling and scale model mea
surements. The Geological Survey of Finland has recently 
devoted considerable efforts to AEM modelling problems 
(Peltoniemi, 1982; Poikonen, 1985). 

A more sophisticated method for interpreting AEM data 
is to perform direct transformation of survey data into model 
parameters that include both the geometry and the physical 
properties of the conductors. An effective approach is to fix 
the geometry of the inversion model and to determine con
ductivity of the conductor with the aid of a computerized data 
bank. Computer software was developed at the Geological 
Survey in 1978-81 for interpreting vertical coaxial (DC-3 
system) data (Peltoniemi, 1982). The software has recently 
been extended and now allows vertical coplanar (Twin Otter 
wing-tip system) data to be transformed as well. Models have 
been implemented for a c,onductive half-space and a con
ductive overburden. Figures 19.3-19.5 give examples of re
sults obtained with both models. Figure 19.3 also shows a 
comparison of results from different_ground surveys. A total 
of 46 000 line km of AEM survey data has been processed so 
far using the software developed by the Geological Survey. 
The results show that, with proper choice of dimensions for 
the AEM systems, the transformation of single-frequency 
AEM data is feasible and gives useful results. One should add 
that conductivity conditions in Finland' (thin glacial over
burden and highly resistive bedrock) are less complex than 
most parts of the world. 

FUTURE DEVELOPMENTS 
A major AEM project underway at the Geological Survey of 
Finland is the development of an airborne VLF survey sys
tem. The existing AEM wing-tip system can map resistivity 
values 3000 Om or smaller. The addition of a VLF resistivity 
mapping technique to the current set of methods operational 
in the Twin Otter installation will permit higher resistivity 
values to be measured. It will thus extend the range of 
geological mapping and engineering applications and tum 
the AEM method into a truly wide-band resistivity mapping 
technique (Poikonen, 1985). The first two steps in the project 
are to select optimum parameters of measurement, and to 
monitor and select VLF-band transmitters suitable for air
borne surveys in Finland; these two phases have already been 
completed. The third phase, which comprises the design and 
construction of the VLF detector and signal processing unit, 
is currently in progress. 

Rapid developments in computer hardware technology 
have made feasible a truly interactive mode of processing and 
interpretation of AEM data. Using a graphic-display terminal 
or work station the geophysicist can select the desired opera
tions from a menu on the terminal screen which displays 
simultaneously all the data within a selected window in the 
same way as the data will appear on the final map. Windowing 
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Figure 19.1. AEM anomaly map of the Pielavesi area, central Finland. Vertical coaxial (DC-3) system. 
The Savia Cu-Zn deposit is traversed by survey lines 158, 159 and 160 in the SW corner of the map area. 
a) In-phase component. b) Quadrature component (from Peltoniemi 1982). 
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Figure 19.2. Example of interpretation: vertical coaxial (DC-3} AEM results from the 
Savia deposit, survey line 158 (cf. Figure 19.1). Interpretation of horizontal-loop EM data 
is also given (after Peltoniemi, 1982). 
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Figure 19.3. Values of apparent conductance (in S) of conductive overburden, calculated 
·from the results of different electrical and EM data. Seinajoki area (line 190), western 
Finland (from Peltoniemi, 1982). 
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1982). 
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Figure 19.5. Survey line Pielavesi 158, results of various geophysical methods. a) DC-3 airborne 
geophysical survey: AEM, magnetic and flight elevation data. b) High-elevation AEM (Lockheed Lodestar 
system) data. c) Values of apparent conductivity a a calculated from AEM (DC-3) survey data (assuming half
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and zooming operations allow the user to achieve the required 
level of accuracy in the corrections. Software of this nature 
has been developed by Geoinstruments Ky. All operations for 
basic processing are interactive, and the half-space, over
burden and half-plane models have been incorporated into the 
transformation module of the software. The current version of 
the software can process AEM data from a four-channel 
system. Geoinstruments Ky and the Helsinki University of 
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Technology are currently working on a joint project to incor
porate more input channels and new conductor models. 

The goal and longterm plan of the airborne geophysical 
mapping program in Finland is to cover the whole country 
with detailed low-elevation surveys. With the present capacity 
and survey specifications it will take another fifteen years and 
a million line km before the program is completed. 
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La couverture en leve electromagnetique aeroporte 
de Ia province de Quebec 

D.L. Lefebvre1, D.J. Dion1 et P. Keating2 

Lefebvre, D.L., Dion, D.J. et Keating, P., La couverture en leve electromagnetique aeroporte de Ia 
province de Quebec; in Airborne Resistivity Mapping, ed. G .J. Palacky; Geological Survey of Canada, 
Paper 86-22, p. 000-000, I986. 

Resume 

La couverture en leve electromagnetique aeroporte du Quebec a debute en I969 avec un leve INPUT® en 
Abitibi. Depuis lors, quelques Ill 700 km2 de territoire ont ete couverts en Abitibi, dans Ia fosse du 
Labrador, en Gaspesie et en Estrie. L'espacement des !ignes devol est de 200m avec une hauteur devol de 
120m pour l' INPUT et de 40 m pour les !eves heliportes. Les donnees electromagnetique et magnetiques 
sont publiees a l'echelle de I:20 000 . Depuis I974, les donnees sont enregistrees digitalement; des 
traitements sont appliques aux donnees numeriques pour produire des cartes en couleur de gradient 
vertical et de champ total magnetique. Une banque de donnees electromagnetiques et magnetiques est en 
voie de realisation. No us cherchons a realiser des interpretations integrant Ia geologie, Ia geophysique, la 
geochimie et Ia teledetection. Les efforts sont centres sur un service optimum a offrir aux compagnies 
d' exploration miniere au Quebec. 

Abstract 

Airborne electromagnetic coverage of Quebec started in I969 with an INPUT® survey in Abitibi. Since 
then, some lli 700 km2 have been flown in Abitibi, Labrador Trough, Gaspe and Eastern Townships. The 
maximum line spacing has been 200 m, and the flight height 120 m for INPUT surveys and 40 m for 
helicopter-borne surveys. The electromagnetic and magnetic data are published at the scale I :20 000 . 
Since I974 data have been recorded digitaly; data processing techniques have been used to produce colour 
maps of the total magnetic field and calculated vertical gradient. A data bank containing all magnetic and 
electromagnetic results is presently being established. An attempt is made to integrate interpretation of 
geological, geophysical, geochemical and remote sensing data. Our goal is to be of assistance to mining 
exploration companies in Quebec. 

INTRODUCTION 

La couverture en leve electromagnetique aeroporte du 
Quebec a debute en 1969 avec un premier leve INPUT dans la 
region de Rouyn-Noranda. Le ministere des Richesses 
naturelles, ainsi appele a cette epoque, etait principalement 
interesse au developpement du potentiel minier de son ter
ritoire le plus prometteur, l'Abitibi. En plus de cette region, il 
etait aussi necessaire de developper d'autres zones au poten
tiel eleve (la Gaspesie, l'Estrie, la fosse du Labrador). Le 
minisrere de l'Energie et des Ressources (MER), selon sa 
presente appellation, est a l'ecoute des compagnies d'explora-

tion pour reellement saisir leurs besoins et mieux y repondre. 
La couverture EM aeroporte totalise, ace jour, 111 700 km2 

pour un depense totale de 14,7 millions de dollars (tableau 
20.1). Les leves INPUT et les leves EM heliportes ont ere 
choisis en raison de leur pertinence vis-a-vis I' exploration des 
metaux de base. Les cartes du champ magnetique et des 
anomalies EM produites par le ministere ont toujours ete bien 
re<;ues par les compagnies privees d'exploration. A preuve, il 
suffit de voir la veritable course au jalonnement declenchee 
par chaque publication des leves EM du Ministere. 

Les cartes du champ magnetique et des anomalies EM ont 
surtout ete utilisees par les geologues dans les regions ou la 

1Ministere de l'energie et des ressources du Quebec, Service de la geochimie et de la geophysique, 
1620, boul. de !'Entente, Quebec, Quebec GIS 4N5. 

2ACSI Geoscience Inc., 969, route de l'eglise, Ste. Foy, Quebec GIV 3V4. 
®Marque deposee de Berringer Research Ltd./Registered Trademark of Berringer Research Ltd. 
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Tableau 20.1 Couverture electromagnetique aero
portae du Quebec (1969-1985) 

Region Superficie couverte Couts 
(km2) (000 $ CON) 

Abitibi 83 000 9 456 

Cote Nord et 10 945 2 606 fosse du Labrador 

Sud du Quebec 3 875 755 
Gaspesie 13 900 1 850 

Total 111 720 14 667 

couverture en affleurements est deficiente et !'information 
geologique rectuite. La geophysique y a permis une inter
pretation geologique plus assuree sur de plus grandes eten
dues. 

En retrospective, on peut affirmer que ces leves avaient 
trois buts principaux: 

a) la detection directe des depots de sulfures massifs; 

b) une meilleure connaissance geologique a travers les 
marqueurs geophysiques releves; 

c) une incitation des compagnies d'exploration a realiser 
des travaux de detail. 

Le tableau 20.2 montre les travaux geophysiques de EM 
aeroporte effectues dans quatre regions du Quebec. 

CARACTERISTIQUES DES LEVES 
ELECTROMAGNETIQUES 
Tous les leves aeroportes effectues pour le gouvernement du 
Quebec ont des specifications communes, soit, un espace
ment majeur des !ignes devol de 200m, une hauteur devol de 
120 m pour les !eves INPUT et de 40 m pour les leves 
heliportes. Les specifications instrumentales sont specifiques 
aux differents systemes utilises. 

Les six premiers leves INPUT ont ete effectues avec un 
systeme de type Mk-V alors que tous les suivants le furent 
avec un systeme de type Mk-VI. Les leves furent compiles sur 
des photomosai'ques non controlees a l'echelle de un demi
mille au pouce (1/31 680), et 1/20 000 apres I' introduction du 
systeme d'unite Sl. Plus recemment, on a commence a com
piler les leves sur des fonds topographiques a l'echelle du 
1/20 000. Ceci fut possible grace ala publication de cartes 
topographiques 1/20 000 de haute qualite en Abitibi. II s'en 
suit que les anomalies EM, les cartes aeromagnetiques et 
geologiques peuvent facilement etre comparees et com
binees; ceci est du a !'absence totale de distortion. 

Depuis 1974, tousles leves sont enregistres digitalement 
en cours de vol. On pourrait done, en theorie, retraiter ces 
donnees, si necessaire. Par exemple, nous produisons ac
tuellement des cartes aeromagnetiques et de gradient magne
tique vertical calcule a partir de ces donnees. II est aussi prevu 
de produire des cartes de conductivite pour quelques regions 
specifiques. 

La plupart des leves heliportes ont ete effectues en 
Gaspesie, une region a topographie accentuee. Trois l'ont ete 
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en Abitibi, un dans la fosse du Labrador et deux dans I'Estrie. 
On trouvera au tableau 20.2 une Iiste des differents systemes 
utilises. Mentionnons qu'une carte de conductivite avait ete 
publiee pour le leve de Dalquier (DP-793, 1980). 

Tous ces leves ont ete faits pour aider et favoriser I' explo
ration miniere. Aucun de ces leves n'a ete fait dans le but de 
produire des cartes de conductivite. Nous croyons cependant 
qu'une partie des donnees peut etre retraitee et utilisee pour 
produire des cartes de conductivite. Par contre, tous les leves 
se sont montres tres utiles en terme de cartographie geologi
que. Dans plusieurs regions, la geologie a ete reinterpretee 
par les geologues residents a I' aide des cartes magnetiques et 
d'anomalies EM. 

ORIENTATIONS FUTURES 
Etant donne les resultats interessants des leves et les com
mentaires encourageants de l'industrie miniere, le MER va 
definitivement poursuivre ces leves regionaux de EM aero
porte. La couverture de !'Abitibi, du Sud du Quebec et de la 
fosse du Labrador sera etendue (Figure 20.1). Ces leves 
utiliseront la meilleure technologie disponible; la presenta
tion des resultats sera rehaussee pour tenir compte de tous les 
parametres enregistres. Nous avons aussi a nous assurer que 
les compagnies d'exploration peuvent utiliser et comprendre 
les cartes produites a partir de nouveaux systemes d'acquisi
tion. Nous voulons insister sur !'utilisation du meilleur sys
teme de positionnement pour nos leves. Avec une meilleure 
localisation, nous pouvons calculer des cartes de derivees 
magnetiques plus precises et mieux representer les transfor
mations des donnees originates. 

Tout en portant notre regard vers l'avenir, nous avons aussi 
a bien reconsiderer la masse des donnees acquises dans le 
passe. Nous avons deja commence la verification des rubans 
magnetiques contenant les donnees de nos vieux leves. Des 
cartes du gradient magnetique vertical ont ete calculees pour 
!'Abitibi. Avec cette banque de donnees magnetiques et EM, 
nous voulons tenter de rehausser ces vieilles donnees et 
retenir !'attention de nos clients que sont les compagnies 
d'exploration. Actuellement, les compagnies attachent une 
importance particuliere a une approche integree d' interpreta
tion combinant la geologie, le magnetisme, la gravite, l'EM, 
la geochimie, la teledetection. Si nous arrivons a identifier 
plus precisement des zones de fort potentiel mineral, nous 
aurons reussi et pleinement justifie l'emphase accordee aux 
leves aeroportes. 

CONCLUSION 
Voici nos principales visees pour etre d'un reel service a 

l'industrie miniere: 

- utilis_er les meilleurs systemes operationnels pour 
effectuer les leves aeroportes; 

- utiliser les meilleures techniques de rehaussement et 
d'interpretation des donnees brutes. 

- trouver le meilleure fa'!on de presenter les donnees 
finales; 

- interpreter les donnees geophysiques en concurrence 
avec les autres donnees geoscientifiques. 
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Tableau 20.2 Details de Ia couverture electromagnetique aeroportee du 
Quebec. 

ANNEE COUTS 
FORMA! DES PRESENTAT~ON 

TYPE ,DE SUPERFICIE DONNEES DES DONNEES 

LEVES LOCALISATION DU (000 $ CON) COUVERTE KILOMETRACE A • analogique H • fond III.O:!Saique 
CONTRAT (km2) D • digital T .. fond topo-

graph! que 

INPUT HKV Rouyn 1968 64,4 1 326 6 564 HAC• D HAC t T 
EM t A EM t H 

INPUT HKV Val-d'Or 1969 79,9 1 729 7 889 HAC t D HAC t T 
EH t A EHt H 

INPUT HKV Malartic 1970 80 , 0 1 510 7 567 HAC t D HACt T 
EMt A Elh H 

INPUT HKV Alao• 1971 225 4 576 22 781 HAC• D HACt T 
EMt A EMt H 

INPUT HKY ChtbOugamiu 1971 79,8 1 534 7 799 HAGt D HACt T 
EMt A EHt H 

INPUT HKY Norm6tal 1972 219,2 3 750 18 676 HACt D HACt T 
EHt A EHt H 

INPUT HKVI Senneterre 1972 70 1 135 5 699 HACt D HACt T 
EHt A EHt H 

INPUT HKVI Bartoullle 1973 100 1 615 8 090 HAGt D HACt T 
EHt A EH t H 

INPUT HKVI R!v. Turseon 1973 100 1 575 7 890 HAC t D HAC t T 
EH t A EH t H 

INPUT HKVI Belleterre/ 1974 150 2 235 11 180 HAC t D 
Ville-Marie EH t D EH t H 

I NPUT HKYI Joutel/Pol r i er 1974 190 2 831> 14 162 HACt D HACt T 
EM D EHt H 

INPUT HKYI La DauversUre 1974 100 1 490 7 453 HACt D HACt H 
EH t D EHt H 

INPUT HKV I Opemlska 1976 149,3 1 835 9 175 HACt D HACt H 
EMt D EMt H 

INPUT HKYI Hatagaml 1976 200,7 2 467 12 337 HAGt D HACt H 
EM t D EHt H 

INPUT HKYI Cogny/ Chaste 1977 236,4 2 370 11 850 HACt D HACt H 
EHt D EMt H 

INPUT HKYI Waconlchl 1977 271,6 2 720 13 613 HAC t D HAGt H 
EH t D EHt H 

INPUT HKYI Comtois I 1978 486,3 4 470 22 350 HACt 0 HAG t H 
Cavelier EM• 0 EM t H 

INPUT HKYI Riv. 1978 331 ,1 3 045 15 224 HAG t D HAGt H 
Chi bougamau EM t 0 EMt H 

INPUT HKVI Desmara1sv1lle 1979 248,6 2 050 10 250 HAG t D HAGt H 
EM• 0 EMt H 

INPUT HKVI Broulllan- 1979 395,3 3 260 16 300 HAG t D HAGt H 
Hanthet EH t D EMt H 

INPUT HKYI Lac Doda 1979 433.3 3 280 16 400 HAG t D HAGt H 
EM: D EMt H 

INPUT MKVI Rl v. Broad back 1979 466 3 530 17 640 HAC t D HAGt H 
EM t D EMt H 

INPUT HKVI Hari~-Barrln 1980 315 2 310 11 540 HAGt D HAGt H 
EM t D EHt H 

INPUT HKVI Lac au Go6land 1981 772,8 5 090 25 460 HAC t D HAG t T 
EH t 0 EH t T 

INPUT HKVI Lac Madeleine 1981 362,5 2 220 11 092 HAG • D HAC t T 
EM • D EH t T 

INPUT MKVI Lac Grasset 1982 641,8 3 930 19 640 HAC • 0 HACt T 
EH t D EHt T 

INPUT HKYI HaUy. Lemoyne 1983 ~5 .2 250 1 250 HAC: D HAG: T 
McKenzie EM : D EM: T 

INPUT MKYI Tror l us-Frotet 1983 628,7 3 480 17 400 MAG I 0 MAC: T 
EM 0 EM: T 

INPUT MKVI Qu6nonlsca 1983 808,6 4 480 22 380 HAC: D HAG: T 
EM : 0 EM: T 

I NPUT HKYI Wetetnagami 1983 539,1 2 980 14 920 HAG I 0 HAC: T 
/ EH • D EM: T 

EM-33 Malartic 1978 243,2 1 565 7 825 0 H 

EH- 33 Lac Abl tlbl 1978 340,6 1 785 8 925 0 H 

EM- 33 Dalquler 1978 80 570 2 860 0 H 

TOTAL 9 456 82 292 414 960 



Tableau 20.2 (cont.) 

FOSSE DU LABRADOR ET COTE NORD 

FORMAT DES 
TYPE DE ANNEE COUTS SUPERFICIE DONNEES 

LEVEs LOCALISATION DU (OQO $ CON) COUVERTE KILOHETRAGE A • analogique 
CONTRAT (km2) D - digital 

INPUT HKVI Nord de 1983 625 2 970 14 836 HAG: D 
Scherrerv1lle EM: D 

REXHEM III Johan-Beetz 1983 993,6 4 230 21 140 HAG: D 
EM: D 

REXHEH III Fosse du 1983 540,5 2 040 10 198 HAG: 0 
Labrador EM: D 

REXHEH III S.E. Fosse 1983 270,0 945 4 737 HAG: D 
EM: 0 

REXHEH III Grandes- 1985 130,0 560 2 800 HAG: D 
Bergeronnes EM: 0 

EM-33-II Hart-Jaune 1981 47,2 200 1 000 HAG: D 
EM: 0 

TOTAL 2 606 10 945 54 725 

SUD DU QUEBEC 

REXHEH III Estrie 1983 260 1 115 5 580 HAG: 0 
EM: 0 

REXHEM III Estrie 1983 270,2 1 150 5 750 HAG: 0 
EM: 0 

REXHEM III Gatineau 1982 225,0 1 610 8 046 HAG: 0 
EH: 0 

TOTAL 755 3 875 19 375 

GASPESIE 

GAR-X LTEE HatapMia 1971 131 , 3 2 150 10 750 A 

DIGHEH Hatane 1971 198,7 1 570 7 850 A 

DIGHEH Ste-Anne-des- 1972 156 1 200 6 000 A 
Monts 

DIGHEM Mont Auclair 1973 12 100 500 A 

GAR-X LTEE Mont Louis 1973 68 635 3 175 A 

LHEH-250 Murdoch ville 1973 185 1 690 8 450 A 

DIGHEM Riv. Madeleine 1973 118 850 4 250 A 

DIGHEM Newport 1973 60 460 2 300 A 

LH.EM-250 Restlgouche 1974 300 1 380 6 900 A 

EH-33 Mont Alexandre 1978 95 600 3 000 0 

EH-33 Deville 1978 132 800 4 000 0 
Clapper tone 

EM-33 Dun Hire 1979 259 1 660 8 300 D 

EM-33 Carleton 1979 136,5 822 4 110 0 

TOTAL 1 850 13 900 69 500 

GRAIID TOTAL 111 667 111 712 558 560 

INPUT HARK V et VI est une marque de commerce de Barringer Research Ltd/Questor Ltd. 

REXHEH III est un syst~e Geotech III vol~ par LES RELEVES GEOPHYSIQUES INC. 

EH-33 est un syst~e de Geonics Ltd vol~ par LES RELEVEs GEOPHYSIQUES INC. 

PRESENTATION 
DES DONNEES 

H • rond mosafque 
T • rond topo-

graph! que 

HAG: T 
EM: T 

HAG: T 
EM: T 
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HAG: T 
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HAG: T 
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HAG: T 
EM: T 

HAG: T 
EH: T 
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EM: T 

H 

A 

H 

H 

H 

H 

H 

H 

H 

T 

T 

T 

T 

173 





Appendix I* 

A BIBLIOGRAPHY OF AIRBORNE ELECTROMAGNETIC METHODS: 
INSTRUMENTATION, INTERPRETATION, 

AND CASE HISTORIES 

G.J. Palacky1 

Geological Survey of Canada 

Abstract 

This bibliography contains articles written about airborne electromagnetic methods. Included are all 
papers published on the subject in the following journals: Geophysics, Geophysical Prospecting, Geoex
ploration, Exploration Geophysics (formerly the Bulletin of the Australian Society of Exploration 
Geophysicists), Canadian Journal of Earth Sciences, Canadian Mining Journal, and Bulletin of the 
Canadian Institute of Mining and Metallurgy. Further, articles on the subject that were published in the 
following monographs: Mining Geophysics (Society of Exploration Geophysicists), Advances in 
Geophysics (Academic Press), Methods and Case Histories in Mining Geophysics (Proceedings of the 6th 

/ 

Commonwealth Mining and Metallurgical Congress), Mining and Groundwater Geophysics/I967 (Geo-
logical Survey of Canada), Geophysics and Geochemistry in the Search for Meta/lie Ores (Geological 
Survey of Canada), Applied Geophysics in Tropical Regions (Brazilian Geophysical Society), Expanded 
Abstracts of the Annual Meetings of the Society· of Exploration Geophysicists ( I982-I985 ), Exploration 
Technology Development Program of the Board of Industrial Leadership and Development (Ontario 
Geological Survey). In addition, articles published in other journals and books were included, but the 
search was not systematic. No company, government, or university research reports were considered. The 
bibliography is complete until December I985. · 

The hi/biography is divided into two sections, Review Articles and Textbooks, and Technical Papers. 
The first section provides the reader with a selection of articles that permit an introduction to the subject. 
The more recent reviews are obviously more pertinent, but the older ones will be of interest to a scholar 
studying the history of the technique. All papers are included only once, either in the first or the second 
section. 

Updates on airbqrne EM instrumentation can be found in P.J. Hood's review article "Mineral 
exploration: trends and developments", which is published annually in the January issue of the Canadian 
Mining Journal. Society of Exploration Geophysicists compiles annually statistics on geophysical activi
ties in the world (published in The Leading Edge). The data are furnished by contractors and are 
reasonably complete for North America. 

Resume 

La bibliographie renferme des articles qui portent sur des methodes electromagnetiques aeriennes. On y 
trouve tousles articles publies sur le sujet dans les revues scientifiques suivantes: Geophysics, Geophysical 
Prospecting, Geoexploration, Exploration Geophysics (autrefois le Bulletin of the Australian Society of 
Exploration Geophysicists), le Journal canadien des sciences de la Terre, Canadian Mining Journal et le 
Bulletin of the Canadian Institute of Mining and Metallurgy. On y trouve en outre certains articles parus 
dans les monographies suivantes: Mining Geophysics (Society of Exploration Geophysicists), Advances in 
Geophysics (Academic Press), Methods and Case Histories in Mining Geophysics (Proceedings of the 6th 
Commonwealth Mining and Metallurgical Congress), Mining and Groundwater Geophysics/I967 (Com
mission geologique du Canada), Geophysics and Geochemistry in the Search for Metallic Ore (Commis
sion geologique du Canada), Applied Geophysics in Tropical Regions (Brazilian Geophysical Society), 
Expanded Abstracts of the Annual Meetings of the Society of Exploration Geophysicists (1982-I985), 
Exploration Technology Development Program of the Board of Industrial Leadership and Development 
(Commission geologique de I' Ontario). De plus, certains articles publies dans d' autres revues scientifiques 
et livres ont ete inclus, mais la recherche ne s'est pas faite de far;on systematique. Aucun rapport de 

*In Airborne Resistivity Mapping, ed. G.J. Palacky; Geological Survey of Canada, Paper 86-22, p. 175-180, 1986. 

1601 Booth St., Ottawa, Ontario KIA OE8 
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recherche provenant des societes privees, du gouvernement ou des universites n'a ere retenu. La bibli
ographie est a jour jusqu' en decembre 1985. 

La bibliographie est repartie en deux sections, les compte rendus et les ouvrages scolaires d'une part, 
et les etudes techniques d' autre part. La premiere section fournit aux lecteurs une selection d' articles qui 
servent d'introduction au sujet. Les compte rendus les plus recents sont evidemment les plus pertinents, 
mais les plus anciens devraient quand meme interesser les universitaires qui etudient l' his to ire des 
techniques. Toutes les etudes ne sont comprises qu'une seule fois, soit dans la premiere, soit dans Ia 
seconde section. 

Les interesses trouveront des mises a jour sur les appareils EM aeroportes dans la chronique annuelle 
de P.J. Hood intitulee "Mineral exploration: trends and developments", cette chronique paraft dans le 
numero de janvier du Canadian Mining Journal. La Society of Exploration Geophysicists compile tousles 
ans des statistiques sur les activites geophysiques a travers le monde ( celles-ci paraissent dans The 
Leading Edge). Les donnees sont fournies par des entrepreneurs et elles sont assez completes pour 
l' Amerique du Nord. 

---------------- Review Articles and Textbooks -----------------

Barringer, A.R. 
1970: Regional reconnaissance techni

ques applied to exploration; in Min
ing and Groundwater Geophys
ics/[ 967, ed. L. W. Morley; Geo
logical Survey of Canada, Eco
nomic Geology Report 26, p. 202-
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PANEL DISCUSSION: AIRBORNE RESISTIVITY MAPPING AND ITS FUTURE 

3 October 1985 

Moderator: G.J. Palacky, Geological Survey of Canada, Ottawa, Ontario 

Panel Members: 

A.P. Annan, Chairman, A-Cubed Inc., Mississauga, Ontario 
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R. Bazinet, Associate Professor, Ecole Polytechnique, Montreal, Quebec 

N.R. Paterson, President, Paterson, Grant & Watson Ltd., Toronto, Ontario 

A.R. Rattew, Chairman, Geoterrex Ltd., Ottawa, Ontario 

The moderator opened the meeting at 2 p.m., welcomed the participants, and introduced the panel 
members. There were about 120 people in the audience. The panel discussion and the Workshop were closed 
at 5 p.m. The edited transcript of the discussion was reviewed by the moderator. No significant statements 
were omitted or modified. 

George Palacky: Today there will be 
three general topics for discussion, units and 
standards for airborne resistivity surveys, 
novel applications for airborne electromag
netic methods, and finally electromagnetic 
test sites and pilot study areas. The panel 
discussion will be run in the following way: 
first, the panel members will give their opin
ions on the selected topics, then other par
ticipants in the audience will be able to 
express theirs. I would like to remind every
body that this meeting is being recorded. 

UNITS AND STANDARDS FOR 
AIRBORNE RESISTIVITY 
SURVEYS 

George Palacky: First I would like to ask 
the panel members and the audience a ques
tion: shall we call this activity resistivity 
mapping or conductivity mapping? In my 
opinion, there are valid points in favour of 
conductivity. It seems logical that when 
looking for a conductor we would scan the 
data for high rather than low values. In pre
senting colour maps, high conductivity 
values should be represented by warm col
ours. Intuitively, one assumes that if some
thing is very conductive, it is red rather than 
blue. Second, we should discuss what units 
should be routinely used in airborne elec
tromagnetic surveys. My suggestion is mil
lisiemens per metre. I would like to propose 
that the product of airborne electromagnetic 
surveys be not only a map or a set of maps 
but also an edited data set stored on tape or 
disc, which would be easy to use on a mini
computer or a personal computer. Having 
such data sets an individual geophysicist 

could do additional data processing best 
suited to a particular application. There is a 
significant difference between a data set re
sulting from flying along a flight line and an 
edited set gridded in the form of a map. After 
this brief introduction, I would like to solicit 
opinions from the panel members. 

Peter Annan: Our company is involved in 
many activities besides airborne EM survey
ing. Conductivity has become the standard 
term which we use in EM and radar surveys. 
The only time we use resistivity is when we 
do galvanic resistivity soundings. I agree 
with the point made by George that intu
itively we are looking for something positive 
rather than negative. The units we use are 
millisiemens per metre, which give simple 
numbers, in the right range for most geo
logical materials, i.e. from 1 to 1000. There 
are extremes below that or sometimes above, 
but usually most values are in that range. 

There are two other areas which are quite 
important. One is data storage, data han
dling, data presentation, or in short how 
people can get their hands on information. 
We have just started to look at testing a 
number of data processing algorithms and 
what we need are real survey data. To get 
that information at present, it is necessary to 
approach individuals who are involved in 
that particular survey, find out where the 
data are and figure out their format. The 
present situation is not simple and standards 
have to be established. The first level is to 
record raw information on a tape with a 
defined format. The second level is pre-

processing, putting the data on a standard 
grid which allows generation of maps. There 
are pros and cons to that step. The pros are 
that it is easier to extract information which 
is already in the map form. The cons are that 
somebody has to do something to the data 
presumably involving interpolation or ex
trapolation which biases the information in a 
certain way. For applications such as con
ductivity mapping the information should 
be in a gridded form. The information is 
only useful when you look at it in a planned 
perspective and correlate the features from 
area to area. The absolute numbers that 
come out of an individual data point are 
usually meaningless, it is the trend that is 
the most important piece of information. 

The biggest problem with multiparameter 
surveys is how to display the data. By defini
tion we measure conductivity in x and y and 
also versus depth. How do we get that infor
mation onto a map? There are number of 
simple ways of doing it. In order to get the 
information out to the widest user market we 
have to make it simple. A conductivity
thickness map for the overburden and a bed
rock conductivity map are about the mini-. 
mum we can do. If somebody wants to have 
a depth map, then we can assume an average 
conductivity and get an apparent depth map. 
Maps like that can be used by people who 
have no idea about geophysics. We have to 
get to the consumer market, to the people 
who are going to use the information. They 
don't care whether it came from EM or 
somewhere else, but they want it in a form 
which is meaningful to them rather than to 
us. 

*In Airborne Resistivity Mapping, ed. G.J. Palacky; Geological Survey of Canada, Paper 86-22, p. 181-192, 1986. 
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The second point I want to make is on 
standards. We have to come up with some 
way of standardizing the way we describe 
systems. We have heard over the last two 
days various descriptions of systems. What 
are the important parameters? One of the 
most important is the transmitter dipole mo
ment. How do we quantify that? In time
domain systems people talk about peak mo
ments and rms moments, but one of the 
pieces of information missing is the speed of 
switching. It is the rate of change of the 
moment which is the important parameter, 
not just the size of the moment. Of course, 
the description becomes simpler with a fre
quency-domain transmitter. Then when we 
know the rms moment and the frequency, 
the system is well defined. I think we have to 
standardize our terminology, so that people 
can understand what the numbers mean and 
how they can relate one system to the next. 
Another factor is how to look at the receiver 
sensitivities. There are some simple num
bers, like the effective area of receiving 
coils, which should be standardized. Such 
measure would allow us to compare the per
formance of various systems. The geometry 
of a system is usually well defined, even 
though it can be variable in towed-bird sys
tems. There are things which should be done 
to quantify the survey parameters. We can
not go back and tell what happened during 
the flight, therefore we have to put the infor
mation into the data base. Finally, we should 
quantify what noise levels mean. We talk 
about so many ppm of noise, but what does 
that mean? There are many kinds of noise in 
an EM system, like zero level drifts, but it is 
the fluctuation over time, which is really 
important. When we say peak-to-peak noise 
is acceptable over a certain time interval; 
little individual peaks, culture events or 
spherics are included, which are not really 
noise, because we can tell that they are extra
neous items. To summarize, to introduce 
common standards for AEM surveys would 
be very useful. 

Roger Barlow: Some of the geological 
problems that are important to us at the 
Ontario Geological Survey are related to 
overburden. We are doing extensive work in 
the Abitibi clay belt in order to descramble 
the Quaternary geology. We certainly need 
AEM systems that would collect more infor
mation at early delay times in the time do
main, or over a large suite of frequencies in 
the frequency domain. Our work is very 
closely related to that of geochemists who 
need detailed Quaternary information on a 
regional and local scale. In EM we have to 
keep in full focus all geological problems, 
not only mineral exploration, and make sure 
that we collect the data well. The appropriate 
data presentation can be decided later in 
order to maximize the information con
tained in the data. 
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Robert Bazinet: Considering con
ductivity or resistivizy units, it does not mat
ter which unit is used, as long as everybody 
uses it and is consistent about it. Concerning 
standardization of the systems, I think it is a 
serious problem and it should be solved as 
soon as possible. In some cases problems 
appear when the recording format is not 
what it was supposed to be. It should not be 
too difficult for all contractors to agree on a 
certain standard. Most of the AEM systems 
use a computer in the plane and it is just a 
question of standardizing the way the data 
are recorded. In my opinion the users should 
set the standards because they are more nu
merous then contractors. The implementa
tion is only a question of decision. It woutd 
be advantageous to store the data on a me
dium that is easy to use, such as a floppy 
disc. The tapes can hold vast quantities of 
data, but one needs special equipment to 
read them, and that may not always be avail
able to the user. The question is what do you 
put on the tape or the disc. I think that we 
should store raw data. Pre-processing may 
help some users, but it may distort the infor
mation. No matter what kind of processing 
is done, it would not please everybody. We 
should have several levels of processing de
pending on the expertise of the client. Some 
prospectors are probably only interested in 
obtaining a conductivity map or an anomaly 
map, as they have been getting in the case of 
Input surveys. 

Another point worth mentioning is the 
positioning standards. In my experience 
with Input maps, this has always been a 
serious problem. Some maps were excel
lent, some were really awful, and they could 
have come from the same contractor. At 
least the minimum positioning requirements 
should be established. The user may not 
want to be bothered knowing exactly about 
the positioning procedure, but he must be 
certain that a conductivity anomaly was 

. plotted on the map in the right place. 

Norman Paterson: I said my piece about 
conductance this morning and I don't have to 
repeat it. I have to get used to the word 
Siemens, the nice thing about mho was that 
you could put it in reverse and get ohm, but 
Siemens spelled backwards is a tricky thing. 
You could say Nemesis but that is not quite 
right. As far as the data formats are con
cerned, I don't see this as being a major 
problem. We have solved that problem very 
satisfactorily in other types of airborne 
geophysics. We get tapes from every con
tractor under the sun with magnetics and 
radiometries which are more complicated 
than EM and they don't seem to be too diffi
cult to read, even when they contain naviga
tion information. The formats that are used 
in the industry now are standard. The GSC 
has come a long way to standardizing the file 
formats and when we get an archive tape 

from any of the six contractors, it is almost 
identical. I don't see the data presentation 
being a problem either, as far as some con
sistent measure is taken of time delays and 
frequencies and as long as the data are ar
ranged in a logical file. I don't care whether 
the data are gridded or not because most 
of us regrid them in any case before pro
cessing. 

However, the data presentation does 
bother me. Apparent resistivity and apparent 
conductivity are very nebulous terms and 
one needs an explanation on the map show
ing what interpretation models were used 
and a short note explaining some notations. I 
gave a lot of thought to this and I liked the 
idea of conductance maps. In most of the 
world the top layer has a measurable con
ductivity and a finite thickness and therefore 
one can produce a map of conductance. At 
least we have a result that is fairly standard 
and measurable by most systems. The prob
lem is that this quantity is not the same at all 
frequencies and one has to stipulate the 
depth to the top of the conductive layer. One 
can use a thin sheet approximation at sur
face, but it is not quite as simple, and I would 
like to see more work in this direction. Of 
course, if you go over an outcrop, the con
ductance approximation map based on the 
thin sheet becomes meaningless; it applies 
only to areas of weathered rock or to glacial 
overburden areas. One may also consider 
producing half-space conductivity maps at a 
very high frequency, something in excess of 
10 kHz. In this case one looks at the top few 
metres in overburden areas, but you are 
dealing with a quantity that you can under
stand. When one passes over an outcrop the 
response nosedives and the outcrop edges 
are well defined. If the frequency is high 
enough, one can see a difference between 
schists, gneisses, granites, and ultramafics. 
This is the kind of response a geologist can 
understand. I think the presentation is the 
major hang-up in conductivity mapping. 

As far as noise is concerned, I don't con
sider this a particular problem. I don't care if 
people stayed with parts per million provid
ing they stated how many ppm they get over 
a standard conductor. If you look at the 
paper I wrote in 1971 for the CIMM Bulletin 
I quoted everybody's noise levels for all sys
tems relative to the response to a vertical 
half-plane of infinite conductivity at a nor
mal flying height. If we have a standard, 
whether it is a vertical half-plane or a hori
zontal sheet, and the contractors quote noise 
levels over that standard conductor, then I 
think we have gone in the right direction. I 
am not worried about the system standards, 
that is up to the person who buys the survey 
to make sure that the contractor performs 
according to the specifications of these in
struments. If that is done the maps will be 
satisfactory. 



Art Rattew: International airborne geo
physical contractors have always had to use 
different kinds of units according to what 
the customer wants. I noticed that most of 
the papers here were actually in ohm-metres 
and certainly many users in some of the new 
applications are ohm-metre people. I do 
agree in principle with what appears to be a 
consensus for conductivity measurements 
but I think that in general use one will have 
to be comfortable with both conductivity 
and resistivity for a long time to come. If 
Canada starts a systematic airborne re
sistivity mapping project, which I sincerely 
hope will happen, there will be a tremen
dous need for a much greater degree of stan
dardization, not just in units, but in terms of 
what is being measured and how it is being 
presented. Obviously, two adjacent maps 
have to look similar and have to give identi
cal information to the end user. One of the 
many benefits of the major program by the 
Canadian government would be to force us 
into a situation in which we would have a 
much better handle on what we are doing 
and how the different systems compare with 
each other. 

Alex Becker, Professor, University of 
California, Berkeley U.S.A.: I found the 
panel to be rather modest in its require
ments. I think that we could have been a little 
more specific, especially in the discussions 
that went on this morning and yesterday. We 
could have agreed on a number of things, 
including units. The millisiemens per metre 
seems to be a good unit because you get a 
nice number, between I and 1000. 

The key point in AEM measurements is 
the geometry of the system. If you are mak
ing maps for a specific purpose, like pros
pecting for base metals, and you know the 
strike, you can fly with the directional sys
tem across the strike. This maximizes your 
return on the amount expended. However, if 
you are doing a general coverage survey, you 
must carry it out in such a way that you get 
the same number no matter in which direc
tion you fly. We saw the first approximation 
to this on the Dighem maps that were flown 
in two directions. The second parameter that 
has to be specified is the bandwidth of the 
measurement, the range of conductivities 
you are going to cover to a certain depth. The 
third important thing is the presentation. 
The presentation that I found the most in
triguing was by Don Hoover of the Schlum
berger soundings results in one of the 
KGRA's (Known Geothermal Resource 
Areas). You can specify the resistivities 
every 10 or 20 metres between surface and 
the 150 metre depth corresponding to a 
given bandwidth. Then you use a certain 
technique to get those numbers and deter
mine the presence of a conductive-layer and 
its position. We can probably make a very 

good shot at its conductivity-thickness prod
uct and, if things are favourable, we can 
probably also get its thickness. If you had a 
surficial map obtained at a high frequency 
and maps at two other levels, 50 and 100 
metres, you would end up with 3 maps as 
radiometries, which could then be com
bined, if you wished so. The last item you 
would want are the raw data. 

Mu"ay Telford, Professor Emeritus at 
McGill University, Montreal: This is really 
a trivial question and you have been over it 
before. The last time I read the Handbook of 
Physics, an update about 7 or 8 years old, 
the Siemens as a unit for conductance had an 
asterisk that said only accepted by so and so 
- and the mho was still hanging in there. Is 
there anybody who can tell me which one of 
these units is in right now. 

George Palacky: The official SI unit is 
Siemens. Mho is not accepted as an SI unit. 

Norman Paterson: I just want to make a 
quick reply to Alex about the desirability of 
producing pseudosections of apparent con
ductance. Of course, that is the ultimate ob
jective. If we could do that I would be the 
first to say that should be the way to present 
our conductivity information, but how do 
you do it? I know that Dr. Sengpiel demon
strated that this morning, but we didn't have 
a chance to find out how he did it. He had 
some way of finding where the centres of the 
currents are for a given frequency, but I 
would like to know more about his al
gorithm. There is no simple way of ascribing 
a depth to a frequency, or for that matter, 
once you have done that, there is no way of 
determining what the conductivity is at that 
point without finding a solution for an n
layer system, which is very difficult. 

Gordon West, Professor, University of 
Toronto: You mentioned your view, George, 
that you would like to see as the detailed 
product gridded data in a numerical, compu
ter readable fashion. I think you are going to 
have to come up very quickly with the ques
tion as to whether you want full EM infor
mation, such as can be provided by some of 
the advanced systems, or whether in order to 
produce a standardized product you want a 
minimum geometrical information. If you 
want something that can be gridded without 
the heading information in it, then you are 
going to be limited entirely to vertical-axis 
closely spaced dipole systems. All the other 
information will automatically become 
useless if the heading information disap
pears from data recorded with other AEM 
systems. I really think that there are several 
stages of data recoding that have to be con
sidered. There is the stage of raw data out of 
the aircraft, which in some systems are ex
tremely raw, but in others are almost com-

pletely processed within the aircraft. Per
haps the user is not much interested in that 
product, but a contractor, who has to pro
duce interpretations from it, might be. There 
is a question of fully processed output of a 
system which records all the information 
that the person who designed the system 
thinks can be obtained from that system. It is 
recorded directly as observed, meaning that 
a plane can fly the same track again and can 
get exactly the same data. That is a very 
fundamental stage and that kind of data 
should be archived somewhere. The next 
stage may be a digital data of format that is 
convenient for people to draw rescaled 
maps, so they can overlay a geophysical map 
on the pre-existing data, but that is a long 
way up. That is in the intepretation product 
stage. 

I agree with the problem about the tape 
formats, but I think we should be very care
ful about this. The Australians are ahead of 
us; they have put a Jot of thought and effort 
into trying to set standards for describing the 
information on computer tapes, thereby 
making them readable by many different 
systems. They have just published a com
plete standards description in a format that 
could pass the National Standards Organi
zation. We should give serious thought to 
whether our objectives could be met by that 
general format. What we should not do is to 
sit down and decide, now we format in the 
following way, let's write that down and get 
everyone to do it the same way from here on. 
This kind of thinking about standards is how 
to standardize yourself into the grave. 

There is a point about systems specifica
tion that most of us in Canada are quite 
negligent of. When surveys are carried out, a 
document should be written that specifies 
the system and its characteristics accurately, 
so that when raw data are transferred from 
one organization to another, the pertinent 
pieces of information are not lost, as often 
has been happening. I favour requiring accu
rate and understandable descriptions of sys
tems, not necessarily beforehand, but post
survey specification. 

System standardization is desirable, but 
one should keep in mind that the ultimate 
objective is to obtain interpretable data. It 
would be foolish to start a national program 
after having looked at a couple of explora
tion and engineering problems and to decide 
that the most appropriate system on the mar
ket is that one and that will become the 
standard. The overburden conductance 
problem was mentioned here and I am sure 
that in most of the areas of crystalline bed
rock in Canada, and in many parts of the 
world indeed, a conductive overburden over 
a more resistive bedrock is an appropriate 
model, but one only has to fly in southern 
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Ontario near Toronto and it is the other way 
up, the Queenston shale is far more con
ductive than the tills that overlie it. You have 
to think of what is the ultimate product be
fore deciding what AEM system you want to 
fly and what kind of maps would be useful. 

George Palacky: I probably didn't make 
myself very clear on the idea of data pro
cessing. I did not suggest an alternative to 
the tape that is produced by the contractor 
during the flight. What I had in mind is an 
addition to that, an intermediate step be
tween raw data and maps. With the advance
ment of multi frequency and wide-band sys
tem, which have several receivers, one may 
have something like 60 or 70 individual pa
rameters at any point of the survey. It would 
become virtually impossible to produce and 
digest maps for three receiver components 
and a number of frequencies. However, this 
kind of data could very easily be stored on a 
floppy disc in a gridded form. The final user 
would produce a conductivity or any other 
map for the application he is interested in. 
The user may be a person working for a 
mining company, a utility, or a groundwater 
consultancy firm. He may be a layman in 
data processing compared with companies 
specialized in reprocessing of airborne 
geophysical data. Essentially, the product I 
am suggesting is an intermediate data set 
from which any individual could produce 
any number of maps or resistivity sections 
on his screen and plotter instead of going 
through a number of map sheets prepared by 
a contractor. 

Doug Fraser, President, Dighem Sur
veys and Data Processing, Mississauga: I 
want to discuss the problem of units from a 
marketing perspective. Our company has 
been producing resistivity maps since 1975. 
When we first decided to contour values 
calculated from the raw AEM data, the diffi
cult part was not how to do it, but to produce 
maps that people would accept as a result of 
their past intuition. It was apparent at that 
time that most geologists had never seen a 
conductivity map in Siemens per metre. 
However, resistivity surveys have been con
ducted in many parts of the world, where 
geophysics is extensively used in ground
water prospecting. Being in the service in
dustry we have to meet the needs of the 
users. Therefore the ohm-metre has usually 
been the unit of choice. We can now rou
tinely measure resistivity or conductivity 
over 4 decades. Our company has been try
ing to enter the geotechnical market, where 
the users are interested in complete re
sistivity distribution, and to develop the use 
of AEM for ice thickness determination and 
bathymetric mapping, but our major market 
remains prospecting for base metal deposits 
where the clients look for discrete con-

184 

ductivity anomalies. In our experience, the 
choice of units should depend on what the 
user wants and should not be postulated in 
advance. 

Chris Vaughan, A-Cubed, Mississauga: 
There are too many systems measuring too 
many different parameters and carrying dif
ferent groups of peripheral instruments to be 
able to set up a common standard. What 
might be done is that a standard header 
block be placed on every tape which should 
contain a minimum of information that we 
can agree upon, including the format in 
which the data are recorded as well as some 
of the geometrical information about the 
system. I had to process numerous foreign 
tapes of various formats and I found it often 
frustrating to figure out the proper format. 

Markku Peltoniemi, Professor, Helsinki 
University of Technology, Finland: Con
cerning instrument standardization, I think 
we should address this problem from the end 
user's point of view. In that respect I fully 
agree with Dr. Paterson. His approach was in 
fact used in the figures I showed. The signal
to-noise ratio and the noise level over stan
dard models are two important factors which 
help one to understand how the system be
haves. You need not worry about how to 
specify the dipole moments. The signal-to
noise ratio is what gives a specific meaning 
to the data. 

Robert Bazinet: Concerning data stan
dardization, we should learn from the pe
troleum industry. The SEG (Society of Ex
ploration Geophysicists) established data 
tape standards 10 years ago. I am not recom
mending the same standard because it is 
specific for IBM machines, but the idea of 
standardization is worth considering. The 
first block describes what is on the tape and 
all programs published by the SEG follow 
this convention. In my experience, often the 
problem is not that the format is unknown, 
but that the necessary format information is 
on the label, which may get lost after a few 
years. I agree with the statement made here 
that all system parameters should be spec
ified and suggest that this information 
should be on the tape, also including the 
survey flight parameters. What medium for 
data storage would I like? Something, like a 
disc, containing raw data which I could use 
on my own computer. The problem at pres
ent is not with computers but with storage 
media. Floppy discs still do not have the 
sufficient capacity for large data sets pro
duced in the course of modem surveys, but 
optical discs could be distributed at small 
cost and would be handier than rolls of 
maps. A program could be supplied to gen
erate standard maps on the screen for un
sophisticated users, others might want to do 
their own processing. 

Robbert Bosschart, Consultant, To
ronto: Regarding the signal-to-noise ratio, it 
sounds very simple, but I don't think it is. 
The signal may be simple enough in many 
respects but noise is not. Different systems 
have entirely different characteristics as far 
as noise rejection is concerned. I don't think 
we can specify that in simple terms. 

Len Collett, Geological Survey of Can
ada, Ottawa: In the potential field measure
ments, such as magnetic surveys, figures of 
merit are used in assessing the equipment. I 
wonder if we could think about some kind of 
equivalent figure of merit for electromag
netic surveys. 

Doug Hardwick, National Research 
Council, Ottawa: To continue on the rec
ording format, most organizations have 
spent a tremendous amount of time and ef
fort in building a data system and recording 
formats. There are several off-the-shelf rec
ording systems in which the format and all 
the information needed to process the data 
are in a block header. Even changes made in 
flight are recorded in the header. That is the 
way we should go. 

Last year a number of cheap data systems 
have come out that are PC and Apple com
patible. A $2000-$3000 dollar hardware at 
the front end can be configured to do analo
gue-to-digital conversion at up to 50kHz 
data rates. One weakness with the present 
systems is that they are all hard-disc ori
ented, but some companies are coming out 
with streamers which can take floppy discs. 
Therefore some of the formatting problems 
might be solved in the near future in an 
inexpensive manner. 

Bill Scott, Hardy Associates (1978), Cal
gary: On the question of units, when we 
measure inductively, we normally record the 
readings in millisiemens per metre. When 
we do DC resistivity soundings, we record 
the results in ohm-metres, and there is a 
good reason for doing this. Ifl were to do an 
inductive conductivity survey for somebody 
who is designing a grounding system, I 
would not hesitate to convert my con
ductivity units to resistivity. However, this 
assumes that I know the zero level of the 
inductive measuring syst~m . If the con
ductivities are low, the signal is very close to 
the noise level of the zero level, and there can 
be gross errors generated by inverting con
ductivity to resistivity. If you do such a con
version you have the responsibility to point 
out to the end user what you have done to the 
data. 

Peter Sengpiel, Bundesanstaltfiir Geo
wissenschaften und Rohstoffe, Hannover, 
Germany: On the representation of re
sistivity data, many people have shown here 
contour maps with drastic changes in col-



ours from one contour interval to the next. 
Such presentation may be misleading to 
those who are used to geological maps, 
where colours represent rock units. We have 
come to the conclusion that it is necessary to 
standardize colours for different ranges of 
resistivity. I would ask contractors who pro
duce colour maps to use smooth transitions 
between the contour values of resistivity. 

Another comment: a resistivity map is a 
document, like a geological map, and one 
should be able to read it and understand it for 
many years after the survey. The map must 
have a legend describing the survey and the 
processing parameters. I have here a sample 
of coloured resistivity maps produced by the 
German Geological Survey, in which we 
have tried to incorporate the concepts I have 
been describing. 

George Palacky: I would like to ask Peter 
Hood who is well known for his work on 
establishing standards for airborne magnet
ics whether he could tell us how difficult it 
was to achieve his goal. 

Peter Hood, Geological Survey of Can
ada, Ottawa: The standards in magnetic sur
veys are tied to our contracts, which have 
been going on at the GSC since 1960. Len 
mentioned the figure of merit which gives an 
indication of the noise level one would ex
pect under turbulent conditions for an air
craft. In order to establish the noise at the 
sampling frequency, we decided to go the 
4th difference. The procedure which is de
scribed in the Exploration 77 volume is now 
accepted by most survey companies. How
ever, if the noise has a frequency spectrum 
similar to the geological signal, then the 4th 
difference will remove the signal. 

For calibration of aeromagnetic systems 
we have established a range at Bourget and 
we ask contractors to fly there. The test 
range is an easily identifiable crossroads 
near the Village of Bourget. In order to cor
rect for diurnal variation the range is tied 
into the Blackburn Hamlet Observatory. The 
calibration data tell us whether the magne
tometer in the aircraft gives a number which 
is close to what it should be in SI magnetic 
units. The Bourget test also gives the effect 
of the aircraft heading. We feel that it is 
better to do the calibration from the air using 
the actual flying configuration than to do it 
on the ground. However, in certain circum
stances, for instance the survey in Zim
babwe, w,here we did not have a calibration 
range, the testing was done on the ground at 
the Blackburn Hamlet Observatory prior to 
shipping the magnetometer abroad. 

George Palacky: I will briefly sum up the 
main points made during the first third of 
our discussion and add some of my own 
ideas. First, there was a desire expressed for 

standard description of airborne elec
tromagnetic systems. One should define 
what is meant by noise level and one should 
express the dipole moment of a system in 
physical units. Some parameters may be 
rather difficult to establish by measuring the 
system performance on the ground. There
fore, it would be desirable to have calibra
tion sites to allow comparison of the perfor
mance of various electromagnetic systems 
in the air. One should establish industry
wide standards for positioning. Formats of 
digital data tapes which are delivered to the 
client after the completion of the survey 
should be uniform. The tapes should contain 
a defined header label with the basic survey 
parameters. All these requirements essen
tially concern the contractors. 

To the second point: what should be done 
with the recorded data and how the results 
should be presented. Because of the increas
ing amount of information that we obtained 
from advanced electromagnetic systems, we 
should produce, in my opinion, two sets of 
products: first, a conductivity map or a set of 
maps, preferably in colour, showing con
ductivity or conductance at various levels, 
and second, an edited data set stored on tape 
or disc. Opinions differed concerning the 
parameters to be measured and the units for 
maps. I suggested conductivity expressed in 
millisiemens per metre. There was a perti
nent comment by Peter Sengpiel on smooth 
colouring of conductivity maps. 

I would like to add a comment on data 
presentation. One could possibly merge two 
sets of information like conductivity and 
thickness by combining colouring and shad
ing. Heavy and light shading could indicate 
the layer thickness, and colours the con
ductivity. The final user of the data, be it a 
geophysicist working for a mining com
pany, a hydrogeologist in groundwater 
exploration, or an individual consultant, 
would probably welcome additional data 
sets which contain essentially the same in
formation as a map, but in a form that can be 
manipulated more easily. To give an exam
ple, one may want to obtain a conductivity 
map at a certain depth, for instance 20 
metres , or a depth contour map for a certain 
geological formation. Obviously, it would 
be wasteful to produce maps for each con
ceivable applications from the onset. One 
should make a greater use of conductivity 
sections, as mentioned by Alex Becker. All 
such data sets could be stored in a digital 
form and displayed on a screen by the user 
rather than publishing 10 or 20 sets of maps 
and sections for any given area. Obviously, 
one should also adopt the nationally ac
cepted way of producing maps using the 
standard IMW map sheet numbering. 

NOVEL APPLICATIONS FOR 
AIRBORNE EM METHODS AND 
SYSTEMATIC RESISTIVITY 
COVERAGE OF CANADA 

George Palacky: As we have heard in the 
paper by Len Collett, the airborne elec
tromagnetic method was developed in 
Canada, the USSR, and in the Nordic coun
tries as a tool of prospecting for massive 
sulphides. It was a successful tool and per
hap.s this is why the method did not develop 
dunng the last 25 or 30 years in other direc
tions as magnetics did. Few companies were 
prospecting for iron orebodies even those 
days and the people engaged in magnetic 
surveys immediately had to look to other 
markets, such as geological mapping. They 
improved the magnetic method to such a 
degree that it is now accepted as one of the 
standard geological mapping techniques. 
The same can be done for airborne elec
tromagnetics. I tried to show in the paper I 
presented yesterday that airborne EM is an 
equally suitable technique of geological 
mapping, complementary to magnetics. It is 
more expensive but the results may often be 
more valuable. Electrical properties of clays 
formed in saprolite have a direct correlation 
with the standard lithological classification 
of igneous rocks. Magnetic maps are essen
tially a measure of magnetite content which 
is often unrelated to rock types. For instance, 
granites or volcanic rocks may be magnetic 
or nonmagnetic, but in normal conditions a 
saprolite formed over mafic volcanic rocks 
will be more conductive than one formed 
over granites. Gneisses will always produce 
a more resistive saprolite than schists or 
amphibolites. 

During the Workshop a number of novel 
applications have been described. The most 
promising ones seem offshore shallow-water 
bathymetry, detection of salting and chemi
cal contamination, geotechnical studies, 
groundwater prospecting, and geothermal 
exploration. It appears there are many poten
tial new users. We should try to find out 
whether and how we can conduct general 
purpose airborne electromagnetic surveys in 
such a way that all users would find the 
results useful. I feel that the pdme consid
eration should be the use of airborne elec
tromagnetics in geological mapping. After 
all, the traditional prospecting for massive 
sulphides is nothing more than a specialized 
mapping of one particular commodity. If we 
carry out .electromagnetic surveys in a sys
tematic way, we conduct a complete inven
tory of natural resources. Now I will ask the 
panel members to give their opinion on 
novel applications for airborne EM and the 
desirability of systematic resistivity cover
age of Canada. 
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Art Rattew: I would like to pursue from 
my own point of view the line of thought that 
George was developing here. It has been 
amazing to me that in the last two days so 
little has been said here about the terrible 
economic state in which the Canadian air
borne EM industry finds itself at the present 
time. Norm Paterson alluded to it this morn
ing at the beginning of his address and there 
was lots of talk about it in the corridor. I 
believe that even our Finnish friend, Dr. Pel
toniemi, wiii agree with my assertion that 
Canada has dominated the airborne EM 
scene for the past 30 years. We heard from 
Len Collett yesterday that most of the early 
EM airborne systems were born here. Dur
ing many years something over half of the 
world's EM flying has been done in 
Canada. This market, financed originally 
and mainly by the mining industry and more 
recently by the government, has been re
sponsible for the numerous improvements in 
both fixed-wing and helicopter systems and 
has kept Canada in the forefront of the 
world's airborne EM technology, in terms of 
both the hardware and the data handling 
capability. Personally, I spent a large portion 
of my geophysical career exporting some of 
this Canadian airborne EM technology to 
other parts of the world: South America, 
Europe, the Middle East, Africa, and Aus
tralia. I have been proud to see that Canada 
is recognized everywhere as the world 
leader in airborne EM. 

The papers given at this meeting have 
demonstrated the exciting new AEM equip
ment on the verge of entering the market
place; systems that will permit a greater 
penetration, a better discrimination of con
ductors, and a wider range of applications. 
In fact, in addition to those that were men
tioned before, Geoterrex has a new system 
called Geotem which is built around a digi
tal receiver that Peter Annan and his people 
put together. The papers we have heard 
made it abundantly clear that software, data 
processing capabilities, and interpretational 
techniques are also progressing rapidly, as 
we adjust to new potential applications of 
airborne EM. It is obvious that we have here 
in Canada, in fact in this room, the potential 
to do everything that needs to be done in 
airborne EM to stay in the forefront of this 
specialized field well into the future. But is 
there a market in Canada, or anywhere in the 
world for that matter, to support this effort? 
Let us be very clear on the fact that base 
metal exploration has provided the incentive 
and the bulk of the financing to get us where 
we are today. Let us be equally clear on the 
fact that base metal exploration is critically 
ill, if not quite yet dead, worldwide, not just 
here in Canada. I haven't talked to a single 
mining person anywhere who foresees a fast 
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turnaround in this situation. The recovery is 
going to take years not months. If there is a 
market for all of our new airborne EM tech
nology, it is not in base metals. 

Hopefully, the market for EM can be 
found in one or several of the various types 
of applications discussed during this meet
ing, things that we lump under the umbrella 
of airborne resistivity mapping. But how 
long can we wait? I am sure that the other 
airborne EM contractors have been doing 
the same as we have at Geoterrex, looking 
for new applications and new markets. In 
fact, it is obvious that we have all been doing 
this for quite a while as evidenced by the 
content of the papers we have had here dur
ing the last two days, but we contractors can 
also tell you that the number and size of 
contracts we get for the new applications is 
very small, nowhere near large enough to 
support an industry which grew in size to 
accommodate a buoyant base-metal explo
ration market, one that no longer exists. We 
are trying to find new markets, but to edu
cate a new type of customers to use airborne 
EM to help solve their problems is a long, 
slow, painful exercise. In our experience, 
whether it be a water explorationist, coal 
geologist, or agriculturist who has salt prob
lems someplace in Australia, it takes a long 
time and a lot of effort to get them to try 
something new. 

We in the airborne EM industry in Canada 
have an immediate and serious problem. 
How do we justify maintaining the excellent 
and unique technology which we possess 
and how do we support the ongoing develop
ments? Personally, I question strongly 
whether the Canadian airborne EM industry 
will even survive. Certainly not in its present 
form, unless something drastic happens 
soon. As my friends, who know me well 
here, will confirm, I am a free enterpriser all 
the way. Normally, my last thought is to turn 
to government for help, but it may be that the 
only short term move that is drastic enough 
to help is a major program within Canada to 
obtain a systematic resistivity coverage of 
this country. This move by Canada would 
also help our efforts to promote resistivity 
mapping in other parts of the world and to 
other types of users. One needs only see the 
effect internationally of Peter Hood's efforts 
with respect to the Canadian magnetic 
coverage and its publicity to realize the fact 
that other countries do look to Canada for 
leadership in geophysics. So finally, I have 
answered one of George's questions, I 
strongly support the systematic resistivity 
coverage of Canada. With George Palacky 
steering a Canadian resistivity mapping pro
gram, with his personal conviction on the 
subject and with his credibility and range of 
knowledge, I think such a program could be 

done very sensibly in Canada and the con
tractors could work together on it. Also 
George, like Peter, has excellent capabilities 
in publicity as well as geophysics and I think 
he would go a long way towards promoting 
and helping our business in other countries 
and other applications. 

Norman Paterson: My perspective being 
that of a consultant, I am not as concerned as 
you are about keeping the planes flying, but 
I am concerned that we make every effort we 
can to solve what I regard as one of the most 
urgent problems the world has ever faced, 
namely the problem of desertification and 
the resulting starvation in some of the devel
oping countries. I think this problem can be 
solved to a large extent by the application of 
airborne EM. As airborne EM technology 
has advanced over the past 5 to 10 years, this 
has been paralleled by an even greater ad
vance in starvation in certain areas of the 
world, largely by the process started by over
grazing and aggravated by years of drought, 
with the result that groundwater is becoming 
the most precious commodity. Accelerated 
groundwater exploration is the only viable 
long term solution in those areas in Africa 
where over 50 million people are affected 
right now. We are sitting here in Canada 
with the technology, with the equipment, 
with the capability to find large buried reser
voirs of water. Why aren't we doing it? We 
have to get off our chairs and start selling it. I 
have been selling it hard, and I know that 
other people in this room have been selling it 
hard, but you go to the World Bank, to 
CIDA, to UNDP, and you talk to those agen
cies, and they say 'Yes, but, you see we 
found that borehole resistivity works better', 
which of course illustrates that they haven't 
been listening to a single word that you have 
said. It is up to us to convince the agencies 
involved and the governments in general 
that we have a technology that can find 
groundwater. It was said this morning by Dr. 
Lakshmanan that groundwater is not always 
conductive. Of course, it is not always con
ductive, quite often it is resistive, quite often 
we can't find it, sometimes it is sandwiched 
between clay layers. However, in many 
cases, I would say 90% of the cases in sub
Saharan Africa, groundwater occurs either 
in saprolite, or in fissures in igneous rocks, 
or in water tables in sedimentary basins, all 
three of which can be found by airborne 
EM. I think we should be out there doing it. 

Robert Bazinet: Concerning the correla
tion between resistivity values and rock 
types, in my opinion resistivity does not 
depend on the rock type but on porosity and 
water content. In the Canadian Shield most 
rock types are quite resistive if there is no 
water present. Geological mapping is cer
tainly an interesting application for AEM, 



no matter what causes the resistivity con
trast. In Quebec we use graphitic conductors 
as indicators of contacts between geological 
formations. That can be done on a much 
larger scale and even finer resistivity fea
tures can be used. 

Considering new applications, there may 
be some about which we, geophysicists, 
don't even think and the potential customers 
don't know that we may have a solution for 
their problems. In civil engineering applica
tions, only seismic techniques have been 
considered, but EM could certainly be ap
plied in many situations. Gas companies 
have serious problems with their pipelines 
and carry out complex resistivity surveys in 
order to minimize corrosion. Perhaps they 
would be interested in having resistivity 
maps from airborne surveying for areas 
where they operate. There may be other 
companies interested, such as one building 
an aluminum plant in Quebec. Because of 
corrosion problems, resistivity of the 
ground is extremely important for the site 
selection. At present they electrically insu
late reinforcing bars, but they would be will
ing to go quite far and spend money to 
achieve the best results possible. Consider
ing the size of their operations the cost of the 
geophysical surveys would be quite small. 

Roger Barlow: I have mixed feelings 
about a systematic coverage of Canada. It 
would be nice, if we could get across to other 
earth scientists the benefits of carrying it 
out, but how do you sell something like 
airborne resistivity surveys when we have so 
much detail in geological mapping across 
the country. It would be difficult to sell this 
concept even among technical people, be
cause one has to decide on a unique way of 
trying to measure the resistivity using com
patible standards, units, and systems. Some 
sort of a common denominator would be 
required for measurements across the whole 
country when using different types of sys
tems. On the positive side, if you carry out 
systematic regional surveys, new ideas and 
problems appear, as we have seen in the case 
of aeromagnetics. New applications in earth 
science become feasible and new kinds of 
geological problems can be solved. 

Across Canada there are large regions, 
such as the Abitibi clay belt, where re
sistivity mapping would be very useful in 
conjunction with mineral exploration. In the 
past five years there has been a tremendous 
increase in the amount of drilling of over
burden to aid geochemical sampling of tills. 
The approach has been very effective in gold 
and base metal exploration. What is lacking 
in the opinion of Quaternary geologists and 
geochemists is more input from geophysics. 
Their problem is to outline bedrock topogra
phy which controls the composition of over-

burden and till distribution in the area, and 
EM surveys can contribute to solve it. 

Electrical surveys could be useful in deep 
continental and marine basins, particularly 
deep soundings using either EM or MT 
equipment. We also have an indication that 
utility companies which are planning the 
location of power lines would like to know 
more about resistivities across the country. I 
think that groundwater is an important tar
get, but I don't think we can sell the Cana
dian government on the idea of doing re
gional surveys for groundwater. However, 
we can use airborne systems to unravel the 
problems in Quaternary geology which 
would lead to understanding the distribution 
of aquifers. If we decide to do systematic 
surveys , we should think carefully about the 
areas of applicability instead of covering a 
great expanse of ground. We should try to 
make the surveys in such a way that they can 
spawn other developments, whether by solv
ing problems directly or by providing a stag
ing area for other types of work. 

Peter Annan: I want to reiterate a couple 
of things that have been said and which I feel 
are extremely important: we have to identicy 
new markets and we have to start with edu
cation. Those of us who are in the EM busi
ness must try to understand problems of 
other people, and find out how to present our 
product in a manner useful to them. To edu
cate people takes years, not days or weeks, 
and what we need is to continue with efforts 
like the Workshop today. As a result of such 
meetings, particularly if they were widely 
advertised, people who would not have used 
the EM will start thinking about using it for 
their particular problems. Education is a 
slow and tedious process, but if we don't do 
it now, there isn't going to be a tomorrow. 

Silvio Guedes, President, Prospec, Rio 
de Janeiro, Brazil: As an unbiased observer 
from Brazil, I would like to comment on the 
worries expressed by Art Rattew. This is 
perhaps my tenth trip to Canada, and when
ever I come I always learn something, espe
cially about airborne geophysics. However, 
this time I have been really worried about the 
general situation here. Ten years ago it 
wouldn't take me more than 3 or 4 days to 
visit all the geophysical contractors and 
manufacturers in Toronto. This time I stayed 
in Canada for 12 days and was not able to see 
them all. This surprises me because the mar
ket is at a low ebb. I look around and what 
do I see happening? There are many one
man companies, formed by people who 
worked for the companies I used to visit. All 
are producing wonderful instruments, but 
how long can they survive? Will the market 
grow to absorb all the intstruments they are 
making? 

Len Collett: My observation is that we are 
really a cottage industry. My concern stems 
from the knowledge of proposals by geo
physical companies that come to the govern
ment in search of financial aid. We believe in 
the entrepreneurial system, and we in the 
Federal Government and in some of the pro
vincial governments, particularly Ontario, 
that provide research funding should not be 
required to make judgement on who gets aid 
money, if the proposal is technically sound. 
What really is worrying me now, is how far 
can we keep supporting all these companies. 

Alex Becker, Professor, University of 
California, Berkeley, U.S.A.: We have 
seen here for two days a good cross-section 
of the applications of electromagnetics to 
the solution of geotechnical problems, geo
technical not only in the construction or the 
hydrological sense, but also in the sense of 
mineral exploration. Just as the governments 
of Canada, the United States, or Brazil had 
decided that an aeromagnetic map was a 
product which was of value to the country, 
now they should ask themselves whether 
electromagnetic maps are a valuable prod
uct. If yes, they should go ahead, but I do not 
think the plight of the industry should ever 
play a role in this decision. 

Art Rattew: I do agree that one does not 
do a systematic coverage just to keep the 
survey industry alive. The reason and the 
point I was trying to emphasize is that the 
industry problem is short-term. I don't think 
we can survive another five years talking 
about the crisis and scrambling to find new 
markets because they are not big enough to 
sustain the kind of industry that Silvio sees 
when he comes here. 

Arthur Darnley, Geological Survey of 
Canada, Ottawa: I was a little surprised at 
Roger Barlow's hesitancy about systematic 
airborne resistivity surveys. As I said in my 
opening remarks yesterday, I see no hope, no 
expectation, no reason for supposing that 
anything like 100% of Canada will ever be 
covered by systematic resistivity surveys, 
but if my arithmetic is correct 10% of 
Canada is equal to about three times the area 
of Finland so I think it is not too difficult to 
see some justification for 10% of Canada 
being surveyed using techniques such as 
have been described. With respect to the 
acceptance of the method by geologists; 
clearly, unlike Finland, we still have some 
way to go, and to some degree, we are all to 
blame for it. Maybe during the final stage of 
the discussion this afternoon, concerning 
the selection of test areas and demonstration 
sites, we can examine whether by applying a 
limited amount of seed money to some se
lected areas we might not be able to stimu
late progress. 
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I have mentioned in my opening remarks 
the example of the GSC magnetic gra
diometer, which a majority of the people 
here would now recognize as a highly suc
cessful development. There was at least a 
five-year period between its first flight, 
when a small group of insiders were con
vinced that it was a viable and valuable tech
nique, and the accumulation of sufficient 
results to prove this to the satisfaction of the 
exploration community. During that period 
about 25 demonstration surveys were car
ried out in different parts of the country, to 
build up a ground swell of favourable opin
ion from industry and from provincial au
thorities. It took time for the gradiometer to 
be recognized as a technique that was useful 
and worth paying for. There is an undeniable 
problem in getting the acceptance of any 
new technique, particularly when there is a 
large dollar sign attached to it. 

There is another point I have made about 
the level of geological knowledge that exists 
in parts of the country and whether it is 
therefore justifiable to do more work. What 
springs to my mind is the geology of the 
UK, which has been mapped at the scale of 
about 1:10 000; some parts of the country 
have been mapped at the scale of 1:2 500. 
Yet when systematic geochemical surveys 
were carried out in Britain they pointed to a 
number of geological features which were 
previously unrecognized, because they were 
invisible to the naked eye. New techniques 
provide new information. In my opinion we 
should consider the type of comprehensive 
airborne coverage that is being provided in 
Finland, 200 metre line spacing using a mul
tisensor system, not just resistivity. Un
doubtedly, we are going to reveal a lot of 
features that have not been visible to the 
naked eye. One should remember that in 
much of this country there is only 1% out
crop. What many people consider as an area 
with good outcrop has in reality about 5% 
outcrop. Any means that we can devise of 
seeing between those outcrops would be 
useful for recognizing discontinuities that 
are significant in many types of geoexplora
tion. Very detailed knowledge is required in 
selected areas. However, this requirement is 
not something that can be easily generated 
from within government. The demand has to 
come from outside. 

Norman Paterson: Arthur and I agree 
that the selling has to come from us and we 
look to your support so that we can say that 
the GSC agrees with us right down the line. 
However, there is one problem when you are 
trying to sell AEM for nonmetallic applica
tions. The first question you are asked is 
where has it worked. You can say it will 
work, but you can't point to a large survey 
that has been flown for geotechnical pur-
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poses. As we saw yesterday and today, 
mostly there are 100 km here and 200 km 
there, but what we need desperately are 
good data over large, carefully chosen areas. 
Then we can take the results and show them 
to the politicians and people who are on the 
buying end of the scheme. What we need is 
some water to prime the pump. I hope it is 
not asking too much from the Canadian gov
ernment to fly some surveys for nonmetallic 
purposes and to help us to get the demon
stration material that we so badly need. In 
order to get things rolling, it should be done 
this year, not sometime in the future. 

Ajit Sinha, Geological Survey of Can
ada, Ottawa: Obviously, we cannot make 
makeshift work to keep the industry busy. 
We have to create new applications for AEM 
where our expertise would be valuable to . 
users. One such application is mapping per
mafrost, for which we have used ground EM 
methods. The oil industry is interested in 
knowing the permafrost thickness in their 
areas of exploration. We may need a few 
more frequencies to have a better chance of 
success, but such systems having 5 or 7 
frequencies are now becoming available. We 
have to create a market for our product and 
this is the only way we are going to survive. 

Roger Pemberton, Noranda Explora
tion, Toronto: With respect to airborne re
sistivity mapping in Canada, as George por
trayed it in his initial paper, I see it 
principally as a geological mapping tool 
rather than a direct mineral exploration tool. 
If that is the case, then I am completely in 
agreement. We have been proud in Canada 
of the mapping programs by the GSC and 
the provincial governments. The mining in
dustry has been supporting them and it 
would support one in resistivity mapping. 
Your geologists at the GSC are probably 
more attuned to using regional magnetics 
for mapping purposes than our in-house 
geologists. We are more interested in target 
identification and one could use resistivity 
for that. Unfortunately, resistivity mapping 
would have had to come at a different time, 
when we were looking for massive sulphide 
targets. At present, when 70% of our explo
ration programs are directed to precious 
metals, it is more difficult to justify the use 
of resistivity for mapping targets, such as 
the Destor-Porcupine fault or the Casa 
Berardi gold deposit. I have talked to Roger 
Barlow a few times this summer and I was 
really impressed with his interest in re
sistivity mapping. We are trying to under
stand how resistivity properties relate to 
overburden mapping and gold mineraliza
tion. I would like to see a program three 
times as big as Roger has had this summer. I 
don't know what the GSC is doing as far as 
orientation work goes, but the sooner they 

start the better. We at Noranda ask the con
tractors increasingly often to provide re
sistivity maps and we have been excited 
about their application. In certain geological 
environments we have been disappointed, 
but in others we have found them useful. It is 
going to be a few years before the mining 
business picks up again. The oil companies 
who were the big clients for airborne EM in 
recent years are now out of mineral explora
tion. We like the resistivity mapping ap
proach, we are impressed with the progress 
in instrumentation and interpretation, and 
we will try to use it more. 

Roger Barlow: I would like to return for a 
moment to Arthur Darnley's comments. I 
have tried hard to find a way that our govern
ments could be helpful in getting resistivity 
mapping off the ground. It could be easily a 
Federal government initiative support 
strongly by the provinces, particularly On
tario. We have been in the business not quite 
as long as Quebec, but we have been supply
ing conductor maps that most users found 
useful. We didn't get into the airborne busi
ness from the point of view of doing geo
logical mapping, but we found that airborne 
EM surveys were an ideal method to moti
vate exploration companies to carry out 
work in certain areas of the province. The 
approach had its economic as well as geo
logical connotations. 

Before one makes an investment in re
sistivity mapping, one has to think very 
carefully. The value of a government pro
gram is that government researchers would 
consider the scientific implications rather 
than just carrying out certain surveys. I am 
strongly behind the concept of resistivity 
mapping, but I am wondering whether we 
can sell it even to our own science com
munity, because we are a very polarized 
group. First we have to learn the other per
son's problems and try to integrate our work 
with geologists on the national and provin
cial scale and with mining companies on the 
exploration scene. 

Ken Robertson, Noranda Exploration, 
Bathurst, N.B.: The Canadian government 
has proposed building a half-billion dollar 
icebreaker to assert Canadian sovereignty in 
the Arctic. Perhaps we could approach the 
Canada Coast Guard or the Canadian Hy
drographic Service to see whether they 
would be interested in putting an airborne 
EM system on board some of the helicopters 
that are stationed permanently on the ice
breakers. If such systems can determine the 
ice thickness ahead of the icebreakers, the 
coast guard would be pleased that their new 
flagship icebreaker would not get stuck in 
the high Arctic. The geophysical industry 
could help them to avoid a potential disaster 
and would get good publicity in return. 



George Palacky: I would like to finish 
this part of the discussion with comments on 
Roger Barlow's words that I think are valid. 
The geophysical community, and parti
cularly the electromagnetic group, are poor 
communicators. We have not been able to 
convince geologists that airborne elec
tromagnetics is a useful tool of geological 
mapping. It is not enough to reach a con
sensus here. We have to sell this concept to 
the people who make decisions and also to 
our fellow geoscientists. 

ELECTROMAGNETIC TEST 
SITES AND PILOT STUDY 
AREAS IN CANADA 

George Palacky: As we have seen during 
the previous discussion, there is apparently a 
weak link between geology and geophysics, 
not only in actual communication between 
the two groups of geoscientists but often 
also between the concepts and terminology. 
We, geophysicists, know a lot about geo
physical data and how to interpret them in 
terms of models, but such concepts are often 
abstract to geologists. Usually, we are less 
well informed about the real geological sit
uations, for instance, how different types of 
massive sulphide deposits influence the se
lection criteria we use in interpretation of 
AEM surveys. In my opinion, more effort 
should go into conducting experiments not 
in a laboratory, but in the field, in a con
trolled geological environment. An outdoor 
laboratory is the concept of test sites and 
pilot areas. I will define the two. A test site is 
a fairly simple geological environment, for 
instance a well-defined conductor, which is 
used by instrument manufacturers for test 
new equipment, or by airborne contractors 
for calibration or performance evaluation of 
various systems. A pilot area is one, which is 
geologically very interesting; it may be 
complex, it may contain features which are 
not well understood from the geophysical 
point of view. For instance, in the Labrador 
Trough, there are thousands of anomalies 
due to iron-formations which have strong 
negative in-phase responses on helicopter 
EM data, about 250-300 ppm, which is 
more than one would expect from the
oretical models. Maybe this could become a 
pilot area where we could learn more about 
certain geological environments and the EM 
responses they produce. In the Labrador 
Trough over 60 000 EM anomalies were 
identified in the course of one helicopter EM 
survey which had 10 000 line km. All anom
alies have some geological meaning, but at 
the moment nobody would be able to ex
plain satisfactorily more than 10 000 of 
them, even if he had sufficient time to exam
ine them. Now I invite the panel members to 
express their opinion about establishing test 
sites and pilot areas in Canada. 

Peter Annan: I would like to reiterate that 
there are two main objectives in setting up 
test sites and pilot areas, one is the technical 
evaluation of systems and the other is the 
applications development. The technical 
evaluation means knowing whether a system 
is working and at what level. For this you 
want a test site that is clean, simple, and 
well-defined, with lots of ground control. It 
is important that you can fly over the same 
place twice and know exactly where you 
flew. 

In my opinion the pilot areas are even 
more important. In the last couple of days we 
have seen a number of case histories on 
applications of airborne EM, some of them 
novel. What we have to do now is to market 
the product and that means putting together 
case histories which demonstrate the perfor
mance of the systems. We have to choose 
applications for which there is a need, like 
groundwater or the salinity problem. West
ern Canada has had drought for the last cou
ple of years and the farmers have experi
enced salinity problems as well. There is 
room in this country to do things which have 
global applications. We should try to set up 
pilot areas in such a way that we achieve two 
well-defined objectives: moving the tech
nique ahead and marketing the concepts in 
the broader world market. There is no sense 
in picking a pilot area where we have no 
geological control. First we should do our 
homework, talk to people in the user com
munity and find out what their problems are. 
Then we have to go out and look for sites that 
are meaningful to them, not sites that we 
think are meaningful to them. 

Finally, there has to be some funding for 
test sites and pilot studies. I don't know 
where the money will come from, certainly 
not from contractors or system developers. 
Everyone is trying hard to develop new sys
tems and to cultivate the market place, but 
these activities take time and money, and we 
would not have any funds to establish test 
sites. 

Roger Barlow: The test range subject has 
been very dear to my heart for the last five 
years. When I put the Ontario program to
gether I envisioned approximately five test 
ranges across the province in different geo
logical environments. So far we have made 
good progress in one area and we are starting 
on another. We need more money to confirm 
the structure on the first test range at Night 
Hawk Lake near Timmins. This target is of 
the inductive type, not a particularly 
straightforward one, one that presents a · 
challenge to EM techniques for the purposes 
of mapping it, not just simply detecting it. 
The target is not designed to calibrate equip
ment, for this we have to use a better defined 
body. My feeling was that we had enough 

mand-made structures that could serve this 
purpose and that we should look for some
thing that had the physical properties of an 
exploration target, however, without being 
of economic interest. 

One important consideration is the main
tenance and protection of the test ranges and 
their grid system. The ranges should be de
signed as reserves or scientific parks. The 
importance of the test ranges lies in the 
possibility of using a variety of instruments 
over the same target, which is the only way 
to gain experience. The results at Night 
Hawk have been a real eye-opener to 
geophysicists who could see clearly how 
certain instruments respond in a controlled 
environment. The results showed us that we 
have to be careful in choosing the right in
strument for a particular challenge. 

So far, we haven't got very far in establish
ing the other four sites across Ontario. Some 
of these should be sounding experiments to 
assess the use of EM in layered environ
ments. We are active in the Matheson area 
using shallow reflection seismics to investi
gate Quaternary geology. Seismics together 
with sonic drilling will help us to define the 
site and to understand how EM responds in 
this environment. As the work has pro
gressed, we have encountered numerous 
problems, for instance physical properties 
of the local materials are still poorly under
stood. One of them is how to measure elec
trical properties once the unconsolidated 
material has been removed from the ground. 
We have tried to develop a suitable tech
nique. We have discovered relaxation in
duced polarization (IP) phenomena in clays 
caused by varving or by differential water 
layers. All these problems need to be studied 
more so that we can understand the EM 
environment better. 

Robert Bazinet: At the moment we are 
working on a test site in Quebec, at 
Waconichi near Chibougamau. The target is 
a structural conductor. The original idea was 
not to establish a test site, but to prove to 
geologists that they can extract useful infor
mation from airborne geophysical data. 
Ground truth was to be obtained by carrying 
out extensive geophysical surveys, geo
logical mapping, and correlation of results. 
Last year we started drilling. So far we have 
spent $400 000, mostly financed by the 
Government of Quebec. The main problem 
we are facing is the disappearance of our 
grid lines, as one company will start logging 
in the area. We need to establish an accurate 
location of lines marked in the field by large 
bench marks to save our grid. For airborne 
work, the marks should be visible from the 
plane. An interim report on the site has been 
published this year, the rest will become 
available in May 1986. 
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Some difficulties in establishing a test site 
like ours are political. In order to get money, 
we had to stress the mineral potential of the 
area, and as a result one company has re
cently claimed half of our test site. From the 
work we have done I don't think they will 
find anything, but it is probably safer to 
establish a test site in a place that is in 
principle sterile. It should also be far from 
civilization, so that there is no danger of 
using the site for construction. 

Norman Paterson: I would like to go 
back to Peter Annan's analysis of what are 
the reasons for having test sites. He men
tioned that testing of instrumentation was 
one and testing of applications was the other. 
I don't think that instrument manufacturers 
really need a place in the field to test their 
instruments. Geology has the unfortunate 
way of being very complex. The best place 
to test an instrument is where the geology is 
extremely simple, otherwise you don't know 
whether it is the instrument that is giving 
you the aberrations or the geology. If I had to 
test an instrument, I would rather fly it over 
Lake Ontario to see what is the response of a 
half-space of a certain conductivity and to 
make certain that it matches my instrument's 
specifications. If you fly a new system over 
the Whistle deposit, you know that will find 
it anyway. I don't think that field test sites are 
worthwhile for instrument calibrations and 
testing. Their principal purpose should be 
research, for instance further developments 
in the mise-a-la-masse technique, galvanic 
energization, a new cross-coil EM system, 
single-receiver Thram. This activity is not 
instrument testing, it concerns methods and 
applications. To achieve useful results you 
need a well-known test site, with lots of 
drilling, which our present test sites don't 
have. We need more ground truth, there is no 
sense in testing a new application, when you 
don't know what is in the ground. Another 
reason for having test sites is education. 
Where would University of Toronto students 
learn how to use instruments, if we did not 
have Cavendish or Nighthawk? 

Finally, I think the most important reason 
for having test sites is marketing. We are not 
going to sell AEM for groundwater unless 
we have some profiles over aquifers. I have 
sent letters to a number of airborne EM 
contractors asking them if they had time and 
a plane available to fly a test site in southern 
Ontario. The response has been good. 1\vo 
of them have already flown it, and I have 
received the data. One contractor has flown 
a test line in Saskatchewan over the Hum
boldt area which has a buried river channel 
about 150 metres deep. The test flying has 
been done with our own money. We do not 
have to convince ourselves that the tech
nique works, but we have to show it to the 
potential client. 
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Art Rattew: For our intended customers 
we need material about real geological tar
gets, which we can find in this country. To 
organize and maintain test areas is costly, 
but it is the most important single element in 
attracting new clients. If the governments 
decide to carry out resistivity mapping, one 
would need various kinds of test ranges for 
checking individual systems to make sure 
that they meet the basic requirements and for 
achieving standardization of surveys flown 
with systems of. different type. 

George Palacky: At this point I would 
like to ask the panel members a question, 
which should clear some controversy on the 
subject. Should the governments be active in 
establishing test sites (by this I mean well 
defined sites for testing equipment), or 
should the governments concentrate on car
rying out innovative studies in situations 
where the application of a certain technique 
may be novel? Several of my colleagues 
have mentioned a possible application of 
airborne electromagnetics to groundwater 
exploration and mapping of overburden. My 
question is as follows: To which program 
would give priority, to test sites or to pilot 
studies, or alternatively, would you like to 
see the government being involved in both 
activities? 

Art Rattew: My interest would be in the 
pilot studies, where you would be able to put 
together case histories over situations, such 
as water exploration or other types of appli
cations discussed here. Something that you 
could take to the potential clients. Ob
viously you need a good control and ground 
truth. Some input from people like ourselves 
would be required to define some of the 
situations that could have market potential. 
The first category, which is called test sites 
would be needed only for standardization if 
you have a major program underway. Then it 
would be essential; but if you don't have a 
program like that, I don't think it would be 
very important, whereas the pilot studies 
used in marketing really are important. 

Norman Paterson: My answer is "Yes! 
Yes!" A very appropriate area for govern
ment support is both test sites and pilot stud
ies. I would like to compliment the ETDF 
program of the Province of Ontario for in
cluding the test demonstration as one of the 
areas of their support. By encouraging this 
activity the contractors and consultants can 
go out to Night Hawk and try different tech
niques with government support. It would be 
foolish to expect calibrated and maintained 
test sites to spring out of nowhere. I think 
that is an initiative that the government has 
to take. 

Robert Bazinet: I am in favour of both. 
Only the government can maintain test sites 
and reserve the land. Maybe the industry 

could contribute the funds necessary to es
tablish the ground truth, but most financial 
support will have to come from the govern
ment. I think that there is also interest in 
pilot studies over potentially interesting tar
gets to see how the various techniques work. 

George Palacky: Robert, as a university 
professor, how important do you find test 
sites for training your students? 

Robert Bazinet: We need sites for train
ing students. I have been involved in 
organizing a field school for 10 years and we 
have changed places several times. One 
thing that we need is a secure access to sites. 
In one case, we were working in a field and a 
farmer shot at us. Another problem is orien
tation. Often roads which are on a map don't 
exist in reality, and vice versa. A good, well 
maintained site would be extremely useful 
to us. Recently, we approached mining com
panies and they gave us information on un
economic targets which we can use for 
teaching purposes. As a test site we want a 
simple target, but with a good response to 
several techniques. In a field school you 
want to show your students a target where 
they can try not only EM, but also IP, mag
netics, gravity and other methods. 

Roger Barlow: I agree with both. Test 
sites would generate benefits internally in 
the government and even bigger ones on the 
outside. At test sites one could out set up 
experiments which are difficult to do in a 
laboratory. One should relate the test ranges 
to the problems of the day. If we feel that 
groundwater is an important future problem, 
then we should consider the possibility of 
making a groundwater test range. At the 
Night Hawk Test Range we have a wide 
range of geometries and physical properties. 
In addition to the rather complex inductive 
conductor, there is a diabase dyke which 
causes a gravity and magnetic anomaly. We 
have done various kinds of seismic, EM, IP, 
and other surveys on the property and have 
been able to investigate a wide range of 
different physical properties in situ. 

Peter Annan: I think the establishment of 
pilot areas is by far the most important. It 
would be best handled by government aus
pices, which could set the standards for ar
chiving information, drilling sites, etc. On 
the subject of technical evaluation sites I 
disagree with Norm. There are many steps 
necessary in testing an airborne EM system, 
and some problems are not going to show up 
immediately. If you have a simple, well
known site, then the information should be 
archived and the site should be docuwented 
so that contractors could evaluate their sys
tem performance there. There are different 
sites in Canada where contractors had tested 
their systems, but there is no central infor
mation that would describe the target loca-



tion and their nature. What we want is a 
simple controlled target, we don't need con
ductors 500 feet deep. 

Robbert Bosschart, Consultant, Toron
to: As far as testing of airborne systems is 
concerned, I think a test site is rather inade
quate. I would rather consider a test area 
because flying one line will not tell you very 
much about the performance of an airborne 
system. There is a test area in northeastern 
Ontario, west of Lake Abitibi, which Mel 
Best selected for experiments that were used 
by Shell Canada in testing a number of air
borne systems. If you fly a 200 km survey, 
you can at least get some idea about the 
overall performance of an airborne system, 
about the noise levels under normal survey 
conditions. The overburden in that area var
ies from 50 to 300 feet, and there are many 
conductors and magnetic bodies. I think that 
is a more useful test of an airborne system 
than flying over one test target. I agree that 
single targets have their usefulness, but the 
overall performance of a system is what you 
really need in an evaluation. 

George Palacky: The GSC and the On
tario Geological Survey have been trying to 
jointly develop a large test area (6 X 4 km) 
for airborne electromagnetic mapping near 
Val Gagne, east of Timmins. We have car
ried out a number of ground EM measure
ments, resistivity soundings, shallow reflec
tion seismic surveys, and overburden dril
ling. Even at present when the work has not 
yet been completed, the geological and 
geophysical control at the Val Gagne test 
site is better than in the area used by Shell 
Canada 10 years ago. 

Len Collett, Geological Survey of Can
ada, Ottawa: As far as the performance of 
airborne EM systems is concerned, I am 
wondering about taking the system high up, 
away from the influence of earth materials, 
and documenting the characteristics of the 
system going through different manoeuvres. 

Robbert Bosschart, Consultant, Toron· 
to: When testing an airborne system, you are 
not concerned about the signal in the sys
tem, you are only concerned about the 
noise. You do exactly what Len said; you test 
it out of range with the ground. There are 
many things, like the manoeuvre noise, re
jection of spherics noise, effect of aircraft 
equipment, which you can check only out
side the range of the ground. 

Norman Paterson: All the people who 
develop airborne electromagnetic instru
ments go through the procedure that Len has 
described. Vaino Ronka knows better than 
anybody how essential is the testing at high 
altitude. There are other tests too, like flying 
and manoeuvering over a conductive half-

space, but the results of these tests are sel
dom published. It would be most useful, if 
we could persuade the manufactuers to pub
lish these results in some form, or to tum the 
data over to an agency, such as the GSC, for 
publication. 

Vaino Ronka, Consultant, Burnaby, 
B.C.: I would like to recommend the estab
lishment of a test site in B.C. mountains, 
which would have targets on the slope of a 
mountain. 

Rolf Pedersen, Consultant, Ottawa: 
There are many successful examples in 
Canada of the use of airborne EM in mineral 
exploration, but there are some serious mis
ses. Unfortunately, it only takes one miss 
and the whole geological community seems 
to know about it and EM is out. One mineral 
exploration operator I know believes in EM, 
drills all targets and comes up with discov
eries. A geophysicist working for this com
pany once gave a talk on the use of EM in 
Saudi Arabia, where his company has 
drilled a number of targets. At the end of the 
talk he asked if there were any questions. 
There weren't any and he said that is funny 
because we were looking for sphalerite 
which is not conductive. 

There is one report written by a geologist 
in which the use of EM in the Iberian Pyrite 
Belt was rejected out of hand. This is some
thing that should be countered in print; we 
need to sell our expertise to geologists, not 
to ourselves. There is another report from 
Australia, which was written by a geo
physicist and published in Exploration 
Geophysics, about massive sulphides not 
responding to EM. The body has been 
drilled, the results are conclusive, but no
body explained why the sulphides are re
sistive. At a recent conference in Rabat on 
prospecting in desert terrains two papers 
mentioned the futility, not the utility, of EM, 
and all the geologists and managers making 
decisions were listening to that. And nobody 
stood up and tried to give a reasonable ex
planation from the geophysical point of 
view. 

If you looking for water, all the tests car
ried out in Canada will not cut much ice 
overseas. They want to see the results of a 
test made in Spain, in Morocco or in Austra
lia. I am sure the Brazilians would like to see 
the systems tested in an area where it rains a 
lot. It may rain a lot in B.C., but the geo
logical and weathering conditions are not 
the same as in Brazil. These are the places 
where the contractors and consultants 
should go, if they want to develop new 
markets. 

John Hayles, Atomic Energy of Canada, 
Ottawa: We are often faced with a situation 

that there is a steel casing in the hole, which 
does not allow us to carry out electrical 
logging of the overburden section or of the 
paleoweathered layer. It would be useful, if 
we could get an agreement with the diamond 
drilling community so that they would put in 
a perforated plastic pipe rather than steel 
casing in that section of the hole. In this 
case, we could do electrical logging and 
obtain in situ measurements that would 
be extremely useful in interpretation of 
EM anomalies caused by overburden or 
weathered layers. 

George Palacky: As there are no further 
comments from the audience, I will sum
marize the last subject of the discussion. It 
seems that the panel members could not 
reach an unanimous agreement on whether 
it is desirable to develop test sites, which are 
simple geological targets suitable for testing 
by contractors and designers of airborne EM 
equipment. However, all panel members 
were in favour of systematic studies in pilot 
areas. These are sites about 5 X 5 km to 20 
X 20 km where one could study, as in a field 
laboratory, geological conditions, geo
physical parameters, and electrical and 
other physical properties of earth materials 
in situ. Such detailed geological and 
geophysical studies in controlled field envi
ronments would be best carried out by pro
vincial or federal geological surveys. In my 
opinion, there would not be much point in 
collecting rock samples in the field and in 
measuring their resistivity in a laboratory. 
We have done that in the past and the results 
were not found relevant to real field situa
tions. Electrical properties of materials, like 
water saturated clays and sands, which con
tribute significantly to EM responses in 
many places, can be measured meaningfully 
only in situ. 

SUMMARY OF THE PANEL 
DISCUSSION 

George Palacky: I will briefly sum up the 
discussion. On the first topic, units for re
sistivity mapping, we agreed that there is a 
need to use physical units in presenting re
sults of airborne electromagnetic surveys. 
Unfortunately, we have not been able to 
reach a consensus, whether we should dis
play the data as conductivity in millisiemens 
per metre, or as resistivity, in ohm-metres. 
The arguments for one or the other seemed 
trivial to most participants; some would not 
mind having it either way. However, if we 
start a systematic resistivity mapping pro
gram, it is essential to uniformly define the 
parameters and units of measurements. I 
have previously summarized the recommen
dations for the need to objectively specifY 
the characteristics of airborne electromag-
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netic systems and also for the need to stan
dardize the description and labelling of me
dia used for information storage, such as 
format and headers on tapes and discs. I have 
also described the possibility of establishing 
an intermediate product, the edited data set, 
in addition to the raw data on tapes and to the 
contour maps which are presently produced 
by organizations carrying out airborne sur
veys. Such a data set, which could be conve
niently stored on a floppy disc, would allow 
the final user to generate his own con
ductivity maps or sections, or to carry out 
quantitative interpretation of the data. 

On the second topic, a major concern was 
expressed by the representative of geo
physical contractors on the panel about the 
sad state of airborne contracting, which has 
been caused by the worldwide decline in 
mineral exploration activities. Most of those 
present here have agreed that governments 
should be more active in sponsoring sys
tematic airborne electromagnetic surveys in 
addition to the existing programs of mag
netic and radiometric coverage. One of the 
weakest points of our profession is com
munication. We often don't know how to 
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effectively sell what we are doing to the 
potential users. Sometimes we don't com
municate effectively even with our profes
sional colleagues, the geologists. If we don't 
learn how to promote what we are doing, we 
cannot hope to convince the politicians that 
large systematic airborne electromagnetic 
surveys would be a worthwhile idea. At 
present it seems that there could be opposi
tion to such an idea even within the geosci
ence community. 

On the third topic, the test sites and pilot 
areas, it would be desirable to conduct care
fully controlled geophysical studies over 
some types of geological targets, which in 
the past have been poorly defined from the 
geophysical standpoint, for example, glacial 
overburden, aquifers of hydrological inter
est, magnetite which often produces a com
plex electromagnetic response, weathered 
layers in regions where they constitute the 
major source of electromagnetic anomalies 
and their relation to the underlying 
lithology. 

As far as recommendations are con
cerned, there was one underlying tone, a 
demand that governments should become 

more active in sponsoring systematic air
borne electromagnetic surveys, in establish
ing test sites, and in developing new applica
tions. It is a little awkward for me, a public 
servant, to formulate recommendations to 
myself and I will not try. They are obvious to 
all who attend this session. In conclusion, I 
believe that all of us, who work for the 
Geological Survey of Canada, have listened 
very carefully to what you, the members of 
the geophysical community, representing 
manufacturers, contractors, the mining in
dustry and other users, have said here today 
and yesterday. We will try to do our best. We 
have been encouraged by the interest in air
borne resistivity mapping. When we started 
the preparations for the Workshop, we ex
pected about 70 people, but as you see today, 
150 have registered. I hope that this was not 
the last meeting on the subject of airborne 
resistivity mapping. Thank you very much 
for your attention and for your attendance at 
the Workshop. (Applause). 

Norman Paterson: I think that we should 
all show our gratitude to George Palacky for 
organizing this very successful meeting. 
(Applause). 
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