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FORWARD

This volume of collected papers summarizes the
results of three research projects which were conducted by
the Laboratory in Applied Geophysics at McGill University
during the years 1975 - 1981. The three projects entitled:

1. Wave-tilt EM applications to Permafrost Exploration,

2. VLF (Wave-tilt, Radiochm) and LF Applications to Near
Horizontal Multilayer and Simple Discontinuous
Geological Structures, and

3.  Applications of Natural and Artificial EM-Wave
Sources to Ground Impedance Measurement (ULF, VLF,
LF)

were sponsored by the Geological Survey of Canada and
supported under the Research Agreements Program
administered by Energy, Mines and Resources, Canada. The
volume is introduced by a comprehensive summary of the
theory of wave-impedance measurements while the seven
following articles presented here summarize the thesis
research of a graduate student who, under the direction of
the teaching staff of the Laboratory, undertook a particular
aspect of a broadly conceived and evolutionary research
plan. The focus of this body of work was directed towards
an evaluation of the geophysical applications of the
measurable physical characteristics of electromagnetic
waves in the ultra-low-frequency (ULF, 300 Hz to 3 kHz)
the very-low-frequency (VLF, 3 kHz to 30 kHz), and
low-frequency (LF, 30 kHz to 300 kHz) bands of the radio
frequency spectrum as they propagate over the ground
surface. In particular, a delineation in terms of the
geophysical parameters of the hidden, near-surface
geological structure of the terrain was sought.

The earliest studies were directed towards the
then-immediate problem of detecting and delineating
permafrost through the measurement of the electromagnetic
wave impedance at the ground surface. Subsequently, the
research evolved towards the development of a more
general methodology for the mapping of the characteristics
of the terrain: overburden depth and conductivity, bedrock
delineation, detection of ground water table, etc.. These
studies themselves stimulated research on the theory of
interpretation using inversion methods and led to the
development of new instrumentation for the direct
geophysical measurement of the surface wave impedance at
frequencies both below and above the commonly used VLF
band. This broadening of the frequency spectrum of
measurements has allowed for the interpretation of more
complex geological models and/or the inclusion of more
geophysical parameters in geological modelling.

AVANT-PROPOS

On trouvera dans ce recueil de tirés d part le résumé
des résultats de trois travaux de recherche menés au
laboratoire de géophysique appliquée de l'université McGill
de 1975 a 1981. Les études avaient pour titres:

1. Applications EM de l'inclinaison du champ & l'étude du
pergélisol.

2. Applications des trés basses fréquences (TBF)
(inclinaison du champ, Radiohm) et des basses
fréquences (BF) a l'étude des structures géologiques a
nombreuses multi-couches presque horizontales et aux
structures géologiques simples discontinues.

3. Applications de sources naturelles et artificielles
d'ondes EM a la mesure de l'impédance du sol (UBF,
TBF, BF).

Ces travaux ont été subventionnés par la Commission
géologique du Canada conformément au programme des
accords sur la recherche administré par le ministére fédéral
de Il'Energie, des Mines et des Ressources. L'ouvrage
débute par un résumé complet de la théorie de mesure des
impédances; les sept articles présentés ici font le point sur
les travaux de recherche dun étudiant de cycle supérieur
qui, sous la direction du personnel enseignant du
laboratoire, a entrepris d'approfondir un aspect particulier
d'un plan de recherche de conception globale et évolutive.
Ce travail avait principlement pour but d'évaluer les
applications géophysiques des caractéristiques physiques
mesurables des ondes électromagnétiques a ultra-basses
fréquences (UBF 300 Hz a 3 kHz), & trés basses fréquences
(TBF, 3 kHz @ 30 kHz) et a basses fréquences (BF, 30 kHz
a 300 kHz) du spectre de bandes radio lorsque ces ondes se
propagent a la surface du sol. En particulier, on a tenté
de délimiter en termes de paramétres géophysiques la
structure géologique cachée a faible profondeur.

Les premiéres études visaient a résourdre un probléme
alors prioritaire: dépister et délimiter le pergélisol par la
mesure de l'impédance de l'onde électromagnétique a la
surface du sol. Par la suite, la recherche a évolué vers la
mise au point dune méthodologie générale de levés pour
I'établissement des cartes des caractéristiques du terrain:
profondeur et conductivite du mort-terrain, délimitation du
socle, repérage de la nappe d'eau souterraine, etc. Ces
études ont elles-mémes été a lorigine d'autres recherches
sur la théorie de linterprétation au moyen des méthodes
d'inversion et permis la mise au point de nouveaux
instruments de mesure directe de ll'impédance
caractéristique de l'onde de surface a des fréquences plus
basses et plus élevées que la bande TBF habituellement
utilisée. Cet élargissement de la gamme de fréquences de
mesure a permis l'interprétation de modéles géologiques plus
complexes et(ou) Uinclusion dun plus grand nombre de
paramétres géophysiques dans la conception de modeles
géologiques.



This volume should provide a useful reference source
for those geophysicists who employ wave-impedance
measurements in mineral exploration, overburden
delineation, permafrost studies, ground and slope stability
evaluations, foundation studies, ground water and
hydrological studies, and a host of other applications.

For convenience, the volume is referenced internally;
references to each of the eight separate articles are
designated by a Roman numeral, for example, I, indicating
the internal article number.

The publication of this volume of collected papers on
the Geophysical Applications of Surface-Wave Impedance
Measurements has been supported by the Laboratory in
Applied Geophysics, McGill University and the Geological
Survey of Canada.

L.S. Collett

March, 1981 0.G. Jensen

L'ouvrage constituera sans doute une source de
références utile pour les géophysiciens qui se servent de
mesures de l'impédance caractéristique dans la recherche de
mineraux, la délimitation du mort-terrain, les études sur le
pergélisol, les évaluations de la stabilité du sol et de la
pente, les études sur les fondations, sur les nappes d'eau
souterraines et les études hydrologiques ainsi que de
nombreuses autres applications.

Pour des raisons d'ordre pratique, les références du
volume renvoient a dautres passages du méme ouvrage.
Ainsi, les références de chacun des huit articles sont
désignées par un chiffre romain, I, indiquant le numéro du
chapitre du renvoi.

La publication de ce recueil d'études sur les
applications géophysiques des mesures de l'impédance
caractéristique de surface a re¢u lappui du Laboratoire de
géophysique appliquée, de l'université McGill et de la
Commission géologique du Canada.

L.S. Collett

Mars 1981 0.G. Jensen
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THE THEORY OF EM SUI\FACE WAVE IMPEDANCE MEASUREMENTS

D.J. Crossley
Laboratory in Applied Geophysics, MeGill University

Crosslev, D.J.,, The theory of EM surface wave impedance measurements; in Geophysical

Applications of Surface Wave Impedance Measurements, L.S. Collett and O.G. Jensen editors,
Geological Survey of Canada, Paper 81-15, p. 1-17, 1981.

Abstract

Several powerful sources of EM radiation exist to probe the electrical properties of
the Earth's crust. One natural sourpe is the MT (magnetotelluric) field, generated either by
thunderstorm activity (>1 Hz) or by micropulsations (<1 Hz), which can be considered as a
distant generator of plane EM waves vertically incident on the Earths surface. Other useful
sources are the government-operated VLF (very low frequency) radio wave transmitters
typically broadcasting at 20 kHz and strategically located to provide a worldwide network
of marine navigation signals and, lat slightly higher frequencies, the LF (low frequency)
transmitters for providing world-wide time signals (e.g. 60 kHz, WWVB). The field far from
these radio transmitters is well approximated by a plane wave polarized with the magnetic
field horizontal to the Earth's surface.

Suitable receivers measure either a ratio of horizontal to vertical field components
(wavetilt) or a ratio of electric to magnetic field components (wave impedance). Airborne
sensors usually measure wavetilt, whereas ground systems can measure either wavetilt or
wave impedance. At any frequency the amplitude and phase of either of these two
quantities yields two pieces of information about the electrical structure of the ground.
This paper reviews the necessary theory for interpreting wave impedance measurements at
VLF and LF.

Particular attention is paid to the source fields for Canada, how the nature of these
source fields affects the apparent resistivity and phase measurements and the possible
dielectric effects created by a combination of (high frequency) x (high resistivity) x (high
permittivity) on field measurements. The present state of interpretation for these methods
is reviewed.

Résumé

On dispose de plusieurs sources puissantes d'émissions EM pour sonder les propriétés de
l'écorce terrestre. L'une des sources naturelles qu'on peut utiliser est le champ MT
(magnétotellurique) généré par l'activité électrique dun orage (>1 Hz) ou par des
micropulsations K1 Hz) qu'on peut considérer comme un générateur éloigné d'ondes EM planes
présentant une incidence verticale par rapport & la surface du globe. I existe d'autres
sources utiles, notamment les émetteurs-radio TBF (a trés basses fréquences) exploités par
le gouvernement; ces derniéres émettent sur 20 kHz et sont situées de fagon stratégique
pour assurer un réseau mondial de signaux de navigation marine. A des fréquences plus
élevées, on peut se servir des émetteurs BF (basses fréquences) qui diffusent mondialement
des signaux horaires (par example, 60 kHz WWVB). A grande distance de ces émetteurs-radio
on obtient une bonne approximation du champ par un modéle de type onde plane polarisée
dont le champ magnétique est parc#le‘le a la surface de la terre.

Tout récepteur adéquat mesure soit le rapport des composantes verticales aux
composantes horizontales du champ (inclinaison du champ) ou le rapport des composantes
électriques du champ sur ses composantes magnétiques (impédance caractéristique). Les
capteurs aéroportés mesurent habituellement l'inclinaison du champ tandis que les systémes
au sol mesurent soit linclinaison du champ, soit l'impédance caractéristique. A n'importe
quelle fréquence, l'amplitude et la phase de chacune de ces deux quantités nous apportent
deux élements d'information sur la structure électrique du sol. Le présent article examine
la théorie sur laquelle est fondée l'interprétation des mesures de l'impédance caractéristique
aux trés basses fréquences (TBF) et au basses fréquences (BF).

L'article slintéresse particuliérement aux champs EM couvrant la territoire canadien.
L'auteur y étudie comment la nature de ces champs influence la résistivité apparente et les
mesures de phase ainsi que les effets diélectriques éventuels créés par une combinaison de
haute fréquence, de haute résistivité et de haute constante diélectrique (haute
fréquence) x (haute résistivité) x (haute constante diélectrique) sur les mesures faites sur le
terrain. Enfin, l'article examine l'état actuel de linterprétation de ces méthodes.



EM SURFACE WAVE IMPEDANCE MEASUREMENTS

INTRODUCTION

The principles of magnetotelluric (MT) and very low
frequency radic wave (VLF) propagation and the geophysical
method based upon these fields can be found in a number
of readily available sources. Two indispensable texts are
due to Wait (1962) for the VLF method and Keller and
Frischknecht (1966) for the MT method; both references
contain detailed descriptions of the source fields and basic
equations. In neither reference, however, is the question
of interpretation pursued further than the use of type
curves pre-calculated for certain ground resistivity models,
a situation that was not unusual for exploration techniques
in the 1960's. A recent review of the interpretation of MT
data which covers the use of numerical methods for
computer usage may be found in Patra and Mallick (1980).

Up to the present time the MT method has
exemplified the 'record now-process later' philosophy, in
which considerable manipulation of the recorded data is
required to extract the quantities necessary for
interpretation. An example of madern recording and
interpretive techniques is given by Jones and Hutton
(1979a,b) who use Monte Carlo inversion to satisfy the
‘observed' variables which are the relative amplitude and
phase of appropriate electric and magnetic field
components.

Unlike apparent resistivity, which is related to the
amplitude ratio of the horizontal electric and magnetic
fields and hence not too difficult to derive electronically,
a real time measurement of MT phase requires considerable
instrumental ingenuity due to the rapidly varying
polarization of the incident source fields. It would save
both data storage space and processing time if the phase
could be measured directly in the field by electronically
following the polarization of the incident fields and then
recording the appropriate phase difference only at times
when the signal levels are relatively high and stable.
Mathur and Telford (1981-VII) report some progress towards
this goal and Nichols and Telford (1981-VIII) describe the
present stage of construction of a field device to perform
the phase measurement task. The design of sophisticated
instrumentation to perform such data processing before
recording is clearly a trend in geophysical exploration.

In VLF prospecting the interpretation aspect has not
received a great deal of attention per se, with the
(notable) exception of a few studies concerning permafrost
(e.g. Hoekstra et al., 1975; Hoekstra, 1978). In fact, until
recently, most of the data have been interpreted only in a
qualitative fashion (e.g. Arcone, 1978) similar, for example,
to the treatment of radiometric data. Considering the
limitations of the data, this is not unduly surprising.
Airborne VLF measures only one parameter, namely the
quadrature component of wavetilt, although this is
sometimes done at several frequencies e.g. the Barringer
E-phase system (Barringer, 1972). By contrast, a typical
ground system will usually measure both the magnitude and
phase of the surface impedance, but only at a single
frequency or within a narrow band, 15-23kHz (e.g. Geonics
EMI16R, Collett and Becker, 1967). Another factor which
leads to a limited interpretative potential is that, in
comparison to MT depth sounding which may yield
structural information to depths of several hundred metres,
the high frequencies of VLF transmissions limit penetration
of the EM fields to relatively shallow depths. This can be
however an advantage when resolution of near-surface
structure is desired in which case two or three layer
models are usually sufficient.

The VLF measurement is nonetheless both rapid and
easy to make in the field and several recent papers deal
with two and three layer models in detail (Jones and
Telford, 1981-IlI; Powell and Jensen, 1981-II; Mathieson and
Crossley, 1981-1V). Of particular interest from an
interpretative point of view is the addition of a thin layer
to a basic two-layer model. This situation frequently exists
in the field due to seasonal effects, e.g. the formation of
a surface water layer due either to a summer thaw in a
permafrost layer or spring run-off. In this situation
additional information about the structure can be achieved
by the use of an extra transmitting station in the LF band.
This requires a separate receiver such as the 60kHz
instrument designed and described by LaFleche and Jensen
(1981-V). The interpretive advantages in using data from
both a VLF and a LF receiver have not been fully
exploited at this time.

One of the main uses of the VLF method is in the
detection of lateral changes in near-surface resistivity
contrasts, such as dipping contacts, dikes, water-table
layers etc. Often such structures are approximated by a
one dimensional (vertical) model beneath each station
location, but this is clearly inadequate where there are
appreciable lateral changes in the resistivity or depth of
geologic sections. A somewhat improved interpretation in
this case is attempted by Teemull and Crossley (1981-VD),
in which a spatially harmonic interface is fitted to single
frequency VLF profiles. The extreme case of a vertical
fault contact with overburden has been treated by Telford
et al. (1977).

THE SOURCE FIELDS
Magnetotellurics

MT fields are described by Keller and Frischknecht (1966,
Ch.IV), and we need review only their fundamental
properties. The entire range of time-varying external
current sources is about 10°* to 10* Hz. In the low
frequency range, MT equipment generally records a wide
band of signals, 107 to 10 Hz, whereas at higher
frequencies a more common practise has been to monitor
relatively few distinct frequencies e.g. 1, 8, 145 and 3000
Hz (Van Ngoc et al., 1976). Choice of frequencies is
determined primarily by the nature of the survey. For
example, high frequencies (>1Hz), generated by worldwide
thunderstorm activity, are suitable for delineating near
surface structure, whereas low frequencies (< 1Hz),
generated by micropulsations, are appropriate for deep
sounding.

One of the most important characteristics of such
sources is that they are all more or less worldwide. This
implies that both the low frequency magnetospheric waves
(micropulsations) and the lightning activity (channelled by
the Earth-ionosphere waveguide) can be taken to have
infinite spatial extent, so MT sources can therefore be
approximated as plane waves vertically incident at the
Earth's surface. Both the polarization and intensity of such
waves, however, change irregularly with time which makes
it necessary to record simultaneously orthogonal electric
and magnetic field components over many cycles of the
lowest frequency. A continual shift in polarization
complicates the interpretation of laterally varying
resistivity structure because of the usual interpretative
assumption that the incident wave should have a fixed
orientation relative to the strike of local geological
features. For this reason the MT method has been most
widely used for deep resistivity sounding in horizontally
stratified media.



Table 1.

D.J. CROSSLEY

VLF and LF stations for surface-wave impedance measurements.

NBS Boulder, Colorado 80302, 1977.

and: BIH Annual Report 1974, 61, Avenue de

VLF Stations Frequency Radian Power Lat. Long.
Wavelength
(kHz) (km) (kw)
FVO, Bordeaux, France 15.1 19.9 500 +44°50" +0034¢
GBR, Rugby, England 16.0 18.8 750(a) +52°20"' +1°11"
60(b)

JXZ, Heligoland, Norway 16.4 18.3 350
IMS, Moscow, USSR 17.1 17.5 1000 +55°219! -38941°
NDT, Japan 17.4 17.2 50 +32958" -137° 1t
NAA, Cutler, Maine 17.8 16.9 2000(a) +44°38" +67°16"

1000(b)
NLK, Jim Creek, Washington 18.6 16.1 1200(a) +48°12" +1210°55"

250(b)
NSS, Annapolis, Maryland 21.4 14.0 85(b) +380°59" +76°27!
NWMC, Exmouth, Australia 22.3 13.4 1000 -21948" -1140° 9
NPM, Lualualei, Hawaii 23.4 12.8 1000(a) +21025'" +158° 9!
LF Stations Frequency Radian Power lLat. Long.

Wavelength
(kHz) (km) (kw)

JG2AS, Chiba, Japan 40.0 7.5 +35938" -140° 4°
OVA, Podebrady, Czechoslovakia 50.0 6.0 5(a) +500 9! - 15° 8
RTZ, Irkutsk, USSR 50.0 6.0 +52°18! -104°18"
MSF, Rugby, England 60.0 5.0 50(a) +52922! + 1°11°
WWB, Fort Collins, Colorado 60.0 5.0 13(b) +40°40° +105° 3!
RBU, Moscow, USSR 66.67 4.5 +55°19" -380°41"
HBG, Parangins, Switzerland 75.0 4.0 +46°24" -6°15"
DCF77, Mainflingen, Germany, FODR 77.5 3.9 38(a) +50° 1° -9 Q¢
NSS, Annapalis, Maryland 88.0 3.4 +38059" +76°27"
FTA91, St. Andre-de-Corcy, France91.15 3.3 +45955" -4955"
(a) Power to antenna
(b) Effective radiated power
From: Time and Frequency User's Manual, NBS Technical Note 695, US Department of Comnmerce,

1'Observatoire-75014 Paris.

VLF Radio Waves

The radio wave spectrum is divided into a number of bands
with frequencies extending from 0.3 x 10" Hz (included) to
3 x 10N Hz (excluded). Band N=4 (3 to 30 kHz) is VLF and
band N=5 (30 to 300 kHz) is LF.

The equations for a VLF radio wave can readily be
derived for a vertical electric dipole antenna over a
horizontally layered half space (Wait,. 1962, p. 35). The
field consists of three components with radial dependencies
1/r, 1/r2 and 1/r® representing radiation, induction and
electrostatic contributions respectively. The 1/r3 term can
be ignored for all geophysical purposes, whereas the 1/r?
term is predominant for EM induction methods at distances
of the order of 10 km. The EM field associated with the
1/r term propagates very efficiently to great distances
(thousands of km) and is used as a navigation system for
ships and submarines.

The far-field components of a vertical electric dipole

antenna radiating into free space are, at distance rs»x1,
H‘P ~ ﬁ%z sin 8 ei®! )
and
Eg = - ‘—m—:!;azsine et (2
where p, is the dipole moment ( = fiw if I, is the

mean current and s the antenna length), A is the radian
wavelength of the wave ( = c/w ), ¢ is the velocity of light
and w is the angular frequency (Lorrain and Corson, 1970,
Ch. 14). It is seen that there are only two orthogonal
components, H, in an azimuthal direction and E, in the
plane of the antenna (assumed to be at the origin of the
spherical polar coordinate system) which are in phase at all
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Figure 1. Contours of free-space electric field strength for two VLF stations; Cutler, Maine (17.8

kHz, solid lines) and Jim Creek, Washington (18.6 kHz, dashed lines).

At any location the local

magnetic field is polarized parallel to these contours except in areas of low resistivity where
significant distortion and attenuation of the field can take place.

times. Their ratio, the wave impedance
2 _B_ 1 _ P _ 3670 (3)
Hp cf \ €

is entirely real, and the Poynting vector giving the total
outflow of energy per unit time per unit area is

lon

=ExH or  §=}Re(Ex H¥) (@)

N|=

averaged over a cycle. For the above wave in free space

S =} Re(EgHF) ¢ ®)
which becomes
S-ne g ®)

If we imagine an antenna with an effective radiating
power P (watts), then for a hemisphere centered at the
antenna,

27T 7T/2
P=/ / Sr2sing do do ™
] o ‘o
so that the free-space electric field intensity is
1
P 4%
e
We take r to be the great circle distance between an

antenna at latitude and longitude ( {;, L, ) and a field

point { f/,L ) ie.
¢ =Rcos” [sin £ sin £, + cos £ cosf, cos (L-L)] (9
where R is the Earth's mean radius and the latitude or

longitude is considered negative if south of the equator or
east of Greenwich respectively.

Contours of E, are shown over Canada for two VLF
stations (Cutler, Maine and Jim Creek, Washington) in
Figure 1, with the pertinent transmitter data taken from
Table 1. A similar set of contours for two LF stations
(WWVB, Fort Caollins, Calaorado, and MSF, Rugby, England)
is shown in Figure 2. The above expression (8) for E, fails
to take into account dissipation of the wave energy into
the ground which increases as the ground resistivity
increases. Consequently, in Figures 1 and 2, the electric
field strength has been multiplied by a factor 0.33 to give
approximate agreement between the location of the
100 V/m contour for WWVB as computed theoretically and
as measured on the ground (Kamas, 1977). Even though the
field intensity is only approximate in Figures 1 and 2, the
contours indicate fairly well the field orientation at any
position.

It can be seen that the propagation directions are not
nearly as convenient as one might desire from the
requirement that geologic strike be parallel to the contours
of at least one station. This is more troublesome with the
EMI16 tilt angle measurements when the local strike is N-S,
but it also means that orthogonal ( E,,H,) and ( E ,H,)
measurements with the EM16R are not often possible and
these could be very useful for assessing resistivity
anisotropy.

Once a suitable transmitter has been found, the VLF
method requires only a passive receiver equipped with a
pair of electrodes and a coil to measure the electric and
magnetic fields respectively. Figure 3 shows the passible
paths the EM wave may take between antenna and
receiver. At distances of less than 50 km from the
antenna the sky wave component can be ignored, whereas
the space and space-reflected waves (with a n phase shift)
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Figure 2. As Figure 1 for two LF stations; Fort Collins, Colorado (60 kHz, dashed lines) and Rugby,

England (60 kHz, solid lines).

cancel for all distances greater than a few km. One then
has to consider the ground wave and sky wave for most
normal operating conditions in Canada. Arcone (1979)
remarks that for distances over 800 km from the
transmitter, the first sky ‘hop' is most important for
determining the VLF field strength.

A controversial aspect of VLF propagation has been
the nature of the ground wave component; Wait (1971, p.
163) gives an interesting history of this. One might believe
that a surface-trapped (Zenneck) wave is the ground wave,
but, in fact, it does not appear explicitly as a solution of
the radiating dipole antenna. It can be shown (e.g. Barlow
and Brown, 1962, Ch. III) that a Zenneck wave, which is
characterised by an exponential decay of amplitude above
the air-ground interface, is equivalent to an inhomogeneous
plane wave incident at the complex Brewster angle (Fig.
4(a)). There will not in this case be any reflected wave
and the angles of incidence 6, and transmission 6, are
related by

Mk cos 6, (10)

cos 6, = P, ,
where ¥, and ), are the propagation constants defined as
in equations (40). Stratton (1941, pp. 516-522) shows that,
as the ground conductivity increases, this condition leads to
an incident and a transmitted wave which propagate
increasingly parallel to and vertical to the interface
respectively.

As Wait (1962, pp. 17-20) argues, however, such a
wave is inconsistent with the idea of a source region (one
can imagine a mixture of ground and sky waves) from
which an incident plane wave appears at a fixed angle of
incidence to the vertical (Fig. 4(b)). One then gets an
increase in field amplitude with height above the ground
instead of an exponential decay, as in the case of the
Zenneck wave. In this second description, the plane wave
is still inhomogeneous with a complex (but not necessarily
critical) angle of incidence 6, , which should be interpreted
as the real angle ¢, that the phase fronts in air make with
the ground. When displacement currents in the ground are
ignored this angle turns out toc be

tan g, = I k) = l——L—m”_J Sin %) _ tan 4, ey
Im (u) Im (15 cos 6,

again borrowing results from later analysis. In the
following discussion it will be assumed that the arbitrary
angle @ is indeed real and to be interpreted as ¢ above.

It will be demanstrated later that the complex surface
wave impedance measurements are independent of ¢ when
displacement currents are ignored, but that 6 must be
specified if displacement currents are included. Sinha
(1977) shows that for VLF airborne surveys, a change in
wavetilt with height above the ground will also depend on
9, which in turn varies with the particular combination of
ground and sky wave components at the measurement
location. To be more precise one would have to solve the
complex propagation problem in the spherical
Earth-ionosphere waveguide as outlined by Wait (1978).
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E Layer

lonosphere D Layer

Sky

Space
Amennait’w A\\\\% [—L Receiver
L —

d
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Figure 3. Possible propagation paths for VLF radio waves
between a vertical electric dipole antenna of height h and
a receiver at distance d . The ionospheric D layer (~ 60
km) disappears at night and the sky wave is then reflected
from the bottom of the E-layer (~90 km). The space and
space reflected waves are m out of phase and of almost
equal path lengths if h< 0.05d . The sky wave is only
seen by the receiver if d>50 km.

PLANE EM WAVE INDUCTION
Basic Equations

We begin by stating the equations which will govern the
propagation of EM waves in the present geophysical
context. In most of the discussion to follow, the ground
can be considered as divided into either vertical or
horizontal strata of homogeneous isotropic material with
constant electric and magnetic properties. We will
therefore be dealing with standard EM analysis of the sort
found in most textbooks on electricity and magnetism.

At any location in space, there are two fundamental
Maxwell equations which relate five vector quantities:
denoting &/t by 4, , these are

V<E .+ AB=0 (12)

and
VxH-4D=4J , (13)

(e.g. Stratton, 1941, p. 2). In SI units the field quantities
are: E, the electric field strength in volts per metre (V/m);
B, the magnetic induction in teslas (T}H , the magnetic
field strength in amperes per metre (A/m);D, the electric
displacement in coulombs per square metre (C/m?) and J,
the surface current density in amperes per square metre
(A/m?). Iri the neighbourhood of any point, the divergence
of the current density must equal the net outflow of the
free charge density within a small region surrounding the
point. This conservation of charge is expressed through the
continuity equation

v.J+4p =0 ., (14)
where p. is the free charge density (C/m?2).

By taking the curl of (12) and (13) and noting the
vector identity V.( VxA ) = 0 for any vector A, the

following two equations are obtained,

V. 0 (15)

|
li

and

vV.D (16

Pe

Because of their derivation these equations are not
independent of (12) and (13) and we still need three
additional equations relating the five vectors. These are
provided by the following constitutive relations for a linear
isotropic medium,

E = eE , (17)
B = uH (18)
and -
J = oE , 19)
Incident

wave direction

6
Air
W& Z7777
Ground
e‘I
Transmitted
4 wave direction

Figure 4a. A Zenneck surface wave as a critically incident
inhomogeneous plane wave. In air the incident wave varies
as exp(+uyz ), where u, is the vertical wavenumber.

Reflected
wave direction

Incident
wave direction

Air

— X

/S /S S S
Ground

Transmitted
z wave direction

Figure 4b. Inhomogeneous plane wave incident at the
arbitrary angle ¢ which is taken to be the angle ¢, of the
planes of constant phase. In air the incident wave varies
as exp(-uyz ).



in which € is the absolute dielectric permittivity in farads
per metre (F/m), u is the absolute magnetic permeability
in henries per metre (H/m) and o is the electrical
conductivity in siemens per metre (§/m). If the medium is
anisotropic, then these material properties are tensors, and
nonlinearities can be accounted for in some situations by
allowing them to also be complex.

Within a conductor, there can be no free charges and
so both J and D are solenoidal, i.e.

V.J =0 (20)

|L

and
v.D =0, (21)

Taking the curl of (12) and (13) yields

VxVxE+d VxB=10

and
VxVxH-4§ VxD=VxJ.

We may now specify that f,u and o are position
independent within the particular volume of material
considered, so that these two equations may be written as
identical wave equations for the field intensities E andH,

~VxVxE+VI(V.E) = pyo JE +eu G, E (20a)

and

-Vx VxH+V(V.H) =po d,H + en J H (20b)

By virtue of (15) and (16 ), the second terms on the LHS
are identically zero, but by introducing them we can use
the following identity valid in rectangular Cartesian
coordinates,

—-Vx V"A"‘V(V'A) = VzA = axxAx*‘ ayyAy*' azzAz
where V?A is the vector Laplacian of a vector A with

components { A, A, A,). A more compact form of the
vector Helmholtz equations (20a) and (20b) is then

V’E = y’E (21a)
and

VZH = p2H (21b)
in which

V2= iwpo - wiep (22)
is the propagation constant of the medium (m=2 ). It is

assumed that all field vectors have a harmonic time
dependence e®' , where « is the angular frequency, and
that Re (V) >0 . This frequency domain representation
is still appropriate for irreqular MT fields by virtue of the
Fourier integral theorem. For example, an arbitrary time
domain electric field can be written

o
E(rt) =] E(rL w) %' dw (23)
-
where r is a position vector and E(r,w) satisfies (21a).

With the above development, equations (12) and (13)

D.J. CROSSLEY

— %k

Ex
vaIEz

b) E - polarization

Figure 5. EM field components where polarization is
parallel to geological strike.

can be simplified to

H=-—_1

H=-mga WE (24)
and

E- _1 vxyn . (25)

- T+ lweE -

The ratio of any component of electric field E; to a
component of magnetic field H; (i,j = x,y,z ) is a
complex tensor quantity known as the wave impedance

Z = (26)

Im

whose amplitude and phase are diagnostic of the electrical
and magnetic properties of the medium. A related quantity
of interest is the wavetilt, defined as the ratio of
horizontal to vertical electric or magnetic components of
the wave

H.
W, — or i (27)
'z H,

m|.m
d

where (i=x,y)

. Considerable simplification will ensue if the
geophysical situation is assumed two dimensional such that
we may ignore all spatial variations in one direction, e.g.
2,()=49d,()=0. For practical purposes, this direction
should coincide with the strike direction of local geoclogical
features. A furthur assumption, which affects only the
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orientation of the (right-handed) coordinate system, is that
the electric field component is to be either normal to the
strike direction (called H-polarization) or parallel to the
strike direction (called E-polarization), as shown in Figure
5. As mentioned earlier, MT signals can be of either
polarization, whereas the VLF-LF signals of a vertical
electric dipole are H-polarized. This is contrary to the
field of a long electrical wire source used in EM induction
methods, which is E-polarized. The field components for
these two cases are then for H-polarization,

H= Hy]f
E=E+EKk
(axx+ all) Hy= V2Hy (28)
1
Ex= - riwe =My
1
E:= sriwe &My
and E-polarization,
E=E&]
H = H i +H,k
(axx+azz) EV= VZEY (29)
_ A1
Hx— W 51 Ey
Ho= g O,E
z iw” x =y

The next step is to seek a solution for the single
field components H, or E, . In rectangular Cartesian
coordinates, the most general solution of the scalar
Helmholtz equation

(VZ_p2)yw=0
is the function

¥ = (c‘e-uz+ czeuz )(cae—kx+ c4eKX)
where &, ( ) = 0 and the vertical and horizontal
wavenumbers, u and k respectively, satisfy

u? +k?= p2

Again we assume Re (u) > 0, Re (k) > 0. There is no
loss of generality by taking the direction of propagation of
the polarized wave ¥ to be in the +ve x direction, so that
c, must be set to zero to prevent an exponentially
divergent solution. From (28) and (29) we therefore can

write
H, = (Aewzs Bew) ekx (30a)

or

E, = (Aez+ Bewr) ek (30b)

as the most general solutions of the H- and E-polarization
cases respectively.

Boundary Conditions

The constants A and B have to be determined by examining
the boundary conditions for the fields. These can in
general be expressed as two equations of continuity in
tangential E and normal B,

nx{E,—E,) =0 (1)
and
A .(B,—B,)= 0 (32)

and two conditions on tangential H and normal D, which
introduce a possible current density Js or surface charge
density p;,

Bx(Hp- Hi) = s (33)

and
A.(D~-D)=n (34)

The suscripts 1 and 2 indicate different media and fi is a
unit vector normal to the surface.

Should both media have finite conductivity, then Js
unequivocally vanishes as Stratton (1941, p. 37) shows. On
the other hand, when both media are dielectrics, the free
surface charge density p, vanishes (e.g. Lorrain and Corson,
1970, p. 140). It follows that at the air-ground interface
and at boundaries between conducting regions in the Earth,
we cannot guarantee p; is zerc. An alternative general
boundary condition can be derived from the equation for

continuity of flow of charge across any surface, i.e. from
(14),

A (de-d)=- ain, )

It is now possible to avoid consideration of p by
eliminating it from (34) and (35). We have

ﬁ-(ﬁzEz—hE) =R

and

| 3>

-(%E,-0E) =—iwp, .

Stratton (1941, p. 483) shows that these equations imply
either the unlikely condition ps = 0 and

0’162— 0'261 =0
or, more reasonably, that p, x 0 and

ﬁ-[(02+ izoez)Ez—(a1+iwe,)E1] =0, (36)
We may therefore summarize the boundary conditions as
requiring continuity of normal (uH, (o+iwe )E) and
transverse ( E, H ). When applied to the two possible

polarisations of the wavefield, these canditions become for
H-polarization:



continuity of H,,E, and (o+ iwe )E, G7N
and E-polarization:
continuity of E,,H, and pH, (38)

across any boundary.

HORIZONTALLY STRATIFIED MEDIA; H-POLARIZATION

We now follow the general formulation of Wait (1962) in
considering an M-layered, horizontally stratified Earth
model, in which the incident wave is H-polarized and at an
angle  to the normal (Fig. 6). In a typical m'th layer, the
electrical and magnetic properties given by € ,u, and g,
are assumed isotropic and homogeneous. The layer is
bounded by the depths z_,, and z, and so has a thickness
h, of material in which the magnetic field component
satisfies

(V2= 92) Hpy=0 ,m=0,1...M (39)
where

Ve = iwpnO,— w2€npy , (40a)

'Pg = -“’250/‘0 (lll.'lb)

and Re (p, ) > 0 as before. We first consider the
implication of the boundary condition (37) which, using (28)
and (30a), leads to continuity of

(o+iwe}E, = g, H, =—kH,
It is clear that because H, is continuous across a

boundary, k must be the same for all layers. The magnetic
- field component can then be written

Hpy = (A, em?+ B, e'n?) e (41)
where

ug = ph-KZL . (42)
/ < Eox
H e .

oy Eoz Air €5 Ho
777 7 X

777777772777 Gmnd oo

€m Hm O

Figure 6. Horizontally stratified Earth model.
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Using (27), it follows that

E (Ay e¥m?—B e'm*) e (43)

-_— um
mxT Omtiwe,
and

E, = - K

mz" G+ jwen

(Apevm?+By e'm?) et . (48)

The surface wave impedance at the top of the m'th
layer is then

E E

Zm= mx = Sm-t.x

H"\Y Zma Hm-1.y Zm-

which is continuous across the interface (relation (37)).
Using (41) and (43), we find

Z, =K, Ape’mmi—Byelnins (45)

A e-Ym?m-1 By, €YmZm-1

where

Km = __Um__ (46)

Ot iwen

is a modified propagation constant for the m'th layer. At
the bottom of the m'th layer we can write in a similar
fashion

Zpy = Emx| = K, AmeVmim - Byeimim 7)
H Anpe-imZm + B, eYm?m

which enables A_/B,
result is

to be eliminated from (45). The

z, =K, Zna+ Kntanh (uphy)

,m=1,2,...M-1 (48)
K +Z s tanh {ughy)

where in addition, for m=M,
Zy=Ky - (49)

This last relation arises from the condition that Hny must
be finite as z—o in the last layer, so that By, = 0. The
constancy of the horizontal wavenumber k then requires the
M equations

p2-u? = P2, -u2, ; m=0,1,..M-1. (50)

There are (2M+1) relations in (48)-(50) which are
sufficient to solve for the (2M+1) unknowns Ugy U, sese Upy
2552, 4.2y, and, except in the special case M= 1, these
relations are independent. As can be imagined, an analytic
solution is virtually impossible to obtain due to the
non-linearity of the tanh(uyhy)and p2-u? functions
unless certain simplifications are made. It can be shown
(e.g. Keller and Frischknecht, 1966, p. 304) that in all
cases of interest, the vertical and horizontal wavenumbers
in air are given by the expressions

Ug = % cosé (51)
and
k =y siné , (52)
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where @ is interpreted as a real angle (equation (11)).
Therefore by specifying ¢, u, and k are known. This
immediately simplifies (50) and allows u,to be computed
independently of Z,,Z, yeee Zy

At this point we evaluate the wavetilt for
H-polarization. From (27), we deduce the wavetilt in the
mith layer to be

W.(z)= E:: . m=0,1,...M-1 (53)

which at the top of an interface can be evaluated as

O+ iwe Emiz

using (37). The wavetilt in air at the air-ground interface
is then

Zm

Wm =f m + inm Em+1,x
m+1

W= _iweg  Ey (54)
0" o+ iwe; Elzo
which reduces to
W, = - iweg z, (55)

" 7,sing

using (43), (44), (45) and (52).

NEGLECT OF DISPLACEMENT CURRENTS
General Expressions

Generally an approximation is now made whereby the
displacement currents are ignored in comparison with the
conduction currents. This is a valid assumption provided
the parameter

vm=ﬂ’a§m <1 | m=1,2,...M (56)
in which case
Vam iwpno, 7

and K,®uy/o, . This simplification immediately enables
a solution to be found regardless of the value of 8 because

VB w0, + w2, Sin? 0

using (42) and (52), which further reduces to

uls iwp, o, (58)
by a slight extension of (56).

Proceeding in a standard fashion, we can define a
stratification or correction factor

sz é_“ =( i(A),Umpm )'% Zm N (59)
Km
where p, is the resistivity ( Q.m ) defined as 1/g, .
The complete M-layer solution can now be written
Z, = (iwpp )? Q (60a)

10

in which

o= B Quys +tanh (@, Vi ) (60b)
™ 14 BnQug tanh (@my/T ) ’
m=1,2...M-1
and
Qy=1 . (60c)

We have defined

@ = |up[ b = (wp, 0, )15 he (61)

gyl (€

Homogeneous Gmt;\d

and

For homogeneous ground M=1 and the second and third
equations of (60) are identical. We can then introduce an
apparent resistivity

Pa = wl#‘ |Z1|2 = P (63)
and phase

o =argZ, = n/4 , (64)

which determines the amount by which H, lags E, in a
cycle. Even when the ground is not homogeneous, the
quantities p, and ¢ can continue to be defined by

P = J—M 1Z)2= £ lQy? (65)

and !
p=argZ, = ®/4 +argQ, . (66)

In fact the Geonics EM16R is calibrated to read out p, and
p directly, under the assumption that u =p, .

In any layer of the ground with reasonably high
conductivity such that (56) holds, the electromagnetic skin
depth is defined as

_ 2 _
5= Vapas, =V o (67)

If, for example, in the upper layer &>h (&< 2 )
then the surface impedance Z, is significantly perturbed by
the properties of the lower layers. However, if
8 < h, ( a,>+Z ) then the lower layers will be largely
hidden by the first layer.

Using (56), the tilt angle for homogeneous ground is

W= =l (ﬂ’%jﬂ) (68)
which has a magnitude

Iw,| = al_o (‘A_’f‘_l:_’o&)% (69)
and phase angle -

arg W, = 57/4 . (70)



It can be seen that for any horizontally-layered model,
po— HosSin6[Wo|? (71)
W€
implying that ¢ has to be assumled known, whereas
p=argW,-n (72)
is independent of 6. The tilt angle at any height (-1z| )

above the air-ground interface can be expressed in terms
of W, through the expression

W, (z)= Wo+coté tanh lugz) (73)
1+Wo tan @ tanh (u,z)

where ug = iwy/ige, cosé as before. Far above the
ground, it can be assumed tanh (ugz) — 1 (provided 6 =
90°) and so

W, (z) =~ cot @ (74)

Two-Layer Model

A very common simplification of actual field conditions is
to assume a single layer resting on an infinite half space.
In this case M = 2 and equations (60) reduce to
1
Z,= (iwmp)? Q,
and

B,+ tanh (a,/7)
1+ B, tanh (a/7)
in which (75)

1
@y = (“”‘1”1 )7 h1

and

Pz
By= \/P—T

Equivalent expressions for Q, found in the literature are
= tanh (a,\/i_ +tanh™ By) |
(Wait, 1962, p. 15) and

Q

Q,= coth (a,/i +coth™ g, )

(Keller and Frischknecht, 1966, p. 218). Resolving Q, into
its magnitude and phase components:

|Q,|?= e?"+2q ePcosp +q2 (76)
e*®-2qePcosp +q2

and

arg Q,= tan™ (%) 7
where

p= \/2_ a, (78)
and

_ Bt
= 55 . 79
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From (61) and (62), we find

p.=p <e2"+ 2q epcosg+gz) (80)
2 "'\ e?®-2gePcosp+q?

and

¢ = tan- e’ - 2qefsinp-qg? . (81)
e?+ 2qePfsinp-q?

THE DIELECTRIC EFFECT
Dielectric Hysteresis

Certainly at MT frequencies the approximation (56) is
sufficiently good that the expressions derived in the last
section can be applied to the data without error. At
VLF-LF frequencies, however, the impedance Z, may have
to be corrected for dielectric effects if the ground is very
resistive.

In a dielectric medium at high frequency, there may
be appreciable energy loss due to a hysteresis effect
similar to that in permeable media which results in an
added contribution to the ohmic conductivity. To see this,
we introduce the device of a complex dielectric constant

€ = €'—ie" , (82)

where, for the Debye model,

€' =¢, <1+J—__a( «?) ) (83)

(w%-wd)? +b2w?

and
"= & | - abw (84)
(wz— wg)2+ bztc)2

are real quantities (Kraus and Carver, 1973, p. 334). The
parameters a and b are equal to ( Ng¥em ) and §{/m
respectively ( N = number of polarized atoms per unit
volume, q = dipole charge, m= atomic mass, {= damping
coefficient and w, is the dipole resonant frequency). The
constitutive relations (17) and (19), when substituted into
(13), yield

VxH= (0+iwe) E (85a)
or

Vxﬂ: (U'—Hwe')E , (85b)
so that the total current density is due to both

displacement and conductive currents. In (85b) the
equivalent or effective conductivity of the medium is

0'=0 + we" (86)

combining true ohmic conductivity with the dielectric
hysteresis which masquerades as a conduction term. From
(84) and (86), we may therefore express the resistivity as

11
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a function of frequency:

p= (ﬂ-—z—é—g—m‘w_"azf, St ) 87)
which reduces to

pa -15( 1- %“f ) (88)

for low frequencies.

The loss tangent of the medium is often quoted as

fit.=C (89a)

wE

which is just 1 from (56). However, the ratio of
conduction current density to displacement current density
in equation (86) leads to a preferred definition

f.t=2 (89b)
weE

because o' and ¢ are then real quantities at all
frequericies. In practise o' cannot be distinguished from o,
and, provided a measurement of ¢ yields its real part €',
the above distinction is academie. The frequency
dependence of the loss tangent follows from the particular
model chosen, e.g. from (83) and (84), the limits are

w —0 ;3 d—¢ (1+ —3—4);5"-_.0 s lte—oo

w
? e —0 3 Lt.—-0

‘ }(90)'
w —mw §j €—¢,

Measured loss tangents generally decrease with frequency
(e.g. Olhoeft, 1975).
Skin Depth
Another consequence of retaining the displacement current
is a modification of the electromagnetic skin depth & in
(67). The propagation constant

V2= Wy (Op+ iwey)
is assumed to have real and imaginary parts

Pn= P+ W (91)

where, from elementary analysis of a wave which
propagates as eiw!, it is clear that the skin depth is just
s = 1 . (92)

It can be easily shown that

1 1
= oy otn [(1+;‘2)2 -] (93)

= wy ot (122 |2 (91)
b 2 i '

and

from which 8, can be deduced to be

= 2
sm_ :umamw

[+n2)-va]t . (95)

At low frequencies, r,«1 , the loss tangent is large and

12

the approximations of the previous section are derived. At
high frequencies, however, equations (93) and (94) are not
phenomenologically correct unless we replace ¢, and o, by
€, and o), as in (82) and (86). The true variation of &n
with frequency must therefore include equations (83) and
(84) or equivalent for the dielectric model used. We will
not pursue these subtleties further at this stage but rather
will go on to indicate how p, and ¢ might be affected to
first approximation by displacement currents.

Variation of p, ¢
For homogeneous ground

— — Uy
Z,=K, = g +lwe, !

from (46) and (49), so that we need to find u,. From (50)
and (51),

2 2 2 ain?
uj= p; — y,sin° o

indicating u, will now depend on 6 and thus the mode of
propagation, We find without approximation that

_ 1 1 2(q 2]1/2 (96)

O [1+vf(1-e)

and
2 2 o
¢=tan—-1 [1+l)1 ( ‘e) ]‘_1}13 (97)
1+ p, ([1+02(1-€)2] 2+ p(1-e))

in which

e = Yo% sin?g, (98)

171

There are two limiting conditions, the first of which occurs
when e=~0 as a result of vertical incidence ( ¢ = 0°) or
when either #/p, or /€ is small. Equations (9 )
and (9 ) reduce to

=P (99)

Fa (1-#—1112)‘/2
and

o = tan" {(1+22) = ) (100)
t..

Pa™ P (1'— %]b)
and

0 =Ty - Uifp

for small v,.

On the other hand, if e=~1 e.g. as a result of
parallel incidence ( @ = 90°) over a half space with no
dielectric or permeability inhomogeneities
( I e ), then

p= (101)
a 1+p2
and
@ = tan! |11__: '3] . (102)
1



100

80
i

PERCENT DECREASE

0.4 0.6 0.8 1.0
PARAMETER 2

Figure 7.
parameter

Decrease in p, and ¢ as a function of the
vi=we,p, for two values of e= 0, 1.

i.e.

g P (1— "12)
and

¢~ 4 - v

for small » . We see that, in general, the phase angle
is much more sensitive than p, to dielectric properties of
the half space.

Just how large can », become in reality? For a
typical VLF station at 20 kHz, a surface resistivity of
g = 10° Q.m will yield », = 0.1 for a relative dielectric
constant of ~10. At this level, the percentage decrease in
either p, or ¢ can be quite significant, as shown in Figure
7. Most rocks capable of resistivities of 105 Q.m show
dielectric constants less than 10 (Telford et al., 1976, Ch.
5), and, even though this may be increased by adding
water, the conductivity would then also increase
considerably. At high frequencies the reduction in
resistivity due to a complex ‘dielectric constant, equation
(76), must” also be taken into account. For a layered
ground the original equations (48) and (49) should be solved
iteratively for Zy, Z,_, sees Z, , with

u2 = p2 - p2sin?0 (103)

replacing (50).
Q977).

Further details are discussed by Sinha

E-POLARIZATION

For the MT method, E-polarization is just as likely as
H-polarization, and we therefore replace (41) with

Emy= (A,etmz 4B e ) ek | (104)
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and thus, from (29)
Um

o= ~Targy (Anm €= By etnt) e (105)
and
_ _k - m -
™ Ta g (Am em? + B em® ) e-kx (106)

Again the equality of k in all layers is guaranteed through
(38) and we may define a new surface impedance

-UmZ Y4
Z, - Emy =4, A e-umz — B, elm
Hnx 1zm- A, etm?y B eln?
where
| Wlm
J o= 1O
m Um

Proceeding as before, we find

z.=J, Zptdn tan hough) (107)
" dn +Zpatan hiughy)

and
(108)

where u, is given by (50). At MT frequencies we may
immediately assume the condition (56) and so it follows
that instead of (59) we have

Qf% (10320 (109)

exactly as before. Thereafter the rest of the equations
(60)-(81) all apply to the E-polarization case. Numerical
computations of the amplitude and phase of the wavetilt
for the E-polarization case were presented by Singh and
Lal (1981).

VLF INTERPRETATION
Measurements

The measurement of complex wavetilt at any aircraft
altitude via equations (71)-(73) can in principle be used to
deduce the apparent resistivity and phase angle between the
E, and H, surface fields. In instruments such as the
Barringer E-phase system, for practical reasons, only the
quadrature phase component of the wavetilt is determined
by measuring the E, and E, fields using dipole antennas
(Hoekstra et al., 1975). Only one independent parameter
of the model can then be determined for each frequency
at which transmission can be received. As implied before,
the VLF frequencies are so closely spaced that the only
practical advantage in using more than one transmitter is
to investigate anisotropy in the ground resistivity. Usually,
it is the apparent resistivity, computed via (71), which
serves as the parameter interpreted from these instruments,
and this averages in some sense the actual ground
resistivity both laterally and also vertically to a depth
equivalent to several electromagnetic skin depths (at the
VLF transmitted frequency). Contour plots of p, can then
be correlated with geological structure (e.g. Hoekstra et
al., 1975), but they do not readily lead to a quantitative
interpretation.
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Modified ground instruments such as the Geonics
EMIER have a pair of current electrodes 10 m apart which,
through contact with the ground, are capable of reliably
determining E, in addition to H, determined by a coil.
Then (p, , 0 ) are obtained at one frequency, which allows
two independent parameters of the model to be found at
any location. Usually p, is measurable to within +10%
accuracy and ¢ to within +1° or maybe +0.5° under
very favourable conditions. For homogeneous ground the
phase angle equals 45° and therefore any departure from
this value in the field is generally taken as an indication
of resistivity inhomogeneity. This need not be the case if
there is structure at or greater than the skin depth, i.e.
when a, > /2, as can be seen in Figures 8 and 9 which
show the magnitude and phase of Q, plotted as functions
of a, for a range of values for 5, . Even if p, is constant,
there may be departures of ¢ and u, from their
free-space values, which could lead to phase angles of less
than 45° as discussed above. The curves for three-layer
models (e.g. Mathieson and Crossley, 1981-1V) also indicate
that ¢ = 459 for certain combinations of the layer
resistivities and thicknesses, even when «, >/2 . One
would prefer to have reliable geological information before
resorting to these alternative ways of interpreting a phase
angle of 45°.

Two-Layer Model

The two-layer model has traditionally been assumed to
contain three independent parameters s hy and p,, but
one might wish to extend the number to seven by including
€ My 96 and w, as unknowns. Even with three
parameters (p, , h, , P, ) the model is ambiguous, as only
two data values (p, , ¢ ) are available at any one
frequency. We therefore should consider the possible
assumptions that may be made concerning the
interpretation.
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Figure 8. Amplitude of Q, as a function of «, for all

values of  B=\/1/P,

in a two-layer model.

From a practical point of view the most useful two
parameters of a two-layer model are h, and plp,  (or
By ). Unfortunately the measured quantities |z,| and
argZ,, which lead to p, and ¢ via equations (65) and (66),
cannot be written in terms of h, and p, alone because the
quantity a, (necessary to compute the factor Q, ) contains
the product h,//5; . As a result, it appears impossible
to resort to a single set of type-curves, i.e. ( p,, 0 )
against a, and f, , and for this reason we briefly consider
two popular alternative assumptions, which are treated
more fully in Jones and Telford (1981-Il1) and Powell
and Jensen (1981-1I). A single set of curves is nonetheless
feasible for the two-layer case, as demonstrated by
Mathieson and Crossley (1981-1V), provided one of the
following two cases is assumed. We will ignore values of
@, > /2 as the phase ¢ ~ /4 ( argQ,as 0 ) which leads to
a difficult interpretation problem.

Case A: p, assumed known

The amplitude |Q| is known from p, via the equation
f% - Fﬂ ’CJJ2 9

so that in Figure 8 one can uniquely relate a specified
value of f with a known «, . Also argQ, is known from

0= 7m/4 + arg Q,

and one then obtains, from Figure 9, two possible values of
a,; for each p; selected. Comparing these with values
(a,, B, ) from Figure 8, it should be possible to uniquely
identify ( «,, 8, ) and hence h; and p,. If no agreement
between the parameters can be found, then perhaps one
should seek a solution for a different choice of p, (which
could be found independently by a small-scale DC
resistivity survey). Failing this, the model is inappropriate,
and the choice is then one of including additional
parameters ( ¢, u,, €,, u, ) or a third layer.
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Case B: p,/p, assumed known

Occasionally, from geological considerations, one may have
an idea of the resistivity contrast and no means of
determining p, directly. In this case, the phase ¢ and
hence arg Q, will now yield two possible values of «; for
the chosen value of f,. Unfortunately, a unique value of
a, for the model cannot be found from Figure 8 because
p, is not known, and therefore these are two possible
values of |Q;| appropriate to those known values of a,.
Both solutions will lead to the same value of p, .

Models With 3 or More Layers

With effectively only two data from measurements in the
VLF band, the interpretation of M-layered models with
(2M-1) parameters (i.e. g, and h, for each layer and p, for
the last) becomes very problematical unless a good idea of
the structure already exists. It then becomes a question
of guessing all but two parameters and varying the free
parameters to attempt to fit the observations. This can,
however, be a useful exercise if no solution is found unless
parameters which were assumed known are required to
change. Very often there are multiple solutions to the
M -layered problem and interpretation must be made with
this in mind. Failure to do so could result in a physically
meaningless solution. Mathieson and Crossley (1981-1V)
discuss the question of the visibility of a layer in these
models.

Interpretation by type-curves can be a tedious
procedure, as so many curves are required for a three (or
more) layered model and the most common application has
been to the relativly well-defined problem of a thawed
permafrost layer (Hoekstra et al. 1975). Mathieson and
Crossley (1981-1V). consider the detection of a water table
layer in a geologically simple environment and show that
the surface measurements can be altered by the presence
of even a shallow third conductive layer. In such cases the
need for additional controls, such as those provided by
drilling or a DC resistivity or seismic survey, becomes
especially important.

D.J. CROSSLEY

Models With Lateral Structure

One problem that arises in all the interpretations of VLF,
LF, and MT resistivity surveys is the continuity of
structure from one measurement location to another, as
shown in Figure 10. Such a problem could be approached
using finite-element numerical integration, as described for
instance by Ku (1976), but this is an expensive method
computationally. The vertical contact problem treated by
Telford et al. (1977) may possibly be adaptable to multiple
contacts, but the only alternative appearing in the
literature is the sinusoidal interface of Hughes and Wait
(1975). Teemull and Crossley (1981-VI) have investigated
the possibility of finding the parameters of such a model
from two dimensional field profiles, but the synthesis of
arbitrary lateral structure using this method also leads to
extensive computational manipulation.

Combined VLF, LF Interpretation

This topic is treated more fully by LaFleche and Jensen
(1981-V) for ground wave impedance measurements.
Essentially, the interpretation is similar to that in MT, but,
instead of plotting p, as a function of frequency and
therefore obtaining a sounding curve, with two frequencies
the best possible approach would seem to be direct
numerical inversion, either by a Monte-Carlo simulation or
through an extension of the technique of Mathieson and
Crossley (1981-1V). The advantages of two frequencies are
probably best realized in cases where the electromagnetic
skin depths lie on either side of the depth of an interface
or interfaces of a model.

SUMMARY

This brief discussion of the theozy of the VLF resistivity
method rests heavily on the pioneering work of Wait (1962).
Nevertheless certain aspects of the problem, such as the
geometry of the source fields, the possibility of
displacement currents affecting surface impedance
measurements and an outline of interpretational procedures,
have been described in an attempt to summarize the
present situation for this geophysical technique. In
particular there is a significant improvement to VLF
interpretation to be gained by using the LF signals, which
are easy to receive in Canada, and then using numerical
rather than graphical interpretation.
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Abstract

The ground's surface impedance to electromagnetic waves is a measure of its local
subsurface conductivity structure. Recently, geophysical instruments capable of the
measurement of surface wave impedance at very-low, low and medium radio frequencies
both on the ground and from airborne platforms have been developed and demonstrated to
provide for rapid reconnaissance surveys of the earth's near surface conductivity condition.
This paper explores the particular application of these geophysical methods in the mapping
of permafrost, a problem of importance to the industrial development in Canada's extensive
arctic and sub-arctic regions. Surface wave impedance measurements are shown to be useful
in distinguishing permafrost from unfrozen soils, for delineating its occurence and in
determining its depth and thickness. Survey results from tests conducted in the discontinuous
permafrost zone near Fort Simpson and in the continuous zone at Norman Wells and near
Tuktoyaktuk, Northwest Territories, Canada are compared to results obtained from both
seismic and DC resistivity surveys with geological control being provided by drill-hole logs.
Interpretations of the data based upon computer numerical inversions and manual fittings to
Powell's two-layer master curves are shown to expose permafrost structures. For delineation
of permafrost occurence, two useful indices are also provided. The surface wave impedance
methods are found to be especially useful for the reconnaissance mapping of permafrost in
continuous and discontinuous zones.

Résumé

L'impédance caractéristique du sol aux ondes électromagnétiques est une mesure de la
structure de sa conductivité superficielle. On a récemment mis au point et fait la
démonstration dinstruments géophysiques capable de mesurer l'impédance caractéristique de
la surface a trés basses, basses et moyennes fréquences tant au sol que dans les airs. On
peut ainsi procéder @ une reconnaissance rapide de la conductivité superficielle de la Terre.
Le présent article examine l'application spécifique de ces méthodes géophysiques a la
cartographie du pergélisol, probléme important pour le développement industriel des immenses
régions de l'Arctique et du Nord canadien. On y démontre que les mesures de l'impédance
caractéristique du sol sont utiles: elles permettent de distinguer le pergélisol de sols non
gelés, de délimiter son étendue ainsi que sa profondeur et son épaisseur. Les résultats
dessais effectués dans la zone de pergélisol discontinu prés de Fort Simpson et dans la zone
de pergélisol continu a Norman Wells et prés de Tuktoyaktuk, dans les Territoires du
Nord-Ouest (Canada), sont comparés a des données obtenues par des évaluations sismiques
et des analyses de résistivité au courant direct, le contrile géologique étant assuré par des
rapports de sondage de mines. On démontre que les interprétations des données fondées sur
les inversions numériques par ordinateurs et sur l'ajustement manuel aux abaques
dinterprétation de deux couches de Powell font apparaitre les structures de pergélisol. Deux
indices utiles pour la détermination de la présence du pergélisol sont également donnés. On
a trouvé que les méthodes faisant intervenir l'impédance caractéristique du sol étaient
particuliérement utiles pour l'établissement de cartes des zones continues ou discontinues de
pergélisol.

INTRODUCTION

With the expansion of the resource-based industrial
development in northern Canada, the detection and
delineation of permafrost structures has become a very
important problem. In its solution, the methods and
techniques of geophysics play a particularly useful role
because the alternative, direct inspection of the soil section
by means of drilling, is very expensive when applied over
large areas. While geophysical methods cannot hope to
replace direct inspection completely, wherever decisions for

development have been made and precise questions of an
engineering nature must be explicitly answered they do
offer the attractive possibility of rapid reconnaisance in the
search for probable development sites. Until recently, two
geophysical methods have been most broadly applied to the
permafrost problem: seismic refraction surveying and
galvanic resistivity profiling and sounding. That these
methods have been so often used is understandable because
the geophysical properties which most distinguish permafrost
structures from normal soils are their high elastic wave
velocity and their very high DC resistivity, Of these two
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properties, the very high DC resistivity of permanently
frozen soils perhaps offers the most reliable indicator, if
only because the seismic velocity of permafrost is not very
dissimilar from that of many consolidated bedrock
materials. Resistivity surveying is presently most widely
accepted as the reconnaissance tool for detecting and
delineating permafrost.

The additional costs of developing and continuing
industrial activity in regions of permafrost occurrence have
many aspects. For example, at the Iron Ore Company of
Canada's mine site, Schefferville, Quebec, permafrost occurs
discontinuously in the iron formations being exploited. The
peculiar viscoelastic properties of the permafrozen ore
make blasting for its fragmentation and removal and
handling particularly difficult. A similar condition arises
at the Cassiar Asbestos mine in northern British Columbia.
For construction in the northern regions, the detection and
delineation of permafrost is essential. "The record of the
past shows many failures of construction on permafrost
... Consequences of encountering unexpected conditions
during construction include lost construction time schedules,
improvised foundation re-design, carrying of work
unexpectedly into severe fall and winter weather, very
large cost increases, delay in beneficial occupancy, heavy
repair and maintenance expenses, and disruption of
operations." (Linell and Johnston, 1973).

Determination of permafrost thickness in the
cantinuous permafrast zone can be useful for determining
the potential for the presence of gas hydrates in and
immediately below the permafrost horizon, and is necessary
in the design of safe casing strings for drilling and
production operations and the establishment of adequate
foundations for drilling rigs. Also, the presence of
permafrost can introduce very large "statics" errors into
reflection seismic exploration data. Accurate correction
for these statics errors is required in order that reflection
trace stacking can be accomplished for the reduction of
noise, and so that the seismic sections produced can reveal
the subtle stratigraphic petroleum traps, which often exhibit
only a few milliseconds of interval time anomaly. The
thickness of a permafrost structure cannot be easily
determined using seismic refraction data, whether obtained
from separate refraction surveys or through an
interpretation of the first breaks of the reflection records,
because the bottom of the permafrost represents a velocity
inversion. Moreover, the bottom interface is very often
gradational and consequently offers no strong acoustic
impedance contrast and therefore provides a poor signal
reflection (Hnatiuk and Randall, 1975).

The presence of permafrost presents serious obstacles
to the servicing of town sites with water supply and
sewage and waste removal. Culverts and conduits, even
when well insulated, often ice-up in passing through
permafrost. Obviously, the detection of permafrost
occurrence would be of great help in the routing of
community services.

The establishment of the infrastructure necessary to
industrial development in the the Yukon and in western
part of the Northwest Territories to provide permanent
roads, railways, and pipelines for the shipment of
petroleum, gas and mineral slurries and for airports and
shipping ports is most seriously affected by permafrost
occurrence. Because of the large extent and breadth of
this area of development, it becomes essential to have
access to very economical, or more properly, cost-effective
methods of delineating and determining permafrost
structures. Seismic refraction methods and the DC
resistivity sounding, while applicable to the problem, are
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often slow (and consequently expensive), imprecise (hence
requiring redundant follow-up work), and largely limited to
use in the very short northern summer season. The need
for a rapid and simple geophysical methodology is clear,
and toward that end this article and the thesis from which
it derives (Powell, 1978) is directed.

The essential purpose of the study (See also Hoekstra
et al., 1975.) is to determine the efficacy of surface-wave
impedance mapping based upon the ground Radiochm (Collett
and Becker, 1967) and airborne E-Phase  (Barringer, 1971)
systems. Field studies at three test sites were conducted
during the winter, spring, summer and early arctic autumn
of 1973. The three sites studied were:

1. Fort Simpson, NWT, where a survey was conducted on
a grid straddling the Mackenzie highway 15 miles south of
the town site. This is a region of discontinuous
permafrost.

2. Norman Wells, NWT, where a survey was conducted on
a grid straddling the Canol Road, constructed during the
Second World War. The area is one of continuous
permafrost.

3. Tuktoyaktuk, NWT, where profiling was done across the
Geological Survey of Canada's test site known as the
"Involuted Hill", 15 miles south-east of "Tuk". Thick
permafrost occurs generally in this region.

All Radiohm measurements were obtained in using
VLF (very low frequency) transmissions at 18.6 kHz from
station NLK, Jim Creek, Washington, while the airborne
E-phase surveys employed various LF (low frequency)
navigation and MF (medium frequency, broadcast band)
transmitters.

The Electrical Properties of Permafrost

Upon freezing, there is a radical change in the electrical
resistivity of terrestrial soils and sediments due to the loss
of mobility of the free ions in water solution. The DC
resistivity of soils can easily increase by 4 or 5 orders of
magnitude with freezing and consequently, DC resistivity
sounding has been used to advantage in detecting
permafrost (Dement'ev, 1959; Ogilvy, 1967).

Perhaps of greater importance to the interpretation
of Radichm surface-wave impedance measurements is the
fact that the dielectric characteristics of ice also depend
very strongly upon the presence of impurities, which are
commonly a part of soil materials (Addison 1967; Olhoeft,
1975). The propagation constant of a surface guided
electromagnetic wave depends upon the electrical
conductivity, the magnetic permeability and the dielectric
permittivity of the ground material as shown by
Crossley, (1981-1),

P
P = \imw (o jew)

where, for a real material, the dielectric permittivity is
often best described as a complex quantity,

€= €+ je" | j= A1

The imaginary component of the permittivity is descriptive
of a dielectric energy-loss mechanism which for any
frequency is not distinguishable from the ohmic loss due
to the finite electrical resistivity of the ground materials.
As Crossley (1981) shows, the energy loss mechanism is



often characterized by the "loss tangent",

_ we't+ o
loss tangent = pE T

For unfrozen sediments and rocks, the electrical
conductivity, o , exceeds the dielectric equivalent
"conductivity" we" , for frequencies f = w/ 27 < 10° Hz.
Effectively, then, at VLF, the loss within an unfrozen
ground may be entirely ascribed to the finite electrical
resistivity of the materials. However, for frozen sediments
and permafrost, Olhoeft (1975) has determined that the
dielectric loss mechanism begins to dominate at frequencies
as low as | Hz. Consequently, for VLF surface-wave
impedance measurements, the energy being extracted from
the EM surface-guided wave through dissipation in natural
ice and clay permafrosts, for example, is almost entirely
due to the dielectric loss mechanism, and therefore, the
contrast in equivalent material resistivity between unfrozen
and frozen sediments may not be so evident as in the case
of DC resistivity measurements.

It will soon be seen, however, that an approach to
interpretation which ascribes the lossiness entirely to the
electrical conductivity at any one frequency of
measurement still permits the identification and delineation
of permafrozen sediments. If several very different
frequencies were to be used in a delineation survey, it
would be advantageous to attempt to separate out the
dielectric effect. Moreover, because this effect dominates
in frozen materials, the extension of surface
wave-impedance surveys by use of many independent
frequencies could be very helpful in resolving an
identification of permafrost.

INSTRUMENTATION

For the Radiohm measurements, the convenient Geonics
Ltd. model EM16R receiver was used in all ground surveys.
This instrument combines a sensitive ferrite-cored coil
antenna for reception of the horizontal-transverse magnetic
field signal (Hy ) along with two buffered high impedance
ground probes for the measurement of the oscillating
electrical potential over a 10 m radial separation, which is
due to the tangential electrical field (E, ) on the ground
surface. The AC voltages, derived from the H-field
antenna and as the difference potential between the ground
probes, are amplified and phase shifted in order to
accomplish a comparison of their relative phase and
amplitudes. In use, varying the rotation of a potentiometer
allows the H-field derived signal to be phase shifted until
it is 180° out-of-phase with the E-field derived signal. The
amplitude of the E-field derived signal is adjusted by
varying a gain-controlling potentiometer until its amplitude
is brought to precise equivalence with that of the H-field
derived signal. The two signals are then summed and
reduced to 1.6 kHz frequency by means of a ring
demodulator. The sum signal is applied to a small
loudspeaker loaded with a tuned resonant tube. By
iteratively adjusting the calibrated phase-shifting and
gain-controlling potentiometers, the two signals can be
brought to cancel one another, producing a zero sum signal
and consequently an audio null. The relative phase angle
between the surface E and H fields, measured in degrees,
and the scaled, squared ratio of the field amplitudes,
measured in ohm-metres, can be read directly from the
adjustment potentiometer dials. Because the buffered
probes have a very high input impedance, claimed to be
about 14 MQ at 20 kHz, electrical contact resistance with
the ground is not expected to be problematical, even when
the ground is frozen. LaFleche (1979; LaFleche and
Jensen, 1981-V), however, has determined that the effective
capacitance of the buffer amplifiers is somewhat higher
than the specified 0.5 pF, apparently about 3 pF, and
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consequently, at 20 kHz, the effective input impedance
might be lower than specified by about a factor of six. In
any case, even a 2 MQ input impedance can accommodate
a large contact resistance and source impedance without
materially affecting the surface-wave impedance
measurement. Scott (personal communication) has shown
that surface-wave impedance measurement obtained under
the condition of coupling the probes to the ground surface
only through a relatively large capacitance provides for
very similar results as produced under the normal direct
resistive coupling. Consequently, one should not expect
that this very convenient instrument is much affected by
the ground condition except in very exceptional
circumstances.

To provide some control for comparison of the
Radiohm measurements of the ground's apparent resistivity,
DC resistivity soundings using a Schlumberger electrode
array and resistivity profiling using a Wenner array were
employed. The resistivity meter used for this purpose was
the McPhar model R-103 receiver, the current being
supplied by a Huntec LoPo IP transmitter modified to
deliver a square wave of 0.3125 Hz.

The Barringer E-Phase®airborne system effectively
obtains a measurement of the electric wavetilt (Crossley,
1981-1) as the ratio of the vertical E field to the
horizontal-radial (ie. on a radius away from transmitter)
E field. The wavetilt is directly proportional to the
surface-wave impedance. Actually, the E-Phase system
obtains a measurement which involves only that part of the
horizontal E field which is in quadrature phase relative to
the vertical E field because, typically, the in-phase
component of the horizontal component is so much smaller
than the vertical E field that it is very difficult to
determine their ratio. Over homogeneous ground, the phase
angle of the surface wave impedance is just 45° and,
consequently, the in-phase and quadrature components of
the horizontal E field (as measured relative to the vertical
E field) must have identical amplitudes, each being l/\/_Z—
of the total horizontal field amplitude. Even though the
amplitudes of these two phase components are typically
very similar, it is technically a much easier problem to
establish the quadrature ratio and it is for this reason that
only the quadrature ratio is provided as measurement.
However, the quadrature part of the wavetilt only properly
establishes the equivalent quadrature component of the
surface-wave impedance, which is normally scaled by \/2_,
as a means to estimating the actual surface-wave
impedance. This fixed scale factor is correct only under
conditions of a 45° phase angle (ie. for homogeneous
ground) and yields an overestimate of the ground impedance
for larger phase angles and an underestimate for lower
phase angles. Care must therefore be taken when
comparing the airborne E-Phase survey results to those
obtained by the Radiohm ground surveys.

A Barringer E-Phase airborne survey using low and
medium frequency transmissions was flown for the
Geological Survey of Canada over the Ft. Simpson test site
by Barringer Research. In this same area, a seismic
refraction survey was conducted by Dr. J. Hunter of the
GSC, using the 12 channel SIE model RS4 refraction
seismograph as part of the active geophysical terrain survey
program under the direction of L.S. Collett during the
summer of 1973. Some shallow holes were also drilled in
order to provide some absolute geclogical control for the
several geophysical surveys.

The use of several geophysical methods at each of the
survey test sites allowed for the judgement of the relative
merits of each technique in the detection and delineation
of permafrost structures. Moreover, the continuation of
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the project through all seasons in the northern environment
led to the exposure of several seasonally-related problems
pertinent to each method. For example, it was discovered
that, in winter, a null adjustment of the Radichm
instrument was not easily obtained. The phenomenon might
have been due, in part, to the complexity of the
propagation paths of the VLF transmissions between the
NLK transmitter and the Fort Simpson test site. However,
it was also determined that part of the problem arose due
to the electrical isolation of the instrurment from the
ground. The Geonics EMI16R instrument establishes its case
as reference common for the E-field potential
measurements and, in winter, this reference is not well
coupled to the ground midway between the electrical
probes. Consequently, the E field difference signal's mean
or reference level could freely wander. In normal summer
operation, the reference is coupled through the operator
into the ground and, when the instrument is properly lain
on the ground, directly from the instrument case to the
ground via a much lower resistance direct path. This same
effect can alternately be explained as the direct antenna
pick-up by the isolated instrument and, when he is holding
the instrument, the operator himself. Apart from this
particular problem, no significant operational difficulties
were encountered in using the Geonics EM16R during
surveying in any season and in all but the very most
inclement weather.

Several problems were discovered relevant to the DC
resistivity sounding and profiling for permafrost. For
example, during winter surveys, the high contact resistance
between the current electrodes and the ground caused
substantial difficulties. Several obvious approaches were
taken to overcome this problem: long, steel rods were
eventually driven deeply into the ground and very high
transmitter voltages were used, typically exceeding 1 kV,
in order to obtain an adequate current level of about
50 mA. This led, of course, to a rapid drain on the
batteries due to the high power (typically 50 W) required
to support the necessary current. FEventually, this power,
which was largely dissipated at the contact between the
electrades and the ground, would cause some melting and
a consequent decrease of the contact resistance. The
transmitter itself was unable to control a constant current
under these conditions of variable contact resistance, and
it was found necessary to ride the current control rheostat
manually.

Another obvious problem derives from the inefficiency
of energy storage batteries at the low winter temperatures
typical in the Canadian north. In general, more batteries
were needed and longer, heavier and stronger electrodes
were required. Many more heavy tools for the insertion and
extraction of probes had to be carried and consequently,
the progress of the resistivity surveys in winter was
extraordinarily slow. Along with some minor electronics
problems experienced by the resistivity receiver, perhaps
due to the low water vapour content of the winter air
allowing for electrostatic charges to build up within the
circuitry, the resistivity surveys were found to be
extremely inconvenient for permafrost surveying in winter.

On the other hand, summer brought a complementary
series of problems. Access difficulties, of course, were
chief amongst these as swamps and bogs are common
throughout the permafrost regions of Canada. Also, a
technical problem is encountered when trying to pass any
current through the high resistivity permafrost structure in
summer, because the current field distributes itself through
the very low resistivity surface thaw layer which may be
only about 30 cm thick. In overcoming this problem, large
electrode spacings were required which led to increased
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power consumption in supporting the necessary current
levels.

MAPPING DISCONTINUOUS PERMAFROST

The Fort Simpson, NWT test site (Fig. 1) lies in a region
of discontinuous permafrost; that is, there is no continuous
layer of permanently frozen soil subsurface. Various
climactic, hydrological, geological and botanical conditions
lead to the existence of permanently frozen soils in certain
areas and their non-existence in others. As well, human
activities such as land clearing and road construction can
upset the delicate thermal regime in zones of discontinuous
permafrost, causing local and permanent melting of
permafrost structures. Because of the discontinuity of the
permafrost structures at the Fort Simpson test site and the
recent construction of a permanent road, it offered an
ideal location for developing detection and delineation
techniques. The problem of detection and delineation
largely involves the recognition of some geophysically
measurable parameter which is closely associated with
permafrost occurence. In this region, the primary aim of
the geophysical surveys was not to establish elaborate
models of the permafrost but rather to determine its depth
and horizontal extent. However, it was found necessary to
obtain interpretations of the Radiohm measurements
revealing the permafrost thickness as well.

Simpson
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Figure 1. The location of the test site at Fort Simpson,

N.W.T. The ground survey grid straddles the Mackenzie
highway; the airborne survey area extends beyond the
ground survey.



An extensive ground resistivity profiling was
accomplished during March and June, 1973 using a Wenner
array with a 15 m interelectrode spacing. This array
configuration was deemed optimum for detection and
delineation of the most usual permafrost occurences in this
area. A contour map showing the apparent resistivities
determined by these Wenner profilings is shown in Figure
2. For comparison, two Radiohm surveys accomplished in
the winter, March 1973 (Fig. 3a) and summer, June 1973
(Fig. 3b) are shown in which the E-to-H phase angle
obtained from the surface wave-impedance measurements
at 18.6 kHz are shown. A reasonable indication of a
permafrost structure as a thick high resistivity layer
overlying a low resistivity unfrozen halfspace would be a
high phase angle (well beyond 45°) in the Radiohm
measurements and, obviously, a high DC resistivity in the
Wenner profile measurements. The different results derived
from the two Radiohm surveys and their lack of evident
correlation with the more conventional DC resistivity
survey brings into question the possibility of using the VLF
wave-impedance measurement in the observation of
discontinuous permafrost.

Inversion Modelling

In discontinuous permafrost zones, one would expect the
permafrost structures to be relatively thin and probably
much less than one skin depth considering their high
resistivity and the 18.6 kHz EM wave frequency.
Consequently, a more elaborate interpretation of the
Radiohm results is required before the method could be
discounted. With the intention of obtaining an optimum
thin-layer model for the permafrost layer, a model-based
inversion of the Radiohm data employing the well-known
Marquardt's Lambda method (Marquardt, 1963; Ku, 1976)
was obtained. By this method, inversion is performed by
regression to an analytical expression which represents a
general preconceived model of the physical system, giving
rise to the measured data. As the criterion for the
optimization of the model parameters, the sum of the
squared errors between the data and the particular
analytical expression is minimized. @A simple horizontal
layering model was used in which the permafrost layer
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Figure 2. A contour map of Wenner-array resistivity
profiles at the Forth Simpson test site. The inter-electrode
spacing was 15 m. Contours of apparent resistivities are
shown: 100 Q.m, 500 Q.m and 2500 Q.m.
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Figure 3. The phase angle of the complex surface
impedance as measured by the Radiohm method.

a) A winter survey, March, 1973.
b)O A summer survey, June, 1973.
4°,

The contour interval is

overlies a conductive unfrozen layer. For the
interpretation of the summer measurements, a thin, highly
conductive surface layer must be added to the model. In
principle then, five model parameters are properly involved:

Pos P13 p2s hos hy, the resistivities of the first, second
and third layers and the thicknesses of the first and second
layers. For the winter measurements, we let py,=p, . It
was also assumed, generally, that p, » p,, which allows
us to establish (See Crossley, (1981-I).) that

tanh ¥ h,= Kh,

In, winter, when the surface layer is frozen we assume
Vo=NW

so that
tanh ¥y(ho+ h) = Vilhg+ hy)

so that the expression immediately above holds. The
analytical expression representing the apparent resistivity
of the winter model is then, very simply,
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of the winter model is then, very simply,
Pa = P ’ T+p4( h‘+h2)'

the summer model's proper expression being somewhat more
complex. Practically, inversions were computed only for
the winter model with a subsequent correction being applied
to take into account the conductivity-thickness product of
the very thin surface thaw layer.

Marquardt's Lambda method of solving least-squares
inverse problems is basically one which combines the
straightforward Gauss' least squares method and the method
of steepest descent, with the immediate weighting towards
one or the other method being selected at each iteration,
in order to accelerate the convergence while at some
distance from solution and to decelerate the convergence
near solution so as not to overshoot or oscillate about the
desired solution. It was also found necessary to add
constraints of acceptability to the parameters being sought,
so that the solution could not stray from reasonableness.

Generally, the constrained Marquardt method provided
very fast convergence to least squares solutions. Figure 4
shows the results of such solutions made for each Radiohm
measurement; the depth of the frost (i.e. seasonal frost
plus permafrost) is contoured. A reasonable interpretation
of this contour map is that thick frost represents a high
probability of a local occurence of a permafrost structure,
while low depth extent represents a low probabilty of
permafrost occurence. Regarded in this way, this
interpretation does show a reasonable level of
correspondence with the results of the standard Wenner
resistivity survey.

Type Curves as an Aid to Interpretation

A criticism of the use of inversion methods is that they
are bound to access to computers and, while more and
more powerful portable computers and calculators are
becoming available which could be carried into the field to
aid in the immediate interpretation of geophysical
measurements, it would be useful to create some relatively
simple measure which is easily calculable from the Radiohm
measurements and which is a reliable indicator of the
presence of a permafrost structure. Herein lies the
advantage of the conventional geophysical type-curve
catalogue appropriate to the particular geophysical
measurement and the problem at hand. Powell (1978)
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Figure 4. The depth extent of the seasonal and permafrost
as determined by a constrained least squares inversion of
data obtained during the winter survey, March, 1973. The
contour interval is 3 m.
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Figure 5. Powell’s (1978) first solution master curves for
the interpretation of Radiohm measurements in terms of a
two-layer model. A resistivity contrast of 1000 is assumed.
The frequency of the surface wave is 18.6 kHz.

obtained such a catalogue of two-layer master curves for
the interpretation of Radiohm measurements as a model
having a high resistivity layer overlying a low resistivity
layer. An example of a pair of such master-curves is
shown in Figures 5 and 6, for reference, for which
p/ p, = 1000 . For these curves, one family of lines are
representative of constant first layer thickness h, ; the
second family of crossing lines represent the second layer
resistivity p, , which of course also establishes the first
layer resistivity. It has been assumed that there are no
dielectric losses.

Two curve sets arise because two solutions exist for
the generating equations. The general form of the
two-layer solution (Powell, 1978; Crossley, 1981-I) obtains
the surface wave impedance according to Wait's (1962)
recursive form as

it %
= i .
zZ = I 01+jw(1] i

where
& = ¥, + ¥, tanh Kh,
%+ Kitanh B,
u, 5 o, and €, represent the magnetic permeability, the

electrical conductivity and the dielectric permittivity
respectively for the frozen layer (seasonal frost plus
permafrost) of thickness h, . ¥ and ¥, are the complex
propagation constants having the general form, in layer i,

V= Vi 6w ju o w

where the particular subscripts, here, represent the frozen
layer and the underlying conductive halfspace (See Crossley,
1981-1; Wait, 1962.). For these solutions, we assume that
4, =pmo, the magnetic permeability of free-space, and that
€, is purely real, so that there is no dielectric loss.
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Figure 6. Powell’s second solution master curves for the
interpretation of Radiohm measurement in terms of a
two-layer model. A resistivity contrast of 1000 is assumed.
The frequency of the surface wave is 18.6 kHz.

In this case, the magnitude of g, is typically very much
larger than that of the jwe, , and consequently

Z = \/_1”0“) .Q
0y

The measurements provided by the Geonics EMI16R
Radiohm instrument are given in the terms of the apparent
resistivity of an equivalent halfspace, determined according
to the form

1 2

pa: —-IZ|
How

and the phase angle of the complex impedance

-1 Im(Z)

=t
? =8 Re(Z)

In Wait's recursion formalism, Q= 1 for a homogeneous
halfspace and evidently, then, over a homogeneous ground
structure,

pa = 1/01
and

9 = n/a

For the two-layer model, the first solution condition
generally obtains when ¥%h is small enocugh that
tanh Bhy= ¥hy « % /¥ , and the form for Q reduces to

W + Kkh

Q n

[I}4
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from which one may determine that

and

_ -1 Im(Q)
? = 7/ +tan RelQ)™

The second solution generally obtains when
¥h » arc tan (¥ /%) and Q , which can be written in the
form

Q = tanh(Khﬁ- ’tan"()%/?z))

reduces to Q = tanh Wb, , which can be substituted into
the forms immediately above to obtain p, and ¢ .
Transition between these two solutions arises where
tanh (%/ %)= ¥h, .

The first solution curves are appropriate for geological
conditions in which h; is sufficiently thin and, consequently,
a general form for these curves was sought in terms of a
power series expression of the form

¢ -7/s = ap;

The shape of these curves in the linear phase vs. log
apparent resistivity plot is evidently similar for a broad
range of frost depths, and a regression analysis using all
such curves for which p1/p2 > 1000, representative of an
occurence of permafrost, obtained

-0,502 < b <-0506

For convenience, the exponent was set to be b= - 1/2 .
The value of a , of course, depends strongly upon the first
layer's thickness, so this is the parameter which, in fact,
mostly distinguishes the various curves. The consistency of
the exponent b led to the development of a simple
measure for the indication of permafrost called the
"permafrost index":

PMFI, = pl2(p-n/4)

which can be shown to depend upon the frozen layer's
thickness, h, , as

2 ‘/z
PMF], = (2uwhi)

for moderate depth extent. . In discontinuous zones one
expects only a moderate depth of the frozen zone, perhaps
not exceeding 15 m and in these conditions, the permafrost
index could offer an excellent indication of the occurrence
of permafrost, with its magnitude being directly
proportional to its depth extent. A second permafrost
index has also been considered for which the occurrence
effect is arbitrarily enhanced as

PMFI, = pa(9-7/4) .

This index, of course, does not provide a magnitude which
is directly relatable to the frozen zone's thickness.

Figures 7 and 8 show PMFI, contoured for all
measurements made at the Fort Simpson test site during
March and June, 1973. Geological comparison was made
available through the frost logging of certain drill holes, as
shown in Figures 9a, b, c.
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The Effect of Underlying Bedrock

The presence of resistive bedrock within the depth of
detectability of the 18.6 kHz surface wave impedance
measurements would present a substantial deviation from
the simple two-layer permafrost model. The effect of an
underlying bedrock formation with a 2000 Q.m resistivity
at a depth of 30 m and of 39 m is shown in Figure 10.
The permafrost layer, with an effective resistivity at
18.6 kHz of 2000 Q.m is varied in thickness from 1.5 to
30 m in 1.5 m steps, and the conductive sub- permafrost
layer has been set to a resistivity of 50 Q.m in this
example. The apparent resistivity and phase angles, as
would be measured over the structure, are shown. In
comparing these simulated measurements with the form of
the first solution type curves, one sees that the presence
of the bedrock layer would lead to the underestimation of
the permafrost layer's thickness.
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Figure 7. Contours of the permafrost index PMFI, as

computed from the Radiohm measurements made during the
Winter survey, March, 1973. The contours are (100, 200,
500, 1000, 2000) Q.m .
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Figure 8. Contours of the permafrost index PMFI, as
computed from the Radiohm measurements made during the
Summer survey, June, 1973. The contours are (500, 1000,
2000, 3000) Q. m .
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Figure 9. Drill-hole and seismic shot-hole frost logs for

the Fort Simpson test site.

a) The numbered hole sites and their depths are indicated.
b) Details of the frost logs for holes #30 to #39.

c) Details of the frost logs for holes #40 to #48.
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Figure 10. A scatter diagram of paired apparent resistivity
and phase angles superimposed on Powell.s (1978) first
solution master curves for a resistivity contrast of 30. A
third resistive bedrock layer at 30 m and 39 m depth with
a thickness of between 1.5 and 30 m (1.5 m interval is
shown) affects the apparent resistivity/phase angle
measurement as shown. Effects of no bedrock, bedrock at
30 m and bedrock at 39 m are shown.

The Effect of a Surface Thaw Layer

The interpretation procedures discussed above are
appropriate to a two-layer model, in which the upper layer
represents the high-resistivity frozen soils, and the lower
layer, a deep uniformly conductive unfrozen soil section. It
has already been suggested that a correction to
interpretations based upon this model can be made in order
to account for a thin surface thaw layer. Powell (1978)
obtained a "thaw-layer transformation", which properly
accounts for this thin layer, providing the permafrost
thickness h, » h, , the overlying thaw-layer's thickness.
Taking hy= 0.1 h; as a typical condition in midsummer at
the Fort Simpson test site, Powell determined that the
summer thaw layer introduces a fairly consistent additional
phase shift of 10° and, providing the observed phase angle
exceeds 45°, the apparent resistivity measurement is almost
unaffected. Consequently, the interpretation for occurence
based upon the permafrost index in this area could be
reasonably corrected by subtracting a fixed 10° from the
particular summer measurements of phase angles. Oof
course, these exact correction values are probably
appropriate only to the discontinuous permafrost conditions
in the particular area around Fort Simpson, NWT. To
obtain correction factors appropriate to other areas, a
preliminary three-layer modelling of the typical ground-soil
structure should be conducted based upon a series of
reconnaissance measurements.

Inversion Using the Two-layer Type Curves

Before one can select which pair of type curves (i.e.
representing either the first or second solution) are
appropriate to a survey region, one must establish a first
reliable estimate of the typical permafrost thickness. At
the Fort Simpson test site, no permafrost layer thicknesses
exceeding about 15 m were to be expected (Judge, 1973).
The transition between first and second solutions occurs for
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Figure 11. The frost depth at the Fort Simpson test site
as interpreted using Powell.s master curves, first solution,
with an assumed resistivity contrast of 30. The contour
interval is 3 m.

shallower permafrost depths with low permafrost resistivity.
Assuming a permafrost resistivity of only 500Q.m, certainly
unrealistically low, the depth for transition between the
two solutions becomes about 20 m. Since permafrost
resistivities in this area were expected to well-exceed
500 O.m and the depth extent was not expected to exceed
15 m, the appropriate interpretation solution should fall
well within the first solution regime.

Olhoeft's (1975) measurements indicate that, upon
freezing, the resistivity at VLF for unconsolidated
sediments increases approximately 30 fold. For the range
of phase angles observed at the Fort Simpson test site, all
measurements lay within the first solution two-layer master
curves for a contrast of 30. The appropriate interpretation
curve for this contrast has already been presented in Figure
10 above. In use, then, the phase angle and apparent
resistivity establish coordinates on the interpretation type
curves, and at these coodinates, the permafrost thickness
and subpermafrost resistivity can be determined. Figures
11 and 12 show the interpreted frost depth and sub-
permafrost resistivity respectively, contoured over all
measurements at the Fort Simpson test site. It is notable
that, as expected, the interpreted thickness shows much
similarity to the map of PMFI, (Fig. 7) the contour map
determined by the computer inversion (Fig. 4), and also to
the map derived from the Wenner DC resistivity profiling
survey (Fig. 2). Because a higher resistivity contrast was
assumed for the Marquardt method optimized numerical
inversion, it has provided permafrost thicknesses about 10%
lower than those derived from the manual inversions using
the first solution type curves. Their close similarity does,
however, show that the thickness determination is
remarkably insensitive to the actual resistivity contrast,
there being a factor of 30 difference in the contrast
between the permafrost resistivity and that of the unfrozen
sub-layer as assumed in these two different approaches to
interpretation.
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RESISTIVITY OF SECOND LAYER
FT. SIMPSON TEST SITE, 1973
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Figure 12. The resistivity of the sub-permafrost layer as
interpreted using Powell.s curves. The contour interval is
10 Q.m.

Resistivity Sounding

In order to test the Radiohm interpretations for the depth
extent of the permafrost layer, DC resistivity soundings
using a Schlumberger electrode configuration were
conducted at several sites in the test area where the
Radiohm surveys had suggested a relatively constant depth
and where, as well, the Wenner resistivity profiling had
found little spatial character in apparent resistivity. The
data for each sounding were fitted to three- and four-layer
resistivity master curves (Orellana and Mooney, 1966)
manually and were also applied in computer inversions using
an interactive program due to Zohdy (1974).

Nine soundings were conducted at the locations shown
on the morphology map of the Fort Simpson test site (Fig.
13). The depths to the base of the permafrost in metres,
as obtained by the computer inversions and confirmed as
plausible by manual fittings of the sounding data to the
master curves, are noted at the location of each sounding
on the morphology map (Fig. 13). Horizontal layer model
solutions were found to be impossible for sounding N°8,
which was conducted during the winter, when generally
consistent resistivity data could not be obtained. Also, the
data from sounding N°6 could not be inverted to a solution,
although its general form seemed to be quite characteristic
of a no permafrost condition. Soundings N°7 and N°9
apparently produced unrealistically deep permafrost layers
which, according to Judge (1973), must be held suspect. It
would therefore appear that the success rate in DC
resistivity sounding in this discontinuous permafrost zone
does not much exceed 50%. However, the two soundings
showing no frost were in fact corroborated by the
conditions observed in nearby holes drilled for seismic
shots. In comparison the various approaches for
interpreting the Radiohm data (Figs. 4, 7, 8, 11, 12) of
course show a continuity of either permafrost depth extent
or permafrost index. Disappointingly, the resistivity
sounding surveys do not provide the corroborative evidence
to clearly demonstrate that the Radiohm measurements are
capable of yielding a permafrost delineation.
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Figure 13. A morphology map of the Fort Simpson test
site as mapped during the Summer survey, June, 1973.
Nine locations of Schlumberger resistivity soundings are
indicated with the depths to the base of the permafrost as
obtained by the Zohdy (1974) inversion.

The Airborne E-Phase Mapping

The Geological Survey of Canada contracted for the
Barringer E-Phase system to be flown over an area several
times larger than that of the ground survey, using LF
source signals derived from two navigation beacons, with
frequencies of 139.8 kHz and 375 kHz and the
AM-broadcast band transmission at 690 kHz from CBU,
Vancouver. The wavetilts at each frequency can in
principle determine a characteristic apparent resistivity
according to the normal forrnulas (Crossley, 1981-I) which,
of course, corresponds to the actual resistivity of a
homogeneous ground structure. Also, the first-solution
two-layer curves can be directly used in a
depth-of-permafrost interpretation if properly scaled
according to the skin-depth ratios appropriate to the
E-Phase frequency as, generally,

h(f) _ h(18:6 kHz)

S(f) 5(18.6 kHz)

Figure 14 shows a portion of an E-Phase survey
flight-line that approximately corresponds to the ground
survey line 20400 N. The lack of comparability between
the apparent-resistivity profiles at the three different
frequencies is probably evidence of an anistropy due to the
imperfectly horizontal layering and the different azimuthal
directions to the three transmitters. The results of Lhis
survey show an unexpectedly low resistivity over the
permafrost zone which had been previously well-delineated
by the ground surveys. At these higher frequencies, the
dielectric-loss effect is enhanced and thus the low apparent
resistivity measurements might only indicate a region of
anomalously high dielectric lossiness. Also, because the
particular E-Phase survey system was incapable of resolving
the relative phase between the horizontal and vertical
components of the E field (for determination of an
apparent ground resistivity, a 45° phase angle must be
assumed), it is probable that resistivities are being seriously
underestimated wherever the relative phase angles are low.



Such a condition could very easily arise for these higher
frequencies in the permafrost zone of the ground survey
area. Consequently, while the E-Phase system offers the
convenience of rapidly surveying large areas, its lacking
phase measurement can lead to misinterpretations of the
permafrost occurrence. For accurate permafrost
delineation, a wavetilt measurement of both the in-phase
and quadrature components of the horizontal component of
the E field would seem to be necessary.

Seismic Velocity Survey

As a final control on the Radiohm surveys, the results of
a seismic refraction survey in the search for high velocity
zones was provided by Dr. J. Hunter of the Geological
Survey of Canada (Hunter, 1973). Using the 12 channel SIE
RS4 refraction seismograph with a 10 m geophone spacing,
Hunter obtained refractor velocities as high as 3990 m.s™
in permafrost zones and as low as 1600 m.s™' elsewhere.
Generally (Fig. 15), there was a correspondence between
the high seismic velocity zones and the regions of high
enhanced permafrost indices PMFI , as shown earlier in
Figures 7 and 8. Since the seismic method is regarded as
a high reliability indicator of permafrost occurence in these
regions where the soil section is typically very deep, the
seismic surveys are taken to offer strong corroborative
evidence that the permafrost index and the inversion results
from the Radiohm surveys do, in fact, delineate permafrost
in the discontinuous zone.

MAPPING THIN CONTINUOUS PERMAFROST

Two other less extensive Radiohm surveys to obtain
surface- wave impedance measurements over continuous
permafrost were conducted at a test site traversing the
Canol Road west of Norman Wells, N.W.T., and over a
permafrozen hill south-east of Tuktoyaktuk. In their
undisturbed state, the soils of the Norman Wells area are
known to be everywhere frozen apart from the thin summer
thaw layer to at least 10 m of depth. However, part of
the survey had been burned out in a forest fire some years
before the surveys were conducted. Also, the Canol Road

BARRINGER E-PHASE
FT.SIMPSON TEST SITE, 1973
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Figure 14. A profile of apparent resistivity as measured

at 3 frequencies by the Barringer E-phase airborne systems.
The airborne survey was conducted in April, 1973. The
profile corresponds to line 20 + 00 N of the ground survey.
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Figure 15. Seismic velocity survey at Fort Simpson, N.W.T.
conducted by Dr. J.A. Hunter, Geological Survey of Canada,
June, 1973. These results have been provided courtesy of
Dr. Hunter.
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Figure 16. The apparent resistivity and phase-angles

determined from Radiohm measurements obtained in Winter
and Summer surveys across the Canol Road at the Norman
Wells test site, 1973.

grade had been in place and somewhat used in this area for
over 30 years. The burn zone and road have disturbed the
soil cover to the extent that melting of the permafrost has
taken place in these zo