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DIPOLE ELECTROMAGNETIC MAPPING OF PERMAFROST TERRAINS: 
THEORETICAL DEVELOPMENTS AND COMPUTER PROGRAMS 

Abstract 

Multifrequency electromagnetic mapping using dipolar sources may be useful for 
detecting and delineating permafrost in high latitude areas such as the arctic regions of 
Canada. A theoretical study has been made on the relative su itability of five coil arrangement 
systems for mapping permafrost where it occurs as the top layer of a two-layer medium, 
underlain by unfrozen sediments. The computer modeling study has indicated that the 
horizontal copanar system would be the best from the ve iwpoint of the anomaly magnitude, 
while the perpendicular system might offer the highest resolution. The null-coupled, inc lined, 
parallel syste m comes close in performance to the horizontal coplanar system. 

The generalized computer program for obtaining the response of an n-layer lossy 
dielectric medium excited by harmonic dipolar sources has been incuded in the Appendix. The 
program is completely general and valid for any frequen cy, coil separation and electrical 
constants of the media. Hence, it may be used to generate theoretical response of any layered 
model necessary for the interpretation of multifrequency field data. 

Resume 

Le !eve ca rtographique e lectromagnetique a frequence mu ltiples effectue a partir de 
sources bipolaires peut se rvir a detecter et a delimiter Jes couches de pergelisol que l'on 
retrouve dans Jes zones de haute lat itude, comme Jes regions arctiques du Canada. Une etude 
theorique a ete entreprise quant aux avantages que pouvaient offrir Jes syst emes a cinq bobines 
pour effectuer le !eve des couches de pergelisol, lorsqu'i l constitue la c ouche superieure d'un 
sous-sol forme lui-meme de deux couches reposant sur des sediments non geles. L'etude du 
modele sur ordinateur a indique que le systeme coplanai re horizontal permettait le mieux de 
mesurer ]'importance de l'a noma li e, alors que le systeme perpendiculaire quanta Jui offrait la 
meilleure definition. Le systeme parallele, incline et a couplage nul offre presque Jes memes 
possibilites que le syst e me copla naire horizontal. 

Le programme general sur ordinateur qui permet d'obtenir la reaction d'un corps 
amortisseur dielectrique de I! couches soumis aux impulsions de sources bipolaires harmoniques 
figure a !'annexe . Le programme, de portee generale, est valab le quelle que soit la frequence, 
la separation de la bobine et Jes c onstantes electriques des corps. On peut done l'utiliser pour 
provoquer une reaction theorique d'un modeJe dispose en Couche Jorsqu'il est necessaire 
d 'interpreter des donnees en plu sieurs frequences obtenues sur le terrai n. 

INTRODUCTION 

Permafrost or permanently frozen ground 1s def ined to be soil or rock material that 
has remained below 0°C continuously for more than two years (Ferrians and Hobson, l 973). lt 
is present under vast stretches of land and sea at higher latitudes, such as the Arctic regions 
of Canada and Alaska. The presence of permafrost often coincid es with the presence of ice, 
and this may significantly alter the physica l properties of the terrain. During summer, the 
top part of the ground in a permafrost terrain may reach temperatures above 0°C causi ng 
melt ing of ice in the pore volumes . When the temperature returns to below 0°C in winter, 
the thawed ground freezes again . The layer which thaws and refreezes each year may be of 
variable thickness and is ca lled the 'active' alyer. Below the permafrost layer, which lies just 
below the active layer, the ground is usually unfrozen. Thus during summer, the permafrost 
terrain may be perceived as being a three-layer medium. During winter, however, when the 
active layer is frozen, only two distinct layers, the frozen top layer and the unfrozen layer 
may be distinguished . 
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The freezing of the ground results in two distinct changes in it s physica l properties. 
Firstly, it causes a significant increase in its electrical resistivity, and secondly, the seismic 
wave velocity through it increases. In e lec tromagnetic exploration, we try to exploit the first 
type of c hange. It has been reported (Ananyan, 1958) that the ratio of the resistivity of 
frozen to unfrozen ground may range from l 0 for fine grained materials to as much as 1000 
for coarse grained rocks. Thus significant resistivity changes may be detected by electrical 
or electromagnetic methods. In most areas of northern Canada, the permafrost terrains a re 
highly resistive and the contrast in resistivity between frozen and unfrozen ground ranges 
from moderate to high. In analytical studies, therefore the permafrost zones shou ld be 
considered as lossy d ielec tr ics . 

The discovery in recent years of sig nificant deposits of fossil fuels and minerals in 
Alaska and Northwest Territories, Canada, has led to an increased interest in the mapping of 
permafrost terrains of the north. Several geophysical methods, mainly electrical and 
electromagnetic techniques, have been tried for the purpose . D.C. resistivity surveys have 
been used widely in the past for permafrost mapping (Mac Kay, 1%9). However, they suffer 
from two problems in permafrost regions, namely, high cost of operation and high contact 
resistance of the ground which makes surveying difficult. In recent years, therefore, non­
contact or electromagnetic methods have been tried for this purpose. The Radiohm (Collett 
and Becker, 1968) method which uses VLF transmissions to measure the surface impedance of 
the ground has been found to be quite useful and is reported to be capable of mapping the 
ground to a resolution of 25m 2 (Hoekstr a, et. al., 197 5). The E-Phase technique, which uses 
several radio transmitters as sources, has been used by Barringer Research Ltd . for ai rborne 
mapping of permafrost terrains in the Northwest Territories, Canada. But it has been shown 
(Sinha, l 977a) that when the ground resistivities and frequencies are high, the effects of 
altitude of the aircraft and displacement cu rrents on the observed results may be significant . 
Since these two factors are ignored in E-Phase interpretation, the interpreted resistivity 
values are likely to be erroneous over permafrost zones. Audio Frequency Magnetotelluric 
(AMT) methods (Koziar and Strangway, l 975) and radar methods (Annan and Davis, 1976) have 
also been used successfully over permafrost areas. Since the AMT method uses distant 
natural sou rces, its resolution is likely to be somewhat poor because a large volume of the 
ground is samp led. The radar method is quite accurate but its limitations are high cost and 
inability to see through the ground if any conducting layer like clay is present near the 
surface. 

In thi s paper, we will discu ss the possibility of using a multifrequency double-dipole 
e.m. sys t em for permafrost mapping. Single frequency dipole-dipole systems have been used 
in mining geophysics and in mapping ground for geotechnical purposes for many years. It is 
only recently, however, that multifrequency e .m. dipole systems have become available . A 
technique for determining the resistivity and dielectric constant of a homogeneous 
permafrost terrain from multifrequency double-<:lipole sounding results was discussed earli er 
(Sinha, 1974, l 976a). Since in most areas permafrost is not homogeneous but layered, the 
case of a layered lossy dielectric excited by oscillating magnetic dipoles will be considered 
here . As permafrost regions are generally resistive, relatively high frequencies will have to 
be used in mapping them for adequate resolution. Hence displacement currents in air and in 
all the media will have to be considered. 

In this paper the author has presented the complete solutions for the electromagnetic 
fields scattered by an n-layer lossy dielectric earth excited by oscillating magnetic dipoles 
for any frequency range. It is obvious however that whe n more than two layers are present, 
the number of possible parameters becomes rather la rge and any attempt to present master­
char ts for even a few typical cases would be futile. The only reali stic thing to do in such a 
case is to present the computer program for the calcu lation of the mutual coupling rati os of 
loops in all systems so that anyone may obtain any desired theoretica l curve for any set of 
data. 

A generalized computer program has been written which provides the mutual coupling 
ratios of two loops over an n-layer lossy medium in all five coil configuration systems (Fig. I) 
used by the industry. The program is valid for any frequency, coi l separation or coil altitude 
and for any resistivity and dielectric constants of the layers. A simila r program for the case 
when displacement currents are negligible was published previously (Sinha and Collett, 1973). 
The program along with some sample outputs for two- and three-layer lossy dielectric media 
are included in the Appendix. Since portability of an instrument is very important in Arctic 
terrains, a co il separation of 3 m and altitude of l m for the coils have been assumed in 
deriving the samp le output. It is hoped that this computer program will be helpful in 
interpreting dipole e.m . sounding data over permafrost terrain. 
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(o-n,µ,En) 11711117'1111;);;1 

Figure 1. Magnetic dipole over n-layer earth and the five coil systems considered in the text. 

THEORETICAL CONSIDERATIONS 

Let us suppose that a n a rbitr ar il y oriented magnetic dipole car rying a harmonic 
c urrent !exp (iwt) a nd of area dA is p laced a long the Z-axis of a rectangular co-ordinate 
syste m at a height h over a n n-layer lossy dielectric ea rth (Fig. I ). The electrica l constants 
of air are (o 0 , µ ,E: 0 ), <Jo being infinitesimally small , and those of the layers being given by 
(am, µ, E:m), where the subscr ipt m va r ies from I to n. The point of observation is taken to 
be any point P over the earth with co-ordinates (x, y, z) in ca rtesian and (r, <jl, z) in cy lind rical 
system. The permeabilities of all the media are assumed to be identical, the same as that of 
a vacuum and designated by µ (4n x 10-

7 
H/m). The thicknesses of the layers are given by dm 

where m varies from I to (n-1). All the layers are assumed to be homogeneous and isot ropic 
and a ll interfaces parallel to the air-earth boundary. Int ernational System (SI) of units are 
used throughout. 

The a rbitrarily or iented dipole may be sp lit into two component dipoles, one 
horizontall y and the other vertica ll y directed . Assume t hat the strengths of the dipole 
components are the same and given by M. The e lectromagnetic fie ld components in any 
medium may be defined in terms of a vector potentia l F given by: 

(I) E = - Curl F 

(2) iwµH grad div F -y 2 F 

3 
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where y is the propagation constant of the medium given by 

(3) y = [i wµ (o + it.OC)J 112 

where w is the angular frequency and i = [-T. 
Considering the vertical dipole first, from symmetry it is clear that it will only have 

one secondary vector potential component Fzm which wiJJ satisfy in aJJ the media the 
Helmholtz equation 

(4) (172 -y z )F 
m r.m 

0 

where m = 0, 1, 2, ... n 

Hence the vector potential fzo at P(r, <jl, z) is given by (Sinha, l 976a) 

(5) F w Id ~iwµ f [ ~o .e-uo I r.-h I + ~o RTE(>,)e -uo (r. + h) J Ja (h)d/.. 

0 

where the first term is the source effect and the second term, due to the secondary field 
effects. Jo(/..r) is a Bessel function of order zero and >.. is the variable of integration . In the 
above equation 

(6) - (' 2 2) 1 /2 uo - I\ + y ' 
0 

where Yo 2 -w2 µ E o 

RTE(/..) is the reflection coefficient for the transverse electric (TE) mode and its value 
in terms of the constants of the media are known (Wait, 1966; Sinha, l 976a) . Considering the 
Y-directed horizontal magnetic dipole component of moment M at the same location, the 
vector potential at P(r, <jl, z) may be written as (Dey and Ward, 1970; Sinha, 1976a). 

(7) 

(8) 

F 
Yo 

F 
i'.O 

= Id A iwµ f
00

[~ e -uo I r.-h I 
4TT Uo 

0 

where RTM(!..) is the reflection coefficient for the transverse magnetic mode (TM) and has 
been expressed in terms of the parameters of the media (Sinha, l 976a). 

From equations (2), (5), (7) and (8), the expressions for the magnetic field components 
Hx, Hy and Hz at P due to both vertical and horizontal dipoles may be written in terms of 
known parameters. If h1 and hz are the altitudes of the transmitter and the receiver coils 
and 'r' their horizontal separation, the secondary fie ld components at P(x, y, z) may be 
written down as 

Vertical Magnetic Dipole: 

(9) IdA ) ( x) H = -
4 

:r-r- T3(A, B, D., k., e. -
x,s nu 1 J J J r 

(10) WA L 1H =
4
;;::-:r-o T3(A,B,D.,k.,e.)( ) 

y,s nu 1 J J J r 

(11) H = 
4

IdrA> T0 (A, B, D., k., e.) 
z,s nu 1 J J J 

Y-Directed Horizontal Dipole: 

(12) 4IdrA 3 [(+)h2(A, B, D, k, e) + T1 (A, B, D., k., e.)1 
TT u 1 r / J J J J J J \ 

- 8
1 

(
2
iY)jT4(A,B,D,k.,e) + T5 (A,B,D.,k.,e.)I] 

r l J J J l l J\ 

H x,s 



(13) ' H = ldA [f~) 
y,s ~ \r 

T1 (A, B, D., k ., e .) - (1 -*) T2 (A, B, D., k., e .) 
J J J r J J J 

+ BI (1 -~)JT4 (A, B, D., k ., e .) + T5 (A, B, D., k., e.il] 
r I i i i i i ii 

(14) 

where T 0 , T 1, ------T 5 are six infinite integrals given by 
00 

() T( ) i ~-A~ 15 o A, B, D., k ., e . = r;--:: .e RTE(g) J 0 (gB)dg 
J J J .;g2 + R 

0 

i
oo -Av;R 

(16) T1 (A, B, Dj' kj, ej) = 
0

gjg2 + R•e RTE(g)J 0 (gB)dg 

00 

i _Bg__ -A Jg 2 +R 
(17) T2(A, B, D., k., e) = .e R () J ( B)d 

J l l 
0
/g2.:R TM g ~ g g 

00 

( ) T ( ) ( 2 -AJg2 +R 
18 3 A, B, Dj, kj, ej =)

0 
g. e RTE(g) Ji (gB)dg 

(19) ( ) -ioo___B__ e -AJ g2 +R 
T4 A, B, D., k., e . - . R ( ) J ( B)d 

J J J 0 J g2+R TM g I g g 

00 

(20) Ts(A,B,D .,k .,e.) =fJg2 +R.eA~g2 +RR ( )J ( B)d 
J J J o TE g 1 g g 

The fields due to an inclined dipole (System 5) may easily be determined from field values for 
horizontal and vertical dipoles. In the above formulae 

(21) A= (h1+h2)/o1, B = r/o 1, D.= 2d ./o 1 
J J 

where j = I, 2, . . . . (n-1) 

(22) k. =0 ./01 and e . = e ./eo 
J J J J 

where j = I, 2, .... n 

2 
(23) R =------

e1 (I - Jl;P2) 

(24) o 1 = Skin depth in the top layer - { 
2 

} I /2 
- w2 µe1Ul+P 2 -l) 

5 
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In the special case when the frequency and resistivity of the ground is low (quasi-static case), 
the above generalized formulas reduce to the quasi-static formulas given earlier (Sinha and 
Collett, 1973). Thus, when P is large, R-+- 0. Then intergrals T 2 and T 4 reduce to zero and T 0 

and T 1 become identical. Since it is customary to measure the mutual coupling of loops rather 
than the fields, the results will now be written in terms of the mutual coupling ratio values in 
five coil systems, mostly in use. 

The mutual impedance Z between two coils is given by 

(25) 

where dA and N refer to the area and the number of turns of the receiver loop. H and I refer 
to the magnetic field along the axis of the receive r loop and the current in the transmitter 
loop respectively. Since the mutual coupling Zo between two coplanar and two coaxial loops 
in air are known (Sinha, l 976a), these values may be used as the normalizing factors to 
eliminate the areas and the number of turns of the coils from the final expression. Thus the 
mutual coupling ratio (Z/Z 0 ) in the five coil systems may be written down as 

System 1. Horizontal Coplanar Loops 

(26) B3 To(A, B, D., k., e .). eyor 
Z/Z 0 = l - (I- 2 J)_L l 

+yor+yo r 

System 2. Perpendicular Loops 

(27) 

Z/Z 0 

System 3. Vertical Coplanar Loops 

(28) Z/Z 0 = l - B2 [T,(A, B, D., k., e.)+ Ts (A, B, D., k., e.) 
J J J J J J 

~ 
yor 

- BT2(A, B, D., k., e. (l e 2 2) 
J J J +yor+yo r 

System 4. Vertical Coaxial Loops 

(29) Bz 
Z/Zo = l -2 [ T,(A, B, D

1
., k., e.)+ T5 (A, B, D., k., e.) 

J J J J J 

J 
Yor 

BT (A, B, D.,k.,e.) 11 e ) 
- • 1 J J J 1 +yor 

System 5. Inc lined Parallel Loops 

(30) Bz 
Z/Zo = -

3
- [T4 (A, B, D., k., e.)+ Ts(A, B, D., k., e.,) 

J J J J J J 

It should be noted that System 5, where the axes of the loops are inclined at an angle of 
54.7 degrees to the vertical is a null-coupled system. The Zo values for Systems 2 and 5 have 
been taken to be the same as that for the horizontal coplanar system. The integrals T0 , T1 --­

T sare evaluated by the Gaussian Quadrature technique. Since the integrals contain Bessel 
functions Jo (x) and J 1 (x) which are oscillatory, the integrals themselves become oscillatory. 
Hence the contribution of different segments are determined separately and their algebraic 
sum provides the value of the integral. Thus an integral may be written as a summation 
(Abramowitz and Stegun, l 965) like the following: 

(31) 

f ~ (x. x. 1) ~ { } 
l(l(A, B, D, k, e) Jm(gB)dg L..J I -2 J- L...Jwp 1(1/A, B, D, k, e)Jm(gB) p +Rn 

j=l p=l 



where Xj values are the zeros of the Bessel function Jm (gB), Rn is the remainder, and 
{ IJJj (A, B, D, k, e)Jm (gB)}p is that function evaluated at gp given by 

(32) g = - 2
1 {(x. - x . 1)x + (x. + x. 1l} p J J- p J J-

where Wp and Xp are the weight factors and the abscissas of the Gaussian integration with n 
points. 

Since the inclusion of displacement currents makes the integrals more oscillatory, 
96 point Gaussian formula (i.e. a finer mesh) was used instead of the usual 32 or 48 point 
formulas used for quasi-static cases (Sinha and Collett, 1973). This, along with using 
44 segments of the integral yielded accuracies of l ppm or better. In the low frequency range 
(negligible displacement currents) the computed values agreed very well with previously 
published results for the quasi-static case by Frischknecht (1967) and Sinha ( 1973). 

DESCRIPTION OF THE PROGRAM 

A. Main Program COMPUT 

The main program COMPUT presented in the Appendix is used to calculate the real 
and imaginary parts of the mutual coupling ratio (Z/Z 0 ) between two loops over an n-layered 
lossy dielectric medium in the five coil systems described in Figure l. From those values, the 
amplitude and phase (degrees) values are also obtained for any number of layers, any 
frequency, coil separation and coil elevation and any resistivity and dielectric constants of 
the layers. The program is effective when the coil elevation his finite and breaks down when 
the coils are on the surface (h = 0). The program is written in Fortran IV for use in 
CDC CYBER 74 Computer available at the Department of Energy, Mines and Resources. 
However, it may be run on any other computer system with minor modifications. 

In the program, 15 predefined frequency values from l Khz to l Mhz are selected at 
which the mutual coupling ratios are computed. The values are indicated in the array XX 
which may however be changed to suit the user. Further inputs specifying the number of 
layers (NUM), coil separation (RH), conductivity of the top layer (Sl) and the conductivity 
ratio values (K(J)) beginning with the bottom layer (on/ 01) are given in Card No. 70. The 
thicknesses and the dielectric constants of the layers beginning with the bottom layer are 
specified in the next two cards. A statement (Card 76) immediately following the input card 
is used to terminate the program after the desired computations have been made. The 
altitude of the coils H which is assumed to be the same for both transmitter and receiver 
coils is specified in Card No. l 0 l. The DO loop beginning in Card No. l 02 considers all the 
specified frequencies one by one . From the initial inputs and the frequency, the skin depth o 1 
in the top layer (DEL) and a parameter CS (w µ o 1) are computed which will be needed in the 
subrountine SUBM for computing the integrals. TEE is an integer which specifies the 
subscript n of the integral T n being computed. OPT is an integer which may be 0 or l 
indicating whether the TE or the TM mode is being considered in computing the integral. 
The six integrals To, T 1 ----- T s are evaluated at each frequency and their complex values are 
stored in six arrays R1, R2 -- - R6 • The complex mutual coupling ratios in the five systems are 
stored in arrays Qi, Qz, --- Qs respectively (cards 173-177). FinaJJy, the real and the 
imaginary parts of (Z/Z 0 ) in the five systems (RA!, RA2, --- RA5 and AIMl, AJM2, --- AIM5) 
are computed as also the amplitude and phase values (degrees). After all the frequencies 
have been considered, the final results are printed out (cards 217-230). Sample outputs for 
the response of a two-layer and a three-layer permafrost medium excited by dipolar sources 
in five coil systems are presented at the end of the listings for two coil separation values. 

B. Subroutine SUBM 

This subroutine is called from the main program six times for the evaluation of the 
real and the imaginary parts of the infinite integrals T 0 , T 1, --- T 5 • Subrountine S UBM has 
some similarity with subroutine CALC which was published earlier (Sinha and Collett, 1973) 
for obtaining infinite integrals for the quasi-static case. The data inputs for the parameters 
AW, W, XO, Xl are provided in the beginning of the subroutine. AW and W values (cards 81 
and 82) indicate the abscissas (zeros of Legendre's polynomials) and the weight factors for the 
Gaussian integration respectively. In the generalized case under consideration, the integrals 
may oscilJate quite fast which calls for a finer mesh for evaluating them . In the subroutine 
the 96 point formula is used which means that the areas between successive zeros of the 
Bessel functions are subdivided into 96 parts. Hence AW and W have 96 values each. XO and 
Xl indicate the positions of the zeros of the Bessel functions J 0 (X) and J1(X) respectively. In 
the subroutine, XO and X l have 44 values each. The Z values (cards 116 and 120) correspond 
to the 'g' values in the integrals. At each value of AW, the value of gf is determined from the 
function GG (card 135). A decision is made depending on the value o OPT (card 150) whether 
to consider the reflection coefficient for the TE or the TM mode, i.e ., whether RTE or RTM 
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is to be determined. Once the reflection coefficients RF I (cards 194 or 197) or RGI 
(cards 244 or 247) are obtained, and depending on the value of TEE, the function JWEX for 
that particular AW is computed. The algebraic sum of the JWEX or its real and imaginary 
parts for all 96 values provide the contribution to T n over one segment bounded by two con­
secutive zeros of the Bessel func tion Jn . The values for all subsequent segments are stored in 
memory and used in subsequent tests for the convergence of the series. The test involves the 
calculation of the absolute ratio of the contribution from one segment to that of the first 
segment. Since the intergrals are attenuated exponenti~Jly, the fall off in their values is 
quite rapid. In this program, when the ratio falls below JO , the computation stops and the 
algebraic sum of all the contributions from all segments up to that point provide the value of 
the integral. Sometimes, when the height of the coils is small, the integrals may not 
converge quickly. If the convergence does not take place by the 44th segment, Euler's 
transformation (Abramowitz and Stegun, l 965) is used to obtain the sum of the series from 
the 22nd to the 44th segment. The sum is added to the previously computed algebraic sum of 
the first 21 segments to obtain the value of the integral. By using a small cut-off value of 10-

8 

and 96 point Gaussian formula, accuracies of l ppm or better are realized in most cases. 

C. SUbroutine EULER and Functions JOX, JlX and GG 

. Subrou.tine EULER is called from the subroutine SUBM twice when the convergence_~f 
the integrals 1s slow, 1.e., when the rat10 of the 44th to the first segment 1s greater than 10- , 
the cut-off value. The subroutine then sums up the contribution of the 22nd to the 44th 
segment by applying Euler 's transformation. The outputs of the subroutine are EUSUR and 
EUSUI for the real and the imaginary parts of the contribution. 

The function JOX computes the Bessel function of order zero for any argument X. 
There are two paths in the program. If the argument is less than 3, the series solution is used, 
while for larger values of argument, the polynomial solution is used. The function J 1 X 
computes the Bessel function of the order 1 for any argument using either the series or the 
polynomial approach . The function GG computes the func tion gp defined in eqn. 32). The 
convergence of the integrals is controlled largely by the value of A(2h/ 6 i) since it occurs 
as exp(-A ~). If the coils are placed on the surface (h = 0), the integrals become 
divergent. 

NUMERICAL RESULTS 

The theoretical results and the accompanying computer program in the Appendix have 
been used to obtain some numerical results on the variation of the mutual coupling ratio (Z/Z 0 ) 

between two loops over a two-layer lossy dielectric model simulating permafrost conditions. 
A similar study for the case of a homogeneous lossy dielectric was published earlier 
(Sinha, l 976a) with the twin aim of determining the best coil system for permafrost 
exploration and to find out a method of interpreting the data. Since permafrost terrains are, 
in general, not homogeneous it is more realistic to deal with plane-layered models although 
even that might be an approximation in the case of discontinuous permafrost zones. In 
summer, the presence of the conductive active layer at the top precludes the use of 
multifrequency e.m. (with frequencies going up to l Mhz) methods since most of the energy 
will be absorbed in that layer. During winter, when the active layer is frozen, we have the 
typical two-layer situation with the frozen layer at the top underlain by the unfrozen 
sediments. Since the resistive frozen layer will transmit the incident energy without much 
attenuation, multifrequency e.m. exploration for permafrost will be ideal during winter. 

As logistics are difficult in the arctic, any instrument to be useful there should be very 
portable, i.e., capable of being carried by one or two persons. In the theoretical simulations, 
therefore, coil separations of 2 and 3 m and coil elevations of l m above the ground have been 
considered. Since permafrost resistivities vary widely, frequencies from l Khz to l Mhz, i.e., 
a spread of three decades, have been considered for sufficient resolution and depth 
penetration. 

In the first set of computations, the coil separation was taken to be 3 m, conductivity o1 

and the conductivity cont rast 02/01 were taken to be 0.001 S/m and 100.0 respectively. The 
dielectric constants of the frozen and the unfrozen layers were assumed to be 6.0 and 20 .0. 
Seven values of the thickness d 1 of the top layer were considered. Figures 2 and 3 illustrate 
the variation of the real and imaginary parts of (Z/Z 0 ) against the non-dimensional parameter 
(r I 6 1 )2 for System l, where, as before r and 6 1 are the coil separation and skin depth in the 
top layer. The dashed sections represent values that have been reversed in sign for plotting 
purposes. 

In Figures 2 and 3, at low frequencies (low r/6 1) and small d 1 values, the bottom layer 
influence is predominant. As the frequency is increased, the skin depth decreases and the top 
layer influence grows. The curve therefore, turns and tends to follow a curve which 
represents the effect of the top layer only. When both frequency and d 1 are large, the cur­
rents are almost exclusively confined in the top layer and the response is close to that of a 
homogeneous dielectric, i.e., as if the bottom layer did not exist. At intermediate values of di, 
the response shifts from the curve for d1 + 0 to the case of d 1 + 00 as the frequency is 
increased. The curves of Figure 3 appear to be quasi-parallel but are, in fact, distinguishable 
by different slopes. The resolutions of the curves are also adequate except when the 
frequency and thickness d 1 are large (d 1 > l 0 m). 
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Figures 4 and 5 show a similar plot for System 2 for the same set of variables. The 
curves are quite similar in appearance to Figures 2 and 3 but the range of variation of (Z/Zo) 
values over the frequency range in this case is higher. The highest values of (Z/Z 0 ) in the two 
systems are almost the same, but the lowest values are Jess in System 2. It means that at 
lower frequencies the signal may be below the noise level (5-10 ppm) and frequencies below 
J 0 Khz may not be usable. But the resolution seems to be better in this system. Figures 6 
and 7 show the variations in System 3. The range of variation of values in this system fall 
between those for Systems I and 2. In all three systems, the negative values (dashed sections) 
occur in the real part for high frequency and d 1 values. This agrees with the results published 
previously for homogeneous media (Sinha, l 976a). 

Figures 8 and 9 show the resuJ ts for System 4. The range of values in this system are 
about an order Jess than in the three previous systems. Another interesting feature is the 
presence of negative values in imaginary (Z/Z 0 ) for very thin top layers at higher frequencies. 
Figures 10 and 11 illustrate the variations of the real and imaginary parts of (Z/Z 0 ) for System 5. 
The graphs are similar to those for System l although the range of variations is somewhat 
less . It appears, therefore, that mutual coupling values are highest in System l but the range 
of variation and resolution is higher in System 2. System 5 is a close second behind System l 
in terms of the amplitudes of the mutual coupling ratios. 

To examine the effects of coil separation on the results, we have plotted the results 
for a separation of 2 m for System l in Figures 12 and 13 keeping all other variables identical. 
As expected, both real and imaginaryt parts of (Z/Z 0 ) are consistently smaller than the cor­
responding values for the coil separation of 3 m, although there should be no problem in 
measuring them since the values are almost always greater than 10 ppm . Figures 14 and 15 
illustrate the variations for a coil separation of 2 m for System 2. As in the previous diagram 
with coil separation of 3 m, the anomaly values are Jess in this system, specially for larger d1 
values. In fact, at lower frequencies, the real anomaly values are often less than l ppm. This 
means that it will be difficult to use this system at lower than 3 m coil separation in 
permafrost terrain as the signal should be at least 10 ppm for meaningful interpretation. 

The last two plots (Figs. 16 and 17) illustrate the influence of changing the dielectric 
constant of the top layer from 6 to 15 on the mutual coupling values . The effect seems to be 
minimal at lower frequencies since the displacement current effects are negligible in that 
region. Even at higher frequencies, as Jong as the top layer is thin, the effects are small 
since the bottom layer effects are generally predominant . However, when d1 is 10 m or 
more, the displacement current effects are quite significant at the higher frequency ends. 
For the real part, the effect is to move the values more towards the negative end as the E: 1 /E:o 
values are increased . This effect was seen previously in case of homogeneous dielectrics too . 
Effects of changing the conductivity contrast oi/o 1 on the (Z/Z 0 ) values have not been shown 
here since an increase in 02 /a1 appears to increase the magnitude of the response only without 
changing the curve shapes, so that the separation between different Jines for different d1 values 
increase and vice versa. 

In all the simulations, the variation of electrical properties with frequency has not 
been considered, although it is known that they do vary in the frequency range of our interest. 
That effect would be considered in a forthcoming paper (Sinha, l 977b). However, the 
theoretical results and the accompanying computer program would be useful where the 
frequency variations are not severe. 

CONCLUDING REMARKS 

From the numerical results presented in this paper, it would appear that the horizontal 
coplanar system (System I) would possibly be best for mapping layered permafrost terrain. A 
coil separation of 3 m would seem to be optimum from the viewpoint of portability and 
reasonably high anomalies that should be recorded if the coils are held l m above the surface. 
The inclined parallel system (System 5) comes a close second, while System 4 appears to be 
the worst. For resolution, however, the perpendicular system (System 2) is probably the best 
but the signal level would be rather low in this system at lower frequencies. 

Permafrost mapping has been attempted with several electromagnetic techniques in 
the past with varying success. Since there are ample lateral inhomogeneities in permafrost 
terrain, any large scale system (where the distance between the source and receiver is large) 
would tend to integrate the total effect and details would be Jost. The double-dipole and 
radar systems appear to be two systems capable of mapping the fine details in permafrost 
terrain. However, the radar systems are expensive and not very portable. A double dipole 
e.m . system with 2-3 m coil separation would be excellent from the point of view of 
portability, cost and quality of coverage. 

In the interpretation of e.m. sounding data over layered lossy dielectric terrain like 
permafrost, we need to know the theoretical response of various layered lossy dielectric 
models . However, since the number of possible parameters for such a medium will be large, 
it would be futile trying to publish master-charts for them. The only practical way is to have 
a generalized computer program so that the interpreter can generate the theoretical curve 
for any set of input data for matching with the field data. Such a generalized computer 
program has been included in the Appendix. The program may be used interactively on a 
graphic screen (Sinha, l 976b) or otherwise for interpreting any dipole e.m. sounding data. 
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APPENDIX 

COMPUTER PROGRAM FOR COMPUTING THE ELECTROMAGNETIC RESPONSE 

OF ANN-LA YER LOSSY DIELECTRIC EARTH IN FIVE STANDARD COIL SYSTEMS 

USED BY THE GEOPHYSICAL INDUSTRY 
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