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ABSTRACT 

With the advent of powerful computer programs parameters are to be chosen to obtain maximum 
that calculate electromagnetic fields over a multi- effect from the salt thickness and minimum effect 
layered earth, it became possible to design coil para- from other geological features such as thin clay beds 
meters for specific geophysical applications. One contained in the salt. 
such application is the measurement of rock-salt 
thickness above the workings of a potash mine. The 

For the conditions in Saskatchewan potash mines, 

system parameters in question are the coil spacing, 
the optimum values are: 8 m coil separation, horizon- 

coil orientation, and frequency of operation. These 
tal coplanar configuration, 30 kHz operating fre- 
quency. 

INTRODUCTlON 

Recently, powerful computer programs have 
become available (Sinha, 1973; Sinha and Col- 
lett, 1973; Sinha, 1976) for the calculation of 
electromagnetic fields due to a dipole source 
over a layered earth. These programs make 
possible the analytic design ofelectromagnetic 
sounding systems for specific purposes. We pre- 
sent here an example of such a design showing 
how we optimize the frequency, coil separation 
and coil orientation for certain known and 
assumed physical conditions. Similar design 
programs could be applied to problems in other 
81eas such as coal mine, permafrost, etc. 

In the potash district of Saskatchewan the 
potash ore, sylvite, occurs in several thick beds 
near the top of the Prairie Evaporite Formation 
(Fig. 1). Evaporites, chiefly halite, occur above 
and below the ore zone. The total thickness of 
evaporites may be over 200 m but the potash 
ore is near the top, and there is usually only a 
few (5.35) metres of halite above the ore zone 
depending on which area of the province is con- 
sidered. Halite above the ore zone is often refer- 
red to as the “salt back”. Above the evaporite 
formation is a shale layer called the Second Bed 
Bed which, usually, is 5 to 10 m thick. Above 

PR&IIRIE 

EVAPORITE 

FORMbTlON 

ONSON 84” LIMESTONE 

Fig. I. Geologic section (in part) of the Potash dis- 
trict of Saskatchewan. 

the shale is the Dawson Bay Limestone which 
is about 30.0 m thick. 

The salt back is regarded as a protective 
cover for the mine openings, and the design of 
the mine layout is governed by the mechanical 
properties of the salt back, its thickness, and 
the presence ofthin clay seams that weaken it. 
The salt back is also regarded as a barrier that 
prevents the inflow of water from the porous 
limestone above. The salt-back thickness is 
fairly constant within the area of each mine, 
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but local changes may indicate mining prob- 
lems. For these reasons, the thickness of the 
salt back is of some interest to the miners. 
Seismic refraction measurements have been 
used to estimate the thickness, but they suffer 
from several disadvantages (Gendzwill, 1969). 

Because of the contrast in electrical prop- 
erties of shale and salt, an electromagnetic sys- 
tem could, in principle, detect the shale above 
the salt, thereby determining the thickness of 
the salt back. Such a system could have the 
advantage of rapid, convenient operation with 
immediate interpretation and no need for the 
drilling or explosives required in the seismic 
method. An electromagnetic system would also 
be sensitive to occurrences of brine such as 
have been found in several places in some of the 
mines Gndzwill, 1967). 

The usefulness of such a system would de- 
pend on several factors. The sensitivity should 
be good enough to estimate distances within a 
few percent. The system should be insensitive 
to the presence of thin clay seams in the salt, as 
well as to the shales and carbonates below the 
salt (usually 120 m or more below the mine 
level). The presence of brine within the salt 
should create a distinctive anomaly that can- 
not be confused with changes in the salt-back 
thickness. Lastly, the system must be designed 
to be used in the underground environment of 
the potash mines. 

For a continuous wave (double coil) EM sys- 
tem as is being proposed here, three significant 
parameters have to be determined. They are i) 
coil separation, ii) frequency of operation and 
iii) the orientation of the coils with respect to 
one another. All other variables, such as the 
coil diameter, strength of the dipole moment, 
etc., are determined by factors not directly re- 
lated to the geological characteristics of the 
target. The experiment then amounts to opti- 
mization of the above three parameters in 
terms of the geological and engineering objec- 
tives, namely: 

1) Accurate determination ofsalt thickness. 
2) Relative insensitivity to other features of 

the geology. 
3) Ease of operation. 

For purposes of computation, the formations 
to be mapped can be represented as horizontal 
layers. The expressions for the electromagnetic 
fields over a layered earth have been presented 

by Sinha (1973) and Sinha and Collett (1973). 
These expressions are valid when displacement 
currents are neglected, and are based on the 
earlier formulations due to Wait (1962, 19661, 
Dey and Ward (1970) and Ryu et&. (1970). The 
expressions when displacement currents are 
considered have been given by Sinha (1976). 
Figure 2 shows a vertical magnetic dipole situ- 
ated at height ‘h’ above an n-layered earth; ‘P 
is point of observation and ‘u’, ‘IL’ and Y denote 
the conductivity, magnetic permeability and 
dielectric constant of a given layer. HP is the 
intensity at ‘P’ of the primary field emitted 
from the transmitter: Ha is the intensity at ‘P’ of 
the secondary field induced from the earth. 
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Fig. 2. Magnetic dipole over an n-layered earth. 

The four standard coil arrangements used in 
EM prospecting are shown in Figure 3. 

The computer program used to calculate the 
magnetic fields and thus the ratio HS/HP for the 
four coil configurations was provided by A. J. 
Sinha of the Geological Survey of Canada. (See 
also Sinha and Collett, 1973.) However, one 
point should be noted here. In the computations 
of the integrals, Sinha used 9- to 11-figure 
accuracy, while the present study has been lim- 
ited to a 7.figure accuracy only. Table 1 shows 
the results of computation for one model using 
the above two levels of accuracy. The 7.figure 
accuracy, therefore, seems adequate for this 
study. 
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T R The effect of the conductivity of salt needs 
further discussion. Figures 4a and 4h show the 

HORIZONTAL COPLANAR variation of the ratio Hs/Hp with salt conductiv- 
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Fig. 3. Four coil configurations used in EM dipole 
prospecting. 

Parameters 11-Figure 7-Flgure 
Accuracy Accuracy 

(PfW @pm) 

Horizontal In phase 759.699 759.646 
Coplanar Quadrature 964.030 984.025 

Perpendicular In phase 74.5657 742830 
Quadrature 443.444 443.441 

Vettical In phase 377.733 377.555 
Coplanar Quadrature 599.922 599.915 

Table 1. Comparison between the 7.figure and the 
1 I-figure accuracy in computation of HS/HP. 

PHYSICAL PARAMETERS 

(a) Conductiuity of the beds: For modelling pur- 
poses, the electrical conductivity of the beds 
has to estimated. An induction log from a drill 
hole was used to estimate the conductivity of 
the shale and the porous limestone beds. 
Values of 0.1 and 0.3 mho/m were used for the 
former and 0.05 mholm for the latter. The con- 
ductivity of rock salt is much too low to be 
measured on the induction log. Consequently, 
values of lOma, lo-’ and lO~“mho/m were tried. 

Minor clay seams in the salt usually gener- 
ate a response from the induction log, but it 
cannot be reliably interpreted. It is thought 
that the thin clay seams are less conductive 
than the Second Red Bed Shales because the 
thin 6eams contain more salt. A value of 0.01 
mha/m 1~88 assigned to the clay seams. 

,O~f 10-1 10~1 CONO”CTlYlT” OF SbLT ,MHO/METERI 
Fig. 4a Variation of HSiHP (%) with conductivity of 

salt for different coil configurations. H.C. - Horizontal 
Coplanar; P - Perpendicular; V.C. Vertical Coplanar. 
Coil separation 8 m, conductivity of shale = 0.1 mhom. 

Flg. 4b. Variation of HE/HP (%) with conductivity of 
salt taking into account i) finite thickness of shale bed 
(takenas m),(ii) Shalysalt(O.01 mhwm.)layerO.lO m 
thick on top of the salt layer. Coil separation 8.0 m. 
Conductivity of limestone = 0.05 mholm. 
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ity for different physical models and coil con- 
figurations. One conclusion is obvious from 
these plots; namely, that the In-phase response 
in a variety ofcases is not significantly affected 
by the conductivity of the salt within the range 
considered here. The behaviour of the Quuadra- 
ture response varies with the thickness of the 
salt layer. When the thickness is small, the 
variation in salt conductivity produces a neg- 
ligible effect on the Quadrature response. For 
thicknesses around 35 m (roughly the max- 
imum value encountered), the response de- 
pends on the conductivity of salt, especially if it 
is close to 10-a mho/m. 

For the example of porous salt containing 
brine, the conductivity was determined by us- 
ing Archie’s law assuming the intergranular 
porosity to be 2 percent and 4 percent respec- 
tively. Since the conductivity of saturated 
brine at a formation tempature of 26.7% is 25 
mho/m, the respective salt conductivities in the 
above cases become 0.01 and 0.04 mho/m. 

(b) Thickness of the beds: The salt back is 
known to vary in thickness from 5 to 35 m. For 
a 2-layer model consisting of the salt back and 
the 2nd Red Bed Shale, these thicknesses were 
taken as the minimum and maximum values. 
Finite thickness - 5 and 10 m respectively - 
ofthe shale bed was considered, too, in a 3.layer 
model. The thin clay seams are generally 1 to 
10 cm thick, and were taken as such in the 
models involving them. For thin beds, neither 
conductivity nor thickness can be uniquely de- 
termined, as their effect depends mainly on the 
product of conductivity times thickness. For 
computational purposes, the thickness of the 
salt containing moisture wa8 somewhat arbit- 
rarily chosen to be 5 m. 

(cl Distance between the coils and the mine roof: 
Two metres of air was assumed between the 
coils and the roof for all computations. 

(d) A unique aspect of the underground 
measurement is the presence of conductive 
rock both above and below the coil system. In 
fact, the rocks above the coils are of more in- 
terest than those below. However, it can be 
shown that the effect of all the conductive rock 
is added linearly in the electromagnetic re- 
sponse if propagation effects are ignored. In the 
potash-mine environment we feel that this is a 
safe assumption, because the nearest signifi- 
cant conductivity below the mine is much 
farther away than that above it. 

DESIGN PARAMETERS 

(a) Coil Separation: To determine the appropri- 
ate coil separation, the In-phase and Quadra- 
ture components of HSIHP were computed for 
varying coil separation using a two-layer mod- 
el. The computations were done at a frequency 
of 2.4 and 25 kHz respectively; the results 
obtained in the latter case are plotted in Fi- 
gures 5a and 5b. 
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Fig. Sa. Variation of HE/HP (In-phase) (%,) with coil 
separation. Conductivity of salt = 0.0001 mholm.: cc+ 
ductivity of shale = 0.1 mhoim. 
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Fig. 5b. Variation of HS/HP (Quadrature) (%) with 
coil separation. Conductivity of salt = 0.0001 mholm.; 
conductivity of shale = 0.1 mholm. 
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As the coil separation increases initially, 
both components of HSfHY increase in magni- 
tude and remain positive. Although not shown 
in the figure(s), the response increases with 
frequency and, as expected, decreases with in- 
crease in salt thickness. This monotonic be- 
haviour continues as long as the separation is 
below 15 m or so. Beyond this value, all plots 
either have a turning point or tend toward one. 
The coil separation corresponding to a given 
turning point, of course, depends on the diffe- 
rentparametersinvolved,includingfrequency. 
A decrease in frequency alone shifts the turn- 
ing point to the right (that is, to a larger coil 
separation). For convenience in interpreting 
field data, it is preferable to choose values of 
parameters such that the ratio HVH’ varies 
monotonically with thickness of the salt back. 
If measurements are to be carried out at fre- 
quencies around 25 kHz, it is clear from Figure 
5 that the coil separation for the proposed sys- 
tem must be less than 14 m. It should be repe- 
ated here that within this range the greater the 
separation, the higher the magnitude of HYH’. 

Although the response to the shale target 
increases with coil separation, so does the re- 
sponse to other, more distant shales. The next 
thick shale is the third Red Bed, which occurs 
under the Winnipegosis carbonate under the 
salt (see Fig. 1). In order to minimize the elec- 
tromagnetic response to these rocks, the coil 
separation should not be too large. Table 2 
shows a comparison of response between the 

WY 
Fr*q”ency HOrlmntal PWPB”. “erticaf 

NW Coplanar dk”lW Copfanar 
30 0.059 0.022 0.058 

In-phase 40 0.057 0.021 0.057 
50 0.057 0.020 0.055 

30 0.023 0.009 0.0*3 
Quadrature 40 0.020 0.009 0.023 

50 0.022 0.009 0.021 

Conductivity of salt: 0.0001 mhwm. 
Conductivity of shale: 0.2 mhoim. 
A = (HsiHP) when the 2nd Red Bed is 35 m from the 

mine roof (that is, the salt thickness is 35 
m). 

6 = (HS/HP) when the 3rd Red Bed is 100 m from the 
mine floor (that is, the salt thickness is 100 
m). 

Table 2. Ratio of the electromagnetic response 
HS/HP when the Red Bed Shale is 35 m from the mine 
rwf and the 3rd Red Bed is 100 m from the mine floor. 

second and third Red Bed shales for an un- 
favourable case; i.e., the second Red Bed at a 
maximum distance 35 m and the third Red Bed 
at a minimum distance of 100 m. For an 8 m 
coil separation, the third Red Bed contributed 
less than 6 percent of the anomaly. There is still 
another factor that influences the value of coil 
separation. It has to do with the fact that the 
system must operate in mine openings, which 
are usually horizontal and 5 to 15 m wide, 3 to 
4m high and hundreds of metres long. The 
system has to be lowered and hoisted in the 
mine shaft and carried on vehicles or on foot. 
Consequently, it should be as small and light as 
possible, probably built on a light-weight 
framework that can be folded. With the various 
factors in mind, a value of 6.0 m was chosen for 
the coil separation. 

(b) Frequencies of Operation: The response of 
the electromagnetic system is proportional to 
the frequency and the target concuctivity. In 
general, a large response is preferred, except 
that we wish to avoid interference from “on- 
target beds, and complications arising from dis- 
placement currents. 

The frequency controls the skin depth of cur- 
rents induced in the rock. For the stated prob- 
lem, to determine depth to the shale rock with 
minimum interference from rocks above or be- 
low the shale, we should desire little absorption 
from the rock salt, and large absorption of the 
electromagnetic wave in the shale. Table 3 lists 
the skin depth ‘6’ in metres for the selected 
conductivities and frequencies. 

ROCK SALT SHALE 

v (mholm) = lo* 10~1 0.1 0.3 
FlaqUWlCy 

W-M 6 (ml 6 Cm) 6 (ml 6 Cm) 

2.5 1007 318 31.8 18.4 
5.0 712 225 22.5 13.0 

to.0 503 159 15.9 9.2 
20.0 35s 113 11.3 6.5 
30.0 291 92 9.2 5.3 
40.0 251 80 8.0 4.6 
50.0 225 71 7.1 4.1 

Table 3. Skin depth ‘V for selected conductivities 
and frequencies. 

If the skin depth is greater than the thick- 
ness of the rock unit, there should be little 
absorption, but if it is less, there should be 
great absorptionoftheelectromagneticenergy. 

Maximum rock salt thickness is about 35 m, 
so there should be little absorption at any fre- 
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quency. When the conductivity is 10 ~3 mholm, 
the skin depth is only two or three times the 
maximum rock salt thickness at the higher 
frequencies, 60 there may be some minor in- 
terference as shown in Figure 4. 

However, the shale thickness is less than 
10 m, so that the frequencies below 20 kHz are 
not strongly absorbed. Thus the response due to 
the shale may interact significantly with that 
due to the rocks on the other side of the shale. 

It appears, therefore, that 30 to 40 kHz would 
offer the best compromise from the above con- 
sideration. 

At higher frequencies, the displacement cur- 
rents become significant. For most of the cal- 
culations done here, the displacement currents 
were neglected, but they do put a limit on the 
upper frequency that can be used. 

To test the seriousness of the error involved if 
the displacement currents are neglected, some 
sample computations involving the effect due 
to their presence were made. In the models 
considered, the conductivity of salt was taken 
as 0.0001 and 0.00001 mho/m, while that of 
shale was taken as 0.1 to 0.3 mho/m; and the 
dielectric constants chosen for the salt and 
shale beds were 6.0 and 20.0 respectively, The 
respective frequencies used were 40 and 50 
kHz. The percentage error in neglecting the 
displacement current was determined for the 
In-phase and Quadrature components for all 
coil configurations. 

The following conclusions were obtained: 

i) When the thickness of the salt bed is 5 m, 
the error in ignoring the displacement currents 
is less than 0.2 percent, no matter which coil 
configuration is used. 

ii) When the thickness is increased to 40 m, 
the results are more involved. The In-phase 
response of the horizontal coplanar configura- 
tion shows an error of 2-4 percent, depending on 
the frequency used. A similar response for the 
perpendicular and vertical coplanar configura- 
tions, however, shows error up to 25.40 percent. 
In contrast, the error in the Quadrature re- 
sponse is generally less than 1 percent. 

The above conclusions are not affected in any 
significant way if the dielectric constants of 
salt and shale are changed to 5 and 40 respec- 
tively. It should be kept in mind that the above 
errors decrease as the frequency is lowered. 

The choice of frequency (or frequencies) of op- 
eration thus depends on the acceptable limit of 
error in the determination of the salt-back 
thickness. 

(cl Choice of coil confYgwation(si: Figures 6a 
and 6b show the In-phase and Quadrature re- 
sponse respectively as a function of frequency 
for different coil configurations and thick- 
nesses of the salt back. It is obvious from these 
figures that the horizontal coplanar contigura- 
tion yields the maximum response irrespective 
of the thickness of the salt, and does so over the 
entire frequency range studied here. The re- 
sponse of the vertical coplanar configuration is 
the second best from the point of view of its 
magnitude. From these considerations alone, 
the horizontal coplanar coil orientation is the 
best choice. 

A further reinforcement of this choice is pro- 
vided when one takes the effect of displacement 
currents into account. The error introduced by 
neglecting the displacement currents is least in 
the case of the horizontal coplanar configura- 
tion when the In-phase response is considered. 
The actual error is 4 percent or less for salt- 
back thicknesses up to 40 m at 50 kHz. As 

FRLOUFNC” CKHlS FRLOUFNC” CKHlS 

Flg. 6a. Comparison of the In-phase response of Flg. 6a. Comparison of the In-phase response of 
the Horizontal Coplanar (H.C.), Perpendicular (P) and the Horizontal Coplanar (H.C.), Perpendicular (P) and 
Vertical Coplanar (V.C.) coil configurations. Vertical Coplanar (V.C.) coil configurations. 
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TWO LAlER CA.51 In summary, then, the design parameters of 
the proposed EM device can be stated as fol- 
lows: 
Coil Configuration: Horizontal Coplanar 

(Vertical Coplanar)? 
Coil Separation: 8 m 
Frequency of Operation: 30, 40 kHz. 
Height of coils below the mine roof 2 m 

SOME ADDITIONAL CONSIDERATIONS 

In this section the following topics will be 
discussed; a) effect of the finite thickness of the 
2nd Red Bed shale. b) effect of a presence of 

c~ii ,:I.., r~~m.mmi~ $;II 
0 80 20 30 40 50 
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Fig. 6b. Comparison of the Quadrature response of 
the Horizontal Coplanar (H.C.), Perpendicular (P) and 
Vertical Coplanar (V.C.) coil configurations. 

mentioned earlier, the errors in Quadrature 
response are less than 1 per cent for all coil 
orientations and operating frequencies. 

There is one consideration, though, that 
favours the perpendicular configuration over 
the other two. Because of the rapid decrease in 
response due to increase in salt thickness in 
this configuration, it is the most suitable choice 
when the contribution of the 3rd Red Bed Shale 
(120 m or more below the mine level) is to be 
ignored. Table 2 illustrates this point for the 
unfavourable case where the third Red Bed is 
close and the second Red Bed is far. As shown in 
this table, the error in ignoring the contribu- 
tion due to the 3rd Red Bed is about 6 percent 
for the horizontal and vertical coplanar 
orientations but only 2 percent for the perpen- 
dicular case. 

However, when all three factors discussed 
above are taken together, it seems that the 
advantages in choosing the horizontal coplanar 
configuration outweigh the disadvantages. 
Operating convenience, too, is another point in 
its favour. Vertical coplanar configuration 
could be used also, especially when it comes to 
distinguishing between the different physical 
models in certain cases. 

shaly salt layers in the salt back, anb c) effect of 
the presence of moisture in the salt back. 

(a) Finite thickness of the 2nd Red Bed Shale 
The two-layer model assumes an infinite 

thickness of the 2nd Red Bed Shale. To deter- 
mine the validity of this assumption, three- 
layer models were considered in which the 

FREWENC” IKH21 

Fig. 7. Effect of the finite thickness of the 2nd Red 
Bed Shale. In-phase response. 
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Layer lJ t t lJ t 
1 0.0001 15 o.o”oo, 15 0.0001 15 
* 0.1 I 0.1 9 0.1 9 
3 0.05 = 0.05 36 
4 

E:PO I5 . 5 12 
6 0.05 x 

Conductivity: v mhoim 
Thickness: f m 

Table 4. Response HS/HP of low-frequency EM sys- 
tems to changes in layer structure. 

and six-layer models. On comparing this result 
with those in Figures ‘7 and 8; it is apparent 
that high frequencies are needed to avoid in- 
terference from distant strata. 

iEEO”fNC” iK”li 

(b) Effect of the presence of thin clay partings in .- 
Fig. 8. Effect of the finite thickness of the 2nd Hed 

Bed Shale. Quadrature response. 
the salt back 

Thin clay beds have a much higher conduc- 
tivity than salt and, for the present study, a 
value of 0.01 mholm has been assigned to them. 
Physically, they can be located at any depth 
within the salt back; their thicknesses usually 
are a few centimetres. 

thickness of the 2nd Red Bed was taken as 5 
and 10 m respectively. Results of such a study 
for horizontal coplanar coils are plotted in Fig- 
ures 7-S. For frequencies 30 kHz and beyond, 
and shale thicknesses greater than 10 m, the 
two-layer model seems a satisfactory approx- 
imation for the two extreme thicknesses of the 
salt back. If the shale thickness falls to 5 m, an 
error of 5-6 percent is introduced as a result of 
this approximation. 

A number of commercial electromagnetic 
systems are available, but we felt that the oper- 
ating frequency of all of them was too low for 
the objectives of this study. The major problem 
is that the depth penetration of the low- 
frequency systems is so great that conductivity 
changes in distant strata have more effect than 
changes in depth to the nearest shale. 

To demonstrate this, we calculated the re- 
sponse of a typical system with 30 m coil 
separation, and frequencies of615 and 2400 Hz. 
The initial model was a six-layer one based on 
well log information, subsequently simplified 
to three layers and then to two layers. 

Table 4 indicates the models and the corres- 
ponding EM responses. A large difference is 
shown between the two- and three-layer mod- 
els and a smaller difference between the three- 

There are two questions of interest here. 
First, does the presence of these beds produce 
unacceptable errors in the determination ofthe 
salt-back thickness? Second, is it possible to 
detect their presence even if the answer to the 
first question is in the negative? 

To answer these questions, a three-layer 
model was chosen. The thin clay bed was placed 
on the surface of the salt, to produce the max- 
imum deviation from the response of a two- 
layer model. Implicit here is the assumption 
that, given the present system parameters, the 
response increases as a conductor is brought 
closer to the system coils. 

Pereentagedeviationsfromthetwo-layercase 
were computed for three thicknesses - 1 cm, 5 
cm and 10 cm - of the clay parting over the 
entire (lo-50 kHz1 frequency range and for the 
three coil configurations. Salt-back thicknes- 
ses considered here were 5 and 35 m respective- 
ly. Atonefrequency(30kHz),intermediate(lO, 
20 and 30 ml thicknesses were used also to 
study any systematic effects such variations 
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might produce. The results of this study are 
summarized below in three parts. 

i) When the thickness of the salt layers is 5 m: 
Over the entire frequency range, and consider- 
ing all the coil configurations, the maximum 
deviation from a two-layer model due to the 
presence of a thin clay parting is about 2 per- 
cent. This is true for both the In-phase and 
Quadrature components. 

ii) When the thickness of the salt layer is 
35 m: As the effect due to the shale bed is con- 
siderably reduced in this case, the presence of a 
conducting layer such as a thin clay band may 
be expected to produce relatively large percent 
deviations in the response from a two-layer 
case. The point to note is that the In-phase 
componentremains within 1 percent ofthe two- 
layer values whereas the Quadrature compo- 
nents show larger deviations, especially in the 
perpendicular configuration. The deviations 
increase with the thickness of the clay parting 
(refer to Table 51, and also with frequency. 

iii) When the thickness of the salt layer is 10, 
20 and 30 m: As expected from the above discus- 
sion, the In-phase components show deviation 
around 1 percent. The Quadrature component 
deviates in successively higher amounts be- 
cause of increases in thicknesses of the salt and 

tortion is reduced with a decrease in frequency. 
For the assumed conditions, 30 kHz appears to 
be the best compromise frequency. 

(cl Effect of moisture in salt 
As mentioned earlier, the conductivity of 

porous salt containing brine ranges, for exam- 
ple, from 0.0001 to 0.01 or 0.04 mho/m, depend- 
ing on the intergranular porosity. The three 
models using such a salt bed were as follows; i) 
near the surface of the mine, ii) adjacent to the 
shale bed and iii) sandwiched within the salt 
layer. Conductivity of the salt was taken as 
0.0001 mholm; conductivities of the shale were 
taken as 0.1 and 0.3 mho/m respectively. 

A general conclusion can be stated here. Both 
the In-phase and Quadrature components in- 
crease in magnitude, thus masking the re- 
sponse due to the 2nd Red Bed Shale. The com- 
ponents shift to values that correspond to smal- 
ler salt thicknesses and lower shale conductivi- 
ties (Fig. 9). 

If, however, brine solution is present within 
wide fractures in the salt layer, the In-phase 
component increases dramatically i>> 10%). 
It should be possible, therefore, to detect brine 
pockets quite readily. 

Therefore, from this test we conclude that a SALT THICKNESS DETERMINATION 
shale parting 10 cm thick near the mine roof 
could cause a significant distortion in the Figure 9 is an interpretation diagram show- 

Quadrature component. The In-phase compo- ing the In-phase and Quadrature responses for 

nent is relatively unaffected. vertical and horizontal coplanar coils and a 
ranee of salt thicknesses and shale conductivi- 

The horizontal coplanar configuration is the t&and showing also the effects of a few per- 
least sensitive to thin clay seams, and the dis- turbations. 

HorilOntal YSlllCSl 
CDph”W PNp.“diC”lW CCJpla”a, 

he- Clay I”. Quad- In- Quad- I”- Quad- 

q;Ly 
s*am Phase rature PhBS rature Phare ratwe 

ThbheSs 
(cm) 

I 0.07 2.6 0.3 16.6 0.07 8.1 
20 5 0.20 -14.2 -0.7 92.5 0.2 40.0 

10 0.48 -26.6 0.8 -163.7 0.4 79.4 
1 0.06 4.0 0.2 22.1 0.07 11.0 
5 0.16 -20.4 0.3 -110.0 0.2 54.6 

10 0.37 -40.9 0.4 -216.2 0.4 -106.7 

1 0.06 5.1 0.2 24.4 0.06 13.4 
40 6 0.17 -25.7 0.2 -121.0 0.2 66.7 

10 0.35 -51.7 0.2 -241.1 0.3 -132.3 

Table 5. Percentage deviation of (W/HP) from a 35-m. two-layer case for different clay seam thicknesses. 
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IN PHASE HS/HP % 

Flg. 9. lnferpretation diagram for a two-layer model. Conductivity of shale = 0.05. 0.1 0.5 mhom.; 
conductivitv of salt = 0.0001 mholm. Thickness of salt = 4.75 m. 5.0 m. 5.25 m, 10 m .30 m. Thickness of shaly 
Salt = o.oi m, 0.05 m and 0.1 Ill 

The lines emanating from the origin of the 
graph are lines of equal conductivity of the 2nd 
Red Bed Shale, and the transverse lines are for 
constant salt thickness. Thus a given value of 
In-phase and Quadrature reading can be in- 
terpolated to yield a value of salt thickness and 
shale conductivity. Perturbations due to thin 
clay seams are plotted near the 0.1 mholm, 5 m 
intersection, where it is obvious that such per- 
turbations are not important. However, thin 
clay seams would produce a similar effect 
where the salt is 20 m or greater, and the effect 
would be more significant as a percentage error 
of the depth estimate due to the smaller anom- 
aly. Because of this and other possible syste- 
matic errors, it may be necessary to calibrate 
the electromagnetic system at a place where 
the salt thickness is known. 

The other perturbation is the effect to be 
expected from a 5-m thick porous salt contain- 
ing 1 percent brine. In some ofthe potash mines 
such porous, brine-tilled salt appears to overlie 
or underlie some limited areas, from which it 
leaks into the mine. In this case, there is a 
substantial change in response. The inter- 
pretation of electromagnetic readings in such 
circumstances would have to depend on com- 
parisons with other nearby electromagnetic 

data or with some geological interpretation. 
The presence of brine might be detectible be- 
cause the apparent shale conductivity as well 
as the salt thickness would change substan- 
tially. 

SUMMARY 

The purpose of the program was to design an 
electromagnetic system capable of accurate 
sounding through rock salt up to 35 m thick in 
contact with shale. Interference from other 
formations and thin beds wa6 to be kept to a 
minimum. 

With these conditions, the lower limit of fre- 
quency was set by the minimum desirable re- 
sponse and by interference from conductive 
rocks more distant than the shale. The upper 
frequency limit was set by interference from 
nearby thin conductive layers, and our desire to 
avoid the effects of displacement currents. The 
system should operate around 30 to 40 kHz. 

The coil separation was chosen to obtain a 
response monotonic with depth to shale, yet 
maintain a reasonably large amplitude for the 
operating frequency. Coil separation should be 
small for underground operation. The separa- 
tion was chosen to be 8 m. 
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Coil orientation was chosen to obtain the 
maximum and most nearly linear response. We 
found also that the effect of displacement cur- 
rents depended on coil orientation. The best coil 
orientation was horizontal coplanar. 

(aboui 35 ml. Areas containing significant 
amounts of brine in the rock should produce 
large and erratic response. 

The proposed system appears to have good 
operating characteristics with very small error 
in determining both the thickness of salt and 
the conductivity of shale. The best accuracy 
was achieved with small (about 5 m) thickness 
of salt, which is most important for the mining 
operation. Smalldisturbancescauselargerper- 
centaee error8 when the salt thickness is laree 
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