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_ABSTRACT

From c¢lectromagnetic wave theary it is clear that the
atieruation of a wave through any material will depend an
o fuctors p* and €% the complex magretic permeability
and the complex permittivity, respectively. Both of these
parameters (of any material or rock) have a real and an
imaginary part e.g €* = ¢’ - fe'. The imaginary part
determines the attenuation. the real part determines the
wave velocity. Salt, in either piercement salt domes or bed-
ded depaxits, is nonmagnetic and o g * = g, the mugnetic
permeability of free space, and p" = (), i.e salt is magneti-
eally lossiess. The guestion is, is salt lossiess in the electrical
sense?

To determine theoretivally iff electromugnelic waves wilf
propagate through salt we have measured the tan § fdefined
as "/’ of various rock salt samples and found that dry
salt, such as rhot found in Gulf Coast piercement salt
domes, has o low loss tangent. Tan §' measured on some
rock salt have been equal to that of reflon and polvetiiylene,
matrerials used in coaxial cables to transmit clectromag-
netic waves. One rock sait sample, measured by the Na-
tional Bureau of Standards, yielded o tan § = 2 X 10
which is a facror of 5 lower rhan teflon.

Pulsed and CW.FM radars of various frequencies have
been used 1o probe inio salt in selt mines 1o “see ahead” of
mining to determine whether hozardy to mining exist, Suck
hazards may be an abandoned, unplugged well that con-
necis with an aguifer at some lovel above the mine. Any
discontinuities in rock material contgcts, such as saft to
waler, sglt to sand, selt iv anhydrite, ceuse a reflection of
the rader waves. The return energy is measured in time and
a knowledge of the wave velocity determines the range in
salt to this discontinuity. In general, salt miners are inters
ested in anpthing that is not salt as it represents a problem
0 them: a minor problem if a small impurity, a maior
problem [f a source of High pressure water.

The ability tv peneirate salt with radar in a number of
salr mines has been demonstrated. Locations of the flanks
of sait demes have been accomplished using radar tech-
nigues from within the salt mine.

Duta ore shuwn indicating the high-resolution, short-
range deteciion capability of a CW-FM microwave radar.
Ratdar has been wsed o probe through salt and from the
data the tap af a tunnel in salt has been plotted by “looking
through ™ the floor of the sait from above,

INTRODUCTION

This paper 1s divided into twe parts. The first part
contains the theory of electromagnetic wave propagation
in salt showing why the complex electric permittivity of
salt is important and how it controls our ability to detect
discontinuities in salt. The second part discusses resules
accomplished in the various salt mines visited for research
tests. For those not interested in the theoretical part it is
suggested that part [ be bypassed.

PART 1. THEORY

All electromagnetic wave propagation is based on Max-
well's equations. This paper uses the rationalized MKS
system of units. Thus. we have Maxwell’s aguations in
veetor form. With an underline the terms indicate a vee-
tor; other parameters not underlined are scalars,

veRD=r¢ (1)
-B=0 (2)

1. This research s sponsorad through the Solutiom Mining Research
Tassitute by the following salt companies lisied in alphabetical order;
Canadiae Salt Company, Cargill, tne., Diamond Crystal Salt Company,
International Salt Company, Morton Salt Division of Morton Interna-
tional, Sifio Salt Pivision of Domiar Chemicals, Lid, and the Euited Salt
Corporation. Solvay ¢t Cie of Brungls rocently joined,
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vxzmjg (3)
vxgmyra—t (4}

Equation (1) is & statement of Gauss’s law, whereas (2)
expresses the continuity of B, the magnetic flux density.
Equation {3) is Faraday's law in vector form and forms the
basis for the majority of the power generating capacity of
the world. Equation (4) is Ampere’s faw as modified by
Maxwell who introduced the concept of displacement cur-
rent, which is the last term on the right side of (4). With-
out this term he would not have shown the regenerative
nature of the electromagnetic waves: a changing D gener-
ates an H, and a changing H (or B) generates an E {(or D).

For completeness, the symbols in the above equations
are defined with their units:

D = ¢lectric displacement vector in coulomb per meter
squared, C/m?

£ = electric charge density in coulomb per meter
cubed, C/m?

B = magnetic flux density in tesla, T*

E = electric field intensity in voit per meier, V/m

H == magnetic field intensity in ampere per meter, A/m

J_==current density in ampere per meter squared, A/m?

Other equations necessary to development of the theory

are:
B=puH (5)
D=cE (©)
1=0E @
F=gE+qfy XB) ®
po= 4w X 107 H/m (9
¢ = R.85 X 1072 F/m {10}

Equations (5} and (6) are called the constitutive equa-
tions. {5} relates the two magnetic vectors through the
magnetic permeability p of material or py for free space.
(6) daes the same for the two electric vectors. Equation (7)
is a vector statement of Ohm’'s law where o 15 the conduc-
tivity of the material in siemens (8), the UL.S. National
Bureau of Standard’s approved ferm for mho. Equation
{8} is the Lorentz equation with the force F in newtons,
the charge q in coulombs, and the vector velocity ¥ in
meter per second. Note in equations (9) and (10) the mag-
netic permeability, po and the electric permittivity, €, of
free space have values as well as units. This (s in contrast
with the CGS or Gaussian system of units.

Interest shall be focused on the relative value of con-
duction curvent J and displacement current 3D/t because
it is this that determines whether a material (sait in this

case) is a conductor or a dielectric. Substituting (7) into
{4} and (6) into (4) one obtains

VXH=¢E+jwe E (11
and the ratio or/we becomes important. If

s 100 (12)

e

the material is a conductor, If

el
<1k (13)

the material 1s a dielectric. Intermediate values are semi-
conductors.

Next consider deriving the wave equation and how the
i and the ¢ of matenals fit into the picture of velocity of
the electroshagnetic wave through salt. Using eguations
(3} and (5) one obtains

-

VXE=- P (14)
and substituting into (14) equation (4) with no conduction
current, i.e. J == 0, one ohtains, after taking the curl of both
sides, &

v XV xg=~u§(vxw (1%)
J°E .
= ——;J.e“é;; (16) {16)

By use of vector identity
XV XE=V(V:E-V.FE {17)

and knowing that there is no free charge density p, so0 V
» E = 0, one gets the wave eguation

#E
VIE = “6:3;3 (18)

in E with a similar one for H being casily obtained.
Next consider a complex electric permittivity defined as

*s=e - e {19)

Using equation (4) plus equation (7), Ohm’s law, and

" constitutive equation (5) one gets

vxgmage-e%% (20)

*One tesha = one weber per mater squareg,

s
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which now incfudes the conduetivity of the medium. As-
suming a sinusoidal driving function

E = Eo o @y
{20} becomes ‘

VXH=¢E+ ¢wE 2)

= jose (1 +§€—)§ @3
or

TXH = jwe* B 24)
where

=€ (25)

St (26)

Thus the relattion between the conductivity o and the
imaginary part of the complex electric permittivity is
given by

o = we" @n

The reat part of the electric permittivity wili determine the
velocity of the electromagnetic wave through salt. Salt in
salt mines is about 99% pure with anhydrite being the
usual impurity—thus g == pg or the relative magnetic
permeability = 1. On the other hand the compiex part of
the electric permittivity will determine the attenuation of
the wave as it progresses through salt. Analytically, this
shall be shown below,

Another parameter of interest for salt is its loss tangent,
or tan §.

Cansider the simple cir-
cuit shown at the right, A
sinusoidal  generator of
voltage V = Vet feeds a
capacitance load C. Now

Q=CV (28

is the definition of capacitance. The current I fowing in
the circuit is

C

== ¢ ooy (29)
Note that the charging current, I, is 90° out of phase with
the driving voltage V as signified by the j multiplied on the
right side of (293

An imperfect capacitance has a resistance R, and
hence an in-phase current considered as a loss current

I = é - Gv (30)
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where G is the conduc-
tance. The twe currents
comprise the {otal current
and the angle § shown at
the right is the loss angle or
tan § of the capacitance.
From the two current val-
ues it is easily seen that

IL
tan § = E;E‘AR”E (3})

Note that if Re = = then tan § —0, ie, there is a
perfect dielectzic {no loss) because there is a tan § of zero.
It can also be shown that

"
tan § = % G2)

Next consider the wave equation taking into account
the conductivity or. Previousty it was considered that J =
0 which is another way of saying ¢ = 0. Here it is not
required that it 1o be equal to zero. The wave equation is
then

, 3E 3E
'(?‘h_uc-a-r*ueé-if-:(} (33)

whose solution is

E = B (34)
where

¥ =joop + folue (33)
or .

7 = jw Ju (;“ - if) (36
or

N (37
The propagation constant ¥ is defined as

Y=a+jf (38)

where o is the attenuation factor in neper per meter and
B is the phase factor in radian per meter.

Puiting eq. (38) into (37) and equating imaginary parts
and real parts, one obiains, assuming ' = 0 (& good
assumption for salt because there are no magnetic dipoles
in salt nor in its basic impurity anhydrite),

o= m\/%ﬁ(fl + @8] - ) (39
f=w B (1 a8t 4 0)
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One sees from equation (39) that if one had a perfectly
lossless dielectric i.e. tan § = 0, that the bracket inside the
square root sign would be equal to unity and that a would
thus reduce ta zero. This is the case for a vacuem and thus
light can trave] without attenuation {except for geometri-
cal spreading).

Radar equation in air

Interest here is focused on the propagation of electro-
maguetic waves Ehrough salt. To do this, electromagnetic
waves yre launched info salt using a radar system. The
situation is much Hke ordinary radar in air with the excep-
tion that one now has 10 consider attenuation in the trans-
mission medium~—salt, (The attenuation of air at radar
frequencies is neghgible and does not appear in the psual
radar eguation). The normal radar equation for the re-
ceived power signal S is

. PrGG o i ane
- el w

where

P; == Peak pulse power transmitted, watt

G = Antennza gain, dimensionless

R = Range to the radar target, meter

o = Radar back-scattering cross-section, meter
squared

A = Wavelength, meter

Equation (41) can be understood by considering each
set of parentheses. The first parenthesis has to do with
radar transmitter. The 4:rR? is simply geometrical spread-
ing. The peak power transmitted is spread over a surface
of 47 B2 except that the antenna gain increases the energy

density by a factor G, Le., the energy spread is not iso-

tropic.

The second parenthesis has to do with the radar target.
The target {salt discontinuity) has a back-scattering cross-
section of o meters, i.e., an area, that refurns energy in the
direction to the radar transmitter. A radar target thus has
a o that is very directionally dependent and this o charac-
terizes this parricular target. Although the & is called
back-scattering cross-section it is measured in such a way
that it 1s assumed that the energy is uniformly distributed
in all directions. Hence the 47R? geometric spreading
factor.

The third parenthesis of equation (41} has to do with
the receiving antenna. The energy has heen rransmitted, &t
has been back scattered and now must be picked up by the
receiving antenna and converted into electrical signal, The
capture cross-sectional area A of an antenna is related 1o
its gain G by

KA
G o7 e

.2
A

where K. = 47 usually. The first two parcntheses of equa-
tion {41} yield uniis of walts per sguare meter at the radar
system after being reflected from a target at range R and
of cross section o. Multiply this by the capture cross-
sectional area A of the antenna and we convert this energy
density to received power (watis) resulting in the received
power signai 8.
Equation (41) can be written more compactly as

Py G Al o
S R )

It is important to note the signal received power 8 de-
creases as the fourth power of range whereas it increases
only linearly with transmitted power Pr. Thus to double
the radar range one needs to increase the transmitted
power by sixteen or 2* In equation (42) a1} parameters can
be measured easily except o, This parameter is usually
determined for a particular target, a particular aspect an-
gle {direction of viewing), and a particular electromag-
netic wave polarization by sctual field measurcment,
cither full-scale or modeled.

Radar equation with attenuation

Now onz is not so much interested in the radar received
signal power 8, but how this signal power § compares with
the noise power Py of the radar system. In addition the
signal to noise ratic of the received signal, usually ex-
pressed in decibels (dB) is important. If now one inclades
the attenuation of the wave through salt, remembering
that the signal has to travel a total length of 2R, and that
the attenuation faetor a relates to the E vector attepuation
(not power), one must square E to get power. Hence

“PTGzhlﬂ'

@R ¢ @)

By virtue of the definition of 1 decibel as
P
dB = 10 log= (44)
P,

where Py and P, are two powers, one has

S = 101 PTGZKEO'
N O Py RE ©

~47 R tan § € u'
VAN (45)

where the value of a from equation (39} is inserted using
the simplifying assumption that tan § < .0l Is this as-
sumption justified for salt?

Ao b S st
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Flectrical properties of salt samples

In the laboratory, salt samples have been cut to fif a
coaxial dielectrometer and measurements of the complex
electric permittivity €¥ as a function of frequency have
neen made. Salt samples from various sall mines have
diffcrent loss tangents or tan §'s, but quite readily fuléill
the simplifying assumption made for a in equation {45}
To illustrate what an excellent transmitter of VHF elec-
tromagneric wave salt can be, consider one sample from
the Grand Saline salt mine in Texas. This sample was
taken 1o the U.S, National Bureau of Standards laboratory
in Boulder, Colorado and a tan § = 2 X 10-% was mea-
sured. This is a factor of 3 better (fower) than teflon and
a factor of 10 better than polyethylene, both of which are
common coaxial cable dielectrics chosen particularly for
their ability to transmit electromagnetic waves with low
attenuation. Other actual salt samples measured had tan
5's between 107 and 1073 although at Jower frequencies
the tan § tended to increase. Care must be taken not to
permit water from the air to be absorbed onto the salt
sample surface as the dipole moment of water increases
the tan § measured. It is for this reason that in the labora-
tory all tan § measurements are made in 2 dry box.

15

Figure 1 shows the low-loss frequency region for sait.
This is taken from Breckenridge (1947). Figure 2 gives 5
pictoral representation of an electromagnetic wave travel-
ing from left 1o right and being attennated by an imperfect
dielectric such as salt. Note that the amplitude of the E
vector is decreasing to the right as well as oscillating in
time. The accompanying H vector is at right angles to the
E vector and in such a direction that £ X H = P, where
P is the transmitted Poynting vector which gives the direc-
tion of power flow. The phase angle shown is caused by
the finite imaginary parts of €* or u* of the material. This
caunses the attenuation of the wave. If p" = € = 0 there
would be no attenuation and the peak amplitude of the
plane wave would remain constant.

PART I1I. RADAR PROBING IN SALT
MINES
It has been shown theoretically that if the tan § of salt
is sufficiently low, one can expect to transmit radar
through hundreds of feet of salt {we have transmitted
through thousands). Let us see what has been accom-
plished by the putting into practice this theoretical possi-

€ /50

7.0

6.0 \c'hcmomomnmu c )

50

tan &
0.l
o el ¢
0.0} ™
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0.00I <

0.0001 \a
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Figure 1. Dielectric Propertigs of NaCl crystal,
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Figure 2. Artanuation of a plane glectromagnatic wave in an ynperfect dislactric,

hility. There are two “windows™ in salt, ie., low spats in
the parameters cauging attenuation as a funcrion of fre-
quency {one in the VHF region as shown in Fig. 1) and
another in the near infrared as discussed in another paper
{Unterberger, in this publication). Here only VHF and
microwave radar results obtained by probing into salt are
discussed.

~ Radar systems

Three radar systems are used. One is high power
(20kW) and low frequency (230 MHz} which is used for
long range targets such as detecting dome flanks or for
probing through highly attenuative media such as wer salt.
A second radar, {Figure 3) is a low power medium fre-
quency (440 MHz) system for general radar probing of
salt, The third system utilizes microwaves and is 8 CW-
FM radar systern capable of high resolution and ranges
down to a few feet, It accomplishes this short range capa-
bility at the expense of long range. Radar in salt is analo-
gous 1o radar in air. One radar cannot do everything, The
military radar that looks for missiles taking off from the
Soviet Union is a high-power low-frequency radar. The
military radar that tracks airplanes or guided missiles for
defense is a medium power and high frequency (short

wavelength) system to provide good target resolution. The
situation in salt is analogous.

A block diagram of one of the radar systems is shown
mn Figure 3. Advanced instruments using.the hoxcar inte-
grator and recorder help to dig weak radar signals cut of
the noise (20 dB).

Grand Saline salt mine radar probe

The Charlie | system was used in the Grand Saline,
Texas mine of the Merton Salt Co. The mine is at the 700
foot level with the top of the salt 400 feet overhead. Figure
4 shows the radar return signal after traversing 800 feet
of salt, 400 feet to the roof and 406 back. This photograph
of the oscilloscope screen was taken with the radar re.
cejver gain turned down considerably. When the gain is
turned up and thereby increases the reflected signal (Fig-
ure 5} one sees that the second reflection from the roof
comes in (far right, 4 us after the initiation of the radar
transmitter). The small radar signal seen at the far right
has traveled 1o the roof, back to the salt mine, back to the
roof, and back again 0 the salt mine where it is received
by the radar antenna. Thus this signal has traveled 2 total
of 4 X 400 = 1600 feet in salt.

Using the high power radar {the antennas are shown in
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Figure 4. Radar Heturs bom the top of the satt 400 feer above.
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Figure 13) one observes a third and fourth echo—the last
echo having traversed 3200 feet of salt. Even afrer 3200
feet of travel through salt, the signal was of sufficient
power to be ahove the noise level of the receiver with no
complex signal recovery system (boxcar integrator)
needed.

In the same mine it was possible to “look through” a
450 foot piltar of salt and ohserve the signal received from
the salt-air interface of the far wall, (Figure 6). The radar
was set up at Stdation 35 and the antennas were beamed
into the salt. Figure 6 shows the radar beam limits. This
is slightly misleading because it is at these limits that the
beam energy is 3 dl down from the maximum at the beam
center. There actually is energy traveling through the salt
outside the angle indicated by the dotted lines in Figure
6. The purpose of this radar rest was nof to see the other
wall of this salt pillar {although it s by this type of mea-
surement that one commonly obtains & velocity function
which is used to translate radar signals measured in {ime
to distance in salt) but to see a moving target on the
oscillnscope screen. The moving target was a jeep that was
driven by the mine foreman, Mr. Ray Rucker, along the
path indicated. A motion picture was taken of the oscillo-
scope screen. Essentially the screen looked tike the photo-
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CHARLIE I RADAR STATION -
STa. 35
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Figure 8, Pign View of Sacticr of Grand Saline Mine.

graph of Figure 7. At the far left is the transmtted
{outgoing} puise. The peak at the right is the radar signal
reflected from the salt-air interface forming the south edge
of the salt piliar. However the motion picture showed a
variation in the height of this peak as a function of time.
This was caused by additional radar energy being reflected
from the metal side of the jeep as it drove through the

radar beam being transmitted through this far salt-air
interface. The amplitode of the signal received at the radar
varied because of the interference pattern derived from a
mixiure of the two signals-—one reflected from the salt-air
interface, the other reflected from the air-jeep interface.
Both were transmitted back through the salt. A motion
picture of the time-varying signal as seen on the oscilio-
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4 t awﬁv

Figura 7. Radar Probing af Salt Pillar,

scope screen was shown to those attending the Solution
Mining Research Institute meeting in Montreal Canada in
May 1970,

Station 15 location was chosen so as to avoid the bore-
hole D.H. 1 in the middle of the pillar insofar as possible.
Iz was thought that any water associated with wef salt near
the borehole would attenuate the beam and make the
objective of seeing through 450 feet of salt more difficult
to accomplish. So the Station 23 was chosen as far east as
practicable. Although the mission of “seeing” the jeep on
the oscifloscope screen was accomphished one also sees the
reflected signal from the borehole without trying. That
signal is also shown in Figure 7 at 1.3 us, just after the
transmitrer pulse. This puts the borehole location 200 feet
from radar station 35 which is slightly further north than
its location on the salt mine map.

Hockies; sait mine radar probe
Recently a survey was made of the three dimensional
configuration of the salt-anhydrite interface (top of the

Figure 8. Hockley 3alr Mine Radar Data,
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RQOF SIGNAL INTERPRETATION
HOCKLEY SALT MINE
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Figure 9. Roof Signal Interpretation, Mockiey Salt Mine.

salt) from within the Hockley mine. Mr. James A. Hlu-
chanek wrote an M.8. thesis on this research. A paper on
this was presented at the International meeting of the
Society of Exploration Geophysicists in Mexico City in
October 1973, Figare 8 shows a radar signal return oscil-
loscope presentation. After some reverberation, three ra-
dar signals are visible. The interpretation of these signals
is as shown in Figure 9. Radar signal A is within one foot
of the actual measurement made to this contact in the
mine shaft. Radar measured 518 fect; the miners measured
51% feet. This 15 much closer than can generally be ex-
pected. A ten foot error is more probable. Signals B and
C are interpreted as reflections from anyhdrite stringers.
The actual cause is unknown.

Jefferson Island salt mine radar probe

In this salt mine signals also were observed from the top
of the salt {called a roof echo). In gertain areas of the mine
the reflection from the roof was very large. Figure 10

Figure 0. Radar Reflection from Tag of Sait fram Inside Jefferson
island Mine,
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shows a large return signal that is 41 dB above the noise
level.

¥n ancther area of this sali mine at its Jowest level, the
radar probing system was moved to a location where it
could probe straight up and where there were two pillars
directly above us in the upper two mine levels. The fest
was 1o see the top of the sait dome by sending radar pulses
through the two pillars directly above the kocation. While
the test was unsuccessful in reaching the fop of the salt
with the radar prebe, four signals were obtained; one from
the 1000 ft mining level, one from the 800 ft mining level
and two from other discontinuilies in the salt above the
top mining level. These signals can be seen in Figare i1
The interpretation of these signals are shown in Figure 12
where the paths of the radar waves should all be saperim-
posed but are not for clarity of explanation.

In certain areas where the salt was more lossy, the high
powered 230 MHz radar was nsed. Figure 13 shows the
anienna array used with this radar. The antennas are
pointing upward to locate the top of the salt. Figure 16
shows the rest of this radar system with Figure 17 showing
the oscilloscope and the camera that records the data
display.

T T
-t

\ e

Figure 11. Rader Return, Probing Upward, Jefferson bslang Salt
Lroma,
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Figure 12, interpreted Radar Paths, Station ' dats,

Rait dome Bank locations were alse ebtained in this salt
mine. Radar probing horizontally was done from a num-

ber of locatfons in the mine. Results of this work from four

radar stations are shown in Figure 14 where the dome
contours obtained from seismic data are compared with
the radar dats points.

High-resolution, short-range radar probing into salt

All pulse radars suffer from a minimum range problem.
That is, one cannot recieve a reflected pulse from a close-in
discontinuity and see it on the oscilloscope screen because
the transmitted pulse is still on and the energy fed through
to the receiver blocks the receiver. To avoid this situation,
a CW-FM radar 15 used. CW means continsous wave.
Thus, the transmitter is not pulsed but is on continuously.
It is frequency modulated {(FM} however. The range to a
target is determined by the difference in frequency be-
twéen the signal being received and the instantanecus fre-
guency being transmitted. This is shown in Figure 15
{Lock, 1949; Skelnick, 1962). Such a radar operates at
microwave frequencies (4300 MHz2) and usually is low
power (a few watts). This low power plus the high fre-
guency gives rise to short ranges because the attenuation
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Figure 18, High Power Radar System Less Antennas.

of salt at microwaves is considerably more than at VHF,
However, this radar fulfills a distinct need for short range
(generally less than 100 feet} high resclution probing into
salt. ~ s

Examples of this type of radar probing of salt include
a probe for the mined out area beneath the floor of salt in
the Grand Saline salt mine. Figure 20 shows a plot of the
layout of these CW-FM radar probing stations. At each
+ or X the radar probed into the floor of salt and measured
the distance (Lhrough salt) 1o the salt-air interface below,
The position known as Station 32 is the location where all
these profile lines cross. There is a hole dritted through the
ficor here so that the thickness of salt here is known o be
13'-8". The East-West profile resulis were obtained and
are shown in Figure 2§. The North-South profile results
are shown in Figure 22.

Figura 17. Oscilloscooe and Camera for Recarding Madar Dats.
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Figure 18. Cheriie | Radar Systemn Probing Foof, Jafferson [gland
Sait Mine.

In another mine in Pugwash, Nova Scotia, a similar
profile was carried out but essentially in one direction,
namely northeast-southwest. See Figure 23 for the loca-
tion of the profile substations of radar station 10. Note the
two additional substations {small triangles 10 and i1}
which form a line essentially at right angles to the long
profile, Figure 24 clearly shows the signals received from
the air-salt interface on the ceiling of the tunnel beneath
the floor. Note in Figure 23 that the tunne} below ends
between substations 6 and 7 and that the dara of Figure
24 also show the tunnel ending there e, no reflections
from depths of 30 or more feet at stations B and 9.
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