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ABSTRACT

Four radar systems have been designed 10 probe ino salt ahead of mining for the
detection of tmpurities in the salf such as anhydrire, saadstone or shale or even
fractures with water. A microwave high resolution CW—FM radar system at 4300
MHz gives excellent resolution and can deteet simall (= | cm} fractures at ranges
from 1 o 30 meters i3 salt. A 440 MHz radar svstem has a longer defection
runge-—oe to 300 meters in dry salt—>but has less resolving power. A 230 MHz mdar
sysiemn obtatns greater ranges (over 406G m) and is useful in derecting wod mapping salt
dome flanks and tops of sait domes. Both of the above twa radar systems can detect
borzholes {cased or uncased} in salt and supply duta on direction and range, A low
frequency radar system at 30 M Bz has alio been found useful to probe extremely long
ranges (up to 2000 m) for large discontinuities in the salt such as brine cavikies or salt
dome flanks. This radar system is alzo nseful in probing sali with small moisture
content and can be used 0 probinyg porash as well., All radar svstems operate under
their own diesel-generated or battery-supplied power.

In salt {or other rock) that contains some moisture, radar waves are atrenuuted and
the range of prohing is reduced drastically. To overcome this, a sonar system has heen
developed using 24 kHz sound pulses. Prabing ranges of 400 meters in dry salt have
been obtained and ranges of 215 meters in wet sah have been recorded. Domé flanks
have heen detected with sonar. as well as sandstone stringers in'salt 15 maters shead
of mining.

Both sonar and radar have been used 1o predict water zones encountered in sinking

a new shaft into an existing salt mine. Drilling verified the prediction, i
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INTRODUCTION through the salf. Further, we must consider what frequency §

. e . . - . to use inour probing of sali as the altenuation of the wuve b :

This paper is divided into two sections. The first section s probing ERmeE ] Y

. . ) the salt will be frequency dependent. Figwe 1 shows the

deals with radar (o1 radiowave) probing of salt and the o ] L ; :

, X ) chectrical properties of salt with the wp part 2 graph of the :

second section deals with senar {or sound wave) probing of R L _ i H

) s T i variation ol € [the real purt of €, the complex eleciric :

salt. The theory of each is discussed briefly but most of the PR IR :

. . . ’ i permittivity (dieleciric constant)] with frequency, aad the :

emphasis will be on the accomplishments of the actual y

probing of radar and sonar in salt mines. ¢ 4

battom is a graph of the loss tangeat (mn & =?) asa ;

RADAR PROBING OF SALT ) :

Theory. The theory of radar probing of salt is identical to fupction of frequency. The loss tangent of the material °

the standard radar theory for detecting airplanes in the sky through which an electromagnetic wave mst travel (salt in

with one difference. The medium through which the radar is our case} is associafed with the power atienuarion in Np/m of £

transmitted s not air butseir. Ordinarity, radar sends energy the electromagnctic wave by the equation

through the air without loss at VHF frequencies, When 3

ing i w rned about the attenustion or I TARE s

prohing into salt, we are concerned ab ) _ T R € e Tia) Np/m

loss of the energy of the electromagnetic wave as it travels.
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Figure 1. Diclectric Propertics of NaCl Crystal.

where the first quantity under the sguare oot sign is the
relative electric perminivity of salt (= 6.0} and the second
quantity s relative magnetic permeability €= 1), A is the
wavelength of the radar in air. We can see from Figore |
that the attenuation of @ wave will be higher at either mi-
crowave frequencies (10'%- 10" hertz) and at lower fre-
quencies (<2 1F Hz} than in the VHF region in the muddie.
It is for this reason that we have chosen most of the frequen-
cies of our mdar systems 0 operate in the 10°- 10¥ hertz
region, excepl where we purposely needed the short wave-
length radar for high resolution,

For further discussion of the theory, see Unterber-
gor (1974).

Description of radar systems. We now discuss briefly
the four rader systems we have developed tor probing salt.
Just as a single frequeney radar system will not suffice for
all the many things we use rudar in air for, such as early
warning radar, anti-collision ship radur, harbor surveil-
lance, airport mxi-control, missile guidance, cte., 50 in our
radar probing of salt no ene system will cover all require-
ments, If we wish to see large fargets (such as a salt dome
flank} at long distences, we will need a high power, low
frequency radar. Tn order to see detail of the rarpget
(airplanes in a cluster or a small fracture in salt) we need
short wavelength and then get high resolution. This is

hought at the price of range, however. With this in mind we
discuss briefly the four rudur systems, which are named
after the phonetic alphabet letters, Echo, Charlie, Bravo
und Alpha.

ECHO I, We start with the highest frequency {micro-
wave} system called the ECHO I radar system. This is a
modified microwave CW-FM radar system operating at
4300 MHz, whose block diagram is shown in Figure 2. It
was originaily used as an aircraft radio altimeter (Skolnik,
1962}, The basic operation of the CW—FM radar system is
shown in Figure 3. A photagraph of the ECHO I horns are
shown in Figure 4. The parameters of this radar are given in
‘Table 1.

An FM-CW radar has three distinct advantages over the
three other radars discussed in this paper. They are:

i. A short wavelength (2,85 cm) thus giving high resolu-
tion

2. A nazrow beamwidth because of use of horns

3. An essentially zero minimum range.

These are all desirable advantages for very short range prob-

ing into salt {say o 20 meters), The three other radars arc

pulse radars and thus have & minimum range which is at

least 20 meters. The short wavelength allows us to detect
small fractures in salt and small impurities. The namow

T
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Figure 4. Photo of ECHO {f Homs {pointing up).

TABLE |

#eho 11 Rudor Parameters

Basic frequency of operation 3500 MHz

Range of FM swezp AF 70 MHz
Muoduistion frequency o 1200 Hz

Wavelength in gir .98 cm
Wavelength in sait 285 o
Power gutpat i3 W

Antenna heamwodih in salt
{ransmater hore
receiver hom

3o

X

P H

beamwidth helps s locate ihe discontinuities in saft accu-
ratgty. We pay for all this at the expense of range. Because
of the high amrenuation, the range is Gmited 10 about 20
meters.

CHARLIE Il This is a 440 MHz pubse airborne radar
altimeter modified for probing into salt. A block diagram is
shown in Figure 5. The radar parametors are given io
Table 2.

A photograph of the CHARLTE 1F rudar system is shown
in Figure &, This radar svstem is mounted on a two (imotor-
cvclel wheeled carr which has its own hattery power and can
operite anywhere in the salt mine by pulling it with a vehi-
cle. Ranges of targets in salt {such as the dome ank or top
of salt} 1o 300 meters have been observed using this radar
sy atER.

BRAVG [N, For a really fong range probing sysrem
CHARLIE H is inadequate. We need w0 2o to tower fre-
yuencey and higher power. This is the BRAVO T system
shown m Figure 8. The important radar parameters are
given in Table 3 {Unterbezger, 978}, Because of the high
power of this radar system we needed more energy than
batterics could give so we went 1o the smallest thesel

TABLE 2

Charhie 17 Radar Parameiors

Frequency 448 MHz
Powar cutpul 18 W
Pulse width L3 us
Puilse repetition rats 1095 pps

4 buy unlennd aray .
transipitting beamwidth 7.6% 18 sait { . -
o : . - e see Figure 7
receiving beamwidih 7.6° ik salt =
Receiver sonsitivity 2 dB above noise
Power sokrce 24 volf batiery system

TARLEZ

Brave [H Radar Parameters

Frequency 230 MHz
Wavelength b awr L.im
Wavclength in sall 53 cm
Perwer ougp 20 KW
Pulse widik & jes
Pulse repetition frequency QU0 pps
Antenna beamwidth i salt

E-plane see Figore 9

H-plane se¢ Figure i}

diesel generator

Power supply

generator we could find. A photograph of BRAVO I is
shown in Figure 11, This radar is mounted on a four
wheeled cart in the salt mine and moved ground to locations
for probing. Figores 9 und H) show the 22.3° angle into salt
that refraction allows us to look into salt. At angles greater
than = 22.5° we cannot ““see”’ inlo salt because this is the
critical angle for the salt-air interface. Figore 8 shows a
video tape recorder thal can be used to record the data when
profiling the top of salt or a salt dome flank as the radar
system is moving. {a the laborutory the magnetic lape data
are plaved back to analyze the range to the salt target as &
finction of place in the mine and thus map the contour of
the interface.

ALPHA. A recently developed radar system for long
range probing has been designed specifically [or “'seeing'”
info wet salt or probing other rocks with small amounts of
water. Thig is the ALPHA radar system shown in Fig-
wre §2. This mdar was desigred to operare at 30 MHz, the
{requency at which the loss tangent for water s a minknum
{Bogoroditskit and Pasynkov, 1967}, Because some salt has
0.1 to 1% water in it, the dipole moment of water increases
the attenuation of radar waves probing the salt, thus mini-
mizing the radar range capability. To probe long distances
(almost 2000 meters) in dry sait, and io probe reasonahle
ranges (300 meters) in wet sale, we have developed this
radar at 30 MHz. Figure 13 shows a photo of the compo-
nents on 2 bench in a Texas salt mine. On the left iy the
radar ransmitter, next w it is the video tape recerder. Top
center is one of the two (iarge) Yugi antennas. To the right
is the receiver, recetver power supply oscilloscope, and
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Figure 6. CHARLIE IY Radar System.

SALT transmitting antenna matching network. Table 4 gives the
radar paramerters of the ALPHA radar swstem (Taran-

,\f\\ wlo, 1978).
Radar probing results. Radar measures rime und we
wish to know distance in salt to the discontinuity or target.

H
H
H
£
i
¥

/;_)\
ﬁ/‘ TN Q x
@ ¥ §3dBDOW Thus we need o know, or measure, the radar veloeity in the
: salf, ;
/)‘ J{ ‘417'60 ‘l \i ' f
& | (VAN assoure TABLE 4 =
A || A>LIMIT OF RADAR
,ﬁ‘ b eeMNEAn Alpha Radur Parameters
\ hre : -
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Figure 7. CHARLIE Radar Beamwidth in Salt.
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Figure 13. ALPHA Radsr Sysiem Pholograph.

Velocity derermingrion. All radar data {and sonar data}
are taken as a function of time. That is, a pulse is senf out
und u discontnuity in salt {(such as sandstone, shale, anhy-
drite, sylvite, water, fracture, erc.} gives rise o a reflected

pulse whose fwo way travel time we measure. To correct

these data in time to data in distance, we need to know the
actual speed in the salt of the radar waves. We measure this
by sending a radar puise through a large pillar, the sali-air
mterface at the other end serving as a good reflecting targes.
We then measure the time of arrival of this reflection und
knowing the fength of the salt pillar we obtain the measured
velocity of the radar waves in the sait. Doing this for a few
pillars, we average the velocity values and use that value
thereafter to interpret ranges from time measurements,
The measured velocities in various salt mines we have
been privileged 1o probe with radar are given in Table 3.
The direction 10 a radar target is not so well known as the
range 1o the target (discontinuity in salt) and this uncertainty
in direction will be a function of the beam angle of the
antenna system. The narrower the beam angle the less the
uncertaimy in the location of the radar target. So most
targets are located at a particulat range, azimuth and eleva-
ton with the uncertainty being represented by an arc as
shawn in Figure 14 (Stewart and Unterberger, 1975).
Latest radar probing resuits. Some radar probing resubts
not previously given at the last Salt Sympostum (Unterhar-
ger, 1974) are given here,
At Seneca Lake in New York state a possible fault was
located by the BRAVO {H radar system 398 m in advance

TABLE 3

Measured Radar Velovities® in Salt Mines

{.ocation ¥elocity in Sait
Cote Blanche, Louisiana 7.3 my/s
Avery land, Louisiana 57.0 mis
Jefferson Istamd, Louisiana 6.0 mis
Hockley, Texas 61.0 mis
Grand Saline, Texas 6.0 mis
Seneca TLake, New Yeork S1.2 mvs
Cayuga Lake, New York 39,8 wis
Pugwash, Nova Scotia, Canada 34.0 mys

*Radar velocities are traditicnally piven us kalf the true velocity in salt so that the
messtiedd {twar-way§ ireved ttme W ike wrper cen simply be multiphizd by this radar
vehawity #0 give the oarmect range e the farger,

of mining, Mine management did not mine in this direction
but contintted mining ahead in another directicn where cur
prebing indicated no discontinuities. The mine proceeded
400 m with good salt production.

The top of the salt in a Louisiana salt mine was probed
with radar to determine the topugraphy of the sait-sediment
interface so that low spois in the salt might be located as
possible hazurdous areas where ground water leaks might
occtr into the salt mine. Many traverses were mude with the
upward probing BRAV( NI radar system using the video
tape recorder {o profile the top of salt. Such profiles did ror
agree with the contour mup of the salt obtained from zn il
company exploration departinent at ooc particular area.
Subsequent drilling by the salt campany in this area where
radar differed drastically from the seismic data revealed the
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Figure 14, The Are Gives the

radar data was correct. This is not surprising when we think
ol the wavelength of the seismic wave (92 m) compared t©
the wavelength of the radar wave {0.53 m), more than 100
times shorter.

In another salt mine in South Louisiang the salt dome
contours for the adge of the salt ar a particular focation in the
ming were not very weil known. After radar probing hori-
zontally it was determined that there was at least 300 muters
of salt horizontally. Management was interested in moving
their mine closer to the dome flank if there were salt out
there. To check the radar, a core test was horizontally dnllcd
to 300 meters and stopped. I was stilf in saft. This verificd
our radar probing,

In a salt mine in East Texas, ECHO 1T was used soccess-
fully {0 measure the extent of a tunnel beneath a floor of salt
as well as the thickness of salt below. The probing was
downwand, taking advantage of the smooth saw-cut floor to
give good radur probing results. In this case, we used a
CW-FM radar system and the data are not measured in
time but in frequency. The beat frequency (between the
received signal and that being transmilled at the instant of
receiving that signal) is a direct measure of the range 10 the
targer. Thus the salt-air interface of the tunne! below gavé a
good signatl returp and it was easily measured through 1’} 5
meters of salt.

Angther salt company was sinking a new shaft into salt
and asked vs 10 use our radar to determine the direction anrd
distance from the mine up o the botiom of the shaft in salt
and predict its ultimate location in the mine. We used onr
CHARLIE 1 radar to probe upward and obtgined a range,
an glevation, and an azimuth o the targel by muximizing the
sigoal strength while orienting the antennas in azimuth and
elevation. The reflected signal from the bottom of the 1.15
meter diameter hole ffilled with salt waler) is shown in
Figure 15. The large peak on the left is the rransmitted

433

radar pulse signal (plus sofme wr reverberation: the room
was 12 meters high). The peak in the middle (arrow) is the
radar reflection from the houom of the shaft. The last peak
at the right is the reflection from the top of the salt. There is
anthydrite above this. The range in szl o the bottom of the
shaft is 95 nieters whereas the range o the top of the salt is
50 meters,

SONAR PROBING OF SALT

We now come fo the second section of this paper. This
section treats a different method of probing of salt—sonar.
Instead of electromagnetic waves {radar) to probe salt we
use sound. I radar is so successful, why do we need sound?

Tu answer this we must discuss the types of salt we have
in the United States and Canada. We have dry salt most

| <— DISCONTINUITY
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often (hut not always) associated with salt domes in the Gulf
Coast region, Fexas and Louisiana. In these we can radar
probe o Kilometer or two. Although some salt mines
bedded salt are susceptible fo radar probing, a fow such
mines as the Detroir mine in the Michigan Basin contan
small amounts of waler in the salt. This contained water has
a dipole moment which causes an merease in the attenuation
of the rudar wave as it avels through the salt. With suff-
cient water in the salt, the radar probing ranges becomne o
smatl to be useful.

In @n effort o solve this problem we went o sorrd wave
prabing or sonar, We searched the literature for a value of
sound wave attenuation i sall as a function of freguency
and found much data in the megshertz region of ultrasonics
that showed that these high frequencies could nor be vsed
for probing salt to any considerable distance, The literature
gave no chue as (o the attenuation of sonnd in salt in the
kikohertz region. So we decided o vy it We chose a high-
power pulsed sonar that was huilt by BDO-Western, a large
Navy conrractor in the ficld of sonar equipment. After two
years of westing i salt mines and after making many equip-
ment modifications we now belizve we have a useful sonar
tor probe into sull. Not only will # probe nto dry salt but
also into wes salt. 1t should dlso he able 10 probe into rocks
other than salt, such as potash, trona, Hmestone, etc. but we
just have not had the opportunity to prove its capabality in
thut direction.

Sonar probing system, The important parumerters of this
sonar afe given in Table 6. The most importunt modifica-
tion we made to the senar systern was (o use an oscillescope
data display rather than a chart recorder, This eliminated
many mechanieal instabilitics™ in timing that could be
toferated in ite original use offshore butsot in probing salt.

TABLE ®

Sorar System Parametars

Freguency 24 kidz

Puisc lenpth variabic, bur .3 ms used most

Pulse repafition rale variable, but 3— 10 pps used most

Power reguired 24 V.o doe .

Teansducer: 23 cm diam. aray of lead
ttanate 2FConate. niass-
isaded ceramics

Transmifting sensiavity +73 dB
Receiving sensitivigy ~75 dB

Sunar coupling to salt. In redur probing we simply
tavnch the radicwaves from an antenna and point the an-
tenna at the wall of salt we wani to probe. No wall prepura-
tion is necessary. Less than 209 of the total radar cnergy is
reflected at the salt-air interface with the remainder (83%)
being rransmitted into the sak.

The sonar is different. The transducer is mounied in an
aluminum box that is bolted (o a saw-cut face of a 3aft wail,

The smooth salt need only be a mater square. A caulking
campound is placed between the salt and the aluminum box
to prevent leaking of the fluid (glycering used to transmit the
sound energy into the salt. The wcoustic impedance nus-
match at the liyuid-salt inter{ace gives rise w reflections
which are absorhed in the box hy filter material.

SOMAR VELOCITY MEASUREMENTS

As with radar we need to know the distance in salf to the
disconthuiity or target (borehole, aphydrite, sand lenses,
water, fraciore, sylvire strecks) in salr, Thus we reed to
mcasure the veiocity 1n salf as we did with radar. Since most
floors arc made by an undercuster, the {loor s well suited to
mount the sonar. A we nead 5 g known target (such as a
wnnel below for a convevor belt) at 3 known distance,
Sometimes anothier level of the salt mine soffices, f neither
arg aviilabte we then sonar probe throwgh a pitlar of known
{or measured) length., In all cases the salt-air inderface s a
good reflector of sorar energy,

We have also used @ one-way transmussion method o
measure the speed of sound in szit, We then put a transducer
on cach side of the piilar and measure the time of traved
shrough the known length of salt. A value well substantiated
for 24 kHz sound in dry salt velocity is 2240 mfs (Butles,
1937). Remember, this sonar speed iy half the true sound
speed in sult,

SONAR PROBING RESULTS

This sonar has proven 1ts capability of probinyg through
dry as well as wer salt. Two sal mines in Louisiana, that
our raday completely failed to penetruie, ure Weeks Island
and Belic Isle. They arc both porous and wet. The sonar
probed through both of these wet sall mnes as well as the
Windsor mine in Canada. The maximum ranges obiained in
these salt mines, plos Grand Satine—a dry salt mine—are
given in Table 7.

A sonar probing through the floor of one salt minse level
to the top of the next level gave a big reflected signal. This
signal was recorded on a strip chart recorder {shewn in
Figure 16) and the salt-air mterface 51.8 m below is clearly
snown as the dark horizontal strip on the recorder. The
interface was measwred in a drill hole through the floor R
meters away. Note that the signal came in at 87 feet on the

TABLE 7

Muaximinm Sopar Probing Ranges in Some Salt Mines

Probing Type af

Mine Hange Salt
Grand Saime. Texas 34 m dry
Weeks Island, Louisiana 215 m wet
Belle Lsle, Louisians 100 m wet
Windsor, Ontarte, Canada 192 m wet
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Flgure i6. Sonar thmg Through Salt Floor 5.8 m Thick,
A} Sait floor of upper mine level. B) Sak roof of lower mine level.
€y Water scale in feet.

chart (the chart was intended for sound in water). To _c:‘jﬂ—
vert this equivalent water depth to depth in salt we muitiply
by three and convert to meters and get 52,1 m. Thus we
rneasured the thickness of the salt to less than | .

A known [0 cm sandstone band at a range of 14.6 m was
detected in Weeks Island salt mine. The reflected signal
energy is shown in Figure 17.

swu::p muwma only the signals rsuewed
hemaen i(} and 20 ms. The s:gnal from the other side of the
pill_ar c_a_me..s 1 al 7.4 ms {arrow). The signai on its right i§
from the comner of the pillar, slightly funther away.

Salt dosne flank echos have also been obtuined using
sanar ;irnhiﬁg Interpretation is difficult here because of the
magy impurites (discontinuities) associated with the auter
edges of the salt, _

Four bands of sylvite were also ranged ta and detected in
salt. They were known to be present as they cut across
cestain exposed arcas of the mine. They were found by
probing through 8 m of salt and additionally by probing
through 42 m of salt {Butler, 1Y77). Data fram the former
are shown in Figure 19,
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Figure 19. Syivite Layer Reflections.

COMBINED RADAR AND SONAR PROBING

Sometimes we can use hoth rypes of probing to advan-
tage. Forexample, a salt company in Louisiana was sinking
a new shaft to the lowest level of their mine. We were asked
to use radar w probe upwards fo find any discontinuities in
the salt that they should know shoaue. We did this and found
Jeur signals looking upward as shown in Figure 20, (1), {2),
{3), and (4}. We also obtained radar reflections from the two
oiiniog levels above, The important depths are the signals
indicated by arcs as - 167, - 226, - 403 und -~ 522 ft. The
signals could come from anywhere in this beamwidth of the
BRAVO radar system and not necessarily in the path of the
downcoming shaft. What was encowndered at these depths?
A sinul] fest hole was drilked ahead and water was encoun-
terad at — 173 ft, whereas we said it was — 167 ft. After that
was cemented, another test hole was drilled and water was
found at ~226 & just where we got o reflected signal. After
thut was cemented, the large shaft was brought down to
—202 ft and 2 small drill hole tested the other two eleva-
tons, Le. 403 and —522 fi. Mothing but salt was found.

At this tlme we brought in our sonar and probed down-
wards fromn the bottom of the air shaft which was, of course,
in salt. Frow our previons work we already knew the veloc:
iy of sound in salt. So we probed downward with sonar
trving o discover what it was we ““saw’” with radar probing
upwards from ihe lowest mine level but which was roz
directly below the axis of the air shaft. We obuined two
sonar signals that were at a range of 435 # and —333 11
Figure 21 shows the imwrscetion of the sonar and radar
range arcs 15 off the axis of the new shaft and hence the driil
should not {and did not} intersect these two discontinuitics.
This shows clearly that the discontinuities are off 1o the side
of the shafr. This is a ppod example of ane probing system

.
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Figure 20, Radar Probing Upwards Aloag Shaft Aus.

being used to verify another—and both working wgether to
get answers valtable 10 miners.

CONCLUSIONS

Four radar probing systems for salt {4300 MHz (o
30 MH7) have been developed o locate discontinuities in
salt, such as impurities of anhydrite, sandstone, sylvite,
carbonate, fractures, boreholes, water, ete. One or more of
these systems have heen used in fourteen salt mines in the
United States and Canada. These systems have probing
ranges from one half meter to 2000 meters, with the highest
resolution fur the shortest range system and lowest resolu-
tion for the long range system. These radars operate well in
dry salt but bave limited use (or none} I wei salt.

A sonar probing system {wavelength = 19 cm) has been
developed that can probe from 2 meters to 400 meters de-
pending upon the size of the discontinuity in salt. Some of
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Figure 2}, Sunar and Radar Probing.
the accomplishments of these systems include the determi-
nation: of the range and direction to

1. a borehole in salt,
2. a fault ahead of mining,
3. a wet zone in sali ahead of shaft sinking,

4. a sandstone stringer in salf, and
5. a fracwure in salt

I addition we have mapped the top of the salt und the dome
flank of a salt dome, Applications of these xystems o prob-
tug rocks other than salt are possible.
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