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This  r e p o r t  was prepared by Wes t inghouse E l e c t r i c  Corporat ion,  Geophysical 
Ins t rumenta t ion  Systems, 3655 F r o n t i e r  Avenue, Boulder,  Colorado 80301 
under USEM Contract  Number 50166100. The c o n t r a c t  w a s  i n i t i a t e d  under 
The Metal and Nonznetal Heal th  and Sa fe ty  Research Program. It w a s  adminis- 
t e r e d  under t h e  t e c h n i c a l  d i r e c t i o n  of  PM&SRC wi th  M r .  Robert  Chufo a c t i n g  
as Technica l  P r o j e c t  O f f i c e r .  M r .  Robert Carpenter  w a s  t h e  con t r ac t  
a d m i n i s t r a t o r  f o r  t h e  Bureau of  Mines. 

This  r epo r t  i s  a  summary of  t h e  work r e c e n t l y  completed a s  p a r t  of t h i s  
con t r ac t  dur ing  t h e  pe r iod  J u l y  1, 1976 t o  December 31, 1977. This  r e p o r t  
w a s  submi t ted  by t h e  au thors  on December 15, 1977. 
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INTRODUCTION AND S U R Y  

The U.S. Bureau of Mines has developed an e lec t romagnet ic  system f o r  
d e t e c t i n g ,  l o c a t i n g  and communicating wi th  miners t rapped i n  underground coa l  
mines. The miners communication un i t  is  a s m a l l  b e l t - c a r r i e d  t r a n s m i t t e r  and 
voice  r e c e i v e r  ( a t t ached  t o  t h e  miner 's  cap lamp b a t t e r y ) .  The t r a n s m i t t e r  
i s  used i n  concert  with a loop of wire  deployed on t h e  mine f l o o r  t o  t r ans -  
Hlit e lec t romagnet ic  s i g n a l s  t o  t h e  su r face .  These s i g n a l s  a r e  de tec ted  by 
t h e  rescue pa r ty  and used t o  l o c a t e  t h e  miners '  pos i t i on .  Furthermore, a 
su r face  t r a n s m i t t e r  i s  used by t h e  rescue pa r ty  t o  convey voice i n s t r u c t i o n s  
t o  t h e  miner v i a  baseband audio cu r ren t s  i n j e c t e d  i n t o  t h e  e a r t h  through a 
long h o r i z o n t a l  wire antenna. 

The t rapped miner communications and loca t ion  system has been f ab r i -  
ca t ed  i n  a ruggedized package and i s  p resen t ly  undergoing ex tens ive  t e s t i n g  
i n  numerous coa l  mines i n  t h e  e a s t e r n  coa l  f i e l d s  of  United S t a t e s .  Resul t s  
t h a t  have been obtained thus  f a r  i n d i c a t e  t h a t  t h e  system's  performance i s  
more than adequate f o r  t h e  v a s t  major i ty  of U.S. coa l  mines ( 1 , 2 , 3 , 4 ,  & 5) .  
However, t h i s  is  not expected t o  be t h e  case f o r  metal/non metal mines, which, 
a s  a r u l e ,  a r e  s i g n i f i c a n t l y  deeper than t h e  average c o a l  mine. 

The o b j e c t i v e  of t h e  present  research program (Contract No. 50166 100) 
was t o  determine whether t h e  e x i s t i n g  c o a l  Hline t rapped miner de t ec t ion ,  
l o c a t i o n  and communication system could be e f f e c t i v e l y  used i n  deep metal /  
nonmetal mines and t o  i d e n t i f y  s u i t a b l e  modif ica t ions  t h a t  could be appl ied  
t o  t h e  system t o  adapt i t s  performance t o  t h e  deeper mines. I n i t i a l l y ,  s ix 
mines were s e l e c t e d  f o r  f u r t h e r  s tudy on t h i s  program; ones a t  which t h e  
geophysical c h a r a c t e r i s t i c s  ( e a r t h  conduct iv i ty  and background no i se )  would 
be measured on t h e  su r face  and i n  t h e  mine and t h e  communication and propa- 
ga t  i on  c h a r a c t e r i s t i c s  would be eva lua ted  and measured on subsequent visits 
t o  t h e  mines. 

The t rapped miner loca t ion  problem i s  more severe  i n  metal/non metal 
mines when compared wi th  t h a t  of coa l  mines because of t h e i r  s i g n i f i c a n t l y  
g r e a t e r  depths. Before any modif ica t ions  could be recommended f o r  t h e  t rapped 
miner l o c a t i o n  system, a s t a t i s t i c a l  s tudy of mine depths was undertaken f o r  
t h e  metal/non meta l  mines i n  t h e  United S t a t e s .  Also t h e  s t a t i s t i c a l  charac ter -  
i s t i c s  of mine d i s a s t e r  case h i s t o r i e s  were developed f o r  metal/non meta l  
mines da t ing  back t o  1869. 

Candidate approaches t o  so lv ing  t h e  t rapped miner l o c a t  i on  problem 
were i d e n t i f i e d  on t h i s  program and can be subdivided a s  follows: 

( 1) U t i l i z e  electromagnetic  r epea te r s  d i s t r i b u t e d  along a 
main d r i f t  t o  rece ive  t ransmiss ions  from manpack t r a n s m i t t e r s  
and r e l ay  t h e  s i g n a l s  t o  a s h a f t  s t a t i o n  r epea te r  f o r  i nduc t ive  
propagation up t h e  s h a f t .  



( 2 )  U t i l i z e  a tw i s t ed  p a i r  cable along t h e  main d r i f t  t o  mul t ip lex  
r epea te r  output  s i g n a l s  and d e l i v e r  t h e  composite multiplexed 
s i g n a l  t o  a s h a f t  s t a t i o n  r epea te r  a t  t h e  s h a f t .  

(3) U t i l i z e  a s i g n i f i c a n t l y  lower frequency manpack t r a n s m i t t e r  
and an a r ray  of  h o r i z o n t a l  wire r ece iv ing  antennas on t h e  
su r face  t o  permit a through t h e  e a r t h  uplink even i n  t h e  deepest 
mines. 

Measurement r e s u l t s  obtained on t h i s  program have demonstrated t h e  f e a s i b i l i t y  
of each of these  b a s i c  approaches; however, from a p r a c t i c a l  s t andpo in t ,  t h e  
purely "through t h e  ea r th"  mode of opera t ion  o f f e r s  the  most promise when one 
c a r e f u l l y  considers t h e  harsh mine environment and t h e  a t t i t u d e s  of mine 
company personnel i n  conjunct ion with t h e  measurements obtained on t h i s  pro- 
gram. B r i e f l y ,  t h e  main advantage of t h e  "through t h e  ear th"  approach i s  
t h a t  t h e  underground equipment can be kept s imple,  e a s i l y  maintained, l i g h t -  
weight,  inexpensive,  e t c .  Furthermore any inc rease  i n  system compledty  can 
be r e s t r i c t e d  t o  t h e  su r face  s i g n a l  de tec t ion  and processing equipment, t h e  
cos t  and maintenance of which, need not  be t h e  r e s p o n s i b i l i t y  of t h e  ind iv idua l  
mine companies. The d e t a i l s  behind implementing a "through t h e  ear th"  system 
a r e  described more f u l l y  i n  t h e  t e x t  of t h i s  r epor t .  



2 .1  S t a t i s t i c a l  C h a r a c t e r i s t i c s  of Disaster Case H i s t o r i e s  

Mine Disaster S t a t i s t i c s  

The s t a t i s t i c s  c i t e d  i n  t h i s  r e p o r t  a r e  f o r  underground mining a c t i -  
v i t i e s  and - t hey  exclude acc iden t s  t h a t  occur red  i n  c o a l  mines (6 ) .  Only 
a c c i d e n t s  i n  which f i v e  o r  more f a t a l i t i e s  a r e  involved a r e  used i n  t h i s  
t a b u l a t i o n .  Descr ip t ion  of  each acc iden t  a r ranged  chronologica l ly  i s  given 
by Table  1. 

Figure 1 shows t h a t  t h e  l a r g e s t  number of mine d i s a s t e r s  and dea ths  
occur red  i n  t h e  i n t e r v a l  from 1890 t o  1930, w i t h  t h e  pe r iod  from 1910 t o  1920 
showing t h e  g r e a t e s t  concen t r a t i on  of mine d i s a s t e r s  o f  a l l  types .  

D i s t r i b u t i o n  of Disasters by Time 

The pe r iod  from 1869 u n t i l  1890 y i e l d e d  7 mine d i s a s t e r s  and 86 
f a t a l i t i e s .  

From 1890 u n t i l  1930, t h e r e  was a t o t a l  of 43  mine d i s a s t e r s ,  r e s u l t -  
i n g  i n  736 dea ths .  The yea r s  1930 through 1972 show 15 d i s a s t e r s  w i th  223 
dea ths .  22 of  t h e  events  were caused by f i r e  which r e s u l t e d  i n  t h e  dea ths  
of 531 .miners as shown i n  Figure 2.  Of t h e  remaining d i s a s t e r s ,  15 were 
caused by explos ions  t h a t  k i l l e d  154 men (F igure  3 ) ,  13 were by roof  f a l l s  which 
k i l l e d  90 miners (F igure  4) , 7 were by f l ood ing  which caused 168 dea ths  
(F igure  5 ) ,  and 2 d i s a s t e r s  brought about 82 dea ths  by asphyxia t ion .  

D i s t r i b u t i o n  of Disasters by Type of Event 

F i r e  i s  t h e  main hazard  i n  mine d i s a s t e r s  and i t  occurs  mre f r e -  
quen t ly  and causes more dea ths  than  a l l  o t h e r  d i s a s t e r s  combined. From 1869 
u n t i l  1972, 585 dea ths  were i ncu r r ed  by f i r e .  The r a t i o  of f i r e  f a t a l i t i e s  
t o  d i s a s t e r  i s  h i g h e r  t h a n  any o t h e r  t ype  of mine d i s a s t e r ,  be ing  24.1 t o  1. 

Explosion accounts  f o r  t h e  second l a r g e s t  number of dea ths  i n  metal/ 
non metal mines i n  t h e  1869-1972 i n t e r v a l ,  showing a d e a t h l d i s a s t e r  r a t i o  
o f  10.3 t o  1. 

Flooding, wi th  168 dea ths  i n  7 d i s a s t e r s ,  p l aces  t h i r d  i n  cause of  
dea th ,  wi th  a 24 t o  1 r a t i o .  

Roof f a l l s  have l e d  t o  90 f a t a l i t i e s  i n  13 events  f o r  a r a t i o  o f  
6.9,  and asphyxia t ion  accounted f o r  82 dea ths  f o r  a r a t i o  o f  10.2. 

D i s t r i b u t i o n  of D i s a s t e r s  by Mine Type 

Table 2 i n d i c a t e s  t h a t  copper and gold mines have been involved i n  a 
major p o r t i o n  of metal/non me ta l  mine d i s a s t e r s ,  followed by i r o n  and l ead /  
z i n c  mines. F i r e  o r  explos ion  predominate as t h e  major cause of death,  
r e g a r d l e s s  of  t h e  t ype  of  mine involved. 



TABLE 1 L i a t  o f  a c c i d e n t s  a t  a re ta l  and  nonmeta l  mines and q u a r r i e s  (except  c o a l  mines) i n  t h e  L h i t e d  S t a t e s  
i n  which f i v e  o r  w r e  l i v e s  v e r e  l o s t  

Date 

1869 - Apr. 7 

Product  

Gold 

Cold 

Copper 

Copper 

Gold 

Copper 

Marb l e  

Copper 

I r o n  
Cold 

Copper 

Gold 

Gold ' 

Gold 
Copper 
I r o n  

S i lver -Gold  

Gould 6 Curry 

eversvea t -S t .  
Lawrence S heldon q u a r r y  

i l v e r  Bow No. 2 

Name o f  n i n e  

Kentucky-Yellow 
Jacket-Crown P o i n t  
Yel luu  J a c k e t  

Phoenix 

B e l m t  

a f i e l d  

B u l l  Domingo 

P l eepy  Ho 1 low 
s c e o l a  

L o c a t i o n  

Gold H i l l .  Nevada 

Gold H i l l ,  Nevada ' 

Phoenix ,  N c h i g a n  

Belmont . Mmtana  

S i l v e r  C l i f f ,  Colo. 

I.. n a  Lee 

F 

t. Laurence 

I V i r g i n i a  C i t y ,  Nev. 

B u t t e ,  Montana 

B u t t e .  Mont. 

C r y s t a l  F a l l s ,  Mich. 
White Oaks, N. Mex. 

S l e e p y  Hollow, Colo. 
Calumet,  Mich. 

I L e a d v i l l e  . Colo. 

C r i p p l e  Creek D i s t .  
E l  Paso Co. , Colo. 
B a s i n ,  Mont. 
B u t t e ,  Mont. 
I r o n  Mountain, Mich. 

K i l l e d  I Nature  o f  a c c i d e n t  References  

F i r e  i n  t i m b e r .  p robably  from 
candle  
i r e  from b lacksmi th  f o r g e  on 
,300-f o o t  l e v e l .  
x p l o s i o n  o f  dynamite caused  by 
candle  h e l d  by miner  

I 
Fire  from b l a c k s m i t h  shop 
s p r e a d  t o  magazine o f  powder and 
t h e n  t o  s h a f t  

i:xplosives; box of  dynamite ex- 
p loded  i n  b o i l e r  room; head- 
f r a r ~ e  burned;  nren i n  mine 
s u f f o c a t e d .  

: ? i r e  i n  s h a f t  s t a t i o n  1 ,500  l e v e l  
cause  u n k n m .  

.Une f i r e ;  candle  i n  c h u t e  on 400 
l e v e l .  

p o f  f a l l  i n  underground q u a r r y  

9 n e  f i r e ;  p robably  from c a n d l e  
t pump s t a t i o n .  

12 
30 n e  f i r e  on 27th  l e v e l ;  cause  

6 a m i t e  e x p l o s i o n  from unknown 

ne f i r e .  20.24 

y f u n e s ;  c a u s e  unknown. 



TABLE 1 L i s t  of a cc iden t s  a t  me t a l  and nonmetal mines and q u a r r i e s  (except  c o a l  mines) i n  t he  l b i t e d  S t a t e s  
i n  which f i v e  o r  m r e  l i v e s  were l o s t  

References 

20.24 

20 

Nature o f  acc ident  K i l l e d  Location Date 

i r e  i n  bunk house a t  mine 
n t  rance . 
i g h t  s h i f t  powder man a t e  lunch 

.n s t u b  d r i f t  powder magazine 
1.200 l e v e l  nea r  Daly-West e h a f t .  
Zandle o r  c i g a r e t t e ,  a i r  was down- 

V i rg in i a  C i t y ,  Mont. 
Bu t t e ,  Mont. 
Drytom.  Ca l i f  

J o p l i n .  Mo. 
Treadve l l ,  Alaska 
Durant,  Okla. 
Radereburg, Mont. 
Tonopah . Nev. 

V i rg in i a ,  Minn. 

Negaunee, Mich. 

Ely ,  Nev. 

Dome  Creek, Alaska 
Hibe rn i a ,  N.  J .  
Ironwood, Mich. 
Ely ,  Nev. 
Miami, Ariz.  

1903-Nov. 6 
1905-May 12 
1907-Nov. 30 

1909-Feb. 26 
1910-Xar. 2 
1910-Nov. 28  
1911-Jan. 18 
1911-Feb. 23 

1911-Mar. 11 

191 1-May 5 

19 11-Aug. 23  

1911-Sept. 28 
1 9 1 1 4 c t .  19 
1912-May 13  
1912-July 7 
1913-Apr. 17 

za s t .  Povder smoke c i r c u l a t e d  i n  
nine bu t  d id  not  ge t  much above 
1,000 a t  any time. Fumes k i l l e d  
a mule i n  s t a b l e  o f f  snovsheds a t  

Pandora,  Colo. 

Park City.  Utah 

1901-Nov. 20 

1902-July 15 

Product 

t l e  

Nane o f  Mine 

Cold 
Copper 
Cold 

Lead 
Gold 
Asphalt  
Gold 
Gold 
S i l v e r  
I r on  

I ron  

Copper 

Gold' 
I r on  
I ron  

20.24 

20,24 

22 

ne f i r e ;  men overcome by gas 20.22 

2 1 
21.22 
22 

10 ami te  explos ion  21.22 
5 r b l a s t ;  r e s u l t i n g  from 20.22 

cave-in ; threw men aga in s t  
w a l l s  and t imbers .  

Kearsarge  
Cora 
Freemont Consoli-  
da ted  
Keystone 
Alaeka-Mexican 
Jumbo 
Keat ing  
Belmont 

Norman mine (open 
p i t )  

Hartford-Cambria 
No. 2 
Ziroux 

Shakespeare P l ace r  

Gold 
S i l v e r  
Lead 
Zinc 
Copper 
S i l v e r  

Smuggler-Union 

Park-Utah 

Copper 
Copper ,Hi ami 



TABLE 1 L i e t  of  a c c i d e n t s  a t  meta l  and nonmetal minee and q u a r r i e s  (except  c o a l  ndnee) i n  t h e  Lhi ted  S t a t e s  
i n  which f i v e  o r  more l i v e s  were l o s t  

Nature o f  acc ident  References K i l l e d  Date N a m  o f  n ine  Product Locat i on  

1914-Jan. 21 

1914-July 14 

1914-Aug. 4 

1914-Sept. 17 
1914-Nov. 9 
1915-Oct. 19 

19 16-Feb. 14 
1917-Apr. 28 

1917-June 8 

1918-Feb. 21 
1920-Apr. 15 
1922-Aug. 27 
1924-Feb. 5 

1926-Nov. 3 
1 9 2 7 4 c t .  29 

1927-Nov. 24 
1929-Sept. 4 
1930-June 7 

1930-July 14 

1936-Aug. 13 

1939-Jan. 31 

Boston 

Balkan 

Copper F l a t  (Steam- 
ehovel p i t )  
Centennial-Eureka 
S ib l ey  No. 9 s h a f t  
Grani te  Mountain 
s h a f t  
Pennsylvania 
Mountain King 

Gran i t e  Mountain 

Amasa-Porter 
J e f f e r s o n  I s l and  
Argonaut 
Mil ford  

Barnes Hecker 
Quincy mine No. 2 

Sha f t  
Magma 
Calaveras  
Climax mine 

Glenn 

Mountain Ci ty  
Copper Company 
Southern  

Copper 

I r o n  

Copper 

Gold 
I ron  
Copper 

Copper 
Gold 

Copper 

I r on  
S a l t  
Gold 
Nangani- 
f e rous  i r o n  
o r e  
I r on  
Copper 

Copper 
Copper 
Molybdenum 

Gold 

Copper 

Zinc  

24 

2 7 

2 7 

2 7 
2 7 

24 
2 7 

2 5 

33 
2 7 
2 6 
2 7 

2 8 
28 

2 8 
2 8 
2 8 

28 

2 9 

30 

i n e  f i r e ;  cause unknovn. Bingham. Utah 

Pa l a tka ,  Hich. 

HcGi11, Nev. 

Eureka. Utah 
Ely ,  Minn. 
Bu t t e ,  Mont. 

But te ,  Mont. 
Mariposa County, 
Ca l i f .  
But te ,  Mont. 

C rys t a l  F a l l s ,  Mich. 
Delcambre, La. 
Jackson, C a l i f .  
Crosby, Minn. 

Ishpeming, Mich . 
Hancock, Mich. 

Supe r io r ,  Arizona 
Copperopolis,  C a l i f .  
Fremont Pa s s ,  Lake 
County, Colo. 
Lost Chance, P l a c e r  
County, C a l i f .  
Mountain C i ty ,  Elko 
County, Nev. 
T reece , Kansas 

7 

5 

?.fen drovned by rush of  sand 
and water  i n t o  r a i s e .  
Premature b l a s t .  

16 

21 
7 

163 

17 
6 

m a m i t e  explos ion  a t  s h a f t  c o l l a r . 2 7  

l 4 i n e f i r e ; a s p h y x i a t i o n .  
Asphyxiation by powder fumes. 

f i n e f i r e .  

Zave-in caused by i n ru sh  of  wa t e r  
:as explos ion  

47 Wne f i r e ;  cause unknown. 
4 1  Inrush  o f  water.  

ck i n  s h a f t  fo l lowing 

7 
5 
5 

5 

a i r  b l a s t .  
Shaf t  f i r e .  
Zive i n  s t ope  
h v e - i n  

:fine f i r e  i n  s u r f a c e  bu i l d ing .  

6 

5 ' b o f  f a l l  



TABLE 1 L i s t  of  accidents  a t  meta l  and ncmmetal mines and qua r r i e s  (except  c o a l  mines) i n  t h e  United S t a t e s  
i n  which f i v e  o r  more l i v e s  were l o s t  

References 

30 

32 

31 

31 

3 1 

31 

3 1 

3 1 

3 1 
3 1 

Locat ion  

S i l v e r t o n ,  Colo. 

D u c k t m ,  Tenn. 

Shu l l sbu rg ,  Wisc. 

Lark, Utah 

Herron. Hich. 

Bonanza. Utah 

I ron River ,  
Hich. 
Moab, Utah 

Be l l e  I s l e ,  La. 
Ros i c l a r e ,  Ill. 

Kellogg. Idaho 

Ki l l ed  Nature o f  accident  

umes from su r f ace  f i r e  a t  
unnel p o r t a l  su f foca t ed  men i n  

Name o f  Mine 

P r ide  

Boyd mine 

C.F. 6 H. 

Lark, U.S. Smelting 
Ref. 6 ring. Co. 

Herron , Alpena 
Enterpr ises  
No. 1 Inc l i ne ,  
Am. G i l son i t e  Co. 
Sherwood Mine, 
Inland S t e e l  Co. 
Texas Gulf Su l fu r  
Co. (Harrison 
In t e rna t .  . Inc. 
Contractors) 
Ca rg i l l  S a l t  Mine 
Barnet t  Complex 
Mine-Ozark-Mahoning 
Co. 
Sunshine Mining Co. 

Date 
1942-Jan. 9 

1943-Jan. 5 

1943-Feb. 10 

1950-July 16 

1 9 5 2 4 c t .  30 

1953-Nov. 5 

1959-June 1 

1963-Aug. 28 

1968-Mar. 6 
1971-Apr. 12 

1972-May 2-11 

9 

Product 

Copper, 
z inc ,  l e ad ,  
gold, 
s i l v e r .  
Copper 

Lead, 
z i n c  

Lead, z i n c  

Gold 
prospect  
G i l s o n i t e  

I ron  

Potash 

S a l t  
F luorspar  

S i l v e r  

mine. 

Asphyxiation by fumes from ex- 
l o s ion  of  su lph ide  dust  i n  

8 

5 

5 

8 

6 

18 

21 

tope .  
.?a ~n bu r i ed  by cave-in. S i x  
o the r s  bu r i ed  by second cave-in 
dur ing recovery work. 
F i r e  i n  bat tery-charging s t a t i o n  

:as explos ion i n  s h a f t  

Dust explos ion.  

:nrush of ho t  gases  and steam. 

:as explos ion.  

Y i n e f i r e .  
7 

91 

P p h x i a t i o n  (H2S) 

; t i n e f i r e .  

I 
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Product  

TABLE 2 

BREAKDOWN OF M I N I N G  DISASTERS BY TYPE AND PRODUCT 

Go1 d-S i l v e  r 

Copper 

I r o n  

F a t a l i t i e s  . # o f  D i s a s t e r s  

365 3 1 

Miscel laneous 83 

(Marb l e y  Molybdenum, 
Po t a sh ,  S a l t ,  G i l s o n i t e ,  
F luo r spa r ,  Asphalt)  

Type 

11 F i r e  

4 Explosion 

1 Flood 

3 Cave-in 

2 Asphyxiation 

9 F i r e  

7 Explosion 

2 Roof-fal l  

3 Asphyxiation 

1 F i r e  

1 Explosion 

2 Cave-in 

6 Flood 

1 Asphyxiation 

2 F i r e  

3 Rock-Falls 

4 Explosion 

2 Cave-in 

1 Asphyxiation 



D i s t r i b u t i o n  of , D i s a s t e r s  by S t a t e  

Montana and Michigan, with eleven (11) mine d i s a s t e r s  each, have t h e  
dubious d i s t i n c t i o n  of be ing  involved i n  433 of  t h e  585 f a t a l i t i e s  recorded 
between 1869 and 1972. 

Idaho, Mbntana, and Minnesota have t h e  h ighes t  d e a t h / d i s a s t e r  r a t i o s  
a s  i n d i c a t e d  i n  Figure 6. 

2.2 S t a t i s t i c a l  C h a r a c t e r i s t i c s  of M e t a l / ~ o n  Metal f i n e  Parameters 

Mine D e ~ t h  

The most c r i t i c a l  mine parameter a f f e c t i n g  t h e  performance of  a man- 
pack t rapped miner l o c a t i o n  system is  overburden depth. Information on t h e  
d i s t r i b u t i o n  of maximum working mine depths i n  45 of t he  lnajor metal/non metal  
mines of  t h e  U.S. was obta ined  from t h e  mine ope ra to r s  and i s  shown i n  t h e  
his togram of Figure 7, A cumulative d i s t r i b u t i o n  i s  shown i n  Figure 8 showing 
t h e  percentage of mines exceeding a given depth f o r  t h e  same 45 mine sample. 
F igure  9 is  a cumulative d i s t r i b u t i o n  showing new s h a f t  cons t ruc t ion  a t  mines 
producing more than 1200 tons  p e r  day. The 10% exceedance l e v e l  ( i . e . ,  t h e  
depth exceeded by only 10% of a l l  mines) f o r  t h e  45 working mines is 3000 
f e e t  and f o r  t h e  152 new mine s h a f t s  is 2400 f e e t .  I f  we  use 3000 f e e t  a s  a 
design goal ,  such t h a t  a manpack trapped miner l o c a t i o n  system must perform 
i n  a11  mines having depths up t o  3000 f e e t ,  i t  w i l l  be ope ra t iona l  i n  
approximately 90% of m t a l l n o n  meta l  mines i n  t h e  U.S., assuming t h e  sample 
t o  be t r u l y  r e p r e s e n t a t i v e  of meta l /non-mta l  mines i n  general .  

Overburden Conductivity 

Overburden conduct iv i ty  measurements were made a t  7 mines on t h i s  
con t r ac t .  The r e s u l t s  o f  t hese  conduct iv i ty  measurements were combined wi th  
measuremnts  made by Westinghouse personnel  on previous mine visits t o  a r r i v e  
a t  t h e  conduct iv i ty  d i s t r i b u t i o n  curve f o r  t h e  17 mines shown i n  Table 3 and 
i n  Figure 10. Based on t h i s  p a r t i c u l a r  r e p r e s e n t a t i v e  17 mine sample, t h e  
10% exceedance l e v e l  ( i . e .  t he  l e v e l  of conduct iv i ty  exceeded by only 10% of 
t h e  mines) i s  about 1.15 X 10-I nhos/m. It is important t o  note  however t h a t  
t h i s  unusually high value o f  conduct iv i ty  f o r  t h e  10% l e v e l  w a s  in f luenced  
g r e a t l y  by two mines i n  p a r t i c u l a r ;  Berkely P i t  Copper Mine i n  But te ,  Montana 
and t h e  I n t e r n a t i o n a l  S a l t  Mine i n  Avery I s l and ,  Louisiana. Both of t hese  
mines had r e l a t i v e l y  shal low maximum overburden depths,  700 and 880 f e e t  
r e spec t ive ly .  Thus i t  may be sonewhat pes s imis t i c  t o  r e l a t e  t h i s  p a r t i c u l a r  
10% l e v e l  t o  a l l  metallnon metal  mines s ince  t h e  deepest mines such a s  those  
found i n  t h e  Coeur d'Alene d i s t r i c t  of Idaho and t h e  Homestake gold n ine  i n  
Lead, South Dakota have measured conduc t iv i t i e s  subs t  an t  i a l l y  lower than 10-I 
mhos/m. 
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TABLE 3 

Mine -Conductivity Di s t r ibu t ion  

Mine 

1. Berkely P i t  

2. I n t e r n a t i o n a l  S a l t  

3. Knob H i l l  

4. Big I s l a n d  

5. F l e t che r  

6 .  Inexco 

7. Latrobe 

6. Copper Queen 

9. Ozark Mahoning 

10. Galena 

11. Caladay 

12. Idarado 

13. U.S. Tunnel 

14. Henderson 

15. Sunshine 

16. Homestake 

17. TOSCO 

Locat ion 
Apparent 
Conductivity 

But te ,  Montana 1.95 X lo-' 

Avery I s l a n d ,  La. 9 .3  X lo-2 

Republic,  Wash. 6 X 

Green River ,  Wyo. 2 X lo-Z 

Viburnum, Mo. 1 X lo-2 

James town, Colo. 

Latrobe , Pa. 

Bisbee, Arizona 

Rosi c l a r e  , Ill. 

Wallace, Idaho 

Wallace, Idaho 

T e l l u r i d e  , Colo. 

Idaho Springs,  Colo. 

Empire, Colo. 

Kellogg, Idaho 

Lead, South Dakota 

R i f l e ,  Colo. 

Percent of 
Exceedance 

5.9 
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2 . 3  Mine Construct  i on  Techniques 

Room & P i l l a r  

The mst common underground mining method used i n  l a r g e  s c a l e  meta l /  
non metal  mines i n  t h e  U.S. is room and p i l l a r  which accounts  f o r  o v e r  75% 
o f  a l l  mines ( 7 ) .  Room and p i l l a r  mines o f f e r  a wide f l e x i b i l i t y  f o r  antenna 
deployment and al low t h e  t rapped  miner t o  ach ieve  t h e  maximum t r a n s m i t t i n g  
monent f o r  a given l eng th  of  an tenna  w i r e .  The maximum p r a c t i c a l  depth f o r  
room and p i l l a r  workings depends on t h e  s t r e n g t h  of t h e  p i l l a r s .  The deepest  
room and p i l l a r  mines i n  North America a r e  about  3200 f e e t  below t h e  s u r f a c e .  
E x t r a c t i o n  e f f i c i e n c y  i n  room and p i l l a r  mining decreases  a s  mine depth i n -  
c r e a s e s ;  t hus  t h e  p r a c t i c a l  limit of  s l i g h t l y  ove r  3,000 f e e t .  

Vein Mining: 

Vein d e p o s i t s  a r e  o f t e n  found i n  metal  mines such a s  s i l v e r ,  z i n c ,  
l e a d  and gold.  Such d e p o s i t s  a r e  u sua l l y  mined by a v a r i a t i o n  of t h r e e  b a s i c  
methods : (1) Shrinkage s t o p i n g ,  (2) Square-set  s t o p i n g ,  and (3) Cut and f i l l  
s t o p i n g .  I n  some o f  t h e  wider  and s t r o n g e r  v e i n s ,  wi th  more competent w a l l s ,  
open s t o p i n g  ~ t h o d s  a r e  used. 

Vein depos i t s  p r e sen t  unique mining problems because t h e  d e p o s i t s  tend 
t o  be i r r e g u l a r ,  o f t e n  s t e e p l y  i n c l i n e d  and s inuous  a long  s t r i k e  and d ip .  The 
wid th  o f  m i n e r a l i z a t i o n  can vary  from a few inches  t o  hundreds of  f e e t .  How- 
e v e r ,  average mining e n t r y  wid ths  vary from 5 t o  30 f e e t .  Vein s t r u c t u r e s  have 
been t r a c e d  f o r  m i l e s  a long  a s t r i k e  and f o r  thousands of f e e t  down d ip .  

A s  f a r  a s  communications and l o c a t i o n  equipment deployment i s  concerned, 
v e i n  mines o f f e r  t h e  g r e a t e s t  cha l lenge .  Because of  t h e  narrow e n t r y  wid ths  
and l a c k  of  ad j acen t  r e t u r n  e n t r i e s ,  i t  is  d i f f i c u l t  t o  f i n d  a s u i t a b l e  l o c a t i o n  
f o r  deployment o f  l a r g e  a r e a  loop antennas.  Antenna deployment i n  ve in  mines 
w i l l  probably be r e s t r i c t e d  t o  long  h o r i z o n t a l  w i r e  antennas o r  small a r e a  
loops  w i th  modular s t a ck ing .  I n  some cases  i t  is p o s s i b l e  t o  deploy a l a r g e  
a r e a  v e r t i c a l  loop by u t i l i z i n g  two ad jacen t  levels connected by s t o p e s .  



3.0 THEORETICAL CHARACTERISTICS OF UNDERGROUND ELECTROMAGNETIC PROPAGATION 

3.1 E f f e c t s  o f  Ea r th  Conduct ivi ty  on Propagat ion 

Ea r th  conduc t iv i t y  p l ays  an important  r o l e  i n  de te rmin ing  t h e  propa- 
g a t i o n  c h a r a c t e r i s t i c s  of  e l ec t romagne t i c  energy i n  t h e  e a r t h .  The importance 
o f  measuring e a r t h  conduc t iv i t y  a t  mines stems from t h e  f a c t  t h a t  more and 
more low frequency e l ec t romagne t i c  communications and t e l eme t ry  systems a r e  
coming i n t o  use f o r  underground w i r e l e s s  l i n k s  used i n  c o m u n i c a t f o n s  and 
m n i t o r i n g  a s  w e l l  a s  t r apped  miner l o c a t i o n .  By c h a r a c t e r i z i n g  t h e  geophysical  
p r o p e r t i e s  o f  t h e  mine overburdens p r i o r  t o  t e s t i n g  t h e  e l ec t romagne t i c  
p e n e t r a t i o n  c a p a b i l i t y ,  a  more complete unders tanding  of  t h e  propaga t ion  
phenomena is gained. Th i s  unders tanding  improves a s  more mines a r e  v i s i t e d  
and a  more comprehensive d a t a  base is  accumulated r e l a t i n g  conduc t iv i t y  t o  EM 
propaga t ion  c h a r a c t e r i s t i c s .  A s  o u r  unders tanding  improves f o r  a  small group 
o f  test  mines, t h e  r e s u l t s  can be c h a r a c t e r i z e d ,  given t h e  conduc t iv i t y  and 
dep th ,  and e x t r a p o l a t e d  t o  a  much l a r g e r  group of  mines t o  determine t h e  follow- 
i n g :  

(1)  Whether a  through t h e  e a r t h  system i s  even f e a s i b l e  a t  a  
p a r t i c u l a r  mine. 

( 2 )  I f  f e a s i b l e ,  what would be t h e  r equ i r ed  t r a n s m i t t e r  power 
and r e c e i v e r  s e n s i t i v i t y  needed t o  i n s u r e  a  r e l i a b l e  EM wireless 
l i n k ?  

(3 )  What i s  t h e  maximum bandwidth and/or  d a t a  r a t e  t h a t  can be 
u t i l i z e d  a t  t h e  p a r t i c u l a r  mine? 

The b a s i c  o b j e c t i v e  o f  Contract  50166100 was t o  determine what m d i f i c a -  
t i o n s  were needed t o  make t h e  e x i s t i n g  through-the-ear th  ULF t r apped  miner 
l o c a t i o n  system usab le  i n  metal/non meta l  mines. The f i e l d  program was s e t  up 
i n  two phases:  

Phase I :  To o b t a i n  a  geophysical  c h a r a c t e r i z a t i o n  of s i x  (6 )  test  mines 
f o r  advanced p r e d i c t i o n  of  e l ec t romagne t i c  propagat ion c a p a b i l i t y .  

Phase 11 : To measure e l ec t romagne t i c  propagat ion i n  t h e  same mines and 
t o  demonstrate ways t o  ach ieve  t rapped  miner l o c a t i o n  w i t h  modif ied 
sys tem concepts .  

By c o r r e l a t i n g  observed e l ec t romagne t i c  propagat ion phenomena i n  t h e s e  mines 
w i t h  c a l c u l a t i o n s  and p r e d i c t i o n s  based on geophysical  measurements, e . g . ,  
conduc t iv i t y ,  one can t hen  apply t h e  r e s u l t s  t o  a  much l a r g e r  c l a s s  o f  mines ,  
and t h u s  determine t h e i r  equipment requirements  p r i o r  t o  a  mine v i s i t .  



3.2 P e n e t r a t i o n  Depth of  EM Waves 

The s o l u t i o n  t o  t h e  wave equa t i on  f o r  a  s i n u s o i d a l l y  va ry ing  p lane  
wave p ropaga t i ng  through a  f i n i t e l y  conduct ing medium i s  

whe r e  
a is  t h e  a t t e n u a t i o n  cons t an t  i n  nepers /meter  

i s  t h e  phase cons t an t  i n  r ad i ans lme te r  
an d  z  r e p r e s e n t s  t h e  propaga t ion  d i s t a n c e  i n  meters .  

For any conduct ing medium, and i n  p a r t i c u l a r  f o r  a  homogeneous semi- 
i n f i n i t e  e a r t h ,  t h e  EM wave p e n e t r a t i o n  depth o r  "skin depth" is  de f ined  a s  
t h e  d i s t a n c e  i n  which t h e  wave is  a t t e n u a t e d  t o  l /e  (36.8%) of  i t s  i n i t i a l  
va lue  a t  t h e  s u r f a c e .  R e f e r r i n g  t o  express ions  (1) and ( 2 ) ,  i t  is seen  t h a t  
t h i s  d i s t a n c e  i s  reached when z  = l / a .  This  q u a n t i t y  i s  usua l l y  denoted 
by t h e  symbol 6. 

7 

1 
meters. 

C1 
= - =d+ 

The p e n e t r a t i o n  depth exp re s s ion  can be s i m p l i f i e d ,  assuming a  nonmagnetic 
m a t e r i a l ,  a s  fo l lows:  i .e .  p  = po = 4n X henr ies lm.  

503 meters .  6 = J G F  

Figure 11 shows t h e  v a r i a t i o n  of 6  w i t h  frequency f o r  va r ious  c o n d u c t i v i t i e s .  

The foregoing  a n a l y s i s  h a s  been app l i ed  t o  a  homogeneous medium. 
When h o r i z o n t a l  s t r a t i f i c a t i o n  and inhomogenei t ies  a r e  p r e s e n t ,  t h e  exp re s s ion  
f o r  p e n e t r a t i o n  depth (3) is  no l onge r  v a l i d .  For such c a s e s ,  each problem 
must be t r e a t e d  i n d i v i d u a l l y ,  t a k i n g  i n t o  account a l l  of t h e  wave r e f l e c t i o n  
a t  t h e  boundaries  and t h e  complex f i e l d  combinations t h a t  r e s u l t  i n  each of t h e  
l a y e r s .  

I n  ana ly s ing  low frequency e l ec t romagne t i c  propagat  i on  i n  mines,  t h e  
term "skin depth" is used m r e l y  a s  a  parameter  t o  c h a r a c t e r i z e  p e n e t r a t i o n  
d i s t a n c e  i n  t h e  medium and n o t  t o  imply t h a t  p lane  wave propaga t ion  exists f o r  
l o c a l i z e d  ULF t r a n s m i t t i n g  sou rce s .  For l o c a l i z e d  ULF t r a n s m i t t i n g  s o u r c e s ,  
such a s  t hose  used f o r  mine rescue  purposes ,  t h e  p e r t i n e n t  f i e l d s  produced a r e  
t h e  i nduc t i on  f i e l d s ,  modified by l o s s e s  i n  t h e  e a r t h .  The magnet ic  f i e l d  
s t r e n g t h s ,  a s  a  f unc t i on  of  d i s t a n c e  from t h e  t r a n s m i t t i n g  sou rce ,  can be 
c a l c u l a t e d  f o r  a  p a r t i c u l a r  mine s i t u a t i o n ,  given t h e  conduc t iv i t y  , t h e  frequency 
and t h e  p e n e t r a t i o n  d i s t a n c e  through t h e  conduct ing medium. F igure  12 shows 
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Figure 12  Electromagnet ic  Attenuation in  Conducting 
Media 



t h e  a t t e n u a t i o n  cons t an t s  I G ~ ,  I D I  and I A ~  a s  a  func t ion  of p e n e t r a t i o n  
d i s t ance  i n t o  t h e  condufkftng mdium which a r e  used t o  modify t h e  b a s i c  induc t ion  
f i e l d  e q u a t i o n ,  H = ( -3 ) t o  determine t h e  magnetic f i e l d  s t r e n g t h  f o r  t h e  

2 7r z  
d i f f e r e n t  t ypes  of antenna coupl ing  shown. 

The f e a s i b i l i t y  of  a  through t h e  e a r t h  ULF upl ink  can be determined 
f o r  any mine i f  one knows t h e  mine overburden th i cknes s  and conduc t iv i t y  and 
t h e  expec ted  e lec t romagnet ic  n o i s e  background a s  a  func t ion  of  frequency. 
Suppose, f o r  example, t h a t  we have a  mine wi th  t h e  fol lowing parameters :  

Overburden t h i c k n e s s ,  (z )  = 500 meters  
Conduct ivi ty  , (a) = 0.1 mhos/m 
Surface  EM n o i s e ,  (Hn) = 1.0 yA/m i n  a  1  Hz BW 

2  and assume an in-mine t r a n s m i t t i n g  moment of I N A  = 1000 amp t u r n s  m . 
The v e r t i c a l  magnetic f i e l d  ca l cu l a t ed  f o r  t h e  above parameters  i s  a s  

f  0 l lows : 

HZ (vA/m) S i g n a l  t o  Noise (dB) 

The above i l l u s t r a t e s  t h a t  t h e  up l ink  s i g n a l  could j u s t  ba re ly  be de t ec t ed  i n  a  
1  Hz bandwidth a t  10 Hz but could n o t  be de t ec t ed  a t  t h e  h i g h e r  f requenc ies  
under t h e  s t a t e d  condi t ions .  I f  information on background n o i s e  vs frequency 
i s  known about a  p a r t i c u l a r  mine s i t e ,  i t  can be used, a long  wi th  t h e  o t h e r  calcu- 
l a t i o n s ,  t o  determine t h e  optimum frequency f o r  an up l ink  system, assuming t h a t  
f e a s i b i l i t y  e x i s t s .  

3 .3  E f f e c t s  of P a r a s i t i c  Coupling 

It i s  w e l l  known t h a t  e lec t romagnet ic  wave behavior  i s  in f luenced  by t h e  
presence  of  m e t a l l i c  conductors.  The foregoing d i scus s ion  (Sec t ions  3.1 - 3.2) 
i s  r e s t r i c t e d  t o  t h e  s p e c i a l  case of a  homogeneous conductive medium. I n  p r a c t i c e  
t h i s  condi t ion  is never  r e a l l y  encountered,  a l though an a n a l y s i s  based on t h e  
assumption of homogeneity i s  o f t e n  h e l p f u l  i n  e s t i m a t i n g  f i e l d  s t r e n g t h s  produced 
by a given t r a n s m i t t e r  ope ra t i ng  i n  an environment cha rac t e r i zed  by i t s  equ iva l en t  
" e f f e c t i v e "  conduct iv i ty  . (The e f f e c t i v e  conduct iv i ty  would be de f ined ,  i n  t h i s  
ca se ,  a s  t h a t  conduct iv i ty  which would produce t h e  measured f i e l d  s t r e n g t h  f o r  a 
homogeneous conducting medium, given t h e  a c t u a l  t r a n s m i t t i n g  moment and propagat ion 
d i s t a n c e  , ) 



The assumption of homogeneity is even more u n r e a l i s t i c  when considering 
ULF and VLF propagat ion  c h a r a c t e r i s t i c s  i n  underground mines p a r t i c u l a r l y  those  
wi th  a  comprehensive network of underground p ipes  and r a i l s .  However, from a 
communications s t andpo in t ,  t h i s  anomalous condi t ion  can be u t i l i z e d  t o  enhance 
t h e  range of  underground comunica t ions  equipment f a r  beyond t h a t  which could 
be expected f o r  homogeneous m d i a  o r ,  f o r  t h a t  ma t t e r ,  even f r e e  space.  

Tes t s  performed above ground by Westinghouse personnel i n  1973 n e a r  
suburban and r u r a l  powerlines and p i p e l i n e s  have shorn t h a t  low frequency s i g n a l s  
can be c a r r i e d  wi th  low a t t e n u a t i o n  over considerable d i s t ances  (up t o  14 miles  
on l e s s  than 20 wa t t s  of t r a n s m i t t e r  power) i n  s p i t e  of pe r iod ic  p i p e l i n e  
i n s u l a t i o n  j o i n t s  and powerline grounds (8).  

The theory f o r  computing t h e  e lec t romagnet ic  f i e l d s  a s  a  funct ion  of 
d i s t ance  and frequency from h o r i z o n t a l  l i n e  sources  loca ted  a t  t h e  e a r t h ' s  
s u r f a c e  i s  wel l  e s t a b l i s h e d  (9) and w i l l  no t  be covered i n  d e t a i l  i n  t h i s  r epor t .  
A s p e c i a l  case o f  t h e  above problem is  one i n  which the  l i n e  source can be 
considered s h o r t  wi th  respec t  t o  t h e  propagation d i s t ances  involved and hence 
be t r e a t e d  a s  a  d ipole  antenna. The expression f o r  computing t h e  f i e l d s  of 
a  d ipole  antenna is given a s  fol lows : 

H = 
I N A  I D L  

3  ampslm 
2 ITd 

where : 
2 I N A  = t h e  cur rent  moment of t h e  antenna i n  amp t u r n s  m . 

I  D I  = an a t t enua t ion  f a c t o r  based on t h e  e l e c t r i c a l  conduct ivi ty 
of  t h e  propagation medium. 

d = t h e  propagation d i s t ance  i n  meters.  

I n  f r e e  space,  I D /  = and t h e  magnetic f i e l d  i s  s i m p l i f i e d  t o  

I N A  H = -  ampslm. 
 IT d3 

For a  l i n e  source ,  t h e  cur rent  moment is computed on t h e  b a s i s  of a  r e t u r n  
cur rent  path i n  t h e  e a r t h  a t  a  depth of  &% where 6 s p e c i f i e d  t h e  s k i n  depth 
of t h e  wave i n  t h e  conducting medium. The s k i n  depth (6)  is  given by 

=$$ meters.  

Consequently, f o r  a  s i n g l e  l i n e  source of length  ( R )  meters and a  ground r e t u r n  
cur rent  pa th ,  t he  moment is  (10).  

2 
INA = I& 65 amp m . 



For a  h o r i z o n t a l  loop source  l y i n g  on t h e  ground, t h e  express ion  f o r  
c a l c u l a t i n g  t h e  magnetic f i e l d  as a  func t ion  of d i s t a n c e  from t h e  loop i n  
f r e e  space  i s  a l s o  

Here t h e  computation of  I N A  is  more s t r a igh t - fo rward  and involves  t h e  product  
of t h e  c u r r e n t ,  t h e  number o f  t u r n s  o f  w i r e ,  and t h e  phys i ca l  a r e a  of t h e  loop 
i n  square  meters.  

The presence o f  a  l ong  conductor i n  t h e  v i c i n i t y  of t h e  d ipo l e  t r a n s -  
mitter a l t e r s  t h e  e l ec t romagne t i c  f i e l d  p a t t e r n  by e f f e c t i v e l y  concen t r a t i ng  
t h e  energy a long  t h e  conduct ing p i p e  o r  w i r e .  The e l e c t r i c  o r  magnetic 
t r a n s m i t t i n g  source  induces l o n g i t u d i n a l  c u r r e n t s  i n t o  t h e  conductor which 
t r a v e l  down t h e  conduct o r  w i t h  low a t t e n u a t i o n  and genera te  secondary e l e c t  ro- 
magnetic f i e l d s  i n  t h e  v i c i n i t y  of  t h e  conductor.  A s  d i s t a n c e  i nc reases  a long  
t h e  conductor ,  t h e  r ece ived  f i e l d  s t r e n g t h  would be expected t o  f a l l  o f f  i n i t i a l l y  
a s  i n v e r s e  d i s t ance  cubed, c o n s i s t e n t  wi th  t h e  d ipo l e  coupl ing  from t h e  primary 
source  moment. A t  g r e a t e r  d i s t a n c e s ,  a  much lower a t t e n u a t i o n  wi th  d i s t ance  
is  seen  a s  t h e  secondary f i e l d s  from t h e  c u r r e n t s  induced i n  t h e  conductor 
b e c o ~  t h e  dominant c o n t r i b u t i n g  f a c t o r  i n  t h e  t o t a l  f i e l d  s t r e n g t h  measured 
a t  t h a t  p o i n t .  

I f  t h e  conduct ing p i p e l i n e  o r  powerl ine network branches o f f  i n  a  
v a r i e t y  of d i r e c t i o n s  from t h e  main pa th ,  t h e  energy c a r r i e d  thereon  w i l l  
d i v i d e  and fo l low t h e  branch l i n e s  a s  w e l l  a s  t h e  main l i n e .  This  w i l l  e f f e c t i v e l y  
reduce t h e  energy c a r r i e d  on any one l i n e  and t h u s  reduce t h e  t o t a l  range of 
coupl ing  ob ta inab le .  

Figure 13  shows t h e  magnetic f i e l d  vs .  d i s t a n c e  from both  a  magnetic 
and e l e c t r i c  d ipo l e  coupled t o  a  long  powerline and p i p e l i n e .  This  d a t a  was 
ob t a ined  i n  1974 along 95th S t .  10 mi les  e a s t  o f  Boulder,  Colorado. It bea r s  
s t r i k i n g  resemblance t o  t h e  s i d e l i n k  propagat ion d a t a  ob ta ined  underground a t  
t h e  var ious  mines v i s i t e d  on t h e  s u b j e c t  program f o r  t h e  U.S. Bureau o f  Mines 
( s ee  Sec t ion  6 .0) .  S i g n a l  enhancements due t o  coupl ing,  a s  h igh  a s  60 dB, 
a r e  n o t  uncommon, e i t h e r  above ground o r  underground. This  phenomenon can be 
e f f e c t i v e l y  u t i l i z e d  underground t o  provide s i d e l i n k  propagat ion from t rapped  
miner t r a n s m i t t e r s  t o  a s h a f t  a r e a  t o  a i d  i n  i d e n t i f y i n g  v e r t i c a l  l e v e l  of 
entrapment . 



Figure 13 Magnetic 121elds ve. Mstance from Electric and FIil&?netic 
Source Coupling to  a Long Conductor. 
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SYSTEM REQUIREMENTS FOR LOCATION AND COMMUNICATIONS WITH TRAPPED 
MINERS I N  METALINON METAL MINES 

Based on t h e  s t a t i s t i c a l  s t udy  of mine parameters  d i scussed  i n  Sec t ion  
2 . 2  f o r  & t a l / ~ o n  Metal Mines i n  t h e  United S t a t e s ,  we can de f ine  a  worst  case 
mine a s  one having  both  a  10% exceedance depth and a  10% exceedance conduct iv i ty .  

* 
Assumptions 10% Exceedance Depth = 3000 f t .  (915 m) 

10% Exceedance Conduct ivi ty  = 1.15 x 10-1 &os/m. 

Requirements f o r  Through t h e  Ea r th  Uplink 

Assume f  = 1000 Hz 
Skin depth ( 6 )  i s  computed a s  fo l lows:  

= 47 meters a t  f  = 1000 Hz. 

Thus 915 meters of overburden r e p r e s e n t s  19.5 s k i n  depths  of a t t e n u a t i o n .  
This  i s  c o n s i s t e n t  w i th  an a t t e n u a t i o n  I G I  of 4.54 X 
The s u r f a c e  magnetic f i e l d  s t r e n g t h  (H ) obta ined  i n  t h i s  ca se  is  z  
computed a s  fol lows : 

H = 
z  INA' GI 9.43 X X INA 

2  Trz 
3  

where I G  I is  t h e  a t t e n u a t i o n  f a c t o r  ob t a ined  from an e x t r a p o l a t i o n  
of t h e  curve i n  Figure 12. 

Assuming t h a t  a  su r f ace  f i e l d  s t r e n g t h  of . 1 pA/m is  r equ i r ed  f o  f o  d e t e c t i o n  and l o c a t i o n  of a  t rapped  miner,  a  magnetic moment of  1.06 X 10 amp 
2 t u r n s  m would b e  r equ i r ed  f o r  t h e  10% exceedance mine a s  descr ibed  above. This  

v a l u e  of t r a n s m i t t i n g  moment is no t  p r a c t i c a b l e  when one cons iders  t h e  p o r t a b i l i t y  
and power r e s t r i c t i o n  of t h e  t r a n s m i t t e r .  

However, i f  w e  reduce t h e  frequency t o  10 Hz, t h e  s k i n  depth becomes 

1484 503*3 = - = 470 meters a t  f  = 10 Hz. 6 = m  d F  

* This  f i g u r e  is  based on t h e  10% exceedance l e v e l  f o r  a  r e p r e s e n t a t i v e  sample 
of 45 rnetal/non metal  mines i n  t h e  United S t a t e s .  



Thus t h e  915 meter overburden depth is  reduced t o  on ly  1.95 s k i n  
depths  and t h e  a t t e n u a t i o n  I G I  becomes .58. The t r a n s m i t t i n g  moment r equ i r ed  
t o  p e n e t r a t e  t h i s  overburden is now computed a s  fo l lows:  

H = z 
INA - 1  @Im 

27T z 
3 

1 0 ~ ' , ( 2 r z 3 )  = 830 amp t u r n s  m 2 INA = 
G 

which is  a p r a c t i c a l  va lue  f o r  a t r apped  miner t o  ach ieve  i n  an underground 
m e t  a 1  /non met a 1  mine. 

Another important  f a c t o r  which must be cons idered  i n  going from 1000 Hz 
t o  10 Hz i s  t h e  i n c r e a s e  i n  background n o i s e  exper ienced  a t  10 Hz. This  i s  
gene ra l l y  on t h e  o r d e r  of  about 30 dB a s  shown i n  F igure  14. This  p a r t i a l l y  
n u l l i f i e s  t h e  enhancement i n  s i g n a l  t o  n o i s e  r a t i o  gained by going t o  10 Hz; 
however, t h e  i n c r e a s e  i n  s i g n a l  s t r e n g t h  f a r  outweighs t h e  i n c r e a s e  i n  n o i s e  
s o  t h e  n e t  r e s u l t  is  a s i g n i f i c a n t  Improvement i n  expec ted  system performance. 

Fur ther  enhancement of  t h e  d e t e c t i o n  c a p a b i l i t y  on t h e  s u r f a c e  can be 
achieved by us ing  a l o n g  w i r e  r e c e i v i n g  antenna i n  p l a c e  of a magnetic d i p o l e  
( l oop ) .  By u s ing  a grounded w i r e  e l e c t r i c  f i e l d  antenna t h a t  i s  l o n g  w i th  
r e s p e c t  t o  t h e  mine dep th ,  t h e  mutual coupl ing  between i t  and an underground 
d i p o l e  antenna can )e made t o  vary a s  i n v e r s e  d i s t a n c e  (112) r a t h e r  t han  i n v e r s e  
d i s t a n c e  cubed ( l / z  ) a s  i n  t h e  d ipo le -d ipo le  case  (11) .  

Ca l cu l a t i ons  show t h a t  f o r  a grounded w i r e  l e n g t h  roughly twice  t h e  
obse rve r  depth,  t h e  f i e l d s  below t h e  w i r e  a r e  e s s e n t i a l l y  t hose  of an i n f i n i t e  
l i n e  source  (12) .  The convent ional  use of t h e  long h o r i z o n t a l  w i r e  an tenna  
on t h e  s u r f a c e  ha s  been as a t r a n s m i t t i n g  antenna t o  communicate a vo ice  downlink 
s i g n a l  t o  t h e  t r apped  miners.  However, t h e  mutual impedance and t h e  coupl ing 
r e l a t i o n s h i p  between t h e  s u r f a c e  and underground antenna is t h e  same r e g a r d l e s s  
o f  which one i s  used a s  t r a n s m i t t e r  and which one i s  used a s  r e c e i v e r .  Thus 
t h e  ( l / z )  coupl ing r e l a t i o n s h i p  i s  r e t a i n e d  and s i g n a l  d e t e c t i o n  c a p a b i l i t y  i s  
enhanced. 

This  concept has  been proven ou t  i n  p r a c t i c e  on a t  l e a s t  two occas ions  
(13) 

a A t  t h e  Sunshine Mine i n  Kel logg,  Idaho,  a 1900 Hz up l ink  
s i g n a l  was r e c e i v e d  on a 4000 f t  h o r i z o n t a l  w i r e  i n  a 50 Hz 
r e c e i v e r  bandwidth whereas t h e  same s i g n a l  could no t  be d e t e c t e d  
using a 500 t u r n  15" d iameter  r e c e i v i n g  loop and t h e  same 
r e c e i v e r .  (Overburden depth was 4800 f t . )  
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e A t  t h e  Pocahontas Mine No. 1 ,  Grundy, V i r g i n i a ,  a  1900 Hz 
up l ink  s i g n a l  was r ece ived  on a  2000 f t  h o r i z o n t a l  antenna i n  
a 3  Hz r e c e i v e r  bandwidth whereas t h e  same s i g n a l  could n o t  be 
de t ec t ed  u s ing  a  500-turn 15" d iameter  r ece iv ing  loop and t h e  
s a E  r e c e i v e r .  (Overburden depth was 2300 f t  .) 

Hence, i n  t h e  l i g h t  of t h e  above d i s c u s s i o n ,  i t  can be concluded t h a t  
d e t e c t i o n  of through t h e  e a r t h  up l ink  s i g n a l s  can be accomplished i n  a  so- 
c a l l e d  " 10% exceedance" metallnon-metal mine u s ing  p r a c t i c a l  low power t rapped 
miner  t r a n s m i t t e r s  provided t h a t  frequency i s  reduced low enough t o  make 
through t h e  e a r t h  a t t e n u a t i o n  r e l a t i v e l y  i n s i g n i f i c a n t .  For  t h e  10% exceedance 
mine, frequency must be kep t  i n  t h e  v i c i n i t y  o f  10 Hz f o r  d e t e c t i o n  w i th  magnetic 
d i p o l e  r ece ive  an tennas  bu t  could go h i g h e r  when u s ing  l o n g  h o r i z o n t a l  w i r e  
r e c e i v i n g  antennas.  

There a r e  l o g i s t i c  problems a s s o c i a t e d  w i t h  u s ing  f requenc ies  a s  low 
a s  10 Hz when a t t emp t ing  t o  conduct hand-held d i r e c t i o n  f i n d i n g  ope ra t i ons .  
The e a r t h ' s  magnet ic  f i e l d  induces  h igh  l e v e l s  o f  n o i s e  i n  t h e  loop f o r  even 
t h e  s l i g h t e s t  movement of  t h e  loop. Consequently,  when us ing  a  loop  f o r  d i r e c t i o n  
f i n d i n g  of t r apped  miners  a t  f  = 10 Hz, t h e  loop must be f i rmly  p l a n t e d  i n  
p o s i t i o n  u s ing  a  t r i p o d  o r  e q u i v a l e n t ,  be fo re  r ead ings  can be taken  a t  each 
i n d i v i d u a l  p o s i t  i on .  

When us ing  a  h o r i z o n t a l  w i r e  an tenna  f o r  d i r e c t i o n  f i n d i n g ,  i t  is some- 
what i m p r a c t i c a l  t o  s u c c e s s i v e l y  move t h e  an tenna  around t o  l o c a t e  t h e  miners  
p o s i t i o n  a s  can be done w i th  a  loop.  I n  t h e  ca se  of u s ing  a  h o r i z o n t a l  w i r e  
antenna f o r  de te rmin ing  t h e  t r apped  miners p o s i t i o n ,  i t  would be  more f e a s i b l e  
t o  deploy an a r r a y  of  such an tennas  i n  t h e  form o f  a  g r i d  network. Then, by 
ana lyz ing  t h e  r e c e i v i n g  p a t t e r n  c r e a t e d  by t h e  s i g n a l s  r ece ived  on a l l  o f  t h e  
an tenna  e lements ,  a  j u d i c i a l  e x t r a p o l a t i o n  of  t h e  t r apped  miners p o s i t i o n  can 
be made. However, t h i s  scheme is  n o t  recommended un l e s s  i t  i s  f i r s t  determined 
t h a t  t h e  s i g n a l s  a r e  n o t  d e t e c t a b l e  us ing  t h e  l oop  r e c e i v i n g  antenna.  

4.2 Requirements f o r  Through t h e  Ea r th  S i d e l i n k  

I n  metal/non meta l  mines,  u n l i k e  c o a l  mines,  t h e r e  u s u a l l y  e x i s t s  more 
t han  one l e v e l  of mining a c t i v i t y  going on s imul taneous ly .  Consequently,  t h e r e  
i s  a  requirement f o r  knowing n o t  on ly  t h e  miners  h o r i z o n t a l  coo rd ina t e s  bu t  a l s o  
on what mining l e v e l  he  i s  t rapped .  This  i n t roduces  a  requirement f o r  h o r i z o n t a l  
p ropaga t ion  from t h e  t rapped  miners  t r a n s m i t t e r  t o  a s e c t i o n  of t h e  mine where 
t h e  s i g n a l  could be r e l ayed  up t o  t h e  s u r f a c e  by some o t h e r  means o r  t h e  s i g n a l  
cou ld  be rece ived  by lowering a  wideband r e c e i v e r  and loop. Th i s  would normally 
be done e i t h e r  a t  t h e  s h a f t  o r  a  borehole ,  s o  t h e  problem is  one r e q u i r i n g  a  
maximum s i d e l i n k  propaga t ion  range from t h e  miners a r e a  of entrapment t o  i n s u r e  
adequate  s i g n a l  d e t e c t i o n  a t  t h e  v e r t i c a l  probe l o c a t i o n .  



For tuna t e ly ,  s i d e l i n k  propaga t ion  i s  enhanced cons iderab ly  by t h e  
network of p ipe s  and o t h e r  conductors  t h a t  a r e  p r e sen t  t o  vary ing  degrees  
i n  v i r t u a l l y  a l l  metal lnon meta l  mines. Tes t s  performed a t  t h e  metal/non 
meta l  mines on t h i s  p r o j e c t  v e r i f y  coupl ing enhancements of up t o  55 and 60 dB 
ove r  s i g n a l s  expected i n  f r e e  space f o r  t hose  p a r t i c u l a r  d i s t a n c e s .  Coupling 
t o  underground conductors  improves w i th  i n c r e a s i n g  frequency;  consequent ly  
some type  of dua l  frequency t r a n s m i t t i n g  sys tem is  needed t o  s a t i s f y  t h e  
requirements  f o r  bo th  up l ink  and s i d e l i n k  t r ansmis s ion  s imul taneous ly .  A 
sys tem t o  accomplish t h i s  is  desc r ibed  i n  Sec t i ons  5 .0  and 8.0 of  t h i s  r e p o r t .  

4 .3  P o r t a b i l i t y  Requirements 

For a  t r apped  miner t r a n s m i t t e r  t o  be e f f e c t i v e ,  i t  should be  s m a l l  
enough t o  be c a r r i e d  on t h e  miner a t  a l l  t imes .  I n  view of what t h e  miner  
must a l r eady  c a r r y  ( i . e .  cap lamp b a t t e r y ,  s e l f  r e s c u e r ,  e t c . )  i t  would n o t  
be p r a c t i c a l  t o  burden him w i t h  any s i g n i f i c a n t  a d d i t i o n a l  bu lk  o r  weight 
t h a t  might impede h i s  e f f i c i e n c y  o r  p r o d u c t i v i t y .  A p r a c t i c a l  l i m i t  f o r  a  
t r apped  miner t r a n s m i t t e r  would be about l b .  , which is  about t h e  weight of  
t h e  p r e sen t  USBM Coal Mine Trapped Miner Transmi t t ing  u n i t .  A s i g n i f i c a n t  
weight advantage is gained by u s ing  t h e  miners cap lamp b a t t e r y  a s  a  dc  power 
sou rce .  Based on r e s u l t s  ob t a ined  on t h i s  program and o t h e r s  (1-6) , t h e  cap 
lamp b a t t e r y  prov ides  s u f f i c i e n t  v o l t a g e  and power f o r  t h e  t r a n s m i t t i n g  
u n i t .  

4.4 P e r m i s s i b i l i t y  Requirements 

There are no p e r m i s s i b i l i t y  r e s t r i c t i o n s  f o r  t h e  v a s t  ma jo r i t y  of 
metal/non metal  mines i n  t h e  United S t a t e s  s i n c e  most of  t h e  mines a r e  non-gassy. 
Except ions  t o  t h e  r u l e  a r e  t h e  Trona Mines i n  t h e  Green River  format ion which 
do emit an extremely small amount of methane ( l e s s  t han  . I % ) .  The m d i f i c a t i o n  
phi losophy developed on t h i s  c o n t r a c t  t o  adapt  t h e  USBM Coal Mine Trapped 
Miner Locat ion System t o  use i n  metal lnon metal  mines does no t  e n t a i l  any 
i n c r e a s e  i n  power o r  v o l t a g e  on t h e  p a r t  of t h e  underground t r a n s m i t t e r .  Con- 
s e q u e n t l y ,  t h e  modif ied t r a n s m i t t i n g  u n i t  w i l l  r e t a i n  i t s  e x i s t i n g  i n t r i n s i c  
s a f e t y  r a t i n g ,  a s  p r e s e n t l y  c e r t i f i e d .  

4.5 B l a s t i n g C a p  S u s c e p t i b i l i t y  t o U L F T r a n s m i s s i o n s  

Of much m r e  concern t o  t h e  Metal Non Metal Mining Indus t ry  is  t h e  p o t e n t i a l  
e f f e c t  o f  t h e  ULF t r a n s m i t t e r  on e l e c t r i c a l  b l a s t i n g  caps.  Bas i c  in format ion  
on t h e  mechanism of  RF i n i t i a t i o n ,  t a b l e s  of s a f e  d i s t a n c e s ,  and d a t a  on 
commn RF sou rce s  a r e  given by t h e  IME (14) .  Tables  o f  s a f e  d i s t a n c e s  were 
de r ived  from a n a l y t i c a l  wors t  case  c a l c u l a t i o n s  based upon an assumed 40 M, 
n o - f i r e  l e v e l  o f  commercial b l a s t i n g  caps.  

The t heo ry  of  wave antennas was employed by t h e  IME f o r  e l e c t r i c  b l a s t i n g  
caps deployed w i t h i n  t h e  f i e l d s  emanating from v a r i o u s  t r a n s m i t t i n g  
sou rce s .  It was assumed t h a t  t h e  f i e l d  s t r u c t u r e  from t h e  broadcas t  band 



antennas was i n  t h e  F r e s n e l  ( nea r )  zone and t h a t  f o r  h i g h e r  f r equenc i e s ,  t h e  
caps were l o c a t e d  i n  t h e  Fraunhofer  ( f a r )  zone. A t  t h e  low ope ra t i ng  f r e -  
quencies  under c o n s i d e r a t i o n ,  t h e  IFE c o r r e c t l y  no t ed  t h a t  t h e  primary mech- 
anism f o r  induced c u r r e n t s  would be s imple  magnetic i nduc t i on  s i n c e  t h e  magnetic 
f l u x  would be t h e  predominant f a c t o r .  

Regarding t h e  40 mW, i t  was no t ed  t h a t  members o f  t h e  IME do n o t  des ign  
commercial b l a s t i n g  caps w i th  f i r i n g  l e v e l s  below 0.2 amperes, and w i th  a 
conse rva t i ve  r e s i s t a n c e  of 1 ohm, t h e  r e s u l t i n g  power d i s s i p a t i o n  is  40 m i l l i -  
w a t t s .  S t r a y  c u r r e n t s  caused by dc o r  60 Hz a c  power sou rce s  can d e l i v e r  
power t o  e l e c t r i c  b l a s t i n g  caps very e f f i c i e n t l y .  For t h i s  r ea son ,  a s a f e t y  
f a c t o r  of 5 was imposed by t h e  I M E  t o  de f ine  t h e  " p o t e n t i a l  hazard  l e v e l "  
f o r  s t r a y  sou rce s  of  c u r r e n t  which might come i n  d i r e c t  con t ac t  w i th  caps .  
The lowest f i r i n g  l e v e l  (0.25 amperes) was reduced t o  0.05 amperes f o r  a 1-ohm 
b r idge  wi re  t o  a r r i v e  a t  t h e  fo l lowing  d e f i n i t i o n :  "a s t r a y  v o l t a g e  source  
capable  o f  developing 50 mV o r  more a c r o s s  a 1 ohm r e s i s t a n c e  c o n s t i t u t e s  a 
p o t e n t i a l  hazard  t o  commercial e .b .  caps manufactured i n  t h e  U.S.A. Note t h a t  
50 mV ac ros s  1 ohm r e p r e s e n t s  2.5 M. " The IME goes on t o  n o t e  t h a t  a t  
f r equenc i e s  above 28 MHz, t h e  t a b l e s  of s a f e  d i s t a n c e s  a r e  very conserva t ive .  
The hazards  i n  t h e  broadcas t  band a r e  l e s s  conse rva t i ve  i n  t h a t  " t he r e  is one 
chance i n  a thousand f o r  premature i n i t i a t i o n  caused by induced RF i n  t h e  
broadcas t  band provided ( 1) t h e  e .b .  cap is p e r f e c t l y  matched t o  t h e  pickup 
an t enna ,  (2)  t h e  pickup antenna i s  i d e a l  i n  con f igu ra t i on  ( tun ing)  and 
o r i e n t a t i o n ,  and (3) t h e  pickup loop is l o c a t e d  a t  a peak of  a f r i n g e  i n  t h e  
F re sne l  zone. The IME t hen  concluded t h a t  " the  p o s s i b i l i t y  of s i m u l a t i n g  such 
ci rcumstances  i n  t h e  300-3000 Hz band a r e  even more remote s i n c e  such long  
b l a s t i n g  c i r c u i t s  a r e  i m p r a c t i c a l ,  e . g . ,  such long  l e a d i n g  l i n e s  cannot be 
used t o  s u c c e s s f u l l y  i n i t i a t e  e .  g. cap rounds. " They recommended, n e v e r t h e l e s s ,  
t h a t  t e s t s  shou l c  be conducted t o  p rope r ly  a s s e s s  t h e  hazard.  These a r e  
descr ibed  i n  t h e  fo l l owing  paragraph. 

E l e c t r i c  Blas t ing :  C ~ D  T e s t s  

On a prev ious  Bureau o f  Mines p r o j e c t ,  a t e s t  program was conducted t o  
determine t h e  l i k e l i h o o d  of b l a s t i n g  caps be ing  s e t  o f f  by ULF e l ec t romagne t i c  
t r ansmis s ions  (15) .  DuPont No. 6 e l e c t r i c  b l a s t i n g  caps w i th  10-foot l e g  
w i r e s  were t e s t e d  under s a f e  cond i t i ons  i n  a f i e l d  n e a r  Boulder,  Colorado. 
The caps were i n s e r t e d  i n t o  t h e  s o i l  a few inches  t o  permit  s a f e  f i r i n g ,  and 
t h e  l e a d  w i r e s  were kep t  shunted  u n t i l  t h e  t e s t  was ready t o  begin.  The 
inst rument  a t  i on  inc luded  a Wavetek s i g n a l  gene ra to r ,  an a m p l i f i e r ,  matching 
t r ans fo rmer ,  a s e n s i t i v e  vo l tme te r ,  and a 1-ohm r e s i s t o r  wi th  a vo l tme te r  t o  
i n d i c a t e  cu r r en t  l e v e l .  T e s t s  were run a t  f requenc ies  of  60, 120, 200, 275, 
500, 700, 1000, 2000, 2750, and 5000 Hz. A t  each frequency,  t h e  t e r m i n a l  
v o l t a g e  and l i n e  cu r r en t  were recorded a t  s e v e r a l  s t e p s  a s  t h e  v o l t a g e  was 
i n c r e a s e d  t o  t h e  f i r i n g  p o i n t .  From t h i s  d a t a ,  magnitude of impedance and 
power d i s s i p a t i o n  i n  t h e  cap were c a l c u l a t e d .  Since only 10 caps were used t o  
complete t h e s e  t e s t s ,  t h e r e  is an i n s u f f i c i e n t  amount of  d a t a  f o r  s t a t i s t i c a l  
i n f e r e n c e ;  however, t h e  d a t a  f o r  r e s i s t a n c e s  f a l l s  w i t h i n  publ i shed  f i g u r e s  
and hence i t  is  f e l t  t h a t  t h e s e  t e s t s  w i l l  be u s e f u l  f o r  es t i r r ra t ing t h e  p o t e n t i a l  
hazards  a t  ULF (300-3000 Hz). 



The IME d e f i n i t i o n  t h a t  i f  2.5 mW i s  d i s s i p a t e d  i n  t h e  caps ,  a  p o t e n t i a l  
haza rd  e x i s t s ,  is extremely conse rva t i ve  i n  t h e  op in ion  of Westinghouse. It 
was found, i n  t h e  Westinghouse t e s t s ,  t h a t  w i th  v o l t a g e s  i n  t h e  range o f  
50 mV t o  100 mV ac ros s  t h e  caps ,  g ive s  a  r e s i s t a n c e  o f  1.5 ohms (+0.15 - 0.07) 
f o r  ULF.  From t h i s ,  i t  was found t h a t  2.5 n%d w i l l  be  d i s s i p a t e d  when t h e  
c u r r e n t  is  about 48 mil l iamps.  The Westinghouse t e s t s  showed t h a t  100 t o  
500 mW w a s  r equ i r ed  t o  f i r e  caps w i t h  c u r r e n t s  i n  t h e  range 250 t o  550 m i l l i -  
amps. The f i r i n g  vo l t age  was i n  t h e  range 450 t o  900 mV and t h e  r e s i s t a n c e  
a t  t h e  f i r i n g  po in t  was about 0 . 1  ohm h i g h e r  owing t o  h e a t i n g .  Thus, even 
t h e  40 n5d n o - f i r e  l e v e l  i s  a  conse rva t i ve  f i g u r e .  

S u s c e p t i b i l i t y  of  Caps 

How c l o s e  can t h e  e l ec t romagne t i c  communication an tennas  be t o  b l a s t i n g  
caps? The IME sugges t s  t h a t  t h e r e  dows no t  appear  t o  be an RF i n i t i a t i o n  
haza rd  i n  t h e  normal s t o r a g e  and t r a n s p o r t a t i o n  of  e l e c t r i c  b l a s t i n g  caps ,  
as long  as they  a r e  i n  t h e i r  o r i g i n a l  c a r ton .  The c a l c u l a t i o n s  d i scussed  below 
show f u r t h e r  t h a t  t h e r e  is  on ly  a remote chance f o r  i n i t i a t i n g  e . b .  caps 
when they  a r e  deployed f o r  maximum coupl ing  t o  e i t h e r  t h e  underground manpack 
loop  antenna o r  a  h o r i z o n t a l  w i r e  an tenna  on t h e  s u r f a c e .  The re fo re ,  caps 
which a r e  i n  t h e  o r i g i n a l  packaged cond i t i on  should neve r  be i n i t i a t e d  by 
e l ec t romagne t i c  r a d i a t i o n  from t h e  manpack loop  o r  ho r i zon t  a 1  w i r e  t r a n s m i t t i n g  
an tennas .  The c a l c u l a t i o n s  a r e  based on t h e  c h a r a c t e r i s t i c s  o f  No. 6 i n s t a n -  
t aneous e l e c t r i c  b l a s t i n g  caps.  

A s  sugges ted  by t h e  IME,  magnet ic  i nduc t i on  was cons idered  t o  be t h e  
most hazardous mechanism. Consider ing an e l e c t r i c  cap w i t h  t h e  l e a d  w i r e s  
shunted ,  t h e  maximum ULF induc t ion  w i l l  occur  when t h e  lead  w i r e s  a r e  a r ranged  
i n  a  c i r c u l a r  shape s o  a s  t o  enc lo se  a  maximum a r e a .  The equ iva l en t  c i r c u i t  
f o r  each cap i s  s imply t h e  r e s i s t a n c e  of  t h e  w i r e  i n  s e r i e s  w i t h  t h e  r e s i s t a n c e  
of t h e  cap ,  and i f  s e v e r a l  caps a r e  connected i n  series and arranged i n  a 
c i r c l e  which i s  immersed i n  a  uniform magnetic f i e l d  w i th  f l u x  normal t o  t h e  
loop,  t h e  cu r r en t  t h a t  is  induced i n t o  t h e  sh0rte.d c i r c u i t  i s  given by: 

where : 
f  = f requency,  Hz 

A = a r e a  of loop,  M 
2 

H = magnetic f i e l d  i n t e n s i t y ,  amps/meter 

R = t o t a l  s e r i e s  c i r c u i t  r e s i s t a n c e  i n  ohms. 

This  equa t i on  w a s  used t o  c a l c u l a t e  t h e  c u r r e n t s  induced i n t o  va r ious  b l a s t i n g  
cap c o n f i g u r a t i o n s  us ing  l a r g e  a r e a s ,  a  frequency o f  3000 Hz, and t h e  maximum 
t r a n s m i t t i n g  c u r r e n t s  which may be r e a l i z e d  w i t h  t h e  ULF manpack t r a n s m i t t e r .  



I n  t h e  mine i t  w a s  assumed t h a t  t h e  worst  cond i t i on  would be i n  
convent iona l  mining where a f a c e  h a s  been d r i l l e d  and loaded w i t h  10 s h o t s  
d i s t r i b u t e d  over t h e  f a c e  hav ing  an a r e a  of 10 f e e t  by 20 f e e t .  Each cap 
i s  a s s u m d  t o  have a r e s i s t a n c e  o f  1.5 ohms, and f o r  caps used i n  t h e  mine 
w i t h  i r o n  l e g  w i r e s ,  t h e  t o t a l  r e s i s t a n c e  is 4.5 ohms f o r  each  cap and l e g  
w i r e .  Condi t ions  were c a l c u l a t e d  under which a cu r r en t  of 40 mil l iamps would 
be induced i n t o  t h e  cap c i r c u i t .  It was found t h a t  a magnetic f i e l d  of 
2.25 amperes p e r  meter  would induce 48 mill iamps i n t o  t h e  10-cap c i r c u i t .  
S ince  t h e  maximum magnetic f i e l d  generated by t h e  manpack t r a n s m i t t e r  w i l l  be 
less than  ? amp p e r  meter i n  t h e  c e n t e r  o f  t h e  loop  an tenna ,  t h e  chance f o r  
i n i t i a t i n g  e l e c t r i c  caps would be extremely remote. I f  a s i n g l e  cap w i t h  
16 f o o t  l e g  w i r e s  was arranged i n  a loop i n s i d e  o f  t h e  manpack an tenna  loop 
f o r  maximum coupl ing ,  i t  was found t h a t  a magnetic f i e l d  of about  1.5 amps 
p e r  meter would induce on ly  about 40 mil l iamps i n t o  t h e  cap loop. 

4.6 Locat i o n  Accuracy Requirements 

I n  a d d i t i o n  t o  t h e  requirements  f o r  d e t e c t i n g  t h e  t r apped  mine r ' s  s i g n a l ,  
t h e r e  a r e  a l s o  requirements  f o r  t h e  system t o  e f f e c t i v e l y  l o c a t e  h i s  p o s i t i o n  
i n  t h e  mine. The prev ious  system developed f o r  c o a l  mine use  concent r a t e d  
on de te rmin ing  t h e  x ,  y coo rd ina t e s  o f  t h e  miner and assumed t h a t  t h e  z 
coo rd ina t e  (depth)  was known. However, m e t  a l / non  met a 1  mines,  un l i ke  c o a l  mines , 
a r e  g e n e r a l l y  m u l t i l e v e l  mines where s e v e r a l  l e v e l s  a r e  be ing  mined simul- 
t aneous ly .  Consequently,  i t  i s  impor tan t  t o  be a b l e  t o  l o c a t e  t h e  t r apped  
miner ' s  p o s i t i o n  i n  terms of  x ,  y and z coo rd ina t e s .  

A through-the-ear th  n u l l  d e t e c t i o n  technique  can be used t o  i d e n t i f y  
t h e  h o r i z o n t a l  ( x ,  y )  coo rd ina t e s  i n  t h e  same manner a s  t h e  p r e s e n t  BuMines 
system developed f o r  c o a l  mine use.  The accuracy w i th  which t h e  h o r i z o n t a l  
coo rd ina t e s  can be determined is  dependent upon t h e  overburden dep th ,  t h e  
t e r r a i n  i r r e g u l a r i t i e s ,  and conduct ing anomalies ,  ( p i p e s ,  power c a b l e s ,  e t c .  ) 
p a r t i c u l a r l y  those  n e a r  t h e  s u r f a c e  r e c e i v i n g  s i t e  (16,  17).  A t  t h e  extremely 
deep mines such a s  t h e  Homestake Mine i n  Lead, South Dakota, t h e  h o r i z o n t a l  
coo rd ina t e s  of  a t r apped  miner can be determined on ly  i n  a g ross  s ense .  

However such informat  i o n ,  coupled w i th  in format ion  on t h e  miners v e r t i c a l  
l o c a t i o n  and a copy o f  t h e  mine map, could be used t o  reduce t h e  a r e a  of un- 
c e r t a i n t y  t o  s e v e r a l  hundred f e e t  i n  deep mines. In format ion  of t h i s  t ype  
would be of  g r e a t  va lue  du r ing  a r e scue  o p e r a t i o n  a t  a deep metal/non meta l  mine. 
Locat ion accuracy would improve f o r  sha l lower  mines where more s h a r p l y  de f ined  
f i e l d  p a t t e r n  in format ion  can be ob t a ined  on t h e  s u r f a c e .  

V e r t i c a l  l o c a t i o n  can be determined by r eco rd ing  f i e l d  s t r e n g t h s  on a 
mult ichannel  r e c e i v e r  connected t o  a broadband loop and preamp lowered down 
a s h a f t  o r  borehole .  Assuming t h e  mine i s  l a i d  o u t  wi th  a network o f  wa t e r  
p ipe s  and o t h e r  conductors  on each working l e v e l ,  t h e  t rapped  miner ' s  s i g n a l s  
can be e a s i l y  t r a n s m i t t e d  from h i s  p o s i t i o n  of entrapment t o  a s h a f t  l o c a t i o n  



by mutual coupl ing  t o  one o f  t h e  p ipe s  i n  t h e  v i c i n i t y .  Determinat ion of 
v e r t i c a l  l e v e l  of t h e  miner ' s  p o s i t i o n  could be made on t h e  b a s i s  of  f i e l d  
s t r e n g t h  amplitude vs .  depth of  t h e  probe. It is a s s u m d  t h a t  i n  most cases  
t h e  f i e l d  s t r e n g t h  w i l l  peak at  t h e  s h a f t  depth con t a in ing  t h e  t rapped  miner 
and h i s  t r a n s m i t t e r ,  s i n c e  t h e  conductors  around which t h e  s i g n a l s  couple a r e  
g e n e r a l l y  i n s t a l l e d  h o r i z o n t a l l y  a long  each l e v e l .  The requirements  f o r  
v e r t i c a l  l o c a t i o n  accuracy should  be such t h a t  t h e  t r u e  v e r t i c a l  l e v e l  de t e r -  
minat ion i s  unambiguous ( i  . e .  less than  100 f t  .) 



CANDIDATE EM LOCATION TECHNIQUES 

There a r e  two b a s i c  approaches  t h a t  can be taken  t o  ach ieve  t h e  
c a p a b i l i t y  o f  l o c a t i n g  t r apped  miners i n  deep metal/non me ta l  mines. 

(1)  Use t h e  e x i s t i n g  USBM c o a l  mine manpack t r a n s m i t t e r  a s  t h e  
f i r s t  l i n k  of a r e p e a t e r  chain t o  convey in format ion  on t h e  
miners p o s i t i o n  t o  t h e  s u r f a c e .  

(2) Use a modified v e r s i o n  of t h e  USBM coa l  mine manpack t r a n s -  
m i t t e r  t o  convey in format ion  on t h e  miner ' s  p o s i t i o n  t o  t h e  s u r f a c e  
v i a  a d i r e c t  through t h e  e a r t h  p ropaga t ion  path.  (This  h a s  been 
d i scussed  t o  some e x t e n t  i n  Sec t i on  4 ) .  

The above approaches a r e  based on communications equipment o p e r a t i n g  a t  
f r equenc i e s  i n  t h e  ULF ( U l t r a  Low Frequency) VF (Voice Frequency) and VLF 
(Very Low Frequency) ranges .  Approach No. 1 would u . t i l i z e  VF (300-3000 Hz) 
and VLF (3-30 kHz) whi le  approach No. 2 would u t i l i z e  ULF (3-300 Hz) and 
VF (300-3000 HZ) . 

There h a s  a l s o  been cons ide rab l e  i n t e r e s t  and exper imenta t ion  by 
o t h e r  c o n t r a c t o r s  i n  t h e  use  of MF (Medium Frequencies)  f o r  mine comunica-  
t i o n s .  MF covers  t h e  frequency range from 300 kHz-3 MHz and normally r e q u i r e s  
t h a t  an a d d i t i o n a l  coupl ing agent  such a s  a cab l e  o r  p ipe  be p r e sen t  f o r  
s i g n a l s  t o  p ropaga te  r e a d i l y  i n  mines, e s p e c i a l l y  t hose  w i th  h igh  ground 
conduc t iv i t y  . Almost a l l  mines con t a in  t h e  necessary  coupl ing agen t s  - 
t h e r e f o r e  MF i s  a v i a b l e  o p e r a t i n g  frequency f o r  communicating i n  most 
mines,  and could a l s o  be u t i l i z e d  f o r  communicating between r e p e a t e r s  i n  
approach No. 1. Each of t h e s e  approaches wa r r an t s  c a r e f u l  cons ide ra t i on  and 
should  be analyzed i n  l i g h t  o f  t h e i r  r e s p e c t i v e  advantages  and d i sadvantages .  
Before  under tak ing  a comparison o f  r e l a t i v e  advantages  and d i sadvantages ,  
each approach w i l l  be  d i scussed  s e p a r a t e l y .  

5 .1  Trapped M n e r  Locat ion Using Repeaters  

Repeaters  can be used t o  d e t e c t  t h e  presence  and ampli tude of manpack 
s i g n a l s  and t o  r e l a y  t h i s  in format ion  v e r t i c a l l y  o r  h o r i z o n t a l l y .  The r e p e a t e r  
spac ing  w i l l  be  determined by t h e  range of t h e  manpack t r a n s m i t t e r ,  range o f  t h e  
r e p e a t e r ,  and t h e  number of  r e p e a t e r s  which must h e a r  t h e  manpack t r a n s m i t t e r .  
I f  more than  one r e p e a t e r  can h e a r  a manpack t r a n s m i t t e r ,  t hen  l o c a t i o n  can be 
more a c c u r a t e l y  determined by t r i a n g u l a t i o n .  See Figure  15. 

Each r e p e a t e r  r e l a y s  t h e  rece ived  s t r e n g t h  of t h e  manpack s i g n a l  s o  
t h a t  r a d i a l  d i s t a n c e  from t h e  r e p e a t e r  can be e s t ima ted .  I n  F igure  15, w i t h  
two r e p e a t e r s  responding,  t h e  manpack t r a n s m i t t e r  could be a t  e i t h e r  p o i n t  A o r  B .  
I f  t h r e e  o r  more r e p e a t e r s  respond t o  a s i n g l e  manpack t r a n s m i t t e r  s i g n a l ,  t h e  
l o c a t i o n  o f  t h a t  p a r t i c u l a r  manpack can be determined wi thout  ambigui ty ,  
provided t h a t  t h e  r e p e a t e r s  a r e  no t  c o l i n e a r .  I f  t r i a n g u l a t i o n  is  no t  p o s s i b l e ,  





t h e  on ly  l o c a t i o n  i n fo rma t ion  which can be de r ived  from a s i n g l e  r e p e a t e r  
response i s  t h a t  t h e  manpack t r a n s m i t t e r  is somewhere on t h e  c i rcumference 
of  a  c i r c l e  which h a s  a  r a d i u s  p r o p o r t i o n a l  t o  t h e  r ece ived  s i g n a l  s t r e n g t h .  
However, t h i s  s imple  i n t e r p r e t a t i o n  i s  f u r t h e r  complicated by t h e  presence  
of  conduct ing o b j e c t s  i n  t h e  mine s o  even t h e  c i r c l e  r a d i u s  i s  on ly  approximate 
a t  b e s t .  Some p r a c t i c a l  schemes f o r  u s i n g  r e p e a t e r s  a r e  de sc r ibed  a s  
fo l lows  : 

D i ~ i t a l  Wireless Repeaters  

A s t r i n g  of d i g i t a l  wireless r e p e a t e r s  responds t o  a  common manpack 
t r a n s m i t t e r  f requency and communicates w i th  i t s e l f  on a d i f f e r e n t  set of 
r e p e a t e r  f requenc ies .  See F igure  16A. Each r e p e a t e r  t e l l s  t h e  nex t  r e p e a t e r  
down t h e  l i n e  of  t h e  presence  and ampli tude o f  a  r ece ived  manpack s i g n a l  and 
t h e  ou tpu t  of  t h e  l a s t  r e p e a t e r  (R4) con t a in s  t h e  sum of t h e  in format ion  
acqui red  by a l l  o f  t h e  r e p e a t e r s .  The presence and ampli tude in format ion  i s  
format ted  i n  a  d i g i t a l  d a t a  block a s  shown i n  F igure  16B. 

The f i r s t  r e p e a t e r  i n  t h e  s t r i n g  (Rl)  con t inuous ly  i n i t i a t e s  t h e  t r a n s -  
miss ion o f  t h e  d a t a  block and, as i t  r i p p l e s  down t h e  d r i f t ,  each succes s ive  
r e p e a t e r  updates  i t s  own r e se rved  d a t a  segment. The presence  o f  in format ion  
i n  a  d a t a  segment t e l l s  o f  t h e  presence  o f  a  manpack s i g n a l  and i t s  ampli tude.  
For  example, suppose r e p e a t e r s  1 and 2 a r e  r e c e i v i n g  a manpack s i g n a l  from 
a t r a n s m i t t e r  which i s  l o c a t e d  e q u i d i s t a n t  between R and R (See Figure  16C). 

1 
The d a t a  b lock  t r a n s m i t t e d  from R4 w i l l  look l i k e  F igure  166. 

There i s  a de lay  between t h e  t i r n e  R 1  beg ins  r e c e i v i n g  a  manpack t r a n s -  
miss ion and t h e  t im  when t h e  format ted  d a t a  b lock  l e a v e s  R4. Th i s  delay i s  
dependent on t h e  number o f  r e p e a t e r s  i n  t h e  s t r i n g  and t h e  l e n g t h  of t h e  d a t a  
b lock .  (See Figure  1 6 ~ ) .  The de lay  is e s t ima ted  i n  F igure  16F. This  de lay  
could  be reduced us ing  a non r e t u r n  t o  z e r o  (NRZ) code. However, t h i s  
i n t roduces  an a d d i t i o n a l  requirement f o r  an e x t e r n a l  c lock .  

A block diagram of  a  u n i v e r s a l  wireless d i g i t a l  r e p e a t e r  i s  shown i n  
F igure  17. Only t h e  l o c a l  o s c i l l a t o r  c r y s t a l s  would change from one r e p e a t e r  
t o  t h e  nex t .  Note t h a t  each  u n i t  has  dua l  f requency r e c e p t i o n  c a p a b i l i t y ;  
one channel t o  s ense  t h e  ULF manpack s i g n a l s  and t h e  o t h e r  channel  t o  s ense  
t h e  d i g i t a l  in format ion  be ing  t r a n s m i t t e d  from t h e  preced ing  r e p e a t e r .  The 
ou tpu t  of  t h e  l a s t  r e p e a t e r  i n  t h e  s t r i n g  (R4) may be t r a n s m i t t e d  up t h e  
s h a f t  t o  t h e  s u r f a c e  on a  t w i s t e d  p a i r ,  v i a  more r e p e a t e r s  o r  on a  mul t ip lexed  
d a t a  system, such a s  t h e  C o l l i n s  Hois t  Communications System. 
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E s t i m a t i o n  

Data Segment 

t 
d a t a  

1 .  Assume r e p e a t e r  r e c e i v e r  bandwidth i s  5  Hz 

2 .  R i s e  t i m e  of  r e p e a t e r  r e c e i v e r  i s  about  .25 s e c  

3 .  Assume t h a t  . 4  s e c  i s  needed t o  d e t e c t  a p u l s e  

4 .  Each d a t a  segment c o n t a i n s  3 p u l s e s  

5 .  Data sync  s i g n a l  i s  .5 s e c .  

6 .  Then, t o t a l  t f o r  4 r e p e a t e r s  i s :  
d a t a  

t = 4 ( 3  X . 4  S) + .5 S = 5 . 3  Sec 
d a t a  

7. T o t a l  r i p p l e  d e l a y  f o r  4  r e p e a t e r s  i s :  

t = 4 ( 5 . 3  S )  = 2 1 . 2  Sec 
d e l a y  

F i g u r e  16 E and F. W i r e l e s s  D i g i t a l  Repea te r s  
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Figure 1 7  Universal Wireless Digital Repeater 



Surmnary of System 

Advant ages 

1. Re la t i ve ly  s imple  r epea t e r s .  

2 .  Modulation is  d i g i t a l ,  h igh s i g n a l  t o  n o i s e  r a t i o .  

3.  E a s i l y  expandable.  

4. No w i r i n g  between r e p e a t e r s ,  i n c r e a s i n g  r e l i a b i l i t y  . 
5.  E n t i r e  r e p e a t e r ,  b a t t e r y ,  and antenna could be b u r i e d  

f o r  p r o t e c t i o n .  

6 .  Permits  l o c a t i o n  by t r i a n g u l a t i o n  i f  more than one r e p e a t e r  
can h e a r  t h e  manpack. 

7 .  I f  any one r e p e a t e r  i n  t h e  s t r i n g  s t o p s  working, b reak ing  
t h e  l i n k ,  i t  might be  p o s s i b l e  t o  h e a r  o t h e r s  from o t h e r  
p o i n t s  i n  t h e  mine. 

D i s  advan t ages 

1. Time delay between t h e  manpack s i g n a l  and t h e  end of t h e  
s t  r i ng .  

2 .  Locat ion accuracy i s  s o ~ w h a t  l i m i t e d ,  p a r t i c u l a r l y  i f  only one 
r e p e a t e r  can h e a r  t h e  manpack. 

3.  Location is  more complicated i f  any one r e p e a t e r  i s  r e c e i v i n g  
more than one manpack s i g n a l .  



A s t r i n g  of r e p e a t e r s ,  each s i m i l a r  t o  t h e  d i g i t a l  wireless r e p e a t e r ,  
is  connected t o  a common t r ansmis s ion  l i n e  a s  shown i n  Figure  18A. Each 
r e p e a t e r  t r a n s m i t s  on i t s  own frequency and encodes ampli tude in format ion  
j u s t  a s  t h e  wireless r e p e a t e r .  See Figures  18B and C. A l l  r e p e a t e r s  are 
o p e r a t i n g  i n  p a r a l l e l ,  s imu l t aneous ly ,  and t h e  d a t a  b lock  of each is  much 
s h o r t e r  t han  t h e  d a t a  b lock  of t h e  wireless series s t r i n g .  

A block diagram of a d i g i t a l  w i r e l i n e  r e p e a t e r  i s  shown i n  Figure  19. 

Summary of  System 

Advantages (Over t h e  Wireless System) 

1. Time delay is  less (d iv ided  by number of r e p e a t e r s ) .  

2. A r e p e a t e r  r e c e i v e r  i s  n o t  needed. 

3. The t r a n s m i t t e r  consurns less power. 

D i s  advant aEes 

1. Cabl ing between r e p e a t e r s  i s  r equ i r ed  making t h e  sys tem less 
r e l i a b l e .  

2. I n s t a l l a t i o n  c o s t s  are g r e a t e r .  

3. Bandwidth requirement o f  t h e  s h a f t  cab le  and a m p l i f i e r  system 
is g r e a t e r .  

An FM r e p e a t e r  sys tem is  i d e n t i c a l  t o  t h e  w i r e l i n e  sys tem except  t h a t  
t h e  r e p e a t e r  t r a n s m i t t e r  is  modulated d i r e c t l y  by t h e  r ece ived  manpack s i g n a l .  
The FM c a r r i e r  demodulated at  t h e  s u r f a c e  is a f a i t h f u l  r ep roduc t ion  of  t h e  
t im ing  and ampli tude of t h e  manpack s i g n a l .  A b lock  diagram is  shown i n  
F igure  20A. The frequency spectrum o f  t h e  s i g n a l s  on t h e  s h a f t  c ab l e  is 
shown i n  F igure  20B. A block diagram of an FM r e p e a t e r  is given i n  F igure  2 1. 

Summary of  System 

Advan t ages 

1. No t ime delay.  

2. A r e p e a t e r  r e c e i v e r  is  n o t  needed. 

3. The t r a n s m i t t e r  w i l l  consurn l e s s  power t han  t h e  d i g i t a l  w i r e l e s s  
r e p e a t e r .  

4 .  Both amplitude and t im ing  in format ion  are recovered i n  t h e  
d e t e c t e d  audio  of  t h e  FM r e c e i v e r  at t h e  s u r f a c e .  
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Figure  18. D i g i t a l  Wire l ine  Repeater  Sys tem 
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Disadvantages 

1. Cabl ing between r e p e a t e r s  i s  r e q u i r e d  making t h e  system 
less r e l i a b l e .  

2. The bandwidth of t h e  s h a f t  c ab l e  and/or  ampl i fy ing  system 
must be g r e a t e r .  

I n t e n r a t i o n  of  S e v e r a l  Repeater S t  r i n g s  

I f  s e v e r a l  r e p e a t e r  s t r i n g s  are i n  ope ra t i on ,  p o s s i b l y  i n  d i f f e r e n t  d r i f t s  
on d i f f e r e n t  l e v e l s ,  many s i g n a l s  w i l l  be r ece ived  a t  t h e  s u r f a c e  and must 
be  decoded t o  s u c c e s s f u l l y  l o c a t e  a t r apped  miner. 

Figure  22 is  a conceptua l  t o p  v i e w  of a mine w i th  s e v e r a l  d r i f t s  each  
con t a in ing  a s t r i n g  of r e p e a t e r s .  A cab l e  f o r  each d r i f t  comes t o  t h e  s u r f a c e ,  
o r  a m u l t i p l e x  sys tem combines t h e  s i g n a l s  from s e v e r a l  s t r i n g s  f o r  t r a n s -  
miss ion upward. 

I f  c ab l e  i s  used f o r  up l ink  t r ansmis s ion ,  and t h e  r e p e a t e r s  a r e  wireless 
d i g i t a l  t y p e s ,  one narrow band s i g n a l  f o r  each d r i f t  comes t o  t h e  s u r f a c e .  
(For  Figure  22, 4 t o t a l ) .  I f  t h e  r e p e a t e r s  a r e  w i r e l i n e  d i g i t a l  t y p e s ,  a 
narrow band s i g n a l  f o r  each  r e p e a t e r  comes t o  t h e  s u r f a c e  ( 1 3  t o t a l ) .  I f  
t h e  r e p e a t e r s  a r e  analog FM t y p e s ,  a wideband s i g n a l  f o r  each r e p e a t e r  comes 
t o  t h e  s u r f a c e  ( 1 3  t o t a l ) .  

Data Readout 

Regardless  o f  which t y p e  of  r e p e a t e r  scheme is used ,  t h e  d a t a  r ece ived  
by t h e  r e p e a t e r s  w i l l  have t o  be combined o r  mul t ip lexed  i n  some manner, t r a n s -  
m i t t e d  up t h e  s h a f t  ( c ab l e  o r  h o i s t  communication system) and demult iplexed,  
s o r t e d  o u t  and d i sp layed .  A convenient v i s u a l  means o f  d i s p l a y i n g  t h e  incoming 
d a t a  i n  real t ime would be t o  use  an i l l u m i n a t e d  s c a l e  model c o n s i s t i n g  o f  an 
a r r a y  of l i g h t s ,  each r e p r e s e n t i n g  a d i f f e r e n t  r e p e a t e r  i n  t h e  mine. These 
l i g h t s  would be f a s t e n e d  s e c u r e l y  a long  s c a l e d  down models of  t h e  a c t u a l  mine 
d r i f t s  and would be wi red  i n  such a way t h a t  t hey  would l i g h t  i n  accordance 
wi th  t h e  r e p e a t e r  response i n  t h e  mine. The number and concen t r a t i on  of  
r e p e a t e r  l i g h t s  i l l u m i n a t e d  a long  w i t h  t h e i r  r e l a t i v e  b r i g h t n e s s  would s e r v e  
t o  i n d i c a t e  t h e  gene ra l  l o c a t i o n  of t h e  sou rce  t r a n s m i t t e r .  

I n  p a r a l l e l  w i th  t h e  i l l u m i n a t e d  s c a l e  model o f  t h e  mine, a d i g i t a l  
p r i n t e r  could be used t o  r eco rd  t h e  number o f  r e p e a t e r s  responding,  t h e  
r e l a t i v e  ampl i tudes ,  t h e  t ime of  day and da t e .  T h i s ,  of course ,  would r e q u i r e  
t h e  a p p r o p r i a t e  l o g i c  i n t e r f a c e  c i r c u i t r y  between t h e  mul t ip lexed  d a t a  r ece ived  
at t h e  h o i s t  house and t h e  d i g i t a l  p r i n t e r  i npu t .  





Expected Locat ion Reso lu t ion  

Locat ing t rapped  miners i n  deep m t a l / n o n  meta l  mines is an extremely 
d i f f i c u l t  and complex problem, and w i th  t h e  l o c a t i o n  s c h e m s  descr ibed ,  a 
p r e c i s e  l o c a t i o n  would be v i r t u a l l y  imposs ib le .  However, t h e s e  schemes do 
o f f e r  promise i n  (1) d e t e c t i n g  t h e  presence of  a t r apped  miner o r  miners on 
a p a r t i c u l a r  l e v e l  of t h e  mine, and ( 2 )  p rov id ing  a gene ra l  l o c a t i o n  a s  t o  
h i s  whereabouts based on t h e  number and l o c a t i o n  of r e p e a t e r s  t h a t  respond 
t o  t h e  manpack t ransmiss ion  arnd t h e  r e l a t i v e  s t r e n g t h s  of  t h e i r  rece ived  
s i g n a l s .  I n  t hose  mines whose conduc t iv i t y  depth produc ts  a r e  such t h a t  
w i r e l e s s  up l ink  t r ansmis s ion  is  p o s s i b l e  d i r e c t l y ,  t h e  l o c a t i o n  can be 
determined i n  t h e  convent iona l  manner by s e a r c h i n g  f o r  an omnid i r ec t i ona l  n u l l  
i n  t h e  h o r i z o n t a l  magnetic f i e l d  at t h e  s u r f a c e .  General ly  i t  i s  p o s s i b l e  t o  
determine l o c a t i o n  t o  b e t t e r  than  10% of t h e  overburden depth u s ing  t h i s  
t echnique .  

5 .2  Downlink Communications 

It is  assumed t h a t  w i r e l e s s  downlink communications w i l l  be ach i evab l e  
a t  any mine i n  t h e  United S t a t e s  by v i r t u e  of  t h e  f a c t  t h a t  a h igh  power 
sou rce  could be made a v a i l a b l e  t o  d r i v e  h igh  l e v e l s  o f  aud io  cu r r en t  i n t o  
long grounded antennas on t h e  s u r f a c e  o r  i n t o  l a r g e  a r e a  loops .  Th i s  assumption 
i s  supported by f i e l d  r e s u l t s  ob t a ined  by Westinghouse pe r sonne l  a t  more t han  
25 mines where downlink vo i ce  communications could always be achieved w i t h  
power l e v e l s  on t h e  o r d e r  of 100 w a t t s ,  even t o  depths  a s  g r e a t  a s  5000 f e e t .  
With t h e  miners some day be ing  equipped w i th  combination ULF t r a n s m i t t e r /  
vo ice  r e c e i v e r s ,  t h e  downlink communications w i l l  o f f e r  a new dimension t o  
t h e  l o c a t i o n  p roces s .  That i s  i f  t h e  miner can i n t e l l i g e n t l y  key h i s  t r a n s m i t t e r  
i n  response t o  ques t i ons  by t h e  s u r f a c e  r e scue  crew, he could prov ide  t h e  
s u r f a c e  w i th  whatever knowledge he  may have about  h i s  l o c a t i o n  of entrapment .  

5 . 3  Trapped Miner Locat ion by D i r ec t  Through t h e  Ea r th  Transmission 

Up t o  now, w e  have cons idered ,  f o r  extremely deep mines,  systems which 
u t i l i z e  t h e  e x i s t i n g  USBM c o a l  mine t r apped  miner t r a n s m i t t e r  o p e r a t i n g  
at f r equenc i e s  1000 Hz - 3000 Hz as a f i r s t  l i n k  o f  a r e p e a t e r  chain.  The 
t rapped  miner s i g n a l s  would be r e l a y e d  from t h e  reg ion  of  entrapment t o  t h e  
s u r f a c e  v i a  a h o r i z o n t a l  p a t h  t o  t h e  s h a f t  and from t h e  s h a f t  t o  t h e  s u r f a c e  
by a h o i s t  communications system. From f i e l d  d a t a  ob ta ined  on t h i s  program 
t o  d a t e ,  t h i s  approach w i l l  work. However, t h e r e  i s  some ques t i on  a s  t o  t h e  
c o s t  e f f e c t i v e n e s s  and op t imiza t i on  o f  t h i s  approach. 

The fo l lowing  d i s cus s ion  desc r ibe s  a new concept f o r  a system which 
is designed t o  perform e f f e c t i v e l y  i n  l o c a t i n g  t r apped  miners i n  t h e  deepes t  
mines of t h e  United S t a t e s  and r e q u i r e s  on ly  a s l i g h t  modi f ica t ion  of  t h e  
e x i s t i n g  manpack t r a n s m i t t e r  system wi th  no  a d d i t i o n a l  underground equipment. 
I n  t h e  proposed system,  most of t h e  added s o p h i s t i c a t i o n  i n  t h e  t o t a l  sys tem is  
concent ra ted  i n  t h e  s u r f a c e  r e c e i v i n g  equipment and t h e r e f o r e  ha s  l i t t l e  impact 
on system cos t  o r  mine accep tance ,  s i n c e  few, i f  any,  mines would be r equ i r ed  t o  
have t h i s  e q u i p ~ n t .  



System Concepts 

a U t i l i z e  a  w i r e  g r i d  network of  r e c e i v i n g  antennas on t h e  s u r f a c e  
t o  completely encompass t h e  a r e a  of  p o s s i b l e  entrapment .  Use 
w i r e  l eng ths  approximately equa l  t o  t h e  depth of  t h e  mine. ( I f  
t h i s  i s  n o t  p r a c t i c a l ,  use w i r e  l e n g t h s  a t  l e a s t  one h a l f  o f  t h e  
mine depth.)  Connect t h e  t e r m i n a l s  of  each  an tenna  t o  a  d i f f e r e n t  
channel o f  a  mul t ichanne l  d i s c r e t e l y  t unab l e  synchronous d e t e c t i o n  
r e c e i v e r .  (Deployment of  t h e  w i r e  g r i d  r e c e i v i n g  network would t a k e  
p l a c e  a s  soon a s  t h e  mine emergency is  i d e n t i f i e d . )  

8 The underground manpack t r a n s m i t t e r s  w i l l  be designed t o  t r a n s m i t  
s i g n a l s  on a  50% duty cyc l e  w i th  t h e  fo l lowing  waveform con f igu ra t i on :  

The above waveform w i l l  con t a in  energy p r i m a r i l y  a t  two fundamental 
f requenc ies  1 / T  and 1 / T 2 .  ( e .  g. T2 = 100 T1 and t h u s  f  = 100 f 2 )  . 

1 

The low frequency f u n d a m n t a l  frequency w i l l  be used f o r  synchronous 
d e t e c t i o n  of  through-the-ear th  up l ink  s i g n a l s  wh i l e  t h e  h igh  frequency tones  
superimposed thereon  w i l l  be used f o r  h o r i z o n t a l  t r ansmis s ion  of s i g n a l s  t o  
a  mult ichannel  r e c e i v e r  w i th  a  broadband loop and preamp lowered down t h e  
s h a f t .  



This  type  of  t r a n s m i t t i n g  con f igu ra t i on  f o r  t rapped  miner d e t e c t i o n ,  
i d e n t i f i c a t i o n  and l o c a t i o n  h a s  t h e  fo l lowing  advantages.  

a U t i l i z e s  simple low c o s t  e q u i p m n t  underground c a r r i e d  by 
t h e  i n d i v i d u a l  miner. 

a Obviates t h e  need f o r  expensive cab l ing ,  t e l eme t ry  , r e p e a t e r s  
and r e c e i v e r s .  

a Great ly  minimizes o r  e l i m i n a t e s  t h e  maintenance requirement 
f o r  underground systems. 

a Simultaneously provides  a low frequency s i g n a l  f o r  through 
t h e  e a r t h  up l ink  ( i*e .  10 Hz-30 Hz) and an i n t e rmed ia t e  frequency 
(1000 Hz - 3000 Hz) s i g n a l  f o r  s i d e l i n k  l e v e l  i d e n t i f i c a t i o n .  

a S i d e l i n k  d e t e c t i o n  and l e v e l  i d e n t i f i c a t i o n  i s  accomplished by 
lowering broadband antennalpreamp down t h e  s h a f t .  

Location de te rmina t ion  i s  accomplished by synchronously d e t e c t i n g  and 
comparing low frequency s i g n a l s  ( 10-30 Hz) rece ived  on each element of  t h e  
or thogonal  network of  h o r i z o n t a l  wi re  antennas.  By us ing  long  wire  r e c e i v i n g  
an tennas ,  on t h e  s u r f a c e  and loop antennas underground, we can e f f e c t i v e l y  
approach e l ec t romagne t i c  coupl ing  c h a r a c t e r i s t i c s  which vary a s  i n v e r s e  d i s t a n c e  
( l / z )  r a t h e r  than  ( 1/z3) a s  i s  t h e  case wi th  d ipo l e  t r a n s m i t t i n g  and r e c e i v i n g  
antennas.  Also, by u s ing  synchronous d e t e c t i o n ,  wi th  an i n t e g r a t i o n  pe r iod  of 
10 seconds,  we e f f e c t i v e l y  ob t a in  a s i g n a l  t o  no i se  improvement of 
10 l o g  (251.1) = 24 dB over  t h a t  of  t he  e x i s t i n g  l o c a t i o n  r e c e i v e r ,  which 
has  a 25 Hz e f f e c t i v e  bandwidth. 

The i d e n t i f i c a t i o n  of t h e  t rapped miners ' h o r i z o n t a l  l o c a t i o n  is  
determined roughly by comparing t h e  s i g n a l  ampli tudes of each element of  t h e  
r e c e i v i n g  a r r a y .  For a v e r t i c a l  magnetic t r a n s m i t t i n g  d ipo l e  ( h o r i z o n t a l  loop 
deployed by a t rapped  miner) t h e  r e l a t i v e  e l e c t r i c  f i e l d  p a t t e r n  w i l l  look 
approximately a s  shown i n  Figure 23  f o r  t h e  d i f f e r e n t  mine depths  r ep re sen t ed .  
This  f i g u r e  i s  based on a f r e e  space  assumption, which is only an approximation 
a t  f requenc ies  i n  t h e  10 Hz - 30 Hz range a t  c o n d u c t i v i t i e s  of o = mhos/m. 
The X,Y coo rd ina t e s  of  t h e  t r apped  miners l o c a t i o n  i s  determined by t h e  p r o j e c t e d  
n u l l  l o c a t i o n s  a s  observed by p l o t t i n g  t h e  amplitudes of rece ived  s i g n a l s  from 
each o f  t h e  r ece iv ing  antennas.  

Likewise t h e  miners ' v e r t i c a l  l o c a t i o n  can be i d e n t i f i e d  by lowering 
t h e  i n t e rmed ia t e  frequency r e c e i v e r  down t h e  s h a f t ,  and looking  f o r  t h e  l e v e l  
which produces t h e  g r e a t e s t  s i g n a l  amplitude at a frequency e x a c t l y  e q u a l  t o  
100 t imes  t h a t  of t h e  low frequency de t ec t ed  on t h e  s u r f a c e .  

* The i n t e r m d i a t e  frequency ( 1000 Hz - 3000 Hz) could pos s ib ly  be much 
g r e a t e r .  Recent s t u d i e s  by another  c o n t r a c t o r ,  a s  y e t  unpubl ished,  have 
shown t h a t  MF communications (300-3000 kHz) o f f e r s  a v i a b l e  a l t e r n a t i v e  
t o  in-mine comun ica t  i ons .  
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6.0 FIELD TEST PROGRAM 

Two s e r i e s  of f i e l d  tests were conducted on t h i s  program: (1) Mine 
Cha rac t e r i za t i on  T e s t s ,  and (2)  Communications and Propagat ion T e s t s .  A t o t a l  
of seven mines were v i s i t e d  i n  a l l ,  s i x  o f  which were v i s i t e d  f o r  both sets 
of f i e l d  tests. 

6 . 1  Mine Cha rac t e r i za t i on  Summary 

The o b j e c t i v e  of  Task I1 was t o  v i s i t  s i x  (6)  mines considered t o  be 
r e p r e s e n t a t i v e  of  va r ious  m t a l / n o n  m e t  a 1  environments.  The purpose of t h e  
visit was t o  measure t h e  p a r a m t e r s  r e l evan t  t o  e l ec t romagne t i c  d e t e c t i o n  and 
l o c a t i o n  o f ,  and communication wi th  t rapped  miners.  T e s t i n g  was performed 
du r ing  t h e s e  v i s i t s  t o  determine t h e  degree of  a p p l i c a b i l i t y  which c o a l  mine 
t r apped  miner technology h a s  t o  metal/non metal  mines. The parameters and 
obse rva t ions  gathered a t  t h e  s i x  mines were used t o  formulate  t h e  design 
s p e c i f i c a t i o n s  f o r  s p e c i f i c  items of  location-communication hardware. 

The parameters measured a t  each mine s i t e  inc luded  t h e  fo l lowing:  

Overburden 

Conduct ivi ty  ( s u r f  ace and subsur face)  

Sur face  EM n o i s e  

Subsurface EM n o i s e .  

Observat ions o f  t h e  fol lowing parameters  were a l s o  made : 

Mining c h a r a c t e r i s t i c s  ( e n t r y  t ype ,  o r e  t ype ,  e t  c . )  

General geo log ica l  r e l a t i o n s h i p s  

D i s t r i b u t i o n  of m e t a l l i c  conductors ( r a i l s ,  p i p e s ,  c a b l e s ,  e t c . )  

Nine depth and l a t e r a l  ex t en t  

Environment a 1  f a c t o r s  (humidity,  t empera ture ,  gasses ,  and 
c o r r o s i v e s ,  d u s t ,  e t  c. ) 

Topography and ground cover. 

Conduct ivi ty  and n o i s e  measurements were made us ing  e x i s t i n g  equipment 
conf igured  a s  descr ibed  i n  F igures  24 and 25 and p i c t o r i a l l y  i n  F igures  26 
and 27. Other in format ion  was ob ta ined  during t h e  on - s i t e  v is i ts ,  from appro- 
p r i a t e  mine personnel  o r  from e x i s t i n g  d a t a  bases  (such a s  USGS and USBM 
l i b r a r i e s ,  previous USBM c o n t r a c t  r e s u l t s ,  l o c a l  geo log ica l  s o c i e t i e s  and o t h e r s )  . 
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Figure 2 ise Measurements Set-up, Henderson Mine 

Ffgure 2 7B ' Undergrounti Conductivity Measurements , Henderson Mne 

6 9 



Conduct ivi ty  Measurements 

I n  o rde r  t o  f u l l y  e v a l u a t e  t h e  e f f e c t s  of  t h e  conduct ing mine over- 
burden on up l ink  and downlink e l ec t romagne t i c  p ropaga t ion ,  i t  i s  necessary  
t o  know s o m t h i n g  about t h e  l a y e r i n g  s t r u c t u r e  and /o r  any anomalous s t r u c t u r e s  
such as f a u l t s ,  d i k e s ,  o r  minera l  ve in s  i n  t h e  mine overburden. A good method 
t o  examine overburden e l e c t r i c a l  c h a r a c t e r i s t i c s  i s  t o  make s u r f a c e  conduc t iv i t y  
soundings.  Sur face  conduc t iv i t y  soundings o f  t h e  overburden a r e  ob t a ined  by 
t r a n s m i t t i n g  a  known cu r r en t  ( I )  ( e i t h e r  dc o r  commutated low frequency ac) 
i n t o  t h e  ground through a  p a i r  o f  ground e l e c t r o d e s  and measuring t h e  induced 
v o l t  age (V) response between ano the r  p a i r  of  ground e l e c t r o d e s  l o c a t e d  some 
d i s t a n c e  away. This  i s  shown i n  F igure  24 .  The mutual impedance (Z) between 

ohms. The measured mutual t h e  two p a i r s  of  e l e c t r o d e s  is  given by Z = - I 
impedance, i n  con junc t ion  w i th  a  known e l e c t r o d e  geometry, y i e l d s  a  va lue  f o r  
apparen t  conduc t iv i t y  ( a ) .  Express ions  f o r  de te rmin ing  apparent  conduc t iv i t y  
from mutual impedance measurements can be found i n  any good geophysics t e x t  
such a s  Keller and F r i s chknech t ,  (18) .  

By s u c c e s s i v e l y  expanding t h e  spac ing  between t h e  cu r r en t  e l e c t r o d e  
p a i r  and t h e  v o l t a g e  e l e c t r o d e  p a i r ,  t h e  r e s u l t i n g  measurements y i e l d  
i n fo rma t ion  from i n c r e a s i n g  depths  i n  t h e  e a r t h .  Measurements o f  t h i s  s o r t  
w i l l  y i e l d  t h e  sequence o f  h igh  and low conduc t iv i t y  l a y e r s  i n  t h e  subsu r f ace  
s e c t i o n .  For example, a  s o i l  l a y e r  ove r l ay ing  g r a v e l  o r  bedrock g ives  a  
d i s t i n c t i v e  sequence of conduc t iv i t y  r ead ings  and can be used t o  e s t i m a t e  t h e  
depth t o  t h e  va r ious  l a y e r  i n t e r f a c e s  as w e l l  a s  t h e  i n d i v i d u a l  e l e c t r i c a l  
c h a r a c t e r i s t i c s  of  each l a y e r .  A s y s t e m a t i c  method f o r  i n t e r p r e t i n g  conduc t iv i t y  
soundings i n  terms o f  equ iva l en t  e a r t h  l a y e r s  h a s  been developed. I n  many 
cases  a  knowledge of t h e  conduc t iv i t y  o r  r e s i s t i v i t y  l a y e r i n g  s t r u c t u r e  i s  
s u f f i c i e n t  t o  produce a c c u r a t e  p r e d i c t i o n s  of  p ropaga t ion  c h a r a c t e r i s t i c s  
through t h e  overburden. 

I n  o rde r  t o  e v a l u a t e  t h e  p o s s i b l e  e f f e c t s  o f  t h e  mine ra l i z ed  zone 
w i t h i n  a  mine on t h e  e l e c t  romagnetic p ropaga t ion  c h a r a c t e r i s t i c s ,  i t  w a s  deemed 
neces sa ry  t o  make conduc t iv i t y  measurements w i t h i n  t h e  mine. I n  o r d e r  t o  do 
t h i s ,  a  b a t t e r y  ope ra t ed  conduc t iv i t y  u n i t  was borrowed from Melvin Lepper o f  
t h e  USBM-DMRC. This  u n i t  proved very e f f e c t i v e  f o r  r ap id  underground measurements 
i n  a r e a s  where 110 V power was n o t  a v a i l a b l e .  

Noise 

Elec t romagnet ic  n o i s e  waves vary s i g n i f i c a n t l y  depending on a  number 
of f a c t o r s  i n c l u d i n g  mine power t ype  and d i s t r i b u t i o n ,  proximity t o  power 
s o u r c e s ,  season ,  t i m e  o f  day, and o t h e r s .  

On t h e  s u r f a c e ,  t h e  background n o i s e  and i n t e r f e r e n c e  i n  t h e  frequency range 
o f  i n t e r e s t  is  made up l a r g e l y  of a tmospheric  n o i s e  from world wide thunders torms 
and man-made i n t e r f e r e n c e  from power l i n e s .  Man-made i n t e r f e r e n c e  occurs  a t  known 



d i s c r e t e  f r equenc i e s  (60 Hz and i ts  harmonics) and can u s u a l l y  be  avoided i n  
narrowband r e c e i v i n g  systems by j ud i c ious  cho ice  of  o p e r a t i n g  f requency ,  
h i g h l y  s e l e c t i v e  bandpass f i l t e r s  and deep no t ch  f i l t e r s  tuned  t o  t h e  i n t e r -  
f e r i n g  f r equenc i e s  . However, a tmospher ic  n o i s e  i s  d i s t r i b u t e d  a c r o s s  t h e  
e n t i r e  f requency band and cannot be e l i m i n a t e d  i n  t h i s  manner. Consequently,  
i t  very  o f t e n  c o n s t i t u t e s  t h e  a b s o l u t e  l i m i t a t i o n  i n  t h e  s i g n a l  t o  n o i s e  
performance of low frequency r e c e i v i n g  systems such a s  t h e  ones  used by t h e  
Bureau o f  Mines f o r  up l i nk  communications, 

Noise measu remn t s  were made bo th  on t h e  s u r f a c e  and underground u s ing  
t h e  c o n f i g u r a t i o n  i n  F igure  25. The f e r r i t e  loop an tenna  was u s u a l l y  o r i e n t e d  
i n  two mutual ly  p e r p e n d i c u l a r  h o r i z o n t a l  p o s i t i o n s  and v e r t i c a l l y  a t  e ach  
measurement s i t e  s o  t h a t  a  r e l a t i v e l y  complete p i c t u r e  o f  n o i s e  d i s t r i b u t i o n  
cou ld  be made. At each  mine, measurements were made a t  su spec t ed  no i sy  and 
q u i e t  l o c a t i o n s  above and below ground. 

Noise d a t a  were recorded  through t h e  p r e a m p l i f i e r  and o n t o  magnet ic  t a p e  
c a s s e t t e s .  Playback was i n t o  a  T e k t r o n i x  WDI 1221 s i g n a l  p roce s so r  ( s e e  F igure  
28) . Proces s ing  i nc luded  removal o f  t h e  e f f e c t s  of t h e  r e co rd ing  response  
f u n c t i o n ,  pe r forming  a  Fa s t  F o u r i e r  Transform and p l o t t i n g  t h e  spec t rum i n  a  
l o g  f requency format.  Some t y p i c a l  n o i s e  d a t a  a r e  shown i n  F igu re  29. The 
upper p o r t i o n  is  t h e  t ime domain s i g n a l ,  t h e  bot tom,  t h e  frequency domain 
ampli tude spectrum. It i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  t h i s  p a r t i c u l a r  
example, which was t h e  worst  c a se  of  e l e c t romagne t i c  n o i s e  measured d u r i n g  
Task 11, t h e  dominant f requency is on t h e  o r d e r  of  3 kHz. Th i s  cou ld  r e p r e s e n t  
a  harmonic coup l i ng  resonance f o r  t h e  p a r t i c u l a r  conduc tors ,  t r an s fo rmer s  and 
o t h e r  hardware n e a r  t h e  measurement si te,  o r  i t  could have been produced by 
a c  machinery o p e r a t i n g  nearby .  Other  n o i s e  p l o t s  a r e  con ta ined  i n  t h e  
i n d i v i d u a l  s i t e  r e p o r t s  submi t ted  p r ev ious ly  on t h i s  c o n t r a c t  . 

F i e l d  T e s t  Resu l t s  

F i e l d  tests were conducted a t  s i x  mines. These a r e  shown i n  Tab le  4 
a l ong  w i t h  some key in format ion .  Complete s i t e  r e p o r t s  were p r epa red  and 
submi t ted  e a r l i e r  on t h i s  c o n t r a c t .  Conduc t iv i ty  r e s u l t s  a r e  shown i n  
F igure  30. Conduc t iv i ty  measuremnts  a r e  very  impor tan t  f o r  sys tem des ign  
i n  s e v e r a l  c a se s .  A t  t h e  Henderson Mine, t h e  e f f e c t s  of t h e  s u l f i d e  h a l o ,  
d e t e c t e d  by t h e  conduc t i v i t y  su rvey ,  i n d i c a t e s  a  p o s s i b l e  h igh  a t t e n u a t i o n  zone 
between t h e  mine and s u r f a c e .  Likewise ,  a t  t h e  Big I s l a n d  Mine, a  h igh  con- 
d u c t i v i t y  member o f  t h e  o v e r l y i n g  Green River  o r  Uintah Formations cou ld  
p r e s e n t  a  problem f o r  through t h e  e a r t h  communications w i th  t h e  e x i s t i n g  c o a l  
mine system.  

The n o i s e  d a t a  a r e  i n  good agreement w i th  measurements made du r ing  
o t h e r  mine c h a r a c t e r i z a t i o n  programs. One obvious  d i f f e r e n c e  i s  t h e  seem- 
i n g l y  l a r g e r  v a r i e t y  o f  uses  o f  e l e c t r i c a l  power a t  n-etallnon metal  mines ,  
and a l s o  t h e  l a c k  of l a r g e  s c a l e  d i s t r i b u t i o n  systems a s  found i n  c o a l  mines. 
Genera l ly  speak ing ,  metal/non me ta l  mines a r e  n o i s i e r  on t h e  s u r f a c e  and 
q u i e t e r  underground t han  c o a l  mines. 





3 kHz Noise 

Time Domain 

1000 FIz 

Figure 29  Sample o f  EM Noise Measured During Task I1 
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6.2 EM Propagat ion T e s t s  

The same mines t h a t  were v i s i t e d  f o r  purposes  of  mine c h a r a c t e r i z a t i o n  
measurements were r e v i s i t e d  a t  a  l a t e r  d a t e  t o  conduct EM propaga t ion  measure- 
ments. The equipment used f o r  t h e  ULF up l ink  and s i d e l i n k  propagat ion measure- 
ments was a s  fo l lows  : 

ULF T r a n s m i t t e r ,  Co l l i n s  Model PN622-2 375 (See Figure  31) . 
ULF Rece iver ,  Co l l i n s  Model PN622-26 32 (See F igure  32) .  
Assoc ia ted  S u b s t i t u t i o n  C a l i b r a t i o n  Equipment 

For t h e  t w i s t e d  p a i r  mul t ichanne l  t e l eme t ry  t e s t  performed i n  t h e  
I n t e r n a t i o n a l  S a l t  $line, a  f i l t e r - d i s c r i m i n a t o r  a s  shown i n  F igure  33 was used. 

Narrowband FM voice  t e s t s  were performed us ing  a  Westinghouse 23-channel 
developmental  system wi th  c a r r i e r  f r equenc i e s  ranging  from 5 kHz t o  115 kHz. 
This  sys tem is  shown i n  Figures  34 and 35. 

ULF UD l i n k  Measurements 

Table  5  summarizes t h e  w i r e l e s s  ULF upl ink  propagat ion d a t a  ob t a ined  a t  
t h e  s i x  metal  non-metal mines i n d i c a t e d  i n  t h e  t a b l e .  Overburden depths  range 
from a l o w  of 135 meters  a t  t h e  Ozark Mahoning F luo r spa r  Mine t o  a  h igh  o f  
792 E t e r s  a t  t h e  Henderson Molybdenum Mine. The Honestake Gold Mine had an 
overburden depth o f  2073 meters ;  however, s i g n a l s  were no t  d e t e c t e d  on t h e  
s u r f a c e  a t  t h i s  mine, a l though they  were d e t e c t e d  a t  an i n t e rmed ia t e  l e v e l .  

The c a l c u l a t e d  f i e l d  s t r e n g t h s  based on conduc t iv i t y  measurements 
ob t a ined  e a r l i e r  were i n  reasonably good agreement w i th  t h e  measured magnetic 
f i e l d  s t r e n g t h s  i n  a l l  c a se s  except  a t  t h e  Homestake Mine. Here t h e  measured 
f i e l d  s t r e n g t h  f o r  an in-mine up l ink  pa th  was about  42 dB lower than  t h e  
expec ted  va lue  based on t h e  conduc t iv i t y  o f  t h a t  p a r t i c u l a r  mine. Ba r r i ng  
equipment malfunct ion a s  a  p o s s i b l e  cause f o r  t h i s  d i sc repancy ,  t h e  only o t h e r  
p o s s i b l e  exp l ana t i on  would be t h a t  t h e  i n t e r v e n i n g  workings w i th  a l l  t h e i r  
rnetal r a i l s  e t c .  could have a c t e d  a s  a  s h i e l d  i n  p r even t ing  t h e  propagat ion 
of s i g n a l s  through t o  t h e  upper l e v e l s .  

I n  a l l  o f  t h e  o t h e r  t e s t s ,  t h e  rece ived  s i g n a l s  were s u i t a b l e  f o r  
t r apped  miner l o c a t i o n ,  even t hose  measured a t  t h e  Henderson Mine through a  
792 meter (2600 f t )  overburden. The frequency v a r i a t i o n  of up l i nk  f i e l d  s t r e n g t h s  
measured a t  t h e  Henderson Mine i s  shown i n  F igure  36. The nega t i ve  t r a n s -  
miss ion l o s s  c h a r a c t e r i s t i c s  observed a t  t h e  Henderson Mine a r e  undoubtedly 
caused by t h e  f a c t  t h a t  t h e  up l ink  t r a n s m i t t e r  was l o c a t e d  w i t h i n  1000 f e e t  
h o r i z o n t a l  d i s t a n c e  from t h e  s h a f t  on t h e  8100 f t  l e v e l .  This  was t h e  f u r t h e s t  
p o s s i b l e  d i s t a n c e  a v a i l a b l e  f o r  equipment deployment. For t h e  Henderson Mine 
t e s t s  , a s p e c i a l  West inghouse developed mult i f requency  t r a n s m i t t e r  was used. 
Th i s  t r a n s m i t t e r  i s  equipped w i th  a  13 frequency pushbut ton c o n t r o l l e d  
s y n t h e s i z e r  and a  sw i t ch ing  a m p l i f i e r  coupled t o  a  20 t u r n  loop antenna.  It 



Figure 31 Mine Rescue Transmitter (attached t o  Cap Lamp Battery) 



Figure 32 EM Neld Measurement Equipment 

7 8 



Hgure 33 Multichannel FM Telemetry F i l t e r  and Discriminator 

7 9 



Y i m  34 Westinj$ouse Narrowband FM Transdtter 
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Figure 35 Wes tinghouse Narrowband FM Receiver 
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is  designed p r i m a r i l y  t o  e s t a b l i s h  a  h igh  cu r r en t  moment i n  a  r e l a t i v e l y  
sma l l  a r ea .  However, even though i t  is  e n t i r e l y  b a t t e r y  ope ra t ed ,  i t  is 
no t  p o r t a b l e  t o  t h e  e x t e n t  t h a t  a miner cou ld  r o u t i n e l y  ca r ry  i t  on h i s  b e l t  
wh i l e  conduct ing h i s  o t h e r  t a s k s .  

F igures  37 through 42 show t h e  underground workings a t  each of t h e  
mines v i s i t e d  du r ing  t h e  EM propaga t ion  t e s t  phase of  t h i s  c o n t r a c t .  It i s  
immediately apparent  i n  g l anc ing  a t  t h e s e  f i g u r e s  how t h e  metal/non meta l  mine 
l a y o u t s  d i f f e r  from one mine t o  t h e  nex t  and how they  d i f f e r  from t y p i c a l  c o a l  
mines. 

Based on t h e  r e s u l t s  ob t a ined  i n  t h e s e  f i e l d  e x e r c i s e s ,  t h e  e x i s t i n g  
USBM t r apped  miner EM Locat ion System i s  no t  adequa te ,  a s  i t  now s t a n d s ,  t o  
be e f f e c t i v e l y  used i n  l o c a t i n g  t r apped  miners i n  t h e  deeper  metal/non me ta l  
mines such a s  Homestake and p o s s i b l y  some of t he  deep mines i n  t h e  Coeur dlAlene 
d i s t r i c t  of Idaho. However, w i th  r e l a t i v e l y  minor mod i f i ca t i ons  t o  t h e  t r apped  
miner manpack t r a n s m i t t e r  and by r e p l a c i n g  t h e  s imple  ana log  narrow band 
r e c e i v e r  wi th  a  more powerful  s i g n a l  p roces s ing  r e c e i v e r ,  even t h e  deepest  mines 
can be e f f e c t i v e l y  p e n e t r a t e d  wi th  t r apped  miner l o c a t i o n  in format ion .  A more 
d e t a i l e d  d i s cus s ion  of t h i s  approach is  given i n  t h e  recommendations i n  Sec t i on  8. 

ULF S i d e l i n k  Measurements 

Measurements o f  ULF s i d e l i n k  propaga t ion  were conducted a t  5  of t h e  
6 mines v i s i t e d  du r ing  t h e  propagat ion test phase o f  t h i s  program. The main 
t h i n g s  t o  be l e a rned  from t h e s e  t e s t s  were: (1)  How w e l l  and over  what 
d i s t a n c e s  do ULF and VLF s i g n a l s  propagate  h o r i z o n t a l l y  i n  t y p i c a l  metal/non 
m e t  a 1  mines. (2)  What e f f e c t  does in-mine conductors ,  such a s  p i p e s ,  r a i l s ,  
c a b l e s ,  e t c .  , have on ULF and VLF s i d e l i n k  propaga t ion  c h a r a c t e r i s t i c s .  

I n  a  t r apped  miner l o c a t i o n  system u t i l i z i n g  t h e  concept o f  h o r i z o n t a l  
s i g n a l  t e l eme t ry  from t h e  po in t  of entrapment t o  a  s h a f t  l o c a t i o n  on t h e  same 
l e v e l  a s  d i s cus sed  i n  Sec t i on  5 .1 ,  t h e  importance of  s t udy ing  s i d e l i n k  
propaga t ion  c h a r a c t e r i s t i c s  cannot be underest imated.  Table  6 summarizes t h e  
r e s u l t s  ob t a ined  at t h e  f i v e  (5) mines. Of t h e  5  mines,  t h r e e  of  them 
( S t a u f f e r ,  Homestake and Ozark Mahoning) o f f e r e d  t h e  oppor tun i ty  t o  deploy t h e  
t r a n s m i t t i n g  loop antenna w i th  one s i d e  d i r e c t l y  beneath an  underground wa te r  
l i n e .  A t  t h e s e  t h r e e  mines, t h e  r e s u l t i n g  f i e l d  s t r e n g t h s  measured i n  t h e  d r i f t  
con t a in ing  t h e  p i p e  e x h i b i t e d  EM coupl ing  enhancements on t h e  o r d e r  o f  40-50 dB 
r e l a t i v e  t o  t h e  c a l c u l a t e d  f r e e  space  f i e l d  s t r e n g t h  f o r  t h a t  antenna moment. 

A t  t h e  two remaining mines, I n t e r n a t i o n a l  S a l t  and S t .  J o e  Minera l s ,  
t h e r e  was evidence o f  a  much lower l e v e l  of coupl ing enhancement , probably 
due t o  unavoidable coupl ing  t o  t h e  p i p e  network a t  g r e a t e r  d i s t a n c e s  from t h e  
t r a n s m i t t e r .  I n  a l l  c a se s ,  t h e  measured f i e l d s  were r a r e l y  l e s s  than  t h e  f r e e  
space  equ iva l en t  va lue ,  i n d i c a t i n g  t h a t  t h e  presence  o f  t h e  mine conductors  
can be e f f e c t i v e l y  u t i l i z e d  t o  enhance underground ULF propaga t ion ,  and,  when 
i gno red ,  w i l l  i n  no  way be d e t r i m e n t a l  t o  t h e  propaga t ion  c h a r a c t e r i s t i c s .  
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Figures  4 3  and 44 show t h e  s i d e l i n k  propagat ion c h a r a c t e r i s t i c s  
measured a t  t h e  S t a u f f e r  Big I s l a n d  Mine where t i g h t  coupl ing t o  t h e  water  
p ipe  was i n  e f f e c t .  Note t h e  l a r g e  p o s i t i v e  dev ia t i on  of t h e  measured f i e l d  
s t r e n g t h  above t h e  f r e e  space  coupl ing l i n e .  On t h e  o t h e r  hand, Figures  45 
and 46 show t h e  s i d e l i n k  propagat ion c h a r a c t e r i s t i c s  ob ta ined  a t  t h e  
S t .  Joe Minerals ( F l e t c h e r  Sha f t )  where l i t t l e  o r  no apparent  coupl ing was 
p re sen t .  Here,  t h e  f i e l d s  f e l l  o f f  accord ing  t o  t h e  i n v e r s e  d i s t a n c e  cubed 
r e l a t i o n s h i p  a s  expected f o r  f r e e  space cond i t i ons .  

VLF Voice Measuremnts 

Narrowband FM voice  t e s t s  were conducted i n  f i v e  of t h e  s i x  mines 
u s ing  pro to type  VLF equipment developed by Westinghouse i n  1974. The main 
purpose o f  t h e s e  tests was t o  determine t h e  f e a s i b i l i t y  of  us ing  VLF FM f o r  
s i d e l i n k  t e l eme t ry  o f  t rapped  miner s i g n a l s .  These measurements were only of 
a  q u a l i t a t i v e  va lue  s i n c e  t h e  FM communications t r a n s m i t t e r  and r e c e i v e r  were 
unca l ib ra t ed .  However comparison could be made of t h e  range of voice communi- 
c a t i o n s  coverage achieved i n  t h e  d i f f e r e n t  mines a s  a  func t ion  of t r a n s m i t t i n g  
moment, frequency and proximity t o  conducting o b j e c t s  ( s ee  Table  7. ) 

The longes t  range o f  i n t e l l i g i b l e  comun ica t ions  (2160 meters)  was 
achieved i n  t h e  Stauf  f e r  Mine a t  Green River ,  Wyoming where t h e  30 kHz 
t ansmission was f ed  i n t o  a  tuned loop antenna wi th  a  moment of 112 1  amps t u r n s  f 
m and coupled t o  a  conducting w a t e r  p ipe  about 5  meters away. Continuous 
m n i t o r i n g  of voice r ecep t ion  a s  a  func t ion  of d i s t a n c e  from t h e  t r a n s m i t t e r  
was achieved us ing  an e l e c t r i c  "golf  c a r t "  v e h i c l e  f o r  mobi l i ty  underground. 

A t  t h e  o t h e r  mines where FM voice measurements were made, s i g n i f i c a n t l y  
lower t r a n s m i t t i n g  moments w e r e  used,  r e s u l t i n g  i n  s h o r t e r  ranges o f  communi- 
c a t i o n s  coverage. However, t h e  measurements d id  show t h a t  VLF F M  does o f f e r  
a m a n s  of  t e l e m t e r i n g  t rapped  miner l o c a t i o n  d a t a  t o  a  s h a f t  l o c a t i o n .  I n  
so= cases  such as a t  t h e  S t a u f f e r  Mine, t h e  range o f  VLF voice  t ransmiss ion  
a c t u a l l y  exceeded t h e  narrowband ULF code range p r imar i l y  because of  t h e  
lower background n o i s e  experienced i n  t h e  VLF bands. 

Analog T e l e m t r v  o f  ULF S i e n a l s  

T e s t s  w e r e  conducted a t  t h e  I n t e r n a t i o n a l  S a l t  Mine t o  e v a l u a t e  t h e  
f e a s i b i l i t y  of t e l e m t e r i n g  manpack l o c a t i o n  s i g n a l s  from t h e  ou tpu t  of s e v e r a l  
Co l l i n s  Model PN622 2632-001 r e c e i v e r s  t o  a  c e n t r a l  l o c a t i o n  i n  t h e  mine f o r  
composite upl ink t ransmiss ion .  The b a s i c  con f igu ra t i on  used i n  t h i s  p a r t i c u l a r  
mine test is  shown i n  t h e  block diagram of Figure 47 and schematics  o f  Figures  
48 and 49. Here t h e  r e c e i v e r s  were deployed about 1000 f e e t  a p a r t  i n  t h e  
mine and w e r e  a l l  tuned t o  t h e  s a m  channel (Ch. 51) t o  r ece ive  t h e  same 
frequency. The r e s u l t s  o f  t h i s  test a r e  pure ly  q u a l i t a t i v e  s i n c e  t h e  r e c e i v e r s  
were no t  c a l i b r a t e d  f o r  t h i s  e x e r c i s e .  Never the less  they  do demonstrate t h e  
f e a s i b i l i t y  of combining t h e  ou tpu t s  of  s e v e r a l  l o c a t i o n  r e c e i v e r s  v i a  FM 
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t e lemet ry  i n t o  a  t w i s t e d  p a i r  cab le  deployed a long  a  main d r i f t .  Figure 50 
shows t h e  d i s c r imina t ed  output  of t h e  s i g n a l s  a f t e r  they  were sepa ra t ed  by 
f i l t e r i n g  i n  t h e  f i l t e r  d i s c r imina to r  c i r c u i t .  I t  i s  apparent  from t h e s e  
record ings  t h a t  t h e  r e p e t i t i v e  l o c a t i o n  s i g n a l  a t  t h e  t h r e e  r e c e i v i n g  l o c a t i o n s  
is  recognizable .  The lowest t r a c e  was ob t a ined  a t  a  r e c e i v i n g  l o c a t i o n  
w i t h i n  50 f e e t  of a  conveyor b e l t  and i t  shows t h e  h ighes t  background n o i s e  
l e v e l .  Even s o ,  t h e  presence of  t h e  s i g n a l  is  unmistakable i n  t h e  high n o i s e  
e n v i r o n ~ n t  of  t h i s  l o c a t i o n .  The equ ip ren t  used t o  t e l e m e t e r  t h e  l o c a t i o n  
s i g n a l s  from t h e i r  r e s p e c t i v e  r ece iv ing  l o c a t i o n s  i s  somewhat crude,  but  n o t  
s o  crude t h a t  i t  cannot demonstrate t h e  f e a s i b i l i t y  of t h i s  technique.  The 
t e l eme t ry  e q u i p m n t  was f a b r i c a t e d  by Westinghouse s e v e r a l  yea r s  ago f o r  use 
on a  s e i smic  t e l eme t ry  program. It was modif ied f o r  use on t h e  p re sen t  program. 
One f e a t u r e  t h a t  was c l e a r l y  demonstrated by t h i s  t e s t  was t h e  a b i l i t y  t o  mix 
a number of  VCO ou tput  s i g n a l s  t o g e t h e r  merely by connect ing t h e i r  ou tput  
t e r m i n a l s  d i r e c t l y  a c r o s s  a t w i s t e d  p a i r  c ab l e  a t  t h e i r  r e s p e c t i v e  r e c e i v i n g  
l o c a t  i ons .  Twisted p a i r  c ab l e  i s  r e l a t i v e l y  inexpens ive  and could e f f e c t i v e l y  
s e r v e  as a  s u i t a b l e  t e l e ~ t r y  l i n k  i n  a  mine l o c a t i o n  network f o r  deep mines 
where i t  may be impossible  t o  t r ansmi t  d i r e c t l y  t o  t h e  s u r f a c e  w i th  p o r t a b l e  
equipment. 

F'M t e l eme t ry  equipment is r e a d i l y  a v a i l a b l e  o f f  t h e  s h e l f  from companies 
such a s  Tri-Corn, Develco and o t h e r s .  With commercially a v a i l a b l e  t e l eme t ry  
subsystems, i t  would be p o s s i b l e  t o  conf igure  a  mine l o c a t i o n  network which 
could g ive  c a l i b r a t e d  in format ion  on f i e l d  s t r e n g t h  f o r  each of t h e  r e c e i v i n g  
l o c a t i o n s  be ing  t e l e m t e r e d  t o  a r e c e i v i n g  l o c a t i o n .  This  could be accomplished 
us ing  an automatic  gain c i r c u i t  i n  t h e  r e c e i v e r  w i th  a  readout  of  bo th  
gain and amplitude. D i g i t a l  t echniques  would be p r e f e r r e d  i n  t r a n s m i t t i n g  both 
gain and amplitude in format ion .  The analog FM c i r c u i t r y  descr ibed  he re  could 
a l s o  be used f o r  t r a n s m i t t i n g  d i g i t a l  in format ion  - t h e  on ly  mod i f i ca t i on  
r equ i r ed  would be i n  t h e  r ece ive r .  l o g i c .  

Induc t ive  R e ~ e a t e r  C o n c e ~ t s  

The I n t e r n a t i o n a l  S a l t  Mine i n  Avery I s l a n d ,  Louis iana has  a mined ou t  
l e v e l  at 500 f e e t  which could be u t i l i z e d  f o r  deploying a l a r g e  i nduc t ive  
r e p e a t e r  network t o  f a c i l i t a t e  up l ink ,  downlink and s i d e l i n k  communications 
a t  f requenc ies  from d. c. t o  100 kHz. The r e p e a t e r  network could t a k e  t h e  
form of a  network o f  loops o r  h o r i z o n t a l  w i r e  antennas t o  a c t  a s  pas s ive  
r e p e a t e r s  t o  sp read  t h e  e lec t romagnet ic  energy throughout t h e  mine. One 
advantage o f  us ing  h o r i z o n t a l  w i r e  antennas i n s t e a d  of  loops  is  t h e  broad 
frequency band t h a t  can be accommodated wi thout  t h e  need f o r  t u n i n g  t h e  
antennas.  Figure 5 1 shows a sample deployment o f  h o r i z o n t a l  w i r e  antennas 
deployed i n  t h e  form of a  g r i d  network i n  a  h y p o t h e t i c a l  mined-out a r e a  of a  
mine. I n  t h i s  example t h e r e  a r e  e i g h t  long h o r i z o n t a l  w i r e  an tennas ,  each 
ene rg i zed  t o  c a r r y  a  cu r r en t  of 1 ampere. 





W E S T I N G H O U S E  E L E C T R I C  C O R P O R A T I O N  

F i g u r e  5 1 I n d u c t i v e  R e p e a t e r  Network 



The v e r t i c a l  magnetic f i e l d s  a r e  computed a s  a  func t ion  of x, y  
coord ina tes  i n  t h e  antenna f i e l d  i t s e l f  a s  fo l lows:  The v e r t i c a l  magnetic 
f i e l d  produced by A ,  A ' ,  B and B '  vary wi th  d i s t a n c e  i n  t h e  y dimension a s  

- I f  w e  assume t h a t  I = IA, = IB - IB, = I 
A 

I n  a  s i m i l a r  manner, we can compute t h e  magnetic f i e l d  c o n t r i b u t i o n  
from C ,  C' , D and D' which vary wi th  d i s t a n c e  i n  t h e  x d i r e c t i o n  

Surmning t h e  c o n t r i b u t i o n s  from a l l  cu r r en t  l i n e s  and e v a l u a t i n g  
H a s  a  func t ion  of x and y ,  we get  

z 

I f  we  a l low t h e  cu r r en t  I t o  e q u a l  1 ampere, we o b t a i n  t h e  fo l lowing  f i e l d  
s t r e n g t h  d i s t r i b u t i o n  shown i n  Table  8. 



Table 8 

Magnetic F i e l d  S t r eng th  D i s t  r i b u t i s n  



Table 8 

X - 
m 

90 

90 

90 

90 

90 

90 

90 

90 

90 

110 

110 

110 

110 

110 

110 

110 

110 

110 

150 

150 

150 

15 0 

15 0 

15 0 

150 

150 

150 

( continued) 



Table  8 

X - 
m 

190 

190 

190 

19 0 

190 

190 

190 

190 

190 

2 10 

210 

2 10 

210 

2 10 

2 10 

2 10 

210 

210 

250 

250 

250 

250 

250 

250 

250 

250 

250 

( continued) 



Table  8 (cont inued)  

The foregoing  computations i n  Table  8 show t h a t  d e t e c t a b l e  s i p a l  
s t r e n g t h s  a r e  produced anywhere i n s i d e  t h e  i l l u s t r a t e d  g r i d  network f o r  
an t enna  c u r r e n t s  o f  1 ampere, and f o r  t h a t  matter, even a s  low a s  10 ' s  o f  
mi l l i amperes .  Note t h a t  i n  Table  8 t h e  f i e l d  s t r e n g t h  d i s t r i b u t i o n s  e x h i b i t  
a c e r t a i n  amount of symmetry. Also,  i t  is  observed t h a t  i n  every  o t h e r  squa re  
i n  t h e  antenna g r i d  p a t t e r n ,  t h e  cu r r en t  f lowing i n  t h e  l i n e  segments 
enc lo s ing  t h a t  squa re  a r e  i n  oppos i t i on  and t h e  r e s u l t i n g  f i e l d  s t r e n g t h s  a r e  
down by a t  l e a s t  20 dB from t h e  squares  where loop cu r r en t  i s  i n  t h e  same 
d i r e c t i o n .  However, t h e  f i e l d s  produced i n  t h e s e  opposing loop squares  a r e  
s t i l l  w e l l  above t h e  l e v e l  of d e t e c t a b i l i t y  which i s  about 1 pA/m. 

The w i r e  g r i d  antenna f i e l d  concepts  a r e  a p p l i c a b l e  t o  d e t e c t i o n  and 
l o c a t i o n  of t r apped  miners f o r  t hose  s i t u a t i o n s  where an up l ink  assist i s  
needed. The t e rmina l s  of t h e  w i r e  g r i d  ad j acen t  p a i r s ,  i . e . ,  A & A ' ,  B & B ' ,  
C & C'  , e t c .  can be connected t o  underground r e c e i v e r s .  The i d e n t i f i c a t i o n  
of t h e  t r apped  mine r ' s  l o c a t i o n  i s  determined roughly by comparing t h e  
s i g n a l  ampli tudes  o f  each  element of t h e  r ece iv ing  a r r a y ,  a s  descr ibed  i n  
Sec t i on  5 . 3 .  This  in format ion  can be r e l ayed  up t o  t h e  s u r f a c e  v i a  a h o i s t  
up l i nk  system which i s  comzrrercially a v a i l a b l e ,  w i t h  each  ou tpu t  of  t h e  an t enna  
g r i d  p a i r s  mul t ip lexed  t o g e t h e r  u s ing  an a r r a y  o f  t one  f r equenc i e s .  The 
composite s i g n a l  can be demult iplexed a t  t h e  s u r f a c e  and d i sp layed  i n  a 
v i s u a l  format f o r  l o c a t i o n  i d e n t i f i c a t i o n .  The miner can use d i f f e r e n t  f r e -  
quencies  on t h e  sarrvs l e v e l  s i n c e  t h e  w i r e  g r i d  r e p e a t e r  network is  e s s e n t i a l l y  
broadband and t h e  g r i d  p a i r  r e c e i v e r s  can be made t o  synchronously sequence 
through a l i s t  of f requenc ies  used by t h e  t radped  miner t r a n s m i t t e r s .  By 
d i s p l a y i n g  t h e  d a t a  on t h e  s u r f a c e  i n  r e a l  t ime ,  a synchroniza t ion  network i n  
t h e  subsu r f ace  e q u i p m n t  can be used t o  i d e n t i f y  t h e  ou tpu t  i n  terms of  t rapped  
miner l o c a t i o n ,  frequency and t ime  . 



Most of t h e  extremely deep metal/non metal  mines i n  t h e  United S t a t e s  
a r e  m u l t i l e v e l  mines and could conceivably devote one of  t h e i r  in te rmedia te  
mined out  l e v e l s  f o r  use a s  an antenna g r i d  r e p e a t e r  network. Experience has  
shown t h a t  long h o r i z o n t a l  w i r e  antennas func t ion  w e l l  a s  r e c e i v i n g  antennas 
f o r  low frequency s i g n a l s .  Furthermore, they can accept  broadband information 
without  t h e  need f o r  s e q u e n t i a l  antenna tun ing .  This  l a t t e r  f a c t  makes such 
an antenna system w e l l  s u i t e d  f o r  use a s  a ULF scanner  f o r  t rapped  miner 
i d e n t i f i c a t i o n  and l o c a t i o n .  The w i r e  g r i d  r e c e i v i n g  antenna concepts can 
be c a r r i e d  one s t e p  f u r t h e r  and deployed on t h e  s u r f a c e  f o r  l o c a t i o n  of  t rapped  
miners i n  mines having  no a v a i l a b l e  in te rmedia te  l e v e l s  f o r  antenna deploy- 
ment. Granted, t h e r e  a r e  l o g i s t i c  problems a s s o c i a t e d  w i th  deployment of a 
l a r g e  w i r e  g r i d  on t h e  s u r f a c e ;  however, i n  s p e c i a l  cases  a wi re  g r i d  network 
could be s imula ted  by a s e r i e s  of ad jacent  square  loops w i th  each ad jacent  
loop r ep re sen t ing  a d i f f e r e n t  r ece iv ing  channel .  A comparison of f i e l d  s t r e n g t h s  
rece ived  from such a network can form a p a t t e r n  t o  guide t h e  rescue p a r t y  
t o  t h e  t rapped  miner 's  l o c a t i o n .  



7.0 CONCLUSIONS 

0 The r e s u l t s  of t h e  f i e l d  measurements made on t h i s  c o n t r a c t  show t h a t  
t h e r e  a r e  s e v e r a l  ways i n  which a t rapped  miner EM l o c a t i o n  system can be 
implemented i n  deep metal/non meta l  mines. B a s i c a l l y  t h e s e  can be ca tegor ized  
under two main subheadings a s  fol lows : 

( 1) Underground r e p e a t e r  network wi th  h o i s t  up l ink  comun ica t ions  . 
(2) Through t h e  e a r t h  up l ink  l o c a t i o n  system wi th  s u r f a c e  and 

downshaft r e c e i v e r s  . 
The r e s u l t s  of t h e  f i e l d  measurements and suppor t i ng  s t u d i e s  show t h a t  both 
approaches a r e  t e c h n i c a l l y  f ea s ib l e .  However, t h e  l a t t e r  approach (2)  i s  
probably more cos t  e f f e c t i v e  and workable,  cons ide r ing  a l l  of  t h e  t e c h n i c a l  
and p o l i t i c a l  r a m i f i c a t i o n s  involved i n  Government, I n d u s t r y ,  and Labor 
Re la t i ons  i n  t h e  mining indus t ry .  Table 9 q u a l i t a t i v e l y  summarizes t h e  
t e c h n i c a l  and p r a c t i c a l  a s p e c t s  of each of t h e  above approaches.  

o I f  a pure ly  "through t h e  e a r t h "  approach i s  adopted f o r  a metal/non 
meta l  l o c a t i o n  system, a downlink voice  c a p a b i l i t y  could a l s o  be implemented 
as p a r t  of t h e  system us ing  baseband audio c u r r e n t  t ransmiss ion  i n t o  t h e  
w i r e  g r i d  deployed on t h e  s u r f a c e  f o r  r e c e i v i n g  t rapped  miner s i g n a l s .  The 
antenna g r i d  would then be t ime sha red  wi th  a push-to-talk swi t ch ing  arrange-  
ment on t h e  s u r f a c e .  

0 Wired systems f o r  t e l eme t ry  and r e p e a t e r  a p p l i c a t i o n s  underground a r e  
no t  t o o  p r a c t i c a l  i n  t h e  l i g h t  of  s t a t i s t i c s  developed on p a s t  mine d i s a s t e r  
case h i s t o r i e s .  Wired r e p e a t e r s  a r e  e s p e c i a l l y  vu lne rab l e  t o  mine acc iden t s  
i nvo lv ing  f i r e ;  s t a t i s t i c s  show t h a t  f i r e  is the .ma in  hazard i n  metal/non 
mine d i s a s t e r s  and it occurs  more f r equen t ly  and causes  more dea ths  than  a l l  
o t h e r  d i s a s t e r s  combined. 

8 Wireless t e l eme t ry  of ULF t rapped  miner s i g n a l s  t o  t h e  s h a f t  a r e a  i s  
p o s s i b l e  by v i r t u e  of  e l ec t romagne t i c  coupl ing  t o  t h e  network of  p ipes  and 
cab l e s  found i n  v i r t u a l l y  a l l  & ta l / non  metal  mines. This  enhancement i n  
underground w i r e l e s s  propagat ion from t h e  i n d i v i d u a l  t rapped  miner t r ans -  
m i t t e r s  t o  t h e  s h a f t  a r e a  lends  i t s e l f  t o  a method of  v e r t i c a l  l o c a t i o n  
de te rmina t ion  u t i l i z i n g  a broadband downshaft r e c e i v e r .  

a &ta l /non  meta l  mines, i n  gene ra l ,  e x h i b i t  overburden c o n d u c t i v i t i e s  
which are lower t han  c o a l  mine overburden c o n d u c t i v i t i e s ,  t hus  enhancing 
t h e  p r a c t i c a b i l i t y  o f  implementing a t r u l y  "through t h e  e a r t h "  l o c a t i o n  
system f o r  t h e s e  mines. 

o B l a s t i n g  cap s u s c e p t i b i l i t y  s t u d i e s  show t h a t  t h e  chance of ULP t rapped  
miner t r a n s m i t t e r s  s e t t i n g  o f f  b l a s t i n g  caps s t o r e d  i n  a box is v i r t u a l l y  
non e x i s t e n t  and t h e  chance of  them s e t t i n g  o f f  a wired a r r a y  of caps t s  ex- 
tremely remote. However, t h e  problem does become more c r i t i c a l  a t  h ighe r  



TABLE 9 

Q u a l i t a t i v e  Assessment of Trapped Miner Location Techniques 

Assessment C r i t e r i a  Quali ty (Method 1) 

Overa l l  Location Effec t iveness  Good 

Horizont a 1  Coordinate Determination Good 

V e r t i c a l  Coordinate Determination Good 

P o r t a b i l i t y  (Underground Equipment) Good 

P o r t a b i l i t y  (Surface Equipment) F a i r  

Surv ivab i l i ty  F a i r  

R e l i a b i l i t y  Fa i r  

I n i t i a l  Cost t o  Mine Co. Poor 

Maintenance Cost F a i r  

Surface Deployment Log i s t i c s  Good 

Method 1 

Method 2 

Quali ty (Method 2) 

Good 

F a i r  

Good 

Excellent  

Fai r 

Excellent 

Excel lent  

Excel lent  

Excel lent  

Fa i r  

- Underground network of r epea te r s  t o  rece ive  s i g n a l s  

from trapped miners and re lay  s i g n a l s  up the  h o i s t .  

- Modified low frequency (10-30 Hz) through the  e a r t h  

uplink loca t ion  sys tem with su r face  multichannel s i g n a l  

processing c a p a b i l i t y  and downshaft rece ivers  f o r  v e r t i c a l  

loca t ion  determination. 



f requenc ies  where f r e e  space wavelengths a r e  comparable t o  b l a s t i n g  cap 
o r  b l a s t i n g  cap a r r a y  dimensions.  This  i s  one o f  t h e  primary o b s t a c l e s  
t o  t h e  f u l l  u t i l i z a t i o n  of VHF and UHF systems i n  underground mines u s ing  
e l e c t r i c  b l a s t i n g  caps.  

Table 10 summarizes t h e  through t h e  e a r t h  propaga t ion  d a t a  ob ta ined  by 
Westinghouse personnel  on USBM and MESA sponsored f i e l d  programs s i n c e  1973. 
Only those  mines wi th  overburdens g r e a t e r  than 300 meters  are shown i n  t h i s  
t a b l e .  The d a t a  from t h e s e  mines show t h a t  t rapped  miner s i g n a l s  were d e t e c t e d  
ove r  t h e  range from -26 dI3/ A/m t o  15 dB/ A/m. I n  each of  t h e s e  i n s t a n c e s  
a s imple code communications l i n k  could be e s t a b l i s h e d  with t h e  t rapped  miner ,  
i .e .  (vo ice  downlink - code up l ink ) .  Furthermore, t h e  up l ink  s i g n a l s  were 
s u i t a b l e  f o r  reasonably a c c u r a t e  determinat ion of t h e  miners l oca t ion .  A 
r u l e  of thumb e s t a b l i s h e d  from pas t  exper ience  i s  t h a t  t h e  uncorrected n u l l  
l o c a t i o n  based on upl ink  magnet ic  f i e l d  s t r e n g t h  p r o f i l e s  i s  accu ra t e  t o  w i th in  
5% of t h e  overburden depth of  t h e  mine. Note t h a t  i n  Table  10, t h e r e  a r e  two 
i n s t a n c e s  where t h e  up l ink  s i g n a l s  were n o t  d e t e c t a b l e  u s ing  a 1.5" diameter  
r e c e i v i n g  loop bu t  were e a s i l y  de t ec t ed  us ing  a 2000-4000 f t  h o r i z o n t a l  w i r e  
r e c e i v i n g  antenna. Resul t s  of  t h i s  type  s e r v e  t o  v e r i f y  t h e  enhancement i n  
e lec t romagnet ic  coupl ing expected between a d ipo l e  t r a n s m i t t e r  and a non 
d i p o l e  r e c e i v i n g  antenna ( i . e .  long h o r i z o n t a l  wi re )  a s  descr ibed  i n  Sec t ion  5.3.  
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8.0 RE COMMENDAT IONS 

A f t e r  c a r e f u l  c o n s i d e r a t i o n  of t h e  requirements  f o r  an EM t r apped  
miner l o c a t i o n  sys tem and i n  view of t h e  r e s u l t s  ob t a ined  on t h i s  program, 
Westinghouse recommends t h a t  a through-the-ear th  low frequency (10-30 Hz) 
approach be fol lowed i n  t h e  development of  a new system. S ince ,  i n  t h e  
event  of a mine emergency, vo ice  c o r n m i c a t i o n s  w i l l  be d e s i r e d  w i th  t h e  
t r apped  miners ,  a long  wi re  s u r f a c e  antenna system w i l l  probably be deployed 
f o r  t h a t  purpose anyway. Th i s  s a m  an tenna  o r  an tenna  a r r a y  could be t i m e  
sha red  w i th  t h e  vo i ce  t r a n s m i t t e r  and used w i th  t h e  s u r f a c e  r e c e i v e r  t o  
d e t e c t  t h e  up l i nk  t r ansmis s ions  from t h e  t r apped  miner. An a r r a y  o f  t h e s e  
antennas i n  t h e  form of a g r i d  can t hen  be used t o  l o c a t e  t h e  source  of t h e  
underground t r ansmis s ions .  

I d e n t i f i c a t i o n  of v e r t i c a l  l e v e l  of  entrapment can be  achieved by 
u s ing  a t r apped  miner t r a n s m i t t e r  capable  of  d u a l  frequency t ransmiss ion  a s  
de sc r ibed  i n  Sec t i on  5.3 .  The h i g h e r  frequency component o f  t h e  t r a n s m i t t e d  
waveform w i l l  be designed t o  couple  i n t o  e x i s t i n g  mine p i p e s  and cab l e s  
on t h a t  l e v e l  and t h u s  propagate  w i th  low a t t e n u a t i o n  over  t o  t h e  v i c i n i t y  
o f  t h e  s h a f t .  A broadband loop and preamp can be lowered down t h e  s h a f t  
and used t o  r eco rd  ampli tudes  of d i f f e r e n t  frequen'cy s i g n a l s  a s  a func t i on  
of depth.  

The advantages  o f  t h i s  approach o v e r  a multi-element r e p e a t e r  approach 
i s  mainly i n  r e l i a b i l i t y  and m a i n t a i n a b i l i t y  s i n c e  t h e  on ly  underground 
equipment r equ i r ed  w i l l  be t h e  t r apped  miner ' s  manpack t r a n s m i t t e r .  

Westinghouse recommends a s  a l o g i c a l  follow-on e f f o r t  t o  t h i s  program, 
f u r t h e r  development and t e s t i n g  of a dua l  frequency t r a n s m i t t e r  a s  de sc r ibed  
i n  S e c t i o n  5.3.  The f i e l d  t e s t i n g  on t h e  fo l low on program should be per-  
formed a t  a mine r e p r e s e n t a t i v e  of  worst  case  cond i t i ons  such a s  ~ o m e s t a k e ' s  
gold mine i n  Lead, South Dakota o r  equ iva l en t .  I f  such a sys tem could be 
demonstrated s u c c e s s f u l l y  a t  a mine of  t h i s  t y p e ,  i t  would f i rmly  e s t a b l i s h  
t h e  f e a s i b i l i t y  o f  t h i s  approach and i n s u r e  s u c c e s s f u l  performance a t  v i r -  
t u a l l y  every  mine i n  t h e  United S t a t e s .  
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