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APPARENT EARTH CONDUCTIVITY OVER COAL MINES AS ESTIMATED FROM 
THROUGH-THE-EARTH ELECTROMAGNETIC TRANSMISSION TESTS 

By John Durkin ' 

ABSTRACT 

Electromagnet ic  narrow-band s i g n a l s  were t r ansmi t t ed  through t h e  e a r t h  
a t  27 c o a l  mines l oca t ed  throughout t h e  United S t a t e s .  From those  Bu- 
r eau  of Mines tests, apparent  e a r t h  conduc t iv i t y  va lues  were der ived  
based upon a  homogeneous half-space model of t h e  e a r t h .  The der ived  
conduc t iv i t y  va lues  were found t o  be i nve r se ly  p ropor t i ona l  t o  t h e  
t r a n s m i t t e d  frequency and mine depth. A l i n e a r  r eg re s s ion  model r e l a t -  
i n g  t h e  logar i thm of t h e  conduc t iv i t y  t o  t h e  mine depth  was formulated,  
and t h e  r e s u l t s  i n d i c a t e  t h a t  t h e  mine depth  can be an  adequate  pre- 
d i c t o r  of t h e  apparen t  e a r t h  conduc t iv i t y  above c o a l  mines. Apparent 
e a r t h  conduc t iv i t y  was found t o  decrease  w i th  mine depth. 

l ~ l e c t r i c a l  engineer ,  P i t t sbu rgh  Research Center,  Bureau of Mines, P i t t sbu rgh ,  PA. 



INTRODUCTION 

E a r t h  conduc t iv i t y  (o r  e a r t h  resist- 
ance)  has  been t h e  t o p i c  of many s t u d i e s  
over  t h e  years .  Ea r th  r e s i s t a n c e  i s  t h e  
r e s i s t a n c e  of t h e  e a r t h  t o  t h e  passage of 
a n  e l e c t r i c a l  cu r r en t .  For t h e  most 
p a r t ,  t h e  e a r t h  i s  not  a  good conductor 
of  c u r r e n t ,  and i n  comparison wi th  me- 
t a l l i c  conductors ,  i t  is  extremely poor. 
The e a r t h  was once used a s  a  conductor 
f o r  power d i s t r i b u t i o n ,  and f o r  s a f e t y  
c o n s i d e r a t i o n s ,  t h e  e a r t h  r e s i s t a n c e  was 
a matter of cons iderab le  importance. 

Surveying t h e  conduc t iv i t y  s t r u c t u r e  of 
t h e  e a r t h  has  been a f requent  p r a c t i c e  
f o r  d i f f e r e n t  app l i ca t i ons .  This  work 
h a s  enabled t h e  c i v i l  engineer  t o  de- 
termine t h e  depth  of bedrock o r  t h e  

g e o l o g i s t  t o  f i n d  t h e  depth  of t he  water  
t ab l e .  Conduct ivi ty  surveying has been 
found use fu l  i n  d e t e c t i n g  and l o c a t i n g  
o r e  bodies  o r  mineral  lodes  and has 
r e c e n t l y  become popular amnng treasure 
hun te r s  i n  l o c a t i n g  l o s t  items. 

There a r e  many f a c t o r s  t h a t  i n f luence  
t h e  conduc t iv i t y  of t h e  e a r t h ;  t h e  pr in-  
c i p a l  ones a r e  t ype  of s o i l ,  mois ture  
con ten t ,  chemical composition and concen- 
t r a t i o n  of s a l t s  d i s so lved  i n  t h e  con- 
t a i n e d  water ,  and temperature.  These 
f a c t o r s  then  g ive  rise t o  e a r t h  con- 
d u c t i v i t y  v a r i a t i o n s  both i n  t i m e  and 
loca t ion .  Therefore ,  t h e  only meaningful 
way of e s t ima t ing  t h e  va lue  of t h e  e a r t h  
conduc t iv i t y  i s  t o  measure i t .  

EARTH CONDUCTIVITY MEASUREMENT TECHNIQUES 

There are numerous techniques f o r  mak- 
i n g  e a r t h  conduc t iv i t y  measurements. 
These techniques can be broadly c l a s s i -  
f i e d  i n t o  t h r e e  d i s t i n c t  approaches. The 
f i r s t  approach c a l l s  f o r  removing a  
sample of t h e  media and making a con- 
d u c t i v i t y  measurement. I n  t h e  second 
approach, a  d r i l l h o l e  is  made and i n s t r u -  
menta t ion  t o  make t h e  conduc t iv i t y  mea- 
surement is  then  lowered i n t o  t h e  hole.  
The t h i r d  approach involves  probing t h e  
e a r t h  e l ec t romagne t i ca l l y  wi th  a t r ans -  
m i t t e r  and r e c e i v e r  where conduc t iv i t y  
in format ion  is  contained i n  t h e  rece ived  
s igna l .  

The choice  of t h e  proper  approach de- 
pends mostly on t h e  manner i n  which t h e  
conduc t iv i t y  in format ion  w i l l  be appl ied .  
I n  t h i s  r e p o r t ,  t h e  a p p l i c a t i o n  i s  f o r  
p r e d i c t i n g  t h e  i n f luence  of t h e  conduct- 
i n g  e a r t h  on a  through-the-earth (TTE) 
communications system. The t h i r d  ap- 
proach,  e lec t romagnet ic  probing, appears  
t o  be t h e  most c l o s e l y  r e l a t e d  t o  t h i s  
a p p l i c a t i o n .  

A number of techniques a r e  a v a i l a b l e  
f o r  t h i s  type  of probing, i nc lud ing  t h e  

well-known four -e lec t rode  method ( 1 ) 2  i n  
which an  e l e c t r i c a l  p o t e n t i a l  i s  app l i ed  
between probes on t h e  su r f ace ,  and t h e  
r e s u l t i n g  p o t e n t i a l  between another  
spaced p a i r  i s  observed. Other tech- 
niques employ cur ren t -car ry ing  c o i l s  of 
w i r e  as magnetic d i p o l e  probes ( 2 ) .  I n  
a d d i t i o n ,  s e v e r a l  pass ive  techniTues a r e  
employed t h a t  make use  of t h e  n a t u r a l  
e l e c t r i c  and magnetic f i e l d s  e x i s t i n g  a t  
t h e  e a r t h ' s  s u r f a c e  (3). Informative 
summary t e x t s  can be found i n  Ke l l e r  and 
Fr i schknec t  (4 ,  chap te r s  4-7) o r  Grant 
and West (5): Excel len t  t h e o r e t i c a l  
background work can be found i n  Wait ( 3 ) .  
There i s  a l s o  an  I n s t i t u t e  of ~ 1 e c t r i ; a l  
and E lec t ron i c s  Engineers guide t h a t  
de sc r ibes  t h e  a p p l i c a t i o n  and i n t e r p r e t a -  
t i o n  of t h e s e  techniques ( 6 ) .  - 

I n  a d d i t i o n  t o  a l l  of t he se  tech- 
n iques ,  t h e r e  is  another  b a s i c  approach 
t h a t  is  more a l i gned  with a p p l i c a t i o n s  
f o r  TTE communications. This  technique 
can be descr ibed  a s  t ransmiss ion  pa th  

l u n d e r l i n e d  numbers i n  p a r e n t h e s e s  re- 
f er t o  items i n  t h e  l i s t  o f  r e f e r e n c e s  
p r e c e d i n g  t h e  append ixes .  



a t t e n u a t i o n  t e s t s .  By t r a n s m i t t i n g  a  can be i n f e r r e d  f r o m t h e  received s i g n a l  
s i g n a l  of known l e v e l  and frequency from s t r eng th .  This  approach was taken  i n  
a  t r a n s m i t t e r  l oca t ed  w i th in  t h e  e a r t h  t o  t h i s  s t udy ,  and t h e  r e s u l t s  a r e  d i scussed  
a  r e c e i v e r  l oca t ed  on t h e  s u r f a c e ,  i n fo r -  i n  t h e  next  s ec t i on .  
mation on t h e  s i g n a l ' s  pa th  conduc t iv i t y  

TTE TRANSMISSION TESTS 

MINE SELECTION 

Since  experimental  r e s u l t s  were in- 
tended t o  be r e p r e s e n t a t i v e  of a  l a r g e  
number of a c t i v e  mines, each wi th  a  
unique phys i ca l  and o p e r a t i o n a l  charac- 
t e r i s t i c ,  i t  was necessary t o  u t i l i z e  
some type  of sampling process  t o  de t e r -  
mine s p e c i f i c  test l o c a t i o n s  f o r  t h e  
program. By involv ing  s t a t i s t i c a l  sam-  
p l i n g  theory  i n  t h e  s e l e c t i o n  process ,  i t  
was p o s s i b l e  t o  (1 )  a s s u r e  t h e  v a l i d i t y  
of es t imated  performance measures subse- 
quent ly  der ived  from t e s t  r e s u l t s ,  ( 2 )  
i n c r e a s e  t h e  p r e c i s i o n  of t he se  esti- 
mates,  and ( 3 )  reduce o r  estimate t h e  
p o s s i b i l i t y  of b u i l t - i n  b i a se s  i n  i n t e r -  
p r e t i n g  t e s t  r e s u l t s .  

The choice of t h e  mines could have been 
done on a random b a s i s ,  i n  which ca se  
each  mine would have an equa l  p r o b a b i l i t y  
of being s e l e c t e d ;  however, i t  was de- 
c ided  t h a t  t h e  sampling p l an  should con- 
s i d e r  two o t h e r  po in ts .  F i r s t ,  s i n c e  TTE 

Eas te rn  F i e l d  Operat ions Center,  which 
contained d a t a  on t h e  maximum overburden 
depth  a t  each mine. The compiled l i s t i n g  
included t h e  mine name, address ,  maximum 
overburden depth,  number of miners em- 
ployed, and MSHA i d e n t i f i c a t i o n  number. 
A l l  mines were subsequent ly  s t r a t  i f  i e d  
according t o  maximum mine overburden 
depth va lues  i n t o  15 d i f f e r e n t  depth in-  
t e r v a l s .  T o t a l  miners employed a t  a l l  
mines contained wi th in  each depth i n t e r -  
v a l  were a l s o  tabula ted .  Although t h e  
sample could have been a l l o c a t e d  s o  t h a t  
t h e  r a t i o  of t h e  number of mines sampled 
t o  t he  t o t a l  number of mines would be 
cons tan t  w i th in  each i n t e r v a l ,  i t  w a s  
decided t o  vary t h e  sampling f r a c t i o n  
based upon t h e  f i r s t  cons ide ra t i on  above: 
t h a t  a  g r e a t e r  v a r i a b i l i t y  i n  r e s u l t s  was 
a n t i c i p a t e d  a t  g r e a t e r  depths .  

I n  determining t h e  number of mines t o  
be sampled i n  a given depth  i n t e r v a l ,  a 
technique known a s  optimum a l l o c a t i o n  w a s  
used. This  technique i s  based upon t h e  

commnica t ions  a r e  be l ieved  t o  be very p r i n c i p l e  t h a t  l a r g e r  samples a r e  re- 
e f f e c t i v e  a t  s m a l l  dep ths  and less ef fec-  qu i red  i n  depth  i n t e r v a l s  t h a t  e x h i b i t  
t i v e  a t  deeper  depths ,  t h e  d i s t r i b u t i o n  g r e a t e r  v a r i a b i l i t y .  This p r i n c i p l e  can 
of mines s e l e c t e d  should t a k e  i n t o  be expressed as fol lows:  
account t h e  g r e a t e r  v a r i a b i l i t y  i n  t e s t  
r e s u l t s  a n t i c i p a t e d  a t  g r e a t e r  depths.  N h S h  

Also, w i th in  each depth i n t e r v a l  of mine nh = ws (1 )  

s e l e c t i o n ,  emphasis should be placed on 
s e l e c t i n g  t h e  mines having t h e  l a r g e s t  
number of miners employed, t hus  g iv ing  
rise t o  a s e l e c t i o n  t h a t  covers  t h e  most 
miners poss ib le .  

The popula t ion  considered was i d e n t i -  
f i e d  from a computer l i s t i n g  of 1,222 
a c t i v e  mines i n  t h e  United S t a t e s .  This  
computer l i s t i n g  was cons t ruc ted  by t h e  
Bureau of Mines P i t t sbu rgh  Research Cen- 
t e r  (PRC) from two independent computer 
d a t a  bases ,  one from t h e  Mine Safe ty  and 
Heal th  Adminis t ra t ion (MSHA), which con- 
t a i n e d  d a t a  on t h e  number of miners a t  
each  mine, and one from t h e  Bureau's 

where nh = sample s i z e  f o r  t h e  h-th depth  
i n t e r v a l ,  

N h  = t o t a l  number of mines i n  t h e  
h-th depth i n t e r v a l ,  

Sh = var iance  of t h e  c h a r a c t e r i s t i c  
being measured i n  t h e  h-th 
s t ra tum (e.g., t h e  es t imated  
p r o b a b i l i t y  of succes s fu l  
t ransmiss ion  a t  a s p e c i f i c  
f requency) ,  

and n = t o t a l  sample s i z e .  



By e s t i m a t i n g  t h e  r e l a t i v e  v a r i a b i l i t y  
S h ,  t h e  number of mines t o  be t e s t e d  i n  a  
g iven  depth i n t e r v a l  was determined. 
Also, a s  s t a t e d  above, t h e  sample s e l ec -  
t i o n  w i t h i n  each depth  i n t e r v a l  was based 
on t h e  number of miners employed a t  each 
mine. 

The important  f e a t u r e s  of t h e  sampling 
procedure used ' i n  t h i s  s tudy  are summar- 
i z e d  below. 

Each mine had a  chance of being se- 
l e c t e d  f o r  t h i s  t e s t .  

The chance ( i . e . ,  t h e  p r o b a b i l i t y  of 
s e l e c t i o n )  was known beforehand and was 
based on t h e  r e l a t i v e  s i z e  of t h e  mine i n  
terms of miners employed. 

The s e l e c t i o n  process  was random. 

A l l  dep th  i n t e r v a l s  were represented.  

Tes t  r e s u l t s  could be used t o  make 
v a l i d  i n f e r e n c e s  about a l l  mines. 

However, a s  i n  any f i e l d  test program 
of  t h i s  s i z e ,  what is  i n i t i a l l y  hoped f o r  
and planned and what is  a c t u a l l y  per- 
formed a r e  of t e n  two d i f f e r e n t  th ings .  
Although a  reasonable  a t tempt  was made t o  
v i s i t  t h e  mines s e l e c t e d ,  n e c e s s i t y ,  mine 
a v a i l a b i l i t y ,  and p r a c t i c a l  t r a v e l  sched- 
u l e  c o n s t r a i n t s  in t roduced  d e v i a t i o n s  
from t h e  o r i g i n a l l y  s e l e c t e d  sample of 
mines. However, i t  is be l ieved  t h a t  
t h e s e  dev ia t i ons  do not  s i g n i f i c a n t l y  
a f f e c t  o r  b i a s  t h e  r e s u l t s  der ived  from 
t h e  da t a .  Care was taken t o  adhere t o  
t h e  s p i r i t  and form of t h e  o r i g i n a l  
s e l e c t i o n  l i s t  while  coping wi th  t h e  
r e a l i t i e s  imposed on t h e  p r a c t i c a l  imple- 
menta t ion  of such an ex t ens ive  f i e l d  mea- 
surement s tudy.  

A t  t h e  completion of t h e  t e s t  program, 
measurements had been performed a t  27 

mine s i t e s  we l l  d i s t r i b u t e d  throughout 
t h e  United S t a t e s  c o a l f i e l d s .  The names 
of t h e  mines t e s t e d  can be found i n  
appendix A. 

TEST DESCRIPTION AND DATA 

The primary o b j e c t i v e  of t h i s  f i e l d  
t e s t  was t o  o b t a i n  a  d a t a  base on t h e  
t ransmiss ion  l o s s  i ncu r r ed  by a  s i g n a l  a s  
t r a n s m i t t e d  through t h e  e a r t h .  A t  each 
mine s i t e ,  a  minimum of two t e s t  person- 
n e l  were used, one underground and one on 
t h e  su r f ace ,  pos i t i oned  approximately 
above t h e  underground ind iv idua l .  

Underground, a  loop of w i r e  of known 
l eng th ,  i n  a  con f igu ra t i on  t h a t  can be 
descr ibed  loose ly  a s  being between a  cir- 
c l e  and a  r ec t ang le ,  was deployed around 
one o r  two c o a l  p i l l a r s .  The ends of 
t h i s  wire  loop were a t t a c h e d  t o  a  s m a l l  
and l i gh twe igh t  e lec t romagnet ic  (EM) 
narrow-band t r ansmi t  ter. This  t r ans -  
m i t t e r  produces a  pulsed square  wave out- 
pu t  vo l t age  w i th  an  on-time of 0.1 s and 
a n  o f f  -time of 0.9 s ,  and a  frequency of 
630, 1,050, 1,950 o r  3,030 Hz. 

On t h e  s u r f a c e ,  record ings  were made of 
rece ived  s i g n a l s .  The s i g n a l  record ings  
were re turned  t o  t h e  l abo ra to ry  where 
s i g n a l  l e v e l s  were reduced us ing  a  f a s t  
Four ie r  t ransform (FFT). 

Table 1  g i v e s  t h e  number of t h e  
mine t e s t e d ,  mine depth,  underground 
antenna a r e a ,  o f f s e t  parameter D (which 
i s  equal  t o  t h e  r a t i o  of t h e  d i s t a n c e  
between t h e  v e r t i c a l  a x i s  of t h e  un- 
derground antenna and t h e  observa t ion  
poin t  t o  t h e  mine dep th ) ,  and parameter 
A (which is equa l  t o  t h e  r a t i o  of t h e  
r ad ius  of t h e  underground antenna,  wi th  
t h e  assumption t h a t  t h e  antenna may be 
r ep re sen t ed  a s  a  c i r c l e ,  t o  t h e  mine 
depth)  . 



TABLE 1. - Mine depth and physical in depth may be larger for shallow mines 
arrangement for TTE transmission if the surface position is not near a 
tests survey point. 

Table 2 gives the mine tested, trans- 
mitter magnetic moment (M), and received 
surface vertical magnetic signal (Hz). 
The antenna current, which was used in 
calculating the magnetic moment, was mea- 
sured by placing a l -  resistor in 
series with the transmit antenna and mea- 
suring the voltage across it. 

The mine depths were provided by the 
mining companies when the tests were per- 
formed, This information is obtained 
from topographical maps that are very 
accurate, and the depth estimate of the 
in-mine transmitter can be obtained 
within an uncertainty of approximately 21 
pct when the surface position is near a 
survey point, However, owing to the 
natural variation in the terrain above 
coal mines, this estimate of uncertainty 

Mine 

1 ....... 
2 ....... 
3 ....... 
4 ....... 
5 ....... 
6....... 
7 ....... 
8 ....... 
9 ....... 
lo...... 
ll...... 
12...... 
13...... 
14...... 
15...... 
16...... 
17...... 
18...... 
19...... 
20...... 
21.....m 
22...... 
23...... 
24...... 
25...... 
26...... 
27...... 

The underground antenna length was mea- 
sured using a conventional tape-measuring 
rule, and the estimated uncertainty in 
this measurement is expected to be much 
less than 21 pct. Using the mine maps 
coupled with the approximate deployment 
configuration and knowledge of the length 
of the loop, the underground antenna area 
was calculated, and this estimate is 
believed to be accurate within f10 pct. 

Transmit 
antenna 
area, m2 
279 
195 
929 
126 
335 
543 
418 
547 
520 
256 
522 
223 
282 
565 
28 
335 
929 
455 
130 
232 
455 
344 
238 
557 
204 
79 
132 

Mine 
depth, m 

143 
58 
473 
116 
122 
279 
131 
201 
128 
198 
88 
165 
171 
198 
2 1 
79 
366 
152 
183 
153 
80 
365 
140 
219 
86 
67 
46 

It should also be mentioned that the 
position of the underground transmitter 
was determined by measuring the hori- 
zontal signal field at different loca- 
tions and, by finding the null in the 
field, finding the underground location 
by triangulation, This location measure- 
ment technique had the added benefit of 
assuring that the transmitted signal was 
actually traversing the earth medium and 
was not conducted along pipes, wires, or 
other conductors, 

The A parameter was defined as the 
ratio of the radius of the underground 
loop to the mine depth. However, the 
underground loop was deployed into a 
configuration that was between a circle 
and a rectangle. Therefore, the estimate 
of the radius, which assumes the antenna 

D 

0 
.29 
0 
.06 
0 
0 
.11 
-01 
.14 
.11 
.03 
.14 
0 
.02 
.48 
.04 
.03 
0 
0 
.16 
0 
.03 
.02 
.OO 
.35 
-14 
1.70 

length represents the circumference of 
a circle, is in error. In later esti- 
mates of conductivity, this point will 
need to be considered if the A value 
becomes large, becoming less of a dipole 
situation, 

A 

0.07 
.14 
.04 
.05 
08 
.05 
.09 
.07 
.lo 
.05 
.15 
.05 
.06 
.07 
.14 
.13 
.05 
.08 
.04 
-06 
*15 
.03 
.06 
.06 
.09 
.07 
.14 

Assuming that the transmit current mea- 
surement is accurate, the accuracy of the 
estimate of the magnetic moment is re- 
lated to the accuracy of the antenna area 
estimate, discussed earlier. It is con- 
cluded that the uncertainty in the mag- 
netic moment is the same as the uncer- 
tainty of the area estimate, 210 pct. 

The signal strength measurements were 
made by playing the tapes into an 
FFT instrument. Signal averaging was 
done with 128 independent samples. The 



TABLE 2. - Surface v e r t i c a l  magnetic s i g n a l  (Hz) ( i n  d e c i b e l s  r e  1.0 p ~ / m - ~ ~ ~ )  
and underground t ransmi t  moment (M) (inampere-meters squa red ) ,  a t  d i f f e r e n t  
f r equenc i e s  

Mine 

ND No da ta .  

i n£  ormat i o n  needed was t h e  root-  
mean-square (RMS) va lue  of t h e  s i g n a l  
du r ing  t r ansmi t  t i m e .  Since t h e  t rans-  
m i t t e d  s i g n a l  had a  duty cyc l e  a s s o c i a t e d  
w i t h  i t ,  t h i s  had t o  be f i r s t  measured 
f o r  each  t r a n s m i t t e r  and used wi th  t h e  
FFT measurement t o  de r ive  t h e  on-time 
s i g n a l  l e v e l .  It was then  found t h a t  t h e  
95-pct confidence i n t e r v a l  f o r  t h e  s i g n a l  
s t r e n g t h  measurement w a s  -1.44 t o  1.56 
dB. From t h e s e  f i e l d  tests, d a t a  on 
e a r t h  t ransmiss ion  l o s s  can be obtained.  
I m p l i c i t  i n  t h e s e  t ransmiss ion  l o s s  
d a t a  is  informat ion  on apparent  e a r t h  
conduc t iv i t y .  It is  then  t h e  o b j e c t i v e  

of t h i s  s tudy t o  d e r i v e  e s t ima te s  of 
apparent  e a r t h  c o n d u c t i v i t i e s  from t h e  
s i g n a l  t ransmiss ion  da ta .  

EARTH CONDUCTIVITY ESTIMATES 

As an e l e c t r o s t a t i c  EM s i g n a l  i s  t r ans -  
mi t t ed  TTE, i t  experiences a t t e n u a t i o n  
from two sources .  The f i r s t  i s  t h e  
a t t e n u a t i o n  from geometr ic  spreading,  
which f a l l s  off  a s  t h e  d i s t a n c e  cubed. 
The second is  t h e  a t t e n u a t i o n  caused by 
t h e  conducting e a r t h ,  which can be used 
i n  TTE t ransmiss ion  experiments t o  g a t h e r  
information on t h e  e a r t h  conduct iv i ty .  



The v e r t i c a l  magnetic s i g n a l  rece ived  
on t h e  s u r f a c e  from an  underground t r a n s -  
m i t t e r  can be expressed a s  

where Hz  = s u r f a c e  v e r t i c a l  magnetic 
f i e l d ,  A/m, 

M = magnetic mount, ~ - m ~  

( I  = t r ansmi t  cu r r en t ,  A ,  

N = number of t u r n s  of t h e  
t r ansmi t  an tenna) ,  

d  = mine depth,  m ,  

and Q = a t t e n u a t i o n  f a c t o r  of t h e  
conducting e a r t h .  

The f u n c t i o n a l  form of Q depends upon 
t h e  conduc t iv i t y  model of t h e  e a r t h .  The 
va lue  of Q would be 1 f o r  a  nonconducting 
e a r t h  and, i n  gene ra l ,  decreases  w i th  in -  
c r e a s e s  i n  e a r t h  conduct iv i ty ,  There- 
f o r e ,  though Q can be used t o  determine 
t h e  va lue  of t h e  e a r t h  conduct iv i ty ,  t h e  
a p p r o p r i a t e  model must be used. Choosing 
a  p a r t i c u l a r  model and us ing  t h e  d a t a  
from t h e  f i e l d  tests, conduct iv i ty  va lues  
can be obtained,  and t h e s e  va lues ,  i n  
t u r n ,  can be s t u d i e d  t o  v e r i f y  t h e  choice  
of t h e  model. I f  t h e  model appears  ac- 
cep t ab l e ,  a  s t a t i s t i c a l  s tudy of t h e  con- 
d u c t i v i t y  d a t a  can be done t o  o b t a i n  
in format ion  on expected o r  v a r i a t i o n s  i n  
e a r t h  conduct iv i ty ,  

Wait and Spies  ( 7 )  g ive  t h e  f u n c t i o n a l  - 
form of Q f o r  a  homogeneous half-space 
model of t h e  e a r t h  a s  

where H = (opow)1/2d, 

0 = e a r t h  conduc t iv i t y ,  mho/m, 

p o  = f r e e  space pe rmeab i l i t y ,  H/m,  

w = angular  frequency , i-ad/s , 

d  = mine depth,  m, 

A = r a t i o  of t h e  loop r a d i u s  t o  
mine depth ,  

and D = r a t i o  of t h e  o f f s e t  t o  mine 
depth. 

From t h e  f i e l d  test va lues  given i n  
t a b l e s  1 and 2, apparent  e a r t h  con- 
d u c t i v i t y  va lues  were found us ing  t h i s  
form of Q, These va lues  a r e  g iven  i n  
t a b l e  3  f o r  each mine and f o r  each 
frequency t e s t ed .  Also given i n  t h i s  
t a b l e  a r e  Q va lues  der ived from equa- 
t i o n  2, A s  d i scussed  i n  t h e  previous 
s e c t i o n ,  an expected unce r t a in ty  e x i s t e d  
i n  t h e  measurement of t h e  s i g n a l ,  mag- 
n e t i c  moment, and mine depth. Assuming 
t h e  s imp le s t  case  of a  coax ia l  d ipo l e  
measurement scheme (A = D = 0) ,  an  un- 
c e r t a i n t y  express ion  f o r  Q can be der ived  
over  small regions of Q where l i n e a r -  
i t y  can be assumed. This  can be w r i t t e n  
a s  

From t h e  e a r l i e r  s t a t e d  va lues  of ex- 
pected e r r o r  i n  t h e s e  parameters ,  t h e  
r e s u l t a n t  expected e r r o r  i n  Q would then  
be approximately 220 pct .  

exp   i id^)^'^] Jo(Dx)dx, ( 3 )  



TABLE 3. - Q va lues  and apparent  e a r t h  conduct iv i ty  values ( 0 )  a s  derived 
from a  half-space e a r t h  model, a t  d i f f e r e n t  f requencies  

Mine 

l......... 

The e r r o r  i n  est imated conduct iv i ty  i s  
r e l a t e d  t o  t h i s  e r r o r  i n  Q. However, 
t h i s  r e l a t i o n s h i p  i s  nonl inear  and is  
dependent upon frequency, depth, and t h e  
va lue  of Q, A t y p i c a l  r e l a t i o n s h i p ,  one 
t h a t  w i l l  be of most i n t e r e s t ,  i s  shown 
i n  f i g u r e  1  where t h e  e r r o r  i n  conductiv- 
i t y  e s t ima te  is  normalized t o  t h e  e r r o r  
i n  Q f o r  a  frequency of 3,030 Hz and a  
mine depth of 200 m. Rela t ionships  f o r  
o t h e r  f requencies  and depths a r e  s i m i l a r  
t o  t h a t  shown i n  t h i s  f igu re ,  As can be 

630 Hz 1,05 
CI Q 0 

0.589 0.045 0.366 
2......... 
3.. ....... 
4 ......... 
5......... 
6*e*e**ee .  
7......... 
8. ........ 
9......... 
l O * e . . e . . .  

ll........ 
12e*e..... 
13. ....... 
14........ 
15........ 
16.. ...... 
17........ 
18........ 
19........ 
20........ 
21........ 
22........ 
2 3 . . . . . . . .  
24. ....... 
25........ 
26........ 
27........ 
ND No data .  

seen from f i g u r e  1, es t imates  of conduc- 
t i v i t y  can be found wi th  t h e  same uncer- 
t a i n t y  i n  Q f o r  values of Q around 0.3. 
For small  va lues  of Q,  a  s i t u a t i o n  t h a t  
e x i s t s  f o r  t h e  ma jo r i ty  of the  f i e l d  
da ta ,  t h e  unce r t a in ty  i n  conduct iv i ty  
e s t ima t ion  i s  l e s s  than  t h e  unce r t a in ty  
f o r  t h e  Q measurement (<20 pc t )  . For 
values of Q g r e a t e r  than  0,3, t he  uncer- 
t a i n t y  of t h e  conduct iv i ty  es t imate  i s  
g r e a t e r  than t h e  unce r t a in ty  of t he  Q 
estimate 0 2 0  pc t ) .  

1.961 
.024 
.I76 
.210 

ND 
ND 

.039 
el10 

ND 
.290 

ND 
.080 

ND 
9.476 

.494 

.020 
1,171 

ND 
ND 

.633 
ND 

,108  
.031 
.282 
.693 
.001 



ATTENUATION FACTOR (Q) 

FIGURE 1. - Uncertainty in conductivity nor- 

malized to the uncertainty in  Q for a depth of 

200 m and a frequency of 3,030 Hz. 

STUDY OF CONDUCTIVITY DATA 

n a t u r a l  contour of t h e  land between sur-  
vey poin ts  would not inf luence  the  depth 
est imate.  

Considering these  po in t s ,  i t  was de- 
cided t o  choose a  subset  of the  conduc- 
t i v i t y  es t imates  t h a t  were obtained a t  
mines exceeding a c e r t a i n  depth and where 
t h e  Q es t imates  were l e s s  than some given 
value. The choice made was t o  consider  
only those mines where d > 100 m and Q 
< 0.5. It is f e l t  t h a t ,  with the  choice 
of these  d a t a  poin ts ,  t he  conduct iv i ty  
e s t ima te  would be v a l i d  with an upper 
unce r t a in ty  of approximately 223 pct.  

An observat ion of t h e  d a t a  from t a b l e  3 
shows t h a t  t h e  conduct iv i ty  es t imate  a t  
most mines tends t o  decrease with f r e -  
quency, which con t rad ic t s  t h e  homogeneous 
half-space assumption. I f  a l l  of t h e  
mine d a t a  f o r  which d > 100 m and Q < 0.5 
a r e  pooled and segregated by frequency, 
approximate curves f o r  the  cumulative 
d i s t r i b u t i o n s  of the  conduct iv i ty  da ta  
( f i g .  2) a l s o  show t h a t  t h e  conduct iv i ty  
tends t o  decrease wi th  frequency. 

PERCENTAGE 

E 
\ 

The preceding s e c t i o n  described how f 
apparent e a r t h  conductivi ty es t imates  ,- 
were made based on a homogeneous h a l f -  5 I 

space model of the  ear th .  The d a t a  pro- 
v ide  es t imates  f o r  d i f f e r e n t  frequencies 5' 
and f o r  mine s i t e s  having d i f f e r e n t  
depths. Conductivity es t imates  obtained 
f o r  Q values g r e a t e r  than  0.3 must be 
checked f o r  the  p o s s i b i l i t y  of l a r g e  
e r r o r s .  Also, a s  discussed i n  t h e  sec- 
t i o n  "Test Descript ion and Data," depth 

0 1 3  

- 1,050 Hz - 

- - 
I - 

- 
- - 

I - 

- 
- - 

- - 

1,950 HZ 

I I 
4 es t imates  contained e r r o r s  on the  order  5 6 7 

PROBITS 
of I p c t ,  and t h i s  e r r o r  value might be 
v a l i d  only i n  cases where t h e  mine depth Fl GURE 2. - Cumu lat ive distr ibut ions of con- 

was l a r g e  enough (d > 100 m) t h a t  t h e  ductivi ty estimates segregated by frequency. 



Besides t h e  frequency dependency, t h e  
conduc t iv i t y  a l s o  appears  t o  show a  de- 
pendency on depth. This  is i l l u s t r a t e d  
i n  t a b l e  4  where mean and s t anda rd  devia- 
t i o n  va lues  of t h e  conduc t iv i t y  a r e  g iven  
f o r  d i f f e r e n t  dep th  i n t e r v a l s .  The con- 
d u c t i v i t y  appears  t o  decrease  with mine 
depth.  It can be seen  from t a b l e  4  t h a t  
f o r  a  given frequency,  t h e  apparent  con- 
d u c t i v i t y  decreases  by about a  f a c t o r  of 
10  over  t h e  depth  range, wi th  s l i g h t l y  
smaller d i f f e r e n c e s  f o r  an  i n c r e a s e  i n  
frequency. Also, i t  can be s een  t h a t  i n  
a  g iven  depth  i n t e r v a l ,  t h e  apparen t  con- 
d u c t i v i t y  decreases  by a f a c t o r  of 2  wi th  
frequency over t h e  frequency range. 

Nei ther  t h e  frequency nor  depth depen- 
dency of t h e  conduc t iv i t y  va lues  would be 
expected f o r  a  homogeneous half-space 
model of t h e  ea r th .  Geyer (8 )  - found t h a t  
conduc t iv i t y  was gene ra l l y  h igher  nea r  
t h e  s u r f a c e  above a  number of mines. A 
h igh  conduc t iv i t y  s u r f a c e  l a y e r  could 
e x p l a i n  t h e  t r end  of apparent  conductiv- 

e x p l a i n  t h e  frequency dependence of t h e  
conduc t iv i t y  da ta .  

An a l t e r n a t e  e a r t h  conduc t iv i t y  model 
proposed by Durkin3 and s t u d i e d  by Shope 
(9 )  proposes an  e a r t h  model having a  
t x i n ,  h igh ly  conducting s u r f  ace  l a y e r  
over  a  lower conducting l a y e r  i n  which 
t h e  t r ansmi t  loop i s  bur ied ,  followed by 
a  h ighe r  conducting half-space. Resu l t s  
by Shope (9)  i n d i c a t e  t h a t  t h i s  model may 
e x p l a i n  bz th  t h e  frequency and depth 
dependency of t h e  conduc t iv i t y  da t a ,  but 
s t u d i e s  a r e  continuing. A r e l a t e d  model 
proposed by H i l l  (10)  c o n s i s t s  of a  
magnetic d i p o l e  s o u r c r b u r i e d  i n  a n  e a r t h  
c o n s i s t i n g  of a  h igh ly  conducting t h i n  
s h e e t  l oca t ed  over  a  homogeneous ha l f -  
space. This  model is  i n t e r e s t i n g  because 
i t  is simple,  shows t h e  conduc t iv i t y  
depth dependency, and when t h e  upper con- 
d u c t i v i t y  l a y e r  is  considered extremely 
t h i n ,  demonstrates  t h e  gene ra l  t r end  i n  
t h e  frequency dependency found i n  t h e  
conduc t iv i t y  data .  

i t y  with depth f o r  t h e  d a t a  repor ted  
h e r e ,  s i n c e  t h e  weighted c o n t r i b u t i o n  of 3 ~ u r t h e r  information on t h i s  model is  
t h i s  l a y e r  would be p ropor t i ona l ly  h igher  a v a i l a b l e  upon r e q u e s t  from J. Durkin, 
t h e  c l o s e r  t h e  t r a n s m i t t e r  was t o  t h e  P i t t sbu rgh  R e s .  Cent., BuMines, P i t t s -  
measurement po in t .  However, t h e  e x i s t -  burgh, PA. 
ence  of t h i s  s u r f a c e  l a y e r  would no t  

TABLE 4. - Mean and s tandard  d e v i a t i o n  of conduc t iv i t y  va lues  ( i n  mho 
p e r  meter) f o r  each frequency wi th in  d i f f e r e n t  dep th  i n t e r v a l s  f o r  
e s t i m a t e s  having Q < 0.5 

ND No data .  

Freq,  Hz 

630....... 
1,050..... 
1,950..... 
3,030..... 
A l l  f req. .  

201-300 m 
Mean I Std 

100-150 m 
Mean I Std 

Over 300 m 
Mean I Std 

0.238 
.I68 
3  
.091 
.I61 

151-200 m 
Mean I Std 

dev 
0.201 

.I17 

.063 
0070 
-132 

0.125 
.I23 
.074 
.076 
.094 

dev 
0.064 

.047 
,025 
.038 
.044 

ND 
0.034 

.033 
0025 
.032 

dev 
ND 
ND 

0.008 
ND 

.005 

0.022 
.017 
,014 
.011 
.Ol6 

dev 
0.003 

.OO2 

.001 
ND 

-005 



I n  t h e  next  s e c t i o n ,  fol lowing t h e  work 
by H i l l  ( l o ) ,  a  homogeneous conducting 
e a r t h  model- conta in ing  a  t h i n  s h e e t  is  
s t u d i e d  f o r  i t s  in f luence  on apparent  
conduc t iv i t y  e s t ima te s  f o r  t ransmiss ion  
w i t h  a  f i n i t e  loop t r a n s m i t t i n g  antenna. 

THIN CONDUCTING SHEET EARTH MODEL 

F igu re  3 shows a  v e r t i c a l  magnetic loop 
bu r i ed  i n  a  homogeneous e a r t h  conta in ing  
a  t h i n  conducting s h e e t  a t  t h e  sur face .  
The homogeneous e a r t h  has  a  conduct iv i ty  
ao,  and f r e e  space permeabi l i ty  p o  i s  
assumed everywhere. The t h i n  conducting 
s h e e t  has  a  smal l  th ickness  d  and a  
conduct iv i ty - th ickness  product ad. The 
propagat ion cons tan t -d i s tance  product 

(yd) of t h i s  t h i n  s h e e t  is  assumed small .  
Displacement c u r r e n t s  a r e  neglec ted  
everywhere. This  model i s  s i m i l a r  t o  t h e  
metal-cased borehole problem s t u d i e d  by 
Wait (11).  - 

I n  t h e  half-space,  z  < 0, t h e  magnetic 
vec to r  p o t e n t i a l  F s a t i s f i e s  t he  Helm- 
h o l t z  equa t ion  everywhere except  a t  t h e  
source,  and i s  given by 

where y l = ( i o p l o l )  1  / 2 *  

For z  > 0, F s a t i s f i e s  Laplace's 
equation. 

In  t h e  half-space,  t he  EM f i e l d s  can be 
der ived  from F by 

where E is  t h e  e l e c t i v e  f i e l d  and H i s  
t h e  magnetic f i e l d .  

For t h e  reg ion  z > 0, t h e  EM f i e l d s  a r e  
der ived  from F by 

FIGURE 3. - Geometry for a f in i te  magnetic loop 

of current buried in  a conducting half-space earth 

containing a highly conducting th in  sheet at the 

surface. (Symbols are ident i f ied in  the text  and 

in  appendix B.) 



The specific expressions for Fo and F1 are given by Wait (3) - as 

- ip0wa21 " J (~a) A 
FO - 2 lo - T(x) exp (-klho-k z 

kl ) J~ (Xp 

where the wave number (k) = (X2 + y2)1/2, 
and R(x) and T(x), the reflection and transmission terms, are unknown. 

The boundary conditions are such that the tangential electric fields are continu- 
ous, and from Ampere's law, the tangential magnetic field is discontinuous by the 
amount of the longitudinal current per unit length carried by the thin sheet. Also, 
recalling that yd is very small, it can be assumed that 

and 

Using these boundary conditions and equations 14 and 15, it follows that 

From equation 13 and noting that ko = A, the vertical magnetic field above the earth 
is given by 

It is convenient to write H1, in the following form with x = Xh0, where ho is the 
depth of the buried loop: 

where 

" J (Ax) x3 
= l O  h' x + (xz + i ~ ~ ) ~ ~ ~  + iHS exp (-Zx) exp I-(x2 + i~2)1/2} Jo(Dx)dx, (21) 



where H = (wpOa1)1'2 h 0 9 

and s = ad(wpo/al)1/2,  

Q is  dimensionless and approaches zero  
as H, A ,  D, and Z approach zero, and 
i t  can be considered a co r rec t ion  f a c t o r  
t o  t h e  f i e l d  of a  s t a t i c  magnetic 
d ipo le ,  For S equal  t o  zero  (ad = O), 
Q reduces t o  a  homogeneous ha l f  -space 
equation,  

I n  general ,  t he  i n t e g r a l  i n  equation 21 
must be evaluated numerically, The case 
of an observer  a t  t h e  su r face  (Z = 0) 
d i r e c t l y  above t h e  source (D = 0) ,  with 
a n  underground d ipo le  source (A = 0) ,  is  
of p a r t i c u l a r  i n t e r e s t ,  By s e t t i n g  t h e  
products  ad and 01, Q(H,S) values can be 
found f o r  t h e  f i e l d  da ta ,  Fur ther ,  by 
s e t t i n g  

where Q(Ha,O) r ep resen t s  the  homogene- 
ous half-space f a c t o r ,  t he  corresponding 
Ha value can be found and t h e  apparent 
ha l f  -space conductivi ty can be found 
from 

These conductivi ty values can then be 
compared wi th  those found from the  f i e l d  
d a t a  shown i n  t a b l e  3 i n  order  t o  check 
t h e  appropriateness of the  t h i n  shee t  
model, 

The choice of the  ad product is  not 
e n t i r e l y  a r b i t r a r y ,  It must be r e a l i s t i c  
and s t i l l  maintain t h e  assumption made i n  
t h e  formulat ion of t h e  t h i n  sheet  model, 
The assumption s t a t e d  e a r l i e r  i s  t h a t  yd 
i s  small  t o  avoid t h e  exponential  a t tenu-  
a t i o n  f a c t o r  of the  s i g n a l  a s  i t  t r a -  
verses  the  t h i n  l aye r ,  I f  t h i s  product 
i s  s e t  equal  t o  yd = 0.1, then i t  places 
a  cons t r a in t  on t h e  product ad, 

Typically i n  t h e  l i t e r a t u r e ,  conductiv- 
i t y  measurements on e a r t h  mater ia l  r a r e l y  
exceed 1 mho/m, If  t h i s  value i s  con- 
s ide red  an upper bound and t h e  h ighes t  
frequency of i n t e r e s t  i s  3,030 Hz, then 
i t  fol lows t h a t  1 1 ma,  = 0.155/m and d 
= 0,647 m and a = 0,647 mho, 

Computer r e s u l t s  using t h i s  ad product 
wi th  various values of a1 showed a 
decrease i n  apparent conductivi ty with 
depth but an inc rease  i n  conductivi ty f o r  
an inc rease  i n  frequency a t  a  given 
depth, 

A d i f f e r e n t  choice of ad having a value 
of 20 with a l  = mho does show t h e  
t rend of conduct iv i ty  with depth and f r e -  
quency a s  r e f l e c t e d  i n  t h e  f i e l d  da ta ,  
These r e s u l t s  a r e  shown i n  t a b l e  5, A 
comparison of t h e  conductivi ty and Q val- 
ues of t a b l e  5 with those shown i n  t a b l e s  
3 and 4 shows t h a t  t h e  t h i n  shee t  model 
does p red ic t  t h e  q u a l i t a t i v e  behavior of 
t h e  experimental values,  but does not 
p red ic t  t h e  magnitude of decrease i n  
apparent conductivi ty wi th  depth, Also, 
i t  should be noted t h a t  t h e  choice of ad 
= 20 may not be r e a l i s t i c  and may need 
f u r t h e r  s tudy,  

TABLE 5, - Conductivity ( a )  and Q values f o r  d i f f e r e n t  depths 
and frequencies f o r  t h e  t h i n  shee t  model of the  e a r t h  wi th  
ad = 20 and a1 = mho 

Freq,  Hz 

630, ,,,,,, 
1,050..... 
1,950..... 
3,030..... 

250 m 175 m 
a  

0,074 
,063 
,048 
,039 

a 
0,114 

,100 
,081 
,066 

400 m 125 m 
Q 

0,226 
,141 
,077 
,050 

Q 
0,306 

,197 
,110 
,072 

a 
0,040 

,032 
,024 
,018 

a 
0,167 

,154 
,129 
,108 

Q 
0,147 

,089 
,049 
.03 1 

Q 
0,397 

,265 
-151 
,099 



REGRESSION MODEL 

Since  t h e  apparent  conduc t iv i t y  shows a  
depth  and frequency dependency, i t  may be' 
p o s s i b l e  t o  o b t a i n  a  l i n e a r  model t h a t  
would be acceptab le  f o r  making s ta tements  
of expected va lues  of apparent  conductiv- 
i t y  f o r  a  given frequency and mine depth. 
Such an  approach was taken through two 
parameter r eg re s s ion  s t u d i e s .  

Seve ra l  l i n e a r  r eg re s s ion  models were 
considered.  The model found t o  b e s t  f i t  
t h e  behavior  of t h e  d a t a  i s  one i n  which 
t h e  l o g  of t h e  apparen t  conduct iv i ty  i s  
l i n e a r l y  r e l a t e d  t o  frequency and depth. 
Th i s  i s  shown by 

l o g ( a )  = a  + B l  (depth)  

+ $2(f r e q )  + E .  (24) 

The parameters a ,  B 1 ,  and B 2  a r e  numbers 
t h a t  a r e  es t imated  from t h e  da ta .  The 
parameter  E r ep re sen t s  a random v a r i a b l e  
t h a t  i s  normally d i s t r i b u t e d ,  w i th  ex- 
pec t ed  va lue  of ze ro  and uniform va r i ance  
a c r o s s  t h e  independent va r i ab l e s .  Re- 
g r e s s i o n  r e s u l t s  f o r  t h i s  model a r e  shown 
i n  t a b l e  6. Data from mine 1 were de- 
l e t e d  because they appeared as a  l a r g e  
o u t l i e r  t o  t h e  r e s t  of t h e  da ta .  Also, 
because of t h e  expected u n c e r t a i n t y  of 
t h e  conduc t iv i t y  e s t ima te s ,  a l l  d a t a  f o r  
Q > 0.5 o r  d  < 100 m were excluded. 

TABLE 6. - Regression r e s u l t s  f o r  l o g ( a )  
v e r s u s  mine depth ( i n  meters)  and 
t r ansmi t  frequency ( i n  h e r t z )  

Number observed................ 42 
Intercept...................... -0,45818 
Depth slope.................... -0.00276 
Frequency slope................ -0.00012 
C o r r e l a t i o n  coefficient. . . . . . . .  0.88 ..... Estimated s t anda rd  e r ro r . .  0.1794 

Comparing t h e  two s l o p e s  of t a b l e  6, i t  
can  be seen  t h a t  t h e  expected conductiv- 
i t y  va lue  appears  t o  be more s e n s i t i v e  t o  
t h e  depth  parameter. This  is  c o n s i s t e n t  
w i t h  t h e  r e s u l t s  of t a b l e  4, as previ-  
ous ly  discussed.  However, f o r  smal l  

depths  and high f requenc ies  t h i s  would 
no t  be t h e  case.  

Ea r th  conduc t iv i t y  e s t ima te s  a r e  o f t e n  
used f o r  e s t i m a t i n g  t h e  t ransmiss ion  l o s s  
an  EM s i g n a l  i n c u r s  a s  i t  is  t r a n s m i t t e d  
TTE. As  such, e a r t h  conduc t iv i t y  e s t i -  
mates can be used wi th  an  e a r t h  model f o r  
making p r e d i c t i o n s  of t r ansmi t t ed  s i g n a l  
s t r eng ths .  For small depths ,  t h e  s i g n a l  
l o s s  w i l l  be small and exac t  knowledge of 
t h e  e a r t h  conduc t iv i t y  va lue  would no t  be 
a s  important  as i t  is  a t  l a r g e r  depths.  
Af t e r  reviewing t h e  r e s u l t s  of t a b l e  6, 
i t  can be argued t h a t  poss ib ly  t h e  
conduc t iv i t y  frequency dependency can 
be ignored  and t h e  depth parameter can 
be used as t h e  s o l e  p r e d i c t o r  of 
conduct iv i ty .  

A s i n g l e  parameter r eg re s s ion  model was 
formed r e l a t i n g  t h e  l o g  of conduc t iv i t y  
t o  mine depth,  and t h e  r e s u l t s  a r e  shown 
i n  t a b l e  7. This  model was formed with- 
out  t h e  d a t a  from mines 1 and 3 and t h e  
s i n g l e  d a t a  po in t  from mine 7  because 
they appeared as l a r g e  o u t l i e r s  t o  t h e  
balance of t h e  da ta .  Also, a s  be£ ore ,  
a l l  d a t a  f o r  which Q > 0.5 and d  < .  100 m 
were excluded. The r eg re s s ion  l i n e  f o r  
t h i s  model i s  shown i n  f i g u r e  4  a long  
wi th  a  95-pct confidence i n t e r v a l  (CI).  
As  can be s een  from f i g u r e  4, a predic-  
t i o n  of apparent  e a r t h  conduc t iv i t y  can 
be ob ta ined  from a depth measurement w i th  
a n  u n c e r t a i n t y  of around +20 pc t ,  

TABLE 7. - Regression r e s u l t s  f o r  l o g ( a )  
versus  mine depth  ( i n  meters)  

Number observed.. .............. 37 
Estimated intercept............ -0.45131 
Estimated s lope. .  ............ .. -0.00393 
Cor re l a t i on  coefficient. . . . . . . .  0.87 ...... Estimated s t anda rd  e r r o r .  0.1655 ...... Standard d e v i a t i o n  depth. 74.27 

The r eg re s s ion  a n a l y s i s  assumes nor- 
mally d i s t r i b u t e d  r e s i d u a l s  wi th  a homo- 
geneous var iance  ac ros s  t h e  independent 
va r i ab l e .  These assumptions were checked 
and found t o  be adequately met. 



DEPTH, m 

FIGURE 4. - Regression line and 95-pct confi- 
dence interval for log(o) versus depth. 

Also, an F-test  was performed t o  s e e  
whether o r  not t h e  l i n e a r  model is  appro- 
p r i a t e .  In general  form, 

is  t e s t e d  aga ins t  

The F-test s t a t i s t i c  f o r  t h i s  re- 
g ress ion  ana lys i s  was found t o  be F 
= 112. Comparin t h i s  with t h e  c r i t i c a l  

F35 , 1 , 0  -05 F = ~ ~ ~ * ~ ,  H0 cannot be re- 
j ec ted  and the  l i n e a r  model can be 
accepted. 

From t h i s  s tudy,  i t  can be concluded 
t h a t  depth can be a good predic tor  of 
conductivi ty.  However, s ince  t h e  objec- 
t i v e  of t h i s  study i s  t o  be ab le  t o  pre- 
d i c t  the  expected s i g n a l  l o s s  f o r  TTE 
comnrtnications, t h e  r e l a t e d  uncer ta in ty  
of expected received s i g n a l  s t r eng th  from 
a n  underground t r ansmi t t e r  f o r  t h i s  e a r t h  
conductivi ty regression model nust  be 
determined. 

Using the  l i n e a r  regression model of 
t a b l e  7, su r face  f i e l d  s t r eng th  calcula-  
t i o n s  were made f o r  an underground t rans-  
m i t t e r  loop a t  d i f f e r e n t  depths, having a 
t ransmit  magnetic moment of 1 A-m2. Cal- 
cu la t ions  were made using the  expected 
conductivi ty value f o r  a given depth and 
f o r  the  conductivi ty values forming the  
95-pct C I .  The r e s u l t s  a r e  shown i n  f ig -  
ure  5 f o r  each of t h e  four frequencies. 

The C I  of f i g u r e  5 can be i n t e r p r e t e d  
a s  a  band wi th in  which one can expect t o  
f ind ,  with 95-pct confidence, the  mean 
value of su r face  s i g n a l  s t r eng th  f o r  a  
number of t e s t s  having an underground 
t r ansmi t t e r  with a magnetic moment of 
1 A m 2 .  It can be seen from f i g u r e  5 
t h a t  t h e  C I  increases  with frequency and 
depth; t h e  uncer ta in ty  of expected f i e l d  
s t r e n g t h  a t  the  l a r g e s t  depths a r e  on t h e  
order  of +3  dB. It should a l s o  be 
pointed out  t h a t  t h e  r e s u l t s  of f i g u r e  5 
a r e  i n  good agreement with su r face  s i g n a l  
regress ion  a n a l y s i s  by Lagace (12) where 
TTE transmission d a t a  were s t u d i z  from a 
l a r g e r  d a t a  base. 

DEPTH, rn 

FIGURE 5. - Surfacevertical magnetic field ver- 
sus depth by frequency for an underground trans- 
mitter w i t h  a  magnetic moment of 1 A/m. 



SUMMARY 

Field data from a number of narrow-band 
EM TTE communication tests were studied, 
and apparent earth conductivity estimates 
were made based on a homogeneous half- 
space earth model. The derived conduc- 
tivity estimates were found to decrease 
with the transmitted frequency and mine 
depth. This result is not consistent 
with the assumption of a homogeneous 
half-space earth. 

A different earth model was studied 
that contained a thin sheet of high con- 
ductivity in a lower conductivity homo- 
geneous earth. Results of studies of 
this model show that it can predict the 
qualitative behavior of the conductivity 

estimates with frequency and depth, but 
falls short of predicting the quantita- 
tive results. 

Linear regression analysis was per- 
formed, and it was found that the appar- 
ent earth conductivity could be estimated 
from a linear combination of the trans- 
mitted frequency and mine depth. Further 
regression studies demonstrated that an 
adequate predictor of the apparent earth 
conductivity could be the mine depth 
alone. The major value of this work is 
that an adequate statistical model of the 
apparent earth conductivity has been 
found, which can be used in future stud- 
ies of TTE communications. 
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APPENDIX Am--NAMES AND LOCATIONS OF MINES VISITED DURING FIELD TESTS 

Mine 

1 

Depth, f t  Name and l o c a t i o n  

470 Youghiogheny and Ohio Coal, A l l i son ;  B e a l l s v i l l e ,  Belmont County, 
OH. 

190 Peabody Coal Co., Als ton  No. 4; Centertown, Ohio County, KY. 

1,550 J i m  Walter Resources,  Blue Creek No. 3; Adger, J e f f e r s o n  County, 
AL 

38 1 Cal Glo, No. 21; S i l e r ,  Knox County, KY. 

400 Eastover  Mining Co., Highspl in t  No. 4; H ighsp l in t ,  Harlan County, 
KY. 

915 U.S. S t e e l ,  Gary No. 2; Wilcoe, McDowell County, WV. 

430 U.S. S t e e l ,  Gary NO. 9;  F i l b e r t ,  McDowell County, WV. 

658 Gateway Coal Co., Gateway Mine; C l a r k s v i l l e ,  Greene County, PA. 

420 A l l i e d  Chemical Corp., Harewood; Boomer, Faye t t e  County, WV. 

650 Alabama By-products Corp., Mary Lee NO. 1 ;  Goodsprings, Walker 
County, ALo 

289 Monterey Coal Co., Monterey NO. 1 ;  C a r l i n v i l l e ,  Macoupin County, 
IL. 

540 Youghiogheny and Ohio Coal, N e l m ' s  NO. 2; Hopedale, Harr ison 
County, OH. 

560 Consol ida t ion  Coal, Oak Park NO. 7; Cadiz,  Har r i son  County, OH. 

650 Old Ben Coal Co., Old Ben NO. 26; Sesser ,  F rank l in  County, IL. 

70 Owl Creek Corp., Sue-Jan; St.  Charles ,  Hopkins County, KY. 

260 P e t e r  Cave, Mine NO. 1; Lovely, Martin County, KY. 

1,200 P l a t eau  Mining Co., S t a r  Poin t  NO. 2; Wa t t i s ,  Carbon County, UT. 

500 Pont ika,  NO. 1; Lovely, Mart in  County, KY. 

600 North American Coal, Powhatan NO. 1;  Powhatan Po in t ,  Belmont 
County, OH. 

500 North American Coal, Powhatan NO. 3; Powhatan Po in t ,  Belmont 
County, OH. 

260 Peabody Coal Co., S i n c l a i r  NO. 2; Drakesboro, Bu t l e r  County, KY. 

1,200 Kaiser  S t e e l ,  Sunnyside NO. 1; Sunnyside, Carbon County, UT. 

460 Ze ig l e r  Coal Co., Mine NO. 4; Johnston C i t y ,  Williamson County, 
IL. 

720 Helen Mining Co., Helen Mine; Homer C i ty ,  Ind iana  County, PA. 

282 Bureau of Mines, Lake Lynn; Fairchance,  Faye t t e  County, PA. 

220 5-4 Cave; Un ive r s i t y  Park,  Centre  County, PA. 

150 Woodward Cave; Un ive r s i t y  Park,  Centre  County, PA. 



APPENDIX Be--ABBREVIATIONS AND SYMBOLS USED IN THIS REPORT 

NOTE.--This list does not include the unit of measure abbreviations listed at the 
front of this report. 

a loop radius 

A ratio of radius of underground 
antenna to mine depth 

CI confidence interval 

d mine depth 

D ratio of distance between ver- 
tical axis of underground 
antenna and observation point 
to mine depth 

E electric field 

EM electromagnetic 

F vector potential 

FFT fast Fourier transform 

H magnetic field 

ho depth of buried loop 

Hz surface vertical magnetic 
signal 

I current 

R 

RMS 

T 

TTE 

wave number 

magnetic moment 

attenuation factor of conducting 
earth 

reflection coefficient 

root-mean-square 

transmission coefficient 

through the earth 

field measurement point 

ratio of distance of field measure 
ment point above earth to mine 
depth 

propagation constant 

integration constant 

free space permeability 

earth conductivity 

angular frequency 
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