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ABSTRACT 

One aspect of a program to  improve the chances of survival  following coal 
mine d i sas te rs  is the development of a communications system which w i l l  allow 
surviving miners to make the i r  circumstances known t o  rescue teams. A t  present, 
i t  appears t ha t  an electromagnetic system may be most p rac t ica l .  

The development and design of an e f fec t ive  electromagnetic communications 
l i n k  for  s ignal l ing between mine workings and the surface requires knowledge of 
pertinent physical properties of the rocks overlying the mine workings and the 
charac te r i s t ics  of t he  ambient noise against which a communications s igna l  must 
be recognized. Knowledge of the overburden e l e c t r i c a l  transmission properties 
i s  useful not only for  determining a prac t ica l  operating transmitter frequency 
a t  a given mine, but a l so  for  ensuring the best  possible electromagnetic coupling 
fo r  routine or emergency communication purposes. 

Field s tudies  of the e l e c t r i c a l  transmission properties of the overburden 
of coal  mines i n  Colorado, I l l i n o i s ,  and Pennsylvania generally show tha t  a rela- 
t ive ly  uniform and unimodal e l e c t r i c a l  conductivity d i s t r i bu t ion  ex is t s  provided 
tha t  the region has not been subject  t o  considerable s t r u c t u r a l  o r  metamorphic 
deformation such a s  that  observed i n  the Gary D i s t r i c t  of West Virginia. Measure- 
ments of ambient surface electromagnetic noise leve ls  a t  several  mines i n  Colorado, 
I l l i n o i s ,  and West Virginia were taken and analyzed and a r e  presented i n  the form 
of amplitude histogram p lo t s  both a s  a function of frequency and time of day. 
These amplitude histograms may be used i n  conjunction with overburden r e s i s t i v i t y  
data i n  implementing an uplink ccnununications beacon system which w i l l  y ie ld  a 
specified signal-to-noise r a t i o  a t  t he  surface. 

Numerous C.W. f i e l d  transmission t e s t s  were made i n  various coal mining 
environments with use made of e i t h e r  a buried ver t ical-axis  transmitting loop or  
a short  insulated grounded current l i n e .  These transmission t e s t s  were made from 
20 Hz to  20,000 Hz i n  frequency and a t  several  geographic surface receiving s i t e s .  
The r e su l t s  of these f i e l d  measurements show, i n  general ,  good agreement with 
theoret ical ly  calculated r e su l t s .  Since the produced surface magnetic f i e l d  from 
a buried vertical-axis loop source or  the produced surface horizontal  e l ec t r i c  
f i e l d  from a buried horizontal  current l i n e  show b e t t e r  agreement with theoret ical  
resu l t s ,  they could be used f o r  beacon locat ion system. 

One c r i t e r i o n  would be i n  detecting the equatorial  and polar nu l l  l ines  of 
the horizontal  e l e c t r i c  f i e l d  component which i s  normal t o  the  direct ion of 
emplacement of a buried transmitting l i n e  current source. A second c r i t e r i o n  
would be i n  the  surface mapping of the maximum i n  the ve r t i ca l  magnetic f i e l d  
d i rec t ly  over a ver t ical-axis  loop transmitter and the associated n u l l  i n  t he  
ve r t i ca l  magnetic f i e l d  a t  a horizontal o f f se t  distance which is about 1.4 times 
the depth of bur ia l  of the transmitter. Finally,  a t h i r d  c r i t e r i o n  would l i e  i n  
the  surface mapping of the nu l l  i n  the horizontal  magnetic f i e l d  d i r ec t ly  over 
the ver t ical-axis  beacon and the  associated maximum i n  the horizontal magnetic 
f i e l d  a t  an o f f se t  distance from the transmitter axis  of half  the depth of bur ia l  
of the loop t ransmit ter .  

In  mapping the v e r t i c a l  magnetic f i e l d  over a buried ver t ical-axis  loop 
t ransmit ter ,  the s i z e  e f f ec t  of the transmitter loop must be taken in to  account 
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when the separation distances between t h e  transmitter and receiving sensor a r e  
l e s s  than t en  times the e f fec t ive  radius  of the  source loop; increasing the s i z e  
of the transmitting source r e l a t i v e  to t h e  source-receiver separation distance 
s h i f t s  the n u l l  i n  t he  v e r t i c a l  magnetic f i e l d  t o  greater  o f f se t s .  I n  mapping 
e i the r  the  v e r t i c a l  or  hor izontal  magnetic f i e l d  over a buried ver t ical-axis  loop 
transmitter,  care should be exercised i n  ascertaining tha t  measured nul ls  and 
maxima a r e  along r ad i a l s  through the axis  of the buried source loop. 

For the  main par t ,  coupling experiments show that  ambient electromagnetic 
noise i n  coal mining d i s t r i c t s  is l e s s  of a problem above 1000 Hertz. But 
secondary and perhaps undesirable maxima and n u l l  phenomena (as wel l  a s  penetra- 
t i on  problems) would occur i n  many coa l  mine provinces i n  t h e  behavior of the  
surface horizontal  magnetic f i e l d  (over a buried vertical-axis loop transmitter)  
i f  transmission frequencies a s  high a s  10  kHertz were used. 

iii 
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Research on the Transmission of Electromgnetic Signals 

Between Mine Workings and the Surface 

INTRODUCTION 

Underground mining of coal remains one of the most hazardous of occupations, 
despite intensive e f fo r t s  by government, industry, and labor t o  reduce the hazards. 
One of the  most f rus t ra t ing  aspects of attempts t o  reduce the number of fa ta l i -  
t i e s  i n  coa l  mine operations is that  of not being able t o  communicate with miners 
trapped underground imnediately a f t e r  some type of catastrophic accident. When a 
gas explosion takes place, i t  i s  d i f f i c u l t  t o  pinpoint the  areas  of a mine 
affected from the surface. Tens o r  even hundreds of miners may survive the 
i n i t i a l  e f f ec t s  of such a catastrophe, and the i r  longer-term survival  w i l l  depend 
on the i r  taking the proper act ion,  such a s  barricading themselves i n  a remote 
par t  of the mine, or seeking out an unobstructed e x i t  from the mine. Normal com- 
munications a r e  usually completely disrupted a t  the  moment of the  catastrophe, 
a t  a time when e f fec t ive  communication i s  essen t ia l .  Therefore, there i s  a need 
for  an emergency cormunications system f o r  use under such circumstances, a system 
which would be su f f i c i en t ly  portable tha t  a transceiver could be carr ied readily 
by groups of miners, or even individual miners a t  a l l  times while they a r e  under- 
ground. 

The problems re la ted  to  the  development of an  emergency communications 
system a r e  only par t ly  technical i n  nature, but t o  a large extent, the design of 
a workable system w i l l  depend on human engineering fac tors  which a r e  sometimes 
d i f f i c u l t  to formalize. The problem is tha t  of providing a miner underground 
with a communications system which w i l l  f u l f i l l  one or both of two requirements; 
tha t  of indicating the locat ion of the trapped miners, and that of providing some 
transfer of information between the miner and other people a t  the surface of the 
ear th .  I f  a communications system with a high capacity for  transmitting informa- 
t ion  could b e  provided t o  the miner, these problems might be solved a t  the same 
time. Therefore, an important aspect of a comunications system is the amount of 
information tha t  can be transmitted over i t  per un i t  time. For voice transmission, 
data r a t e s  of about 3000 b i t s  per second a r e  necessary; while data r a t e s  a s  low a s  
one b i t  per second o r  even one b i t  per minute might be used for  the transmission 
of a simple code. Voice transmission would be more desirable  than the use of a 
slow code, but as  one might expect, the higher t he  data r a t e  f o r  the system, the 
greater w i l l  be the complexity, weight, and power requirements. Thus, i n  
designing a workable system, we may expect there  to be a tradeoff between data 
r a t e  on the one hand, and por tab i l i ty  on the other .  

A second important property of a communications system i s  whether i t  is one- 
way or  two-way. A simple communications system would allow the  trapped miner t o  
make h i s  presence known to people on the surface,  but would not allow communica- 
t i on  from the surface t o  underground (e.g., hammer tapping). I n  an emergency it 
i s  of prime importance tha t  up-link communications, from the miner to  t he  sur- 
face, be established f i r s t  so  tha t  rescue teams may know i f  there  i s  anyone 
a l i v e  underground and where they may be. However, i t  i s  a l so  important to  have 
a down-link so  tha t  information can be passed t o  the buried miner. Such informa- 
t i on  might advise him a s  t o  t he  wisest  course of ac t ion  t o  ensure survival ,  o r  



would assure him tha t  rescue attempts were proceeding, and so, prevent him from 
taking unwise actions on h i s  own, Of pa r t i cu l a r  i n t e r e s t  i s  the poss ib i l i ty  
t h a t  the  up-link and t h e  down-lipk would not need t o  be symmetrical with respect 
t o  data r a t e .  I t  would be qu i te  reasonable to  use a low-data-rate up-link 
system i f  a high-data-rate down-link system were avai lable .  I n  t h i s  way, 
specif ic  questions along with ins t ruc t ions  f o r  a simply coded reply could be 
transmitted downward. 

I n  order to  design a workable electromagnetic communications system coor- 
dinating both technical  requirements and human engineering, i t  becomes necessary 
t o  know a var ie ty  of design parameters which may be grouped i n t o  three c lasses  
as follows: 

(1) the e l e c t r i c a l  properties of the rock overlying mine workings,. 
which determine the re la t ionship between the  amount of energy 
or  parer applied t o  t he  transmitter and the strength of the 
s ignal  a s  i t  propagates through the ground 

(2) the  ambient background electromagnetic noise levels  a t  receiver 
locations,  which determine the m i n i m u m  l e v e l  of s ignal  s t rength 
that  can be recognized 

(3) the  e f fec t  of mine workings and s t ruc tures  on the behavior of 
the communications s ignal .  

Some of the above design parameters may d i f f e r  f o r  every mine so that  f o r  
ult imate optimization of emergency communications systems, it would be necessary 
t o  have such information f o r  every d r i f t  of every mine working. 

Such an optimized system probably does not represent t he  desirable  f i r s t  
s tep  i n  developing an emergency communications system, but ra ther  a longer range 
goal. A t  present, i t  would be preferable t o  specify a system which would not be 
sensi t ive  t o  any but t h e  most extreme differences  i n  the  character of a mine 
working, so t h a t  t he  same elements could be used by most mines. Thus, we may 
s e t t l e  f o r  near optimization based on the  idea t h a t  s imilar  mines i n  s imilar  
geological se t t ings  w i l l  be characterized by r e l a t i ve ly  narrow ranges f o r  design 
parameters, and that these ranges may be determined with reasonable s t a t i s t i c a l  
r e l i a b i l i t y  by making s tudies  only over selected mines. 



ELECTRIC& PROPERTIES STUDIES 

The mathematical theory f o r  the  behavior of electromagnetic f i e l d s  from an 
underground antenna, though tedious, has i n  recent years become somewhat well 
established (Wait and Campbell, 1953; Wait, 1962; Bannister, 1966; Sinha and 
Bhattacharya, 1966; Ban&, 1966; Wait, 1969; Wait, 1970; Wait, 1971c, 1971d; 
Wait and. H i l l ,  1972a; H i l l ,  1973a; H i l l  and Wait, 1 9 7 3 ~ ) .  I n  a l l  such theoret- 
i c a l  s tudies  the  e l e c t r i c a l  properties of the ear th  a f f e c t  s ignal  strength i n  a 
way which is determined by the wavenumber of the medium or  media through which 
propagation takes place. The wavenumber is given by the  expression: 

where f  is the  frequency used i n  cycles per second, 1 ~ ,  i s  the magnetic permeabil- 
i t y  of the medium i n  henrieslmeter, and E is the d i e l e c t r i c  constant i n  faradsf 
meter ( a l l  quant i t ies  a r e  expressed i n  MKS uni t s  i n  t h i s  repor t ) .  Only one of 
these quant i t i es ,  the  frequency, i s  a design parameter. I n  order t o  specify 
values f o r  the wavenumber i n  theore t ica l  s tudies ,  i t  is reasonable t o  expect t h a t  
s t a t i s t i c a l  compilations of the other th ree  fac tors  might be needed, par t icu la r ly  
a s  a function of fre.quency i f  any of t he  factors  should be frequency-dependent. 

Extensive tables of physical properties data a r e  avai lable  i n  the l i t e r a -  
ture  which m y  be used t o  reduce the  magnitude of the  problems i n  compilation of 
per t inent  data (Clark, 1966; Parkhanenko, 1967). Based on such tabulations,  t he  
generalization may be made tha t  for  the rocks normally occurring i n  the v i c in i ty  
of coal  mines, the magnetic permeability i s  not var iable ,  but assumes a value 
qu i te  c lose  to t ha t  of f r e e  space, or 477 x henrieslmeter. A s  a  consequence, 
i t  is not necessary to carry out any s t a t i s t i c a l  analysis of magnetic permeability 
data f o r  the purpose of t h i s  research. 

However, the use of tabulated data on e l e c t r i c a l  conductivity and d i e l ec t r i c  
constant may not be en t i r e ly  sa t i s fac tory .  Coal mines a r e  found ra ther  near the 
surface i n  sedimentary sequences of rocks. Usually, the sedimentary rocks a r e  
those which were or ig ina l ly  deposited i n  f resh  or brackish water and, moreover, 
insofar a s  most coal mines a r e  r e l a t i ve ly  near the  surface,  a s ign i f ican t  frac- 
t ion  of the rock overlying a coal mine may have i ts  properties modified by 
weathering. I n  a review of tabulated data on e l e c t r i c a l  properties,  i t  becomes 
apparent that  re la t ive ly  few measurements have been made on such rock sequences. 
In  considering the e l e c t r i c a l  properties of the rocks along a communications 
path between a mine working and the  surface,  i t  is convenient t o  consider coal  
and the overburden separately.  

Resis t ivi ty  of Coal 

Studies of the  e l e c t r i c a l  r e s i s t i v i t y  of coals  have been carr ied out by 
many people (Parkhomenko, 1967; Krasnovakii, 1969; Baker e t  a l ,  1966; Tonkonogov 
and Veksler, 1971). Data on the r e s i s t i v i t y  of coals which may be found i n  
l i t e r a t u r e  do not always indicate  the conditions under which measurements were 
made, such a s  the moisture content, temperature, measuring method, and so on. 
Baker and h i s  coworkers reported that  r e s i s t i v i t y  of an thrac i te  depends on i ts  
moisture content, i t s  temperature, the number of electrodes used t o  measure 



r e s i s t i v i ty ,  and whether the  sample i s  cu t  p a r a l l e l  t o  or  perpendicular to  the  
bedding plane (Baker and others,  1966). Data reported by various authors a r e  
l i s t ed  i n  Table 1 for  six types of coal.  

Of the values reported i n  Table 1, the highest r e s i s t i v i t i e s  were obtained 
f o r  measurements made on samples obtained from a coal  p i l e  i n  a completely dry 
s t a t e .  Lower values of r e s i s t i v i t y  a r e  reported f o r  natural ly  wet coal, while 
the r e s i s t i v i t y  of air-dried coal i s  about the same order of magnitude according 
to  th ree  references. However, A. F. Baker and others  (1966) reported the res is-  
t i v i t y  of an thrac i te  t o  be lower when i t  i s  dry than when i t  i s  wet. 

The range of r e s i s t i v i t i e s  reported f o r  coals i s  extremely wide, extending 
from the semiconducting t o  the insulating regions. Res is t iv i ty  i s  a function of 
the physical and petrographic character of the  coal ,  the mineral composition and 
the degree of metamorphism. Generally, the r e s i s t i v i t y  of coa l  can be correlated 
with texture and composition, but  i s  a function of a g rea te r  number of var iables  
than the properties of other  rocks. 

The basic petrographic const i tuents  of coals  a r e  fusain,  v i t r a i n ,  durain, 
and clarain .  The r e s i s t i v i t y  of dry samples of c l a r a in  and v i t r a i n  is m r e  than 8 3 x lo6 ohm-meter, while fusain has somewhat lower r e s i s t i v i t y ,  10 to 10 ohm- 
meter. A s  a r e su l t ,  the r e s i s t i v i t y  of a coal w i l l  depend on t h e  r e l a t i ve  
proportions of these consti tuents.  

The re la t ion  between r e s i s t i v i t y  of coals  and the i r  ash content i s  shown 
i n  Figure 1. 

Dakhnov (see Parkhomenko, 1967) has analyzed data s t a t i s t i c a l l y ,  finding that  
the highest r e s i s t i v i t i e s  a r e  found i n  gassing coal  and greasy steam coal. 
According to  Toporets (see Parkhomenko, 1967) long burning coals have the highest 
r e s i s t i v i t i e s .  Moreover, t he  amount of decrease i n  r e s i s t i v i t y  with increasing 
metamorphism depends on the type of metamorphism. A pronounced decrease i n  res i s -  
t i v i t y  is found i n  coal  f i e l d s  subject  t o  thermal metamorphism, par t icu la r ly  
contact metamorphism. 

The ro l e  played by the carbon r a t i o  i n  determining the r e s i s t i v i t y  of coal 
with various degrees of carbonization is not uniform. For long-burning coal, 
gassing coal and greasy steam coal,  the character  of the  re la t ionship is one of 
decreasing r e s i s t i v i t y  with increasing carbon r a t i o ,  while i n  the case of anthra- 
c i t e ,  on the other hand, increasing the carbon r a t i o  increases the r e s i s t i v i t y .  
It must be noted tha t  not only is the carbon r a t i o  important, but a l so  the  ash 
content, which is re la ted  to  t he  carbon ra t io .  

Res i s t iv i ty  of Overburden 

Conduction i n  near-surface rocks is almost en t i r e ly  through the water f i l l i n g  
the pore spaces of the  rocks, and so, prediction of e l e c t r i c a l  properties for  the 
overburden is somewhat simpler than fo r  coal  seams. I n  water-bearing rocks, 
there  tends t o  be a cor re la t ion  between r e s i s t i v i t y  and geologic age, inasmuch as  
the  amount of water decreases with age, and s a l i n i t y  tends to increase with age. 
Most s tudies  of the e l e c t r i c a l  proper t ies  of sedimentary rocks have dea l t  with 
deep-seated formations that  serve a s  o i l  and gas reservoirs,  but a la rge  amount 
of data on the r e s i s t i v i t i e s  of near-surface rocks is avai lable  i n  National 
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Fig. 1. Gtaph o f  the most  probable values for the resistivity of coals  af various grades 
as a function of quality. The ash content is plotted along the abscissa. 



Bureau of Standards Circular 546 (Kirby and others,  1954). These earth resis-  
t i v i t y  values were estimated from the r a t e  of decay i n  f i e l d  strength about 
radio s ta t ions .  Such surveys a r e  required of a l l  broadcast s t a t i ons  by the 
Federal Communications Commission. Res i s t i v i t i e s  determined f r m  these f ie ld-  
s t rength surveys represent average values f o r  rocks over an a rea  of a few 
square miles about the broadcasting s t a t i o n  t o  a depth of a few tens t o  a few 
hundreds of f ee t .  The median value f o r  s l i g h t l y  over 7000 measurements reported 
i n  Circular 546 i s  143 ohm-meters. 

Selecting from the 7000-odd measurements only those made over sedimentary 
rocks, the  cor re la t ion  between r e s i s t i v i t y  and geologic age shown i n  Figure 2 
was obtained. Inasmuch a s  the  age of the overburden over coal  measures ranges 
from Carboniferous to  Miocene, i n  most cases i t  is to be expected that  the  over- 
burden w i l l  have r e s i s t i v i t i e s  lower than the median value of 143 ohm-meters 
mentioned above, probably near 60 t o  70 ohm-meters. 

I n  developing a workable emergency comunications system, i t  is probably 
necessary to  obtain s t a t i s t i c a l  summaries of r e s i s t i v i t y  values f o r  spec i f ic  
mines, ra ther  than r e ly  on the data presently i n  t he  l i t e r a t u r e .  

Laboratory measuranents on recovered samples may be subject  to uncertain 
experimental errors ,  par t icu la r ly  s ince i t  is d i f f i c u l t  to maintain or  res tore  
samples t o  t he i r  na tura l  s t a t e  with respect to  water content - a fac tor  which i s  
qui te  important i n  making meaningful e l e c t r i c a l  properties measurements. There- 
fore  i t  was decided t h a t  i n  t h i s  case -- i n  s i t u  measurements of e l e c t r i c a l  proper- 
t i e s  would be preferable t o  laboratory s tudies .  

Two approaches to the determination of e l e c t r i c a l  properties with s u r f a c e  
based equipment were used i n  our compilations. I n  one approach, current is 
introduced i n t o  the ground with electrode contacts and the po ten t ia l  established 
i n  the  ear th  by t h i s  current i s  measured with a second pa i r  of electrode con- 
t ac t s .  I n  the other approach current is induced i n  the ground by a time-varying 
magnetic f i e ld  with a l ternat ing current driven through a loop of wire or  a 
grounded length of wire. The e f f ec t  of the  earth on t h i s  magnetic f i e l d  i s  
detected using a second loop of wire t o  measure the f i e l d  a t  some moderate dis- 
tance. 

I f  the ear th  over a coal  mine were completely uniform i n  e l e c t r i c a l  proper- 
t i e s ,  the  values f o r  e l e c t r i c a l  conductivity determined from these two techniques 
would be the same. However, i f  t he  earth is s t r a t i f i e d  with layers having dif-  
fe ren t  e l ec t r i ca l  properties,  as  i s  most probably the case, the two techniques 
w i l l  provide somewhat d i f f e r en t  values f o r  the average conductivity of the ground. 
This difference i s  a consequence of the e l e c t r i c a l  anisotropy which is observed 
i n  layered materials (Van'ian, 1965). When the ear th  is made up of a sequence of 
layers  with d i f fe r ing  conductivity, t he  average conductivity detected with 
current flowing perpendicular to t he  bedding w i l l  be l e s s  than the average 
conductivity detected with current flowing p a r a l l e l  t o  t he  bedding. The d i f fe r -  
ences w i l l  be grea te r  when the individual conductivit ies i n  the beds cover a 
wider range. The difference may be only a few percent i n  rocks which a r e  uni- 
form, or i t  may amount to  a f ac to r  of 2 t o  3 i n  rocks made up of layers with 
widely d i f fe ren t  individual conductivit ies.  I f  the  dif ference is s ign i f i can t  for  
the  typical  rocks over coal  mines, i t  may be of importance i n  comparing the 
merits of electromagnetic f i e l d s  generated with grounded wire antennas and those 
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generated with induction loops. Usually, the  current f i e l d  from a grounded wire 
w i l l  depend on the  geometric average of the maximum and minimum conductivity 
measured along and across the  bedding i n  a laminated sequence of rocks, while 
the f i e l d  from a loop source lying i n  a plane p a r a l l e l  t o  the  bedding of the 
rocks w i l l  depend on the  maximum conductivity. 

Galvanic Method 

The system selected f o r  t h e  determination of e l e c t r i c a l  conductivity using 
electrode contacts i s  shown diagramatically i n  Figure 3. This par t icu la r  a r r a n g e  
ment of electrodes i s  one which exhibi ts  a re la t ive ly  low inductive coupling 
between the  cables used t o  introduce current i n t o  the ground and the cables used 
to connect the  measuring electrodes to the receiving equipment. With such an 
array,  i t  i s  possible to  determine the d i e l ec t r i c  constant a t  low frequencies, 
i f  i t  i s  large enough, a s  well a s  the  conductivity. The use of t h i s  electrode 
array i n  geophysical exploration has been described by Madden and Cantwell (1967). 

I n  f i e l d  experiments carried out over the  Imperial and Eagle coal  mines a t  
Erie,  Colorado, t he  Gary No. 1 4  coal mine a t  Gary, West Virginia,  the  Peabody No. 
10 coa l  mine i n  I l l i n o i s ,  and t h e  Montour No. 4 coal mine i n  Pennsylvania, typical  
currents  of 1 t o  5 amperes were used with an "a-spacing" of 30.5 meters. The max- 
imum separation between electrodes A and M i n  Figure 1 was 243.8 meters. Measure- 
ments were made along short  traverses,  so  tha t  computed values of apparent res i s -  
t i v i t y  might be presented i n  the form of pseudo-section. 

With the dc measurement system described here, the  current driven i n t o  the 
ground i s  i n  the form of square wave pulses; t h a t  is, the current is turned on 
to  its dc leve l  for  a period of 10 seconds and then abruptly terminated. A t  the 
same time, the  voltage between the measuring electrodes is recorded on a graphic 
recorder. A typical  sample of acquired f i e l d  data is shown i n  Figure 4. 

I f  the  d i e l ec t r i c  constant i n  the  ear th  is large a t  low frequencies, the  
voltage w i l l  not disappear abruptly as  the current flow is terminated, but rather,  
there  w i l l  be  a t rans ien t  decay from the s t a t i c  l eve l  observed during current 
flow. The charac te r i s t ics  of t h i s  t ransient  decay may then be used to  estimate 
the tangent of t he  loss  angle, from which the low-frequency d i e l ec t r i c  constant 
can be determined. However, i n  the measurements made a t  the above coal mines, 
the t rans ien t  decay was so  quick so  as  to  be not detectable  within the accuracy 
of the  recording equipment. This observation means, as was expected, tha t  the  
d i e l ec t r i c  constant is not large enough to  be s ign i f ican t  i n  a f fec t ing  electro- 
magnetic propagation a t  l o w  frequencies. 

Overburden Elec t r ica l  Conductivity Distribution a t  Imperial and Eagle Coal Mines, 
Colorado 

Surfacebased r e s i s t i v i t y  measurements using the a x i a l  dipole-dipole 
electrode configuration were made a t  the Imperial and Eagle Coal mines, 
Colorado, with a view toward the character izat ion of the geoelectr ic  sections 
overlying the mine workings. Typical apparent r e s i s t i v i t y  sections along sur- 
vey l i n e s  a r e  given i n  Figures 5, 6, and 7 .  I n  p lo t t ing  the sections,  l i ne s  
a r e  drawn downward a t  angles of 45 degrees f r an  the center  of each dipole loca- 
t ion,  and measured apparent r e s i s t i v i t y  values a r e  plot ted a t  the  appropriate 
intersect ions  . It is apparent tha t  t he  geoelectr ic  sect ion overlying the mine 
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workings a t  the  Imperial and Eagle mines is qui te  homogeneous, with an average 
r e s i s t i v i t y  of 12 ohm-meters. 

A probabi l i ty  density plot  of r e s i s t i v i t y  values of the  overburden a t  
Imperial and Eagle coa l  mines is inferred from Figures 5 ,  6,  and 7 and is given 
i n  Figure 8. A uuimodal d i s t r i bu t ion  of apparent r e s i s t i v i t y  i s  evident. 
Plot t ing Of the probabili ty density functions i n  the manner portrayed by Figure 
8 is usefu l  f o r  the  optimal design of a mine beacon electromagnetic communica- 
t ions  system, because the electromagnetic wave decays a s  a function of the wave 
number of the  medium (Equation 1) .  I f  d i f fe r ing  mining d i s t r i c t s  can be charac- 
te r ized  by such probabi l i s t i c  d i s t r ibu t ions  (with regard t o  r e s i s t i v i t y  and 
electromagnetic noise),  inasmuch a s  what may be optimal f o r  communications i n  one 
mining d i s t r i c t  may not be optimal i n  another d i s t r i c t .  

For comparison, probabi l i ty  density p lo t s  of measured r e s i s t i v i t y  values or 
the overburden a t  Montour No. 4 mine, Peabody No. 10 mine, and Gary No. 14 mine 
a r e  given i n  Figures 9, 10, and 11. A l l  r e s i s t i v i t y  d i s t r ibu t ions  appear uni- 
modal i n  character; however, the spread i n  r e s i s t i v i t y  values measured a t  the  
Montour No. 4 mine is larger than tha t  a t  t he  Imperial  and Eagle mines and 
becopes even la rger  a t  the  Gary No. 14 mine. On the other hand, the r e s i s t i v i t y  
probabili ty density p lo t  f o r  t he  Peabody No. 10 mine appears qu i t e  s imilar  t o  t h a t  
fo r  t h e  Imperial and Eagle mines. This comparison implies tha t  electranagnetic 
transmissions through the  earth,  ambient noise and l o g i s t i c  f ac to r s  being equal, 
would be l e s s  dis tor ted by the r e s i s t i v i t y  d i s t r ibu t ion  apparent a t  the Imperial 
and Eagle mines o r  a t  the  Peabody No. 10 mine than by the r e s i s t i v i t y  d i s t r i bu t ion  
apparent a t  e i ther  the  Montour No. 4 mine or  t he  Gary No. 14 mine. Consequently, 
a theoret ical  model of a beacon source antenna immersed i n  an e l ec t r i ca l ly  and 
magnetically homogeneous halfspace (Wait, 1971d) would be applicable i n  mining 
provinces which have geoelectr ic  sections s imilar  t o  those measured a t  the  
Imperial and Eagle mines o r  the Peabody No. 10 mine and would yield  insight  i n to  
t h e  behavior of electromagnetic transmissions. However, an analyt ic  model 
applicable t o  a geoelectr ic  sect ion such a s  t ha t  encountered a t  t he  Gary No. 14 
mine (Geyer and Keller, 1971a) would have t o  account m t  only f o r  topography 
(Wait, 1971b), but  a l s o  fo r  the e f f e c t  of e l e c t r i c a l  anisotropy and l a t e r a l  
inhomog enei t i e s .  

Overburden Elec t r ica l  Conductivity Dis t r ibut ion a t  Montour No. 4 Coal Mine, 
Pennsylvania 

Galvanic r e s i s t i v i t y  measurements of the geologic sect ion collected over 
various prof i les  a t  the  Montour No. 4 mine, Pennsylvania, a r e  shown i n  sec t ion  
i n  Figures 12, 13, 14, 15, 16, 17, and 18. From the l a t t e r  f igures i t  is 
observed that  a r e l a t i ve ly  homogeneous geoelectric sect ion ex is t s  over the  
Montour No. 4 mine workings. Only along prof i les  P-P', PI-P' I ,  A-A' , A' '-A' ' ' 
a r e  there  suggestions of l a t e r a l  inhomogeneities a t  depths beneath the surface 
ranging from 200 t o  350 fee t .  It is noteworthy tha t  a l l  of these anomalous 
r e s i s t i v i t i e s  a r e  high; a t  present no cor re la t ion  has been made associating the 
res i s t ivd ty  highs with e i ther  t he  mine workings or  perhaps r e s i s t i v e  veins of 
subsurface coal.  Since the  average overburden conductivity a t  the  Montour No. 4 
mine is an order of magnitude lower than tha t  measured a t  the Imperial and Eagle 
mines, an upper l i m i t  on the maximum operating frequency of a p rac t i ca l  beacon 
electromagnetic system a t  the  Montour No. 4 mine would b e  an order of magnitude 
higher than an upper l imi t  f o r  the  same system i n  a mining province such a s  that  
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of the Imperial and Eagle mines, ambient noise, l og i s t i c s ,  and through-the-earth 
communication distances being equal. I n  general, i t  i s  expected tha t  the  
geologic regimen about other coal mines w i l l  be similar t o  t ha t  found i n  the  
experimental areas  i n  which the geological character of the beds overlying a 
mine is simple. In  other cases, where the character i s  more complex, i t  w i l l  
probably be necessary to  recognize the existence of several  layers  with differ-  
ent r e s i s t i v i t i e s  over a mine, and through which signals must propagate i n  an 
energency communications system. 

Inductive Method 

Another surface-based approach f o r  measuring the conductivity d i s t r ibu t ion  
of the overburden is that  i n  which current is induced i n  the ear th  by a time- 
varying magnetic f i e l d  with a l te rna t ing  current driven through a loop. The mag- 
net ic  f i e l d  of t h i s  induced current ,  which is affected by the r e s i s t i v i t y  dis- 
t r ibu t ion  of the earth,  is then measured with a second loop a t  some moderate 
distance away from the f irst .  By varying the  frequency a t  the source loop, vari- 
a t ions  of conductivity with depth may be ascertained, the lower frequencies 
sampling grea te r  depths. One advantage t o  an inductive a s  opposed to a galvanic 
method i s  that  the  source and receiver posit ions may be kept fixed while the 
frequency i s  varied. 

I n  dealing with such two-loop electromagnetic measurements it is convenient 
t o  use  the concept of mutual impedances and r a t i o s  of mutual impedances. The 
mutual impedance Z between a source and a receiver is the r a t i o  of the  voltage 
induced i n  the  receiver to the current I i n  t he  source. For two loops, 

where N i s  the number of turns of the receiving loop, A is t h e  area of the 
receiving loop, and H i s  the magnetic f i e l d  a t  the receiving loop. For two co- 
planar loops i n  f r e e  space separated by a dis tance R, the mutual coupling Zo is, 
neglecting displacement currents, 

where N 1  and N 2  are  the number of turns on the loops, and A 1  and A2 are the areas 
of the loops; Frischknecht (1967) gives the theore t ica l  coupling r a t i o  Z / Z o  f o r  
two horizontal  coplanar loops a t  t he  surface of a two-layer ear th  (see Figure 19), 

where (Z/Zo)' is the mutual coupling r a t i o  f o r  horizontal  coplanar loops over a 
homogeneous ear th  given by (Wait, 1955), 

y L  = iuUOa, a being the e l e c t r i c a l  conductivity i n  mhos per meter, u o  t he  magnetic 
permeability of f r e e  space ( 4 ~  x 10-7 henrieslmeter), and w being the t ransmit ter  
radian frequency. I n  the  second term of (4), 
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where 

and Jo  is the Bessel function of the f i r s t  kind and of order zero. Frischknecht 
(1967) then evaluates both the amplitude and phase of the  mutual coupling r a t i o  
Z / Z O  a s  a function of B fo r  a number of k and D / B  values. 

Simple curve-matching techniques u t i l i z i n g  Frischlcnecht's reference curves 
may be used to i n t e rp re t  Z/Zo sounding curves made over a two-layer earth.  The 
procedure is to  p lo t  the  f i e l d  data ( a f t e r  correction for  the ca l ib ra t ion  response 
of the  receiver-amplifier system) on transparent bilogarithmic paper with f k  along 
the abscissa. The f i e l d  data a r e  then superimposed on the appropriate s e t  of 
reference curves and sh i f ted  about, keeping the axes of the two s e t s  of curves 
pa ra l l e l  u n t i l  the  best  possible match is found. Once a su i tab le  match has been 
found, the conductivity and thickness of the upper layer  a s  well a s  the conduc- 
t i v i t y  of the substratum a r e  determined. 

Several electromagnetic depth soundings were made a t  t he  Imperial and Eagle 
coal mines i n  cen t r a l  Colorado using horizontal  coplanar loops s i tuated a t  the 
surface and separated by 1000 fee t .  The r e su l t s  of these soundings a r e  portrayed 
i n  Figures 20 and 21; they generally show good agreement with galvanic r e s i s t i v i t y  
data with the average r e s i s t i v i t y  of the  f i r s t  modeled layer being 20 ohm-meters 
and tha t  of the  second layer 65 ohm-meters. The determined thickness of t he  f i r s t  
of the two-layer ear th  model, about 80 meters, corresponds roughly to  the present 
depths of the  mine workings i n  t h i s  region. 
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NOISE ENVIRONMENT STUDIES 

The second main l i n e  of e f f o r t  with respect to  research re la ted  t o  the 
development of an emergency mine communications system has been the development 
of a technique f o r  characterizing the noise environment a t  a mine. Such infor- 
mation may be used t o  specify the minimum source s t rength required f o r  a commun- 
icat ions  system and the receiver s ens i t i v i t y  t h a t  is useful .  I n  practice,  i t  
w i l l  probably be found t h a t  the upper l i m i t  on t ransmit ter  s t rength w i l l  be 
determined by the weight allowed i n  the source, whereas the maximum receiver 
s ens i t i v i t y  w i l l  be dic ta ted by the ambient noise f i e l d  levels .  

The optimal design of a beacon electromagnetic comunications system f o r  use 
i n  emergency s i tua t ions  a f t e r  a mine d i sa s t e r  requires s t a t i s t i c a l  information of 
ambient electromagnetic noise levels  and of the  r e s i s t i v i t y  d i s t r ibu t ion  of rocks 
overlying coal measures. Analysis of the electromagnetic background noise is 
important, f o r  it is against  t h i s  noise background tha t  the transmitting beacon 
signal must be recognized a t  the  ear th ' s  surface. I n  order t o  analyze electro- 
magnetic noise s t a t i s t i c s ,  an 8-K Nova 4001 mini-computer (16 b i t  resolution) 
combined with an 8 channel analog-to-digital converter (13 b i t  resolut ion) ,  mul- 
tiplexing u n i t ,  and te le type f o r  110 handling was in s t a l l ed  i n  a Dodge A-100 van. 
A block schematic of the f i e l d  computer system is shown i n  Figure 22. 

The conventional approach to  character izat ion of noise is through the  use 
of power-density spectrums i n  which the average leve l  of the  noise f i e l d  over 
some long term is determined a t  a s e r i e s  of frequencies. For the present study, 
the  choice was made t o  use amplitude histograms over r e l a t i ve ly  broad frequency 
bands to characterize the  noise. I n  so doing, the  s igna l  from an e l e c t r i c  f i e l d  
sensor or a magnetic f i e l d  sensor is f i r s t  passed through a f i l t e r  which r e j ec t s  
strongly below some lower frequency l i m i t  and above some upper frequency l i m i t .  
Then, within these frequency bands, the  percentage of time the noise from the 
sensors exceeds specified leve ls  is determined. 

The advantage of the  noise histogram approach is tha t  i t  provides informa- 
t ion  on the design of a high-sensit ivity receiver system which is not readily 
obtainable i n  the spec t ra l  approach. For example, d i f fe ren t  approaches would have 
t o  be used for  noise re ject ion i n  the  case i n  which the noise amplitude is 
re la t ive ly  uniform i n  time than i n  the  case i n  which it i s  impulsive, varying 
widely with time. I n  the  f i r s t  case, optimum noise re ject ion would be obtained 
by s e t t i n g  a threshold for  s igna l  detection j u s t  above the noise leve l .  I n  the 
second case optimum noise re jec t ion  would be obtained by using redundant trans- 
missions, and detecting the s igna l  during quiet  periods. 

Amplitude density s tudies  of ambient e l e c t r i c  and magnetic noise have been 
made a t  the  Gary No. 14 mine, West Virginia, the  Peabody No. 10 mine, I l l i n o i s ,  
and a t  the Imperial and Eagle mines, Colorado. Hourly measurements were made 
over 8 frequency bands during the course of 24 hours, and f o r  each frequency band, 
10,000 samples were taken. 

Measurements of t he  horizontal  e l e c t r i c  f i e l d  background noise become 
important when measurements of e l e c t r i c  f i e l d  beacon s igna ls  a r e  used for  com- 
munication. Similarly, i f  measurements of wave tilt of the magnetic f i e l d  a r e  
used for  locat ion purposes, it w i l l  be qu i t e  useful to  know what percent of the 
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time ce r t a in  background magnetic f i e l d  noise levels  a r e  exceeded. 

A t  both the Gary No. 14  mine and the Peabody No. 10 mine measurements were 
taken a t  the surface d i r e c t l y  above a working face.  A t  the  Imperial and Eagle 
mines measurements were taken about 1200 f e e t  north of a working face.  Only 
surface-based measurements were taken; thus the resu l t s  described here a r e  applicable 
f o r  the  design of an uplink electromagnetic transmission system. 

Gary No. 1 4  Coal Mine, West Virginia 

Ambient surface electromagnetic noise  measurements were made a t  the Gary 
No. 14 mine approximately 754 f ee t  d i r ec t ly  above a working face.  The Gary No. 
14 mine has a da i ly  capacity of about 6,500 tons and is a D.C. faced mine. 
Amplitude probabili ty density p lo t s  of the surface v e r t i c a l  magnetic f i e l d  noise 
and horizontal  e l e c t r i c  f i e l d  noise are  given i n  Appendix A (see Figures A-1 
through A-16), a t yp i ca l  example of which i s  shown i n  Figure 23. Each p lo t  con- 
sists of 6 graphs, each of which, i n  turn, comprise 10,000 data points. The time 
of day i s  indicated on each graph, and, f o r  purposes of i l l u s t r a t i o n ,  only every 
fourth hour i s  plot ted.  

An immediate observation drawn from Figures A-1 through A-16 is tha t  the 
maximum percent of events ranges from 30 to  55. I n  addit ion,  i t  is markedly 
apparent t h a t  there  is much more variance of ambient electranagnetic noise with 
frequency than with time of day. This is an important observation, f o r  i t  
indicates tha t  one may design, i n  general, h i s  transmitting antenna around the 
parameter of frequency, i r respect ive of time of day. Examples of how such summary 
electromagnetic noise measurements, together with e l e c t r i c a l  properties s tudies  
and knowledge of low-frequency coupling behavior between various source antenna- 
receiver configurations, may be used f o r  the prac t ica l  implementation of a beacon 
electromagnetic canmunication system w i l l  follow shortly.  

Peabody No. 10 Coal Mine, I l l i n o i s  

Ambient surface electromagnetic noise  measurements were made a t  t he  Peabody 
No. 10 mine approximately 354 f e e t  d i r ec t ly  above a working face .  The Peabody 
No. 10 mine has a da i ly  capacity of about 15,500 tons and is a n  A.G. faced mine. 
Amplitude probabili ty density plots  of the  surface v e r t i c a l  magnetic f i e l d  noise 
and horizontal  e l e c t r i c  f i e l d  noise a r e  given i n  Appendix B (See Figures B-1 
through B-16). These amplitude probabili ty density p lo t s  demonstrate l i t t l e  
change of the maxinun percent noise with time of day and c lear ly  show the mag- 
nitudes of the  higher noise leve ls  a t  t he  lower frequencies. A 1:5:1 variance 
i s  seen a t  around 2200 and 800 hours, however, which m y  be a t t r i bu t ab le  to 
s h i f t  changes within the mine. This variance i s  only apparent a t  frequencies 
l e s s  than 1000 Hz. 

Imperial and Eagle Mines, Colorado 

Ambient surface electromagnetic m i s e  measurements w e r e  made midway 
between the nonoperating Imperial mine and the  operating Eagle mine approximately 
300 f ee t  above a working face but considerably o f f se t  (%lo00 f e e t )  from the 
working face. The Eagle mine has a dai ly  production of about 1800 tons and uses 
both 440 V.A.C. and 250 V.D.C. Amplitude probabili ty density p lo t s  of the surface 
ve r t i ca l  magnetic f i e l d  noise and horizontal  e l e c t r i c  f i e l d  noise a r e  given i n  
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Appendix C (see Figures C-1  through C-16). 

From the p lo t s  of e l e c t r i c  f i e l d  noise, it is observed tha t  for  the 20-80 
cps bandwidth, 40% of the t o t a l  number of events from 10,000 samples (samples 
were taken with the sampling time chosen such t h a t  the  a l iased frequency was 
above the upper l i m i t  of t he  frequency of concern) had amplitudes of 1 to 2 
mi l l i vo l t s  per kilometer, 12% of the  t o t a l  number of events had amplitudes 
between 2 and 3 mi l l ivo l t s  per kilometer and l e s s  than 0.1% of a l l  events had 
magnitudes c lose t o  10 mi l l i vo l t s  per kilometer. For higher frequency ranges up 
to 5200 cps a broadening of the spectrum occurs f o r  events of magnitude l e s s  than 
1 mi l l i vo l t  per kilometer. Thus, fo r  example, i n  the  frequency range of 320- 
640 cps, more than 85% of a l l  events had amplitudes l e s s  than 1 mi l l ivo l t  per 
kilometer. For e l e c t r i c  f i e l d  noise frequencies above 5000 cps, however, a 
d i s t i n c t  narrowing of the spectrum again occurs with approximately 52% of a l l  
measured events having magnitudes i n  excess of 2 mi l l i vo l t s  per kilometer. 

From the ve r t i ca l  magnetic f i e l d  amplitude histogram p lo ts ,  on the other 
hand, i t  is observed t h a t  f o r  the 20-80 cps frequency range, most of the  events 
occurring have magnitudes of 5 gammas per second (actual ly ,  the  histograms are  
f o r  t he  time derivative of the magnetic f i e l d ,  f o r  which any induction c o i l  
receiving sensor wi1.l be sens i t ive)  o r  g rea te r ;  i . e . ,  over 70% of a l l  events have 
amplitudes of a t  l e a s t  5 gammas per second. For frequencies greater  than 80 cps 
two phenomena a r e  apparent. The f i r s t  i s  s imilar  to t ha t  observed f o r  the N-S 
component of the horizontal  e l e c t r i c  f i e l d ;  namely, tha t  of a broadening of the  
spectrum of the  number of events occurring over a larger  domain of amplitudes. 
For example, i n  the 640-1280 cps bandwidth 80% of a l l  the measured events have 
magnitudes between 2.5 x gammas per second and 6 x 10-I gammas per second 
a s  opposed t o  only 49% of a l l  measured events over the  same amplitude range f o r  
the 160-320 cps bandwidth. The second phenomenon t o  be noted is a s h i f t  i n  the 
maximum percent of the t o t a l  number of events t o  an order of magnitude lesser  
amplitude; i .e. ,  the  maxirmun percent of the  t o t a l  number of events i n  the  20-80 
cps frequency bandwidth is on the  order of 10 gammas per second, whereas the  
maximum percent f o r  the  5200-10,400 cps frequency bandwidth is on the order of 
1 gamma per second. 

I n  summary, the amplitude histogram p lo ts  of both the horizontal  e l e c t r i c  
f i e l d  and v e r t i c a l  magnetic f i e l d  noise events i l l u s t r a t e  more change with 
frequency (100:l f o r  frequencies ranging from 1000 Hz to  40 Hz) than with time 
of day. The maximum percent of the  horizontal  e l e c t r i c  f i e l d  noise does display 
some variance with time of day a t  frequencies above 200 Hz; however, t he  mag- 
nitudes of the  events occurring with grea tes t  probabil i ty a r e  so small t h a t  they 
do not seem t o  represent any communications problan, even a t  very low frequencies. 

Because of the  surface o f f s e t  dis tance r e l a t i v e  to  the working face  a t  the 
Eagle mine, t he  summary noise tabulations do not represent the "worst-type" 
noise environment i n  t h i s  case. They do give information on ambient noise back- 
ground levels  f o r  c m u n i c a t i o n s  purposes a t  a considerable dis tance away from a 
working face, however. 



APPLICATION OF FIELD STUDIES 

Vertical-Axis Loop Transmitter 

As  an example of how Appendices A, B,  and C ,  together with measured resis- 
t i v i t y  values, might be used fo r  the p rac t i ca l  implementation of a beacon 
electromagnetic communications system i n  which the transmitter is a buried ver- 
t i c a l  magnetic dipole,  consider the fol lauing.  Suppose it i s  desired t o  communi- 
ca te  from a mine working to  the  surface where the overburden has a thickness of 250 
meters and a mean r e s i s t i v i t y  of 20 ohm-meters. A frequency which would give 
adequate penetration to  the  surface may be determined by the re la t ion ,  

where p is the r e s i s t i v i t y  i n  ohm-meters, 11 t h e  magnetic permeability i n  henries/ 
meter (approximately equal t o  471 x henries/meter) , and d the depth i n  meters 
t o  t he  mine working. As Wait (personal comunication) notes, equation (7), which 
is based on the a t tenuat ion of a plane wave i n  a conducting medium, gives an 
overly pessimistic upper l imi t  f o r  an operating frequency; however, such a f re -  
quency would be adequate provided a communications system is designed around 
noise constra ints  and the overburden r e s i s t i v i t y  d i s t r ibu t ion .  

With the above parameter values, 

Let the operating frequency, then, be 80 Hz and assume that  the turns-area of 
the  receiving c o i l  is 1000 square meters ( t h i s  is typ ica l  of geophysical-type 
co i l  receivers operating a t  t h i s  frequency). Impose a design constra int  on the 
dipole transmitter-receiver system that  t he  signal-to-noise r a t i o  a t  the  sur- 
face  d i r ec t ly  over the transmitter be 3:l. The question then becanes: what 
must the  source transmitter moment be i n  order t o  ensure s ignal  l eve ls  which a r e  
10 db above ambient noise leve ls  most of t he  time. Suppose the noise s t a t i s t i c s  
a r e  s imilar  t o  those measured a t  t he  Imuerial and Eaale coal mines, Colorado. 
Then, f ran  Figure C-1,  it is noted that-70% of the v e r t i c a l  magnetic f i e l d  noise 
l w e l s  (actually t he  time der ivat ive of the  magnetic f i e l d ,  to  which an induction 
c o i l  is sens i t ive)  a t  the surface range between 3 gammas per second and 10 gamas 
per second (2 .4  x low3 amp-turns per meter-second and 8 x amp-turns per 
meter-second) and appear r e l a t i ve ly  independent of time of day. 

Now the e.m.f. induced i n  a loop receiver a t  the ear th ' s  surface due t o  a 
time-varying magnetic f i e l d  is given by 

-4 AH 
"~ece ive r  =   receiver {Effective ~ r e a j ~ ~ ~ ~ ~ ~ ~ ~  

where V 
Receiver is the induced e.m.f. i n  v o l t s ,  AH/At  is the time r a t e  of change 



in the magnetic f i e l d  i n  gammaslsecond, and the e f f ec t ive  area of the  receiver 
is given i n  square meters. Therefore, the  probabili ty i s  70% that  the  e.m.f. 
induced i n  the  receiving loop ju s t  from noise a t  the surface w i l l  be  

'Receiver 
= 8 x -12.56 . 10 - lo3  

tha t  is, noise background w i l l  probably generate lOuv i n  the receiving c o i l  a t  
80 Hz f o r  a coal mining province whose noise s t a t i s t i c s  a r e  s imilar  to those a t  
Eagle and Imperial mines. Since a s igna l  l eve l  i s  desired which is a t  l e a s t  10 
db above t h i s  noise background, transmitter s igna l  s t rengths  must be about 30 uv 
a t  the receiver.  Now, f o r  su f f i c i en t ly  low frequencies, t he  moment of the 
underground c o i l  transmitter is re la ted  t o  t he  voltage seen a t  the  surface 
receiver loop placed immediately above the t ransmit ter  by 

3 M = h V/({Eff ect ive ArealReceiver f .12.56-10-~) 

where h i s  the depth i n  meters t o  the  t ransmit ter  c o i l  from a receiver loop 
placed immediately over t he  t ransmit ter ,  f is the transmitting frequency i n  Hz, 
V is the s ignal  voltage desired a t  t h e  receiver,  and M is the  required source 
moment of the transmitter.  For s igna l  s t rengths  of 30w d i r ec t ly  above the 
t ransmit ter  a s  seen with a receiver loop with an e f fec t ive  area of 1000 square 
meters, the manent required a t  80 Hz would be 

3 
= 4.68 x 10 amperem 

2 

This source moment could be obtained by a c o i l  which consis ts  of 290 turns of 
wire and which i s  l a id  out i n  a loop with dimensions of 2.0 meters by 2.0 meters 
( to  conform t o  the shape of a mine opening). A current of 4 amperes would then 
be required t o  provide t h i s  manent. 

This example was chosen t o  i l l u s t r a t e  the  manner i n  which r e s i s t i v i t y  data 
may be used with ambient e lec t rwagnet ic  noise data  f o r  a spec i f ic  communications 
application (using a loop source antenna and a loop receiving antenna) i n  a mine. 
For the above example, the  required source moment could be decreased by increas- 
ing the e f fec t ive  area of t he  receiving sensor. 

Grounded Horizontal E lec t r i c  Line Transmitter 

A t  t h i s  point  i t  would be appropriate t o  consider how horizontal  e l ec t r i c  
f i e l d  noise  amplitude probabili ty density p lo t s  may be used i n  the systems 
engineering design of an a l t e rna t ive  underground antenna. An a l t e rna t ive  
underground antenna might be an insulated piece of wire which is grounded a t  
d i s t an t  ends ( i n  which use of r a i l s  o r  possibly telephone l i nes  within a mine 
working might be made) . Such a system is shown i n  Figure 24. 

The current "bipole" transmitting antenna could be t i ed  in to  roof bo l t s  a t  
A and B with a typ ica l  separation,  L ,  say on the order of 10 meters. O r  the  
l i n e  source antenna i n  the mine could simply be t i e d  in to  two grounded electrodes 
a t  A and B. 
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In  most mining provinces the distance w i l l  be considerably smaller than 
the separation dis tance R between the midpoints of the  buried transmitter and 
surface receiver (since a prac t ica l  value of d is usually on the order of 100m). 
In  t h i s  case we s h a l l  examine the s t a t i c  voltage response a t  the receiver point 0 
s ince i t  is la rges t  fo r  t h i s  antenna-receiver configuration and since i t  w i l l  
a f ford  us inmediate ins ight  in to  the behavior of extremely low frequency e l e c t r i c  
f i e l d s  around a buried horizontal  e l e c t r i c  l i n e  beacon transmitter.  Thus, l e t  
us f i r s t  consider the potent ia l  (voltage) t ha t  would be measurable a t  0 due to  a 
buried l i n e  source antenna of length L by which current of s t rength I is put 
into  ground of r e s i s t i v i t y  p. For mathematical convenience we have oriented 
our reference coordinate system such tha t  the x-axis is i n  the  same direct ion a s  
the transmitting antenna. 

The poten t ia l  a t  0 due t o  the current  element AB is given by 

where 
- 2 2 % AO = { r  + ( ~ / 2 ! ~  - 2r (~ /2 )cosb  + d 1 
- 2 % BO = {r2+(~ /212  + 2 r ( ~ / 2 ) c o s +  + d I 

so t h a t  

Consider now the various b ipo leb ipo le  arrangements a s  shown i n  plan view i n  
Figure 25. The two configurations which a r e  relevant to  the mine communications 
problem a r e  the p a r a l l e l  and perpendicular, i.e., 
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Ip9.L 
{ 

2x/L - 1 
'Rec eiver , (x,y;d) = - 2 312 
Pa ra l l e l  

4rd3 (l+(r/d)2+(~/2d)2-Lx/d ) 

2x/L + 1 
2 312' - ( l+ ( r /d ) '+ (~ /~d) '+~x /d  ) 

PARALLEL CONFIGURATION (11) 

where 9. is the length of the receiving e l e c t r i c  f i e l d  sensor. We note that  f o r  
4 = 0, 

IvQL { 2x/L - 1 (x,o;d) = - - 2x/L + 1 
"Receiver, 2 312' 
Para l le l  

3/2 (l+(x/d +L/2d) ) 47rd3 (l+(x/d -L/2d) ) 

AXIAL CONFIGURATION 

We a l so  note that  f o r  4 = n/2, 

I p  9.L 1 
'~eceiver ,  (0,y;d) = - 2 312 
Pa ra l l e l  

2nd3 ( ~ + ( ~ / d )  '+(~/2d)  ) 

EQUATORIAL CONFIGURATION 

Similarly, 

IV a 2 2 2 2 2 2 -% E (x,y;d) = - g;; {(x +y +(L/2) -Lx+d ) 
Y 

-' - (x +y +(LIZ) '+Lx+d ) 1 

so that  

rpay{ 1 
'Receiver , ( x , Y ; ~ )  = 2 312 
Perpendicular 

2nd3 ( l+(r /d)  '+(L/ 2d) ' -~x/d ) 

PERPENDICULAR CONFIGURATION (14) 

We observe that  when x = 0 or when y = 0 we a r e  along nul l  l i n e s  f o r  the perpen- 
dicular  e l e c t r i c  f i e l d ,  a phenomenon which could be used f o r  location purposes! 

Let us  now consider another example i n  systems design i n  which an elec- 
t r i c a l  f i e l d  is generated underground by passing current through a wire of 
length L. The voltage measured a t  the  surface of the  ear th  ( i n  the ax ia l  
configuration) a r i s ing  from t h i s  wire can then be calculated £ran formula (12) 
where p i s  the  r e s i s t i v i t y  of the  overburden and x is the horizontal  o f f s e t  of 
the  receiver from the t ransmit ter  s i t e  ( i n  the ax ia l  d i rec t ion  of the trans- 
mi t te r ) .  When the receiver is d i r ec t ly  above the buried l i n e  transmitter 
(x = 0) the magnitude of the  received voltage is 



Suppose now tha t  i t  is desired to  communicate from a mine working to  the 
surface where the overburden has a thickness of about 100 meters and an average 
r e s i s t i v i t y  of 24 ohm-meters; i. e. ,  the  same parameter problem a s  that  a t  
Peabody No. 10 coa l  mine, I l l i n o i s .  A frequency which would give adequate pene- 
t r a t i o n  t o  the surface may be determined by equation (7) so that an operating 
frequency of 

may be taken. It should be noted a t  t h i s  juncture t h a t  we a r e  already i n  viola- 
t ion  of the assumed s t a t i c  behavior of the e l e c t r i c  f i e l d ,  upon which formulas 
(10) through (14) are based, when we choose an operating frequency of 610 Hz 
(ELF region). I t  would s t i l l  be useful,  however, to  proceed with t he  s t a t i c  
derivations to i l l u s t r a t e  how one may gain ready insight  i n to  design parameters. 

Assume the  length of the surface wire receiver is about 10 meters, and 
impose a design constra int  on the buried l i n e  transmitter-receiver system t h a t  
the  s ignal  levels a t  the  surface d i r ec t ly  above the transmitting l i n e  a r e  10 db 
greater  than maximum ambient noise levels .  The question then becomes: what must 
the source transmitter moment (product of current ,  I, and length L)  be i n  order 
t o  ensure a signal-to-noise r a t i o  of 3 : l  a t  the  surface d i rec t ly  above the 
transmitt ing antenna most of the time? Suppose a l s o  t h a t  the noise s t a t i s t i c s  
f o r  the horizontal  e l e c t r i c  f i e l d  a r e  s imi la r  to  those measured a t  the  Peabody 
No. 10 coal  mine, I l l i n o i s .  Then from Figure B-12 i t  i s  noted t h a t  most of the  
time ambient horizontal  e l e c t r i c  f i e l d  noise levels  a t  the  surface a r e  about 
10pvIm a t  f = 610 Hz. 

Now the e.m.f. induced i n  a wire receiver a t  the  surface whose length is 
about 10 m j u s t  from noise is 0.1 mi l l i vo l t .  Therefore transmitter s igna l  
strengths must be about 0.3 mi l l i vo l t s  a t  the receiver.  From equation (15) 
an adequate source manent may be approximately determined on the basis of whether 
the length of the transmitter wire is large or small r e l a t i v e  to  the depth of 
bur ia l .  I f  the length of the transmitter wire, L ,  is considerably smaller than 
the depth of bu r i a l ,  an adequate source manent i n  t h i s  case would be about 7 
ampmeters. I f  the length of the  insulated grounded transmitter wire i n  the 
mine is 30.5 meters, t he  current required would be about 0.2 amperes. 

This example was chosen to  i l l u s t r a t e  the manner i n  which r e s i s t i v i t y  data 
may be used with ambient electromagnetic noise data and theore t ica l  considera- 
t ions for  a spec i f ic  communications appl icat ion i n  a mine. For the above 
example, the required current could be decreased by increasing the length of the 
transmitter wire. Similarly, i f  the  r e s i s t i v i t y  of the overburden were larger  
with the use of the  same operating frequency, a smaller source moment would be 
required by roughly the f a c t o r  l / p .  

A more exact analysis  using the nonstatic solut ion for  a buried grounded 
insulated current element could be made with the r e su l t s  recently obtained i n  
research carr ied out by H i l l  (1973a). H i l l  considers the  electromagnetic sur- 
face  f i e l d s  f o r  an inclined buried cable of f i n i t e  length and evaluates the  
magnetic f i e l d  canponents a t  the surface f o r  various t i l ts  of the transmitting 
l i ne .  I t  would be a ready extension t o  evaluate the surface e l e c t r i c  f i e l d  



produced ( i n  general) by an inclined buried current element and to  perform the 
above system design analysis making use of avai lable  e l e c t r i c a l  properties 
data and ambient background noise data.  



THROUGH-THE-EARTH TXANSMI SSI ON TESTS 

Numerous through-the-earth e lec t romagnet ic  t ransmiss ion  tests, both of 
t h e  p u l s e  and continuous wave type, employing e i t h e r  a n  e l e c t r i c  l i n e  source  o r  
a v e r t i c a l - a x i s  loop source  were made i n  s e v e r a l  mining provinces (Peabody No. 
10  c o a l  mine i n  southern  I l l i n o i s ,  U.S. Bureau of Mines Experimental Mine i n  
Pennsylvania,  and t h e  Robena No. 4 c o a l  mine i n  Pennsylvania) .  The r e s u l t s  of 
t hese  f i e l d  t ransmiss ion  tests enable one t o  examine t h e  l i m i t a t i o n s  of v a r i o u s  
source-receiver  antenna conf igu ra t ion  under t h e  c o n s t r a i n t s  of everyday mining 
opera t ions .  The r e s u l t s  a l s o  h e l p  one t o  draw in fe rences  a s  t o  t h e  r e l a t i v e  
m e r i t s  of poss ib l e  l o c a t i o n  schemes which could b e  used t o  l o c a t e  underground 
workers a t  beacon antenna t r ansmi t t ing  s i t e s .  Locat ion schemes would b e  of two 
types. For example, t h e  t r ansmi t t ing  antenna might be  loca ted  on the  s u r f a c e  
above t h e  mine workings, b e  e i t h e r  a loop  antenna (whose a x i s  i s  o r i en ted  ver- 
t i c a l l y  o r  ho r i zon ta l ly )  o r  a grounded i n s u l a t e d  l i n e  antenna,  and b e  exc i t ed  
e i t h e r  with continuous wave o r  p u l s e  c u r r e n t .  The underground worker may then  
wish t o  p o s i t i o n  himself r e l a t i v e  t o  t h e  s u r f a c e  antenna f o r  l o c a t i o n  or  pos- 
s i b l e  evacuat ion.  A perhaps more expedient  l o c a t i o n  scheme, however, would not  
be a downlink one, a s  suggested above, b u t  a n  up l ink  one; namely, t h e  s i t u a t i o n  
where t h e  t r ansmi t t ing  beacon antenna is  underground and c a r r i e d  by the  miner 
(or immediately a c c e s s i b l e  t o  him) and where t h e  r ece ive r  s i t e ( s )  i s  (a re )  on 
t h e  su r face .  

In fe rences  t o  Locat ion 

One approach a l r e a d y  mentioned f o r  a through-the-earth beacon loca t ion  
scheme is t h e  d e t e c t i o n  of (extremely low frequency) n u l l s  a t  t h e  su r face  i n  
t h e  e l e c t r i c  f i e l d  normal t o  t h e  o r i e n t a t i o n  of a bur ied  l i n e  source  antenna. 
By not ing such n u l l  l i n e s  one can a s c e r t a i n  the  l o c a t i o n  of t h e  t r a n s m i t t e r  
w i th in  t h e  mine working. 

Another technique,  which makes u s e  of t h e  magnetic f i e l d  produced a t  t h e  
s u r f a c e  from a bur ied  v e r t i c a l - a x i s  loop  antenna,  is t o  d e t e c t  t h e  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  d i r e c t l y  above t h e  t r a n s m i t t i n g  loop (which e x i s t s  a t  
a l l  f requencies) .  The n u l l  i n  t h e  v e r t i c a l  magnetic f i e l d  i s  a t  a s u r f a c e  ho r i zon ta l  
o f f s e t  d i s t a n c e  from t h e  t r a n s m i t t e r  a x i s  of 1 . 4  times t h e  t r a n s m i t t e r  depth of 
b u r i a l  ( n u l l  becomes sharper  a s  frequency decreases) .  The maximum i n  t h e  v e r t i c a l  
magnetic f i e l d  is d i r e c t l y  over t h e  t r ansmi t t ing  loop antenna o r  t h e  maximum 
i n  t h e  h o r i z o n t a l  magnetic f i e l d  i s  a t  a h o r i z o n t a l  o f f s e t  of approximately h a l f  
t h e  t r a n s m i t t e r  b u r i a l  depth. These approaches t o  l o c a t i o n  have been d iscussed  
t h e o r e t i c a l l y  by Wait (1970) and, dur ing  t h e  summers of 1971 and 1972, were 
f i e l d  t e s t e d ,  bo th  a t  t h e  Peabody No. 10 mine i n  I l l i n o i s  and a t  t h e  U.S. Bureau 
of Mines Experimental Mine i n  Bruceton, Pennsylvania.  

An e l e c t r m a g n e t i c  beacon propagat ion f e a s i b i l i t y  test was conducted a t  
t h e  Peabody No. 10 c o a l  mine on June 11, 1971. The Peabody No. 10 mine is 
loca ted  nea r  Pawnee i n  E l l i s  and C h r i s t i a n  coun t i e s ,  I l l i n o i s ,  and l i e s  under 
r e l a t i v e l y  f l a t  topography. The I l l i n o i s  No. 6 c o a l  seam is being mined, and 
Peabody No. 1 0  mine has an approximate annual  product ion  of 7,000,000 tons.  
During t h e  t ime when measurements were taken,  t h e  Peabody No. 10 mine was 
operat ing.  Because t h e  mine was i n  f u l l  opera t ion ,  and ambient e lec t romsgnet ic  
n o i s e  l e v e l s  w e r e  l a rge ,  t h e  f e a s i b i l i t y  of an electromagnetic  subsurface-surface 



beacon comnunication l i n k  was rigorously examined. Noise leve ls  during the 
t e s t ,  which were described i n  an e a r l i e r  sect ion of t h i s  report ,  were probably 
representative of a "worst-type" s i t ua t ion  insofar  as  a d i sa s t e r  s i t ua t ion  is 
concerned. 

The average r e s i s t i v i t y  of the surface rocks through which electromagnetic 
propagation took place was 24 ohm-meters. A beacon loop transmitter with an 
e f f ec t ive  area of 230 square meters was in s t a l l ed  i n  the v i c in i ty  of the  &fain 
South Tunnel (see Figure 26) a t  a depth from the  surface of 108 meters. The 
buried v e r t i c a l  magnetic dipole source carr ied a current of 3 amperes a t  a fre- 
quency of 310 Hertz and was driven by a General Radio power o sc i l l a to r  (200 
watts maximum, 5 amperes maximum current) .  A t  the  Peabody No. 10 mine a f re -  
quency not exceeding 310 Hertz would be desirable  s ince  one skin depth, 6 ,  o r  
t he  dis tance by which the electromagnetic f i e l d s  would be severely attenuated 
by propagation through the overburden, i s  

A A= 6 = 
24 = 106 meters 

31.0-3.14.12.56'10-~ 

This depth corresponds approximately t o  the depth of bu r i a l  of the source trans- 
mitter. 

The v e r t i c a l  and horizontal  magnetic f i e l d  components produced on the sur- 
face  were measured a t  three s i t e s ,  one d i r ec t ly  over the source transmitter and 
two of fse t  from the buried antenna (see Figure 26 f o r  location of surface s i t e s ) .  
The horizontal  magnetic f i e l d  components a t  the surface were measured i n  t h i s  case 
with a high mumetal induction c o i l  whose e f fec t ive  area,  impedance, and c o i l  
s ens i t i v i t y  were cal ibrated before the f i e l d  t e s t  (see Figures 27 and 28); the 
v e r t i c a l  magnetic f i e l d  a t  the  surface was measured with a loop l a i d  out on the 
surface with a 1000-foot length of 26-turn cable whose impedance versus frequency 
was a l so  measured before the f i e l d  t e s t  (see Table 11). Impedance versus f re-  
quency measurements were made so  a s  a l s o  t o  ascer ta in  the resonant frequency of 
the  mumetal c o i l  and the required input impedance of the  measuring equipment. 

The r e su l t s  of the f i e l d  transmission t e s t s  a r e  i l l u s t r a t e d  i n  Figure 29 
where the behavior of the measured magnetic f i e l d  components produced on the 
surface a s  a function of o f f se t  distance is plotted.  I n  Figure 29 the measured 
magnetic f i e l d  components a r e  normalized by IHzol, the magnitude of the produced 
v e r t i c a l  magnetic f i e l d  d i r ec t ly  over the buried transmitter.  

I t  is noted tha t  the v e r t i c a l  magnetic f i e l d  produced a t  the surface 
remains essen t ia l ly  constant out to  an of fse t  distance of 6 / 5 ,  where 6 is one 
(plane-wave) sk in  depth (m) . A t  an of £ se t  dis tance of one sk in  depth the 
magnitude of the  v e r t i c a l  magnetic f i e l d  is down by only 3 db. The horizontal  
magnetic f i e l d  produced a t  the surface,  on the other hand, exhibi ts  a sharp 
nu l l  d i rec t ly  over the beacon and reaches a maximum a t  an o f f s e t  distance 
roughly equivalent t o  one sk in  depth away from the source. 

These r e su l t s  indicate  t h a t  measurements of t he  horizontal  magnetic f i e l d  
produced a t  the  surface from the buried magnetic dipole  antenna could be used t o  
locate  the buried dipole source by determining the n u l l  d i rec t ly  over the  sub- 
surface antenna and the  maximum a t  one skin depth o f f se t  dis tance from the 
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TABLE I1 

Impedance x 

1.72 

1.82 

1.82 

1 . 7 1  

1 .80  

1.76 

1.73 

1.73 

1 . 7 1  

1.71 

1.76 

1.79 

1.86 

1.98 

2.20 

2.30 

2.15 

1.60 

1.11 

. 8 1  

. 6 1  

.46 

.36 

Impedance of s e i smic  c a b l e  used f o r  s u r f a c e  measurements i n  t h e  e lec t romagnet ic  
subsurface-surface beacon c o m u n i c a t i o n  t e s t  a t  Peabody No. 10 c o a l  mine, 
I l l i n o i s .  Impedance (ohms) is g iven  a s  a f u n c t i o n  of frequency. 



antenna. I n  addit ion,  the propagation t e s t  r e s u l t s  demonstrate that  for  down- 
l ink  communications, i t  would not be too c r i t i c a l  where a surface loop trans- 
mitter were positioned r e l a t i ve  t o  a receiver i n  a mine working. I f  
i t  is known t h a t  the receiver (vertical-axis induction co i l )  i n  t he  mine i s  not 
o f f se t  g rea t e r  than one skin depth from the surface dipole transmitter,  s igna l  
strengths within the mine a t  the receiver s i t e  should not be s ign i f ican t ly  
affected. 

It is in te res t ing  to  canpare the f i e l d  r e s u l t s  obtained a t  the Peabody No. 
10 mine t o  the  theore t ica l  considerations employed by Wait (1969, 1970) and 
Ban& (1966). Wait shows tha t  when the ear th  may be represented as  an elec- 
t r i c a l l y  and magnetically homogeneous halfspace of conductivity o and permeabil- 
i t y  P ,  and f o r  the s i t ua t ion  i l l u s t r a t e d  i n  Figure 30 where the ear th 's  surface 
is the plane z = 0 and t h e  loop is located a t  z = -h, the horizontal  and ver- 
t i c a l  magnetic f i e l d  components produced a t  the  surf ace are ,  respectively,  

and 

where the buried magnetic dipole of area A ca r r i e s  current I and where 

u = (h2+iwpo)%. Upon numerical evaluation of the in tegra l s  i n  equations (16) 
and (17) above, Wait observes tha t  has a sharp n u l l  fo r  D x/h = 0 and 
r i s e s  t o  a maximum f o r  D 0.6. This observation was closely ver i f ied  i n  the  
f i e l d  i n  the  t e s t  a t  Peabody No. 10 mine. In  addition, the  behavior of the 
magnitude of t he  v e r t i c a l  magnetic f i e l d  i n  the Peabody t e s t  substant ia tes  Wait's 
resu l t s .  A t  the Peabody No. 10 mine, 

so  tha t  when the  receiver  s i t e  is located a t  an o f f s e t  dis tance 'x' equivalent 
t o  the  depth t o  the transmitter h, the normalized f i e l d  strength HZ/Hzo should 
f a l l  t o  approximately 75% of i ts  peak value. This behavior is i l l u s t r a t e d  i n  
Figure 29. 

Passive Detection of a Buried Loop from the Surface 

Several invest igators  (Parkinson, Powell, Wait, 1972) have suggested tha t  
one possible method of locating a trapped miner would be to  passively exci te  a 
closed insulated loop of wire f r w  the surface. The miner would have the 
ta rge t  loop which could be any closed conductor, such a s  a s ing le  tu rn  loop of 
AWG #10 wire of radius on the order of 1 meter. Both the source antenna and 
receiver loops would be a t  the surface (Figure 31). One d i s t i n c t  advantage of 
such a scheme is i n  the s implic i ty  f o r  the underground miner; namely, he would 
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Fig. 30 ~ ~ ~ j . ~ ~ ~ t i ~ ~  d i p o l e  buried in the 
ear th .  

Act ive R e c e i v e r  
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Fig. 31 ~eomekrica~ configuration for p a 8 - i ~ -  
loop detection scheme. source antenna 
ha. radius a with n turns. Passive 
target loop has radius at with nt 
turn*. 



not have t o  possess (e i ther  within a mine working o r  on h i s  person) any power 
source and a l l  that he  would need t o  do i n  a d i sa s t e r  s i t ua t ion  is lay out a 
closed loop of insulated wire of maximum area.  I n  t h i s  pa r t  of the  report  we 
discuss the p rac t i ca l i t y  of such a scheme. I n  the sequel, reference is made t o  
Figure 31. 

The transmitting loop antenna is located a t  t he  surface a t  the  or igin  of 
our reference coordinate system and has a radius "a" with "n" turns. The pas- 
s ive  target  loop is buried a t  a depth -h, is of fse t  a hor izontal  distance of 
Po, and has a radius "at" with 'Int" turns. The ac t ive  transmitter loop w i l l  
carry sane current I and w i l l  induce a current i n  the buried ta rge t  loop which 
w i l l  be denoted by It. This target  loop, then, w i l l  a c t  a s  a secondary, pas- 
s ively excited source which w i l l  generate a back e.m.f. i n  the  transmitt ing,  
a c t i v e  antenna. This back e.m.f . w i l l  cause a current of smaller magnitude Is 
to flow i n  the ac t ive  loop a t  the  surface.  We now examine the r a t i o  of t he  
secondary current ,  Is, due to  the presence of the  buried target  loop t o  the pri- 
mary current,  I, f o r  it is against  both the primary source f i e l d  and the ambient 
noise background tha t  Is must be detected. 

Wait and Spies (1971a) give the expression f o r  the v e r t i c a l  magnetic f i e l d  
a t  the  t a rge t  observation point P a t  a depth h and o f f se t  distance p o  £ran the 
Source antenna: 

where 

and where A = a/h, Z = ho/h, D = p/h, H = (opow)'h. (Note tha t  the only d i f fe r -  
ence between equations (19) and (17) i s  tha t  the  f a c t  t h a t  t he  loop antenna may 
not be a dipole  antenna is accounted fo r ;  i . e . ,  i t  may be a f i n i t e  loop which i s  
taken into  account by the factor  J1(Ax)/(Ax/2). Note t h a t  l i m  J1(Ax)/(Ax/2) = 1.)  

a+o - - 
In the above formulas Wait allows the source loop antenna t o  be elevated a t  a 
dis tance ho above the ground and a l s o  allows f o r  a f i n i t e  s i z e  of the trans- 
mitt ing loop instead of t rea t ing  the source antenna as a v e r t i c a l  magnetic 
dipole i n  the s t r i c t  sense. The symbol o denotes the conductivity (assumed 
uniform and isotropic)  of t h e  overburden, w ( = 2nf) denotes t he  radian frequency 
of the t ransmit ter ,  and u denotes the magnetic permeability of t he  overburden 
(= 4n. lo-' h e n r i e s h e t e r ) .  

In  our case, t he  source loop antenna is on the surface so t h a t  Z = 0. 
We now wish to  ca lcu la te  the current induced i n  the passive loop, It. This i s  
accmplished by f i r s t  considering t h e  e.m.f. generated i n  the ta rge t  loop, E t ,  
due t o  the time rateof-change of magnetic f lux  through i t  and then dividing 
that  e.m.f. by the res is tance Rt of the  t a rge t  loop wire. The e.m.f. generated 
i n  the  ta rge t  loop is found by a straightforward appl icat ion of Faraday's law 
and Stoke's Theorem; namely, 



and 

where t h e  s u r f a c e  i n t e g r a l  is aver  t h e  e f f e c t i v e  a r e a  of t h e  t a r g e t  loop and 
where t h e  l i n e  i n t e g r a l  is t h e  t o t a l  e.m.f. genera ted  i n  t h e  t a r g e t  loop. 
Equation (21) y i e l d s  

2 21ra n E = -p  n Ira - (po -h) 
t t t  o t  t a t  

s o  t h a t  

and 

from (18) above. Since I(w) i n  t h e  source  loop v a r i e s  s i n u s o i d a l l y  w i t h  time, 
equat ion (23) may be  w r i t t e n  a s  

L 

1 - 1  = - "oata w I 6 
t t a r g e t  

4R th 
3 

The nex t  s t e p  is t o  compute t h e  magnetic f i e l d  Hz,, a t  t h e  p o i n t  (0,O) due 
t o  t h e  c u r r e n t  I t  induced i n  t h e  small  pas s ive  loop. This  secondary magnetic 
f i e l d  may be  found from (Wait, 1970): 

" 

where 
2 5 rn 3 e - ( x 2 + ~ )  

Q = /  
X J (Dx)dx 

0 x+(x2+in2)% 0 

o r ,  by making use  of equat ion (24), - "  

I f  Is is t h e  induced c u r r e n t  i n  t h e  a c t i v e  source  loop on t h e  s u r f a c e  due t o  t h e  
c u r r e n t  flow It i n  t h e  pass ive  loop and i f  R is t h e  r e s i s t a n c e  per u n i t  l eng th  of 
t h e  a c t i v e  source  loop, t hen  



2 2  3 3 2 -  
I-roa n vontata f QQI 1 = - -  

S 
aH / a t  = 

2R 2,s 
4R tRh 

6 

Thus 

A 

The maximum value f o r  Q or  Q is where the o f f s e t  distance po is zero; t h i s  maximum 
value f o r  Q and 6 is unity so tha t  

Is 4~ n, 
- = 

I , maximum R ~ R ~ ~  

where R and Rt a r e  given i n  ohms; a ,  a t ,  and h i n  meters; and f i n  cycles per 
second. 

Equation (29) demonstrates tha t  the secondary f i e l d s  radiated by the passive 
loop antenna a r e  qu i t e  small unless: (1) the r a d i i  a and/or a t  a r e  made qu i t e  
large r e l a t i v e  to  the depth of b u r i a l  h, (2) the transmitting frequency f is 
markedly increased, or (3) the res i s tance  R of the  source loop and/or the 
res is tance R t  of t he  passive loop is made small. Generally, weight i s  not a 
severe l imi ta t ion  f o r  the source loop antenna a t  the surface so  tha t  a loop 
transmitt ing antenna might typ ica l ly  consis t  of one turn of AWG #1 insulated 
copper wire with a c i rcu la r  radius of 50 meters (requiring about 1000 f e e t  of 
wire). This loop antenna would have a res is tance of about 0.10 ohm. If one 
were will ing to double the weight of wire, he could approximately halve the  
resistance.  

Because the secondary f i e l d s  radiated by the passive loop a r e  proportional 
t o  the third  power of r a d i i  whereas they a re  i n  inverse proportion to  only the 
f i r s t  power of the resistances of the  loops, i t  follows tha t  i t  would be be t t e r  
to  increase the a rea(s ) ,  even i f  i n  order to  keep the weight of t he  passive loop 
low,  Rt increases, A s  Wait and Spies (1971a) show, however, the  maximum value 
chosen f o r  Q and Q occurs a t  low frequencies, a t  a zero of fse t  dis tance from the 
transmitter loop, and where the r a d i i  of t he  source loop and passive loop a r e  
much smaller than the overburden thickness. Thus, a s  a and/or a t  a r e  increased 
i n  r e l a t i on  to h, a f i n i t e  loop evaluation, not a dipolar  one, must be made. 
For example, when the radius a of the source antenna i s  half  the depth of bu r i a l  
t o  the passive loop, the  coaxial  v e r t i c a l  magnetic f i e l d  a t  the passive loop 
( i .  e., 4) f a l l s  from a value of unity to 0.72, a drop of 28%. This f i n i t e  loop 
evaluation, when the  areas  of the loops become large r e l a t i ve  t o  the overburden 
thickness, is not a severe l imita t ion,  although i t  must be kept i n  mind when 
considering ac tua l  coupling magnitudes. 

Another consideration is tha t  the target  passive loop and/or the  receiving 
loop a t  t he  surface (here chosen t o  be a t  the  same posit ion as  the surface 
transmitting loop) may be designed so as  t o  have a resonant peak i n  the  effec- 
t i ve  area a t  the transmitt ing frequency (which i s  judiciously chosen f o r  



adequate penetration and lower power spectrum noise leve ls ) .  An example of such 
a peak i n  e f fec t ive  area (number of turns times area)  of a typ ica l  air-core loop 
used f o r  transmission t e s t s  a t  the U.S. Bureau of Mines Experimental Mine is 
i l l u s t r a t e d  i n  Figure 32 ( t h i s  loop weighs about 4 l b  and i s  about 1 meter i n  
diameter) . 

S t i l l  another poss ib i l i ty  for  increasing the r a t i o  of I IS/1I is to  
increase the  transmitting frequency of the  source loop. A s  s ta ted  above, how- 
ever, t h i s  may be done e f f i c i en t ly  only t o  a ce r t a in  l i m i t  i n  order to  obtain 
adequate penetration within the earth. An i l l u s t r a t i o n  of the  a t tenuat ion of 
the  subsurface v e r t i c a l  magnetic f i e l d  of a surface ver t ical-axis  loop antenna 
i s  given i n  Figure 33. I n  Figure 33 the a t tenuat ion i n  decibels is plotted as  a 
function of the dimensionless depth r a t i o  h/6 = h-, where 6 is a skin depth 
i n  t he  ear th  equal t o  I/=, o being the conductivity of the  overburden and p 
being the  magnetic permeability (= 41r.10-~ henrieslmeter). On the basis of 
e l e c t r i c a l  properties measurements of the overburden made thus f a r  (Geyer and 
Keller,  1971b) an average value of o for  the overburden of most coal mines would 
be about mhos/m and, a t  most, h would be 400 m (an overburden thickness of 
about 1350 f e e t )  . In  t h i s  case 

A typical  transmitting frequency would be 1000 Hz so tha t  h/6 = h m  -= 2.5. 
Thus, referr ing t o  Figure 33, for  most p rac t i ca l  purposes the  attenuation of the 
v e r t i c a l  magnetic f i e l d  a t  1000 Hz would be l e s s  than 10 db f o r  even the deepest 
mine. However, i f  we increase the  transmitter frequency, at tenuation becomes 
greater  so tha t  i n  order t o  keep the  same s igna l  l eve ls  a t  the passive loop 
s i t e ,  the  power output of the  transmitter would have t o  be increased. I n  addi- 
t ion,  a s  Wait and Spies (1971d) note, the  values of Q and 4 above become l e s s  
than unity with increase of t he  t ransmit ter  frequency. 

I n  Tables 1 1 1 - V I I I  below, the maximum value of the  r a t i o  of the secondary 
to primary current a t  the  source transmitter locat ion due to passive exci ta t ion 
of a buried loop is given a t  a number of frequencies and depths of b u r i a l  and 
under the constra int  t ha t  the passive loop weight is t o  be kept to  about 2 lb. 
Tables IX-XI give the  same r a t i o  a s  a function of frequency i f  an increased 
weight t o  about 6 lb  f o r  the  passive loop would be acceptable. ( I t  should be 
noted t h a t  the  values given f o r  I 1 a r e  maximum possible values,  par t icu la r ly  
f o r  the higher frequencies since the values of Q and Q were taken to  be unity. 
A t  higher frequencies Q and 6 would actual ly  be l e s s  than unity. For example, 
a t  10,000 Hz, an overburden r e s i s t i v i t y  of 100 ohm-meters, and an overburden 
thickness of 100 m, the  value of Q and 6 would be closer t o  0.9.) 

The above analysis has been based on a C.W. type transmission. Recently, 
Wait and H i l l  (197 2a) have considered the  electromagnetic t ransient  response of 
a small wire loop buried i n  a homogeneous conducting ear th  f o r  impulsive 
exci ta t ion and have obsemed tha t  t he  time delay and difference i n  wave shape 
of t he  t a rge t  response o f f e r s  some hope f o r  detection and direction-finding. 
However, on the basis of experimental f i e l d  transmission t e s t s  (downlink and up- 
l ink)  performed a t  t h e  U.S. Bureau of Mines Experimental Coal Research Mine a s  
wel l  as on the basis  of ambient noise measurements taken a t  a number of large 
operating coal mines (Geyer and Keller,  1971b) it seems tha t  it would be more 
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TABLE 111. Rat io  of  Secondary t o  Primary Current  a t  Source Transmi t te r  Locat ion 
Due t o  Pass ive  Exc i t a t ion  of  Buried Loop. 

f 
(Hz) 

I 'sf1 I ,maximum 

Pass ive  loop bur i ed  100 m and c o n s i s t s  of 1 t u r n  of AWG #5 i n s u l a t e d  copper 
w i r e  wi th  c i r c u l a r  r ad ius  of 1 m. Pass ive  loop weighs 2 lb and has  a r e s i s t a n c e  
Rt  of 0.006 ohm. Source loop a t  s u r f a c e  c o n s i s t s  of 1 t u r n  of AWG ill i n s u l a t e d  
copper w i r e  and has  a c i r c u l a r  r a d i u s  of 50 m and r e s i s t a n c e  R of 0.10 ohm. 

TABLE IV. Ra t io  of Secondary t o  Primary Current  a t  Source Transmi t te r  Locat ion 
Due t o  Pass ive  E x c i t a t i o n  of Buried Loop. 

f 
(Hz) I Isf1 I ,maximum 

Pass ive  loop bur ied  200 m and c o n s i s t s  of 1 t u r n  of AWG /I5 i n s u l a t e d  copper 
wi re  wi th  c i r c u l a r  r a d i u s  of 1 m. Pas s ive  loop weighs 2 l b  and has  a r e s i s t a n c e  
R t  of 0.006 ohm. Source loop a t  s u r f a c e  c o n s i s t s  of l t u r n  of AWG 111 i n s u l a t e d  
copper w i r e  and has  a c i r c u l a r  r a d i u s  of 50 m and r e s i s t a n c e  R of 0.10 ohm. 



TABLE V. R a t i o  of Secondary t o  Primary Current  a t  Source Transmi t te r  Locat ion 
Due t o  Pass ive  E x c i t a t i o n  of  Buried Loop. 

Pass ive  loop bur ied  300 m and c o n s i s t s  of 1 t u r n  of AWG /I5 i n s u l a t e d  copper 
wi re  with c i r c u l a r  r a d i u s  of 1 m. Pass ive  loop weighs 2 l b  and has  a r e s i s t a n c e  
Rt of 0.006 ohm. Source loop a t  s u r f a c e  c o n s i s t s  of 1 t u r n  of AWG /I1 i n s u l a t e d  
copper wire and has a c i r c u l a r  r a d i u s  of 50 m and r e s i s t a n c e  R of 0.10 ohm. 

TABLE V I .  Ra t io  of Secondary t o  Primary Current  a t  Source Transmi t te r  Locat ion 
Due t o  Pass ive  E x c i t a t i o n  of Buried Loop. 

Pass ive  loop bur ied  100 m and c o n s i s t s  of l t u r n  of AWG 814 i n s u l a t e d  copper 
wi re  with c i r c u l a r  r a d i u s  of 10 m .  Pas s ive  loop weighs 2 l b  and has  a r e s i s t a n c e  
R t  of 0.50 ohm. Source loop a t  s u r f a c e  c o n s i s t s  of 1 t u r n  of AWG #l i n s u l a t e d  
copper wi re  and has  a c i r c u l a r  r a d i u s  of  50 m and r e s i s t a n c e  R of 0.10 ohm. 



TABLE V I I .  Ra t io  of Secondary t o  Primary Current  a t  Source Transmi t te r  Locat ion 
Due t o  Pass ive  E x c i t a t i o n  of Buried Loop. 

f  
(HZ) ('sf1 I ,maximum 

Pass ive  loop bur ied  200 m and c o n s i s t s  o f  1 t u r n  o f  AWG /I14 in su la t ed  copper 
w i r e  wi th  c i r c u l a r  r a d i u s  of 10 m. P a s s i v e  loop weighs 2 l b  and h a s  a  r e s i s t a n c e  
R t  of 0.50 ohm. Source loop a t  s u r f a c e  c o n s i s t s  of 1 t u r n  of AWG /I1 i n s u l a t e d  
copper w i r e  and has a  c i r c u l a r  r a d i u s  of 50 m and r e s i s t a n c e  of 0.10 ohm. 

TABLE V I I I .  Ra t io  of Secondary t o  Primary Current  a t  Source Transmi t te r  Locat ion 
Due t o  Pass ive  E x c i t a t i o n  of Buried Loop. 

Pass ive  loop bur ied  300 m and c o n s i s t s  of 1 t u r n  of AWG #14 i n s u l a t e d  copper 
wi re  w i t h  c i r c u l a r  r a d i u s  of 10 m.  Pas s ive  loop weighs 2 l b  and has  a  r e s i s t a n c e  
Rt of 0.50 ohm. Source loop a t  s u r f a c e  c o n s i s t s  of 1 t u r n  of AWG #l i n s u l a t e d  
copper wi re  and has  a  c i r c u l a r  r a d i u s  of 50 m and r e s i s t a n c e  of 0.10 ohm. 



TABLE IX. Rat io  of Secondary t o  Primary Current  a t  Source Transmi t te r  Locat ion 
Due to  Pass ive  E x c i t a t i o n  of Buried Loop. 

Pass ive  loop bur i ed  100 m and c o n s i s t s  of 1 t u r n  of AWG i\10 i n s u l a t e d  copper 
w i r e  with c i r c u l a r  r a d i u s  of 10 m. Pas s ive  loop weighs 6 l b  and has  a  r e s i s t a n c e  
R t  of 0.20 ohm. Source loop a t  s u r f a c e  c o n s i s t s  of 1 t u r n  of AWG 1\1 i n s u l a t e d  
copper w i r e  and has a  c i r c u l a r  r a d i u s  of 50 m and r e s i s t a n c e  of 0.10 ohm. 

TABLE X. Rat io  of Secondary t o  Primary Current  a t  Source Transmi t te r  Locat ion 
Due t o  Pass ive  E x c i t a t i o n  of Buried Loop. 

f  
(Hz) / IS'' / ,maximm 

Pass ive  loop bur ied  200 m and c o n s i s t s  of 1 t u r n  of  AWG 810 insu la t ed  copper 
wire  wi th  c i r c u l a r  r a d i u s  of 10 m. Pas s ive  loop weighs 6 l b  and has a  r e s i s t a n c e  
Rt  of 0.20 ohm. Source loop a t  s u r f a c e  c o n s i s t s  of 1 t u r n  of AWG #1 i n s u l a t e d  
copper w i r e  and h a s  a  c i r c u l a r  r a d i u s  of 50 m and r e s i s t a n c e  of 0.10 ohm. 



TABLE X I .  Rat io of Secondary t o  Primary Current  a t  Source Transmi t te r  Locat ion 
Due to  Pass ive  E x c i t a t i o n  of Buried Loop. 

f  
(HZ) ('s"( ,maximum - 

Pass ive  loop bur ied  300 m and c o n s i s t s  of 1 t u r n  of AWG 810 i n s u l a t e d  copper 
w i r e  wi th  c i r c u l a r  r a d i u s  of 10 m .  P a s s i v e  loop weighs 6 l b  and has a  r e s i s t a n c e  
Rt  of 0.20 ohm. Source loop a t  s u r f a c e  c o n s i s t s  of 1 t u r n  of AWG #1 i n s u l a t e d  
copper wire and has a  c i r c u l a r  r a d i u s  of 50 m and r e s i s t a n c e  of 0.10 ohm. 



expedient,  i f  poss ib l e ,  t o  u s e  a n  a c t i v e  source  a t  depth  f o r  d i r ec t ion - f ind ing  
and only t o  cons ide r  pas s ive  d e t e c t i o n  a s  a  backup method of loca t ion .  It is 
because ambient n o i s e  l e v e l s  a t  t h e  s u r f a c e  of most ope ra t ing  c o a l  mines a r e  i n  
excess of t h e  secondary f i e l d s  r a d i a t e d  by a  bur ied  pass ive  loop. 

Downlink P u l s e  S i g n a l l i n g  t o  Underground Mine Working 

Theore t i ca l  Cons idera t ions  

Another approach f o r  through- the-earth camnunications, i n  t h i s  c a s e  down- 
l i n k  from t h e  s u r f a c e  t o  an a r b i t r a r y  subsurface  p o s i t i o n  w i t h i n  a  mine working, 
may be e f f ec t ed  by a  long i n s u l a t e d  w i r e  s u r f a c e  antenna exc i t ed  by a n  impul- 
s i v e  or  s t e p  c u r r e n t .  This  i n s u l a t e d  wi re  a t  t h e  s u r f a c e  i s  grounded a t  d i s t a n t  
ends (see  F igure  34) ,  and wi th  t h i s  type of antenna a t  t h e  su r face ,  a  number of 
d i f f e r e n t  source-receiver  sensor  conf igu ra t ions  a r e  p o s s i b l e  ( see  F igure  35). 
I n  a  previous r e p o r t  (Geyer, 1972a) t h e  mutual coupling (vol tage  induced i n  t h e  
r ece iv ing  antenna normalized by t h e  c u r r e n t  i n  t h e  source  antenna)  f o r  impulsive 
e x c i t a t i o n  of t h e  l i n e  source  a t  t h e  s u l f a c e  and f o r  a  v e r t i c a l  loop r e c e i v e r  was 
found t o  b e  

2 2 
Po 1 POZO -P x 

~"ert ical(xo~'o; t )  = - 2 { 1 - -)=p \- 
2 r t  2P t O O) 4pt  
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= P ( - ~ ~ X ~ I ~ P ~ )  + 
+ (ZT  K exp (- -) 

2 6  p t  4pt  

1 !-'o % 2 
- - 2 (-) r p t  ) exp (-vozo/4pt)} 

where t h e  rece iv ing  sensor  is a t  (xo,zo) ,  p i s  t h e  r e s i s t i v i t y  of t h e  overburden, 
vo t h e  magnetic permeabi l i ty  (= 471 x lo-' henr ies lm) ,  and where K is known a s  
Dawson's i n t e g r a l  o r  

S imi lar ly ,  t h e  mutual coupling f o r  a  h o r i z o n t a l  loop was found t o  be, 
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and t h e  e l ec t r i c  f i e l d  measured with a grounded l i n e  receiver,  

0 0  1 E (x , z  ' t )  = - u 0220 2 
y 0 0' 2 {T ( 1  - -1 exp (-uoxo/4~t)  

2P t 
2P t 

Numerous theore t ica l  coupling curves f o r  any of the above receiving sensors 
a t  a number of d i f fe ren t  depths of bu r i a l  and o f f s e t  distances and f o r  several  
r e s i s t i v i t y  d i s t r ibu t ions  of t he  overburden were calculated under the assumption 
tha t  the source l i n e  antenna was impulsively excited. These r e su l t s  were exten- 
s ive ly  discussed in  a previous comunication (Geyer, 1972). Several typical  
t rans ien t  coupling responses f o r  t he  propagated e l e c t r i c  and magnetic f i e l d  com- 
ponents a r e  given i n  Figures 36, 37, 38, 39, 40, and 41. 

A s  noted ea r l i e r ,  the evaluated t rans ien t  mutual coupling responses a t  a 
buried receiver s i t e  f o r  impulsive input t o  the  source antenna suffer  no loss  i n  
generali ty and may be put t o  use f o r  any type of current input to  the source 
antenna. This f ac t  is an  important one, f o r  the prac t ica l  use of the time-domain 
electranagnetic method frequently requires the transmission of a s tep current 
(as d i s t i n c t  from an impulsive current)  i n to  the ground and the corresponding 
recording of a t ransient  a t  the  receiver locat ion.  I f  the harmonic function 
F(iw) corresponding to  an impulsive input 6 ( t )  is known f o r  a l l  frequencies, then 
the response f o r  other inputs can a l s o  be determined. Consider, fo r  example, a 
un i t  impulse i n to  the ear th  as a l i nea r  system: 

6 ( t )  EARTH f ( t )  

where f  ( t )  is the impulse response of the ear th  l i nea r  system. Next, consider 
a s tep  function u ( t )  as  input in to  the same earth: 

~ ( t )  EARTH f ( t )  * u ( t )  
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where f ( t )  * u( t )  i s  the impulse response of the ear th  convolved with t he  s t ep  
input function. I n  the frequency domain t h i s  mathematical operation can be 
wri t ten as F(iw)/iw where F(iw) represents t he  system function of the ear th  and 
l / i w  is the operator t h a t  w i l l  transform F(iw) i n t o  the response f o r  a  s tep  
input function. Thus, i f  one uses a  current input to  the source antenna which 
is d i f fe ren t  from a sharp impulse 6 ( t ) ,  a l l  he need do i s  to convolve tha t  cur- 
rent input with t he  t rans ien t  coupling response evaluated f o r  impulsive excita- 
t i o n  to  analyze the resul tant  waveforms. 

Several important points a r e  deduced from theore t ica l  considerations for  
downlink pulse s ignal l ing using a  long insulated l i n e  transmitter grounded a t  
t h e  surface (Geyer, 1972a). For example, analysis  of a  var ie ty  of depths of 
bu r i a l  and horizontal  o f f se t s  of the receiving sensor from the surface l i n e  
antenna indicates tha t  doubling the depth to an e l e c t r i c  f i e l d  sensor reduces 
the coupling t rans ien t  peak by approximately one order of magnitude, whereas the 
same increase i n  depth to a  v e r t i c a l  loop receiver changes the magnitude of the 
coupling response by about two orders of magnitude. As the horizontal  source- 
receiver o f f se t  distance becomes l a rge r ,  the coupling t ransients  f o r  a l l  f i e l d  
canponents decay l e s s  rapidly and posi t ive  s igna l  peaks for  the e l e c t r i c  f i e l d  
occur l a t e r  i n  time. A l l  coupling t rans ien t  responses increase a s  the square 
of the  r e s i s t i v i t y  of the  ear th .  Final ly ,  a l l  of these phe~mena ,  a s  well  a s  
dis t inct ions  i n  amplitude and shape of the coupling t ransient  responses, may be 
ascertained with a  recorder which has a  r e l a t i ve ly  f a s t  r i s e  time. 

Experimental Downlink Pulse Signall ing 

The above theore t ica l  considerations and calculations were made so tha t  
they could be used i n  the design and in te rpre ta t ion  of an ac tua l  f i e l d  trans- 
mission t e s t .  P r io r  to  a  downlink pulse transmission experiment performed a t  
the U.S. Bureau of Mines Experimental Coal Mine, a  study was made of the res is-  
t i v i t y  d i s t r ibu t ion  of the overburden. This study was made so  as  to ensure 
proper in te rpre ta t ion  of experimental coupling data with calculated theoret ical  
coupling curves. A typical  r e s i s t i v i t y  p ro f i l e  of the overburden a t  the 
Experimental Coal Mine is given i n  Figure 42. From t h i s  f i gu re  we may ascer ta in  
tha t  the  e l e c t r i c a l  properties of the overburden a r e  re la t ive ly  homogeneous and 
uniform, a  s i t ua t ion  not unexpected i n  l i g h t  of the nature of the geology of 
the overburden which consis ts  primarily of highly weathered shale  with some 
s i l t y  laminae of sandstone. The average r e s i s t i v i t y  of the sect ion shown i n  
Prof i le  Line 1NW-SE is about 177 ohm-meters. 

I n  the pulse transmission experiment the  l i n e  antenna a t  the surface was 
excited with a  s tep current and the t ransient  s ignal  a t  the receiver location 
was sensed with a  grounded insulated l i n e  receiver, amplified, displayed on a  
small Tektronix oscilloscope, and photographed with a  camera. The length of the 
surface antenna was approximately 223 m, and the magnitude of the  exci t ing s tep  
current 1 ampere. I n  t h i s  t e s t  the horizontal  e l e c t r i c a l  f i e l d  a t  zero o f f se t  
distance was measured. The source antenna, which was separated from the buried 
receiver by approximately 23 m, was excited by driving a  General Ratio 1308-A 
Power Amplifier (200 watts, 5 amperes maximum output) with a  square-wave func- 
t ion generator. 
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The t rans ien t  coupling for  the horizontal  e l e c t r i c  f i e l d  without excita- 
t i on  of the l i n e  surface antenna i s  shown i n  Figure 43 (traced from a photograph 
of the coupling s ignal  on the  oscilloscope). The received t rans ien t  coupling 
s ignal  with exci ta t ion of the  l i n e  surface antenna i s  shown i n  Figures 44 and 45, 
where Figure 45  displays the s ignal  corrected f o r  the gain of the amplifier  
and length of the receiver sensor. Figure 4 5  a l so  i l l u s t r a t e s  the theore t ica l  
s tep response a t  the  receiver locat ion and shows reasonably c lose agreement with 
the f i e l d  data. The differences evident i n  the theore t ica l  s tep  response and the 
actual  response measured a r e  interpreted t o  be the r e su l t  of sane factors ;  i . e .  
(1) the theore t ica l  coupling curve used f o r  comparison was tha t  calculated 
assuming an i n f i n i t e l y  long surface antenna ra ther  than a f i n i t e  horizontal  
e l e c t r i c  dipole  and (2) the system response of t he  amplifier  system was not 
deconvolved out of the data i l l u s t r a t e d  i n  Figures 44 and 4 5 .  

A t  any ra te ,  the r e su l t s  of the downlink pulse-type communication test (as 
opposed to  C.W. t e s t s )  demonstrate the  f e a s i b i l i t y  of a t ransient  technique f o r  
through-the-earth s ignal l ing.  One obvious advantage t o  a pulse-type technique 
is tha t  a r e l a t i ve ly  large amount of frequency information is inherent i n  one 
pulse. However, a d i s t i nc t  disadvantage of a pulse-type communication system 
f o r  signall ing between the surface and a mine working is tha t  ambient noise 
backgrounds, par t icu la r ly  i n  the "late-time" par t  of the t ransient  coupling 
response, w i l l  lead t o  reduced s ignal /noise  r a t i o s  a t  p rac t ica l  transmitter 
power output levels  (between 10 and 100 wat ts) .  A t  t he  U.S. Bureau of Mines 
Experimental Mine, t h i s  constra int  was nor a ser ious  l imita t ion;  however, i n  a 
la rge  operating coal mine, measured e l e c t r i c a l  noise  environment levels  (Geyer, 
e t  a l ,  1971b) suggest tha t  a receiver system f o r  a pulse-type system would have -- 
t o  be designed so a s  to  account for  decreased signal-to-noise r a t i o s  i n  t he  
late-time (a f te r  the zero crossings) par t  of the  t ransient  response. 

Continuous Wave Field Transmission Tests 

The implications of the use of e i t he r  a shor t  l i ne  source or a loop source 
buried a t  depth within a mine working have already been discussed with regard t o  
possible location schemes. I n  t h i s  par t  of the report  we examine i n  greater  d e t a i l  
uplink comunication techniques and ac tua l  t e s t s  from a mine working t o  the sur- 
face so  that  we may be able  to gain ins igh t  i n t o  which source-receiver configura- 
t ion  might be best  to  use under a given s e t  of circumstances. It was examined that  
how well  the coupling s ignals  correspond t o  what theory predicts,  how many d is tor -  
t i on  e f fec t s  (due t o  sources of noise and secondary scat ter ing;  i . e .  power l i nes ,  
buried pipes and r a i l s ,  mine machinery, e tc . )  a r e  seen which a f f ec t  communications, 
and how one may avoid d i s tor t ing  s t ruc tures  by a judicious choice of the  type of 
measurements he w i l l  make. I n  addit ion,  we w i l l  be ab le  to observe i n  first- 
hand fashion what the e f fec t  of large transmitting loops ( i .e . ,  f i n i t e  loops) 
have on the nature of propagated electromagnetic f i e l d s  measured a t  the  ear th ' s  
surface; thus something can be sa id  about wavet i l t ,  ac tua l  magnitudes of the  
measured f i e l d  components, and maxima and n u l l  phenomena i n  the surface f i e l d  
components a s  they r e l a t e  t o  the  s i z e  of the transmitting antenna loop. 

One technique, then, f o r  canmunications from a mine working to the surface 
would involve the exci ta t ion of an insulated loop of wire with continuous wave 
audio-frequency current ,  where the loop of wire might be t ha t  which is wound 
about a mine p i l l a r .  One would then measure the produced electromagnetic f i e l d  
a t  the ear th 's  surface. For example, the produced magnetic f i e l d  could be 
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measured by using two small induction loops; by noting s p a t i a l  changes i n  the  
amplitude voltage response through e i ther  induction loop, one can, i n  addit ion 
t o  establishing a communications l ink ,  t r i angula te  on the posi t ion of the buried 
transmitter.  Actual f i e l d  t e s t s  were made using th i s  source-receiver configura- 
t ion ,  which i s  i l l u s t r a t e d  i n  Figure 46. 

The other a l t e rna t ive  f o r  through-the-earth uplink or downlink voice 
transmission involves the use of an  insulated wire which is grounded a t  both 
ends and which is excited with C.W. audio-frequency current or  with a strong 
impulsive current. Excitation of a l i n e  source with a strong impulsive current 
together with experimental r e s u l t s  has already been discussed. Here the f i r s t  
mode of antenna exci ta t ion -- t ha t  of C.W. audio-frequency current -- is dis- 
cussed. 

During the summer months of 1972 (June - September) numerous transmission 
t e s t s ,  both uplink and downlink, were made a t  the United States Bureau of Mines 
Experimental Coal REsearch Mine i n  Bruceton, Pennsylvania, and the U.S. S tee l  
Rubina No. 4 Coal Mine i n  Uniontown, Pennsylvania, using various source-receiver 
configurations. This sect ion of the report  discusses the resu l t s  of several  of 
those transmission t e s t s  i n  which a l i n e  current source was used a s  the trans- 
mitting antenna. Such a configuration i s  shown i n  Figure 47. The transmission 
t e s t s  were made over a r e l a t i ve ly  broad band of frequencies and a t  a number of 
d i f fe ren t  gepgraphic setups. 

Horizontal E lec t r ic  Field Measurements - Buried Line Source Transmitter - U.S. 
Bureau of Mines Experimental Coal Research Mine, Bruceton, Pennsylvania 

I n  Figures 48, 49, 50, 51, and 52 a r e  summarized typ ica l  C.W. mutual 
coupling transmission data taken a t  the U.S. Bureau of Mines Experimental Coal 
Research Mine a t  Bruceton, Pennsylvania, where measurements of t he  horizontal  
e l e c t r i c  f i e l d  a t  the surface over a broad range i n  audio frequency were made. 
In  these transmission t e s t s  only the component of the surface horizontal  elec- 
t r i c  f i e l d  which i s  pa ra l l e l  t o  the  d i rec t ion  of the  buried l i n e  transmitting 
antenna was measured. These data a r e  corrected for  t he  ca l ib ra t ion  response of 
a 60 Hertz f i l t e r -ampl i f ie r  system and a r e  normalized by the source s t rength 
moment of the l i n e  t ransmit ter  ( i .e . ,  the  product of the current output to the 
transmitting antenna and the length of the  transmitting antenna). Note tha t  t he  
normalization is by the current output ( ra ther  than by the power output) s ince 
the amount of current  with which one is ab le  t o  power t h e  transmitter changes 
with frequency, normally decreasing with frequency. Because the s t rength of the 
source transmitter i s  proportional to  the  current ( the  current may of ten 
decrease while driving voltages increase, thus keeping the output power levels  
constant), i t  is probably bes t  t h a t  mutual coupling data be presented i n  t h i s  
fashion. 

The locat ion of the buried l i n e  source t ransmit ter ,  which consisted of a 
45 meter length of AWG #18 gauge insulated copper wire grounded a t  d i s t an t  ends 
with copper-clad s t e e l  stakes driven in to  the ground (roof b o l t s  could a l so  be 
used f o r  the  ground return electrodes,  bu t  i n  t h i s  case care should be taken to 
reduce the contact  res is tance of t h e  roof bo l t s  by e i t h e r  f i l i n g  of the normally 
accumulated layers of r u s t  o r  by using screw-set clamps), is shown i n  Figure 53. 
The l i n e  source t ransmit ter  was powered by a General Ratio Model 130E-A Power 
Osc i l la tor  (200 watt, 5 ampere maximum output). Output current levels  from the 
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l i n e  t r a n s m i t t e r  i n t o  t h e  ground va r i ed  from about 0.8 ampere a t  20 Hertz  t o  
about 0.2 ampere a t  20,000 Hertz .  The s u r f a c e  l o c a t i o n s  of t h e  va r ious  r ece ive r  
sites a r e  a l s o  shown i n  F igure  53, where t h e  ang les  between t h e  c e n t e r  of t h e  
s u r f a c e  p r o j e c t i o n  of t h e  l i n e  t r a n s m i t t e r  and t h e  c e n t e r s  of t h e  va r ious  
e l e c t r i c - f i e l d  r ece iv ing  e l e c t r o d e  se tups  a r e  indica ted .  

Surface  e l e c t r i c  f i e l d  measurements were made wi th  non-polarizing e l e c t r o d e s  
(metal immersed i n  a s o l u t i o n  of one of i ts  s a l t s )  o r i en ted  i n  a d i r e c t i o n  
p a r a l l e l  to t h e  bur ied  l i n e  t r ansmi t t e r .  Such s t a b l e ,  non-polarizing e l ec t rodes  
were used s o  t h a t  e l e c t r o l y t i c  p o t e n t i a l s  would not  be b u i l t  up between t h e  
e l e c t r o d e s  and t h e  s o l u t i o n s  i n  s o i l  pores.  The p o t e n t i a l  d i f f e r e n c e  between 
the  s u r f a c e  r e c e i v e r  e l e c t r o d e s  was measured wi th  a Hewlett-Packard Model 3410A 
Tunable Phase-Lock Microvoltmeter;  t h i s  microvoltmeter has  a n  inpu t  impedance 
of 10 megohms and i s  capable of measuring coherent  s i g n a l  l e v e l s  10 db below 
random ambient electromagnetic  no i se  l e v e l s  (white  no i se ) .  A t y p i c a l  cross- 
s e c t i o n  of f i e l d - c o l l e c t e d  e l e c t r i c a l  r e s i s t i v i t y  d a t a  over t h e  U.S. Bureau of 
Mines Bruceton Mine was i l l u s t r a t e d  i n  F igure  42. 

The C.W. coupling t ransmiss ion  d a t a  g iven  i n  F igures  48-52 s h w ,  i n  gen- 
e r a l ,  good a g r e w e n t  wi th  what might b e  p red ic t ed  t h e o r e t i c a l l y  f o r  an average 
r e s i s t i v i t y  of t h e  overburden of about  100 ohm-meters. Namely, two f e a t u r e s  
of t h e  f i e l d  d a t a  c l e a r l y  s tand  out ,  a s  i l l u s t r a t e d  i n  F igure  5h: (1) t h e  
p a r a l l e l  e l e c t r i c  f i e l d  s t r e n g t h s  decay exponent ia l ly  wi th  inc reas ing  o f f s e t  
from the  bur ied  l i n e  t r a n s m i t t e r ,  and (2) p a r a l l e l  e l e c t r i c  f i e l d  s i g n a l s  pro- 
duced a t  t h e  e a r t h ' s  s u r f a c e  pe r  u n i t  sou rce  moment are l a r g e r  a t  lower f r e -  
quenc ies . 

A p e c u l i a r  f e a t u r e  not  p red ic t ed  by any t h e o r e t i c a l  cons ide ra t ions  which 
is p a r t i c u l a r l y  ev ident  i n  t h e  n a t u r e  of t h e  received e l e c t r i c  f i e l d  s i g n a l s  a t  
s t a t i o n  s e t u p s  2 and 3 is t h e  observa t ion  t h a t  t h e  coupling t ransmiss ion  s i g n a l s  
(normalized by t h e  s t r e n g t h  of t h e  source  antenna)  a c t u a l l y  increased  wi th  
increas ing  frequency. Moreover, t h e r e  i s  almost  n e g l i g i b l e  s c a t t e r  i n  t h i s  data!  
The exact  reason f o r  t h i s  f i e l d  r e s u l t  (which i s  o p p o s i t e  t o  what would be  
p red ic t ed  by theory)  is not  known. However, i t  i s  thought t h a t  t h e  power . l ine  
which ran d i r e c t l y  overhead p a r a l l e l  t o  t h e  bu r i ed  t r a n s m i t t e r  (NE-SW), a s  w e l l  
a s  t h e  s u r f a c e  p ipe  l i n e s  which were p r e s e n t ,  could have a c t e d  as secondary n o i s e  
and s c a t t e r i n g  sources  wi th  e f f i c i e n c y  of s i g n a l  coupling i n  t h i s  case  increas-  
ing w i t h  frequency. 

V e r t i c a l  Magnetic F ie ld  Measurements - Buried Vert ical-Axis  Loop Transmi t te r  - 
U.S. Bureau of Mines Experimental Coal Research Mine, Bruceton, Pennsylvania 

According t o  t h e o r e t i c a l  cons ide ra t ions  (Wait, 1970; Wait and Spies ,  1971d) 
t h e  ampli tudes of t h e  v e r t i c a l  and h o r i z o n t a l  magnetic f i e l d  components, respec- 
t i v e l y ,  produced a t  t h e  e a r t h ' s  s u r f a c e  by a bur ied  v e r t i c a l - a x i s  i n s u l a t e d  loop 
car ry ing  a l t e r n a t i n g  c u r r e n t  a r e  given by t h e  fol lowing expressions:  

and - 
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where the attenuation fac tors  I Q I  and JMJ a re  not simply exponential functions 
of t he  separation between the  source antenna and receiving sensor, but a r e  
r a the r  given by the dimensionless expressions, 

Here Jo  and J1 a re  Bessel functions,  D is the horizontal  o f f s e t  distance 
p divided by the depth of bu r i a l  h, and H is the product h (21~fou~)%.  The symbol 
A represents the r a t i o  of the radius of the source loop t o  the depth of bur ia l  
of the source loop; a s  noted previously (Wait and Spies, 1971d; Geyer, e t  a l ,  
197213) the theoret ical  o f f se t  posit ions of the  amplitude nu l l s  i n  the surface 
v e r t i c a l  magnetic f i e l d  as  well  as  the peak i n  the surface horizontal  magnetic 
f i e l d  depend on the parameter A. For example, a s  the radius of the  source loop 
transmitter becomes l a rge  r e l a t i v e  t o  its depth of b u r i a l  (say twice as large) ,  
the  o f f se t  nu l l  posit ion i n  the v e r t i c a l  magnetic f i e l d  can s h i f t  by approximately 
70% a t  near s t a t i c  conditions t o  about 100% a t  higher frequencies (see Figure 55). 
In addit ion,  the  actual  magnitude of I Q I  d i r ec t ly  over the source antenna 
decreases a s  A a/h increases. Figure 56 i l l u s t r a t e s  percent changes i n  I QI 
r e l a t i v e  t o  s t a t i c  coupling d i r ec t ly  over the buried ver t ical-axis  loop trans- 
mit ter  as  the  radius of the transmitting loop becomes equal t o  the depth of 
bu r i a l  (a/h = 1 )  or  becomes equal to  twice the  depth of b u r i a l  (a/h = 2). 
These phenomena i n  themselves a r e  not detrimental t o  a communications scheme. 
They be recognized, however, i f  one wishes t o  map the nu l l s  i n  the  surface 
v e r t i c a l  magnetic f i e l d  and use them as  location c r i t e r i a .  

For s t a t i c  conditions the s i z e  of the  loop does not a f f ec t  the sharpness 
of t he  n u l l  i n  the  v e r t i c a l  magnetic f i e l d  (which f o r  a very small loop 
(a/h - 0) occurs a t  an o f f se t  dis tance from the t ransmit ter  equal to about 1.4 
times the depth of bu r i a l  of the t ransmi t te r ) ,  ambient electromagnetic noise 
fac tors  being equal. The e f fec t  of increasing the frequency of transmission 
tends t o  blur or make less  d i s t i n c t  these nu l l s .  For f i e l d  purposes, however, 
the o f f se t  positioning of these nu l l s  (though l e s s  d i s t i nc t )  is not s ign i f ican t ly  
affected. I n  a s imilar  fashion, an increase i n  the e l e c t r i c a l  conductivity a of 
the overburden tends to blur  the  d i s t inc tness  of these nul ls  while not s ign i f i -  
cantly affect ing the o f f se t  posi t ion of the  nul l .  This phenomenon i s  to  be 
expected, since f o r  a given depth of bur ia l  h t o  t he  transmitter and a given 
s i z e  A = a/h of the  t ransmit ter ,  i t  is r ea l ly  the product (a£)% which deternines 
the sharpness of the nu l l .  

The above discussion leads t o  several  deductions. For one, i f  an  attempt 
is made t o  measure absolute amplitudes of the  v e r t i c a l  magnetic f i e l d  with a 
ver t ical-axis  induction loop a s  a means for  locating a buried transmitter i n  a 
mine working, there  is a necessity f o r  knowing qu i t e  accurately both the effec- 
t i ve  e l e c t r i c a l  conductivity of the  overburden a s  we l l  a s  the s i z e  of the  
transmitting loop antenna. Generally, a p r i o r i  knowledge is a t  hand on the depth 
of bur ia l  and frequency of transmission, but it may not always be prac t ica l  t o  
know what the  e f f ec t ive  s i z e  of the transmitting antenna i s  unless a standard is 
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both s e t  and implemented. A s  a  gene ra l  r u l e  (Geyer and K e l l e r ,  1971b) i t  was 
found t h a t  e l e c t r i c a l  c o n d u c t i v i t i e s  w i t h i n  any given c o a l  mining d i s t r i c t  do 
not  change by more than  1 0 : l .  Changes i n  e l e c t r i c a l  conduc t iv i ty  of t h e  over- 
burden from one c o a l  mining region  t o  another  (e.g. ,  from e a s t e r n  Colorado t o  
West V i r g i n i a ) ,  however, can  vary a s  much a s  1 0 0 : l .  Of course ,  exceptions t o  
t h e  above rule-of-thumb e x i s t ,  and t h e  g e n e r a l i z a t i o n s  made above would probably 
not  hold i n  meta l  mine d i s t r i c t s ,  meta l  mine r eg ions  being u s u a l l y  q u i t e  inhomo- 
geneous e l e c t r i c a l l y .  A t  t h i s  j unc tu re ,  a  trade-off e x i s t s :  namely, t h e  e f f e c t  
of e l e c t r i c a l  inhomogeneities on t h e  f i e l d  behavior  may be  minimized by decreas- 
i n g  t h e  frequency of t ransmission;  however, by us ing  lower f requencies  and keep- 
ing output  t r a n s m i t t e r  power c o n s t r a i n t s  t h e  same, one gene ra l ly  has  lower 
s i g n a l l n o i s e  r a t i o s .  The l a t t e r  e f f e c t  o f t e n  overshadows any e f f e c t s  of  elec-  
t r i c a l  inhomogenei t i e s .  

I n  Figures 57-61 a r e  summarized t y p i c a l  C.W. mutual coupling da ta  taken a t  
t h e  U.S. Bureau of Mines Experimental Coal Research Mine a t  Bruceton, Pennsyl- 
vania ,  where measurements of t h e  v e r t i c a l  magnetic f i e l d  a t  t h e  s u r f a c e  over  a 
broad range i n  audio frequency were made. These d a t a  a r e  co r rec t ed  f o r  t h e  
c a l i b r a t i o n  response of a  60 Her t z  f i l t e r - a m p l i f i e r  system, f o r  change i n  e f f ec -  
t i v e  a r e a  of the  r ece iv ing  loop sensor  (e.m.f. induced i n  loop = e f f e c t i v e  a rea  
X magnetic permeabil i ty  of f r eespace  X 21rf X v e r t i c a l  magnetic f i e l d )  and by 
t h e  cu r ren t  output  t o  t h e  t r a n s m i t t i n g  antenna s i n c e  t h e  amount of c u r r e n t  with 
which one is a b l e  t o  power t h e  t r a n s m i t t e r  changes with frequency (normally 
decreasing wi th  inc reas ing  frequency a s  noted e a r l i e r ) .  Because t h e  s t r e n g t h  of 
t h e  source t r a n s m i t t e r  i s  p ropor t iona l  t o  t h e  c u r r e n t ,  i t  i s  probably b e s t  t h a t  
mutual coupling da ta  be  presented i n  t h i s  f a sh ion .  Moreover, t h e  form of presen- 
t a t i o n  of the  empir ica l  da t a  ( a t t e n u a t i o n  f u n c t i o n  I Q I  i n  F igures  57-61 a l s o  
corresponds t o  t h a t  used by Wait (1971a) and t h u s  provides f o r  ready comparison 
wi th  t h e o r e t i c a l  c a l c u l a t i o n s  over p re spec i f i ed  models. 

The l o c a t i o n  of t h e  bur ied  v e r t i c a l - a x i s  loop t r a n s m i t t e r ,  which cons i s t ed  
of 5 t u r n s  of AWG il l8 gauge i n s u l a t e d  copper w i r e  wound around a p i l l a r  beneath 
s t a t i o n  1 and powered by a  General Radio Model 1308-A power o s c i l l a t o r  (200 w a t t ,  
5 ampere maximum ou tpu t ) ,  i s  shown i n  F igure  53. Surface  measurements were made 
wi th  a n  a i r - co re  loop sensor  whose e f f e c t i v e  a r e a  and impedance were measured i n  
t h e  l abora to ry  (see  F igure  62) and whose diameter  i s  1 meter.  E.m.f.'s induced 
i n  t h e  induc t ion  loop sensor  were measured wi th  a  Hewlett-Packard Model 3410-A 
Phase-Lock Microvoltmeter which could measure coherent  s i g n a l  l e v e l s  10 db below 
ambient electromagnetic  no i se  l eve l s .  The e f f e c t i v e  r ad ius  of t h e  source  loop 
antenna i n  t h i s  case  f o r  upl ink  t ransmiss ions  was approximately 0.39 t h e  depth 
of b u r i a l .  An average conduc t iv i ty  of 0 .01  mhoslmeter was taken f o r  t h e  over- 
burden f o r  t h e o r e t i c a l  comparisons. This  choice  was made from t h e  f i e l d  r e s i s -  
t i v i t y  d a t a  c o l l e c t e d  on t h e  s u r f a c e  (Geyer and K e l l e r ,  1972b); a  t y p i c a l  pro- 
f i l e  over  t h e  mine workings a t  t h e  U.S. Bureau of Mines Bruceton Mine is shown 
i n  F igure  42. 

The mutual coupling curve f o r  t h e  v e r t i c a l  magnetic f i e l d  a t  s t a t i o n  1 i s  
shown i n  F igure  57 a s  a  func t ion  of frequency from 20 Hertz  t o  10,000 Her tz .  
A t  t h i s  s t a t i o n  t h e  o f f s e t  d i s t a n c e  p was approximately zero s o  t h a t  D A p/h = 0. 
The f i e l d  d a t a  demonstrate c l o s e  agreement wi th  t h e  t h e o r e t i c a l  cons ide ra t ions  
of Wait and Spies  (1971a) except  a t  32 Hertz  and 330 Her tz ,  where l a r g e  n o i s e  
l e v e l s  were noted. Another obsenra t ion  which should be  noted from Figures  57-61 
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is t h a t  f o r  any g iven  geographic s e t u p  t h e  response is  e s s e n t i a l l y  cons tant ;  
t h a t  is, t h e r e  i s  very l i t t l e  a t t e n u a t i o n  i n  t h e  v e r t i c a l  magnetic f i e l d  over 
t h e  10-10,000 Hertz  frequency range when propagat ing through t h e  overburden a t  
t h e  Bruceton Mine. Another way t o  s a  t h i s  ;s that t h e  a t t e n u a t i o n  f u n c t i o n  Q 
does not  decrease  wi th  t h e  parameter ~ I T ~ I L ~ G ) ~ R I  as  quickly  a s  t h e  func t ion  

e-1 ( ~ ~ u o ~ ) ~ ~ I  (which func t ion  desc r ibes  t h e  a t t e n u a t i o n  dependence f o r  a p lane  
wave i n  a l o s s y  medium). 

A t  a n  o f f s e t  d i s t a n c e  equal  t o  about  four- ten ths  of t h e  source  antenna 
depth of b u r i a l  ( s e e  F igure  58) ,  good agreement w i t h  t h e o r e t i c a l  cons ide ra t ions  
was a l s o  a t t a i n e d ,  l i t t l e  s c a t t e r  being p resen t  i n  t h e  da ta .  The mutual coupling 
responses measured a t  s t a t i o n s  3 and 4 ( see  F igures  59 and 60) ,  however, show 
cons iderable  s c a t t e r  from t h e o r e t i c a l  c a l c u l a t i o n s .  I . e . ,  a f i e l d  n u l l  p o s i t i o n  
i n  1 ~ ~ 1  was de tec t ed  a t  D - 1 r a t h e r  than t h e  t h e o r e t i c a l  ( s t a t i c )  D = 1.4.  This  
obsenred s c a t t e r  may b e  explained i n  t h e  fo l lowing way. Close t o  s t a t i o n s  3 and 
4 ( see  F igure  62) were loca ted  both  s u r f a c e  p i p e l i n e s  and overhead NE-SW power- 
l i n e s .  The e f f e c t  of t h e  overhead powerlines and/or  t h e  s u r f a c e  p i p e l i n e s  may 
have been r e spons ib le  f o r  s h i f t i n g  t h e  n u l l  p o s i t i o n  i n  I H ~  1 ; i .e . ,  e i t h e r  t h e  
powerline o r  t h e  p ipe l ines  o r  bo th  may have been exci ted  by t h e  bu r i ed  loop 
antenna which, i n  turn ,  ac t ed  a s  secondary s c a t t e r i n g  sources  and led  t o  d is -  
t o r t i o n  of t h e  p r o f i l e  of t h e  a t t e n u a t i o n  f u n c t i o n  I Q I  a s  measurements were 
taken c l o s e  t o  them. The reason why such s c a t t e r  was not  p re sen t  i n  measurements 
taken a t  s t a t i o n  s e t u p  2 is t h a t  t h e  s i g n a l / n o i s e  r a t i o  was h igher  ( in s tmnen ta -  
t i o n  used was capable of measuring s i g n a l  l e v e l s  which were 10 db l e s s  than  
ambient electromagnetic  random n o i s e  l e v e l s ) .  

Such a n  explanat ion  seems q u i t e  reasonable  when t h e  t h e o r e t i c a l  e f f e c t s  
of conduct ive r a i l s  and p ipes  a r e  considered. Wait (1971f) and Howard (1972) 
have considered t h e  e f f e c t  of c y l i n d r i c a l  conductors bur ied  i n  t h e  e a r t h  when 
they a r e  exc i t ed  by a long uniform l i n e  source  of cu r ren t  on t h e  su r face  and 
have shown t h e  s h i f t  i n  t h e  subsurface  v e r t i c a l  magnetic f i e l d  n u l l  d i r e c t l y  
under t h e  s u r f a c e  l i n e  antenna i n  a d i r e c t i o n  away from t h e  c y l i n d r i c a l  sca t -  
t e r i n g  conductor.  Although t h i s  model i s  = that which was p resen t  i n  t h e  
a c t u a l  f i e l d  t e s t s ,  i t  does provide a n  i n t u i t i v e  f e e l  and answer f o r  t h e  behavior  
of e lec t romagnet ic  f i e l d s  exc i t ed  by o t h e r  sources  i n  t h e  presence of such 
s c a t t e r i n g  conductors.  It perhaps should be  emphasized t h a t  such s c a t t e r i n g  
e f f e c t s  (no i se  f a c t o r s  a s i d e )  can be  l i m i t a t i o n s  i n  schemes which a t tempt  t o  map 
n u l l s  f o r  l o c a t i o n  purposes. The s c a t t e r i n g  problem of conductive bodies  under 
e x c i t a t i o n  by d i p o l a r  sources i s  not a t  a l l  t r i v i a l ,  and r e c e n t l y  some no tab le  
progress  has  been made i n  ga in ing  i n s i g h t  i n t o  such d i s t o r t i n g  e f f e c t s  (Wait 
and H i l l ,  1973a; H i l l  and Wait, 1973b; H i l l  and Wait, 1 9 7 3 ~ ) .  

A t  a n  o f f s e t  d i s t a n c e  from t h e  subsu r face  antenna a x i s  of 60 meters  ( s ta -  
t i o n  se tup  6)  c l o s e  agreement wi th  theory aga in  was a t t a i n e d .  A s  p red ic t ed  by 
theory  t h e  v e r t i c a l  magnetic f i e l d  produced a t  t h e  s u r f a c e  is a t  a maximum 
d i r e c t l y  over t h e  v e r t i c a l - a x i s  loop antenna,  drops t o  a n u l l  p o s i t i o n  a t  an 
o f f s e t  d i s t a n c e  of about  1.5 times t h e  depth  of b u r i a l  of t h e  source  an tenna ,  
b u i l d s  up t o  a second maximum (which is about  20 db lower than t h a t  d i r e c t l y  
over  t h e  source ) ,  and then cont inues  t o  f a l l  off  w i t h  inc reas ing  d i s t a n c e .  
These phenomena a r e  summarized i n  F igure  63 a t  four  d i f f e r e n t  t ransmiss ion  f r e -  
quencies (20 Hz, 100 Hz, 1000 Hz, and 7000 Hz). F igu re  63 shows t h a t  t h e  
measured f i e l d  n u l l  a t  t h e s e  f requencies  d i d  not  co inc ide  wi th  t h a t  expected 
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t h e o r e t i c a l l y ,  being s l i g h t l y  skewed t o  sma l l e r  o f f s e t  d i s t ances .  These d a t a  
a l s o  show a s h i f t  i n  t h e  n u l l  toward g r e a t e r  o f f s e t s  a s  frequency (or  "H") 
inc reases ;  t h i s  s h i f t  i s  s i m i l a r  t o  t h a t  p red ic t ed  by theory (Wait and Spies ,  
1971a). 

The suppos i t ion  might a l s o  be  advanced on t h e  b a s i s  of f i e l d  experience 
t h a t  i t  i s  probably b e t t e r  t o  base  l o c a t i o n  schemes, not  on a b s o l u t e  f i e l d  
s t r e n g t h  measurements, b u t  o n  r e l a t i v e  f i e l d  s t r e n g t h  behavior.  F u r t h e r ,  a l -  
though t h e  d a t a  ga thered  a t  s e p a r a t i o n s  of 65-90 meters  don ' t  show too much 
s c a t t e r  a t  f requencies  l e s s  than  1000 Hz, good lock-in on s i g n a l s  i n  t h e  f r e -  
quency range 1000-2000 Hz seemed t o  b e  a t t a i n e d  most quickly.  The l a t t e r  
s tatement  i s  demonstrated by f i e l d  measurements taken a t  t h e  U.S. S t e e l  Rubina 
No. 4 Mine, Uniontown, Pennsylvania,  which a r e  descr ibed  below. 

V e r t i c a l  Magnetic F i e l d  Measurements - Surface  Vert ical-Axis  Loop Transmi t te r  - 
U.S. S t e e l  Robena No. 4 Coal Mine, Uniontown, Pennsylvania 

A downlink C .W. t ransmiss ion  test was made a t  t h e  U.S. S t e e l  Robena No. 4 
mine, Uniontown, Pennsylvania,  on September 6, 1972. I n  t h i s  t ransmiss ion  test a 
v e r t i c a l - a x i s  s ing le - tu rn  loop  antenna was s e t  up a t  t h e  s u r f a c e  wi th  a n  a r e a  of 
2200 squa re  meters.  An induct ion  loop sensor  t o  measure t h e  ampli tude of t h e  
subsurface  v e r t i c a l  magnetic f i e l d  was s e t  up underground around a mine p i l l a r  
wi th  a s e p a r a t i o n  between t h e  c e n t e r s  of t h e  source  antenna and r ece iv ing  sensor  
of about  194 meters .  The source  antenna was powered wi th  5 amperes of c u r r e n t  
and t ransmiss ions  were made a t  20 Hz, 50 Hz, 95 Hz, 160 Hz, 210 Hz, 270 Hz, 330 
Hz, 450 Hz, 600 Hz, 720 Hz, 850 Hz, 1000 Hz, 1400 Hz, 2000 Hz, 5000 Hz, and 7000 
Hz. The loop source antenna was s e t  up i n  t h e  immediate v i c i n i t y  of t h e  3-phase 
I N A  r e c t i f i e r  system which w a s  used t o  d r i v e  f a n s  f o r  mine v e n t i l a t i o n  and t h e  
r ece iv ing  sensor  loop was placed a t  a depth of 194 meters  beneath i n  a mine work- 
ing so t h a t  t h e  loops were roughly coax ia l .  

The immediate presence of t h e  r e c t i f i e r  system presented perhaps t h e  worst  
s i t u a t i o n  i n s o f a r  a s  ambient background electromagnetic  no i se  is concerned. The 
r e s u l t s  of t h i s  t ransmiss ion  t e s t  a r e  portrayed i n  F igure  64. These mutual 
coupling d a t a  show t h a t  most s c a t t e r  occurs below 1000 Hertz ,  a f a c t  n o t  
unexpected i n  l i g h t  of a p r i o r i  knowledge of n o i s e  sources  a t  t h e  mine. Above 
1000 l l e r t z  t h e  coupling dec reases  wi th  inc reas ing  frequency. With the  above 
c o n s t r a i n t s  an opt imal  t ransmiss ion  frequency i n  t h i s  case  might b e  between 1 
and 2 kHz. Time d i d  n o t  a l low any surface-based r e s i s t i v i t y  measurements t o  
be  taken  a t  t h e  Rubina No. 4 Mine. Therefore,  i n  order  t o  have sane  comparison 
of t h e  empir ica l  d a t a  wi th  computed t h e o r e t i c a l  models a n  average e f f e c t i v e  
r e s i s t i v i t y  of about  100 ohm-meters was assumed. It is perhaps because t h i s  
cho ice  f o r  a n  average e f f e c t i v e  overburden r e s i s t i v i t y  is too h igh  t h a t  a more 
rap id  f a l l - o f f  of coupling a t  f r equenc ie s  g r e a t e r  than 1 kHz than  t h a t  p red ic t ed  
by theory f o r  a uniform e a r t h  having a r e s i s t i v i t y  of 100 ohm-meters is 
observed. I n  gene ra l ,  however, t h e  t ransmiss ion  t e s t s  a r e  considered q u i t e  
s u c c e s s f u l  s o  f a r  a s  demonstrating through-the-earth communication c a p a b i l i t i e s .  



LOOP TRAbSMITTER & -,T U.5. STEEL RLVINR NO. 
4 M I N I I .  UNIONTOW. Pa. 

h Z 194m 

RECEIVER a = a/h 

D =,A,-  0.0 

1. 

A 

I A THEOWTICAL 

(after wait and Spiee. 1971aj 

FREQUENCY iRe1 

Fig. 64 o m l i n k  c.w. transmission rest 



Horizonta l  Magnetic F i e l d  Measurements - Buried Vert ical-Axis  Loop Transmi t te r  - 
U. S. Bureau of Mines Experimental Coal Research Mine, Bruceton, Pennsylvania 

Measurements of t h e  s u r f a c e  h o r i z o n t a l  magnetic f i e l d  produced by a  ver-  
t i c a l - a x i s  loop were made i n  a c t u a l  f i e l d  t ransmiss ion  t e s t s  a t  t h e  U.S. Bureau 
of Mines Experimental Mine, a s  w e l l  a s  t h e  v e r t i c a l  magnetic f i e l d  (discussed 
above). The source  antenna-receiver  s enso r  conf igu ra t ion  i n  t h i s  c a s e  is a l s o  
i l l u s t r a t e d  i n  F igure  46, wi th  t h e  rece iv ing  sensor  loop a x i s  being h o r i z o n t a l .  
I n  t h e  above d i scuss ion  t h e  a t t e n u a t i o n  f u n c t i o n  M f o r  t h e  h o r i z o n t a l  ( r a d i a l )  
magnetic f i e l d  a t  t h e  s u r f a c e  was g iven  by t h e  expression:  

where t h e  in tegrand f a c t o r  JL(Ax)/(Ax/2) t akes  i n t o  account f i e l d  behavior 
depa r tu res  from a d i p o l a r  source  cond i t ion  when t h e  source  antenna loop  becanes 
l a r g e  r e l a t i v e  t o  s e p a r a t i o n  d i s t a n c e s  from t h e  rece iv ing  sensor .  

Severa l  f e a t u r e s  of t h e  behavior  of t h e  a t t e n u a t i o n  func t ion  M ( o r  t h e  
h o r i z o n t a l  magnetic f i e l d  Hp) a t  t h e  s u r f a c e  a r e  noted. F i r s t ,  d i r e c t l y  over 
t h e  v e r t i c a l - a x i s  bu r i ed  loop t r a n s m i t t e r  t h e r e  i s  a  sharp  n u l l  p re sen t .  Then 
t h e  va lue  I N [  b u i l d s  up t o  a  maximum va lue  a t  v e r y  low f r equenc ie s  a t  a hori-  
z o n t a l  o f f s e t  d i s t a n c e  of about 112 t h e  depth of b u r i a l  of t h e  source  antenna 
a f t e r  which t h e  ampli tude smoothly f a l l s  of f  wi th  inc reas ing  d i s t a n c e  from t h e  
source.  A t  a n  o f f s e t  d i s t a n c e  of twice t h e  source  depth of b u r i a l  t h e  hor i -  
zonta l  magnetic f i e l d  has  f a l l e n  by about  20 db from i ts  maximum. 

Thus two phenomena i n  t h e  h o r i z o n t a l  magnetic f i e l d  behavior  could b e  used 
a s  l o c a t i o n  c r i t e r i a .  One of  these  would involve  t h e  d e t e c t i o n  of t h e  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  d i r e c t l y  over  t h e  bur ied  t r a n s m i t t e r .  The o the r  
would involve  t h e  de terminat ion  of t h e  maximum i n  t h e  h o r i z o n t a l  magnetic f i e l d  
a t  a  s u r f a c e  o f f s e t  d i s t a n c e  equal  t o  ha l f  t h e  source  depth of b u r i a l .  A cau- 
t i ona ry  no te  should probably be  g iven  here .  I f  one maps j u s t  t h e  amplitude l ~ p l  
a t  t h e  s u r f a c e ,  h e  must be c e r t a i n  t h a t  what i s  measured a s  a  r e l a t i v e  n u l l  is 
i n  f a c t  a  n u l l  which i s  on a r a d i a l  l i n e  through t h e  a x i s  of t h e  t r a n s m i t t e r  
loop. Therefore one of two procedures is requi red:  (1) sys temat ic  g r i d  mapping 
i s  performed or  (2) t h e  ho r i zon ta l - ax i s  r ece iv ing  loop senso r  i s  r o t a t e d  360 
degrees  around a v e r t i c a l  t o  t h e  e a r t h ' s  su r face !  

As i n  the  case f o r  v e r t i c a l  magnetic f i e l d  n u l l  measurements, t h e  s i z e  o f  
t h e  loop r e l a t i v e  t o  t h e  overburden th ickness  can  change t h e  p o s i t i o n  o f  t h e  
maximum i n  t h e  h o r i z o n t a l  magnetic f i e l d ,  a l though t h e  s i z e  of t h e  loop t rans-  
m i t t e r  never a f f e c t s  t h e  presence of t h e  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  
d i r e c t l y  over  t h e  t r ansmi t t ing  loop.  As t h e  e f f e c t i v e  r a d i u s  of t h e  source  loop 
becomes l a r g e r  t h e  maximum i n  M o r  l ~ p l  occu r s  a t  a  g r e a t e r  o f f s e t  d i s t a n c e  
(>D = p/h = 0.5).  The percent  change i n  p o s i t i o n  of t h i s  maximum f o r  very  low 
f requencies  i s  shown i n  F igure  65 a s  a  func t ion  of s i z e  of t h e  loop t r a n s m i t t e r .  
Comparison of F igures  55 and 65 shows t h a t  t h e  p o s i t i o n  of t h e  maximum i n  l ~ p l  
changes much more r a p i d l y  wi th  inc rease  i n  t h e  s i z e  of t h e  t r a n s m i t t e r  loop 
than t h e  p o s i t i o n  of t h e  n u l l  i n  H al though i n  both  cases  t h e  p o s i t i o n  of 
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t h e  maximum and n u l l ,  r e spec t ive ly ,  occur  a t  g r e a t e r  o f f s e t  d i s t a n c e s  w i t h  
inc reas ing  A. S imi l a r ly ,  t h e  magnitude of t h e  maximum va lue  of decreases  
a s  A inc reases  ( see  F igure  66 ) .  

The e f f e c t  of markedly inc reas ing  frequency t o  t h e  o r d e r  of  magnitude o f  
1 0  kHz l e a d s  t o  t h e  in t roduc t ion  of secondary s u r f a c e  n u l l s  and maximums i n  

1 ( see  F igure  66, which, f o r  t h e  sake  of s i m p l i c i t y ,  should probably be  
avoided i n  t h e  f i e l d .  A s  a  gene ra l  r u l e ,  t h e s e  secondary s u r f a c e  n u l l s  and 
maximums only  occur when t h e  depth of b u r i a l  h  (meters) of t h e  source t rans-  
m i t t e r  i s  g r e a t e r  than  t h e  f a c t o r  750/&, o being  t h e  conduct iv i ty  of t h e  
overburden i n  mhos/m and f  being t h e  frequency i n  Hertz;  i . e . ,  

A t y p i c a l  overburden conduct iv i ty  i n  a  c o a l  mining province  might b e  
mhoslm s o  t h a t  i f  a  t ransmiss ion  beacon frequency on t h e  order  of 100 Hz were 
chosen, t h e  overburden th ickness  would have t o  be  a t  least 750 meters t h i c k  
i n  order  f o r  t h e  secondary su r face  n u l l s  and maximums i n  / H p l  t o  be present .  
On t h e  o t h e r  hand, i f  a  t ransmiss ion  frequency of 10 kl!z were chosen, t h e  over- 
burden th ickness  would have t o  be g r e a t e r  t h a n  o r  equal  t o  75 meters  f o r  t h e  
above secondary phenomena t o  be  p resen t .  

Unlike t h e  maximum i n  t h e  v e r t i c a l  magnetic f i e l d  d i r e c t l y  over t h e  bur ied  
loop t r a n s m i t t e r ,  the  presence of t h e  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  is  
not  a f f e c t e d  by a  change i n  conduct iv i ty  of t h e  overburden provided t h a t  t h e  
; 
sources a r e  present .  The in f luence  of t h e  presence of a  s c a t t e r i n g  o b j e c t  
(such a s  a  p i p e l i n e  on t h e  s u r f a c e  or  an overhead power l i n e )  on t h e  f i e l d s  of 
a  r a d i a t i n g  bu r i ed  d i p o l e  antenna has  not been analyzed bu t  is being i n v e s t i -  
gated (Wait, 1973),  and a s  mentioned e a r l i e r ,  i s  f a r  from being a  t r i v i a l  prob- 
lem. 

The r e s u l t s  of s e v e r a l  up l ink  C.14. t ransmiss ions  involv ing  t h e  measure- 
ment of t h e  su r face  h o r i z o n t a l  magnetic f i e l d  produced by a  bur ied  v e r t i c a l -  
axis loop t r a n s m i t t e r  a r e  shown i n  F igures  67-71 over  a  s u i t e  of f requencies  
i n  t h e  audio  range and f o r  h o r i z o n t a l  o f f s e t s  which range from zero to  about  
t h r e e  t i m e s  t h e  t r a n s m i t t e r  depth of b u r i a l .  These f i e l d  d a t a  a r e  reduced 
and presented i n  a  form analogous t o  t h a t  used by Wait and Spies  (1971a) s o  
t h a t  a  d i r e c t  comparison may be made wi th  t h e i r  t h e o r e t i c a l  r e s u l t s .  

These f i e l d  d a t a  gene ra l ly  i l l u s t r a t e  c l o s e  agreement wi th  t h e o r e t i c a l  
cons ide ra t ions .  A n u l l  i n  [ M I ,  f o r  i n s t ance ,  was observed a t  s t a t i o n  1 (see  
Figure  67) where D = p/h = 0 and a maximum de tec t ed  a t  s t a t i o n  2 ( see  Figure 
68) where D = 0.5. A s  i n  measurements of I Q  I ,  a f a i r  amount of s c a t t e r  was 
p resen t  i n  t h e  da ta  a t  s t a t i o n  3 (see F igure  691, p a r t i c u l a r l y  a t  f requencies  
l e s s  than 100 Hz, al though a t  s t a t i o n  4 (D = p/h = 1.45) very l i t t l e  s c a t t e r  
was observed a t  f requencies  above 500 Hz ( see  Figure  70). 

F igure  7 2  shows t h e  genera l  f i e l d  behavior  of I M I  a s  a  funct ion  of  hori-  
zon ta l  s u r f a c e  o f f s e t  from t h e  underground beacon t r a n s m i t t e r  a t  f r equenc ie s  
of 20 Hz and 1000 Hz. Both of t hese  graphs show good agreement wi th  theory i n  
t h a t  t h e  n u l l  and maximum i n  \ M I  could be  used conjunct ive ly  f o r  l o c a t i o n  of 
t h e  t r ansmi t t ing  beacon. I f  t h e  depth h t o  t h e  mine working, f o r  i n s t ance ,  were 
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known, t h e  h o r i z o n t a l  o f f s e t  could be determined by t h e  approximate r e l a t i o n  
p = 0.5 h. However, i f  only measurements of t h e  s p a t i a l  v a r i a t i o n  of I M I  a r e  
made, i t  is  f i rmly  recommended t h a t  both  t h e  n u l l  and maximum i n  [ M I  be de ter -  
mined e i t h e r  by means of a sys temat ic  g r i d  o r  by r o t a t i o n  of t h e  hor izonta l -  
a x i s  induct ion  r ece iv ing  c o i l  through 360 degrees.  I n  p r i n c i p a l ,  only one 
p r o f i l e  of I N /  would need t o  be  made; whether o r  n o t  t h i s  p r o f i l e  i s  on a  r a d i a l  
through t h e  a x i s  of the  t r ansmi t t ing  loop could then  be determined by analyzing 
t h e  rate-of - f a l l o f f  o r  h o r i z o n t a l  g rad ien t  of \ M I  f o r  normalized o f f s e t  dis-  
tances  g r e a t e r  than D = 0.5 and f o r  r a d i a l s  n o t  through t h e  a x i s  of t h e  source  
loop. However, not  always do these  g r a d i e n t s  co inc ide  wi th  t h e o r e t i c a l  predic-  
t i o n s  (g rad ien t s  presented i n  F igure  72 f o r  o f f s e t s  g r e a t e r  than  ha l f  t h e  
source  depth of b u r i a l  a r e  g r e a t e r  t h a n  those  p red ic t ed  by theo ry ) ;  t h e r e f o r e  
d i s c r e t i o n  would probably d i c t a t e  t h e  u s e  of a  g r i d .  
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SUMMARY 

E l e c t r i c a l  p r o p e r t i e s  measurements made i n  s e v e r a l  c o a l  mining regions 
(Gary No. 1 4  mine, West V i rg in i a ;  Peabody No. 10 mine, I l l i n o i s ;  Imper ia l  and 
Eagle mines, Colorado; Montour No. 4 mine, Pennsylvania; U.S. Bureau of Mines 
Experimental Research Mine, Pennsylvania) enable one t o  c h a r a c t e r i z e  these  
mining regions  by overburden conduc t iv i ty  d i s t r i b u t i o n s .  Such c h a r a c t e r i z a t i o n  
provides t h e  b a s i s  of a p p l i c a b i l i t y  f o r  va r ious  t h e o r e t i c a l  g e o e l e c t r i c  models 
being examined which p r e d i c t  throuth-the-earth e lec t romagnet ic  propagat ion 
phenomena and a l s o  a r e  u s e f u l  i n  ensuring t h e  b e s t  p o s s i b l e  t ransmi t te r -  
r e c e i v e r  coupling f o r  upl ink,  downlink, or  i n t r amine  communication. For exam- 
p le ,  i f  g e o e l e c t r i c  layer ing  is p resen t ,  t h e  e l e c t r i c a l  conduc t iv i ty  w i l l  be  
g r e a t e r  p a r a l l e l  t o  bedding planes ( a t )  than a c r o s s  bedding p lanes  ( a t ) .  The 
propagated through-the-earth e lec t romagnet ic  f i e l d s  of a loop source  antenna 
depend on t h e  maximum conduc t iv i ty  a t ;  thus,  one has  maximum coupling through 
t h e  e a r t h  when t h e  a x i s  of  t h e  loop t r ansmi t t ing  antenna is perpendicular  t o  
g e o e l e c t r i c  p lanes  of maximum conduct iv i ty .  I n  many of the  mining regions  
inves t iga t ed  where e l e c t r i c a l  l aye r ing  of t h e  t ransmiss ion  p r o p e r t i e s  was 
observed, i t  was such t h a t  t h e  p lanes  of maximum conduc t iv i ty  l a y  i n  a horizon- 
t a l  plane;  i n  t h e  Gary No. 14 reg ion ,  however, t h i s  layer ing  was t i l t e d .  

The electromagnetic  f i e l d s  propagated from a grounded l i n e  antenna, on 
t h e  o t h e r  hand, depend i n s t e a d  on t h e  geometric average =measured along 
and a c r o s s  t h e  bedding i n  a laminated sequence of rocks .  Thus t h e  f i e l d s  
r a d i a t e d  by a l i n e  source  antenna w i l l  be more s e n s i t i v e  t o  gross  inhomogenei- 
t i e s  p re sen t  i n  t h e  overburden. 

R e s i s t i v i t y  measurements i n  t h e  above c o a l  mining provinces  were made 
both  by ga lvanic  and induc t ion  techniques; a l l  r e s i s t i v i t y  va lues  show, i n  
genera l ,  f o r  any g iven  r eg ion  a unimodal cha rac te r .  The spread ,  however, i n  
t h e  p r o b a b i l i t y  d e n s i t y  p l o t s  of t h e  r e s i s t i v i t y  va lues  c o l l e c t e d  i n  any g iven  
area v a r i e s .  For example, t h e  r e s i s t i v i t y  p r o b a b i l i t y  d e n s i t y  p l o t  f o r  t h e  
Peabody No. 10 mine appears  q u i t e  s i m i l a r  t o  t h a t  f o r  t h e  Imper ia l  and Eagle 
mines. This  canpar ison  impl ies  t h a t  e lec t romagnet ic  t ransmiss ions  through 
t h e  e a r t h ,  ambient no i se  and l o g i s t i c  f a c t o r s  being equal ,  would be  l e s s  d is -  
t o r t e d  by t h e  r e s i s t i v i t y  d i s t r i b u t i o n  apparent  a t  t h e  Imper ia l  and Eagle 
mines o r  a t  t h e  Peabody No. 1 0  mine than  by the  r e s i s t i v i t y  d i s t r i b u t i o n  appar- 
en t  a t  e i t h e r  t h e  Montour No. 4 mine o r  t h e  Gary No. 14 mine. Consequently, 
t h e o r e t i c a l  models of a beacon source antenna i m e r s e d  i n  a n  e l e c t r i c a l l y  and 
magnetical ly homogeneous ha l f space  would b e  a p p l i c a b l e  i n  mining provinces 
which have g e o e l e c t r i c  s e c t i o n s  s i m i l a r  t o  t h o s e  measured a t  t h e  Imper i a l  and 
Eagle mines o r  t h e  Peabody No. 10 mine and should y i e l d  i n s i g h t  i n t o  t h e  
behavior of electromagnetic  t ransmiss ions .  An average r e s i s t i v i t y  of t h e  
overburdens over ly ing  c o a l  mine workings from t h e  da ta  c o l l e c t e d  and presented  
h e r e  would b e  about  100 ohmmeters;  l o s s  tangents ,  on t h e  o the r  hand, a r e  
gene ra l ly  vanish ingly  smal l  i n  t h e  E.L.F. and V.L.F. ranges.  

S tud ie s  of ambient e lec t romagnet ic  n o i s e  s t a t i s t i c s  a r e  complimentary t o  
i n v e s t i g a t i o n s  of t h e  overburden e l e c t r i c a l  t ransmiss ion  p r o p e r t i e s  and a r e  
necessary f o r  proper  des ign  of any subsurface-sur face  electromagnetic  communica- 
t i o n s  system. Ambient electromagnetic  n o i s e  l e v e l s  from 20 Hz t o  10  kHz have 



been cha rac te r i zed  i n  a number of mining provinces a s  a f u n c t i o n  of t ime of day 
by ampli tude his tograms.  

I n  s o  doing, t h e  s i g n a l  from e i t h e r  a n  e l e c t r i c  f i e l d  sensor  or  magnetic 
f i e l d  senso r  is f i r s t  passed through a f i l t e r  which s t r o n g l y  r e j e c t s  below some 
lower frequency l i m i t  and above some upper frequency l i m i t .  Then, w i t h i n  
these  frequency bands, t h e  number of times ambient n o i s e  events  occur which 
exceed s p e c i f i e d  l e v e l s  i s  determined. The advantage of t h i s  approach is t h a t  
i t  provides informat ion  on t h e  des ign  of a h igh - sens i t i v i ty  r e c e i v e r  system 
not  r e a d i l y  a v a i l a b l e  i n  t h e  more convent ional  s p e c t r a l  approach. For example, 
optimum no i se  r e j e c t i o n  could be  incorpora ted  i n t o  a n  up l ink  r ece ive r  system 
by s e t t i n g  thresholds  f o r  s i g n a l  d e t e c t i o n  j u s t  above t h e  median o r  maximum 
percent  no i se  l e v e l s .  

S t a t i s t i c a l  histogram ana lyses  of ambient background electromagnetic  
no i se  d a t a  above working f a c e s  a t  t h e  s u r f a c e  show t h a t  i n  most mining provinces 
t h e  background no i se  is: (1) independent of t ime of day whi l e  c o a l  mine opera- 
t i o n s  a r e  i n  progress ,  and (2) pr imar i ly  due t o  a r t i f i c i a l ,  man-made sources a s  
d i s t i n c t  from atmospheric no i se  i n  t h e  frequency range 20 Hz - 2 kHz. The mag- 
n e t i c  f i e l d  and e l e c t r i c  f i e l d  n o i s e  ampli tude d e n s i t y  f u n c t i o n s  presented i n  
t h i s  r e p o r t  may be  used i n  conjunct ion  w i t h  the  measured r e s i s t i v i t y  da ta  t o  
des ign  and implement a p r a c t i c a l  opera t ing  beacon electromagnetic  cormnunications 
system i n  which an adequate source  s t r e n g t h  i s  determined which w i l l  y i e l d  a 
s p e c i f i e d  s i g n a l / n o i s e  r a t i o  a t  t h e  s u r f a c e .  Actual  examples of the  u s e  of 
e l e c t r i c a l  p r o p e r t i e s  d a t a  together  wi th  e lec t romagnet ic  s u r f a c e  n o i s e  environ- 
ment d a t a  f o r  systems des ign  cons ide ra t ions  have been g iven  f o r  a loop-loop 
source- rece iver  conf igu ra t ion  and a l i n e - l i n e  source-receiver  conf igu ra t ion .  
S tudies  of the  ambient electromagnetic  no i se  environment i n  most c o a l  mine 
provinces may a l s o  be  used i n  analyzing t h e  f e a s i b i l i t y  of a pass ive  loop detec-  
t i o n  scheme f o r  l o c a t i o n  of a subsurface  miner. I t  is deemed t h a t  a pas s ive  loop 
d e t e c t i o n  scheme f o r  l o c a t i o n  of a subsurface  miner would b e s t  be employed only 
a s  a backup t o  a n  a c t i v e  loop d e t e c t i o n  scheme, because secondary electromagnetic  
f i e l d  s t r e n g t h s  t h a t  a r e  r ad ia t ed  from a bur ied  pass ive  loop exc i t ed  by a n  a c t i v e  
loop antenna a t  t h e  s u r f a c e  a r e  too sma l l  compared wi th  the  ambient no i se .  

Numerous t ransmiss ion  t e s t s ,  bo th  up l ink  and downlink, and both of t h e  
C.W. type and pulsed type ,  were performed wi th  a grounded l i n e  t r a n s m i t t e r  and a 
v e r t i c a l - a x i s  loop t r a n s m i t t e r  and e i t h e r  e l e c t r i c  o r  magnetic f i e l d  r ece iv ing  
sensors .  The f e a s i b i l i t y  of a p u l s e  e lec t romagnet ic  communication system is 
shown both t h e o r e t i c a l l y  and by a c t u a l  f i e l d  tests f o r  sma l l  overburden thick- 
nesses  with t h e  q u a l i f i c a t i o n  t h a t  i f  one wishes t o  examine t h e  la te - t ime 
t r a n s i e n t  coupling response  i n  an opera t ing  c o a l  mine environment wi th  t r ans -  
m i t t e r  antenna power output  l e v e l s  between 10  and 50 w a t t s ,  he  may have t o  

I ,  process ( i . e . ,  s t ack" )  t h e  received s i g n a l s  t o  enhance s ignal- to-noise r a t i o s .  

Seve ra l  l o c a t i o n  c r i t e r i a  were a l s o  deduced from t h e  up l ink  C.W. t rans-  
mission t e s t s .  One could, f o r  example, map t h e  s u r f a c e  n u l l  along t h e  po la r  
and e q u a t o r i a l  axes of a bur ied  l i n e  source  t r a n s m i t t e r  when t h e  wavelengths of 
t ransmiss ion  w i t h i n  t h e  e a r t h  a r e  cons iderably  l a r g e r  than  a l l  o t h e r  d i s t ances  
involved (ELF range) .  



Another l o c a t i o n  c r i t e r i o n  f o r  p o s i t i o n i n g  a  t r ansmi t t ing  v e r t i c a l - a x i s  
loop involved t h e  d e t e c t i o n  of t h e  n u l l  i n  t h e  v e r t i c a l  magnetic f i e l d  a t  a n  
o f f s e t  d i s t a n c e  from t h e  bur ied  source  of about  1 . 4  times i ts  depth of b u r i a l  
(low frequency c r i t e r i o n ) .  I f  only a  s i n g l e  p r o f i l e  of s u r f a c e  ampli tude 
measurements were made which was n o t  n e c e s s a r i l y  along a r a d i a l  through t h e  a x i s  
of t h e  t r ansmi t t ing  loop antenna,  a l l  t h a t  could s a f e l y  b e  determined would b e  a  
minimum depth of b u r i a l  of t h e  source  antenna i n  a  homogeneous ea r th .  For 
example, suppose a  s t r a i g h t - l i n e  p r o f i l e  were made not  on a  r a d i a l  from t h e  
t r ansmi t t ing  loop a x i s  bu t  r a t h e r  on a  r a d i a l  from a poin t  which was d isp laced  
from t h e  antenna a x i s  by a  d i s t a n c e  equal  t o  t h e  depth of b u r i a l  of the  t rans-  
m i t t e r .  I n  t h i s  perhaps sanewhat extreme case ,  a  s i n g l e  p r o f i l e  of ampli tude 
measurements of Hz and d e t e c t i o n  of a  r e l a t i v e  n u l l  i n  1 ~ ~ 1  might lead  t o  e s t i -  
mates of t h e  depth of b u r i a l  of t h e  t r ansmi t t ing  antenna which would b e  a s  much 
as  30% too  low. Th i s  f i e l d  procedure, which makes u s e  of t h e  behav io r i a l  n a t u r e  
of t h e  amplitude of t h e  s u r f a c e  v e r t i c a l  magnetic f i e l d ,  need not  d e t r a c t  from 
a n  e s t ima te  of t h e  t r u e  depth of b u r i a l  o r  t h e  t r u e  h o r i z o n t a l  o f f s e t  provided 
one of t h e  fol lowing were performed: (1) t h e  maximum i n  t h e  v e r t i c a l  magnetic 
f i e l d  over  t h e  t r ansmi t t ing  loop were a s c e r t a i n e d  (as  w e l l  a s  t h e  o f f s e t  n u l l ) ,  
(2) phase measurements of t h e  v e r t i c a l  magnetic f i e l d  r e l a t i v e  t o  t h e  h o r i z o n t a l  
magnetic f i e l d  were made (as  w e l l  a s  ampli tude measurements), (3 )  h o r i z o n t a l  
g r a d i e n t  measurements of t h e  v e r t i c a l  magnetic f i e l d  were made ( s ince  t h e  
h o r i z o n t a l  g rad ien t  i n  Hz  is  dependent on whether o r  not  t h e  measurements a r e  
made along a r a d i a l  through t h e  t r a n s m i t t e r  a x i s ) ,  o r  (4)  e i t h e r  t h e  depth  t o  
t h e  mine working and n o t  n e c e s s a r i l y  t h e  s u r f a c e  o f f s e t  d i s t a n c e  or  perhaps t h e  
s u r f a c e  o f f s e t  d i s t a n c e ,  bu t  n o t  n e c e s s a r i l y  t h e  depth t o  t h e  working where t h e  
source  antenna is loca ted  were known. 

Ascer ta in ing  t h e  maximum i n  t h e  v e r t i c a l  magnetic f i e l d  would involve a  
sys temat ic  g r i d  mapping measurement rou t ine .  The second a l t e r n a t i v e ,  on t h e  
o ther  hand, i s  p a r t i c u l a r l y  a t t r a c t i v e  s i n c e  in s t rumen ta l ly  i t  would involve  
only a  h igh ly  tuned (perhaps p h a s e l o c k i n g )  c rossed  loop r a t i o m e t e r  sensor  
(commonly used i n  geophysical  mining exp lo ra t ion )  and would, w i th  l i t t l e  addi- 
t i o n a l  expense, combine information p resen t  i n  both  t h e  s u r f a c e  h o r i z o n t a l  and 
v e r t i c a l  magnetic f i e l d  components from t h e  bur ied  v e r t i c a l - a x i s  t r a n s m i t t e r  
loop. Gradient  f i e l d  measurements of j u s t  I H , ~  o f f e r  a  t h i r d  a l t e r n a t i v e  and 
would, i n  p r i n c i p l e ,  a l low t h e  de terminat ion  of p o s i t i o n  r e l a t i v e  t o  t h e  a x i s  
of t h e  t r ansmi t t ing  antenna. However, g r a d i e n t  measurements seem t o  have a n  
apparent  disadvantage i n  t h a t  two measuring c o a x i a l  induct ion  c o i l s  spaced a 
f i n i t e  d i s t a n c e  a p a r t  (say,  i n  t h i s  c a s e  a  p r a c t i c a l  d i s t a n c e  of one meter)  
would have to  b e  used and, i n  a  noisy  e lec t romagnet ic  environment, would tend 
t o  accen tua te  n o i s e  i n  the  da ta .  On t h e  o t h e r  hand, t h e  g r a d i e n t  i n  l ~ ~ l c o u l d  
be  obtained a f t e r  measurement and smoothing of I H ~ (  and compared w i t h  g r a p h i c a l  
nomograms f o r  pos i t i on ing .  Commonly t h e  depth t o  working l e v e l s  i n  mines 
where men a r e  loca ted  during emergency s i t u a t i o n s  is very w e l l  known, s i n c e  
t h e r e  a r e  few mul t i - l eve l  working mines i n  t h e  United S t a t e s  (Parkinson, 1971). 
Thus, u s e  of known c o n s t r a i n t s  would y i e l d  a  l a r g e  r educ t ion  i n  t h e  scope of 
t h e  l o c a t i o n  problem. 

S t i l l  ano the r  c r i t e r i o n  f o r  t a r g e t i n g  a  bur ied  v e r t i c a l - a x i s  loop beacon 
is mapping t h e  n u l l  con juc t ive ly  with t h e  o f f s e t  maximum i n  t h e  a t t e n u a t i o n  
funct ion  f o r  t h e  h o r i z o n t a l  magnetic f i e l d ,  / M I .  Again t h e  same c a r e  would 
have t o  be  taken i n  f i e l d  measurements t o  ensure a  n u l l  over t h e  t r a n s m i t t e r  



were mapped, and t h e  most p r a c t i c a l  approach seems t o  l i e  e i t h e r  i n  systematic-  
a l l y  making a s e r i e s  of g r i d  measurements along s e v e r a l  p r o f i l e s  a t  t h e  su r face  
o r  i n  r o t a t i n g  t h e  senso r  c o i l  360 degrees  h o r i z o n t a l l y .  

I t  should be noted t h a t  t h e  f i e l d  behavior  of a f i n i t e  loop antenna, a s  
opposed t o  t h a t  of a d i p o l e  loop antenna,  is u s e f u l  and necessary i n  analyzing 
coupling da ta  from shallow mines. I n  most c o a l  mines, f o r  i n s t ance ,  t h e  depth 
of b u r i a l  of t h e  source  loop antenna ( f o r  up l ink  communications) i s  on t h e  
o rde r  of 100 meters.  A p r a c t i c a l  bur ied  loop antenna might c o n s i s t  of a s i n g l e  
t u r n  of 1/14 gauge w i r e  wound around a p i l l a r  w i t h i n  a c o a l  mine (such a s  t h e  
10 m by 24 m loop used i n  up l ink  t ransmiss ion  i n  the  U.S. Bureau of Mines 
Experimental Mine) and having a n  e f f e c t i v e  c i r c u l a r  r a d i u s  on t h e  order  of 8-10 
meters.  For shal low c o a l  mines (such a s  t h e  Experimental Research Coal  Mine 
i n  Bruceton, Pennsylvania) t h i s  e f f e c t i v e  source  loop r a d i u s  is about 113 t h e  
depth of b u r i a l ,  and f i n i t e - s i z e  loop behavior should be  taken  i n t o  account .  
For t h e  same s i z e  loop i n  t h e  v i s i t e d  U.S. S t e e l  Rubina No. 4 Coal Mine i n  
Uniontown, Pennsylvania,  however, t h e  above e f f e c t i v e  source  loop r a d i u s  would 
only  be  1125th t h e  depth of b u r i a l  and t h e  l i m i t i n g  case  of d i p o l e  f i e l d  behavior 
would s u f f i c e .  

As a genera l  r u l e ,  i t  may be  s a i d  t h a t  f o r  t h e  frequency range under con- 
s i d e r a t i o n ,  one need only cons ider  d i p o l e  f i e l d  behavior f o r  systems des ign  a s  
long a s  t h e  s e p a r a t i o n  d i s t a n c e s  a r e  10 times l a r g e r  than  t h e  source  loop antenna 
radius .  For smal le r  s epa ra t ions  r e l a t i v e  t o  t h e  source  loop r ad ius ,  however, 
t h e  " s i z e  e f f ec t "  of  t h e  t r a n s m i t t i n g  loop can  and should be  taken i n t o  account ,  
f o r  i t  could a f f e c t  a n  a c c u r a t e  l o c a t i o n  de terminat ion  scheme, p a r t i c u l a r l y  i f  
measurements j u s t  of t h e  v e r t i c a l  magnetic f i e l d  a r e  made. I n  t h e  ana lyses  
given i n  t h i s  r e p o r t ,  t h e  s i z e  e f f e c t  of t h e  t r a n s m i t t e r  loop was shown and 
taken  i n t o  cons ide ra t ion  f o r  both v e r t i c a l  and h o r i z o n t a l  magnetic f i e l d  measure- 
ments. When f e a s i b l e ,  i t  is d e s i r a b l e  t o  make t h e  e f f e c t i v e  r a d i u s  of t h e  
t r a n s m i t t e r  loop a s  l a r g e  a s  p o s s i b l e  s i n c e  t h e  source  s t r e n g t h  of t h e  t rans-  
m i t t e r  is accordingly  inc reased ,  even i f  s i z e  e f f e c t s  of t h e  t r a n s m i t t e r  need to  
be accounted f o r .  

I n  sunnnary, a n a l y s i s  of t h e  C.W. up l ink  t ransmiss ion  experiments which 
made u s e  of a v e r t i c a l - a x i s  loop t r a n s m i t t e r  demonstrates c l o s e  agreement wi th  
t h e o r e t i c a l  cons ide ra t ions .  General ly,  n o i s e  was l e s s  of a problem above 1000 
Hertz,  and a t t e n u a t i o n  was not  a s  severe  a s  t h a t  which would be predic ted  by 
plane-wave theory. 

I t  i s  perhaps appropr i a t e  a t  t h i s  p o i n t  t o  make some q u a l i f i e d  remarks on 
which source-receiver  conf igu ra t ion  might b e  b e s t  to  u s e  under a g iven  set of 
circumstances o r  under a g iven  s e t  of c o n s t r a i n t s  de f in ing  t h e  o b j e c t i v e s  of and 
l i m i t a t i o n s  on a through-the-earth beacon electromagnetic  communications system. 
For example, is i t  des i r ed  simply t o  communicate by induc t ion  techniques o r  i s  
t h e  o b j e c t i v e  t o  u s e  t h e  source-receiver  conf igu ra t ion  which i n  c o a l  mine 
provinces (based on measured e l e c t r i c a l  p r o p e r t i e s  o f  t h e  overburden i n  c o a l  
mine provinces)  provides a more u s e f u l  f i e l d  f o r  l o c a t i o n  purposes? I n  addi- 
t i o n ,  e a s e  and p r a c t i c a l i t y  o f  deployment o f  t h e  source  antenna w i t h i n  a mine 
must a l s o  be  considered,  p a r t i c u l a r l y  i n  a n  emergency s i t u a t i o n .  



Provided the overburden is r e l a t i ve ly  conductive ( less  than several  
hundred ohm-meters) and contact res is tance a t  the current  electrodes i s  no 
problem, i t  is of ten more convenient t o  d i r ec t ly  put current i n t o  t he  ground 
by a l i n e  source. This type of transmitting source, although yielding a very 
adequate means for  communication, i s  more sens i t ive  t o  conductivity inhomogen- 
e i t i e s  (as noted i n  the f i e l d  t e s t  r e su l t s  above) and for  a receiving surface 
e lectr ic-f ie ld  sensor does not, i n  our opinion, provide a s  convenient a means 
for  location a s  does a loop-loop source-receiver configuration which has been 
discussed. Thus, received magnetic-field s ignals  i n  the ELF range a r e  l e s s  
sens i t ive  i n  general  to  secondary sca t te r ing  sources i n  the overburden than a r e  
e lectr ic-£ i e l d  s ignals .  

On the other hand, f o r  general communication purposes, s m e  of the second- 
a ry  nu l l s  i n  the produced surface magnetic f i e l d  from a buried vertical-axis 
loop antenna may make a horizontal  grounded insulated electric-current l i n e  a 
more desirable  transmitting source. Of course, the e l e c t r i c a l  properties of the 
overburden must always be taken in to  account, f o r  i n  the case of a highly 
r e s i s t i v e  overburden (which, although not found usually over coal mines, is 
frequently found over hard-rock mines), i t  may not be prac t ica l ly  f ea s ib l e  to  
use an e l e c t r i c  l i n e  source f o r  communication o r  locat ion purposes a t  a l l ,  
simply because of the d i f f i cu l ty  i n  putt ing current i n t o  the ground. Thus, f o r  
the case where a r e s i s t i v e  overburden i s  present,  i t  may necessarily be advan- 
tageous t o  use a loop source antenna. 
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AMBIENT SURFACE ELECTEOMAGNETIC NOISE MEASUREMEWS 



APPENDIX A 

Gary No. 1 4  Coal Mine, W. V i rg in i a  

Smoothed Histograms of :  

Time Der iva t ive  of V e r t i c a l  Magnetic F i e l d  Noise (A-1 - A-8) 

NE-SW Horizonta l  E l e c t r i c  F i e l d  Noise (A-9 - A-16) 
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APPENDIX B 

Peabody No. 10 Coal Mine, I l l i n o i s  

Smoothed Histograms of :  

Time Derivative of Ver t ica l  Magnetic Field Noise (B-1 - B-8) 

E-W Horizontal E lec t r ic  Field Noise (B-9 - B-16) 
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APPENDIX C 

Eagle Coal Mine, Colorado 

Smoothed Histograms of:  

Time Derivative of Vertical Magnetic Field Noise (C-1 - C-8) 

N-S Horizontal Electric Field Noise (C-9 - C16) 
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