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ABSTRACT

Usual ly the  s ixty h e r t z  e le c t romagne t i c  f ields  c r e a t e d  

by power l ine t r an smi s s ion  a r e  an u nd e s i r a b l e  s o u r c e  of cu l t u r a l  

no i se .  As a consequence ,  most  geophysi ca l  equipment attempts to 

f i l t e r  out this  f requency .  In some a r e a s  this  f i l t e r i ng  is 

i nadequa t e ,  and it is impossible to de tec t  any useful  s ignal  over  

the s ixty h e r t z  noi se .  As p a r t  of the U.S. Geological  Survey 

s i x t y - h e r t z  p r o j e c t ,  th is  s tudy was under taken  to determine if 

the s ixty he r t z  f ields  can be used  for the de tec t ion  of anomalies 

in e lectomagnet ic  p ro spe c t i ng .

Methods such as VLF and AFMAG have p roven  to be 

e f fec t ive  methods by measur ing  two or t hogonal  components of the 

magnet ic  p a r t  of the e le c t romagnet ic  field.  The data  a r e  

r e s o l v e d  by determining the po l a r i z a t i on  c h a r a c t e r i s t i c s  which 

i nd ica t e  anomalous field behav io r  r e l a t ed  to c on t r a s t i ng  

conduct ive  s t r u c t u r e s  within the ea r t h .  With this  ana ly s i s  of 

f ield data  in mind, the U.S. Geological  Survey has de s igned  a 

r e c e i v e r  that  m ea su r e s  the ambient sixty he r t z  e lectomagnet ic  

f ield for p u r p o s e s  of a i r b o r n e  r e c o n n a i s s a n c e  work.

Pre l iminary  ground t e s t i ng  with the i n co r po r a t i on  of a 

phase  lock loop p r e s e n t e d  some i n t e r e s t i n g  r e s u l t s .  Survey 

l ines  were  r e c o r d e d  over  t h r e e  gen e ra l  c a t e g o r i e s  of 

e le c t romagne t i c  anomalies.  P ro f i l e s  for the f i r s t  c a s e  were  

l oca ted  over  a bu r i ed  pipe of known locat ion.  The second group
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was loca ted ove r  faul t  zones  o c c u r r i n g  in the mountainous 

r eg ions  to the west  of Denver ,  and the t h i rd  was l oca ted  over  

geologic  con tac t s  of dipping sedimentary  s t r u c t u r e .  Response  

c u r v e s  of highs and inf lec t ions  occu r  t h roughout  the data  with 

good r e so lv ing  capa b i l i t i e s  including a r e a s  near  power l ines .  

The wors t  r e s p o n s e s  were  obta ined  over  the mountainous faul t  

a r e a s .  There ,  the s i gna ls  were  comparat ively  low and behaved 

e r r a t i c a l l y ,  e spe c i a l l y  when d i r ec t l y  over  the faul t s .  It is 

p ro bab l e  that  the na tu r a l  f ie lds  due to s f e r i c s  have a m a jo r  

con t r i bu t i on  to the ho r i zon t a l  f ield in some a r e a s .  Similar to 

the problems encou n t e r e d  in AMT, the highly v a r i a b l e  na tu r e  of 

i ts s f e r i c  so u r c e  p r ec l u d es  digi tal  acqui s i t i on  of t he s e  f ields  

us ing the c u r r e n t  s i x t y - h e r t z  ins t rumentat ion.

None the l es s ,  the s i x t y - h e r t z  system shows promise as 

numerous anomalies were  de tec t ed .  The system is e as i ly  

op e ra t e d  and makes ex tens ive  u se  of digi tal  e l e c t r o n i c s  for  

mas s ive  da ta  handl ing and immediate f ield eva lua t ion  of the 

r e s p o n s e .
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I. INTRODUCTION

With measurements  of the ambient 60 he r t z  (Hz) 

e le c t romagne t i c  (EM) f ield,  the e l e c t r i c a l  s u b s t r u c t u r e  of the 

e a r t h  can s tudied.  Anomalous EM f ields  that  a r i s e  in the 

vic ini ty  of conduct ing l a t e r a l  inhomogenei t ies  a r e  de t ec t ab l e .  

They a r e  o b s e r v e d  in p rof i l e  by plot t ing the po l a r i z a t i on  

pa r a me t e r s  which use  r a t i o s  of o r thogonal  magnetic f ield 

components .  Data behav ior  is v a r i a b l e  and dependent  on the 

inducing pr imary f ie lds .

Natura l  EM fields  having a s p e c t r a l  r ange  conta ining 60 Hz 

o r i g ina t e  from a v a r i e t y  of s o u r c e s  (Kaufman and Kel le r ,  1981). 

One important  so u r c e  is mét éorolog i e  act iv i ty  due to l ightning 

a s s o c i a t e d  with t hunder s to rm  act iv i ty .  Ma jor  l ight ing s t r o ke  

d i s c h a r g e  t ake s  p lace  in the lower l a t i tudes  with d iurna l  and 

y e a r l y  v a r i a t i on s .  The f ields  p ro pag a t e  r ad i a l l y  outward from 

the i r  s o u r c e s  in the E a r t h - i o n o s p h e r e  cavi ty  where ,  at g r e a t  

d i s t a nc e s  from the i r  so u r c e ,  they behave  l ike plane waves 

(Labson et  a l . , 1985). Assoc i a t ed  with each  wave a r e  a ve r t i c a l  

e l e c t r i c  f ield and t r a n s v e r s e  magnet ic  f ield pe rp e n d i c u l a r  to the 

p ropaga t i on  d i r ec t i on .  As a c o nse qu en ce  of the e a r t h ’s 

conduc tance ,  a r ad i a l  e l e c t r i c a l  f ield within the e a r t h  is 

d i r e c t e d  from the so u r ce .

Where  the e a r t h  may be assumed to be a homogeneously 

l a y e r ed  s t r u c t u r e ,  for  p r a c t i c a l  p u r p o s e s  the hor i zont a l
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magnet ic  and e l e c t r i c  f i e lds  a r e  p ropo r t i ona l  to the pr imary 

f i e l d’s s t r e ng t h  and the e a r t h ’s r e s p o n s e  par ameter .  Rat ios  of 

t h e s e  o r t hogonal  f ield components removes the pr imary f i e ld’s 

dependence ,  but r ed u c es  the s ens i t iv i ty  of the r e s p o n s e  funct ion 

which con ta ins  information r e g a r d i n g  the e a r t h ’s conduct iv i ty .

This r a t i o  is the ap p a r en t  wave impedance and is p r o p r o r t i o n a l  

to the sq u a r e  root  of the ap p a r en t  r e s i s t i v i t y .  However,  the 

p r e s e n c e  of l a t e r a l  conduct ing  inhomogenei t ies  po l a r i z e  the 

f ield and, in the spec i a l  c a s e  of E - po l a r i z a t i on ,  p ro du ces  an 

anomalous magnet ic  f ield (Kaufman and Kel le r ,  1981).

As i ts s o u r c e  Audio Magne toTel lur ics  (AMT) u se s  s f e r i c s  at 

f r eq ue nc i e s  above and below 60 Hz. This method has been 

ex t ens ive ly  s tudied (e.g. ,  St rangway et al . ,  1973 and Hoover et 

al . ,  1978). The s i gna l s  behave  e r r a t i c a l l y  r eq u i r i ng  equipment 

with a l a rg e  dynamic r ange  and the abi l i ty to s e l ec t  random 

sp ike s  in o r d e r  to overcome backg round  noise .  Usual ly,  

c o h e r e n t  sp ikes  of magnet ic  and e l e c t r i c  f ield r e c o r d s  yield 

c o n s i s t a n t  r a t i o s ,  but  in the p r e s e n c e  of inhomogenei t ies  t he se  

r a t i o s  devia te  co n s i d e r a b ly  due to changing so u r c e  d i r ec t i ons .

Another  geophys i ca l  method which u se s  s f e r i c s  as i ts 

s o u r c e  is the Audio F r eq uen cy  MAGnetic (AFMAG) t echnique  (Ward, 

1959). As in the p ro p os e d  s i x t y - h e r t z  method, r a t i o s  of 

o r t hogona l  EM f ie lds  a r e  compared for p u rp o s e s  of anomaly 

mapping.  Both systems can employ e i t her  a i r b o r n e  or  ground
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equipment.  AFMAG use s  two f r eq u e n c i e s ,  150 and 510 Hz, to avoid 

harmonics  of 60 Hz f r e q u e nc i e s  and, t h e r e f o r e ,  power l ine 

energy .  In the azimuth d i rec t i on  which is determined by the 

hor i zon t a l  po l a r i z a t i o n ,  only ve r t i c a l  t i l t  angles  were  examined. 

None the le ss ,  data  r e s u l t s  obtained us ing the s i x t y - h e r t z  method 

a g r e e  with t hose  obta ined us ing AFMAG. For example,  phenomenon 

such as hor i zon t a l  shi f t ing of cu rv e  i nf lec t ions  in r e l a t i on  to 

the anomaly's locat ion (Ward, 1966), compare to t hose  seen  in 

s i x t y - h e r t z  data .  Recent ly ,  Labson et  al . ,  (1985) have 

s u c ce s s fu l l y  demons t r a ted  enhancement  of the AFMAG method by 

use  of the ' t ipper '  (Vozoff, 1972). Similarly,  this  p r o c e d u r e  

could apply to s i x t y - h e r t z  data  p r o c e s s in g .

Another  method tha t  is similar to the s i x t y - h e r t z  system is 

the Very Low F requ enc y  (VLF) method. Both use  a cons t an t  and 

remote t r an s mi t t e r .  Similar to s f e r i c s  in the pr imary field 

o r i en t a t i on ,  the VLF p ropaga t i ng  waves p roduce  anomalous EM 

f ie lds  tha t  a r e  due to conduct ing l a t e r a l  inhomogenei t ies .  VLF 

data  behav ior  e x p r e s s e s  c h a r a c t e r i s t i c s  that  aid in 

d i f f e r en t i a t i ng  s f e r i c s  s o u r c e s  from power l ine energy .

Ex pe r i ence  gained from use  of t h e s e  o ther  geophys i ca l  

methods p r ov id e s  a ba s i s  for  un de r s t and in g  the s i x t y - h e r t z  

method.  In all  o ther  methods,  the s o u r c e  f ields  a r e  assumed to 

be ho r i zon t a l  permit t ing the assumption tha t  the ve r t i c a l  f ield 

is so l e ly  c au se d  by the s e co nd a r y  anomalous f ield.  T he re fo r e ,



T-3179 4

the v e r t i c a l  f i e l d’s behavior  has  been the the be s t  i nd ica to r  of 

the anomaly. For  the s i x t y - h e r t z  system the s e  f ields  a r e  a l so  

s ensed ;  however ,  b e ca u se  of the addi t ional  v e r t i c a l  pr imary field 

c r e a t e d  by power l ines ,  the convent iona l  i n t e r p r e t a t i o n  of the 

r e s p o n s e  can be a l t e r ed .

The most  important  so u r c e  of 60 Hz EM en e rg y  is 

p ro paga t ed  by man-made power d i s t r ibu t i on  systems.  In ge ne r a l ,  

c u r r e n t s  that  a r e  induced from above the e a r t h  p roduce  

s e c o n d a r y  f ie lds  resembl ing t he i r  pr imary s o u r c e  f i e lds .  Power

l ines  and s f e r i c s  g e n e r a t e  ho r i zon t a l  e l e c t r i c  f ie lds  in 

a c c o r d a n c e  to Fa r aday ' s  law. In both c a s e s  the e l e c t r i c a l  f ie lds  

c au se  s e co n d a r y  c u r r e n t s  to flow in the ground dependent  on the 

ea r t h ' s  conduct ive  pa r am e te r s  and g e n e r a t e  anomalous EM fields  

when in the p r e s e n c e  of conduct ing  l a t e r a l  inhomogenei t ies .  

Al though the e l e c t r i c  f ie lds  have d i f fe r en t  o r i en t a t i on  in the 

ho r i zon t a l  plane ,  only in the c a s e  of E - p o l a r i z a t i o n  do the 

anomalous magnet ic  f ields  occu r .  Di f ferent  pr imary magnetic 

f ield d i r ec t i o ns  of the two s o u r c e s  have a profound con t ro l  on 

data  c u rv e  shapes ,  but when p r o p e r l y  t r e a t e d  do not proh ibi t  

de tec t i on  of the anomaly.

Union Rura l  E l ec t r i c  Assoc ia t ion  l oca ted  nor th  of Golden,  

Colorado,  was the s ou rc e  of the following information.  Power 

l ine networks  a r e  divided into high vol tage  t r ansmi ss ion  l ines 

and local  power l ines .  The high vol tage  l ines have  va r i ous
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vol tages  from 110 ki lovol t s  and up. These  t r an smi s s ion  l ines  

a r e  s tepped-down to 7.2 k i lovol t s  and feed into the local  power 

l ines  which follow most r oads .

Each l ine has  t h r e e  co nduc to r s  c a r r y i n g  c u r r e n t  120 

d e g r e e s  out of pha se  from the o th e r s  along with s e p a r a t e  ground 

conduc to r ( s )  which t ie  into e a r t h  ground ev e r y  o ther  pole.  It 

is the r e su l t i ng  s i nuso ida l  sum of c u r r e n t  in t he s e  conduc to r s  

which induce s e co n d a r y  c u r r e n t s  into the ea r t h .  As an example,  

dur ing  one r eading  42 amperes ,  3 amperes ,  and 2 amperes of 

c u r r e n t  were  being used  in a 110 ki lovol t  l ine r esu l t i ng  in an 

e f fec t ive  l ine so u r c e  of 40.5 amperes .

F r e quency  devia t i ons  on t h e s e  l ines  a r e  g u a ra n t eed  to be 

l e s s  than + / -  .05% of 60 Hz. In r e f e r e n c e  to a s e p a r a t e  

c r y s t a l  o s c i l l a t o r  this  e r r o r  would p roduce  a beat  f requency  

of approximate ly a 33 second  time pe r i od .  In the lab where  an 

unusua l l y  l a r g e  and va ry ing  EM field e x i s t s ,  the beat  f r equency  

always had more than a one minute pe r i od ,  which is well within 

the speci f i ed  limits. None the l es s ,  it was b e ca us e  of this  beat  

f r eque ncy  and the s lowness  of the computer  i n t e r f ac e  that  a 

phase  lock loop c u rc u i t  was r eq u i r e d .

Although the s i x t y - h e r t z  sys tem was des igned  for a i r b o r n e  

r e c o n n a i s s a n c e  mapping of the anomalous e lec t romagne t i c  f ield,  

dur ing  this  t e s t i ng  and development  the uni t  has  been used 

exc l u s ive ly  on the ground in a veh ic le  mount. Because  of the
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usua l l y  well behaved 60 Hz s i gna l s ,  it is pos s ib l e  to obtain 

l a rg e  and a c c u r a t e  quan t i t i e s  of data using a digi tal  aquis i t ion  

system. Analys i s  of phase  information r epea t ed ly  demons t ra ted  

th i s ,  r evea l i ng  ex ce l l en t  s ens i t i v i t y  to conduct ive  co n t r a s t .

Not only did the equipment  p rove  except i ona l ,  but equal ly  

remarkab l e  was the mult i tude of t a s k s  performed by the system's 

computer ,  a Hewlet t -Packa rd  7 IB. One computer was r e s p on s i b l e  

for  all  data  handl ing from col l ec t ion  to plot t ing of the r e s u l t s .
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II. INSTRUMENTATION

The s i x t y - h e r t z  ins t rumentat ion  i n c o r p o r a t e s  an e l a b o r a t e  

analog network in con jun c t i on  with a digi tal  a cqui s i t i on  system 

(DAS). Through mu -metal  c o r e d  coi l s  t h r ee  channe ls  of EM 

information a r e  s ensed  in a mutiplexed fashion.  Sepa ra t e ly ,  the 

s igna l s  a r e  amplified, f i l t e r e d  to pa ss  60 Hz, spl i t  into r ea l  

and q u a d ra t u r e  components ,  and digi t i zed for s t o r a g e  on magnet ic 

media.

By means of analog c i r c u i t r y  the amplitude de r i ved  from the 

r ea l  and q u a d r a t u r e  p a r t s  a r e  fed into a level  de t ec to r  for 

auto -gain  r anging  con t ro l  c r e a t i n g  a feed back loop. Within this  

loop and a f t e r  the f i r s t  s t age  of f i l t e r ing  a phase  lock loop 

(PLL) s e n s e s  the s ignal ' s  f r equency .  Signal  output  from the PLL 

is used  for p r e c i s e  c locking of the N-path f i l t e r s  and phase  

sync h ro no us  d e t e c t o r s .  As a consequence ,  this  pa r t  of the 

system funct ions  as a s ingle  unit.

Refer i ng  to the flow c h a r t  in F igure  1, the s i x t y - h e r t z  

mul t i - channe l  system is seen  in whole.  Because  the system was 

i ntended for  a i r b o r n e  use ,  the t h r e e  channe ls  a r e  de s igna t ed  as 

t r a n s v e r s e ,  i n - l ine ,  and v e r t i c a l ,  in r e f e r e n c e  to the fl ight  

path.

II. I Analog Amplifier and F i l t e r s

From the flow c h a r t  in F igure  2 it can be seen  how each
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channe l  may be divided into funct ional  b locks .  The PLL and DAS 

a r e  s e p a r a t e  and s e r v e  all  t h r e e  channe ls  in the same manner .

Signals  of the EM field en t e r  the  system through  the s e n s o r  

co i l s .  Because  of the low f r equency  measu red ,  coil  s ens i t iv i ty  

was a main des ign  c r i t e r i o n .  Each channel  has  two i dent ica l  

co i l s  wired in s e r i e s .  Approximately 25 t housand  t u rn s  of 32 

gauge wire  were  wound a round  a c o r e  composed of mu -metal 

MM-60 alloy 16.5 cm (6.5 in) long and 2.5 cm (1 in) in diameter .  

Using a scrambled winding t echnique  minimized capac i t i ve  and 

s e l f - i ndu c t i ve  e f fec t s  between wire  wrappings .  Sur round ing  the 

coi l  with conduct ive  foil connec ted  to a common ground formed a 

Fa r a d a y  Shield.  When done p r op e r ly ,  the foil a round  the coil  

does  not  make any connec ted  loops t h e r e b y  avoiding ef fects  

g e n e r a t e d  by eddy c u r r e n t s  in the shie ld.  Table 1 l i s t s  the 

r e s u l t i n g  m easu red  spec i f i c a t i ons  (two coi l s  per  channel) .

Table 1

Me asu red  Senso r  Coil Spec i f ica t ions

f° L Q R R°

t r a n s v e r s e : 790 Hz 94.  1 h 23 2570 ft 2277 ft

i n - 1in e : 995 Hz 90.  1 h 21 2696 ft 2292 ft

v e r t  i c a  I : 820 Hz 93 .2 h 23 2546 ft 2257 ft
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Values in Table 1 were  mea su r ed  using a GenRad GR 1657 RLC 

d i g i b r i d g e .  Columns marked L and R° a r e  s e l f - i n d u c t a n c e  in 

h e n r i e s  and d i r e c t  c u r r e n t  (dc) r e s i s t a n c e  in ohms, 

r e s p e c t i v e l y .  The r e s p o n s e  p a r a m e t e r  Q = wL/R from which  

the impedance r e s i s t a n c e ,  R, was ca l cu l a t ed  was measu red  at 

100 Hz.

In o r d e r  to o p e ra t e  the  coi l s  in a l inear  r ange  and make 

t he  c o i l  c a p a c i t a n c e  n e g l i g i b l e ,  t he  r e s o n a n t  f r e q u e n c y ,  f ° ,  

must  be much g r e a t e r  than 60 Hz. Fu r t he r  tuning by adding 

r e s i s t a n c e  and c ap ac i t an ce  in pa r a l l e l  to the coil  output  peaked 

the f r equency  r e s p o n s e  at 60 Hz.

Coil s i gna l s  feed into the p r e -ampl i f i e r  where  they a r e  

boos t ed  by a f a c to r  of ten.  Since some of the s ignal  at this  

point  is unwanted con t r i bu t i on  from h igher  f r eq ue n c i e s ,  a p a s s i v e  

low-pass  f i l t er  f i l t e r s  the s ignal  be fo re  it e n t e r s  the main 

auto -ga in  ranging  amplifier .  Because  of t he i r  low noi se  and low 

dc of f se t  c h a r a c t e r i s t i c s ,  OP-27 ope ra t i ona l  ampl i f iers  (op-amp) 

were  u sed  t hroughout  the des ign  making the l a r g e  gains  poss ib l e .

The au to -ga in  ampl i f iers  a r e  an a r rangement  of four 

c a s c a d e d  op-amps h a v i n g  g a i n s  of  2 1, 2 2 , 2 I+, and 2 8 . Ga ins  

f rom 2 0 to  2 15 i n s t e p s  of  2x a r e  a c q u i r e d  by s w i t c h i n g  on or 

off the p r o p e r  combinat ion of op-amps.  The switching is 

co n t ro l l e d  by f eedback  from the level  d e t e c t o r s .  Level  d e t e c t o r s  

monitor  the output  vo l tage  (v) l eve ls  between 1 v and 3v so that
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once the vol tage  is ou ts i de  t he s e  r anges  a gain change  is 

t r i g g e r e d .  Due to the long time cons t an t  involved in f i l t e r i ng  

the s ignal  be fo r e  i ts input  into the level  de t ec to r ,  the gain 

updat ing must  be c locked  to permit  a se t t l ing  time. Clock pu l s es  

that  a r e  too quick p r ev e n t  the system from se t t l ing,  r e su l t i ng  in 

oc s i l l a t i ng  ga ins .  Usual ly hal f  a second (1.875 Hz) between 

pu l s e s  is adequa te ;  however ,  if the input s ignal  is behaving 

e r r a t i c a l l y ,  slowing the pul se  even more buf fe r s  the 

instumentat ion ag a in s t  spu r i ou s  gain changes .

Upon amplificat ion the s ignal  e n t e r s  a s e r i e s  of f i l t e r s  

to e x t r a c t  the 60 Hz. The re  a r e  t h r e e  ac t ive  low-pass  f i l t e r s  

used  in the system which a r e  two-ca scaded  equal  component 

Sa l len-Keys  (Lancas t e r ,  1980). There  a r e  a l so  two ac t ive  ba n d ­

pa s s  f i l t e r s  in the system. One is a mult iple f eedback  b a n d -p a s s  

(Burr-Brown,  1966) and the second is an N-path f i l t er  (Franks ,  

1973). The N-path f i l t e r  is a s e r i e s  of switched c a p a c i t o r s  to 

g round  c locked  by the  PLL. Hence,  so u r c e  s ignal  for the PLL is 

t aken  be fo r e  the N-path  f i l t er  to avoid the c r e a t i o n  of an 

uns t ab l e  f eedback loop.

The PLL p r ov id e s  the system ’s timing. Or iginal ly  a c ry s t a l  

was used;  however ,  a s l ight  d i f f e r ence  in f r equency  between it 

and the 60 Hz s ignal  p roduced  a beat  f r equency .  Beat 

f r e q u e n c i e s  a r e  c au se d  by imposit ion of one f r equency  on 

ano the r  and a r e  equal  to the  d i f f e r ence  betw een the  two
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f r eq u e n c i e s .  The imposit ion o c c u r s  in the phase  synch ronous  

d e t e c to r  (PSD) where  the s ignal  is divided into i ts r ea l  and 

q u a d r a t u r e  p a r t s .  F igure  3 dep i c t s  this  p r o c e s s  and shows the 

gat ing.  Gate timing comes from the system clock.  Although the 

ga tes  may shif t  in time, any f r equency  d i f fe rence  will p roduce  

bea t  o sc i l l a t i ons  in the r e a l  and q u a d r a t u r e  dc l eve l s .

Likewise,  any e x t r a n eo us  c lock pul se  c a u s e s  f l ipping between the 

r ea l  and q u a d r a t u r e  pa r t s .

II .2 Digital  Data Acquis i t ion

Once the s i gna ls  a r e  r educed  to dc l eve l s  of r ea l  and 

q u a d r a t u r e ,  six channe ls  of information en t e r  the DAS to begin 

the r ec o r d i n g  p r o c e s s  for  subsequen t  data an a ly s i s .  Shown in 

the flow c h a r t  of F igure  4 is the DAS ope ra t i on .  This sec t ion  of 

the i ns t rumenta t ion was de s igned  for  in- f l i gh t  data  obse rva t i on  

for  qual i ty con t ro l  and not for mass s t o r a g e  of the data.  

None the le ss ,  for  g round use  it s e r v e s  as a means of data 

r e c o rd i n g  and s t o r a g e  via the t ape  dr ive .

The mul t ip lexer  (MUX) is i n i t i a l i zed  once and is set  for  the 

number of channe ls  to be s equen t i a l l y  r e a d  for  each  sta t ion.  

Because  of the phase  lock loop’s el l iminat ion of a beat  

f r equency ,  t h e r e  is no maximum sampling time for  s t a t i ona ry  

acqu i s i t i on .  Sampling time depends  upon statement  execut ion 

speed  of the computer  which for  the HP-7 IB is approximately 

fifty mi l l i seconds  pe r  channel .  For  each  channel  the computer
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s igna ls  the analog to digi tal  c o n v e r t e r  (A/D) to s t a r t .  

Simul taneously with the end of conv e r s ion ,  it c locks  the coun te r  

(CTR) r e s p o n s i b l e  for changing the MUX channel  and s e t s  the 

s ample - and-hold  (S/H) for  the next  read ing .  At that  time the 

computer  r e a d s  in two data  byt es ,  thus completing the p r o c e s s  

t ha t  can be done in one computer  s tatement  for  each channel .  

Spec i f ics  con ce r n i ng  g e n e r a l  i npu t /outpu t  may be found in 

Appendix A.

Hewlet t -Packard ' s  i n te r  f a c e - l o o p - t o - i n t e r  f a c e - b u s  (IL/IB) 

c o n v e r t e r  f a c i l i t a t e s  data  t r a n s f e r  between the DAS and the 

computer .  At this  point  t h e r e  is a d i f fe r en t ia t ion  of the 

computer ' s  funct ion depending on whether  the system is an 

a i r b o r n e  or  a g round unit .  If a i r b o r n e ,  the r educed  data  a r e  

put into a digi tal  to analog c o n v e r t e r  (D/A) feeding a s t r i p  

c h a r t  r e c o r d e r .  Otherwise,  the data  a r e  sent  to the p r i n t e r  

(PRT) and l a t e r  s t o r e d  on tape .

I I .3 Ca l i bra t ion

Although dur ing  boa rd  layout  all components were  matched,  

t h e r e  ex i s t  s l ight  phase  and amplitude d i f f e r ences  betw een the 

t h r e e  channe l s .  Because  po l a r i z a t i o n  pa r ame te r s  depend on 

component  r a t i o s ,  t he se  d i f f e r en c e s  must be c a l i b r a t e d  and 

c o r r e c t e d  for  within the sof tware.  Di f f er ences  in coil  

s ens i t i v i t y  should a l so  be compensated for ;  however ,  they were  

assumed to be minor and were  thus  neg lec t ed .  Nonethe l es s ,  coil
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sens i t iv i ty  es t imates  were  made in an i n d i r e c t  manner .

Amplitude d i f f e r en ce s  were  compensated for  by ca l i b r a t i ng  

the ga ins .  Before  c a l i b r a t i on ,  windows of input  vo l tages  were  

determined for  each  gain s tep.  With this  as a guide,  r a t i o s  of 

d igi t i zed  output  vo l t ages  to input  vo l tages  were  a v e r ag e d  and 

e n t e r e d  into the p rog ram as gain t ab l es .

Phase  c o r r e c t i o n s  were  de r i ved  by measur ing  phase  

d i f f e r enc es  when the same input  s ignal  was used  for  all 

channe ls .  Program sta tements  c o r r e c t  i n - l i ne  and v e r t i c a l  

ph as e s  in r e l a t i o nsh ip  to the t r a n s v e r s e  phase .  Phase  

measurements  a r e  r e f e r e n c e d  to the sumnation of the t h r e e  

component  s i gna l s .  They a r e  compared by the PLL which se t s  

the system timing, i . e . ,  PSD.

Judgements of magnet ic  f ield s t r eng th  in r e l a t i on  to 

measu r ed  vo l tages  were  made in compar ison to AMT data  t aken on 

the Ka s s l e r  l ine.  From this  AMT data the ap p a r en t  r e s i s t i v i t y  

for  45 Hz and 75 Hz was known. Amplitudes of 60 Hz e l e c t r i c  

and magnet ic  f ields  were  co l l ec t ed  at the same s i t e s .  Working 

backwards  from the known AMT a pp a re n t  r e s i s t i v i t y  va lue s ,  the 

s ens i t i v i t y  of the 60 Hz system was ca l cu l a t ed .  The r e s u l t s  

v a ry  from .5 gammas (y ) /mi 11i v o 11 (mV) t o  3.4y/mV w i t h  

.8y/mV be in g  c o n s i d e r e d  t he  b e s t  a v e r a g e .  C o n c l u s i o n s  

comparing field s t r e n g th s  of s f e r i c s  to power l ines  con t r i bu t i ons  

a r e  ba sed  on t he se  ca l cu l a t i o ns  and shal l  be d i s c u s s e d  l a t e r
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upon review of the forward model r e l a t ing  to mult iple so u r c e s .  

F u r t h e r  information conce rn ing  gain,  phase ,  and coil  c a l i b r a t i o ns  

a r e  in Appendix B.
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III. Fundamental  Model of a Po l a r i z ed  EM Field

Anomalous magnet ic  f ie lds  which a r e  a funct ion of the 

e a r t h ' s  conduct ive  s u b s u r f a c e  can be measu red  with the s i x ty-  

he r t z  system. This statement  is ba sed  on s e v e r a l  phys i ca l  

laws. Through the B i o t -Sava r t  law, it is seen  that ,  in gen e ra l ,  

magnet ic  f ie lds  a r i s e  due to c u r r e n t  flow (Kaufman and Kel ler ,  

1985). In agreement  with Ohm's law, e l e c t r i c  f ields  (E) within 

the e a r t h  c r e a t e  c u r r e n t  d e ns i t i e s  p ropo r t i ona l  to the ea r th ' s  

conduct iv i ty .  Put t ing this  in equat ion form where  H is the 

anomalous s e co n d a r y  field yie lds

H = I / a r e a  = aE.

Thus,  in the p r e s e n c e  of a uniform e l e c t r i c  f ield the c u r r e n t  

flow (I) and t h e r e f o r e  the magnet ic  f ield r e s p o n s e  is dependent  

on t he  e a r t h ' s  c o n d u c t i v i t y  (o) and t he  a r e a  of  c u r r e n t  f low.

Refer ing  to F igu re  5 for  i l l u s t r a t i v e  p u r p o s e s ,  c ons id e r  a 

c r o s s  - sec t ion  of the e a r t h  having c u r r e n t  elements going into 

the page as r e p r e s e n t e d  by the c i r c l e s .  For a ho r izon t a l l y  

l a y e r e d  ea r t h ,  all ho r i zon t a l  c u r r e n t  co nc e n t r a t i o n s  a r e  in the 

same plane  r e su l t i ng  in a pu re ly  ho r i zon t a l  s e co n da r y  field with 

no v e r t i c a l  component  above the su r f a ce .  In the event  that  one 

of the c u r r e n t  co n ce n t r a t i o n s  is l a r g e r  due to e i t he r  a h igher  

conduct iv i ty  or  a l e s s  e f f ec t ive  a r e a  for  the c u r r e n t  to pa s s  

t h rough ,  an anomalous f ield ex i s t s .  In F igure  5 the a s s o c i a t e d
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ve c to r  f ield components a r e  shown above the c r o s s  - s ec t i ons .

For  the anomalous c u r r e n t  c a se ,  the vec to r  f ield components a r e  

plot ted below it in p rof i le .

Because  of the  p r i n c i p l e  of supe rpos i t i on ,  the c u r v e  of the 

component  in the d i rec t i on  of the pr imary inducing f ield has an 

added dc offset .  This becomes s i gn i f i can t  when taking f ield 

r a t i o s  as shown by the following two examples.  F i r s t ,  let  us 

assume ze ro  dc offset  and r e a s o n a b l e  f ield va lues  that  would 

p rodu ce  the anomalous c u r v e s  similar to t hose  shown in 

F igure  5. Division of the v e r t i c a l  f ield by the ho r i zon t a l  f ield 

emphasizes  the inf lect ion r e p r e s e n t i n g  the anomaly. For  the 

second  c a s e  we will a s s i gn  r e a s o n a b l e  va lue s ,  but  with a dc 

of f se t  in the v e r t i c a l  f ield that  r e p r e s e n t s  the addi t ion of the 

power l ine so u r ce .  Table 2 is a l i s t  of t he s e  va lues  along with 

t he i r  a p p r o p r i a t e  d iv i s i ons .  Not ice that  a plot  of the v e r t i c a l  

pe r  hor i zon t a l  r a t i o s  has  been t r ans fo rmed into a cu rv e  low and 

shi f t ed  with r e s p e c t  to the pos i t ion  of the anomaly.

Table 2

Example Component Values Cor r e l a t ing to F igure 5

s t a t i o n : 1 2 3 4 5
v e r t i c a l : 10 20 10 0 10

hor  i z o n t a 1 : 1 5 10 5 1
ve r  t / h o r z : 10 4 1 0 10
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Without the v e r t i c a l  pr imary field,  r a t i o s  emphasize  the 

anomaly, but with poor ly  behaved va lues  th i s  does  not happen.  

Fu r the rmore ,  as seen  in the second  c a se  above,  us ing r a t i o s  may 

change  the c u r ve  c h a r a c t e r  while a l so  i n t roducing  c u r ve  shif t ing.

Before  at temping to examine any of the de t a i l s ,  a 

d i s c us s i on  of p o l a r i z e d  f i e lds  is in o r d e r .  The pr imary f ields  

play an important  ro l e ,  but once  unde r s tood  need not make the 

solut ion ambiguous.

III. 1 Po l a r i z a t i on  Pa rame te r s

With the except i on  of EM f ields  in a r e a s  loca ted  near  

power l ines ,  most  pr imary 60 Hz magnet ic  f ie lds  due to cu l t u r e  

a r e  nea r l y  v e r t i c a l .  Because  of the l a rg e  d i s t a n c e s  to the 

so u r c e ,  pr imary magnet ic  f ields  due to s f e r i c s  a r e  hor i zont a l .

In both c a s e s  plane wave s o u r c e s  a r e  def ined with t he i r  

a s s o c i a t e d  e l e c t r i c  f ie lds  o r i en t ed  in the hor i zon t a l  plane 

(Born and Wolf, 1980). Although the e l e c t r i c  f i e lds  may have 

d i f fe ren t  o r i en t a t i o ns  in the hor i zon t a l  plane,  when con s ide r i ng  

two dimensional  e l e c t r i c a l  s t u c t u r e s  only in the c a s e  of 

E - p o l a r i z a t i o n  do anomalous magnet ic  f ie lds  occu r .  In the 

p r e s e n c e  of l a t e r a l  inhomogenei t ies  both s o u r c e s  a r e  seen to 

g e n e r a t e  anomalous f ields  due to s e con da ry  c u r r e n t  flow. The 

anomalous f ie lds  e x p e r i e n c e  phase  shif t ing r e l a t i v e  to t he i r  

pr imary f ields ;  however ,  in g e n e r a l ,  mult iple s o u r c e s  can be 

assumed to have d i f fer ing  ph a se s .  Two s inuso ida l  s i gna l s  with a
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I n - l i n e  Component

T r a n s v e r s e
Component

F igure  6. An e l l i p t i ca l l y  p o l a r i z e d  wave in the ho r izon t a l  plane.

phase  d i f f e r ence  p roduce  e l l i p i t i ca l  po l a r i z a t i on .  The re fo r e ,  

po l a r i z a t i o n  changes  in the p r e s e n c e  of non -va ry ing  mult iple 

p lane  wave s o u r c e s  i nd ica t e  a change  of the e l e c t r i c a l  s t r u c t u r e  

within the ea r t h .

Whenever  two harmonic f ie lds  a r e  compared,  the t ip of t he i r  

r e su l t i n g  vec t o r  plot ted in pol a r  c o o r d i n a t e s  def ines  a po l a r i z e d  

wave.  F igure  6 diagrams the pa r am e te r s  for  the hor i zont a l  

p o l a r i z a t i o n  e l l i p s e .  The a n g l e  a r e f e r s  to  t he  t i l t  a n g l e  

and is c a l cu l a t ed  (Smith and Ward,  1974) as
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2 Ax /At  c o s  ( A(J) )
a = .5 a r c t a n g e n t  [ ---------------------------- ]

1 -  ( A | / At ) 2

where
Al = i n - l i n e  a m p l i t u d e  
At = t r a n s v e r s e  a m p l i t u d e
A({) = (bx - 4)t pha se  change  ( i n - l i n e  - t r a n s v e r s e ) .

The t i l t  v a r i e s  between 0° to 45° and is always taken in 

r e f e r e n c e  from the axis  marked ' t r an sve rse*  in the f igure  to 

H1 . At 45° ,  u n i t y  a m p l i t u d e  r a t i o  c r e a t e s  a d i s c o n t i n u i t y  

in the t i l t  r e s u l t i ng  in a c i r c u l a r l y  po l a r i z e d  wave.  Fu r t he r  

coun t e r  - c lockwise  ro t a t ion  of the  e l l i p se  c a u s e s  the t i l t  to jump 

to  -45° w h i l e  i n t e r c h a n g i n g  H1 and H2 .

The o ther  pa rameter  de sc r i b i n g  the po l a r i z e d  wave is the 

e l l i p t i c i ty ,  and it is c a l cu l a t e d  (Kauahikaua,  1982) as

H2 A; At sin(A<t>)

H1 [At c o s  ( A<t> ) s i n  (a)  + ATcos (a ) ] 2 + [Al s i n ( a )  s in(A<b) j2

Po l a r i z a t i o n  p a r am e te r s  a r e  a mathematical  tool which may 

or  may not aid the i n t e r p r e t a t i o n  of EM wave behav io r .  

T h e r e fo r e ,  in addi t ion to po l a r i z a t i o n  pa r ame te r s ,  i nves t i ga t ion  

of the amplitude r a t i o s  and the phase  changes  de r i ved  from the 

EM r e s p o n s e  enhances  un de r s t and in g  of the data.



T-3179 25

III .2 F r e e  Space  Coupling of an Inf ini tely Long C ur r e n t  Element 

For  p u r p o s e s  of modeling the l e a s t  complex form of a 

po l a r i z e d  EM field,  a f r e e  space  model was chosen  where  an 

inf ini tely long power l ine s o u r c e  i nduces  a s ec on d a ry  vol tage 

into an inf ini tely  long c u r r e n t  element.  Due to t he s e  c u r r e n t s ,  

vo l t ages  a r e  induced into the r ece iv ing  coil .  Because  of the 

thin conduc to r ,  the solut ion assumes no c u r r e n t  i n te r ac t i on ,  and 

coupl ing information is con ta ined  within the induct ance  formulas.

From F a r a d a y ’s law and the Bio t -Sava r t  law it can be 

shown that  in the c a s e  of a thin conduct ing r ing where  

p e r m e a b i l i t y  (u) i s  c o n s t a n t , i n d u c t a n c e  i s  p r o p o r t i o n a l  

only to the geometr ic  f a c t o r s  defining the pos i t ion  of the 

pr imary field s o u r c e  in r e l a t i on sh ip  to the conduc tor  (Telford 

et  al . ,  1976). There  a r e  two types  of i nduc tances :  mutual and 

s e l f - i n du c t a nc e .  Mutual  i nduct ance  o c c u r s  when an ex t e rna l  

magnet ic  f ield in a c c o r d a n c e  with F a r a d a y ’s law induces  a 

vol tage  into ano the r  conduc to r .  When the induced field c r e a t e s  

a c u r r e n t  opposing the t endency  for c u r r e n t  to change  in that  

conduc to r  it is c o n s i d e r e d  s e l f - i n duc t an ce  in a c c o r d a n c e  with 

Lenz’s law (Johnk,  1975).

Voltage induced  into a conductor  is the sum of 

e lec t romot ive  f o r c e s  due to mutual and s e l f - i n d uc t a n ce s :

V2 = emf2 + emf1 . ( 1 )
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Providing  t h e r e  is uniform c u r r e n t  dens i ty  a c r o s s  the conduc tor ,  

app l i ca t ion  of Ohm’s law and the defini t ion of i nduc tances  r e l a t e s  

equat ion 1 to a f i r s t  o r d e r  l i nea r  d i f f e r en t ia l  equat ion:

where
I 2 = s e co nd a r y  c u r r e n t  in t he  c o n d u c t o r  
R2 = t o t a l  r e s i s t a n c e  of  t he  s e co n d a r y  c i r c u i t  
L2 = t o t a l  s e l f - i n d u c t a n c e  of  t he  s e co n d a r y  c i r c u i t  
I = p r i m a r y  c u r r e n t  l o c a t e d  a t  t he  so u r c e  

Mi 2 = mu tua l  i n d u c t a n c e :  I to  t he  s e co n d a r y  c i r c u i t

Not ice that  the cont r i bu t i on  due to s f e r i c s  would add c u r r e n t  to 

I 2 ; however ,  b e ca u se  t he  r e s i s t a n c e  R2 and s e l f - i n d u c t a n c e  

L2 a r e  f u n c t i o n s  of  t he  medium, t hey  would o p e r a t e  on any 

addi t ional  c u r r e n t  in the same manner  y ie lding a similar 

equat ion.

Our i n t e r e s t  is solving for the vol tage  induced into the 

r e c e i v e r  co i l s  due to both s o u r c e s .  Eq. 2 so lve s  for the

c u r r e n t  in the s e co n da r y  c u r r e n t  element.  By r eapp l ing  eq. 2

w i t h  t he  s o l u t i o n  of  I 2 as t h e  p r i m a ry  c u r r e n t  and Rg , Lg 

as the measu red  coil  impedance va lue s ,  the vol tage  in the 

r e c e i v e r  co i l s  due to the  c u r r e n t  element  can be found.

Ap p ly in g  eq.  2 once  more u s i n g  I , R g , and Lg s o l v e s  f o r  t he

vol tage  in the r e c e i v e r  coil  due to the pr imary field.  By

dl 2 R2 -M.1 2 dl i
+ I 2 ( 2 )

dt L2
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summing t h e s e  two vo l tages ,  the s t e a d y - s t a t e  s i x t y - h e r t z  r e s p o n s e  

due to the f ield about  the c u r r e n t  element can be wr i t ten as

V ,  = K  { [ M  K ,  + M  K K ,  ] S i n ( o ) t )  +
I <  ♦ M2 : <  ] c o s l u t )  ) (3)

where

K =   (A i s  t he  p r i ma r y  a m p l i t u d e )
Q= + 1

K1 = l - o o

q 2
K2 = - ^ - 7 7  <Q2m - Q , - Q , + Q2 / Q 3 )

K, - « /Q ,  + Q3

q 2
= ------------------ ( Q ,  Q ,  + Q „ o o / Q a + 0 0 - 1 )

Kso

Qj + l

m 12

L2
Mi 3 = mu tua l  i n d u c t a n c e :  power l i n e  to c o i l s  

M2 3 = mutua l  i n d u c t a n c e :  c u r r e n t  e lemen t  t o  c o i l s  

w L2
Q = -------  ( r e s p o n s e  p a r a m e t e r :  c u r r e n t  e l em en t )

R2
W L3

Q = -------  ( r e s p o n s e  p a r a m e t e r :  r e c e i v e r  c o i l s ) .
R 3

Examining eq. 3, it can be seen  that  the r ea l  and q u a d ra t u r e  

p a r t s  of the equat ion a r e  t hose  f ac t o r s  modifing the s ine  and
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co s ine  funct ions ,  r e s pe c t i v e ly .  Reduct ions  to amplitude and 

phase  a r e  given by

Am pl i t ude  = ( r e a l 2 + q u a d 2 ) ^ ( 4 )

quad
phas e  = a r c t a n g e n t (------ ) .  (5)

r e a l

In t he  c a s e  where  t h e r e  i s  one s o u r c e ,  t he  K12 t erm is  

p r op o r t i o na l  to all components and divides  out upon taking 

component  r a t i o s .  Thus,  po l a r i z a t i on  e f fec t s  due to changes  in 

the pr imary f ield' s magni tude a r e  el iminated.  From the remaining 

e x p r e s s i o n  the left  s ide of the sum in both the r ea l  and 

q u a d r a t u r e  p a r t s  r e p r e s e n t s  the pr imary field' s  con t r ibu t i on  

while the r ight  ha lve s  d e s c r i b e  the s e con da ry  c u r r e n t  element.

The mutual i nduc t ance  between a l ine so u r c e  and a coil  is

a funct ion of the magnet ic  flux i n t e r s e c t i ng  the a r e a  of the coil  

and t he i r  s e p a r a t i o n  d i s t ance .  Assuming tha t  the a r e a  of the 

co i l s  and the number of windings a r e  equal ,  upon taking 

component  r a t i o s  of the f ields  the mutual induc t ance  term 

r e d u c e s  to
c o s (6)

Ml3 and M23 = -----------
r

whe re  0 i s  t he  a n g l e  of  t he  c o i l ' s  p l a n e  in r e l a t i o n  to t he  

s o u r c e  element  at  a s e p a ra t i o n  d i s t ance  r.  The mutual 

i nduc t ance  term d e s c r i b e s  the spa t ia l  r e l a t i on sh i p  of the
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s e c o n d a r y  f i e l d’s coupl ing to the r e c e i v e r  and is r e s p o n s i b l e

for  the component  c u r v e s  shapes  of highs in the ho r izon t a l  and

an inf lect ion in the ve r t i c a l .

The v a l u e s  Kx and Kg a r e  p a r t i c u l a r  c o n s t a n t s  of  t h i s  

system. In the abs enc e  of s e co n d a r y  c u r r e n t s  they cons t i tu t e  

t h e  s y s t e m ’ s r e s p o n s e . The c o n s t a n t s  K2 and K4 e s t a b l i s h  

the conductor ' s  r e s p o n s e  funct ion.  As depic ted  in F igure  7, 

t h e i r  b e h a v i o r  i s  a f u n c t i o n  of  t he  r e s p o n s e  p a r a m e t e r  Q2 . 

The lower g raph  in the f i gu re  is an example plot  of the phase  

and will be d i s c u s s e d  in the next  sect ion.

Within eq.  3 t h e r e  ex i s t  two undetermined co ns t an t s  :

Q2 and K3 q . These  v a l u e s  i d e n t i f y  t he  s e co nd a r y  c u r r e n t  

element’s conduct ive  qual i ty  and i ts coupl ing coef f i c i en t  to the 

pr imary  so u rc e .  There  is no way to unde r s t an d  the complete 

c i r c u i t s  of the pr imary l ine so u r c e  or  the s e co nd a r y  c u r r e n t  

e l e m e n t .  N o n e t h e l e s s ,  d i f f e r e n t  v a l u e s  f o r  Q2 ba sed  on t he  

r e s p o n s e  funct ion' s  behav io r  in con junc t i on  with a r b i t r a r y  

v a l u e s  of  K3 may be used  t o  c a l c u l a t e  model p o l a r i z a t i o n  

c u r v e s .

I II .3 D i scuss ion  of the  Model 's Resul t s

In F igure  8, the de ta i l s  conce rn ing  the model 's layout  a r e  

shown. The computer  p rogram l i s t ing  can be found in Appendix C 

under  the heading of FM. Six d i f f er en t  models numbered g 1 

t h rough  g6 were  plot ted to show vary ing  behavior  due to a
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Figu re  7. The r e s p o n s e  funct ion behav ior  - gl, 
and m eas u red  phase  behav ior  - g2
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F igure  8. The forward model 's geometry.
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s ing l e  c u r r e n t  element.  It should be kept  in mind that  a 

composi te  of mult iple c u r r e n t  elements r e l a t e s  more so to the 

f ield da ta  co l l e c t ed  by the s i x t y - h e r t z  system. As with the 

f ield data ,  twenty-f ive  g r ap hs  were  ge ne ra t e d  for  each  l ine.

This was done b e ca us e  sometimes anomalies would appea r  in 

c e r t a i n  g r ap h s  but  not in o t h e r s .  Due to the l a rge  number of 

g r ap h s ,  only t hose  of s e l ec t ed  i n t e r e s t  a r e  shown h e re  while 

o the r  suppor t ing  g r a ph s  appea r  in Appendix D.

The uni ts  of length defining the geometry a r e  r e l a t i ve  

va lues  and a r e  noted in the capt ion below each  g raph  along with 

the o the r  p a r t i c u l a r s  d e sc r i b i n g  the model.  The numbers on the 

g r ap h s  r e p r e s e n t  the s t a t i ons .  They a r e  132 uni ts  apa r t ,  and 

for  all  c a s e s  have  the anomaly loca ted midway between s t a t i ons  

5 and 6.

Throughout  the an a ly s i s  of the models,  r e f e r e n c e s  a r e  made 

to pr imary  and s e c o n d a ry  field con t r i bu t i ons .  Ratios of pr imary 

to  s e c o n d a r y  f i e l d s  a r e  c o n t r o l l e d  by t he  c o n s t a n t  M/L (K3 0 ) 

and -Q (Q2 ) which  r e p r e s e n t  t he  s ec on d a ry  f i e l d  c o u p l i n g  

geometry and conducto r  qual i ty,  r e s pe c t i v e ly .  With r e g a r d s  to 

the forward  models d i s c u s s e d  below, c e r t a i n  points  a r e  l abeled 

in o r d e r  to r e f e r e n c e  and highl ight  g r aph  behav io r  which affect  

po l a r i z a t i o n  c u rv e  shapes .  The f i r s t  two points  a r e  ge ne ra l  

a s s e s s m e n t s  of the geometr ic  p a r a m e te r s  a s s o c i a t e d  with the 

mutual i nduc t ance  terms:
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1) The pr imary field has  only a decay type affect .  The more 
d i s t an t  from s o u r c e  the more unform the field is.

2) The por t ion  of the  c u r v e  due to the s e co n da ry  field is 
symmetric about  the conduc to r .  The s e c o n d a r y ’s cont r ibut i on  
is p r opo r t i on a l  to the magni tude of the cu rve  highs and 
inf lec t ions .

The highs shown in the g r ap hs  of F igure  9 typify the 

ho r i zo n t a l  f ields  in agreement  with point  2. Di f f er ences  between 

the i n - l i ne  and t r a n s v e r s e  channe ls  a r e  a t t r i bu t ed  to the angle 

formed by the t r a v e r s e  and s e co nd a r y  c u r r e n t  d i r ec t i o n s .  

Under ly ing  points  to o b s e r v e  about  the g r aphs  a re :

3) Anomaly depth c o r r e l a t e s  to the r e s p o n s e  width. For example,  
g r aph  g4 in r e l a t i on  to g3 has  the anomaly at 1/10 the depth 
while the width is approximate ly 4 /10  as much.

4) In a c c o r d a n c e  with point  1, for  d i s t anc e s  to power l ines  more 
than the a sp ec t  r a t i o  of 6000 (power l ine d i s t ance)  to 1320 
( t r a v e r s e  length) ,  the pr imary f ield' s change becomes 
ins igni f i cant .

Point  4 is i l l u s t r a t e d  by g r aph  g3 in compar ison to g6. 

When the M/L d i f f e rence  is compensated for ,  g raph  g6 has  a 

similar  r e s p o n s e  to g 3 for  the anomaly located 1 Ox the d i s t ance  

from so u r c e .  Replac ing  the r e l a t i v e  length uni ts  with met r es  in 

g r aph  g3 c o r r e l a t e s  to an anomaly 1.6km from a power l ine 

s o u r c e  and a t r a v e r s e  d i s t anc e  of 400m.
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Figure  9. Forward  model i n - l i ne  amplitude g r aph s .
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Although c u r ve  inf lec t ions  a r e  not shown in eve r y  g r aph  in 

F igure  10, all v e r t i c a l  r e a l  and q u a d r a t u r e  p a r t s  d i sp l ay  this  

phenomenon with dc of f se t s  equal  to the pr imary field.  This is 

a con seq ue nce  of point  2. In addi t ion,  the following points  can 

be made:

5) In the  p r e s e n c e  of good s e co n da ry  s ignal  where  both r ea l  and 
q u a d r a t u r e  p a r t s  have z e r o  c r o s s i n g s ,  v e r t i c a l  ampli tudes 
a r e  highs.

6) Hor izonta l  shi f t ing and asymmetry in the ve r t i c a l  amplitude
a r e  c au se d  by the pr imary field' s  inf luence  on the r e s p o n s e .

Point  6 does not c on t r a d i c t  point  4 which pe r t a i n s  to an 

asymmetry in the ho r i zon t a l  f i e lds .  The phenomenon r e f e r r e d  to 

in point  6 r e s u l t s  as the ve r t i c a l  s e co n d a r y  field i n t e r a c t s  with 

the v e r t i c a l  pr imary field.  The anomalous cu rve  behav ior  

remains in tac t  ove r  the anomaly, but with a s l ight  b ias .  It is 

b e ca us e  of the s e co n da r y  f ield' s symmetry about  the anomaly that  

r e s u l t s  in the above conclus ion .

As i l l u s t r a t e d  in the lower g r aph  of F igure  7, the plot ted 

phase  is for  an anomaly bur i ed  300 uni ts  down and 6000 uni ts  

from the so u rc e ,  with M/L equal  to one.  Due to the r e s p o n s e  

funct ion' s  behav io r  at both ends  of the s ca l e  shown, two 

asymptot ic condi t ions  a r e  c r e a t e d .  The measu red  phase  for  low 

v a l u e s  of  Q2 a pp ro a ch e s  t he  s y s t e m ' s  phase  w h i l e  t he



■in
: 

56.
420

1 
eV 

eln
: 

40.
598

6 
eV 

«in
: 

151
.62

54 
eV

T-3179 36

vertical amp

zl: -20 z2: 300 xl: 6006 11: 132 Q: -1 M/L: 1 gl

8
<o m

>
in

tu

zl: -20 z2: 300 xl: 6006 
11: 132 Q: -10 M/L: . 1 g2

8  Sm
u>

3 5

zl:-20 z2: 300 xl: 6006 11: 132 Q: -1 M/L: . 1

m

%

15

03
Zl: -20 z2: 30 xl: 6006 11: 132 0: -1 M/L: . 1 04

m
m

3 5

zl: -20 z2: 300 xl: 6006 
11: 132 Q: - . 1 M/L: .1 g5

Zl:-20 Z2: 300 xl: 53526 
11: 132 Q: -1 M/L: .01 g6

Figu re  10. Forward  model v e r t i c a l  amplitude g r aphs .



T-3179 37

measu re d  phase  a t  l a r g e  v a l u e s  of  Q2 a p p r o x i m a t e s  t he  

c o n d u c t o r ’s phase .  In the contex t  used  he r e ,  the system's phase  

i s  d e f i n e d  as t he  i n v e r s e  t a n g e n t  of  Kg /K1 , and t he  

c o n d u c t o r ' s  phase  i s  t he  i n v e r s e  t a n g e n t  of  /K2 .

In effect ,  the g r aph  of F igu re  7 is a plot  of r e l a t i ve  

s e co nd a r y  to pr imary f ield con t r i bu t i ons .  From the a r e a  on the 

g r aph  marked ' i n t e r a c t i o n ' ,  as  Q2 i n c r e a s e s  t he  more 

predominate  the s e co nd a r y  s ignal  becomes in r e l a t i on  to the 

pr imary field.  This is i l l u s t r a t e d  by the g r aphs  in F igure  11 

and the data  in Table 3. Graph g3 has r e l a t i ve ly  more pr imary 

than g2, and g raph  g5 has  more pr imary than g3. This 

p r o g r e s s i o n  is noted in Table 3 by i n c r e a s e s  in the phase  

d i f f e r en ce s  ( conduc tor  phase  minus the measu red  phase)  and 

follows the behav io r  of the g r aph in F igure  7. As shown in

Table 3

Phase  Values ( r e f e r e n c e  to F igure  11) 

peak phase  c o n d u c t o r  phase  d i f f e r e n c e

gl  : .8855 .8557 .0002
g2: .2104 .2105 .0001
g3 : .8540 .8557 .0017
g4 : .8548 . 8557 .0009
g5: 1.4877 1.5050 .0173
g6: .8555 .8557 .0002



■I
n: 

1.4
05

1 
ra

di
an

s 
ain

: 
0.8

46
2 

ra
dl

an
e 

eln
: 

0.8
54

7 
ra

dl
en

e

T-3179 38

In-line phase

g g

C. t- 
o

Zl: -20 z2: 300 Xl: 6006 
11: 132 0: -1 M/L: 1 gl

?
tu tu 
o  o

zl: -20 z2: 300 xl: 6006 il: 132 Q: -10 M/L: . 1 02

m
o
X

c .

2o

zl: -20 z2: 300 xl: 6006 11: 132 Q: -1 M/L: . 1 g3

c.
m

c
«o

zl:-20 z2: 30 x 1:6006 il: 132 Q: -1 M/L: . 1 04

c

i

58
?I
d
c

Zl: -20 z2: 300 xl: 6006 zl: -20
il: 132 Q: -. 1 M/L: .1 g5 il: 132

z2: 300 x 1: 53526 
Q: -1 M/L: .01 g6

Figu re  11. Forward  model i n - l i ne  phase  g r aphs .



T-3179 39

Figure  12 g r aph  g2, t h e r e  is a shif t  of of the ze ro  c r o s s i n g  in 

the v e r t i c a l  ph ase  which is due to dc offset t ing in the c u rv e  of 

t he  q u a d r a t u r e  p a r t .  The i n c r e a s e d  Q2 c a u s e s  a d e c r e a s e d  

q u a d r a t u r e  va lue  which i n c r e a s e s  the pr imary ' s  con t r ibut i on  

r e s u l t i n g  in t he  asynrne t ry .  Due to changes  of  Q2 , t he  

s e c o n d a r y  field' s  cont r i bu t ion  changes  r e l a t i ve  to the pr imary 

f ield.  This r e p r e s e n t s  one c au se  of how the measu red  phase  

may va ry .

For  the ho r i zon t a l  f i e lds ,  the peak va lues  a t t a i ned  over  

the anomaly a r e  the c l o s e s t  approximat ion of the conductor ' s  

phase .  This is due to optimum coupl ing at that  point .  Effect  of 

the s e c o n d a r y  field coupl ing on the v e r t i c a l  phase  can be seen 

in the ze r o  c r o s s i n g s .  As shown for  g r aphs  g2 and g4, the 

pr imary field has  g r e a t e r  inf luence  on the s ide  of the anomaly 

c l o s e s t  to the so u r ce .  This a ccount s  for  the smoother g raph  

behav io r  on tha t  s ide  in compar ison to the far  s ide.  On the far  

s ide  the ef fect  of the s e co n d a r y  field is r e l a t i ve ly  s t r o n g e r  

and exhib i t s  a b e t t e r  approximat ion of the conduc tor ' s  phase .  

These  examples show a second  c au se  of va ry ing  phase  which is 

r e l a t e d  to changes  in the mutual induct ance .  The following 

point  sums the above as:

7) The val id i ty  of phase  measurements  r e p r e s e n t i n g  the
conducto r ' s  qual i ty depends  upon the r e l a t i ve  cont r i bu t ion  
of the s e co n d a r y  field.  The g r e a t e r  the s e co nd a r y  f ield
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con t r i bu t ion  the be t t e r  the measured  phase  approximates  
the conduc tor ' s  phase .

The ph a se s  s t a t ed  above r e l a t e  to an unknown pr imary 

so u r c e .  Meas u red  abso lu te  va lue s  a r e  r e n d e r e d  u s e l e s s  until  

viewed in compar ison with ano the r  phase .  For  this  r e a so n  

ca l cu la t i on  of po l a r i z a t i o n  r e l i e s  upon phase  d i f f e r ences  between 

two channe ls  which removes the pr imary' s  dependence  but not its 

inf luence .  This i n t e r ac t i o n  is mani fes ted in the following ways.  

Because  the conductor ' s  phase  is cons t ant ,  the pr imary field' s 

inf luence  c o r r e l a t e s  to a v a r i a n c e  of the phase .  Th e r e fo r e ,  the 

c u rv e  of the component  with the g r e a t e r  pr imary inf luence  will 

dominate the c u rve  shape  of the phase  change.  This is seen  in 

the ho r i zon t a l  phase  change .  The t r a n s v e r s e  phase  has  more 

pr imary f ield inf luence  than the i n- l i ne  due to the poor  coupl ing 

angle  of the r e c e i v e r .  Thus,  the cu rve  shape  of the hor i zont a l  

phase  change  is similar  to the t r a n s v e r s e  phase .  Because  the 

v e r t i c a l  component has  the most inf luence of the pr imary field,  

i ts  c u r v e  shape  dominates the ve r t i c a l  phase  change.

Amplitude r a t i o s  e x p r e s s  the same i n t e r a c t i v e  behavior  

between s e co nd a ry  and pr imary f ields  as seen  in the phase .

For  the model 's c a s e  whe re  the ho r i zon t a l  f ield has  a ma jo r  

con t r i bu t i on  by the s e c o n d a r y  c u r r e n t  element,  the ho r i zon ta l  

amplitude r a t i o s  approximate  the t angent  of the angle  between 

the  t r a v e r s e  and the c u r r e n t  element 's azimuth. This is due to
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the same coupl ing dependence  for  r e a l  and q u a d r a t u r e  p a r t s  

except  for  d i f f e r en t  t r igonomet r i c  coef f i c i en t s .  For  the models 

the coef f i c i en t s  d i f fer  by a f a c t o r  of ten,  and this  f ac to r  

approximates  the va lue s  of the c u r v e s  o b se r ve d  in F igu re  13. 

The g r ap hs  in the f i gu re  show the i dent ica l  shapes  as seen in 

the phase  g r ap hs :  both a r e  r a t i o s  of sums of pr imary and

se co n da r y  f i e lds .  Thus,  as a c o r r o l l a r y  to point  7:

8) The g r e a t e r  the s e co nd a r y  f ield inf luence,  the c l o s e r  the 
hoizontal  amplitude r a t io  approximates  the t angent  of the 
angle between the t r a v e r s e  and conduc tor ' s  azimuth.

Ver t i ca l  to ho r i zon t a l  amplitude r a t i o s  show predominant  

asymmetric lows in the c u rv e s .  The asynmetry is a consequence  

of points  4 and 6 above.

Tilt  and e l l ip t i c i t y  a r e  po l a r i z a t i on  funct ions  dependent  

on the i n t e r ac t i o n  of an amplitude r a t i o  and phase  change.  For 

i n s t ance ,  ho r i zon t a l  c u rv e  highs in amplitude ra t io  and phase  

change  pa s s  this  c h a r a c t e r  to the ho r i zon t a l  po l a r i z a t i on  

c u r v e s .  Th ree  se t s  of po l a r i z a t i o n  defined by i n - l i ne  per  

t r a n s v e r s e  ( i / t ) ,  v e r t i c a l  pe r  t r a n s v e r s e ,  (v/ t ) ,  and v e r t i c a l  

pe r  i n - l i ne  (v/ i )  were  ca l cu l a t ed .  All ve r t i c a l  pe r  hor i zon ta l  

s e t s  have similar  amplitude r a t i o  c u r v e s  and similar phase  

change  c u r v e s .  However,  i n t e r a c t i o n s  of t he s e  amplitude r a t i o s  

and phase  changes  show more compl icated behav ior  that  tend to 

va ry  the p ro f i l e  shapes .  Nonethe l es s ,  t i l t  and e l l ip t i c i ty
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plots  ident i fy anomalous field behav ior .

F igu re  14 p r e s e n t s  g r aphs  of the v e r t i c a l  po l a r i z a t i on  

t i l t  as asynrnet r ic highs and c r o s s - o v e r s .  Hor izonta l  shi f t ing is 

seen  in F igure  14 g raph  g2, and a shift  in the oppos i te  

d i r ec t i on  for  the complementary po l a r i z a t i on  t i l t  shown in 

Figure  15 g r aph  g2. In the same f i gure ,  g r aph s  gl  and g3 

d i sp l ay  a t h i rd  type of c u r v e  behav io r ,  the shoulde r  type of 

r e s p o n s e .  Graphs  of po l a r i z a t i on  e l l ip t i c i ty  in F igure  16 

d i sp l ay  v a r i o us  d i s t o r t e d  c u r ve  lows. In p a r t  they resemble  the 

amplitude r a t i o  c u r v e s ,  but i n ve r t ed  with more asymnetry.  As 

noted in point  6 , the v e r t i c a l  pr imary f ield inf luence  is 

r e s p o n s i b l e  for  the asymmetry which,  in ge ne r a l ,  seems to be 

r e s p o n s i b l e  for  the d i s t o r t e d  po l a r i z a t i on  cu rv e  shapes .

III .4 Mult iple So u rce s

As ment ioned e a r l i e r ,  us ing AMT a p p a r en t  r e s i s t i v i t i e s  

a s s i s t e d  in c a l cu l a t i ng  the s i x t y - h e r t z  system sens i t iv i t y .

From those  r e s u l t s  it is seen  that  a 1 mV r ead ing  c o r r e l a t e s  to 

a p p r o x i m a t e l y  . 8 y.  The K a s s l e r  l i n e  shows t y p i c a l  v o l t a g e  

r ead i ng s  for  the hor i zon t a l  f ield which r e l a t e  to a magnetic 

i n t e n s i t y  in t h e  r ange  of  . 4y t o  1 3 . 6y. At s t a t i o n  5 t he  

AMT for  45 and 75 Hz showed a backg round  magnet ic  in tens i ty  

l e v e l  as . 5y and . 8 y,  r e s p e c t i v e l y .  Reco rded  s p i k e s  in t he  

r e c o r d  were  a p p r o x i m a t e l y  2y.  Based on t h e s e  v a l u e s ,  EM 

f ie lds  due to s f e r i c s  can have  a c o n s i d e r a b l e  con t r i bu t ion  to
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the m easu red  60 Hz s ignal .

Th e r e fo r e ,  expanding the s ingle  c u r r e n t  element model into 

to a more r e a l i s t i c  model ba sed  on mult iple s o u r c e s  adds the 

p r e s e n c e  of a hor i zon t a l  p r imary  field.  The r e s u l t i ng  equat ion 

would be the same as t he  one u sed  above.  The d i f fe rence  is the 

addi t ional  coupl ing due to the hor i zon t a l  pr imary field which 

would be accounted  for  in the mutual i nduct ance  term. The 

numerical  ef fect  is a dc of fse t  in the ho r izon t a l  components as 

a l r e ad y  seen  for  the v e r t i c a l .  Also,  d i f f eren t  ampli tudes would 

ex i s t  for  each  of the t h r e e  channe ls .  This would r e s u l t  in 

noi sy  po l a r i z a t i o n  va lues  when in the p r e s e n s e  of va ry ing  f ields  

such as s f e r i c s .  Although adding complexity to the c u rv e s ,  

conduct ive  c o n t r a s t  would s t i l l  be evident ,  but in a more subdued 

fashion.
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IV. DISCUSSION OF FIELD DATA RESULTS

Field t e s t i ng  the s i x t y - h e r t z  system was done over  a 

va r i e t y  of d i f fe r en t  anomalies that  were  expec ted  to give an 

adequat e  EM r e s p o n s e .  In t heory ,  p ro f i l e s  a c r o s s  l a t e r a l  

inhomogenei t ies  c r e a t e  anomalous field behav ior  that  simulates 

s e co n d a r y  c u r r e n t  elements bur i ed  benea th  the ea r t h ' s  su r f a ce .  

The l a r g e r  the conduct ive  c o n t r a s t  or shal lower  the depth,  the 

more l ike l ihood t h e r e  is of de tec t ing  the anomaly. Because  of 

mult iple so u r c e  d i r ec t i o ns ,  o c c u r r e n c e s  of E - po l a r i z a t i on  a r e  

common. Th e r e fo r e ,  s e l ec t i ng  s i t es  for  any of the t h r e e  

t a r g e t s  were  ba sed  on road  a c c e s s  and power l ine loca t i ons .

The map in F igure  17 shows the e leven  t e s t  s i t e  loca t i ons .  

They a r e  c l a s s i f i e d  into t h r e e  ge ne ra l  g roups .  The f i r s t ,  the 

p l a ins  to the e a s t  of Denver ,  has  hor i zont a l  su b s u r f ac e  geologic  

s t r u c t u r e  where  bu r i ed  pipes  were  t a r ge t ed .  Also o bs e r ve d  

were  v a r i ou s  e f f ec t s  due to cu l t u r a l  noi se .  The second group 

was in mountainous r eg ions  which a r e  more p rone  to faul t ing and 

to i so l a t ion  from power l ines .  I n c r e a s e s  in po ros i t y  

accompanied by the p r e s e n c e  of water  tend to make faul t s  more 

conduc t ive  than t he i r  su round ings .  At the t h i rd  locat ion which 

l ies  in a t r a n s i t i o n  zone between the p r e v ious  two phys iog raph i c  

p r o v i nc e s ,  p r o f i l e s  were  r e c o r d e d  over  geologic  con tac t s  of 

sediments t u rn ed  on edge expos ing  l a y e r s  of d i f fer ing 

conduct iv i ty .
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Due to the many g r a ph s  g e n e r a t e d  by the f ield data,  only 

t h r e e  se t s  of t i l t  and e l l i p t i c i ty  g r aphs  r e p r e s e n t i n g  the g roups  

noted above,  a r e  p r e s e n t e d  he r e .  Addi t ional  p ro f i l e s  that  

supp o r t  remarks  made in the text  can be found in Appendix D.

IV. 1 Field P r o c e d u r e s

The equipment  was adapted for  g round use  by packing the 

v a r i o us  e l e c t r o n i c  components into a p ro t ec t i v e  con t a ine r .  Two 

12 volt  gel - ce l l  s feeding into DC-DC c o n v e r t e r s  p rov ided  the 

power supply while the computer ope ra t ed  on i ts own b a t t e r i e s .  

Although limited by the power consumption of the p r i n t e r ,  a full 

c h a r g e  would l as t  a day.

Stat ions  were  l oca ted  by odometer r e ad i ngs  from the field 

veh ic le .  At each s ta t ion  the p robe  mounted on a t r ipod  a t t ached  

to an eight  met re  l ine was put out and l eve led  with a cons t an t  

o r i en t a t i on  r e l a t i v e  to the vehic le .  Effects due to the t r uck  

we re  de r i ved  from the g r ap hs  D1 and D2 in Appendix D, and a r e

Table 4 

Truck Effects

t i l t e l l i p t i c i t y
t r u c k max t r u c k K3 t ruck max t r u c k K3

i / t : . 1 . 064 1 . 2 . 16 .04 1 1 . 8

v / t  : .5 .05 1 . 1 .37 . 5 1 . 6

v /  i : . 0 1 .04 1 . 2 . 1 2 10.5 4 .2
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t abu l a t ed  in Table 4. The column ent i t led  ' t r uc k ’ is fi le K1 

taken on the K a s s l e r  l ine 2 at  s t a t ion 13. The va lue s  show a 

po l a r i z a t i on  change  as the t r u c k  moved from 8 m to 60m away from 

the probe .  The column en t i t l ed  'max t r uck '  is fi le C4 taken 

at s t a t ion 17 of Cent r a l  City l ine 3. Here ,  the p robe  was placed  

at d i f f e r en t  ho r i zon t a l  angles  a round the t r uck  in o r d e r  to 

o b s e r v e  p robe  o r i en t a t i on  e f f ec t s .  The values  a r e  the maximum 

po l a r i z a t i on  change  between two s ta t ions  which r e p r e s e n t  a 45 

d e g re e  d i f f e r ence  in the probe ' s  posi t ion.  These  va lue s  a r e  

compared to the anomalous r e s p o n s e  on K a s s l e r  l ine 3 (fi le K3). 

C l ea r l y ,  the t r uck  has  a measu ra b l e  r e s p o n s e ,  but it is cons t an t  

and somewhat l e s s  than the anomaly's.

Once se t  up, the computer  p rogram sampled two r ead ings ,  

c a l cu l a t ed  the po l a r i z a t i o n  va lue s ,  and p r i n t ed  them out.  If the 

two measurements  were  comparable ,  the l a s t  r e ad ing  was s to r ed .  

Otherwise,  ano the r  se t  of r e ad i ngs  were  taken.  At the end of 

the l ine the r ead ings  were  s t o r e d  on magnet ic t ape  while the 

p r i n t e r  g e n e r a t e d  c h a r a c t e r  plots  of the data.  This enabl ed  a 

quick o n - s i t e  ana l y s i s  of the l ine while prov iding  a ha rd  copy 

of the work.  One p e r s o n  can  per form the su rvey ,  and s ta t ions  

t ake  about  five minutes each .

IV.2 Bur ied Pipes  and Cul tura l  Effects

Figu re  18 ou t l i nes  the loca t ion  of Bennet t  l ine 5. Seve ra l  

f e a t u r e s  along this  t r a v e r s e  show typical  no i se  r e l a t e d  to
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1 KILOMETER

2 22  MILS
1 MIL

U.S.G.S. S t r a u s b u r g  NW Quadrangle ;  
T4S, R63W, s ec t i ons  34,35 
T5S, R63W, s ec t i ons  2,3 

Colorado In t e r s t a t e  Gas Pipel ine  
Senso r  p robe  o r i en t a t i on :  due south

Figure  18. Detai l  map of Bennet t  l ine 5.



-0
.33

93
 

ra
di

an
s 

mi
n: 

-0
.71

00
 

ra
di

an
s 

mi
n: 

-0
.52

26
 

ra
di

an
s

T-3179 54

power line
h o u ee house

Bennett line 5
BO. 4m (. OSmi) date: 8/29/85

file: 85

s
0

1

line line silo ence A
 1 TT Co Interstet

telephone
linee fence

t i l t  i / t g i

2 2
S •
i* *g

2
8

R 3
o o

5 in
c:

i
!5
o
o

t i l t  v / t ga

Figure  19.
t i l t  v / i

Bennet t  l ine 5 po l a r i z a t i on  t i l t  angles.
ga



T-3179 55

4b

power 1ine 
houee houee

Bennett line 5
00 . 4m (. 05ml) date: 8/29/85

file: 85

5
6  6

10 cu
7 10? I

lineline ailo fence A
— I TT Co Interetatetelephonelinee fence

B l l i p t i c i t y  i / t

4b 61E
rx
r  2

o
«4b
6

cu

e l l i p t i c i t y  v / t



T-3179 56

c u l t u r e  su r r ou n d i n g  the t a r g e t e d  pipe.  Colorado I n t e r s t a t e  Gas 

Company, who o p e r a t e s  th is  pipel ine,  p rov ided  the following 

information typ ica l  of p ipe l ines  in the a r e a .  The 50.8 cm (20 in) 

diameter  s t ee l  pipe is bu r i ed  approximately one met re  below 

the su r f a ce ,  i n su l a t ed  with t a r ,  and wrapped in tape .  On this  

l ine t h e r e  a r e  two pipes  l oca ted  7.6m apa r t .  A full r e c t i f i ed  

60 Hz s ignal  feeds  into the pipe for  ca thodic  p ro t ec t i on .  The 

importance of this  s ignal  in r e l a t i on  to the r e s p o n s e  is not  ve ry  

well un de r s t oo d  b e cau se  over  an Amoco pipe on Bennet t  l ine 4, 

which has  a f i l t e r e d  wave input,  an exce l l en t  r e s p o n s e  was 

acqu i r ed .  This p a r t i c u l a r  pipe on Bennet t  l ine 5 was 

c o n s t r u c t e d  in the 1950’s and may be more p rone  to e l e c t r i c a l  

con t ac t  with the g round as a r e s u l t  of a d e t e r i o r a t i n g  

i nsu l a t ing  cove r .

F ig u r e s  19 and 20 p r e s e n t  da ta  r e s u l t s  for  the pipes 

and show a more d i s t inc t i ve  r e s p o n s e  in the e l l ip t i c i ty  than 

in the t i l t .  In Table 5, compar ison of anomalous g r aph behav io r  

due to v a r i o us  pipes  i nd ica t e s  a more i n tense  v e r t i c a l  than 

ho r i zon t a l  po l a r i z a t i on .  Hor i zont al  po l a r i z a t i on  r e s ponds  

be t t e r  to l a t e r a l  s u r f a c e  f e a t u r e s  such as that  ev ident  from the 

metal s i lo at  s t a t ion  13 or  the metal drums on the Cent ra l  City 

l ine 1 (Appendix D, D24).

Curve  highs r e p r e s e n t  the most  gene r a l  g r aph  behav ior ;  

however ,  shou lde r  type c u rv e s  a l so  app ea r .  C o r r e l a t i ng  to
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Table 5 

Pipe Response s

t i l t e l l i p t i c i t y
i / t v / t v /  i i / t v / t v / i

W20 : - 1.3 1.3 - 6 .4 6 .4
B1 : . 1 . 2 . 1 - 560 1 0

B4 : . 7 1.5 . 1 4 .2 18 119
B5 : .3 1 . 2 - 2 .5 2 1 158

g r ap hs  gl  and g3 of the forward  model in F igure  14, shoulde r  

type shapes  emerge in g r ap hs  of t i l t  for  the Watkins l inè 1, 

Bennet t  l ine 4 (Appendix D, DIO, D17) and Bennet t  l ine 5 

(Figure  19).

Inf lect ion type g r ap hs  a l so  occu r  in the data  b eca us e  of 

the v e r t i c a l  s e c o n d a ry  f ield con t r i bu t i on .  In the po l a r i z a t i on  

c u r v e s ,  the s t r o n g e r  the anomalous field the more def ini te  the 

plus and minus s ide  lobes appea r  in con junc t i on  with a z e ro  

c r o s s i n g .  Bennet t  l ine 4, as seen in Appendix D g raph g3 of 

D17 and D18, d i sp l ays  th is  qual i ty in an exce l l an t  r e s po n se .

With i n c r e a s in g  pr imary f ield con tr ibu t i on  the s ide  lobes become 

l e s s  p ronounced  r e su l t i n g  in a spl i t  type of c u rv e  shape.  This 

type of behav ior  is seen  at  s t a t ion  9 (Figures  19 and 20) where  

an o v e rh e ad  house  l ine and terminat ion of the power l ine 

co inc ide .
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An i n t e r e s t i ng  f ea t u r e  of the s i x t y - h e r t z  system is its 

abi l i ty  to funct ion in the v ic ini ty  of power l ines .  Power l ine 

e f f ec t s  c au se  def ini te  cu rv e  highs in all  the g r aphs  while o ther  

cu l t u r a l  no i se  such as that  seen  in house  l ines  above c r e a t e  

subt le  d i s t r a c t i o n s .  None the l es s ,  t he i r  p r e s e n c e  is a known 

f ac to r ,  and the e f fec t s  a r e  e as i l y  compensated for .

IV.3 Mountain Faul ts

Four  p ro f i l e s  were  r e c o r d e d  over  mountain faul t s  zones .

The gene r a l  r e s p o n s e  was poor  with highly v a r i a b l e  data,  

e sp ec i a l l y  when d i r ec t l y  over  the faul t s .  As s t a ted  in 

s ec t ion  III .4, this  is l ikely to occu r  due to mult iple s o u r c e  

d i r ec t i on s .  Because  of the high r e s i s t i v i t y  and complexly 

folded rocks ,  l i near  c u r r e n t  behav io r  within the e a r t h  is l es s  

p ronounced  in the mountains than in the p la ins .

As seen  in Table 6 , the anomalous r e s p o n s e s  due to faul t s  

a r e  weak. From the four  data  s e t s ,  the Golden l ine 2 loca ted on 

the map shown in F igu re  21 d i sp l ayed  the be s t  r e sp on se .

Refer i ng  to the e l l ip t i c i ty  g r aph  g3 F igu re  23, the faul t  at 

s t a t ion  9 c a u s e s  a spl i t  type r e s p o n s e .  To a l e s s e r  extent  the

same behav ior  o c c u r s  in the po l a r i z a t i on  t i l t  g r aphs  gl  and g 2

in F igure  22. It is not uncommon in the data  to see  good and 

poor  s i gn i t u r e s  of the same anomaly, such as the t i l t  and 

e l l ip t i c i t y  r e s p o n s e s  as viewed in g r ap hs  g3. Graph gl  and g3

of F igure  24 a r e  f u r t h e r  examples of thi s .
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1 KILOMETER

U.S.G.S. Rals ton But tes Quadrangle ;
T3S, R71W, s ec t i ons  2,11 

Geologic r e f e r e n c e :  U.S.G.S. prof .  pape r  520 
mica s c h i s t  uni t ,  well fo l ia ted  

H u r r i c a ne  Hill Fault ;
s t r i ke :  N 74° W

Senso r  p robe  o r i en t a t i on :  S 70° E

Figu re  21. Detai l  map of Golden l ine 2.
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Table 6

Faul t  Response s  

t i l t  e l l i p t i c i t y
i / t v / t v /  i i / t v / t v / i

G2 : .3 - .05 - - 330
N1 : 1. 3 . 1 - 2 n o i s e -
Cl : 1.5 1 . 2 - 2 . 1 1 -
C3 : n o i s e no i se no i se no i se 1 130

Phase  change  due to the c u lv e r t  is l a r g e r  than the phase  

change  that  o c c u r r e d  ne a r  the house  l ines .  This a l so  happened 

in Bennet t  l ine 1 (Appendix D, g r aph  D13). The c u r v e ’s spl i t  

type behav ior  nea r  the c u lv e r t  is a co nsequence  of the i n- l i ne  

phase .  As shown by the forward model in F igure  12, this  would 

be expec ted  of the v e r t i c a l  phase ,  but not the i n- l i ne .

IV.4 Geological  Contacts

Between the Rocky Mountain Fron t  Range and the Great  

Pla ins  t h e r e  ex i s t s  an a r e a  of numerous geologic  con t ac t s  where  

the sediments of the p la ins  have been t u rned  up and exposed  on 

edge due to upl if t ing of the mountains and subsequen t  e ro s ion .  

These  exposed  format ions have a g e ne r a l  c h a r a c t e r  that  can be 

o b s e r v e d  along all p a r t s  of the foothi l l s .  For  example,  the 

geologic  c r o s s  s ec t i ons  for  Golden l ine 1 and the K a s s l e r  l ines 

appea r  the  same. This a ccoun ts  for  the similar EM r e s p o n s e s
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r ec e i v e d  in both a r e a s .

Signals  were  l e s s  e r r a t i c  over  the sediments in compar ison 

to the mountains.  This was no t i ceabl e  on the Indian Hills 

l ine 1 while a cqu i r i ng  da ta  a c r o s s  the d i f fe r en t  s t r u c t u r e s .

The locat ion of the K a s s l e r  l ines a r e  shown on F igure  25. 

Line 3 is a r e p e a t  of l ine 2’s s t a t i ons  6  th rough  12 with 

addi t ional  s t a t i ons  taken midway. Po l a r i z a t i on  c u r v e s  in 

F igu re s  26 and 27 shows the o r i g ina l  and ove r l app ing  data  which 

demons t ra te s  good r epea t a b i l i t y .  The data  given in Table 7 

compares  the r e s p o n s e s  of the K a s s l e r  and Golden l ines 

(Appendix D, D28, D29 and D30) ove r  the cont ac t  a s s o c i a t e d  with 

the Rals ton Creek  Formation ( J r e ) .

Table 7 

Contact  Response s

t i l t e l l i p t i c i t y
i / t v / t v /  i i / t v / t v /  i

Gl  : . 1 . 4 1. 4 .03 . 1 1 2

K3 : . 1 1 . 1 1. 3 6 . 5 1 . 6 4

AMT data  at  45 and 75 Hz (Figure  28) obta ined  over  the 

K a s s l e r  l ine 3 gives  an indica t ion  of the v a r i ou s  app a ren t  

r e s i s t i v i t i e s .  The e a s t - w e s t  (EW) E-f ie ld  l ine c r o s s e s  the
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1 KILOMETER

U.S.G.S. Kass 1er Quadrangle ;
T7S, R6 8 W, se c t i ons  19,30 and T7S, R69W, s ec t i ons  25,25 

Geologic r e f e r e n c e :  U.S.G.S. Denver  1° x 2° quad rang l e ,  1-1163 
P e r r y  Faul t ;  s t r i k e  N 45° W 

Kass 1er l ine 2; s t a t i ons  1 - 2 4  

K a s s l e r  l ine 3; s t a t i ons  ©  -  Q  
AMT and VLF p r o f i l e s  

Se nso r  p robe  o r i en t a t i on :  N 45° E

Figure  25. Detail  map of Ka s s l e r  l ines .
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s t r u c t u r e ' s  s t r i k e .  As expec ted ,  the c u rv e  forms an inf lect ion 

at s t a t ions  1 t h rough  6 indica t ing a c o r r e l a t i o n  with su r f a ce  

c h a r g e s  bu i l t -up  at the i n t e r f ac e  a s s o c i a t e d  with the geologic  

contac t .  Due to the p r i n c i p l e s  e x p r e s s e d  in the Pos tu l a t e  of 

Cha rge  Conse rva t i on  and Ohm's law, whenever  s t a t i o na r y  c u r r e n t  

app l i cabl e  to low f r e q u e n c i e s  i n t e r s e c t s  a boundary  of di f fer ing 

conduc t iv i t i e s ,  a s u r f a c e  c h a r g e  is c r e a t e d  in a c c o rd a n c e  to 

Coulomb's law. The measu red  e l e c t r i c a l  f ield s e n s e s  this  e x t r a  

so u r c e  by i n c r e a s i n g  the field on one s ide  of the contac t  and 

d e c r e a s i n g  it on the o ther .  In c o n t r a s t ,  the t angent i a l  

n o r t h - s o u t h  (NS) E- f ie ld  e x p e r i e n c e s  no d i scont inui ty ,  but 

s e n s e s  the e x t r a  magnet ic f ield due to E -po l a r i z a t i on ,  t he r eb y  

d e c r e a s i n g  the ap p a r en t  r e s i s t i v i t y .

The AMT information is ext remely helpful  in that  it 

iden t i f i es  a two dimentional e l e c t r i c t i c a l  s t r u c t u r e  a c r o s s  a 

geologic  contac t .  This is seen  in the g r ap hs  at s ta t ion 3.5 and 

to l e s s e r  ex tent  at a second  con t ac t  ne a r  s ta t ion 7. This 

c o r r e l a t e s  well with the o b s e r v e d  s i x t y - h e r t z  amplitude data  

(Appendix D, D33) r evea l i ng  a c u rv e  high and inf lect ion in the 

i n - l i ne  and v e r t i c a l  channe ls ,  r e s pe c t i v e ly .  Viewing the 

po l a r i z a t i o n  c u r v e s ,  the t i l t  and the e l l ip t i c i ty  a l so  show 

r e s p o n s e s  at  t h e s e  a r e a s .  The ho r i zon t a l  shift  o b se r v e d  in 

g r ap hs  g3 can be expla ined  as being c au se d  by the  dual 

co n t ac t s .  This inward shi f t ing was o b s e r v e d  dur ing  phys i ca l
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modeling of two ve r t i c a l  p l a t es  by Ward et  al . ,  in 1966.

VLF data was a l so  co l l ec t ed  over  the K a s s l e r  l ine 3. The 

data  shown in F igure  29, g raph  g2, d i sp l ays  a c u rv e  inf lect ion 

at s t a t i ons  3.5 and 9. I n t e r e s t i ng ly  enough,  the h igher  

f r equency  r e s p o n s e  of the VLF does not show a d i s t inc t  shift  

r e f l e c t i v e  of the d e c r e a s e d  skin depth of the dipping s t uc tu r e .  

More so, it a s s o c i a t e s  the r e s p o n s e  with the t opography  r a t h e r  

than with the e l e c t r i c a l  s t r u c t u r e  due to the con tac t s ,  

e s pe c i a l l y  at s t a t ion 9.

IV.5 System Conclus ions  and Reconmendat ions

As seen  in the data ,  ho r i zon t a l  pr imary f ie lds  due to 

s f e r i c s  a r e  s o u r c e s  to be r eckoned  with. Although not as 

s t r ong  as power l ine s o u r c e s ,  t he i r  p r e s e n c e  c a u s e s  noi se  and 

adds dc of fse t t ing to the s e co n da r y  r e s p o n s e s .  Power l ine 

s o u r c e s  have the advant age  of a more c o ns i s t a n t  s o u r c e  

permit t ing digi tal  r e c o rd i n g  of the data.  At no time did the 

ins t rumenta t ion  appea r  to be not ope ra t i ng  p r op e r ly ;  however ,  

no i s e  in the mountainous zones  r e q u i r e d  slowing the gain clock 

in o r d e r  to f i l t e r  out random sp ike s  from prema ture ly  s tepping 

the gain.  The PLL p rov ided  exce l l en t  system c locking,  and the 

computer  p roved  to be a powerful ,  r e l i ab l e  tool.

The s ingle  c u r r e n t  element model,  a l though simplified,  

shows va ry ing  r e s p o n s e  behav io r  as ob se r v e d  in the f ield data.  

Expanding the well known r e s p o n s e  funct ion into an equat ion
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e x p r e s s i n g  the r e c e i v e r ' s  r e s p o n s e  to the anomaly yi e lds  the 

c h a r a c t e r i s t i c  c u rv e  shapes  of highs and i nf lec t ions .  It a l so  

def ines  the i n t e r ac t i on  between the pr imary and the s ec o nd a ry  

f ie lds  from which amplitude r a t i o s  and p ha se s  a r e  seen  as the 

r a t i o s  of sums. This a pp a r en t  behav ior  of the pr imary and 

s e co nd a r y  f ie lds  can then be ident i f ied and r e l a t ed  to e i t he r  the 

system r e s p o n s e  or  the s e co n da ry  conduc to r .

Data co l l ec t ed  in the f ield for  the s i x t y - h e r t z  system

su f f e r s  many of the same problems that  can be seen  in f ield

data co l l e c t ed  for  AFMAG. One m a jo r  d i f f e rence  with the use  of 

the sixty - h e r t z  system is in the v e r t i c a l  pr imary field.  It adds 

a dc of fse t  to the ve r t i c a l  f ield component which may d i s t o r t  the 

expec ted  po l a r i z a t i o n  c u r ve  c h a r a c t e r .  Tilt  and e l l ip t i c i ty  

c a l cu l a t i ons  a r e  mathematical  tools  that  work be s t  in an ideal  

s i tua t ion .  Otherwise,  as a conseque nce  of the numerical  effect ,  

ho r i zon t a l  shi f t ing or  d i f f e r en t  cu rv e  shape  r e s p o n s e s  may 

app ea r .  None the le ss ,  with a t h r e e  component system many of the 

ambigui t ies a r e  r e s o lv ed  by co n s i d e r i n g  all of the input 

pa r am e te r s  determining the po l a r i z a t i on .

In compar ison ,  the s i x t y - h e r t z  system shows a deepe r

inves t i ga t i on  depth and l e s s  t e r r a i n  e f fec t  than the VLF.

Comparing the system to AMT, AMT has the advant age  of a be t t e r  

s ignal  to noi se  r a t i o  while a l so  having a more def ini t ive  

r e s p o n s e  c u r v e  shape.
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Reconmen dat ion s to be made at this  s tage  of the 

development  a r e  to p r o ce ed  as p lanned with a i r b o r n e  i ns t a l l a t i on  

of the s i x t y - h e r t z  system. Tes t ing for data type r e s p o n s e s  in 

the a i r  would p rove  most  informat ive if they ove r l a ppe d  t hose  

data  l ines  run on the ground.  For  the DAS, which was des igned  

as an in f l ight  moni tor ing tool ,  it is recommended that  

ob se r v a t i o n  of the phase  change  between the ve r t i c a l  and i n - l i ne  

channe l s  will show the most  c o ns i s t an t  r e s p o n s e  r e l a t ed  to the 

anomaly's de tec t ion .  As for  da ta  reduc t ion ,  the two ve r t i c a l  

s e t s  of po l a r i z a t i o n  pa r a me t e r s  could be combined into one set  

con t a ined  in the v e r t i c a l  p lane  of the ho r i zon ta l  t i l t  angle.  By 

a co o rd i na t e  t r ans fo rmat ion  of axis  in r e f e r e n c e  to F igu re  6, 

t h e  h o r i z o n t a l  s i g n a l  a l o ng  t he  H1 az imu th  has

a m p l i t u d e  = [ A f s i n 2 (a)  + A f c o s 2 (a)  + Al ATs i n ( 2 a )  c o s ( A < J > ) ] 5

quadT - quadi  Tan (a )
phase  = a r c t a n g e n t  [ ------------------------------------- ] .

r e a l T - r e a l ;  Tan (a )

Although this  would r educ e  the the number of g r aphs  by four 

b e c a u s e  data  s ta ck ing  is not  p r a c t i c a l  with an a i r b o r n e  system, 

e f f ec t s  due to no i se  may be seen  from the d i f fe ren t  r a t i os  

r e p r e s e n t e d  in the numerous plots  of the data.
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APPENDIX A 

Genera l  I/O Cons ide r a t i ons

Computer sof tware  u t i l i z ing Hewle t t -Packard’s IL/IB 

i n t e r f ac e  implementing IEEE s t a nd a r d  488 bus communications 

i n i t i a t es  the ope ra t i on  of the DAS. The commands r ecogn i zed  by 

the DAS a r e  out l ined below along with the p rogram statements 

r e l a t i ng  to I/O ope ra t ion .  Complete program l i s t i ngs  a r e  

conta ined  in Appendix C.

- Genera l  ope ra t i on :  Due to the lack of con t ro l  by the computer 
on the ATTN l ine pin, it was e l ec t ed  to s t r o b e  val id a d d r e s s in g  
by the pul s ing of the REN line pin. Ce r t a in  commands a r e  
t r ap pe d  by the IL/IB c o n v e r t e r  while o t h e r s  a r e  put on the 
data  l ines  ( s ee  Kane et  al . ,  1982, for  code l is t ing) .  Table 8 
l i s t s  the commands used  by the IL/IB and DAS.

Table 8 
IL / IB  Conmand L i s t

c onma n d dec ima 1 hex
IL/ IB: I EC 144 90

REN 146 92
NRE 147 93

DAS: mu 1t i p 1exe r 32 + 20 +
A/D s t a r t 48 30
D/A o u t p u t 16 10
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- I n i t i a l iza t ion  and se t t ing of the mul t iplexer :  Puls ing
the IFC in i t i a l i z e s  the DAS by t r i g g e r in g  a power up r e s e t  
(POR). The mul t ip lexer  is s e t  by s t rob ing  the REN l ine while 
the command number 32 + the number of d e s i r e d  channe ls  is on 
l ine.  For  example^ 6 channe l s  a r e  d e s i r e d ,  thus 32 + 6 is 38. 
This is u sed  in p rog ram T5, s tatements  180 and 190.

- A/D s t a r t :  The command number 48 i n i t i a t es  the A/D 
co n ve r s i o n .  Next, the computer  r e a d s  the data  while the end 
of c o n ve r s i on  s ignal  c locks  the mul t iplexer  and the sample-  
and-ho ld  for  the next  co nv e r s io n .  This conmand is used  in 
p rogram T5, sta tements  1050 and 1070. The HP-71B r e q u i r e s  a 
second input  statement  (1060 and 1080) to r e a d  the IL buffer  
conta in ing  the c o nv e r s i o n  code.  The DAS outputs  two bytes  
i n t e r p r e t e d  as (mos t / l ea s t  s i gn i f i can t  bit  (msb/ lsb)) :

1 s t 2nd ( o r d e r  of  b y t e s  r e ad )
msb I sb  msb 1 sb

A/D d a t a ga in  d a t a  ( i n d e x ).

The v o l t a g e  t o  b i t  r e p r e s e n t a t i o n  i s :

5 v ( + / -  f u l l  s c a l e )
v o 11 age = x A/D o u t p u t

2048 (11 b i t s  f u l l  s c a l e )

.00244141 x A/D o u t p u t .

The 12th bit  a c t s  soley as a sign bit (0 for  minus) while 
the remaining 11 bi ts  behave  the same r e g a r d l e s s  of the 
po l a r i t y  of the A/D's analog input.  Comparison of the

4.9975458 = .00244141 x 2047 (maximum 11 bi ts)
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cons t an t  de te rmines  the s ignal ' s  pol ar i ty .  The value  of 
the lower 4 bi ts  in the second  byte,  + 1, index the gain t ab l es  
denoted as a r r a y  G2. These  c on s i de r a t i o ns  a r e  used  in 
program T5, s ta tements  1140 through 1200.

- D/A output:  The Command number 16 i nd ica t e s  to the DAS to
accep t  data  for  the D/A. Data format is the same as the 
input  format noted above for  the A/D. The f i r s t  byte is the 

most  s ign i f ican t  while only the  upper  four  bi ts  of the  second 
byte a r e  used.  The r ange  of the D/A is 10 vol ts  from -5 to 
+ 5 vol ts .  A ze r o  output  by the computer r e l a t e s  to a -5 vol ts  
on the D/A. Output va lues  a r e  i n t e r p r e t e d  as:

4096 (12 b i t s )
code o u t p u t  = v a l u e  o u t p u t  x -----------------------------

lOv ( f u l l  s c a l e )

= 25.6.

This cons t an t  y i e lds  the va lue  of the upper  data  byte in the 
i n teger  p a r t  while mul t ipl icat ion of the f r a c t i ona l  p a r t  by 256 
equal s  the second  output  byte.  It is used  in p rogram TEST4, 
statement  370.
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APPENDIX B 

System Constants

In o r d e r  to e x t r a c t  c o r r e c t  po l a r i z a t i on  pa r am e te r s ,  the 

measu r ing  system must have  matched channe ls .  Software 

ad jus tment s  for  gain and phase  accompl ished this  in the program 

sta tements  for  gain t ab l e s  and phase  c o r r e c t i o n s .  The cons t an t s  

used  for  th i s  were  de r i ved  from ca l i b r a t i n g  the system and a r e  

dis s e nse d  below. Coil s ens i t iv i ty  was a l so  ca l cu l a t ed  by an 

i n d i r e c t  means,  and al though not c o n s i d e r e d  for data  reduc t ion ,  

it does  aid data  i n t e rp r e t a t i o n .

Gain t e s t i ng  determined p r o p e r  ga ins  for each  channel .

The r e s u l t s  a r e  the co ns t an t s  used  in a r r a y  G2 in program T5. 

Tes t s  were  conduct ed  in an approximate  six foot cubic  sh ie lded  

room of two inch thick aluminum having a sixty he r t z  a t t enua t ion  

of 54 dec ibe l s .  Before  making the gain ca l cu l a t i ons ,  windows of 

input  vo l tages  were  determined for  each  of the s i x t een  gain 

s e l ec t i o ns .  Table 5 l i s t s  the approximate  input  vol tages  that  

were  fed into the p r e- ampl i f i e r  where  an i n c r e a s e  and d e c r e a s e  

s tepping  of the au to -ga in  o c c u r r e d .

As shown in Table 9, vo l tages  a r e  in uni ts  of mil l ivol ts .  

Noise l eve l s  were  in the 1.5 to 3 microvol t  r ange  as determined 

by input  sho r t i ng  t es t .  Lo s se s  in gain l i n ea r i t y  were  noted (2)
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Table 9

Gain Voltage Widows

gain index 
1 
2
3
4
5
6
7
8 
9

10 
11 
12
13
14
15
16

nominal gain 
1 
2 
4 
8 

16 
32 
64 

128 
256 
512 

1024 
2048 
4096 
8192 

16384 
32768

i n c r e a s e  s tep 
40 =
23 
1 1 

5
3 .2
1 . 6

. 8

.437

. 187

.078

.036

. 0 2 2

.009

.005

.0025

. 001

d e c r e a s e  s tep 
38 
19. 1 
1 0 . 1 
4 .8  
2 .56  
1.4 

.856 

.415 

. 165 

.070 

.036 

.017 

.009 

.004

for  input  vo l t ages  l a r g e r  than 40 mV. Vol tages marked (3) 

r ange  below a c c u r a t e  s ignal  input capabi l i ty .

Using the windows as a guide,  one input  s ignal  was fed 

into the p r e- amp l i f i e r ' s  t h r e e  channe ls  s imul taneously while the 

main amplifier  was p r e - s e t  to a s e l ec t ed  gain.  Input s i gna l s  

were  c r e a t e d  by a sixty he r t z  s o u rc e  p rov ided  by a Hewlett- 

Pa c ka r d  s y n t h e s i z e r / f u n c t i o n  g e n e r a t o r  model 3325A. With a 

Data P r e c i s i o n  digi tal  wave ana ly ze r  model 6000, input'  vo l tages  

were  m easu red  peak to peak with an a c c u ra c y  of 62 microvol t s .  

The lower inputs  were  p roduced  by an a t t enua ted  r e s i s t o r  network 

of 915 to 1. T h e r e fo r e ,  an output  by the s ignal  g e n e r a t o r  in
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mil l ivol ts  was m easu red  and divided by 915 to determine an input 

value.

The computer then r e a d  in the A/D co nv e r s io n  r e s u l t s ,  and 

in con jun c t i o n  with the input  s ignal ,  c a l cu l a t ed  the gain as

a m p l i t u d e  of  A/D c o n v e r s i o n  in v o l t s
g a in  = ------------------------------------------------------------------  .

peak t o  peak s i g n a l  i np u t  in v o l t s

An a v e r a g e  of t h r e e  co nv e r s i o ns  were  taken for each input.  

This was done for  t h r e e  d i f fe ren t  vo l tages  spanning the window. 

The p rogram TEST4 performed this  t ask  on an HP-75C computer .  

After  analyzing  the r e s u l t s ,  s e l e c t ed  gains  for each  channel  

were  chosen .  F u r th e r  p rogram documentat ion may be found in 

Appendix C.

Phase  d i f f e r enc es  ex i s t ed  between the channe ls .  Co r r ec t i ng  

the problem in the sof tware c on s i s t e d  of adding e x t r a  statements 

that  add a con s t an t  to the ca l cu l a t ed  phase .  The value of the 

cons t an t s  a r e  the phase  d i f f e r enc es  between channe ls .

The phase  d i f f e r ence  was determined by input t ing a 

s i ng l e  60 Hz s ignal  into the p r e - amp l i f i e r ' s  t h r e e  channe ls  

simul taneously.  A t e s t  program,  TEST6, f ac i l i t a t ed  the 

ca l cu l a t i on s  by r ead ing  into the computer the A/D conv e r s io n  of 

the s igna l .  The phase  for  each  channel  was computed and then 

s u b t r a c t e d  from the t r a n s v e r s e  phase .  An a v e r a g e  of phase  

d i f f e r enc es  r e s u l t e d  as
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t r a n s v e r s e  - in l i n e  = - . 0 3 6  r a d i a n s  ( - 2 . 0 6  deg) 
t r a n s v e r s e  - v e r t i c a l  = .113 r a d i a n s  ( 6 .47  d e g ) .

These  measurements  a r e  p a r t i c u l a r  to the individual  bo a rd s  

which for  the t e s t  the b oa rd s  were  i n s e r t e d  as:

boa rd  2 - t r a n s v e r s e  channel  
boa rd  1 - in l ine channel  
boa rd  3 - ve r t i c a l  channel .

P rogram T5 i n c o r p o r a t e s  the above phase  c o r r e c t i o n s  in l ines 

840 and 1240 in the a r r a y  P4.

Coil s ens i t i v i t y  es t imates  were  made ba sed  on AMT a p pa re n t  

r e s i s t i v i t y  data  from the Ka s s l e r  l ine.  At t hose  s t a t i ons  

output  from the AMT p r e - a m p l i f i e r ’s e a s t - we s t  (EW) channel  was 

fed into the main amplifier  of the sixty - h e r t z  system bypass ing  

the s i x t y - h e r t z  p r e - a m p l i f i e r . An o therwi se  normal s ta t ion was 

t aken.  AMT a p pa r en t  r e s i s t i v i t y  is c a l cu l a t ed  as

1 E2

wy H2
where

p = a p p a r e n t  r e s i s t i v i t y
E = m easu red  E - f i e l d  v o l t a g e / 2 5 m  e l e c t r o d e  s e p a r a t i o n
H = c o n s t a n t  ( k ) x measu red  H - f i e l d  v o l t a g e
k = c o n v e r t s  m i l l i v o l t s  to  y
to = 2ïï 60 Hz
y =  4 t t  x 1 0 ~ 7 h/m



T-3179 83

The con s t an t  k is the f ac to r  r e l a t i ng  to system sens i t i v i t y .  

C l e a r l y ,  w i t h  known v a l u e s  of  p t he  f a c t o r  k may be 

ca l cu l a t ed .  Because  of noi se ,  k v a r i e d  from s ta t ion  to s ta t ion.  

P rogram CALK a s s i s t e d  ca l cu l a t i on  of the s ens i t i v i t y  and is 

documented in Appendix C.
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10 ! program 'testé' 488 G2(1,3)=M5/128.3 888 P4(l>=8 6 P4(2)=0 6
26 ! Phase test 418 G2(l,4)=M5/254.8 P4(3>=8
58 ! 428 G2(l,5)=H5/582 898 !
68 ! in it ia l i/o 438 G2(1,6)=M5/1010 900 DESTROY A1,A2,A3,A4,
70 ASSIGN 10 ' - C , : P , : i , : 448 G2(1,7)=H5/212B A5,A3
i l ' 458 G2(l,8)=M5/4068 985 Nl=l
88 PRINTER IS 468 G2(1,9)=M5/8130 918 FOR N=1 TO N1
85 DISPLAY IS , :c ’ 478 G2(1,10)=M5/16306 928 !
90 ! 488 G2(L11)=R5/3388B 938 ! read in signal
138 ! system response cm 498 G2(L12)=M5/66700 948 FOR K=1 TO 3
ds 588 G2(1,13)=M5/125088 950 J=2*K
148 ! ifc: 144 90 510 G2(l,14)=M5/222000 968 SEND CRD Al MLA TALK
158 ! ren: 146 92 528 G2(l,15)=M5/554006 5
160 ! nre: 147 93 538 G2(l,16)=M5/872006 978 ENTER :L00P ;II[J-1,
178 ! mul: 38 26 (32+ 548 G2(2,1)=M5/31.24 J3
chn) 558 G2(2,2)=H5/64.42 988 SEND CMD Al MLA TALK
188 ! a/d: 48 30 566 G2(2,3)=M5/127.2 5
190 ! d/a: 16 16 578 G2(2,4)=M5/253 998 ENTER :L00P sQIEJ-l,
286 ! 588 G2(2,5)=M5/498 J3
216 ! in it ia l ifc , ren, 590 G2(2,6)=H5/1885 1668 NEXT K
set mulx 688 G2(2,7)=H5/2886 1016 !
228 A$=CHR$(144)&CHR$(H 618 G2(2,8)=M5/4638 1020 ! reduce data
6)&CHR$(38)&CHR$(147)&CH 628 G2(2,9)=M5/8076 1030 FOR K=1 TO 3
R$(146) 638 G2(2,10)=M5/16200 1040 J=2*K
230 SEND CRD Al 648 G2(2,ll)=M5/32800 1056 R1=NUR(II[Jj>/16
246 ! 658 G2(2,12)=M5/66500 I860 G1=FP(R1)*16+1
250 ! a/d end lis t 668 G2(2,13)=M5/130000 1876 I(K)=(NUM(II[J-13>*
268 AI=CHRI(48)6CHRI(147 678 G2(2,14)=H5/229888 16+INT(R1)>*.8024414
)tCHRI(146) 688 G2(2,15)=M5/617000 1888 IF I(K)>4.9975458 I
278 ! 698 G2(2,16)=M5/870000 HEN I(K>=I(K>-5 ELSE I(K
286 ! d/a end l is t 788 G2(3,l)=R5/38.9 )=-I(K>
298 BI=CHRI<16HCHRI(147 718 G2(3,2)=M5/63.4 1896 !
)&CHRI(146) 720 G2(3,3)=M5/125.5 1186 g(K>=(NUM(QIEJ-13>*
386 ! 738 G2(3,4)=H5/249.6 16+INT(NUM(GI[J3>/16>>*.
318 ! in it ia l pros 740 G2(3,5)=R5/489 8024414
328 ! Utran, 2: in In, 3 758 G2(3,6)=M5/985 1116 IF Q(K>>4.9975458 T
vert 766 G2(3,7)=H5/1972 HEN Q(K)=9(K>-5 ELSE 9(K

330 DIM M1(3),P(3),G2(3, 778 G2(3,8)=M5/3960 )=-9(K)
16),A(3),I(3),G(3),P4(3J 788 G2(3,9)=M5/7900 1112 A3(J-1)=A3(J-1>+I(K
,A3(6) 798 G2(3,10)=M5/16808 )
340 DIM I l[6 ] ,e i[6 ] ,0 2 l[ 888 G2<3,11>=«5/32288 1114 A3(J)=A3(J)+G(K)
2] 818 G2(3,12)=M5/65600 1126 M1(K)=I(K)*I(K)+G(K
350 INTEGER J,K 828 £2(3#I3>=M5/130088 )*9(K>
368 OPTION ANGLE RADIANS 838 G2(3,14)=M5/225666 1138 A(K>=SQR(R1(K>>

840 G2(3/15)=R5/577800 1140 P(K>=ANGLE(I(K),9(K
370 H5=l 858 G2(3,16)=M5/870000 ))+P4(K)
388 G2(1,1)=M5/31.6 868 ! 1156 NEXT K
398 G2(l,2)=M5/65.07 878 ! phase correction 1166 !
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1170 ! cal output 
1180 A1=A1+PÜ)-P<2) 
1196 A2=A2+P(1)-P(3)
1470 NEXT N 
1486 !
1485 PRINT
1490 PRINT 'avg of ';N1; 
' readings'
1492 FOR J=1 TO 6 
1494 PRINT ' a U r :  
R3(J)/N1 
1496 NEXT J
1500 PRINT ' T-I: ';A1/H 
1
1510 PRINT ’ T-V: rA2/N 
1
1515 PRINT 
1520 !
1530 GOTO 900 
1540 STOP 
1550 END

18 ! program ,test4 \; ca 
1 gain
20 DIM I$C63,Q$[63,1<6). 
9 (6 ) ,Gl(
3)
30 !
40 SEND10 '* 1 1 ^ ,REN,CD 
:90 r  '
50 SENBIO " r tl+ ,cd :2 6 , 
nre,ren1

60 !
70 ASSIGN 10 ' : p ,  : i r  i l  ' 
90 PRINTER IS ' : p '
100 !
110 DISP
128 INPUT ' amp in 'iA 
130 INPUT auto gain:
G*
140 G1(1)=0 9 Gl(2)=8 0 
Gl(3)=0
150 FOR N=1 TO 3 
160 FOR K=1 TO 3 
170 J=2*K
180 I$[J-l,J]=ENTIOt(", 
'TL+jCD:
30,NRE, REN, CD : 44,SDA') 
190 9$[J-1,J]=ENTI0$(", 
■TL+,CD:
38,NRE, REN, c d: 44,SDA’) 
200 NEXT K 
210 !
220 DISP
230 FOR K=1 TO 3
240 J=2*K
250 R1=NUM(I$CJ])/16 
260 L=INT(R1)
278 G=16*FP(R1)+1 
280 I(K)=(NUH(ISIJ-1])*1
6 0 * . ee
24414
285 IF I(K)>9.996 THEN P 
RINT 'In
fu ll sca le ’

286 IF I(KK.0B2 THEN PR 
INT 'In
under scale'
296 IF I(K)>4.9975458 TH

EN 100=
IOO-5 ELSE I(K)=-I(K) 
300 !
310 L=INT(NUM(0$[J])/16) 
320 9(K)=(NUH<Q$[J-1])*1 
6+1)*.88 
24414
325 IF 900)9.996 THEN P 
RINT *9d

fu ll scale*
326 IF 9<KX.002 THEN PR 
INT *9d
under scale'
330 IF 900)4.9975458 TH 
EN 900=
900-5  ELSE 800=-900  
340 DISP T ;I(K )r 9 ';G (  
K)r G
•iG
350 NEXT K 
360 !
378 Rl=(I(l)+5)*25.6 
380 0IC13=CHR$(INT(R1)? 
390 0$I2]=CHR$(FP(R1)*25 
6 )
400 SENDIO " , 'TL+,CB:18 
, NRE,REN 
,0$

410 !
428 FOR K=1 TO 3
430 A2=S9R(I00*I00+9(K
)*Q(K))
440 GlOO=GlOO+A2/A 
450 NEXT K 
460 NEXT N 
470 PRINT
480 PRINT 'amp in',A 
490 PRINT 'auto G : ' ; G$ 
500 PRINT 'average gain' 
510 FOR K=1 TO 3 
520 PRINT K,G100/3 
530 NEXT K 
540 !
550 PRINT 
568 GOTO 110 
570 STOP 
580 END
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16 ! program '15' for co 
Meeting fie ld  data 
20 ! output to file /p r in  
ter
36 ! before run, dim a4( 
12,56), a?(56)
46 !
50 ! in it ia l i/o  
66 ASSIGN 10 * :p , : i , : i 1‘ 
76 PRINTER IS ':p'
86 i
96 ! system response cmd 
s
166 ! ifc . 144 96
116 ! ren: 146 92
126 ! nre: 147 93
136 ! mul: 38 26 (32+
chn)
140 ! a/d: 48 36
156 ! d/a: 16 10
166 !
176 ! in it ia l ifc , ren, 
set mulx
186 A*=CHR$<144HCHR*<34 
6)&CHR$(38)&CHR$(147)&CH 
R$(146)
190 SEND CMD A$
266 !
210 ! a/d cmd l is t
226 A$=CHR$(48)&CHR$(147
)fcCHR$(14b)
238 !
246 ! d/a cmd l is t
250 B$=CHR$(16)&CHR$(147
)fcCHR$(146)
268 !
270 ! in it ia l prog 
286 ! 1:tran, 2 :in In, 3 

vert
298 DIM H1(3),P<3),G2(3, 
16),A (3),I(3),6(3),P4(3) 
300 DIM I$C6],Q$[6],02$[ 
21
316 INTEGER J,K,L 
320 OPTION ANGLE RADIANS

330 M5=1000
346 G2(1,1)=M5/31.6

356 G2(l,2)=M5/65.07 
360 G2(1,3)=M5/128.3 
378 G2(l,4)=H5/254.8 
388 G2(l,5)=M5/582 
390 G2(L6)=H5/1018 
486 G2(1,7)=M5/2128 
418 G2(l,8)=M5/4868 
420 G2(1,9)=M5/8130 
436 G2(L18)=M5/16388 
448 G2(l,ll)=M5/33080 
458 G2(l,12)=M5/66700 
468 G2(1,13)=M5/125000 
478 G2(l,14)=M5/222088 
486 G2(l,I5)=H5/554886 
490 G2(l,16)=M5/872000 
500 G2(2,1)=M5/31.24 
510 G2(2,2)=M5/64.42 
528 G2(2,3)=M5/127.2 
538 G2(2,4)=M5/253 
548 G2(2,5)-M5/498 
556 G2(2,6)=M5/1885 
566 G2(2,7)=M5/2000 
578 G2(2,8)=M5/4038 
588 G2(2,9)=M5/8670 
590 G2(2,10)=M5/16288 
688 G2(2,ll)=M5/32806 
616 G2(2,12)=H5/66566 
628 G2(2,13)=M5/130000 
630 G2(2,14)=M5/229806 
646 G2(2,15)=M5/617000 
658 G2(2,16)=M5/870000 
666 G2(3,l)=M5/36.9 
678 G2(3,2)=M5/63.4 
686 G2(3,3)=M5/125.5 
696 G2(3,4)=M5/249.6 
708 G2(3,5)=H5/489 
718 G2(3,6)=M5/985 
726 G2(3,7)=M5/1972 
738 G2(3,8)=M5/3960 
740 G2(3,9)=M5/7906 
758 G2(3,10)=M5/16000 
768 G2(3,ll)=M5/32206 
778 G2(3,12)=M5/65606 
780 G2(3,13)=M5/130006 
798 G2(3,14)=M5/225080 
800 G2(3,15)=M5/577006 
816 G2(3,16)=M5/870000 
828 !

836 ! Phase correction 
848 P4(l)=0 § P4(2)=-.83 
6 6 P4(3)=.113 
856 S=S+1
868 DISP *5tat:';S;
878 INPUT ' or ';S1$
888 IF LEN(S1$)<>8 THEN 
S=VAL(S1$)
898 !
895 I2=.85
986 A7(S)=A7(S-1)+I2 
916 DISP 'mi:';A7(S);
926 INPUT * or *;S1*
938 IF LEN(S1$)<>6 THEN 
A7(S)=VAL(S1$)
940 !
958 INPUT 'com: ";C$
966 PRINT 's ta :';S r /':R  
7 (S );' TIMES 
976 PRINT C$
988 !
990 ! PRINT 0 PRINT TIME 
t r  ';S.: ,/',R7(S)
1000 FOR L=1 TO 2 
1818 !
1020 ! read in signal 
1030 FOR K=1 TO 3 
1048 J=2*K
1858 SEND CMD AS MLA TAL 
K 5
1066 ENTER TOOP ;ISCJ-1 
,J]
1876 SEND CMD AS MLR TAL 
K 5
1888 ENTER TOOP iASU-i 
,J]
1090 NEXT K 
1168 !
1118 ! reduce data 
1126 FOR K=1 TO 3 
1136 J=2*K
1148 R1=NUM(ISW])/16 
1158 G1=FP(R1)*16+1 
1155 PRINT 'g'jGlj 
1160 I(K)=(NUH(IS[J-1))* 
16+INT(R1))*.0024414
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1176 IF I(K>>4.9975458 T 
HEN I(K)=(I(K)-5)*G2(K,G 
1) ELSE I(K)=-I(K)*G2(K, 
Gl)
1186 !
1196 Q(K)=(NUH(QS[J-1])* 
16+INT(NUK(6$[J3)/16))*. 
6624414
1266 IF Q(K)>4.9975458 T 
HEN 9(K)=(Q(K)-5)*G2(K,G
1) ELSE 6(K)=-9(K)*G2(K, 
Gl)
1216 !
1226 M1(K)=I(K)*I(K)+Q(K 
)*6(K)
1236 A(K)=SQR(M1(K))
1246 P(K)=ANGLE(I(K),G(K 
))+P4(K)
1256 A4(J-1,S)=I(K)
1266 A4(J,S)=6(K)
1276 NEXT K 
1286 PRINT 
1296 !
1366 ! cal output 
1316 ! opt 1 mas 
1326 M=SQR(M1(1)+M1(2)+M 
1(3))
1336 A4(7,S)=M 
1346 PRINT ' mas:';M 
1356 !
1366 ! opt 2 h t i l t  
1376 P1=P(2)-P(1)
1386 IF M1(1)=M1(2) THEN 
T3=.7853982 6 GOTO 1468 

1396 T3=.5*ATAN(2*A(2)*C 
0S(P1)/(A(1)*(1-M1(2)/M1
( 1)) ) )
1486 A4(8,S)=T3 
1416 PRINT ‘ h t:';T3 
1426 !
1436 ! opt 3 h e lliP  
1446 E3=A(1)*A(2)*SIN(P1 
)/((A(2)*C0S(Pl)*SIN(T3) 
+A(1)*C0S(T3))A2+(A(2)*S 
IN(T3)*SIN(P1))A2)
1456 A4(9,S)=E3 
1466 PRINT ‘ h e : l ;E3 
1476 !

i486 ! opt 4 v t i l t  
1498 IF M1(3)=M1(2) THEN 
T3=.7653982 8 GOTO 1526 

1566 P1=P(3)-P(2)
1516 T3=.5*ATAN(2*A(3)*C 
0S(P1)/(A(2)*(1-H1(3)/H1
(2 ))))
1526 A4(18,S)=T3 
1536 PRINT ' v t:';T3  
1546 !
1558 ! opt 5 v el U p 
1566 E3=A(3)*A(2)*SIN(P1 
)/((A(3)*C0S(Pl)*SIN(T3) 
+A(2)*C0S(T3))A2+(A(3)*S 
IN(T3)*SIN(P1))A2)
1576 A4(11,S)=E3 
1586 PRINT ' v e ';E 3  
1596 !
1688 NEXT L 
1616 !
1626 ! S=S+1 8 A7(S)=A7( 
S-D+I2 8 GOTO 996 
1638 INPUT 'store: ',* ye 
s ’ ; C$
1646 IF C$<>'yes' THEN G 
0T0 1686 
1656 !
1666 PRINT 'stored--)';S  
1676 PRINT 
1686 STOP 
1696 END

10 ! pros 'calk'
28 ? cal k-factor 
36 C1=1/S6R(2*PI*60*PI*. 
6868664) /2 5 / l .6 
48 C2=.4*PI 
58 !
66 FOR J=1 TO 2 
70 IF J=1 THEN PRINT '45 

ELSE PRINT '75 ';
86 PRINT 'Hz AMT E eu'
90 !

166 FOR K=1 TO 8 
116 N2=2*K 
126 N1=N2-1 
136 ! stat
140 IF K=8 THEN S=ll ELS 
E S=K+1
156 ! avs ratio e/h 
166 A1=(A4<13,N2)+A4(13, 
Nl))/2  
176 !
186 ! cal kl units of (a 
mp-turn/m)/volts 
196 K1=C1*A1/S0R(B4(J,S) 
)
266 !
216 PRINT 's ta t e s .:  • re 
s: ' iB4(J/S)
226 PRINT ' dif:';A4(13, 
N2)-A4(13,N1)
236 PRINT ' k l: ' ;K1
246 PRINT ' k -f: ' ;K1*C2
256 PRINT
266 NEXT K
278 NEXT J
288 STOP
290 ! cal app-res
306 C1=1/(1.6*1.6*2*PI*6
e*.8060684*PI)
316 INPUT 'kl: ';K1 
326 PRINT 'kl: ';K1 
336 !
340 FOR K=1 TO 8 
350 N2=2*K 
368 N1=N2-1
376 A5(K)=C1*(A4(13,N2)+ 
A4(13,N1))A2/(2566*K1*K1 
)
386 IF K=8 THEN PRINT '1 
Vi  ELSE PRINT K+l;
390 PRINT A5(K)
466 NEXT K 
410 STOP
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18 ! f i le :  'fdat'
20 ! prosam Plot/'store d 
ata
36 ASSIGN 10 • :p , :v  
46 PRINTER IS ':p'
50 DIM Ml(12),H2C12),m 
12)[26J
66 INTEGER I,K,N,N1,N2 
70 REAL S/B 
86 !
90 INPUT 'f i le :
166 INPUT '1st Pl ot : ' , -Hi 
110 INPUT 'end plot : ';N2 
126 INPUT 'com: ' ;C$
136 INPUT 'no. of s ta t : 
•;I
148 CREATE DATA F$
150 ASSIGN #1 TO F$
166 PRINT IbC*
176 PRINT # b l  
186 FOR N=N1 TO N2 
196 M1(N)=MAXRE&1 
206 M2(N)=-MAXREAL 
216 NEXT N 
226 !
230 P$(l)='tran real in 
nV
248 P$(2)='tran quad in 
mV'
256 P$(3)='in-line real 
in nV’
266 P4(4)='in-line quad 
in mV
270 P$(5)='vert real in 
mV'
280 P$(6)='vert quad in 
mV
290 P$(7)=‘magnitude in 
nV'
300 P$(8>=’horz t i l t  in 
rad i/t*
310 P4(9)='horz e l l ip t ic  
ity  i / t '
320 P$(10)='vert t i l t  in 
rad v / i ‘

338 P$(ll)='vert e ll iP t i  
c ity  v / i '
358 L

368 FOR K=1 TO I 
370 FOR N=1 TO 12 
386 IF N<7 THEN PRINT II 
;A4(N,K)
396 IF A4(N,KXM1(N) THE 
N M1(N)=A4(N,K)
406 IF R4<M)>H2<N> THE 
N H2(N)=A4(N,K)
410 NEXT N 
428 PRINT ll.;A7(K)
438 !
446 NEXT K 
458 !
466 PRINT 'f i le :  ';F$
470 PRINT C$
486 PRINT
498 FOR N=N1 TO N2
508 PRINT P$(N)
510 PRINT 'min:' ;H1CN) 
528 PRINT 'max:' ;M2(N) 
538 S=23/(M2(N)-M1(N)) 
546 PRINT ' in c ' ; l /S  
558 PRINT

568 B=H1(N)*S-1 
578 R2=A7(1)
588 !
596 FOR K=1 TO I 
600 IF A7(K)OR2 THEN R2 
=R2+I2 0 PRINT 0 GOTO 60 
0
618 PRINT TAB(A4(N,K>*S- 
B);STR$(H0D(K,16))
628 R2=R2+I2 
638 NEXT K 
640 !
658 NEXT N 
666 !
678 COPY FI TO F$V:T'
680 ASSIGN II TO *
698 PURGE FI 
706 STOP 
718 END

16 ! f i le :  'rdat'
28 ! Progam read data 
38 DIM 07(38)
48 INTEGER I,K,N 
50 !
60 INPUT "file: ';F$
70 COPY F U ':C  TO FI 
86 ASSIGN II TO FI 
90 READ l b  Cl 
100 READ l b  I 
118 !
128 FOR K=1 TO I 
130 FOR N=1 TO 6 
140 READ lbA4(N,K)
156 NEXT N 
168 READ lbA7(K)
178 NEXT K 
180 !
196 ASSIGN 41 TO *
208 PURGE FI 
216 !
228 ! cal amp and phase 
238 DIM P4(3)
246 P4(l)=8 6 P4(2)=-.63 
6 6 P4(3)=.113 
256 !
268 FOR K=1 TO 3 
278 J=2*K 
288 N=J-1 
296 Jl=J+6 
306 Nl=N+6 
318 !
320 FOR L=1 TO I 
338 A4(NbL)=SQR(A4(N,L) 
*A4(N,L)+A4(J,L)*A4(J,L) 
)
340 !
350 A4(JbL)=ANGLE(A4(N, 
L),A4(J,L))+P4(K)
366 NEXT L 
376 NEXT K 
386 RUN CAL 
398 STOP 
400 END
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16 ! pr? ‘c a l'
15 ! calulates data 
20 REAL C,S,R,P,T,R1 
36 INTEGER MI,N2,J1,J2,J 
3,J4
46 OPTION ANGLE RADIANS 
56 !
66 Nl=9 6 N3=16 
70 N2=7 6 N4=8 
86 Jl=13 6 J2-Î4 
90 J3=19 § J4=26 
100 FOR N=1 TO 3 
116 FOR K=1 TO I 
126 DISP K
136 R=A4(N1,K)/A4(N2,K) 
146 A4(J1,K)=R 
158 !
166 P=A4(N3,K)-A4(N4,K) 
176 A4(J2,K)=P 
186 C=COS(P)
196 S=SIN(P)
200 !
216 IF ROl THEN T=.5$SI 
AN(2*R*C/(1-R*R)) ELSE T 
=.7853982 
220 A4(J3,K)=T 
236 !
240 R1=(A4(NLK)*C*SIN(T 
)+A4(N2,K)*C0S(T))A2+(A4 
(N1,K)*S*SIN(T))A2 
256 IF R1=0 THEN A4U4,K 
)=MAXREAL ELSE A4(J4,K)= 
A4(N1,K)*A4(N2,K)*S/R1 
260 !
276 A4(25,K)=S6R(A4(7,K) 
*A4(7,K)+A4(9,K)*A4(9,K) 
+A4(11,K)*A4(11,K))
288 NEXT K 
296 !
300 IF N=1 THEN Nl=ll 6 
N3=12
310 IF N=2 THEN N2=9 6 N 
4=10
326 Jl=Jl+2 6 J2=J2+2 
336 J3=J3+2 6 J4=J4+2 
346 NEXT N
350 DESTROY N1,N2,N3,N4,

10 ! ‘FM‘ forward model 
15 ! based on free air c 
ouplins 
28 INTEGER I
30 DIM 83(3>,K3<3),K2(3) 
,K4(3)
40 REAL M2,Ml,R2,Q,L2,Zl 
,Z2,K1,I1
50 OPTION ANGLE RADIANS 
52 STD 
68 !
78 INPUT ‘Q. 'ifi 
98 INPUT 'M/L: ‘ ;M1 
138 !
146 W=2*PI*68 
150 G3(1)=-94.1/2570*W 
168 63(2)=-96.1/2696*N 
178 G3(3)=-93.2/2546*W 
186 Kl=l-W 
210 !
226 R=G/(Q*G+1)*M1 
238 FOR K=1 TO 3 
246 K3(K)=W/Q3(K)+Q3(K) 
256 K2(K)=R$(Q*W-Q-G3(K) 
-Q/Q3(K))
268 K4(K)=R*(-G*G3(K)+1- 
G*W/Q3(K)-W)
270 NEXT K 
280 !
298 Zl=-26 
300 Z2=306 
316 XI=53526 
338 A7(l)=6 
346 !
358 C1=C0S(.245)
360 S1=SIN(.245)
378 C2=C0S(.l)
388 S2=SIN(.l)
396 !
428 ! stat inc 
436 11=1/4*528
431 !
432 Tl$=‘z l : ‘&STR$(Zl)&' 

z2 :‘tSTR$(Z2)fc‘ xl:'fcST
R$(X1)
434 T2$=‘il:'&STR$(Il)&‘ 
G'&STR$(G)&' M/L:'&STR 

*(M1)

436 DISP Tl$
438 DISP T2$
440 1=10
458 FOR K=1 TO I
468 X=(K+408)*I1
470 A7(K+l)=A7(K)+.05
475 ! put in nV
490 D1=.081*(X*C1*X*C1+Z
1*Z1)
560 D2=.001*((X-X1)*(X-X
1)*C2*C2+Z2*Z2)
518 !
528 ! tran
538 H1=Z1/D1 0 M2=Z2/D2 
546 R=M1*S1*K1+M2*S2*K2( 
1)
558 G=M1*S1$K3(1)+M2*S2* 
K4(l)
568 A4(1,K)=R 
576 A4(2,K)=G 
586 A4(7 i K)=SGR(R*R+G*6) 
596 A4<8,K)=ANGLE(R,e>  
666 !
616 ! in-line
628 R=M1*G1$K1+M2*C2*K2(
2 )
638 G=M1*C1*K3(2)+M2*C2* 
K4(2)
648 A4(3,K)=R 
656 A4(4,K)=6 
668 A4(9,K)=SGR(R*R+Q*G> 
676 A4(16,K)=ANGLE(R,9) 
680 !
696 ! vert
780 M1=X*C1/D1 8 M2=(X-X 
1)*C2/D2
710 R=M1*K1+M2*K2(3)
720 G=M1*K3(3)+M2*K4(3) 
738 A4(5,K)=R 
748 A4(6,K)=G 
758 A4(ll,K)=S9R(R*R+6*8 
)
768 A4(12,K)=ANGLE(R,G) 
770 NEXT K
788 DESTROY M2,M1,R2,G,L 
2,Z1,Z2,K1,Q3,K2,K3,K4,D 
1,D2,CLC2,S1,S2,X1,I1,R 
790 RUN CAL
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