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ABSTRACT 

A prototype portable electromagnetic sounding system was assem- 

bled a n d  depth sounding survey was conducted i n  Grass Valley, Nevada, 

as a p a r t  o f  a program t o  evaluate geophysical techniques i n  geothermal 

exploration. A horizontal loop transmitter o f  radius 50 meters operat- 

i n g  between .01 Hz and 100 Hz was used i n  conjunction w i t h  a S Q U I D  

magnetometer. A d ig i ta l  synchronous detector was used for  on s i t e  

processing of magnetometer o u t p u t .  This detector allowed useful d a t a  

acquisit ion w i t h  transmitter-receiver separation of u p  t o  2 km w i t h  

power requirements of less  t h a n  7 2  watts.  

Conductive sediments (1-10 ohm-m) o f  thicknesses o f  u p  t o  1 . 5  km 

were well resolved w i t h  t h i s  system and the interpreted sections 

compared very well w i t h  d.c.  r e s i s t i v i t y  measurements made with much 

heavier equipment and larger arrays i n  the same area.  
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INTRODUCTION 

c 

c; 

I n  1973 the Un versity o f  California a t  Berkeley and the Lawrence 

Berkeley Laboratory jo in t ly  undertook a program for the assessment of 

geothermal reservoirs.  

1 ) 

T h i s  program had three m i t i n  goals: 

To evaluate, on the bas is  of detailed geological , geochemical and 

geophysical data,  the geothermal reservoirs -in the mid Basin and 

Range Geologic province. 

2 )  To compare and evaluate geophysical techniques used i n  the 

exploration and del inea t ion  of these reservoirs. 

To develoD the new techniques and instrumentation that  are 

specif ical ly  required for deep penetration in geothermal investiga- 

t i  ons. 

3) 

The work discussed i n  th i s  dissertation conc:erns the application o f  

a control led source frequency domain electromagnetic method for  deter- 

m i n i n g  the subsurface electr ical  conductivity. lhe application of any 

geophysical method, other t h a n  thermal , i n  geothermal exploration i s  

based on the f ac t  t h a t  the physical properties o f  the rock being 

measured are affected t o  some degree by an increase i n  temperature 

(Birch and Clarke, 1940; Birch, 1943; Hochstein and H u n t ,  1970; Murase 

and McBirney, 1973; Spencer and Nur, 1976).  

e lectr ical  conductivity of wet porous rocks w i t h  temperature i s  the 

basis of the application of e lectr ical  and electromagnetic methods for 

subsurface r e s i s t i v i ty  mapping i n  geothermal exploration. I t  must be 

borne i n  mind t h a t  the v a r i a t i o n  i n  e lectr ical  Conductivity may be due 

t o  changes i n  porosity or s a l i n i t y  rather t h a n  the temperature and 

The increase i n  the 
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there is no unique relationship between the temperature and the 

indirectly obtained electrical conductivity of the subsurface. Any 

inference made about the existence of a geothermal reservoir must, 

therefore, include other geological or geophysical data. 

Subsurface conductivity distribution can be mapped by natural 

source methods (e. g. tell urics , or magnetotell urics) or control 1 ed 

source methods (e.g. direct current resistivity, loop source electro- 

magnetic methods). Application o f  natural source methods in geo- 

thermal exploration has been the subject of study of many authors 

(Beyer, 1977; Beyer et a1 . , 1975; Combs and Wilt, 1975; Cormy and 
Muse, 1975; Hermance et al., 1975; Hoover and Long, 1975; Whiteford, 

1 9 7 5 ) .  

"source," which reduces the field logistics considerably. 

the telluric method has been proved only to be a qualitative tool 

(Beyer, 1977) and the magnetotelluric method suffers from the fact 

that a large scatter in the measured data is generally observed, this 

resulting in the degradation of the model resolution (Ward, 1977). 

Such methods have the advantage o f  requiring no artificial 

However, 

Amongst the control led source methods, direct current resistivity 

methods have been most widely used in geothermal exploration (Beyer, 

1977; Beyer et al., 1975; Garcia, 1975; Gupta et al., 1975; Hochstein, 

1975; Jiracek et al., 1975; Keller et al., 1975). 

problem in the use of such a method, however, is that large transmitter- 

A severe practical 

receiver separations are needed to achieve deep penetration. 

(1977) reports using a spacing o f  up to 10 km in order to map a 

Beyer 

conductive basin of a thickness of the order of 1 km in his dipole- 

dipole survey in Grass Valley, Nevada. 

separations not only requires a large power supply, but also makes 

The use of such large c 
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data interpretation extremeiy d i f f i c u l t  because of the presence of 

la teral  inhomogeneities. Moreover, these d i rec t  current e lectr ical  

methods are  impractical i n  areas where i t  i s  d i f f i c u l t  t o  in jec t  

current into the ground because of a highly res i s t ive  surface layer. 

Another controlled source method of mapp ing  subsurface r e s i s t -  

i v i ty ,  the e ectromagnetic method, has been used t o  a limited extent 

i n  geotherma exploration and i s  the subject of discussion i n  th i s  

disser ta t ion.  Applications of t h i s  method have been reported by 

Kel 1 e r  and  Rapol 1 a (1 976) ,  Har th i l l  (1 976) ,  Jackson and Kel 1 e r  (1  973), 

Ghosh and Hallof (1973), and  Keller (1970).  

have a fundamental advantage over the d i rec t  current r e s i s t i v i ty  

methods. In the direct  current r e s i s t i v i t y  techniques the depth of 

exploration is controlled only by the separation between the trans- 

mitter and  receiver; i n  electromagnetic methods the depth of 

exploration is controlled both by the frequenc,y of the source current 

and  the separation between transmitter and receiver. I t  i s  therefore 

possible to  probe the ground to a comparable depth w i t h  transmitter- 

receiver separations which are  considerably shorter t h a n  those 

possible i n  a d i rec t  current r e s i s t i v i ty  surve,y. 

the electromagnetic method i s  t h a t  by employing a loop source t o  

energize the ground and by measuring only magnetic f i e lds ,  d i rec t  

contacts w i t h  the ground a re  eliminated. 

problems i n  d i rec t  current r e s i s t i v i ty  surveys. 

Electromagnetic methods 

Another advantage of 

These contacts often cause 

Despite the many advantages of electromagnetic methods over direct  

current r e s i s t i v i ty  techniques, electromagnetic methods have been less  

extensively used i n  geothermal exploration, mainly because o f  the 

unavailabil i ty of lightweight, easi ly  deployable f i d d  equipment 
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necessary in such a survey, and also due to the fact that the techniques 

of interpretation of electromagnetic data are comparatively less 

developed and more complex than those of direct current res stivity 

methods. However, because o f  recent advances in the design of low- 

powered digital data processing units and with the availabi ity o f  

highly sensitive magnetic field sensors, attention has been focussed 

on designing and developing a 1 ightweight, efficient,electromagnetic 

system, which then could play its much needed role in geothermal 

expl ora tion. 

A frequency domain electromagnetic sounding system has been 

designed and built which operates in a frequency band of .01 Hz t o  100 

Hz and has been successfully tested in a potential geothermal area. 

Conductive sediments (2-10 ohm-m) of thicknesses of up to 1.5 km were 

well resolved with this system and the interpreted structure compared 

very well with d.c. resistivity measurements made with much heavier 

equipment and larger arrays in the same area. 

The system consists of a multiturn horizontal current loop as the 

transmitter and a 3-axis Josephson-effect superconducting magnetometer 

as the receiver. A phase sensitive digital synchronous signal 

averager processes the signal, real time, on location and provides the 

necessary phase and amp1 itude information. 

of the superconducting magnetometer over the conventional induction 

coil receivers (.lo0 times more sensitive at lo-' Hz) and synchronous 
stacking of the signal by the digital signal averager, resulted in a 

significant improvement in the signal to noise ratio of the measured 

magnetic field and this in turn allowed the use of much larger 

transmitter-receiver separations with a relatively smaller power 

The increased sensitivity 

c 

c 
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source t h a n  would have been poss ble using a conventional receiver. 

The equipment was assembled d u r i n g  1975-76 and f i e ld  measurements 

were made i n  the summer of 1976. 

magnetic sounding system and i t s  application i n  mapping r e s i s t i v i ty  

s t ructures  are  described i n  this disser ta t ion.  

The design aspects of the electro- 

Since the theory of horizontal loop electromagnetic sounding has 

been thoroughly discussed before (e.g.  Wait, 1962; Grant and West, 

1965, Keller and Frischknecht, 1966; Ward, 1967; Ryu e t  a l . ,  1970) ,  i t  

will n o t  be presented here. I n  Chapter I ,  the design c r i t e r i a  of a 

loop transmitter will be discussed. 

the electromagnetic sounding system as bu i l t  will be given and the 

resu l t  of the sound ing  survey i n  Grass Valley, Nevada, will be 

di scussed. 

In Chapter 11, the description of 
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CHAPTER I 

DESIGN OF AN ELECTROMAGNETIC TRANSMITTER 

c 



1 .  Lntroduction 

The application o f  electromagnetic sounding techniques for 

geothermal surveys has the requirement t h a t  a depth conductivity 

prof i le  o f  u p  t o  5-10 km of  the upper crust  of the ear th ' s  surface be 

o b t a i n e d .  To achieve this depth of penetration, a source-receiver 

separation o f  up to  10-20 km would be necessary. Since the strength 

of the signal a t  the receiver i s  direct ly  propor t iona l  t o  the dipole 

moment M o f  the transmitter coil (M = N I A ,  where N i s  the number o f  

turns,  I is the r.m.s. current, and A i s  the area of the transmitter 

c o i l )  M has to  be made suff ic ient ly  large fo r  the signals to  be 

detectable a t  the receiver s i t e .  

and the power supply, a careful analysis o f  these parameters i s  

necessary for an optimum design o f  the transmitter. 

A s  M depends upon the coil geometry 

In geophysical l i t e r a tu re ,  design formulas t'or electromagnetic 

sensing co i l s  have been given before (e.g. Becker, 1967) b u t  design 

formulas for  transmitter coi ls  have never appeared. The purpose o f  

th i s  chapter of  the thesis i s  t o  f i l l  th i s  gap ,  and  provide charts 

f o r  r a p i d  ca l cu la t ion  of a l l  of the parameters invo lved  i n  d e s i g n i n g  

a n  electromagnetic transmitter. 

2 .  Design Considerations 

The questions t o  be answered i n  designing an electromagnetic 

transmitter of moment M are:  

a )  

b)  

c )  

d )  

Nhat shou ld  be the radius of the transmitter loop? 

How many turns should be used? 

What should be the s ize  of the wire? 

How much power i s  needed? 

7 
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Another i m p o r t a n t  parameter to  be considered i n  the design of the 

transmi.tter is  the ef fec t  of the self-inductance o f  the loop on the 

transmitter performance. The total  load, as seen from the power- 

supply source, consists of a res i s t ive  ohmic l o a d ,  due t o  the 

ohmic resistance of the loop, and a reactive load, due to the 

inductance of the loop. T h i s  i s  given as the vector sum of the two 

loads. Since the reactive part  of the load depends upon the frequency 

o f  the current, the total  load increases w i t h  increases i n  frequency, 

and th i s  resul ts  in a lowering of the current i n  the transmitter loop, 

which i n  e f fec t  reduces the moment M .  

can be of fse t  by ser ies  tuning the coil w i t h  a capacitor b u t  t h i s  

would only be practicable w i t h  the a v a i l a b i l i t y  o f  suitable capacitors. 

Add i t iona l ly ,  h i g h  reactive voltages are developed across the co i l ,  

and t h i s  could be a limiting factor in operating the coil beyond a 

This apparent loss of power 

certain frequency. 

therefore, be selected with the above consideratims i n  mind. 

The power supply fo r  driving the coil must, 

The requirements for an optimum design, then, would be to 

a )  

b) 

c)  minimize the power supply 

d )  

minimize the weight o f  the loop 

minimize the inductance of the loop 

minimize the radius of the loop 

3. Design Parameters 

i )  Weight of transmitter coil : 

The weight, N, of the transmitter coil (neglecting the weight of 

t h e  insulation material) i s  given a s  

8 

2 I =  N X 2na X n r  X D kg c 
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L1 where 

N = number o f  turns i n  the coil 

a = radius o f  coil in meters 

r = radius o f  the wire i n  meters, and 
3 D = density of the wire material in kgjm . 

i i )  Ohmic power supply: 

The power, P, needed to  drive the coil i s  g i v e n  as 

(1-2) 2 P = I R watts 

where I i s  r.m.s. current i n  amperes, and R i s  ohmic resistance of the 

coil i n  ohms. Expressing R i n  terms of parameters o f  the co i l ,  P 

could be written as 

P = I  x -  watts 
r 2 

where p = r e s i s t i v i ty  of  the wire in ohm-meters. 

equation (1-3) could be modified as 

Eliminating I ,  

2M2P 
r r a N  

P = watts 

where M is  the dipole moment o f  the transmitter. 

i i i )  Inductance o f  the transmitter coil : 

(1-4) 

The inductance, L, of a c i rcular  coil  (Terman, 1943, p .  63) 

i i s  given approximately as  



8a -1 .75) henries ( 1-5) 2 L = 1.256 x aN (2.303 loglo- 
{ib 

4. O p t i m u m  Transmitter Design 

The most important parameters i n  designing an electromagnetic 

transmitter are  the weight of the coil and the power of the current 

supply. 

easy f i e ld  portabi l i ty .  

advantageous to  study the weight-power product as a new design para- 

meter. 

(1-4) t o  read: 

Both of these quantit ies should be selected w i t h  the goal of 

Instead of t reat ing them separately, i t  is  

T h i s  quantity may be direct ly  obtained from equations (1-1) and  

(1 -6) K x P = ---f 4M2D kg-watts 
a 

This is an important re la t ion,  as i t  d ic ta tes  the necessary power 

requirement fo r  a given weight of the coil o r  vice versa for  a desired 

M/R ra t io .  

copper a s  8.90 x 10 kg/meter and 1.724 x ohm-meters respectively 

Taking the values of density, D,  and r e s i s t i v i ty ,  p ,  of 
3 3 

(Handbook of Chemistry and Physics, 47th edit ion,  p .  F-110), the product 

of D and p for  copper wire i s  1.5326 x 

0.7551 x I O m 4 .  

For aluminum wire, i t  i s  

Thus  the choice of aluminum wire over copper wire would 

resu l t  in halving the value of WP. This i s  an important factor t o  

consider i n  designing a r igid transmitter co i l .  

the coil i n  the f i e l d ,  a f lex ib le  transmitter coil would be more appro- 

pr ia te .  The greater tendency of aluminum t o  become b r i t t l e  upon 

B u t  fo r  transporting 

repeated bending makes the use of t h i s  metal prohibitive in such a case. 

In our  design, copper wire would be preferred and therefore equation c 
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(1-6) becomes : 
2 

W x P = 6.137 x x % kg -wa t t s  
a 

(1 -7)  

From t h e  above r e l a t i o n ,  we can conclude t h a t  t h e  s i n g l e  most i m p o r t a n t  

parameter des ign  i s  t h e  c o i l  r a d i u s .  

se lec ted ,  t h e  s m a l l e r  w i l l  be t h e  p roduc t  WP needed f o r  t h e  same d i p o l e  

moment M. 

governed by  f i e l d  l o g i s t i c s  c o n s i d e r a t i o n s .  

The l a r g e r  t h e  r a d i u s  o f  c o i l  

However, t h e  maximum p o s s i b l e  va lue  o f  t h e  r a d i u s  i s  

Once t h e  r a d i u s  o f  t h e  loop has been se lec ted ,  t h e  only o t h e r  

S e l e c t i o n  o f  a smal l  o r  v a r i a b l e  remain ing  t o  be f i x e d  i s  N o r  I .  

l a r g e  N d i c t a t e s  a smal l  o r  l a r g e  va lue  o f  t h e  induc tance o f  t h e  t r a n s -  

m i t t e r  c o i l ,  as i s  seen f rom equa t ion  (1-5) .  However, i t  i s  i m p o r t a n t  

t o  n o t e  t h a t  t h e  r e a c t i v e  power i n  t h e  c o i l  a t  a p a r t i c u l a r  f requency i s  

independent o f  t h e  manner i n  which N o r  I i s  chosen f o r  a g i v e n  c o i l  

r a d i u s  ' a '  and d i p o l e  moment 'MI. I t  i s  o n l y  t h e  r e a c t i v e  v o l t a g e  

across  t h e  coil which i s  governed by t h e  s e l e c t i o n  o f  a smal l  o r  l a r g e  

I ( co r respond ing ly  a l a r g e  or smal l  N ) .  

r e a c t i v e  power, P I ,  and t h e  r e a c t i v e  v o l t a g e  V I ,  across the c o i l ,  a r e  

g i v e n  as 

The express ions f o r  t h e  

VAR 2 P ' = I  X W X L  

V' = I X . W  x L v o l t s  

where w i s  t h e  angu la r  f requency.  

S u b s t i t u t i n g  t h e  express ions  f o r  L f rom equa t ion  (1-5) and 

r e a r r a n g i n g  t h e  terms, we g e t  



1 2  

2 
P' = 1.256 x 10 -6 23 ' (2.303 loglo - 8a - 1.75) VAR (1-10) 

~a \CN r 

2 

LT a 
(2.303 log - 8a - 1.75) volts 

l o f i  r 
-6 M w V '  = 1.256 x 10 

(1-11) 

From the above two expressions, i t  is  c lear  t h a t ,  i n  order t o  

minimize P '  and V I ,  a large radius loop should be selected. This 

same consideration was arrived a t  e a r l i e r  when we were considering 

design parameters for  63 and P .  Another conclusion t o  be drawn from 

equation (11-11) is tha t  the value o f  current I should be selected as 

maximum (thus, a minimum number of turns) i n  order t h a t  the reactive 

voltage across the coil  be kept t o  a minimum.  An  excessive reactive 

voltage could cause the insulation breakdown of the coi l  wire and 

a lso could cause damage t o  the power-supply driving the loop. A 

proper selection of maximum tolerable  voltage i s  therefore an 

important c r i te r ion  i n  the transmitter design and d ic ta tes  up  t o  what 

maximum frequency a transmitter could be operated fo r  a desired moment 

M under the constraint  of a maximum permissi ble loop radius , a. 

In conclusion, the design o f  the electromagnetic loop transmitter 

of moment M should proceed as follows: 

a )  

b )  

C )  

se lec t  the radius ' a '  of loop as large as i s  practical .  

se lec t  the weight W of the coil  as heavy as i s  practical .  

calculate  the minimum necessary power (considering ohmic losses 

only) required t o  drive the coil  from equation (1-7). 

Select  the maximum value of current ,  I ,  which could be safely d )  c 
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del ivered from the power-supply source. The resistance, R , of the 

coil then could be found from equat ion P = I R. Nearest wire s ize  

conforming t o  the resistance R and weight W of the coil then 

could be f o u n d  from a reference table or from the chart provided 

l a t e r  i n  this chapter. 

N i s  then computed from equation M = N I A .  

Inductance of such a coil could then be found from equation (1 -5 ) .  

2 

e )  

f )  

5. Transmitter Design Chart  

In the above disc ssions,  expressions had been presented regarding 

the various parameters involved i n  an electromagnetic transmitter 

design. 

prepared t o  f a c i l i t a t e  the selection of different  parameters, and  also 

t o  evaluate the e f fec t  of inductance i n  design considerations. The 

fo l lowing  i s  a l i s t  o f  the various charts:  

a )  

b )  

c )  Ohmic power calculation c h a r t  (Figure 1-3) 

d )  

e )  

f )  

g )  

For r a p i d  eva uations of different  designs, charts have been 

Weight-power calculation chart (Figure 1-1 ) 

Number of turns-current calculation chart (Figure 1-21 

Wire s ize  calculation chart (Figure 1-4) 

Inductance calculation chart (Figure 1-5) 

Reactance calculation chart (Figure 1-6) 

T u n i n g  capacitance calculation chart  (Figure 1-7) 

The use of these charts i s  explained in the following design 

exampl e.  

6 .  Design Example 

I t  i s  required t o  design a transmitter to  operate i n  a frequency 
6 band of  .01 Hz to  1000 Hz w i t h  a moment of 10 M.K.S.A. units. 
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From f i e l d  considerations, the radius o f  the loop i s  selected t o  

be 50 meters and the weight of  the coil  is  taken t o  be 100 kg. In 

the following, then, we will calculate  the other design parameters. 

From Figure 1-1, noting t h a t  M/a = 2 x 10 and W = 100 kg,  we get  4 

P = 2.5 KW. Suppose the available power-supply source has a maximum 

current ra t ing of 25 amps, then the resistance of the coil  should be 

4 ohms. For this  particular resistance and weight of the loop, the 

nearest wire size is  found t o  be tha t  o f  A . W . G .  #9 wire from Figure 

1-4 and  to ta l  number o f  turns i n  the loop, noting tha t  M/a2 = 400, 

would be 5 from Figure 1-2. Figure 1-5 i s  an approximate inductance 

calculation char t ,  and i s  plotted fo r  A . W . G .  #4 wire. From this  char t ,  

we f i n d  the inductance o f  the designed loop t o  be approximately 15 

mhenry . 
To sum u p ,  then, the various parameters of the designed trans- 

mitter a re :  

a = 50 meters 

w = 100 kg 

P = 2.5 W 

N = 5 turns 

I = 25 amps 

R = 4 ohms 

L = 15 mh 

wire s i ze  = A . W . G .  # 9 

1 .  
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7. Design of a power supply Source 
6 I n  order t o  a t t a i n  a moment of the order of 10 M.K.S. units,  

to tal  power dissipation i n  the c o i l ,  was noted to  be o f  the order 

of 2.5 KWatts i n  the previous design example. Assuming that different  

coil parameters may have t o  be selected i n  view of differing f i e l d  

conditions and also to  accommodate even higher moment, the power 

of the current supply source should ideally be of the order of 5 t o  

10 KVA. 

source, i s  not available i n  this range since the heat dissipation 

becomes enormous a t  the low frequency range. 

design of a power source for such an application would be a switching 

bridge (Figure 1-8a), which al ternately connects the load t o  two 

d.c. power supply sources (of opposite polar i ty)  producing a b i p o l a r  

square wave. 

Moreover, d r i v i n g  the loop w i t h  a square wave source rather t h a n  a 

sine wave source would of fe r  the following advantages: 

A l inear  power amplifier, which would be an ideal power 

So, a most practical 

The design of such a bridge is considered here. 

a )  The transmitter controller design i s  obviously simpler for 

square waves t h a n  for  sine waves. 

b )  A signal processor, such as a cross-correlator, can readi 

recover the fundamental component and higher harmonics so that  the 

possibi l i ty  for measuring more than one frequency a t  a time exis ts  

Y 

C )  Given a certain maximum value o f  current (typical limitation 

of power supply) the component of the fundamental i n  a square wave 

i s  1.27 times the fundamental i n  a sine wave. 

The large power sources used i n  d.c. r e s i s t i v i ty  surveys are 

a l s o  basically switching power supplies. 

to  control the switching, since up t i l l  now these were the only 

These designs use SCRs 
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devices available wfiich could handle large currents. The charac- 

teristics of S C R s  , however, make such power supplies unsuitable 

in driving the loop transmitter, especially at high frequencies, 

because of the inductive nature of the load. The phase reversal in 

a SCR controlled switching is accomplished (Figure I-8b) by turning 

'off' one SCR which was conducting during the positive half cycle 

and then turning 'on' the other SCR which then conducts during 

the negative half cycle and thus a bipolar square wave is obtained. 

However, before one S C R  is turned on, the other SCR must have stopped 

conducting, otherwise damage to the SCR would result. 

properties of S C R s  is that they would be turned on instantly by 

applying a gate control signal, but they could not be turned o f f  

until the current in the circuit has dropped to zero. 

load, the current is maintained even after the applied voltage has 

been taken off because of the stored magnetic energy, and the time 

One of the 

In an inductive 

this current takes to decay is dependent on the L / R  time constant 

of the circuit. 

between the phase reversal of the current using a S C R  switch. 

This dead time could be reduced somewhat by appropriately designing 

Hence, a finite amount of dead time is required 

the circuit, but could not be eliminated altogether. Thus, an 

SCR controlled power supply could only be successful in driving 

the loop at rather low frequencies. 

A solution to the problem is to use transistors to accomplish 

the switching as described in Figure I-8~. Unlike SCRs, transistors 

could be turned 'on' and 'off' by control signals, thus a switching 

frequency in excess of 1 KHz could be obtained. High power 

/-- 
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t rans is tors  a re  now available to  be used i n  the design of a 10 KW 

or larger  power source t o  drive transmitting loops. 

mit ter  i s  currently being developed a t  the Lawrence Berkeley Lab- 

oratory for  a second generation electromagnetic system. 

Such a trans- 
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CHAPTER I1 

ELECTROMAGNETLC DEPTH SOUNDING I N  GRASS VALLEY, NEVADA 
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1 .  I n t r o d u c t i o n  

The o b j e c t i v e  o f  t h i s  s tudy  was t o  i n v e s t i g a t e  t h e  c a p a b i l i t y  o f  

an a c t i v e  source e lec t romagne t i c  sounding system u s i n g  a h o r i z o n t a l  

c u r r e n t  l o o p  i n  d e f i n i n g  t h e  subsurface r e s i s t i v i t y  d i s t r i b u t i o n  i n  a 

geothermal area.  

b u i l t  and e lec t romagne t i c  soundings have been c a r r i e d  o u t  a t  Grass 

V a l l e y ,  Nevada. 

i n  t h i s  chap te r .  

e x t e n s i v e  g e o l o g i c a l  and geophys ica l  da ta  f o r  t h i s  a rea  a r e  a v a i l a b l e  

from i n v e s t i g a t i o n s  by t h e  U n i v e r s i t y  o f  C a l i f o r n i a ,  Berke ley,  and t h e  

Lawrence Berke ley  Labora to ry .  A d e t a i l e d  summary o f  t h e  i n v e s t i g a t i o n  

o f  t h e  UCB-LBL j o i n t  p r o j e c t  has been g i v e n  by Beyer e t  a l .  (1976) .  

A p r o t o t y p e  e lec t romagne t i c  sounding system has been 

The r e s u l t s  o f  t h i s  survey a r e  presented  and d iscussed 

The Grass V a l l e y  a rea  was chosen f o r  t h e  s tudy ,  s i n c e  
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f- 
2. Geology o f  Grass Val 1 ey 

Grass Valley (Leach Hot S p r i n g s )  is located i n  northcentral 

Nevada, and l i e s  w i t h i n  an area of higher t h a n  normal heat flow, the 

Battle Mountain h i g h  heat flow area (Sass e t  a l . ,  1971) as shown on 

Figure 11-1. 

the geological set t ing of Grass Valley area: 

Beyer e t  a l .  (1976) have given the following account of 

The Leach Hot Spr ings  area i s  located in Grass Valley, Nevada 
approximately 50 km s o u t h  of Winnemucca. The Sonoma and Tob in  
Ranges bound the valley on the eas t ,  while the valley i s  cons- 
t r ic ted  south of the hot  springs by the Goldbanks Hil ls ,  locus of 
ea r l i e r  mercury m i n i n g .  
the basalt-capped East Range. 
units i n  the region is  i l lus t ra ted  on the geologic map (Figure 
11-2) and t he i r  s t ra t igraphic  relationships on the cross section 
(Figure 11-3). The in t r i c t a t e  f a u l t  and 1 ineament pattern, based 
strongly on photo interpretation (Noble, 1975) i s  shown on a 
seperate map, (Figure 11-4). Paleozoic si l iceous c l a s t i c  rocks 
and greenstones are  the oldest  bedrock types i n  the region. I n  
places i n  the Sonoma and Tobin  Ranges, the Paleozoics are i n  
thrustfaul t  contact w i t h  Triassic si l iceous c l a s t i c  and carbonate 
rocks. The Paleozoic and Triassic rocks have been intruded by 
grani t ic  rocks of probable Triassic age i n  the Goldbands Hills;  
elsewhere the grani t ics  are  probably of Cretaceous age. Though 
n o t  exposed i n  the Leach Hot Springs area, Oligocene-Miocene 
rhyol i t ic  tuffaceous rocks are  probably present i n  the subsurface. 
They are  overlain by a sequence of interbedded sandstone, fresh 
water limestone and altered tuffs,  which are i n  turn over-lain by 
coarser conglomeratic sediments (fanglomerates) derived from 
mountain range fronts  steepened by the onset o f  basin and range 
fault ing.  
hydrothermal ac t iv i ty  associated with f a u l t  zones; occasional ly the 
locus of mercury mineralization. 
i n  the Goldbanks h i l l s  and East Range closely resembles the 
opal ized s in t e r  a t  Leach Hot Springs. The Tertiary sedimentary 
sequence i s  overcapped by predominantly basal t i c  volcanic rocks 
whose ages, dated by the potassium-argon method, range from 14.5 
t o  11.5 million years. 

Nevada, Leach Hot Springs is located on a f a u l t ,  strongly expressed 
by a 10 to  15 m h i g h  scrap trending N E .  Normal fault ing since mid- 
Tertiary has of fse t  rock units ver t ical ly  several tens t o  several 
hundred meters (idealized cross section, F i  ure 11-3). As shown 
on the f a u l t  and lineament map (Figure 11-4 3 the present-day h o t  
springs occur a t  the zone of intersection o f  the N E  trending f a u l t  
and the NNW-SSE trending 1 ineaments . 

Grass Valley is bounded on the west by 
The distribution o f  major l i tholoqic 

The fanglomerates are  opalized i n  places by sil iceous 

Opal ization of mercury deposits 

Characteristic of the hot spring systems observed i n  northern 
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HIGH HEAT FLOW AREA 

0 PROMISING HOT SPRINGS A R E A  

SCALE 

0 50rnilss 

Hot Springs in Northwestern Nevada 
XBL 735 676 

Figure 11-?. Location map, northwestern Nevada, showing 
prominent thermal spring areas w i t h i n  and 
outside o f  the Battle Mountain h i g h  heat 
f l ow  region( A f t e r  Sass e t  a l . ,  1971 ) .  
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CBB 751-49 

Figure 11-2. Lithologic map, Leach Hot S p r i n g s  area. Qal :  alluvium, Qos: 
older sinter deposi ts,,.Qsg: s i n t e r  gravels,  QTg: Quaternary 
-Tertiary gravels and fanglomerates, Tb: Tertiary basal t ,  Tr: 
Tertiary rhyol i te ,  T t :  t u f f ,  Ts: Tertiary sedimentary rocks, 
Kqm: quartz monzonite, Kg: grani t ic  rock, md: mafic dike, 
TRg: Tr iassic  gran i t ic  rocks, TR: undifferentiated Triassic  
sedimentary rocks, P :  undifferentiated Paleozoic sedimentary 
rocks (After Beyer e t  a l . ,  1976).  

c 
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1'45' 

40" 30' 

r 

F i g u r e  11-4. F a u l t  map o f  t h e  Leach H o t  S p r i n g s  area .  Hachured 
1 i n e s  i n d i c a t e  down-faul  t e d  s i d e s  o f  s c a r p l e t s ;  
b a l l  symbol i n d i c a t e s  d o w n t h r u s t  s i d e  o f  o t h e r  
f a u l t s  ( A f t e r  Beyer e t  a1 . , 1976) .  
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3. L o c a t i o n  o f  t h e  Survey L i n e  

Ex tens ive  geophysica l  surveys have been c a r r i e d  o u t  i n  Grass V a l l e y  

w i t h  t h e  goal  o f  l o c a t i n g  and d e l i n e a t i n g  t h e  source o f  geothermal 

a c t i v i t y  seen i n  t h i s  area. A t o t a l  o f  16 survey l i n e s  m a i n l y  t r e n d i n g  

N-S and E-W were l a i d  o u t  as shown i n  F i g u r e  11-5. 

t h a t  were used i n c l u d e d  g r a v i t y ,  magnetic, s e l f - p o t e n t i a l ,  d i r e c t  

c u r r e n t  r e s i s t i v i t y ,  t e l  l u r i c s ,  m a g n e t o t e l l u r i c s ,  microearthquakes, 

ambient microseism (ground n o i s e )  , and r e f l e c t i o n  and r e f r a c t i o n  se ismic 

surveys. Not  a l l  methods, however, were n e c e s s a r i l y  t r i e d  on each l i n e .  

The r e s u l t s  o f  t h i s  e x D l o r a t i o n  e f f o r t  have n o t  been f o l l o w e d  up by 

Geophysical methods 

d r i l l i n g  and so t h e  i m p l i c a t i o n s  w i t h  r e s p e c t  t o  t h e  geothermal p o t e n t i a l  

remain unproven. 

p h y s i c a l  and g e o l o g i c a l  da ta  Grass V a l l e y  served as an i d e a l  l o c a t i o n  f o r  

t h e  e v a l u a t i o n  o f  t h e  e lec t romagnet ic  exper iment.  

a technique e v a l u a t i o n  exper iment,  and s i n c e  t h e  a v a i l a b l e  t ime t o  

complete t h e  survey was s h o r t ,  a t tempts were made o n l y  t o  o b t a i n  a 

r e s i s t i v i t y  vs.  depth p r o f i l e  o f  t h e  c e n t r a l  p a r t  o f  t h e  v a l l e y ,  a long 

l i n e  E E '  ( F i g u r e  11-5). Other evidence suggested a sediment th ickness  

on t h e  o r d e r  o f  1000-1500 m i n  t h i s  p a r t  o f  t h e  v a l l e y .  

However, because o f  t h e  a v a i l a b i l i t y  o f  SO much geo- 

Since i t  was s t r i c t l y  

A t o t a l  o f  n i n e  depth soundings were ob ta ined f rom two t r a n s m i t t e r  

l o c a t i o n s ,  marked as T3 and T7 on l i n e  EE '  ( F i g u r e  11-6), w i t h  t r a n s -  

m i t t e r - r e c e i v e r  separa t ions  o f  1 and 2 k i l o m e t e r s  c o v e r i n g  a t o t a l  

d i s t a n c e  o f  8.75 l i n e  k i l o m e t e r s .  A l l  b u t  one r e c e i v e r  s t a t i o n s  were 

l o c a t e d  on l i n e  E E ' ,  as shown on F i g u r e  11-6. 

was l o c a t e d  one km n o r t h  o f  t r a n s m i t t e r  T3, on a l i n e  perpend icu la r  t o  

E E ' .  

o f  a nearby fence a t  9W. 

Receiver  s t a t i o n  R3' 

Receiver  p o s i t i o n s  R9' was l o c a t e d  a t  8.75 W on l i n e  E E ' ,  because 
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Figure 11-5. Location o f  geophysical survey l i nes  (After 
Beyer e t  a1 . , 1 9 7 6 ) .  
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F i g u r e  11-6. E l e c t r o m a g n e t i c  T r a n s m i t t e r  and Rece ive r  l o c a t i o n s .  

XBL 704-0035 



4. Field program 

The f ie ld  procedure for an inductive frequency domain EM depth 

sounding i s  fa i r ly  s tandard :  

is deployed and a receiver is  se t  up  a t  a distance roughly equal to 

the depth t o  which information about  the subsurface conductivity 

distribution i s  desired. Alternating current i s  then driven in to  

the loop a t  a particular frequency and the resulting electromagnetic 

a loop source t o  energize the ground 

fields are measured a t  the receiver. Such measurements are made 

a t  several discrete frequencies covering a range of induction numbers 

o f  interest (from .1 to  Z O ) ,  where the induction number i s  defined 

as the r a t i o  of transmitter-receiver separation t o  the s k i n  depth 

i n  the f i r s t  layer of the subsurface. 

If the ground consisted of homogeneous, isotropic layers, the 

resulting electromagnetic fields due t o  a horizontal loop source 

are completely described by the two components of magnetic fields 

(horizontal magnetic field H and vertical magnetic f ie ld ,  Hz) 

and one component o f  electrical f ield (tangential electrical 

f ield Eo), a l l  of which have an in-phase and quadrature components 

w i t h  respect t o  the current i n  the loop source. Measurement 

of these three complex field quantities are required i n  an EM 

survey t o  interpret the 1 ayered earth's electrical parameters. 

In the EM survey a t  Grass Valley, however, only magnetic 

r 

fields were measured as the field deployment of a magnetic field 

detector is considerably simpler and faster t h a n  the emplacement 

of electrodes w i t h  connecting cables for the measurement of elec- 

tr ical  fields. Because of the expected thicknesses (1-1.5 km) 

36 
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and c o n d u c t i v i t i e s  (1-10 a-m) o f  t h e  sedimentary s e c t i o n  i n  t h e  c e n t e r  

of Grass Va l ley ,  measurement f requenc ies  were s e l e c t e d  i n  t h e  range 

.01 t o  100 Hz. Separat ions o f  1 and 2 km between t h e  t r a n s m i t t e r  and 

r e c e i v e r  were chosen f o r  t h e  v a r i a b l e  f requency measurements t o  

emphasize sha l lower  and deeper boundar ies and t o  s tudy  any l a t e r a l  

v a r i a t i o n s  i n  t h e  r e s i s t i v i t i e s .  An even l a r g e r  spacing would have been 

d e s i r a b l e ,  b u t  was l i m i t e d  by s i g n a l  t o  n o i s e  c o n s i d e r a t i o n s .  
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5 .  Instrumentation 

The equipment fo r  t h i s  survey comprised of a transmitting unit and 

a receiving u n i t .  

transmitter and receiver to  carry the phase reference. The equipment 

was bui l t  u p  w i t h  available standard components and with some special 

equipment made available for the survey. The biggest handicap during 

the experiment was the lack of a large enough power supply to  drive the 

reactive load o f  the loop. An attempt t o  adapt a 20 kw (SCR) switching 

amplifier, graciously loaned to  the university by the Chevron Reasearch 

Corporation, proved f u t i l e  because of the limitations of such a power 

Telephone wire links were provided between the 

/- 

supply i n  d r i v i n g  the reactive load of  the loop, reasons for  which have 

been presented e a r l i e r .  

A much smaller power supply (350 watts) was eventually used and 

heavy reliance was placed in the improvement o f  signal t o  noise r a t io  

by signal averaging techniques. 

and receiving u n i t  used i n  the survey i s  given below. 

A brief description of the transmitting 

A. Transmitting unit:  The transmitting u n i t  consisted of a loop 

antenna, a custom made function generator and a l inear  power amplifier. 

A block diagram o f  the unit  i s  shown on Figure 11-7 and a detailed 

description i s  g i v e n  i n  the following. 

i )  Transmitting loop antenna: The antenna consisted of a 

horizontal c i rcular  loop of 100 meters i n  diameter. 

20 turns o f  A.W.G. #10 wire giving an effective NA of 1.57 x 10 

turn-meter . I t  had a d.c.  resistance of 24 ohms and an inductance 

The loop had 
5 

2 

of 200 millihenrys. The loop parameters were selected principally 

i n  accordance w i t h  the ea r l i e r  discussion on the transmitter design. 
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Figure 11-7. Schematic o f  Transmitting Unit. 
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The wire was stored on the reel  i n  a t r a i l e r  and i t  took appro- 

ximately two hours fo r  two men t o  lay i t  i n  the form of a c i r cu la r  

loop on the ground. 

i i )  Function Generator: The function generator serves three 

purposes; a )  i t  provides an input s ine  wave a t  a frequency, Fo, t o  

the power amplifier;  b )  i t  provides a square wave a t  a frequency, 

Fo, t o  serve as a standard phase reference, and c )  i t  provides a 

square wave pulse a t  frequency, 128F0 (128 times Fo) to  serve as  a 

masterclock fo r  the Signal Averager, which i s  described l a t e r  i n  

th is  sect ion.  

frequency d i v i d i n g  c i rcui t - -a  12  s tage binary counter (4040M5) 

which is driven by a variable frequency o s c i l l a t o r  (Figure 11-8). 

A t  the  various output stages (from 1 t o  1 2 )  of th is  binary counter, 
1 1 2  pulses whose periods a re  in s teps  of power of 2 (from 2 t o  2 

of the input signal a r e  avai lable .  The 128F0 signal and the Fo 

reference signal a r e  thus d i r ec t ly  obtained from the proper o u t p u t  

stages of this  binary counter. The sinusoidal s igna l ,  however, i s  

approximated by combining and properly weighting the various stages 

o f  the binary counter so t h a t  a s t a i r case  type waveform (a to ta l  

of  256 steps i n  a period) as shown in Figure 11-8 i s  obtained. 

T h i s  waveform i s  then fur ther  f i l t e r e d  by a sine shaper c i r c u i t .  

These three s ignals  a re  derived from a d ig i t a l  

) 

i i i )  Power source: The power source used t o  drive the loop was 350 

Watt d i r ec t  coupled so l id  s t a t e  power amplifier 

Model 700). 

t o  20 Khz and runs on llOV-50 Hz power supply. 

amps (r.m.s.) current  was delivered t o  the load with t h i s  power 

(Phase Linear 

T h i s  power amp1 i f  i e r  has a frequency response from 0 

A maximum of 1 . 7  

supply. The dipole moments of the antenna a t  various frequencies 
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a re  l i s t e d  i n  Table 11-1. 

a shunt in s e r i e s  with the  loop. 

The c u r r e n t  i s  monitored by p lac ing  

B .  

de tec to r  and a s igna l  processing u n i t .  A p i c t o r i a l  view o f  the  u n i t  i s  

Receiv ing u n i t :  The r e c e i v i n g  u n i t  cons is ted  o f  a magnetic f i e l d  

shown i n  P l a t e  11-1 and a b lock  diagram o f  i t  i s  presented i n  F igure 

11-9. A d e t a i l e d  d e s c r i p t i o n  o f  the  u n i t  i s  g iven below. 

i )  Magnetic f i e l d  de tec tor :  The magnetic f i e l d  de tec tor  used i n  

t h i s  survey was a SQUID magnetometer (Develco model 8230). Such 

magnetometers a re  now i n  r o u t i n e  use i n  magneto te l lu r i c  surveys, 

b u t  t h i s  i s  t he  f i r s t  repor ted  use o f  one i n  an a c t i v e  source 

e lect romagnet ic  survey. 

p r i n c i p l e  o f  SQUID magnetometers has been presented by Clarke 

(1974) and a comparative s tudy o f  i t  w i t h  o the r  types o f  magneto- 

meters has been presented by Zimmerman and Campbell (1975). 

The magnetometer has th ree  mutua l l y  orthogonal  sensors. 

An e x c e l l e n t  d e s c r i p t i o n  o f  the  working 

However, f o r  t h i s  survey on ly  two sensors were used; one t o  measure 

Hr ( r a d i a l  toward center  o f  the  t r a n s m i t t i n g  loop)  and the  o ther  

t o  measure HZ ( v e r t i c a l ) .  

t r i p o d  mounted. A c o l l a r  and sleeve arrangement make i t  easy t o  

o r i e n t  i n  the  des i red  d i r e c t i o n ,  once i t  i s  i n  p lace and leve led .  

I t s  dewar has a capac i ty  o f  5 l i t e r s  o f  l i q u i d  he l ium and a ho ld  

t ime o f  2 days. According t o  manufacturers '  s p e c i f i c a t i o n s ,  i t  has 

a s e n s i t i v i t y  o f  lO-$ / \ /F i ;  and a f l a t  frequency response from d.c. 

t o  several  KHz. The magnetometer sensor was separated from i t s  

e l e c t r o n i c s  box by 30 meters. 

between the  magnetometer and the  veh ic le  con ta in ing  the  e lec t ron i cs  

t o  reduce the  no ise  caused by v i b r a t i o n  o f  the  veh ic le .  The ou tpu t  

The magnetometer i s  l i g h t w e i g h t  and 

A d is tance o f  30m was necessary 



Frequency 

“1 

63.0 

40.0 

25.0 

12.5 

4.0 

1 .o 

0.5 

0.25 

0.1 

0.02 

0.01 

0.513 

0.766 

1.072 

1.510 

1.702 

1.203 

1.115 

1.123 

1.128 

1.121 

1.115 

D i  p o l  e Moment 

“A) 

0.806 x l o 5  
1.203 l o 5  

1.684 x l o 5  

2.372 x 10’ 

2.674 x l o 5  

1 .889 x l o 5  

1.752 x 10’ 

5 1.764 x 10 
5 1.771 x 1 0  
5 1.760 x 1 0  

1.751 x l o 5  

Tab1 e 11-1 . bipo1.e moment o f  e l e c t r o m a g n e t i c  t r a n s m i t t e r  
a t  v a r i o u s  f requenc ies .  
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of the magnetometer has a selectable low pass fi 1 ter and a 60 Hz 

notch filter, but these were not used in this survey since inserting 

them would have caused undesirable phase 

signal. 

During the field trial, it was found 

aluminum can enclosing the sensors of the 

shifts in the output 

necessary to provide an 

magnetometer to cut down 

high frequency noise (sferics) which, because o f  their high inten- 

sity, were causing the magnetometer to jump frequently out of lock. 

The can acts like a low pass filter and was designed to have a 

cut-off frequency at around 120 Hz. 

magnetometer response was determined during a calibration check and 

is reported in Appendix A. A wind cover enclosing the magnetometer 

was used t o  reduce wind noise. A photograph o f  the magnetometer 

along with the windcover is shown in Plate 11-2. 

The actual effect on the 

ii) Signal processing unit: The next major subsystem in the 

receiving unit was the Signal Averager--a preprogrammed digital 

unit specially designed t o  retrieve and analyze complex electrical 

signals. 

Geoscience group of UCB in 1974 as part o f  signal detection circuit 

for an airborne electromagnetic system being developed for AMAX 

Exploration Inc. 

tection algorithm, which mathematically is a process for determining 

the Fourier Coefficients for a single component of a periodic 

signal. 

phase measurements. 

is shown on Figure 11-70. Though the unit itself is  a digital 

filter, the bandwith of the noise and the dynamic range o f  the 

The unit was designed and built by the Engineering 

The unit employs a digital superheterodyne de- 

It provides an accuracy of better than 1 milliradian in 

A block diagram illustrating this operation 

c 

c 
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P1 ate 11-2. Photograph showing the 1 Magnetometer ., 
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n o i s e  made i t  necessary t o  f i r s t  c o n d i t i o n  t h e  s i g n a l  by an 

analog f i l t e r  and then process i t  b y  t h e  S i g n a l  Averager.  

of  such an analog f i l t e r ,  however, s a c r i f i c e d  t h e  phase accuracy 

t o  some e x t e n t ,  b u t  made i t  p o s s i b l e  t o  r e t r i e v e  v e r y  weak s i g n a l s  

i n  t h e  n a t u r a l  f i e l d  no ise .  A b r i e f  d e s c r i p t i o n  and s p e c i -  

f i c a t i o n s  o f  t h e  f i l t e r  used and t h e  S igna l  Averager i s  g i v e n  

b e l  ow. 

Use 

a )  

ITHACO f i l t e r - a m p l i f i e r  model 4211. I n  t h i s  f i l t e r  i n -  

dependent ly tuned high-pass and low-pass s e c t i o n s  can be 

se lec ted .  

u s i n g  a 4 p o l e  B u t t e r w o r t h  f i l t e r  g i v i n g  24 db/octave 

a t t e n u a t i o n .  

i s  f rom .01 Hz t o  1 KHz, and of  t h e  low-pass f rom .01 Hz 

t o  10 KHz. 

(1.0, 1.25, 1.6, 2.0, 2.5, 3.16, 4.0, 6.3, 8.0, 10) a r e  

a v a i l a b l e  f o r  b o t h  s e c t i o n s .  

40 d b  g a i n  i n  10 d b  steps. 

F i l t e r :  The f i l t e r  used t o  c o n d i t i o n  t h e  s i g n a l  was an 

Each s e c t i o n  possesses a maximal ly  f l a t  ampl i tude 

The frequency range o f  t h e  high-pass s e c t i o n  

Ten e q u a l l y  spaced f requency s e t t i n g s  p e r  decade 

The a m p l i f i e r  p rov ides  0 t o  

For  t h e  b e s t  u t i l i z a t i o n  o f  t h e  f i l t e r  f o r  t h i s  ex- 

per iment  t h e  f requency o f  EM s i g n a l  

t h e  c u t - o f f  f requency s e t t i n g s  a v a i l a b l e  on t h e  f i l t e r  and 

t h e  f i l t e r  was used i n  a band-pass mode with'  no s e p a r a t i o n  

between t h e  low-pass and t h e  high-pass sec t ions .  

mode s i g n a l s  were a t t e n u a t e d  by 6 db, b u t  t h i s  improved t h e  

s i g n a l  t o  n o i s e  r a t i o  cons iderab ly .  

b )  S igna l  Averager: The S igna l  Averager i s  a complete 

was chosen t o  f o l l o w  

I n  t h i s  

a n a l y z i n g  and computing u n i t  i n c o r p o r a t i n g  i n p u t ,  process- 

/ 
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i n g  and display f a c i l i t i e s  a l l  i n  a single box. 

runs on rechargeable bat ter ies  and weighs approximately 30 

lbs. and i s  therefore a very convenient f i e ld  instrument. 

photograph of the unit  i s  shown on Plate 11-3 and block 

schematic i s  presented i n  Figure 11-11. 

The unit  

A 

. 

The actual operation of the Signal Averager can be des- 

cribed by considering i t s  4 units: 

(Sample and Hold) and A / D  (Analog to  Digital Conversion) 

uni t ,  i i i )  logic and memory unit ,  and iv)  data display unit .  

i )  analog unit ,  i i )  S/H 

i )  Analog U n i t :  The analog unit  consists of an i n p u t  

signal level detector, low-pass f i l t e r  and an amplifier. 

The maximum allowable i n p u t  level i s  + l o  vol ts ,  and the 

device i s  protected by a diode clamp. If the signal 

exceeds the voltage l imi t ,  a warning l igh t  comes on. 

also has a selectable low-pass f i l t e r  and an amplifier 

w i t h  selectable gains o f  1 ,  10, 100 or  1000. 

i i )  S/H and A / D  unit: The analog signal i s  sampled by 

sample and hold c i r cu i t  (DATEL Model SHM-CM) and digit ized 

by an analog t o  digi ta l  converter (DATEL Model ADC-CM 126) 

w i t h  a precision of 1 2  b i t s .  The sampling ra te  i s  select-  

able a t  16, 32, 64, or 128 points/cycle. The aperture 

delay for  the S/H c i r c u i t  i s  20 n seconds, and aperture 

time for  the A / D  converter ( the time the A / D  converter 

takes from start  to  f inish fo r  a single A to  D conversion) 

i s  350 p seconds. 

ra te  i s  too f a s t  fo r  A / D  conversion. 

i i i )  Logic and memory u n i t :  The logic and memory unit 

I t  

A warning l igh t  comes on i f  the d a t a  

c 

c 
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drs 
does a l l  the logical and mathematical computations.  

Thirty-two equispaced sine values from 0" t o  90" are 

stored i n  a ROM with a precision of 16 b i t s .  The digi-  

tized signal i s  multiplied with sine and cosine for  one 

period and the resul t  i s  averaged (stacked) over a number 

of cycles. The number of cycles averaged per reading are 

preselectable and are in steps of power of 2 from 2 t o  

2l0 ( 1  cycle t o  1024 cycles).  

i v )  Data display u n i t :  The fourth section of the Signal 

Averager i s  a data display system for  the average ampli- 

tudes of inphase and quadrature components of the pro- 

cessed signal.  

numbers, with sign, on a LED panel. 

t o  analog converter (10 b i t )  t o  give a n  analog recording 

of inphase and quadrature amplitudes of the processed 

signal.  

0 

The data are displayed as f ive  d i g i t  

I t  also has a digi ta l  

The Signal Averager does n o t  have an internal clock, b u t  

rather uses the 128F signal generated by the function 

generator (which has been described ea r l i e r )  as the master 

clock. Since the function generator is  kept a t  the trans- 

mitter s i t e ,  the clock signal i s  transmitted t o  the receiver 

s i t e  t h r o u g h  a pair  o f  telephone wires. Such an arrangement 

proved t o  be adequate during th i s  survey. 

i n g  the e f fo r t  in laying o u t  the wires between transmitter 

and receiver s i t e s ,  a telemetry system for  future surveys i s  

highly recommended. 

0 

However, consider- 

The maximum frequency of the signal which the Signal 
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c Averager i s  capable o f  processing i s  dependent upon the 

number of p o i n t s  selected t o  be d ig i t ized  i n  each cycle o f  

the analog s ignal .  

the signal which can be processed by the Signal Averager f o r  

the fixed r a t e  o f  16, 32, 64, o r  128 p o i n t s  per cycle o f  the 

analog signal . 

Table 11-2 l i s t s  the maximum frequency o f  



. 

, \  

Number o f  da ta  
p o i n t s / c y c l  e 

128 

64 

32 

1 6  

Maximum s i g n a l  
f requency (Hz) 

1 3  

26 

52 

104 

Tab le  11-2. S igna l  frequency and d i g i t i z a t i o n  r a t e  
s p e c i f i c a t i o n s  f o r  t h e  Signal  Averager.  

55 
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6. F i e l d  Set-up 

Two t r a n s m i t t e r  and n ine  r e c e i v e r  s i t e s  were occupied du r ing  the  

t e s t  survey (F igure  11-6). 

minimum o f  f o u r  sounding r e s u l t s  were obtained: 

From a s i n g l e  t r a n s m i t t e r  l oca t i on ,  a 

two each on e i t h e r  

s i d e  o f  t h e  t ransmi t te r ,  i n  a l i n e ,  w i t h  t r a n s m i t t e r - r e c e i v e r  ,separa- 

t i o n s  o f  1 and 2 km. Receiver s i t e  5W was the  common rece ive r  p o s i t i o n  

fo r  bo th  t r a n s m i t t e r  l oca t i ons ,  thus p r o v i d i n g  a cont inuous p r o f i l e  

coverage f o r  t he  l i n e  surveyed. Another r e c e i v e r  s i t e ,  3N, was loca ted  

a t  a d is tance o f  1 km on a perpend icu la r  o f f - s e t  l i n e  f rom t r a n s m i t t e r  

p o s i t i o n  3W, and was used i n  o rder  t o  check the  assumption o f  i s o t r o p i c  

subsurface layers .  

Two vans, one a t  t h e  t r a n s m i t t e r  s i t e  and one a t  t h e  r e c e i v e r  s i t e ,  

and a jeep, were used f o r  t h e  survey. The power supply f o r  t he  t rans -  

m i t t e r  was mounted on a t r a i l e r .  

o u t  t he  re fe rence w i res  between t h e  t r a n s m i t t e r  and -the rece ive r .  

The jeep was p r i m a r i l y  used f o r  l a y i n g  

Two 

men were s u f f i c i e n t  f o r  t he  survey, one t o  c o n t r o l  t he  t r a n s m i t t e r  and 

one t o  c o l l e c t  t he  data a t  t h e  rece ive r .  I n  a t y p i c a l  day, two r e c e i v e r  

s t a t i o n s  were covered and a t  each s t a t i o n ,  data were c o l l e c t e d  a t  14 

d i s c r e t e  f requencies cover ing  the  frequency band o f  .Ol to  100 Hz. 

A t  each frequency th ree  se ts  o f  measurements, one each f o r  H,, Hr, 

and I (shunt  vo l tage) ,  w i t h  a common phase re fe rence were made. 

vo l tage and phase re fe rence s igna ls  were brought  t o  the  rece ive r  s i t e  

through two p a i r s  o f  te lephone w i res .  I t  should be po in ted  o u t  t h a t  

t he  phase and ampl i tude o f  c u r r e n t  f l o w i n g  i n t o  the  t r a n s m i t t e r  c o i l  

changes a t  each frequency because o f  t he  change i n  l oad  impedance o f  t he  

t r a n s m i t t e r  loop. Therefore,  t h e  c u r r e n t  has t o  be measured w i t h  the  

same p r e c i s i o n  i n  o rde r  t o  c a l c u l a t e  accu ra te l y  t h e  phases and ampl i -  

Shunt 

c 
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tudes of Hr and HZ w i t h  respect t o  the current flowing in the trans- 

mitter. 

delay would be .24" (calculated for  signal frequency of 100 Hz and 

transmitter-receiver separation o f  2 km) and such phase delays were 

accounted for  during data reduction. 

Maximum s h i f t  i n  the phase o f  the current due t o  transmission 

Ideally one should measure the shunt voltage and the magnetic 

f i e l d  simultaneously in order t o  eliminate the effects  of any change in 

the current in the loop. 

survey because the prototype signal averager had only one channel. 

Thus, a t  each frequency, the signals HZ, I ,  and H r  were measured 

separately. The current was measured a t  the beginning and a t  the end of 

each r u n  and i f  any current d r i f t  was observed the measurement was 

repeated. 

mitter controls were n o t  changed d u r i n g  a run. 

was found t o  be very s table .  

This, however, was not possible during th i s  

Precautionary measures were taken to ensure that  the trans- 

In practice the current 

Each signal was averaged over a number of cycles and readings o f  

in-phase and out-of-phase components, as given by the Signal Rverager, 

were recorded. Readings were repeated a t  l ea s t  f ive times in order t o  

reduce the error in the d a t a .  

and atnpl itude of the measured component were computed. 

the magnetic f i e ld  phases from the current phase, one obtains the phases 

of H, and H r  with respect t o  the current flowing into the co i l .  

Similarly, by dividing the magnetic f i e ld  amplitude by the product NIA, 

one can find the magnetic f i e ld  per unit  transmitter moment. 

From th i s  s e t  of readings, average phase 

By subtracting 

The main problem faced d u r i n g  the d a t a  gathering has been the 

rather poor signal t o  noise r a t io  as visualized in Figure 11-12, 

amplitudes of signals shown in the figure are the theoretical values of 

The 
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IC 

XBL 784-8040 

Figure 11-12. Approximate l e v e l s  o f  s igna l  and noise  a s  
encountered i n  Grass Val 1 ey Survey. 
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Hr and HZ which would be observed over a 10 w n  half-space for a dipole 

moment of 2 x 10 M.K.S.A. units (the maximum moment available in this 

survey) at transmitter-receiver spacings of 1 and 2 kilometers. 

noise level shown in this figure is that given by Keller and Frischknect 

(1966) and it fairly represents the level of noise observed in this 

survey. 

Keller and Frischknecht (1966). 

noise level shown is for the vertical field component (H,) and the noise 

level in horizontal direction is considerably larger, as much as a 

factor of ten. Considerable improvement in signal to noise ratio 

during the field measurement was achieved by averaging the signal over 

a long period of time. Even so,  accurate measurement of Hr and HZ com- 

ponent was difficult below 1 Hz and .1 Hz, respectively. 

5 

The 

The sources of such noise has been discussed in detail by 

I t  should be pointed out that the 



60 

7 .  Interpretation of the Results 

General 

The interpretation of electromagnetic sounding d a t a  i s  accomplished 

t h r o u g h  a comparison of measured responses w i t h  those calculated for 

some mathematical models, 

mathematical models be examined in order t o  select  the best f i t  model. 

Calculations o f  EM response, other t h a n  for a simple layered earth model, 

i s  complex and requires considerable computation time; interpretation of 

the Grass Valley d a t a  has been attempted i n  terms o f  layered earth models 

only. 

the earth can be represented by plane layers,  each w i t h  un i fo rm,  homo- 

geneous, isotropic,  e lectr ical  properties. Considerable d i f f i cu l t i e s  i n  

the interpretation of d a t a  are expected since th i s  assumption i s  unlikely 

t o  be met in a real f je ld  s i tuat ion.  However, the resul ts  a t  eight o u t  

of  nine soundings closely resemble the response due t o  a layered half- 

space. 

due t o  a layered model and  i n  t h i s  case the receiver i s  very close t o  a 

major fau l t  as seen from Figure 11-6. 

Such a comparison then requires t h a t  various 

In such an interpretation the  basic assumption has been made t h a t  

The sounding resul t  f o r  T3-R1 does not resemble the response 

Method of Interpretation 

Until recently, interpretation of electromagnetic sounding d a t a  

has been done by t r i a l  and  error or curve-matching techniques. The main 

disadvantage of such a method i s  t h a t  large numbers of master-curves are 

required. 

pretation becomes very d i f f i c u l t  as the number of variable parameters 

(thicknesses and conductivities) involved becomes prohibitively 1 arge. 

For these reasons, curve-matching techniques have now been replaced with 

Consideration of more t h a n  two layers for a proper inter- 
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d i r e c t  i n v e r s i o n  methods, 

model parameters  i s  made and t h e n  t h e  parameters a r e  a u t o m a t i c a l l y  

a d j u s t e d  t i l l  a b e s t - f i t  between t h e  observed d a t a  and t h e  model p re -  

I n  such methods an i n i t i a l  guess abou t  t h e  

d i c t e d  d a t a  i s  found. 

t h i s  method l i e s  i n  t h e  f a c t  t h a t  i t  n o t  o n l y  p r o v i d e s  a s t a t i s t i c a l l y  

b e s t  f i t t i n g  model b u t  a l s o  g i v e s  a b a s i s  t o  ,est i .mate t h e  u n c e r t a i n i t i e s  

O f  t h e  model parameters .  

p r e t e d  usl’nq such an i n v e r s e  method. 

n iques  i n  e l e c t r i c a l  e x p l o r a t i o n  has 

Parke r  (1970) , Glenn e t  a1 . (1973), Inman e t  a1 (1973),  Inman (19751, 

Jupp and V o z o f f  (1975), Vozo f f  and Jupp (1975),  Glenn and Ward (19761, 

and Ward e t  a1 . (1976) .  

Bes ides  b e i n g  au tomat i c ,  t h e  main  advanaage o f  

Grass V a l l e y  sound ing  d a t a  has been i n t e r -  

The a p p l i c a t i o n  o f  t h e s e  t e c h -  

been d e s c r i b e d  by  Wu (1968) ,  

I n v e r s i o n  Problem 

The genera l  p rob lem o f  i n v e r s e  i n t e r p r e t a t i o n  i s  s t a t e d  mathemat i -  

c a l l y  a s :  

(11-1) 

where 

N i s  t h e  t o t a l  number o f  observed d a t a  

Wi i s  t h e  w e i g h i n g  f a c t o r  f o r  ith d a t a  p o i n t  

y. i s  t h e  ith observed d a t a  (i .e. a m p l i t u d e  o r  phase i n  
1 

t h e  EM case) 

bo i s  an i n i t i a l  e s t i m a t e  o f  M model parameters  (e .g .  r e s i s -  

t i v i t y  and t h i c k n e s s )  

i s  t h e  known dependent v a r i a b l e s  (e.g.  f requency  and x i 



geometric v a r i a b l e s )  

f i s  t h e  non-l inear  mathematical func t ion  o f  phase or  

amp1 i tude.  

The  problem i s  t o  f i n d  an es t imate  ) of bo f o r  w h i c h  the  weighted 

sum of squares  4 i s  a m i n i m u m .  

The values  of  b .  t h a t  minimize this  expression a r e  g i v e n  by t h e  
J 

so lu t ion  t o  equat ions 
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( 11-2) 

which may be wr i t t en  i n  the form 

a fi 
a b  

N 2  a f i  - - C  wiyi----- , j = L . .  . M .  N 2  c w i  f i  - 
j i = l  a b  i =1 

( 11-3) 

where f .=  f ( b ,  x i ) .  I f  t he  func t ion  f ( b ,  5 )  depends l i n e a r l y  on t h e  
af _. 1 

wil l  be cons tan ts  1 parameters b then t h e  d e r i v a t i v e s  - 

system of equat ions i s  r e a d i l y  solved f o r  t h e  unknown b 

j '  
s ince  the funct ion f ( b ,  - -  x )  depends non- l inear ly  on t h e  b 

i s  not so vable  i n  c losed form and, i n  p r a c t i c e ,  i t  i s  eas 

minimize 4 d i r e c t l y  by an i t e r a t i v e  technique.  

j a b j  

j '  

and t h e  

However, 

t h e  system 

er t o  

There a r e  many methods published i n  mathematical j ou rna l s  f o r  

m i n i m i z i n g  sum of  squares  of a nonl inear  func t ion .  Two such methods 

which have commonly been used i n  e l e c t r i c a l  explora t ion  problems a r e  

Newton-Raphson method (e.g.  Glenn, e t  a1 ., 1973; Inman, e t  a1 ., 1973) 

and Marquardt 's  (1963) method ( e .g .  Inman, 1975) .  Inman (1975) has 

discussed the s u p e r i o r i t y  of Marquardt 's  method over Newton-Raphson c 
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method i n  s o l v i n g  e l e c t r i c a l  r e s i s t i v i t y  problems. The b a s i c  m i n i m i -  

z a t i o n  a l g o r i t h m  used f o r  t h e  Grass V a l l e y  e l e c t r o m a g n e t i c  sounding da ta  

i n t e r p r e t a t i o n  i s  named SPIRAL which has o r i g i n a l l y  been developed 

by S h e l l  Reasearch L i m i t e d .  

as does Marquard t ' s ,  b u t  here t h e  search p o i n t  i s  generated by  v e c t o r  

a d d i t i o n  r a t h e r  than  by m a t r i x  i n v e r s i o n  and thus  c o n s i d e r a b l e  compu- 

t a t i o n  t i m e  i s  saved. I n  our  experiments, t h i s  a l g o r i t h m  i s  found t o  

s o l v e  e l e c t r o m a g n e t i c  o r  r e s i s t i v i t y  sounding problems v e r y  e f f e c t i v e l y ,  

reach ing  an accep tab le  minimum i n  a maximum o f  6 t o  7 i t e r a t i o n s .  

This  method searches r o u g h l y  t h e  same area 

The b a s i c  p r i n c i p l e  o f  S p i r a l  a l g o r i t h m  has been d iscussed i n  d e t a i l  

i n  a paper by  Jones (1969).  

i s  presented i n  t h e  f o l l o w i n g .  

Only a b r i e f  d e s c r i p t i o n  o f  t h i s  a l g o r i t h m  

S p i r a l  A1 g o r i  thm 

In t h e  S p i r a l  a l g o r i t h m ,  t h e  f i r s t  search p o i n t  i s  generated w i t h  

t h e  1 e a s t  squares method (Newton-Raphson method).  The model ( t h e  non- 

l i n e a r  f u n c t i o n  f ( b o ,  xi) i n  equa t ion  (11 -1 ) )  i s  expanded i n  a T a y l o r  

S e r i e s  about t h e  c u r r e n t  est imate,  bo,  r e t a i n i n g  o n l y  t h e  f i r s t  o r d e r  

terms. 

model, where t I i s  t h e  s o l u t i o n  o f  

T h i s  l eads  t o  an improved e s t i m a t e  k (=b"+ t )  f o r  t h e  l i n e a r i z e d  

where 

(11-4)  



a n d  Q i s  the weight m a t r i x ,  

If the sum of  squares a t  the new point b i s  smaller t h a n  the sum of  

squares a t  the p o i n t  bo, then the search procedure i s  repeated. 

sum of squares i s  n o t  smaller, then a spiral  search procedure i s  

If the 

adopted. 

The basic idea behind the spiral  search i s  t h a t  a reduced sum of 

squares can always be found in the plane defined by Taylor Series p o i n t  

and the l i n e  of steepest descent a t  the base point ( the direction of 

steepest descent i s  given by vector 4 ,  where d - = - 9 ) .  

which i s  drawn on t h i s  plane, 0 i s  the base p o i n t ,  T i s  the Taylor  

In  Figure 11-13, 

Series point and OD i s  the direction of steepest descent; the point D 

b e i n g  so chosen t h a t  the distance OT a n d  OD are  equal. The minimum 

i s  searched by moving along a spiral  OTS, which moves o u t  from T a t  an 

angle B into the area OTD and  moves back into 0 tangentially t o  O D .  The 

equa’tion for t h i s  spiral  (expressed i n  polar coordinates with 0 as the 

or igin)  i s  given as 

2 r = r (1 - e c o t 6  - ( 1  - y c o t 6 ) ( e / y )  ) (11-5) 
0 

where r i s  the distance OS and  ro i s  the distance OT. 

The sequence of points, S ,  on the sp i ra1 : to  be investigated i s  

computed from a sequence of points, L ,  generated on the l ine  TD such 

t h a t  L divides TD in the r a t i o  p : (1 -  11). The successive values of Fc 

are computed from the recurrent relation 
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Figure 11-13. Geometry o f  Spiral Algorithm. 
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%+I = 211n/(l + vn) (11-6) 

which has been chosen t o  ensure t h a t  t h e  p o i n t s  become c l o s e r  t o g e t h e r  

as t h e y  approach, D. 

The coo rd ina tes  of t h e  search p o i n t ,  S, w i t h  re fe rence  t o  0 as  

o r i g i n  

o r d i n a t e s  o f  D, by t h e  r e l a t i o n  

a r e  g i v e n  i n  terms of t, t h e  c o o r d i n a t e s  o f  T, and d, t h e  co- 

(11-7)  

where 

r 11 s i n  y 
0 

s i n  e 5 =  

1-1 s i n  y - 
1-11 +!.lcos y 

and t a n  0 = 

Once a minimum i s  found i n  such a s p i r a l  search, t h e  c o r r e s -  

ponding parameter va lues a r e  taken as t h e  base p o i n t  f o r  a new search 

area. 

search area becomes smal l  

r e l a t i v e  t o  t h e  co r respond ing  bi. 

T h i s  i t e r a t i o n  process i s  assumed t o  have converged when t h e  

i .e. when a1 1 t h e  va lues o f  ti a r e  smal l  

Numerical Cons i der  a t i  ons 

Func t ion  Eva1 u a t i  on 

I n  t h e  e l e c t r o m a g n e t i c  sounding problems, t h e  f u n c t i o n  f i n  

equa t ion  (11-1)  r e p r e s e n t s  t h e  v e r t i c a l  (HZ) o r  h o r i z o n t a l  (Hr) 

component o f  t h e  magnet ic  f i e l d  over  a l a y e r e d  ha l f - space  due t o  a 
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vertical magnetic dipole source. 

1967) 

H Z  and H r  are expressed as (Ward, 

IOo R (  A ,  b o ,  x )  J ( h r )  x2 d x  (11-8) m H ( b y  x ) = -  
2 0  4r  0 0 

and 

Where 

m i s  the dipole moment 

r i s  transmitter-receiver separation 

and R i s  the kernel of the integral - 

The method used here in the evaluation of the above function i s  t o  

integrate numerically between zeros of  the appropriate Bessel function 

and then sum the result ing terms which form an alternating ser ies .  

An Euler's transformation i s  applied, i f  the result ing ser ies  are too  

slow t o  converge. 

than  . l %  has been maintained. 

In the above calculations, an accuracy of better 

The  calculation of partial  der ivat ives ,  6 f  Y which are the  

elements of P matrix has been done by a 2-point forward difference 

approximation 

6 f  Af - -  - 
6b ' Ab 

where Af=f( b+ Ab)  - f (  b )  , 

Typically, a value of 1% for the r a t i o  of a b / b  has worked 

sa t i s fac tor i ly  i n  the above estimation of derivatives. 
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Wei g h t i  ng 

There a r e  many cho ices  t h a t  can be made i n  s e l e c t i n g  t h e  w e i g h t i n g  

f a c t o r ,  Wi i n  equa t ion  (11 -1 ) .  

i n v e r s e  o f  t h e  d a t a  e r r o r s  a t  each d a t a  p o i n t ,  i . e .  l e t  Wi = - , 

L o g i c a l l y ,  i t  should be s e l e c t e d  as t h e  

1 
; 
I 

where u i s  t h e  s tandard d e v i a t i o n  o f  t h e  ith data  p o i n t .  I n  t h i s  way, i 

t h e  r e s i d u a l  f o r  each d a t a  p o i n t  i s  compared w i t h  i t s  expected e r r o r .  

I n c l u s i o n  o f  such a w e i g h t i n g  f a c t o r  (7) i n  t h e  m i n i m i z a t i o n  problem 

i s  a l s o  necessary,  as then  o n l y  t h e  parameter s e t  b found a t  t h e  

1 

i 

minimum would be t h e  maximum l i k e l i h o o d  e s t i m a t e  of t h e  t r u e  pa ren t  

f u n c t i o n  (Bevington,  1969).  

The w e i g h t i n g  m a t r i x ,  Q; t o  be used i n  the i n v e r s i o n  problem i s  

then  g i v e n  as (assuming e r r o r s  a t  d i f f e r e n t  d a t a  p o i n t s  a r e  u n c o r r e l a t e d )  

Q =  
1 

0 - 
2 

u2 

0 0 1 - 
2 

(11-10) 

I t  can be immediate ly  r e a l i z e d  t h a t  by i n c l u d i n g  such a w e i g h t i n g  

m a t r i x  i n  t h e  m i n i m i z a t i o n  problem, t h e  dimension o f  t h e  da ta  i s  

e f f e c t i v e l y  removed. Thus d i f f e r e n t  independent s e t s  o f  data,  which 

may have d i f f e r e n t  measurement u n i t s  ( f o r  example, phase and amp1 i t u d e )  

can be combined t o g e t h e r  f o r  a j o i n t  i n v e r s i o n .  
/- 

To i n c l u d e  t h e  w e i g h t i n g  m a t r i x  Q i n  t h e  i n v e r s i o n  problem, then  
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one needs t o  k n o w  the absolute values of errors a t  each d a t a  point. 

In  many sounding surveys, the absolute values of d a t a  errors may be 

u n k n o w n  b u t  i t  may be possible t o  estimate the relat ive errors c r y  

between each d a t a  point. I n  such a case, equat ion (11-10) i s  re- 
i 

defined as 

wher u i s  om 

1 

U 
Q =  7 

sc 1 fact  r 

1 
0 -  

2 

1 

a 
0 0 .  

2 

r N  

a1 1 

(11-11) 

d the problem s t a n d a r d  devia ion. 

This weighting matrix i s  then used in the minimization scheme ( u ,  the 

problem standard deviation i s  assumed t o  be equal t o  I ) .  An estimate 
A 

o f  the t rue problem standard deviation, cr , then may be obtained from 

the reduced chi-square given as (Bevington, 1969) 

T 
- 2  Cy-foI CQIo,l CY-foI 
u =  (11-12) 

N-M 

(11-13) - - p . @,in . 

N-M 

Electromagnetic sounding d a t a  generally consists of two types of 
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measurements: 

The errors in phase d a t a  are generally assumed t o  be constant, i . e .  

regarded as equal a t  a l l  d a t a  points and thus the elements of the 

weight matrix f o r  inversion of such a se t  of d a t a  would be u n i t y .  

errors in the amplitude measurements, however, are expressed as a 

fixed percentage of each measurement a n d  thusTthe weight matrix for 

the inversion o f  such a se t  of d a t a  would consist of elements which 

are inversely proportioned t o  the magnitude of  the d a t a .  A similar 

consideration also applies t o  the r e s i s t i v i ty  d a t a ,  since the errors 

are again expressed as a percentage of the measured apparent res is-  

t i v i t y  values. 

phase (or t i l t  angle) and  amplitude (or e l l i p t i c i t y ) .  

The 

What happens when a unity weight m a t r i x  i s  used in the inversion 

of amplitude d a t a ,  i .e .  a weight of 1 i s  assigned t o  a l l  measured 

amplitude values as i n  the case when a ordinary leas t  squares method 

i s  used? Such a method of weighting has often been used (e.g.  Glenn 

e t  a1 ., 1973; Inman e t  a1 ., 1973)  with the intention o f  assigning 

equal importance t o  the various d a t a  points. However, i f  we closely 

examined such a weighting scheme, we would discover t h a t  a n  u n -  

intentional bias i s  introduced in the minimization scheme, i . e .  d a t a  

points w i t h  larger numerical values are  heavily favored i n  comparison 

t o  the d a t a  points with smaller numerical values result ing i n  a biased 

interpretation resu l t .  To i l l u s t r a t e  t h i s  point, l e t  us consider a 

r e s i s t i v i ty  sounding curve which has been obtained over a two layered 

earth, the r e s i s t i v i ty  of  the upper layer being 1 ohm-m and  t h a t  of the 

lower half space being 1000 ohm-m. 

asymptotic parts of t h i s  curve would be 1 ohm-m ( a t  smaller spacing) 

and  1000 ohm-rn ( a t  larger spacing), respectively. 

The two d a t a  points a t  the two 

If  we i n i t i a t e  the c 
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i n v e r s i o n  process w i t h  an assumed e a r t h  model w i t h  r e s i s t i v i t y  va lues  

of  2 ohm-m (upper  l a y e r )  and 2000 ohm-m ( l o w e r  l a y e r ) ,  t h e  parameter 

e r r o r s  b e i n g  loo%,  t h e  r e s i d u a l  va lues  ( t h e  d i f f e r e n c e  between ovserved 

da ta  and model d a t a )  a t  t h e  two p o i n t s  may be found t o  be 1 and 1000 

r e s p e c t i v e l y .  The m i n i m i z a t i o n  scheme b a s i c a l l y  r e a c t s  t o  t h e s e  

r e s i d u a l  v a l u e s  and would t r y  t o  a l t e r  t h e  e a r t h  parameter so t h a t  

t hese  r e s i d u a l  va lues  a r e  min imized.  I n  such a process, however, t h e  

basement r e s i s t i v i t y  would be c o r r e c t e d  more s i n c e  i t  i s  c o n t r i b u t i n g  

t h e  l a r g e s t  r e s i d u a l  e r r o r .  F i n a l l y ,  we may o b t a i n  an e a r t h  model 

which l eaves  r e s i d u a l  e r r o r s  o f  say .1 and 1 a t  t h e  two d a t a  p o i n t s  

i . e .  t h e  r e s i s t i v i t i e s  o f  t h e  two l a y e r s  may be determined t o  be 1.1 

and 999 ohm-m r e s p e c t i v e l y .  I t  can then  be immed ia te l y  r e a l i z e d  t h a t  

t h e  e r r o r  i n  t h e  es t ima ted  r e s i s t i v i t y  o f  upper l a y e r  i s  l o % ,  whereas 

t h e  same e r r o r  i s  o n l y  .l% f o r  t h e  l o w e r  l a y e r  r e s i s t i v i t y  i . e .  t h e  

l ower  l a y e r  r e s i s t i v i t y  has been determined much more a c c u r a t e l y .  

T h i s  example c l e a r l y  demonstrates how a m i n i m i z a t i o n  scheme may be 

b iased s i m p l y  due t o  t h e  numer ica l  d i f f e r e n c e s  among t h e  d a t a .  Such 

a b i a s i n g  t h e n  must be removed i n  t h e  i n v e r s i o n  problems. 

e a s i l y  be seen t h a t  i f  t h e  d a t a  i n  t h e  example cons ide red  were weighted 

a c c o r d i n g  t o  t h e  equal percentage e r r o r  c r i t e r i o n ,  t h e  no ted  b i a s  i n  

I t  can 

t h e  e s t i m a t i o n  of  e a r t h ' s  parameters i s  e f f e c t i v e l y  removed. 

The above no ted  b i a s i n g  i n  t h e  i n v e r s i o n  problem, i n t r o d u c e d  

due t o  t h e  i n c o r r e c t  w e i g h t i n g  of  a m p l i t u d e  data,  i . e .  w e i g h t i n g  o f  t h e  

da ta  by 1 i n s t e a d  o f  equal percentage e r r o r  c r i t e r i a ,  has gone un- 

n o t i c e d  i n  some o f  t h e  e a r l i e r  papers and has caused some o f  t h e  

r e s u l t s  presented i n  these  papers t o  be i n a c c u r a t e .  

a r e s u l t  i s  g i v e n  and d i cussed  below. 

An example o f  such 
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F i g u r e  11-14 shows t h e  e igenvalues and e igenvec to rs  as presented 

by Inman e t  a1 . (1973) f o r  a 3 l a y e r  e a r t h  model, Model A ( p1 = 10 

ohm-m, p 2  = 50 ohm-m, p3  = 150 ohm-m, tl = 20m and t2 = loom).  I n  

c a l c u l a t i n g  these  e igenvalues and e igenvec to rs ,  a we igh t  o f  1 has 

been used f o r  a l l  t h e  d a t a  p o i n t s .  The c h i e f  advantage o f  s t u d y i n g  

t h e  e igenvalues and e igenvec to rs  o f  a model i s  t h a t  a r e l a t i o n s h i p  

between t h e  d a t a  p o i n t s  and t h e  e a r t h ' s  parameters can be r e a d i l y  

v i s u a l i z e d .  

o f  assoc ia ted  parameter e igenvec to rs  a r e  t h e  d a t a  p o i n t s  which have 

The d a t a  e igenvec t ros  which p o i n t  c h i e f l y  i n  t h e  d i r e c t i o n  

t h e  miximum e f f e c t  i n  t h e  r e s o l u t i o n  of  t h e  p a r t i c u l a r  parameter o r  t h e  

combinat ion o f  parameters.  One such r e l a t i o n s h i p  between t h e  parameter 

e igenvec to r  and t h e  d a t a  e igenvec to r  can be v i s u a l i z e d  i n  F i g u r e  11-14 

f o r  t h e  parameter p 3  ( X = 2.03), as t h e  a s s o c i a t e d  d a t a  e igenvec to r  

a r e  seen t o  be p o i n t i n g  c h i e f l y  i n  t h e  d i r e c t i o n  o f  t h e  l a r g e s t  

spacings. 

by t h e  asympto t i c  va lues  measured a t  t h e  l a r g e s t  d a t a  spacings.  

Such a r e l a t i o n s h i p  i s  t o  be expected as p 3  i s  determined 

Most 

conspicuously ,  however, a s i m i l a r  r e l a t i o n s h i p  between p1 and d a t a  

e igenvec to rs  a t  t h e  s m a l l e s t  spac ing  a r e  no ted  t o  be m i s s i n g  i n  F i g u r e  

11-14. Inman e t  a l .  have o f f e r e d  no e x p l a n a t i o n  f o r  such s t range  

behaviour  o f  t h e  e i g e n v e c t o r s .  

F i g u r e  11-15 a g a i n  shows t h e  e igenvalues and e igenvec to rs  f o r  t h e  

same model (Model A ) .  In t hese  c a l c u l a t i o n s ,  however, a proper  we igh t  

m a t r i x  w i t h  elements i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  magnitude o f  d a t a  

(equal  percentage e r r o r  c r i t e r i a )  has been i n c l u d e d .  

from t h i s  f i g u r e ,  a s s o c i a t i o n  of  p ,  ( A = 22.2) and p 3  ( A = 1.57) 

w i t h  s m a l l e s t  and l a r g e s t  d a t a  e igenvec to r  r e s p e c t i v e l y  i s  c l e a r l y  

demonstrated as expected f rom t h e o r e t i c a l  c o n s i d e r a t i o n s .  

As  can be no ted  

c 



1-1.0 J -.S J 

I 1  b 0 . 2 5  , 

I 1  1 

I 1  b0.062 ~ 

Figure 11-14. Eigenvalues and e igenvec tors  f o r  model A 
as  presented by Inman . e t  a1 . (1973).  

x t x  784-8054 
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PARAMETER DATA 
EIGENVECTOR EIGENVECTOR 

1 .o 0.5 - I 

- - w  m u  - -  w m u -  - w m w - -  
o m 0  o m  o m 0  o m 0  m o o  m o m  

0 0  0 0 0 0  0 0 0 0 0 0  
0 0 0 0 0 0 0  

0 0  
-0.5 ~ -1 .o 

Figure 11-1 5. Recal cul ated ei genval ues and ei genvectors 
for model A. 
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The above examples i l l u s t r a t e  the need t o  include a proper 

weighting matrix in solving the interpretation problems by inversion 

methods. 

S ta t i s t ica l  Evaluation Of  the InterDreted Model 

Once a solution t o  the inversion problem i s  found i . e .  a model 

has been determined which best f i t s  the d a t a  in the least-squares 

sense, the next step i s  t o  determine i t s  adequacy i n  f i t t i n g  the d a t a  

a n d  calculate the uncertainties i n  the estimation of model parameters. 

Here i t  i s  useful t o  consider briefly such an evaluation o f  the es- 

timated model parameters, the s t a t i s t i ca l  basis for which are  described 

i n  detail  by Bevington (1969) .  

have also presented excellent discussion on the application of these 

s t a t i s t i c s  in r e s i s t i v i ty  a n d  electromagnetic sounding problems, 

repectively. 

Adequacy of model interpretation: The adequacy of  the model inter-  

pretation in describing the d a t a  i s  determined t h r o u g h  the use o f  a 

chi -squared t e s t  (Bevington, 1969) described as fol lows. 

t h a t  a given se t  o f  model parameters i s  good approx ima t ion  t o  the 

t rue earth parameters i s  written as 

Inman (1975) and Glenn and Ward (1976)  

The condition 

(11-14) 

2 
Where ( X ) 

with F ( =N-M ) degrees of freedom. 

o f  the chi-square i s  given by 

i s  the chi-square value a t  the (1-a) confidence level 

The experimental or observed value 
F 1-cx 



76 

c 
- 2  n 

(11-15) 

Thus when t h e  c o n d i t i o n  g i v e n  by equa t ion  (11-14) i s  t r u e ,  t h e  model 

parameters a r e  adequate f o r  d e s c r i b i n g  t h e  data.  

g i v e n  by  equa t ion  (11-14) i s  v i o l a t e d ,  e i t h e r  t h e  da ta  have n o t  been 

f u l l y  exp la ined  by t h e  t h e o r i z e d  model i . e .  f i t  cou ld  be improved 

( r e s u l t i n g  i n  a s m a l l e r  u ) i f  t r i e d  w i t h  a more complex model o r  

u i s  underest imated.  

I f  t h e  c o n d i t i o n  

-2 

2 

Model e r r o r  e s t i m a t i o n :  The u n c e r t a i n i t y  i n  t h e  e s t i m a t i o n  o f  model 

parameters , i .e. t h e  parameter va r iance ,  i s g i v e n  as (Bevi  ng ton  , 1969) 

2 2 
0 = u ( c o v ( P ) . . )  J J  
bj 

(11-16) 

Where, t h e  parameter cova r iance  m a t r i x ,  cov(  P)  , i s  w r i t t e n  as 

-r -1 
(11-1 7 )  

Equat ion (11-16) , i s  t h e  d e f i n i t i o n  f o r  parameter v a r i a n c e  f o r  

l i n e a r  s o l u t i o n s  o n l y ,  a l t h o u g h  i t  c o u l d  be taken  as an approximate 

d e f i n i t i o n  f o r  non-1 i near s o l  u t i o n s  as we1 1 (Bev i  ng ton  , 1969). 

The l i n e a r  dependency between t h e  model parameters,  c o r r ( b .  . ) ,  
1 J  

i s  g i v e n  as 

C 0 V ( P l i .  

[cov(P)ii] [cov(P)  J J  - .I 
c o r r ( b .  .) = (11-18) 

1 J  c 
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I f  the value of cor r (b .  . ) ,  i s  near uni ty ,  then the parameters b i  and 

b .  a re  strongly correlated a n d  nearly l i n e a r l y  dependent. In such a 

case the individual parameters a r e  not well determined, ra ther  t h e i r  

r a t i o  ( i f  correlat ion coef f ic ien t  i s  +1) or product ( i f  correlat ion 

1J  

J 

coef f ic ien t  i s  - 1 )  can be determined from the d a t a .  

Combined Data Interpretat ion 

I n  a n  electromagnetic sounding survey, i n  general ,  many f 

quant i t ies  a r e  measured for each transmitter-receiver location 

more t h a n  one sounding curve i s  obtained corresponding t o  I H r  

el d 

i . e .  

Y 

IH,i  

curves then can be inverted individual ly  and  four independent 

estimates of ear th  parameters can be obtained. A much b e t t e r  estimate 

, H r  phase a n d  H Z  phase f i e l d  quant i t ies .  Each of these sounding 

O f  earth parameters, however, would be obtained from the j o i n t  inver- 

sion of these four sounding s e t s ;  i n  such a combined d a t a  sample the 

signal t o  noise r a t i o  would be great ly  enhanced. 

Such a n  improvement i n  the qual i ty  of information contained i n  

the combined d a t a  sample can be visualized by examining the r e l a t i v e  

d is t r ibu t ion  o f  i n f o r m a t i o n  regarding the model parameters i n  i n d i -  

vidual s o u n d i n g  s e t s .  Figures 11-17 t h r o u g h  11-20 give the eigenvalues 

a n d  associated eigenvectors ( t h e  concepts of which have been discussed 

i n  d e t a i l  by Inman e t  a l .  (1973)) for  the model i n  Figure 11-16 for  

I t  , H r  phase and HZ phase sounding s e t s  respect ively.  
IHr I , lHzl  
should be noted t h a t  the model chosen for  th i s  study i s  generally 

descr ipt ive of the geology of the Grass Valley area.  

eigenvectors which p o i n t  ch ie f ly  i n  the direct ion of associated pa ra -  

meter eigenvectors a re  the d a t a  points (frequencies) which have the 

The d a t a  
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XBL 784-8041 

p, = 8 n m  

Figure 11-16. Three l aye r  e a r t h  model used f o r  combined 
invers ion  s t u d i e s .  
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ul . r n O r n O u l N , +  u l o  
o r n o r n h l  
~ ~ ~ ~ ~ ~ U N , + O O O  

1 I I I I I I I I I I I 
- 
&)1 hl p 2  h2 p 3  , I A=43.06, . , , , I I 1 

0 .0  

IL 
L 

1=17.55 

A=l*ooxl-+-- 

PARAXETER 

EIGENVECTOR 

EIGENVLUE DATA 

EIGENVECTOR 

Hr AMPLITUDE 

XBL 771 2-1 0982 

Figure 11-1 7. Eigenvalues and eigenvectors  for l H r l  da ta .  
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] 1 x=5.54 

I 
t 

I 
I 

I 

1 I 
J 

PARAMETER EIGENVALUE 

EIGENVECTOR 

DATA 
EIGENVECTOR 

HZ AMPLITUDE 

XBL 771 2-10983 

Figure 11-18. Eigenvalues and  eigenvectors for  I HZ I data. 
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X=8.35 11 
h=5.23~10-~ IL 

-3 A=5.69xlO 

I 1  I 

I '  
I I I J  

PARAMETER 

EIGENVECTOR 

I 
EIGENVECTOR 

EIGENVALUE DATA 

Hr PHASE 

XBL 771 2-1 0980 

Figure 11-1 3.  E i  genval ues and eigenvectors  f o r  H r  phase da ta .  
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1 I I  I I 

p1 hl Q 2  h2 0 3  

0.5 

0 .0  

I I I 1 I I I I I I I 1 

] 1 I A=Z.O4xlO-; , , , , I , , , , , , 

PARAMETER 

EIGENVECTOR 

EIGENVALUE 

HZ PHASE 

DATA 

EIGENVECTOR 

XBL 771 2-10981 

F i  gure 11-20. E i  genval ues and e i  yenvectors f o r  H, phase da ta .  
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maximum effect  i n  the resolution o f  the particular parameter o r  the 

combination of parameters. 

and the ear th ' s  parameters in sounding curves i s  readily apparent in 

these figures,  e.g. p 2  can be seen t o  be associated with d a t a  samples 

a t  lower frequencies whereas p1 i s  assiciated w i t h  d a t a  samples a t  

higher frequencies. 

depth considerations. 

Such a relationship between the d a t a  points 

Such a relationship i s  t o  be expected from skin 

There are many important observations t h a t  can be made from 

the comparative study of the eigenvalues and eigenvectors of the four 

sounding curves. 

t h a t  the parameter associated w i t h  the largest  eigenvalue i s  p 2  for 

horizontal f ie ld  measurements (Figures 11-17 a n d  11-19) whereas i t  

i s  P, f o r  vertical  f ie ld  measurements (Figures 11-18 a n d  11-20). 

parameters associated with the largest  eigenvalue are the ones which 

are found most accurately and determined most quickly by the inversion 

process ( I n m a n  -- e t  a1 . , 1973) .  The advantage of a combined d a t a  inver- 

sion i s  most obvious here; in such a d a t a  sample p1 and p2 b o t h  would 

be associated w i t h  t he  l a r g e s t  eigenvalue a n d  hence wou ld  be de t e r -  

mined more accurately t h a n  would be possible from individual sounding 

inversion. 

One of the feature t o  note from these figures i s  

The 

T h e  other important feature t o  note in this  comparative study i s  

t h a t  the information a b o u t  a specific earth parameter i s  centered 

around different  d a t a  points (frequencies) a n d  i t s  spread i s  di fferent 

for  different  sounding curves. 

large noise i n  a particular frequency b a n d ,  i t s  effect  would be f e l t  

strongly in a particular sounding curve. Effect of such noise, 

however, would be smoothed o u t  i n  a combined inversion as the parameter 

So ,  i f  for some reason there was 



a4 

T- 

e igenvec tor  i s  determined by a l e a s t  squares f i t  t o  many more da ta  

p o i n t s  than i n  an i n d i v i d u a l  i n v e r s i o n .  

The above a n a l y s i s  suggests t h a t  t h e  e a r t h  parameters would be 

s t a t i s t i c a l l y  b e t t e r  r e s o l v e d  by a j o i n t  i n v e r s i o n  o f  var ious  sounding 

curves. One o f  t h e  problem faced i n  such a combined da ta  i n v e r s i o n ,  

however, i s  t o  f i n d  a proper  w e i g h t i n g  m a t r i x  t o  e f f e c t i v e l y  combine 

t h e  phase and ampl i tude s e t s  o f  data f o r  an unbiased i n v e r s i o n .  

problem i s  then t o  determine t h e  r e l a t i v e  e r r o r ,  u , between two 

such s e t s  o f  data.  

mime such r e 1  a t i  ve e r r o r s  i s  ou t1  i ned be l  ow. 

The 

ri 
One o f  t h e  approaches, t h a t  can be used t o  d e t e r -  

A t  each frequency, t h e  a c t u a l  q u a n t i t i e s  measured a r e  t h e  r e a l  

( x )  and imag inary  ( y )  p a r t  o f  t h e  magnet ic f i e l d  and from such 

measurements, t h e  ampl i tude ( A )  and phase ( e )  va lues a r e  c a l c u l a t e d  

from t h e  r e l a t i o n s  g iven below 

A =  J- 
and 

e = tan- ’  +- 
( r r - 1 9 )  

( I  1-20) 

Hence, if we e s t i m a t e  t h e  e r r o r s  i n  t h e  measurement o f  x and y, t h e  

corresponding e r r o r s  i n  A and e can be c a l c u l a t e d  from t h e  propagat ion 

o f  e r r o r  a n a l y s i s .  

I f  ux and u a r e  t h e  r e s p e c t i v e  e r r o r s  i n  t h e  measurement o f  x 
Y 

and y then  t h e  r e s p e c t i v e  e r r o r s  uA and ue i n  t h e  ampl i tude and phase 

da ta  a r e  g iven as (Bevington, 1969) c 
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and 

(11-21) 

(11-22) 

S u b s t i t u t i n g  t h e  va lues  o f  p a r t i  a.1 

we g e t  

d e r i v a t i v e s  i n  t h e  above equa t ions ,  

2 2 2 2 2 
= u cos e + u s i n  8 

uA X Y 
and 

2 1 2 2 2 2 
0 = -  ( ux s i n  8 + CJ cos 8 ) 

8 A2 Y 

( I  1-23) 

( 11-24) 

I f  we assume a c c u r a c i e s  o f  1% i n  t h e  measurements o f  x and y i . e .  

u = .01x and u = .01y, t hen  t h e  maximum ( a t  e = 45")  e r r o r s  i n  

a m p l i t u d e  and phase va lues  a r e  c a l c u l a t e d  t o  be 
X Y 

and 

uA = .01A 

u = .4" 
8 

( 11-25) 

( I  1-26) 

Thus, i f  t h e  e r r o r s  i n  t h e  measurement o f  r e a l  and i m a g i n a r y  

p a r t  o f  t h e  d a t a  a r e  assumed t o  be equa l ,  t h e  c o r r e s p o n d i n g  r e l a t i v e  

e r r o r s  i n  t h e  t r a n s f o r m e d  d a t a  i . e .  i n  phase and a m p l i t u d e  d a t a  would 

be .4" and 1% r e s p e c t i v e l y .  

phase and a m p l i t u d e  s e t s  o f  d a t a  t h e n  can c o n v e n i e n t l y  be used i n  

f o r m i n g  t h e  w e i g h t  m a t r i x  f o r  t h e  j o i n t  i n v e r s i o n .  

Such an e r r o r  r e l a t i o n s h i p  between t h e  

A s i m i l a r  a n a l y s i s  
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for the determination of re la t ive  error between t i l t  angle and e l l i p t i -  

c i t y  d a t a  must be persued, i f  two such se t s  of d a t a  are t o  be jo in t ly  

interpreted.  

Grass Val 1 ey Results 

Data Inversion 

Line E E ' ,  a l o n g  which the electromagnetic sounding survey i s  made, 

extends across Grass Valley from southeast t o  northwest, passing 

abou t  lkm NW of Leach Hot Springs (Figure 11-5) .  

oriented a t  approximately 45" t o  the s t r ike  of the local basin and 

range s t ructure .  The general bedrock topography along the l ine  can 

be inferred from b o t h  the g r a v i t y  and P-Wave prof i le  d a t a  i n  Figure 

11-21, The electromagnetic sounding d a t a  i s  confined from 2W t o  9W 

along t h i s  l i ne .  

The l ine  i s  

The observed f ie ld  d a t a  for  eight of the sounding s ta t ions occ- 

upied in th i s  survey are tabulated in Appendix B a n d  are i l lus t ra ted  

I n  Figures 11-22 t h r o u g h  11-29. The transmitter and receiver locations 

are  noted a t  the t o p  of these figures (e .g .  T3-R4 indicates transmitter 

location a t  3W a n d  receiver location a t  4W). The vertical  bars 

displayed in these figures span +1 standard deviation around the mean 

value of the d a t a .  The error and the mean value of the d a t a  have 

been calculated from the repeated se t  of readings taken a t  each 

frequency, as explained e a r l i e r .  These errors then represent the 

s f e r i c  noise in the d a t a .  

As was advocated e a r l i e r ,  the four se t s  of observed sounding 

d a t a  have been inverted simultaneously t o  obtain a "bes t - f i t "  model. 

The observed errors of the d a t a  constituted the weighting matrix for 

c 

G 
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GRASS VALLEY 
Line E-E' 

A-A '  
L-,L' M - y '  C;C' N;nf 

I Y--- I I  I 1 

4 0  

2o 
- - SELF- POTENTIAL 

x? - - 
.- P 0- 
3 -20- 
- - 

- 
-40 
100 

L t 

E IO s 

2 

I 

IO 

I 

e 

12 I 
12. 

I I I I I I  
I1 

k u  
14 I I 

West16 14 12 IO 8 6 4 2 0 2 4 Earl 
Kilometen 

XbL lYZ.O501)1 

Figure 11-21. Geophysical d a t a  p r o f i l e  composite f o r  
Line € - E '  (Af t e r  Beyer e t  a1 ., 1976) .  
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the inversion problem. Some of the poor d a t a  points (with rather 

large noise) were excluded from the d a t a  se t  as inclusion of t h e m  

only degrades the calculated s t a t i s t i c a l  confidence on the parameters 

without helping much in resolving them. 

The f i r s t  task in the inverse interpretation of a s e t  of d a t a  i s  

t o  select  an i n i t i a l  estimate of the earth model t o  s t a r t  the inversion 

process. The models here were selected from consideration of the 

geology of the area. 

r e s i s t i v i ty  d a t a  aided such a model selection. The d a t a  clearly 

indicated presence of a thick conducting layer overlying and under- 

l y i n g  more r e s i s t i ve  layers.  

i n i t i a l l y  t r ied t o  f i t  each se t  of sounding d a t a .  

inversion r e su l t s ,  i t  became apparent t h a t  the basement r e s i s t i v i ty  

could n o t  be well resolved from the d a t a .  In  such a s i tua t ion ,  i t  i s  

best t o  remove the parameter from the l i s t  of unknown variables (model 

parameters) as i t  otherwise slows down the convergence r a t e  consider- 

ably. So,  i n  the three layered inversion, the basement r e s i s t i v i ty  

was fixed a t  a 100 ohm-m value and a minimum solution was obtained. 

An examination of the result ing parameter s t a t i s t i c s  indicated t h a t  

the thickness of the second layer was n o t  well resolved by some o f  the 

sounding d a t a .  

of a two layered model only. Start ing with different  i n i t i a l  

estimates of the models confirmed t h a t  the interpreted models were 

indeed the minimum solution. 

Some preliminary curve matching and the available 

Such a three layer model was then 

From the preliminary 

These sounding d a t a  then were interpreted i n  terms 

The theoretical response curves for the interpreted earth models 

are drawn as solid l ines  i n  Figures 11-22 t h r o u g h  11-29. The values c 
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of the interpreted model parameters along with the i r  estimated accu- 

racies (1 standard deviation) and t h e  parameter correlati.on m a t r i x  

are noted in these figures. The problem standard deviation ^o , which 

i s  a measure o f  goodness of f i t  of the model with the d a t a ,  i s  also 

shown in these figures.  Ideally, i f  the model describes the d a t a  

perfectly, the value of 

squares solution. The calculated value of , here, however are seen 

t o  be larger t h a n  1 for a l l  the interpretations.  These large values 

o f  ;I suggest t h a t  the d a t a  may also have been contaminated with noises 

from other sources (e.g.  misorientation of c o i l s ,  error in spacing 

measurement e t c . )  rather then j u s t  the s fe r ic  noises as assumed 

i n  the solution here. 

however, are n o t  examined here. The large value of 

would be close t o  1 for the weighted leas t  

Effects of these noises on the interpretat ion,  

could also 

be attr ibuted t o  the la teral  changes in the geology. 

I n  general, the f i t  between t h e  observed a n d  the model d a t a ,  as 

visualized in Figures 11-22 t h r o u g h  11-29 seems t o  be f a i r ly  good 

except for T3-R5 (Figure 11-27) and  T7-R5 (Figure 11-28) d a t a .  The 

rather poor f i t  for T3-R5 and T7-R5 d a t a  indicates the inadequacy o f  

the 3-1 ayered model interpretation attempted here. Attempts t o  

improve the f i t  with more complex model (more than 3 layers) were 

unsuccessful for lack of  enough d a t a  points. The gross misf i t  between 

the observed d a t a  and the model response i n  these two cases, however, 

may also be attr ibuted t o  the fac t  t h a t  the structure i s  n o t  one- 

dimensional. A fau l t  i s  suspected t o  be located near s ta t ion 5W; 

layered interpretation may be an inaccurate approximation t o  the t rue 

subsurface s t ructure .  

The calculated parameter uncertainit ies , as noted in the inter-  



pretation resul ts  presented here, are generally small indicating good 

resolution of model paremeters from the sounding d a t a .  I n  placing 

confidence on the calculated parameter standard deviations, one should 

always examine the parameter correlation ma t r ix .  

are strongly correlated (correlation coefficient > .97)  then the stan- 

da rd  deviation given by equation (11-16) will be larger than the actual 

uncertaini t ies .  

bound on one of the parameters from some added information (e.g.  some 

other geophysical d a t a )  which then would r e s t r i c t  the possible range 

of other parameter. 

been presented by Inman ( 1 9 7 5 ) .  The correlation m a t r i x  for the Grass 

Valley interpreted model indicate t h a t  no two parameters are strongly 

correlated,  thus the parameter standard deviations shown in Figures 

11-22 t h r o u g h  11-29 may be taken t o  be reasonably accurate. 

I f  two parameters 

I n  such a case, i t  may then be necessary t o  p u t  a 

A more detailed discussion on t h i s  topic has 

Resis t ivi ty  Profi 1 e 

The r e s i s t i v i t y  profiles o f  l i ne  E E '  as obtained from the in te r -  

pretation of l k m  and 2km (spacing between the transmitter and receiver) 

combined (lHrl , lHzl , phase and H Z  phase) parametric sounding 

d a t a ,  are  shown in Figures II-30A a n d  II-30B respectively. 

preted model parameters and the i r  estimated errors(+l  standard 

devi a t ion)  are i 11 ustrated in these figures . 
positions occupied in the survey are located a t  3W and 7W respectively. 

As i s  seen from the r e s i s t i v i t y  sections,  a massive conductive 

H r  
The in te r -  

The two transmitter 

zone underlies a more res i s t ive  surface layer.  A comparision with 

the geological section of the area (Figure 11-3) indicates t h a t  the 

upper res i s t ive  layer i s  l ike ly  t o  be correlated w i t h  Quaternary 

c 

c 
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F i g u r e  11-30B. R e s i s t i v i t y  s e c t i o n  a l o n g  L i n e  E - E '  o b t a i n e d  f rom 
i n t e r p r c t a t i o n  o f  2km sounding d a t a .  
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a l l u v i u m s ,  t h e  m i d d l e  c o n d u c t i v e  l a y e r  i s  l i k e l y  t o  be c o r r e l a t e d  w i t h  

T e r t i a r y  sediments and t h e  r e s i s t i v e  basement may correspond t o  t h e  

Pa leozo ic  bed r o c k s .  

E lec t romagne t i c  soundings a r e  more s e n s i t i v e  t o  t h e  presence o f  

deep, a h o r i z o n t a l  boundary, i f  t h e  da ta  i s  t aken  a t  a s e p a r a t i o n  

(between t r a n s m i t t e r  and r e c e i v e r )  l a r g e  i n  comparison t o  t h e  dep th  

o f  t h a t  boundary. 

i n t e r p r e t e d  s e c t i o n s  o b t a i n e d  w i t h  t h e  l km and 2km spacings.  

western s e c t i o n  (west  o f  5W), 

t h e  o r d e r  o f  1 km, b o t h  l km and 2km sounding d a t a  a r e  a b l e  t o  r e s o l v e  

t h i s  boundary. I n  t h e  e a r t e r n  s e c t i o n ,  on t h e  o t h e r  hand, o n l y  2km 

sounding da ta  i s  a b l e  t o  r e s o l v e  t h i s  depth,  which i s  presumably on 

t h e  o r d e r  o f  1.5 km. 

T h i s  p o i n t  i s  obv ious when we compare t h e  two 

I n  t h e  

where t h e  d e p t h  t o  t h e  basement i s  on 

E lec t romagne t i c  sounding i s  n o t  s e n s i t i v e  t o  t h e  r e s i s t i v i t y  

o f  basement r o c k s  l y i n g  beneath a more c o n d u c t i v e  sendimentary s e c t i o n .  

The r e l a t i v e  f i t  between t h e  observed d a t a  and t h e  t h e o r e t i c a l  model 

da ta  does n o t  change, even i f  a basement r e s i s t i v i t y  o f  10ohm-m i s u s e d  

a t  g r e a t e r  depths.  

10 ohm-m, i n d i c a t i n g  t h a t  t h e  r e s i s t i v i t y  o f  t h e  basement r o c k  i s  a t  

l e a s t  10 ohm-m o r  g r e a t e r .  Such a d i f f i c u l t y  i n  e s t i m a t i n g  t h e  t r u e  

r e s i s t i v i t y  o f  a l a y e r  l y i n g  underneath a more c o n d u c t i v e  s e c t i o n  

comes f rom t h e  f a c t  t h a t  t h e  induced c u r r e n t  t e n d  t o  c o n c e n t r a t e  i n  

t h e  more c o n d u c t i v e  r e g i o n .  

t h e  r e s i s t i v e  basement i . e .  t o  see a l a r g e r  e f f e c t  on t h e  da ta ,  a 

t r a n s m i t t e r - r e c e i v e r  spac ing  many t imes t h e  dep th  t o  t h e  basement 

would be r e q u i r e d .  

The f i t  however d e t e r i o r a t e s  f o r  va lues  l e s s  than  

To e f f e c t i v e l y  f o r c e  t h e  c u r r e n t  i n t o  

S i m i l a r  problems i n  e s t i m a t i n g  t h e  r e s i s t i v i t y  

c 
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o f  a r e s i s t i v e  basement u s i n g  t h e  d i p o l e - d i p o l e  method has been n o t e d  

by Beyer (1977) .  I n  s u r v e y i n g  ove r  t h e  same l i n e ,  a d i p o l e  s e p a r a t i o n  

o f  even lOkm was n o t  s u f f i c i e n t  t o  g e t  a good e s t i m a t e  o f  t h e  r e s i s -  

t i v i t y  o f  t h i s  r e l a t i v e l y  r e s i s t i v e  basement. Spacings o f  t h i s  o r d e r  

were a l s o  r e q u i r e d  t o  e s t i m a t e  t h e  t h i c k n e s s  o f  t h e  o v e r l y i n g  conduc to r  

u s i n g  t h e  d i p o l e - d i p o l e  method. 

t h i s  t h i c k n e s s  was as w e l l  r e s o l v e d  as w i t h  r e s i s t i v i t y  b u t  t h e  

t r a n s m i t t e r - r e c e i v e r  s e p a r a t i o n  had o n l y  t o  be 2km. 

W i t h  t h e  e l e c t r o m e g n e t i c  techn ique ,  

D i s c u s s i o n  and Comparison o f  R e s u l t s  

I n  e l e c t r o m e g n e t i c  sound ing  i n t e r p r e t a t i o n ,  t h e  s u b s u r f a c e  

s t r u c t u r e  i s  assumed t o  be i s o t r o p i c  and h o r i z o n t a l l y  l a y e r e d ,  whereas 

i n  r e a l i t y  t h i s  seldom i s  t h e  case. The r e s i s t i v i t y  s e c t i o n  t h u s  

o b t a i n e d  r e p r e s e n t s  an "average"  v a l u e  o f  r e s i s t i v i t i e s  and t h i c k n e s s e s  

o f  t h e  s u b s u r f a c e  s t r u c t u r e  between t h e  t r a n s m i t t e r  and r e c e i v e r  

l o c a t i o n s .  Such an a v e r a g i n g  aspec t  i s  apparan t  i n  t h e  two r e s i s t i v i t y  

s e c t i o n s  p r e s e n t e d  e a r l i e r  ( F i g u r e s  11-30A and 11-306) w h i c h  a r e  ob- 

t a i n e d  w i t h  two d i f f e r e n t  spac ings .  The two s e c t i o n s  a r e  n o t  s i g n i -  

f i c a n t l y  d i f f e r e n t ,  b u t  t h e y  do have d i f f e r e n t  v a l u e s  o f  r e s i s t i v i t i e s  

and t h i c k n e s s e s  o v e r  a common a r e a  (e.g.  between 3W-4W and 3W-5W) and 

t h e s e  a r e  t h e  r e s u l t  o f  l a t e r a l  changes i n  t h e  geo logy .  From t h e  

comparison of  t h e  two s e c t i o n s ,  t h e  f o l l o w i n g  q u a l i t a t i v e  i n t e r -  

p r e t a t i o n  can be made. 

a )  The s u r f a c e  l a y e r  i s  most  c o n d u c t i v e  and t h i c k  a round t h e  

c e n t e r  o f  t h e  s e c t i o n  (a round s t a t i o n  5W) and i t  g r a d u a l l y  t h i n s  o u t  

and becomes more r e s i s t i v e  on e i t h e r  s i d e .  

b )  The m i d d l e  l a y e r  i s  a l s o  most c o n d u c t i v e  around t h e  c e n t e r  o f  
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the section and the r e s i s t i v i t y  of this  layer gradually increases away 

from the center .  

a round s t a t i o n  5W would be indicat ive of an eas te r ly  dipping f a u l t ,  

causing the basement t o  s l i p  down t o  the eas t  of 5 W .  The presence of 

t h i s  f a u l t  could a l so  explain the low r e s i s t i v i t y  o f  the  second layer  

noted around s t a t ion  5W. 

A sharp change i n  the  thickness of the second layer 

Such an in te rpre ta t ion  of the surveyed area i s  i n  general agree- 

ment w i t h  other geophysical data summarized in Figure 11-21. The 

t e l l u r i c  data c l ea r ly  shows low r e s i s t i v i t y  around s t a t ion  5 W .  

dipole-dipole r e s i s t i v i t y  data i s  shown i n  Figure 11-31 and a 2D- 

i n t e r p r e t e d  model i s  shown i n  Figure 11-32, From t h e  comparison o f  

Figure 11r30 and Figure 11-32, the r e s i s t i v  t y  sect ions obtained from 

electromagnetic s o u n d i n g  data a re  very simi a r  t o  those i n  the d i r ec t  

current  r e s i s t i v i t y  interpreted model. 

The 



I I 

1 I 1 I 1 I I I I 
- 

- Dipole-Dipole 7.3 - : Apparent - 
- 

- - - 
- 6- 

8- 

IO 

12 

14' 

- 
- 

- - 
- 

- 
- 

- 
- - 
- Contoured in ohm-meters - 
- 

I I I I I I I I I I I I I I I I I 
- 

c 

N 

Figure 11-31. F i e l d  data dipole-dipole apparent r e s i s t i v i t y  pseudo-section f o r  
lkm dipoles along Line E-E' (A f te r  Beyer -' e t  a1 ' 1976). 

4 
0 
w 



PIODEL -- CRRSS VRLLEY. LINE E-El-fl KM DIPCHESI 
OIP[ILE-DIPOG RPPRRENT RESISTIVITY PSEUDO-SECTION 

P F F I L E , L I N E  .IS INCLINED AT G . 0  QECREES TO STRIKE I \  Eost  , t1 y 
W e s t .  

1 1 I 1 I 1 I I I I 1 I I I 
0 1 2 3 V X m  -15 - l V  -13' -12 - i1  -io -9 -8 .-7 -6 5 4 -3 -2 -1 

I i i i 1 

N W 

Km i -  

2- 

1 .- . 
. 2' 

3 

18 1 
1 8 . .  I . I I7 1 

! 

14 

I - 1  
- I  

3 
I I I L 

150b-m 3 
- 2  

.. : . 

V 

5 

6 

._ r , 

7 

I 

9 
13.6 

9 

8.1/ 12.8 22.4 22.5 12.8 9 

. 7.9 ,'11.8 20.0 27.2 25.7 10 

9 

10 

9.9 
u 

7 

a 

1 

2 

3 

V 

5 

6 

11 , 8.8 / / -  18.6 23.9 30.6 11 
0 

12 loll 12 

2-0 RESISTIVITY HODEL. 115. DEC. PROJECTION -- CRASS-VRLLEY. LINE E-E' .' a 

XBL 776-91 11 

Figure 11-32. Two-dimensional r e s i s t i v i t y  model and resultant dipol e-dipol e apparent 
r e s i s t i v i t y  pseudo-section along t i n e  E-E'  (After Beyer e t  a1 . , 1976) .  

4 
0 
P 



105 

8. Summary and Conclus ions 

The o b j e c t i v e  o f  t h e  p resen t  s t u d y  has been t o  i n v e s t i g a t e  t h e  

c a p a b i l i t y  o f  an e lec t romagne t i c  sounding system i n  mapping t h e  r e s i s -  

t i v i t y  s t r u c t u r e  o f  c o n d u c t i v e  sedimentary b a s i n s .  

a p r o t o t y p e  e l e c t r o m a g n e t i c  sounding system was des igned and b u i l t  and 

For  t h i s  purpose, 

a depth sounding su rvey  was c a r r i e d  o u t  

c u r r e n t  c a r r y i n g  l oop ,  w i t h  a moment o f  

used as a t r a n s m i t t e r  and a 3-component 

a r e c e i v e r .  The a m p l i t u d e  and phase o f  

i n  Grass V a l l e y ,  Neveda. A 
5 

t h e  o r d e r  o f  10 MKS u n i t s  was 

S Q U I D  magnetometer was used as 

h o r i z o n t a l  and v e r t i  c a l  compo- 

nen ts  o f  t h e  magnet ic  f i e l d s  were reco rded  i n  t h e  survey.  

were s tacked  and analyzed i n  t h e  f i e l d  b y  a preprogrammed d i g i t a l  

complex s i g n a l  a n a l y z e r .  Telephone w i r e  l i n k s  were p r o v i d e d  t o  c a r r y  

t h e  phase r e f e r e n c e  from t h e  t r a n s m i t t e r  t o  t h e  r e c e i v e r .  Measurements 

were made a t  s e v e r a l  d e s c r e t e  f requenc ies  c o v e r i n g  a frequency band 

o f  0.01 Hz t o  100 Hz. 

soundings and a cont inuous coverage a l o n g  a su rvey  l i n e ,  8 km l o n g ,  

was made. 

The s i g n a l s  

Spacings o f  1 and 2 km were used f o r  t h e  dep th  

An automated i n v e r s i o n  techn ique  was used t o  i n t e r p r e t  t h e  

sounding curves i n  terms o f  m u l t i - l a y e r e d  e a r t h  model. I n  genera l ,  t h e  

f i t  between t h e  observed d a t a  and t h e  computed d a t a  was found t o  be 

f a i r l y  good. The i n t e r p r e t e d  r e s i s t i v i t y  p r o f i l e  o f  t h e  surveyed l i n e  

i s  i n  genera l  agreement w i t h  t h e  geology o f  t h e  area and i t  matches 

v e r y  w i  11 t h e  i n t e r p r e t e d  d i  po l  e -d i  p o l  e r e s i s t i v i t y  model . 
The r e s u l t s  o f  t h i s  exper imen ta l  su rvey  c l e a r l y  i n d i c a t e  t h a t  

i n d u c t i v e  e lec t romagne t i c  dep th  sounding systems a r e  as capable of 

mapping r e s i s t i v i t y  s t r u c t u r e  as t h e  c o n v e n t i o n a l  r e s i s t i v i t y  systems. 
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This survey also demonstrated the fact  t h a t  a much lower transmitter- 

receiver spacing i s  needed in an electromagnetic depth sounding survey 

t h a n  i n  a conventional dipole-dipole r e s i s t i v i ty  survey for the same 

effective depth of exploration. 

source power requirement, b u t  i t  also makes electromagnetic d a t a  less  

subject t o  noise caused by la teral  inhomogeneities t h a t  add consider- 

able complexity i n  a comparable r e s i s t i v i ty  sounding. 

source electromagnetic survey was also conducted without the need o f  

implanting electrodes and with very low power requirement ( -72 wat ts) .  

A smaller spacing n o t  only reduces the 

This Loop- 

c 
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APPENDIX - A 

Magnetometer Ca l i  b r a t i o n  Results 

The magnetic f ie ld  detector used in th i s  experimental survey was 

a 3-axis SQUID magnetometer (Develco Model 8230). 

of  l O - ' y / G  and a f l a t  frequency response from D.C. t o  several KHz.  

To make measurements in the low frequency range,  i t  was f o u n d  necessary 

t o  provide a conducting shield araund the magnetometer t o  cut down h i g h  

frequency noise ( s f e r i c s ) .  

aluminum can(40 mil thick,  12" i n  diameter and 18" in height with open 

ends) enclosing the sensors of the magnetometer. 

I t  has a sens i t iv i ty  

The conducting shield was provided by a n  

Theoretically, the effect  of such a shield on the magnetometer 

response would be similar t o  t h a t  of  placing a single pole low pass 

RC f i l t e r  i n  ser ies  w i t h  the magnetometer input. 

actual response of such a shield on the magnetometer and also t o  find 

the absolute conversion factor for each of the magnetometer o u t p u t s .  

a c a l i b r a t i o n  t e s t  was r u n  i n  the f i e ld .  

To evaluate the 

2 
A small multiturned calibration coil  (NA = 21.92  t u r n  meter ), 

placed 5 meters away from the shielded magnetometer, was used as a 

magnetic dipole source and measurements were made a t  several discrete 

frequencies i n  the frequency band of 10 Hz t o  100 Hz, 

f l o w i n g  i n  the calibration coil and the magnetometer outputs were care- 

ful ly  monitored w i t h  the Signal Averager which provided the necessary 

phase and amp1 i tude informati on a t  each frequency. 

The current 

The observed response o f  the shield was found t o  be i n  close 
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agreement w i t h  t h a t  o f  a low-pass R C  f i l t e r .  

responses o f  a low-pass R C  f i l t e r  a r e  g i v e n  by  

The phase and a m p l i t u d e  

and 

where w i s  angu la r  f requency and 'I i s  R C  t i m e  c o n s t a n t  i n  seconds. 

By match ing  t h e  observed response t o  t h a t  o f  low pass f i l t e r ,  t i m e  

c o n s t a n t  f o r  t h e  e f f e c t  o f  t h e  s h i e l d  on each component was c a l c u l a t e d .  

Thus by  knowing T , amp l i t ude  and phase c o r r e c t i o n  can be e a s i l y  

c a l c u l a t e d  f rom t h e  above formulae fo r  any f requency.  

t h rough  A6 a r e  p l o t s  o f  observed response (phase and a m p l i t u d e )  p l o t t e d  

a l o n g  w i t h  t h a t  o f  RC f i l t e r  w i t h  proper  T f o r  each component. Abso- 

l u t e  convers ion  f a c t o r  and c a l c u l a t e d  T a l o n g  w i t h  c u t - o f f  f requency 

( F c )  a r e  l i s t e d  below f o r  each component. 

F igu res  A1 

x-Axis  

A b s o l u t e  c o n v e r s i o n  f a c t o r  = 2 0 . 8 5 y / v o l t  ( e r r o r  < .5%) 

T = .00123 seconds 

Fc= 129.6 Hz 

y-Axi s 

Abso lu te  convers ion  f a c t o r  = 2 1 . 0 8 y / v o l t  ( e r r o r <  .5%)  

'I = .0010 seconds 

Fc= 144.7 Hz 

G 
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z-Axi s 

Absolute conversion factor = 22.20y/volt (error < .5%) 

T = .0017 seconds 

Fc= 93.6 Hz 
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APPENDIX - B 

GRASS VALLEY SOUNDING DATA 

f 



Frequency 

(Hz )  

80.0 
50.0 
31 .6 
16 .0  

6 . 3  
2.5 
1 .o 
0.63 

0.25 
0.10 
0.02 

T3-R2 S o u n d i n g  Data 

Normal i zed F i  e l  d 

r 
0.94+1.5% 

H 

1.0651 .O% 
1.12+2.0% 
1.1151 .O% 

0.8051 . O %  

0.4723.0% 

0.19+24. % 
0.30+10. % 

- 
0.5721 .5% 
0.84kl . O %  
1.1351 .O% 
1.2921 . O %  
1.2951 .O% 
1 .2021 .5% 
1 .16+1 . l %  
1.0751 .O% 
1.00+0.9% 
1 ,0021 .8% 

Phase i n  Degrees 

r H 

161 .O+l .1 
169.0k0.7 
179.2k0.4 
196.0k0.4 
21 6.120.6 
231 . I t 1  .1 
243.529.7 
249. 0214. 

HZ 
- 

137.2k1 .7 
143.250.4 
156 .6 t0 .4  
171.820.4 
1 80.1 k0 .9  
184.121 .1 
186.020.4 
182,820.4 
181.9k0.4 
1 8 0 . 0 t l  .O 

. 



122 

Frequency 

(W 

63.0 
40.0 
25.0 
1 2 . 5  

6 . 3  
4 .0  
2 .5  
1 .o 
0 . 5  
0.25 
0.10 
0.02 

T3-R3‘ -Sounding Data 

Normal i zed F i  e l  d Phase i n  Degrees 

Hr 

0.9421’. 5% 
1 .07+1 .O% 

1.15+1 .O% 

1.0721 .O% 
0.8521 .O% 
0.6621 .O% 

0.5321 .O% 
0.3228.0% 

- 

0.5021 .O% 
0.75+1 .O% 

0.9721 .O% 
1.1921 .O% 
1.30+1 . l %  
1.2921 .O% 

1.29+1.2% 
1.22+1 .O% 

1 . 1 5 t l  .O% 
1 ,0621 .O% 
1 .o 21 . l %  

1 . 0  +1.0% 

Hr  

165.4k0.4 
171.7k0.4 

1 83.82 0.4 
200.0+0.4 
21 5.120.4 
223.550.4 
230.320. 5 
242.721 .7 

11 8.120.4 
131.920.5 

142.120.4 
157.050.4 
1 68,720.4 
1 7 5.020.4 
1 78.8k0.4 
185.020.5 
1 86.020 .6  
184.620.9 
181.7k0.5 
1 8 0 . 4 t 0 . 5  

c 



T3-R4 Sounding Data 

1 2 3  

Frequency 

"1 

63.0 
4 0 . 0  
25.0 
1 2 . 5  

6 . 3  
4.0 
2 . 5  
1 .o 
0 . 5, 
0.25 
0.10 
0.03 

0.02 

0.01 

Normal i z  ed F i  el d 

1 .0051.2% 0.60+2.5% 
1 ,1321 .O% 0.7921 .O% 
1 .18+1 .O% 0.9951 .O% 
1,0621 .O% 1.2121 .O% 
0.8121 .O% 1.2751 .O% 
0.6321 .7% 1 .27*1 .2% 

- 1 .25+1 . l %  

0.28-+13.% 1.1921 .O% 
0.19+15.% 1.1121 .O% 

- 1.0351 .5% 

1.06210.% 
- 1.00+2.0% 

- 1.0052.5% 
- 1 .0054.0% 

Phase i n  Degrees 

Hr HZ 

158.420.4 111 ,120.9 
1 70.550. 4 1 2 5 . 1 t 0 . 5  
182.950.4 138.750.4 
201 ,450.4 I 56.85 0 .4  
21 6.520.4 170.651.2 
224.451 .1 175.550.4 

- 179.450.4 
2 40.854.9 184.320.4 
255.021 0.  186 .250 .5  

- 1 84.850.5 
- 182.226.5 
- 180.221.6 

- 1 80.0k2.0 
- 181 .0+1 . 6  



Frequency 

(Hz) 

63.0 
40.0 
25.0 

1 2 . 5  
6.3 
4 . 0  
2 .5  
1 .o 
0 . 5  
0 .25  

' 0.10 
, -  

124 

c 

T7-R6 S o u n d i n g  Data 

Normal i zed F i  el d Phase i n  Degrees 

r H Z  r "Z H H 

0.9721 . O %  0.7452.0% 160.620.4 108.551 .O 
1.11+1 .O% 1 .0155.0% 178.5k0.4 135.052.5 
1 .09+1 .O% 1.08+1 .O% 190.9+-0.4 1 46. OkO. 4 

0.91L-1 .O% 1.2221 .O% 204.2k0.4 161.0+0.4 

a . m i  .ox 1 .26k1.0% 21 3.0+0 .4 1 72.420.4 

0 . 6 0 4  . O %  1 .28+1 . O %  21 8.4k0.4 1 76.7k0.4 

0.4921 . O %  1 .27+1 .O% 225.1 t 0 . 4  180.4k0.4 

0 . 2 8 4  . 0% 1.17k1 . O %  245,120.4 185.850.4 

0.1623.5% 1.09+1 .O% 258.321 .9 1 86.320.4 

'0.09*20. % 1 . 0 3 t l  .O% 266.354.4 185.1 20 .4 
- 1 ,0051 .O% - 182,720.5  



Frequency 

"1 

50.0 

40.0 

25.0 

12.5 

6.3 

4.0 

2.5 

1 .o 
0.5 

0.25 

0.10 
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T7-R8 Sounding Data -- 

Normal ized F i e l d  

Hr 
1.1121 .O% 
1.12+1.1% 

1.12f0.9% 

0.9551 .O% 
0.7651 .l% 

0.665 0.9% 
0.54f1 .O% 

0.31+1.5% 

0.1751 .O% 
0.1 o+ 20. % 

- 

HZ 
0.7051 .O% 

0.8251 .O% 

1 .03+1 .O% 

1.1951 .O% 
1.26+1 .2% 
1.2751 .O% 

1.2751 .l% 
1.19+1.2% 

1.1351 .O% 

1.0721 .2% 
0.97-+1.4% 

Phase i n  Degrees 

Hr 
1 64 .95 0 .4 

171.220.4 

1 85.0f 0.4 

2 00.6f 0.5 

210.0f0.5 
216.250.4 

224.3+0.4 

240.2f0.8 

250.0+1 .O 
253.856.8 

- 

HZ 
1 1 4.610.4 

1 1 8.85 0.4 

1 38.55 Q .4 

158.050.4 

169.550.4 

175.0t0.4 

1 79.650.4 

1 85.020.4 

1 85.250.4 

1 83.8* 0.8 

181 .5+0.8 
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c 

T3-R5 Sounding Data 

Normal i zed F i  el d Phase i n  Degrees Frequency 

(Hz) 
Hr H* Hr HZ 

25.0 
12.5 

6.3 
4.0 
2.5 
1 .o 
0.5 
0.25 
0.1 

- 
0.96*2.0% 
1.0128.0% 
1.08+2 .O% 
1.0722.5% 
0.9423 .O% 
0.69+4.0% 
0.45+13.% 

0.4021 .4% 
0.60+2.0% 
0.89+1 .OX 

1 .06+1 .O% 
1 . 1  320.9% 
1.2521 .O% 
1 .24+4.0% 
1 .16+1 .O% 
1.1 327.0% 

156.521 . 3  

1 72.9t 3.7 
181,920.7 
1 90.2k0.6 
208.321 .O 
229. 020 . 9  
248.6t6.0 

92.4k0.7 
105.321.2 
130.2k0.5 
146.520.5 
156.0k0.5 
172.120.5 
181 .4+2.8 
1 83.52 3.5 
184.222.7 



Frequency 
(Hz 1 

40.0 
25.0 
12.5 
6.3 
4 .O 
2.5 
1 .o 
0.5 
0.25 
0.10 

T7-R5 Sounding Data 

Normal i zed Fi el d 

Hr 
0.50*2.0% 
0.6851 .O% 
0.8451 .O% 
1.0051 .O% 
1.0351 .O% 
1.00+1 .O% 
0.99+2.0% 
0.7753.0% 

" 2  

c 

0.24+2.0% 
0.4524 .O% 
0.70+1 .O% 
0.6951 .O% 
0.8551 .5% 
1.1551 .O% 
1.2551 .O% 
1.1651 .O% 
1.11+5.0% 

Phase in Degrees 

"r 
129.253.1 
141.1+0.5 
155.150.4 
170.0k0.7 
178.020.5 
186.050. 5 
21 2.451 .3 
230.251 .3 

- 

- 
87.921.2 
113.951 .O 
136,450.5 
146 .OtO. 5 
153.050.8 
1 68.050 .5 
179.750.6 
183.850.5 
182.5+3.6 
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T7-R9' Sounding D a t a  

Normal i zed Fi el d Phase in  Degrees Frequency 

") 

Hr HZ Hr HZ 

40.0 
25.0 
12 .5  

6.3 
4.0 
2.5 
1 .o 
0.5 

- 
0.9421 . O %  
0.9551 . l %  
1 . 0 1 ~ 1 . 0 %  
1.02+3.0% 
0.78k4 .O% 
0.48+8.0% 

0.31 53.3% - 
0.4251 . O %  - 
0.6251 . l %  1 70.9k0.6 
0.8151 .5% 181.050.5 
0.95+1 .O% 1 88.550.5 
1.1351 .O% 199.5k0.6 
1 .30?1 .5% 222.625.0 
1 2 3 2 3 . 0 %  244.3k1.0 . 

103.721.3 
11 4.7k0.5  

1 35.550.6 
146.6k1 .O 
152.550.6 
159.350.5 
174,520.5 
180.922 .O 

c 






	INTRODUCTION
	CHAPTER I DESIGN OF AN ELECTROMAGNETIC TRANSYITTER
	1 Introduction
	2 Design Considerations
	3 Design Parameters
	4 Optimum Transmitter Design
	5 Transmi tter Design Chart
	6 Design Example
	7 Design of a Power Supply Source
	GRASS VALLEY NEVADA

	1 Introduction
	2 Geology of Grass Valley
	3 Location of the Survey Line
	4 Field Program
	5 Instrumentation
	6 Field Set-up
	7 Interpretation of the Results

	General
	Method of Interpretation
	Inversion Problem
	Spiral A1 gori thm
	Numerical Considerations
	Function Evaluation
	Wei ghting
	model


	Combined Data Interpretation
	Grass Val 1 ey Results
	Data Inversion
	Resistivity Profile

	Discussion and Comparison of Results
	8 Summary and Conclusions

	REFERENCES
	Magnetometer Calibration Results
	Grass Valley Sounding Data



