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An of fshore  se l f - po ten t i a l  prospect ing system, cons is t ing  o f  

a por tab le  char t  recorder and a p a i r  of towed electrodes, i s  shown 

t o  be capable o f  loca t ing  both onshore and submerged of fshore deposi ts 

of conductive minerals. The s i l v e r  - s i l v e r  ch lo r i de  electrodes, 

spec ia l l y  designed f o r  t h i s  work, are shown t o  have a small and 

p red ic tab le  response t o  changes i n  environmental parameters. 

The background noise leve l  i s  genera l ly  less than a few tenths 

o f  a m i l l i v o l t ,  a l low ing  v isua l  recogn i t ion  o f  o f f shore  self- 

po ten t i a l  anomalies w i t h  a grad ient  i n  excess of one m i i i i v o l t  over 

t he  e l  ectrode sepa r a t  ion. However, somc man-made s t  r-uctures, or 

areas o f  geothermal a c t i v i t y ,  may generate f i e l d s  large enough t o  

i n t e r f e r e  w i t h  se l f - po ten t i a l  p r o f i l i n g .  
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extending from a reducing sea f l o o r  i n t o  o x i d i z i n g  sea water, generates 

a po ten t i a l  f i e l d  cons is tent  i n  magnitude and p o l a r i t y  w i t h  those 

seen over s u l f i d e  o re  bodies on land. As an o x i d a t i o n  - reduct ion 

mechanism appears t o  o f f e r  t he  best  explanat ion f o r  the s e l f -  

po ten t i a l  phenomenon on land, conductive mineral deposi ts i n  the 

sea  f l o o r  a lso should be capable of  generating s e l f - p o t e n t i a l  f i e l d s .  

The se l f - po ten t i a l  f i e l d  generated by a submerged o re  body may 

be simulated by a p o i n t  cu r ren t  s i n k  o r  d ipo le  bu r i ed  i n  t h e  sea 

f loor, and the  p o t e n t i a l  f i e l d  a t  t h e  water surface s tud ied as a 

f u n c t i o n  o f  depth o f  bu r i a l ,  sea-f loor res is t iv i l -y ,  water depth, and 

d ipo le  angle and separation, I t  i s  seen i n  most cases t h a t  an ore 

body o f  economic s i z e  w i l l  generate an e a s i l y  detectab le  po ten t i a l  

f i e l d  a t  the  water surface. 

F i e l d  work was conducted i n  areas o f  known s u l f i d e  minera l i za t ion  

(southeastern Alaska and Penobscot Bay, Maine) and onshore and o f f -  

shore geothermal a c t i v i t y  (Ca l i fo rn ia ,  Nevada, znd Ensenada, Mexico). 
.*. . .> - 

increased se l f - po ten t i a l  background noise leve ls  were seen i n  the 

geothermal areas, along w i t h  some large anomalies. I n  Maine, large 

o f fshore  se l f - po ten t i a l  f i e l d s  were found t o  be generated by onshore 

su l f i de and g raph i te  deposits, and submerged mi nera l deposits are 

thought t o  be responsible f o r  o ther  observed o f fshore  anomalies. 
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CHAPTER I 

INTRODUCT 1 ON 



. . ."Hence it seems I i ke l y t h a t  e lectro-magnet i sm may become . 
useful  t o  t he  p r a c t i c a l  miner i n  determining w i t h  some degree o f  

p r o b a b i l i t y  a t  least, t he  r e l a t i v e  quan t i t y  o f  o re  i n  ueins, 

and the  d i r e c t i o n s  i n  which it most abounds." 

R.W. Fox, 1830 

D e f i n i t i o n  and desc r i o t i on  o f  se l f - oo ten t i a l  

Under c e r t a i n  geologic condi t ions,  an e l e c t r i c  p o t e n t i a l  

f i e l d  may be developed n a t u r a l l y  i n  t he  s o i l  and rocks surrounding 

an e l e c t r i c a l l y  conductive o r e  body. Th is  phenomenon is known 

as se l f - po ten t i a l  ( o r  spontaneous po la r i za t i on ) ,  o f t e n  abbreviated 

"S-P". 
Sel f -po ten t ia  I survey'ing, i n  which these p o t e n t i a l  f i e l d s  

a r e  measured along t he  surface o f  t h e  earth, has been used f o r  
., . I > -  

many years as a geophysical t o o l  i n  the  search f o r  ore. (Se l f -  

p o t e n t i a l  wel l  logging i s  t he  measurement of e l e c t r i c  p o t e n t i a l  

f i e l d s  i n  boreholes, developed by d i f fe rences  i n  d isso lved ion  

concentrat  ions i n  t he  pore waters o f  adjacent formations 

(Schlumberger Well Surveying Corp., 1958). Th is  d e f i n i t i o n  o f  

se l f - po ten t i a l  w i l l  no t  be used i n  t h i s  thes is . )  The h i s t o r y  of 

se l f - po ten t i a l  prospect ing w i l  l be described b r i e f l y  l a t e r  i n  

t h i s  chapter, and t h e  electrochemical theory o f  se l f - po ten t i a l  

generat ion w i l l  be discussed i n  Chapter 2. 

Some se l f - po ten t i a l  anomalies generated by s u l f i d e  o r e  bodies 

a re  i l l u s t r a t e d  i n  Figures 1 - 1  and 1-2. The zero reference 

vo l tage i s  t h e o r e t i c a l l y  a t  a p o i n t  i n f i n i t e l y  f a r  from the  o re  

body. I n  pract ice,  t he  vo l tage i s  assumed t o  be zero a t  a p o i n t  
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where it ceases t o  change s i g n i f i c a n t l y  as t h e  d i s tance  f rom t h e  

c e n t e r  o f  t h e  anomaly i s  increased. 

The anomaly i s  a lmost  always negat ive  i n  p o l a r i t y ,  and i s  

t y p i c a l l y  about one hundred t o  a few hundred m i l l i v o l t s  (mv.) a t  

i t s  p o i n t  o f  maximum ampli tude, c a l l e d  t h e  "negat ive center " .  The 

nega t i ve  c e n t e r  u s u a l l y  i s  located above o r  n e a r l y  above t h e  area 

of r i c h e s t  m i n e r a l i z a t i o n .  A l a rge  anomaly i s  o f  t h e  order o f  

-500 m i l l i v o l t s  (Sato and Mooney, 1960). The l a r g e s t  recorded 

anomaly i s  - 1842 m i l l i v o l t s ,  over  a l u n i t e  [ ~ , l  (OH) (SO ) 
3 6 4 2 7  

near Hualgayoc, Peru (Gay, 1967). Canadian I n s t i t u t e  o f  M i n i n g  

and M e t a l l u r g y  (1957) and Edge and Laby (1931) pr-esent d iscuss ions  

o f  severa l  s e l f - p o t e n t i a l  case h i s t o r i e s .  _._ .-I 

The m ine ra l s  which most c o n s i s t e n t l y  produce s t r o n g  s e l f -  

p o t e n t i a  l anoma I i e s  a re  p y r i t e  (FeS ) and pyrrho-t i t e  (Fe S ) .  
i -x 

C h a l c o p y r i t e  (CuFeS2 ), c h a l c o c i t e  (Cu S) ,  c o v e l l i i - e  (CuS), 
2 

g r a p h i t e  (C), and a n t h r a c i t e  ( C )  a l s o  produce anomalies (Sat0 

and Mooney, 1960). Many o t h e r  n a t u r a l  and a r t i f i c i a l  phenomena 

a l s o  may produce e l e c t r i c  p o t e n t i a l  f i e l d s  i n  the e a r t h  (and i n  

sea wa te r ) .  These no ise  sources ( f o r  s e l f - p o t e n t i a l  p rospec t ing )  

are d iscussed i n  Chapter 5. 

The anomalies produced by s u l f i d e  o r e  bodies seem t o  change 

l i t t l e  w i t h  t i m e  (Sato and Mooney, 1960). Parasnis (1970) s t u d i e d  

a s e l f - p o t e n t i a l  anomaly i n  no r the rn  Sweden ove r  a p e r i o d  o f  8 

years, and found t h a t  ... i n  many cases smal l  w igg les  hav ing  

ampl i tudes o f  o n l y  10 t o  20 mv. can a l s o  be fo l l owed  i n  t h e  same 

p o s i t i o n  from year t o  year." (The amp1 i tude o f  t h e  t e s t  anomaly 



was about 300 m i l  1 i v o t t s . )  

H i s to r y  and present use 

The phenomenon o f  se l f - po ten t i a l  generat ion by s u l f i d e  o re  

bodies apparantly was discovered by Fox (18301, i n  t he  copper 

mines o f  Cornwall, England i n  the  e a r l y  1800's. The method came 

i n t o  use as a p r a c t i c a l  prospect ing t o o l  e a r l y  i n  t he  19001s, 

and has been i n  continuous use s ince t h a t  time. Van Nostrand 

and Cook (1966) g i ve  an exce l l en t  summary o f  t h e  development 

o f  t he  method. 

Although the  reported use o f  se l f -potent i a  I was on1 y I I crew - 
months f o r  t he  year 1969 (A1  ten, 19711, as compared w i t h  1280 

crew - months f o r  induced po la r i za t ion ,  391 f o r  magnetic ground 

surveys, and 72 f o r  r e s i s t i v i t y ,  the  method s t i l l  , i s  ~ ~ n s i d e r e d  

usefu l  (see, f o r  example, Sengupta and others, 19691, and 

Parasn i s ( 1970) f ee l s  t h a t  b e t t e r  understand i rig o f  t h e  nature 

o f  se l f -potent  i a  l and more ca r e  i n  t h e  i n t e r p r e t a t i o n  o f  data 

may r e s u l t  i n  increased usage f o r  t h e  method. The compa~at i ve  

cos t  of se l f -po ten t ia l  surveying is given i n  Table I-I. Costs 

for of fshore  se l f - po ten t i a l  surveying are considerably lower; 

about $30 per  l i n e  m i l e  ( Chapter 6 ) .  

Equipment and Fie1 d Procedure 

The on ly  equipment needed t o  measure se l f - po ten t i a l  f i e l ds  

on land a re  a voltmeter, two electrodes t o  make con tac t  w i t h  t h e  

earth, and s u f f i c i e n t  insu la ted  w i re  t o  connect t h e  e lect rodes 

t o  t h e  voltmeter. A supply o f  s a l t  water may be needed t o  he lp  

reduce t h e  e l e c t r i c a l  res is tance between the  electrodes and the  



earth.  Figure 1-3 shows the  components o f  a se l f - po ten t i a l  

measuring system. 

The vo l tmeter  must have h igh impedance t o  prevent it from 

drawing cur ren t  from the  electrodes and p o l a r i z i n g  them. Vol t -  

meters have evo l ved f rom the  w i re-xound compass o f  Fox ( 1 830) 

t o  potent iometr ic  and so l i d - s ta te  instruments which can resolve 

one m i l l i v o l t  and which draw no appreciable c u r r e n t  du r i ng  

measurement. The electrodes used are o f  t h e  non-po lar iz ing i y p e  

t o  minimize spurious contact  and chemical p o t e n t i a l  readings. 

(Electrode theory and operat ion are discussed i n  d e t a i l  i n  

Chapter 4 . )  A complete se l f - po ten t i a l  system, i nc l ud ing  meter, 

electrodes, reel ,  and cable may be purchased f o r  about $600-$900. 

A se l f - po ten t i a l  survey (on land) may be ccr,:ticted by 

t o t a l - f i e l d  o r  by g rad ien t  measurement. In  t h e  t o t a l - f i e l d  

method, one e lect rode i s  he ld  s ta t i ona ry  as a reference w h i l e  the 

o ther  i s  moved. I n  t he  grad ient  method, both e!ectrodes a re  moved 

together, w i t h  constant separat ion maintained between them. The 

g rad ien t  method a l  lows g rea te r  speed and f t e x i b i  l i t y  i n  surveying, 

b u t  t h e  s ignal- to-noise r a t i o  i s  lower than t h a t  f o r  t h e  t o t a l -  

f i d l d  method. Edge and Laby (1931, p, 241) give a d e t a i l e d  d i s -  

cussion o f  f i e l d  procedures f o r  se l f - po ten t i a l  surveying. 

Offshore app l i ca t i on  

I t  w i l l  be shown i n  Chapter 2 t h a t  t h e  geolog ic  and geo- 

chemical condi t ions which g i v e  r i s e  t o  se l f - po ten t i a l  anomalies on 

land a l so  may e x i s t  i n  t he  v i c i n i t y  o f  t h e  sea f l o o r .  I t  i s  

possible, therefore,  t h a t  a submerged o re  body may produce an 





e l e c t r i c  po ten t i a l  f i e l d  i n  the sea water and sediments surrounding 

t he  body. Detect ion o f  t h i s  f i e l d  (potent ia l  f i e l d s  a re  discussed 

i n  Chapter 3; and t he  equipment used i s  described i n  Chapter 4 )  

then could provide a simple method o f  loca t ing  and de l inea t ing  

o f fshore  ore bodies. Work by Marke (1965) provides evidence t h a t  

o f f shore  s u l f i d e  o re  bodies do produce measurable anomalies. 

The f  i e l d produced by an o re  body located near a shore1 ine 

w i l l  propagate i n t o  t he  adjacent water. A p a i r  o f  e lectrodes 

towed j u s t  o f f shore  may, as discussed i n  Chapter 3, be used t o  

detect  t h e  presence o f  an onshore o re  body. The r e s u l t s  o f  such 

surveys, described i n  Chapter 6, i nd ica te  t h a t  t h i s  i s  a p rac t i ca l  

and economical prospect ing technique. 



CHAPTER 2 

MECHANISMS 

"Curiouser and curiouser!" 

Lewls Carrot l 
A l i c e f s  Adventures i n  Wonderland 



?he e l e c t r i c  po ten t i a l  f i e l d  which cons t i t u tes  a sc l f - po ten t i a l  ' I i 
1 1  

anomaly i s  generated by a f low o f  e l e c t r i c  cu r ren t  through the earth.  t I 

' I  ; 
The mechanism o f  se l f -po ten t ia l ,  therefore,  must be one which i s  1 I 

1, I 
capable o f  generating and susta in ing a f low o f  e l e c t r i c  cu r ren t  i I 

1' I 

through the  ore body and i t s  surrounding environment. Many 

mechanisms have been proposed, b u t  t h a t  o f  Sato and Mooney (1960) 

ti 1 
appears t o  f i t  best  the observed data re l a ted  t o  the se l f -po ten t ia l  i f  

if 
phenomenon. I 

I n  t h i s  chapter, two o f  t he  e a r l i e r  theor ies  o f  se l f - po ten t i a l  

generat ion are discussed b r i e f l y ,  fo l lowed by a more de ta i l ed  pre- 

sen ta t ion  o f  the mechanism proposed by Sato and Mooney (1960). I t  

i s  then shown t h a t  t h i s  mechanism can be extended t o  o f f shore  ore 

bodies which may, under the  proper geological  and geochemical con- - ..- 

d i t i ons ,  generate se l f - po ten t i a l  anomalies i n  t he  surrounding 

sediments and sea water. F ina l l y ,  the r e s u l t s  o f  laboratory and 

f i e l d  experiments which appear t o  con f i rm the  f e a s i b i l i t y  o f  s e l f -  

p o t e n t i a l  gecerat ion by o f fshore  o r e  bodies are presented. 

Ear ly  theor ies  . 

Sato and Mooney (1960) present an extensive review o f  previous 

t heo r i es  o f  t he  o r i g i n  of se l f - po ten t i a l  anomalies over conductive 

ore bodies. Of these, on l y  two a re  supported by sxperimental work: 

t h e  oxygen c e l l  theory o f  Schlumberger, as discussed by Po ld in l  

(1938, 19391, and the pH g rad ien t  mechanism o f  K e l l y  (1945). 

Oxygen c e l l  mechanism 

Schlumberger, as quoted i n  Po ld in i  (1938, 19391, s ta tes  t h a t  

t h e  cu r ren t  f l ow through the  o re  body i s due t o  the  dissolved 

oxygen (0 concentrat ion g rad ien t  i n  the groundwater; t he  shal low 2 



groundwater containing more d i  ssol ved 0 than t h a t  a t  depth. The 2 

0 concentration gradient creates a "gas bat tery"  which r e s u l t s  2 

i n  "e l e c t r o l  ys i  st' o f  the water surrounding the o r e  body, w i t h  

hydrogen (HZ) gas evolved a t  the upper end (cathode) and O2 a t  

the lower end (anode). The H gas combines w i th  dissolved 0 2 t o  
2 

form water a t  the  top o f  the ore body, and the O2 generated a t  

t he  bottom o f  the ore body dissolves i n t o  the groundwater, which 

i s  i n i t i a l l y  low i n  dissolved 0 This process provides a mechanism 
2 ' 

f o r  the d i f f u s i o n  o f  dissolved 0 from the near-surface groundwater, 
2 

where i t s  concentration i s  high, t o  the deep groundwater, where 

i t s  concentration i s  low. 

Unfortunately, Schlumberger ( and Po ld in i )  do not give the 

chemical react ions fo r  t h i s  proposed mechanism, nor  do they explain 

how the f low o f  e l e c t r i c  current through the ore body i s  generated. . -- . 

The generation o f  H2 a t  t he  top o f  the ore body and O2 a t  t h e  bottom 

wou I d  seem t o  requ i re  a spontaneous water e l e c t r o l y s i  s process 

(see Figure 2-1 1, wi th  water combining with e lect rons and be ing  

broken down i n t o  H2 and OH- a t  the top of  ?he ore  body, and water 

+ 
breaking down i n t o  O2 and H a t  the bottom o f  the ore  body, w i t h  

the release o f  electrons. Electrons flow upward through t h e  ore  

body, so conventions l cur ren t  flows downward, as requi red by 

f ie ld  observation. 

As these react ions are not  spontaneous under standard condi- 

t ions,  the energy t o  d r ive  them would presumably be provided by 

the di f ference i n  0 p a r t i a l  pressure between the top and bottom 
2 

of the ore body. Therefore, the  dissolved oxygen would have t o  

be removed rap id l y  from the bottom o f  the ore body t o  prevent 

po la r iza t ion  o f  the c e l l .  I t  should be noted t h a t  t h i s  mechanism 



F i g u r e  2-l 

E l e c t r o l y s i s  C e l l  

Ground surface 
I / / / /  / /  / /  / / I /  / r / r m  / / /  / i / / / / / ' / / j / / / / / / / / / / /  

High dissolved 0 
2 

2H 0-02? + 4H4 + 48- 
2 

Low d i s s o l v e d  0 
2 



requi res t h e  consumption, no t  the  product ion o f  water, a t  the top 

o f  the  o r e  body. (Schlumberger s ta tes  thaf-  "the nascent hyd r~gen  

combines w i t h  the d isso lved oxygen so as t o  form wateru-)  

Another poss ib le  oxygen mechanism i s  t h e  d i f f e r e n t i a l  aerat ion 

c e l l  (Uhlig, 1963, p. 1 1 ;  26). Th is  mechanism (Figure 2-21 provides 

f o r  the consumption o f  water, 02, and e lec t rons  a t  t h e  top o f  the  

o re  body, w i t h  t he  release o f  OH- ions; and for t he  consumption 

o f  OH- ions a t  t h e  bottom o f  the  o re  body, with t h e  product ion 

o f  water, 0 and e lect rons.  As w i t h  the  e l e c t r o l y s i s  mechanism, 
2 ' 

elect rons are released a t  t he  bottom o f  t he  o r e  body and consumed 

a t  t h e  top, c rea t i ng  a downward f low o f  ccnventional cur rent .  

The d r i v i n g  fo rce  f o r  t h i s  process i s  again t h e  d i f f e rence  i n  9 

' g  
t he  p a r t i a l  pressure o f  d issolved 02, P , in  t h e  groundwater a t  

O2 
t h e  top and bottom o f  the ore body. The po ten t i e !  f o r  the ove ra l l  

i a 
r eac t  ion, 

to  prevent p o l a r i z a t i o n  o f  the c e l l .  

1 , I  I 
I 4  

I I 0 2  ( h i g h  pressate>- $ Oz C l a w  ptest+re) I 

Although var ious s i de  react ions between t h e  ore body and the  

is I 

Po, Chiau f! '~ osq l o  c ~a itB (2-2) E= y 

1 I .  . 
groundwater may serve as depolar izers  f o r  t he  t w o  mechanisms de- d ,t, , 1 !i 

1; 
.' 

I ) .  
sc r ibed above, Sato (1960a, 1960b) has shown t h a t  many minera ls  which 

i 
1 

3 Pazcrow) 

For a " typ ica l "  se l f - po ten t i a l  anomaly o f  200 mv , 
'02 

(high)/ P (low) 
('2 

/I I I 

1 I 

would have t o  be 10 - 1 3 * 5 s  a r a t i o  which could  be maintained on ly  

i f  P ( low) i s  kept  a t  a very small value, This i m p l i e s t h a t  the 
O2 111 

' i 1 ' " ' i f  
0 generated a t  t he  bottom o f  the o re  body must be removed very r a p i d l y  2 ; 1 Li 

produce s t rong se l f - po ten t i a l  anomal ies  do n o t  r eac t  s i g n i f i c a n t l y  



Figure 2-2 

Differential Aeration Cell 

Ground surface 
~ 7 - ' 7 7 7 i / / / /  / / / / I . / / / / / / / . / . / / / /  r l  ///,, ., , / 4 / / / . , , . . . /  

High dissolved 0 
2 

Low d i s so lved  0 
2 



w i t h i n  the usual Eh-pH cons t ra in ts  o f  o x i d i z i n g  o r  reducing 

groundwater ( the  d e f i n i t i o n s  o f  Eh and pH are given l a t e r  i n  %his  

chapter) .  Thus, it i s  d i f f i c u l t  t o  see how the se l f - po ten t i a l  

cu r ren t  f low could be maintained over long per iods o f  time. 

Po ld in i  (1938, 19391 constructed a model (Figure 2-31 using 

an ore mineral  i n  a  layered medi urn cons i s t i ng  o f  a  layer  o f  sand 

and c lay  o v e r l a i d  by a  layer o f  washed sand. The e l e c t r i c  f i e l d  

was measured on the  surface o f  the  sand, and among the concfusions 

were the  fo l low ing :  

I . "A negat i ve cen t re  ex i  s t s  above the  apex o f  the o r e  body ,Ir 

2 .  "The phenomenon appears t o  remain permanent as long as 

care i s  taken t o  renew the moisture." 

3. Cont inu i t y  o f  e l e c t r i c a l  conduc t i v i t y  i n  t he  o re  mineral 
-. .... 

Is requi red f o r  t he  f i e l  d  t o  be generated.- 

4. "It i s  probable t h a t  the ba t t e r y  cons t i t u ted  by the ore-body 

becomes l a rge l y  polarized." Rubbing t h e  apex o f  t he  o re  

body w i t h  damp sand mechanical l y removes t h e  "hydrogenf' 

and causes the  p o t e n t i a l  t o  increase. 

Unfortunately,  Po ld in i  does not  s t a t e  whether t he  presence o f  

HZ a t  t h e  top o f  t he  o re  was v e r i f i e d  chemically, or whether pH 

was monitored t o  detect  the format ion o f  OH-, as requi red by e i t h e r  

t h e  e l e c t r o l y s i s  cell o r  the  d i f f e r e n t i a l  aera t ion  c e l l .  Thus, 

h i s  experiment appears t o  leave open t h e  quast ion of whether an 

oxygen c e l l  mechanism cou ld  cause some o r  a1 I o f  t he  observed 

se l f - po ten t i a l  anomalies. As Sato and Mooney (1960.) p o i n t  out, 

Eh-pH cond i t ions  i n  the natura l  envi ronrnent are n o t  favorable f o r  

t h e  react ions shown i n  Figures 2-1 and 2-2. 



Figure 2-3 

Model Experiment of Po ld in i  

After Po ld in i  (1938, 1939) 

O r e ,  sand,  and c l a y  a r e  boi led  t o  remove a i r  
before assembly. The system i s  watered from t ime 
t o  time t o  m i n t a i n  moisture i n  the formation. 



+ 
The p H o f  a so lut ion is re la ted  t o  the a c t i v i t y  o f  H ion; i n  

the so lut ion:  

+ 
where aH+ i s  the a c t i v i t y  o f  H : 

gH+ i s  the "pract ical  a c t i v i t y  coef f ic ient" ,  and the  m o l a l i t y  mH+ 

+ + 
i s  the concentration o f  H , i n  moles of H per 1000 grams o f  water 

(Garrels and Christ ,  1965, p.  3, 13, 42). The measurement o f  pH 

may be done electrornetrical l y  by using a glass pH electrode together 

w i th  a reference electrode (Bates, 1954; Garrels and Chr is t ,  1965). 

The t e c h  iques are we l l known and w i I l not be d i  scus_sed -- here. 

pH mechanism 

Ke l l y ( 1945) states: "My own laboratory and f i e l  d invest  igatbns,  

however, lead me t o  ascr ibe the pr inclpai ,"but n o t  the soie r o l e  i n  

t h  is e l ectrochsm i ca l phenomenon [se l f -potent i a I] t o  the d i f ference 

I n  a c i d i t y  between the waters bathing the apica i  por t ions of the 

sulphide deposit, and those waters i n  contact w i t h  the  lower reaches 

of the mineral body." As Sato and Mooney (1960) p o i n t  out, however, 

a pH gradient ( i n  i t s e l f )  does not  provide a mechanism f o r  the 

t r ans fe r  o f  electrons. For: an e lec t ron ic  current  flow t o  take place 

i n  an ore body, some chemical species must be reduced (gain elec- 

t rons)  a t  the top o f  the ore body, and some species must be oxidized 

(lose e lect rons)  a t  the bottom. 

These ox idat ion and reduction reactions must increase t h e  pH 

f 
(decrease the r e l a f i v e  H ion concentration) near the  surface; 



f o r  example, 

a nd t o  decrease t h e  pH (decrease the r e l a t i v e  OH- ion concentrat ion) i 
a t  depth; f o r  example, 

(2-6) 2 O H - + Z .  HZ 3 3 H 2 0 +  Z C - .  

Such rea t ions  a re  improbable a t  t h e  Eh (see below) and pH values 

actua l  I y measured i n  the earth.  Therefore, a l though the  pH gradient 

may con t r i bu te  t o  the se l f - po ten t i a l  mechanism, it seems un l i ke f y  

as a primary explanat ion except, possibly, i n  t h e  case o f  a l u n i t e  

deposi ts (see sect ion o f  t h i s  chapter on aluni t -e l .  

Oxidat ion-reduct ion mechanism 

Sato and Mooney ( 1960) propose a se I f -potent ia :  ,r~~chanism i n 

which t he  d i f fe rence  i n  ox idat ion- reduct ion p o t e n t i a l  (a lso  c a l l e d  

redox po ten t i a l  o r  Eh) o f  the groundwater i n  con tac t  w i t h  t h e  upper 

and lower p a r t s  o f  t h e  ore body provides t he  d r i v i n g  fo rce  for the  

t r a n s f e r  o f  e lec t rons  from the bottom t o  t he  top of t h e  o re  body, 

thus generating a conventional cu r ren t  f low from t h e  top toward the  

bottom o f  the body. The mechanism depends upon t h e  Eh grad ient  i n  

.the s o i l ,  and upon the  concept o f  immunity domains of minerals. The 

d e f i n i t i o n  o f  Eh, i t s  d i s t r i b u t i o n  i n  the  earth, and the  concept of 

immunity domains w i l l  be discussed i n  the  f o l l o w i n g  sections. 

Eh - 
The Eh o f  a so lu t i on  ind ica tes  the  tendency of  t h e  ions i n  the  

so lu t i on  t o  g ive  up o r  t o  accept e lec t rons-  Eh i s  a func t ion  o f  

i o n i z a t i o n  energy ( f o r  an element which loses e lec t rons  when ionized) 

o r  e l ec t ron  a f f i n i t y  ( f o r  an element which gains e lec t rons  when ionized), 



as we l l  as the  subl imation, d issoc ia t ion,  l a t t i c e ,  and hydrat ion 

energy o f  t he  substance (Latimer, 1952, p. 14). The Eh o f  a ' 

+ 
so l  u t  ion a  l so w i l l depend upon the  pH, i f H o r  OH- enters  t h e  

Eh-estab l i s h i  ng react ion.  Eh measures t h e  i n t e n s i t y  o f  the  

t ' $  
tendency t o  lose o r  ga in  electrons,  bu t  no t  the  capac i ty  o f  a  a d 

s o l u t i o n  t o  supply o r  take up e lect rons (ZoBell, 1946). The Eh 

of  a  system i s  "well-poised" i f  the  system has a large e lec t ron  

exchange capaci ty (i.e. i f  the  Eh tends t o  remain constant dur ing 

an ox idat ion- reduct ion reac t ion) .  The Eh o f  a  "poorly poised" 

system w i l l  change r a p i d l y  dur ing  an ox idat ion- reduct ion react ion.  

The fo l low ing  discussion o f  Eh w i l l  be b r i e f  and q u a l i t a t i v e ;  f o r  a 

more deta i l ed d i scussi on see La t i  mer ( 19521, Pourba i x ( 19491, 

Garrets  and C h r i s t  (19651, Krauskopf (1967, p. 2431, o r  ZoBel l (1946). 

The Eh o f  a  so lu t i on  i s  measured i n  v o l t s  ( o r  m i l l i v o l t s )  re fe r red  

t o  a standard hydrogen e lect rode (see Chapter 4 ) .  Hn'Eh value o f  

zero i s  sometimes a r b i t r a r i  l y  se t  as t h e  "redox boundary", although 

Eh i s  a  r e l a t i v e  value i n  t h a t  any s o l u t i o n  w i l l  t end  t o  ox id i ze  another 

$o lu t t on  w i th  a  lower Eh value. The Eh o f  a  s o l u t i o n  i s  high 

(a l geb ra i ca l l y  more p o s i t i v e )  i f  it has a s t rong tendency to  remove 

e!ectrons from ions added t o  t he  so lu t ion .  As ox ida t i on  i s  

def-ined as t he  loss o f  e lec t rons  by an ion, a s o l u t i o n  with 

a high Eh value i s  known as an o x i d i z i n g  s o l u t i o ~ ,  
- - 

An example of an o x i d i z i n g  s o l u t i o n  i s  one conta in ing a high 

+++ fs-t- concent ra t ion o f  Fe ( f e r r i c )  ions. Fe has a st rong tendency 

- t o  add an e lec t ron  t o  i t s e l f ,  so t h a t  i f ,  f o r  example, m e t a l l i c  copper 

+++ 
is added t o  a  s o l u t i o n  con ta in ing  Fe ions, t he  copper w i l l  be 



oxid ized and w i l l  lose e lect rons:  

wfiich a r e  taken up by the f e r r i c  ions: 

A reducing so lu t i on  Cone w i th  an a l g e b r a i c a l l y  more negative 

Eh) contains ions which have a s t rong Pendency t o  g i v e  up e lect rons 

t o  ions added t o  the so lu t ion .  A so lu t i on  con ta in ing  a high 

++ 
concentrat ion o f  chromous ( C r  1 ions i s  s t rong ly  reducing, as 

t he  chromous ions have a s t rong tendency t o  g i ve  up an e lec t ron  

+++ 
and change t o  the chromic (Cr 1 valence s ta te :  

As mentioned above, the Eh o f  a s o l u t i o n  i s  measured i n  volts, 

and depends upon the  concentrat ion o f  t h e  ox id ized and reduced 

ions i n  the  sol  u t ion.  The general expression f o r  the Eh o f  a 

s o l u t i o n  i s  

where the  parenthesis s i g n i f y  t he  a c t i v i t y  o f  the  species (see 

formulas (2-13) and (2-141 o f  t h i s  chapter), For the reac t ion  

+++ +-I- 
A so lu t i on  i n  which (Fe ) i s  1.0 and (Fe ) i s  0.001 w i l l  have 

an Eh o f  + 0.923 v o l t s  (s t rong ly  ox id iz ing) ,  and a s o l u t i o n  i n  which 

(~e+++)  i s  0.001 and ( ~ e + + )  i s  1.0 w i  l l have 



an Eh o f  + 0.569 v o l t s  ( l ess  s t rong l y  ox id i z i ng ) .  For the  react ion 

so a so lu t i on  i n  which (~r++) i s  1.0 an.d ( ~ r + + + ) i s  0.001 w i l l  have 

an Eh o f  -0.23 v o l t s  (s t rong ly  reducing) and w i l l  have a strong 

tendency t o  g i ve  up e lect rons.  

As discussed i n  Chapter 4, Eh i s  measured us ing an unattackable 

( i n e r t )  e lec t rode together  w i th  a reference e lec t rode  (Glasstone 

and Lewis, 1960, p. 456; Garre ls  and Chr ist ,  1965, p. 132). The 

I n e r t  e lec t rode (usua l l y  platinum, al though go ld  i s  used a lso )  

func t ions  on ly  as a conductor t o  make e l e c t r i c a l  con tac t  w i t h  

t h e  so lu t i on  and a l low e lec t rons  t o  be t r ans fe r red  j t e e l y  t o  and 

from t he  so lu t ion .  The reference e lec t rode  serves as a "stand-in" 

f o r  the  standard hydrogen electrode, t o  which a l i  Eh readings are 

referenced. The measurement o f  Eh i s  a t r i c k y  business and, even 

when c a r e f u l l y  done, there  i s  considerable doubt as t o  what 

quan t i t y  t r u l y  i s  being measured. Starkey and Wight (19451, Garreis 

and Christ (1955, p.  1361, ZoBel I (19461,and Mor r i s  and Stumm (1967) 

discuss the techniques and p i t f a l l s  o f  Eh measurements i n  na tu ra l  

Eh and pH o f  na tu ra l  envj  ronments 

The Eh and pH o f  na tu ra l  environments a re  described extens ive ly  

by Baas Becking and o the rs  (19601, and a l s o  a re  discussed by Sato 

(.1960a), Garre ls  and C h r l s t  (1965, p. 3791, Krauskopf (1967, p. 2451, 

Starkey and Wight (19451, Merk le  (1955) and Sato and Mooney (1960). 



I 

The fo l lowing discussion i s  based on these references unless I 
I 
I 

otherw i se stated. 

The Eh  and pH o f  a natural envi ronment are determined by a 

combination o f  many factors, inc lud ing the  nature and amount o f  
I 

I 
I 

d issolved ions, the a v a i l a b i l i t y  o f  oxygen, t he  amount and type o f  I 
I 
I 
I 

organic material, the mineral assemblages present, and t h e  temper- c I ii 
ature and pressure o f  the environment. A l f  o f  these fac to rs  

f 
1 1  
1: I 

Cand possibly others) i n te rac t  t o  estabt ish t h e  tendency and a b i l i t y  I I d 1 

I: ) 
o f  the environment t o  remove o r  supply electrons, The Eh o f  most I I ! I 
natural  environments i s  poorly posed, which compounds the  i I 

i I 
d i f f i c u l t y  o f  measurement and in terpretat ion,  The Eh-pH data corn- 1 1  

ii 
I I 

p i  led by Baas Becking and others (1960) i s  summarized i n  Figures E' I 
2-4, 2-5, and 2-6; the "weathering" and "depth" environments o f  

Sato and Mooney (1960) are shown i n  Figure 2-7; and a "summary o f  -. - 
summaries1' by Garrets and Chr i s t  (1965, p. 381) i s  shown i n  Figure 2-8. 

The d i s t r i b u t i o n  of Eh and pH wi th  depth i s  of prime importance 

in the  se l f -po ten t ia l  mechanism discussed l a t e r  i n  t h i s  chapter. 

A t rend o f  decreasing Eh wi th  increasing depth of environment may 

be seen i n  Figures 2-5 through 2-8. Figure 2-9 i s  a p l o t  of the 

data of Sato (1960a1, showing the dscreass o f  Eh w i t h  increasing 

depth o f  the natural  waters o f  four  d i f f e r e n f  mining d i s t r i c t s .  

The decrease i s  f a r  from monotonic, bu t  the t rend i s  evident. The 

depth d i s t r i b u t i o n  o f  the Eh and pH o f  sea water and marine sedi- 

ments w i l l  be discussed i n  more d e t a i l  i n  the sect ion o f  t h i s  chapter 

on the  extension o f  the  se l f -po ten t ia l  mechanism t o  the marine 

environment. 



Figure 2-4 

Eh-pH h!easurernents of Ra t u r a l  Aqueous Snvironrnents 

From Garrels and C h r i s t  (1965. p.380) 



Figure 2-5 

Eh-pH *Areasw for R a t u r a l  Environments 

From Baas-Beckiog and others (1960, p. 278) 
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FIG. 33a.-Approsin:ate "areas" of Eh and pH for some natural environments studied in this work. 
The "area" for each environment is bounded by a different syml~ol: 000 ='-meteoric water; X X X 
peat bogs; 006a margina! marinc sediments; f ++lib sea water; ++f = open-sea sedin~ents; 
OEI]CI = evaporites; AAA * geothcrn~al environnlc~it . 



Figure 2-6 

Eh-pH "Areasn f o r  Ratural Tnvironrnents 

From Baas-Becking and others  (1960, p. 279) 

. . 
pH 

FIG. 336.-Approximate "areas" of Eh and pH for some ilatural environments studied in this work. 
The "area" for each environment is boi~ndcd by a cliifereltt symbol: 060 = soils; AAA = sha!low 
pound water; + + + = oxidized mi~lc water; 0 0 0 = prinlnry mine water; X X X = fresh uater; **+ = fresh-water sediments; 000 = oxiclizcd connate \\.atcr; C3!3 = unconta~nir~ntcd connate 
Water, 



Figure 2-7 

Eh and pH C o n d i t i o n s  i n  t h e  T e a t h e r i n g  and Depth Zones 

From S a t o  and Xooney (1960, p. 238) 



Figure 2-8 

N a t u r a l  Snvironrnents as Characterized by Eh and pH 

From Garrels and C h r i s t  (1965. p. 331) 



Figure 2-9 

Eh Values of Xatural Zaters  in Xining  D i s t r i c t s  

Data from %to (1960a) 



Eh-pH, mineral s t a b i l i t y ,  and immunity domains 

The concept o f  represent ing the  s t a b i  l i t y  f i e l d  of mater ia ls  

as a func t ion  o f  Eh and pH was developed by Pourbaix (1949, p. 50) - : 
k 
t 

f o r  s tud ies o f  m e t a l l i c  corrosion, and has proven extremely ii 
usefu l  i n  s tud ies o f  mineral equ i l i b r i um i n  na tu ra l  environments 

G a r r e l s  and Chr is t ,  1965, p. 172). Eh-pH diagrams and mineral 

immunity domains will be discussed b r i e f l y  below; f o r  a more 

complete discussion the reader i s  re fe r red  t o  the references c i t e d  

above, and t o  Krauskopf (1967, p. 246) and Sato and Mooney (19601. g 
An electrochemical reac t ion  i n  an aqueous medium may be w r i t t e n  ;I I 

aF)+ w u r 0  - b B + % U 4 + h e -  
(2-1 5 1 

+ 
ufXere A, B, 50, H , and e lec t rons  (e-1 are the reactants, and 

I a,b,w,m, and n are, respect ive ly ,  t h e i r  molar concenfrat ions. 
k 

+ 
I f  water, o r  H ions, o r  e lect rons do no t  fake p a r t  i n  a given 

react ion,  then w,m, or n, respect ively,  w i l l  be zero f o r  t h a t  

react ion.  The Eh o f  the  above reac t ion  i s  

where (A) and CB) a re  the a c t i v i t i e s  of t h e  reactants  and EhO is 

the standard ox ida t ion  potential f ~ r  the reac t ion  ( the po ten t i a l  

e x i s t i n g  when ( A )  and (B) a re  un i t y ) ,  measured aga ins t  a standard 

hydrogen h a l f - c e l l .  

I f  t he  Eh and pH o f  an environment are spec i f ied,  then t he  

equ i l i b r i um r a t i o  of (B) t o  (A) i s  determined uniquely.  I f  



then A will change to B, or B to A, until the equation is satisfied 

Cassurning the Eh, pH, temperature, and pressure of the environment 

remain constant and are not affected by the reactions A B or 

€3 4 A; this may not always be the case). 

The oxidation of copper to cuprite (Cu20) may be used to 

illustrate the above discussion. The reaction is 

By ana logy with (2- 15 1, 
6-CCL; u=2. Vu,=2 

a-Cu,o; b=I h =  z 
From (2-16) 

For a "typical" surface condition, Eh- 0.3 volts and pH= 7, 

or, at equilibrium, 

Thus, under these conditions the concentration of cuprite is much 

greater than the concentration of native copper. Many factors 

may preclude this condition from existing i n  nature; among these, 

the reaction (2-18) may be so slow that equi l ibrium i s  never 

reached, or a coating of some other oxide, hydroxide, or sulfide 



may form on the copper and inhibit the reaction. Nevertheless, 

the technique does provide a quantitative approach to the study 

of the stability of mineral assemblages in natural environments. 

For reaction (2-15) Pourbaix (1949) defines the "immunity 

domain" of A as the boundaries of the Eh-pH region within which 

the concentration of any reaction product such as B is less than 

the arbitrary value of 10-6~; in other words, the Eh-pH region 

in which the tendency of A to transform into any other substance 

is negligible (see Figure 2-10). Outside the immunity domain, the 

concentrations of the reaction products may be greater than IO-~M, 

subject to the constraints mentioned above. 

The behavior of minerals in natural environments may be 

predicted using the immunity domain concept. I f  a metallically 

conducting mineral is immune from any conceivable reaction at 

a given Eh-pH locus, the mineral assumes the potential (Eh) of 

the environment, and functions as an inert conductor of electrons; 

i f  it is not immune, it w i l l  be oxidized or reduced by the environ- 

ment. The fact,established by Sato (1960b1, that many conductive 

ore minerals are immune within a large portion o f  the natural 

Eh-pH environment (see Figure 2-1 1 )  forms the basis of the sel f- 

potential mechanism discussed below. 

Se l f-potent i a l mechan i sm 

' The self-potential mechanism proposed by Sato and Mooney (1960) 

" t i  I i zes the observations that the Eh i n 'the earth genera l l y becomes 

more negative (reducing) with increasing depth, and that most of the 

ore minerals which are known to produce self-potential anomalies 

are largely immune from oxidation or reduction within the Eh-pH 



Figure 2-10 

Immunity Domain of Substance A 

(with respect to substances B ,  C, D, a n d  F )  

i 
\ 

\ \ 

- - - - - - -  - - 
Immunity Domain 

..a. 

a A +  H Z O - = = ~ F +  %- - - -  - ---c 



Figure 2-11 

Immunity Donains f o r  S u l f i d e  Kinerals 

From Sato and !+looney (1960 ,p. 241) 



cons t ra i n t s  o f  the  natura l  environment, and so are ab le  t o  func t ion  

as i n e r t  conductors of elec-I-rons. The o r e  body thus  serves as the 

"bridge" wh i c h  a l  lows e lec t rons  t o  be t r asn fe r red  f rom the  reducing 

environment i n  t he  primary zone a t  depth t o  the  o x i d i z i n g  environ- 

ment i n  t he  weathering zone near the surface, thus generat ing a f low 

o f  conventional cu r ren t  from the  top t o  t h e  bottom of the o re  body. 

The o x i d i z i n g  and reducing regions e x i s t  independently o f  t he  

o re  body, bu t  no t r ans fe r  o f  e lec t rons  between the  two environments, 

and thus no cu r ren t  f low, i s  poss ib le  a i t h o u t  the  presence o f  t he  

m e t a l l i c a l l y  conducting o re  body. Th is  i s  because e l e c t r i c a l  cu r ren t  

f low through the aqueous media o f  the  na tu ra l  environment i s  

accomplished through t he  movement o f  charged ions, not electrons,  

and because the  Eh grad ient  creates a p o t e n t i a l  on l y  f o r  the f low 
.. ".. 

of e lec t rons .  The r e t u r n  cu r ren t  through t h e  ear th  surrounding t he  

o re  body i s  i o n i c  and the t r a n s f e r  from e l e c i r o n i c  to  i o n i c  cu r ren t  

f low is accomplished by chemical react ions a t  the sur face o f  the 

ore minera I, w i t h  reduced species a t  t h e  lower end o f  t h e  o re  body 

being ox id ized  by t h e i r  loss o f  e lec t rons  t o  the  body, wh i l e  

ox id ized  species a t  t he  upper end o f  the body a re  reduced by the 

e l e c t r o n s  they p i c k  up from the body (F igure 2-12). 

Obvious l y , some mechan i sm must bs p rav l dad to r-e-oxi d i ze the  

reduced speices, and t o  re-reduce the  ox id i zed  species, o r  the 

c u r r e n t  f low woui d soon cease. Sato and Mooney propose t h a t  i n  t he  

vieathering zone, the conversion o f  oxygen t o  hydrogen peroxide: 

a i ds  i n  t h e  removal of  e lec t rons  from reduced species, e.g. 



F i g u r e  2-12 

Oxida t ion-Reduc t  i o n  Kechanism of S e l f - P o t e n t  ial Generation * 

After  S a t o  and h7ooney (1960, p .  246) 

Ground surface 
/ / / [ ~ / / / / / / / / , , i / / / f  I / / , / ' / /  I / , / /  / / i  I f / / /  f / /  f / / / / / / / / / /  

P o s s i b l e  ox id i zed  

l e a t h e r i n g  zone 
-(oxidizing>- - - - - -  C 

- - - - -  - - - -  .. .- - 

Negative ions 
e. g. OIT , C1' 

++ 
Reduced s p e c i e s ,  e.g.  Fe 



I n  t he  primary zone, react ions of ferrous and ':: r i c  hydroxide 

prov ide a means f o r  the add i t i on  o f  e lect rons - 7  f e r r i c  ions,, 

t o  r e t u r n  them t o  t he  reduced fer rous s ta te :  

The a c t i o n  o f  anaerobic bac te r ia  a l so  may p lay  e role i n  mainta in ing 

low Eh values a t  depth. 

It i s  not  necessary t h a t  t he  ore minera t be e n t i r e 1  y immune 

from ox ida t ion  i n  the  weathering zone, nor e n t i r ~ l y  immune from 

reduct ion i n  t he  primary zone. I f  the Eh-pH environment i n  t h e  

weathering zone i s  ou t  of the  immunity domain o f  the ore mineral, 

t he  top  o f  the ore body w i  l l be ox id ized  t o  a depth where t he  

Eh-pH value i s  w i t h i n  the  immunity domain, a t  wh ic i i ' po in t  the 

body begins l o  funct ion as an i n e r t  e lec t ron  c a r r i e r .  An analogous 

reduct ion process w i l l  occur i n  the primary zone i f  the o re  mineral 

i s  subject  t o  reduct ion a t  depth. 

The nature o f  the o re  mineral and the geologic environment o f  

the  o re  body must be favorable i n  order  f o r  t h e  s e l f - p o t e n t i a l  

phenomenon t o  occur. Sato and Mooney discuss the  f o l l o w i n g  re- 

quirements: 

II . The ore m i  nera l must be a good e l  ec t ron i  c conductor ( o r  

semiconductor). 

2. The o re  body must connect cont inuously environments of 

d i f f e r e n t  Eh. 

3. The o re  mineral must be immune from ox ida t ion  or  reduct ion 

a t  some p o i n t  w i t h i n  the Eh-pH environment. 



4.  No permanent i n s u l a t i n g  f i l m s  may form on t h e  surface o f  

t h e  ore. . 
5. There must no t  be a continuous layer  o f  h i g h - r e s i s t l v i t y  

mater ia l  surrounding the o re  body a t  any depth. Such a 

layer  would b lock the f low o f  i o n i c  r e t u r n  cur rent .  A 

layer o f  l ow- res i s t i v i t y ,  an i so'trop ica l l y conducting mater ia  I 

such as montmori l l oni t e  c l a y  might tend t o  " sho r t - c i r cu i t "  

t he  mechanism by d i v e r t i n g  the i o n i c  r e t u r n  f low, 

Nourbehecht (1963) examined t h i s  mechanism from t h e  p o i n t  o f  view 

o f  i r r e v e r s i b l e  thermodynamics, and concluded t h a t  t he  exp lanat ion 

seems p laus ib le .  

A lun i t e  

No discussion o f  t he  mechanism o f  s e l f - p o t e n t i a l  would be 

complete wi thout  mention o f  t he  a l u n i t e  problem. Two very la rge  
_ - -  

sel f -potent i a I anorna l i es have been measured over  a l u n i t e  [KA I J(OH)6(~04)2] 

deposits: Kruger and Lacy ( 1949) recorded po ten t i a  Is o f  more t h a n  

700 m i l l i v o l t s  over a deposi t  near Cerro de Pasco, Peru, and Gay 

(1967) measured a s e l f - p o t e n t i a l  anomaly w i t h  a maximum ampli tude 

o f  -1,842 m i l l i v o l t s  a t  Tantahuatay, near Hualpyoc,  Peru. The 

l a t f e r  i s  be l ieved t o  be the la rges t  se l f - po ten t i z l  aficjiiily ever 

measured. 

Tho problem I s  t h a t  a l u n i t e  i s  n o t  a m e t a l l i c  conductor o f  

e l e c t r i c i t y ,  so there  i s  no way f o r  the  cu r ren t  f low necessary for 

a se l f - po ten t i a l  f i e l d  t o  be generated i n  an a l u n i t e  deposi t .  There 

appears t o  be no data i n  t h e  l i t e r a t u r e  regarding the  e l e c t r i c a l  

conduc t i v i t y  o f  a l  un i te ,  so I measured the res i  stance of a specimen 

from Tonopah, Nevada measuring about 4 by 2 by 2 cm , using a 

T r i p l e t t  Fbdel 801 V-0-M. Resistance o f  the specimen was g rea te r  
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than 10 ohms, imply ing t h a t  r e s i s t i v i t y  exceeded 10 ohm-rn; we1 l 

above t h e  r e s i s t i v i t y  range o f  o the r  minerals known t o  produce 

se l f - po ten t i a l  anomalies. I t  thus appears h i g h l y  u n l i k e l y  t h a t  r 

a t u n i t e  could support a cu r ren t  f low which could produce a 
t 
$ 
4 

de tectab le  se l f - po ten t i a l  anomaly, l e t  alone an anomaly exceeding !e 

one v o l t .  

Kruger and Lacy noted t h a t  t he  se l f - po ten t i a l  equ ipo ten t i a l  

l i n e s  appeared t o  c o r r e l a t e  w i th  contours o f  a l u n i t e  percentage, 

and t h a t  h igh a l u n i t e  concentrat ions (20%) imp1 i ed  low pH values 

(about 4.51, corresponding t o  h igh s u l f u r i c  a c i d  content, for the  

i n t e r s t i t i a l  water o f  the rocks. They propose t h a t  t h i s  "pH anomalyr' 

i s  responsible f o r  t h e  se l f - po ten t i a l  anomaly, as t h e  pH of  the 

non-a l uni t e  bear ing rocks surroundi ny the deposi t  Ts about 7 .8  

The non-po l a r  i z ing e lec t rodes used f o r  se l f -po ten t ia  l surveys 

(Chapter 4 )  show l i t t l e  o r  no response t o  concent ra t ion d i f f e rences  

f 
of  any type, inc lud ing  concent ra t ion o f  H ion, which def ines pH, 

so assuming t h a t  Kruger and Lacy ( and Gay 1 used non-po lar iz i  ng 

electrodes,  anomalies o f  t he  ampli tude they repo r t  could have 

been caused on ly  by a f low o f  e l e c t r i c  cu r ren t  i n  t h e  earth. 

(Even i f  the survey was made w i th  a pli electrode, t h e  maximum 

poss ib le  anomaly f o r  a pH d i f fe rence  of (7.8-4.5) is about 200 mv). 

It i s  poss ib le  that ,  as argued by Kelly (19451, a s t r o n g  pH 

concent ra t ion ce l  l could produce a f iow o f  i o n i c  current o f  t h e  

+ 
' proper (observed) p o l a r i t y  i n  the earth.  The excess of H ions 

near the surface, f lowing downward, would r e s u l t  i n  a f i ow  o f  

conventional Cposi t ive)  cu r ren t  away from the surface, producing 

3 negat ive po ten t i a l  a t  the  surface. The high m o b i l i t y  o f  t h s  



+ 
H ion would facilitate this flow, although it is not clear whether 

anomalies of the observed magnitude could be generated. Althdugh 

the pH cel l mechanism may be responsible for all or part of the 

self-potential anomalies observed over alunite deposits, it seems 

unlikely, as discussed previously in this chapter, that it is 

the primary cause of self-potential anomalies over sulfide bodies, 

as little or no pH gradient seems to be necessary for the genera- 

tion of sulfide self-potentials. 
- .- 

As both of these surveys were made in mining districts containing 

many rich sulfide ore bodies, it is not inconceivable ?hat the 

anomalies were caused, at least in part, by an undetected sulfide 

ore body in the vicinity of the alunite deposit, Kruger and Lacy 

state that "only sparse sulphides were encountered by drilling 

beneath the area", but that "the geological situation.. . does not 
*-. .%. 

exclude the possibility of the existence of a sulphide mass." The 

anomaly described by Gay was not drilled. ' It is possible, then, 

that these anomalies were partially due to sulfide bodies located 

beneath the alunite deposits. The high su-lfuric acid content of 

the alunite, percolating downward, may contribute to the strength 

of the anomaly by reaction with the sulfide, as posPulated by 

Kelly (1945). This possibility is highly speculative, but at 

least it offers an additional explanation for the observed data. 

Gay states " The writer commends the Tantahuatay anomalies to 

future students of the self-potential process", The present 

student passes on the commendation. 



Offshore o re  bodies 

There a re  many areas of the wor I  d where su l f i de o r e  bodies 

occur near o r  a t  marine shorel ines.  These include Cornwall, England 

(Tooms and others,  1965; Marke, 19651, Penobscot Bay, Maine 

(Beck, 1970; Young, 19621, southeastern Alaska (Banister, 1962; 

Wright and Wright, 1908; Buddington and Chapin, 19291, and Santa 
\ 

Rosal ia, Baja Ca l i f o rn i a ,  Mexico (Wilson and Rocher, 1955). 

I n  many o f  these areas, the ore-bearing geologic s t r uc tu res  extend, 

o r  appear t o  extend, of fshore,  imply ing t h a t  mineral depos i ts  a l s o  

may occur o f f  shore. 

I f  such deposi ts generate se l f - po ten t i a l  anomalies, o f f sho re  

use o f  the se l f - po ten t i a l  method could prov ide a valuable exp lo ra t ion  

and de l inea t lon  t o o l .  The remainder o f  t h i s  chapter w i t  l be 

devoted t o  the question o f  whether o f f shore  and nearshore o re  bodies 
-. -. .& 

can generate se I f -potent  i a  l f i e  l ds i n the  surrouding o r  nearby sea 

f l o o r  and water. 

It w i l l  be assumed f o r  the f o l l ow ing  d i s c u s s i o n ~ t h a t  t h e  

ox i  dat ion-reduct ion mechanism o f  Sato and Mooney i s  the pr imary 

mechanism f o r  t he  seIf-~potentiaIphenomenon. Although it i s  

d i f f i c u l t  t o  demonstrate t h i s  conclusively,  t h i s  mechanism does 

seem t o  prov ide the  most complete explanation, and t he  experiments 

described l a t e r  i n  t h i s  chapter seem t o  r e i n fo r ce  t h i s  conclusion.  

Accordingly, t he  f o l l ow ing  paragraphs w i l  l discuss the  Eh-pH 

values o f  the  marine environment. . 
Eh and pH o f  sea water and marine sediments 

The pH o f  reasonab I y pure surface sea water i s about 8.1 t o  

8.3 (Sverdrup and others, 1942, p. 195). k t  t h i s  pH value, t he  



Eh of  surface sea water, measured w i t h  a p lat inum electrode, 

is genera l l y  about +G.4 v o l t s  CBaas Becking and others, 1960;. 

+0.2 v o l t s  on the  surface of a stagnant, brackish bay. 1 made 

measurements o f  Eh i n  San Francisco Bay, Cal i fornFa and 

Penebscot Bay, Maine, both o f  which showed Eh values c lose t o  +0.4. 

v o l t s  a t  t he  surface (Figures 2-13 and 2-14). 

Few measurements appear t o  have been made o f  Eh as a f unc t i on  

o f  depth i n  the  water column. The r e s u l t s  of Manheim (1961) and l l  
Skopintskev (given i n  R i l ey  and Skirrow, 1965, vol.  I, p .  635) are 

shown i n  Figures 2-15 and 2-16. Both o f  these measurements were I I 
done i n  areas where t he  bottom water was stagnant; wh i le  the  i l 
readings shown i n  Figures 2-13 and 2-14 were i n  areas a f  s t rong  

i l l  

bottom cu r ren t  f low. Ben-Yaakov ( 1970, p. 328) mea;;rzd' t h e  

v a r i a t i o n  o f  Eh, pH, and dissolved oxygen w i th  depth i n  the open 

ocean o f f  Hawaii (Figure 2-17). 

In a l l  t he  above studies, Eh was found a t  f i r s t  t o  become 

more negat ive w i t h  depth. I n  Ben-Yaakov's data, t he  Eh increased 

again as the  oxygen minimum zone was passed. From Figures 2-15 I 
and 2-16, it appears t h a t  Eh i s  r e l a t e d  t o  the  dissolved oxygen content I I 
of t h e  water. Baas Becking and others  (1960), Cooper (19371, 

1 

I /! 
Breck (19721, and Mor r i s  and Stumm (1967) argue t h a t  Eh i s  n o t  

il 
I 
I 

con t ro l l ed  by the  level  o f  d issolved oxygen, so t he  r e l a t i o n s h i p  I 

may no t  be causal. Nevertheless, t h e  dissolved oxygen content  o f  

sea water seems t o  be a good i nd i ca to r  o f  Eh; d issolved oxygen 

implying h igh Eh. 

Eh-pH values i n  marine sediments have been reported widely:  

Baas &,-king and others  (1960) summarize much o f  t h e  ava iab le  data, 

\ 



Figure  2-13 . 
F;: i 7 s e  D e p t h - - S n  Francisco Bay, California 

29 August 1971 
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F i g u r e  2-14 

Eh vs. Depth--Penobscot Bay, Kaine 

8 Sept. 1971 
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Figure 2-13 

Eh, pH, Temperature,  and H S in a Staznant Bay 2 

From ?'anhe im (1961) 



Figure 2-16 . 
Eh and Dissolved Oxygen vs. Depth 

From Skopintsev , in Ri ley  and Skirrow (1963 . p. 635 ) 
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F i g u r e  2-17 * 

Eh,  pH, and D i s s o l v e d  0 i n  the Open Ocean 
2 

From Ben-Yaskov (1970, p. 335) 
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and some p ro f  i les  from the l i t e r a t u r e  are shown i n  Figures 2-18, 2-19, 

and 2-21 through 2-23. F igure 2-20 shows the  temperature and,dissolved 

oxygen p r o f i l e s  o f  t he  water ove r l y i ng  the  sediments analyzed i n  

Figures 2-18 and 2-19. Except i n  areas such as the Santa Barbara 

Basin, where the bottom waters are stagnant and ano:cic, Eh values 

range from j u s t  above zero t o  +0.2 v o l t s  a t  t he  surface o f  t h e  

sediment and decrease w i t h  increasing depth. An Eh value o f  zero 

Cthe "redox boundary") i s  reached w i t h i n  the f i r s t  meter o r  so of 

sediment, and maximum negat ive values o f  about -0.2 v o l t s  a re  

seen i n  t he  upper few meters o f  sediment. pH values show less 

change than those f o r  Eh, ranging from about 7.5 t o  8.5, except 

f o r  a somewhat wider range described by Trofimov ( i n  R i l ey  and 

Skirrow, 1965, vo l .  2, p. 181). I n  t he  "hot  br ine"  areas o f  t h e  

Red Sea, Eh values i n  t h e  upper 4 t o  8 meters o f  sediment ranss 

from +0.220 t o  +0.575 v o l t s  (Brooks and others, 1969, p .  200) . 
Such areas are f a r  from t yp i ca l ,  b u t  are o f  g rea t  geologic i n te res t .  

The chemical and b i o l o g i c a l  f ac to r s  c o n t r o l l i n g  the  Eh and pH i n  

marlne sediments are many and complex, and w i l l  no t  be discussed 

here. ZoBelf (19461, Baas Becking and o thers  (19601, and Emery 

and R i i i enbe rg  (1952) discuss these fac to rs  i n  d e t a i l .  

To summarizs, a t y p i c a l  o f f shore  Eh p r o f i l e  i n  areas o f  a c t i v e  

bottom water c i r c u l a t i o n  would show values o f  about +0.4 near t h e  

water surface, decreasing or remaining constant w i t h  increasing 

depth, and values a t  t h e  bottom ranging from about zero to  +0.4 

v o l t s .  I n  t h e  sediment, t he  Eh usua l l y  w i l l  decrease t o  zero 

w i t h i n  the  f i r s t  few tens o f  centimeters, and reach maximum negat ive 

values o f  about -0.1 t o  -0.3 v o l t s  i n  the  f i r s t  few meters. The 

redox boundary w i l l  tend t o  be h igher  i n  impermeable, f ine-grained 



Figure 2-18 

Eh and pH for a A!arine Core 

From %cry and Rittenberg (1952) 



Figure 2- 19 

Eh and p3 for Karins Cores 

From Emery and Rittenberg (1952) 

FIG. 6.-AnslyLiciil data for Core x,!Srn Pctlro llasin. 



Figure 2-20 

Temperature and Disso lved  Oxygen Profiles 

From Ercery and Rit tenberg  (1952) 



Figure 2-21 

Eh-pH Profile for Mud Core 

Gulf of California 

From ZoBell (1946, p.504) 
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Figure 2-22 

Eh and pH of Bottom Sediments 

From Riley and S k i r r o * ~  (1965, p. 181) 
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Figure 2-23 

Eh Profiles in Marine Cores 

From Hayes (1964)  
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sediments w i t h  h i g h  organic content than i n  loosely.packed, coarse- 

grained sediments o f  low organic content. I n  areas where the. 

bottom water i s  stagnant and anoxic, the redox boundary may occur 

i n  the  water column instead o f  i n  t he  bottom sediments. The 

o f fshore  pH p r o f i  l e  shows r e l a t i v e l y  l i t t l e  change throughout the 

water column and sediments, w i t h  pH values genera l ly  remaining 

between 7.8 and 8.3 i n  t he  water column, and 6.8 t o  8.3 i n  the  

sediments (Wilde, 1966). Eh-pH boundaries f o r  t he  aerated and 

anoxic marine s i t u a t i o n s  are shown i n  Figures 2-4, 2-5, 2-7 and 

2-8. 

S e l f - ~ o t e n t i a  l aenerat ion  bv o f f  shore ore bodies 

The o f fshore  Eh gradient ,  as described above, i s  s i m i l a r  t o  t h a t  
i!l ; 
i' ' 

on land, w i t h  o x i d i z i n g  values near the surface and reducing values k:  I 

a t  depth. An o f fshore  o re  body, then, which spanned a l l o r  p a r t  
-. . "> " 

of t h i s  Eh g rad ien t  should be capable o f  generat ing a se i f - po ten t i a l  

f i e l d  s i m i l a r  t o  those found on shore. I t  should no t  be necessary 

f o r  the  body t o  extend from an o x i d i z i n g  t o  a reducing area, as long 

as some p o r t i o n  o f  an Eh g rad ien t  i s  spanned. 

In areas w i t h  well-oxygenated bottom waters, an o re  body which 

extended o u t  o f  the  sediments and i n t o  t h e  water usual ly  would 

t raverse an Eh g rad ien t  o f  a t  leas t  a few hundred m i l l i v o l t s .  A 

body bur ied more than a few meters deep i n  the  sediments may be 

subjected t o  more reducing values a t  depth than near the surface, 

thus enabl ing a se l f - po ten t i a l  f i e l d  t o  be generated, although there  P l r  
appears t o  be no in format ion ava i l ab le  about the Eh o f  sediments 

I ti 
. f  
I I  

a* depths greater  than a few meters. I n  areas o f  anoxic bottom 81 I - 

waters, an o re  body which penetrated the  redox boundary would be 

subjected t o  an Eh grad ien t  o f  a few hundred m i l l i v o l t s ,  and 



should be capable o f  generat ing a se l f - po ten t i a l  f i e l d .  An o re  

body located e n t i r e l y  below the  redox boundary may be subjected t o  

s l i g h t l y  more reducing condi t ions a t  depth, espec ia l l y  below t h e  

sediment surface. The t o t a l  Eh change, though, probably would be 

smal I .  

Summarizing, an o f fshore  o re  body which penetrates t he  redox 

boundary, located j u s t  be low the  sea f l oo r  i n areas o f  we I l -aerated 

bottom water, o r  i n  t he  water column f o r  anoxic bottom water, should 

be capable o f  generating a se l f - po ten t i a l  f i e l d .  An o re  body 

which does not penetrate the redox boundary may generate a sma I l 

se l f - po ten t i a l  f i e l d ,  o r  none a t  a l l ,  unless cur ren t  i s  suppl ied 

from an onshore extension of  the body (see below). 

Fresh-water o re  bodies 
-A. -. *. 

Eh-pH cond i t ions  f o r  lakes and r i v e r s  are general l y  s imi  l a r  

t o  those f o r  the  marine environment (Hayes, 1964; Baas Becking 

and others, 1960) w i t h  o x i d i z i n g  cond i t ions  e x i s t i n g  near the  sur- 

face and reducing condi t ions a t  depth (Figure 2-24). Fresh water 

Is, of course, less conductive than sea water, so the  i o n i c  r e t u r n  

cu r ren t  necessary f o r  se l f - po ten t i a l  generat ion might be i n h i b i t e d  

i n  fresh-water environments. Even so, an o re  body submerged i n  

f r esh  water should, i f  it penetrates t he  redox boundary o r  spans 

p a r t  of an Eh gradient, be capable o f  generat ing a se l f - po ten t i a l  

f te ld .  

Shore I 1  ne and near-shore deposi ts 

An onshore body located a t  o r  near a shore l ine is, o f  course, 

subjected t o  onshore Eh-pH condi t ions.  A se l f - po ten t i a l  f i e l d  

generated by such an o re  body w i t  I propagate i n t o  the o f f sho re  water 

and sediments, as described i n  Chapter 3. An o re  body which cont inously 



Figure 2-24 

Eh Profiles in Lakes 

POTE;4TIAL (54 it4 MILLIVOLTS 

r .. + ..The potential in n~illvolts at various mud depths in four lakes. A11 measure- 
ments wcrc made with Mortimcr's multiple clcctrode. Uppcr pait, English Iakes 
mcasurcd. n winter by Morti~ncr (1941, 1942). Lower pair, Canadian cast coast, 
measured in summer by Hayes, Reid and Cnmcron (1958); the mean water potential 

+-UM is shown as a hatched strip, and a horizontal bzaefineS-fie-rL~geT- , 
- - ,me i. ___I_... . . _.-- 



extends from land t o  o f f shore  may have cur ren t  f low generated i n  

it by the, onshore condi t ions,  and t h i s  cur rent  f low w i t !  extend 

t o  t he  o f fshore  po r t i on  o f  t he  body. Thus, even though t h e  

o f fshore  po r t i on  o f  the  body may be bur ied deep beneath t h e  sea 

f l oo r ,  i f  could s t i l l  generate a  considerable se l f - po ten t i a l  anomaty 

i n  t he  over ly ing  sediments and water. Such shore l ine and near-shore 

deposi ts w i l l  probably provide more good se l f - po ten t i a l  t a r g e t s  than 

the  r e l a t i v e l y  few i so la ted  o f fshore  o re  bodies which meet t h e  

necessary geologic and geochemical condi t ions.  Examples o f  

onshore deposi ts which generate o f fshore  se l f - po ten t i a l  f i e t d s  

a re  discussed i n  Chapter 6. 

Experiments 

I n  add i t i on  t o  the model study done by Po ld in i  (Figure 2-31 

and the  " laboratory invest igat ions"  mentioned by K e l l y  (19451, 
.. ,.. . 

only  one other  model study o f  se l f - po ten t i a l  has been descr ibed 

i n  t h e  l i t e r a t u r e  -- t h a t  o f  Becker and Te l fo rd  (1965). The i r  

m d e l  was a rectangular  p iece o f  i r on  placed I n  a t r a y  (Figure 2-25). 

The o x i d i z i n g  zone consisted o f  sand, o r  sand p l u s  clay, mixed 

w i t h  a KMn04 so lu t ion,  and the  reducing zone was sand and clay 

mixed w l t h  FeCI2 and NaOH. This arrangement was found t o  produce 

a po ten t i a l  f i e l d  o f  the  proper p o l a r i t y ,  lending support t o  t he  

ox idat ion- reduct ion mechanism proposed by Sato and Mooney (1960). 

Although the r e s u l t s  o f  t h i s  experiment were encouraging, the  

cond i t ions  were a r t i f i c i a l  , i n  t h a t  chemicals were used t o  c rea te  

the  o x i d i z i n g  and reducing zones. Therefora, I decided t o  t r y  t o  

generate a  se l f - po ten t i a l  f i e j d  using on ly  na tu ra l  media; s p e c i f i -  

c a l l y ,  sea water and marine sediments. The r e s u l t s  o f  these 

experiments are described be low. 



Figure 2-25 

Tray hiodel of Becker and T e l f  ord 

From Becker and Telford ( lS5) 



Laboratory work 

The experimental arrangement used i s  shown i n  Figure 2-26. The 

procedure was Po zero the  vol tmeter w i t h  the jumper w i r e  disconnected, 

then t o  clamp the a l l i g a t o r  c l i p s  t o  t he  specimens. Any cur ren t  

Plowing i n  the system would then be detectable as a change in po- 

t e n t i a l  between the  electrodes; a negat ive reading i n d i c a t i n g  t h a t  

conventional cu r ren t  was f lowing through the jumper w i re  from the  

specimen i n  the water t o  the specimen i n  the  mud, w i t h  a re tu rn  

cu r ren t  from t h e  mud t o  the  water, as p red i c ted  by t he  ox idat ion-  

reduct ion mechanism. Twenty-four hours were al towed f o r  equ i l i b r i um 

f o  be reached before f i n a l  readings were recorded. 

Two pa i r s  o f  specimens were used, each measuring rough l y 3 by 

3 by D cm. The f i r s t  p a i r  were samp les o f  o re  con ta in ing  5% 

py r i t e ,  cha lcopyr i te ,  and cha lcoc i te  from Blue H i l l ,  Maine. The 

second p a i r  were fragments from a p ipe  composed ot  "'buriron'' 

( the  Dur i ron Co., Dayton, Ohio). Th is  mater ia l  i s  an a l l o y  of 

i ron (84% 1, s i l icon ( 14.5% 1, carbon (0.85%) and manganese (0.65%) 

which i s  extremely cor ros i  on-resi s t a n t  (Duri ron Company Bul l e t i n  

A/26; Uh 1 i g, 1948, p . 20 1 and cou l d be expected t o  f unc t i on  as an 

i n e r t  e l ec t ron  conductor i n  any natura l  environment. The e l e c t r i c a l  

r e s i s t i v i t y  o f  Dur i ron i s  72 x ohm-cm a t  20° C comparable 

t o  most metals. 

The Dur i ron samples gave an equ i l i b r i um po tenk ia l  o f  -15 mv in  

the  t e s t  ce l  I; the o re  samples, w i th  t h e  same surface area, a 

p o t e n t i a l  o f  - I mv. Increasing the surface areas of t h e  samples 

increased the  po ten t i a l ;  t h e  p o t e n t i a l  increase appearing t o  be 

l i n e a r l y  r e l a ted  t o  increased surface area. These r e s u l t s  ind ica te  

t h a t  both actual  o re  samples and " idea l "  mate r ia ls  l i k e  Dur i  ron 





are capable o f  generat ing cu r ren t  i n  the d i r e c t i o n  p red i c ted  by 

theory  when subjected t o  an Eh gradient, with the  cu r ren t  generated 

by the  Dur i ron about an order of magnitude g rea te r  than that f o r  

the o re  sample. 

F i e l d  Experiment 

The f i e l d  experiment was conducted i n  a po l l s ted ,  b u t  convenient 

lagoon (Corwin, 1970) a t  Aquatic Park, Berkeley, C a l i f o r n i a .  Two 

lengths o f  Dur i ron p ipe were used. The f i r s t ,  measuring 48 inches 

(122 cm) long, w i t h  an outs ide diameter o f  3 1/8 inches ( 7.9 cm) 

and an ins ide  diameter o f  2 5/8 inces (6.7 cm) was d r i ven  30 cm 

i n t o  t he  bottom mud, i n  water 50 cm deep. (F igure 2-27). I t  would 

have been p re fe rab le  t o  use a samp l e  of actua i o r e  mineral  as t h e  

specimen, b u t  it would have been d i f f i c u [ t  t o  locate  a sample o f  

s u i t a b l e  s i  ze and shape. A1 so, from the r e s u l t s  ~f +be laboratory  

work descr i bed above, the  externa I generated f i e  l d p m b a b  l y ~ Q U  1 d 

be an order  o f  magnitude less f o r  an ore sample than  f o r  t he  

Dur i  ron, making measurement d i  f  f i cu  l t. 

The p o t e n t i a l  f i e l d  was measured both  ins ide  and ou ts ide  the 

p l p e ,  and t h e  Eh of  the  water and o f  t he  mud was measured w i t h  a 

p la t inum electrode. "CoCo" Ag-AgCI e lec t rodes (Chapter 4 )  were 

used f o r  both  p o t e n t i a l  and Eh measurements. The re ference 

e lec t rode was located 2 meters from the  pipe, a t  t h e  water surface. 

The p o t e n t i a l  f i e l d  generated by the  p ipe was undetectable a t  t h i s  

distance, so the reference e lec t rode was e f f e c t i v e l y  a t  zero . 
p o t e n t i a l .  

The f i e l d  measured a t  the  water surface (z=OT i s  shown 

func t ion  o f  d istance r from the ou te r  surface o f  t he  p i pe  



Figure 2-27 

F i e l d  Xxperirnent 

Duriron 
2 5/8 * 
3 1/8 * 

28 Oct. 1972 
Aqua t i c  Park,  Berkeley.  Calif. 

. -. - 

electrode 

Vat er : 
I% = +36O mv. 
s = 24 o/oo e= 30.7 ohm-cm. 

Mud, Eh = -190 mv. 



i n  Figure 2-28 C t he  f i e l d  was r a d i a l l y  symmetrical around t h l  p ipe).  

Figure 2-29 shows the  v e r t i c a l  p o t e n t i a l  p r o f i l e  a t  a distance, 

r = 1.3 cm ( the  rad ius o f  t he  "CoCo" electrode; see chapter 4) from 

the surface o f  the  pipe, and Figure 2-30 shows t h e  v e r t i c a l  p o t e n t i a l  

d i s t r i b u t i o n  ins ide  the pipe.  From these p o t e n t i a l  p lots,  it i s  

apparent t h a t  conventional ( p o s i t i v e )  cu r ren t  f lowed downward 

through the  wal I s  o f  the pipe, re tu rn ing  upward through the mud 

and water (Figure 2-31), as pred ic ted by t h e  ox idat ion- reduct ion 

mechanism. 

The break i n  t he  slope o f  the v e r t i c a l  p r o f i l e s  (Figures 2-29 

and 2-30) ind ica tes  t h a t  the cur ren t  f low i n  t h e  upper I 5  cm o f  

the  p ipe i s  g rea te r  than i n  t he  sect ion from z = I S  crn t o  z = 50 cm. 

A rough c a l c u l a t i o n  (Appendix 2-11 shows t h a t  t h e  c u r r e n t  f lowing -_ -* - 
through the  water ins ide  the p i  pe i s  about 41 ma i n  the upper 15 cm 

and 2 ma i n  t he  lower 35 cm. Th is  d i f f e rence  may have been due t o  

reducing mud s t i r r e d  up when the p ipe  was inser ted  i n  the  bottom, 

and suspended i n  t he  water trapped ins ide t he  pipe. The Eh o f  

the water was poor ly  poised, as evidenced by the  long s t a b i l i z a t i o n  

t ime o f  the Eh readings, so r e l a t i v e l y  1 i t t l a  reducing mud suspended 

i n  the water could reduce t he  Eh o f  the water considerably. 

A second Dur i ron pipe, 68 cm long, w i t h  an ou ts i de  diameter 

o f  3 11/16 inches (9.4 cm) and an ins ide  diameter o f  3 inches 

(7.6 cm) was d r i ven  59 cm i n t o  the bottom mud, so t h a t  t he  top o f  

the  p ipe was 9 cm above the  bottom and 41 cm below t h e  water surface. 

The po ten t i a l  a t  a p o i n t  on the water surface d i r e c t l y  above the 

center o f  t h e  p ipe  was -3.2 mv. 

I f  t h e  top o f  the  p ipe i s  considered t o  be a p o i n t  s i n k  of  





Figure 2-29 

v vs. z 

(r = 1.3 cm. ) 
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Figure 2-30 

V vs. z 
( i n s i d e  p i p e ]  

V (mill i v o l t s )  



Figure 2-31 

C u r r e n t  Flow Lines  

( X o t  t o  Scale)  

Yater surface r-- - 



current ,  t h e  po ten t i a l  V a t  t he  measured p o i n t  i s  

where: [ = cu r ren t  

fJ = water r e s i s t i v i t y  (30.7 ohm-cm) 

r = depth t o  top o f  p ipe-  

For V = -3.2 mv, I i s  -26.9 ma. As t he  surface area of  t h e  p ipe 

2 is 0.36 m , the  cur ren t  densi ty i s  74.7 ma/m2, c lose  t o  t he  

2 
100 ma/m value ca lcu la ted f o r  t h e  f i r s t  p ipe (Appendix 2-11. The 

p ipe  was l e f t  bur ied f o r  17 days, a f t e r  which t ime the  vol tage 

was re-measured and found t o  be c lose  t o  the  c r i g i n a l  value. 

The r e s u l t s  o f  these experiments were encouraging: 

( I )  An iner t ,  conducting body extending from the  reducing 

zone i n  the bottom i n t o  ox i  d  i z i  ng sea water was see,n " t o  generate .. . 
a detectable se l f - po ten t i a l  f i e l d .  

(2) No decrease i n  the magnitude o f  t h e  f i e l d  was observed i n  

17 days. 

(3 )  The magnitude o f  the cu r ren t  generated i n  t he  pipes was 

reasonable (see ca lcu ta t ion  f o r  f i r s t  p ipe i n  Appendix 2-11. The 

2 cu r ren t  bens i  t y  o f  about 75 t o  100 ma/m generated by t he  pipes 

impl ies  t h a t  cur rents  o f  t he  order o f  10 t o  100 amps are generated 

by su l f ' i de  ore bodies, i n  agreement w i t h  f i e l d  observations 

(Chapter 3 ) .  

It would be des i rab le  t o  repeat t h i s  type o f  experiment, using 

actual  o re  samples i n  p lace o f  the  Dur i ron pipe, and instrumenting 

the  o re  SO t h a t  actual  cu r ren t  f low could  be measured. Although 

beyond the  scope o f  t h i s  work, such experiments cou I d  provi' 



es t ima tes  of t h e  c u r r e n f  generated in an o r e  body as a f u n c t i o n  

of su r face  area. Such es t imates  c o u l d  prove useful i n  ga in ing  

some i d e a  o f  t h e  s i z e  o f  an o r e  body producing a given se l f -  

p o t e n t i a l  anomaly. 



CHAPTER 3 

POTENTIAL Fl  ELDS 

"Do you r e a l i z e  t h a t  i t  i s  i n  
our power t o  deepen t h e  source 
simply by moving toward it? 
And then drawing from i t?"  

E l i e  Wiesel 
"A Beggar i n  Jerusalem" 



l n t roduc t  ion 

It i s  necessary t o  have some idea o f  the magnitude and d i s t r i -  

bu t ion  o f  t he  e l e c t r i c  po ten t i a l  f i e l d  surrounding an o r e  body i n  

order t o  design an e f f i c i e n t  search pattern,  and t o  r e l a t e  self -  

p o t e n t i a l  survey r e s u l t s  t o  t he  locat ion,  size, and shape o f  t h e  

o re  body. 

The mechanism discussed i n  Chapter 2 maintains a p o t e n t i a l  

d i s t r i b u t i o n  on the  surface o f  the o r e  body. Th is  p o t e n t i a l  

d i s t r i b u t i o n  causes e l e c t r i c a l  cu r ren f  t o  f low i n  the  body and 

i n  t h e  surrounding medium ( the  sea f l o o r  and the  ove r l y i ng  water), 

and t h e  cur ren t  produces an ohmic po ten t i a l  grad ient  as it f lows 

through the  surrounding medium. Th is  po ten t i a l  gradient, detectab le  

as a vol tage d i f ference,  generates the observed se l f - po ten t i a l  

anoma l y . 
-. ' I *  

Sea-f loor and sea water r e s i s t i v i t y  

I n  order t o  car ry  o u t  po ten t i a l  f i e l d  ca lcu la t ions,  t he  

e l e c t r i c a l  r e s i s t i v i t i e s  o f  the mater ia ls  i n  which t he  f i e l d  i s  

generated must be known. R e s i s t i v i t i e s  f o r  so i  I s  and rocks have 

been tabula ted extens ive ly  by authors such as Jakosky (1950, 

p. 440-4421, Heiland (1940, p. 656-6651, and Ke i l e r  and Fr ischknecht 

(1966, ?. 39-49]. The r e s i s t i v i t y  o f  sea water as a func t ion  of 

s a l i n i t y  and temperature has been measured by Cox (19661, and a 

useful  r e s i s t i v i t y  graph i s  shown i n  Figure 3-1. 

E l e c t r i c a l  r e s i s t i v i t y  measurements on unconsolidated sea- f loor  

sediments have been made by Boyce (19671, Kermabon and others  (19691, 

Erchul and Nacci (1971 1 ,  Bouma and o thers  (1971 1, Marke (19651, 

Corwin and Conti  ( i n  preparat ion),  and Barnes and others  (1972). 

The formation fac to rs  o f  these sediments range from j u s t  over 



Figure 3-3. 

Electrical R e s i s t i v i t y  of Sea L'fater 

I After Sverdrup and others .(1941r p. 7'2) 

Salinity (0/00) 



1.0 t o  about 5 ( the format ion f a c t o r  (Archie, 1942) i s  the 

r e s i s t i v i t y  o f  the sediment d iv ided  by the r e s i s t i v i t y  o f  t h e *  

i n t e r s - t i t i a l  water). 

Mode l s 

The po ten t i a l  f i e l d  generated i n  the most general case, an 

o re  body o f  a r b i t r a r y  s i z e  and shape, w i t h  an a r b i t r a r y  po ten t i a l  . 

d i s t r i b u t i o n  on i t s  surface and placed i n  an a r b i t r a r y  geological  

se t t ing ,  cannot be ca lcu la ted  a n a l y t i c a l l y .  Such a f i e l d  cou ld  be 

computed approximately us ing numerical methods and a high-speed 

computer, bu t  because it i s  doubt fu l  Ohat a l l  o f  the parameters 

l i s t e d  above would be known w i t h  a reasonable degree o f  accuracy 

u n t i l  a f t e r  the o re  body had been thoroughly d r i i l e d ,  such a 

computat ion would r a r e l y  be usefu I. 

Conformal mapping and downward cont inuat ion . -. .-. 

For an ore body o f  simple geometric shape and o f  i n f i n i t e  

ex ten t  i n  one d i kection, bur ied  i n  a homogeneous whole space o r  

h a l f  space, the method o f  conformal mapping (Becker and Telford, 

1965) may be used t o  f i n d  t he  d i s t r i b u t i o n  o f  t he  equ ipo ten t ia l  

l i nes  around the'body. Downward con t inua t ion  may be performed 

on t hc  o5scrvsd f i e l d  daia i n  an e f f o r t  t o  f i n d  t h e  depth o f  

b u r i a l  of t h e  o re  body, b u t  i n t e r p r e t a t i o n  i s  no t  easy ( Roy, 1963). 

Application o f  conformal mapping o r  downward con t inua t ion  t o  t he  

of fshore s i t ua t i on ,  i n  which the  homogeneous h a l f  space i n  which 

the o re  body i s  placed ( the  sea f l o o r )  i s  covered by a f i n i t e ,  

conducting layer o f  water, may be possible.  However, t he  use o f  

simple sources, as discussed below, seems t o  be an eas ie r  way t o  

approach t he  problem. 



An o r e  body genera t ing  a  s e l f - p o t e n t i a l  f i e l d  may be s imula ted 

by p l a c i n g  a po in t ,  p o i n t  d ipo le ,  l i n e ,  o r  l i n e  d i p o l e  c u r r e n t  I 

source, o r  an e l e c t r i c a l l y  charged body o f  s imple  geometry (such I 

as a  sphere o r  e l l i p s o i d ) ,  i n  t h e  surrounding medium. By mani- 

p u l a t i o n  o f  these s imple sources, t h e  p o t e n t i a l  d i s t r i b u t i o n  on 1 
a  c losed surface, which encloses t h e  source o r  sources and resembles : I  
t h e  sur face c o n f i g u r a t i o n  o f  t he  o r e  body, may be made t o  approximate 

t h e  des i red  p o t e n t i a l  d i s t r i b u t i o n  on t h e  su r face  o f  I h e  a c t u a l  

body. 

S ~ h e r i  ca l o r e  bodv 

Petrowsky (1928) c a l c u l a t e d  t h e  p o t e n t i a l  d i s t r i b u t i o n  on Phe 

e a r t h ' s  sur face cuased by an inc l i ned ,  s i n u s o i d a l l y  p o l a r i z e d  sphere 

b u r i e d  i n  a  homogeneous e a r t h  (F igure  3-21, and presented numerous 

curves u s e f u l  f o r  e s t i m a t i n g  t h e  s ize ,  i n c l i n a t i o n ,  a d  dapth of 

the sphere. H i s  work has been discussed and expanded by de Witte 

(19481, Meiser  (19621, P o l d i n i  (1938, 19391, YUngUl (1945, 1950) 

and He i land (1940, p. 672). None o f  these authors have cons idered ii l 
a case analagous t o  t h e  o f f s h o r e  one, i n  which a water  layer  must 

be added above t h e  homogeneous h a l f  space. Th is  compl icates t h e  

problem, and, as a  p o l a r i z e d  sphere may be c l o s e l y  approximated 

by a p o i n t  source and s i n k  o f  c u r r e n t  ( discussed l a t e r  i n  t h i s  

chapter ) ,  f o r  which computat ion o f  t h e  p o t e n t i a l  f i e l d  i s  s impler ,  

no f u r t h e r  a n a l y s i s  o f  Petrowsky's model was done f o r  t h i s  work. 

P o l a r i z e d  sheet  

An i n c l i n e d  p o l a r i z e d  sheet ( i .e . ,  a l i n e  source and s i n k  of 

c u r r e n t )  b u r i e d  i n  a  homogeneous h a l f  space o f  r e s i s t i v i l y  may 

be used t o  s imu la te  a t a b u l a r  o r e  body (F igu re  3-31. The 

p o t e n t i a l  V a t  a  p o i n t  P on t h e  sur-face o f  t h e  h a l f  space i s  





F i g u r e  3-3 

Model f o r  T a b u l a r  Ore Boly  

A f t e r  Edge and Laby (1931, p. 2k4) 

end G2' are the  corresponding angles for the lower edge 
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(Edge and Laby, 1931, p. 244).  I n te rp re ta t i on  curves f o r  t h i s  

model are presented by Meiser (19621, Paul (t9651, and Roy and 

Chowdhury (1959). (The work o f  Roy and Chowdhury i s  espec ia l l y  

complete, inc lud ing i n t e r p r e t a t i o n  curves for  f i n i t e  as well as 

i n f i n i t e  l i n e  d ipo les) .  As i s  t h e  case f o r  the sphere, adding a 

layer o f  water above t h e  h a l f  space would complicate considerably 

the expression f o r  V, i f  indeed an a n a l y t i c a l  s o f u t i o n  cou ld  be 

Pound. I t  appears more e f f i c i e n t  f o r  t h e  offshore case t o  approx- 

imate t he  i n c l i n e d  sheet w i th  a l i n e  o f  p o i n t  current dipoles, i f  

such an analys is  seemed j u s t i f i e d  f o r  a p a r t i c u l a r  o f f sho re  

se l f - po ten t i a l  anomaly. 

Po in t  and p o i n t  d i po le  

Unless an ore b ~ d y  i s  s t rong ly  t abu la r  i n  shape (i,e. much 

longer i n  one hor i zon ta l  d i r e c t i o n  than the  other), it o f t e n  

may be simulated adequately by a p o i n t  source and sink o f  cu r ren t  

(Stern, 19451. I f  a cur ren t  d ipo le  can be p laced  w i t h i n  t h e  boundary 

o f  t he  o re  body i n  a  loca t ion  such t h a t  the p o t e n t i a l  d i s t r i b u t i o n  

on t h e  boundary i s  t he  same as the Eh d i s t r i b u t i o n  of t he  surrounding 

medium a t  the  boundary, the  po ten t ia  I f i e l d  everywhere ou ts ide  t he  

boundary w i l l  be equiva lent  t o  the  se l f - po ten t i a l  f i e l d  generated 

by the  body. This method has the advantage t h a t  t h e  f i e l d  o f  a 

p o i n t  source o r  s ink  o f  cu r ren t  i s  no t  difficult to  c a l c u l a t e  , and 

t h a t  the  f i e l d  may be extended through a mul t i - layered medium 

such as t he  sea f l o o r  and ove r l y i ng  water layer. 



The case o f  a spher ica l  o re  body provides an example o f  t h e  

f l e x i b i l i t y  o f  t he  d i po le  method. I m p l i c i t  i n  t h e  s inusoidat  

d i s t r i b u t i o n  o f  p o t e n t i a l  along the  surface o f  the sphere used by 

Petrowsky and the o ther  authors mentioned above i s  the  assumption 

t h a t  the  Eh d i s t r i b u t i o n  i n  the surrounding medium i s  l i n e a r  w i t h  

depth (Figure 3-21. Any o ther  assumption f o r  the  Eh-depth re fa -  

t i onsh ip  would compl icate considerably the a n a l y t i c a l  s o l u t i o n  of 

the  prob lem. However, by cons t ruc t i  ng a spher ica l  surface around 

a cu r ren t  d i  pole, sany d U,f e ren t  Eh-depth d i s t r i b u t i o n s  may be 

simulated, depend i ng on the r a t i o  o f  the radius o f  t h e  sphere ( r) 

t o  the length  o f  the d i po le  ( I ) .  

The procedure i s  done e a s i l y  by drawing a c i r c l e  on a map o f  t h e  

po ten t i a l  f i e l d  surrounding a cu r ren t  d i po le  (F igure 3-41. For 

small values o f  r/l, the  Eh i n  t h e  sourrounding medium changes m r e  

r a p i d l y  a t  t h e  top and bottom o f  the  sphere than a t  the  center, 
.. -?,- 

wh i le  f o r  la rge r a t i o s  o f  r/ l  t he  d i s t r i b u t i o n  i s  more near l y  

l inear, approaching t h a t  o f  the Petrowsky model (Figure 3-51. From 

Flgure 3-5, it i s  apparent t h a t  an r/l r a t i o  g rea te r  than 2 very 

c l o s e l y  approximates t h e  l i n e a r  d i s t r i b u t i o n  o f  t he  Petrwosky 

model ( t he  d i po le  may be i nc l i ned  t o  represent an i n c l i n e d  a x i s  

o f , p o l a r i z a t i o n ) .  The d i po le  model, however, i s  eas ie r  -than t he  

.sphere t o  handle a n a l y t i c a l l y ,  especially i n  a layered 

medium. 

Other o r e  body shapes, such as e l  l i p s o i d s  o r  prisms a l s o  may 

be s imulated by t h i s  procedure. I n  fac t ,  the  p o t e n t i a l  produced 

by any c u r r e n t  d i s t r i b u t i o n  o f  f i n i t e  ex ten t  may be simulated, 

i f  a s u f f i c i a n t  number o f  d ipo les  a re  used (Cowan, 1968, p. 148). 

It i s  doub t fu l ,  however, t h a t  f i e l d  data would ever be o f  such 



Figure 3-4 

Dipole F i e ld  on S p h e r i c a l  Surface 

C is t h e  c u r r e n t  source 
1 

C is t h e  c u r r e n t  s i n k  
2 

After Van Nostrand and Cook (1966, p. 31) 



Figure 3-5 

Relative Depth vs. Relat ive Eh 

Relat ive  E h  



prec is ion  t h a t  r e a l i s t i c  d i s t i n c t i o n s  between shapes could  be made, 

even i f  the  Eh-depth d i s t r i b u t i o n  were known. I f  the d i s t r i b u t i a n  

i s  no t  known, the  i n te rp re ta t i on  problem cannot be solved uniquely 

as a  given dipole,  corresponding t o  a given measured f i e l d ,  

represents an i n f i n i t e  combination o f  ore body shapes and Eh-depth 

d i s t r i b u t i o n s .  

Although unambiguous i n t e r p r e t a t i o n  o f  f i e l d  data i s  irnpossibte, 

the d ipo le  s imulat ion method i s  usefu l  i n  answering t he  question: 

given an ore body size, shape, and depth, and an Eh d i s t r i b u t i o n  

along t h e  surface o f  the  body, what i s  t h e  p o t e n t i a l  f i e l d  i n  

the surrounding medium? Such studies, comprising t h e  remainder of 

t h i s  chapter, are  useful  f o r  determinat ion o f  the d e t e c t a b i l i t y  

o f  an o r e  body, and f o r  op t im iz ing  t h e  e lect rode a r ray  and t h e  

-. . Y * .  

search pattern.. 

Po in t  source o f  cu r ren t  bur ied i n  t he  sea f l o o r  

The p o t e n t i a l  f i e l d  produced by a p o i n t  source of cur ren t  

bur ied i n  a  homogeneous sea f l o o r  (F lgure A3-I) i s  discussed i n  

Appendix 3-1. A p o i n t  s ink  o f  cu r ren t  produces t h e  same f i e l d  

w i t h  t h e  s ign o f  the  po ten t i a l  reversed, and t he  f i e l d  o f  a  

point  cu r ren t  d ipo le  (one source and one s ink1 a t  a g iven p o i n t  

Is t h e  a lgebra ic  sum o f  t he  source and s i n k  f i e l d s  a t  the  po in t .  

Because Eh i s  usual ly  more p o s i t i v e  i n  an upward d i rec t ion ,  and 

there fo re  p o s i t i v e  cur ren t  usual ly  f lows downward through the  

ore body (Chapter 21, the cur ren t  s ink  usua l l y  w i l l  be located 

a t  a shallower depth than the source. 

I t  Is not  conceptual ly d i f f i c u l t  t o  represent the  sea f l o o r  

as composed o f  a  number o f  layers o f  a r b i t r a r y  r e s i s t i v i t y ,  w i t h  

the source and s i nk  located i n  any desired layer. The po ten t i a l  



f i e l d  expression f o r  such a representat ion is, however, considerably 

more complex a lgeb ra i ca l l y  than t h a t  f o r  a homogeneous sea fiqor, 

requ i r i n g  a correspond i ng l y more comp l i cated computer program f o r  

so lu t ion .  Because o f  t he  large number o f  va r iab les  s tud ied i n  

t h i s  chapter ( d i po le  separation, depth, and i nc l i na t i on ;  water 

depth, and sea-f loor r e s i s t i v i t y )  the e f f e c t  o f  sea- f loor  layer ing  

I s  no t  examined i n  t h i s  thes is .  Equations app l i cab le  t o  a two- 

layered sea f l o o r  may be obtained from Al fano (t962). 

Model studies 

A computer program has been w r i t t e n  t o  ca l cu la te  t he  value of 

V, t h e  po ten t i a l  i n  the  water layer.  The program, VSP, ca lcu la tes  

t h e  f i e l d  due t o  a p o i n t  s ink  o f  cu r ren t  o f  magnitude I o f  60 amps 

bur ied  i n  a homogeneous sea f l o o r .  The program i s  w r i t t e n  i n  

FORTRAN f o r  t he  CDC 6400 computer, and a sample r u n  i s  presented 
- 

i n  Appendix 3-2. The value o f  V i s  g iven i n  m i l l i v o l t s .  

The program i s  reasonably f a s t  and econ~mica l  . I f  p s /  f w 

(see Appendix 3-1 f o r  a l i s t  o f  symbols used) i s  kep t  under 10, 

a value of 100 f o r  n i n  equat ion (A3-5) assures convergence. 

Using n=100, the value o f  V a t  324 po in t s  was computed by VSP 

i n  90 seconds, a t  a cost o f  $7.77, o r  about $.02 per po in t .  

Standard case 

The remainder- o f  t h i s  chapter i s  devoted t o  an examination of 

the po ten t i  a I f  i e  l d produced i n  the  water layer  by a p o i n t  currenP 

sink o r  a d ipo le  cu r ren t  source bur ied i n  a homogeneous sea f l o o r .  

The standard case used f o r  reference (Figure 3-61 i s  a p o i n t  

cu r ren t  s i nk  bur ied 20 meters deep i n  a sea f l o o r  having r e s i s t i v i t y  

o f  1.25 ohm-meters. The cu r ren t  f l ow i n t o  t h e  sink i s  60 amps, and 
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the ove r l y i ng  water has a depth o f  20 meters and a r e s i s t i v i t y  

o f  0.25 ohm-meters ( t h i s  r e s i s t i v i t y  corresponds t o  a tempera+ure 

o f  15OC and s a l i n i t y  o f  about 32 O/oo 1. 

Th is  arrangement produces a f i e l d  on the sea f l o o r  comparable 

i n  magnitude and shpae t o  a f f t y p i c a l "  se l f - po ten t i a l  anomaly found 

on land. Sel f  po ten t i a l  anomalies, o f  course, vary considerably . 

i n  s i z e  and shape, b u t  a magnitude o f  -200 m i l l i v o l t s  (mv) and a 

ha l f -w id th  ( the  distance from t h e  peak o f  t he  anomaly t o  t he  p o i n t  

where it has dropped t o  h a l f  o f  i t s  maximum value) o f  75 meters i s  

reasonably representat ive.  The anomalies o f t e n  show an area o f  

p o s i t i v e  po ten t i a l  (Figure 1-21, i nd i ca t i ng  t h a t  t he  lower end o f  

the  o r e  body i s  a t  a f i n i t e  depth. Just  as f requent ly,  however, 

no p o s i t i v e  p o t e n t i a l  i s  seen, and because the  po ten t i a l  o f  the 

p o s l t i v e  area usua l l y  i s  smal I, a po in t  cu r ren t  si.nk aloc'e, 

w l thout  a source, probably gives as good a representat ion o f  a 

" t yp i ca l "  anomaly as a d ipo le .  The dipole,  i n  t h i s  study, w i l l  be 

t r ea ted  a s  a v a r i a t i o n  o f  t he  "standard" case. The f i e l d  o f  t h e  

standard case on t h e  sea f l oo r ,  a t  a depth o f  10 meters, and a t  

t h e  water surface i s  shown in Figure 3-7, a long w i t h  the g rad ien t  

a t  t he  water surface. 

Gradient and detectabi  l i ty 

The most important quest ion t o  be answered i n  t h i s  chapter 

is: what i s  t h e  maximum d is tance from the  center  of t h e  anomaly 

a t  which t he  presence o f  t h e  anomaly may be detected ( i .e .  , 
separated from the  background no ise)? The background no ise leve l  

i n  most o f f shore  s i t u a t i o n s  has been found t o  be on the  order  o f  

a few tenths o f  a m i l l i v o l t  (Figures 5-8 and 5-15) w i t h  e lec t rode  

separations o f  less than 50 meters, and F igure 6-24 ind ica tes  





t h a t  a s ignal  o f  one m i l l i v o l t  i s  r e a d i l y  d is t ingu ished  by v i s u a l  

inspection. More sophis t icated data analys is  techniques could, 

o f  course, be used t o  increase the s igna l - to  no ise  ra t i o ,  b u t  

f o r  the  purposes o f  t h i s  study a s ignal  o f  one m i l l i v o l t  w i l t  be 

used as the  c r i t e r i o n  o f  detectabi l i t y .  

The magnitude o f  t he  s i gna I i s  increased by increas ing t h e  

e lect rode separat ion S (Figure 3-8). I f  S i s  very large compared 

t o  the  l a t e r a l  ex ten t  o f  t he  anomaly, the  magnitude of t h e  

s ignal  w i  l l be equa I t o  the magnitude o f  the anomaly, whi l e  for 

small values o f  S, t h e  s ignal  w i l l  be approximately equal t o  t h a  

g rad ien t  o f  the anomaly ( 3 V 1  3 r )  m u l t i p l  i ed  by S .  Noise 

increases somewhat as S i s  increased (Chapter 51, b u t t h e  s i gna l  

usual ly  increases more r a p i d l y  than the noise, so increas ing S 

o f t e n  w i l l  improve the  s ignal- to-noise r a t i o .  A la rge -. separat ion,  . i Y  

however, impl ies a large amount o f  wire i n  the water, w i t h  

increased p r o b a b i l i t y  o f  e l e c t r i c a l  leaks. Also, manueverab i l i ty  

o f  t he  boat i s  decreased when long wires are being streamed astern,  

and exp lo ra t ion  o f  indentat ions i n  t he  shore l ine i s  d i f f i c u l t .  

F i e l d  experience has proven that ,  f o r  shallow water, near-shore 

work, separations greater  than about 50 meters became q u i t e  

unwieldy. Separation may be increased from t h i s  va lue f o r  apen- 

water work, wh i le  about 20 maters i s  manageable along most 

shore l i nes. 

As mentioned above, i f  the  electrode 'spacing S i s  smal I r e l a ~ i  ve 

t o  the  length o f  the anomaly, the recorded anomaly s igna l  w i l l  

approximate t he  product o f  e lect rode separation S and the  g r a d i e n t  

o f  the  t o t a l  f i e l d  anomaly. In  many instances, when an anorijaly 

i s  seen on the cha r t  recorder record the boat 's course w i l l  be 
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reversed and t h e  anomalous area t rave rsed  i n  t h e  oppos i te  

d i r e c t i o n .  I f  t h e  observed s igna l  was rea l ,  it w i l l  be repeated 

as a reversed m i r r o r  image o f  t h e  o r i g i n a l  anomaly. F igures 3-9a 

through 3-9d show some s i m p l i f i e d  t o t a l  f i e l d  anomalies t o g e t h e r  

w i t h  t h e  assoc ia ted g r a d i e n t  anomaly and c h a r t  reco rde r  ou tput .  

These s imple shapes a re  use fu l  i n  forming a f i r s t  es t ima te  o f  the 

t o t a l  f i e l d  anomaly shape from t h e  c h a r t  reco rde r  ou tpu t .  

Survey depth 

Obviously, t h e  magnitude o f  t h e  f i e l d  decreases toward t h e  

su r face  o f  t h e  water .  I s  i t ,  there fore ,  worthwhi l e  t o  tow one 

o r  b o t h  e lec t rodes  a t  some depth below t h e  water  su r face?  I n  

F igu re  3-7, t h e r e  i s  a d i f f e r e n c e  o f  36 mv between t h e  sur face 

and t h e  bot tom over t h e  center  of t h e  anomaly. The d i f f e r e n c e  

decreases r a p i d l y ,  and v i r t u a l l y  disappears 60 rn from t h e  cen te r  . . . Y 1  

o f  t h e  anomaly. A surface-towed h o r i z o n t a l  a r r a y  w i t h  S = 20 rn 

would show a s i g n a l  o f  14 mv over  t h e  cen te r  o f  t h e  anomaly and 

about 15 mv 60 m from t h e  center .  The same a r r a y  towed along 

t h e  bot tom would show 35 mv a t  t h e  cen te r  o f  t h e  anomaly and 

about  18 mv 60 m from t h e  center .  Towing one o r  b o t h  e lec t rodes  

near t h e  bottom i n  t y p i c a l  rugged o f  fs f iore topography i s  d i f f i c u l t  

t o  accomplish i n  p r a c t i c e ,  unless a bo t tom- fo l l ow ing  dev ice  

such as t h a t  descr ibed by Csnt i  (1972) is used, Unless t h e  water 

i s  v e r y  deep, t h e  small  increase i n  s i g n a l  s t r e n g t h  would n o t  be 

worth t h e  e x t r a  e f f o r t  invo lved i n  towing one o r  b o t h  e lec t rodes  - 
below t h e  water  sur face.  

E f f e c t  o f  sediment r e s i s t i v i t y  

Most unconsol idated dee;-sea sediments have fo rma t ion  f a c t o r s  

o f  about  1.5 t o  3 i n  t h e  upper 10 m (Kermabon and o thers ,  1969; 
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Boyce, 1967; Erchul and Nacci, 1971) corresponding t o  sediment 

r e s i s t i v i t i e s  o f  about 0.5 t o  1.0 ohm-meters. Shallow water sedi- 

ments show s i m i l a r  r e s i s t i v i t y  values (Corwin and Conti, i n  

preparation) but  are l i ke ly  t o  overt i e  more consol idated mater ia l  I;, , 

wi th considerably greater  r e s i s t i v i t y .  The r e s i s t i v i t y  s t r uc tu re  

o f  the sea f l o o r  i n  a p a r t i c u l a r  loca t lon  may be measured from 

core samples o r  by using a wel l - logg ing type probe (Erchul and 

Nacci, 1971 1 o r  a hor i zon ta l  ar ray (Barnes and others, 1972). 

The amplitude o f  the  s ignal  a t  t h e  water surface increases w i th  

increasing sea- f loor  sediment r e s i s t i v i t y  (Figures 3-10 and 3-11). 

Doubling the  bottom r e s i s t i v i t y  causes the  maximum vo l tage f o r  the  

standard case t o  increase by a f a c t o r  o f  1.38; ha lv ing  the  

r e s i s t i v i t y  decreases t h e  maximum vo l tage t o  0.68 t imes the  stan- 

dard value. I n  the extreme s i t u a t i o n  where the format ion f ac to r  

of the bottom i s  c lose  t o  I , the  maxi mum vo l +age i s  G. >8 t imes 

t h e  standard value, and f o r  a very r e s i s t i v s  botiom t h e  

maximum vol tage i s  about 2.75 t imes t he  standard value. 

More important, as the  bottom res i s t  i v i  t y  increases t he  w i dth  

and gradient  o f  the f i e l d  a l so  increase. A i  I00 m from the  center 

o f  the anomaly, t h e  s ignal  & V between two e lect rodes w i th  a 

separation S o f  20 m i s  shown below: 

ps (ohm-m) 12.5 2.5 1.25 _ 0.3 

AV (mv) 17.4 13.3 10.4 4.4 

Detec tab i l i t y  a t  100 m i s  thus about 4.5 t imes b e t t e r  over t h e  most 

r e s i s t i v e  bottom compared w i t h  t he  l eas t  r e s i s t !  ve. 

E f fec t  o f  water depth 

I ncrzzs J ng , F.a .-&.-F ", U V ~  '- LL ; i; t d ~ i ; i  cii5e5 +tie mi3gnT-t iide and gradient  

of the s ignal  on t he  surface o f  the  water (Figure 3-12). For a 
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water  depth o f  200 m (approximal-el y  t h e  maximum depth of t h e  

c o n t i n e n t a l  s h e l f ) ,  an e l e c t r o d e  separa t i on  S of about  75 rn wc- s 

be requ i red  i n  o rde r  t o  r e g i s t e r  a  s igna l  of I mv when towed 

d i r e c t l y  over  t h e  center  o f  t h e  anomaly. The maximum voltage 2- 

t h e  sur face even a t  t h i s  water  depth i s  about 26 rnv, and an els:--:,:f, 

separa t ion  o f  severa I hundred meters wou l d  produce e a s i  l y 

de tec tab le  s i g n a l s  as f a r  as  1000 m from t h e  c e n t e r  of 1-he anon? 

( t h e  g r a d i e n t  i s  about .006 mv/m a t  r = 1000 m, so a s e p a r z t i o n  

o f  167 m would g i v e  a  I mv s i g n a l ) .  

E f f e c t  o f  b u r i a l  d e ~ t h  

The amp I i tude and grad i e n t  o f  t h e  s igna l decrease as t h e  depf - 
o f  b u r i a l  Z o f  t h e  p o i n t  s i n k  increases (F igure  3-13), F o r  a  si-< I 

l oca ted a t  t h e  i n t e r f a c e  o f  t h e  water and sea floor C b u r i a l  depj- 

ZI = 0 )  t h e  maximum s igna l  a t  t h e  water sur face i s  -279 mv, wh i le  
f 
l 
Z 

f o r  t h e  standard case ( b u r i a l  depth o f  20 m) the . maximum .- -. s i g n a l  

i s  -164 mv, and f o r  a b u r i a l  depth Z I  o f  200 m the.maxinum s i g n a l  

decreases t o  -43 mv. The g r a d i e n t  a ~ /  a r  a t  r = 1000 a f o r  a 

i - 
burial depth o f  200 m i s  0.010 mv/m, so an electrode separa t i on  !j ; 
S of 100 m would be requ i red  f o r  a  I mv s igna l .  The maximum i 

ft; 

g r a d i e n t  a t  t h e  water sur face i s  1 -123 mv/m a t  r = 30 rn for t he  

s tandard  case, 3.701 mv/m a t  r = 10 rn f o r  Z,= 0 ,  and 0.061 mv/m 

a t  r- = 200 m f o r  Z,= 200 m. 

Unlqueness 

The depth o f  b u r i a l  o f  an o r e  body i s . a n  impar tan t  economic 

. parameter. I t  would be des i rab le ,  then, to  be able t o e s t i m a t e  

t h e  b u r i a l  depth (Z I )  by i nspec t ion  o f  t h a  s e l f - p o t e n t i a l  anomaly I 
curve.  A deeply bu r ied  o r e  body i n  a  l o w - r e s i s t i v i t y  sediment may I 

produce t h e  same anomaly ampl i tude as a  less  deeply b u r i e d  body 





i n  sediments o f  h igher r e s i s t i v i t y .  I n  order  t o  d i s t i n g u i s h  such 

cases, t he  shapes o f  t h e i r  anomaly curves must d i f f e r .  

F igure 3-14 shows such a  s i t ua t i on ,  w i t h  a [ !  anomaly ampl i tudes 

normalized t o  t h a t  o f  the standard case, -164 mv. The curve  f o r  

a  Body bur ied  t o  a  depth Z, o f  20 m i n  sediments o f  r e s i s t i v i t y  

p5 o f  6.25 ohm-m i s  d i f f e r e n t  from t h a t  f o r  a body b u r i e d  

100 rn deep i n  sediments o f  1.25 ohm-m r e s i s t i v i t y ,  the l a t t e r  be ing 

more sharply "peaked". The ha1 f -w id th  o f  t he  anomaly cu rve  

(the distance from the  center  o f  the anomaly t o  t h e  p o i n t  a t  which 

the  ampli tude i s  h a l f  o f  i t s  maximum value) i s  i n d i c a t i v e  o f  the 

sharpness o f  the  peak o f  the  curve. For t he  body with ZI o f  100 m 

and ys o f  1 .25 ohm-m, t he  ha l f - w i  d th  i s  280 m; f o r  t h e  body w i t h  

Z k  o f  20 m and p s  o f  6.25 ohm-m, the ha l f -w id th  i s  188 rn. 

The ha l f-w i d t h  decreases when e i t h e r  F s  o r  Z decreases, as 1 

shown I n  Figure 3-14. The re l a t i onsh ip  o f  curve shapes changes 

also, w i t h  t h e  more deeply bur ied  body ( 20 rn 1 i n  l ow- rg< i s t i v i t y  

sediments (0.3 ohm-m) showing a  greater  ha l f -w id th  C 72 m 1 than 

t h e  63 m ha l f -w id th  exh ib i t ed  by the shal lower body ( 5 m) i n  

more r e s i s t i v e  sediments ( 1.25 ohm-m). The curve shapes even 

f o r  these two sharply peaked cases s t i l l  should be d i s t i ngu i shab le  

from good f i e l d  data, as the curves d i  verge by I I mv (9%) a t  

r = 30 m. 

An actuat o re  body, o f  course, i s  onty  approximated by a  p e r f e c t  

p o i n t  cu r ren t  s ink .  Th is  approximation becomas b e t t e r  as t he  depPh 

of b u r i a l  increases, so t he  determinat ion o f  b u r i a l  depth by curve- 

matching w i l l  be more accurate f o r  t he  large ha l f -w id th  curves 

produced by deeply bur ied  bodies. A sharply peaked anomaly i s  

i nd i ca t i ve  o f  shal low b u r i a l  depth and/or low sediment resistivity. 





f i e l d  has maximum ampli tude ( -43 mv) and i s  symmetrical about 

r = 0. The maximum ampli tude i s  0.26 times t h e i ' i o r  t h e  standard 

case, so t he  e f f e c t  o f  moving t he  cu r ren t  source f r o m  i n f i n i t y  

For such anomalies, it w i l l  probably be necessary t o  measure t h e  

sediment r e s i s t i v i t y  independently i n  o rder  t o  o b t a i n  a r e l i a Q l e  

estimate o f  b u r i a l  depth. 

Dipole 

Addi t ion o f  a cu r ren t  source a t  a d is tance 0 and d i p o l e  angle 0 

from the  cu r ren t  s i nk  (Figure 3-15) produces a p o i n t  cu r ren t  d ipole.  

The magnitude o f  the  d ipo le  f i e l d  a t  the water sur face w i l l  be less 

than t h a t  f o r  t he  standard case ( cu r ren t  sink on ly) ,  and i f  8 

is not  0 ° ,  the  f i e l d  w i l l  no t  be symmetrical about r = 0, and 

w i l l  be p o s i t i v e  i n  s ign  f o r  large negat ive valiles o f  r. 

Figure 3-16 shows the  e f f e c t  o f  vary ing the d i p o l e  angle Q 

w i t h  the separat ion D remaining f i x e d  a t  20 rn. For 8 = 0°, the  

t o  a p o i n t  20 m d i r e c t l y  below t h e  s i nk  i s  to.reduce the signal  

s t reng th  by a f a c t o r  o f  4. 

As 8 i s  increased, a p o s i t i v e  component of t h e  f i e l d  appears 

a t  negat ive values o f  r, and the magnitude of t h e  negat ive po r t i on  

of the  f i e l d  i s  reduced. For the  l i m i t i n g  case, G = XI0, the  

f i e l d  I s  skew-symmetric about the  center  of the d i p o l e  C the curve 

In  Figure 3-15 does no t  appear symmetrical because r i s taken as 

zero a t  t he  negat ive sink, no t  a t  t h e  center  of t h e  dipole), and 

t h e  maximum ampli tude i s  about h a l f  as large as t h a t  of t h e  

v e r t i c a l  d ipole.  

Figures 3-17 and 3-18 show the  e f f e c t  o f  varying t h e  d ipo le  

separation D w i t h  8 he ld  constant a t  30' o r  60°. As t h e  p o s i t i v e  
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source i s  moved f u r t he r  from the  negat ive sink, the  ampli tude and 

g rad ien t  o f  the  f i e l d  a t  the water surface increase. 

An o re  body o f  snla l l v e r t i c a l  extent ,  therefore,  w i  l I show a 

smal ler  anomaly than one which extends deeply i n t o  the sea f l o o r .  

For a d i p o l e  angle o f  30°, a separatton o f  20 m g ives a maximum 

anomaly o f  -41 mv, o r  25% o f  the maximum anomaly f o r  the  standard 

case (which has i n f i n i t e  separat ion).  A separat ion of 200 m g ives  

a maximum o f  - 123 tqv, o r  75% o f  t h a t  f o r  t he  standard case. For  

the same value o f  D, the re  i s  1 i t t l e  d i f f e rence  between t h e  cases 

f o r  8 = 30° and 8 = 60° (Figures 3-17 and 3-18). 

Shore l i ne 

[n an area where onshore bodies producing se l f - po ten t i a l  f i e l d s  

occur a t  o r  near a shorel ine,  o f f shore  prospect ing may be done by 

f o l l ow ing  t he  shore l ine  as c lose l y  as possib le.  The s e l f - p o t e n t i a l  
-. , .-- 

f i e l d  generated i n  the  water by a body on shore may be ca l cu la ted  

by the  use o f  a p o i n t  cu r ren t  s ink  located on t he  ground surface a t  

a dis tance 2, from the  shore l ine  (Figure 3-19). Geometrically. 

t h i s  s i t u a t i o n  i s  analogous t o  t he  f i e l d  produced a t  t he  sur face 

o f  the  e a r t h  by a cu r ren t  source located on one s i de  of an i n f i n i t e l y  

deep v e r t i c a l  f a u l t .  The p o t e n t i a l  f i e l d  f o r  t h i s  case i s  der i ved  

by Van Nostrand and Cook (1966, p. 53). The p o t e n t i a l s  Vs on shore 

and Vw a t  t he  water sur face are: 

- TBs C s  e* 
(3-2 vb- - - 

2 TiL fu + e s  

It i s  i n t e r e s t i n g  t o  note t h a t  the  f i e l d  I n  t h e  water, Vw, i s  a 
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funct ion on ly  o f  Z, the distance from the cu r ren t  s i n k  t o  the p o i n t  

a t  which the f i e l d  i s  calculated,  and no t  o f  Z the  d is tance from I '  * 

the  s ink  t o  the  shorel ine.  The equ ipo ten t ia l  l i n e s  on the water 

surface, therefore,  are c i r c l e s  o f  rad ius Z centered on the cur ren t  

sink. 

The magnitude o f  the  f i e l d  produced by a c u r r e n t  s i n k  of -60 amps 

i s  shown as a func t ion  o f  shore r e s i s t i v i t y  r s  and d is tance Z f r o m  

t h e  source i n  Figure 3- 19. The f i e l d  rnagni tude decreases as s 

decreases. I n  the  l i m i t i n g  case where fs = f'w. Vw = 2387/Z m; 

f o r  v s  = , Vw = 4665/Z mv. The grad ient  o f  t h e  f i e l d  i s  a l s o  

a func t ion  o f  fs and Z. The va lue o f  Z a t  which the  g rad ien t  

i s  0.05 mv/m i s  shown as a funct ion of  f!s i n  F igure 3-20. This 

i s  t h e  distance from the s ink  a t  which an e lec t rode  separat ion 

S o f  20 m w i l l  produce a s igna l  o f  I mv and may be used as an 
.. , . I >  

est imate f o r  the " rad i  us o f  detectab i I i t y "  f o r  an o re  body. This 

value ranges from 220 rn f o r  P.s = e w  t o  310 m f o r  p s  = . 
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CHAPTER 4 

EQU l PMENT 

-. . .. 

"For t h e  measurement of  i n t e n s i t y  

Car l  Barus 
"On the  E l e c t r i c a l  A c i i v i t y  

of Ore Bodies", 1882 



In t roduc t ion  

A wide v a r i e t y  o f  systems have been used t o  measure e l e c t r i c  

po ten t i a l  f i e l d s  i n  natura l  bodies o f  f resh  and sea water. These 

systems a l l  cons i s t  o f  a  p a i r  o f  e lec t rodes which make coni-act 

w i t h  the  water, and are connected t o  an instrument which measures, 

usual ly  records, and occas ional ly  e l e c t r o n i c a l l y  processes t he  

s ignal .  The system must accurate ly  measure t he  po ten t i a f  d i f f e rence  

between two po in t s  i n  t he  conducting medium with minimum d i s t o r t i o n ,  

noise, d r i f t ,  and response t o  environmental f ac to r s  such as tem- 

perature, pressure, and changes i n  chemical composition. 

For use i n  marine se l f - po ten t i a l  i nves t iga t ions  t h e  addi-tional 

requirements o f  p o r t a b i l i t y ,  ruggedness, and ease of use i n  t h e  

d i f f i c u l t  near-shore environment must be met. F ina l l y ,  reasonable 

cost  i s  an important design considerat ion.  The system described 
. . 

i n  t h i s  sect ion meets, t o  a  sa t i s f ac to ry  degree, a l l  t h e  c r i t e r i a  

above, and has given exce l l en t  r e s u l t s  i n  actual  f i e l d  use, 

Electrodes 

The elect rodes form the  e l e c t r i c a l  contact  between the water 

and the leads t o  the  p o t e n t i a l  measuring instrument, i.e., between 

an i o n i c a l l y  conducting and a m e t a l l i c a l l y  conducting medium. Ii- 

i s  d i f f i c u l t  t o  t r a n s f e r  an e x i s t i n g  po ten t i a l  d i f f e rence  across such 

an In te r face  wi thout  in t roduc ing spurious vol tages which may mask 

or d i s t o r t  t he  signa I .  By carefu  l design, however, the i rreprodu- 

c i b l e  noise and d r i f t  o f  t h e  e lect rode may be l i m i t e d  t o  the  p o i n t  

where actua l  s igna l  leve ls  o f  0.1 m i l l i v o l t s  i n  t he  water may be 

measured w i t h  confidence. Furthermore, the response o f  t h e  e lec t rode  

t o  changes i n  temperature, s a l i n i t y ,  o r  chemical composit ion o f  

. the  sea water may be minimized and be made p red ic tab le  and reproducible.  



Electrode reve rs i b i  l i t y  

An e lect rode must operate i n  a reve rs i b l e  manner t o  g i ve  

meaningful readings. Thermodynamically, f o r  an in f in i tes- i - imal  

cu r ren t  f low through the  electrode, the equation 

where : 

4 F = the f r ee  energy change 

= the number o f  faradays passed 

9 = Faradayv s constant 

E = the  potent  i a I  

governs t h e  re l a t i onsh ip  between e l e c t r i c a l  work done and the  

f r ee  energy change o f  the  system (Glasstone and Lewis, 1960, p. 459). 

P r a c t i c a l l y ,  t h i s  means t h a t  any chemical change i n  an e lect rode 

brought about by the passage o f  a sma l l amount o f  current-.must 

be reversed by the  f low o f  an equal amount o f  cu r ren t  i n  t he  

opposi te d i r ec t i on .  Th is  i s  an important requirensnt, because 

In p r a c t i c e  a f i n i t e  amount o f  cu r ren t  must be drawn from the  

e lect rodes i n  order  f o r  t he  p o t e n t i a l  between them t o  be measured. 

I f  the  passage o f  t h i s  cu r ren t  r e s u l t s  i n  a change i n  the composi- 

t i o n  of one electrode r e l a t i v e  to  the other, a ga lvan ic  p o t e n t i a l  

( ca l l ed  p o l a r i z a t i o n )  between the  e lect rodes w i l l  be added t o  the 

actual  e l e c t r i c  f i e l d ,  g i v i n g  an i nco r rec t  reading o f  the f i e l d  

po ten t i a l .  Such i r r e v e r s i b l e  e lect rode po la r i za t i ons  may be 

minimized by proper e lect rode design, and by minimizing t h e  

cu r ren t  f l ow through the electrode. For any reversib leLeiectrode, 

t he  standard ox ida t ion  p o t e n t i a l  E o f  the  e lect rode measured 

against  a standard hydrogen e lec t ron  (S.H.E.) i s  g iven by 



CGlasstone and Lewis, 1960, p. 464). 

Electrodes o f  the f  i r s t  k ind 

The simplest type o f  revers ib le  electrode i s  a piece o f  bare 

matal placed d i rec t1  y i n  a conducting solut ion. It i s  known as an 

rtelectrode o f  the f i r s t  k ind (or type)" (Glasstone and Lewis, 1960, 

p .  455) and i s  revers ib le  wi th  respect t o  ions o f  the  electrode 

metal, i.e. the react ion 

+ 
where M represents the non-ionized metal, M represents a 

metal cat ion and e- represents an electron, i s  r e v e r s i ~ i e ;  This 

cond i t ion  i s  met f o r  a metal i n  contact w i th  a reasonably concentrated 
! !  

so lu t i on  o f  i t s  own ions, such as copper i n  saturated CuS04, where 

the revers i b l e. react ion i s 

Because ions o f  almost every metal are present i n  detectable 

quant i t y  i n  sea water (Sverdrup and others, 1942, p .  1761, it may 

appear t h a t  almost any metal might serve as a revers ib le  electrode 

in sea water. For k i n e t i c  and eiectrochemical reasons, however, t h i s  

i s  not so. F i r s t ,  using k i n e t i c  arguments, lves and Janz (1961, 

p. 15) show t h a t  f o r  a metal electrode t o  funct ion reversibly,  

ions o f  t h a t  metal must be contained i n  the so lu t ion  a t  s u f f i c i e n t l y  



high concen-trat ions f o r  the reve rs i b l e  r eac t i on  t o  work. Sodium, 

the metal w i t h  t he  h ighest  concent ra t ion i n  sea water, i s  o n l y  about 

0.47 M [Sverdrup and others, 1942, p. 176) w i th  the  o the r  metal 

ions present i n  much lower concentrat ions.  

Of course, due t o  the extreme r e a c t i v i t y  o f  sodium i n  water, 

it would be impossible t o  use an e lec t rode  made o f  m e t a l l i c  sodium 

i n  sea water. I n  fac t ,  most metals a re  a t tacked e lec t rochemica l ly  

by sea water (Uhl ig,  19481, and any at tempt t o  measure ex te rna l  

p o t e n t i a l s  accurate ly  w i l l  be f r u s t r a t e d  by t he  add i t i on  o f  t h e  

s igna l  o f  ga lvan ic  p o t e n t i a l s  due t o  co r ros ion  o f  the metal. The 

problem o f  ga lvan ic  p o t e n t i a l s  was noted by Michael Faraday 

(1832, p. 1741, who attempted t o  measure e l e c t r i c  f i e l d s  i n  a 

r ese rvo i r  and i n  the Thames River, us ing e lec t rode  p a i r s  made 

o f  copper and o f  "p l a t i  na" (p la t inum).  H i s  statement, ?'-! r cns ta r l t l  y 

obtained de f l ec t i ons  a t  t he  galvanometer, bu t  they were very i r r e -  

gular ,  and were i n  succession re fe r red  t o  o the r  causes than t h a t  

sought for1', summarizes the  r e s u l t s  t o  be expected from t he  use 

of bare metal e lec t rodes immersed d i r e c t l y  i n  sea water. 

Electrodes o f  the f i r s t  kind, however, can be made t o  f unc t i on  

r e v e r s i b l y  i n  geophysical app l i ca t ions .  A l l  t h a t  i s  needed i s  t o  

i n s e r i  t he  bare metal i n  a  s o l u t i o n  con ta in ing  ions o f  t he  metal 

i n  h igh  concentrat ion.  Contact w i t h  t h e  ex te rna l  medium i s  made 

through a l i q u i d  j unc t i on  i n  the  form o f  a very  small opening, a 

porous membrance, o r  a  wick. An example o f  t h i s  type o f  e lec t rode  

is t he  venerable copper-copper s u l f a t e  (Cu-CuSO 1 "pot", which 4 

has served geophys ic is ts  f o r  many years(F igure 4-11. These 

. e lec t rodes  a re  described by Edge and Laby ( 1931, p. 2321, and 



F i g u r e  4-1 

Copper-Copper S u l f a t e  "Porous  Pot"  S l e c t r o d e  

1 Copper rod  
2 P lug  
3 C y l i n d r i c a l  porous ceramic cup 
li.: CuSO,, s o l u t i o n  ( s a t u r a t e d )  

5 CuSO c r y s t a l s  4 
6 Connect i n g  wire  



Jakosky (1950). Ewing (1939) presents a  d e t a i l e d  s tudy  o f  the  

p roper t ies  of Cu-CuS04 e I  ectrodes. 

Although Cu-CuSOq s lec t rodes  have been used i n  borehole 

se l f - po ten t i a l  i n ves t i ga t i ons  (Becker and Tel ford,  1965, p. 180) 

and apparent ly used w i t h  success i n  s a l t  water by Schlumberger 

i n  1930 (Ocean Industry,  1967, p. 611, they would seem t o  be 

unsu i tab le  f o r  long-term, h igh-prec is ion oceanographic use because 

o f  t h e i r  r e l a t i v e l y  la rge response t o  temperature changes (Ewing, 

1939), and because o f  t he  p o s s i b i l i t y  o f  contaminat ion of t h e  

i n te rna l  CuS04 s o l u t i o n  by sea water. Because sea water i s  p r i m a r i l y  

a sodium c h l o r i d e  (NaCI) so lu t ion,  the re  i s  a  large d i f f e rence  i n  

++ - - 4- 
t h e  concentrat ions o f  Cu , SO4 , Na and CI- ions i n  t he  i n te rna l  

(CuS04) s o l u t i o n  and the sea water. The f low of CuS04 o u t  o f  the 

electrode, and sea water i n t o  if, would be rap id  unless a  j unc t i on  

.. .- . 
o f  very low permeab i l i t y  were t o  be used. A very low permeab i l i t y  

j unc t i on  impl ies  h igh e lec t rode  impedance and increased suscept i -  

b i l i t y  o f  the j unc t i on  t o  c logging.  

Electrodes o f  the  second k i n d  

Reversib le "e lectrodes o f  the  second k ind" are composed o f  1 / 
I I ,  

I P';, 
' / 

"a metal and a  spar ing ly  so lub le  s a l t  o f  t h i s  metal i n  conPact bs i 
wi th  a  so lu t i on  o f  a  so lub le  s a l t  o f  the  same anion" (Glasstone 

and Lewis, 1960, p .  456). Th e lec t rode  may be represented by 

where M represents the so l  i d  meta I, A the  anion, C a cat ion,  and MA 

the  spar ing ly  so lub le  s a l t  coat ing.  An example i s  t h e  s i  l v e r - s i l v e r  



Figure 4-2 

Silver-Silver Chloride Slec t rode  Element 

Z Connecting wire 

2 Substrate: Ag or Pt 

3 Coating: Ag + C1 

4 Chloride so lu t ion  



Ag; AgCl ( so l i d ) ,  KCI. 

The e lect rode reac t ion  f o r  an e lect rode o f  the  second k i n d  i s  

Lead e l e c t  rodes 

The simplest  example o f  an e lect rode o f  t h e  second k i n d  i s  one - 

made o f  pure lead. When used i n  boreholes t o  ob ta in  se l f - po ten t i a l  

logs, t he  lead apparent ly becomes coated w i t h  a f i l m  o f  ch lo r i de  

o r  s u l f a t e  and funct ions i n  a  reve rs i b l e  manner as described in 

equation 4-6 (Wyl l ie,  1963, p. 48). Lead e lect rodes have proven 

sa t i s f ac to ry  i n we l I -  loggi  ng work, a l though " porous-pot" e  lecirodes 

a l s o  have been used (Heiland, 1940, p. 827; Becker and Telford, 

1965, p. 180). Lead e lect rodes apparently have been used success- 

f u l l y  i n  sea water t o  detect  e l e c t r i c  f i e l d s  due- i o ' c o r r o s i o n  

currents .  Gr ice (1968, p. 28) describes a marine se l f - po ten t i a l  

system i n  which "the electrodes a re  usual ly  made o f  lead", although 

he never e x p l i c i t l y  s ta tes  t h a t  lead e lect rodes were used i n  h i s  

successful attempt t o  locate the  sunken C i v i l  War i ronc lad  

"Tecumseh" i n  Mobi le Bay, Alabama (Ocean Industry, 1967). 

Snyder (1966, p. 121, i n  descr ib ing t he  system used i n  t he  

search f o r  the  l o s t  submarine "Thresher", s ta tes  t h a t  " lead i s  

usua l l y  used" f o r  electrodes, although, again, i t  i s  never 

e x p l i c i t l y  s ta ted  t h a t  lead e lect rodes were used i n  t he  s p e c i f i c  

system described. Snyder a l s o  discloses some problems encountered 

i n  using the  (presumed) lead electrodes. F i r s t ,  the  observed noise 

leve l  was - + 2 m i l l i v o l t s .  Second, a  po ten t i a l  d i f f e rence  o f  140 

m i l l i v o l t s  appeared between an e lect rode a t  t he  surface and one 



a t  a depth o f  8000 fee t .  This o f f s e t  i s  much t o o  la rge  t o  be 

accounted f o r  by any k ind o f  thermodynamic process, o r  water 

cu r ren t  v e l o c i t y  o r  temperature d i s t r i b u t i o n ,  and, even i f  revers ib le ,  

would present a nuisance i n  any attempt t o  measure anomalies of a 

feu m i l l i v o l t s .  

I have attempted t o  use lead e lect rodes (Figure 4-31 t o  measure 

o f fshore  po ten t i a l  f i e l d s  caused by onshore s u l f i d e  o r e  bodies. 

The e lect rodes were tes ted  i n  San Francisco Bay by towing them through 

an a r t i f i c i a l  po ten t i a l  f i e l d  and i n  an e l e c t r i c a l t y  i nac t i ve  area. 

Although r e s u l t s  o f  these t e s t s  appeared sa t i s fac to ry ,  problems 

were encountered i n  f i e l d  t e s t s  conducted o f f  known s u l f i d e  deposi ts 

near Ketchikan, Alaska (see Chapter 6 ) .  Even though a very high 

input  impedance electrometer (Kei th ley model 600A; l o i 4  ohms) was 

used, large i r r e v e r s i b l e  p o t e n t i a l s  appeared between the  electrodes 

from t ime t o  t ime. Such p o t e n t i a l s  could be e l im ina ted 'on l y  by 

scraping t he  e lect rodes clean. Because o f  t h i s  u n r e l i a b i l i t y ,  

poss ib ly  due t o  t h e  f a c t  t h a t  t he  nature o f  the  coa t i ng  on the  

lead may change i n  a var iab le  environment, the use of lead 

e lect rodes was discontinued. 

Coated e 1 e c t  rodes 

I f  t he  spar ing ly  so lub le  s a l t  coa t ing  (MA i n  expression 4-41 

. i s  app l led  t o  t he  subst ra te  metal M ca re fu l l y ,  under c o n t r o l l e d  

condi t ions,  a s a t i s f a c t o r y  e lect rode o f  t h e  second k i n d  may be 

produced. Lead- lead ch lor ide,  mercurylnercurous ch lor ide,  and 

s i l v e r - s i l v e r  ch lo r i de  e lect rodes have been used successfu l ly  i n  

marine app l i ca t ions .  These three types o f  coated e lect rodes a re  

discussed below. 



Figure  4-3 

Lead E l e c t r o d e  

1 Collnecting wire 

2 I n s u l a t i n g  jacket  

3 %st po lyes te r  r e s i n  c y l i n d e r  

4 Solder j o i n t  

5 Chemical l y  pure lead  cyl i n d e r  , 1/4"diarne t e r  



Lead-lead ch lo r ide  electrodes - 
An elect rode which uses a lead rod coated w i th  lead ch lo r i de  

as the sensing element has been designed by t he  S c i e n t i f i c  

i I 
Research I n s t i t u t e  o f  A r c t i c  Geology o f  the  U.S.S.R. (Demenitskaya j 
and others, 1970, p.  96; Ogi lvy  and others, 1969, p. 52). The 

element i s  immrsed i n  j e ' l l i e d  agar-agar saturated w i t h  potassium 

ch lo r i de  and makes-contact w i th  the  externa l  medium through the 

end o f  a ceramic cy l inder .  The sides o f  the c y l i n d e r  a re  protected 

by a polyethylene pipe. The e lect rodes appear t o  have s a t i s f a c t o r y  

temperature, pressure, and d r i f t  charac te r i s t i cs ,  In  p a r t i c u l a r ,  

the p o t e n i i a l  between an e lect rode a t  the sur face and one a t  1500 

meters changed on ly  about one m i l l i v o l t  due t o  t h e  increase o f  

pressure on the lower e lect rode (Dernsnitskaya and others, 1970, 
-.. .. .-- 

p. 96). Because t h e  use o f  lead-lead ch lo r i de  e lect rodes seems 

t o  be infrequent outs ide the  Sov ie t  Union, more extensive informa- $1, 
t i o n  about t h e i r  preparat ion and p rope r t i es  i s  no t  e a s i l y  found. 

For t h i s  reason, t h e i r  use was no t  considered f o r  t he  marine 

se l f - po ten t i a l  system. 

Calomel e lectrodes 

The mercury-mercurous c h l o r i d e  ( o r  "calomel7') e lec t rode  i s  

one of t h e  workhorses of t he  experimental physical  chemist ( ives 

and Janz, 1961). I t s  h a l f - c e l l  reac t ion  i s  

Calomel e lect rodes have many des i rab le  p roper t ies  f o r  laboratory 

reference use, and a l so  have been used i n  t he  f i e l d .  Parasnis 

(1966) describes a calomel e lect rode f o r  land use, and Manheim 

(1961, p. 28) used a calomel reference electrode, a t  o r  j u s t  



belobv t he  su~ face ,  as a reference i n  a study o f  v e r t i c a l  Eh and pH 

grad ients  i n  the  Ba l t i c  Sea. Unfortunately, a s t rong temperature hys- 

t e r e s i s  e f f e c t  l i m i t s  the  usefulness o f  t he  calomel e lec t rode  

i n  an environment where the  temperature may change apprec iab ly  

(Covington, 1969, p. 126). Because substant ia l  temperature changes 

i n  both t he  v e r t i c a l  and the  hor izonta l  d i r ec t i ons  may be expected 

in t h e  shal low-water marine envi ronment, calomel e lect rodes were 

not considered f o r  marine se l f - po ten t i a l  app l icat ion,  

S i l v e r - s i l v e r  ch lo r i de  e lect rodes 

The s i l v e r - s i l v e r  c h l o r i d e  (Ag-AgCI) e lect rode has found 

widespread oceanographic appl icat ion.  I t  cons is ts  of a coa t i ng  

of s i l v e r  ch lo r i de  appl ied on a substrate of plat-inum o r  s i l v e r  by 

a thermal, e l e c t r o l y t i c ,  thermal -e lect ro ly t ic ,  o r  p r e c i p i t a t i o n  

process ( Ives and Janz, 1961, p. 203; von Arx, 1962, p. 275; 
- . Y." 

Covington, 1969, p. 115). The e lect rode reac t ion  i s  

Ag-AgCI e lect rodes are e a s i l y  prepared, stable, and ruggad, and 

t h e i r  p roper t ies  have been extens ive ly  tabulated. I n  t h e  f o l l o w i n g  

discussion, the  subst ra te  and coat ing w i l l  be r e f e r r e d  t a  as t h e  

e lect rode element, and the  assembly which includes t h e  element as 

t h e  e l  e c t  rode. 

Ag-AgCI e lect rodes i n  var ious forms have been used by von Arx  

(1950, p. 45; 1962, p. 2761,Sanford (1967, p. 701, Manglesdorf 

(1962, p. 1731, Drever and Sanford (19701,and Cu r t i n  (1970, p .  8 )  

t o  measure water cu r ren t  ve loc i t i es ;  by Marke (1965, p. 231) and 

-Corwin and others  (1970) t o  measure se l f - po ten t i a l  and r e s i s t i v i t y  

on the sea f l o o r ;  by Ben-Yaakov and Kaplan (1968) as t h e  reference 



e l e c t  rode f o r  a h i  gh-pressu re, deep-sea pH measur i ng system; by 

Cont i  ( 1972) as a reference f o r  pH, Eh, and s p e c i f i c  i on  e lec t rodes 

i n  a towed mon i to r ing  system; and by Bornar and Marchand (1970) t o  

measure p o t e n t i a l  f i e l d s  generated by a cathodic p r o t e c t i o n  system 

i n  San Francisco Bay. They a re  commercially a v a i l a b l e  i n  "packed" 

form Cdescribed below) f o r  oceanographic use, and i n  "f i I led" form 

Cdescribed below) from a large number o f  manufacturers f o r  var ious 

land-based appl ica t ions.  

Electrode i s o l a i i o n  

Changes i n  the temperature, pressure and chemical composit ion 

of t h e  f l u i d  surrounding an e lec t rode  element w i l l  produce changes 

i n  t he  p o t e n t i a l  o f  the  e lec t rode.  Because it i s  impossible t o  

produce p e r f e c t l y  matched p a i r s  o f  e lectrodes,  even simultaneous 

changes o f  these var iab les  a t  a p a i r  o f  e lectrodes w i ! l  , a s u l t  i n  

a vary ing po ten t i a l  between t he  p a i r .  The elements are sens i t i ve  

t o  f l ow pas t  t h e i r  surfaces, and even a small f l ow  may produce no ise 

leve ls  o f  several m i l l i v o l t s  (Curt in, 1970, p, 89). Addi t iona l ly ,  

the elements are  suscept ib le  t o  reac t ion  w i t h  d isso lved oxygen 

Cin acid so lu t i ons )  and bromide (Covington, 1969, p. 116). I t  

is f o r  these reasons t h a t  von Arx (1950) s ta tes  " In  general, it i s  

found t h a t  an e lec t rode works bes t  when it i s  near l y  i s o l a t e d  from 

the  sea both  phys i ca l l y  and chemical ly." 

Various strategems have'been used t o  e f f e c t  t h i s  i so l a t i on ,  

although t he re  i s  rlo way t o  compleTely i s o l a t e  the e lec t rodes 

from chemical changes i n  the  sea water. Marke (1965, p. 233) used 

an e lec t rode  i n  which a c o i l  o f  s i l v e r  was surrounded by s i l v e r -  

s i l v e r  c h l o r i d e  powder, which i n  t u r n  was enclosed by a porous 

tube. The design used by von Arx (1950, p .  47; 19621, Ocean 



L 

Research Equipen-I- ,  Sanford (19671, arid C u r t i n  (1970) employs a i 1  

' ,  
packing o f  g l a s s  wool around the  e l e c t r o d e  element (see F igure  4-41. 1 

I 

T h i s  serves t o  i s o l a t e  t h e  element hydrodynamical ly,  and, t o  some 1 
; I  

ex ten t ,  chemica l l y  and t h e r m a l l y  from f h ~  sea. (Th is  design w i l l  1: ' 
1 
l ,  

be r e f e r r e d  t o  as t h e  "packed" e l e c t r o d e ] .  The disadvantage o f  I 
I 

t h i s  design i s  t h a t  i f  t h e  e lec t rode  i s  used i n  t h e  h i g h l y  contam- 
1 ' 
I 
I 

i na ted  o r  reducing waters o f t e n  found i n  near-shore, shal low w a t e r ,  I 

/ ' I 
I : ;  

o r  e s t u a r i n e  environments, o r  i n  mud, t h e  na tu re  o f  t h e  s o l u t i o n  I ; ; i 
surrounding t h e  elements may change, lead ing t o  e lec t rochemica l  j ,I 

I I 

i I 

po ten t  i a  I  changes, o r  t o  "poi son i ngv' o f  t h e  e lec t rodes .  ~r : I  , 
!fhL , 

A g r e a t e r  degree o f  i s o l a t i o n  i s  p rov ided  by t h e  design o f  ,+ 

g.5 
Ben-Yaakov and Kaplan (19681, i n  which t h e  element i s  immersed i n  I,, C;T 9 

11'1 61. $P 

a s o l u t i o n  o f  2.7 K potassium c h l o r i d e  CKCI) ( t h e  reason f o r  t h e  jr !I1: $4 
1 ; I ,  

cho ice  o f  2.7 M as  t h e  KC1 concen t ra t i on  i s  exp la ined l a t e r  i n  7 r i '  

th is  s e c t i o n ) ,  sa tu ra ted  w i t h  s i l v e r  c h l o r i d e  (AgCI ) .  t ~ e c t r i c a l  
i;i;l/ 
it :t 

connect ion  <.o t h e  sea water i s  made through a porous ceramic t i p .  

In t h i s  design, t h e  e l e c t r o d e  element i s  comple te ly  i s o l a t e d  

hydrodynamical iy  and we l l  i s o l a t e d  chemica l l y  f rom t h e  sea water, 

w i t h  thermal  i n s u l a t i o n  ( b u t  n o t  f u l l  i s o l a t i o n ) ,  p rov ided by t h e  

e l c c f r o d e  housing w a l l s .  T h i s  t y p e  sf e lec t rode,  i n  which t h e  

Ag-AgCI element i s  immersed i n  a f i l l i n g  s o l u t i o n  o f  cons tan t  

composit ion, v:i l ! be r e f e r r e d  t o  as t h e  "f i I led" e l e c t r o d e ,  S i m i  i a r  

designs a r e  w ide ly  used f o r  land-based i n d u s t r i a l  and research 

a p p l i c a t i o n s  and i - h i s  i s  t h e  t ype  o f  e l e c t r o d e  design f i n a l l y  

chosen f o r  t h i s  work. 

The g r e a t e s t  degree o f  i s o l a t i o n  i s  found i n  t h e  s a l t - b r i d g e  

design o r i g i n a t e d  by Manglesdorf (1962) and used i n  mod i f i ed  form 

by Draver and Sanford (1970) and Corwin and o t h e r s  (1970) (F igu re  4-51. 



F i g u r e  4-4 

1 ~ c k e d " ~ i l v e r - s i l v e r  Ch lo r ide  S l e c t r o d e  

1 connect ing  wire 

2 I n s u l a t i o n  

3 spoxy r e s i n  pot  t i n g  

4 C y l i n d r i c a l  p l a s t i c  hous ing  
8 P l a s t i c  s c r e e n  

5 S o l d e r  j o i n t  

6 S i l v e r - s i l v e r  c h l o r i d e  
el  ernent 

7 Glass wool pscking  



Figure 4-5 

S a l t  Bridge System 

Aboard s h i p  f In sea 

I 

1 Electrode 
2 P l a s t i c  conta iner  
3 Sea water 
4 P l a s t i c  tube 
5 Porous ceramic t i p  
6 Impedance i s o l a t i o n  
7 Chart recorder  



The ele~--:~:* 2 ; m e r ~ t  i n  these designs i s  very wel l i so la ted,  

hydrodyx:::~ ;, chemical I y, and therma I ly, from t h e  sea. The 

- - 
penalty ; r . r  - :T  t h i s  h igh degree o f  i s o l a t i o n  i s  extremely h igh 

f '  9 e l e c t r i c ? ;  --z+:snce and increased d i f f i cu  l t y  i n  shipboard hand l i ng. 1: : 

. - -  
PJanglesda-- . ~ 2 1  discusses these problems i n  some d e t a i l .  The 

1, ; 4  

problems e-z :=?oounded when working from a small boat i n  t he  
I 1 * 

! ' ! I  
near-shore r-;I-anment, where frequent hand 1 ing o f  t h e  sa I t - b r  i dge 1 :  I!! 

t \ d  ; , 
1 i : j ' 

tubes is nszs%ry ,  and t he  necessary high-impedance i s o l a t i o n  i ;  
h I i ! l f  

c i r c u i t r y  k - e s n  the cha r t  recorder and the  e lect rodes is, unless 1'' ;!I,;  I I 

! i l l  ;:I 

very  caref?.!' i zrotected, l i k e l  y t o  malfunct ion i n  s a l t  water spray. 4'"; ' : 
ill I , ,  

" 111 !:& 

The SZI-  >r idge system designed f o r  self-potent- ial measurements 

(Corwin an? =--ars, 1970) proved s a t i s f a c t o r y  i n  t e s t s  run  i n  

San Francis=: ?.=I/, showing low noise and d r i f t  l eve ls  (F igure 4-6). 

However, i i  ':a!d use i n  the Ketchikan, Alaska area (see Chapter 6) 

the s a l t  br::;.' ?roved very suscept ib le  t o  noise d u r i n ~  ;,andl ing 

(Figure 4-71, z-~d a lso  proved ra ther  d i f f i c u l t  t o  deploy and 

rs t r ieve,  zr 1- i s  no t  easy t o  s to re  the  water-f i l led tubes  on 

ree l s  withc- :Isconnecting them and running the r i s k  of in t roduc ing  

bubbles i n t c  --e system. F ina l l y ,  the  tubes apparent ly developed 

a small leak, & i c h  was d i f f i c u l t  t o  loca te  and produced a spur ious 

signal when -7s sect ion of t ub ing  con ta in ing  the leak entered and 

l e f t  the wttzr. Due t o  these operat iona l  d i f f i c u l t i e s ,  f u r t h e r  

use o f  the rs" br idge system was abandoned. 

"COCO" e l ec -7  :25 

The e le r -zdas  f i n a l  l y  designed f o r  and used i n  t h i s  work 

Cn icknamed --2 "S.2Cof1 electrodes, a f t e r  co-constructors Cont i  and 

7% electrczz ' s  constructed of h igh-qual i ty ,  annealed P lex ig las .  
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Figure 4-6 

Sa l t  B r i d g e  System Background Koise 



Figure 4-7 

Silt Br idge  System I-!andl i n g  Noise 





The f i l l i n g  so lu t i on  i s  potassium ch lo r i de  (KC11 saturated w i t h  

s i l v e r  ch lo r ide .  The KC1 so lu t i on  may be saturated i f  o n l y  

r e l a t i v e l y  warm water temperatures are expected, bu t  i f  water 

temperatures near O°C may be encountered, the KC1 s o l u t i o n  i s  

made 2.7 M (see the  sect ion i n  t h i s  chapter on e lect rode tempera- 

t u r e  response). The so lu t i on  i s  replenished o r  changed through 

the  f i l l i n g  hole. 

Contact w i t h  t he  sea water i s  made through a rod of  porous 

ceramic (Coors 0700011, which combines low impedance w i t h  a l o w  

f l u i d  leakage ra te .  The e lect rode i s  capped when n o t  i n  use by 

s l i p p i n g  an o rd inary  c ru tch  t i p  ( I" diameter) over t h e  end of t h e  

body. The e lect rode has been stored f o r  s i x  months i n  t h i s  way, 

w i t h  storage d r i f t  o f  less than one m i l l i v o l t .  . w -- 
The thermal ly  coated s i l v e r - s i l v e r  ch lo r i de  element i s  m d e  

according t o  the  "recipe1' given by von Arx (1962, p *  2761, us ing  

a f i r i n g  t ime o f  20 minutes a t  460°C as suggested by Sanford (1967, 

p. 71). The so lder  j o i n t  connecting t h e  element t o  the  lead-out 

cable i s  f u l l y  pot ted i n  epoxy resin,  prec lud ing t h e  poss ib i  t i t y  

o f  spurious p o t e n t i a l s  a r i s i n g  from corros ion a t  t h e  j o i n t .  F i e l d  

experience proved t h a t  the towing cable w i l l  break before it i s  

pu l l ed  o u t  o f  t h e  electrode. 

The "CoCo" electrodes have an impedance of 1000 ohms and have 

been used extens ive ly  f o r  o f f shore  and onshore se l f - po ten t i a l  and 

r e s i s t i v i t y  s tud ies?  They have proven t o  have very low leve ls  o f  

noise and d r i f t ,  exce l l en t  reproduceabi l i ty ,  and acceptably low 

response t o  changes i n  environmental parameters. They a l so  have 

proven t o  be extremely rugged and have survived a wide v a r i e t y  1; t 4 1 1 1  



-- 

o f  abuse, inc lud ing being repeatedly stepped on, smashed against  

rocks, and inser ted i n  b o i l i n g  ho t  spr ings.  The response of  t he  

"CoCo" electrodes t o  changes i n  sal i n i t y ,  temperature, and Eh i s  

examined l a t e r  i n  t h i s  sect ion.  Response t o  o ther  parameters, 

inc lud ing  ag i t a t i on ,  mechanical shock, and appl ied e l e c t r i c  

f i e l d s  i s  discussed b r i e f l y  a t  t h e  end o f  t he  sect ion.  

Standard potent i a  1 

The po ten t i a l  o f  a  s i l v e r - s i l v e r  ch lo r i de  e lec t rode  i n  a 

c h l o r i d e  so lu t ion,  measured against  a standard hydrogen electrode, 

i s  g iven by: 

2 R T  E= E"- - LL )rt 
3 (4-9 1 

( I vss  and Janz, 1961, p. 1881, where x+ i s  the a c t i v i t y  c o e f f i -  - 
c i e n t  o f  t h e  ch lo r i de  so lu t i on  and EO i s  the  va l ue o f  t i le  standard 

ox ida t i on  po ten t i a l  a t  i n f i n i t e  d i l u t i o n  ( i.e. g+ - = I and 

In  r+ - = 0). EO i s  a func t ion  o f  temperature, varying from 

+236 mv a t  O°C t o  + 165 mv a t  95OC. For a " f i l l e d v  e lect rode 

w i t h  t h e  f i l  l i n g  so lu t i on  a t  a  f i x e d  concentrat ion, it i s  con- 

ven ient  t o  def ine an e lect rode po ten t ia l ,  Ee,for the e lec t rode  

a t  the  g iven f i l l i n g  s o l u t i o n  concentrat ion and temperature. 

I f  E a l s o  i s  expressed as an ox ida t i on  po ten t ia l ,  a lgebra ic  e 

s igns w i l l  agree w i th  the  p o l a r i t i e s  read on a voltmeter. For 

example, v i t h  a plat inum e lect rode connected t o  the  p o s i t i v e  

termina l  and the  "CoCo" e lect rode t o  the negative terminal  o f  

a vol tmeter,  t he  value sf the redox po ten t i a l  (Eh) w i l l  be 

( A 'read 
- E 1. Using Equation 4-9 and the va 1 ues o f  b + - e 

. f o r  KC1 as g iven by Latirner (1952, p .  3551, E f o r  a  s i l v e r -  
e  

s i l v e r  c h l o r i d e  e lect rode f i l l e d  w i t h  2.7 M KC1 a i  20°C i s  

found t o  be + 198 mv, and f o r  4.2 M (saturated) KCI, the  value 1 i \!li 



f o r  E a l s o  i s  + 198 mv (Durst, 1969, p. 117). 
e 

To check these values, a s o l u t i o n  wi th an Eh value o f  +430 mv 

was prepared (ZoBell, 1946, p. 495). A p la t inum e lect rode was 

connected t o  t he  p o s i t i v e  terminal  o f  a Ke i th ley  Model 6008 elec- 

trometer, the  e lec t rode  t o  be tes ted  t o  the  negative terminal ,  

and both e lect rodes inser ted i n  t he  standard so lu t ion .  The 

r e s u l t s  a re  tabula ted below: 

P o s i t i v e  E lect rode Negative Electrode & V  (mv 1 Ee (mv 1 

I .  Plat inum Ekckman #39070 +235 + 195 
(Ag-AgCI, Sat. KC!) 

2. Plat inum "CoCo", Sat. KC1 +236 + I  94 

3. Plat inum lfCoColl, 2.7 M KC1 +2 15 +215 

I n  1 M NaCI, t h e  f o l l ow ing  r e s u l t  was obtained: 

4. Beckman #39070 llCoCo ", 2.7 M KC1 - 13 +208 
-" - -  

(Ideal  Ee i s  ca lcu la ted  as +I98 mv i n  a l l  cases). 

The value f o r  t h e  saturated KC1 "CoCo" e lect rodes i s  found 

t o  agree we l l  w i t h  the  t heo re t i ca l  value, b u t  the values f o r  t h e  

2.7 M e lec t rode  d i f f e r  considerably from those predicted.  The 

discrepancy may be due t o  d i f fus ion-adsorpt ion p o t e n t i a l s  generated 

i n  t he  porous ceramic rod o f  t he  "CoCol' electrode; t o  an anomalous 

l i q u i d  j u n c t i o n  poten- t ia l  i n  the  ceramic rod; o r  t o  very slow 

reac t i on  k i ne t i cs ,  i .e . ,  many days may be requi red f o r  t he  poten- 

t i a l s  t o  come t o  t h e i r  f i n a l  values ( t he  t e s t s  were r u n  i n  t h e  

space o f  several hours 1. 

For p r a c t i c a l  purposes, i n  most na tu ra l  media, t he  E va!ue 
8 

f o r  t he  llCoCol' e lec t rode f i l led w i t h  2.7 M KC1 may be taken 



Response t o  s a l i n i t y  changes 

The s a l i n i t y  o f  sea water i s  a def ined parameter r e l a t e d  t o  

the  concentratron o f  d issolved s a l t s  i n  the  water. The s a l i n i t y  

o f  a seawater sample may be determined by a chemical f i t r a f i o n  

process (Knudson, 1901), o r  by measurement of e l e c t r i c a l  conduct i -  

v i t y  (Cox, 1966)- A Hytech (Bisse-t-Berman Corp., San Diego, Cal i f . )  

Model 6220 conduct iv i ty - type laboratory salinorneter was used t o  

measure s a l i n i t y  f o r  t h i s  work. I t  i s  assumed for the  f o l t ow ing  

discussion t ha t  the  r e l a t i v e  abundance of the  major c o n s i i f u e n t s  

o f  sea water remains constant, regardless o f  s a l i n i t y  (Sverdrup 

and others, 1942, p. 166). 

The average sa l i n i  t y  o f  t he  oceans i s  about 35 ?&I , and i t  

ranges between about 33 yo* and 37 7- i n  t h e  open ocean (Sverdrup 
4 

and others, 1942, p. 5 5 ) .  Most o f f shore  prospecting, however, would 

be done i n  near-shore and estuar ine environments, where the s a l i n i t y  

range may be much greater .  Mineral  deposi ts i n  Alaska and Maine, 

f o r  example, are found i n  coasta l  areas where fresh-water r i v e r s  

empty i n t o  the  sea, so s a l i n i t y  i n  the area o f  interest  may range 

from oceanic values t o  near zero. On the  o-kher hand, bodies of 

warro, si)allow, stagnant water may have sal l n i t i e s  appreciably 

higher than oceanic values. The s a l i n i t y  o f  t he  Red Sea i s  about 

43-45 7 , and some lagoons o f f  the  Gul f  of Mexico have even 

higher s a l i n i t i e s  (Neumann and Pierson, 1966, p. 39). 

It i s  eviden?, thcii;ii~at e lect rode p a i r s  used i n  t h e  near- 

shore and shallow water environments may be subjected to  much l a rge r  

changes i n  s a l i n i t y ,  over shor te r  per iods,<than those used i n  the 

open ocean, where sal  i n i  t y  grad ients  are unl i ke ly  t o  exceed 0.0001 %, 

over  a d istance o f  100 meters, and the change o f  s a l i n i t y  w i t h  



respect t o  t ime may be a maximum o f  0.5 %J pet- minute (von Arx, 1950, 

Response t o  simultaneous s a l i n i t y  change a t  both e lect rodes - 
tdeal ly ,  t he  po ten t i a l  d i f f e rence  between a p a i r  of i den t i ca l  

e lec t rodes w i l l  not  change as the  s a l i n i t y  o f  the  water i n  which 

they are both imxersed i s  varied, i f  the s a l i n i t y  v a r i a t i o n  i s  

i den t i ca l  and simultaneous a t  both electrodes. In  pract ice,  small 

manufacturing d i f fe rences  w i l l  produce p o t e n t i a l  changes. Figure 

4-9 shows t h e  v a r i a t i o n  as a  func t ion  o f  time, and Figure 4-10 shows 

t h e  v a r i a t i o n  as a  func t ion  o f  s a l i n i t y  change, f o r  a  pair o f  

"CoCo" electrodes. 

It may be seen from Figure 4-9 t h a t  t he  respcnse i s  q u i t e  

rap id .  From Figure 4-10, i t  i s  ev ident  tha t ,  f o r  any s a l i n i t y  

change l i k e l y  t o  be encountered wh i l e  towirig an electrode--pair. 

of fshore,  t he  response w i l l  be less than one m i l l i v o l t .  Over 

mos-t o f  the  range o f  S the response v a r i ~ s  .I i nea r l y  with t he  
2 

log o f  S2/SI, where S l  i s  the i n i t i a l  s a l i n i t y  and S i s  t h e  f i n a l  2 

value. AV approaches a l i m i t i n g  value o f  about one m i l l i v o l t  a t  

very low values o f  S Z .  

Di f f e ren - t i a i  s a l i n i t y  changes 

Two electrodes, immersed i n  d i f f e r e n t  so lu t i ons  A and B and 

connected by a  l i q u i d  junction,may be represented by t he  formulat ion:  

E lect rode I, Solut ion A: So lu t ion 8, Electrode 2 

(4-10) ( t he  co lon ind icates a  l i q u i d  j unc t i on )  

The p o t e n t i a l  between the  two e lect rodes w i l l  be ( E l  + E + E2), L 

where E i s  t he  p o t e n t i a l  between e lect rode I  and s o l u t i o n  A,  EL I 





Figure 4-10 

Potential  Dif ference  h e  t o  Simultaneous ,Salinity Change 
at  B o t h  Elec t rodes  

"CoCon E lec t rodes  

S = Sea water , 34 0/00 
1 



is the liquid junction potential, and E2 is the potential between 

solution B and electrode 2. The electrode potentials El and E2 may 

be calculated as described previously in this section, while the 

liquid junction potential E, may be found by use of the Henderson 
L 

equation: - R T  Eh U' f i (c ia -  Cc,) L, cr, hi 
(4-1 1 )  kL= - h 
where: 3 ch u ~ ( c z ~ - c ~ ~ >  Ch ci 8 C1-i 

U i  = the mobility of ion i 

z = the valence of ion i i 

Ci = the molarity of ion i in solution A or 8, 

as defined by Maclnnes (1961, p. 2311, 

For the simplest situation, where A and B are two solutions 

of the same univalent salt at concentrations CI and C the total 2 ' 
potential ( E l  + E + E 1 between the two electrodes reducesto L 2 

cz 

where t+ is the transport number of the positive ion, and a solution 

is the activity of the solution as a function of concentration. 

S~ecificall~, when the solutions are sodium chloride, 

Because sea water is an extremely complex solution, f o r  which all 

the ion mobilities are not well establ !shed, it would be impossible 

to calculate the liquid junctior. potential EL for a sea water 

concentration cell. In order to compare the theoretical and the 

actual response of an electrode to a concentration change at one 

of the electrodes, it is necessary to use a concentration cell with 

simple solutions, such as sodium chloride, and extrapolate the 



r s s u l t s  t o  sea water. 

Sanford (1967, p. 140) performed an experiment i n  which 

"packed" Ag-AgC I e 1 ectrodes were i nserted i n conta iners  ho 1 d ing  

1.0 M NaCl so lu t ion,  jo ined by a s a l t  bridge. D i s t i l l e d  water 

was then added t o  one conta iner  t o  lower the  concent ra t ion t o  

0.8 M, and the po ten t i a l  between the  e lect rodes was recorded as 

a f unc t i on  o f  t ime (Figure 4-11). A s i m i l a r  experiment was per- 

formed us ing sea water, w i t h  d i s t i l l e d  water added t o  one con ta iner  

t o  b r i n g  t h e  s a l i n i t y  t o  0.8 t imes The i n i t i a l  value. The f i n a l  

p o t e n t i a l  f o r  t he  NaCl experiment, as determined from Equation 4-13 

f o r  a temperature o f  20°C,tNa+ assumed constant a t  0.382, and 

us ing a c t i v i t y  values from Latimer (1952, p. 3561, i s  + 4.2 mv, 

i n  good agreement w i t h  the  experimental r esu l t s .  (The computat ior  

o f  t h i s  va lue i s  g iven i n  Appendix 4-11, The f i n a l  p o t e n t i a l  f o r  

t h e  sea water experiment was + 3.94 mv, s l  i g h t l y  lower .thc?r, that 

from NaCI. By assuming t h a t  sea water behaves as an NaCl s o l u t i o n  

of equal i o n i c  strength, Sanford a r r i v e d  a t  an "apparent t r a n s p o r t  

number" f o r  sea water, tSw+, o f  0.355, f o r  s a l i n i t i e s  between 

3 3 2 ,  and 387m.  This  value may be used i n  Equation 4-12 to 

p r e d i c t  t h e  p o t e n t i a l  o f  a-sea water concentrat ion cell for 

The concent ra t ion ce l l  p o t e n t i a l  between a p a i r  of ' r f i l l e d "  
- 

electrodes, such as the  "CoCo" desi gn, w i I I be  d i f f e r e n t  from t h e  

p o t e n t i a l  measured by a p a i r  o f  "bare" o r  "packed" electrodes. The 

s i t u a t  i on may be represented by 

E lect rode I, So lu t ion  1:Solut ion 2:Solut ion 3:Solut ion I, Elect rode 2 





a nd t he  potent  i a  l  between e lect rodes I and 2 by (EI+E2+E3+E4+E5). 

Because e lect rodes 1 and 2 are i n  i den t i ca l  sofut ions,  E = -E 5 1 ' 

so the  po ten t i a l  is the  sum o f  the l i q u i d  junctFon po ten t i a l s ,  

CE +E +E 1. These po ten t i  a I s  f o r  simp l e  so l u t ions  such as NaCl and 
2 3 4  

KC1 may be ca lcu la ted  by Equation 4- 1 1, bu t  i f  ions appear on one 

s ide  o f  t h e  j unc t i on  t h a t  are no t  present on t h e  ~ t h e r  (e.g- a KCl: 

NaCl junc t ion) ,  the  po ten t i a  I s  have been found t o  depend upon t h e  

manner i n  which t he  j u n c t i o n  was formed (Maclnnes, 1961, p. 226)- 

The l i q u i d  j unc t i on  p o t e n t i a l  E3, between the two sea water 

so lu t i ons  2 and 3, may be ca lcu la ted  by t he  use of  Equation 4-12, 

using 0.355 f o r  the value o f  tSw+ . The p o t e n t i a l s  E2 and Eq, 
- 

which are f o r  t h e  junc t ions  KC1 : sea water and sea water 3: KC! 2 

w i l l  depend upon the  nature o f  t he  d i s t r i b u t i o n  o f , . s ~ ? . w a t e r  and 

KC1 i n  t he  porous ceramic rod, and w i l l  be d i f f i c u l t  t o  p r e d i c t  

a n a l y t i c a l l y .  Again,NaCI t e s t  so lu t i ons  may be used t o  i n f e r  the  

behavior o f  the  more complex sea water case, 

The p o t e n t i a l  across t he  c e l l  

Ag, AgCI, KC1 (2.7 MI: NaCl ( I MI: NaCl ( . 5  M I :  KCI (2.7 M I ,  AgCI,Ag 

calc t i ta ted by Equation 4-11, i s  -2.6 mv (see Appendix 4-21, This 

c e i  1 was constructed i n  t he  labora to ry .  ( f i g u r e  4-12), and the 

response o f  t he  system t o  a  step change from 1-0 t o  0.5 M NaCi 

recordsd as a func t ion  of t ime (F igure 4-13). The p o t e n t i a l  after 

53 hours, when t h e  t e s t  was terminated, was -2.1 mv. The response 

curve cons is ts  o f  a  small, r ap id  i n i t i a l  response, fo l lowed by 

a very  slow d r i f t  t o  +he f i n a l  value. I t  i s  poss ib le  t h a t  the 

value might have been somewhat more negat ive had more t i m e  been 

allowed t o  elapse. The experiment was repeated f o r  sea water con- 

cen t ra t i on  c e l l s  w i th  S2/Sl = 0.5 and 0.8, w i t h  t he  r e s u l t s  shown 



recorder 

\ 1/4" I.D. Vinyl tubing 

Porous ,ceramic plug or glass c a p i l l a r y  
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Figure 4-12 





i n  Figure 4-13. From Figure 4-14, t he  re l a t i onsh ip  between 4 V /! 
a t  29 hours and S2/SI i s  

The smal I, rap id  response a l s o  was measured over a range o f  

S /S values, w i t h  t he  r e s u l t s  shown i n  Figures 4-15 and 4-16. 
2 1 

Although the  response var ied  somewhat as t h e  experimental arrange- 

C4-16) 

may be used t o  ca lcu la te ,  w i t h  an accuracy of  about - + 20%, the  

po ten t i a l  d i f f e rence  between two "CoCo" electrodes, one minute ;/;F: 
!!!F 

a f t e r  a d i f f e r e n t i a l  step change i n  s a l i n i t y .  

Response t o  temperature changes .- . . 

Open ocean water temperatures range from about -2OC t o  +30°C, 

w i t h  h igher  maxima poss ib le  i n  landlocked areas (Sverdrup and others, 

1942, p .  5 5 ) .  Temperatures i n  shal low es tuar ies  and i n  areas of 

geothermal a c t i v i t y  may be considerably higher than 30°C. An 

e lect rode p a i r  used i n  an o f fshore  se l f - po ten t i a l  survey, then, 

may be subjected t o  s i  mu l taneous o r  d i f f e ren t  i a l temperature changes 

when being towed through currents,  areas o f  upwell ing, i n t e r n a l  

waves, o r  geothermal areas; past  t h e  mouths o f  r i v e r s  en te r i ng  

t h e  sea; o r  when used t o  make v e r t i c a l  measurements i n  t h e  water 

column. The magnitude o f  these changes genera l ly  w i l l  no t  exceed 

a few degrees, although changes o f  a few tens of degrees may be 

poss ib le  i n  some cases. 







F i g u r e  4-16 

Short-Term P o t e n t i a l  D i f f e r e n c e  vs. 

D i f f e r e n t i a l  S a l i n i t y  Change  

VCoCon e l e c t r o d e s  

Sl = 34 0/03 sea water 

Elapsed  t i m g  = 1 rnin, 

AV = 0.52 i n  ( s ~ / s ~ )  



Simul ta~eous ternparature change a t  both e lect rodes 

An i dent  ica l and s imu I taneous temperature change a t  both 

electrodes should produce no change i n  the  p o t e n t i a l  d i f fe rence  

betk~een the  two electrodes. Manufacturing d i f ferences,  however, 

could lead t o  such changes. 

To t e s t  the  e f f e c t  o f  such a temperature change, a p a i r  of  

"CoCo" e lect rodes was p laced i n  a conta iner  o f  sea water ( S = 34 9- 1 

a t  24.3OC. C h i l l e d  sea water was added t o  reduce the temperature 

t o  17.7', fo l lowed by add i t i on  o f  heated sea water t o  r a i s e  t he  

temperature t o  42.5"C. No s i g n i f i c a n t  change i n  t he  p o t e n t i a l  

between the  e lect rodes was observed over 3 per iod  o f  I I  minutes 

from the  change from 17.7" t o  42.5', nor was any vol tage change 

observed dur ing a 7 minute per iod fo l low ing  t h e  change from 2 3 . 4 O  

t o  17.7". I n  a longer term ( f i v e  days) d r i f t  t es t ,  a d iu rna l  __ -. I*. - 
po ten t i a l  change w i t h  an amplitude o f  about 0.3 mv was observed 

(Figure 4-17). The per iod  o f  t h i s  change appeared t o  co r re la te  w i t h  

the d iu rna l  change i n  t h e  temperature o f  the  sea water i n  which 

the electrodes were immersed (about 4.4OC). The value of ~ V / Q T  

from t h i s  data i s  about 0.1 mv/ OC. 

D i f f e r e n t i a l  t e m ~ e r a t u r e  changes 

The p o t e n t i a l  V o f  t he  c e l l  

Electrode, So lu t ion  (CI, TI) :  So lu t ion  (C T2), E lect rode 2' 

where C i s  the concent ra t ion and T i s  temperature, cannot be 

ca lcu la ted  from t h e  conventional temperature c o e f f i c i e n t  of 

the e lect rode ( T y r e l l  and H o l l i s ,  1949; T y r e l l  and Col ledge, 1954). 

The po ten t i a l  i s  a func t ion  o f  the  concentrat ion and temperature 

o f  t he  s o l u t i o n  and o f  t h e  nature o f  t he  d isso lved ions which 

form the  so lu t i on .  This po ten t i a l  has been measured f o r  AS-AgCI 





electrodes i n  thermal ce l  I s  o f  var ious solu-t ions by Haase and 

S c h h e r t  (1960) who present vatue o f  E where E i s  def ined 
0' 0 

as, dV/dT i n  pv/OC, as a funct ion of so lu t i on  type, concentrat ion 

and temperature. 

Sanford (1967, p. 147) measured t h e  value o f  E f o r  a "packed" 
0 

e lect rode i n  0.75 M NaCl a t  3OC t o  20°C and found Eo t o  be 277 

+ I I  ,kV/OC, c lose t o  t he  va l ue pred i ci-ed by ~ a a &  and Schtlnert. - 
Sanford then repeated the experiment f o r  sea water, S = 36.98 7~ 
and TI = 22') and found a va 1 ue f o r  Eo o f  364 ~c v/OC. (The warmer 

e lect rode was p o s i t i v e ) .  

I conducted s i m i  l a r  exper i ments wi t h  "packed" e l ectrodes 

and w i t h  the  "CoCol' e lec t rodes t o  determine both the magnitude and 

t h e  t ime nature o f  t he  response t o  a step change i n  temperature. 

As suggested 5y Sanford, I  used a 1000 m i  graduate, f i l l e d  w i t h  
_ . _ _  . -. 

I M NaCI , as the  e lect rode container.  The upper end bas a t  room 

temperature (20°C) and t he  lower end was c h i l l e d  i n  a bucket o f  

ice, so a temperature s tep func t ion  could be app l ied  t o  one 

e lec t rode  by moving it r a p i d l y  from the  top t o  the  bottom o f  t he  

graduate o r  v i c e  versa, wh i le  t he  o ther  e lec t rode  was he ld  sta- 

t ionary. 

Resul ts o f  these t e s t s  on the "packed" e lect rodes a re  

shown i n  Figure 4-18. T k  clcctrodes reached e q u i l i b r i u m  i n  

about 20 minutes, and the  f i n a l  value o f  Eo was 250pv/OC, close 

t o  t h e  value o f  237 fiv/OC given by Haase and SchCInert f o r  I M NaCl 

a t  a mean temperature o f  25OC ( t he  value o f  Eo f o r  o the r  ch lo r i de  

so lu t ions  increases as t h e  temperature decreases, and it should 

be d i f f e r e n t  f o r  t h e  mean temperature o f  about lo0 used i n  these tests . )  





The r a s u l t  o f  a temperature step o f  f9.4OC a p p l i e d  t o  a 

pa i r of "SoCo'' e l  ect-rodes f  i l led  w i t h  2.7 M KC1 i s  shown i n  

Figure 4 - ! 9 .  The e lec t rodes required about an hour t o  come 

t o  equi l iSrium (probably due t o  t he  g rea te r  thermal i n s u l a t i o n  

provided by the "CoCo" e lec t rode housing) and t he  average f i na l  

value of E f o r  several such t e s t s  w i t h  a  mean temperature of 
0 

10°C was 143 kv/OC. The data o f  Haase and Sch8nert f o r  KC1 

goes only t o  2.0 M, b u t  by assuming t h e i r  r e s u l t s  can be 

extrapolaisd t o  2.7 M, a  value o f  210 p v / ' C  f o r  Eo a t  10°C 

nay be obtained. Th is  value d i f f e r s  considsrably f rom t h a t  

obtained experimentally, and may be due t o  l i q u i d  j u n c t i o n  

po ten t ia l s  across the  KCI-NaCI in te r face .  Another poss ib le  

explanation f o r  the discrepancy i s  t h a t  it may n o t  be poss ib l e  

t o  simply extrapolate t he  data o f  Haase ar?d SchSner-I- from 2.0 M 

t o  2.7 M. The value o f  140 Fv/OC f o r  dV/dt (warmer e lec t rode  

pos i t i ve )  t:3s repeatable t o  - + 15% over a range o f  8OC t o  lZ°C 

m a n  temperafure, and seems t o  represent a  good working number. 

Several important po in t s  about therrcal p ~ t e n t i a l s  must be 

noted. F i rs t ,  i n  order f o r  a thermal p o t e n t i a l  t o  appear across 

the e lec f  rodes, t he  temperatures o f  t he  e l e c t r o l y t e  so l  utions 

i n  contact x i t h  the e lec t rode elements must be d i f f e r e n t .  This 

i s  why the s a l t  br idge system shows no response t o  a temperature 

c e l l  - the lvlectrode elements are aboard ship, and temperature 

changes i n  t5.s sea are no t  t ransmi t ted 1-0 the  e lec t rode  elements. 

Secotl?, a f i l l i n g  s o l u t i o n  which i s  satura ted w i t h  KC1 a t  

room tom;erzfure i s  no t  sat is fact-ory f o r  use i n  an e l ec t rode  

n: ich r a y  : z  subjected t o  co ld  (near O°C) water t em~era tu res .  





Apparently, when the amb ieni- temperature i s  reduced KC1 w i  I t 

p r e c i p i t a t e  i n  the  pores o f  the  cerarr~ic junct ion.  When t h e  

temperature i s  increased, the  KC1 comes ou t  o f  s o l u t i o n  very  

slow l y . These prec i p i t a t  i on and d i sso l u t i  on processes apparent ly 

generate potent  i a l d i f ferences across the  j unc t i on  which are, over 

sho r t  periods, i r r e v e r s i b l e .  The r e s u l t  o f  apply ing several  

successive temperature steps o f  1 6 O C  t o  a p a i r  o f  rrCoColt e lec t rodes  

f i l l e d  w i t h  saturated KC1 i s  shown i n  Figure 4-20. Two days were 

requ i red f o r  t he  e lec t rodes t o  r e t u r n  t o  t h e i r  o r i g l n a t  zero 

p o t e n t i a l  a t  the  same temperature. To avoid t h i s  probtem, t h e  

concent ra t ion o f  KC1 i n  the f i l l i n g  s o l u t l o n  i s  msde low enough 

so t h a t  KC1 w i l l  no t  p r e c i p i t a t e  o u t  o f  so l u t i on  a t  O°C. Ben- 

Yaakov and Kaplan (1968) used a 2.7 M KC1 so lu t ion,  which i s  75% 

o f  t h e  3.6 M KC1 concent ra t ion which w i  l l j u s t  p r e c i p i i a t e  a t  
.. .a 5 

1 O°C (Goldhaber, 1972, personal communication). The 2.7 M KC1 
1 

concent ra t ion a l so  was used i n  t he  "CoCo" f i l l i n g  so lu t ion,  and 

no f u r t h e r  prob l ems were encountered w i t h  revers ib i  l i t y  of response 

t o  temperature steps. 

Third,  f o r  "f i l led" e lectrodes,  t h e  nature o f  t he  thermal ce l  l 

response i s  determined on ly  by the f i l l i n g  solut ion,  and n o t  by 

the  externa l  medium (d iscount ing poss ib le  l i q u i d  j unc t i on  e f f e c t s l .  

Thus, t he  thermal c e l l  response f o r  the "CoCS" e lec t rodes 

should be t he  same i n  NaCl as i n  sea water. 

Fourth, from Figure 4- 19, i t may be seen t h a t  the  response 

curve shows an i n i t i a l  "k ick"  o f  about 3 t o  5 minutes i n  t h e  

opposi te d i r e c t i o n  from t h e  equ i l i b r i um  value ( i.e., t h e  warmer 

e lec t rode  goes negat ive before going p o s i t i v e ) .  !n a towFng 

s i t ua t i on ,  it i s  l i k e l y  t h a t  many temperature p r o f i l e s  w i l l  be 





traversed in less than 3 to 5 minutes, so interpretation of 

iemperature anomalies from the self-potential record must take 
l[ 

this "kick" i nto account. :I U I 

Finally, it has been noticed that the "CoCo" electrodes must 

be soaked for at least 12 hours after storage before a repeatable ; !I 
'I! 

It 1 
5 { 

thermal cell response may be obtained. Apparently, during I t  , I' 

long-term storage the porous ceramic junctions tend to dry out, 

a l lowing the KC1 solution in the junctions to become saturated, 

and leading to non-repeatable responses as shown in Figure 4-20. 

Soaking the electrodes in NaCl solution or sea water overnight 
- .  

gives results as shown in Figure 4-19, -. . . 

Response to Eh changes 

The definition and measurement of Eh (also called oxidation 

potential or redox potential) are discussed in Chapter 2. An 
.,._ . .-. 

electrode of the second kind which gains and loses electrons 

at a constant potential (Equation 4-61 theoretically will not 

respond to changes in Eh. However, a change in Eh necessarily 

implies a change in the concentration of the chemical components 

controlling the Eh, and thus the existence of a concentration 

cell. But, because the concentration ~f the ions controlling the 

Eh of normal, oxidizing sea water i s  so low, it i s  unlikely that 

the"Co6o" e l ectrodes wou l d response to any measurab le degree to 

the concentration cell potential corresponding to a difference i n  

Eh . 
In strongly seducing wa-i-el- or boitom muds, however, the 

concentration of the sulfide ions controlling the Eh is high 

enough to produce measurable concentration celi potentials across 

the "CoCo" electrodes. The experimental arrangement shown in 



Figure 4-21 was used t o  study t h e  rasponse o f  t h e  "CoCo" electrodes 

t o  an extreme change i n  Eh. The o x i d i z i n g  s o l u t i o n  had an Eh 

value o f  + 430 mv (ZoBell, 1946, p. 4951, and t h e  reducing mud 

( from San Francisco Bay), an Eh o f  about 0 ( Phe Eh o f  t he  mud 

var ied  by several tens o f  m i l l i v o l t s  from p o i n t  t o  p o i n t  and 

from t ime t o  t ime) .  The t o t a l  d i f fe rence  i n  Eh between the 

mud and the  o x i d i z i n g  so lu t i on  was, then, about 430 mv. 

The p o t e n t i a l  between a p a i r  o f  "CoCo" e lec t rodes  both 

i nserted i n the mud was -0.2 mv. When the  p o s i t i v e  electrode 

was moved i n t o  the  o x i d i z i n g  so lu t ion,  the  p o t e n t i a l  jumped t o  

- 5 mv, d r i f t i n g  s lowly t o  a value o f  - 8 mu i n  a per iod o f  19 

hours, when t h e  t e s t  was terminated. Several days o f  soaking 

i n  normal sea water were required f o r  the  e lec t rode  p a i r  t o  

r e t u r n  t o  t h e i r  i n i t i a l  po ten t i a l  d i f ference, 
%. * * 

Response t o  a g i t a t i o n  and mechanical shock 

A pai  r o f  "CoCo" electrodes was immersed i n  a p l a s t i c  container 

ho ld ing  sea water a t  32.7 % and 17OC. The p i i r  was ag i t a ted  

v i o l e n t l y  and knocked against  each o ther  and t h e  conta iner  f o r  

a per iod  o f  about one minute, w i t h  t h e  r e s u l t  shown i n  F igure 4-22. 

The p o s i t i v e  peaks were due t o  one elect 'wde being removed 

completely from the  water; the  negat ive peaks due t o  removal o f  

the other  electrode. There appears t o  be e s s e n t i a l l y  no response , 

t o  t he  a g i t a t i o n  o r  shock. 

Response t o  appl ied e l e c t r i c  f i e l d s  

A lag i n  the  t ime response o f  the  electrodes to a rap id l y  

vary ing externa l  e l e c t r i c  f i e l d  would be extermety undesirable, 

as t he  t r u e  s ignal  i n  t he  water would have t o  be obi-ained by 

deconvo 1 u t i o n  o f  t h e  apparent s i  gna l and t h e  e lec t rode  response* 



Figure 4-21 

T e s t  Arrangement f o r  Eh Res;;:-:3 

/ Electrometer c r  chart  reccrder 





To check the e lec t rode t ime response, a  p a i r  o f  "CoCof'electrodes 

was inser ted i n to  a  p  l a s t  i c  conta i  ner f i I led w i t h  sea water a t  

20°C and 3 2 . 7 7 ~  s a l i n i t y ,  togethsr  w i t h  a  p a i r  of g raph i t e  

cu r ren t  e lectrodes connected t o  a  power supply. The power 

supply was turned on and o f f ,  and t he  p o t e n t i a l  be-tween t h e  "CoCol' 

e  lectrodes recorded on a  Kei t h  ley mode l T 17 1 B c h a r t  recorder.  

The output  i s  shown i n  Figure 4-23. Response i s  e s s e n t i a l l y  in -  

stantaneous, w i th  the  negat ive d r i f t  wh i le  t h e  power supply 

i s  on being due t o  p o l a r i z a t i o n  o f  the  cu r ren t  e lectrodes,  

To t e s t  the  e l e c t r i c  f i e l d  response under ac tua l  operat-ing 

condi t ions,  an e l e c t r i c  f i e l d  was generated i n  San Francisco Bay, 

us ing the arrangement shown i n  Figure 4-24. The s h i p  was r u n  on 

l i nes  p a r a l l e l  t o  the dock a t  distances DB o f  20, 40, 80, 160 and 

320 fee t .  The s igna l  measured a t  DB = approximately 40 f t  ( 12 m) 

i s  shown i n  Figure 4-25, a long w i t h  the  t h e o r e t i c a l  3;gnal from 

a p o i n t  source and s i n k  o f cu r ren t  on t he  surface of t h e  water a t  

DB = 10 and 12 m, assuming t he  water t o  be a  p e r f e c t  half-space. 

The measured s igna l  i s  seen t o  be q u i t e  c lose  t o  the t h e o r e t i c a l  

curve,  w i t h  t he  d i f fe rences  probably mainly due to  the  f a c t  t h a t  

the  sh ip ' s  course was ne i t he r  p e r f e c t l y  s t r a i gh t ,  nor p e r f e c t l y  

para l  l e l  t o  the dock. 

The theo re t i ca l  and measured peak values o f  f h e  s i gna l  a r e  

p l o t t e d  aga inst  d istance DB i n  Figure 4-26. The fact t h a t  t h e  

measured va l ues are h igher  than t he  theore-i-i ca l values probably 

' i s  due t o  the f a c t  t h a t  the  water was not  a pe r f ac t  half-space, 

b u t  had a depth o f  about 43 f t .  a t  the  dock. 

Chart  recorder 

The cha r t  recorder used throughout these s tud ies  i s  the  



Figure 4-23 

Response t o  E l e c t r i c  F i e l d  S t e p  I n p u t  

@ZoSof* electrodes 

Sea water: S = 32.7 0 / 0 0 ,  T = 17 OC &-1 1 



Figure k-24 

Dock Test Arrangegent 

C h a r t  recorder  

/ 

r' Autmot  ive  s t  orage battery 





Figure 4-26 

Peak Ampl i tude  vs. Dis t ance  DB 

27 August 1971 

1 Theoretical 

a Keasured field 

o 30 60 90 120 

DB (meters) 



- 
Es te r  I  i ne-Angus n c z s  . 171 B (1-s ter l  i ne Corp., Box 24000, 

Indianapolis, Ind;?-?:.  The recorder i s  f u l l y  por table,  w i t h  i t s  

own nickel-cadmi u:: r?--zry power- supply, and o f f e r s  f u l  I - sca le  

ranges from 2 mv ic 5 2  val t s .  Input  impedance on a t  l ranges i s  

1.8 megohms, and r~s;s-ss timc i s  1/2 second f o r  f u l l  s c a l e  

pen t r a v e l .  

To t e s t  t h e  e f f c z -  af  recorder  i npu t  impedance on e l e c t r o d e  

performance, severa; 3 i  t he  s h o r t  and long term t e s t s  descr ibed 

p r e v i o u s l y  i n  t h i s  c-z?$er, i nc lud ing  t h e  sea t r i a l s  descr ibed 

i n  t h e  preceding parzgrz?hs, were run w i t h  a K e i t h l e y  model 

600 B ( K e i t h l e y  I n s i r i r ~ n f s ,  Inc., 28775 Aurora Rd., Cleveland, 

Ohio) e lec t rometer  ~ s 3 i  ss a impednace i s o l a t i o n  a i n p l i f i e r  

between t h e  e l e c t r o A s  z3d the  recorder ( t h e  K e i t h l e y  has an 

8 
inpu t  o f  10 rnegohrrs t 6 s n  used i n  t h i s  way). No d i f f e r e n c e  was 

observed i n  . t he  e l e c ~ r s l s  response w i t h  t h e  Kei t h l e y  i n  o r  o u t  - .. .- 

of t h e  c i r c u i t .  

Cable and connectors 

RG 58A/U t ransmisr ion  l i n e  cable i s  used f o r  towing t h e  

e lectrodes.  Th is  cz j l s ,  which i s  0.195 inches (0.5 cm) i n  o u t s i d e  

diameter, cons is t s  o f  a e n t r a l  stranded conductor enclosed by 

po lye thy lene insu la? ;x ,  a woven m t a l  sh ie ld ,  and an o u t e r  v i n y l  

jacket .  The mu I t  i p l e  Izyers surrsundi ng t h e  cen t ra  I conductor  

s t rengthen the cab le  E Z ~  p r o t e c t  i n e  conductor from con tac t  w i t h  

t h e  sea water ( t h e  s?is ld  i s  no t  a l e c t r i c a l  ly connected t o  t h e  

e lec t rode  o r  c h a r t  resz r i z r ) .  

EnviroCon RMG-2-FS 3 - 5  ~ ~ w l G - 2 - ~ . : ~  underwater cab le  connectors 

(Brantner and Associ ~ r s ~ ,  San Die22, Ca l i f . I  are  used t o  connect 

t h e  e lec t rode  t o  the  - 2 ~ ; - z  - cable, =?d the  towing cable t o  the  



c h a r t  recorder  . When used w i t h  t h e  l o c k i n g  s leeves supp l i e d  by 

t h e  manufacturer, these connectors have proven adequate i n  s t r e n g t h  

and water res is tance.  The connector s p l i c e  t o  t h e  cab le  i s  made 

us ing t h e  m a t e r i a l s  s.upplied i n  t h e  Dow Corning (Midland, Mich.) 

5-15 cab le  s p l i c i n g  k i t .  

Comp l e t e  sys ten1 

The comp l e t e  system, then, c o n s i s t s  o f  a p a i r  o f  "CoCor' 

e lec t rodes,  two lengths o f  towing cab le  ( 50 m f o r  t h e  forward a 

e l e c t r o d e  and 200 m f o r  t h e  a f t e r  e l e c t r o d e  u s u a l l y  a r e  more t h a n  

adequate), a r e e l  on wh i ch t o  s t o r e  t h e  cab Is, a p p r o p r i a t e  

connectors, and t h e  Es te r  l i ne-Angus T 17 1 B c h a r t  recorder  (F igu re  

4-27). The c h a r t  recorder  i s  secured t o  t h e  boat  and covered 

w i t h  a c l e a r  p l a s t i c  shroud before  g e t t i n g  undsr way, and, a f t e r  

deployment, t h e  cables a r e  t i e d  o f f  t o  t h e  s t e r n  of ?'he boat  

( t y i n g  them ' t o  t h e  l i f t i  ng handle o f  t h e  outboard motor he lps  .keep 

them c l e a r  o f  t h e  prope l  l e r ) .  

Summarv o f  "CoCo" e l e c t r o d e  c h a r a c t e r i s f i c s  ( 2.7 M KC1 f i l l i n a  

s o l u t i o n )  

Standard p o t e n t i a l ( E e )  

Simultaneous s a l i n i t y  change a t  bo th  e lec t rodes  

AV ( mv 9 = 0.325 I n  (SZ/ 5,) + .0225 

0.15 4 S2/ S I  4 1.0 

D i f f e r e n t i a l  s a l i n i t y  change 

a9 e q u i l i b i r u m  value:  
A V  ( rnv = 2.9 I n  (S2 / S,9  

0.25 6 ( S 2 / S I  L 1.0 





b 1 shor t - te rm va l ue : 
AV ( mv = 0.52 - : S2 ,' S I  1 

Simultaneous temperature c - t - p 3  a t  50th electrodes 

a )  equi  l i b r i u m  va lue:  
AV ( mv )=;J0.1 xLIT ! ' C )  

b )  shor t - te rm response: 
none 

D i  f f e r e n t  i a l temperature chanae 

d V  ( rnv ) = 0.14 x AT (OC) 
(warmer e l  eztrode p o s i t i v e )  

Eh chanae . 

AgiiaPion and mechanical shock 

no measura5 l e response 

App l ied  e l e c t r i c  f i e l d  -_ . ! . a  

response l i m i  t e d  on ly by c h a r t  r e c o r d e r  charac ter is t i -  



CHAPTER 5 

NO1 SE 

",. , the voices of many watersf1 

Psalms 93.4 



For t he  purpose o f  o f f shore  se l f - po ten t i a l  prospecting, 

"noise" i s  considered t o  be any recorded s ignal  which i s  no t  

generated by a mineral deposit.  Much o f  t h i s  "noise" may be 

considered valuable s ignal  i n  o ther  studies; f o r  example, t h e  

po ten t i a l  f i e l d s  due t o  water currents,  corrosion, impressed 

cu r ren t  anodes, and geothermal a c t i v i t y .  Other noise, such as 

t h a t  generated w i t h i n  the instrumentation, bene f i t s  no one. 

Noise may be d iv ided i n t o  two general categor ies:  instrumentaf 

( inherent  i n  t he  measuring system o r  generafed by i n t e r a c t i o n  
.I 

between the  i nstrumentation and t h e  envi ronment ),and environmental 

(actual  p o t e - t i a l  f i e l d s  generated i n  t he  water by processes other 

than s e l f - p o t e n t i a l ) .  The smal lest  sca le  d i v i s i o n  on t h e  c h a r t  

recorder used i n  t he  f i n a l  system (see below) i s  0.02 mv, so any 

noise s ignal  o f  less than 0.02 mv w i l l  be considered .. undectable . .  

by t h i s  system. 

Instrumental noise 

The sources and magnitude o f  instrumental no ise depend on 

t h e  p a r t i c u l a r  system used. The noise cha rac te r i s t i c s  of the  

s a l t  b r idge  system shown i n  Figure 4-5 w i l l  be d i f f e r e n t  from 

those o f  t he  towed e lect rode system shown i n  F igure 4-27; i n  a 

towed e lect rode system lead electrodes w i  I1 d i f f e r  i n  no ise  

cha rac te r i s t i c s  from "CoCo1' s i  I ver-si I ver ch lo r i de  electrodes. The 

system discussed i n  t h i s  sect ion w i  l l be t h a t  shown i n  Figure 4-27, 

c o n s i s t i n g  o f  "CoCo" electrodes, RG/U sh ie lded cable, and an 

Ester  l i ne-Angus T 17 18 battery-operated cha r t  recorder. Tin i s 

' system, used f o r  the  f i e l d  work i n  Ma i ne and Mexico (Chapter 61, 

has proven t o  be t he  most p rac t i ca l  and noise-free o f  those tested. 



Other systems and components w i l l  b e  mentioned on l y  i n  comparison 

w i t h  t he  system described above. 

Electrodes 

The response o f  the  "CoCo" electrodes t o  mechanical shock 

and a g i t a t i o n  i s  undectable (Figure 4-22), and t h e i r  response t o  

changing e l e c t r i c  f i e l d s  i s  immediate and reve rs i b l e  (Figure 4-23) 

so no e lect rode noise w i  l l be generated by e i  t h e r  o f  these sources. 

Changes i n  water temperature o r  s a l i n i t y ,  on t h e  o the r  hand, do 

generate measurable s igna ls  (Figures 4-13 through 4-20). 

I n  an extreme case, such as passage by a hot-water o u t f a l l  

o r  by a fresh-water r i v e r  en te r ing  sea water, it i s  conceivable 

t h a t  a s igna l  o f  several mv amplitude could  be generated by rap id  

temperat l~re and/or s a l i n i t y  changes. I n  most cases, however, t h e  

source o f  such a s ignal  would be obvious. I f  desired, t he  no ise __. . .I. 

s ignal  could be removed f rorn the  t o t a l  s igna l  by measurement of 

temperature and s a l i n i t y  and use o f  t he  appropr iate response curves. 

I n  f i e l d  experience, such noise has no t  proven troublesome. In 

several instances, survey l i n e s  have passed the  mouths o f  r i v e r s  

en te r i ng  s a l t  water; i n  no case was any spurious "anomaly" observed. 

Cables 

The motion o f  t he  cables through t h e  Earth 's magnetic f i e l d  

generates p o t e n t i a l s  which are an annoying source o f  noise. With 

the  boat moving s t r a i g h t  ahead i n  calm water, t h e  v e l o c i t y  vec to r  

o f  a cable  i s  d i r ec ted  along t he  length o f  the cable, and no 

p o t e n t i a l  i s  generated i n  t h e  cable. I f ,  however, t h e  boat i s  

turn ing,  o r  i s  subjected t o  wave motion, a component of t h e  cabie's 

v e l o c i t y  w i  l l be perpendicular  t o  t he  l i nes o f  force of t he  Earth 's 

magnetic f i e l d ,  and a p o t e n t i a l  w i l l  be generated i n  t h e  cable. 



generated are not  equal, and the d i f f e rence  between the  po ten t i a l s  

generated i n  t he  two cables w i l l  appear as a s igna l  a t  the cha r t  

recorder. 

A f i r s t  est imate o f  t h i s  t u rn ing  noise i s  shown i n  F igure 5-1, 

The boat has j u s t  made an abrupt 90° t u r n  t o  t he  r igh t ,  and i s  

t r a v e l l i n g  a t  a  ve loc i t y  ( v )  o f  5 knots ( 2.6 m/sec). The separa- 

t i o n  S between electrodes i s  20 rn, and t he  cable i s  considered t o  

be moving as a  r i g i d  bar, w i th  t he  a f t e r  e lect rode s ta t i ona ry  

( t h e  actual  cable motion is, o f  course, much more complex). The 

average v e l o c i t y  o f  the  cable i n  a d i r e c t i o n  perpendicular  t o  i t s  

length i s  1 . 3  m/sec. Faradayfs law: 

-A 

A - Sf3 - v x E =  Jt 
(5-1 

reduces t o  

a V -  - H , S  
(5-2) 

f o r  t h i s  simple case, where: 

S = e lect rode separat ion (rn) 

v = boat speed ( m/sec) 

V = po ten t i a l  ( vo l t s ) .  

F o r  a  t o t a l  f i e l d  i n t e n s i t y  of 0.5 gauss and a d ip  angle o f  67O 

( t y p i c a l  o f  the  northern mid- lat i tudes), the generated p o t e n t i a l  

i s  about I m i l l i v o l t .  



F i g u r e  5 - 1 

P o t e n t i a l  G e n e r a t e d  by Turn 

N o r t h e m  m i d - l a t i t u d e s :  
E h r t h l s  m a g n e t i c  f i e l d  i n t e n s i t y  = 0.5 gauss 
Dip angle = 670 n o r t h  

H o r i z o n t a l  i n t e n s i t y  Hh = 0.5 c o s  670 = 0.2 g a u s s  
V e r t i c a l  i n t e n s i t y  H = 0.5 s i n  670 = 0.46 g a u s s  

z 

v = 1.3 m./sec. 
S t a t i o n a r y  

. .*. 
5 kc:- 

(2.6 m./sec. ) 

17 = H SV 
z 

= 0 . 4 6 x 1 0 ~ ~ ~ 2 0 1 1  .3 
=11.8x10'~ volts 
=l. 2 millivolts 



Actual s igna ls  ranging from a few tenths o f  a m i l l i v o l t  t o  

g rea tz r  than one m i l l i v o l t  are observed dur ing t u r n i n g  maneuvers 

(Figure 5-21. Such s ignals  are p a r t i c u l a r l y  annoying dur ing 

runs along i r regu l a r  shore l i nes, when frequent sharp tu rns  must be 

made. Although it may be obvious t h a t  a t  l eas t  p a r t  o f  t he  s ignal  

I s  dc;e t o  the  turn,  another p a r t  might be due t o  an o re  body. In  

pract ice,  i f  very small ( less than one m i l l i v o l t )  s igna ls  due t o  

o r e  bodies are ant ic ipated,  t u rn ing  no ise may be reduced by using 

slow boat speeds and keeping maneuvers t o  a minimum- 

S im i l a r  s igna ls  a re  generated by wave a c t i o n  on t he  cables. 

Often, a noise component w i t h  t h e  same per iod as t h e  waves i s  

observed on the  recorder output  (Figure 5-31, w i t h  t h e  amplitude 

increasing as t h e  wave he ight  increasas. Pa r t  o f  t h i s  noise i s  

due t o  t he  e l e c t r i c  f i e l d  generated by wave p a r t i c l e  motion ( see 
. > l> l 

t he  sec t ion  o f  t h i s  chapter on waves); t h e  remainder, t o  v e r t i c a l  

motion o f  the  cables through the  Ear th 's  magnetic f i e l d .  Although 

wave noise may reach severa I m i  l I i vo l t s  w i  t h  large arrays, i t s  

p e r i o d i c i t y  makes it r e l a t i v e l y  easy t o  remove from t h e  record, i f  

des i red  ( t h e  per iod  o f  a se l f - po ten t i a l  s ignal ,  genera l l y  g rea te r  

than one minute, i s  considerably longer than tha-t' o f  most shallow- 

water waves). 

Connect t ons 

Connections are a constant source of  t r o u b l e  i n  t h e  marine 

environment. A loose o r  poor ly  soldered connection w i l l  cause 

i n t e r m i t t e n t  jumps i n  the  record (Figure 5-41, and a leaky under- 

water connection w i l I r e s u l t  i n  rap i d d r i  f t  as the  exposed w i re 

corrodes o r  ga lvan ic  couples add t o  the  s ignal .  Also, i f  a t r u e  

s ignal  i s  presen-t i n  t he  water, a leaky connection w i l l  a c t  as a 



Figure 5-2 

Signals  Due t o  Turns  . 
Penobscot Bay, Maine 8 S e p t  1971 





Figure 5-4 

Noise Due to P ~ o r  Connection 

Punta Banda, Baja California, Eexico 

30 Dec., 1972 
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t h i r d  electrode, making analysis o f  t h e  data v i r t u a l l \  .-2ossible. ! b, .: i 
p t  . I 

For these reasons, a l l  underwater sp l i ces  must be made zare fu l l y ,  i' , 11: ' 
n i 

$ ,; , 
and tes ted  thoroughly f o r  e l e c t r i c a l  c o n t i n u i t y  and f c -  leaks, 1 * - I  , 

l[ 
i s, 

before f i e l d  use. I . I ?  + 

' t :  
' b  . ,: 

Although t h e  connections t o  the  ree l  and c h a r t  -2corder are i: . 
i: ' 
: 1. 
1 :  I 

no t  submerged, they are sub ject  t o  the  a c t i o n  o f  damp s a l t  a i r  .i t, 
$it : 
" E  * 

and occasional spray, both o f  which can lead t o  corrosion, 

va r iab le  resistance, o r  shor t -c i  r cu i  ti ng. Therefore, +hove-water 

sp l i ces  must be made ca re fu l l y ,  and connectors p r e f e r t 3 f y  should be 

o f  t h e  underwater type, such as the  ~ n v i r o k n  RM ser ies tBrantner  

a nd Associates, San Diego, Ca. used on t he  IfCoCott electrodes. 

Chart recorder 

The no ise level  o f  the  Esterline-Angus T 1718 char t  

recorder i s  spec i f i ed  by the  manufacturer as less than 10 microvo l ts  

peak-to-peak, and d r i f t  as less than 10 mic rovo l ts  per hour. Both 

o f  these values are wel l  below the  observeable leve l .  I n  very  

rough seas, t h e  recorder pen may be de f lec ted  by v i o l e n t  pounding 

o f  t h e  boat (F igure 5-59. When such cond i t ions  are eccountered 

i n  a small boat, it i s  genera l l y the  b e t t e r  p a r t  o f  va lo r  to  head 

f o r  porP. A more ser ious problem i s  created by m i s t ,  salty a i r ,  

o f t e n  encountered i n  l a t e  af ternoon and evening. Under such 

condi t ions,  touching t he  case o r  con t ro ls  o f  t h e  c h a r t  recorder 

o f t e n  r e s u l t s  i n  a jump o f  t h e  pen. Grounding t h e  rscorder to 

the  sea may he lp  a l l e v i a t e  t h i s  condi t ion.  

E l e c t r i c a l  noise generated aboard Phe boa? d a s  not  seem t o  

a f f e c t  the  recorder, which has been used w i t h i n  a meter of an 

operat ing outboard motor w i t h  no i l l  e f f e c t s  not iced. 



Figure 5-5 

Eoise Due to Pounding of Boat 

Punta Banda , Ba ja California , Xexico 

29 Dec. 1971 



Radio transmission was sometimes seen t o  generate a large no ise 

s ignal  w i t h  t h e  sa l t br idge system (Chapter 4 )  , but  no such 

e f f e c t  has been observed w i th  the present system. 

Env i ronmen t a  l no i se 

I n  con t ras t  t o  instrumental noise, which i s  generated w i t h i n  

the  measuring system, environmental noise i s  caused by an e l e c t r i c a l  

f i e l d  which i s  present i n  the water and which i s  n o t  generated by 

mineral deposits. Some o f  these f i e l d s ,  such as those due t o  

water cu r ren ts  o r  cor ros ion processes, are useful  i n  s tudy ing  

the  phenomena involved; f o r e t h e  purpose o f  se l f - po ten t i a l  prospecting, 

they are noise. Other f i e l ds ,  such as t h a t  due t o  t h e  turbulenP 

wake o f  t he  boat, are a general nuisance. 

Currents - .  
"Theoret ica l l y, it seems a necessary consequence t h a t  where 

water i s  f lowing, there  e l e c t r i c  cur rents  should be formed: thus, 

i f  a l i n e  be imagined passing from Dover t o  Ca la is  through the  sea, 

and re tu rn ing  through t h e  land beneath the  water t o  Dover, it 

t races o u t  a c i r c u i t  o f  conducting matter, one p a r t  o f  which, when 

t h e  water moves up o r  down +he channel, i s  cutP ing the magnetic 

curves o f  t h e  earth, w h i l s t  the  o ther  i s  r e l a t i v e l y  a t  rest." 

Thus t he  omniscient Michael Faraday 6 1832) l a i d  t he  groundwork 

f o r  the  "deep sea electromagnetic method" ( von Arx , 1950) of  

measuring the  v e l o c i t i e s  o f  ocean cu r ren t s  from a sh ip  under way. 

The h i s to r y ,  theory, and p rac t i ce  o f  such measurements a re  

covered thoroughly by von Arx ( 1950; 1962, p. 2601, Stommel (19481, 

and Sanford (1967, 1971 1; on ly  the po r t i on  o f  t he  theory re levan t  

t o  t h i s  t h e s i s  w i l l  be discussed b r i e f l y  below. The equipment 

used t o  measure e lect romagnet ica l ly  induced e l e c t r i c  f i e l d s  i n  the 



sea, named the  "Geomagnetic Electrokinetograph" ( m e r c i f u l l y  

abbreviated as "GEKfti by von Arx, a l though p r imar i  l y  designed for  

deep sea use aboard large ships, i s  i den t i ca l  i n  purpose t o  t h a t  

used f o r  o f f shore  se l f - po ten t i a l  prospecting. The experience 

gained by t he  designers o f  t h i s  equipment helped me g r e a t l y  i n  

developing the  present system. 

The magnitude i n  v o l t s  o f  the hor izonta l  e l e c t r i c  f i e l d  

induced i n  t he  water, 4 Vxy, i s  i d e a l l y  

(Figure 5-61, where: 

S = e lect rode separat ion (meters) -- - ,- 
C = y - component o f  water cu r ren t  v e l o c i t y  (meters/sec) 

Y 

H = i n t e n s i t y  of  v e r t i c a l  component of  Ea r thPs  ' magnetic f i e l  d ( webers/meter 2) 

Although it must be modif ied f o r  f i n i t e  sea-f loor conduct iv i ty ,  

o r  f o r  cu r ren t  v e l o c i t y  which i s  no t  constant w i t h  dopl-h, Equation 

5-3 i s  s u f f i c i e n t l y  accurate f o r  a f i r s f  estimate. For a boat 

t r a v e l l i n g  i n  t he  x d i rec t ion ,  a water cu r ren t  v e l a c i t y  o f  I knot 

(0.5 m/sec) i n  t he  y d i rec t ion ,  and HZ of 0.46 gauss (F igure 5-11> 

L\ V xy/S i s  about 0.024 m i  I l i vol'ts/metar, and 4 V i s  about 

0.5 m i l l i v o l t s  f o r  S = 20 m. 

This s igna l  i s  constant as long as boat and cu r ren t  v e l o c i t y  

remain unchanged,and i s  not iceable  on ly  as an o f f s e t  i n  t h e  e lec t rode  

zero leve l  as the  boat gets under way, and as a change i n  t h e  zero 



Figure 5-6 

P o t e n t i a l  Due t o  Yater  Current  

-L. "a ter  cu r ren t  ve loc i ty  ?? = Tc + jcY 
I 

I n  t h e  x-y p lane .aV '  = Tc H - rczz 
--#Y Y z .  



l e v e l  when a t u r n  i s  completed. I n  p rac t i ce  (Figure 5-71 such 

o f f s e t s  are easy t o  recognize. As t h e i r  magnitude usua l l y  does no t  

exceed a m i l l i v o l t  o r  two, they may be removed, i f  desired, simply 

by r e s e t t i n g  the  c h a r t  recorder zero. 

Waves - 
Waves generate noise on the record by two processes: ( I )  

motion o f  t he  towing cables through t h e  Earth 's magnetic f i e l d  

(see above); and ( 2 )  electromagnet ical  i y  induced po ten t ia ls ,  s i m i  t a r  

t o  those generated by water currents,  caused by t he  wave water par-  

t i c l e  motion through the  Ear th 's  magnetic f i e l d .  The p a r t i c l e  

v e l o c i t y  w i t h i n  a t r a v e l l i n g  wave i s  extremely complex ( Wiegel, 

1964, p. I I ) ,  and it would be d i f f i c u l t  t o  est imate t h e  e l e c t r i c  

f i e l d  which would be measured by a p a i r  o f  e lectrodes towed through 
. .. 

surface waves, especial l y  as the p o s i t i o n  of  the  e l e c t k d e  r e l a t i v e  

t o  i h e  water surface i s  not  known prec ise ly .  Sanforck ( 1967, p. 158) 

c a l c u l a t e d  a s ignal  o f  0.13 mv a t  a s ta t i ona ry  surface e lec t rode  due 

t o  waves o f  ampli tude 80 cm and per iod 5 seconds, and measured 0.8 mv 

under these condi t ions.  The wave noise observed on o f f sho re  s e l f -  

p o t e n t i a l  surveys, however, appears p r i m a r i l y  t o  be due t o  t h e  

cable  rrof-ion described above, as it decreases w i t h  decreasing cable 

length. 

Wake tu rbu  I ence ... 

Turbulence i n  the  wake o f  t h e  towing vessel may generate 

no ise by t h e  process described &ove f o r  waves, i n  a d d i t i o n  t o  c r e a t i n g  

a i r  bubbles which could cause an e lec t rode  t o  break con tac t  w i t h  the 

water. von Arx ( 1962, p. 277) recommends towing t h e  GEK e lect rodes 

one sh ip 's  length astern t o  remove them from the  galvanic and magne- 

t i c  e f f e c t s  o f  t h e  sh ip 's  h u l l .  Th is  distance a l so  appears s u f f i c i e n t  



Figure 5-7 

Signal Due to ;Vater Cur ren t  

Penobscot Bay, IEBine 

8 Sept. 1971 



t o  remove any e f f e c t s  o f  the  wake on t he  forward e lect rode a t  

normai towing speeds ( up t o  5 knots), although a minimum distance 

o f  5 o r  10 meters usual ly  i s  used w i th  small boats. F igure 5-8 

shows the increased noise leve l  caused by h igh  towing speeds, 

1. The forward e lect rode was 20 m astern, and t h e  towing boat  was 
; I 

an LCM (Landing C r a f t  Mechanized), about 17 m long, making 9.5 kt,  i I 

Magnetic f i e l d  va r i a t i ons  ( t e l  l u r i c  noise) 

1 
A p a i r  o f  e lectrodes i n  t h e  ear th  w i l t  record potent iah 

I 

i 1 1  

changes over a wide spectrum o f  frequencies and amplitudes ii 
.I 

(Ke l le r  and Frischknecht, 1966, p. 197). These signals, which ill 

a t  f requenc as greater  than one Hz are generated by temporai 

v a r i a t i o n s  i n  the  Ear th 's  magnetic f i e ld ,  may reach amplitudes 

of 100 mv per  km, w i t h  per iods o f  about 30 sec, i r i n g  magnetic 

s t o r m .  Amplitudes o f  a few mv per  km, however, a re  more t y p i c a l  

i n  t he  10 t o  40 second per iod  range. 

Shu le ik in  ( 1962) presents t h e  r e s u l t s  of t e l  l u r i c  no ise 

measurements taken a t  sea. He s ta tes  ( i n  t r a n s l a t i o n )  : During 

days, and from one day t o  another day, the  i n t e n s i t y  of  al .ectr ica!  

f i e l d  f luc tua ted  w i t h  an amplitude equa l l i ng  several  miiiivolts 

per  ki lometer, whereby sometimes t h e  amplitude reached even tens 

o f  m i l l i v o l t s  per ki lometer". Apparently, then, t h e  normal 

f t e l l u r i c  background noise leve l  i n  t he  sea i s  below 10 mv per 

km (0.2mv f o r  an e lect rode separat ion S o f  20 m). Dur ing large 

magnetic storms (Figure 5-9), the  noise leve l  may r i s e  t o  40 mv 
)I' r 

, 
per  km. 

I / '  $ 1  1 

Geologic background no ise i 

The background noise leve l  f o r  onshore se l f - po ten t i a l  surveys 

var ies  widely i n  ampli tude and s p a t i a l  frequency, ranging from 
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Noise Due to Increased Boat Speed 

San Francisco Bay, California 

11 Sept. 1972 



Figure 5-9 

Potentials Due to Lhgnetic Storm 

From Shuleikin (1962) 
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near ly  zero t o  about 10 o r  20 mv i n  amplitude, and from a few 

r n ~ t e r s  up t o  about 50 meters i n  s p a t i a l  wavelength. Noise l eve l s  

general l y  are g rea tes t  i n  heav i l y  wooded areas; i n  areas where 

t he  s o i l  i s  r i c h  i n  so lub le  sa l t s ;  i n  rugged topography; and i n  

areas o f  geotherma l a c t i v i t y  (geotherma l areas a re  discussed 

i n  a l a t e r  sec t ion  o f  t h i s  chapter) .  I n  my experience, surveys 

conducted along sea water-saiurated sandy shorel ines have exh ib i t ed  

very low noise leve ls  -- genera l ly  less than 5 m i l l i v o l t s  ( see 

Figures 6-39 and 6-47). 

Onshore geologic noi5e i s  caused by surface and subsurface 

water f low ( streaming p o t e n t i a l s ) ;  chemical, b io log ica l ,m is tu re ,  

and temperature d i f ferences i n  t h e  so i  I; loca l  t e l l u r i c  cu r ren ts  

generated i n  conductive non-metal l ic bodies such as c l a y  lenses; 

and gaologic contacts.  The e f f e c t  of chemical and tehpc&ture 

changes on t h e  e lect rodes i s  discussed i n  Chapter 4. O f  the 

other  fac tors ,  on ly  streaming po ten t i a l s  and geologic contacts  

might be expected t o  be o f  importance i n  o f f shore  work. These 

are discussed separately below. 

S treami ng potent  i a I s 

A f l u i d  forced through a capi 1 l a r y  tube generates an e l e c t r o -  

motive f o r ce  c a l l e d  t h e  streaming po ten t i a l  ( Mac tnnes, 1961, 

p. 437). This  p o t e n t i a l  i s  due t o  t he  Helmholtz double layer 

which forms a t  the  wal l o f  the cap i l l a r y ,  w i t h  t h e  wa l l  acqu i r i ng  

charge o f  one sign, and the f l u i d  the  opposi te sign. According 

t o  Dakhnov ( 1962, p. 313) most rocks p re fe ren t i a l  l y  adsorb anions 

( negative ions), so t he  pore l i q u i d  becomes enriched i n  ca t i ons  

( p o s i t i v e  ions), and c a r r i e s  a p o s i t i v e  charge. Clays and some 

carbonate rocks, on t h e  o ther  hand, tend t o  adsorb cat ions,  causing 



t h e  pore l i q u i d  t o  become negat ive i n  charge, 

The ne t  e f f e c t  o f  t h i s  charge separation i s  t h a t  motion 

o f  t he  pore water r e s u l t s  i n  a t ranspor t  o f  charge, c o n s t i t u t i n g  

a n  e l e c t r i c  cu r ren t  flow, and a po ten t i a l  d i f ference i s  developed 

a long t he  length o f  rock o r  soi l through which pore water i s  

moving. Maclnnes (1961, p .  439) shows t h a t  the  streaming po ten t i a l  

E may be ca lcu la ted  from the equation 

where: 

P = t h e  pressure d i f f e rence  

D = the  d i e l e c t r i c  constant o f  the f l u i d  

3 = t h e  "zeta po ten t i  a l l '  ( a proper ty  o f  the-  f !  * i d )  

L = t he  s p e c i f i c  conductance o f  the  f l u i d  

7= t h e  v i scos i t y  o f  the f l u i d .  

I t  i s  important t o  note t h a t  E does no t  depend on t h e  length o r  

c ross-sect 1 ona l area of  t he  cap i l la  r y  , and i s i nverse l y p ropo r t  i ona l 

to  t he  conduc t i v i t y  of t h e  f l u i d .  

The f a l l o f f  i n  streaming p o t e n t i a l  w i t h  increasing f l u i d  

conduct i v i  t y  i s  conf i rmed by t h e  work of Meyer ( t 3721 and Ogl i v y  

and others  (1969). They showed t h a t  d i s t i l l e d  water moving through 

sand generated po ten t i a l s  o f  about -3 t o  -12 mv per cm pressure 

- 3 
head (of water), whereas for a 10 M so lu t i on  o f  NaCl the  poten- 

t i a l  dropped t o  about -0.5 mv per  cm; and Meyer s ta tes  "Voitages 

f o r  a l  l head d i  f ferences i n  sand w i th  sea water were found to be 

z ero". Sea water f low i ng throtrgh a c 1 ay beari ng rtiud was found 



by Meyer t o  generate po ten t i a l s  o f  about + 0.3 mv per cm. 

Although streaming p o t e n t i a l s  may reach large values on land 

(Pold in i ,  1939, repor ts  an extreme value o f  - 300 mv on t h e  c r e s t  

o f  a h i l l  i n  Serbia, and 10 t o  20 mv as a common value), it 

appears f rorn t he  preceding paragraph t h a t  streaming po ten t ia  I s  

generated i n  a sandy sea f l o o r  by the  mvement o f  sea water are 

n e g l i g i b l e .  (This poss ib ly  accounts f o r  t he  very low noise level 

observed i n  se l f - po ten t i a l  surveysalong sandy beaches, where wave 

and t i d e  ac t i on  might be expected t o  produce vigorous subsurface 

wate r  f lows) .  Fresh water f lows o r  seepages, o r  t he  movement 

o f  sea water through a c lay  sea f l o o r  may, however, generate 

measureable po ten t i a l s .  Ogl ivy  and others  (1969) repo r t  p o t e n t i a l s  

o f  up t o  25 mv over seepage zones i n  a fresh-water reservo i r .  

.* . " 
This would probably represent an upper I i m i  t f o r  any streaming 

p o t e n t i a l  generated on t he  sea f l o o r .  

Geologic contacts 

The spontaneous po ten t i a l s  developed across geologic contacts  

are used t o  map the  contacts i n  borehole logging (Wyl l ie,  1963; 

Schlumberger Well Surveying Corporation, 1958; Dakhnov, 1962, 

p .  287). These p o t e n t i a l s  develop when the pore waters of  adjacent 

formations, having d i f f e r e n t  concentrat ions of d isso lved ions, are 

a I lowed t o  i n t e r a c t  through the  d r i l l i n g  mud f i l l i n g  t h e  borehole. 

Although these formation waters had come t o  equ i l i b i r um w i t h  each 

o ther  over geolog ic  time, t he  i n t roduc t i on  o f  a new f low path, 

v i a  t h e  mud, al lows i o n i c  cur ren ts  t o  f low between iormat ions as 

t h e  format ion waters attempt t o  approach a new equi l ib r ium.  These 

p o t e n t i a l s  have been studied extens ive ly  and are discussed i n  d e t a i l  

by t he  authors c i t e d  above. 



S im i l a r  po ten t i a l s  may be developed across f a u l t s  and o t h e r  

geologic contacts on t h e  surface o f  t h e  Earth. Jakosky ( 1950, 

p. 45 1 1 states, "Contacts o f  d i  f fe ren t  materi a I s  conta in ing ground 

waters o f  d i f f e r e n t  chemical p roper t ies  o f t e n  g ive  r i s e  t o  e a r t h  

p o t e n t i a l s  which may no t  be r e l a t e d  t o  ore occurence. I n  a d d i t i o n  

d i f f e r e n t  geological  f o r m a t i o ~ s  usual ly  possess d i f f e r e n t  e l e c t r i -  

ca l  conduc t i v i t i es ;  hence they cause a d i s t o r t i o n  o f  t h e  normal 

reg ional  ground currents  w i th  a resu l t an t  red i  s t r i  bu t ian  of t h e  

surface po ten t i a l s .  F a u l t  zones f i l l e d  w i th  wet c l ay  gouges, 

o r  o ther  conducting rnateria Is, cause severe d i s t o r t i o n  o f  t h e  

su r f a c e  potent  i a Is". 

On t h e  sea f l oo r ,  t h e  cover o f  s a l t  water o r  saturated 

sediments probably damps ou t  most o f  t h i s  geochemical activity, -. 
w i  t h  t h e  conductive l ayer a I -low i ng e lectrochemica l iqba I ances 

between formations t o  be equalized. Two surveys conducted i n  

Maine, i n  which one e lect rode was he ld  s ta t ionary  a t  t h e  sho re l i ne  

wh i l e  the o ther  was towed i n  along t h e  bottom, showed p o t e n t i a l  

v a r i a t i o n s  o f  less than 2 mv i n  500 f e e t  (153 m). A towed 

o f f sho re  survey i n  Phe same area showed repeatable shor t -per iod 

s igna ls  o f  about 0.2 mv ampli tude i n  very shallow ( less than  

1 in) water (Figure 5-10). 

Whether such s igna ls  were due t o  the sources o f  geologic 

noise mentioned above, o r  t o  t i n y  amounts o f  sul  f l de minera ls  f n 

the  bottom, o r  t o  water cu r ren t  v e l o c i t y  v a r i a t i o n s  caused by the 

underwater topography, i s  impossible t o  say. I t  appears, however, 

t h a t  geologic noise f o r  towed of fshore se l f -po ten t ia l  surveys does 

not  seem t o  exceed 0.2 mv, even i n  very shallow water. 



Geologic Noise 

Penobscot Bay, h!aine 



Corrosion 

The process o f  metal I  i c  cor ros ion requires a f low o f  e lec-  

t r i c a l  cur rent ,  so a cor rod ing ob jec t  i n  the  sea w i l l  produce a 

po ten t i a l  f i e l d  i n  the sourrounding water. That such f i e l d s  may 

reach detectable values was demonstrated by Grice (1968; Ocean 

Industry, 19671, who detected a 2.5 rnv anomaly i n  38 f t  ( 12 m) o f  ' 

water, caused by t h e  2,100 t on  C i v i  l War i ronc lad  "Tecumseh", sunk 

102 years before. The 2.5 mv value i s  the grad ient  anomaly -- Gi-ice 

does not g i ve  the e lect rode separat ion used, so t he  Tota l  anomaly 

i s  no t  known. 

Greater f i e l d s  may be produced by la rger  ( o r  f resher )  

objects,  such as pipe1 ines o r  large ships, o r  by impressed cu r ren t  

p ro tec t i on  systems used t o  reduce corros ion ( these systems a re  

discussad i n  the  f o l l ow ing  sect ion) .  Also, scbrergedoGj.ecPs 

composed o f  two o r  more metals may produce large p o t e n t i a l  f i e l d s  

by galvanic  cu r ren t  f low between the  d i s s i m i l a r  metals. A zinc- 

copper couple i n s t a l l e d  on French Navy t r a i n i n g  torpedoes generated 

a 5 mv f i e l d  a t  a distance o f  I I  m, which was used t o  a id  i n  t h e  

recovery o f  l o s t  torpedoas (Grice, 1968). P ipe l ines  cor rod ing  i n  

t h e  s o i l  generate p o t e n t i a l s  g rea te r  than 100 mv a t  t he  sur face 

(Heiland, 1940, p. 680); such p o t e n t i a l s  would produce e a s i l y  

de tec tab le  f i e l d s  i n  sea water. 

Corrosion f i e l d s ,  then, may be a source o f  considerable 

no ise I n  waters near populated areas. Sunken (o r  f l o a t i n g )  ship 

h u l l s ,  p ipe l ines,  cables, o r  m e t a l l i c  junk on the  bottom a l l  may 

produce measurable p o t e n t i a l  f i e l d s  a t  the water surface. I n  some 

cases, such as a p i p e l i n e  o r  cable cross ing marked on a chart ,  o r  



a  s t e e l - h u l l e d  sh ip  passing nearby, t h e  source o f  t h e  s i g n a l  may 

be obvious. I n  o t h e r  instances, t h e  longer s p a t i a l  wavelength o f  

a  s e l f - p o t e n t i a l  s i g n a l  may he lp  t o  d i s t i n g u i s h  it from one caused 

s c a l e  than  those which a r e  man-made. # I i , ,  i ! ;  - 

Co r ros ion  c o n t r o l  systems, used t o  p r o t e c t  ships, p i e r s ,  3 1 .  1 %  $ i l  d l  

and o t h e r  submerged s t r u c t u r e s ,  a r e  o f  two types:  ga l van ic  and 

impressed c u r r e n t  (Uhl ig,  1963, p. 182). I n  a g a l v a n i c  system, 

an e l e c t r o l y t i c a l l y  act iv;  metal,  such as z i n c  or magnesium, i s  

e l e c t r i c a  l connected t o  t h e  metal t o  be pro tec ted.  The a c t i v e  

metal f u n c t i o n s  as a  s a c r i f i c i a l  anode, w i t h  ions o f  t h e  s a c r i f i c i a l  

metal go ing  i n t o  s o l u t i o n  and e l e c t r o n s  spontaneously f l o w i n g  t o  

t h e  p ro tec ted  rnetal. 

The c u r r e n t  f l o w  generated by such sysfems may be.:-b- 

s t a n t i a l .  Z i n c  g a l v a n i c  anodes used on boats a re  consumed a t  a  

2 r a t e  o f  about  26 I b  p e r  square f o o t  p e r  year  ( 128 kg/m -year), 

imp ly ing  a  c u r r e n t  f l ow  o f  about 12 amps p e r  m2 (Lenk, 1966, .- p. 311. 

A s i n g l e  anode o f  an impressed c u r r e n t  system on a la rge  sh ip 

may have a c u r r e n t  capac i t y  o f  150 amps ( Lenk, 1966, p. 861, 

and t h e  system p r o t e c t i n g  t h e  San Francisco-Oakland ( C a l i f o r n i a )  

Eby Area Rapid T r a n s i t  D i s t r i c t  (BART) t ransbay tube  employs 

impressed c u r r e n t  anodes o f  250 ampere c a p a c i t y  (Bomar and Marchand, 

1970). 

Such c u r r e n t  f lows, o f  course, produce enormous p o t e n t i a l  

f i e l d s .  A survey run ove r  one 250 amp anode o f  t h e  BART tube 

mentioned above gave t h e  g r a d i e n t  anomaly shown i n  F i g u r e  5 - l l a .  

When in teg ra ted ,  t h i s  f i e l d  i s  one v o l t  i n  amplitude,as shown i n  
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Figure 5- l la  

Potential Field Due to BART Trnnsbay Tube Protective Anode 

Francisco Salif  ornia 
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F i g u r e  5-11 b  (Cornet,  1972). Bornar and Marchand (19701, u s i n g  

a  d i f f e r e n t  system, measured f i e l d s  o f  s i m i l a r  magnitude ove r  

o t h e r  BART anodes. A survey r u n  p a r a l l e l  t o  a  l a r g e  s t e e l - h u l l e d  

f r e i g h t e r  gave t h e  s i g n a l  shown i n  F i g u r e  5-12, undoubtab ly  caused 

by t h e  s h i  p f s  impressed c u r r e n t  system. 

The sou rce  o f  such f i e l d s ,  un l ess  emanat ing f rom an 

uncha r t ed  sh ipwreck  o r  underwater  s t r u c t u r e ,  usual  l y  i s  easy t o  

i d e n t i f y .  However, i f  such l a r g e  s i g n a l s  a r e  p r e s e n t  i n  areas o f  

geophys i ca l  i n t e r e s t ,  t h e y  c o u l d  mask s u l f i d e  s e l f - p o t e n t i a l  

f i e l d s .  A s p e c i a l  danger i s  p resen ted  by any c o r r o s i o n  c o n t r o l  

system employed by t h e  t ow ing  vesse l .  I f  t h e  system cannot  be 

t u r n e d  o f f  d u r i n g  s e l f - p o t e n t i a l  p r o f i l i n g ,  t h e  e l e c t r o d e s  must 

be str-,earned f a r  enough a s t e r n  t o  remcve them f rom t h e  f i e l d  o f  

t h e  c o r r o s i o n  c o n t r o l  system. 

S t r a y  c u r r e n t s  - 
S t r a y  c u r r e n t s  i n c l  ude any e l e c t r i c a l  c u r r e n t s  generated 

by human a c t i v i t y .  The c o r r o s i o n  c o n t r o l  c u r r e n t s  desc r i bed  

above a r e  i n  t h i s  ca tego ry .  O ther  sources o f  s t r a y  c u r r e n t s  

i n c l u d e  d i r e c t - c u r r e n t  e l e c t r i c a l  equipment and l e a k i n g  e l e c t r i c a l  

a n d  communicat ion cab les .  D i r e c t  c u r r e n t  e l e c t r i c a l  equipment 

such as  we lde rs  and moto rs  i n s t a l l e d  on t h e  t o w i n g  vessel  o r  on 

o t h e r  sh i ps ,  o r  nea r  t h e  shore i n  i n d u s t r i a l  o r  m i n i n g  areas, 

may be grounded t o  t h e  sea and t h u s  genera te  a  p o t e n t i a l  f i e l d  

i n  t h e  wa te r .  I f  t h e  s e l f - p o t e n t i a l  survey i s  be ing  conducted i n  

c o n j u n c t i o n  w i t h  o t h e r  onshore o r  o f f s h o r e  geophys lca l work, such 

as d i  r e c t - c u r r e n t  r e s i  s t i  v i - t y  o r  induced p o l a r i z a t i o n  surveys, 

t h e  f i e l d s  genera ted  by t hese  a c t i v i t i e s  may i n t e r f e r e  w i t h  t h e  

s e l f - p o t e n t i a l  r ead ings .  



Figure 5 - l l b  
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Figure 5-12 

Potential Field Due to S h i p ' s  Iqressed Current System 

San Francisco Bay, California 
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Geotherma l a c t i v i t y  ! ti I 

i; 1 

Geothermal a c t i v i t y  i s  thought t o  : s  caused by t he  
4 ! I  
* '  .( 1 1; 1. 

heat ing  o f  groundwater by an under ly ing cht-:er o f  h o t  magma 
* 4 1 

(White, 1969; Grose, 1971 1. The heated g rc -~dwate r  tends t o  r i s e  
dl " I  

& I  j,. j 5  
X ' - 1  

and, i f  permeable channels t o  the  surface €:tist, t o  escape as z 1 
i I 

h o t  spr ings o r  geysers (F igure 5- 13b). I f  -o path t o  the  surface f 1  

e x i s t s ,  the groundwater would tend t o  c i r c u > = t e  i n  a convection 

ce l  l (Figure 5- 13a). 

Workers conducting d i  r e c t  cu r ren t  n s i s t i  v i  t y  surveys I 1 
t L  : !  I 

i n  geothermal areas have no t i ced  a h igh leva' o f  background ' *  ' 5  1 
. t I : ?: 

i F * :  , q  1 
s e l f - po ten t i a l  (personal communication, Dr .  7.B. McEuen, San 

8 ( I - ; ,  kj 1 
, $ * ! I  1 

Diego State  College, Ca l i f o rn i a ,  19711, and Indeed have suggested 
I /  / I  5' 1 . 

t h a t  se l f - po ten t i a l  may be usefu l  as a survgi technique f o r  loca- : j  
, 3' 

t i n g  o r  de l i nea t i ng  geothermal areas. Banwzi! (1970) s ta tes:  
. _( U 

"Time-variable e l e c t r i c a l  and acous i ic  noise i s  known to  

b e present i n the .ne i ghborhood of act!:re geothermal areas.. . 
, l i  

High na tu ra l  e l e c t r i c a l  p o t e n t i a l s  are commonly observed 

i n the course o f  r e s i s t i v i t y  surveys o' thermal areas, and 

t h e i r  e f f e c t  on measurements i s  remove: by i n j e c t i n g  

s u i t a b l e  backof f  p o t e n t i a l s  i n t o  the rzze iv ing c i r c u i t *  

However, these natura l  p o t e n t i a l s  have ,;ever been measured 

sys temat i ca l l yover  a thermal area and i ~ s  surroundings, and it 

i s  poss ib le  t h a t  the p o t e n t i a l  vectors, ~ h i c h  a re  easily 

observed, may form a recogn i zab l y d i f f ~ r e n t  pa t t e rn  over  

t he  thermal area. Methods o f  t h i s  ki nc are sometimes used 

f o r  t he  de tec t ion  o f  c e r t a i n  types o f  t - r i e d  o r e  bodies 1 l j  
charac te r i  zed by e lectro-chemica l a c t i  v y i y ,  and t he re  a re  
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t heo re t i ca l  reasons f o r  expect ing t h a t  thermal grad ients  

i n  pore water e l e c t r o l y t e s  and contact  po ten t i a l s  between 

bodies o f  ground water o f  d i f f e r i n g  temperature and chemi=sl 

composition may a l so  g ive  r i s e  t o  measurable e l e c t r i c a l  

anomalies. Po ten t ia l  surveys o f  t h i s  type would be 

a t t r a c t i v e  i n  t h a t  they w i l l  have some depth-penetrat ion 

and p o i n t  by p o i n t  observations can be made w i t h  r e l a t i v e l y  

small  e lec t rode spacing." 

Several mechanisms mav con t r i bu te  t o  surface s e l f - ~ o t e z t i a l  

. 
f i e l d s  i n  geothermal areas: streaming po ten t ia ls ,  caused by the 

f low o f  heated water through the subsurface; thermoelect r ic  coupling; 

chemical d i f f us i on ;  and e lect rode react ions.  

Streaming p o t e n t i a l s  would be generated as described : ?  

e a r l i e r  i n  t h i s  chapter, w i t h  negat ive po ten t i a l s  created a t  the 
-. ? > V  

surface by downward water f low through most geologic ma te r i a l s  
,:b " 

except c lay,  i n  which t he  p o l a r i t y  cou ld  be reversed. Thus, 
- 1 1 1 

' I  , I i  

i n  Figure 5-13b, the  cen t ra l  po r t i on  o f  t h e  geothermal area might 

be expected t o  be p o s i t i v e  w i t h  respect t o  the  ou te r  areas, as 

, water i s  ascending a t  the center and descending a t  the  edges. T;?e 

p o t e n t i a l s  would be weakened by the  high temperature and h igh  

dissolved s o l i d  content, and hence high e l e c t r i c a l  conduct iv i ty ,  

of geothermal waters ( Equation 5-41. Even so, the large v o l u m  

o f  moving water t y p i c a l  o f  such areas s t i l l  might generate 

appreciable streaming po ten t i z l s .  

Thermoe l e c t r i  c potent  i a l s are generated by a t e r n p e r a t ~ ~ q  

d i  f ference app l ied across geologic i nhomogenei t i e s  (Nourbehecht, 

1963). Nourbehecht has ca lcu la ted  the  thermoelect r ic  p o t e n t i a l s  

generated a t  t he  surface by a bur ied  sphere o f  e levated tempera-,re 

I!, 1 



(Figure 5-14).  For (a/d) = 1.0, Rz1 = 0.5, and (C - C2) = 0.2, 
I 

t he  maximum p o t e n t i a l  generated a t  the  surface i s  about 8 mv per  

100 O C  o f  temperature d i  f  ference. Thus, t he  'magma chamber o r  

the  ho t  water reservoi  r cou l d generate s i gn i f i cant  thermoe lec t r i c  

p o t e n t i a l s  a t  t he  surface. 

The s o i l  i n  areas o f  surface geothermal a c t i v i t y  genera l ly  

contains a large amount o f  var ious so lub le  sa l t s ,  and t h e  amount 

and type  o f  s a l t  vary widely from place t o  place. If the  s o i l  

conta ins enough moisture t o  d isso lve these sa l t s ,  the s a l t  ions 

w i l l  tend t o  d i f f u s e  away from areas o f  h igh concentrat ion, c rea t i ng  

a f low o f  charge, and thus a p o t e n t i a l  gradient, a long t he  surface. 

These d i f f u s i o n  p o t e n t i a l s  may con t r i bu te  Po t h e  large s e l f - p o t e n t i a l s  

observe i  i n  geothermal areas. - . ,.. 

As discussed i n  Chapter 4, e lectrodes respond t o  tempera- 

t u r e  and concent ra t ion grad ients  ( the  copper-copper su l  f a t e  

e lect rodes usua l l y  used f o r  se l f - po ten t i a l  surveys are p a r t i c u l a r l y  

sensitive t o  temperature changes, according t o  Ewing, 1939). I f  

t h e  two e lect rodes are placed i n  so i  l o f  d i f f e r e n t  temperature, 

a po ia l i k ia l  d i f f e rence  w i  l I be generated: about I mv/*C f o r  a 

Cu-CuSO e lec t roda  pa i r ,  and about 0.14 rnv/OC f o r  a "CoCo7' Ag-AgCI 4 

p a i r .  S im i la r i y ,  i f  t he  electrodes are piaced i n  so i  I s  o f  d i f f e r e n t  

s a l t  content, l i q u i d  j unc t i on  p o t e n t i a l s  w i l l  appear across t h e  

e lec t rode  pa i r .  

As temperature and' concentrat ion d i f fe rences  may a c t  

s i mu l taneous i y on an e l ec t rode pa i t-, cons i derab l e potent  i a l s may 

be developed. I t  i s  good p rac t i ce ,  when conducting a se l f - po ten t i a l  

survey i n  a geothermal area, t o  measure and record the  ground 

temperature a t  each e lec t rode  locat ion,  and poss ib ly  t o  take  s o i l  



Figure 5-14 

Thermoelectric Potent ial  Generation 

(From Nourbehecht , 1963) 
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szmples f o r  l a t e r  analysis.  As s a l t y  mud c l i n g i n g  t o  an e lect rode , 
I ' 

may create d i f f u s i o n  po ten t ia ls ,  the electrodes should be cleaned I 

1 I 
b ;  

thoroughly each ti me they are removed from the  so i  I. '!I 
yi I 

Offshore and onshore se l f - po ten t i a l  surveys were run  i n  

several geothermal areas, as described i n  Chapter 6 .  Although the 

r e s u l t s  o f  these surveys were inconclusive, it appears t h a t  a 

h igh leve l  o f  se l f - po ten t i a l  v a r i a t i o n  does character ize areas o f  

geothermal a c t i v i t y .  This v a r i a t i o n  may prove usefu l  as a t o o l  f o r  

t he  study o f  geothermal systems, bu t  would c o n s t i t u t e  no ise i n  an 

o f fshore  se l f - po ten t i a l  survey f o r  s u l f i d e  minerals i n  a geothermal 

a rea. 

An example o f  poss ib le  geothermal background no ise  Ps 

shown i n  Figure 6-48; w i t h  an e lec t rcde  separat ion S (F igure 5-31 

o f  400 f t  ( 124 rn) , it has an ampli tude o f  about I mv and a - ".*. 
s p a t i a l  wavelength o f  about 600 m i n  about 6 m o f  water, The 

l a rge r  about 10 mv 1 anomaly shown i n  Figure 6-49 a l so  may have 

been due t o  geothermal a c t i v i t y ,  o r  it may have been caused by 

co r rod ing  mater ia l  on the sea f l o o r .  

O f f sho re  gas and o i l  f i e l d s  

According t o  Pi rson (19711, "Gas and o i l  f i e l d s  and 

c e r t a i n  m e t a l l i c  deposi ts a c t  as underground ' f ue l  c e l l s '  which 

generate e l e c t r i c  cur rent .  D i s t r i b u t i o n  and v e c t o r i a l  properties 

o f  these cur ren ts  may be t raced  a t  the surface o f  t h e  ea r th  by 

processing surfsce e l e c t r i c a l  p o t e n t i a l  measurements." The " fue l  

ce 1 I "  a c t i v i t y  apparent ly i s  due t o  t h e  ex i  stence o f  a reducing 

envi  ronrnent above the  o i  l o r  gas reservoi  r, which 1 n te rac t s  w i th  

t h e  surrounding o x i d i z i n g  envi ronrnent t o  produce a flow of 



.? c - r i c a  l cu r ren t  toward the reducing zone, generat ing a negat ive 

Z - : w ~  I y above the reservo i  r. 
I 

From Pi rson 's  discussion, it appears t h a t  such anomalies 

-?, 2 2  o f  t he  order  o f  -60 mv. a t  the  Earth 's surface. A sea- f loor  i s  / I  I 

', j 
I / 

z-z-aly o f  t h i s  magnitude cou ld  be detectable a t  t he  surface. A 
: r  ' 

$:,auld be o f  g rea t  i n t e res t .  

A l l  o f  the no ise cond i t i ons  discussed i n  t h i s  chapter  

would not  (hope fu l l y ! )  e x i s t  a t  the  same time. I n  calm water  

more than I meter deep, i n  an unpopulated area, t he  no ise leve ls  

s h o ~ n  i n  Figures 5-7 and 5-15 a re  t y p i c a l :  less than 0.I mv w i t h  

an s l e c ~ r o d e  separat ion o f  20 t o  40 m and a tow i ng speed of less 

than 5 knots. Under these condi t ions,  anomalies o f  one mv amplitude, - . .- 
such as t h a t  shown i n  Figure 6-24, are  e a s i l y  d iscern ib le 'by  eye. 

, 
I n  rougher water, o r  a t  h igher  towing speeds, t he  noise l eve l  may 

increase t o  0.3 t o  0.8 mv, as shown i n  Figure 5-8. 

Noise l eve l s  h igher  than those mentioned above a r e  n o t  

usual . I n  most cases t h e i  r source i s  easi  !y determined, and may 

be rem\~ec! from t h e  record, i f  desired, by j ud l c i ous  t reatment  of 

the data. (For  example, von Arx (1962) uses a low-pass f i l t e r  on the 

G eomagneti c E l e c t r o k i  netograph t o  remove wave-generated no i  se) . A 

i noi se l eve I o f  a few ten ths  of a m i  l l i vo l t, then, appears t o  be t h e  

expected background f o r  most o f f sho re  se l f - po ten t i a l  surveys, and 

a+ t h i s  no ise leve l  anomalies o f  g rea te r  than one m i l l i v o l t  should 

be easi l y  d i s t ingu ishab le .  





S urnrnary o f  Noise Sources 

Electrodes: No noise observed. 

Cables: About I mv s ignal  caused by turns; up t o  several mv caused 

by waves. Amplitude o f  cable no ise increases w i t h  e lec t rode  

separation. 

Connections: Good connections cause no noise. 

Chart  Recorder: Case should be grounded t o  sea i n  wet weather. 

Noise spikes generated by pounding o f  baat i n  

heavy seas. 

Currents: Up t o  I o r  2 mv zero s h i f t  when t u r n i n g  180° i n  

s t rong cu r ren t  f i e l d .  

Waves: See cables. 

Wake turbulence: Several ten ths  o f  a mv  noise incpc=s.e when boat 

speed i s  increased from 5 t o  10 kt. 

Magnetic f i e l d  va r i a t i ons :  Normally below 0.1 mv; may increase 

t o  I mv f o r  long cables dur ing magnetic 

storms. 

I m, otherwise n e g l i g i b l e  except in  

geothermal areas (see below), 

Corrosion : 

Stray currents:  

Geothermal a c t i v i t y :  Geologic background leve l  increz--A* larqe 

anoma l i es nuy be noted. 



CHAPTER 6 

F L E LO WORK 

"Anomalies are  l i k e  assholes - 
every geophysicist has at least  one? 

Fred Wolper 

Ketchi kan, Alaska 



In t roduc t ion  

F i e l d  t r i a l s  o f  o f f shore  se l f - po ten t i a l  systems were conducted 

i n  th ree  areas: Southeastern Alaska, i n  t he  v i c i n i t y  o f  t h e  city 

o f  Ketchikan; Penobscot Bay, Maine, near Blue H i l l ;  and Punta 

Banda, Baja Ca l i fo rn ia ,  Mexico, near t h e  c i t y  o f  Ensenada. The 

f i r s t  two were areas where s u l f i d e  deposits were known t o  occur  

a t  o r  c lose  t o  shorel ines;  t he  l a s t  i s  an area o f  known o f f sho re  

geothermal a c t i v i t y .  The r e s u l t s  obtained i n  Alaska and Mexico, 

although in te res t ing ,  were inconclusive. I n  Maine, on t h e  o the r  
0 

hand, two very large o f fshore  se l f - po ten t i a l  anomalies proved t o  

be r e  ia tea t o  onshore su l f i de and g raph i te  deposits, and several  

small anomalies appeared t o  be re l a ted  t o  submerged s u l f i d e  depo- 

s i t s .  The r e s u l t s  from each o f  these th ree  areas are-,~isr,ussed 

below. 

A l aska 

The area around Ketchi kan, Alaska (Figure 6-1 1 contains a large 

number o f  ri ch su l f i de deposi ts ,  many o f  which occur a-t o r  near 

shorel ines (Wright  and Wright, 1908; Buddington and Chapin, 1929). 

The su l  f ide-bearing formations are known t o  s t r i k e  o f f sho re  i n  

many locations, present ing ideal  t a rge t s  f o r  o f f shore  sel f -potenl- ia l  

surveying. For Phis reason, and because exce l l en t  Liason wi th 

U.S. Bureau o f  Mines personnel i n  the  area was ava i lab le ,  the 

Ketchikan area was chosen as tbe  f i r s t  t e s t  s i t e ,  

With t h e  inva luable  a i d  o f  M r .  Tom Pittman, a U.S. Bureau of 

Mines f i e l d  geophys ic is t  w i t h  encyclopedic knowledge o f  t he  area, 

a 38 f o o t  salmon g i l l - n e t t e r ,  t he  M.V. "Maggie Deare", was chartered, 

and four  working locat ions were selected. The general loca t ions  



Figure 6-1 

Location of Ketchikan, Alaska 
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are shown i n  Figure 6-2, and more d e t a i l e d  maps o f  each area are 

given l a t e r .  I n  most o f  the areas, M r .  Pi t tman conducted onshore 

se l f - po ten t i a l  surveys whi le  the o f f shore  surveys were being done. 

A v a r i e t y  o f  o f f  shore se 1 f -potent i  a l systems and conf i gurat ions 

was used, as described i n  the f o l l ow ing  sections, 

Hump ls land  

"The Hump I sland-Back l sland area i s  t he  most favorab ly  

located area f o r  i n i t i a l  t r i a l s .  Th is  i s  a copper-molybdenum 

prospect  t h a t  has not  been examined by the  USGS or t h e  USEM. A 

zone o f  su l f i des ,  mostly p y r i t e  i n  sch is t ,  i s  repor ted t o  extend 

two m i l es  from the  south end of  Hump Is land t o  t he  no r t h  end o f  

Back I sland. A t  the south end o f  Hump Is land  The s c h i s t  i s  

rapor ted t o  con ta in  about 10% t o t a l  su l f i des. The repo r t s  a re  

considered t o  be r e  l i ab le." ( L e t t e r  from Mr ,  John J , M I I  l l igan, 

U.S. Bureau o f  Mines, Juneau, Alaska). 

The south end o f  Hump Is land (Figure 6-31, where t h e  s u l f i d e  

zone outcropped a t  the shore l ine and appeared t o  s t r i k e  of fshore,  

was se lected as the  f i r s t  t e s t  s i t e .  Two onshore s e l f - p o t e n i i a l  

surveys were run across t he  s t r i k e  o f  t he  zone, one about 15 m 

no r th  o f  t h e  shore l ine  and one d i r e c t l y  a t  t h e  sho re l i ne  (Figure 

6-41. ( A  l l onshore surveys were made w i t h  a Sharpe model SP5-R 

5-P-Resist iv i ty  U n i t  and Cu-CuS04 electrodes).  A t h i r d  survey 
4 

was made j u s t  of fshore,  using a Kei th ley  model 600A po r tab le  

e lec t rometer  and lead electrodes (Figure 4-31. The r e s u l t s  of 

these t h ree  surveys, shown i n  Figure 6-4, i nd i ca te  t h a t  t h e  

s u l f i d e  depos i t  generated an S-P anomaly which decreased i n  

ampli tude toward the  shorel ine.  

The o f f sho re  survey was run around the e n t i r e  is land,  as 
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c lose  t o  shore as t h e  d r a f t  o f  t he  vessel ( 4  f e e t )  permi t ted .  

As t h e  bottom topography was rugged, w i t h  numerous shoal areas, 

it was u s u a l l y  n o t  p o s s i b l e  t o  approach c l o s e r  than about  20 m 
. - 

f rom shore. Water depth a t  t h i s  d i s tance  averaged about  15 m. 

The system cons is ted  o f  a  p a i r  o f  lead e lec t rodes  d i r e c t l y  

connected t o  a  Var ian model G- 14A-5 c h a r t  recorder .  The reco rde r  

was powered by an i n v e r t e r  run  from t h e  boa t ' s  12 v o l t  system, 

and was grounded t o  t h e  sea w i t h  a  separate lead e lec t rode.  

The lead e l e c t r o d e  e x h i b i t e d  l i t t l e  no ise  w h i l e  be ing  towed 

through calm water  a t  about I o r  2 knots  (F igu re  6-51, b u t  d r i f t  

and non-repeatabi l i t y  were problems. The e  fectrodes would d r i  f t  

5-10 mv p e r  hour d u r i n g  towing, and a  t e s t  s i g n a l  (w i res  f rom a 

9 v o l t  t r a n s i s t o r  b a t t e r y  dipped i n  t h e  water  near t h e  e l e c t r o d e )  

- . L  

o f t e n  would p o l a r i z e  t h e  e l e c t r o d e  several  m i l l i v o l t s .  

Several d i f f e r e n t  towing c o n f i g u r a t i o n s  were t r i e d ,  i n c l u d i n g  

a h o r i z o n t a l  a r r a y  (F igu re  3-81 w i t h  separa t i on  S of  50 m and a 

v e r t i c a l  a r r a y  w i t h  one e l e c t r o d e  a t  t h e  su r face  and t h e  o t h e r  

h e l d  c l o s e  t o  t h e  bot tom w i t h  a  V- f in .  No d e f i n i t e  S-P anomalies 

were seen i n  a n y ' o f  t h e  towed t e s t s ,  i n d i c a t i n g  Phat  (1 )  t h e  

s u l f i d e  zone p inched o u t  o r  plunged very  s t e e p l y  o f f sho re ,  o r  

(2) t h e  s u l f i d e s  cont inued o f f s h o r e  b u t  generated no S-P s igna l ,  

o r  ( 3 )  t h e  equipment used was unable t o  d e t e c t  an e x i s t i n g  S-P 

s i g n a l .  

Judging by t h e  r a p i d  decrease i n  t h e  onshore s i g n a l ,  ( 1 )  

appears t o  be t h e  most reasonable assumption.. As we were unable 

t o  g e t  c l o s e r  than 40 o r  50 m t o  shore a t  t h e  p o i n t s  of maximum 

anomaly shown on F igu re  6-4, it i s  n o t  s u p r i s i n g  t h a t  no ex tens ion  



Figure 6-5 

Signal from Lead Electrodes 



o f  the  onshore s igna l  was detected. A b r i e f  survey by SCUBA 

d ive rs  found no evidence o f  s u l f i d e  outcrops a few meters pas t  

the  low t i d e  l i n e .  Although the  lead e lec t rodes used c e r t a i n l y  

insp i red  l i t t l e  confidence, any s igna l  greater  than a few 

m i l  l i v o l t s  should have been detectable. 

Roe - 

A s u l f i d e  depos i t  conta in ing py r i t e ,  py r rho t i t e ,  cha lcopyr i te ,  

gold, and s i l v e r  i n  mica s c h i s t  i s  located on the shore l ine o f  

Behm Canal, two mi les  south o f  Roe Po in t  (Wright and Wright, 1908, 

p. 347). As shown i n  F igure 6-6, the depos i t  s t r i k e s  of fshare,  

and a small (about 2 m wide) minera l ized ve in  can be seen e n t e r i n g  

t he  water on t h e  face o f  a shore l ine  c l i f f  (F igure 6-71. Unfor- 

tunate ly ,  it was no t  determined whekher t h e  ve in  a t  t h e  sho re l i na  
. I, - 

was continuous w i t h  the  main deposi t .  An onshore S-P survey conducted 

across t he  s t r i k e  o f  t he  deposi t  (Figure 6-81 showed an anomaly of 

-225 mv j u s t  t o  the no r t h  o f  the  deposit ,  and -475 mv j u s t  t o  t h e  south 

( t h e  survey was run about 75 m inshore, p a r a l l e l  t o  t h e  shore l ine ) .  

The bot tom dropped o f f  s teep ly  from t h e  shorel ine, and water 

depth was 20 rn a t  a p o i n t  15 m from the  shore, opposi te the  location 

where the  m inera l i zed  ve in  entered the  water. Th is  was as c l ose  

t o  shore as the  o f f sho re  survey cou ld  be run from the  "Maggie 

Deare", due t o  numerous shoals and snags c l ose r  in .  A l l  o f f sho re  

S-P surveys were made w i t h  the sal  t br idge system shown i n  F igure  

4-5, a t  a speed o f  2-3 knots. 

The f i r s t  o f f sho re  run was made using a surface a r ray  (Figure 

3-81 w i t h  a separat ion S o f  50 m, w i t h  the  forward e lec t rode  

6 rn astern. Unfortunately,  the cha r t  recorder was s e t  a t  100 mv 

f u l l  scale f o r  t h i s  run, and no anomaly was observed oppos i te  t h e  
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Mineralized Vein a t  Shoreline 
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Onshore Self -Potential Survey 
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vein  (F igure 6-91. From the  discussion i n  t he  next  paragraph, 

it appears t h a t  an anomaly would have been seen had a more sens i t i ve  

scale been used ( 10 o r  I mv f u l l  sca le) .  The noise leve l  seen 

i n  Figure 6-8, which appears t o  be about I mv, actua l  l y  was inher-  

en t  i n  t h e  cha r t  recorder and i s o l a t i o n  ampl i f i e r ,  as it d i d  not  

increase as the  s e n s i t i v i t y  was increased i n  l a t e r  runs (F igure 

6-10). 

The second run was made using a v e r t i c a l  a r ray  w i t h  t h e  

reference tube a t  t h e  surface and a V- f in  used t o  ho ld  t h e  lower 

tube t o  a depth o f  20 rn (water depth was j u s t  over 20 m). A small, 

b u t  d e f i n i t e  and repeatable, anomaly o f  about 0.5 m v  ampli tude 

was seen opposi te t h e  vein, about 15 m o f f shore  (Figure 6-10). 

The anomaly was e a s i l y  detectable above the  background no ise leve l  - " + ,  

o f  about 0.1 mv. Stepping on o r  handl ing o f  t h e  s a l t  b r i dge  

tubes produced noise spi  kes o f  several mv. 

As t h e  "Maggie Deare" was unable t o  approach c l ose r  than 

about 15 m t o  shore, a s k i f f  was used t o  tow one tube pas t  t h e  

vein, about I m of fshore,  wh i le  t he  reference tube and c h a r t  

recorder rema i ned aboard the IsMagg i e Deares'. A su rp r i  s i  ngl y 

small, bu t  repeatable anomaly o f  about 4 mv ampli tude was observed 

when cross ing the ve in  (Figure 6-11). I f  the  shore l ine ve in  was 

continuous w i t h  t h e  main ore body, the anomaly along t h e  sho re l i ne  

should have been a t  l eas t  o f  the same order o f  magnitude as t h a t  

shown i n  F igure 6-8. Apparently, it was no t  continuous, and t he  

observed f i e l d  e i t h e r  was the  extension o f  the  f i e l d  from t h e  

mai n body, o r  was generated by the vein. Due t o  t h e  rough topo- 

graphy no onshore survey was run a t  the  shorel ine.  As the geometry 

o f  the  v e r t i c a l  ar ray shown i n  Figure 6-10 was no t  known accurate ly  
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H o r i z o n t a l  Array Survey 
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V e r t i c a l  Array Survey 

Roe Point  

("Markerw r e f e r s  t o  
v e i n  l o c a t i o n )  



F i g u r e  6-11 
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it is impossible t o  s t a t e  whether the  anomaly shown i n  F igure 6-10 

i s  s o l e l y  the  o f fshore  extension o f  the f i e l d  shown i n  F igure 6-11, 

o r  i s  p a r t l y  due t o  an underwater extension o f  the  vein, 

Obviously, the p r o f i l i n g  technique used f o r  the  near-shore 

survey was s low and c l  umsy, and t he  necessary hand1 i ng of t h e  

s a l t  br idge tube aboard the s k i f f  produced the  noise spikes shown 

i n  Figure 6-11. A sel f -contained system, ca r r i ed  aboard t h e  s k i f f ,  

such as t h a t  used i n  Maine (see below) sure ly  would have produced 
1 

b e t t e r  resu l t s .  However,-it was encouraging t h a t  a s igna l  generated 
.s 

by an onshore o re  body ( and poss ib ly  i t s  o f f shore  extension) was 

detected of fshore.  

N ib lack Anchorage 

"The Nib lack mine, a t  the head o f  the  Nib lack Anchorage 

(Figure 6-12)operated from 1902 t o  1909 and consisted o r  ' - 
300-foot sha f t  and about a m i l e  o f  underground workings. Produc- 

t i on ,  est imated on t h e  bas is  o f  incomplete records was a t  least  

1,400,000 pounds o f  copper, 1,100 ounces o f  gold, and 15,000 ounces 

of s i l v e r .  The o re  bodies were replacement deposi ts i n  sch is tase  

greenstone and consisted o f  masses o f  cha l copy ri t e  and p y r i t e  

con ta in ing  small amounts o f  sphaler i te ,  galena, and hematite." 

(Buddingtan and Chapin, 1929, p. 174). Wright and Wright  

(1908, p. 128-1311 g i ve  add i t iona l  informat ion an the  N ib lack  mine. 

An onshore se l f - po ten t i a l  survey run across the  s t r i k a  of 

the  depos i t  gave a se l f - po ten t i a l  anomaly o f  -421 mv (Figure 6-13], 

i nd i ca t i ng  t h a t  s u l f i d e s  s t i l l  remained i n  the  deposit. A p a r a l l e l  

t raverse  run a t  the  shorel ine, however, showed no anomaly. 

Offshore se l f - po ten t i a l  surveys were made using t he  s a l t  b r idge  

system i n  a v a r i e t y  o f  conf igurat ions,  towed p a r a l l e l  and as 
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F i g u r e  6-13 . 

Onshore S e l f - p o t e n t i a l  Su rveys  

Niblack Anchorage 



c lose  t o  shore as poss ib le  (about I 0  t o  20 meters water depth). 

No anomalies were observed. SCUBA d ivers  recovered samples of 

an o f fshore  rock outcrop on s t r i k e  w i t h  the  former o re  body; 

on ana lys is  t he  samples proved barren o f  su l f ides.  From t h i s  

evidence, it seems reasonable t o  conclude t h a t  t he re  i s  no o f f -  

shore extension o f  t h e  Nib lack o re  body. 

McLean A r m  

The Nelson and T i f t  mine, discovered i n  1935, i s  located on 

t he  southern shore o f  McLean A r m  (Figure 6-14). "The deposit, 

which was mined out, was a lens composed mostly o f  aur i fe rous  

p y r i t e  and probably o ther  s u l f i d e s  i n  a roof  pendant o f  cher ty  

marble i n  quartz d i o r i t e .  About 1,300 tons o f  o re  were shipped, 

from which gold, s i l v e r ,  some copper, and a l i t t l e  lead were re- . 
.* , * 

covered. The precious-mstal content ranged from 0.12 t o  2.08 

ounces o f  gold and from 0.05 t o  0.40 ounce o f  s i l v e r  per  ton; 

data  on t h e  copper and lead content a re  not  avai lable."  (Berg 

and Cobb, 1967, p. 175). A large notch had been c u t  i n t o  t h e  

rock a t  t he  shore l ine i o  a l low removal o f  ore  (Figure 6-15). An 

onshore se l f - po ten t i a l  survey across t h e  s t r i k e  of the former 

o re  body showed an anomaly o f  on ly  -15 mv (Figure 6-16); 

apparently, t he  o re  had been thoroughly mined out. 

Maneuverabi l i ty  was so r e s t r i c t e d  i n  the  area of t he  mine 

t h a t  no o f fshore  se l f - po ten t i a l  surveys were attempted w i t h  t h e  

"Maggie Deare"; instead, a l l  surveys were made w i t h  one tube o f  

t he  s a l t  br idge held a t  t he  anchored "Maggie Deare" wh i l e  t he  

o ther  was ca r r i ed  on t h e  s k i f f  (Figure 6-15). Great excitemenf 

was occasioned when a large, but  r a the r  suspicious- 1 ooki ng, 
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signa! was repeatedly recorded a t  po in t  (a)  on survey : ' - 2  

(3) and p o i n t  (b) on survey l i n e  ( 4 )  (Figure 6-17), a~:?r?.-- lv 

on l ine  w i t h  t he  s t r i k e  o f  the former ore body. A f t e r   he 

anomaly had been thoroughly surveyed, t he  excitement c i &  b\-tn 

it became apparent t h a t  t he  "anomaly" was due t o  a leak: cc-?action 

i n  t h e  s a l t  br idge tube which entered and l e f t  t h e  water as the 

tube was pul  led o u t  and fed i n  from t h e  "Maggie Deare". As our 

t ime i n  Alaska had run out, the  expedi t ion thus came t o  an 

i ng l o r  ious end. . 
Maine 

I n  September, 1971, a t  the  i n v i t a t i o n  o f  Mr .  Frederick M. 

Beck o f  t he  Callahan Mining Corporation, an of fshore se l f -?o ten t ia [  

survey was run i n  t he  waters nor th  o f  Cape Rosier, r~;~;,ia 

(Figures 6-18 and 6-19). Many onshore s u l f i d e  deposits are 

known t o  e x i s t  i n  t he  area (prospects are ind icated by the 

c i r c l e d  numbers i n  Figure 6-20; from Young, 1962). The Penobscot 

Mine, c u r r e n t l y  ( i n  1971 1 producing copper and zinc ore, i s  

ind icated on F igure 6-19, and i s  shown as l oca t i on  7 on Figure 6-20 

(Beck, 1970). The submerged area around Ram I s land  was of 

p a r t i c u l a r  in te res t ,  due t o  i t s  p rox im i ty  t o  t h e  Penobscot Mine, 

and some shows o f  s u l f i d e s  on the  island. 

The onshore su l  f ide depoc ts i n  t h e  area are known t o  produce 

se l  f -po ten t i  a l f i e  l ds (Young, 19621, and an onshore survey run 

over a recen t l y  discovered massive s u l f i d e  deposit, lccatec! south 

o f  t h e  Penobscot Mine and covered by about 60 m of overburden, 

showed an anomaly o f  about -200 mv (F igura 6 21). Thus, the  
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Location Map , Maine 

From Beck (1970) 
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prospects f o r  t he  existence of o f f shore  se l f - po ten t i a l  f i e l ds ,  

caused by submerged o r  onshore s u l f i d e  deposits, appeared good. 

The o f fshore  se l f -po ten t ia l  surveys were run i n  two general 

areas: t he  body o f  water surrounding Ram Is land and bounded by 

Holbrook and Naut i lus  Islands on t he  east; and up t h e  Bagaduce 

River, from Castine t o  the  area label led "Narrows1' ( the  survey 

l i n e s  a re  shown i n  Figure 6-19). A l l  o f f shore  surveying was 

done us ing t h e  system shown i n  Figure 4-27, which was c a r r i e d  

aboard an open 14 f o o t  ( 4.3 m aluminum s k i f f  powered by .a 

10 horsepower outboard motor. As t h e  water genera l ly  was calm, 

and popula t ion sparse, noise leve ls  usua l l y  were very low -- 
t y p i c a l l y  less than a few tenths o f  a  m i l l i v o l t  (F igure 5-15). 

Because o f  i t s  p rox im i ty  t o  t h e  operat ing Penobscot Mine, 

t h e  water area surrounding Ram Is land was o f  f h s  g rea tes t  i n te res t ,  

and was surveyed f i r s t .  Despite t he  dense survey p a t t e r n  

(Figure 6-19), on ly  one se l f - po ten t i a l  anomaly was recorded i n  

t he  area. It was located o f f  the  nor thern end o f  Holbrook 

Island, and i s  discussed (as Anomaly # I )  below. Otherwise, the 

record i n  t h e  area was as shown i n  Figures 5-10 and 5-15. 

Two land-based se l f - po ten t i a l  surveys were conducted f r o m  

Ram Island, ( l i n e s  2 and 3 i n  F igure 5-22] w i t h  t h e  reference 

e lec t rode  and the operatcr  located a t  t h e  shoref ine. The 

scanning e lect rode was c a r r i e d  o u t  500 f e e t  (153 m 1 by t h e  boat, 

and then was towed i n  over the  bottom toward shore. The s i gna l  

level  a long these l i nes  was very low; less than two m i l l i v o l t s .  

L ine 1 (Figure 6-22), an onshore survey on Ram Island, showed 

s i m i l a r  low levels,  even m a r  shows o f  disseminated su l f i des .  





This lack of bottom se l f - po ten t i a l  a c t i v i t y  apparently i s  re- 

f lected i n  the q u i e t  nature af the  o f fshore  record i n  t h i s  area. 

Beside the  anomaly mentioned above, three o ther  large o f f sho re  

se l f -po ten t ia l  anomalies were recorded (Figure 6-23); one between 

Middle Ground and T r o t t  Ledge, one east  o f  Negro Island, and one - - 

west o f  Jones Poin t .  Each o f  these i s  discussed i n  t u r n  below. 

Area #I (North end o f  Hol brook I  sland) 

An anomalv o f  about one m i l l i v o l t  a r n ~ l i t u d e  was observed I 

repeatedly j u s t  o f f  t h e  northern end o f  Holbrook i s land  (F igure 6-24]. 

The anomaly was detected over an i n te r va l  o f  about 150 meters along 

the l i n e  from Naut i lus  Rock t o  Ram [s land which ran c1~ses-t to  

Holbrook Island. In tegra t ion  o f  the  observed g rad ion t  anomaly 

gives a  t o t a l  f i e l d  anomaly amplitude o f  about 0.5 mv (F igure 6-25). 

The source f o r  t h i s  t o t a l  f i e l d  anomaly may be s imulated by a 

buried, inc l ined  cu r ren t  dipole, w i t h  t h e  s ink  c l ose r  t o  the  

surface and toward t he  northwest. 

A b r i e f  inves t iga t ion  o f  t h e  rocks near t he  no r th  end o f  

Holbrook Is land showed no su l f ides ,  bu t  some disseminafed s u l f i d e s  

were found ( i n  very small q u a n t i t i e s )  i n  rocks along t h e  southerh 

shore o f  Nauti  I us I  s  land. Ana l ys i s o f  fhese rocks showed 0 -1  1 $ 

copper, 0.09% lead, and 9.38% zinc. : 

Whether these su l f ide-bear ing rocks were responsible for the 

offshore se l f - po ten t i a l  anomaly i s  d i f f i c u l P  t o  say. As the 

anomaly ampli tude was g rea tes t  c lose t o  Holbrook Island, and b 

creased t o  zero on the l i n e  c lose t o  Naut i lus  Island, it' i s  

cur ious t h a t t h e  su l f ide-bear ing rocks were found only or 

Island. There was no evidence o f  cables, p ipe l ines,  o r  
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human a c t i v i t y  i n  the area, so it seems reasonabfe t o  assume t h a t  

the observed anomaly was a  se l f - po ten t i a l  s igna l ,  generated by a 

submerged mineral deposi t .  This assumption i s  strengthened by t he  

negat ive p o l a r i t y  o f  the  t o t a l  f i e l d  anomaly, which would be 

expected o f  a  s u l f i d e  se l f - po ten t i a l  f i e l d .  

The onshore geology was complex, and it was impossible To 

determine, i n  t he  t ime ava i lab le ,  whether the s t r i k e  o f  the  s u l f i d e  

bear ing format ion on Naut i l us  Is land was i n  t h e  d i r e c t i o n  o f  t he  

observed o f f shore  anomaly. However, it was encouraging t h a t  an 

o f f sho re  se l f - po ten t i a l  f i e l d  d i d  lead t o  the discovery o f  s u l f i d e -  

bear i ng rocks nearby. 

Area #2 (Middle Ground t o  T r o t t  Ledae) 
- - 

An anomaly w i  t h  an observed amp l i tude of about 9 mv, was measwed 

over an area extending from south o f  Middle Ground t o  n o r t h  of  - . . - >  

T r o t t  Ledge (F igure 6-23). The measured anomaly, which was of 

equal ampli tude on both survey l ines,  i s  shown i n  F igure 6-26, and 

t he  i n t e g r a t i o n  o f  the anomaly i n  Figure 6-27. The i n teg ra ted  

anomaly has a  t o t a l  ampli tude o f  about 35 mv , but, as t h e  zero 

leve l  o f  t h e  observed anomaly was uncertain, the  zero l eve l  of 

t he  i n teg ra t i on  i s  somewhat a r b i t r a r y .  This t o t a l  f i e l d  anomaly 

cou ld  be generated by an i nc l i ned  cur ren t  d i po le  w i t h  t h e  s i n k  c l ose r  

t o  the surface and toward t he  southwest. 

The anomaly extends over  a  consi derab i e  d i  stance; near l y  I krn 

between peaks, and about 2.5 km ove ra l l .  As Phe survey l i n e s  were 

several hundred meters f rorn both shores, and as no p i p e l  ines or 

wrecks were ind ica ted  on the chart ,  it does no t  appzar t h a t  any 

human a c t i v i t y  cou ld  be responsible f o r  t he  anomaly. The lack o f  

known onshore s u l f i d e  deposi ts i n  the area, and t h e  approximate 



Figure 6-26 . 

Anomaly .# 2 

(Middle  Ground to Trott Ledge) 





correspondence o f  the  peaks o f  the anomaly w i t h  the  shoal areas a t  

Middle Ground and T r o t t  Ledge, suggest t h a t  t he  s ignal  emanated from 

t h e  bottom, q u i t e  pcss ib ly  from a submerged mineral deposi t .  As 

w i t h  anomaly # I ,  t he  f a c t  t h a t  the cur ren t  s i nk  was c l o s e r  t o  the  

surface argues i n  favor  o f  a mineral se l f - po ten t i a l  f i e l d .  Unfor- 

tunate ly ,  lack o f  t ime precluded f u r t h e r  exp lo ra t i on  o f  t h e  area, 

Area #3 (Opposite Negro Is land)  

A very large se I  f -potent i  a l anomaly was observed i n  t h e  Bagaduce 

River, j u s t  no r th  o f  Negro l  stand (Figure 6-23). Three runs were 

made across the anomalous area, a t  est imated distances of 100 f t  

(30 m 1, 400 f t  (122 m ) and 700 f t  (213 m 1 from the eas te rn  

shore. The length o f  the  anomaly ranged from about I km a t  

100 f t  t o  1.4 km a t  700 f t  of fshore.  A t  100 f t  t he  ampl i tude 

of t he  g rad ien t  anomaly was about 110 mv , and the  t o t a l  f i e l d  
- . .  

anomaly was about - 210 mv (Figures 6-28 and 6-29). A t  400 and 

700 f t  t he  grad ient  ampli tude was about 25 mv and the  t o t a l  

f i e l d  ampli tude about -65 mv (Figures 6-30 through 6-33). 

The format ion responsible f o r  the anomaly outcropped on the 

eastern shore o f  the Bagaduce River  ( p o i n t  m, Figure 6-23), 

d i r e c t l y  opposi te the  p o i n t  of maximum ampli tude of tha to4al 

f i e l d  anomaly. I t  consisted o f  graphi te  shales and quar tz i tes ,  

heav i l y  in te r laced  w i t h  p y r i t e ;  the amount o f  p y r i t e  reaching 

up t o  25% i n  p laces ( e s t i  mated by eye). Analysis o f  the rocks  

showed 0.02% copper, 0.05% lead, and 1.45% zinc. The g r a p h i t e  

was h igh I y conductive: the res is tance o f  a hand specimen measuring 

about 16 cm by 6 cm by 2.5 cm was about 250 ohms, g i v i n g  a r e s i s t i -  

v i t y  o f  about 2.5 ohm-meters. 

This formation i s  undoubtabl y t h a t  described by W i  ngard 
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Anomaly # 3 b  (400 ft. offshore) 





Figure 6-72 

Anomaly ,# 3 c  (700 ft. offshore) 
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(1961, p. 41 1: ''East o f  Negro Island, a se r i es  of black, g raph i te  

s l a tes  and quar tz i tes  occurs bu t  soon disappears bensath cover. 

The same rock types on the south shore o f  Hatch Cove a l s o  disappear 

beneath cover." Thus, the format ion would seem -bo extend t o  the 

southwest beneath the  Bagaduce River. Th is  p o s s i b i l i t y  i s  re in fo rced  

by the  f a c t  t h a t  the amplitude o f  the  o f fshore  anomaly was v i r t u a l l y  

t he  same a t  400 f t  and 700 f t  from the  eastern shore, imply ing 

t h a t  a t  leas t  p a r t  o f  the  s ignal  emanated from t h e  r i v e r  bed. 

Th is  i n te rp re ta t i on  i s  complicated by t he  f a c t  t h a t  t h e  Emerson- 

North Castine prospect (number I, Figure 6-20) i s  located on t he  

opposi te (west) shore o f  the r i ve r ,  j u s t  nor th  of t h e  anomalous 

area. Young (1962, p .  191, describes a se l f - po ten t i a l  anomaly 

o f  -125 mv over t h i s  prospect, which showed p y r i t e ,  sphaleri-ke, 

galena', and cha lcopyr i te  minera l izat ion.  However, t h i s  anomaly 
.* .+ - 

was o r ien ted  roughly p a r a l l e l  w i t h  t h e  r i ve r ,  and decreased i n  

ampli tude toward the  shorel ine, so it i s  doubtfu l  whether t h e  

of fshore extension o f  the  Emerson-North Castine anomaly s i g n i f i c a n t l y  

con t r ibu ted  t o  the observed o f fshore  anomaly. ft  Is more probable 

t h a t  the o f fshore anomaly was generated by t h e  h i g h l y  conduct ive 

graphi i - ic  formation described by Wingard. 

Using Figure 3-18, the  p o i n t  cu r ren t  sink magnitude necessary 

t o  generate an o f fshore  s ignal  o f  -200 mv a t  30 rn may be estimated 

as about -60 amps (water sa I i n i t y  was 29.4 I .  As t he  format ion 

outcrops, t h i s  cu r ren t  s ink  e x i s i s  d i r e c t l y  a t  the surface, and 

must generate a very large se l f - po ten t i a l  f i e l d  on shore. Unfor- 

tunate ly ,  access t o  the  shore (which was p r i v a t e l y  owned) was 

d i f f i c u l t ,  and lack o f  t ime precluded any at tempt a t  an onshore 

se l f - po ten t i a l  survey. 



Area #4 (Jones Po in t )  

Another very large anomaly (Figure 6-34) was seen o f f  the 

northwestern t i p  o f  Jones Po in t  ( p o i n t  n, F igure 6-23). Unfor tunate ly  

our v i s i b i l i t y  was r e s t r i c t e d  by d r i v i n g  r a i n  ( t h e  remnants of 

hurr icane He id i )  which, together w i t h  a powerful t i d a l  c u r r e n t  and 

headwind, prevented us from c o ~ p l e t i n g  t h e  run through the  anomalous 

area. However, t he  data taken was s u f f i c i e n t  t o  es tab l i sh  t h e  

t o t a l  f i e l d  anomaly ampli tude as about -300 m v  , along  a f i n e  about 
I 

100 f t  ( 30 m 1 of fshore  (Figure 6-35). Two samples sf sandy . 
shale taken from outcrops a t  the  shore l ine showed about 89 disseminated 

p y r i t e  by v 5ual inspection, and on ana lys is  were found t o  con ta in  

10.86 and 1 1  -33% zinc, 0.03 and 0.02% copper, and 0.0002$ and 0% 

lead. 
, 

Young (1962, p. 47) descr i  bes the Jones ?rsspect, located a t  the 

nor thern end o f  Jones Po in t  (number 8, F igure 6-20), as being 

l o c a l l y  r i c h  i n  sphaler i te ,  galena, chalcopyr i te,  chalcoci te,  and 

' p y r i t e .  H is  se l f - po ten t i a l  survey o f  thearea showed peak v a l u e s  

o f  -225 mv a t  The locat ions ind icated by The "X" marks i n  F igure  6-23, 

As the  o f fshore  se l f - po ten t i a l  anomaly i s  o f  g r e a t e r  amplitude than  

t h a t  rneesn~ed on shore, t h e  probabl l i t y  i s  s t rong that  the depos i t  

extends beneath t h e  r i v e r  bed, poss ib ly  wi th an even greater degree 

o f  m inera l i za t ion .  Th is  area d e f i n i t e l y  seems to  be worthy of f u r t h e r  

inves t lga t ion .  

Summary 

The r e s u l t s  o f  the f i e l d  work i n  Maine were, obviously, very 

encouraging. Two o f  the  four  o f fshore se l f - po ten t i a l  anomalies 

(#3 and #4)  were found t o  be r e l a t e d  d i r e c t l y  t o  nearby conductive 

deposits; one o f  g raph i te  and p y r i t e  and the o the r  of ore-grade 
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su l f i des .  Anomaly # I  led t o  the discovery o f  z i n c - r i c h  rocks on 

shore (although the  anomaly may have been generated by a submerged 

depos i t ) .  Only the  o r i g i n  o f  anomaly #3 remains a comptete mystery, 

although it i s  d i f f i c u l t  t o  imagine any source o t h e r  than minera l  

se l f - po ten t i a l  f o r  a po ten t i a l  f i e l d  w i t h  a length o f  4 krn. 

I t  was unfor tunate t h a t  anomalies #3 and #4 were discovered 

a t  t h e  very end o f  our  a1 toted t ime i n  Maine, and t h a t  de l i nea t i on  

o f  these anomalies had t o  be ca r r i ed  o u t  i n  a s i n g l e  day, i n  a 

b l i n d i n g  rainstorm. Careful de l inea t ion  and ana lys is  o f  these 

o f f sho re  se l f - po ten t i a l  f r e l d s  and t h e i r  r e l a t i o n  t o  the l o ca l  

geology would be o f  great  value i n  the study af o f f sho re  and onshore 

se l f - po ten t i a l  generation. 

Geothermal f i e l d  dork 

As discussed i n  Chapter 5, areas o f  geothermal a c t i v i t y  may 

have h igh level  s o f  su r f  ace se l f -potent ia  I . The r e s i l t s  o f  

onshore se l f - po ten t i a l  surveys conducted i n  geothermal areas i n  

C a l i f o r n i a  and Nevada, and onshore and o f fshore  surveys conducted 

near Ensenada, Baja Ca l i f o rn ia ,  Mexico are presented below, and 

discussed i n  a summary secf ion.  

Byron Hot Springs, Cal i f o r n i a  

Byron Hot Springs, about a m i l e  south o f  t h e  town o f  Byron i n  

Contra Costa County, C a l i f o r n i a  (Figure 6-36), was t he  loca t ion  o f  

a t h r i v i n g  r e s o r t  i n  t he  l a t e  l&OO1s and e a r l y  1900's (Bohm, 1971, 

p. 94; I re lan,  1888, p .  163; Waring, 1915, p. 109; Root, 1927, p. 17). 

According t o  I re lan ,  "The spr ings are s i tua ted  i n  a small v a l l e y  

leading from the  San Joaquin p la i ns  westward toward Mount Diablo. 

The center  o f  t h i s  va l l ey  i s  f i l l e d  w i t h  a l i gh t -co lo red  adobe clay, 

caused by the decomposition o f  the calcareous shales, of  which a g rez t  
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p o r t i o n  o f  the  neighboring h i l l s  a re  formed. The c lay  i s  covered i n  

many places by sand, r e s u l t i n g  from d i s i n t e g r a t i o n  of  adjacent 

sandstones. I t  i s  i n  t h i s  c l a y  t h a t  Byron Springs rise." 

Apparently, sometime between 1927 and the present t h e  spr ings 

went dry.  The reso r t  i s  now i n  ru ins,  and no geothermal a c t i v i f y  

i s  observable. Nevertheless , as the area was convenient ly  located, 

and as t h e  present owners, M r .  and Mrs. R.H. Burr, were interesl-ed 

i n  t he  poss ib le  rejuvenat ion o f  the  springs, a s e l f - p o t e n t i a l  survey 

was run across the  va l ley f loo r  on January 12, 1971 - The survey 

I i ne, centered between the  L i ve r  and Kidney Spr ing and t h e  Sw imrnlng 

Pool, i s  shown i n  Figure 6-36, and t h e  survey r e s u l t s  i n  F igure 6-37, 

Rocky Point ,  C a l i f o r n i a  

"A warm spr ing t h a t  i s  m i l d l y  sulphurated r i s e s  on t h e  beach 

about 6 m i les  . northwest . o f  Po in t  Bonita. It i s  lca;::*f  known as 

Rocky Po in t  Spring, bu t  it i s  exposed on ly  a t  low t i d e  and i s  of 

l i t t l e  importance" (Waring, 1915, p. 80). Even though "of l i t t l e  

importancell, t he  occurrence o f  shore I i ne geothermal a c t i v i t y  was of 

i n t e r e s t  f o r  t h i s  work. Accordingly, a se l f - po ten t i a l  survey was run 

along t he  t i d e !  ine, across t he  warm spr ing  area (Figure 6-38] , 

Temperature and se l  f -po ten t ia l  are shown i n  Figure 6-39. 

Spencer Hot Springs, Nevada 

Spencer Hot Springs i s  an a c t i v e  geothermal area i n  c e n t r a l  

Nevada (Figure 6-40). A geophysical survey o f  the area, i nc l ud ing  

ground magnetics, shal low electrornagnetics, se l f - po ten t i a l ,  and 

d i  pole-d i po le  r e s i s t i v i t y ,  was performed by a group from t h e  

Un i ve rs i t y  o f  Ca l i fo rn ia ,  Berkeley, on November 10-12, 1972. The 

se l f - po ten t i a l  l i n e s  are shown i n  F igure 6-41, and t h e  data in  

Figures 6-42 through 6-44. 
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Figure 6-40 

Spence r  Hot S p r i n g s ,  Nevada 

Spencer Hot Springs 15' kadrangle 
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Figure 6-43 

Self- P o t e n t i a l  on Tie L i n e s  A Sc B 
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Considerable d i f f i c u l t y  was experienced w i t h  e lect rode 
$ 
.I po la r i za t ion ,  resul t i ,ng from the  accumulation o f  s a l t y  mud on t he  q 

' I  
'ii 

electrodes, dur ing these surveys. Cleaning t he  e lect rodes thoroughly 'F 191 
L 

between readings helped a l l e v i a t e  t h i s  problem, and the data i s  
ib 
I )  

probably accurate t o  w i t h i n  + 5 m i l l i v o l t s .  - 
Punta Banda, Ba j a  Ca l i f orn i a, Mexi co 

The Punta Banda peninsula forms the  southern boundary of 

Bahia Todos Santos, Baja Ca l i fo rn ia ,  Mexico (F igure 6-45). Onshore 

and o f fshore  geothermal a c t i v i t y  i s  associated w i t h  Phe Agua Blanca 

fau lP system. Hot spr ings eMrge  from the  beach j u s t  east  o f  the  

town o f  Punta eanda, ( l o c a t i o n  A, Figure 6-46), and from t h e  sea 

f l o o r ,  i n  30 m deep water, o f f  the southwestern shore o f  the 

peninsula ( l o c a t i o n  B, Figure 6-46). 

A f  t he  i n v i t a t i o n  o f  Dr. R.B. McEuen o f  San Diego S ta te  .., . %. *> 

Un ivers i ty ,  Ca l i f o rn ia ,  who was conducting geophysical s tud ies of 

the  area w i t h  a group from the  Universidad Autonoma de Baja 

Ca l i f o rn ia ,  o f f shore  se l f - po ten t i a l  surveys were run along t h e  

l i n e s  shown i n  Figure 6-46. The work was done i n  conjunct ion w i t h  

Dr. Ugo Conti, o f  t he  Un ivers i t y  o f  Ca l i fo rn ia ,  Berkeley, who used 

an underwater environmental moni tor  (Conti, 19721, t o  record 

temperature, s a l i n i t y ,  d issolved oxygen, pH, Eh, and ambient 

l i g h t  leve l  along t he  survey course. 

An onshore se l f - po ten t i a l  survey was run along t h e  beach, east 

o f  t he  town o f  Punta Banda, where t h e  ho t  spr ings emerge (po in t  D 

t o  p o i n t  A, F igure 6-46), w i t h  the  r e s u l t s  shown i n  Figure 6-47 . 
Good o f fshore  data was obtained between po in t s  E and F, F igure 6-46. 

Runs between p o i n t s  F and G were hampered by heavy seas, (Figure 5-51 

and a survey run ins ide  Estero de Punta Banda (po in t s  H t o  I, 







Figure 6-47 

Shoreline Self -Potenti21 Survey 
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Figure 6-46) gave i n v a l i d  data (Figure 5-41 due t o  a laaky cable 

s p l i c e  made a f t e r  t he  cables were c u t  by t h e  p rope l l e r  o f  t h e  i I 
towing vessel C a 24 foot, open, d iese l  powered boat). 

The o f fshore  data, w i t h  wave noise (Figure 5-31 removed, i s  

shown i n  6-48. A large anomaly observed a t  p o i n t  J, Figure 6-46, 

i s  shown i n  Figure 6-49, and the  i n teg ra t i on  o f  the anomaly in 

Figure 6-50. 

Discussion o f  geothermal data 

Except f o r  higher-than-normal background no ise levels, 

it i s  d i f f i c u l t  t o  see any t r u l y  d i s t i n c t  pat terns i n  t h e  s e l f -  

po ten t i a l  data taken i n  onshore geothermal areas. The onshore 

surveys conducted a t  Byron Hot Springs (Figure 6-37) and Spencer 

Hot Springs (Figure 6-42) appear t o  show t h a t  the  cen t ra l  area of 

warm spr ing  a c t i v i t y  ( former a c t i v i t y  i n  Byron) i s  p o s i t i v e  w i t h  
___ -. .- 

respect t o  t he  ou te r  edges o f  the area, by about 25 mv a t  Byron, 

and about 35 mv a t  Spencer Hot Springs. This t r end  i s  no t  pronounced 

and may be associated w i t h  topography as wel l  as geothermal activii-y, 

The t i e  l i n e s  run a t  Spencer Hot Springs (Figures 6-43 and 44) 

show st rong se l f - po ten t i a l  a c t i v i t y .  The large (-100 mv 1 anomaly 

a t  450 f t  on l i n e  B i s  associated w i t h  a large warm sp r i ng  (which 

once fed a swimming pool )  and appears a l so  t o  show on l i n e  A, 500 feet 

f u r t h e r  east. A s i m i l a r  large anomaly i s  seen on l i n e  C, i n  t h i s  

case associated w i t h  a f a u l t .  Whether any o f  these onshore 

anomalies a re  due t o  water moving along a fau lP zone, t o  chemical 

d'"..-' i I I US i GI-, , u~ iv born oiiler cause i s I mposs i b i e t o  say w i thou t  

f u r t h e r  geo log i  c study o f  the  areas. 

I n  con t ras t  t o  the in land  locations, the  se l f -po ten t ia l  surveys , I  1 
run along sandy shore l ines show very l i t t l e  se l f - po ten t i a l  a c t l  
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s ignal  leve ls  o f  less than 5 mv over 1000 feet, except when the  
1 1  ll 

scanning e lect rode was immersed i n  a  fresh-water creek. Po ten t i a l  
# 

d i f fe rences  o f  on ly  a  few tenths o f  a  m i l l i v o l t  were observed when 

the "CoCoT1 e lect rode was immersed i n  a  warm spr ing  and then i n  cool 

sand a  shor t  d istance away, as a t  500 feet .  The area o f  warm 

spr ing  a c t i v i t y ,  from about 500 t o  900 feet, was 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  i n  po ten t i a l  from the i nac t i ve  area south o f  Wsbb Creek. 

The survey run along t he  shore l ine near Punta Banda (Figure 6-47) 

showed a  s i m i l a r  q u i e t  background leve l  u n t i l  t h e  h o t  s p r i n g  area 

was reached a t  about 700 f ee t .  Two large ,se l f -po ten t ia l  "spikes" 

were seen i n  t h i s  area: one o f  -46 mv a t  750 f t  , where the 

tenperature was 25OC ( the background temperature o f  ._ t h e  . , - .  sand was 

17OC); and, one o f  -44 mv a t  850 f t  where t he  temperature was 

35' to  90°C (these two temperature readings were taken on ly  a few 

cm apar t ) .  

Obviously, the se l f - po ten t i a l  readings (which were repeatable 

to I or  2 mv 1 dl i d  no t  co r re la te  d  i r e c t  l y  w i  t h  temperature, nor 

were they due t o  changes i n  water chemistry, as t he  readings a re  

too great  by an order  o f  magnitude (see Chapter 4) .  As no evidence 

of p ipe l i nes  o r  o ther  m e t a l l i c  ob jec ts  was seen nearby, t h e  o r i g i n  

of these large se l f - po ten t i a l  s igna ls  i s  no t  clear. It can o n l y  

be sa id  t h a t  they appear t o  co r re la te  w i t h  t he  ho t  sp r i ng  a c t i v i t y - -  

i n  d i r e c t  con t ras t  w i t h  the r e s u l t s  obtained a t  Rocky Point .  

The of fshore  record a t  Punta Banda (Figure 6-48) shows a h igher  

geologic background s ignal  leve l  (by about an order o f  magnitude, 

i n  water s i x  t imes as deep) than t h a t  seen i n  e i t h e r  Alaska o r  

Maine. That the s ignal  i s  associated w i t h  t h e  sea f l o o r  i s  ev iden t  



from t h e  c o r r e l a t i o n  o f  the  records taken on d i f f e r e n t  days. 

Although the courses were not exac t l y  the  same on both days, 

and t h e  boat 's speed was not constant, the two records i n  Figure 6-48 

do appear t o  c o r r e l a t e  i n  many areas, p a r t i c u l a r l y  between 0 and 

about 750 meters, and between 1800 and 2300 meters. 

Whether t h i s  s ignal  i s  due t o  geothermal a c t i v i t y  i s  n o t  c lear .  

Simultaneous records taken by Conti (1972, pc  153-1541 show no 

outstanding anomalies i n  the  monitored parameters, i n d i c a t i n g  t h a t  

no large sca le  geothermal a c t i v i t y  occurs a t  the sea f l o o r .  Deeper 

geothermal a c t i v i t y ,  howev8rJ could have been responsible f o r  t he  

h igh  se l f - po ten t i a l  s igna l  level .  

A r e l a t i v e l y  large se l f -po ten t ia l  anomaly (F igure 6-49), 

about f ~ u r  t imes greater  i n  ampli tude than t he  background described 

above, was observed a t  p o i n t  J on Figure 6-46. The j-n+agral o f  
-" 

t h e  measured grad ient  anomaly, shown i n  Figure 6-50, has an ampli tude 

o f  about -8 rnv. Data taken by Conti(1972, p. 153-1541 a t  t h e  same 

l oca t i on  shows a s l i g h t  anomaly i n  the  s a l i n i t y ,  temperature, and 

disso lved oxygen levels, i n d i c a t i n g  t h a t  geothermal a c t i v i t y  may 

have been responsible f o r  t h e  se l f - po ten t i a l  anomaly ( the area 

was n o t  f a r  irorr~ the  ho t  spr ings on the beach). Urrf.ortunately, 

t h e  presence o f  f i s h i n g  nets  i n  t h e  area hampered f u r t h e r  d e t a i l i n g  

o f  the  anomaly, and l o g i s t i c  problems precluded a plannad invest i-  

ga t i on  by SCUBA divers. 

I n  summary, the r e l a t i o n s h i p  between geothermal a c t i v i t y  and 

se l f - po ten t i a l  remains unclear. I f  o f f shore  s u l f i d e  depos i ts  are 

being sought i n  a geothermal area, the increased noise level and 

poss ib le  large anomalies might prove a nuisance. I f  t he  geothermal 

a c t i v i t y  i t s e l f  i s  of in te res t ,  se l f - po ten t i a l  may prove use fu l  i n  



l o ca t i ng  o r  de l ineat  i ng geotherma l areas. The subject  i s of great  

p r a c t i c a l  in te res t ,  and i s  worthy o f  f u r t h e r  t heo re t i ca l  and f i e l d  

inves t iga t ion .  

Costs 

An est imate o f  the cos t  o f  o f f shore  se l f - po ten t i a l  prospect ing 

may be made, based on the  f i e l d  work done i n  Maine and Mexico. 

Assuming a towing speed o f  4 mi les  per hour, and 5 hours of actua l  

p r o f i l i n g  per day, 20 l i n e  mi les  (32 km) would be a conservat ive 

est imate f o r  d a i l y  coverage. 

The type of  boat requi red depends upon t h e  expected sea state,  

I n  calm, she l tered waters, a  10 f t  ( 3  m 1 i n f l a t a b l e  rubber boat, 

o r  a  14 f o o t  (4  m 1 aluminum s k i f f ,  ava i l ab le  with motor and f ue l  

f o r  less than $20 per  day, has been found sa t i s fac to ry .  I n  

rougher water a  high-freeboard boat o f  15-25 f e e t  (5 3-rn 1 length, 

genera l l y  ava i l ab le  f o r  less than $100/day, usua l l y  w i l l  s u f f i c e .  

AlThough an ind iv idua l  could run a survey alone, t h e  use o f  

two people, one t o  run t he  boat and one t o  navigate and watch 

the  c h a r t  recorder, i s  recommended. Estimated d a i l y  expenses, 

based on the use o f  two operators, are  tabu la ted below: 

%at and fue l  $100 

Equipment ren ta l  and deprec ia t ion $ 50 

Operator sa l a r y  and overhead $300 

Data reduct i on and ana l y s i s 5 1 50 - 
$600/day 

For 20 l i n e  mi les  per  day, t h i s  would be about f3Q per  l i n e  

m i  le ( o r  $ I 9  per l ine  km. 1 ,  less t r a v e l  expenses. I t  might be 

poss ib le  t o  run a magnetometer o r  o the r  geophysical instrument 
% 

L*,, 



simulianeously w i t h  the self-potential, thus reducing the 

line-mile cost for both. 



Appendix 2-1 

Current F l o ~  

Ins ide Pioe 

The res is tance R o f  a conductor o f  cross-sectional area A, 

length L, and r e s i s t i v i t y  i s 

The cur ren t  I f o r  a g i ven potent  i a l drop A V i s  thus 

For the f i r s t  Duri ron p ipe  used, t h e  ins ide  diameter was 6.7 cm, 

and t h e  r e s i s t i v i t y  o f  t he  water was 30.7 ohm-cm. Therefore, 

For the segment from z = 0 t o  z = 15 cm, A V was (690-160) o r  

530 mv, so the  cu r ren t  I was 40.6, o r  about 41 ma. For the 

segment from z = 15 f-o z = 50 cm, V was (160-100) or 60 ma, 

so I was about 2 ma. 

Outside p ipe  

The p o r t i o n  o f  the cu r ren t  f l ow ing  outs ide the  p ipe  may be 

est imated roughly by consider ing t he  p ipe  t o  be a p o i n t  c u r r e n t  

source a t  large r. The cu r ren t  would then be 

w i t h  V measured a t  the  water surface. From Figure 2-28, V = 0.6 mv 

a t  r = 30 cm and 0.2 rnv a t  r = 60 cm. so I i s  roughly 3 ma. Th i s  

est imate i s  crude, bu t  s u f f i c i e n t  f o r  a f i r s t  approximation. 



Total  cu r ren t  and surface area 

The t o t a l  cu r ren t  f l ow ing  i n  the upper p a r t  o f  t he  pipe, then, 

was about (41 + 3) o r  44 ma. The t o t a l  surface area o f  t he  p ipe 

exposed t o  t he  water and mud was about 0.4 square meters, so the 

cu r ren t  generated was about 100 ma per square meter. As the 

Dur i ron appeared t o  generate a cu r ren t  an order  of magnitude g rea te r  

than t he  o re  sample tested, a f i r s t  est imate f o r  an actua l  o re  body 

2 might be 10 ma/m . 
Applying t h i s  cu r ren t  densi ty t o  a c y l i n d r i c a l  o re  body o f ,  

2 
say, 20 m diameter by 100-m long, w i t h  a surface area o f  6900 m , 

t h e  t o t a l  c l j r r en t  generated wou I d  be 69 amps. As discussed i n  

Chapter 3, t h i s  appears t o  be a reasonable magnitude ( r a t h e r  

s u r p r i s i n g  i n  v i e d  o f  the crudeness o f  the analysis!) .  



The Po fen t i a l  F i e l d  Generated by a Po in t  Source o f  Current  Bur ied 

i n  the Sea F loor  

The problem, convenient ly,  has been solved by Van Ndsfrand and 

Cook (1966, p. 84). The s i t u a t i o n  is shown i n  F igure A3-1. The 

p o t e n t i a l  V ( i n  v o l t s )  i n  t he  water layer  i s  g iven by 

where: I = cu r ren t  

$s = r e s i s i t i v i t y  of  t he  sediment 

R = (rZ+ za) //r 

= dummy parameter of i n t e g r a t i o n  

Jo = The Eiessei Funct ion of the  order  zero -_ UI-2 

? a  = t he  r e s i s t i v i t y  o f  the  a i r  

e w = the  r e s i s t  i v i  t y  o f  the sea water. 



Figure A 3 - l  

P o i n t  Source or Sink of Current Buried i n  t h e  Sea Floor '  

P 

A i r .  

Sediment , 
ea 



I f  t h e  r e s i s t i v i t y  o f  the a i r  approaches i n f i n i t y ,  k becomes 
aw 

I and using the r e l a t i o n  

expression A3-I becomes 

k u a t i o n  (A3-3) cannot be -solved i n  closed form, b u t  may be 

evaluated cmven ien t  l y  by using a ser ies  approximation. Using 

the relation 
w 

. -*  *. 

a nd the fact t h a t  k&- ksW and t h a t  ( 2Z2 - Z) = C 2b + 22, - Z), 

I t 

I+ h,, e- sXb = - k e - ~ h b  
S w  

60 * , t h h b  
= C k,, e 

h= c 
2 

and 
, x ( ~ b +  2 2 ,  -'iS) - 2 r \ ~ b  

e 
4-r 

d + e-x2 e- zhhb] XeCar)dh 
or 



b u t  

and, as 1 I 

I 
. $ 1  

C 2 . b + 2 t , - t +  t h b )  a k d  ( ;?+~hb)  arc 3 O,  F.' 

i I 

-1 I 
The speed sf convergence of  the ser ies po r t i on  o f  (A3-5) depends - t 

s t rong ly  on the val ua o f  kSw I f  the sediment r e s i s t i v i t y  e s  
I 
I 

is much greater than the water r e s i s t i v i t y  pw, kSW approaches one, 
I 

-. . --* 
n and ksl goes t o  zero slowly as n i ncraases. For p s close t o  p w,  

k approaches zero, and kSC goes t o  zero rap id ly  w i th  increasing n. 
SW 

The t a b l e  below shows the  value o f  n f o r  which k 4 loe6, 
s w 

f o r  d i f f e r e n t  values o f  r s /  w. 

rs/ t? 2 3 4 5 8 10 100 

n 13 20 28 35 5 5 69 69 1 

A computer program (VSP) has been w r i t t e n  f o r  the CDC 6400 

computer t o  ca lcu la te  V, the po ten t ia l  i n  the water layer, from 

Equation (A3-5)- The program i s  included as Appendix 3-2. 



Appendix 3-2 

Computer Program 

14e47a30.Ht CR 05 - 80  C a ~ x  
1 4 . 4 7 * 3 1 . e ? ~ 0 8  INITIATED. J 7 3 9 7 ~ L  ~ 6 ~ 4 .  
54rg7r~l . { + ~ R U N + S ~  _ .  . 
1 4 . 6 7 . 9 1 .  F : c ~ ~ = I  8 9 4 4  (450008) v E ~ = O F - -  C ~ C O ~ - - P ? ~ O ~ O ~ ~ ~ - - S D C O - - - -  

-14 ,47 ,33 ,  * r LGO, 
~4~47.35.EICY~~41B(1050OB)~ ~ ~ ~ 0 . 5 5 3 ;  ~ ~ ~ 3 . 4 6 5 ;  ~ ~ " 0 . 0 9 5  
14047e35. BEGIN EXECUTION V S P  
i4043.52.- STOP VSP 
14e43*520*?EKI"r 

- l W 4 + 4 3 . 5 2 . p ;  iJOf3 COMPLETED.. C~=98.700; ~ ~ = 6 n 0 3 1 ,  SP-0.205 --. 

1 4 , 4 9 b 5 2 e s l P R ~ ~ T ~ D  LINES = 7431 PUVCqE3' C l \ ? O S  = 0 
1 4 0 4 9 . 5 2 . s t ~ ~ ~ ~ ~ ~ ~ ~ ~  T I M  = 9 0 , 0 1 4  SEC; J03 COST = s70.7jl  



PROGRAM VSP ( INPUT'@ OUTPUT) 
bi0003 DIMENS13N R ( Z O ) ,  21 ( 5 h )  ,!3(50) *Rs (50 )  
000003 PI 5 3,14159 
0001DO4-. R W  -E,-* 25: -- ---- -------- .. 
000006 CUR -60,  
@OOlO READ 1020 ( ~ ( 1 )  r 1 = b i 2 j '  
goo021 102 FO R M A T  (~~12.6) 
~00021 . PRINT 200 
COO025 200 F O R M A f ( I H 1 )  
0 0 0 0 2 5 - - -  ----- DO 6 KsIb27----.- _ _  _ _ _ _ _ _ _ - - I C  

0oaop7 . IS 2 K ... -- 
000030 121 = K 
000031 READ ~ o ~ ~ Q s ( K )  t ~ ! f ~ ! ' e i l  (iZi) 
000042 103 F O R W A T ( ~ F ~ ~ ~ ~ )  . 
00006i! AKWS = ( R k / - R S ( K )  ) / (RWaRS(K) )  
60004.7 - AKSLd =. -1 ,tr&KrlS - - ----- - ------.- 
000051 FO = (  tRS(K)fi(lc+~~WS) ) / ( B , ~ P ! I ) )  OCUR 
000050 Z = ZltIZl)+B(I3) . 
600064 -. -03 4 IK= l tl2 
600055 S = 06 
400056 SO r 0, 
000056 -.------- R2 =. R ( I R l f i e 2  -- 
000070 DO 5 J = l t l O O  . -  
go0072 EN = J-I 
OOOQ74 F4 1 (2r"f3(1~)+7ek~l ( f ~ l j - ~ + 2 ~ ~ E ~ i ~ f 3 ( 1 3 1  bi320 
000_106 FR  = ( Z + Z e G E N f l 9  (IO) )t542. 
000ll5 FC = l o / ( S Q R T ( F h a ~ ( I R ) * { ! 2 , ) )  - .. 
i)f)ciifs --.- - FD =: 1 ./ ( S Q R T  ( F ~ + R  ( I R )  +a2, I ) . . - - - -  -- 
PO0136 FF = dRSW*G&N 
000142 FH = - - ~ ( 1 2 )  f i (  ( ~ 4 4 ~ 2 )  n k ( - 1 t 5 )  + ( F B ~ R Z ) & ~ ( ~ I , ~ } ~  
000i56 SD = S n +  (FFGFY) 
Q O O l G l  FG = FF"(FC+FD) 
000164 S = S+FG - 
0001-56 .,-- 5--.CON~IVUE. . .-. -- 
000171 Y = FO~S~}100Oo . 
000173 DVOR = FO{~SD~1000, 
000i74 . TDVDR = Z O ~ * D V D ?  
000177 PR I N T  2 O Z o R S  V B  ( I B )  ;ZL (IZl) o Z O R ( I R I  O V , ~ V D R ; T D V D R  
000222 202 F O R M A T  ( S X 0 8 F l 2 . h , / f  
000222 - - - -  4 CONTIVUE, . ---- 
000224 6 CONTIiVUE 
000226 STOP 
000230 . . 

END 



0 0 0 1 0  0 0 : o  0 0 ' 0  0 0 : o  0 0 : o  
0 0 0 ~ 0 0 0 0 0 . 0 0 0 0 0 0 0 0  I 

J ' 0 0 0 0 0 0 0 0 0 0 0 0 0 . 0 0 0  
O O O O O O O O O O O O O O O O  
0 0 0 0 0 0 0 0 - 0 0 0 0 0 0 0 0  

i 
0 0 0 0 0 0 0 0 0 6 - 0 0 0 0 0 0  

1 
* w 0 0  . , .  0 1 .  r . . .  

0 0 0 . 0 8 0 0 0 0 ' 0 0 0 0 0 0 0  
I 

N N : N N N N N N C U  i 
I 

I .  i 
O 0 0 0  0 ' 0 0  * ! 0  

0 0 0 ~ 0 0 0 ' 0  0  0 0 0  0 0 1 0 0  0 
0 0 0 0 0 0 0 0 0 ~ 0 0 0 0 0 0 0  

e r , ( .  e r : r  0 r : r  r -0 ! r  
d d Jd , I I d  ,I+ lr4 I d  ' 1 4  I s 4  Id 

I I 



Appendix 4-1 

Corn~utation o f  Dotenti a  I  between "bare" o r  "~acked" electrodes i n  

a NaCl concantration c e l l ;  CI= I M & C2 = 0.8 M. 

R = 8.314 jouleddegree-mole 
T = 20°C= 293.2OK 
F= 96,500 coulornbs/moie 

t ~ a +  = 0.382 f o r  CNaCl >, 0.2 M 
a NaC i = 0.665 f o r  1.0 M, 0.67 for 0.8 M 

E = 0.00417 vo l t s  = 4.17 m i l l i v o l t s  

The s ign of the po ten t ia l  as measured on a  voltmeter may be 
2 

determ i ned* by cons i derat i on of the sketch be low. The e l ectrodes 
-a ... . - 

are revers ib le  

t o  ch lo r ide  ions, so when current i s  drawn from the c e l l  they 

provide ch lo r ide  t o  the d i  lute so lu t ion  by the react ion 



A t  T ? G  sane tire, C-I l o r i  de ions are  removed f rorn t he  concentrated 

sol  J T ~ S ?  5y t h e  reac t ion  

- 
Ag + :I AgCI + e- 

crh i l e s.ocIurr. ions a r e  t ranspor ted across the  porous bar,rier t o  

n a i n f a i q  s l e c t r i m l  n e u t r a l i t y .  Because the  e lec t ron  f low through 

i he  v z i f m t e r  i s  f r o m  concentrated t o  d i l u t e ,  the conventional 

curre?? ;low i s  fron d i  1 u t e  t o  concentrated, and the vol  trneter 

i n d i c i r e s  t h z t  ths  z lec t rode  i n  the d i  l u t e  so lu t i on  i s  p o s i t i v e  

re1 a t i  ,, 2 'o t h e  e lec t rode i n the concentrated sol  u t ion .  Getman 

and S?r  i f ' s  ( 1951, p .  453) discuss the  determination o f  p o l a r i t y  

f o r  c3rzt;;tratior: cel IS. 



Appendix 4-2 

Ca r -  z - ' m  o f  tt-3 2 o t e n t i a l  across KCI: NaCl l i q u i d  j u n c t i o n s  

! ' o f  t h e  icns invo lved  i n  a l i q u i d  j u n c t i o n  between so lu -  

t i c - 5  ' -dtd 3 a re  u n i v a l e n t ,  t h e  Henderson equat ion  (4-11) takes  
# 

(4-2-1 

( k c  -1-~1:, 1961, p. 2321, where: 

+ .-I- + + 
- 1  = ' I A ~ I A  + ' 2 ~ ~ 2 ~  

\ = c- 1?"- 
I I A  I A  + ';A";A 

+ + + + 
' 2  = C l ~ L 1 6  + ' 2 ~ ~ 2 ~  

4 = c- L.- 
2 1B 16 + C;BU;B 

A + 
a 2nd UIA rspresent ,  respec t i ve l y ,  t h e  concen t ra t i on  i n  

I + 
mo es en: t h e  m o t i l i t y  i n  cm/sec o f  t h e  p o s i t i v e  i o n  o f  c o n s t i t u e n t  

I  z f  s c l - t i o n  A, r ~ i f h  t h e  same convent ion f o l  lowed f o r  t h e  o t h e r  

de'i - i - i z n s .  

- - - -  e KC! :NaC! j gnc t i on ,  w i t h  KC1 as s o l u t i o n  A and NaCl as 

. - 
(TI:  f - ?s a r e  'or 20°C, from Glasstone and Lewis, 1960, p. 455). 



For  i h e  ce l  1 I 
I 

Aa. A-21. KC1 (2.7 MI: NaCl CI MI: NaCl ( . 5  MI: KC1 (2.7 MI. AqCI. Aa I 

the v a l w s  of E E j ,  and E are  found from Equation 422-1 t o  be 
I 

2' 4 I 
I 

+ 6.75, - 4.1.3, and - 5.18 mv, respect ively.  Tha potential I 
I 
I 

across t l e  cell ( E2 + E + E 1, then, i s  - 2.56 mv. I 
3  4 I 
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