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1 . 0  INTRODUCTION 

Recent discoveries of commercial quant i t ies  of o i l  i n  the 

Canadian Beaufort Sea make it  very  probable that major 

development programs w i l l  be carried  out i n  the  area i n  the 

near future. The detection of sub-bottom permafrost and 

granular  deposits is very  important  for  the  design and 

construction of offshore  faci l i t ies .  Granular  deposits w i l l  

supply  valuable borrow material  for  construction of islands 

while  the  presence of permafrost w i l l  influence  the  choice of 

routes and construction of pipelines. 

Marine r e s i s t i v i ty  measurements offer a valuable complement to  

seismic and acoustic  techniques i n  mapping permafrost and 

granular  deposits.   Electrical   resist ivity measurements are 

used routinely on land for  detecting  permafrost and granular 

materials. T h i s  fact  led  to  the development of a marine 

r e s i s t i v i ty  system which has been  used a t  Prudhoe Bay, Alaska, 

i n  1983 and 1984, and i n  the  southern  Beaufort  Sea,  Northwest 

Terr i tor ies ,  i n  1985. The system provides  apparent  resistivity 

measurements of the  sea and sub-bottom which can be 

interpreted i n  terms of a layered  earth sequence. A major 

limitation  to  the system  has been the  lack of a real-time 

resist ivity  interpretation  capabili ty.  Development of such a 

capabili ty would provide a reconnaissance  level  technique  that 

would make a more e f f ic ien t  use of marine  survey time and 

optimize  the  selection of dril lhole  locations.  

I n  the  present program, the  existing marine r e s i s t i v i ty  system 

hardware and computer software were redesigned to  provide a 

real-time  interpretation of the resis t ivi ty   data .  Funding for 

t h i s  project was provided by the Department of Indian and 
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Northern Affairs under the  direction of Mr. R . J .  Gowan.  The 

system was assembled and  bench tested  prior  to  carrying  out a 

field  tr ial .   Descriptions of the equipment design, bench t e s t s  

and field  tr ial   results  are  presented i n  this report. 

2.0 BACKGROUND 

The use of e lec t r i ca l   r e s i s t i v i ty  measurements has long been 

accepted on land as a means  of  mapping the dis t r ibut ion of 

granular  resources and permafrost  (Scott e t   a l ,  1979) .  I n  

general ,   e lectr ical   res is t ivi ty  of so i l s  is a function of 

grain  size,  w i t h  sands and gravels having a higher 

r e s i s t i v i t i e s  than silts and clays. T h i s  relationship  holds 

even when the  pore  water i n  the  materials is saline.  

Furthermore,  frozen  materials have much higher e l ec t r i ca l  

r e s i s t i v i t i e s  than the same materials i n  an unfrozen s ta te .  

Figure 1 shows values of e lec t r ica l   res i s t iv i ty   for  some 

typical   soi ls  on land as a function of temperature.  Figure 2 

shows ranges of values of res is t ivi ty   for   typical   soi ls  i n  

their  unfrozen s ta te .  From Figure 1, i t  is clear  that  freezing 

the  soil  generates a drastic  increase i n  i t s  res i s t iv i ty .  

Figure 2 indicates  that  increasing  grain  size  implies 

increasing  resist ivity.  The higher  the r e s i s t i v i t i e s  observed 

i n  soils,  the more coarse-grained  those soi ls   are   l ikely  to  

be,  provided that temperature and moisture  content  conditions 

are  similar. 

The use of e l ec t r i ca l  methods to  identify  granular  materials 

or  permafrost then divides  into two parts. The f i r s t   p a r t  is  

obtaining an estimate of the  t rue  e lectr ical   res is t ivi ty  of 

- 2 -  
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the  material; and the second par t  i s  making the  correlation 

between tha t   res i s t iv i ty  and the  type of so i l   to  be expected. 

2.1 RESISTIVITY MEASUREMENTS 

Measurement of r e s i s t i v i ty  on land  or water involves  injection 

of e lectr ical   current  through two electrodes and  measurement 

of the  resulting  potentials between other  electrodes. A 

quantity known as  apparent  resistivity is  calculated from 

these measurements i n  the  following manner: 

WHERE Pa is apparent  resist ivity 

I is  the  injected  current 

V i s  the  observed  voltage 

f (G) is a function of the geometry of the 
electrodes 

Figure 3 (Telford e t   a l ,  1976) shows  some  common electrodes 

arrays and the  appropriate  formulae for apparent  resistivity. 

If the ground under the  electrode  array is homogeneous to a 

depth much greater than the s ize  of the  array, then  the 

measured apparent r e s i s t i v i ty  would  be equal  to  the  true 

r e s i s t i v i ty  of the  earth. Such a uniform case  rarely  occurs i n  
nature however, and the  apparent  resistivity  represents some 

function of the dis t r ibut ion of values i n  the  earth w i t h i n  the 

range of the measurement. 
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The  genera l   p rocedure   in   making  e lec t r ica l  r e s i s t i v i t y  

measu remen t s   i nvo lves   va ry ing   t he   s i ze   o f   t he   a r r ay   and   t hus ,  

t h e  volume  of   ground  affected by the  measurement,  and 

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

t h i s   v a r i a t i o n .  The i n t e r p r e t a t i o n   p r o c e s s   t h e n   a t t e m p t s  to  

e x p l a i n   t h e   o b s e r v e d   v a r i a t i o n   o f   t h e   a p p a r e n t   r e s i s t i v i t y  

w i t h  d e p t h   i n  terms of a model whose  geometr ical   and 

e lectr ical  p r o p e r t i e s   c a n   t h e n  be determined.   The  usual  

procedure  for v a r y i n g   e l e c t r o d e   a r r a y s   i n v o l v e s   i n c r e a s i n g   t h e  

s i z e  of t h e   a r r a y   i n  some r e g u l a r  manner .   The  resul t ing s e t  of  

o b s e r v a t i o n s  is called a sounding. 

The a r r a y  most commonly used i n   m a r i n e   r e s i s t i v i t y  is t h e  

m u l t i - d i p o l e   a r r a y .  For t h i s   a r r a y ,   a n  increase i n   d e p t h  of 

p e n e t r a t i o n  is normally  accomplished by i n c r e a s i n g   t h e   s p a c i n g  

be tween   t r ansmi t t e r   and   r ece ive r   d ipo le s ,   wh i l e   keep ing   t he  

d i p o l e   s i z e   c o n s t a n t .   T h e   e x p a n s i o n   o f   a r r a y   s i z e s  is c a r r i e d  

o u t  i n  terms of t h e   d i p o l e   m u l t i p l e  n ( F i g u r e  3 ) .  The smallest 

a r r a y  is w i t h  n = l .   I n   t h i s  case, t h e   d i s t a n c e   b e t w e e n   t h e  

n e a r e s t   t r a n s m i t t e r   a n d   n e a r e s t   r e c e i v e r  electrode is one 

d i p o l e   l e n g t h .   I n c r e a s e d   p e n e t r a t i o n  is achieved  by i n c r e a s i n g  

t h e  number of dipole l e n g t h s   s e p a r a t i n g   t r a n s m i t t e r   a n d  

r e c e i v e r   d i p o l e s .   I n   p r a c t i c a l  f i e l d  s i t u a t i o n s ,   t h e   l a r g e s t  

s epa ra t ion   no rma l ly   ach ievab le  is  limited by s i g n a l   s t r e n g t h  

to  n=6.  Thus a multi-dipole s o u n d i n g   c o n s i s t s   o f   s i x   a p p a r e n t  

r e s i s t i v i t i e s   c a l c u l a t e d   f o r   n = l   t h r o u g h  6. 

2 .2  INTERPRETATION OF RESISTIVITY MEASUREMENTS 

R e s i s t i v i t y   i n t e r p r e t a t i o n  is carried o u t  i n  terms of models. 

I n   t h e  case o f  a m u l t i - d i p o l e   s o u n d i n g ,   o n l y   s i x   a p p a r e n t  

r e s i s t i v i t i e s  are a v a i l a b l e .   T h u s ,   o n l y   s i m p l e  models can be 
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f i t t ed   t o  the  data. For detection of granular  resources i n  the 

Beaufort Sea however, t h i s  is not a s ignif icant   l imitat ion 

because adequate models can be developed i n  terms of a small 

number of uniform layers. A typical model  would involve  three 

layers l y i n g  on  an infinite  half  space. The uppermost layer, 

the water , would have a r e s i s t i v i ty  and thickness which could 

be determined by independent means. Thus ,  the sub-bottom 

materials could be modelled i n  terms of two layers l y i n g  on a 

half space. I n  areas where granular  materials  are expected to  

be close  to  the bottom, variation of r e s i s t i v i ty  i n  these 

upper two layers would  be indicative of variation of grain 

s i ze  i n  the near sub-bottom. 

The parameters of the model are  obtained from the f ie ld  

observations of the  apparent r e s i s t i v i ty  by an inversion 

process. The f i rs t   es t imate  is made of the model parameters 

and the  apparent r e s i s t i v i t i e s  which  would  be observed for 

t h i s  model are  calculated. These r e s i s t i v i t i e s   a r e  compared 

w i t h  those  observed i n  the f ie ld  and adjustments  are made i n  

the model parameters i n  the  direction which minimizes the 

disagreement between observed and calculated  apparent 

r e s i s t i v i t i e s .  Normally, several  cycles of calculation and 

adjustment w i l l  bring  the  calculated and observed  apparent 

r e s i s t i v i t i e s   i n to  reasonable  agreement,  provided that a good 

i n i t i a l  model is used. 

I t  should be understood that i t  is frequently  possible  to 

obtain more than one  model  which will sa t i s fac tor i ly  match the 

observed  apparent r e s i s t i v i t i e s .  Thus ,  it is important that  

the  starting model  be reasonably  close  to  the  situation which 

is being investigated.  External  control such a s   d r i l l  hole 

information, sub-bottom profile  information, and geological 

- 5 -  
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i n f e r e n c e   c a n   t h u s  be used to h e l p   s h a r p e n   t h e   p r e c i s i o n   o f  

t h e   g e o p h y s i c a l   i n t e r p r e t a t i o n .   T h i s   a p p r o a c h  to 

i n t e r p r e t a t i o n  is d i s c u s s e d   f u r t h e r   i n   S e c t i o n  4.1. 

2.3 HISTORY OF MARINE RESISTIVITY MEASUREMENTS 

The p u b l i s h e d   l i t e r a t u r e   o n   m a r i n e   r e s i s t i v i t y   m e a s u r e m e n t s  is  

n o t   e x t e n s i v e .  As i n  so many o t h e r   a s p e c t s   o f   e l e c t r i c a l  

measurements ,   the  ear l ies t  paper  was by the  Schlumberger  

b r o t h e r s ,   t h i s  time wi th   Leonardon  ( in   1934) .   Boulos   (1972)  

d e s c r i b e d   t h e   u s e  of r e s i s t i v i t y   s o u n d i n g s  to  measure   depth   to  

bedrock under a branch   of   the  Ni le  River.   Whiteley  (1974) 

described a s y s t e m   f o r   o f f s h o r e   r e s i s t i v i t y   p r o f i l i n g .  

I n   t h e   e a r l y   1 9 7 0 ' s ,   s t u d i e s  carried o u t  a t  the   Geo log ica l  

Survey  of  Canada (Scott, 1975,  Appendix C ) ,  i n d i c a t e d   t h e  

f e a s i b i l i t y   o f  making  marine r e s i s t i v i t y   m e a s u r e m e n t s   a n d  

c o r r e l a t i n g   t h e s e   m e a s u r e m e n t s   w i t h   m a t e r i a l   t y p e   a n d  

permafros t   reg ime.  By 1979,  the  development  program a t  t h e  GSC 

had resulted i n  a p r o t o t y p e   s y s t e m   f o r   m e a s u r i n g   r e s i s t i v i t i e s  

i n  a marine  environment,  (Lobach  and Scott, 1979,  Appendix C ) .  

During  the same time frame, a group a t   t h e   U n i v e r s i t y  of 

Wisconsin was a t t e m p t i n g  to  use m a r i n e   r e s i s t i v i t y  

measurements to map g r a n u l a r  materials and sub-bottom geology 

i n  Lake Michigan,   (Nebri ja ,  e t  al ,   1976,  Appendix C )  . So f a r  

a s  is known, t h e  work of t h i s   g r o u p  was d i s c o n t i n u e d   i n  t h e  

l a t e  1970 ' s .  

In   1980,   Hardy  Associates   (1978)  L t d .  (now Hardy BBT Limited)  

began   the   deve lopment   o f   the   mar ine   res i s t iv i ty   sys tem known 

a s  MICRO-WIP, (Micro Processor C o n t r o l l e d  - Waterborne - Induced 
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- Polarization  Resistivity).  I n  various  stages of development, 
t h i s  system was used for  fresh water work i n  mineral 

exploration and for  salt-water  searches  for  granular 

mater ia ls .   Ini t ia l   resul ts  of a survey offshore Alaska were 

described by S c o t t   e t   a l ,  1983 (Appendix C). A t  that  time, 

design of the system was relatively  established and only minor 

changes were made from then u n t i l  the commencement  of the 

present program. The system was used i n  the Canadian southern 

Beaufort Sea i n  1985 i n  a successful program to map granular 

materials  for  island  construction  (Scott and Maxwell, 1987, 

Appendix C) . 

2 .4  MEASUREMENT TECHNIQUES - MARINE SYSTEM 

Marine r e s i s t i v i ty  measurements w i t h  the MICRO-WIP system are  

made by means  of a streamer towed behind a survey vessel. T h i s  

layout is shown schematically i n  Figure 4 .  The multi-dipole 

array is incorporated  into  the  streamer. The  two electrodes 

nearest  the survey vessel  are used to  transmit  electrical  

current  into  the water and sub-bottom materials. The other 

seven electrodes on the  streamer are used to measure the 

resulting  voltage  distribution  as a function of distance from 

the  source, and consequently,  as a function of penetration 

into the sub-bottom. These seven electrodes  allow  the 

calculation of the s i x  values of apparent r e s i s t i v i t i e s   a s  

discussed above. Experience i n  the  Beaufort Sea i n  1985 

(Appendix C), indicates  that  current  levels of approximately 

15 amperes are  adequate  to  give  reliable  signal  levels  for 

measurements of t h i s  so r t  w i t h  a dipole  length of 25 metres 

and separations of n = l  t o  6 .  

- 7 -  
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2.5 MICRO-WIP EQUIPMENT I N  1985 

I n   1 9 8 5 ,   t h e  MICRO-WIP system was used to  c a r r y  a s e a r c h  of 

g r a n u l a r  material in   t he   sou the rn   Beaufo r t   Sea .   The  block 

d iagram  of   the   sys tem as used   du r ing   t he  period 1981 to  1985, 

i s  shown i n   F i g u r e  5 .  (Af te r  Dyck e t  a l ,  1983) .   The   hea r t  of 
the   sys t em a t  t h a t  time was a Sonotek SDS 1200  Data 

Acqu i s i t i on   Sys t em.   Th i s   sys t em  con t ro l l ed   t he  wave form 

i n j e c t e d   t h r o u g h   t h e   c u r r e n t  electrodes by a t r a n s m i t t e r .   T h e  

c u r r e n t  wave form a n d   t h e   s i x   r e s u l t i n g   v o l t a g e   s i g n a l s  were 

d i g i t i z e d   a n d   t h e   d i g i t i z e d   v a l u e s  were stored on  magnetic 

tape. The water dep th ,   t he  time of day   and   naviga t ion  

i n f o r m a t i o n  were a l s o  recorded and  keyed to the   obse rved  

r e s i s t i v i t y   m e a s u r e m e n t s .   F o l l o w i n g   t h e   s u r v e y ,   t h e   m a g n e t i c  

t a p e s  were read a n d   c a l c u l a t i o n s   o f   t h e   a p p a r e n t   r e s i s t i v i t y  
a n d   i n   t h e   c a s e   o f   m i n i n g   s u r v e y s ,   a p p a r e n t   c h a r g e a b i l i t y ,  

were made a f t e r   t h e  manner shown i n   F i g u r e  6. The r e s i s t i v i t y  

c a l c u l a t i o n s  were made by a v e r a g i n g   t h e   d i g i t i z e d   v a l u e s   f o r  a 

l a r g e   p a r t   o f   t h e  time t h a t   c u r r e n t  was t r a n s m i t t e d ,   t a k i n g  

t h e  ra t io  of t h e   c u r r e n t  wave form to  t h e   o b s e r v e d   v o l t a g e  

wave form and   app ly ing   t he   appropr i a t e   geomet r i c   f ac to r .  When 

induced   po la r i za t ion   measu remen t s  were t a k e n ,   t h e   t r a n s i e n t  

p e r s i s t i n g   a f t e r   i n t e r r u p t i o n  of t h e   c u r r e n t  was i n t e g r a t e d  

over  a f i x e d  time i n t e r v a l   a n d   t h e  results normalized w i t h  

r e s p e c t  to t h e   p o t e n t i a l   o b s e r v e d   d u r i n g   t h e   c u r r e n t   f l o w .  

T h i s  was i n   g e n e r a l ,  a f a i r l y   u n w i e l d y  process and t h u s ,  

considerable time e lapsed   be tween  f in i sh ing   the   survey   and   the  

p r e p a r a t i o n   o f   e v e n  a p r e l i m i n a r y   i n t e r p r e t a t i o n .   T h i s  time 

i n t e r v a l   h a s   n o t   b e e n   c o n s i d e r e d  a problem w i t h  more s o u t h e r l y  

l ake -based   mine ra l   exp lo ra t ion   su rveys ,  b u t  has   been a concern 

i n  Arctic mar ine   g ranular   survey   programs.  

- 8 -  
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During the summer of 1985, the system was operated i n  the 

Beaufort Sea to map r e s i s t i v i t i e s  i n  support of evaluation of 

granular  resources  (Scott and  Maxwell, 1987, Appendix C ) .  T h i s  

survey was carried  out  prior  to  the  dredging of material  to 

b u i l d  an art if icial   island.  Despite very bad ice  conditions 

which allowed  only  very limited  access  to  the  survey  area, 

some 4 0  kilometres of survey data were obtained  during a two 

day period.  After  completion of the  survey, however, a ten day 

period  elapsed  before  the f i r s t  preliminary  interpretation was 

provided to the c l ien t .  A further  period of a month ensued 

before  presentation of the detailed  interpretation. 

Fortunately  for  the  future of MICRO-WIP, other  geotechnical 

information had already  indicated  the  presence of granular 

material, and the borrow p i t  was successfully  established 

shortly  after the  preliminary  interpretation was supplied. The 

f inal   in terpretat ion showed that the borrow p i t  was indeed i n  

the optimum location.  After t h i s  survey, i t  was recognized 

that  i f  the MICRO-WIP were to be  used i n  a reconnaissance 

mode, it would  be impossible  to proceed without  providing an 

interpretation  without  delay. 

I t  was i n  l i g h t  of t h i s  experience  that  the  present 

development program was undertaken. The objective of the 

present program was to develop  the capability  to  carry  out 

interpretation i n  real-time, i n  order  that  reconnaissance 

surveys  could be performed  immediately ahead of dredging, and 

expensive stand-by time for  the  dredge  could be avoided. 

- 9 -  
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2.7 ELECTRICAL CHARACTERISTICS - SOUTHERN BEAUFORT SEA 

The interpretation  carried  out on the  data from the 1985  

survey showed that the r e s i s t i v i ty  of the  seawater i n  the 

southern  Beaufort Sea was typically about 2.0 ohm-metres. I n  

e l ec t r i ca l  terms,  the sub-bottom materials i n  the  survey  area 

could be represented by three  layers. The uppermost layer 

appeared to have r e s i s t i v i t i e s  ranging from 1 . 6  t o  2.6 

ohm-metres. From the  limited  drilling  carried  out  to a 

establish the borrow p i t ,  it appears  that t h i s  range of 

r e s i s t i v i t i e s  spanned materials from clayey silts to  coarse 

sands w i t h  occasional  pebbles. W i t h i n  the  survey area, none  of 

t h i s  material appeared to be frozen. The bottom-most layer 

interpreted i n  the 1985 survey had r e s i s t i v i t i e s  which ranged 

from a low of 1 0  ohm-metres to a h i g h  of greater than 500 

ohm-metres. The variation of resist ivity  generally  reflected 

the depth to  the  top of the  layer, w i t h  the  highest 

res is t ivi t ies   occurr ing where the  layer was shallowest. A 

s ing le   d r i l l  hole  intersected  permafrost  at  the  interpreted 

depth  to  the  top of t h i s  layer w i t h i n  the borrow area. From 

the h igh  interpreted  res is t ivi t ies  and  from the  fortuitous 

intersection i n  the  borehole, i t  was concluded that  the h i g h  

res i s t iv i ty   par t s  of t h i s  layer  represent  the ice-bonded 

material, and that the  ice  content  generally  correlated w i t h  

the  interpreted  resistivity  values. 

An unexpected outcome  of the interpretation procedure was t h a t  

between the uppermost layer, (1.6 t o  2 . 6  ohm-metres)  and the 

deepest  (permafrost)  layer,  there appeared to  be a layer of 

significantly lower r e s i s t i v i ty  (0.5 t o  1 .5  ohm-metres) . T h i s  

layer has no apparent  direct  geological  correlation. However, 

work i n  the Alaska Beaufort  Sea,  (Sellmann, P.V., 1985 

- 1 0  - 
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pers.comm.)  suggests  that  there  is  a  pronounced  increase  in 
salinity  of  pore  waters  immediately  above  the  degrading 

permafrost.  Such  an  increased  salinity  would  result  in  lowered 
resistivities  and  would  provide  a  reasonable  explanation  for 

the  observations  from  the  1985  survey. 

From the  1985  survey  several  things  therefore  emerged. The 
first  was  the  need  for  real-time  processing  in  order  to  avoid 

delay  in  providing  interpretation. The second  was  an 

understanding  of  the  general  range of  resistivities  to  be 

expected  in  the  sub-bottom  materials.  These  resistivities 
correlated  reasonably  well  with  those  initially  determined  by 

Scott,(1975),  in  resistivity  soundings  carried out through  the 

sea  ice  in  the  same  general  area. The 1985  survey  further 
provided  some  values  of  apparent  resistivity as  a  function  of 
dipole  spacing  which  could  be  used  in  simulated  trials  with 
modified  equipment. 

3.0 SYSTEM  DESIGN AND TESTING 

3.1 OVERVIEW 

The microprocessor  controlled  waterborne  induced  polarization 

(MICRO-WIP)  system  was  developed  to  provide  exploration 
services  for  mineral  and  engineering  application. At the core 

of the  system  was  the  MICRO-WIP  amplifier  network  which  allows 
a  simultaneous  measurement of seven  voltages  from  receiver 

dipoles  in  a  marine  environment. The design  of  these 
amplifiers  and  supervision  of  their  assembly  was  provided  by 

Hardy BBT Limited  under  the  direction  of  Dr.  W. J. Scott in 

1983. 

- 11 - 
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These amplifiers were also  the  core around which the system 

developed under t h i s  program was constructed. One of the 

requirements  for a real-time system was the need to  sample and 

perform calculations  rapidly on a continuous  stream of data 

acquired  during  the  survey. I t  was also  necessary  to  design 

and bu i ld  calibration and simulation equipment which  would 

allow  sufficient bench testing of the system before  field 

t r i a l s   a r e  undertaken. T h i s  was clearly  the most e f f i c i en t  and 

cost-effective approach. 

The MICRO-WIP system operated w i t h  an interrupted  square wave 

(Figure 6 )  i n  which the  current was transmitted i n  one 

direction  for one second, was off  for one second, transmitted 

i n  the  opposite  direction  for one second, and then was off  for 

a further second. Thus  the  basic  period of the waveform  was 

four  seconds and the  frequency was 0.25 hz. 

The MICRO-WIP amplifiers were designed  to measure t h i s  signal 

w i t h  a minimum of dis tor t ion.  The amplifiers  are DC-coupled. 

The front-end has provision  for  offset  adjustments, and  was 

provided w i t h  an operator-controlled  gain  adjustment.  After 

amplification  to  about one volt  or better,  the  signal was 

transmitted  to  the  data  acquisition system. 

The amplifier bandwidth was DC t o  approximately 1 2  Hz. The 

low-pass f i l t e r  system was designed to  provide 60 dB of 

attenuation  at  a frequency of 60 Hz. 

I n  order  to meet the  requirements  of  designing and b u i l d i n g  a 

real-time marine r e s i s t i v i ty  system a sequence of tasks was 

assigned w i t h  a timetable and budget. T h i s  sequence of  tasks 

- 1 2  - 
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and  accompanying budget and timetable  are shown i n  Tables 1 

and 2 , respectively . 
To provide  real-time  interpretations, two functions mus t  be 

developed w i t h i n  the system. The f i r s t  of these was the 

averaging of the d i g i t i z e d  waveforms  and calculation of 

apparent  resistivity  values. The second was to  invert  the 

apparent  resistivity  values by the  process  described i n  
Section 2.2. W i t h i n  the time constraints of real-time 

processing, i t  d i d  not  appear  possible  to perform  both 

functions i n  a single computer. I t  was therefore decided to  

carry  out  the  first  function w i t h i n  the  data  acquisition 

system.  Unfortunately,  the Sonotek SDS 1200 d i d  not have 

suff ic ient  computing power to  carry  out t h i s  function, and a 

new controller and data  acquisition system was therefore 

required. The implementation of these two functions was, 

therefore,  the main objective of the  study. 

The f i r s t   s tage  of development consisted of selecting a 

suitable  data  acquisition system w i t h  the  specifications  that 

were required. The interfacing of the three major  components 

(controlling computer, MICRO-WIP amplifiers, and data 

acquisition system) was then carried  out  at  the same time as 

the assembly of the  simulator and t e s t  network. T h i s  

interfacing  required a large amount  of computer programming as 

well  as assembling hardware connnections between the 

instruments. A transmitter  controller u n i t  was designed and 

b u i l t  to  allow  the computer to  control  the t iming of  the 

transmitted waveform. I t  is essential   that   the system computer 

keep track,  via  the pacer  clock on the  data  acquisition u n i t ,  

of what each component is doing and  when. 

- 13 - 
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TABLE  1 
REAL-TIME MARINE RESISTIVITY PROJECT TASKS 

1. Determine Equipment Availability and Compatibility 
2. Determine Specifications for Acquisition System (HP 3852) 
3. Get Manuals 
4. Redesign Simulator for Free Run 
5. Flowchart for HP 3852  Program 
6. Inversion Program 
7. Test Network for Simulations 
8. Get HP 3852 & Other Equipment and Software 
9. Display Program 
10. Computer Model Suite 
11. Interface HP 3852 to  IP 
12. Interface Computer  (HP 9816) 
13. Interface Inversion to HP 3852 
14. Transmitter Controller Design 
15. Simulated Trials 
16. Operation Manual 
17. Transmitter Controller Assembly 
18. Program Manual 
19. Field Trials 
20. Report 
21. Project Management 
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After  these  devices were b u i l t  and debugged, then a bench t e s t  

t r i a l  was carried  out  to  simulate a real   f ie ld   tes t .   Final ly ,  

the  entire system was instal led on a suitable  vessel  for a 

f i e l d   t r i a l  on Okanagan Lake, Bri t ish Columbia. There the 

real-t ime  resist ivity  interpretation  capabili ty of t h i s  system 

was demonstrated  during  the f i e l d   t r i a l .  

3 . 2  DATA ACQUISITION SYSTEM 

The system selected  for t h i s  project was the  Hewlett Packard 

HP 38528 data  acquisition and control system. A more complete 

description of the  control u n i t  and plug-in  accessories is 

contained i n  Appendix "A”. The system can be configured  for a 

variety of applications. I t  has b u i l t - i n  intell igence,  an 

internal  clock and a programmable pacer which can be  used as 

t i m i n g  control  for remote devices. 

3 . 3  SIMULATOR AND RESISTOR NETWORK 

I n  order  to  adequately t e s t  the system before  carrying  out 

f i e l d   t r i a l s ,  i t  is necessary  to  construct  devices which can 

simulate a real  environment. During the  course of a normal 

field  survey, a towed cable  supplies s i x  voltages  to  the 

MICRO-WIP amplifiers from a ser ies  of electrodes. The output 

current is obtained by measuring a voltage  across a s h u n t  

res is tor  i n  ser ies  w i t h  the  current  electrodes. T h i s  can be 

simulated  for a bench t e s t  by applying a suitable  voltage 

waveform across a bank  of res is tors ,  whose values  are chosen 

from resistivity  results  obtained  during  previous  offshore 

surveys. A schematic diagram of the resis tor  network is 

i l lus t ra ted  i n  Figure 7. The simulator box consisted of an 

existing  device which was used on previous  surveys  to 

- 14 - 



3-10 

"0" t 
- . . .  

. . . .  

I I  . . .  . . 
1 

f FIXED RESISTOf? 

VARIABLE 
RESISTOR 

. . .  . . .  

. . .  

. . .  

. . . . . . . . . 

" . . . . . . . . 

8 Pole , I I  throw rotary switch 

. . . . .  4 

. . . . . .  z 
I I Supply And Serv ices  Canada 

I R e a l - T i m e   M a r i n e   R e s i s t i v i t y  System 
F i g u r e  7 - Simulator  Network 

I I 
"1 1 m . m  



t 
mj Hardy BBT Limited 

CONSULTING ENGINEERING a PROFESSIONAL SERVICES 

calibrate t h e   r e s i s t i v i t y / i n d u c e d   p o l a r i z a t i o n   s y s t e m .   T h i s  

was modif ied to produce a vol tage   waveform  cont ro l led  by t h e  

system pacer which  could be a p p l i e d  to t h e  resistor network. 

3.4 TRANSMITTER CONTROLLER 

The  system  must know when t h e   c u r r e n t  is t r a n s m i t t e d   i n   o r d e r  

to  c a l c u l a t e  a r e s i s t i v i t y   v a l u e   d u r i n g   t h e  correct window. 

T h i s  was accomplished  by  designing a c o n t r o l l e r   w h i c h   t u r n s  

t h e   t r a n s m i t t e r   o n   a n d   o f f   i n   s y n c h r o n i z a t i o n   w i t h   t h e   t i m i n g  

s u p p l i e d  by t h e  pacer s i g n a l   i n   t h e  HP 3852. A schemat ic  dia- 

g r a m   o f   t h e   t r a n s m i t t e r   c o n t r o l  c i r cu i t  is shown i n   F i g u r e  8. 

3.5 SYSTEM FUNCTION 

As discussed ear l ie r ,  i t  is  v e r y   i m p o r t a n t   t h a t   t h e   s y s t e m  

e l e c t r o n i c s  be bench tested prior to c a r r y i n g   o u t  a f i e l d  

t r i a l .  The system was assembled for bench tests accord ing  to 

F i g u r e  9. 

There are two computer  programs  required to  run   t he   sys t em,  

both of  which  have  been  included  in  Appendix "B". F i r s t  t h e  

p rogram  ca l l ed  DOWNLOAD2 is e x e c u t e d   i n   t h e  HP 9816 computer.  

This  "downloads" a set o f   i n s t r u c t i o n s  to t h e   d a t a   a c q u i s i t i o n  

system (HP3852) a s  a c a l l a b l e   s u b r o u t i n e .   T h i s   s u b r o u t i n e  sets 

up the   sys t em  pace r ,   s cans   t he   ampl i f i e r   channe l s ,   s t acks   t he  

vol tages ,   and   checks   the   ga ins .   However ,   th i s   p rogram does n o t  

s t a r t  e x e c u t i n g   u n t i l  called from t h e  main  program, INV-LD-PL 

( f o r   i n v e r s i o n - l o g   d i p o l e - p l o t )  . T h i s  program i n i t i a l i z e s   t h e  

p l o t t e r ,   g r a p h i c s   a n d   i n v e r s i o n  step s i z e ,  s t a r t s  t h e  HP 3852, 

r e a d s   d a t a   f r o m   t h e  HP 3852 and plots t h e  real-time 

r e s i s t i v i t y   s e c t i o n .  
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The   s equence   o f   even t s   fo r   t he   dev ices  shown on   F igu re  9 is a s  

fol lows.   The HP 9816 s t a r t s  t h e  HP 3852 as p r e v i o u s l y  

discussed.  The   pacer   ou tput   f rom  the  HP 3852   goes   i n to   t he  

t r a n s m i t t e r   c o n t r o l l e r   w h i c h  te l ls  t h e   t r a n s m i t t e r  (a 160 w 

Huntec Lopo MK3 model i n   t h i s  case),  to  t r a n s m i t  a c u r r e n t  

wi th   the   appropr ia te   waveform  and   f requency .   The   t ransmi t te r ,  

a l r eady   t u rned   on ,  sits i n  a w a i t i n g  s ta te  u n t i l  to ld  to  

t r a n s m i t .  Power f o r   t h e   t r a n s m i t t e r  is  suppl ied  by  three-12 

v o l t  car b a t t e r i e s .   T h e  o u t p u t  c u r r e n t  is measured by a s h u n t  

resistor i n  series w i t h   t h e   o u t p u t .   T h i s   s i g n a l  i s  s u p p l i e d  to 

the   cur ren t   moni tor   where  is it  a m p l i f i e d ,   a n d   f i l t e r e d   a n d  

passed  to t h e  HP 3852 ,   a long   w i th   t he   ga in   i n fo rma t ion .  The 

c u r r e n t  o u t p u t  f r o m   t h e   t r a n s m i t t e r   g o e s   i n t o   t h e   s i m u l a t i o n  

box  which  divides  it among t h e   s i x  resistor networks  which 

s i m u l a t e   t h e   s i x   r e c e i v e r   d i p o l e s   i n   t h e   w a t e r .  

The s i x   v o l t a g e s   a r e   t h e n   f e d   i n t o   t h e  MICRO-WIP a m p l i f i e r s  

which   pass   bo th   vo l tage   and   ga in   in format ion  back to  t h e  HP 

3 8 5 2   f o r   p r o c e s s i n g .   A f t e r  a s p e c i f i e d  number o f   c y c l e s  is 

s t a c k e d ,   a l l  of t h i s   i n f o r m a t i o n  i s  passed  to  t h e  HP 9816 

computer  which calculates and f i t s   l a y e r e d   e a r t h   m o d e l s  to  t h e  

m e a s u r e d   v a l u e s   o f   r e s i s t i v i t y   a n d   t h e n  plots t h e   i n t e r p r e t e d  

s e c t i o n .  

3.6 STREAMER ELECTRODE A R R A Y  

The  1985  survey was performed  with  an  array  of   25-metre  

dipoles and  n=l  to  6. T h i s   a r r a y  was i n i t i a l l y   d e s i g n e d   f o r  

m i n e r a l   e x p l o r a t i o n ,   w h e r e   a r r a y s   w i t h   c o n s t a n t   d i p o l e   s i z e  

a r e  common. The  combination of wa te r   dep th ,  water r e s i s t i v i t y  

and   sub-bot tom  condi t ions   in   the   1985  Beaufor t  Sea s u r v e y   a r e a  

was   such   tha t   the   25-met re   a r ray   gave   good  def in i t ion   o f   the  
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surface l aye r s   and  a t  t h e  same time, a d e q u a t e   p e n e t r a t i o n  to  

map re l ic  p e r m a f r o s t   a t   d e p t h .  

Subsequent   computer   model l ing   suppor t   by   an   Indus t r ia l  

Research   Ass is tan tsh ip   Program (IRAP) G r a n t   s u g g e s t e d   t h a t  

b e t t e r   r e s o l u t i o n   o f   d e e p   f e a t u r e s   a n d  better d e f i n i t i o n   o f  

n e a r - s u r f a c e   r e s i s t i v i t i e s   c o u l d  be o b t a i n e d   w i t h   a n   a r r a y   i n  

which   the   rece iver  dipole s i z e   i n c r e a s e d   l o g a r i t h m i c a l l y   w i t h  

d i s t a n c e   f r o m   t h e   t r a n s m i t t e r  dipole. A s  p a r t   o f   t h e  IRAP 

program,  such a streamer was b u i l t .  T h e   s p a c i n g s   o f   t h i s  

streamer a r e   g i v e n   i n   T a b l e   3 .  

TABLE 3 

LOGARITHEMiC STREAMER 

DISTANCE 
(metres) 

IDENTIFICATION 

0 
25 
50 
60 
70 
85.75 

107.75 
141.25 
189.25 
260.50 

S ta r t  of  Cable 
Cur ren t   D ipo le  

P o t e n t i a l   C h a n n e l  1 
P o t e n t i a l   C h a n n e l  2 
P o t e n t i a l   C h a n n e l  3 
P o t e n t i a l   C h a n n e l  4 
P o t e n t i a l   C h a n n e l  5 
P o t e n t i a l   C h a n n e l  6 

ELECTRODE 

- 
c1 
c 2  
P1 
P2 
P3 
P4 
P5 
P6 
P7 

Because  the  1985 data were t aken   w i th   cons t an t  dipole l e n g t h s ,  

t he   s imu la to r   ne twork  was e s t a b l i s h e d   f o r   t h i s   c o n f i g u r a t i o n .  

The d a t a   a c q u i s i t i o n   s y s t e m   a n d   i n v e r s i o n   r o u t i n e s   w e r e  

c o n f i g u r e d  to h a n d l e   e i t h e r   c o n s t a n t - s p a c i n g   a r r a y s  or 

l oga r i thmic - spac ing   a r r ays .  
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4.0 SIMULATION OF BEAUFORT SEA MEASUREMENTS 

Wi th in  the time and cost   constraints of the  present program, 

it  is impossible to  provide  real  data from the  Beaufort Sea 

w i t h  the  modified  system. I t  is  therefore  important  to look a t  

the  variety of likely  geological models to be encountered i n  

the  Beaufort Sea and to  predict   the  electrical  responses of 

such models. Fortunately,  the  experience  gained i n  the 1985 

survey  allows some degree of certainty i n  predicting  the 

l ikely range of measurements to be encountered. 

A very  large number  of res is tors  is required  to  prepare a 

single simulated resis t ivi ty   dis t r ibut ion  for  measurement w i t h  

t h i s  system i n  the manner indicated i n  Figures 7 & 9. I t  is 

possible  to  predict, from forward modelling programs already 

i n  existence,  the  apparent  resistivities  that would  be 

observed w i t h  t h i s  system  over given  geologic  conditions. 

Furthermore, i n  order  to  provide a rea l i s t ic   t rans i t ion  from 

one model to  another, i t  is necessary  to  prepare a se r ies  of 

intermediate models so that  the  variation i n  measurement can 

proceed  incrementally as would  be the  case i n  a f ie ld  survey. 

Because of t h i s ,  only  three models  were chosen to  be included 

i n  the  simulated network as  described i n  Figure 7 ,  and five  or 

s i x  intermediate  steps were chosen between the  three models. A 

single  simulator network requires  fourteen  resistors which are 

adjustable i n  order  to  provide  precise  values. Thus ,  our three 

models, w i t h  the  necessary  transition  resistor  arrays  as  well, 

represent an array of  one hundred and fifty-four  resistors.  

Physical  simulation of larger numbers  of  models  becomes 

extremely d i f f i c u l t  without a large  investment i n  switching 

and resistor  arrays. 
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Thus,   while  a s i g n i f i c a n t  number o f   l i k e l y   g e o l o g i c  

c o n f i g u r a t i o n s  was c o n s i d e r e d  for fo rward   mode l l ing   on ly   t he  

three most r e p r e s e n t a t i v e  of c o n d i t i o n s   e n c o u n t e r e d   i n  t h e  

1985 survey  were b u i l t   i n t o   t h e   p h y s i c a l   s i m u l a t o r .  

4 . 1  GRANULAR BORROW CONFIGURATIONS 

Table 4 summar izes   t he   l i ke ly  set o f   cond i t ions   wh ich  would be 

e n c o u n t e r e d   i n   l o o k i n g   f o r   g r a n u l a r  materials i n   t h e   s o u t h e r n  

B e a u f o r t  Sea. While t h i s  is a reasonably  comprehensive set of 

g e o l o g i c   c o n d i t i o n s ,   t h e   i n n a t e   p e r v e r s i t y   o f   n a t u r e  is such 

t h a t  it is n o t  possible to  predict a l l   c o n f i g u r a t i o n s  which 

are  l i k e l y  to  be encountered.   Furthermore,  i t  should  be 

r e a l i z e d   t h a t   e v e n   w i t h   t h e   l o g a r i t h m i c   a r r a y ,   t h e  maximum 

number o f   l a y e r s   t h a t   c a n  be r e s o l v e d  is t h r e e   l a y e r s   l y i n g   o n  

a ha l f - space .   Fo rward   ca l cu la t ions   can  be carried for a l l   o f  

t h e  models i n   T a b l e  4 and a s e t  o f   obse rved   o f   appa ren t  

r e s i s t i v i t i e s   c a n  be der ived.   However ,   in  cases wi th  more than  

t h r e e   l a y e r s ,  t h e  i n v e r s i o n  w i l l  n o t   n e c e s s a r i l y  lead back to  

t h e   s t a r t i n g  model. T h i s  i s  a n   i n t r i n s i c   l i m i t a t i o n  of 

r e s i s t i v i t y  methods  and  must be r e c o g n i z e d   i f   a p p l i c a t i o n  of 

m a r i n e   r e s i s t i v i t y  is contemplated.  

T h i s  problem, known as the  problem  of   equivalence,   can be 

r e s o l v e d  to some e x t e n t   i f   a c o u s t i c a l l y   d e t e r m i n e d   b o u n d a r i e s  

c o i n c i d e  w i t h  some o f   t h e   e l e c t r i c a l l y   d e f i n e d   b o u n d a r i e s .  For 

example, i t  is o b v i o u s l y  possible to d e f i n e   t h e  bottom of t h e  

water ( t o p   o f  seabed) a n d   t h u s   t h e   i n f l u e n c e   o f   t h e  water can 

be removed from any model by c a l c u l a t i o n .   I n   t h e  case of  Group 

5 ,  (Table 4 ) ,  t h e   t o p   o f   t h e   g r a n u l a r  material under   the  s i l ts  

and   c l ay  w i l l  c o n s t i t u t e   a n   a c o u s t i c   r e f l e c t o r .   I n  such  a 

c a s e ,   f i x i n g  t h e  t h i c k n e s s  of the   f i ne -g ra ined   l aye r   f rom t h e  
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2B 
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TABLE 4 

TYPICAL SUB-BOTTOM GEOLOGICAL CONFIGURATIONS 

CONFIGURATION* ( p ( a-m) , t ( m )  ) 

Granular (2.2,20)/Saline(1,20)/Permafrost (100, QD 1 

Granular (2.2,10)/Saline(1,10)/Permafrost (500, QD 1 

Granular (2.2,20)  /Saline (1,20)  /Unfrozen ( 10, QD 1 

Fines (1.6,20)/Saline(1,20)/Permafrost (100, = 1 
Fines (1.6,10)/Saline(1,10)/Permafrost (500,m 1 

Fines (1.6,20)/Saline(1,20)/Unfrozen ( 10, QD 1 

3A Permafrost(20,2)/Granular (2.2,20)/Saline(1,20)/Permafrost (100, ac 1 

3B Permafrost(20,2)/Granular (2.2,10)/Saline(1,10)/Permafrost (500, = 1 

3C Permafrost(20,2)/Granular(2.2,2O)/Saline(l,2O)/Unfrozen ( lo,=) 

4A  Permafrost(l5,2)/Fines (1.6,20)/Saline(l,20)/Permafrost (100, Q D )  

4B  Permafrost(l5,2)/Fines (1.6,10)/Saline(l,10)/Permafrost (500, QD 1 

4C Permafrost (15,2)/Fines (1.6,20)/Saline(1,20)/Unfrozen ( 10, QD 1 

SA Fines (1.6,5)/Granular (2.2,20)/Saline(1,20)/Permafrost (100, QD 1 
5B Fines (1.6,20)/Granular (2.2,10)/Saline(1,20)/Permafrost ( 1 0 0 , ~ ~  1 

*TOP LAYER IS ALWAYS WATER (2 a-m, 8 m THICK) 
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acoustic  results w i l l  allow better  resolution of the 

r e s i s t i v i t y  of the uppermost layers.   Similari ly,  i n  any area 

where acoustic  definit ion of the  top of r e l i c  permafrost has 

been obtained,  the  inversion model can be constrained so that  

the  total  thickness of material l y i n g  above permafrost i s  held 

to   t ha t  determined by the  acoustic  results. I t  i s  therefore 

important t o  recognize  that  the use of marine r e s i s t i v i ty  

measurements is not a substitute  for  acoustic  surveying i n  the 

search  for borrow material, b u t  that  i t  is  rather a complement 

which allows  additional  information  to be incorporated i n  a 

progressively more precise  interpretation. 

A t  the  present  state of development, i t  is not  possible  to 

incorporate  the  acoustic  information i n  the  real-time 

inversion because  picking of ref lectors  and determining  their 

depths is not  automated. Such refinements can be added on 

interpretation  after  the survey. re- 

The 

a re  

apparent r e s i s t i v i t i e s  expected  for  the models of Table 4 

calculated  for  the both constant  array, and are  presented 

i n  de ta i l  i n  Appendix D. 

4.2 MODELS SELECTED FOR SIMULATOR TRIALS 

Once i t  is established  that  the  simulator network provides 

reasonable match to  the models used as  start ing  points,  then 

i t  is reasonable t o  assume that  the  theoretical   calculations 

w i l l  provide an adequate  indication of the  detectabil i ty of 

other models. The three models chosen, based on the 1985 

survey  results, were models l A , l B ,  and 2B (Table 4 ) .  These 

models were wired into  the  simulator  resistance network so 

that  model 1B was represented by switch  position 1, model 2B 
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by swi t ch   pos i t i ons   6 ,   and  model 1 A  b y   s w i t c h   p o s i t i o n  11. The 

i n t e r m e d i a t e   s w i t c h   p o s i t i o n  were used to  p r o v i d e  a smooth 

t r a n s i t i o n   b e t w e e n   t h e  models, as t h i s  is u s u a l l y   t h e   c a s e   i n  

t h e   B e a u f o r t  Sea. The complete set  o f   s i m u l a t e d   d a t a   o u t p u t  is  

i n c l u d e d   i n   t h e  map folder a s   s i m u l a t o r   l i n e  T4 .  The simulator 

l i n e   s t a r t s   w i t h  model 1B (Table  4 )  and  var ies   through  model  

2B (Table  4 )  to model 1 A  (Table 4 ) .  F i n a l l y ,   t h e   s w i t c h  

p o s i t i o n s  are moved slowly  back t o  model 1B.  

I n   l o o k i n g  a t  t h e  results o f   l i n e  T4,  we w i l l  r e f e r  to t h e  

a p p a r e n t   r e s i s t i v i t i e s  by t h e i r   f i d u c i a l  number.  The f i d u c i a l  

numbers   run   a long   t he   t op   o f   t he   s ec t ion .  

Model 1B is r e p r e s e n t e d  by t h e   i n t e r p r e t e d   r e s i s t i v i t i e s   a t  

F i d u c i a l s  2 and  108. Model 2B is r e p r e s e n t e d  by F i d u c i a l s  26 

and  78,  and Model 1 A  by F i d u c i a l   5 2 .  

I t  is  r e a s s u r i n g  to  n o t e   t h a t   t h e r e  is good  agreement  between 

t h e  two i n t e r p r e t a t i o n s   f o r  model l B ,  ( F i d u c i a l s  2 and  106)  and 

for model 2B ( F i d u c i a l s  26 and   52 ) .   Hence   t he   i nve r s ion   has  

indeed led back to  e s s e n t i a l l y   t h e   o r i g i n a l   m o d e l   i n   e a c h  

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

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

r e s i s t i v i t y   o f   t h e   d e e p e s t   l a y e r   r e p e a t s   e x a c t l y .  The most 

poor ly   de t e rmined   l aye r  is t h e   c o n d u c t i v e   ( s a l i n e )  middle 

l a y e r  , whose r e s i s t i v i t y  is i n t e r p r e t e d  to  on ly   w i th in   abou t  

s even   pe rcen t .  

Note t h a t   t h e   r e s i s t i v i t i e s   p r e s e n t e d   o n   t h e  simulated d a t a  

set (T4)  d id  n o t   m a t c h   e x a c t l y   t h e  model r e s i s t i v i t i e s  

p r e s e n t e d   o n  Table 4 .  T h i s  occurred b e c a u s e   t h e   c u r r e n t  

s u p p l i e d  by the   s imu la t ion   ne twork  was i n c o r r e c t  by 

- 21 - 



5.0 

\ 
Hardy BBT Limited 
CONSULTING ENGINEERING a PROFESSIONAL SERVICES 

approximately  ten  percent.  Since it i s  a constant  difference, 

i t  does not a f fec t  the  conclusions  reached  for  the  simulated 

t r i a l .  

I n  general ,   resist ivity  interpretations  provide  resist ivit ies 

t o  a precision of only a few percent. However, the  experience 

i n  the  Beaufort Sea was that  w i t h  slowly  varying  apparent 

res is t ivi t ies ,   the   repeatabi l i ty  of estimates of r e s i s t i v i ty  

for near surface  materials was w i t h i n  two to  five  percent. The 

variation i n  interpreted  resist ivity  values  as a function of 

grain  size was i n  the  order of forty  percent, and t h u s  well 

beyond the l ikely  error of interpretation. 

FIELD TRIALS OKANAGAN LAKE 

The test  area was chosen  because it  was the  nearest body of 

water of suff ic ient   s ize  which  was l ikely  to  be navigable 

during  the  winter time. The f i e l d   t r i a l s  were carried from 

February 15,  to  February 1 9 ,  1987. 

5.1 TEST AREA 

Okanagan  Lake is a long lake which runs  approximately 

north-south through the  central  part of B.C. The lake is 

typically 5 km wide  and extends over one hundred kilometres 

from Penticton i n  the  south to  Vernon i n  the  north. The t e s t  

area was s i tuated  a t  Kelowna, B.C. Figure 1 0  i s  a location map 

that  shows the  approximate area of the  lake i n  which the 

t r i a l s  were carried  out and the  approximate location of the 

lines  for which the  data is included i n  t h i s  report. 
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I n  the  deeper par ts  of Okanagan Lake, the water depth i s  up to  

300 m. The depth sounder operated w i t h  the MICRO-WIP system 

has a useable water  depth of 1 2 0  m. T h i s  depth was exceeded 

several times  during  the t r i a l s .  I n  the neighbourhood of 

Kelowna, there  are  significant  areas where water depths ranged 

from 4 to  8 m and the bottom was relat ively smooth. I t  was 

f e l t   t h a t  the deeper  water would allow an assessment of the 

noise  level of the system i n  a uniform medium and the  shallow 

areas would represent  operating  conditions which are  similar 

those  expected i n  the  Beaufort  Sea. Water r e s i s t i v i t i e s   a r e  

approximately 30 times  greater than those of the  Beaufort  Sea. 

By the same token however, sub-bottom res i s t iv i t ies   a re   a l so  

30 times  higher;  the  contrast between water and bottom is 

therefore  reasonably  similar  to  that to be expected i n  the 

Beaufort Sea. 

Very l i t t l e  is  known about  the  unconsolidated  deposits i n  
Okanagan Lake. However,  Nasmi t h  (1981) , describes  the 

su r f i c i a l  geology of sediments i n  the neighbourhood of the 

lake. From Nasmith's  description, i t  appears  that  the 

sediments  underlying  the  shallow  portions of the tes t   area  are  

deltaic  deposits  derived from the mixed f ine and coarse 

sediments l y i n g  above Kelowna. Figure 11 is  a typical 

surficial  geological  section  taken from Nasmith showing the 

source  materials  for  the Kelowna delta.  

W i t h i n  the tes t   area,  two construction  projects have  been 

undertaken i n  the  past. The f i r s t  is the  construction of the 

famous floating  bridge i n  Okanagan  Lake  and the second is the 

laying of a pipe  line  across  the  lake. While the  results of 

geotechnical  investigations  are  available,  the  drilling  failed 

to  secure  cores  to  depths  greater  than one metre, and t h u s  
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l i t t l e  is known about  the  sediments a t  depth. From the 

on-shore section  (Figure 11) , i t  appears  that  the  shallower 

areas  are predominantly by fine  grained silts and clays  while 

granular  areas  are exposed on the  slopes on the edges of 

shallow  areas. 

The following  description of the bedrock geology of Okanagan 

Lake is based on the summary prepared by Tipper e t   a l ,  (1981) .  

The lake is underlain by a conjugate  set of fau l t s .  I n  the 

southern  part of the  lake, a major north-south fault   separates 

plutonic  granodiorites of Jurassic age on the west bank  from 

Paleozoic  gneisses on the east  bank. 

I n  the central   part  of the  lake, t h i s  f au l t  i s  dextrally 

of fse t  by an east-west f au l t  passing  south of  Kelowna.  The 

Lake i t s e l f ,   o f f se t s   t o  the east  along  the  course of t h i s  

fau l t .  North of the  east-west  fault,  the  north-south  fault 

continues northward j u s t  east  of  Okanagan  Lake. 

I n  the  northern par t  of the  lake,  the  rocks exposed on b o t h  

shores  are  intermediate  to  acidic  volcanic flows of upper 

Cretaceous age which probably  overly  the  older  rocks exposed 

to  the  south. 

Rocks exposed on shore i n  the neighbourhood of this survey 

showed intense  shearing. The rocks under the  lake  are  probably 

even more strongly  sheared, and water-saturated  as  well. They 

would therefore be expected to  have r e s i s t i v i t i e s  of a few 

hundred ohm-metres. I t  is reasonable  to assume that  the 

bedrock r e s i s t i v i t i e s  would  be i n  the same ratio  to  the 
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shallow sub-bottom re s i s t i v i t i e s   a s  would permafrost 

r e s i s t i v i t i e s  i n  the  southern  Beaufort Sea to  the  overlying 

sediments. 

I n  general,  while  the  geology of Okanagan  Lake is 

significantly  different from that   to  be expected i n  the 

Beaufort  Sea, i t  appears  reasonable  that  the  resistivity 

contrasts from water to  sub-bottom sediments to  deeper 

sub-bottom materials should be i n  the same general  proportions 

a s  those i n  the  Beaufort Sea. Because r e s i s t i v i ty  

interpretations  deal  primarily wi th  contrasts between 

r e s i s t i v i t i e s  of layers  rather than w i t h  absolute  values, i t  

is  reasonable  to use t h i s  area as a tes t   s i te   for   assessing 

the performance of a system designed  for  the  Beaufort  Sea. The 

major difference would  be that i n  the  Beaufort  Sea, to  obtain 

readings a t  the same level of confidence, much higher 

transmitter  currents would  be required. I t  is probable  that 

currents would have to  be approximately 30 times  higher to  

compensate for  the  approximately 30 times lower general 

r e s i s t i v i t i e s .  I n  the  event,  the  survey on  Okanagan  Lake  was 

carried  out w i t h  0.5 amperes while measurements i n  1985 i n  the 

Beaufort Sea  used 15  amperes. Thus  i t  appears  that  the  ratio 

of currents used i n  the two set t ings is approximately i n  

proportion  to  the  ratio of the   res i s t iv i t ies   to  be observed. 

The primary  purpose of the f i e l d   t r i a l s  was to   es tabl ish  that  

the modified data  processing system could  provide  inversion of 

res is t ivi ty   data  i n  real-time. The f i e ld  survey was t h u s  

broken into two parts. The f i r s t  was to  establish  the  noise 

levels  i n  the system and demonstrate that  these  are low  enough 
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not to interfere w i t h  the measurements. The second was to 

demonstrate that  the  inversion  technique provided  answers 

w i t h i n  the  real-time  constraints of operating  the  survey. 

Because of budgetary limits, a minimum s e t  of equipment was 

deployed for  the  survey. The minimum equipment included  the 

MICRO-WIP and  an analogue-recording  depth sounder w i t h  a 

digital   output.  

The budget constraints  prevented  the deployment of the 

sub-bottom profi ler  and magnetometer which normally would  be 

par t  of t h i s  survey  system i n  the  field.  Furthermore, because 

n o  exact  geological  control was available, i t  appeared 

unnecessary to employ the  precise  navigation system which 

normally would  be par t  of the  survey. T h i s  was particularly 

significant because a large  part  of the  daily  costs of 

operating  the system is attr ibuted  to  the  uti l ization of the 

microwave ranging  system to  get  positional  information. T h u s  

the  "bare bones" nature of t h i s  survey was considered to  

demonstrate  the system capabi l i t ies .  Had geological  control 

and a more flexible budget been available,  consideration would 

have been given to a f u l l  dress  survey. 

The survey equipment and streamers were transported from 

Calgary to Kelowna by road. An eight metre aluminum boat, 

Figure 13, was chartered i n  Kelowna for  the  survey. The 

survey crew consisted of A. Kay, F. Maxwell, M. Mitchell, and 

W.J. Scott. R . J .  Gowan, Indian and Northern  Affairs Canada  was 

present  for  the  final two days  of the   t r ia l .  

A s  the  survey  vessel was kept a t  the Kelowna Yacht Club ,  the 

crew stayed a t  the  Siesta Motel i n  Kelowna. Mobilization i n  
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Calgary  occurred on February  15,   1987. On February   16 ,   the  

system was i n s t a l l e d   o n   t h e   s u r v e y   v e s s e l   a n d   t h e   p r e l i m i n a r y  

t r i a l s  were t a k e n .   T h e   f i n a l   d e b u g g i n g   o f   t h e   t r i a l s  took 

place on  Tuesday,  February  17,  1987. R.J.  Gowan j o i n e d   t h e  

crew o n   t h e   a f t e r n o o n   o f   t h e   1 7 t h   a n d   i n i t i a l   m e a s u r e m e n t s  

were c a r r i e d  o u t .  Cn Wednesday,  February  18,   1987, a f u l l  day 

of s imula ted   survey  was carried o u t .  On Thursday ,   19 th ,  W. J. 

Scott and R.J. Gowan flew  back to  C a l g a r y   w h i l e   t h e   o t h e r  crew 

5.3 SURVEY PERFORMANCE 

F i g u r e  12, shows  the  configu 

members r e t u r n e d  by road  with  the  equipment .  

le MICRO-WIP ra t ion of  t h  a s  set up 

i n   t h e   v e s s e l ,  and   F igure  1 3  shows the   su rvey   ves se l .   The  

pr imary   d i f fe rence   be tween  the  test c o n f i g u r a t i o n   a n d   t h e  

s u r v e y   c o n f i g u r a t i o n  was t h a t  t h e  simulator a n d   r e s i s t a n c e  

network were replaced w i t h  cables to c o n n e c t   t h e   t r a n s m i t t e r  

and   r ece ive r  to electrodes i n   t h e  water. The  depth  sounder was 

dep loyed   i n   o rde r  to  p rov ide   wa te r -dep th   i n fo rma t ion  as pa r t  

o f   t h e   i n p u t  to t h e   i n v e r s i o n   p r o c e s s .  

The MICRO-WIP system  performed  extremely well on t r i a l s  wi th  

on ly   minor   mod i f i ca t ions   necessa ry  to  provide  smooth 

f u n c t i o n i n g .  Minor a l t e r a t i o n s   i n   t h e   g r o u n d i n g   a n d   s h i e l d i n g  

a r r angemen t   be tween   t he   acqu i s i t i on   sys t em  and  t h e  t r a n s m i t t e r  

s y s t e m   a n d   t h e   c o n t r o l l e r  box were n e c e s s a r y  to  p r o v i d e  

a d e q u a t e   s t a b i l i t y   i n   t h e   t r a n s m i t t e r   c o n t r o l   s y s t e m .   T h e  

newly   de l ivered  streamer ( F i g u r e  1 4 1 ,  was wired i n   t h e   r e v e r s e  

o f  the order o r i g i n a l l y   s p e c i f i e d   a n d   m o d i f i c a t i o n s  t o  t h e  

e x t e n s i o n  cord coup l ing   t he  streamer to the   sys t em were 

necessary.   The  Huntec Lop0 t r a n s m i t t e r   u s e d   i n   t h i s   s u r v e y  

( F i g u r e  1 4 )  , produces   an   ex t remely   no isy  wave  form. A p a s s i v e  
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f i l t e r  device was assembled on the  boat and applied  to  the 

output of the  transmitter. The f i l t e r ed  wave form was 

essent ia l ly  the same i n  character and frequency  content  as 

tha t  which is normally obtained from the high-powered system 

used i n  the  Beaufort  Sea. 

Since  the  navigation system was not used i n  the t r i a l ,  i t  was 

not  possible  to  calculate  distances or locations, b u t  approxi- 

mately  ten line  kilometers were surveyed during  roughly eight 

hours of survey  time. An anticipated  production  rate of  from 

ten  to twenty line  kilometres is expected  during a commercial 

survey i n  a twelve (hour) day. The resu l t s  of the t r i a l  

surveys  are  included i n  the map folder  as 3 and 6 ,  and their  

approximate positions  are shown i n  Figure 10 .  

The eight metre  survey vessel used i n  the t r i a l s  provided 

sufficient  cabin and deck space to  operate a normal survey. 

Figure 1 6  shows the MICRO-WIP amplifiers  set-up i n  the  cabin. 

Figure 1 7  shows the  computer,  data  acquisition system and 

recording  depth  sounder. Note the sounding curve  displayed on 

the computer monitor.  Figure 1 8  shows the  plotter which 

produced real-time  interpreted  sections. Even w i t h  the 

addition of the h igh  powered transmitter and the  navigational 

and sub-bottom profi ler  system, the  survey  vessel would have 

been adequate w i t h  minor modifications  to  the  interior  layout. 

I t  is recognized that  offshore  survey i n  the  Beaufort Sea 

would not be performed i n  t h i s  vessel  without a mothership 

because of the  requirements of sea  worthiness,  although 

surveys i n  coastal  areas would  be feasible.  Furthermore, any 

long-term  survey would require crew  accommodations on the 

vessel. 
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For  normal stand-alone  surveys, a technical crew of three 

would be required. One of these would operate  the sub-bottom 

profi ler ,  which i n  our experience  requires  the  full-time 

attention of one person. The second would operate  the 

MICRO-WIP system and controlling computer. The third would 

operate  the  navigation system and monitor the performance of 

the magnetometer ( i f  used). The three  jobs would  be rotated 

during  the  survey day, as  the  navigation  job is somewhat less  

demanding than the  other two. 

Instal la t ion of the MICRO-WIP system  could be undertaken 

w i t h i n  a day  of boarding  the  survey  vessel. However, i n  any 

vessel, it should be recognized that problems of grounding and 

noise  levels will always be present and w i l l  require some time 

a t  the  beginning of the  survey  for complete resolution. 

Furthermore,  the time required  to complete an instal la t ion 

goes up w i t h  the  square of the number of systems  being 

instal led.  

The operation of the system i n  the Okanagan  Lake t r i a l s  

followed  the same procedure  as would  be observed i n  actual 

f i e ld  survey. A t  the  beginning of the day, the  streamer was 

deployed. Because the  electrodes mus t  be kept moist, they are 

normally stored  separately from the  streamer and are   instal led 

on the  streamer  as it is deployed. As the  connection be  tween 

electrode and streamer is made, si l icon  grease is used to  

waterproof  the  connection. 

Once the  streamer is deployed and the  vessel is approaching 

the  desired survey l ine,  program DOWNLOAD2 is  loaded and the 

data  acquisition system turns on the  transmitter. The operator 

then adjusts  the  current  level  to  the maximum useable  value 
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and regulates  the  gains of the s i x  channels of the  receiver  to 

ensure  that  the  signal  provided  to  the  data  acquisition system 

is sufficiently  strong  to be digit ized. Once transmitter 

current and receiver  gains  are  established,  then  the main 

process of data  acquisition is begun. I n  the 1985 version of 

the MICRO-WIP, the incoming  waveforms  were digit ized and 

written on tape and therefore  constituted  the raw data. I n  the 

present system, however, the  digit ization is automatic and the 

apparent res is t ivi t ies   are   calculated  as   par t  of the 

acquisition  process. Thus  the raw data  consists of the s i x  

apparent res is t ivi t ies   associated w i t h  the s i x  dipoles. T h i s  

data is normally written on d i s k .  Line IP3  (Pocket) shows a 

p lo t  of the  pseudosections of apparent  resistivity  derived i n  
the  field and plotted i n  real-time. The northwest par t  of Line 

IP3  is i n  very deep water and represents  essentially  the  noise 

level  of the system i n  a homogeneous  medium.  The southeast end 

of the l ine  is i n  very  shallow water (4-8 m) and represents 

ac tua l   res i s t iv i t ies  of water and sub-bottom materials  as 

calculated i n  real-time. These r e s i s t i v i t i e s ,  and 

chargeabili t ies i n  mineral  surveys,  constitute  the raw data 

which is recorded w i t h  the system i n  its present  configura- 

tion. During r e s i s t i v i ty  surveys  for  identification of 

granular  materials,  the  apparent  resistivities  are  inverted i n  

terms  of a layered model.  The data from l ines  3 and 6 (Pocket) 

show the resul ts  of t h i s  inversion i n  real-time. 

One inversion is carried  out  for  every  thirty-two seconds 

worth of data. Thus the lateral   resolution of the system is 

dependent on the  survey  speed. A t  a survey speed of  one 

kilometre per hour, each sounding represents a l a t e ra l  

translation of approximately  nine  metres. A t  a survey  speed of 

one knot,  each  reading  represents a distance of approximately 
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sixteen 

soundin 

metres 

.g repre 

and a t  a survey  speed of three  knots, each 

sen ts  a distance of f i f t y  metres. Thus ,  the 

choice of survey speed depends upon the  the  later  al 

resolution  that is required i n  near surface  features. A s  

vessel speed increases, so does the  noise  level, and a 

pract ical  upper limit for   res is t ivi ty  surveying  appears to  be 

about  three  knots. 

The  volume  of measurement  which is represented by each of  the 

apparent   res is t ivi t ies  depends upon the  spacing between the 

transmitter and receiver  pair which are  used for  the 

calculation. Thus  the volume involved i n  measurement  of 

shallow r e s i s t i v i t i e s  is quite  small. A movement  of f i f t y  

metres  probably  involves s ignif icant   var ia t ion  la teral ly  i n  

terms of the  shallow measurements. However, for  permafrost a t  

depths of f i f t y  to one hundred metres,  separation between the 

transmitter and the far thest  spaced dipole is of the  order of 

two hundred metres and t h u s  the la teral   t ranslat ion does  not 

imply a major replacement of the volume of measurement by new 

material. The desired  depth and resolution of the  target 

therefore w i l l  have some influence on the  selected speed as it  

appears  feasible  to make re l iab le   res i s t iv i ty  measurements a t  

the  speeds of up to  three  knots. 

There is some evidence  (Olhoeft, 1975) that  frozen  clays  give 

r i s e  to small induced polarization  affects.  I f  it appears 

necessary  to d i s t i n g u i s h  between frozen  granular  materials and 

frozen  clays,  the I P  e f fec t  may  be a useful  indicator. The 

calculation of the I P  e f fec t  is given i n  de t a i l  i n  the  papers 

of Appendix C of t h i s  report. The I P  e f fec t  is more noise- 

sensit ive than the res i s t iv i ty .  A survey i n  which I P  a f fec ts  

are  measured would probably have to  be conducted a t  a 
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significantly lower speed  than one conducted solely  for 

r e s i s t i v i ty  measurements. I t  appears  that   realist ic 

measurements of I P  a f fec ts  can only be  made a t  survey  speeds 

of one knot or less.  The r e l i ab i l i t y  of I P  measurements goes 

up as  the  survey speed goes down. Thus i n  a survey  for 

granular  materials i n  the  Beaufort  Sea, i t  i s  l ikely  that  I P  

a f fec ts  would not be  measured unless  required  to d i s t i n g u i s h  

the  subtle  effects  associated w i t h  the  frozen  fine-grain 

sediments. I n  such a case,  the  original  reconnaissance could 

be carr ied  out   a t  the normal survey speed and then a certain 

amount  of de t a i l  work undertaken a t  slower speeds  to  provide 

the  required  information. 

5 .4  SURVEY RESULTS 

The resul ts  of the  survey l ines   are  enclosed i n  the map pocket 

i n  the back  of the  report. I t  should be emphasized that 

without  control, i t  is d i f f i cu l t   t o  come to  an absolute 

determination of the  accuracy of the  interpretations. However, 

the  resistivity  values and thicknesses determined for  the 

sediments appear . to   cons is ten t  w i t h  those  derived from the on- 

shore  geological model (Figure 11). Res is t iv i t ies  range from 

s i x t y  to  several hundred ohm-metres  and the r e s i s t i v i ty  of 

near surface  materials  appears somewhat higher i n  areas where 

granular  material would be expected. I t  should be emphasized 

that  geologic  interpretation on the  basis of these  results is 

very d i f f i c u l t  because no control  exists. 

be 
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5.5 RECOMMENDATIONS FOR F U T U R E  WORK 

Before  the u t i l i t y  of the  modified MICRO-WIP system for 

granular  prospecting is f u l l y  demonstrated, i t  is considered 

necessary  to  carry  out a demonstration  survey i n  the  Beaufort 

Sea i n  an area where adequate d r i l l   con t ro l  is available and 

where  bottom sediments  contain both fine and coarse  grained 

materials. The test  area would ideally have some shallow sub- 

bottom permafrost  as  well a s  some deeper r e l i c  permafrost 

w i t h i n  the  range of survey of t h i s  system. Since a 

considerable amount  of  work has been carried  out i n  the 

Beaufort Sea by the commercial operators i n  search of granular 

material, i t  appears  likely  that  the  necessary  control  could 

be assembled from the  industry. 

A demonstration  survey would not  necessarily be laid  out to  

provide a detailed map of the  distribution of granular 

material w i t h i n  the  area. I t  would rather be designed  to 

obtain sub-bottom information i n  the  areas where control is 

adequate to demonstrate  the capabili ty of the system. 

Two approaches  could be taken to  carrying  out such a 

demonstration of capability. I n  the f i r s t  approach, 

performance of the  survey would depend on f i n d i n g  a survey 

vessel  carrying  out  other work i n  the same area and adding a 

marine r e s i s t i v i ty  survey  system to  the complement  of 

equipment on board. Provided some assistance were available 

for  streaming and recovering  the  streamer, such an operation 

could be carried  out by a single  operator w i t h  technician 

backups standing by somewhere i n  the  area i n  case of 

e l ec t r i ca l  and mechanical  problems. 
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The second approach to  demonstrating  the  capabilities of the 

new MICRO-WIP system would  be to  undertake a sole-purpose 

survey i n  an area w i t h  adequate  control. Such an approach 

would obviously be considerably more expensive  but would not 

depend on the fortuitous  presence of a survey  vessel i n  the 

appropriate  area a t  an appropriate time. For a stand  alone 

survey, a to ta l  number of three  technical  people would  be 

required. Depending upon the  size of the  survey  vessel, an 

additional one or two nautical crew members  would  be required. 

Provided that an appropriate  test  area  could be located w i t h i n  

reasonable  striking  distance of shore, a relatively  small 

survey  vessel  could be used for a survey of this sor t .  A 

survey crew  would then  base  themselves a t  a shore camp i n  the 

immediate area of the  proving grounds. They  would  go out by 

day to  obtain  the  necessary  geophysical  information  to 

demonstrate  the system capability. 

N o  matter which approach is taken, i t  appears  extremely 

desirable  that a demonstration of capabili ty be undertaken  for 

the system i n  advance of a major ca l l   fo r  i t s  employment. From 

such  a demonstration of capabili ty would  come an understanding 

of the  strengths of the  system,  the likely  production  to be 

obtained, and the l imitation on i t s  application.  Planning of a 

survey a t  a later  date  for which ground t r u t h i n g  would  be 

obtained  directly  after  the  survey would be  much aided i f  

access  to such a demonstration of capabi l i t ies  were available. 

6.0 SUMMARY 

The objective of t h i s  program was to  design and produce a 
real-time marine resis t ivi ty   interpretat ion system for 
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surveying  in  offshore  environments. The results  obtained 
demonstrated  the  successfulness of this  project,  both  in  terms 

of meeting  the  objectives  and  also  being  within  the  budget  and 
scheduling  estimates. This  system  is  now  available for routine 

surveying  in  offshore  environments  to  map  granular  deposits 
and  permafrost  with  a  real-time  resistivity  interpretation 
capability.  All  that  remains  is  a  small  survey  to  demonstrate 
the  capability of the  system  in  the  environment  of  interest. 

Respectfully  Submitted: 

A. Kay, M.Sc.,  P.G-, 
Senior  Geophysicist 

Per : 

W.J. Scott, Ph.D.,  P.Eng.,  P.Geoph., 

Chief  Geophysicist 
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System Software Integrating DVM T/C Compensation 
Command Storage FET Multiplexer Counter 
BASIC Commands Relay Multiplexer Analog Outputs 
Reading Storage High Speed DVM Actuators 
Expandable RAM Digital I/O General Purpose Switch 

With the HP 3852S Data Acquisition and Control 
System you get capable hardware plus system software to 
create a powerful data acquisition system that you 
can easily configure to your needs. With this system, 
you'll find that data acquisition and control is fast and 
easy. A full keyboard with two displays means easy 
checkout of system wiring. Plug-in voltmeters and 
input/output accessories with removable terminal 
modules for field wiring speed up system configura- 
tion. You'll have powerful system software for fast  and easy 
start-up using a tool set of capabilities needed in data 
acquisition such as data analysis, presentation, 
distribution and archiving. 

The HP 3852S Data Acquisition and Control System 
consists of an HP 3852 mainframe, optional HP 3853 
extenders, a selection of plug-in voltmeters, multiplexers 
and input/output accessories, an optional HP Series 
200 or 300 computer and system software. You can 
choose any combination of these capabilities. The HP 
3852 Data Acquisition and Control Unit has a full keyboard 
with displays, a power supply and a controller module built- 
in. Eight slots are available for plug-in accessories. If 
more slots are needed, add up to seven extenders 
with 10 slots per extender. 



High Performance 
You can use the HP 3852S to perform accurate, low-level 

and noise-rejecting measurements as well as high speed 
measurements. You can resolve 1 microvolt signals with the 
Integrating DVM and make scanned readings at up to 100,000 
readings per second with the High Speed DVM. In a single card- 
cage product you can make a wide range of measurements. 
Both system voltmeters interface to transducers directly or 
through a variety of multiplexer accessories. The voltmeters 
have built-in current sources for measuring resistive transducers. 
You can even insert shunt resistors in multiplexer accessories 
and measure current. 

Flexible Hardware Configuration 
You can use the HP 3852S to configure exactly the system 

you need. The HP 3852S consists of a HP 3852 Data Acquisition & 
Control Unit (mainframe). plus an HP 3853 extender i f  needed. 
Voltmeter and I/O plug-in accessories can be placed in any slot 
of the mainframe or extenders. I f  you need racks. both a 76.2 
cm (30 inch) and a 142.24 cm (56 inch) rack (48.26 cm (19 inch) 
wide) are available. An HP Series 200/300 computer and system 
software for the Series 200/300 computer complete the system 
with easy-to-use but powerful tools for data acquisition. 

Intelligent Computer Front End 
Use the HP 3852 Data Acquisition and Control Uni t  with any 

HP-IB (lEEE-488) computer. While not a ”stand-alone” instru- 
ment. i t  has considerable built-in intelligence which frees the 
computer to handle other tasks. This built-in intelligence in- 
creases the speed with which data is collected and decisions 
made. Download your user routines from the computer. Use the 
computer to call a routine or let one routine call another. A 
number of BASIC constructs such as FOR ... NEXT, 
IF. .. THEN ... ELSE and WHILE are built into the HP 3852 as are 
the capabilities for conversion of data to user units, transducer 

linearizations and execution of user stored routines. Limit and 
alarm capabilities are also included. Channel lists (of channels in 
random order) can be downloaded and scanned with a single 
powerful command. Data can be output over HP-IB immediately 
or stored for later transfer or processing. The HP 3852 can un-  
pack any data stored in the “packed” mode prior to transferring 
the data over HP-IB to a computer. 

System Clock and Pacer 
In the HP 3852 Data Acquisition and Control Unit you have an 

accurate system clock and a programmable pacer. The clock is 
nonvolatile for four years with 1 millisecond resolution for time 
stamping data or for timing events. The system pacer gives you 
0.25 microsecond resolution and can be used to initiate 
measurements. scans or events. 

Expandable Memory 
Store up to 1.000 readings in the standard HP 3852. Expand 

this memory by 256 kbytes or 1 Megabyte with an Extended 
Memory card. The Extended Memory card fits inside the con- 
troller module and does not use an I/O slot. Memory is used for 
storage of user routines as well as readings. 

Powerful System Software 
Use system software for the HP Series 200 or 300 controllers 

to get the system running quickly and easily. While you can pro- 
gram the HP 3852 mainframe with any HP-IB computer. many of 
your other tasks are aided by the System Software. These tasks 
are: 

Configure the system 
Store the data 
Acquire high speed data 
Analyze the data 
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Present displays 
Present real-time graphics 
Control a process 
Schedule a task 
Distribute Data 

controllers with or without Shared Resource Manager 
capabilities- 
* Model 216, 217, 236. 220, 310, 320 

System software runs on the following HP Series 200 and 300 

Plug-In Accessories 

the only plug-in accessory which uses two slots in the main. 
frame or extender. All other accessories use one slot. 

The HP 44702A High Speed Voltmeter has a memory buffer of 
8K readings This is expandable to 64K readings with the 
HP 44702B version of the voltmeter. Readings can also be stored 
in the mainframe memory which is expandable to 256 kbytes or 
1 Mbyte. The High Speed Voltmeter contains a General Purpose 
Interface (GPIO) port. This can be used with a Direct Memory 
Address (DMA) card to transfer readings at a 100,000 reading per 
second rate to an HP Series 200/300 Computer. The H P  3852S 
system software facilitates high speed data transfer to an H P  
Series 200 or 300 computer and. from there. into a hard disc 

Choose from two digital multimeters to meet your application 
needs For applications requiring low level. accurate measure- 
ments in the presence of noise, the 5 1/2 Digit Integrating DVM 
provides the solution. I f  you need speed. the 13 bit (12 bit plus 
sign). 100.000 readings per second DVM is the answer These 
DVMs can be used in any mainframe or extender slot. and 
multiple DVMs are allowed per cardcage. 

5 1/2 Digit Integrating Digital Multimeter 
In the HP 44701A 5 1/2 Digit Integrating Voltmeter you have a 

complete instrument as a plug-in accessory. I t  is guarded. 
single ended and Integrating for making accurate. low-level 
measurements in the presence of common mode noise. I t  is soft- 
ware programmable for one or more power line cycles of in-  
tegration to achieve maximum noise rejection. For speed in 
situations where noise is not a problem. use the voltmeter in 
3 1/2 or 4 1/2 digit modes with less than one power line cycle of in- 
tegration. In the 3 1/2 digit mode. single channel measurement 
speed can reach 1600 reading/second. 

To measure DC current. use a resistive shunt placed in the 
appropriate channel of the multiplexer accessory. AC (45 - 
500 H z )  sinewave voltage measurements are made with a peak 
detector calibrated in RMS. Two and four wire ohms measure- 
ments use a built-in current source. For ohms measurements. the 
proper multiplexer connections are automatically made by the 
system. 

13 Bit High Speed Multimeter - 100 kHz 
Use the HP 44702A/B High Speed Voltmeter to digitize 

waveforms or to make fast readings over many channels. I t  
scans and autoranges at up to 100.000 readings per second The 
inputs are balanced to reduce common mode noise without the 
use of a guard Make voltage or current (with a shunt on t h e  
multiplexer) measurements Use its built-in current source for 
2 and 4-wire ohms measurements. The High Speed Voltmeter is 

Input/Output Accessories 
With the HP 3852S Data Acquisition and Control System you’ll 

have available a complete set of input and output plug-in 
accessories for interfacing to measurements and for controlling 
and sequencing your tests. 

You'll have relay and solid state multiplexers with and 
without thermocouple compensation. These multiplexers can 
switch the voltmeter high. low and guard for common mode 
noise rejection or you can select one configured for single ended 
measurements (switch high only) to achieve high channel counts 
at a low cost per channel. 

Use a Five Channel Counter/Totalizer to make accurate 
isolated or non-isolated readings of signals with frequencies up 
to 200 kHz It can measure frequency or totalize. do up down 
counting and wrap around counting. For low frequency signals. 
totalizing at low cost is available on all 16 channels of the 
Digital Input accessory. 

put accessory, an 8 Channel Form C Relay Actuator for 
switching AC or DC. and a 4 Channel Analog Output ac- 
cessory which provides voltage or current on each channel 

For general purpose. low frequency and low level signal 
switching use a 16 Channel Form C Switch Accessory. This 
accessory has a terminal module which you can wire for genera: 
purpose switching configurations such as matrix and others. 

following ways: 
I/O accessories all slide easily into slots in the 

Each I/O accessory has a removable Terminal Module 

Terminal Modules have easily removable and see- 

Most configuration is done in software. 
Most hardware configuration is done with finger 

All Accessories work in all slots and require only one 

For outputs. your choices include a 16 Channel Digital Out- 

The I '0 Accessories make system configuration easy i n  the 

Mainframe and Extender. 

for field wiring. 

through covers. 

movable jumpers (no soldering). 

slot (except the High Speed Voltmeter which uses two slots) 

You can configure the system by connecting the field wiring t o  
the screw-down terminals of the terminal module and plugging 
the terminal module with its I/O accessory Into the desired slot 
of the mainframe or extender. You'll do very little hardware con- 
figuration. but where required (such as the choice of 5 .  12 24  or 
48 volts DC on the digital input accessory) it is done with 
jumpers on the terminal module that are moved by hand In 
most cases. no tools or soldering are required. 



The HP 3852 Data Acquisition & Control Unit is a cardcage 
mainframe for the system. Use it as a computer front end for 
measuring voltages and transducer signals. It must normally be 
linked to a computer via HP-IB but it does have a keyboard and 
display for local operation. With its built-in intelligence and 
memory it can often run with minimal communications with the 
computer. 

Features 
Full alphanumeric keyboard: Most commands are keyboard 

Two displays: Command entry and results 
Eight I/O slots 
Any accessory in any slot 
Interrupts from any slot 
Multiple voltmeters allowed 

executable. 

Intelligence 
BASIC constructs: 

FOR ... NEXT 
IF THEN ... ELSE 
WHILE . . .  ENDWHILE 

Time Alarms 
Limit Checking: Real-time or post-processing 
Slot Interrupts 
User routines: Callable by computer. by another routine or by 

Conversion to user units 
Temperature linearizations: Thermocouples. Thermistors 

Any type of measurement can be stored 
Packed data can be unpacked before transmission over 

Uses a Motorola 68000 

Time Alarms. Limits or a Slot Interrupt 

and RTD 

HP-IB 

Memory 
Usable for program and data storage: 
8000 Bytes standard 

Series 200/300 memory boards 

therefore don't use up a mainframe slot 

1/4 MByte and 1 MByte expansion: Using HP Model 9000 

Memory expansion cards fit into controller module and 

Memory per of Readings (using Standard Memory) 
Storage Format High Speed DVM Integrating DVM' 

Integer 2 bytes/4000 rdgs 
Packed 2 bytes/4000 rdgs 4 bytes/2000 rdgs 
Real 8 bytes/1000 rdgs 8 bytes/1000 rdgs 

For all resolutions 

Real Time Clock 
Accuracy: 0.004% of elapsed time since setting 2 msec 
Temperature coefficient: 
Resolution: 1 msec 
Nonvolatile lifetime: 4 years 

Time Alarms 
Modes: Set alarm 

Increment alarm 
Read alarm 

Resolution: 1 msec 

Pacer 
Pulses: 1 to 65.535 or continuous 
Interval: 1 to 4.19 sec 
Step size: 0.25 
Pulse width: 0.5 nominal (low true) 
Time jitter: 1st pulse = + 1 0 after 

trigger. Additional pulses = 0.005% 100 nsec after first 
pulse 

HP 3852 HP-IB Interface Capability Codes 
For further explanation of these codes. see a Hewlett-Packard 
catalog or IEEE Standard 488. 
SH1: full source handshake capacity 
AH1: full acceptor handshake capacity 
T6: a basic talker. serial poll, unaddresses if  "my listen address" 
L4: a basic listener. unaddresses if "my talk address" 
SR1: full capacity service request 
RL1: full capacity remote local 
PP1: parallel poll with remote configuration 
DC1: full capacity device clear 
DT1: full capacity for device trigger 
CO: no controller capability 
Data rate: 140 kbytes/sec from internal buffer to ideal listener 

with FASTOUT on 

Connectors 
Six BNC connectors on the rear of the controller module are: 
Inputs are TTL compatible and require pulse widths > 0.5 Out- 
puts can drive CMOS/HCMOS one TTL load or two LSTTL loads. 
Event In: use with "WAIT FOR EVENT" command to initiate 
an action 
Channel Advance: advances scan to next channel in channel list 
Channel Closed: use to trigger an external voltmeter once 

System Trigger In: provides a backplane trigger to all I/O 

Pacer Out: outputs from the system pacer 
Pacer Trigger In: hardware trigger for Pacer 

channel closes 

accessories 

Other 
Size: 22.225 cm (8 3/4 inches) high, 48.26 cm (19 inches) wide. 

Weight: 16.8 kg (37 pounds) without plug-in accessories: 

Power: Voltage: 100, 120, 220. 240 VAC 10% 

50.8 cm (20 inches) deep, System II cabinet 

31.8 kg (70 pounds) loaded 

Frequency: 47.5 - 66 Hz (auto selected at power up) 
Usage: 150 VA max 

Temperature: Operation 0 to noncondensing 
Storage -40 to 

Humidity: to 95% R . H . ,  at except as noted 
Wire Sizes: All accessories with screw terminals can use wire 

sizes 16-26 AWG except for HP 44722A. 44728A and 44729A 
accessories. Check their accessory description for details. 
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APPENDIX "B" 

Computer Software L i s t i n g s  





0 0 0 1 
1 0 1 0 
1 0 2 0 
1. 0 3 0 

1 0 5 0 
1 0 6 0 
1 0 7 0 
1 080 

1 1 0 0 
1 1 i o  
1120 
1 130 
1 1 4 0  
1150 
11 60 
1 170 
1180 
1 1 9 0  
1200 
1 2 1 0 
1220 
1 2 3  0 
1 2 4 0  
1250 
1260 
1270 
1280 
1 290 
1 3 0 0  
1310 
1 32 0 

1040 

1 090 

1330 
1340 
1 35 0 
1 3 6  0 
1 3 7  0 
1380 
1 \ 3 9  0 
1 4 0 0  
1 4 1 0 
1420 
1 4 3 0  
1 4 4 0 
145 0 
1460 
1 4 7 0 
1 4 8 0 
1490 
1 5 0 0 
151 0 
1 5 2 0 
1530 
1540 
1 550 

1570 
1 5 6 0 

1 5 8 0 
1 59 0 

I I I I f 
PROGRAM DOWNL I 



I 

1 6 0 0 
1 6 1 0 
1611 
1 6 1 2 
1613 
1615 
1 6 1 6 
1 62 0 
1 63 0 
1 6 4 I1 
1 65 0 
1 66 0 
1 6 7 0 
1 68 0 
1 6 9 0 
1700 
1 7 1 0 
1 7 2 0 
1 73 0 
1 7 4 0 
1 75 0 
1 '7 e, 0 
1 77 0 
1780 
1 7 9 0  
1800 
1810 
1 82  0 
1 830 
1840 
1 8 4 1  
1 8 5 )  0 
1860 
I 87 0 
1 8 8 0 
1 89 o 

I I I I 

OU PUT 709 X 
DEPTH SOUNDER 

OUTPUT 709; “CALL SYNC” 
OUTPUT 709; “CALL DEPTH” 

OUTPUT 7 0 9 ;  "WAITFOR PACER ;WAITFOR PACER,WAITFOR PACER,WAITF OR PACER” 
OUTPUT 709;”LET DP(K)=D” 

OUTPUT '709, “CALL SYNC" 

OUTPUT 7 0 9 ; ” W A I T F O R  PACER" 

OUTPUT 709;”READ 4 0 0  I N T O  G2” ! CHECK GAINS 
OUTPUT 709 “READ 3 0 0  I N T O  G4” 
OUTPUT 709," FOR J=1 TO 32" ! NEXT WINDOW 32 SCANS 
OUTPUT 709;”WAITFOR PACER,USE 6 0 0 ; S C T R I G  INDEX VTS,0” 

OUTPUT 709;”FOR J=1 TO 96” DE L A Y  BET W INDOWS 

OU TPUT 7 0 9 ,  “NEXT 

OUTPUT 7 0 9 ,  “XRDGS 600 INTO VTS” 
OUTPUT 7 0 9 , ” I F  G1=G2 ANI) G3=G4 THEN” STACK NO GAIN CHANGE 
OUTPUT 7 0 9  “STK=STK+1 “ ! INCREMENT STACK COUNTER 
OUTPUT 7 0 9 ; “ F OR I=0 TO 6” ! ST ACK 'I H I S  WI NDOW NEGAT IVE 
OUTPUT 709;” LET 
OUTPUT 709 ; “NEXT “ 

OUTPUT 709; “END IF" 

OUTPUT 7 0 9 ;  “ELSE” ! IF NO S TACK 
OUT PUT 709 "WAITFOR PACER " USE UP EQUI VALENT AMOUN T OF I ME 

OUT PUT 709 "NEXT J 
OUTPUT 7 0 9 ;  “NEXT K " 
OUTPUT 709, “WAITFOR PACER;VREAD OUTPUT COMPLETE STACK TO 316 
OUTPUT 7 0 9 ,  "WAITFOR PACER;L=L+ 
OU TPUT 7 0 9 ,  “VREAD G1 , R A S C "  OUTPUT GAINS TO 216 
OUTPUT 709; “VREAD G 3  ,RASC" 
OUTPUT 709 ; “WAITFOR PACER ;VREAD STK ,RASC” OUTPUT STACK COUN 1' TO 216 
OUTPUT 7 0 9 ;  "VREAD DP ,RASC” 

OUTPUT 709 "DISP ON" TURN ON Dl!:;F)I .Af CIN C(.IMI'I.I:'TICIN 
C)IITPlIT 7 0 9 ,  " P A C E R ,  1, 0 " 
CIIJTPUT 7 0 9 ,  "!XIBEND" 
END 

OI.ITPU1' 709, "END WHILE I' ! E : w  L:) 11.. I; r A C  K 'I' NU; I. ooo 

! E:NI) 01- !!;UHR1JII'1 LMIY 



1 
1. 0 u 0 
t 0 i 0 
I Ir ;? 0 
S O S O  
t o 4 0  
1 0 !, 1) 
i 051 
t 0 5 3 
i 054  
i 0 0 I1 
1070 

t 090 
s i 0 0  
1 1 0 s  
st.1.u 

1 i 3 0  
I 1 2 0  

1 i 4 0  
is50 
i i h 0  

1 1  80 
i I V O  

1210 
1.22 0 

s o t a n  

s 170 

j 200 

12x0 
1 2 4 0  
1250 
i P 6 0 
IZ '?  0 
S2L:)O 
i:?Y 0 

1.310 
I 3 2  u 
1 3 4 0  
1 3 5 0  
s 3 b 0 
1.3 7 0 
1 300 
1390 
1 4 0 0  
1 4 i 0  
s 4 2 0 
1 4 3 0  

1 4 5 0  
t 460 
1 47 0 
s4130 

1 5 0 0  
1510 
1 5 2 0 
1 5 3 0 
1540 
s 5 5 (r 

1.500 

1 x 3 0  

1.440 

i 490 

I I I I 1 I I P R C " " ~  It" '  'p-P' I I 
O P l  LON HhSII: i 
1)J.M ut(7) , X x ( Z I j )  ,Yy(:)k))  ,YyC,(2.'i'~! ,!-)(:."kj) , X 0 ! 1 ; < 4 ) , R t ( h )  , ( . ; ~ ( ~ ) ) , [ : ; l ~ ! i , ~ ) , U . ~ l  ( ' 7 )  
Mil I ) ep lh (U>  , I . p $ ) ( 4 ) , F ' p ( 4 )  
(,;(.)H F)(7),W(i.34),F'ltr(2!V),~IN'Tfl'(';FR C:,M,N 
:INfF.GER G ( ' 7 )  ,Np,Screer,(7500),S.;(h) 
('IN KEY 4 1.AFiEL " AbANIjON !;H:LP" (31110 E X  1 (:.; I4 A c; I I:.. IJ I . f' x 'I: '1 

Uater. . -ca:I=.  116 ! !liPl::ED (:)I !3l)l.JND :IN WAT'Kk 
I C A l . I : t i k A ' l  I ON 

A!iSIGN @ L I  'I(:) " D A T "  ! '1 E.. MP C) R C\ I< Y CI IJ 1 F' I.) I V :  .l 1.. 111' 
OlIlV'IJl 7 0 5 , " ' I N j "  
I)I.IIPIJI 705, ~ ~ ~ ~ ~ ~ : ~ o o n n o , - ~ s o o o o , ~ ~ o ~ ~ ~ o o , ~ ~ ~ o n o ~ ~ ~  
C)IIIPUT 705 , "SCMh, 3 j " 
INPUT  "L.[NE : lD " , L . l d$  
'I NF'UT "VC " 
131.1 r P l l T  705 j "1.175 j " 

OUl f 'UT 705, "PAPU10,90  j "  

C)LI 1 PUT 705, " S I  . 561, 1 . j " 

OIJ'TPUT 7 0 5 ,  "Dlr.0,  i ,  " 
C) I . J~PU l  7 0 5 ,  " L .BL INE :  " b L l d $ j C H R 9 ( 3 )  1 PL.C)T I.:LNC '1:CTL.K: 
CIIJlPUT 7 0 5 j " S I . 2 ,  .35," 
OUTPUT 7 0 5  j " D I  1 , 0 , " 
OI.II.PUT 7 0 5 ,  "L.Of3j"  
OUTPUT 7 0 5 , " P A P U 3 0 , 1 7 5 i "  
CIUTPUT 7 0 5  j "PAPD29,175,  " 

OUTPUT 705, " P A P I J 2 8 , i 7 5 i "  
13lITPUT 7 0 5 ;  "Lt iO",CHR*L(3);  ! D R A W  UE:R'lSCAL.. AX:I:S 
OUTPUT 7 0 5  j "f 'APU30, i . 7 5 ,  " 
FOR I - i o  TO 7 0  STEP 1 0  

I 

I 
1 1 l :NI l  L A 1  I%E '724':>1.( F)I. , I~'I  11:1.12 

, L.stJ 

X x ~ = i 7 5 - % * 1  
OlJTPUT 7 0 5 ; " P A P D 3 0 , " j X ~ ~ , " j "  
OUTPUT 7 0 5 , " P A P 1 ) 2 9 , " , X ~ ~ , " ; "  
OUTPUT 7 0 5 , " P A P U ~ 8 , " j X ~ ~ j " j "  
OUTPUT 7 0 5 ; " L B " j U A L $ ( I ) j C H R S ( ~ ) j  
OUTPUT 7 0 5 , " P A P D 3 0 , " , X x s , " , "  

NEXT I 
OUTPUT 7 0 5 ;  "L.O5i  " I SE'TUP FOR P L ~ ~ J ' I T ~ ~ N I : ;  SL::C:TIC)N!; 
! 

G I N I T  ! ' INITTAL. :I:ZE SCREEN GRAPHICS 
GNAPHICS (3N 
Xn in=3- ;? .  E *RAT IO  
!:;HOW Xnin,J,- 275,2 I' ' 
MOVE: i ,  0 ! G R I 1) f: C) R L CJ C; .... 1.. C) G P L. C) r 
M W E  I , 1 
DRAW 3, i 
MC)VE-: 1 , 2 
MOVE: i , 0 
DRAW I ,2 
MOVE: 2 , 0  

DIIAW 3, 0 

DRAW 3,2 

l i R A W  2,2 
MWE: 3,  n 
DRAW 3 ,  i.? 
(::SIZE 5 
I ,Of t ( ,  h 

I..AEFI.. " l . ( : ) G ( P ) "  I 1 AIi1.I.. fix1:..5 
I.. D 1.R ?IKATN ( i. ) 
I... C) H (:; 4 

MWL: 2 n , D  



1 CihO M~.IUK..  1 , 1 
1 5 ' / 0  1 ABEL. " L O G ( I i h o ) "  
1',li0 I . O R ( : ;  2 
1 ' , 9  II 1. I) '[ H 0 
1CjOO MO'JK . 4 5 ,  i U'?O 
IAtU I..AhC'L.. " U S "  I I)  I !,PI A Y  L ticn'l I ON I. {\uI:::I $5 
1620 MOVE . 4 5 ,  1. . 6'93 1 1. (113 1.2 O W  W(,II.. I'AGI:.. I! I !.,PI. A Y  
1 b d 0  1. AAF 1. "w;!" 
lb4(!  M W t .  4 5 , 1  .!.;11. 
l.C)!;o 1.AbEL. "U3" I 

1 bhO rlCluE: . 45,  1. . 32ki 
i h 7 0  L..AL(EL "U4" 

1690 LABEL "US" 
16HO M O V E  . 4 5 ,  f 1 4 5  

1 7 0 0  MOUE 4 5 ,  . V h 3  
17fO I...Abk:L " V 6 "  
1720 MCIWE . 45,  . 711) 
1'730 l..AREL "CM"  1 ~ N l ~ t . l J 1 ~  I :NC C:I.JRRl?N'l  M(3N'I:TOR 
1731 MUCIE 45 ,  , 5 9 7  
i'/X! LAhE-1. "I)(n) ' I  

1740  ( ,S IZE 3 
1'150 LORI; 5 
1'/60 GSTCIRE Screen($) ! S1I:IRII H A C K G R O I J N I )  FC1R I)ISt"I..AY 
1770 ! 
I'IHD L p p (  i ) .=n ! IF.MP(1IIARY ST~.JI~AC;E t C l l ?  
1790 I. r ,1: , (2)=0 I PI ... 0'1'1 1NG SFClIClN!'i 
~ E I O O  ~ . p p ( x ) = a  
i u i o  Lpp ( 4 ) = 0  

~ F ) J O  m . r A  ~ , ~ ? . ~ , s , ~ o , ~ s , ~ o , o , o , ~ o o , ~ ~ ~ o , ~ o n , ~ n o o , ~ ' ~ ~ o o , ~ . ~ ~ o o o  

I E I W  D A T A  1 4 3 . 7 3 9 3 , : 3 ~ 6  2 h ~ ~ ! , ~ n o n . 5 6 , : ' ! 1 ~ 5 . 7 1 , 4 9 1 . 1 t , . 3 0 , i n h o l  F) 

it320 ! 

1840 H E A D  G n ( t )  I GAIN UALI.IK; F-OR wr:mIN( ;  
1 R 4 i  ! L.OG D 1 P O L . E  CE:C)METRIC: F'A(:Y"lRS 

i U ' 3 I l  ! DIPOLE--DIPOLE GEOHE:TRI(:: FACTON!; 
if360 ! D A . I A  471 2~39,1i(384.9h,471~:!  39,Y4i?4 7 8 , 1 6 4 9 3  4 , 2 ! 6 3 0 9 . 4  
11'170 READ G f  ( t )  
IH(JO D A r A  . 0 0 0 4 6 2 5 t , , - .  n o 1 o 9 o 7 ,  . u u I ~ s L ? ~ , -  o n ; ? n o w  1 I [ L  TFR uxw:[c I : t t+ r : ;  
1 0 ~ 0  I)A'rA . 0 ~ 4 3 ( o 4 ~ , . . . . . 0 0 2 1 2 3 h ,  . 0 1 5 w s ,  . 0 1 7 0 6 5 ,  . O Y ( . < I O ~ ,  : : ? i v ~ t $ ,  ,647:!;.!;1 1.41yi 

1 ~ 1 0  D A T A  - .  0191.09,  n ~ i 6 ~ ; 6 , -  , 0 0 7 1 5 4 4 , .  o o 4 ~ o w I - - .  0 0 2 7 1 . 5 , .  0 0 1 . 6 7 4 ~ ~ -  001.0335 
s w o  D A T A  0 0 0 4 n s ~ 4  

. .. . . , . 

1 9 0 0  D A T A  . 4 7 8 1 9 , - 3 . 5 1 5 , 2  7 7 4 3 ,- 1 . 2 0 1 ,  4 5 4 4 ,-  19427 ,  OY7dh4,...-.O5rlO'$9, 03172?19 

1.930 R E A D  F l t r  (1) 
1 Y 4 0  ! 
1950 D A l A  20 62 ,22  7 0 , 2 4 . 9 8 , 2 7 . 5 , 3 0 . 2 7 , 5 3  32 , . !6  0 7 , 4 0  ;!h4,44 3 4 , 4 l i )  9,53 89 
1 ' ? f ) 0  1)ATA ~ ~ 9 . ~ 4 ~ 7 6 b S . 2 1 1 , 7 ~ . 7 ' ~ , 7 9 . 0 i , 1 3 6  9 0 , 9 5  7 5 , 1 0 5 . 3 h , I ~ . ' . ,  7 7 , 1 ~ ? 7 . 1 ~ 4 , 1 4 0 . 5 0  
15'70 D A T A  154 6 4 , i 7 0 . 2 ~ , 1 0 7 . 3 6 , ~ ! 0 h , ~ 2 , ~ ! ~ ) 6 . 9 9 , 2 4 Y  n4,%7ci 
tYEJ0 READ S ( $ )  

? 0 ; 2  0 I4 E:, AD P ( * ) 
20.30 I ) A I ' A  4 , 7 , 2 0 , 2 B , 2  
2 0 4 0  RI!I:AD E,N,H,Np,Spac 1 4 L.AYFIi!:; 

I' 1 

1 AFI!!;CIS!iiAC' FOR FTL,~TfI.I? PC):LNT!'; 

. ? 0 1 . 0  D A T A  R , ~ ' 0 , 3 0 , 6 5 . 0 , 6 5 .  ,65 5 , 1 9 0  1 IN.I"I'.IAL. GIJ~;!;!; 

2 0 4 1 I '7 I:! AI:( Ar(E 1' t lR (:i 
? ( 1 5 0  I ( . I R  J.=i I O  blp 
i' (1 0 0 x x ( I ) =. L. (.I(:; ( s ( I ) ) 
Z! 0'7 0 N1 x 1 I. 

? O V O  1)P.l x:=l. C K (  1 0 > , I ( ,  1 I.. OCi.112 I I l iHl( . :  !i;f"O(, I f4C 

I ' l l  0 A l l  I:-: 4 ' LII l.'I 'I AI ... !,;I I IJ !;'I il::: 

1 1 w.; ( I ( ?  tl~.>x:I!:;!:;~~:; I) r!:)'r~rdc~::s 
~ ! ( ~ ~ j ~ l  ~ ~ ) d I ~ ~ ~ ~ , , ( 1 ~ ( ~ ~ ) , ~ 1  ) 1 !3P61Cl: I) I:"(:)RM i:? l c i  ;'I '54 

~ ~ 1 0 0  l . ~ r l ( l . . : S / ! ) ~ ~ R ( ~ ~ ' )  1 l,:l~lAN(;l' I r.l ! : i l  I:I) !.;Ill'. 

:J 1. :) () I 



. ' 1  . s o  
21 90 
2 1 !7 0 
2' 1 t> 0 
;! 1 70 
2 l H O  
21 YO 
L! 2 0 0 
;:! 2 i 0 
2) 2 ;? 0 
L! 2! 3 0 
2240 
;:>;)!j (1 
2!;!hO 
:!.?hi 

2?'::'64 

2 2 c, 7 
?2t,H 

3 '3 '7 0 
2 2 1) 9 

2'2.7 j, 

3272 
1 '3 -1 3 
'3 *3 -7 4 
2275 
2276 
?2>77 
22713 
2 2'7 y 
2 2 I 1  t 
2;>8;! 
2 !;? r,, 0 
2 3 0 0  
:!,<io 
2 .3  ( 2  0 
2 :5 3 0 
2340  
2.5 5 0 
2 3 6 I) 
2\47 s 
?iJ'12 
:! .JU 0 
2? 3 Y (I 
:? 4 0 0 
( '41 0 
2420 
r' 4 ;.! i 
2!422> 

2 4 2 \5 
24;'4 
iJ 9 i! 5 
;'4.'10 
; '440  
,."+',(I 
;I 4 I ,  (1 
?47(1 
i' 4 I )  0 

;? ;' 6;' 

L! ;> (,S 

L. ' 

L a_ 

L .  '_ 

,.. . 

2) :ly (1 

I"k I t4 I (.:til< !I> ( 1 2 I 

i l ~ . ~ l t ' l . l l  ' 7 0 9 ,  "CALI.. 5 U M A "  
1 S:= ' l  I'ME1)ATI:" 

'I' 3 =. 1' 1. 
FC1R 1:-1 'T I )  iL000 

I 

'I V:::TIME.DATE 
I 

EN.IIIR 7 0 9 ; U t ( * )  
E N'I F: R 7 0 '? ; I:.; (3 9 i. 
KN.1 E R  7 0 Y ;  Ggq? 
IYNTER 7OY;$ ; tac ,k_cnunt  
tN'1'E.R 7 0 9 j i ~ e p t h ( $ )  
! 

1 

1 L L I  A I <  6)l. P l 4 1 ' \  V<l':l<r I: r4 

I l:Al. I !';I l ~ ~ i ~ O l l ' T l  Nt  I N .$II'>L)A 
1 F. i 1l.t 'I I M I rll; 

DAIA  1. N I H Y  I.-ROM 3(;5?13 
! H I . :  AI, !; I A C k  I I! V i r l .  1 A(;I . .S 
I R E A D  (:;AI.NS -.. BINARY I '~(:) I~VIAI '  

1 r(lJMlikI:R I:)$: C;TACK!li :;TI:)NI;.~) :[N U t  

Sd:=4*Lsd 
!;ids=4$Lsd$L.!;d 
I. Clli J :: i T C) 8 

D e p t h ( J ) . . D e ~ ) - r t ~ ( J ) X W ~ t e r _ ~ . a : L  
C;d=Sd+Depth(J)  
t;ds=Sds+l)el;)th(J')$I)elJth(J) 

Nt:XT J 
S d e ~ = S W R ( S d s / i 2 - S d $ S d / i 4 4 )  
N n n = i 2  
F ( 3 R  J = l  TO 13 

1F A H S ( D e p t h ( J ) - S d / i 2 ) ) ~ ! $ S d e u  THEN 
Nn 1'1 =Nn n .... i 
SdZSd-Dep t h  ( J )  

END IF  
N E X I  J 
Sd=Sd/Nnn 
Lsd.=Sd 
F U R  J - i  TO 4 

K ~ 7 -  J 
1 DELODEI: (.;ATNC; 

Liz( J - i  ) $ 4  
C ( K ) = O  
FOR L=O T O  :3 

G(K)=G(K) + H I T ( G g g l  , L . i + L ) t : ? " L  
NEXT L. 

NEXT J 
F O R  J=i  'IO Z ?  

L i = ( J - . . S ) l 4  
K-3-J I " 

G ( K ) a . O  

! SE'C:ONI) B'INARY KATN NIJMBE:H 

FOR L=O TO 3 

NEXT L 
G ( K ) = G ( K ) + H I T ( G q ~ ~ 2 , 1 . ~ i + L ~ ) * ~ ? A L ,  

NEXT J 
t.; (7 ) = o  
1.. I. -- (3 
FOR L . = O  TO :3 

G ( ? ) = G ( 7 )  i b l T ( G g g 2 j l . i + L ) * ? ^ I _  
NKXT 1.. 
'[I.: Stack. , , -count=O THE'N 352'1) 
t Oli J=i 'TU '7 1 1)TULI)I:: 10 RFMtIUE ! : ; l f \L;K IN(, 

U t ( J ) - : - U t ( ; I ) / S l a c , k _ . -  I. o II n t 
N I:' x I :r 

1 1 ' 1 - t  I t41 1 1  ME 1)R'lK - '1 9 
1'14 I N 1  IJS'INC "@,'/(/,I)I)iI)I) D D D , / )  ,/ , I)DDDDDI) I ) " j u t ( * ,  ,$,;(.I 

U t ( ' , ' ) : : : : U t ( 7 ) /  1C)b7,/(:;n((,(':,,.ti) I !;l~illN 1 I < F ! ; ' l  5.1 nNc l  
f I IN .1 . . , I  'I ( 1  I., 



;!k:'0 I) 
?'3 I 0 
' I  5 ;i 0 

;! !." .z 0 
;i 1:) ;.:! t 

25 4 0 
'> t.; r.; () 

;";bo 
;'S 7 0 
2) L; 8 0 
y - j y o  
2bnn 
;!t, s 0 
2 0 ? 0  
L! f' 3 0 
l 'h40  

i? hh 0 

I'OHU 
2 0 'r' 0 
2700  
27s 0 

7730 

2'750 
2760 
2'77 0 
i.! 7 H 0 
' 3 7 y o  
2k) 0 0 
:!HI 0 

2 (I .!I 0 

;"so 
2 86 0 
>! 8 7 0 

:.? 6) 5 n 

:!o7n 

"*]Po 

2 7 4 0  

w ; " n  

2 ~ 4 0  

i'HBO 
;!E19 0 
2 v o n 

m 2 n  
29 1 0 

;!v 3 0 
:! 9 4 0 
2 Y c; 0 
>.'Y 0 0 
' 2  <? '7 () 
;!YE1 0 
5'YY 0 
3 0 I I  0 
5 0 5 0 
3 0 2 0 

.3 I) 4 I )  

.z (I  5 0 
3 i l  to 0 
3 (I '/ 0 
A o 8 i) 

:< o :3 n 

( ; I I I . I  Cn ( ( ;  I .J ) t I > 1 r<t'MI!?II'  (, A l.N?j 
~ ~ ~ ~ J ) ~ . : A ~ J ~ ' , ~ ~ J ~ ( ~ ) / ~ ~ I . I ~ ~ / ' U I ( ' ~ ~ ~ ~ ~ ~ ~ ( . ' I ~ J  1 A N I )  L i - 1 1  CI I I  ~1'11.  HI.' ! )  I li'l I ?'I 1 'I' 

NII: X 1 .I' 
p ( f ) :: y;(j 
(1; 1 ) S1.I Ei L. o q tl I. p 1 ~II.I lORI 1 I K A I .  l ? l ~ S I ' O N ! ; l '  ( 1 1  I W I ' Y  1 . 1 9 1 . .  M(.II)L .. I... 

'11:' A d  jC 06 'TtiFN At j j . ;  Ob 
E r' 1 :::.t:r, 1 ANI) l.kI~oN 

to^ I 1 t : r . t  ro :?I ! r< E I' t: n . r  I: N U  f::H :; I: urd L ow J I .I: rI1.. :., 
Ad J""Ad J $ F l l l t ?  ! S l ' € F )  li'IZ111 t . l iOM 4 .  ::!X I O  1' S X  
f: ......I .( Ad : .I 
F(3N Kkk:-;:' 7n 'I 1 A1.I  I"i.btrA~flI~:H!:i UARII: 1, E X C , l . , l ) ' I  

I F  K k k = 4  1Hk.N 2820 ! W A T E R  D l  P'1t.I ANI) l ~ l . ! : ~ ' l ! : ~ ' ~ l V ~ : ' I ~ '  
F ' ( K k k ) - P ( K k k ) L F a c  
.I:F P ( 2 )  ) 4 0  1HEN 

d c " I !;;-(.l.'p !:; I"(1: 
I 

! INC,Hl:.A!:,li P A R A M E  I t .  I:: 
I M A X I M I M  Dt'Plti l , ~ [ H ' l ' l  

Er =2*E:r  S 
Gorn w s n  

END I F  
IF P ( 3 ) ) 4 0  THEN ! MAXIM(IM 1 ~ ~ ~ f ' ~ l ' I ~ ~ l  I.. [nl: 1 

GUT0 2 7 i  0 
Er.=2bE!r S 

END I F  

I F  E.rl(E:r THEN I NO I?E:(.l:tkfiF)t.. : lN ERl4(: lN 

P ( K k k ) ; P ( K k I O / F a c / F a c  ! Dk:CRE:A!i;L:: t'AHArlI.-. 11: I4 
GOSIJB L u g d i p  
I F  E r S ( E r  l H E N  

El.!;E 

END IF 

Er i -Els I KEkP t~l:1l:.;til?R PAl?AME'T~. :H 

GOSI.jEi Logd  1p I I:ALI':IJl Aril  T t I F L : I H l I T C A I  ... NE:!!;PClPl!$Ki 

I CAI.C:III..AIE: .TI.III:(:)R~.I ILAL. .  RI:::c;I'cIN!.:E. 
! N(:) DE:CRII..A!;E. I N  EKlll3R 

P ( K k k ) = P ( K k k ) * F a c  ! RES1C)REi. ORIi;l:NAI.. f ' f i H A H E 1 ' L . R  

Er  i - E r  1 K E t P  l..OWER f'fiHAME:rE:R 

ELSE 

END IF' 
NEXT K k k  

GDSUH 1. o g d i p  
(;LOAD Sc:reer\ ( * )  

NEXT L.1 I 
1 R K C A I .  C:I.JL. ATE B E ! X  -.FIT h0DL::L. 
1 RE.E;l( I i?E Pi(:IIL:t:'N IiA(:kCR(SI.JND 

MCIWE L ~ . T ( ! ~ ( S ) ) , L . G ~ ' ( Y Y ( ~ ) . . - Y Y ~ ( S ) / ~ ) . - S  
b O R  L 1 = 2  IC) 28 

I I)I:C;Pt..AY lIiE.C)REl.[CAl.. CI.IHUk 
! C)N E;(.:ItEE:N 

DRAW L G T ( S ( L . ~ ) ) , L . . I , ~ ( Y y ( L i ) - Y y p ( I . . i ) / ~ ! )  .i 
NEXT LI. 
FOR l . i = S  TO 6 1 1  I Dl!;f'l..AY DATA 

1. j = L i * 4  
MOVE L G r ( S ( L J ) ) , t . . l ~ r ( R t ( L i ) ) - i  
LAHEL "+I'  

NEXT L . i  
C)UlPI.I1 ~ O , X _ n a v , Y _ n a u , P ( * ) , W t ( * )  ! OI.17' P UT 1)AT A T 11 D I .  !X:: 
MOVE:: I 25  ~ 1 , 94 
C S I Z E  5 
L . A l r f  L "E : "4UAL.$ (DR(:)IJND (Er  S ,3 ) ) h " X "  I I! 'I: !I; P L. A Y ME) I) I!. 1. E I? li 0 N I) N t; (1: li I:,: 1.: N 
c !I; 1: z E 3 
11 p ( i ) z: 0 
F ) p ( . ? ) = P ( l  ) + P p ( 5 . )  
t' r r  ( 3 ) :::I.' ( 2 ) +P p ( 2 ) 
F ' I . ) ( ~ ) - ~ P ( ~ ) ~ P ~ ( J )  
x k '3 :,: s 0 * .t 4 3 0 

(iUlt'\.Jf 705,"F'At'D",Xr~~,,",i'~5j" 
F Ilk .I"..? 1 1 )  4 

O \ I I F ) I J . I  ~ n ~ r , " l ~ ~ ~ ) ~ ~ " ~ x ~ . , . . . ~ o ~ " , ~ 7 ~ ; , "  I I:'L (:) ' I  l...AYl:.l?l~::I) M(:)l)l: I_ LJtl 7245l.~ 

I F ' I  .:: I '1 I I L. N 3 1 4 0 



I I I 

3 0 'I' 0 Y $1 '; ::: 1 7':) ' I 1) p ( .r ) Y ?  
~3 1 0 0 x x .'?X x .:,." 1 0 
,< 1 i I) Ol1!PLl'i ' ~ I ) ( : ; , " I ' ~ P I J " , X X ~ ' , " , " , Y ~ ~ . , , " , "  
.4 1 2 0 y y '); :I_ i '7 5 .. 1) I:, ( J ) * ;:! 
:3130 01~1PI.11 ~ I I ' . ~ , " I ~ ' A F ' I ) " , X X ~ ; , " , " , L ~ ~ : , , " , "  
;i 1 4 0 l .pp(J) : :T?p(J)  
-3 i !i 0 N t.: X T J 
3 i t, 0 1 2 : = I N I  ( .1/2!)*;2 1 t V F k  Y !:;l,,:(;UNI) 1 I MI.: 
3 i 7 0 IF I;?-..I 'THEN 1 t'l 0 ' 1  'JAl ... \IC% [:IF: H T ! ; . I  L:; IlVI ( Y 
:s 1 I:) n yyv, . .yys . . i ( )  
3 i Y 0 I1117'PUT 7 0 ' 7 ; , " P A P U " j X ~ ~ j " , " , Y y ? ~ j " j "  
Ai! 0 0 SEL € . C l  F' ( 7 > I F ' ( I R M I ? ~  l.r4(:.; Or NIJ~I€:EI<!.; 
.3 2 i 0 CAtX  > 9 Y 9  ' 7' I d  I4 €. F !:; I c N L f" I f.: a N I' t 1 I, 1 1  R t:: !I; 
3 2 2 0 OUTPUT '705 I.IC;SNG "#,D l ) D F : ! ~ T " , t " ( 7 )  
. S 2 J O  CAL;E ) 9 9  . 9  
3 ? 4 I) O U l t ' I J i  S $  I.JS1NG " # , I ) D D " , F ( ' ? )  
3L!S0 CASE ) 9  99 
3200 OUTPIJ'T SI IJSlNG " t , D D  I ) " , P ( 7 )  
3 ;?'y 0 CASC: ELSE: 
.s 2 I3 0 ou7'Pu.r 705 USING " - # , D  DI)"  j ~ ( 7 )  
3 ? Y 0 END E;ll:L.E'C 1 
d 3 0 0 ( w r P w r  705,  ~ ~ L . . B " ~ ! I ; ~ ~ c H R $ ( J ) ,  
33 i 0 OUTPUT 7 0 5 ; " P A P l . l " , X ~ s j " , 1 7 5 , "  
3 3 2 0  C)UIP\JT 7 0 5 , " P A P D " j X ~ s ; " , 1 7 C , , "  
13330 OLITPUl 7 0 5 , " P A P l I " , X ~ ~ j " , 1 7 ' ~ ~ ' '  
3 3 4  0 DIJTPUT 7 0 5 , " L H " h U A L . $ ( I ) b C H R $ ~ ~ 3 )  j 

3 3 5 0 F'OH J-5 7'0 6 
3 3  h 0 SELECT P (.r) 
3,370 CASE ) 9 9 . 9  
3380 OIJTPIJT SI U!;INI; " t , D I ) D " j P ( J J  
3.19 0 CASE )9 99 
3 4 0 0 I111TPIJT SI USING "# ,DD  D " j P ( . J )  
3 4 1 0  CASE < - 9 . 9 9  
3 4 2 0  nu ' rPuT s$ I.IC;INT; * ~ # , D . D D " , P ( , J )  
3 4 -3 0 CASE ELSE 
3 4 4 0 L7I.lTPIJT SI U S I N G  ' I ) ,  D U D E S Z  'I , P ( J ) 
54'iO END SELECT 
.3 4 0 0 P p ; ? - : ( P p ( J - . J ) + P p ( J . - 2 ) ) / ; ?  ! I:)L.(JT F:.[I) NUMBER 
3 4 7 0 Yys=i7S; - . .2*Pp2 
34u0 C)U"PUl' 7 0 ' ; j " P A P U " , X x s j " , " ; Y y ! ; j " j "  
.J4Y 0 CIIJTPUT 705, "L.Li"bSSLCHRS(3), 
A'., 0 0 NEXT J 
35i0 END I F  
. 3 5 2 0  NKXT I 
.35.40 E X  . ! 

1 1  

3540  ASSIGN en TU t 
.5!1'iO S T O F '  
.35f ,0  L . n g t l l p :  I R E S I T T U I T Y  REI.jt'C)NI;E: OF' LAYEI:N--.(.:AKl: M O D E L S  l,J!:;CNl; CtiC)!:il-I t:IL'I'E!.R 
J 5 7 b Yr:!;pac-i9*D~+:I.x- 0 1 3 0 h 9  
; 3 w n  F-ON L X = ~  'ro 47 
3 5 9 0  CAI..I.. T r a n s ( Y , L i )  
3h  0 I) Y - - Y + D e l x  
3 h i 0 NE.: X T  I... i 
.Shl'I) CALI.. F I .L t e r  
: 3 f I 3 0  Y::::Spac 
30 4 0 FOR L i = i  I'll M 
3f,',0 x 0 ( I . i ) :=Y 
.%hhO *...:r:'xl: ' ( Y )  
3 f , 7  0 Y .,. Y .t ne I. x 
.z (> IJ 0 N E " X 1  I 1 



I 

3600 
3 7 0  0 
37iO 
5 7 2 0  
3 'I 3 0 
3 7 4  0 
3750 
3 7 6 0  
3 7 7 0  
3 7 8 0  
3770 

5131 0 
3FJ2II 
38.30 
3 8 4 0  
3RSO 
3Uh0 
3870 
388 0 
3HY 0 
3 Y  0 0 
39 i. 0 
3 Y 2 0  

3 Y 4 0  
3 9 3 0  

3950 
3 Y 6 0  

JYRO 
399 0 

4 0 i  0 
4 0 ? 0  
4 0 3 0  
4 0 4 0  

4 0 6 0  
4 0 7 0  
40BO 
40YO 
4 1 0 0  
4 1  1 0 

4 1 3 0 
4 1 4 0  
4 i  50 
41bU 
4 1 7 0  
4 1 8 0  
4 i Y O  
4?  0 0 
4;'10 
4:?20 
4 L' 3 0 
4>?40 
4 ;) r; () 

4 ; ) b 0 
4 ;:! 7 0 
4?80 

3 ~ 0  o 

:{Y 7 n 

41100 

41150 

41211 

I I I I I I I I I 
C A L I -  E ; ~ I ~ I > ~ ? ( X O O )  , I ? ( * )  , X X ( * )  , Y y ( l )  , ' Y y l . ) ( l )  , t - l , N k ~ )  
Er ::: (1 
Fur2 ~ . ~ = : 1  'ro 6) 

I .  j = 4 b L i  

I : ~ . : . : : E ~ . + L T . ' I ( R ' I ( I . . ~ ) / U ~ ) * ~ ~ ?  
DtJ: .Yy(LJ)-Yyp(L.J) / ;? 

N E X I  L.:I 
E:r: !$QR (E:r /6) Xi 0 0 

RETURN 
fI: N 1) 
!;UB ' T r a n s ( Y ,  I )  
OWION BASE:  i 
COM P ( 7 ) , R ( i J 4 ) , F l t r ( ~ 9 ) , I N T E G f ' R  E , M , N  
DI:M T ( 5 0 )  
I .J=i/EXP ( Y  ) 
T ( I ) = P ( N )  
F OH J=2 TO E 

I 

Ar*g:"*U*P ( E + I - J )  
A Z O  
I F  A r g ) - 7 0 0  THEN A - E X P ( A r y )  
B = ( i - . A ) / ( i + A )  
R s = P ( N + i - . I )  
Tpr=RsSE{ 
T ( J ) = ( T p r + T ( J - i ) ) / ( i + T p r $ T ( J - i ) / R s / R s )  

NEXT J 
R ( I ) = T ( E )  
!SUBEND 
SUB F i l t e r  
OPTION BASE 1 
COH P(7),R(i34),Fltr(2Y),INTEGER E , M , N  
D l M  Res(3i) 
FOR I = i  TO M 

Rr=0 
FOR J = i  TO 2V 

Ec=Fltr(J)*R(I+29-J)  
R r = R r + H  

NEXT J 
R e s ( I ) = R r  

NEXT I 
F O R  I = i  TO M 

NEXT I 
SUBE'ND 
SIJB Sp l ine (XO(*)  , F ( $ )  ,U(YI),U($) ,Id($) ,INTEGER N,M)  
O P T I O N  BAE;E 1 
! INPUT: 

I F' -. 0 R D I : N A ' I E S  OF I :NPLI l  I..I:NE 
! N - NIJMBC:H OF INPIJ'I' P0: IN ' IS  
! U - ABSI:::[SSAE- OF 1)I::GIRED O l l I P I . l ~ 1  1.INI:: 
I H -. NIJHBE.II OF OUTPIJ r POIN'TS 
! (IUI PLrr : 

! U .- C)RDINATFI:S OF O U ~ P U ~  L I N E  CI)HRt:.St'(.)NI):l:Nl.; .TI1 1.1 
I W ...' DERIUI?I'I'I.UI.:I OF 1"lINClIUN A'1 POTNTS !~~f 'F .CJ .F' l :F , : . I~  
I B Y  A w c ~ m w  IJ 

I) '1 H Y ci ( 5 , 1. 0 0 ) 
r r u L w x  I,S,K,MI,M;! 

1:' ~ 1 1 t  I := ;:! r o M 1. 

R ( I ):=Re!: ( I ) 
I '  I 

I X 0  - ABSC:IS!;AE OF INI'LI'T I...INE: ( : t n  a:ic:er\d.tnq ort ier)  

I 

fl 1 .= N .... 1 



4290 
4 3 0 0 
4 3 1. 0 
4320  
4 3 .3 0 
4 3 4  0 
4.S!50 
4360  
4 3 7 0 
4 5 8 0  

4 4 0 0  
4 4 i 0  
4 4 2 0  
4430  
4440  
4 4 5 0  
4460 
447  0 
44E)O 
4 4 Y  0 
4500  
45 i  0 
4520 
4530  
4540  
4 5 5  0 
4560 
4570 
4500 
455'0 
4 0 0 0  
4 h i. 0 

46.40 
4h40  
4650  
4 0 6 0  
4670 
4b8 0 
4hCSO 
4 '7 0 0 
4710 
4720 

4'740 
475  0 
4'/60 
4770 
4'780 
4 '7 Y 0 
4 13 0 0 
4tI i 0 
4 132 0 
41130 
41)40 
41.)!-1 0 
400O 
4 13 'i 0 
4 14 tJ 0 

4.390 

4620 

47.30 

y ,;, ( 2) , 1 ) .:.;.: 
,I :: 1 - 1 
K :: I i. S 

!; i = X  0 ( I( ) '"X 0 ( I ) 
!;;'..xoc I ) ' " X 0  ( J )  
Y?>( i , : l )= ! i ;s /s  
Y5(3,1)=!;>?/!; 

::; y. x n ( I( ) ... x o ( :I ) 

Y ~ ( ~ , ~ ) - ~ ~ ( Y S ( ~ , I ) ~ ( F ( I ) - F ( J ) ) / ! ~ ; ~ . ~ Y ~ : ; ( ~ , ~ L ) ~ ( F ' ( K ) . - . F ' ( ' [ ) ) / L ; ~ . )  
NEXT I 
! BCIIJNDARY CONDITIONS ' 
Ys (2? ,1 )=2  
' Y S ( . 3 , i ) ~ ~ ? / Y ! , ( i , 2 )  
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MARINE RESISTIVITY SURVEY 

FOR GRANULAR MAterials BEAUFORT SEA 

W . J .  Scott* and F.K. Maxwell* 

(Submitted  to  the  Journal of the Canadian Society of 

Exploration  Geophysicists) 

INTRODUCl'ION 

The purpose of #is paper is to  describe  the Hardy MICRO-WIP 

Marine Resistivity System and i ts  application  to  a  search  for 

granular  material i n  the  Beaufort Sea. The paper w i l l  

describe  the system, the method  of  making measurements, the 

method of interpretation and f inal ly  some resul ts  from the 

survey. 

The e l ec t r i ca l   r e s i s t i v i ty  of unconsolidated  materials depends 

on the  grain  size  distribution and the  res is t ivi ty  of the  pore 

water. For materials above O°C, coarse-grained  materials have 

h igher   e lec t r ica l   res i s t iv i t ies  #an fine-grained  materials. 

As the  temperature  decreases  through  zero and i ce   s t a r t s   t o  

form i n  the  pores ,   the   res is t ivi t ies  of a l l  materials  rise. 

Figure 1 ( a f t e r  King and others 1982) shows the dependence of 

r e s i s t i v i ty  on temperature for some typical  materials  both 

from onshore and off  shore. For temperatures above zero  there 

is a  spread i n  res is t ivi ty   values  among sands and silts and 

clays.   Resistivit ies of a l l   m a t e r i a l s   a t  temperatures below 

zero  are much higher  than  those of the same materials above 

zero. Because of these  variations, measurements of 

r e s i s t i v i ty  of sub-bottom materials can be used to  find 

coarse-grained  materials and a l so   to  i d e n t i f y  the  presence of 

permafrost. 

*Hardy BBT Limited,  Calgary,  Alberta 
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During the  period from 1973 t o  1979 studies were carried  out 

a t  the  Geological Survey of Canada directed towards 

development of a marine r e s i s t i v i ty  system. To assess  the 

u t i l i t y  of the  technique, measurements of sub-hottom 

re s i s t i v i ty  were made during  winter  time by dr i l l ing  holes  

through  the sea ice and suspending  electrodes  in  the water. 

Figure 2 ,  a f t e r   Sco t t  ( 19751, shows the  resul ts  of a 

r e s i s t i v i ty  sounding carried out in   the mouth of Kugmallit Bay 

in  the  winter of 1973-74. The interpretation of t h i s  sounding 

and others  l ike it showed t h a t   t h e   r e s i s t i v i t i e s  of sub-bottom 

materials could  be identified  with  reasonable  reliability by 

electrical measurements made  on the  surface of the water. 

Following  the success of these  early  experiments, development 

of  an i n i t i a l  marine r e s i s t i v i ty  system was carried out a t  the 

GSC. Results of t h i s  work appeared in   Scot t  and Hunter ( 1975)  

and in Lobach  and Scott  ( 1979 ) . 

In  1980, development of an improved marine  system was 

undertaken a t  Hardy Associates ( 1 9 7 8 )  Ltd.  This  system was 

designed  €or t w o  applications. The f i r s t  was the mapping of 

the  distribution of sands and gravels  in  the  Beaufort Sea and 

the  identification of permafrost  in  the sub-bottom.  The 

second was the  application of r e s i s t i v i ty  and induced 

polarization ( IP) measurements in  fresh  water  to the search 

for  metallic  mineralization.  This  paper w i l l  describe the 

successful  application of the MICRO-WIP (Microprocessor 

Controlled Waterborne IP) system to  the  search for granular 

materials and permafrost  in  the  Beaufort. 

- 2  - 
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SYSTEM 

Figure 3 shows a block diagram  of the MICRO-WIP system. The 

controller  provides  t iming  signals  to  the  transmitter,   to 

regulate  current  injected  into  the  water through t h e   f i r s t  two 

electrodes on the  streamer. 

The current waveform is an interrupted  square wave (Figure 4 A )  

which is on i n  one direction  for one second, off  for one 

second, on i n  the  other  direction  for one second and off  for a 

fourth second. The  waveform repeats w i t h  a period of four 

seconds. 

Also on the  streamer is an array of  seven electrodes which is 

connected to  the  receiver  amplifier system (Figure 3 ) .  The 

voltage  differences between successive  adjacent  pairs of 

electrodes  are  amplified i n  six  receiver  channels. A typical  

voltage waveform observed at   the  receiver is shown on Figure 

4B. The observed voltage waveform has  the same shape and 

timing  as  the  current  except  for a small rounding of the 

leading  esge of the  voltage waveform  and a corresponding small 

transient  voltage  after  the  interruption of current.  Signals 

from the six receiver  channels and from a current waveform 

monitor are  digit ized i n  the  controller  at  a ra te  of 256 Hz 

and the  digital   values  are  stored on magnetic  tape. 

A t o t a l   f i e ld  magnetometer is pa r t  of the MICRO-WIP system. To 

provide  noise-free  readings  the magnetometer is operated 

during  the time the  current flow is off.  The magnetic 

readings  are  stored on tape  along  with  the  electrical  values. 

Navigation for MICRO-WIP surveys is normally  performed by  an 

on-board computer which u t i l i z e s  ranges from systems such as 

- 3  - 
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the Racal MICRO-FIX, Del  Norte  Trisponder or Motorola 

Miniranger. The navigation computer prepares a display  to 

guide  the p i l o t  of the  boat and also  digitizes  the  boat  path 

to   s to re  on magnetic tape. Every f i f t y  metres, the  navigation 

computer generates a f iducial  mark which is applied  to  the 

sub-bottom p ro f i l e r s  normally run  i n  unison  with  the MICRO-WIP 

system. 

Figure 5 shows a photograph of the MICRO-WIP system instal led 

on a survey vessel  for work i n  the  Beaufort Sea i n  the summer 

of 1985. The transmitter is a Huntec M4 (7 .5  KVa) which 

provides a current of 15 amps.  The system w i l l  f i t  i n  a space 

approximately 2.0 m x 1 m x 1 m. I n  addition, deck space is 

required  for  the 7 . 5  KVa motor generator which supplies power 

for  the  transmitter. 

The streamer is made of two buoyant cables  approximately 1 cm 

i n  diameter. The receiver  cable  has seven take  outs  for  the 

electrodes used t o  measure the  voltage  distribution  (potential 

electrodes). The transmitter  cable  carries  the two current 

electrodes and the two cables  are  taped  together  at  regular 

intervals  i n  order  to  maintain  appropriate  spacing between 

current and receiver  electrodes. The streamer is l igh t  enough 

tha t  it can be reeled i n  and out by hand. The potent ia l  

electrodes, which are  kept moist when not i n  use,  are mounted 

on the  streamer when it is reeled  out and  removed again when 

it is reeled i n .  

Because the   e lec t r ica l  measurements are  considered 

complemantary to  normal sub-bottom profil ing,  work in  the 

Beaufort Sea is carried  out  with both e l ec t r i ca l  measurements 
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and sub-bottom acoustic  profiling. I n  the survey of 1985, a 

Raytheon Rl’’I”1000 and  an E G G  Uniboom were run w i t h  the 

MICRO-WIF’ system. 

I n  freshwater  applications  for  metallic  mineral  prospecting 

the system is frequently  operated from a small  boat  (Figure 7) 

and i n  these  circumstances  the Raytheon RTT-1000 is carried 

but space limitations  preclude  the  use of the E G G  Uniboom. 

PROCESSING AND INTERPRETATION 

During surveying a l l  data is recorded on magnetic tape. The 

tape is f i l l ed  i n  about an hour  of  survey. When removed from 

the  data  acquisition system, a tape is available  for 

processing. A tape normally contains  the time of day, the 

water  depths,  the magnetic readings,  navigation  information 

and the  digitized waveforms  of current and voltage  for  the 

M I C R O - W I P .  The f i rs t   s tage  in   processing is to   extract  from 

the  tape  the magnetic and water-depth  information and t o  

calculate  the  apparent  resist ivit ies  associated w i t h  the 

MICRO-WIP measurements. Apparent res is t ivi t ies   are   calculated 

from the  digitizes  current and voltage  values. To avoid  the 

problem of turn-on transients,   the  calculations  are based on 

an  average of 50 points  digitized on the  curve  towards  the 

second half of the second! during which current is transmitted 

(Figure 4 ) .  These 50 digi ta l   values   are  used to   es tabl ish an 

average  value of current and  an average  value of observed 

voltage. Apparent r e s i s t i v i ty  i s  then  calculated  according  to 

the  following  formula. 

- 5 -  
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Pan = n ( n  + l ) ( n  + 2 ) x  V,/I 

where Pan = the  apparent  resistivity  calculated  for  channel 
n. 

n = the number of the  channel ( n = 1 , . . . .6) 
X = the  spacing between adjacent  electrodes 

(metres) 

v = the  voltage observed on channel n averaged Over n the 50-sample window (vol t s )  

I = the  current averaged  over the 50-sample window 
( amperes ) 

Thus for every four seconds of data  collection we have a s e t  

of  apparent r e s i s t i v i t i e s   fo r  channels 1 through 6. As well 

as  representing  increasing  distances between transmitter and 

receiver,  these  apparent  resistivities  represent  increasing 

depths of penetration sampled i n  the  voltage measurement. To 

be  displayed  as a pseudosection  (Figure 8 )  , the  apparent 

res i s t iv i t ies   a re   p lo t ted   a t   the  midpoint of the  relevant 

transmitter and receiver  electrode  pairs  at  a depth which is 

determined by the  intersection of l i n e s  drawn  downwards a t  45O 

from the  centrepoints  of the  transmitter and receiver 

electrode  pairs. As the  array of electrodes is towed along, 

successive  values of apparent  resist ivity can be plot teC  a t  

successive  positions. The resul t  is a pseudosection.  Figure 

9 shows a typical  pseudosection of data  obtained i n  the 

Beaufort Sea i n  the Summer of  1985. In  Figure 9 the  diagonal 

slash  outlines  the six values of apparent  resistivity  obtained 

simultaneously from the same transmitted  current. 

The six values of apparent  resistivity  obtained  for a given 

transmitter  current  constitute a ver t ica l   e lec t r ic  sounding, 
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a lbe i t  limited i n  vertical   extent.  The interpretation of the 

MICRO-WIP res is t ivi ty   data  is based on t rea t ing  each 

successive  set of res is t ivi ty   values   as  such a sounding. A 

Monte-Carlo inversion scheme is used to  invert  the  data i n  

terms of a layered model. Figure 10 shows  one such se t  of 

apparent   res is t ivi t ies   plot ted i n  a sounding mode against 

spacing between current and receiver  electrodes. To assess 

quali ty of f i t ,  an error  expression is calculated  as  follows: 

E(%) = 100 pan ObS/ Pan model)2 /6 
n= 1 

An acceptable f i t  is considered t o  have been achieved i f   the  

error  is 1 percent  or  less. 

Figure 10 shows a typical model f i t t ed   to   the  sounding data. 

The  model is based on a generalization of d r i l l   con t ro l  

obtainel' i n  the  area. I n  t h i s  model, the   f i r s t   l ayer  

represents  the  seawater,  the second layer  represents sand, and 

the bottom layer,  with a much higher   res is t ivi ty ,  i s  

interpreted  as  permafrost. Between the  surf ic ia l  sand layer 

and the  permafrost is a layer of lower r e s i s t i v i ty  which we 

tentatively  correlate with  increasing  salinity i n  the 

materials above the  permafrost. Although we  know of no 

sub-bottom salinity  logs i n  t h i s  area,  increasing  salinity 

with  depth  has been  observed off the  north  slcpe of Alaska 

( Sellmann e t   a1  1982). I n  t h i s  area  increasing  salinity w i t h  

depth is consistent  with  the model  of de l ta ic  develcpment 

proposed by Blasco  (1986) i n  which t h e   f i r s t   p a r t  of del ta  
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development is sub-aquaeous and thus  subject  to  saline 

intrusion  while  later  stages  are  sub-aerial and tend t o  be 

fresher i n  porewater  content. The numbers in  parentheses 

beside  the model parameters i n  Figure 10 represent  the 

re lat ive  sensi t ivi ty  of the  parameter to  small changes in 

value . 

Small variations i n  water res is t ivi ty   are   ref lected i n  

variation of the  asymptotic  level which the  lefthand  part of 

the sounding  curve approaches  but i n  the zone of measurement 

very l i t t l e  impact is f e l t .  Small variations i n  water  depth 

appear to  have very l i t t l e  inf  hence on the sounding  curve. 

The spacing of the  electrodes on the  streamer was chosen t o  

maximize the  sensit ivity of the  interpretation  to  values of 

r e s i s t i v i ty  and thickness of the f irst  bottom layer. Even a 

small   var ia t ion  in   res is t ivi ty   a l ters   the sounding  curve 

enough to  be distinguishable.  Variations i n  thickness of 10% 

are   a lso  s ignif icant .  

For low r e s i s t i v i t i e s  ( 1 0  ohm-metres), the   res i s t iv i ty  of the 

deepest  layer is reasonably  well-determined  but as  

r e s i s t i v i t i e s   r i s e  above 100 ohm-metres the   re l iab i l i ty  of 

determination  decreases.  Sensitivity  to  permafrost 

r e s i s t i v i t i e s   a t  depths of 50 m could be achieved by 

increasing  the  spacing between electrodes  or by increasing  the 

number of channels sampled. However, for  the  present survey 

t h i s  was not  considered  necessary. 

Although permafrost on the bottom of the  sea was not 

encountered i n  t h i s  survey, the  question of sens i t iv i ty   to  

such permafrost is relevant  in  other  parts of the  Beaufort 
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Sea. Figure 17 shows variations i n  the shape of the sounding 

curve for a thin  layer of high r e s i s t i v i ty  on the  sea bottom. 

The thickness of the sub-bottom layer is chosen as  2 m. 

Resis t ivi t ies  of 12 and 24 ohm-metres have dramatic impact on 

the curve  shape. Thus it is clear  that  the  presence of even 

thin  permafrost on the seabottom would be easily  detected by 

the   res i s t iv i ty  methoz. Even  when thin  permafrost on the  sea 

bottom is detected,  the  layers  beneath remain reasonably  well 

determined.  This is i n  contrast  to  the  acoustic sub-bottom 

profiling  technique which normally finds a thin  layer of 

permafrost on or near  the  seabottom opaque, so that  layering 

beneath  that is di f f icu l t   to   d i s t inguish .  Thus i n  carrying 

out a combined acoustic and e l ec t r i ca l  survey, structure can 

be  followed wi th  the   e lec t r ica l   res i s t iv i ty  i n  areas where 

near-bottom permafrost  prevents  depth  penetration w i t h  the 

acoustic  technique. 

I n  the  future, it is planned to  increase  the number  of 

channels and to  vary the  spacing between electrodes i n  order 

t o  provide a reasonable  precision i n  the nearbottom and a t   the  

same time to  enhance the  sensit ivity of the measurements t o  

permafrost a t  depth. 

SURVEY RESULTS 

During the summer of 1985, a MICRO-WIP survey wi th  associated 

sub-bottom acoustic  profil ing was carried  out i n  the  Southern 

Beaufort Sea east  of Pullen I s l and .  Figure 12 shows the 

approximate location of the survey area, and the  location of 

the  three  transponders used for  navigation  during  the  survey. 

The purpose of the survey was to  outline  granular  material  for 

use i n  construction of an a r t i f i c i a l   i s l and .  Figure 13 shows a 
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very compressed section through  approximately 6 km i n  the 

southern  part of the survey area. The pseudosection of Figure 

9 represents  several hundred metres of this  section. Because 

of the  great compression of the  horizontal  scale it is not 

possible  to show a l l  of the  apparent  resistivity  values  but a 

representative  selection of these is plotted  in  the bottom 

pa r t  of Figure 13. Contours intervals  of 0.5 and 1 ohm-metre 

have been chosen to   i l lus t ra te   the   var ia t ion  i n  apparent 

r e s i s t i v i t i e s .  

The  model inversion  interpretation was carried  out  for  this 

prof i le .  I n  the upper par t  of Figure 13 is  a p lo t  of the 

interpreted  thicknesses of the  identified  layers  together w i t h  

interpreted ranges of r e s i s t i v i t i e s .  Only generalize2 

r e s i s t i v i t i e s   a r e  shown but it is clear   that   detai les  

variations can be  represented  with  reasonable  reliability. The 

borrow pit   for  construction of the  island was established i n  

the  central   par t  of t h i s   p ro f i l e  where interpreted 

r e s i s t i v i t i e s  i n  the upper layer were between 2.3 and 

2.6 ohm-metres.  The material excavated from the p i t  was clean 

sand with occasional  pebbles. 

Very l i t t l e   c o n t r o l  was available on th i s   l ine   as  heavy ice  i n  

the  area  prevented a s ignif icant   dr i l l ing programme.  However, 

acoustic sub-bottom profi l ing on this   l ine   ident i f ied a 

reflector  (Figure 14)  over  the  central  part of the  prof i le  

which is interpreted  as hummocky permafrost a t  a depth of 

approximately 30 m. Its position i s  plotted i n  Fiqure 13. 

Thus there is  reasonable  confidence i n  the  interpretation of 

high r e s i s t i v i t i e s  i n  the sub-bottom as  permafrost. 
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Because permafrost i n  this  area is a l l   r e l i c ,  it is likely 

that  the  shallowest  permafrost was the most ice  r ich and 

consequently  slowest t o  degrade. The shallowest  permafrost is 

associated w i t h  t he  highest   interpreted  resist ivit ies.  A t  

greater  depths it appears  that i n  places  this  relic  permafrost  

may be either  absent  or  out of reach of the  electrode  array  at 

depths beyond about 55 m. 

Once the model interpretations have been carried  out  for a l l  

the   prof i le   l ines  it is possible  to  prepare maps showing the 

varation of any interpreted  parameter of interest .  Figure 15 

shows the  variation of resist ivity  interpreted i n  t he   f i r s t  

sub-bottom layer. We assume that  areas of 2 ohm-metres or  

less   correlate  with the  areas i n  which the near-bottom 

materials  are  si l ty sands.  Increasing  resistivities above 

2 ohm-metres represent  increasing  coarseness of the sand; 

r e s i s t i v i t i e s  above 2.3 ohm-metres are  interpreted  to  indicate 

relatively  clean sand. 

I n  the  central   part  of the survey area,   high  resist ivit ies i n  

t h i s  layer  are observed near A and B. The borrow p i t   fo r   t he  

island was developed near B. It is  interest ing  to  observe 

high resis t ivi t ies   off   to   the  east  and to  to   the west. 

Without control we can only speculate on the  likely  reason  for 

such high r e s i s t i v i t i e s .  I t  is possible  that  these 

resist ivit ies  represent  coarse sands or  possibly  fine  gravels. 

It  is unlikely  that they represent  near bottom permafrost 

because the  interpreted  res is t ivi t ies   are  still less  than 

3 ohm-metres. 

Figure 16 shows the  distribution of resist ivity  values 

interpreted  for  the  third  layer. High res i s t iv i tes   a re  
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tentatively  correlated with relic  permafrost .   Resistivit ies 

i n  this  layer range from less  than 30 ohm-metres to  higher 

than 700 ohm-metres. I n  areas where the  interpreted 

resis i t ivi t ies   are   higher   than a few hundred ohm-metres, the 

interpreted  depths  to  the  top  are  also  shallowest  (Figure 131. 

This is consistent  with  the  concept of increased  ice  content 

i n  these  layers. I n  some areas ,   in terpreted  res is t ivi t ies   are  

l e s s  than 30 ohm-metres  and the  depths  are  greater  than 

55 ohm-metres. I n  these  areas, it appears  that  permafrost is 

e i ther  deeper  than  the  range of sensi t ivi ty  of the  electrode 

array  or  entirely  absent. 

SUMMARY AND CONCLUSIONS 

I n  t h i s  paper we have described  the  present  configuration of 

the Hardy MICRO-WIP system for measuring sub-bottom e l ec t r i ca l  

r e s i s t i v i ty  i n  a marine  environment. This system was used 

successfully i n  the  Beaufort Sea i n  the summer of 1985 t o  map 

sub-bottom resis t ivi ty   var ia t ions  associated wi th  grain  size 

variation i n  the  near bottom and presumably with  the  presence 

of permafrost at  greater  depths. 

T h i s  system can be se t  up i n  a survey  boat of moderate s ize  

and  can be used successfully i n  sheltered  areas i n  collapsible 

boats  for  mineral  exploration  surveys  as  well. 

I t  is clear  that   the sub-bottom re s i s t i v i ty  information  cannot 

be  considered as a substi tute  for  acoustic sub-bottom 

profi.ling. I t  is however a valuable complement to  the 

sub-bottom profiling  technique. I n  general, sub-bottom 

profiling  techniques  are  sensitive  to  interfaces between 

materials,   while  the  resist ivity measurements represent bulk 

- 12 - 
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values of the  layers between interfaces. The ultimate 

interpretation can be  obtained by correlating  the  thicknesses 

of electrical  layers  with  the  depths  obtained i n  the 

acoustical  profiling. I n  such a case,  the  modelling w i l l  

determine  interpreted  resist ivit ies  for  the  layering 

ident i f ied i n  the  acoustic sub-bottom profil ing.  These 

r e s i s t i v i t i e s  can be  used to  identify  the type of material, 

the  presence  or dbsence or  permafrost and possibly  the 

presence of ice  within  permafrost.  Future development is 

intended to  be directed  towares  the  refinement of r e s i s t i v i ty  

estimates  within  layers  identified by the  profil ing.  

Furthermore, it is expected that   s tudies  w i l l  show a 

correlation between r e s i s t i v i t i e s  and ice  content i n  

sub-bottom materials  similar  to  that  observed on land by 

Hoekstra and M c N e i l  (1973) .  
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FIGURE CAPTIONS 

Carplex r e s i s t i v i t y  of permafrost samples as a 
function of temperature ( a f t e r  King  and others , 
1 9 8 2 ) .  

DC r e s i s t i v i ty  sounding data on Beaufort S e a ,  April 
1974. The dashed l ine  l inking  the  data  points 
corresponds to  the  layered model  shown below the 
curve. 

M I W - W I P  system block diagram 

Wave forms of transmitted  current ( I )  and received 
voltage (V) . 
System instal led i n  survey vessel.  Cantroller and 
tape  drive  are  nearest  the camera, receiver  with 
current monitor and magnetometer amplifier i n  
centre, and transmitter  farthest  from camera. 

Streamer on handpowered winch. 

Collapsible  vessel  for  sheltered  inshore and 
freshwater  surveys. 

Method  of preparation of pseudosection of apparent 
r e s i s t i v i ty .  

Data presentation. The upper half  displays bottom 
p r o f i l e  and suh-bottom ref lectors   ident i f ied w i t h  
the  acoustic systems. The laver half  displays 
apparent resist ivity  values i n  pseudosection. The 
two diagonal  lines i n  the  pseudosection  enclose a 
s e t  of simultaneous  readings. 

Sounding curves and interpretation. The + symbols 
represent  apparent  resistivity  values  plotted 
against  dipole number. The solid curve is derived 
from the model  shown i n  the lowest par t  of the 
figure.  The numbers i n  parentheses  represent on an 
arbi t rary  scale   the  re l iabi l i ty   to  which each 
parameter is determined. 
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Theoretical  demonstration of the  sensi t ivi ty  of the 
sytem to the  presence of near-bottom permafrost. 
The data  points  are  those shown i n  Figure 10. The 
two theoretical  curve represent  the soundings which 
would be observed i f  a 1-metre layer of permafrost 
of r e s i s t i v i t i e s  12 and 24 ohm-metres is inserted 
in  the  previous model a t  sea bottom. 

Location map, showing the  survey  area. The s i t e  of 
the  island is shown as  a black  square  within  the 
survey  area.  Locations of the  transponders used for 
navigation  are  also shown. 

Interpretation of p a r t  of a l ine  through the  survey 
area  near  the  future  island  site. The lower pa r t  of 
the  figure shows a pseudosection of apparent 
res is t ivi ty ,   whi le   the upper par t  shows the 
interpretation  derived from the  apparent 
r e s i s t i v i t y  measurements. 

Acoustic  record showing interpreted  re l ic  
permafrost . The posit ion of th i s   re f lec tor  is shown 
i n  the  section of Figure 13. 

Contours of interpreted r e s i s t i v i ty  i n  the upper 
layer.  Interpreted  resistivity  values  greater  than 
2 . 1  ohm meters are  correlated w i t h  coarse  sands. 

Cantours of interpreted  res is t ivi ty  i n  the  third 
layer.  Interpreted  resistivity  values above 100 
ohm-meters are  correlated  with  the  presence of 
permaf mst . 
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Introduction 
KUGMALL/T BAY 

During  the  spring  and  summer of 1974 marine  re- 
sistivity  soundings  and  profiles  were  carried  out  in 
three  lakes  on  the  Tuktoyaktuk  peninsula  and on Kug- 
mallit Bay near  Tuktoyaktuk. 

ings  done  through  the  ice, of which  three  were  on 
Kugmallit  Bay  (1, 2 and 6, Fig. l), two on  Grass  Lake A 
(4 and 5,  Fig. 1) and a sixth  (3)  on  Kidney  Pond  near TLMTOYAKTUU 

Grass  Lake,  not  shown  on  Figure 1. The  summer  work 
involved two soundings,  one on Grass  Lake (7, Fig. 1) 
and  the  other  on  Kugmallit Bay (8, Fig. 1). In addition, 

The  spring  trials  consisted of six  resistivity  sound- 

0 
I O L  

L A K E  

the  summer  work  included  a  number of resistivity  pro- 
files, made  by  towing an  array  behind  a  slowly  moving 
boat. 

The  spring  soundings  were made in  the  same  man- 
ner  as  soundings  carried  out  on  land,  except  that  the 
electrodes,  instead of being  planted  on  the  surface, 
were  lowered  through  holes  drilled  in  the  ice  and sus- 
pended  at  the  base of the  ice. 

The  summer  soundings  were  taken  by  boat. A 
Schlumberger  array  was  used. One  boat  was  anchored 
at the  centre of the  array to carry  the  transmitter  and 
receiver,  while two other  boats  pulled  out  the  current 
leads  and  tended  the  current  electrodes. Both current 
and  potential  electrodes  were  supported at  the  water 
surface  by  buoys.  The  summer  profiles  were  taken 
by  towing  a  Wenner  array  behind  a  slowly-moving 
boat  and  taking  readings  at  timed  intervals. 

Inflatable  rubber  boats 194 feet  in  length  were  used 
as  both  electrode  tenders  and  instrument  carriers. 

For  the  spring  work  and most of the  summer  as 
well,  the  electrodes  were  pieces of 4'' brass  stock, 
bent in the  shape of a  thin U with  legs  about 30 cm long. 
Tin  cans  were  tried  during  the  summer,  but  were 
found  to  offer  no  advantage.  Since  the  receiver  potential 
values  were  quite  stable, no attempt  was  made to use 
porous  pots  as  electrodes,  although  these wil l  be  tr ied 
in  future  ex.periments. 

The  receiver  for  both  winter  and  summer  work 
was  a  standard  McPhar R-103 resistivity  receiver.  The 
transmitter  was  a  Huntec  Lopo,  modified  in  timing to 
produce  a  square  wave  output  with  a  fundamental 
frequency of 0.3125  Hz.  Current  levels  up  to 500 ma 
were  used,  although most of the  readings  were made 
with  currents of 100 ma. 

Results 

Table 1 presents  in  summary form a first interpre- 
tation of the  sounding  data,  together  with  the  available 
control  for  comparison. 

Figure 1. Map showing  locations of soundings  and 
profiles  near  Tuktoyaktuk, N .  W .  T. 

1. Kugmallit  Bax 

Three  spring  soundings  and  one  summer  sound- 
ing  were  done  on  Kugmallit  Bay.  Figure 2a shows 
one of the  spring  soundings,  and  Figure 2b the 
summer  one.  The  spring  sites  were  those at which 
holes  had  been  drilled  by  Hunter  and  Judge  (pers. 
comm. ) to look for  the  top of permafrost.  The  summer 
site  was  chosen  for  uniform  water  depth  and  ease of 
navigation (i. e.  visibility of the DEW Line  radome  at 
Tuktoyaktuk). 

The  interpretations of the  three  spring-time 
soundings  (Table I) agree  reasonably  well  with  the 
sparse  control  available,  except for the  depth to per- 
mafrost  in  sounding 6. The  curve  for  the  data of this 
sounding is not  well-fitted,  and  a  large  discrepancy 
in  depth is not surprising. More refined  interpreta- 
tion.based  on  computer  techniques will be made during 
this  winter. 

The  water  resistivities  obtained  from  interpretation 
of the  spring  soundings may not be  very  reliable,  as 
small  variations  in  the  depth of the  potential  electrodes 
made large  differences  in  observed  potentials for  small 
values of AB/2. This  variation  was not observed  for 
larger  values of AB f 2. 

ness of low-resistivity  sediment  overlying  a  layer of 
very  high  resistivity  identified a s  permafrost.  Since 
the  unfrozen  sediment  has  resistivities of the  order of 
3 ohm-m,  the  most  that  can be  said of the  high-resistivity 
layer is that  the  resistivity  contrast  is  effectively 
infinite  and  that  the  high-resistivity  value 'is probably 
greater  than 300 ohm-m. The  thickness of this  layer 

The  spring-time  soundings show a  variable  thick- 
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Figure 2a. DC resistivity  sounding  data  on  Reaufort 
Sea,  April 1974. The  dashed  line  linking 
the  data  points  corresponds to the  layered 
model  shown  below  the  curve. 

is difficult  to  determine. A reasonable limit might  be 
of the  order of 300 to 400 m, but no evidence of this is 
seen  even at AB12 values of 1,500 m. A theoretical 
study is planned  for  this  winter to determine  the AB12 
value  required to penetrate  such  thicknesses. 

The  summer-time  sounding  was  undertaken  pri- 
marily  to try  for  greater  hB/2  values,  up to a  maxi- 
num of 4,650 m. Unfortunately  the  summer  sounding 
?roved  unreliable,  for  reasons  which will  be  discussed 
3elow. 

2 .  Grass  Lake 

At the  time of the  spring  work,  Grass  Lake  had 
rozen  to  the bottom, and  in  places  up  to 3 decime- 
res  into  the bottom sediments.  The  spring  sound- 
ngs  were  carried  out  by  inserting  the  electrodes  into 
he  unfrozen  sediment  exposed  at  the bottom of holes 
irilled  through  the  ice  and  frozen  sediment.  The two 
ipring  soundings  were  on  resistivity lows indicated 
)y an  airborne  E-Phase  survey  (Barringer, 1973) 
vhich were  expected to correlate  through  taliks  under- 
ying  at  least  part of the  lake.  Figure 3a shows  one 
I f  the  spring  soundings,  and  Figure 3b the  summer  one. 

Although  no  control is available  on  Grass  Lake, 
he  interpreted  resistivities  and  depths from the  winter 
fork  are  consistent  with  drilling  results  on  land  be- 
ween Grass  and IOL Lakes  (Rampton  and  Walcott, 
974a, b;  Scott,  unpubl.  data).  The  material  identifi- 
ations  in  Table 1 are  based  on  the  land  drilling  data. 
n both  spring  soundings  on  Grass  Lake,  the p obtained 
3r the  largest AB12 values  was  probably  influenced  by 
he proximity of the  shore. In Figure 1, the  length  of 
he line  indicates  approximately  the maximum span of 
he soundings.  Thus  the  sudden  rise  in pa at AB12 
alues of 304 and 457 m is ascribed to the  proximity of 
hore  and  near-surface  permafrost  rather  than to the 
resence of permafrost  under  the  lake. 

Interpretation of the  early (i. e. low AB/2 value) 
a r t  of the  summer  sounding  (Fig.  3b)  agrees  well 

a 
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Figure 2b. DC resistivity  sounding  data  on  Beaufort 
Sea,  August 1974. 

with  those of the two spring  soundings.  However, at 
greater AB12 values,  there is considerable  scatter  in 
pa values,   and  the  results  are  probably  as  unreliable 
as  those of the  summer  sounding  on  Kugmallit  Bay. 

along  the  line of the  summer  sounding,  with  Wenner 
a r rays  of 5 and 15 m. At the  ends of the  line, 
nearshore,  apparent  resistivity  values  are  quite  high, 
and  the  presence of permafrost is thus  indicated. Along 
the major part  of the  profile,  however, pa values  are 
quite low, agreeing  well  with  the  values from the 
soundings. A further  profile  at  a = 15 m was  run 
across  Grass  Lake,  crossing  soundings 4 and 7, and 
penetrating  into  the  southeast  bay.  The  results  on  this 
profile  resembled  those  on  the  first  profile  line. It 
appears  that  along  these  profile  lines  there is no perma- 
frost  within  a few metres of the  bottom,  except  very 
near  the  shore. 

Figure 4 shows  the  results of two profiles made 

3. Kidney  Pond 

One spring-time  sounding  was  carried  out on 
Kidney  Pond,  a sma l l  body  of  water  about 1 km south 
of Grass Lake.  Kidney  Pond is so small (200 m x 50 m )  
that  the  results  were  indecisive,  as  nearly  all  large 
AB12 values  reflect  the  influence of the  shores of the 
pond. 

4. IOL Lake 

In an  effort to outline  the  distribution of near- 
bottom permafrost,  six Wenner profiles  were  surveyed 
during  the summer  on IOL Lake  (Fig. 1 )  with  an a- 
spacing of 5 m. The  results  are  shown  schematically 
on Figure 5.  Apparent  resistivities  ranged from 30 ohm-m 
to 500 ohm-m with most values  concentrated at the low 
and  high  ends of the  range,  and  very few values  observed 
between 50 and 200 ohm-m. A level of 150 ohm-m was 
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Figure 3a. DC resistivity  sounding  data  on  Grass Lake, 
April 1974. The  dashed  line  linking  the 
data  points  corresponds to the  layered 
model shown below the  curve. 
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Figure 3b. DC resistivity  sounding  data  on  Grass 
Lake,  August 1974. 

TABLE I 

Preliminary  Interpretation of Soundings 

chosen  arbitrarily to represent  the  division  between 
permafrost (pa > 150 R-m) and  non-permafrost (pa<: '50 
R-m) zones.  The  transition from permafrost to non- 
permafrost on each  profile  appeared to coincide  with 
increases in  water  depth.  The  distribution of perma- 
frost  shown  in  Figure 5 agrees  approximately  with  that 
deduced  by  Hunter  (pers. comm. ) from refraction 
seismic  measurements. 

_(" 

Discussion 

Both summertime  soundings  suffered from the 
problem of current  leakage. Some of the  wire  used  in 
the  current  leads  was  somewhat  aged,  and  patched 
in  many  places.  Prior to the  work  the  wire  was  in- 
spected ckosely,  and  all cuts  and  splices  were  taped 
first  with  self-vulcanizing  rubber  tape and then  with 
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Figure 4. DC resistivity  profiles  on  Grass  Lake,  along  the  line of the  sounding  shown  in  Figure 3b. 

1 IOL L A K E  4 
Figure 5. hlap of DC resistivity  profiles  on IOL Lake, 

August 1974, showing  interpreted  distribu- 
tion of permafrost. 

standard  plastic  electrical  tape.  Erratic  readings  at 
large AB12 values  in  sounding 7 were  attributed to 
current  leakages  from  specific  splices,  which  were  re- 
taped  as well as  possible.  However,  the  repair  jobs 
were  badly  strained  during  the  recovery of wire  from 
the bottom after  sounding 7 ,  and  it  was  observed 
during  sounding 8 that  for  large AB12 values  the  re- 
sistance  between  the two current  leads  with  the  elec- 
trodes  out of the  water  was  only  two or three  times 
that  with  the  electrodes  immersed  in  the  water.  Con- 
sequently  it is felt  that  particularly  for  large  values 
of AB/2,  the  results of soundings 7 and 8 a re  at best 
unreliable  and  at  worst  useless.  Attempts  will  be 
made this  winter to correct  the  results  for  leakage  on 
the  assumption of a  line-source of current,  but  the 
outcome i s  not viewed  with  optimism,  since it is   un- 
likely  that  the  leaks  are  uniformly  distributed  along 
the  wire. 

The  spring-time  soundings,  on  the  other  hand, 
a r e  of reasonably  high  quality.  Since  the  work  was 
done  in  early  spring,  while  daytime  temperatures 
were  still  around -20°F to -40°F, the  ice  surface  was 
dry,  and  current  leakage  was not a  problem.  Over 
the  length of a sounding,  water  depth  typically  varied 
less than  ten  per  cent  and  values of pa obtained  for 
different MN12 but  the  same AB12 varied  only  slightly. 
Unfortunately  the  contrast  between  permafrost  and 
non-permafrost  resistivities  was so great  that  very 
large  values of AB/2 may be required to probe  beneath 
the  permafrost.  Further  experiments  are  planned  for 
this  spring  on  sea  ice,  both  in  Kugmallit  Bay,  and 
hopefully  farther  out  to  sea. 

From a  logistical  point of view,  it  appears  that 
deep  marine  soundings may well  be  more  efficiently 
carried  out  with  a  dipole-dipole  rather  than  with 
Schlumberger  array.  The  consensus  among  the  crew 
handling  the  wire  this  summer  was  that  six  miles of 
wire  was  beyond  the  limit  for  efficient  operation.  The 
disadvantage of a dipole-dipole  array  is  the  require- 
ment for  higher  transmitted  powcr  levels,  which  calls 
for a  motor-generator  unit,  and  a  general  increase  in 
scale,  which  in  turn  precludes  the  use of small  inflat- 
able  rubber  boats  such u s  were  cmployed  this  sumrnw. 
Experiments  are  planned  for  next  summer,  in  which 
both  Schlumberger  and  dipolc-dipole  arrays  will be 
employed. 

The  resistivity  profiling  technique  appears most 
promising. l h c  experiments  this  ycor  were  limited 
by  the  fact  that  thc  present  receiver 1s single-cnded, 
and  thus  cannot  tolerate  small  sign:)]  levels  when  both 
receiver  electrodes  ure far from the  receiver location. 
By ncxt  summer it is  cxpectcd  that  this prwhlcm w i l l  
have  heen  ovcrcome. Larger a r r a y s  w i l l  he crnployctd 
( I .  e .  larger vulues  of' a) ,   and attempth w i l l  b v  made 
to use multiplc  :I-sp:tcings  s~multanctously. In thesc: 
exper~mcnts  comp:lrisons will hc rn:tdc :Inlung V ; I I ' I O U - ;  

a r rays .  
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- Conclusions 

The most interesting  outcome of these  preliminary 
experiments is that  marine  resistivity is not  only  fea- 

“sible  but  also  potentially  very  rewarding. Both pro- 
filing  and  sounding  techniques  appear  to  offer  consid- 
erable  subsurface  information, some of which may not 
be  available  through  other  geophysical  techniques. 

ficiently  encouraging  to  warrant  further  experiments 
in  the  coming  season.  Further  evaluation of the  tech- 

The  results of the  work  described  here  are  suf- 

m nique  must  await  the  results of this  work. 
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The  summertime  work  was  carried out by D. Eberle 

Special  thanks  are  due Mr. Cox for  his  selfless  dive 
into  the  Beaufort  Sea  to  free  one of the  boats at a  criti- 
cal  point in the  carrying  out of sounding no. 8. 

Initial  encouragement to experiment with marine 
resistivity came  from J .R.  MacKay WBC)  and J . A .  
Hunter ( G S C ) .  

The  names of lakes  in  this  paper  are  strictly 
abritrary,  and  have no  official standing. 
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Water-Borne Resistivityllnduced Polarization Survey in 
Prudhoe-Bay 
by W.J. w, H8fdY Assocs. (1978) Lfd.; J.S. Laing,' Consultent; and W.J. B o t h ,  

'F0-y with Hudy b o c ~ .  (1Q78) Ltd. 
He@ A-ram. (1078) Lrd. 

ABSTRACT 

wring August 1982, a marine   res i s t iv i ty / in-  
d u d  polar izat ion UP) Survey -8 undertaken  in 
Prudhoe Day, Alaoka. Wulti-ehctrodt U r a y 8  u i t h  
inter-elcctrode 8 p 8 C i n g S  of 10 metres and 25 metres 
e r e  u.cd to rurvey a tot81 of 34 l i n e  k i lan ter r .  
Apparent   res is t ivi ty   values  e r e  conriderably  high- 
er aver known granular   mater ia ls .  WO r t rong I P  
rerponres were obmrved. The u.c of  marine  resist-  
i v i t y  mmsurements in   conjunct ion  w i t h  high-resolu- 
t i o n  sub-bottom p r o f i l i n g  can -rove the chances 
of f i n d i n g   g r a n u l a r   u t e r i a l r   i n  rhrllav Offrhore 
WatCKL. 

I~'RowcI1ON 

During l a t e  Augurt 1982, a l u r i n e   r e s i s t i v i t y /  
induced  polarization (IP) 8urvey m s  undertaken i n  
P r u b  Dry, Alaska. The purporre of the 8urvey -8 
to determine  uhether the rystem could be u8ed to 
detect and n p  gravel  d e m i t 6  i n  the My. 

TCCBWICAL AFmmc?l 

?rem r a r u r e a c n t s  of r e r i r t i v i t y  made on hnd 
it b Clear   that  the re8frtiVity Of 8ub-8Urf8Ce 
88teKi.h iWXt88eS w i t h  imre88ing gra in  8 i Z e .  
Tbuc m a r r e q r a i n t d   m a t e r i a l s   s u c h  u und urd 
grave l  have  higher r e r i s t i v i t i e r  than fine-raine8 
silts ud clayr .  This r e r i s t i v i t y - g r a i n   s i z e  
dependence  remains  true even uhen the u t e r i a l r  are 
r a t u r r t e d   w i t h   n l i n e   m t e r .  

Lu&bottDa uteri818 tend to hrve  higher re- 
sistlritier *en frozen (i .e.  ice-bonded) than d e n  
not frozen. The presence of p e m ~ f r o r t  i n  the sub- 
bot- will k obwrved a8 h ighe r   r e s i s t i v i t i e s .  A 
frozen clay a w l 8   i n  thir manner give rise to 

c i a t e d   r i t h   m f r o z e n   a m r s e q r a i n e d   m n t e r i r l s .  
Barcver Mere is evidence (Olhocft 1975) that 
frozen  c lays  exhibit UI induce8 polar iza t ion  re-  
rponse rrhich i 8  mt present  in  unfrozen ceyc8e- 
9raine8 uterials.  

.ppWbnt n8irtiViti.8 aolparable bo those U W -  

References 8nd i l l u r t r r t i o n ~   a t  end of paper. 

The I P  effect can be observed as a mrmll tran- 
r i e n t  VOlt8ge which e x i r t s   i n  a pohritable medium 
a f t e r   i n t e r r u p t i o n  of electric current  f low. T h i s  
t ranoien t  i 8  general ly  tro order8 of mgni tude  
lower than the voltage  drop  in the medium during 

10 recon8 range. (IP effect8 also arise in  the 
prerence  of  metall ic  8ulphider;  IP measurements a r e  
frequently  ured  in  prospecting for metals). 

Current  fbW. I t  ha6 tfw COl38t8nt8 i n  t h e  0.1 to 

The measurement o f   rppa ren t   r e r i s t i v i ty  and I P  
e f f ec t s   can  be expected to provide sufficient in- 
formation to detect 8nd map g r a v e l   d i r t r i b u t i o n   i n  
t h e  sub-bottom. High r e s i r t i v i t i e r  uith no I P  res- 
ponse wou18 inply.  the presence of gravels, while  
h i g h   r e r i r t i v i t i e r  an8 an IP re8ponre uould suggest 
t h e  prerence of frozen  f ine-graincd mdiants .  
T h i s  s i t u a t i o n  is bnnbqous to that obBervtd on 
land, where measurement of e lec t r ica l   response  is a 
widely-accepted means of mapping granular deposits 
and P m f r O 8 t   d i s t r i b u t i o n .  

RESISTIVITY AND INDUCED POIARIZATIOH IItwrmpwDsr 

The r e s i s t i v i t y / I P   r a s u r u c n t  myrtea used in 
t h i s  8UrVey ha8  been  developed by Hardy l u m c i a t e s  
(19781 Ltd. o v t r  the past three yerrr. ?igure 1 is 
8 8 C h c u t i c  i l lUr t r8 t iOn  of  the myrteca. 

*e myatem m a s u r e s  the electrical r e s i s t i v i t y  
of sub-bottom u t e r i a l s  by i n j e c t i n g   e l e c t r i c  cur- 
r e n t   i n t o  the mter from a pair of electrodes and 
u a r u r i n g  the resu l t ing  oolt.9er khraen   ruccess ive  
p8ir8 of electrodes equal ly  wed a t  increasing 
distance8 f r h  the curren t  ehctrode8. The elec- 
t r i c   c u r r e n t  i8 BUpplie8 & a luntec (70) Ltd. ?I4 
IP   t r ansmi t t e r ,  cmpable of  praducinq 20 lrpcres a t  
power levels up to 7.5 M. % current  waveform 
is an interrupted w a r e  wwe ria a period of 4 
rcconds. Current  flows in one direct ion  for   one 
second, is in te r rupted   for  OM to  permit IP 
wasurewnt r ,   f l ows   i n  the other di rec t ion   for  one 
sacond, and i r  wain   i n t e r rup ted  for one Becond. 

The receiver  electrodes are non-polrrizing Cu- 
Cu SO4 mystear lDdified fr- a design by Corwin an8 
Corti (1973). 

7 



h w l h g e s  8cro.r 6 r u m r s i v e  p i r s  of re- 
ceiver eloctroder are amplified by the  receiver 
a y r t r r ,  ud d i g i t i t e d  by a Sonotek SO5 1200 d a t s  
acqu i s i t i on  -St(., at  a r a t e  of 256 B t .  The d ig i -  
t i r d  8igrulm u e  w r i t t e n  on 9-track t.-, together 
w i t h  utcrdrpth m l w s  and navigation  information. 

-rent r e r i r t i v i t i e s  are calculated from the 
digi t isad  vol tages   during the current  ‘on. time as 
f o l l q . :  

Pa - 1 .X.n(n+l) (n+2) .vp/~ . . . . . . . (1) 
pa - appa ren t   r e s i s t i v i ty  i n  a h t i n c t r e s  

X - rp8cing between adjacent  electrodes 

n = nuabcr of X values  separating  the  nearer 
po ten t ia l   e lec t rode  fram the nearer  cur- 
ren t   e lec t rode  

v - primary voltage, measured  during  current P flow 

I - transmitted  current 

The IP e f f e c t ,  which is measured i n  terms  of 
apparent   chargeabi l i ty ,  is calculated from the in- 
tergated  t ransient   vol tage ducing the ‘off’ time as 
f o l l w s :  

na L / t ’ V ~  V ( t ) d t  . . . . . . (2) 

tl 

ha - apparent   chargeabi l i ty  i n  m i l l i v o l t  
8econds/volt   or  mill ir tcondr 

vs - t rans ien t   vo l tage   a f te r   cur ren t   tu rn-  
off 

tl - 20 mil l i seconds   a f te r   cur ren t   tu rnof f  

t 2  - 920 n i l l i reconds   a f te r   cur ren t   tu rn-  
off 

NhVIGATION 

me navigation  ayrtem  aployed i n  the aurvey 
was bared on a del blOrte Trisgnmder  8yrtem, h i c h  
provided ranger to two or  -re known re.ote p8i- 
ti on^, updated  every wcond. # o m a l l y  the Tri -  
.ponder ranger are umd by an o n - h r d  Bewlett- 
Packard 9835A microcoaputer to provide the he l rumrn  
w i t h  a wnstant1y-updated  virurl   display  of  8hip 
pomit ion  re la t ive to -re and to the derired 
survey line. I n  this 8UtVey,  howrver , k c B U 8 t  of 
p r o b l m  r i t h  the BP 9835A, the 8urvey liner -re 
run m dead reckoning, and bort   track Y.C 8Ub- 
w q u n t l y  recovered f r m  recorded Trirponder  data. 

- m T  

?he rvvigation ud e l e c t r i c a l   8 U r ~ t y  equipnent  
were Dunted i n  a 6-metre  Zodiac inf la table   rubber  
boat. The Zodiac has the advantages  of  portabil i ty 
and deqwte   wawor th ine r s   fo r   i n rho re  w r k ,  coin- 
bined w i t h  r h a l l w   d r a f t .  ?or  offrhore *Drk the  

2 

” 

r 
WStem c o u l d  be munted  i n  a larger  Vessel. 

SURVEY RESULTS 

Figure 2 . ~ W S  the location of the  survey 
l i M 8 .  Thew l i n e r  Wre 8Urveyed w i t h  hro elect-  
rode arrayr .  The f i r 8 t   8 r r 8 y  had an in t e r - t l ec t -  
rode w c i n g  of  10 ~ t r r r ,  rhilc the wcond had a 
mpacing of 25 metre.. ?i9ures 3 and 4 r h w  
pot t ion6  of the result8 Obtained w i t h  the 
ar rays ,   mer   the   nor thern   par t  of l i n e  C, near G u l l  
Irland. 

The apparent reri8tiVitY uld apparent  charge- 
abi l i ty   values   are   plot ted  in   pseudosect ion.  I n  
t h i s  di rplay,  the value in plot ted midway k t w t e n  
t h e  cen t r e s  of the t r a n m i t t e r  and receiver  elect-  
rode   pa i r s ,   a t  a depth  determined by the  separation 
between the pa i r s .  Although the pSeudO6ection is a 
convenient means of  di8play, it dots not  represent 
8 true depth-aection. 

I n  both  ?igure 3 and Figure 4 higher  apparent 
r e r i r t i v i t i e s   a r e   o b s e r v e d  i n  the v ic in i ty  of Cull 
Island, i n  an area of known granular  material. 
There i8 unfortunately  considerable   scst ter  i n  the 
chargeabi l i ty   da ta .  No systematic  apparent  charge- 
a b i l i t y  fncreare i8 ob8erved to  c o r r e l a t e  w i t h  the 
apparent   rWi8t iVity  increase.  Thus it appears 
t h a t  the ryrtem i 8  rerponding t o  the change i n  
r e r i r t i v i t y  of the 8ub-bot t~a,  which r e s u l t s   f r m  
the  presence of the g r a n u l a r   u t e r i a l .  

In nddition to the area of high r e s i s t i v i t y  
clore to G u l l  frland, three areas of higher 
r e s i s t i v i t y  were interpreted to  represent 
near-bottom  granular Bateriel. Figure 2 shows the 
approximate  locations of these areas.  

DISCUSSION 

Thi8  rurvey  has  demonstrated the f e a s i b i l i t y  
o f   n k i n g   r e r i r t i v i t y  measurements i n  a mmrine 
environment. The I P  r e s u l t s  were ra ther  
d i r appo in t ing ,   hanve r .  Subsequent work  on the 
aca ru remnt  system  has  reduced the noise  level by 
a b w t  40 db, 8nd 8ubSeqUmt fresh-vatcr  surveys 
have .ham t h a t  w i t h  reduced noise,  the IP 
nearurement can be r d e  w i t h  r e l i a b i l i t y .  The 
u t i l i t y  of IP r a ru renen t   fo r   i den t i fy ing  
ice-bonded pernafrorrt r e v i n s  to be proven. 

Thi8 v a t m  has a h 0  been ured i n  prOspcCtin9 
for   meta l l ic   n inera ls .   ?or  this purpose we have 
f i t t e d  a amrine  rrgnetaneter r i t h  one-ganrms t o t a l  
f i e ld   reso lu t ion .  

The e l e c t r i c a l   n a s u r e m n t s   d e s c r i b e d  i n  this 
paper bave been designed as an adjunct to Seismic 
sub-bottom p r o f i l i n g ,  and not as a substitute. I n  
rubmqpwnt f r e r h r a t c r  mrk, a ky theon  RlT-1000 
rub-bot-  prof i l e r  mr ddrd to the system. The 
d i n e d  in t e rp re t a t ion  of e l w t r i c a l  and seismic 
r r r u l t r   i n c r e a r e d  the confidence  level of  the work 
conriderably. ?or the fu tu re ,  the integrated 
~eismic and e l e c t r i c  survey yrtra offers  increased 
r e l i a b i l i t y  of  determining  the  Presence of 
coa r se -g ra ined   mte r i a l r ,  and possibly  enhanced 
capab i l i t y   fo r  the detect ion fo sub-bottom 
pe rn r f ro r t  . 
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-24. WATERBORNE RESISTIVITY/INDUCED POLARIZATION  SURVEY OF 
COLLINS  BAY, WOLIASTON LAKE 

- L V .  Dyck I ,  W.J. Scott ', and J. Lobach 

Dyck, A.V., Scott, W.J., and Lobach, J., Waterborne resistivity/induced  polarization survey of 
Collins Bay, Wollaston Lake; in Uranium Exploration i n  Athabasca Basin, Saskatchewan,  Canada, 

?d. E.M. Cameron;  GeologicarSurvey of Canada,  Paper 82-11, p. 281-289, 1983. 

1 waterborne resist1vity;'induced pofarizatron swvey was 
9erformed on selected  areas of Collins Bay in the vicinity of 
U deposits which underlre the fake. The purpose was t o  

"clemonstrote the feasibility of mapping, in water-covered 
:reas,  the pefite unit which I S  near  the Mudjatik-Holloston 
lomain junction. The method  features a conventional 

muftrspaced dipole-dipole array towed  continuously  along the - surface of the  water,  electronic  navigation,  and a digital 
nultichannef doto  acquisition system.  Results show 
!fmgated  zmes of anomalously low apparent  resrstitity  and 

high Induced pofarrzatlon which coincide wlth the graphitrc 
pefite unlt. The waterborne  method  can be used to obtain 

-food quality  data  roprdy over  lakes. It would t h u s  appear t o  
lave  wide applicabllzty for  mineral  expforatron in fake 

covered  regions. 

- 

Dam cerlaines regions  de fa h i e  Collins, on a effectu6 un 
lev6  de polarisation  induite e t  de  resistivite',  ou-dessus  de 
f'eau, a proximite  des  gites  dwanium  sous-jacents au f w d  du 
lac. Ce  lev6 doit permettre  de  dhontrer fa possrbilrtP de 
dresser fa carte, dons des zones recouvertes  par  l'eau, de 
!'unite'  pe'fitique proche  de  la  jonction  des  domarnes  de 
Mudjatik e t  Wollaston. Cette methode  consiste a utrliser un 
appareif cfassique dipble-dipble a intervalles multrp!es. 
remorqug de facon continue 6 fa surface  de f'eau, ains! que la 
navigation klectronique  et un re'seou d'ocquisition numerrque 
des donne'es o voies  multiples. Les resultats de ce lev6 
montrent f'existence de zones allongees, caracte'rrsees  par 
m e  re'srstivrte' apparente  onormalement bosse et une 
polarisatton  induite  &levee,  zones  qui  coincident avec ! 'wi t& 
pe'litique graphiteuse. On peut  utilrser cette mPthode de 
feve's a la surface  de f'eou  pour obtenir  rapidement  des 
donnPes de bonne quafit6 pow fes lacs. fl semble donc que 
cette  mithode se pre'terait  parfaitement a la  prospectron des 
gites mineraux dons fes re'gims recouvertes par des  lacs. 

- 
NTRODUCTION 

The resistivity/induced  polarization  (IP) method is a standard 
A o l  in geophyslcal exploration for mineral  deposits. Thls 

aper describes an adaptation of the method to  accomodate 
srvey areas  that  are covered by lakes.  Initial  development 

of a  system to measure  subbottom resistivities was 
undertaken by the Geological Survey of Canada during the 

-eriod 1974-79, commencing w i t h  permafrost mapp,ing 
xperiments  (Scott, 1975). Subsequent encouraging t r ~ a l s  

d t h  a GSC-built prototype system (W.J. Scott and J. Lobach, 
unpublished GSC report. 1979) led Hardy Associates  (1978) 

+mited to commence development, in 1980, of a commercial 
rstem which  was also to incorporate measurement of the 
2 effect. 

The results  presented here are from a demonstration 
-mey performed in September, 1981 by Hardy Assoclates 

nder contract  to  the GSC.  The test  areas (Fig. 24.1) were 
=elected in Collins Bay,  Wollaston Lake, to  delineate  water- 
covered  portions of the  pelite unit which Sibbald (19831 

Aterpreted as lying at  the base of Aphebian metasediments 
1 contact w i t h  Archean granitoid  gneisses  (Archean- 
.phebian contact). The pelite unit is near  the junction 

between the Mudjatik and Wollaston domains. Where 
graphitic, this pelite unit is a  prime target  for U exploration, 

nd is suitable for detection by resistivity and 
' measurements. The pelite unit is  known to  contain 

numerous conductors as identified by airborne 
electromagnetic surveys (Sibbald, 1983). - 
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DESCRIPTION OF THE  METHOD 
The principles of the resistivity!IP method have been 
documented (see, e.g., Sumner, 1976: Hallof, 1980) and need 
be reviewed only briefly  here. Current is injected into the 
earth t h r o w  a pair of electrodes  (the  transmltter  'd~poie') 
using a well-defined current waveform provided by the 
transmitter. The resulting voltage is measured at a  second 
pair of electrodes  (the  receiver 'dipole') with a sensit~ve 
receiver. The expanding dipole-dipole array is commonly 
used in mineral  exploration  and, in  land-based surveys. is 
operated in a station-by-station mode along pre-cut lines. 
Since electrical  contact must be made for each 
measurement, production is laborious and station spacing is 
commonly equal to  the  size of the dipoles used (typically 
50 m or greater). 

The waterborne  adaptation of the technique involves 
streaming  the  array of electrodes behind a small boat and 
collecting  measurements from multiple rece~vlng 

' Geological Survey of Canada, 601  Booth Street,  Ottawa,  Ontario K1A  OE8 
2 Hardy Associates (1978) Limited,  221-18th Street South East,  Calgary, Alberta T2E 6J5 

Formerly Hardy Associates, now  A-CUBED Inc.,  5129 Tomken Road, Mississaga, 
Ontario L4W 1P1 
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dipoles  simultaneously. This not only allows surveys of lake- 
covered  areas which could otherwise be performed only in 
winter on lake  ice, but also improves rate of production and 
density of coverage along the survey line. An operating crew 
of two is required. 

lmtrumentation 
Figure 24.2 shows the  general configuration of the system. A 
multiple-dipole array is towed behind the boat on a 
multiconductor  cable. The array consists of one transmitter 
dipole and six receiver dipoles. The receiver dlpoles use 
copper-copper sulphate  electrodes in streamlined nylon 
holders. Contact w i t h  the  water is effected through a small 
porous ceramic plug in t h e  end of each holder. This 
arrangement allows simultaneous  measurements with six 
transmitter-receiver  separations which are multiples of the 
dipole size ( n  = 1, 2, 3, 4, 5 and 6). A different  cable is 
required for  each dipole size (a = 10, 25 or 50 m). The array 
is floated at  the  surface of the  water. 

Current is supplied by a 2.5 kVa transmitter  operating 
wi th  a  time-domain  waveform, using a cycle of total length 
4 s (one-second on, one-second off, plus reverse  polarity),  to 
maximize the number of cycles  available for averaging. 
Acceptable signal strength can be achieved in frest-. water for 
even the  largest  separation with a transmitter  current of 1 A. 

L 
c 

J F i v e  24.1 

Waterborne resistivity'lP test swvey  areas in Collins B a y .  

F i v e  24.2. System block diagram. 
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WATERBORNE RE515TIVITY/INDUCED POLARIZATIOP: SURi'EY 

I 

The front end of the multichannel  measurement  system 
one channel per dipole)  consists of isolation amplifiers to 

give separation between  channels and isolation from the 
transmitter.  Transmitter  control and data  recording are 

?arried  out by the digital  acquisition  system and nine-track 
nagnetic  tape unit. For each  transmitter  cycle, waveforms 
df transmitted  current and channel voltages are  digitized  at 
1024 equally spaced points. and stored on tape.  Performance 

df the  system while the survey is in progress is monitored by 
:he operator through observation of panel meters (one per 
?hannel) and apparent  resistivities and chargeebilities 
(measure of the IP effect)  calculated for presentation  to  the - operator, but not recorded. Post processing recalculates 
these parameters. but EUOWS the introduction of various 
filtering and stacking  routlnes  to improve the output quality. 

Jievigation 
Navigation is accomplished by microcomputer-assisted 
triangulation using a del Norte trisponder  system in which the 
distances between the boat (master  transponder) and two 

,known points on land (slave transponders)  are measured 
(Fig. 24.3) .  Accuracy of the navigation IS about ? 2  m 
relative  to  the location of the  slave transponders. Range 
information is stored on magnetic  tape with the  electrical 

helmsman via CRT display. Actual path of the boat can be 
compared to  the pre-digitized  intended  course a t  any desired 
scale. so that  a regular grid of closely  spaced lines can be 
maintained. Water depth  obtained from an echo-sounder is 

"displayed for the helmsman and stored on magnetic  tape  as 
well. 

- data and  is also used for real-time  instruction  to  the 

Data proeesing 
Resistivity (pa)  and chargeability ( M )  values are  determined 
from the  stored voltage data (Vp) for  each channel  as shown 
in Figure 24.4. Processing parameters can be chosen just 
prior to  the  calculation of these values. For this survey the 
resistivity window ( R w )  was 347.7 ms (89  points) wide and 
was placed 633 ms after  turn-on so as to avoid the  transient 
part  of  the waveform which immediately followed the turn- 
on. The transient portion of the waveform following the 
turn-off ( w i t h  a delay of 39 ms or 10 points) was used t o  
calculate  chargeability over four windows each of length 
117 ms (30  points).  The chargeability values presented here 
are normalized  numerical integrations of the  entire ( 9 5 4  ms)  
decay portion of the waveform excluding the 39 ms delay 
(total  chargeability). All calculations were averaged over 
both positive and negative portions of the  cycle so E5  to 
remove the  effect of voltage  offset such as is caused by 
spontaneous polarization. 

Presentation can be in  the  standerd form of 
pseudosections of apparent  resistivity and total  apparent 
chargeability.  Results can also be presented in the form of 
contour maps for a  particular n-value, as has been done here 
to  demonstrate  the mapping of  an extended  target. Values 
were averaged  over  the number of transmitter  cycles i n  a 
distance of approximately  one dipole spacing (approximeteip 
10 cycles for the 50 m dipole) and plotted  at  the  centre of 
the  array. thus  reducing the  effects of random noise. 
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CALCULATIONS  ARE PERFORMED ON TUESE 
DATA POINTS 
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F i g v e  24.4. Computation of apparent  resistivity and 
chargeabihty values from the  measured waveform. 

SURVEY RESULTS 
.4 total of approximately 45 line-km of survey was completed 
in  the four areas shown i n  Figure 24.1 at an average boat 
speed of 4-5 km/hour. This represents what is expected  to be 
an average day's output. This productivity was, however, not 
achieved  here  because of a variety of malfunctions that 
occurred durlng this. the  system's  first production  survey. 
A number of 'bugs' in the system were identified and 
eventually corrected, but  not without some loss of data. For 
example, problems with channel  four made it impossible to 
recover  reliable  chargeabilities  for n 4. Cable  damage 
resulted i n  the loss of n = 5 and 6 data for the 50 m dipole 
array in area 1. Also n = 3 chargeability values from sections 
of lines 2 and 3 in area 1 appeared excessively noisy and were 
omitted from the contour map of total  chargeability for 
area 1. 

The extent of navigable waters imposes an important 
operational  limitation. Shallow water near the  shoreline was 
particularly  critical in areas 3 and 4. This problem could 
have been overcome by extending  the lines with a land-based 
survey. Water depths of less than 1 m caused t h e  more 
obvious deviations from straight survey  lines. The relatively 
open waters of areas 1 and 2 were  surveyed w i t h  the 50 m 
array  (total  length 450 m) ,  but the  shorter 25 m array  (total 
length 225 m )  was  used in areas 3 and 4 because of t h e  short 
survey lines. The results show, however, that  the 25 m dipole 
array was effective in  obtaining  a  response. 

A simplified geological-geoelectric model is shown 
schematically in Figure 24.5. A resistivity  contrast  across 
the Archean-Aphebian contact of the order of lO:l, has been 
indicated by work elsewhere in the Athabasca Basin (H.  Stolz, 
personal communication, 1980). A greater  resistivity . 

contrast  occurs where the  pelite unit is graphitic, or where 
there is alteration. Water depth is  no greater than 2 5  m and 
total  depth from surface  to  crystalline basement does not 
exceed 100 m in the survey area which straddle  the margin of 
the Athabasca Group. A dipoledipole  array using 25  or 50 m 
dipoles  spaced at  n = 1 to 6 is thus appropriate  to map the 
pelite unit as shown by the model pseudosection in 
Figure 24.5b. The operational and temporary problems 
encountered during the survey impose a constraint on the 
data  available for presentation. A selected  set of data has 
been chosen for display as contours of apparent  resistivity 
and chargeability. 

Area 1 

Contour maps of apparent  resistivity (a = 50 m ,  n = 4)  and 
total  apparent  chargeability  (a = 50 m ,  n = 3) are shown in  
Figure 24.6a and 24.6b, respectively. This area is dominated 
by a  zone of  low apparent  resistivity which extends  northeast 
from Harrison Island almost to Snowshoe Island. At about 
0.5 km southeast of Snowshoe Island the trend changes 
direction  abruptly towards the south. The apparent 
resistivity falls below  100  ohm-m compared to  the 
background resistivity which  is in excess of 1000 ohm-m. 
Within these low resistivity zones, apparent chargeability 
values are noticeably higher then elsewhere (approximately 5 
to 10 times background). The  anomalous zone clearly follows 
the Archean-Aphebian boundary shown by Sibbald (1983. 
Figure 1.5) but tends to lie on the Aphebian side of the 
contact as would be expected  since  it is the Aphebian pelite 
unit which is more  conductive. This section of the  contact 
was previously mapped by horizontal loop EM profiles 
(J.H. Reedman,  personal  communication,  1981) which were 
obtained during winter  surveys on the lake  ice. 

A second elongated  feature. nearly parallel  to  the  first, 
can be seen about 1 k m  to  the west of Harrison Island. This 
conductor, also previously known, is conceivably due to a 
graphitic zone lying in the Aphebian metasediments some 
distance from the  contact. 

Area 2 

Contour maps of apparent  resistivity and total apparent 
chargeability  are shown in Figure 24.7a, b, respectively, for 
the same  electrode spacings as Area 1. Profiles were run in 
north-south and  east-west  directions, which are 
approximately 45" w i t h  respect  to  the  expected  strike, in  
order  to maximize  profile  length. This compromise. coupled 
with  some loss of data due to post-processing recovery 
problems, resulted in rather  sparse  data  for contouring 
purposes. Nevertheless a northeast-trending anomalous zone 
can be identified running parallel  to  the  contact shown by 
Sibbald (1983, Fig. 1.5). The weakness of the response 
(relative  to  the Area 1 anomalies) is probably due to a change 
in  the  electrical  properties of the  target  unit,  andior an 
increase in depth  to its top. 

A n r 3 u d A r e a 4  

Figure 24.8a  and  24.8b are  contour maps of apparent 
resistivity and total  apparent  chargeability,  respectively. for 
25 m dipoles with spacing n = 5. The survey lines were fitted 
in wherever possible 85 dictated by the relatively crampled 
manoevring space for even the 25  m array. Again there is a 
zone of  low resistivity  trending  southwest, a continuation of 
the zone discussed previously,  with associated high 
chargeability.  Unfortunately  the anomalous trend occurs 
very near  the  shore a t  the  ends of profiles. Three zones of 
particularly  intense response can, however, be identified. 
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Ftgure 24.5. (a)  Simplified  geoelectric section of the  Archean-Aphebian  transition  zone. 
( b )  Computed 2-D model t e spmse  to demonstrate  detectability of the  pelite wit. IP e f f e c t  
was complted in the frequency  domain and converted t o  an approrimate  chargeability 
(1.8 P P E  = 10 ms) following  the  method  of  Van  Yoorhis (1973). 
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I 
AREA 1 HARRISON Dipole - Dipole ,  

I 
ISL 4 ND 0 = 5 0 r n ,  n = 4 

I 
I 

I A R E A  1 HARRISON Dipole - Dipole 
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F i v e  24.6. Area 1, ( a )  contours of apparent  resistivity (ohm-m):  (b) contows of total apparent 
chargeabflity (rns). The dashed  line indicates  the previously known contact. 

The strongest of these coincides with the location of the 
Collins Bay A deposit. The apparent  resistivity drops to 
approximately 50 ohm-m and the  chargeability peaks a t  
130 ms. The intense clay alteration and t h e  presence of 
disseminated base metal  mineralization, predominantly pyrite 
and galena,  associated with the deposit  (Heine, 1981) are 
probably responsible. 

A second feature  occurs about 0.7 km northeast along 
strike, where  the apparent  resistivity drops to 85 ohm-m and 
the apparent chargeability peaks at 100 m s  at  the  east end of 

Line 3. It is not clear if the  source of this anomaly is 
localized or merely appears so as a consequence of the  rather 
sparse  coverage i n  the vicinity of the shore. 

The third  feature of interest  occurs in Area 4 in the 
vicinity of t h e  Eagle Point deposit.  Immediately north of 
Eagle Point there is an apparent  resistivity low  of less than 
100 ohm-m and an apparent  chargeability peak of 30 ms. 
About 0.5 km east along Lines 1 and 2 a  secondary zone is 
indicated. The IP response, in  particular, suggests the 
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Fiqvc 24.8. Area 3 and Area 4, ( a )  contours of apparent resistivity  (ohm-m);  (b) c o n t w s  of 
apparent chargeabili t y  frns). 
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presence of two distinct  structures. Again, extension of 
t h s e  profiles  towards and onto  shore would  be required for 
f ther  clarification. 

CONCLUSIONS 
7-1 results  presented here in the form of contour maps of 
e larent  resistivity and total  apparent  chargeability 
(induced-polarization  response) delineate an anomalous  zone 
which accurately follows the Archean-Aphebian contact 
tYerneath Collins Bay.  They clearly  demonstrate  the 
\ bility of the  waterborne version of the  technique,  a 
c~11c1usion reached in spite of a number of technical problems 
encountered during the survey. and in  spite of the very 
M i m a 1  level of interpretation which has been applied to  the 
c .a. 

The ease of exploration of large  areas not normally 
accessible  to land-based geophysical coverage is one 
pldantage of the approach. The next generation system wi l l  
t Iefully eliminate  the malfunctions and incorporate  a 
r.-.nber of instrumental improvements which wil l  render the 
data  amenable  to  quantitative  interpretation.  lnterpretation 
&ernes. such as  simple  layered earth or two-dimensional 
I fersion. can then be applied using the  water as a well- 
( fined top layer of uniform resistivity and measured 
thickness. In fact. such a uniform. non-polarizable  layer 
cLuld  be expected  to  act as a  filter against near-electrode 
4 ects from surficial  materials, a common source of noise in  
1 Id-based resistivity/IP surveys. Lake Athabasca, which 
coven approximately 300 k m  of the Athabasca boundary. 
offers  a possibili& for future application of the system i n  
mpping  graphitic horizons and alteration zones. 
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ABSTRACT 

E l e c t r i c a l   m e a s u r e m e n t s   u s i n g   s e p a r a t e l y  a 
su r face - towed   Sch lumberge r   r e s i s t i v i ty   a r r ay   and  
a surface- towed,   control led-source  audiomagneto-  
t e l l u r i c  (AMT) system were made i n  Lake  Superior  
a l o n g   t h e   n o r t h   s h o r e  of Keweenaw Pen insu la .  
The areas s t u d i e d  were Copper  Harbor,  where 
t h e r e   a r e  known underwater  copper  veins,   and 
Great Sand  Bay,  where  offshore  extensions of 
onshore   coppe r -bea r ing   f i s su res  may e x i s t .  

The Schlumberger   array  had a 455-foot 
c u r r e n t   e l e c t r o d e   s e p a r a t i o n ,   s u f f i c i e n t  t o  
m e a s u r e   t h e   r e s i s t i v i t y   o f   t h e   l a k e   f l o o r   i n  
sha l low water. The AMT tests were conducted 
u s i n g  a c i r c u l a r   l o o p   o f  wire 150-m i n  d i ame te r  
l a i d  on  the  lake  bot tom  and  exci ted  by a 400-Hz 
AC g e n e r a t o r  as s o u r c e .   W i t h   t h e   s h i p ' s   p o s i -  
t i o n   r e g u l a t e d  by e l ec t ron ic   nav iga t ion ,   concen-  
t r i c  arcs were t r a v e r s e d   a b o u t   t h e   l o o p   t o  
m e a s u r e   t h e   r a d i a l   m a g n e t i c   f i e l d ,  Hr, and  the 
t a n g e n t i a l   e l e c t r i c   f i e l d ,  E t .  

The AMT method y i e l d e d   d i s t i n c t   a n d   r e p r o -  
d u c i b l e   a n o m a l i e s   i n  E/H r a t i o s   o v e r  known 
copper   veins   in   Copper   Harbor   and  both  methods 
showed c o r r e l a t a b l e   a n o m a l i e s   o v e r   e x p e c t e d  
l i t h o l o g i c   c o n t a c t s   i n   b o t h  areas. A p r e v i o u s l y  
discovered  zone  of   heavy-mineral   concentrat ion 
i n s i d e  Great Sand Bay was v e r i f i e d   w i t h   b o t h  
methods. A probab le   unde rwa te r   ve in  was 

R e f e r e n c e s   a n d   i l l u s t r a t i o n s  a t  end  of  paper.  

a l s o   d i s c o v e r e d   i n   t h i s  area w i t h   t h e   s u r f a c e -  
towed r e s i s t i v i t y   a r r a y .   O t h e r   o n s h o r e  
f i s s u r e s   a p p a r e n t l y  do n o t   e x t e n d   o f f s h o r e .  

Both  methods are s t r o n g l y   a f f e c t e d  by 
b o t t o m   t o p o g r a p h y .   F o r   r e s i s t i v i t y   p r o f i l i n g ,  
a f i r s t - o r d e r   c o r r e c t i o n   f o r   t o p o g r a p h y   h a s  
been  developed  and  appl ied.  

PREFACE 

T h i s  is  t h e   t h i r d  OTC repor t   on   the   Univer -  
s i t y  of Wisconsin  Sea  Grant   program  to   invest i -  
g a t e   t h e   e x i s t e n c e  of copper   depos i t s   under  
Lake   Super ior .  The emphas i s   o f   t h i s   r epor t  i s  
on   t he   advances   i n   me thodo logy   app l i ed   t o  
s p e c i f i c   t a r g e t s   o u t l i n e d  by  Meyer e t  a l .  (1975), 

INTRODUCTION 

I n c r e a s i n g   i n t e r e s t   i n   t h e   e x p l o i t a t i o n   o f  
underwater mineral d e p o s i t s   r e q u i r e s  a p a r a l l e l  
e f f o r t   i n   t h e   d e v e l o p m e n t   o f   g e o p h y s i c a l   t e c h -  
n i q u e s   a p p l i c a b l e   t o   t h e i r   e x p l o r a t i o n .   E l e c -  
t r ical  prospec t ing   methods  are well e s t a b l i s h e d  
i n   m i n e r a l   e x p l o r a t i o n   o n   l a n d ;  w e  have   appl ied  
these   methods   to   underwater   explora t ion .   This  
p a p e r   d e s c r i b e s   t h e   r e s u l t s  of e x p l o r a t i o n   f o r  
coppe r   ve in   depos i t s   u s ing   su r f ace - towed  
r e s i s t i v i t y   p r o f i l i n g  and  act ive-source  audio-  
m a g n e t o t e l l u r i c s  (AMT) i n  two a r e a s   o f f s h o r e  
of Keweenaw P e n i n s u l a   i n   f r e s h w a t e r  Lake 
S u p e r i o r .  
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E i e c t r i c a l   m e t h o d s  employed  .in  the  1974 
season  (Meyer e t  a l . ,  1975)   demonst ra ted   tha t  
known copper   veins   (and  sands  with  high  heavy-  
mine ra l   con ten t )   cou ld   be   de t ec t ed   w i th   t he  
r e s i s t i v i t y  method.  The  1974  measurements 
employed  a  near-bottom-towed  30-foot  probe,  and 
w h i l e   t h i s   g a v e  good r e s o l u t i o n ,   k e e p i n g   t h e  
p robe   c lose   t o   t he   bo t tom made survey  work  slow 
a n d   t h e   t e c h n i q u e   u n s u i t a b l e   f o r   r o u g h   b o t t o m s .  

I n   1 9 7 5 ,   f i e l d  trials were under taken  w i t h  
t h e  two s u r f a c e - t o w e d   e l e c t r i c a l   t e c h n i q u e s   t o  
de t e rmine   t he   ex ten t   t o   wh ich   t hese   cou ld   i den -  
t i f y   l i t h o l o g i c   u n i t s   a n d   d i f f e r e n t i a t e  known 
copper   ve ins   f rom  o ther   anomal ies   wi th   an   eye  
t o   b r o a d   a p p l i c a t i o n   i n   a r e a s   o f   p r o b a b l e   o c c u r  
rence   o f   sublake   copper   ve ins .  

Copper  Harbor,   where  there are known coppe 
v e i n s ,  was used as a t e s t i n g   g r o u n d   f o r   t h e  
AMT method.  Both  methods were used a t  Great 
Sand  Bay,  where t h e r e  are known heavy-mineral  
s ands   and   p robab le   o f f shore   ex tens ions   o f  
c o p p e r   v e i n s .  A l l  work  reported  here  employed 
a n   a c t i v e - r a d a r   e l e c t r o n i c   n a v i g a t i o n   s y s t e m .  

GEOLOGIC SETTING OF THE KEWEENAW COPPER  DEPOSIT 

Keweenaw P e n i n s u l a  was a major  copper  pro- 
d u c e r   i n   t h e   U n i t e d  States  in   the   mid-1800 ' s .  
Here, coppe r   depos i t s  are l o c a l i z e d   i n   m i d d l e  t 
l a t e  Keweenawan l a v a s   a n d   i n t e r b e d d e d   c l a s t i c  
sed iments .   Throughout   the   l ength   o f   the   penin-  
s u l a ,   t h e s e   f o r m a t i o n s   s t r i k e   p a r a l l e l   t o   s h o r e  
and   d ip   homocl ina l ly   nor th .  The fo rma t ion   age  
dec reases   f rom  the   Po r t age   Lake   Lava   Se r i e s   i n  
t h e   s o u t h - c e n t r a l   p e n i n s u l a   t o   t h e   C o p p e r  Harbo 
Conglomerate  and  Nonesuch  Shale-Freda  Sandstone 
f o r m a t i o n s   t o   t h e   n o r t h .   S e p a r a t i n g   t h e  
southernmost   and   younger   Jacobsvi l le   Sands tone  
f r o m   t h e   c o p p e r   d i s t r i c t  is  t h e  Keweenaw F a u l t ,  
a s t e e p ,   n o r t h w a r d   d i p p i n g   t h r u s t   ( F i g u r e   1 ) .  
(Dorr  and  Eschman,  1971,  give  an  excellent 
rev iew  of   the   geology  and   minera l   depos i t s   o f  
Keweenaw P e n i n s u l a . )  

Three   types   o f   copper   depos i t s   a re   found:  
amygda lo ida l   depos i t s ,   cong lomera t i c   depos i t s ,  
and f i s s u r e   ( o r   v e i n )   d e p o s i t s .  The  amygda- 
l o i d a l   d e p o s i t s   o c c u r   w i t h i n   t h e   p o r o u s ,  vesi- 
c u l a r ,   a n d   b r e c c i a t e d   t o p s  of l ava   f l ows  com- 
p r i s i n g   t h e   P o r t a g e   L a k e   L a v a   S e r i e s ,   w h i l e   t h e  
c o n g l o m e r a t i c   d e p o s i t s   a r e   l o c a l i z e d   w i t h i n   t h e  
conglomerate members of t h i s  series. The 
coppe r   i n   bo th  is g e n e r a l l y   i n   t h e   n a t i v e   s t a t e  
T h e   m o s t   p r o d u c t i v e   m i n e s   i n   t h e   d i s t r i c t  
e x p l o i t   t h e s e  two types   o f   depos i t s .  

The ve in   copper   depos i t s ,   though  no t   the  
focus   o f   p roduc t ion  now, were t h e   e a r l i e s t   m i n e  
W i t h i n   c a l c i t e   v e i n s ,   o r e   m i n e r a l s   o c c u r   a s  
" l eaves"   o f   na t ive   coppe r ,   o r  as g r a i n s   o f  
c h a l c o c i t e   a n d   o t h e r   c o p p e r   s u l f i d e s .  The v e i r  
s t r i k e   n o r m a l   t o   a n d   c u t   a c r o s s   t h e   l a v a s   a n d  
conglomera tes   and   a re  known to   ou tc rop   on   t he  

nea r shore   l ake   bo t tom a t  Great Sand  Bay, S i l v e r  
I s l and ,   and  Copper  Harbor. 

Although  they are g e n e r a l l y   c o n f i n e d   t o  
the   Po r t age   Lake  Lava Series, v e i n s   a r e   a l s o  
found  within  the  Copper  Harbor  Conglomerate,  
t h e   r o c k   f o r m a t i o n   t h a t   u n d e r l i e s   b o t h   a r e a s  
surveyed  on  the  north  shore  of  Keweenaw 
Pen insu la .  

One o f   t hese  areas, Copper  Harbor, i s  
u n d e r l a i n  by  two s t e e p l y - d i p p i n g   b a s a l t   f l o w s ,  
s e p a r a t e d  by a m e d i a l   l a y e r  of   conglomerate  
about  150 f e e t   t h i c k   ( F i g u r e   7 ) .  The onshore  
a n d   p e n i n s u l a r   s i d e s  of t h e   h a r b o r   a r e  com- 
posed   of   conglomera te .   In   addi t ion ,  a magnet ic  
h igh ,   de t e rmined  .from a i rbo rne   magne t i c  meas- 
urements ,   approximate ly  1 km offshore ,   marks  
a n o t h e r   p r o b a b l e   b a s a l t   f l o w .  Two copper- 
b e a r i n g   c a l c i t e   v e i n s   s t r i k e   a c r o s s   t h e   h a r b o r  
f r o m   t h e   F o r t   W i l k i n s   S t a t e   P a r k   t o   t h e   t i p   o f  
t h e   e a s t e r n   p e n i n s u l a   ( F i g u r e  7 ) .  The under- 
water e x t e n s i o n s  of t h e s e   ; r e i n s   c a n   b e   s e e n   i n  
t h e   s h a l l o w   n e a r s h o r e   z o n e   o f   t h e   e a s t e r n  
pen insu la .  

The o t h e r   s u r v e y  area, Great Sand  Bay, is 
u n d e r l a i n  by c o n g l o m r a t e   b u t  i t s  mouth i s  
marked   by   an   underwater   r idge   cons is t ing   o f  a 
basa l t   f l ow  (F igu re   l o ) .   Immedia t e ly   i n l and ,  
w i th in   t he   Po r t age   Lake  Lava Series, a r e  
s e v e r a l   c o p p e r - b e a r i n g   f i s s u r e s   s t r i k i n g   p e r -  
p e n d i c u l a r   t o   s h o r e   a n d   i n t o   t h e   l a k e .  

THEORY AND INTERPRETATION TECHNIQUE 

R e s i s t i v i t y .   I n   t h e   s e a r c h   f o r   m i n e r a l i z e 1  
v e i n s ,   r e s i s t i v i t y   p r o s p e c t i n g  i s  one   of   the  
t e c h n i q u e s   o f t e n   a p p l i e d   b e c a u s e   m i n e r a l i z e d  
v e i n s   h a v e   g e n e r a l l y   l o w e r   r e s i s t i v i t i e s   t h a n  
t h e i r   h o s t   r o c k .  

I n   g e n e r a l   l a n d   a p p l i c a t i o n ,  a s e t  of 
e l e c t r o d e s   d r i v e n   i n t o   t h e   s u r f a c e  i s  u s e d  t o  
s e n d   c u r r e n t ,  I, in to   t he   g round   and   ano the r  
se t  is  u s e d   t o   m e a s u r e   t h e   p o t e n t i a l   d i f f e r -  
ence ,AV,   usua l ly   wi th in   and   a long   the  same l i n e  
as t h e   c u r r e n t   e l e c t r o d e s .  The appa ren t  
r e s i s t i v i t y ,  Pa, i s  de termined   f rom  the  
r e l a t i o n :  

P a = k -  AV 
I 

where k i s  the   geomet r i c   f ac to r   dependen t   on  
t h e   i n t e r e l e c t r o d e   s p a c i n g s   u s e d .  

2lT k =  1 1 1 1  (Eq. 2 )  

R1 R2 R3 R4 

where  the R ' s ,  i n t e r e l e c t r o d e   d i s t a n c e s ,  are 
d e f i n e d  as i n   F i g u r e  2 .  In   our   work,  we used 
the   Schlumberger   a r ray   wi th  a c u r r e n t   e l e c t r o d e  
s e p a r a t i o n ,  AB, g r e a t e r   t h a n   s i x   t i m e s   t h e  
p o t e n t i a l   e l e c t r o d e   s p a c i n g ,  MN. 



I n  a h o r i z o n t a l l y - l a y e r e d   e a r t h ,   t h e  
a p p a r e n t   r e s i s t i v i t y   m e a s u r e d  is a weighted 
average   depending   on   cur ren t   appor t ionment  
be tween  the   l ayers  a t  v a r i o u s   d e p t h s .  The 
cu r ren t   appor t ionmen t   depends   on   t he   r e l a t ive  
r e s i s t i v i t i e s  as well as  e l e c t r o d e   s p a c i n g .   I f  
h a l f   t h e   c u r r e n t   e l e c t r o d e   s e p a r a t i o n ,  a = A B f 2 ,  
i s  small compared t o   t h e   t h i c k n e s s ,  a, o f   t h e  
f i r s t   l a y e r   ( r e s i s t i v i t y   p i ) ,   t h e   a p p a r e n t  
r e s i s t i v i t y ,  pa, i s  a p p r o x i m a t e l y   e q u a l   t o   t h e  
f i r s t - l a y e r   r e s i s t i v i t y ,  p1. A t  t h e   o t h e r  
e x t r e m e   i n  a two-layered  half   space,   where 5 i s  
s u f f i c i e n t l y   g r e a t e r   t h a n  d, t hen  pa i s  approxi -  
ma te ly   equa l   t o   t he   deepe r   s econd- l aye r  res i s t i -  
v i t y ,  p2. F o r   i n t e r m e d i a t e   v a l u e s   o f  a, t h e  
measured Pa l i e s  between p1 and 02. The 
r e l a t i o n   o f   p a l p 1   t o   a / d   f o r   d i f f e r e n t  resisti- 
v i t y   c o n t r a s t s  p 2 I p 1  is shown i n   F i g u r e  3. 

F o r   a n   e l e c t r o d e   a r r a y  towed a t  t h e   w a t e r  
s u r f a c e ,   t h e   f i r s t   l a y e r  is  t h e  water a n d   t h e  
lower   l aye r  i s  t h e   l a k e   o r  sea f l o o r .  A t  sea, 
t h e   l o w   r e s i s t i v i t y   o f  s a l t  water ( 0 . 2 5  ohm- 
me te r s )   (Bann i s t e r ,  1968) limits cur ren t   pene-  
t r a t i o n   i n t o   t h e  sea f l o o r   a n d   n e c e s s i t a t e s  
v e r y   l o n g   s p a c i n g s   o f   c u r r e n t   e l e c t r o d e s .  How- 
e v e r ,   i n   f r e s h  water, t h i s   "ove rburden"  is about  
2-3 o r d e r s  of magnitude  more r e s i s t i v e   t h a n  sea 
water s o  t h a t  more p r a c t i c a l   s u r f a c e - t o w e d  
a r r a y s  are  a p p l i c a b l e .  

To de termine  l a t e ra l  v a r i a t i o n s   i n   t h e  
r e s i s t i v i t y  of t h e   l a k e   b o t t o m ,   t h e   a r r a y  i s  
towed w i t h  a f i x e d   e l e c t r o d e   s p a c i n g .   T h e  
c u r r e n t   e l e c t r o d e   s e p a r a t i o n   m u s t   b e   c o n s i d e r -  
a b l y   g r e a t e r   t h a n   t h e  water depth  so t h a t  we are 
i n   t h e   r e g i o n   w h e r e  pa i s  c l o s e   t o   t h e   v a l u e   o f  
p2 ( s e e   F i g u r e  3 ) .  

O b v i o u s l y ,   w i t h   c o n s t a n t   a r r a y   s p a c i n g ,  
t h e   a p p a r e n t   r e s i s t i v i t y   c o r r e l a t e s   w i t h   t h e  
f i r s t   l a y e r   t h i c k n e s s ,  i . e . ,  t h e  water dep th ,  
and   hence   wi th   the   topography  under   the   a r ray .  
T h i s   r e q u i r e s   t h a t   t h e   t o p o g r a p h i c a l l y - c a u s e d  
changes   i n  Pa be  removed so  t h a t   t h e   d e s i r e d  
s u b b o t t o m   p r o p e r t i e s   c a n   b e   d i s t i n g u i s h e d .  

Whiteley  (1974)  has  proposed a method f o r  
d i s t i n g u i s h i n g   b a t h y m e t r i c   e f f e c t s   f r o m   t r u e  
r e s i s t i v i t y   v a r i a t i o n s  of the  subbot tom.  For  
t h i s   t e c h n i q u e ,   t h e o r e t i c a l   a p p a r e n t   r e s i s t i v i t y  
p r o f i l e s  are c a l c u l a t e d   f o r   e a c h   o f   s e v e r a l  
c o n s t a n t   v a l u e s   o f   t h e   s e c o n d - l a y e r   r e s i s t i v i t y .  
E s s e n t i a l l y ,   t h e   v a l u e   o f   p a / p l  i s  determined 
f rom  each   curve   in   F igure  3 f o r   e a c h  
s a m p l i n g   p o i n t   a l o n g   t h e   t r a v e r s e   d e f i n e d  by a 
p a r t i c u l a r   a / d   r a t i o .   T h i s   a s s u m e s   t h a t   u n d e r  
e a c h   c a l c u l a t i o n   p o i n t ,   t h e   b o t t o m  is  f l a t  and 
i n f i n i t e   i n   e x t e n t  a t  a dep th   co r re spond ing   t o  
tha t   po in t .   Obvious ly   then ,   any   apparent  
r e s i s t i v i t y   v a r i a t i o n   i n   t h e   t h e o r e t i c a l   p r o -  
f i l e s  i s  j u s t   d u e   t o   c h a n g i n g  water dep ths .  On 
t h e   o t h e r   h a n d ,   a n y   l a t e r a l   r e s i s t i v i t y   v a r i a -  
t i o n  is i n d i c a t e d  by non-paral le l ism  between 
t h e   o b s e r v e d   a n d   t h e o r e t i c a l   p r o f i l e s .  

Another  method  which i s ,  perhaps,  more 
d e s i r a b l e ,  is t o   d i r e c t l y   p l o t   t h e  p 2 I p 1  r a t i o s  
a l o n g  a p ro f i l e .   Us ing   t he   obse rved  pa/@ and 
a / d   r a t i o s   f o r   e a c h   s a m p l e   p o i n t ,  we c a n   f i n d ,  
by i n t e r p o l a t i o n ,   t h e   a p p r o p r i a t e   p a / p l   c u r v e  
i n   F i g u r e  3 t o   w h i c h   t h i s   p a i r  of va lues   be longs  
The p 2 I p 1  v a l u e   d e f i n i n g   t h e   i n t e r p o l a t e d  two- 
l a y e r   c u r v e   g i v e s   t h e   r e s i s t i v i t y   c o n t r a s t  
under   the   sample   po in t .   Both   the   de te rmina t ion  
of ~ 2 1 ~ 1  v a l u e s   a n d   t h e   f o r m u l a   f o r   c a l c u l a t i n g  
pa assume a f l a t  and i n f i n i t e   i n t e r f a c e   b e t w e e n  
t h e  water and the   bo t tom  benea th   the   sample  
p o i n t .  If t h e  water r e s i s t i v i t y ,  p1, remains 
f a i r l y   c o n s t a n t   a l o n g  a t r a v e r s e ,   t h e n   t h e  
p 2 / p 1   p r o f i l e   g i v e s ,   i n   c o r r e c t   p r o p o r t i o n ,   t h e  
l a t e ra l  r e s i s t i v i t y   c h a n g e s   i n   t h e   s u b b o t t o m .  
I f  p1 i s  known, va lues   o f  p2 can   be   es t imated  
d i r e c t l y .  

Audiomagnetotel lur ic   method.  A s  an  a l t e r -  
n a t i v e   t o   r e s i s t i v i t y   p r o s p e c t i n g ,  w e  a l s o  made 
aud io - f r equency   magne to te l lu r i c  (AMT) measure- 
ments   with a c o n t r o l l e d   s o u r c e .  The magneto- 
t e l l u r i c   t e c h n i q u e   u s e s   t h e   r a t i o   o f   t h e   h o r i -  
z o n t a l  AC e l e c t r i c  a n d   m a g n e t i c   f i e l d s   t o  
d e t e r m i n e   t h e   s u r f a c e   i m p e d a n c e   o f   t h e   e a r t h .  
The s p a t i a l   v a r i a t i o n   i n  impedance  can  be  used 
t o   l o c a t e   m i n e r a l   d e p o s i t s .  

Natura l - source  AMT h a s   t h e   a p p r o p r i a t e  
dep th   o f   pene t r a t ion   fo r   ou r   work ,   bu t  i s  
dependen t   on   d i s t an t   unpred ic t ab le   t hunde r -  
s t o r m   a c t i v i t y   f o r   s o u r c e s  of t h e  AC f i e l d ,  
r e q u i r e s   s e v e r a l   s e c o n d s  of s i g n a l - i n t e g r a t i o n  
time for   each  measurement ,   and  gives   only 
roughly   reproducib le   resu l t s   (S t rangway e t  a l . ,  
1973) .   Our   expec ta t ion   in   us ing  400 Hz 
con t ro l l ed - source  AMT was t o  overcome  these 
d i f f i c u l t i e s ,   t o   o b t a i n  good p e n e t r a t i o n   i n t o  
the   subbot tom,   cont inuous   da ta   whi le   towing   the  
a p p a r a t u s ,   a n d   h i g h  l a t e r a l  r e s o l u t i o n   u s i n g  
s h o r t   e l e c t r o d e   s e p a r a t i o n .  

The t r a n s m i t t e r  was a h o r i z o n t a l   c i r c u l a r  
loop  of  wire ( v e r t i c a l   m a g n e t i c   d i p o l e ) .   T h i s  
loop  produced a t a n g e n t i a l ,   h o r i z o n t a l   e l e c t r i c  
f i e l d  ( E t ) ,  a v e r t i c a l   m a g n e t i c   f i e l d  ( H z )  , and 
a r a d i a l ,   h o r i z o n t a l   m a g n e t i c   f i e l d   ( H r ) .  
A l o n g   a r c s   c o n c e n t r i c   w i t h   t h e   l o o p ,   t h e   f i e l d s  
are c o n s t a n t   i n  a f l a t - l a y e r e d ,  homogeneous 
e a r t h .   D e v i a t i o n   f r o m   c o n s t a n c y   i n d i c a t e s  
inhomogeneity  in  the  ground  and by measuring 
E t ,  H z  and Hr a l o n g   c o n c e n t r i c   a r c s ,  we should 
b e   a b l e   t o   l o c a t e   c o n d u c t i v e   b o d i e s   s u c h  as 
copper   ve ins   benea th   the   g round.  

The h o r i z o n t a l  e lec t r ic  to   magne t i c  f i e l d  
r a t i o ,  E / H ,  w i l l  d rop   over   conduct ive   bodies .  
I n   a d d i t i o n ,  Hz g i v e s   f u r t h e r   i n d i c a t i o n  of 
inhomogenei t ies .  The r a t i o  H z / H r  should  be 
z e r o   i n   t h e   p l a n e  wave r e g i o n   f o r  a f l a t -  
l aye red   ea r th   and   shou ld  r ise  i n   t h e   p r e s e n c e  
of   inhomogenei t ies .  
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Sk in   dep th ,  6 ,  is  de f ined  as  t h e   d e p t h  a t  
which a p l ane  wave f i e l d   p e n e t r a t i n g   i n t o   t h e  
e a r t h   h a s   f a l l e n   t o  l / e  of i t s  v a l u e  a t  t h e  
s u r f a c e ,   g i v e n  by Vozoff  (1972) as: 

6 = ,/-- (meters)  (Eq. 3) 

o r   i n  a more p rac t i ca l   fo rm  to   an   accu racy   o f  
.6% as:  

where w = angular   f requency;  f = f r e q u e n c y   i n  
Hz; 2r f  = w; )J = magne t i c   pe rmeab i l i t y   o f   t he  
e a r t h ,   t a k e n  as po, t h e   p e r m e a b i l i t y  of  f r s e -  
space ,  4n  x lo-’ h e n r y l m e t e r ,   e x c e p t   f o r   h i g h l y  
magnet ic   rocks ;  p = r e s i s t i v i t y  o f   t h e   e a r t h   i n  
ohm-meters.   Skin  depth  gives  an  approximate 
d e p t h   o f   p e n e t r a t i o n   f o r  AMT prospec t ing .   For  
o u r   s i g n a l s  a t  400  Hz, t h e   s k i n   d e p t h s  a re  433 
meters i n  Lake  Superior   water  of p 300 ohm- 
meters and  790 meters i n   t y p i c a l   m e t a m o r p h i c  
and  igneous  rocks  of p 1,000 ohm-meters. 

A t  g r e a t   d i s t a n c e s   f r o m   t h e   t r a n s m i t t e r ,  
t h e   s i g n a l s  may b e   t r e a t e d  as plane  waves.  
Opera t ing   i n   t he   p l ane -wave   r eg ion   a l lows   t he  
use   o f   i n t e rp re t a t ion   t heo ry   t ha t   has   been  
developed   for   the   na tura l - source   magneto-  
t e l l u r i c  method  (Strangway  and  Vozoff,  1967; 
Ward e t  a l . ,  1974;   Swif t ,   1971,   for   examples) .  

The minimum t r a n s m i t t e r - t o - r e c e i v e r   d i s -  
t ance   r equ i r ed   fo r   t he   p l ane -wave   approx ima t ion  
t o   b e   v a l i d  i s  abou t  76 ( B a n n i s t e r ,   1 9 6 9 ) ,   o r  
about  3500 meters i n  Lake  Superior  water. I n  
Lake   Super ior ,  w e  worked a t  a maximum d i s t a n c e  
of  1250 meters. A t  g r e a t e r   d i s t a n c e s ,   t h e  
s i g n a l   q u a l i t y  was s e r i o u s l y   d e g r a d e d  by i n t e r -  
f e r e n c e   f r o m   n a t u r a l   e l e c t r o m a g n e t i c   n o i s e  
( s f e r i c s ) .  

F o r   o u r   d a t a   i n   t h i s   n e a r - f i e l d   r e g i o n ,  w e  
w i l l  n o t   a t t e m p t   i n t e r p r e t a t i o n   i n  terms of 
l a k e   b o t t o m   r e s i s t i v i t i e s ;  we w i l l  i n t e r p r e t  
t h e  data  empi r i ca l ly ,   i den t i fy ing   anomalous  
r e s p o n s e s   d u e   t o   p r o b a b l e   c h a n g e s   i n   l i t h o l o g y  
and  Fresence  of  copper  veins bv E/H changes.  

FIELD PROCEDURE 

R e s i s t i v i t y .  A schematic   diagram  of   the 
f i e l d   s e t - u p   o f   o u r   r e s i s t i v i t y   a r r a y  i s  shown 
i n   F i g u r e  2 and a b lock   d iagram  of   the  resist i-  
v i t y   a p p a r a t u s  is shown and   desc r ibed   i n  
Figure  4 .  

The c u r r e n t   e l e c t r o d e   s e p a r a t i o n   o f   4 5 5  
f e e t   t h a t  w e  employed was long   enough  to   enable  
us   t o   measu re   t he   subbo t tom  r e s i s t i v i ty   f rom 
t h e   s u r f a c e .   I n  water dep ths  of 20 t o  40 f e e t ,  
t h e   a / d   r a t i o   v a r i e s   f r o m   1 0   t o  24 which ,   for  
r e s i s t i v i t y   c o n t r a s t s  p 2 / p 1  between  0.30  to 
2 .5 ,  makes the  measured pa approximate ly   equal  
t o  02.  For   t he  same c u r r e n t   e l e c t r o d e  

s e p a r a t i o n ,  two p o t e n t i a l   e l e c t r o d e   s p a c i n g s  
were used and t h e i r   r e s u l t s  were l a t e r  compared 
a s   t o   t h e i r   r e s o l u t i o n .  

I n   t h e   p r e l i m i n a r y   r e s i s t i v i t y   s u r v e y   o f  
1974,  the  bathymetry  and  the  measured  poten- 
t i a l s  were r eco rded   on   s epa ra t e   cha r t s   and  
c o r r e l a t i n g   t h e  two was cumbersome. So ,  i n  
1975, w e  r e c o r d e d   p o t e n t i a l   d i f f e r e n c e s   o n   t h e  
same c h a r t   a s   t h e   b a t h y m e t r y .   I n   t h i s  way, i t  
was easier t o   p i c k   p o i n t s   a l o n g   . t h e   p r o f i l e  
w h e r e   r e s i s t i v i t y   c h a n g e s   d o   n o t   c o r r e l a t e  
w i t h   t h e  water depth.  However, s i n c e   t h e  
c e n t e r   o f   t h e   r e s i s t i v i t y   a r r a y  was 230 fee t  
behind  the  boat   under   which  the water dep th  was 
measured, a c o r r e c t i o n   f o r   t h i s   l a t e r a l .   o f f s e t  
h a d   t o   b e   a p p l i e d   i n   t h e   f i n a l   p l o t s .  A simi- 
l a r  c o r r e c t i o n  was a p p l i e d   t o   t h e  AMT d a t a .  

AMT. The f i e l d   l a y o u t   f o r   t h e  AMI’ meas- 
urements  i s  shown i n   F i g u r e  5 ;  a block  diagram 
o f   t h e  AMT a p p a r a t u s  i s  shown i n   F i g u r e   6 .  

To set  up t h e   t r a n s m i t t e r   a n t e n n a ,  a pon- 
toon   boa t ,   wh ich   ca r r i ed   t he   gene ra to r   and  a 
r a d a r   t r a n s p o n d e r ,  was anchored  where  the 
c e n t e r   o f   t h e   l o o p  was to   be .   The   loop  was 
t h e n   l a i d   o u t   b y  a second  boa t   which   c i rc led  
the   anchored   boa t ,   keeping  a c o n s t a n t   r a d i u s  
by  means  of a s t r e t c h e d   r o p e .  The t r a n s m i t t e r  
l o o p   c u r r e n t  was l i m i t e d   t o  8 amperes by  means 
of series r e s i s t o r s .  

The r e c e i v i n g   s h i p   t o w i n g   t h e   f i e l d  
s e n s o r s   t r a v e r s e d   c o n c e n t r i c  arcs a b o u t   t h e  
c e n t e r   o f   t h e   t r a n s m i t t i n g   l o o p  by ma in ta in ing  
a cons t an t   r ange   f rom  the   r ada r   t r ansponder  s e t  
up a t  t he   l oop’ s   cen te r .   A long   each   t r ave r se ,  
r a d i a l   m a g n e t i c   f i e l d  (H,) a n d   t a n g e n t i a l  
e l e c t r i c   f i e l d   ( E t )  were a u t o m a t i c a l l y   r e c o r d e d  
a long   w i th   ba thymet ry   on   t he   f a thomete r   cha r t .  

DATA ANALYSIS 

R e s i s t i v i t y .  The a p p a r e n t   r e s i s t i v i t y ,  
Pa, was c a l c u l a t e d   u s i n g   E q u a t i o n  1 a t  one- 
m i n u t e   i n t e r v a l s   a l o n g   t h e   p r o f i l e s   w i t h  
s h o r t e r   s a m p l i n g   i n t e r v a l s   u s e d   w h e r e   t h e  
p o t e n t i a l   f l u c t u a t e d   r a p i d l y .  

A t  small a / d   r a t i o s   ( d e e p   w a t e r ) ,   t h e  pa 
is approx ima te ly   equa l   t o   t he  water r e s i s t i v i t y ,  
p1. In   deep water, t h e   v a l u e   o f  p1  was  450 ohm- 
meters. Compared t o   r e p o r t e d   f r e s h w a t e r  
r e s i s t i v i t i e s ,  20-60  ohm-meters  (Boulos,  1972; 
Unz, 1 9 5 9 ) ,   t h i s   v a l u e  i s  very   h igh .   This  may 
be   due   to   the   “ f resher”   na ture   o f   Lake   Super ior  
water. B e e t o n   ( 1 9 6 5 )   r e p o r t s   t h e   t o t a l   d i s -  
s o l v e d   s o l i d s   i n   L a k e   S u p e r i o r  as 60 ppm  com- 
p a r e d   t o   1 8 5  ppm f o r   e u t r o p h i c   l a k e s .  The 
water r e s i s t i v i t y  w a s  assumed to   be   un i fo rm 
f r o m   n e a r s h o r e   t o   o f f s h o r e .   R e s i s t i v i t y  
changes  by  only a f ew  pe rcen t   fo r  small tempera- 
t u r e   f l u c t u a t i o n s  (Parkhomenko,  1967). 



OTC 2454 Edgardo L. N e b r i j a ,   C h a r l e s  T .  Young, Robert  P.  Meyer,  and J .  Robert  Moore 323 

For a l l  t r a v e r s e s ,  w e  computed t h e   p a / p l  
r a t i o   a t   e a c h   s a m p l i n g   p o i n t  and p l o t t e d   t h i s  
w i t h   t h e   a / d   a n d   t h e   d e r i v e d   p 2 / p 1   r a t i o s   a t  
each  point .   The  difference  between  the p 2 / p 1  
p r o f i l e  and   t he   obse rved   pa /p l   p ro f i l e  is due 
t o  t h e   t o p o g r a p h i c   e f f e c t .  Assuming t h a t   t h e  
w a t e r   r e s i s t i v i t y ,  p1,  v a r i e s   o n l y  a few  per- 
c e n t   a l o n g   t h e   p r o f i l e ,   t h e   c a l c u l a t e d  p2/p1 
p r o f i l e   d i r e c t l y   i n d i c a t e s   l a t e r a l   r e s i s t i v i t y  
c h a n g e s .   S e c t i o n s   o f   t h e   p r o f i l e   h a v e   b e e n  
v i s u a l l y   d i v i d e d   a n d   a n   a v e r a g e  p z / p 1  o b t a i n e d  
f o r   e a c h   s e c t i o n .  The d i f f e r e n t   r e s i s t i v i t y  
regimes so c l a s s i f i e d  are t h e n   c o r r e l a t e d   w i t h  
the   o f f shore   p ro j ec t ions   o f   on - l and   geo logy .  

In   deep   wa te r   ( a /d  5 1.01, t h e  value 
obtained  f rom  the  two-layer   curves   of   Figure 3 
becomes u n c e r t a i n   b e c a u s e   t h e   p a / p l   c u r v e s   f o r  
d i f f e r e n t   r e s i s t i v i t y   c o n t r a s t s   m e r g e .  

F o r   o n e   l a r g e   r e s i s t i v i t y   a n o m a l y  a t  Great  
Sand  Bay, we a l s o   a p p l i e d   t h e   a l t e r n a t i v e  
method  of d i s t i n g u i s h i n g   b e t w e e n   t o p o g r a p h i c  
and t r u s   c o n d u c t i v i t y   a n o m a l i e s .   T h e o r e t i c a l  
P a / P 1   p r o f i l e s  were p l o t t e d   o n   t h e  same scale 
as the   obse rved  p a / p l  p r o f i l e   f o r   e a c h   o f  
s e v e r a l  assumed  subbot tom  res i s t iv i t ies .   Along 
t r a v e r s e s   w i t h   r e l a t i v e l y   f l a t   a n d   s h a l l o w  
bot toms,  i t  i s  n o t   n e c e s s a r y   t o   p l o t   t h e o r e t i c a  
p r o f i l e s   s i n c e   t h e   p a / p l   p r o f i l e   g i v e s ,   i n  
c o r r e c t   p r o p o r t i o n s ,   t h e   l a t e r a l   c h a n g e s   i n  sub 
b o t t o m   r e s i s t i v i t y .  

AMT. The e lec t r ic ,  magnetic  and time d a t a  
from the fa thometer   char t  were d i g i t i z e d   w i t h  
a v a r i a b l e   s a m p l i n g   i n t e r v a l ;   t h e   o p e r a t o r  
d i g i t i z e d  more c lose ly   where   t he re  were r a p i d  
f l u c t u a t i o n s   i n   t h e   d a t a .  

The e l e c t r i c  and  magnet ic   channel   outputs  
r eco rded   on   t he   f a thomete r   cha r t  were conve r t ed  
t o  impedance   va lues   in  mV/km/gamma by m u l t i -  
p l y i n g  by a f a c t o r   i n v o l v i n g   s e n s o r   s e n s i t i -  
v i t i e s ,   a m p l i f i e r   g a i n s  and a t t e n u a t o r   s e t t i n g s  
The v a l u e   o f   t h e   f a c t o r  i s  d e r i v e d   a s   f o l l o w s .  
The o u t p u t   o f   t h e   e l e c t r i c   c h a n n e l   a m p l i f i e r ,  
EO, is  r e l a t e d   t o   t h e   e l e c t r i c   f i e l d   i n   t h e  
w a t e r ,  E ,  by: 

Eo = ES A e Oe 

where : 

Se = s e n s i t i v i t y  o f   t h e   e l e c t r i c   d e t e c t o r  
d i p o l e ,   i n  mv o u t p u t   p e r  mv/km i n p u t .  
N u m e r i c a l l y   e q u a l   t o   d i p o l e   l e n g t h   i n  
k i l o m e t e r s .  

Aoe = o v e r a l l   g a i n  of e l e c t r i c   c h a n n e l  
a m p l i f i e r .  

Q = e l e c t r i c   c h a n n e l   a t t e n u a t o r   s e t t i n g   i n  db 

S imi l a r ly ,   t he   ou tpu t   o f   t he   magne t i c   channe l  
a m p l i f i e r ,  Ho, i s  r e l a t e d   t o   t h e   i n c i d e n t  

m a g n e t i c   f i e l d ,  H ,  by: 

Ho = hShAOh 10-B/2Q 

where : 

Sh = s e n s i t i v i t y   o f   i n d u c t i o n   c o i l   i n  mv/ 
gamma, a t  400 Hz. 

a m p l i f i e r .  
= overa l l   ga in   o f   magnet ic   channel  

6 = m a g n e t i c   c h a n n e l   a t t e n u a t o r   s e t t i n g   i n  
db. 

These   equat ions  are combined t o  g i v e  a co r rec -  
t i o n   f a c t o r   t o   c o n v e r t   t h e   r a t i o  of a m p l i f i e r  
o u t p u t s  E / H  t o   f i e l d   q u a n t i t i e s  of mv/km/ 
gamma. 0 0  

We p l o t t e d   t h e  E / H  va lues   and   water   depth ,  
a n d   i n s p e c t e d   t h e   p l o t s   f o r   c h a n g e s   i n  E / H  
u n r e l a t e d   t o   b a t h y m e t r y .  The anomal ies   thus  
found a r e   l a b e l e d   a c c o r d i n g   t o   s t r e n g t h   a n d  
p l o t t e d   o n   t h e   t r a c k l i n e  maps. I n t e r p r e t a t i o n  
of unknown anomalies  i s  made by comparison 
wi th   responses  we observed   over  known s t r u c -  
t u r e s .  

I n  many t r a v e r s e s ,   t h e  E / H  r a t i o s  shows 
a d i r e c t   c o r r e l a t i o n   w i t h   w a t e r   d e p t h ,   s i m i l a r  
t o   t h e   r e s p o n s e  of t h e   r e s i s t i v i t y   t e c h n i q u e .  
Superimposed  on t h i s   t o p o g r a p h i c   e f f e c t   a r e  
anomalies   due  to   bedrock  changes  and  copper  
v e i n s .   I n   t h e   c a s e   o f   t h e   r e s i s t i v i t y   m e t h o d ,  
the   change   in   rock   type   has   the   p redominant  
e f f e c t  on t h e   r e s i s t i v i t y ,  much g r e a t e r   t h a n  
the   e f f ec t   o f   t opography .  

RESULTS AND INTERPRETATION 

Copper   Harbor .   Three  t raverses ,  AA', B B '  
and CC '  ( F i g u r e  7 )  pass o v e r   t h e  known copper- 
b e a r i n g   c a l c i t e   v e i n s .  Up t o   f o u r   n a r r o w  
anomalies   of   about  2-5% d r o p   i n   t h e   e l e c t r i c  
f i e l d   a p p e a r   a l o n g   e a c h   t r a v e r s e   i n c l u d i n g  
o v e r   t h e   e x t e n d e d   v e i n   p o s i t i o n s .   F i g u r e  8 
shows t h e   e l e c t r i c   f i e l d   a n d   m a g n e t i c   f i e l d  
s t r e n g t h s   a n d   b o t t o m   t o p o g r a p h y ,   f o r   t r a v e r s e s  
AA' and BB'  a l i g n e d   a c c o r d i n g   t o  a north-south 
topograph ic  low  on   t he   l e f t .  As expec ted   wi th  
p r o f i l e s   n o t   e q u i d i s t a n t  f rom  the   source ,   the  
m a g n e t i c   f i e l d  becomes s t r o n g e r   a s   t h e   s e n s o r  
g o e s   c l o s e r   t o   t h e   l o o p   a n d   a s   t h e   s e n s o r  
becomes b e t t e r   a l i g n e d   w i t h   t h e   f i e l d .  The 
e l e c t r i c   f i e l d   b e h a v e s   s i m i l a r l y   b u t   w i t h  
smal l   anomal ies   super imposed   on   the   reg iona l  
behav io r .  The lows,  when p l o t t e d  on t h e  
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t r a c k l i n e   n a p   ( F i g u r e   7 ) ,  show t h e  two western-  
most  rows  of E / H  a n o m a l i e s   f a l l   c l o s e   t o   o r   o n  
the   unde rwa te r   p ro j ec t ions   o f  two copper- 
t e a r i n g   v e i n s   o b s e r v e d   o n   t h e   p e n i n s u l a .   V e i n s  
c o r r e s p o n d i n g   t o   t h e  two easternmost   lows a r e  
not  known on  shore.   Presumably  they a re  s h o r t  
v e i n s .  

Along p r o f i l e  C C ' ,  t h e  E / H  low  expected 
f rom  the   Fo r t   Wi lk ins   ve in  a t  s t a t i o n   1 5 4 0  
occur s  a t  approx ima te ly   t he  same p o i n t  as  a 
topographic  low ( F i g u r e   9 ) .  The  narrow  low 
t h a t  w e  e x p e c t   f o r  a copper   vein,   based  on 
t r a v e r s e s  AA' and BB'  i s  probably  masked by 
the  topography.  A s t r o n g  low  between  s ta t ions 
1543  and  1544 i s  p robab ly   due   t o   t he   boa t  
making a t u r n   t h e r e .  The t u r n   c a u s e s   t h e  
e l e c t r i c  and   magne t i c   f i e ld   and   s enso r s   t o  
become misa l igned ,   p roduc ing   unpred ic t ab le  
r e s u l t s   i n   t h e  E / H  r a t i o .   A n o t h e r   s t r o n g   l o w  
occurs   approximate ly  a t  t he   basa l t - cong lomera te  
boundary .   In   t he   o the r   t r ave r se   o f  Great Sand 
Bay, we found   s imi l a r   s t rong   anomal i e s  a t  
basa l t -conglomera te   boundar ies .  

P r o f i l e s  DD' and EE'  outs ide  Copper   Harbor  
show broad  lows  in   an  east-west   band  approxi-  
mately 500 meters offshore.   These  lows  have no 
topograph ic   exp res s ions .  We i n t e r p r e t  them as  
a l o w - r e s i s t i v i t y   l a y e r   i n   t h e   c o n g l o m e r a t e   a n d  
l a b e l  i t  CuH2 i n   F i g u r e   9 .   I n   a d d i t i o n ,   t h e r e  
are t h r e e  small lows  of similar c h a r a c t e r   i n  
p r o f i l e s  DD' and E E ' .  They o c c u r   n e a r   t h e  
approx ima te   pos i t i on  of the   aeromagnet ic   h igh  
i n d i c a t e d   i n   F i g u r e   7 .   T h i s   m a g n e t i c   h i g h  
c o r r e s p o n d s   b a t h y m e t r i c a l l y   t o  a r idge   and  
could  be a b a s a l t   f l o w  similar to   those   found 
along  the  shore  of  Copper  Harbor  and Great Sand 
Bay.  Most p robab ly   t hese  small lows are asso-  
c i a t e d   w i t h   e d g e   e f f e c t s   o f   t h e   b a s a l t -  
c o n g l o m e r a t e   i n t e r f a c e .  

In   t he   t r ave r ses   ou t s ide   o f   Copper   Harbor ,  
we did  not   f ind  anomalies   which  can  be  asso-  
c i a t e d   w i t h   o f f s h o r e   p r o j e c t i o n s   o f   c o p p e r  
veins  exposed  on  land  and known t o   e x i s t   i n s i d e  
t h e   h a r b o r .   E i t h e r   t h e   w a t e r  i s  too   deep   fo r  
o u r   s y s t e m   t o   d e t e c t   t h e s e   o f f s h o r e   v e i n s   o r  
they   ex tend   on ly  a s h o r t   d i s t a n c e   f r o m   s h o r e .  

Great  Sand Bay. T h r e e   r e s i s t i v i t y   r e g i m e s  
are mapped i n  Great Sand Bay: a low- t o  medium- 
r e s i s t i v i t y   z o n e   ( p 2  = 0.70 to   1 .40   p i )   p robab l  
r e l a t e d   t o   s a n d s   a n d   g r a v e l s   o v e r l y i n g   t h e  
Copper  Harbor  Conglomerate  within  the  bay; a 
h i g h l y   r e s i s t i v e   r e g i o n   ( 0 2  = 2.2  p1)  asso- 
c i a t e d   w i t h   o u t c r o p p i n g   b a s a l t   f l o w s ;   a n d   t h e  
nea r shore ,   l ow- res i s t i v i ty   zone   (p2  = 0.30 p1) 
a s soc ia t ed   w i th   heavy-mine ra l   r i ch   s ands .  
W i t h i n   e a c h   r e g i m e ,   t h e   r e s i s t i v i t y   v a r i e s  
r e l a t i v e l y   s l o w l y .  

The anomal ies   assoc ia ted   wi th   underwater  
copper   ve ins   appe; r   sharp   and   nar row  both   in  
t h e   r e s i s t i v i t y   a n d  EM p r o f i l e s .  They a re  

superimposed on t h e   " r e g i o n a l "   r e s i s t i v i t y   o r  
EM f i e l d   d e f i n i n g  a p a r t i c u l a r   l i t h o l o g i c   u n i t  
and   do   no t   represent  as g r e a t  a r e s i s t i v i t y  
change as i s  a s s o c i a t e d   w i t h   t h e   c o n t a c t   b e t w e e  
the   basa l t   f lows   and   the   sed iment -covered  con- 
g l o m e r a t e   u n i t .  

O f  t h e   r e s i s t i v i t y   t r a v e r s e s ,   o n l y   t r a v e r s  
T 1  shows  such  anomalies  (marked A ,  B and C i n  
F i g u r e   1 1 ) .  Anomaly A i s  i n t e r p r e t e d   t o   b e  a 
p robab le   unde rwa te r   ve in .   D ive r s   have   conf i rme  
the   p resence   o f  a coppe r   ve in   ou tc ropp ing   on  
t h e   l a k e   b o t t o m   w i t h i n   t h i s  a r ea ,  a l though  an  
a t t e m p t   t o   p r e c i s e l y   d e t e r m i n e  i t s  l o c a t i o n   i n  
1974 f a i l e d   d u e   t o   p o o r   u n d e r w a t e r   v i s i b i l i t y .  
This  anomaly l i e s  b e t w e e n   t h e   s t r a i g h t - l i n e  
p r o j e c t i o n s   o f   t h e  known copper-bearing  Copper 
F a l l s  and  Arnold  Fissures   onshore.   Apparent ly ,  
t h i s   ve in   does   no t   ex t end   beyond   t he   basa l t   f l ow 
s i n c e   t h e  EM measurements   do  not   detect  i t .  

S t r a i g h t - l i n e   p r o j e c t i o n s   o f   o t h e r   o n s h o r e  
f i s s u r e s  do n o t   y i e l d   a n o m a l i e s .  The e f f e c t   o f  
t h e s e   v e i n s ,   i f   t h e y  are small, b a r r e n ,   o r  
d e e p l y   b u r i e d ,  may be  masked by ove r ly ing  
s e d i m e n t s   o r  by t h e   r e s i s t i v i t y  low  a s soc ia t ed  
wi th   t he   basa l t - cong lomera te   con tac t .   Fo r  
ins tance ,   be tween  s ta t ions   1046  and   1050  of  
t r a v e r s e  T 1  i n   F i g u r e  11, t h e r e  i s  a broad 
r e s i s t i v i t y  low  where  the  onshore O w l  Creek 
F i s su re   has   been   p ro j ec t ed .   However ,   t h i s  
area is  a l so   t he   o f f shore   boundary   o f   t he  
basa l t   f l ow  exposed   on   sho re .   Excep t   i n  areas 
where   t he   r e s i s t i v i ty   measu remen t s  a re  taken  
w i t h i n   t h e  same l i t h o l o g i c   u n i t ,  i t  may be  
d i f f i c u l t   t o   d e t e c t   t h e   p r e s e n c e   o f   c o p p e r  
v e i n s .  

Anomalies B and C of. t r a v e r s e  T 1  a re  more 
d i f f i c u l t   t o   i n t e r p r e t   b e c a u s e   t h e y  are n o t  as 
s h a r p   a n d   l a r g e  as anomaly A .  But t h e   f a c t  
t h a t   t h e y  show w i t h i n   t h e   l o w - r e s i s t i v i t y  
r e g i o n   a s s o c i a t e d   w i t h   t h e   b a s a l t - c o n g l o m e r a t e  
b o u n d a r y   i n d i c a t e s   t h a t   t h e y  may b e   s i g n i f i c a n t  
Anomaly C is o f f s e t   a b o u t  70 meters from  the 
f a u l t   p r o j e c t i o n   a n d  may i n d i c a t e   t h e   a c t u a l  
l oca t ion   o f   t he   f au l t   unde r   t he   bay .  The 
r e s i s t i v i t y  low  marked as anomaly B a n t i -  
c o r r e l a t e s   w i t h  a topographic  peak  and i s  
pro5ably  a s h o r t   u n d e r w a t e r   v e i n   s i n c e  i t  is no 
d e t e c t e d   i n   t r a v e r s e  T 2 .  

Over t h e  same area and  with  the same 
c u r r e n t   e l e c t r o d e   s e p a r a t i o n ,   t h e   a p p a r e n t  
r e s i s t i v i t i e s   o b t a i n e d   w i t h   d i f f e r e n t   p o t e n t i a l  
e l e c t r o d e   s p a c i n g s   m u s t   b e   t h e  same. However, 
a t  t h e  t i e  po in t   be tween   t r ave r ses  T 1  and T 2 ,  
s t a t i o n s  1 1 2 7  and   1146   (F igu re   l o ) ,   t he  com- 
p u t e d   a p p a r e n t   r e s i s t i v i t i e s  are d i f f e r e n t .  
Th i s  is probably  due t o  t h e   d i f f e r e n t   d e p t h s  a t  
w h i c h   t h e   e l e c t r o d e s  were towed.  Between 
s ta t ions   1140  and   1150  of   t raverse   T2 ,   the   boa t  
was maneuvering  and  moving a t  a speed  about  
h a l f   t h a t   o f   t r a v e r s e  T 1 .  Along  adjacent  
p o r t i o n s   o f   t h e  two t r a v e r s e s   w h e r e   t h e   b o a t  
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speed i s  t h e  same, as  b e t w e e n   s t a t i o n s  1118 t o  
1120 and  1156  to  1158, t h e   a p p a r e n t   r e s i s t i v i -  
t i es  are  approximate ly   the  same. 

T h e o r e t i c a l l y ,  a s h o r t e r   p o t e n t i a l   e l e c -  
t r o d e   h a s  a b e t t e r   r e s o l u t i o n   t h a n  a long  
p o t e n t i a l   e l e c t r o d e .  However, t h e  l a t t e r  pro- 
v i d e s  a l a rge r   s igna l   and   smoo ths  smaller 
v a r i a t i o n s   i n   r e s i s t i v i t y .  Two e l e c t r o d e  
spac ings  were u s e d   i n  Great Sand Bay and 
a l though  the   sharp   anomal ies   which  w e  i n t e r -  
p re t ed  as p r o b a b l e   v e i n s  were a l l  ob ta ined  
o n l y   w i t h   t h e   1 2 - f o o t   e l e c t r o d e   ( t r a v e r s e   T l ) ,  
t he   70 - foo t   po ten t i a l   e l ec t rode   shows   ample  
reso lv ing   power ,  i . e . ,  a sha rp   change   i n  
a p p a r e n t   r e s i s t i v i t y ,   a c r o s s   t h e   b a s a l t -  
cong lomera te   boundary   i n   t r ave r se  T3.  Where 
t h e   o f f s h o r e   p r o j e c t i o n  of t he   Arno ld   F i s su re  
c r o s s e s   t h e   t r a v e r s e s  made w i t h   d i f f e r i n g   p o t e n  
t i a l   e l e c t r o d e   s p a c i n g ,   n e i t h e r   p r o f i l e  shows 
an  anomaly.   Along  adjacent   port ions  of  t ra -  
v e r s e s  T 1  and T2  i n s i d e  Great Sand  Bay, v a r i a -  
t i o n s   i n   t h e   o b s e r v e d   r e s i s t i v i t y   h a v e   a p p r o x i -  
ma te ly   t he  same wavelengths   (F igures  11 and  13) 
However, we c a n   n o t   d i r e c t l y  compare t h e  
responses  of t h e  two p o t e n t i a l   e l e c t r o d e  
s p a c i n g s   o v e r   c o p p e r   v e i n s   b e c a u s e   t r a v e r s e s  
w i t h   e a c h   e l e c t r o d e   s p a c i n g  were n o t  made ove r  
t he  same p r o f i l e   l i n e .  

The  main f e a t u r e   o f   t h e  EM d a t a   i n  Great 
Sand Bay i s  t h e   s t r o n g   r e s p o n s e   n e a r   t h e   b a s a l t ,  
f low  boundary  (Figures   15  and  16) .  The south-  
east s i d e   o f   t h e   f l o w  i s  marked by s t rong   l ows  
and   t he   no r th   s ide   by   ueake r   l ows .  The  anomaly 
a t  s t a t i o n   1 6 5 4  is ove r   t he   zone  of heavy- 
mine ra l   concen t r a t ion   found  by r e s i s t i v i t y .  A t  
t h e   e a s t e r n  end  of p r o f i l e  EE' i s  an  anomaly 
t h a t   o c c u r s   n e a r   t h e   e x t e n s i o n   o f   a n   o n s h o r e  
coppe r -bea r ing   f i s su re .   Th i s   l ow l i e s  a t  t h e  
edge  of  our  survey area; we  do n o t  know whether 
i t  would c o r r e l a t e   a c r o s s   a d j a c e n t  EM t r a c k  
l i n e s .  The r e s i s t i v i t y   t r a v e r s e   n e a r   t h i s  
anomaly  shows a broad low which  resembles  more 
c l o s e l y   t h a t   a s s o c i a t e d   w i t h   t h e   b a s a l t -  
cong lomera te   boundary   t han   t he   r e l a t ive ly   sha rp  
anomal i e s   cha rac t e r i z ing   coppe r   ve ins .  

A l l  p r o j e c t i o n s   o f   o n s h o r e   v e i n s  are  drawn 
as s t r a i g h t   l i n e s .  The d i s c r e p a n c y   i n   l o c a t i o n  
be tween  these   p ro jec t ions   and   the   anomal ies  may 
wel l  b e   d u e   t o   o f f s e t s   a l o n g   t h e i r   l e n g t h s .  
Pe rhaps   more   p l aus ib ly ,   t he   ve ins  may n o t   e x t e n  
fa r   f rom  where   they  are exposed  on  land. The 
l o n g e s t   f i s s u r e s  shown i n   t h e   g e o l o g i c  maps of 
Keweenaw P e n i n s u l a   p e r s i s t   f o r  up t o  1 . 5  km. 
I n  Great Sand  Bay, unl ike  in   Copper   Harbor   wher  
a known copper   depos i t  on l a n d  i s  n e a r   t h e  
s h o r e ,   t h e   p r o b a b i l i t y   o f   f i n d i n g   v e i n s   a l o n g  
t h e   o f f s h o r e   p r o j e c t i o n s  of more d i s t a n t   o n s h o r  
f i s s u r e s  i s  low. Even i n  Copper  Harbor,   the EM 
t r a v e r s e s  made a c r o s s   t h e   o f f s h o r e   p r o j e c t i o n s  
of   the  known n e a r s h o r e   v e i n s  do n o t  show asso-  
c i a t e d   a n o m a l i e s .  

DISCUSSION 

B o t h   t h e   r e s i s t i v i t y   a n d   a c t i v e - s o u r c e  AMT 
methods   employed   proved   usefu l in   loca t ing   under  
water coppe r   ve ins   and   de l inea t ing   boundar i e s  
b e t w e e n   d i f f e r e n t   l i t h o l o g i c   u n i t s .  The 
anomalies   due t o  t h e   v e i n s  are g e n e r a l l y  small 
compared t o   t h e   l a r g e   a n d   b r o a d   a n o m a l i e s   a s s o -  
c i a t e d   w i t h   g e o l o g i c   c o n t a c t s .   N e v e r t h e l e s s ,  
t hey  a re  s h a r p   a n d   d i s t i n g u i s h a b l e .  The b a s a l t -  
c o n g l o m e r a t e   c o n t a c t   y i e l d s  a g r e a t e r   t h a n   1 5 %  
d r o p   i n  E/H and a b r o a d   l o w   i n   r e s i s t i v i t y .  
Both  methods a l s o   r e s p o n d   t o   t h e   p r e s e n c e  of 
heavy-mineral   sands  and  therefore  may b e   a p p l i c -  
a b l e   i n   p l a c e r   e x p l o r a t i o n .  

There are o the r   undu la t ions   o f  1-5% i n   t h e  
E/H da ta ,   and   about  5 m i l l i v o l t s   i n   t h e   r e s i s t i .  
v i t y   d a t a   w h i c h  we  d i d   n o t   p i c k  as anomal ies .  
T h i s   l e v e l   r e p r e s e n t s   o p e r a t i o n a l   n o i s e   l e v e l ,  
o r  limit o f   d e t e c t a b i l i t y ,   o f   o u r   s y s t e m s .  
Judging  f rom  the small, ab rup t   anomal i e s   ove r  
known c o p p e r   v e i n s   i n   s h a l l o w  water i n s i d e  
Copper   Harbor ,   the   response of similar v e i n s   i n  
deep water may be   unde tec t ab le   unde r   t he  
s y s t e m ' s   n o i s e   l e v e l s .  

Shor t - e l ec t rode ,  bottom-towed r e s i s t i v i t y  
a r r a y s  may have a s t r o n g e r   r e s p o n s e   i n   d e e p e r  
water a n d   b e t t e r   r e s o l u t i o n   a c r o s s   n a r r o w e r  
ve ins   t han   su r f ace - towed   a r r ays .  Meyer e t  a l .  
(1975)   reported a p o t e n t i a l   d r o p   o f   a b o u t  145 
m i l l i v o l t s   f o r   t h e   1 0 - f o o t   e l e c t r o d e   s p a c i n g  
bottom-towed Wenner a r r a y   ( c u r r e n t  100 milli- 
a m p e r e s )   a c r o s s   t h e   F o r t   W i l k i n s   v e i n   i n  
Copper   Harbor .   Crossing  the  probable   vein a t  
Great Sand Bay wi th   t he   Sch lumberge r   a r r ay ,  w e  
ob ta ined  'a maximum drop  of 30 m i l l i v o l t s   u s i n g  
t h e  same c u r r e n t  and   the   12- foot   po ten t ia l  
e l e c t r o d e .   B o t h   v e i n s  are  a t  approximate ly   the  
same depth  of about  30 f e e t .  However, w e  a r e  
n o t  aware of a s a t i s f a c t o r y  way of  computing 
a p p a r e n t   r e s i s t i v i t i e s   f r o m   t h e   d a t a  of bottcm- 
towed a r r ays ,   even   t hough   t heo re t i ca l   sound ing  
c u r v e s   f o r   e l e c t r o d e s  a t  the  water   bot tom  have 
been  published  (Van'Yan,  1956; Patel la  and 
Schiavone,  1974) . On t h e   o t h e r   h a n d ,   w i t h  
e l e c t r o d e s   n e a r   t h e  water sur face ,   the   conven-  
t i o n a l   t e c h n i q u e s   o f   r e s i s t i v i t y   i n t e r p r e t a t i o n  
are a p p l i c a b l e .  

The s e n s i t i v i t y  of both  methods  to   narrow 
anomalies   could  be  improved  by  the use of a 
g r a d i e n t   a r r a y ,   c o n s i s t i n g  of two i n - l i n e  
e l e c t r o d e   p a i r s   c o n n e c t e d  so as t o   g i v e   t h e  
a l g e b r a i c   d i f f e r e n c e   o f   t h e i r   s i g n a l s .   T h i s  
a r r a y   s h o u l d   d i s c r i m i n a t e   a g a i n s t   b r o a d  lows 
caused   by   topography  or   by   the   basa l t -  
cong lomera te   con tac t  and  would  enhance  the 
r e sponse   ove r   na r row  f ea tu res   such  as  copper  
v e i n s .  

Fu r the r   r e f inemen t s  are  p o s s i b l e   f o r   b o t h  
r e s i s t i v i t y  and AMT. F o r   t h e   r e s i s t i v i t y  
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apparatus,  multiple  sensors in either  Schlum- 
berger  or  dipole-dipole  configuration  could  be 
devised  to allnw  for  several  electrode  spacings 
to be  used  simultaneously.  This  array  would 
allow  different  depths  of  penetration. 

For the AMT  experiment, we need  interpreta- 
tion  curves  for  the  near  field.  Higher  frequency 
operation  would  allow  plane wave operation  near 
the  loop.  If  our  transmitter  frequency were 
stabilized  we  could  achieve  narrower  bandwidth, 
resulting  in  greater  resistance  to  interference 
from  powerline  harmonics  and  natural EM noise, 
and  therefore  greater  range.  Transmitter 
stability  could  be  improved by regulating  the 
frequency  electronically  instead  of  mechanically 
as  is now  done. 

APPLICABILITY  OF  THESE  TECHNIQUES 

Electrical  prospecting  methods  have  been 
adapted  for  use  in  fresh  water  and  are  capable 
of locating  copper  veins,  contacts  between  rock 
types,  and  probable  heavy-mineral  placer 
deposits.  The  techniques we developed are like- 
wise  applicable to  any  geologic  or  engineering 
problem  in  shallow  freshwater  bodies where one 
needs to know the  distribution of rock  typ5s  or 
sediments of differing  resistivities. 

Shallow-water  electrical  prospecting has 
decided  operational  advantages  over  its  land 
counterpart.  Profiling  can be done  continuously 
and  rapidly.  Maintaining  continuous  electrical 
contact  with  the  first  layer  is  very  simple  in 
water and  difficult  on  land.  The  water  layer 
has  relatively  uniform  resistivity.  With 
electronic  navigation,  profile  lines  can  be 
reliably  and  rapidly  located.  Except  for  the 
extremely  shallow  and  hazardous  parts  of  a  near- 
shore  survey site, most of the area  is  accessibl 
for  measurements.  The  thickness of  the  "over- 
burden"  is  known  along  the  entire  profile so 
that its  effect  may  be  isolated  from  subbottom 
responses. 

In  the ocean, the  ''overburden" is very  con- 
ductive  and  masks  resistivity  changes  in  the 
bottom.  Resistivity  profiling  is  better  con- 
ducted  with  deep-towed  arrays to facilitate 
bottom  penetration.  In the case of AMT  measure- 
ments  with  a  400-Hz  source,  the skin depth  will 
be  reduced by  the more  conductive  water to 
approximately 12 meters,  appropriate for mineral 
exploration  and  engineering  studies  in  shallow 
estuaries,  bays  and  harbors. 
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" RECORDING BOAT 
WATER SURFACE 

R E S I S T I V I T Y  ARRAY 
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A ,  B = CURRENT  ELECTRODES FOR 12-FOOT POTENTIAL  ELECTRODE 

E:, 5 = POTENTIAL  ELECTRODES AB = 4 5 5  FEET 

R1 = AM NN = 1 2  FEET 
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Fig. 2 - Field configuration  of  surface-towed  Schlumberger  resistivity  array. The array used had 
a  455-foot  current  electrode  separation and potential electrode  spacings  of  either 12 feet  or 70 
feet. A l l  electrodes  were the bared ends of  a parallel pair of  18-gauge  copper wires. With low- 
frequency  alternating  current used as source,  electrode  polarization  was not a problem. The 
center o f  the  array  was  230  feet aft of  the  36-foot  recording boat. 
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Fig. 4 - Block  diagram  of  resistivity  apparatus. An oscillator  generates 
square  waves  at  a  frequency  of  about 10 Hz,  controlling a synchronous  detector 
and driving  the  current  electrodes 100 mA through  a  constant  current  drive 
amplifier.  The  signal  Present on the potential electrodes is  amplified  and 
Passed  through  a  high-pass  filter  with  a  corner  frequency  of  1/10 HZ. The 
resulting  zero  mean  ac is  passed  through the  synchronous  detector and then  low- 

final slowly-changing dc voltage is then  displayed on the  same  fathmeter 
Pass  filtered  at  1/10 Hz to  remove  the  operating  frequency  components.  The 

chart  as  the  bathymetry. 
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Fig. 5 - Field  layout  of  AMT  apparatus. Signal source  was  a 1.5 kw  gasoline  generator,  delivering 
approximately 8 amps  to  the loop,  regulated  by  series  resistors.  The  loop,  having  a  diameter of 
150  meters,  was laid on lake  bottom.  Traverses  were  made  at  radii  ranging  from 500 to  1250  meters 
Details  of  receiving  apparatus  are  given in Figure 6. 
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Fig.  6 - Block  diagram o f  AM1 apparatus. Sensors and preampl i f ie rs  were  mounted on an 8- foo t  
long  catamaran. The catamaran was towed 100 feet  behind  the  research  vessel,  a  36-foot  converted 
Coast Guard surf   boat.  The e l e c t r i c   f i e l d  was detected  by  measur ing  the  potent ia l   d i f ference 
between twc electrodes,  p ieces  of   copper  braid i n  contact   wi th  the  water.  The near  e lectrode 
was t i ed   t o   t he   bo t tom of the  catamaran and the  far   e lectrode was towed near  the  surface  at   the 
end of   a   70- fOot   insu lated  wi re .  The magnetic  sensors  consisted  of 10,000 turns  of 28-gauge 
wire, wound about  a  square f e r r i t e   c o r e  and mounted i n  waterproof  plast ic  tubes (Young, 1976). 
Para l le l   capaci tors   resonated  the  co i l  t o  400 Hz. The s e n s i t i v i t y  o f   the   co i l s  was approximately 
32 m i l l i v o l t s  per  gama (one gama = 10" gauss),  determined  using  Helmholtz  coils. The v e r t i c a l  
magnetic f i e l d  channel was not used i n   t h i s  experiment. 
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p a / p l   p r o f i l e s   a c r o s s  Anomaly A o f   T rave r se  T1 a f t e r   t h e  method of Whiteley  (1974).   Each 
t h e o r e t i c a l   p r o f i l e  i s  drawn f o r  a c o n s t a n t   s u b b o t t o m   r e s i s t i v i t y ,  p2. T h e o r e t i c a l   p r o f i l e s  
w i t h  p2/p1 < 1 . 0   a n t i c o r r e l a t e   w i t h   b o t t o m   t o p o g r a p h y   a n d   t h o s e   f o r  p 2 I p 1  > 1 . 0   c o r r e l a t e  
wi th   topography.   The   topographic   e f fec t  i s  m o r e   p r o n o u n c e d   f o r   g r e a t e r   r e s i s t i v i t y   c o n t r a s t s  
be tween  the  water a n d   t h e   l a k e   f l o o r .   B e t w e e n   s t a t i o n s   1 0 5 6   t o   1 1 0 0 ,   t h e   o b s e r v e d  p a / p l  
p r o f i l e  is a p p r o x i m a t e l y   c e n t e r e d   a b o u t   t h e   t h e o r e t i c a l   p r o f i l e   f o r  = 1.30. Between 
1 0 5 1   a n d   1 0 5 5 ,   h o w e v e r ,   t h e   o b s e r v e d   p r o f i l e   i n t e r s e c t s   t h e   t h e o r e t i c a l   p r o f i l e s ,   i n d i c a t i n g  
a n   a n o m a l y   s i n c e   t h e   r e s i s t i v i t y   c h a n g e   i n   t h e   o b s e r v e d   p r o f i l e   c a n n o t   b e   a c c o u n t e d   f o r  by 
topographic   changes   a lone .  
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runs   normal   to   the   geologic   s t r ike .  A s h a r p   r e s i s t i v i t y   c h a n g e  is as soc ia t ed   w i th   t he  
basalt-conglomerate  boundary. The three r e s i s t i v i t y   r e g i m e s   d e s c r i b e d  i n  t h e   t e x t  are i n d i -  
c a t e d .   R e s i s t i v i t y   f l u c t u a t i o n s   o v e r   t h e   b a s a l t   f l o w  may be d u e  to   shor t -wavelength   topographic  
changes   no t   r emovab le   w i th   t he   f i r s t -o rde r   t opograph ic   co r rec t ion .   Nor th   o f   s t a t ion  1250, t h e  
wa te r   dep th   i nc reases   r ap id ly   and   t he   va lue   o f  p2/p3 cannot   be  accurately  determined  f rom  the 
two-layer  curves of F igure  3 .  The small r i p p l e s   i n   t h e   r e s i s t i v i t y   p r o f i l e  a t  s t a t i o n  1254 
i n d i c a t e   t h a t   t h e   b a s a l t   f l o w  a t  300 f e e t   d e p t h  s t i l l  a f f e c t s   t h e   m e a s u r e d   a p p a r e n t   r e s i s t i v i t y .  
Beyond 400 f e e t  depth ,  t h e   m e a s u r e d   r e s i s t i v i t y  i s  t h a t  of t h e   w a t e r   l a y e r .  
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A  SYSTEM FOR RESISTIVITY  SURVEYING  IN  WATER 

J. Lobach  and W.J. Scott 

INTRODUCTION 

In  1973  an  airborne  resistivity  survey was flown 
in  the Tuktoyaktuk  area to determine  the  feasibility  of 
measuring  permafrost  extent  from  the  air  (Sellman  et al, 
1974). The  interpreted  results  of  the  VLF  indicated a 
good correlation  to  the  then  known  permafrost  distrlbution 
and thickness  (Scott  and  Hunter, 1977). Of particular 
interest  were  the  relatively  high  resistivities  measured 
over  the  centres  of  some  of  the  lakes,  specifically  Grass 
Lake  (Figure 1). Drilling  through  the  ice  in  the  spring 
of 1973  indicated  that  Grass  Lake was in  fact  frozen  to 
the  bottom:  in  places  even  30  cm of sediment  were  also 
frozen. Therefore, it was  suspected  that  the  permafrost 
did extend  from  shore  out  beneath  the  lake. 
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However,  a D.C.  resistivity  sounding  done  in  the 
spring of 1974  in  holes  drilled  through  the  ice,  indicated 
that  there was no  permafrost  present  beneath  the  lake  bottom 
at  least to a depth of 200 m  (Scott, 1975).  Resistivity 
studies  carried out in the winter  through  holes  drilled  in 
the  ice  are so cumbersome  and  slow  that  obtaining  sufficient 
data  to  assess  the  resistivity  distribution  under  Grass 
Lake  appeared  difficult. In the  summer  of  1974  some 
waterborne  resistivity  measurements  were  attempted  (Scott, 
1975). These  attempts  included  Schlumberger  soundinqs  and 
Wenner  profiles. A sounding  in  Grass  Lake  confirmed  the 
results  of  the  winter  work.  The  interpreted  resistivities 
and depths  relating  to  the  shallow  portion  of  these  soundings 
are  consistent  with  the  drilling  results  on  land  adjacent 
to  Grass  Lake. Two Wenner  profiles (a = 5 m and 15 m) 
were  run  along the line of the  summer  soundings.  Near  the 
shore  high  apparent  resistivities (pa) indicate  the  presence 
of permafrost.  In  the  middle  of  the  lake pa values  range 
from 40  to  50 ohm-m.  These  values  agree  well  with  those 
from  the  interpreted  soundings.  From  the  data  it  appears 
that  there  is  no  permafrost  along  the  profile  lines  at 
least  to  a  depth  of  a  few  metres  except  near  the  shore. 

Subsequently  it was felt  that  development  of  a 
marine  resistivity  profiling  system  would  be  feasible  ant 
could  yield  promising  results.  In  1975  a  six-channel 
prototype  was  constructed  to  measure  apparent  resistivities 
with  a  towed  multi-dipole  array.  Considerable  experience  and 
a small  amount  of  data  were  obtained  with  the  prototype. 
The  system  described  in  this  paper  was  developed  in  the  light 
of that  experience. 
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In  order  to  allow  flexibility  in programminq,the 
present  system  is  controlled  by  a  Motorola  M6800  micro- 
processor. A block  diagram  of  the  system  is  shown  in  Figure 
2. The  system  operates  with  a  towed  array  consisting of one 
transmitter  dipole  and  six  consecutive  receiver  dipoles 
(Figure 3 ) .  The  transmitter dipole, nearest  the boat, is 
energized  by a Huntec Lop0 Transmitter,  modified  to  produce 
a  square  wave  with  a  period of six  seconds. A current 
reference  signal  and  the  voltages  from  the  six  receiver 
dipoles  are  applied  to  seven  isolation  amplifiers  with  gains 
manually  selected.  Under  control of the  ~nicroprocessor,  the 
outputs  of  the  isolation  amplifiers  for  each  half  cycle  are 
applied  in  turn  through  a  multiplexer  to  an  autoranging 
amplifier  and  an  analog-to-digital  converter.  The  digital 
values  are  used as inputs  to  a  microprocessor  program  which 
calzulates  apparent  resistivities. The current  level  and 
the  six  values of apparent  resistivity  are  recorded on 
cassette  tape,  together  with  time,  water  depth and  positional 
information. 

The  depth  sounder  is  a  Heath  Kit  instrument  Model 
No.  M1-101  with  the  time constant  shortened 10 microseconds 
to  allow  it to resolve  water  depths as small as %hree  feet. 
The  navigation  system is a  delNorte  Trisponder,  which 
provides  radar  ranges  to  slaves  in  fixed  positions  on  the 
shore. 

The instrumentation  was  almost  completely  ready 
by  June  1978.  Development  work  during  the  summer  field 
season  was  concentrated  on  improvement  of  cable  design  to 
minimize  movement  noise  and  spontaneous  polarization 
problems. For the 5 m  array  copper  wire  wrapped  around 
t h e  axis  of  the  cable  produced  the  best  streamlining and, 
therefore,  low  electrode  noise:  self  potential  wzs  also at 
a minimum. This  cable was only 4 0  meters  long  and  therefore 
was  successfully  streamed  throughthe  water  at  a  depth  of 
30 to 40 cm  without  flotation  material.  Submerging it in 
this way  avoided  undesirable  breaks  in  the  electrode  contact 
caused  by  temporary  surfacing  of  the  cable  betweer,  waves. 

The 30 m array  was  more  than 300 m long  and  therefore 
had  to  be  floated on the  surface  to  avoid  fouling.  In  this 
case  copper  pipe was suspended  about 30 cm below  the  cable. 
At  low  speeds  these  electrodes  did  not  surface:  however, 
electrode  noise  was  high  because  of  poor  streamlining.  Low 
signal  levels  of  5-10  millivolts  (mv)  peak  to  peak  were 
superimposed  on  approximately 80 mv  of  self-potential (SP! 
that  varied  with  position.  This SP caused  biasing  and 
saturation  problems on the  input  amplifiers.  Most of the 
effort  during  the  1978  field  season  was  devoted to solving 
this  problem.  In  1979  it  is  planned  to  use  an  electrode 
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design  similar to  that  described by Corwin  and  Carti  (1973) 
which  is  expected to  minimize  noise  problems. 

SURVEY  PROCEDURE 

Normal  survey  procedure  consisted of streaming 
the appropriate  cable out behind  the  boat  and  making  a 
series  of  parallel  traverses  over  the  area  to  be  surveyed. 
Figure 4 shows  such  a  series  of  boat  tracks  surveyed on 
Grass  Lake.  The  tick marks  on  the  tracks  represent  data 
points  separated  by  about 10 m. A hand  calculator  was 
used  to calculate  the  instantaneous  positions  of  the  boat 
from  the  trisponder  readings,  which  were  then  plotted  on  a 
map as a  guide  to  the  helmsman.  The  time  lag  between 
obtaining  the  trisponder  data  and  plotting  the  course  made 
it  difficult  to  run  an  absolutely  straight  course. By the 
end  of  1979  it  is  planned  that  the  course  recovery  will  be 
handled  automatically  with  a  much  reduced  time  lag. 

During  survey  runs  there was frequent  variation 
in  the  D.C. offsets  observed  across  the  receiver  dipoles. 
The  offset was due  mostly  to  changing  electrochemical 
effects as the  cable  and  electrodes  moved  through  the  water. 
It was  necessary  to  monitor  and  correct  for  the  D.C.  offsets 
constantly  during  the  survey  to  avoid  saturation of the 
isolation  amplifiers.  When  resistivities  changed  greatly 
(such  as  on  crossing  from  unbonded  to  ice  bonded  sediments) 
it was  necessary  to  alter  the  transmitter  current  to  prevent 
saturation of the  isolation  amplifiers. 

DISCUSSION 

Three  maps  of  Grass  Lake  show  contoured  resistivity 
data  for dipole  spacings  of  nx = 5, 10 and 30 metres  (Figures 
5, 6 and  7). Previous  electrical  measurements in the  area 
(Scott, 1975)  showed  resistivities of the  water  to  be  about 
40 ohm-m  or  less  and  of  the  sub  bottom  unfrozen  sediments  to 
be  from 40  to 70 ohm-m. The  water  depths  were  two m on the 
average.  The  resistivity  contours  of  Figure  5  (n = 1) 
are  strongly  influenced  by  variations  in  the  water  depth. 
Where  the  water is more  than 2 m  deep  the  apparent  resistivity 
values  tend  towards 4 0  ohm-m;  where  the  water  depth is less 
than 2 m,apparent  resistivity  values  increase  from 40  to 70 
ohm-m. A method  of  correcting  the  measured  resistivities 
for  varying  water  depths  is  under  development. 

For the  multi-dipole  spacing  of  n = 2 the  contour 
map  shows  the  apparent  resistivity  to  be  within  the  range 
of 40  to 7 0  ohm-m  over  most  of  the  lake.  The  distribution 
of  the  resistivity  range  appears  to  be  uniform  over  the  lake 
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area.  High  resistivities  are  observed  only  near  the  shores 
of the lake. Permafrost is bclicvcd to extend  out  under 
the lake until  water  depths cxcccd 1 . 5  m. The configuration 
of  this  permafrost  interface is being  studied  by  clectro- 
magnetic  techniques  at  the  present  time.  The  map of 
contoured  resistivities  measured  with  n = 6  confirms  that 
a  highly  resistive  permafrost  layer  extends out a  short 
distance  beneath  the  lake. 

These  contour  maps  are  preliminary.  There  are 
still  some  data  which  show  the  influence  of D.C. offsets of 
different  magnitudes on some  of  the  recorder  channels  which 
will  be  numerically  corrected. 

CONCLUSIONS 

A system  for  measuring  apparent  electrical 
resistivities in water  has  been  developed  and  used  success- 
fully  in  the  field,  although  problems  in  a  design  of 
electrodes  and  cables  still  remain  to  be  solved.  The 
resistivities  obtained  with  the  system  in  Crass Lake, near 
Tuktoyaktuk, N.W.T., are  geologically  reasonable  and  agree 
with  measurements  made by other means. 
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Typical  Configurations of Near-Bottom  Granular  Deposits,  Beaufort  Sea 
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