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A b s t r a c t  

Three massive h y d r a u l i c  f r a c t u r e  o p e r a t i o n s  f o r  n a t u r a l  gas  

s t i m u l a t i o n  w e r e  conducted i n  November and December 1975 and January  

1976. The f r a c t u r e s  were performed by H a l l i b u r t o n  f o r  AMOCO i n  t h e  

Wattenberg f i e l d  n o r t h e a s t  of Denver, Colorado. A s u r f a c e  e l e c t r i c a l  

p o t e n t i a l  t echn ique  was used by Sandia L a b o r a t o r i e s  i n  coopera t ion  w i t h  

AMOCO t o  o b t a i n  d i a g n o s t i c  in fo rmat ion  t h a t  would c h a r a c t e r i z e  t h e  f r a c -  

t u r e s .  Comparison of  f i e l d  d a t a  w i t h  model c a l c u l a t i o n s  i n d i c a t e s  t h a t  

t h e  e l e c t r i c a l  p o t e n t i a l  g r a d i e n t s  produced by t h e  d i r e c ' t  e l e c t r i c a l  

e x c i t a t i o n  of  t h e  f r a c t u r e  w e l l  and f r a c t u r e  f l u i d  can be used t o  map 

and c h a r a c t e r i z e  t h e  f r a c t u r e .  The s u r f a c e  e l e c t r i c a l  p o t e n t i a l  t e c h n i -  

ques  u t i l i z e d  and mathematical  modeling i s  d e s c r i b e d  and t h e  d a t a  

o b t a i n e d  a r e  p resen ted .  F r a c t u r e  o r i e n t a t i o n s  a p p a r e n t l y  l a y  i n  a  SE 

t n  NW d i r e c t i o n  and a n a l y s i s  i n d i c a t e s  t h e  c r e a t i o n  o f  asymmetrical  

f r a c t u r e s .  
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. . 
SUMMARY 

Three massive h y d r a u l i c  f r a c t u r e  exper iments  f o r  n a t u r a l  gas  

s t i m u l a t i o n  w e r e  conducted by H a l l i b u r t o n  f o r  AMOCO i n  t h e  Wattenberg 

f i e l d  n o r t h e a s t  of  Denver, Colorado. The exper iments  w e r e  conducted 

on t h r e e  w e l l s  -- Martin Har t  "E1' No. 1, S a l a z a r  G.U.  No. 1, and 

UPRR-22P. A l l  t h r e e  w e l l s  w e r e  open h o l e  and t h e  f r a c t u r e  zone was 

l o c a t e d  a t  a dep th  o f  approximate ly  8000 f e e t .  A l l  were t r e a t e d  w i t h  

approximate ly  300,000 g a l l o n s  o f  f l u i d  and 600,000 pounds of  proppant .  

The s u r f a c e  e l e c t r i c a l  p o t e n t i a l  t echn ique  was used t o  a t t e m p t  

c h a r a c t e r i z a t i o n  and mapping of  t h e  f r a c t u r e .  The c a s i n g  o f  t h e  w e l l  

which was t o  be f r a c t u r e d  i n  one experiment and a  downhole s i n k e r  b a r  

i n  o t h e r s  w e r e  used a s . t h e  probe f o r  induc ing  c u r r e n t  i n t o  t h e  e a r t h .  

A remote w e l l  c a s i n g  was used a s  t h e  probe f o r  t h e  c u r r e n t  r e t u r n .  

Data w e r e  t a k e n  by r e c o r d i n g  t h e  p o t e n t i a l  d i f f e r e n c e s  between 2 4 .  

p a i r s  of  probes  p laced  c i r c u m f e r e n t i a l l y  around t h e  well w i t h  an 

inner- .probe  r a d i u s  o f  1800 f e e t  and an o u t e r  probe r a d i u s  va ry ing  

from 28.00 f e e t  t o  4000 f e e t .  The induced c u r r e n t  was e s s e n t i a l l y  DC 

and was o b t a i n e d  from a  series o f  b a t t e r i e s .  

Three second c u r r e n t  p u l s e s  o f  bo th  p o l a r i t i e s  w e r e  used f o r  t h e  

induced c u r r e n t .  A f t e r  a  one-second d e l a y  each o f  t h e  24 d a t a  channe l s  

was sampled 20 t i m e s  a t  2 5  mi l l i se 'cond i n t e r v a l s .  The p o t e n t i a l  of  

each  l o c a t i o n  was normalized w i t h  r e s p e c t  t o  t h e  c u r r e n t  used t o  

induce  t h e  f i e l d .  A comparison of  t h e  d a t a  f o r  t h e  " b e f o r e  f r a c t u r e "  

t o  " a f t e r  f r a c t u r e "  was made t o  o b t a i n  t h e  c h a r a c t e r i z a t i o n  of  t h e  

f r a c t u r e .  

The' n o i s e  p e r t u r b a t i n g  t h e  system c o n s i s t s  o f  t e l l u r i c  c u r r e n t s ,  

c u r r e n t s  from i n d u s t r i a l  sources ,  and n a t u r a l  l o c a l  c u r r e n t s .  I t  i s  

d i f f i c u l t  t o  de termine  t h e  e x a c t  s igna l - to -no i se  r a t i o  o r  t h e  e x a c t  

o r i g i n  of  t h e  n o i s e  wi thou t  e x h a u s t i v e  f i e l d  measurements and d a t a  

a n a l y s i s .  However, improvements have been made i n  t h e  s u r f a c e  poten- 

t i a l  g r a d i e n t  t echn ique  s i n c e  t h e  e a r l y  developmental  s t a g e  of  t h e  

d i a g n o s t i c  prqgram. 

To a i d  i n  t h e  i n t e r p r e t a t i o n  of  t h e  f i e l d  d a t a ,  mathematical  

modeling e f f o r t s  have been under taken.  The model u t i l i z e s  t h e  Green 's  

f u n c t i o n  ' i n t e g r a l  e q r ~ a t i o n  approach where t h e  s o - c a l l e d  h a l f  -space 
. .  . 



G r e e n ' s  f u n c t i o n  i s  used.  The model c a l c u l a t e s  t h e  p o t e n t i a l  d i f f e r -  

e n c e  ( A @ )  t h a t  e x i s t s  a t  t h e  s u r f a c e  a s  a  f u n c t i o n  o f  f r a c t u r i n g  

c o n d i t i o n s .  

Data a n a l y s i s  i n d i c a t e s  t h a t  t h e  f r a c t u r e  o r i e n t a t i o n  f o r  a l l  

t h r e e  w e l l s  l i e s  i n  a  SE t o  NW d i r e c t i o n  and t h a t  the .  f r a c t u r e s  a r e  

asymmetric .  

I. INTRODUCTION 

I n  Apr i l  1 9 7 3 ,  a s p e c i a l  Natural  Gas Technoloqy Task Force  i s s u e d  

a  r e p o r t  on major gas  d e p o s i t s  i n  t h e  Uni ted  S t a t e s  which cannot  be 

e x p l o i t e d  w i t h  c u r r e n t  e x t r a c t i o n  techniques . '  The l o w  p e r m e a b i l i t y  

o f  t h e  gas -bea r ing  sands  i n  t h e s e  r e g i o n s  d i c t a t e s  t h a t  ext remely  

l a r g e  f r a c t u r e s  a r e  r e q u i r e d  t o  p rov ide  adequate  p r o d u c t i v i t y .  The 

r e p o r t  i n d i c a t e s  t h a t  t h e  gas  d e p o s i t s  could  be  s t i m u l a t e d  by massive 

h y d r a u l i c  f r a c t u r i n g  (MHF) . Massive h y d r a u l i c  f r a c t u r i n g  s t i m u l a t i o n  

c o n s i s t s  of  m u l t i - s t a g e  sand and f l u i d  i n j e c t i o n s  t h a t  would poten- 

t i a l l y  c r e a t e  long  f r a c t u r e s  (a 5000  it) over  a  l a r g e  g r o s s  pay 

i n t e r v a l .  To a s s e s s  t h e  e f f i c i e n c y  o f  t h e  MHF process ,  c h a r a c t e r i z a -  

t i o n  i n f o r m a t i o n  i s  needed on t h e  aximuthal  d i r e c t i o n ,  l e n g t h ,  and 

h e i g h t  o f  t h e  permeable p o r t i o n  o f  t h e  h y d r a u l i c  f r a c t u r e s .  2 ' 3  1n 

a d d i t i o n ,  f o r  p roduc t ion  a p p l i c a t i o n  o f  MHF, s i m i l a r  in fo rmat ion  i s  

needed t o  a f f e c t  optium w e l l  placement t o  ach ieve  o v e r a l l  e f f i c i e n t  

drainage.  

Sandia  L a b o r a t o r i e s  i s  c u r r e n t l y  working on a Massive Hydraul ic  

F r a c t u r e  Mapping and C h a r a c t e r i z a t i o n  Program funded by t h e  Div i s ion  

of  O i l ,  Gas and Sha le  Technology of  t h e  Energy Research and Development 

A d m i n i s t r a t i o n  (ERDA) . The geophys ica l  d i a g n o s t i c  t echn iques  i n c l u d e  

t h e  use  o f  p a s s i v e  seismic s i g n a l s  c r e a t e d  by t h e  f r a c t u r i n g  and sur- 

f a c e  e l e c t r i c a l  p o t e n t i a l s  induced by i n j e c t i n g  c u r r e n t  i n t o  t h e  

f r a c t u r e  w e l l  c a s i n g  and subsequen t ly  i n f l u e n c e d  by t h e  e l e c t r i c a l l y -  

c o n d u c t i n g  f r a c t u r i n g  f l u i d . '  Th i s  r e p o r t  concerns  on ly  t h e  s u r f a c e  

p o t e n t i a l  method. The i n s t r u m e n t a t i o n  used and mathematical  modeling 

a r e  d e s c r i b e d ,  and t h e  f i e l d  r e s u l t s  and d a t a  ob ta ined  from t h r e e  MHF's 

a r e  presented.  

S u r f a c e  e l e c t r i c a l  p o t e n t i a l  d a t a  have been ob ta ined  d u r i n g  t h r e e  

f r a c t u r i n g  tests.  The MHF's were performed by H a l l i b u r t o n  S e r v i c e s  

f o r  AMOCO i n  t h e  Wattenberg f i e l d  n o r t h e a s t  o f  Denver, Colorado. 



Data was c o l l e c t e d  f o r  t h e '  f i r s t  (Mart in.  Har t  "E" No. 1) i n  November 

o f  1975, f o r  t h e  second ( S a l a z a r  G.U. No. 1) i n  December o f  1975, 

and f o r  t h e  t h i r d  (UPRR-22P) i n  January  o f  1'976. A l l  t h r e e  w e l l s  

were open h o l e  and t h e  f r a c t u r e  zone was l o c a t e d  a t  a  depth  of 

approximate ly  8000 f e e t .  A l l  w e r e  t r e a t e d  w i t h  approximate ly  300,000 

g a l l o n s  o f  f l u i d  and,600,000 pounds o f  sand f o r  proppant .  Access t o  

a  downhole c u r r e n t  probe was provided by AMOCO on a l l  t h r e e  w e l l s .  

The Wellex probe provided through AMOCO al lowed t h e  e l e c t r i c a l  c u r r e n t  

t o  be  induced a t  t h e  f r a c t u r e  depth .  A s i n k e r  b a r  was e l e c t r i c a l l y  

connected t o  t h e  c e n t e r  conductor  o f  a  s t a n d a r d  w i r e  l i n e  which was 

t h e n  connected t o  t h e  c u r r e n t  p u l s e r .  Breakdown on a l l  t h r e e  w e l l s  

occur red  weeks b e f o r e  t h e  main f r a c t u r e .  

The e l e c t r i c a l  MHF mapping t echn ique  i s  a s s o c i a t e d  w i t h  t h e  

s c i e n c e  ( o r  a r t )  o f  e l e c t r i c a l  p r o s p e c t i n g  used i n  t h e  i n v e s t i g a t i o n  

of g e o l o g i c a l  s t r u c t u r e s .  I n  t h e  t echn ique  used h e r e ,  p o t e n t i a l  

g r a d i e n t s  c r e a t e d  a t  t h e  s u r f a c e  o f  t h e  e a r t h  a r e  t h e  r e s u l t  of  us ing  

t h e  f r a c t u r e  w e l l  c a s i n g  a long  w i t h  t h e  a s s o c i a t e d  f r a c t u r e  f i l l e d  

w i t h  a conduct ing  f l u i d  a s  t h e  induced c u r r e n t  e l e c t r o d e  and a remote 

w e l l  c a s i n g  a s  t h e  r e t u r n  c u r r e n t  e l e c t r o d e .  A s  t h e  f r a c t u r e  pro- 

g r e s s e s  t h e  p o t e n t i a l  g r a d i e n t  changes a t  t h e  s u r f a c e  a r e  due t o  t h e  

change i n  e l e c t r o d e  geometry. I f  t h e  p o t e n t i a l  g r a d i e n t s  b e f o r e ,  

d u r i n g ,  and a f t e r  t h e  f r a c t u r e  a r e  compared, d i a g n o s t i c  in fo rmat ion  - 
about  t h e  f r a c t u r e  i s  ob ta ined .  

To a i d  i n  t h e  i n t e r p r e t a t i o n  of  t h e  f i e l d  r e s u l t s ,  a  mathematical  

modeling e f f o r t  was undertaken.  An i n i t i a l  approach t r e a t e d  t h e  w e l l  

c a s i n g s  and f r a c t u r e  f l u i d  a s  p e r f e c t l y  conduct ing  e l e c t r i c a l  l i n e  

sources  i n  an i n f i n i t e  i s o t r o p i o  and hamoyerleuus medium., For a non- 

homogeneous medium, a r e s i s t a n c e  l a d d e r  network,  chosen t o  r e p r e s e n t  

t h e  w e l l  c a s i n g ,  f r a c t u r e  f l u i d ,  and t h e  r e s i s t i v i t y  of t h e  format ion ,  

was used t o  a p p o r t i o n  t h e  c u r r e n t  d e n s i t i e s  on t h e  f r a c t u r e  w e l l  c a s i n g  

and t h e  f l u i d - f i l l e d  f r a c t u r e .  5 

A second method u t i l i z e s  t h e  Green ' s  f u n c t i o n  i n t e g r a l  e q u a t i o n  

approaah where t h e  so -ca l l ed  h a l t - s p a c e  Green ' s  f u n c t i o n  i s  used. The 

w e l l  c a s i n g  and f r a c t u r e  f l u i d  a r e  assumed t o  have a f i n i t e  r e s i s t i v i t y ,  

and t h e  v o l t a g e  d i s t r i b u t i o n  a long  t h e  w e l l  c a s i n g  and f l u i d - f i l l e d  

f r a c t u r e  i s  t aken  i n t o  account .  I t  i s  assumed t h a t  t h e  w e l l  c a s i n g s  

and t h e  f l u i d - f i l l e d  f r a c t u r e  can be  t r e a t e d  a s  l i n e  e l e c t r o d e s  wi th  

a f i n i t e  c r o s s - s e c t i o n a l  a r e a ;  t h e  e a r t h  i s  t r e a t e d  a s  a  ha l f - space  ' 



w i t h  a  uni form r e s i s t i v i t y ;  and t h e  c u r r e n t  l e a v i n g  o r  e n t e r i n g  t h e  

l i n e  e l e c t r o d e s  pe r  u n i t  l e n g t h  a r e  c o n s t a n t .  With t h e s e  assumptions,  

t h e  new c a l c u l a t i o n s  a r e  s i m i l a r  i n  some r e s p e c t s  t o  t h e  e a r l i e r  

r e s u l t s .  6 

11. MODEL CALCULATIONS 

E l e c t r i c a l  p r o s p e c t i n g  i s  a  well-known techn ique  t h a t  i s  used i n  

t h e  i n v e s t i g a t i o n  o f  g e o l o g i c a l  s t r u c t u r e s  benea th  t h e  s u r f a c e  of t h e  

e a r t h .  The approach t a k e n  i s . t o  de termine  t h e  v a r i a t i o n  of t h e  

e l e c t r i c a l  c o n s t a n t s  o f  t h e  e a r t h ' s  c r u s t  and t o  make t h e  proper  

i n t e r p r e t a t i o n  of t h e s e  v a r i a t i o n s .  Of t h e  e l e c t r i c a l  c o n s t a n t s  

a s s o c i a t e d  w i t h  t h e  e a r t h ' s  c r u s t ,  t h e  v a r i a t i o n  i n  t h e  r e s i s t i v i t y  

i s  by f a r  t h e  g r e a t e s t  and t h e  t h e o r y  used i s  based e n t i r e l y  upon 

e l e c t r i c a l  p o t e n t i a l  t h e o r y .  Must of the problems that e x i o t  i n  

e l e c t r i c a l  p r o s p e c t i n g  a r e  n o t  new, however, t h e r e  a r e  a p p l i c a t i o n s  

o f  t h e s e  t h e o r i e s  t o  s p e c i f i c  s i t u a t i o n s  t h a t  have n o t  been .cons ide red  

i n  t h e  p a s t .  The s i t u a t i o n  cons ide red  h e r e  i s  t h e  a p p l i c a t i o n  of t h e s e  

t h e o r i e s  t o  de termine  d i a g n o s t i c  in fo rmat ion  of  an  underground hydro- 

f r a c t u r e .  

A v a s t  amount o f  t h e  work t h a t  has  been done i n  e l e c t r i c a l  pros-  

p e c t i n g  h a s  been a p p l i e d  t o  t h e  problem of t h e  p o t e n t i a l  d i s t r i b u t i o n  

a b o u t  a  p o i n t  e l e c t r o d e  p l a c e d  on t h e  e a r t h ' s  s u r f a c e .  I n  the  a p p l i -  

c a t i o n  of  p o t e n t i a l  t h e o r y  cons ide red  h e r e ,  t h e  f r a c t u r e  we i l  c a s i n g  

s e r v e s  a s  one c u r r e n t  e l e c t r o d e ;  t h e  f r a c t u r e  f l u i d  i s  conduct ive  and 

a f t e r  f r a c t u r i n g  t h e  f l u i d - f i l l e d  f r a c t u r e  a c t s  a s  a  h o r i z o n t a l  

conduc to r  w i t h i n  t h e  f r a c t u r e  zone; and t h e  c u r r e n t  r e t u r n  pa th  i s  

p rov ided  by a n o t h e r  w e l l  c a s i n g  l o c a t e d  some d i s t a n c e  from t h e  source .  

Thus, t h e  e l e c t r o d e  spac ing  i s  n o t  l a r g e  compared t o  tilt! ilil~~el~si~l~s of 

t h e  e l e c t r o d e  and t h e  s o u r c e  must be cons ide red  a  l i n e  and n o t  a  p o i n t  

source .  

A r i g o r o u s  a n a l y s i s  of  p o t e n t i a l  d i s t r i b u t i o n s  r e s u l t i n g  fru111 d 

p e n e t r a t i n g  e l e c t r o d e  h a s  been p resen ted  by Muskat. The formulae 

developed by Muskat cover  b o t h  p o i n t  e l e c t r o d e s  a t  t h e  s u r f a c e  of t h e  

e a r t h  and p e n e t r a t i n g  e l e c t r o d e s .  Also t h e  formulae a r e  a p p l i c a b l e  

f o r  t h e  p o t e n t i a l  d i s t r i b u t i o n  a t  a l l  d i s t a n c e s  from t h e  c u r r e n t  source  

However, t h e  a n a l y s i s  i s  o v e r l y  compl ica ted  and f o r  p r e s e n t  purposes  

a  s i m p l e r  a n a l y s i s  can  be  a p p l i e d  t o  t h e  h y d r o f r a c t u r e  problem. Sunde 8 

i n  h i s  t r e a t m e n t  o f  b u r i e d  m e t a l l i c  s t r u c t u r e s  used f o r  both  power and 



. . 
communications system describes a.simpler analysis. In this analysis, 

mathematical approximations not affecting the fundamental aspects of 

the problem.are used in order to obtain engineering equations. 

Simplifying assumptions made in the development of the equations are . 

that the earth is homogeneous and isotropic and thk current flux 

density along the penetrating electrode is uniform. In the application 

here, the spirit of Sunde's assumptions is employed which results in a 

simplified model' to describe the potentials. The results are believed 

to give a fairly accurate description of the behavior of the potentials 

during fracturing. 

The use of the Green's function technique for solving partial 

differential equations in electrostatic problems is quite This 

technique is used here.to solve for the electrical potentials in the 

MHF mapping problem. 

Consider a volume V bounded by a surface S. Green's second identity 

given by Van 81ade19 is 

2 av-/G (x,xO) v 4  4 (:*I - 4 (xO) V * ~ G  (i, - x*) - I 

where 

a4 (x-1 aG (x, x') ... - 
~ ( x , x  = G(X,X 1 an: - 4(x') an- (2) 

Here G(x,xO) is the Green's function, $(x') is the sought after solution ... ... - 
for the potential, a/an' is the normal derivative to the surface, and 

x' is on the surface S. The appropriate Green's function to use here ... 
is 

. . 

where G(x,x') satisfies the equation ... - 



2  
V G(x ,x ' )  = 6  (x-x') 6 (y-y') 6 (z -z ' )  + 6 (z+z ' )  - - ( 4 )  

a n d  6 ( x - x ' ) ,  e t c .  a r e  D i r a c  d e l t a  f u n c t i o n s .  G(x ,x ' )  h a s  t h e  p r o p e r t y  - - 
t h a t  t h e  normal  d e r i v a t i v e  o f  G(x ,x ' )  i n  e q u a t i o n  ( 2 )  w i l l  v a n i s h  a t  - .., 
t h e  s u r f a c e  o f  t h e  e a r t h .  

F o r  a volume w h i c h ' d o e s  n o t  c o n t a i n  any c h a r g e s  o r  c u r r e n t s  such 
2  t h a t  V @ = 0 ,  t h e n  from e q u a t i o n  ( I ) ,  $ ( x )  i s  g i v e n  by - 

I t  r ema ins  now t o  s o l v e  e q u a t i o n  ( 5 )  f o r  t h e  p o t e n t i a l  . @ ( x )  w i t h  - 
a  s p e c i f i e d  c u r r e n t  d i s t r i b u t i o n ,  a @ ( x ' ) / a n ' ,  on S. S i n c e  t h e r e  i s  

n currelit l e a k a g e  from t h e  e l e c t r o d e s ,  t h e  p o t e n t i a l  d i s t r i b u t i o n  on 

S ,  $ (x ' )  i n  e q u a t i o n  ( 2 ) ,  i s  de t e rmined  by the s p e c i f i e d  a$ (x ' ) /an '  a s  - - 
w i l l  b e  shown. 

The s u r f a c e  S  c o n s i s t s  o f  t h e  s u r f a c e  of  t h e  e a r t h  ( z '  = O), t h e  

f r a c t u r e  w e l l  c a s i n g  (S+) a l o n g  w i t h  t h e  a s s o c i a t e d  conduc t ing  f r a c t u r e  

f l u i d  ( S f ) ,  a n d  t h e  c u r r e n t  s i n k  w e l l  ( S  a s  shown i n  F i g u r e  1. No - 
c u r r e n t  l i n e s  f low t h r o u g h  t h e  s u r f a c e  o f  t h e  e a r t h  such  t h a t  a$/anO 

= 0 a t  z' = 0; a l s o  a t  z '  = 0 ,  a ~ / a n '  = 0  where a/an* = -a /anc .  I n  

a d d i t i o n ,  a$ /anO and  aG/an' v a n i s h  a t  Thus e q u a t i o n  ( 5 )  becomes 

where r ( x , x ' )  i s  g i v e n  by e q u a t i o n  ( 2 )  and t h e  s u r f a c e  i s  shown i n  - - 
F i g u r e  1. The normals  t o  t h e  s u r f a c e  a r e  ollt.ward normalc.  

The i n t e g r a l  e q u a t i o n ,  e q u a t i o n  ( 6 ) ,  i s  i n  g e n e r a l  d i f f i c u l t  t.o 

s o l v e .  However, t o  i l l u s t r a t e  t h e  p o t e n t i a l s  f o r  t h e  MHF mapping 

problem some s i m p l i f y i n g  a s sumpt ions  a r e  made. With t h e s e  assumpt ions  

t h e  s o l u t i o n  r e d u c e s  t o  some s imp le  i n t e g r a l s  which can  be  e v a l u a t e d  

i n  c l o s e d  form. However, t h e  G r e e n ' s  f u n c t i o n  t e c h n i q u e  i s  g e n e r a l  

enough t o  h a n d l e  more c o m p l i c a t e d  c a s e s  which would r e q u i r e  s o l u t i o n s  

t o  a n  i n t e g r a l  e q u a t i o n .  
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F i q .  I - Schematic Layout of t h e  Model Calculations. 

I n  t h i s  r e p o r t  t h e  fo l lowing  assumptions a r e  made. The r e s i s t i v i t y  . 

of t h e  e a r t h  i s  assumed t o  be uniform w i t h  a  v a l u e  o f  p. . S i n c e  t h e  

eareh i s  assumed t o  have uniform r e s i s t i v i t y ,  it is  reasonab le  t o  assume 

t h a t  t h e  c u r r e n t  l e a v i n g  o r  e n t e r i n g  an  e l e c t r o d e  p e r  u n i t  a r e a  i s  con- 

s t a n t . '  The w e l l  c a s i n g s  and t h e  f l u i d - f i l l e d  f r a c t u r e  a r e  t r e a t e d  a s  

l i n e ' s o u r c e s  w i t h  a  f i n i . t e  c r o s s - s e c t i o n a l  a r e a  and c i rcumference .  The 

c u r r e n t  l e a v i n g  t h e  (+) e l e c t r o d e  (+ w e l l  c a s i n g  and conduct ing  f r a c -  

t ' u re  f - lu id )  p e r  u n i t  are'a i s  t aken  t o  be  
. . . . .  



w h i l e  t h e  c u r r e n t  e n t e r i n g  t h e  ( - )  e l e c t r o d e  ( -  w e l l  c a s i n g )  p e r  u n i t  

a r e a  i s  t a k e n  t o  be  

where I is  t h e  cu r . r en t  i n j e c t e d  i n t o  t h e  (+) e l e c t r o d e .  A s  long a s  t h e  

measurements a r e  made f a r  away from t h e  f r a c t u r e ,  t h e  ( -1 e l e c t r o d e  i s  

s u f f i c i e n t l y  f a r  away from t h e  (+) e l e c t r o d e ,  and t h e  ha l f - space  has  

a  uni form r e s i s t i v i t y ,  t h e  above assumptions a r e  r easonab le .  

'lohe a r e a  i n t e g r a l s  i n  e q u a t i o n  (6) a r e  approximated by r e p l a c i n g  

them by t h e  a p p r o p r i a t e  l i n e  i n t e g r a l  t imes  a  c i r c u m f e r e n t i a l  f a c t o r  

o r  a r e a  f a c t o r .  For an e l e c t r o d e ,  a$/anO i n  equa t ion  ( 2 )  i s  propor-  

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

( c u r r e n t  l e a v i n g  i s  p o s i t i v e  and c u r r e n t  e n t e r i n g  i s  n e g a t i v e . )  Thus, 

To f i n a l i z e  t h e  development, t h e  p o t e n t i a l  d i s t r i b u t i o n ,  $ ( x ' )  i n  - 
e q u a t i o n  ( 2 ) ,  needs t o  be  determined.  B r i e f l y ,  t h e  p o t e n t i a l  d i s t r i b u -  

t i o n s  on t h e  e l e c t r o d e s  a r e  determined by t h e  c u r r e n t  d i s t r i b u t i o n ;  a  

more d e t a i l e d  accoun t  i s  g iven  e lsewhere .  The p o t e n t i a l  d i s t r i b u t i o n s  

on each  conductor  a r e  g iven by 

where t h e  s u b s c r i p t  p and f  on p denote  t h e  r e s i s t i v i t i e s  f o r  t h e  w e l l  

c a s i n g  and f r a c t u r e  f l u i d ,  r e s p e c t i v e l y .  Here a i s  t h e  w e l l  c a s i n g  



radius and h and t are the fracture height and thickness, respectively. 

The surface areas S+, Sf, and S- in Figure 1 are: S+ = 2naR+. Sf . S; 
+ s;,' = 2 (h+t) R' + 2 (h+t) R", and S- = 2naR-.. The cross-sectional area 

2 A and A are given by A = n [a2 - (a-t') ] , t0 is the well casing thick- 
P f P 
ness, and Af = ht. 

Approximating the area integrals by a line integral times the 

appropriate circumferential factor or area factor, from equations (21, 

(3) , (6-9) , and (10). the potential $ (x) can be determined. It is ... 
convenient to-express the results in terms of normalized variables where 

variables are norhalized by R+, p, Ip/R+ for the length, resistivity, 

and potential, respectively. The variables in the following equation 

are the reduced variables where in the previous equations 

x + x/R+, etc., 
. . 

* .  

In terms of the normalized variables the potential $(XI - becomes 



where 

a n d  

A = 2na + 2  ( h + t )  (P.* + .t'*)] -' I '( 1 3  

The l i n e  i n t e g r a l s  i n  e q u a t i o n  (10)  can  be ' e v a l u a t e d  i n  d l o s e d  form o r  

n u m e r i c a l l y  on a  computer .  Fo r  b r e v i t y ,  t h e  c l o s e d  form of  e q u a t i o n  (10 )  

w i l l  he o m i t t e d  h c r c .  

The p o t e n t i a l s  V: and V- i n  e q u a t i o n  (10 )  a r e  de t e rmined  s e l f -  
0 

c o n s i s t e n t l y  by s o l v i n g  e q u a t i o n  (11) f o r  p o i n t s  on t h e  w e l l  c a s i n g s  a t  

x+ ,  y+ (+ w e l l )  and  a t  x-, y- ( -  w e l l )  b o t h  a t  z - 0. I t  i s  notewor thy  

t h a t  f o r  t h e  c u r r e n t  i n j e c t e d  a t  any o t h e r  p l a c e  t h a n  on (+)  w e l l  c a s i n g  

a t  z = 0 ,  t h e  e x p r e s s i o n s  f o r  t h e  p o t e n t i a l  d i s t r i b u t i o n s  on t h e  e l e c -  

t r o d e s ,  e q u a t i o n  (10 )  , w i l l  b e  a l t e r e d .  

The e x p e r i m e n t a l  p r o c e d u r e  used by B a r t e l ,  McCann, and  ~ e c k ~  was 

f o  compare p o t e n t i a l  g r a d i e n t s  p r i o r  t o  and a f t e r  t h e  f r a c t u r i n g .  To 

model t h e  expe r imen t ,  t h e  p o t e n t i a l  g r a d i e n t  ca3..ci.~3.ated a t  t h e  s u r f a c e  

( Z  = 0 )  a t  r a d i i  R1 and  R2 a l o n g  t h e  same r a d i a l  is d e f i n e d  by 

where R < R2 a s  shown i n  F i g u r e  1. The comparison o f  p o t e n t i a l  g r a d i -  1 
e n t s  b e f o r e  and a f t e r  t h e  f r a c t u r i n g  i s  

.. . . - 

A p l o t  of  V(0 )  f o r  s e l e c t e d  R1 and  R . and fract. i . ire l e n g t h  R' + !Lo 
2 

are shown i n  F i g u r e  2 .  For  t h e  c a l c ~ i l . a t i o n s  here t he  fracfii1.i-I? i s  u r i e ~ i t c d  

i n  t h e  90° t o  270° d i r e c t i o n .  The v a r i o u s  c u r v e s  i n  t h e  f i g u r e  r e p r e s e n t  

t h e  d e g r e e  o f  asymmetry o f  t h e  f r a c t u r e .  For  t h e  0.50 c u r v e ,  t h e  f r a c -  

t u r e  i s  symmetr ic  and  t h e r e  a r e  two c y c l e s  w i t h i n  t h e  360'. The 1.00 

c u r v e  d e n o t e s  t h e  t o t a l  f r a c t u r e  i n  t h e  90° d i r e c t i o n .  Note t h a t  t h e  

a symmet r i c  c u r v e s  ( .667 ,  .75 ,  1 . 0 )  show a  change i n  p o t e n t i a l  g r a d i e n t  

t o  b e  one  c y c l e  f o r  360°. F o r  an  asymmetr ic  f r a c t u r e ,  t h e  l a r g e s t  

n e g a t i v e  v a l u e  of t h e  c y c l e  o c c u r s  i n  t h e  d i r e c t i o n  of  t h e  major  p a r t  

o f  t h e  f r a c t u r e  w h i l e  t h e  smallest n e g a t i v e  v a l u e  o f  t h e  c y c l e  i s  i n  
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ANGLE AROUND THE FRACTURE WELL I N  DEGREES 

Fio, 2 - Dif ference in potential gradient  V(O) (af ter  f r ac tu re  m i n u s  before 
f racture) .  as f unc t i on  of angle a round  f rac tu re  well; f r ac tu re  i s  
a long l i n e  f rom 9r1°to 270°with major  por t ion  in 9Codirection for  
t h e  asymmetrical f ractures;  R, and Rp are  radi i  at wh i ch  t h e  
potentials a re  calculated; normal iza t ion  length  is  f r ac tu re  well  
depth I +  and normal izat ion potential i s  p l l l  -t V ( 0 )  defined 
by Eq. (15). 

t h e  d i r e c t i o n  of  t h e  minor p a r t .  For t h e s e  c o n d i t i o n s ,  t h e  induced 

c u r r e n t  was i n j e c t e d  a t  t h e  f r a c t u r e  w e l l  c a s i n g  a t  t h e  s u r f a c e  of  t h e  

e a r t h .  C a l c u l a t i o n s  have been made f o r  t h e  c u r r e n t  i n j e c t e d  d i r e c t l y  

i n t o  t h e  f r a c t u r e  zone. The r e s u l t s  f o r  a  downhole c u r r e n t  source  a r e  

s i m i l a r  t o  t h o s e  f o r  t h e  c u r r e n t  i n j e c t e d  a t  t h e  s u r f a c e .  

111. INSTRUMENTATION 

The s u r f a c e  e l e c t r i c a l  p o t e n t i a l  d a t a  w e r e  t aken  by r e c o r d i n g  t h e  

p o t e n t i a l  d i f f e r e n c e s  between 24 p a i r s  o f  probes  around t h e  wellhead 

(Figure .  3 )  .   he' 24 probes  w e r e  p l aced  c i r c u m f e r e n t i a l l y  around t h e  

w e l l  w i th  an i n n e r  probe r a d i u s  of 1800 f e e t  and an  o u t e r  probe r a d i u s  

o f  2800 f e e t  f o r  t h e  Mar t in  Har t  and S a l a z a r  f r a c t u r e s  and 4000 f e e t  

f o r  t h e  UPRR f r a c t u r e .  Each probe c o n s i s t e d  o f  a  s t a i n l e s s  steel rod  

measuring 18 i n c h e s  i n  l e n g t h  and 1/2" i n  d iamete r .  

. . 

The induced c u r r e n t  and t h e  d a t a  c o l l e c t i o n  was c o n t r o l l e d  from 

an i n s t r u m e n t a t i o n  van. A mini-computer i n i t i a t e d  t h e  e n t i r e  sequence 
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i i c ~ .  - Layout of t h e  Surface Potential I n d r ~ . ~ m e n t a t i o n ,  

of one complete set of data measurements. The potential at each stake- 

pair location was transmitted to the van where i t  was measured and 

recorded. Figure 4 is a block diaqram of the instrum~lntation at sash 
stake-pair location. The output for 12 locations were frequency multi- 

plexed onto one coax cable, and two coax cables carried data from the 

24 stake-pair locations into the instrumentation van. For record 

keeping purposes, these were referred to as A-string and B-string. 

Each location was identified as A1 through A12 and B1 through B12. 

The instrumentation van contained 12 subcarrier discriminators, 

monitoring equipment, power supplies, and a mini-computer. The peri- 

pherials for the mini-computer included an analog multiplexer, an A/D 

converter, a storage disk, and a teletype terminal. Figure 5 shows a 

block diagram of this system. 
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The p o t e n t i a l  f i e l d  was c r e a t e d  by induc ing  e l e c t r i c a l  c u r r e n t  

f l o w  th rough  t h e  e a r t h .  Pu l sed  DC c u r r e n t  from a  series of b a t t e r i e s  

was used.  The d i r e c t i o n  of  c u r r e n t  f low was r e v e r s e d  d u r i n g  each mea- 

surement  t o  e l i m i n a t e  p o l a r i z a t i o n  e f f e c t s .  A three-second c u r r e n t  

p u l s e  was i n i t i a t e d ,  and a f t e r  a  one-second d e l a y ,  each d a t a  channel  

w a s  sampled 20 t i m e s  a t  25 m i l l i s e c o n d  i n t e r v a l s .  Th i s  procedure  was 

r e p e a t e d  f o r  t h e  r e v e r s e d  c u r r e n t  f low.  A l a r g e  number o f  p o t e n t i a l  

measurements w e r e  made b e f o r e ,  dur ing ,  and a f t e r  t h e  f r a c t u r e s  t o  

o b t a i n  good averages .  The p o t e n t i a l  f o r  each p o s i t i o n  was t a k e n  a s  t h e  

d i f f e r e n c e  between t h e  .sampled p o s i t i v e  p u l s e  and t h e  n e g a t i v e  p u l s e .  

The v o l t a g e  and c u r r e n t  used t o  c r e a t e  t h e  p o t e n t i a l  f i e l d  w e r e  measured 

i n  t h e  same manner. The o u t p u t  d a t a  a r e  t h e  normalized p o t e n t i a l s  which 

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

I V .  EXPERIMENTAL RESULTS 

A. Mar t in  H a r t  "EN No. 1 F r a c t u r e  -- The massive f r a c t u r e  occur red  

on November 1 8 ,  1975. E l e c t r i c a l  p o t e n t i a l  measurements were made f o r  

background and t h e  main f r a c t u r e .  

The e l e c t r i c a l  p o t e n t i a l  probes  w e r e  p l a c e d  around t h e  wellhead w i t h  

an i n n e r  probe  r a d i u s  o f  1800 f e e t  and an o u t e r  probe r a d i . 1 1 ~  o f  2800 feet. 

Although t h e  downhole c u r r e n t  probe was a v a i l a b l e  f o r  use ,  an e l e c t r i c a l  

c o n n e c t i o n  f a i l u r e  a t  t h e  s i n k e r  bar r e q u i r e d  t h a t  t h e  c u r r e n t  be induced 

d i r e c t l y  i n t o  t h e  wel lhead a t  t h e  s u r f a c e  of t h e  e a r t h .  The r e t u r n  l i n e  

was a t t a c h e d  t o  a n o t h e r  w e l l  c a s i n g  l o c a t e d  approximate ly  one mi le  t o  

t h e  e a s t .  

A t o t a l  of  29,400 g a l l o n s  of pad f l u i d  were pumped between 0750 

h o u r s  and 0825 hours .  Pumping f o r  t h e  main f r a c t u r e  began a t  0830 

h o u r s  and con t inued  t o  1430 hours .  A t o t a l  o f  317,000 g a l l o n s  o f  f l u i d  

w e r e  pumped and 600,000 pounds o f  proppant  used. A mixture  of  condensate  

and w a t e r  was used f o r  t h e  main f r a c t u r e .  Potassium chlsride (KC11 w n 9  

added which p laced  t h e  r e s i s t i v i t y  of  t h e  water  i n  t h e  range  of  .1 t o  .2 

ohm-meter . 

F i e l d  d a t a  have been o b t a i n e d  f o r  background on November 17 ,  1975, 

and f o r  t h e  main f r a c t u r e  on November 18 ,  1975. The induced c u r r e n t  used 

f o r  c r e a t i n g  t h e  e l e c t r i c  f i e l d  was produced from a  s e r i e s  o f  n i c k e l -  

cadmium b a t t e r i e s  and was approximate ly  12 amperes. E l e c t r i c a l  p o t e n t i a l  

d a t a  f o r  t h e  main f r a c t u r e  was taken a t  approximate ly  f i v e  minute i n t e r v a l s  



. , ~ i g  6 - Potential Comparison as a Funct ion  of d i rec t ion  for t h e  
Wattenberg M a r t i n  Hart E No. 1 Fracture, Nov. 18, 1975. . . 

The da t a  a r e  examined a f t e r  reduct ion and t abu la t i on .  A b u r s t  of 

no ise  o r  a mal func t ion ' in  t h e  e l e c t r i c a l  p o t e n t i a l  system a t  t h e  t i m e  

. beginning a t  0530 hours and, .dontinuing through 1640 hours.  Only mea- 
surements taken on .the day of t h e  main f r a c t u r e  have been analyzed. 

~ ~ ~ r o x i r n a t e l ~  35 da t a  po in t s  taken p r i o r  t o  t h e  f r a c t u r e  were averaged 

and used a s  t h e  before- f rac ture  measurement. Approximately t h e  same 

number taken a t  t h e  end of t h e  f r a c t u r e  were averaged and used a s  t h e  

a f  t e r - f r a c t u r e  measurement. For convenience, a mul t iplying f a c t o r  of 
100 was used. The p o t e n t i a l  comparison, V ( 8 ) ,  i s  shown i n  Figure  6 .  

-- I . . . . 

of making a measurement can cause noisy output .  Because t h e  mini- 
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computer is used i n  t h e  f i e l d ,  malfunctions t h a t  occur i n  t h e  p o t e n t i a l  
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measurement system is r e a d i l y  de t ec t ed  and r e p a i r s  made immediately. 

The no ise  which pe r tu rba t e s  t h e  s y s t e m  can vary over a l a r g e  range of 

" b o t h  frequency and'amplitude.  Noise i s  def ined  a s  any unwanted s i g n a l  

- 4 . 0  I I 1 I 1 I 

i n  t h e  system. The no ise  produced by n a t u r a l  and man-made c u r r e n t s  t h a t  

occur i n  thk e a r t h  a r e  t h e  more s e r i o u s  t o  cope with.  Extraneous e a r t h  

c u r r e n t s  t h a t  degrade t h e  da t a  c o n s i s t  of t e l l u r i c  c u r r e n t s ,  c u r r e n t s  

t h a t  o r i g i n a t e  from i n d u s t r i a l  sources ,  and n a t u r a l  l o c a l  cu r r en t s .  



T e l l u r i c  c u r r e n t s  f l o w  i n  uni form s h e e t s  and  c o v e r  l a r g e  a r e a s  o f  t h e  

e a r t h .  T h e i r  p e r i o d  c a n  v a r y  from less t h a n  a  second t o  many days .  

I n d u s t r i a l  s o u r c e  c u r r e n t s  are u n p r e d i c t a b l e  i n ' b o t h  ampl i tude  and  

f r e q u e n c y ;  however,  t h e  c u r r e n t s  a r e  a s s o c i a t e d  main ly  w i t h  power l i n e s  

w i t h  a p redomina te  f r e q u e n c y  o f  60 h e r t z  and  i t s  harmonics .  N a t u r a l  

l o c a l  c u r r e n t s  are produced  by e l e c t r o c h e m i c a l  r e a c t i o n  i n  t h e  e a r t h .  

From t h i s  s o u r c e  DC e l e d t r i c a l  p o t e n t i a l  d i f f e r e n c e s  o f  100 m i l l i v o l t s  

t o  750 m i l l i v o l t s  have  been  obse rved  i n  t h e  f i e l d .  The g e o g r a p h i c a l  

l o c a t i o n  o f  t h e  f r a c t u r i n g  o p e r a t i o n  w i l l  d i c t a t e  t o  what d e g r e e  t h e  

n o i s e  w i l l  i n t e r f e r e  w i t h  t h e . s i g n a 1 .  Examinat ion o f  t h e  d a t a  i s  

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

by n o i s e .  

I n  t h e  c a s e  o f  t h e  M a r t i n  H a r t  f r a c t u r e ,  t h e  s o u t h e r n  s i d e  o f  t h e  

r e c o r d i n g  a r r a y  was compromised by a h i g h  v o l t a q e  power l i n e  t h a t  created 
e x c e s s i v e  n o i s e  i n  t h e  e l e c t r o n i c s  and  i s ,  t h e r e f o r e ,  exc luded  from t h e .  , 

p l o t .  . . 

The d a t a  appea r  t o  p r o v i d e  a  one-cyc le  change i n  p o t e n t i a l  g r a d i e n t ,  

t h u s  i n d i c a t i n g  a n  a symmet r i ca l  f r a c t u r e  was c r e a t e d .  When compared 

w i t h  t h e  model c a l c u l a t i o n s  and  t r e a t e d  a s  a  homogeneous and  i s o t r o p i c  

medium, t h e  c y c l e  minima a p p e a r s  t o  l i e  i n  t h e  no r thwes t  q u a d r a n t  

i n d i c a t i n g  t h a t  t h i s  i s  t h e  d i r e c t i o n  of  t h e  major  wing of  t h e  f r a c t u r e .  

The l i m i t e d  d a t a  d o e s  n o t  a l l o w  f o r  a  p r e c i s e  s p e c i f i c a t i o n  of f r a c -  

t u r e  o r i e n t a t i o n ,  o t h e r  t h a n  i n  t h e  g e n e r a l  d i r e c t i o n  of  NW t o  S E .  

The d a t a  f o r  t h e  Mar t in  H a r t  o p e r a t i o n  a r e  p r e s e n t e d  i n  Tab le  I 

and  T a b l e  11, Appendix A .  

B .  S a l a z a r ,  G . U .  N o .  1 F r a c t u r e  -- The mass ive  f r a c t u r e  occu red  on 

December 1 6 ,  1975. Electrical  p o t e n t i a l  measurements were made on t h e  

day  o f  t h e  main f r a c t u r e  o n l y .  

The e l e c t r o n i o o  ayotem and  t h e  plaeemant.  o f  the e l e c l ~ i c d l  pwtv r l t i a l  

p r o b e s  w e r e  t h e  same as t h a t  used f o r  t h e  Mar t in  H a r t  o p e r a t i o n .  However, 

the d a t a  c o l l e c t e d  a r e  t h e  f i r s t  o b t a i n e d  w i t h  t h e  downhole c u r r e n t  probe .  

Because  o f  t h e  added r e s i s t a n c e  of  t h e  12,000 f o o t  l i n e ,  t h e  induced  

c u r r e n t  a t  t h e  f r a c t u r e  zone f o r  t h i s  o p e r a t i o n  was approx ima te ly  f i v e  

amperes .  The r e t u r n  c u r r e n t  l i n e  was a t t a c h e d  t o  a n o t h e r  w e l l  c a s i n g  

l o c a t e d  a p p r o x i m a t e l y  two m i l e s  t o  t h e  wes t .  



A total of 29,,400 gallons of pad fluid were pumped between 0900 

. hours and 0930 hours; .Pumping for the main fracture started at 0935 

hours and ended at 1440 hours. A total of 312,000 gallons of fluid 

were. pumped. The fluid mixture was similar to that used for the 

Martin Hart fracture. 

The data for the December 16, 1975, fracture are presented in 

Table I, ~ppendix B. Electrical potential measurements were made on 

the day of the massive fracture only. 

The data .analysis was similar to the Martin   art analysis and a 
plot of the results are shown in Figure 7. 

1 

I North East South Nest North 

Fig 7 - Potential Comparison as a Funct ion of Direction for the  
Wattenberg Salazar, G.U. No. 1 Fracture, Dec. 12, 1975. 

The.fluctuations in the data result from the reduction in induced 

current by use of the.downhole current probe, producing a low signal-to- 

noise ratio. However, the. data indicate that the fracture is asymmetric 

and the azimuthal direction is from NW to SE with the major portion 

extending to the SE. ' 



C .  UPRR-22P F r a c t u r e  -- The massive f r a c t u r e  occur red  on January  27, 

1976. E l e c t r i c a l  p o t e n t i a l  measurements were made f o r  background and f o r  

t h e  main f r a c t u r e .  

The t e s t  c o n f i g u r a t i o n  and t h e  e l e c t r o n i c s  used w e r e  t h e  same a s  

t h a t  used f o r  t h e  p r e v i o u s  f r a c t u r e s  w i t h  t h e  excep t ion  t h a t  t h e  poten- 

t i a l  p robes  were p l a c e d  w i t h  t h e  i n n e r  probe r a d i u s  a t  1800 f e e t  and t h e  

o u t e r  probe  r a d i u s , a t  4000 f e e t .  The downhole c u r r e n t  probe was used 

where a  c u r r e n t  p u l s e  o f  6.5 amperes was induced d i r e c t l y  i n t o  t h e  

f r a c t u r e  zone. The r e ' t u r n  c u r r e n t  l i n e  was a t t a c h e d  a t  two w e l l s  -- 
U I I ~  l o c a t e d  approximate ly  1 . 5  m i l e s  t o  t h e  nor thwest  and t h e  second 

lvcated approximately 1 . 5  m i l e s  t o  t h e  s o u t h e a s t .  

Pumping f o r  t h e  main f r a c t u r e  s t a r t e d  a t  0840 hours  and con t inued  

t o  1700 hours .  The pumping f l u i d  was c o n s i s t e n t  w i t h  t h e  p rev ious  

two f r a c t u r e  o p e r a t i o n s  where t h e  r e s i s t i v i t y  o f  t h e  wa te r  was i n  t h e  

r a n g e  of  .1 t o  .2 ohm-meter. 

The d a t a .  f o r  t h e  UPRR-22P a r e  p r e s e n t e d  i n  Table I and Table 11, 

Appendix C.  F i e l d  d a t a  w e r e  taken on January  26 and 27 of  1976. 

Again, d a t a  w e r e  t aken  i n  approximate ly  f ive-minute  i n t e r v a l s  i n  

o r d e r  t o  o b t a i n  good averages .  The d a t a  a n a l y s i s  was s i m i l a r  t o  t h e  

p r e v i o u s  tes ts  and a  " b e f o r e "  t o  " a f t e r "  comparison made. A p l o t  of  

t h e  r e s u l t s  i s  shown i n  F i g u r e  8 .  The d a t a  c l e a r l y  shows a  one-cycle 

change,  i n d i c a t i n g  an asymmetrical  f r a c t u r e  was formed, and i n d i c a t e s  

o r i e n t a t i o n  i n  a  NW t o  SE d i r e c t i o n  w i t h  t h e  major e x t e n s i o n  of t h e  

f r a c t u r e  t o  t h e  NW. 

A map showing t h e  r e l a t i v e  l o c a t i o n s  of  t h e  t h r e e  test  w e l l s  and 

t h e  o r i e n t a t i o n  of  t h e  f r a c t u r e s  i s  p resen ted  i n  F i g u r e  9 .  The arrow 

drawn through t h e  w e l l  l o c a t i o n  i n d i c a t e s  t h e  d i r e c t i o n  of  t h e  major 

pn r t i on  o f  t h e  fracture. 

A f u r t h e r  a n a l y s i s  o f  t h e  UPRR d a t a  was made i n  orde,r  t o  de termine  

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

pumping f l u i d .  A p l o t  o t  t h e  f r a c t u r e  f l u i d  volume v e r s u s  t ime of day 

i s  shown i n  F igure  10.  The r e s u l t  of  t h e  p o t e n t i a l  comparison is. 

p r e s e n t e d  i n  F i g u r e  11, where each c u r v e  r e p r e s e n t s  an  increment  o f  

approx imate ly  75,000 g a l l o n s  o f  f l u i d .  The growth away from t h e  

s o u t h e a s t  quadran t  i s  c l e a r l y  shown a n d  r e p r e s e n t s  t h e  major f r a c t u r e  
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Fig. 8 - Potential Comparison as a Function of Direction for the 
Wattenberg UPRR-22P Fracture, January 27, 1976. 

. . 

length being in the northwest direction: The reversal in the northwest 

quadrant, between' 15Q,000 and 225,000 gallons, is not clearly under- 

stood but could be caused by the total.fracture length being increased 

while the degree of asymmetry varies. 

CONCLUSIONS 

Although the model calculation used for comparison with the 

Wattenberg field data are for an isotropic and homogeneous earth, the 

results are believed to be adequate in describing the behavior of the 

surface potentials to the extent of determining azimuthal direction, 

any asynunetry, and the direction of the major part of the fracture. 

The model calculations . . shown that for a homogeneous earth, the 

behavior and magnitude 'of the surface potentials when the current is 

injected into the fracture zone are similar to when the current is 

injected into.the fracture well casing at the surface. 
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F i g  : - Location Map of the  AMOCO Wattenberg Field. Arrow direction 
indicates the orientation of the fracture and direction of the 
major wing. 
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Fig. 10 - Fluid Volume vs. Time of Day for t he  Wattenberg UPRR-22P 
Fracture, January 27, 1976. 
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Fig. 11 - Progressive Growth of Fracture as a Function of Direction 
for t h e  Wattenberg UPRR-22P Fracture, January 27, 1976. 

The results of the field tests indicate that the effect of the 

fracture can be observed. The surface potential gradient technique 

further indicates the capability to determine the orientation of the 

fractures as well as 'the ability to determine asymmetrical features 

of the ,fracture. 

Comparison of the field data with the model calculations indicates 

that the fract.ures are asymmetric, when treated as a homogeneous and . 

isotropic medium, and are oriented in 'the NW to SE direction with the 

major part oriented NW for both the Martin Hart and the UPRR, and to 

the SE for. the Salazar. . 

Further improvements in the diagnostic system, numerical model 

studies and field instrumentation, should allow,the surface potential 

technique to.characterize the dimensions of the fracture. 
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3 5 .- 2.1129 2.35?+: 2.1923-2.5G86.-2.9559 3.1763 3.2'331 2.9548 2.6260 2.3036 2.2301r 2.0327 1% 

b0 
' 

2.0368-2.3606~- 2.2198 2.5221 2.9565 3.1665 3.2853 2.9-61 2.5561 2.3115 1.9666 1.9893 
45 1.9979 2.3123 2.1630 2.C828 2.9333 3.1471 3.2657 2.9292 2.5b99 2r*lO5-2-32832.108P- 
5 0 2.0137 2.3317 2.1616 2.b917 2.9287 3.1561 3.2677 2.9313 2.5687 2.2948 2.C609 2.C124 

1.98U6 Zz.3179 ~ ~ 1 7 9 .  2149232,t9420 3.1537 3.2699 2.9330 2.5704 2.3720 2.1281 2.0411 
2.BBbb 2 . 3 3 3 D 2 . 1 6 ~ 8  2.46bb 2.9'265-3;149~~-3.2692'-2.9310--2.593r)~-2.2209 2.0766 2.0837 

1 0  2.0331 2.3218 2.1646 2.-4.396 2.9+81-3~~~j08_--3~2689-2,~9288 2.59li)-2.2238 2.1736 2.0917 is 2 . m 7 1  2.3&7=1692 2.4846 2.9358 3.1595 3.2699 2.9454--2.6340 2;250(r-1.9528-'2.0314- 
28 2.0224 2.3216 201569 2.4935 2.9333 3.1484 3.2672 2-93!? 2.5860 2,4648 2?1746  1.9969 - 
2, 

. , 
2z0&i9t.3Tm-.;i'7aq7;i;81 5 7 3 3 % n % 1 ' 5 2 7 3 . 2 6 8 m 2 5  7 7 Y G n .  3 879-2.5646-2.108 5- 

I30 1.9947-?.3336 2-1705 2.4648 2.9326 3.1'+50---3.2642 - ,2.9273 2.5571 2.3000 2.2887 2.0374 
4 s  i;gt'90, ~ . 3 i j ~ 2 ; 1 7 5 ~ - ~ . 4 ? 8 9 ~ - 2 ~ 9 3 3 4 - 3 . 1 4 8 3  3 . 2 6 9 ~  2.9338 z . s ~ ~ Y - - ' z . ~ ? L ~  2.1731 2.081&--:- 
I ' s  --.-. . 2.00J2-2,3206 2.2018--2.iC$9--Zt9390--3.1516 3.2656 2.922U-. 2.5525--2.4187 2.3949 2.0672 
5 8  . ZeOJ29 2.3271-2.3074 2.0688 1.9863 1.942G--.1.8779--i.9451 2.9199 1.9722 2.G85G 2.0863 
55 stut p ~ m ~ i P g  1.99L7 2.3139 Z Z l q 0 4  2.4780 229299 3.1442 3 .246c21-9247 2.5812 2.2882 2.0980 1.9?01- 

0 0  2.0326 2.3130 2 .15i l i  2.4123 L.9226 3.1386 3.1999 2.9ibC?';S?C7~;2306--2.1137-2.0772 
:as. .- 1.974Y--Z2Z952 . . 2.1869 2.4730 2.9185 3.1269 3.2122 2.8987 2.5319 2.2997 2.1723 1.9825 
1 0  1.9f74 2.jO?~-~2.1994--2.476b~~-2.9169~-3.1263'-3 .2213~'- '2 .9243 -- .2.5627- -2 ,2129 - 2.2119 1 .9835 .  --  
1 S 1.9809 2.J115 2.1095-2.1730 2.9163-3.1330 3.2207 2.9159-,2.5592 2.2700 2.1170 2.0187 

2 6  
-- 
1.9Y6f-Z.J035-~'.1463 2;4bJb--.2.923i~ 3.128b-3.1182" 2.7675 2 . 5 5 3 ~  - 2.3325 -1.9690 2.0GLd - 

130 Z.0170 2.3174 2.1183 2.k324 2.9326 3.1453 3.2362 2.8597 2!57k9 _22939-_2~ld0b-1.99871 
140 1.9955 2.3156 2.0581 2.4726 2.926~-1389 3.2929 2.8713 Z.573C 2.2441 2 . 1 1 ~ 8  Z.;4k5 
lis -- 2.0045.-2.3202--2.2111-2.4783 Z.9J5(?-_3.1470.-_3.2622 - 2 . 8 5 7 6  2.5329 2.1492 2.0905 2.0184 
150 2.0095 2.3344 2.;1744 2.476.5-'2.92J? 3.1379 3.2366 2.8641 2.6843 2.2325 2.d943 1 .8671 ' 

I'X 54,60.@-gal. ---. 2.0091 - .2.3346 2.2951-,2.4819 -.2.9290 -3 .1412 , 3 . 2 3 9 4  - 2.8598 - 2.554C 2.3518 2.1471 2.0331 
100 2.0116 2*S269--.-.2.1427 2.4855 2.9252 3.1431 3.2436 2.809C 2.60Lj  2.1967 2.1917 2.0666 
!a5 1.9869 2.2159 2.1972 2.!1?-3 2 . 9 3 4 9 3 , 1 4 3 1  3.2428 ?fi644-<.5635-Z22725 1.97b4 1.9968 
110 2.0148 2.3207 2.ZJ3b 2.4766 2.9374 3.1471 3.243b 2.8689 2 i5676  2 .1802-~2 .147 i ' -~ .1258-  
115 LXzz 5:::"3: 2.1432 22?.8j l  2.9Z1.8 3.1436 3.2408 2 . 8 b ~ 3 ~ 2 ~ 6 0 2 5 5 5 2 ~ 1 7 9 0 0  2 .1189,  1.9878 
~ 2 a  2.1942 2 .47332.9328~3.1c34 3.2393 2.0574 2.5733 2.3553 2.1543 1.9332-- 
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HITTEVGEK; - 9 A R T I N  H A ~ T '  H V D R O F R A C T U ~ E - - '  - ' ' '  " ' 

............................... - .- 
F3ACrUKS-NOVEMuiR 1 6 . 1 9 7 5  

... ............. ...... 
T I n E -  

0  O 15O 30°  45O 6 0 °  75O 90°  105 '  120 '  135 '  150°  
. . . . . . . . . . . . . . . . .  

3: 2 5  2.G212 2 . 3 3 i S  2 . 2 1 C 2 ' 2 . 4 5 3 7  '2 .93k9 3 . l k 3 7  3 .2kbd  2 . 8 5 6 5  2 . 5 4 9 7  2 . 5 5 5 7  2.16G; 
9 :  30  Z . d l d 2  2 .3322  2 . 1 7 3 1  2 . 4 5 1 2  7 . 3 ~ ~ 7  3 .1436  3 . 2 4 5 3  2.87L9 2 .622 ;  2 . 9 8 1 8  1 . 9 6 1 2  . . . . . . . . .  
9:43 2.0iJliJ 2 .5ld.5 2 . 1 7 + 6  2 .4532  2 . 9 3 3 7  3 . l u 3 L  3 . 2 3 3 1  Z .C>39  2.53;7 2.Zd8u Z . Jbb9  
9 8 4 F  L . U . J J ~ J  . J C l . l - 2 . 1 7 1 3  i(.u>7!_--2,32t12 3 .13d2  3 . 2 3 9 2  ? . 8 5 9 1 . - 2 . 5 7 4 d  2 . 3 5 1 5  Z.Odb5 

j.i.=.-. ... - .  . . 9:50 2 .3237  2.2322-q.b3b3 i . ' l 3 6 7 ~ ' 3 . l t l b - ~ 3 . 2 3 i ; 9 ' - 2 . $ 4 r ~  2 .5475  2 .2155  2 .2374  
9 8 5 5  96 ,600  g a l .  ...... , . , L . S ~ J ~  2 . 3 2 4 1  2 . 2 4 3 ~  2 . 4 7 ~ 2  2.3c5; 3 .1364  3 . 2 2 0 8  2.8545 2 . 5 5 4 3  2.2122 1 . b d 2 6  

10 :03  L.04i.i  2 . 3 3 1 6  Z .1b i . l  Z.5..25 i . 9 ~ 5 . k  3 . 1 4 2 3  3 .2229  2.864/  2 . 6 ? 3 i  . 2 .1L33  2 . 3 7 3 7  
id r i .3  . . .  r .bZZI  2 .3L5+ 2 . 1 0 7 0  2 . 4 3 9 6  2.931;  5 . l i u 8  3 .2432  2 .8640  2 . 3 8 3 1  2 . 3 Z i 8  2 . 7 3 5 7  
13 :  1 5  1 .3900  Z . S L Z +  L . ? ; ~ z  2 . c s l 2  ~ . ~ 1 3 6  3 .13b6  3 . ~ 3 7 u  2 .8533  2 . 5 3 5 3  2 . i 8 1 2  2 . l i 4 c  
1 J : Z J  Zt+1J_4-2.3J+2 .- 2 . 1 5 3 5  Z . b ? l b < . Y Z l ; b  3.138b-3..2391 2.8'JbG 2 . 4 J L 4  2 . 3 5 6 5  2 . i + c 2  

3 . 1 3 7 6  5.*i7s--2.&59i-.--2i5b5':--.2, ;32l+"-.2. j;6i, ' iG:2S' 2 . 0 l d i  2 . 3 3 l d  ~ ; 2 3 j i - 7 . 4 8 3 9  2.~$&-'--"' 
1 0 1 5 3  L.d313 2 . S 1 3 5  2 . 2 3 1 5  2.bi195 2.331.1 3 7  3..>392 2.8586 2.564d 2 . 2 1 3 3  2 . 1 5 d 9  
10 :35  i . 0 G > 7  2.52133 2 . . 1 2 ? r  2 . 4 7 3 -  2 . 3 2 4 6  3 .1370  3 . 1 3 3 5  2 . d 7 i 3  2 . 6 1 2 4  2 . 1 9 2 3  2 . 3 3 2 5  
1 0 1 4 0  2.0115 2 .33 t i5  2 . 1 9 4 8  2 . 4 7 0 7  2.424; 3 . 1 5 5 1  3 . ~ ; 7 5  ? . a 6 2 6  2 . 5 6 k l  2 . 1 5 2 5  1 . 9 2 2 2  
1J:SS i . G u 5 0  2 .3327  2 . 2 3 i 5  i ' . i 7C7  7  3.1361. 3 . 2 5 6 3  2 . 8 5 6 2  2 . .5c l l  Z . i c 5 i  2 . 1 8 7 3  

l a :  Ed  . 1 . Y 3 d ~  2 . 3 2 7 3 - ~ ? . ? 3 S o ~ - , Z . S 9 7 i  2 . 9 4 5 i  3 .1384  3 . 2 ~ 3 0  Z . a s 7 ~  -- 2 . ~ 2 6 5 , ~ ~ 2 . 2 1 9 0  - 2 . 1 7 6 2  
i d :  55 A Y Z  ? . L z ~ .  z . + . ~ i - s . 1 3 c ; ~ ' - " ~ . z ~ + 2 - i . b ~ ~ ~  2 . 5 7 ; ~  2 . 1 6 8 3  Z . ? > U ~  

l l : G J  1!3,300 g a l -  . d a b 2 7 3  Z . J J * r )  Z . Z l i 2  2.bUl. j  2 . Y t 4 1 .  3 . 1 3 3 7  3 .2324  2.U53J 2.5057 2 . i r z 3  2 .313d  
l l : G 5  1 . 3 7 i 3  Z.JS(r3 2 . 2 0 3 7  ' 2 . 4 d C 5  2 . 9 2 1 2  3 . 1 2 4 9  3 . 2 - 6 1  Z.2 .5 i i .  2 .5531  2.1C93 2 . i97 .3  
1 1 8 4 J  ~ . u 1 1 1  2 .3b3d  2 . 1 + 3 7  2 . iY14  Z.9334 3 . 1 3 5 7  3 . 2 ~ 8 1  2 .87b7  2 . 3 9 ~ 8  1 . 3 7 9 1  2 . 6 5 7 6  . . . . . . . . . . . . . . . . .  
l l : % 5  1.J.Id8 ? * J Z L j  ? , 2 : i l  2 . 4 7 ~ 3  i . 9 4 1 ~  3 . I J S b  3 . 2 ? 9 5  2.YGZl Z.5642 1 . 8 5 9 2  2 . i Y b J  

- -  .. l1 So Z . J J i 3  C.3-12 2.15117 2 d.9Ldi  3 . 1 3 / 0  3 . 2 2 9 1 .  .Z.8295-,  2 . 5 7 9 r - - 2 . 2 6 7 3  1 . 9 ? 1 2  
11 :  5 3  c.GL91 2 . 3 * / >  2.L73d 2 .u7 i1J  2 . 5 i 7 9  ' - 3 . 1 3 6 5  3 . 2 ~ 1 1  2 . 3 6 4 1  2 .5323  2 . 3 2 b 2  2 . 1 3 5 5  
L2:G.I . - 2 . b l l i  L . 3 2 1 3  b.2201 2 . * d 6 3  2 . 3 3 7 /  3 . l j j O  3 . 2 3 6 9  2 . d 4 3 9  2 .535 ,  Z.>,!jb Z . l j 2 . j  
1 2 3 6 5  200 ,000  g a l .  ' .  2 . ~ 1 2 7  2 . 3 3 1 ?  2 . 2 1 2 3  2 . 4 7 5 9  Z.3Ld9 3 .134 ;  .5.?;2G 2 . 6 7 1 1  i . b u 1 b  ~ . ~ ; 1 1  2 . 3 1 ~ 2  
12 :  1 J  Z.GdL1 C.3JC3 2 .1647  Z.51L1 2.9*42 3 .1b30  3.CkbU 2 . 8 6 8 6  2.59Ua 2 . 3 2 1 5  2 . 2 d r 5  
12 :  1 5  2.~55, '  L . J J r 4  ? . I + - I ?  2 . i 7 L 4  2 . 9 2 1 5  3 . 1 3 6 i  3 . 2 u 1 9  .?.doh; ' 2 . 6 ; ~ ~  2.rtid: 2 . 1 8 3 4  
1 2 1 2 3  
1 2 r  35 " 

-. - .  1 . 3 3 1 3  Z . L j & ,  2 . 1 ~ 1 9  Z.C/5iJ Z .9?13  3 . 1 5 5 6  3 . Z l l j  2 . 5 j 7 L  2 . 5 6 / 4  2 . 4 t 3 9  2 . 1 5 1 1  --- ....... L. , l sd - . -  L i z  233 2 .1639  " 2.4769--L.Y5;7 - 3 . 1 3 9 2  " ' 3 . i J . 5 5 - ' 2 . b : 5 S l - -  2 . 5 6 4 3 .  . 2 . 3 3 7 7  1 . 8 2 7 3  
1 2 : 3 5  1 . 9 3 . 3 ~  L.26Ll; C - I J l o  2 . 4 a 7 t  2 . Y i j o  3 . 1 3 : ~  3 . i 3 3 4  2 . 8 5 1 5  2 . 5 2 i 3  2 . 4 1 5 6  1 . 7 5 3 J  . . . . . . . . . . . . . . . . . . .  
1 2 8 4 3  i . ( r i > o  Z.ii,l 2 . l o 5 d  2 . i 7 i o  2 . 5 2 2 7  5 .1552  3 . ~ 3 3 3  2 . 8 6 3 5  2 . 5 7 9 1  2 .4735  2 ; 2 d j b  
1 2 1 4 5  Z . i l ~ i >  Z . J i ! ? +  Z . l ? j o  2 . 7 3 3 1  2.9.iOJ i . i b L 7  3 . Z i r 2  2 .8b42  2.57'5 Z.Cb51 Z . Jb07  . . . . .  
1 3 :  G J  Z-GZLY 2 . 3 1 3 0  2.137.1 2.4.55i 2.421i 3 . 1 3 3 1  3 . 2 3 4 7  Z.i31,2~ 2.610;  2 . 3 7 t 7  2.36i.2 

1 3 ' 0 5  252,0110 g a l  i ! . G u 3 1  2 . 3 - 5 5  2 . 1 3 5 3  2 . + d 4 3  L . J i49  3 . 1 3 3 1  5 . 2 + 1 2  ?.dOZu 2 . 5 4 7 7  2 . 3 4 3 5  E . 3 s i 3  ................. 
l5 : l i l  2.~1.)~ -' 2 .  3 ~ ~ 3 - 2  .1.$:, j-' 2 . + & ~ 7 - " . 3 ~ ~ 5 " ' j . 1 ~ 5 & - - ' j . i j j b - ' '  2.3596.-'2.5a36" L. iSL:  . ' 2 . 2 + 1 3  
1 3 8 3 8  1 . 9 3 3 8  Z.?Ydd L . Z J + t  il-kdS.1 L.YZ6.j .3 .1374 5 . 2 3 7 9  2 . 8 > + 7  2 . 5 4 5 5  2 . 2 9 6 1  2 . 3 5 6 J  
13:25 2 . i l f d  2 . j i 7 3  2 .2341  . ? . JZ j i  2 .9519 3 . 1 4 7 1  3 . 2 5 2 1  Z.tj77; 2 . 5 5 + i  z . Z y J d  2 . 2 ~ 9 3  
1 3 : 3 0  d . i C o 2  2 . 2 d 3 2  2.2355 2 .47dd  Z.9259 3 . 1 3 8 3  3 .2412  2.80-1 2 .5 j7G 2 . 3 6 6 8  2 . 1 9 6 1  
15:3d L iCILd  Z . l " j &  Z . 1 ~ 7 b  2 . 5 ~ ~ 5  2 . 9 3 7 7  3 . 1 4 5 j  3.2j :d 2.373$ 2 . 5 b u 6  2 .< ;37  2 . c h ~ ~  

- .- 1 3 8 4 5  32 ....... .. - ....... L.0194 Z . i L 3 4  2 . 2 3 1 1  2 . * 8 5 3  2 .3117  3 .1335  3 . 2 j 1 3  2 . 8 3 2 3  2 .5116  2.3627 2.GZod - .  
L . b i ~ 1 ~ ~ 2 . 3 5 Z 5 ' ~ ' 2 . 1 ~ 1 8 ~ ' ~ 2 . ~  . 3 1 7 2 - - 3 . 1 3 2 1 - - j . Z 3 j l  2 . 6 5 7 2 '  Z . j t ~ 7 1  - ' .Ji+66 2 . 2 9 9 6  

1 ~ 0 s  305,.00o...ga~., Z . d J a s  2 . ? 9 3 5  2 . 1 0 3 8  2 . 4 7 3 j  2.9239 3 .1322  3.2J.jS i . 8 j S j  2 .5797  2.+b2!+ 2 . 9 4 5 7  ... - 14XlO' i . G l G 3  2 .312 i ' . .  2 . 2 3 7 8 " ' 2 . b 7 3 ? "  2 . 9 3 i 4 - - 3 , i 4 2 3 ' - 3 . 2 + j : - - - 2 . 8 b O J - - i . 5 7 7 2  2 . * 7 1 2  2.1j86' 





........... --- ..... - . - . - .....-..... - -- .. ........... -. ........ .- .......... .- - - ......................... 
TABLE I1 (contir.ue3) .-... - - - ... ... - .---- .. 

- ........... - .. -. .. - -. . -- - -- ..... - - - . 
8 2 4 J  i . 1 2 b 3 ' -  
8 : r S  2 . 2 u ' r Z  
d l 5 J  2.Li6;5 
8:55 5 4 , 6 0 0  gal. 2.6759 
\ ) a i r J  L . u - J i  

z.12... 
. . ............. ..... 9:c5 a 2 

9110 2. ~ 5 ~ 9 - .  
9: 1 4  i.l.5Jz ......................... 

2.J91b 



TABLE I1 (continued) - - --- - . - - -- . -- 

- - -- - 2.2812.- 2.2601 2.239% .-,. 1.7~59 ,-2.3054 2.0685 - 1.9359 , 2.033% 1.833; 1.8646 ................... . 
200,000 gal. 2.255- 2.1205. 2.133~l 1.7371 2.2313-. 2.0 795 1.9&05 2.0383 1.6912 1.8780 
- - . - . - . . - -. -- - . - - - - - . . - - - - 2.258U . 2.3 715 2.188.3 , 1.77i.9 2.2888 2.C762 -,2.Jib9 1.99613 1 . 8 7 ~ 5  1.9121 

2.1~32 2.0061 2.OZJZ l.od91 2.0811 2.0768 2.0047 2.6122 1.8867 1.8795 

. z . ~ - z .  - + ~ ? . ~ ~ - ~ ~ ~ ~ ~ ~ ; : ; ; ; . ; 1 ~ ~ 7 ~ 9 - ~ - ~ ~ . b e . s ~ . ~ s . ~ . ~ ~ - 8 7 b 7  1.7421 2.0885 
1.9391 2.5275 1.8763 1.8877 

- . . .  - .. - -. .. - .. .. 2.231~6 1.3138 1.9533 1.6697 2.I.i753 2.0773 -1.9350 1.9613 1.8440 1.8827 
l;92b2~"~1.9342~'-Z.O265~~1~7834 -2.0375' 2.0810 2.0409' 1.9761.. 1.6587 1.8d83 
1.9515 2.1820 2.1232 1.8571 2.3921 2.6733 2.0C158 1.9689 1.8631 1.8666 



...... - . . . .  - _ . . .  A.. . ._ 

TABLE I1 lcontinued) - - - ..... - .. - . - - - - - - - -- ----- -- -- -- - .. .. - - -. -. 

Stop pumping . . Z . l * o d  2 . 1 3 2 2  2.1383 1 . 8 7 3 3  
2 . 5 3 5 ~  2.1 J5U 2 . 0 5 1 1  1 . 3 4 2 8  

Total Volume-317,300 gal. i . 9 9 7 i j  2 . 2 3 5 2  1 . 8 3 6 6  1 . 7  L9i 
Z . 1 Z i b  1 . 8 + 7 1  l . Y + L J  1 . 9 2 7 7  

--- , b 9 2 f ! - ~ L J d C 4  1 . 3 5 1 5  1 . 7 5 4 2  
Z . u j l 2  1 .8d iJ : - ;9 i , i ; - i ' :8 :7 . i  

. . 2 . 0 b 9 5  Z.?SUk 2 . 0 k 5 4  1 . 8 6 1 6  
2 . 1 3 9 ;  ? . d o 2 5  2 . 5 2 1 3  l . d u + i  
l . 5 l a a  2 .G657  1 . 3 5 5 5  1 . 8 ; 5 7  
1 . b ~ - d  1 . 3 3 5 ~  1:3d>u 1 . d P 5 2  



-- -- TABLE I - - - . . . . . . . . . . .  .- 

- - - . - - - - -- -. .... .. -- . - . . . .  .- 
TIME lSO 30° 4S0 60' 7 S 0  90° ' 105O 120° 13S0 lSOO 165' 

............................... . . 
7 1 1 5  - 1 7 5 5 .  - . 0 i Z 5  . 0 9 5 9 ' - - . 0 0 5 9 '  - . I l l74 - .0722 ' - ' - . l o83  - . I 4 5 1  - .2140 '  . 5 7 0 b  - .0413 - .0528 - 

. .  --.. . 7 1 2 1  . . . .  .................... l o b 5  - . . - 0 3 2 1  - . O J J 5  -.1239, ,.-.1I6tib -.lG34---.1166-. - . 1 2 6 1 . , , - . l l 5 4  . 6 2 9 8  -.irCSZ . i 1 5 3  
7 1 2 3  -1b0Z .OiJZ4 -.UZ54 - . l o 0 2  - .3717 - . 3 > 5 8  - .2534 - .1605  -.0525 . a 3 8 1  - 1 3 1 2  . 1 5 5 i  ' 

.. 7 8 2 5  . I11111 -.O.~ZS~~13~~~~l~~~~--,lJZ6---.~153b~.15~~~j~,~l4b5-~~.l55~.~..1751.-.~~C59. .- .G1C6 - 
7 1 5 0  .OlUJ  . U J 3 5  - .15?4 -.ZOO1 -.ZCdl - .2471  - . 1 9 J J  - . I470  - e l 1 6 3  - 1 1 3 7  - 0 7 8 8  - 0 9 1 8  
8 a 4 4  .............. ;--. -*011i2 ..:-O JY5. . : .3JYii_-- .1995 . - - . I 6 7 3  - - . I 6 5 9  - - = . l S b b  . - . I 2 2 4  . , - . J c ; b  1 1 4  - 0 2 7 ;  . i 7 2 a  . 
d J 4 b  -.0+6Y .Uti23 - 0 0 3 4  - .2171  - .1718  - . l j C ?  - .13d8 - .E9 /3  - . J 5 * 1  . 014b  -55C5 - 1 0 5 1  
9 2 0 0  ............................. - 4 J 0 3  .. . O J 3 5  .-. - 2 0 8 ;  . a d 6 1  ..--,.1&17 ,...-. 2391 . . . - .27C( r .  - .2982  - .321J .1512 '  - . a 3 9 3  - . J 5 4 7  ,., 
9 1 0 5  - 2 7 - 4  a 0 0 2 7  . I 7 2 6  - 0 4 4 7  - . I442  - . I 5 7 3  - . I 5 1 9  - . I412  - . I 2 9 3  . ~ 3 2 5  .OL45 , 0 4 6 6  
92 1 0  . l > d 4  ...... - - .5Od4 ..... - . I 3 2 9  ...... - - .0562 .... - . .. O ~ C l ~ O ~ 3 f ? _ - G ~ O ~ ~ ~ - - - , 1 5 0 1 - ~ 2 , 1 ? , ~ ~  3 5 5 6  ---.G351.-:.1273- 
9 1 1 5  - 0 - 8 3  - . 3 d 2 8  -.1&3LI - . l o 0 1  .Cj463 - .0895 - . I 3 9 3  - .3;29 -.3219 -.Zed7 - . I 7 8 5  - .125 /  
9 : 2 3  . . . . . . . . . . . . . . . . . .  - 2 5 6 7  -.CjUl8 .OY17., . J b 8 k  - .0354 - .Or90 - . C j 5 4  - . i d 6 2  -. .Lb4Z- . ;a92 - . 5 2 0 l  ; i l l 3  .,.. 
9 x 2 5  - 2 5 5 5  .Ud26 . I 1 4 2  - 3 4 4 8  -.Z929 - .2588  - .1516 - . I 2 1 9  - a 0 7 1 7  , 5 3 8 5  .081Z - 1 5 1 9  
9 2 J J  Start pumping, ,. , . . - . 5 ? 8 ~  . O U I ~  - . 5 7 5 8  - . 6 6 9 4  - .3795 - .2335  - . I 4 6 5  -.a?;+ - .345d  - 4 1 2 7  9  , 1 6 7 9  
9 8 3 5  - 3 7 5 4  . O J 1 9  . 4 1 7 4  . I 1 8 6  - .ad53 - . I 3 6 8  - .1544  - . l o b 1  - . 1 4 J 9  - . O i l 2  - .0290 . 0 0 1 5  
~ ' ~ 0 .  * 0 1 5 5  -*Oi l27  7.009'1 - . 1 ! 5 9 - . J l + 9  - . l ~ ~ ~ - 2 1 4 4 1 2 1 5 ? 8  - . 1 . ~ 7 5 ~ ? ( i B 6 - - - . 0 4 1 6 - . - . G C l ? . -  
9 1  4 5  - 6 1 2 7  -.UJZ& . 5 1 7 3  .3224  - .3362 -.339? - .3195  - .2765  - .2514  - 6 2 0 6  -.OL22 - 0 4 5 2  
9 8 5 9  ... ..................... - .. O 9 / 2  --.. -.OOJ5 . l J 3 3 - -  -.13G8 --. . 0 , 2 4  , . .- .0284 ..,. - a 6 3 7 1  . - . J 5 Z 3  , - .GClb  - _.2(197 , - 6 9 7 8  e l 1 7 3  .- 
9 1 5 5  . I d 5 1  .GuZ3 . 0 5 4 9  -.ObBd - . I624  - . I 3 8 1  - . I 9 6 8  -.ZkUu - .2626 .Z510 - .O15i  - .0279 

- .. . 19:00- -61~0_0lL~+2 , -  - - 0 I 9 e  .. --!Oil33 -.115~~~-~.1?7~~~-,1409~~~-~.14G5-,1JJZ -.:.lib3 - . I 1 6 7  . J i 8 2  . -.O4Zd .G95d _ .- 
1 0 1 0 5  e l 3 3 6  .UU55 - .0367  - .0731  -.1704 - . I 8 9 6  - . I 9 6 5  - . I 9 1 0  - .1433  - 0 2 2 9  - .0271  - .0042  

- 1 5 1 1 ? -  L i J 3 8 - ~ . ~ l  il21l_.--,.lJY 4 -.;,.,lRb<---. 17;rb~---.~~9a---~~1?~~--~.~&9~~-l85_3_-r1165--.G698 6 1 5 1  - 
l i I 1 1 5  .15>J  -.UJ.i8 .Oji3 - .0218 - .21J? - .1379  - . l?&U - .1469  - . l 5 i 4  . a 7 1 4  - 0 3 2 7  

.. 10:ZJ , , . . - . . - - . . - . - . . -- . - .. - . - -. . . 054 l . . .  - . O J 2 3 - - . O I J  9  . , - ; .12i i  -.-.3299,-- - . 3 2 5 3  .-,, - a 2 6 2 4  - . 2 5 7 3  -- .3140 . G J 7 Z ,  .GZ33 .G853 
i d 1 2 5  . l l i ~ Z  . J J i l  -.15!8 - . I 1 5 0  - . l 4 4 4  - .223? - . 2 4 L j  -.ZJbL - . l 4 3 2  . I 2 0 3  - . lbTo  . 2 J 8 9  
lo: 30 ...................... . . *iiCO8. -.-.O65q----.1345 .. -.Z15C - . .2192--_- .253i  -. - . I 8 3 2  .-.-.5553 ,. - . a 3 4 3  ; 1 5 8 4  . eL3Z4 . -, 
1 0  1 3 5  -.UJZu - . E J 1 3  - .0572 - . l o 4 0  -.a745 - . l i 7 2  - . I392  - .2182 - . I 7 2 5  - .Or94 - . i l l49  -.G389 
10 :  40 .-. ~ 0 3 a + ~ - u ~ 1 6 ~ 1 2 5 ~ ~ ~ , , 1 ? 1 4  - . 1 ~ ~ 9 ~ , 2 1 4 b ~ 2 2 6 3 - - ~ . ~ 2 ? 8 7 - ~ ~ . ~ 1 5 ~ 3 - - ~ .  ~ 8 ~ 8 - - - . 3 1 9 1  .---. 02.d -- 
1 0 1 4 5  . l id38  - . 0 0 d 1  - . l l + J  - .1526  -.2477 - .2*52 - - 2 J 0 4  - .2101  - . 3 5 3 1  . I 2 0 5  -6.241 . O l b 7  
lor  5iJ .................................... e J Z 5 0  ..-.,. . 0 5 j i l  - , - . 2 JD3  ---- - .219P , , - .1331 . -1 .2183- .  ; . 2 2 i 3  - .21G5 . . - . I 7 3 3  , .C6C2 - .Gb57 .  .O412 . - 
1 0 1 5 5  .OZBiJ O.GJU0 - . 0 3 J 7  - . l o 1 3  - . l & i b  - . l a d 3  - . i d 4 1  - e l 7 7 9  - . l 5 5 8  -.063Y -.'0455 . I l l 8 8  

l l r O o  116,000 gal. . . . . . .  : ............. . J G I l  , : . O d l J ,  . O J J l  - . I 1 2 3  -.2;77 , - . Z 2 7 u .  - . 2 1 7 C .  - . 2 1 d 6  , - . I935 , .:824 - . 5 4 1 4  - .3193  .- 
l 1 : 0 5  -039 ' i  - . U J i S  - . 0 1 j 2  -.94Yd - .2315 - . 2 ? 5 3  - . 2 2 5 6  - .213L - . i Z J 5  . J Z l J  - . O J l ?  .G02b 

. .-. - -. . 1 1 : l O -  r ~ l f b < ~ , G l j ~ G d + 9 - - . l i j ~ 5 - ~ ~ 1 5 9 9 - - ~ ~ 2 c 3 7 - ~ ~ Z 2 1 S  -.S3Bd - 2  , 1 2 4 4  _-1_'i"2 . - - . i 7 5 ~  -- 
1 1 1 1 5  - . O O + O  - . 0 ~ i r b  - . i l ~ d a  - . l b b ~ ' - . 2 1 3 /  - .2350 -.2iC/-~.2~2d--~;i86~-';~5~8 . 3 r 2 7  . 0 1 3 ~  
1 1 2 2 0  .................... -14irG , - 0 0 0 7  , 3 9 5 9  . - .59L6  - 8  - . 2 2 8 4  - . I 9 9 2  - 1 0 5  - .157;  .i.Y58 - . 0 3 9 2  -.JCbJ 
11 1 2 3  .US21 - .0517  - . I 1 3 9  - . i d 5 2  - .2113 - . 2 J C 5  - . 2 4 0 3  - . 2 + 2 3  - .2J4 ;  .OOZU -.G366 - . t 4 5 7  
11 :35  , . . . . . . . . . . . .  5 0  - 0 3 3 3  - . 1 L Z d .  - . I 7 6 8  - . l 8 9 i ,  - . 1 7 6 3  - . I 7 1 5  - . I t 8 2  - . I 1 8 1  -.;242 O.JSCiJ . C l > o  
1 1 8  5 5  2 1  . J J 1 8  .US33 - . 0 2 3 3  - .2564 - .2524  - .2398  - .21b7  - .15 /S  - . I 1 3 5  . J 1 8 5  .03G& 

. - - . . -. 1 2 0  0  -l_Z?,~!!N- ~ T s ~ A -  - -  - - eJi i7;  d  OD,0~--~lll8-~,.1955---.i155il-~~~.lO75~~-.1+31~,~~~ ;. 1 8 5 6  .---.2255 5-55 . UL77 777i,. O i C L  - -.37k J 
1 2 1 0 5  - .0352 -.OU17 - . 2 J 2 8  -.23;6 -.Zdd5 - .2623 - .2442 2  - 1 2  -.1I219 - . 0 9 5 4  ..;57+ 



........... - . . . . . . . . . . . . . . .  .- . . . . .  . . .  
clhTrEN'3ERG - SALAZAit  HYDROFRACTURE . . . . . " . . . . - . . .  

1 3 : 3 J  .2L39  . C i 1 ? 4  .Gb3u - a 0 3 4 2  -.3;73 - .23*7  - . I 6 9 1  -.132C -..L;717-- .1215 , - .  .G7t13 - 5 6 6 3  
1 3 8 3 5  ~ol;5~',o~ao---~-~zj~~-~-;~39-~--*2ii8-" -I-+ ~ 3 . 7 0  2 2 4 -  - -.ir45---.118i -.;1684 - .0332 " -  . 5 4 S J  "-- 
1 3 1 4 0  -.17,~d - 0 5 2 3  - .SnSa - . 3 2 r e  - . 1 ~ 9 z  - . l 2 8 9  -.1317 - . 1 2 9 5  - .2219 . 1 6 5 r  . J l b 3  - .C3i5  
1 3 1 C 5  7  . auY+ - .ULJ9 . 0 G 3 5  - . I 5 4 9  -.lbSL - ; I 6 3 2  - . I 5 2 7  - . 2 ~ 2 2  .U4b7 - . O l O O  - .006d 
1 3 8 5 0  . - . a u j u  0-91Iirl - . O J l l  - . U C s b  - . JZ lL  - . 3 8 ; 1  - .3394  - .2967  - .2214  . i ~ 5 3 4  . 5 5 5 3  .uBou 
l 4 i J D  .5kLZ - . 0 3 u 1  . E d + l  - 2 2 9 8  -.1dU4 - . I 6 6 9  -.!361 - . 0 9 l b  - . O l l i J  . J 5 8 3  e 5 4 2 3  - 1 5 2 1  

.Got2 - . J i l J +  - . I 1 4 7  - . I 7 4 3  - .2Zo5 - . 2 3 7 5  - . L i b 7  - . I 9 7 5  ; . I 3 7 1  . a 6 6 2  -.GJ2; -.;c?'b'. : ; f ; ; . ~ - 2 _ e _ 2 _ L o _ o ~ 4 ~ ! 1 . 1 . 1 .  J,. , "; --J jl -- ,, . , . i 1  3 5---. J 1 7  5-'2-; 3  +: d--'. 2 j g  s--:-. ,; 7 j &--=, 5 6 2  i-.-; . 1 4 3 i - . L I Z ~ ~  --".09bS-.' . 1 3 l L  '-' 

14:  1 5  . ................. . O d l *  - 3 5 1 -  - . I 7 0 3  -.195ii - .1911  - . I 9 1 6  -.:b74 . ~ 1 9 ?  - . ;335 - . i s 2 5  1 . ; 7 1 a  
1 4 ~ 2 3  - 3 1 ~ 5  - . J  J l -  . 1 J 1 7  . -.dE21 ' -127 ;  ' .OC>b - . a r c 6  -.:737 -.L57+ . J 9 9 5  - . i 2 3 1  - .16L2 
l 4 : 2 5  - . . - - -. .- . . - 0 2 5 5  . J J d *  - .OSlZ - .JC37 -.L;L9 - .23Sd  - . 2 + 3 3  - . 2 3 1 3  - .24Zb . i s 4 8  - . G i S ;  - . J 7 b 5  
1 4 t 3 J  -' ' -139: "' . U U O j ' -  . U S L ? - - . d 4 J G "  - - 2 5 2 4  ' - .3173  -.;b27 - ' - - . i d 7 4  ' - - .348 i""  - .1611  - . i 6 2 2  - . 3 4 b 3  ' . -  

. . l r : 3 3  - -- - - - -. -- - .- - - -- -- - -- . ? I ? ?  - . d d J ;  . ~ r a Y  - . d l > ~  - . 2 1 7 5  - .2316 -.:lo% - . 1 5 ~ 3  - . 1 3 j L  . ~ J i b  - . l i 6 d  - . G I ~ ;  ... 
141crd 

- .- .- . . - .  . 1 j u , ' " ' ; ~ , ~ Y 1 ; ^ - ; . ~ 1 7 . , - " - . ~ j 7 4 2  - . l i u 7 ' - - - : . 1 j ~ j  - . ~ 1 ~ ~ - - ' - . 2 4 + ; - * : . l i ~ a  - . , j ~ 7 3  - . 2 3 5  - .- 
- . - ,  -.;r937 

l b r 4 j  st02 pumping -*5*cC - u ~ J s  - . 2 3 1 ,  -.Zi;b - 7  - . l i d 7  -..:Y7> -.;87* - . . ~ o > . r  . 2 = J b  . ; + i s  . I 4 2 5  
l r l 5 J  . J w b s  - . Q Q S I  - . l i j d  -.1*92 - .17L4 - . I 8 3 3  -.ZD33 - . I 9 3 9  ' - .14*1 . L l 5 9  - . 2 1 4 2  .O452 . 
1 4 : 5 5  Total .O3un *OGl i5  -.I1391 -.G68* -.133; -.17C8 - . l 9 0 3  - .1051  - .232 , j  - . 2 7 3 9  -.i;+39 .355; 
1 5 1 U i  .Gdjo  . 3 0 u =  - . 1 1 3 f  -.O353 - . L i 5 J  - . l \uY - . L 5 J i  - . l i i b  -.:235 - . "845  . 1 2 6 2  . l k 7 i  
152G5 . Z 2 2 2  .&UZ* .0Y3L . i ? J l  - .2370  - . 3 8 4 5  - .L172 - a 1 4 5 6  - . 1 6 + 4  -.C:12 - . l i i b  -.3;i.7 15 J.-.---- 2J0i-.ld45-. ..d>j,.... ". . o 3 . j 2 - ' L . 0 > J 1 - - ; ~ 2 q 5 " 1 ' ; ~ ~ ~ 2 - - L . ~ j a l - - - . ~ 2 ~ ~ ~ ' - - - - ; ~ 4 3 2  - 1 j q 1  .;aid " 

1S:45 . l l A L  - .61Zii  - . i 7 9 :  - . ; 0 3 ;  - . 2 i 3 b  - .2633  - . 2 5 b 3  - . I 7 7 5  - .137;  -.G555 
1 5 1 5 0  . 0 d 7 1  .I1696 .OcJZ - . J J d l  - 1 1  - 8  - 1  - 1  - 3 0  . 3 3 0 3  
1 5 : 5 3  . 1 j 3 0  - 5 1 7 5  , 3 1 7 ;  - . t o 2 9  - . i 9 1 5  - . L S Y d  - .1 . ;13 - .1; . ;5  - .23Li  - .2117  
l o :  i l J  ' . Z J l j  I  u .Dl59 -.00'33 - 7 7  -.O-I44 - .3915  -.G370 .Oiidl 
l o :  Cis . .............. .I?;; . i l l + J  .0*7Y .;2b3 - . ' \ 773  - . G 9 4 6  - . l i e 5  - 1  - 1 2 0  .153ci . . . " 3 * 2  .... . " 1 1 3 - ' . 2 . u  j+,,---L..593=-'-- - 7  ' ' - .1Z60 '-"-id662 ....... 
1 6 r 2 . 3  
i b : 2 S  . 1 j l 5  . S Y Z J  . a d d 3  -.CYCS -.GJZb -.C975 -.ii53 - . i b Z d  - . i 4 2 0  . I 3 9 9  - .  ............... . .tld., - . ~ ~ ~ 7 - - - . O j ~ S " - ' - . ~ ~ l j - - - ' - . i ~ 2 b ~ . " - . J ~ b 3 '  '--.C;J9 - ' - .O&g- j  - . - .267Z .ZSCg 

. > d l o  - 2 1 L d  - 1 7 8 4  .Lba4 -.OY54 - . 1 G l j  - .1:37 -.C975 -.19:9 . I 3 7 5  .... 1 6 3  39 . . . . .  . . . .  
1 b l 3 J  . l & Z d " -  . 3 d 3 5  ' - . J 3 3 6  '-.1153---.O.i4d- -.0131."---'.'5 3- ..- . O ~ L ; C  ' " . i l l 7 9  '- . t i969 



............................ - -. .... -. . - - .. -. .... - ... 
......... s.iLnznk--."roio iKnc.f "RE 
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...................... -- .......................... Fd.Acr"liE;oECEn b.i. R-ibrly-j-5 ....... ..... . . . .  

.- -- - . - - - - . - - -- 
T I  HE 

180° 195O 210° 225O 240' 255O 270° 285' 300' 315O 330' 345O 
............................ -- ......... . . . .  ..-.... ---- ....... 

7  1 1 5  -.lr879 .Oil28 - 1 2 1 7  . 2 3 6 5  .bbbG . 7 5 1 0  . 7 7 4 k ' . - ' . 7 7 3 0  - . 5 6 7 5  . 4 8 5 5  .25Gl  .3Ci?  - 
7 r 2 1  .................................. 0 9 3 3  - 1 1 1 0  - -  . I 7 4 6  - 2 6 5 5  -..6972'..- - . 77G9 ,--. 7 9 9 ;  .-,,. 7 9 9 0 ,  .- . 5565  . 4 8 2 9  - 2 4 4 2  -22bL 
7 1 2 3  . 3 1 1 5  . 2 4 7 2  . 3 6 0 8  . 5 2 3 a  . 6 b u c  . 7 5 a 7  . 7 9 6 3  . 7 9 ~ 1  . 5 7 1 ~  . s t 7 8  . 2 u 7 6  - 2 6 5 ;  
7 1 2 9  * O U l b  .... * 1 0 7 1  ..... - 2 0 7 8  - 3 1 3 3  , 7 5 5 6  m827iI -8 .359 . I ) ~ ~ 9 6 . 5 , 7 i ~ 2 4 b 3 b . - ~ 2 5 5 ? - , - . . 1 5 5 1 -  
7 1 4 0  . 1 3 7 6  .ZOZ1 . 2 9 3 0  .44Gb .8566 . 8 6 2 1  . 8 5 1 2  . 8 1 2 2  .543b  - 4 4 4 3  . I 8 0 3  - 1 2 5 5 '  

... ..... . .. .-... ... . a #  4c  .............. ............. - 1 6 ~ 4  - 1 7 3 5  - 2 3 6 3  ;.$451 - 6 7 7 7  . . 7 5 3 2  . 7 J 9 5  - 7 0 7 6  7  . 3 8 9 1  e l 2 7 6  . t 7 7 3  
8 1 4 6  .Z394 . j a b 9  . 2 6 3 3  .3bOU .6726  . 7 5 1 3  . 7 5 1 8  . 6 3 2 8  .455+ . 3 5 8 3  . I 7 3 4  - 1 1 7 2  

- . 1 2 4 3 . ,  -0 i i r3  . 2 4 5 3  .;3646 . a 6 5 5 2  ;74JS -..,, . 0 4 4 5  . 6 6 5 5  . 6 9 5 3  - 6 6 6 7  ,384 :  - 5 2 6 9  , 9 8 0 0  .............................. 
9 1 0 5  . I 1 2 7  . I 4 8 3  . 2 3 ? 3  .353b .5749  ..7?il7 . 7 7 3 2  .7Y18 ..6133 - 5 6 8 1  - 3 3 4 3  e 4 0 2 2  

..... 9 1  10 '.&9.u5 - . l ; ~ l + - 8 ~ 0 . ! j + 4  .149b  .?j ,b7 - 7 7 7 2  . 8 i 9 ) . ~ 7 3 2 7 5 6 0 ? . 4 9 5 7 , - - , 2 5 2 ~  . 2 8 3 3  
9 1 1 5  . l u 3 ~  . J J & ~  . 0 5 9 7  . I 4 7 1  .6582  . 7 3 9 1  , 7 4 3 3  . 7 1 7 5  .C8Bd .4UCd . I 7 5 6  . I 3 0 3  
9:23 - - . . - - . . .Odd4 . J 9 9 8  . . I 3 2 3  - -  a 3 6 9 9  ,- - 5 2 3 4  ,, - 6 7 6 5  . , ; 7 + 5 5 ,  - 7 5 8 6  .57;2 - 5 5 8 1  - 3 2 4 3  - 3 7 5 5  - 
9 1 2 5  ' -  .27Gb . ? a 3 1  . 3 4 5 2  . 4 6 2 8  .573C . 7 3 4 +  . 7 3 3 6  . 8 1 7 9  . b 2 5 3  - 6 5 1 5  , ~ 3 1 4 1  - 5 7 1 7  

. ...... .... - .3393  , 2 5 2 5  4 1 1 ;  5 6 7 8 ,  1 . l Z i l  -1 .6343 . d 5 9 c  . 6 7 8 3  - . 3 3 5 ~  - . a t 6 1  - . I 7 9 5  - a 4 2 4 5  9:30 Start pumping ........... 
9 1 3 5  . 0 3 / 7 "  . 1 2 i 6  . I 8 3 3  .30U0 .Cab7 . 6 7 3 5  . 7 4 b 5  . 7 8 7 6  .b.521 - 5 9 3 3  . 4 1 4 4 '  . 5 4 2 7 "  ' 

61,000 gal- . - 1 5 r 0 0  .OdY?.- -! 1 2 3 3  ,-., 178<--:2642 .525G-.Ib37c --.-. 65G5--.6135 -.-. 526.3 - _ . 3 3 7 2  . . 1 4 i 7  . l l C 2  _- 
LdtG5 .O253 . a 9 1 6  . I 7 1 4  .2732---;5726 . 6 3 4 9  . 7 2 2 4  .72Z7 - 5 2 2 2  - 4 5 6 5  - 2 1 4 2  - 2 3 7 1  
10 :  1 0  0 5 ~ l L 1 ? 7 2 ~ - . < l 9 ~ 2 _ ~ J ; 9 ~ . o 5 9 b - , ? 3 ~ 5 8  .731~-t_7i+o-:fr9;j-.,3Y56 -.a 16il8--,130;._- 
PO115 . O c u l  . I 2 4 7  . 2 1 1 U  .3162 , 4 9 1 1  .bE93  . b u g 3  .607Y .C8jY - 4 3 5 2  - 2 2 7 4  - 2 5 2 5  

. 1J:zo -18Y7 -. - 2 1 3 9  ---. :2718  .3873-,- . 6122  .bY4Z - 7 3 8 4  .635L .482 ;  .3Y3; 
l J  1 2 5  . 0 1 3 f  .ddCO . i ? J c  . 2 7 5 5  .5732  . b 9 ~ 3  . 7 1 1 0  . 7 1 9 5  .52Yb . 4 3 5 1  
IiJ 30 ................. .. - 1 4 4 5  - 1 7 3 9  -.-.. 2 5 7 5  .2954  .5+7C -- .6311 .- - 7 4 6 3  . 7 i ; 9 4 . .  . 4 4 7 5 , -  - 4 3 5 5  
1 0 8 3 5  - 5 b 6 9  .U 7k5 . I 2 6 5  .22U4 . 5 5 2 3  - 6 9 2 5  - 6 9 3 6  , 6 7 8 4  .4470  - 3 6 4 0  

-- . l J l b J  -!O45ZLS b 3 7 ~ 1 5 - . 2 0 4 &  .bi2?-1.7iY4 .7Ci75 ~16912-1451~5- -~36J4  
1 0  1 4 5  - .0i t i6  .u937  .211Y . 3 2 5 4 . . 6 6 4 4  . 7 1 % ~  . 7 r i b  . 7 2 c 7  . 5 1 7 6  .4C19 

. . 1 5 1  50 ... ......... - 1 1 4 9  - 1 2 4 5  - .  . I d 0 6  . I 4 2 3  . b d 1 3  - . 7 8 r l - _ .  7 3 5 4  . 7 6 5 4  , 5 3 4 5  . 4 4 1 1  
l U 2 5 5  .lZZC, .144O . I 7 1 7  . 2 6 5 3  ' . 5 7 9 j  . 6 8 9 8  , .7139 ' -" .7ul i7-- '  . 4 7 4 2  .409U 

-.GZ73 - J 7 , 3  ..-.. 1 7 3 4  . 2 d 7 6  5  . 7 2 9 > , .  - - .6761 , . .6915 - .  , 4 8 9 4  , .4CZ8 1 1 ' 5 3  . . .  116,000. g a l  ... ... 
1 l : L S  . 0 s b 7 ' -  . l J 2 2  . I 9 1 2  . 3 4 1 3 -  . 6 3 1 6  . b 3 4 j  . 7 0 1 8  . 6 8 1 8  .4L)Y2 .3'354 
11: 1 0 -  -- ' . l 5 5 2 ~ 0 9 0 ~ ~ ~ f l L ~ - ~ ~ ~ b 4  .5YL7-~bY7~Lb?Z3L~878--.40(!1,-2-3b12 
1 1 1 1 5  .C640 - 1 1 5 7  . I 9 3 4  . 5 5 2 4 . ' 6 0 3 5  . . 7 0 9 9  . 6 8 4 8  . 6 > 8 9  . 4 3 ? d  - 3 4 2 8  
11: 25  -.uZO; - 0  716 ., , 1 6 3 5  .2'37; .5Zd.5 . . t i595 .7 ;17  . 7 1 7 3  . . 5 4 1 2  . 4 7 3 1  
l l Z Z 5  u . 0 3 0 ~  . b d j 5  . l s 1 7  . 2 7 b 4 '  . 0 2 9 7  . 7 1 9 5  .728U .? t i25  . C d 9 ~  - 4 0 9 1  

.. . . .. . l l 1 3 J  . .GI322 -1.511 . i b . i Z  . 2 7 i S  . 5 8 5 9  , 6 9 8 1  . T i 6 8  d . 5 ;13  - 4 2 5 3  
111 5 5  . 2 1 i , i  1 . 2 5 1 2  .2Y9G . 5 2 3 5  . 6 8 1 9  . 7 2 4 9  . 7 3 6 6  .S541  . 5 1 1 5  



TABLE I (continued) . - - -, - . - - - -. -- - - .... ...- 

. . . . . . . . . . . . . . . .  - ... - - .... - ..- - - ............... ...... .........-.... ~ 1 4 r ~ r c 3 ~ ~ ~ ; ;  '- - S A L A Z A ~ . . H Y O R b F z * C T " , P E  

.. . . . - . . . . . . . -  - - - - 
T 1i-1~ 180° 195O 210° 225O 240° 2550 271° 23S0 300' 315O 330' 345" 

. . . . . .  . . . . . . . . . . .  
1 2 1 4 5  

-. 
. t i258 - .0257 - a 0 2 7 7  'eiI535 . . 5 & 9 b '  . 5 8 3 5  . 6 3 + 4  5 1  - 3 2 5 4  .ZZ(r3 - 0 7 1 0  . i 2 ~ 7  

1 2 :  50 3  - 3  . I 0 3 9  , 2 8 4 3  .892C . 8 8 b 7  , 7 5 3 5  .7 :13 .  . 4 1 4 4  , 2 3 6 9  eOL95 - . I 3 2 3  . . . . .  
12:55  .OZc7 .5 737 , 1 5 5 3  .2kS7  , . ./PLG . 7 $ 1 7 ' - '  .8L;i; '- .7 ;98 . 7 1 7 1  .413G . l a 9 2  . 1 7 5 i  

. - 13:00. 231,000 gal. . 5 c 9 5  . . !356  , 1 4 1 7  . 2 5 i d  .6C74 7 3  - 7 6 5 6  .7i44-.515~~--.4186~~~.1d83,~ a i b 6 3  
13:US . 0 j 7 +  . l l j 9 - Z j - ~ ; ( 5 . , ; - . -  . r . b y d l  . J . T i 5 5  .57Zs - 5 6 2 6  - 3 1 9 4  . * l i r  . b i b G ' 7 4 4 : - - - "  
13:  1 0  . . .  - 1  - 7  . 0 9 ? 5  . 2 ; 1 4 ~  . u o b 3  . 6 1 d l  . 6 3 8 7  . b t 1 3  .48Y7 . u 3 1 1  - 2 1 7 1  . 2 i & 9  
1 3 3 1 5  

. . 
' - 2 . 5 ~ 1  . S Z j 6  ' . 2 5 1 1  .2317 ' . 5 / 2 1  .7d135 . .Ti158 .7G77 - 4 9 5 9  , . 4 1 4 3  . I 9 7 7  . 1 6 S r  

13:20 . - . .  . . . G Z i o  - . i l l 3 3  .OY,J . 2 5 3 2  . 3 7 & 1  . 7 5 1 8  .77E5 - 7 5 2 2  - 5 8 1 2  a j L 5 5  , 2 4 0 3  - 2 5 3 5  
1 3 1 2 3  O / + L  .JBLd . l u o Z  .L4C6 . 4 Z 3 3  - , 5 3 1 5 "  .631.7 .tS'33 . 5316  . 5 1 9 4  e 2 7 3 J  .5t62 
1 3 : 3 0 _  _ ' .Cb17 . .  - - 1 s 9 i  ...... - .23Y.dL3i61 1 . 6 4 2 1  . b 7 9 3  . 7 2 t 9  . 7 u 9  . > b 3 3  . 5 3 1 7  . 2 d 8 7 ,  . 3 3 i 2  ... 
1 3 1 3 5  .17*r, . l i b 8  . 2 0 3 5  . J O ! 6 . ' ~ ~ 7 6 ~ 6 ~ 6 7 ~ ' 7 4 1 ' ~ 7 ~ 4 6 - - . ~ 9 5 J " - ~  . O  . * t 1 9 .  . 1 9 4  . 2 2 1 2  
1 3 1 4 5  -.(,795 . o t :  1 . l + k o  . 2 6 9 3  . 7 3 4 b  . 6 3 1 6  . 8 3 k 5  . ? I 5 2  .457> . j c 5 3  . ;b62 - . ; J C U  
1 3 1 4 5  - .Olu5 . l i913  . 1 6 3 6 . ' . 2 4 4 1 -  . 6 0 0 5 '  . 7 9 3 3  . d Z 4 4 '  .8157  . 5 ? 7 u  .5B34 - 2 3 3 ~  . 2 ? 1 2  
1 J : S J  .Lj3,,2 . I d 3 2  .2H13 . 3 9 1 1  1 . J 7 9 8  . 9 c 3 2  . 8554  .7Lki. .3b92  - 1 7 5 8  - . 2 7 7 3  - . Z 6 i 3  
1 4 1  LiO . 9 9 0 3  . l r j J  2  . S i I L t J  . 3 6 1 1  . 5 3 6 3  . 7 1 1 2 " . 7 d l t  . b S J l  - 7 1 4 5  . & 4 7 3  .63bZ 
l 4 J O 5  282,000 gal. - - -- -- - - 0 6 8 0 1  - 1 2 J 2  . 2 1 J Z  .31r2i . 6 0 1 3 ~ 8 1 4 1  9  - 5 3 7 2  .43b9- - - , . . 2222  - 1 9 J 7 ,  
1 4 1 1 0  -.-.17d6-;343b-~uu3~.4133 . 6 % 7 ' 3 ; 7 4 ' 3 r  . & 3 # 2 - - "  . a 5 J $ y 6 4 4 3  - 0 8 3 5 -  .47& 
1 4 : 1 5  14 ,25  - .- . l i 3 b  .197i l  . 2 1 3 d  . 3 , + 2  - . a359  . 7 3 5 1  . 7 5 % b  .7C77 9  4 1 4  ;175d .15C1 . . . . . . .  -. .... -. u .51 . --, " , y d  .-- ; 23J .  . d . b d 7 i  .7173 ' - -  ' . 7 3 2 3  .d3.?7 . 6 6 3 r  . 0 5 1 5  - 3 6 8 7  - 4 3 6 3  

- . - - .. - 
14:25  . . .  - ... .... - . I 1 7 8  . . 3 + d u  1 3  - 5 5 1 5  .6G91 s b J d 2  6  , 4 1 6 3  . 3 3 9 8  - . e l 4 5 3  - 1 5 7 5  - - -. - - -. 
1 c : J J  . . -  . I 3 5 7  ' - 1 1 1 ~ 3  --..17.51"-- .2951"--.u7*33 - - ' . b043-  - 6 5 6 ;  '.....63i7 .+SL.Z- - . .QU~&I  - 1 9 5 1  . 2 2 l d  

- . l J ? r  ......... - ........... - . - 
- . l l Y ~  

Stop pumping ,, . l u > 3  
. 1 5 J +  

Total Volume-312,000 gal. . l L J c  
.2  s 3.5 
- 1 l u d  . - - -- -- - . . - -- - - -. , 
. S Y ~ &  

. . . . . . . . . . . . .  -. .... .ti 736 
- . J u l J  

. . . . . . . .  .:7ti3 
. O  - ,u: 

.Ill: , 1 0 1 7  .E327  .364C . 5 7 d 3  . d l 2 7  .8.;6$ . t i567 . 5 3 0 2  7  . L 5 6 J  . i s 5 1  ......... - 35&.- . -- .0dl ; . - - ;  1 3 < - - ; 3 4 5 5 ' - - . 9 3 b 3 ' - - - . 8 ? 3 t - - - - ' 8 j ~ G - . a i , 5 7 - - ' ~ . 5 ? 3 a  ' . c 3 2 7  . 2 3 i J  . ? + d o  

16 :  32  - .1636  . i )198  . Z 2 & 8  . 3 5 2 2  . 6 5 1 2  . 7 7 7 2  .33SC . 2 5 1 5  . 6 5 1 4  .5.386 .3G21 ..1232 
1 b J S 3  . 2 L 5 1  ei(2il5 a2972 - 3 0 6 3  ' , 4 i 3 1  " . & 2 o d ' -  '. BZOJ---- . 8 1 1 3 . . '  . b 3 1 J  - . 5 3 ? 5  .4bSS .3d9C 



- ..... - . .- -. .... - - .. - - .... ... - -. ... --- ... APPENDIX C . . . . . . . . . . . .  .... . .- . ... _ _ _ ...... .-. ..... 

. .................. -- TABLE I - - 



TABLE I (continued) .............. - . - .. - .. - - . - - . .  



TABLE I Lcontinued) ............. . ...... - ........ - ---- 

. . . . . . . . .  . . . . . .  . . . . . . . . . . . .  - .  . - . . . .  
H4TrEYOERG - UPRR22 HYOKOFRASlURE 

- . . . . . .  - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ................ - . -- .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .... 
~ ~ c < ~ ; % ~ N o - J A H u A ~ Y " ' z ~ ' . ~ ~ ~ ~  

- - . - -. .- - . - -- -. . -. - ........-.-...... -- 
TIME 

180° 195O 210° 225O 240° 255O 270° 285' 300" 315O 330° 345O 
. . . . . .  . . . . . . . . . . . .  

1 1 1  5 1  
. .- 

- . + b w  - . J ~ J I  . s ss l  - . l a i c ,  .05iri! .ui176 . g ; z t  1.6937 2 . 5 ~ 3 7  z . a g 9 5  ~ . r a g a  1.5285 
.. 1 1 ' 5 3  . . . . . . . . .  ............ - . b d J Y . , - . 3 4 b 2  . . - ,3163 . - . 0 8 1 4 . -  . I 3 1 8  - . . . 4 6 7 5 .  1 . 0 5 4 9  1.822U 2 . 6 8 6 1  3.0650 2.4367 1 . 5 5 5 7  

1 1 1 5 5  - .+491 - . + g i d  - . 2 4 + b  - . I 1 9 9  . l i 9 5  .4B34 1 .5122  1 . 7 6 4 7  2 .6278  3 . 3 1 3 3  2 .3953  1 . 5 5 5 3  
..... - 1 1 1  57, - . ~ 3 4 ~ ~ 3 ~ i r ~ ~ ~ ~ 1 2 0 b ~ ~ 0 ~ i ~ 7 I , l , a 9 4 - t - 5 , 5 7 3 ~ 1 2 ~ l ~ , ~ i - - ~ . 9 3 8 3  2:9609-.3.3262 2.5193. , .  1 .6205  ,- ....... 

11: jt) - .b985 - . J  174 - . l l r l  - . 1 5 i l  . i t 4 2  .~5;9 . 9 4 3 7  1 . 7 2 2 0  2 . 5 1 3 ;  2.9;54 2 . 5 s a 2  1 . 5 2 3 8  
1 2 1 0 3  .*477 , . a 2 7 9  - .1975- . , - .S52 i l  - .3638 - . 3 7 / a  - .5286  -.31115 - .351c  - ;2944  - . i d 1 4  - .1245  . . . . . . . . . . . . . .  
1 2 8 0 5  . 9 ? J l  .+oBo .068b  -.OZ91 - .Z lu5  - a 3 8 6 5  - .4437 - .51C6 - . 4 9 0 3  - a 5 7 1 5  - .6131  - a 6 5 5 7  
lZ1O7 . . . . . . . .  . . 8 0 0 8  -- - 3 7 5 4  -.-.GO30 ..-.153tl,_--.2758 - , - - 4 2 7 3  - .4b75  - .5134  -.49;7 - . 5 ~ 2 5  - .5690 - . 5 4 7 i  
1 2 8 0 8  ' - 8 ~ 7 9  - 3 3 6 3  , 0 0 4 9  - .2482 -.3862 -.kt372 - . 5 2 2 4  - .551r)  -.5LY5 - . 5 4 1 7  , - . i L 4 c  - .467d ' 

1 2 1  10. - .. -- . b + 7 8  ....... - . Z  .... J ~ ~ ~ 2 O 6 3 ~ l ~ . Z G ~ ( 1 ~ - ~ ~ 1 4 ~ ~ ~ , J 9 5 ~ ~ 4 4 , ~ ~ - - ~ , 4 d 5 d _ - , ~ ~ ~ 6 Z 0  -- 5 7 6 5  . - a 4 9 3 6  . - - 4 6 7 9  -- 
l Z t 2 2  1 . 2 3 6 9  . 7 1 5 1  , 1 5 1 7  .3C42 -.37tZ - . a 7 6 8  -:.S945 -2.29Ur -3 .1172  -3 .5533  - 2 . 9 E J 3  - 2 . 1 2 0 1  
i 2 z z 4  ... .i, . . . . .  ............. 1 . ~ 9 3 2  . . 5 7 d 4 -  , . l Y 3 J .  . i l J z l  - . 3 3 6 2 , -  - .8451  - 1 . 4 b 5 4  -2 .2822  -3.1635 -3 .5961  - 2 . 9 6 4 3  -2 .1378  . ,- 
12:26 1 .265b  - 7 5 7 2  2  d l  - . J 7 1 4  - a 8 7 6 3  -1 .4862  - 2 . 2 5 5 7  -3 .1569  - 3 . 5 6 3 2  - 2 - 3 * & 5  - 2 . i 9 7 7  
lLI?H . . 1 . 1 5 2 2  . E 3 4 2  -.US73 - .3556  - . 8 7 1 8  -1 .4355  -2 .2889  - 3 . l h Z J  -3 .5771  - 2 . 9 1 5 ~  -2.k7ll; '. 
12:29  l.?L3L . 7 2 i 2  - 2 2 7 %  .il;bb -.37Gt - . 8 6 3 1  - 1 . 4 3 1 ~ 9  - 2 . 3 3 4 6  -3.176;  -3 .61L3 -2 .3792  - 2 . 1 3 4 6  
1 J l C O ~  - 1 7 b d  - -. . - .- - . i J Z l l  ...... - - .133C - ...... - .12?- l j - .O?Y5 .. . 0 5 9 J  .3~33~+5~3~--~.~053;?_-1.2214--, .9252-. .  - 5 2 1 2  -- 
1 3 8 0 5  .;477 - . O 4 6 t  - . l i d 7  - .2433  - . I 3 3 1  .O551 - 2 9 7 ,  .bb;Z 1 . 3 3 1 L  1 . 2 9 1 4  1.illo - 6 3 7 5  





. 
0 O 15O 30 O 45 O 60° 75O 90° - .... 105' 120' 13S0 ... . .  . . . . .  .... .. ...... - .  . . 

lSOO 16S0 
7100-  - 2 2 ~ ~  , 1 1 5 3  . - . 0 6 3 ~  - . 1 1 2 1  - 1  . G ? l S  . 3 2 2 1  . 6 7 4 9  . 3 2 2 3  1 . 1 2 8 3  - 9 3 5 8  - .  - 5 1 ~ 1 .  .- 

- - - . .- - . 7 1 d 3  ., .-. , .2318.-.337.9_-.-.0jJi .-.-..O7Ji--:.J5il'j .O?b1--,3104 .-:-.0543 --_. 8 8 5 1  1 . ~ 8 5 6  . a 8 7 3  . 3 1 0 1  
? :a>  - 2 4 L 3  . 3 * 2 5  - . a 4 3 9  -.J11G5 - . J 3 7 2  - 6 8 9 5  - 3 4 5 5  " i 6 9 8 9  .9475  1 . 1 5 2 5  - 3 6 4 4  . 5 l i l  

- 71  l J  ..21!2_:3J5?.-:..3 31.0--.-1211--..3644 . O 6 8 L . . . 3 1 3 7  .6641--9C7L - .1 .1124 9 1 9 4  . S l C l .  - 
7: 1 5  *240O * b 3 1 7  -.O59:+ - . 3 5 5 6  - . 5 3 7 6  3  . 3 3 1 9  . 6 7 9 4  .9186 1 . 1 1 5 3  .923 ;  . 5 1 i 1  

- 7120. ' - 2 1 ~ 9  .... . u J j 6 - . - . U J r 9  -.-.O992. _ - . Ju5d  -0732--.318i; .bbbD 9 0 3 2  . l . l C 6 5  ... 9 1 5 5 .  . - 5 1 6 1  
7 1 2 3  - 1 8 - Y  - . j l j ?  - . 3 9 3 1  - e l 2 3 7  - 1 1  .P53b  . 3 2 b b  . 6 5 7 7  .9L04 1 . 1 1 1 8  - 9 2 3 6  - 5 6 2 5  

...... ....,- . . - . . - . . 7  1.30 :?ii13 .UJ71.... - . J 9 1 9 - - . 1 1 9 8 .  - . I 3 1 9  - 0 5 3 7  .-,. 2 9 5 9  6 4 4 d  - 6 9 1 5  1.1IYa3 9 1 1 2  - 5 1 C Z - . .  
7 2 3 3  e Z 3 c 6  - . J u i 7  - . I 1 3 6  - . I 1 2 3  - . 3 > 4 d  . . 0 & 1 5  . 3 3 0 i  . b e 2 6  .927; l.:26Z . 9 J 7 1  . 5 2 1 5  

- - 7 1 5 5  - g l Y 9  .~?1~--.,0d0?-~.JtlSl~-,~, - . , J 3 ~ 3 . 0 9 1 9 . 3 2 4 ~ - , . 6 6 1 4 . . - . 9 ~ 1 ~  - l.G'jw7 -8939- . . . r712  - -  
?:be 1 .uJY8 - . D a d 5  - . I 3 1 1  - .077b  .Cb2Y ,3117  - 6 6 3 1  .3:3; 1 . i 2 3 S  - 9 2 7 ;  - 5 2 5 5  

.. . . . ... . --- . 7  1  SJ .23c6- .323r - - : .d i59  --.lb?S -_-.lir97 .--.. C 4 1 5 .  - . .3- j64. .  .571.5 .93Ca 1 . 1 4 8 5  . 3 / 4 +  5 6 8 9  
7:5J - 1 8 5 ~  - . 3 2 j 4  - . I d 7 3  - .15;J  - . ;93i  4 . 3 ;29  . 6 5 9 8  . F i l b  1 .121 ;  - 3 3 3 3  . 5 i ; 5  

. . . -... - . - .-.... - d l d J ,  .22*5_- . 3 1 3 6 - ~ = . 0 6 1 2  .----.1'~60. - - . i j i 2 8  . 0 7 3 ?  . 3 2 3 1  . 6 6 & 5  ..9533 1 . 1 6 9 4  -9ZbS -50G8 
8: J 5  - 2 1 4 6  . D J a i  - . 0 3 4 3  - . I 1 9 1  - . J 7 d 6  . C 5 i i  . J ; 6 9  . 6 6 4 6  .919d  1 . 1 2 1 7  . 9 3 7 7  ' . 5 2 1 0 ' .  

... -- a 1  10- . Z r a l i , J  17.;r-z..o;,7rr.-z.r~js - . g i 3 z - _ . ~ o 7 1 5 . _ . . s ~ ? ~  . - - .6473 . a 3 9 4  1 . l i a a j  0 0 9 4 ~  -047: 6  
8 1  1 5  - 1 1 6 1  - . i jZdl  - . I d 3 2  - a 1 3 5 4  - .d713  a - 3 2 3 3  . 6 7 7 1  - 9 3 3 4  1 . 1 3 9 4  e 3 5 b 3  - 5 3 5 -  

.. . .-- .. ... -....- - - .  ...... -. ... 8:Zu . 2 6 ~ 5  . 0 5 3 2  :.0758 .-.-.1274., -.ti076 . a 5 5 3  . 3 9 2 8  . b j i O  .YO23 1 . 1 0 5 4 .  . 9 1 4 3  - 5 J ~ d  
8: 2 5  - 2 ~ 9 3  -.OU37 - . 0 9 ? 3  - .1;99 -..i63Z .G7" ,, . 3 1 2 1  . 6 5 5 &  . a 9 3 5  1 .C986  . J 1 5 i  . 4 9 i .  

... . -  . . 8 1 3 J  . 2 3 2 /  . 3 1 / 3  - . 0 7 4 3  - . 1 2 3 3  - .do28 . 0 6 S >  - 3 2 C 5  .666C . 3 1 3 7  1 . 1 1 7 3  . 9 ? d l  .S(i47 .- 
8 : J j  . Z & O ~  .O1llj - . O J I 5  - . I 3 9 1  - .J82;  . L j * b  1 - 6 5 2 0  . ' j i b 9  1 . 1 1 0 3  . 3 1 d 9  .13;5 

Start pumping ----- 8 8 4 4  .ZZZ@-..J 17~5~-~.J712-~.~1397--.J712 -077+__- ,  3 2 2 b  - 6 6 7 9  - 9 1 ~ 5  - 1 . 1 1 6 0  - 9 2 1 8  ,.. - 5 J b 3  .- 
8 x 4 5  . l d i ,  -.GL2C - . l o ? &  -.LC95 -.;4&5 . i 7 i d  3 2  - 6 E 4 v  .9 ;93  l . l i 5 5  ~ 9 1 9 ;  - 4 9 3 0  

... ...,., . .... - R I 5 ?  ...... . Z l J ,  .--.. UlOu - . 3 ? 1 3  -,:.O92Z..--.JJ77.. C 3 3 i  . -  . 3 4 2 7  .693L . 9 i u a  1 . 1 4 6 2  -952.3 . 5 2 + 7  
8 1 5 ~  2  - 0 3 7 J  -;ilaG6 - .1 ;55  - . ;b ig  . 0 8 1 d  - 3 3 1 3  - 6 7 5 9  - 9 2 7 5  1 .127 :  - 9 4 5 3  - 5 1 6 2  

.. , ,  . .  ..... - -- 1 3 7 5  .-:.JJcu.. -.0.3?'3 - - - . J 7 3 9 .  - . u J b r  0 3 8 5  .j41!1 . b a G l  . 9 1 3 7  1 . 1 1 ~ 2  .92C2 - 4 9 3 3  9:OJ 
9 :bS  . 2 5 r 3  .Oil31 - .Odd3  - . I 2 8 1  - . i 7 4 L  . d 7 7 3  . 3 2 9 1  . 6 7 5 5  . 9 2 7 5  l . l Z C 8  . 9 3 1 4  . 5 i : i  

.... -- - 91, lO- .2,l~b,-~r~0~j3-~~.Odli!-~~~.l938~-~-,.JI3li-~.O83~~ . 3 3 l S . 6 7 8 2  - 9 2 4 3  _ 1 . 1 3 1 5  . 9 + 2 3  .519S  -- 
Y:13 - 2 1 4 6  .OOJL - . 0 ? 7 3  - .1359  - . ~ ? D O  . 6 7 9 5  - 3 2 9 6  - 6 1 6 6  . 9 4 * 6  1 . 1 4 9 5  . 9 7 3 &  .55C5 

. . . 6  3  - 1  - 1 J  - 0  - 0  -- 1 , ,  3 b b  .. 9 1 7  1 . 1 1 0 6  . - ' .9180 - 4 8 7 1 . .  
9 2 1 3  .2,i7.i  . . O J j *  - .Oouo - . J 7 4 5  -.149E . l t 3 9  . . 3 r 2 4  . 6 6 1 5  , 3 2 2 7  l . l C 9 3  . 9 1 7 1  .i)ai.; 

. .. . . . -.. . .. -. 9:  22  . -  .253Z .U;5O : .0+86 .  , : . l l Jo  - - . i ld35_-  . i l514 .  . 2 9 8 7 .  .blrlG . . 33C5  1 . 0 9 1 9  - 9 0 7 5  ..4827 
9 r Z 5  2 1 1 7  . U l b i  -.Ou.)+ - .13;3 - . 1 3 i 7  .C63C . 3 1 8 3  - 6 7 1 2  . 3 2 5 &  1 . 1 2 7 6  s . 9 4 1 3  - 5 1 7 6  

-. 9 1 2 3  .I~L.O--~;!L~U,-~,,G'~~~-~.~~~Y..--,~O~~ --.O875 , 3 3 1 1  --.-. 6 6 8 6  .9114 . -  1 . i L 2 5  . ' 3 0 8 ~  . 4 7 5 1  

9:30 . Z L / S  . u J 5 8  - . 8 7 7 6  -.13:1 - . i 7 2 i '  . t j 9 ;  2 3 2 4 i  , 0 7 5 6  - 9 3 2 0  1 . 1 3 2 7  , 9 4 9 4  - 5 2 1 2  
. .  - , ,.,. , .- 3 1 3 3  .ZsJ1- .3386 , -  - .0515 , - .  -.11CF ,-- .J693 .--,. d 7 5 6  .- . 3 3 3 6  . 6 8 4 1  . . 3 3 3 3  1 . 1 J 9 2  9 5 5 3  .52i i4  

9 x 3 6  . .1797  - . U L J  j - . 0 3 8 i  - . 1 1 b 1  - . ~ o 3 5  , 6 7 5 4  . 3 3 1 5  . b a & b  . 9 3 1 2  1 . 1 3 9 5  . 9 5 7 3  . 5 3 ~ 2  

- . .  - ... 9  1  3 9 .?!1Il5 . 0 ( 1 + 5 - - ~ . 3 7 + S , - ~ - . 1 7 0 4  _--. - . a782  ;0691..-, a 3 2 2 6  e b 7 2 2  . 9 2 5 8 . , , 1 . 1 2 7 3  . - _ . 9 4 3 3  - - 5 1 7 7  55,000 gal. 
9: r Z  . 2 5 8 6  - .OilJ9 - . 0 7 3 ;  -.1:52 - . i 5 2 6  .GI329 . 3 3 6 5  . 6 7 9 1  . 9 3 i J  l . . l 3 1 7  . 9 i i &  . 5 1 8 1  
9 1 4 5  -- - . - .... -1&.L.I..?51-9. 3 6 0  :z.?.JL.?L,J~L!L ---- I J t k L  --t3(153-.:6.984 09.52- 1 , 1 5 6 6  ~ 9 7 1 8  5 4 2 0  



TABLE I1 (continued) - -- - - . - - - - -- .................................. 

-- ............ .......................................... .. .......-....... . . . . . . . . . . . . . . . . . . . . . . . .  -. . . . . .  ............. 
d4TTEYHE2; - LJPiZS2 3 Y u K O F K A l . I  JR: 

......... -- - - .... - .. -- - -- - - .- - -...-. - .................... . . . .  . . . . .  .. - ........................... - ... .  ...-.......... ..... 
F2ACTYKE-JANUARY 2 ? r  1 9 7 5  

.. ..... ... . ......... - .. 
r I n E  0 O 15' 30° 4S0 60° 7S0 . 90' 10SO 120° 13S0 

. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  .... ..- . .  . . . .  
lSOO 16S0 

-- - , . 
9 1 4 8  .211L . S L l S  - . 0 6 1 9  - e l 5 3 3  - ,591b  - 0 5 6 0  - 3 1 4 3  - 6 7 7 3  ~ 9 3 6 3  1 . 1 4 3 3  - 9 ~ 8 ~  - 5 C 7 6  

..... .. ..... ... . .... . .  . 9:51.  - - - . 2 3 Z 3 . -  - . O  295  -.O320 ..-.D$3Z - . c j b &  0 5 5 9  . 3 4 4 1  .bc.48 , 5 3 2 1 .  1 . 1 3 2 3  - 9 3 8 4  - 5 5 9 3  
9 : 5 +  1  - .C252 - .G3J-  - . I 2 4 0  -.Go32 . i i j7E .3Ld9  . b c 2 7  .9.359 1 . 1 4 0 4  . 3 5 7 l  - 5 2 9 4  

..... . . .  .... --- 9 : 5 7.- ..1575 . ; :JZ9-.-: . .0433.-- .13di.-- .349 .-... i.SdS..--337; . 6 t 7 d  3kS9  1 . 1 b 1 2  , 3 3 5 9  . 5 i 1 9 .  
1S:UJ . l o 5 3  - . jk .52  - . I 1 5 2  -.0Y11 -.OC53 . 0 ? 9 ?  .SZ?ti - 6 ~ 1 4  . 9 J 3 4  1 . 1 0 1 5  .32YJ - 4 6 6 7  

. . .  . ... . .  . ... l j : C 3  . . . . . . . . . . . . . .  . E 1 0 u  . G i Z b .  - . 0 7 5 5  - . - . l a 2  . - . ? o r .  . i 7 r 3  . S i 7 Y  . a 7 5 7  . 9 2 7 3  1 . i 2 7 2 .  . . 3 4 6 5  .51ii 
1ii:SO .ij 75 . i u b 3  - . u / > L  - .1210  - . 8 0 5 3  . ~ 6 a i  . 3 2 4 5  . 6 d 5  .9.54a 1 . 1 4 6 9  . 9 5 a 8  . 5 2 2 J  

...... . . . . 1 3 : ; ~  ...... - 1 3 9 4  : . 3 s 3 > _  .- . o ~ J ? .  - . t 9 4 9  - . 3 . 5 ~ 3  - 1 7 2 s .  - 3 2 6 1  , 6 6 7 3  . ' j lbz  I.. 1 1 5 1  - 9 2 5 4  . k s l a  
1 0 1 1 2  .1947  - . U J j 4  -.D8'+; - . l i 1 9  - . i I j i j  .07Ub - 3 1 7 4  . 6 6 6 l  -933.3 1 . 1 0 0 4  . 9 1 & 5  - 4 8 3 2  

.... ...... .,-. .... - 10:13.-- ; i ~ b f  ---. J 1 7 1  -:..ii)l~t_--.l.;Y: _._:.j6iY . v 6 6 3 . 3 1 ? 4  ---. 6 5 4 6  5 ; 5 4  l . l L 3 6  .Y156 - 4 8 6 . ~  
1;: l a  . 1 3 7 1  - . 5 1 1 9  - . i l d ~ J  - .1185 - .0655 a 0 3 1 4  - 3 2 ~ 4  - 5 7 3 3  -92 t i3  1 . 1 2 1 9  -9.542 - 5 3 9 1  

. , , .  . 19:21  ............ - . . l J u i .  - . S J 7 3  -.[17u;l - . 1 3 i Y  - . J 7 1 5  L711; - - . .3241  .b792  .93> ,  1 . 1 3 5 9 '  . 3 5 3 2  .52b;  
l d t Z 4  . 2 J / d  . . d 5 7  - . ;751  - .1222  - . J b 3 6  .CSSO - 5 2 0 9  - 0 7 3 5  - 9 2 4 2  1 . 1 2 8 2  - 9 4 2 3  , 5 1 2 8  
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