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A B S T R A C T

The M a d i s o n  L i m e s t o n e  F o r m a t i o n ,  Red River F o r m a t i o n ,  

and a s s o c i a t e d  rocks in the n o r t h e a s t e r n  part  of the Powder 

R i v e r  B a s i n  have bee n i n v e s t i g a t e d  by the U.S. G e o l o g i c a l  

Su r v e y  (USGS) and st ate a g e n c i e s  in W y o m i n g ,  Mo n t a n a ,  and 

S o u t h  D a k o t a  as p o s s i b l e  s o u r c e s  of large q u a n t i t i e s  of 

f r e s h  w a t e r  for c o a l  d e v e l o p m e n t  and t ranspo rtat i o n . 

P r e s e n t l y  the M a d i s o n  F o r m a t i o n  is s u p p l y i n g  water for 

d o m e s t i c  and i n d u s t r i a l  use s in some areas, a l t h o u g h  

l a r g e - s c a l e  w i t h d r a w a l s  have not been a t t e m p t e d .  B e c a u s e  of 

the l a rge  a r ea l e x t e n t  of the M a d i s o n  and Red River  

F o r m a t i o n s ,  their c o m p l e x  h y d r o l o g i c  nature, and their g r e a t  

d e p t h  (2,000 to 1 6 ,000  feet b e low the surfac e) , the cost of 

r a n d o m  d r i l l i n g  to the a q u i f e r  would  be p r o h i b i t i v e .  This 

th e s i s  is c o n c e r n e d  w i t h  using s e i s m i c  r e f l e c t i o n  

e x p l o r a t i o n  m e t h o d s  to lo ca t e  the best areas for d r i l l i n g  

d e v e l o p m e n t  w a ter wells.

The o b j e c t i v e s  of this t h e s i s  are to i n v e s t i g a t e  the 

s e i s m i c  r e s p o n s e s  of the M a d i s o n  and Red Ri ver  Fo rm a t i o n s ,  

and to s e l e c t  c r i t e r i a  for d i f f e r e n t i a t i n g  b e t w e e n  w a te r 

p r o d u c i n g  and n o n - w a t e r  p r o d u c i n g  strata. To do this, two 

a r eas along the n o r t h e a s t e r n  W y o m i n g - M o n t a n a  bo rd er with 

d i f f e r e n t  w a t e r  p r o d u c t i v i t y  rates were selecte d, in w h i c h
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w a t e r  we lls , log data, and s u r f a c e  m u l t i c h a n n e l  se is mi c 

r e f l e c t i o n  p r o f i l e s  w er e a v a i l a b l e  for a n a l y s i s  and 

p u b l i c a t i o n .  Us ing the v e l o c i t y  and d e n s i t y  log d a t a  from 

the wel ls, s y n t h e t i c  se i s m i c  r e s p o n s e s  were g e n e r a t e d  and 

c o r r e l a t e d  to l i t h o l o g y  and zo nes of high w a ter p r o d u c t i v i t y  

in the M a d i s o n  and Red R i ver  F o r m a t i o n s .

This study d e m o n s t r a t e s  that the best a q u i f e r s  o c c u r  in 

d o l o m i t i c  c a r b o n a t e  zones of the M a d i s o n  and Red Riv er  

F o r m a t i o n s  w i t h  high s e c o n d a r y  p o r o s i t y  and p e r m e a b i l i t y  due 

to d i a g e n e t i c  e f f e c t s  and f r a c t u r i n g .  The c o r r e l a t i o n  of 

t h es e p r o l i f i c  w a t e r - p r o d u c i n g  zones w i t h  s y n t h e t i c  seis mic  

t r a c e s  s h o w e d  that w a ter p r o d u c i n g  zones can be d e t e c t e d  by 

c a r e f u l  i n t e r p r e t a t i o n  of s e i s m i c  data. The high p o r o s i t y  

zones w i t h i n  the M a d i s o n  and Red River F o r m a t i o n s  are thin, 

and m o s t l y  b e lo w the r e s o l u t i o n  of usual seismi c e x p l o r a t i o n  

m e t h o d s .  C o n s e q u e n t l y  the ir s e ismi c r e f l e c t i o n  r e s ponse is 

su btle, r e q u i r i n g  s p e c i a l i z e d  i n t e r p r e t a t i o n  t e c h n i q u e s  for 

the ir de t e c t i o n .
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A F E A S I B I L I T Y  S T U D Y  U S I N G  B O R E H O L E  D ATA AS A P P L I E D  TO THE 

S E I S M I C  D E T E C T I O N  OF C A R B O N A T E  P O R O S I T Y  IN THE M A D I S O N  AND

RED R I V E R  F O R M A T I O N S ,  N O R T H E A S T E R N  P O W D E R  R I V E R  B A S I N

Int roduc t ion

Large q u a n t i t i e s  of f r es h wat er are n e c e s s a r y  for the 

d e v e l o p m e n t  of a m a j o r  pa r t  of the U n i t e d  States' co a l  

r e s e r v e s  in the Fort U n i o n  coa l  re gion of the N o r t h e r n  Great 

Plains. D e v e l o p m e n t  of the c o a l  w o ul d include  o n - s i t e  ste am 

p o w e r  g e n e r a t i o n ,  g a s i f i c a t i o n ,  l i q u e f a c t i o n ,  and slurry 

p i p e l i n e  t r a n s p o r t a t i o n .  The q u a n t i t i e s  of w a t e r  r e q u i r e d  

are e s t i m a t e d  to e x c e e d  2 0 0 ,000  a c r e - f e e t / y e a r  (USGS, 

1975). In 1976, the W a t e r  R e s o u r c e s  D i v i s i o n  of the U.S. 

G e o l o g i c a l  S u r v e y  (USGS) i n s t i t u t e d  a five year p r o j e c t  to 

study P a l e o z o i c  s e d i m e n t a r y  rocks in the n o r t h e a s t e r n  Po wder 

R i ve r B a s i n  r e g a rding the ir a q u if er p r o p e r t i e s .

Dee p w a t e r - b e a r i n g  s e d i m e n t a r y  rocks are re q u i r e d  as 

the s o u r c e  sin ce m os t s h a l l o w  and su r f a c e  w a te r has been 

fu ll y a p p r o p r i a t e d  to o t h e r  users. On e of the p r o b l e m s  

a s s o c i a t e d  w i t h  using deep a q u i f e r s  is lo c a t i n g  the best 

w a ter p r o d u c i n g  zones in the s u b s u rf ace. The best a q u i f e r s  

are e x p e c t e d  to y i e l d  m o r e  than 500 g a l l o n s  per m i n u t e  

(MacCary and others, 1981). To date, the study  of deep 

a q u i f e r s  has b een  c o n f i n e d  to s t u d i e s  of b o r e h o l e
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i n f o r m a t i o n  fr o m  oil and ga s wells, and f r o m  a l i m ited  

a m o u n t  of w a t e r  test  w e l l s  d r i l l e d  by the USGS.

R e c e n t l y  the USGS c o n d u c t e d  e x p e r i m e n t s  w i t h  se is mi c 

r e f l e c t i o n  d a t a  as an e x p l o r a t i o n  to o l  for lo c a t i n g 

P a l e o z o i c  a q u i f e r s  as d e e p  as 1 6 , 0 0 0  ft. S e v e r a l

c o n v e n t i o n a l  m u l t i c h a n n e l  c o m m o n - d e p t h - p o i n t  (CDP)

r e f l e c t i o n  s e i smic  lines were o b t a i n e d ,  and were p u r p o s e l y

r e c o r d e d  near two d e e p  U S G S  w a t e r  test w e l l s  to a l l o w

c a l i b r a t i o n  of the s e i s m i c  w a v e f o r m s  to l i t h o l o g i c  zones 

that have the best w a t e r  p r o d u c t i o n .

The g e o l o g i c  t a r g e t  under c o n s i d e r a t i o n  in this study

is the M a d i s o n  L i m e s t o n e  F o r m a t i o n  and a s s o c i a t e d  rocks, 

w h i c h  u n d e r l i e  most of the basin. P e r m e a b i l i t y  in this unit 

wa s c r e a t e d  by f r a c t u r i n g  as a re su lt of s t r u c t u r a l  fold ing 

and f a u l t i n g ,  and s e c o n d a r y  s o l u t i o n  (Lageson, 1977). 

T h i c k n e s s  of the M a d i s o n  F o r m a t i o n  is not u n i f o r m  b e c au se  of 

v a r y i n g  d e p o s i t i o n a l  rates and erosi on . O t h e r  p o t e n t i a l  

s o u r c e s  of g r o u n d  w a te r w o ul d include a part of the S u n d a n c e  

F o r m a t i o n ,  the M i n n e k a h t a  L i m e stone , and the upp er sandy 

pa r t  of the M i n n e l u s a  F o r m a t i o n .

W a t e r  w e l l s  that p r o d u c e  f r o m  the M a d i s o n  F o r m a t i o n  

have v a r yi ng p r o d u c t i o n  rates, ra ngi ng fr o m  20 g a l / m i n  to 

9, 000 g a l / m i n  ( B l a k e n n a g e l  and others, 1977) . The varying 

w a t e r  p r o d u c t i o n  rates are a f u n c t i o n  of the v a r i a b i l i t y  of 

the p o r o s i t y  and f r a c t u r e  p e r m e a b i l i t y  w i t h i n  the M a d i s o n
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F o r m a t i o n  ove r  the area. The USGS t h e r e f o r e  s e l e c t e d  two 

a r ea s w i t h  s e p a r a t e  M a d i s o n  g e o l o g i c  p r o p e r t i e s ,  and d r i l l e d  

one w e l l  at each l o c a t i o n  to test the h y d r o l o g i c  p r o p e r t i e s  

of the c a r b o n a t e  r e s e r v o i r  f o r m a t i o n s .  Log d a t a  fro m  these

w e l l s  w e r e  used to g e n e r a t e  s y n t h e t i c  se i s m i c  tr aces  in

o r d e r  to st udy s e i s m i c  r e s p o n s e  c h a r a c t e r i s t i c s  of M a d i s o n  

rocks w i t h  a large range in p r o d u c t i v i t y .  R e s u l t s  of the 

s y n t h e t i c  m o d e l i n g  are d i s c u s s e d  later in this report.

M a n y  a s p e c t s  of the M a d i s o n  a q u i f e r  have a l r e a d y  been 

i n v e s t i g a t e d  by the USGS, i n c l u d i n g  the a m o u n t  of w a te r

e x p e ct ed , the c h e m i c a l  and p h y s i c a l  p r o p e r t i e s  of the water, 

the r e c h a r g e  and d i s c h a r g e  m e c h a n i s m s ,  p a t t e r n s  of 

g r o u n d - w a t e r  flow, and the h y d r o l o g i c  e f f e c t s  res u l t i n g  fro m 

l a r g e - s c a l e  w a t e r  w i t h d r a w a l s  at v a r i o u s  lo c a t i o n s .  W o r k  

p e r f o r m e d  in the se i n v e s t i g a t i o n s  is d e s c r i b e d  in USGS O p e n  

File R e p o r t  No. 75-631. M a n y  w e ll s have been d r i l l e d  to the 

M a d i s o n  a q u i f e r  as oil e x p l o r a t i o n  tests  on g e o l o g i c

s t r u c t u r e s .  Da t a  fro m these  w e l l s  p r o v i d e  some i n f o r m a t i o n  

to d e f i n e  the g e o l o g i c  f r a m e w o r k  and a q u i f e r  p r o p e r t i e s  of 

the M a d i s o n  F o r m a t i o n .  U n f o r t u n a t e l y ,  we l l  d a t a  is not 

p l e n t i f u l  in the area, and c o n s e q u e n t l y  doe s not a d e q u a t e l y  

ma p  the high p o r o s i t y  and p e r m e a b i l i t y  zones w i t h i n  the 

a q u if er. The m a i n  p u r p o s e  of p e r f o r m i n g  the se is mi c study, 

then, is to d e t e c t  the high p o r o s i t y  and p e r m e a b i l i t y  zones 

in the " M a d i s o n  F o r m a t i o n  to p r o v i d e  f a v o r a b l e  c h o i c e s  for
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d r i l l i n g  l oc ations.

The c r i t e r i a  used by the USGS in s e l e c t i n g  areas to 

st udy  for p o t e n t i a l  large w a t e r - y i e l d  a q u i f e r s  were (1) the 

p r e s e n c e  of m ore than 100 net f eet of rock w i t h  p o r o s i t y  of 

10 p e r c e n t  or more; (2) the p r e s e n c e  of m o r e  than 100 net 

feet of d o l o m i t e  w ith a v e r a g e  g r a i n  size of . 0625 mm, and 

(3) the p r e s e n c e  of s t r u c t u r e  that w o u l d  c a use h i gher 

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

y i e l d s  (MacCary and oth er s, 1981).

O t h e r  m i n o r  f a c t o r s  c o n s i d e r e d  in c l u d e  the d e p t h s  to 

the a q u i f e r s ,  c o n c e n t r a t i o n  of d i s s o l v e d  solids, wat er  

t e m p e r a t u r e ,  and the r e l a t i o n  of p i e z o m e t r i c  head to the 

land sur fa ce. The p r o b l e m  of d i s s o l v e d  s o li ds  was e v a l u a t e d  

on the basis  of a p p a r e n t  r e s i s t i v i t y  of f o r m a t i o n  water. 

A c c o r d i n g  to M a c C a r y  et al (1981), an a p p a r e n t  wat er  

r e s i s t i v i t y  of 1 o h m - m e t e r  c o r r e s p o n d s  to a s o d i u m  c h l o r i d e  

s o l u t i o n  of a p p r o x i m a t e l y  5,500 m i l l i g r a m  per liter 

c o n c e n t r a t i o n  at 7 5° F. R e c o g n i z i n g  that o t h e r  ions are 

also pr e s e n t ,  the USG S d e c i d e d  on 1 o h m - m e t e r  as the m a x i m u m  

a c c e p t a b l e  c o n c e n t r a t i o n  of d i s s o l v e d  solids.

G e o p h y s i c a l  work a c c o m p l i s h e d  to date in this study by 

the U SGS  has bee n the r e c o r d i n g  of v e r t i c a l  se is mi c p r o f i l e s  

(VSP) in s e v er al  deep oil and w a ter wells. V e r t i c a l  seismic  

p r o f i l e s  are. d o w n - h o l e  s e i s m i c  survey s in a w e l l  in w h i c h  

the full seis mic wave t r a i n  is rec or ded at m an y d i f f e r e n t
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d e p t h  l o c a t i o n s  w i t h i n  the b o r eho le . B o t h  the d o w n g o i n g  

s i g n a l  f r o m  the s o u r c e  at the surface, and u p c o m i n g  

r e f l e c t i o n s  from below, ca n be o b s e r v e d  for ea c h  rec o r d i n g  

l o c a t i o n  in the well, a l l o w i n g  p r e c i s e  i d e n t i f i c a t i o n  of the 

p o s i t i o n  of r e f l e c t i n g  h o r i z o n s  and their a s s o c i a t e d  s e i smic 

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

In a d d i t i o n  to the V S P  data, s e v e r a l  s u r f a c e  

m u l t i c h a n n e l  se ismic r e f l e c t i o n  p r o f i l e s  have been  c o l l e c t e d  

nea r the w e l l s  and VSP data, a l l o w i n g  c o r r e l a t i o n  of the 

s e i s m i c  r e s po nse on the s u r fac e lines w i t h  the p o r o s i t y  and 

p e r m e a b i l i t y  c h a n g e s  of the fo r m a t i o n .  Thi s se ismic data 

w i l l  not be d i s c u s s e d  further , as this report d e a l s  

p r i m a r i l y  w i t h  the log i n t e r p r e t a t i o n  and se ismic m o d e li ng . 

Ho w e v e r ,  the se ismic d a t a  can be o b t a i n e d  from the USGS as 

Oi l and Gas I n v e s t i g a t i o n  C h a r t s  O C - 1 1 0  and OC-114.

Thi s i n v e s t i g a t i o n  w i l l  c o n c e n t r a t e  on d e f i n i n g  an 

i n t e r p r e t a t i o n  c r i t e r i a  to a s s o c i a t e  s e i sm ic w a v e f o r m  

c h a n g e s  to l i t h l o g i c  and p o r o s i t y  c o n d i t i o n s  in the 

s u b s u r f a c e .  L i t h o l o g i c  c h a r a c t e r i s t i c s  wi l l  be o b t a i n e d  

d i r e c t l y  fro m an a n a l y s i s  of the wel l logs in the area and 

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

f r o m  the a c o u s t i c  and d e n s i t y  data. Having  e s t a b l i s h e d  

s e i s m i c  r e s p o n s e  p a t t e r n s  of the aq u i f e r  and s u r r o u n d i n g  

rock l a ye rs using log dat a  for c a l i b r a t i o n ,  it sh ould be 

p o s s i b l e  to d e t e r m i n e  w h e t h e r  seismic dat a can be used to
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e x p l o r e  for these s u b s u r f a c e  w a t e r - b e a r i n g  f o r m a t i o n s .
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R E G I O N A L  G E O L O G I C  F R A M E W O R K  OF THE M A D I S O N  A Q U I F E R

The study area and m a j o r  s t r u c t u r a l  f e a t u r e s  of the 

n o r t h e r n  R o c k y  M o u n t a i n  p r o v i n c e  are sho wn in F i g u r e  1. The 

a r e a  of se ism ic r e f l e c t i o n  d a t a  a c q u i s i t i o n  and de e p  M a d i s o n  

test wells, o u t l i n e d  by the box in the figure, inclu d e s  the 

n o r t h e a s t e r n  p ar t of W y o m i n g  (Powder R i v e r  County and 

C o n v e r s e  C o u n t y ) , and the s o u t h e a s t e r n  pa r t  of M o n t a n a  

(Custer County ). The U.S. G e o l o g i c a l  Su rvey has e v a l u a t e d  a 

m u c h  la rger  area for M a d i s o n  aquifers,  but the se st udie s 

wil l  not be d i s c u s s e d  in this thesis.

The M a d i s o n  L i m e s t o n e  F o r m a t i o n  was o r i g i n a l l y  named 

for lower M i s s i s s i p p i a n  l i m e s t o n e s  in a r e gi on  a d j a c e n t  to 

T h r e e  Forks, M o n tan a.  P e t r o l e u m  e x p l o r a t i o n  of the M a d i s o n  

r e s e r v o i r  has y i e l d e d  li ttle oil or gas. A few areas of 

p e t r o l e u m  a c c u m u l a t i o n s  o c cu r in the W i l l i s t o n  Basin, the 

B i g h o r n  Basin, and in the n o r t h - c e n t r a l  part of Mon ta na , but 

no i m p o r t a n t  d e p o s i t s  have been found in the Po wd er  River 

Basin. How ever,  the M a d i s o n  F o r m a t i o n  has p r o d u c e d  large 

q u a n t i t i e s  of wat er fr o m  test we ll s for many years.

The area  of study c o n t a i n s  s e v er al oil fields, but most 

have been d r i l l e d  to s h a l l o w e r  horizo ns . One of the most 

i m p o r t a n t  oil fi el ds  in the area  is the Bell Cree k field in 

s o u t h e a s t e r n  Mo nta n a .  The Bell Creek field p r o d u c e s  oil
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fro m a Lo wer  C r e t a c e o u s  s a n d s t o n e  unit, but o p e r a t o r s  of the 

fi el d have used w a t e r  fro m d e e p e r  w e l l s  p e n e t r a t i n g  the 

M a d i s o n  F o r m a t i o n  for s e c o n d a r y  re c o v e r y  p u r p o s e s .

As a c o n s e q u e n c e  of the d i s a p p o i n t i n g  p e t r o l e u m  

p o t e n t i a l  of the M a d i s o n  F o r m ation,  the rocks w i t h i n  the 

stu dy area have not bee n tes t e d  with m any wells, and little 

is known  c o n c e r n i n g  the M a d i s o n  r e s e r v o i r  and the s p a t i a l  

d i s t r i b u t i o n  of p e r m e a b i l i t y  and porosit y.

T e c t o n i c  F e a t u r e s

The M a d i s o n  L i m e s t o n e  F o r m a t i o n  in W y o m i n g  (which is 

e q u i v a l e n t  to the P a h a s a p a  L i m e s t o n e  F o r m a t i o n  in w e s t e r n  

S o uth Dakota) is p r e d o m i n a t e l y  a shelf c a r b o n a t e  rock of 

E a r l y  to Late M i s s i s s i p p i a n  age (Sando, 1976). M i n o r  

a m o u n t s  of a n h y d r i t e  be come  more ab u n d a n t  to the north into 

M o n t a n a .  D o l o m i t e  c o n t e n t  i n c r e a s e s  g e n e r a l l y  to the sou th 

and sou th ea st.

D u r i n g  M i s s i s s i p p i a n  time, the n o r t h e r n  Roc ky M o u n t a i n  

reg ion was part of a cr aton,  w h i c h  in c l u d e d  the P r e c a m b r i a n  

b a s e m e n t  rocks of the C a n a d i a n  Shield, and the 

T r a n s c o n t i n e n t a l  Arch, a linear p o s i t i v e  e l e m e n t  e x t e n d i n g  

s o u t h w a r d  fro m  the C a n a d i a n  Shield. The T r a n s c o n t i n e n t a l  

Ar c h  a p p a r e n t l y  d i v i d e d  the c r a t o n  into two areas of m a r i n e  

d e p o s i t i o n  d u r i n g  the M i s s i s s i p p i a n .  The C o r d i l l e r a n
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p l a t f o r m  was west of the arch and c o n s i s t e d  of a b r o a d  flat 

region. D u ri ng E a r l y  M i s s i s s i p p i a n  t i m e , the p l a t f o r m  was a 

shelf that re c e i v e d  c a r b o n a t e  and e v a p o r i t e  s e d i m e n t s ,  and 

was l a te r s e p a r a t e d  into three  basins, w h i c h  r e c eived 

s h a l l o w  w a ter  c a r b o n a t e  s e d i me nts.

S t r u c t u r a l  f e a t u r e s  p r e s e n t  today, s h ow n in Fi gure 1, 

s i g n i f i c a n t l y  a f f e c t  w a t e r  m o v e m e n t  w i t h i n  the M a d i s o n  

aquifer.  The f o l d i n g  and fa ul t i n g  of the M a d i s o n  rocks have

p r o b a b l y  f r a c t u r e d  the c a r b o n a t e  rock units, p r o v i d i n g

i n c r e a s e d  p e r m e a b i l i t y  and w a t e r  flow.

S t r a t i g r a p h i c  F r a m e w o r k

The sequ en ce of rocks w i t h i n  the M a d i s o n  F o r m a t i o n  and 

e q u i v a l e n t  u n it s in the e a s t e r n  P o w d e r  R i ve r B a s i n

r e p r e s e n t s  a m a j o r  u p w a r d  shoaling  or s h a l l o w i n g  of 

c a r b o n a t e  units, d e p o s i t e d  by a sea w h i c h  s p re ad  out of the

s h a l l o w  W i l l i s t o n  basin. C y c l e s  of a r g i l l a c e o u s  l i m e s t o n e  

were m i x e d  wit h  o o l i t i c  li meston e,  and as the sea re t r e a t e d  

d u r i n g  later M i s s i s s i p p i a n  time, the d e p o s i t i o n  became more 

e v a p o r i t i c .  The M a d i s o n  F o r m a t i o n  is s u b d i v i d e d  in the 

n o r t h e r n  part of the b a s i n  into the L o d g e p o l e  L i m e s t o n e  at 

the base, the M i s s i o n  C a n y o n  L i m e stone , and C h a r l e s

F o r m a t i o n .  F i gure 2 shows the c o r r e l a t i o n  of f o r m a t i o n

names for P a l e o z o i c  rocks o c c u r i n g  in the W i l l i s t o n  B a sin
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and Po wd er River Basin . M a d i s o n  c o r r e l a t i v e s  in o t h e r  p a rts  

of the b a s i n  i n cl ud e m an y d i f f e r e n t  f o r m a t i o n  names, and 

wil l not be d i s c u s s e d  f u r t h e r  in this thesis.

T h i n n i n g  of the M a d i s o n  Gr ou p o c curs  g r a d u a l l y  from the 

d e p o c e n t e r  of the W i l l i s t o n  Basin, w h e r e  the i n t e r v a l  is 

o ve r 600 feet  thick, to abo ut 200 feet near the e a s t - c e n t r a l  

p a r t  of W y o m i n g .  T h r o u g h  m u c h  of M i s s i s s i p p i a n  time, 

t h i n n i n g  was c o n t r o l l e d  by the T r a n s c o n t i n e n t a l  A rch along 

the e a s t e r n  side of the basin. W i t h i n  this t h i n n i n g  edge 

the M a d i s o n  F o r m a t i o n  is p r e d o m i n a n t l y  a f i n e - g r a i n e d  

li m e s t o n e ,  c a l l e d  micri te .

U n d e r l y i n g  the M a d i s o n  F o r m a t i o n  are rocks of S i l u r i a n  

and O r d o v i c i a n  age, w h i c h  in clude  the Red R i ver F o r m a t i o n  

(Ordovician) in si d e  the stu dy area. Alo ng the top of the 

M a d i s o n  F o r m a t i o n ,  d i f f e r e n t i a l  t r u n c a t i o n  in p a r t  is 

r e s p o n s i b l e  for the s o u t h w a r d  t h i nn in g of the unit. Karst 

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

and is c h a r a c t e r i z e d  by b r e c c i a  zones, cal c i t e s ,  and ot her  

f e a t u r e s  that are now l a r g e l y  filled wit h sediment s.

P a l e o k a r s t  g e o l o g y  in the M a d i s o n  L i m e s t o n e  F o r m a t i o n  

w o u l d  seem  to p r o v i d e  the rock w ith good p e r m e a b i l i t y  for 

g r o u n d  w a t e r  c i r c u l a t i o n .  How ev er, s t u di es by H u nton (1976) 

show that these  f e a t u r e s  are v i r t u a l l y  i n e f f e c t i v e  in terms 

of g r o u n d  w a t e r  c i r c u l a t i o n  b e c aus e they are p l u g g e d  wit h 

i m p e r m e a b l e  s h a l e s  and silts, d e s t r o y i n g  the l a t eral
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c o n t i n u i t y  of the re se r v o i r .  Also the a b s e n c e  of large 

s p r i n g s  p r o d u c i n g  f r o m  the M a d i s o n  F o r m a t i o n  s u p p o r t s  the 

d i s c o n t i n u o u s  natu r e  of the M a d i s o n  top.

The l i m e s t o n e  unit is c o m p o s e d  of e i t h e r  c r i n o i d a l  

r e m a i n s  or o o l i t e  b a nks in s e p a r a t e  and d i s t i n c t  beds. 

Ho we ve r, ea c h  f a c i e s  type c o m m o n l y  has li tt le  d o l o m i t i z a t i o n  

and p o r o s i t y  d e v e l o p m e n t .  The b e t t e r  p o r o s i t y  and 

p e r m e a b i l i t y  d e v e l o p m e n t s  o c c u r  in rock fa ci e s  c o m p o s e d  of 

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

rock, but in g e n e r a l  an i n d i v i d u a l  l i t h o l o g i c  bed wil l not 

be more than 10 to 25 feet thick (Peterson, 1978).

The o t her i m p o r t a n t  c a r b o n a t e  rock unit that is a 

p o t e n t i a l  wa ter p r o d u c i n g  zone is the O r d o v i c i a n  Red Riv er 

Fo r m a t i o n .  The Red R i v e r  For ma ti on, like the M a d i s o n  

F o r m a t i o n  abo ve  it, is p r i m a r i l y  a s h a l l o w  mari ne, 

t i d a l - f l a t  d o l o m i t e  unit, in w h i c h  the amo u n t  of d o l o m i t e  

i n c r e a s e s  fr o m  a p p r o x i m a t e l y  25 p e r c e n t  in the s o u t h e a s t e r n  

p a r t  of the Pow der R i ver  Basin, to near ly  90 p e r c e n t  along 

the W y o m i n g - M o n t a n a  bo rde r.  Oil p r o d u c t i o n  does occur from 

the Red R i ver  F o r m ati on , but has been c o n f i n e d  c l o s e r  to the 

c e n t e r  of the W i l l i s t o n  B a sin.  Thinni ng  of the unit from  

s o u t h e a s t e r n  M o n t a n a  s o u t h w a r d  o c c u r s  as a result of 

p r e - M a d i s o n  t r u n c a t i o n  of the top of the Red River Format io n.

S t u d i e s  p e r f o r m e d  on the M a d i s o n  and Red Riv er  

F o r m a t i o n s  have sho wn that the best are as  for d e v e l o p i n g
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large w a t e r  y i e l d s  wil l be those in w h i c h  the c a r b o n a t e  

rocks are p r e d o m i n a t e l y  c o a r s e l y  g r a i n e d  d o l o m i t e ,  and 

t h e r e f o r e  have bet ter p o r o s i t y  d e v e l o p m e n t  ( B l a n k e n n a g e l  and 

ot he rs , 1977). As a resu lt of the se studie s, the USGS 

s e l e c t e d  two l o c a t i o n s  and d r i l l e d  two test wells.

The o b j e c t i v e s  of d r i l l i n g  these we ll s were  to: (1)

e v a l u a t e  the i m p o r t a n c e  of d o l o m i t i z a t i o n  in the d e v e l o p m e n t  

of i n t e r s t i t i a l  p o r o s i t y ;  (2) e v a l u a t e  the f r a c t u r i n g  of the 

l i m e s t o n e  rocks in the area; and (3) o b t a i n  b e tter  

s u b s u r f a c e  h y d r o l o g i c  i n f o r m a t i o n  on the M a d i s o n  reser voir. 

A l t h o u g h  f r a c t u r i n g  of the M a d i s o n  and Red R i ver F o r m a t i o n s  

t h r o u g h  t e c t o n i c  f o l ding and fault i n g  has i n c r e a s e d  the 

rocks a b i l i t y  to p r o d u c e  water, the d e g r e e  to w h i c h  

f r a c t u r i n g  o c c u r s  is d i f f i c u l t  to access. In o r d e r  to make 

a c o m p l e t e  and a d e q u a t e  i n t e r p r e t a t i o n  of p o o r o s i t y  and 

p e r m e a b i l i t y  of the a q u if er , the USGS a c q u i r e d  c o n v e n t i o n a l  

wel l log data, b o r e h o l e  t e l e v i e w e r  logs, r a d i o a c t i v e  tr acer 

log, and ran p u m p  tests. A d e s c r i p t i o n  of the 

i n t e r p r e t a t i o n  m e t h o d s  and r e s ults of the r a d i o a c t i v e  tr ac er 

logs is g i v e n  by B l a n k e n n a g e l  and ot he r s  (1977).

Dat a f r o m  two of the w a t e r  test we lls that were d r i l l e d  

w er e  used to st udy  the se i s m i c  c h a r a c t e r i s t i c s  of the 

M a d i s o n  and Red River  aqu i f e r s .  The USGS  M a d i s o n  No. 1 

well, l o c a t e d  in Cook C o u n t y  of n o r t h e a s t e r n  W y o m i n g ,  was 

d r i l l e d  in an a p p a r e n t  s t r u c t u r a l l y  active area, in di c a t i n g
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a g ood p o t e n t i a l  for s e c o n d a r y  f r a c t u r e  p o r o s i t y .  The wel l 

was also e x p e c t e d  to e n c o u n t e r  a high p e r c e n t a g e  of d o l o m i t e  

fa cies, also a s s o c i a t e d  w i t h  high er p o r o s i t y .  The USGS 

M a d i s o n  No. 2 test was d r i l l e d  in C u s t e r  County, M o n tana.  

The area is also a p p a r e n t l y  s t r u c t u r a l l y  active, but based 

on l i t h o f a c i e s  maps, the M a d i s o n  F o r m a t i o n  and a s s o c i a t e d  

rocks are p r e d o m i n a n t l y  low p o r o s i t y  l i m e s t o n e s .
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L i t h o l o g i c  D e s c r i p t i o n  of A q u i f e r s

A m a j o r i t y  of the a q u i f e r s  in the M a d i s o n  and Ri ve r

F o r m a t i o n s  c o n t a i n s  v u g g y , fine  to m e d i u m  c r y s t a l l i n e  

d o l o m i t e ,  and s o l u t i o n - b r e c c i a t e d  d o l o m i t e  and lim es to ne. 

In some areas, g r a i n s t o n e  beds may p r o d u c e  water, but are 

g e n e r a l l y  c e m e n t e d  w i t h  c a l c i t e .  A l s o  acti ng as a q u i f e r s

are k a r s t - f i l l e d  d e p o s i t s ,  w h i c h  also may be i m p e r v i o u s  to 

c l a y  p l u g g i n g  or c e m e n t a t i o n .

F r a c t u r i n g  of M a d i s o n  and Red R i v e r  a q u i f e r s  th r o u g h  

t e c t o n i c  f a u l t i n g  and f o l d i n g  has e n h a n c e d  the wa te r

p r o d u c t i v i t y  in m a n y  areas, but the c o n t r i b u t i o n  of 

f r a c t u r e s  to w a t e r  p r o d u c t i v i t y  is very d i f f i c u l t  to 

d o c u m e n t  w i t h  a v a i l a b l e  i n f o r m a t i o n .  G e n e r a l l y ,  to make an 

a d e q u a t e  i n t e r p r e t a t i o n  of f r a c t u r e - c o n t r o l l e d  p o r o s i t y  and 

p e r m e a b i l i t y  re q u i r e s  a c o m p l e x  suite of data, w h i c h  inc lude 

co re s,  p u m p - t e s t s ,  b o r e h o l e  t e l e v i e w e r  logs and r a d i o a c t i v e

logs ( B l a n k e n n a g e l , 1967).

M e a s u r e m e n t s  fr o m  c o r e s  of p o r o s i t y  and p e r m e a b i l i t y  

mad e by B l a n k e n n a g e l  and o t h e r s  (1977), and B r o w n  and o t h e r s 

(1978), show v a lues of p r o b a b l e  d o l o m i t e  a q u i f e r s  a v e r a g e  

a b o u t  17 p e r c e n t  (20 samples) and 11 md (16 samples) 

r e s p e c t i v e l y  in the M a d i s o n ,  and 18 p e r c e n t  (30 samples) and 

357.5 md (27) sa mples in the Red River F o r m a t i o n .  A 3 to 6 

ft v u g g y  d o l o m i t e  s e c t i o n  in the Red R i ver w ith
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w i t h  p e r m e a b i l i t i e s  of 2,490 and 4,890 md ( B l a n k e n n a g e l  and 

ot he rs , 1977 p. 54), b i a s e s  the a v e rage p e r m e a b i l i t y  for the 

f o r m a t i o n .  W i t h o u t  t h e s e  two high v a l u e s  the a v e r a g e  

p e r m e a b i l i t y  in the Red R i v e r  is then 91 md.

The type of d o l o m i t e  in the M a d i s o n  and Red R i ve r is 

t h o u g h t  to be s i m i l a r  to P a l e o z o i c  c a r b o n a t e s  in and a r ound 

the W i l l i s t o n  basin. O r i g i n  of the d o l o m i t e  r e s ul ts  from  

e a r l y  r e p l a c e m e n t  of c a l c i t e  and a r a g o n i t e  mud, w h i c h  was 

d e p o s i t e d  in s h a l l o w  sub t i d a l ,  i ntert id al, and s u p r a t i d a l  

e n v i r o n m e n t s .  E v a p o r a t i o n  c h a n g e s  the p ore  w a t e r  of the 

c a l c a r e o u s  mud into a brine. A f te r p r e c i p i t a t i o n  of gyps um, 

the brine is rich in m a g n e s i u m ,  and the d o l o m i t i z a t i o n  

p r o c e s s  begins.

P o r o s i t y  and p e r m e a b i l i t y  are d e v e l o p e d  whe n  d o l o m i t e  

c r y s t a l s  g r o w  l a r g e r  at the e x p e n s e  of l e a ch ed  remna n t s  of 

c a l c i u m  c a r b o n a t e  (Murray, 1960). Also, g r o u n d  w a t e r  and 

sea w a t e r  m i x i n g  d o l o m i t z a t i o n  (Hanshaw and othe rs, 1971) 

ma y  also have s i g n i f i c a n t l y  e n h a n c e d  the p o r o s i t y  and 

p e r m e a b i l i t y  of these d o l o m i t e  aquifers.
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and s u r r o u n d i n g  s e d i m e n t a r y  b a s in s, and a g e n e r a l i z e d  
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E V A L U A T I O N  OF W E L L  LOG DA T A

An i m p o r t a n t  step in any s t r a t i g r a p h i c  stu dy is to 

c a r e f u l l y  e v a l u a t e  and i n t e r p r e t  a v a i l a b l e  w el l log data. 

W e l l  log d ata p r o v i d e s  the in - s i t u  m e a s u r e m e n t s  of v e l o c i t y  

and d e n s i t y  for m o d e l i n g  the se i s m i c  r e s p o n s e  of a 

s t r a t i g r a p h i c  hor iz on. The m o d e l  sh ould then in di ca te the 

best i n t e r p r e t a t i o n  c r i t e r i a  to a p p l y  r e g a r d i n g  the 

d e t e c t i o n  of p o r o s i t y  and p e r m e a b i l i t y  c h a n g e s  in the

M a d i s o n  and Red R i ver in tervals.

The two w a t e r  test w e l l s  e v a l u a t e d  in this th esis 

e n c o u n t e r e d  d i f f e r e n t  M a d i s o n  and Red R i ve r c a r b o n a t e  

e n v i r o n m e n t s ,  w i t h  c o r r e s p o n d i n g  d i f f e r e n c e s  in w a ter  

p r o d u c i n g  c a p a b i l i t i e s .  This was f o r t u i t o u s ,  be c a u s e  it 

p r o v i d e d  an ideal d a t a  set for a s e i smic  e x p l o r a t i o n  

f e a s i b i l i t y  study, since the s t r a t i g r a p h y  e n c o u n t e r e d  in the 

two w e l l s  mos t l i kely r e p r e s e n t s  the two e x t r e m e  c o n d i t i o n s  

of po rou s, w a t e r - p r o d u c i n g  str a t a  v e r s u s  tight, 

n o n - p r o d u c i n g  str ata. T h e r e f o r e  the m o d e l e d  se ismic

r e s p o n s e s  from t h ese two w e ll s should show c o n t r a s t i n g  

w a v e f o r m  c h a r a c t e r i s t i c s ,  p e r h a p s  p r o v i d i n g  an e x p l o r a t i o n  

m e t h o d  for d i s c r i m i n a t i o n  of w a t e r - p r o d u c i n g  st ra ta from 

n o n - p r o d u c i n g  s t ra ta  based  on se ismic d ata alone. A l t h o u g h  

in this study there is a sa m p l i n g  at onl y two l o c a t i o n s  of 

the M a d i s o n  F o r m a t i o n ,  the v a r i a t i o n s  d e t e c t e d  can be
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g e n e r a l i z e d  to i n c lu de  the e x p e c t e d  d i s t r i b u t i o n  of 

p o r o s i t y ,  de nsity , and i n t e r v a l  v e l o c i t y  for the area of 

e x p l o r a t  i o n .

The o n l y  a l t e r n a t i v e  for st u d y i n g  the s t r a t i g r a p h i c  

e f f e c t s  on se is mic r e s p o n s e  is to s i m u l a t e  the e f f e c t s  of 

p e r m e a b i l i t y  and p o r o s i t y  by m a t h e m a t i c a l  met h o d s ,  or by 

s i m u l a t i n g  in -s itu  stre s s  c o n d i t i o n s  on rock s a m p l e s  in the 

l a b o r a t o r y .  M a t h e m a t i c a l  m o d e l i n g  has been  a p p l i e d  with 

some s u c c e s s  in the cas e of s a n d s t o n e  r e s e r v o i r s  in w h ic h 

the e f f e c t s  of p o r o s i t y ,  flu id type w i t h i n  the pores, and 

bulk p r o p e r t i e s  of the rock m a t r i x  are a c c o u n t e d  for in 

t e r m s  of v e l o c i t y  and d e n s i t y .  A r e l i a b l e  m a t h e m a t i c a l  

p r o c e d u r e  has not been d e r i v e d  for m o d e l i n g  c a r b o n a t e  rocks, 

p r o b a b l y  b e c a u s e  of the h e t e r o g e n e o u s  m a t e r i a l  c o m p r i s i n g  

the m a t r i x  and por e s t r u c t u r e .  M a t h e m a t i c a l  m o d e l i n g  of the 

M a d i s o n  c a r b o n a t e  r e s e r v o i r  was not a t t e m p t e d  in this thesis.
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D e s c r i p t i o n  of We l l  Data

The two test w e l l s  w e r e  d r i l l e d  and tested in a m a n n e r  

d e s i g n e d  to y i e l d  the m a x i m u m  am ou nt  of s t r a t i g r a p h i c ,

st r u c t u r a l ,  g e o p h y s i c a l ,  and h y d r o l o g i c  i n f o r m a t i o n  ab out 

the M a d i s o n  F o r m a t i o n .  I n f o r m a t i o n  c o l l e c t e d  fro m thes e 

w e l l s  i n c l u d e d  c o r e s  of s e l e c t e d  inte rvals,  we l l  logs, and 

p r o d u c t i v i t y  tests. C o n v e n t i o n a l  w e l l  logs were  r e c orded

d i g i t a l l y  at the well site and s u b s e q u e n t l y  a n a l y z e d  by 

p r o g r a m s  for this thesis.

The p a r t i c u l a r  l o c a t i o n s  of these w e lls was c h o s e n  by

the USGS because:

(1) The d e p t h  to the M a d i s o n  F o r m a t i o n  was not 

e x c e s s i v e ,  in w h i c h  the top of the M a d i s o n  was 2,200 

feet in the USGS M a d i s o n  No. 1 well, and 4,000 feet in 

the USGS M a d i s o n  No. 2 well.

(2) P r e s s u r e s  in the a q u i f e r  wer e a d e q u a t e  to a l low 

f l o w a g e  of w a te r at the s u r fac e w i t h o u t  pum pi ng.

(3) L o c a t i o n s  w e r e  on st at e or f e d e r a l l y  o w ne d land, 

and e a s i l y  a c c e s s i b l e .

The U SG S M a d i s o n  No. 1 w e l l  was d r i l l e d  in the 

n o r t h e a s t  q u a r t e r  of the s o u t h e a s t  qu a r t e r  of s e c t i o n  15, 

T57N, R 6 5 W  in C r ook County, W y o ming , about th irty m i les 

n o r t h  of Hulett, Wy o m i n g ,  and fifty miles n o r t h w e s t  of Belle 

Fo urche , South Dakota. The wel l  was d r i l l e d  to P r e c a m b r i a n
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c r y s t a l l i n e  rocks at a tot al d e p t h  of 4,355 feet b e l o w  the 

land surface.

The M a d i s o n  F o r m a t i o n  in this wel l  is a p p r o x i m a t e l y  750 

fee t thick, and is b o u n d e d  by D e v o n i a n  rocks of u n k n o w n  

f o r m a t i o n  name at the base, and the lower p o r t i o n  of the 

M i n n e l u s a  F o r m a t i o n  at the top. The Red R i ver F o r m a t i o n  in 

this we l l  is a b out 460 feet  thick, and rests on the W i n n i p e g  

F o r m a t i o n .  It is o v e r l a i n  u n c o n f o r m a b l y  by the Sto ny 

M o u n t a i n  Fo rm a t i o n .  D o l o m i t e  c o m p r i s e s  a b out  sixt y p e r c e n t  

of the M a d i s o n  F o r m a t i o n ,  w h ile a p p r o x i m a t e l y  n i n e t y  p e r c e n t  

of the Red Riv er F o r m a t i o n  is dolo mi te, w i t h  the rest being 

l i m e s t o n e  and anh y d r i t e .

The USGS M a d i s o n  No. 1 w e l l  was p r o d u c t i v e  and flowed 

w a t e r  fr ee l y  at the s u r f a c e  at a rate of a p p r o x i m a t e l y  650 

to 700 ga l / m i n .  S t r a t i g r a p h i c  units in the o p e n - h o l e  par t 

of the w e l l  that f l o w e d  w a t e r  i n c l u d e d  the M a d i s o n  

F o r m a t i o n ,  Red River, W i n n i p e g  and F l a t h e a d  Form a t i o n s .  It 

is t h e r e f o r e  e x p e c t e d  that a n a l y s i s  of the well  logs in this 

we l l  w il l show s e v e r a l  zon es that are p o r o u s  and p e r m ea ble.

The USG S M a d i s o n  No. 2 well is l o c a t e d  in the 

s o u t h e a s t e r n  q u a r t e r  of s e c t i o n  18, TIN, R54W, in C u st er 

C o u nt y, Mon t a n a .  The well p e n e t r a t e d  P r e c a m b r i a n

c r y s t a l l i n e  rocks at a to ta l d e p t h  of 9,394 feet. The 

M a d i s o n  F o r m a t i o n  in this wel l is a p p r o x i m a t e l y  1,185 feet 

thick and c o n s i s t s  p r e d o m i n a n t l y  of lim e s t o n e ,  wit h les se r
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a m o u n t s  of d o l o m i t e  and a n h y d r i t e .  The A m s d e n  F o r m a t i o n  

(P e n n s y l v a n i a n - M i s s i s s i p p i a n )  is above the M a d i s o n  and the 

M a d i s o n  F o r m a t i o n  is b o u n d e d  b e lo w by the J e f f e r s o n  G r o u p  

(De vonian). B e l o w  the M a d i s o n  F o r m at ion, the Red R i v e r 

F o r m a t i o n  is ab out 450 feet thick, and rests c o n f o r m a b l y  on 

the W i n n i p e g  F o r m a t i o n  and is o v e r l a i n  u n c o n f o r m a b l y  by the 

S t o n y  M o u n t a i n  F o r m a t i o n .  The Red R i v e r  F o r m a t i o n  is 

a p p r o x i m a t e l y  70 p e r c e n t  l i m e s t o n e  and 30 p e r c e n t  do lomite . 

The w a t e r  y i el d in this well was about 50 g a l / m i n  fro m the 

M a d i s o n  and Red R i v e r  i n t er va l, w h i c h  is s i g n i f i c a n t l y  

s m a l l e r  than the p r o d u c t i o n  rate of the USGS M a d i s o n  No. 1 

well. I n t e r p r e t a t i o n  of t r a c e r  logs s u g g e s t e d  that the 

m a j o r i t y  of w a te r flow was f r o m  Red Ri ver d o l o m i t e  zones 

( B l a n k e n n a g e l  and others , 1977).

W e l l  Log A n a l y s i s

The o b j e c t i v e  of the well log an a l y s i s  was to d e t e r m i n e  

r e l a t i o n s h i p s  of rock type, por e st ru cture,  p e r m e a b i l i t y ,  

and fl ui d c o n t e n t  to v e l o c i t y  and density . V e l o c i t y  and 

d e n s i t y  are the p r i m a r y  p a r a m e t e r s  of a c o u s t i c  im p e d a n c e  

(the p r o d u c t  of v e l o c i t y  w i t h  d e n s ity ),  w h i c h  is used in the 

r e f l e c t i o n  c o e f f i c i e n t  f o r m u l a  for g e n e r a t i n g  n o r m a l l y  

i n c i d e n t  p l a n e - w a v e  s y n t h e t i c  s e i s m o g r a m s .  Havin g

e s t a b l i s h e d  the zones of i m p o r t a n t  water flow using well  log
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e v a l u a t i o n  t e c h n i q u e s ,  the a c o u s t i c  i m p e d a n c e  p a r a m e t e r s  can 

be e a s i l y  d e t e r m i n e d .  T h e s e  c an then be used to p r e d i c t  the 

s e ismi c re ponse c h a r a c t e r i s t i c s  of these zones. The se ismic 

re s p o n s e  f rom the w e l l  is a g u i d e  for i n t e r p r e t i n g  seis mic 

d at a -- the i n t e r p r e t e r  has c a l i b r a t e d  a s e i smic  w a v e f o r m  to 

d e n o t e  a s p e c i a l  l i t h o l o g i c  c o n d i t i o n .

If the s t r a t i g r a p h i c  i n t e r v a l  under  c o n s i d e r a t i o n  is 

t h i c k  e n o u g h  the r e s p o n s e  m ay be m e a s u r e d  d i r e c t l y  on 

s e i smic data. How ev er, if the zone is too thin, the se is mic 

r e s p o n s e  m ay  not be d i r e c t l y  ap par ent , but may m a n i f e s t  

itself in some o t h e r  way. For exampl e, a se ries of thin 

beds that have hig h  a c o u s t i c  im p e d e n c e  c o n t r a s t  may not be 

i n d i v i d u a l l y  re s o l v e d  on a se ismic trace, but tak en  to g e t h e r  

as a g r o u p  of r e f l e c t i o n s  o ve r an interv al  may be d i a g n o s t i c  

of g e o l o g i c  c o n d i t i o n s  in the interval.

A u t o m a t i c  B l o c k i n g  of Log Data

W h i l e  m e t h o d s  of i n t e r p r e t i n g  well log d a t a  are w i d e l y  

known, t e c h n i q u e s  for o b t a i n i n g  the d a t a  f ro m the logs 

vary. M a n y  log a n a l y s t s  still use the q u ic k and e c o n o m i c a l  

m e t h o d  of p i c k i n g  v a lu es  d i r e c t l y  from the p a p e r  re cords of 

a log c u r v e  and p l o t t i n g  these p o i n t s  on p a pe r for 

e v a l u a t i o n .  A n o t h e r  m e t h o d  w i d e l y  used is to d i g i t i z e  log 

d a t a  at e v e n l y  s p a c e d  int er vals,  and a l l o w  a c o m p u t e r
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p r o g r a m  to g e n e r a t e  c r o s s p l o t s ,  s t a t i s t i c a l  c o m p u t a t i o n s ,  

and o t h e r  v a r i a b l e s  at the s e l e c t e d  i n t e r v a l s  of interest.

B o t h  of t h es e t e c h n i q u e s  have t h e i r  m e r i t s  and 

s h o r t c o m i n g s .  The h a n d - p i c k i n g  m e t h o d  a l lows c u rv e da t a  to 

be e d i t e d  as it is p i c k e d ,  but is a very slow and 

t i m e - c o n s u m i n g  p r o c e d u r e  w h e n  large i n t e r v a l s  or many  wells 

are to be e v a l u a t e d .  On the o t h e r  hand, the mor e  a u t o m a t i c  

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

re s u l t  in too m a n y  p o i n t s  being i n t r o d u c e d  into the 

c r o s s p l o t s ,  w it h a r e l a t i v e l y  large p o i n t  scatter. On such 

c r o s s p l o t s  it is d i f f i c u l t  to a c c u r a t e l y  s e le ct t r ends  and 

s i m u l t a n e o u s l y  reta i n  a re cord of d e p t h s  of d at a values. It 

is also d i f f i c u l t  to tell w h e t h e r  a p a r t i c u l a r  data  value 

r e p r e s e n t s  the true re a d i n g  of a f o r m ation,  or is o nl y a 

t r a n s i t i o n  value b e t w e e n  bed layers due to a v e r a g i n g  e f f e c t s  

of the lo gging tool.

Th e r e f o r e ,  to o v e r c o m e  these p r o b l e m s ,  a c o m p u t e r  

p r o g r a m  (not p u b l i c l y  ava ila bl e) was w r i t t e n  to 

a u t o m a t i c a l l y  bloc k w e l l  log c u rv e data, and reduce the 

n u m b e r  of dat a  p o i n t s  m a k i n g  up a c r o s s p l o t .  B l o c k i n g  is a 

t e c h n i q u e  of a u t o m a t i c a l l y  s e l e c t i n g  an a v e r a g e  value of log 

d a t a  o v e r  an in t e r v a l  w h e r e  the log c u rve is not v a r ying  

more th a n  a p r e d e f i n e d  d e v i a t i o n .  B l o c k e d  log va lues  

t h e r e f o r e  r e p r e s e n t  l i t h o l o g i c  la yers and e x c l u d e s  the 

t r a n s i t i o n  b e t w e e n  c u r v e s ,  and very thi n beds. The
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t e c h n i q u e  allows  for a user to make a d e c i s i o n  as to w h i c h  

b l o c k e d  dat a  is to be used  in a g i v e n  c r o s s p l o t .  Fi gu r e  3 

s h ows the d i g i t i z e d  c u r v e  d a t a  from the USGS M a d i s o n  No. 2 

w e l l  w i t h  the b l o c k i n g  o v e r l a i n .  The r e s u l t i n g  b l o c k e d  

c u r v e s  are then o v e r l a y e d  and h a n d p i c k e d  to p r o d u c e  the d a t a  

p o i n t s  for g r a p h i c a l  an alysis.

R e s u l t s  of p i c k i n g  the M a d i s o n  and Red Riv er F o r m a t i o n s  

are s h own in T a b l e  I (Appe ndix A) for the p r o d u c t i v e  USGS 

M a d i s o n  No. 1 well, and T a b l e  II (Ap pendix A) for the 

n o n - p r o d u c t i v e  USGS M a d i s o n  No. 2 well. Alo ng w i t h  the 

v a l u e s  p i c k e d  fr o m  the w e l l  logs, se v e r a l  c o m p u t e d  

p a r a m e t e r s  are l i s t e d  also, i n c l u d i n g  the r e f l e c t i o n  

c o e f f i c i e n t s  and t w o - w a y  t r a v e l  times fro m  the s u r face to 

the top of each horizo n.
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F i g u r e  3. A u t o m a t i c  b l o c k i n g  of the i n t e r v a l - t r a n s i t - t i m e  
c u r v e  and d e n s i t y  c u rve.  B l o c k e d  v a l u e s  wer e  the n s e l e c t e d 
and used in the c r o s s p l o t  a n a l y s i s .
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F r e q u e n c y  D i s t r i b u t i o n

D i s p l a y s  of r e l a t i v e  f r e q u e n c i e s  of p o r o s i t y ,  densi ty ,  

and v e l o c i t y  f r o m  the M a d i s o n  F o r m a t i o n  and Red R i ver

F o r m a t i o n  for the two w e l l s  are shown by the h i s t o g r a m  p l o t s 

s t a r t i n g  on page 31. To c o n t r a s t  the l i t h o l o g i e s  from the 

two we lls, the f o r m a t  of the pl o t  is to sho w dat a  va lu es

fr o m  the p r o d u c t i v e  USGS  M a d i s o n  No. 1 well along the left 

side of the plot, and v a l u e s  from the n o n - p r o d u c t i v e  USGS

M a d i s o n  No. 2 well along the right side of the plot. Data

fro m  the M a d i s o n  i n t e r v a l  is s h ow n in the upper half of each 

figure, and data for the Red Ri ve r i n t erv al  is shown in the 

low er  h a l f .

The r e l a t i v e  f r e q u e n c y  d i s t r i b u t i o n  for p o r o s i t y ,

o b t a i n e d  fr o m  the n e u t r o n  p o r o s i t y  log, is show n in F i gu re

4. Thi s p l o t  shows h i g h e r  p o r o s i t y  zones in the USGS 

M a d i s o n  No. 1 well, p a r t i c u l a r l y  in the Red Ri ve r interval,

w h e r e  the m a j o r i t y  of p o i n t s  c l u s t e r  a r o u n d  the 20 p e r c e n t  

p o r o s i t y  value. P o r o s i t y  in the M a d i s o n  i n t erval from the 

p r o d u c t i v e  USG S M a d i s o n  No. 1 w el l are m ore u n i f o r m l y

d i s t r i b u t e d .

The h i s t o g r a m  of p o r o s i t y  for the n o n - p r o d u c t i v e  USGS 

M a d i s o n  No. 2 wel l  d e m o n s t r a t e s  the o c c u r e n c e  of low 

p o r o s i t y  zones. P o r o s i t y  v a l u e s  have a sk ewed d i s t r i b u t i o n  

for the upper M a d i s o n  and Red Rive r interval, whi le  in the
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l o we r M a d i s o n  i n t e r v a l  the va lues are s o m e w h a t  higher, 

p e a k i n g  a r o u n d  an a v e r a g e  p o r o s i t y  of 10 pe rce n t .

F i g u r e  5 is the h i s t o g r a m :  plo t  of d e n s i t y  values, 

p l o t t e d  w i t h  a f o r m a t  s i m i l a r  to F i g u r e  4. S i nce  d e n s i t y  

has an inverse  r e l a t i o n s h i p  w i t h  p o r o sity,  the d i s t r i b u t i o n  

of d e n s i t y  v a lues was e x p e c t e d  to re f l e c t  the d i s t r i b u t i o n  

of the p o r o s i t y  hist o g r a m .

The p o r o u s  zone of the Red R i v e r  i n t e r v a l  from the 

p r o d u c t i v e  USGS M a d i s o n  No. 1 wel l shows a c l u s t e r i n g  of low 

d e n s i t y  values, a g r e e i n g  w i t h  the p o r o s i t y  h i s t og ram. 

Ho wev er, the M a d i s o n  i n t e r v a l  shows a peak of d e n s i t y  v a lu es 

a r o u n d  2.50 gm /cm ^,  w h i l e  the p o r o s i t y  h i s t o g r a m  is 

r e l a t i v e l y  flat. This is an i n d i c a t i o n  that there is 

p r o b a b l y  a m i x t u r e  of rock typ es in this inter val, in w h i c h  

a wid e range of p o r o s i t y  o c c u r s  over a r e l a t i v e l y  n a r r o w  

range of den si ty. Thi s w o u l d  be e x p e c t e d  in a tid al flat 

e n v i r o n m e n t  in w h i c h  m i x t u r e s  of subtidal, i n t e rtid al , and 

s u p r a t i d a l  c a r b o n a t e  rock s are d e p o s i t e d  as the tidal flats 

p r o p a g a t e  seaward. This is u n f o r t u n a t e  b e c a u s e  the re la ti ve 

a m p l i t u d e  of a r e f l e c t i n g  lay er  is d i r e c t l y  p r o p o r t i o n a l  to 

de n s i t y ,  and the d i s c r i m i n a t i o n  pow er for d e t e c t i n g  p o r o s i t y  

w i l l  be re duced so mewhat.

The d i s t r i b u t i o n  of d e n s i t y  v a l u e s  for the 

n o n - p r o d u c t i v e  M a d i s o n  and Red River i n t e r v a l s  in the USGS 

M a d i s o n  No. 2 w ell are in goo d  a g r e e m e n t  w ith the p o r o s i t y
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d i s t r i b u t i o n .  G e n e r a l l y  the low p o r o s i t y  zones have high 

d e n s i t y  values.

The fin al h i s t o g r a m  plot, Fi gure  6, is for i n t e r v a l  

v e l o c i t y ,  w h i c h  als o has a d i r e c t  e f f e c t  on se is mic  

r e f l e c t i o n  st ren gth. In both we lls, though, the

d i s t r i b u t i o n  of v e l o c i t y  v a l u e s  is r e l a t i v e l y  unifo rm , wit h  

the p o s s i b l e  e x c e p t i o n  of the Red R i v e r  i n t e r v a l  in the 

n o n - p r o d u c t i v e  USG S M a d i s o n  No. 2 well. In this case, the 

h i s t o g r a m  p eak is d e f i n i t e l y  s h i f t e d  to h i gh er v e l o c i t i e s ,  

c o r r e s p o n d i n g  to the h i s t o g r a m  peak of low p o r o s i t y  values. 

G e n e r a l l y  these p l o t s  i n d i c a t e  that a w i d e  range of 

v e l o c i t i e s  ex is t for the n a r r o w  range of p o r o s i t y  values. 

A g a i n  this  d e t r a c t s  f r o m  using s e i s m i c  d a t a  as an 

e x p l o r a t i o n  tool, b e c a u s e  the v e l o c i t y  c o n t r a s t s  of two 

la y e r s  w i t h  d i f f e r e n t  p o r o s i t i e s  will be low, r e s u l t i n g  in a 

s m all r e f l e c t i o n  a m p l i t u d e .  The upper M a d i s o n  F o r m a t i o n  in 

the No. 2 wel l  also sho ws a shift  to h i gher v e l o c i t i e s ,  

w h i c h  c o r r e l a t e s  to the h i s t o g r a m  peak of low p o r o s i t i e s .  

The l o wer  M a d i s o n  sh ows a m o r e  u n i f o r m  d i s t r i b u t i o n  of 

v e l o c i t i e s ,  w h i l e  the h i s t o g r a m  plo t of p o r o s i t i e s  pe aks  

a r o u n d  8 to 10 percent .
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S e c o n d a r y  Po r o s i t y

Si nc e the M a d i s o n  and Red River  i n t e r v a l s  are r e l a t i v e l y  

free of shale  or gas, the o v e r l a y  of p o r o s i t y  d e r i v e d  from 

the a c o u s t i c  log w i t h  the n e u t r o n  p o r o s i t y  log p r o v i d e s  a 

m e a n s  of l o c a t i n g  s e c o n d a r y  p o r o s i t y  zones ( S c h l u m b e r g e r , 

1972, p. 71). W h e n  s e c o n d a r y  p o r o s i t y  o c c u r s  in a c a r b o n a t e  

rock, such as vugs or f r a c t u r e s ,  the a c o u s t i c  log y i e l d s  a 

low v a lue  for p o r o s i t y  w h e n  "normal"  r e s p o n s e  r e l a t i o n s  are 

used. W h e n  p l o t t e d  on the same sca le w i t h  the n e u t r o n 

p o r o s i t y  log, a s s u m i n g  that the p r o p e r  s c a ling  for m i n e r a l  

type has been used, the s e p a r a t i o n  of the two c u r v e s  may 

i n d i c a t e  the e f f e c t s  of s e c o n d a r y  p o r os it y.

F i g u r e  7 shows  this o v e r l a y  plot  for the bl o c k e d  dat a 

fr o m  the w a t e r  p r o d u c i n g  USGS M a d i s o n  No. 1 well. The upper 

p a r t  of the M a d i s o n  F o r m a t i o n ,  from 2, 600 to 2, 850 feet 

sh ows  li tt le s e p a r a t i o n ,  but b e g i n n i n g  at 2,900 feet the two 

c u r v e s  separate, and are s i g n i f i c a n t l y  s e p a r a t e d  past  3,050 

feet, w h i c h  c o m p r i s e s  the Red R i v e r  interval.

The same plot for the n o n - p r o d u c t i v e  USGS M a d i s o n  No. 2 

w e l l  is s h ow n in Figu r e  8. B o t h  the M a d i s o n  and Red River 

i n t e r v a l s  appe a r  to have l i t t l e  s e c o n d a r y  p o r o s i t y  effects, 

as the c u r v e s  track e ac h o t h e r  t h r o u g h  the int erval.
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Madison interval
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F i g u r e  4. C o m p a r i s o n  of p o r o s i t y  d i s t r i b u t i o n  b e t w e e n  the 
w a t e r  p r o d u c t i v e  USGS M a d i s o n  No. 1 w e l l  (left side) with 
the n o n - p r o d u c t i v e  U SG S M a d i s o n  No. 2 w e l l  (right side) for 
the M a d i s o n  F o r m a t i o n  (top) and Red R i v e r  F o r m a t i o n  ( b o t t o m ) .
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Madison interval

USGS Madison No.1
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F i g u r e  5. C o m p a r i s o n  of the d e n s i t y  d i s t r i b u t i o n  b e t w e e n
the w a t e r  p r o d u c i n g  USGS M a d i s o n  No. 1 w ell (left side) and
the n o n - p r o d u c t i v e  USG M a d i s o n  No. 2 wel l  (right side) for
the M a d i s o n  F o r m a t i o n  (top) and the Red R i ver F o r m a t i o n
(b o t t o m ) .
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Madison interval

USGS Madison No. 1
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F i g u r e  6. C o m p a r i s o n  of v e l o c i t y  d i s t r i b u t i o n  b e t w e e n  the 
w a t e r  p r o d u c i n g  USGS M a d i s o n  No. 1 w el l (left side) w i t h  the 
n o n - p r o d u c t i v e  USGS M a d i s o n  No. 2 w el l (right side) for the 
M a d i s o n  F o r m a t i o n  (top) and Red Riv er F o r m a t i o n  (bottom).
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W e l l  Log C r o s s p l o t s

The three p o r o s i t y  logs f r o m  the USGS M a d i s o n  No. 1 and 

No. 2 w e l l s  were  a n a l y z e d  in c r o s s p l o t s  to d e t e r m i n e  the 

l i t h o l o g i c  t r ends in the M a d i s o n  F o r m a t i o n  and the Red Ri ve r 

F o r m a t i o n .  C r o s s p l o t s  wer e  c o n s t r u c t e d  of the d e n s i t y  

v e r s u s  sonic t r a v e l  time, n e u t r o n  p o r o s i t y  v e r s u s  sonic 

t r a v e l  time, and n e u t r o n  p o r o s i t y  v e r s u s  den s i t y .  Also,

c r o s s p l o t s  using c o m b i n a t i o n s  of the three  p o r o s i t y  logs 

w e r e  c o n s t r u c t e d .  V a r i a b l e s , c a l l e d  "M" and "N", are

d e p e n d e n t  on the t h r e e  p o r o s i t y  logs, and p r o d u c e  a

c r o s s p l o t  in w h i c h  rock m i n e r a l s  are r e p r e s e n t e d ,  in 

p r i n c i p l e ,  by u n i q u e  p o i n t s  on the c r o s s p l o t  r e g a r d l e s s  of 

t h e i r  p o r o s i t y .  This g r a p h i c a l  p r o c e d u r e  allo w s  qui ck 

i d e n t i f i c a t i o n  of those zones in the M a d i s o n  F o r m a t i o n  and 

Red R i v e r  F o r m a t i o n  w h i c h  may have a q u i f e r  c h a r a c t e r i s t i c s

( c a r b o n a t e  rock w i t h  hig h  p r i m a r y  or s e c o n d a r y  p o r o s i t y ) , 

and tho se  that are tight and n o n - p r o d u c t i v e .

The v a r i a b l e  "M" is d e f i n e d  as

A t  - A t
M = --------------- X .01

P b  ' p f

where A t ^  is the interval-transit-time of the
fluid in the pores 

A t  is the interval-transit-time from the
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log data

p £ is the d e n s i t y  of the fl uid in the 

p o res

p k is the bul k d e n s i t y  fr o m  the log 

data

The va lue "M", e x c e p t  for the sc aling f a ct or .01, is the 

slope of a line r e p r e s e n t i n g  a p a r t i c u l a r  m i n e r a l  along its 

full range of p o r o s i t y .  Thus, in p r i n c i p l e ,  the value "M" 

is d e p e n d e n t  onl y on the f l uid and m a t r i x  c h a r a c t e r i s t i c s ,  

and i n d e p e n d e n t  of p o r o s i t y  (S c h l u m b e r g e r , 1972). That is,

if the p o r o s i t y  is w r i t t e n  in terms of sonic tr av e l  time and 

de n s i t y ,  then

0 = A t f " A t  P b  ~ Pt

so that

M =

Al:f - A t  'f m P m r f

A t .  - A t  A t  - A tr r m
P b P f P m

= c o n s t a n t ,  r e g a r d l e s s  of p o r o s i t y  

In a s i mi lar ma nn er,  N is d e f i n e d  as

(0 ) - 0 N f NN =
P b f

w h e r e  ($ ) is n e u t r o n  p o r o s i t y  of the fluid
N f

0 is the n e u t r o n  p o r o s i t y  from the
N
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log d ata  and

p and p are d e f i n e d  in the 

e x p r e s s i o n  for M

The p a r a m e t e r  "N" is the slo pe of a line r e p r e s e n t i n g  a 

p a r t i c u l a r  m i n e r a l  along its ful l range of p o r o s i t y  on a 

c r o s s p l o t  of n e u t r o n  p o r o s i t y  v e r s u s  density . As in the 

c a s e  for the p a r a m e t e r  " M M , "N" is d e p e n d e n t  only on the 

fluid and m a t r i x  c h a r a c t e r i s t i c s  of the rock. The values of 

"M" and "N" will be a c c u r a t e  only  if the p o r o s i t y  is linear 

b e t w e e n  the m a t r i x  p o i n t  and fl ui d point.

The o t h e r  ty pe s of c r o s s p l o t s  used to a n a l y z e  the 

M a d i s o n  and Red R i v e r  F o r m a t i o n s  were the sonic trav e l  time 

v e r s u s  de nsity, sonic t r a v e l  time v e rsus  n e u t r o n  poros it y, 

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

c o m b i n a t i o n s  of c r o s s p l o t s  help to d i s c r i m i n a t e  be twee n 

d i f f e r e n t  l i t h o l o g i e s  in the f o r m a t i o n s .  Once  a

c l a s s i f i c a t i o n  of rock types is a c c o m p l i s h e d ,  then it is a 

si mple m a t t e r  to c o m p u t e  a c o u s t i c  i m p e dan ce  for the c l a s s e s  

or rock types.

In a d d i t i o n  to the log d a t a  d e s c r i b e d  above, the 

g a m m a - r a y  log was c h e c k e d  for zones of s h a l i n e s s  to aid in 

the i n t e r p r e t a t i o n  of the c r o s s p l o t s .  G e n e r a l l y  the va lues 

s e l e c t e d  f r o m  the c u r v e s  w ere clean, and q u a n t i t a t i v e  

c o r r e c t i o n s  to the neutron, sonic, and d e n s i t y  c u r v e s  were 

not made. In zones w h e r e  the c a l i p e r  log i n d i c a t e d  hole 

w a s h o u t  or damage, the c o r r e s p o n d i n g  v a lu es  f rom  the bl oc ked
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logs w e r e  si mply not p i c k e d  and used in the c r o s s p l o t s .  

Hole w a s h o u t  was not a s i g n i f i c a n t  p r o b l e m  t h r o u g h  the 

M a d i s o n  and Red R i ve r in tervals .

R e s u l t s  of C r o s s p l o t  A n a l y s i s

The f a m i l y  of c r o s s p l o t s  we r e  c o n s t r u c t e d  on two 

p r i m a r y  zon es of in t e r e s t  in the p r o d u c t i v e  USGS M a d i s o n  No. 

1 well, and three zones f r o m  the n o n - p r o d u c t i v e  USGS M a d i s o n  

No. 2 well. The two zon es in the M a d i s o n  No. 1 w e l l  were
V

the M a d i s o n  F o r m a t i o n ,  r a ng ing in d e p t h  fro m 2,600 to 3,050 

feet, and the Red R i v e r  F o r m a t i o n ,  from  3, 050 to 3,471 

feet. B e c a u s e  the M a d i s o n  F o r m a t i o n  is a t h i c k e r  unit at 

the USG S M a d i s o n  No. 2 well, this int e r v a l  was d i v i d e d  into 

two se c t i o n s .  D i v i s i o n  of the M a d i s o n  in t e r v a l  was ma d e  at 

an u p p e r  i n t e r v a l  of 6, 505 to 7, 634 feet, and a lower 

i n t e r v a l  of 7,646 to 8,087 feet. The Red R i v e r  i n t e r v a l  in 

this w e l l  range s from 8,100 to 8,563 feet bel ow g r o u n d  level.

The c r o s s p l o t s  are s h ow n in F i g u r e s  9 t h r o u g h  16 for 

the USG S  M a d i s o n  No. 1 well, and in F i g u r e s  17 t h r o u g h  28 

for the USGS M a d i s o n  No. 2 well. Pure l i t h o l o g y  lines are 

d r a w n  on e a c h  fi gu r e  and i n d i c a t e  the re sp onse of the logs 

for d i s t i n c t  rock types w i t h  v a r yi ng p o r o s i t i e s .  Roc k types 

and m a t r i x  v a l u e s  used (all af ter S c h l u m b e r g e r , 1972) were
3d o l o m i t e ,  w i t h  m a t r i x  d e n s i t y  = 2.87 g m / c m  and m a trix
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v e l o c i t y  = 20,900 ft/sec, lim es to ne, w i t h  m a t r i x  d e n s i t y  =
32.78 g m / c m  and m a t r i x  v e l o c i t y  = 1 9 , 0 0 0  ft/sec, and

3a n h y d r i t e ,  w i t h  m a t r i x  d e n s i t y  = 2.92 g m / c m  and m a t r i x

v e l o c i t y  = 22 ,800 ft/sec.  The log c a l i b r a t i o n  for the

n e u t r o n  p o r o s i t y  was c o m p u t e d  using a l i m e s t o n e  matrix, and 

so the p u r e  d o l o m i t e  line  on the c r o s s p l o t s  i n v o lvin g 

n e u t r o n  p o r o s i t y  are c o m p e n s a t e d .

F l u i d  p a r a m e t e r s  s e l e c t e d  for the c r o s s p l o t s  of "M" 

v e r s u s  "N" were  189 m i c r o s e c o n d s / f t  for the sonic trav e l
3time, 1.0 g m / c m  for the d e n si ty, and 100 p e r c e n t  for the 

n e u t r o n  por o s i t y .
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USGS M A D I S O N  NO. 1 

P R O D U C T I V E  CASE

M a d i s o n  I n t e r v a l

The n e u t r o n  p o r o s i t y  v e r s u s  d e n s i t y  c r o s s p l o t  for the 

M a d i s o n  i n t e r v a l  (Fig. 9) sh ows in g e n e r a l  that the hi gher  

p o r o s i t y  va lu es  c o r r e s p o n d  to low er va lu e s  of density , and 

h i g h e r  v a l u e s  of sonic t r a v e l  tim es (Fig. 10) . This trend 

is c o n f i r m e d  by the c u t t i n g s  and core samples  t a k e n  from  the 

w el l ( B l a n k e n n a g e l  and others , 1977). T h e r e f o r e  the p r o d u c t  

of v e l o c i t y  and d e n si ty, or the a c o u s t i c  impedanc e, should 

f o l l o w  the same trend, and w o u l d  t h e r e f o r e  be an i n d i c a t o r  

for p o r o s i t y  v a r i a t i o n s  on a s e i s m i c  r e f l e c t i o n  p r o fi le.

The d a t a  p o i n t s  of the M a d i s o n  F o r m a t i o n  are s c a t t e r e d  

on the p l o t s  of n e u t r o n  p o r o s i t y  versus density,  and n e u t r o n  

p o r o s i t y  ver s u s  sonic t r a v e l  time, F i g u r e s  9 and 10, 

i n d i c a t i n g  a m i x t u r e  of rock types. How ev er , the p o i n t s  

c o n c e n t r a t e  around  the g e n e r a l i z e d  l i m e s t o n e  line at low 

p o r o s i t i e s ,  and m i g r a t e  t o w a r d  the g e n e r a l i z e d  d o l o m i t e  line 

as p o r o s i t i e s  become higher . This i n d i c a t e s  that p o r o s i t y  

d e v e l o p s  up to 30 p e r c e n t  in the l i m e s t o n e  - d o l o m i t e  

m i x t u r e ,  as shown in F i g u r e  9, as the c o n c e n t r a t i o n  of 

d o l o m i t e  increases.
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P o r o s i t y  d e v e l o p m e n t  in c a r b o n a t e  rocks can o c c u r  in 

s e v e r a l  ways  be c a u s e  c a r b o n a t e  rocks o r i g i n a t e  in a v a r i e t y  

of f a c i e s  typ es and are late r c o m p l e x l y  a l t e r e d  t h r o u g h  

d i a g e n e t i c  infl u e n c e s .  D i a g e n e t i c  a l t e r a t i o n s  can e n h a n c e  

p o r o s i t y  or c o m p l e t e l y  d e s t r o y  it. The d i a g e n e t i c  e f f e c t s  

on l i m e s t o n e  c h a n g i n g  to d o l o m i t e  is to c r e a t e  a sl i g h t l y  

more c o m p a c t  c r y s t a l  lattice, and t h e r e f o r e  y i e l d  some 12 to 

13 p e r c e n t  i n t e r c r y s t a l l i n e  or su c r o s i c  p o r o s i t y  to the 

p o r o s i t y  that o r i g i n a l l y  e x i s t e d  in the rock (Murran, 1960).

The sonic  t r avel time v e r s u s  d e n s i t y  c r o s s p l o t ,  F i g u r e  

11, is c o n f u s i n g  as it s h ows most of the d a t a  p o i n t s  

p l o t t i n g  along a trend above the pure l i m e s t o n e  line. In 

fact, this is the re gi on  w h e r e  a pur e  si lic a line wo uld 

plot, a l t h o u g h  the c u t t i n g s  and c o re s i n d i c a t e  that the 

s i l i c a  m a t e r i a l  is not p r e s e n t  (Ryder, per. comm., 1979). 

This is p r o b a b l y  b e c a u s e  the sonic m e a s u r e m e n t  r e s pond s 

d i f f e r e n t l y  to p o r o s i t y  in voids  that is h o m o g e n e o u s l y  

d i s t r i b u t e d  t h r o u g h o u t  the m a t r i x  than it does to v u l g u l a r  

p o r o s i t y  and p o r o s i t y  in voids c r e a t e d  t h r o u g h  f r a c t u r i n g  of 

the rock. Thus, the sonic t r a v e l  time log ( A t )  is not 

a f f e c t e d  as m uch by a unit of vuggy or f r a c t u r e  po r o s i t y ,  

and the m e a s u r e m e n t  is c o n s e q u e n t l y  s m a l l e r  that the A t  

w o u l d  be in h o m o g e n e o u s l y  d i s t r i b u t r e d  p o r o s i t y .  The result 

is that p o i n t s  on the sonic travel time ve rsu s d e n s i t y  

c r o s s p l o t  are s h i ft ed  to the lower t r a v e l  time values, and
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this e f f e c t  must be t a ke n into ac count w h e n  a t t e m p t i n g  to

d e t e r m i n e  lit ho lo gy. H o w ev er , the f a i r l y  li ne ar trend of 

d e n s i t y  w ith sonic t r av el  time is easily r e c o g ni ze d.

The d e n s i t y  log and n e u t r o n  log both  r e sp ond to the 

t o t a l  p o r o s i t y  of the f o r m a t i o n .  Thus the "M" and "N"

c r o s s p l o t  w o u l d  s ho w t h e s e  p o i n t s  p l o t t i n g  abo ve the

d o l o m i t e  - l i m e s t o n e  line since the value "N" is not

a f f e c t e d  by s e c o n d a r y  p o r o s i t y  w h il e the p a r a m e t e r  "M" is 

a f f e ct ed , since it in v o l v e s  the sonic tr avel time data. The 

a m o u n t  of i n c rease  in "M" is also d e p e n d e n t  on the amount of 

p r i m a r y  p o r o s i t y  in the rock.

The "M" and "N" c r o s s p l o t  for the M a d i s o n  in t e r v a l  (Fig. 

12) a g r e e s  w i t h  the d a t a  f rom c u t t i n g s  and core s 

( B l a n k e n n a g e l  and others, 1977). The i n t e r v a l  is c o m p o s e d  

p r i m a r i l y  of a bina ry  m i x t u r e  of l i m e s t o n e  and d o l o m i t e  with 

go o d  p r i m a r y  and s e c o n d a r y  p o r o s i t y  d e v e l o p m e n t .  Shale or 

a n h y d r i t e  are not p r e s e n t  in the interval.

Red R i v e r  Interv al

The Red River i n t e r v a l  is d o m i n a t e d  by a n a r r o w e r  range 

of rock m i x t u r e s  as i n d i c a t e d  by the d e n s i t y  v e r s u s  n e u t r o n 

p o r o s i t y  c r o s s p l o t ,  F i g u r e  13, the sonic trav e l  time versus 

n e u t r o n  c r o s s p l o t ,  F i g u r e  14, and the "M" v e rsus "N" 

c r o s s p l o t ,  F i gu re  15. The d e s c r i p t i o n  of l i t h o l o g y  from the
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c u t t i n g s  and c o r e s  ( B l a n k e n n a g e l  and others, 1977) shows 

thi s zone to be c o m p o s e d  e n t i r e l y  of d o l o m i t e  w i t h  fair to 

g o o d  f r a c t u r e  and v u g u l a r  p o r o s i t y .  This zone also p r o d u c e d  

a ver y h i g h  w a t e r  fl o w  of ab ou t 700 g a l / m i n  d u r i n g  the 

tes ting of the well.

The sonic  t r a v e l  time v e r s u s  n e u t r o n  p o r o s i t y  c r o s s p l o t ,  

F i g u r e  14, c o n f i r m s  the g e n e r a l  rock type to be m a i n l y  

d o l o m i t e ,  w h i l e  the d e n s i t y  v e r s u s  n e u t r o n  p o r o s i t y

c r o s s p l o t ,  F i g u r e  13, sh ows a r e l a t i v e l y  tig ht c l u s t e r  of 

d a t a  p o i n t s  lying along a tre nd b e t w e e n  the pure d o l o m i t e

and l i m e s t o n e  lines, i n d i c a t i n g  a m i x t u r e  of c a r b o n a t e  rock 

t y p e s  t h r o u g h  the Red R i v e r  F o r m ation. The d e n s i t y  v e rsus  

sonic t r a v e l  time c r o s s p l o t ,  F i g u r e  15, shows the same 

p a t t e r n  as in the M a d i s o n  i n t e r v a l  for this well, in w h i c h  

p o i n t s  c l u s t e r  along a trend to the left side of the pl o t

due to the e f f e c t s  of s e c o n d a r y  p o r o s i t y  on the int e r v a l  

t r a n s i t  time log. The "M" and "N" c r o s s p l o t ,  F i g u r e  16,

shows a f a i r l y  ti ght c l u s t e r  of p o i n t s  in the s e c o n d a r y  

p o r o s i t y  region of the plot.
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USGS Madison No. 1
Madison interval
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F i g u r e  9. R e l a t i o n s h i p  b e t w e e n  d e n s i t y  and p o r o s i t y  for the 
M a d i s o n  F o r m a t i o n  of the p r o d u c t i v e  USGS M a d i s o n  No. 1 
well. The ideal r e s p o n s e  c u r v e s  (solid lines) r e p r e s e n t  log 
v a l u e s  of d i s t i n c t  rock t y p e s  for v a r y i n g  p o r o s i t i e s  
(S c h l u m b e r g e r , 1979, p. 25).
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USGS Madison No. 1
Madison interval
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F i g u r e  10. R e l a t i o n s h i p  b e t w e e n  p o r o s i t y  and i n t e r v a l  
tr av e l  tim e for the M a d i s o n  F o r m a t i o n  of the p r o d u c t i v e  USGS  
M a d i s o n  No. 1 well. The i d ea l r e s p o n s e  c u r v e s  (solid lines) 
r e p r e s e n t  log v a l u e s  of d i s t i n c t  rock typ es for v a r y i n g  
p o r o s i t i e s  (S c h l u m b e r g e r , 1979, p. 29).
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F i g u r e  11. R e l a t i o n s h i p  b e t w e e n  d e n s i t y  and i n t e r v a l  
t r a n s i t  t ime  for the p r o d u c t i v e  M a d i s o n  i n t e r v a l  of the USGS  
M a d i s o n  No 1 w e ll . The ide al r e s p o n s e  c u r v e s  (solid lines) 
r e p r e s e n t  log v a l u e s  of d i s t i n c t  rock t y pes for v a r y i n g  
p o r o s i t i e s  ( S c h l u m b e r g e r ,  1979, p. 13).
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USGS Madison No. 1
Madison interval
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Figure 12. M versus N crossplot of the Madison interval
from the productive USGS Madison No. 1 well. The variable
"M" and "N" are defined in the text.
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F i g u r e  13. R e l a t i o n s h i p  b e t w e e n  d e n s i t y  and p o r o s i t y  for 
the Red R i v e r  F o r m a t i o n  of the p r o d u c t i v e  USGS M a d i s o n  No. 1 
w e l l .
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USGS Madison No. 1
Red River interval
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F i g u r e  14. R e l a t i o n s h i p  b e t w e e n  p o r o s i t y  and i n t e r v a l 
t r a n s i t  time for the Red R i v e r  F o r m a t i o n  of the p r o d u c t i v e  
USGS M a d i s o n  No. 1 well.
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USGS Madison No. 1
Red River interval
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F i g u r e  15. R e l a t i o n s h i p  b e t w e e n  d e n s i t y  and i n t e r v a l  
t r a n s i t  t im e for the Red R i v e r  F o r m a t i o n  of the p r o d u c t i v e  
USG S M a d i s o n  No. 1 well.
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USGS Madison No. 1
Red River interval
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Figure 16. M versus N crossplot of the Red River interval
from the productive USGS Madison No. 1 well.
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USGS M A D I S O N  NO. 2 W E L L  

N O N - P R O D U C T I V E  CASE

M a d i s o n  I n t er va l

The M a d i s o n  F o r m a t i o n  wa s  d i v i d e d  into two s e c t i o n s

b e c a u s e  of the t h i c k n e s s  of the unit at this we l l  lo cat ion.

The b r e a k  o c c u r s  at the a p p r o x i m a t e  M i s s i s s i p p i a n  - D e v o n i a n  

age bo undar y,  in w h i c h  the i n t e r v a l  fro m 6,900 to 7,200 feet 

is c a l l e d  the u p p e r  M a d i s o n  interval, and the i n t e r v a l  from 

7,200 to 7,400 feet is the low er M a d i s o n  interval.

The c r o s s p l o t s  of sonic tr av el  time v e r s u s  de nsi ty ,  

d e n s i t y  v e r s u s  n e u t r o n  p o r o s i t y ,  and sonic t r avel time

v e r s u s  n e u t r o n  p o r o s i t y  (Figur es 17, 18, and 19) all y i e l d

a p p r o x i m a t e l y  the same i n t e r p r e t a t i o n  of rock type and

p o r o s i t y  d i s t r i b u t i o n .  Th i s  i n t e r v a l  is c o m p o s e d  p r i m a r i l y  

of a m i x t u r e  of l i m e s t o n e  and do lo mite, wit h l i m e s t o n e  being 

the d o m i n a n t  l i t h ology.  S om e a n h y d r i t e  is p r e s e n t  in the 

in ter val, as i n d i c a t e d  on all thr ee c r o s s p l o t s  by the p o i n t s  

c l u s t e r i n g  a r o u n d  the p u r e  a n h y d r i t e  l i t h o l o g y  line.

M o s t  of the dat a  p o i n t s  in the upper M a d i s o n  i n t e r v a l  

c l u s t e r  near  the lower end of the p o r o s i t y  scale on the 

c r o s s p l o t s  in v o l v i n g  the n e u t r o n  p o r o s i t y  log, F i g u r e s  18 

and 19, i n d i c a t i n g  that the zone is tight. This o b s e r v a t i o n  

was c o n f i r m e d  by the cor e s a m pl es  r e c o v e r e d  fro m the well.
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A c c o r d i n g  to T h a y e r  (1981), the a n a l y s i s  of M a d i s o n  c o r e s 

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

c e m e n t a t i o n  w h i c h  f i l l e d  i n t e r p a r t i c l e  por e  spaces. As in 

the USGS  M a d i s o n  No. 1 well, the low p o r o s i t y  l i t h o l o g y  is 

p r i m a r i l y  l i m e ston e,  and as the a m o u n t  of d o l o m i t e  

i n c r ea se s, the a v e r a g e  p o r o s i t y  inc reases.

A few p o i n t s  on the n e u t r o n  p o r o s i t y  v e r s u s  den si ty ,  

n e u t r o n  p o r o s i t y  v e r s u s  soni c t r a v e l  time, and "M" versus 

"N" c r o s s p l o t s ,  fall in an area i n d i c a t i n g  gas effects. A 

sm a l l  amou n t  of gas was e n c o u n t e r e d  in the we l l  and d e t e c t e d  

by the gas c h r o m a t o g r a p h  (Head, W.K., per. comm., 1978).

The v e l o c i t i e s  in the upp er M a d i s o n  i n t e r v a l  do not have 

the li ne ar r e l a t i o n s h i p  w i t h  p o r o s i t y  that was sho wn in the 

US G S  M a d i s o n  No. 1 c a s e  (see F i g u r e  15) , b e c a u s e  of the 

a p p a r e n t  lack of p o r o s i t y  in the zone. As a result, the 

s e i s m i c  r e f l e c t i o n  c o e f f i c i e n t  se ri es w o ul d be e x p e c t e d  to 

be m o r e  h o m o g e n e o u s ,  c o n s i s t i n g  of low v a l u e s  of r e f l e c t i o n  

c o e f f i c i e n t s  r a n do ml y d i s t r i b u t e d  t h r o u g h  the uppe r M a d i s o n  

interva l.  The o nly  d e v i a t i o n  f ro m this d i s t r i b u t i o n  of 

r e f l e c t i o n  c o e f f i c i e n t s  w o u l d  com e fro m the hig h density , 

high v e l o c i t y  a n h y d r i t e  s t r i n g e r s .  This i n t e r p r e t a t i o n  is 

m o r e  c l o s e l y  e v a l u a t e d  ove r  a range of se i s m i c  f r e q u e n c i e s  

lat er in this thesis.

C r o s s p l o t s  of the lowe r M a d i s o n  interval, F i g u r e s  21, 

22, and 23, show fewer d a t a  p o i n t s  c o n c e n t r a t i n g  along the
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l i m e s t o n e  and a n h y d r i t e  p ure m a t r i x  lines, but g e n e r a l l y  the 

rocks st il l have low p o r o s i t y  values, m u c h  like tha t of the 

up p e r  M a d i s o n  inte rv al. The s l i g h t l y  h i g h e r  l e ve ls of 

d o l o m i t e  in t h e  l o w e r  M a d i s o n  in t e r v a l  a c c o u n t  for the 

h i g h e r  a v e r a g e  p o r o s i t y  values, rangi ng  f r o m  2 to 15 

p e r c e n t ,  but c l u s t e r i n g  a r o u n d  an a v e r a g e  p o r o s i t y  of 15 

pe r c e n t ,  v e r s u s  4 to 5 p e r c e n t  for the u p pe r M a d i s o n  

interval.

The "M" and "N" c r o s s p l o t  of the lower M a d i s o n  i n t e r v a l  

(Pig. 24), also shows a m a j o r i t y  of dat a v a l u e s  c l u s t e r i n g  

b e t w e e n  the p u r e  d o l o m i t e  p o i n t  and pu r e  l i m e s t o n e  point, 

i n d i c a t i n g  a f a ir ly  e v e n  m i x t u r e  of these two rock types. 

A b o u t  a th ird of the da t a  p i c k e d  in this i n t e r v a l  fall s in 

the s e c o n d a r y  p o r o s i t y  zone a b ove the d o l o m i t e  - l i m e s t o n e  

line, showing m or e of the p o r o s i t y  d e v e l o p m e n t  in the lower 

p a r t  of the M a d i s o n  F o r m a t i o n .  The d e s c r i p t i o n  of the 

c u t t i n g s  from  the wel l  i n d i c a t e  that the zone c o n t a i n s  a 

h i g h e r  c o n c e n t r a t i o n  of d o l o m i t e  rock, some of it f r a c t u r e d  

w i t h  low to fai r p o r o s i t y  d e v e l o p m e n t ,  and that  the 

p e r m e a b i l i t y  is high e n o u g h  to bleed water.

Red R i v e r  In terval

C r o s s p l o t s  of the Red R i v e r  i n t er va l in the USGS  M a d i s o n  

No. 2 well, rangin g fro m 8,100 to 8, 560 feet  b e lo w g r o u n d
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su rface , s h ow s that t h er e are rocks w i t h  low p o r o s i t y  

c l u s t e r i n g  along the p u r e  l i m e s t o n e  line on the n e u t r o n  

p o r o s i t y  v e r s u s  d e n s i t y  c r o s s p l o t  (Fig. 25), and n e u t r o n  

p o r o s i t y  v e r s u s  sonic t r a v e l  time c r o s s p l o t  (Fig. 26). D a t a 

p o i n t s  that  fall at the h i g h e r  p o r o s i t i e s  are d e s c r i b e d  as 

d o l o m i t e  rocks in the w e l l  c u t t i n g  d e s c r i p t i o n s ,  a l t h o u g h  on 

the c r o s s p l o t  mo s t  of the p o i n t s  fall b e t w e e n  the pure  

l i m e s t o n e  and p u r e  d o l o m i t e  lines.

The n e u t r o n  p o r o s i t y  vers u s  sonic t r a v e l  time c r o s s p l o t

shows that  the n o n - p r o d u c t i v e  l i m e s t o n e  rock has low 

i n t e r v a l  t r a n s i t  time, or high velo city, and that as the 

p o r o s i t y  i n c r e a s e s  and the c o n c e n t r a t i o n  of d o l o m i t e  

incr e a s e s ,  the v e l o c i t y  d e c r e a s e s  from 20,000 ft/sec to a 

range of 14 ,000  to 15 ,0 00  ft/sec, or a r e d u c t i o n  of about 25 

p e r c e n t  in ve locity.

The n e u t r o n  p o r o s i t y  v e r s u s  d e n s i t y  c r o s s p l o t ,  F i gure 

25, s h ows the same r e l a t i o n s h i p .  The n o n - p r o d u c t i v e
3l i m e s t o n e  rock c l u s t e r s  a r ou nd 2.70 g m / c m  , and d e c r e a s e s

3to 2.55 to 2.35 g m / c m  as the p o r o s i t y  and rock type 

ch an ge , r e p r e s e n t i n g  a r e d u c t i o n  in d e n s i t y  of abo ut  22 

pe r c e n t .

The "M" and "N" c r o s s p l o t  (Fig. 28) shows d a t a  p o i n t s  of 

this n o n - p r o d u c t i v e  zone c l u s t e r i n g  a r o u n d  the l i m e s t o n e

m a t r i x  point, and t h ose p o i n t s  that plo t at the higher 

p o r o s i t y  v a l u e s  are f a l li ng  in the s e c o n d a r y  p o r o s i t y  zone
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ab ov e the l i m e s t o n e  m a t r i x  - d o l o m i t e  m a t r i x  line.
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Figure 17. Relationship between density and interval
transit time of the upper Madison interval from the non
productive USGS Madison No. 2 well.
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Figure 18. Relationship between density and neutron
porosity of the upper Madison interval from the non
productive USGS Madison No. 2 well.
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Figure 19. Relationship between porosity and interval
transit time of the upper Madison Formation from the non
productive USGS Madison No. 2 well.
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F i g u r e  20. M and N c r o s s p l o t  of the upper M a d i s o n  i n t e r v a l  
from the n o n - p r o d u c t i v e  USG S M a d i s o n  No. 2 well.
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Figure 21. Relationship between density and neutron
porosity of the lower Madison interval from the non
productive USGS Madison No. 2 well.
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F i g u r e  22. R e l a t i o n s h i p  b e t w e e n  p o r o s i t y  and i n t e r v a l
t r a n s i t  t i m e  of the l o wer M a d i s o n  F o r m a t i o n  fr o m  the non 
p r o d u c t i v e  USGS  M a d i s o n  No. 2 well.
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Figure 23. Relationship between density and interval
transit time of the lower Madison interval from the non
productive USGS Madison No. 2 well.
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F i g u r e  24. R e l a t i o n s h i p  b e t w e e n  M and N of the 
M a d i s o n  i n t e r v a l  f r o m  the n o n - p r o d u c t i v e  USG S M a d i s o n  
w e l l .
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F i g u r e  25. R e l a t i o n s h i p  b e t w e e n  d e n s i t y  and n e u t r o n  
p o r o s i t y  of the Red R i v e r  i n t e r v a l  f r o m  the n o n - p r o d u c t i v e  
USGS M a d i s o n  No. 2 well.
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F i g u r e  26. R e l a t i o n s h i p  b e t w e e n  n e u t r o n  p o r o s i t y  and 
i n t e r v a l  t r a n s i t  time of the Red River  i n t e r v a l  from  the non 
p r o d u c t i v e  USGS M a d i s o n  No. 2 well.
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Figure 27. Relationship between density and interval
transit time of the Red River interval from the non
productive USGS Madison No. 2 well.
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F i g u r e  28. M and N c r o s s p l o t  of the Red R i v e r  i n t e r v a l  fro m 
the n o n - p r o d u c t i v e  USG S M a d i s o n  No. 2 well.
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I N T E R P R E T A T I O N  

G e n e r a l  Trends

In the p r e v i o u s  se ct io n, s e v e r a l  c r o s s p l o t s  were 

c o n s t r u c t e d  using w e l l  log d a t a  from the w a t e r - p r o d u c i n g  

USGS M a d i s o n  No. 1 well, and the ti ght  USG S M a d i s o n  No. 2 

well. The c o n t r a s t  of w a t e r  p r o d u c t i o n  rates b e t w e e n  the 

two w e l l s  is s i g n i f i c a n t .  W a t e r  fl ow ed fr o m  the USGS 

M a d i s o n  No. 1 well (from a b ou t 2,320 to 4,341 ft) at ar ou nd 

250 g a l / m i n  t h r o u g h  a 2 - i n c h  valve, but if a l l o w e d  to flow 

f r e e l y  at the surface, it p r o b a b l y  w o ul d have s u s t a i n e d  a 

y i e l d  of 650 to 700 g a l / m i n ,  w h ich is c o n s i d e r e d  to be a 

very goo d  w a t e r  well for the t h i c k n e s s  of M a d i s o n  and Red 

R i ver rocks p r e s e n t  ( B lankenn ag el, and othe rs, 1977). W a t e r  

y i e l d  in the USGS M a d i s o n  No. 2 wel l (about 50 g a l / m i n  under 

o p e n - h o l e  c o n d i t i o n s ) ,  is c o n s i d e r e d  to be poor, e s p e c i a l l y  

for the t h i c k n e s s  of a q u i f e r  rocks p r e s e n t  at this well 

loc at ion.

B e c a u s e  of the large c o n t r a s t  in w a t e r  p r o d u c i n g  rates 

b e t w e e n  the two wells, and the d i f f e r e n c e s  in p o r o s i t y  and 

p e r m e a b i l i t y  e n c o u n t e r e d ,  the rock ty pes at these two 

l o c a t i o n s  p r o b a b l y  are near the e x t r e m e  g e o l o g i c  

e n v i r o n m e n t s  (tight, lo w p o r o s i t y  and p e r m e a b i i t y  vers u s 

g oo d  p o r o s i t y  and p e r m e a b i l i t y )  of the M a d i s o n  and Red R i ver  

F o r m a t i o n s .  They sh ou l d  t h e r e f o r e  p r o v i d e  i n f o r m a t i o n  for 

d e t e r m i n i n g  an e x p l o r a t i o n  c r i t e r i a  to d e t e c t  hig h p o r o s i t y
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c a r b o n a t e  zones using s e i sm ic r e f l e c t i o n  t e c h n iq ue s.

F i g u r e s  29 t h r o u g h  32 s u m m a r i z e  the t r e n d s  of p o r o s i t y

as a f u n c t i o n  of v e l o c i t y  and d e n s i t y  that were e v a l u a t e d  on

c r o s s p l o t s  in the p r e v i o u s  s e c t i o n  on w ell log ana ly sis. 

The p l o t s  s u m m a r i z e  and c o n t r a s t  the d i s t r i b u t i o n  of the 

d i f f e r e n t  rock t y p e s  e n c o u n t e r e d  in the two wells, and 

i n d i c a t e  w h e r e  the s e i s m i c  tool m i g h t  have  the best c h a n c e  

of d i s c r i m i n a t i n g  b e t w e e n  rock types. F i g u r e  29 shows the 

d i s t r i b u t i o n  of sonic t r a v e l  time w i t h  p o r o s i t y  for the 

M a d i s o n  i n t e r v a l  for both wells. L i k ewise,  F i gu re 31 and 32 

s h o w  the sonic t r a v e l  time and d e n s i t y  d i s t r i b u t i o n  

r e s p e c t i v e l y  for the Red R i ver  in t e r v a l  in both wells.

Ro ck s in the lower par t of the M a d i s o n  F o r m a t i o n  in the 

USG S M a d i s o n  No. 2 w e l l  have n e a r l y  the same d i s t r i b u t i o n  of 

sonic t r a v e l  time v a l u e s  as the M a d i s o n  rocks in the USGS

M a d i s o n  No. 1 well. C o n s e q u e n t l y  v e l o c i t y  i n f o r m a t i o n  alone 

w o u l d  not be a g ood e x p l o r a t i o n  p a r a m e t e r  to indicate  

p o r o s i t y  zones in the M a d i s o n  c a r b o n a t e  facies. However, 

the d e n s i t y  ve rs u s  p o r o s i t y  plot  (Fig. 30) shows the lower 

M a d i s o n  rocks in the n o n - p r o d u c t i v e  USGS M a d i s o n  No. 2 well 

c l u s t e r i n g  at h i ghe r d e n s i t i e s  than rocks in the p r o d u c t i v e  

USGS M a d i s o n  No. 1 well. T h e r e f o r e  the a c o u s t i c  i m p e dan ce

c o n t r a s t ,  w h i c h  is the p r o d u c t  of d e n s i t y  and velo city,  is 

s l i g h t l y  lower for p o r o u s  rocks, and may be used as an 

i n d i c a t o r  of p o r o u s  c a r b o n a t e  rocks. In this case the
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i m p e d a n c e  is about 5 p e r c e n t  lower for p o r o u s  M a d i s o n  rocks 

th an  for ti ghte r M a d i s o n  rocks.

The Red R i v e r  F o r m a t i o n  d i s t r i b u t i o n  p l o t s  are 

g e n e r a l l y  si m i l a r  for v e l o c i t y  and de nsity, a l t h o u g h  the 

c l u s t e r s  are tig ht er , w h i c h  s u g g e s t s  a m o r e  h o m o g e n e o u s  rock 

m a t r i x .  As in the M a d i s o n  interva l, the d e n s i t i e s  of the 

rocks in the i n t e r v a l  p r o v i d e  a d i s t i n c t i o n  using aco us tic 

i m p e d a n c e  to be ma d e  b e t w e e n  p o r o u s  and t i ght fa ci es  of 

a b out 6 per cent.

B a s e d  on the se c r o s s p l o t s  it w o uld  seem that there is 

some c h a n c e  of d i s c r i m i n a t i n g  high p o r o sity, w a t e r - p r o d u c i n g  

c a r b o n a t e  fa ci es from  tight, low p o r o s i t y  c a r b o n a t e  facies 

b e c a u s e  the a c o u s t i c  p r o p e r t i e s  of these rock ty pes are 

s l i g h t l y  di f f e r e n t ,  due c h i e f l y  to rock d e n s i t i e s .  However, 

s i mp ly q u a n t i f y i n g  the l i t h o l o g i c  p r o p e r t i e s  of the beds in 

t e rm s of aco us ti c i m p e d a n c e  is just part  of the e x p l o r a t i o n  

s ol u t i o n .  W h a t  the c r o s s p l o t s  do not sho w is the ve r t i c a l  

d i s t r i b u t i o n  of the d i f f e r e n t  rock types, and how this 

v e r t i c a l  a r r a n g e m e n t  of c h a n g i n g  v e l o c i t y  and d e n s i t y  zones 

c o n t r o l s  the p a t t e r n  of r e f l e c t i v i t y  spikes, w h ich c o n t r o l s  

the a m p l i t u d e s  of the b a n d l i m i t e d  se is mi c traces. The 

s e i s m i c  re s p o n s e  is s e n s i t i v e  to s t r a t i g r a p h i c  la yering  as 

w e l l  as a c o u s t i c  im p e d a n c e ,  and t h e r e f o r e  the en tire 

i n t e r v a l  sh oul d be e v a l u a t e d  for its se ismic p a t t e r n s  as 

w ell as sp ecifi c bed b o u n d a r i e s .
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F i g u r e s  33 and 34 sho w the v e r t i c a l  d i s t r i b u t i o n  of 

a c o u s t i c  i m p e d a n c e  as a f u n c t i o n  of d e p t h  for the two

wells.. Poin ts  are i d e n t i f i e d  by their p o r o s i t y  ra nges  into 

t h ree zones of 0 to 10 pe r c e n t ,  10 to 20 pe rce nt , and

g r e a t e r  t h a n  20 p e r c e n t .  The p l ots show  that a c o u s t i c  

i m p e d a n c e  is a goo d d i s c r i m i n a t o r  of p o r o si ty , and that the 

p r o d u c t i v e  USGS M a d i s o n  No. 1 wel l has m o r e  p o i n t s  fa lli ng

at h i g h e r  p o r o s i t y  v a l u e s  than the n o n - p r o d u c t i v e  USGS 

M a d i s o n  No. 2 well. U n f o r t u n a t e l y  the p l o t s  still do not

r e late  to the sha pe of the se ismic signal that will  o c cu r at 

se i s m i c  field f r e q u e n c i e s .
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F i g u r e  29. C r o s s p l o t  of p o r o s i t y  and i n t e r v a l - t r a n s i t - t i m e  
v a l u e s  for the M a d i s o n  i n t e r v a l  s h o w i n g  the g e n e r a l  o u t l i n e  
of d a t a  c l u s t e r s  b e t w e e n  the p r o d u c t i v e  U SG S M a d i s o n  No. 1 
w e l l  (solid line s), and the n o n - p r o d u c t i v e  USGS M a d i s o n  No. 
2 w e l l  (dashed lines).
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F i g u r e  30. C r o s s p l o t  of p o r o s i t y  and d e n s i t y  v a l u e s  for the 
M a d i s o n  i n t e r v a l  s h o w i n g  th e g e n e r a l  o u t l i n e  of data  
c l u s t e r s  for the p r o d u c t i v e  U SGS M a d i s o n  No. 1 w e l l  (solid 
l i n e ) t and the n o n - p r o d u c t i v e  USGS  M a d i s o n  No. 2 well 
(dashed l i n e s ) .
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F i g u r e  31. C r o s s p l o t  of p o r o s i t y  and i n t e r v a l - t r a n s i t - t i m e
v a l u e s  for the Red R i v e r  i n t e r v a l  s h o w i n g  the g e n e r a l  
o u t l i n e  of d a t a  c l u s t e r s  b e t w e e n  the p r o d u c t i v e  USGS M a d i s o n  
No. 1 well and the n o n - p r o d u c t i v e  USGS M a d i s o n  No. 2 well.
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F i g u r e  32. C r o s s p l o t  of p o r o s i t y  and d e n s i t y  v a l u e s  for the 
Red R i v e r  i n t e r v a l  s h o w i n g  the g e n e r a l  o u t l i n e  of dat a  
c l u s t e r s  for the p r o d u c t i v e  U S G S  M a d i s o n  No. 1 w e l l  and the 
n o n - p r o d u c t i v e  USGS M a d i s o n  No. 2 well.
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F i g u r e  33. A c o u s t i c  i m p e d a n c e  of r o ck s c l a s s i f i e d  into 
th r e e  p o r o s i t y  r a ng es  v e r s u s  d e p t h  f r o m  the n o n - p r o d u c t i v e  
USGS M a d i s o n  No. 1 well. The v e r t i c a l  line r o u g h l y  d i v i d e  
the- d a t a  p o i n t s  into two m a i n  c l a s s e s  of p o r o s i t y .



T-2312 79

USGS M ad ison  No 2

o
oo
<uo(0«*•»
zs
CO

?o
<DJD

a<o
a

1

a
O
co22
‘■aco

-  ■  »  m  
■  H  m

m m  &

"  I - 1  

f i J f r ■  ' ■

Pororsity

A
20%
10%

■

j i •
■ D O ) ’ a> > c
Q C S 11-

• • 

A t

' 1

/•V? / 
■ %  *ft ■ ■ 1

30 4 0  50

Acoustic impedance, 1000's
60 70

F i g u r e  34. A c o u s t i c  i m p e d a n c e  of roc ks c l a s s i f i e d  into
t h r e e  p o r o s i t y  r a n g e s  v e r s u s  d e p t h  fro m  the p r o d u c t i v e  USGS 
M a d i s o n  No. 2 well. The v e r t i c a l  l i n e s  r o u g h l y  s how the
t h r e e  p o r o s i t y  zones.
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R e l a t i o n s h i p  B e t w e e n  P o r o s i t y  and P e r m e a b i l i t y

The p r e v i o u s  s e c t i o n s  hav e d i s c u s s e d  the v e r t i c a l

d i s t r i b u t i o n  of p o r o s i t y  w i t h  the M a d i s o n  and Red River

F o r m a t i o n s ,  and the r e l a t i o n s h i p  of p o r o s i t y  to v e l o c i t y  and 

d e n s i t y ,  w h i c h  are the two m a i n  p h y s i c a l  p r o p e r t i e s  of a

rock that d i r e c t l y  a f f e c t  the r e f l e c t i o n  c h a r a c t e r i s t i c s  of 

s e i s m i c  r e f l e c t i o n  si gnals. W h i l e  high p o r o s i t y  d e v e l o p m e n t  

is d e f i n i t e l y  an i m p o r t a n t  c h a r a c t e r i s t i c  for a res e r v o i r 

rock to have, its i d e n t i f i c a t i o n  alone w ill  not g u a r a n t e e

that a rock w i l l  p r o v i e  hig h w a t e r  yields. P e r m e a b i l i t y  of 

a c a r b o n a t e  rock p l a y s  an i m p o r t a n t  role in the q u a l i t y  and 

p r o d u c t i v e  c a p a b i l i t i e s  of the reservoir.

F o r t u n a t e l y  the re wer e c o r e s  taken f rom the two test

w ell s, w i t h  p e r m e a b i l i t y  and p o r o s i t y  m e a s u r e m e n t s  taken and 

r e p o r t e d  in USG S O p e n  File R e p o r t s  77 -164 and 81-221.

F i g u r e s  35 and 36 shows the c r o s s p l o t  of p e r m e a b i l i t y  wit h

p o r o s i t y  for the d i f f e r e n t  rock types i d e n t i f i e d  w i t h i n  the

M a d i s o n  F o r m a t i o n .  The m e a n  p o r o s i t y  va lue  for this data

set is 8.4 pe r c e n t ,  and the m e a n  p e r m e a b i l i t y  is 15.8 m d .

The c r o s s p l o t  shows the lar ge s t a n d a r d  d e v i a t i o n s  for both

p o r o s i t y  and p e r m e a b i l i t y ,  w h i c h  is c o m m o n  in m o s t  c a r b o n a t e  

f o r m a t i o n s .

The l i m e s t o n e s  of the M a d i s o n  have g e n e r a l l y  low va lu es  

of p o r o s i t y  and p e r m e a b i l i t y ,  w h i c h  g e n e r a l l y  ag r e e i n g
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w i t h  r e s u l t s  of the c r o s s p l o t  a n a l y s i s  d e v e l o p e d  in the 

p r e v i o u s  s e c t i o n  of this  thesis. A c c o r d i n g  to T h a y e r

(1981) , the m a i n  re as on  for these low valu e s  of p o r o s i t y  and 

p e r m e a b i l i t y  in the M a d i s o n  l i m e s t o n e  is that e a rl y 

d i a g e n e t i c  c e m e n t a t i o n  o c c ured,  and in m o s t  c a s e s  f i l l e d  

i n t e r p a r t i c l e  por e spaces.

C o n t r a s t e d  to the l i m e s t o n e s  are the d o l o m i t e s ,  w h i c h

hav e the hig h e r  p o r o s i t i e s  and p e r m e a b i l i t i e s  in the two 

wells. A l t h o u g h  there  is s c a t t e r  in the c r o s s p l o t ,  a rough 

p o s i t i v e  c o r r e l a t i o n  b e t w e e n  p o r o s i t y  and p e r m e a b i l i t y  can 

be i d e n t i f i e d .  A c c o r d i n g  to the c r o s s p l o t ,  the m e d i u m  

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

and p e r m e a b i l i t y ,  f o l l o w e d  by fi nely c r y s t a l l i n e  d o l o m i t e s .  

D o l o m i t e s  have high e r  a v e r a g e  p o r o s i t i e s  and p e r m e a b i l i t i e s  

than l i m e s t o n e s  b e c a u s e  of d i f f e r e n c e s  in c r y s t a l  size,

shape, and a r r a n g m e n t .  W a r d l o w  (1979) no te s that at

e q u i v a l e n t  p o r o s i t i e s ,  d o l o m i t e s  have hi gh e r  a v e r a g e

p e r m e a b i l i t i e s  than li me s t o n e s .

One of the more i n t e r e s t i n g  a s p ec ts of the c r o s s p l o t  is 

that the re are a few da t a  p o i n t s  w it h low p o r o s i t y  and

m o d e r a t e l y  high p e r m e a b i l i t y  values. A n a l y s i s  of the co re s 

by the USG S (Thayer, 1981) shows these sa mp les having 

f r a c t u r e  p o r o s i t y .  On the o t he r hand, there are dat a

s a m p l e s  with high  p o r o s i t y  and low p e r m e a b i l i t y  va lues w h i c h  

have v u ggy p o r o s i t y  w i t h  the p o r e s  not co n n e c t e d .
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B e c a u s e  of t h es e c i r c u m s t a n c e s ,  the d e t e c t i o n  of 

p o r o s i t y  in the M a d i s o n  w i t h  the s e i s m i c  r e f l e c t i o n  tool 

w o u l d  in c l u d e  the f o l l o w i n g  l i m i t a t i o n s .  If s e i sm ic data  

w e r e  to e s t a b l i s h  a zone of hig h  p o r o s i t y ,  it is p o s s i b l e  

that the p e r m e a b i l i t y  w o u l d  be too low for a d e q u a t e  v o l u m e s  

of w a t e r  to be p r o d u c e d .  In the low p o r o s i t y  case, it is 

p o s s i b l e  that t h er e is s u f f i c i e n t  p e r m e a b i l i t y  c r e a t e d  

t h r o u g h  f r a c t u r i n g  to p r o v i d e  a d e q u a t e  wat er flo w rates. In 

ei t h e r  case  the s e i s m i c  d a t a  can only p r o v i d e ,  at best, a 

p a r t i a l  i n t e r p r e t a t i o n  of the w a t e r - p r o d u c i n g  q u a l i t i e s  of 

an aqu ifer.

In some l o c a l i t i e s  of the study area, te c t o n i c  

f r a c t u r i n g  of the M a d i s o n  and Red River rocks has u n d o u b t e l y  

e n h a n c e d  their w a te r p r o d u c t i v i t y .  H o w e v e r  the d e g r e e  to 

w h i c h  f r a c t u r i n g  c o n t r i b u t e s  to p r o d u c t i o n  is e x t r e m e n l y  

d i f f i c u l t  to d o c u m e n t .  An a d q u a t e  i n t e r p r e t a t i o n  of 

f r a c t u r e  c o n t r o l l e d  p o r o s i t y  and p e r m e a b i l i t y  re qu i r e s  

c o m p l e x  wel l  testing, c o r ing, and pump tests (B l a n k e n n a g e l  

and oth ers, 1977). B e c a u s e  the d ata s h ows a g e n e r a l  

p o s i t i v e  c o r r e l a t i o n  b e t w e e n  p o r o s i t y  and p e r m e a b i l i t y  for 

the M a d i s o n  Form a t i o n ,  the d e t e c t i o n  of p o r o s i t y  t h r o u g h  the 

use of s e i smic  m e t h o d s  can be an e f f e c t i v e  e x p l o r a t i o n  tool.
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S Y N T H E T I C  S E I S M O G R A M S

The u t i l i t y  of s y n t h e t i c  s e i s m o g r a m s  as an e x p l o r a t i o n  

aid is we l l  known. O n e - d i m e n s i o n a l  s y n t h e t i c  se is mi c traces  

wer e used in this study to d e m o n s t r a t e  the d e t e c t a b i l i t y  of 

h i g h - w a t e r  p r o d u c i n g  zones w i t h i n  the M a d i s o n  and Red River 

F o r m a t i o n s .  The s y n t h e t i c  s e i s m o g r a m s  w er e c o m p u t e d  for 

both  the USGS M a d i s o n  No. 1 and No. 2 w e ll s using the sonic 

t r a v e l  tim e log and d e n s i t y  log. A m i n o r  am ount of 

s m o o t h i n g  was a p p lied to the ac o u s t i c  logs of each well to 

r e d u c e  the large e x c u r s i o n s  due to noise and c y c l e  ski pping.

The c o m p u t a t i o n  of a r e f l e c t i o n  c o e f f i c i e n t  for each 

rock l a ye r in t e r f a c e  y i e l d s  a r e f l e c t i o n  c o e f f i c i e n t  trace, 

c o n s i s t i n g  of a time s e r i e s  of spikes. This m e t h o d  for 

g e n e r a t i n g  s y n t h e t i c  s e i s m o g r a m s  ig n o r e s  t r a n s m i s s i o n  

loss es,  a b s o r p t i o n ,  the e f f e c t s  of m u l t i p l e s  and noise. 

Further , the se ismic  r e s p o n s e  of a r e f l e c t i n g  h o r i z o n  on 

field d a t a  will u s u a l l y  d i f f e r  from  the r e s p o n s e  m o d e l e d  by 

a s y n t h e t i c  s e i s m o g r a m  d e r i v e d  from log dat a b e c au se  the 

logs m e a s u r e  rock p r o p e r t i e s  only  a few inches from the 

bo r e hole. A se ismic  wave w i l l  i l l u m i n a t e  a s t r a t i g r a p h i c  

horiz o n ,  and the r e s u l t a n t  r e f l e c t e d  wave is an a v e rage of 

r e f l e c t i o n s  o c c u r i n g  f rom  a c i r c l e  that is se v e r a l  hun dre d 

feet in dia m e t e r ,  d e p e n d i n g  on d e p t h  and source fr eq uency.
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To c o m p u t e  the f i n a l  v e r s i o n  of the s y n t h e t i c

se i smog r a m , a wav e pulse, or wavelet, is c o n v o l v e d  w ith the 

r e f l e c t i o n  c o e f f i c i e n t  ser ies. The s p e c t r a l  c h a r a c t e r i s t i c s  

of the w a v e l e t  are g e n e r a l l y  c h o s e n  to m a t c h  the s p e c t r a l  

c h a r a c t e r i s t i c s  of the s u r f a c e  seis mic data, a l t h o u g h  this 

is n e v e r  a c h i e v e d  p e r f e c t l y .  The r e s u l t i n g  s y n t h e t i c

s e i s m i c  trac e c a n  t h e n  be used  to c o r r e l a t e  g e o l o g i c  

f o r m a t i o n s  to t h ei r c o r r e s p o n d i n g  e x p r e s s i o n  on se is mi c  

f i eld data.

In this study, a set of s y n t h e t i c  s e i s m o g r a m s  were 

g e n e r a t e d  using s y m m e t r i c  b a n d p a s s  w a v e l e t s  w i t h  d i f f e r e n t  

low er  and u p per f r e q u e n c y  limits. This a p p r o a c h

d e m o n s t r a t e s  w h i c h  s e i s m i c  f r e q u e n c i e s  are n e c e s s a r y  in the 

field d a t a  to a l l o w  d e t e c t i o n  of a p a r t i c u l a r  g e o l o g i c  

fo r m a t  i o n .

A set of s y n t h e t i c  s e i s m o g r a m s  g e n e r a t e d  using the 

p r o d u c t  of v e l o c i t y  and d e n s i t y  (acoustic i m p e d a n c e ) , and 

w i t h  v a r y i n g  b a n d p a s s  f i l t e r s  applied, is sho wn  in Fi gure 37 

for the USGS M a d i s o n  No. 1 well, and in F i g u r e  38 for the 

U S G S  M a d i s o n  No. 2 well. B a n d p a s s  filter c u t o f f s  are liste d 

b e l o w  each s e i s m o g r a m  gr ou p.  Po l a r i t y  of these s e i s m o g r a m s  

is c o n v e n t i o n a l ,  that is, a p o s i t i v e  r e f l e c t i o n  a m p l i t u d e  

r e p r e s e n t s  a t r a n s i t i o n  of lower to hi gh e r  ac oustic  

i m p e d a n c e  b e t w e e n  layers. N o i s e  or m u l t i p l e  r e f l e c t i o n s  

were not added to these s e i s m o g r a m s .
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The first p r o b l e m  that is a p p a r e n t  on the two figures 

is that the M a d i s o n  to Red Ri ver i n t e r v a l  is thick  for the 

n o n - p r o d u c t i v e  No. 2 well, and thin for the p r o d u c t i v e  No. 1 

well. Thi s w i l l  c a u s e  some c o r r e l a t i o n  p r o b l e m s  be t w e e n 

s y n t h e t i c  s e i s m o g r a m s  of the two wells. Also, for the 

f r e q u e n c y  range c h os en , there is no o u t s t a n d i n g  

c h a r a c t e r i s t i c s  or p a t t e r n s  b e t w e e n  the two w e l l s  that w o ul d 

a l l o w  i m m e d i a t e  d i s c r i m i n a t i o n  of w a ter  p r o d u c i n g  zones from 

n o n - p r o d u c i n g  zones. The d e t e c t i o n  m u s t  m a n i f e s t  itself in 

a m o r e  s u btle m a nn er , w h i c h  is d i s c u s s e d  in the f o l lo wi ng 

s e c t i o n s .
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R E S O L U T I O N  V E R S U S  D E T E C T A B I L I T Y

U s u a l  m e t h o d s  of d e p i c t i n g  the s e i smic r e s p o n s e  of a 

g e o l o g i c a l  zone of i n t e r e s t  inv o l v e s  c r e a t i n g  a s y n t h e t i c  

s e i s m o g r a m ,  w h i c h  is a tim e se ries of f i l t e r e d  r e f l e c t i o n  

c o e f f i c i e n t s  d e r i v e d  f r o m  e d i t e d  sonic t r a v e l  time and 

d e n s i t y  data. C o r r e l a t i o n  and i d e n t i f i c a t i o n  of r e f l e c t i o n s  

on the s y n t h e t i c  s e i s m o g r a m  w i t h  the se is mic d ata  is then 

made, and by using w a v e l e t  p r o c e s s i n g  t e c h n i q u e s ,  the data 

is c o n v e r t e d  to be b r o a d b a n d ,  and, in m o s t  cases, zero 

ph as e.  C o n v e r s e l y ,  if the shape of the p r o p a g a t i n g  w a v e l e t  

is known, a s y n t h e t i c  s e i s m o g r a m  c an be c o n s t r u c t e d  by 

f i l t e r i n g  the r e f l e c t i o n  c o e f f i c i e n t s  w i t h  the known 

w a v e l e t ,  and c o r r e l a t i n g  d i r e c t l y  to the s e i sm ic  data. In 

e i t h e r  si t u a t i o n ,  the g o a l  is an a t t e m p t  to m a t c h  

r e f l e c t i o n s  o c c u r i n g  on s e i s m i c  d ata  wit h  c o r r e s p o n d i n g  

r e f l e c t i o n s  on the s y n t h e t i c  se is m o g r a m .  O n c e  this is 

a c c o m p l i s h e d ,  a c a l i b r a t i o n  of the s y n t h e t i c  and seis mic 

d a t a  c a n  be p e r f o r m e d  by d e t e r m i n i n g  c h a r a c t e r i s t i c s  of 

r e f l e c t i o n  w a v e f o r m  s h a p e s  w h i c h  relate to i n f o r m a t i o n  about 

l i t h o l o g y .  For ex am ple, the a m p l i t u d e  of the r e f l e c t i o n  

p u l s e  m ay y i e l d  i n f o r m a t i o n  about t h i c k n e s s  of beds, 

p o r o s i t y ,  or flu id c o n t e n t  of a rese rvoir, and k n o w l e d g e  of 

this at the well  can then be a p p l i e d  to s e i smic  dat a  tr aces  

away f r o m  the well.
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A fu r t h e r  ref i n e ment of the c a l i b r a t i o n  m e t h o d  is the 

c o n v e r s i o n  of the s e i s m i c  tr ac e into r e l a t i v e  a c o u s t i c  

i m p e d a n c e  logs (Lindsey, 1977). The e s t i m a t e d  a c o u s t i c  

i m p e d a n c e  log d e r i v e d  f r o m  se i s m i c  d a t a  c o n t a i n s  no 

a d d i t i o n a l  i n f o r m a t i o n  than the usu al d i s p l a y  of the w a v e l e t  

p r o c e s s e d  s e i smic  data; it is just a n o t h e r  way of d i s p l a y i n g  

the same i n f o r m a t i o n  for i n f o r m a t i o n  for i n t e r p r e t a t i o n .  

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

m e a s u r e s  p r o p e r t i e s  of the g e o l o g i c  int erv al , ra ther than  

p r o p e r t i e s  of the bed in te rface. That is, a c o u s t i c

i m p e d a n c e  logs are i n t e r p r e t e d  as if they were wel l logs. 

R e l a t i o n s h i p s  that a g e o l o g i s t  is f a m i l i a r  w i t h  on logs, 

suc h as bed t h i c k n e s s  and relat i v e  v a l u e s  of v e l o c i t y  and

d e n s i t y  are a v a i l a b l e  to him on an a c o u s t i c  imp e d a n c e  trace, 

a l t h o u g h  the trace is b a n d l i m i t e d  by the f i l t e r i n g  a c t i o n  on 

s e i s m i c  d ata by the earth.

Id e a l l y  the a c o u s t i c  i m p e d a n c e  log e s t i m a t e d  from 

s e i s m i c  d a t a  is an o p t i m u m  m e t h o d  for i n t e r p r e t i n g  

s t r a t i g r a p h i c  c h a n g e s  of the s u b s u r f a c e ,  as it d i r e c t l y

c o r r e s p o n d s  to the i n t e r p r e t a t i o n  t e c h n i q u e  that a g e o l o g i s t  

uses w h e n  c o n s t r u c t i n g  g e o l o g i c  c r o s s - s e c t i o n s  from well log 

data. This t e c h n i q u e  is s u g g e s t e d  in this report as a

v i a b l e  t e c h n i q u e  for s t u d y i n g  M a d i s o n  and Red Ri ve r p o r o s i t y  

c h a n g e s  from  seismic data.

Analysis of the well log crossplots shows that there is
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a d e f i n i t e  r e l a t i o n s h i p ,  r o u g h l y  linear, b e t w e e n  p o r o s i t y  

and de n s i t y ,  and b e t w e e n  p o r o s i t y  and sonic tra ve l time. 

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

c o n t r a s t  b e t w e e n  two d i s s i m i l a r  layers. S i n c e  ac o u s t i c  

i m p e d a n c e  is the p r o d u c t  of d e n s i t y  and v e l o c i t y  ( reci pr ocal 

of i n t e r v a l  t r a v e l  time m e a s u r e d  from the sonic log), then 

the p o r o s i t y  should have a tre nd with  a c o u s t i c  imp ed ance.

The r e l a t i o n s h i p  b e t w e e n  p o r o s i t y  and ac o u s t i c  

i m p e d a n c e  for the two w e l l s  is shown in F i gure  39. A linear 

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

i d e n t i f i e d  for each  of the wells, and is s h o w n  on the

c r o s s p l o t  for each well. The m a i n  d i f f e r e n c e  in the trend 

b e t w e e n  the two data sets is that the tre nd line of the 

n o n - p r o d u c t i v e  we l l  has a sm a l l e r  slope than the p r o d u c t i v e  

well. T h e r e f o r e  at any g i v e n  val ue of a c o u s t i c  impedance, 

the p o r o s i t y  w i l l  be lowe r in the n o n - p r o d u c t i v e  case 

r e l a t i v e  to the p r o d u c t i v e  case.

This w o u l d  seem to pose  an o b v i o u s  l i m i t a t i o n  in using 

s e i s m i c  data  to d e f i n e  zones of high p o r o s i t y  w h i c h  would 

have a hig h p r o b a b i l i t y  of being good  w a t e r - p r o d u c i n g  

aq u i f e r s .  That is, a g i v e n  value of a c o u s t i c  i m p e d a n c e  can

be a s s o c i a t e d  w i t h  two p o r o s i t y  i n t e r p r e t a t i o n s  (with

c o r r e s p o n d i n g  d i f f e r e n t  rates of water p r o d u c t i o n ) ,  and the 

u t i l i t y  of using se i s m i c  dat a to d i f f e r e n t i a t e  zones of high 

p o r o s i t y  from  low p o r o s i t y  is so m e w h a t  r e s t r i c t e d .  The best
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use of s e i s m i c  data then w o u l d  be to d i f f e r e n t i a t e  zones of 

hig h p o r o s i t y  from zones of low porosity .

A subt l e  a s pect of the c r o s s p l o t ,  however, is that m o r e  

of the d a t a  s a m p l e s  of the n o n - p r o d u c t i v e  d at a set tend to 

c o n c e n t r a t e  near the l o w - p o r o s i t y  reg i o n  of the g r ap h. Thi s  

s u g g e s t s  that the p r o b a b i l i t y  of e n c o u n t e r i n g  h i g h e r  

p o r o s i t y  zones of a low w a t e r - y i e l d  c a r b o n a t e  r e s e r v o i r  

usin g a c o u s t i c  i m p e d a n c e  w i l l  be low. The d i s t r i b u t i o n  of 

d a t a  s a m p l e s  for the hig h  w a t e r - y i e l d  rock a p p e a r s  to be 

m or e  unif or m. Of cour se, s e v e r a l  more  w e l l s  w o u l d  have to 

be a n a l y z i e d  b e f o r e  the d i s t r i b u t i o n  of p o r o s i t y  can be 

a c c u r a t e l y  c h a r a c t e r i z e d .



P
or

os
ity

, 
in 

p
er

ce
n

t

T-2312 94

3 0 USGS Madison No.1  
(P rodu ctive  C a s e )  
U SG S Madison N o .2 
(Non Productive  C a s e )

2 5

•••
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3 0 3 5 4 0 4 5 5 0 55 6 5

Acoustic Im pedance, 10 00 's

Figure 39. Porosity values measured from cores versus
acoustic impedance for the USGS Madison No. 1 and USGS
Madison No. 2 wells.
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R e s o l u t i o n  of P o r o s i t y  Zones

Z o nes w i t h  p o r o s i t y  h i g h e r  than ten p e r c e n t  are

g e n e r a l l y  thin, and s e i s m i c a l l y  have a t w o - w a y  time

t h i c k n e s s  of a b ou t one to two m i l l i s e c o n d s .  The a b i l i t y  to 

d e t e c t  a t a r g e t  bed and m e a s u r e  its r e l a t i v e  a c o u s t i c

i m p e d a n c e  p r o p e r t i e s  is not o n l y  a f u n c t i o n  of bed t h i c k n e s s

and depth, but of the s e i s m i c  s i g n a l ' s  b a n d w i d t h ,  w a v e l e t  

shape, and s i g n a l  to n o ise ratio. T h e r e f o r e  the a b i l i t y  to 

d e t e c t  thi n  M a d i s o n  or Red R i ver beds w i t h  s e i sm ic data, and 

map their a c o u s t i c  i m p e d a n c e  p r o p e r t i e s ,  w o u l d  be a

d i f f i c u l t  task.

H o w ever, an e a r l i e r  r e p o r t  by Parr (1976), s h o w e d  that

o n e - t w e l f h  w a v e l e n g t h  to be the p r a c t i c a l  lowe r limit  to

s e i s m i c  r e s o l u t i o n  un de r t y p i c a l  fi eld e n v i r o n m e n t s .  For 

ex a m p l e ,  a ten foot bed w i t h  g o o d  p o r o s i t y  in e i t h e r  the

M a d i s o n  or Red R i v e r  F o r m a t i o n  w o ul d have a v e l o c i t y  of

a r o u n d  1 5 , 0 0 0  ft/sec, or o n e - w a y  time t h i c k n e s s  of 0.67 

m i l l i s e c o n d s .  U s in g the o n e - t w e l f h  c r i t e r i a ,  a s e i s m i c  

s i g n a l  w o u l d  re quir e an upper f r e q u e n c y  of a p p r o x i m a t e l y  124 

hz in o r d e r  to r e s olve  the bed d i s c r e e t l y .

Ho w e v e r ,  the re is f u r t h e r  help in using se i s m i c  data, 

and that  is wh e n  a bed b e c o m e s  thin e n o u g h  and d i s a p p e a r s  

b e l o w  the s e i s m i c ' s  r e s o l u t i o n  limit, the t h i c k n e s s  of the 

bed is e n c o d e d  into the a m p l i t u d e  of the r e f l e c t i o n  pulse.
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R e c e n t  wor k has been p e r f o r m e d  in q u a n t i f y i n g  the r e s o l u t i o n  

of thin beds, b a s e d  on a m p l i t u d e  ch a n g e s ,  and an e x c e l l e n t  

e x a m p l e  is g i v e n  by G e o q u e s t  (1979). In this i n v e s t i g a t i o n ,  

a s i m p l e  m o d e l  c o n s i s t i n g  of  a t h i n  bed e n c a s e d  in 

h o m o g e n e o u s  m a t e r i a l s  is f i l t e r e d  w i t h  a n o r m a l  in cidence, 

z e r o - p h a s e  wa velet.  By o b s e r v i n g  the c o m p o s i t e  w a v e f o r m  as 

a f u n c t i o n  of r e s e r v o i r  t h i c k n e s s ,  a r e l a t i o n s h i p  is d e r i v e d  

to a l l o w  i n t e r p r e t a t i o n  of ver y thi n  be d s  b e y o n d  the 

r e s o l u t i o n  limit, w h i c h  is the p o in t w h e r e  the d i s t i n c t  and 

s e p a r a t e  r e f l e c t i o n  p ea k fro m  the top of the bed and from 

the b o t t o m  of the bed m e r g e  into a si ngl e r e f l e c t i o n  pulse. 

I n t e r p r e t a t i o n  is then b a sed on the a m p l i t u d e  of the single 

r e f l e c t i o n  w a v e f o r m .  L i n d s e y  (1975), N at h and M e c k e l  (1976) 

ha v e  i l l u s t r a t e d  that b e l o w  the t u n i n g  t h i c kness,  the 

a m p l i t u d e  of the e v e n t  c an  still p r o v i d e  i n f o r m a t i o n  

c o n c e r n i n g  the true t h i c k n e s s  of the bed, and p r o v i d e  

c a l i b r a t i o n  c h a r t s  in the ir report based on bed t h i c k n e s s  

and se i s m i c  a m p l i t u d e  for a g i v e n  p a s s b a n d  of a wa velet .

W h i l e  it is p o s s i b l e ,  then, to e x p l o r e  for M a d i s o n  

r e s e r v o i r s  using s e i s m i c  data, it p r o b a b l y  wil l be d i f f i c u l t  

in a r e a s  w h e r e  the M a d i s o n  and Red R i v e r  F o r m a t i o n s  are 

de ep er , and h i g h e r  f r e q u e n c i e s  are not r e c o v e r a b l e .  W i t h o u t  

the h i g h e r  f r e q u e n c i e s  for r e s o l ut ion, the i n v e r s i o n  of 

s e i s m i c  t r a c e s  to a c o u s t i c  i m p e d a n c e  t r a c e s  wil l  not y i e l d  

the d e s i r e d  i n t e r p r e t a t i o n  aid that is c o m m o n l y  o b t a i n e d
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w i t h  the th i c k e r  r e s e r v o i r s .  T h e r e f o r e  the next step was to 

s e a r c h  for o t he r m e a s u r e m e n t  t e c h n i q u e s  of se i s m i c  w a v e f o r m s  

tha t w o u l d  a l l o w  an i n t e r p r e t e r  to s e p a r a t e  a po ro us, 

w a t e r - p r o d u c t i v e  c a r b o n a t e  zone fro m  a n o n - p r o d u c t i v e ,  ti ght  

z o n e .
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D e t e c t a b i l i t y  of T a r g e t  Zones

B e c a u s e  the zones  w i t h  h i g h e r  p o r o s i t y  in the USGS  

M a d i s o n  Mo. 1 w e l l  a re  thin, the d i r e c t  d e t e c t i o n  o£ each  

zone w i t h  s e i s m i c  r e f l e c t i o n  d a t a  w i l l  be d i f f i c u l t  w i t h i n  

the r e s o l u t i o n  l i m i t a t i o n s  of field  data, p a r t i c u l a r l y  w h ere 

t a r g e t  beds are d e e per . H o w e v e r  the d e t e c t i o n  of high  

p o r o s i t y  zones may  be o b t a i n e d  by a n a l y z i n g  the c o m p o s i t e  of 

all r e f l e c t i o n s  e m a n a t i n g  f r o m  the i n t e rval. S i nce there 

are two w e l l s  in the s t udy  area that e n c o u n t e r e d  d i f f e r e n t  

w a ter p r o d u c i n g  e n v i r o n m e n t s ,  a c o m p a r i s o n  of the c o m p o s i t e  

w a v e f o r m s  at d i f f e r e n t  s e i s m i c  f r e q u e n c i e s  can be mad e  and 

e v a l u a t e d .  W i d e s s  (1958, 1973) n o te d that w h i l e  a thin bed

m a y  not be d i s c r e e t l y  resolve d,  it may  be d e t e c t a b l e  in an 

i n d i r e c t  ma nne r.  T h i n  beds that have a time w a v e l e n g t h  d o w n  

to 1/40 of the d o m i n a n t  p e r i o d  of the s e i s m i c  p u l s e  can 

i n f l u e n c e  the o v e r a l l  c o m p o s i t e  r e s p o n s e  of a zone, and can 

be d e t e c t e d  by c a r e f u l  a n a l y s i s  of the data. A p p l y i n g  this 

e x a m p l e  to the M a d i s o n  s i t u a t i o n ,  the n a bed as thin as 

.0005 s e c o n d s  c o r r e s p o n d s  to a bed t h i c k n e s s  of a b ou t e i ght  

feet. This t h i c k n e s s  is a b o u t  the lo wer ran ge of bed 

t h i c k n e s s  v a l u e s  for the h i g h e s t  p o r o s i t y  beds in the USGS 

M a d i s o n  No. 1 well.

B a s e d  on the i n f o r m a t i o n  a l r e a d y  e v a l u a t e d  on the 

M a d i s o n  and Red R i v e r  F o r m a t i o n s ,  an a p p r o a c h  is s u g g e s t e d
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to a n a l y z e  the i n t e r v a l s  and find m e t h o d s  for c l a s s i f y i n g  

the r e f l e c t i o n  spi ke s e r i e s  into two m a i n  c l a sses, w h i c h  are 

p o r o u s ,  w a t e r - p r o d u c i n g  l i t h o l o g y  v e r s u s  tight, n o n - w a t e r  

p r o d u c i n g  lit h o l o g y .  Two m e a s u r e m e n t s  of the r e f l e c t i v i t y  

s e r i e s  w e r e  s t u d i e d  in an a t t e m p t  to p r o d u c e  a r e l i a b l e  

d i s c r i m i n a t i o n  b e t w e e n  the two cl a s s e s ,  w h i c h  i n d i v i d u a l l y  

m ay  not be s u f f i c i e n t  to d i s c r i m i n a t e  b e t w e e n  the cla sses. 

Thi s m e t h o d  of c l a s s i f y i n g  w a v e f o r m  p a t t e r n s  is e s s e n t i a l l y  

ba se d on s t a t i s t i c a l  d e c i s i o n  theory.

W a v e f o r m  a n a l y s i s  m e t h o d s  used in c l a s s i f y i n g  spe ec h 

s e g m e n t s  i n v o l v e s  m e a s u r i n g  p r o p e r t i e s  of short 

t i m e - s e g m e n t s , and t h e r e b y  b u il d up a s t a t i s t i c a l  

d i s t r i b u t i o n  of the p r o p e r t y  being m e a s u r e d  (Atal, 1976). 

B e c a u s e  of the sm al l time d i s t a n c e  i n v o l v e d  in the M a d i s o n  

and Red Ri ver  r e f l e c t i o n s ,  a r e l i a b l e  d i s t r i b u t i o n  f u n c t i o n  

at s e i s m i c  f r e q u e n c i e s  c a n n o t  be d e t e r m i n e d .  I n s t e a d  the 

a p p r o a c h  used in this repo r t  w i l l  be to c o m p u t e  the f e a t u r e s  

of the e n t i r e  i n t e r v a l  of i n t e r e s t  for the two known c l a s s e s  

of rock type s ove r a ra nge of r e a l i z a b l e  se ismic  

f r e q u e n c i e s ,  and look for t h ose f e a t u r e s  and p a s s b a n d  

f r e q u e n c i e s  w h i c h  bes t  d i s c r i m i n a t e  the two cl ass es.
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W a v e f o r m  M e a s u r e m e n t s

The r e f l e c t i o n  c o e f f i c i e n t  se ries from  the two c l a s s e s  

of rock types were c o m p u t e d  fro m the USGS M a d i s o n  No. 1 w ell 

( p r o d u c t i v e  c l ass) , and the USGS M a d i s o n  No. 2 well 

( n o n - p r o d u c t i v e  class) . R e f l e c t i o n  c o e f f i c i e n t s  are d e r i v e d  

by fir st  p e r f o r m i n g  a c u m u l a t i v e  s u m m a t i o n  of the sonic 

t r a v e l  time c u r v e  to y i e l d  a d e p t h - t i m e  r e l a t i o n s h i p  of each  

well. U s in g the t i m e - d e p t h  info r m a t i o n ,  the sonic tr av el

time d a t a  and d e n s i t y  d a t a  c an be c o n v e r t e d  to li ne ar  

f u n c t i o n s  of time at e v e n l y  s a mpled  interva ls, which, in 

this c a s e  is one m i l l i s e c o n d .  R e f l e c t i o n  c o e f f i c i e n t s  are

the n c o m p u t e d  a c c o r d i n g  to the c o m m o n l y  used d i f f e r e n c i n g  

eq u a t  ion

p  _ ? i + i v i+i - p j v i
p . _ V . + p . V .
r 1 + 1 1+1 ^ 1 1

w h e r e  Q _ d e n s i t y  of the i layer
p i

t hV  = v e l o c i t y  of the i layeri
The r e f l e c t i v i t y  spike se ri e s  was then b a n d p a s s  f i l t e r e d  

w i t h  a c o n s t a n t  low cut of 5 hz, and v a r yi ng upper f r e q u e n c y  

c u t o f f s ,  b e g i n n i n g  at 20 hz and ending at 100 hz, in two

h e r t z  i n c r eme nt s.

Two s t a t i s t i c a l  m e a s u r e m e n t s  were made on each f i l t e r e d  

b l o c k  of data, and n o r m a l i z e d  by the len gt h of the block
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used. The w a v e f o r m  is r e p r e s e n t e d  by x(n), n = 1 . 2 . . . . N .  The

f o l l o w i n g  m e a s u r e m e n t s  w ere  then  c o m p u t e d  for each block.

1) E n e r g y  of the in terval,  d e f i n e d  by

e = 10 log ( € + ^ I x 2 (n) )

w h e r e  the s m all p o s i t i v e  c o n s t a n t  € was a d de d to p r e v e n t  

c o m p u t i n g  the l o g a r i t h m  of zero.

The e n e r g y  m e a s u r e m e n t  "e" is a f u n c t i o n  of the time 

and a m p l i t u d e  d i s t r i b u t i o n  of r e f l e c t i o n  s p i k e s  and the 

f r e q u e n c i e s  at w h i c h  they are filte red . The d i s t r i b u t i o n  of 

r e f l e c t i o n  s p ik es  w i l l  p r o d u c e  a c o m p l e x  c o m b i n a t i o n  of 

c o n s t r u c t i v e  and d e s t r u c t i v e  i n t e r f e r e n c e s ,  or tuning, at 

the d i f f e r e n t  f r e q u e n c y  p a s s b a n d s .

2) Zero c r o s s i n g  rate, Nz, is the n u m b e r  of zero

c r o s s i n g s  in the i n t e r v a l  n o r m a l i z e d  by the l e n g t h  of the 

in te rv al. The z e r o - c r o s s i n g  m e a s u r e m e n t  i n d i c a t e s  the range 

of f r e q u e n c i e s  at w h i c h  e n e r g y  is c o n c e n t r a t e d .  O b v i o u s l y  

the z e r o - c r o s s i n g  c o u n t  will in cr ease for both c l a s s e s  as a 

f u n c t i o n  of the upper c u t o f f  f r e q uency.

Fi g u r e  40 s h ow s the n o r m a l i z e d  log e n e r g y  for the

f i l t e r e d  r e f l e c t i v i t y  sp ikes  fro m the M a d i s o n  and Red River 

i n t e r v a l s  as a f u n c t i o n  of the upper f r e q u e n c y  cu tof f for 

the filter. S e i s m i c  e n e r g y  of the t i g h t  f o r m a t i o n  is

g r e a t e r  th a n  that of the p o r o u s  f o r m a t i o n s  at low

f r e q u e n c i e s  (20 to 70 hz), and at high e r  f r e q u e n c i e s  the
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p o r o u s  zone and tig ht zone have about the same e n e r g y  level.

The r e l a t i v e l y  fla t c u r v e  for e n e r g y  of the 

n o n - p r o d u c t i v e  w e l l  is p r o b a b l y  due to the n e ar ly  

h o m o g e n e o u s  d i s t r i b u t i o n  of v e l o c i t i e s  and d e n s i t i e s  

t h r o u g h o u t  the interval. On the o t he r hand, the m i x t u r e  of 

thi n beds of p o r o u s  and t i ght  c a r b o n a t e  zones in the 

w a t e r - p r o d u c t i v e  c a s e  p r o v i d e s  a low e n e r g y  level at low 

f r e q u e n c i e s ,  b e c a u s e  of the a v e r a g i n g  from the wa velet,  and 

i n c r e a s e s  as a f u n c t i o n  of the w a v e l e t ' s  r e s o l v i n g  power. 

W o r k  p e r f o r m e d  by Lee (per. comm., 1979) using v e r t i c a l  

s e i s m i c  p r o f i l i n g  m e t h o d s  s h o w e d  that i n t e r b e d  m u l t i p l e  

r e f l e c t i o n s  in the p o r o u s  w e l l s  p r o d u c e d  a h i gh er  re tu rn of 

e n e r g y  than  did the t i g h t e r  wells. T h e r efore, Figure. 40 is 

p r o b a b l y  only a c c u r a t e  at the lower f r e q u e n c y  range (below 

50 hz) since it was c o n s t r u c t e d  as s u m i n g  p r i m a r y  r e f l e c t i o n s  

o n l y .

F i g u r e  41 shows the n u m b e r  of zero c r o s s i n g s  w i t h i n  the 

i n t e r v a l  as a f u n c t i o n  of upp er  f r e q u e n c y  cu to ff.  In 

g e n e r a l ,  the n u mb er of zero c r o s s i n g s  for the p o r o u s  cas e is 

h i g h e r  tha n the zero c r o s s i n g s  rate for the tight, 

n o n - p r o d u c t i v e  cas e at the same fr eq uen cy, a l t h o u g h  not by a 

s i g n i f i c a n t  amount. The f i g u r e  shows that the a l t e r n a t i n g  

s e q u e n c e  of p o r o u s  and n o n - p o r o u s  thin beds in the 

p r o d u c t i v e  cas e  c r e a t e s  a p a t t e r n  of low a c o u s t i c  im p e d a n c e  

next to h i g h  a c o u s t i c  impe da nce, ■ c a u s i n g  an o s c i l l a t o r y
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p a t t e r n  of r e f l e c t i o n s  to d e v e l o p  at all f r e q u e n c i e s .  In 

the t i gh t c a r b o n a t e  rock case, the o s c i l l a t o r y  p a t t e r n  is 

not as p r e v a l e n t .  Bas ed  on the a n a l y s i s  of the se two wells, 

tho ugh , z e r o - c r o s s i n g  m e a s u r e m e n t s  w o u l d  p r o b a b l y  not be a 

u s e f u l  d i s c r i m i n a t i o n  tool. As in the e n e r g y  lev el 

m e a s u r e m e n t ,  the e f f e c t s  of int e r n a l  m u l t i p l e  r e f l e c t i o n s  

are not co m p u t e d ,  but w o u l d  p r o b a b l y  c a u s e  the z e r o - c r o s s i n g  

c o u n t  to be h i gher for the p o r o u s  case.
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F i g u r e  40. N o r m a l i z e d  log e n e r g y  of the M a d i s o n  and Red 
R i v e r  i n t e r v a l s  for d i f f e r e n t  p a s s b a n d s .  The lower cut of 
the p a s s b a n d  was 5 hz in e a c h  case, and the u p p e r  cut is 
p l o t t e d  al ong the a b s c i s s a .
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F i g u r e  41. N u m b e r  
s e r i e s  f i l t e r e d  at 
w e l l  (USGS M a d i s o n  
M a d i s o n  N o . 2).

of z e r o  c r o s s i n g s  of the r e f l e c t i v i t y  
d i f f e r e n t  p a s s b a n d s  for the p r o d u c t i v e  

No. 1) and the n o n - p r o d u c t i v e  well (USGS
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R E C O M M E N D A T I O N S

The a n a l y s i s  of w e l l  log d a t a  f rom two w e l l s 

r e p r e s e n t i n g  c o n t r a s t i n g  r e s e r v o i r  e n v i r o n m e n t s  d e m o n s t r a t e d  

tha t  t r e n d s  of low a c o u s t i c  i m p e d a n c e  are a s s o c i a t e d  wit h 

h igh p o r o s i t y ,  and i n d i c a t e  th a t  d i s c r i m i n a t i o n  of w a te r 

p r o d u c i n g  and non w a t e r  p r o d u c i n g  zones using s e i s m i c  da t a  

is p o s s i b l e .  A l t h o u g h  the i n d i v i d u a l  high p o r o s i t y  zones 

are thin, and th ei r s p a t i a l  d i s t r i b u t i o n  is not we l l  known, 

the c o m p o s i t e  r e s p o n s e  of an i n t e r v a l  is s u g g e s t i v e  of 

r e s e r v o i r  qu al ity, and s u c c e s s f u l  i n t e r p r e t a t i o n s  ma y  be 

p o s s i b l e  by c l a s s i f y i n g  the r e s p o n s e  of the e n ti re 

f o r m a t i o n ,  ra th er tha n a t t e m p t i n g  to i d e n t i f y  p r o d u c t i v e  

zones. S y n t h e t i c  s e i s m o g r a m s  that are, g e n e r a t e d  f ro m the 

w e l l  logs using c o n v e n t i o n a l  p l a n e - w a v e  n o r m a l - i n c i d e n c e  

s i m u l a t i o n  m e t h o d s  have been done  and s h own to be u s e f u l  in 

i d e n t i f y i n g  m a j o r  r e f l e c t i o n  b o u n d a r i e s ,  but m a y  not p r o v i d e  

the c o m p l e t e  r e s po nse that a se i s m i c  wave fie ld m i g h t  see.

In li ght of the s t u d i e s  mad e in this thesis, the 

f o l l o w i n g  r e c o m m e n d a t i o n s  are made:

1. F u r t h e r  w el l log e v a l u a t i o n s  s h o u l d  be p e r f o r m e d  

usi ng a v a i l a b l e  log d a t a  p e n e t r a t i n g  the M a d i s o n  and Red 

R i v e r  i n t e r v a l s  in the s t u d y  area. The a n a l y s i s  sh ould 

f o l l o w  the p r o c e d u r e s  d e s c r i b e d  in this thesis, in orde r to 

d e t e r m i n e  the t r e n d s  of p o r o s i t y  as a f u n c t i o n  of ve loc ity,
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d e n s i t y ,  and depth. This work  will fu r t h e r  s u b s t a n t i a t e  the 

i n t e r p r e t a b i l i t y  of p o r o s i t y  zones w i t h i n  the M a d i s o n  and 

Red R i v e r  F o r m a t i o n s .

2. D e v e l o p  s y n t h e t i c  s e i s m o g r a m s  f r o m  w e l l s  h a vi ng  

v e l o c i t y  and d e n s i t y  d a t a  to d e t e r m i n e  the r e f l e c t i v i t y  

p a t t e r n s  of p o r o u s  c a r b o n a t e  f a cie s v e r s u s  tig ht c a r b o n a t e  

fa ci es . W e l l s  that do not have  d e n s i t y  i n f o r m a t i o n  sh ou l d  

be m o d e l e d ,  but w i t h  the u n d e r s t a n d i n g  that d e n s i t y  is an 

i m p o r t a n t  p a r a m e t e r  for d e t e c t i n g  p o r o s i t y  from a c o u s t i c  

i m p e d a n c e  m e a s u r e m e n t s .  The w o r k  d on e us ing v e r t i c a l  

s e i s m i c  p r o f i l i n g  d a t a  (Lee, per. comm., 1980) shows  that 

i n t e r n a l  m u l t i p l e  r e f l e c t i o n s  may be an i n d i c a t o r  of 

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

i n c l u d e  all o r d e r s  of i n t e r b e d  m u l t i p l e  r e f l e c t i o n s .

3. I n v e s t i g a t e  the a d v a n t a g e s  of using v e r t i c a l  

s e i s m i c  p r o f i l e s  in p l a c e  of the s y n t h e t i c  s e i s m o g r a m s  to 

u n d e r s t a n d  the r e f l e c t i v i t y  p a t t e r n  of c a r b o n a t e  facies. 

B e c a u s e  the V SP is a m e a s u r e m e n t  of a s e i s m i c  p u l s e  i n - si tu 

at s e i s m i c  fie ld f r e q u e n c i e s ,  w i t h  the e f f e c t s  of i n t e r b e d  

m u l t i p l e s ,  a b s o r p t i o n ,  s c a t t e r i n g ,  and F r e s n e l  zone 

a v e r a g i n g  in cluded, a m o r e  a c c u r a t e  d e t e r m i n a t i o n  of 

r e f l e c t i v i t y  p a t t e r n s  can be made.

4. The s u r f a c e  s e i s m i c  d a t a  shou l d  be r e a s o n a b l e  

b r o a d b a n d  to m a x i m i z e  the d e t e c t a b i l i t y  of p o r o u s  zones. 

T y p i c a l l y  a range of 6 to 80 hz is now p o s s i b l e  on land
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a c q u i s i t i o n ,  but w i l l  m o s t  l i kely r e q u i r e  an e x p l o s i v e  

source. T r ac e s p a c i n g  s h o u l d  be r e l a t i v e l y  cl ose , on the

o r d e r  of 100 to 200 feet  d e p e n d i n g  on the d e p t h  of the 

ta rg et, so that l a t e r a l  v a r i a t i o n s  of c a r b o n a t e  p o r o s i t i e s  

ca n  be t r a ck ed . C o n s i d e r  u s in g an " e x p e r i m e n t a l "  fie ld c r e w  

w ho hav e e x p e r i e n c e  in o b t a i n i n g  h i g h - q u a l i t y  se i s m i c  data

i n i t i a l l y ,  so that the best field p a r a m e t e r s  can be obt a i n e d .

5. I n t e g r a t e  the s y n t h e t i c  s e i s m o g r a m s  from wel l  log

data, and the VSP data, into the s y n t h e t i c  s e i s m o g r a m  at the

same e f f e c t i v e  b a n d w i d t h  of that used  in p r o c e s s i n g  the 

s e i s m i c  data. A l s o  any p h a s e  s p e c t r u m  d i f f e r e n c e s  b e t w e e n  

the s y n t h e t i c  s e i s m o g r a m  and se i s m i c  d a t a  s h ou ld  be 

e l i m i n a t e d .  D e t e r m i n e  the r e f l e c t i v i t y  p a t t e r n s  a s s o c i a t e d  

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

c o m p a r e  w i t h  r e s u l t s  p r e s e n t e d  in this work. Onc e  a 

t e c h n i q u e  has been e s t a b l i s h e d  for r e c o g n i z i n g  w h i c h  g r o u p  

of w a v e f o r m s  i n d i c a t e s  p o r o s i t y  d e v e l o p m e n t ,  the m e t h o d  can 

be a p p l i e d  d i r e c t l y  to s e i s m i c  field data. The m e t h o d  used 

w i l l  m o s t  li kely  be a p p l i e d  using c o m p u t e r  me t h o d s ,  b e c a u s e  

the p a t t e r n s  on c o n v e n t i o n a l  s e i sm ic d i s p l a y s  m ay  be too 

s u b t l e  to be d e t e c t e d  by v i s u a l  ins pecti on .
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C O N C L U S I O N S

1. The best  w a t e r - b e a r i n g  a q u i f e r s  in the M a d i s o n  and 

Red R i v e r  F o r m a t i o n s  o c c u r  w h e r e  the c a r b o n a t e  rocks are 

p r e d o m i n a n t l y  c o a r s e l y - g r a i n e d  dol o m i t e ,  and t h e r e f o r e  have 

b e t t e r  p o r o s i t y  d e v e l o p m e n t .  Zones of f r a c t u r i n g  and 

s e c o n d a r y  p o r o s i t y  are a l s o  g o o d  p r o s p e c t s .  Lo c a t i n g  

f r a c t u r e  zones t h r o u g h  a n a l y s i s  of the s t r u c t u r a l  h i s t o r y

and p r e s e n t  day s t r u c t u r a l  setting  is feasible , but loc at in g 

zones of hig h  d o l o m i t e  c o n t e n t  by g e o l o g i c  s u b s u r f a c e  and

trend a n a l y s i s  is d i f f i c u l t  due to the lack of s u b s u r f a c e

i n f o r m a t i o n  on M a d i s o n  and Red Riv er rocks in this area.

E x p l o r a t i o n  for h i g h - y i e l d  a q u i f e r s  by rand o m  d r i l l i n g  may 

b e c o m e  p r o h i b i t i v e l y  costly.

2. The best w a t e r - b e a r i n g  zones have high  p o r o s i t y  and 

p e r m e a b i l i t y ,  but are g e n e r a l l y  thin units, u s u a l l y  ra nging 

f r o m  two to ten feet. T h e s e  zones are i n t e r b e d d e d  with 

tight, and g e n e r a l l y  thicker, d o l o m i t e  and l i m e s t o n e  units. 

Th er e is no s t r u c t u r a l  e x p r e s s i o n  a s s o c i a t e d  w ith p o r o s i t y  

d e v e l o p m e n t  in ei th e r  the M a d i s o n  or Red Riv er int erval.

3. P o r o s i t y  in the M a d i s o n  and Red Riv er  F o r m a t i o n s  is 

c h a r a c t e r i z e d  by lower v e l o c i t y  and de nsity, and ther ef ore, 

by lo cal  a c o u s t i c  i m p e d a n c e  lows, r e l ativ e to s u r r o u n d i n g  

t i gh t c a r b o n a t e  rocks wi t h  h i g h e r  im pedance . B e c a u s e  the 

high p o r o s i t y  zones are thin, d i r e c t  d e t e c t i o n  using m o d e r n
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s e ismi c d a t a  is not l i k e l y  to s u c c e e d  b e c a u s e  of the 

s e i s m i c ' s  l i m ited r e s o l v i n g  c a p a b i l i t i e s .

4. H i g h - p o r o s i t y  zones are thin, low a c o u s t i c  im p e d a n c e  

lay ers i n t e r b e d d e d  w i t h  g e n e r a l l y  thicker , tight c a r b o n a t e  

l a y e r s  of highe r a c o u s t i c  imp eda nc e. The h i g h - p o r o s i t y  

zones are not d i r e c t l y  i d e n t i f i a b l e  on n o i s e - f r e e  syn t h e t i c  

s e i s m o g r a m s  at ty p i c a l  se i s m i c  f r e q u e n c i e s .  The u s e f u l n e s s  

of a c o u s t i c  i m p e d a n c e  logs to d e t e c t  p o r o s i t y  zones in 

M a d i s o n  and Red R i v e r  rocks, based on the study of two 

wells, is m a r g i n a l  at best.

5. L i m e s t o n e s  of the M a d i s o n  have g e n e r a l l y  low va lues 

of p e r m e a b i l i t y  and p o r o s i t y ,  w h ile d o l o m i t e s  have higher 

p o r o s i t i e s  and p e r m e a b i l i t i e s .  A rough l i n e a r  c o r r e l a t i o n  

e x i s t s  b e t w e e n  p o r o s i t y  and p e r m e a b i l i t y ,  and t h e r e f o r e 

s e i s m i c  d e t e c t i o n  of p o r o s i t y  will g e n e r a l l y  insure that the 

rock is p r e m e a b l e  also. Howeve r, there are rock types wit h 

h ig h p o r o s i t y  but low p e r m e a b i l i t y ,  w h i c h  w o uld limit wat er 

p r o d u c t i o n .  On the o t he r side of this, p e r m e a b i l i t y  in low 

p o r o s i t y  rocks is e n h a n c e d  t h r o u g h  te c t o n i c  f r a c t uring , and 

a q u i f e r s  in these rocks c a n  p r o d u c e  a d e q u a t e  water 

p r o d u c t i v i t y  rates. Thus, p o r o s i t y  d e t e c t i o n  by itself is 

not s u f f i c i e n t  to c l a s s i f y  all of the c a r b o n a t e  a q u ife rs  

that m i g h t  exist in the M a d i s o n  and Red Ri ver interva ls.

6. In the cas e of thin beds, the se i s m i c  res po nse is 

g e n e r a l l y  s e n s i t i v e  to s t r a t i g r a p h i c  l a y e r i n g  as well as
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c h a n g e s  in a c o u s t i c  i m p e d a n c e .  The thin, h i g h - p o r o s i t y  

zo ne s p r o d u c e  an " i n f l u e n c e "  on the s e i smic w a v e f o r m ,  and 

c an  be i d e n t i f i e d  t h r o u g h  s p e c i a l  a n a l y s i s  of the seism ic  

w a v e f o r m .

7. The a p p l i c a t i o n  of othe r d e t e c t i o n  s c h e m e s  to 

i d e n t i f y  the s u b t l e  " i n f l u e n c e "  e f f e c t s  i n c l u d e d  the 

m e a s u r e m e n t  of the t o t a l  RMS e n e r g y  of the M a d i s o n  and Red 

R i v e r  i n t e rvals,  and the n u m b e r  of zero c r o s s i n g s  as a 

f u n c t i o n  of f r e q u e n c y  b a n d w i d t h .  T h ese  m e t h o d s  p r o d u c e d  the 

f o l l o w i n g  results:

(a) The s e i s m i c  e n e r g y  of t i gh t f o r m a t i o n s  is 

g r e a t e r  than that of the p o r o u s  f o r m a t i o n s  at low 

f r e q u e n c y  (below 50 hz) , but at hi gh e r  f r e q u e n c i e s  the 

p o r o u s  zone p r o d u c e d  more energy. W o r k  done  by Lee (per 

co mm .,  1979) usin g v e r t i c a l  s e i sm ic  p r o f i l i n g  dat a 

s h o w e d  that i n t er na l m u l t i p l e  r e f l e c t i o n s  in the p o r o u s  

w e l l s  p r o d u c e d  an e v e n  h i g h e r  e n ergy return than did the 

t i g h t e r  wells. This is p r o b a b l y  due to the p o r o u s  

c a r b o n a t e  rock h a v i n g  a h e t e r o g e n e o u s  m i x t u r e  of 

v e l o c i t i e s  and d e n s i t i e s  a s s o c i a t e d  w it h the p o r o u s  

c a r b o n a t e ,  w h i l e  the t i g h t  c a r b o n a t e  is m o r e  e v e n l y  

d i s t r i b u t e d  wit h c o n s t a n t  v e l o c i t i e s  and d e n s i t i e s .

(b) The n u m b e r  of zero c r o s s i n g s  over the in t e r v a l  

is ro u g h l y  m e a s u r i n g  f r e q u e n c y  c o n t e n t .  In the p o r o u s  

rock case, the n u m b e r  of z e r o - c r o s s i n g s  is s l i g h t l y
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h i g h e r  than for the t i gh t rock case at s i m i l a r  f r e q u e n c i e s ,  

a l t h o u g h  the d i f f e r e n c e  is small, and p r o b a b l y  w o u l d  not be 

a u s e f u l  tool that  c an re a d i l y  be a p p l i e d  to se is mic field 

data.
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A P P E N D I X  A

Tables of well log values used in all 

c r o s s p l o t  analysis.
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D e s c r i p t i o n  of V a r i a b l e  N a m e s  Used for C o l u m n  H e a d i n g s

The d e p t h  value, Z is the d e p t h  to the top of e ac h layer. 

A ll  of the log m e a s u r e m e n t s  c o r r e s p o n d s  to the layer, or 

in te rv al, b e t w e e n  the d e p t h  at w h i c h  the value appears, to 

the d e p t h  on the line i m m e d i a t e l y  below.

Z D e p t h  b e l o w  g r o u n d  surface, in feet.

ITT I n t e r v a l  t r a n s i t  t ime fr o m  the sonic log, in
m i c r o s e c o n d s / f t

D E N D e n s i t y  fro m the d e n s i t y  log, in g m / c m 3

0 P o r o s i t y  from the c o m p e n s a t e d  n e u t r o n  log, m e a s u r e d  
in l i m e s t o n e  p o r o s i t y  pe r c e n t

GR G a m m a - r a y  v a l u e s  f r o m  the g a m m a - r a y  log, in API 
units

V Ve l o city, in fe e t  p er second, d e r i v e d  from the 
r e c i p r o c a l  of i n t e r v a l  transit time

R H O - V  A c o u s t i c  i mp edance,  d e r i v e d  by m u l t i p l y i n g  ve l o c i t y  
by the densit y,  in units of f e e t - g r a m / s e c - c m 3

T T w o - w a y  t r avel time fro m the s u r fa ce  to the top of 
the interval, in m i l l i s e c o n d s

RC R e f l e c t i o n  c o e f f i c i e n t  at the i n t e r f a c e  b e t w e e n  the 
layer at w h i c h  the RC is listed, and the layer on 
the fo l l o w i n g  line
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U.S.G.S. Madison No. 1

z IT T DEN £ GR V RHO-V T RC
2 6 0 4 . 54 .  4 2 . 5 3 1 6 . 5 2 3 . 1 8 3 8 2 . 4 6 5 0 6 . 2 7 1 . 0 8 - 0 . 0 3 3 0
2 6 1 3 . 5 7 . 2 2 . 4 9 1 8 . 4 2 5 . 1 74 83 . 4 3 5 3 3 . 2 7 1 . 8 8 - 0 . 0 2 1 0
2 6 2 0 . 5 8 .  7 2 . 4  5 2 2 .  3 23 . 1 7 0 3 6 . 4 1 7 3 8 . 2 7 2 . 2 3 - 0 . 0 7 7 3
2 6 2 3 . 6 4 .  9 2 . 3 2 2 8 . 3 2 0 . 1 54 08 . 3 5 7 4 7 . 2 7 3 . 2 7 0 . 0 2 1 1
2631 . 6 4 .  9 2 . 4 2 2 3 . 9 2 2 . 1 54 0 8 . 3 7 2 8 7 . 2 7 3 . 6 6 0 . 1 3 0 4
2 6 3 4 . 5 2 . 2 2 .  53 1 3 . 8 2 4 . 1 9 1 5 7 . 4 8 4 6 7 . 2 7 3 . 9 7 - 0 . 1 1 6 7
2 6 3 7 . 6 3 . 9 2 . 4 5 2 1 . 6 2 4 . 1 5 6 4 9 . 3 8 3 4 0 . 2 7 4 . 4 8 0 . 0 9  10
264 1 . 5 5 . 2 2 .  54 1 2 . 8 3 0 . 1 81 16 . 4 6 0 1 5 . 2 7 5 . 0 4 - 0 . 1 1 0 2
2 6 4 6 . 6 6 .  7 2 . 4 6 2 4 .  0 3 4 . 1 49 93 . 3 6 8 8 3 . 2 7 5 . 9 7 0 . 0 5 2 2
2 6 5 3 . 6 1 . 3 2 . 5 1 18.  5 20 . 1 6 3 1 3 . 4 0 9 4 6 . 2 7 6 . 4 6 - 0 .  1732
2 6 5 7 . 7 5 .  2 2 .  1 7 2 9 .  3 2 6 . 1 3 2 9 8 . 2 8 8 5 7 . 2 7 7 . 6 6 0 . 0 8 3 3
2 6 6 5 . 6 9 .  5 2 . 3 7 3 0 .  0 2 4 . 1 43 88 . 3 4 1 0 0 . 2 7 8 . 2 2 - 0 . 0 8 3 2
2 6 6 9 . 7 8 . 3 2 . 2 6 3 0 . 0 26 . 1 27 71 . 2 8 8 6 2 . 2 7 9 . 3 2 0 . 2 4 3 7
2 6 7 6 . 5 3 .  3 2 .  53 1 3 . 0 2 2 . 1 8 7 6 2 . 4 7 4 6 8 . 2 8 0 . 2 8 0 . 0 6 5  1
2 6 8 5 . 4 9 .  0 2 . 6 5 2 . 8 2 0 . 2 0 4 0 8 . 5 4 0 8 1 . 2 8 0 . 8 6 0 . 0 1 5 8
2691 . 4 7 . 3 2 . 6 4 0 .  7 2 1 . 2 1 1 4 2 . 55 8 15 ; 2 8 1 . 8 1 - 0 . 0 4 3 3
2701 . 5 1 . 0 2 . 6 1 ' 3 .  7 2 1. 1 9 6 0 8 . 5 1 1 7 7 . 2 8 2 . 5 2 - 0 . 0 3 3 8
2 7 0 8 . 5 3 .  1 2 .  54 8 . 2 2 2 . 1 88 32 . 4 7 8 3 3 . 2 8 3 . 0 5 0 . 0 8 7 3
2 7 1 3 . 4 6 .  5 2 . 6 5 3.  1 2 5 . 2 1 5 0 5 . 5 6 9 8 8 . 2 8 3 . 8 9 - 0 .  166 1
2 7 2 2 . 6 1 .1 2 . 4 9 2 2 .  1 2 3 . 1 63 6 7 . 4 0 7 5 4 . 2 8 4 . 2 6 0 . 1 3 6 1
2 7 2 5 . 4 8 .  7 2 . 6 1 8 .  1 23 . 2 0 5 3 4 . 5 3 5 9 4 . 2 8 5 . 0 4 - 0 . 0 6 6 4
2 7 3 3 . 5 5 . 2 2 .  59 1 6 . 0 26 . 1 8 1 1 6 . 4 6 9 2 0 . 2 8 5 . 2 6 0 . 0 7 4 3
2 7 3 5 . 4 8 . 3 2 . 6 3 3 . 0 42 . 2 0 7 0 4 . 5 4 4 5 2 . 28 6 . 0 3 - 0 . 0 3 4 8
2 7 4 3 . 5 0 . 6 2 .  57 6 . 5 3 3 . 1 9 7 6 3 . 5 0 7 9 1 . 2 8 6 . 3 3 0 . 0 5 7 5
2 7 4 6 . 4 6 .  5 2 . 6 5 3 .  9 2 6 . 2 1 5 0 5 . 5 6 9 8 8 . 2 8 7 . 0 8 - 0 .  1568
2 7 5 4 . 60 .  9 2 .  53 26 .  5 2 6 . 1 6420 . 4 1 5 4 3 . 2 8 7 . 5 7 0 . 0 6 8 3
2 7 5 8 . 5 5 . 0 2 . 6 2 2 0 . 0 3 3 . 181 82 . 4 7 6 3 7 . 2 8 8 . 0 1 - 0 . 0 6 6 7
2 7 6 2 . 6 0 .  7 2 .  53 2 1 . 0 31 . 1 6474 . 41 6 79 . 2 8 8 . 6  1 0.  1383
2 7 6 7 . 4 8 .  5 2 . 6 7 5.  0 3 3 . 2 0 6 1 9 . 5 5 0 5 3 . 2 8 9 . 4 9 - 0 .  1457
2 7 7 6 . 6 2 . 6 2 . 5 7 2 2 . 4 3 7 . 1 5 9 7 4 . 4 1 0 5 3 . 2 9 0 . 6 1 0 .  15 17
2 7 8 5 . 4 7 . 9 2 .  67 3 . 4 21 . 2 0 8 7 7 . 5 5 7 4 2 . 2 9 1 . 2 8 - 0 . 0 8  71
2 7 9 2 . 5 6 .  4 2 .  64 9.  1 2 9 . 1 7730 . 4 6 8 0 7 . 2 9 1 . 6 2 0 . 0 7 3 3
2 7 9 5 . 4 8 .  7 2 .  64 3 .  9 24 . 2 0 5 3 4 . 5 4 2 1 0 . 2 9 2 . 5 0 - 0 . 0 8 0 9
2 8 0 4 . 56 .  4 2 . 6 0 1 6 . 8 2 7 . 1 7 7 3 0 . 4 6 0 9 8 . 2 9 2 . 7 2 0 . 0 8 5 3
2 8 0 6 . 4 9 .  0 2.  68 8 .  9 3 0 . 2 0 4 0 8 . 5 4 6 9 3 . 2 9 3 .  12 - 0 . 0 9 6  1
281 0. 57 .  2 2 .  58 1 9 . 8 3 2 . 1 7483 . 4 5 1 0 6 . 2 9 4 . 0 3 - 0 . 0 7 4 5
281 8. 6 5 .  9 2 .  56 2 2 .  9 2 9 . 15 175. 3 8 8 4 8 . 2 9 4 . 5 6 0 . 1 1 4 4
2 8 2 2 . 5 3 .  6 2 .  62 1 1 . 0 40 . 1 86 57 . 4 8 8 8 1 . 2 9 5 . 2 0 - 0 . 0 6 0 7
2 8 2 8 . 6 0 .  3 2 . 6 1 1 4 . 3 3 4 . 1 6584 . 4 3 2 8 4 . 2 9 5 . 4 4 0 . 0 5 7 1
2 8 3 0 . 54 .  4 2 .  64 2 .  5 24 . 1 8 3 8 2 . 4 8 5 2 8 . 2 9 7 . 6 2 0 . 0 4 9 3
2 8 5 0 . 4 9 .  1 2 .  63 1 . 3 24 . 2 0 3 6 7 . 5 3 5 6 5 . 2 9 7 . 9 1 - 0 . 0 4 9 5
2 8 5 3 . 53 .  6 2 .  60 8 . 3 28 . 1 8657 . 4 8 5 0 8 . 2 9 8 . 4 5 0 . 0 0 5 4
2 8 5 8 . 52 .  0 2 . 5 5 8.  7 24 . 1923 1 . 4 9 0 3 9 . 2 9 8 . 9 7 0 . 0 2 4 4
2 8 6 3 . 50 .  1 2 .  58 7.  7 25 . 1 99 60 . 5 1 4 9 7 . 2 9 9 . 4 7 - 0 . 0 6 3 0
2 8 6 8 . 5 6 .  4 2 .  56 9.  6 26. 1 7730 . 4 5 3 8 9 . 2 9 9 . 7 0 0 . 0 6 0 1
2 8 7 0 . 5 0 .  4 2 .  58 7 . 3 24 . 1 984 1 . 5 1 1 9 0 . 30 1 . 4  1 - 0 . 0 7 0 7
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z I T T DEN 0 GR V RHO-V T RC
2F25, 5 6 . 2 2 .  50 1 5 .  7 2 4 . 17794 . 4 4 4 8 5 . 3 0 5 . 8 5 0 . 0 6 2 3
2 9 2 7 . 5 0 . 6 2 .  55 1 0 . 4 2 4 . 19763 . 5 0 3 9 6 . 3 0 6 . 0 5 - 0 . 0 6 7 8
2 9 2 9 . 56 .  6 2 . 4 9 1 6 . 2 24. 17668 . 4 3 9 9 3 . 3 0 6 . 2 8 0 . 0 8  1 6
2 9 3 1 . 4 9 . 6 2 . 5 7 1 0 . 8 2 5 . 2 0 1 6 1 . 5 1 8 1 4 . 3 0 7 .  17 - 0 . 0 6 7 9
2 9 4 0 . 5 5 .  5 2 . 5 1 1 4 . 6 2 5 . 18018 . 4 5 2 2 5 . 3 0 7 . 7 3 0 . 0 4 6 2
2 94 5 . 5 1 . 2 2 .  54 1 0 . 7 2 2 . 1953 1 ® 4 9 6 0 9 . 3 0 8 . 0 4 - 0 . 0 3 5 9
2 9 4 8 . 5 4 .  8 2 .  53 1 2 . 5 2 0 . 18248 . 4 6 1 6 7 . 3 0 8 . 2 5 0 . 0 8 6 5
2 9 5 0 . 4 7 .  9 2 . 6 3 5.  9 2 1 . 2 0 8 7 7 . 5 4 9 0 7 . 3 0 8 . 7 3 - 0 . 0 7 9  1
2 9 5 5 . 5 4 .  0 2 .  53 1 2 . 0 2 5 . 18519 . 4 6 8 5 3 . 3 0 9 . 8 1 - 0 . 0 2 8 2
2 9 6 5 . 5 6 .  0 2 . 4 8 1 7 . 8 2 3 . 17857 . 4 4 2 8 5 . 3 1 0 . 1 5 0 . 0 7 0 4
2 9 6 8 . 5 0 .  2 2 .  56 9.  9 2 1. 19920 . 50 99 5. 3 1 0 . 9 5 - 0 . 0 9 8 5
2 9 7 6 . 5 9 .  5 2 . 4 9 1 9 . 4 2 6 . 16807 . 4 1 8 4 9 . 3 1 1 . 4 3 0 . 0 4 0 0
2 9 8 0 . 5 5 . 8 2 .  53 15.  7 2 9 . 17921 . 4 5 3 4 0 . 3 1 1 . 7 6 0 . 0 5 8 6
2 983 . 5 0 .  8 2 .  59 1 0 .  5 2 3 . 19685 . 5 0 9 8 4 . 3 1 2 . 2 7 - 0 . 1 4 6 9
2 98 8-. 6 2 .  5 2 . 3 7 2 7 . 4 2 3 . 16000 . 3 7 9 2 0 . 3 1 3 .  15 0 . 0 4 5 7
2 9 9 5 . 5 9 . 2 2 . 4 6 2 4 .  4 2 3 . 16892 . 4 1 5 5 4 . 3 1 3 . 8 6 - 0 . 1 0 7 6
3 0 0 1 . 6 9 . 6 2 . 3 3 2 8 . 8 2 3 . 14368 . 3 3 4 7 7 . 3 1 5 . 2 5 0 . 1 1 5 1
30 1 1 . 5 7 . 6 2 . 4 3 2 3 . 6 21 . 1 7 3 6 1 . 4 2 1 8 7 . 3 1 5 . 5 9 - 0 . 0 4 4 4
3 0 1 4 . 6 1 . 4 2 . 3 7 2 6 . 4 2 7 . 16287 . 3 8 6 0 0 . 3 1 6 . 0 9 - 0 . 0 3 3 9
3 0 1 8 . 6 4 .  6 2 . 3 3 2 8 .  5 2 5 . 15480 . 3 6 0 6 8 . 3 1 7 . 3 8 0 . 2 0 3 2
3 0 2 8 . 4 8 .  1 2 . 6 2 8 . 8 2 7 . 2 0 7 9 0 . 5 4 4 7 0 . 3 1 7 . 7 6 - 0 . 1 1 4 5
3 0 3 2 . 5 8 .  0 2 . 5 1 2 0 .  8 3 2 . 1724 1 . 4 3 2 7 5 . 3 1 8 . 8 1 0 . 0 0 9 9
3041 . 5 8 .  0 2 .  56 1 8 . 8 50 . 17241 . 4 4 1 3 7 . 3 1 9 . 2 7 - 0 . 0 6 9 0
3 0 4 5 . 6 6 .  6 2 .  56 2 1 . 4 5 3 . 15015 . 3 8 4 3 8 . 3 2 1 . 8 0 - 0 . 0 3 1  1
3 0 6 4 . 6 7 . 0 2 . 4 2 2 5 .  7 4 8 . 14925 . 3 6 1 1 9 . 3 2 2 . 8 7 0 .  101 4
3 0 7 2 . 5 7 . 6 2 .  55 1 8 .  3 2 4 . 17361 . 4 4 2 7 1 . 3 2 3 .  10 0 . 0 5 3 2
3 0 7 4 . 5 2 .  8 2 .  60 16.  5 2 4 . 18939 . 4924 1 . 3 2 3 . 9 5 - 0 . 0 9 3  1
3 0 8 2 . 6 0 .  7 2 . 4 8 2 1 . 8 2 3 . 16474 . 4 0 8 5 6 . 3 2 5 . 4 1 0 . 1 1 6 1
3 0 9 4 . 5 0 . 2 2 .  59 1 5 . 0 2 6 . 19920 . 5 1 5 9 3 . 3 2 6 . 8 1 - 0 .  1649
3 1 0 8 . 6 5 . 7 2 . 4 3 2 7 . 0 1 9 . 15221 . 3 6 9 8 7 . 3 2 7 . 4 7 0 . 0 5 6 5
3 113. 5 9 .  4 2 . 4 6 2 3 .  9 1 9 . 1 6 8 3 5 . 4 1 4 1 4 . 3 2 8 . 5 4 - 0 . 0 5 0 4
3 1 2 2 . 6 4 .  9 2 . 4 3 2 9 .  1 2 2 . 15408 . 3 7 4 4 1 . 3 2 8 . 9 3 0 . 0 9 2 6
3 125. 5 5 .  9 2 .  52 2 0 . 3 2 2 . 17889 . 4 5 0 8 0 . 3 3 0 . 9 4 - 0 . 0 2 6 4
3 1 4 3 . 5 8 .  7 2 . 5 1 1 7 . 3 19. 17036 . 4 2 7 6 0 . 3 3 1 . 4 1 0.  1037
3 1 4 7 . 4 9 .  0 2 .  58 1 5 . 0 2 4 . 2 0 4 0 8 . 5 2 6 5 3 . 33 1 . 70 - 0 . 0 9 5 1
3*150. 5 7 .  0 2 . 4 8 2 2 .  1 2 0 . 17544 . 4 3 5 0 9 . 33 2 . 0 4 0 . 0 5 2 1
31 53. 5 2 .  8 2 .  55 1 7 . 4 2 0 . 18939 . 4 8 2 9 4 . 3 3 2 . 7 8 - 0 . 0 7 1 6
3 160. 5 8 . 8 2 . 4 6 2 1.1 2 1 . 17007 . 4 1 8 3 7 . 3 3 3 . 3 7 - 0 . 0 1 6 3
3 165. 6 0 .  5 2 . 4 5 2 2 .  9 23 . 16529 . 4 0 4 9 6 . 3 3 4 . 4 6 - 0 . 0 5 0 9
3 174. 6 5 .  9 2 . 4 1 2 4 . 7 2 5 . 15175 . 3 6 5 7 2 . 3 3 5 . 5 2 0.  1513
3 1 8 2 . 5 1 . 8 2 .  57 1 5.  2 2 4 . 19305 . 4 9 6 1 4 . 3 3 5 . 9 3 - 0 . 1 1 7 1
3 1 8 6 . 6 3 .  5 2 .  49 1 9 . 0 2 6 . 15748 . 3 9 2 1 3 . 3 3 6 . 3 1 0 . 0 8 0 3
3 189. 5 5 . 8 2 . 5 7 1 5.  8 2 6 . 17921 . 4 6 0 5 7 . 3 3 8 . 7 7 - 0 . 0 2 5  1
321 1. 5 7 . 3 2 . 5 1 1 9 . 0 25 . 17452 . 4 3 8 0 5 . 3 4 0 . 8 3 - 0 . 0 2 1 2
3 2 2 9 . 5 9 .  3 2 .  49 2 0 .  3 23 . 16863 . 4 1 9 8 9 . 3 4 1 . 9 0 - 0 . 0 8  1 5
3 2 3 8 . 6 7 .  3 2 .  40 2 4 . 6 2 7 . 14859 . 3 5 6 6 2 . 3 4 2 .  17 0 . 0 2 9 2
3 2 4 0 . 6 4 . 8 2 .  45 2 2 .  0 24 . 15432 . 3 7 8 0 8 . 3 4 2 . 6 8 0 . 0 0 5 9
3 2 4 4 . 6 3 . 0 2 . 4 1 2 3 .  3 21 . 15873 . 3 8 2 5 4 . 3 4 4 . 7 0 0 .  0163
3 2 6 0 . 6 2 .  5 2 . 4 7 2 2 .  7 2 3 . 16000 . 3 9 5 2 0 . 3 4 6 . 5 7 0 . 0 4 9 3



T-2312 120

z ITT DEN 0 GR V RHO-V T RC
3 2 9 8 . 53 .  8 2 .  55 1 6 . 3 2 3 . 18587 . 4 7 3 9 7 . 3 5 0 . 4 0 -0.0319
3 3 0 9 . 5 6 .  9 2 .  53 18.  1 2 3 . 1 75 75 . 4 4 4 6 5 . 3 5 1 . 2 0 0 . 0 2 0 0
3 3 1 6 . 5 5 .  1 2 .  55 1 8 . 5 2 7 . 1 8149 . 4 6 2 8 0 . 3 5 1 . 7 5 - 0 . 0 5 3 8
3 3 2 1 . 5 9 . 2 2 . 4 6 2 2 .  1 2 7 . 16892 . 4 1 5 5 4 . 3 5 2 . 5 8 - 0 . 0 4 1 2
3 3 2 8 . 6 3 .  5 2 . 4 3 2 6 .  1 2 6 . 1 57 4 8 . 3 8 2 6 8 . 3 5 3 . 6 0 0 . 0 0 3 2
3 3 3 6 * 6 3 .  1 2 . 4 3 2 3 . 8 2 6 . 15848 . 3851 1 . 3 5 6 . 8 8 0 . 0 0 6 9
3 3 6 2 . 6 3 . 0 2 . 4 6 2 3 . 6 2 6 . 15873 . 3 9 0 4 8 . 3 5 7 . 6 3 0 . 0 1 3 7
3 3 6 8 . 6 1 . 3 2 . 4 6 2 1 . 6 19. 16313 . 4 0 1 3 0 . 3 5 8 . 6 1 - 0 . 0 1 7 0
3 3 7 6 . 6 2 .  9 2 .  44 2 3 .  1 3 5 . 1 5898 . 38791 « 3 5 9 . 3 7 0 . 0 0 9 3
3 3 8 2 . 6 2 .  5 2 . 4 7 2 3 . 7 24. 16000 . 3 9 5 2 0 . 3 5 9 . 7 4 0 . 0 3  1 4
3 3 8 5 . 58 .  7 2 . 4 7 2 0 . 3 2 6 . 1 7 0 3 6 . 4 2 0 7 9 . 3 6 0 . 2 1 - 0 . 0 2 6 5
3 3 8 9 . 6 1 . 9 2 . 4 7 2 2 .  5 2 6 . 16 155. 3 9 9 0 3 . 3 6 0 . 5 8 0 . 0 1 8 1
3 3 9 2 . 59 .  7 2 . 4 7 2 1 . 8 2 6 . 1 6750 . 4 1 3 7 3 . 3 6 0 . 9 4 - 0 . 0 2 1 3
3 3 9 5 . 6 2 .  3 2 . 4 7 2 3 . 8 2 6 . 1605 1. 3 9 6 4 6 . 36 1 . 57 0 . 0 3 2 1
3 4 0 0 . 58 .  9 2 .  49 2 0 .  7 2 0 . 1 69 78 . 4 2 2 7 5 . 3 6 2 .  15 - 0 . 0 1 3 3
3 4 0 5 . 6 0 .  0 2 . 4 7 2 2 .  5 2 7 . 16667 . 4 1 1 6 7 . 3 6 4 . 6 7 0 . 0 1 1 9
3 4 2 6 . 5 9 . 3 2 .  50 2 1 . 1 2 4 . 16863 . 4 2 1 5 8 . 3 6 4 . 9 1 0 . 0 1  1 1
3 4 2 8 . 58 .  0 2 .  50 1 9.  5 28 . 17241 . 4 3 1 0 3 . 3 6 6 . 0 7 0 . 0 4 6 5
3 4 3 8 . 5 3 .  9 2 .  55 1 7 . 4 25 . 18553 . 4731 a. 3 6 8 .  12 - 0 . 0 3 5 6
3 4 5 7 . 5 7 .  2 2 .  52 1 8 . 6 2 7 . 1 7483 . 44 05 7. 3 6 8 . 6 9 - 0 . 0 1 0 1
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U.S.G.S. M ADISON NO. 2

z ITT DEN 0 GR V RHO-V T RC
6 5 0 5 . 48 .  2 2 . 6 9 0 . 6 3 0 . 2 0 7 4 7 . 5 5 8 0 9 . 1 4 3 0 . 2 9 - 0 . 0 2 3 3
6 5 0 8 . 5 0 .  5 2.  69 0 . 6 21 . 19802 . 5 3 2 6 7 . 1 4 3 0 . 4 9 0 . 0 1 2 0
6 5 1 0 . 4 9 .  3 2 .  69 0 . 6 2 1 . 2 0 2 8 4 . 5 4 5 6 4 . 1 4 3 1 . 6 7 - 0 .  1672
6 5 2 2 . 6 7 . 3 2 . 6 2 1 5 . 2 6 3 . 1 4859 . 3 8 9 3 1 . 1 4 3 2 . 7 5 0 .  1644
6 5 3 0 . 4 9 e 4 2 . 6 8 - 0 .  1 3 7 . 2 0 2 4 3 . 5 4 2 5 1 . 1 4 3 3 . 4 4 0 . 0 1 2 1
6 5 3 7 . 4 8 . 4 2 .  69 - 0 . 1 2 2 . 2066 1 . 5 5 5 7 8 . 1 4 3 3 . 7 3 - 0 . 0 3 4 9
6 5 4 0 . 5 1 . 9 2 . 6 9 - 0 .  1 3 2 . 19268 . 5 1 8 3 1 . 14 33.94 0 . 0 2 1 8
6 5 4 2 . 4 9 .  5 2.  68 - 0 .  1 3 2 . 2 0 2 0 2 . 5 4 1 4 1 . 1 4 3 4 . 7 3 0 . 0 1 4 7
6 5 5 0 . 4 9 .  5 2 .  76 - 0 .  1 4 6 . 2 0 2 0 2 . 5 5 7 5 8 . 1 4 3 5 . 2 3 - 0 . 0 6 2 9
6 5 5 5 . 5 3 .  7 2 .  64 1. 5 26 . 18622 . 4 9 1 6 2 . 1 4 3 6 . 0 9 - 0 . 1 1 0 5
6 5 6 3 . 6 7 . 3 2 . 6 5 - 0 . 3 59. 14859 . 393 76.- 1 4 3 6 . 3 6 0 . 0 0 0 4
6 5 6 5 . 6 3 .  7 2 . 5 1 1 6 . 0 2 7 . 15699 . 3 9 4 0 4 . 1 4 3 6 . 7 4 0 . 0 3 9 5
6 568 . 6 1 . 9 2 . 6 4 13.  1 31 . 16155 . 4 2 6 4 9 . 1 4 3 7 . 9 8 0 . 0 9 9 9
6 5 7 8 . 5 4 .  5 2 .  84 4 . 8 1 8. 18349 . 521 1 1 . 1 4 3 8 . 8 5 . - 0 . 0 6 2 2
6 5 8 6 . 5 8 .  9 2 . 7 1 1 0 . 0 2 5 . 16978 . 4 6 0 1 0 . 1 4 3 9 . 2 0 - 0 . 0 1 9 4
6 5 8 9 . 6 0 .  1 2 . 6 6 2 7 .  5 2 5 . 16639 . 4 4 2 6 0 . 1 4 3 9 . 8 0 - 0 . 0 3 6 9
6 5 9 4 . 6 4 .  7 2 .  66 - 3 0 .  4 2 5 . 15456 . 4 1 1 1 3 . 1 4 4 0 . 4 5 0.  1362
6 5 9 9 . 5 0 .  3 2.  72 1 . 9 2 0 . 1988 1 . 5 4 0 7 6 . 1 4 4 1 . 6 6 - 0 . 2 2 2 5
6 6 1 1 . 6 9 .  2 2. 38 1 9.  2 35 . 14451 . 3 4 3 9 3 . 1 4 4 3 . 0 4 - 0 . 0 4 4 5
6621 . 75 .  0 v 2.  36 20 .  9 33. 13333 . 3 1 4 6 6 . 1 4 4 3 . 6 4 0 . 2 4  83
6 6 2 5 . 5 1 . 1 2 .  67 2 . 6 2 3 . 19569 . 5 2 2 4 9 . 1 4 4 5 . 2 8 - 0 . 1 2 5 4
664 1 . 6 6 .  5 2 .  70 9.  8 94 . 15038 . 4 0 6 0 3 . 1 4 4 5 . 6 8 0 . 1 2 1 5
6 6 4 4 . 5 1 . 7 2 . 6 8 2 . 6 2 6 . 1 9342 . 5 1 8 3 7 . 1 44 7 .  12 - 0 . 0 0  13
6 6 5 8 . 53 .  0 2 .  74 4 . 6 2 7 . 1 8 8 6 8 . 5 1 6 9 8 . 1 4 4 9 . 1 4 - 0 . 0 3 6 0
6 6 7 7 . 5 5 . 3 2 .  66 7.  1 21 . 18083 . 4 8 101 . 1 4 4 9 . 8 0 - 0 . 0 2 0 2
6 6 8 3 . 5 6 .  5 2 . 6 1 8 . 9 2 1. 17699 . 4 6 1 9 4 . 1 4 5 0 . 0 3 0 . 0 5 6 9
6 6 8 5 . 5 0 .  8 2 . 6 3 4 . 6 2 1 . 19685 . 5 1 7 7 2 . 1 4 5 5 . 0 0 - 0 . 0 1 3 0
6 7 3 4 . 5 6 .  1 2. 83 6.  7 1 5. 17825 . 5 0 4 4 5 . 1 4 5 5 . 2 3 0 . 0 6 2 5
6 7 3 6 . 5 2 . 3 2.  99 1 . 6 1 5. 19120 . 5 7 1 6 9 . 1 4 5 5 . 7 5 - 0 .  1990
674 1 . 6 8 .  6 2 .  62 1 5.  7 3 7 . 14577 . 3 8 1 9 2 . 1 4 5 6 . 3 0 0 . 1 7 2 7
6 7 4 5 . 5 3 . 2 2 .  88 3.3 1 7. 18797 . 5 4 1 3 5 . 1 4 5 7 . 2 6 0 . 0 2 8 7
6 7 5 4 . 5 1 . 8 2 .  97 - 0 . 9 16. 19305 . 5 7 3 3 6 . 1 4 5 7 . 9 8 - 0 . 0 1 0 5
676 1. 52 .  9 2 . 9 7 0 .  5 23 . 18904 . 5 6 1 4 5 . 1 4 5 9 . 2 5 - 0 . 0 1 6 1
6 7 7 3 . 49 .  3 2 .  68 1 . 0 23 . 2 0 2 8 4 . 5 4 3 6 1 . 1 4 6 0 . 0 4 0 . 0 2 0 6
678 1 . 5 1 . 9 2 . 94 - 0 .  7 12. 19268 . 5 6 6 4 8 . 14 6 0 . 6 6 - 0 . 0 2 2 9
6 7 8 7 . 5 2 . 3 2.  83 2 . 8 2 5 . 19120 . 5 4 1 1 0 . 1 4 6 0 . 9 8 0 . 0 4 9 3
6 7 9 0 . 4 9 .  9 2 .  98 - 0 . 9 13. 2 0 0 4 0 . 5 9 7 1 9 . 1 4 6 1 . 4 8 - 0 . 0 1 6 9
6 7 9 5 . 5 1 . 1 2 .  95 - 0 .  9 13. 19569 . 5 7 7 2 9 . 1 4 6 1 . 9 9 0.0000
6 8 0 0 . 5 1 . 1 2 .  95 - 0 .  7 0. 19569 . 5 7 7 2 9 . 1 4 6 4 . 0 3 0 . 0 2 7 5
6 8 2 0 . 4 8 . 2 2 .  94 - 0 . 7 0. 2 0 7 4 7 . 6 0 9 9 6 . 1 4 6 5 . 5 8 - 0 . 0 9 8  1
6 8 3 6 . 53 .  5 2.  68 2 3 .  4 0. 18692 . 5 0 0 9 5 . 1 4 6 5 . 9 0 0 . 0 4 5 9
6 8 3 9 . 4 8 .  8 2.  68 1 . 4 0. 2 0 4 9 2 . 5 4 9 1 9 . 1 4 6 6 . 2 9 - 0 . 0 8 5 6
6 8 4 3 . 57 .  5 2 .  66 9.  5 0. 1 7 3 9 1 . 4 6 2 6 0 . 1 4 6 6 . 5 2 0 . 0 3 9 8

6 8 4 5 . 5 3 .  1 2.  66 6 .  0 0. 1 8 8 3 2 . 5 0 0 9 3 . 1 4 6 6 . 8 4 - 0 . 0 3 6 3
6 8 4 8 . 57 .  1 2 .  66 7 .  1 0. 17513 . 4 6 5 8 5 . 1467 .  18 0.  Ot 5 4
685 1 . 50 .  2 2 .  72 0.  4 0. 19920 . 541 8 2 . 14 6 8 . 4  8 0 . 0 0 0 0
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z ITT DEN 0 GR V RHO-V T RC
6 8 ^ 0 . 53T9 T 7 3 7 779 U 7 1 7158 9 . 4 5 9 7 3 . 1 4 7 T . 57 0 .H 5 6  2
6 8 9 4 . 48 .  6 2 . 7 1 - 0 . 3 0. 2 0 5 7 6 . 5576 1 . 1 4 7 2 . 5 4 - 0 . 0 5 5 4
6 9 0 4 . 53 .  5 2 . 6 7 2 . 9 0. 186 92 . 4 9 9 0 8 . 1 4 7 2 . 7 5 0 . 0 5 8 5
6 9 0 6 . 4 8 .  3 2 . 7 1 “ 0 . 4 0. 2 0 7 0 4 . 5 6 1 0 8 . 1 4 7 5 . 3 6 - 0 . 0 8 0 7
6 9 3 3 . 5 5 . 1 2 . 6 3 5.  1 0. 18149 . 4 7 7 3 2 . 1 4 7 6 . 0 2 0 . 0 6 7 4
6 9 3 9 . 49 .  6 2 . 7 1 0 . 0 0. 2 0 1 6 1 . 5 4 6 3 6 . 1 477 . 11 - 0 . 0 5 0 7
6 9 5 0 . 5 4 .  9 2 . 7 1 8 . 2 0 . 182 15 . 4 9 3 6 3 . 1 4 7 9 . 8 6 0 . 0 5 1 4
6 9 7 5 . 4 9 .  9 2 .  73 0 . 3 0. 2 0 0 4 0 . 5 4 7 0 9 . 1 4 8 0 . 4 6 - 0 . 0 8 0 7
6981 . 5 6 . 3 2 . 6 2 8 . 2 0. 1 7 7 6 2 . 4 6 5 3 6 . 1 4 8 1 . 0 2 0 . 0 5 7 8
6 9 8 6 . 5 1 . 3 2 . 6 8 - 0 . 2 0. 19493 . 5224 1 . 1 4 8 1 . 6 4 0 . 0 2 1 7
6 9 9 2 . 4 9 . 3 2 . 6 9 - 0 . 2 0. 2 0 2 8 4 . 5 4 5 6 4 . 1 4 8 2 . 7 2 - 0 . 0 7 2 4
7 0 0 3 . 5 5 . 3 2 . 6 1 5.  0 0. 1 80 83 . 4 7 1 9 7 . 1 4 8 3 . 2 7 - 0 . 0 0 3 5
7 0 0 8 . 55 .  9 2 .  62 5.  0 0. 178 89 . 4 6 8 6 9 . 1 4 8 4 . 3 9 0 . 0 4 6 6
7 0 1 8 . 5 1 . 5 2 . 6 5 2 . 0 0. 1 94 1 7. 5 1 4 5 5 . 148 5 . 0 1 - 0 . 1 1 7 7
7 0 2 4 . 6 1 . 3 2 .  49 1 4 . 4 0. 163 13. 40*6 19. 1 4 9 4 . 5 7 0 . 0 3 9 7
7 102. 5 7 . 3 2 .  52 1 1 . 2 0. 1 74 52 . 4 3 9 7 9 . 1 4 9 5 .  95 0 . 0 4 5 9
7 1 1 4 . 5 3 . 1 2 .  56 5.  5 0. 188 32 . 4 8 2 1 0 . 1 4 9 6 . 3 7 0 . 0 5 3 7
7 1 1 8 . 5 0 . 3 2 . 7 0 1 . 2 0. 1 9 8 8 1 . 5 3 6 7 9 . 1 5 0 5 . 0 2 - 0 . 0 2 4 3
7 2 0 4 . 5 2 .  8 2 . 7 0 8.  9 2 4 . 18939 . 51 135. 1 5 0 5 .  45 - 0 . 0 1 5 8
7 2 0 8 . 54 .  5 2 .  70 ' 8 . 9 1 8 . 18349 . 4 9 5 4 2 . 1 5 0 5 . 7 7 0 . 0 5 8 6
721 1 . 4 9 . 9 2 .  78 7 . 3 21 . 2 0 0 4 0 . 5571 1 . 1 5 0 6 . 7 7 - 0 . 0 8 9 3
7221 . 5 6 .  9 2 . 6 5 1 1 . 6 2 5 . 1 7575 . 4 6 5 7 4 . 1 5 0 8 . 0 2 0 . 1 2 6 3
7 2 3 2 . 47 . 3 2 .  84 3 . 4 17. 2 1 1 4 2 . 6 0 0 4 3 . 1 5 0 8 . 9 7 - 0 . 0 4 8 8
7 2 4 2 . 50 .  5 2 . 7 5 5 . 0 1 3 . 1 98 02 . 5 4 4 5 6 . 1 5 0 9 . 8 8 0 . 0 3 0 0
7251 . 4 8 .  6 2 . 8 1 3 . 8 1 5. 2 0 5 7 6 . 5 7 8 1 9 . 1 5 1 0 . 5 6 - 0 . 0 3 7 6
7 2 5 8 . 5 2 .  4 2 . 8 1 6.  9 2 0 . 19084 . 53626 .. 1 5 1 0 . 9 8 0 . 0 3 6 6
7 2 6 2 . 4 8 .  7 2 . 8 1 1 . 4 1 9. 2 0 5 3 4 . 57701 . 15 1 1 . 6 6 - 0 . 0 4 5 1
7 2 6 9 . 5 3 .  3 2 . 8 1 7.  5 2 5 . 1 8762 . 5 2 7 2 1. 1 5 1 1 . 87 0 . 0 8 8 4
7271 . 4 4 .  8 2 .  82 0.  9 2 3 . 2 2 3 2 1 . 6 2 9 4 5 . 1 5 1 2 . 6 8 - 0 . 2 1 4 9
7 2 8 0 . 6 8 .  1 2 .  77 3 . 4 2 3 . 1 46 8 4 . 4 0 6 7 5 . 1 5 1 2 . 9 5 0 . 2 5 7 0
7 2 8 2 . 4 0 .  4 2 .  78 1 . 8 2 5 . 2 4 7 5 2 . 688 1 1 . 1 5 1 3 . 2 7 - 0 . 1 6 6  1
7 2 8 6 . 5 6 .  5 2 .  78 7 . 7 2 9 . 1 76 99 . 4 9 2 0 3 . 1 5 1 4 . 4 0 0 . 0 4 2 4
7 2 9 6 . 5 1 . 9 2 .  78 3 . 8 2 5 . 1 9268 . 5 3 5 6 5 . 1515 .  13 - 0 . 0 4  1 6
7 3 0 3 . 5 5 . 6 2 .  74 7 .  1 2 6 . 1 79 8 6 . 4 9 2 8 2 . 1 5 1 5 . 4 6 - 0 . 0 3 0 5
7 3 0 6 . 5 9 .  1 2 .  74 9 . 4 3 1 . 16920 . 4 6 3 6 1 . 1 5 1 5 . 8 2 0 . 0 7 7 6
7 3 0 9 . 5 1 . 7 2 .  80 4 . 0 2 2 . 1 93 42 . 54 1 58. 1 5 1 6 . 2 3 - 0 . 0 8 4 2
7 3 1 3 . 5 9 .  9 2 .  74 9.  0 3 5 . 1 6694 . 4 5 7 4 2 . 15 1 7 . 4 3 0 . 0 9 4 9
7 3 2 3 . 4 9 .  7 2 . 7 5 0 .  9 1 7. 2 0 1 2 1 . 5 5 3 3 3 . 1 5 1 8 . 3 3 - 0 . 0 1  1 9
7 3 3 2 . 50 .  9 2 . 7 5 2 . 2 2 0 . 1 9646 . 5 4 0 2 7 . 1 5 1 8 . 8 3 - 0 . 0 7 4 6
7 3 3 7 . 5 9 .  1 2 .  75 8.  4 31 . 16920 . 4 6 5 3 0 . 1519 .  19 0 . 0 7 8 8
7 3 4 0 . 5 0 .  1 2 . 7 3 0 .  5 16. 1 99 60 . 5 4 4 9 1 . 1 5 2 0 . 0 9 - 0 . 0 2 3 7
7 3 4 9 . 5 3 .  3 2 .  77 5.  5 2 5 . 18762 . 51971 . 1 5 2 0 . 7 3 ' 0 . 0 5 8 9
7 3 5 5 . 4 6 . 0 2 .  69 1 . 1 2 3 . 2 1 7 3 9 . 5 8 4 7 8 . 1 5 2 1 . 3 7 0 . 0 6 8 5
7 3 6 2 . 4 0 . 4 2 . 7 1 0.  6 1 5. 2 4 7 5 2 . 6 7 0 7 8 . 1522 . 51 - 0 . 2 0 9 5
7 3 7 6 . 62 .  5 2 .  74 1 0 . 2 3 2 . 1 6000 . 4 3 8 4 0 . 1 523 . 01 0 . 0 7 7 6
7 3 8 0 . 53 .  5 2 .  74 3 .  5 2 5 . 1 8692 . 5 1 2 1 6 . 1 5 2 3 . 3 3 - 0 . 0 5 0 0
7 3 8 3 . 58 .  7 2 .  72 8.  4 3 5 . 1 7036 . 4 6 3 3 8 . 1 5 2 3 . 8 0 0 . 0 8 1 5
7 3 8 7 . 5 1 . 5 2 . 8 1 3.  0 2 2 . 1 94 17 . 5 4 5 6 2 . 1 5 2 4 . 7 2 - 0 . 0 7 2 6
7 3 9 6 . 5 8 .  5 2 .  76 7 . 0 3 4 . 17094 . 4 7 1 7 9 . 152 5 . 3 1 0 . 0 7 3 7
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z I T T DEN £ GR V RHO-V T RC
74 1 0 . 4 9 . 9 2 . 74 0 .4 1 5. 2 0 0 4 0 . 5 4 9 1 0 . 1 5 2 6 . 9 8 - 0 . 0 6 6  1
7 4 1 7 . 5 5 . 3 2 . 6 6 4 . 6 1 5. 18083 . 4 8 1 0 1 . 1527 . 31 0 . 0 5 2 8
7 4 2 0 . 5 0 .  5 2 .  70 1 . 6 14. 19802 . 5 3 4 6 5 . 1 5 2 8 . 7 2 - 0 . 0 4 3 7
7 4 3 4 . 5 4 .  5 2 . 6 7 9 .  6 2 0 . 1834 9. 4 8 9 9 2 . 1 5 3 0 . 6 9 0 . 0 6 2 8
7 4 5 2 . 4 9 .  5 2 . 7 5 1 . 0 1 7 . 2 0 2 0 2 . 5 5 5 5 6 . 154 1 . 3 8 - 0 . 0 8 0 3
7 5 6 0 . 5 7 .  3 2 . 7 1 1 0 . 2 2 2 . 1 7452 . 4 7 2 9 5 . 1 5 3 1 . 9 8 0 . 0 6 4 3
7 47 8 . 50 .  0 2 . 6 9 1 . 7 16. 2 0 0 0 0 . 5 3 8 0 0 . 1 5 3 3 . 7 8 - 0 . 0 3 5 7
7 4 9 6 . 5 2 . 9 2 . 6 5 8 . 8 19. 1 89 04 . 5 0 0 9 6 . 1 5 3 3 . 9 9 0 . 0 4 9 5
7 4 9 8 . 4 9 .  9 2 . 7 6 4 . 8 2 3 . 2 0 0 4 0 . 5 5 3 1 0 . 1 5 3 4 . 2 9 - 0 . 0 6 4 4
7501 . 5 4 .  3 2 . 6 4 7 . 3 2 0 . 1 8416 . 4 8 6 1 8 . 1 5 3 4 . 7 3 0 . 0 5 7  1
7 5 0 5 . 4 9 . 9 2 .  72 1 . 8 16. 2 0 0 4 0 . 5 4 5 0 9 . 1 5 3 5 . 4 3 - 0 . 0 3 9 4
7 5 1 2 . 5 2 . 6 2 . 6 5 8 . 0 18. 190 1 1 . 5 0 3 7 9 . 1 5 3 7 . 0 0 - 0 . 0 0  1 0
7 5 2 7 . 5 4 .  1 2 .  72 8 . 0 20 . 1 8484 . 5 0 2 7 6 . 1 5 3 7 . 9 8 0 . 1 1 5 2
7 5 3 6 . 4 3 .  4 2.  75 1 . 5 1 7. 2304 1 . 6 3 3 6 3 . 1 5 3 8 . 8 5 - 0 . 0 8 9 9
7 54 6 . 5 1 . 6 2 .  73 0 . 8 2 5 . 19380 . 5 2 9 0 7 . 1 5 4 4 . 6 2 0 . 0 1 2 8
7 6 0 2 . 5 0 .  3 2 .  73 - 0 . 2 2 2 . 19881 . 5 4 2 7 5 . 1 5 4 5 . 3 3 - 0 . 0 2 0  1
7 6 0 9 . 5 1 . 6 2 . 6 9 - 0 . 2 2 2 . 19380 . 5 2 1 3 2 . 1 5 4 6 . 9 8 0.  121 7
7 6 2 5 . 4 0 . 4 2 . 6 9 2 . 8 2 4 . 2 4 7 5 2 . 6 6 5 8 3 . 1 5 4 7 . 3 0 - 0 . 1 1 3 9
7 6 2 9 . 52 .  3 2 .  77 1 . 5 2 4 . 19120 . 5 2 9 6 2 . 1 5 4 7 . 8 3 0 . 0 2 3 3
7 6 3 4 . 5 0 .  1 2 . 7 8 7 .  1 28 . 19960 . 5 5 4 8 9 . 1 5 4 9 . 0 3 0 . 0 1 8 3
7 6 4 6 . 4 8 . 3 2 .  78 3 . 5 21 . 2 0 7 0 4 . 5 7 5 5 7 . 1 5 5 0 . 7 7 - 0 . 1 3 3 8
7 66 4 . 6 1 . 4 2.  70 9.  7 82 . 16287 . 4 3 9 7 5 . 155 1 . 8 7 - 0 . 0 0 4  1
7 6 7 3 . 6 1 . 9 2 .  70 12.  1 2 3 . 16155 . 4 3 6 1 9 . 1 5 5 2 . 1 2 0 . 1 5 3 3
7 6 7 5 . 4 7 .  8 2 .  84 3 . 0 19. 2 0 9 2 1 . 5 9 4 1 6 . 1 5 5 2 . 8 8 - 0 .  1 132
7 6 8 3 . 5 8 .  1 2 . 7 5 9 .  1 42 . 17212 . 4 7 3 3 3 . 1 5 5 3 . 8 1 0.  1789
7691 . 4 1 . 2 2 . 8 0 3 . 7 1 7. 2 4 2 7 2 . 6 7 9 6 2 . 1 5 5 3 . 9 8 - 0 . 0 6 7 9
7 6 9 3 . 4 7 . 2 2 .  80 3 . 7 17. 2 1 1 8 6 . 5 9 3 2 1 . 1 5 5 4 . 4 5 - 0 . 1 2 7 6
7 69 8 . 59 .  7 2 .  74 1 0 . 0 73 . 16750 . 4 5 8 9 5 . 1 5 5 5 . 0 5 0 . 1 0 6  1
7 7 0 3 . 4 7 .  9 2 .  72 6.  5 1 7. 2 0 8 7 7 . 5 6 7 8 5 . 1 5 5 5 . 6 2 - 0 . 0 5 7 0
7 7 0 9 . 5 3 . 3 2 . 7 0 7 . 9 3 0 . 18762 . 5 0 6 5 7 . 1 5 5 6 . 3 7 - 0 . 0 8 8 7
7 7 1 6 . 6 2 .  5 2 . 6 5 9.  6 81 . 16000 . 4 2 4 0 0 . 1 5 5 6 . 8 7 0 . 1 6  11
7 72 0 . 4 7 .  2 2.  77 0 . 8 1 5. 2 1 1 8 6 . 5 8 6 8 5 . 1 5 5 7 . 7 2 - 0 . 1 2 5 9
7 7 2 9 . 5 9 .  7 2.  72 7 . 9 4 0 . 16750 . 4 5 5 6 0 . 1 55 9 . 5 1 - 0 . 0 6 4 6
77 4 4 . 6 6 . 2 2 . 6 5 1 2 .  1 1 0 3 . 15106 . 4003 1 . 1 5 6 0 . 4 4 0 . 1 5 1 3
7751 . 5 2 .  3 2 . 8 4 2 . 3 2 5 . 19120 . 5430 1 . 1 5 6 1 . 8 0 - 0 . 1 4 7 6
7 76 4 . 6 6 .  7 2 .  69 1 2 . 7 8 1 . 14993 . 4 0 3 3 1 . 1 5 6 2 . 4 6 0 .  1727
7 76 9 . 4 9 .  5 2 .  83 0 . 8 17. 2 0 2 0 2 . 5 7 1 7 2 . 1 5 6 3 . 4 5 - 0 .  1250
7 7 7 9 . 6 0 .  5 2 . 6 9 9 .  5 53 . 16529 . 4 4 4 6 3 . 1 5 6 3 . 8 2 0.  12 50
7 7 8 2 . 4 9 . 5 2 .  83 3 . 2 2 5 . 20 2 0 2 . 5 7 1 7 2 . 1 56 4 . 2 1 - 0 . 1 0 4 7
7 7 8 6 . 5 8 .  7 2 .  72 9 . 2 2 5 . 17036 . 4 6 3 3 8 . 1 5 6 4 . 8 0 - 0 . 0 7 6 5
7791 . 6 4 .  9 2 .  58 14.  1 52. 15408 . 3 9 7 5 3 . 1 5 6 5 . 0 6 0 .  1223
7 7 9 3 . 5 4 .  1 2 . 7 5 9 . 2 21 . 18484 . 50831 . 1 5 6 5 . 3 8 - 0 . 1 4 1 7
77 9 6 . 6 4 .  9 2 . 4 8 1 5 . 9 24 . 15408 . 3 8 2 1 2 . 1 5 6 5 . 6 4 0 .  1 748
7 7 9 8 . 5 1 . 1 2.  78 1 2 . 8 18. 19569 . 5 4 4 0 2 . 1 5 6 6 . 6 7 - 0 . 1 4 2 4
78 0 8 . 6 2 .  2 2 .  54 1 4 . 4 28 . 16077 . 4 0 8 3 6 . 1 5 6 7 . 6 6 0 . 0 7 8 6
781 6 . 5 4 . 6 2 . 6 1 9 . 4 18. 18315 . 4 7 8 0 2 . 1568 . 21 0 . 0 1 0 5
7821 . 54 .  7 2 . 6 7 7 .  1 2 4 . 18282 . 4 8 8 1 3 . 1 5 6 8 . 6 4 - 0 . 0 4 2 0
7 8 2 5 . 5 9 .  5 2 .  67 1 0 . 5 3 6 . 16807 . 4 4 8 7 5 . 1 5 6 9 . 3 6 0 . 0 9 2 8
783 1 . 5 0 .  5 2.  73 6 . 3 24. 19802 . 5 4 0 5 9 . 1 5 6 9 .  76 - 0 . 0 4 3 6
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z ITT DEN £ GR V RHO-V T RC
7 8 4 7 . 5 3 .  5 2.  71 1 0 . 8 18. 18692 . 5 0 6 5 5 . 1 5 7 1 . 1 8 0 . 0 5 5 3
7 8 4 9 . 4 8 . 6 2 .  75 5 . 4 18. 2 0 5 7 6 . 5 6 5 8 4 . 1 5 7 2 . 2 5 - 0 . 0 6 8 3
7 8 6 0 . 5 3 . 3 2 .  63 1 2 . 4 18. 18762 . 4 9 3 4 4 . 1 5 7 2 . 7 9 0 . 0 4 3 9
7 8 6 5 . 4 9 .  0 2 . 6 4 8 . 3 21 . 2 0 4 0 8 . 5 3 8 7 7 . 1 5 7 5 . 8 3 - 0 . 0 6 7 7
7 8 9 6 . 55 .  9 2 . 6 3 9 .  1 1 4 . 1 7889 . 4 7 0 4 8 . 1 5 7 6 . 2 7 0 . 0 4 2 6
79 0 0 . 5 2 .  9 2 . 7 1 1 2 . 6 1 9 . 18904 . 5 1 2 3 0 . 1 5 7 7 . 2 2 - 0 . 0 2 9 0
7 9 0 9 . 5 4 .  4 2 . 6 3 9 . 2 16. 1 8382 . 4 8 3 4 5 . 1 5 7 8 .  10 - 0 . 1 2 9 2
7 9 1 7 . 67.6 2 .  52 1 9 . 9 4 9 . 14793 . 3 7 2 7 8 . 1 5 7 8 . 3 7 0 . 2 7 0  5
791 9 . 4 3 .  9 2 . 8 5 3 .  9 1 1. 2 2 7 7 9 . 6 4 9 2 0 . 1 5 7 9 . 9 5 - 0 . 1 4  17
7 9 3 7 . 5 4 . 3 2 .  65 9.  0 1 3 . 18416 . 4 8 8 0 2 . 1 5 8 0 . 9 2 0.  0298
7 9 4 6 . 5 2 .  9 2 .  74 8 . 8 16. 18904 . 5 1 7 9 7 . 1 5 8 1 . 2 4 0 . 0 4 6 7
7 9 4 9 . 4 8 .  0 2 .  73 5.  7 16. 2 0 8 3 3 . 5 6 8 7 4 . 1 581 . 91 - 0 . 0 6 3 4
7 9 5 6 . 5 5 . 9 2 .  80 1 1 . 2 3 6 . 17889 . 5 0 0 8 9 . 1 5 8 2 . 4 7 0 . 0 3 0 9
7 9 6 1 . 50 .  3 2 .  68 7.  1 1 5. 19881 . 5 3 2 8 1 . 1 5 8 2 . 8 7 - 0 . 0 3 0 8
7 9 6 5 . 5 3 .  5 2 . 6 8 9 . 6 2 1. 18692 . 5 0 0 9 5 . 1 5 8 3 . 2 0 0 . 0 6 2 4
7 9 6 8 . 4 9 .  5 2 . 8 1 5 . 3 21 . 2 02 0 2 . 5 6 7 6 8 . 1 5 8 3 . 6 9 - 0 . 0 8 0 2
7 9 7 3 . 5 7 . 3 2 .  77 1 0 . 0 4 6 . 17452 . 4 8 3 4 2 . 1 5 8 7 . 4 7 0 . 1 6 3 5
8 0 0 6 . 4 1 . 2 2 .  77 6 .  5 3 3 . 24 2 72 . 6 7 2 3 3 . 1588 . 21 - 0 . 1 3 1 4
8 0 1 5 . 5 2 .  7 2 . 7 2 6 . 5 2 1. 18975 . 516 12. 1 5 8 8 . 5 3 0 . 0 3 4 0
801 8. 50 .  5 2 .  79 ' 6 . 5 21 . 19802. 5 5 2 4 8 . 1 5 8 8 . 7 3 - 0 . 0 2 8 4
8 0 2 0 . 5 2 . 3 2 . 7 3 6 . 5 2 5 . 19120 . 5 21 9 8 . 1 5 8 9 . 3 6 0 . 0 1 3 0
8 0 2 6 . 5 1 . 7 2 .  77 6 .  5 2 0 . 19342 . 5 35 7 7 . 1 59 0 .  1 9 0 . 0 6 5 9
8 0 3 4 . 4 5 .  8 2 .  80 6 .  5 16. 2 1 8 3 4 . 6 1 1 3 5 . 1 591 . 01 - 0 . 0 6 7 0
8 0 4 3 . 5 2 .  0 2 .  78 5 . 6 2 8 . 19231 . 5 3 4 6 2 . 1 5 9 1 . 7 4 - 0 . 0 2 7 2
8 0 5 0 . 5 5 . 7 2 . 8 2 7 . 9 3 5 . 17953 . 5 06 27 . 1 5 9 2 . 8 5 0 . 0 0 3 9
8 0 6 0 . . 5 3 .  7 2 .  74 4 . 0 18. 1 8622 . 5 1 0 2 4 . 1 5 9 3 . 6 0 - 0 . 0 7 1 7
8 0 6 7 . 6 2 .  0 2 .  74 1 0.  3 6 7 . 16129 . 4 4 1 9 3 . 1 5 9 4 . 2 2 0 . 0 0 6 9
8 0 7 2 . 6 0 .  7 2 .  72 7 .  9 5 7 . 16474 . 4 4 8 0 9 . 1 5 9 4 . 5 9 - 0 . 0 1 6 2
8 0 7 5 . 6 2 .  7 2 .  72 9 . 6 7 2 . 15 949 . 43381 . 1 5 9 4 . 8 4 0 . 0 1 1 3
8 0 7 7 . 6 1 . 3 2 . 7 2 7 .  8 6 3 . 16313 . 44371 . 1 5 9 5 . 3 3 - 0 . 0 5  1 8
8081 . 6 7 . 0 2 . 6 8 10.  1 7 4 . 14925 . 3 9 9 9 9 . 1 5 9 6 . 1 3 - 0 . 0 2 4 3
8 0 8 7 . 7 0 . 6 2 .  69 1 2 .  6 8 4 . 14164 . 3 8 1 0 1 . 1 5 9 7 . 9 7 - 0 . 0 4 8 5
8 1 0 0 . 7 7 .  8 2 . 6 9 1 1 . 0 8 8 . 12853 . 3 4 5 7 5 . 1 5 9 8 . 4 4 0 . 2 3 4 7
8 103. 4 9 . 3 2 . 7 5 - 1 . 0 18. 2 0 2 8 4 . 55781 . 1 5 9 9 . 3 2 - 0 . 0 6 4 7
8 112. 5 5 .  1 2 .  70 3 . 4 19. 18149 . 4 9 0 0 2 . 1600 . 21 0 . 0 5 1 4
8 1 2 0 . 4 9 .  9 2 . 7 1 - 1 . 0 19. 2 00 4 0 . 5 4 3 0 8 . 1 6 0 1 . 7 0 - 0 . 0 3 4  9
8 1 3 5 . 53 .  9 2 .  73 3 . 2 22 . 18553 . 5 0 6 5 0 . 1 6 0 2 . 3 5 0 . 0 3 7 5
8141 . 5 0 .  0 2 .  73 - 0 . 6 18. 2 0 0 0 0 . 5 4 6 0 0 . 1 6 0 3 . 4 5 - 0 . 1 5 3 9
8 1 52 . 6 2 .  7 2 . 5 1 1 5.  1 21 . 15949 . 4 0 0 3 2 . 1 6 0 4 . 2 0 0 . 0 1 6 2
8 1 58. 6 0 .  7 2 . 5 1 1 4 . 5 1 9. 16474 . 4 1 3 5 0 . 1 6 0 5 . 0 5 - 0 . 0 8 8 4
8 1 6 5 . 7 1 . 6 2 . 4 8 1 7 .  9 19. 13966. 3 4 6 3 6 . 1 6 0 7 . 2 0 0 . 2 2 2 9
8 180. 4 9 .  9 2 .  72 - 0 . 5 18. 2 0 0 4 0 . 5 4 5 0 9 . 1 6 1 0 . 0 9 - 0 . 1 1 1 3
8 2 0 9 . 5 8 .  5 2 .  55 1 3 . 2 4 2 . 17094 . 4 3 5 9 0 . 1 610 . 91 - 0 . 0 7 7 4
8 2 1 6 . 6 5 .  1 2 . 4 3 2 1 . 0 2 7 . 15361 . 3 7 3 2 7 . 161 1 . 8 2 0 . 0 1 1 1
8 2 2 3 . 6 5 .  5 2 . 5 0 1 5 . 2 2 3 . 15267. 3 8 1 6 8 . 1 6 1 3 . 4 0 - 0 . 0 7 4 5
8 2 3 5 . 72 .  4 2 .  38 19.  9 2 3 . 13812 . 3 2 8 7 3 . 1 614 . 41 0 . 2 6 2 6
8 2 4 2 . 4 8 . 5 2 .  73 - 0 .  8 13. 2 06 19 . 5 6 2 9 0 . 1 6 1 6 . 3 5 - 0 . 0 6 9 2
8 2 6 2 . 55 .  1 2 .  70 6 .  5 1 5. 18149 . 4 9 0 0 2 . 1 6 1 6 . 9 0 - 0 . 0 1 2 9
8 2 6 7 . 5 5 .  7 2 . 6 6 8 . 6 2 0 . 17953. 4 7 7 5 5 . 1 6 1 7 . 2 3 0 . 0 6 0 2
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z I T T DEN £ GR V RHO-V T RC
8 2 8 2 . 5 1 . 1 2 . 6 8 0 . 5 14. 19569 . 5 2 4 4 5 . 1 6 2 0 . 1 4 - 0 . 0 2 4 8
8 2 9 7 . 5 3 .  7 2.  68 3 . 8 18. 18622 . 4 9 9 0 7 . 1 6 2 0 . 7 8 0 . 0 3 6 3
8 3 0 3 . 5 0 .  5 2 . 7 1 2 . 2 17. 19802 . 5 3 6 6 3 . 1 6 2 1 . 3 9 - 0 . 0 4 0 0
8 3 0 9 . 54.3 2 . 6 9 4 . 7 1 5. 1 8416 . 4 9 5 3 9 . 162 1 . 8 2 0 . 0 3 6 3
8 3 1 3 . 5 0 .  5 2 .  69 2 .  1 1 5 . 19802 . 5 3 2 6 7 . 1 6 2 2 . 3 3 - 0 . 0 3 9 9
8 3 1 8 . 5 4 . 7 2 . 6 9 5 .  1 16. 1 8282 . 4 9 1 7 9 . 1 6 3 1 . 3 0 0 . 0 4 1 5
8 4 0 0 . 50 .  9 2 .  72 0 .  9 2 0 . 19646 . 5 3 4 3 7 . 1 6 3 2 . 4 2 - 0 . 0 2 1 1
841 1. 52 .  7 2 .  70 2.  5 2 1 . 18975 . 5 1 2 3 3 . 1 6 3 3 . 3 6 0 . 0 2 4 3
8 4 2 0 . 50 .  2 2 . 7 0 1 . 2 2 0 . 19920 . 5 3 7 8 4 . 1 6 3 4 . 0 7 - 0 . 0 3 1 8
8 4 2 7 . 53 .  1 2.  68 2 . 3 19. 18832 . 5 0 4 7 0 . 1 6 3 4 . 6 0 0 . 0 3 7 3
8 4 3 2 . 50 .  2 2 . 7 3 0 . 6 18. 19920 . 5 4 3 8 2 . 1 6 3 5 . 4 0 - 0 . 0 4 2 9
8 4 4 0 . 53 .  7 2 . 6 8 2 . 9 1 5. 18622 . 4 9 9 0 7 . 1 6 3 6 . 8 0 - 0 . 0 0 3 7
8 4 5 3 . 5 3 .  7 2 . 6 6 3.  3 2 0 . 18622 . 4 9 5 3 5 . 1 6 3 8 . 0 9 0 . 0 5 0 3
8 4 6 5 . 50 .  2 2 .  75 0 . 3 19. 19920 . 5 4 7 8 0 . 1 6 4 7 . 9 3 - 0 . 2 1 5 9



De
pt

h 
be

low
 

gr
ou

nd
 

su
rfa

ce
, 

ft

T-2312 126

3200

3 4 0 0 -

3 6 0 0 -

3 8 0 0 “

4 0 0 0 -

4 2 0 0 “

Red River Fm

Winnipeg Fm

Oeadwood Fm

Rc

USGS Madison no. 1
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Curves used in the well log analysis from the USGS Madison
No. 1 well plotted as a linear function of depth.
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USGS Madison no. 2

Velocity, 1000s ft/s Density, g/cm3 Neutron porosity, % Gamma ray, API units
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Curves used in the well log analysis from the USGS Madison
No. 2 well plotted as a linear function of depth.


