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A b s t r a c t  

Fo r  a v a r i e t y  of w e l l  env i ronmen t s ,  c o n t i n u o u s  t e m p e r a t u r e  

l o g s  a t  d i f f e r e n t  s p e e d s ,  t a k e n  w i t h  a p p r o p r i a t e  equipment  

and f a s t - t i m e - r e s p o n s e  p r o b e s ,  can  y i e l d  t e m p r a t u r e  d a t a  

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

L a r g e r  d i f f e r e n c e s  i n  r e p r o d u c i b i l i t y  (several t e n t h s  of a 

d e g r e e  c e n t i g r a d e )  p r o b a b l y  r e s u l t  from changes  i n  t h e  

w e l l b o r e .  Below t h e  l i q u i d  level, t h e  d a t a  need  n o t  be 

f i l t e r e d  t h r o u g h  t h e  t ime- re sponse  c h a r a c t e r i s t i c s  of t h e  

p robe  t o  g i v e  a c c u r a t e  geo the rma l  g r a d i e n t s  ( t y p i c a l l y  2 a 

few p e r c e n t )  t h a t  c o r r e l a t e  w i t h  l i t h o l o g y .  R e s u l t i n g  

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

o t h e r  l o g s ,  such  as i n d u c t i o n - c o n d u c t i v i t y ,  gamma-ray, se ismic,  

b u l k - d e n s i t y ,  and  l i t h o l o g i c  l o g s .  The q u a l i t a t i v e  c o r r e l a t i o n  

w i t h  t h e  induction-conl’1:ctivi ty log a p p s a r s  bes t .  Tempera ture  

g r a d i e n t s  g e n e r a l l y  i n c r e a s e  when o t h e r  logs i n d i c a t e  t h e  

f o r m a t i o n  i s  becoming s h a l y  o r  c l a y e y  ( less  s a n d y ,  s i l t y ,  o r  

limy), and/or less competent- The prac t i ca l  worth of t h e  

t e m p e r a t u r e - g r a d i e n t  log may b e  i t s  a b i l i t y  t o  s e n s e  

f o r m a t i o n  p r o p e r t i e s  i n s i d e  c a s i n g  and t u b i n g .  T h i s  

c h a r a c t e r i s t i c  of t h e  t e m p e r a t u r e - g r a d i e n t  l og  may allow 

l iz: :ologic i d e n t i f i c a t i o n  i n  s h u t - i n  wells and p e r m i t  u s e f u l  

l o g g i n g  a f t e r  c a s i n g  h a s  been  s e t .  
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I n t r o d u c t i o n  - - ~  

Geothe rma l -g rad izn t  nwasuremen ts may be used  f o r  b o t h  

d e t e r m i n a t i o n s  of h e a t  f l ow and i n d i c a t i o n s  of l i t h o l o g i c  

changes .  

o r  d i s c o n t i n u o u s  t e m p e r a t u r e  l o g g i n g  i n  wells. 

d i s c o n t i n u o u s  method of l o g g i n g  i s  t i m e  consuming; i t  

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

( t y p i c a l l y  1 t o  30 ni a p a r t ) ,  f o r  a p e r i o d  oE t i m e  ( t y p i c a l l y  

seve ra l .  m i n )  d u r i n g  which t e m p e r a t u r e  measureme:lts 

are r e c o r d e d .  

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

r e c o r d i n g  t h e  t e m p e r a t u r z  i n  e i t h e r  ar, ana logue  o r  d i g i t a l  

mode. Con t inuous  l o g g i n g  r e d u c e s  f i e l d  t i m e ,  a l l o w i n g  

deep  t e m p e r a t u r e  measurements t o  be made w i t h i n  a day.  

Geothermal  q r a d i e n t s  are de te rmined  by c o n t i n u o u s  

The 

The c o n t i n u o u s - l o g g i n g  t e c h n i q u e  i n v o l v e s  

Sirmons ( 1 9 6 5 1  h a s  d e s c r i b e d  c o n t i n o u s  t e m p e r a t u r e -  

l o g g i n g  equipment  ( p r e c i s i o n  of a b o u t  .Ole C )  f o r  which 

t h e  downhole p robe  i s  a fast-tine-res?-- Y l r ~ 2 ,  u n p r o t e c t e d  

t h e r m i s t o r  bead with i n s u l a t e d  l e a d s .  

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

t h e  t h e r m a l  c a p a c i t y  and t h e  t i m e  r e s p o n s e  of t h o  p robe  are 

i n c r e a s e d .  C o s t a i n  (1970) has shown t h a t ,  by d e t e r m i n i n g  

t h e  r e s p o n s e  t i m e  of a Frobe i n  a c i r c u l a t i n g - w a t e r  b a t h ,  

it i s  t h e o r e t i c a l l y  p o s s i b l e  t o  i n v c r s e - f i l t e r  ineasured- 

t e m p e r a t u r e  d a t a  to a c q u i r e  r z p r e s e n t a t i v e  

F u r t h e r  t h e o r e t i c a l  development on the s u b j e c t  h a s  Lesn 

p r e s e n t e d  by Conaway (1977). Conaway and Beck  ( 1 9 7 7 )  a l s o  

When i t  i s  n e c e s s a r y  

Ln-s i tu  t e m p e r a t u r e s .  
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p r e s e n t  t e m p e r a t u r e  data  t a k e n  i n  w a t e r  u s i n g  t h e  cont inuous-  

and d i s c o n t i n u o u s - l o g g i n g  modes on s e p a r a t e  days; 

d a t a  demons t r a t e  good agreement  amonq qeothermal  g r a d i e n t s  

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

t h c s e  

The t i m e  r e s p o n s e  of t h e  probe  and measur ing  sys tem 

( i - e . ,  t h e  t i m e  r e q u i r e d  f o r  t h e  sys tem t o  s e n s e  63% of an  

imposed i n s t a n t a n e o u s  t e m p e r a t u r e  step) is  of fundam- t i  La1 

conce rn  i n  c o n t i n u o u s  t e m p e r a t u r e  logg ing .  

r e s p c n s e  a t  t h e  l o g g i n g  speed  i n  t h e  w e l l b o r e  envi ronment  

i s  v e r y  s m a l l ,  it i s  p o s s i b l e  t o  make c o n t i n u o u s  t empera tu re  

logs t h a t  g i v e  r e p r o d u c i b l y  a c c u r a t e  t e m p e r a t u r e  g r a d i e n t s .  

I t  is t h e  essence o f  t h i s  s t u d y  t o  demons t r a t e  t h a t ,  w i t h o u t  

f i l t e r i n g ,  t e m p e r a t u r e  measurements may be  made o v e r  a 

r ange  of pract ical  l q q i n g  szeds i n  a variety of wI.1 e;wiromrents 

w i t h  s u f f i c i e n t  p r e c i s i o n  t o  y i e l d  both  g r a d i e n t  d a t a  for h igh  

I€ t h e  t i m e  

q u a l i t y  heat-floi.7 v a l u e s  (i a few p e r c e n t )  and gac?ient variatiom that 

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

of cominercial logs. 

Equipment D e s c r i p t i o n  -_ 

T h e  t h e r m i s t o r  t e m p e r a t u r e  probe  i n  o u r  l o g g i n g  sys tem 

i s  a t t a c h e d  t o  a commercial  l o g g i n g  cable,  

lowered by a h y d r a u l i c  h o i s t -  

s l i p  r i n g s  t o  a d i g i t a l  m a s u r i n g  an2 r e c o r d i n g  sys tem.  

Grease i n j e c t i o n  e q u i p x c n t  i s  used t o  ma in ta in  t h e  wellhead 

p r e s s u r e  gauged prior to l o q g i n g .  

r a i s e d  and 

The cable i s  connec ted  by 

2 



Th? p robe  asscmbly w i t h  a t t a c h e d  s i n k i n g  bar h a s  a n  

e s p e r i m e n t a l l y  d e t e r m i n e d  t i m e  c o n s t a n t  o f  a p p r o x i m a t e l y  two 

seconds  i n  an ice-water b a t h ,  about t e n  seconds  i n  c i r c u l a t i n g  

o i l ,  and a b o u t  t e n  minutes  i n  s t i l l  a i r .  The 1 O O K 9  i s o c u r v e  

t h e r m i s t o r  i s  e n c a s e d  i n  a cone-shaped s t < - . i n l e s s - s t c e l  hous ing  

d e s i g n e d  t o  w i t h s t a n d  2 0 , 0 0 0  P S I .  ( F i g u r e  I, r i g h t ,  shows 

t h e  s t a i n l e s s - s t e e l  h o u s i n g  (Jf t h e  probe  w i t h  t h e r m i s t o r  

l e a d  wires; f i g u r e  I, l e f t ,  shows t h e  probe  molded i n  v i t o n  

r e a d y  for l o g g i n g  o p e r a t i o n s . )  

s t r e n c ; t h ,  allows p e n e t r a t i o n  o f  d r i l l i n g  mud and grease 

w i t h o u t  c l o g g i n g ,  and  i n c r e a s e s  t h e  surface a r e a  f o r  b e t t e r  

h e a t  t r a n s f e r .  

molded v i t o n  connec kion,  which t h e r m a l l y  i s o l a t e s  t h e  probe 

from t h e  cable  and  s i n k i n g  b a r .  

w a t e r - t i g h t  mechan ica l  bond between t h e  c a b l e  and t h e  

s t a i n l e s s - s t e e l  hous ing .  

cable h a s  4 t e f z e l  i n s u l a t e d  c o n d u c t o r s  of  7.4R/100 m. 

The probe h a s  great  impzct  

Leads from t h e  t h e r m i s t o r  pass t h r o u g h  t h e  

T h i s  c o n n e c t i o n  forms t h e  

The 2 4 0 0 - m  l e n g t h  oE 0 . 5 5 6  cn 0 .d .  

The measur ing  and r e c o r d i n g  u n i t  c o n s i s t s  of a 

m i c r o p r o c e s s o r  c o n t r o l  d e v i c e ,  a 5 %  significant-figure DVM, 

a depth- rc lasur ing  sys tem,  and a t h e r m a l  p r i n t e r .  T h e  DVN 

i s  used i n  a 4 - w i r e  mode t o  measure t h e  r e s i s t a n c e  of t h e  

t h e r m i s t o r .  

m o n i t o r i n g  a n  odome te r -speedometer  sys t em d r i v e n  by t h e  

depth-measur ing  p u l l e y  i n  t h e  measurirLg-head assembly .  

The m i c r o p r o c e s s o r  c o n t r o l  maasures  d e p t h  by c o u n t i n g  t h e  

p u l s e s  of an  o p t i c a l  l i m i t  s w i t c h  o p e r a t i n g  across a 

p e r f o r a t e d  wheel  t u r n i c g  x i k h  t h e  o d o n e t e r  d r i v s .  'The 

m i c r o p r o c e s s o r  t r i g q e r s  t h e  DVM a t  p r e s c r i b e d  d e p t h  i n t e r v a l s  

( e . g . ,  1.52 m) and c a u s c s  t h e  d e p t h ,  tim:, and p robe  

C o n s t a n t  l o g g i n g  speed  i s  ma in ta ined  by 

3 



r e s i s t a n c e  t o  be p r i n t e d .  Nhen t h e  d e p t h  i s  f i x e d ,  

t h e  t i m i n g  c i r c u i t r y  i n  t h e  m i c r o p r o c e s s o r  t r i q g e r s  t h e  

DVM a t  p r e s c r i b e d  t i m e  i n t e r v a l s .  

Tempera tures  are de te rmined  from DVM r e s i s t a n c e  

measurements  by  l i n e a r l y  i n t e r p o l a t i n g  i s o c u r v e - t h e r m i s t o r  

t ab l e s  listing r e s i s t a n c e  e v e r y  0.56OC.  

a c c u r a c y  of t h e  DVN measurenent  i s  abou t  0.02OC f o r  a l O O K Q  

The c a l c u l a t e d  

i s o c u r v e  t h e r m i s t o r  a t  t e m p e r a t u r e s  be-tween 0 0 C and  232 0 C 

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

of t h e  DVN measurement i s  a b o u t  .OOl°C. Accuracy of t h e  

D W I  100KR-isocurve-thermistor sys tem Setweer! 2 5  0 C and 150 0 C 

was e x p e r i m e n t a l l y  e v a l u a t e d  a t  sewra l  tem2eratures  i n  a 

c i r c u l a t i n g - o i l  b a t h  by compi r i son  t o  a M u l l e r - b r i d g e  

p l a t i n m i - p r o b e  sys tem.  Two d i f f e r e n t  t h e r m i s t o r s  v 7 e r e  

used i n  t h e  study; one a g r e e d  w i t h  t h e  p l a t inum-probe  

t e n s e r a t u r e s  t o  w i t h i n  0 . 4 0  0 C ,  t h e  o t h e r  a g r e e d  to w i t h i n  

O.O6OC, which i s  t h e  p r e c i s i o n  of t h e  coinparison. 

r e s u l t s  were t a k e n  i n t o  a c c o u n t  when comparing t e m p e r a t u r e  

logs. 

These 

The t e m p e r a t u r e  s t a b i l i t y  of a probe  over a y e a r  w a s  

detemj.ned in an icewater bath to ke a t  least 0.06 0 C.  phile thz 

reel  wiis t u r n i n g ,  t h e  n o i s e  l eve l  of t h e  logcjincf systein 

was e s t i m a t e d  w i t h  t h e  p robe  i n  an ice-water bath t o  be  

a b o u t  .O0loC. 

by programming t h e  DVM t o  a v e r a a e  t e n  r e a d i n p s  taka1 o v e r  

a 1.3-second i n t c r v a l  f o r  e a c h  r e c o r d e d  measureiwn-t .  

Random n o i s e  i n  t h e  systi?m was r e d u c e d  

Data Pre s e n  tat: j-on 

I n  t h i s  s e c t i o n  u n f i l t e r e d  temperature a n d  t e m p e r a t u r e -  

--------_ 

grac? icn t  d a t a  a r c  ?resented f o r  t h e  s i t e s  a t  D n t i l ,  Sarr 

7isidr-0, Gav i lon ,  and B l u f f  S t a t e  (Table  1 p r e s e n t s  t h i s  data, 
. 4  



Table 2 p r e s e n t s  we11 l o c a t i o n s  and d e s c r i p t i o n s ) .  

p a r t  of t h e  D a t i l  we11 p e n e t r a t e s  a series of a sh - f low and 

a s h - f a l l  tuffs; t h e  o t h e r  wells p e n e t r a t e  i- v a r i e t y  of 

s e d i m e n t a r y  s e c t i o n s  found i n  t h e  Colorado  P l a t e a u .  D a t i l  i s  

a p lugged  back, u n p s r f o r a t e d  e x p l o r a t i o n  test; San Y s i d r o  and 

Gavi lon  are p e r f o r a t e d  o b s e r v a t i o n  wells; and  B l u E f  S t a t e  i s  

a p e r f o r a t e d  s h u t - i n  o i l  well. Tempera tures  and  t e m p e r a t u r e  

g r a d i e n t s  abovc t h e  l i q u i d  l e v e l  are  n o t  compared because  t h e  

t imz c o n s t a n t  o f  t h e  probe  i n  a i r  o r  gas i s  t o o  l a rge  for 

unf! Itered. data  t o  bs a c c u r a t e .  

mads w i t h  t h e  s i n g l c :  t h e r m i s t o r  probe  are used  t o  ca l cu la t e  t h e  

t e m p 2 r a t u r e - g r a d i e n t  l o g s .  

14-11-77 ,  t h e  t e m p e r a t u r e  r e c o r d i n g  i n t e r v a l  i s  1 . 5 2  m -  

L o c a t i o n s  marked on t h e  l o g s  by "CAI;" i n d i c a t e  t h o s e  d e p t h s  

where i n t e r r u p t i o n s  i n  t h e  c o n t i n o u s  logging  ( s u c h  as equipment-- 

The logqcd 

Discrete t e a p e r a t u r e  n?easurenen ts 

Except f o r  t h e  Gavi lon  l o g  on 

c a l i b r a t i o n )  r e s u l t e d  i n  d a t a - r e c o r d i n g  gaps. 

p r e s e n t s  t e m p e r a t u r e  2 z t a  gathered from a v a r i e t y  of  w e l l b o r e  

e n v i r o n m e n t s  o v e r  a r ange  of p r a c t i c a l  l o g g i n g  speeds 

The s t u d y  

(Table  1). 

Wellbore Temperature F l u c t u a t i o n s  

Wellbore t e m p e r a t u r e  f l u c t u a t i o n s  as a func': ion of t i m e  

(after s t o p p i n g  t h e  p r o b e )  are showr. i n  F i g u r e  2 f o r  s e v e r a l  

f i x z d  d e p t h s .  I n i t i a l  h igh-ampl i tude  f l u c t u a t i o n s  obse rved  

when s t o p p i n g  t h e  probe  a re  coinrnon i n  most wells a n d  r e s u l t  

f rom i n t e r a c t i o n s  beti.:'t?en the stationar:r p robe  asser,ibly 

( and  s i n k i n g  b a r )  and t h e  wel l  f l u i d s .  

exanp'Le a t  D;: til. 

d i s c o n t i n u o u s - l o g ~ i n ~  t e c h n i q u e  may be i n  e r r o r  

because  of z r 2 n s i e n t  effects i f  s u f f i c i e n t  tiiiie i s  n o t  

a l lowed t o  r e c o r d  ixeasurements at each  d e p t h .  

F i g u r e  2 sho:.rs an 

T e n p r a t u r e s  measur2d u s i n q  the 

A f t e r  
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1 

t r a n s i e n t s  have  subsi-ded ( 2 0  t o  30 m i n u t e s ) ,  f l u c t u a t i o n s  of 

s e v e r a l  h u n d r e t h s  o f  a d e g r e e  c e n t i g r a d e  are  n o t i c e d  ( F i g u r e  

2 ) .  

o b s e r v e d  by  G r e t e n e r  ( 1 9 6 7 )  and  by Diment (136 '7)  b u t  may 

sometimes o c c u r  o v e r  i n t e r v a l s  a s  s m a l l  as 1 0  s e c o n d s  ( e . g . ,  

see D a t i l  a t  a p p r o x i m a t e l y  74 .5  m i n u t e s ) .  

These f l u c t u a t i o n s  are s i m i l a r  i n  magnitude t o  t h o s e  

Heat-f low C o n s i d e r a t i o n s  

Heat-f low values are t y p i c a l l y  made by m u l t i p l y i n g  

t e m p e r a t u r e  g r a d i e n t s  over i n t e r v a l s  of 5 t o  30 m by t h e  

c o r r e s p o n d i n g  r o c k  t h e r m 1  c o n d u c t i v i t y .  

show t e m p e r a t u r e - g r a d i e n t  logs for t h e  four w I l S  i n  t h e  

s t u d y .  These logs w e r e  t a k e n  on v a r i o u s  d a t e s ,  a t  d i f f e r e n t  

lo9ging  s p e e d s ,  moving b o t h  downhole and upho le .  Q u a n t i t a t i v e  

agreement  between t h e  l o g s  i s  good (Tab le  1) .  

( e s p e c i a l l y  t h e  downhole logs) y i e l d  a c c u r a t e  g r a d i e n t s  f o r  

h e a t - f l o w  d e t e r m i n a t i o n s .  

F i g u x s s  3a-3d 

These logs 

Conpar i s on of Tempera tures  

Comparison of temperatures a t  n u m r o u s  depths between 

downhole logs  i n d i c a t e s  b o t h  s y s t e m a t i c  and non-sys t e m a t i c  

d i f f e r e n c e s  (Tab le  1) . A t  D a t i l ,  s y s t e m a t i c  t c m p r a t u r e  

d i f f e r e n c e s  between logs may r e s u l t  f r o z  b o t h  d e p t h  o f f s e t s  

and p robe  r e s p o n s e ,  If t h e  4-3-79 (d )  loq  was 0 . 6  m d e e n e r  

t h a n  the 2 6 - 7 - 7 8  (d) l o g ,  a s y s t e n a k i c  d i f f e r e n c e  of .03OC 

is expectzd,  assuming a t e n 2 z r a t u r e  gradient- of T O  0 C/km. 

T e r i i p r a t u r e  Z i f f e r e n z c s  o f  approximately .013 0 C might be 

e x p z c t e d  from d i f f e r e n t  probe r e s p o n s e  due t o  d i f f z r c n t  



. .  - c o n s t a n t  of t h e  p r o b e . )  Non-sys temat ic  e r r o r s  of about 

0 
t . 0 2  C a r e  e x p e c t e d  f r o n  t h e  0-bserved wel lbore t e n p e r a i u r e  

f l u z t u a t i o n s  ( F i g u r e  2 ) .  

A t  San Ysidro t h e  t e n p e r a k u r e  d i f f e r e n c e s  between logs 

z r -  smaller  t h a n  t h e  a c c u r a c y  of comparison f o r  t h e  two 

Z i f f e r e n t  p r o b e s  used  ( t . 0 6  0 C ) .  T h i s  i s  also 

t h e  case f o r  the u p p e r  p a r t  of Gavi lon  between 9 2 0  m and 

1418 n. 

ton2e ra tu re  d i f f e r e n c e  between t h e  two logs. E p t h  offsets of 

1 t o  2 m s. r i .11 produce  t e m p e r a t u r e  d i f f e r e n c e s  OE . 0 3 6 O C  t o  

I n  the lowcr p a r t  o f  Gav i lon ,  t h e r e  is a sys t e r r . a t i c  

. 072OC if t h e  i n - s i t u  y rad ie2 . t  is 36 0 C/km.  The t i m e  r e s p o n s e  

05 t h e  probs i s  1 0  seconds i n  o i l ,  which would p roduce  a 

. 0 3 6  C t e m p r a t u r e  d i € f e r e n c c  between t h e  two l o g s -  The 

tFrr.2 r e s p o n s e  of the proSe ir! t h e  Gavi lon we11 i s  p r c b a b l y  

loncer t h a n  1 0  s econds  because  t h e  o i l  i s  g a s - c u t .  

si1 c o u l d  p roduce  a g r e a t e r  t e m p s r a t u r z  d i f f e r e n c e  betwecn 

t h e  t s a  logs and may c o n t r i b u t e  t o  t h e  i n c r e a s e d  v a r i a b i l i t y  

35 t h e  temp:,rature d i f f e r e n c e s .  

0 

Gas-cut 

The a c c u r a c y  of comparing 

tr-io d i f f e r e n t  p r o b e s  ( k . 0 5  0 C )  may also c o n t r i b u t e  t o  

teaperaturc d i f f e r e n c c s  b c t v e e n  logs. 

A t  B l u f f  S t a t e ,  t e m p e r a t u r e  d i f  f e r c n c e s  between l o g s  

are g r e a t e s t .  The f a s t e r  109 shows c o n s i s t e n t l y  h i g h e r  

I-? Lei..?erztUres a t  d e p t h  which i s  i n c o n s i s t e n t  wi I;h t e m p e r a t u r e  

I-, I 2. c- r e s u l t i n g  from probe  r e s p o n s e .  S i n c e  B l u f f  State i s  

E s h c t - i n  o i l  well, t h e  l a r g e  v a r i a b i l i - t y  of t e m p e r a t u r e  

C i f f o r e n c s s  between the two l ogs  ( e s p e c i a l l y  i n  t h e  bo t ton  

s?-rt of th.. well)  s u g q e s t s  a h i g h l y  v i s c o u s ,  qas -cu t  f l u i d ,  

!..kit:? Lrl Ci-2 srmll-diamter tubhg could collect arounc: the  pro!^, 
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v a r y i n g  t h e  p r o b e  r e s p o n s e  and c a u s i n g  an  uneven r a t e  of 

&scent. A d d i t i o n a l  c o n t r i b u t i o n s  t o  tempera t1  re d i f f e r e n c e s  

between t h e  l o g s  may come a b o u t  from w e l l  l i q u i d  c o n d i t i o n s  

chang ing  w i t h  t i m e ,  and from d i s t u r b a n c e s  t s f l u i d s  as t h e  vzre1.1 

i s  opened t o  p r e s s u r e  c o n t r o l  equipment  

changed immedia t e ly  before 10q;c;ixg. 

o r  as valves are 

Tempera tu res  t a k e n  d u r i n g  uphole  loggincj  are  a lways  

greater t h a n  t h o s e  t a k e n  du r i r , g  downhole l o g g i n g  (Table 1). 

To some e x t e n t  t h i s  p r o b a b l y  r e s u l t s  from t h e  warn inq  e f f e c t  

o f  t h e  c a b l e  and  s i n k i t g - b a r  a s s e n b l y  p r c c e c d i n g  t h e  probe 

upho le .  N e a r  t h e  l i q u i u - g a s  i n t e r f a c e  d i s c r e p a n c i e s  of 

several  d e g r e e s  o c c u r  bet;;een downhole and u p h o l e  logs; 

these d i s c r e p a n c i e s  can  b e  use-? t o  l o c a t e  l i q u i d  levels .  

Agreement between t e m p e r a t u r c s  of downhole and  u p h o l e  l o g s  

i n  l i q u i d  is g e n e r a l l y  b e t t e r  t h a n  .4 0 C ,  e x c e p t  f o r  D a t i l  

where agreement  is t y p i c a l l y  b e t t e r  t h a n  l 0 C .  

provide a check of the r c p r o d v c i b i l i t y  of t h e  r reasur inq  sys t em.  

Uphole da t a  

Comparison of Temperature G r a d i e n t s  

T a b l e  1 p r e s e n t s  compar isons  of temperature g r a d i e n t s  

between logs fo r  the sLudy si tes.  Escepi  for EluEf State, 

t h e r e  is agreernen t be tween downhole g r a d i e n  ts of approximately 

2% o r  better f o r  g r a d i e n t s  ave raged  over many9 m i n t x m l s .  B c s e  

ave rage -pe rcen tage  d i f € e r c n c c s  between downhole g r a d i e n k s  

wiil be p r o p o r t i o n a l l y  less i f  t h e  g r a d i e n t  i n t e r v a l  i s  

l e n g t h e n e d ,  e - g . ,  from 3 m t o  30 m. The avz rc tge -p rccn tag l?  

d i f E e r e n c e  betvz?n t h e  tvio dos,?nhole g r a d i e n t s  a t  B l u f f  S t a t e  

i s  about 6 %  if 3 n g r s d i e n t  intervals zi-c u s e d .  



Agreement of g r a d i e n t s  o v e r  9 n - q r a c l i e n t  i n t e r v a l s  

bEti*ieen downho1.c and u p h o l e  109s is  a l s o  g e n e r a l l y  

be-tter t h a n  a f e v 7  p e r c e n t .  

305  m t o  854 31 wherc the  grac1ie::ts have h iqh -ampl i tude ,  

frcguzrit  v a r i a t i o n s .  

such  zones can  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t e m p e r a t u r e - g r ~ d i e n t  

d i f f e r e n c e s  com2ared over  9 m i n t e r v a l s .  

T h e  one e:tcept-Lon i s  Datil from 

Small depth o f f s e t s  between logs i n  

Heat-flow e s t i m a t e s  a r e  t y p i c a l l y  nade by a v e r a g i n g  

c a l c u l a - L i o n s  f o r  nany  qrac i ien t  i n t e r v a l s .  I n  clear wells, 

h a v i n g  f l u i d s  o f  uniform v i s c o s i t y  w i t h o u t  b l o c k s ,  

averags of many d a m h o l e  c p a d i e n t s  msasured with o u r  system 

at di f r ‘e rzn- l  logcling speeds betx3cn 7 .6  ani? 1 5 . 2  m/min s h o u l d  

c o r . t r i b u t c  less t h a n  1%- o r  2 4  error t o  t h e  h c a t - f l o > J . e s t i m a t e  

( D a t i l ,  San Y s i d r o ,  and G a v i l o n ) .  I n  s h u t - i n  oil wells 

( s l u f f  S ta te )  , r+j;hei-e m e a s u r e z c n t s  a r e  b e i n g  made i n s i d e  

s m a l l  t u b i n g  (% 5 c m  d i a n l n t e r )  that has little c l e a r a n c e  

for tlic probe asseinbly, and i n  fluids where blocks  :-re to 

be expsc ted ,  

t o  lend e r r o r s  to heat-flow estir!!ates of 5 2  t o  6 2  i f  3 rn- 

g r a d i e n t  i n t e r v a l s  are u s e d  and 2 6  o r  3% if 30 m i n t e r v a l s  

a r e  used. 

g r a d i e n t  zones not v a r y i n g  g r e a t l y  may also be e s p e c t c d  t o  

yield avt3ragc g r a d i e n t s  good er,ough f o r  heat-f low e s t i m a t e s  

t h e  

, 

\ 

t h e  average OF m a z y  g r a d i e n t s  m i g h t  be expected 

Uphole g r a d i e n t s  c l t  speods of 30 .5  i?i/niin in 



c o n d u c t i v i t y  and  o t h e r  rock p r o p e r t i e s .  A s  t he  fo rma t ion  

becomes more s h a l y  o r  c l a y e y  and/or  l e s s  competent ,  

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

t e m p e r a t u r e  g r a d i e n t .  G o s s  and Combs ( 1 9 7 6 )  have s h o m  

t h a t  it i s  p o s s i b l e  t o  c o r r e l a t e  t he rma l  c o n d u c t i v i t y  t o  

logs g i v i n g  rock  p r o p z r t i e s .  Beck ( 1 3 7 6 )  has  shown t h a t  

a c o r r e l a t i o n  e x i s t s  between t e m p e r a t u r e - g r a d i e n t  l o g s  and 

e l e c t r i c a l - r e s i s t i v i t y  logs. Data p r e s e n t e d  i n  t h i s  s tudy  

show a q u a l i t a t i v e  c o r r e l a t i o n  between t empera tu re -g rad ion t  

l o g s  and many o t h e r  t y p e s  of logs. 

t h e  

F i g u r e  4a compares g a m a - r a y ,  i n t e r v a l - t r a n s i t - t i n 2  

and t e m p z r a t u r e - g r a d i e n t  l o g s  i n  a s e c t i o n  of t h e  D a t i l  

~211. 

c o n n e c t i n g  l i n e s ;  dashe5  l i n e s  i n d i c a t e  p o s s i b l e  c o r r e l a t i o n s .  

A gamma-ray i n c r e a s e  suggests a more s h a l y  (or  c l a y e y )  

fo rma t ion  and c o r r e l a t e s  w i t h  t h e  t e m p ~ r a t u r c - g r a d i e n t  

l o g  a t  t h e  i n d i c a t e d  d e p t h s  because  of lower 

c o n d u c t i v i t y .  

re la ted t o  rock  c o r q e t e n c e ;  i .e . ,  roc?:s w i t h  g r e a t e r  

competence will have a s m a l l e r  i n t e r v a l - t r a n s i t  tiw and a 

h i g h e r  v e l o c i t y .  The i n t e r v a l - t r a n s i  t - t i m e  :Log c o r r e l a t e s  

w i t h  t h e  tempera t u r e - g r a d i e n t  log a t  i n d i c a t e d  d3pthr.r because 

more coinpetent rocks have h i g h e r  t h e r m a l  c o n d u c t i v i t i e s .  

Large a n p l i t u d e  v a r i a t i o n s  i n  t h e  i n t e r v a l - t r c ? n s i t - t i m e  anc? 

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

t h e  upper  p a r t  of t h e  D a t i l  we11 ( F i g u r e  3a). 

D-pths that c o r r e l a t e  between l o g s  are i n d i c a t e d  by 

the rma l  

The i n t e r v a l - t r ~ n s i t - t i m e  l o y  nay be g e n e r a l l y  

F iga re  4b i l l u s t r a t e s  s e c t i o n s  of  t h e  San Ysiclro we11 

f o r  coinparison of Frcsi ty ,  gxm&-ray, bulk-dmsity, spntmscus-  
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p o t e r r t i a l ,  r e s i s t i v i t y ,  i n d u c t i o n - c o n d u c t i v i t y  logs, and 

t e m p e r a t u r e - g r a d i e n t  logs. Double dashed l i n e s  i n d i c a t e  

z o n e s  where log t r e n d s  arr! correlated.  The l i n r  w i t h  

arrow hea5.s between 6 5 0  and 6 9 0  rn i n d i c a t e s  a n  a l m o s ' c ;  

o re - to-one  c o r r e l a t i o n  between t h e  a d j a c e n t  l o g s .  Ha tchures  

i n d i c a t e  c o r r e l a t i n q  zones  h a v i n g  h i g h  o r  low g r a d i e n t s  

( h a t c h u r e s  down r i g h t  i n d i c a t e  h i g h  g r a d i e n t s )  . 
Generally the te r rpra tc re-qadia i t  logs qual i ta t ively correlates 

'best with LIS indcction-condcctivity I q s .  Coi-rela t i o n s  may b e  

made becausrt an  i n c r e a s e  i n  i n d u c t i o n  c o n d u c t i v i t y  i m p l i e s  a 

more s h a l y  f o m a t i o n  that w i l l  have a lower t h e r m a l  c o n d u c t i v i t y  

a n d  t h e r e f o r e  a h i g h e r  t e m p e r a t u r e  g r a d i e n t .  L e s s  pronounced 

c o r r e l a t i o n s  are  n o t e d  between t h e  t e m p e r a t u r e - g r a d i e n t  109s 

and  t h e  g a m a - r a y ,  b u l k - d e n s i t y  , s p o n t a n e o u s - p o t e n t i a l ,  and  

r e s i s t i v i t y  logs. Anslysis of t h e  logs s u g g e s t s  t h a t  as 

t h e  f o r m a t i o n  becomcs less  d e n s e  or more s h a l y ,  t h e  t e m p e r a t u r e  

g r a i i i e n t  i n c r e a s e s ;  as  t h e  f o r n a t i o n  becomes inore dense o r  

less shaly, znc? p e r h a p s   ore s a 2 2 y  o r  l imy ,  t h e  t e m F e r a t u r e  

g r a d i e n t  d e c r e a s e s .  

F i g u r e s  4c and 4d show s e c t i o n s  of t h e  Gav i lon  we11 

comparing t e ~ . ~ e r a t ~ r e - ~ r ~ d i e n t  l o q s  w i t h  i n d u c t i o n - c o n d u c t i v i t y ,  

r e s i s t i v i t y  , and spontaneous-  p o t c n t i a l  logs. I n  t h e  uppe r  

d e p t h  i n t e r v a l  ( F i g u r e  d c ) ,  t h e  i n d c z t i o n - c o n d u c t i v i t y  log 

c o r r e l a t e s  w i t h  t e m p e r a t u r e - g r a d i e n t  I ~ g s  a t  s p e c i f i c  6:Z)Fths 

and  o v e r  zones  of 5 m t o  1 0 0  m. I n  the bottom d e p t h  i n t e r v z l  

( r i g u r e  4d) , h z t c l i u r z s  i n d i c a t e  zones of c o r r e l a t i o n  betweer  

t h e  t e m p e r a t u r e - g r a d i e n t  logs and the i n r ~ u c t i o n - c o n d u c t i v i t y ,  
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r e s i s t i v i t y ,  and s p o n t a n e o u s - p o t e n t i a l  l o g s .  G e n e r a l l y ,  

as t h e  s p o n t a n e o u s - p o n t e n t i a l ,  r e s i s t i v i t y ,  and i n d u c t i o n -  

c o n d u c t i v i t y  logs i n d i c a t e  s h a l y  ( o r  c l a y e y )  zones ,  t h e  

t e m p e r a t u r e  g r a d i e n t  i n c r e a s e s ;  as  these logs  

i n d i c a t e  less s h a l y  (more sandy)  zones ,  t h e  t e m p e r a t u r e  

g r a d i e n t  d e c r e a s e s .  

F i g u r e  4 e  and 4E i l l u s t r a t e  s e c t i o n s  from t h e  B l u f f  

State well comparing t e m p e r a t u r e - g r a d i e n t  logs and 

l i t h o l o g i c ,  s p o n t a n e o u s - p o t e n t i a l ,  r e s i s t i v i t y ,  gamma-ray, 

and n e u t r o n  l o g s .  

i n  t h e  t e m p e r a t u r e - " g r a d i e n t  l o g  i s  c o n s i d e r a b l y  less  than  

i n  t h e  lower s e c t i o n  because  of t h e  r e l a t i v e  l i t h o l o g i c  

u n i f o r m i t y  of t h e  upper  s e c t i o n .  

h i g h  d e g r e e  of v a r i a b i l i t y  i n  t h e  t e m p e r a t u r e - g r a d i e n t  logs 

r e s u l t s  front l i t h o l o g i c  v a r i a b i l i t y .  The small a r row by 

t h e  l i t h o l o g i c  l o g  i n d i c a t e s  a zone of almost one-to-one 

c o r r e l a t i o n  between t h e  l i t h o l o g i c ,  gEinm-rGy, n e u t r o n ,  

and  t e m p e r a t u r e - g r a d i e n t  109s. 

gamma-ray, and e lec t r ic  logs suggest shaly zones t h e  

temperature gradient increases;- a s  these o ther  logs suq.gcs': 

less shaly zones  ( s a n d s t o n e  o r  l i m e s t o n e )  t h e  t e m p e r a t u r e  

g r a d i e n t  d e c r e a s e s .  

h a t c h u r e d  v e r t i c a l l y  on F i g u r e  4 E ,  does n o t  c o r r e l a t c  as  

a u n i t  t o  a low t e m p e r a t u r e  g r a d i e n t ,  a l t h o u g h  it does  

c o n t a i n  c o r r e l a t i o n s  between logs a t  s p e c i f i c  d e p t h s  

w i t h i n  t h e  zone. 

I n  the upper section the v a r i a b i l i t y  

I n  t h e  lower s e c t i o n  t h e  

A s  b e f o r e ,  when t h e  n e u t r o n ,  

The s a n d s t o n e  a t  approx ima te ly  920  m, 



1 

s ur:1ma r y 

Tanpera - tu re  g r a d i e n t s  from downhole con t.inuous 

t e r c p e r a t u r e  logs a t  v a r i o u s  l o g g i n g  speeds 

a v e r a g e d  over man:? i n t e r v a l s ,  e .g .  2 0 ,  9 m i n t e r v a l s ,  shou ld  

g e n e r a l l y  a g r c e  t o  w i t h i n  1%-2% i f  the v z 1 l l x x - e  i s  c lear  ar,.' 

occup ied  by hoxogcnous l i q u i d .  I n  small diameter s h u t - i n  

w e l l s ,  where b l o c k s  of h i g h  v i s c o s i t y  may be e x p e c t e d ,  

a v e r a g c  t e m p e r a t u r e  g r a d i e n t s  bct.i.?een doxnho le  logs o v e r  

many i n t e r v a l s  may a g r e c  t o  o n l y  5 o r  G p e r c e n t .  

( 7 . 6  t o  1 5 . 2  m/n in ) ,  

I f  loncjer 

g r a d i e n t  i n t e r v a l s  ax averacjed, ( i . e .  2 0 ,  30 m i n t e r v a l s )  

t h e  d i f  f e r s n c e  bet:wen t h e  a v e r a g e  g r a d i e n t s  of t vo  logs 

s h o u l d  decrs;:se. Consequent ly ,  errors i n  heat-flotcr data 

r e s u l t i n g  frorn c o n t i n u o u s  t e m p e r a t u r e  measurenents nade 

over a r a n g e  of l o g g i n g  speecis i n  a v a r i e t y  of w e l l  

cnvi ronrzznts  shou1.d n o t  e s c s e d  a few p e r c e n t .  

In caeral ,  our continua% teiqxrat:Lm+grEiIieqt logs qua l i t a t ivdy  

correlate .  best w i t h  t h e  i n d u c t i o n - c o n d u c t i v i t y  logs. 

correlations are shovm for a variety of sedirr.entasy sections, 

in a v a r i e t y  of we11 environnients ,  a t  s p e c i f i c  d e p t h s ,  and 

over i n t e r v a l s  oE 5 ni t o  a b o u t  1 0 0  m.  T h e  i n d u c t i o n -  

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

f o r r m t i o n  t h a n  most oth2r  logs .  

t i l e r e f o r e  seeins to rels.te we11 t o  t r u e  fo rma t ion  proper t ies .  

T h i s  i s  i m p o r t a n t  because  t h e  temperature g r z d i e n t  l og  may be 

r u n  i n s i d e  c a s i n g  m c i  tubin.;; and t h e r e f o r e  may be v a l u a b l e  

i n  t h e  evaluation of s h u t - i i l  r r e l i s  . 

l o g  may also be used  during f i i . l d  developzcnt i f  the  

The 

The t e m p z r a t u r e  g r a d i e n t  log 

 he t e m ~ ~ r a t u r e - ~ r a ~ i e n  t 
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s i g n a t u r e  of t h e  t e c : p e r a t u r e - g r a d i e n t  l o g  i s  knobm, because 

the l o g g i n g  can be postponed until aEtcr the c a s i n g  has  

been se t .  

14 
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FIG. 1 .  Temperature probe used in the study. 
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FIG. 3a. Comparison of temperature-gradient logs at Datil. Plotted interval is 7.62 m. Correlations between 
interval-transit time and temperature-gradient logs at depth are noted by connecting lines. 
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FIG. 3b. Comparison of temperature-gradient logs at San Ysidro. Plotted interval is 7.62 m. 



FIG. 3c. Comparison of temperature-gradient logs at Gavilon. Plotted interval is 9.14 m, except 0 to 1400 
m on 4-1 1-77 where plotted interval is 10 m. 
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FIG. 4a. Correlation of temperature-gradient log to other logs at Datil. Plotted interval is 1.52 m (same as 
the data recording interval). Correlations are noted by connecting lines. 
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FIG. 4b. Correlation of temperature-gradient logs to other logs at San Ysidro. Zones of comparison are 
noted as double dashed lines beside logs being compared and hachures (for high or low gradients) be- 
tween logs being compared. Arrows between logs suggest an almost one-to-one correlation of those logs. 
See Figure 4a for plotted interval. 
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FIG. 4c. Correlation of temperature-gradient logs to other types of logs at Gavilon, upper section. See 
Figures 4a and 4b for plotted interval and ledger. 
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FIG. 4f. Correlation of temperature-gradient logs to other types of logs at Bluff State, lower section. See 
Figures 4a and 4b for plotted interval and ledger. Lithologic description as follows: two dots indicate 
sandstone, one dot indicates siltstone, blank space indicates shale, two vertical lines indicate limestone, 
and a V indicates mudstone. 



Table 1. Comparison of temperature data and temperature-gradient data for different logs in Datil, San Ysidro, Gavilon, and Bluff State. Logs are identified by the 
logging run date; and (d) indicating the log was performed as the probe was going down the well. or (u) indicating the log was performed as the probe was coming 
up the well. 

S i t e  L o ~ g i n g  Runs Temperature Comparisons ’ Temperature Gradien t  Comparisons 

Mean Of 
Absolu te-  No. Of Length D l s t .  Mean Mean Of 

T o t a l  No. Of Between Of Absolu te  T o t a l  E q u a l l y  Of Mean Of Percentage  
- Run 1 -- Run 2 Depth Depth S t a t i o n s  Temp. Temp. Depth Spaced Grad. P e r c e n t a g e  D i f f e r e q c e s  
Run 1.D.-Speed Run 1.D.-Speed I n t e r v a l  S t a t i o n s  Compared. D i f f s .  D i f f s .  I n t e r v a l  Grad. Zone D i f f e r e n c e s  Of 

(mlmin) (mlmin) (m) Compared (m) (”C) (‘C) (m)  Zones (m) Of Grads.  Grads.  

Datil 

San Ysidro 

Gavi lon  

B l u f f  S t a t e  

26-7-78(d)-15.2 7-3-79(d)-7.6 152-1584 40 30.5 

I, 

7-3-79 (d) -7.6 7-3-79 (u) -30.5 152-1584 40 30.5 

I, 

17-5-78(d)-15.2 13-3-79(d)-7.6 40-741 24 30.5 

13-3-79(d)-7.6 13-3-79 ( ~ ) - 3 0 .  5 40-741 24 30.5 

14-11- 77 (d)-15.2 4-4-79 (d)-9.2 920-1418 1 7  30.5 

1448-1814 13 30.5 

4-4-79(d)-9.2 4-4-79(u)-** 920-1814 30 30.5 

,I 

2 -3-78(d)-15.2 1-4-79(d)-10.7 610-1130 1 7  30.5 

1130-1586 1 6  30.5 

1-4-79(d)-10.7 1-4-79(~)-*** 610-1586 33 30.5 

s.03 

.83+. 20 

. O l  

.11+.04 

.03 t .02  

.15 t .04  

.36+.06 

.14+.04 

.30t. 09 

.29t.O5 

. 0 3 t  .02 153-854 22 9.15 

854-1352 1 7  9.15 

( d a l w a y s  305-854 16 9.15 
g r e a t e r  

854-1309 15 9.15 

.Oh+.  0 3  92-732 21  9.15 

92-132 21  9.15 (u) always 
g r e a t e r  

9 .15  4-4-79(d) always h i g h e r  920-1814 30 

4-4-79 (d 
always h l g h e r  

bY&hg!w”ys 920-1814 30 9.15 

2 7 r 9  

1 3+4 

* * 
2 4 t 4  

1 5 t 4  

0.4 6 i4 

1 4?5 

3 6 t 7  

6 1 2 t 1 0  

3 7+8 

* p e r c e n t a g e  d i f f e r e n c e  in grads .  is 2%-60% 
**4-&79(u)-logging speed-18.3 (1800-1270 m ) ,  30.5 (1270-0 m) 
***1-4-79(u)-logging speed-15.2 (1600-1203 m) ,  30.5 (1203-0 m) 




