
115

LOCATION OF PRODUCTION ZONES PRESSURE

Roland N . Home Hario

Stanford Unive r s i ty I n s t i t u t o Elec t r i cas
S tanfo rd , C a l i f o r n i a i c a l i, Mexico

ABSTRACT

The f a c t t h a t geothermal w e l l s produce from only
a l i m i t e d number of d i s c r e t e  f r a c t u r e s  o r "feed

zones" o f t e n g ives r i s e  t o  confusing temperature 
and pressu re logs . This is because t h e w e l l s
f r equen t ly are flowing from one zone t o another
whi le t h e measurements a r e made--even though
t h e wel l is s h u t i n . I n t e r p r e t a t i o n of t h e
temperature and pressu re logs is then d i f f i c u l t
un less t h e  l o c a t i o n  of t h e feed zones can be
determined and t h e i n t e r n a l flows recognized.
Although t h i s may o f t e n be determined by an ex-
perienced r e s e r v o i r engineer t h e r e remains con-

s i d e r a b l e room f o r ambiguity. This  paper  pre-

s e n t s a method f o r loca t ing t h e feed zones and

s imul taneously r e g i s t e r i n g upward o r downward
flows by comparing t h e measured pressu re gra-
d i e n t wi th t h e h y d r o s t a t i c g rad ien t  ca lcu la ted  
from a run temperature log.
Demonstration of t h e technique i n Cerro P r i e t o
is shown.

INTRODUCTION

Two important f e a t u r e s of most geothermal r e s e r-

v o i r s g ive r i s e  t o  a c h a r a c t e r i s t i c behavior of
shut- in wel l s where geothermal f l u i d flows with-
i n t h e w e l l from one l e v e l t o another without 
eve r reaching t h e sur face . F i r s t , t h e r e s e r v o i r
f I r e s i d e s  p r i n c i p a l l y  i n which form 
t h e major condui ts f o r flow and a r e thus t h e
major source of permeabi l i ty .

e n t e r s a geothermal w e l l only a t t h e  p o i n t s  
where t h e w e l l i n t e r s e c t s one of t h e fractures- -
i n many w e l l s only one o r two such p o i n t s a r e
found. Second, t h e r e s e r v o i r f l u i d is hydro-
dynamically u n s t a b l e i n  t h a t  temperatures

and dens i ty decreases wi th depth. Therefore con-
vec t ion occurs and t h e n e t p ressu re  g rad ien t  i n
t h e  h o t t e r  p a r t of t h e r e s e r v o i r is g r e a t e r than
h y d r o s t a t i c due t o t h e very slow upward flow
water . As a r e s u l t of t h e s e two s i t u a t i o n s ,

when a w e l l is open t o ( f o r example) t w o f r a c t u r e s
a t d i f f e r e n t dep ths , f l u i d flows upward from one
e n t r y t o t h e o t h e r because of t h e d i f f e r e n c e i n

pressu re between t h e two. It i s c l e a r t h a t i t is
i n f a c t impossible f o r t h e w e l l t o be s t a t i c un-
less t h e pressu re  g rad ien t  i n t h e  r e s e r v o i r  is
h y d r o s t a t i c .  L a t e r  i n t h e l i f e of t h e rese rvo i r s ,
downflows can a l s o occur due t o changing pressu re /
depth c h a r a c t e r i s t i c s i n t h e  r e s e r v o i r  as phase

Therefore f l u i d

s e p a r a t i o n occurs.

A s a r e s u l t of these upflows and downflows, t h e
temperatures and pressu res measured i n a s tandard

log do not r ep resen t  those  of t h e reser-
v o i r except perhaps a t t h e major po in t of f l u i d
e n t r y i n t o t h e wel l . A t a l l o t h e r p o i n t s  t h e  
measured pressure and temperature are only those
of t h e f l u i d i n t h e w e l l as i t flows p a s t t h e
ins t rument . I n orde r t o c o r r e c t l y determine

reservoir temperatures and pressu res it is c l e a r l y
imperat ive t o c o r r e c t l y i n t e r p r e t t h e  p o s i t i o n s  of
t h e feed po in t s and, i f p o s s i b l e , determine t h e

d i r e c t i o n and s t r e n g t h of any i n t e r v a l flows. A t
p resen t t h e r e e x i s t s a body of knowledge o r i n t e r-

p r e t a t i o n co l l ec ted over  years  of f i e l d e x p e r i e n c e ,
f o r example by Grant (1979) i n New Zealand and by

Stefansson and Steingrimsson (1980) i n Iceland.
However t h e i n t e r p r e t a t i o n is based on recogn i t ion
of v a r i o u s c h a r a c t e r i s t i c behaviours--for example
an i n t e r n a l flow r e g i s t e r s on t h e temperature log
as a constant temperature l i n e between t h e two
feed zones. Such recogn i t ion relies f requen t ly
on t h e s k i l l of t h e engineer i n see ing t h e f e a t u r e s
of t h e behaviour amongst t h e  i r r e g u l a r i t i e s  of t h e

log , and a l s o of t en relies on h i s o r h e r absorbing
s a l i e n t information from s e v e r a l sources a t the

, same time i n orde r t o reach evena answer.
For example, Figure 1 shows temperature p r o f i l e s i n
t h e New Zealand w e l l Rotokawa 3 during i n j e c t i o n

t e s t i n g and subsequent heat ing. The suggested
i n t e r p r e t a t i o n is t h a t t h e wel l  has  two major
feed zones, one a t 500 meters and t h e  o t h e r  a t
850 meters depth--readers a r e  i n v i t e d  t o t r y t h e i

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

-

1

Figure 1 ; Rotokawa 3 temperature p r o f i l e s
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Thus, d e s p i t e  t h e  obvious b e n e f i t s of t h i s type of
i n t e r p r e t a t i o n , t h e r e remains a c e r t a i n amount of
fuzz iness i n t h e conclusions reached. A more

s t r a igh t fo rward method f o r d a i l y u s e
d e s i r a b l e . One obvious and d i r e c t method is t h e
use of a downhole flow meter, as descr ibed by Syms
and Bixley Syms, Syms, Bixley and S l a t t e r

and Syms, Syms and Bixley (1980) . However
t h e use of a i n geothermal w e l l s is of ten

problemat ical due t o t h e high temperature and
c o r r o s i v e environment. Consequently high- priced
sp inner t o o l s a r e usua l ly used only during in jec-
t i o n tests i n which t h e wel l temperature is sub-
s t a n t i a l l y reduced by t h e i n j e c t e d water: f o r
example a s descr ibed i n Syms and Bixley ( 1979 ) .
Some success has a l s o been obtained i n New Zealand
wi th a non-mechanical device known as a S l a t t e r
d i s k Syms, Bixley and S l a t t e r , which
r e g i s t e r s a t t h e  s u r f a c e  t h e  drag on a d i s k placed
i n t h e flow stream downhole. The dev ice , a l though

ingenious and simple , is probably a l s o b e s t  s u i t e d  
f o r i n j e c t i o n tests (or i n any conf igura t ion i n
which water flows down t he w e l l ) .

Thus t h e r e remains t h e problem of measuring t h e
i n t e r n a l flow i n t h e w e l l i n i n s t a n c e s where t h e

w e l l i s shu t i n bu t flowing i n t e r n a l l y (usua l ly
upwards) from one feed zone t o another .  This  paper

d e s c r i b e s a method of es t ima t ing t h e magnitude and
o r i g i n of t h e i n t e r n a l flow using only  t h e s t a n d a r d

p r e s s u r e and temperature logs . The logs are t o

b e run simul taneously , a f t e r which t h e pressu re
g r a d i e n t determined from t h e pressu re log is com-
pared t o t h e  h y d r o s t a t i c  g rad ien t c a l c u l a t e d from
t h e temperature log. This technique i s
i n w e l l number M-9 i n Cerro P r i e t o , which provides
an i d e a l t e s t case s i n c e the w e l l f e e d s through

gun p e r f o r a t i o n s i n t h e casing a t a known depth.

PRESSURE GRADIENT TECHNIQUE

The p r i n c i p l e of t h e technique is simple.

(non-flowing) we l l w i l l e x h i b i t a h y d r o s t a t i c
p r e s s u r e p r o f i l e with t h e pressu re g r a d i e n t a t any

depth propor t iona l t o t h e dens i ty of t h e w e l l f l u i d
a t t h e temperature a t t h a t depth. On t h e  o t h e r  
hand, any movement of f l u i d i n t h e  w e l l  

i n a change i n t h e pressu re gradient-- an inc rease
above h y d r o s t a t i c f o r upward flow and a decrease

below h y d r o s t a t i c f o r downward flow.
son of two pressu re grad i en t with depth p r o f i l e s

(one determined from t h e pressu re  log  and one from
t h e temperature  log)  w i l l e f f e c t i v e l y provide flow
meter ing capabili ty-- enabling a d i r e c t determination
of t h e l o c a t i o n of the feed zones a s w e l l as t h e

d i r e c t i o n (and even poss ib ly an estimate of t h e
magnitude) of t h e i n t e r n a l flow.

A s t a t i c

Thus compari-

FIELD EXAMPLE - CERRO PRIETO WELL M-9

Well i n Cerro P r i e t o , Mexico, i s completed t o
4635 f e e t t o t a l depth and is cased t o 3481 f e e t
w i t h s l o t t e d l i n e r below 3588 f e e t . The w e l l is
unusual , however, i n t h a t the 11 3/4 inch cas ing 

w a s gun per fo ra ted between depths 2348 and 2810
f e e t , and these gun per fo ra t ions were subsequently
squeezed and a b l ind 7 5/8 inch l i n e r cemented
i n s i d e t h e 11 3 / 4 inch casing t o a depth of 3252

f e e t .

t h e completion program i s given i n Figure 2.
A schematic from Dominguez (1978) showing

- 316
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i n t e r v a l
3 ft.

below

Figure 2 : Cerro P r i e t o we l l M-9

The d a t a used t o test t h e pressu re  g rad ien t  pro-
cedure was c o l l e c t e d by Lawrence Berkeley Labora-

t o r y on October 26, 1979, during a t e s t of a
combined f u n c t i o n t o o l they had developed.

s tudy uses pressu re and temperature p r o f i l e s from
t h e i r survey number 10. Table 1 summarizes t h e
pressu re and temperature values measured during
t h i s survey, as w e l l as t h e pressure grad ien t and
h y d r o s t a t i c p ressu re  g rad ien t  ca lcu la t ed  from
those va lues . F igure 3 shows the two pressu re
grad ien t s p l o t t e d as a func t ion of depth.
t u n a t e l y t h e frequency and accuracy of t h e p r e s s u r e
measurements i n t h e survey a r e no t s u f f i c i e n t t o
determine t h e pressu re  g rad ien t  c l o s e r than wi th in
two o r t h r e e however some f e a t u r e s
a r e immediately obvious. There is a c l e a r indi- '
c a t i o n of a 10 percen t  superhydros ta t i c  g rad ien t  

below 3100 f e e t , suggest ing an upward flow
i n i t i a t i n g from around 3300 f e e t i n t h e s l o t t e d

l i n e s , and flowing up as f a r as t h e bottom of t h e
b l ind 7 5 /8 inch l i n e r . This behaviour i s indi-

c a t i v e of a cement f a i l u r e subsequent t o the
squeeze j o b i n t h e gun per fo ra t ions a t 2348-2810

f e e t and flow behind t h e 7 5/8 inch l i n e s up t o
t h i s l e v e l .
i f compared t o t h e pressu re  g rad ien t  p r o f i l e s i n
t h e same w e l l (Figure 4 ) j u s t  a f t e r  the
p l e t i o n on J u l y 2 , 1975. A t t h a t t i m e t h e a c t u a l
p ressu re g r a d i e n t fol lows t h e  h y d r o s t a t i c  p ressu re
grad ien t almost e x a c t l y , presumably because t h e
gun per fo ra t ions had been e f f e c t i v e l y plugged.

This

Unfor-

This i n t e r p r e t a t i o n is more s t r i k i n g

I n both F igures 3 and 4 , t he measured pressure

grad ien t d i f f e r s almost uniformly (with t h e
except ion of t h e f e a t u r e s al ready descr ibed)  from
t h e  h y d r o s t a t i c  g r a d i e n t  by about 2
This could be due t o d r i f t  i n  e i t h e r of
ments, o r t o t h e s m a l l b leed flow i n t h e w e l l .
The small zig- zags i n Figure 4 a r e due t o t h e
inaccurac ies i n tak ing  d i f f e rences  i n pressu re

from t h e pressu re log. Similar- sized zig-zags
appear i n Figure 3 ; however i n n e i t h e r case are
these  inaccurac ies  anywhere near as l a r g e as t h e

change i n grad ien t  ind ica ted  i n t h e upflow. The
superhydros ta t i c  g rad ien t  i n geothermal r e s e r v o i r s
is of orde r 110%of hydros ta t i c is

i n t h i s case ) : Tongonan i n t h e Ph i l ipp ines , f o r
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example, has a s i m i l a r d i f f e r e n c e (Whittome and

Smith, 1979).
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F i g u r e 4: Cerro P r i e t o w e l l p r e s s u r e  g r a d i e n t  

1975

. p r o f i l e s j u s t  a f t e r  recompletion Ju ly 2 ,

Table  1 .  Cerro P r i e t o Well M-9 tes t , October 26, 1979.

F igure 3: Cerro P r i e t o w e l l M-9 pressu re  g rad ien t  

p r o f i l e s , October 26, 1979
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Figure 5: Cerro P r i e t o w e l l M-9 pressu re g r a d i e n t
p r o f i l e s 2 years a f t e r recompletion,
June 18, 1977.

s lo t t ed i n t e r v a l
t . (7 5/8 l i n e r )

hole 4352 ft.

Figure 6: Cerro P r i e t o w e l l M-42 (from
Dominguez 1978).

F igure 5 shows t h e pressu re  g rad ien t  p r o f i l e  f o r  
t h e same w e l l M-9 on June 18, 1977, 2 years a f t e r
t h e recompletion.
appear as i n f i g u r e 4 bu t t h e r e is no c l e a r devi-
a t i o n of t h e pressu re  g rad ien t  from hydros ta t i c ,
suggest ing t h a t at t h i s t i m e t h e cement plugging
t h e p e r f o r a t i o n s was st i l l sea led .
t h e pressu re  g rad ien t  very c l e a r l y shows t h e f l a s h
p o i n t i n t h e w e l l ( a t around 1000 f e e t o r 300
meters) .

I n t h i s case similar "zig-zags"

400

HYDROSTATIC

PRESSURE
-GRADIENT

I I I I

34 42 46

PSI FT.

' igure 7: Cerro P r i e t o w e l l p ressu re  g rad ien t  
p r o f i l e s .

I n another example, Cerro P r i e t o  w e l l  M-42 shown
i n Figure 6 h a s s l o t t e d l i n e r set from 1000 m
depth t o t o t a l depth The temperature

p r o f i l e i s almost constant over t h i s same i n t e r-
v a l , i n d i c a t i n g i n t e r n a l flow, however t h e pres-
s u r e grad ien t  log ,  Figure 7 , i n d i c a t e s t h a t t h e
r a t e t h i s is s m a l l t o t h a t i n
w e l l M-9.
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FT.

Figure 8: Rotokawa 3 pressure grad ien t p r o f i l e s ,
d i scha rg ing 160 of

f l u i d .  J u l y  17, 1978.

I n a d i f f e r e n t a p p l i c a t i o n of t h e technique, Figure
8 shows t h e pressu re  g rad ien t  logs  f o r t h e w e l l
Rotokawa 3 shown i n Figure 1 while i t dischar-
ging 150 of 1110 enthalpy f l u i d .
Three a l t e r n a t i v e i n t e r p r e t a t i o n s a r e poss ib le i n
t h i s case:

(1) The w e l l is producing f l u i d with an en-

tha lpy  h igher  than 1110 from depth
This however is n o t  c o n s i s t e n t  wi th t h e observed
permeable zones i n t h e pump tests.

(2) The w e l l is s ta t i c below andproduces
f l u i d a t a h igher q u a l i t y than 1110 from
depth. Bo i l ing occurs above

(3) The w e l l f lows e s s e n t i a l l y 1110
f l u i d from depth with major f l a s h i n g occuring
above There is a suggest ion of somein jec t ion
i n t o t h e permeable formation a t

DISCUSSION

1. This work has b a s i c a l l y demonstrated t h e use
of simultaneous p r e s s u r e and temperature logs as a
crude flowmeter, which i s none the les s a b l e t o d i s-
t i n g u i s h upflows and i n d i c a t e feed zones i n geo-
thermal wells.

2 . There i s much room f o r improvement i n t h e pro-
cedure. Readings taken a t c l o s e r depth i n t e r v a l s
would be b e n e f i c i a l , however t h e use of a pressu re
differential gauge run s imul taneously  wi th  a t e m-
p e r a t u r e gauge would be a much b e t t e r way t o pro-
ceed. Such inst ruments a r e a v a i l a b l e i n t h e
petroleum i n d u s t r y ( f o r example Schlumberger 's '

1973); however t o our
knowledge none has been developed f o r geothermal
environments. Work on acqu i r ing o r modifying an

f o r t h i s purpose is cont inuing i n t h i s

p r o j e c t .

Home and 

.
3. The procedure has been shown t o work i n w e l l s
flowing l i q u i d on ly , and ( i n  f i e l d  examples
shown i n t h i s summary) has a l s o proved capable of
l o c a t i n g  f l a s h  p o i n t s with a high degree of resolu-
t i o n .
flowing steam o r two phases i f t h e steam f r a c t i o n
does not change too r a p i d l y with  depth .  

The method w i l l probably a l s o work i n w e l l s

4. Ac tua l ly , Cerro P r i e t o is unusual i n t h a t it

i s n o t a h igh ly f r a c t u r e d r e s e r v o i r , and i n f a c t
M-9 is probably unusual at Cerro P r i e t o i n having
an i n t e r n a l flow which a r i s e s because of i ts two
product ion l e v e l s with b l ind casing between. For
w e l l M-42 a t Cerro P r i e t o no i n t e r n a l flow was
recognisable .
i n t h e world f r a c t u r e s a r e more prominent and in-
t e r n a l flows are commonly observed.

I n most o t h e r geothermal r e s e r v o i r s
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