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ABSTRACT 

Tracer  tests us ing  organic  dye sodium f l u o r e s c e i n  and 
r a d i o a c t i v e  i s o t o p e  Iodine-131 were conducted i n  
Palinpinon- I,  Sou t h e m  Negros Geothermal F ie ld  t o  
q u a n t i f y  the  rate and e x t e n t  of  communication between 
the r e i n j e c t i o n  and production s e c t o r s .  The r e s u l t s  
e s t a b l i s h e d  t r a c e r  recover ies  of  up t o  45% and mean 
a e r i a l  flow v e l o c i t i e s  of 3.0 t o  7.1 m/hr between the 
two s e c t o r s .  The rap id  and s t r o n g  r e t u r n s  of t h e  
t r a c e r  i n d i c a t e d  d i r e c t  flowpaths between the re- 
i n j e c t i o n  and production w e l l s  provided: by f a u l t s  
which have been observed a t  t h e  s u r f a c e  and subsurface. 

The r e s u l t s  of the  tracer tests have g r e a t l y  aided i n  
p r i o r i  t i z i n g  the r e i n j e c t i o n  wells according t o  t h e  
degree of communication with the product ion  s e c t o r .  A s  
s i g n i f i c a n t l y ,  t h e  r e s u l t s  have e s t a b l i s h e d  the  need t o  
r e i n j e c t  much f a r t h e r  from the  producing a r e a  and t o  
r e i n j e c t  along s t r u c t u r e s  no t  d i r e c t l y  connected t o  t h e  
production wells.  Towards t h i s  goa l ,  a l t e r n a t i v e  
r e i n j e c t i o n  s i t e s  o r  w e l l s  are now being considered t o  
reduce r e i n j e c t i o n  r e t u r n s .  

INTRODUCTION 

The Southern Negros Geothermal F i e l d  (Fig. 1) lies 
on t h e  southern  t i p  of Negros I s l a n d ,  P h i l i p p i n e s .  
The f i e l d  i s  d iv ided  i n t o  two s e c t o r s  - Puhagan and 
Nasuj i ,  as  shown i n  Fig.  2. The Puhagan sec tor ,which  
is the  concern of  t h i s  s t u d y ,  p rovides  the  steam t h a t  
runs t h e  112.5-MWe Palinpinon I power p l a n t .  
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Figure 1 ,  LOCATION MAP OF PALlNPlNON GEOTHERMALFIEU) 
SOUTHERN NEGROS GEOTHERMAL PROJECT 

_ _ _ D  -- Rauri 2. STRUCTURAL M A P  
SOUTHERN NEGROS CEOTHERMAL m C T  

The s u r f a c e  r e t i c u l a t i o n  system, as w e l l  as t h e  
product ion  and i n j e c t i o n  s e c t o r s  a r e  shown i n  Fig. 3 . 
Twenty-one product ion  w e l l s  are hooked up t o  the p l a n t  
and ten  r e i n j e c t i o n  w e l l s ,  which accept  wastewater by 
g r a v i t y  flow, were d r i l l e d  t o  t h e  e a s t e r n ,  nor thern ,  
and wes te rn  s e c t i o n s  of t h e  f i e l d .  Most p roduct ion  
wells, d r i l l e d  t o  depths  ranging from 2774 t o  3467 mMD, 
produce from m u l t i p l e  zones and d ischarge  two-phase 
f l u i d  from a single- phase l i q u i d  r e s e r v o i r .  
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1Y.6 D 
13.8 D 

1.3 D 
3.9 u 
7 .1  u 

10.5 D 
6.0 D 
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1.18 
1.35 
0.35 
8.12 
1.31 
1.57 
0.18 

TABLE 1. TRACER l T S T S  IN PALINPINON-I. SOUnrrPN RECPOS G E O M T M N ,  P R W K t  

IS w - 06 Sep 81 

10 Jul - 01 hq 83 

I3 Pug - 29 81 

78 - 11 Sep 119 

I n i t i a l  o b s e r v a t i o n s  o f  t h e  r e s e r v o i r  r esponse  and 
performance of both p roduc t ion  and r e i n j e c t i o n  w e l l s  
showed s i g n i f i c a n t  changes i n  a s h o r t  p e r i o d  of time. 
These n e c e s s i t a t e d  programmes t o  p rov ide  improved 
g u i d e l i n e s  f o r  t h e  s a f e  and e f f i c i e n t  management of t h e  
P a l i n p i n o n  I r e s e r v o i r .  One major  p o l i c y  w a s  t o  
minimize,  i f  no t  avo id ,  r a p i d  r e t u r n  of  r e i n j e c t e d  
f l u i d s  by a p p r o p r i a t e  u t i l i z a t i o n  o f  p r o d u c t i o n  and 
r e i n j e c t i o n  w e l l s .  On t h i s  b a s i s ,  t r a c e r  tests were 
implemented t o  determine i n t e r a c t i o n  among t h e  v a r i o u s  
s e c t o r s  o f  Pa l inp inon  I p r o d u c t i o n  and r e i n j e c t i o n  
b l o c k s .  

The purpose o f  t h i s  paper  is t o  show how tracer tests 
can be used  no t  on ly  t o  e s t a b l i s h  t h e  r a t e  and e x t e n t  
o f  communication between r e i n j e c t i o n  and p roduc t ion  
s e c t o r s  b u t  a l s o  t o  determine t h e  p r e f e r r e d  f lowpaths  
o f  t h e  r e i n j e c t e d  f l u i d s .  Discuss ion  w i l l  c e n t e r  on 
t h e  r e s u l t s  and i n t e r p r e t a t i o n  of  t h e  d i f f e r e n t  tracer 
tests conducted i n  Pa l inp inon  I. PNOC-EDC (1986) 
d e t a i l s  t h e  methodologies  a p p l i e d  i n  t h e  tests. 

TRACER TESTS 

Tracer  tests i n  P a l i n p i n o n  I employed t h e  use  of t h e  
o r g a n i c  dye sodium f l u o r e s c e i n  and t h e  r a d i o a c t i v e  
i s o t o p e  Iodine- 131,  which were i n t r o d u c e d  i n  1981  and 
1983, r e s p e c t i v e l y .  A few months a f t e r  t h e  p l a n t  
s t a r t e d  commercial o p e r a t i o n ,  Iodine- 131 of a c t i v i t y  
20.2 Gigabecquere l  (.545 C i )  was i n j e c t e d  a t  OK-12RD t o  
de te rmine  p o s s i b l e  connec t ions  between t h e  e a s t e r l y  
i n j e c t i o n  s e c t o r  and t h e  producing w e l l s .  Th i s  
p o s s i b i l i t y  h a s  been mani fes ted  by geochemical 
moni to r ing  o f  t h e  w e l l s .  One y e a r  later ,  i n  August 
1984, a s l u g  o f  2.0 kgs  of  sodium f l u o r e s c e i n  w a s  
in t roduced  i n t o  t h e  n o r t h e a s t e r l y  i n j e c t i o n w e l l  PN-1RD. 
The latest  tests i n  PN-gRD, u s i n g  bo th  t r a c e r s ,  aimed 
p r i n c i p a l l y  t o  de te rmine  c o m u n i c a t i o n  between t h e  
wes te rn  i n j e c t i o n  block and the  producing w e l l s .  

OK-12RD 

The r e s u l t s  (Table 1) o f  t h e  r a d i o a c t i v e  t r a c e r  test  
i n d i c a t e  t h a t  t h e  e a s t e r n  r e i n j e c t i o n  w e l l  OK-12RD 
communicates w e l l  w i t h  t h e  e a s t e r n  and c e n t r a l  Puhagan 
w e l l s .  The t r a c e r  w a s  d e t e c t e d  f i r s t  a t  PN-17D i n  less 
than  one day. T o t a l  t r a c e r  recovery  from f i v e  pro-  
d u c t i o n  w e l l s  (PN-l7D, PN-l5D, PN-28, OK-7, OK-1OD) w a s  
16.6% w i t h i n  f o u r  weeks, 79% of  which was recovered 

a-1. 01-1W. W13D. 
FU16D. CU-9D. 01-100 

On-1. OK-1OD. RclSD. 
mim. mm. mz6. 
mm. maw. m-vw. 

a - 7 .  OK-PD. OK-lOn 

R1-18D. RClPD. RC23D. 
FU1YD. RI-16. FU17D.. 
Rl-18. RC1PD. W3OD. 

P l  3171318, RC3w 
RC6w. RI-9RD 

mim. RCIID. m i m .  

m3m. &I. OW, 

- 
D9ItlU 
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a-1 
01-17D 
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R E S U L T S  I 

f r m  PN-17D. Traces  were a l s o  d e t e c t e d  i n  w e l l s  PN-26 
and PN-21D and t h e  e a s t e r l y  i n j e c t i o n  w e l l s  PN-3RD and 
PN-4RD. Mean t r a n s i t  t i m e s  of t h e  t r a c e r  ranged from 
3.9 t o  14.6 days,  e q u i v a l e n t  t o  average  aer ial  f low 
v e l o c i t i e s  of 1.7 t o  4.6 m/hr. 

PN-1RD 

V i s u a l  examinat ion of t h e  samples from t h e  PN-1RD 
sodium f l u o r e s c e i n  test w a s  n o t  s u f f i c i e n t  t o  d e t e c t  
r e t u r n s  of  t h e  dye. Hence, a n  u l t r a v i o l e t  (W) 
spec t rophotomete r  w a s  used t o  d e t e c t  t r a c e s  of a c t i v e  
f l u o r e s c e i n .  P o s i t i v e  r e t u r n s  w e r e  ob ta ined  from t h e  
c e n t r a l  Puhagan w e l l s  PN-26, PN-28 and OK-7, as w e l l  as 
from t h e  sha l low r e s e r v e  w e l l  OK-2. Well PN-26 
e x h i b i t e d  t h e  s t r o n g e s t  and f a s t e s t  response.  The 
f i r s t  a r r i v a l  of t h e  dye i n  t h e s e  w e l l s  were r e g i s -  
t e r e d  a t  40, 60.. 80 and 90 h o u r s ,  r e s p e c t i v e l y ,  which 

16.5 m/hr. 

T r a c e r  r e t u r n  w a s  confirmed i n  only f o u r  w e l l s  due t o :  
a) d e t e r i o r a t i o n  of sodium f l u o r e s c e i n  w i t h  t i m e  a t  
h i g h  t empera tu res ;  and b)  i n t e r f e r e n c e  o f  s i l i ca  and 
s u l f u r  w i t h  t h e  d e t e c t i o n  p r o c e s s  caus ing  some samples 
t o  show v i s i b l e  co loured  p r e c i p i t a t e  b u t  no f l u o r e s-  
cence under UV l i g h t .  

t r a n s l a t e  t o  b reak through  v e l o c i t i e s  of 5.6 t o  

PN-9RD 

T e s t  D e s c r i p t i o n  

Before t h e  r a d i o a c t i v e  t r a c e r  t es t ,  a p recursory  test 
u s i n g  sodium f l u o r e s c e i n  w a s  conducted t o  o b t a i n  
i n i t i a l  i n f o r m a t i o n  r e g a r d i n g  w e l l  i n t e r a c t i o n  f o r  
moni to r ing  and sampling purposes.  Ten ki lograms of 
t h e  chemica l  dye sodium f l u o r e s c e i n  w a s  in t roduced  in-  
t o  r e i n j e c t i o n  w e l l  PN-gRD, and hour ly  cumulat ive.  
d i s c h a r g e  samples (500-ml) from ten  p roduc t ion  w e l l s  
werewithdrawn from t h e  ’two-phase l i n e s  u s i n g  mini- 
s i l e n c e r s .  Samples were ana lyzed  f o r  f l u o r e s c e n t  
emiss ion  u s i n g  UV r a d i a t i o n .  
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Figure 4. I - 131 TRACER INJECTION SYSTEM 

For t h e  r a d i o a c t i v e  tracer tes t ,  1-131 of a c t i v i t y  
67 GBql (1 .81  Ci )  w a s  in t roduced  v i a  a by-pass system 
shown i n  F ig .  4. For wel ls  on produc t ion ,  f i v e - l i t e r  
samples were c o l l e c t e d  from t h e  two-phase l i n e s .  For  
w e l l s  on b l e e d  l i k e  PN-26 and PN-28, coo l ing  c o i l s  
a t t a c h e d  t o  t h e  s i d e  v a l v e  of  t h e  r e s p e c t i v e  wel lheads  
were u t i l i z e d  t o  c o l l e c t  t h e  same volume of  samples.  
The samples w e r e  then counted f o r  r a d i o a c t i v i t y  u s i n g  
NaI (T l )  d e t e c t o r ,  and f i e l d  coun ts  were cross- checked 
us ing  a mult i- channel  a n a l y z e r  (MCA). 

The PN-9RD t r a c e r  test  u t i l i z e d  f o r  t h e  f i r s t  t i m e  t h e  
chemical  recovery of r a d i o a c t i v e  Iodine-131 as i o d i d e .  
Th is  method w a s  in t roduced  by t h e  I n s t i t u t e  o f  Nuclear  
Sc iences ,  New Zealand.  I t  removes s u l f i d e s ,  s u l f a t e s ,  
and s i l i c a  i n t e r f e r e n c e s ;  and p r e c i p i t a t e s  s i l v e r  
i o d i d e  from t h e  2 - l i t e r  sample. The p r e c i p i t a t e  is 
ana lyzed  f o r  r a d i o a c t i v i t y  u s i n g  t h e  MCA. 

R e s u l t s  

Table 2 lists t h e  b reak through  times of the  chemica l  
dye,  a s  w e l l  as t h e  mean t r a n s i t  times and percen tage  
recovery of t h e  r a d i o a c t i v e  t r a c e r .  The sodium 
f l u o r e s c e i n  appeared immediately i n  one day a t  OK-7. 
A r r i v a l  times f o r  t h e  o t h e r  w e l l s  ranged from 5.5 t o  
6.0 days ,  whi le  f o r  t h e  more d i s t a n t  p roduc t ion  w e l l s  
PN-l6D, PN-23D. and PN-30D, t h e  chemical tracer was 
f i r s t  d e t e c t e d  i n  7.5 t o  9 . 8  days.  With approximate 
a e r i a l  s e p a r a t i o n  o f  .84 t o  1.4 km of  t h e s e  w e l l s  from 
PN-gRD, breakthrough v e l o c i t i e s  w e r e  c a l c u l a t e d  t o  b e  
a s  h igh  a s  35 m/hr from PN-9RD t o  OK-7, and from 4.7 
t o  7.8 m/hr from PN-9RD t o  t h e  o t h e r  p r o d u c t i o n  w e l l s .  

T;lI,lv 2 .  
PN-9RU THACKII TEST WSULTS - 

1-131 'IWYIR SXIlUI -IN 
U E U  kNrn i\verageTT-itlYm Brcak-Tims 

D A Y S  D A Y S  

23.2 

6.0 

3 .9  
1.1 
0.1 
0 . b  

0.4 

Ll.4 

T T a o l ~  found i n  

8-19 days 
smpleb alter 

5 . 7  
14.0 
11.0 
10.3 
15.6 
15.7 

15.8 
16.0 

1.08 
8.0 

5.5 
6.0 

Not mitored 
8.3 
7 .5  
5.5 
9.8 

6.0 

The r a d i o a c t i v e  t r a c e r  test  confirmed t h e  f a s t  and 
s t r o n g  r e t u r n s  of  t h e  r e i n j e c t e d  f l u i d  from PN-9RD t o  
OK-7 w i t h  a mean t r a n s i t  t i m e  o f  5.7 and a b o u t  30% 
t r a c e r  recovery .  The mean t r a n s i t  time r e p r e s e n t s  the 
t i m e  i t  would t ake  h a l f  of t h e  recovered  tracer r e t u r n  
t o  reach t h e  p roduc t ion  w e l l .  The rest of the w e l l s  
had average  t r a n s i t  times of 10 t o  16 days with a 
cumula t ive  tracer recovery  of  15%. The r a d i o a c t i v e  
tracer tes t  h a s  a f f i rmed  t h e  canmunicat ion between 
PN-9RD and t h e  c e n t r a l ,  w e s t e r n ,  and sou thwes te rn  
p r o d u c t i o n  w e l l s .  

TRACER CURVES ANALYSIS 

A tracer breakthrough curve shows t h e  c o n c e n t r a t i o n  of 
a tracer w i t h  t i m e  and is a n  express ion  of t h e  f l u i d  
and chemical  t r a n s p o r t  mechanism between an i n j e c t i o n  
and a p r o d u c t i o n  w e l l .  To o b t a i n  p h y s i c a l  parameters 
from t r a c e r  breakthrough curves ,  t h e  two-well p u l s e  
t r a n s p o r t  model of Lenda and Zuber (1974) w a s  used. 
Th is  model i n v o l v e s  an i n s t a n t a n e o u s  i n j e c t i o n  of 
t r a c e r  i n  one w e l l  and t h e  o b s e r v a t i o n  of i t s  t r a n s i t  
t i m e  t o  a d i s c h a r g i n g  w e l l .  The i r  s o l u t i o n  f o r  the 
d i s p e r s i o n  e q u a t i o n  is used i n  t h e  t h e o r e t i c a l  
d e s c r i p t i o n  of t h e  c o n c e n t r a t i o n  curve measured i n  the  
pumping w e l l .  Using t h e  FORTRAN program TRIGR, which 
i n c o r p o r a t e s  t h i s  model, t h e  p o r o s i t y ,  t h e  mean tran-  
s i t  times, and t h e  tracer r e c o v e r i e s  are determined 
from the  tracer curves .  Aside from t h e s e ,  a measure of 
t h e  d i s p e r s i o n  D/vx, (where D i s  t h e  d i s p e r s i o n  
c o n s t a n t ,  x t h e  d i s t a n c e  between t h e  i n j e c t i o n  and 
producing w e l l s ,  and v t h e  mean v e l o c i t y  of  flow) , 
is o b t a i n e d .  As impor tan t  as t h e s e  numerical  ou tpu t ,  
t h e  program f i t s  t h e  exper imenta l  d a t a  by a s i n g l e  
t h e o r e t i c a l  curve  o r  by a sum of such  curves.  

I--. .- 
figurn 5 TRACER BREAKTHROUtrH CURVE OF WELL OK-7 26 SEW \985 - X I  OCT 1985 

F i g s  5 and 6 are examples of  t h e  exper imenta l  tracer 
curves  of OK-7 and PN-29D, and F igs .  7 and 8 show t h e  
r e s u l t s  of  t h e  i n t e r p r e t e d  curves  f o r  OK-7. It is 
i n t e r e s t i n g  to n o t e  t h a t ,  f o r  OK-7, t h e  breakthrough 
curve h a s  been recognized by t h e  program as a sum of 
two t h e o r e t i c a l  curves .  ' b o  d i f f e r e n t  o p t i o n s  f o r  t h e  
f lowpaths are ,  h w e v e r ,  p r e s e n t e d .  

- 1  

pro 6. TRACER BREAKTHROUGH CURVE OF WELL PN-29D 26SEPT1985-XI OCT (985 ' 
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Fipurc 7 BREAKTHROUGH CURVE Fl)R WEU. OK-7 IFIEU) MTAI  MERPRETED BI TWO WBCURVES 
USING TRlGR PROGRAM 

Fig. 7 shows t h a t  through the f i r s t  flowpath (Curve 1). 
the  t r a c e r  r e t u r n  is rap id  (1.6 days)  and s m a l l  (3%). 
It is t h e  o ther  component of the  flow (Curve 2 ) ,  with 
its peak a t  the t h i r d  day, t h a t  accounts f o r  the 
g r e a t e r  r e t u r n  of the  t r a c e r  (19%). Figure 8, on the  
o t h e r  hand, shows t h a t  i t  is the  f i r s t  component 
(Curve l ) ,  recovering 21% of the  t r a c e r ,  which has  a 
peak a r r i v a l  of 3 days a s  cont ras ted  t o  t h e  second 
sub-curve which c o n t r i b u t e s  only 1% of t h e  t r a c e r  
i n j e c t e d .  The f i r s t  f l w p a t h  of Fig. 8, by i t s e l f ,  
could account f o r  the  f a s t  and s t r o n g  r e t u r n s  i n  OK-7, 
while t h e  second component could r e p r e s e n t  longer 
t r a v e l  p a t h s  (-7days). This  is supported by the 
h igher  D/vx of  Curve 1, which impl ies  t h a t  t h e  p r i-  
mary flowpath has l a r g e r  a p e r t u r e ,  f a s t e r  flow, and 
minimum f r a c t u r e  branching (Fossum, 1982). 

LE,lL*O. I 

I 
Flpurd E. BREBKWQWGH CURVE 

USING TRIGR PROGRM 
WELLOK-7 [FIELD DATA) INTERPRETED BY Two 'SOEicoRm 

For the  o t h e r  w e l l s ,  the  r e s u l t  shows t h a t  a s i n g l e  
peak p r o f i l e  may b e  b e t t e r  modelled assuming m u l t i p l e  
flowpaths. Since the q u a l i t y  of the  f i t  does no t  
improve apprec iab ly  with t h r e e  or more curves ,  pru- 
dence d i c t a t e s  t h a t  a model with the l e a s t  number of 
parameters  be chosen. Never the less ,  t h i s  f e a t u r e  of 
the  computer i n t e r p r e t a t i o n  i n d i c a t e s  t h a t  t h e  t r a c e r  
had taken more than a s i n g l e  f l w p a t h  t o  the producing 
w e l l s .  The tabula ted  r e s u l t s  (Table 3) show t h a t  f o r  
the  o t h e r  w e l l s ,  the  f i r s t  sub-curves have peak 
a r r i v a l s  of s i x  t o  twelve days,  whi le  the second 
component curves have a range of t h i r t e e n  t o  twenty 
days. The mean t r a n s i t  times c a l c u l a t e d  (5.4 days f o r  
OK-7, 12.5 t o  18.2 days f o r  t h e  o t h e r  w e l l s )  a r e  
considerably c l o s e r  t o  the secondary peaks and d i f f e r  
by a t  most two days from the  v a l u e s  given i n  Table 2. 
T o t a l  t r a c e r  recovery was about  35%. The porosi ty-  
th ickness  product  which range from .0060 t o  .0255 is 
comparable t o  t h e  r e su l t s  ob ta ined  from pressure  moni- 
t o r i n g  and i n t e r f e r e n c e  tests. Of course,  i n  t h e  
f i n a l  a n a l y s i s ,  al though the  computer i n t e r p r e t a t i o n  

is  f a s t e r ,  more e f f i c i e n t ,  and probably more o b j e c t i v e ,  
c r i t i c a l  judgment of the  i n t e r p r e t e r  must be based 
on and supported by geologica l  and hydro logica l  
evidences.  
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To d e l i n e a t e  the  flowpaths taken by t h e  t r a c e r ,  
d e t a i l e d  subsur face  pe t rographic  a n a l y s i s  of a l l  
r e i n j e c t i o n  and production w e l l s  was undertaken.  The 
p o s s i b l e  sources  of production and permeabi l i ty  i n  t h e  
Puhagan s e c t o r  w e r e  determined. Hence, f o r  each w e l l ,  
the l i thologic /s trat igraphic  u n i t s  encountered,  a s  

w e l l  a s  the  occurrence of d ike  i n t r u s i o n s ,  w e r e .  noted.  
Likewise, p o s s i b l e  f a u l t  i n t e r s e c t i o n s  based on the  
occurrence of mylonites and drusy v e i n s  w e r e  marked. 
Mylonites a r e  f a u l t e d  rocks c h a r a c t e r i z e d  by extreme 
g r a n u l a t i o n  or gra in- s ize  reduc t ion ,  s t r o n g  f o l i a t i o n  
i n  the  mat r ix  def ined  by f i b r o u s  and opaque minera l s ,  
and d u c t i l e  deformation e x h i b i t e d  by phenocrysts .  

The r e s u l t s  of the  s tudy  showed t h a t  a l l  permeable 
zones d e l i n e a t e d  by w e l l  tests co inc ide  with f a u l t  
i n t e r s e c t i o n s .  No permeabi l i ty  was a t t r i b u t e d  e i t h e r  
t o  s t r a t i g r a p h i c  c o n t a c t s  or t o  d ike  i n t r u s i o n s  s i n c e  
by themselves -they do n o t  c o r r e l a t e  with any permeable 
zone. They w e r e  co inc ident  with permeable zones only 
when accompanied by f a u l t i n g .  

Since permeabi l i ty  and production a r e  pr imar i ly  
cont ro l led  by s t r u c t u r e s ,  then t h e  ch ie f  mechanism f o r  
the  r e t u r n  of r e i n j e c t i o n  f l u i d  t o  the  production a r e a  
is  provided by f a u l t s .  I n  order  t o  d e l i n e a t e  which 
f a u l t s  ac ted  a s  p r e f e r r e d  channels  f o r  t h e  r e i n j e c t i o n  
f l u i d ,  t h e  subsur face  f a u l t  i n t e r s e c t i o n s  were cor- 
r e l a t e d  t o  the  s u r f a c e  t r a c e s  of s t r u c t u r e s .  Through 
g r a p h i c a l  p r o j e c t i o n s  and numerical c a l c u l a t i o n s ,  a l l  
f a u l t s  mapped on t h e  s u r f a c e  (Fig.  2, Pornuevo and 
Obusan, 1983) were s a t i s f a c t o r i l y  c o r r e l a t e d  with t h e  
myloni te /ve in  zones i n  the  d i f f e r e n t  w e l l s .  However, 
some myloni te /ve in  zones could n o t  be a t t r i b u t e d  t o  
any of the  f a u l t s  i d e n t i f i e d  on t h e  s u r f a c e .  I n s t e a d ,  
they r e l a t e  t o  t h e  lineaments i d e n t i f i e d  from an 
independent photogeological  s tudy  of t h e  a rea  (Panem , 
1986). Some of these  l ineaments which coincide w e l l  
with the mylonite zones a r e  F a u l t  F,  F a u l t  J ,  and 
Faul t  G (Fig. 9 ) .  
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Figure 9. LINEAR FEATURES IDENTIFIED BY AIRPHOTO ANLLYSIS 

Flowpaths Analys i s  and I n t e r p r e t a t i o n  

Analys i s  and c o r r e l a t i o n  of t h e  r e s u l t s  of the  tracer 
tests . and s t r u c t u r a l  s t u d y  i n d i c a t e  t h a t  t h e r e  a r e  
p r e f e r r e d  f lowpaths f o r  t h e  r e t u r n  of  r e i n j e c t i o n  
f l u i d  t o  t h e  p roduc t ion  s e c t o r .  

Production w e l l s  which i n t e r s e c t  and f e e d  from T i c a l a  
Splay B and F a u l t  J are bound t o  be  a f f e c t e d  by 
r e i n j e c t i o n  f l u i d  r e t u r n  from OK-12RD. Some of these  
w e l l s  i n c l u d e  t h e  c e n t r a l  Puhagan w e l l s  OK-7, PN-26, 
PN-28 and t h e  e a s t e r l y  p roduc t ion  wells PN-l7D, PN-l5D, 
PN-21D and OK-lOD,  i n  a d d i t i o n  t o  t h e  e a s t e r l y  r e i n-  
j e c t i o n  w e l l s  PN-3RD, PN-4RD and PN-6RD. 

Direct connect ion between PN-1RD and PN-26, a s  shown 
by t h e  sodium f l u o r e s c e i n  test ,  is provided by T i c a l a  
Splay A. PN-29D which produces from i t s  i n t c r -  
s e c t i o n  wi th  t h i s  f a u l t ,  is b e l i e v e d  t o  be pumping 
i n j e c t i o n  f l u i d ,  too,  from PN-1RD b u t  which w a s  
no t  observed from t h e  test due t o  d e t e r i o r a t i o n  of 
t h e  chemical  dye. Another s t r u c t u r e  which acts as 
condui t  f o r  t h e  r e i n j e c t i o n  f l u i d  from PN-1RD t o  t h e  
p roduc t ion  w e l l s  i s  T i c a l a  Splay B. There fore ,  w e l l s  
which feed  from these  two f a u l t s ,  such as PN-28 
and OK-7 would be reached by f l u i d  i n j e c t e d  t o  PN-1RD. 

The r a p i d  and s t r o n g  r e t u r n  of the  tracer from PN-9RD 
t o  OK-7 is provided by F a u l t  F (Fig.  10) which 
i n t e r s e c t e d  t h e  bottom main l o s s  zone of PN-9RD and 
the  bottom main feed zone of OK-7. Th is  f a u l t  
would be  the  d i r e c t  pathway from PN-7RD t o  PN-9RD, 
PN-14 and OK-7, which r e s u l t s  t o  s t r o n g  p r e s s u r e  
responses  among t h e  f o u r  w e l l s .  In a d d i t i o n ,  down- 
h o l e  samples t aken  from PN-14 and OK-7 confirmed 
r e i n j e c t i o n  r e t u r n s  i n  t h e s e  w e l l s .  Other  f a u l t s  
which have i n t e r s e c t e d  PN-9RD such as F a u l t  G , 
Puhagan Splay A and Puhagan Splay B are t h e  chan- 
n e l s  f o r  the  r e t u r n  of r e i n j e c t i o n  f l u i d  to  the  
o t h e r  p roduc t ion  w e l l s .  In p a r t i c u l a r ,  t h e  flowpath 
t o  t h e  more d i s t a n t  p roduc t ion  w e l l s  i n  t h e  s o u t h  and 
southwest  is provided by Puhagan Splay A .  Average f low 
v e l o c i t i e s  were approximately 7 . 1  m/hr through F a u l t  F 
and 3.0 m/hr through Puhagan Splay A. 
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In summary, the  s t u d y  s h m s  t h a t  t h e  c e n t r a l  Puhagan 
w e l l s  (OK-7, PN-26, PN-28, PN-29D ) are r a p i d l y  and 
g r e a t l y  a f f e c t e d  by r e i n j e c t i o n  ? ran  t h e  east, and 
n o r t h e a s t  (OK-12RD, PN-1RD). and from the  w e s t  (PN-7RD, 
PN-9RD) due t o  t h e i r  p rox imi ty  and i n t e r s e c t i o n  with 
t h e  MJ-SE t r end ing  f a u l t s  such as T i c a l a  Splay A ,  
T i c a l a  Splay B, and F a u l t  J and t h e  NE-SW t r e n d i n g  
f a u l t s  l i k e  Puhagan Splay B, F a u l t  F and F a u l t  G. 
Other  production wells which are s i t u a t e d  f a r t h e r  away 
from t h e  r e i n j e c t i o n  w e l l s ,  b u t  which have n e v e r t h e l e s s  
i n t e r s e c t e d  t h e  above-mentioned f a u l t s ,  have a l s o  been 
t h e  r e c i p i e n t  of r e i n j e c t i o n  f l u i d  r e t u r n s  a l though  t o  
a lesser degree.  A g r a p h i c a l  summary of t h e s e  d i s-  
c u s s i o n s ,  toge ther  wi th  t h e  approximate mean flow 
v e l o c i t i e s  through t h e  s t r u c t u r a l  f lowpaths are g iven  
i n  Fig.  11. 

1 & L '. 
figure 11. GRAPHICAL SUMMARY OF PALINPINON-I TRACER TESTS 
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CONCXU S I O N  

The t r a c e r  test r e s u l t s ,  i n  a l l i a n c e  with g e o l o g i c a l  
s tudy  confirm t h a t  permeabi l i ty  and production i n  the  
Puhagan a rea  are pr imar i ly  c o n t r o l l e d  by s t r u c t u r e s .  
The r e s u l t s  of the  s tudy  showed t h a t  r e i n j e c t i o n  
f l u i d s  a r e  r e t u r n i n g  t o  the  production area through 
f a u l t s .  The major s t r u c t u r a l  pathways f o r  the  
r e t u r n  of  i n j e c t e d  f l u i d  a r e  F a u l t  J ,  T i c a l a  Splays 
A and B ,  Puhagan Splays A and B ,  F a u l t  F and F a u l t  
G.  Through these  s t r u c t u r e s ,  average flow v e l o c i t i e s  
of 3.0 t o  7.1 m/hr have been determined. 

The r e s u l t s  of t h e  tracer tests have helped i n  t h e  
proper management of t h e  f i e l d  such as i n  p r i o r i t i z i n g  
t h e  r e i n j e c t i o n  wel ls  according t o  the  degree of 
c o m u n i c a t i o n  wi th  t h e  producing area. The - s tudy  
s t r o n g l y  sugges ts  t h a t  r e i n j e c t i o n  r e t u r n s  and t h e i r  
d e t r i m e n t a l  e f f e c t s  t o  the  producing w e l l s  would 
i n c r e a s e  i n  r a t e  and e x t e n t  n o t  only due t o  a rise i n  
s t a t i o n  load b u t  a l s o  due t o  the in te rconnec t ion  of 
these  geologic s t r u c t u r e s .  Therefore,  t h e r e  is the  
need t o  r e i n j e c t  even much f a r t h e r  from the  produc- 
i n g  area and t o  r e i n j e c t  a long  s t r u c t u r e s  n o t  d i r e c t l y  
connected t o  t h e  product ion  w e l l s .  Towards t h i s  ob- 
j e c t i v e ,  a l t e r n a t i v e  r e i n j e c t i o n  sites o r  w e l l s  are 
n m  be ing  s t u d i e d  t o  reduce r e i n j e c t i o n  f l u i d  r e t u r n s .  
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