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RESERVOIR RESPONSE TO INJECTION IN 

THE SOUTHEAST GEYSERS 

S t e v e  Enedy‘, Kathy 13nedy2, John  Maney3 

1. Nor thern  C a l i f o r n i a  Power Agency 
2 .  C a l p i n e  C o r p o r a t i o n  
3 .  Unocal Geothermal 

ABSTRACT 

A 2 0  megawatt  (MW) increase in  s team f low 
potent ia l  resul ted within f ive  months of  t he  s t a r t -up  
of new inject ion wel ls  in  the  Southeast  Geysers .  
Flow rate  increases  were observed in  2 5  wel ls  o f f se t  
to the injectors ,  C-1 1 and 956A-1.  T h i s  increased 
f lowra te  was sus ta ined  dur ing  n ine  months of 
cont inuous  inject ion with no  measurable  decrease  in 
offset  well temperature  unt i l  C-11 was  shut - in  d u e  to 
wel lbore br idging.  T h e  responding s team wells  a r e  
located in an  area of  reduced reservoir  s team 
pressure known a s  the  Low Pressure Area (LPA).  
T h e  cause  of t he  f lowra te  increases  was  twofold 1 )  
a n  increase in  s t a t i c  reservoir  pressure and 2 )  a 
decrease  in  interwel l  communica t ion .  

Thermodynamic  and  microseismic ev idence  sugges ts  
that  most  of  t he  water  i s  boi l ing near  t he  injector  
a n d  migrat ing to  offset  wel l s  located ”down” the 
s t a t i c  pressure gradient .  However ,  wel l s  showing 
the  largest  increase  in  s team f lowra te  a t e  not  located 
at the hear t  of  the pressure s ink.  This  ind ica tes  that  
local ized f rac ture  dis t r ibut ion cont ro ls  the preferred 
path of f lu id  migrat ion f rom the  inject ion well .  A 
decrease  in  non-condens ib le  g a s  concentrat ions was 
a l so  observed  in  cer ta in  wel ls  producing inject ion 
der ived s team within the  LPA. 

The L P A  project has proven that steam suppliers can 
work together  and  benefi t  economical ly  f rom jo in t  
e f fo r t s  with t h e  goal  of  op t imiz ing  the use of heat  
f r o m  T h e  Geysers’  reservoir.  T h e  shar ing  of costs 
and  information led direct ly  to the success  of the  
project  and  in t roduces  a new era  of  increased 
coopera t ion  at  T h e  Geysers .  

BACKGROUND 

Water  inject ion in to  The  Geysers  geothermal  f i e ld  
f i rs t  began in 1969 with the s tar t -up of well SB-1  in  
the  Pacif ic  G a s  and  Electr ic  (PG&E) Units  1 -6  area.  
S i n c e  1982 t h r o u g h o u t  t h e  G e y s e r  f i e l d ,  
approximately 4 5 0  bil l ion pounds  of water  or 28% of  
the  mass  of s t e a m  produced has  been reinjected with 
the  remainder  being evaporated in the  power plant  
cool ing  process. Overal l ,  in ject ion h a s  proven to b e  
an  environmental ly  s a f e  method of disposing of t he  
plant  e f f luent  s ince  the injectate  is contained in  the  
reservoir  and  d o e s  not  contaminate  sur face  water  
(Crocket t  and  Enedy 1990) .  T h e  s teamfie ld  

opera tors  have experienced both posi t ive and 
negat ive resul ts  with water inject ion (Barker  e t .  al .  
1989). Experience s h o w s  that water  inject ion can 
lessen the rate  of s team f low dec l ine  at  The  Geysers .  

There  a r e  few examples  in  the l i terature  of 
beneficial  long-term reservoir  response to injection 
a t  T h e  Geysers  d u e  to the  of ten subt le  or delayed 
e f f ec t s  of inject ion on  offset  s team well f lowrate .  
However ,  through the use  of advanced decl ine curve  
ana lys i s  techniques,  decreased rates  of  s team f low 
dec l ine  have been determined.  For example,  
Ripperda and  Bodvarsson (1987)  found a s lowing of 
t he  rate  of  s team dec l ine  on  selected Geysers’  wel ls  
“probably”  d u e  to inject ion which began in  the 
“immediate  vicini ty” j u s t  prior t o  t h e  change  in  f low 
behavior .  In the  Southeast  Geysers ,  K. Enedy (1989)  
found lower f lowra te  dec l ines  on  producers  located 
o f f se t  to a n  injector  which were in par t  a t t r ibutable  
to  ”water  inject ion support” .  In both s tudies ,  type  
curves  were used to a id  in  the decl ine curve  analysis .  

Further  ev idence  that water inject ion can supplement  
s t e a m  product ion i s  based on  t racer  tes ts .  Deuter ium 
a n d  t r i t ium a r e  two t racers  used at  T h e  Geysers  to 
es t imate  the  inject ion der ived component  of s team 
product ion and  to  t rack  f luid movement across  the  
reservoir .  In  a 1975 t r i t ium tracer tes t  in well SB-1,  
approximately 1 8 %  of the  injected tritium was 
recovered from 20 offset  steam we l l s  demonstrating 
that  t he  injectate  is boi l ing and being produced a s  
s team within a f e w  weeks  of  inject ion (Gulat i ,  
1978) .  In the Southeas t  Geysers ,  a 1989 tritium test  
of NCPA’s well Y-5 showed t r i t ium recovery within 
o n e  day  of  inject ion.  Also, a total  of  27% of the  
t r i t ium was  recovered within seven  months f rom 33 
s t e a m  wells .  Beal l ,  Enedy and  Box (1989)  
demonstrated that injectate  recovery as s team peaked 
between 3 5 %  and 50% i n  the Southeas t  Geysers .  
These  calculat ions were based o n  the  elevated 
deuter ium content  of t he  inject ion der ived s team. In 

‘ a  s imi la r  s tudy  f o r  t h e  Unocal-NEC-Thermal (U-N- 
T )  jo in t  venture ,  Gambil l  (1990)  s ta ted that the mass 
of injectate  produced a s  s team i n  1988 was roughly 
equiva len t  to 65% to 80% of the  mass  of  l iquid 
injected during that  year.  

LOW PRESSURE AREA INJECTION PROJECT 

High f lowra te  dec l ines  in the  Southeast  Geysers ,  
s tar t ing in  1986,  led to s tudies  to augment  
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condensate  in jec t ion  with excess  f resh  water a s  a 
means to improve reservoir performance. In o rde r  to 
be t te r  understand the  role of water in jec t ion  in  the  
Southeast  Geysers ,  a j o in t  in jec t ion  project was 
conceived to quant i fy  the ab i l i ty  of the  reservoir t o  
support  and benefit  f rom augmented water injection. 

An agreem i t  between NCPA, Calpine,  and U-N-T 
del ineated general  s tudy a rea  and  cal led for  the  
exchange of spec i f i c  reservoi r ,  geochemical ,  and  
geologic  data  within the  Low Pressure Area (LPA) in 
August ,  1989. In  addi t ion,  U-N-T's microseismic 
monitor ing sys t em was expanded in to  the  NCPA and  
Calpine leaseholds .  The  jo in t  s tudy  area (Southeast  
Geysers  Study Area) encompasses  approximately 
2,000 acres ,  and includes par t s  of PG&E's  Units 13, 
16, 18 and NCPA's  Plants 1 and  2 (Figure 1). The  
LPA was def ined a s  the  a rea  enclosed by the 220 
psig (wel lhead)  contour  based o n  the January,  1989, 
i sobar ic  map. I t  contains  approximately 7 9 0  acres.  
Figure 2 s h o w s  the out l ine  of the  LPA, the  wellhead 
locat ion of the  da t a  trade product ion wells,  the  
mid-point  of s t eam en t r i e s  on the  s ix  in jec t ion  wells,  
and  the new microseismic s ta t ions  within the  s tudy 
area .  

0 7.000 14,000 - 
SCALE IN FEET 

NCPA and  Calpine Corporation agreed to jo in t ly  
de l iver  condensate  t o  NCPA's C-Site.  Well  C - l  1 
was  chosen a s  the jo in t  injector due to both its 
locat ion within the heart  of the low pressure a rea  
near  the  common lease  l ine and i t s  reservoir 
charac te r i s t ics  which were considered ideal to  
maximize the return of in jec ta te  as s team. A 
schematic  of the  jo in t  injection sys t em is shown  in 
Figure 3. Note that there a re  current ly  e ight  wel ls  
avai lable  fo r  in jec t ion  of condensate  f rom the  
combined NCPA and  Unit 13 plant areas  with two 
addi t ional  wells proposed f o r  conversion to 
injection. Th i s  reflects the  phi losophy that water 
needs to  b e  d is t r ibu ted  throughout t he  reservoir and 
injected a t  relatively low rates.  

STUDY AREA RESERVOIR DESCRIPTION 

The  two primary formations which host the 
geothermal  reservoir within the Southeast  Geysers  
Study Area a r e  1)  the Franciscan Greywacke,  which 
is a metamorphosed sandstone and  2)  a s i l i c ic  
intrusive known a s  the  Felsite,  which underl ies  the  
en t i re  s tudy area .  Greenstone segmen t s  within the 

f 1 

FIGURE 1: Geysers Development map. 
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FIGURE 2: Southeast Geysers Study 
Area. 
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FIGURE 3: Injection schematic. 

greywacke a r e  a secondary host  rock and  can be of 
importance in spec i f ic  a reas .  The  main reservoir 
greywacke i s  overlain by a heterogeneous mixture  of 
rock types which a re  normally set behind casing. 
Matrix permeabi l i ty  in  these rocks is very low and 
extensive fractur ing of these rocks has  resulted in a 
h i g h  s e c o n d a r y  p e r m e a b i l i t y .  R e s e r v o i r  
permeabi l i ty- thickness  product is a d i rec t  funct ion 
of the  s i z e  and d is t r ibu t ion  of f rac tures  and f au l t s  
open to s t eam f low a n d  ranges between 20,000 and 
200,000 md-ft .  Al though f rac tur ing  i s  extensive 
throughout  the  s tudy  area (especially within the  
LPA),  the d is t r ibu t ion  i s  relatively random with 
la rge  blocks of the formation containing n o  major 
s team-bearing f rac tures .  The lower reservoir 
boundary appears  to be gradational in nature,  with 
f ractures  becoming more widely spaced  with 
increasing depth.  Producing wel ls  of fse t  the  s tudy 
a rea  in  a l l  d i r ec t ions  except  t o  the  southwest  which 
is bounded by a fau l t  zone. (Thompson and 
Gunderson 1989,  Beall  and  Box 1989, Thompson 
1989, Smith 1990, Bodvarsson e t .  al. 1989, Maney 
e t .  a l .  1990)  

The  reservoir  geology of the s tudy  a rea  is 
dis t inguished f rom o the r  portions of T h e  Geysers  by 
the  relatively sha l low depth of the  f e l s i t e  and  the 
fe l s i te ' s  ro le  a s  a major  reservoir  rock especial ly  in  

the northwest (Unit  18)  area.  The  NW-SE trending 
fe l s i te  in t rus ion  is shal lowest  within the s tudy area  
where i t  reaches sea- leve l  in  the  middle  of Unit  18 ,  
and  deepens to approximately 4300 fee t  below 
sea-level nea t  in jec t ion  well  C-11  (F igu re  12).  The  
f e l s i t e  a n d  g r e y w a c k e  a r e  i n  h y d r a u l i c  
communicat ion due to  their  s imilar  s t a t i c  pressure 
gradient.  

SELECTION CRITERIA 

Through  an ongoing reservoir tes t ing  and  monitoring 
program, suf f ic ien t  data  were gathered t o  evaluate  
t h e  spa t ia l  d i s t r ibu t ion  of reservoir and f lu id  
propert ies  which l ed  t o  the  eventual  select ion of the  
LPA a s  a n  ideal ta rge t  for  water in jec t ion .  C- 11  was  
chosen as a jo in t  in jec tor  due  t o  both i t s  location 
along the  common l ease  boundary and the  reservoir 
parameters  l isted in  Table  1. These  parameters  a re  
documented in  a s e r i e s  of technical papers  presented 
a t  the  1989 GRC Annual Meeting (See References).  

TABLE 1 

Parameters Used To Select Injection Targets 

Parameter Source Value 

Resewair Pressure 

Reservoir Temoerature 

Based on PEU tests 
and P/T/S S U N e y S  

Based on PplS surveys 
and geotnermomefen 

<2M psig-Feb89 

>450'F 

Resewair Enthalpy Based on Pp/S suweys > 1220 Bfu/lbm 

muiflole entries 
( 5  5 pet wet) 

Fracture Distnbu!wn onlltng hlsfov 
(Permeability) aod PIT IS  5uweys 

Amount of lnienlon 
Denved Sleam Concentrabon 

Eased on Oeulenum < l o x  

The  most important  c r i te r ia  fo r  select ing the  L P A  a s  
an in jec t ion  target was evidence of reduced or absent  
l iquid saturat ion while subs tan t ia l  heat  remained 
trapped in  the  reservoir rock. This  data  was 
suppl ied by a Pressure-Temperature-Spinner  (P/T/S) 
logging program conducted over  a three year period, 
which suppl ied a spa t ia l  and  temporal evolut ion of 
both enthalpy and superheat  within the LPA. 
(Enedy,  K.L. 1989) .  

Downhole superheat  (SH) of up to  80°F was 
measured on well 956A-2 (Figure 4 )  in  May, 1988, 
a f te r  e ight  years  of production. As  th i s  well is 
completed in the LPA,  the elevated SH indicates  that 
the high rate of mass  withdrawal i s  causing this 
portion of the reservoir to dry-out .  Additional 
evidence of reduced water  saturat ion within the LPA 
was  the  increasing t rend of downhole enthalpy with 
t ime. A modif ied Moll ier  diagram, shown in  Figure 
5 ,  t races  the  progression of the calculated enthalpy 
and  shows  that the  LPA wells  range between 1220 
and  1250  Btu/ lbm which i s  higher  than the 
undis turbed port ions of the reservoir (e 1205 
Btu/lbm). Also, measured downhole temperatures  of 
450°F or grea ter  ind ica te  l i t t l e  o r  n o  temperature  
deple t ion .  Other  fac tors  such  a s  high f lowrate  
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decl ine and elevated boron concentrat ions a l so  
confirmed that the LPA was  a pr ime target fo r  l iquid 
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FIGURE 5: Modified Mollier Diagram 
Flowing steam enthalpy 
Southeast Geysers steam 
wells. 

OPERATIONAL EXPERIENCE 

During the  next  n ine  mon ths  subsequent  to  
September  2 0 ,  1989,  approximately two  b i l l ion  
pounds o f  condensa te  were injected a t  a nominal  rate 
of 800 G P M  (Figure 6). However ,  C-11 was shut- in  
on June  4 ,  1990  due  to thermal  breakthrough with 

199. DA1 E 1989 

FIGURE 6: F-4 observation Well 
pressures with C-11 
injection Rate. 

production well C-8. It was later found that a 
shal low bridge had formed in the  C-11 wellbore 
causing condensate  to flow through a shal low 
f rac ture  system to  the offset  product ion well .  The  
in jec tor  remained shut - in  until a dr i l l ing  r ig  c leaned 
ou t  the  well and a casing l iner  was  ins ta l led .  
Injection resumed on August 21, 1990. However ,  the  
casing l iner hanger  failed nine days  la te r  and  the 
well remained shut - in  until  a s econd  workover  was 
successful ly  completed.  Injection resumed a t  a 
nominal  rate of 800 G P M  on November 19. 1990. 

C-11,  the  f i r s t  j o in t  injection well uti l ized a t  The  
Geysers ,  experienced no  unusual operational 
problems due to  i t s  combined u s e  by both Calpine 
and NCPA. Injection ra tes  were held fa i r ly  constant  
thanks to  the cooperat ion of both the  NCPA and 
Calpine f ie ld  operators  (Figure 6) .  Liquid level 
su rveys  indicated that a t  moderate  ra tes  of 800 GPM 
o r  less,  in jec t ion  was confined to f rac tures  located 
in  the greywacke-greenstone reservoir  between 
dep ths  of 3800 and 5600  feet .  Injection below that 
depth was  l imited by a br idge in the wel lbore.  The  
ins ta l la t ion  of the casing l iner solved the thermal 
breakthrough problem with of fse t  s t eam well  (2-8. 

RESERVOIR RESPONSE 

The  reservoir responses  to  the  s ta r t -up  of in jec t ion  
in to  the  LPA consis ted of changes in var ious 
reservoir  propert ies  including s ta t ic  pressures,  
f lowrates ,  microear thquake response,  geochemical  
changes,  and rock temperatures.  

S ta t ic  Pressure Increase 

The observed reservoir  pressures  within the LPA 
increased in many of the offset  NCPA and  Calpine 
production wells due  to  injection in to  C-11 and 
9S6A- 1.  Reservoir  pressure on observat ion well F-4,  
which i s  located 2 4 0 0  fee t  to  the  southwest  of C-1 1 ,  
increased from 158 to 163 psig ( + S  psi)  within ten 
days  and  to 180 psig ( + 2 2  psi or 14%) within f ive  
months (Figure 6).  This  higher pressure level was 
sustained until C-11 was shut - in  on June  4 ,  1990. 
The  wel lhead pressure then gradual ly  decl ined to 
nea r  the  pre-injection level.  Despi te  the  f ive  month 
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shut - in  of injector  C - l  I ,  F-4 's  shut- in  pressure of 
162 psig i n  October  1990,  was  15 psi higher  than the 
extrapolated dec l ine  without  inject ion.  T h e  
sus ta ined  pressure support  is a long-term benefi t  
obtained f rom inject ion.  

Final ly ,  dur ing  August  1990,  af ter  on ly  e ight  d a y s  of 
inject ion,  F-4 's  pressure increased f rom 165 psig to 
the previously observed  maximum of 1 8 0  psig.  The  
August  pressure response was accelerated when 
cont ras ted  with the init ial  pressure response.  This  
e f f ec t  most  l ikely occurred because of a higher  
s t a r t i ng  water  sa tura t ion  d u e  to previous inject ion.  

A second reservoir  pressure response d u e  to 
inject ion in to  C-11 was a decrease  in  interwel l  
cotnmunicat ion between the  NCPA a n d  Calp ine  
s teamfields .  Specif ical ly ,  during a seven  week 
overhaul  of  Unit 1 3 ,  prior t o  LPA inject ion,  t he  
shut - in  pressure of  F-4 increased from 168 t o  191 
psig or 2 3  psi  (F igure  7) .  Immediately fol lowing 
plant s t a r t -up ,  the  wel l ' s  pressure s tar ted to dec l ine  
a n d  within f i v e  weeks returned to the or iginal  level .  
In contrast  af ter  seven months of cont inuous 
inject ion,  only a 6 psi increase was measured 
fo l lowing  a four  week Unit 1 3  curtai lment  associated 
with a plant  cyc l ing  test .  The  elevated pressure 
level was  maintained approximately two weeks  
fo l lowing  the  uni t ' s  s tar t -up.  Also,  the pre- inject ion 
outage  response of  2 3  psi is s imi la r  to the 22 psi 
increase due  to inject ion into C-11.  

Analys is  of  the s t a t i c  pressure da ta  indicates  that  
water  inject ion causes  a change  in the  local  reservoir  
boundary condi t ion.  Pr ior  to inject ion,  t h i s  a rea  
behaved  l ike a c losed ,  deplet ing system. O v e r  shor t  
t ime per iods,  t he  post- inject ion behavior  is l ike that 
of  a constant  pressure source  system. The  pressure 
suppor t  i s  suppl ied  by the  volumetr ic  expansion of 
f lashed  inject ion water. 

1989 1990 

I I 
I n m a r ,  F*br..r~ hlnrrb Aprl l  Me). JUW 

1989 1990 

FIGURE 7: F-4 observation well 
pressure during offset 
unit shutdown. 

Individual  Well Flowrate  Response 

Increases  in individual  w e l l  s team f lowra te  
potent ia ls  ranging between 5,000 a n d  30,000 Ibm/hr 

were observed from 25 wel ls  located within the LPA 
a f t e r  f i ve  months  of inject ion.  The  well mid-points  
of s team and magnitude of t he  increases  a r e  shown 
on  Figure 8. Although al l  the wel ls  a r e  within the 
pressure s ink ,  those showing the  largest  increases  
a r e  not  in the center  of the  s ink  but  a r e  northwest  
and  southwes t  of  C-11. T h i s  indicates  t ha t  the f low 
of f lashed s team is control led regional ly  by the 
s t a t i c  pressure dis t r ibut ion a n d  local ly  by f rac ture  
or ientat ion.  

UNOCAL$ 

FIGURE 8: Location of wells with 
flowrate - increases due 
t o  injection. 

A typical  f lowrate  decl ine curve  fo r  a responding 
well located on  each  of  the three leases  i s  shown o n  
Figure 9 .  Calpine 's  958-14  a n d  NCPA's  F-7 a r e  both 
located roughly 1,800 feet  f rom C-11,  to the  
northwest  and  southwest  respect ively.  Both wel ls  
s t a r t ed  t o  increase in  f lowra te  by l a t e  October ,  only 
one  month af ter  t he  s tar t  of inject ion in to  C-1 1 and 
cont inued to increase fo r  the next  f i ve  months a t  
s imilar  incl ine rates  of  5 8  and  61% respect ively.  
Calp ine ' s  958-14 increased f rom 95 ,000  to 125,000 
Ibm/hr or 30,000 Ibm/hr. NCPA's F-7  increased 
f rom 22,000 to 30,000 Ibni/hr or 8,000 Ibm/hr. 

500 
400 

-300 F 3 200 - 
p 
v) 
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(D 30 
z 

e p 20 
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FIGURE 9: Historical monthly flowrate 

U-N-T's DV-24 i s  located in the southeast  corner  of 
Unit  1 8  approximately 3200 f ee t  northwest  of  C-  11. 
I n  la te  November  1989,  DV-24 product ion f lowra tes  
began  responding favorably to  inject ion f rom C- 1 1  
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(Figure 9 ) .  For s ix  months prior,  the  production 
h is tory  of the well indicated a s teady decl ine rate of 
5 %  per year.  From December,  1989,  through April ,  
1990,  product ion f lowrates  in  DV-24 increased 7% 
f rom 8 1,000 Ibm/hr t o  approximately 87,000 Ibm/hr. 

Total  Flowrate  Response 

An increase in total  s team f lowrate  potential  
equivalent  to 20 MW or 360,000 Ibm/hr was 
measured f rom 2 3  NCPA and Calpine producers 
offset to the new in jec t ion  wells a f te r  f i ve  months.  
Figure 1 0  shows  a plot of the combined f lowrate  
potential  increase a t  140 psig fo r  14 NCPA wells  
a long with the monthly production from those wel ls  
and  in jec t ion  in to  C-11.  Flowrate  incl ined a t  an 
annual  exponent ia l  rate of 5 6 %  fo r  f ive  months.  In 
comparison,  the combined f lowra te  potential  of 
s even  responding Calpine wel ls  incl ined a t  a s imi la r  
5 4 %  annual exponent ia l  rate (Figure 11).  The  
overa l l  reservoir benefit  obtained from injection into 
C - I 1  and 956A-1 has  been sp l i t  a lmost  evenly 
between the NCPA and  Calpine s teamfields .  U-N-T 
h a s  observed l e s s  in jec t ion  response due  t o  the 
grea te r  d i s t ance  between C-1 I and  U-N-T producers.  

I WF.I.1.C: C-4.J.L.l.A. F 1.1.1.4 
F.3.6.1. 11.1.J U i r m  

FIGURE 10: Total flowrate of NCPA 
wells, offset to injector 
c-11. 

FIGURE 11: Total flowrate of Calpine 
wells offset to injector 
c-11. 

The  material  balance of LPA incremental  injection 
and  production ind ica tes  that  in jec t ion  in to  both C-  
1 1  and 956A-1 brought about  the  observed f low 
response.  The  percent contr ibut ion f rom each 
in jec tor  i s  not c lear  a t  th i s  t ime. An increase of 2.4 
b i l l ion  pounds of s team was measured during the  
f i r s t  year of in jec t ion .  Th i s  was  greater  than the 
mass in jec ted  in to  e i ther  well and  approximately 
5 4 %  of the  total  injected mass in to  both.  Fol lowing 
the  shut- in  of C-11,  956A-1's cont inued in jec t ion  
induced relatively lower production decl ines  f rom 
of fse t  wel ls  (Figure 11) .  According to  geochemical  
s tud ies ,  these of fse t  wells a l so  cont inued to produce 
in jec t ion  derived s team. 

Microear thquake Response To C- 1 1  

T h e  microear thquake (MEQ) cross-sect ion shown  in 
Figure 12 was constructed on azimuth N 53" W 
through C-1 1 to show the  seismic response to 
in jec t ion  a t  C-11. All the  MEQ's  located 
horizontally within 1,000 feet o f  the  sect ion l ine  
were included. The  data  ind ica te  that there were 
very f ew events  in  the  area prior t o  the s t a r t  of 
extended in jec t ion  in  early October  1989.  After the  
s ta r t  of injection, however ,  a MEQ c lus te r  formed in  
a n  a rea  c lose  to the  wel lbore of C-11 between 
approximately 2,600 and 4,600 f ee t  below s e a  level.  
S t a rk  (1990) interpreted s imilar  injection-related 
M E Q  c lus te rs  o n  U-N-T leases  a s  rough images of 
the  presence of injected l iquid.  Therefore ,  Figure 12 
would suggest  that  t he  in jec ted  f lu ids  boil  a short  
dis tance from the wellbore.  In  cont ras t ,  Stark 's  
U-N-T examples  showed  MEQ c lus te rs  deeper  and 
fur ther  away  f rom the associated in jec t ion  wel lbore.  
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FIGURE 12: Micreoearthquake cross- 
section, Azimuth N 53 W 
through C-11, September, 
1989 - April 1990. 
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Based o n  the d is t r ibu t ion  of microseismici ty ,  the 
majority of the l iquid injected into the  greywacke 
appears  not to migrate  deep  into the felsi te.  Lower 
f rac ture  density within the  fe l s i te  may be the 
l imi t ing  fac tor .  Although boi l ing appears  to  b e  
primarily in the greywacke,  wel ls  completed in  both 
zones  produce in jec t ion  der ived s team. 

Geochemical  Response 

Addit ional  evidence that in jec ta te  was  boi l ing and 
being produced a s  s t eam is provided by sh i f t s  i n  both 
deuter ium and non-condensible  g a s  concentrat ion.  
Figure 1 3  p lo ts  the deuter ium values  for two LPA 
wells  and the in jec ta te  composi t ion fo r  C-11. 
NCPA's  well H-4, near the  edge of the LPA 
approximately 3,500 fee t  f rom C-11, cont inued to  
produce s t eam without an in jec t ion  der ived s t eam 
( IDS)  component  throughout  t he  in jec t ion  period. 
However ,  NCPA's  well  F-6,  located approximately 
1,500 fee t  f rom C- 1 1 ,  produced a n  IDS component  
within two months o f  in jec t ion  s ta r t -up  t o  C-11. The  
IDS  component  ranged between 65  and 8 8 %  during 
the  in jec t ion  per iod .  After  the  shut - in  of C-11 in 
June  1990, I D S  component  returned t o  near 
pre- inject ion leve ls .  
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FIGURE 13: Deuterium shifts 
selected wells in low 
pressure area. 
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FIGURE 14: Well F-5, non-condensible 
gases vs. time. 

Selected wel ls  which produced in jec t ion  der ived 
s team within the  LPA showed a decrease in non- 
condensible  gas  (NCG) concentrat ions.  NCG 
concentrat ions had been increasing throughout  the 
Southeast  Geysers  s ince  1986  (Maney e t  a l . ,  1990).  
Figure 14 shows  th is  increasing NCG trend in 
NCPA's  well F-5 s ince  1986 through the  s ta r t -up  of 
C-1 I in late 1989 which peaked a t  1550 ppm. Soon 
af te r  injection began,  NCG concentrat ions returned 
t o  a mid-1986 value of 5 9 0  ppm. 

Steam Temperatures  

N o  decrease in reservoir temperatures were measured 
on s t eam wells  offset  to  the in jec tors  during the  nine 
month in jec t ion  period. This  indicates  that  only a 
f rac t ion  of the  to ta l  avai lable  heat  capaci ty  of the 
rock has  been ex t rac ted .  Figure 15 compares  the 
downhole temperature  prof i les  fo r  well  F-6 f rom pre- 
and  post-  in jec t ion  P/T/S surveys.  F-6 was  s ta ted  in 
the  previous sect ion to  have produced up t o  8 8 %  
IDS.  The  1990 downhole temperatures  measured 
seven months a f te r  in jec t ion  a re  essent ia l ly  the same  
a s  the 1986 pre-injection temperatures .  

I d  

100 200 300 400 
TEMP(F) OR PRES(psia) OR SPINNER(count) 

FIGURE 15: Pressure and temperature 
comparison, well F-6 1986 
and 1990 

T h e  on ly  measured dec rease  in  downho le  
temperature  occurred in the in jec tor ,  C-11. Figure 
1 6  contrasts  t he  temperature  prof i les  fo r  C-11 j u s t  
prior t o  the  s t a r t  of in jec t ion  and  t en  weeks 
fol lowing the  C-11 shut - in .  A 60°F  decrease w a s  
measured a t  t he  primary greywacke in jec t ion  zone 
between 3,800 and 6,000 fee t .  
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CONCLUSIONS 

T h e  s t a r t -up  of new inject ion wel ls  in the  Southeast  
Geysers  resul ted in a 2 0  MW increase in  s t eam f low 
potential  within f ive  months f rom 25 wel l s  of fse t  t o  
the  in jec tors .  These  wel ls  behave a s  if a constant  
pressure sou rce  has  been  introduced in to  the  
reservoir.  

T h e  Low Pres su re  Area In j ec t ion  Project  
demonstrated that a properly planned in jec t ion  
pro jec t  can "mine" or ext rac t  addi t ional  heat  from 
the  rock and  posit ively impact  both reservoir 
pressure and  f lowra te  while  minimizing thermal  
breakthrough t o  o f f se t  wells.  These  resu l t s  suggest  
that  fu r the r  development  of f resh  water  sou rces  to 
enhance in jec t ion  may wel l  extend the  l i fe  of the  
resource.  Those  in jec t ion  pro jec ts  found to b e  
economical ly  f avorab le  would benefi t  t he  e lec t r ica l  
consumer by increasing a n d  extending power plant 
generat ing capaci ty .  
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