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EVALUATION OF THE SECOND HOT DRY ROCK GEOTHERMAL ENERGY RESERVOIR: 
RESULTS OF PHASE I, RUN SEGMENT 5 

G. A. Zyvoloski, R. L. Aamodt, R. G. Agui lar ,  D. A. Counce, 
H. N. Fisher, T. A. Grant, C. 0. tirigsby, R. H. Hendron, C. E. Holley, Jr., 

R. G. Lawton, H. D. Murphy, C. Pearson, R. M. Potter, and P. E. T r u j i l l o ,  Jr. 

ABSTRACT 

The resu l t s  o f  a long-term (286 day) f low t e s t  o f  t he  
second hot d ry  rock reservo i r  a t  the  Fenton H i l l  f i e l d  s i t e  
are presented. This second reservo i r  was created by f rac-  
t u r i n g  an i n t e r v a l  o f  g r a n i t i c  rock located a t  a depth o f  
2.93 km (9620 f t)  i n  the  same wellbore p a i r  used i n  the crea- 
t i o n  of the  f i r s t ,  smaller reservoir .  The new f rac tu re  sys- 
tem has a v e r t i c a l  extent o f  a t  l e a s t  320 m (1050 ft), Sug- 
gest ing t h a t  the combined heat- t ransfer area o f  the o l d  and 
new f rac tu re  systems i s  much greater than t h a t  o f  the o l d  
system. The v i r g i n  rock temperature a t  the  bottom o f  the 
deeper i n t e r v a l  was 197OC (386OF) . 

Downhole measurements of the  water temperature a t  the  
reservo i r  ou t le t ,  as wel l  as temperatures i n fe r red  from geo- 
thermometry, showed t h a t  the thermal drawdown o f  tJe reser- 
v o i r  was about 8 O C ,  and prel iminary estimates ind ica te  t h a t  
the  minimum ef fec t i ve  heat- t ransfer area o f  the new reservo i r  
i s  45 000 m' (480 000 ft'), which i s  s i x  times la rger  than 
the  f i r s t  reservoir .  Thermal energy was extracted a t  a r a t e  
o f  3 MW. Reservoir residence t i m e  studies w i th  sodium f luo- 
rescein and i r rad ia ted  ammonium bromide ind ica te  t h a t  the 
volume o f  the  second reservo i r  i s  n ine times la rge r  than that 
of the f i r s t  reservoir .  Near the  end o f  the  experiment the  
r a t e  o f  water loss permeated t o  the rock surrounding the  
f racture system was 4.6 x l o - '  m*/s (7  gpm). 

Despite the  much la rger  f rac tu re  size, t h i s  loss  r a t e  
was only  30% more than t h a t  o f  the  f i r s t  reservo i r  a f t e r  an 
equivalent per iod o f  time. 
the  resistance t o  c i r c u l a t i n g  f low through the  reservoir ,  was 
1.6 GPa s/ms (15 psi/gpm) under low back-pressure condit ions. 
The seismic a c t i v i t y  observed was s l i gh t ;  the  small number o f  
microearthquakes tha t  were observed were a t t r i b u t e d  t o  an 
unrelated d r i l l i n g  operation. 

For the f i r s t  time, e l e c t r i c a l  power was generated from 
hot dry  rock.. The Barber Nichols u n i t  developed 60 kW of 
e l e c t r i c  power and performed wel l  a t  design conditions. 
However, mechanical problems made continuous operation dur ing 

The f low impedance, a measure o f  

u the  f low t e s t  impossible. 
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The resu l t s  o f  t h i s  experiment show t h a t  the enlarged 
system created by f rac tu r ing  from the same p a i r  o f  wellbores 
as the older system possesses a much la rge r  heat- t ransfer 
system w i th  only a small p r i c e  being paid i n  addi t ional  water 
1 oss . These resu l t s  hold great promise f o r  commercial - s i  zed 
hot dry rock reservoirs. 

1. HISTORICAL BACKGROUND 

Smith e t  al.' describe i n  d e t a i l  the concept o f  ex t rac t i ng  energy from 
The basic idea i s  hot dry rock (HDR). 

t o  form a manmade geothermal reservo i r  by d r i l l  i n g  i n t o  low-permeabil i t y  base- 
ment rock t o  a depth where the temperature i s  high enough t o  be useful and 
form a reservoir  by hydraul ic f ractur ing.  A c i r c u l a t i o n  loop i s  formed by 
d r i l l i n g  a second hole t o  i n te rsec t  the hyd rau l i ca l l y  f ractured region. Ther- 
mal power would be extracted from t h i s  system by i n j e c t i n g  cold water down the 
f i r s t  hole, forc ing the water t o  sweep by the rock surface i n t o  the f rac tu re  
system, and then return ing the hot water t o  the surface where the thermal 
energy would be converted t o  e l e c t r i c a l  energy or  used f o r  other purposes. 

Pressure i n  the system would be maintained so t h a t  only l i q u i d  water would 

Here, only a b r i e f  account i s  given. 

e x i s t  . 
The HDR reservo i rs  a t  Fenton H i l l  are located i n  the Jemez Mountains o f  

The f i r s t  deep borehole, Geothermal northern New Mexico as shown i n  Fig. 1-1. 
Test-2 (GT-2) was d r i l l e d  i n  g r a n i t i c  rock t o  a depth o f  2.929 km (9610 f t)  

where the temperature was 197°C 
(386°F). A series o f  hydraul ic f rac- 
t u r i n g  experiments was then performed 
i n  GT-2. Energy Extract ion-1 (EE-1) 
was d r i l l e d  toward the largest  o f  the 

GT-2 f ractures i n  an e f f o r t  t o  complete 
the heat-extract ion system. Because of 

survey errors  during the d i rec t i ona l  

d r i l l i n g ,  the EE-1 borehole d i d  not 
i n te rsec t  the GT-2 fracture.  A1 though 
the EE-1 borehole missed the f rac tu re  
by only 6 m (20 ft), the impedance was Pig. 1-1. 
too high t o  permit a v iab le  Lbcation %of Fenton Hill Hot Dry Rock s i t e  L~ 

the Jemez Mountains o f  northern New Mexico. 
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heat-extract ion experiment. 
t i o n  between the boreholes,' inc lud ing the hydraul ic f rac tu r i ng  o f  EE-1, 

proved unsuccessful . 
t rack ing  GT-2 .at  2.5 km and r e d r i l l i n g  it towards the top o f  a large f rac tu re  
centered a t  about 2.75 km i n  EE-1. 
one, which penetrated several major natural  j o i n t s  o r  natural  f ractures but  

probably d i d  not i n te rsec t  the major f racture,  was obtained. This path had 
low enough impedance t o  proceed w i th  a heat-extraction test .  The combination 
of the o r i g i n a l  GT-2 wellbore and the r e d r i l l i n g  i s  re fer red t o  as the GT-2B 
we1 1 bore . 
loop operation from January 28 t o  A p r i l  13, 1978. 
t i o n  well ,  GT-ZB, was d i rected t o  the water-to-air heat exchanger where the 
water was cooled t o  approximately 25OC before re in ject ion.  The r e l a t i v e l y  low 
power produced d i d  not economically j u s t i f y  the conversion o f  the geoheat t o  
e l e c t r i c i t y ,  so the heat was simply dissipated i n t o  the atmosphere by the heat 

exchanger. The cooled water, i n  addi t ion t o  the make-up water t h a t  was re- 
quired t o  replace downhole losses t o  the rock surrounding the f ractured re- 
gion, was then pumped down the i n j e c t i o n  wel l ,  EE-1, and through the f rac tu re  
system. Heat was t ransferred t o  the water by conduction w i th in  the near ly 
impervious rock contiguous t o  the f rac tu re  walls, and the heated water was 
withdrawn by the production well .  

"Run Segment 2," o r  the "75-day test." (Run Segment 1 consisted o f  a short  
precursor experiment conducted i n  September 1977.) The average thermal power 

extracted dur ing Run Segment 2 was 4 MW. The f low impedance, i n i t i a l l y  1.7 
GPa/m (15 psi/gpm), decreased by a fac to r  o f  5 as thermal contract ion and 
continued pressur izat ion resul ted i n  the opening o f  natural  j o i n t s  t h a t  pro- 

vided addi t ional  communication w i th  the producing well .  Water losses t o  the 
rock surrounding the f rac tu re  stea 
r a t e  was less than 1% o f  the i n j e c  
f l u i d  was benign, and the seismic 
immeasurably small . However, the r e l a t i v e l y  rap id therma drawdown o f  the 
produced water, from 175 t o  85°C (345 t o  185OF), indicated t h a t  the e f f e c t i v e  

heat-transfer area was small, about 8000 m (86 000 f t  ), and essen t ia l l y  

Various attempts t o  improve the f l o w  communica- 

&J 
Eventual ly an acceptable connection was achieved b.y side- 

Several paths were d r i l l e d ,  and eventual ly 

Reservoir performance was f i r s t  evaluated by a 75-day period o f  closed- 

Hot water from the produc- 

The assessment of the f i r s t  reservo i r  i n  EE-1 and GT-2 i s  re fer red t o  as 

3 

diminish.ed, and eventual ly t h i s  l oss  
ate. The geochemistry o f  the produced 
t s  associated w i t h  heat ex t rac t i on  were 

2 2 
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confined i n  a f ractured region between the main i n j e c t i o n  and production zones 

i n  the EE-1 and GT-2B wells. De ta i l s  are found i n  Refs. 3-5. 

orated casing cement, the water in jec ted  i n t o  EE-1 was f lowing i n  the annulus 

t o  depths as shallow as 700 m (2500 ft). This posed a po ten t ia l  danger t o  the  

ground-water aqui fers as wel l  as high water losses. To a l l e v i a t e  these prob- 
lems, and a lso t o  invest igate the f e a s i b i l i t y  o f  creat ing a l a rge r  f rac tu re  
from the same wellbores, the EE-1 casing was recemented near i t s  casing bottom 
a t  2.93 km (9600 ft); t h i s  el iminated most o f  the f low communication w i th  the  

o l d  main EE-1 f rac tu re  s i tuated a t  2.75 km (9020 ft). A new reservo i r  was 

then formed by extending a hydraul ic f rac tu re  from an i n i t i a t i o n  depth o f  2.93 
km (9620 ft) i n  EE-1. 

d rau l i c  f rac tu r i ng  (MHF) treatments conducted i n  mid-March o f  197gO7 I n  the  
f i r s t  o f  these, Expt. 203, 603 m3 (168 000 ga ) o f  water were in jected, where- 

as 755 m (200 000 ga l )  were in jec ted  dur ing the fol lowing Expt. 195. I n  both 
cases water was used as the f rac tu r ing  f l u i d ,  w i th  no v iscos i ty- increas ing o r  
f l u id - l oss  addit ives, and the downhole f rac tu r ing  pressure was raised about 20 

MPa (3000 p s i )  above hydrostat ic  i n  both operations. Extensive seismic meas- 
urements o f  the f rac tu r ing  process were made w i th  downhole geophones, and 

these, as well  as other resul ts ,  are reported i n  Ref. 8. The resu l t i ng  large 

f rac tu re  (described i n  Sec. 3) propagated upward t o  a t  l eas t  2.6 km (8600 ft). 
Thus, the new f rac tu re  appeared t o  have a minimum i n l e t - t o - o u t l e t  spacing o f  

320 m (1050 ft), more than three times t h a t  o f  the f i r s t  f racture,  which sug- 
gested tha t  the e f f e c t i v e  heat- t ransfer area might be s i g n i f i c a n t l y  greater 
than the f i r s t  reservoir .  Evaluation o f  the new reservo i r  was accomplished 
dur ing a 23-day heat-extract ion and reservoir-assessment experiment t h a t  began 
October 23, 1979. This segment o f  operation w i th  the  EE-lIGT-EB wel l  p a i r  was 
Run Segment 4, o r  Expt. 215. The resu l ts  of’Run Segment 4 are presented i n  
Ref. 8. 

6 It was discovered dur ing a l a t e r  experiment that ,  as a r e s u l t  o f  de te r i -  

Fracture extension was performed w i th  two massive hy- 

3 

The long-term reservo i r  charac ter is t i cs  were then invest igated i n  Run 

Segment 5, or Expt. 217, the subject o f  t h i s  report.  The ra ther  lengthy ex- 
periment o f  286 days was necessary t o  determine heat- t ransfer area from 

thermal-drawdown data. It was a lso very important t o  observe water loss  and 
impedance ( f low resistance) t rends f o r  a long t ime i f  the experiment was t o  be 

useful i n  sca l ing up t o  a commercial-size reservoir .  Run Segment 5 was pre- 
ceded by a start-up phase i n  which the f low r a t e  dependence o f  the impedance 

4 



was investigated a t  a number o f  low flow rates. 
reported separately.' S imi lar ly ,  the Stress Unlocking Experiment (SUE) t h a t  
followed Run Segment 5 i s  covered i n  a separate report.  

The resul ts  o f  t h i s  phase are  

10 
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2. OPERATIONS 

The general plan f o r  Run Segment 5 was the same used f o r  e a r l i e r  experi- 

ments: 
f l u i d  from borehole GT-2B. The heated water was t o  be cooled with an a i r -  

cooled heat exchanger and then recirculated, w i t h  the downhole water loss 
replenished through a make-up pump. A descr ip t ion o f  the surface equipment 
may be found i n  Ref. 3. As the experiment was t o  be a long-term heat- 
ext ract ion test ,  constant surface pressures w i th  essen t ia l l y  constant f low 
rates would be the mode o f  operation. The only major perturbat ion o f  these 

condit ions was t o  be a 9-day shut- in midway through the run segment. Well head 
pressures o f  9.65 MPa (1400 p s i )  a t  EE-1 and 1.38 MPa (200 ps i )  a t  GT-2B were 
planned. The data-acquis i t ion system and techniques are described i n  Sec. 2.2. 
2.1. Operational Sequence 

Run Segment 5 was characterized by smooth operation. The pumps were 

quick ly  brought up t o  the desired pressures and remained there except for  the 
scheduled 9-day shut- in a t  day 68, per iod ic  logging runs, and shut-ins caused 
by temporary power fa i lures.  
ual decrease i n  the wellhead pressure was observed. This decrease i n  pressure 
was a t t r i b u t e d  t o  a reduction i n  input  f low due t o  corrosion o f  pump impel ler  
surfaces. During the l a s t  120 days of the experiment, a s i g n i f i c a n t  increase 
i n  the water loss was observed. A leak i n t o  the EE-1 annulus was responsible 

for  the increase. This leak also caused a change i n  the bottom-hole tempera- 

i n j e c t  water i n t o  borehole EE-1 and ex t rac t  the geothermally heated 

I n  the l a s t  two-thirds o f  the experiment, a grad- 

t u r e  i n  EE-1. 
f low t h a t  was required. 

2.2 

One system monitored the surface 1 oop sampl i n g  37 pressures, temperatures, and 
flow rates. This system was on- l ine 24 h per day, 7 days per week. The 
second system was used t o  obtain data f o r  special ized downhole experiments. 

consists of a Hewlett Packard 9835A desk-top computer and i t s  peripheral equip- 
ment. A l l  loop signals are hard wired from the pressure transducers, f low 

meters, and thermocouples t o  signal conditioners. The signal condi t ioners 
provide power, ca l i b ra t i on ,  and balance networks f o r  the transducers. The 

condi t ioner outputs are connected t o  a mult iplexer. The computer con t ro l s  
each re lay i n  the mul t ip lexer  i nd i v idua l l y ,  a l lowing a mult imeter t o  read any 

The make-up system was able t o  handle adequately the increased 

Data Acqui s i  ti on 

The data-acquis i t ion system f o r  Run Segment 5 f e l l  i n t o  two categories. 

2.2.1. Surface Loop System. The surface-loop data-acquis i t ion system 

6 



selected data channel. The multimeter i s  capable o f  reading and output t ing a 

Q signal approximately 18 times per second. The computer was programmed t o  read 

the data, in tegrate and reduce it t o  engineering uni ts,  and d isp lay the re- 
duced data on a cathode ray tube. This cycle was repeated approximately every 
7 s. Integrated raw data were stored on a f loppy d isk and integrated reduced 
data were p r in ted  once every hour. I f  the loop condit ions were s i g n i f i c a n t l y  
disturbed by, f o r  example, a power fa i l u re ,  the computer was programmed t o  
s tore and p r i n t  data once every minute. 

I n  addi t ion t o  reading, storing, and p r i n t i n g  data, the computer was 

programmed t o  check the c i r c u l a t i n g  pump pressures and temperatures on every 
cycle, I f  any value exceeded predetermined l i m i t s ,  the computer closed a 
re lay t o  an alarm warning the operator o f  a possible emergency si tuat ion.  I f  
the  value exceeded emergency l i m i t s ,  the computer was programmed t o  shut down 
the pumps. 

computer malfunctions. The computer sent a pulse t o  t h i s  u n i t  once every 
cycle. 
u n i t  in ter rupted the power t o  the computer a f t e r  90 s. This i n i t i a t e d  an auto- 
matic computer r e s t a r t  i n  which the computer read the previous d isk f i l e  t o  

refresh i t s  memory. 
2.2.2. Downhole System. The downhole data-acquis i t ion system i s  also a 

computer based system, o f  the same type as t h a t  used f o r  the surface system. 

It i s  wired t o  diesel  powered logging r i gs ,  one a t  each wellbore. Each log- 
ging r i g  has approximately 6100 m (20 000 ft) o f  spooled, 7-conductor wire- 
l i n e ,  which i s  used t o  lower instrument sondes downhole. On each r i g  there i s  
an e lect ron ic  depth counting system t o  measure the length o f  w i r e l i n e  t h a t  has 
been lowered downhole. This data-acquis i t ion system was used t o  take data f o r  

downhole measurements such as temperature su eys t o  obtain downhole tempera- 
t u r e  d i s t r i b u t i o n ,  spinner logs t o  obtain we bore water ve loc i t i es ,  and radio- 
ac t i ve  t race r  logs t o  locate f low entrances and e x i t s  from the wellbores, 

The temperature sonde used a thermistor a the temperature transducer. 
Four w i r e l i n e  conductors are used, two f o r  current e x c i t a t i o n  and t w o  f o r  v o l t -  
age sensing leads. During a temperature survey, the computer i s  programmed t o  
T r i g g e r  on w i r e l i n e  depth. A t  the given depth i n te rva l ,  the date, time, ther-  
mis tor  current, and thermistor voltage are read and then stored on a f loppy 
disk. A computer calculates thermistor resistance, and from the c a l i b r a t i o n  

An external d i g i t a l  e lect ron ics u n i t  was designed t o  take care o f  any 

If, f o r  any reason, the computer hung up and q u i t  sending pulses, the 

LJ 
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re la t ion,  it then calculates the temperature, p r i n t s  the reduced data on an 

impact p r i n te r ,  and p l o t s  the temperature vs depth on an HP9872, four-color, 
d i g i t a l  p l o t t e r  . 
water v e l o c i t i e s  r e l a t i v e  t o  the sonde. As the tu rb ine  impel ler  turns, elec- 
t r o n i c  pulses are sent t o  the surface and converted t o  frequency. The calcu- 

l a t o r  i s  programmed t o  read time, depth, and frequency, store the data, and 
p l o t  frequency vs depth as f a s t  as possible. 
one scan per second. 

a strength o f  400 mCi  or  less, are used t o  locate entrances and e x i t s  from the  
wellbores. A f te r  the radioact ive source was in jec ted  i n t o  the system, both 
wel l  bores were continuously logged w i th  gamma-radiation counters t o  monitor 
the paths of the rad ioac t i v i t y .  The data acquis i t ion f o r  t h i s  type o f  survey 

i s  s i m i l a r  t o  t h a t  f o r  a spinner l o g  except t h a t  both wellbores are logged a t  
the same time. On-line p l o t s  o f  gamma-radiation a c t i v i t y  vs depth were made 

f o r  each we1 1 bore. 
2.3. Barber-Nichol s 60-kW E l e c t r i c a l  Generating Un i t  

I n  May 1980 an e l e c t r i c  generating u n i t  was added t o  the surface loop. 
The u n i t  was designed and assembl ed by Barber-Ni chol s Engineering t o  speci f i - 
cations w r i t t e n  f o r  the expected condit ions a t  Fenton H i l l  and f o r  a binary- 

f l u i d  arrangement. The secondary or  working f l u i d  selected was r e f r i g e r a n t  
114 (R-114), which was t o  be vaporized i n  a shel l  and tube pool b o i l e r  w i t h  
tube-in-tube preheater. The vapor i s  expanded through a sing1 e-stage ax ia l  

f low turb ine turn ing a t  3600 rpm (60 kW), which exhausts t o  a i r  cooled conden- 
sers. The b o i l e r  feed pump i s  a mult istage mixed-flow u n i t  b e l t  dr iven from 

the turb ine shaft. Speci f icat ions were f o r  140°C i n l e t  geothermal f l u i d  and 
4°C ambient a i r  ( the annual average a t  Fenton H i l l ) .  A wide range o f  i n l e t  
temperature l i m i t s  was established. 

The i n s t a l l a t i o n  was completed with the u n i t  i n  p a r a l l e l  t o  loop heat 
exchangers and the generated power being fed i n t o  the s i t e  secondary power 
system w i th  safety shut down provisions. I n i t i a l  s t a r t  up o f  the u n i t  was 
accomplished w i th  very l i t t l e  d i f f i c u l t y  and f u l l  load was quick ly  demon- 
strated. Although the u n i t  had been c a r e f u l l y  leak tested before del ivery ,  

instrumentation added a t  i n s t a l l a t i o n  caused some cont inuing l oss  o f  re f r i ge r -  
ant, and a f te r  running several weeks the u n i t  was shut down. When addi t ional  

The spinner sonde i s  bas i ca l l y  a turbine-type f low meter, which measures 

Scan times are o f  the order o f  

Radioactive t race r  logs, using i r r a d i a t e d  ammonium bromide, NH4Br82, a t  

* 

8 



f l u i d  was f i n a l l y  received, the u n i t  was again operated u n t i l  a short  devel- 
oped i n  the generator (a standard 3600 rpm un i t ) .  Warranty covered repai rs  

were slow, so a subs t i t u te  s m a l l e r ~ ( 5 0  kW) generator was i n s t a l l e d  f o r  the 
f i n a l  few weeks o f  Run Segment 5. This u n i t  continued s a t i s f a c t o r i l y  t o  the 
end o f  the f low test .  The continuous operation o f  the generating u n i t  was 
in ter rupted by the scheduled system shut-ins f o r  wellbore logging and for 
determining' thermal recovery. The operation was also upset by several 

unexpected problems. Any shut- in caused a rather  long downtime f o r  the 
generating u n i t  because the u n i t  required manual adjustment on each res ta r t .  
With the small crews running the f l ow  tes t ,  thi-s was t ime consuming. 

using R-114 as the working f l u i d  and maintaining the geothermal f l u i d  as super- 
heated water f o r  closed rec i rcu lat ing.  The supply temperature was 13OOC and 
operating periods occurred with winter (below O O C )  and summer (~122OC) ambient 
a i r .  E f f i c i ency  f o r  the generating cycle a t  design condit ions i s  5.7%, wi th  a 
source u t i l i z a t i o n  fac to r  of 24.7%. These rather  low values may be a t t r i b u t e d  
t o  the a i r  cooled condenser operating a t  h igh a l t i t u d e  and the paras i te  loads 

bi 

The summary r e s u l t s  i nd i ca te  a successful e l e c t r i c  generating system 

associated with the uni t .  
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3. RESERVOIR GEOMETRY 
The reservoir geometry can be inferred from several different experi- 

ments and a variety of data. The most common data used are that obtained from 
tracer, spinner and temperature logs, and heat-extraction experiments. These 
experiments, together w i t h  the assumption that the m i n i m u m  earth stress a t  
reservoi r dep th  is  i n  the hori zontal direction, have led to the inferred frac- 
t u r e  geometry shown i n  Figs. 3-1 and 3-2. 

Figure 3-1 i s  an early conceptual model of the system showing the small 
fracture (Run Segment 2) and the larger fracture (Run Segments 4 and 5) con- 
nected by a set  of nonvertical natural joimts with a d ip  of about 60° from the 
horizontal. Note that the fractures are shown to be circular i n  Fig. 3-1. 
T h i s  i s  only speculation. However, u n l i k e  oil  and gas reservoirs where dis- 
t inct  changes i n  the lithology, such as upper and lower confining shale 
layers, result i n  roughly rectangular fractures, i t  i s  thought  that the 

2440 m 
(8OOo') \ 

Fig. 3-1. 
Inferred reservoir geometry (early con- 
ception). 

G 

Fig. 3-2, 
Inferred reservoir geometry (present 
conception. 



fractures i n  this HDR system are roughly circular because of the gross hmo- 
geneity of the rock. Almost all the heat-transfer area i n  this model of the 
system is  i n  the two fractures. The independent-fractures model (discussed i n  
Sec. 6.3) i s  based on this representation of the reservoir. Based on heat- 
transfer analysis, the area of the first' fracture was ini t ia l ly  p u t  a t  8000 

i n  contrast, heat-transfer 
analysis puts the larger fracture a t  35 000 m , or an equivalent diameter of 
about 200 m2. 

Figure 3-2 i s  a more recent view of the system. T h i s  model i s  charac- 
terized by a multitude of vertically oriented fractures. T h i s  view of the 
reservoi r evolved after a detai 1 ed analysi s of temperature drawdown and 
recovery curves i n  both wellbores (more details are given i n  Sec. 6.1). T h i s  
model gave a total heat-transfer area of the reservoir of 45 000 m . 

i 
I m2, which gives an equivalent diameter of 100 m. I 

2 

I 
I 

2 
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4 . WATER LOSSES 
The water loss o f  an HDR system i s  very important because t h i s  water 

must be provided from some outside source. This information can be v i t a l  for  
environmental as wel l  as economic reasons. The water-loss rate,  t h a t  i s ,  the 
r a t e  a t  which water permeates the rock formation surrounding the f rac tu re  SYS- 

tem, i s  the d i f ference between the i n j e c t i o n  ra te  and the produced, o r  re- 
covered, r a t e  a t  GT-2B. 

pressures and f low rate. Wellhead pressures and f low rates f o r  Run Segment 5 

are presented i n  F gs. 4-1 and 4-2. The actual measurement o f  the volumetric 
r a t e  of water loss was performed w i th  the make-up water f low meter except f o r  

short periods when these data were not avai lable. Then the actual d i f ference 
between the EE-1 and GT-2 wellhead f low r a t e  was used. Because the make-up 
pump provides the d i f ference between the i n j e c t i o n  r a t e  and the produced flow 
r a t e  (a f ter  the l a t t e r  i s  cooled by the heat exchanger), t h i s  measurement 
el iminates near ly a l l  o f  the small e r r o r  t h a t  would be caused by temperature 
induced density d i  f ferences . 
previous experiments. I n  t h i s  way the re la t i onsh ip  between system s ize and 

water loss may be examined. 
the water-loss rates f o r  the enlarged reservo i r  evaluated i n  Run Segments 4 
and 5 are approximately 40% higher than the smaller, f i r s t  reservo i r  evaluated 
i n  Run Segment 2 ( the  75-day tes t ) .  Because the operating pressure (EE-1 sur- 
face pressure) was ~110% higher dur ing Run Segment 5, the reservo i r  parameters 
governing water loss were not more than 30% greater f o r  Run Segment 5 as com- 
pared t o  Run Segment 2. 

parison. Curve f i t t i n g  t o  the water-loss-rate data from Run Segment 5 w i t h  

t h i s  model also ind icates t h a t  the reservo i r  parameters t h a t  determine the 
response t o  short-term pressure t rans ients  are d i f f e r e n t  than the parameters 
of the f i r s t  reservo i r  tested i n  Run Segment 2.11 These short-term t rans ients  

r e f l e c t  loca l  propert ies o f  the reservo i r  and ind i ca te  t h a t  f low i n  the lower 
p a r t  of the reservo i r  i s  governed by a higher stress than the e a r l i e r  reser- 
voi  r . 
Figure 4-3 i s  the water-loss ra te  as measured by the make-up pump f l ow  meter, 

and Fig. 4-4 i s  the i n teg ra l  of the water-loss rate. S ta r t i ng  about day 150, 

The water loss r a t e  i s  a strong funct ion o f  system 

It i s  i n t e r e s t i n g  t o  compare the resu l t s  o f  t h i s  experiment w i th  t h a t  o f  

D i rec t  comparisons o f  the r a w  data i nd i ca te  t h a t  

Use o f  the pressure-dependent d i f f u s i o n  model 3,8911 confirms t h i s  com- 

i 

Figures 4-3 and’4-4 are the data f o r  the durat ion o f  Run Segment 5. 
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W 
- EE-1 
----* GT-28 

Fig.  4-1. 
Wellhead pressures f o r  Run Segment 5.  

XlO = 
I 1 I I 

0 60 

Fig.  4-2. 
Wellbore f low r a t e s  f o r  Run Segment 5. 
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1- DATA USED FOR COMPARISON 
Wrm PREVIOUS EXPERIMENTS 

TIME (days) 

Fig.  4-3. 
Water-loss rate for Run Segment 5.  

b 

Fig. 4-4. 
Cumulative water loss for Run Segment 5 .  
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a f rac tu re  connection from the pressurized reservo i r  formed i n  the annulus 
region o f  EE-1, resu l t i ng  i n  f low t o  the surface through the annulus. This 
caused the water make-up t o  increase dramat ical ly and made it d i f f i c u l t  t o  
analyze the water loss  dur ing ' the  l a s t  130 days o f  the experiment. There was 

a lso another per turbat ion i n  the water-loss data caused by a 7-day shut- in 
experiment s t a r t i n g  on day 74. 

(1) i n  Fig. 4-31 are used f o r  comparison w i th  other experiments. 

The data contain many operational t rans ien ts  and are smoothed by a fit t o  the  
pressure-dependent f low modelO3 The break i n  the data a t  (1) i n  Fig. 4-5 i s  
due t o  the s t a r t  o f  a slow pressure decl ine i n  EE-1.  The extremely low values 

of flow a t  the end o f  the experiment are due t o  t h i s  t rans ien t  and should not 
be used f o r  comparisons w i th  the Run Segment 5 system. The ear ly  t ime data 

are best su i ted for comparison w i th  other systems. 

experiment (Run Segment 3, a lso known as Expt. 186, Ref. 6 )  wi th  both EE-1 and 

GT-2 pressurized. The loss  rates o f  t h a t  experiment were equal t o  o r  greater c 

than those o f  Run Segment 5. The exact amount depends on how much i s  a l l o t t e d  
t o  the annulus leak a t  ea r l y  times. 
deta i  1 s . 
days, the loss  rates o f  Run Segment 5 are somewhat higher than Run Segment 2. 
Because o f  the existence o f  so many transients,  however, the easiest compari- 
son i s  on the accumulative o r  in tegrated losses t h a t  smooth out the t ran-  
sients. These in tegrated losses are shown i n  Fig. 4-6. The dashed curve (2) 
i s  the  Run Segment 2 r e s u l t  scaled l i n e a r l y  t o  the Run Segment 5 pressure. The 
remaining d i f ference i s  on ly  30% o f  the Run Segment 2 losses. 
Comparison With D i f f us ion  Model 

d e t a i l  i n  Ref. 11 and w i l l  not  be presented here. The computer code used was 
the  AVER f ini te-element code tha t  i s  described i n  Ref. 12. The d i f f u s i o n  

model and the resu l t i ng  f i t s  t o  the  Run Segment 2 data ( the dashed curve of 
Fig. 4-5) are de ta i led  i n  Refs. 3 and 11; and, f o r  Run Segment 3, i n  Ref. 6. 
The best f i t  obtained thus f a r  t o  the Run Segment 5 data i s  shown i n  Fig. 4-7. 

The flow t rans ien t  located a t  15 days i s  induced by the pressure steps a t  15 
days (1) i n  Fig. 4-3. 

- 

For these reasons the f i r s t  70 days [ labeled 

The water-loss f low ra te  f o r  Run Segment 2 i s  displayed i n  Fig. 4-5. 

3 

Water-loss measurements were a1 so made dur ing the high back-pressure 

Reference 6 should be consulted for 

A d i r e c t  comparison of Figs. 4-3 and 4-5 shows t h a t  f o r  the f i r s t  30 

The development o f  the mathematical model water loss i s  described i n  

u 
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Fig. 4-5. 
Water-loss rate for Run Segment 2 with comparison o f  computer model data fits. 

2 RUNSEGMENTZ SCALEDONPRESSURE -I 

Fig. 4-6. 
Comparison o f  cumulative water loss for Run Segments 2 and 5. 
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Fig. 4-7. 
Water-loss r a t e  f o r  Run Segment 5 showing r e s u l t s  from computer model ing. 

These f i t s  are most sens i t ive t o  two parameters. (1) The reservo i r  f low 
r e c e p t i v i t y  a, a = A* i s  evaluated a t  s t a r t i n g  o r  hydrostat ic pressure. 
Here, A i s  the d i f f us ing  area, k the permeabil i ty, and 6 the system compressi- 

b i l i t y ,  (2) C i s  a constant t h a t  determines the pressure dependence o f  a as 

1 a =  
(1 - cP)n 

(see Ref. 3) .  This parameter i s  best in terpreted as the reciprocal  o f  the sum 
o f  the conf in ing stress and a f rac tu re  modulus. 

from the f i t s  are summarized i n  the fo l lowing table. 
The current best values f o r  a a t  hydrostat ic pressure and C-l obtained 
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Run Seament a (m 3 MPa - 1 q *  C-l(MPa) 

2 1.4 x lom6 9.3 

9.3 1.4 x 10-6a--2.8 x 10- 6 3 

5 1.9 x 10-6 13.3--20.0 

The a for  Segment 5 i s  30% higher than t h a t  f o r  Run Segment 2 and probably 

r e f l e c t s  the addi t ion o f  the lower por t ion  o f  the  reservoir ,  t h a t  i s ,  the  
reservo i r  enlargement. The value o f  C was determined mainly by one f low tran- 
s ien t  i n  Run Segment 5. The range of C'l ind icated i n  the  tab le  r e f l e c t s  the  
lack  o f  s e n s i t i v i t y  o f  the parameter. 
water losses, a f f e c t  some loca l  parameters. 
por t ion  o f  the reservo i r  i s  determined by a la rger  component o f  -- i n  s i t u  stress. 

Short-term transients,  even i n  the 
Perhaps the  response o f  the  lower 

* 
I n  a l l  previous reports a has been reported as the one-sided o r  one-half the  

measured value. Also 8 i n  a has been normalized t o  a rock compress ib i l i ty  of 
2.7 x 10-5 MPa-1. 
reported as the  f u l l  measured value i n  SI units.  

Here both of these conventions have been discarded and a i s  
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5. FLOW IMPEDANCE 

L d  The f low impedance, defined as the d i f ference o f  the i n l e t  and o u t l e t  

pressures div ided by the o u t l e t  f low rate, 
determining pumping requirements. 

i s  an important parameter used i n  

I n  addi t ion,  knowledge o f - t h e  d i s t r i b u t i o n  

o f  impedance may help t o  understand the f rac tu re  geometry. 

8) are shown i n  Fig. 5-1, both uncorrected and w i th  buoyancy corrections. 
uncorrected impedance i s  simply the d i f ference between the i n j e c t i o n  and pro- 
duction wellhead pressures d iv ided by the c i r cu la ted  through-flow r a t e  meas- 

ured a t  the GT-2B production wellhead. The corrected impedance accounts f o r  
the f a c t  t h a t  the water i n  the i n j e c t i o n  well  was colder than i n  the produc- 

t i o n  w e l l  so an addi t ional  pressure d i f ference existed because o f  density va r i -  
ations. The calculated pressure c o r r e c t i o n d s  a r e s u l t  o f  these densi ty v a r i -  
a t ions i s  shown i n  Fig. 5-2. Wellbore temperatures were estimated w i th  a t ran- 

s ient  heat transmission code.13 General ly, uncorrected impedances are 20% 

Measurements of impedance for the main f low per iod (March 10 t o  December 
The 

lower than corrected values. I n  reviewing the overa l l  impedance behavior 

shown i n  Fig. 5-1, it may be helpfu l  t o  refer back t o  Figs. 4-1 and 4-2, which 
show wellhead pressures and f low rates f o r  the same period o f  time. 

Note t h a t  the f racture system described i n ' t h e  section on system geome- 
t ry  had an impedance o f  14.2 GPa s/m3 (130 psi/gpm) before the hydraul ic f rac- 
t u r e  treatments o f  March 1979. During Run Segment 4 the impedance was near ly 

3 constant a t  about 1.8 GPa s/m (17 psi/gpm), corrected f o r  buoyancy. One o f  
the goals o f  Run Segment 5 was t o  observe the impedance behavior dur ing a 
long-term heat-extraction test .  
D is t r i bu ted  Impedances 

The overa l l  f low impedance shown i n  Fig. 5-1 i s  thought t o  be the sum o f  

several components, such as impedances associated w i th  r e s t r i c t e d  f low paths 
a t  wel lbore-fracture in tersect ions and f low resistances d i s t r i b u t e d  along the 
fractures. Shut-in experiments have proved u'seful i n  determining the d i s t r i b u -  

t i o n  of impedances i n  the wellbore f rac tu re  system. This informat ion may then 
be used i n  attempts t o  decrease the impedance. 

Run Segment 5. 
were monitored a t  the surface. Figure 5-3 shows a t y p i c a l  pressure-time p l o t  

from one such shut-in. As demonstrated i n  Run Segment 4, the EE-1 pressure P 
approaches a value, Pa, which can be chosen so that ,  a f t e r  a short t rans ient  

A number o f  temporary shut-ins o f  EE-1 and GT-2B were scheduled during 

During these short  ( 4 - h )  shut-ins the pressures i n  both we l l s  
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and corrected for buoyancy impedances during Run Segment 
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Fig. 5-2, 

pressure correction during Run Segment 5. 
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Fig. 5-3. 
Example pressure-time p l o t  f o r  d i s t r i b u t e d  buoyancy calculat ions.  

period, the p l o t  o f  l o g  (P-Pa) vs t ime over the shut- in t ime period i s  l i nea r .  
The s t r a i g h t  l i n e  t h a t  best f i t s  t h i s  data i s  calculated and extrapolated t o  
zero time. The pressure i n te rcep t  P a t  zero t ime i s  denoted Po. Computer 
ca lcu lat ions have shown t h a t  Po i s  the surface pressure corresponding t o  a 

po int  near the f rac tu re  entrance, and the impedance from the EE-1 wellbore t o  
t h i s  po in t  i s  defined t o  be the entrance impedance Z1. 

t o t i c  value, Pa, when the wel l  i s  shut-in, and a p l o t  o f  l o g  (Pa-P) i s  l i n e a r  

when Pa i s  proper ly chosen. As before, a value o f  Po and the e x i t  impedance, 
Z2, can be found. 

Po, Pa, the flow r a t e  6 before shut-in, and the entrance and e x i t  impedances, 
Z1 and Z2, f o r  the seven shut- in experiments i n  Run Segment 5. 

With these values, it i s  possible t o  deduce t h e ’ t o t a l  impedance through 
the f rac tu re  without ca l cu la t i ng  the buoyancy correct ion ( tha t  i s ,  the d i f -  
ference i n  pressure-at the bottom o f  the reservo i r  due t o  densi ty di f ferences 

i n  the hot and co ld wel ls)  as follows: Let POE and PoG be the pressures a t  
the surface as deduced from the extrapolated semilog p l o t s  discussed above and 

Simi lar ly ,  the pressure i n  the e x i t  wel l  r i ses  towards another asymp- 

Table 5-1 shows the parameters Pc ( the i n i t i a l  pressure before shut-in), 

shown i n  Table 5-1, whi le  P1 and P2 are the corresponding pressures ins ide the  w 
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TABLE 5-1 

I N I T I A L  WELLHEAD PRESSURES 3 P,, AND EXTRAPOLATED PRESSURES Po AND Pa 9 DETERMINED FROM SHUT-IN DATA 

EE-1 tiT-2B 

Date 
( 1980 1 

4/14 

4 /28 

5/20 

6/26 

7/27 

9/03 

- 
Pressure I MPa 1 F1 ow 

PC - 
9.786 

9.669 

9.284 

8.925 

8.753 

8.560 

PO - 
8.958 

8.947 

8.494 

8.204 

7.916 

7.769 

- 
0.201 

8.263 

7.919 

7.746 

7.491 

7.526 

0 2 
Im’/s x lO-’,) (GPa’shn’) 

6.88 0.12 

6.69 0.108 

6.37 0.124 

6.06 0.119 

5.99 0.14 

5.95 0.132 

Pressure (MPa) 

1.323 8.441 9.821 

1.323 8.416 9.&83 

1.296 8.251 9.559 

1.323 8.093 9.469 

1.316 8.091 9.29 

1.206 71881 9.097 

F1 ow 
-~ 

0 Z. 
(m‘!s x IO-’) (tiPa*gec/ma) 

6.43 1.107 

5.95 1.196 

6.12 1.136 

5.80 1.167 

5.60 1.193 

5.95 1.116 

11/05 8.573 7.23 6.809 7.13 0.188 1.158 7.041 8.325 5.58 1.054 



f racture.  

asymptotic surface pressures given i n  
Table 5-11. Referr ing t o  Fig. 5-4, 
def ine p1 as the mean densi ty i n  the 

EE-1 wel l  and p2 i n  GT-2B. Let t1 and 
($ be the corresponding flows. Assume 

t h a t  the mean f low through the f rac tu re  
impedance, ZF, ( the impedance remaining 

a f t e r  the entrance and e x i t  impedances, 
Z1 and Z2, are removed) i s  (t1 + t2)/2 
= 4, and the densi ty o f  f l u i d  i n  the 

f rac tu re  i s  (P1 + P2)/2. Then 

Let PaE and PaG be the 

POE - pOG = - p2 - P1ghl + P2gh2,(1) 

and 

t 

POE MG 

7 
hi 

T- 

Ql* 0 2  km=- 2 

h2 

I 

Fig. 5-4. 
Wellbore and f rac tu re  model f o r  d i s -  
tri buted impedance calculat ions.  

where g i s  the accelerat ion due t o  gravi ty.  Combining these equations, we have 

Then the pressure di f ference, PaE - PaG, should be given by Eq. (3)  a f t e r  a l l  
i n te rna l  f low has ceased, t h a t  i s , \ P 1  and P2 d i f f e r  by the hydrostat ic head: 

Subst i tu t ing from Eq. (4) i n t o  Eq. (3), 

'F = (pOE - pOG + paG - PaE)/d 

Table 5-11 gives the values of Z1, Z2, ZF, nd t o t a l  impedance Z as 
determined i n  t h i s  manner. 

A 

Th,e mean value o f  the t o t a l  impedance, Z, i s  1.57 GPa s/m' (14.35 
psi/.gpm), about 0.1 GPa s/m3 less than the value obtained using the t o t a l  

(4) 

(5 )  

23 



N 
P 

TABLE 5-11 

CALCULATION OF LOCAL IMPEDANCES FROM SHUT-IN DATA 

zF 11 z2 Z 
D a t e  

Q = (Q, + Q2)/2 (From Eq. 5) 
'ati - ',G - (1980) POE - PoG 

4/14 0.517 1.62 6.66 0.321 0.12 1.107 1.548 

4/28 0.531 1.62 6.31 0.31 0.108 1.196 1.645 

5 /20 0 . 243 1.64 6.25 0.301 0.124 1.136 1.561 

6/26 0.111 1.723 5.93 0 . 309 0.119 1.167 1.595 

7 /27 -0.175 1.799 5.84 0.278 0.14 1.193 1.611 

9/03 -0.112 1.571 5.96 0.245 0.132 1.126 1.503 

0.268 0.188 1.054 1.510 11/05 0.189 1.516 6.36 

E 



pressure drop and calculated buoyancy. There appears t o  be good agreement, 
considering <he assumptions i n  the two methods, and p a r t i c u l a r l y ,  t h a t  t he  

e x i t  f low only i s  considered i n  the usual impedance calculat ion.  
It i s  o f  i n t e r e s t  t o  compare the r e s u l t s  obtained here w i th  those o f  Run 

Segment 4. The entrance region impedance was 0.11 GPa s/m for Run Segment 4, 
very s i m i l a r  t o  the i n i t i a l  value i n  Run Segment 5 o f  0.12 GPa s/m . 
Run Segment 5 a steady increase was noted reaching a value o f  0.19 GPa s/m 

near the end o f  the run. The f rac tu re  impedance was 0.40 GPa s/m f o r  Run 
3 Segment 4 and 0.45 GPa s/m for Run Segment 5, and the e x i t  impedance was 1.0 

3 3 GPa s/m f o r  Run Segment 4 and 1.05 GPa s/m for Run Segment 5. These r e s u l t s  

suggest there may be small changes i n  the d i s t r i b u t i o n  o f  impedance due 
p r i m a r i l y  t o  pressur izat ion and thermal e f fects ,  but  the overa l l  impedance 
stayed remarkably constant. I n  pa r t i cu la r ,  the impedance d i d  not show the 
large decrease t h a t  occurred i n  Run Segment 2 (75-day tes t ) .  
iment the impedance decreased from about 1.5 GPa s/m t o  about 0.33 GPa s/m . 
However, a thermal drawdown o f  about 100°C occurred i n  Run Segment-2, whereas 
on ly  8 O C  occurred i n  Run Segment 5. 

3 
2 During 

3 
3 

I n  t h a t  exper- 
3 3 



6. HEAT TRANSFER 

The heat-transfer system i n  Run Segment 5 i s  complicated and i s  governed 
by f low i n  several large fractures. 
fer  sys.tem were made t h a t  assumed a system o f  independent fractures. 
e a r l i e r  system o f  Run Segment 2, t h i s  proved useful and good f i t s  were ob- 
tained. 

urements suggest t h a t  the reservo i r  can be modeled best as a system o f  paral-  
l e l ,  thermal ly i n t e r a c t i n g  fractures. The f i r s t  model i s  termed the 

independent-fractures model, whereas the second i s  termed the mu l t i p le -  
f racture model. A f te r  summarizing the temperature and f l ow  data i n  Sec. 6.1, 

the ra t i ona le  f o r  the new, mul t ip le- f racture model and i t s  r e s u l t s  w i l l  be pre- 
sented i n  Sec. 6.2. The r e s u l t s  o f  the older, independent-fracture model w i l l  
be presented i n  Sec. 6.3, and both models w i l l  be compared i n  Sec. 6.4. 
6.1. Temperature and Flow Data 

Segment 5 give a temporal h i s t o r y  o f  the temperature and f low rates o f  t he  
three fractures t h a t  i n te rsec t  the GT-2B wellbore as depicted i n  Fig. 3-2. 

The f rac tu re  zones are centered approximately a t  2626 m, 2673 m, and 2703 m 

(depth along wellbore). 
ted i n  Figs. 6-1, 6-2, and 6-3 along w i th  the t o t a l  f low i n  the casing and the 

mixed temperature i n  the casing. The reservo i r  i n l e t  temperatures obtained 
from three logs i n  EE-1 are also shown i n  Fig. 6-1. Several observations can 
be made immediately. 

0 The o u t l e t  temperatures show l i t t l e  curvature i n  Fig. 6-1 when p l o t -  
ted on a scale w i th  the i n l e t  temperature near zero on the scale. 

The small temperature change makes f i t s  t o  the data i nsens i t i ve  t o  

the d e t a i l s  o f  the model . 
When p l o t t e d  on a l a rge r  scale, the temperatures show regular trends 

(Fig. 6-3) t h a t  a l low the determination o f  approximate reservo i r  par- e 
ameters. Ear ly  t rans ients  i n  the temperature data can be due t o  ver- 

t i c a l  temperature gradients r e s u l t i n g  from previous f low experiments. 
Ver t ica l  gradients t h a t  cooled before Run Segment 5 are not included 
i n  the mu l t i p le - f rac tu re  model but are included i n  the independent- 
f rac tu re  model. 

I n  the past, analyses o f  the heat-trans- 
I n  the 

I n  the present experiment, drawdown and recovery as well  as f low meas- 

The per iodic temperature and spinner f low logs taken i n  GT-2B dur ing Run 

The temperatures and flows f o r  these zones are p l o t -  

0 No temperature r i s e  i n  the wellbore i s  observed. Only the lower f rac- 

t u r e  zone shows a s i g n i f i c a n t  long-term r i s e  i n  temperature. This 

26 
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Fig.  6-1. 
Temperature history for several regions in the GT-2B wellbore and EE-1 wellbore. 

Fig. 6-2, 
Flow r a t e  h fs to r i es  i n  the GT-EB wellbore. 

U 
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indicates t h a t  only a small 
f r a c t i o n  o f  the heat-exchange 

area i s  ho t te r  than the mean 
reservoi r. 

o The mixed o u t l e t  temperature 
remains near t h a t  expected i n  
the recovered temperature 

f i e l d  o f  the previous f l ow  
experiments. This i n f e r s  t h a t  

most o f  the heat-exchange area 
i s  i n  the thermal ly depleted 

volume o f  the reservo i r  and 
t h a t  heat from the lower res- 
e r v o i r  acted mainly t o  warm 
the o l d  reservoir.  

o A f te r  the s t a r t  o f  the EE-1 
annulus leakage flow, the 
reservo i r  i n l e t  temperature 
increased 7'. This preheat o f  
the i n l e t  water ind icates a 

I /  -mn 

V \ 1  
n M E  

Fig. 6-3. 
Temperature h i s t o r y  i n  GT-2B we1 1 bore 
p l o t t e d  on an expanded scale. 

new f low path, and e f f e c t i v e l y ,  i n  some way an enlargement o f  the 
system. The increase i n  i n l e t  temperature i s  near ly equal t o  the 

overa l l  decrease i n  the average o u t l e t  temperature, and thus t h i s  
preheat must have retarded the drawdown s i g n i f i c a n t l y .  

6.2. Mult ip le-Fracture Model 

terms o f  a mu l t i p le - f rac tu re  model containing several p a r t l y  independent flow 
paths. 
a l  f low ex i ts .  The evidence f o r  m u l t i p l e  independent f low paths i n  both the 
e a r l y  Phase I reservo i r  (Run Segments 1, 2, and 3)  and the recemented (Run 
Segments 4 and 5) reservo i r  e x i s t s  i n  much o f  the data. 
discussed i n  terms o f  three main categories. 

f low experiments. Spinner and temperature logs i n  the three production wel ls  

(GT-2, GT-EA, and GT-2B) have shown a t  l e a s t  f i v e  major f low e x i t s  d i s t r i b u t e d  
over a hor izontal  distance o f  almost 40 m (125 f t )  and a v e r t i c a l  distance o f  

I n  t h i s  section the temperature drawdown data w i l l  be in terpreted i n  

I n  the fo l lowing section a s ing le lar'ge f rac tu re  i s  assumed w i th  sever- 

This evidence w i l l  be 

(1) Mu l t i p le  temperature depressions e x i s t  i n  a l l  wellbores a f t e r  a l l  
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upper f rac tu re  dur ing Run Segment 5. 
each of the major f low paths f o r  two o f  the bromine t race r  experiments during 

Run Segment 5. The occurrence o f  the maximum modal volume i n  the middle frac- 
t u r e  would be u n l i k e l y  i f  the upper f rac tu re  were an extension o f  the middle 

fracture. However, it i s  t r u e  t h a t  the same s i t u a t i o n  could e x i s t  i f  unusual 
f l u i d  "dynamic considerations resul ted i n  f l u i d  " sho r t - c i r cu i t i ng "  from the 
i n l e t  t o  the upper f rac tu re  ou t l e t .  

The gross heterogeneous nature o f  the reservo i r  must also be considered. 
The upper p a r t  o f  the reservo i r  was repeatedly cooled and pressurized p r i o r  t o  

the reservo i r  enlargement i n  March 1979. The lower part ,  which i s  accessed by 
connections below the casing, has a d i f f e r e n t  f low history.  

The v e r t i c a l  extent and temperatures i n  the reservo i r  are best i l l u s t r a -  

t ed  by the temperature l o g  i n  Fig. 6-4, which i s  measured along the intersec- 
t i o n  of the near ly v e r t i c a l  (w i th in  7")  EE-1 wellbore w i th  the reservoir.  The 

temperatures along the wellbore are depressed an ex t ra  10°C by unrecovered 
wellbore cooling. The minimum temperature (plus 10°C) i n  the upper reservo i r  
represents the f low entrances and i s  lower than the average f rac tu re  tempera- 
tures. E a r l i e r  temperature logs show three main f rac tu re  crossings o f  EE-1 i n  

Figure 6-5 shows the modal volume V Of 

80 m (250 ft). Temperature logs i n  the i n j e c t i o n  well  (EE-1) have shown a t  

l e a s t  e ight  major o r  minor f low e x i t s  or  crossings i n  900 m (2800 ft) v e r t i c a l  

and 100 m (300 ft) horizontal.  While only two or  three o f  these crossings 
occur i n  the reservoir  v i c i n i t y ,  the existence o f  so many crossings i n  the 
lower 900 m o f  EE-1 suggests the propensity f o r  a mu l t i p le - f rac tu re  system. 

Figure 6-4 i s  a temperature l o g  i n  EE-1 j u s t  p r i o r  t o  Run Segment 5. More 
than a year a f t e r  recovery, the two peaks o f  the Run Segments 2 and 3 (thermal 

deplet ions o f  the f i r s t  reservo i r )  are s t i l l  dist inguishable. The overa l l  

deplet ion o f  the f i r s t  reservo i r  has the cha rac te r i s t i c  shape o f  two super- 
imposed Gaussian-shaped curves t h a t  match the recovered temperature f i e 1  d o f  

f l a t  v e r t i c a l  fractures. 

paths. 
than the upper and middle fractures. The temperatures o f  the lower and middle 
f ractures cross a t  140 days. This behavior would be u n l i k e l y  i f  the upper and 
middle f ractures were d i r e c t  extensions o f  the lower fracture. 

Appendix A) of the middle f racture was la rge r  than the modal volume o f  the 

(2 )  The temperature drawdown shows cha rac te r i s t i cs  o f  independent f low 
In  Fig. 6-3 the lower f rac tu re  i s  seen t o  draw down a t  a slower r a t e  

( 3 )  The t race r  studies i nd i ca te  t h a t  the modal volume (see Sec. 8 and 
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the upper reservoir.  The temperature 
depression i n  the lower pa r t  o f  the 
reservo i r  was created mainly by the 

l a rge  f low i n  Run Segment 4. The ex- 

t e n t  o f  t h i s  temperature depression 
ind icates t h a t  t h i s  p a r t  of the reser- 

v o i r  consists o f  e i t h e r  one major f low 
path t h a t  i s  ~160 m (180 ft) wide, which 

crosses the wellbore twice, o r  o f  two 
narrower flow paths. 

suggest a simple two-dimensional heat. 
t rans fe r  model w i th  lumped parameters 
(Fig. 6-6). The gr id,  shown i n  Fig. 
6-6(a) consists of a mu l t i p le - f rac tu re  

system embedded i n  a two-dimensional 
rock matrix. Three-dimensional heat- 
conduction e f f e c t s  are ignored. A 

s p e c i f i c  f low r a t e  (d /A)  i s  programmed 

The foregoing considerations 

kT;i 
Fig. 6-6. 

Y 

Simp l i f i ed  model ?or mu1 t i p l e  fractures 
heat-transfer calculat ions.  

i n t o  each branch o f  the fracture. Because the f low r a t e  (i) i s  known, t h i s  i s  
a speci f icat ion of the area (A).of each branch. A t  the midpoint o f  the reser- 
vo i r ,  a small transverse region connects the upper and lower systems. The 
lower system has one o r  two fractures; t he  upper system has three. Each prob- 
lem i n  the parameter study runs from the beginning o f  Run Segment 4 through 
the end of Run Segment 5. This was done because the changes f o r  each run 
should be appl icable t o  both experiments. The i n i t i a l  temperature f i e l d  was 

determined by the deplet ion o f - t h e  reservo i r  i n  Run Segments 2 and 3. 
the v e r t i c a l  gradients i n  each f rac tu re  o f  the upper reservo i r  were unknown, 

no attempt was made- t o  include them. The transverse temperature p r o f i l e  ( x  
d i r e c t i o n  i n  Fig. 6-6) was Gaussian w i th  a minimum width determined by the 
recovery t ime since Run Segment 2 and a maximum width determined by the t o t a l  
energy removed i n  Run Segments 2 and 3. Because the temperatures i n  the lower 
p a r t  o f  the reservo i r  are determined by Run Segment 4, they were i n i t i a l l y  set 
t o  the measured o r i g i n a l  geothermal gradient temperature. A t y p i c a l  t rans- 

verse p r o f i l e  i s  shown i n  Fig. 6-6(b). A t y p i c a l  v e r t i c a l  p r o f i l e  i s  shown i n  
Fig. 6-6(c). 

Because 

L, 
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The adjustable parameters are considered t o  be (a) t he  area o f  each 

branch o f  the f rac tu re  system and (b) the average s t a r t i n g  temperature o f  each 
fracture i n  the upper system, which i s  determined by the exact pos i t i on  i n  the 
grid. Because the actual s t a r t i n g  temperature o f  each f rac tu re  i s  determined 

by i t s  e n t i r e  flow h i s t o r y  and prox imi ty  t o  other fractures, it would be 
d i f f i c u l t  t o  obtain an accurate value t o  i n s e r t  i n  the model. 

The time-dependent f low programmed i n t o  the ca lcu lat ions was approxi- 

mated by the dashed l i n e s  i n  Fig. 6-2. The t o t a l  f low i s  maintained i n  the  
upper and lower reservoirs. I n  the upper pa r t  the f low i s  div ided between the 
three major f low paths as indicated. One mu l t i p le - f rac tu re  model has the flow 

d iv ided between two fractures i n  the lower ha l f .  The f low s p l i t  i s  adjusted 

i n  the ca lcu lat ions as an addi t ional  parameter. The second model has only one 
fracture i n  the lower h a l f  o f  the reservo i r  but maintains three f ractures i n  
the upper port ion. 

Figures 6-7 and 6-8 are the best f i t s  t o  the temperature data obtained 
thus f a r .  Table 6-1 summarizes the areas used i n  each model. Model A (Fig. 
6-7) has two fractures i n  the lower reservoir ,  whereas Model B (Fig. 6-8) has 

only one. The best estimate of the t o t a l  heat-exchange area a t  the end o f  Run 
Segment 5 i s  45 000 m2, w i th  30 000 m3 res id ing  i n  the po r t i on  o f  the reser- 

v o i r  cooled by the Run Segments 2 and 3 flows. 

TABLE 6-1 

SUMMARY OF HEAT-EXCHANGE AREAS FOR RUN SEGMENT 5 AREAS 
(m2 1 

Reservoir Fracture 

Upper 

Lower 

Total Areas 

Upper 
Main 
Lower 

Two fractures 
One f rac tu re  

Model A Model B 

7 500 7 500 
15 000 15 000 
7 500 7 500 

15 000 
7 500 

45 000 37 500 
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Fig. 6-7. 
Computer model comparison with field data for multiple-fracture model having two 
lower fractures. 
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F ig .  6-8. 
Computer model comparison with field data for multiple-fracture model with a 
single lower fracture. 
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6.3. Independent-Fractures Model 

model, w i th  thermal i n te rac t i on  between fractures, the data were a lso analyzed 
wi th a model t h a t  t r e a t s  the reservo i r  as two independent fractures. Indepen- 
dent means t h a t  the two fractures are f a r  enough apart t h a t  the regions Of 

thermal decl ine around each f rac tu re  d i d  not overlap. Thus each f rac tu re  

could be t reated as an independent f rac tu re  embedded i n  an i n f i n i t e  rock mass, 
hence the name independent-fractures model (occasional ly re fer red t o  as the 
"s ingle" f rac tu re  model). This s impl i f ied model was considered i n  addi t ion t o  
the mul t ip le ,  in teract ing- f ractures model described i n  the previous section, 
because: In  the past, the o l d  reser- 

v o i r  data were f i t t e d  rather well  w i th  the independent-fractures model. By con- 

Despite the evidence c i t e d  above i n  support o f  a mu l t i p le - f rac tu re  

(1) It continues an h i s t o r i c a l  trend. 

Lj 

t i n u i n g  use o f  t h i s  model f o r  the new reservoir ,  the e f f e c t s  o f  gross changes 

i n  reservoir  s ize are e a s i l y  derived and read i l y  presented and compared. (2) 
The independent-fracture model i s  considerably simpler. A1 though it f a i l s  t o  
p red ic t  i n  d e t a i l  some aspects o f  reservo i r  behavior, i t  predic ts  ra ther  well  

the overa l l  thermal drawdown o f  the reservoir.  Because o f  i t s  s imp l i c i t y ,  i t  
i s  a convenient means o f  descr ib ing the reservo i r  and al lows convenient .pre- 

d i c t i o n  o f  fu ture behavior. 

HDR geothermal reservoirs are described i n  d e t a i l  i n  Refs. 4, 14, and 15. The 
model i s  based upon previous work by Harlow.16 Because o f  these previous 
presentations, only a b r i e f ,  nonmathematical descr ip t ion i s  needed here. The 
model numerical ly solves f i v e  coupled p a r t i a l  d i f f e r e n t i a l  equations. The 
f i r s t  three equations describe the f l u i d  dynamics w i t h i n  a fracture. Two- 
dimensional f low p a r a l l e l  t o  the f rac tu re  plane i s  considered, and the equa- 

t i o n s  o f  conservation o f  mass and conservation o f  momentum are sat is f ied.  The 
f l u i d  dynamic equations a l low dependence o f  water propert ies, p a r t i c u l a r l y  

v iscos i ty ,  upon temperature and pressure. Advection, viscous drag, and buoy- 
ancy terms14 are included i n  the momentum equations. The remaining two equa- 

t i o n s  account f o r  conservation o f  energy i n  both the water and the surrounding 
rock. The rock i s  assumed impermeable so t h a t  the water i s  confined t o  the 
fractures, and consequently, a small'error i s  introduced because of t he  down- 
hole water losses. The energy equations incorporate convection, conduction, 
and t rans ient  heat storage terms.14 Because heat condyction w i t h i n  the rock 

i S p r i m a r i l y  orthogonal t o  the f rac tu re  plane, only one-dimensional conduction 

Descr ipt ion and Genesis o f  the Model. The model and i t s  appl icat ion t o  
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need be considered. 

modeled appears three dimensional, the numerics need consider a t  most two- 

dimensional equations.) Based upon -- i n  s i t u   measurement^,'^ the thermal con- 
d u c t i v i t y  o f  the rock was taken as 2.9 Wm K . Water propert ies were taken 

(Consequently, a1 though the physical s i t u a t i o n  being 

cd 
-1 -1 

from steam tab le  compilations. 
This model permits any shape o f  fracture. However, the g r a n i t i c  rock i n  

which these f ractures were created i s  f a i r l y  homogeneous and u n s t r a t i f i e d  w i t h  
respect t o  i t s  mechanical propert ies; thus, a l l  the f ractures discussed here 
are assumed t o  be approximately c i r c u l a r  i n  shape, ra ther  than rectangular as 

. i s  usual ly  assumed for o i l  and gas reservoirs i n  sedimentary formations, 
as wel l  as the mul t ip le- f racture model o f  the previous section. It was also 
assumed t h a t  the f ractures are near ly v e r t i c a l  because the planes o f  hydraul ic 
fractures are orthogonal t o  the minimum (least-compressive) component o f  the 
tec ton i c  earth stress. I n  t e c t o n i c a l l y  relaxed geological set t ings,  t h i s  

stress i s  expected t o  be a hor izontal  one a t  depths greater than about 1 km. 
The minimum compressive hor izontal  t ec ton i c  stress a t  the reservo i r  depth i s  

37 MPa (5400 psi) ,  about one-half the v e r t i c a l  overburden stress, as estimated 
by pressur izat ion tests. 

For both reservo i rs  tested t o  date, the manner i n  which the major v e r t i -  
ca l  f ractures are connected w i t h  the production well ,  GT-EB, i s  complex as 
i l l u s t r a t e d  by a number o f  measurements inc lud ing downhole temperature and 

f low r a t e  (spinner) surveys, radioact ive t race r  logs, ca l i pe r  logs, and t e l e -  
viewer surveys. Major connections apparently consist  o f  a set o f  natural  
f ractures o r  j o i n t s  w i th  a d i p  o f  approximately 60' from the v e r t i c a l ,  which 
i n te rsec t  both v e r t i c a l  hydraul ic f ractures and the GT-2B wellbore as shown i n  
Fig. 3-1. I n  the independent-fractures model described here, e x p l i c i t  model- 
i n g  of these s lan t i ng  j o i n t s  was not attempted as t h i s  would have required a 

f u l l y  three-dimensional simulation, f o r  which the computing expenses were not  
j u s t i f i e d  considering the geometric uncertaint ies.  
area associated w i th  the j o in t s ,  expected t o  be small, was simply absorbed 

i n t o  the main hydraul ic fractures, and the t o t a l  area was sought i n  terms o f  
v e r t i c a l  c i r c u l a r  fractures. However, the e f f e c t s  o f  the j o i n t s  d i d  have t o  
be considered i n  terms of t h e i r  inf luence on f low patterns; f o r  example, a 

j o i n t  providing a f r a c t u r e  f low o u t l e t  very close t o  the i n l e t  could r e s u l t  i n  

short  c i ' r cu i t i ng  i n  which most o f  the i n jec ted  f low could f o l l o w  the shortest 
path t o  t h i s  ou t l e t ,  thus bypassing the ma jo r i t y  o f  the area p o t e n t i a l l y  

18-20 

2 

Instead, the heat- t ransfer 

u 
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avai lab le f o r  heat extract ion.  To account f o r  these ef fects ,  models with mul- 
t i p l e  f low o u t l e t s  were considered. 

f racture had t o  be considered, as was the case f o r  the l a t e s t  reservo i r  (see 
Fig. 3-1), it was assumed t h a t  the f ractures were f a r  enough apart t h a t  no 
thermal i n te rac t i on  occurred. The required l a t e r a l  separation distance t o  
avoid thermal i n te rac t i on  i s  3 m ,  where K i s  the thermal d i f f u s i v i t y  o f  the 
rock, 10 m /s, and t i s  time. For Run Segment 5 t h i s  distance i s  15 m (50 

ft), so t h a t  the assumption i m p l i c i t  i n  t h i s  modeling i s  t h a t  the main hydrau- 
l i c  fractures are a t  l eas t  15 m apart. 
model o f  the previous section allowed thermal in teract ions,  and i n  fact frac- 

tures as close as 5 m were considered. 
could also be incorporated i n  the independent-fractures model, but  t h i s  would 
require a t r u l y  three-dimensional computer program, an expense t h a t  once again 
was not considered j u s t i f i a b l e  i n  view o f  other uncertaint ies.  

The f i r s t  appl icat ion o f  the independent-fractures model was t o  the 
f i r s t  reservoir ,  when only the smaller hydraul ic f rac tu re  shown t o  the r i g h t  
i n  Fig. 3-1 existed. This reservo i r  was tested extensively dur ing Run Segment 

2, occasional ly re fer red t o  as the 75-day test ,  and described i n  Ref. 3. 
Based upon spinner and temperature surveys i n  the production well ,  the depths 

o f  the i n te rsec t i on  o f  the production well  w i th  the s lan t i ng  j o i n t s  were e s t i -  
mated as well  as the f low rates communicated by each j o i n t .  I n  the calcula- 
t ions,  the actual temporal var ia t ions o f  production and i n j e c t i o n  f low rates 
were used. The f rac tu re  i n l e t  temperature was estimated with a separate 
wellbore heat transmission c a l ~ u l a t i o n . ' ~  With t h i s  information, estimates o f  
the thermal drawdown were calculated w i th  the model f o r  various t r i a l  values 

o f  f rac tu re  r a d i i  and v e r t i c a l  pos i t i on  o f  the f rac tu re  i n l e t .  It could not 
be assumed t h a t  the i n l e t  was located a t  the center o f  the f rac tu re  because 
the earth stresses increase w i th  depth, so t h a t  dur ing i t s  creat ion the frac- 

t u r e  probably grew p re fe ren t i a l l y  i n  the upward d i rect ion.  A f rac tu re  radius 
of 60 m w i th  an i n l e t  located 25 m above the f rac tu re  bottom resul ted i n  a 

good fit t o  the measurements, and, as shown i n  Fig. 6-9, the computed thermal 
behavior was i n  good agreement w i th  the measured temperature. The temperature 

shown i s  the mixed mean reservo i r -out le t  temperature. That i s ,  the mean out- 
l e t  temperature i s  taken as the mean o f  the j o i n t - o u t l e t  temperatures measured 
i n  the production w e l l ,  averaged, o r  weighted, by the f low r a t e  f r a c t i o n  i n  
each j o i n t .  

As mentioned above, when more than one 

-6 2 

I n  contrast, the mu l t i p le - f rac tu re  

I n  p r i nc ip le ,  thermal in teract ions 

This mean outlet-temperature measurement i s  considered the best 
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measure o f  the overa l l  thermal performance o f  the reservo i r  and i s  used here 
t o  describe not only the o l d  reservoir ,  but  a lso below, the enlarged, two- 

f racture reservoir .  A radius o f  60 m impl ies a t o t a l  f rac tu re  area (on one 
side) o f  11 000 m2; however, because o f  hydrodynamic f low sweep i n e f f i c i e n -  
cies, the net area e f f e c t i v e  i n  heat exchange was only  8000 m during Run 
Segment 2. 

Six months a f t e r  the conclusion o f  Run Segment 2, Run Segment 3 ( the  
so-cal 1 ed high back-pressure experiment) was conducted i n  October o f  1978. 

The purpose was t o  examine reservo i r  behavior under condit ions o f  h igh mean- 
f rac tu re  pressure. 
thermal drawdown suggested that ,  according t o  the independent-fractures model, 
the e f f e c t i v e  heat area was about 25% greater dur ing t h i s  run. This increase 
was a t t r i bu ted ,  a t  the time, t o  h igh pressure, r e s u l t i n g  i n  greater hydro- 
dynamic sweep e f f i c i e n c i e s  because o f  the reduced f rac tu re  f low impedance. 

operations o f  1979. For the independent-fractures model the en1 arged reser- 

v o i r  i s  portrayed as two fractures, the o l d  one operative i n  Run Segments 2 
and 3, and a new and la rge r  one shown t o  the l e f t  i n  Fig. 3-1. The enlarged 

reservo i r  was evaluated during Run Segment 4 and Run Segment 5. The d e t a i l s  
o f  the independent-fractures modeling o f  the new reservo i r  were described i n  
Ref. 15. To summarize the Run Segment 4 studies, it was found t h a t  the o l d  
f r a c t u r e  had an e f f e c t i v e  heat- t ransfer area o f  15 000 m2, and the new 

2 

The t e s t  durat ion was short, less than 1 month, but t he  

As described i n  Sec. 1, the reservo i r  was enlarged dur ing the f r a c t u r i n g  

8 
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ment 2, so t h a t  the augmented heat 
Bet ter  estimates o f  the t o t a  

tures were obtained i n  Run Segment 
i s ,  the decl ine i n  temperature, o f  

highest mean out1 e t  temperature ob- 

served. The mean o u t l e t  temperature 
a c t u a l l y  increased s l i g h t l y  dur ing the 

ea r l y  por t ion o f  Run Segment 5, as 
shown i n  Fig. 6-3 by the curve labeled 
" t o t a l  flow." This temporary increase 
i s  due t o  t ransport  o f  deeper, hot ter,  

water t o  the production wel l  as well  as 
t o  some in te rac t i on  o f  the fractures. 

For s i m p l i c i t y  the e f f e c t  was neglected 
i n  the independent-fractures model as 

it i s  f a i r l y  small, less than 2OC. As 
shown i n  Fig. 6-10, the data are fit 
very wel l  by a model w i th  a combined 

area of 50 000 m , some 5000 m greater 
than the area t e n t a t i v e l y  estimated 
from the very small drawdown during Run 
Segment 4. 

2 2 

2 f racture had an e f f e c t i v e  area o f  a t  l e a s t  30 000 m . 
i n  s ign i f i can t  deplet ion o f  the new fracture.  The area determined i n  Run Seg- 
ment 4 f o r  the o l d  f rac tu re  was a t  l e a s t  twice t h a t  determined i n  Run Segment 
2. This trend o f  increasing area, as observed i n  both Run Segments 3 and 4, 
i s  now a t t r i b u t e d  t o  thermal stress cracking effects 16y21 because, dur ing Run 
Segment 4, the operating pressure condi t ions were s i m i l a r  t o  those o f  Run Seg- 

e f f e c t i v e  heat- t ransfer area o f  both frac- 

We say "at  l eas t "  
because the heat-extraction per iod was only 23 days, f a r  too short  t o  r e s u l t  u 

t r ans fe r  cannot be due t o  pressure alone. 

5, dur ing which the thermal drawdown, t h a t  

the mean reservoi r-out1 e t  temperature , 
at ta ined 8OC. This drawdown and the model predict ions for  several values Of 

the combined areas are shown i n  Fig. 6-10. The data ranges shown should not 
be in terpreted as e r r o r  bars. Instead, the ranges merely r e f l e c t  the d i f f e r -  

ences t h a t  occur i f  the thermal decl ine i s  measured w i th  respect t o  the i n i -  
t i a l  mean reservoi r-out1 e t  temperature o r  , instead , wi th  respect t o  the 
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6.4. Comparison o f  t he  Models 

The r e s u l t s  o f  t h e  independent-fractures model are compared with the 
best estimates o f  the m u l t i p l e  in teract ing- f ractures model (model A) i n  Table 

6-11 below. For the mu l t i p le - f rac tu re  model, it was concluded t h a t  the o l d  
reservo i r  o r i g i n a l l y  consisted o f  three fractures;  and because o f  pressur i -  
zat ion and thermal stress ef fects ,  the net area grew from 8000 m t o  30 000 

m2, s t i l l  maintaining three fractures. I n  contrast, the independent-fractures 

model concludes t h a t  the growth o f  t h i s  o r i g i n a l  f rac tu re  was caused p r i m a r i l y  

by thermal stress cracking and t h a t  the l a t e s t  area i s  15 000 m2, not  30 000 
Furthermore, f o r  s imp l i c i t y ,  the independent-fractures model assumes t h a t  

t he  o l d  f rac tu re  can s t i l l  be represented as a s ing le f rac tu re  rather  than 
three fractures. The mu l t i p le - f rac tu re  model assumes t h a t  the reservo i r  
enlargement caused by hydraul ic f r a c t u r i n g  i n  1979 resul ted i n  two addi t ional  

2 fractures, each with an area o f  7500 m . 
frac tu re  model assumes t h a t  the enlargement resul ted i n  a s ing le addi t ional  
f racture w i th  an area o f  35 000 m . 

u 

2 

2 
. m . 

I n  contrast, the independent- 

2 

If at ten t i on  i s  focused on the combined areas, we see very good agree- 
2 ment, 45 000 m for  the mul t ip le- f racture model and 50 000 m2 f o r  the 

independent-fractures model. However, t h i s  agreement does not trans1 ate t o  
equal ly good agreement o f  heat-extract ion character ist ics.  I f  heat ex t rac t i on  

TABLE 6-11 

COMPARISON OF HEAT-TRANSFER MODEL RESULTS 

Mult ip le-Fractures Model Independent-Fractures 
(Model A) Model 

01 d Reservoir Three fractures,  sum o f  One fracture,  
(Run Segments 
2 and 3 )  

Addit ional  Reser- Two new fractures, each One new fracture,  
v o i r  due t o  area = 7500 m', sum = 
en1 argement 15 000 m 
(Run Segments 4 
and 5) 

areas = 30 000 m 2  area = 15 000 m2 

area = 35 000 m2 

Tota l  f rac tu re  area 45 000 m t  50 000 m z  
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had been prolonged f o r  several more months during Run Segment 5, the mul t ip le-  
f rac tu re  model w i th  constant f rac tu re  area would have predicted a more rap id  

r a t e  of drawdown because o f  the continuously increasing overlapping o f  thermal 
deplet ion regions.* This overlapping and in te rac t i on  e f f e c t  i s  missing i n  the 

independent-fractures model so the predicted r a t e  o f  drawdown would have been 
somewhat slower. Even w i th  t h i s  caveat, however, the agreement o f  the two 
models i s  qu i te  good when one considers the great d i s p a r i t y  o f  geometrical 

assumptions inherent i n  each model. Both models use two-dimensional simula- 
t o r s  i n  which heat i s  transported by conduction w i th in  the rock t o  the f rac- 

tures, but the s i m i l a r i t y  ends there. The mu l t i p le - f rac tu re  model assumes 
t h a t  the f ractures are rectangles and t h a t  f low i s  d i s t r i b u t e d  uni formly along 

the bottom o f  each f rac tu re  and uniformly withdrawn from the top o f  each frac- 
ture. 
cal  l ines.  Consequently f l u i d  dynamic considerations do not enter i n t o  the 

heat-extraction process -- the sweep e f f i c i e n c y  i s  i m p l i c i t l y  assumed t o  be 
100%. However, a r igorous two-dimensional heat-conduction so lu t i on  i s  incor-  
porated for the rock between the fractures, and t h i s  permits v a l i d  considera- 
t i o n  o f  thermal i n te rac t i on  ef fects .  I n  contrast, the independent-fractures 
model assumes t h a t  the f ractures are c i r c u l a r  (but other assumptions are per- 

missible) and allows proper l oca l  pos i t i on ing  o f  the i n l e t  and out le ts ,  t h a t  
i s ,  the p o i n t - l i k e  i n te rsec t i on  o f  the i n j e c t i o n  well  w i th  the f rac tu re  can be 
modeled, as can the i n te rsec t i on  o f  the main hydraul ic f ractures and the s lant -  
i n g  j o i n t s  t h a t  provide the m u l t i p l e  out le ts .  
e a r l i e r ,  whereas the f l u i d  dynamic e f f e c t s  o f  the j o i n t s / o u t l e t s  can be f a i t h -  
f u l l y  modeled, the heat-transfer e f f e c t  o f  the j o i n t s  cannot -- the area of 
the j o i n t s  must be lumped w i th  the main fractures.) 

f a i t h f u l  representation o f  i n l e t  and out le ts ,  and the f a c t  t h a t  a complete 
two-dimensional so lu t ion t o  the Navier-Stokes f l u i d  dynamic equations i s  
incorporated, the independent-fractures model resu l t s  i n  a more real  i s t i c  
assessment o f  the e f f e c t  o f  f l u i d  dynamics and sweep e f f i c i e n c i e s  upon heat 
extract ion.  The penalty, however, i s  t h a t  i n  the present two-dimensional 

The f low i s  thus one-dimensional and the streamlines are s t r a i g h t  v e r t i -  

(However, as was cautioned 

I n  view o f  t h i s  more 

~~~ ~ 

* 
There i s  evidence, however, t h a t  the f ractures are growing during thermal 

depletion, and accounting for t h i s  f a c t  would a l t e r  the rap id  drawdown of the 
mu l t i p le - f rac tu re  model . 
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version of the code, thermal i n te rac t i on  cannot be accurately and r e a l i s t i -  

ca l  l y  represented. 

t ions,  each using d i f f e r e n t  sets o f  assumptions. Although both models are now 
on ly  two-dimensional , both model s pred ic t  reasonably we1 1 the overa l l  drawdown 
o f  the present reservoir.  
more complicated and expensive three-dimensional models, but it appears t h a t  

t h i s  development may be required f o r  f u tu re  reservoirs. 

I n  summary, the heat-extraction modeling was approached from two direc- 

This agreement gives pause t o  the development of 

6.5. Comparison o f  Reservoir Geometry Determined by Heat Transfer-Model i n g  
w i t h  Geometry Determined by Microseismici ty 
As mentioned previously, near the end o f  Run Segment 5 a separate experi- 

ment, the SUE was conducted." The object ive was t o  achieve p a r t i a l  relaxa- 

t i o n  of the thermal stresses and s t ra ins  induced by the 15 m i l l i o n  k i l o w a t t  
hours o f  heat produced i n  Run Segment 5 p r i o r  t o  SUE. The means o f  achieving 
the p a r t i a l  release was t o  i n j e c t  water a t  h igh f low rates, about 0.04 m /S 
(700 gpm) i n t o  both wel ls u n t i l  the reservo i r  pressure exceeded the ear th  con- 
f i n i n g  -stress t h a t  opposes opening of the fractures. This was accomplished i n  
8 h o f  pumping. 

was hoped t h a t  d i f f u s i o n a l  spreading of the i n jec ted  water would be minimized, 
so t h a t  acoustic s ignals would r e s u l t  from thermal stress re laxat ion and red is-  

t r i b u t i o n ,  not from addi t ional  rock f a i l u r e  induced by conventional hydraul ic 
f ractur ing.  
thermal ly a f fected region o f  the reservo i r  would be seismical ly act ivated, and 
one would then have an independent method o f  de f i n ing  t h a t  region o f  the reser- 
v o i r  e f f e c t i v e  i n  heat production. There w j l l  be more discussion on t h i s  
po int  bel  ow. 

r e s u l t s  o f  SUE because these bear d i r e c t l y  upon heat extract ion.  Section 9 of 

t h i s  repor t  discusses more general ly the seismic monitoring conducted during 
a l l  o f  Run Segment 5. Seismic s ignals were detected w i t h  two downhole geo- 

phone packages. Each package consisted o f  12 geophones, 4 each i n  three ortho- 
gonal d i rect ions.  One package was located a t  a t r u e  v e r t i c a l  depth o f  2.70 km 

(8850 f t)  i n  GT-2B, the production wel l ,  whereas the other was located a t  2.92 
km (9570 ft) i n  EE-2. Well EE-2 was recent ly  d r i l l e d  f o r  the f u t u r e  Phase I 1  
reservo i r  and served merely as a monitoring well  dur ing t h i s  experiment. 
Because of t h e i r  downhole locations, both packages were wel l  w i t h i n  a 

3 

By completing the pressur izat ion i n  Such a rap id  manner, i t  

By t h i s  means, only the thermal ly stressed, and consequently, 

I n  the remainder o f  t h i s  subsection, we discuss only the microseismic 
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ki lometer o f  a l l  the detected events. As a consequence o f  t h i s  proximity and 

w i th  loca l  magnitudes as low as -6 could be detected. 

discuss the complex r e l a t i o n  between microseismicity, pressurization, and ther-  

mal stresses. It i s  bel ieved t h a t  most of the thermal cont ract ion s t r a i n  dur- 

i n g  Run Segment 5 was "locked in'' by f r i c t i o n a l  forces on the f rac tu re  faces 
(downhole operating pressures were wel l  below the conf in ing ear th  stress on 
average). This b e l i e f  i s  supported by observations from t race r  studies, re- 

ported i n  Sec. 8.1, t h a t  the measured volume increase o f  the reservo i r  was 
only  10% of t h a t  expected on the basis o f  f ree thermal contraction. Conse- 
quently, these f r i c t i o n a l  forces had t o  be re l ieved by pressur izat ion i n  
excess o f  the l oca l  earth conf in ing stress t o  "unlock" the thermal contrac- 
t ion.  Unfortunately, such pressur izat ion r e s u l t s  i n  microseismici ty on i t s  

own account, as has been shown dur ing many past experiments as discussed 
below. 
by pressur izat ion alone from t h a t  caused by thermal stresses abetted by pres- 
sur izat ion? A t  the present t ime there appears t o  be no c lea r  cu t  answer; 
c e r t a i n l y  there does not seem t o  be any d is t inguish ing cha rac te r i s t i cs  i n  the 
microseismic s ignals themselves. However, a p a r t i a l  and q u a l i t a t i v e  p i c t u r e  
can be assembled by examining maps o f  the microseismic event locat ions from 

past experiments and comparing these w i th  the SUE locations. A summary of 
t h i s  information i s  provided i n  Table 6-111. For each recent experiment i n  
which microseismici ty was measured, we have tabulated the t o t a l  i n j e c t i o n  
volume and i n j e c t i o n  rate, the mgximum wellhead pressures, and the diameter o f  

microseismic a c t i v i t y .  This diameter i s  not meant t o  imply t h a t  the micro- 

seismic events def ine c i r c u l a r  fractures, but  i s  merely the length o f  the 
chord t h a t  passes through the bulk o f  the locat ions i n  a given experiment. 
reviewing the operating condit ions o f  Table 6-111, it can be seen that ,  a l -  

though there are small var ia t ions o f  i n j e c t i o n  f low r a t e  and pressures of t he  
order of *50% about the mean, the major di f ference occurs w i th  i n j e c t i o n  
volume. These i n j e c t i o n  volumes vary by near ly a fac to r  o f  10, from 600 m t o  

3 5000 m , so as a f i r s t  approximation, one would seek a co r re la t i on  between the 
microseismic a c t i v i t y  diameter and the i n j e c t i o n  volume. For the f i r s t  three 
experiments, i n  which heat ext ract ion and thermal contract ion were i n s i g n i f i -  

the excel lent  detect ion cha rac te r i s t i cs  o f  the geophones, microearthquakes L1 

Before presenting the SUE microseismic resul ts ,  we must f i r s t  b r i e f l y  

The question then i s ,  How can one d i s t i ngu ish  microseismici ty caused 

I n  

3 

cant (Expts. 203 and 195 l as ted  1 day; microseismici ty dur ing Run Segment 4 b 
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Experi - 

203 10/14/79 

ment Date 

195 3/21/79 

Run 
Seg. 4 10/30/79 

SUE 12/8/80 

TABLE 6-111 

SUMMARY OF MICROSEISMIC EXPERIMENTS 

I n j e c t i o n  Max.. Injec, Max. I n j .  & Prod. 

0 (m8/s) (MPa) 
We1 1 Pressures Vol ume Rate 

603 0.032 19.5/5.5 

755 0.051 10.7/10.3 

5 000 0.025 17.0/10.0 

1 000 0 . 040 15.5/13.0 

Diameter o f  
Microseismic 
A c t i v i t y  (m) 

580 

650 

920 

250 

was measured only 7 days from the s t a r t  o f  heat extract ion),  it can be noted 

t h a t  the microseismic diameter indeed corre la tes w i th  i n j e c t i o n  volume. Admit- 
t e d l y  the va r ia t i on  i s  not a strong one - the diameter ranges only from about 
600 m t o  900 m despite a near ly 10-fold increase o f  i n j e c t i o n  volume. How- 
ever, the SUE microseismicity, fo l lowing 280 days o f  heat ext ract ion during 

Run Segment 5, i s  s i g n i f i c a n t l y  d i f ferent ,  The microseismic diameter i s  only 
250 m, less than h a l f  the diameter measured during Expts. 203 and 195, despite 

the f a c t  t h a t  the SUE i n j e c t i o n  volume was ac tua l l y  l a rge r  than e i t h e r  Expt. 
203 o r  195. No doubt water was in jec ted  dur ing SUE j u s t  as f a r  away from the 

i n j e c t i o n  wel l  as i t  was dur ing Expts. 203 and 195, but the microseismic 
a c t i v i t y  i n  the regions unaffected by thermal drawdown was dimminished by the 
repeated i n j e c t i o n s  p r i o r  t o  and inc lud ing SUE. I n  other words, these regions 

were becoming aseismic t o  pressure .disturbance. The SUE microseismici ty i s  
thus thought t o  be predominantly due t o  the released thermal stresses, and on 
t h i s  basis it may t e n t a t i v e l y  be concluded t h a t  the microseismic a c t i v i t y  

dur ing SUE focussed on thermal ef fects.  
b i l i t y  t h a t  some events due p r i m a r i l y  t o  pressure are s t i l l  included i n  the 

population. 
in fer red geometries suggests t h a t  remaining pressure e f f e c t s  do d i s t o r t  the 

microseismic geometry somewhat. This d i  s t o r t i o n  i s  unavoidable, even for 
reservo i rs  i n  near ly  impervious rock. Because of the presence o f  natural  

j o i n t s ,  both f i l l e d  and unf i l led,  and the f i n i t e ,  a l b e i t  low, permeabi l i ty  of 

the rock fabr ic,  there w i l l  always be water losses t o  the rock surrounding the 

However, we cannot exclude the possi- 

Indeed, as w i l l  be seen, the comparison with heat t ransfer-  

bd 
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f r ac tu re  system. Consequently, pressur izat ion and microseismici ty can occur 
not only i n  regions o f  the f rac tu re  not usual ly  avai lab le f o r  heat t rans fe r  i n  
the continuous c i r c u l a t i o n  flow-through mode, but many o f  the events a lso stem 
from locat ions large distances away from, and orthogonal to, the fractures. 
Some ind i ca t i on  of the extent of t h i s  l a t e r a l  water d i f f u s i o n  can be noted 
t h a t  the modal volume (Ref. 10) o f  the f rac tu re  j u s t  p r i o r  t o  SUE was 185 m . 
This represents the self-propped volume, t h a t  i s ,  the volume a t  operating pres- 
sures below t h a t  required t o  open the f rac tu re  against the l oca l  ear th  stress. 

A f te r  i n f l a t i o n  the f rac tu re  would be expected t o  have a volume several times 
larger,  say 400 t o  800 m ; nevertheless, t h i s  i n f l a t e d  volume i s  s t i l l  less 

than some o f  the i n j e c t i o n  volumes of Table 6-111, i n d i c a t i n g  t h a t  some water 
does indeed dif fuse away from the fractures. 

Figures 6-11 and 6-12 compare the locat ions o f  the microseismic events 
of SUE wi th  the heat t rans fe r  geometries discussed ea r l i e r .  Figure 6-11 i s  a 
plan view, t h a t  i s ,  the reader i s  looking v e r t i c a l l y  down; whereas Fig. 6-12 
i s  an elevat ion view i n  which the reader i s  looking hor izonta l ly ,  I n  approxi- 

mately an east-west d i rect ion,  perpendicular t o  the planes indicated i n  Fig. 
6-11. I n  Fig. 6-11, the plan view, the three upper fractures o f  the m u l t i p l e  
f rac tu re  model and the two fractures o f  the independent f rac tu re  models are 
shown as l ines.  From Figs. 6-11 and 6-12 i t  can be seen t h a t  from one f rac-  

t u r e  extremity t o  the other the seismic a c t i v i t y  takes place w i t h i n  a Separa- 
t i o n  distance o f  about 250 m. As discussed above, t h i s  i s  i n  sharp contrast  
t o  the microseismic resu l t s  of Run Segment 4 (Ref. 8 ) ,  i n  which the microseis- 

mic diameter was over 900 m. 7 

3 

3 

Referring now t o  the elevat ion view, Fig. 6-12, it i s  seen t h a t  i f  a 

c i r c l e  i s  drawn around a l l  the microseismic events, t h i s  c i r c l e  has a radius 

of about 140 m and an area o f  about 60,000 m . I n  comparison the largest  o f  
the p a r a l l e l  c i r c u l a r  f ractures o f  the independent f ractures model has an area 

of 35,000 m2 per Table 6-111. The m u l t i p l e  f ractures model consisted o f  f i v e  
fractures, three i n  the upper reservo i r  and two below. I n  the e levat ion view 
of Fig. 6-12 one would see one o f  each, and because the upper and lower f rac-  
tures are connected i n  t h i s  model, one would see one long rectangle about 50 m 
wide and 300 m long i n  the v e r t i c a l  d i rect ion,  a t o t a l  area o f  about 15 000 

2 m . 
than the appropriate heat t ransfer  area, by a fac to r  o f  2 f o r  the independent 

fractures model and by a fac to r  o f  4 f o r  the m u l t i p l e  f rac tu re  model. As 

2 

I n  summary the microseismic area from SUE i s  s t i l l  considerably greater 
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Fig. 6-11. 
Plan view comparing microseismic event locations with heat-transfer model geome- 
tries. 

Fig, 6-12. 
Elevation view (looking approximately from east to  west) comparing microseismic 
event locations with heat-transfer model geometries. 

W 
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kxplanation f o r  these discrepancies, we suggest the strong poss ib i l  i t y  t h a t  

the SUE microseismic events were not completely confined t o  the thermal ly 

affected region , as discussed ea r l i e r .  
discrepancies, the rough q u a l i t a t i v e  agreement o f  the microseismic and heat 

t ransfer model geometries i s  encouraging when the sharp di f ferences i n  ap- 
proach o f  the two methods are considered. 

Nevertheless, despite these numerical 
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7. GEOCHEMISTRY 

t y p i c a l l y  every day, from the GT-2B wellhead, the EE-1 wellhead, and a t  the 
make-up pump, which provided the water from reserve p i t s  t o  replace the down- 
hole water loss. 
quent in terva ls .  The gas samples included both noncondensible gas samples and 
samples f o r  radon analysis. 

(oxidation-reduction potent ia l  ), conduct iv i ty,  Si02, Na , K', L i  , Ca", Mg", 
Sr", Mn", Fe +2 and +3 

(TSS). Dissolved noncondensible gas samples were analyzed f o r  H2, N2, 02, 

C02, and H2S. 
and gas samples are provided i n  Appendix B. 
7.1. Var ia t ion i n  Concentrations w i t h  Time 

Typical r e s u l t s  o f  the f l u i d  analyses from the GT-2B wellhead are pre- 
sented i n  Table 7-1. The r e s u l t s  
from these tables are p l o t t e d  vs t ime f o r  several major elements i n  Figs. 7-1 
through 7-7. As was observed i n  the closed-loop por t ion o f  the Run Segment 4 
t e s t  ,8 steady-state l e v e l s  of species concentrations were establ ished rapidly.  

During Run Segment 5, however, a gradual decl ine i n  dissolved species concen- 
t r a t i o n  s tar ted a t  about day 100. 

through 7-5 a t  days 102-110 and 230-234. 

response o f  the reservo i r  t o  a step change i n  i n l e t  f l u i d  composition. This 
change was produced when the operational mode was switched from closed-loop 
w i th  about 7 t o  10% make-up t o  f u l l y  open-loop. This type o f  perturbat ion 
experiment i s  termed "fresh-water f l ush "  (FWF). Descript ions o f  the FWF epi -  
sodes are presented l a t e r  i n  t h i s  section. 

Noncondensible gas and radon analyses are shown i n  Figs. 7-6 and 7-7. 

The predominant noncondensible gases a e COP, N2, and 02. Minor concentra- 

t i o n s  o f  H2 and H2S were also observed As i n  Run Segment 4, C02 i s  h igh l y  

enriched whi le O2 i s  depleted r e l a t i v e  t o  Ne. However, the much higher C02 
f r a c t i o n  i n  Run Segment 5 (~178%) than i n  Run Segment 4 (~155%) was due t o  d i l u -  

t i o n  effects i n  Run Segment 4. The radon analyses (Fig. 7-7) showed a gradual 
increase t o  a steady-state value o f  9 t o  10% nCi/a. 

Samples o f  the geothermal f l u i d  were co l lected a t  regular in terva ls ,  

Samples o f  the dissolved gases were co l lected a t  less fre- 

F l u i d  samples were analyzed f o r  pH, Eh 
+ + 

- - , B, SO4 , Cl', HCO;, F', and t o t a l  suspended so l i ds  

Deta i ls  o f  the sampling and analy t ica l  procedures f o r  the f l u i d  

Gas and radon analyses are i n  Table 7-11. 

There are several very sharp perturbat ions on the graphs i n  Fig;. 7-1 
These periods show the chemical 
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TABLE 7-1 

SELECTED ANALYSES OF PRODUCED AND MAKE-UP FLUID FROM RUN SEGMENT 5 
(Analyses a r e  reported i n  ppm unless otherwise noted.) 

Sam1 e 
NO.- .Date a 

Produced Fluid 

6-2 3/10/80 15:OO 6.57 
6-3 3/11/80 00:30 5.95 
6-4 3/11/80 07:OO 6.05 
6-8 3/14/80 1O:OO 6.33 

6-15 3/21/80 10:30 7.33 
6-22 3/28/80 10:30 6.78 
6-29 4/4/80 10:30 7.31 
6-36 4/11/80 14:00 6.15 

6-50 4/25/80 1O:W 6.13 

6-76 5/30/80 10:30 6.14 
6-94 6/20/80 1O:OO 6.28 

6-63 5/9/80 06:OO 6.27 

6-104 7/11/80 1O:W 6.37 
6-114 7/25/80 11:lO 6.37 
6-175 10/31/80 10:45 6.26 
6-183 11/21/80 11:45 6.26 

Makeup Flutd 

H4 3/11/80 07:00 7.67 
H36 4/11/80 13:15 7.65 
U63 5/9/60 05:45 7.87 
H94 6/20/80 09:15 7.44 
H114 7/25/80 09:55 7.38 
H175 10/31/80 11:20 6.72 
Hl83 11/21/80 11:OO 6.79 

Eh 
mv - 
284 
336 
333 
305 

83 3.0 1490 110 1750 341 538 267 
61 2.3 1110 90 1220 290 513 245 
42 1.6 855 75 921 248 493 232 
26 0.8 750 53 583 227 400 214 

249 
290 
253 
56 

34 
288 
61 
17 

-1 5 
4 
66 - 39 

28 0.6 554 48 528 260 471 214 
24 0.5 485 46 422 241 455 209 
25 0.5 470 47 387 222 483 211 
27 0.6 490 48 381 245 477 226 

24 0.5 485 47 412 258 454 227 
25 0.5 475 48 420 256 448 233 
28 0.6 535 48 485 286 450 233 
25 0.6 490 46 380 229 490 228 

21 0.5 402 39 314 190 471 211 
19 0.5 398 39 351 205 467 225 
19 0.5 360 35 305 180 346 204 
20 0.5 405 38 302 208 434 199 

F -.-- Fe 11 Hn 

nd nd nd 8.7 
5.55 17.0 0.17 10.6 
5.83 14.0 0.15 15.3 
1.00 9.5 0.09 16.5 

0.64 8.8 0.09 11.2 
0.38 7.8 0.07 14.1 
0.42 7.6 0.07 14.4 
0.44 7.9 0.08 15.8 

0.30 7.8 0.07 14.6 
0.30 7.8 0.07 13.3 
0.39 .8.6 0.06 17.0 
0.23 7.8 0.06 13.0 

0.20 6.8 0.04 12.6 
0.21 7.1 0.04 13.0 
0.38 6.0 0.04 17.2 
0.36 6.3 0.04 20.3 

Conduct1 V I  ty 
8 umholm 

42.3 7500 
33.1 5600 
25.0 4500 
14.5 3100 

13.5 2900 
12.0 2500 
10.9 2400 
11.4 2500 

11.2 2500 
11.2 2500 
13.4 2900 
11.8 2400 

9.8 2300 
10.9 2300 
8.7 2000 
0.2 2000 

271 
132 
265 
201 
124 
220 
43 

23 3.0 13 3 9 8 79 62 
38 4.4 13 5 15 8 166 69 
37 3.7 12 6 15 7 166 72 
6 2.7 5 1 0 4 50 35 
7 3.2 4 1 2 2 53 43 
17 2.0 125 8 130 82 259 108 
14 1.7 300 27 228 134 388 144 

0.22 0.0 0.02 0.7 0.0 205 

0.03 0.0 0.00 0.1 0.0 280 
0.10 0.0 0.01 0.1 0.0 76 
0.04 0.0 0.01 0.1 0.0 90 
2.88 2.32 0.11 8.0 3.4 1030 
5.73 4.34 0.16 14.0 6.7 1650 

0.04 0.0 0.00 0.0 0.0 290 
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TABLE 7-11 

ANALY~LS OF NONCONDENSIBLE GAa AND RADON SAMPLE W 
(Compositions are reported as % or ppm i n  the noncondensible gas phase) 

Sample 
No. 

64 

68 

615 

622 

629 

635 

650 

662 

676 

693 

6104 

6114 

6187 

6187 

Date 

3/11/80 

3 /14/80 

3/21/80 

3/20/80 

4 /4 /80 

4 /10 /80 

4 /25 180 

5/8/80 

5/30/80 

6 /19 /80 

7/11/80 

7 /25/80 

12 /4 /80 

12/4/80 

Time 

10 : 00 

10:30 

11 : 30 

13:OO 

14:30 

10:30 

13:15 

20 : 00 

11:30 

11:30 

04:oo 

12: 55 

11 :oo 
11:oo 

- COZ 
(XI 

80.9 

71.4 

78.0 

77.2 

78.4 

73.5 

74.4 

75.6 

78.6 

78.4 

73.1 

76.0 

nd 

nd 

- 0 2  N, 
( X I  ( X I  

15.7 2.6 

2.3 25.9 

0.7 20.8 

0.9 21.9 

0.7 20.9 

1.5 24.8 

1.3 24.2 

1.2 21.3 

0.8 20.6 

0.8 20.8 

1.7 25.2 

0.3 23.7 

nd nd 

nd nd 

- -  

a indicates below detection l i m i t .  b-- nd indicates not determined. 

H2S 
( ppm) 

145 

350 

265 

360 

660 

660 

350 

nd 

850 

820 

725 

1050 

nd 

nd 

Rn 
( nCi/t I 

4.7 

3.6 

7.2 

ndb 

9.5 

9.6 

8.0 

8.8 

9.3 

9.8 

10.1 

10.2 

8.4 , 

9.2 
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Fig. 7-1. Fig.  7-2. 
Variat ion o f  s i l i c a  concentration wi th  
time. time. 

Var ia t ion o f  sodium concentration wi th  

Fig.  7-3. Fig.  7-4. 
Var ia t ion of potassium concentration 
wi th  tl'me. time. 

Var iat ion o f  chlor ide concentration wi th  
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Fig. 7-5. Fig.  7-7. 
Var ia t ion o f  boron concentration wi th  
time. 

Var ia t ion o f  radon a c t i v i t y  wi th  time. 

Ffg. 7-6. 
Var ia t ion o f  noncondensi b l e  gas f r a c t i o n  wi th  time. 
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7.2. Geochemical Behavior o f  the Reservoir 

Arguments based on the constant r a t i o s  among soluble ions f o r  the pre- 
.vious (Run Segment 4) t e s t  were used t o  i n f e r  the presence o f  an indigenous 

f l u i d  w i th in  the connected pores and microfractures i n  the granodior i te  rese 

v o i r  rock. This f l u i d ,  ca l l ed  pore f l u i d ,  has been i n  in t imate contact w i th  
the reservo i r  rock for a very long time; hence, the r a t i o s  among cat ions such 
as Nay K, Ca are f i xed  by equi l ibr ium w i t h  reservo i r  minerals even though the 
absolute concentrations of these species f a r  exceed the s o l u b i l i t i e s  o f  the 

reservo i r  minerals. This pore f l u i d  i s  slowly displaced by f resh water, and 

under condit ions o f  long-term rec i r cu la t i on ,  the pore f l u i d  would eventual ly 
be replaced by f resh water. 

and B are constant i s  shown i n  Fig. 7-8 where the nondimensional concentra- 
t i o n s  for  these species are p lo t ted  vs time. The nondimensional concentra- 

t i o n  <C> i s  defined as 

The degree t o  which the r a t i o s  among the dissolved species Na', K', C1-, 

c" - C ( t )  <c> E Y 

c" - cm 

02 

K - 
a - 
B --- 

Fig. 7-8. 
Comparison o f  nondimensional concentrations f o r  several reservo i r  species. 
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where C" i s  the pore f l u i d  concentration, C, i s  the make-up concentration, and 
C ( t )  i s  the produced f l u i d  concentration o f  a given species a t  t ime t. As was 

observed f o r  these species i n  Run Segment 4 ,  the r a t i o s  are constant over long 

periods o f  time, and the po re - f l u id  concentrations C" used i n  t h i s  normali- 
zat ion are very close t o  those used i n  Run Segment 4.* Table 7-111 gives the 
C" and C, values used for normalizing these species i n  both the Run Segment 4 
and the Run Segment 5 tests.  

The flow r a t e  a t  which the pore f l u i d  enters the c i r c u l a t i n g  system can 
be calculated by considering the increase i n  concentration o f  the c i r c u l a t i n g  

f l u i d  as it passes through the downhole system. The reservo i r  can be t reated 
as consis t ing o f  two p a r a l l e l  f low paths: 
f low path t h a t  includes a l l  o f  the heat-extraction surfaces discussed thus 
far,  whi le path 2 i s  a very low f low-rate path consis t ing o f  the connected 
microfractures and pores i n  the rock surrounding the heat-extract ion por t ion 

o f  the reservoir.  
i s  approximately 12 h. Therefore, on the scale o f  tens o f  days, the f l u i d  
o r i g i n a l l y  i n  t h i s  f low path i s  completely replaced w i th  the i n jec ted  f l u i d  
t h a t  has a cha rac te r i s t i c  composition o f  CEE - Path 2, on the 
other hand, has a very long mean residence time, so the f l u i d  displaced from 
t h i s  path i s ,  f o r  long times, pore f l u i d  t h a t  has a composition denoted by C". 

This model i s  shown schematically i n  Fig. 7-9. I f  we presume t h a t  the con- 
centrat ion o f  the pore f l u i d  i s  constant, a mixing re la t i onsh ip  between the 

path 1 i s  the f rac tu re  dominated 

Path 1 has a short residence time; the mean residence t ime 

(Cinjected)'  

TABLE 7-111 

VALUES OF C" AND C USED I N  CALCULATING THE DIMENSIONLESS 
CONCENTR'ATION FOR RUN SEGMENTS 4 AND 5 

(Concent ra t i ons  are i n  ppm. ) 

Run Segment 4 Run Segment 5 

C -m- C" - C 

Na 1600 130 1675 12 

K 95 35 150 5 

CI 1600 30 1390 10 

B 47 0 43 0 

--m- C" - 
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f l u i d  enter ing the  GT-2B we1 
path 1 and path 2 i s  

bore from 

where il and & are the f low f rac t ions  

i n  path 1 and path 2. Because q1 + q2 

= 1, we can eas i l y  solve f o r  q2. A 
p l o t  of q2 vs time ca lcu lated i n  t h i s  
manner from chlor ide,  boron, and sodium 

data i s  shown i n  Fig. 7-10. The po in ts  
shown are the mean values and the bars 
show the maximum and minimum values. 
For most o f  the points, the range i s  
small, and except f o r  the i n i t i a l  t ran-  

a a 

a 

a 

Fig. 7-9. 
The two-path reservo i r  used f o r  modeling 
the  chemical behavior o f  the reservo i r .  

s ient ,  the mean value f o r  :2 i s  ~12 t o  5% of the  f low ra te  a t  the GT-2B wel l -  
head. 

stant, the small va r ia t i on  i n  q2 i n  the l a s t  240 days o f  the  experiment i n d i -  
cates t h a t  no breakthrough o f  f resh water has occurred i n  the secondary flow 

path. The s l i g h t  dec l ine observed i n  chlor ide,  sodium, potassium, boron, and 
other species concentrations a f t e r  the 100th day o f  the experiment corre la tes 
w i th  dec l ine i n  the in jec ted  f l u i d  concentrations as a r e s u l t  o f  increased 

d i l u t i o n  of the produced f l u i d  w i th  make-up water p r i o r  t o  re in jec t ion .  If 
the residence t ime o f  the secondary flow path i s  greater than 280 days a t  ~ 1 5  

gpm, the t o t a l  volume o f  t h i s  path i s  i n  excess o f  6800 m (1.8 x 10 gal). 

I f  the volume o f  the secondary f low path i s  contained i n  microfractures,  it i s  
apparent t ha t  a very la rge  f rac tu re  system i s  connected hyd rau l i ca l l y  t o  the 
main f low path through a la rge  impedance. 
7.3. Geothermometry 

tures have been calculated f o r  the f l u i d  produced dur ing Run Segment 5. A 
graph o f  these temperatures as wel l  as the downhole measured temperatures i s  
shown i n  Fig. 7-11. There i s  measurable decl ine i n  downhole temperature i n  
the Run Segment 5 tes t .  This temperature decl ine i s  observed i n  the  quartz 

Because t h i s  analysis presumes tha t  the pore- f lu id  concentration +s con- 
a 

3 6 

The quartz geothermometer" and the Na-K-Ca geothermometerZ3. tempera- 

l(pd 
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Fig. 7-10. 
Calculated pore flow from two-path model. 

, 1 t I 
60 loo 160 200 iL0 300 

WME (daw) 

Fig. 7-11. 
Comparison o f  calculated geothermometer temperatures and measured downhol e temper- 
atures. 
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geothermometer; however, no s im i la r  decl ine i s  seen i n  the Na-K-Ca geother- 
mometer. I n  addit ion, the Na-K-Ca geothermometer i s  a f fected s i g n i f i c a n t l y  

less during the open-loop port ions o f  Run Segment 5 (FWF) than i s  the quartz 
geothermometer. This i n s e n s i t i v i t y  o f  the Na-K-Ca geothermometer t o  reservo i r  

temperature decl ine and t o  changes i n  i n l e t - f l u i d  composition dur ing a t e s t  i s  
due t o  the constant Na/K r a t i o  i n  the pore f l u i d ,  which i s  displaced from the 
secondary f low path. This Na/K r a t i o  i n  the pore f l u i d  i s  f i x e d  by e q u i l i -  

brium w i th  the feldspars a t  the i n i t i a l  rock temperature ( 4 9 5  t o  198OC), and 
d i l u t i o n  o f  the pore f l u i d  w i th  f resh water (containing very low Na and K con- 

centrat ions) does not a f f e c t  the Na/K r a t i o  i n  the produced f l u i d .  Because 
re-equil  i b r a t i o n  o f  t h i s  geothermometer i s  extremely slow (see, f o r  example, 

Ref . 24) ,  the Na-K-Ca geothermometer r e f l e c t s  the i n i t i a l  rock temperature 
rather than changes i n  the reservo i r  temperature as a r e s u l t  o f  heat extrac- 
t ion.  

The quartz geothermometer, on the other hand, i s  a f fected by changes i n  
temperature i n  the main f low path as well  as changes i n  the i n l e t - f l u i d  compo- 

s i t i o n .  This i s  p a r t i c u l a r l y  t r u e  when a sudden change i n  i n l e t - f l u i d  compo- 
s i t i o n  exceeded the a b i l i t y  o f  the main f low path t o  dissolve quartz and thus 
ra i se  the s i l i c a  concentration i n  the produced f l u i d .  Re-establishing the 
closed-loop mode resul ted i n  a rap id r i s e  i n  the s i l i c a  concentrat ion back t o  
the pre-open-loop levels. 

The constant d i  

t h a t  predicted by the 
small amounts o f  pore 

temperature. It i s  1 
i n  the produced f l u i d  

ference between the temperature measured downhole and 

quartz geothermometer i s  l a r g e l y  due t o  the addi t ion o f  
f l u i d  t h a t  are saturated w i th  quartz a t  the i n i t i a l  rock 

kely, however, t h a t  a t  l eas t  some f r a c t i o n  o f  the s i l i c a  
i s  derived from quartz d i sso lu t i on  i n  the main f low path. 

7.4. Fresh-Water Flush (FWF) 
I n  order t o  resolve questions about how the quartz geothermometer 

appl ies t o  the Phase I reservoir,  an experiment was designed t o  perturb the 
steady-state chemical in teract ions w i t h i n  the system. This experiment, termed 
the FWF, ca l l ed  f o r  the sudden change from r e c i r c u l a t i n g  o r  closed-loop opera- 

t i o n  t o  open-loop operation where the i n jec ted  f l u i d  was a l l  f resh water. The 
i n t e n t  was t o  determine the f l u x  o f  s i l i c a  i n t o  so lut ion as a r e s u l t  o f  quartz 
d i sso lu t i on  i n  the main f low path. 
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The r a t e  a t  which quartz dissolves l o c a l l y  depends upon the fo l lowing 

0 temperature o f  the r o c k / f l  u i d  in ter face,  
a k i n e t i c  d i sso lu t i on  r a t e  o f  quartz [f(T)], 
0 ra te  of p r e c i p i t a t i o n  o f  a secondary s i l i c a  phase [ f (T) ] ,  
0 r a t i o  o f  quartz surface area t o  f l u i d  volume, 
0 s o l u b i l i t y  of quartz [ f (T ) ] ,  

0 f l u i d  f low rate, and 
0 l oca l  degree o f  undersaturation [ f ( i n l e t  f l u i d  composition)] 

factors: 

For a FWF experiment, a l l  of these factors except the l a s t  ( the i n l e t - f l u i d  
composition) are held constant. For the durat ion o f  the FWF experiment, the 
temperature change i n  f rac tu re  system due t o  heat ex t rac t i on  would be neg l i -  
g ib le.  Indeed i n  286 days o f  heat extract ion,  the observed drawdown was only 
8OC. The response o f  the reservo i r  t o  the step change i n  i n l e t  concentrations 
can be used t o  s o r t  out cont r ibut ions o f  s i l i c a  from d i f f e r e n t  f low paths wi th- 
i n  the reservoir.  

operations. 

second was from October 22 t o  October 26, 1980. For the f i r s t  FWF, approxi- 
mately 250 000 gal o f  f resh water were i n jec ted  i n t o  the system, whereas the  

f l u i d  produced a t  GT-2 was vented t o  the GT-2 pond. The system was then 
returned t o  closed-loop operation. The concentrations o f  dissolved species 

such as s i l i c a  and ch lor ide i n  the produced f l u i d  decl ined i n  response t o  the 
f resh water i n j e c t i o n  (Figs. 7-1 through 7-6). Af ter  2 days o f  closed-loop 
operation, a second p a r t  o f  the experiment was started. I n  t h i s  part ,  50% o f  
the i n jec ted  f low was fresh make-up water and the other 50% was produced 
(GT-2) f l u i d .  The r e s t  o f  the produced f l u i d  was vented t o  the EE-1 pond. 
This mixture gave an i n j e c t e d - f l u i d  composition intermediate t o  the normal 
closed-loop operation and the open-loop FWF operation. Here, the concentra- 
t i o n s  o f  s i l i c a  and ch lor ide declined; however, the dec l ine was s l i g h t l y  l ess  

steep than was observed i n  the f i r s t  p a r t  o f  the experiment (Figs. 7-1 through 
7-6). A f t e r  p a r t  2 was completed, the s i l i c a  and ch lo r i de  concentrations i n  
the produced f l u i d  recovered t o  t h e i r  pre-FWF values. 

For the October tes t ,  250 000 gal o f  f resh water were i n jec ted  and the 
produced f l u i d  was d scharged t o  the EE-1 pond. A f te r  the 250 000 gal o f  
f resh water had been in jected, the system was returned t o  closed-loop 

Two FWF experiments were performed during the course o f  Run Segment 5 
The f i r s t  o f  these occurred from June 26 t o  Ju l y  7, 1980, and the 
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operation. The recovery o f  the system t o  pre-FWF concentrat ion l e v e l s  was 
in ter rupted by a power outage t h a t  forced the shutdown o f  the pumps. 

experiment have been considered. 
equat i on 

Two methods for analyzing the response o f  the reservo i r  t o  the FWF 
The f i r s t  involves so lv ing the mass balance 

(7 )  

for  a ser ies of control  volumes a t  d i f f e r e n t  temperatures along the fracture 
surface. I n  t h i s  equation, a C / a t  i s  the accumulation term, U aC/az describes 
the change i n  f l u i d  composition along a f low streamline with l oca l  v e l o c i t i e s  
U i n  the z d i rect ion,  and KA(CSat-C)/V describes the r a t e  o f  d i sso lu t i on  o f  
quartz. Both K, the k ine t i c - ra te  constant, and CSat, the saturat ion concentra- 

t i o n  o f  s i l i c a ,  are exponential functions o f  temperature. Temperature i s  a 
funct ion o f  distance along the fracture,  f low ve loc i ty ,  and time. 

knowledge o f  the temperature dependence of quartz d i sso lu t i on  k i n e t i c s  as wel l  
as lack o f  knowledge o f  the temperature d i s t r i b u t i o n  i n  the f rac tu re  system 
has been the main impediment i n  analyzing the FWF experiment by t h i s  approach. 

i n  the main f rac tu re  path and can be used t o  determine the maximum temperature 
i n  the f rac tu re  without requ i r i ng  knowledge of quartz d i sso lu t i on  k inet ics .  

This approach i s  developed by considering the changes i n  output concentrations 
of two p a r a l l e l  flow paths as shown i n  Fig. 7-9. F i r s t ,  l e t  us consider the 

response o f  a soluble species such as chloride. 
Because path 2 has a very long residence t ime compared t o  the durat ion 

o f  a FWF{experiment, the output concentration path 2 remains constant a t  C". 
On the other hand, the f l u i d  i n  path 1 i s  soon d i l u t e d  and removed from thC 
reservoir ,  and t h i s  f l u i d  i s  u l t i m a t e l y  replaced by f resh water. The ch lo r i de  

produced by path 2 i s  simply the flow f r a c t i o n  i n  path 2, &, times the concen- 
t r a t i o n  o f  f l u i d  from t h a t  path, C". 
i s  i n i t i a l l y  CEE - 1 s  which i s  simply the ch lor ide concentrat ion i n  the i n jec ted  

f l u i d  dur ing closed-loop operation, but  dur ing a FWF, t h i s  decl ines t o  C,, 
which i s  the ch lor ide concentration i n  the make-up f l u i d .  The r a t e  o f  chlor-  

ide decl ine i n  path 1 i s  re la ted t o  the residence t ime d i s t r i b u t i o n  (RTD) for  
t h a t  path. The.response t o  a step change i n  input  concentrat ion i s  the i n te -  

gra l  o f  the RTD, which r e s u l t s  from a pulse input  such as i s  commonly measured 

Incomplete 

The second method w i l l  p red ic t  the amount o f  quartz t h a t  has dissolved 

For path 1, the ch lo r i de  concentrat ion 



LJ 
by dye and rad ioact ive tracers. 5924925 If we designate t h i s  i n teg ra l  as F ( t ) ,  
then the ch lo r i de  concentration i n  the f l u i d  produced a t  GT-2 i s  

(F ( t )  = 1 f o r  t = 0). Because C ( t )  var ies between C ( t  = 0) and C ( t  = -), the 
concentrations can be normalized by de f i n ing  a dimensionless concentration, e, 
as 

C ( t )  - C ( t  = .p) 

C ( t  = 0) - C ( t  = a3) e =  (9) 

It i s  qu i te  simple t o  show t h a t  

e = F ( t )  (10) 

A p l o t  o f  F ( t )  vs t ime using data from the NH4Br8* t race r  experiment of 
September 3, 1980, i s  given i n  Fig. 7-12. The curve i s  inver ted from the nor- 
mal sense o f  d i r e c t i o n  for  t race r  experiments ( increasing concentration with 
time) because the " t racer"  used i n  the FWF experiments was more d i l u t e  than 

the f l u i d  i n  the system. 
pre l iminary analysis f o r  reasons t h a t  w i l l  be discussed short ly.  Combining 

Eqs. (9) and (10) and rearranging, we f i nd  

Chemical data from the October FWF were used for the 

C ( t  = .p) = 0 

A t  each time, we know the value o f  C ( t )  and F ( t ) ,  and the value o f  C ( t  = 0) i s  

simply the ch lo r i de  concentration before the s t a r t  o f  the FWF (~1305 ppm). 
Equation (11) was applied t o  the ch lor ide data, and a value f o r  C ( t  = a) o f  
72.4 f 2.4 ppm was found t o  be the optimum. Subs t i t u t i ng  f o r  C ( t  = a) i n  Eq. 

( 9 ) ,  values o f  9 ( t )  were calculated, and these values are p l o t t e d  vs t ime as 

the t r i a n g l e s  i n  Fig. 7-12. A s i m i l a r  approach i s  fol lowed f o r  the s i l i c a .  
Here, C ( t  = -) 156.6 f. 2.4 ppm. The comparison o f  8 vs t ime f o r  s i l i c a  i s  
shown i n  Fig. 7 2 as the open c i r c les .  
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This analysis p red ic ts  t h a t  the 

ch lor ide and s i  1 i ca concentrations i n  
the produced f l u i d  would be 72 and 157 
ppm, respectively, i f  the FWF had been 
continued u n t i l  steady s tate had been 
reached. The amount o f  s i l i c a  added by 
the secondary f low path can be sub- 
t rac ted  from 157 t o  f i n d  the u l t imate  
cont r ibu t ion  o f  the main f low path t o  

the s i  1 i ca concentrat i  on measured a t  
GT-2. The i n i t i a l  rock temperature i s  
approximately 195 t o  198"C, as e s t i -  
mated by the Na-K-Ca geothermometer, so 
the s i l i c a  concentrat ion o f  the f l u i d  

1. 

OJ 

Od 

W 

Fig. 7-12. 
b,nnparison o f  chemical t racer  data wIth 

ment o f  September 3,  1980. 
leaving the secondary path NH4Br82 t race r  data fo r  t racer  experi- 
be ~1260 ppm. This estimate compares 
wi th  the s i l i c a  concentrat ion o f  267 
ppm i n  the second sample co l lec ted  during t h i s  experiment. The amount o f  
s i l i c a  contr ibuted by the secondary f low path i s  iq CSat ~113 ppm. Subtracting 
t h i  s from 157 ppm, the s i l i c a  concentrat ion i n  the fl u i d  t h a t  t r a n s i t s  the 

main f low system i s  found t o  be *144 ppm. 

t o  t h i s  s i l i c a  concentration, the temperature a t  which t h i s  f l u i d  would come 
t o  equi l ibr ium wi th  quartz i s  1 5 9 O C .  This temperature i s  shown on Fig. 7-11 
as the s ta r  a t  about 230 days. The calculated maximum temperature i s  higher 
than the mean measured downhole temperature by about 8OC. This "corrected" 
value o f  the s i l i c a  temperature i s  much c loser  t o  actual temperatures measured 
i n  a production well  ; however, there i s  considerable uncertainty i n  the r e s u l t  
because of the assumptions inherent i n  t h i s  type o f  modeling. H o w  the experi- 
ment i s  conducted can ser iously a f f e c t  the outcome as we l l .  During the f i r s t  
FWF, pressure l eve l s  i n  the reservo i r  were not  maintained as h igh as the pre- 

Applying the quartz geothemometer 

FWF pressure l eve l s  so t h a t  considerable flowback o f  water from the formation 
occurred. The production f l o w  ra te  was about 2 t o  5 gpm higher than the i n jec -  
t i o n  f low rate. Because the composition o f  the f l u i d  f lowing back from the 
formation i s  unknown, t h i s  e a r l i e r  experiment cannot be evaluated simply. 
Further studies o f  the FWF experiments, p a r t i c u l a r l y  when good k i n e t i c  data 
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for  quartz d i sso lu t i on  are avai lable,  should al low the i n te rp re ta t i on  o f  t h i s  

e a r l  i e r  experiment . 
As can be seen from the discussion, the FWF experiment can be used t o  

adjust  the s i l i c a  geothermometer t o  w i t h i n  a few degrees Celsius o f  temper- 

atures ac tua l l y  measured downhole. Much o f  the uncertainty would be el imin- 
ated by cont inuing such an experiment t o  the steady-state condi t ion before 
return ing t o  closed-loop operation. I n  addit ion, knowledge o f  the temperature 
dependence o f  quartz d i sso lu t i on  k i n e t i c s  and o f  the r a t e  o f  removal of s i l i c a  
by mechanisms, such as p r e c i p i t a t i o n  o f  secondary s i l i c a  phases, w i l l  increase 
the l eve l  o f  d e t a i l  observable by t h i s  type o f  experimentation. 
7.5. Dissolved Gases 

Segment 426 i nd i ca te  t h a t  the C02 f r a c t i o n  i n  the gas phase i s  close t o  satu- 
r a t i o n  w i th  respect t o  carbonate species (predominantly HCO;) i n  the aqueous 

phase a t  the temperature and pressure condi t ions occurr ing i n  the gas separa- 
to r .  Throughout much of the Run Segment 5 tes t ,  the HC03 l e v e l s  were 10 t o  
20% above the (steady-state) HC0; l e v e l s  observed i n  Run Segment 4. 
higher C02 f r a c t i o n  i n  the gas phase observed during Run Segment 5 i s  probably 
due t o  the higher HCO; concentrations i n  aqueous solut ion;  however, calcula- 

t i o n s  t o  support t h i s  statement have not been made. Within the scat ter  o f  the 
gas analyses, the gas concentrations appear t o  be constant w i th  t ime (Fig. 

Calculat ions o f  carbonate e q u i l i b r i a  f o r  f l u i d  and gas analyses from Run 

The 

7-6) . 
The deplet ion o f  oxygen r e l a t i v e  t o  ni t rogen i s  an i nd i ca t i on  t h a t  oxida- 

t i o n  i s  occurr ing w i t h i n  the reservoir.  Two l i k e l y  mechanisms are (1) the 
ox idat ion of the i r o n  casing and (2) the oxidat ion o f  p y r i t e  (FeS2) i n  the 
rock t o  produce hematite o r  magnetite and su l fa te  i ons  i n  solut ion. The high 
su l fa te concentrat ion i n  the f l u i d  (Table 7-1) could be explained by the 
second mechanism, whereas the presence o f  f ree  hydrogen could r e s u l t  from the  
hydrolysis of water by e i t h e r  o f  these mechanisms. E q u i l i b r i a  among s u l f u r  
and i r o n  species i n  geothermal systems o f t e n  depend on iron-bearing a l t e r a t i o n  
phases i n  the reservo i r  rock such as epidote and 

thermodynamic data are sparce o r  unavailable. However, the presence o f  these 
species i n  the core samples2’ suggests t h a t  the r e q u i s i t e  a l t e r a t i o n  phases 
could be p a r t i c i p a t i n g  i n  reactions. 

for  which 
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7.6. Radon 

decay by alpha emission. The emamtion o f  radon from the rock depends very 
s t rongly  on the surface area o f  rock exposed t o  the f luid.30 Because o f  i t s  
short h a l f - l i f e  (~13.83 days), radon has been used as an i n t e r n a l  t race r  i n  
hydrothermal systems t o  study changes i n  f rac tu re  permeabil i t y O 3 l  Radon analy- 
ses were performed dur ing Run Segment 2 t o  look f o r  changes i n  rock surface 

area t h a t  could be a t t r i b u t e d  t o  thermal stress cracking. 

Results o f  radon analyses performed dur ing Run Segment 5 are shown i n  
Fig. 7-7. Although there i s  wide va r ia t i on  i n  the data, several observations 

can be made: 
time; (2)  the radon reached steady-state l e v e l s  o f  around 9-10 nCi/a; and 
(3) dur ing the FWF episodes, the radon concentrations decreased. 

Consider the steady-state behavior of radon. Let the radon a c t i v i t y  i n  
the produced f l u i d  be constant a t  10 nCi/g and l e t  the make-up f l u i d  contain 
i ns ign i f i can t  radon a c t i v i t y .  A nonradioactive t race r  i s  used t o  mark,a vol- 
ume o f  f l u i d  a t  t ime t = 0. The produced f l u i d  inc lud ing our nonradioactive 
t race r  i s  d i l u t e d  by ~17% w i th  make-up f l u i d  so t h a t  the radon a c t i v i t y  . in the 

i n jec ted  f l u i d  i s  ~19.3 nCi/&. The mean residence t ime o f  the f l u i d  i n  the 
wellbore and f rac tu re  system i s  5115 h and the radon i n  the f l u i d  element w i l l  

decay by the r e l a t i o n  

Radon (222Rn) i s  the radioact ive daughter product o f  radium (226Ra) 

32 

(1) The i n i t i a l  radon concentration was low and increased w i t h  

- a t  
ARn = ARn e 9 

where A&, i s  the in jected radon a c t i v i t y  (9.3 nCi/a) and a i s  the decay con- 

s tant  ( A  = 0.007553 h - l  f o r  222Rn). 
consists o f  8.3 nCi/a, when it i s  produced a t  GT-2B a f t e r  being i n jec ted  15 h 
ea r l i e r .  The amount o f  radon produced i n  the reservo i r  a t  steady s ta te  i s  t he  
d i f ference or  1.7 nCi/a. 

Kruger e t  ale3' calculated-a source strength f o r  Rn based on the meas- 

ured value o f  1.7 pCi/g o f  radium i n  the rock and estimates o f  the emanation 
power (EP) of 0.1 and o f  the poros i ty  o f  the rock ( inc lud ing microfractures) 
of (0 = 0.01: 

The radon i n  the produced f l u i d ,  then, 

62 



= 42.5 pci/cm3 = 42.5 nCi / r  . 
Using t h i s  value as the radon a c t i v i t y  o f  the pore f l u i d  as it enters the c i r -  

cu la t i on  system, the cont r ibu t ion  o f  the secondary f low path i s  estimated t o  be 

where 4, 
t r a n s i t  the  GT-2 wellbore a f te r  enter ing the f rac tu re  system. 
range from 3 t o  7 h. The range i n  radon a c t i v i t y  produced i n  path 2 according 

t o  these assumptions i s  0.81 t o  1.66 nCi/k o r  50 t o  100% o f  the  radon needed 
t o  maintain the steady-state conditions. 

t h a t  new heat- t ransfer surface created i n  the f ractured por t ion  o f  the reser- 
v o i r  w i l l  not  be observed i n  the radon data obtained during closed-loop opera- 
t ion .  
7.7. Comparison w i th  Previous Experiments 

t i o n  of Run Segment 4. The resu l t s  of these two tes ts  are understandably 

0.02 - 0.05 and t i s  the  t ime f o r  a given volume o f  pore f l u i d  t o  
Values f o r  t 

It i s  apparent from t h i s  analysis 

Run Segment 5 i s  bas i ca l l y  a cont inuat ion o f  the low back-pressure por- 

qu i te  s imi la r .  As was concluded i n  Run Segment 4 (and i n  Run Segment 2, for  
t h a t  matter), po re - f l u id  displacement i s  the s ing le  most important process 

invo lv ing  the f l u i d  chemistry. As has been described i n  t h i s  section, the  
pore-fl u i d  cont r ibu t ion  t o  the f l u i d  chemistry determines the temperature pre- 

d i c ted  by the  Na-K-Ca geothermometer and in te r fe res  w i th  the temperature pre- 

d i c t i o n  i n  the f racture f low paths based on the s i l i c a  geothermometer. These 
points  were not c lear  from Run Segment 4 data; however, they are as v a l i d  fo r  
Run Segment 4 as wel l  as Run Segment 5. Another i n te res t i ng  feature o f  the 
Run Segment 5 resu l t s  i s  the suggestion developed i n  Fig. 7-10 t h a t  the pore 
f l u i d  was displaced a t  a constant ra te  and composition throughout most o f  the 

3 6 test .  The volume o f  displaced pore f l u i d  i s  i n  excess o f  6800 m (1.8 x 10 
gal). A ca l cu la t i on  using a microfracture poros i ty  o f  0.01 shows tha t  the 
volume o f  rock affected by f l u i d  f low and pressur izat ion i s  680 000 m3. 
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This i s  equivalent t o  a c i r c u l a r  cy l inder  o f  rock w i th  a diameter 330 m cor- 
responding t o  the wellbore separation distance having a height o f  7.95 m. 

The completion o f  a FWF experiment during t h i s  t e s t  i s  an important step 
toward using geochemical data i n  determining the temperature d i s t r i b u t i o n  

w i th in  a fracture. S ign i f i can t  development remains t o  be done i n  modeling and 
i n t e r p r e t i n g  t h i s  experiment; however, i t  i s  hoped t h a t  a FWF type of experi- 
ment may become useful i n  p red ic t i ng  Phase I 1  reservo i r  temperatures before 
measurable thermal drawdown occurs. 

Prel iminary analysis o f  the radon data suggests t h a t  i n te rp re ta t i on  o f  

changes i n  the. f rac tu re  area by radon t rans ient  analysis could be misleading 
i n  the same way tha t  i n te rp re ta t i on  o f  the quartz and the Na-K-Ca geothermom- 

eters could be misleading. Apparently only the heat ex t rac t i on  i s  confined t o  

the f racture system; the resu l t s  o f  the f l u i d  chemistry analyses i nd i ca te  t h a t  
the af fected rock volume i s  s i g n i f i c a n t l y  larger. 
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8. RADIOACTIVE AND DYE TRACER EXPERIMENTS 

I n  Run Segment 5 the t racers i n jec ted  were o f  two types. The f i r s t  was 

a v i s i b l e  dye, sodium f luorescein, which was in jec ted  down the EE-1 wellbore 
i n  a 95-11 (25-gal) pulse o f  water w i t h  a 1200 ppm concentration o f  dye. The 

dye was then monitored with a uv spectrophotometer i n  the GT-2B production 
f l u i d .  
i n  comparison with previous experiments. The other t racer ,  i r r a d i a t e d  ammo- 

82 nium bromide, NH4Br , was used for two purposes: (1) t o  give f rac tu re  system 

volumes and (2) t o  provide mappings o f  f rac tu re  wellbore intersect ions.  There 

were a t o t a l  o f  f i v e  NH4Br8* t e s t s  performed, four  o f  which were used f o r  the 
dual purposes j u s t  mentioned and one t h a t  was used only f o r  f rac tu re  mapping. 

The f i r s t  of: the rad ioact ive t e s t s  was conducted w i th  a 40-mCi source 
strength, and a l l  subsequent t e s t s  were conducted w i th  a 400- t o  550-mCi 
source strength. 
mater ia l ,  a special container was fabr icated t o  t ransport  the NH4Br8‘ t o  the 
s i t e  and t o  i n j e c t  it i n t o  the system. 
t i o n  system used i n  the radioact ive t race r  experiments. A schematic o f  the 

surface equipment used ,for counting the NH4Brg2 i s  shown i n  Fig. 8-2. 

This dye was used t o  obtain volume estimates o f  the system t o  be used 

Because o f  the concern over possible release o f  rad ioact ive 

Figure 8-1 i s  a schematic o f  the i n j e c -  

11 ACCUMULATOR M N K  

fr 
Fl 

Fig. 8-10 
Schematic o f  the i n j e c t i o n  system used 
i n  the rad ioact ive t race r  experiments. 

Fig. 8-2. 
Schematic o f  the surface equipment 
used f o r  moni t o r i  ng the rad i  oact i  ve 
t r a c e r  a c t i  v i  ti es . 
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8.1. Tracer Volume Studies 
One o f  the main object ives o f  the t race r  studies i s  t o  assess the volume 

changes associated w i th  the creat ion o f  the Phase I (Run Segment 5) system and 
a lso t o  determine the dynamic behavior o f  the system volume as the system 

undergoes long-term heat extract ion.  Flow condi t ions and prel iminary r e s u l t s  
o f  Run Segment 5 t race r  t e s t s  are compared w i th  t race r  t e s t s  conducted during 
Run Segment 4 i n  Table 8-1. I n  t h i s  table, the d e f i n i t i o n s  o f  modal volume, 
i n teg ra l  mean volume, and variance are the same as those presented by Tester 
e t  

Run Segments 4 and 5 shows a regular tncrease o f  the modal volume w i th  time. 
This volume increase i s  a t t r i b u t e d  t o  thermal contract ion e f f e c t s  due t o  heat 
extract ion,  which i s  analyzed i n  more d e t a i l  below. A ra ther  large change i n  
the modal volume i s  observed a f t e r  the hydraul ic f r a c t u r i n g  o f  the system 
dur ing the SUE i n  the December 12 t race r  experiment. 

The in teg ra l  mean volumes do not show t h i s  regular increase because of 
the d i f ference i n  volume o f  f l u i d  produced during a given experiment. For 
example, during the t race r  t e s t  run on September 3, 4140 m of f l u i d  were pro- 
duced. 
tend t o  skew the d i s t r i b u t i o n  towards longer residence times and a l a rge r  
calculated mean system vol ume. I n  contrast, dur ing the subsequent t race r  ex- 
periment on December 2, 1980, counting continued only u n t i l  1310 m were pro- 
duced so t h a t  the t a i l  o f  the d i s t r i b u t i o n  was e f f e c t i v e l y  ( i f  unintention- 

a l l y )  eliminated. 
2 and 12 experiments were recorded by hand a t  roughly l - h  in terva ls .  Unfor- 
tunately,  data f o r  the 6-h period centered a t  about the modal volume i n  t h e  
December 2 experiment were not recorded. The modal value f o r  t h i s  experiment 
presented i n  Table 8-1 was found by superimposing the data measured downhole 
w i t h  the data measured a t  the surface. The mode o f  the downhole data was then 
adjusted for the t r a n s i t  t ime t o  the surface t o  give the mode i n  the surface 
data . 

The h igh l y  increased s e n s i t i v i t y  o f  the method f o r  analyzing Br8’ over 

t h a t  for  Na-Fluorescein i s  responsible f o r  the longer t a i l s  on the bromine 

t race r  experiments. Dye t race r  experiments t y p i c a l l y  end when the dye concen- 
t r a t i o n s  i n  the produced f l u i d  can no longer be measured ( t y p i c a l l y  <1400 m3 

t o t a l  produced volume a t  GT-2B). 
hand, have continued t o  4140 m3 without completely reaching background. 

and are presented i n  Appendix A. Comparison o f  the modal volumes from 

10 

3 

Even the very low concentrations o f  B r  measured a t  the high volumes 

3 

Because of equipment malfunction, the data f o r  the December 

Bromine t race r  experiments, on the other 
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TABLE 8-1 

SUMMARY OF DYE AND RADIOACTIVE TRACER EXPERIMENTS I N  RUN SEGMENTS 4 AND 5 

67-28 
M C -  

EE-1 tion 
Injection Pres- 

Experiment Pressure sure 
andOate Traeera Wa - 
Run Segnent 4 

10/26/79 F 17.2 1.1 
10/29/79 F 17.2 10.3 
11/2/79 F 9.3 1.1 
11/12/79 F 9.3 1.1 

m 

6T-29 
Produc- 
tion 
F1 w 
Rate 
( d / s )  

0 . W  
0.6081 
0.6w6 
0.6061 

Run segamt 5 
4/15/81) F 9.8 1.3 O.OD75 
5/9/81) B 9.5 1.3 0.Wtl 

12/2/81)(prC- B 1.5 1.1 0.0665 
9/3/86 B 8.8 1.3 o m m  

12/12/80 (RHt- I 8.4 1.3 0.0098 
SUE) 

w 

b Amage 
PrOduetlOn 
Tempera- 
ture 
('C) 

153. 
154. 
153, 
153. 

158. 
158. 
154. 
149. 

149. 

Cuntlative 
Power Ex- 
tracted our- 
Ing each Run M a l F  

0.1 136. 
0.3 144. 
0.6 121. 
1.3 129. 

1.6 155. 
2.8 161. 
7.5 178. 

11.1 187. 

11.4 266. 

Total Pro- 
tntegral duced Val 
Mean During 

Volume Tracer 
J m m ,  Test ha) 

207 469 
230 619 
262 570 
283 662 

404 1440 
1100 3030 
1511 41 40 
581 1310 

1118 2690 

*F = sodim fiuorckein QS. B = 
hescrvolr outlet tanprrabre measured dormhole. 

CModal Volume i s  dciimd as the volume of tracer circulated through the fracture s p t m  from time of mty unti l  
that time a t  which thc tracer commtration a t  the outlet i s  mxln~n. b b d i e ~ e  this ~0luik. to bc the mt 
easlly measured one, as well as the m s t  unambiguous one for making carrpsrlsons af thc CffcCt Of pmsura or  
tanpcratvra or fractare size. 

c 

Vari y e  
d e -  

0.26 
0.17 
0.38 
0.32 

0.45 
0.53 
0.56 
0.40 

0.46 



1 

I n teg ra t i on  o f  the long t a i l s  o f  the RTD curves biases both the i n teg ra l  mean 
volume and the variance t o  higher values. 

bias, Tester e t  a l O 5  truncate the i n teg ra t i on  when 90% o f  the t race r  has been 
recovered. Another way t o  remove the e f f e c t s  o f  long residence times i s  t o  
t runcate the d i s t r i b u t i o n  a t  a f i x e d  produced volume, f o r  example, 1136 m 

(300 000 gal).  Variances f o r  Run Segment 5 were calculated f o r  the f u l l  
integrated d i s t r i b u t i o n ,  the 90% trimmed mean, the 75% trimmed mean, and f o r  

3 1136 m . These values are given i n  Table 8-11. 

d i s t r i b u t i o n s  s t i l l  show the e f fec ts  o f  the long t a i l s ;  however, the d i s t r i -  
butions truncated a t  1136 m i nd i ca te  t h a t  up t o  t h i s  po int  the in tegrated 

d i s t r i b u t i o n s  have roughly the same variance. That i s ,  the f l ow  d i s t r i b u t i o n  
i s  not changing d ras t i ca l l y .  
the l a s t  ( t h a t  i s ,  post-SUE) t race r  experiment. This change i s  re f l ec ted  i n  
the modal volume, however, the variance o f  the t o t a l  ( t h a t  i s ,  100%) d i s t r i b u -  
t i o n  i s  s im i la r  t o  t h a t  o f  the other t race r  experiments conducted during Run 
Segment 5. This e f f e c t  i s  most c l e a r l y  shown i n  Fig. 8-3 where normalized 
t race r  concentrations are p lo t ted  vs produced volume. (The we1 lbo re  volumes 

To el iminate the e f f e c t  o f  t h i s  

3 

The variances f o r  the trimmed 

3 

The large s h i f t  i n  d i s t r i b u t i o n  occurs before 

TABLE 8-11 

STATISTICAL VARIANCE FOR VARIOUS INTEGRAL VOLUMES 

Variance Trimmed 
I n t e g r a l  90% Trimned 75% Trimned a t  a volume of 

Date Mean Mean Mean 1136 m' 

4 11 5 /80 0.45 -- 0.35 0.38 

5/9/80 0.53 0.52 0.49 0.37 

9/3/80 0.56 0.54 0.47 0.34 

12/2/80 0.40 0.311 0.36 0.38 

1 2 /1 2 180 0.46 0.42 0 -40 0.29 
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Fig. 8-3. 
Var ia t ion o f  normal ized t race r  concentrations w i th  produced volume o f  f l u i d .  

have been subtracted so t h a t  the volume shown i s  a f rac tu re  system volume.) 
Because o f  the inconsistency i n  the calculated i n teg ra l  mean volumes, the 

usual normalization procedure, which re la tes  the concentration tc the i n t e g r a l  
mean volume <V> and the f r a c t i o n  o f  t race r  which i s  recovered [ CiidV, 

., 
cannot be used. A much more meaningful procedure subst i tu tes the modal vol- 
ume V f o r  the i n teg ra l  mean volume i n  the above equation: 

0 
. 

lr. 1 
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I n  t h i s  case, the concentration i s  normalized t o  a measured volume (the mode), 

which i s  a feature o f  the residence t ime d i s t r i b u t i o n  t h a t  i s  independent of 

the t race r  used. The second normalization procedure i s  used f o r  producing 
Fig. 8-3. The r e a l l y  s i g n i f i c a n t  d i f ference among the  Run Segment 5 t r a c e r  

experiments i s  the d ras t i c  increase i n  modal volume due t o  the S U E  experiment. 
However, the mode increases regu la r l y  w i t h  time. Apparently, the volume of 
the system increases systematical ly,whereas the shape o f  the d i s t r i b u t i o n  

remains f a i r l y  unchanged even a f t e r  the S U E  (Table 8-1). 

t i o n  o f  the rock, the modal volume was p l o t t e d  against thermal energy ex- 
t rac ted  i n  Fig. 8-4. A reasonably l i n e a r  increase o f  f rac tu re  modal volume 

Because the volume changes i n  the mode are a t t r i b u t e d  t o  thermal contrac- 

i s  ac tua l l y  under considerable tecton ic  
stress, and much o f  the expected ther-  

mal contract ion simply was consumed i n  

r e l i e v i n g  a pa r t  o f  these stresses; and 
(2)  much o f  the thermal contract ion may 

! m- 

0 
E 

occurred as heat was extracted, and the t o t a l  heat extracted E resul ted i n  a 
volume increase A V  o f  37 m3. The epergy E i s  re la ted t o  the i n t e g r a l  o f  the 
temperature decrease over the e n t i  r e  reservo i r  rock volume af fected by thermal 
drawdown. 
medium, then AV i s  a lso re la ted t o  the same in teg ra l ,  and it can be shown t h a t  

I f  the rock i s  assumed t o  be a stress-free, f r e e l y  contract ing 

4 

0 10 
" " " " " *  

AV = avE/(pc) , 

where av i s  the volumetric thermal expansion c o e f f i c i e n t  o f  the rock and pc i s  

i t s  volumetric heat capacity. Using a t y p i c a l  value from Ref. 17, PC = 
2.7 x lo6 J/(m3 "C), av can be e s t i -  
mated as 3.3 x per OC. This i s  

on ly  one-tenth the value t y p i c a l  o f  
1 aboratory experiments w i th  dense 
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poros i ty  increase was not detected by the t racer  passing through the f rac tu re  
system . 
8.2. Fracture Mapping w i th  Radioactive Tracers 

This sect ion w i l l  examine the resu l t s  obtained from downhole measure- 
ments i n  both wellbores o f  the gamma-ray a c t i v i t y  fo l low ing  the surface in jec-  

t i o n  o f  a sequence o f  the f i ve  d i f f e r e n t  NH4Br8' t racer  sources dur ing Run 
Segment 5 and provide informat ion about f low d i s t r i b u t i o n  and the residence 

t ime d i s t r i b u t i o n s  o f  ind iv idua l  f ractures.  

o f  i n j e c t i n g  a small sample o f  NH4Br so lu t ion  containing a few hundred m i l l i -  
cu r ies  o f  the Br82 isotope. This isotope w i th  a conveniently short  h a l f - l i f e  

(e35 h) and strong gamma-ray s t rength 0 1  - MeV) provides an almost per fec t  
t race r  f o r  fo l lowing the movement o f  f l u i d  both i n  the wellbores and behind 
the-casing w i th  the use o f  gamma-radiation logging tools.  

ences between them i s  the change i n  source strength a f t e r  the f i r s t  survey and 

the absence o f  logging i n  one o f  the holes i n  several o f  the surveys. 
The fo l low ing  i s  a descr ip t ion  o f  a t y p i c a l  survey t h a t  consisted of 

monitor ing the t racer  a c t i v i t y  by successive logging sweeps i n  both boreholes 
u n t i l  J t s  value was reduced by system f low t o  nonuseful leve ls .  The t race r  
was in jec ted  under pressure i n t o  the f low stream a t  the  EE-1 wellhead. I t s  

The method, described i n  d e t a i l  i n  e a r l i e r  reports, 34-39 consis ts  simply 

The d e t a i l s  o f  the surveys are given i n  Table 8-111. The main d i f f e r -  

TABLE 8-111 

DETAILS OF TRACER SURVEYS INDICATING SOURCE STRENGTH AND GAMMA-RAY TOOLS. 

Survey Source Strength Use o f  Gamma Ray Tools 
Number Date ( m C i  - - - - 

1 5/8/80 40 Yes Yes 

2 9/4/80 400 Yes Yes 

3 9/24/80 400 Yes No 

4 12/2/80 550 No Yes 
(Pre-SUE) 

5 12/12/80 400 Yes Yes 
( POS t-SUE) - 
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Fig.  8-5. 
Var ia t ion o f  a c t i v i t y  wi th  depth i n  the EE-1 borehole. 

Fig.  8-6. 
Var ia t ion o f  a c t i v i t y  w i th  time i n  the EE-1 borehole. 
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passage down the  wellbore was fol lowed by logging through it as shown i n  Fig. 

8-5. The pecul iar  shape o f  the a c t i v i t y  vs depth curve i s  due t o  saturat ion 

o f  the t o o l  a t  the higher l e v e l s  o f  a c t i v i t y .  When the t o o l  saturates, i t s  
output ac tua l l y  f a l l s ,  so t h a t  the minimum between the two peaks shown i n  Fig. 

8-6 corresponds t o  the maximum a c t i v i t y .  A sequence of these logging scans 
fol lowed the movement o f  the l oca t i on  o f  the maximum value o f  the pulse as i t  
moved down through the casing and i n t o  the openhole sect ion o f  EE-1. Movement 

of the t race r  i n t o  several f ractures was detected by changes i n  the pulse 
veloci ty.  
with t ime i n  the openhole section along w i th  l a t e r  growth i n  a c t i v i t y  a t  
several locat ions higher i n  the casing. Each o f  these several locat ions i n  

the casing showed a growth o f  a c t i v i t y  followed by subsequent decay. This 
behavior i s  in terpreted as movement o f  the t race r  through ind i v idua l  f ractures 
crossing the EE-1 wellbore. This observation again indicates t6e unique value 

o f  t h i s  wellbore as an observation wel l ,  providing informat ion s i m i l a r  t o  t h a t  
obtained from temperature recovery logs. The t race r  moving through the com- 
plex system f i n a l l y  s t a r t s  t o  appear i n  the GT-2B wellbore. A sequence of 
logging scans i n  GT-2B followed the a r r i v a l  and subsequent growth o f  a c t i v i t y  
i n  the flows from the several f ractures mapped i n  the temperature spinner sur- 

veys. Figure 8-7 shows such a sequence, w i th  changes i n  a c t i v i t y  caused both 
by the amount o f  f low and the l eve l  o f  a c t i v i t y .  Again the a c t i v i t y  reached a 
maximum and then slowly died away. 

kd 

Figure 8-6 i s  a t y p i c a l  sequence showing the reduction i n  a c t i v i t y  

f (I I I LOG NO. I I I  
4w 

100 

1 I (m) 2AO 11160 2760 

Fig. 8-7. 
Var ia t ion o f  a c t i v i t y  w i t h  depth i n  GT-2 from logging through the t race r  pulse. LJ 
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. 
8.2.1. Propert ies o f  Fractures i n  the  EE-1 Openhole. The f rac tu re  

in tersect ions w i th  EE-1 t h a t  accept f l u i d  can be located by measurement o f  the 

v e l o c i t y  changes obtained from sequential logging runs through the moving 
t race r  pulse as described above. Figures 8-8 through 8-11 show the r e s u l t s  
from the four surveys i n  which logging was done i n  the EE-1 wellbore. Sig- 
n i f i c a n t  improvement i n  the q u a l i t y  o f  the measurements can be seen i n  the 
l a s t  two surveys. This was due t o  both improvement i n  logging strategy and 
increased source strength. However, i n  a l l  o f  the surveys, well-defined 

breaks i n  the logging ve loc i t y  a t  several depths indicated the l oca t i on  o f  

spec i f i c  fractures. Table 8-IV gives both the depth and f low i n t o  each of t he  

located fractures. It i s  d i f f i c u l t  t o  assign a prec is ion t o  these values, but  
it i s  evident t h a t  the locat ions are reasonably wel l  defined and t h a t  major 
changes i n  the r e l a t i v e  values o f  f low occurred p a r t i c u l a r l y  a t  the 2950-111 
f rac tu re  between the f i r s t  and. second survey and a f t e r  the SUE. 

the l a t e r  stages o f  logging i n  EE-1, the h i s t o r y  o f  gamma a c t i v i t y  a t  several 
depths indicated the passage o f  the t race r  f r o n t  through f ractures behind the 
casing a t  these depths. Figure 8-12 shows the a c t i v i t y  as a funct ion of t ime 

for  f i ve  such f ractures whose locat ions are shown i n  Fig. 8-6. 
vey was normalized t o  an a c t i v i t y  of 400 mCi.) These curves can be used t o  

estimate volume and degree o f  mixing o r  dispersion f o r  each such zone. The 
two f ractures (A,B) c losest t o  the i n j e c t i o n  zone are considerably d i f ferent  

i i  

8.2.2. Propert ies o f  Fractures Cut t ing Across the  EE-1 Borehole. I n  

(The f i r s t  sur- 

TABLE 8-IV 

EE-1 OPENHOLE FRACTURES 

Survey 
Number 

1 

- 

2.  

3 

5 

Fracture Depth h) 
( F1 ow t / s )  

-- 2949 2954 -4  

(~16 )  (0.15) (0.09) (0.09) 

2940 2948 2953 2959 
(6.0) (0.11) (0.09) (0.05) 

2940 
(7.1) 

2949 
(1.5) 

2954 
(0.22) 

-- 
(0.16) (ei 



Fig. 8-8. 
Movement o f  tracer in EE-1 on 5/8/80. 

I 1 I I I 1 # I 1 -t 1 

TIME ( 8  AFTER MIWM) , 

F.ig. 8-9. 
Movement o f  tracer i n  EE-1 on 9/4/80. 
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TIME (OAFTERMIDNIGHT) 

Fig.  8-10. 
Movement of tracer i n  EE-1 on 9/24/80. 

Fig.  8-11. 
Movement of tracer i n  EE-1 on 12/12/80. 



tool 

0 

1- 
I 1 

TIME AFER INJECTION Ihrsl 

Fig. 8-12. 
Var ia t ion  of a c t i v i t y  w i th  time for f i v e  f ractures cut t ing  across EE-1. 
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i n  character as measured i n  the f i r s t  three surveys from the upper three (C,D, 

U and E ) .  A crude measure o f  the s i ze  (o r  volume) o f  the system sampled a t  each 
o f  these locat ions i n  E E - 1  i s  given by the h a l f  width o f  the peak o f  the ac t i v -  

i t y  vs time curve. 

distance from the i n j e c t i o n  point  (taken as *2940 m). The i n j e c t i o n  o f  the 
t race r  i n  the second survey was hal ted for 13 h t o  repa i r  the logging too l ,  

which resul ted i n  s i g n i f i c a n t  dispersion o f  the pulse. This may explain the 
apparent anomalously low values o f  the second survey r e l a t i v e  t o  the t h i r d  
survey. 

sion curves af ter  the SUE experiment. 
curves are s i g n i f i c a n t l y  reduced f o r  a l l  f r ac tu re  crossings. 
r iset imes t o  the maxima are almost an order o f  magnitude shorter than i n  the 
e a r l i e r  surveys. 

8.2.3. Propert ies o f  Fracture In tersect ions w i t h  the GT-2B Openhole. 
The a r r i v a l  o f  the t race r  i n  the GT-2B wellbore i s  complex i n  t h a t  the t r a c e r  

a c t i v i t y  resu l t s  from the mixing o f  i nd i v idua l  streams o f  f l u i d ,  each w i th  a 
d i f f e r e n t  a c t i v i t y  history.  
ta ined from spinner, t h a t  i s ,  the flow r a t e  f ract ions,  surveys, and the 

p r i n c i p l e  o f  mass conservation, the l eve l  o f  a c t i v i t y  o f  each ind i v idua l  f l ow  
w i t h  t ime can be determined. 
f o r  the three f rac tu re  zones as defined i n  spinner surveys. 
ta ined from surveys taken before the SUE experiment bear a general resemblance 
t o  those obtained from the upper three fractures i n  E E - 1 .  The post-SUE curves 

e x h i b i t  s i g n i f i c a n t  superimposed structure,  high1 i g h t i n g  the changes caused by 

There i s  a general increase i n  t h i s  value w i t h  increasing 

The major difference, however, i s  the change i n  the shape o f  the disper- 

I n  addi t ion the 
The h a l f  widths o f  the dispersion 

However, using the r e l a t i v e  values o f  f low ob- 

Figures 8-13 through 8-15 show such h i s t o r i e s  
The curves ob- 

t h i s  experiment. 
The radioact ive t race r  analysis has become a valuable t o o l  i n  the 

mination o f  f rac tu re  geometry. I n  fact ,  it was important i n  the format 
the mu l t i p le - f rac tu re  heat-transfer model described i n  Sec. 6.2. 

deter- 
on o f  
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TIME M T E R  INJECTtON (hn) 

Fig,  8-14, 
Var ia t ion o f  a c t i v i t y  wi th  time for middle f rac ture  i n  GT-2B. 

f l M E  AFTUI U O I O N  (hm1 

Fig.  8-13. 
Var ia t ion o f  a c t i v i t y  wi th  time f o r  bottom f rac ture  i n  GT-2B. 

f 

TIME AFlER W E C ”  Qur) 

Fig.  8-15. 
Var ia t ion o f  a c t i v i t y  wi th  time f o r  upper f rac ture  i n  GT-2B. 
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9. SEISMICITY 

a geophone package t h a t  was posit ioned downhole i n  EE-2 i n  the reservo i r  
v i c i n i t y .  
t h i s  experiment it served merely as an observation well. The surface array 
consisted of s i x  s ta t ions w i t h i n  750 m (1/2 m i le )  o f  the s i t e ,  f i v e  borehole 
s tat ions located w i t h i n  10 km o f  the s i t e ,  and the Los Alamos National Labora- 

t o r y  regional net--the nearest o f  which i s  located a t  10 km. The s e n s i t i v i t y  
o f  t h i s  surface array extended t o  Richter earthquake magnitudes o f  0 t o  -1.5 
and i s  l i m i t e d  by the near ly 3 kin o f  v e r t i c a l  separation and the large seismic 

attenuation o f  the near-surface sediments and volcanics. 
phone package consisted o f  12 geophones, 4 each i n  the x-, y-, and z-d i rect ion 

axes (Fig. 9-1). The s e n s i t i v i t y  o f  the downhole package dur ing most of Run 
Segment 5 extended t o  magnitudes as low as -6. During those periods when the 

Reservoir seismici ty was monitored with a surface seismometer array and b 

EE-2 i s  a well  recent ly  d r i l l e d  f o r  the Phase I 1  reservoir .  For 

The downhole geo- 

geophones were i n  place, the d r i l l i n g  r i g  had t o  be id led;  therefore, the 
downhole geophones were used only dur ing selected periods. During the 286 
days o f  flow, 13 microearthquakes ranging between -1.5 and 0.5 

I 

on the extrapolated Richter scale were 
recorded by the surface seismic array. 
These events were located about 200 m 

nor th  o f  EE-2 a t  a depth o f  about 1 km. 
The events are not re la ted t o  Run Seg- 

ment 5 a c t i v i t i e s  but ra ther  t o  the 
d r i l l i n g  of EE-2 o r  3. They began 
about 11 days a f t e r  EE-2 began l o s i n g  
large amounts [as much as 2 x 10" m3/s 
(450 000 gal per day)] o f  d r i l l i n g  
f l u i d s  a t  the l i t h o l o g i c a l  boundary 
separating the sediments and volcanics 
from the Precambrian c rys ta l  1 i n e  rocks 

below. This leak was caused by a 
casing f a i  1 ure during the d r i  11 i n g  

operation. The re la ted seismic events 
subsided about 60 days a f t e r  the casing 

was repaired, but before t h a t  about 3 x 
10 m (8  000 000 g a l )  o f  f l u i d  were 4 3  

GEOPHONE PACKAGE \ f o o L 4 o o B  

W T  SINK 

ClAlNLESSmELDEWAR 

Two- Axts WCUNOMETER 

A M ~ R  e SWITCHING 

l44 M l T E R Y  PACK 

WELM GEOPHONES 

Fis. 9-1. 

L' Los Alamos N a t i o i a l  Laboratory three- 
component geophone package. 
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pumped i n t o  the unconformity. It i s  bel ieved t h i s  f l u i d  t r iggered the release 
o f  tecton ic  stress t h a t  had accumulated a t  the unconformity o r  re la ted faults. 
The cumulative seismic-energy release o f  these events was about t h a t  o f  a ML = 

0.75 earthquake. 
I n  an e f f o r t  t o  record any seismic events too small t o  detect using sur- 

face geophones, the three-component geophone package was placed i n  EE-2 a t  

2100 h, June 24, 1980, and recorded the seismic background noise f o r  17 h. 
During t h i s  t e s t  the geophone was located a t  three depths (1005 m f o r  12 h, 

1500 m for  0.75 h, and 2606 m f o r  3.5 h). These depths and times were chosen 
t o  a l low us t o  maximize our recording t ime without overheating the too l  and 
s t i l l  record data w i th in  a few hundred meters o f  the heat- t ransfer surface. 

No events associated w i th  microseismic a c t i v i t y  i n  the HDR system were found 
a t  the 1000-m or  1500-m geophone posit ion. However, i n  the lowest geophone 
pos i t i on  s i x  events were recorded w i th  c lea r  S- and P-arr ivals. 

occurred near the geothermal system, although the P-wave was emergent and the 
events could not  be located. 
event frequencies, about two events/hour, are 2 o r  3 orders o f  magnitude less 

than those observed dur ing Expts. 195 and 203 ( f r a c t u r e  extension experiments) 

Locations o f  these events i n  plan view are shown i n  Fig. 9-2. 

They probably 

A sample event i s  shown i n  Fig. 9-3. These 

o r  during the high back-pressure phase o f  Run Segment 4, but  are equivalent t o  
event frequencies observed dur ing the low back-pressure phase o f  Run Segment 4. 
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Fig. 9-2. 
Plan view of location o f  seismic events that  occurred during Run Segment 5.  
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Fig. 9-3. 
Sample event occurring during Run Segment 5 .  
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10. CONCLUSIONS 

The new reservoir ,  created by f rac tu r ing  g r a n i t i c  rock a t  2.93 km (9600 

ft) and evaluated with a long-term (286-day) f low test ,  sustained an 8°C ther-  
mal drawdown. This resu l t ,  along w i th  the i n l e t - t o - o u t l e t  spacing o f  320 m, 

l e d  t o  heat-transfer areas o f  45 000 t o  50 000 m2, the range a r e s u l t  o f  d i f -  
ferent types o f  models. Measured t race r  volumes suggest a f rac tu re  area o f  a t  
l e a s t  80 000 m2. Thus, a l l  methods are i n  q u a l i t a t i v e  agreement w i t h  the fact  
t h a t  t h i s  reservo i r  i s  much la rge r  than t h a t  evaluated i n  Run Segment 2, 75- 
day tes t ,  the f i r s t  geothermal reservo i r  a t  Fenton H i l l  . 

Water losses f o r  the new reservo i r  were very encouraging because only a 

t r a n s f e r  area. The impedance remained constant 
about 1.6 GPa s/m , corrected f o r  bouyancy. Th 
rese rvo i r  t h a t  exhib i ted a sharp decl ine i n  the 

3 

was due t o  the large thermal drawdown t h a t  the 

30% increase i n  water loss was observed f o r  a several- fo ld increase i n  he 

throughout the experiment 
s i s  i n  contrast  with the 
impedance. Presumably t h  

I d  system experienced. 

t- 

a t  
ol d 
S 

Geochemical monitoring o f  the system produced many valuable i ns igh ts  
I n  pa r t i cu la r ,  geothermometry techniques i n t o  the behavior o f  the system. 

provided a measure of the maximum reservo i r  temperature. It a1 so establ i shed 
t h a t  t h i s  temperature q u a l i t a t i v e l y  fol lowed the drawdown pat tern establ ished 
with the o u t l e t  temperature. The concentrations o f  dissolved chemicals i n  the 
produced water were low and the pH was near neutral ,  so the produced water was 
of good qual i ty. 

Seismic monitoring of the new reservo i r  during Run Segment 5 showed very 

l i t t l e  seismic a c t i v i t y .  The events t h a t  d i d  occur were very small ( less than 

-1.5 Richter)  and were a t t r i b u t e d  t o  nearby d r i l l i n g  operations. E l e c t r i c a l  
power generation from hot dry  rock was demonstrated with the operation o f  the 
60 kW e l e c t r i c a l  power generation uni t .  Mechanical d i f f i c u l t i e s ,  however, 
prevented continuous operation o f  the u n i t  . 
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APPENDIX A 
0 

DEFINITIONS OF THE INTEGRAL MEAN <V>, THE MODE VI 
AND TRIMMED MEAN I V l  VOLUMES 

Because the dye t racer  resu l t s  express a continuous residence t ime d is -  

t r i b u t i o n  (RTD), they can be viewed as a p r o b a b i l i t y  d i s t r i b u t i o n  function. 
Consequently, a s t a t i s t i c a l  analysis may enhance our understanding o f  the sys- 
tem. 
grated and trimmed means o f  the observed RTDs as presented i n  Table 8-1. 

grat ions o f  the d i s t r i b u t i o n  are required t o  produce means and medians and are 
biased toward la rge  volumes o r  residence times because o f  the long t a i l s  ob- 

served i n  the d is t r ibu t ions .  The mode, on the other hand, el iminates t h i s  
dependence and may be a more accurate estimate o f  the centra l  tendency o f  the 
d i  s t r i  but ion . 

I n  l i g h t  o f  t h i s ,  ca lcu la t ions  were done t o  provide modes and in te -  
In te-  

The volumes are defined as follows. 

Modal vol  ume : 
V occurs when Ci = f (V i )  i s  a maximum. 

Mean volume: 

0 

<V> = 1 VCidV 1 CidV . 
0 0 

Trimned mean vol ume : 

V* Vf 
[ V I  =[ VC ldVd  CidV , 

87 



! 

where {o,V*) defines the trimmed d i s t r i b u t i o n  o f  t race r  concentrat ion Ci and 

measured volume V. The spread o f  the d i s t r i b u t i o n  i s  proport ional  t o  the 

degree of dispersion and can be represented by the s t a t i s t i c a l  variance u0; 2 

U2 - / V2CidV <V>'[ CidV -1 . 
4 -  0 

2 
4 

Values o f  u for  various l eve l s  o f  t runcat ion are presented i n  Table 8-11. 

APPENDIX 6 

SAMPLING AND ANALYSIS PROCEDURES FOR RUN SEGMENT 5 

1. WATER SAMPLING PROCEDURES 
L iqu id  samples were co l lected from the GT-2 production well  head through 

a sampling l i n e  t h a t  entered d i r e c t l y  i n t o  the chemistry laboratory. 
the laboratory, the f l u i d  was cooled i n  a commercial heat exchanger a t  the 
production pressure. S u f f i c i e n t  f l u i d  was discarded before samples were co l -  
lected t o  completely f l u s h  the sample l i n e  and thus ensure a f resh sample was 
being taken. The f l u i d  was sampled e i t h e r  a f t e r  f i l t r a t i o n  through a 0.45-@ 

Gelman membrane f i l t e r  i n  a stainless-steel  high-pressure holder o r  d i r e c t l y ,  
un f i l t e red .  

Ins ide 

Samples o f  i n jec ted  f l u i d  were co l lected a t  a sampling s t a t i o n  located 

near the i n j e c t i o n  wel l ,  and system make-up water samples were co l lected a t  a 
l oca t i on  near the make-up water pumps. Because o f  the lower temperatures en- 
countered a t  these locations, no heat exchanger was needed f o r  sample cooling. 
Here again provis ions were made f o r  c o l l e c t i n g  both f i l t e r e d  and u n f i l t e r e d  

samples . 
A sample set f o r  each loca t i on  consisted o f  the fol lowing. 
1. A 500-ma u n f i l t e r e d  sample f o r  t o t a l  suspended s o l i d  (TSS) deter-  

minat i on. 
2. A 500-ma f i l t e r e d  sample f o r  anion analysis. 

3. A 500-mt f i l t e r e d  sample for cat ion analysis. This sample was a c i d i -  
f i e d  t o  0.1% w i t h  concentrated HN03. 
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4. A 500-mfi f i l t e r e d  sample for  aluminum determination. 
This sample was immediately t rea ted  according t o  the method o f  
Barnes f o r  the  ex t rac t ion  of monomeric aluminum. 

5. A 1-r f i l t e r e d  sample f o r  t race  analysis. 
6. A 50-mfi f i l t e r e d  sample f o r  stront ium isotope analysis. 
7. A 125-mk u n f i l t e r e d  sample f o r  oxygen and hydrogen isotope analysis. 
A l l  the above samples were co l lec ted  i n  sample b o t t l e s  t h a t  had been 

r insed a t  l e a s t  twice w i th  t h e i r  volume o f  the sample l i q u i d  immmediately 

p r i o r  t o  co l lec t ion .  The f i r s t  s i x  samples were co l lec ted  i n  new Nalgene 
b o t t l e s  and the oxygen-hydrogen isotope sample was co l lec ted  i n  a f l i n t  glass 

b o t t l e  w i th  a Polyseal" cap. A l l  b o t t l e s  were f i l l e d  completely t o  e l iminate 
a i r  pockets and then t i g h t l y  sealed. A s t r i p  o f  tape was used around the 
f l i n t  glass b o t t l e s  as an ext ra precaution against leakage. 

2. WATER ANALYSIS PROCEDURE 
2.1. Total  Suspended Sol ids (TSS) 

Gelman 0.45-,,m membrane f i l t e r s  were f i r s t  d r ied  a t  3OoC for a t  l eas t  

12 h and cooled a t  room temperature i n  a desiccator. Each f i l t e r  was weighed 
t o  0.1 mg before use, and a ser ies o f  blanks were run t o  determine the average 
weight loss  o f  the f i l t e r  dur ing t h i s  procedure. Both blanks and samples were 

run by f i r s t  p lac ing a weighed f i l t e r  i n  a special f i l t e r  holder and then 
fo rc ing  blank o r  sample through the f i l t e r  using a i r  pressure a t  5 bars i n t o  a 
la rge  beaker. A f te r  f i l t e r i n g  the e n t i r e  l i q u i d  volume, the f i l t e r  w i th  the 
co l lec ted  so l ids  was d r ied  and cooled as before and then weighed. The co l -  
lec ted  f i l t r a t e  volume was measured t o  the nearest 10 mm, and the weight o f  
so l i ds  per volume o f  l i q u i d  was ca lcu lated i n  m i l l i g r a m s / l i t e r  from the  
increased weight o f  the f i l t e r .  A cor rec t ion  was made i n  the ca lcu la t ions  by 
tak ing  the  average weight loss  obtained on the blank runs and adding i t  t o  the  
weight of t h  co l lec ted  sol ids. The r e l a t i v e  standard dev iat ion 
analys is  was *20%. 

2.2. PH, EH, HC03-,C03-2 and Conduct iv i ty  
These analyses were performed as soon as possible a f t e r  c o l l e c t i o n  and 

l y  a f te r  opening the sample bo t t les .  The pH and Eh electrodes were 
standardized d a i l y  with standard so lut ions using the  same condi t ions as the  
samples. EPA q u a l i t y  cont ro l  samples o f  known pH and HC03- content were 
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included w i th  each group of samples t o  regulate the uni formi ty  of the t e s t s  
and t o  check the accuracy o f  the resul ts.  

o f  handling t o  avoid loss o f  dissolved gases. The electrodes were inser ted i n  

each sample, and pH and Eh readings were recorded whi le s t i r r i n g  gent ly  with a 
magnetic s t i r r e r .  
determined dur ing standardization done before the  analysis. The HC030/co,-2 
determi-nation followed d i r e c t l y  and used the f i n a l  pH reading as a s t a r t i n g  
Point. The sample a l i quo t  was t i t r a t e d  w i th  1.589 1 H2S04 using a HACH 

D i g i t a l  T i t r a t o r  ca r t r i dge  t o  give a pH t i t r a t i o n  curve. 
of the t i t r a t i o n  a t  pH 8.3 (usual ly  absent i n  the loop samples) was i n d i c a t i v e  

o f  the C03-' content i n  the sample whereas the second end po in t  a t  pH 4.5 i n d i -  
cated the HC03- content. The r e l a t i v e  standard deviat ions f o r  the pH and 

HC03-/C03-* measurements were +-2% and +-4% respectively. A much 1 arger e r ro r ,  

which was associated wi th  the Eh analysis, was due t o  actual oxidat ion poten- 
t i a l  changes dur ing measurement caused by the e f f e c t s  o f  temperature and the  

nature o f  the chemical systems operating i n  the solut ion. 
Conductivi ty was measured with a conduct iv i ty  probe using deionized 

water as a blank t o  adjust  the basel ine reading. 
r e c t l y  o f f  a meter and reported i n  micromho/centimeter. 
2.3. S i l i c a  

Sample a l iquots  o f  100 mk were poured i n t o  small beakers w i th  a minimum 

The maximum time allowed f o r  each electrode reading was 

The f i r s t  end po in t  

Conduct iv i ty was read d i -  

S i l i c a  analyses were performed on an a l i quo t  o f  f i l t e r e d  a c i d i f i e d  
sample using the si l icamolybdate method i n  which a co lor  reagent o f  ammonium 
molybdate and s u l f u r i c  acid produces a ye l low co lo r  w i th  an i n t e n s i t y  propor- 

t i o n a l  t o  the react ive s i l i c a  i n  solut ion. Because s i l i c a  i s  found i n  glass- 
ware and can be present i n  many reagents, only p l a s t i c  (usual ly Nalgene) equip- 

ment was used and blanks were run t o  correct  f o r  s i l i c a  contamination. 

standard containing 250 ppm o f  Si02 were p ipet ted i n t o  the su i tab le  p l a s t i c  
containers. Approximately 9.8 m l  o f  the co lo r  reagent were added t o  each 
sample or  standard. The r e s u l t i n g  mixture was agitated, and the mixture was 
allowed t o  stand 10 min before reading the absorbance a t  400 nm on. a uv spec- 
trophotometer. The spectrophotometer used t o  measure s i 1  i c a  was a Beckman 
Model 25 equipped w i th  an automatic concentrat ion c a l i b r a t i n g  mode and a 

"sipper c e l l  ,'I which pumped the sample d i r e c t l y  i n t o  the  l i g h t  path. 
so lu t ions were used t o  set the zero reading, and the 250-ppm standard was used 

The procedure used was as follows. A 0.2-mk a l i q u o t  o f  sample and a 

Blank 
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t o  set the concentration d i a l  t o  250. Samples introduced i n t o  the instrument 
through the c e l l  gave readings, which corresponded d i r e c t l y  t o  s i l i c a  concen- 

t ra t ions .  A l l  standards were run i n  t r i p l i c a t e ,  and samples were run i n  dup l i -  
cate due t o  the r e l a t i v e  ease o f  s i l i c a  contamination. Q u a l i t y  cont ro l  f o r  
t h i s  analysis was done by comparing standards and by analyzing a laboratory  
prepared standard sample s im i la r  t o  the loop f l u id .  The r e l a t i v e  standard 
dev iat ion f o r  the proocedure was 24%. 

2.4. Boron 
Several 1 - m i  a l iquo ts  of f i l t e r e d  unac id i f ied  sample or  standard were 

t reated w i t h  2 m i  o f  ammonium acetate buf fer  and 2 m i  o f  azomethime-H so lu t i on  

according t o  the method described by Meglen. The resu l t i ng  co lor  complex 
reached a peak i n t e n s i t y  a f t e r  30 min when it was measured using the Beckman 
spectrophotometer described f o r  s i l i c a  analysis. A c a l i b r a t i o n  curve o f  ab- 
sorbance vs concentration was constructed from standard and blank readings. 
Since the range of the curve for standards from 0 t o  10 ppm was l inear ,  a 
1 i near regression program was used t o  ca l  cu l  a te  sample concent r a t  i ons from 
t h e i r  absorbance readings. The co r re la t i on  c o e f f i c i e n t  f o r  a t y p i c a l  curve o f  
f i v e  standards from 0 t o  10 ppm ranged between 0.9989 t o  1.0000. The pre- 
c i s i o n  o f  the method was 23% RSD. The standard described i n  the s i l i c a '  pro- 
cedure was a l  so used successful ly as a qual i t y  contro l  check. 
2.5. Atomic Absorption Analysis d 

The fo l low ing  major cat ions were analyzed by atomic absorption spectros- 

copy (AA) using an air-acetylene flame: 
analyses, a l l  samples and standards were d i l u t e d  a t  l eas t  50% w i t h  a so lu t ion  
conta in ing 2000 ppm Cs i n  1% HN03 t o  e l iminate i on i za t i on  interferences. I n  
add i t ion  t o  the Cs, a 5% la so lu t ion  was used i n  a 1 t o  4 r a t i o  t o  e l iminate 
molecular interferences caused by h igh su l fa te  and s i 1  i c a  dur ing the analys is  
o f  Ca and Mg. The low-temperature air-acetylene flame was preferred t o  other 
flames because of the higher absorbance t o  concentration r a t i o s  obtained. 

The instrument used f o r  these determinations was the Perkin Elmer Model 

460. Instrument' parameters jere optimized f o r  each elemental determination, 
and standardizat ion was done using the  automatic c a l i b r a t i o n  opt ion on the 

instrument. To e l iminate e r ro rs  introduced by high-order d i l u t i o n ,  burner 
head angles on the instrument were rotated t o  reduce s e n s i t i v i t y  and increase 

the l i n e a r  working ranges. I n i t i a l  samples were run against prepared stand- 
ards and by standards prepared by the method o f  addi t ion;  however, when t h i s  

Ca, K, Na, Mg, and L i .  For these 

b., 

91 



L was no longer deemed necessary, standardization was done only w i t h  prepared 
standards and comparisons were made with EPA standards. As a double accuracy 
check, d i f f e r e n t  d i l u t i o n s  o f  each sample were prepared and checked against 

each other u n t i l  a t  l e a s t  two gave resu l t s  i n  the same working range. This 
method not only y ie lded dupl icate r e s u l t s  but was also very valuable i n  detect- 
i n g  matr ix interferences. The r e l a t i v e  standard deviat ions f o r  each analysis 
were as fol lows: Ca = +1.4%, K = +1.2%, L i  = +1.2%, Mg = +1.4%, and Na = <+1%. 

S i l i c o n  analyses, when required, were done by AA using a n i t r o u s  oxide- 

acetylene flame because atomization o f  s i 1  icon compounds requires higher tem- 
peratures. For convenience, sample d i l u t i o n s  f o r  s i 1  icon were those a1 ready 

prepared f o r  use with the air-acetylene flame. S i l i c o n  standards were pre- 

pared f o r  analysis i n  the same manner as the actual samples. 

ex t rac t i on  and concentration o f  the monomeric aluminum i n t o  methyl isobutyl 

ketone (MIBK). This ext ract ion was performed immediately a f t e r  c o l l e c t i o n  and 
was done as follows. To remove i r o n  interferences present i n  the loop f l u i d  
by reduction of Fe+3 t o  Fe" and t o  complex the i ron,  5 ma o f  20% hydroxyl- 
amine hydrochloride and 5 mk o f  2% phenanthroline 1, 10 so lu t i on  were added t o  

500 mk o f  sample. The pH was then adjusted t o  4. A f t e r  removal o f  the i n t e r -  
fer ing i ron,  the aluminum was extracted by adding 2 mk o f  5% hydroquinol ine 

and bu f fe r i ng  the so lut ion toepH 8.3. Twenty m i l l i l i t e r s  o f  MIBK wete added 
t o  the buffer, and the A1 complex i n  the b u f f e r  was extracted i n t o  the organic 
phase (MIBK). The MIBK phase was separated and analyzed. Blanks and stand- 
ards were prepared by the same procedure. EPA standards as well  as prepared 
standards were run rout ine ly ,  and the r e l a t i v e  standard dev iat ion f o r  the 

Monomeric aluminum was determined by AA using a graphi te furnace a f t e r  

was about +lo%. 
n s t a b i l i t y  i n . the  samples dur ing storage o f  t he  

This r e l a t i v e l y  large e r r o r  e n t i r e  ex t rac t i on  and analysis 

term was carr ied p r i m a r i l y  by 
organic phase. 

Trace analyses were a1 so analyzed by AA and were done only on selected 
samples a f te r  completion o f  the experiment. 

cluded: Ag, Ba, Cd, Coy C r y  Cu, Fey N i ,  Mn, Mo, Pb, Sr, and Zn. I n  a l l  
cases, f i l t e r e d  a c i d i f i e d  samples were used and the HGA model 5000 graphi te 
furnace was used. Mu l t i p le  d i l u t i o n s  were made t o  check f o r  matr ix  i n t e r -  
ferences, and a deuterium arc background correct ion was used on elements w i t h  
ana ly t i ca l  spectral 1 ines below 400 nm. Whenever possible, EPA standards 

Elements i n  t h i s  category i n -  

?cr' 
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accompanied the samples as a check f o r  accuracy. 
for  the t race  elements ranged from *5% t o  ~ 4 0 % .  

Anion analyses o f  Cl', F', NO3 , SO4-', P04-3, and B r  were done simul- 
taneously using a Dionex Model 12 Ion Chromatograph on the f i l t e r e d  unacidi- 

f i e d  samples. Each sample being analyzed was loaded i n t o  a sample tube, which 
contained a small volume o f  e f f l u e n t  concentrate. When necessary, d i l u t i o n s  
o f  the samples were made i n  the sample tubes before analysis. The concentrate 

was added t o  minimize e f f e c t s  o f  the "water dip," which i s  sometimes associ- 
ated w i th  ion  chromatography. 
matograph were measured on a Spectra-Physics Mini grator  . 
by inse r t i ng  mixed anion standards w i th  the samples. These mixed standards 
were prepared from d i l u t i o n  o f  i nd i v idua l  primary standards prepared 
g rav ime t r i ca l l y  f o r  each anion. A f u r the r  check on the accuracy o f  the method 

and the c a l i b r a t i o n  curves was made by inc lud ing  EPA standard so lut ions w i t h  
each set o f  samples. Approximately 30 min were required by the ion  chromato- 

graph f o r  each sample. A l i n e a r  regression program was used for ca l cu la t i ng  
concentrations from the corresponding peak areas. I n  most cases, the RSD for  
analysis w i th  the  i on  chromatograph was w i t h i n  +5%. 

3. DISSOLVED GAS SAMPLES 

Relat ive standard dev iat ion 

Retention times and peak areas from t h i s  chro- 

Ca l ib ra t ion  curves f o r  each anion were prepared w i th  each set o f  samples 

The apparatus f o r  gas sampling consisted o f  a 4-a high-pressure 
s ta in less-s tee l  separator tank and a 1-11 tank i n  an i c e  bath used t o  t r a p  con- 
densible vapors. The ins ide  o f  the separator tank was f i t t e d  w i th  a s ta in less  

s tee l  tube d r i l l e d  w i t h  15 1/8-in. holes t h a t  were designed t o  spray incoming 
f l u i d  ins ide  the tank. 

Samples were co l lec ted  by s l i g h t l y  opening the in take valve on the  tank 
and a l lowing l i q u i d  t o  f l a s h  ins ide  the separator for  3 min w i th  the  d ra in  
valve open. When the gas and l i q u i d  phases i n  the tank had reached e q u i l i -  
brium, the dra in  valve was shut and a pressure o f  15 ps i  was allowed t o  b u i l d  
up i n  the tank. The in take valve was then closed, and the  contents o f  the 
separator were allowed t o  stand f o r  another 2 min t o  f u r t h e r  separate the  

phases. A t  2 min, the o u t l e t  valve on top o f  the separator tank was momen- 
t a r i l y  opened and then closed t o  t rans fe r  some o f  the gas i n t o  the  1-11 cold- 

t r a p  tank. A gas sample from t h i s  tank was extracted w i th  a gas syringe by 
i nse r t i ng  the needle o f  the syringe i n t o  a septum connected t o  the tank and u 
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opening the sampling valve. The above procedure was repeated three times t o  
f l u s h  the system before tak ing a f i n a l  gas sample f o r  analysis. 

The sample i n  the syringe was analyzed by i n j e c t i o n  i n t o  a Carle Auto- 
matic Gas Chromatograph (GC) equipped with a thermal-conductivi ty detector. 
The sample loop o f  the chromatograph was thoroughly f lushed w i t h  sample before 
each analysis cyc le  was started. A p o s i t i v e  pressure was always kept on the  
contents of the syringe t o  prevent a i r  contamination. Peak areas and reten- 
t i o n  times f o r  the chromatograph were measured w i t h  a Spectra-Physics Mini-  
grator  . 

Cal ibrat ion o f  the GC was performed d a i l y  using a standard c a l i b r a t i o n  

gas, whicb was prepared by using p a r t i a l  pressure t o  mix gases i n  a small gas 
tank. The mixture i n  the tank was standardized against c a l i b r a t i o n  curves, 
which were determined from gas mixtures containing measured volumes of pure 
gases. For the actual working range o f  the GC, the e r r o r  associated w i th  the 
instrument was about 22% RSD. 

Because concentrations of H2S encountered du r ing  the experiment were 
below the detect ion range o f  t he  GC, a f r a c t i o n  o f  the gas sample was saved 

for a separate H2S analysis. The sample gas was d i l u t e d  w i t h  pure ni t rogen 

gas i n  a special gas sampling bag and introduced i n t o  an Ecolyzer H2S 
analyzer. Cal ibrat ion o f  t h i s  instrument was performed using tanks of 

standard gas supplied w i th  the instrument. 
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