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EXPERIMENTALLY DETERMINED ROCK-FLUID 1NTERACTlONS APPLICABLE TO A 

NATURAL HOT DRY ROCK GEOTHERMAL SYSTEM 

R. U. Charles, C. 0. Grigsby. C. E. Holley, J r . ,  
J. U. Tester,* and L. A. B l a t z  

*Current address: Department of Chemical Engineering 

Los Alamos National Laboratory, Los Alamos, New Mexico 87545 

Massachusetts I n s t i t u t e  of Technology, Cambridge, MA 02139 

Summary 

The Los Alamos National Laboratory, under the sponsorship o f  the U.S. 
Department o f  Energy, i s  involved w i t h  laboratory and f ie ld  experiments to  
a s s i s t  in  development of the Hot Dry Rock concept of geothermal energy. 
The f i e l d  program consis ts  of experiments i n  which hot rock of low per- 
meability i s  hydraulically fractured between two wellbores. Water i s  c i r -  
culated from one well to  the other through the fractured hot rock. Our 
f ie ld  experiments are  designed t o  t e s t  reservoir engineering parameters 
such as heat-extraction rates ,  water-loss ra tes ,  flow charac te r i s t ics  
including impedance a n d  buoyancy, seismic ac t iv i ty ,  an6 f l  u i a  chemistry. 
Laboratory experiments were designed t o  provide information on t h e  
mineral-water react ivi ty  encountered dur ing  the f ie ld  program. Two experi- 
mental c i rculat ion systems tested the rates of dissolution and a l te ra t ion  
d u r i n g  dynamic flow. Solubill ty of  rock i n  agi ta ted systems was studied. 
Moreover, pure minerals, samples o f  the granodiorite from the actual 
reservoir ,  a n d  Tijeras Canyon granite have been reacted w i t h  d i s t i l l e d  
water and  various solutlons of NaC1, NaOH, and Na&O,. The r e s u l t s  o f  
these experimental systems are compared t o  t h e  observations made i n  .field 
experiments done w i t h i n  t h e  hot dry rock reservoir a t  a depth of approxi- 
mately 3 k m  where the i n i t i a l  rock temperature was 150 t o  200°C. 
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Table I - Characterist ics of the Phase 1 Fenton Hill 
Hot Dry Rock system 

Reservolrs 

depths - - - - - - - - - - - - 2.5-3 km 

i n i t i a l  rock temperatures - - - 180-200°C 

major rock type* - - - - - - - - b i o t i t e  granodiorite 

density - - - - - - - - - - - - 2700 kg/m3 

specif ic  heat - - - - - - - - - 1000 J/kgK 

permeability (ma t r ix )*  - - 1 0 - l ~  t o  IO-*' m2 ( 1  t o  

porosity (matrix)* - - - - - - - 
u darcy) 

porosity ( i n  s i t u )  - - - - - - - 
thermal conductivity - - - - - - 2.8 W / m K  

thermal diffusivi ty  - - - - - - m2/s 

p-wave velocity V - - - - - - - 
vp /vs  - - - -  - - - - - - - - -  

5.9 km/s 

1.7 
P 

We1 1 bores 

Injection well ( E E - I )  - - - 3.07 km total  depth cased w i t h  
7 5/8-in. ana 8 5/8- in .  s teel  casing t o  2 .95  km main  injection 
zone a t  2750 m behind casing. 

7 5/8-in. steel  casicg to  2.60 k m  m a i n  production zone a t  266G 
m in open hole. 

Production well (GT-2B) - - - 2.70 km total  depth cased w i t h  

Surface Plant 

Circulation pumps - - - Multi-stage centrifugal A P  = 100 bar 

Heat exchanger - - - - Forced draf t -a i r  cooled carbon s tee l  
tubes w i t h  aluminum f ins .  

*Determined from cores. 
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I n t r o d u c t i o n  

Under sponsorship o f  t h e  U.S. Department o f  Energy, Los Alamos 
Na t iona l  Laboratory  i s  conduct ing f i e l d  and l a b o r a t o r y  experiments t o  
develop a means o f  e x t r a c t i n g  energy from deep, impermeable h o t  rock. The 
concept -- known as h o t  d r y  rock (HDR) geothermal energy -- i n v o l v e s  
c r e a t i o n  o f  a heat  t r a n s f e r  su r face  by h y d r a u l i c  f r a c t u r i n g  o f  h o t  rock 
between two we1 1 s. 

I n  a commercial-sized system, energy would be removed by c i r c u l a t i n g  
p ressu r i zed  water over  1 t o  2 km' o f  rock sur face w i t h  i n i t i a l  temperatures 
from 200 t o  300'C a t  depths o f  4-5 km (1,12,13~. Continuous r a p i d  c i r c u -  
l a t i o n  o f  water over  h o t  rock sur faces i s  r e q u i r e d  t o  ensure economical ly  
acceptable p roduc t i on  ra tes .  Large h e a t - e x t r a c t i o n  su r face  areas a r e  
needed because o f  t h e  i n h e r e n t l y  l ow  thermal c o n d u c t i v i t y  o f  rock,  which 
q u i c k l y  c o n t r o l s  t h e  r a t e  a t  which hea t  i s  t r a n s f e r r e d  t o  t h e  f l u i d  con- 
t a i n e d  wi th in  the  f r a c t u r e .  

T h i s  r a t h e r  un ique s e t  o f  ope ra t i ng  c o n d i t i o n s  and r e s e r v o i r  charac- 
t e r i s t i c s  r e s u l t s  i n  a d i f f e r e n t  s e t  o f  crystallization/dissolution 
problems than  those no rma l l y  encountered i n  n a t u r a l  hydrothermal env i r cn -  
ments. The k i n e t i c s  and e q u i l i b r i a  assoc iated w i t h  i n  s i t u  g ran i te -wa te r  
i n t e r a c t i o n s  a r e  impor tan t  i n  determin ing how t h e  f l c d x  rock  composi- 
t i o n  o f  t h e  system w i l l  vary  over  t h e  20-40 y e a r  l i f e t i m e  o f  a t y p i c a l  h o t  
dry rock (HDR)  power p l a n t .  The e x t e n t  o f  t h i s  chemical i n t e r a c t i o n  can 
have profound e f f e c t s  on t h e  performance of t h e  r e s e r v o i r  and t h e  surface 
p l a n t .  For  example, pressure drop and f l u i d  c i r c u l a t i o n  p a t t e r n s  w i t h i n  
t h e  f r a c t u r e  as we l l  as f l u i d  permeation losses w i l l  be i n f l u e n c e d  by l o c a l  
chemical d i s s o l u t i o n  and r e p r e c i p i t a t i o n  r e a c t i o n s  occu r r i ng  on and near 
the  f r a c t u r e  faces. Dissolved m a t e r i a l ,  p a r t i c u l a r l y  s i l i c a  and carbon- 
ates,  may deposi t  on heat  exchange sur faces because o f  t h e  l a r g e  pressure 
and temperature d i f f e r e n c e s  experienced as f l u i d  i s  heated w i t h i n  t h e  
r e s e r v o i r  and cooled i n  t h e  sur face heat  exchange system. 

Our c u r r e n t  p rog ram i n c l u d e s  l a b o r a t o r y  and t h e o r e t i c a l  s t u d i e s  
d i r e c t e d  t o w a r d  u n d e r s t a n d i n g  geochemical  a1 t e r a t i o n ,  m o r p h o l o g i c a l  
changes, d i s s o l u t i o n  k i n e t i c s ,  s o l u b i l i t y ,  and scale d e p o s i t i o n  i n  t h e  
g ran i te -wa te r  system. These l a b o r a t o r y  s t u d i e s  proved use fu l  i n  p r e d i c t i n g  
as w e l l  as i n t e r p r e t i n g  t h e  performance o f  t h e  f i e l d  system. The f i r s t  two 
sec t i ons  o f  t h i s  paper d iscuss experimental aspects o f  the program, t h e  
t h i r d  s e c t i o n  deals  p r i m a r i l y  w i t h  t h e  geochemical behavior  o f  t h e  f i e 1  d 
r e s e r v o i r  du r ing  75  days o f  c losed  loop  c i r c u l a t i o n .  The general charac- 
t e r i s t i c s  and p r o p e r t i e s  o f  t h e  system a t  t h e  Fenton H i l l  s i t e  a re  l i s t e o  
i n  Table 1. 

I n t e r -  Th i s  paper i s  a summary o f  t h e  s a l i e n t  f ea tu res  o f  our  work. 
ested readers should c o n s u l t  re ferences 1, 12, 13, 14, and 1 5  f o r  o e t a i l s .  

Rock - Water I n t e r a c t i o n s  

I n t r o d u c t i o n  

Rock-water r e a c t i o n s  a r e  c r i t i c a l  t o  t h e  long-term l i f e  o f  a HDR 
rese rvo i r .  S t a t i c  experiments , a1 though Smportant, o n l y  determine the 
e q u i l i b r i u m  phase assemblage which w i l l  be compat ib le  i n  t h e  rock r e s e r v o i r  
f o r  a g i ven  se t  o f  phys i ca l  condi t ions.  Dynamic ( c i r c u l a t o r y )  systems have 
been b u i l t  which model t h e  pressure and temperature c o n d i t i o n s  encountered 
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i n  the HDR reservoir. The phase relat ions o f  the b io t i t e  granodiorite 
reservoir rock i n  contact w i t h  a circulating d i lu te  aqueous solution have 
d i rec t  application t o  the f i e ld  experiments. Physical a n d  chemical changes 
occurring i n  the experimental rock samples indicate how the actual rock 
reservoir may be expected t o  behave. Removal o f  material may be a problem, 
and deposition of material may constr ic t  the ci rculat ion loop below or 
above ground. I m p o r t a n t  questions are:  How are the original minerals 
attacked -- along grain boundaries, f ractures ,  or compositional zones? 
Yhich minerals are  attacked? Where do secondary phases grow a n d  why? 

Ex pe r i menta 1 Sy s t em 

The experimental system (Figure 1) consists o f  a loop i n  w h i c h  the 
aqueous solution moves slowly i n  sequence through a heated chamber con- 
t a i n i n g  rock samples, through a cooling column, through a c i rculat ing pump, 
a n d  then back t o  the heated chamber. Pressure w i t h i n  the  system i s  
maintained by a second pump. The temperature o f  the sample chamber i s  
controlled by a tube furnace while the temperature of the loop between the 
sample chamber a n d  cooling column i s  maintained by heating tapes. The 
cooling column has a central core o f  platinum gauze on a t a n t a l u m  rod for  
collection o f  scale. A l l  heated portions o f  the system are  gold-plated t o  
prevent spurious reactions. Dur ing  a n  experiment, c i rculat ion i s  main-  
tained continuously a t  2.5  cm*/min. for  the 560 cm’ system during the work 
week, however the flow i s  stopped a t  temperature a n d  pressure during t h e  
weekend. 

AIR-DRIVEN 
PRESSURIZING PUMP 

LOW T TAP 

P 
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F i g .  1 - Fixed Iemperature Circulation System. 
Note: are thermocouples. 



E i g h t  po l i shed  rock d i sks  3 mn t h i c k  and 19 mn i n  diameter a re  mounted 
v e r t i c a l l y  on a carousel made o f  tantalum, p l a c i n g  the  rock d i s k s  a t  the 
cen te r  o f  t he  v e r t i c a l l y  mounted 500 m& pressure vessel. 

Same r e s u l t s  presented here i n  d e t a i l  a r e  from an experiment r e a c t i n g  
b i o t i t e  g r a n o d i o r i t e  w i t h  d i s t i l l e d  water  a t  200°C and 1/3 kba r  pressure 
f o r  a t o t a l  t ime  o f  9 mo. Disks 1 through 3 were removed a t  1, 2, and 4 
so. The remainder were removed a t  9 mo. So lu t i ons  were sampled a t  29, 53, 
213, 817, 5372. 3147, and 6579 h. Reacted rock sur faces were examined by 
scanning e l e c t r o n  microscopy and e l e c t r o n  microprobe. S o l u t i o n s  were 
analyzed by atomic absorpt ion.  This  experiment i s  supplemented by others 
done under d i f f e r e n t  phys i ca l  cond i t i ons .  

Rock A1 t e t a t i o n  

I n t r o d u c t i o n .  I n i t i a l  modal a n a l y s i s  o f  t h e  rock i s  shown i n  Table 
11. kour teen phases have been i d e n t i f i e d .  Kspar (var .  m ic roc l i ne ,  Org3 1 
i s  r e l a t i v e l y  f resh.  P lag ioc lase  shows a bimodal composit ion. The 
a l b i t e - r i c h  r ims  ( A b e g )  surround a core o f  o l i g o c l a s e  (Ab,,). B i o t i t e  i s  
commonly c h l o r i t i z e d .  O r i g i n a l  b i o t i t e  always shows a K d e f i c i e n c y  and i s  
t o o  aluminous t o  be on t h e  anni te-phlogopi te  j o i n .  Sphene, a p a t i t e ,  mag- 
n e t i t e ,  and z i r c o n  complete t h e  pr imary minera l  phases. I n  a d d i t i o n  t o  
c h l o r i t e ,  metamorphic a l t e r a t i o n  has produced epidote,  s e r i c i t e ,  c a l c i t e ,  
and a t r a c e  o f  prehni te .  

The i n i t i a l  sur face i s  smooth, b u t  shows some n a t u r a l  f r a c t u r e s  f i l l e d  
by ve ins  o f  qua r t z  and c a l c i t e .  

A f t e r  9 mo. reac t i on ,  t he  quar t z  and m i c r o c l i n e  are etched. A f i lmy 
wh i te  m a t e r i a l ,  compos i t i ona l l y  t h e  z e o l i t e  p h i l l i p s i t e .  almost e n t i r e l y  
covers t h e  p lag ioc lase .  Some p l a g i o c l a s e  e x h i b i t s  e t c h i n g  a long t w i n  
planes. Much o f  t h e  p l a g i o c l a s e  i s  pock-marked. B i o t i t e  and t h e  minor  
p r imary  phases remain r e s i s t a n t .  R e l a t i v e  r e a c t i v i t y  i s :  qua r t z  > p l a g i o -  
c l a s e  > m i c r o c l i n e  > ma f i cs  and t r a c e  phases. The n a t u r a l  hydrothermal 
a l t e r a t i o n s  ( s e r i c i t e ,  ep idote,  p rehn i te ,  and c h l o r i t e )  show res i s tance  t o  
t h e  d i s t i l l e d  water leach. Veins o r i g i n a l l y  c o n t a i n i n g  c a l c i t e  were deeply 

Table 11 - B i o t i t e  Granod io r i t e  Modal Analys is  

Phase - Percent 



attacked. The o t h e r  rock d i sks  removed a t  1, 2, and 4 mo. show s i m i l a r  
a l t e r a t i o n ,  a1 though l e s s  advanced. 

The rock d i s k s  underwent a n e t  weight  l o s s :  1 mo.-1.35, 2 mo.-1.8%. 4 
m0.-3.4%, and 9 mo. (ave. o f  f ive)-5.4%. 

Chemical A l t e r a t i o n .  As mentioned, t h e  o r i g i n a l  phases ranged w i d e l y  
i n  r e a c t i v i t y ,  as shown by t h e i r  change i n  morpholoqy. Table I11 presents  
composi t ional  data. 

M i c r o c l i n e  a l s o  showed e s s e n t i a l l y  
congruent d i s s o l u t i o n ,  whereas p lag ioc lase  reac ted  w i t h  s o l u t i o n  i n  l e s s  
than  a month (817 h) t o  y i e l d  experimental secondary overgrowths. Analyses 
o f  p lag ioc lase  grouped i n t o  f o u r  ca tegor ies :  p lag ioc lase ,  n a t u r a l l y  
a1 te red  p lag ioc lase ,  and t w  exper imen ta l l y  grown a l t e r a t i o n s ,  p h i l l i p s i t e  
and poss ib le  l aumon t i t e  (see Table 1 V ) .  

B i o t i t e s  show some chemical change. Between 4 and 9 mo. c r u s t y  
chromium r i c h  overgrowths appear on the  b i o t i t e  i n  a d d i t i o n  t o  l o s s  o f  
potassium. Excess chromium o n l y  appears from b i o t i t e .  The b i o t i t e  appears 
t o  be undergoing replacement o f  Mg by Cr .  C h l o r i t e  does n o t  show t h i s  
e f f e c t .  C h l o r i t e  remains r e s i s t a n t  throughout the  experiment. Epidote and 
s e r i c i t e  a re  a l s o  r e s i s t a n t .  S e r i c i t e  i s  considerably  more s i l i c i c  than 
muscovite. Other phases are r e s i s t a n t .  

Quar t z  was congruen t l y  d isso lved.  

Phase - 

Table 111 - Major Phase Composition Before and A f t e r  Reaction 

Composition 

M i c r o c l i n e  ( f r e s h )  
( 9  mo.)  

P1 ag ioc l  ase ( f r e s h )  

( 9  ma. 

B i o t o t e  ( f r e s h )  

C h l o r i t e  ( f r e s h )  

Lp ioo te  ( f r e s h )  

Sphene ( f r e s h )  

k r i c i t e  ( f r e s h ]  

( 9  m.1 

( 9  ma.) 

( 9  ac.) 

(Y w.)  

(Y no.) 
Prehni fe ( f r e s h )  

K O .  93Na0.07A1 1 .0ZSi2.Y8O8 
'0. 941d0.04A11 .03siZ.9808 
Core: Ua0.74K~.01ca0.26A11.28Si2.7208 
Rim: Na0.89K0.02ca0.09A1 1. 13si 2.87'8 
P lag ioc lase  r a r e l y  found. 

a l t e r a t i o n s .  
l a b l e  V. 

'6. 86%. 37fel.21Mn0.WTi0.09A1 1.41 2.81°10(0n)2* 
K0.40Ca0.01'~0.95fel.20cr0.22'i0.1~Mn0.04A11.52si2.B6010~0H~2 
'92. 50A1 2. 4gFe2. 1k"O. OBsi 2. 73U1010n)8 
'0.02c~0.05Mg2.17A12.3Yfe1.67'i0.0~M"0.05si~.06010~0H~8 
'I1. 9gFe0. 77A12.24si3.11012(0H) 
ca1.93Fe0.77A12.21Si 3. 14°12(0H1 
Gal. 0$10.09fe0. 06Ti0. 87" 1.03'5 

Y6A1 0.1 YFe0.07Ti0. 76si 1.06'5 
u0.B9Na0.0~~0.13Fe0.24A12.60si3.17010~0H~2 
'0. 90Na0.02'g0. 08' 1 gA1 2.61 si 3.10'1 O(OH '2 
Gal. 9ZA1 1. 99Si3.0Z010(0n)2 

Substrate covered by secondary 

A11 analyses on reacted p lag ioc lase  are  presented i n  

*Al l  f e  c r l c u l a t e d  as 2* w i t h  the  e i c e p t i o n  o f  epidote. 
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Table I V  - Secondary Phases Grown on P lag ioc lase  

P h i l l i p s i t e  i s  reduced t o  16(0)  and laumon t i t e  p l u s  p l a g i o c l a s e  m ix tu re  i s  
reduced t o  8 (0 ) .  

P h i l  1 i p s i t e  

B17h 
1632h 
3147h 
6579h 

CaO. 7gNa0. 23K0.7$ln0.01Mg0.09Fe0. llA1 3. 73si4. 53°16'H20 

CaO. 96Na0.1 7K0. 6 p n 0 .  OPgO. 03Fe0. OSA1 3. 8OSi 4. 42°16'H20 
Ca0.85Na0. 13K0.73Mn0.00M~0.06Fe0. llA1 3. 76si4. 36'16' H2° 
CaO. 93Na0. l l K O .  79'0. 0?90. 05Fe0. 13A1 3. 74si4. 38°16'H20 

Laumont i te p l u s  P lag ioc lase  Subst ra te  

817h CaO. 39Na0.48K0.05A1 1 .42siZ. 58'8 

1632h CaO. 31Na0. 53K0.03A1 1 .3gSi 2.64'8 
3147h CaO. 38Na0. 55K0.00A1 1 .4Osi2.6Oo& 

6579h Ca0.41Na0.47K0.03A11.43si2.5708 

Sca l ing .  Al though in f requen t ,  s c a l i n g  was observed. Screen samples showed 
i t  t o  be p r i m a r i l y  s i l i c i c .  This c o n t r a s t s  w i t h  a s i m i l a r  exper iment done 
a t  300OC where alpha quar tz ,  amorphous s i l i c a ,  Ca-Si hydra te ,  and wo l las -  
t o n i t e  were observed. 

S o l u t i o n  Composition. S o l u t i o n  composi t ions (ana lysed by  atomic 
absorp t ion)  a re  presented i n  Table V. S i l i c a  reached a steady s t a t e  o f  
about 170 ppm a f t e r  about 2 mo. A l l  o t h e r  ca t i ons ,  w i t h  t h e  except ion  o f  
Na, l e v e l e d  o f f  a f t e r  a few days. Sodium d i d  n o t  reach a steady s t a t e  
u n t i l  about 4 mo. To ta l  s o l u t i o n  burden reached 190 - 200 ppm. 

D iscuss ion  

Mass Balance. I n i t i a l l y ,  t h e  e i g h t  rock  d i s k s  weighed a t o t a l  o f  
22.9838 9. F i n a l  cumula t ive  weight i s  22.0099 g ( a f t e r  d r y i n g )  f o r  a n e t  
l o s s  o f  0.9709 g, o r  4.2%. I f  the  we igh t  l o s s  were c a l c u l a t e d  as s i l i c a  
alone, t h e  volume l o s s  i s  0.37 cmJ o r  4.3% o f  t he  t o t a l  volune o f  8.54 cmJ. 

Rock d e n s i t y  was d e t e m i n e d  by t w o  methods. F i r s t ,  t h e  r e g u l a r  d i s k  
shape f a c i l i t a t e d  volune c a l c u l a t i o n  (8.54 anJ ) .  Th is  y i e l d s  a d e n s i t y  o f  
2.69 g/cmJ. Second, t h e  d e n s i t y  was es t imated b y  t h e  minera logy  and modal 
ana lys is .  B i o t i t e  
was approximated by  annite,,phlogopite,, and ep ido te  was c a l c u l a t e d  as 
zoisite,,pistacite,, .  

Bo th  methods have t h e i r  shortcomings. The f i r s t  ignores  v o i d  space, 
which y i e l d s  a low dens i ty .  The second assunes no v o i d  space, which w i l l  
y i e l d  a h i g h  dens i ty .  A lso,  t h i s  method has a random e r r o r  due t o  approx i -  
mat ions necessary t o  c a l c u l a t e  t h e  d e n s i t i e s  o f  t h e  s o l i d  s o l u t i o n  min- 
e r a l s .  Both methods should b racke t  t h e  r e a l  dens i t y :  about 2.71 f 0.02 
g/cm I. 

Dens i t i es  o f  m ine ra l s  were taken from Robie e t  a l . ( l l ) .  

Ca lcu la ted  dens i t y  by t h i s  method i s  2.73 g/cmJ. 
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Table V - S o l u t i o n  Analyses (ppm f 5%) 

Time S iO,  A1 Fe Ca Na K To ta l  

29h 79 2.1 0.20 3.4 

213 92 4.1 0.60 4.2 6.8 5.0 115 

817 124 2.4 0.30 2.4 9.5 4.1 143 

1372 153 n.d. n.d. n.d. n.d. n.d. --- 
3147 173 4.0 0.70 2.4 16.2 5.0 201 

6579 162 4.2 0.70 1.4 17.1 3.5 190 

8.6 5.8 101 

53 - 61 4.0 0.40 3.2 7.9 4.5 a0 

For  a weight  l o s s  o f  0.9709 g, i f  t h e  rock  reac ted  congruent ly ,  one 
would expect a volune l o s s  o f  0.36 cm' (4.2%). which compares favo rab ly  
w i t h  t h e  assumption o f  o n l y  qua r t z  l o s s  (0.37 crn'l. 

A mean s o l u t i o n  burden o f  190 ppn was measured a t  t h e  conc lus ion  o f  
t he  experiment. For  a system volume o f  560 cm', t h i s  accounts f o r  11% o f  
t h e  weight loss. About 500 m ~ .  were removed (an2 rep laced w i t h  d i s t i l l e d  
water)  f o r  sampling. Th is  accounts f o r  about 102 more m a t e r i a l .  The 
remain ing 79% occurs as s m a l l  deposi ts  o f  sca le which cannot be weighed 
d i  rec tl y. 

Wei h t  Loss. The weight l o s s  data were f i t t e d  w i t h  a power f u n c t i o n  
(see + 

4 p o i n t  f i t :  wt.%loss= 0.0106 t 0 - 7 0 ' 9 ,  r 2  = 0.99. 

where t = t ime i n  hours, and r' = c o r r e l a t i o n  c o e f f i c i e n t .  

Because sur face damage due t o  sample p repara t i on  may make t h e  f i r s t  
weight loss p o i n t  somewhat high, t he  data were reduced again us ing  o n l y  t h e  
l a s t  t h ree  p o i n t s :  

3 p o i n t  f i t :  wt.5loss = 0.0056 t rz = 0.99. 

This r a t e  f u n c t i o n  i s  c o n t r o l l e d  p r i m a r i l y  by qua r t z  d i s s o l u t i o n .  Once 
q u a r t z  i s  e n t i r e l y  removed, d i f f e r e n t  r e a c t i o n s  b u f f e r e d  by  f e l d s p a r  d i s -  
s o l u t i o n  w i l l  change the  k i n e t i c s  o f  d i s s o l u t i o n .  

Geochemical Thermometry. The s i 1  i c a  geothermometer  o f  Morey e t  
a l . ( l D )  and the  Na-Ca-K geothermometer o f  Fou rn ie r  and l r u e s d e l l ( 5 ) ,  can be 
used i n  the  experimental and n a t u r a l  systems. F o r  t h e  experimental system, 
T(quar tz  a t  1 kba r )  = 14F'C. T (qua r t z  along t h e  vapor pressure curve)  = 
167OC. and T (Na-Ca-K) = 203OC. The known temperature f o r  t h e  l a b o r a t o r y  
experiment was 200 2 PC. 

E a r l y  f l u i d  samples taken from t h e  Fenton H i l l  system (be fo re  the  75 
day experiment) y i e l d  Na-Ca-K temperatures o f  19PC vs. a 197°C o r i g i n a l  
w e l l  temperature, w h i l e  t h e  s i 1  i c a  thermometer y i e l d s  a temperature o f  
18BC. 

m 

N 
P 



7 I : DATA POINTS z 0.4Z 

F ig .  2 - Weight Loss ( % I  vs. Run Gurat ion ( h ) .  

More d e t a i l e d  examination o f  t he  data presented here, a s  w e l l  as under 
d i f f e r e n t  experimental cond i t i ons ,  a re  presented i n  Charles ( 2  and S ) .  

D i s s o l u t i o n  K i n e t i c s  and S o l u b i l i t y  

Experimental Apparatus and Procedures 

S m a l l  A g i t a t e d  Vessels. Small s t a i n l e s s  vessels  w i t h  t e f l o r !  cup 
l i n e r s  s i m i l a r  t o  Pa r r  l n s t r u n e n t  Company's vessel ( B u l l e t i n - 4 7 4 5 )  were 
used for t h e  s tudy o f  t h e  s o l u b i l i t y  o f  amorphous s i l i c a  and for some o f  
t he  k i n e t i c  s tud ies.  Closure was by  means o f  a s t e e l  s p r i n g  which was 
compressed when t h e  l i d  o f  t h e  bomb was screwed onto t h e  body p ress ing  the  
cap o f  the cup aga ins t  i t s  body f o r  a t e f l o n - t o - t e f l o n  seal. The vessels  
were a g i t a t e d  g e n t l y  i n  an oven on a rock ing  p la t fo rm.  For  r a p i d  heat ing 
t o  temperature, heat  tapes were wrapped around the  bombs t o  p rov ide  heat  
a a d i t i o n a l  t o  t h a t  prov ided by the  oven. 

For an experiment, one gram o f  s i l i c a  o r  g r a n i t e  and 15 m p  o f  water o r  
s o l u t i o n  were p laced i n  the  t e f l o n  cup, t h e  equipment assembled, and the 
hea t ing  begun. A t  t h e  end o f  t h e  hea t ing  per iod,  t h e  bomb was quenched i n  
l i q u i d  n i t r o g e n  b u t  removed be fo re  t h e  contents  had f rozen  and warmed t o  
room temperature wi th water. Samples were then taken f o r  pH measurements 
and s i 1  i c a  analyses. Monomeric s i 1  i c a  was determined spectrophotometric- 
a l l y  us ing the  amnonim molybdate method, and t o t a l  s i l i c a  was measured by 
atomic absorpt ion.  

Model Geothermal  T e s t  Loop. The model geo the rma l  t e s t  l o o p  i s  
designed t o  operate a t  temperatures up t o  3009: and pressures up t o  0.1 
kbar  (1500 p s i )  w i t h  f l o w  r a t e s  o f  15 t o  151 I/h.  The system c o n s i s t s  of a 
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Fig.  3 - Model Geothermal Test Loop. 

5 - r  rock r e a c t o r ,  a IO-r b a l l a s t  v o l m e ,  a diaphragm pumping head loca ted  
i n  an oven, and associated equipment (see F igu re  3 ) .  For c o r r o s i o n  
res i s tance  n e a r l y  a l l  p a r t s  a r e  made o f  commercial ly pure t i t an ium.  The 
rock r e a c t o r  has a t i t a n i u m  f low d i s t r i b u t o r ,  mounted a couple o f  c e n t i -  
meters above the  bot tom t o  even o u t  t h e  upward f l o w  o f  s o l u t i o n  through t h e  
rock p a r t i c l e s  and minimize channeling. A 65-Um f i l t e r  p r o t e c t s  the  pump 
from l a r g e  rock  p a r t i c l e s .  The sampler i s  o f  t h e  f low- through type. 
During use, t h e  sample i s  at tached t o  t h e  system and evacuated. The f l ow  
i s  then d i v e r t e d  through t h e  sampler f o r  a feu  minutes b e f o r e  t h e  sample i s  
taken. 'The accumulator damps o u t  the pumping pulses, prov ides a space i n t o  
which t h e  water can expand as i t  i s  heated, and rep len i shes  water  removed 
by sampling. The pressure i n  t h e  accumulator i s  s e t  a t  s l i g h t l y  h ighe r  
than water vapor pressure a t  t h e  temperature o f  t h e  experiment t o  suppress 
t h e  vapor phase. A t  t h e  s t a r t  o f  an experiment, t h e  f l o w  bypasses t h e  rock 
r e a c t o r  u n t i l  t h e  o p e r a t i n g  temperature i s  reached, which takes about 2 h. 
The zero t ime  i s  taken as the  t ime  when temperature has been reached and 
the  f l o w  i s  switched i n t o  t h e  rock  reac to r .  



Resul ts  

S o l u b i l i t y  o f  Amorphous S i l i c a .  These experiments were done i n  small 
bonbs a t  2009; us ing Baker's u l t r e x  S i O ,  and d i s t i l l e d  water. Various 
e q u i l i b r a t i o n  t imes were used, and a steady s t a t e  va lue o f  monomeric s i l i c a  
o f  995 f 10 ppm was reached i n  2 d. However, when the  same s i l i c a  sample 
was t r e a t e d  w l t h  successive amounts o f  f r e s h  d i s t i l l e d  water t h e  apparent 
s o l u b i l i t y  i n  2 d decreased success ive ly  t o  about 800 ppm, 450 ppm. and 350 
ppm. The k n g t h s  o f  t ime  were then  increased and t h e  values obta ined were, 
a f t e r  4 d about 400 ppm, a f t e r  8 d about 600 ppm, and a f t e r  16 d about 700 
ppm. There was considerable v a r i a t i o n  among d u p l i c a t e  runs. 

Fresh s i l i c a  p a r t i c l e s  were then examined under t h e  scanning e l e c t r o n  
microscope. Each p a r t i c l e  was covered w i t h  ve ry  many small  p a r t i c l e s ,  l e s s  
than a micron i n  s ize.  Probably these very mall p a r t i c l e s  g i v e  t h e  h i g h  
r a t e  o f  d i s s o l u t i o n  and h i g h  apparent s o l u b i l i t y  observed i n i t i a l l y .  

I n t e r a c t i o n  o f  Fenton H i l l  G ranod io r i t e  w i t h  Aqueous Sodium Carbonate 
and Aqueous Sodium Hydroxide. D i s s o l u t i o n  r a t e  and s o l u b i l i t y  data f o r  
r e a c t i o n s  between g r a n o d i o r i t e  c u t t i n g s  and s o l u t i o n  o f  NaOH and Na $0. 
were obta ined i n  a s e r i e s  o f  a g i t a t e d  vessel experiments. T h i s  i n f o r m a i i o n  
was used i n  t h e  design and i n t e r p r e t a t i o n  of a leach ing  experiment con- 
ducted a t  Fenton H i l l ( 1 3 ) .  

Experiments were done w i t h  0.1 N, 0.3 3, 1.0 E, and 3.0 N aqueous 
sodium carbonate and w i t h  0.5 N, 0.1 8, and 1.0 aqueous sodium3ydrox ide 
f o r  t imes of 2, 4, 7, 12, 24, 48, a n d 3 6  h. The s i l i c a  contents  and the pH 
o f  t h e  r e s u l t i n g  s o l u t i o n s  were measured. 

The r e s u l t s  are shown i n  F igures 4 and 5. 

I n t e r a c t i o n  o f  T i j e r a s  Canyon Gran i te  w i t h  Water. Experiments t o  i n -  
v e s t i g a t e  the  e f f e c t s  o f  f l o w  r a t e  on the  bu i l d -up  o f  s i l i c a  i n  s o l u t i o n  
were done i n  the  small geothermal t e s t  l oop  on T i j e r a s  Canyon g r a n i t e ,  
which i s  s i m i l a r  i n  composi t ion t o  t h e  Fenton H i l l  g ranod io r i t e .  

These experiments were done a t  f l o w  r a t e s  o f  0.4 and 2.2 n/min. and 
temperatures of 175'C, 200°C, and 225°C. The r e s u l t s  are shown i n  F igu re  
6. 

Discuss ion 

S o l u b i l i t y  o f  Amorphous S i l i c a .  The apparent s o l u b i l i t y  o f  f r e s h  
amorphous s i l i c a  i n  t e f l o n  a t  200°C o f  about 995 f 10 ppm i s  somewhat 
h ighe r  than the  934 2 50 ppm g iven  by  Walker (8) as a composite va lue f r o m  
t h e  work o f  a number of i n v e s t i g a t o r s .  However, because o f  t he  presence o f  
t he  very f i n e  p a r t i c l e s  on t h e  su r face  o f  t h e  s i l i c a  and t h e  slow r a t e  o f  
approach t o  e q u i l i b r i u m ,  t h i s  s o l u b i l i t y  va lue must be considered approx i -  
mate . 

I n t e r a c t i o n  o f  Fenton H i l l  G ran i te  w i t h  Aqueous Sodium Carbona te  and 
Aqueous Sodium Hydroxide. The r e s u l t s  o f  these experiments a re  qual i t a -  
t i v e l y  as expected. The d i sso l ved  s i l i c a  increases r a p i d l y  w i t h  t ime  
i n i t i a l l y  and approaches asympto t i ca l l y ,  f o r  each concen t ra t i on  o f  so lvent ,  
a va lue c h a r a c t e r i s t i c  o f  t h a t  concentrat ion.  Both t h e  f n i t i a l  r a t e  and 
t h e  f i n a l  va lue a re  h ighe r  f o r  more concentrated solvents. 
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F ig .  4 - S o l u b i l i t y  o f  S i l i c a  f o r  Fenton H i l l  G ranod io r i t e  vs. l i m e  
a t  t he  Sodium Carbonate Concentrat ion Ind icated.  

I f  t h e  i n i t i a l  r a t e s  a re  p l o t t e d  aga ins t  t h e  s a t u r a t i o n  va lues f o r  t h e  
corresponding concentrat ions,  a s t r a i g h t  l i n e  r e s u l t s  f o r  b o t h  sodium c a r -  
bonate and sodium hydroxide. Th is  i s  c o n s i s t e n t  w i t h  a r a t e  l aw  which says 
t h a t  t h e  r a t e  o f  d i s s o l u t i o n  o f  s i l i c a  from t h e  g r a n i t e  i s  equal t o  some 
constant  t imes t h e  d i f f e r e n c e  between t h e  s a t u r a t i o n  va lue and t h e  e x i s t i n g  
va lue o f  t h e  so lub le  s i l i c a :  

a = rock area t o  f l u i d  volume parameter 
k = r a t e  constant  = f (T ,  f l o w  cond i t i ons ,  o the r  parameters). 

On i n t e g r a t i o n  t h i s  b 
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Fig. 5 - S o l u b i l i t y  o f  S i l i c a  from Fenton H i l l  G ranod io r i t e  vs. l i m e  

This  r a t e  l aw  i s  successfu l  i n  c o r r e l a t i n g  t h e  data as seen i n  F igures 7 
and 8. 

From the  pH measurements i t  i s  poss ib le ,  w i t h  a few assumptions, t o  
c a l c u l a t e  the number of hydroxy l  i o n s  ( n )  which have reacted w i t h  a s i l i c a  
molecule : 

a t  the Sodium Hydroxide Concentrat ions Ind icated.  
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LTG-9 1.6 TO 2.5I/min 115'C 
LTG-IO 0.40 I /mln 225'C 

'0 4 8 I2 16 20 24 28 32 36 40 44 40 
TIME ( h )  

I 1  1 1 .  - - - - - - - 
7 u  8 -OB- - 
8 -1.0- - 

1 1  I I I I I I 1 1 I 1 9 -  

0 - - - 
c 

- - - - - 1.2 - 

F i g .  6 - S i l i c a  Buildup i n  Model Geothermal Loop using T i j e r a s  Canyon 
Grani te  and D i s t i l l e d  Water. 

F i g .  7 - I n t e g r a t e d  Rate Equation Compared w i t h  t h e  Codium hydroxide Data. 
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F i g .  8 - lntegrated Rate Equation Compared w i t h  Sodium Carbonate Data.  

and t h u s  suggests a form for  the aqueous species. For the sodium hydroxide 
solutions this i s  f a i r l y  straightforward and n is  1 or a l i t t l e  more t h a n  1 
(see Table V I )  as expected from the ionization constant o f  s i l i c i c  acid. 
For the sodium carbonate solutions,  because o f  the hydrolysis reaction of 
the carbonate ion, aaditional measurements were needed on the pH of solu- 
t ions w i t h  various carbonate ion/bicarbonate ion rat ios .  The value o f  n 
then calculated is  1 or  a l i t t l e  less t h a n  1 (see  Table V I I ) .  However, 
because of the increased number of assumptions involved i n  t h i s  l a t t e r  
calculat ion,  the agreement is reasonable. 

These measurements and calculations were made on solutions cooled to  
room temperature and may not duplicate the conditions a t  200%. the  tem- 
perature of the experiments. 
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Table V I  - Ca lcu la ted  Values o f  n (Eq. 3 )  f o r  NaOH S o l u t i o n  

0.05 N NaOH 0.10 E NaOH 1.0 - N NaOH - 

2 hours 
4 hours 

7 hours 
12 hours 

24 hours 
48 hours 

96 hours 
7 days 

10 days 

1.25 
1.17 

--- 
1.41 
1.37 

1.34 
--- 
1.20 

1.76 

1.37 
--- 
1.22 
1.32 
1.21 
--- 
1.03 
1.05 

Table VI1 - Ca lcu la ted  Values f o r  n ( E q .  3 )  f o r  Na,CO, S o l u t i o n  

Ca lcu la ted  values of n 

0.1 Na,CO, 0.3 - N.Na,CO, 1.0 Na,CO, 3.G - N Na,CO, 

2 hours 6.27 1.42 0.87 --- 
4 hours --- --- 0.&7 0.65 
7 hours --- --- 0.85 0.86 

12 hours --- --- --- 0.76 

24 hours 1.08 0.62 --- 0.69 

46 hours 0.83 0.57 --- 0.51 

96 hours 0.81 0.71 --- 0.46 

I n t e r a c t i o n  o f  T i j e r a s  Canyon G r a n i t e  w i t h  Water. A t  l ower  tempera- 
t u r e s  the re  should be no e f f e c t  o f  f l o w  r a t e  on d i s s o l u t i o n  because t h e  
r a t e - l i m i t i n g  s tep would be a su r face -con t ro l l ed  h y d r o l y s i s  r e a c t i o n .  A t  
h ighe r  temperatures, t he  surface r e a c t i o n  r a t e  may be f a s t  enough f o r  
d i f f u s i o n a l  t r a n s p o r t  f rom t h e  rock su r face  t o  t h e  b u l k  s o l u t i o n  t o  be 
l i m i t i n g .  As i s  seen i n  F i g u r e  6, a t  2OO0C t h e  slower f l o w  r a t e  gave a 
slower r a t e  o f  d i s s o l u t i o n ,  b u t  a t  175°C t h e  e f f e c t  was reversed. The runs 
are numbered i n  the  order  i n  which they were done, and a t  a g i ven  tempera- 
t u r e ,  t h e  second run  g i ves  a s lower  r a t e  o f  d i s s o l u t i o n  than  t h e  f i r s t .  It 
i s  probably  the  order  i n  which t h e  experiments were done and n o t  t h e  f l o w  
r a t e  which i s  causing t h e  e f f e c t .  The f r e s h  rock has many f i n e  p a r t i c l e s ,  
corners, and edges, which have a h ighe r  r e a c t i v i t y  t han  t h e  b u l k  rock. As 
these a re  d i sso l ved  away, t h e  apparent r a t e  o f  d i s s o l u t i o n  decreases which 
i s  s i m i l a r  t o  the  r e s u l t s  o f  t h e  experiments i n  the  small vessels. 
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F i e l d  Experiments 

Flow through t h e  f r a c t u r e  system d u r i n g  a 75-day c i r c u l a t i o n  t e s t  was 
d i s t r i b u t e d  between several i n j e c t i o n  zones i n  w e l l  EE-1 and p roduc t i on  
zones i n  w e l l  GT-28 as shown i n  Fig. 9. Samples o f  the  c i r c u l a t i n g  f l u i d  
were c o l l e c t e d  p e r i o d i c a l l y  a t  t h e  p roduc t i on  and i n j e c t i o n  wellheads and 
from t h e  pakeup system. I n j e c t i o n  and p roduc t i on  c o n d i t i o n s  d u r i n g  t h e  
t e s t  a re  l i s t e d  i n  Table VIII. F igu res  10  and 11 show t h e  concen t ra t i on -  
t ime  h i s t o r y  o f  d i s s o l v e d  SiO, and c h l o r i d e  i n  the  f l u i d  produced a t  (3'1-28. 

Samples taken e a r l y  i n  t h e  t e s t  have h i g h  concen t ra t i ons  o f  d i s s o l v e d  
species ITDSs3300 ppm) and probably  represent  u n d i l u t e d  f l u i d  conta ined i n  
t h e  r e s e r v o i r  severa l  months p r i o r  t o  t h i s  experiment. R e l a t i v e l y  f r e s h  
makeup water  (s 400 ppm T D S )  i s  f n j e c t e d  i n t o  the  r e s e r v o i r  where i t  mixes 
w i t h  and d i l u t e s  t h e  f l u i d  conta ined i n  t h e  f r a c t u r e  system. I n i t i a l l y ,  
when t h e  makeup water r a t e  i s  h igh,  t h e  d i l u t i o n  e f f e c t  daninates and con- 
c e n t r a t i o n s  a r e  l ow  as shown by t h e  TDS l e v e l s  l i s t e d  i n  Table V I I I .  As 
r e c i r c u l a t i o n  cont inues and t h e  water loss r a t e  t o  permeation decreases 
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F ig .  9 - E l e v a t i o n  View o f  the  EE-l/GT-PB Wellbore and F rac tu re  System. 
Note t h a t  t he  h o r i z o n t a l  sca le i s  exaggerated by a f a c t o r  o f  t en  
over  the v e r t i c a l  scale. V e r t i c a l  f r a c t u r e s  and connecting 60' 
j o i n t s  are depic ted by d o t t e d  l i n e s .  



Table V I 1 1  - 75-Day Operat ing Condi t ions EE-l/GT-PB 
Fenton H i l l  Svstem 

I n j e c t i o n  Pressure (EE-1) 

Product ion Pressure (GT-26) 
Buoyancy AP E f f e c t  
I n j e c t i o n  Flow Rate 

Power Produced 
Average Re se rvo i  r Temperature 

Flow Impedance 
E f f e c t i v e  Heat T rans fe r  Area 

Water Loss Rate 
F l u i d  M ix ing  Index* 

To ta l  Dissolved S o l i d s  (TDS) 

I n i t i a l  

90 b a r  
12 ba r  
18  b a r  

2 M W ( t 1  
174'C 

15 bar-  s / l  i t e r  
8000 m2 
>3  l i t e r / s  
0.6 
540 ppm 

7.9 k g / s  

F i n a l  

55 b a r  
12 ba r  
8 b a r  

14.5 k g / s  
5 MU(t )  
95OC 

3 b a r - s / l i t e t  
8000 m2 

~0 .02  1 i t e r / s  
1.1 
2000 ppm 

- 

'Expressed as i nve rse  d i s p e r s i v e  Pec le t  number (see r e f  ( 2 1 ,  sec t i on  
4.2). 
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F ig .  10 - Dissolved SiO, Concentrat ion H i s t o r y  Dur ing the 75 Day Phase I 
Theoret ica l  f i t  shown as d o t t e d  l i n e  w i t h  E = 0.04 d - ' .  l e s t .  
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F ig .  11 - Dissolved Ch lo r ide  Concentrat ion H i s t o r y  During the 75 Day 
Phase 1 l e s t .  

(see F ig .  121, t h e  concen t ra t i on  o f  d i sso l ved  m a t e r i a l  r i s e s  and e v e n t u a l l y  
approaches an asymptote. Local f l u c t u a t i o n s  i n  concentrat ions can be 
expla ined by p e r t u r b a t i o n s  i n  l o o p  operat ion.  f o r  example t h e  sharp peak 
on day 23 corresponds t o  a sudden change i n  f l o w  impedance, a s h o r t  shut -  
down and a r e s u l t i n g  p a r t i a l  f l o w  back o f  f l u i d  (see Fig. 12). Water which 
had been forced i n t o  the  rock pores re tu rned  t o  the c i r c u l a t i n g  system 
because o f  a t r a n s i t o r y  pressure dec l i ne ,  p r o v i d i n g  a source o f  h i g h  con- 
c e n t r a t i o n  f l u i d .  As the  system re tu rned  t o  i t s  i n i t i a l  i n j e c t i o n  pres-  
sure, t h e  f l u i d  again d i f f u s e d  i n t o  t h e  format ion a n t  sho r t -du ra t i on ,  h i g h  
makeup f lows were required. Assuming the  system i s  l i m i t e d  by quar t z -  
c o n t r o l l e d  s i 1  i c a  sa tu ra t i on ,  t h e  asymptotic value o f  Si0 concen t ra t i on  
shown i n  Fig. 10 suggests a r e s e r v o i r  temperature o f  186t. However, 
w i t h i n  th ree  days a f t e r  s t a r t  up, t h e  downhole measured temperature was 
below 160 9: corresponding t o  a q u a r t z - c o n t r o l l e d  s a t u r a t i o n  concen t ra t i on  
o f  l e s s  than 147 ppm. C l e a r l y  t h e  d e c l i n i n g  mean r e s e r v o i r  temperature 
cou ld  n o t  account f o r  t h e  i nc reas ing  S i O ,  content  i n  the  f l u i d .  A 
secondary f l o w  pa th  a t  t h e  i n i t i a l  r e s e r v o i r  temperature o r  h ighe r  i s  
required. Th is  agrees with f n t e r p r e t a t i o n s  based on the  Na-Ca-K thermorn- 
e t e r .  Temperature-flow measurements suggest t h a t  secondary flow occurs i n  
a lower  f r a c t u r e  system l e a v i n g  EE-1 a t  4940 m as shown i n  Fig. 9. I f  we 
assume t h a t  t h i s  r e g i o n  remains isothermal  throughout t h e  75-day p e r i o d  and 
t h a t  a c t i v e  d i s s o l u t i o n  o f  qua r t z  occurs w i t h i n  t h i s  r e g i o n  ana t h a t  no 
d i s s o l u t i o n  o r  r e p r e c i p i t a t i o n  occurs i n  t h e  c o o l e r  main f l o w  path,  a 
d i f f e r e n t i a l  m a t e r i a l  balance shows t h a t  the r a t e  o f  accumulation o f  S i0 
r e s u l t s  from a superpos i t i on  o f  t h ree  p r i n c i p l e  e f f e c t s :  f l u i d  l o s s  due t o  
permeation, makeup o f  permeated f l u i d ,  and the  p roduc t i on  o f  S i0  I due t o  
a c t i v e  d i s s o l u t i o n  and/or displacement i n  t h e  h o t  reg ion.  Because t h e  
t o t a l  c i r c u l a t i o n  t ime  i s  l a r g e  ccmpared t o  t h e  o v e r a l l  mean residence 
t ime,  1, t h e  m a t e r i a l  balance i s  w r i t t e n  as ( 4 )  
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where 

t o t a l  volume o f  pr imary and secondary f l o w  paths = V,+V, 

(SiO,) makeup = S i O ,  concen t ra t i on  i n  t h e  makeup water  = b0 ppm 

= quar t z  c o n t r o l l e d  s a t u r a t i o n  concen t ra t i on  o f  s a t  
( si 2 )T=Tmax 

S i O ,  a t  Tmax 

(m) = average concen t ra t i on  o f  s ib ,  a t  t ime  t 

d i s s o l u t i o n  mass t r a n s f e r  c o e f f i c i e n t ,  cm/sec 

r a t i o  of i n t e r f a c i a l  area t o  f l u i d  volume, cmz/cmi 

f l u i d  c i r c u l a t i o n  r a t e  th t xagh  ho t  reg ion  a t  t ime  t 

qma keu p 
mean residence t ime i n  h o t  reg ion  (secondary f l o w  p a t h )  

f r a c t i o n  o f  p lug  f l o w  convers ion = f u n c t i o n  o f  d i spe rs ion  i n  h o t  
r e g i o n  (OLfLl) 

= f l u i d  l o s s  r a t e  t o  permeation a t  t ime  t 

I n  t h e  case o f  low water loss and r a p i d  r e a c t i o n  i n  the  h o t  reg ion  
(ka*Tif >>  11, e q . ( l )  reduces t o  

C ”  = S i O a s a t  = 220 ppm SiO,  and Co = S i O ;  
T=180°C i n i t i a l  

(t=O) = 80 ppm 

( t h e  S i O l  concen t ra t i on  o f  t he  makeup water)  i s  shown as t h e  d o t t e d  l i n e  on 
t h e  S i O l  p l o t  o f  F ig .  10. Rate equat ions o f  t h e  same form were a p p l i e d  t o  
t h e  f l u o r i d e ,  s u l f a t e  and t h e  * ’ / ‘ ‘S r  d a t a  w i t h  thel same success.  
Remarkably, t h e  va lue o f  C i s  i n  each case 4.63 x 10’7sec’ . Since i n  a _ l l  
p r o b a b i l i t y  more than one m ine ra l  i s  d i s s o l v i n g  t o  c o n t r i b u t e  SiO,, SO,- , 
F- and S r  +’ t o  t h e  s o l u t i o n ,  i t  would be q u i t e  remarkable i f  a l l  
d i s s o l u t i o n  r a t e s  a r e  equal. A more p l a u s i b l e  mechanism i s  suggested by 
t h e  s o l u t i o n  t o  t h e  m a t e r i a l  balance equat ion (4) .  The va lue o f  4.63xlO-’ 
sec - ’  f o r  t h e  t ime  constant  C a l s o  appears reasonable i f  about 1 t o  2% of 
t h e  f l o w  leaves  EE-1 a t  e2940 m and e n t e r s  t h e  l ower  f r a c t u r e d  r e g i o n  
be fo re  r e t u r n i n g  t o  GT-2B. F l u i d  res idence t ime  d i s t r i b u t i o n  s tud ies  con- 
ducted au r ing  t h e  75-day t e s t  suggest t h a t  t h e  volume o f  t h i s  secondary 
f l o w  p a t h  cou ld  be as l a r g e  as 200,000 L w i t h  a p r o d y c t i o n  f low r a t e  o f  
~ 0 . 2 2  i / s .  Th is  y i e l d s  an est imate o f  C o f  11.0 x lr-7 sec:, which com- 
pares q u i t e  w e l l  w i t h  t h e  e m p i r i c a l  va lue o f  4.63 x 10 sec cons ide r ing  
t h e  u n c e r t a i n  knowledge o f  t h e  f l o w  geometry and i n  s i t u  r e a c t i o n  k i n e t i c s .  
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F ig .  12 - Water Loss Rate During the 75 Day Phase 1 Test. F l u c t u a t i o n s  i n  
r a t e  are caused by  unscheduled shutdowns and s t a r t u p s  o f  t h e  
c i r c u l a t i o n  loop. The general decreasing t rend  i n  l o s s  r a t e  i s  

. adequately descr ibed by a one-dimensional t r a n s i e n t  d i f f u s i o n  
model accounting f o r  permeation perpendicu lar  t o  the f r a c t u r e  
sur face i n t o  the  formation. 

For example, i f  t h e  secondary f l o w  r a t e  i s  somewhat h ighe r  and the volume 
smaller, s i m i l a r  f i t s  t o  t h e  data would r e s u l t  if s a t u r a t i o n  was n o t  
reached i n  the secondary path, t h a t  i s  ka*r,f (2. 

As seen i n  Fig. 11 c h l o r i d e  concentrat ions a l so  show a marked increase 
w i t h  t ime,  p o s s i b l y  i n d i c a t i n g  displacement and/or m ix ing  w i t h  sa tu ra ted  
pore f l u i d  because no s o l i d  minera l  source o f  c h l o r i d e  i s  known t o  e x i s t  a t  
t he  r e s e r v o i r  cond i t i ons .  

Conclusions 

Geot hermome t ry 

Our experiments p o i n t  ou t  t h e  l i m i t a t i o n s  o f  t h e  s i l i c a  geotherman- 
e t e r .  Th is  thermaneter w i l l  n o t  y i e l d  r i g o r o u s l y  c o r r e c t  temperatures 
because the  system i s  n o t  complete ly  sa tu ra ted  w i t h  respec t  t o  quartz. 
Other r e a c t i o n s  i n v o l v i n g  s i l i c a  (i .e. producing p h i l l i p s i t e  and poss ib l y  
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l aumon t i t e )  l ower  s i l i c a  a c t i v i t y  f rom t h e  pure quar t z  - water  system. 
While t h e  assumption o f  qua r t z  s a t u r a t i o n  i s  a good approximation a t  l ow  
t e m p e r a t u r e s  (<lOO°C), t h e  s i l i c a  c o n c e n t r a t i o n  d e v i a t e s  f r o m  q u a r t z  
s a t u r a t i o n  more no t i ceab ly  a t  h i g h  temperatures i n  multicomponent systems. 
The d i s t i l l e d  wa te r /g ran i te  system i s  about 309: l o w  a t  a nominal tempera- 
t u r e  o f  2009:. The ac tua l  HDR r e s e r v o i r  n a t u r a l  system i s  n o t  t h i s  f a r  o f f  
due t o  t h e  presence o f  o t h e r  i o n s  i n  t h e  s o l u t i o n ,  p r i n c i p a l l y  carbonate. 
These observat ions a r e  i n  agreement w i t h  t h e  work o f  Kh i ta rov (9 ) .  We 
emphasize t h a t  these observat ions do n o t  e n t i r e l y  negate t h e  use o f  t h e  
s i l i c a  geothermometer. I t  must be mod i f i ed  a t  h ighe r  temperatures t o  take  
i n t o  account o t h e r  e q u i l i b r i a .  

On t h e  o t h e r  hand, t h e  Na-Ca-K geothermometer apparent ly  i n v o l v e s  
e q u i l b r a t i o n  o f  a s o l u t i o n  w i t h  secondary phases growing p r i n c i p a l l y  on t h e  
fe laspars.  Experience here and w i t h  t h e  geothermal w e l l  i n d i c a t e s  t h e  
Na-Ca-K geothermometer a1 so "remembers" t h e  h ighes t  temperatures more 
r e a d i l y .  The Na-Ca-K s o l u t i o n s  metastably  p e r s i s t  a t  h ighe r  temperature 
e q u i l i b r i u m  values w h i l e  t h e  s i l i c a  begins t o  r e - e q u i l i b r a t e  toward t h e  
lower  temperature concentrat ion.  Cur ren t l y ,  experiments a re  underway t o  
determine which phases and r e a c t i o n s  c o n t r o l  t h e  Na-Ca-K geothermometer. 

Minera l  S o l u b i l  i ty  

Prec ise oeterminat ion o f  t h e  s o l u b i l i t y  o f  amorphous s i l i c a  i s  d i f -  
f i c u l t  because i t  i s  thermodynamically unstable i n  the  reg ions i t  i s  be ing  
studied. C r y s t a l l i z a t i o n  o f  s i l i c a  t o  o t h e r  polymorphs y i e l d s  l ower  values 
f o r  amorphous s i l i c a  concentrat ion.  

A l k a l i n e  s o l u t i o n s  r a p i d l y  l e a c h  s i l i c a  f rom t h e  r e s e r v o i r  rock.  
However, f i e l d  t e s t s  show t h a t  l a r g e  amount o f  a l k a l i  s o l u t i o n s  a re  
requ i red  t o  s i g n i f i c a n t l y  increase t h e  m a t r i x  pe rmeab i l i t y .  

A l l  s o l u b i l i t y  s tud ies  depend upon t h e  method o f  sample p repara t i on .  
I f  care i s  n o t  taken t o  reduce t h e  very h i g h  su r face  f r e e  energy o f  t h e  
s t a r t i n g  m a t e r i a l  f o r  t h e  experimental system, apparent supersa tu ra t i on  
r e s u l t s .  ' Ih is  observat ion has some a p p l i c a t i o n  i n  f i e l d  experiments when 
new f r a c t u r e s  a re  opened by hydrof racture.  

W a l l  Rock A 1  t e r a t i o n  

The experiments show t h a t  e a r l y  i n  r e s e r v o i r  l i f e  r e a c t i v i t y  i s  con- 
t r o l l e d  by t h e  presence o f  qua r t z  which suppresses t h e  s o l u b i l i t y  o f  t h e  
o t h e r  m ine ra l  phases. Should most o f  t h e  quar t z  be removed and deposi ted 
elsewhere i n  t h e  system, r e a c t i v i t y  w i l l  be c o n t r o l l e d  by f e l d s p a r  d i s -  
s o l u t i o n .  The p r i n c i p a l  secondary phase e a r l y  i n  t h e  r e s e r v o i r  l i f e  appear 
t o  be z e o l i t e s  which should n o t  i n t e r f e r e  w i t h  r e s e r v o i r  operat ion.  

Movement o f  s i 1  i c a  down t h e  temperature g r a d i e n t  ( 6 )  may e x p l a i n  
h ighe r  impedance i n  t h e  downhole system a f t e r  s h u t i n  f o r  a p e r i o d  o f  
months. Th is  e f f e c t  has been observed i n  another c i r c u l a t i o n  system which 
had a c o n t r o l l e d  temperature gradient .  Wi th  a g r a d i e n t  o f  50 t o  310°C 
across the  vessel (91.5 cm o r  36 i n .  l ong ) .  s i l i c a  d i d  depos i t  i n  t h e  cool  
end o f  t he  vessel. For t h e  f i e l d  system, the  s i t u a t i o n  i s  more compl icated 
because geochemical , pore p ressu r i za t i on ,  and thermal s t r e s s  e f f e c t s  a re  
superimposed. 

These i o n s  a r e  n o t  i n  
s u f f i c i e n t  concen t ra t i on  t o  suppress t h e  appearance o f  z e o l i t e s .  A t  h ighe r  

The n a t u r a l  f l u i d s  c o n t a i n  C1-, SOT, and CO:. 
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PCq, z e o l i t e s  w i l l  be suppressed i n  favo r  o f  carbonate phases. Cur ren t l y ,  
experiments have begun r e a c t i n g  g r a n o d i o r i t e  w i t h  a m i l d  (0.01 N) Sodium 
c h l o r i d e  s o l u t i o n  t o  t e s t  e f f e c t s  o f  o the r  ions.  

Experimental secondary phases cons is ted  o f  d i s c r e t e  overgrokrths and 
d i d  n o t  appear t o  form a cont inuous l a y e r  o f  p r e c i p i t a t e  as env i s ioned  by 
Correns and Von Engel hard(4 ) and tiel geson(6 1. Reactions t o  form secondary 
phases appear t o  be f i x e d  by r e a c t i o n  o f  f r e s h  rock w i t h  so lu t i on .  Primary 
phases can a c t  as a template f o r  n u c l e a t i o n  o f  secondary phases w i t h  
s i m i l a r  s t r u c t u r e ,  f o r  example, p h i l l i p s i t e  on p lag ioc lase .  Both phases 
a re  framework s i l i c a t e s .  

Concerning t h e  r e s e r v o i r  rock ,  t h e  hos t  b i o t i t e  g r a n o d i o r i t e  has a 
h i g h  temperature m ine ra l  assemblage, and shows c l e a r  s ignatures o f  a t  l e a s t  
tm, metamorphic events: F i r s t ,  ep ido te  - p r e h n i t e  - q u a r t z  c h a r a c t e r i s t i c  
o f  very  l o w  t o  l o w  grade metamorphism a t  about 250 2 5PC,  and second, v e r y  
l ow  grade metamorphism a t  h ighe r  P producing c a l c i t e  + quar t z  v e i n i n g  a t  
about 200°C. The hos t  rock  i s  b e t t e r  e q u i l i b r a t e d  w i t h  the  f i r s t  ( o l d e r 1  
s igna tu re  and i s  we l l  o u t  o f  e q u i l i b r i u n  w i t h  the  second. A f t e r  t he  pro-  
posed deepening o f  t h e  w e l l  i s  completed the  host  rock a t  t h e  new depth 
would be expected t o  be more i n  e q u i l i b r i u n  w i t h  ambient cond i t i ons .  

CD* 

F i e l d  Experiments and Model ing 

The geochemical behavior  d u r i n g  a l o n g - t e r n  c i r c u l a t i o n  t e s t  i n  a 
f r a c t u r e d ,  g r a n o d i o r i t e  r e s e r v o i r  was adequately descr ibed by  a d i f f e r e n -  
t i a l  m a t e r i a l  balance which accounts f o r  f l u i d  m ix ing  and chemical d i s -  
s o l u t i o n  w i t h i n  d i f f e r e n t  reg ions  o f  t he  r e s e r v o i r .  
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M. Jones for  the ca re fu l  p repara t i on  o f  t h i s  manuscript.  
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