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DEPOSITION OF CaCO3 IN POROUS MATERIALS 

BY FLASHING GEOTHERMAL FLUID 

Donald E. Michels 
Republic Geothermal. Iiic. 
Santa Fe Springs, California 

SUMMARY: 

Deposition of CaC03 from natural  
geothermal f l u i d  was studied by using porous 
subs t r a t e s  made from several granular mater ia l s .  
These experiments aimed t o  explore connections 
between the  process of steam f l a sh  from super- 
heated C02-charged water and  t he  consequent 
chanqes i n  t he  carbonate chemical equ i l ib r i a .  The 
subs t r a t e s  were characterized pre- and post- 
experiment. 
and output f l u i d s  were determined. 
CaC03 depos i t s  were examined from several 
po in ts  of view. 

Flow r a t e s  and compositions of i n p u t  
The r e su l t an t  

Resul t s  a r e  presented in  terms of processes 
which begin w i t h  the  f lash ing  of C02-H20 from 
the  l i q u i 4  and a f f e c t  the  b u i l d u p  of chemical 
po ten t ia l  t o  deposit  CaC03. Deposition i s  seen 
t o  laq  the  f l a sh ing ,  a fea ture  deduced as due t o  
delayed equ i l ib ra t ion  of CO2 between l iqu id  
and vapor phases. 
polymorphs of CaC03 devel oped. 
provide f o r  deductions about the  ion ic  events of 
c rys t a l  growth which a r e  the  sca le  deposition 
reac t ions .  

Additional r e s u l t s  show the  nature of pore 
pluqginq o f  the  subs t r a t e s .  Extrapolations t o  the 
contex t  of natural rocks, receiving CaC03 i n  the  
v i c i n i t y  of  a well bore,  bear on s t r a t e g i e s  fo r  
rejuvenating pluqged wel l s  and on requirements fo r  
obtaining f l u i d  from s e n s i t i v e  wel l s  w i t h o u t  
damaging them. 

be s e n s i t i v e  t o  CaC03 deposition a re  highly 
co r re l a t ed .  
i n t e rp l ay  of those f ac to r s  a re  provided. 

Both c a l c i t e  and aragonite 
Their contexts 

Chemical f ac to r s  t h a t  cause well s / f l  uids t o  ' 

Graphic methods f o r  displayinq the  
The 

approach i s  qeneral and appl ies  a l so  t o  p ipes ,  
va lves ,  chambers, o r i f i c e s ,  a n d  o ther  places 
wherein f lash ing  i s  an e s sen t i a l  pa r t  o f  the 
context.  
chemical po ten t ia l  f o r  CaC03 deposit ion 
responds t o  the  f lash ing  event a re  useful in 
seeking means of sca le  cont ro l .  

The described mechanisims by which the  

The mechanical arrangements f o r  the  
experiments a re  described in d e t a i l .  Additional 
emphasis i s  given t o  the  t r a n s i t i o n  from 1-phase 
t o  2-phase flow as the  l i qu id  begins t o  f l a s h .  
Extended discussion i s  given on t he  buildup of t he  
chemical po ten t ia l  f o r  CaC03 deposit ion.  

The experimental context i nvol  ved cal c i  urn 
concentrations in the  l i qu id  t h a t  were much l e s s  
t h a n  bicarbonate concentrations.  The r e s u l t s  a r e  
l e s s  d i r e c t l y  applicable t o  cases where calcium 
exceeds bicarbonate. 
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INTRODUCTION: 

The deposition of CaC03 has  been observed 
widely i n  qeothermal developments where super- 
heated l i q u i d s  f l a sh  t o  steam. Well bores a re  
most se r ious ly  a f fec ted  and s imi la r  deposition on 
uphole p i p i n g ,  valves,  and  steam separa tors  adds 
an  operational a n d  economic burden t o  geothermal 
energy. 

f ea tu re  which implies t h a t  conversion of 1-phase 
l i q u i d  t o  a 2-phase system occurs remotely, y e t  
w i t h i n  t he  pore spaces of reservoi r  rocks. 
Presumably, CaCrl3 would deposit  i n  these 
regions i f  components were ava i lab le  i n  the 
1-phase 1 i q u i d .  Additionally, some proposed 
techniques of explo i t ing  f i e l d s  t h a t  a r e  i n i t i a l l y  
1-phase l i qu id  will  r e s u l t  i n  subsurface boi l ing  
so t h a t  t he  wel l s  [wi l l ]  come t o  produce steam 
ins tead  of h o t  water (1). T h i s  method of 
explo i ta t ion  c a r r i e s  the  risk of damaging the 
rocks near t he  well bore by excessive deposition 
of CaC03 i n  t he  porosity.  
we l l s  a r e  suspected t o  have become non-productive 
d u e  t o  such deposit ion ( 2 ) .  The problem i s  made 
more severe i f  the  reservoi r  f l u i d s  a re  more r i ch  
i n  C02 and i f  p roduct iv i ty  of the rocks i s  
inadequate t o  f i l l  we1 1 bores. 

In some f i e l d s ,  qeothermal wel l s  tap steam, a 

Indeed, some t e s t  

Obtaining data on t h i s  phenomenon by ob- 
serving CaC03 deposit ion in  a real  geothermal 
reservoir i s  d i f f i c u l t  due t o  complications of 
access ,  of chac ter iz ing  a f fec ted  pa r t s  of the  
r e se rvo i r  pre- and post-experiment, and of 
determining the  relevant f luxes  of f l u i d s  through 
t h e  a f fec ted  rocks. Accordingly, when a proposed 
p u m p i n g  t e s t  of a geothermal well promised a 
re1 i ab le  supply of f r e s h ,  overpressured, super- 
heated geothermal water a t  a wellhead, i t  was 
proposed a l so  t o  obtain a sidestream and allow 
t h a t  t o  f l a sh  in conta iners  holding qranular 
mater ia l s .  
r e se rvo i r  in which t o  study deposit ion.  T h u s ,  in 
t rans1  a t ing  experimental r e s u l t s  t o  reservoi r  
condi t ions ,  v a l i d i t y  of the  chemical response can 
be presumed sound. 

There i s  a l so  an interdependence between 
f l u i d  f l a sh  and chemical r e a c t i v i t y  t h a t  h a s  been 
l i t t l e  s tud ied .  The thermodynamic driving force  
f o r  t he  chemical reac t ions  of deposition bui lds  
from zero t o  subs tan t ia l  l eve l s  as the f lash ing  
proqresses.  In some ways, t h a t  build-up i s  
access ib le  i n  t h i s  experiment a n d  some emphasis 
wi l l  be given t o  i t s  s ign i f icance .  

EXPERIMENTAL DESIGN 

Such porous matrices y i e l d  a surroqate 

0 b j ec t i  ves 

The principal ob jec t ive  of this work i s  t o  
examine mineral deposit ion t h a t  accompanies 
f lash ing  in  porous mater ia l s .  Experimentally, 
t he re  a re  several components t o  t h i s  study: 

. s e l e c t  mater ia l s  f o r  subs t ra tes  and 

. 

. 

. monitor flow r a t e s  and pressures 

cha rac t e r i ze  them 
design and f ab r i ca t e  hardware f o r  holding 
t h e  subs t r a t e s  
arrange f o r  water t o  f l a sh  in the  poros i ty  

. make laboratory measurements of f l u i d  

. make chemical analyses of l i qu id  samples . charac te r ize  the  deposition re numerical 

. examine deposits in s i t u  - discuss r e s u l t s  and observations 

t ransmi s s  i bi 1 i t i  es 

data 

Materials 

Nine granular material s and two rocks were 
used. The granular mater ia l s  were se lec ted  t o  
span a broad range of p a r t i c l e  s i z e ,  p a r t i c l e  
shape, and surface composition. Figure 1 shows 
the  s i z e  ranges, p lo t ted  vs roundedness ( 3 )  f o r  
t h e  f r e e  granular mater ia l ,  and  suggests the  wide 
range of p a r t i c l e  packing c h a r a c t e r i s t i c s  explored 
i n  th i s  study. All the  natural mater ia l s  were 

0 2 4 
ROUNDNESS IC, t z & q  

FIGURE 1: Ranges of size and shape for granular substrates. 

washed with d i s t i l l e d  water before using, i n  order 
t o  f lush  away f i n e s ,  and dried a t  140°C. The 
metal s a n d  g lass  beads were degreased w i t h  
t r i ch lore thane  before using. Photomicrographs of 
them a r e  given a s  Fiqures 2a through 25.  Three 
natural  sands and  d r i l l  cu t t i ngs  provide a range 
of roundedness of gra ins .  Spherical grains a re  
provided by q lass  beads, two s i zes  of which were 
used. Three metal powders were used, 2 of which 
a r e  hinhly i r r equ la r  i n  shape and provide fo r  
po ros i t i e s  t h a t  a r e  about twice t h a t  obtained with 
o ther  mater ia l s .  
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FIGURE 2a FIGURE 2b 

FIGURE 2 c  FIGURE 2d 

FIGURE 2e 

3 

FIGURE 2a: SAND 1, Calcareous beach sand from Kauai, Hawaii. 
Mostly sub-angular to round fragments of biotic shells. About 20% 
insoluble in 6MHC1, mainly apatite. 

FIGURE 2 b  SAND 2, Quartzose beach sand from Lor Angeler, Cali- 
fornia, Free of CaCO3 

FIGURE 2c: SAND 3, Quartzose dune sand from East Mesa, Imperial 
County, California. Contains about 10% CaCO3 

FIGURE 2d: SAND 4, Drill cuttings from a quartzose lacustrine sand 
(E.M. well 58-30]. Clays and other fines have been removed by 
washing. 

FIGURE 2e: ROCK 1: Thin section, quartzose lacustrine sand from a 
core, E.M. 78-30,5500 ft. 



FIGURE 2f 

FIGURE 2g 

FIGURE 2h 
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FIGURE 2i 

FIGURE 2i 

FIGURE 2f: Metal 1, Bronze filter-making powder. A l a n  Aluminum 
Corp. grade MD 46 HP lot 1984. 

FIGURE 2g: Metal 2, Stainless steel powder, 316L,25/50 mesh. 
Hoeganaes Corp., lot 12-35398. 

FIGURE 2h: Metal 3, Stainless steel powder, 316L. 48/100 mesh. 
'Glidden Metals, lot  812525. 

FIGURE 2i: Glass 1, Soda-lime glass beads, 3mmdia. Scientific Pro- 
ducts G6000-1. 

FIGURE 2j: Glass 2, Homogenizing beads, 0.2 mm dia. The Vertis 
Co.. No.16-220. 



For  t he  experiment these granular mater ia l s  

The compacts 

were compacted in to  ca r t r idges  t h a t  held the 
g ra ins  firmly and provided f o r  f l u i d  t o  en te r  a n d  
l eave  the  porosity of the  compact. 
were characterized in  individual ca r t r idges  a n d  
r e s u l t s  a r e  shown i n  Table 1. 

In the  granular compacts, d i f f e r e n t  shapes 
and dimensions of the pore s t ruc tu res  were 
expected t o  y i e ld  unequal hydrodynamic conditions 
among ca r t r idges .  I n  turn, those might provide 
d i f f e r e n t  physico-chemical environments under 
which the deposition reac t ions  could take place. 

Table 1: 

SUBS. 

Sand 1 
1 
1 
1 

Sand 2 
2 

Sand 3 
3 

Sand 4 
4 

Glass 1 
1 

Glass 2 
2 

Metal 1 
1 

Metal 2 
2 
2 

Metal 3 
3 

Rock 1 

Rock 2 

DESCRIPTION OF F I L L E D  CARTRIDGES 
BEFORE EXPOSURE TO G E O T H E R M A L  FLUID 

CART. DEPTH 

3 
4 
6 

20 

10 
12 

13 
14 

2 1  
22 

5 
18 

8 
19 

1 
17 

2 
7 

15 

9 
16 

25 

26 

Subs t ra te  Holders 

cm 
3.3 
3.6 
3.8 
3.3 

3.4 
3.5 

3.3 
3.4 

3.4 
3.5 

3.6 

3.6 
3.6 

3.8 
3.6 

3.4 
3.6 
3.4 

3 . 1  
3.6 

2.3 

2.1 

V O L U M E  
3 cm 

44.7 
47.5 
53.7 
46.4 

48.6 
51.7 

47.7 
50.0 

47.; 
50.2 

43.1 
51.5 

51.8 
52.3 

53.2 
52.8 

44.7 
50.4 
48.9 

45.8 
52.0 

25.4 

20 .5  

POROSITY 

.37 

.34 

.36 

.36 

.32 

.35 

.35 

.34 

.37 

.38 

.37 

.36 

.35 

.36 

.38 

.37 

.66 

.67 

.68 

.63 

.64 

.18 

.16 

. .  

Cartridges f o r  holding the  granular sub- 
s t r a t e s  were fabr ica ted  from nickel c ruc ib les  (F iq  
3 ) .  The open ends of the  c ruc ib les  were f l a r ed  so 
a s  t o  mate t o  and be held in  an ordinary plumbing 
union. The bottoms were perforated w i t h  d r i l l e d  
holes approximately 3 mm i n  diameter so t h a t  1/3 
t o  2/3 of the  area was open. In order t o  r e t a in  
the  qranular subs t r a t e s  within the  ca r t r idges  
c i r c u l a r  screens of 50 mesh s t a i n l e s s  s t ee l  were 
cemented t o  %he ins ide  bottoms of the ca r t r idges  
with s i1  icone rubber cement. Additionally,  a 
second screen of 100 mesh s t a i n l e s s  s t ee l  (150 
mesh f o r  G2 a n d  M3) was made snug over the  f i r s t  
b u t  not cemented. 

- 7 h - r  INPUT GEOTHERMAL LIQUID 

STANDARD PLUMBING UNION 

OVER-PRESSURED LIQUID 

TEST CARTRIDGE 

GRANULAR MATERIAL 

01 JTPUT 

COLL 

STEAM + 

.ECT AND 

LIQUID 

WEIGH 

FIGURE 3: Setup for flashing geothermal fluid in cartridges of granular 
substrates. 

A t h i n  l ayer  of s i l i cone  rubber cement was 
spread over t he  ins ide  wal l s  of the  ca r t r idge  j u s t  
before the  granular subs t r a t e  was added. This 
a d d i t i o n  eliminated f l u i d  flow p a t h s  along the  
wall s. The granular subs t r a t e s  were then poured 
i n t o  the  ca r t r idge  a n d  s e t t l e d  by v ibra t ing  the  
assembly w i t h  a 60 he r t z  t oo l .  

The l i d  assembly consisted of two screens and 
a perforated s t a i n l e s s  s t ee l  l i d .  Two screens 
separated the  l i d  from the  granular ma te r i a l s ,  as 
a t  t he  bottom. The coarser screen was cemented t o  
t h e  l i d  with s i l i cone  rubber before the  f i l l i n g  
operation. 

The l i d  was crimped i n t o  the  shape of a 
shallow p a n ,  a n d  sized and posit ioned so t h a t  the  
crimped edge b i t  i n t o  t he  s ides  o f  the c ruc ib le  
below the  f l a r e .  This allowed the  l i d  t o  be 
seated s o l i d l y  ( 3  t o  4 kg/cm2) on the  contents 
and maintain a degree of compression on them 
throughout subsequent manipulations. 

The two rock samples were mounted ins ide  
ca r t r idges  a f t e r  being shaped t o  f i t  smoothly 
aga ins t  t he  wal l s .  
f l u i d  flow would be pa ra l l e l  t o  the  bedding 
planes.  Their thicknesses were l e s s  t h a n  the  
in s ide  height of the  ca r t r idges  and 3 t o  12 mm of 
space was between t h e i r  f l a t ,  para l le l  surfaces 
and the  lid;/Eottom of the  ca r t r idqes .  S i l icone  
rubber cement held them i n  place and blocked f l u i d  
flow a t  t he  ca r t r idge  wal l s .  

F ie ld  Plumbing 

They were oriented so t h a t  

In the  f i e l d ,  th ree  unions f o r  holding 
ca r t r idges  were connected in pa ra l l e l  t o  1-inch 
s t a i n l e s s  piping which i n  turn was connected t o  
the  12-inch qeothermal production l i n e  ( F i g  4 ) .  A 
1-inch fu l l - f low ball  valve assured t h a t  the  
1-inch 1 ine capacity exceeded the  c o l l e c t i v e  

5 



SAND SCREEN 

BLEED LINE 

1" BALL  VALVE 

MA1 N 
GEOTHERMAL 

LINE 

OVERFLOW TO PITS 
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IC1 P51 

FIGURE 4: Field setup for exposing cartridges to geothermal fluid. 

t r a n s m i s s i b i l i t y  o f  t h e  c a r t r i d g e s  so t h a t  
s ing le -phase  l i q u i d  always would be p r e s e n t  a t  t h e  
l i d s  o f  t h e  c a r t r i d g e s .  
i n s u l a t e d  by wrapping w i t h  f o i l - c o v e r e d  
f i berg1 ass. 

P ressu re  and temperature were sensed w i t h  
d i a l  gauges p l a c e d  i n  t h e  1 - i n c h  l i n e  near  t h e  
c a r t r i d g e s .  .Those read ings  were taken  t o  i n d i c a t e  
c o n d i t i o n s  a t  t h e  p e r f o r a t e d  l i d s  o f  t h e  
c a n n i s t e r s .  A b l e e d  l i n e  and v a l v e  were p r o v i d e d  
a t  t h e  end o f  t h e  l i n e  so t h a t  i f  f l o w  r a t e s  
t h r o u g h  t h e  c a r t r i d g e s  became s low t h e  i n p u t  
temperature c o u l d  he sus ta ined .  

The 1 - i n c h  l i n e  was 

D u r i n g  t h e  f i r s t  f i e l d  exper iments,  sand 
c a r r i e d  by  t h e  geothermal f l u i d  c o l l e c t e d  on t h e  
t o p s  o f  c a n n i s t e r s ,  e s p e c i a l l y  t h e  more t r a n s -  
m i s s i v e  ones. T h i s  r e s u l t e d  i n  an unmeasured 
p r e s s u r e  drop t h e r e  and i n  some cases,. f l a s h i n g  
was i n i t i a t e d  above t h e  l i d s .  F o r  subsequent 
exper iments,  a f i l t e r  f o r  suspended s o l i d s  was 
p l a c e d  upstream. The assembly was s h u t  down, 
c leaned,  and r e f u r b i s h e d  when t h e  downstream 
p ressu re ,  measured downflow o f  t h e  f i l t e r s ,  
approached t h e  f l a s h  p ressu re  f o r  t h e  f l u i d ,  
app rox ima te l y  7.0 kg/cm2 abso lu te .  

F i e l d  M o n i t o r i n g  

t o  5 hours,  b u t  c l e a n o u t  o f  t h e  sand f i l t e r  
r e q u i r e d  shutdown o f t e n e r  than  t h a t .  Thus, t h e  
exposure o f  each c a r t r i d g e  t o  geothermal f l u i d  was 
made up o f  a success ion o f  i n t e r v a l s ,  u s u a l l y  3 i n  
number. Each i n t e r v a l  was c h a r a c t e r i z e d  by  a 
c o n t i n u a l  b u t  i n c o n s t a n t  decrease i n  p ressu re  f rom 
an i n i t i a l  v a l u e  near  10 kg/cm* a b s o l u t e  t o  a 
f i n a l  v a l u e  near  8 kp/cm2. 
beg ins  t o  develop f rom t h i s  qeothermal l i q u i d  a t  
abou t  7.0 kq/cm2 and c a r e  was taken t o  assure 
t h a t  p ressu re  a t  t h e  c a r t r i d g e  l i d s  always 
exceeded t h a t .  Thus, f l a s h i n g  always was i n i t i a t e d  
w i t h i n  t h e  c a r t r i d g e s ,  excep t  as no ted  above and 
i n  t a b l e s .  

Most  c a r t r i d g e s  were on l i n e  f o r  a t o t a l  o f  2 

A vapor phase 

Mass f l o w  r a t e  and c u m u l a t i v e  mass f l o w  o f  
t h e  geothermal f l u i d  a r e  b o t h  r e q u i r e d  f o r  each 
c a r t r i d g e ' s .  exposure d u r i n g  a f i e l d  run .  
f l o w  r a t e s  th rough  t h e  c a r t r i d g e s  were determined 

The mass 

b y  c o l l e c t i n o  l i q u i d  which i ssued  f rom them. 
s topwatch was used t o  t i m e  t h e  c o l l e c t i o n  o e r i o d ,  
t h e n  t h e  c o l l e c t i o n  vessel  w i t h  l i q u i d  was weighed 
on  a s tandard i zed  sca le .  The inc remen ta l  mass f l o w  
was l a r g e r  than  t h e  weighed l i q u i d  due t o  steam 
l o s s e s .  The f i e l d - d e t e r m i n e d  r a t e s  f o r  1 i q u i d  
f l o w  were i n f l a t e d  t o  account  f o r  11% o f  t h e  i n p u t  
f l u i d  b e i n q  l o s t  as steam, an adjustment  based on 
i n p u t  temperature o f  158°C and c o l l e c t i o n  a t  100°C 
and atmospher ic  p ressu re .  

A 

Sp lash ing  i n  t h e  c o l l e c t i o n  vessel was 
g e n e r a l l y  n o t  a c o m p l i c a t i o n ,  and no a l lowance f o r  
s p l a s h i n g  l o s s e s  was made. Genera l l y ,  repea ted  
a t tempts  a t  c o l l e c t i o n  c o u l d  be made u n t i l  l o s s e s  
o f  l i q u i d  due t o  s p l a s h i n g  were judged n e g l i g i b l e .  
F o r  some o f  t h e  more h i g h l y  t r a n s m i s s i v e  c a r -  
t r i d g e s ,  f l u i d  was s t i l l  f l a s h i n g  as i t  e n t e r e d  
t h e  c o l l e c t i o n  vessel  and f o r  these,  s p l a s h i n g  was 
more troublesome. One s u b s t r a t e ,  M2, y i e l d s  
c a r t r i d g e s  o f  such h i g h  t r a n s m i s s i b i l i t y  t h a t  
r a t e s  f o r  o n l y  one o f  3 c a r t r i d g e s  were success- 
f u l l y  measured. 
a l l  o t h e r  cases. 

determined b y  p l o t t i n g  t h e  a d j u s t e d  measured r a t e s  
vs. r u n n i n g  t ime .  The p o i n t s  i n  each t e s t  
i n t e r v a l  were connected by  smooth l i n e s  and 
e x t r a p o l a t e d  t o  t h e  boundar ies o f  t h e  i n t e r v a l s  
( F i g  5 ) .  
i n t e g r a t e d  w i t h  a p l a n i m e t e r  t o  determine t h e  mass 
th roughpu ts .  The t o t a l  mass th roughpu t  p e r  
c a n n i s t e r  ranged f rom 1 5  t o  3800 kg, t h e  median 
was near  1500 kg. 
l i s t e d  i n  Table 2. 

s t o r e d  i n  f l a s h e d  geothermal l i q u i d .  T h i s  
ma in ta ined  t h e i r  s a t u r a t i o n  th rough  t r a n s p o r t  t o  
t h e  l a b o r a t o r y  where f u r t h e r  s t u d i e s  were made. 

P o r o s i t y  

Pore volumes i n s i d e  t h e  c a n n i s t e r s  were based 
on we igh t  d i f f e r e n c e s  between d r y  and water-  
s a t u r a t e d  c o n d i t i o n s  except  f o r  s u b s t r a t e s  G1, M1,  
and M2. The s a t u r a t i o n  measurement was made 
immediate ly  a f t e r  t h e  f l o w  r a t e  measurement, 
u t i l i z i n g  t h e  thorough f l u s h i n g  o f  t h a t  t e s t  t o  

Adequate da ta  were o b t a i n e d  i n  

Cumu la t i ve  f l o w s  f o r  each c a r t r i d g e  were 

Areas under t h e  r a t e  curves were 

These da ta  and o t h e r s  a r e  

A f t e r  f i e l d  exposure, t h e  c a r t r i d g e s  were 
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assure  t h a t  pores were sa tura ted .  Subs t ra tes  G1, 
M 1  and M2 had too l i t t l e  c a p i l l a r i t y  t o  r e t a in  
l i q u i d .  
i n j e c t i n g  water from a ca l ib ra t ed  syringe through 
a f i x t u r e  attached t o  the  bottoms. Empty weights 
f o r  a l l  cann i s t e r s  were ava i lab le  from weighings 
which followed a s t ep  of drying a t  100" to  14OOC. 
An allowance f o r  the  poros i ty  of screens and end 
sPaces was made. Data a r e  shown i n  Table 1. 

Their po ros i t i e s  were determined by 

Residual Scale Components i n  Liquid Samples 

t r i dges  were co l l ec t ed  a t  i n t e rva l s  and stored 
w i t h o u t  p reserva t ives  i n  250 ml pol ethylene 
b o t t l e s ,  pendinq t r anspor t  t o  the  laboratory f o r  
ana lys i s .  Chemical ana lys i s  fo r  calcium was done 
by t i t r a t i o n  w i t h  EDTA (.(lo125 molar) using the  
ind ica to r  F241, adapted from a method described in 
( 4 ) .  T h i s  method determines the  sum of Ca + Mg. 
Yowever, the  Mg i s  scarce in  East Mesa f l u i d  (near  

0.2 ppm) so t h a t  unadjusted r e s u l t s  of the  
t i t r a t i o n  can be taken t o  ind ica te  Ca content.  The 
F241 ind ica to r  provides a sharper end point a t  the  
E O T A  concentration used than do Ca-specific 
methods. Sens i t i v i ty  of the  ana lys i s  i s  near 9.1 
ppm Ca. 

t i t r a t i o n  with s u l f u r i c  ac id  70.05 molar) u s i n g  
successively the ind ica to r s  phenol ohthalein a n d  
methyl oranqe i n  t he  same a l iquo t .  Sens i t i v i ty  i s  
near 10 ppm HCO3. 

Samples of e f f l u e n t  l i qu id  from the car -  

Analyses f o r  CO3 and H C O  were done by 

Table 2 :  FIELD EXPOSURES 

SUBS. 

s1 

s2 

s3  

s4 

G 1  

G2 

M1 

M2 

M3 

R 1  

R2 

CART. 

3 
4 
6 

20 

10 
1 2  

13 
14 

2 1  
22  

5 
18 

8 
19 

1 
17 

2 
7 

15 

9 
16 

25 

26 

HOURS 
ON L I N E  

1.98 
2 .22  
2.68 
5.37 

5.35 

3.73 
4.50 

2.70 
4.50 

0 
2.82 

3.73 
2.90 

4.52 
5.73 

2 . 2 2  
.17 
.70 

5.25 
2.82 

9.73 

2.90 

kg FLUID 
THRUPUT FILTERED 

83 
590 
725 

3430 X 

3830 X 

620 
2650 X 

720 X 
1650 X 

0 
1000 

385 
2430 X 

2880 
2916 X 

3960 
1350 

142 

6.7 

X 

A nominal composition f o r  the  unflashed 
geothermal l i qu id  i s  shown in Table 3. D u r i n g  the  
experimental period there  were smal 1 t rends  i n  
both the Ca concentration and i n  the  i n i t i a l  
HCO3 concentration, b u t  these e f f e c t s  a r e  
suspected t o  be negl ig ib le  compared t o  o t h e r  
f a c t o r s  a f f ec t ing  the  CaC03 deposit ion.  

TABLE 3:  COMPOSITION OF EXPERIMENTAL FLUID 
E . M .  56-30 Pre-Flash 
Parts per Million by Weight 

Na 595 

K 56 

Li .85 

Ca 6.3 

Mg . 2  

Sr .4 

N H 4  2.0 

Fe .05 

c1 535 

HC03 525 

c03 . l l  

s04 180 

F 2.3 

B .4 

<.1 p04 

C02 440 

45 N 2  

CH4 .8 

H2S .05 

Si02 140 
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RESULTS: 

Framework f o r  Selecting Data 

phenomena a s  processes. 
t h e  observer moves along w i t h  the f l u i d  a s  i t  
passes through the  compact and  one notes the  
t r a n s i t i o n s  involved as conditions change and 
p a r t i c u l a r  events occur. In t h i s  view, the  same 
basic pa t te rn  of events occurs i n  each compact, 
b u t  because of d i f f e ren t  physical c h a r a c t e r i s t i c s  
among the  compacts these events happen ne i ther  i n  
t h e  same r e l a t i v e  pos i t ions  nor t o  the  same 
degree. T h i s  approach allows one t o  be b e t t e r  
focused on the  s i m i l a r i t i e s  of response among the  
subs t r a t e s  while recognizing t h e i r  d i f fe rences ,  
than do a l t e r n a t i v e  viewpoints. Additionally and 
more importantly,  the  point of view used here does 
b e t t e r  i n  accommodating the  f ea tu res  of 
non-equilibrium t h a t  a r e  involved. T h i s  
non-equilibrium has immense s igni f icance  t o  
in t e rp re t ing  (and t o  manipulating) the events 
which accompany f lash ing  of qeothermal 1 iquids i n  
general .  

enables one t o  place t h e  non-equil i b r i u m  aspects 
i n t o  a frame of reference based on the  physical 
conditions of temperature, ava i lab le  space, and  
pressure grad ien ts  alonq the  flow p a t h .  I t  i s  t h e  
t r a n s i t i o n s  within t h i s  frame t h a t  s e t  the  s t age  
f o r  i on ic  and molecular-level events t h a t  a r e  the  
concommitant chemical reac t ions .  These chemical 
reac t ions  a re  d i sc ree t  events ,  i n  con t r a s t  t o  t he  
physical conditions t h a t  a re  impressed on the  
space i n  which the  events tend t o  occur. 

t he  time involved w i t h  ge t t i ng  the  ions and 
molecules adjusted t o  changed surroundings. B u t ,  
t h a t  i s  not enough t o  accura te ly  describe 
f l a sh ing ,  and the  view o f  "process" provides the  
necessary ex t r a .  
geothermal f l u i d  through the  sequence of pressure 
drops,  temperature changes, space a v a i l a b i l i t i e s ,  
proximities of surfaces e t  a l .  
chemical r eac t ions ,  one introduces a l so  the  aspect 
of appropriate timing f o r  ce r t a in  chemical events .  
Chemical events favored a t  one posit ion i n  the  
flow path may not occur the re  f o r  t he  reason t h a t  
s u f f i c i e n t  time simply i s  n o t  ava i lab le  a t  t h a t  
l oca t ion .  B u t  more than t h a t ,  those events may 
not take place elsewhere e i t h e r  because a t  
pos i t ions  fu r the r  down the  flow p a t h  the in t ens ive  
conditions may be no longer appropriate.  Thus, 
non-equilibrium i n  the  context of f lash ing  
geothermal f l u i d s  i s  more than just  a delayed 
response, i t  may a1 so include l o s t  oppor tuni t ies  
f o r  c e r t a i n  reaction events.  

The approach used here will emphasize the  
I n  t h i s  point of view, 

Viewinq the  f lash ing  event as a process 

One may reconcile non-equil ibrium as  merely 

By following the  components of a 

t h a t  a f f e c t  t he  

Flashing i n  the  Experimental Cartridges 

Geothermal l i qu id  en te r s  the  openings of the  
l i d s  and passes through the  screens whence i t  
begins a non-Darcian flow along a tortuous path 
and (presumably) a uniform pressure grad ien t .  The 
pressure gradient i s  due j o i n t l y  to  the  viscous 
in t e rac t ion  with the  granular subs t r a t e  and t o  
i n e r t i a l / p r e s s u r e  e f f e c t s  downstream which a re  
propagated u p  the  flow path. Eventually, the  f l u i d  

moves alonq the  pressure gradient t o  where the  
actual pressure h a s  diminished t o  the  f l a sh  
pressure f o r  t he  1 i q u i d . l  
pressure gradient steepens and  the mixed-phase 
f l u i d  begins t o  develop a n d  t o  acce le ra te .  

A t  t h a t  place the  

The suoersaturation of CaC03 begins to  
bui ld  U D  i n  t he  residual l i ou id  according t o  the  
degree t h a t  CO3' increases i n  concentration. 
The CO3' buildup i s  a j o i n t  e f f e c t  of reduced 
temperature and reduced chemical a c t i v i t y  of 
C02. The actual deposition of CaC03 occurs 
i n i t i a l l y  by nucleation of c a l c i t e  and/or 
a raaon i t e  c r y s t a l s  on the  sur faces  of grains of 
t h e  subs t r a t e  a n d  subseauently (and mainly) by the 
processes of c rys ta l  qrowth  t h a t  operate within 
a n d  beneath 1 iouid boundary l aye r s .  

By the  time f l u i d  reaches the e x i t  face of 
t h e  ca r t r idge ,  the ve loc i ty  has  become hiah a n d  in 
severe cases f l u i d  boundary l aye r s  may be t h i n ,  
compared t o  uDstream loca t ions .  
c a r t r i d g e  the  residual 1 iqttid may s t i l l  possess 
some superheat,  and explosive f lash ing  may 
accompany the  emerqence of the  2-phase f l u i d  i n t o  
t h e  atmosphere. 

have been measured t o  describe i t .  

Upon ex i t ing  the  

For t h i s  process four kinds of information 

1) Fluid t r a n s m i s s i b i l i t i e s  and flow ra t e s  
can be used t o  deduce something about the  pressure 
grad ien ts .  

The amounts of C a C Q  deposited in the  
ca r t r idges  a n d  t he  amounts remaining in the  
residual l i qu id  a f t e r  discharge describe a 
chemical e f f i c i ency  fo r  the  deposit ion process 
t h a t  can be re la ted  t o  a theore t ica l  context.  

3 )  The physical apDearance and  d i s t r ibu t ion  
of the  CaC03 within the  compact r e f l e c t s  the 
micro processes of c rys ta l  arowth. 

a n d  space iden t i fy  the  physical houndaries of the 
D henoinena . 

desc r ip t ive  items t h a t  fociis more sharply on t h e i r  
uniqueness i r r e spec t ive  of context.  

2 )  

4 )  The conditions of oressure,  temperature 

The data a re  presented next,  with other 

Fluid Transmiss ib i l i t i e s  of the ca r t r idges  
a r e  quant i f ied  in units of mass r a t e  per pressure 
i ncrement (kg/sec per kg/cm2) commonly 
abbreviated as cm?/sec. 
m i s s i b i l i t i e s  based on d i f f e r e n t  contexts of 
measurement a re  l i s t e d  in Table 4. 

Single-phase l i qu id  transmissihil  i t i e s  
( d i s t i l l e d  water a t  18°C) were obtained f o r  a l l  
c a r t r i d a e s  b o t h  before a n d  a f t e r  t h e i r  f i e l d  
exposures. The Cartridges were seated i n  a 

The values f o r  t rans-  

lThis  f l a sh  pressure i s  the sum of t'ne water 
vapor pressure a n d  the  vapor pressures due t o  a l l  
o the r  components in the  f l u i d ,  of which C02 i s  
t he  most important t o  t he  chemical reactions 
involved. 
a r e  present in the  f l u i d ,  t h e i r  content i s  minor 
a n d  the description of the  process does n o t  su f f e r  
from i gnori n q  them. 

A1 though N7 and CH4 and o thers  
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TABLE 4: FLUID TRANSMISSIBILITIES 

IUBST. CART. -- 

s1 3 
4 
6 

20 

s2 10  
1 2  

s3 13 
14 

s4  21 
22 

G1 5 
18  

62 8 
19 

M1 1 
17 

M2 2 
7 

15 

M3 9 
16 

R1 25 

R2 26 

2 g/sec p e r  kg/cm 

1 -PHASE 

BEFORE AFTER - _ _ _  

42.3 48.0 
59.6 24.6 
40.8 17.1 
89.1 57.1 

94.8 38.6 

49.3 16.3 
44.7 2.84 

25.6 8.45 
17.3 1 .28  

1089. 
2560. 66.5 

77.4 3.39 
96.4 74.2 

226. 71.1 
250. 70.8 

815 299 
862 844 

1044 859 

201 82.1 
209 70.1 

0.022 0.056 

<10-2 <10-2 

2-PHASE 

INITIAL FINAL ~- 

6.7 
27. 
23. 
31. 21.  

34. 15. 

20. 
26. 18. 

17. 7.9 
23. 8.3 

19. 

4.4 
36. 28. 

46. 2.2 
45. 6.9 

45. 

33. 15. 
59. 16. 

0.95 0.12 

0.30 0.23 

p lumb ing  u n i o n  s i m i l a r  t o  t h e  f i e l d  setup, above 
wh ich  was mounted a 1 - l i t e r  graduated c y l i n d e r  
( F i g u r e  6 ) .  The cy1 i n d e r  was d r i l l e d  and tapped 
a t  t h e  bo t tom t o  accep t  a l / Z - i n c h  p i p e  n i p p l e  
wh ich  was f i t t e d  t o  t h e  un ion  w i t h  a bushing. 
Water i n  t h e  c y l i n d e r  passed d i r e c t l y  t h rough  the  
n i p p l e  t o  t h e  c a r t r i d g e  i n  t h e  union.  The 
g radua t ions  o f  t h e  c y l i n d e r  served t o  i n d i c a t e  
b o t h  l i q u i d  p ressu re  and volume increments d u r i n g  
t h e  f l o w  r a t e  measurements. 

The c y l i n d e r  was f i l l e d  w i t h  d i s t i l l e d  water  
and t h e  f a l l i n g  l i q u i d  l e v e l  was t imed as i t  
passed seve ra l  r e f e r e n c e  marks. U s u a l l y  f i v e  t i m e  
s t o p s  were ob ta ined  i n  a s i n g l e  f a l l  ( r u n ) .  The 
h e i g h t s  o f  t h e  r e f e r e n c e  marks were measured f rom 
t h e  bo t tom o f  t h e  c a r t r i d g e  which was unobs t ruc ted  
d u r i n g  a run .  Three t o  f i v e  " runs"  were t imed  f o r  
each c a r t r i d g e .  The m u l t i p l e  f l u s h i n g s  min imized 
t r a p p e d  a i r  i n s i d e  t h e  compacts. Between runs t h e  
1 i q u i d  1 eve1 was ma in ta ined  above t h e  c a r t r i d g e  
t o p  t o  a v o i d  i n g r e s s  o f  a i r .  

t h e  l i q u i d  l e v e l s  f e l l  t o o  s l o w l y  f o r  t h e  
g r a d u a t i o n s  on t h e  cy1 i n d e r  t o  be p r a c t i c a l  
e s t i m a t e s  o f  volume increments.  

F o r  c a r t r i d g e s  o f  v e r y  l o w  t r a n s m i s s i b i l i t y  

I n  those  cases, 

t h e  1 i q u i d  t h a t  was t r a n s m i t t e d  i n  t imed  i n t e r v a l  s 
was weighed t o  y i e l d  data abou t  mass. 

o b t a i n e d  i n  s i n g l e  runs  c o u l d  be used t o  assess 
whether  t h e  f l o w  th rough  t h e  compacts was i n  
accordance w i t h  D a r c y ' s  l a w  and most o f  t h e  
compacts conformed t o  t h a t  f a i r l y  w e l l  f o r  t h i s  
measurement. No tab le  excep t ions  were G1 (3-mn 
d iamete r  spheres) ,  M1 and M2. These r e s u l t s  
c o n t r a s t  w i t h  t h e  f i e l d  c o n t e x t  i n  which t h e  
1-phase segment o f  t h e  f l o w  p a t h  f o r  t h e  
geothermal l i q u i d  i s  n o t  Darc ian.  

Changes i n  t r a n s m i s s i b i l i t y  due t o  f i e l d  
exposures were determined by  remeasur ing 
t r a n s m i s s i b i l i t i e s  w i t h  t h e  l a b  setup a f t e r  t h e  
f i e l d  exposures. The r e s u l t s  a r e  shown i n  Table 4. 

T r a n s m i s s i b i l i t i e s  a r e  p r o p o r t i o n a l  t o  pe r -  
m e a b i l i t y  i n  t h e  case o f  t h e  1-phase measurement 
made b e f o r e  t h e  f i e l d  runs .  S ince t h e  geometr ies 
o f  t h e  c a r t r i d g e s  a r e  s i m i l a r ,  t h e  numer ica l  
p e r m e a b i l i t i e s  i n  d a r c i e s  can be g i ven  approx i -  
m a t e l y  by mu1 t i p l y i n g  t h e  t r a n s m i s s i b i l  i t i e s  
( cm2/sec) by 250. 

p o r o s i t y  i s  n o t  un i fo rm,  because d e p o s i t i o n  o f  
CaC03 o c c u r r e d  i n  narrow r e g i o n s  o f  t h e  pore 
space, hence those  measured t r a n s m i s s i b i l i t i e s  a r e  
r e s u l t s  o f  composite p r o p e r t i e s  o f  t h e  d i f f e r e n t  
zones and a numer ica l  p e r m e a b i l i t y  cannot  be 
ob ta ined .  The 2-phase measure made near  t h e  end 
o f  t h e  f i e l d  exposure shows t h e  l a r g e  e f f e c t  t h a t  
sma l l  CaC03 d e p o s i t i o n s  have on t h e  f l o w  
p r o p e r t i e s .  

The mu1 t i p l e  es t ima tes  o f  t r a n s m i s s i b i l  i t y ,  

F o r  t h e  p o s t  f i e l d - e x p o s u r e  measurement, t h e  

3 

jRADUATED 
>YLINDER 

3 

MULTI-STOP 
ELECTRONIC 

TIMER 

I 
I I 

E L  "I1 

FIGURE 6: Setup for measuring 1-phase transmissibilities of cartridges. 

9 



CaC03 Deposition, 

i n  t w m  changes in weight of the  ca r t r idges  
due t o  f i e l d  exposure and in tegra t ions  of Ca 
concentrations over t h e ' l i q u i d  throughputs. 
Results from the  chemical basis generally a re  
l a r g e r  than the  weight g a i n  (Table 5 ) .  (Chemical 
data a r e  n o t  ava i lab le  f o r  discharges from 
ca r t r idges  1 t h r u  6 . )  Both methods a re  subjec t  t o  
e r r o r s  which d i f f e r  from ca r t r idge  t o  ca r t r idqe .  
D u r i n g  shutdowns f o r  cleaninq sand from the  
f i l t e r ,  some ca r t r idges  became pa r t ly  dried by the  
residual heat i n  the  f i t t i n g s .  Plausihly,  some 
CaC03 p a r t i c l e s  may have become detached from 
t h e i r  s i t e  i n  t he  subs t r a t e  and flushed away upon 
r e s t a r t i n g ,  y ie ld ing  a "too small" weight gain. 
However, subsequent observations of the  CaC03 
p a r t i c l e s  i n  t h i n  sec t ions  of the  compacts suggest 
t h a t  their attachments t o  the  qra ins  of subs t r a t e  
a r e  f o r  the  g rea t  majority,  very robust.  

Amounts of CaC03 deposition were estimated 
Conversely, i t  seemed p laus ib le  t h a t  small 

suspended pa r t i cu la t e s  in the  geothermal f l u i d  
miqht pass the  sand f i l t e r  and  lodge i n  t he  
c a r t r i d g e s ,  c rea t ing  a n  anomalous weight gain.  
Such pa r t i cu la t e s  were looked f o r  b u t  n o t  found in 
the  t h i n  sec t ions .  

Some ca r t r idges  showed weight l o s ses .  
Whether t h i s  i s  due t o  d i sso lu t ion  of some gra ins  
o r  t o  lo s s  of f i nes  i s  unresolved. However, i n  
a l l  those cases ,  a deposit  of CaC03 i s  apparent 
i n  t he  th in  sec t ions ,  so the  chemical d a t a  i s  used 
f o r  estimating t o t a l  deposit ions there .  Disso- 
l u t i o n  of subs t r a t e  may account f o r  some of the  
weight gains being smal 1 e r  than the  chemical 
es t imates .  
i n  the  subs t r a t e s ,  as l i s t e d  i n  Table 5 ,  a r e  
ind iv idua l ly  based on judgments regarding the  
ava i l ab le  data f o r  each ca r t r idge .  

The bes t  estimates of CaC03 deposited 

TABLE 5: CaCO3 DEPOSITION IN CARTRIDGES 

Subs .  

s1 

s2 

s3  

s4  

G1 

62 

M 1  

M2 

M3 

R 1  

Cart .  

3 
4 
6 

20 

i n  
12 

13 
14 

21 
2 2  

5 
15 

8 
19 

1 
1 7  

2 
7 

15 

9 
16 

75 

MASS DEPOSITED 

W t .  G a i n  Chem. Rasis Rest Est. 

1 .3  - 1.3 
1.1 - 1.1 
1.0 - 1.0 

-2.4 6.10 6.1 

0.6 -1.54 0.6 

2.3 3 .44  2.9 
.9 1.06 1.0 

1.2 1.68 1.4 
.7  3.22 2.0 

9.5 8.32 8.9 

3.8 4.82 4.3 
-0.9 3.0 3.0 

- . 2  
Q.9 

2.6 

0.1 

1 .o 
2.1 

-2.0 

0.0 

- 
.65 0.8 

- 2.6 
0.0 0.0 
1 .59 .4 

2.68 1.8 
4.72 3.4 

1.05 1 .n5 

Ve /Vp  = Volume of CaC03 i volume of pores 

RELATIVE DEPOSITION 

Ve/Vp* 

.011 

.0069 

.049 

.0046 

.on85 

.022 

.no74 

.ni5 

.011 

.064 

.031 

.021 

.0056 

.021 

.003 
- 

.ni5 

.014 

.OR4 

Chem. eff.*' 

1 .o 
.12 
.089 
.ll  

.o in  

.30 

.024 

.13 

.077 

.57 

.72 

.078 

.017 

- 
- 
- 

.031 

.16 

.47 

DISTRIBUTION 
mm FROM EXIT FACE 

lpper L i m i t  Max. Lower L i m i t  

4 
4 
5 

2.5 

11. 
2.5 

10 
2.4 

38 

36 
2.5 

5 

3 

5 
10 

2 
2 
3 

1.5 

3. 
1.5 

1.8 
1 .o 

6 

16 
.1.1 

Unclear 
2.8 

1 
None v i s ib l e  

Unclear 

0 
0 
0 

0.5 

1.5 
0 

0 
0.3 

0 

2.5 
0.3 

0.6 

0 

0.7 0 
2 0 

Discernible only a t  0 

*QChem. e f f . ;  chemical e f f ic iency  = amount of Ca retained + amount of Ca input 
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The amount o f  CaC03 d e p o s i t e d  can be 
p resen ted  i n  seve ra l  ways ( T a b l e  5 )  b u t  s ince  t h e  
d e p o s i t i o n  i s  non-uni form these  amounts cannot  
r e a d i l y  be c o r r e l a t e d  w i t h  o t h e r  f a c t o r s .  
t empt ing ,  f o r  example, t o  r e l a t e  t h e  change i n  
t r a n s m i s s i b i l i t y  o f  t h e  c a r t r i d g e s  t o  t h e  
d e p o s i t i o n  o f  CaC03. F i g u r e  7 i s  a s c a t t e r  
diagram t h a t  would d i s p l a y  a c o r r e l a t i o n  i f  i t  
e x i s t e d .  None i s  apparent .  

It i s  

I;, 1114 TRANSMlSSlBl LlTY RATIO 

FIGURE 7: Scatter diagram of pore filling vs. ratio of 1-phase 
transmissibilities. AFTERIBEFORE. 

A1 so 1 i s t e d  i n  Table 5 a re  t h e  volumes o f  
CaC03 d e p o s i t e d  as a f r a c t i o n  o f  t h e  a v a i l a b l e  pore 
space. The l a r g e s t  v a l u e  i s  o n l y  6.4%. Because 
t h e  d e p o s i t i o n  i s  non-uni form t h i s  f r a c t i o n  serves 
o n l y  as an i n s e n s i t i v e  i ndex  t o  t h e  s e v e r i t y  o f  
CaC03 d e p o s i t i o n ;  co r respond ing  t r a n s m i s s i b i l i t i e s  
were reduced by  f a c t o r s  o f  2 t o  40. 

N e i t h e r  o f  t h e  s t a t i c  measures o f  d e p o s i t i o n  
g i v e n  above address t h e  c o n t e x t  o f  process. 
b e t t e r  i n d i c a t o r  f o r  t h e  s e v e r i t y  , o f  CaC03 
d e p o s i t i o n  i s  t h e  f r a c t i o n  o f  Ca e n t e r i n g  w i t h  t h e  
geothermal f l u i d  t h a t  i s  depos i ted  i n  t h e  
c a r t r i d g e .  These va lues  a r e  g i v e n  i n  Table 5 and 
d e s c r i b e  a k i n d  o f  chemical e f f i c i e n c y  f o r  t h e  
d e p o s i t i o n .  T h i s  e f f i c i e n c y  i s  g e n e r a l l y  low, 
s e v e r a l  r e s u l t s  a r e  i n  t h e  v i c i n i t y  o f  15%; and 
f o r  many o f  t h e  c a n n i s t e r s ,  chemical e f f i c i e n c y  
decreased d u r i n g  t h e  exper imenta l  runs  ( F i g u r e  8 1. 
These obse rva t i ons  suggest  t h a t  t h e  system f a i l s  
t o  approach chemical e q u i l i b r i u m  v e r y  c l o s e l y .  

D i s t r i b u t i o n s  o f  CaC03 w i t h i n  t h e  
c a r t r i d q e s  were determined by  examininq t h i n  
s e c t i o n s  w i t h  a microscope and by photographing.  
Polymorph i d e n t i f i c a t i o n s  were a1 so made then.  
T h i n  s e c t i o n s  o f  t h e  g l a s s  and sand compacts were 
p repared  by  i n f u s i n g  epoxy i n t o  t h e  p o r o s i t y  o f  
t h e  compacts which hardened and ma in ta ined  
i n t e g r i t y  d u r i n g  s e c t i o n i n g  and p o l i s h i n g .  
P o l i s h e d  ( t h i c k )  s e c t i o n s  o f  t h e  meta l1 i c  compacts 
were made s i m i l a r l y  f o r  examinat ion by r e f l e c t e d  
1 i g h t .  

A 

I P 
v) cc 

2 3  

2 

1 

0 
0 2 4 6 8 

APPARENT EFFICIENCY IC, - 5 .  

FIGURE 8: Efficiency of CaCO3 deposition VI. time. Deposition 
commonly is  more efficient early in the exposure. Exceptional cases, 
G2, G1, are less representative because a sand covering caused a het- 

erogeneous matrix for fluid flow. 

The CaC03 exposed by  s e c t i o n i n g  i s  found 
m a i n l y  i n  t h e  l a s t  few m i l l i m e t e r s  o f  f l o w  pa ths .  
Tab le  5 shows o f  r e s u l t s  o f  m ic roscop ic  
examina t ions  o f  t h i n  s e c t i o n s  and p o l i s h e d  
s e c t i o n s .  No tab ly ,  t h e  p o s i t i o n s  o f  maximum 
d e p o s i t i o n  a r e  n o t  a t  t h e  e x i t  faces. 

W i t h i n  t h e  zones o f  d e p o s i t i o n  a r e  seve ra l  
i n t e r e s t i n g  f e a t u r e s .  Among these  a re :  1) 
d i s t i n c t  c r y s t a l  forms o f  t h e  CaC03, c a l c i t e  
rhombs vs. a r a g o n i t e  a c i c u l e s ;  2 )  d i s t r i b u t i o n  
p a t t e r n s  o f  CaC03 c r y s t a l s  on t h e  p e r i m e t e r s  o f  
g r a i n s  o f  s u b s t r a t e  and as po re  f i l l i n g s ;  
number d e n s i t y  o f  CaC03 c r y s t a l s  across t h e  
zones o f  d e p o s i t i o n .  

3 )  

A r a g o n i t e  and C a l c i t e ,  two polymorphs o f  
CaC03, occu r red  b o t h  s e p a r a t e l y  and t o g e t h e r  
i n  t h e  c a r t r i d g e s .  
t h e  same c a r t r i d g e  t h e  c a l c i t e  form was dominant 
o n l y  i n  t h a t  p a r t  o f  t h e  d e p o s i t i o n  zone f u r t h e s t  
f r o m  t h e  e x i t  f ace  o f -  t h e  c a r t r i d g e .  Tha t  i s ,  
c a l c i t e  appears t o  be favo red  where t h e  degree o f  
f l a s h i n g  i s  l e s s .  One may i n f e r  a l s o  t h a t  t h e  pH 
t h e r e  i s  lower ,  t h e  r a t i o  o f  C03/HC03 i s  s m a l l e r  
and, i n  t h e  e a r l i e s t  s tages,  t h e  c o n c e n t r a t i o n  o f  
Ca (6.3ppm) exceeds t h e  c o n c e n t r a t i o n  o f  CO3= 
( i n i t i a l l y  near 0.1 ppm). 
a r a g o n i t e  forms e x c l u s i v e l y  on one s i d e  o f  t h e  
zone w h i l e  c a l c i t e  forms e x c l u s i v e l y  on t h e  
o t h e r .  

Where t h e y  b o t h  occu r red  i n  

I n  some cases, 

C a r t r i d g e s  r u n  w i t h o u t  t h e  p r e - f i l  t e r  
accumulated sand on t h e i r  t ops .  The most t r a n s -  
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. 
miss ive  ca r t r i dges  were more s t rong ly  a f fec ted  
since f o r  those, the  sand was less  permeable tha 
t h e  substrate. This caused a notable e f f e c t  on 
t h e  amount and d i s t r i b u t i o n  o f  CaC03 i n  the  
subs t ra te  downstream. Cartr idges 8 and 18 were 
most a f fec ted  by the  sand pac with the r e s u l t  t h a t  
CaC03 depos i t ion  occurred throughout most o r  
a l l  o f  t he  f l ow  paths. This gave an oppor tun i ty  
t o  ge t  q u a n t i t a t i v e  data about the  c a l c i t e /  
aragoni te r a t i o s  across the  zones o f  deposit ion. 

The vary ing  proport ions o f  c a l c i t e  and 
aragoni te were e a s i l y  recognized i n  t h i n  sections. 
To quan t i f y  those proport ions,  channel samples 
were chipped from the  epoxy - f i l l ed  compacts and 
analyzed by x-ray d i f f rac tomet ry .  Heights o f  the  
major c a l c i t e  and aragoni te d i f f r a c t i o n  peaks were 
compared w i t h  standards prepared from pure 
ma te r ia l s  t h a t  were scanned s i m i l a r l y .  The 
r e s u l t s  ( 5  1 f o r  4 ca r t r i dges  are 1 i s t e d  i n  
along with the  pos i t i ons  o f  the  channels ma 
the  compacts. 

Table 6: PROPORTIONS OF CALCITE AND ARAGONITE 
I N  SELECTED DEPOSITION ZONES 

CALCITE/ 
CARTRIDGE mm FROM EXIT FACE ARAGONITE 

4 1 - 2.5 0 

8 32 - 36 0.85 0.15 

10 

01 

8 1 - 2.5 Absent 

18 

18 

19 0.5 - 4.5 1.4 20.3 

A p r o f i l e  o f  the  0 vs 
t r i d g e  #8 which I s  
e shows t h a t  t he  

por t ions  become compl e t e l  

p o s i t i o n  was provided 

FIGURE loa: Calcites decorating sand N o 3  in cartridge No.13,9.3 
mm above the exit face. These rhombs are among the first CaCO3 
to deposit along the flow path. 
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FIGURE 9: Proportions of calclte and aragonite across a deposition zone 
(cartridge No.8). Ratios are based on x-ray diffraction data. 

aragon i t i c  before the  end o f  the  deposi t ion zone. 
Th is  i s  t he  same tl i n  t h i n  sect ions 
where the  deposi t ion was too t h i n  t o  sample 

mple, ca r t r i dge  13 
rece ived depos i t i  zone less  than lOmn 
wide, w i t h  nos t  o o s i t i o n  occur r ing  i n  t h e  
l a s t  3mn o f  t h a t  zone: F igure  10a shows c a l c i t e  
rhombs dominate i n  t h e  upstream'port ion o f  the  

FlGURE lob: Aragonites on sand No.3 in cartridge No. 13,0.7mm 
above the exit face. These acicules are among the last CaCO3 to 
deposit along the flow path. 12 



The f ac to r s  t h a t  determine which c rys ta l  1 ine 
form i s  dominant concern i n i t i a l l y  the c rys ta l  
nucleation event a n d  subsequently involve the  
conditions o f  c rys ta l  growth. The nucleation a n d  
growth take place i n  a stagnant l i qu id  boundary 
l aye r  t h a t  i n t e r a c t s  with the vapor composition by 
d i f fus ion  of components t h r o u g h  a mobile l i q u i d  
l aye r .  
depends on t he  r e l a t i v e  concentrations of several 
dissolved components, not j u s t  simply Ca++ a n d  
CO3'. The qrowth mechanisms f o r  c a l c i t e  and 
aragoni te  involve d i f f e r e n t  s e t s  of d i sc ree t  
events.  The t r ans i t i ona l  charac te r  of the 
ca l c i t e / a ragon i t e  r a t i o  r e f l e c t s  the  d i f f e r ing  
a v a i l a b i l i t y  of important components which nourish 
the  qrowth of the polymorphs. 

The f avorab i l i t y  of growth  conditions 

Density of CaC$ c r y s t a l s  on the  grains 
of subs t r a t e  i s ,  i n  some p laces ,  renarkable f o r  
t h e  uniformity of i t s  density.  Except where 
c r y s t a l s  a r e  crowded, they a re  often reqularly 
spaced and of s imi la r  s i ze .  Furthermore, the 
uniformity of decoration around a s ing le  grain o 
subs t r a t e  shows how remarkably well the  stagnant 
boundary layer  i s  separated from the  ac t ive  flow 
path.  Figure 11 shows s ingle  c r y s t a l s  of c a l c i t e  
uniformly spaced around grains of sand S1. 

FIGURE 11: Cross-section throught the CaC03 deposition zone in 
cartridge No.4, sand 1. Flow was from right to left and all deposition 
is calcite. Position of exit face is approximately at the left hand edge 
of the view. Note uniformity of calcite decorations on individual 
graiiis of substrate located at both ends of the zone. 

Analoaously, Figure 1 2  shows aragonite 
deposit ion on 3mm-diameter q lass  spheres next t o  
flow channels in ca r t r idge  #18. One can in fe r  
t h a t  these  spheres have l a r a e  differences in the 
i n t e n s i t y  of drople t  impact across t h e i r  surfaces 
hecause the surfaces of nearby spheres a re  so 
non-uniformly d i s t a n t .  Despite such inferred 
d i f fe rences  i n  surface s t r e s s  and material f lux 

FIGURE 12: Cross-section through cartridge No.18, Glass 1, show- 
ing aragonite deposition. Note uniformity of rind thickness around 
single spheres. Different apparent thickness on adjacent spheres is 
a geometrical effect due to the plane of sectioning, cutting the spheres 
in different relative positions. Intact spheres are all 3.0mm in diameter. 

(grams of f l u i d  per second per square mm of 
sphere) the deposit  i s  n o t  only uniform t h r o u g h o u t  
t h a t  portion of one pore which the  sphere bounds, 
b u t  a1 so s imi l a r  thicknesses a re  present in 
adjacent pores which contac t  the  same sphere. 

This r e s u l t  a l so  shows the  con t r a s t  between 
c rys t a l  growth  by ion ic  reac t ions  and sca le  build- 
u p  by accumulation of suspended so l id  p a r t i c l e s .  
S ign i f i can t ly ,  t h r o u g h o u t  these s tud ies  there  were 
no ind ica t ions  t h a t  sca le  deposition took place 
when sol i d  material s ,  perhaps formed in the  
homoqeneous 1 i q u i d ,  adhered t o  subs t r a t e s  aga ins t  
which they impacted. 
more concrete.  
develop except on a s t a t iona ry  surface t h a t  i s  
proximate t o  the  zone of f l a sh ing .  Even i f  
suspended p a r t i c l e s ,  present before f l a sh ing ,  were 
used as CaC03 crys ta l  nuc le i ,  they cannot grow 
perceptibly d u r i n g  the  br ie f  times ( f r ac t iona l  
seconds) they a re  immersed i n  conditions which 
favor such qrowth. 
p a r t i c l e s  suspended izn the  f l u i d  remote from the  
zone of the flashing/deposit ion would demonstrate 
t h e i r  detachment/erosion from surfaces upstream. 

This observation can be made 
Pa r t i c l e s  of CaCO3 cannot 

Thus, the presence of CaC03 

Across the  zone of CaC03 depos i t ion ,  a n d  in 
t h e  d i rec t ion  of f l u i d  flow, the  number of 
c r y s t a l s  per un i t  volume (or  per un i t  area of 
subs t r a t e  q r a i n )  increases ,  sometimes to  the  point 
of c los ing  the porosity,  and then the density 
decreases as the  e x i t  face i s  approached 
(F ig .  13 ) .  Most often the  polymorph which 
develops i n  t he  region near the  e x i t  face i s  
a ragoni te .  The growth  of individual aragonites 
apparently i s  exceedinqly f a s t  since (immature) 
c r y s t a l s  smaller than the  grade s i z e  a r e  not 
abundant. 

C1  osure of porosity by aragonite occurs 
throuqh a n  intense development of individual 
c r y s t a l s  t h a t  a r e  s imi la r  i n  s i z e  a n d  shape t o  the  
c r y s t a l s  in sparser  populations (Figure 1 3 ) .  This 
arranqement appears t o  have considerable porosity 
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FIGURE 13: Aragonite deposition in cartridge No.19, Glass 2. Fluid 
flow was from left to right. Position of exit face is near right edge of 
view. Closure of permeability is nearly complete. 

because t h e  c r y s t a l s  a r e  a c i c u l a r  and ( a p p a r e n t l y )  
randomly ar rayed.  However, t h e  dimensions a r e  so 
smal l  t h a t  v i r t u a l l y  a l l  t h e  n o n - c r y s t a l 1  i n e  space 
i s  comprised o f  boundary l a y e r  so t h a t  b u l k  f l o w  
would encounter  v e r y  h i g h  r e s i s t a n c e .  

It i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  amount o f  
d e p o s i t i o n  d im in i shes  near  t h e  e x i t  f ace  i n  s p i t e  
o f  (1) an inc reased  degree o f  f l a s h i n g  which 
(upst ream) was r e l a t e d  t o  an i n c r e a s i n g  p o t e n t i a l  
f o r  c r y s t a l  growth, and (2) t h e  g e n e r a l l y  l o w  
chemical  e f f i c i e n c e s  f o r  removing Ca as i n d i c a t e d  
b y  analyses o f  t h e  1 i q u i d  d ischarge.  

exper imen ta l  c a r t r i d g e s  and c a r r i e d  th rough  t h e  
same procedures as were t h e  g r a n u l a r  s u b s t r a t e s .  
One rock  was t o o  impermeable t o  y i e l d  data.  The 
o t h e r ,  i n  c a r t r i d g e  #25, w i t h  an i n i t i a l  one-phase 
permeabi l  i t y  o f  about  10 m i l l  i d a r c y s ,  t r a n s m i t t e d  
abou t  140 k g  o f  f l u i d  i n  9 .4  hours  o f  exposure. 

The f i n a l  1-phase p e r m e a b i l i t y  was 2-1/2 
t i m e s  g r e a t e r  t han  t h e  i n i t i a l ,  b u t  t h e  f i n a l  
2-phase t r a n s m i s s i b i l i t y  was about  25% l e s s  than  
t h e  i n i t i a l .  Chemical a n a l y s i s  o f  t h e  t r a n s m i t t e d  
l i q u i d  i m p l i e d  t h e  p i c k u p  o f  0.475 grams o f  Ca 
(1.18 o f  CaC03). A w e i g h t  l o s s  o f  2.0 grams 
was measured f o r  t h e  c a r t r i d g e  assembly. 
s e c t i o n  showed new CaC03 ( a s  C a l c i t e )  o n l y  on 
t h e  e x i t  f a c e  o f  t h e  rock  sample. T h i s  rock  
c o n t a i n s  n a t u r a l  c a l c i t e  cement and t h e  data 
suggest  some r e d i s t r i b u t i o n  o f  components. 
r e d i s t r i b u t i o n  was n o t  n o t i c e d  i n  t h e  t h i n  
s e c t i o n .  

INTERPRETATION OF RESULTS 

Two r o c k  samples were mounted i n  t h e  

A t h i n  

Yet, 

The p r i n c i p a l  goal o f  t h i s  s e c t i o n  i s  t o  
r e l a t e  t h e  chemical events  t o  t h e  p h y s i c a l  
c o n d i t i o n s  i n s i d e  t h e  c a r t r i d g e  and t o  t h e  f l u i d  
wh ich  f l a s h e s  i n  them. The process does n o t  
f o l l o w  an e q u i l i b r i u m  pa th ,  hence t h e  d i s c u s s i o n  
must a1 so desc r ibe  t h e  depar tu re  f rom e q u i l i b r i u m  
and t h e  reasons why such an outcome occurs.  

14 

' T r a n s i t i o n  f rom 1-Phase t o  2-Phase f l o w  

The chemical events  o f  CaC03 d e p o s i t i o n  
a r e  commonly regarded as responding t o  t h e  
f l a s h i n g  process w i t h  n e g l i g i b l e  de lay.  My 
exper iments show t h a t  t h e  response i s  n o t  
i ns tan taneous .  That  i s ,  t h e  p laces  i n  t h e  
c a n n i s t e r s  where 2-phase f l u i d  began t o  develop 
appear t o  be s u b s t a n t i a l l y  up - f l ow  f rom t h e  p laces  
where CaC03 began t o  d e p o s i t .  T h i s  f a c t  i s  
i m p o r t a n t  t o  subsequent s e c t i o n s ,  which desc r ibe  
how n o n - e q u i l i b r i u m  i s  sus ta ined ,  and i t  i s  
w o r t h w h i l e  t o  e l a b o r a t e  on t h e  hydrodynamic 
ev idence f o r  it. The chemical ev idence f o r  
non-equl i b r i u m  w i l l  be cons ide red  s e p a r a t e l y .  

cause and e f f e c t ,  t h e  uppermost CaCO3 
d e p o s i t i o n  marks t h e  lowermost p o s s i b l e  p o s i t i o n  
f o r  t h e  t r a n s i t i o n  f rom 1-phase t o  2-phase f l ow .  
F o r  t h e  sake o f  a s imple l i m i t i n g  c a l c u l a t i o n  one 
may assume t h a t  t h e  d e p o s i t i o n  response i s  prompt. 
I n  t h i s  geometr ic  model t h e  p ressu re  g r a d i e n t s  i n  
t h e  1-phase segments would be i n v e r s e l y  
p r o p o r t i o n a l  t o  t h e  l e n g t h s  o f  t h e  segments, 
a d j u s t e d  f o r  i n p u t  p ressu re ,  as i n  (T1)  

S ince f l a s h i n g  and d e p o s i t i o n  a r e  r e l a t e d  as 

I - F  
g1 = 

Where g1 = pressure g r a d i e n t  i n  t h e  
1-phase segment o f  p a t h  

F = f l a s h  p o i n t  p ressu re  f o r  t h e  l i q u i d  
I = i n p u t  p ressu re  
d = l e n g t h  o f  2-phase segment (see Table 5 )  
1 = t o t a l  l e n g t h  o f  compact 

R e s u l t s  f o r  ( T l )  a re  l i s t e d  i n  Table 7 ,  
c o l .  3 as, g l -geomet r i c ,  
a dynamic model , desc r ibed  n e x t .  

be c a l c u l a t e d  f rom an e m p i r i c a l  f o rmu la  f o r  
non-Darcian f l o w  ( 6 ) .  The fo rmu la  i n v o l v e s  two 
terms f o r  t h e  r e s i s t a n c e  o f  f l u i d  movement. one 
i s  normal Darc ian  r e s i s t a n c e  which i s  p r o p o r t i o n a l  
t o  f l u i d  speed r a i s e d  t o  t h e  f i r s t  power. The 
second te rm i n v o l v e s  f l u i d  speed r a i s e d  t o  t h e  
second power as shown i n  ( T 2 ) .  

a longs ide  r e s u l t s  f o r  

The l e n g t h  o f  t h e  1-phase f l o w  p a t h  a l s o  can 

g =(-) (+) +(#) (+) 
m = mass f l o w  r a t e  (kg/sec 
1 = l e n g t h  o f  compact (m 
v = 
k = p e r m e a b i l i t y  ( d a r c y s )  

3 volume o f  compact (cm ) 

Resu l t s  f o r  (T2)  a re  l i s t e d  i n  Table 7, 
c o l .  4, i n  terms o f  t h e  p ressu re  g r a d i e n t .  The 
D a r c i a n  component o f  t h e  g r a d i e n t  g1-D i s  l i s t e d  
s e p a r a t e l y  t o  show t h a t ,  under these exper imenta l  
c o n d i t i o n s ,  t h e  second te rm ( w i t h  speed 2) i s  
dominant. 
a r e  t o  be compared w i t h  g l -geomet r i c  va lues  
( c o l .  3 ) .  

The va lues,  91-dynamic, (co lumn 4 )  , 

I n  a l l  cases, t h e  dynamic model p r e d i c t s  a 
s teeper  p ressu re  g r a d i e n t  t han  does t h e  geometr ic  



Table 7:  T R A N S I T I O N  P O I N T S  FOR 1-PHASE TO 2-PHASE FLOW 

SUBS. CA'R1 

s1 

s2  

s 3  

s4 

G 1  

G2 

M1 

M2 

M3 

3 
4 
6 

20 

10 

13 
14 

21 
22 

18 

8 
19 

1 
17 

2 
7 

15 

9 
16 

I N L E T  I N I T I A I  
GAUGE FLOW 

PRESSURE RATE 
m 

kg/cmL 
1 

8.93 
9.42 
9.14 
6.47 

1 0 . 4  

10.4 
9.56 

7.17 
9.70 

10.3 

10.4 
7.45* 

9.00 
7.03 

9.42 
- 
- 

6.47 
10.3 

g/sec 
2 

54 
254 
213 
200 

358 

239 
247 

117 
222 

199 

46.3 
269 

4 18 
314 

422 * 
* 

2 16 
594 

1-PHASE GRADIENTS 

kcl/cm2 per cm 
eometric dynamic 

3 4 __ 

- .26 
1.10 3.07 
0.95 2.79 

.20 1.36 

1.43 3.76 

2.05 2.50 
1.16 3.61 

.53 1.56 
1.19 7.17 

- .052 

.10 
0.46 1.99 

0 . 9 4  2.08 
0.37 1.09 

1.35 .75 

- 

0.22 .74 
1.69 4.54 

Darcian 
5 

.07 
.22 
.25 
.12 

.20 

.23 

.30 

.25 

.67 

.004 

.03 

.14 

.09 

.06 

.03  

__ 

.06 

.14 

model, implyinq t h a t  t he  onset of f lash ing  accurs 
upstream of the  CaC03 deposit ion zone. 
loca t ions  of f l a sh  po in t s ,  based on t h i s  dynamic 
model, a r e  l i s t e d  in c o l .  7 alongside the 
loca t ions  of the uppermost CaCO3 c r y s t a l s  
observed in th in  sec t ions ,  co l .  6 .  The mismatches 
amonq these  value p a i r s  r e f l e c t  the  delay in 
chemical response t o  the  onset of f lash ing .  

The 

The accuracy of the  conclusion above i s  . 
s e n s i t i v e  t o  both the  relevance of the Saucier 
model ( 6 )  and t o  the  accuracy of the f i e l d  data 
f o r  mass flow r a t e .  Because the  Saucier model was 
developed and cal ib ra ted  w i t h  mater ia l s  t h a t  
spanned the  range of permeabil i t i e s  f o r  mater ia l s  
used in  t h i s  study the  relevance appears c l e a r .  

The accuracy in measuring mass flow r a t e  i s  
assessed i n  t he  following way. A smaller mass 
flow r a t e  would have the  e f f e c t ,  in the  model, of 
displacing the  point of i n i t i a l  f l ash ing  down 
flow. Thus, i f  the  t r u e  r a t e s  were s u f f i c i e n t l y  
l e s s  than measured, the  deposition a n d  f lash  point 
might coincide.  One can ca l cu la t e  a flow r a t e  , 
which, in the  model, would brinq the f lash  point 
a n d  t he  uppermost deposit ion in to  coincidence. 
This was done and the  r e s u l t s  a re  shown in Table 
7 ,  col . 8. Those values,  compared t o  measured 
counterpar t s  in c o l .  2 ,  a re  smaller by about 40%, 
implyinq t h a t  measurement e r r o r s  of t h a t  
proportion must be postulated t o  inva l ida te  the 

1-PHASE PATH LENGTH 
mm 

(1-d)-geom (1-d)-dyt 
7 

~ 

6 __ 

- - 
32 11.5 
34 11.6 
28 4.2 

31.5 12 .0  

22 18.0 
31.5 1 0 . 1  

24 8 .1  
32.6 5 .3  

2 - 
33.5 7 .8  

- 14.9 
31 10.4 

26 

- 

26 7.7 
26 9 .7  

ALCULATED 
FLOW 
RATE 

g/sec 
8 __ 

148 
120 
72 

217 

188 
136 

64 
84 

- 

125 

262 
178 

113 
359 

conclusion a b o u t  non-coincidence. Since the  flow 
r a t e s  were obtained by a timed co l lec t ion  of 
weighed f l u i d ,  such a l a rge  e r r o r  i s  n o t  tenable.  

Pathways and Non-equilibrium f o r  Flashing 

Departures from equilibrium are  qenerally 
awkward t o  describe w i t h  numerical models and i n  
t h i s  case the  dynamics of the process and i t s  
mu1 t i-dimensionality would make such an e f f o r t  
p a r t i c u l a r l y  d i f f i c u l t .  T h u s ,  a graphical method 
wi l l  be used i n  which the  reac t ions  a re  described 
a s  pathways across a f i e l d  of temperature and 
pressure.  Spec i f i ca l ly ,  the  pressure of 
C02(g) i s  used because t h a t  permits one t o  
cons t ruc t  several response surface maps t h a t  
describe s i g n i f i c a n t  'aspects of carbonate 
chemistry t h a t  a re  .important t o  the deposit ions of 
CaC03.' Figure 14 shows the r e s u l t s  of t h i s  
approach and examination of i t  should be 
coordinated w i t h  the  follpwing discussion. , 

The f i e l d  of Temperature vs C02 Pressure i s  
ecause a l i n e  connecting two points 
considered as a path ( t h a t  may be) 

taken as the  f lu id / l i qu id  changes from one 
condition t o  another. Of course,  not a l l  paths 
t h a t  might be drawn in  the  f i e l d  can correspond t o  
p a t h s  na tura l ly  taken by  real systems. Further- 
more, real  systems a re  constrained within 
boundaries. For the  case of the f lash ing  geo- 
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FIGURE 14: Pathway diagram for geothermal liquid in field of Temperature and C 0 2  Pressure. Boundaries for possible paths are given by adiabatic flashing 
(upper), forced cooling (lower right), and atmospheric content of C 0 2  (left). Pathways across the bounded area are possible; they can be adiadatic. Such cases 
involve disequilibrium of C 0 2  vis-a-vis liquid and vapor. Initial conditions for experiments were 1 5 8 O .  500 ppm HCO3, Pco2 = 1.13 kg/cmZ. 

thermal 1 i q u i d  i n  th i s  experiment, two boundaries 
i n  the  Temp-PCO2 f i e l d  a r e  the  path f o r  an 
ad iaba t i c  equilibrium expansion and a path f o r  
cool i n q  without development of a vapor phase. 
These a r e  both superimposed i n  Figures 14-18. 
method f o r  ca l cu la t ing  them i s  given i n  Appendix 
C .  Additionally,  the  100" l i n e  represents a path 
boundary f o r  the  l i q u i d  while i t  is  within the  
ca r t r idges  . 

In p r inc ip l e ,  a l l  the  area w i t h i n  those 
boundaries i s  ava i lab le  t o  real  processes a t  t he  
s t a r t  of an expansion-coolinq process. 
Furthermore, the  real  process ac tua l ly  achieved by 
t h e  system must be describable by some continuous 
l i n e  across the  map t h a t  s t ays  w i t h i n  the  
boundaries. 
slope r e l a t i v e  t o  the  Temp-COz ax i s ;  such a 
s lope  c o n s t i t u t e s  v io la t ion  of the F i r s t  Law of 
thermodynamics. Importantly, these response 
sur face  maps ,concern only the l i qu id  phases t h a t  
a r e  t r a n s i e n t l y  residual d u r i n q  the process. 
Fur ther ,  a l l  t he  area of Figures 15, 16, 17 and 
j u s t  the pathways shown i n  Figures 14 a n d  18 are  
s p e c i f i c  f o r  the  content of HC03- concentration 
being 500 ppm before f l a sh .  

i s  based on the  C02 p a r t i a l  pressure i n  the  
vapor being equal t o  the  ca lcu lab le  Henry's L a w  
pressure f o r  the  l i q u i d ,  the  . l a t t e r  being 
dependent on the  concentration of C02(aq). 

The 

This l i n e  never, can have a negative 

The ca lcu la ted  posit ion of the upper boundary 

Non-equality of these two pressures i s  one 
de f in i t i on  of non-equilibrium f o r  this  system and 
more i s  sa id  about t h a t  in Appendix C .  T h u s ,  
drawing a l i n e  across the  response surface (except 
t he  boundary l i n e s  described above) implies a l so  a 
non-equal i t y  f o r  the  C02 pressures between the  
vapor and 1 i q u i d  phases. 

W i t h  time, which normally involves more 
cool ing ,  a l l  non-equilibrium paths w i l l ,  a t  t h e i r  
lower ends,  extend toward the  equilibrium curve 
which i s  t h e i r  upper l i m i t .  T h u s ,  f o r  t he  quick 
events of f lash ing  i t  i s  the  middle pa r t s  of the  
path t h a t  a r e  most i n t e re s t ing .  The objec t ive  of 
t h e  next sec t ion  can now be ohrased a s ,  "How f a r  
do actual f lash ing  processes,  represented by l i n e s  
on the  response surface map,  pass below the  
equilibrium path?" 

The method used here appl ies  t o  s i t u a t i o n s  i n  
which D H  i s  cont ro l led  by the carbonate e a u i l i b r i a  
and the  Ca concentration i s  small compared t o  the  
HCO3-CO3 coup1 e .  

Resoonse Surface Maos 

Response surface maps ( 7 )  (Figures 15, 16, 
1 7 )  a r e  g r a p h s  in which i sople ths  o f  a (dependent) 
va r i ab le  a re  drawn between axes which represent 
two independent var iab les .  The i sople ths  and the  
i nterpol a t ions  between them show values the 
dependent var iab le  would have a t  coordinate points 
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FIGURE 15: Response surface; ratio of Cog /HCO3 in a field of Temperature and C02 Pressure based on HCOQ + 2C03 = 500 ppm and ac t i v i t y  
coefficients = 1. Pathway boundaries for experimental fluid are superimposed. 

FIGURE 16: Response surface; pH in a field of Temperature and COP Pressure based.on HCO3 + 2 CO3 = 50Oppm and activity coefficients = 1. 
Pathway boundaries for experimental fluid are superimposed. 
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FIGURE 17: Response surface: Calcium content in a field of Temperature and COP Pressure based on HCO3 + 2CO3 = 500 ppm and 
activity coefficients = 1, (see appendix B). Pathway boundaries for experimental fluid are superimposed. 

i den t i f i ed  by s e t s  of values f o r  t he  independent 
( f i e l d )  oarameters. The i sople ths  describe a 
sur face  i n  the  3-dimensional space of a l l  t he  
var iab les  and may be read l i k e  the  contours on a 
topographic map. As w i t h  a topographic map, the  
grad ien t  of the  response surface a t  any p o i n t  i s  
ind ica ted  by the  r e l a t i v e  closeness of the  
i sop le ths .  A non-1 inear functional re la t ionship  
between the  dependent and independent var iab les  i s  
indicated by unequal spacings of the i sople ths  
across the  f i e l d .  A j o i n t  functional dependence 
i s  indicated by i sople ths  inclined to  the axes.  

Three response surface maps a re  useful f o r  
i n t e rp re t ing  the  r e s u l t s  of t h i s  study and they 
must be s p e c i f i c a l l y  constructed.  
shows how the  maps a re  derived from 
mathematico-chemical equations of carbonate 
e q u i l i b r i a ,  a n d  Appendix B describes the 
cons t ruc t ions .  In this  development a s l i g h t l y  
d i f f e r e n t  mathematical development i s  used 
compared t o  usual methods in order t o  avoid 
c e r t a i n  incons is tenc ies  t h a t  a r e  noted in Appendix 
A .  The success of t h i s  approach i s  indicated by 
the  pH response surface (Figure 16)  which displays 
ca l cu la t ed  increases of pH f o r  East Mesa f l u i d s  
t h a t  a r e  i n  concert  w i t h  observed increases .  T h i s  
resul t was achieved without making presumptions 
about pH o r  C03'/HC03- r a t i o  anywhere along 
t h e  f lash ing  path. 

Appendix A 

Tracks of Real Pathways 

a l s o  expectations about CaC03 deposit ion.  
Figure 18 i s  s imi la r  t o  Fig. 14 b u t  inc ludes .  

The 

dashed l i n e s  in Fiqure 18 a re  based on the  Ca 
i sople ths  from Fiqure 17 and show the  (maximum) 
f r ac t ion  of the  Ca ava i lab le  i n i t i a l l y  which would 
be deposited by any pathwaylprocess t h a t  
o r iq ina ted .on  the  zero e f f i c i ency  l i n e .  Actual 
chemical e f f i c i e n c i e s  a re  ava i lab le  in Table 5 a n d  
most a r e  small compared t o  the  "equilibrium , 
expectation 1 ines" of Fiqure 18. 

Note t h a t  the  equilibrium path implies t h a t  
80% of the  Ca i n i t i a l l y  present will  be deposited 
before the  system experiences 1% of f l a s h ,  whereas 
most e f f i c i e n c i e s  i n  Table 5 a re  i n  the  range of 
10 t o  30%. I t  i s  furthermore i n t e r e s t i n g  t h a t ,  
between the  3% and 11% stages of f l a s h ,  the  
equilibrium p a t h  has a trend nearly pa ra l l e l  t o  
t h e  Ca i sop le ths .  T h i s  implies t h a t  e s s e n t i a l l y  
a l l  t he  Ca which can be deposited would be 
deposited i n  an equilibrium rocess before 3% of 
f l a sh ing  has occurred. In tRe f i e l d  experiments 
only a few of the  ca r t r idges  emitted f l u i d  t h a t  
had not f lashed t o  most of i t s  potential  of about 
a b o u t  11%. I t  i s  not tenable t o  suspect t h a t  any 
f lash ing  was so small as 3%. T h u s ,  the  actual 
pathways woul d appear t o  have seldom approached 
nearer t o  the  equilibrium p a t h  than the  0.3 
deposit ion l i n e  t h a t  appears i n  Figure 18. 

e spec ia l ly  relevant here: (1) the r e l a t i v e l y  steep 
ca lcu la ted  pressure gradients f o r  the  2-phase 
portion of the  f l u i d  p a t h  indicated t h a t  the  
actual posit ion of the  1- t o  2-phase t r a n s i t i o n  
was located subs t an t i a l ly  upstream of  the place 
where the  f i r s t  c r y s t a l s  of CaC03 could be found. 

Two o ther  observations mentioned e a r l i e r  a r e  
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FIGURE 18: Pathway diagram and efficiencies for deposition of CaC03 in a field of Temperature and C 0 2  Pressure. Based on HCO3 + 2C03 = 500ppm. 
Efficiencies are based on Fig. 17. Initial conditions for experimental fluid are 500 ppm HCO3, Pco2 = 1.13 Kglcm2, 158O. Ca= 6.3ppm. The heavy 
dashed line shows a nominal path for liquid flashing in the porous substrates used for this study (see text). The  dotted extension shows cooling of the 
flashed liquid without further loss of C02(aq). 

I f  one accepts f o r  the  moment t h a t  the thermo- 
dynamic driving force  f o r  CaC03 deposit ion bui lds  
u p  as a property of t he  f l u i d  in s t r i c t  timing 
w i t h  the  deqree of f l a sh ing ,  then the  actual 
pos i t ion  of the  CaC03 deposit ion would represent 
a l s o  the  time delay between t h a t  buildup a n d  the  
response t o  i t  of ions which add to  the  growing  
c r y s t a l s .  Actually, the  s i t ua t ion  i s  inore complex 
because i n  the chain o f  real events, the buildup 
of the  thermodynamic poten t ia l  fo r  CaC03 
deposit ion i s  preceded by the  exhalation of 
C02 from the  l i a u i d .  Accordingly, the buildup of 
t he  thermodynamic drivinq force l aqs  the expansion 
of f lash inq  because the  d i sc re t e  events of C O 2  
t r a n s f e r  between phases a1 so take f i n i t e  amounts 
of time t h a t  must precede the  ion ic  events of 
c rys t a l  growth. 

Within the  l i qu id  boundary layer  which 
over1 i e s  the  subs t r a t e  grains and in which the 
c rys t a l  qrowth reactions occur, CaC03 deposit ion 
wi l l  have s i g n i f i c a n t  thermodynamic driving force 
only where the  C02(aq) has been depleted. 
This depletion involves the  s t ruc tu re  of the 
l i q u i d  zones near the  subs t r a t e  surface.  
Spec i f i ca l ly ,  the  immobile boundary layer does not 
reach equilibrium w i t h  the vapor neares t  i t .  
f a c t o r s  operate in  the  mobile l i qu id  layer  which 
preserve the  disequilibrium a t  a s t a t iona ry  
loca t ion  in the  subs t r a t e .  The mobile layer  
provides a b a r r i e r  f o r  the normal diffusion of 
C02 between the  v a p o r  and the immobile l aye r .  
I n  e f f e c t ,  the  CO2(aq) a t  a location in the  

Two 

immobile layer  i s  in "equilibrium" with the 
C02(g) i n  vapor which i s  some distance 
upstream. 
from upstream loca t ions  which involve l a rqe r  
concentrations of C02( aq) the concentration 
qradien t  in the  mobile layer  will  be non-linear 
f o r  C02(aq), moving o u t  o f  the boundary 
l aye r s .  This e f f e c t  i s  shown i n  Figure 19 .  

The description above has a counterpart  in 
t h e  course of the  path near the  points of o r ig in  
shown in  Figs. 14-15. Spec i f i ca l ly ,  w i t h  which 
boundary l i n e  i s  the actual path more nearly 
tangent? 
of C02 i s  r e l a t ive ly  d i f f i c u l t  when the degree of 
f l a sh  i s  small and. when the  Henry's Law pressure 
of C02 i s  small compared t o  the  vapor pressure of 
t he  H20. 
on the  concept t h a t  ,when the  area of the l i qu id /  
vapor in t e r f ace  i s  smaller,  the  diffusion 
d is tances  f o r  t he  C02(aq) to  a f r ee  surface a re  
longer.  +Consistent with t h a t ,  the path would 
i n i t i a l l y  trend nearer a. tangent with the boundary 
on t he  r i g h t  pa r t  of the hexpansion f i e l d  a n d ,  
b r i e f l y  the 1 iquid m i g h t  be s l i g h t l y  
undersaturated.  Such a path i s  shown i n  Fig. 18. 
This surmise appl ies  well a t  East Mesa where the  
water vapor  pressure i s  several times as l a rge  as 
t he  Henry's Law pressure of C02(aq). However, in 
o ther  waters the r e l a t i v e  pressures nay be 
reversed, in which cases the i n i t i a l  pa r t  of the 
actual expansion path may trend c lose r  t o  the 
eQuilibrium p a t h ,  y ie ld ing  in s t an t  onset of 
supersa tura t ion .  

Since the  mobile l i qu id  layer  comes 

I t  i s  suqgested here t h a t  the  exhalation 

T h i s  prediction can be based roughly 
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FIGURE 19: Steady-State disequilibrium of Pco2 during flashing in 
the vicinity of a substrate. Pco2 implies the calculable Henry's Law 
pressure in the liquid zones and the C02  (9) partial pressure in the 
region of 2-phase flow. Continuous arrival of mobile liquid from up- 
stream maintains a high Pco2 in the immobile layer, compared to local 
vapor. 

2 )  The absence of much CaC03 deposit ion near t he  
e x i t  faces  might be suggested as being due e i t h e r  
t o  a t h i n n i n g  of the  immobile l i qu id  boundary 
l a y e r ,  on account of the  high f l u i d  speeds the re ,  
o r  t o  an absence of thermodynamic driving force 
f o r  the  reaction there .  The l a t t e r  seems more in 
l i n e  w i t h  o ther  evidence. 

Any postulated thinning of the immobile 
boundary layer  apparently i s  not s i q n i f i c a n t .  No 
e f f e c t  can he noticed in ca r t r idge  18 (Figure 12)  
where the  degree of f l a sh  and s i z e  of pores would 
b e  expected t o  y i e l d  the  maximum amount of 
buf fe t ing  compared t o  other t e s t  ca r t r idges .  For 
example, i f  thinning were t o  take p lace ,  i t s  
e f f e c t  would y i e ld  a pa t te rn  of i r r e g u l a r i t y  on 
individual gra ins  of subs t ra te .  Yet, q ra ins  i n  
t h e  near-exit  pos i t ions  t h a t  a re  l e s s  heavily 
decorated w i t h  CaC03 than t h e i r  upstream 
coun te rpa r t s ,  never-the-less show uniformity i n  
t h e  thickness of deposits on t h e i r  perimeters.  

S imi la r ly ,  plucking of CaC03 c r y s t a l s  from 
t h e  near-exit  grains by buffeting e f f e c t s  would 
lead  t o  non-uniform decoration and can be 
discounted w i t h  the same evidence. 

The argunent a b o u t  slow CaC03 deposit ion 
being due t o  tardy exhalation of C02, as used f o r  
t he  e a r l i e s t  pa r t  of the f lash ing ,  cannot be 
applied t o  the  near-exit  phenomena s ince  
r e l a t i v e l y  heavy deposition occurs jus t  upstream. 
Furthermore, t h a t  heavy deposition often consumed 
only 20% or  so of the  ult imate deposit ion po- 
t e n t i a l .  Thus the concept of a l oca l ly  inadequate 
thermodynamic d r i v i n g  force becomes appealing t o  
explain the  non-deposition a t  e x i t  faces .  T h i s  i s  
equivalent t o  the  f lash ing  path recrossing the  Ca 
i sop le ths  ( o f  the  response surface in the  portion 
of the  path near the  e x i t  temperature),  o r  passing 
pa ra l l e l  t o  them. The scenario of "recrossing" 
implies t h a t  ionic events of c rys t a l  growth could 
not keep pace with the changing thermodynamic 
poten t ia l  f o r  growth. The scenario of " p a r a l l e l "  
implies t h a t  the ionic events can match the 
po ten t i a l .  

t he  1 iqu id ,  as mentioned e a r l i e r ,  suqgests e i t h e r  
t h a t  few expansion paths f o r  the  ca r t r idges  g o t  
very c lose  t o  the equilibrium path or  t h a t  paths 
which approached i t  did n o t  experience the  degree 
of deposit ion indicated by the "deposition e f f i -  
ciency i sople ths"  of Figure 18. These l a t t e r  
i sop le ths  a re  p lo t ted  as i f  deposition would 
respond ins t an t ly  to  the  deposit ion po ten t i a l ;  i t  
i s  n o t  assured t h a t  real processes will  do so, 
though they may come c lose .  

The marked inef f ic iency  i n  removal of Ca from 

How s i g n i f i c a n t  the  mismatch nay he between 
the  actual and potential  deoosition i s  indicated 
by the r e l a t i v e  narrowness of some deposit ion 
zones indicated in Table 5 .  Since some a re  only 2 
or 3mm wide, one can suspect t h a t  the  actual 
deposit ion of CaC03 does follow c lose ly  upon the  
developlent of i t s  thermodynamic d r i v i n g  force .  
T h u s ,  r e f e r r ing  t o  the  ea r ly  p a r t  of the  f lash ing  
where the  i n i t i a l  delay was proposed as due 
j o i n t l y  t o  (slow) ionic events followinq the  delay 
in  exhalation of C02, one may suspect t h a t  the  
component of delay due t o  tardy losses  of 
C02(aq) i s  the  l a rge r .  

Complete Pathways 

The t rends  of real  expansion paths over the  
response surface maps can be p lo t ted  as i n  Figure 
18. From the  s t a r t i n g  poin t ,  the paths plunge 
r a t h e r  sharply away from the  upper boundary b u t  
ouickly bend toward i t .  The sharpness of t h i s  
bend w o u l d  be due t o  a h i q h  d i f fus ion  qradient fo r  
C02!afl) which could involve rip t o  1 atmosohere of 
pressure d i f f e ren t i a l  a t  1% f l a sh .  Subsequent 
l o s s  o f  C02(aq) corresoonds t o  the  p a t h ' s  
crossinq the  deposition e f f ic iency  i sople ths  a t  
r e l a t i v e l y  high angles.  I t  i s  t h i s  p a r t  of the 
path where CaC03 deposit ion occurs. 
p a t h  extends across the deposition e f f i c i ency  
i sop le ths  depends j o i n t l y  on: the f l u i d ' s  
residence time i n  those pa r t s  of the ca r t r idge  
where deposition i s  thermodynamically poss ib le ;  
t he  d i f fus ion  gradient f o r  the  C02(aq) toward a 
f r e e  sur face ;  and (presumably) the fea tures  of the 
pore s t ruc tu re  which determine the  values fo r  mass 
flow r a t e ,  % f l a s h ,  a n d  f l u i d  pos i t ion .  I n  a 
homogeneous matrix the  segment of flow path i n  
which deposition occurs i s  th in  and near the  e x i t  

How f a r  the  
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face .  Ry c o n t r a s t ,  ca r t r idqes  A and 18, which 
acauired a sand cover t h a t  made a heteroqenous 
mat r ix ,  h a d  f lash inq  near or upstream of t h e i r  
covers.  T h i s  resu l ted  in  extendinq the  segment of 
path f o r  ac t ive  deposition t h r o u q h  most of the 
ca r t r idge .  

t h e  correspondinq p a t h  on the  response surface 
turns downward a n d  i t s  trend becomes e s sen t i a l ly  
pa ra l l e l  t o  the  Ca i sople ths .  This corresponds t o  
a very rapid expansion in  which the C02(aq) i n  the 
residual l i qu id  probably en te r s  the  vapor Dhase 
w i t h o u t  the  enrichment expected for  the  
counterpar t  equilibrium expansions. The f l u i d  
probably ex i ted  the  ca r t r idqes  a t  a temperat re 

I n  these  l a t e r  s taaes  o f  expansion, the C02 
d i f fus ion  qradient involves only a few hundredths 
of a n  atmosphere of d i f f e r e n t i a l .  T h u s ,  the 
COZ(aq) molecules t h a t  a re  deeper beneath the  
vaporizinq surfaces cont r ibu te  re1 a t ive ly  l e s s  t o  
t h e  f lux  of H20 plus C O 2  leavinq the  surface 
than did t h e i r  counterparts in e a r l i e r  s tages .  

The course of the  path below 100°C 
corresponds t o  the  samples co l lec ted  fo r  Ca a n d  
HC03-/C03' ana lys i s .  These samples cooled, 
by conduction, toward  the  75°C l i n e .  Since the  
l i q u i d  volumes were f a i r l y  massive and the 
oressures  of C02(aq) within bo t t l e s  were above 
t h a t  of the  atmospheric C O 2 ,  p rec ip i ta t ion  of 
CaC03 during shor t  storaqe periods would not be 
expected. 
0.01 kq/cm2 corresponds t o  a head of only 
l O O m m  of H7O. 
30 times the  atmospheric pressure,  eauil  ib ra t ion  
would be due t o  d i f fus ion  since CO2 bubbles 
can not form mare t h a n  a few cm below the l i a u i d  
sur face .  Enerqetics f o r  nucleation of bubbles i s  
a b a r r i e r  f o r  t h e i r  development even a t  shallow 
depths. 

Whether t he  i n i t i a l  course of the  p a t h  will  
trend near t he  upper boundary of the expansion 
f i e l d  or the  lower one will  depend on t he  r e l a t i v e  
r a p i d i t y  o f  t h e  expansion process. More r a D i d  
expansions will  be fu r the r  from the  path f o r  
adabatic equilibrium. 

flow t h r o u q h  channels -- f r ac tu res  i n  rocks and i n  
piDes. I n  addition t o  providing more time f o r  the  
expansion, channels provide high turbulence which 
enhances the  material t r a n s f e r  t o  the  walls.  Both 
of these  f ea tu res  favor eauilibrium and such 
environments would have expansion paths t h a t  trend 
near t he  upper boundary. 

J u s t  before the  f l u i d  e x i t s  the ca r t r idge ,  

near 100" a n d  a CO2 pressure near 0.04 kg/cm Y . 

Note t h a t  a C02(aa) pressure of 

Althouqh the  CO2 a t  e x i t  may be 

Expansions t h a t  happen slower correspond t o  

Imp1 i ca t ions  about Crystal Growth Mechanisms 

Ca lc i t e  i s  the f i r s t  polymorph t o  deposit  
aloncr t he  flowpath. A l t h o u q h  t h i s  may r e l a t e  t o  
i t s  sl  i a h t l y  smaller s o l u b i l i t y  compared to  
a raaon i t e ,  i t  appears more l i k e l y  t h a t  the  cause 
l i e s  i n  the  c rys ta l  qrowth  mechanisms. The f a c t  
t h a t  t he  licluid l a t e r  reaches a condition where 
both c a l c i t e  and aragonite qrow means t h a t  c a l c i t e  
q r o w t h  1 aqs the thermodynamic buildup ( i  . e . ,  
becomes supersa tura ted)  by an  amount equal t o  o r  
q rea t e r  t h a n  the  d i f fe rence  in formation enerqies 

f o r  t he  two polymorphs. These differences a re  
0.084 kcal/mole a t  150" and 0.059 kcal a t  100". 
Ry comparison, the  driving force fo r  c a l c i t e  
p rec ip i t a t ion  i s  1.66 and 2.06 kcal/mole a t  the  1% 
and 2% f lash ing  condi t ions ,  assuming no precipi-  
t a t i o n .  Thus, i t  i s  not reasonable to  use the  
d i f fe rence  in formation energies vis-a-vis c a l c i t e  
a n d  aragonite t o  "explain" the  presence of 
c a l c i t e .  

Where the  solution i s  supersaturated in  both 
polymorphs, the  preponderance of aragonite would 
appear t o  be due t o  a more e f f i c i e n t  use of 
ava i lab le  components compared t o  the  c a l c i t e  
growth mechanism. 
simp1 e competition f o r  scarce mater ia l s .  
t he  explanation more l i k e l y  l i e s  in the  ways the  
CO3' and HCO3- pa r t i c ipa t e  i n  t he  buildup of 
t he  two c rys ta l  s t ruc tu res .  

Clear ly ,  aragonite has the  f a s t e r  growth  
mechanism as evidenced by i t s  predominance a t  
intermediate and l a t e  stages along the  flow p a t h .  
Yet, the  Ca which b o t h  s t ruc tu res  must u t i l i z e  i s  
only a l i t t l e  depleted in the  f l u i d s  a t  those 
p laces .  This sugqests t h a t  absence of c a l c i t e  may 
be due t o  unfavorable circumstances reqardinq the  
anions.  I t  i s  noteworthy t h a t  i n  the  e a r l i e s t  
s tages  of f l a sh ing ,  Ca-ions a re  more abundant t h a n  
C03 ions.  La ter ,  C03 ions a re  more abundant 
t h a n  Ca ions.  Calc i te  forms i n  the  f i r s t  
circumstance b u t  n o t  in t he  second, desp i te  the 
presence of b o t h  an adequate thermodynamic dr ive  
a n d  a reasonable supply of Ca .  Furthermore, a t  
these  intermediate s t aqes ,  the HCO3- 
concentration i s  not much changed from e a r l i e r .  
T h u s  one i s  led t o  suspect t h a t  C03 ions ,  in 
overabundance, a re  detrimental t o  the  c a l c i t e  
growth mechanism. One may conclude t h a t  the  
predominance of araqonite i s  due j o i n t l y  to  a 
growth  mechanism tha t .  can readi ly  u t i 1  i ze  the  
buildup of CO3' t h a t  accompanies f lash ing  and t o  a 
suppression of c a l c i t e  development by t h a t  same 
buildup. Si,milar conclusions have been reached 
elsewhere ( 8 ,  9). 

A s imi la r  d i s t r ibu t ion  pa t t e rn ,  c a l c i t e  
upstream of a ragoni te ,  occurs a l so  in  t e s t  loops 
used a t  East Mesa f o r  other experiments. In 
these ,  geothermal water has been flashed in s taqes  
through o r i f i c e  p l a t e s  in larqe-diameter pipes 
( 0 . 3  meter).  Ca lc i t e  forms in the  upstream zones; 
a raqoni te  i s  almost exclusive i n  t he  sec t ions  of 
lowest pressure/temperature. S ign i f i can t ly ,  s ing le  
a raqoni te  ac icu les  from the  bulk sca le  in the  
Dipes a re  v i r t u a l l y  ind is t inquishable  from those 
found i n  t he  ca r t r idges  of t h i s  study. 

CONCLUSIONS 

This appears somewhat l i k e  a 
However, 

' I 4  

An assortment of granular mater ia l s  has 
provided permeable porous s t ruc tu res  in which i t  
was arranoed f o r  f resh  qeothermal l i qu id  t o  f lash  
t o  steam. The f lash ing  i s  well known t o  lead t o  
t h e  deposit ion of CaC03. This study has d e a l t  with 
spec i f i c  f ace t s  of t ha t  deposit ion,  espec ia l ly  the 
chemical aspec ts .  

The deposition of CaC03 ceased in most 
cases before the  f l u i d  ex i ted  the  t e s t  subs t r a t e s .  
The e x i t  faces remained nearly f r ee  of deposits 
while t he  pores a few mill imeters inward from the  
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f a c e  were decorated s u b s t a n t i a l l y ,  sometimes 
enough t o  n e a r l y  b l o c k  t h e  f l u i d  f l o w  pa ths .  

c o u n t e r p a r t  where l i q u i d  p r o d u c t i v i t v  o f  t h e  
geothermal f o rma t ions  i s  t o o  smal l  t o  f i l l  t h e  
bo res  o f  w e l l s  t h a t  t a p  it. 
CaC03 has been susaected i n  some c i rcumstances 1 i k e  
t h a t .  
t h e  w e l l s  f a i l e d  and what m i g h t  be done t o  
r e  j uv e na t e them. 

By analogy, one can expec t  t h a t  CaC03 w i l l  
d e p o s i t  i n  pore spaces beyond t h e  w e l l  bore.  How 
f a r  i n t o  t h e  r e s e r v o i r  r o c k  t h i s  d e p o s i t i o n  may 
occu r  w i l l  depend on s p e c i f i c s  about  t h e  pressure 
g r a d i e n t s ,  e s p e c i a l l y  i n  t h e  zone where 2-phase 
f l o w  occurs.  I n  these exper iments t h e  qross f l o w  
r a t e  was c o n t r o l l e d  j o i n t l y  by t h e  c i rcumstances 
i n  t h e  1-phase and ?-phase req ions .  I n  w e l l s ,  one 
can expec t  t h a t  t h e  2-phase segment o f  t h e  f l o w  
p a t h  w i l l  c o n t r o l  f l o w  r a t e  and t h a t  segment w i l l  
be s h o r t e r  f o r  r o c k s  o f  l e s s e r  p e r m e a b i l i t y .  On 
t h i s  b a s i s ,  one may conclude t h a t  damage t o  w e l l s  
t h a t  produce th rough  sandstone-1ike.permeability 
c o u l d  be c o r r e c t e d  by  a c i d  a t t a c k  on t h e  w e l l  bore 
t o  a depth o f  a few m i l l i m e t e r s .  It i s  i m p o r t a n t  
t h a t  f o r  t hese  cases t h e  a c i d  a t t a c k  be l i m i t e d  t o  
t h e  near -su r face  m a t e r i a l ,  dn tend ing  t o  remove a 
smal l  t h i c k n e s s  w i t h o u t  a f f e c t i n g  t h e  pore 
s t r u c t u r e  f u r t h e r  i n .  New d e p o s i t i o n  would be 
made more e f f i c i e n t  i f  t h e  rocks  were a l t e r e d  so 
t h a t  subsequent f l o w  pa ths  were f rom a l e s s -  t o  a 
more-permeable zone. T h i s  r e s u l t  i s  a n t i p a t h e t i c  
t o  a common goal o f  a c i d  t rea tmen t ,  namely, t h e  
p a r t i a l  consumption o f  m a t r i x  (CaC03) cement. 

F o r  cases where f l u i d  e n t e r s  t h e  w e l l  bore 
t h r o u q h  f r a c t u r e s ,  t h e  CaC03 d e p o s i t i o n  may 
ex tend  f a r  f rom t h e  w e l l  bores.  Wider f r a c t u r e s  
p r o v i d e  a l o n g e r  p a t h  f o r  t h e  p ressu re  drop d u r i n g  
f l o w  and hence a l o n g e r  zone f o r  CaC03 
d e p o s i t i o n .  
may become i n v o l v e d .  A c i d  t rea tmen t  f o r  t h i s  case 
m i g h t  n o t  be success fu l  i f  d e p o s i t i o n  had been 
a l l o w e d  t o  become e x t e n s i v e  enough t o  tho rough ly  
b l o c k  a c i d  e n t r y  t o  t h e  p roduc ing  f r a c t u r e s .  
Makinq an e f f o r t  t o  f r a c t u r e  t h e  f o r m a t i o n  i n  
c o n j u n c t i o n  w i t h  a c i d  t rea tmen t  m i q h t  be 
at tempted,  b u t  i t  i s  u n l i k e l y  t h a t  o r i q i n a l  
p r o d u c t i o n  c o u l d  be r e s t o r e d  t h a t  way i f  m u l t i p l e  
f r a c t u r e s  were i n v o l v e d  i n i t i a l l y .  

T h i s  exper imenta l  s i t u a t i o n  has a geo log ic  

D e p o s i t i o n  o f  

T h i s  s tudy  g i ves  a b a s i s  f o r  d e s c r i b i n g  how 

D is tances  o f  c e n t i m e t e r s  t o  meters 

F l u i d s  t h a t  a r e  r i c h e r  i n  CO2 a r e  more 
s e n s i t i v e  t o  d e p o s i t i o n  i n  c o n f i n e d  spaces. 
P a r t l y ,  t h i s  i s  due t o  a h i g h e r  CO2 p ressu re  t h a t  
enables t h e  f l u i d  t o  f l a s h  a t  s m a l l e r  drawdowns o f  
(bo t tom-ho le )  pressure.  B u t  more i m p o r t a n t l y ,  
high-CO2 f l u i d s  a r e  r i c h e r  i n  Ca, and a l a r g e r  
p o r t i o n  o f  t h a t  Ca i s  made thermodynamical ly  ready 
t o  d e p o s i t  ( a s  CaC03) f o r  a g i v e n  p e r c e n t  o f  
f l a s h i n g ,  compared t o  f l u i d s  t h a t  a re  Poor i n  

CO2. T h i s  f e a t u r e  corresponds t o  paths on 
response su r face  maps t h a t  beg in  a t  a p o i n t  f a r  
toward t h e  r i g h t - h a n d  s ide .  Expansion f rom t h e r e  
w i l l  f o l l o w  a pathway t h a t  t r e n d s  near an 
e q u i l i b r i u m  pa th ,  a t  l e a s t  i n  t h e  e a r l y  s tages.  
T h i s  r e s u l t s  i n  prompt and severe s u p e r s a t u r a t i o n  
o f  CaC03. 

t e s t  c a r t r i d g e s  r e v e a l s  seve ra l  f e a t u r e s  about  t h e  
k i n e t i c s .  I m p o r t a n t l y ,  t h e  d e p o s i t i o n  o f  
CaC03 l a g s  t h e  v a p o r i z a t i o n  o f  HzO-COz i n  t h e  sense 
t h a t  t h e  thermodynamic p o t e n t i a l  f o r  d e p o s i t i o n  i s  
always l e s s  than what an e q u i l i b r i u m  c a l c u l a t i o n  
would show, sometimes s u b t a n t i a l l y  l e s s .  The 
p r i n c i p a l  cause o f  t h i s  l a y  appears due t o  t a r d y  
e x h a l a t i o n  o f  CO2 f rom t h e  l i q u i d ,  e s p e c i a l l y  
i n  l a t e r  stages. 

The consequences o f  n o n - e q u i l i b r i u m  d u r i n g  
f l a s h i n g  i n c l u d e  i n e f f i c i e n t  removal o f  Ca f rom 
t h e  l i q u i d .  Several exper iments y i e l d e d  o n l y  a 
20% removal whereas e q u i l i b r i u m  would be expected 
t o  achieve more than 90%. Slower expansions f o r  
t h e  f l a s h i n g  process f a v o r  a c l o s e r  approach t o  
e q u i l i b r i u m .  Pipes and f r a c t u r e s  i n  rocks  would 
be expected t o  r e c e i v e  s c a l e  d e p o s i t s  a t  a h i g h e r  
chemical e f f i c i e n c y  and over  a much l a r g e r  
d i s t a n c e  than  would occu r  i n  porous materi .al s. 

t h e  n o n - e q u i l i b r i u m  which a t t e n d s  i t  was done by 
u s i n g  maps o f  response su r faces .  
r e l e v a n t  i s  t h e  map f o r  Ca a c t i v i t y  i n  t h e  f i e l d  
o f  temperature and CO2 p ressu re  w i t h i n  t h e  
l i q u i d .  
can be c a l c u l a t e d  and p l o t t e d  on t h e  response 
su r face .  Severa l  t ypes  o f  exper imenta l  da ta  
p r o v i d e  i n f e r e n c e s  about t h e  r e a l  pathway a t  
d i f f e r e n t  stages and these p e r m i t  s k e t c h i n g  t h e  
r e a l  pathway on to  t h e  map a l o n g s i d e  t h e  c a l c u l a t e d  
e q u i l i b r i u m  path.  
pa ths  g i ves  a g raph ic  measure o f  non-equi l  i b r i u m .  

C o n s t r u c t i o n  o f  t h e  response s u r f a c e  maps i s  
based on t h e  mathematics o f  carbonate e q u i l i b r i a .  
The f o r m u l a t i o n  used i n  t h i s  d e s c r i p t i o n  d i f f e r e d  
i n  two respec ts  f rom common f o r m u l a t i o n s .  One o f  
t hose  accounts f o r  t h e  convers ion  o f  some b i c a r -  
bonate t o  equal numbers o f  CO2 molecules and 
CO3’ i o n s  d u r i n g  f l a s h i n g ,  a f e a t u r e  o f t e n  
ignored.  
well-known equa t ions  f o r  carbonate r e a c t i o n s  i n t o  
an equa t ion  t h a t  was independent o f  pH. T h i s  
e l i m i n a t e s  t h e  need t o  know, o r  t o  es t ima te ,  
e i t h e r  t h e  pH o r  t h e  C03’/HC03- r a t i o  i n  t h e  
f l u i d  a t  r e s e r v o i r  c o n d i t i o n s  i n  o r d e r  t o  
c a l c u l a t e  them a t  some o t h e r  c o n d i t i o n .  T h i s  
approach i s  espec ia l  l y  r e 1  evant  f o r  a1 k a l  i ne 
geothermal wa te rs  t h a t  a r e  charged w i t h  C O 2 ,  o f  
wh ich  t h e  f l u i d  used i n  t h i s  exper iment  was one 
example. 

D e t a i l e d  i n t e r p r e t a t i o n  o f  r e s u l t s  froin t h e  

Represen ta t i on  o f  t h e  f l a s h i n g  process and o f  

E s p e c i a l l y  

An e q u i l i b r i u m  pathway f o r  t h e  process 

The non-coinc idence o f  t h e  

The o t h e r  i n v o l v e d  t h e  combinat ion o f  

. 
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APPENDIX A 

Mathemat ica l  B a s i s  f o r  Response Sur face Maps 

Commonly, t h e  s e t  o f  ga l  1 op ing  equi  1 i b r i  a (A1 
t h r u  A5) i s  used, t o g e t h e r  w i t h  equat ions f o r  
charge and mass conserva t i on ,  t o  desc r ibe  
ca rbona te  r e a c t i o n s  1. The s e t  i s  so l ved  
s imu l taneous ly  when t h e  chemical equa t ions  a re  
r e c a s t  i n t o  a fo rm t h a t  i n v o l v e s  t h e i r  e q u i l i b r i u m  
c o n s t a n t s .  

Hf + OH- H20 (A5)  

Two problems e x i s t  w i t h  t h i s  system o f  
equa t ions .  A m ino r  c o m p l i c a t i o n  i n v o l v e s  ( A l )  
wh ich  commonly i s  used t o  desc r ibe  t h e  s o l u b i l i t y  
o f  C02 gas i n  wa te r  b u t  i s  l i t e r a l l y  a h y d r o l y s i s  
r e a c t i o n .  The l i t e r a l  meaning o f  ( A l l  a p p l i e s  t o  
o n l y  a v e r y  small  p a r t  o f  t h e  t o t a l  carbonate i n  
t h e  Eas t  Mesa geothermal system because t h e  
H2CO3 i s  v e r y  scarce t h e r e  (abou t  1 ppm a t  
r e s e r v o i r  c o n d i t i o n s  and near  .DO1 ppm a f t e r  
f l a s h i n g )  . The t r u e  d i s s o l v e d ~  form o f  C02, 
d e s c r i b e d  h e r e a f t e r  as C02(aq) i s  i n  f a c t  a 
l i n e a r  mo lecu le  n o t  bonded t o  H20 much 
d i f f e r e n t l y  than,  say, N2 i s  bonded t o  H20 
when d i s s o l v e d .  

I n  c o n t r a s t  t o  t h e  C02 l i n e a r  s t r u c t u r e ,  
t h e  H2CO3 i s  t r i g o n a l - p l a n a r .  T r a n s i t i o n s  
f r o m  one s t r u c t u r e  t o  t h e  o t h e r  i n v o l v e  s l u q g i s h  
chemical r e a c t i o n s  t h a t  a r e  n o t  p a r t  o f  t h e  
concept  o f  gas s o l u b i l i t y  desc r ibed  by  Henry ' s  
Law. 

Thus, i t  i s  p r e f e r a b l e  t o  desc r ibe  t h e  
s o l u b i l i t y  o f  C O z  by t h e  s imp le  equa t ion ,  

C02(g)  t C02(aq) (A61 

and recogn ize  a d i r e c t  p r o p o r t i o n a l i t y  between t h e  
p a r t i a l  p ressu re  o f  t h e  c o n t e n t  o f  l i n e a r  C02 
mo lecu les  i n  t h e  1 i q u i d .  T h i s  d i r e c t  p r o p o r t i o n -  
a l i t y  i s  one example o f  Henry ' s  Law f o r  d i l u t e  
s o l u t i o n s .  The cons tan t  o f  p r o p o r t i o n a l i t y ,  
H e n r y ' s  cons tan t ,  commonly i s  r e p o r t e d  i n  u n i t s  o f  
p a r t i a l  p ressu re  o f  C02 p e r  mole f r a c t i o n  o f  
C02 i n  t h e  s o l u t i o n .  More t r a c t a b l e  u n i t s  o f  
kg/cm* p e r  ppn a r e  usab le  here because t h e  
C02(aq) i s  d i l u t e  i n  a l l  c i rcumstances.  

separa te  accoun t ing  f o r  t h e  C02 i n v o l v e d  w i t h  
H e n r y ' s  Law, f rom CO2 d e r i v e d  th rouqh  HC03-. 
There a r e  t w o  advantages i n  t h i s .  F i r s t ,  t h e  
CO2 wh ich  d e r i v e s  f rom HC03- does n o t  c o n t r i b u t e  

Abandoning ( A I )  has t h e  e f f e c t  o f  r e q u i r i n g  a 

l e . q .  ,Garre1 s ,  R.M., 1960, M ine ra l  E q u i l i b r i a :  
Harper  and Rros., New York, 254 pp. 
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t o  t h e  c a l c u l a b l e  pressure o f  CO2 t h a t  occurs 
i n  t h e  1-phase l i q u i d  b e f o r e  f l a s h i n g ,  a f a c t  
wh ich  i s  n o t  e x p l i c i t  w i t h  ( A l l .  Second, t h e  
CO2 wh ich  does d e r i v e  f rom t h e  HCO3- has 
i m p o r t a n t  i m p l i c a t i o n s  r e g a r d i n g  t h e  C03'/HC03- 
r a t i o  wh ich  w i l l  be desc r ibed  l a t e r .  

A ma jo r  c o m p l i c a t i o n  w i t h  (A2) and ( A 3 ) l  
i n v o l v e s  t h e  H', commonly rep resen ted  by  pH. 
S i g n i f i c a n t l y ,  H+ i s  scarce i n  t h e  East  Mesa 
geothermal f l u i d  s ince  t h e  l i q u i d  i s  a l k a l i n e  
under  a l l  degrees o f  f l a s h ;  hence (A21 desc r ibes  
a non-process. Were t h e  s u b j e c t  o f  t h i s  s tudy t o  
i n v o l v e  e q u i l i b r i u m  c o n d i t i o n s ,  t hen  t h e  use o f  
(A2)  woul d p r e s e n t  no compl i c a t i o n  s i n c e  t h e  
numer ica l  r e l a t i o n s h i p s  g i v e n  by e q u i l i b r i u m  
c o n s t a n t s  a r e  v a l i d  a t  e q u i l i b r i u m .  Ru t  t h e  
emphasis here i s  on processes and on p o s s i b l e  
n o n - e q u i l i b r i u m  s i t u a t i o n s .  Thus i t  becomes 
a p p r o p r i a t e  t o  d e c l i n e  t h e  t r a d i t i o n a l  d e s c r i p t i o n  
o f  ca rbona te  e q u i l i b r i a  and seek a more r e a l i s t i c  
b a s i s  f o r  c a l c u l a t i o n s .  

B a s i s  f o r  Response Sur face Maps 

The geothermal l i q u i d s  a t  East Mesa a r e  
s l i g h t l y  a l k a l i n e  under r e s e r v o i r  c o n d i t i o n s  and 
become more a l k a l i n e  d u r i n g  normal f l a s h i n g  o f  
steam and t h e  concomi tant  d e p l e t i o n  o f  C02(aq). 
Reac t ion  (A7) desc r ibes  t h e  i n t e r c o n v e r s i o n  o f  
t h r e e  i m p o r t a n t  spec ies w i t h i n  t h i s  l i q u i d  t h a t  
a r e  r e s p o n s i b l e  f o r  t h e  pH behav io r .  

2HC03-z?C02(g) + H20 + CO; (A71 

Under r e s e r v o i r  c o n d i t i o n s  CO3' i o n s  a r e  
sca rce  b u t  t h e y  become abundant d u r i n g  
f l a s h i n g .  Concomi tant ly ,  t h e  CO2 produced 
a c c o r d i n q  t o  (A7) e n t e r s  t h e  vapor pool  t h a t  
i n i t i a l l y  was (occup ied  o n l y  by  C02(aq))  
d i s s o l v e d  acco rd ing  t o  Henry ' s  Law. Thus, i n  
terms o f  m a t e r i a l  rema in ing  w i t h i n  t h e  l i q u i d  
phase, (A7) can be r e c a s t  i n t o  (A81 which 
d e s c r i b e s  a mass balance f o r  t h e  l i q u i d  phase 
o n l y .  

HCO; + 2co; M 

The v a l u e  M c l o s e l y  rep resen ts  t h e  
HCO3- c o n c e n t r a t i o n  i n  t h e  ( p r e - f l a s h )  
r e s e r v o i r  f l u i d  because a t  t h e  temperature and 
CO2 pressu re  t h e r e  t h e  CO3= i s  near zero. 
i s  suspected t h a t  (A7) and (A81 d e s c r i b e  a c t u a l  
processes d u r i n g  f l a s h i n g  and a r e  thus  i m p o r t a n t  
co rne rs tones  o f  t h e  mathemat ica l  b a s i s  f o r  t h e  
response s u r f a c e  maps. 

The problem o f  a s s i q n i n q  a pH t o  t h e  
mathemat ica l  model can be avoided by  u s i n g  
r e l a t i o n s h i p  (A9) which i s  independent o f  
pH2. The parentheses r e p r e s e n t  a c t i v i t i e s  
o f  t h e  i o n i c  species. 
d e r i v e d  by combin ing those  c o u n t e r p a r t s  o f  A2, 
A3, and A6 wh ich  i n c l u d e  t h e  e o u i l i b r i u m  
c o n s t a n t s .  

It 

Equa t ion  (A91 can be 

II 

- (A9) - A 
K - PC02 ( c o i l  

(HCO; l2 K h  

pC02 = t h e  Henry ' s  Law pressure 
a p p r o p r i a t e  f o r  t h e  c o n t e n t  o f  
C0;2(aq) i n  t h e  l i q u i d ,  

c o n c e n t r a t i o n  p e r  p ressu re ,  
h = t h e  Henry ' s  Law c o n s t a n t  i n  u n i t s  o f  

K '  = t h e  d i s s o c i a t i o n  c o n s t a n t  f o r  (A21 and 
K "  = t h e  d i s s o c i a t i o n  cons tan t  f o r  (A3) .  

Ttle terms h, K '  , and K "  depend o n l y  on 
temperature.  A s e l e c t i o n  o f  va lues i s  g i v e n  i n  
Tab le  B1. Equat ions A8 and A9 can he so l ved  
s i m u l t a n e o u s l y  t o  y i e l d  CO3' and HCO3- . 
a c t i v i t i e s ,  and t h e i r  r a t i o  d e f i n e s  pH th rough  A3. 

A l though  (A91 can be d e r i v e d  a l s o  f rom ( A l l ,  
(A " ) ,  and (A3) ,  and i s  thus ma themat i ca l l y  
c o n s i s t e n t  w i t h  them, those t h r e e  equa t ions  a r e  
n o t  ar ranged t h a t  way i n  o t h e r  mathemat ica l  models 
o f  ca rbona te  e q u i l i b r i a .  Other  models do n o t  
i n v o l v e  t h e  equal i t y  o f  CO2 and CO3' t h a t  appears 
i n  (A7) .  T h i s  i s  a s i g n i f i c a n t  d i f f e r e n c e  between 
t h e  p r e s e n t  development and o t h e r  work and 
demonstrates t h a t  t h i s  development i s  more than  a 
v a r i a n t  o f  o t h e r  models. Note a l s o  t h a t  t h e  
equal i t y  o f  CO2 and CO3' i n  (A71 does n o t  i n v o l v e  
t h e  Henry ' s  Law-CO2 t h a t  i s  p r e s e n t  i n i t i a l l y .  

f l u i d  can overwhelm a l l  o t h e r  components the re .  
Thus, t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  o t h e r  i o n s  
can be c a l c u l a t e d  on t h e  b a s i s  o f  these r e s u l t s  
and s i n g l e  chemical equa t ions  f o r  o t h e r  i o n s  o f  
i n t e r e s t .  There i s  no need, i n  t h i s  c i rcumstance,  
t o  s o l v e  more compl i c a t e d  s e t s  o f  simul taneous 
equa t ions .  

The amounts o f  CO3' and HCO3- i n  t h e  Eas t  Mesa 

I l l s u a l l y ,  i n  s o l v i n g  Al-A5 e t  a l .  s imu l tane -  
o u s l y ,  a pH i s  ass igned i n  o r d e r  t o  c a r r y  o u t  t h e  
c a l c u l a t i o n s .  Such an assignment c a r r i e s  presump- 
t i o n s  t h a t  a r e  p o o r l y  j u s t i f i e d ,  e s p e c i a l l y  as 
reqa rds  A2. A1 t e r n a t i v e l y ,  some node1 s i n v o l v e  an 
e s t i m a t e  o f  t h e  C03'/HC03- r a t i o  p r i o r  t o  
" f l a s h "  and c a l c u l a t e  a pH c o n s i s t e n t  w i t h  t h a t  
r a t i o .  Yet, quess ing t h e  CO3'/HCO3- r a t i o  
and c a l c u l a t i n q  t h e  pH i s  o n l y  a l i t t l e  more 
e l e g a n t  than  guess ing t h e  pH d i r e c t l y .  

2Smith, F.G., 1963, Phys i ca l  geochemistry: 
Addison-Wesley, Palo A1 t o ,  p .  249. 
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APPENDIX B 

C o n s t r u c t i o n  o f  Response Sur face  Maps 

Map f o r  C03/HC03 R a t i o  

Equa t ions  (A9)  and (A8) can be combined t o  
y i e l d  ( B 1 )  which i s  conven ien t  f o r  c o n s t r u c t i n g  a 
response s u r f a c e  map o f  t h e  C03/HC03 r a t i o .  
Subsequently, o t h e r  maps f o r  (CO3'), pH, (Ca++), 
e t c . ,  can be made. 

3 

R i s  t h e  a c t i v i t y  r a t i o  C03/HC03. 
M i s  t h e  HCO3- c o n c e n t r a t i o n  i n  t h e  
r e s e r v o i r  
A i s  g i v e n  by equa t ion  ( A 9 1  

The i s o p l e t h  f o r  a s e l e c t e d  va lue  o f  R can be 
t r a c e d  i n  a f i e l d  o f  temperature and C02 p ressu re  
( F i g u r e  R I )  by e n t e r i n g  ( B 1 )  w i t h  t h a t  R-value and 
s e q u e n t i a l l y  u s i n g  va lues  f o r  A s e l e c t e d  f rom 
Tab le  B1. The va lue  f o r  M i s  u n i f o r m  ove r  a l l  t h e  
map and M = 500 ppm was used t o  c o n s t r u c t  F i g u r e s  
B I ,  511 and 5111. 

It i s  wor th  n o t i n g  here t h a t  a c t i v i t y  
c o e f f i c i e n t s  have n o t  been used i n  ( B 1 ) .  T h i s  
l e a v e s  an i n c o n s i s t e n c y  s i n c e  M i n v o l v e s  
c o n c e n t r a t i o n s  and R, a c t i v i t i e s .  The most 
obv ious  consequence i s  i n  r e c o n c i l i n g  t h e  l a b e l s  
on t h e  i s o p l e t h s  (wh ich  a r e  a c t i v i t i e s )  w i t h  
a n a l y t i c a l  da ta  on c o n c e n t r a t i o n s .  Fo r  example, 
t h e  two w i l l  d i f f e r  i n  F i g u r e  B I  by  t h e  f a c t o r  
X - Z / & l ,  which has a va lue  o f  0.55 a t  25°C (77°F) .  
D i f f e r e n t  f a c t o r s  app ly  i n  o t h e r  maps and a t  
o t h e r  temperatures.  
u n i t s  o f  c o n c e n t r a t i o n  by u s i n g  temperature-  

Maps c o u l d  be c o n s t r u c t e d  i n  

FIGURE BI: Response surface for C03/HC03 activity ratio in a field of 
Temperature and C 0 2  Pressure. 

a d j u s t e d  va lues f o r  a c t i v i t y  c o e f f i c i e n t s  and 
a p p l y i n g  them t o  R f o r  each c a l c u l a t i o n  o f  
Pco2. However c a l c u l a t e d  response su r faces  

wh ich  a r e  uncompensated f o r  t h e  a c t i v i t y /  
c o n c e n t r a t i o n  aspec t  show t h e  same l o c a l  t r e n d s  
( topography )  as would ac t i v i t y - compensa ted  maps. 
T h i s  i s  because t h e  compensation would r e s u l t  
m a i n l y  i n  a s h i f t i n g  o f  t h e  c a l c u l a t e d  s u r f a c e  up 
o r  down i n  space w i t h  o n l y  m i l d  d i s t o r t i o n s  
r e s u l t i n g  f rom d i f f e r e n t  va lues  o f  a c t i v i t y  r a t i o s  
t h a t  correspond t o  t h e  temperature range across 
t h a t  space. S ince i t  i s  t h e  t r e n d s  o f  response 
su r faces ,  n o t  t h e  abso lu te  va lues ,  which a r e  used 
e l  sewhere t o  desc r ibe  t h e  r e s u l t s  o f  t h e  CaC03 
d e p o s i t i o n  exper iments,  t h e  mismatch between 
l a b e l s  on t h e  i s o p l e t h s  and a n a l y t i c a l  
c o n c e n t r a t i o n s  i s  n o t  a s e r i o u s  m a t t e r .  

Table B 1 :  SELECTED DATA FOR CARBONATE EQUILIBRIA 

Temp " C  25 50. 75 100 125 150 200 250 300 

l o g  K '  (1) -6.37 -6.31 -6.33 -6.41 -6.54 -6.71 -7.13 -7.66 -8.26 

l o g  K "  (1) -10.33 -10.18 -10.14 -10.14 -10.21 -10.34 -10.71 -11.20 -11.78 

l o g  K ( c a l c i t e )  ( 1 )  -8.36 -8.61 -8.96 -9.38 -9.84 -10.34 -11.40 -12.51 -13.63 
S P  

l o g  h (2,3) -1.447 -1.727 -1.900 -1.986 -2.048 -2.089 -2.076 -1.994 -1.861 

l o g  A ( 4 )  -2.51 -2.14 -1.91 -1.74 -1.62 -1.54 -1.50 -1.55 -1.66 

1.  From Kharaka, Y .  F. and Barnes, Ivan,  1973, SOLMNEQ: So lu t i on -m ine ra l  e q u i l i b r i u m  computat ions:  U.S. 
Geo log ica l  Survey, N T I S  PB - 215899, 82 pp. 

Based on E l l i s ,  A .  J .  and Gold ing,  R. M . ,  
and i n  sodium c h l o r i d e  s o l u t i o n s :  Amer. Jou r .  S c i .  , v. 261, pp 47-60. 

U n i t s  a r e  l o g  (mola l  p e r  kg/cm ) ,  C02 i n  wa te r .  

2 .  1963, The s o l u b i l i t y  o f  carbon d i o x i d e  above 100 "C i n  w a t e r  

2 
3. 

4. A =-T- = kg/cm p e r  mola l  K"  2 
K h  
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Response Surface Map fo r  pH 

The d issoc ia t ion  constant 
C03'/HC03- r a t i o  define the  pH 
i n  (82)  and ( 8 3 ) .  

( H + )  = K "  (C03=/HC03-) 
pH = - log ( H + )  

K" f o r  (A31 and the  
a s  

Table 61 t o  y i e l d  a value f o r  C03' based on ( 8 4 ) .  
That CO3' value i s  used in (A81 to  f ind  a value 
f o r  R which i s  applied in (B1) t o  f ind  the  Pco 
coordinate f o r  the  selected Ca value. The resu? t  
i s  Figure 6111. 

A response surface fo r  pH (Figure RII) can be 
constructed by t rac inq  the  pH i sople ths  across the 
f i e l d .  A pH value i s  se lec ted ,  a corresponding 
value of C03'/HC03- i s  ca lcu la ted  using ( B 2 )  and 
a value of K "  taken from Table R1. Subsequently, 
t h a t  C03'/HC03- can be entered in to  ( B 1 )  , alonq 
w i t h  a temperature-consistent value of A ,  t o  
c a l c u l a t e  the  coordinate o f  C02 presslire fo r  
t h e  se lec ted  pH. 

FIGURE 8111: Response surface for Ca activity in a field of Temperature 
and COq Pressure. 

Because a c t i v i t y  coe f f i c i en t s  were not used, 
the numerical l a b e l s  on the ca lcu la ted  Ca iso- 
p l e ths  d i f f e r  from analy t ica l  data by about a 
f ac to r  o f  10. However, the  t rends  of the  surface 
and the  slopes (spacings of the  i sop le ths )  a re  in 
proper order a n d  can be used t o  describe events 
t h a t  occur i n  the  f lash ing  process. 

FIGURE Bll: Response surface for pH in a field of Temperature and CO2 
Pressure. 

T h i s  method f o r  ca lcu la t ing  pH involves no 
a r b i t r a r y  assumptions and no forcing of an ion 
charge balance from a f l u i d  ana lys i s .  
noteworthy t h a t  i n  this model, pH i s  a dependent 
va r i ab le  determined by the pa r t i t i on ing  of 
material  i n  the  CO3' and HCO3- compartments 
of the  system. In terms of actual abundance, 
H+ always i s  a t r a c e  component. I t s  ca lcu la ted  
va lue ,  a s  obtained here,  i s  determined by the 
concentrations of major components i n  the  system. 

Response Surface Map f o r  Ca 
Because HCO3- (500 ppm) i s  so much more 

ava i l ab le  i n  East Mesa f l u i d  than Ca (6.3ppm), 
ca l cu la t ions  regarding the  p rec ip i t a t ion  of 
CaCO can ignore depletion o f  the  HC03- - CO3' 
coupfe. Even under conditions where the  actual 
concentrations of CO3" a r e  small, l o s ses  due t o  
formation of CaC0-j can be made u p  from the  HCO3- 
supply i n  accordance w i t h  ( A 7 1  . Consequent1 y , the 
equilibrium concentration o f  Ca can be connected 
i n  a simple way t o  ( B l )  through equations 84 and 

I t  i s  

( A B ) .  

(Ca++) = 

The procedure f o r  t rac ing  the  Ca 
s imi l a r  t o  t h a t  used f o r  pH. A value 
se lec ted  and used w i t h  a value of Ksp 

i sople ths  i s  
of Ca i s  
from 

The spacings of t h e  Ca i sop le ths  i s  loga- 
ri thmic i n  t he  Temp-Pressure f j e l d ,  demonstrating 
t h a t  the  Ca concentration i s  bas ica l ly  pro- 
portional t o  CO2 pressure.  T h i s  outcome 
con t r a s t s  t o  some published r e l a t ionsh ips  which 
show t h a t  the  Ca concentration is  approximately 
proportioned t o  the  cube root of the  CO2 
pressure.2 
based on a process wherein HCO3- and Ca++ 
ions j o i n t l y  a re  the  dominant ionic species and 
a r e . p r e s e n t  i n  t he  proportion of 2 : l ;  a s  i n  the  
contex t  of c a l c i t e  dissolving i n  water i n  contac t  
w i t h  a source of C O z ( g ) .  
geothermal case i s  f a r  from a 2 : l  proportion f o r  
HC03:Ca, the  cube root  re la t ionship  i s  not 
obtained. 

Those 1 a t t e r  re1 a t ionships  a r e  

Because the  

lSuch refinements should recognize a1 so the  
formaiion of species l i k e  NaC03- and 
CaC03 which a l so  a f f e c t  the  R values e t  
a l .  These refinements can be done by computer. 
The simpler maDs presented here can be developed 
with desk cal cul a to r s .  

PHolland, H . D . ,  1978, The chemistry of the  
atmosphere and oceans: 
York, n .  15, 

John Wiley 8 Sons, New 
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A P P E N D I X  C approximately by (C3) (ignoring o ther  gases) .  

Equilibrium P a t h s  Across Response Surfaces a n d  
Definit ion of N o n - t q u i l  i b r i u m  

The temperature and CO2 pressure in the  
qeothermal f l u i d ,  before i t  entered the  experi- 
mental c a r t r i d g e s ,  can be represented by a point 
on the  response surface maps. The actual content 
of C02(ao) involved w i t h  the  experimental 
well 56-30 va r i e s  from 300 t o  500 ppm on a to t a l  
f l u i d  bas i s  a n d  can he considered a s  nominally 400 
ppm. This corresponds t o  a Henry's L a w  pressure 
of about 1.13 kq/cm2 a t  158". Those coordinates 
describe the  s t a r t i n g  point fo r  a l l  f lash ing  
processes t h a t  t he  experimental f l u i d  may 
undergo. 

S imi la r ly ,  the  coordinate (100' 0.00028 
ks/cm2) i s  a point which represents ( t h e  
sur face  o f )  f resh ly  flashed l i qu id  exposed t o  the  
atmosphere. A l i n e  connectins the  two points will  
descr ibe  the  continuous Temperature- C02 
re1 a t ionship  during the  f l  ashinp process. 

T h e  traces of several paths can be ca lcu la ted  
and p lo t t ed .  Of special  u t i l i t y  i s  the ca lcu la ted  
path f o r  an ad iaba t i c  expansion i n  which chemical 
equilibrium between the  vapor and the  l i qu id  i s  
maintained. 
d u r i n g  such an expansion can be estimated to  a 
good order by the  following procedure and then 
p lo t t ed  in the  response surface maps. 

The CO2(g)  pressure in the vapor 

For the  l i q u i d ,  ( C 1 )  shows the  Henry's Law 
re l a t ionsh ip .  

Pco2 = C 0 2 ~ ( h )  ( C 1 )  

C 0 2 ~  represents  the residual C02(aq) 
a t  any point during the  f lash ing .  

For the  vapor, the  to t a l  pressure i s  
pa r t i t i oned  as in ( C 2 ) .  

P = PT (mole f r ac t ion )  ( C 2 )  
O2 

fo r  which the  to t a l  pressure i s  given 

P T = P  H20 + P  C02 

The mole f rac t ion  i n  t he  vapor i s  given by 
(C41. 

[COZR - CO*L] ( a )  
f mole f rac t ion  = 

i n  which 

C02R i s  the  content of C02(ao) i n  the  l i qu id  
before f l a s h .  

f i s  the  mass f r ac t ion  o f  the H20 which 
has vaporized, and 

( a )  i s  a conversion f ac to r  w i t h  un i t s  o f  
concentration/mole f r ac t ion .  

( C 1 )  through (C4) y i e ld  a quadratic equation 
f o r  Pco . 
only fo? the  square root term, as i n  (C5) .  

I t  i s  solved by taking the  ( + )  sign 

The term J depends only on temperature. 

The locus of points given by C5 i s  the  
equilibrium path and i t s  posit ion i n  the  response 
sur face  maps marks the upper boundary of a l l  
poss ib le  p a t h s  f o r  f lash ing  from reservoi r  
conditions.  

The lower boundary fo r  the  region of possible 
paths corresponds t o  no lo s s  of CO2 by the  
l i q u i d  d u r i n g  cooling and can be found by using 
( C 1 )  and ( C 7 )  f o r  the  whole process. 

COZL = C O Z R  ( C 7 )  

When geothermal l i q u i d  begins t o  f l a s h ,  the  
f i r s t  vapors t o  form a r e  r e l a t i v e l y  r i ch  in 
C02 compared t o  t he  residual l i q u i d .  As 
f lash ing  progresses,  the  vapors which form l a t e r  
a r e  l e s s  r i ch  i n  CO2 t h a n  those formed 
e a r l i e r .  

In the  East Mesa case the  f i r s t  vapors t o  
form a r e  about 85 mole percent H20 which 
corresponds t o  the  coordinate point (1.13 
kg/cm2 of C O 2 ,  158'). 
a t  158" i s  5.87 kg/cm2 abs. Those two pressures 
a r e  the  major cont r ibu tors  t o  the  f l a sh  pressure 
o the r s  a re  N2, CH4, e t  a1 . 

The C02 derived from HC03-, as i n  ( A 7 ) ,  
cont r ibu tes  t o  the  C02(g) pressure only 
minorly. 
f l u i d  bas i s )  via (A7) will  j o in  the  300 t o  500 ppm 
of C O 2  ( t o t a l  f l u i d  bas i s )  present before 
f l a sh ing .  The l a t t e r  range of values i s  the 
observed var ia t ion  over h i s to r i ca l  production. 
One may argue t h a t  since the  CO2 pressure 
changes by a f ac to r  of about 1000 during f l a sh ing ,  
t he  f a c t  t h a t  10 t o  20 percent of the CO2 i s  
newly generated h a s  a negl ig ib le  e f f e c t  on the  
overa l l  composition of the  vapor .  Such a view i s  

The H20 vapor pressure 

U1 t imate ly ,  20 t o  60 ppm of CO2 ( t o t a l  
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a p p r o p r i a t e  t o  even ts  i n  t h e  vapor phase and i s  
c o n s i s t e n t  w i t h  t h e  s imp le  way o f  c a l c u l a t i n g  t h e  
CO2 p ressu re  used above. 

A D e f i n i t i o n  o f  Mon-Eaui l ibr ium 

It i s  i n tended  here, when c o n s i d e r i n g  t h e  
l i q u i d  phase, t o  v i s u a l i z e  a CO2 p ressu re  
w i t h i n  i t  o f  a magnitude g i ven  by t h e  Henry ' s  Law 
c o n s t a n t  t i m e s  t h e  c o n c e n t r a t i o n  o f  C02(aq) , 
i r r e s p e c t i v e  o f  whether t h e  p a r t i a l  p ressu re  o f  
CO2 i n  t h e  nearby vapor phase i s  o f  s i m i l a r  
magnitude. 
non -equ i l  i b r i u m ,  namely, t h e  i n e q u a l i t y  o f  t h e  
a c t u a l  CO2 p ressu re  i n  t h e  vapor compared t o  
t h e  ( c a l c u l a b l e )  H e n r y ' s  Law p ressu re  i n  a d j a c e n t  
1 i q u i d .  
b y  those  f a c t o r s  which de lay  o r  o b s t r u c t  t h e  
movement o f  C02(aq) i n t o  t h e  vapor phase. 

aspec ts  o f  t h e  q u i c k l y  changing c o n d i t i o n s  
observed when " f o l l o w i n g "  an increment  o f  l i q u i d  
a l o n g  t h e  f l a s h i n g  path:  1) The c o n d i t i o n s  o f  
chemical  e q u i l i b r i a  i n  t h e  l i q u i d  a r e  s h i f t i n g ,  
a lways i n  t h e  same d i r e c t i o n s  toward a n  e q u i l i b -  
r i u m  " t a r g e t "  a t  a l l  i n s t a n t s  o f  t ime;  and 2 )  t h e  
" t a r g e t "  s h i f t s  c o n t i n u o u s l y  d u r i n g  t h e  process.  
The n o n - e q u i l i b r i u m  i s  a k i n d  o f  chemical d i s t a n c e  
between t h e  t a r g e t  and t h e  a c t u a l  c o n d i t i o n s .  I t s  
magni tude depends j o i n t l y  on t hose  two k i n d s  o f  
s h i f t i n g .  

Such a v iew  y i e l d s  one measure o f  

Non-equ i l i b r i um i n  t h e  l i q u i d  i s  promoted 

T h i s  d e f i n i t i o n  i n c o r p o r a t e s  two separate 
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