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INTRODUCTION 

Tracers can be used t o  m o n i t o r  t h e  movement 
o f  groundwaters and geothermal f l u i d s  and 
t h e y  can be used as a re fe rence t o  q u a n t i f y  
changes i n  f l u i d  chemis t ry  as a r e s u l t  o f  
i n j e c t i o n .  Desp i te  t h e i r  p o t e n t i a l  impor-  
t a n c e  t o  t h e  geothermal opera tor ,  very  few 
t r a c e r s  a r e  p r e s e n t l y  a v a i l a b l e  and o f  those 
t h a t  are, l i t t l e  i s  known about t h e i r  s t a b i l -  
i t y  o r  behav io r  a t  t h e  e l e v a t e d  temperatures 
t h a t  t y p i f y  resources capable o f  e l e c t r i c  
power generat ion.  Dur ing  t h e  pas t  two years  
t h e  U n i v e r s i t y  o f  Utah Research I n s t i t u t e  has 
been i n v o l v e d  i n  t r a c e r  research and t e s t i n g ,  
l a r g e l y  th rough t h e  DOE I n j e c t i o n  Research 
Program. The purpose o f  t h i s  paper i s  t o  
summarize t h e  r e s u l t s  o f  these l a b o r a t o r y  and 
f i e l d  i n v e s t i g a t i o n s .  

TRACER DEVELOPMENT 

The i d e a l  t r a c e r  shou ld  be d e t e c t a b l e  i n  
smal 1 q u a n t i t i e s ,  inexpensive,  env i  ronmental-  
l y  safe,  and be absent f rom n a t u r a l  geother-  
mal f l u i d s  and groundwaters. The t r a c e r s  
c u r r e n t l y  i n  use i n  high-temperature e n v i r o n -  
ments f a l l  i n t o  t h r e e  major  c a t e g o r i e s :  1 )  
r a d i o a c t i v e  i s o t o p e s ;  2 )  s a l t s  o f  i o d i d e ,  
bromide, and c h l o r i d e ;  and 3) o r g a n i c  dyes. 
Each o f  these c lasses  o f  t r a c e r s  has s i g n i f i -  
cant  1 i m i t a t i o n s .  R a d i o a c t i v e  i s o t o p e  
t r a c e r s  must be l i m i t e d  t o  those n o t  used as 
n a t u r a l  process t r a c e r s ,  such as 3H and 
3 6 C l .  I n  a d d i t i o n ,  t h e  h a l f - l i f e  of t h e  
t r a c e r  must be chosen such t h a t  e r r o r s  f rom 
decay c o r r e c t i o n s  a r e  n o t  la rge .  Another 
problem w i t h  r a d i o a c t i v e  t r a c e r s  i s  t h e i r  
t o x i c i t y .  For  example, t h e  t r a c e r  used 
d u r i n g  i n j e c t i o n  t e s t s  a t  t h e  Wairakei and 
Broadlands geothermal f i e l d s ,  1311, i s  one of 
t h e  more t o x i c  r a d i o n u c l i d e s  (McCabe e t  al., 
1983). The s a l t s ,  w h i l e  r e l a t i v e l y  s t a b l e  
and inexpensive,  a r e  l i m i t e d  b y  t h e  h i g h  
ha1 i d e  background i n  many geothermal systems, 
r e q u i r i n g  l a r g e  q u a n t i t i e s  o f  s a l t  f o r  ade- 
quate t r a c e r  d e t e c t i o n .  An a d d i t i o n a l  draw- 
back t o  t h e  use o f  s a l t s  i s  t h a t  t h e  c a t i o n  
o f  t h e  s a l t s  w i l l  i n t e r f e r e  w i t h  c a t i o n  geo- 
thermometry o f  t h e  i n j e c t e d  f l u i d  (Adams, 
1985). 

R e l a t i v e l y  l i t t l e  i s  known about t h e  commonly 
used organ ic  dyes, f l  uoresce i  n and rhodami ne 
WT. Adsorp t ion  a t  geothermal temperatures 
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has no t  been demonstrated f o r  these com- 
pounds. Al though f l u o r e s c e i n  i s  l i g h t  
s e n s i t i v e ,  i t  has been used s u c c e s s f u l l y  
d u r i n g  i n j e c t i o n  t e s t s  a t  East  Mesa, C a l i -  
f o r n i a  (Adams, 1985). Rhodamine WT has been 
used w i t h  l i m i t e d  success a t  Klamath F a l l s ,  
Oregon, and Svar tseng i  , I c e l a n d  (Gudmundsson 
e t  a1 . , 1984). 

One drawback o f  a l l  t h e  commonly used t r a c e r s  
i s  t h e i r  l a c k  o f  d i v e r s i t y ,  which r e s t r i c t s  
t h e  number o f  w e l l s  t h a t  can be i n d i v i d u a l l y  
mon i to red  i n  a p roduc ing  f i e l d  a t  one t ime.  
Thus, i n  geothermal f i e l d s  where many i n j e c -  
t i o n  w e l l s  a r e  i n  use, i t  i s  n o t  y e t  p o s s i b l e  
t o  independent ly  t r a c e  t h e  movement o f  f l u i d s  
i n j e c t e d  i n t o  each o f  them. A new c l a s s  of  
t r a c e r s  i s  now b e i n g  t e s t e d  t h a t  w i l l  meet 
t h e  requirement o f  d i v e r s i t y .  These a r e  t h e  
f l u o r i n a t e d ,  methylated, and s u l f o n a t e d  
hydrocarbons. 

The t r a c e r s  be ing  t e s t e d  can be d i v i d e d  i n t o  
s i x  s u b s t i t u t i o n a l  groups. These a r e  r i n g  
f l u o r i n a t e d ,  methy l  p e r f l u o r i  nated, s u l  fo-  
nated, r i n g  p e r f l u o r i n a t e d ,  methylated, and 
carboxy la ted .  The s u b s t r a t e s  f o r  t h e  s u b s t i -  
t u t i o n s  are  benzene, benzoic ac id ,  and 
p h e n y l a c e t i c  ac id .  
The s a l t s  o f  s u b s t i t u t e d  benzoic a c i d s  were 
o r i g i n a l l y  s e l e c t e d  as groundwater t r a c e r s  
(Bent ley ,  1982) because t h e y  possess many of 
t h e  c h a r a c t e r i s t i c s  o f  i d e a l  t r a c e r s  (Dav is  
e t  al., 1980; Davis  e t  a1 ., 1985). These 
compounds a r e  n e g a t i v e  i o n s  a t  t h e  pHs 
observed i n  n a t u r a l  groundwaters and a r e  
t h e r e f o r e  non-sorbing. They a r e  l o w  i n  
t o x i c i t y ,  e s p e c i a l l y  a t  t h e  t r a c e r  concentra- 
t. ions used, c h e m i c a l l y  s t a b l e ,  e x o t i c  t o  t h e  
environment, d e t e c t a b l e  a t  t r a c e  concentra- 
t i o n s  and are  a v a i l a b l e  as a l a r g e  s u i t e  of  
s i m i l a r  species. The a d d i t i o n  o f  f l u o r i n e  t o  
t h e  benzene r i n g  l e n d s  g r e a t e r  r e s i s t a n c e  t o  
m i c r o b i a l  degradat ion ,  w i t h  s t a b i l i t y  i n -  
c r e a s i n g  i n  d i r e c t  r e l a t i o n s h i p  t o  t h e  degree 
o f  s u b s t i t u t i o n  (Bent ley ,  1983). Selected 
f l u o r i n a t e d  benzoic ac ids,  p a r t i c u l a r l y  
p e n t a f l  uorobenzoi c ac id ,  p - f  1 uorobenzoi c 
ac id ,  and m - l r i f l u o r o b e n z o i c  a c i d  have been 
used e x t e n s i v e l y  i n  numerous groundwater 
s t u d i e s  over  t h e  p a s t  few y e a r s  ( f o r  example, 
see Hydro Geo Chem, 1985a,b). 

One o f  t h e  o b j e c t i v e s  o f  o u r  t r a c e r  program 
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Figure 1. Chemical names and s t r u c t u r e s  o f  hydrocarbons being t e s t e d .  
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i s  t o  extend t h e  use o f  t r a c e r s  t o  vapor- 
dominated systems. Therefore,  we have 
at tempted t o  i n c l u d e  p o t e n t i a l l y  s t a b l e  
t r a c e r s  w i t h  a v a r i e t y  o f  v o l a t i l i t i e s .  Th i s  
w i l l  enable steam as w e l l  as l i q u i d  t o  be 
tagged; and i f  t h e  d i s t r i b u t i o n  c o e f f i c i e n t s  
are known, subsur face processes can be 
e luc ida ted .  To t h i s  end we have a l s o  been 
t e s t i n g  t h e  l e s s  v o l a t i l e  s u l f o n i c -  and 
a c e t i c - d e r i v a t i v e s .  Me thy la ted  d e r i v a t i v e s  
were a1 so t e s t e d  because o f  t h e i r  probable 
thermal s t a b i l i t y .  The compounds t e s t e d  a r e  
shown i n  F igu re  1. 

EXPERIMENTAL PROCEDURES 

F i v e  exper imenta l  r e a c t i o n  vessels  have been 
p u t  i n t o  ope ra t i on  s i n c e  1985, These vessels 
a re  housed a t  t h e  U n i v e r s i t y  o f  Utah 's  Depart-  
ment of Me ta l l u rgy .  One o f  t hese  i s  capable 
o f  s u s t a i n i n g  temperatures o f  up t o  350°C. 
The use o f  m u l t i p l e  r e a c t i o n  vessels  makes i t  
p o s s i b l e  t o  per form exper iments o f  re1  a t i  v e l y  
l ong  d u r a t i o n  on severa l  d i f f e r e n t  t r a c e r s  o r  
under d i f f e r e n t  c o n d i t i o n s  s imul taneously .  

A t  t h e  beg inn ing  o f  each exper iment,  a l i q u o t s  
o f  t h e  s o l u t i o n s  c o n t a i n i n g  t h e  t r a c e r  a r e  
encapsulated i n  sealed q u a r t z  tubes (F ig .  
2) .  The ampules a re  f i l l e d  w i t h  approximate- 
l y  30 m l  o f  s o l u t i o n  and sealed i n  an oxygen- 
methane flame. A t  l e a s t  two m i  o f  t h e  ampule 
a r e  occupied by a gas phase d u r i n g  each ex- 
pe r imen ta l  run. The gas phases used f o r  
t hese  exper iments a r e  pure n i t r o g e n  o r  an 
atmospher ic m i x t u r e  o f  oxygen and n i t r o g e n  
t h a t  i s  approx imate ly  20% oxygen by volume. 
The s o l u t i o n s  o f  t h e  exper imenta l  runs t h a t  
used a n i t r o g e n  gas phase were purged w i t h  
n i t r o g e n  gas i n  t h e  ampule f o r  up t o  2 
hours.  The neck o f  t h e  ampule (see F ig.  2)  
was aspi  r a t e d  t o  prevent  oxygen contaminat ion 
f rom t h e  oxymethane f lame d u r i n g  seal ing.  

VOLUME 

F i g u r e  2. 
f o r  hydrothermal experiments. 

Three oxygen concen t ra t i ons  were used i n  t h e  
t e s t  s o l u t i o n s  i n  o rde r  t o  bracket  t h e  v a r i -  

I l l u s t r a t i o n  o f  q u a r t z  tube  used 

a b l e  o x i d a t i o n  p o t e n t i a l s  t h a t  may r e s u l t  
f rom su r face  t rea tmen t  p r i o r  t o  i n j e c t i o n .  
These oxygen concen t ra t i ons  were c rea ted  by : 
1) a l l o w i n g  t h e  s o l u t i o n  t o  e q u i l i b r a t e  w i t h  
atmospher ic oxygen a t  room temperature and 
l e a v i n g  atmospher ic oxygen i n  t h e  head space, 
2) e q u i l i b r a t i o n  o f  t h e  s o l u t i o n  w i t h  atmo- 
spher i c  oxygen and f i l l i n g  t h e  head space 
w i t h  n i t r o g e n ,  and 3) n i t rogen-pu rg ing  o f  t h e  
s o l u t i o n  and f i l l i n g  t h e  head space w i t h  
n i t rogen .  Oxygen concen t ra t i ons  were 
measured and oxygen t o  f 1 uorescei  n mol a r  
r a t i o s  c a l c u l a t e d  f o r  seve ra l  of these 
s o l u t i o n s .  Oxygen c o n d i t i o n s  i n  (1) and ( 2 )  
averaged 6.9 ppm 0 and i n  ( 3 )  ranged f rom 
.27 t o  '05 ppm, cfepending on purge t ime .  
Molar  r a t i o s  o f  oxygen t o  f l u o r e s c e i n  were 
351, 18, and .69 t o  .13, f o r  oxygen cond i -  
t i o n s  1, 2 and 3, r e s p e c t i v e l y .  

ANALYTIC YETHODS 

Ana lys i s  o f  hydrocarbons down t o  t h e  20 ppb 
l e v e l  can be achieved by d i r e c t  i n j e c t i o n  of 
up t o  0.2 m l  o f  s o l u t i o n  i n t o  a h i g h  p ressu re  
l i q u i d  chromatograph (HPLC). I f  des i red ,  on- 
column enr ichment techniques can be u t i l i z e d  
t o  s i g n i f i c a n t l y  lower  d e t e c t i o n  l i m i t s  
(Stetzenbach e t  a1 ., 1982). For HPLC ana ly -  
s i s  o f  t h e  benzoic ac ids,  t h e  e l u e n t  b u f f e r  
i s  prepared by adding s u f f i c i e n t  phosphor ic  
a c i d  t o  reduce t h e  pH t o  1.9 w i t h  ace ton i -  
t r i l e  added i n  t h e  17-45% range. For  ana ly -  
s i s  o f  benzene s u l f o n i c  ac ids,  an i o n - p a i r i n g  
reagent i s  added ( t e t r a b u t y l  ammoni um phos- 
phate)  and t h e  pH ad jus ted  t o  6.0. I n  both 
cases, t h e  column used i s  polymer based which 
i s  more r e s i s t a n t  t o  deg rada t ion  than  s i l i c a -  
based res ins .  De tec t i on  i s  by UV a b s o r p t i o n  
a t  200-205 nin. 

F luo resce in  and rhodamine WT were analyzed 
u s i n g  a c o l o r i m e t e r  and a f l u o r o m e t e r  f o r  
h i g h  and low concen t ra t i ons ,  r e s p e c t i v e l y .  

EXPERIMENTAL RESULTS 

The i n i t i a l  exper imenta l  runs were designed 
t o  produce a r a p i d  e v a l u a t i o n  o f  t h e  thermal 
s t a b i l i t y  o f  many d e r i v i t i z e d  hydrocarbons. 
These runs were c a r r i e d  o u t  a t  250°C w i t h  
h i g h  and low oxygen concen t ra t i ons .  I n  
a d d i t i o n ,  because o f  i t s  p a s t  usage as a 
t r a c e r  and ease o f  a n a l y s i s ,  f l u o r e s c e i n  was 
t e s t e d  under a v a r i e t y  o f  o t h e r  cond i t i ons .  

The f a c t o r s  chosen t o  t e s t  f l u o r e s c e i n  
s t a b i l i t y  were temperature,  pH, s a l i n i t y ,  and 
oxygen concen t ra t i on .  Our r e s u l t s  i n d i c a t e  
t h a t  oxygen i s  t h e  major  d e s t a b i l i z i n g  
f a c t o r .  A t  h i g h  oxygen concen t ra t i ons ,  h i g h  
pH and s a l i n i t y  have a s t a b i l i z i n g  e f f e c t ,  
w h i l e  h i g h  temperatures have a ve ry  s l i g h t  
des tab i  1 i z i n g  e f f e c t  . 
The e f f e c t  o f  v a r y i n g  t h e  oxygen concentra-  
t i o n  i s  shown i n  F i g u r e  3. These da ta  
demonstrate t h a t  f l u o r e s c e i n  i s  very  s t a b l e  
i n  oxygen concen t ra t i ons  t y p i c a l  o f  geother-  
mal rese rvo i r s .  Any s c a t t e r  i n  t h e  n i t r o g e n  
cu rve  i s  p robab ly  due t o  t h e  v a r i a b l e  oxygen 
concen t ra t i ons  l e f t  f r om t h e  pu rg ing  p ro -  
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cess. I n  a geothermal r e s e r v o i r  t h e  oxygen f i e l d  by Adam (1985). Dur ing  one o f  t h e  
would be even lower  t h a n  t h a t  i n  t h e  n i t r o g e n  i n j e c t i o n  t e s t s  a t  t h a t  f i e l d ,  a 2500 g a l l o n  
purged f l u i d ,  and f l u o r e s c e i n  should be very  s l u g  o f  f l u o r e s c e i n  and t h i o c y a n a t e  (SCN) was 
s tab1 e. I n  c o n t r a s t ,  h i g h e r  oxygen concen- i n j e c t e d  and l e f t  i n  t h e  174OC r e s e r v o i r  f o r  
t r a t i o n s  r e s u l t  i n  r a p i d  degradat ion  o f  s i x  months, b e f o r e  t h e  f l u i d  was drawn back 
f l u o r e s c e i n  (F ig .  3). from t h e  w e l l  and analyzed. Th is  da ta  i s  

I - 

H N2; pH=6.5 

H 0 2  in soln only 

EXPERIMENTAL 
CONDITIONS 

1) pH=8.8 unless 

2) Temp=200 deg c 
3) Solvent=east 

noted 

I mesa 56-30 
0 20 40 60 80 100 120 140 160 180 

t i m e  ( h r s )  

F i g u r e  3. F l u o r e s c e i n  decay vs. t ime.  The i n i t i a l  c o n c e n t r a t i o n  o f  f l u o r e s c e i n  was 5 ppm. 

The e f f e c t  o f  v a r y i n g  t h e  s o l u t i o n  pH i s  
shown i n  F i g u r e  4. These da ta  a r e  f o r  ex- 
per imenta l  runs a t  an oxygen c o n c e n t r a t i o n  of 
approx imate ly  7 ppm. It can be seen t h a t  
lower  pH values s t r o n g l y  promote degradat ion  
o f  f l u o r e s c e i n .  T h i s  i s  most l i k e l y  due t o  a 
f l u o r e s c e i n  species change i n  t h e  pH range of 
6 t o  8. 

5 

- 4  
Ea a - 

presented  i n  F igures  5a and b. Here i t  can 
be seen t h a t  t h e  f l u o r e s c e i n  t o  SCN r a t i o  was 
f r e q u e n t l y  h i g h e r  t h a n  t h e  i n j e c t i o n  r a t i o ,  
i m p l y i n g  t h a t  SCN and n o t  f l u o r e s c e i n  was 
l o s t  t o  t h e  fo rmat ion .  Furthermore, t h e  
f luorescein/SCN r a t i o  i s  c o n s i s t e n t l y  sub- 
equal t o  t h e  i n j e c t e d  r a t i o  a t  t h e  t a i l  end 
o f  t h e  f l u i d  wi thdrawn, where t h e  pH and 

EXPERIMENTAL 
CONDITIONS 

1) 0 2  in solution 
only 

2) Temp=200 deg c 
3) Solvenkeast 

mesa 56-30 

0 1  I 

0 20 40 60 80 100 120 140 
t i m e  ( h r s )  

F i g u r e  4. F l u o r e s c e i n  decay vs. t ime. The i n i t i a l  c o n c e n t r a t i o n  o f  f l u o r e s c e i n  was 5 ppm. 

The i n - s i t u  s t a b i l i t y  o f  f l u o r e s c e i n  has been oxygen c o n c e n t r a t i o n  were i d e n t i c a l  t o  t h e  
demonstrated a t  t h e  East  Mesa geothermal r e s e r v o i r  c o n d i t i o n s .  Thus f l u o r e s c e i n  
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F i g u r e  5a. 
f o r  6 months. 

R a t i o  o f  two t r a c e r s ,  SCN and f l u o r e s c e i n ,  a f t e r  remaining i n  t h e  174'C r e s e r v o i r  
The zero  t i m e  on t h e  x -ax is  represents  t h e  beg inn ing  o f  f l u i d  w i thdrawal .  

appears t o  be t h e r m a l l y  s t a b l e ,  i n  accordance hydrocarbons. One s e t  used a m o n o f l u o r i -  
w i t h  t h e  exper imental  r e s u l t s .  nated, a p e r f l u o r i n a t e d ,  and a t r i f l u o r o -  
One set of tests was performed on ,.hodamine methy l  s u b s t i t u t e d  benzo ic  a c i d  as w e l l  as 

two forms o f  s u l f o n i c  ac id ,  These were WT a t  200'C i n  oxygen and i n  n i t r o g e n .  The 

f l u o r e s c e i n  i n  i t s  s e n s i t i v i t y  t o  t h e  p r e -  hours and i n  oxygen and n i t r o g e n  atmo- 
spheres. The r e s u l t s  a r e  shown i n  F i g u r e  sence o f  oxygen. In a d d i t i o n ,  however, i t  
6. A l l  compounds were s t a b l e  w i t h  t h e  was found t h a t  rhodamine WT adsorbs o n t o  

c o l l o i d a l  silica as well as filter paper at e x c e p t i o n  o f  t h e  p e r f l u o r i n a t e d  benzoic 
room temperature. We hope t o  q u a n t i f y  t h e s e  ac id.  This  i s  t h e  o p p o s i t e  o f  what would be 

expected f rom groundwater s t u d i e s  where t h e  e f f e c t s  i n  t h e  f u t u r e .  
p e r f l u o r i n a t e s  a r e  t h e  most s t a b l e  t r a c e r s .  

Two se ts  o f  experiments were conducted on t h e  

r e s u l t s  show t h a t  rhodamine WT i s  s i m i l a r  t o  t e s t e d  a t  temperatures of UP to l5Ooc for 172 
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F i g u r e  5b. 
Time a x i s  i s  as i n  F i g u r e  5a. 

Reduced c o n c e n t r a t i o n  normal ized t o  i n j e c t e d  c o n c e n t r a t i o n  of t r a c e r s  v s .  t ime.  
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The second set  o f  exper iments was run  f o r  168 
hours a t  25OOC i n  oxygen and i n  n i t r o g e n  
atmospheres. A t  t h e  p resen t  t i m e  26 of t h e  
t r a c e r s  have been t e s t e d  and analyzed. Of  
t h e  26, on l y  7 were reasonably s tab le .  Those 
were compounds B, L, Q, DD, FF, HH, and 11, 
shown i n  F igu re  2. The u n i f y i n g  f a c t o r  o f  
t h e  s t a b l e  species appears t o  be r e l a t e d  t o  a 
l ow  degree o f  f l u o r i n a t i o n  and t h e  l o c a t i o n  
and i n c l u s i o n  o f  a methyl  group on t h e  
benzene r i n g ,  p r i m a r i l y  a t  t h e  carbon t h a t  i s  
meta t o  t h e  carboxy l  group. Resu l t s  on t h e  
remain ing hydrocarbons a r e  expected d u r i n g  
January o f  1986. 

\ 3 O1 i5 sb ' ;5 160 1;5 lb 155 
TIME [HRS] 

F igu re  6. 
commonly used groundwater t r a c e r s .  Compound 
names and s t r u c t u r e s  a re  l i s t e d  i n  F igu re  1. 

The s t a b i l i t y  w i t h  t ime  o f  f i v e  

CONCLUSIONS 

Twenty-six d e r i v i t i z e d  hydrocarbons as we1 1 
as f l u o r e s c e i n  and rhodamine have been t e s t e d  
f o r  thermal  s t a b i l i t y  i n  p ressu r i zed  auto-  
c laves.  O f  t hese  28 compounds, 7 d e r i v i t i z e d  
hydrocarbons and f l u o r e s c e i n  have proven t o  
be s t a b l e  a t  h i g h  temperatures.  The com- 
pounds have a v a r i e t y  o f  l i q u i d - s t e a m  d i s t r i -  
b u t i o n  c o e f f i c i e n t s ,  and w i l l  t hus  be a p p l i c -  
a b l e  t o  vapor-  as w e l l  as l i qu id -domina ted  
geothermal systems. Tes t i ng  o f  a d d i t i o n a l  
t r a c e r s  i s  i n  progress.  
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