
NOTICE CONCERNING COPYRIGHT 
RESTRICTIONS 

 
This document may contain copyrighted materials. These materials have 
been made available for use in research, teaching, and private study, but 
may not be used for any commercial purpose. Users may not otherwise 
copy, reproduce, retransmit, distribute, publish, commercially exploit or 
otherwise transfer any material. 

 
The copyright law of the United States (Title 17, United States Code) 
governs the making of photocopies or other reproductions of copyrighted 
material. 

 
Under certain conditions specified in the law, libraries and archives are 
authorized to furnish a photocopy or other reproduction. One of these 
specific conditions is that the photocopy or reproduction is not to be "used 
for any purpose other than private study, scholarship, or research." If a 
user makes a request for, or later uses, a photocopy or reproduction for 
purposes in excess of "fair use," that user may be liable for copyright 
infringement.

 
This institution reserves the right to refuse to accept a copying order if, in 
its judgment, fulfillment of the order would involve violation of copyright 
law.

 



Geothermal Resources Council, TRANSACTIONS, Vol. 10, September 1986 

DERIVATIZED HYDROCARBONS AS GEOTHERMAL TRACERS 

M. C. ‘Adams’, 3 .  H. Ahn’ , H. Bentleys, J. N. Moore’, and S. Veggeberg2 

’Un ive rs i t y  o f  Utah Research I n s t i t u t e  2Hydro Geo Chem, Inc. 
S a l t  Lake-Ci ty ,  Utah 84108 

ABSTRACT 

T h i r t y - n i n e  p o t e n t i a l  geothermal t r a c e r s  have 
been t e s t e d  f o r  thermal s t a b i  1 i t y  a t  temperatures 
up t o  250°C. The t r a c e r s  were a romat i c  hydro- 
carbons w i t h  mo ie t i es  o f  t r i f l u o r o m e t h y l s  , s u l f o -  
nates, methyls, f l u o r i d e s ,  o r  carboxy ls .  S i g n i f i -  
can t  decay of these t r a c e r s ,  except f o r  t h e  pe r -  
f 1 u o r i  nated compounds, was noted o n l y  between 
200OC and 250OC. A t  2OO0C, 32 o f  t h e  39 t r a c e r s  
su rv i ved  f o r  one week; a t  25OoC, 15 surv ived.  The 
p e r f 1  u o r i  nated t r a c e r s  decayed compl e t e l y  a t  a1 1 
temperatures tested.  These r e s u l t s  show t h a t  cer-  
t a i n  d e r i v a t i z e d  hydrocarbons are p o t e n t i a l l y  
s u i t a b l e  as geothermal t r a c e r s .  Fu tu re  research 
w i l l  i nc lude  t e s t i n g  these t r a c e r s  i n  t h e  presence 
o f  s o l i d ,  l i q u i d  and gas phases t h a t  a r e  common i n  
geothermal rese rvo i  rs. 

INTRODUCTION 

I n  most geothermal f i e l d s ,  t h e  spent b r i nes  
must be i n j e c t e d  back i n t o  t h e  format ion.  The 
purposes o f  i n j e c t i o n  a r e  t o  m a i n t a i n  r e s e r v o i r  
pressure and avo id  subsidence and environmental 
p o l l u t i o n .  However, i n j e c t i o n  can lower  t h e  
temperature o,f t h e  produced f l u i d s  i n  a f i e l d  by 
m i x i n g  w i t h  the  h o t t e r  f o rma t ion  f l u i d s .  I n  order  
t o  m i t i g a t e  t h i s  problem, t h e  subsurface paths of 
i n j e c t e d  f l u i d s  must be known. Tracers can be 
used t o  l a b e l  and t r a c k  f l u i d  movement and moni tor  
chemical changes o f  t h e  i n j e c t e d  f l u i d  (Wright e t  
al. ,  1984). Despi te  t h e i r  p o t e n t i a l  importance t o  
t h e  geothermal operator ,  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  a r e  a v a i l -  
ab le,  l i t t l e  i s  known about t h e i r  s t a b i l i t i e s  o r  
behavior  a t  t h e  e leva ted  temperatures t h a t  t y p i f y  
resources capable o f  e l e c t r i c  power generation. 
Dur ing the  past  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 h e  devel- 
opment and t e s t i n g  o f  chemical t r a c e r s  f o r  geo- 
thermal  use. The purpose o f  t h i s  paper i s  t o  de- 
s c r i b e  the  chemical c h a r a c t e r i s t i c s  o f  these t r a -  
ce rs  and summarize t h e  r e s u l t s  o f  ongoing labora-  
t o r y  i nvest i gat i ons . 

TRACER DEVELOPMENT --- 
The i d e a l  t r a c e r  should be d e t e c t a b l e  i n  

smal l  q u a n t i t i e s ,  non - reac t i ve  wi th r e s e r v o i r  
rocks and f l  ui,ds, i nexpensi ve, env i  ronmental l y  
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safe, and absent from n a t u r a l  geothermal 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 environments f a 1  1 i n t o  t h r e e  
major ca tegor ies :  1) r a d i o a c t i v e  i so topes ;  2) 
s a l t s  o f  i od ide ,  bromide, and c h l o r i d e ;  and 3) 
o rgan ic  dyes. Each of these c lasses o f  t r a c e r s  
has s i g n i f i c a n t  l i m i t a t i o n s .  

Radioact ive i so tope  t r a c e r s  should be l i m i t e d  
t o  those not  used as n a t u r a l  process t r a c e r s ,  such 
as 3 H  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  o f  t h e  
t r a c e r  must be o f  a s u i t a b l e  d u r a t i o n  so t h a t  
e r r o r s  from decay c o r r e c t i o n s  are kep t  small .  An 
a d d i t i o n a l  drawback t o  t h e  use of r a d i o a c t i v e  t r a -  
cers  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 ,  1 3 1 1 ,  i s  one of t h e  
more t o x i c  rad ionuc l i des  (McCabe e t  al., 1983). 

The s a l t s ,  a1 though re1 a t i  v e l y  s t a b l e  and 
inexpensive, a re  l i m i  t e d  by t h e  h i  gh-ha1 i de back- 
ground i n  many geothermal systems, requ i  r i  ng 1 arge 
q u a n t i t i e s  o f  s a l t  f o r  adequate t r a c e r  de tec t i on .  
I n  a d d i t i o n ,  because most o f  t h e  s a l t s  a r e  com- 
pounds o f  Na, K, L i  and Mg, they  i n t e r f e r e  w i t h  
c a t i o n  geothermometry o f  t h e  f l u i d s  (Adams, 1985). 

The most s i g n i f i c a n t  r e s t r i c t i o n  i n  t h e  use 
o f  o rgan ic  dyes i s  t h e i r  l a c k  o f  d i v e r s i t y .  Only 
one species, f l u o r e s c e i n ,  has been used w i t h  com- 
p l e t e  success i n  i n j e c t i o n  t e s t s  (Adams, 1985; 
Adam e t  a l . ,  1986; Tester  e t  al., 1986). Khoda- 
mine WT has been used w i t h  l i m i t e d  success a t  
K1 amath Fa1 1 s , Oregon, and Svartsengi , Ice1  and 
(Gudmundsson e t  a l . ,  1984). 

The lack  o f  d i v e r s i t y  among t h e  commonly used 
t r a c e r s  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  moni tored i n  a producing f i e l d  a t  one 
t ime. Thus, i n  geothermal f i e l d s  where severa l  
i n j e c t i o n  w e l l s  are i n  use, i t  i s  no 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. 

The d e r i v a t i z e d  hydrocarbons a r e  a new c l a s s  
o f  t r a c e r s  now being t e s t e d  t h a t  appear t o  meet 
a1 1 o f  t h e  requi  rements, i nc l  u d i  ng d i  v e r s i  ty .  
Four s u b s t i t u t i o n a l  groups o f  hydrocarbons a re  
c u r r e n t l y  be ing s tud ied.  These a r e  t h e  r i n g  
f 1 uor inated,  t r i  f l uo romethy l  ated, su l  fonated, and 
methyl - o r  ca rboxy la ted  groups. The subs t ra tes  
f o r  t h e  s u b s t i t u t i o n s  a re  benzene, benzoic ac id ,  
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and phenyl acet  i c ac i  d. 

The s a l t s  o f  s u b s t i t u t e d  benzoic ac ids were 
o r i g i n a l l y  se lec ted  as groundwater t r a c e r s  (Rent- 
l e y ,  1982) because they  possess many o f  t h e  char- 
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  (Davis e t  al. ,  1980; 
1985). These compounds a r e  nega t i ve  i o n s  a t  t h e  
pHs o f  n a t u r a l  groundwaters and a re  the re fo re  non- 
sorbing. They are low 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  concen t ra t i ons  used. They a re  d e t e c t -  
a b l e  a t  concentrat ions i n  t h e  ppb t o  p p t  range and 
a r e  a v a i l a b l e  as a l a r g e  s u i t e  o f  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  benezene r i n g  
1 ends g rea te r  res i s tance  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  (Bentley, 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  
pen ta f  1 uorobenzoic a c i  d, p - f  1 uorobenzoi c acid, and 
m - t 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  past  few 
yea rs  ( f o r  example, see Hydro Geo Chein, 1985a,b,). 

One of t h e  o b j e c t i v e s  o f  our  t r a c e r  program 
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 inc luded  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  i n  
our  experiments. 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  
between t h e  steam and l i q u i d  a re  known, then t h e  
subsurface 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  s u l f o n i c ,  
a c e t i c ,  and methy lated d e r i v i t i v e s .  

EXPERIMENTAL P R O C E D U E  

F i v e  experimental r e a c t i o n  vessels  were pu t  
i n t o  ope ra t i on  d u r i n g  1985. These vessels a r e  
housed a t  t h e  U n i v e r s i t y  o f  Utah 's  Department o f  
Meta l lurgy.  One i s  capable o f  s u s t a i n i n g  tempera- 
t u r e s  up t o  350OC. 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  pe r fo rm experiments 
o f  r e l 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  condi t i ons s i  mu1 tane-  
ously. 

FIGURE 1 
Annealed quar t z  v i a l  used t o  c o n t a i n  t h e  t r a c e r s  
i n  a c losed system d u r i n g  hydrothermal e x p e r i -  
ments. 

A t  t h e  beginning o f  each experiment, a l i q u o t s  
of 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 re  encap- 

s u l a t e d  i n  sealed quar t z  tubes (Fig. 1). The 
ampules a r e  f i l l e d  w i t h  approx imate ly  30 m l  o f  
s o l u t i o n  and sealed i n  a oxygen-methane flame. A t  
l e a s t  two m l  o f  t h e  ampule are occupied by a gas 
phase d u r i n g  each experimental run. The gas 
phases used f o r  these experiments are e i t h e r  pure 
n i t r o g e n  o r  an atmospheric m ix tu re  o f  oxygen and 
n i t r o g e n  t h a t  i s  approx imate ly  20% oxygen by v o l -  
ume. The s o l u t i o n s  i n  t h e  experimental runs w i t h  
n i t r o g e n  as t h e  gas phase a re  purged with n i t r o g e n  
gas i n  t h e  ampule f o r  up t o  2 hours. Dur ing  sea l -  
i ng ,  t h e  neck o f  t h e  ampule (see Fig. 1) i s  a s p i -  
r a t e d  t o  prevent  oxygen contaminat ion f ro in  t h e  
oxymethane flame. Oxygen concen t ra t i ons  were 
measured f o r  severa l  so lu t i ons ,  and these averaged 
6.9 ppm O2 i n  t h e  atmosphere-equi l ibrated so lu -  
t i o n s  and .27 t o  -05 ppm i n  t h e  n i t r o g e n - e q u i l i -  
b ra ted  s o l u t i o n s ,  depending on t h e  purge t ime. 

ANALYTIC METHODS 

Ana lys i s  of hydrocarbon concen t ra t i ons  down 
t o  20 ppb can be achieved by d i r e c t  i n j e c t i o n  o f  
up t o  0.2 m l  o f  sample i n t o  a high-pressure l i q u i d  
chromatograph (HPLC). When necessary, on-col umn 
enrichment techniques can be u t i l i z e d  t o  lower  
d e t e c t i o n  l i m i t s  (Stetzenbach e t  al., 1982). Fo r  
HPLC a n a l y s i s  o f  t h e  benzoic acids, 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  a c e t o n i t r i l e  
added i n  t h e  17-45% range. For ana lys i s  of ben- 
zene s u l f o n i c  acids, an i r o n - p a i r i n g  reagent i s  
added ( t e t r a b u t y l  ammonium phosphate) and t h e  pH 
ad jus ted  t o  6.0. I n  both cases, t he  column used 
i s  polymer based because i t  i s  more r e s i s t a n t  t o  
degradat ion than  s i l i c a - b a s e d  res ins .  D e t e c t i o n  
i s  by U V  abso rp t i on  a t  200-205 nm. 

Some o f  t h e  a n a l y t i c  r e s u l t s  were a f f e c t e d  by 
t h e  s i m i l a r i t y  between t h e  r e t e n t i o n  t imes o f  t h e  
s u r v i v i n g  compounds and those o f  t he  degradat ion 
products  o f  t h e  p e r f 1  u o r i  nated compounds. These 
e f f e c t s  r e s u l t e d  i n  ove res t ima t ion  o f  some of t h e  
f i n a l  concentrat ions.  These experiments w i l l  be 
repeated w i thou t  t h e  presence o f  r a p i d l y  decaying 
compounds i n  t h e  fu ture.  

EXPERIMENTAL RESULTS ---- 
The experimental runs were designed t o  p ro -  

duce 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 i e s  
o f  many d e r i v a t i z e d  hydrocarbons. I n  t h e  i n i t i a l  
s e t  o f  experiments, t h e  s t a b i l i t i e s  o f  f i v e  o f  t h e  
commonly used groundwater t r a c e r s  were t e s t e d  a t  
125, 150, 200, and 25OOC. The second s e t  was 
expanded t o  39 r e l a t e d  hydrocarbon species t h a t  
had been considered f o r  groundwater t r a c i n g  b u t  
had been r e j e c t e d  on t h e  bas i s  o f  biodegrada- 
t i o n .  B iodegradat ion i s  n o t  a problem i n  geother-  
mal systems above about 100°C. I n  t h e  second s e t  
o f  experiments, t h e  runs were c a r r i e d  out a t  2OOOC 
and 25OOC. Run t imes were one week i n  a l l  o f  t h e  
experiments repo r ted  here. 

A t y p i c a l  p l o t  o f  temperature vs. pe rcen t  
recovery i s  shown i n  F igu re  2. The compounds 
t e s t e d  i n  t h i s  se t  o f  experiments are f rom t h e  
r i n g - f l u o r i n a t e d ,  t r i f l u o r o m e t h y l a t e d ,  p e r f l u o r i  - 
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Our t r a c e r  program was i n i t i a l l y  designed t o  
t e s t  t h e  thermal s t a b i l i t i e s  o f  f l u o r i n a t e d  aro-  
mat i  c hydrocarbons . F luo r ina ted  a l i p h a t i c  
compounds are known t o  be s t a b l e  w i t h  respect  t o  
b iodegrada t ion  and temperature (Sheppard and 
Sharts, 1969). These compounds, however, a r e  
i n s o l u b l e  i n  l i q u i d  water  and t h e r e f o r e  a r e  
u n s u i t a b l e  as t r a c e r s  i n  l i qu id -domina ted  
geothermal rese rvo i r s .  F l u o r i n a t e d  aromat ic  com- 
pounds have a h ighe r  s o l u b i l i t y  i n  l i q u i d  water, 
a r e  non-biodegradable, and were un tes ted  w i t h  
respect  t o  temperature when we began o u r  pro-  
gram. The low s t a b i l i t y  o f  f l u o r i n a t e d  aromat ic  
compounds above 200"C, discussed below, prompted 
t h e  a d d i t i o n  o f  su l fona ted  and methy lated benzoic 
ac ids as p o t e n t i a l  t race rs .  

The two f l u o r i n a t e d  groups t e s t e d  were sub- 
s t i  t u t i  ons o f  r i  n g - f l  uo r  i nated o r  t r i  f 1 uoromet h y l -  
a t e d  mo ie t i es  on benzoic o r  phenylacet ic  ac ids.  A 
h is togram of species vs. percent  recovery f o r  t h e  
au toc lave  t e s t s  run  w i t h  d i s t i l l e d  water  and 
n i t r o g e n  a t  20OOC and 250°C f o r  one week i s  shown 
i n  F i g u r e  3. The f i g u r e  shows t h a t  many more 

I 
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FIGURE 2 
Temperature vs. recovery p l o t  f o r  f i v e  commonly 
used groundwater t r a c e r s .  Recovery i s  def  i ned as 
t h e  f i n a l  concen t ra t i on  d i v i d e d  by t h e  i n i t i a l  
concentrat ion.  Percent recove r ies  over  100 a r e  
due t o  a n a l y t i c  i n t e r f e r e n c e  of t h e  r a p i d l y  de- 
g rad i  ng p e r f  l u o r i  na te  speci es. Mol ecu l  a r s t  ruc-  
t u r e s  o f  t h e  t r a c e r s  (des ignated on t h e  graph by 
l e t t e r  codes) a re  shown below t h e  graph. Note the  
compl e t e  degradat ion o f  pe r f  1 uorobenzoi c a c i  d a t  
a l l  temperatures t e s t e d  and the  decrease i n  s ta -  
b i l i t y  o f  some species over  200OC. 

nated, and su l fona ted  groups. As shown i n  t h i s  
f i g u r e ,  t h e  t r a c e r s  do no t  degrade below Z O O O C ,  

w i t h  the  except ion o f  pentaf luorobenzoic  acid. A t  
250°C. t h e  su l fona tes  reacted l e a s t ,  w h i l e  t h e  
t r i f l u r o m e t h y l -  and p - f l uo robenzo ic  ac ids  reacted 
most. The runs t h a t  had h igh  oxygen concentra- 
t i o n s  a r e  not  shown i n  F igu re  2. l lnder h i g h  
oxygen concent r a t  i ons a 11 o f  t h e  compounds demon- 
s t r a t e d  a v u l n e r a b i l i t y  t o  molecular  oxygen a t  
temperatures i n  excess o f  150°C. S i m i l a r  sens i -  
t i v i t e s  t o  oxygen have been found f o r  t h e  organic  
dye t r a c e r s  (Adam e t  a l . ,  1986). Because h i g h  
oxygen l e v e l s  a r e  no t  found i n  geothermal f l u i d s  
and ca re  i s  genera l l y  taken t o  exc lude oxygen from 
i n j e c t e d  b r ines ,  these r e s u l t s  should merely serve 
as a cau t iona ry  no te  on t r a c e r  p r e p a r a t i o n  and 

' w i l l  not  be discussed f u r t h e r .  
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Compound Designation 

o-Fiuomphenylacetic m-Fluomphenylacelic 2.4 Difluorobenzolc 2.6 Difluorophenyl- Pentafiuomphenyl- 
acld acid acM acetic acid acetic acld 

FIGURE 3 
Recovery h i  stogram o f  t h e  r i  ng-f 1 u o r i  nated benzoic 
and phenyl a c e t i  c acids. Expl anat i ons and def i n i  - 
t i o n s  a r e  g iven i n  F igu re  2. 

compounds were s t a b l e  a t  200°C than were s t a b l e  a t  
250°C. The r e l a t i v e  amounts o f  decay of t h e  v a r i -  
ous f l u o r i n a t i o n  p o s i t i o n s  on the  benzoic  r i n g  
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i n d i c a t e  t h a t  t h e  dominant mechanism o f  decay i s  
s u b s t i t u t i o n  o f  a negat ive  ion,  probably  a 
hydroxy l ,  f o r  f l u o r i d e .  These data f i t  a mecha- 
nism commonly r e f e r r e d  t o  as b imo lecu la r  aromatic 
s u b s t i t u t i o n  (Kobrina, 1974). I f  t h i s  mechanism 
i s  operat ive,  then bromide- and c h l o r i d e - s u b s t i -  
t u t e d  benzoic ac ids w i l l  reac t  slower, and be more 
s t a b l e  w i t h  respect t o  temperature, than f l u o r i d e  
s u b s t i t u t i o n s .  Since bromo- and c h l o r o - s u b s t i -  
t u t e d  benzoic ac ids  a re  no more t o x i c  than f l u o r o -  
s u b s t i t u t i o n s ,  our f u t u r e  t e s t s  w i l l  i n c l u d e  t h e  
f oriner compounds as p o t e n t i  a1 h i  gh-temperature 
t r a c e r s  . 

A b imolecular  aromat ic  s u b s t i t u t i o n  mechanism 
a l s o  i m p l i e s  t h a t  t h e  e f f e c t s  o f  f l u o r o - s u b s t i -  
t u t i o n  are  a d d i t i v e ,  i.e., t h e  more f l u o r i d e s  on 
t h e  r i n g  t h e  more r a p i d  t h e  decay. The e f f e c t  o f  
t h i s  s u b s t i t u t i o n  i s  demonstrated i n  F igure  2 by 
t h e  low recovery o f  per f luorobenzo ic  a c i d  a t  
temperatures as low as 125°C. The most s t a b l e  
f l u o r i n a t e d  hydrocarbons are  m- and p - f  1 uoroben- 
z o i c  ac ids and 3 - f  1 uoro-4-methyl benzoic acid. 
These compounds surv ived t h e  250°C temperatures a t  
g r e a t e r  than 80% o f  t h e i r  i n i t i a l  concentrat ions.  

The data f o r  t r i f l u o r o m e t h y l  s u b s t i t u t e d  
compounds, shown i n  F igure  4, do not  show a 
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Compound Designation 

r 
3.5-Bls-(Trilluoro- o-(Trllluorome1hyl)- rn-(Trifluorornethy1)- p-(Trifluoromethyl). 

methy1)benzoic add benzok acid benzolc acld benzoic acid 

N T 

acid 

"F 0 
phenylacstlc add phenyiacetlc a c W  phenylacetk acld 

FIGURE 4 
Recovery h is togram o f  t h e  t r i f l u o r o m e t h y l a t e d  
henzoic and pheny lace t ic  acids. Explanat ions and 
d e f i n i t i o n s  are g iven i n  F igure  2. 

sequence o f  decay t h a t  i ndi  cates b i  mol ecul  a r  
a romat ic  s u b s t i t u t i o n .  These compounds have an 
inc rease i n  s t a b i l i t y  w i t h  a decrease i n  d is tance 
between t h e  t r i f l u o r o m e t h y l  moiety and t h e  car -  
boxy l  group. This i n d i c a t e s  t h a t  s t e r i c  h inde-  
rance, o r  crowding, i s  t h e  main f a c t o r  p r e v e n t i n g  
a r a p i d  r a t e  o f  r e a c t i o n  ( F i l l e r ,  1970). The 
t r i f l u o r o m e t h y l a t e d  benzoic ac ids,  a l t h o u g h  w ide ly  
used as groundwater t r a c e r s ,  a re  n o t  s u i t a b l e  as 
t r a c e r s  over 250°C. A t  temperatures below 250°C, 
however, they may be acceptable. 

Aromatic s u l f o n i c  ac ids a re  h e a v i e r  and more 
a c i  d i  c than benzoic a c i  ds. These p r o p e r t  i es 
increase t h e i r  l i q u i d  and decrease t h e i r  steam 
s o l u b i l i t y  t o  a g rea ter  degree t h a n  t h e  o ther  
t r a c e r s  we have tested.  Thus, s u l f o n a t e s  are  t h e  
b e s t  t r a c e r s  f o r  f o l l o w i n g  t h e  movement o f  l i q u i d  
i n  a two-phase system. A t  200°C and 250°C these 
compounds showed l i t t l e  o r  no decay, w i t h  t h e  
except i on o f  pentaf  1 uorohentenesul f o n i  c a c i  d ( F i  g. 
5). L i k e  a l l  o ther  p e r f l u o r o  compounds examined 
1 n t h i s  study, pentaf  1 uorobenzenesul f o n i  c ac i  d 
decayed completely. Where temperatures a r e  bel  ow 
100°C, t h e  aromatic s u l f o n i c  ac ids a re  p o t e n t i a l l y  
s u b j e c t  t o  biodegradation, so t h a t  spec ia l  
h a n d l i n g  procedures such as t h e  a d d i t i o n  o f  
formaldahyde may be necessary. 
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M e t h y l - s u b s t i t u t e d  benzoic ac ids  were t e s t e d  
because o f  t h e i r  non - tox i c  nature and expected 
s t a b i l i t y .  A t  250"C, seven o f  t h e  e leven com- 
pounds t e s t e d  su rv i ved  a t  g rea te r  than 80% o f  
t h e i r  i n i t i a l  concen t ra t i on  (Fig. 6). The most 
s t a b l e  compounds were those w i t h  t h e  methyl o r  
second carboxyl groups separated from t h e  pr imary 
carboxy l  group by a t  l e a s t  one r i n g  carbon. These 
compounds may prove t o  be good h igh- temperature 
t race rs .  
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FIGURE 6 
Recovery h is togram o f  t h e  methy lated and ca rboxy l -  
a ted  benzoic  a c i  ds. Explanat ions and def  i n i t  i ons  
are g i ven  i n  F igu re  2. 

Background concentrat ions f o r  aromat ic  
s u l f o n i c  and me thy l - subs t i t u ted  benzoic ac ids  are 
unknown i n  geothermal systems. While i t  i s  
expected t h a t  t h e  background l e v e l s  w i l l  be zero, 
t h e  assumption w i l l  have t o  be t e s t e d  on a case by 
case bas is .  I f  any background l e v e l  i s  detected, 
i t  w i l l  p robably  be due t o  contaminat ion a t  t h e  
w e l l s i t e  r a t h e r  than n a t u r a l  sources. 

- SUMMARY AND CONCLUSIONS 

The thermal s t a b i l i t i e s  o f  t h i r t y - n i n e  
d e r i v a t i z e d  hydrocarbon t r a c e r s  have been d e t e r -  
mined a t  temperatures ranging f rom 125" t o  
250°C. The compounds were t e s t e d  i n  d i s t i l l e d  
water f o r  one week a t  molecular  oxygen concen- 

t r a t i o n s  cons is ten t  w i t h  geothermal cond i t i ons .  
A t  200°C, 32 o f  t h e  39 t r a c e r s  su rv i ved  a t  over  
80% o f  t h e i r  i n i t i a l  concentrat ion;  a t  250"C, 15 
survived. The most s t a b l e  groups a t  t h e  h i g h e r  
temperatures were t h e  su1 fonates, methy lates and 
carboxy lates.  Mono- and d i - f l u o r i n a t e s  were 
cons ide rab ly  l e s s  s tab le ,  and pe r f l uo rena tes  
decayed complete ly  a t  a l l  temperatures. Thus, a 
number o f  d i ve rse  hydrocarbon compounds a r e  
p o t e n t i a l l y  s u i t a b l e  as geothermal t r a c e r s .  

Our f u t u r e  s tud ies  w i l l  i nc lude :  1) t e s t i n g  
c h l  o ro -  and bromo-benzoi c a c i  ds as h i  gh ternpera- 
t u r e  (> 250°C) t r a c e r s ;  2 )  t e s t i n g  t h e  most s t a b l e  
t r a c e r s  a t  200°C f o r  extended pe r iods  of t ime;  3 )  
h e a t i n g  t h e  t r a c e r s  i n  t h e  presence of s o l i d  
phases, r e a c t i v e  gases (H2S and C02), and s a l i n e  
b r i n e s ,  and 4 )  develop ing and t e s t i n g  f reons and 
p e r f  1 u o r i n a t e d  a1 kanes as gas phase t r a c e r s .  
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