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TRACER RECOVERY AND M I X I N G  FROM TWO GEOTHERMAL INJECTION-BACKFLOW STUDIES 

R. M. Capuano, M. C. Adam and P. Fn. Wright  

E a r t h  Science Labora to r  U n i v e r s i t y  o f  Utah Research I n s t i t u t e  
420 { i i pe ta  Way, S u i t e  120 
S a l t  Lake Ci ty,  Utah 84108 

ABSTRACT 

I n j e c t i o n - b a c k f l o w  t r a c e r  t e s t i n g  on a s i n g l e  
w e l l  i s  n o t  a commonly used procedure f o r  
geothermal r e s e r v o i r  eva lua t i on ,  and, conse- 
quen t l y ,  t h e r e  i s  l i t t l e  pub l i shed  in fo rma-  
t i o n  on t h e  c h a r a c t e r  o r  i n t e r p r e t a t i o n  o f  
t r a c e r  recovery curves. Two f i e l d  e x p e r i -  
ments were conducted t o  develop chemical 
t r a c e r  procedures f o r  use w i t h  i n j e c t i o n -  
backf low t e s t i n g ,  one on t h e  f r a c t u r e -  
p e r m e a b i l i t y  R a f t  R i v e r  r e s e r v o i r  and t h e  
o t h e r  on t h e  m a t r i x - p e r m e a b i l i t y  East  Mesa 
r e s e r v o i r .  R e s u l t s  f rom t e s t s  conducted w i t h  
incrementa l  increases i n  t h e  i n j e c t i o n  volume 
a t  b o t h  East  Mesa and R a f t  R ive r  suggests 
t h a t ,  f o r  b o t h  r e s e r v o i r s ,  p e r m e a b i l i t y  
remained uni form w i t h  i n c r e a s i n g  d i s t a n c e  
from t h e  w e l l  bore.  Increased m ix ing  d u r i n g  
qu iescen t  pe r iods ,  between i n j e c t i o n  and 
backf low,  a t  R a f t  R i v e r  suggest an area near 
t h e  w e l l  bo re  t h a t  has a h y d r o l o g i c  cha rac te r  
d i f f e r e n t  f rom t h e  f a r  w e l l  bore env i ron -  
ment. Increased f l o w  r a t e s  f o r  East Mesa 
t e s t i n g  r e s u l t e d  i n  a general  decrease i n  
m ix ing .  Comparison of recovery curves from 
t h e  R a f t  R i v e r  r e s e r v o i r  w i t h  those from t h e  
East  Mesa r e s e r v o i r  suggests t h a t  m i x i n g  i s  
g rea tes t ,  and t h e r e f o r e  p e r m e a b i l i t y  i s  
g rea tes t ,  i n  t h e  f r a c t u r e d  r e s e r v o i r .  These 
t e s t  r e s u l t s  i n d i c a t e  t h a t  i n j e c t i o n - b a c k f l o w  
t e s t i n g  w i t h  t r a c e r s  can be used s u c c e s s f u l l y  
t o  c h a r a c t e r i z e  f l o w  i n  t h e  near-wel l  bore 
environment.  

INTRODUCTION 

I n j e c t i o n  o f  f l u i d  i n t o  t h e  ground has t h e  
p o t e n t i a l  t o  cause chemical e f f e c t s ,  such as 
m ine ra l  p r e c i p i t a t i o n  o r  d i s s o l u t i o n ,  and 
p h y s i c a l  e f f e c t s ,  such as se ismic events and 
r e s e r v o i r  coo l i ng .  It i s  impor tan t  t o  
understand t h e  n a t u r e  o f  such phenomena and 
b e  a b l e  t o  p r e d i c t  t h e  e f f e c t s  o f  i n j e c t i o n  
beforehand. Increased use o f  i n j e c t i o n  
appears t o  be t h e  b e s t  s o l u t i o n  t o  t h e  
problems o f  m a i n t a i n i n g  r e s e r v o i r  pressure,  
d i s p o s i n g  o f  spent b r i n e  and p reven t ing  
s u r f a c e  subsidence. 

The U.S. Department o f  Energy, D i v i s i o n  o f  
Geothermal and Hydropower Technologies 
recognizes t h e  need f o r  research i n  i n j e c -  
t i o n .  As p a r t  o f  t h e i r  I n j e c t i o n  Research 
Program, t h e  Idaho Operat ions O f f i c e  o f  DOE, 

t h e  E a r t h  Science Labora to ry  of 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  and 
EG&G, Idaho, Inc .  have designed and c a r r i e d  
ou t  a s e r i e s  o f  f i e l d  and l a b o r a t o r y  
exper iments t o  develop new techniques use fu l  
t o  i n d u s t r y .  S p e c i f i c a l l y ,  we have been 
deve lop ing  methods f o r  s imu l taneous ly  
de te rm in ing  t h e  n a t u r e  o f  f l u i d  f l o w  paths i n  
t h e  subsur face and t h e  i n t e r a c t i o n  o f  
i n j e c t e d  f l u i d  w i t h  t h e  r e s e r v o i r  rock  and 
f l u i d  through use o f  chemical  t r a c e r s  and 
geophysical  surveys. The f i r s t  s e t  o f  f i e l d  
t e s t s  was c a r r i e d  ou t  a t  Raf t  R ive r ,  Idaho, 
i n  l a t e  1982, and t h e  second se t ,  i n  which 
Republ ic  Geothermal I nc .  p a r t i c i p a t e d ,  was 
c a r r i e d  ou t  a t  East Mesa, C a l i f o r n i a ,  i n  t h e  
summer o f  1983. 

The f i r s t  phase o f  our  research, repo r ted  
here,  has been concerned w i th  devel  op i  ng new 
methods t h a t  can be used w i t h  a s i n g l e  
w e l l .  It i s  t h e  usual  case i n  a geothermal 
f i e l d  t h a t  each w e l l  i s  h y d r o l o g i c a l l y  
i s o l a t e d  from o t h e r  w e l l s  i n  t h e  same f i e l d  
t o  a g r e a t e r  o r  l e s s e r  ex ten t .  I n  cons i -  
d e r i n g  a p r i o r i  t h e  seve ra l  e f f e c t s  o f  
i n t e r e s t  t h a t  c o u l d  be propagated between two 
w e l l s ,  we r e a l i z e  t h a t  ( a )  a pressure 
t r a n s i e n t  c rea ted  a t  one w e l l  may be observed 
a t  a second w e l l  a f t e r  a c e r t a i n  l e n g t h  n f  
t i m e  t h a t  i n  p r a c t i c e  i s  h i g h l y  v a r i a b l e  bo th  
among f i e l d s  and among w e l l s  i n  t h e  sane 
f i e l d ,  ( b )  an ac tua l  f l u i d  packet would take  
a much g r e a t e r  t i m e  t o  propagate between 
w e l l s ,  and ( c )  a thermal p e r t u r h a t i o n  would 
t a k e  an even l a r g e r  t i m e  t o  propagate between 
w e l l s  and, fur thermore,  would be u n l i k e l y  t o  
propagate a t  a l l  i f  a f l u i d  packet c o u l d  n o t  
be  propagated ( n e g l e c t i n g  t h e  very  s low 
thermal  conduc t ion  e f f e c t s ) .  Reservoi  r 
e n g i n e e r i n g  s t u d i e s  t o  da te  have been most 
concerned w i t h  t rea tmen t  o f  t h e  e f f e c t s  i n  
( a )  above, i.e. a n a l y s i s  o f  pressure t r a n -  
s i e n t  data.  Only t h e  most advanced models 
today t r e a t  t h e  chemical and phys i ca l  changes 
t h a t  a t t e n d  t h e  movement o f  i n d i v i d u a l  f l u i d  
packets  and l i t t l e  a p p l i c a t i o n  has been made 
o f  t hese  models t o  geothermal f i e l d s .  How- 
ever,  i t  i s  c l e a r  t h a t  i f  we a r e  going t o  
understand and p r e d i c t  thermal  breakthrough 
(case ( c ) ) ,  we must understand movement o f  
f l u i d  packets  i n  t h e  r e s e r v o i r .  

Our f i e l d  exper iments have been designed t o  
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h e l p  d e f i n e  movement o f  f l u i d  packets  around 
a s i n g l e  w e l l .  F l u i d  f l o w  i s  s e t  up by em- 
p l  o y i  ng t h e  so -ca l l ed  " h u f f - p u f f ' '  t echn ique  
of i n j e c t i n g  f l u i d ,  i n t o  which s u i t a b l e  t r a -  
ce rs  have been in t roduced,  and t h e n  wi thdraw- 
i n g  t h e  f l u i d  by backf lowing.  By m o n i t o r i n g  
t h e  c o n c e n t r a t i o n  o f  t r a c e r s  recovered as a 
f u n c t i o n  o f  volume of f l u i d  produced, i n f o r -  
ma t ion  can be gained ove r  and above t h a t  
gained th rough  t h e  usua l  techniques o f  r e s e r -  
v o i r  eng inee r ing  measurement and ana lys i s .  
These one-well t r a c e r  t e s t s  have an impor tan t  
advantage over  tWO-Well t r a c e r  t e s t s  i n  a l -  
l o w i n g  us t o  q u a n t i f y  n o t  o n l y  t h e  d i l u t i o n  
o r  m ix ing  e f f e c t s  bu t  a l s o  t h e  chemical i n -  
t e r a c t i o n  o f  i n j e c t e d  t r a c e r  and f l u i d  w i t h  
t h e  r e s e r v o i r  rocks.  I n  a two-wel l  t e s t  i f  
no t r a c e r  i s  de tec ted  a t  t h e  second w e l l  f rom 
i n j e c t i o n  i n t o  t h e  f i r s t  w e l l ,  one does no t  
know whether f l u i d  was n o t  propagated between 
w e l l s  o r  whether t h e  t r a c e r  was mere ly  
removed from s o l u t i o n  by i n t e r a c t i o n  i n  t h e  
r e s e r v o i  r. 
Th is  paper dea ls  w i t h  t h e  development o f  
methods f o r  t h e  use o f  chemical t r a c e r s  i n  
i n j e c t i o n - b a c k f l o w  t e s t i n g  a t  R a f t  River ,  
Idaho, and East  Mesa, C a l i f o r n i a .  Tracer  
recovery curves r e s u l t i n g  f rom t e s t s  a t  these 
two s i t e s  a r e  presented and compared. Other 
papers presented i n  these  t r a n s a c t i o n s  deal 
w i t h  h y d r o l o g i c  e v a l u a t i o n  o f  t r a c e r  recov-  
e r i e s  from these  t e s t s  (Downs and R u s s e l l ) ,  
t h e  e f f e c t s  of water- rock i n t e r a c t i o n s  on 
t r a c e r  behavior  (Capuano), t h e  r e s u l t s  o f  
l a b o r a t o r y  exper iments conducted on a phy- 
s i c a l  model o f  a f r a c t u r e d  r e s e r v o i r  ( H u l l  
and Koslow) work on development o f  r e s e r v o i r  
a n a l y s i s  code t o  i n t e g r a t e  d i s p e r s i o n  and 
f r a c t u r e  f l o w  ( M i l l e r ) ,  and t h e  r e s u l t s  o f  
s c a l e  i n h i b i t o r  exper imen ta t i on  conducted 
d u r i n g  i n j e c t i o n  t e s t i n g  ( M i  che l s ) .  

GEOLOGIC SETTINGS 

The R a f t  R i v e r  thermal  area i s  l o c a t e d  i n  
southeastern Idaho. There a r e  two composi - 
t i o n a l l y  d i s t i n c t  thermal  waters  present  i n  
t h i s  system. The f i r s t  i s  a s l i g h t l y  s a l i n e  
sodium c h l o r i d e  water,  w i t h  d i s s o l v e d  s o l i d s  
up t o  1400 ppm and measured temperatures up 
t o  145OC. Th is  water  i s  found predominant ly  
w i t h i n  a q u a r t z i t e  u n i t  i n  t h e  upper p o r t i o n  
o f  t h e  Precambrian basement. Unconformably 
o v e r l y i n g  t h e  Precambrian rocks  a r e  as much 
as  1600 m o f  T e r t i a r y  and Qua te rna ry  b a s i n  
f i l l  sediments ( B l a c k e t t  and Kolesar ,  1983). 
These sediments h o s t  t h e  second thermal  
water,  which i s  a l s o  sodium c h l o r i d e  i n  char-  
a c t e r  a l t hough ,  i t  i s  more s a l i n e ,  w i t h  d i s -  
so lved s o l i d s  up t o  6500 ppm, and i s  s l i g h t l y  
h o t t e r ,  w i t h  measured temperatures of up t o  
150OC. 

I n j e c t i o n  t e s t i n g  a t  R a f t  R i v e r  was conducted 
on w e l l  RRGP-5, which i s  cased t o  t h e  t o p  o f  
Precambrian q u a r t z i t e  a t  1500 m. Thermal 
water produced f rom RRGP-5 i s  o f  t h e  low-  
s a l i n i t y  t y p e  and f l o w s  - predominant ly  f rom 
f r a c t u r e s  i n  t h e  q u a r t z i t e .  I n  t h e  v i c i n i t y  
o f  RRGP-5 t h e  o v e r l y i n g  b a s i n  f i l l  sediments- 

a r e  r e l a t i v e l y  impermeable and thermal  water  
i n  t h e  sediments around RRGP-5 i s  t h e  low- 
s a l  i n i  t y  water  be l  i eved t o  have t r a v e l  ed t o  
t h e  su r face  a long f a u l t s  i n  t h e  sediments. 

Wel l  RRGE-3, which was used as t h e  supply  
w e l l  f o r  i n j e c t i o n  t e s t i n g ,  i s  l o c a t e d  appro- 
x i m a t e l y  2400 m f rom t h e  i n j e c t i o n  w e l l ,  
RRGP-5. Thermal water  produced f rom RRGE-3 
i s  a m i x t u r e  o f  t h e  two thermal  water  types, 
and, t h e r e f o r e ,  i s  c o m p o s i t i o n a l l y  d i s t i n c t  
f rom water  encountered i n  t h e  r e s e r v o i r  
around i n j e c t i o n  w e l l  RRGP-5. T h i s  com- 
p o s i t i o n a l  d i f f e r e n c e  can be used as a 
n a t u r a l  t r a c e r  f o r  i n j e c t i o n  t e s t i n g .  

The East  Mesa geothermal system i s  l o c a t e d  i n  
t h e  I m p e r i a l  V a l l e y  o f  southern C a l i f o r n i a .  
The thermal  r e s e r v o i r  occurs i n  a t h i c k  se- 
quence o f  up t o  4 km o f  c l a s t i c  d e l t a i c  and 
l a c u s t r i n e  d e p o s i t s  o f  T e r t i a r y  and Quater-  
na ry  age (Coplen, 1976). Hyd ro log i c  f l o w  i n  
t h e  area i s  g e n e r a l l y  h o r i z o n t a l ,  w i t h  f a u l t s  
c o n t r i b u t i n g  t o  v e r t i c a l  p e r m e a b i l i t y  and 
recharge o f  thermal f l u i d s  ( B a i l e y ,  1977). 

Two East Mesa w e l l s  were s e l e c t e d  f o r  i n j e c -  
t i o n - b a c k f l o w  t e s t i n g ,  56-19 and 56-30. 
These w e l l s  a r e  l o c a t e d  approx imate ly  1600 m 
apa r t .  Waters drawn from these w e l l s  have 
d i s t i n c t l y  d i f f e r e n t  composi t ions.  Water 
f l o w i n g  f rom 56-19 i s  126OC, sodium c h l o r i d e  
i n  cha rac te r ,  w i t h  d i s s o l v e d  s o l i d s  up t o  
5800 ppm. Th is  s o l u t i o n  i s  f l o w i n g  from 
cas ing  p e r f o r a t i o n s  ex tend ing  between 800 m 
and 1400 m. Well 56-30 d i scha rges  a h o t t e r ,  
174OC, l e s s  s a l i n e  sodium c h l o r i d e  water,  
w i t h  2700 ppm d i s s o l v e d  s o l i d s .  Th is  water  
i s  encountered a t  g r e a t e r  depth,  1600 t o  2200 
m y  t h a n  56-19 thermal  water.  

The supply  w e l l  used f o r  East Mesa t e s t i n g ,  
38-30, i s  l o c a t e d  o n l y  600 m f rom w e l l  56-30 
and draws water  of composi t ion s i m i l a r  t o  
w e l l  56-30 f rom a s i m i l a r  depth. 

TEST1 NG 

A t o t a l  o f  e i g h t  i n j e c t i o n - b a c k f l o w  t e s t s  
were conducted on w e l l  RRGP-5 a t  t h e  R a f t  
R i v e r  geothermal s i t e .  At  East Mesa a t o t a l  
o f  four  i n j e c t i o n - b a c k f l o w  t e s t s  were con- 
ducted, one on w e l l  56-30 and t h r e e  on w e l l  
56-19. Several  parameters can be a l t e r e d  
d u r i n g  i n j e c t i o n - b a c k f l o w  t e s t i n g  t o  a i d  i n  
e v a l u a t i o n  o f  t h e  hydrodynamics o f  a geo- 
thermal  r e s e r v o i r .  These parameters i n c l u d e :  
1) chemical c h a r a c t e r  o f  t h e  t r a c e r  s o l u t i o n ;  
2) temperature o f  t h e  t r a c e r  s o l u t i o n ;  3) 
f low r a t e ,  d u r i n g  b o t h  i n j e c t i o n  and back- 
f l ow ;  4 )  quiescence t i m e  between i n j e c t i o n  
and backf low; and 5)  volume o f  t r a c e r  so lu -  
t i o n  i n j e c t e d .  Dur ing t e s t i n g  a t  R a f t  R i v e r  
and East Mesa, each of t hese  parameters was 
va r ied .  Table 1 l i s t s  a summary of t h e  t e s t  
c o n d i t i o n s .  

The chemical  c h a r a c t e r  o f  t h e  i n j e c t e d  
s o l u t i o n  was c o n t r o l l e d  by  t h e  composi t ion o f  
wa te r  f rom t h e  supply  w e l l  and t h e  q u a n t i t y  
of a r t i f i c i a l  t r a c e r s  added t o  t h e  water. I n  
most cases, t h e  supp ly  w e l l  water  was chemi- 
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TABLE 1. RAFT RIVER AN0 EAST MESA INJECTION- 
RACKFLOW TEST CONDITIONS 

TEST 

HAFT RIVER 

2 S e r i e s  
ZA -2 
zc 
20 

4 S e r i e s  
4A 
4 8  
4 c  
40 

5 S e r i e s  
5 

FAST MESA 

3(56-30) 

INJECTION 

WELL VOLUME RATE TEMP. 
( l i t e r s ) a  ( l i t e r s )  ("c) 
0 

RRGP5 h.3 x I O 4  9.5 122 
RRGP5 1 5 x lo6 9.5 122 
RRGP5 3:3 x IO6 9.5 122 

RRGP5 1.1 x IO! 9.5 122 
RRGP5 7 2 x 10' 9.5 122 
RRGP5 6:1 x IO3 9.5 122 
RRGP5 9.9 x IO3 9.5 122 

RRGP5 1.3 x lo7 9.5 122 

56-30 7.1 x IO5 19 93 
56-19 7.1 x In5 19 93 
56-19 7.5 x IO5 32 93 
56-19 1.6 x IO6 32 , 93 

@UIES- 
C E K E  

1 hours)  

0 
0 
0 

28 
2 
12 
5n 

80 

12 
12 
13 
12 6 [ i 6 - ; 9 j  

c a l l y  d i s t i n c t  f rom t h e  r e s e r v o i r  water  i n  
t h e  v i c i n i t y  o f  t h e  i n j e c t i o n  w e l l .  Th i s  
composi t ional  d i f f e r e n c e  prov ided a s u i t e  o f  
n a t u r a l  t r a c e r s  such as Na, K, Ca, S i 0  , C1, 
SO4 and HC03. A r t i f i c i a l  t r a c e r s  adfed t o  
t h e  i n j e c t e d  s o l u t i o n ,  bo th  c o n t i n u o u s l y  and 
as  s lugs ,  were used t o  g i v e  t h e  i n j e c t e d  s o l -  
u t i o n  a d i s t i n c t  chemical composi t ion f o r  
each t e s t ,  thereby a l l o w i n g  p r e d i c t i o n  o f  
con tamina t ion  by s o l u t i o n  unrecovered from 
p rev ious  t e s t s .  I n  a d d i t i o n ,  a r t i f i c i a l  
t r a c e r  s lugs  were added a t  va r ious  t imes  
d u r i n g  i n j e c t i o n  t o  a i d  i n  understanding t h e  
e f f e c t s  o f  w i x i n g  on s o l u t i o n  t r a v e l i n g  
d i f f e r e n t  d i s tances  i n t o  t h e  format ion.  
A r t i f i c i a l  t r a c e r s  i n c l u d e d  C1, Br, I ,  SCN 
( th iocyana te ) ,  B, Mg, K, L i  and t h e  o rgan ic  
dyes, d isodium f l u o r e s c e i n  and rhodamine-B. 
The composi t ion o f  t h e  i n j e c t e d  s o l u t i o n  and 
t h e  use o f  a r t i f i c i a l  t r a c e r s  a r e  discussed 
i n  more d e t a i l  by Capuano (1983).  

The v a r i a t i o n  i n  composi t ion o f  t h e  recovered 
s o l u t i o n  r e f l e c t s  t h e  amount o f  m i x i n g  t h a t  
has taken  p lace  i n  t h e  r e s e r v o i r .  To produce 
a m i x i n g  cu rve  f o r  each t r a c e r ,  t h e  f r a c t i o n  
o f  t r a c e r  recovered i n  i n d i v i d u a l  water  sam- 
p l e s  was c a l c u l a t e d  u s i n g  t h e  m i x i n g  r e l a -  
t i o n s h i p ,  X = (Cb  - Cr)/(Ci - Cr),*where " X "  

i s  t h e  f r a c t i o n  o f  i n j e c t a t e  i n  t h e  back f l ow  
sample, and " C "  i s  t h e  c o n c e n t r a t i o n  o f  
t r a c e r  i n  t h e  back f l ow  sample, (b ) ,  r e s e r v o i r  
wa te r  ( r ) ,  and i n j e c t i o n  wa te r  ( i ) .  

The i n j e c t i o n  concen t ra t i on ,  Ci, was taken  as 
t h e  average concen t ra t i on  i n  t h e  i n j e c t e d  
s o l u t i o n .  The c o n c e n t r a t i o n  of t h e  element 
i n  t h e  r e s e r v o i r  water,  Cry  was taken  from 
a n a l y s i s  of water c o l l e c t e d  from t h e  i n -  
j e c t i o n  w e l l  p r i o r  t o  i n j e c t i o n  t e s t i n g .  
Before t e s t i n g  began each o f  t h e  i n j e c t i o n  
w e l l s  was backf lowed f o r  up t o  24 hours,  
w h i l e  t h e  water  chemis t r y  was monitored, t o  
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ensure t h a t  t h e  r e s e r v o i r  would produce water 
w i t h  a r e l a t i v e l y  un i fo rm composi t ion.  I f  
l e s s  than  100% o f  t h e  i n j e c t e d  s o l u t i o n  was 
recovered d u r i n g  backf low o f  any g i ven  t e s t ,  
n a t u r a l  and a r t i f i c i a l  t r a c e r s  remained i n  
t h e  r e s e r v o i r .  These t r a c e r s  were a source 
o f  contaminat ion d u r i n g  subsequent i n j e c t i o n  
t e s t s .  Fo r  a l l  t e s t s ,  w i t h  t h e  excep t ion  o f  
t h e  R a f t  R ive r  4 Ser ies  t e s t s  (see Table l ) ,  
t h e  amount o f  s o l u t i o n  i n j e c t e d  was much 
g r e a t e r  t han  t h e  amount o f  contaminat ion f rom 
p rev ious  t e s t s .  Contaminat ion,  t h e r e f o r e ,  
was assumed t o  have l i t t l e  e f f e c t  on t h e  
cha rac te r  o f  t r a c e r  recovery f rom these  
t e s t s .  The R a f t  R i v e r  4 Ser ies  t e s t s ,  
however, had r e l a t i v e l y  smal 1 i n j e c t i o n  
volumes ranging from 6000 t o  11000 l i t e r s .  
Contaminat ion o f  t h e  r e s e r v o i r  by prev ious 
t e s t s ,  t h e r e f o r e  was r e l a t i v e l y  impor tant .  
To account f o r  t h i s  contaminat ion,  a 
co r rec ted  r e s e r v o i r  c o n c e n t r a t i o n  e q u i v a l e n t  
t o  t h e  c o n c e n t r a t i o n  o f  t h a t  element i n  t h e  
l a s t  backf low sample, was used t o  c a l c u l a t e  
m i  x i  ng . 
Besides mix ing,  o t h e r  processes can a f f e c t  
t r a c e r  concen t ra t i ons  i n  t h e  recovered 
s o l u t i o n .  These i n c l u d e  t r a c e r  ga ins o r  
l osses  as a r e s u l t  o f  adso rp t i on  o r  desorp- 
t i o n ,  i o n  exchange, m ine ra l  d i s s o l u t i o n  o r  
p r e c i p i t a t i o n ,  and i n  t h e  case o f  t h e  o r g a n i c  
dyes, d isodium f l o u r e s c e i n  and rhodamine-B, 
thermal  i n s t a b i l i t y .  Because these processes 
can have a s u b s t a n t i a l  e f f e c t  on t r a c e r  
recovery,  i t  i s  impor tan t  t o  account f o r  t h e  
r e s u l t i n g  gains o r  l osses  i n  p r e p a r a t i o n  o f  
m i x i n g  curves. One means o f  do ing  t h i s  i s  t o  
use a " conserva t i ve "  t r a c e r ,  one which i s  
r e l a t i v e l y  unaf fected by  these  processes. 
U l t i m a t e l y  t h e  e x t e n t  o f  these va r ious  
e f f e c t s  on o t h e r  t r a c e r s  may then  be e s t i -  
mated by comparing t h e  recovery curves o f  
conse rva t i ve  and nonconservat ive t r a c e r s .  

An i d e a l  conse rva t i ve  t r a c e r  i s  one which i s  
u n r e a c t i v e  w i t h  t h e  geo log ic  format ions 
p resen t  i n  t h e  s tudy area, i s  no t  present  i n  
the rocks  i n  a form t h a t  i s  r e a d i l y  re leased  
i n t o  t h e  t r a c e r  s o l u t i o n ,  and whose concen- 
t r a t i o n  i n  t h e  t r a c e r  s o l u t i o n  can be w e l l  
documented. Fo r  t e s t i n g  a t  R a f t  R ive r  t h e  
n a t u r a l  t r a c e r  C1 appears t o  bes t  f i t  these  
c r i t e r i a .  I t s  s o l u b i l i t y  i n  n a t u r a l  waters  
i s  w e l l  above t h e  maximum c o n c e n t r a t i o n  o f  
3000 ppm i n j e c t e d  d u r i n g  t e s t i n g .  Because C1 
i s  n o t  g r e a t l y  a f f e c t e d  by adsorpt ion,  
d e s o r p t i o n  and i o n  exchange, minor  ga ins and 
losses  r e s u l t i n g  f rom these  processes would 
be  r e l a t i v e l y  smal l  compared t o  t h e  h i g h  C1 
concen t ra t i ons  i n  t h e  i n j e c t a t e .  I n  add i -  
t i o n ,  C1-bear ing m ine ra l s  were no t  i d e n t i  f e d  
i n  - the  - r e s e r v o i r  rocks i n  t h e  v i c i n i t y  o f  
RRGP-5 ( R l a c k e t t  and Kolesar,  1983) and 
t h e r e f o r e  C1 gains r e s u l t i n g  f rom mine ra l  
d i s s o l u t i o n  were no t  o f  concern. 

A genera l i zed  m i x i n g  curve f o r  each R a f t  
R i v e r  t e s t  was, then, d e r i v e d  from a v i s u a l  
e s t i m a t i o n  o f  a b e s t  f i t  C1 curve. Th is  i s  
done under t h e  assumption t h a t  t h e  f r a c t i o n  
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o f  conserva t i ve  t r a c e r  i n  t h e  recovered so lu -  
t i o n  i s  p r o p o r t i o n a l  t o  t h e  f r a c t i o n  o f  
i n j e c t a t e  i n  t h e  recovered s o l u t i o n .  Gene- 
r a l i z e d  m i x i n g  curves f o r  t h e  2 Ser ies  t e s t s  
and Tes t  5 a r e  presented i n  F i g u r e  1 and w i l l  
be discussed below. The 4 Ser ies  curves a r e  
n o t  presented because o f  space l i m i t a t i o n s .  
For  f u r t h e r  d i scuss ion  o f  t h e  4 Ser ies  t e s t  
r e s u l t s  see Downs and Russe l l  (1983). 
P r e l i m i n a r y  m i x i n g  curves f o r  East Mesa 
i n jec t i on -back f l ow  t e s t s  a r e  presented i n  
F i g u r e  2. C a l c u l a t i o n  o f  genera l i zed  m i x i n g  
curves f o r  East Mesa t e s t i n g  i s  no t  as 
s t r a i g h t f o r w a r d  because t h e  presence o f  
e v a p o r i t e  m ine ra l s  i n  t h e  r e s e r v o i r  rocks  may 
n o t  a l l o w  C1 t o  a c t  c o n s e r v a t i v e l y .  These 
and o t h e r  problems w i l l  be evaluated f u r t h e r  
upon complet ion o f  a d d i t i o n a l  analyses. 

The e f f e c t s  o f  water- rock r e a c t i o n s  and 
m ix ing  a r e  minimal i n  s o l u t i o n  c o n f i n e d  t o  
t h e  cased p o r t i o n  o f  t h e  w e l l  bore. 
Therefore,  t h e  t r a c e r  con ten t  o f  t h e  f i n a l  
s o l u t i o n  i n j e c t e d  i n t o  t h e  w e l l  bore should 
equal t h e  t r a c e r  c o n t e n t  of t h e  i n i t i a l  
s o l u t i o n  removed from t h e  w e l l  bore. Th is  
comparison p rov ides  a unique o p p o r t u n i t y  t o  
e v a l u a t e  e r r o r s  i n  da ta  c o l l e c t i o n .  Fo r  
example, e r r o r s  i n  chemical analyses o r  i n  
measurement o f  f l o w  r a t e s ,  m i x i n g  i n  t h e  w e l l  
bo re  and a c c i d e n t a l  f l o w  d u r i n g  qu iescen t  
pe r iods  a re  a l l  p o t e n t i a l  problems t h a t  can 
be eva l  uated. 

Comparison o f  t h e  mass o f  t h e  conserva t i ve  
t r a c e r  C1, and f o r  R a f t  R ive r ,  Na and K, 
i n j e c t e d  i n t o  and recovered from t h e  cased 
p o r t i o n  o f  t h e  w e l l  bo re  ( h e r e a f t e r  c a l l e d  
"we l l -bo re  recove ry " )  shows l e s s  than  7% 
e r r o r  f o r  a l l  R a f t  R i v e r  and East  Mesa 
i n j e c t i o n - b a c k f l o w  t e s t s ,  excep t ing  R a f t  
R i v e r  Tests  4A, 4D and 5. Consider ing 
a n a l y t i c  p r e c i s i o n ,  which ranges from 3 t o  
5%, and t h e  p robab le  5% o r  g r e a t e r  e r r o r  on 
f l o w  r a t e  de te rm ina t ions ,  t hese  comparisons 
a r e  s u r p r i s i n g l y  c lose.  

Poor we l l -bo re  recove r ies  f o r  R a f t  R i v e r  
Tests  4A, 4D and 5 a r e  b e l i e v e d  t o  be t h e  
r e s u l t  o f  back f l ow  t h a t  occurred a c c i d e n t a l l y  
d u r i n g  t h e  qu iescen t  per iod.  S o l u t i o n  l o s t  
f rom t h e  w e l l  bo re  d u r i n g  quiescence i s  
rep laced w i t h  mixed water  f rom t h e  r e s e r v o i r ,  
t he reby  accoun t ing  f o r  these poor 
comparisons. The exac t  volume o f  s o l u t i o n  
backf lowed d u r i n g  t h e  quiescent  p e r i o d  f o r  
each o f  t hese  t e s t s  i s  unknown. 

RESULTS 

Three t e s t  s e r i e s  were run  on Raf t  R i v e r  w e l l  
RRGP-5. For t h e  2 Ser ies  t e s t s  a l l  v a r i a b l e s  
were h e l d  cons tan t  except  i n j e c t i o n  volume, 
which was inc reased  f rom 6.36 x lo5 l i t e r s  
d u r i n g  Tes t  2A-2, t o  1.5 x 10 l i t e r s  d u r i n g  
Test  2C, and t o  3.3 x 106 l i t e r s  d u r i n g  Test  
2D. The shapes o f  t h e  recovery curves f rom 
these  t h r e e  t e s t s  a r e  very  s i m i l a r ,  
i n d i c a t i n g  an almost exponent ia l  i nc rease  i n  
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m i x i n g  w i t h  increased backf low.  These 
r e s u l t s  suggest t h a t  t h e  p o r t i o n  o f  t h e  
r e s e r v o i  r i n v o l  ved i n  t e s t i n g  i s  respondi  ng 
u n i f o r m l y  t o  t h e  d i f f e r e n t  i n j e c t i o n  
volumes. Norma l i za t i on  o f  t h e  recovery 
curves w i t h  respect  t o  i n j e c t i o n  volume 
( F i g u r e  3) shows t h a t  t hey  no t  o n l y  have 
s i m i l a r  shapes b u t  a l s o  over lap.  The good 
agreement between t h e  normal ized recovery 
curves suggests t h a t  m i x i n g  v a r i e d  i n  p ropor -  
t i o n  t o  t h e  volume o f  s o l u t i o n  i n j e c t e d ,  and 
t h a t  t h e  r a t e  o f  m i x i n g  o f  t h e  i n j e c t e d  and 
r e s e r v o i r  waters  was independent o f  t h e  
d i s t a n c e  t r a v e l e d  by t h e  s o l u t i o n .  It i s  
t h e r e f o r e  concluded t h a t  t h e  p o r t i o n  o f  t h e  
r e s e r v o i r  t e s t e d  has u n i f o r m  p e r m e a b i l i t y .  
These g e n e r a l i z a t i o n s ,  o f  course, o n l y  apply  
t o  t h e  p o r t i o n  o f  t h e  r e s e r v o i r  around RRGP-5 
pene t ra ted  by t h e  maximum volume o f  water  
i n v o l v e d  i n  t e s t i n g .  

The a d d i t i o n  o f  t r a c e r  s lugs  a t  va r ious  t imes  
d u r i n g  an i n j e c t i o n  t e s t  can a l s o  be u s e f u l  
i n  e v a l u a t i n g  t h e  c h a r a c t e r  o f  a r e s e r v o i r .  
Two f i v e - m i n u t e  t r a c e r  s lugs  were added t o  
t h e  i n j e c t a t e  d u r i n g  Tes t  2D: an I s l u g  was 
added a t  t h e  s t a r t  o f  i n j e c t i o n  and a B s l u g  
was added a f t e r  one t h i r d  o f  t h e  i n j e c t i o n  
was completed. Pecovery curves f o r  I and R ,  
normal ized w i t h  respect  t o  t h e  volume o f  
s o l u t i o n  i n j e c t e d  a f t e r  each r e s p e c t i v e  s lug ,  
a r e  shown i n  F i g u r e  4. Despi te  t h e  d i f f e r e n t  
i n j e c t i o n  schedules, t h e r e  i s  e x c e l l e n t  
agreement between t h e  normal ized volumes o f  
recovery needed f o r  r e t u r n  o f  bo th  t r a c e r  
s lugs.  Furthermore, t h e  s lopes o f  these 
no rpa l  i zed recovery curves a r e  very  
s i m i l a r .  The s i m i l a r i t y  o f  t h e  response o f  
t hese  t r a c e r  s lugs  t o  mix ing,  independent o f  
t h e  d i s t a n c e  t r a v e l e d  i n  t h e  r e s e r v o i r ,  
f u r t h e r  suppor ts  t h e  conc lus ion  t h a t  t h e  
p o r t i o n  o f  t h e  r e s e r v o i r  t e s t e d  has uni form 
permea b i  1 i t y  . 
R a f t  R i v e r  Test  5, which i n v o l v e d  an 
i n j e c t i o n  volume o f  1.3 x lo7 l i t e r s  ( f o u r  
t imes  g r e a t e r  t han  t h a t  o f  Test  2D) can be 
compared w i t h  r e s u l t s  o f  t h e  2 Ser ies  
t e s t s .  I n  a d d i t i o n  t o  i n j e c t i o n  volume, Test  
5 a l s o  d i f f e r e d  from t h e  2 Ser ies  t e s t s  by 
one o t h e r  parameter, namely, t h e  presence of 
a qu iescen t  p e r i o d  between i n j e c t i o n  and 
backf low.  Test  5 i n v o l v e d  80 hours o f  
quiescence, whereas t h e  2 Se r ies  t e s t s  
i n v o l v e d  no quiescence. There a re  two 
d i s t i n c t  p a r t s  o f  t h e  Test  5 recovery 
curve. The f i r s t  i s  t h e  cu rve  f o r  t h e  
i n i t i a l  1.7 x l o 5  l i t e r s  o f  backf low, which 
d i f f e r s  markedly f rom t h e  2 Se r ies  recovery 
curves. The second i s  t h e  remain ing back- 
f l ow ,  beyond 1.7 x lo5 l i t e r s ,  which i n  
c o n t r a s t ,  produces a recovery curve s i m i l a r  
i n  t r e n d  t o  those o f  t h e  2 Ser ies  ( F i g u r e  
1). These s i m i l a r i t i e s  a r e  a l s o  apparent on 
F i g u r e  4,  which shows t h e  normal ized recovery 
curves. The Test 5 r e s u l t s ,  t h e r e f o r e ,  f u r -  
t h e r  suppor t  t h e  conc lus ion  o f  a un i fo rm 
permeabi 1 i ty r e s e r v o i  r. The Test  5 
normal ized recovery cu rve  i s  however, 
s l i g h t l y  o f f s e t  f rom t h e  curves f o r  Tests  2D 
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and 2C. Th is  suggests a t r e n d  o f  s l i g h t l y  
increased m ix ing  r a t e  w i t h  i nc reased  i n j e c -  
t i o n  volumes used f o r  Test  5. 

The s i m i l a r i t y  o f  t h e  l a t t e r  p o r t i o n  o f  t h e  
Test  5 recovery cu rve  w i t h  those of t h e  2 
Ser ies  suggests t h a t  t h e  i n i t i a l  p o r t i o n  o f  
t h e  Test 5 recovery curve should a l s o  be 
s i m i l a r  t o  t h e  2 Ser ies  curves i f  i n j e c t i o n  
volume was t h e  on ly  parameter var ied.  The 
apparent t r u n c a t i o n  o f  t h e  i n i t i a l  p o r t i o n  o f  
t h e  Test 5 recovery cu rve  i s  t h e r e f o r e  be- 
l i e v e d  t o  be a product  o f  i nc reased  m i x i n g  
due t o  h y d r o l o g i c  e f f e c t s  d u r i n g  t h e  80 hour 
qu iescent  per iod.  

A t  East Mesa, f o u r  i n j e c t i o n - b a c k f l o w  t e s t s  
were conducted. The f i r s t  two, 3(56-30) and 
3(56-19), were i d e n t i c a l  t e s t s  conducted on 
d i f f e r e n t  w e l l s  i n  o r d e r  t o  compare recovery 
curves from t e s t s  conducted on d i f f e r e n t  
p o r t i o n s  o f  t h e  r e s e r v o i r .  The recovery 
curves r e s u l t i n g  f rom these  two t e s t s  ( F i g u r e  
2 )  show t h a t  l e s s  m i x i n g  has taken  p lace  i n  
t h e  r e s e r v o i r  surrounding 56-30 t h a n  i n  t h e  
r e s e r v o i r  su r round ing  56-19. P r e l i m i n a r y  
c a l c u l a t i o n  o f  t h e  percentage o f  i n j e c t a t e  
recovered shows t h a t ,  w i t h  a s i m i l a r  volume 
o f  backf low, 95% o f  t h e  i n j e c t a t e  was 
recovered from Test  3( 56-30) , whereas o n l y  
85% o f  t h e  i n j e c t a t e  was recovered from Test  
3(56-19). T h i s  f u r t h e r  suppor ts  t h e  premise 
o f  l e s s  m ix ing  d u r i n g  Test  3(56-30). 

The remain ing two East  Mesa t e s t s  were b o t h  
conducted on w e l l  56-19. Test  4(56-19) was 
s i m i l a r  t o  Test  3(56-19) w i t h  t h e  excep t ion  
t h a t  t h e  f l o w  r a t e  was n e a r l y  doubled f o r  
Test  4(56-19) ( f rom 19 l i t e r s / s e c  (300 
ga l /m in )  t o  32 l i t e r s / s e c  (500 g a l / m i n ) ) .  
Comparison o f  t h e  recovery curves from these  
two t e s t s  shows t h a t  doub l i ng  t h e  f l o w  r a t e  
r e s u l t e d  i n  s l i g h t l y  l e s s  mix ing.  

Test  6(56-19) was run  under t h e  same t e s t  
c o n d i t i o n s  as Test  4(56-19) ( w i t h  t h e  f a s t e r  
f l o w  r a t e )  , w i t h  t h e  excep t ion  o f  i n j e c t i o n  
volume, which was doubled. Comparison o f  t h e  
recovery curves from Test  4(56-19) and Test  
6(56-19) i n d i c a t e s  t h a t  m i x i n g  v a r i e s  i n  
p r o p o r t i o n  t o  t h e  volume o f  s o l u t i o n  
i n j e c t e d .  Th is  i s  f u r t h e r  suppor ted by t h e  
s i m i l a r i t y  i n  t h e  recuvery curves when 
normal ized w i t h  respec t  t o  i n j e c t i o n  volumes 
f o r  Tests  6(56-19) and 4(56-19) (F igu re  5 ) .  
The r e l a t i o n s h i p  between i n j e c t i o n  volume and 
m i x i n g  i s  s i m i l a r  t o  t h a t  noted f o r  t h e  R a f t  
R i v e r  t e s t s ,  and suggested t h a t  t h e  volume o f  
r e s e r v o i r  t e s t e d  has u n i f o r m  pe rmeab i l i t y .  

Comparison o f  t h e  recovery curves from t e s t -  
i n g  i n  t h e  R a f t  R i v e r  r e s e r v o i r ,  i n  which 
f r a c t u r e  f l o w  dominates, and t h e  East Mesa 
r e s e r v o i r ,  i n  which d i s p e r s i v e  f l o w  domi- 
nates,  i s  d i f f i c u l t  because o f  t h e  p r e l i m i -  
na ry  na tu re  o f  t h e  East  Mesa t e s t  r e s u l t s  and 
t h e  wide v a r i a t i o n  i n  parameters used. A 
general  comparison o f  t h e  normal ized East  
Mesa recovery curves f o r  Tests  3(56-19) and 
3(56-30) w i t h  those  o f  t h e  R a f t  R i v e r  2 
Ser ies  t e s t s  (F igu res  3 and 5), suggests 

l e s s e r  m ix ing  i n  t h e  m a t r i x - c o n t r o l l e d  East  
Mesa r e s e r v o i r  and t h e r e f o r e  suggests 1 ower 
permeabi 1 i t y  . 
East Mesa Tests  3(56-19) and 3(56-30) were 
conducted w i t h  a f l o w  r a t e  o f  19 l i t e r s /  sec, 
double t h a t  used f o r  R a f t  R i v e r  t e s t s  (9.5 
l i t e r s /  sec.). As shown from East Mesa t e s t -  
i ng ,  an i nc rease  i n  f l o w  r a t e  r e s u l t e d  i n  a 
decrease i n  m i x i n g  i n  t h e  porous r e s e r v o i r .  
The e f f e c t  o f  f l o w  r a t e  i n  t h e  f r a c t u r e d  
r e s e r v o i r  was n o t  t es ted .  A p o r t i o n  o f  t h e  
decreased m i x i n g  noted i n  t h e  East  Mesa 
r e s e r v o i r  as compared t o  R a f t  R i v e r  cou ld  be 
t h e  r e s u l t  o f  t h e  f a s t e r  f l o w  r a t e .  On t h e  
o t h e r  hand, East  Mesa Tes ts  3(56-19) and 
3(56-30) i n v o l v e d  a 12-hour qu iescent  per iod,  
whereas t h e  R a f t  R i v e r  2 Ser ies  t e s t s  
i n v o l v e d  no quiescence, I n  t h e  R a f t  R i v e r  
r e s e r v o i r  i t  was found t h a t  i nc reased  
quiescence cou ld  r e s u l t  i n  increased 
mix ing.  It i s  b e l i e v e d  t h a t  a d e t a i l e d  e v a l -  
u a t i o n  o f  East Mesa t r a c e r  recove r ies  i n c l u -  
d i n g  t h a t  o f  t r a c e r  s lugs,  w i l l  a l l o w  a 
b e t t e r  comparison o f  these r e s e r v o i r s .  

CONCLUSIONS 

I n j e c t i o n - b a c k f l o w  t r a c e r  t e s t s  have been 
used s u c c e s s f u l l y  i n  bo th  f r a c t u r e -  and 
matr ix-dominated geothermal r e s e r v o i r s .  
T e s t i n g  i n  t h e  f r a c t u r e d  r e s e r v o i r  a t  R a f t  
R i v e r  i n d i c a t e d  t h a t  t h e  p o r t i o n  of t h e  
r e s e r v o i r  t e s t e d  has a r e l a t i v e l y  u n i f o r m  
p e r m e a b i l i t y .  Th i s  r e s e r v o i r  o f  un i form 
p e r m e a b i l i t y ,  however, can be d i v i d e d  i n t o  a 
p o r t i o n  near t h e  w e l l  bore i n  which hydro- 
l o g i c  e f f e c t s  d u r i n g  quiescence r e s u l t e d  i n  
increased m ix ing  between t h e  i n j e c t a t e  and 
r e s e r v o i r  s o l u t i o n .  A t  g r e a t e r  d i s tances  
from t h e  w e l l  bore increased quiescence had 
very  l i t t l e  e f f e c t  on mix ing.  

The m a x t r i x - c o n t r o l l e d  East  Mesa r e s e r v o i r  
a l s o  appears t o  have reg ions  o f  near un i fo r i n  
permeabi l  i t y  around t h e  two we1 1 s t es ted .  
Resu l t s  f rom t e s t s  on w e l l s  p e n e t r a t i n g  d i f f -  
e r e n t  p o r t i o n s  o f  t h e  r e s e r v o i r ,  however, 
suggest t h a t  d i f f e r e n t  areas o f  t h e  r e s e r v o i r  
have d i f f e r e n t  p e r m e a b i l i t i e s .  I n  a d d i t i o n ,  
i t  was found t h a t ,  i n  t h e  porous East Pesa 
r e s e r v o i r ,  an i nc rease  i n  f l o w  r a t e  r e s u l t e d  
i n  a decrease i n  mix ing.  

Comparison o f  t h e  t e s t  r e s u l t s  f rom t h e  
matr ix-dominated r e s e r v o i r  a t  East Mesa w i t h  
those  o f  t h e  f racture-dominated r e s e r v o i r  a t  
R a f t  R i v e r  suggests t h a t  a t  East Mesa t h e  
r a t e  o f  m i x i n g  and t h e r e f o r e  permeabi 1 i t y  i s  
l ower  t h a n  a t  R a f t  R ive r .  
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F i g u r e  2. P r e l i m i n a r y  recove ry  curves, East  
Mesa t e s t s .  

F i g u r e  4. T r a c e r  s l u g  recove ry  curves norma- 
l i z e d  w i t h  r e s p e c t  t o  i n j e c t i o n  v o l -  
umes, R a f t  R i v e r  T e s t  2D. 
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F i g u r e  5. Recovery curves normal ized w i t h  
r e s p e c t  t o  i n j e c t i o n  volume, East  
Mesa t e s t s .  
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