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ABSTRACT 

We cons ider  i n j e c t i o n  i n t o  an i d e a l i z e d  geo- 
thermal r e se rvo i r ,  assuming t h a t  t h e  injected water 
d i f f e r s  i n  temperature and s a l i n i t y  frcm in-place 
f l u i d s .  Changes in formation r e s i s t i v i t y  r e s u l t i n g  
from temperature and s a l i n i t y  v a r i a t i o n s  are eval- 
ua t ed ,  and numerical s imula t ion  methods are used t o  
p r e d i c t  e f f e c t s  which would be observed by means of 
dc r e s i s t i v i t y  monitoring. The r e s i s t i v i t y  calcula- 
t i o n s  were performed us ing  a three-dimensional 
computer code t o  s imula te  r e s u l t s  from t w o  d i f f e r e n t  
r e s i s t i v i t y  a r r a y s ,  a d ipole-d ipole  a r r a y  and a 
downhole-surface a r r ay .  Our c a l c u l a t i o n s  show t h a t  
t h e  d ipole-d ipole  method i s  r e l a t i v e l y  i n s e n s i t i v e  
t o  changes due t o  i n j e c t i o n ,  bu t  downhole-surface 
measurements a r e  very s e n s i t i v e .  h-om t h e  siJ8ulated 
downhole-surface measurements a bell-shaped curve 
f o r  r e s i s t i v i t y  change is obta ined ,  from which t h e  
p o s i t i o n  of *.e chemical f r o n t  may be approximately 
determined. R e s i s t i v i t y  changes f r a n  temperature 
v a r i a t i o n s  a r e  r a t h e r  s m a l l  and probably cannot be 
de t ec t ed  i n  f i e l d  measurements. R e s i s t i v i t y  measure- 
ments a r e  more than twice a s  s e n s i t i v e  when i n j e c t e d  
water is more s a l i n e  than  the i n - s i t u  reservoir f l u i d .  
Th i s  sugges ts  t h a t  it may be e a s i e r  t o  monitor t h e  
l o c a t i o n  of i n j e c t e d  water i f  geothermal b r ine  is 
r e i n j e c t e d  r a t h e r  than  f r e s h e r  water. 

INTRODUCTION 

I n j e c t i o n  of geothermal wastewater is necessary  
i n  many geothermal f i e lds  where environmental con- 
s t r a i n t s  p r o h i b i t  su r f ace  d i sposa l .  Consequently, 
i n  recent  y e a r s  t h e o r e t i c a l  s t u d i e s  and f i e l d  tes ts  
have been repor ted  t h a t  address the va r ious  benef i -  
c i a l  and de t r imenta l  a spec t s  of i n j e c t i o n .  It is 
e s t a b l i s h e d  t h a t  i n j e c t i o n  can he lp  t o  main ta in  reseF 
v o i r  p re s su res  (Cue l l a r ,  1981) and t o  inc rease  the  
u l t ima te  energy recovery from the  f i e l d  (Bodvarsson 
e t  al., 1983) .  However, i n j e c t i o n  may a l s o  inc rease  
t h e  l i ke l ihood  of premature co ld-water  breakthrough 
i n t o  the  production zone (Horn@, 1961). 

During mld-water  i n j e c t i o n  thermal and chemical 
f r o n t s  w i l l  migrate away frcm t h e  i n ~ e c t i o n  w e l l s .  A 
chemical ( s a l i n i t y )  f r o n t  w i l l  develop i f  t h e  sali- 
n i t y  of t he  i n j e c t e d  f l u i d s  is d i f f e r e n t  f r a a  t h e  
s a l i n i t y  of t he  i n - s i t u  r e s e r v o i r  f l u i d s .  The ther- 
mal f r o n t  w i l l  l a g  considerably behind t h e  chemical 
f r o n t  because of hea t  exchange between t h e  f l u i d s  and 
t h e  r e s e r v o i r  rocks. Proper des ign  and ope ra t ion  of 
i n j e c t i o n  sys t ems  r e q u i r e s  methods f o r  monitoring t h e  
l o c a t i o n s  of the thermal and chemical f r o n t s .  

HPTIGF 

The temperature and s a l i n i t y  d i f f e r e n c e  between 
t h e  i n j e c t e d  and i n - s i t u  f l u i d s  can r e s u l t  i n  a 
s i g n i f i c a n t  e l e c t r i c a l  r e s i s t i v i t y  c o n t r a s t  i n  the  
r e s e r v o i r .  I n  t h i s  paper we examine the  p o s s i b i l i t y  
of mapping thermal and chemical i n j e c t i o n  plumes 
us ing  su r face  and downhole e l e c t r i c a l  r e s i s t i v i t y  
methods. Using computer codes,  w e  s imula te  i n j e c t i o n  
experiments and c a l c u l a t e  apparent r e s i s t i v i t y  f o r  
t h e  model before  and a f t e r  each s imula t ion .  We eval -  
u a t e  the  r e s u l t s  t o  determine how w e l l  t h e  r e in j ec -  
t i o n  p rocess  can be monitored. 

Migration of thermal and chemical f r o n t s  

To c a l c u l a t e  t h e  e x t e n t  of thermal ly  and 
chemically swept reg ions  w e  use a simple model f x  
porous-medium-type r e s e r v o i r s  (F ig .  1 ) .  We cons ider  
a 400-111 t h i c k  r e s e r v o i r  beneath a 600-111 caprock. 
We assume t h a t  the i n j e c t i o n  r a t e  i s  uniform over 
t h e  th i ckness  of the r e s e r v o i r ,  neg lec t ing  hea t  
t r a n s f e r  to caprock and bedrock and g r a v i t y  e f f e c t s .  
Furthermore, by assuming p i s ton - l ike  displacement 
t h e  l o c a t i o n  of t he  chemical and thermal f r o n t s  a r e  
g iven  by (Bodvarsson, 1972)  : 
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It has heen reproduced from the best 
available copy 13 permit the broadest 
possible availability. 

Figure  1 .  Cross sec t ion  of the r e s i s t i v i t y  d i s t r i b u -  
t i o n  f o r  i n j e c t i o n  s imula t ion .  A c t u a l  
r e s e r v o i r  reg ion  is a r ec t angu la r  prism 
1.6 km2 and .4 km t h i c k .  Regions I ,  11, 
and 111 represen t  t h e  thermal ly  swept 
reg ion ,  t h e  chermcally swept reg ion ,  and 
undisturbed parts of the r e s e r v o i r ,  
r e spec t ive ly .  
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wilt e t  a l .  

I n  equat ions ( 1 )  and ( 2 )  Rc and Rt are t h e  r a d i a l  
d i s t a n c e s  f r a u  t h e  i n j e c t i o n  w e l l  t o  t h e  chemical 
and thermal f r o n t s ,  respec t ive ly .  Other parameters 
a r e  as follows: 

q is t h e  f lowrate  ( k g / s f ,  
t is the  t i m e ( s ) ,  
H is the  r e s e r v o i r  thickness  ( m ) ,  
$ is t h e  poros i ty ,  

Pw i s  t h e  dens i ty  of water,  (kg/m3) 
C, is  the heat  capaci ty  of water ,  (J/kg'OC) 
Pr is the d e n s i t y  of t he  rock, and 
C, is the heat  capaci ty  of the  rock matrix.  

We-neglect the  s m a l l  e f f e c t s  of dens i ty  v a r i a t i o n s  
of water with temperature and s a l i n i t y .  

Equations ( 1 )  and ( 2 )  show t h a t  i n  our simple 
model t h e  ex ten t  of thermally and chemically swept 
regions depends only on t h e  total  i n j e c t e d  mass, 
q t ,  not  on the  i n j e c t i o n  r a t e  q o r  the  time t 
separa te ly .  W e  consider  i n j e c t i o n  of a "small" and 
a " large" amount of f l u i d ,  corresponding t o  an 
i n j e c t i o n  rate of 25 kg/s and 250 kg/s f o r  a 3-year 
per iod.  For bath cases w e  use a r e s e r v o i r  th ickness  
of 400 m and poros i ty  of 15% ( w e  use s tandard values 
f o r  t h e  d e n s i t i e s  and h e a t  c a p a c i t i e s  of water and 
t h e  rock mat r ix) .  The thermal and chemical f r o n t s  
w i l l  have advanced 57 and 128 m, respec t ive ly ,  f o r  
t h e  "small" i n j e c t e d  mass and 180 and 404 m, 
respec t ive ly ,  f o r  t h e  " la rge"  i n j e c t e d  mass. 

The model used here  f o r  t he  advancement of ther-  
m a l  and chemical f r o n t s  is very simple,  e s p e c i a l l y  i f  
one considers  t h a t  i n  most geothermal f i e l d s  f l u i d  
flow is  cont ro l led  by f r ac tu res .  However w e  f e e l  
t h a t  the use of t h i s  simple model i s  j u s t i f i e d  t o  
obta in  an i n i t i a l  assessment of t h e  f e a s i b i l i t y  of 
monitoring migration of i n j e c t e d  waters with dc 
r e s i s t i v i t y  methods. 

R e s i s t i v i t y  Modelinq 

R e s i s t i v i t y  c a l c u l a t i o n s  a re  performed with t h e  
three-dimensional f i n i t e  d i f fe rence  computer code 
RESIS3D (Dey and Morrison, 1979) .  W i t h  t he  code, 
apparent r e s i s t i v i t y  may be ca lcu la ted  f o r  a v a r i e t y  
of surface and downhole a r rays  over an a r b i t r a r y  
three-dimensional r e s i s t i v i t y  d i s t r i b u t i o n .  Because 
of the l a rge  memory requirement t h e  mesh is l imi ted  
t o  a 4 1  x 12 x 9 node array.  This restricts t h e  
complexity of the models used, and limits the amount 
of d e t a i l  poss ib le  for the  i n j e c t i o n  s imulat ion.  

The model and i n i t i a l  r e s i s t i v i t y  d i s t r i b u t i o n  
a r e  given i n  cross-sect ion Figure 1 and T a b l e  1. The 
three-dimensional representa t ion  of t he  reservoi r  
region is a rec tangular  prism 1.6 km x 1.6 km and 
- 4  km t h i c k .  The "caprock" and "background" regions 
are represented by a 600 m l a y e r  Over an i n f i n i t e  
halfspace.  The p a r t s  of t he  model a f f e c t e d  by 
i n j e c t i o n  are designated by Area I f o r  t h e  thermal 
region, Area I1 f o r  the swept region and Area 111 

f o r  t h e  nonswept por t ion  of t he  reservoi r .  I n  the  
i n j e c t i o n  s imulat ion t h e  f i r s t  two regions form 
concent r ic  cyl inders .  However, because of the 
rec tangular  mesh, t h e  regions a re  approximated by 
rec tangular  blocks with the same volume as  the  
cy l inders .  The e r ro r  due t o  t h i s  approximation is 
expected t o  be small .  

The r e s i s t i v i t i e s  of t h e  d i f f e r e n t  regions i n  
Figure 1 a re  ca lcu la ted  from Archie 's  law and r e l a -  
t i o n s  cor rec t ing  t h e  r e s i s t i v i t y  t o  t h e  temperature 
and s a l i n i t y  of pore f lu ids .  W e  use a poros i ty  of 
15 percent ,  an i n i t i a l  r e s e r v o i r  temperature of 300°C 
and an i n i t i a l  i n - s i t u  r e s e r v o i r  water s a l i n i t y  of 
10,000 ppm. For the background region the  tempera- 
t u r e  is 100°C and t h e  s a l i n i t y  1,000 ppm. The 
caprock is considered a c lay r i c h  l a y e r  w i t h  a 
r e s i s t i v i t y  of 5 ohm-m. R e s i s t i v i t y  is  cor rec ted  
f o r  temperature and s a l i n i t y  using t h e  r e l a t i o n s  of 
Ershaghi et  al. (1981) .  Model r e s i s t i v i t i e s  f o r  
regions I ,  11, and I11 were adjusted a f t e r  t h ree  
years  of i n j e c t i o n  t o  correspond t o  the  new subsur- 
face  f l u i d  and temperature distribu:ion. 

Two d i f f e r e n t  r e s i s t i v i t y  a r rays  were used i n  
t h e s e  c a l c u l a t i o n s ,  a dipole-dipole  a r ray  and a 
downhole sur face  array.  The dipole-dipole method 
is w e l l  s u i t e d  i n  l o c a t i n g  l a t e r a l  r e s i s t i v i t y  boun- 
d a r i e s  and has shown some promise i n  de tec t ing  sub- 
sur face  changes due t o  fresh-water i n t r u s i o n  a t  t h e  
Cerro P r i e t o  geothermal f i e l d  ( W i l t  and Golds te in ,  
1981). It also has the advantage of easy deployment 
and r e l a t i v e l y  low cos t .  Downhole-surface a r rays  
may be more s e n s i t i v e  t o  an i n j e c t e d  water plume 
because of the closeness  of the  cur ren t  e lec t rode  t o  
t h e  region af fec ted  by in j ec t ion .  Downhole-surface 
measurements may a l s o  be more p r e c i s e  because the  
e l e c t r o d e  separa t ions  are smaller  than i n  t he  
dipole-dipole case so t h a t  e r r o r s  due t o  geological  
noise  and weak s igna l  w i l l  be l e s s .  However, 
darnhole methods are l i k e l y  t o  be more expensive 
and d i f f i c u l t  t o  deploy. 

W e  have considered s i x  cases  f o r  t h i s  study; t he  
parameters a re  summarized i n  Table 1. The var ious  
cases  w e r e  chosen t o  examine which i n j e c t i o n  parame- 
t e r s  most s t rongly  a f f e c t  r e s i s t i v i t y  measurements and 
which a r rays  a r e  most s e n s i t i v e  t o  t h e s e  parameters.  

RESULTS 

Dipole-Dipole Axray 

In  Figure 2 a dipole-dipole  apparent r e s i s t i v i t y  
pseudosection is given corresponding t o  t h e  i n i t i a l  
condi t ions before  i n j e c t i o n  s t a r t e d .  
spacing is 400 m and measurement i s  done t o  an 
n-spacing of 10. Figures 3 and 4 give pseudosection 
p l o t s  f o r  percent  r e s i s t i v i t y  change a f t e r  t h r e e  
years  due t o  f r e s h  cold-water i n j e c t i o n  using r a t e s  
of 25 k g / s  and 250 kg/s. 

The dipole  

In  both cases  the  maximum anomaly appears a t  
t h e  edges of t h e  pseudosection. T h i s  i s  a typ ica l  
anomaly p a t t e r n  f o r  a dipole-dipole measurement, an 
a r t i f a c t  of the  way t h e  dafa a r e  p l o t t e d .  After 
t h r e e  y e a r s  t he  percent  d i f fe rence  pseudosection 
f o r  t h e  lower i n j e c t i o n  r a t e  shows a maximum change 
of about one percent  which i s  comparable t o  t h e  e r ro r  
l eve l  of any p r a c t i c a l  f i e l d  measurement (Fig.  3 ) .  
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W i l t  e t  a l .  

TABLE I 
Summary of I n j e c t i o n  and R e s i s t i v i t y  Moaeling Parameters 

CASE INJECTION 

ROCK RESISTIVITIES OF 
RESISTIVITY THE THREE REGIONS 

ARRAY I 11 I11 

Rate Type 

B a s e  N o  i n j e c t i o n  
Case 0 300 O C  Dipole-Dipole 2.15 2.15 2.15 

10,000 ppm 

1 

2 

1 

3 

4 

5 

6 

25 kg/s 

250 kg/s 

250 kg/s 

250 kg/s 

250 kg/s 

250 kg/s 

lO0OC 
1000 ppm 
(cold  f r e s h  

water 

10ooc 
1000 ppm 
(cold  f r e s h  

water 

lOO*C 

(cold  f r e s h  
1000 ppm 

water) 

100'C 
1000 ppm 
(cold  f r e s h  

water 

lO0OC 
10,000 ppm 
(isochemical 

lO0OC 
15,000 ppm 
(cold  s a l i n e  

water) 

Dipole-Dipole 

Dipole-Dipole 

Downho 1 e- surf  ace 
e lec t rode  zn 
i n j e c t i o n  w e l l  

Downhole-surface 
e lec t rode  i n  
second ( o f f s e t )  
w e l l  

Downho le- s u r  f ace 
e lec t rode  i n  
i n j e c t i o n  w e l l  

Downhole-surface 
e lec t rode  i n  
i n j e c t i o n  w e l l  

15.6 

15.6 

15.6 

15.6 

4.0 

1.90 

10.75 

10.75 

10.75 

10.75 

2.15 

1.07 

2.15 

2.15 

2.15 

2.15 

2.15 

2.15 

, 
~ l s o ,  :only a small number of t h e  measurements seem 
t o  be s i g n i f i c a n t l y  a f f e c t e d  by t h e  i n j e c t i o n .  For 
t h e  g g h e r  i n j e c t i o n  rate,  a maximum apparent resis- 
t i v i t y  change of about t h r e e  percent is observed 
(Fig.  14). Although t h i s  is a recognizable change, 
t h e  accuracy of f i e l d  measurements would need t o  be 
better;  than .5 percent  t o  recognize an anomaly due 
t o  i n j e c t i o n .  The main reason f o r  t h e  i n s e n s i t i v i t y  
of dipole-dipole measurements is t h a t  a r e l a t i v e l y  
small volume of rock is  af fec ted  by t h e  i n j e c t i o n  
compared t o  t h e  volume of rock sampled by t h e  
measurements. For t h e  high rate case t h e  i n j e c t e d  

.- water a f f e c t s  a volume of only about f i v e  percent  of 
t h e  t o t a l  sampled by t h e  measurements so t h a t  even a 
l a r g e  change i n  r e s i s t i v i t y  may not be r e a d i l y  obeer- 
vable. Another problem i s  that  less than ha l f  of the 

it would be d i f f i c u l t  to  accura te ly  determine the 
a f f e c t e d  region based on dipole-dipole r e s u l t s .  

Downhole-Surface A r r a y  

For downhole-surface measurements a cur ren t  
e l e c t r o d e  is placed i n  t h e  i n j e c t i o n  w e l l  a t  a depth 
of 900 m ( c e n t r a l  case) o r  i n  another  w e l l  ou ts ide  

0 measurements are af fec ted  by t h e  i n j e c t i o n  so t h a t  

t h e  i n j e c t i o n  plume a t  t h e  same depth ( o f f s e t  c a s e ) .  
Voltage measurements are made along a p r o f i l e  between 
closely-spaced sur face  d ipoles .  Because of t h e  cylrn- 
d r i c a l  symmetry only one p r o f i l e  per case is needed. 

I n  Figure 5 w e  have p l o t t e d  apparent r e s i s t i v i t y  
changes af ter  t h r e e  years  of f r e s h  cold-water inlec-  
t i o n  a t  t h e  high rate. The f i g u r e  shows a marked 
bell-shaped anomaly where the maximum change i s  more 
than  709. The anomaly i s  almost e n t i r e l y  due t o  t h e  
s a l i n i t y  r a t h e r  than t h e  temperature cont ras t .  The 
approximate p o s i t i o n  of t h e  chemical f r o n t  may be 
est imated by a "half-width" c a l c u l a t i o n .  That is ,  
t h e  plume boundary w i l l  be approximately located a t  a 
p o s i t i o n  corresponding t o  ha l f  t h e  maximum anomaly. 
I n  this case this corresponds t o  450 m from t h e  w e l l  
where t h e  a c t u a l  p o s i t i o n  is 400 m. Another method 
of  determining t h e  rad ius  4s to match t h e  curve t o  a 
family of curves  f o r  var ious  cy l inder  r a d i i  and 
he ights .  Prel iminary c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  
shape of t h e  curve depends mainly on t h e  rad ius  of 
t h e  cyl inder .  A change i n  t h e  r e s i s t i v i t y  c o n t r a s t  
a f f e c t s  only the amplitude of t h e  curve; a change i n  
t h e  reservoi r  thickness  has a similar e f f e c t .  
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Figure 5. Percent  d i f f e r e n c e  p l o t  f o r  c e n t r a l  down- 
hole e lec t rode  case a f t e r  t h r e e  years  of 
high-rate  i n j e c t i o n .  I is t h e  sur face  
p o s i t i o n  of t h e  cur ren t  e lec t rode ,  T is 
the sur face  p o s i t i o n  of t h e  thermal f r o n t ,  
and C i s  t h e  sur face  p o s i t i o n  of the cheui- 
ical ( s a l i n i t y )  f r o n t .  

Offse t  Downhole Electrode 

Although it is poss ib le  t o  determine t h e  loca- 
t i o n  of the plume under t h e  condi t ions given above, 
it mayl be very d i f f i c u l t  t o  use t h e  i n j e c t i o n  w e l l  
t o  i n j k c t  cur ren t .  W e  have therefore  considered a 
case wbere cur ren t  i s  i n j e c t e d  i n t o  a w e l l  wi thin 
t h e  rebervoir region but  a t  some dis tance  from t h e  
in jec tkon  w e l l  (Fig.  1 ) .  

Fbr t h i s  case t h e  reservoir region w a s  expanded 
from ai 1.6 x 1.6 km2 region t o  3.2 x 3.2 km2, so t h a t  
t h e  e f p e c t s  of a nearby boundary would not i n t e r f e r e  
with i p j e c t i o n  e f f e c t s .  The cur ren t  electrode vas 
p l a c e d ~  1066 m from t h e  i n j e c t i o n  w e l l  a t  a depth of 
900 m . ~  I n  Figure 6 t h e  r e s u l t s  a f t e r  three years  
of high r a t e  i n j e c t i o n  are p l o t t e d .  The f i g u r e  
c l e a r l y  shows an anomaly i n  t h e  region where f l u i d  
is i n j p c t e d  but the magnitude of the anomaly is 
s m a l l e k  than t h a t  observea i n  t h e  previous case. 
The anbmaly also has an asymmetric shape, and it is 
not cebtered over t he  i n j e c t i o n  w e l l  but  is d isp laced  
somewhat away from t h e  i n j e c t i o n  w e l l .  The asymme- 
t r i c  anomaly p a t t e r n  is t h e  r e s u l t  of subsurface 
cur ren t  r e d i s t r i b u t i o n  around t h e  zone of increased 
r e s i s t i v i t y  due to  in jec t ion .  Currents  tend t o  
gather  a t  t h e  closer chemical f r o n t  boundary and 
d isperse  a t  t h e  f a r  boundary. A n  analogy may be 
made t o  f l u i d  flow where f l u i d  s t reaml ines  envelop 
an impermeable objec t .  Some i n d i c a t i o n  of t h e  
thermal f r o n t  may be seen i n  t h e  irregular shape of 
t h e  curve a t  t h e  crest of the anomaly. The e f f e c t  

i n  f i e l d  data .  

~ 

appears t o  be t o o  small ,  however, t o  be observable 

For t h e  o f f s e t  case a half-width c a l c u l a t i o n  may 
be made by averaging t h e  nears ide and f a r s i d e  appa- 
r e n t  r e s i s t i v i t y  d i f f e r e n c e  and a d j u s t i n g  t h e  anomaly 
t o  t h e  new l e v e l .  The half-width c a l c u l a t i o n  indi-  
c a t e s  a chemical f r o n t  440 m from t h e  i n j e c t i o n  w e l l  
which is i n  reasonable agreement with t h e  a c t u a l  
value of 404 m. 
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Figure 6 .  Percent  d i f f e r e n c e  p l o t  f o r  o f f s e t  down- 
hole i n j e c t i o n  case a f t e r  t h r e e  years  of 
high-rate in]  ec t ion .  

Isochemical I n j e c t i o n  

To determine t h e  magnitude of t h e  r e s i s t i v i t y  
anomaly due s o l e l y  t o  thermal e f f e c t s  w e  have consi- 
dered a case where t h e  i n j e c t e d  water has t h e  same 
s a l i n i t y  a s  t h e  in-s i tu  water. W e  consider  high-rate  
i n j e c t i o n  and a c e n t r a l  downhole e lec t rode .  

I n  Figure 7 w e  p l o t  the  percent  apparent resis- 
t i v i t y  change f o r  t h e  isochemical i n j e c t i o n  case. 
The bell-shaped anomaly has a maximum amplitude of 
only about t w o  percent  and a half-width of about 
200 m, i n  good agreement with t h e  rad ius  R t  = 160 m 
of t h e  thermally swept region. I f  t h e  i n j e c t e d  water 
were 30°C ins tead  of 100°C t h e  m a x i m u m  r e s i s t i v i t y  
change would be seven percent .  The thermal a f f e c t s  
seem minor compared t o  chemical a f f e c t s  f o r  two 
reasons; f i r s t ,  because hea t  exchange i s  occurr ing 
between the i n j e c t e d  f l u i d  and t h e  rock, t h e  ther -  
mally a f f e c t e d  region i s  considerably smaller than 
t h e  svept  region; secondly, t h e  v a r i a t i o n  of resis- 
t i v i t y  with temperature i s  much smaller  than  t h e  
v a r i a t i o n  with f l u i d  s a l i n i t y ;  t h i s  is p a r t i c u l a r l y  
t r u e  f o r  temperatures above 100°C. 
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Figure 7 .  Percent  d i f fe rence  p l o t  f o r  t h e  isochemical 
downhole i n j e c t i o n  case a f t e r  t h r e e  years  
of high-rate i n j e c t i o n .  
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Figure 8. Percent  d i f f e r e n c e  plot  f o r  t h e  high 
s a l i n i t y  downhole i n l e c t i o n  case a f t e r  
t h r e e  years  of high-rate  i n j e c t i o n .  

s a l i n e  water I n j e c t i o n  

I n  the f i n a l  case considered, t h e  i n j e c t e d  water 
has  a temperature of 100°C and i s  50 % more s a l i n e  
than  i n - s i t u  w a t e r .  This  is r e p r e s e n t a t i v e  of a 
case where spent  geothermal b r i n e  is r e i n j e c t e d  
i n t o  t h e  reservoir. Again a central  downhole 
c u r r e n t  e lec t rode  i s  used with high-rate  i n j e c t i o n .  

I n  Figure 8 a c h a r a c t e r i s t i c  bell-shaped curve 
i s  observed with a half-width of 450 m. 
is negat ive corresponding t o  a decrease i n  resis- 
t i v i t y  i n  t h e  i n j e c t e d  region. 
t i v i t y  i n  t h e  swept region decreased only  by about a 
f a c t o r  of 2 ,  t h e  m a x i m u m  anomaly is almost 20 %. 
This  means t h a t  t h e  measurement i s  more s e n s i t i v e  
when t h e  i n j e c t e d  water is nore s a l i n e  than  t h e  
i n - s i t u  f l u i d .  

The anomaly 

Although t h e  resis- 

CONCLUSIONS 

1 
The m a j o r  conclusions reached by t h i s  s tudy are: 

It is poss ib le  t o  locate t h e  posit ion of in)ec- 
t i o n  plumes i f  the  s a l i n i t y  of t h e  i n j e c t e d  w a t e r  
d i f f e r s  s i g n i f i c a n t l y  f r a n  i n - s i t u  water and a 
r e l a t i v e l y  l a r g e  mass of water is in jec ted .  

2 )  Downhole-surface r e s i s t i v i t y  a r r a y s  can better 
detect in jec tson  plumes than sur face  measurements. 

3 )  The change i n  apparent r e s i s t i v i t y  due t o  t h e  
thermal plume is only one-tenth t h a t  of the chemi- 
cal plume and it may be d i f f i c u l t  t o  locate t h e  
thermal f r o n t s  i f  t h e r e  is  a s a l i n i t y  d i f f e r e n c e  
between i n j e c t e d  and in - s i tu  water. 

4 )  R e s i s t i v i t y  measurements a r e  more s e n s i t i v e  when , 
i n j e c t e d  water is more s a l i n e  than when it is  
less s a l i n e  than  the i n - s i t u  water. 

Our s imulat ions provide some encouragement f o r  
applying dc r e s i s t i v i t y  methods t o  monitor i n j e c t i o n  
operations. Actual f i e l d  cases w i l l  l i k e l y  be f a r  
more complex than t h e  i d e a l i z e d  models considered i n  
t h i s  paper. For example, t h e  reservoi r  may be frac-  
t u r e d ,  or t h e  i n j e c t e d  water may have l i t t l e  resis- 
t i v i t y  c o n t r a s t  wi th  t h e  r e s e r v o i r  water. E i t h e r  of 
these circumstances make t h e  problem more d i f f i c u l t .  
It appears, however, t h a t  t h e  technique shows p r a i s e  
and should be appl ied t o  a c t u a l  f i e l d  problems. 
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