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EVALUATION OF CHEMICAL TRACERS FOR GEOTHERMAL USE
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Stanf o r d Geothermal Program 
Stanford Un ive rs i t y , CA 94305, USA

ABSTRACT

The use o f waste water r e i n j e c t i o n schemes has
l e d t o subs tan t ia l i n t e r e s t i n t r a c e r  t e s t i n g .  
Tracers have been used t o est imate t h e  l e n g t h  o f
t ime necessary f o r i n j e c t e d water t o be recyc led
through t h e r e s e r v o i r back t o t h e producing w e l l .
Experience i n recen t years has shown t h a t i n f r a c-
tu red systems t h e t r a n s i t t ime i s s u r p r i s i n g l y short
and r e i n j e c t e d water has caused losses i n produc-
t i v i t y due t o enthalpy dec l ine . This paper exam-
ines t h e advantages and disadvantages o f chemical
t r a c e r  m a t e r i a l s  w i t h a view t o t h e i r use i n eval-
u a t i n g r e i n j e c t i o n schemes.
based on 1aboratory experiments performed a t
Stanford over the l a s t year us ing core m a t e r i a l
from Los Azufres geothermal f i e l d i n Mexico and
Iod ide and Bromide t racers . Major conc lus ions
reached were t h a t halogen i o n t racers a r e genera l l y
s u f f i c i e n t l y e a t r e s e r v o i r temperatures but
su f fe red from concentrat ion l o s s as a f u n c t i o n o f
t ime. This l o s s appears t o be independent o f con-
c e n t r a t i o n and temperature, and i s a t l e a s t p a r t l y
r e v e r s i b l e . These r e s u l t s i g h t the need f o r
l a b o r a t o r y experiments such as these w i t h r e s e r v o i r
s p e c i f i c rock  mate r ia l s  before performing a f i e l d
t e s t .

These observat ions a r e

INTRO DUCT I0N

A t r a c e r i s an i d e n t i f i a b l e substance t h a t can
be fo l lowed through t h e course o f a process prov id-
i n g in fo rmat ion on t h e  p a t t e r n  o f events i n t h e
process o r on t h e r e d i s t r i b u t i o n o f the p a r t s o r
elements invo lved. A t r a c e r i s a s imu la to r . I t
must be s i m i l a r i n behavior t o the substance which
i t has t o t race, y e t i t must be s u f f i c i e n t l y d i f -
f e r e n t t o be i d e n t i f i a b l e . These a r e two contra-
d i c t o r y cond i t i ons . The s e l e c t i o n o f a t r a c e r i s
thus a search f o r a compromise.

I n the management o f geothermal r e s e r v o i r s ,
t r a c e r s have become an impor tant t o o l . They have
prov ided va luable i n s i g h t i n t o t h e problem o f s h o r t
c i r c u i t i n g of waste water between r e i n j e c t i o n and
product ion w e l l s Horne and b) . Tracer t e s t s
prov ide a method o f eva lua t ing  the  nature o f the
f r a c t u r e system (Fossum and Horne, 1982) and thus
the p o t e n t i a l f o r s h o r t - c i r c u i t i n g problems.

Tracers which have been used i n geothermal
r e s e r v o i r s can be d i v i d e d i n t o general groups:
(1 chemical t racers ; and ( 2 ) r a d i o a c t i v e t racers .
Chemical t race rs  a re  those which can be i d e n t i f i e d
and measured q u a n t i t a t i v e l y by general a n a l y t i c a l
methods such as conduc t i v i t y , r e f r a c t i v e index and

spectrometry, Radioact ive t racers  a re  
detected by t h e i r emi t ted r a d i a t i o n ,  u s u a l l y  beta

o r gamma. Radioact ive t r a c e r s present more severe
1icens ing and s a f e t y concerns than chemical t r a c -
ers and t h i s study, therefore, inves t iga ted  the  
use o f chemical t race rs o n l y .

Tracers can be f u r t h e r subdivided i n t o those
which can be made p a r t o f the na tu ra l system and
those which cannot. The f i r s t group inc ludes
rad io i so topes o f c o n s t i t u e n t elements i n the res-
e r v o i r f l u i d s . These t r a c e r s o n l y have t o achieve
e q u i l i b r i u m w i t h t h e i r own non- radioact ive k ind.
The second group o f t racers inc ludes most chemical
t race rs . This group has t o e s t a b l i s h e q u i l i b r i u m
w i t h every o t h e r k i n d present i n the system. As a
r e s u l t , non-equi l ibr ium processes such as d isso lu-
t i o n , i o n exchange, d i f f u s i o n i n s i d e so l ids , and
adsorp t ion can occur between t r a c e r and r e s e r v o i r
rock. These non- equi l ibr ium processes w i l l be o f
g r e a t importance i n the f i e l d . These var ious types
o f reac t ions occur a t a microscopic l e v e l and l e a d
t o changes i n t r a c e r concentrat ion as t h e t r a c e r
f l u i d f l ows through t h e porous media.

This i n v e s t i g a t i o n was concerned w i t h the
c h a r a c t e r i s t i c s of chemical t r a c e r r e t e n t i o n i n
r e s e r v o i r rock.
concerning t r a c e r behavior i n reservo i rs , the r e-
t e n t i o n parameter was not q u a n t i f i e d and thus ne-
g lec ted i n the i n t e r p r e t a t i o n o f the t r a c e r r e -
t u r n . This i n v e s t i g a t i o n s e t out, therefore, t o
examine the magnitude o f the r e t e n t i o n problem,
and t o determine how i t may a f f e c t the i n t e r p r e t a-
t i o n o f t r a c e r t e s t r e s u l t s .

I n most o f the previous work done

PREV IOUS WORK

Strum and Johnson (1950) s tud ied  the  r e s u l t s
o f several t r a c e r  t e s t s  us ing br ine,  f l uo resce in
dye, and a sur face a c t i v e compound.
v e r i f i e d the ex is tence o f d i r e c t i o n a l permeabil i-
t i e s which had al ready been measured on core sam-
p les .
f i r s t t o i l l u s t r a t e the important use o f t racers
i n v e r i f y i n g r e s e r v o i r  c h a r a c t e r i s t i c s .  

Thei r r e s u l t s

The i r  f i nd ings  a re  genera l l y  considered the

A comprehensive 1i s t o f in fo rmat ion obta in-
able from t r a c e r t e s t s was presented by Wagner
(1974) who s tud ied the r e s u l t s o f twenty t r a c e r
programs conducted i n petroleum r e s e r v o i r s under-
going water f loods, gas dr i ves and water so lvent
i n j e c t i o n operat ions.

The use o f t r a c e r t e s t s i n eva lua t ing  the  
s h o r t - c i r c u i t i n g problem found i n geothermal res-
e r v o i r s undergoing waste water r e i n j e c t i o n was
summarized i n and b) . The nature o f
the f r a c t u r e system a t Wairakei was est imated by
Fossum and Horne (1982) us ing  the  r e s u l t s o f
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tracer tes ts performed by the Institute of Nucle-
a r Sciences (McCabe, Barry and Manning, 1981 ) .

The macroscopic processes of dispersion, dif-
fusion a n d convection were considered by Horne and
Rodriguez (1981); the present work i s primarily
concerned with the microscopic processes seen i n
tracer flow. Microscopic processes include adsorp-
t i o n , i o n exchange, dissolution and diffusion i n -
side solids. These processes are due t o chemical
or physical changes in the tracer and lead to
tracer retention in the reservoir.

Vetter (1981) made an attempt t o quantify
radioactive tracer adsorption i n porous media.
This paper focuses on chemical tracers and the pa-
rameters causing their retention.

THE RETENTION EXPERIMENTS

The experimental apparatus consisted of an
a i r bath , core holder, confining pressure system,
water flow system, tracer flow system, temperature
recording device, and cooling system. The confin-
i n g pressure and water flow systems were designed
and constructed by A . Sageev (Sageev, 1980).
schematic diagram of the apparatus i s shown i n
Figure 1 .

A

0 TRACER
AIR

WATER

PRIMARY
RESERVOIR

Figure 1 A schematic of the water flow systems

The core material was a volcanic andesite
which was taken from the Los Azufres geothermal
field, Mexico.
i ty , the rock was crushed and sieved t o various
size fractions. A mixture of 40 t o 140 mesh size
was selected t o be used.
rinsed and washed several times before packing into
the core hol der.
w i t h a Russell Volumeter.

Due t o the extremely low permeabil-

The mesh range was

Porosity measurements were made

The a i r b a t h houses the core holder which
hangs from the ceiling t o minimize vibration while
the a i r b a t h i s operating. In addition, the a i r
b a t h houses the heating coils ahead of the core,
the core bypass loop, flow lines, high temperature
three-way valves, confining pressure l ine and
thermocoupl es.

The assembled core holder i s designed t o with-

The viton sleeve supporting the core mate-

stand a maximum confining pressure of 4000 psig.
The core plugs are sealed by rings a t b o t h
ends.
rial i s rated n o t t o exceed 350 F, setting an
upper temperature limit on all the experiments.
The v i t o n sleeve is held in an aluminum perforated
sleeve between the core plugs.

The viton sleeve i s pressurized from the ou t-
side by the confining pressure system.
pressure vessel i s located outside the a i r b a t h
and holds b o t h oil and water. The water outlet i s
located on the lower end of the vessel while the
oil  outlet  i s on the upper end. Water was used in
the confining chamber of the core holder t o mini-
mize the risk of contamination should a failure
occur i n the viton sleeve of the core holder. The
pressure i s applied by an Enerpac hand pump rated
a t 10,000 psig. The pump i s oil operated.

A high

The water flow system i s comprised of the in-
take reservoir, water pump, excess flow loop,
f i l t e r s , and core bypass loop. The pump i s capa-
ble of producing a maximum flow of about 1150

a t room conditions.

The core bypass loop was built into the water
flow system so t h a t the core could be isolated
during specific parts of an experimental run.
After tracer has been injected i n t o the system,
water flow i s diverted t h r o u g h the core bypass
loop, cleaning the system of chemical tracer from
the down stream core plug t o the outflow vessel.
The result i s t h a t during the displacement of 
tracer, only tracer t h a t has been in the core, and
not the flow t u b i n g , i s collected and analyzed.

The tracer flow system consists o f a gas sys-
tem, tracer container, and a high pressure tracer
vessel. A 2200 psig nitrogen bottle supplies gas
t o charge the high pressure tracer vessel. Nitro-
gen served as the displacement fluid driving chem-
ical tracer t h r o u g h the core. All experimental
runs were made w i t h a gas pressure of 250 psig.
The high pressure vessel i s stainless steel a n d
capable of holding 260 cc of chemical tracer under
pressures u p t o 1000 psig. Before each run, the
h i g h pressure vessel i s f i l led with tracers from
the tracer container by gravity drainage.

Five thermocouples are scanned once every ten
seconds by a Leeds and Northrup Speedomax Recorder
which records temperatures in and around the core
holder.
a i r b a t h , i s a heat exchanger, pressure gauge
rated t o 800 psig, and a needle valve. The needle
valve i s used t o regulate the downstream pressure.
I t i s impor t an t t o keep the pressure above 100
psig t o prevent flash vaporization during the dis-
placement of tracer from the core.

Downstream of the core holder, outside the

Chemical analysis t o obtain tracer concentra-
t i o n was performed w i t h Orion Model 94 single
junction reference electrodes . Model 94-53 i s
iodide specific, and Model 94-35 i s bromide spe-
c i f ic . Ion specific electrodes allow for ion
concentrations t o be measured quickly and
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accurate ly . Est imated accuracy i s 0.2 ppm.
Measurements a r e read o f f the Or ion Model 901
iona lyze r meter.

RESULTS

The core dimensions were taken w i t h a micrg-
meter. The up stream measurements a re taken 90

w h i l e the down stream measurements a r e taken
120 a p a r t t o ensure accuracy around the core plugs.
The p o r o s i t y was measured w i t h a Russel volumeter.
The permeab i l i t y was measured using pressure taps 
upstream and downstream o f the core. The r e s u l t s
a re presented below:

Length o f sand

Diameter o f sand

Area o f sand

Volume o f sand

= 15.348 cm

= 2.596 cm

= 5.293 cm
2

= 81.237 cc

Weight o f sand = 126.5 g

Sand d e n s i t y (packed) = 1.557

= 46.7%

= 2.3 md

P o r o s i t y

1 t y

I n order t o q u a n t i f y t r a c e r r e t e n t i o n under
d i f f e r e n t condi t ions, i t was necessary t o analyze
the water before and a f t e r i t had been i n the core
f o r background concentrat ions o f the t raced ions
( I , B r ) . The ana lys is o f water before i t had been
through the core revealed t r a c e amounts 0.5 ppm)
o f i o d i d e and bromide.

The water background was analyzed a f t e r a
three-day residence i n the core a t
sul t s a re as fo l l ows :

The r e -

Iod ide

Bromide

Bicarbonate

Calcium

Chlor ide

Magnesium

Pot a s ium

Sod i

f a t e

Tota l Dissolved Sol i d s

Concentrat ion (ppm)

0.26

1

70.0

19.0

9.0

0.0

4.5

16.0

210.0

The t o t a l o f the comnon s a l t s equals one-hal f o f
the t o t a l d i sso lved s o l i d s . Some o t h e r s a l t must
be present, perhaps s i l i c a . The low concentrat ions
o f i o d i d e and bromide made i t poss ib le t o s e l e c t
them as t racers . I n add i t i on ,  the  water background
ana lys is made i t poss ib le t o account f o r t r a c e r
amounts i n the m a t e r i a l balance c a l c u l a t i o n s .

I n each o f the experimental runs, complete
s a t u r a t i o n o f the core w i t h t r a c e r was achieved by
f l o w i n g th ree pore volumes (114 cc ) .
sumed i n a l l t h e c a l c u l a t i o n s t h a t as long as com-

It was as-

p l e t e s a t u r a t i o n o f t r a c e r i n the core was .
achieved, t h e amount of t r a c e r  r e t a i n e d  was no t
dependent upon the amount o f t r a c e r in jec ted .

A summary o f the experimental runs and re-
The f i r s ts u l t s i s presented i n Table 1.

runs #2, #3) were made w i t h potassium i o d i d e
a t room temperature w i t h a two-hour residence t ime. 
The r e s u l t s from Table 1 show t h a t there was an
increase i n t h e amount o f r e t e n t i o n  w i t h  an i n -
crease i n t r a c e r concentrat ion. However, the
percentage o f t r a c e r  r e t a i n e d  was so small (0.6%
t o 4.5%) t h a t f o r a l l p r a c t i c a l purposes, i t can
be assumed t h a t r e t e n t i o n i s n e g l i g i b l e under these
cond i t i ons (two-hour residence, room temperature).

The next se r ies o f experimental runs #5,
#6, #7, #8) were made under i d e n t i c a l cond i t i ons
(three-day residence, K I t race r , bu t w i t h
t h e t r a c e r concentrat ion inc reas ing from 10 ppm
t o 500 ppm. The o b j e c t i v e o f these runs was t o
t e s t the e f f e c t o f inc reas ing t r a c e r concentrat ion
on r e t e n t i o n . The r e s u l t s expressed as a percent-
age r e t e n t i o n are seen g r a p h i c a l l y i n Figure 2.
For the 20 ppm t o 500 ppm runs, the percentage re-
t e n t i o n was q u i t e constant, va ry ing between 61.6%
and 69.4%.
percentage r e t e n t i o n o f 30.6%.
c l o s e r t o the normal background a t Los Azufres,
which i s around 1 ppm ( I g l e s i a s and H i r i a r t ,
and may be l e s s o f a p e r t u r b a t i o n t o the  iod ide  
e q u i l i b r i u m o f the system.
mental runs w i t h K I were made using 10 ppm concen-
t r a t i o n o f t r a c e r .
i o d i d e f o r three-day residence a t 300 F. This r u n
fol lowed runs which used increas ing t r a c e r
concentrat ion.
back t o a low concentrat ion o f t r a c e r t o see i f
the microscopic processes causing r e t e n t i o n were
r e v e r s i b l e .
0.379 mg o f t r a c e r . A t the end o f the residence
t ime, more t r a c e r was produced (0.59 mg) than had
been i n j e c t e d . Assuming t h a t a l l the t r a c e r had
been produced from the previous run t h i s
shows t h a t the r e t e n t i o n was reversed.

The 10 ppm run showed a much smal ler
10 ppm i s much

The remaining exper i -

Run was w i t h

The o b j e c t i v e o f r u n was t o go

The pore volume was i n j e c t e d w i t h

To study the e f f e c t o f residence t ime on
t r a c e r  r e t e n t i o n ,  runs and #12 were made using
10 ppm potassium iod ide a t but w i t h r e s i -
dence t imes o f one-day and two-hours, respec t i ve ly .
The r e s u l t s o f these two runs, together w i t h run

(three-day residence) are seen i n Figure 3.
Tracer r e t e n t i o n increases w i t h inc reas ing r e s i -
dence t ime and appears t o reach an e q u i l i b r i u m
value given a long enough residence t ime. 

The e f f e c t o f temperature on r e t e n t i o n i s seen

These two comparisons do not show a
by comparing run w i t h run and r u n w i t h
run
cons is ten t temperature e f f e c t .

The l a s t r u n was made using a d i f f e r e n t

The r e s u l t was t h a t
chemical t r a c e r , sodium a t 1 0 ppm f o r
three-day residence a t 300 F.
0.136 mg were re ta ined , represent ing 35.9% o f the
amount i n j e c t e d . Comparing t h i s  r e s u l t  t o potas-
sium iod ide  ( run  #4) under i d e n t i c a l condi t ions,
the potassium i o d i d e showed 30.6% t r a c e r reten-
t i o n . Thus, i t appears t h a t bo th  t racers  have
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TABLE 1

of Experiment81

Born

Born
300
300
300
300
300
300
300

300
300

1.895

1.895
3.79
18.95

18.95

1
2
3
4

6
7
8 Kl
9
10
11
12
13

10
50
500
10
20
50
100

10
10
10
10
10

1.81
18.84

,238

1.16
7.28

.243

.11

.52
1.28
2.63
11.67

2.9
4.5
0.6
30.6
68.6
67.5
69.4
61.6

25.9
82.8
16.9
35.9

12.0 120 . 1 2

10.0 100

8.0

c

6.0

a

c

.06

a

.044.0

2.0 20

0I I I I I

0 200 400

Concentration

I I

1 2 3
Residence Time (days)

Figure 2 Potassium Iodide,
3 day Residence,

Figure 3 Potassium Iodide,
10 ppm,
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s im i l a r degrees o f re ten t i on under these condit ions.

CONCLUSIONS

The fac to rs causing chemical t racer re ten t i on
i n Los Azufres andesite were evaluated i n t h i s
1aboratory study.
ducing t racer  re ten t ion  include adsorption, d i f f u -
sion, d isso lu t ion and i o n exchange.
composite e f f ec t , retent ion, t h a t we are most con-
cerned wi th. An apparatus was designed and b u i l t
capable o f measuring t racer i n
media a t moderate temperature (300 F - 150 C).

The microscopic processes pro-

It i s t h e i r

The e f f ec t s o f d i f f e r e n t chemical t racers,
t racer concentration, residence time and tempera-
t u r e on re ten t i on were evaluated.
conclusions were reached:

The fo l low ing

1.

2.

3.

4.

5.

6.

An increase i n t racer concentrat ion pro-
duces an increase i n re ten t ion .

An increase i n residence time produces an
increase i n t racer  re ten t ion .  

The microscopic processes comprising
re ten t i on are a t l eas t p a r t i a l l y re-
vers ib le.

Potassium iod ide showed very s im i l a r re-
ten t i on values t o sodium bromide under 
i den t i ca l condit ions.

The e f f e c t o f temperature on re ten t i on was
not conclusive, but appears t o be a minor
fac to r .

S ign i f i can t amounts o f iod ide and bromide 
t racers can be re ta ined i n reservo i r
rocks, and t h i s e f f e c t must be considered
i n designing f i e l d tests.
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