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EVALUATION OF WELL-TO-WELL TRACERS FOR GEOTHERMAL RESERVOIRS 
PART 1: LITERATURE SURVEY 

0. J. Vetter and K. P. Zinnow 
Vetter Research, Costa Mesa, California 

SUMMARY 

Published literature on tracers in und 
reservoirs is reviewed. Emphasis was placed (a) 
on current use of radiotracers, (b) on interwell 
applications , (c) on the processes involving 
tracers flowing between wells, and (d) on 
geothermal applications of tracers. 
portion of this report is concerned with the 
concepts of tracer flow. 
tracer dispersion and adsorption are discussed. 
The models can be put to test in a laboratory 
environment. Based on these models, flow in 
five-spot, geometry has been modeled for field 
conditions. 
models can be used in field tests to predict 
produced tracer concentrations at the surface. 
This is the basis of a tracer program design to 
be discussed in Part 2 of these reports. 

c__ 

The major 

Basic models for 

A generalized modification of these 

CONCLUSIONS 

in evaluating the tracer flow paths 
through analyzing of production well 
fluids. 

I 

7. In order to understand the produced 
tracer concentrations as a function of 
time, flow models have been developed. 

The basic models predict symmetrical 
elution curves because they have only 
one adjustable parameter, for example 
the dispersion coefficient, which can 
be related to a standard deviation. 

Elution curves produced in the 
laboratory even under most idealized 
conditions are normally not symmetrical 
but skewed. 

. 

9 .  

10. Skewed elution curves need more 
elaborate models with more adjustable 
parameters. 

1. Tracers are a convenient'tool for many 
jobs to verify or investigate critical 
characteristics of subterranean 
reservoirs. 

11. "Capacitance" models have been 
developed with two more parameters. 
The volume fraction of a non-flowing 
region the pore space and a constant 
describing the exchange rate between 
the flowing and the non-flowing regions 
must be considered. 

2. Well-to-well tracers should not replace 
conventional pressure and rate 
measurements used for reservoir 
characterizations. Both investigation 2. Three adjustable parameters are 
methods compliment each other. sufficient to fit the experimental 

elution curves in one-dimensional flow. 
Radioactive tracers require ve There are many causes for the skewness 
amounts compared to other chemical of elution curves, for example, the 
tracers. This may offer the only geometry of the porous medium: it has 
economical means for tracer jobs in to be sufficiently wide and long in 
geothermal operations because of the 

symmetrical elution curve. 
U order to be able to produce a 

13. The interaction of the tracer with the 
4. Tracers have become rock material is also seen as 

many applications in 
reservoirs. characteristics. 

influencing the elution 

, in particular, used to . A model involving Langmuir adsorption 
determine the path and r 
of reservoir fluids. interactions. This model has more 

can account for many of the rockltracer 

adjustable parameters than the 
6. When added to injected fluids, they capacitance models. 

disperse within the reservoir. This 
dispersion causes considerable problems 15. The many-parameter models have not been 

1 



16. 

17. 

18. 

19. 

20. 

21. 

transferred to field conditions. They 
do not appear to be applicable because 
of their complexity. 

One of the flow models can give the 
tracer dispersion in a five-spot 
geometry . 
This model has been modified for 
multifluid, multiwell situations and 
layered reservoirs. 
to predict, for example, peak 
concentrations of eluting tracers. 

It has been used 

1.0 INTRODUCTION 

A tracer is, according to the American Heritage 
Dictionary, "An identifiable substance.. .that 
can be followed through the course of 
a...process, providing information on the 
pattern of events in the process or on the 
redistribution of the parts or elements 
involved". The substances are usually chemical 
elements (ions, isotopes) or compounds 
(complexes, molecules). They are identified 
through some detectable property or reaction 
such as mass, color, absorption or emission of 
radiation, etc. The properties of tracers will 
be the contents of sections 2.0 and 3.0 of this 
report. Sections 4 . 0  to 4.2 will deal with the 
information which can be provided by tracers 
used in the process of interest here: the 
movement of fluids in underground reservoirs. 
The introduction of tracers into this fluid flow 
process, however, can modify the processes 
adding some effects on its own. These 
non-equilibrium processes are discussed in 
section 5.0. They provide the basis for models 
and measurements reported in sections 6.0 to 

- 

This flow model has been used as a 
basis for the design of many tracer 
programs in oil and gas fields. It 
seems also to be applicable for 
geothermal reservoirs. 

Reports of application of tracers in 
geothermal operations are scarce. 
Field experiences as well as laboratory 
experiments under simulated conditions 
seem to be necessary. 

Well-to-well tracer applications may 
become a critical requirement for the 
reinjection of heat-depleted brines 
into geothermal reservoirs. Only 
properly chosen tracers will allow a 
constant and quantitative reservoir 
verification to recognize the 
detrimental channeling from injection 
to production wells. 

Without early recognition of injection 
water breakthrough in a quantitative 
fashion long lasting reservoir damage 
will be experienced. Tracers are a 
perfect and economical means to 
immediately detect and quantify this 
detrimental breakthrough. 

f 

9.0. Actual field tests and experiences are 
reflected in section 10.0. Sections 11.0 to 
11.3 finally, will present the possibilities and 
difficulties of applying tracers in geothermal 
reservoirs. 

2.0 TRACER PROPERTIES 

A tracer is a simulator. It must be very 
similar to the substance which it has to trace, 
in every respect that is of importance in the 
process through which it is tracing. It must, 
on the other hand, be very different so as to be 
identifiable. These are two contradictory 
conditions. The selection of a tracer is thus 
the search for a compromise. For the tracer not 
to influence the process itself it must be used 
in quantities as small as possible. 

By the amounts necessary for a given job, 
tracers can be divided into two groups: 
chemical tracers and radioactive tracers. 
Chemical tracers are those which have to be 
identified by general analytical methods such as 
conductivity , refractive index, elemental 
spectrometry, etc., while radiotracers are 
detected by their emitted radiation, usually 
beta or gamma. The amounts of tracer which have 
to be used are determined by the detection 
limits of these methods. Liquid scintillation 
counters for beta-radiation and 
gamma-spectrometers are by many orders of 
magnitude more sensitive than other and more 
conventional determination methods and 
instruments. Thus, minute quantities of 
radioactive tracers are required compared with 
chemical tracers. This makes handling them 
comparatively easy, too, although the 
radioactivity demands that certain precautionary 
measures be taken. The arrival of the tracer at 
some predetermined site is usually monitored 
over some length of time. The change of tracer 
concentration over this time span can give a 
wealth of information on how the tracer got 
there. This, in turn, allows to draw 
conclusions on the process (or processes) it was 
involved in. 

-- 

3.0 RADIOACTIVE VERSUS CHEMICAL TRACERS - 
Radioactive tracers have mainly two advantages' 
over chemical tracers: 

1. Radioisotopes of elements can be used , 

which are part of the system to be 
traced. Thus, radioisotopes can have a 
large amount of carrier which is 
identical in every respect but 
radioactivity. Any chemical reaction 
and all physical processes not 
influenced by radioactivity, especially, 
adsorption, dispersion and flow 
characteristics which are of interest 
in this investigation, are identical 
for carrier and radioisotope. Except ' 
for isotope effects, a radioisotope cad 
be an ideal tracer. It is involved in 
a physico-chemical reaction such as ' 
adsorption not according to its total 
concentration but only to the fraction 

2 

I 

I 
i 

I 



i t  r e p r e s e n t s  i n  the  c a r r i e r .  The 
l o s s e s  of t hese  r a d i o t r a c e r s  a r e ,  t hus ,  
minimal. In  aqueous systems, t r i t i a t e d  
water  i s  a t r a c e r  of t h i s  kind. For 
t h i s  reason, t r i t i u m  has  been found 
"exce l l en t  and may be t h e  only 
p r a c t i c a l  t r ace r "  i n  water  flood 
p r o j e c t s  (Burwell 111). 

2. The d e t e c t i o n  l i m i t  f o r  r ad io i so topes  
i s  u s u a l l y  one i n  1.OE19 t o  1.OE22 
p a r t s .  One t r i t i u m  atom can be 
de t ec t ed  i n  1.OE19 hydrogen atoms 
(Bol ivar  and Farouq A l i  [ 2 ] ) .  
Detec t ion  l i m i t s  f o r  chemical t r a c e r s ,  
on t h e  o the r  hand, a r e  normally i n  t h e  
ppm t o  ppb range. 

Both these  advantages have t h e  common r e s u l t  
t h a t  very minute amounts of r a d i o t r a c e r s  a r e  
necessary  compared t o  t h e  q u a n t i t i e s  o f  chemical 
t r a c e r s  prev ious ly  requi red .  

4.0 APPLICATION OF TRACERS IN WELLS 
AND UNDERGRO~TDT~ESVOTES- - - 

There a r e  many f e a t u r e s  and processes  which 
determine the  progress  of t r a c e r  concent ra t ion .  
Thus, many conclus ions  can be drawn, from a 
produced t r a c e r ,  with r e spec t  t o  an otherwise 
i n a c c e s s i b l e  underground f l u i d  r e s e r v o i r .  The 
k inds  o f  ques t ions  a t r a c e r  i s  asked t o  answer 
a r e :  What i s  t h e  remaining o i l  s a t u r a t i o n  i n  
t h e  r e s e r v o i r ?  
a water  flood? What i s  t h e  r a t e  of flow between 
wel l s?  Can a bad s i t u a t i o n  be remedied? The 
answers t o  a l l  of t hese  ques t ions  r e q u i r e  
knowledge about r e s e r v o i r  f e a t u r e s  which a r e  
normally t o o  f a r  from a w e l l ,  and sometimes very 
l o c a l i z e d ,  t o  be gained i n  any o t h e r  f e a s i b l e  
way. Depending on t h e  problem a t  hand, t r a c e r s  
can be  s p e c i a l l y  se l ec t ed  to  provide j u s t  t h e  
informat ion  des i r ed .  We come he re  ac ross  a 
s l i g h t l y  d i f f e r e n t  meaning of t h e  term '!tracer" 
from the  one used so f a r .  The t racer ;  i s  not  
on ly  used f o r  following the  path of t h e  hos t  
f l u i d  as unobt rus ive ly  as p o s s i b l e  but a l s o  
g e t t i n g  involved i n  some s p e c i a l  p rocesses  o 
i t s  own i n  which t h e  h o s t  f l u i d  t akes  no p a r t .  
S t r i c t l y ,  t h i s  would not be d e s i r a b l e  of a 
t r a c e r ,  y e t  i t  i s  sometimes f o r t u n a t e  and can be 
used t o  g r e a t  advantage. 
" t r ace r "  then i s  t h a t  i t  i s  p resen t  on ly  i n  . 

t r a c e s ,  t h a t  i s  i n  minute q u a n t i t i e s .  We w i l l  
s ee  more about t h e  i a l  p rocesses  involv ing  

What i s  t h e  sweep e f f i c i e n c y  of 

The new meaning of 

c t i o n  w i l l  f i r s t  d e a l  with 
Appl ica t ions  r e l a t e d  t o  t h e  

flow between w e l l s  is l e f t  t o  s e c t '  

4.1 SINGLE-WELL APPLICATIONS 

i v e  a review of 
r a d i o t r a c e r  a p p l i c a t i o n s  i n  petroleum indus t ry  
opera t ions .  The t r a c e r s  used a r e  
gama-emi t t e r s ,  de t ec t ed  by gamma-ray logging. 
In  f l u i d s ,  most commonly 1-131 is appl ied .  
Others such a s  Co-60 and Sc-46 a r e  a l s o  
f r equen t ly  used but have t h e  disadvantage of 

longer h a l f - l i f e  (5.3 years  and 84 days,  
r e s p e c t i v e l y ,  ve r sus  8 days) .  
a r e  e t h y l  bromide tagged with t r i t i u m ,  Kr-85, 
Xe-133, o r  Br-82, and 1-131 - tagged e t h y l  
iod ide .  P a r t i c u l a t e  t r a c e r s ,  such a s  g l a s s  o r  
p l a s t i c  beads, f r a c t u r i n g  sand, o r  i on  exchange 
r e s i n s ,  a r e  used a f t e r  tagging with Sc-46, 
Ir-192, and Zr-95/Nb-95. The main a r e a s  of 
a p p l i c a t i o n  a r e :  

Gaseous t r a c e r s  

4.1.1 WELL DRILLING -- 
Radio t racers  a r e  occas iona l ly  used t o  i d e n t i f y  
high-permeabi l i ty  zones i n t o  which d r i l l i n g  
f l u i d  i s  l o s t  (Edison 141). When too  much f l u i d  
i s  r e tu rned ,  a r ad io -ac t iva t ion  technique 
inducing a shor t - l ived  a c t i v i t y  i n  t h e  f l u i d  
allows t o  c o n t r o l  o r  t o  avoid p o t e n t i a l l y  
hazardous cond i t ions ,  e .g . ,  a blowout (Rickard 
[ 5 ] ) .  Another technique ,  repor ted  by Mi l l a r  and 
Buckles [6], and t e s t e d  i n  t h e  Mackenzie Del ta ,  
i s  t o  add t r i t i a t e d  water  t o  the  d r i l l i n g  mud t o  
determine t h e  amount of mud f i l t r a t e  which has  
invaded t h e  formation water.  The r a d i a l  ex ten t  
of t h e  invas ion  i s  a l s o  ind ica t ed .  I n  a s i m i l a r  
way, t h e  invas ion  of co re  samples can be 
determined by comparing the  pore water  with the  
d r i l l i n g  f l u i d  (Muskat and Coggeshall [ 71 ; 
Armstrong and Lovelace [8 ]  1. 

4.1.2 WELL COMPLETION -- 
Tracers  a r e  used f o r  o r i e n t a t i o n  and depth 
c o r r e l a t i o n  of p e r f o r a t o r s  i n  mul t ip l e - s t r ing  
completions.  Channels and cas ing  l eaks  can be 
loca ted  a f t e r  pumping a f l u i d  with t r a c e r  
through t h e  suspected wel lbore  reg ion .  A 
r a d i o t r a c e r  i n j ec to r -de tec to r  sonde used f o r  
t h i s  purpose permits e j e c t i o n  o f  up t o  100 
sepa ra t e  downhole t r a c e r  s lugs  without  
su r fac ing .  
be loca ted  by in t roduc ing  a r ad io i so tope  i n t o  
t h e  f i r s t  po r t ion  of t h e  cement s l u r r y  (Howell 
and Frosch 191).  When a p a r t i c u l a t e  t r a c e r  is 
mixed throughout t h e  cement, t h i e f  zones tak ing  
l a r g e  q u a n t i t i e s  of cement can be loca ted  
(Nore l ius  IlOl). Tagged depth markers a r e  used 
f o r  example, i n  s a l t  we l l s  t o  i n d i c a t e  t h e  s i z e  
of c a v i t i e s  c rea t ed  by t h e  c i r c u l a t i n g  water.  

The cement top  behind t h e  cas ing  can 

4.1.3 WELL TREATMENT -- 
I n  hydrau l i c  f r a c t u r i n g ,  some r a d i o a c t i v e  
p a r t i c l e s  mixed with the  propping agent g ive  
informat ion  on loca t ion ,  type ,  and o r i e n t a t i o n  
of f r a c t u r e s .  The informat ion  i s ,  however, 
accu ra t e  only  from t r a c e r s  w i th in  a few inches 
from t h e  borehole.  Radioac t ive  f l u i d s  have been 
appl ied  t o  l o c a t e  f r a c t u r e s ,  i n  hydrau l i c  
f r a c t u r i n g  as wel l  a s  i n  a c i d i z i n g  i n  carbonate  
rocks.  In a c i d i z i n g ,  t r a c e r s  a r e  a l s o  used t o  
c o n t r o l  t h e  e x t e n t  of formation exposed t o  t h e  
ac id .  With tagged water ,  in format ion  on the  
zones t h a t  w i l l  t ake  f l u i d  under pressure  can be 
obta ined  before  s t a r t i n g  t h e  ac id i z ing  process.  
Product ion p r o f i l e s  which g i v e  the  zones of 
f l u i d  e n t r y  and determine t h e  r a t e  of  e n t r y  a r e  
f r equen t ly  measured with a r a d i o t r a c e r  
i n j ec to r -de tec to r  probe. 
v e l o c i t y  measurements, t he  probe sometimes 
con ta ins  two d e t e c t o r s .  

For more accu ra t e  flow 

t h e  o i l  producing and 
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water producing zones can be de l inea ted  by 
i n j e c t i n g  r a d i o a c t i v e  o i l .  
produced, because of t h e  d i f f e r e n t  m i s c i b i l i t y ,  
i n  s h o r t e r  t i m e  from an o i l  producing zone than  
from a water producing zone. The water 
s a t u r a t i o n ,  t hus  can be es t imated  from t h e  t i m e  
it t akes  t o  produce t h e  i n j e c t e d  o i l .  
method of p r o f i l i n g  uses  t h e  i n t e r f a c e  between a 
r a d i o a c t i v e  and a non-radioactive f l u i d .  One of 
t h e  f l u i d s  i s  i n j e c t e d  through t h e  bottom of t h e  
w e l l .  By a d j u s t i n g  the  pumping p res su re ,  t h e  
i n t e r f a c e  can be moved upwards o r  down. 

Formation squeeze causes  co r ros ion  problems i n  
water producing we l l s .  Corrosion i n h i b i t o r s  
have been tagged with t r i t i u m  t o  determine t h e  
amounts of i n h i b i t o r  a c t i v e l y  p r o t e c t i n g ,  and 
remaining i n  t h e  formation. 
u t i l i z e s  a s t r i p  of r a d i o a c t i v e  s t e e l  placed 
downhole f o r  tagging  t h e  co r ros ion  products and 
determining the  co r ros ion  r a t e s .  Sca le  
i n h i b i t o r s  have been l abe led  with t r i t i u m  and 
phosphorous-32 t o  determine t h e  behavior of 
s c a l e  i n h i b i t o r s  under downhole cond i t ions  i l l ] .  
C r i t i c a l  adsorp t ion /desorp t ion  c h a r a c t e r i s t i c s  
a s  wel l  a s  i n h i b i t o r  compositions and 
hydrothermal s t a b i l i t y  of t h e  i n h i b i t o r s  can  be 
determined under a c t u a l  f i e l d  cond i t ions  [ I l l .  

This o i l  w i l l  be 

Another 

Another method 

4.1.4 ENHANCED RECOVERY 

One of t h e  more important a p p l i c a t i o n s  of 
chemical a s  wel l  a s  r a d i o a c t i v e  t r a c e r s  i n  
o i l f i e l d  ope ra t ions  i s  i n  t h e  secondary and 
t e r t i a r y  recovery of o i l .  There, t r a c e r s  a r e  
mainly used f o r  t h r e e  purposes:  

1. 

2. 

Measuring t h e  r e s i d u a l  o i l  s a t u r a t i o n ;  

Es t ab l i sh ing  t h e  i n j e c t i o n  p r o f i l e s  f o r  
water f lood ing  ope ra t ions ;  

Determining t h e  r a t e  and pa th  o f  t r a v e l  
between i n j e c t i o n  and product ion  we l l .  

3. 

4.1.4.1 MEASURING THE RESIDUAL 
OIL SATURATION - 

Dalton e t  a1 [12] desc r ibe  a s ing le-wel l  t r a c e r  
method t o  measure r e s i d u a l  o i l  s a t u r a t i o n  which 
i s  an advanced development of t h e  above 
mentioned method of measuring production 
p r o f i l e s  by i n j e c t i n g  r a d i o a c t i v e  o i l  s lugs .  
The method, based on t h e  theory  o f  
chromatographic sepa ra t ions ,  makes an in - s i tu  
measurement us ing  t r a c e  chemicals (no t  
r ad ioac t ive ! )  d i s so lved  i n  formation water.  
With t h i s  technique ,  averages  over l a r g e  volumes 
a r e  measured. The i n j e c t e d  primary t r a c e r ,  
methyl o r  e t h y l  a c e t a t e ,  p a r t i a l l y  hydro lyzes  i n  
t h e  r e s e r v o i r  t o  form the  secondary t r a c e r ,  
methanol o r  e thano l .  While methyl and e t h y l  
a c e t a t e  are so lub le  i n  both  o i l  and water, 
methanol and e thano l  are so lub le  only  water. 
This s epa ra t ion  of one t r a c e r  i n t o  two a l lows  US 

t o  apply t h e  p r i n c i p l e  of p a r t i t i o n  
chromatography. The a c e t a t e  w i l l  p a r t i t i o n  
between o i l  and wa te r ,  whereas t h e  a l coho l  w i l l  
no t .  Consequently, methanol o r  e thano l  t r a v e l  

a t  h ighe r  v e l o c i t y  and r e t u r n  t o  t h e  wel lbore  
f a s t e r  than  t h e  unreac ted  methyl o r  e t h y l  
a c e t a t e .  The r e s i d u a l  o i l  s a t u r a t i o n  is 
determined from t h e  d i f f e r e n c e  i n  a r r i v a l  times: 
t h e  g r e a t e r  t h e  d i f f e r e n c e  i n  a r r i v a l  times, t h e  
g r e a t e r  t h e  o i l  s a t u r a t i o n .  This  method w a s  
proven success fu l  i n  fou r  f i e l d  a p p l i c a t i o n s .  
With computer s imula t ion  programs account ing  f o r  
a l l  a spec t s  o f  t h e  theory  (such a s  d r i f t ,  
d i s p e r s i o n ,  r e a c t i o n  and o t h e r s ) ,  a p r e c i s i o n  of 
2 t o  3 pore  volume pe rcen t  h a s  been a t t a i n e d .  
F i e l d  exper ience  has  been obtained over  a wide 
range o f  tempera tures ,  s a l i n i t i e s ,  and o i l  
s a t u r a t i o n s .  

Sheely [13] desc r ibes  f u r t h e r  f i e l d  tes ts  i n  
f i v e  d i f f e r e n t  w e l l s  a t  t h r e e  l o c a t i o n s  us ing  
t h i s  method. Three of t h e s e  t es t s  a r e  covered 
i n  d e t a i l .  E thyl  a c e t a t e  w a s  used f o r  t h e  
h ighe r  tempera tures ,  n-propyl formate f o r  t h e  
c o o l e r  r e s e r v o i r s .  The p a r t i t i o n  c o e f f i c i e n t s  
were determined and t h e  t es t  d a t a  were analyzed 
by us ing  computer models. 

While t h e  o r i g i n a l  method considered only  t h e  
water phase a s  f lowing ,  a g e n e r a l i z a t i o n  t o  
f r a c t i o n a l  f low of both  t h e  water and o i l  phases 
i s  g iven  by Deans 1141. The theory  o f  t r a c e r  
movement i s  combined with t h e  Buckley-Leverett 
t heo ry  of  two-phase flow t o  e s t a b l i s h  t h e  
cond i t ions  under which chemical t r a c e r s ,  f lowing 
with o i l  and b r i n e ,  fo l low a c h a r a c t e r i s t i c  o i l  
s a t u r a t i o n .  Two p o t e n t i a l  u ses  of t h i s  r e s u l t  
a r e  g iven:  The f i r s t ,  i n  l abora to ry  co re  f lood  
experiments,  p rovides  a means of d e t e c t i n g  and 
c o r r e c t i n g  f o r  pe rmeab i l i t y  s t r a t i f i c a t i o n  i n  
non-homogeneous samples. The second a p p l i c a t i o n  
i s  an  ex tens ion  of t h e  s ing le-wel l  o i l  
s a t u r a t i o n  tes t .  Using m u l t i p l e  t r a c e r s ,  t h e  
new method g ives  p o i n t s  on t h e  f r a c t i o n a l  flow 
ve r sus  s a t u r a t i o n  func t ion .  

Two f u r t h e r  v a r i a t i o n s  of measuring t h e  
s ing le-wel l  method o i l  s a t u r a t i o n  i n  petroleum 
r e s e r v o i r s ,  aga in  us ing  chemical t r a c e r s ,  were 
pa ten ted  t o  Keller [15,16].  Both methods are 
based on p a r t i t i o n  and use a t  least  two t r a c e r s ,  
one of them f o r  comparison. The f i r s t  method 
needs a mobile f l u i d  phase i n  t h e  format ion ,  and 
a c a r r i e r  f l u i d  m i s c i b l e  wi th  i t .  The 
comparison t r a c e r  i s  nonreac t ive  i n  t h e  
formation, t h e  o t h e r  tracer i s  formed i n  t h e  
formation, away from t h e  w e l l ,  by t h e  r e a c t i o n  
o f  an i n j e c t i o n  p recu r so r  subs tance .  This 
t r a c e r  and t h e  p recu r so r  have t o  p a r t i t i o n  
d i f f e r e n t l y  between t h e  immiscible f l u i d  phases.  
The o t h e r  method uses  t h e  temperature dependence 
of t h e  p a r t i t i o n  between t h e  carr ier  f l u i d  
( i n j e c t e d  a t  s u b s t a n t i a l l y  d i f f e r e n t  temperature 
than  t h e  r e s e r v o i r  h a s )  and one of t h e  f l u i d  
phases i n  t h e  r e s e r v o i r :  One of t h e  t r a c e r s  
must have a p a r t i t i o n  c o e f f i c i e n t  vary ing  wi th  
tempera ture ,  t h e  o t h e r  must have one independent 
o f  temperature.  Af t e r  shut-in pe r iods  
s u f f i c i e n t  f o r  t h e  p recu r so r  t o  r e a c t ,  o r  f o r  
temperature equ i l ib r ium t o  be e s t a b l i s h e d ,  
r e s p e c t i v e l y ,  t h e  produced f l u i d s  a r e  analyzed 
f o r  t h e  presence of t h e  t r a c e r  m a t e r i a l s ,  and 
t h e  f l u i d  s a t u r a t i o n s  a r e  determined by applying 
t h e  p r i n c i p l e s  o f  chromatography. 
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4.1.4.2 INJECTION PROFILES 

The e f f i c i e n c y  of water  f looding  o p e r a t i o n s  
depends on t h e  s u c c e s s f u l  i n t r o d u c t i o n  of waters  
i n t o  t h e  product ive  zones. There are 
non-nuclear methods, bu t  r a d i o t r a c e r  surveys are 
appl ied  r o u t i n e l y .  Logging methods inc lude  t h e  
i n t e r f a c e  (between r a d i o a c t i v e  and 
non-radioact ive f l u i d )  method and t h e  p l a t i n g  
(p la t ing-out  of  tagged p l a s t i c  p a r t i c l e s )  
method. The f low-rate  method i s  s i m i l a r  t o  t h a t  
used i n  product ion w e l l s  except  t h a t  t h e  
p o s i t i o n s  of  e j e c t o r  and d e t e c t o r  are reversed .  
The r a d i o t r a c e r  commonly used i s  1-131. The I 

problems encountered a r e  similar t o  those  i n  
product ion w e l l s  (Mott and Dempsey [ 3 ] ) .  
Recent ly ,  a new q u a n t i t a t i v e  technique was 
presented  by Wiley and Cocanower [171. It 
u t i l i z e s  t h e  i n t e n s i t y  of  t h e  r a d i o a c t i v i t y  a s  a 
f u n c t i o n  of depth .  The observed gamma r a y  count  
r a t e  i s  c o r r e c t e d  f o r  system r e s o l v i n g  time. 
I n t e g r a t i o n  of t h e  count r a t e  whi le  t h e  t o o l  
moves through t h e  r a d i o a c t i v e  m a t e r i a l  provides  
t h e  r e l a t i o n  t o  i n t e n s i t y .  The i n t e g r a l  of each 
r u n  i s  then  normalized t o  t h e  i n t e n s i t y  before  
any l o s s e s .  Several  f i e l d  a p p l i c a t i o n s  
demonstrate  improved accuracy over  a manual 
geometric approximation technique.  

4.1.4.3 DETERMINING THE RATE AND PATH 
OF TRAVEL -- 

The ra te  and path of  t r a v e l  between w e l l s  i s  t h e  
o b j e c t  of t h e  fo l lowing ,  second s e c t i o n  d e a l i n g  
w i t h  t h e  flow of t r a c e r s  through a r e s e r v o i r .  

4.2 INTERWELL FLOW APPLICATIONS 

Tracer  movement between w e l l s  r e l a t e s  
in format ion  on t h e  movement of t r a c e d  f l u i d s  i n  
t h e  r e s e r v o i r ,  indigenous o r  i n j e c t e d .  Primary 
information concerns t h e  flow r a t e :  how much 
f l u i d  moves a t  what v e l o c i t y ?  ' T h i s  q u e s t i o n  
needs t o  be answered f o r  i n j e c t e d  f l u i d s  such a s  
water f l o o d s  and high p r e s s u r e  g a s ,  and most 
impor tan t ly  i n  f u t u r e  geothermal a p p l i c a t i o n s  
f o r  n a t u r a l l y  o r  f o r c i b l y  flowing r e s e r v o i r  
f l u i d s .  Thus, sweep e f f i c i e n c i e s  and f l u i d  l o s s  
i n t o  non-producing r e g i o n s  can be determined. 
I f  more than  one product ion w e l l  i s  opera ted ,  
flow d i r e c t i o n s  and t h e  communication between 
t h e  i n j e c t i o n  wel l  and t h e  product ion wells can 
be t e s t e d .  Flow rate  and d i r e c t i o n  depend on 
t h e  permeabi l i ty  of  t h e  r e s e r v o i r  rock.  
Permeabi l i ty  i s  due t o  n a t u r a l  p o r o s i t y ,  f o r  
example of sands tones ,  and/or flow channels  
caused,  e.g., by d i s s o l v i n g  a c t i o n  of water i n  
l imestone.  High permeabi l i ty  flow channels  a r e  
most ly  t h e  consequence of n a t u r a l  o r  man-made 
f r a c t u r e s .  Thei r  c r o s s  s e c t i o n  and o r i e n t a t i o n  
i s  obviously of g r e a t  i n f l u e n c e  on t h e  flow and 
product ion of t h e  f l u i d s .  An opposed inf luence  
i s  exerc ised  by impermeable b a r r i e r s  caused,  
e .g . ,  by g e o l o g i c a l  f a u l t s  o r  vo lcanic  
i n t r u s i o n s .  Tracers  a r e  an almost p e r f e c t  means 
t o  q u a n t i t i v e l y  determine the flow d i s t r i b u t i o n  
between t h e  flow channels  of  vary ing  
permeab il i t y  . 
Methods of measuring l i q u i d  and gas  flow i n  
t u r b u l e n t  motion us ing  r a d i o a c t i v e  i s o t o p e s  are 

- - 

reviewed by Clayton [18] .  The paper d io-usses  
t h e  p r i n c i p l e s ,  l i m i t a t i o n s ,  and performance of 
techniques based on both a cons tan t - ra te  and a 
sudden i n j e c t i o n  of t r a c e r .  Measurement i n  
c losed  condui t s  and i n  open channels  and streams 
i s  cons idered ,  a s s  a t t e n t i o n  i s  drawn t o  t h e  
d i f f e r e n c e s .  In  c o n s t a n t - r a t e  i n j e c t i o n  method, 
t h e  product of  flow r a t e  and concent ra t ion  
beyond a d i s t a n c e  s u f f i c i e n t  f o r  adequate mixing 
equals  t h e  product of i n j e c t i o n  ra te  and 
concent ra t ion .  In  sudden i n j e c t i o n ,  t h e  t o t a l  
i n j e c t e d  a c t i v i t y  i s  equal  t o  t h e  product of  t h e  
flow rate  and t h e  t i m e  i n t e g r a l  of t h e  
concent ra t ion .  This  t i m e  i n t e g r a l  can be 
measured by cont inuously sampling, by c o l l e c t i n g  
samples a t  equal  t i m e  i n t e r v a l s  and averaging 
t h e  concent ra t ion ,  o r  by t a k i n g  t h e  t o t a l  count 
i n  t h e  flow (and cons ider ing  t h e  d e t e c t o r  
e f f i c i e n c y )  a t  t h e  sampling poin t .  
A l t e r n a t i v e l y ,  t h e  l i n e a r  flow v e l o c i t y  can be 
measured between two p o i n t s  which, m u l t i p l i e d  by 
t h e  c ross -sec t iona l  a r e a ,  y i e l d s  t h e  volumetr ic  
flow. Radioisotopes i n  sea led  sources  can 
produce i o n i z a t i o n  i n  a gas  which can a l s o  be 
used t o  measure gas  flow. The 
cont inuous- ionizaton method providing a means of 
measuring mass flow i s  compared with t h e  
mean-velocity method. Both methods are used as 
b a s i s  of ins t ruments .  

Hydrological a p p l i c a t i o n s  of  t r a c e r s ,  most ly  
dyes and s a l t s ,  a r e  common. S tudies  i n  s o i l s  
and p l a n t s  use  r a d i o t r a c e r s .  
r a d i o i s o t o p e s  t r a c i n g  groundwater are a l s o  
repor ted .  Wiebenga e t  a1 1191, f o r  example, 
used 1-131 and t r i t i u m  t o  determine t h e  s p e c i f i c  
y i e l d  and permeabi l i ty  i n  an a q u i f e r  near  a 
pumping borehole .  I n  a f r e e  flow t e s t ,  t h e  
d i r e c t i o n  and r a t e  of  flow of n a t u r a l  
groundwater were a l s o  e s t a b l i s h e d .  

Tests, with 

I n  petroleum r e s e r v o i r s  , chemical and 
r a d i o a c t i v e  t r a c e r s  a r e  f r e q u e n t l y  used.  Among 
o t h e r s ,  d e x t r o s e ,  boron ammonia, f l u o r e s c e i n ,  
rhodamine B, boron, 1-131, Ir-192, CO-60, Kr-85, 
and He have been t e s t e d  (Burwell [ l ] ,  Bol ivar  
and Farouq A l i  [ 2 ] ) .  Recently, t h e  use  of a 
s t a b l e  f r e e  r a d i c a l ,  o r  s p i n  l a b e l ,  as a t r a c e r  
f o r  petroleum has been patented (Riede l  [ 2 0 ] ) .  
A s p i n  l a b e l  i s  de tec ted  by e l e c t r o n  s p i n  
resonance spectroscopy,  wi th  a d e t e c t i o n  l i m i t  
about 1 m i l l i o n  t i m e s  lower than  s tandard 
chemical t r a c e r s .  For t r a c i n g  water  f loods  i n  
sandstone,  t r i t i u m  may be t h e  only p r a c t i c a l  
t r a c e r  i n  Burwell ' s  [ l ]  judgment. I f ,  however, 
a f r a c t u r e  system is  p r e s e n t ,  a s u i t a b l e  dye 
would be used j u s t  as convenient ly  and more 
economically. I n  t h e  meantime, t h i s  opinion,  
however, seems t o  have s h i f t e d  i n  favor  of 
r a d i o t r a c e r s .  

D'Hooge et a1  [21] r e p o r t  t h e  successfu l  u s e  of 
four  d i f f e r e n t  r a d i o t r a c e r s  (C-14, Co-57, Co-60, 
and t r i t i u m )  s imultaneously i n  a sequence of 
Pennsylvanian age sandstone benches (West 
Sumatra-Unit, nor thern  h a l f ,  i n  Rosebud County, 
Montana). These t r a c e r s  o f f e r e d  an  e f f e c t i v e  
e v a l u a t i o n  t o o l  which can be used i n  p a t t e r n  
water f loods .  
t h e  i n j e c t e d  f l u i d  i n  t h i s  multi-pay, 
d i scont inuous  r e s e r v o i r  led  t o  r e v i s i o n s  of  

The d i a g n o s i s  of t h e  movement of 
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i n j e c t i o n  and withdrawal r a t e s  i n  o rde r  t o  
maximize volumetr ic  sweep e f f i c i e n c y  and reduce 
water cyc l ing .  The au tho r s  o f  t h i s  r e p o r t  have 
s e r i o u s  doubts about t h e  a p p l i c a b i l i t y  o f  t h e  
r a d i o a c t i v e  c o b a l t  t r a c e r s  i n  t h i s  type of a 
t r a c e r  study. 
o f  t h r e e  coba l t  i so topes  (Co-57, Co-58 and 
CO-60) i n  a Southern C a l i f o r n i a  O i l  r e s e r v o i r  
i nd ica t ed  extremely l a r g e  adso rp t ion  rates of 
t hese  t r a c e r s .  Simultaneously i n j e c t e d  tracers 
(e.g. ,  va r ious  a lcohols  and t r i t i a t e a  water )  
t r ave led  through t h e  r e s e r v o i r ,  whereas t h e  
coba l t  i so topes  ( i n  form of hexacyanocobal ta tes )  
were r e t a ined  by t h e  r e s e r v o i r  rock. 

Recent mul t ip l e  t r a c e r  i n j e c t i o n s  

Examples where t r a c e r  surveys were run and 
proper ly  ana lyzed ,  r e s u l t i n g  i n  thought fu l  
remedial work, are g iven  by Ford [22]  i n  f i v e  
case  h i s t o r i e s .  What a c t u a l  r e s u l t s  t h i s  
remedial work had on production i s  a l s o  shown, 
when a v a i l a b l e .  Among t h e  t r a c e r s  used i n  these  
in s t ances  a r e  f luo resce in  dye, sodium bromide, 
ammonium th iocyanate ,  sodium metaborate,  
potassium n i t r a t e ,  and t r i t i a t e d  water.  

I n j e c t i o n  of s eve ra l  t r a c e r s  i n  d i f f e r e n t  we l l s  
(more than  one t r a c e r  i n t o  each i n j e c t i o n  w e l l )  
simultaneously can be done t o  eva lua te  t h e  a r e a l  
flow p a t t e r n s  i n  subter ranean  r e s e r v o i r s  1231. 
A ca se  h i s t o r y  where mul t ip l e  t r a c e r s  w e r e  
i n j e c t e d  a t  a s i n g l e  source ,  and t h e  sweeping 
was performed with h igh  p res su re  gas  i n j e c t i o n ,  
is  repor ted  by Calhoun and Hurford [ 241. Kr-85 
and t r i t i a t e d  hydrogen and methane were used as 
t r a c e r s  i n  t h e  Fairway a l t e r n a t e  gas-water 
misc ib l e  recovery p r o j e c t  and were proven t o  be 
r e l i a b l e .  Among the  r e s u l t s  can be l i s t e d  t h a t  
( a )  t he  source of breakthrough can be i n f e r r e d ,  
(b )  t h e  conf igu ra t ion  of t h e  gas  displacement 
f r o n t s ,  v a r i a t i o n s  i n  sweep p a t t e r n s ,  and f l u i d  
movements i n  genera l  can be determined and ( c )  
i n d i c a t i o n s  whether i n j ec t ed  gas  i s  going i n t o  
s o l u t i o n  o r  i s  misc ib l e  wi th  t h e  o i l  can be 
de t ec t ed .  Mul t ip le  t r a c e r  i n j e c t i o n s  a t  a 
s i n g l e  source  a l low measurement of t h e  r e l a t i v e  
v e l o c i t i e s  of t h e  i n j e c t e d  f l u i d s  behind t h e  
f lood  f r o n t s .  This could be used t o  determine 
t h e  optimum gas-water i n j e c t i o n  r a t i o .  The 
au tho r s  [24] conclude t h a t  r a d i o t r a c e r  
techniques  may h e l p  t o  improve knowledge of flow 
cond i t ions  when two displacement mechanisms a r e  
ope ra t ing  simultaneously.  

5.0 PROCESSES INVOLVING EQUILIBRATING TRACERS - 
Much o f  t h e  informat ion  about a r e s e r v o i r  which 
a t r a c e r  can  provide  i s  gained by t h e  f a c t  t h a t  
a t r a c e r  cannot be  similar t o  i t s  h o s t  i n  every  
r e spec t .  
d i f f e r e n t  q u a l i t y .  For t r a c i n g  f l u i d  flow i n  
underground r e s e r v o i r s ,  they  can roughly be 
d iv ided  i n t o  two c l a s s e s :  t hose  t h a t  can  be 
made p a r t  of t h e  n a t u r a l  system and those  which 
cannot.  Examples of t h e  f i r s t  c l a s s  a r e  
r ad io i so topes  of c o n s t i t u e n t  elements o f  t h e  
f lu ids :  t r i t i u m  i n  water and petroleum, C i n  
petroleum, o r  Na i n  b r i n e .  These t r a c e r s  on ly  
have t o  achieve  equ i l ib r ium with t h e i r  own, 
non-rad ioac t ive  kind. Tracers  of t h e  second 
c l a s s  have t o  e s t a b l i s h  equi l ibr ium,  i n  
p r i n c i p l e ,  wi th  every o t h e r  kind p resen t  i n  t h e  

We can thus  d i s t i n g u i s h  t r a c e r s  o f  

system. 
t r a c e r  as w e l l  a s  s o l v e n t ,  t h e  non-equilibrium 
processes  between t r a c e r  and rock can range i n  
s e v e r i t y  from d i s s o l u t i o n  o f  t h e  rock m a t e r i a l  
over  leaching  and ion  exchange t o  adsorp t ion .  
These processes  t ake  p l ace  no t  on ly  i n  t h e  f i e l d  
but  a r e  of importance a l s o  i n  l abora to ry  
experiments which i n v a r i a b l y  s ta r t  ou t  wi th  
non-equilibrium cond i t ions .  The most 
s i g n i f i c a n t  process  i s ,  however, t h e  mixing o f  
t h e  t r a c e r  with t h e  f l u i d  i t  i s  t o  t r a c e .  A t  
low flow r a t e ,  molecular d i f f u s i o n  p lays  a r o l e  
h e r e  too ,  a s  it does under s t a t i c  condi t ions .  
A t  h igher  r a t e s ,  t h e  t r a c e r  i s  d i spe r sed  i n  t h e  
f l u i d  t o  be  t r aced .  

The a b i l i t y  t o  t r a c e  a flowing f l u i d  depends on 
t h e  f a c t  t h a t  t h e  t r a c e r  i s  be ing  p e r f e c t l y  
mixed with t h e  f l u i d ,  t h a t  i s ,  e s p e c i a l l y  wi th  
l i q u i d s .  
i n t o  t h e  r e s e r v o i r  o r  t h e  water  f lood ,  t h e  
mixing t akes  some t i m e  and d i s t a n c e  along t h e  
flow channels.  For t h i s  reason ,  some minimal 
l eng th  i s  u s u a l l y  allowed f o r  s u f f i c i e n t  mixing, 
and t r a c e r  in format ion  i s  only  ga thered  beyond 
t h i s  empi r i ca l  l eng th .  Other than  mixing, an 
i d e a l  flow t r a c e r  should no t  g e t  involved i n  any 
r e a c t i o n  o u t s i d e  t h e  t r aced  f l u i d .  Tracer  
a p p l i c a t i o n s  o t h e r  t han  flow, however, o f t e n  
depend on such r e a c t i o n s ,  f o r  example, p a r t i t i o n  
between two l i q u i d s  f o r  s a t u r a t i o n  measurement. 
One such r e a c t i o n  cannot be  avoided i n  a 
r e s e r v o i r :  
This i s  an e f f e c t  o f t e n  r e g r e t t e d  f o r  flow 
t r a c i n g .  But f o r  s p e c i a l  a p p l i c a t i o n s ,  one can 
aga in  t ake  advantage o f  i t .  
immediately obvious i s  f r a c t u r i n g .  I n  normal 
flow t r a c i n g ,  adso rp t ion  i s  considered 
d e t r i m e n t a l ,  and o therwise  unaccountable l o s s e s  
of  t r a c e r  a r e  blamed on i t .  I n  o rde r  t o  g a i n  a 
q u a n t i t a t i v e  unders tanding  of in format ion  of 
r e s e r v o i r  t r a c e r  behavior ,  t h e s e  e q u i l i b r a t i n g  
processes  of mixing and adso rp t ion /deso rp t ion  
have t o  be  i n v e s t i g a t e d .  

Adsorp t ion/desorp t ion  e f f e c t s  can  a l s o  be used 
t o  t h e i r  advantage l i k e  any o t h e r  s o r p t i o n  
e f f e c t s  which govern t h e  d i s p e r s i o n  of t r a c e r s  
w i th in  t h e  r e s e r v o i r .  The p r i n c i p l e s  o f  t r a c e r  
adso rp t ion  chromatography [23]  can be app l i ed  t o  
determine c r i t i c a l  r e s e r v o i r  parameters through 
t r a c e r  s t u d i e s .  Tracer  p a r t i t i o n  chromatography 
[12 through 161 concerns i t s e l f  on ly  wi th  t h e  
l i q u i d  and gas  phases i n  t h e  r e s e r v o i r ,  whereas 
t r a c e r  adso rp t ion  chromatography [ 2 3 ]  cons ide r s  
a l s o  t h e  t r a c e r  i n t e r a c t i o n s  with t h e  r e s e r v o i r  
rock. Thus, t r a c e r  adso rp t ion  chromatography 
a l lows  t h e  de te rmina t ion  of such v a r i a b l e s  as 
number, s i z e  and conduc t iv i ty  o f  f r a c t u r e s  and 
o t h e r  pe rmeab i l i t y  s t r e a k s .  

Depending on t h e  type  and amount o f  

S ince  t h e  t r a c e r  i s  normally i n j e c t e d  

adso rp t ion  on t h e  rock m a t e r i a l .  

An a p p l i c a t i o n  

6.0 MODELS USED FOR DESCRIBING THE TRACER FLOW - --- --- 
Between i n j e c t i o n  and product ion  t h e  t r a c e r  is 
inf luenced  by t h e  t r aced  f l u i d  and t h e  
r e s e r v o i r .  How t h e  d i f f e r e n t  poss ib l e  f a c t o r s  
can modify t h e  f i n a l  appearance cannot be  
a n t i c i p a t e d  o r  analyzed i n  d e t a i l  i n  an easy  
way. I n  o rde r  t o  p r e d i c t  t h e  performance o f  a 
t r a c e r  and i n t e r p r e t  t h e  r e s u l t s  ob ta ined  i t  i s  
necessary  t o  develop models and measure t h e  
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input  d a t a  i n  l a b o r a t o r y  experiments .  The 
models pu t  forward are most ly  based on t h e  
d i s p e r s i o n  equat ion.  
geometr ies ,  l i n e a r  and areal (two-dimensional). 
The rock p r o p e r t i e s  are considered i s o t r o p i c ,  
permeabi l i ty  due t o  p o r o s i t y  o r  f r a c t u r e s  t h e  
same i n  a l l  d i r e c t i o n s  l a t e r a l l y .  Deviat ions 
from t h e  expected r e s u l t  can then  be used t o  
make i n f e r e n c e s  about t h e  a c t u a l  flow i n  t h e  
r e s e r v o i r ,  as  w i l l  be shown i n  t h e  fol lowing 

They regard  d i f f e r e n t  flow 

s e c t  ions .  

6.1 BASIC MODELS - -- 
Tracer  mixing and t r a n s p o r t  phenomena are 
handled i n  a number of ways. 
t h e s e  i s  a g e n e r a l i z a t i o n  of d i f f u s i o n  and i s  
c a l l e d  d i s p e r s i o n .  This  macroscopic d i f f u s i o n  
should not  be confused wi th  a microscopic  
d i f f u s i o n  of molecules o r  ions .  
c o n t a i n s  both macroscopic and microscopic  
d i f f u s i o n .  Mathematical handl ing of  t h e s e  
phenomena involves  a p a r t i a l  d i f f e r e n t i a l  
equat ion  which can be solved when c e r t a i n  
boundary-value c o n d i t i o n s  are assumed. A 
s impler  model c o n s i s t s  of  a series of  p e r f e c t l y  
mixed ce l l s .  
s o l u t i o n  of a s e r i e s  of  o r d i n a r y  d i f f e r e n t i a l  
equat ions .  More complex g e n e r a l i z e d  t h e o r i e s  
e x p l a i n  d i s p e r s i o n  i n  terms o f  t h e  a c t u a l  
p r o p e r t i e s  of t h e  media. For example, Bear and 
Bachmat [ 2 5 ]  p r e s e n t  a macroscopic theory  based 
( a )  on t h e  hydrodynamics of t h e  microflow 
through a porous medium model and ( b )  on 
s t a t i s t i c a l  averaging procedures .  

The most common of 

Dispers ion  
- 

This  model r e q u i r e s  only  t h e  

6.1.1 M I X I N G  CELL . - -- 
Th'is model d i v i d e s  t h e  porous medium i n t o  a 
series of c e l l s  i n  which p e r f e c t  mixing occurs .  
The m a t e r i a l  ba lance  of t h e  n t h  c e l l  i s  
descr ibed  by equat ion  ( 1 ) .  The Nth ( l a s t )  c e l l  
w i l l  produce a c o n c e n t r a t i o n  v e r s  
which can be i n t e r p r e t e d  by p r o p e r l y  choosing 
t h e  d i s p e r s i o n  modulus. The d i s p e r s i o n  
m u l t i p l i e d  by t h e  mean i n t e r s t i t i a l  flow 
v e l o c i t y  and t h e  l e n g t h  o f  a mixing c e l l ,  
produces t h e  e f f e c t i v e  l o n g i t u d i n a l  d i s  
c o e f f i c i e n t .  

6.1.2 DIFFUSION AND DISPERSION - 
Diffus ion  is a non-equilibrium, o r  unsteady,  
s t a t e .  Mathematical ly  i t  i s  represented  by a 

on of second o r d e r ,  
d used)  as h e a t  

t h e  d i f f u s i o n  
conduct ion equat ion  ( ere t h e  

of v e l o c i t y  v ,  i s  
x becomes .a moving 
equat ion  is now ( 3 ) .  

D is  now g e n e r a l l y  a "dispers ion" c o e f f i c i e n t  
and a func t ion .of  v :  f o r  1 
propor t iona l  v ,  o therwise  D 
some power of v g r e a t e r  t h a  
p r o p o r t i o n a l i t y  c o n s t a n t  f o  
porous medium is r e l a t e d  t o  t h e  g r a i n ,  o r  pore,  
s i z e  d i s t r i b u t i o n .  I f  d i r e c t i o n s  o t h e r  than  
t h a t  of  t h e  flow are cons idered ,  D no longer  i s  
a c o n s t a n t  bu t  a t e n s o r  of rank 2 l i k e ,  f o r  
example, c o n d u c t i v i t y .  .This means, t h a t  i n  an  

i s o t r o p i c  medium, t h e r e  a r e  two d i s p e r s i o n  
c o e f f i c i e n t s  t o '  cons ider ,  a l o n g i t u d i n a l  ( o r  
a x i a l )  one along t h e  flow d i r e c t i o n ,  and a 
l a t e r a l  one perpendicular  t o  i t .  The l a t t e r ,  of 
course ,  i s  smal le r  and may o n l y  r e p r e s e n t  
molecular  ( i . e . ,  microscopic)  d i f f u s i o n .  

It i s  g e n e r a l l y  assumed, t h a t  a s i n g l e  
d i s p e r s i o n  c o e f f i c i e n t  can d e s c r i b e  both t h e  
d i f f u s i v e  and d i s p e r s i v e  e f f e c t s .  A t  ze ro  
v e l o c i t y ,  t h e  c o e f f i c i e n t  r e p r e s e n t s  t h e  
e f f e c t i v e  molecular  d i f f u s i o n  of t h e  t r a c e r  i n  
water ( o r  o t h e r  s o l v e n t )  cor rec ted  f o r  t h e  
e f f e c t  o f  t h e  porous medium. 
v e l o c i t i e s ,  d i f f u s i o n  can be neglec ted ,  and t h e  
c o e f f i c i e n t  r e p r e s e n t s  hydrodynamic d i s p e r s i o n .  
For in te rmedia te  s i t u a t i o n s ,  a d d i t i v i t y  of  t h e  
two has  been claimed and assumed over  a wide 
range. However, i f  i t , i s  n o t  important  t o  
d e p i c t  e i t h e r  e f f e c t  s i n g l y ,  a s i n g l e  
c o e f f i c i e n t  i s  s u f f i c i e n t  t o  use.  

The d i s p e r s i o n  equat ion  governs l o n g i t u d i n a l  
d i s p e r s i o n  according t o  many t h e o r i e s  forwarded, 
such as Taylor ' s  (241 theory of  displacement  i n  
c a p i l l a r y  t u b e s ,  Scheidegger 's  [ 2 7 ]  s t a t i s t i c a l  
theory  of  porous media, Keuleman's [28] "eddy 
d i f f u s i o n "  theory and F r a n k e l ' s  [ 291 "stagnant  
pockets'' theory  (Brigham [30]). 

A t  h igh  

6.2 CAPACITANCE MODELS - 
The models d i scussed  so f a r  cannot match t h e  
experimental  r e s u l t s  i n  two important  f e a t u r e s :  

1. While gas  flow systems produced t h e  
pred ic ted  d i f f u s i o n  c o e f f i c i e n t s ,  
l i q u i d  flow systems could not  do so. 

A s l u g  of  t r a c e r  i n j e c t e d  a t  c o n s t a n t  
c o n c e n t r a t i o n  should produce a 
symmetrical c o n c e n t r a t i o n  v s  t i m e  curve  
a f t e r  t r a v e l i n g  through t h e  porous 
medium. The experimental  r e s u l t s ,  
however, normally show a long " ta i l"  of 

2. 

o n c e n t r a t i o n  curve. 

and l i q u i d  systems 
were i n t e r p r e t e d  as a c a p a c i t i v e  e f f e c t  on t h e  
l i q u i d .  It was suggested t h a t  t h i s  e f f e c t  w a s  
caused by s t a g n a n t  reg ions .  
reg ions  comprise a f r a c t i o n  of  t h e  pore volume 
which does n o t  p a r t i c i p a t e  i n  t h e  flow mixing 
( d i s p e r s i o n )  of t h e  t r a c e r .  

These s tagnant  

They can be modeled 
o r  as dead-end pores .  

c o n t a i n  only  one parameter ( o r  
v e l o c i t y  i s  a l s o  counted): t h e  

The "capacitance" models in t roduce  
i s p e r s i o n  c o e f f i c i e n t ,  o r  t h e  l e n g t h  of a 

mixing ce l l .  
two more parameters :  t h e  s tagnant  volume 
f r a c t i o n  and a c o n s t a n t  which determines t h e  
ra te  of  exchange of  t h e  t r a c e r  between t h e  flow 
and t h e  s t a g n a n t  reg ions .  With t h r e e  parameters 
t h e  models are f l e x i b l e  enough to  adapt  t o  
experimental  curves .  

1. The volume f r a c t i o n s  of  t h e  flow and 
s tagnant  reg ions  can be expressed a s  f 
and (1- f ) ,  r e s p e c t i v e l y .  f i s  
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sometimes called "effective porosity". 
It has to be kept in mind, however, 
that this usually designates the total 
interconnected pore volume in relation 
to the total volume while, here, it 
means the pore space with flow in 
relation to the total interconnected 
pore space. The tracer distribution 
between the two regions is now given by 
(4) and (5) for the two models 
respectively. 

2. For the exchange between the two 
regions, two different mechanisms are 
considered: diffusion and first order 
mass transport. If the transfer of 
tracer from the flow to the stagnant 
region occurs by diffusion (Turner 
[31]), the equation for the 
concentration at a point in the 
stagnant region is given by (6). 
effective molecular diffusion 
coefficient is much smaller for liquids 
than for gases. This can account for 
the observed discrepancies. 

If the transfer of tracer from the flow 
zone to the stagnant region occurs by 
first order mass transport, it is 
determined by equations (8) and (9) for 
mixing cells and dispersion, 
re spec t ively . 

The 

Both mixing cell and dispersion models have been 
modified to include capacitance effects. They 
are usually based on the concept of first order 
mass trans fer. 

6.2.1 MIXING CELLS --- 
The first model based on this concept was 
developed by Deans [30] as an extension of the 
mixing cell model. This model is now based on 
two equations, the material balance (8) in cell 
n and the mass transport (10) for cell n. For a 
large number of cells, an approximated 
differential form of this model is given by (11) 
and (12). 

Deans passes, at too early a stage, from a 
description of the porous medium in discrete 
terms to one in continuous terms according to 
Levich et a1 [33]. These authors develop the 
mixing cell model further. 

The transfer of a fluid element can be described 
by the following equations: 

1. From cell to cell: (13) 

2. From flowing zone to stagnant zone: 
(14) 

From stagnant zone to flowing zone: 
(15) 

3. 

The material balance is then given by equations 
(16) and (17). 

6.2.2 DIFFUSION AND DISPERSION - 
The first extension of the dispersion model to 
include capacitance was published by Coats and 
Smith [34]. The basic equations are (18) and 
(19). 

7.0 BOUNDARY CONDITIONS IN TRACER MODELS - 
AND SOLUTIONS - 

In order to solve the model equations, initial 
and boundary conditions have to be stated. The 
tracer is usually injected at time t=O as a 
spike, or beginning at that time (step, slug, 
constant rate) at a constant concentration. The 
porous medium is treated as an infinite (all x), 
semi-infinite (~30) or finite (Otxd) 
one-dimensional system. 

7.1 BASIC MODELS 
_c -- 

'he effluent concentration (versus time) for a 
spike input of the tracer has a bell-shaped 
distribution curve. The basic models match this 
behavior with a normal distribution. 

7.1.1 MIXING CELL - -- 
This model yields (Deans [32]), for a spike 
input, a concentration versus time curve 
produced by the Nth cell which is closely 
approximated by (20) if the dispersion modulus 
is chosen properly, and the flow path length N 
is not too small. All quantities are 
dimensionless if they are taken relative to the 
length of one mixing cell, (see (211, (22), 
(23)). 

7.1.2 DIFFUSION - 
The diffusion equation (2) can be solved if the 
boundary conditions are stated. For the 
one-dimensional case, it is easiest to assume a 
cylinder of unit cross-section with its axis 
parallel to the x-axis. 
tracer is then given, under the following 
initial conditions, first as a spike (delta 
function), second as a step, and third as a slug 

The diffusion of the 

input : 

1. 

2. 

At t=O, the tracer, of amount s ,  is 
placed in the plane x=O. In an 
infinite cylinder, the tracer 
concentration as a function of distance 
and time, is given by (24). If the 
cylinder is semi-infinite (xzO), the 
tracer for x<O can be considered 
reflected at an impermeable plane x=o. 
Thus, the concentration is twice of the 
above (25). 

A step input of tracer follows the 
boundary conditions given in (26). 
tracer concentration can be derived 
from the above delta-function input 
(spike) by considering the 
superposition of small volume sources 
(27) at x=o. The sum is replaced by 
the integral (28). With substitution 
(29), this integral can be written (30) 

The 
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in the form of a Gauss' error function 
(31). Thus, the concentration can be 
expressed in terms of the error 
function ( 3 2 ) .  This is usually written 
as ( 3 4 )  with the error function 
compliment ( 3 3 ) .  

A slug of finite length with initial 
conditions ( 3 5 )  diffuses through the 
infinite cylinder according t o  equat 
( 3 6 ) .  

3 .  

on 

7 . 1 . 3  DISPERSION - 
In the presence of flow along the x-direction, 
the differential equation ( 3 )  is easily reduced 
to the case ( 2 )  without flow by substituting x '  
for x-vt (Danckwerts [ 4 0 ] ) .  Here, x is the 
distance from the midpoint of the flood front, 
while X I  is the distance from the inlet end of 
the porous medium. 
is now ( 3 7 ) .  

This solution which defines the "S" shaped curve 
of the error function integral was, for example, 
used by Brigham et a1 [ 3 0 ]  in experiments of 
miscible displacement in various porous media. 
Of interest are mainly solutions for finite 
lengths L of the porous medium. Calculations, 
for example, Brigham [ 3 5 ] ,  are often found 
starting out with an infinitely long medium and 
the boundary conditions ( 3 8 1 ,  where x stands now 
for x'. However, if one sets x=L in order to 
make the equation ( 3 7 )  applicable to 
experiments, the result ( 3 9 1 ,  according to 
Brigham [ 3 5 ] ,  does not correctly describe the 
curves obtained in core experiments where the 
mixing zone is usually appreciably long compared 
with the core length. 
of the effluent concentration (versus pore 
volumes injected) were symmetrical, it would 
reach half of the injected concentration at one 
pore volume. However, in core experiments as 
well as in field studies, it usually first rises 
sharply, then tails out. It thus has to reach a 
value greater than 112 in order to balance the 
integrated values at smaller, and larger, than 
one pore volume. 
consistent with the equation and the boundary 
conditions, it has to be considered that the 
concentration gradient makes the displacing 
fluid (i.e., tracer) flow faster than the 
displaced fluid. Thus, the average 
concentration c '  flowing across a plane as 
defined by ( 4 0 )  is always greater than the 
in-situ concentration -in this plane because the 
concentration gradient (41) is negative. 
obtain the concentration gradient, the equation 
for the concentration has to be differentiated 
( 4 2 ) .  With this, the effluent Concentration c' 
now is, for x=L, given by equation ( 4 3 ) .  At one 
pore volume eluted the tracer concentration is 
higher than half the injected 
( 4 4 ) .  

The difficulties encountered were due to the 
adaptation of a medium of infinite length to a 
core of finite length. 
the porous medium of finite length L 
Coats and Smith [ 3 4  : 

The solution for step-input 

If .the "So'-shaped curve 

To make the calculations 

TO 

A stricter treatment of 

The most general treatment of the step-input as 
given by Bishoff and Levenspiel [ 3 6 ]  considers a 
system composed of a packed bed preceded by an 
entrance section (denoted by subscript "a") and 
followed by an exit chamber (denoted by 
subscript "b"). The initial and boundary 
conditions are given by ( 4 5 ) .  The conditions 
are specialized and simplified to a 
semi-infinite system (x~o) in three different 
ways : 

1. Lapidus and Amundson [ 3 7 ]  give 
conditions ( 4 6 ) .  

2. Aris and Amundson [ 3 8 ]  corrected the 
first of these conditions, considering 
diffusion at the inlet ( 4 7 1 ,  with the 
second condition unchanged. 

3 .  With the same first condition as in 2 
the second condition was changed (by 
Brenner [ 3 9 ] ,  after Danckwerts ( 4 0 1 )  to 
( 4 8 ) .  

It can be concluded that the most realistic 
conditions for core experiments must contain a 
finite system of length L with diffusion at the 
inlet face but comparatively little mixing after 
exiting the core ( 4 9 ) .  

The solutions of the dispersion equation for 
these three sets of boundary conditions for 
step-input into a porous medium of finite length 
L are, in dimensionless form: 

1. (50)  

2.  asymptotic solution (51), Brenner 1391, 
and 

3 .  even more complicated. 

Approximations with less than 0 
condition ( 5 2 )  are given as: 

1. ( 5 3 )  

2 .  (54) 

5% error for 

3 .  (55) 

A table listing condentrations as a function of 
injected pore volumes for a range of dispersion 
values, computed from the approximate solutions, 
is given in the paper [ 3 4 ] .  

With these solutions, the effluent 
concentrations at one pore volume injected, are: 

1. ( 5 6 )  

2 .  ( 5 7 )  

3 .  ( 5 8 ) .  
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For the given nhmerical example, equations (56) 
and (58), give values 6% and 14% larger, 
respectively, than equation (57). 

The second set of boundary conditions again 
leads to the incorrect result (57) of 112 
because the condition (47) again defines in-situ 
concentrations while the respective flowing 
concentration is used in the first set: 
Calculated values are tabulated in several 
papers, e.g., Brigham [35], Fukui and 
Katsurayama [ 41 ] . 

7.2 CAPACITANCE MODELS - 
Two capacitance models have been presented: 
section 6.2.1 the mixing cell model by Deans 
[32], and in section 6.2.2 the differential 
model by Coats and Smith [34]. Some solutions 
to these models will be presented in the next 
two sections. 

in 

7.2.1 MIXING CELLS CAPACITANCE MODEL -- 
(DEANS 1321) -- 

Deans gives a solution of his model for pulse 
(spike) conditions (59). This solution (60) can 
for large arguments z, and with an expansion of 
the square root into a series, be reduced to 
equation (61) predicted by the diffusion model 
for the diffusion modulus according to (62). A 
solution for step-input is presented by Coats 
and Smith [34]. With abbreviations (63) Deans' 
E321 equations read (64) to which the solution 
(Thomas [42]) is given by (65). This solution 
can again be approximated by the dispersion 
model. Levich et a1 [33] find that the 
contribution to the effective coefficient of 
longitudinal diffusion due to mixing in the 
flowing zone was lost by Deans' I321 approach. 
These authors, again using a delta-input 
function, arrive at a different solution: 

The boundary conditions are given by (66). The 
system of equations for the mass balance (see 
6.2.1) and boundary conditions is solved through 
a Lap lace trans format ion. 

The residence time distribution h(T), summed 
over N cells, approaches normal distribution for 
large N, and so does the concentration (67) 
leaving the last cell. The diffusion model has 
the same result for sufficiently large length L 
of the medium. 
the two models the effective diffusion 
coefficient D is found (68). It is obvious that 
a small exchange rate p leads to large values of 
D. If the length L is not large enough a normal 
distribution is thus not established. The 
resulting curves rather show the familiar "tail" 
which can be described by two distributions: 
Solving the system of material balance and 
boundary condition equations through Laplace 
transformation for a small L (69) and p (70) 
results in a residence time distribution (71). 
Thus, the exiting concentration having two 
additive terms can be calculated. The first 
term relates a normal distribution, the other an 
exponentially decaying one. This is a 
3-parameter model. The parameters l,f, and p/q, 

By comparing the parameters of 

can be determined from experiments (72). 

7.2.2 DIFFERENTIAL CAPACITANCE MODEL 
---- (COATS AND SMITH) [32]) 

This model is in dimensionless form given as 
(73) and (74). In special cases, this model 
reduces to the dispersion model for both 
sufficiently small and sufficiently large 
velocities: 

1. For a small velocity, the rate group 
will be large and the mass transfer 
process essentially instantaneous. 

2. For large velocity, the rate group will 
be negligibly small. 

In both cases, the solution is the same as for 
the dispersion model, except that in the second 
case the (dimensionless) time must be multiplied 
by a factor of l/f. For boundary conditions set 
2 (47) the solution for the dispersion model is 
given above (51). The equations can be solved 
generally in the (complex) frequency domain by 
taking the Laplace transforms and combining the 
resulting (ordinary) differential equations (see 
Coats and Smith's [ 3 4 ]  Appendix C). 

The solution for the Laplace transform of the 
concentration can then be inverted to the time 
domain using the Cauchy integral theorem (for 
details see Churchill [43]). For the boundary 
conditions given above (set 21, the solution, as 
given by Coats and Smith [34], is (75) for x=L. 
For any x, the solution looks very similar, with 
substitutions (76) (Brigham [351). 

Brigham subjects this equation to the same 
critique as the dispersion model solutions by 
Coats and Smith [34]: again, a flowing 
concentration should be considered, and not the 
in-situ concentration. Brigham's equation to 
match laboratory effluent data to the dead-end 
pore model gives the flowing concentration C. 
c' is obtained by substitutions (77) in the 
above equation (75). Baker (441 describes a 
simpler way to determine the effluent 
concentrations: Again, the model equations are 
the same, whether they describe the in-situ or 
the flowing concentration. In each case, there 
are two concentrations to be considered, one in 
the flowing region and one in the stagnant 
region. Thus, four concentrations appear in the 
equations. The relations between the flowing 
and in-situ concentrations are the same (42) as 
in the dispersion model but there are now two 
such equations, one each for the flowing region 
and the stagnant region. "The flowing 
concentration in the stagnant region" may sound 
like a contradiction. Baker (441 points out 
that the model equations for flowing 
concentration are the equivalent of a wave 
equation: they predict the motion of a 
concentration waveform, not that of individual 
fluid elements. In order to solve these 
equations for the flowing concentrations the 
proper boundary conditions to be used are the 
same as those used in the dispersion model, 

10 



especially (78). 
in the complex frequency domain, Baker 1441 
suggests that rather than inverting it to the 
time domain, the data, instead, could be 
transformed to the frequency domain. An 
algebraic curve fitting procedure could then be 
used rather than the computer-time consuming and 
relatively inaccurate numerical integration in 
an iterative process. 
data to the frequency domain (as described by 
Clements and Schnelle [45]) and of fitting the 
model to the data is outlined in Baker's 1441 
Appendix B. 

8.0 ADSORPTION 

Adsorption from dilute aqueous solutions on 
reservoir rocks is generally considered in terms 
of the Langmuir isotherm. 
can be distinguished: instantaneous adsorption 
(equilibrium system), and time-dependent, or 
rate-controlled adsorption (non-equilibrium 
system). 

A basic discussion of the problem is found in a 
paper by Gershon and Nir 1461. Tracer transport 
is here based on the dispersion equation. 

In the case of chemical equilibrium the tracer 
concentration in the solid phase (amount 
adsorbed per unit volume of porous medium) is 
proportional to the concentration in the liquid 
phase (proportionality constant k). Adsorption 
changes at the rate (79). Considering 
radioactive decay (80) an ideal adsorbable 
tracer changes according to (81) and, thus, 
follows the dispersion equation (82). 

In steady state, this reduces to the ordinary 
differential equation (83). The general 
solution (Alexeev et a1 1471) has the form (84). 
For non-equilibrium a first-order mass reaction 
(85) is often assumed (Lapidus and Amundson 
[37]). The last term i n  (85) is generally not 
known and thus neglected. 
tracer, this gives (86) , and the differential 
equation is (87). This is formally identical 
with the above equation (82) for equilibrium. 
Two different situations should be considered: 
The steady state conditions using a radioactive 
tracer and the non-steady state conditions using 
a stable tracer. The latter is already 
discussed by Coats and Smith 1341 (see section 
7.2.2) for several sets (46) to (48) of boundary 
conditions. For the third of these sets, the 
solution is given (Bastian and Lapidus [48], as 
(88). 

For the steady state, a radioactive tracer is 
considered. Solutions to the ordinary 

After obtaining the solution 

A method of transforming 

- 

Two limiting cases 

For a radioactive 

uation are given for several 

1. X tracer is injected into a porous 
medium of infinite length (system INF2) 
through the plane x=O at a steady rate. 
The general solution (84) reduces to 
(89) - 

2. A semi-infinite medium is dealt with 

under the two conditions of cases 1 
(46) and 2 (47) for finite length by 
Coats and Smith 1341 discussed above. 
The solution can now be written as (90) 
with the constants of different value 
in the two cases SIWl (91) and SINF2 
(92). 

The finite system of length L (FINT) is 
considered under the third set of 
boundary conditions (48) of Coats and 
Smith [35] leading to equations (93) 
and (94). 

3. 

A useful approximation of the general solution 
is (95). 
approximations linear in 1/F reveals that the 
differences, for F 4 0 0  , aoe smaller than 1%. 
Only for high precision experiments (0.5%) 
should boundary conditions be taken into 
account. The non-steady state conditions, on 
the other hand, yield the following differences: 
for produced concentration of approximately 50% 
of the input concentration, the effects are of 
the order of 5% for 6-100. 

A more accurate approach to dealing with 
adsorption has been taken by Satter et a1 [49]. 
This model is based on dispersion (96) and 
Langmuir adsorption in the form (97). 

At equilibrium, the adsorption rate is zero and 
the adsorption equation reduces to the isotherm 
(98). The linear relation (99) used by Lapidus 
and Amundson [37] and discussed by Gershon and 
Nir [46] (see above) is a special case with b=o. 
The solution for production of half the input 
concentration given here is identical to the one 
(55) given above in case 3 of Coats and Smith 
1341 if replacement (100) is made. This 
replacement can also be made in the other two 
cases (53) and (54). Gershon and Nir [46] 
discussed an approximation only. 

At equilibrium, the dispersion and adsorption 
equations can be combined to (101). For a 
system of finite length L the transport 
equations are solved for condition (102) and set 
3 (48) of the boundary conditions of Coats and 
Smith 1341. With the dimensionless variables 
the model equations for rate-controlled 
adsorption are (103) and-(104), for equilibrium 
adsorption (105). The second term in the 
brackets in (105) is zero for negligible 
adsorption. 

These equr-tions five (5) dimensionless 
groups controlli ersion and adsorption: 

A comparison of these solutions in 

(107) 
b) flow rate group (108) 
c) kinetic rate group (109) 

3 .  For equilibrium adsorption: 
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adsorp t ive  c a p a c i t y  group (110) .  

Numerical s o l u t i o n s  were obtained us ing  t h e  
Barakat-Clark [50]  f i n i t e  d i f f e r e n c e  method. 
The i n f l u e n c e  of t h e  d i f f e r e n t  groups was 
eva lua ted  with t h e  h e l p  of  a computer. 
Normalized adsorp t ion  and e f f l u e n t  concent ra t ion  
h i s t o r i e s  were developed which are u s e f u l  f o r  
des igning  and i n t e r p r e t i n g  l a b o r a t o r y  core  
f loods .  The au thors  conclude t h a t  d a t a  obtained 
a t  t i m e s  much s h o r t e r  than  r e s e r v o i r  res idence  
t i m e s  should not  be appl ied  d i r e c t l y  t o  e s t i m a t e  
chemical l o s s  i n  a r e s e r v o i r  when adsorp t ion  ( o r  
any o t h e r  mechanism) is  r a t e - c o n t r o l l e d  o r  
time-dependent . 
9.0 

F ie ld  tests d i f f e r  from l a b o r a t o r y  experiments 
by employing a d i f f e r e n t ,  more complicated,  
geometry. The models descr ibed  above were 
geared t o  t h e  simple l i n e a r  case. 
r e s e r v o i r s ,  a t  least  t h e  common sandstone type ,  
r e p r e s e n t  two-dimensional s e t t i n g s .  Wells are 
sometimes arranged i n  a f a i r l y  r e g u l a r  p a t t e r n ,  
where i n j e c t i o n  and product ion w e l l s  each form 
an (approximate) square g r i d .  The o f f s e t  i s  
such t h a t  each w e l l  of one type i s  loca ted  i n  
t h e  c e n t e r  of a square formed by four  w e l l s  of 
t h e  o t h e r  type.  These so-cal led f ive-spots  
provide a r e l a t i v e l y  s imple and h i g h l y  
symmetrical geometry f o r  measuring and modeling. 

FLOW MODEL FOR FIELD EXPERIMENTS - ---- 

But 

Brigham and Smith [51]  developed a model f o r  t h e  
f ive-spot  geometry. The d i s p e r s i o n  equat ion  f o r  
r a d i a l  flow i s  i d e n t i c a l  t o  t h a t  f o r  l i n e a r  flow 
i f  t h e  d i s t a n c e  x i s  i n t e r p r e t e d  a s  r a d i a l  
d i s t a n c e  r ,  and t h e  l i n e a r  flow v e l o c i t y  v i s  
rep laced  by a q u o t i e n t  according t o  (111) .  This 
q u o t i e n t  i s  t h e  volumetr ic  i n j e c t i o n  r a t e  ( p e r  
u n i t  h e i g h t )  Q divided by per imeter  and 
p o r o s i t y .  This  i s  equiva len t  t o  (112) f o r  
l i n e a r  flow. The d i s p e r s i o n  equat ion  i s ,  by 
approximation and s u b s t i t u t i o n  of v a r i a b l e s ,  
aga in  ( a s  i n  t h e  l i n e a r  c a s e )  reduced t o  a 
d i f fus ion- type  equat ion .  The s o l u t i o n  (Raimondi 
e t  a1 [52] )  f o r  s tep- input  i s  g iven  by t h e  e r r o r  
func t ion  a s  (113) .  The d i f f e r e n c e  of t h e  
argument t o  t h e  l i n e a r  c a s e  i s  due t o  t h e  
d i f f e r e n t  dependence of  t h e  v e l o c i t y  on t h e  
d i s t a n c e .  The s o l u t i o n  i n  terms of  t h e  average 
d i s t a n c e  t r a v e l e d  by t h e  f r o n t  i s  der ived  by 
Baldwin [53] .  I n  t h e  l i n e a r  case  t h e  average 
t r a v e l e d  d i s t a n c e  i s  descr ibed  by (114) and t h e  
c o n c e n t r a t i o n  by (115). This  i s  a normal 
d i s t r i b u t i o n  with a s tandard  d e v i a t i o n  (116) 
which i s  a measure f o r  t h e  width of t h e  
d ispersed  f r o n t .  Assuming two ( a d d i t i v e )  
c o n t r i b u t i o n s  t o  t h e  s tandard  d e v i a t i o n ,  one by 
t h e  d i s t a n c e  t r a v e l e d  (117) and one by t h e  
r a d i a l  geometry (118) ( requi red  by keeping t h e  
volume c o n s t a n t ) ,  r e l a t i o n  (119) i s  obta ined  f o r  
r a d i a l  flow. With t h e  boundary c o n d i t i o n  (120) 
Baldwin [53]  o b t a i n s  t h e  s o l u t i o n  (1211, f o r  
s u f f i c i e n t l y  l a r g e  r (122). Thus, t h e  
c o n c e n t r a t i o n  (123) is  analogous t o  t h e  l i n e a r  
case.  
func t ion  with (124) t h e  concent ra t ion  (125) i s  
i d e n t i c a l  t o  t h e  above s o l u t i o n  (113) .  

By modifying t h e  argument of t h e  e r r o r  

Baldwin [51]  a l s o  cons iders  converging flow a t  
t h e  producing w e l l .  I f  r i s  measured from 
t h e r e ,  then  (because d i s t a n c e  t r a v e l e d  i s  now 
n e g a t i v e )  c o n d i t i o r  (119) is changed t o  (126) 
f o r  converging flow. (127) now i s  t h e  boundary 
c o n d i t i o n  f o r  diverr ing-converging flow. Thus, 
t h e  s tandard  d e v i a t i o n  i s  g iven  by (128) and t h e  
c o n c e n t r a t i o n  a t  d i s t a n c e  r by (129) which, a t  
(130) , i s  equal  t o  t h e  d ivergent  c o n c e n t r a t i o n  
(125) .  

Brigham and Smith [51]  do n o t  cons ider  
convergent flow. They argue ,  i n s t e a d ,  t h a t  a 
r a d i a l  model can approximate t h e  5-spot geometry 
a s  f a r  as t h e  l e n g i 3  of t h e  f r o n t  i s  concerned. 

A f i n i t e  s l u g  i s  descr ibed  by two e r r o r  
f u n c t i o n s ,  one f o r  t h e  f r o n t  and one ( n e g a t i v e )  
f o r  t h e  back o f  t h e  s lug .  A t  t h e  midpoint (131) 
t h e  peak c o n c e n t r a t i o n  i s  g iven  by (132) .  
In t roducing  t h e  undi lu ted  "width" W (133) of t h e  
s l u g ,  equat ion  (132) can be w r i t t e n  i n  form 
(134) .  This  compares t o  l i n e a r  flow f o r  a 
d i s t a n c e  L (135) with t h e  d i f f e r e n c e  only i n  a 
numerical  f a c t o r  ( square  r o o t  of  3 ) .  

I n  t r a c e r  work, t h e  d e s i r e d  output  c o n c e n t r a t i o n  
i s  almost always less than  one t e n t h  of t h e  
input  c o n c e n t r a t i o n .  
e r r o r  f u n c t i o n  i s  less than  about  0 .1 ,  t h e  
f u n c t i o n  can be approximated by a l i n e a r  
f u n c t i o n  (136) .  The mass of  t r a c e r  ( i n  l b s )  
i n j e c t e d  i s  equal  t o  t h e  product  of t h e  
per imeter  times t h e  width,  t h e  h e i g h t ,  t h e  
p o r o s i t y  o f  t h e  rock ,  t h e  water s a t u r a t i o n ,  t h e  
t r a c e r  i n j e c t i o n  c o n c e n t r a t i o n  and t h e  d e n s i t y  
(62 .4) .  Thus, i n  o r d e r  t o  produce a c e r t a i n  
peak c o n c e n t r a t i o n  a t  a w e l l  i n  t h e  d i s t a n c e  
r = L ,  t h e  mass of t r a c e r  t o  be i n j e c t e d  can be 
c a l c u l a t e d  through (137) .  Using publ ished 
breakthrough d a t a  (Dyes, Caudle and Erickson 
[56] ,  Caudle and Witte [55] ,  Fay and P r a t s  
[ 5 4 ] ) ,  Brigham and Smith [ 511 then  a r r i v e  a t  an 
empir ica l  formula f o r  a c t u a l l y  produced peak 
c o n c e n t r a t i o n s  (138) .  Combining t h e s e  two 
equat ions  (136) and (137) g i v e s  a working 
equat ion  (139) f o r  t h e  mass of a t r a c e r  t o  be 
i n j e c t e d .  

Baldwin [53]  compares t h e  two p r e d i c t i o n  methods 
f o r  peak producing c o n c e n t r a t i o n s  and f i n d s ,  f o r  
t h e  same mixing c o e f f i c i e n t ,  Brigham and Smith's 
[51]  s o l u t i o n  (by combining (133) and (137))  low 
by a f a c t o r  of 1.4 because convergent flow i s  
n o t  cons idered .  

When t h e  argument of  t h e  

In o r d e r  t o  account f o r  inhomogeneities of  t h e  
r e s e r v o i r ,  a layer-cake model was cons t ruc ted  
(Brigham and Smith [ 51 ] ) : The peak producing 
c o n c e n t r a t i o n  of t h e  n t h  l a y e r  compared t o  t h a t  
o f  t h e  homogeneous r e s e r v o i r  a r e  g iven  by (140) .  
The t imes t o  breakthrough are represented  by 
(141) .  
Smith [51]:  3 l a y e r s ,  Baldwin [53]: 20 l a y e r s )  
were used t o  match t h e  produced concent ra t ion  
curves i n  an i n v e r t e d  f ive-spot  ( 2  1 /2  a c r e )  
f i e l d  t es t  (Smith and Brigham [ 5 7 ] )  
s u c c e s s f u l l y .  I n  t h i s  t e s t ,  200 pounds of  
ammonium th iocyanate  and 150 pounds of  potassium 
i o d i d e  were i n j e c t e d  a s  a s l u g ,  and about 40% 
and 45%, r e s p e c t i v e l y ,  recovered by t h e  end of  

P r e d i c t i o n s  of both models (Brigham and 
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t h e  t es t .  No adso rp t ion  was ind ica t ed  but a 
lagging  of t h e  ammonium ion .  

10.0 MODEL APPLICATIONS IN FIELD TESTS 

Experiences,  i n  t h e  f i e l d ,  wi th  t r a c e r s  a r e  of a 
mixed na tu re .  When t r a c e r s  have been c a r e f u l l y  
and proper ly  s e l e c t e d ,  t hey  have y ie lded  
va luab le  informat ion .  This in format ion  i s  
most ly  r e l a t i v e ,  and q u a l i t a t i v e  i n  na tu re .  A 
l a r g e  number of chemical and r a d i o a c t i v e  t r a c e r s  
have been used i n  va r ious  a p p l i c a t i o n s .  

Wagner e t  a 1  1581 d i s c u s s ,  f o r  t h e  f i r s t  t ime, 
b a s i c  t r a c e r  program des ign  methods. 
des ign  i s  based on t h e  model equat ions  developed 
by Brigham and Smith 1511 d iscussed  i n  t h e  l a s t  
s e c t i o n  (which do not  cons ider  adso rp t ion ) .  
This idea l i zed  five-spot model i s  modified f o r  
m u l t i f l u i d ,  mul t iwel l  and layered  r e s e r v o i r  
s i t u a t i o n s .  A gene ra l i zed  formula (142) i s  
der ived  f o r  t h e  t r a c e r  concen t r a t ion  produced a t  
t h e  su r face .  The f a c t o r s  P (dependent on t h e  
r a t i o  of i n j e c t i o n  t o  product ion w e l l s  and t h e  
f r a c t i o n  of producing a r e a  f o r  which 
breakthrough has  occurred)  and E (accounts f o r  
thermodynamic e f f e c t s  when t h e  gas  i s  expanded 
t o  a tmospheric  cond i t ions )  account f o r  t h e  
d i l u t i o n  of a gas  t r a c e r .  
ranges  from 1 t o  4. Waterflood t r a c e r s  can be 
t r e a t e d  wi th  t h e  same formula when t h e  GOR i s  
rep laced  by WOR and E equa l s  one. The model i s  

‘ u s e d  t o  p r e d i c t  s a f e ,  d e t e c t a b l e  t r a c e r  
concen t r a t ions  and peak concen t r a t ions ,  and t o  
determine t h e  requi red  a n a l y t i c a l  s e n s i t i v i t i e s .  
The f i e l d  test  (hydrocarbon misc ib l e  f lood)  was 
conducted i n  t h e  South Swan H i l l s  Uni t ,  South 
Swan H i l l s  F i e l d ,  Alber ta ,  Canada. Fourteen 
i n j e c t i o n  w e l l s  each were used f o r  hydrocarbon 
so lven t  and f o r  water.  Mul t ip l e  t r a c e r  
(chemical and r a d i o a c t i v e )  were employed, 
t r i t i u m ,  t r i t i a t e d  e thane ,  and Kr-85 with t h e  
s o l v e n t ,  t r i t i a t e d  water ,  ammonium n i t r a t e ,  and 
i sopropyl  a lcohol  wi th  t h e  water.  
c r i t e r i a  considered a r e :  d i f f e r e n t  t r a c e r s  
should be used f o r  each i n j e c t i o n  we l l  i n  f l u i d s  
i n j e c t e d  i n  ad jacent  w e l l  p a t t e r n s ;  t h e  
i n j e c t e d  amount of t r a c e r  ( p a r t i c u l a r l y  
r a d i o a c t i v e )  should produce s a f e  l e v e l s  of 
concen t r a t ion  y e t  well above d e t e c t i o n  l i m i t s ;  
d i l u t i o n  f a c t o r s  f o r  water  t r a c e r s  (bes ides  
adso rp t ion )  a r e  d i s p e r s i o n  and w e l l  p a t t e r n ;  
f o r  gases ,  d i l u t i o n  by co-produced gas  i n  t h e  
s e p a r a t o r s  and r educ t ion  i n  s p e c i f i c  
r a d i o a c t i v i t y  due t o  expansion must be  
considered. 

The use fu lness  of t h e  p r e d i c t i o n  
f u r t h e r  proven i n  f i v e  programs repor ted  by 
Wagner [59] .  I n  a d d i t i o n  t o  t h e  t r a c e r 6  used i n  
t h e  South Swan H i l l s  Unit ( s ee  above) o the r  
t r a c e r s  were chosen from a l i s t  of pre fe r r ed  
m a t e r i a l s  con ta in ing  a l s o :  ammonium 
th iocyanate ,  sodium o r  potassium bromide and 
iod ide ,  sodium c h l o r i d e ,  f l uo rescen t  dyes,  and 
water  so lub le  a l coho l s  a s  water  t r a c e r s ,  and 
t r i t i a t e d  methane a s  gas  t r a c e r .  Tracers  were 
employed and proved f o r  t r a c i n g  i n t e r w e l l  flow 
and t o  i d e n t i f y  sweep problems: 
sweep e f f i c i e n c i e s ,  i d e n t i f i c a t i o n  of problem 
i n j e c t i o n  we l l s ,  d i r e c t i o n a l  flow t r ends ,  
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d e l i n e a t i o n  of flow b a r r i e r s ,  r e l a t i v e  
v e l o c i t i e s  of i n j e c t e d  f l u i d s ,  and eva lua t ion  of 
sweep improvement t rea tments .  
following f i e l d  programs a r e  d iscussed:  

Resu l t s  of t h e  

1. Levelland Unit (West Texas) t e r t i a r y  
misc ib l e  p i l o t  

S a l t  Creek F ie ld  (Wyoming) p o t e n t i a l  
m i c e l l a r  p i l o t  

2. 

3. L i t t l e  Buffa lo  Basin (Wyoming) 
water f lood  

4. South Swan H i l l s  Unit (A lbe r t a ,  Canada) 
hydrocarbon misc ib l e  flood. 

I n  t h e  West Texas p r o j e c t ,  r e s e r v o i r  
s t r a t i f i c a t i o n  was known from p r i o r  waterf lood 
h i s t o r y .  Thus, t h e  model p r e d i c t i o n  could be 
compared t o  t h e  a c t u a l  t r a c e r  performance. It 
i s  shown t o  be i n  q u a l i t a t i v e  agreement. 

The t r a c e r  in format ion  obtained w i l l  be 
e s p e c i a l l y  u s e f u l  t o  t h e  des ign ,  c o n t r o l ,  and 
i n t e r p r e t a t i o n  of a p o t e n t i a l  t e r t i a r y  recovery 
process i n  t h e  a r e a s  where t h e  t e s t s  have been 
conducted. 

11.0 TRACERS I N  GEOTHERMAL APPLICATIONS 

Fundamentally, a p p l i c a t i o n  i n  geothermal 
r e s e r v o i r s  i s  not  very  d i f f e r e n t  from t h a t  i n  
o i l f i e l d s .  
r a t e s  and tempera tures ,  have t o  be reckoned wi th  
( see  s e c t i o n  11.2).  In  s e c t i o n  11.3 the  few 
repor ted  geothermal a p p l i c a t i o n s  a r e  presented. 

- -- 

The b a s i c  d i f f e r e n c e s ,  h ighe r  flow 

11.1 NEED FOR TRACERS I N  G E O T H E m  - ---- 
RESERVOIRS 

The purpose of a t r a c e r  i n j e c t i o n  i n t o  a 
geothermal r e s e r v o i r  may d r a s t i c a l l y  d i f f e r  from 
t h a t  i n t o  an o i l  o r  gas r e s e r v o i r .  
of heat-depleted b r i n e s  i n t o  geothermal 
r e s e r v o i r s  may be requi red  f o r  p re s su re  
maintenance and hea t -mining  ope ra t ions .  This 
r e i n j e c t i o n  poses an i nhe ren t  danger  t o  t h e  
l i fe -span  of a geothermal r e s e r v o i r .  

Assuming the  r e i n j e c t e d  and r e l a t i v e l y  co ld  
b r i n e  channels through a system of f r a c t u r e s  
from t h e  i n j e c t i o n  t o  t h e  product ion w e l l s ,  a 
p o t e n t i a l l y  de t r imen ta l  s i t u a t i o n  is genera ted .  
The f r o n t  o f  t h e  cold f l u i d s  w i l l  be  heated and 
mixed with o r i g i n a l  and n a t i v e  r e s e r v o i r  f l u i d s .  
This hydr-**?ic f r o n t  is preceding a temperature  
frr::b. Unfor tuna te ly ,  t h i s  hydrau l i c  f r o n t  i s  
masked and may not  be recognizable  b t  i ts  e a r l y  
s t ages .  Thus, t h e  de t r imen ta l  temperature  f r o n t  
w i l l  approach t h e  product ion we l l s  without  
g iv ing  t h e  ope ra to r  a prewarning. 
t h e  temperature  f r o n t  a r r i v e s  a t  t h e  product ion 
we l l s ,  a l a r g e  and c r i t i c a l l y  important  po r t ion  
of t h e  geothermal r e s e r v o i r  i s  cooled down and 
l o s t  f o r  power production. A temperature  drop  
o f  even a few degrees  w i l l  have de t r imen ta l  
e f f e c t s  upon t h e  va lue  of a product ion w e l l .  
One must no t  on ly  cons ider  t h e  l o s s  of en tha lpy  

Re in jec t ion  

As  soon a s  



(which may be minor) but a l s o  t h e  change i n  
en t ropy  caused by t h i s  temperature  drop. 
o v e r a l l  e f f e c t  upon the  power p l an t  e f f i c i e n c y  
may become of major concern. 

Only t r a c e r s  w i l l  a l low a cons t an t  r e s e r v o i r  
v e r i f i c a t i o n  which i s  requi red  t o  recognize t h e  
hydrau l i c  f r o n t s  a s  e a r l y  as poss ib l e .  
Furthermore, quant i fy ing  t h e  appearance of 
r e i n j e c t e d  b r i n e  i n  the  product ion we l l s  i s  
abso lu te ly  requi red  ( a )  t o  c a l c u l a t e  t h e  damage 
caused by cool ing  of t h e  r e s e r v o i r ,  ( b )  t o  
p red ic t  t h e  l o c a t i o n  of t h e  temperature  f r o n t  
and (c: t o  start remedial  procedures  by s h u t t i n g  
down i n j e c t i o n  we l l s  o r  t o  r e l o c a t e  these  
i n j e c t o r s .  
s t u d i e s  may r e s u l t  i n  l a r g e  f i n a n c i a l  p e n a l t i e s  
f o r  t h e  ope ra to r .  

Routine i n j e c t i o n s  of t r a c e r s  i n t o  geothermal 
r e s e r v o i r s  may become a necess i ty  not  only t o  
determine t h e  l o c a t i o n  of a temperature  f r o n t  
but a l s o  t o  determine t h e  n a t u r a l  flow p a t t e r n s  
wi th in  t h e  r e s e r v o i r .  This could be achieved by 
i n j e c t i n g  of va r ious  t r a c e r s  i n t o  d i f f e r e n t  
i n j e c t i o n  w e l l s  and cons t an t ly  monitor ing the  
produced f l u i d s  from a l l  product ion we l l s  f o r  
t h e i r  t r a c e r  conten t .  

The 

F a i l u r e  t o  conduct t hese  t r a c e r  

11.2 DIFFERENCES OILFIELD - 
Most subter ranean  a p p l i c a t i o n  of t r a c e r s  a r e  
r e l a t e d  t o  o i l  r e s e r v o i r s  o r  ground water.  
Geothermal r e s e r v o i r s  a r e  d i s t ingu i shed  from 
o i l f i e l d s  i n  t h a t  they  con ta in  only an aqueous 
f l u i d  which normally moves a t  much h igher  r a t e s  
than  o i l f i e l d  f l u i d s .  

The l a c k  of organic  f l u i d s  i n  a l l  known 
geothermal r e s e r v o i r s  e l imina te s  a l l  t r a c e r  
problems r e l a t e d  t o  a t r a c e r  p a r t i t i o n  between 
t h e  two immiscible phases. The common absence 
of a gas  phase i n  liquid-dominated r e s e r v o i r s  
e l imina te s  f u r t h e r  t r a c e r  problems. Thus, 
t r a c e r  a p p l i c a t i o n s  i n  geothermal r e s e r v o i r s  
should be plagued by less problems than  those  i n  
o i l  and gas  f i e l d s .  On t h e  o the r  hand, 
geothermal r e s e r v o i r s  may o f f e r  problems f o r  
t r a c e r  s t u d i e s  which a r e  not  normally 
encountered i n  o i l  and gas  f i e l d s .  

The main d i f f e r e n c e  between hydrocarbon and 
geothermal r e s e r v o i r s  l i e s  n a t u r a l l y  i n  t h e  high 
temperatures  encountered i n  geothermal 
formations.  F lash ing  of gases  (%.e . ,  mainly 
steam) during producton of geothermal f l u i d s  
o f f e r s  s e r i o u s  problems. For example, a f l a s h  
of 20% steam w i l l  vapor ize  20% of t h e  produced 
l i q u i d s ,  t hus  having a concent ra t ing  e f f e c t  upon 
t h e  remaining l i q u i d s .  Na tu ra l ly ,  one must know 
p r e c i s e l y  t h i s  f l a s h  t o  determine t h e  produced 
q u a n t i t y  of t h e  t r a c e r s .  Another problem caused 
by t h i s  f l a s h i n g  may be t h e  need t o  sample f o r  
t r a c e r s  i n  a two phase mixture .  This problem 
could be  p a r t i a l l y  overcome by u t i l i z i n g  
m u l t i p l e  t r a c e r s ,  some of which would p a r t i t i o n  
between l i q u i d  and steam phase (e .g . ,  t r i t i a t e d  
water )  and some of which would s t a y  i n  t h e  
l i q u i d  phase. 

The high temperatures  may a l s o  o f f e r  problems 

r e l a t e d  t o  t h e  hydrothermal s t a b i l i t y  o f  some 
t r a c e r s .  Molecules o r  complex ions  may not b e  
s u f f i c i e n t l y  s t a b l e  under geothermal r e s e r v o i r  
cond i t ions .  Unfortunately,  t h e  l i t e r a t u r e  
con ta ins  only  very  few h i n t s  about t h i s  
hydrothermal s t a b i l i t y ,  t hus  c r e a t i n g  t h e  need 
f o r  some fundamehtal r e sea rch .  Phys ica l  
r e a c t i o n s  such a s  adsorp t ion /desorp t ion  and ion  
exchange a r e  temperature  dependent. Again, t h e  
l i t e r a t u r e  con ta ins  no r e fe rences  t o  these  high 
temperature  r eac t ions .  

The type of rock i n  t h e  r e s e r v o i r  a l s o  has a 
major impact on t h e  t r a c e r  behavior  i n  a 
subter ranean  r e s e r v o i r .  

O i l  r e s e r v o i r s  a r e  r e l a t e d  t o  porous rocks of 
sedimentary o r i g i n  o r  a l imi t ed  number of 
carbonate  rocks ,  geothermal r e s e r v o i r s  and flow 
systems can  e x i s t  i n  any kind of rock. Thus, 
product ion cannot r e l y  on ly  on n a t u r a l  rock 
p o r o s i t y  but has  t o  u t i l i z e  n a t u r a l  and/or 
induced f r a c t u r e s .  Ground water  i s  usua l ly  
t r aced  through s o i l  and rocks a t  shal low dep ths ,  
not through underground r e s e r v o i r s .  

The f r a c t u r e s  and h igh  permeabi l i ty  s t r e a k s  i n  
geothermal r e s e r v o i r s  must be recognized and 
descr ibed  i n  d e t a i l  ( s e e  s e c t i o n  11.1). This 
should o f f e r  only minor problems. The rock on 
t h e  f r a c t u r e  f aces  o r  w i th in  the h igh  
permeabi l i ty  s t r e a k s  exposes  r e l a t i v e l y  smal l  
su r f ace  a r e a s  t o  t h e  t r a c e r s  a s  opposed t o  low 
permeabi l i ty  rock. Therefore ,  s o r p t i o n  
r e a c t i o n s  p lay  a much sma l l e r  r o l e  i n  a 
f r a c t u r e d  r e s e r v o i r  compared t o  a r e s e r v o i r  
which r e l i e s  on product ion through ma t r ix  
permeabi l i ty .  

11.3 REPORTED APPLICATIONS - 
Reports on geothermal a p p l i c a t i o n s  a r e  r a r e  so 
f a r .  The f i r s t  use  of a r a d i o t r a c e r  i n  a 
geothermal environment was performed by one of 
t h e  au thors  and repor ted  i n  1978, by G u l a t i ,  
Lipman, and Strobe1 [ 6 0 ] .  A t r a c e r  survey was 
run, a t  t h e  Geysers, i n  Su l fu r  Bank #1 i n  1975. 
The immediate o b j e c t i v e  was t r a c i n g  t h e  
r e i n j e c t e d  steam condensate:  
vapor i ze ,  and how much reappears  a s  steam a t  t h e  
product ion wel l s?  
involved, t r i t i u m  was s e l e c t e d  a s  t h e  t r a c e r .  
20 c u r i e s  were i n j e c t e d  i n  t h e  form of t r i t i a t e d  
water  over a 24-hour per iod  i n t o  one w e l l ,  SB-1, 
us ing  a p rec i s ion  i n j e c t i o n  pump a t  t h e  
wel lhead. .  The f i r s t  t r i t i u m  was measured j u s t  
seven ( 7 )  days a f t e r  i n j e c t i o n .  La ter  it was 
observed i n  a t o t a l  of 20 wel l s .  The l a s t  
t r i t i u m  appeared 28 months l a t e r  br inging  t h e  
t o t a l  amount recovered t o  18% of t h e  i n j e c t e d  
t r a c e r .  The r eg iona l  f l ow p a t t e r n  of t h e  
r e s e r v o i r  t l u i d  seems t o  be r a d i a l .  The 
i n j e c t i o n  w e l l ,  however, i s  loca ted  i n  t h e  
southwest corner  o f  t h e  Geysers with a l l  
product ion we l l s  w i th in  an angle  of about 80". 
This l i m i t s  t h e  observa t ion  of t h e  flow p a t t e r n  
severe ly .  The au tho r s  a l s o  conclude t h a t  t h e  
r a t e  of hea t  t r a n s f e r  from rock t o  f l u i d  can 
only  be found wi th  a t r i t i u m  t r a c e r  survey. 
t ime involved t o  recover  a c e r t a i n  amount of 
h e a t  cannot be pred ic ted  f o r  a f r ac tu red  system 

did  any of i t  
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because i t  i s  a f u n c t i o n  of t h e  f r a c t u r e  
i n t e n s i t y  which is n o t  known. 
f o r  t h e  f i r s t  time, provided d i r e c t  phys ica l  
evidence t h a t  t h e  rock h e a t  is being mined over  
real  t i m e  and not  g e o l o g i c a l  time. 

Tester and P o t t e r  [61] ,  i n  1973, r e p o r t  on f i e l d  
experiments  of a pro to type ,  two wel lbore ,  h o t  
d r y  rock r e s e r v o i r  a t  t h e  Fenton H i l l  s i te  i n  
New Mexico. The tes t s  t o  c h a r a c t e r i z e  t h e  h o t ,  
low-matr ix  permeabi l i ty  h y d r a u l i c a l l y - f r a c t u r e d  
g r a n i t i c  r e s e r v o i r  use f l u o r e s c e n t  dye and 
r a d i o a c t i v e  t r a c e r s  Br-82 and 1-131. The 
r a d i o t r a c e r s  were used t o  diagnose i n j e c t i o n  and 
product ion zone flow p a t h s  near  t h e  wel lbores ,  
t h e  dye was appl ied  t o  measure f r a c t u r e  volume, 
res idence  t i m e  d i s t r i b u t i o n s  and t h e  degree of 
f l u i d  mixing w i t h i n  t h e  f r a c t u r e d  reg ion .  The 
r a d i o t r a c e r  experiments  were o r i g i n a l l y  done 
wi th  1-131, introduced i n t o  t h e  flow system with 
a convent ional  i n j e c t o r  system gamma-ray 
d e t e c t o r  logging t o o l .  Severa l  d i sadvantages  
became apparent :  f a i l u r e  of  t h e  t o o l  a t  high 
temperature ,  h i g h  1-131 backgrounds i n  
consecut ive  experiments  due t o  r e l a t i v e l y  long 
h a l f - l i f e  (8 d a y s ) ,  r e l a t i v e l y  h igh  exposure 
dur ing  sample loading ,  and use  of an  i s o t o p e  
which h a s  a very  low c o n c e n t r a t i o n  l i m i t  f o r  
s u r f a c e  s t o r a g e  because of h e a l t h  hazards .  

B new t r a c e r  dispenser/gamma d e t e c t o r  package 
was designed f o r  Br-82 t o  be generated by 
neut ron  a c t i v a t i o n  i n  a n u c l e a r  r e a c t o r .  From 
t h e  s tandpoin t  o f  h a l f - l i f e  (36 hours )  , b i o l o g i c  
s e n s i t i v i t y  and gamma r a y  energy (1.5 MeV 
maximum), Br-82 appears  almost i d e a l  f o r  t h i s  
type of  s tudy .  Ammonium bromide, encapsulated 
i n  a q u a r t z  v i a l ,  was i r r a d i a t e d  and then  loaded 
i n t o  a heavy metal sh ie lded  c o n t a i n e r  i n  a h o t  
ce l l .  A t  t h e  wellhead t h e  logging probe 
c o n t a i n i n g  t h e  gamma counter  ( s tandard  Geiger 
d e t e c t o r  employing h igh  temperature  e l e c t r o n i c s )  
was connected t o  t h e  s h i e l d  conta in ing  t h e  
capsule .  A t  t h e  d e s i r e d  depth ,  an e x p l o s i v e l y  
a c t i v a t e d  ram broke t h e  capsule  mechanical ly  and 
moved a p i s t o n  t o  release t rapped water which 
f lushed  t h e  broken capsule .  A t o t a l  of s i x  ( 6 )  
r a d i o t r a c e r  surveys were performed, t h e  f i r s t  
f o u r  with 1-131, t h e  l a s t  two with Br-82. 

Two surveys (with 20 m C i  and 10 m C i  1-131, 
r e s p e c t i v e l y )  were made t o  f i n d  t h e  e x t e n t  of  
damage done by thermal  cyc l ing  t o  t h e  cement 
behind t h e  c a s i n g  i n  t h e  i n j e c t i o n  
t o  l o c a t e  flow s i n k s ,  e s p e c i a l l y  i 
major anomalous reg ion .  
t h e  e x i s t e n c e  of a major flow pa th  behind t h e  
cas ing  and gave evidence t h a t  n a t u r a l  f r a c t u r e s  
might provide openings f o r  a flow system. 

The next  two surveys were p e r  
s e p a r a t e  e f f o r t s  t o  reduce t h e  system impedance, 
t h e  f i r s t  by leaching  with sodium carbonate ,  t h e  
o t h e r  by r e d r i l l i n g  t h e  lower p o r t i o n  of  t h e  
product ion w e l l .  The tracer surveys showed new 
flow s i n k s  and m u l t i p l e  product ion zones and 
suggested t h a t  t h e  new borehole  i s  connected i n  
p a r a l l e l  t o  a main flow system. The f i r s t  
survey  us ing  Br-82 was a l s o  made a t  high f low 
ra te  and high back p r e s s u r e .  It ,  t h u s ,  provided 
more u s e f u l  r e s u l t s  i n  i n t e r p r e t i n g  d a t a  from 

This  t es t  h a s ,  

These tests confirmed 

t h e  major flow tests.  The flow r a t e  of t h e  
t r a c e r  upwards behind t h e  cas ing  of t h e  
i n j e c t i o n  w e l l  could be es t imated .  I n  t h e  
product ion w e l l ,  t h e  p o s i t i o n s  of t h e  main 
connect ing f r a c t u r e s  and t h e  a r r i v a l  t i m e s  o f  
t h e  t r a c e r  a t  each f r a c t u r e  were rheasured 
( a g a i n ) .  The l a s t  t r a c e r  t es t  allowed t o  
measure t h e  f l u i d  path a f t e r  t h e  cas ing  was  
recemented. It i n d i c a t e d  t h a t  t h e  recementing 
was performed s u c c e s s f u l l y .  

For res idence  t i m e  d i s t r i b u t i o n  measurements, a 
pu lse  of concentrated sodium f l u o r e s c e i n  dye 
( t y p i c a l l y  about  400 l i t e r s  of a 200 t o  300 ppm 
aqueous s o l u t i o n )  w a s  i n j e c t e d ,  pumped through 
t h e  f r a c t u r e d  r e g i o n ,  and recovered i n  t h e  
product ion w e l l .  The res idence  t i m e s  are under 
10 hours .  No decomposition o r  adsorp t ion  could 
be measured f o r  24 hour exposures a t  200°C. The 
d e t e c t i o n  l i m i t  was approximately 0.05 ppm, t h e  
o v e r a l l  accuracy, i n  terms of volumes, ca  800 
l i t e rs .  Four ( 4 )  experiments dur ing  t h e  75-day 
flow tes t  are s u m a r i z e d  i n  s t a t i s t i c a l  terms a s  
w e l l  a s  g r a p h i c a l l y .  
flow was w e l l  mixed without  major s h o r t  
c i r c u i t s .  
t i m e  d i s t r i b u t i o n  i s  caused by d i s p e r s i o n  w i t h i n  
i n d i v i d u a l  flow p a t h s ,  and t h e i r  superpos i t ion .  
The more c i r c u i t o u s  r o u t e s  i n  t h e  rock probably 
account f o r  t h e  t a i l  towards l a r g e r  volumes. 
The experiments showed t h a t  t h e  flow system grew 
cons iderably  i n  s i z e  dur ing  t h e  t es t  and 
developed a d d i t i o n a l  flow pa ths .  

By t h e  use  of convent ional  and t h e  t r a c e r  
methods, a model of t h e  p r e s e n t  f r a c t u r e  system 
has  been developed. 
on t h e  d i s p e r s i o n  equat ion .  
one-dimensional f i t  shows reasonable  agreement. 
A more r e a l i s t i c  mult izone model and a 
two-dimensional model provide s a t i s f a c t o r y  curve 
matches because they  have more ad j u s  t a b l e  
parameters .  However, due t o  t h e  complex 
geometric r e l a t i o n s h i p s ,  s i m p l i f i c a t i o n s  are 
i n h e r e n t  t o  a l l  t h e  models. Thus, a unique 
model was not  determined. 

The d a t a  show t h a t  t h e  

The observed shape of  t h e  res idence  

The flow modeling was based 
A s i n g l e  zone 
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co X c (x , t )  . - e r f c  (-) . . . . . . . . . .  ; . . . . . . . . . . .  ( 3 3 )  
2 . E  2 

I n i t i a l  cond i t i on  f o r  s lug  . . . . . . . . . . . . . . . . . . . . .  ( 3 5 )  

t = O  : c = c O  f o r  - H < x < + H  

c = 0 f o r  1x1 > H 

. . . . . . . . . . . . . . . . .  
H-x Ern 1 H+x 

2 m  
c(x, t )  > [,rf (-) + e r f  (-) (36) 

cO x - v t  

2 "a c(x, t )  . e r f c  (-) . . . . . . . . . . . . . . . . . . . . . .  (37)  

G c ~ d a r y  cond i t ions  f o r  step i npu t  . . . . . . . . . . . . . . . . .  
c (x , t )  .+ 0 

c (x , t )  = 

f o r  x - ID 

f o r  x = v t  cO 

( X j  

l-td 
c = - e r f c  (- ).  . . . . . . . . . . . . . . . . . . . . . . .  ( 3 9 )  I 2 

cO 

8 

c'  = c -; 0s ( a x ) .  (40) . . . . . . . . . . . . . . . . . . . . . . . . . .  
1 
l ac Concentrat ion grad ien t  - . . . . . . . . . . . . . . . . . . . . .  (41)  

3c - 

l ax 

I '0 a rer f ( - -}  . . . . . . . . . . . . . . . . . . . . .  (421 

I a x  L 2JDt x-vt 1 - - - - -  
~ ? X  

x - v t  2 

I = -- 2. tt to e - -  
LI'UL 

1 c' = - e r f c  (7) + - ' e  . . . . . . . . . .  ( 3 3 )  
1-t 

2 2 J t d I G L  2vGFr 
1 d L  

I . . . . . . . . . . . . . . . . . . . . . . . .  (44) 
I 
1 

I 



I n i t i a l  and boundary cond i t ions  f o r  step i npu t  t o  a medium . . . . .  (45 )  

o f  f i n i t e  l eng th  L preceded by an entrance sec t ion  ( subsc r ip t  a) and 

fol lowed by an e x i t  chamber (subscr ip t  b ) :  

t = O :  c (x )  = 0 

t > 0 : c a  = c 0  f o r  x = xo where the concentrat ion i s  step-changed 

= v c  - ,?c and c a  = c f o r  x = 0, the  i n l e t  
0 x, face o f  the meditim 

VCa - ' a x  

2 Cb 
and c = c b  f o r  x = L, the o u t l e t  2 C  v c  - % = v c b  - D b x ,  

face o f  the medix7 

Specializaticns o f  (45 )  f o r  xo = 0: 

1)  c = c  f o r  x = 0 .  . . . . . . . . . . . . . . . . .  ( 4 6 )  
0 

c(x,  t )  + o  f o r  x +  

2) vcc = v c  - e f o r  x = 0 .  . . . . . . . . . . . . . . . . .  (47 )  

c ( x , t )  + 3  f o r  x +  - 
3)  vc  = vc - ,?c f o r  x = 0 .  . . . . . . . . . . . . . . . . .  (48) 

0 O X  

f o r  x = L ac - - -  
3 X  

Db << D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (49) 

-1 . . . . . . .  (50) "td 1 q Xd+td 
e r f c  (7. GLXd 

C - =  
cO 

G x  
I d  e 

q 
erfc ( .,, . 

GLxd - e  

e 
r 

er f c  

GL - -  
4td 

- 2 -  GL ( Xd+td) 

. . . . . . . .  

G L > 5 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (52) 
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- 0.53 (56.) c=-+- 1 1 ; f o r >  = l o o : - -  . . . . . . . . . . . . .  
co 2 , q  L cO 

i 

c 1  q = s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (57) 

. fo r  GL = 100 : 4, = 0.57 . . . . . . . . . . . . .  (58) 
cO 

I n i t i a l  and boundary csnditions f o r  spike input . . . . . . . . . .  (53) 

t d = O  : c(x) = C ( x )  = 0 

t d . O  : c ( 0 )  = S ( O + )  

w i t ?  t h e  u n i t  izpulse function f(td-Nf) located a t  td=';f. 

I1(z) = J l ( i z )  is  the f i r s t  order Sessel function of tko 

f i r s t  k i n d  of imaginary irgument. 

e 

. . . . .  

. .  

. .  

. . . .  

. . . .  

. .  

. .  

. .  

. .  
k f  td 

kL ; Y = kdxd ; xd = - ; Z = -!- l-f (7 . Xd). . . . . . . . . .  X 
L kd = - 

V 

, % = E =  c - c  . . . . . . . . . . . . . . . . . . . . . . . . .  (6J] a Y  a z  

-z Y - x  

0 
. . . . .  2 = 1 . e e 1 0 ( 2 v z )  d x ,  f o r  Z > 0 ,  with Io a Bessel ( 6 5 )  

J 0 

function of f i r s t  kind, zero order 
1 
f V  Bounc'iry conditions f o r  spike input: c(0) . - ; C(0) . 0 . . . . .  (66) 

c(N,t) = "  . . . . . . . . . . . . . . . . . . . . . . . . . . .  (67) 
9 

(68) vl v l ( l - f ) 2 q  D = - t  . . . . . . . . . . . . . . . . . . . . . . . .  2 P 
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1 < < N < c 2  . . . . . . . . . . . . . . . . . . . . . . . . . . .  (63)  

1 << 1 *r << 1 . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 7 2 )  
lJ L 

f L  Peak positicrl of concsntration curve i s  a t  - . . . . . . . . . . .  (72) 

the t a i l  of the ccncentration curve gives Y = ,fi 
fl 

(73) ac ac f -t  (1-f)  - 1 aLc ac - - - - =  . . . . . . . . . . . . . . . . .  
GL ;xd axd atd itd 

(1-f)  - = kd ( C-C) . . . . . . . . . . . . . . . . . . . . . . . .  ( 74 ) aC 
atd 

. . . .  
2 td 1 a I c o s ( Z r  td -w)+ a s i n ( Z F  -w) dZ (75) 

f o r  xd = 1 and kd = 1 

1T-F with P = v u 1  t u2 

1 B k d + k d ( l + Z  2 ) 

1 u l = l + ~ ( l t  4 
L (1+B)2+Z2 

Bkd 
2 2 )  (1+9) +z 

w = -6 GL sin 5 2 

Substi t ions wxd f o r  w . . . . . . . . . . . . . . . . . . . . . . . .  (75) 
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Subs t i t u t i ons  . . . . . . . . . . . . . . . . . . . . . . . . . . .  (77) 

a1 GL, a2w 
al w i t h  - (1 + r) t - 

a2 GLv alw 
a with - (1 t -) - - 2 2 4w GL 

2 GL 

Boundary cond i t i on  c '  = 1 for x = 0, t 2 0 . . . . . . . . . . . . .  (78) 

ac them)- 1 % k ac . . . . . . . . . . . . . . . . . . .  (79) - - - -  --m- a t  o a t  

ac(rad)=+ . . . . . . . . . . . . . . . . . . . . . . . .  (80) 

where k i s  the  equ i l i b r i um absorpt ion constant, see (99). 

a t  
k ac(rad) = . x c  ( 1  + 0) = - X E C  . . . . . . . . . . . . . . . . .  (81) 

a t  

ac D a2c 1 E - . . . . . . . . . . . . . . . . . .  (82) 
X C  - = -  

a t  E * 2-  E * ax 

d2c dc 
D2- dx dx 

. . . . . . . . . . . . . . . . . . . . . .  v - X E C  0 (83) 

d2G . . . . . . . . . . . . . . . . . . . .  (84) 
c(G) = k 'edlG + k"e 

w i t h  G = 

1 -7 and dl = ~ ( 1  +I1 + T) 

d2 = ~ ( 1  1 - 4 1  4 + 

I 

-= klc + k2cr . . . . . . . . . . . . . . . . . . . .  (85) 
a t  

I 
I ac(chem + rad) (kl + X ) C  = . X ~ C  . . . . . . . . . . . . . .  (86) .. a t  

2 
I 
i ac a c ac . . . . . . . . . . . . . . . . . . . . . .  - =  D 7 - V %  Xec (87) 

X a t  
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onLsinanL 

2 V L  n=l (anL) + 7 +a 
. . .  (88) ' e  - 

2 2  

40 D 

d L , t )  

c O  

(anL) 2 
where an are  the roo ts  o f  a L c o t ~  L t VL = - 

n n vL/D 

d,G 

c (83) c!x)  - e - . . . . . . . . . . . . . . . . . . . . . . . . .  d - d  
0 1 2  

I I  d,G 
. & ) = k c ? &  . . . . . . . . . . . . . . . . . . . . . . . . .  (90) 

cO 

I ,  

k = c fo r  SINF1, cond i t ions  (46) . . . . . . . . . . . . . .  (91) 
0 

I I  c 
k = -  (92) f o r  SINFZ, cond i t ions  (47) . . . . . . . . . . . . . .  

dl 

. . . . . . . . . . . . . . . . . .  (93) 
- d i  + d2c ( d l - d 2 )  

1 
k" = d l  "qD . . . . . . . . . . . . . . . . . .  (94)  

2 2 ( d Z - d l )  d l - d e  2 

-GL - . . . . . . . . . . . . . . . . . . . . . . . . .  (95) 

2 a c  3 . . c=v+a  
, D - -  pr . . . . . . . . . . . . . . .  (96) - 2 A: ;x a t  

Z X  

a C  C C 
. . . . . . . . . . . . . . . . . .  G= kl ( 1  -cL)~ k (L) (97) 

'rs o t  r s  

- kc cr - - l+bc . . . . . . . . . . . . . . . . . . . . . . . . . .  (98) 
k. k. 
1 w i t h  b = - anc k = 1 k2 k2 '1"s 

c r = k c  . . . . . . . . . . . . . . . . . . . . . . . . . . .  (99) 

Replacement: td by s td (100) . . . . . . . . . . . . . . . . . . .  
o r (  l-P)k 

where e = 1 t 7 

Condit ion cr = 0 a i  t = C . . . . . . . . . . . . . . . . . . . . .  (132) 

2 

L 2 
a 'd 

3xXd a t d  + Pr (1-?1 +cc0 'rsacrd i td (103) 
a cd acd acd 

- - - - = -  . . . . . . . . . . . . . . .  
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. . . . . . . . . . . . .  (105) 

M Dispersion g r o u i  :io = 'i: . . . . . . . . . . . . . . . . . . . . . .  (lG6) 

( 1 4 c r s  

% 
Adsorpt ive capac i ty  group NA = " . . . . . . . . . . . .  (107) 

F l n w  rate armD k = nr CoklvP . . . . . . . . . . . . . . .  (128) 
' '"rs 

Nk - klto (103) - L2 . . . . . . . . . . . . . . . .  K i n e t i c  r a t e  group 

Adsorpt ive capac i ty  group f o r  equ i l i b r i um adsorption: . . . . . . .  (11'3) 
( l - P ) c l  

@ NAe= 1 + - 
( ltbcocd I2 

Rep1acement:v by & = $- . . . . . . . . . . . . . . . . . . . . .  (111) 

equ iva len t  t o  v = . . . . . . . . . . . . . . . . . . . . .  (112) 

r D  with ~r = - 
Q' 

- 
x = v t  i s  t h e  average t rave led  distance . . . . . . . . . . . . . .  (114) 

- 
= 4 e r f c  (3 . . . . . . . . . . . . . . . . . . . . . . . .  (115) 

Standard dev' iat ion u = 4 2 a z  . . . . . . . . . . . . . . . . . . . .  (116) 

Distance t rave led  y =  r . . . . . . . . . . . . . . . . . . . . . .  (117) 

u r  = constant . . . . . . . . . . . . . . . . . . . . . . . . . . .  (118) 

cO {ax - 

do = 6' - U F) dr  (119) . . . . . . . . . . . . . . . . . . . . . . . . . .  
Boundary cond i t i on  u = 0 a t  t he  we l lbore  rad ius  r w  . . . . . . . . .  

. $1. . . . . . . . . . . . . . . . . . . . . . . . . . .  
(120) 
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( r2  = 2. l r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (:22) 3 

. . . . .  (1231 

Multiplicator r + F . . . . . . . . . . . . . . . . . . . . . . . .  ( i 2 4 )  
2r 

2 - 2  

2 a r  v 3  

) for r suff ic ient ly  near F. erfc  (- . . . . . . . . . .  (125) c=- 1 r -r 
i n  cO 

d o =  - ($ t F ) d r  . . . . . . . . . . . . . . . . . . . . . . . . .  (126) 

u 2  = g a r  a t  r = r . . . . . . . . . . . . . . . . . . . . . . . . .  (127)  e 

u 2 = ~ . [ 2 % -  3 r] . . . . . . . . . . . . . . . . . . . . . . . .  (128) 

). (129) c= - 1 r2 - $  
cO 2&(2r; - r3) 

erfc  ( . . . . . . . . . . . . . . . . . . . .  

r = r  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (130) e 
2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (131) 

C . . . . . . . . . . . . . . . . . . . . . . . . . .  (132) 
cO 

where tl i s  the time over which the slug i s  injected. 

rW = Q'tl . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (133) 

W 6  C 
2 ! 2 =  erf  (-) . . . . . . . . . . . . . . . . . . . . . . . . . .  (133) 
cO 4 r h r  

W C 
A . erf  (-1 . . . . . . . . . . . . . . . . . . . . . . . . . .  (135)  
cO 41% 

. . . . . . . . . . . . . . . . . . . . .  (136) 

(137)  1. 5u8. 5 rn = e00 h:S c L . . . . . . . . . . . . . . . . . . . . . .  
w mP 

(138) L -0 .235  C 

C 
- -  - 2.63 (;) . . . . . . . . . . . . . . . . . . . . . . . .  
mP 
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m = 304 hA$Swcpa O.26!jL1.735 . . . . . . . . . . . . . . . . . . . .  (139) 
1 

I hn ' n  2 

i tn = tavgcn  

cn Cp T;;; (G) . . . . . . . . . . . . . . . . . . . . . . . . .  (140) 

K 

m. . . . . . . . . . . . . . . . . . . . . . . . . . .  (141) 

(142) nhnCn . . . . . . . . . . . .  
GOR = 

(RVF+WOR) (Pc<,,hn - Z",,hnfn) + E:< n n n  h f 

I 
i 
I 

~ 

~ 

I 

I 

i 
i 
I I 

I 

1 
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NOMENCLATURE 

A 

B 

C 

‘n 

cS 

Da 

Db 
D 

D 

eff 
Dm 
E 

F 
G 

GL 

IO 

I1 

J1 

H 

L 
M 

N 

P 

Q 
Q’ 

S 

T 
V 

V 

W 

Y 
2 

GOR 

WOR 

RVF 

W 

P 

Cross-sectional area 

Abbreviation, in (75) 

Concentration in stagnant region 

Concentration in stagnant region of nth 

Local concentration in stagnant pocket 

Diffusion/dispersion coefficient 

Dispersion coefficient in entrance chamber 

Dispersion coefficient in exit chamber 
Effective diffusion/dispersion coefficient 

Effective molecular diffusion coefficient 

Factor allowing for thermodynamic effects 

cell 

when the gas is expanded to 
atmospheric conditions 

Abbreviation, in (84) 
Linear function of x, in (84) 
G for x = L 
Half the length of a slug 

Bessel function of the first kind, zero 

Bessel function of the first kind 

Bessel function of the first kind of 

order 

imaginary argument 

Finite length of porous medium 

Abbreviation, M = D/v 

Total number of mixing cells in finite 

Number, in (140) 

Volumetric injection rate per unit hight 

Normalized injection rate Q‘ = Q/Zs@, see 
(111) 

Water saturation 

Residence time 

Volume of a mixing cell 

Pore volume 

Width of slug in radial geometry, rW = Q’t 

Function of x 

Function of x see (63) 

Gas/oil ratio, in STB/day 

Water/oil ratio, in bbl water/STB oil 

Reservoir volume factor 

medium, N = L/& 

Y = kdxd (63) d: 
d’ 

al, a2 Functions in (75) 

b Abbreviations, defined in (98) 
C Concentration of tracer 

C Input concentration (step, slug, or constant 
rate) 

C’ Flowing Concentration (vs. in-situ 
concentration), (40) 

0 

C” 

c’l 1 

C 

‘b 

‘d 
C 

C 
mP 
n 

C 

C 
P 

‘rd 

C 

C 
rs 

d d  

f 
1, 2 

fn 

h 

hn 

’r 
i 

k 

kd 

k ’  

k” 

kl 
k2  
a 

m 

n 

P 

9 
r 

r 

r 

r 

e 

W - 
S 

t 

td 

30 

Constant, in (28) 
Constant, in (30) 

Concentration in entrance chamber (45) 

Concentration in exit chamber (45) 

Dimensionless concentration cd = c/co 

Peak, or midpoint, concentration of the slug 

Concentration in the nth cell, or layer 

Produced peak concentration 

Concentration on rock phase (amount per 

Dimensionless concentration on rock phase, 

(bottom-hole) 

unit volume) 

‘rd E ‘rJCrs 
Saturation concentration on rock phase 

Concentration produced at the surface (142) 
Abbreviations, defined in (84) 
Volume fraction of flowing region 

Fraction of displacing fluid in the 
produced stream from nth layer 
(142) 

Residence time distribution h(T) 
Height of nth layer in reservoir (140) 

Height of reservoir (137) 

Imaginary unit 

Mass transfer coefficient, kinetic rate 
constant or equilibrium adsorption 
constant 

Dimensionless mass transfer coefficient, or 
rate group, based on cell length 2 (8) 
or length of porous medium L (63) 

Constant (84) 
Constant (84) 
Kinetic rate constant for adsorption (85) 

Kinetic rate constant for desorption (85) 
Length of a mixing cell 

Length of stagnant pocket 
Mass (lbs) of tracer injected 

Numbers, n = 1, 2 ,  . . . . N 
Exchange rate between flowing and stagnant 

regions 

Volume flow rate 

Radial distance 

Radius of a radial element 

Welbore radius 

Average distance of the concentration front 

Amount of tracer in spike (delta function) 

Time 

Dimensionless time, (based on length 1 (23) 
of cell or L of medium) or volume, - 

td - qt/Vp = v/vp 



tn 
t 
avg 

1 t 

u1'u2 
V 

W 

X 

- 
X 

X' 

X 

X 

d X 

Y 
2 

0 

6 

a 
a 

Y 
n 

6 

E 

5 

P 

pr 
5 

JI 

c 3  
0 

Time to break-through from nth layer 

Time to break- through averaged over all 

Time for injecting a slug 
Functions in (75)  

Flow velocity 
Function in (75 )  

Linear distance 

layers 

Average traveled distance vt 
Moving coordinate x-vt 
Absolute amount of x 
Position in entrance section where 

concentration is step-changed 
Dimensionless distance, xd = x f i  

Distance, direction normal to x 
Argument of Bessel function 
Function, in (75)  

Porosity 
Abbreviation, see (113) 
(Used in (88)) 

Quantity describing transfer of a fluid 
element from stagnant zone t o  
flowing zone (15) 

Delta, or impulse, function 
Abbreviation, defined in (81) 
Integration variable, see (29) 
Abbreviation, used in (100) 
Permeability 
Permeability of nth layer 
Average permeability of the reservoir 
Radioactive decay constant, (80) 
Quantity describing transfer of a fluid 

Quantity describing transfer of a fluid 

element from cell to cell (13) 

element from flowing zone to stagnant 
zone (14) 

Integration variable (28) 
Function, in (751 

dispersion modulus (21 

Numbers in brac 
erences 

Numbers in paren 
appendix 
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EVALUATION OF WELL-TO-WELL TRACERS FOR GEOTHERMAL RESERVOIRS 
PART 2 :  LABORATORY WORK 

0. J. Vetter and K. P. Zinnow 
Vetter Research, Costa Mesa, Cal i forn ia  

PREAMBLE 

The US Department of EnergyIDivision of 
Geothermal Energy (DOE/DGE) expressed i n t e r e s t  
i n  obtaining some background information r e l a t ed  
t o  the u t i l i z a t i o n  of t r a c e r s  f o r  a b e t t e r  
reservoi r  management i n  geothermal operations.  
Vetter Research (VR) was se lec ted  ( a )  t o  perform 
a c r i t i c a l  l i t e r a t u r e  search on t r ace r s  and (b) 
t o  conduct a laboratory study r e l a t ed  t o  t r ace r  
s e l ec t ion  and u t i l i z a t i o n  i n  the  f i e l d .  
Lawrence Berkeley Laboratory (LBL) was chosen by 
DOEIDGE a s  the  contractor.  
cont rac t  with VR t o  perform t h i s  work. A l l  
laboratory work under t h i s  cont rac t  (No. 
4501210) was s t a r t e d  on January 15, 1980 and was 
finished on November 30, 1980. LBL's t echnica l  
coordinator was D r .  0. Weres. 

LBL negotiated a 

Part  I of the  f i n a l  repor t  contains a l i t e r a t u r e  
survey. In  t h i s  p a r t ,  Part  I1 of the  f i n a l  
repor t ,  the  r e s u l t s  and conclusions of the  
laboratory study a r e  given. 

1.0 ABSTRACT 

Laboratory t e s t s  were conducted t o  determine the  
s u i t a b i l i t y  of-more than twenty chemicals a s  
well-to-well t r a c e r s  f o r  geothermal reservoi rs .  
Emphasis was placed on rad ioac t ive  t r ace r s .  The 
t r a c e r  amount required f o r  f i e l d  jobs may be 
economically a f fordable  i f  rad ioac t ive  t r a c e r s  
a r e  used, whereas the  amount of more 
conventional chemicals may be prohib i t ive  i n  
common geothermal reservoi rs .  

Some of the c r i t i c a l  e lu t ion  cha rac t e r i s t i c s  of 
these t r a c e r s  were measured i n  laboratory 
experiments. During the  i n i t i a l  screening 
t e s t s ,  nine of t he  tes ted  t r a c e r s  showed 
s ign i f i can t ly  b e t t e r  e lu t ion  p ro f i l e s  than the 
remainder of the  t e s t ed  chemicals. Iodide 
showed the most s u i t a b l e  t r a c e r  behavior whereas 
hexacyanocobaltate showed the  lowest recovery. 
These two t r a c e r s  were subjected t o  numerous 
s t a t i c  t e s t s .  

F ina l ly ,  the  various t r a c e r s  including t r i t i a t e d  
water were then fu r the r  examined i n  extensive 
flow t e s t s  t o  compare t h e i r  i n t e rac t ions  with 
d i f f e r e n t  reservoi r  br ines  and r e se rvo i r  rocks. 
The e f f e c t s  of r e se rvo i r  br ine  composition on 
the r e t en t ion  times of t he  t r a c e r s  were 

negl ig ib le .  
rock mater ia l s  has a pronounced e f f e c t  on the  
e lu t ion  c h a r a c t e r i s t i c s  of t he  t r ace r s .  In 
pa r t i cu la r ,  t he  ion exchange r a t e s  of the  c l ay  
minerals had the  most overwhelming e f f e c t  on the  
various t r a c e r  e l u t i o n  c h a r a c t e r i s t i c s .  

The c l ay  content of t he  various 

2.0 CONCLUSIONS 

1. 

2. 

3.  

4. 

5 .  

6. 

Of more than twenty t r a c e r s  t e s t e d ,  a 
group of nine ion ic  and non-ionic 
t r a c e r s  had s ign i f i can t ly  b e t t e r  
e lu t ion  cha rac t e r i s t i c s  than the  r e s t  
which included a l l  ca t ions  t e s t ed .  

These anionic and non-ionic rad ioac t ive  
t r a c e r s  needed no c a r r i e r  i n  order t o  
e l u t e .  However, t he  rest of t he  t e s t ed  
rad ioac t ive  t r a c e r s  needed a 
s ign i f i can t  amount of non-radioactive 
c a r r i e r  t o  e l u t e  a t  a l l .  For these  the  
c a r r i e r  concentration must be l a r g e r  by 
many orders  of magnitude than t h a t  of 
any rad ioac t ive  t r a c e r .  

Of the  group of po ten t i a l ly  s u i t a b l e  
t r ace r s ,  iodide had the  bes t  e lu t ion  
c h a r a c t e r i s t i c s  and hexacyanocobaltate 
had the  worst. The bes t  ind ica t ion  of 
s u i t a b i l i t y  a s  a r e se rvo i r  t r a c e r  i s  
the  amount of t r a c e r  recovered a f t e r  a 
t r a c e r  slug passes through a sandpack. 

In  s t a t i c  tests no adsorption of iodide 
was observed under conditions which are 
considered the  most favorable f o r  
adsorption t h a t  were employed i n  these 
t e s t s .  Thus, 5 x E-14 gram per square 
meter could be es tab l i shed  a s  an upper 
adsorption l i m i t .  

In flow through sandpacks, iodide gave 
more cons is ten t  and predic tab le  r e s u l t s  
than t r i t i a t e d  water. 
Hexacyanocobaltate r e s u l t s  f luc tua ted  
badly and showed in to l e rab le  r e t en t ion  
i n  the  rock ma te r i a l s .  

Sandpacks of f i v e  d i f f e r e n t  s i l i c a t e  
rocks gave some systematic d i f fe rences  
i n  t r a c e r  e lu t ions .  These d i f fe rences  
a r e ,  most l i ke ly ,  a t t r i b u t a b l e  t o  the  
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c lay  mineral composition of t he  rock. 

According t o  the  e lu t ions  of iodide and 
t r i t i a t e d  water, t he  rocks can be 
arranged i n  a sequence where longer 
r e t en t ion  times correspond t o  lower 
ca t ion  exchange r a t e s  of the  c lay  
minerals contained within eaLh rock. 
Since anion and water exchange r a t e s  
follow a s imi l a r  scheme, t he  d i f f e r i n g  
exchange rate among the  rocks t e s t ed  is  
a possible explanation f o r  the  s e r i e s .  

A s l i g h t  influence of b r ine  composition 
on the  residence times of the  t r a c e r s  
has been observed. 
shor te r  with deionized water than with 
highly s a l i n e  br ines .  

7.  

8. 

The residence i s  

9, The s t a t i c  t e s t  method permits an 
estimate of t r a c e r  l o s s  due t o  
microscopic e f f e c t s  a s  l i s t e d  i n  Table 
1. The sandpack flow tests allow a 
more d i r e c t  comparison of t he  t r ace r  
i n t e rac t ion  with d i f f e r e n t  reservoi r  
mater ia l s .  

- 

10. The simultaneous u t i l i z a t i o n  of two o r  
more t r a c e r s  i n  t r a c e r  s tud ie s  would 
aid i n  in t e rp re t ing  the  microscopic 
e f f e c t s .  

11. More experimental work i s  required t o  
a sce r t a in  some s t i l l  obscure 
r e l a t ionsh ips  f o r  a number of 
t r ace r f l i qu id f rock  in t e rac t ions .  Some 
complex r e l a t i o n s  were indicated by the  
experimental work but could not be 
conveyed with the  required mathematical 
d e t a i l .  

3.0 INTRODUCTION 

Tracers a r e  frequently used f o r  studying the 
hydrology of subterranean r e se rvo i r s  containing 
various types of f l u i d s .  As we mentioned i n  
previous publications ( 1 ~ 2 )  t r a c e r s  a r e  not t he  
only means t o  study the  c r i t i c a l  flow 
c h a r a c t e r i s t i c s  of subterranean r e se rvo i r s  such 
a s  water, o i l ,  gas and geothermal rbservoi rs .  
Pressure and flow t e s t  work (e.g., pulse t e s t i n g  
and in te r fe rence  t e s t ing )  is frequently applied 
t o  study these r e se rvo i r s  between wells.  
However, i n  our opinion, t r a c e r s  a r e  a b e t t e r  
means than pressure t e s t  work t o  evaluate the  
more c r i t i c a l  r e se rvo i r  c h a r a c t e r i s t i c s  between 
wells and a t  a l a r g e r  d i s tance  from any of t he  
wel l s .  In  o ther  words, t r a c e r  techniques lend 
themselves t o  de t a i l ed  i l ivestigations of the  
r e se rvo i r  c h a r a c t e r i s t i c s  a t  loca t ions  fu r the r  
away from a wellbore. 
quan t i t a t ive  determination of t he  flow pa t t e rns  
within the  reservoi r .  

Proper and sophis t ica ted  r e se rvo i r  s tud ie s  
should include pressure and t r ace r  test  work. 
The two bas i ca l ly  d i f f e r e n t  r e se rvo i r  evaluation 
and v e r i f i c a t i o n  methods complement each o the r  
and should be used concurrently.  
work gives more de t a i l ed  and accurate 

Tracers w i l l  allow a 

Pressure test 

information about reservoi r  loca t ions  c lose  t o  
the wellbore, whereas well-to-well t r ace r s  
allows f o r  a more de ta i l ed  study i n  r e se rvo i r  
loca t ions  fu r the r  away from the  wellbores. 

3.1 TRACERS I N  SUBTERRANEAN RESERVOIRS 

A s  shown i n ' t h e  previous repor t  on t h i s  subjec t  
(Par t  1: Li te ra tu re  Survey, see  Preamble), the  
prec ise  behavior of t r a c e r s  i n  subterranean 
reservoi rs  i s  not well  understood. The 
se l ec t ion  of any t r a c e r  and the evaluation of 
well-to-well t r a c e r  experiments w i l l  depend t o  a 
l a rge  degree on the  various microscopic and 
macroscopic e f f e c t s  encountered o r  expected 
during t r a c e r l f l u i d  and t racer f rock  in t e rac t ions  
within the  r e se rvo i r  ( see  Part  1 of these  
repor t s ) .  Numerous chemical and physical 
reac t ions  between the  t r a c e r ,  t he  r e se rvo i r  
f l u id  and the  r e se rvo i r  rock can reduce the  
t r ace r  concentration of t h e  in jec ted  t r ace r  
s lug ,  thus leading t o  unexpectedly low t r a c e r  
concentrations (d ispers ion  of the  t r a c e r  i n  a 
l a rge  f l u i d  volume), o r  t o  a p a r t i a l  o r  even 
e n t i r e  l o s s  of t he  in jec ted  t r ace r s .  
d i s t i n c t  ion between "microscopic" and 
"macroscopic" e f f e c t s  i s  r a the r  a r t i f i c i a l  and 
i s  used only t o  descr ibe  t h e  various 
in te r fe rences  i n  well-to-well t r a c e r  jobs i n  a 
more order ly  fashion. A thorough understanding 
of these  microscopic and macroscopic e f f e c t s  i s  
absolutely necessary t o  determine the  usefulness 
and l imi t a t ions  of any attempted well-to-well 
t r a c e r  study i n  a subterranean r e se rvo i r .  

The 

3.1.1 ANTICIPATED MICROSCOPIC EFFECTS 
DURING WELL-TO-WELL TRACING 

Chemical and physical i n t e rac t ions  between a l l  
mater ia l s  i n  a r e se rvo i r  ( t r a c e r s ,  f l u i d s  and 
so l id s )  on a molecular l eve l  o r  within very 
small ,  confined and loca l ly  l imited c e l l s  can be 
considered "microscopic" l eve l s .  For example, a 
ca t ion ic  t r ace r  can chemically i n t e r a c t  with a 
c l ay  on a "microscopic" l e v e l ,  thus leading t o  a 
scavenging of t h e  t r a c e r  by a chemical reac t ion .  
Adsorption of the  same t r a c e r  on the  ac t ive  
adsorption s i t e s  of the  rock mater ia l  may be 
considered a physical i n t e rac t ion  on a 
microscopic l eve l .  
chemical and physical reac t ions  i s  r a t h e r  
supe r f i c i a l .  For example, a t r a c e r  ca t ion  
(e.g., NH4+) may be re ta ined  i n  the  l a t t i c e  of a 
c l ay  by a combination of chemical and physical 
reac t ions .  Often, t h i s  type of e f f e c t  i s  ca l l ed  
chemisorption. 
t yp ica l  exampl.es o f  microscopic reac t ions ,  where 
the  d i s t i n c t i o n  between purely chemical and 
purely physical reac t ions  becomes r a the r  
meaningless. Again, t he  r a the r  s u p e r f i c i a l  
d i f f e r e n t i a t i o n  between chemical and physical 
i n t e rac t ions  i s  used i n  t h i s  repor t  f o r  the  sake 
of explaining the  r a the r  complex maze of 
possible reac t ions  leading t o  in te r fe rences  i n  a 
well-to-well t r ace r  job. 

-- Table 1 shows a l i s t i n g  of t he  various types of 
reac t ions  leading t o  decreases of t h e  t r a c e r  
concentration a s  the  t r ace r  f lu id  t r a v e l s  from 
an in j ec t ion  well  t o  a production well .  Table 1 
l is ts  only the  microscopic e f f e c t s  leading t o  an 

Even the  d i s t i n c t i o n  between 

Ion exchange reac t ions  a r e  a l s o  
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undesired d i spe r s ion  of var ious  t r a c e r s  i n  the  
r e se rvo i r .  It conta ins  both chemical and 
physical r eac t ions  cont r ibu t ing  t o  a d i spe r s ion  
o r  loss of t r a c e r s  i n  the  r e se rvo i r .  

3.1.2 ANTICIPATED MACROSCOPIC EFFECTS 
DURING WELL-TO-WELL T R A C r  

The "macroscopic" e f f e c t s  t o  be considered i n  
t r ac ing  jobs  a r e  caused by numerous p rope r t i e s  
of t h e  e n t i r e  r e se rvo i r .  Bas ica l ly ,  we can 
d i f f e r e n t i a t e  between the  macroscopic e f f e c t s  
caused i n  a very homogeneous r e se rvo i r  
(considering the  e n t i r e  r e se rvo i r )  and those 
caused by t h e  he t e rogene i t i e s  i n  the  same 
re se rvo i r .  
caused by t h e  f l u i d  flow through the  homogeneous 
and heterogeneous a reas  of  a r e se rvo i r  can lead 
t o  a considerable d i spe r s ion  o r  l o s ses  of an 
in j ec t ed  t r a c e r .  Table 2 l i s t s  some of t h e  
macroscopic e f f e c t s  leading t o  the  "undesired" 
d ispers ion  of a t r a c e r  wi th in  a r e se rvo i r .  

Both types of macroscopic e f f e c t s ,  

3.1.2.1 MACROSCOPIC EFFECTS LEADING 
-- TO TRACER D l - N F  
HOMOGENEOUS RESERVOIR- 

Assuming a subterranean r e se rvo i r  c o n s i s t s  of 
( a )  an absolu te ly  homogeneous rock matrix and 
(b)  a very uniform f l u i d  composition and ( c )  no 
microscopic r eac t ions  take  place between the  
in j ec t ed  t r a c e r  f l u i d s  and the  r e se rvo i r  
ma te r i a l s ,  we must s t i l l  expect a r a t h e r  l a r g e  
d i spe r s ion  of t h e  t r a c e r  i n  the  produced f l u i d s .  
Figure 1 shows the  bas i c  s i t u a t i o n  encountered 
during t r a c e r  movement between an i n j e c t i o n  and 
production we l l .  
l i n e a r  flow p a t t e r n s  ( see  Figure 11, j u s t  t he  
e f f e c t  of varying a r r i v a l  times of t h e  t r a c e r  
due t o  t h e  macroscopic ho r i zon ta l  flow p a t t e r n  
wi th in  the  r e se rvo i r  w i l l  automatically lead t o  
considerable t r a c e r  d i spers ion .  I f  t h e  
producing wel l  i s  not  properly completed over 
t he  e n t i r e  producing i n t e r v a l  of t h e  r e se rvo i r ,  
a s i m i l a r  type of d i spe r s ion  due t o  the  lack  of  
v e r t i c a l  l i n e a r i t y  of t h e  flow p a t t e r n  must a l s o  
be expected. 

-- 
Because one cannot expect 

3.1.2.2 MACROSCOPIC EFFECTS LEADING 
TO TRACER D I - N ~  
HETEROGENEOUS RESERVO= - -- 

Homogeneous r e s e r v o i r s  a r e  r a r e  i f  they e x i s t  a t  
a l l .  More l i k e l y ,  a " r ea l  world" r e se rvo i r  
conta ins  numerous he t e rogene i t i e s  such as 
f r a c t u r e s ,  high permeabili ty s t r e a k s ,  
pinch-outs, e t c .  These macroscopic 
he t e rogene i t i e s  have r a t h e r  l a rge  e f f e c t s  on the  
t r a c e r  behavior i n  the  r e s e r v o i r .  Figures 2 and 
- 3 i l l u s t r a t e  t he  e f f e c t  of v e r t i c a l  and 
ho r i zon ta l  he t e rogene i t i e s  on the  macroscopic 
behavior of a t r a c e r .  
permeabili ty s t r eaks  ( o r  f r a c t u r e )  containing 
f l u i d s  which w i l l  d r a i n  i n t o  a producing w e l l ,  
w i l l  a l s o  flow i n t o  a producing wel l  a t  a r a t e  
depending upon the  permeabili ty ( o r  
conduct iv i ty)  of t h e  var ious  permeabi l i t i es  and 
the  geometries of  t he  varying permeabili ty 
s t r eaks  present .  Actually,  many t r a c e r  
i n j e c t i o n s  a r e  performed t o  determine t h e  
permeabili ty and/or geometries of t h e  varying 

Any t r a c e r  reaching high 

flow channels (high permeabili ty s t r eaks  and/or 
f r a c t u r e s ) .  

3.2 TRACERS I N  GEOTHERMAL RESERVOIRS 

Bas ica l ly ,  t he re  i s  no fundamental d i f f e rence  
between a t r a c e r  study i n  any subterranean 
r e se rvo i r  and t h a t  i n  a geothermal r e se rvo i r .  
However, some severe problems must be expected 
wi th in  a geothermal r e se rvo i r  i n  addi t ion  t o  the  
common problems due t o  the  complexity of t he  
flow mechanisms i n  any subterranean r e se rvo i r .  
These add i t iona l  problems a r e  mainly caused by 
the  following f a c t s :  

1. 

2. 

3. 

4. 

Geothermal r e s e r v o i r s  a r e  very l a r g e  
r e s e r v o i r s  and t h e  wel l  flow r a t e s  a r e  
genera l ly  much l a r g e r  than i n  o ther  
opera t ions  such a s  o i l ,  gas and leach 
mining f i e l d s .  These sometimes huge 
flow r a t e s  may r equ i r e  extremely l a r g e  
amounts of  t r a c e r s  during well-to-well 
t r ac ing  o r  a l l  t r a c e r  concentrations 
may have t o  be very small  ( t o  become 
economically a f fordable!  ), thus  
aggravating a l l  microscopic problems 
( see  l a t e r  i n  t h i s  r e p o r t ) .  

The chemical (hydrothermal) s t a b i l i t y  
of most t r a c e r s  becomes extremely 
important due t o  the  high temperatures 
i n  these  r e se rvo i r s .  

The chemical and physical i n t e r a c t i o n s  
between t r a c e r  molecules and r e se rvo i r  
ma te r i a l s  ( f l u i d s  and s o l i d s )  a r e  o f t e n  
temperature dependent. More o f t e n  than 
not ,  t h e  pe r t inen t  r eac t ions  have not 
been s tudied  a t  temperatures normally 
encountered i n  geothermal r e se rvo i r s .  
Consequently, very l i t t l e  information 
i s  a v a i l a b l e  i n  the  published 
l i t e r a t u r e  on the  top ic  a t  the  present 
time. 

Many ( o r  most) geothermal f l u i d s  wi th in  
the  r e s e r v o i r  cons i s t  of single-phase 
aqueous f l u i d s  under f a i r l y  low 
pressures  but extremely high 
temperatures. F lu id  f l a sh ing  wi th in  
the  wellbore o r  sur face  equipment i s  
f requent ly  encountered, and genera tes  
frequent problems regarding the  
p a r t i t i o n  of t r a c e r s  i n t o  the  l i q u i d  
and gas phase under these  high 
temperature condi t ions .  Even i f  a 
chosen t r a c e r  i s  non-parti t ioning 
between the  l i q u i d  and gas phases, t h e  
a n a l y t i c a l  problems may be severe o r  
may even become unsurmountable unless  a 
ma te r i a l  balance between flashed l i qu id  
and gas phases a r e  made p r i o r  t o  the  
eva lua t ion  of t h e  t r a c e r  concent ra t ions  
i n  the  produced l i q u i d s .  

4.0 OBJECTIVES OF THE PRESENT LABORATORY STUDY 

The present study had th ree  major ob jec t ives :  

- 
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TABLE - 
MICROSCOPIC EFFECTS LEADING TO 

TRACER DISPERSION 

1. 

2. 

(WELL-TO-WELL TRACING) 

TRACER INJECTION METHOD: 

a. Tracer Concentration in Slug 
b. Chemical Properties of Tracer 
c. Composition of Injection Water 

RESERVOIR CHARACTERISTICS: 

a. Micro-Tortuosity of Rock Matrix 
b. Temperature and Pressure 
c. Rock Materials 
d. Fluid Composition 
e. Linear Velocities 
f. Rock Surface Areas 

3. DIFFUSION 

4. CHEMICAL REACTIONS: 

a. Hydrothermal Stability of Chemical 
b. Interactions Between Tracer and Formation Materials 

5. CHROMATOGRAPHY EFFECTS: 

a. Adsorption-Desorption 
b. Partition 
c. Isotope Exchange 
d ,  Ion Exchange 
e. Hydration Water Exchange 

TABLE 2 

MACROSCOPIC EFFECTS LEADING TO 

1. 

a. Duration of Tracer Injection 
b. Tracer Concentration in Slug 
c. Size of Slug 
d. Water Injection Race 

2. RESERVOIR CHARACTERISTICS: 

ir (Fractures and High 
Permeability Streaks) 

b. Macro-Tortuosity of Rock Matrix 
c. Wellbore Entry Profiles 
d. 
e. Flow Patterns 

Confinement of Reservoir (Vertical and Horizontal) 
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1. Examine a number of chemicals o r  
i so topes  f o r  t h e i r  s u i t a b i l i t y  a s  
well-to-well t r a c e r s  i n  geothermal 
r e se rvo i r s  t o  provide opera tors  with a 
b a s i s  f o r  t h e i r  s e l e c t i o n  of t r a c e r s  
f o r  f i e l d  jobs .  
opera tors  of  geothermal r e se rvo i r s  t o  
i n t e l l i g e n t l y  s e l e c t  from the  
commercially a v a i l a b l e  ma te r i a l s .  

Study some of t he  more pe r t inen t  
microscopic e f f e c t s  leading t o  t r a c e r  
d i spe r s ion  and/or l o s ses  during a 
well-to-well t r a c e r  j ob ,  

This would allow 

2. 

3. Evaluate t h e  methods used t o  examine 
the  t r a c e r s  i n  t h e  labora tory  f o r  t h e i r  
s u i t a b i l i t y  a s  well-to-well t r a c e r s  i n  
the  f i e l d .  

It i s  self-evident t h a t  macroscopic e f f e c t s  
leading t o  t r a c e r  d i spers ions  and/or l o s ses  i n  a 
geothermal r e se rvo i r  cannot be evaluted i n  a 
labora tory  study. 
present study t o  eva lua te  these  macroscopic 
e f f e c t s .  

No attempt was made i n  the  

4.1 SELECTION OF TRACERS FOR FIELD JOBS 

The se l ec t ion  of one o r  more t r a c e r s  f o r  any 
s p e c i f i c  f i e l d  app l i ca t ion  i s  a tough problem i n  
most cases .  The opera tor  would l i k e  t o  choose 
from a number of a l t e r n a t i v e s  f o r  var ious  
reasons,  depending upon the  ob jec t ives  of a 
f i e l d  t r a c e r  job .  The opera tor  must have a 
de t a i l ed  knowledge of t he  following 
c h a r a c t e r i s t i c s  of  each t r a c e r  i n  cons idera t  on : 

1. Hydrothermal s t a b i l i t y .  

2. Adsorption/desorption c h a r a c t e r i s t i c s  
on the  r e se rvo i r  rock. 

3. Chemical r e a c t i v i t y  with o the r  
r e se rvo i r  ma te r i a l s .  

4. Analytical  d e t e c t a b i l i t y .  

5. Cost of t r a c e r  and t r a c e r  analyses.  

6. Technical and l e g a l  requirements t o  
handle t h e  s p e c i f i c  t r a c e r  o r  t r a c e r  
mixture.  

7. A v a i l a b i l i t y  of t he  t r a c e r .  

In  r e a l i t y ,  t h i s  l i s t  of p rope r t i e s  campr 
"wish l ist".  For example, sometimes, one 
l i k e  t o  i n j e c t  t r a c e r s  having c e r t a i n  

s e s  a 
would 

- 
adsorp t ion /desorp t ion  c h a r a c t e r i s t i c s  and, i n  
o the r  cases ,  it would be des i r ab le  t o  have 
t r a c e r s  showing a r a d i c a l l y  d i f f e r e n t  
adsorp t ion ldesorp t ion  behavior. 

Most i dea l ly ,  one would l i k e  t o  have a ca ta log  
of t r a c e r s  and t r a c e r  p rope r t i e s  which would 
allow us  t o  sens ib ly  choose from a l l  ava i l ab le  
t r a c e r s  f o r  t h e  design of var ious  t r a c e r  jobs  i n  

the  f i e l d .  Unfortunately,  no such ca ta log  
e x i s t s .  
f i r s t  rudiments of  such a des i r ed  t r a c e r  
ca ta log .  

This present  study could generate the  

4.2 STUDY OF MICROSCOPIC EFFECTS LEADING 
TO TRACER DISPERSION AND/ORL= -- -- 

The opera tor  of a geothermal r e se rvo i r  would 
l i k e  t o  know t h e  pe r t inen t  d e t a i l s  of t r a c e r  
behavior cont r ibu t ing  t o  t h e  t r a c e r  d i spe r s ion  
and/or l o s ses .  However, only t h e  microscopic 
e f f e c t s  can be evaluted i n  a labora tory  study 
such as i s  described i n  t h i s  r epor t .  

The study of  t h e  miroscopic i n t e r a c t i o n s  between 
a t r a c e r  and a l l  rock ma te r i a l s  under simulated 
r e se rvo i r  condi t ions ,  w i l l  not only allow t h e  
opera tor  t o  s e l e c t  t h e  most s u i t a b l e  t r a c e r s  f o r  
h i s  s p e c i f i c  s i te ,  but w i l l  a l s o  allow him t o  
eva lua te  t h e  t r a c e r  e l u t i o n  p r o f i l e  i n  a more 
thorough and soph i s t i ca t ed  fashion. Many of t h e  
otherwise unexplainable v a r i a t i o n s  of t he  t r a c e r  
concent ra t ions  in t he  produced f l u i d s  could be 
r e l a t e d  t o  microscopic r eac t ions ,  thus  allowing 
the  opera tor  t o  e x t r a c t  t he  most c r i t i c a l  
macroscopic t r a c e r  behavior. In  most cases ,  t h e  
macroscopic t r a c e r  behavior i q d i r e c t l y  r e l a t e d  
t o  the  he t e rogene i t i e s  i n  the  r e se rvo i r .  These 
he t e rogene i t i e s  a r e  of p a r t i c u l a r  i n t e r e s t  f o r  
accura te  r e se rvo i r  v e r i f i c a t i o n s  and an 
acceptab le  r e s e r v o i r  management. 

4.3 METHODS USED TO EVALUATE AND SCREEN --- 
POTENTIAL RESERVOIR TRACERS 

The l i t e r a t u r e  survey ( P a r t  1 of t h i s  r e p o r t ,  
s ee  a l s o  Preamble) i nd ica t e s  t h a t  t he re  i s  no 
published re ference  regarding acceptable 
labora tory  methods t o  eva lua te  t r a c e r s  used f o r  
geothermal r e se rvo i r s .  Whatever has been 
published on the  o v e r a l l  behavior of t r a c e r s  i n  
geothermal r e se rvo i r s  must be considered suspect 
because of t h e  unce r t a in t i e s  r e l a t e d  t o  the  
microscopic and macroscopic e f f e c t s  leading t o  
t r a c e r  d i spers ions  and/or l o s ses  i n  the  
r e se rvo i r .  
t he  l i t e r a t u r e  and d iscuss ing  the  sub jec t  of 
t r a c e r s  i n  geothermal r e se rvo i r s  with personnel 
from var ious  ope ra to r s  t h a t  l abora tory  methods 
have not  a s  ye t  been developed. 
attempt was made i n  t h e  present  study t o  examine 
var ious  prospec t ive  m 
acceptable labora tory  procedures f o r  screening 
and eva lua t ing  p o t e n t i a l  t r a c e r s  f o r  t h e i r  
a p p l i c a b i l i t y  i n  geothermal r e se rvo i r s .  

It appeared t o  us a f t e r  examining 

A se r ious  

' ods t o  e s t a b l i s h  

5.0 SELECTION PARAMETERS FOR - 
LABORATORY TESTS 

In  t h i s  chapter  t he  parameters of  t he  labora tory  
t e s t s  a r e  d iscussed .  The requested matrix of 
temperatures, rocks,  b r ines  and t r a c e r s  (5.0) 
had t o  be modified (5 .1) .  
s e l e c t i o n  of rocks (5.1.11, and b r ines  (5.1.2) 
is  a l s o  out l ined  i n  t h i s  chapter .  

The main ob jec t ive  of t h e  labora tory  t e s t s  was 
t o  cha rac t e r i ze  t h e  inf luence  of r e se rvo i r  
parameters on the  adsorp t ion ldesorp t ion  
c h a r a c t e r i s t i c s  of r ad ioac t ive  t r a c e r s .  The 

Our reasoning f o r  t he  
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main parameters of  concern a r e :  

1. 

2. 

The type o f  r e s e r v o i r  rocks 

The composition of  t h e  geothermal 
b r i n e s  

3. The subter ranean  temperatures  

The fol lowing tes t  mat r ix  was t o  be used during 
t h i s  con t r ac tua l  work on t r a c e r  eva lua t ions :  

1. Temperatures: 3 (17OoC, 220°C, 26OOC) 

2. Brines:  5 (3  s y n t h e t i c  and 2 
a r t i f i c i a l )  

3. Rocks: 5 ( 3  r e s e r v o i r  and 2 c lean  
rocks)  

4. Tracers:  5 

Each rock and t r a c e r  was t o  be t e s t e d  with t h r e e  
( 3 )  b r ines  (one s y n t h e t i c  and two a r t i f i c i a l  
b r ines )  a t  t h r e e  d i f f e r e n t  temperatures .  

5.1 SELECTION OF ROCKS AND BRINES 

Or ig ina l ly ,  it was planned t o  employ t h r e e  (3 )  
s imulated geothermal b r i n e s ,  one each of  ( a )  
low, (b )  moderate and ( c )  high s a l i n i t y .  These 
b r i n e s  were t o  be  formulated t o  resemble, 
r e spec t ive ly ,  t h e  b r i n e s  a t  ( a )  Eas t  Mesa, (b)  
Puna (Hawaii), Roosevelt Hot Spr ings ,  o r  Heber, 
and ( c )  Niland o r  Brawley. 
add i t iona l  aqueous f l u i d s  ( c a l l e d  a r t i f i c i a l  
b r ines )  were t o  be used: ( a )  d i s t i l l e d  water 
and (b )  a pure NaCl s o l u t i o n  having the  same 
ion ic  s t r eng th  a s  one of  t h e  n a t u r a l l y  occurr ing  
b r ines .  The o v e r a l l  number of  d i f f e r e n t  b r ines  
thus  i s  seven. 

The rock m a t e r i a l  w a s  supposed t o  be of  t he  type 
t h a t  was i n  con tac t  with t h e  n a t u r a l l y  occurr ing  
b r i n e ,  
employed : 

A t  l e a s t  two 

Four geothermal rock types  w e r e  t o  be 

1. Sandstone from East Mesa 

2. Grani te  from Roosevelt Hot Springs o r  
Fenton H i l l  

3. Basa l t  from Hawaii, and 

4. Franc iscan  Greywacke f r  
a r ea .  

I n  add i t ion ,  c l e a n  qua r t z  and c a l c i t e  were a l s o  
t o  be  used. This proposed l i s t  of  rocks i s  
p a r t i a l l y  i n  con t r ad ic t ion  wi th  t h e  l i s t  of  
b r ines .  For example, no rock type  t y p i c a l l y  i n  
con tac t  with t h e  h igh  s a l i n i t y  b r i n e s  (Niland o r  
Brawley) was ava i l ab le .  Also, it was no t  c l e a r  
what kind of b r i n e  t o  use  with Fenton H i l l  
g r a n i t e  f o r  r a t h e r  obvious reasons.  

Consequently, a rock from a h igh  s a l i n i t y  b r i n e  
r e s e r v o i r  and Fenton H i l l  g r a n i t e  were no t  used 
i n  t h i s  s tudy.  The use of  b r ines  ( syn the t i c  and 
a r t i f i c i a l )  with t h e  "clean" minera ls  qua r t z  and 
c a l c i t e  has  been r a t h e r  a r b i t r a r y .  However, 
c r i t i c a l  information was expected from these  
a r b i t r a r y  experiments because of  t he  wide-spread 
occurance of  t hese  two m a t e r i a l s  i n  numerous 
geothermal r e s e r v o i r s .  

5.1.1 ROCKS 

For the  a c t u a l  tests only t h r e e  d i f f e r e n t  
geothermal rocks were used. 
greywacke were not  a v a i l a b l e ,  "greenstone" from 
Desert Peak, Nevada was used a s  a s u b s t i t u t e  
ma te r i a l .  Some tests were a l s o  run with Berea 
sandstone because t h i s  rock m a t e r i a l  r ep resen t s  
a f requent ly  used "reference rock". Thus, t h e  
following rocks and minera ls  were used i n  the  
tests: 

Since b a s a l t  and 

1. Geothermal: Sandstone from East Mesa, 
Rhyol i t ic  t u f f  from Roosevelt Hot 
Springs (Thermal Power) and Greenstone 
from Desert Peak 

2. Non-Geothermal: Berea Sandstone, 
Quartz and C a l c i t e  

5.1.2 BRINES 

The r e spec t ive  b r i n e s  were made up by u t i l i z i n g  
a v a i l a b l e  ana lyses  of  n a t u r a l  b r ines .  
syn the t i c  b r i n e  was t o  be formulated t o  have t h e  
same major c a t i o n  composition (Nap K, L i p  Ca, 
Mg) as  i t s  n a t u r a l  counterpar t ,  wi th  t h e  pH 
under r e s e r v o i r  condi t ions  ca l cu la t ed  o r  
es t imated .  The a r t i f i c i a l  b r i n e s  had the  same 
i o n i c  s t r eng th  a s  t h e  r e spec t ive  n a t u r a l l y  
occurr ing  b r ines .  The i o n i c  s t r eng th  of  t h e  
Desert Peak b r i n e  i s  h igher  than t h a t  of  t h e  
o the r  two b r ines  used (East  Mesa and Roosevelt 
Hot Spr ings) .  The Desert Peak b r i n e  was a l s o  
emplQyed i n  t h e  t es t s  w i t h  the "clean" rock and 
minera ls .  The t h r e e  b r i n e s  have the  fol lowing 
i o n i c  s t r eng ths :  

The 

East  Mesa: 0.037 
Roosevelt Hot Springs:  0.103 
Desert Peak 0.179 

When t h e  pH was a v a i l a b l e  from analyses ,  i t  was 
given a s  5. 
used a t  a pH va lue  of  5. 

A s  a r e s u l t ,  a l l  t he  b r ines  were 

5.2 SELECTION OF TRACERS 

The t r a c e r  candida tes  s e l ec t ed  f o r  t he  
l abora to ry  work should be those  which a r e  
thought t o  have t h e  g r e a t e s t  l i ke l ihood  of  
success  i n  geothermal r e se rvo i r s .  It is, i n  the  
publ ished l i t e r a t u r e ,  gene ra l ly  agreed upon t h a t  
t r i t i a t e d  water  i s  the  most i f  no t  t he  only 
successfu l  substance.  Iodide and bromide have 
a l s o  been favorably mentioned. Radioact ive 
bromide, however, can hard ly  be used a s  an 
i n t e r w e l l  r ad ioac t ive  t r a c e r  because of t h e  
s h o r t  h a l f - l i f e  (35 hours)  of t h e  a v a i l a b l e  

37 



i so tope  Br-82. Aside from these  two, t he re  i s  
no b a s i s  f o r  comparing o the r  r ad io t r ace r s .  For 
t h i s  reason i t  was decided t o  run p r e t e s t s  f o r  
about 20 d i f f e r e n t  t r a c e r s  under approximately 
t h e  same condi t ions .  

The following t r a c e r s  were evaluated: I- 
(I-129), Br -  (Br-82), C l -  (Cl-361, Na+ (Na-241, 
Rb+ (Rb-851, Cs+ (Cs-1371, Ca++ (Ca-451, Sr++ 
(Sr-901, Fe+++ (Fe-57) , H2Se03 (Se-75) , Cr04-- 
(Cr-511, P04--- (P-321, S04-- (S-351, 
[Co(CN)6]--- (Co-571, SCN- (C-14), formaldehyde 
HCOH (C-141, (Cr-51)-EDTA, (Sb-124)-EDTA9 
(In-l14m)-EDTA, (Cr-51I-NTA and t r i t i a t e d  water. 

6.0 EXPERIMENTAL SET-UP AND PROCEDURES 

The d i f f e r e n t  experimental setups a r e  discussed 
f o r  s t a t i c  (6.1) and flow experiments (6 .2) .  
For the  flow t e s t s  (6.2.2.3) it was necessary t o  
p r e t e s t  some v a r i a b l e  parameters (6.2.2.1). The 
procedure f o r  s e l ec t ing  the  r ad io t r ace r s  i s  
described i n  (6.2.2.2). 

6.1 STATIC TESTS 

Room temperature t e s t s  were performed t o  obta in  
more accura te  r e s u l t s  r e l a t e d  t o  t h e  rock / t r ace r  
i n t e rac t ions .  In  these  experiments, 5g of rock 
ma te r i a l  i n  t he  230 t o  325 mesh g r a i n  s i z e  
f r a c t i o n  is mixed with 25 m i l l i l i t e r s  of water 
and the  t r a c e r .  This system i s  l e f t  on a shaker 
f o r  45 t o  65 hours f o r  reac t ion .  Af te r  t he  rock 
ma te r i a l  has s u f f i c i e n t l y  s e t t l e d ,  about f i v e  
m i l l i l i t e r s  of  t h e  so lu t ion  i s  sampled and 
centrifuged f o r  about 15 minutes. A 
one -mi l l i l i t e r  sample i s  then analyzed. 

Several experimental set-ups f o r  t he  s t a t i c  
adsorption tests a t  high temperatures have been 
considered. Limited by f e a s i b i l i t y  and 
a v a i l a b i l i t y ,  i t  was decided t o  use the  
following arrangement and procedure: Two c e l l s  
s imi l a r  t o  the  flow c e l l s  used with the  
sandpacks a r e  connected through a va lve .  Also, 
a f i l t e r  i s  i n s t a l l e d  between the  two c e l l s .  
One c e l l  i n i t i a l l y  conta ins  rock sample, b r i n e  
and t r a c e r  while t he  o the r  c e l l  i s  empty. With 
the  valve between the  two c e l l s  c losed ,  t h e  
apparatus i s  heated i n  a pre-heated oven t o  the  
des i red  temperature and t h e  t r ace r l rock  
i n t e r a c t i o n  i s  performed. 
i s  quickly c h i l l e d  i n  cold water t o  c r e a t e  a 
lower pressure in s ide .  Thus, when the  valve i s  
opened, t h e  l i qu id  i s  drawn through t h e  rock 
ma te r i a l  and a r e t a in ing  f i l t e r  i n t o  the  second 
chamber and separated from the  rock a t  t he  
experimental temperature ( o r  a s  c l o s e  a s  
poss ib l e  t o  i t ) .  Af te r  t h e  valve i s  closed the  
whole apparatus i s  cooled by submersion i n  water 
u n t i l  i t  reaches room temperature. 
opened t o  take  a l i qu id  sample f o r  ana lys i s .  

In  the  case  of t he  blank (no rock ma te r i a l  was 
p re sen t ) ,  p r a c t i c a l l y  a l l  l i qu id  can be 
t r ans fe r r ed  from chamber t o  chamber. However, 
i n  t h e  presence of rock ma te r i a l ,  t he  amount of 
t r ans fe r r ed  l i q u i d  i s  considerably less. 
Assuming t h a t  t he  l i q u i d  re ta ined  by t h e  rock 
ma te r i a l  i n  i n t e r s t i c e s  has  the  same t r a c e r  
concent ra t ion  a s  t he  recovered por t ion ,  the  

Then the  empty c e l l  

It i s  then 

amount of t r a c e r  absorbed on the  rock sample of 
known weight and su r face  a r e a  can be determined 
from the  d i f f e rence  of t h e  input and recovery 
va lues  of  l i q u i d  volume and t r a c e r  
concent ra t ion ,  and from the  comparative va lues  
of  a blank (without rock ma te r i a l ) .  

6.2 -- FLOW TESTS 

This chapter  desc r ibes  t h e  flow apparatus 
(6.2.1) and the  procedures (6.2.2) applied (a )  
t o  p r e t e s t  t he  inf luence  of some parameters, 
(6.2.2.11, t o  (a> s e l e c t  t h e  t r a c e r s  f o r  t he  
tests (6.2.2.2) and ( c )  t o  perform the  ac tua l  
tests (6.2.2.3).  

6.2.1 SET-UP 

A schematic of t h e  flow apparatus is presented 
i n  Fjgurf! 4.  
S p e c i a l t i e s  Company) syr inge  type pump (Model 
314 2850 PSI Metering Pump) t r a n s f e r s  hydraul ic  
f l u i d  (mineral  o i l )  from one r e se rvo i r  (R1) t o  
another r e se rvo i r  (R2) where it  d i sp laces  t h e  
b r ine  i n  the  flow l i n e .  P r e t e s t s  and t r a c e r  
s e l e c t i o n  t e s t s  were conducted a t  h igher  flow 
r a t e s  than thk a c t u a l  tests. For the  h igher  
r a t e s ,  an Altex Model lOOA Solvent Metering 
System was used which more conveniently pumps 
the aqueous s o l u t i o n  continuously and d i r e c t l y .  
The t r a c e r  is i n j ec t ed  with t h e  a i d  of an 
i n j e c t i o n  va lve  (IV) and a Rheodyne Model 7125 
Syringe Loading Sample I n j e c t o r .  
containing the  t r a c e r  i s  brought t o  the  
experimental temperature before  en te r ing  the  
sandpack ( o r  core) (SP) i n  an o i l  ba th .  A l l  
high temperature flow equipment i s  made of 
Hastelloy C.  A p ressure  r e l i e f  valve (PR) 
maintains a s u f f i c i e n t l y  h igh  pressure  i n  t h e  
high temperature s e c t i o n  t o  keep t h e  b r ine  i n  a 
l i qu id  s t a t e .  The e luen t  i s  co l l ec t ed  
continuously,  u sua l ly  i n  one m i l l i l i t e r  
por t ions ,  with an Eldex Universal Frac t ion  
Col lec tor .  
p a r a l l e l .  
r e se rvo i r s  (R2) and th ree  sandpacks (SP) so t h a t  
b r i n e  and rock ma te r i a l  can be exchanged without 
i n t e r rup t ing  the  flow i n  e i t h e r  system. 

An ISCO - (Instrumentation 

The b r ine  

Two such systems a r e  operated i n  
They a r e  interconnected, with th ree  

6.2.2 PROCEDURES 

Procedures were var ied  i n  t h e  p r e t e s t s  (6.2.2.1) 
i n  order  t o  e s t a b l i s h  t h e  bes t  way t o  conduct 
t he  t r a c e r  s e l e c t i o n  t e s t s  (6.2.2.2) and the  
ac tua l  t e s t s  (6.2.2.3).  

6.2.2.1 PRETESTS 

The inf luence  of t h e  flow r a t e  on the  e l u t i o n  
was t e s t ed  using the  Altex pump. 
cons tan t  flow r a t e  obta inable  was measured as 
0.028 m i l l i l i t e r  per minute. 
was used t o  reasonably shor ten  t h e  times 
necessary f o r  these  tests. 

To inves t iga t e  t h e  e f f e c t  o f  f i n e s  ( inc luding  
c l ays )  on t h e  e l u t i o n  curve,  a s e r i e s  of  
e l u t i o n s  were obtained from d i f f e r e n t l y  prepared 
"sand". East  Mesa sandstone was ( a )  ground, (b)  
then washed, s t i r r e d  and decanted by hand, and, 

The lowest 

An 8-inch sandpack 
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f i n a l l y ,  (c)  s t i r r e d  i n  a blender t o  remove as 
much of t he  f ines  a s  possible.  Each pack was 
t e s t ed  a t  three d i f f e ren t  flow ra t e s :  2, 1, and 
0.5 m i l l i l i t e r  per minute. Nevada sand (100-140 
mesh s i z e  f ract ion)  was a l s o  tes ted fo r  
comparison. 

The sandpacks were packed as a s lu r ry  and 
compressed under force.  
reproduceable r e s u l t s .  

With regard t o  temperature, two e f f e c t s  have t o  
be considered: (a) t empera tu re  of the sandpack 

.and (b) the equ i l ib ra t ion  of the b r ine l t r ace r  a t  
t h i s  temperature. It was considered necessary 
t h a t  the b r ine l t r ace r  be brought up t o  the 
experimental temperature before i t  entered the 
sandpack i n  order t o  assure equilibrium 
conditions f o r  measuring the 
adsorption/desorption react ions.  For t h i s  
purpose, a heating c o i l  was in s t a l l ed  i n  the o i l  
bath. 
temperature of the eluent  t o  ambient. 

This gave the best  

A cooling c o i l  is designed t o  reduce the 

6.2.2.2 TRACER SELECTION 

The t r ace r s  were injected as IOO-microliter 
slugs of t r a c e r  i n  deionized water and pumped i n  
succession through the same sandpack of 
ground-up East Mesa sandstone a t  a r a t e  of 5 
mil l i l i t e r s  per hour corresponding t o  a veloci ty  
o'f about 4 f e e t  per day. 
inches long and contains an 80 t o  140 mesh grain 
s i z e  f r ac t ion  which has been washed by s t i r r i n g  
and decanting before packing. Only the sandpack 
i s  kept a t  a temperature of 170°C i n  an oi lbath,  
thus allowing the in j ec t ion  and sampling t o  be 
done a t  room temperature. 

The sandpack i s  8 

6:2.2.3 ACTUAL TESTS 

The tests were conducted a t  17OoC. Both heating 
by c o i l  and water cooling the e f f luen t  were 
found t o  be unnecessary a t  the flow r a t e  used. 
Heating and cooling ( i n  the o i lba th  o r  
surrounding a i r )  through the  metal tubing of the 
flow l i n e s  was su f f i c i en t .  

The flow tests were run a t  a l i n e a r  veloci ty  of 
1 foot  per day (0.021 mllminute). A 24-inch 
sandpack thus takes two days t o  pass one pore 
volume. A sho r t  porous medium, on the other 
hand, tends t o  produce skewed t r ace r  e lu t ion  
curves. 
l i t e r a t u r e  and is  evident i n  our e lu t ions  
(Figures 5 and 6 )  from a 2.65-inch long Berea 
core.  Therefore, i t  was decided t h a t  a porous 
medium with a length of 8 inches, a value 
between these two values,  should be used. 

The intent ion was t o  t the in t e rac t ion  of the 
rock mater ia ls  with the  t r ace  
reason, t he  d i f f e r e n t  materia 
i n  a form allowing them to  be as comparable as 

. possible.  Consolidated ck has  some propert ies  
such as permeability, p s i t y ,  pore s i z e s ,  e tc .  
which change from core t o  core and ce r t a in ly  
vary from rock t o  rock. 
influence the dispers ion of a flowing t r ace r .  
To keep these parameters as constant as possible 
sandpacks were used. In order t o  make the packs 

This tendency i s  known from the 

These propert ies  

as  homogeneous a s  possible the rocks w e r e  ground 
t o  80-140 mesh size and packed as a s lu r ry .  The 
porosity of these packs i s  37-401. 
sand was not washed. Instead the pack was 
flushed before commencing the tests u n t i l  the  
e f f luen t  water appeared c l e a r  (no pa r t i c l e s ) .  

of 10 micrometers. , 

The t r ace r s ,  according t o  the experiments (7.2) , 
f a l l  i n t o  two main groups: 
with a minimum amount injected,  and those which 
needed a subs t an t i a l  amount of c a r r i e r  t o  e l u t e  
a t  a l l .  
su i t ab le  type of t r ace r .  In t h i s  group, iodide 
had the best  recovery, hexacyanocobaltate the 
lowest. These two t r ace r s  were chosen for  
fur ther  invest igat ions.  

Tracers a r e  usually injected i n  e i t h e r  of two 
forms: as  s lugs o r  as spikes. The t r ace r  
dispersion i n  the porous medium causes the 
t r ace r  t o  e l u t e  i n  a bell-shaped normal 
d i s t r i b u t i o n  curve (spike) with S-shaped e lu t ion  
curve i n  the front  and back of t he  peak. 
Testing a s e r i e s  of slugs of increasing t r ace r  
concentration may yield the information t o  
construct an adsorption isotherm. Sa t t e r  e t  a1 
( 3 )  have developed a model based on Langmuir 
type, rate-controlled adsorption. To use such a 
model fo r  determining the adsorption isotherms 
was, however, beyond the scope of t h i s  work. We 
a l s o  found no measurable adsorption i n  the 
s t a t i c  tests f o r  the best  t r ace r s ,  i . e . ,  iodide.  
The adsorption e f f e c t s  of these t r ace r s  were 
extremely small and not measurable with the 
employed test methods. Consequently, it was 
decided t o  go t o  a less time consuming (by an 
estimated f ac to r  of 10) route  and use spike o r  
slug inputs of constant amounts instead of slugs 
of varying concentrations.  

In t h i s  way, a combination rock-brine-tracer can 
be t e s t ed  fo r  i t s  in t e rac t ions  i n  a few days and 
qua l i t a t ive  comparisons can be made fo r  a l l  
cambinations with three t r ace r s  (iodide,  
t r i t i a t e d  water and hexacyanocobaltate) within 
the avai lable  time of several  months. The 
evaluation was made chromatographically, t h a t  
is, the e lu t ion  curves can be compared f o r  
breakthrough time, peak posi t ion,  and shape. 

The ground 

f i l t e r s  had an e f f ec t ive  pore s i z e  

those which eluted 

The f i r s t  group was judged t o  be a more 

7.0 ATTEMPTED COMPLETED TEST MATRIX 

The proposed t e s t  matrix fo r  s t a t i c  adsorption 
t e s t s  and flowing adsorption/desorption tests 
with sandpacks and cores a s  mentioned above 
(4.0) c a l l s  f o r  using 5 rocks (2 fo r  core tests) 
with three (3 )  d i f f e ren t  br ines  a t  three ( 3 )  
d i f f e ren t  temperatures f o r  f ive  ( 5 )  t r ace r s .  
Time permitted us t o  run sandpack t e s t s  with 
th ree  t r ace r s  and core t e s t s  with only one rock 
a t  one temperature, 170°C. 

The lowest f eas ib l e  temperature was chosen i n  
the beginning because the highest  t r ace r  
re ta ining e f f e c t  can be ant ic ipated a t  low 
temperatures. As the  temperature is increased , 
the  temperature coe f f i c i en t  i s  negative f o r  a l l  
processes of i n t e r e s t ,  t h a t  i s  adsorption, ion 
exchange, and se l ec t ive  sorption. While 
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d i f fus ion  and dispersion (mixing) is  increased 
with increasing temperature, t he re  i s  less 
sorption. The swelling of expandable c lays  is 
diminished with increasing temperature. 
Simultaneously, t he  ca t ion  exchange capacity i s  
reduced because the  ions move i n t o  fixed l a t t i c e  
pos i t ions ,  espec ia l ly  i n  the  octahedral l ayer ,  
from where they cannot fu r the r  exchange. This 
rock a l t e r i n g  process a s  a function of 
temperature s t a r t s  with the  smallest  ions a t  
lower temperatures. 
of ca t ion  exchange can be a l t e r ed  with 
increasing temperature. In  f a c t ,  the  s o l u b i l i t y  
of the  rock mater ia l  may become a g rea t e r  e f f e c t  
than a l l  these processes combined. 

Thus, experiments a t  comparatively low 
temperatures e s t ab l i sh  an upper l i m i t  f o r  the  
adsorption/desorption e f f e c t s .  

The s t a t i c  t e s t s  were a l so  attemped a t  170OC. 
Because of incons is ten t  r e s u l t s  and l a rge  
experimental e r r o r s  which could not be overcome, 
tests were l a t e r  run a t  room temperature. 

The attempted t e s t  matrix includes 6 rocks: 

Thus, the  lyo t ropic  s e r i e s  

1. East Mesa sandstone 

2. Desert Peak greenstone 

3. Roosevelt Hot Springs r h y o l i t i c  t u f f  
(Thermal Power) 

4.  Crys ta l l ine  quartz 

5. Crys ta l l ine  c a l c i t e  

6.  Berea sandstone. 

each with th ree  ( 3 )  d i f f e ren t  br ines :  

1. 

2. 

3.  

Deionized water 

Synthetic br ine ,  formulated a f t e r  
na tura l  b r ine  

A r t i f i c i a l  b r ine ,  (NaC1-solution of 
equal ion ic  s t rength)  

Each rock-brine combination was t o  be tes ted  
with three  ( 3 )  t r ace r s :  

2. 

temperature experiments with 
hexacyanocobaltate have been run. 
Iodide has been used with Berea 
sandstone only. 

Flow tests: Sandpack t e s t s  a t  170°C 
have been completed. 
with Berea sandstone have a l s o  been run 
( i n  deionized water).  The o ther  
geothermal rocks l i s t e d  a r e  of 
i n su f f i c i en t  permeability, except 
possibly graywacke. Graywacke, 
however, was not ava i lab le  and has been 
subs t i t u t ed  by Berea sandstone although 
Berea sandstone i s  not a geothermal 
rock. 

-- 
Some core tests 

8.0 EXPERIMENTAL RESULTS 

The r e s u l t s  obtained i n  charac te r iz ing  the  rock 
mater ia l  (8.1) s e l ec t ing  t r ace r s  (8.2) , s t a t i c  
adsorption t e s t s  ( 8 . 3 ) ,  and flow t e s t s :  
p r e t e s t s  (8.41, sandpack ( 8 . 5 ) ,  and core 
experiments (8.6) follow. 

8.1 CHARACTERIZATION OF ROCK' MATERIAL 

Four rocks were used: East Mesa sandstone, 
r h y o l i t i c  t u f f  from Roosevelt Hot Springs 
(Thermal Power) , Desert Peak "greenstone", and 
non-geothermal Berea sandstone. The rocks 
conta in  quartz and feldspar and some accessory 
minerals ( c a l c i t e ,  magnetite, a p a t i t e ,  zircon, 
py r i t e ,  e t c . ) .  
respec t  t o  t r a c e r  i n t e rac t ion  with aqueous 
f l u i d s  i s  made by the  sheet s i l i c a t e s ;  namely, 
kao l in i t e  i n  Berea sandstone, smectite i n  East 
Mesa sandstone, i l l i t e  and mica i n  the  t u f f ,  and 
c h l o r i t e  (and o thers )  i n  the  Desert Peak 
greenstone. These minerals have vas t ly  
d i f f e r e n t  sorp t ion  q u a l i t i e s  and ion exchange 
capac i t i e s .  

Only the  sandstone was ava i lab le  i n  l a rge r  
pieces such t h a t  f r e sh  cores could be obtained 
f o r  each tes t .  The other rock was ava i lab le  
only i n  cu t t i ngs  of mainly m i l l i m e t e r  and 
smaller s i zes .  In  order t o  compare a l l  rock 
mater ia l s ,  SEM micrographs were taken (Figure 
- 1 ) .  Ordinarily t h i s  i s  adequate only f o r  t he  
sandstone. However, it g ives  an impression of 
two important fea tures :  t h e  c l ay  o r  mica 
s t ruc tu re  and the  poros i ty .  

The major d i f fe rence  with 

1. 

1. T r i t i a t e d  water (H-3)  

2. Iodide (1-129) 

3. Hexacyanocobaltate (Co-57) 

Of t h i s  attempted test matrix the  following 
tests have been completed: 

1. S t a t i c  tests: S t a t i c  t e s t s  have been -- 
performed i n  deionized water. Room 

East Mesa and Berea sandstones. The 
appearance of t he  two sandstones i s  
very d i f f e r e n t .  The East Mesa 
sandstone cons i s t s  of i r r egu la r ly  
shaped g ra ins  which seem mostly t o  be 
up t o  100 micrometer i n  s i z e  (Figure 7 )  
while the  Berea sandstone shows much 
l a rge r  g ra ins ,  mainly with smooth f l a t  
sur faces  (Figure 8 ) .  These gra ins  i n  
Berea sandstone a r e  quartz which have 
grown new sur faces  obviously i n  s i t u  
(Figure 9). The next s e r i e s  of 
micrographs shows the  major 
cons t i tuents  - quar tz ,  fe ldspar  and 
c l ay  minerals.  The fe ldspars  a r e  not 
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e a s i l y  detected i n  East Mesa sandstone 
though they a r e  o f t en  somewhat more 
angular than the quartz grains .  
Microprobe analysis  revealed several  
grains  a s  feldspar (e.g., f i gu re  10 
bottom center  and r i g h t ) .  
surface i s  coated t o  make analysis  of 
the grain i t s e l f  impossible ( e  .g. , 
angular grain top center- lef t  i n  Figure - 10 has the shape of fe ldspar) .  In 
Berea sandstone the  appearance is  
almost the opposite.  
regular ly  shaped and feldspar more i n  a 
s t a t e  of seeming d i s in t eg ra t ion  (Figure - 11 , center) .  
Mesa grains  almost completely except 
f o r  a few bare spots of contact between 
grains.  
grains  a sponge-like appearance. In 
Berea sandstone, on the other hand, the 
clays appear i n  c l u s t e r s  i n  recesses 
and pores between the  l a rge r  grains  
(Figure 12). 
micrographs allows a c lose r  look a t  
some features .  X-ray d i f f r a c t i o n  
reveals  t h a t  East Mesa sandstone 
contains c a l c i t e  which i s ,  however, 
only a minor const i tuent .  Some small 
angular c rys t a l s  (e.g., Fi  ure  13 
below center)  have been iden t i f i ed  as  
c a l c i t e .  There a r e  a l s o  some thick 
pore l i n ings  (Figure 14) which may be 
c a l c i t e  o r  s i l i c a .  
completely covered with c l ay  minerals 
and iden t i f i ca t ion  was not possible.  
In Berea sandstone we found, a s  a 
cu r ios i ty ,  a small py r i t e  c r y s t a l  
(Figure 151, a cube s l i g h t l y  l e f t  o f ,  
and below, the center) .  Of more 
importance i s  visual  evidence f o r  a 
process of dissolving potassium 
feldspar (Figure 16, center:  layered 
skeleton) and g r o z n g  quartz (Fi ures --- 16 and 17) and kao l in i t e  ( F i g u h  
A s  a chemical formula t h i s  process can 
be wri t ten as  4 u n i t s  of feldspar plus 
5 molecules of water r e su l t i ng  i n  one 
un i t  of k a l o l i n i t e ,  8 un i t e  of quartz ,  
plus 2 molecules potassium hydroxide 
remaining i n  solut ion and washed out.  

Most of the 

Here, quartz i s  

The clays cover the East 

The clays give the larger  

The following series of 

8 -s 

They are, however, 

e remaining s e r i e s  of SEM miorograhs 
provides a close-up look a t  the two 
d i f f e r e n t  c l ay  minerals,  t he  open 
honey-comb-like s t ruc tu re  of the 
smectite i n  East Mesa sandstone 
(Figures 18 and 19) and the massive 
harmonica-like c l u s t e r s  of kao l in i t e  i n  
Berea sandstone (Figures 20 and 21). 
X-ray d i f f r a c t i o n  shows the East Mesa 
clay minerals t o  be smectite,  
smec t i t e - i l l i t e  mixed layers ,  and some 

t Springs - r h y o l i t i c  tuff  

It i s  
(Thermal Power). Rhyolite i s  the 
volcanic equivalent of grani te .  
thus comparatively f i n e  grained and 
composed mainly of a l k a l i  f e l spa r  an 
quartz (which are hard t o  dis t inguish 
i n  SEM micrographs) and some mica 

apparent by i t s  platy s t ruc tu re .  
term "tuff" is applied t o  mater ia l  t h a t  
wae ejected i n  fragments as volcanic 
ash r a the r  than i n  the form of l iquid 
lava.  

Tuff i s  composed of f i n e  p a r t i c l e s  and 
may represent a t r ans i t i on  between 
igneous and sedimentary rocks. The 
mater ia l  from Roosevelt Hot Springs 
contains a number of accessory minerals 
such a s  magnetite (Figure 22 center  and 
Figure 23 with back-scatter de t ec to r ) ,  
sometimes i n  the  form of perfect ly  
shaped c rys t a l s  (F i  ures 24 and 25 with 
back-scatter d e t i k t x a z e -  
(Figure 26, l i g h t e r  areas ,  with 
back-scatter detector)  , a p a t i t e  (Figure 
27, dark hexagonal shape l e f t  of 
center) and zircon (Figure 27, typical  
shape a t  r i g h t  lower t h i r d ) .  The clay 
f r ac t ion  was analyzed by X-ray 
d i f f r ac t ion .  It cons i s t s  of kao l in i t e ,  
i l l i t e  and smec t i t e - i l l i t e  mixed 
layers ,  and c h l o r i t e .  

The 

- 

3. Desert Peak "greenstone". This 
mater ia l  was avai lable  ( a s  the t u f f  
from Roosevelt Hot Springs) only i n  
cu t t i ngs  taken from a long range of 
footage and l a t e r  mixed up. 
mater ia l  obviously contains pieces of 
d i f f e ren t  rocks i n  unknown proportions. 
Some of the observed surface textures  
of selected pieces a r e  shown i n  SEM 

The 

micrographs Figures 20 through 31. 
X-ray d i f f r a c t i o n  of a separated clay 
f r ac t ion  showed the presence of 
kao l in i t e ,  i l l i t e  and ch lo r i t e .  

8.2 TRACER ELUTION 

A l l  t r ace r s  were f i r s t  applied as purchased o r  
prepared i n  the laboratory (EDTA-, NTA-, and 
hexacyanocobaltate-tracers). A minimum amount 
0-f carr ier-free radioact ive mater ia l  was used , 
only as was required fo r  detect ion i n  the l iquid 
s c i n t i l l a t i o n  counter or gamma spectrometer, 
t yp ica l ly  t o  provide ten thousand t o  a hundred 
thousand counts per,minute i n  the slug t o  be 
injected . 
Tracers of the f i r s t  group yielded an e lu t ion  
curve as shown Figures 32 through 39. 
group includes: T r i t i a t ed  water, I-, Br-, C1-, 
Na+, H2Se03, S04--, SCN-, formaldahyde HCOH, 
[Co(CN)6]---, Cr-EDTA, Sb-EDTA. The injected 
amounts varied from 2xE-13 g fo r  S04-- t o  3xE-7 
g f o r  Na+ and formaldehyde. 
used a t  an amount of 5xE-5 g because of i t s  

low spec i f i c  a c t i v i t y .  

%is 

1-129 bad t o  be 

of t h e  second group (see Fi  ures 36, 

amounts, t yp ica l ly  over 10 mg bf non-radioactive 
c a r r i e r  were added. 
i n t o  t h i s  group: Rb+, Cs+, Ca2+, Sr2+, Fe3+, 
Cr04--, PO43-, In-EDTA, and Cr-NTA. The group 
includes both cat ions and anions. The ion 
exchange capacity of most c lays  is similar  f o r  
both. 

37, 40 and 41) eluted only when considera + l e  ---- 
The following t r ace r s  f a l l  
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8.3 STATIC TESTS 

The r e s u l t s  of the s t a t i c  adsorption tests a re  
presented i n  Tables 3 and 4. 
the amount of t r ace r  both i n  concentration (ppb) 
and weight (grams, i n  25 ml) a t  the s t a r t  of the 
experiments and the amounts recovered a t  the end 
as  percentages of the s t a r t i n g  values.  
experimental e r ro r s  a r e  indicated by the  
var ia t ions of the amounts recovered i n  blanks 
where no rock mater ia l  was present.  
e r r o r s  a r e  estimated a t  around 15%, while the 
counting e r ro r s  a t  a 95% confidence level  are 
below 0.65% generally.  

These tables  give 

The 

These 

Wherever the recovered amount i s  more than 15% 
away from loo%, ( i .e . ,  the  recovery i s  below 85% 
of the blank), sorpt ion react ions a re  indicated.  
For example, i f  80% of 2.5xE-8g t r ace r  is 
recovered, the other 20% or about 5xE-9g are 
adsorbed on the rock mater ia l .  
of course, depends upon the avai lable  surface 
area.  For example, Berea sandstone with a BET- 
surface of 0.8 m2/g o r  4 squaremeters of 
avai lable  surface area (5g rock) was used i n  
some experiments. 
adsorption amounted t o  approximately lxE-9g/m2 
of t r ace r  of an i n i t i a l  concentration of about 
0.8 ppb o r  2xE-8g i n  25 m l .  P lot t ing these 
adsorptions on a pa r t i cu la r  rock versus the 

This absorption, 

In t h i s  example the 

Three candidates showed no e lu t ion  even a t  the 
highest  amounts used. 
In-EDTA and 9.5 mg Cr-NTA without apparent 
e lut ion.  These amounts cannot e a s i l y  be 
increased without serious impacts on the 
economics of a t r ace r  job i n  the f i e l d .  
was injected with 7xE+3 ppm c a r r i e r  without 
e lut ion.  A nearly saturated FeC13 solut ion 
proved so viscous t h a t  it plugged up the e n t i r e  
inject ion loop. 

Thallium-204 being an unlikely choice fo r  
tracing was not fur ther  pursued a f t e r  i t  
i n i t i a l l y  f a i l ed  t o  e l u t e .  

Due t o  the design of the experiments, several  
interact ions of t r ace r s  were observed: 

Injected were 1.4 mg 

Fe-59 

1. 

2. 

3. 

Between s t ruc tu ra l ly  s imi l a r  anions: 
H2Se03 eluted slowly with what appeared 
t o  be a long t a i l  (see Figure 37). 
Subsequently injected chromate seems t o  
have caused a second e lu t ion  peak of 
H2Se03 by pushing it out of the 
sandpack, 

Between anions and cations:  An 
expected PO4--- e lu t ion  (beta-counting) 
turned out t o  be mostly i f  not a l l  Cs+ 
(or Rb+) when analyzed i n  the 
gamma-spectrometer, (see Figure 40). 
This Cs+  and Rb+ was injected during 
e a r l i e r  experiments but did not e l u t e  
during the e a r l i e r  t e s t s .  

Between chemically similar cations:  
Cs+ has a long e lu t ion  t a i l  carrying 
previously injected Rb+ which did not 
e l u t e  u n t i l  Cs+ acted as a c a r r i e r .  

remaining t r ace r  concentration i n  the l iquid 
produces adsorption isotherms. 
provide a quick and rough check f o r  an upper 
l i m i t  of how much of a given t r ace r  may be 
adsorbed on a given rock. 

Table 3 gives the r e s u l t s  of adsorption on Berea 
sandstone a t  room temperature for  two d i f f e ren t  
t r ace r s :  hexacyanocobaltate (Co-57) and iodide 
(1-131). The da ta  indicate  t h a t  there  may be 
adsorption of a s  much a s  4xE-8g of the cobalt  
t r ace r  on 4 square meters of rock surface.  The 
iodine t r ace r ,  however, shows no measurable 
adsorption during experiments using t races  a s  
l a rge  a s  2.5xE-12g. The iodide adsorption can, 
therefore ,  be considered t o  be below 
lOxE-l4/square meter. 

The adsorption of the cobal t  t r ace r  on the other 
rock mater ia ls  i s  demonstrated i n  Table 4. It 
was measured i n  three d i f f e ren t  runs as 
indicated by the numbered columns. The 
deviation of the da t a  obtained i n  run number 2 
is obvious. There, t he  radioact ive t r ace r  
addi t ive was accidental ly  almost 200 times lower 
than i n  the other  two runs. The recovery i n  the 
blanks i s ,  with one exception, consis tent  but 
low. 

T e s t s  w e r e  a l s o  run i n  the Hastelloy-C apparatus 
a t  170°C. The t r ace r  used was iodide (1-129) 
and i t  was used within the  same concentration 
range of the room temperature experiments. 
experimental e r r o r  with t h i s  set-up i s  about 
twice a s  high. 
has not been found. 
because adsorption i s  probably l e s s  a t  higher 
temperatures. 

The method could 

-- 

The 

However, measurable adsorption 
This i s  not surpr is ing 

8.4 PRETESTS FOR FLOW TESTS --- 
In  the p re t e s t s ,  the  influence of experimental 
parameters on the e lu t ion  of t r i t i a t e d  water was 
observed. In pa r t i cu la r ,  changes with r a t e ,  
content of f i nes ,  packing, and temperature were 
evaluated . 
The influence of d i f f e r e n t  flow r a t e s  on the 
e lu t ion  curve i s  shown i n  Figure 42. 
d i f f e ren t  flow r a t e s  were chosen: 1.0, 0.3, and 
0.028 m i l l i l i t e r  per minute. 
widens with decreasing flow rate causing the 
peak concentration t o  drop. 
s h i f t  s l i g h t l y  t o  larger  produced volume, o r  
longer time. This indicates  k ine t i c  e f f e c t s  of 
the in t e rac t ion  between t r i t i a t e d  water and the 
rock matrix.  

Three 

The e lu t ion  curve 

It a l so  seems t o  

The content of f i nes ,  including clays,  seems t o  
play the  major r o l e  i n  shaping the e lu t ion  
curve. To invest igate  t h i s  e f f e c t ,  a s e r i e s  of 
e lu t ions  were obtained from d i f f e ren t ly  prepared 
"sand". Figure 43 shows the e lu t ion  from the 
material  as it  i s  when ground. Figure 44 a f t e r  
it w a s  washed (by hand), and Figure 45 a f t e r  
cleaning by s t i r r i n g  i n  a kitchen blender ( t h i s  
act ion,  however, may a l s o  break up some of the 
harder p a r t i c l e s ) .  
rates of 2, 1, and 0.5 mi l l i l i t e rs  per minute. 
Figure 46 shows the e lu t ions  a t  one m i l l i l i t e r  
per minute i n  comparison with e lu t ion  from 

Each pack was tes ted a t  flow 

-- 
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TABLE 3 

STATIC ADSORPTION ON BEREA SANDSTONE 

. 0001 
.OOl 
.Ol 
.Ol 
.1 
1 

10 
100 
1000 
10000 
100000 

2.5 x E-12 
2.5 x E-11 
2.5 x E-10 
2.5 x E-10 
2.5 x E-9 

I 2.5 x E-8 

2.5 x E-7 
2.5 x E-6 
2.5 x E-5 
2.5 x E-4 
2.5 x E-3 

- - - 
101.3 
105,8 
93.3 

105.7 
98.6 
107.3 
99.7 - 

- - - 
80.2 
73.8 
80.1 

85.7 
101 .o 
99.7 
114.1 - 

BET-SURFACE (m2/g) 0.8 

a. Concentration expressed as ppb. 

b. Tracer Amount expressed as gms/25 ml. 

43 

93.9 
97.6 
101.1 
97.2 
94.2 
96.4 

98.1 
98.0 
100.8 
97.6 
101.1 

99.7 
103.8 
94.7 
99.4 
105.0 
99.7 

106.6 
100.0 
102.3 
100.3 
98.8 

0.8 



CONCEN-a * 
TRATION 

.Ol 
.1 
1 

10 
100 
1000 
10000 
100000 

1 2 

2.5 x E-10 1 77.7 
2.5 x E-9 - 96.8 
2.5 x E-8 - 76.0 

2.5 x E-7 98.8 72.0 
2.5 x E-6 92.8 76.8 
2.5 x E-5 98.2 78.5 
2.5 x E-4 - 
2.5 x E-3 - 

- - 

3 

101.3 
105.8 
93.3 

105.7 
98.6 
107.3 
99.7 
105.7 

BET-SURFACE (m2/g) 

a. Concentration expressed as ppb. 

Tracer Amount expressed as gms/25 ml. 

1 

- - 
86.2 

82.1 
80.8 
96.2 - 

- 

2 

60.3 
5.3 - 

8.1 
13.2 
11.8 - 

- 

3 2 

45.9 - 55.5 
3.8 19.6 

59.2 - 61.6 - 44.1 
88.9 - 
109.6 114.8 

- 

- 

3 2 

- 14.3 - 29.8 
- 18.8 

6.9 
9.6 - 18.2 

111.2 - 
114.8 - 

- 
- 

2 

13.8 
12.4 
4.5 

- - - - - 

3 1 

87.8 
79.5 74.6 
98.8 

- 

- - - - 

2 

69.8 
9.2 
9.5 

12.1 - - 
- 
- 

3 

- - - 
- 

96.8 
35.4 
103.5 - 



r e l a t i v e l y  "clean", t h a t  i s  clay-free,  Nevada 
sand (100-140 mesh s i z e  f r ac t ion ) .  
f i nes ,  mostly c lays ,  obviously r e s u l t s  i n  
sharpening the  e lu t ion  peak. 

Packing of t he  sandpacks was checked with the  
aid of e l u t i o n  curves. 
under iden t i ca l  conditions as i n  Figure 44, but 
from a d i f f e r e n t  pack. 
m i l l i l i t e r  per minute from both packs a r e  
d i r e c t l y  compared i n  Figure 48. 
i n  packing a r e  thought t o  be s t a t i s t i c a l .  

The influence of t he  temperature of the  sandpack 
i s  shown i n  Figure 49. 
temperature a n d s i n t e r n a l  volume, i s  s imi l a r  
t o  the  apparatus used a t  170V with the  one-loop 
cooling c o i l .  Higher temperature i s  found t o  
sharpen the  e lu t ion  peak. I n i t i a l l y ,  a longer 
cooling c o i l  was employed which increased the  
t o t a l  volume of t he  apparatus by 5 mil l l i l t e r  
(Figure 49).  
be unnecessary a t  the  low flow r a t e s  employed i n  
the  ac tua l  tests. Similarly,  a heating c o i l  
which was used t o  guarantee the  temperature 
equ i l ib ra t ion  upstream of the  test  equipment 
could be eliminated because tests showed tha t  
the  test  temperature was quickly reached i n  the  
shor t  tubing immersed i n  the  o i l  bath.  

Removing the  

Figure 47 shows e lu t ions  

The e lu t ions  a t  one 

The d i f fe rences  

The set-up a t  room 

Water cooling, however, proved to  

8 . 5  SANDPACK FLOW TESTS 

The r e s u l t s  of t he  sandpack tests a r e  presented 
as e lu t ion  curves i n  Figures 50 through 66. 
amounts in jec ted  were constant f o r  H-3 and 
1-129. They averaged 5472 counts per minute f o r  . 
H-3, and 4665 counts per minute f o r  1-129. The 
amounts of t r a c e r s  e lu t ing  a r e  given, i n  the 
graphs, i n  counts per minute and per m i l l i l i t e r .  
100 on the  sca l e ,  thus,  is equivalent t o  about 
2% of the  in jec ted  amounts, o r  more exac t ly  
1.83% for  H-3 and 2.19% fo r  1-129. While the 
amounts recovered from these  in jec ted  t r a c e r s  
were reasonably cons tan t ,  t he  amounts of Co-57 
recovered d i f f e red  v a s t l y  and was not 
pred ic tab le .  
in jec ted  dur ing  the course of these experiments. 

A value of 2.46 mg of "cold" c a r r i  
agreed upon i n  order t o  r e l i a b l y  e l u t e  t h i s  
t r ace r .  S t i l l ,  the  amounts var ied  so much as 
not t o  be ab le  t o  represent them on the  same 
sca l e .  However, it i s  obviously not  p rac t i ca l  
t o  keep t r ack  of t he  t r a c e r  continuously a f t e r  
i t  has been in jec ted  f o r  the  f i r s t  t i m e .  
Co-57 is shown with a d i f f e r e n t  scale on the  
r i g h t  hand s i d e  of t he  graphs. 
t he  amount e lu t ing  per mi l l i l i t e r  a s  a 
percentage of t he  t o t a l  amount recovered, 
considering only t h i s  p a r t i c u l a r  i n j ec t ion .  
Since the  e lu t ion  t a i l  must be terminated 
somewhere, t he  amount recovered is somewhat 
a r b i t r a r y .  
d i f f e r i n g  e lu t ion  curves. 

A t  f i r s t  i n j ec t ing  about 10xE-11 grams of 
hexacyanocobaltate i n t o  deionized water flowing 
through the  East Mesa and Desert Peak sandpacks 
r e su l t ed  with no e lu t ion .  
in jec ted  amount was increased by one t o  two 
orders of magnitude f o r  the  following 

The 

We had t o  change the  amounts 

Thus, 

This s ca l e  gives 

But t h i s  s ca l e  u n i f i e s  the  vas t ly  

Therefore, t he  

experiments with b r ine  and NaC1-solution. lhese 
experiments were repeated f o r  quartz with a l l  
th ree  aqueous so lu t ions .  The t r ace r  e lu ted  only 
from the  East Mesa sandstone a t  10xE-10g with 
br ine  and 1OxE-9g with NaC1-solution, t he  
e lu t ion  with NaC1-solution being d i s to r t ed  by 
equipment malfunction. Subsequently, i t  was 
attempted severa l  times t o  repeat the  l a t t e r  
e lu t ion  with in j ec t ions  varying from 1OxE-11 t o  
10xE-9 grams. Amounts i n  the  same range were 
a l so  t r i e d  with quartz i n  deionized water. 
of these  in j ec t ions  resu l ted  i n  e lu t ion .  

The e lu t ion  curves a r e  summarized i n  Table 5. 
The most important proper t ies  a r e  shown: the  
pos i t ion  and height of the  e lu t ion  peak and the  
recovered amount of t r a c e r  i n  percent of an 
in j ec t ion  a l iquot .  
necessar i ly  iden t i f i ed  with the  e lu t ion  peak i f  
i t  could be considered a fluke o r  i f  severa l  
counts around the peak pos i t i on  strayed from a 
smooth curve. The peak pos i t ion  was then 
estimated and may be d i f f e r e n t  from a centroid 
presenta t ion  of t he  peak count i n  the  t ab le .  
The recovery was not complete i n  every case f o r  
time reasons. The produced volume i s  30 m l  per 
day (24 hours).  The volume of the  apparatus is 
about 25 m l .  Thus, t he  t r a c e r  s t a r t s  e lu t ing  
(break-through) about one day a f t e r  i n j ec t ion  
and most of i t  has e lu ted  about one day l a t e r .  
During t h i s  second day, another t r ace r  could be 
introduced following the previous one a t  about 
one "pore" volume and e lu ted  during the  
following day. With t h i s  procedure, however, 
one e l u t i o n  can s i t  on the  t a i l  of a previous 
one. In order t o  make the  d i f f e r e n t  e lu t ions  
comparable, each curve was cu t  o f f  a t  50 ml 
a f t e r  i n j ec t ion .  There a r e  now two numbers by 
which the  recovery can be evaluated, both l i s t e d  
i n  Table 5. The f i r s t  one i s  the  count i n  the  
l a s x l n i t e r  recovered, which when compared 
t o  the  peak count can g ive  an es t imate  of t he  
t a i l .  The o ther  number i s  the  t o t a l  count 
recovered up t o  t h i s  point,  and i t s  percentage 
of t h e  in j ec t ion  a l iquo t .  The d i f fe rence  from 
one hundred percent i s  obviously the  amount 
e lu t ing  i n  the  t a i l  plus the  amount not being 
recovered. The l a t t e r  can thus be estimated i n  
pr inc ip le .  
recovery determined i n  t h i s  way i s  genera l ly  
c lose  t o  LOOX for  iodine t r a c e r ,  but lower f o r  
t r i t i a t e d  water which presents a spec ia l  problem 
due t o  evaporation. Such evaporation losses  a r e  
unfortunately not  avoidable under the  
experimental conditions.  The lo s s  i s  sometimes 
severe and obvious, f o r  example, a s  shown i n  the  
e l u t i o n  curves with br ine  and NaC1-solution from 
Desert Peak greenstone and with deionized water 
from quar tz .  The losses  were measured and 
estimated i n  severa l  cases ,  however, t h e  d a t a  
presented has not been corrected f o r  evaporation 
losses .  

Recovery of the  cobal t  t r a c e r  i s ,  a s  expected, 
much lower than tha t  of  t h e  o ther  two t r ace r s .  
In order t o  minimize in te r fe rences ,  t h e  t r a c e r s  
were always in jec ted  i n  the  same sequence 
( t r i t i u m  - iodine - cobalt)  i n to  each rock-brine 
system. Thus, t he  sequence a s  presented i n  
Table 5 is the  sequence i n  time of the  e lu t ions  
unless r e p e t i t i o n s  were necessary. 

None 

The highest  count was not 

As can be seen i n  Table 5 t he  

-- 
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TABLE 5 

SANDPACK ELUTIONS OF INJFCTED TRACERS 

INJECTION PEAK 50 in1 PRODUCED VOLUKE 
ALIQUOT POSITION COUNT COUNT AMOUNT RECOVERED 

ROCK BRINE TRACER cpm m l  cpm/ml cpn/ml cpm % of Aliquot 
East Mesa Water H-3 5472 34.5 388 4.6 4371 19.9 
Sandstone 1-129 4660 34.0 406 10.3 4480 96.1 

Co-57 46550 30.0 2068 35.0 21744 46.7 

Brine H-3 5472 37.5 348 41.6 4745 86.7 
1-129 4660 37.0 374 29.5 4448 95.5 
Co-57 30412 34.5 319 37.0 3846 12.6 

NaCl H-3 5472 36.5 329 59.0 4684 85.6 
Solution 1-129 4660 37.5 364 60.0 4548 97.6 

Co-57 395000 28.0 11839 119.0 150640 38.1 
Water H-3 5472 30.0 580 10.4 4985 91.1 

Desert Peak Water H-3 5472 42.0 241 130.0 3616 66.1 
1-129 4660 39.0 375 I 58.4 4102 91.5 
Co-57 44653 34.5 2311 78.0 21838 48.9 

Brine H-3 5472 32.0 253 36.2 4061 74.2 
1-129 4660 40.0 294 76.6 3736 80.2 
Co-57 44653 34.0 1706 47.0 15142 33.9 

NaCl H-3 5472 39.0 279 98.7 4191 76.7 
Solution 1-129 4660 37.0 338 64.0 4188 89.9 

Co-57 44653 32.0 1507 14.0 12561 28.1 
Water H-3 5472 37.0 437 52.8 5052 92.3 

Quart L Water 8-3 
1-129 
Co-57 

Brine H-3 
1-129 
Co-57 

NaCl H- 3 
Solution 1-129 

Co-57 
Water H-3 

5472 
4660 
43691 
5472 
4660 
46820 

5472 
4660 
45021 

5472 

35.5 
33.0 
34.0 
37.0 
34.0 
30.0 

34.0 
35.0 
31.0 
34.0 

359 23.6 
332 6.0 
340 49.0 
237 55.9 
279 48.3 
95 6.0 

260 36.4 
295 46.8 
170 6.0 
533 0.0 

4099 
3923 
6377 
3373 
4531 
753 

4735 
4362 
1761 

5128 

74.9 
84.2 
14.6 
61.6 
97.2 
1.6 

86.5 
93.4 
3.9 
93.7 

Thermal Water H-3 
Power 1-129 

Co-57 
Brine H-3 

1-129 
Co-57 

NaCl H- 3 
Solution 1-129 

Co-57 

Water H-3 

5472 
4660 
45000 
5472 
4660 
53084 

5472 
4660 
50674 

5472 

37.0 
36.0 
36.0 

35.0 
38.0 
38.0 
37.0 
36.0 
38.0 

38.5 

338 
358 
3645 

377 
344 
791 
316 
342 
950 
289 

78.3 
52.5 
572.0 
42.1 
55.5 
132.0 
73.4 
94.4 
220.0 

224.0 

4642 84.8 
4630 99.4 
44463 98.8 
4817 88.0 
4673 100.0 
9767 22.7 
4379 80.0 
4524 97.1 
12073 31.7 
4686 85.6 

Calcite Water H-3 
1-129 
Co-57 

Brine H-3 
1-129 
Co-57 

NaCl H- 3 
Solution 1-129 

Water H-3 

5472 
4800 
13860 

5472 
4800 
14330 

5472 
4800 

5472 

40.0 233 106.0 
36.0 254 61.0 
31.0 70.5 6.2 

29.0 284 91.0 
20.0 663 

32.0 195 69.0 
43.0 246 170.0 

30.0 216 38.0 

31.0 202 88.0 

-- 

4365 
4667 
1337 

4114 
4860 
8990 

3890 
3643 

4156 

79.8 
97.2 
9.65 

75.2 
101.0 
62.7 

71.1 
75.9 

86.6 
~~ ~~ ~ 

Berea Water H-3 5472 32.0 401 11.0 4657 85.1 
1-129 5809 28.0 559 20.0 5563 95.8 
Co-57 13600 35.0 457 37.0 3044 37.1 

NaCl H-3 5472 33 .0  299 55.0 4690 85.7 

Co-57 13277 33 .0  454 33.0 6198 46.7 
Water H-3 5472 28.0 426 4.6 4557 83.3 

Solution 1-129 5809 33 .0  488 72.0 5969 102.8 
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A s  a f i n a l  check on the condition of each 
sandpack, a l a s t  e lu t ion  of t r i t i a t e d  water ( i n  
deionized water) was always obtained (Figures 7 
through 12). 
e a r l i e r  breakthrough than a f i r s t  one obtained 

This e lu t ion  normally has an 

under the same circumstances. 
be due t o  the f a c t  t h a t  the sand has l o s t  f ines  
during the course of the experiments and/or the 
change i n  chemistry taking place by dissolut ion 
of rock mater ia l ,  adsorption, ion exchange, e t c .  
During the t r ace r  s e l ec t ion  test ,  we a l s o  ran 
control experiments with t r i t i a t e d  water and 
found the breakthrough t o  be randomly 
d i s t r ibu ted ,  not following a systematic pat tern.  

This r e s u l t  may 

8.6 CORE TESTS 

Core tests have been rum on Berea sandstone 
which has a porosity of around 20%. The core i s  
about 1 inch i n  diameter. Thus, the same flow 
r a t e  t h a t  was used i n  the sandpack tests r e s u l t s  
i n  the same l i n e a r  veloci ty  of about 1 foot  per 
day. 
with a l l  three t r ace r s ,  and i n  sodium chloride 
solut ion with t r i t i a t e d  water. 

The e lu t ion  curves a re  shown i n  Figures 5 and 6. 
They a r e  summarized i n  Table 6. Since the core 
is  shorter  than the sandpack n . 6  inches vs .  8 
inches) the residence times are a l s o  shorter .  

Tests have been run i n  deionized water 

9.0 INTERPRETATION ,F EXPERIMENTAL% 

In  the t r ace r  s e l ec t ion  tests nine t r ace r s  were 
found t o  require  subs t an t i a l ly  lower input than 
t h e  others  i n  order t o  e l u t e  (9.1). Two of them 
were subjected t o  s t a t i c  tests (9.2).  No 
adsorption of iodide on Berea sandstone was 
found. In the flow t e s t s ,  however, small 
differences i n  residence times were encountered 
( 9 . 3 ) .  These can be a t t r i bu ted  t o  various 
f ac to r s ,  f o r  example, t o t a l  surface area.  It 
was hoped tha t  by using sandpacks the parameters 
could be made as  equal as  possible.  
however, require many more experiments t o  
ascer ta in  some d e f i n i t e  r e l a t ions .  Instead, 
here we discuss a possible contributing factor  
t o  adsorption. 
account fo r  some systematic differences i n  
residence times found i n  some experiments 
(9.3.2). 

It would, 

The d i f f e r e n t  c lay minerals can 

9.1 TRACER COMPARISON 

The t r ace r  comparison showed t h a t  the t r ace r s  
can be divided i n t o  two groups, t h a t  i s ,  those 
elut ing with the minimal amount injected,  and 
those requiring a subs t an t i a l  amount of c a r r i e r  
i n  order t o  e lu t e .  
undergo fundamentally d i f f e r e n t  react ions i n  the 
system. Clearly,  only t r a c e r s  of the f i r s t  
group a r e  desirable .  
propert ies  of the e lu t ion  curves, Na+, H2Se04 
and Sb-EDTA (see Figures 36,37 and 39) can a l s o  
be eliminated. The r e m a i z t G e T ( F i g u r e s  
32 through 35, 38 and 39) i n  t h i s  group, 
t r i t i a t e d  water, I-, Br-, C1-, S04--, SCN-, 
formaldehyde HCOH, hexacyaocobal tate , and 
Cr-EDTA, showed the sho r t e s t  residence times 
with the e lu t ion  peak a t  26 t o  33 m l  a f t e r  
i n j ec t ion  and the highest  peak counts r e l a t i v e  

me two groups seem to  

When considering the 
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t o  the recovered amounts (over 6% i n  the peak 
centroid of 1 m i l l i l i t e r )  compared with a l l  
other t r ace r s  t e s t ed ,  see Table 7a,b. These 
nine t r a c e r s  are the obvious c a n m t e s  f o r  
fur ther  tes t ing.  

From the l i s t  of the nine t r ace r s  t o  be 
considered, radioact ive Br-  can be eliminated 
because i t s  short  ha l f - l i f e  of 35 hours 
precludes i t s  use i n  interwel l  t racing.  

As has been said above, t r i t i a t e d  water and 
iodide a r e  the prime choices fo r  reservoir  tests 
a s  evidenced by our laboratory experiments. 
These two t r ace r s  were among those with the 
highest  recovery r a t e .  

9.2 STATIC ADSORPTION 

The s ignif icance of s t a t i c  adsorption i s  t h a t  a 
c e r t a i n  amount of t r ace r  i s  retained on the rock 
surface.  More important i s  the f a c t  t h a t  the 
t o t a l  adsorption involving rock material is 
probably more than an external  surface e f f e c t .  
Adsorption may include phenomena l i k e  ion 
exchange and processes l i k e  dissolut ion and 
diffusion inside so l id s ,  t ha t  penetrates the 
normal surface.  Thus, t he  t r ace r  behavior may 
be i n  pa r t  time-dependent, i r r eve r s ib l e ,  and not 
as  s t r i c t l y  a function of the surface area.  
These aspects must be taken i n t o  account i n  
interpret ing the r e s u l t s  of experiments. 

In s t a t i c  experiments adsorption may occur, but 
nothing i s  known about possible ion exchange 
with the rock material  fo r  both iodide and 
cobal ta te .  In the t e s t s ,  no evidence fo r  e i t h e r  
process was found f o r  iodide i n  Berea sandstone. 
The r e s u l t s  f o r  the cobal t  t r a c e r ,  which was 
t r i e d  with a l l  test rock mater ia ls ,  i s  not 
conclusive. This confirms t h e  good r e s u l t s  f o r  
iodide obtained during the i n i t i a l  t r ace r  
select ion experiments and the ambiguity 
ant ic ipated fo r  hexacyanocobaltate. 

9.3 FLOW TESTS 

The experimental r e s u l t s  can be interpreted i n  
terms of "adsorption" (9.2.2) considering the 
theo re t i ca l  r e s u l t s  obtained by S e t t e r  e t  &. 
131 and can be applied i n  a general  way79.2. l ) .  

.3.1 THEORETICAL CONSIDERATIONS 

Elution curves fo r  spike input a r e  normal 
d i s t r ibu t ions ,  t h a t  is, symmetrical bell-shaped 
curves determined by one parameter, namely, the 
standard deviation. This i s  t rue ,  however, only 
i f  the dispersing medium is s u f f i c i e n t l y  long. 
I f  i t  i s  shor t e r ,  t he  e lu t ion  curves are skewed. 
In models based, as  usual,  on the dispersion 
equation, t h i s  asymmetry i s  normally a t t r i bu ted  
t o  inhomogeneous flow of the t r ace r  i n  the 
porous medium (capacitance e f f e c t ) .  
simplest way, the pore space i s  divided in to  two 
regions,  one flowing, the  other non-flowing due 
t o  dead-end pores. The volume f r ac t ion  of t h i s  
stagnant region and a constant describing the 
exchange r a t e  between the two regions (or  the 
molecular diffusion i n t o  the stagnant portion) 
provide two more parameters. 

In the 

The t o t a l  of three 
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TABLE 6 

BEREA CORE ELUTIONS 

50 ml PRODUCED VOLUME INJECTION PEAK - 
ALIQUOT POSITION COUNT COUNT AMOUNT RECOVERED 

ROCK BRINE TRACER cpm ml cpm/ml cpm/ml cpm % of Aliquot 

Berea Water H -3 5472 18 578 14 4400 80.4 
Sands tone 1-129 5809 19 971 22 5857 100.8 

CO-57 13209 18 1162 0 6098 46.2 

NaCl H-3 5479 18 511 25 4052 74.0 
Solution 

TABLE 7a. 

ELUTION OF BETA-ACTIVE TRACERS 

AMT. RECOVERED PEAK COUNT PEAK 
AMT. INJ. ALIQUOT x of X of Amt. POSITION HALF WIDTH 

RADIOTRACER ISOTOPE g cpm cpm Aliquot cpm/ml Recovered ml Ill1 

HTO H-3 

c1- C1-36 

I 1-129 

Ca2+ Ca-45 

- 

+ 
Sr Sr-90 

 TI^+ T1-204 

so42- s-35 

~ 0 ~ ~ -  P-32 

SCN- C-14 

HCOH C-14 

2. S X ~ O - ~  

4.86~10-~ 

5x10113 

5x10 
1.5~10-~ 

3.5x10-’ 

3 ~ 1 0 - ~  

1x1~-5 

iX10-3 

9x 1 0-1 O 

2x1~-13 

7 ~ 1 0 - l ~  
4.13~101~ 
1.25~10-f 
3.75~10 

7.4~10-~ 

~ x I O - ~  

4,739 3,061 64.6 315.6 10.5 
5,031 106.2 412.6 8.2 
4,431 93.5 353.6 8 . 0  
4,714 99.5 506.2 10.7 
4,373 92.3 337.8 7.7 

6,926 4,785 69.1 439.8 9.2 
5,478 4,730 86.3 325.9 6.9 
5,606 4,148 74.0 308.4 7.4 

122,344 120,564 98.5 8789.0 7.3 

18,071 12,370 68.5 1207.0 9.8 

5,385 0 0 0 0 
22,074 0 0 0 0 
24,391 0 0 0 0 

38,465 0 0 0 0 
52,291 0 0 0 0 

19,024 75,573 >3750.0 >5.0 

27,585 o 0 0 0 

49,556 24,556 49.4 1640.0 6.7 

30,427 0 0 0 0 
26,928 0 0 0 0 
26,204 0 0 0 0 

22,973 11,884 51.7 968.0 8.1 

17.625 12,519 71.0 1011.0 8.1 

not d e t .  

30 9.0 
28 12.0 
30 12.5 
29 8.0 
30 12.0 
34 13.0 
34 14.0 
33 13.0 

31 13.0 

28 10.0 

28 15.0 

27 11.0 

31 14.0 
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TABLE 7b. 

ELUTION OF GAMMA-ACTIVE TRACERS 

AMT. RECOVERED PEAK COUNT PEAK 
AMT. INJ. ALIQUOT x of % of h t .  POSITION HALF WIDTH 

RADIOTRACER ISOTOPE g cpm cpm Aliquot cpm/ml Recovered ml ml 

[CO(CN)~]~- Co-57 8x10-l1 61,124 >16,641 >27.2 1106.0 6.6 29 7.0 

Na+ Na-24 3.10-7 8,041 6,796 84.5 346.0 5.1 50 36.0 

Br- Br-82 1.4~10-~ 4,608 5,086 110.4 360.0 7.1 33 13.0 

Cr-EDTA Cr-51 3.86~10-~ 3,429 1,018 29.7 89.0 8.8 28 15.0 

In-EDTA In-ll4m 2.14~101: 84,538 0 0 0 0 - - 
1.57~10 80,616 0 0 0 0 - - 
1.410 not det. 0 0 0 0 - - 

Sb-EDTA Sb-125 1.04~10-~ 7,738 0 0 0 0 - - 

Cr-NTA Cr-51 2.73x10-’ 42,564 0 0 0 0 - - 
5.0~1014 3,840 0 0 0 0 - - 

Cro42- Cr-51 u/o carrier not det. 0 0 0 0 - - 
1.5~10-~ 30,419 0 0 0 0 - - 

Rbi Rb-86 3.8~10g-~ 19,524 0 0 0 0 - - 

3.07~10-1 7,401 1,395 18.85 60.0 4,3 60 35.0 

9.5~10 not det. 0 0 0 0 - - 

4.96~10-* not det. 0 0 0 0 - - 
3. lo-’ 30,339 33,750 111.2 893.0 2.6 50 42.0 

H2Se03 Se-75 3.75~10-lo 15,124 14,572 96.4 333.0 2. 60 - 

+ 
CS Cs-137 w/o carrier 21,435 0 0 0 0 - - 

0 0 0 0 - 
0 0 0 0 - - 

26,076 85.2 1487.0 5 . 1  - - 
0 0 0 e c 

0 0 O I -  

0 0 0 - 3 

- 

++ 
- 
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parameters permits fitting the model to 
experimental curves. 
thus account for the asymmetry of the elution 
curve which is manifest in a steeper rising in 
the beginning and a slower falling in the end 
and, as a result, an earlier peak (for spike 
input) or inflection point (for step input) as 
compared with the symmetrical distribution. 

The deviations from symmetrical dispersion can 
be attributed to other effects, for example 
adsorption. The simpliest case of adsorption is 
the Langmuir type where the adsorption on the 
solid is proportional first to the concentration 
in the liquid, then reaches a saturation 
(assymptote). Ihe region of proportionality is 
governed by the kinetic rate constants for 
adsorption and desorption, the saturation region 
by the saturation concentration on the rock 
phase. Thus, three additional constants are 
required to describe Langmuir adsorption. Other 
types of adsorption require even more constants. 
Satter, et al. have published a model and some 
computer derived solutions for Langmuir type 
adsorption on which interpretation of elution 
curves can be based. 

Their model involves dispersion and Langmuir 
adsorption. 
graphically for step input. Consequently, the 
computer generated curves can be used to 
qualitatively explain trends of the elution 
curves presented here. To make these 
cmparisons, two facts have to be kept in mind: 

The capacitance model can 

Some numerical solutions are given 

1. The step input can be considered as the 
integration of a number of spike input 
functions. Thus, a similar symmetry 
prevails, for input as well as for 
elution functions: the ideal elution 
curves are symmetrical around the point 
of inflection (step input) and the peak 
(spike input), respectively. These two 
points correspond in position as well 
as in breakthrough points on both 
curves. 

2. The step elution involves only 
adsorption on the rock material while 
the desorption is shown with a separate 
and similar step. 
however, adsorption and desorption are 
represented in the same elution curve 
which thus may be inherently less 
symmetrical because of the desorption 
"tail". 

With spike input, 

In summary, the experimental elution curves have 
comparable positions but possibly lower symmetry 
than the computer curves by Satter, et al. 
These authors investigate the influence of four 
different groups of constants (parameters) which 
appear in different places in their model 
equations (see part 1 of this report for 
details). 
constant and varying only one, the effect of 
this group can be separated. The findings can 
be summarized in the following way: 

By holding three of these groups 

1. 

2. 

3 .  

4. 

The dispersion group influences the 
shape but not the position of the 
elution curve. 

The adsorption group affects the 
position of the elution curve through 
the saturation concentration on the 
rock phase: 
the elution occurs. 

the higher it is the later 

The flow rate group involves the ratio 
of the kinetic rate constant for 
adsorption to the saturation 
concentration (on the rock material). 
The higher this ratio is the more the 
elution shifts to longer times. The 
shape of the elution curve can also be 
affected by this group. 

The kinetic rate group is essentially 
the ratio of the kinetic rate constants 
for desorption and adsorption. The 
higher the desorption rate is, the 
earlier the elution appears. 

In short, Langmuir adsorption causes the elution 
to be later, the higher the saturation 
concentration is, the larger the kinetic rate 
constant for adsorption is (in relation to the 
saturation concentration) and the smaller the 
rate constant for desorption is (relative to 
that for adsorption). 

9.3.2 EXPERIMENTS 

Satter et al. [ 3 ]  showed that the position of 
the elution curve (breakthrough, peak) depends 
on the input concentration: the lower it is the 
later the elution appears. For spike input this 
relates to the total amount of tracer used. We 
have used different amounts for the three 
tracers but these amounts are constant for each 
tracer in all experiments (except the cobalt 
tracer in East Mesa sandstone). 

Also the three tracers are different with 
respect to their dispersion coefficients which 
influences the shape of the elution curve, that 
is the width and the skewness. We have found 
that the rising slope of the tritium elution 
curve is generally not as steep as that of the 
other two tracers. 

Thus, the position and the shape of the elution 
curve initially is arbitrary for each of the 
three tracers as far as our experiments are 
concerned. Each tracer, however, has eluted 
from the sandpacks with a certain sequence of 
residence times (see Figure 73). 

Iodide eluted in the order of increasing 
breakthrough and peak concentration time first 
from Berea sandstone, then from quartz, East 
Mesa sandstone, Thermal Power tuff, and finally 
from Desert Peak greenstone. This is 
independent of the brine used except that the 
elution from East Mesa sandstone was sometimes 
retarded (breakthrough later than from the tuff 
in synthetic brine, peak later than other peaks 
in NaC1-solution). 
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T r i t i a t e d  water was found t o  generally follow 
the same e l u t i o n  sequence a s  iodide, y e t  with 
more uncertaint ies .  
had the longest residence time when synthet ic  
brine o r  NaC1-solution was used. In  addition, 
the e lu t ions  from quartz were somewhat out of 
the order: e a r l i e r  i n  N a C l - s o l u t i o n , ~ l a t e r ~ i n  
the other c a r r i e r s ,  when compared t o  the other 
e lu t ions .  

The cobalt  t r ace r  followed a d i f f e ren t  sequence 
of residence times. It eluted f i r s t  from East 
Mesa sandstone, then from quartz,  Desert Peak 
greenstone, Berea sandstone, and last from 
Thermal Power t u f f .  Exceptions were few: East 
Mesa Sandstone again produced a late e lu t ion  
peak with synthetic br ine;  breakthrough'from 
Berea sandstone w a s  l a t e r  i n  water but e a r l i e r  
i n  NaC1-solution than the sequence indichtes .  

The difference i n  residence times of the i 
and tritium t race r  i n  various rocks can be 
interpreted i n  terms of adsorption. 
f a l l  i n t o  the s e r i e s  Berea sandstone, quartz ,  
East Mesa sandstone, Thermal Power t u f f ,  and' 
Desert Peak greenstone with increasing residence 
times. This sequence possibly relates t o  
progressively slower "desorption", t h a t  is ,  
slower in t e rac t ion  with the t r ace r .  
f ac to r s  influencing the e lu t ions  such as 
permeability, porosity,  surface area,  flow rate, 
e t c . ,  were made as  equal as possible,  the 
d i f f e ren t  i n t e rac t ions  revealed should be 
a t t r i b u t a b l e  t o  the nature of t he  rock 
mater ia ls .  
here,  t h e  c l ay  minerals are considered t o  be 
chemically, most ac t ive .  
rocks contain the following clay minerals: 

Again, East Mesa sandstone 

The rocks 

Since 

Of the components of the rocks used 

In  t h i s  s e r i e s ,  the 

1. Berea sandstone: kao l in i t e  

2. Quartz: none 

. East Mesa Sands 
s m e c t i t e / i l l i t e  mixed layer ,  c h l o r i t e  

4. Thermal Power t u f f :  i l l i t e ,  
s m e c t i t e / i l l i t e  mixed layer ,  c h l o r i t e  

5 .  Desert Peak greenstone: 

minerals can be generalized to:  
kaol ini te /smect i te  , (montmorillon 
ch lo r i t e .  
represent decreasing exchange r a t e s  fo r  cations.  
For anions and water as used here nothing 
comparable i s  known. However, t he  reasons given 
fo r  the react ions of cat ions a l s o  hold f o r  
anions o r  water. -The main react ion sites f o r  
kao l in i t e  a r e  broken edges, f o r  smectite 
i n t e r l aye r  sufaces,  f o r  i l l i t e  and c h l o r i t e  
local ized c r y s t a l l i z a t i o n  defects .  The access 
t o ,  and from, these sites i n  the  s e r i e s  
obviously i s  increasingly more d i f f i c u l t ,  q u i t e  

This s e r i e s  i s  known ( G r i m  [4]) t o  

t he  chemical nature  of the 

The influence of t he  d i f f e ren t  br ines  i s  s l i g h t .  
Generally, the residence time i s  equal t o  o r  a 
l i t t l e  longer i n  synthetic br ine and 
NaC1-solution than i n  deionized water. 

For iodide, t h i s  
the other  t r ace r s .  
where breakthrough of a synthet ic  br ine (from 
quartz),  o r  the concentraton peak of a 
NaC1-solution (from Desert Peak greenstone) , 
occurred earlier than those of deionized water. 

again more evident than f o r  
We had only two incidences 

water, however, t h i s  holds only 
f o r  the two sandstones. The Thermal Power t u f f  
shows no great  difference,  but quartz and Desert 
Peak greenstone seem to  r e t a i n  the t r ace r  
longest i n  deionized water. 

For the cobalt  t r a c e r ,  the picture  i s  more 
complicated. 
find an e lu t ion  i n  synthet ic  br ine (from quartz) 
or NaC1-solution (from Berea sandstone) more 
than about two mi l l i l i t e rs  e a r l i e r  than i n  
deionized water. 

The differences between the elut ions i n  
synthet ic  br ine and NaCl-solution, both i n  
concentration peak and breakthrough, are usually 
not more than one o r  two mi l l i l i t e rs  which i s  
not considered s ign i f i can t .  
were the e lu t ions  of t r i t i a t e d  water from Desert 
Peak greenstone, and the cobaJt t r ace r s  from 
East Mesa sandstone. The s h i f t  of the e lu t ion  
curve t o  longer residence times can possibly be 
explained by a higher "adsorption" rate i n  br ine 
compared t o  deionized water. 

However, only i n  two cases did we 

The two exceptions 

10.0 TEST EVALUATION - 
In t rying t o  apply the  r e s u l t s  of laboratory 
experiments t o  f i e l d  work two points have t o  be 
discussed. How do the employed methods compare 
( l O . l ) ,  and what can the da t a  obtained i n  the 
laboratory predict  with respect t o  actual  
performance i n  a reservo'ir (10.211 

10.1 EVALUATION LABORATORY METHODS 

Laboratory methods a r e  usually not immediately 
relevant  t o  f i e l d  work. 
var iables  which govern the behavior of a t r a c e r  
i n  a complex ,geothermal rvoir .  Only a few 
of these var iables  can be investigated i n  
laboratory experiments. Normally the  r e s u l t s  of 
these experiments a r e  used t o  support f a i r l y  
simple models- (see Part 1 of t h i s  report)  which 
give mass balances and transport  equations f o r  a 
one-dimensional geometry and a 
diffusion-dispersion-type propagation. Certain 
parameters o r  var iables  can be isolated and 
d e a l t  with separately.  such a s  ~ flow veloci ty ,  
dispers ion coe f f i c i en t ,  length of t he  porous 
medium, porosity,  permeability, e t c .  
Application of these models t o  actual  
reservoirs ,  however, i s  not possible because a l l  
quan t i t i e s  are reduced t o  mean values o r  
averages. 
the models then acquire the appearance of 
a rb i t r a r ines s .  
modeled i n  the laboratory,  

There are too many 

The real-time aspects are l o s t  and 

In essence, reservoirs  cannot be 
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In the work undertaken here  an attempt was  made 
t o  help understand the "real  world" of reservoir  
work r a the r  than t o  e s t ab l i sh  o r  build some 
laboratory model. 
d i f f e ren t  f ac to r s  influencing the flow of a 
t r ace r  cannot be separated, they cannot even be 
iden t i f i ed .  Only t h e i r  co l l ec t ive  in t e rac t ion  
w i l l  determine the f i n a l  r e s u l t ,  t h a t  is ,  how 
much t r ace r  a r r ives  a t  the producer, and when. 

The s t a t i c  tests described i n  Section 6.1 can 
provide an upper l i m i t  f o r  the l o s s  of t r ace r  t o  
the reservoir  rock provided the t o t a l  surface of 
contact between rock and t r ace r  can be 
estimated. A pre-condition f o r  accuracy i s  tha t  
the rock mater ia l  used i s  representat ive fo r  the 
reservoir ,  not j u s t  f o r  the wellbore where it  
was taken. 

A t  room temperature these tests a re  
s t ra ightfornard.  A t  reservoir  temperatures, 
however, t he  sampling fo r  analysis  i s  much more 
d i f f i c u l t  . 
The flow t e s t s  give indicat ions fo r  the actual 
flow of the t r ace r .  A simulation of reservoir  
flow can not be achieved i n  the laboratory.  The 
setup described i n  Section 6.2 can be used with 
cores o r  sandpacks. 
reservoir ,  i n  pr inciple ,  b e t t e r  than sandpacks. 
In f a c t ,  however, the cores avai lable  f o r  
laboratory t e s t s  may not have the average 
geometrical and hydrological cha rac t e r i s t i c s  of 
the reservoir .  In addition, cores must be long 
enough o r  they w i l l  d i s t o r t  the e lu t ion  curve of 
the t r a c e r .  With sandpacks, d i f f e ren t  rock 
mater ia ls  a r e  eas i e r  t o  compare. We used the 
same modular c e l l s  a s  i n  the s t a t i c  tests and 
could thus subject comparatively much more rock 
material  (surface area) t o  each test .  The 
f l e x i b i l i t y  i n  applying the t r ace r  i s  greater  i n  
flow than i n  s t a t i c  tests. The t r ace r  can be 
injected i n  d i f f e ren t  ways. Two of these are 
pa r t i cu la r ly  easy t o  relate t o  the e lu t ion  
curves; the one-time spike, and the slug of 
constant concentration. 
e lu t ion  i s  much more time consuming, but a 
succession of s lugs could provide information 
s imilar  t o  s t a t i c  t e s t ing .  Flow-through 
monitoring of the t r a c e r  would be desirable .  
However, t h i s  in-l ine monitoring i s  not a s  
s ens i t i ve  a s  conventional counting. A spike 
input of the t r ace r  comes closer  t o  the 
conditions and circumstances encountered i n  
interwel l  t r ace r  work. 

In the f i e l d ,  the many 

Cores represent the 

A slug input and 

10.2 IMPLICATION FOR TRACER WORK I N  ---- 
THE FIELD -- 

The t e s t s  have yielded a s e r i e s  of e igh t  t r ace r s  
(out of more than twenty) which can be 
considered good t r ace r s .  
ex t r a  c a r r i e r  necessary. 
iodide i s  probably the best .  
found i n  s t a t i c  tests under conditions 
considered worse than those encountered i n  the 
reservoir .  
x E-14 gram per square meter of rock suface fo r  
possible l o s s  i n  the formation due t o  
in t e rac t ion  with the reservoir  rock. 
time-dependent i n t e rac t ion  processes a re  an 

They eluted with no 
Of these t r ace r s ,  

No adsorption was 

This establ ishes  an upper l i m i t  of 5 

However, 

e s sen t i a l  factor .  Sa t t e r  a l .  [3]  conclude 
i n  t h e i r  computer study t h a t  %ny r a t e  
controlled mechanism can a f f e c t  s ign i f i can t ly  
the way laboratory r e s u l t s  should be t ranslated 
t o  f i e l d  appl icat ions.  
chemical i s  rate-controlled o r  time-dependent, 
core flood data  obtained a t  times much shorted 
than reservoir  residence times should not be 
applied d i r e c t l y  t o  estimate chemical loss i n  a 
reservoir". While we have no indicat ion tha t  
adsorption of iodide i s  time-dependent, other  
t r ace r s  may very well  show t h i s  e f f e c t .  

Flow t e s t s  gave indicat ions t h a t  residence t i m e s  
of t r ace r s  a r e  influenced by reservoir  rock and 
br ine.  This i s  important i n  deducing flow r a t e s  
from breakthrough times of a t r a c e r .  

The type of c l ay  minerals found i n  the reservoir  
i s  thought t o  play a major r o l e  i n  the flow of 
the t r a c e r .  
exchange r a t e  f o r  the t r a c e r .  

The data  obtained i n  our tests a r e  in su f f i c i en t  
fo r  actual  quan t i t a t ive  estimates mainly because 
of the short  length of the porous medium and, 
thus,  of the times of flow. The small 
differences encountered would render these 
estimates not accurate enough f o r  comparison. 
Small f luctuat ions i n  experimental conditions 
have s ign i f i can t  influence on the  r e s u l t s .  
accuracy of these da t a  can, however, be vas t ly  
improved by using mult i t racer  cock ta i l s .  
most f i e l d  da t a  are interpreted on a r e l a t i v e  
basis ,  the use of two o r  more t r ace r s  
simultaneously w i l l  d e f i n i t e l y  a id  i n  
in t e rp re t ing  the in t e rac t ions  with reservoir  
rock due t o  microscopic e f f e c t s  151. 

When adsorption of a 

The s ign i f i can t  property i s  the 

The 

As 
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MIXING PROBLEMS MROOGH 
DIFFEftEN'T ilRRlWAL TIMES 

Fig. 1 Tracer Dispersion by Non-Linear Flow 
Pattern 
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Fig. 2 Tracer Dispersion by Vertical 
Heterogeneities 
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~ Fig. 3 Tracer Dispersion by Horizontal Fig. 6 Tracer Elutions from Berea Sandstone 
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Fig. 7 East Mesa Sandstone Fig. 10 East Mesa Sandstone. Feldspar 
Grains (Bottom Center and Right) 

Fig. 8 Berea Sandstone 
Fig. 11 Berea Sandstone. Disintegrating 

Feldspar (Center). 

Fig. 9 Berea Sandstone. Fresh Quartz 
Surfaces 

Fig. 12 Berea Sandstone. Large Grains and 
C1 ays 
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Fig. 13 East Mesa Sandstone. Ca lc i t e  Crystal  Fig. 16 Berea Sandstone. Dissolving Potassium 
(Below, and t o  the Right o f ,  Center). Feldspar (Center) and Growing Quartz 

Fig. 14 East Mesa Sandstone. Pore Lining 
(Unident i f ied  Material ). 

Fig. 15 Berea Sandstone. Pyr i te  Crystal  
(Below Center). 

Fig. 17 Berea Sandstone. Quartz and Kaolinite 

Fig. 18 East Mesa Sandstone. Smectite- 
Covered Surface 55 



Fig. 19 East Mesa Sandstone. Smectite Close- 
UP 

Fig. 22 Roosevelt Hot Springs T u f f  (Thermal 
Power). Accessory Magnetite 

Fig. 20 Berea Sandstone. Kaolinite Cluster Fig. 23 Roosevelt Hot Springs Tuff (Thermal 
Power). Accessory Magnetite 
(Backscatter Detector) 

Fig. 21 Berea Sandstone. Kaolinite Close- 
UP 

Fig. 24 Roosevelt Hot Springs Tuf f  (Thermal 
Power). Accessory Magnetite 
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Fig. 25 Roosevelt Hot Springs Tuff (Thermal Fig. 28 Desert Peak Greenstone. Chlorite 
Power). Accessory Magnetite 
(Backscatter Detector) 

Fig.  26 Roosevelt Hot Springs Tuff (Thermal Fig. 29 Desert Peak Greenstone. Calcite 
Power). Ti tani  t e  (Lighter Areas, Crystals 
Backscatter Detector) 

Fig. 27 Roosevelt Hot Springs Tuff (Thermal Fig.  30 Desert Peak Greenstone. Surface 
Power). Apatite, Hexagonal Crystal 57 Structure 



Fig. 31 Desert Peak Greenstone. Surface 
Structure 
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Fig. 50 Tracer Elutions From East Mesa Sandpack 
in Deionized Water 
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Fig. 51 Tracer Elutions from East Mesa Sandpack 
in Synthetic Brine 

Fig. 53 Tracer Elutions from Desert Peak Sandpack 
in Deionized Water 
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Fig. 54 Tracer Elutions from Desert Peak Sandpack 
in Synthetic Brine 
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Fig. 61 Tracer Elutions from Thermal Power 
Sandpack in NaCl Solution 
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Fig. 67 I n i t i a l  and F ina l  T r i t i um Elut ion 
from East Mesa Sandpack i n  Deionized 
Water 
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Fig. 69 I n i t i a l  and F ina l  T r i t i um Elut ion 
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Fig. 70 I n i t i a l  and Final  T r i t i um Elut ion 
from Thermal Power Sandpack i n  
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Fig. 72 I n i t i a l  and F ina l  T r i t i um Elut ion 
from Berea Sandpack i n  Deionized 
Water 

Fig. 73 Comparison o f  Tracer Retention Times 
i n  Sandpacks of Various Rock Materials. 
The f i r s t  l i n e  represents the i n i t i a l  
t r i t i u m  e lu t i on  from each sandpack, 
the l a s t  l i n e  the f i n a l  e l u t i o n  from 
t h a t  same sandpack 
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