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ABSTRACT

At the time of submitting this paper we are
running the first tracer test in the Los Azu-
fres geothermal field. The main goals of test
axe: to probe the concept of using separated
sPent brines as extramely inexpensive sources
of tracers; to detect possible high conducti.
vity hydraulic flowpaths between propective
reinjection wells and the nearby prcduction
zone N the Tejamaniles area; tO monitor reser
voir temperatures during tie test In order to
cbtain valuable extra observational constra-
ints to aid the interpretation; and to field
1test a nuber of techniques concerning data
gathering and analysis. So far, we have found
No evidence of the existence of hydraulic comm
munication between the reinjection and the pro
duction zone. Nevertheless, we were able to
conclude that the €1~ and Nat+ dissolved in
corcentrated spent geothermal brines can be
used as reliable and extremely inexpensive
tracers for hidrothermal flows, provided that
the injectim of the brine is steplike (con-
tinuous injection at constant flowrate ad con
centration). We also found in necessary to
monitor reservoir temperatures during thetest,
by means of both, the Na/x and the silica gec~
thermometers, in order to allow diagnosis of
boiling in the resenvolr, which can cause
(€17 and [Na*] to increase independently of
the arrival of a chemical front,

INTRODUCTTON

The use of tracers in environments
has been the subject of a continuosly growing in
terest during the last few years. For exanple,
the number of papers dealing en the use of arb-
ficial traocers in the Proceedings of the Stanf-
ord Geothermal Reservoir Engineering Workshop in
creased monotonically fran none in 1980 to 7 in
the current ISSe. This interest stems from the
ever wider recognition of the economic and tedh
nical advantages offered by the reinjectien of
spent brines, and fran the perceived risk of pos
sible conoomitant thermal interference betwesn
reinjection and production wells.

In Mexico, this interest prapted work that, to
date, resulted in two published papers (Flores
et al., 1982; Iglesias and Hiriart, 1981). The
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test nn in t! Kerro Prieto field.
The paper by Iglesias and Hiriart dealt with the
earliest efforts to conduct tracer tests in the
geothermal field of Los Azufres. It reported an
the design of a multitracer test for the Tejama-
niles area of the field, olanned for early 1932.
In this test, conventional (bromide and icdide)
and unconventional (thiocyanate) geothermal trac
ers were to be used. Unfortunately, the cnset
of the country's current econami¢ crisis pre-
vented us from carrying out that test as sched-
uled.

paper by Flores et al described g“: first tracer

W43 were then sought to reduce costs of geo~
thermal tracer testing in (Iglesias
1982 ), and to design an economi¢ally feasible
tracer test for the Tejamaniles . in partic~
wlar. These efforts eventually ted in the

concretion of the first tracer tést in Los Azu-
fres, which at the time of writing this paper is
still in progress.

The present work reports on the current test. The
main goals of the test are: to pxobe the concept
of using separated spent brines as extremely in-+
expensive sources of tracers: to detect possible
T vity hydraulic ths between
prospective reinjection wells the nearby
duction ZOre in the Tejamaniles area; D monito
reservoir temperatures during the test in order
to obtain valuable extra observational am-
straints to aid the intarpretati¢n; and to field

test a nurber of technigues concerning data gath
ering and analysis,

A conventional "slug" test, using non-radio-
active iodide as the tracer, is being run simul+
tanecusly with the test reported In this paper.
The iodide test is a joint effort by Instituto
de Investigacicnes Eléctricas, Stanford Univer-
sity, and Comisién Federal de Electricidad. 1Its
rasults will be reported elsewhere.

SPENT BERINES AS SOURCES OF TRACERS

Field tested artificial geothermal tracers that
proved conservative are ralatively few. By a
conservative tracer we mean one that, while in
the reservoir, does not undergo ¢themical or
physical changes (e.g. chemical reactions with
fluid or rock, adsorpticn) which ¢ould partially
or totally prevent its recovery. These iden-
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tified conservative tracers include radicactive
and non-radicactive bramide and iodide (e.g. Mc
Cabe et al., 1981; Tester et al., 1982; Horne,
1982), tritiated water (e.g. Einarsson et al,
1975), and, possibly, radicactive iridium (Flo-
res et al., 1982). These substances are rela-
tively expensive: the tracer cost of a typical
test runs on the thousands to tens of thousands
of dollars for one injection of one tracer. As
mtioned, we made sare efforts to care up with
inexpensive tracers adequate for geothermal use.

Of the ideas considered, one of the mst promis-
ing turned out to be the use of separated geo-
thermal brines as very inexpensive sources of

adequate tracers.

In high enthalpy geothermal fields, spent brines
separated at atmospheric or production separator
pressures, are substantially rore concentrated
than reservoir brines, due to significant steam
losses. For example, in U s Azufres, brines sep
arated at atmospheric pressure are typically
about twice as concentrated as the originalbrine
at depth. The concentration contrast is there-
fore modest by the usual in"impulsive!
or "slug" tests. In this type of test, a rela-
tively small amount of fluid, marked with a very
high cancentration of the chosen tracer, is in-
jected over a peried of time that is very short
with respect to the duration of the test”. This
produces a peaked distribution of tracer con-
centration, which increases in width and &=
creases in height as it propagates in the res-
ew~*. The change of shape of the peak is due
mainly to dispersion and censervation of mass.
Thus, in order to be able to detect the tracer,
the initial concentration contrast and conse~
quantly the initial heigh of the peak, must be
in general much greater than the background con-
centration of the tracer in the resenvoir or the
resolution of the detection technique, whichever
is greater. Cons%ently the modest concentra-
tion contrast of separated brines make them
generally inadequate for use in the usual "im-
pulsive™ or "slug" tests.

However, separated brines can be used as sources
of tracers if a stsp-like instead of a peak-like
injection pattern is adopted. In the former
type of teSt, starting at a certain time, fluid
marked with the tracer(s) is continuously in-
jected at constant flowrate ad constant tracer
concentration throughout the duration of the
test. As a result, the tracer pi tes in a
pistan-like fashion, the tracer frant resewbling
a step function near the injection well. The
tracer front increases In width as it propagates,
due to dispersion, as in slug tests. However, in
this case the injected mass of tracer is not a
constant, but increases linearly with time, and
the height of the front remains constant as it
propagatas., Consequently, the initial concen-
tration contrast required for this type of test
is much smaller than for slug tests. 1In fact,
concentration contrasts as small as a few times
the resolution of the detection can
be used and still obtain qualitative results.

Obviously, the great amount of tracer required
by "step" tests would make than ecancmically
prohibitive if the conservative artificial
tracers mtioned at the begining of this sec-
tion were to be used. Fortunataly, spent brines
are usually available aplenty, and ata nil cost,
when observation wells are produged during tra—
cer tests. The preceding discusgian indicates
then that step tests using spent brines as
sources of tracers are both technically feasible
and econamically convenient.

The brine of U s Azufres is typigally geother-
mal, and consists mainly of a sodium chloride
solution. Table 1 shoas approximate ranges of
concentrations for various ¢orponents of In-
terest in brines separated at atmospheric pres—
sures. The ranges quoted COVEN the compo-
sitions corresponding to several wells; the
spread reflect mstly reservoir femperature ef-
fects.

Table 1. Representative campositions of U s Azu-
fres brines separated at atmospheric
pressure. (Nieva, 1983).

Camponent Concentratibn Range (ppm)
Na+ 1563 = 1778
K 289 = 446
Li+ 16 = 29
ca®t 7 =24
Mgt 0.008 - 0.4
1" 2650 = 3076
Br 1-5
T 0.43 = 0.49
si0, 750 = 870

Experience indicates that cations & not proga-
gate through reservoir formations as easily as
anions (e.g. Wagner, 1977). In particular, the
halogen anions are known to be canservative.

OF the available halogen 10nS we ichose chloride
as our main tracer candidate. The principal
reasons for this choice were its abundance,
that it is much easier to analyzdg by wet chem
istry techniques than either bromide or iodide,
which are also present in the brine.

As secgnda\fvy tracer candidates we chose Nat, ¥,
and £17. We thought that, despite their suspect
status as conservative tracers, and the tempera-
ture dependance of thelr concentrations
should provide at least qualitative checks on
the performance of chloride. Moneover, these
cations were relatively easy to analyze by tech~
iques available to us. Finally, Na' ,K , and
i, provide ways to menitor reservoir termpera-
tures during the test.
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MONTTORING RESERVOIR TEMPERATURES

When a cold spent brine is reinjected step—wise
into a geothermal resenvoir, a chemical as well
as a thermal front propagate as a result. The
chemical front arises fram the concentration
contrast between the reservoir brine and the
reinjected brine. The thermal front arises
from the corresponding temperature contrast. In
general one expects the themmal front to lag
benind the chemical front, due to heat transfer
from the hot rock to the cool reinjected brine.
If the breakthrough of both fraws could be re-
corded in an obsarvation well, the time lag
between the frents would provide very valuable
informaticn for the interpretation of the test.
For practical test durations, enly very high
hydraulic transmissivity channels offer hope of
recording both fronts for typical geothemmal
interwell distances. Lower transmissivities and
unchanneled, porous medium-type flaws imply much

larger heat transfer areas, and significantly
increased residence times for the thermal front.

The reservoir formmations in Los Azufres are
mainly tight volcanic rocks. For that reason
the fluid flow is believed to take place mainly
through fractures. Thus the reinjecticn and
production zenes might be linked by high hy-
draulic transmissivity fractures, suggesting
that a dual chemical/thermal breakthrough could
be observable in the test area. This was one
of the main reasons why we decided to monitor
the temperature during the test.

Other reasons were the possibility of picking
up same other temperature effects occurring in
reservoir, which would provide additional
constraints for the interpretation of the test:
ard that of assesing the technical ad logis-
tical advantages and difficulties associated

with the concept.

Of the available alternatives we chose a Na—K
geothermometer (Nieva and Nieva, 1982) and a
silica geotrermoretar (Fowrrder and Potter,
1982). The later reflects the reservoir temp-
erature in the neighborhood of the producing
well, due to the fast reequilibration of silica

n temperature changes. The former provides

temperature farther away IN the reservoir,
on account of the mxch slower reequilibration
of sodium and potassium ons.

In order to use the silica geothermometer, di-
luted, acidified fluid samples must be collec-
ted. On the contrary, the use of the Na-K geo—
thermometer does not require special samples:
the brine samples taken to monitor the selected
tracers are adequate to this end. This is a
desirable feature that simplifies the logistics
of the test.

To conclude this section, we shall refer to the
techniques of analysis assessed during the test.

Two techniques were tried for the analysis of
Na, K, and Li: flame photometry and spectro-
photametric atamic absorption. Silica was ana-
lyzed by the standard molybdate blue colorime-
tric method.

TEST AREA

The test area is located in the Tejamaniles re-
gion, on the southern portion of "thefield (Fig.
1). The planned reinjection wells A7 and A-8
lie on the southwestern edge of the field, as
indicated by geologic ad resistivity data.
Several hundred wters east of designated
zone lie A-2 and A-16, the observationwells in
this test. These four wells produce steam and
water. The depths, slotted inteyvals, and interx
well distances of interest are givenr in Table 2.
These slotted intervals intercept mstly micro—
litic andesites with some intarsgersed dacite
and porphyritic andesite in well A-7. In these
tight igneous reeks the fluid £lew is thought to
ocour mainly through fractures. MNote that the
slotted intervals of wells A7 and A8 (i.e.,

PP : : that the
&8&%51{%%%”5‘?%%% ion wells,
excef)t for the upper interval of well A-7, which
partly overlaps the p— _ jntervals. This
depth offset is a desirable featyre for a rein-
jection setup because the negative pouyancy of
the colder and denser reinjected water terds to
delay thermal interference. By the same token,
this feature may affect tracer recovery.

/ “ !
. A-34 A-18 i
A-8 s A-38 @ [
,* [y ~‘\_"7
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2@ S
@ o o

} e —h-28_ A3
_: -‘L7 { "-'{ S-S
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Ji
* REINJECTION WELL
‘ PRODUCTION WELL
0 500m.
A L ——
Fig. 1. Location of the wells.

Fast of the cbservation wells there js 3 group
of wells (A-6, A-17, A-36, A-38, A-34) that
produce dry steam and two wells {A-16AD and A-
33) that produce mstly wet steam and a little
water. Note that wells A-16 and iA~16AD are
directionally drilled from the same wellhead
location. Data pertaining to A-16aD has been
added to Table 2 due to the proximity of this
well to the reinjection area. Far technical
reasons well A-16aD wes not monitored during
the test. other wells shown in Rig. 1 are too
far from the reinjection zone to be of interest
for the test.
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Table 2. Well data
well A-8 A7 A-2 a-16" A-1620"
Wellhead height
above sea lev-
el (m 2775 2750 2750 2825 2825
Depth (m) 2301 1706 1130 1285 855
Open inter-
vals (m) 1991-2299 1049-1098 1039-1130  1072~-1285 760-850
1296-1580
1665-1690
Distance to
A7 (m) 500 -- 740 760 840
Distance to _
A8 (m) 500 750 980 890

+ well directionally drilled.

THE TEST
The test started August 2, 1983. Reinjection of
brine produced by well A-186, at atmos-

pheric pressure (~0.7 bar) , began in well A-7.
The reinjection temperature was about 60°C at
the wellhead of A-7. The average reinjection
rate was 35 ton/hr. This flowrate has been main
tained reasonably constant since the beginning
of the test.

Hot brine, produced by well A-2, was also rein-
jected in well A-8. Unlike the former case,
this brine was separated at several bars ’
by means of a production separator. Thus the
cancentration contrast of this brine was smaller
than that of the brine reinjected in A-7. Un-
fortunatelly, neither the separation pressure,
nor the reinjection flowrate could be kept rea—
sonably constant in the A-2/A-8 doublet due to a
host of tedmnical difficulties. The difficul~
ties arosz mainly frun peculiarities of the
producing well A-2, which would not sustain a
constant flowrate; fram faulty surface egquip-
ment (e.g, two wellhead valves developed leaks
and had 1O be changed In different cccasions);
and fran the characteristics of the terraini n
which well A2 is drilled. The terraif proved
weak: surface manifestations, not apparent at
the beginning of the test, developed upen Sus-
tained production. The surface manifestations
included steam flowing upwards around the casing,
widespread discharges of gases and steam around
the wellhead, and even a small mud wolcanowhich
eventually grew to be ~3 m long by ~ 0.5m wide.
Steam percolating through the ground eventually
damagad the wellhead cellar and the foundations
of several pieces of surface squimment, This in
turn resulted in dangerous mechanical vibrations
These developments forced the decision of taking
well A2 out of production on 31 October 1983.
Reinjection in A-8 was simultanecusly terminated

Producti’on of A-16 and reinjection in A-7 were
not affected, however.

Sampling at the wellheads of A-2 and A-15 star-
ted before reinjection (e.qg. Fig. 2) to dbtain
R SRS B S i o
tles previously washed with a solution of nitric
acid. In order to obtain good time resolution
for the breakthrough curves, the sampling fre—
quency during the test was chosen to be progor-
tional to the inverse of the square root of the
time\,z_a_l_apsedTﬁ_inoe the beginning of the test (£
= /Vyt). IS non=umniform sanpling stra

w2 adonted because the width of the tracnel;'*ec'ry
front is expected to INCrease rtionally to
vE in most situations (Bear, 1972), and be-
cause breakthrough times, unknown; a—priori,
could vary over several orders of magnitude ac- |
cording to the type ad magnitude of the hy-
draulic transmissivity existing between the in-
jection and production wells. For the inter-
well distances involved In this test, break-
through times as short as several hours were
possible a-priori, since tracer velocities as
high as 80 m/h have been recorded iIn similar
volcanic settings (Horne, 1982).

RESULTS AND DISCUSSICH

The difficulties encountered in controlling the
wellhead pressure and flowrate of the observa-
tion well A2 complicated the interpretation of
the corresponding data. The camplications ar-
ise mainly fram the m-uniform sampling con-

ditiens induced by frequent changes of wellhead
and/or production separator pressures, and from
the effects of these changes on the che-

mical camposition of the produced fluids which
are difficult to predict reliably, Chemical

cempositien changes associated with variations
of flowrate have been recorded both In A-2 and
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in 3-16, and will be illustrated belon. Due to
these camplications, and to the necessity to
meet the deadline for this progress report, we
shall zostpone reporting on our results fram
A-2, and will concentrate instead on the more
straightforward results corresponding to the
other observation well, A-16.

Figure 2 presents the early data on the concen-
trations of c17, dat, K+ and Li* for well A-16.
(Hereafter concentrations will be denoted by
square parentheses). These data nicely il-
lustrate chemical cawosition changes induced
by sudden variations of flowrate. On August_
1st, at 10:00 hrs the well was open, The Cl
concentrations, frem samples taken every 15 min-
utes, recorded a rapid increase of rore than
12%in about 2 hours. Thege samples were not
analyzed for Ma*, X" or Li'. The well was then
shutin at 13:00 hrs. Then, at 17:25 hrs the
well was opened for the second time. Again a
rapid increase of [Cl ] was recorded. m.: _
havior was closely imitated by [Na?f, [%salb%

[Li+] , 8 shomn. Later, on August 2nd at 11:30
hrs, the flowrate was increased. Thiswas im-
mediately reflected by sharp increases of the
concentrations of all the ions monitored (Fig.
2). These sharp increases were short-lived
however, and the ion concentrations shot back
to nearly their stabilized values previous to
the Increase of flowrate, in about 15 minutes.
Finally, at 12:20 hrs the flowrate was turned
back to its initial value, with no apparent
change of the ion concentrations. These res-
ults indicate that increases of flowrate are
accampanied by transient increases of the con-
centrations of the ions in solution, and that
the ulterior evolution of the increased con-
centrations depends on the history of the flow-
rate.

The_results presented in Fig. 2 also show that
[C1 ] has the smallest dispersicn, It IS there
fore the rost sensitive of the candidate tra-
cers. The smaller dispersion of [Cl7] is due
to several causes, including the characteris-
tics of the techniques of analysis used to ob-
tain the results of Fig. 2, and the fact that
Cl , being a major cerponent, is virtually free
of inte ferences. Chloride was analyzed by a
standard"wet' chemistry method, (Mohr's);
resuics for (Na'1, %;xl, and {Li"1 shown in
Fig. 2 were obtained by flape

Sraller dispersions for [Na 1 gﬁ%
eventually obtained using spectrophotcmetric
atomic absorpticn, as shown below. Despite the
improvement, however, Cl remained the rost
sensitive of the candidate tracers.

The increase of the ion concentrations that
followed the opening of the well (Fig. 2) can-
not be ascribed of course to the arrival of
the chemical front because reinjection did rot
start until August 2nd at 17:00 hrs, nearly 24
hours after production began.
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Fig. 2.

The time scale of the concentration changes
just discussed ranged fran minutes to hours.
Next we shall address concentration variations
with mach larger time scales. _Figure 3 depicts
the long-term evolution of [C1 ] for-well A-16.
For nearly two and a half months (C1 ] in-
creased at an average rate of abgut 1.63 pam
per gay. Then, on the evening of October 13
the flowrate was significantly ircreased, by
mistake. The high flowrate was raintained for
about 18 hours. This event seemingly damaged
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the vell: neither the flowrate, nor the well-
head pressure recovered to their pre-event val-
ues when flaw through the original ozifice was
resumed. Right after the event, (Cl ] oscil-
ated wildly for a few days. Afterwards (C1]
developed a haphazard pattern (Fig. 3) .
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Fig. 3. ILong-term evolution of [C17] in well
a-16

The general vior of (C17] was closely fol-
lowed by [Na'] for sane time (Fig. 4). The
slope of the straight line depicted In Fig. 4
is 1.64 pmn/day, almost_exactly the value of
the slope found for [C1 ). However, starting
approximately September 25, [Na”i ffattened out,
unlike [C11 that kept increasing linearly wmn-
til event described above. This departure
of [I?a}g] fram the trend depicted by [C17] very
likely indicates a systematic error of analysis
for Na' , for the October sanmples, which were
analyzed in ene batch. This is suggested also
by conservation of charge, given the reliability
of our C1 analysis.
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Fig. 4. Long-term evolution of [Nat] in well

A-16

+

e pre~event evolution of [K ] differed signif-
icaptly from the trend observed for (C17] and
(Na'l (Fig. 5}. The slope of the straight line
of Fig. 5 ( 0.41 pmw/day) is only a fractian of
the camen slope of [C1 1 and {Na'}. only dur-
ing the brief early perjod that ends about Au-
gust 14 the slope of [K'] is similar to that of
the major ions.
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We, interpret the behavior of [C17], Wa'] , and
{K"} just discussed as caused by boiling of the
fluid in the reservoir, near the well. Boiling
would be induced by pressure drawdown due to
productipon, This interpretation is suggestegrﬁy
the results of the geothermametexs (Figs. 6
7): the temperature of the toiling fluid near
well, calculated with the silica geothermo~
meter, is lower than the temperature of the
fluid farther away in the reservoir represen-
ted by the Na/K geothermometer, as expected
when boiling cccurs around the wellbore in the
reservojr. Furthemore, the increases of [Cl ]
and Na'] indicate either pressutte drawdown, Or
increasing specific enthalpy, or both, as re-
quired by boiling in them i X near the
well.
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Fig. 6. Temperature of the fluid far away in
the reservoir, as measured by “the !
Na/K geothermometer. ;
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Fig. 7. Temerature of the fluid in the reser

voir, near the proeducing well, as mea
sured by the silica geothermometer.

The results of the geothermereters (Figs. 6 and
7) help interpret the observations just discus-
sed. The scatter of the temperatures derived
with the silica geothermometer is significantly
greater than that of the temperatures cbtained
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fran the Na/K gsothermmcmeter. Currently we
believe that the scatter of our silica results
may be due mainly to errors of dilution in the
samples, QE way to decrease these errors would
be to rely on weight rather than on volure
measurements to better control the dilution of
the samples.

The results discussed above show that changes
as small as a few percent in the concentrations
of the major ions C1 and Na' of produced gso-
thermal brines can be reliably detected by stan
dard techniques of analysis. Tracer returns of
about 10%of the injected amounts are typical
of fractured resenvoirs (s.g. Mc Cabe et al,
1981), and greater recovery ratios are usually
cbserved in porous reservoirs. Therefore, we
conclude that it is technically feasible to use
Cl and Na fran concentrated reinjected brines
as tracers for gsothermal fluids. However, the
ca that can provoke #NCreases in [Cl-| and
[Na'] include, besides the arrival of a chem-
ical front, boiling in the resenvoir, as dis-
cussed. In this particular case we weres able
to distinguish between these causes by supple-,
metinﬁ the information given by [Cl | and fNa'l
with that provided by the silica and Na/K gec—
thermometers, and because we knew that the Ini-
tial iIncreases of the chemical concentrations
ocould not possibly arise fram the arrival of
the chamnical front.

The case where no boiling occurs should be re-
cognizable by the lack of significant dif-
ferences among the results of the silica and

Na/K geothermameters.

Me interpretation of the more camplex case in
which both the effects of broiling and of the
chemical front overlap, should be helped by the
likely existance of significantly different
time scales associated with these effects. To
conclude this section we note that the data
available so far do not support the existence
of hydraulic camunication between the produc-
tion and the reinjection areas.

SUMMARY AND OONCLUSIONS

At the time of writing this report We are
runing the first tracer test in the geothermal
field of 1os Azufres. In this test we are at-
tempting to use ions dissolved in the concen-
trated reinjected brines as extremely inex-
pensive tracers, and to monitor the temperature
in the reservoir during the test by means of
the silica and the Na/K geothemmameters. S
far the test has been nmning for about 90 .
The following conclusions can be drawn from
existing data:

The C1 and Nat+ dissolved in concentrated spent
geothermal brines can be used &s reliable and
axtramely inexpensive tracers for hydrothermal
flows, provided that the injection of the brine
is steplike (continuous injection at constant
flowrate and concentration). The K and Li

ions are not as reliable as geothermal "trams
due mainly to the sensitive temperature depen-
dence of their concentrations.

Chloride, being a conservative major anion, es-
sentially free of analytical interfersnces, and
easily and reliably analyzed, is the preferred
tracer.

It is strongly advisable to monitor [Na+] , [K+] ,
ard [Si0,] during the test, in drder to allow
diag'nosi%_of boiling in the reservoir, which can
cause [Cl] to Increase independently of the ar-
rival of a chemical front. ison of the
temperatures derived from the N3/K and frem the
silica geothermameters indicates whether boiling
iS occurring in the reservoir ngar the progucing
well (). Furthemmore, knowing [C1 1, [Na'l,
and [K'] for particular samples allows checks of
the reliability of the analytical results, by
conservation of charge.

so far, we have found no evidende of the exis-
tence of hydraulic cormunication between the
reinjectian and the production zene.
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