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Bouillante geothermal fluid: mixing and water/rackeraction processes
at 250°C

B. Sanjuan & M. Brach
Bureau de Recherches Géologiques et Minieres, Gsldarance

E. Lasne
Compagnie Francaise de Géothermie, Orléans, France

ABSTRACT: In the gecthermal Bouillante area, electricity is presentlpqurced from well B-2 only. Fd-
lowing a successful stimulation operation in 198&econd well BO-4 will be soon connected to thegro
plant. This paper presents relevant geochemical alatiained for both wells during 1998 and 2000. $emne
dissolved species, results show discrepancies bataface and down hole samples. In this caseti@uli
information from thermal springs can be very usé&fuleconstruct the chemical composition of thepdéead.
Despite an high water-rock ratio, the deep NaGid(20 g/l) composed of about 58 % seawater an% 42
freshwater reacts with volcanic rocks at about 25@&ching chemical equilibrium with a mineralogieat
semblage as shown by its composition and by saarealculations.

1 INTRODUCTION 2 SAMPLING AND ANALYTICAL DATA

The geothermal Bouillante area is located on th&wo Multiple Tracer Tests (MTT) using several or-
western coast of Basse-Terre (Guadeloupe, Frendanic tracers were carried out between BO-4 and
West Indies), which belongs to the active volcanidBO-2 before (March-June 1998), during and after the
island arc of the Lesser Antilles (Fig. 1a). Thisaa stimulation operation by thermal cracking (August-
is developed near the seaside and around the tbwn ©October 1998) in order to evaluate the hydraulic
Bouillante, where numerous hydrothermal eventsonnections between both wells. Around 8000oMm
such as hot springs, mud pools, steaming ground ammld seawater were injected into BO-4 during the
fumaroles occur (Fig. 1b). Presently, out of 4 exstimulation experiment. Details of the MTT proce-
ploratory wells drilled in the 70's, only the wBlD-  dure are presented in Sanjuan et al. (1999).
2 (around 120 t/h of brine and 33 t/h at 5.5 bar-g The geochemical monitoring was performed at
separation pressure; 240-250°C at 320 m depth) isell BO-2 and 3 neighbouring thermal springs S1,
connected to a power plant. After a positive staemul S2 and S3 (Fig. 1b). The geothermal brine was col-
tion operation carried out on well BO-4 in 1998 andlected at about 35°C after cooling in the high pres
several production tests, it has been decided te cosure separator. High-pressure steam condensates an
nect this second well to the power plant. Its pcedu non condensable gases were sometimes sampled.
tion is presently similar to that of BO-2 (Sanjugin Except for temperature measurements, all other on
al. 1999, 2000). The most significant water lewaks site analyses (pH, specific conductivity, Eh, alkal
between 550 and 1100 m where a maximum temity and dissolved Ca, Cl, S{ONH,, HS, fluorescein,
perature of 248°C was recorded (Sanjuan et aNa-naphtionate concentrations) were carried out in
2000). the laboratory of the geothermal power plant using
The aim of this paper is to discuss data obtainedlassical analytical techniques. The Na-benzoate
for the wells BO-2 and BO-4 during 1998 and 200Qracer was analysed in the BRGM laboratories.
and to try to reconstruct the chemical and isotopic During the geochemical monitoring, 17 fluid
composition of the deep geothermal fluids usingsamples (6 from BO-2 and 11 from the springs) were
well and spring waters. The predictable naturénef t selected and conditioned according to the required
fluid composition is useful in understanding poten-specifications for chemical analyses (major andetra
tial scaling and environment problems during thespecies, artificial tracers) and isotopic measurdgme
production stage and for future exploration drilling (3D, '%0) actually used in the BRGM laboratories.
related to the development of the geothermal field. On the first production test (from July 15 to 17,
1998), reliable and accurate physical and chemical



data on separated brine, steam and non condensableThree down hole fluid samples were collected
gas were collected from BO-4. The main aim of thdrom BO-4 between 330 and 640 m (August 1, 1998;
3 subsequent tests (from October 3 to 10, 1998&) fro July 1and 2,1999) and one from BO2, at 320 m
July 1 to 14, 1999; from February to May 2000) waqJuly 7, 1999), using a KUSTER sampler. Most of
to monitor any potential change in the fluid characon site measurements and sample preparations were
teristics due to the stimulation and production. performed immediately after sampling.

Several submarine thermal springs (outflow tem-
peratures up to 95°C) were sampled in October 1998
Atlantic from the Bouillante Bay. Chemical and isotopic
Rean analyses similar to those performed for BO-2 and
BO-4 fluid samples were carried out.

All the analyses were performed using standard
water analytical techniques such as titration, ion
electrode, potentiometry, colorimetry, atomic ab-
sorption spectrophotometry, ion and HPLC chroma-
tography, inductively coupled plasma-mass spec-
trometry (ICP-MS), mass spectrometry. The
precision of major and trace species is better than
+5% and 15 % respectively. The precisiondobf
Figure la. Location of Bouillante area in the Guade and3'°0 determination is + 0.8 %o and + 0.1 %o. lon
loupe Archipelago (FWI). balance values lower than 5 % suggest a good qual-

ity and coherence of the major species analyses.
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Sea 3 DISCUSSION

BOUILLANTE 3.1 Chemical composition of gases

All measurements carried out between 1998 and
2000 indicate that GSR ranges from 0.5 to 1.0 % in
mass for BO-4 and is close to 0.4 % for BO-2. These
values are consistent with that determined for BO-2
in previous studies (0.4 %; Demians D'Archimbaud

and Munier-Jolain 1975). The chemical gas compo-
sition is similar for both wells and that considkees

the most representative (less contaminated by at-
mospheric gases) is reported in Table 1.

Table 1. Corrected chemical gas composition (molfés)
wells BO-2 and BO-4.

4 Thermal - Area of surface

pring et b e Gas % Gas %
& Gea‘lzld‘mml “C  foulted rome CO, 95.1 He 0.0035
O, 0.09 HS 2.78
: : P 3.60 CHl 0.40
Figure 1b. Location of the geothermal wells andrrtiad Ar 0.04 GHe 0.005
springs used for the geochemical monitoring. H, 0.48 GHs 0.0005

At the end of the tests, more than 65,0000frto- _ ,
tal fluid were discharged from BO-4. Sampling of The N/Ar volume ratio (90) is close to the atmos-
separated fluids at separator and weir-box, on sitaheric value (84). Given the low,@ontent, this ra-
and Gas/Steam Ratios (GSR) measurements carriéi@ is probably the result of the presence of atmos
out for the geochemical monitoring are described iPheric N and Ar in the reservoir. These gases come
Sanjuan et al. (1999; 2000). with seawater and superficial freshwaters which mix
During the ¥ and &' test (short term tests), only in the reservoir, as shown in the next chapter.
1 sampling of fluids from weir-box and separator The™"C value of the BO-2 fluid is -2.6 %o, a value
was performed for complete chemical and isotopidar above that of typical data of basaltic magmas
analyses. During the 2 other tests, 5 fluid samplePout -7 %.). This probably reflects a mixed origin
were collected at separator and 12 brine samples @t CO: (magmatic and sedimentary origin).
weir box for detailed analyses. 9 GSR measurements According to Allard (pers. comm.), a significant
and 7 chemical gas analyses were performed for Bt of He has a mantellic origifiHe/'He ratio in
4 against 2 measurements and 1 analysis for BO-2. BO-4 is 3 to 4 times higher than the atmospheric ra



tio. These gaseous leaks would be controlled by resopyrite, sphalerite, galena, silver, anglesite ewer

gional tectonics rather than by a relatively smallfound in very small amounts after two caliper tests

magmatic extrusion. The value obtained in BO-4jnto BO-2 in 1993 and 2000. Reconstructed chemi-

about 2 times lower than the value measured at theal and isotopic composition is reported in Table 2.

top of the Soufriére volcano, also suggests a mixinEh value and b5, Fe, Ag and Cd concentrations are

with crustal helium. not presented because they remain poorly con-
Gas geothermometers such asfB5/H,/CH,;  strained.

(D'Amore and Panichi 1980) and/Ar (Giggenbach

and Goguel 1989), applied on the chemical composiFable 2. Reconstructed chemical and isotopic coitipnsof

tion of gases selected in Table 1, give temperaturdhe deep geothermal fluid.

of 226 and 251°C respectively. These are close tBpecies value Species  value
the measured temperature which suggests that these 5.3+ 0.3 B 12.5 1.3 mg/l
gases are near equilibrium state at reservoir eondiDS 20.0+ 1.0 g/l Li 5.0 1.0 mg/l
tions. Partial C@and HS pressures @@, and Rpg  C! 12.0+ 0.6 g/l Sr 17.52.0 mg/l
were estimated at 240-250°C using the D'Amore anfj2 5.1+ 0.3 g/ Ba 6.5 1.0 mg/l
Truesdell equation (1985). With a GSR value ofc®  &0.19/ Mn 15 3.0 mo/

. : K 750+ 40 mg/l Rb 2.2 0.3 mgl/l
0.4 % in mass and a water pressure of 42 bar (Safco, 50+ 20 mgll Cs 26@ 30 pg/l
juan et al., 1999), &, and R;sare close to 1.8 and Mg 12.0+2.0mg/l Cu 15.@ 1.0 mg/l
0.015 bar, respectively. Brombach et al. (2000), usSOs 13.0+2.0mg/l  Ni 2.0 0.5 mg/l

ing the K-Ca geobarometer (Giggenbach 1988), hav@ 500+ 30 mg/l - Zn  65G- 100 pg/l

0,
NH,4 1.7+ 0.2mg/l As 45@& 50 ug/l
calculated a value ofdd, of 0.32 bar. Al 110+ 20 pgl Pb 4.8 1.0 ug/

Br 42.0+ 5.0 mgl/l Co 13.@ 1.0 pgl/l

. . . - F 0.9+ 0.1 mg/l Cr 15.& 2.0 pg/l
3.2 t?r?r?emlcal and isotopic composition of the deep 5D 12408 % 550 1.1+ 0.2 %

Chemical anddD, 5'°0 analyses of the BO-2 and  As shown in Figure 2, knowing the CI concentra-
BO-4 fluids collected at surface were correctedi@isi tion of the geothermal brine, the thermal submarine
the steam-liquid proportions at separation temperasprings may be useful to validate or determine the
ture and pressure (Sanjuan et al. 1999). Steam COFgncentrations of most major species and some trace
densate is essentially composed gbtand NH. elements (B, Sr, Li, Rb, Cs) in the geothermal brine

Accurate pH values are necessary for the minerahgeed, the fluids from these springs reflect sampl
saturation index determinations. The steam conden-

sate has a pH of about 4.5, whereas neutral condi-

tions are found for the surface brines. The vahfes 4000 1

pH measured in the down hole samples at 25°C S 3000 seawater
range from 5.5 to 6.0. A value of 5.3 was estimated \E; 2000

for the pH of the deep fluid using the EQ3NR geo- 9 1000 | L“p?[n”;i'
chemical code (Wolery 1995), a&? of 1.8 bar and p deep fluid |

assuming that the deep brine is in equilibrium with 0 ool
calcite at 250°C. The corresponding HC@ncen- 0 10000 20000 30000
tration was found to be 38 mg/Il. This value is leigh

than that measured in the surface brine samples 8000 T _

(24 mg/l) but is lower than that obtained from the S 6000 | deepluc

down hole samples (80 mg/l). A contamination dur- = 4000 |

ing down hole sampling, due to the presence of car- — 5000 1 thermal

bonate deposits in the KUSTER sampler which are o Spfings ‘ cawater

dissolved at lower temperature, could explain this
last discrepancy. The use of an higher valuesgh P 0 10000 20000 30000

would allow to increase the HG@oncentration but Cl (mg/))

would yield a much lower pH. Add, of 0.32 bar Figure 2. CI-SQ and CI-Li diagrams for seawater, subma-
leads to a pH value of 5.7 and a H®@ncentration rine thermal springs of the Bouillante Bay and deep-

of 16 mg/l. These values seem less reliable. thermal brine.

A decrease in Ca, Mg, Al, Si, Fe, Sr, Li and tracemixing between geothermal fluid and seawater.
metal concentrations of the surface fluids is oleser The geothermal fluid is a Na-ClI brine with a TDS
relative to the down hole samples (Sanjuan et ak 20 g/l. All the results suggest a probable common
1999, 2000). A slight precipitation of carbonate,origin of the deep geothermal fluid discharged from
alumino-silicate and poly-metallic sulphide minsral BO-2 and BO-4. However, the MTT indicate no di-
is suspected during the deep fluid rise from theect hydraulic connections between the two wells
wells. Deposits of silica in major part, calcithat  and the 3 neighbouring springs. As recognised by



Sanjuan et al. (1999, 2000), Cl and Br concentra- 2. Most physical and chemical production char-

tions anddD and3™0 values indicate that the geo- acteristics of BO-4 are similar to those of
thermal fluid represents a mixture of about 58 % BO-2, suggesting a common origin for the
seawater and 42 % freshwater (surface waters fed by deep geothermal fluid. Except for Eh value
rainfalls in the western side of the Bouillante Pi- and HS, Fe, Ag and Cd concentrations, an
tons). This type of mixture can be explained by the accurate chemical and isotopic composition
N100-120° trending fractures (Fig. 1b). was obtained for the geothermal fluid. In
The 8Srf°Sr ratios of the BO-2 and BO-4 fluids spite of a relatively high water-rock ratio, this
(0.705000 £ 0.00004) characterise an interaction brine resulting of a mixture of seawater and
process with basalt or andesite close to an equilib- freshwater reacts sufficient time with vol-
rium state (Pilot 1974). Relative to a diluted sea- canic rocks at 250°C to reach chemical equi-
water, the geothermal fluid is depleted in Mg,4SO librium with a specific mineralogical assem-
Na and enriched in K, Ca, Si, B, Li, Sr, Ba, Mn, Cs blage.
Rb, As and trace metal ions. These trends are gener 3. Additional information from submarine ther-
ally observed for basalt-seawater interaction studi mal springs which expelled a mixture be-
There was no significant change in the composition tween seawater and geothermal brine can be
of the BO-4 fluids produced before and after stimu- very useful to reconstruct or validate the
lation and during the long term production. chemical composition of the deep geothermal
After stimulation, the very low amount of injected fluid.
seawater always observed in the discharged brines 4. No significant scaling occur in the wells dur-
from BO-4 is indicative of a relatively large inter ing their exploitation if C@degassing is low
connected reservoir volume and of a high water-rock and temperature and pressure remain high at
ratio. This is in agreement with the isotopic signha well-head. In future drillings, it is highly rec-
ture of %0 in water and*S in dissolved S©(19.4 ommended to inject a scale inhibitor to pre-
%0). A similar conclusion can be drawn for the BO-2 vent anhydrite formation if seawater is used
reservoir in which the fluid has the same isotopic as a drilling fluid.
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