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Abstract

The geothermal field of Bouillante (Guadeloupe, FWI) is a high-enthalpy hydrothermal system emplaced in submarine
volcanoclastic formations (hyaloclastites, scarce lava flows) and subaerial formations (andesitic lava flows, pyroclastites, lahars)
which belong to the Lesser Antilles arc. Three directional wells were drilled in 2001 to optimize the productivity of the geothermal
field up to 15 MWe and to investigate the vertical distribution of clay alteration from the surface area down to a depth of 1000 m
where temperatures exceed 250 °C. Special attention has been paid to the “clay signature” of the fractured zones which channel the
present geothermal fluids.

Three successive zones, dominated, respectively by dioctahedral smectite, illite and chlorite were identified at increasing depths.
Alteration petrography indicates that these mineralogical clay zones result from the spatial superimposition of at least two
successive alteration stages.

The first one, assimilated to a propylitic alteration stage, affected all parts of the system and consisted of crystallization of
trioctahedral phyllosilicates (chlorite or corrensite), Ca-silicates (heulandite-clinoptilolite, prehnite, pumpelleyite, wairakite and
epidote), quartz and minor calcite in replacement of most of the primary minerals of the intersected volcanic or volcanoclastic
formations. The later stage of alteration is related to the circulation of the present geothermal fluids and is assimilated to argillic or
phyllic alteration. It consists of a more or less intense argillization which results from the crystallization of aluminous dioctahedral
clay phases (smectite, illite± I–S mixed layers, and accessory kaolinite) associated with quartz, calcite, hematite or pyrite. The
permeable zones which channel most of the present geothermal fluids are fracture controlled and do not contain specific clay
parageneses. However the illite± I–S mixed layers minerals differ from those of the surroundings by specific properties including
both crystal structure and texture. These specific properties (decrease in the expandable component of the illitic material, increase
of the illite crystallinity) can be controlled by the nucleation/growth rates operating in zones of active flow regime. Being mainly a
product of the earlier propylitic alteration stage, chlorites are much less informative on the fracture controlled permeable levels.
However, the compositional variations of chlorites recorded within the shallower fractured zone suggest a significant change in fO2

conditions related to early circulation of fluids along the major near west striking normal faults (Plateau fault).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Clay minerals are widespread alteration products in
most of the active and fossil geothermal systems and,
during the last thirty five years, the availability of these
minerals which record in their crystal properties the
hydrothermal history of the geothermal systems has
been intensely investigated. Many studies have consid-
ered both the sequential distribution from smectites to
non-expandable di- or trioctahedral phyllosilicates and
the chemical variations of the non-expandable clay
phases (i.e., chlorite and/or illite) as a function of the
past or present thermal conditions (McDowell and
Elders, 1980; Inoue and Utada, 1983; Cathelineau and
Nieva, 1985; Horton, 1985; Kranidiotis and MacLean,
1987; Harvey and Browne, 1991; Jowett, 1991; Patrier
et al., 1996; Simmons and Browne, 1998; Ji and
Browne, 2000 among many others). However, several
authors have pointed out that the properties of clay
minerals are not only affected by temperature but also
by several factors such as rock and fluid chemistry, time,
fluid/rock (F/R) ratio, the nature of the precursor
material or the mechanism of crystal growth (Roberson
and Lahann, 1981; Lonker et al., 1990; Beaufort et al.,
1992; De Caritat et al., 1993; Inoue and Kitagawa, 1994;
Chrisditis, 1995; Essene and Peacor, 1995; Beaufort et
al., 1996; Martinez-Serrano and Dubois, 1998 among
others).

The above factors influenced the crystal parameters
of clays: structure (coherent domain size in the c-
direction, polytypism, mixed-layering), composition
(cation site occupancy) and texture (particle size, mor-
phology) as did temperature. Consequently, the condi-
tions at which these minerals crystallized in the active
geothermal fields would be more properly approached
by an integrated study of all the crystal parameters of
clay minerals at the field scale.

The present study focuses on the clay minerals within
the geothermal system of Bouillante (Guadeloupe,
FWI), a high enthalpy geothermal system (with fluids
at 242 °C produced at a 350 m depth) in which three
additional wells were drilled in 2001. Clay minerals
were extracted from cuttings and were characterized by
a set of techniques including X-ray diffraction, scanning
electron microscopy and chemical microanalysis. This
study offers the opportunity to improve the knowledge
of the geology of the geothermal reservoir in this field,
and more particularly to elucidate how the structure, the
chemistry and the texture of the clay minerals vary
spatially as a function of combined factors measured or
approached during the well logging operations (tem-
perature, rock and fluid composition, fluid/rock ratio).
Special attention has been paid to the mineralogical
signature of clay minerals from the fractured zones
which produce the present geothermal fluids.

2. Geological setting

The geothermal field of Bouillante is located on the
western coast of the Basse-Terre island (Guadeloupe),
which belongs to the active volcanic island arc of the
Lesser Antilles (Fig. 1). The development of the
Bouillante geothermal system started in 1970, when
four exploration wells (BO1, BO2, BO3 and BO4) were
drilled in an area characterized by hydrothermal surface
manifestations such as hot springs, mud pools, steaming
ground and fumaroles. Among the four exploration
wells, only BO2 was revealed as a good productive well
and was producing about 150 t/h of geothermal fluid
(whose 30 t/h of steam) between 1986 and 1992 and
between 1996 and 2002. In 2001, three directional wells
(BO5, BO6 and BO7) were drilled in the BO4 platform
(elevation∼90 m). Among these wells, only BO5 and
BO6 were productive with the well BO4 thermally
stimulated in 1998 (Correia et al., 2000). They are
presently exploited by a new geothermal power plant
which enhances the present productivity of the geother-
mal field of Bouillante up to 15 MWe.

The geothermal activity of the area could be related to
a fissural volcanic activity which is supposed to be
related to a major regional tectonic structure oriented
NNW–SSE (the Basse-Terre–Montserrat fault system)
(Traineau et al., 1997). The recent volcanic activity is
expressed by the “Bouillante Volcanic Chain” (−0.8–
0.6 Ma) which generated several volcanic centers
(Traineau et al., 1997). The geothermal area of Bouillante
is located at a convergence point between the NNW–
SSE-striking faults system, mainly recognized offshore,
and ∼ east–west-striking normal faults observed on the
island, which display a geometry similar to that observed
farther east between Grande Terre and Marie Galante
(Marie Galante graben) (Feuillet et al., 2002).

On the island, the tectonic fracturation, mainly orga-
nized into a major set striking N100–120° (Traineau
et al., 1997) with vertical dip, consists of normal faults
and fractures sealed by secondary minerals. The
hydrothermal veins (a few millimeters to centimeter
wide) are restricted to the Bouillante area. They under-
line the close association between fracturation and cir-
culation of hydrothermal fluid and are interpreted as the
result of the discharge of high temperature fluids. The
hydrothermal parageneses are composed of silica (quartz
or other forms of silica), dioctahedral smectites, calcite,
zeolites (clinoptilolite, heulandite, stilbite, mordenite)



Fig. 1. Location of the studied area in Guadeloupe island and schematic map of the Bouillante Bay showing the location of the ancient and new wells,
and the main surface hydrothermal manifestations. The bold lines represent the main tectonic faults identified by Traineau et al. (1997).
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and accessory kaolinite and gypsum. They are mostly
located in the southern part of the Bouillante Bay, in
close association with the geothermal surface manifesta-
tions, and along the northern coastline of the Bouillante
bay, up to Pointe Lézard, in absence of any active
hydrothermal manifestations (Patrier et al., 2003).

The substratum of the field consists of intercalation
of submarine, volcanoclastic formations (hyaloclastites,
scarce lava flows) and subaerial formations (andesitic
lava flows, pyroclastites, lahars) mainly attributed to the
activity of the axial chain (−1.5–0.6 Ma).

Most chemical and physical characteristics of the
collected geothermal fluids are quite similar between all
the different productive wells suggesting a common
origin for the deep geothermal fluid (Traineau et al.,
1997; Sanjuan et al., 2001). Chemical and isotopic
compositions of some thermal springs and the geo-
thermal fluid discharged from the wells BO2, BO4, BO5
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and BO6 in the Bouillante area are listed in Table 1. The
deep geothermal fluid consists of high temperature NaCl
brine with TDS around 20 g/l and a pH of 5.3±0.3
resulting from a mixture between 58% seawater and
42% fresh water, which reacted with volcanic rocks and
reached equilibrium at 250–260 °C in the reservoir with
a mineralogical assemblage including quartz, albite, K-
feldspar, calcite, disordered dolomite, anhydrite, illite,
smectites, laumontite, heulandite and wairakite (ac-
cording to saturation calculations using the EQ3NR
Table 1
Chemical and isotopic compositions of some thermal springs and the geothe
Bouillante area

Riv. Bouillante
amont

Lise Bain du
curé

Marsolle Tuyau

T (°C) 30 36 39 44 61
pH 7.13 7.26 7.40 7.18 6.29
TDS (g/l) 0.32 0.30 0.32 0.80 2.0
Na (mg/l) 30 41 41 171 435
K (mg/l) 9.8 3.9 3.9 16 43
Ca (mg/l) 20 12 20 44 212
Mg (mg/l) 9.7 6.1 3.5 13 11
Cl (mg/l) 32 27 29 277 929
HCO3 (mg/l) 137 125 130 167 156
SO4 (mg/l) 3.8 4.8 6.7 29 94
SiO2 (mg/l) 75 77 82 87 127
H2S (mg/l) n.a. n.a. n.a. n.a. n.a.
Br (mg/l) 0.12 0.12 0.11 0.93 3.6
B (mg/l) 0.041 0.057 0.055 0.22 0.50
F (mg/l) n.a n.a. n.a. 0.2 b0.5
NH4 (mg/l) n.a. n.a. n.a. b0.1 7.9
Sr (mg/l) 0.084 0.058 0.082 0.30 1.62
Mn (mg/l) 0.0012 0.0053 0.00028 0.00018 1.0
Ba (mg/l) 0.0037 0.0041 0.0073 0.0078 0.10
Fe (mg/l) b0.02 b0.02 b0.02 b0.02 b0.02
Li (mg/l) 0.0023 0.0018 0.0036 0.0458 0.13
Rb (mg/l) 0.0074 0.0088 0.0138 0.0319 0.14
Cs (μg/l) 0.10 0.10 0.19 2.8 26
As (μg/l) 0.5 1.7 1.5 3.5 12
Al (μg/l) b10 b10 b10 b10 b10
Cu (mg/l) b0.005 b0.005 b0.005 b0.005 b0.005
Ni (mg/l) b0.005 b0.005 b0.005 b0.005 b0.005
Zn (μg/l) b5 b5 b5 b5 b5
Co (μg/l) b5 b5 b5 b5 b5
Cr (μg/l) b5 b5 b5 b5 b5
Pb (μg/l) b5 b5 b5 b5 b5
dD (‰) −8.3 −8.2 −8.5 −8.1 −9.5
d18O (‰) −2.7 −2.6 −2.8 −2.6 −2.6
d34S (S04)(‰) n.a. n.a. 9.6 n.a. n.a.
d18O (S04)(‰) n.a. n.a. 8.7 n.a. n.a.
87Sr/87Sr n.a. n.a. 0.704066 0.705170 0.70472
d11B (‰) n.a. n.a. n.a. 22.5 n.a.
d11Li (‰) n.a. n.a. 14.5 5.8 n.a.
d13C (‰) n.a. n.a. n.a. n.a. n.a.

n.a.: not analyzed.
geochemical modeling code). Compared to a seawater
diluted by 42% of fresh water, the geothermal brine is
depleted in Mg, SO4, Na and enriched in K, Ca, Si, B,
NH4, H2S, Li, Sr, Ba, Mn, Cs, Rb, As and trace metal
ions. Its 87Sr/86Sr ratio is close to that measured in the
volcanic rocks such as andesites or basalts. The δ7Li and
δ11B signatures are far from the values analyzed in the
seawater (30 and 40‰, respectively) and confirm the
importance of the processes of fluid–rock interaction.
The results obtained during inter-well tracer tests
rmal fluid discharged from the wells BO2, BO4, BO5 and BO6 in the

Thomas Submarine
spring

BOBS
drill-hole

Reconstructed composition
for the fluid discharged from
the geothermal wells

54 94 94 250–260
6.78 6.27 6.84 5.30
12 27 27 20
3200 7500 7210 5100
204 619 750 750
843 1358 2340 1800
166 533 5.8 2.0
7105 15,545 16,400 12,000
69 321 3.7 50
326 1149 83 17
142 201 147 500
n.a. n.a. n.a. 10
24 53 63 42
5.0 10 12.5 12.5
0.3 1.0 b1 0.9
1.1 0.4 2.2 1.7
7.8 14.7 25.4 16
0.66 3.6 4.0 4.8
0.51 0.27 4.7 6.5
b0.02 0.34 b0.02 3.2
1.9 3.0 5.1 5.0
0.37 1.0 2.3 2.2
66 105 310 260
176 146 490 450
b30 60 b100 60
0.012 0.020 0.014 15
0.024 0.037 0.017 2.0
16 16 49 650
5.0 11 14 13
b5 8 b10 15
n.a. n.a. b10 4.0
−6.1 2.8 3.8 −1.2
−1.4 −0.3 −0.1 −1.1
18.6 19.6 19.3 18.9
n.a. 8.8 n.a. 5.6

6 0.705208 0.706171 n.a. 0.704960
n.a. n.a. 15.7 16.3
5.4 4.8 4.2 4.4
n.a. n.a. n.a. −3.9



384 A. Mas et al. / Journal of Volcanology and Geothermal Research 158 (2006) 380–400
conducted in 1998 (Correia et al., 2000) and the δ18O
signature indicate the absence of any 18O enrichment
due to interaction with silicate or carbonate minerals.
This argues for the existence of a relatively large inter-
connected reservoir volume (N30 millions m3) and a
high F/R ratio. In the present exploitation conditions, the
temperature and pressure of fluid separation are 167 °C
and 7.4 bar, respectively. The steam condensate collected
after the phase separator has a low salinity
(TDSb80 mg/l), a relatively high concentration of dis-
solved H2S (35–45 mg/l) and is enriched in NH4 (4.5–
5.0 mg/l). Its pH values range from 4.1 to 4.5 whereas
neutral pH is found for the separated water. The chem-
ical and isotopic composition reconstructed for the in-
condensable gases associated with the fluid discharged
from the wells (about 4 kg of gases for 1 t of produced
steam and 4 t of discharged geothermal water) is given
in Table 2. CO2 is the predominant gas and the δ13C
signature suggests a mixed magmatic and marine (or
sedimentary) origin for CO2. The N2/Ar ratio indicates a
dominant atmospheric origin for these gases. Both the
He/Ar and 3He/4He ratios, intermediate between the
atmospheric ones and those measured at the summit of
the Soufrière volcano in Guadeloupe, indicate that a
significant amount of He has a magmatic origin. The
concordant temperatures estimated using gas geother-
Table 2
Chemical and isotopic composition reconstructed for the incondensable
gases related to the geothermal fluid discharged from the wells BO2,
BO4, BO5 and BO6

Reconstructed composition for the
incondensable gases discharged
from the wells

GSR (mass %) 0.4
CO2 (vol.%) 93
N2 (vol.%) 3.5
H2S (vol.%) 2.7
CH4 (vol.%) 0.4
H2 (vol.%) 0.4
Ar (vol.%) 0.04
He (vol.%) 0.0035
C2H6 (vol.%) 0.004
C3H8 (vol.%) 0.0005
O2 (vol.%) 0
N2/Ar (vol.) 88
He/Ar (vol.) 0.09
δ13C (‰) −2.6
(3He/4He)/(3He/4He) atmospheric 4.6

GSR: Gas Steam Ratio. In the present exploitation conditions, for 1 t of
produced steam and 4 t of produced separated water (5 t of geothermal
fluid), about 4 kg of CO2 are discharged.
N2/Ar atmospheric ratio is close to 84.
He/Ar ratios higher than 0.1 indicate a magmatic origin.
mometers (230–250 °C) suggest that most of the gases
(CO2, CH4, H2, H2S, He, and Ar) are close to equi-
librium at the reservoir conditions.

Thermal waters (up to 96 °C) have been identified all
around the bay of Bouillante. Two groups have been
distinguished (Traineau et al., 1997; Brombach et al.,
2000): (1) superficial Na–HCO3 waters (salinity≤1 g/l,
pH=7–8), of meteoric origin and heated through
conductive heat transfer (thermal springs such as
“Rivière Bouillante amont”, “Lise” and “Bain du
Curé” reported in Table 1); (2) NaCl waters of marine
origin (mass Cl/Br ratio close to 290), with salinity up to
35 g/l, which resulted from mixtures of two or three
water end-members (seawater, superficial water of
meteoric origin and the deep geothermal fluid; the
other springs reported in Table 1).

The rare fumaroles, located in steaming grounds near
the geothermal power plant, were studied by BRGM in
1997 and 1999 (internal reports) and by Brombach et al.
(2000). The analytical results of the incondensable gases
indicate mixtures between deep gases associated with
the geothermal fluid (dominated by the presence of
CO2) and air, at different proportions. The δD and δ18O
values analyzed in the vapor phase show that this latter
can be either separated from the geothermal fluid after
dilution with cold groundwater down to 100 °C, or
produced through steam separation at about 100 °C from
the undiluted geothermal fluid, followed by condensa-
tion or by an intermediate process (Brombach et al.,
2000).

3. Well data and sampling

The sampling has been focused on well BO6. This
well was drilled along a vertical axis from the surface to
300 m depth, and takes a N34W direction after 300 m
and up to 1248 m (drilling depth) (Fig. 1). It should be
noted that the depth values indicated in this paper refer
to the drilling depths. Only a few additional shallow
samples have been collected in the well BO5 drilled just
a few meters from BO6. The bottom of the well BO6 is
located exactly 700 m under the reservoir already ex-
ploited through the well BO2, right below the
geothermal power plant. BO6 well intersects two
normal faults: the Plateau fault and the Cocagne fault
at drilling depths around 600 m and 1000 m, respec-
tively (Fig. 1).

The preliminary geological data (lithology, measured
downhole temperatures) were provided by CFG Ser-
vices (Table 3).

From 0 to 474 m, the lithology consists of subaerial
volcanic formations (lahars and tuffs alternating with



Table 3
Sampling carried out in BO5 and BO6 wells

Drilling depth
(m)

NGF alt.
(m)

Sampling

BO6 drill hole

125 −40 Lava horizon: porphyric andesitic lava, more or less altered and argillized
135 −50 Tuff/lahar: brecciated formation with a fine texture, argillized
160 −75 Hydrothermalized fractured zone: very argillized tuff/lahar, locally silicified with abundant calcite
200 −110 Hydrothermalized fractured zone: formation of very argillized tuff with kaolinite, green clay, calcite, pyrite
246 −160 Lava horizon: subaphyric andesitic lava poorly altered
260 −169 Hydrothermalized fractured zone: very argillized lava with kaolinite, green clay, calcite, pyrite
310 −210 Lava horizon: aphyric to subaphyric andesitic lava poorly or not altered
345 −250 Tuff: silicified and chloritized formation with lava elements. Epidote appears near 350m
415 −319 Lava horizon: subaphyric andesitic lava poorly altered. Numerous fragments of secondary deposits of silica and

carbonates. Low amount of epidote.
459 −360 Tuff: chloritized and silicified formation, epidote in low amount
494 −390 Hyaloclastic tuff: brecciated formation with fine

texture. Very few lava fragments. Vesicles filled by silica and chlorite
520 −410
540 −426
556 −440 Lava horizon: subporphyric lava, more or less altered
574 −455 Tuff: coarse brecciated formation, with more or less oxidized lava fragments, abundant silica and chlorite
595 −475 Hyaloclastic tuff: fine to very fine texture, very few lava fragments. Vesicles mainly filled by silica and chlorite
610 −480
620 −490
640 −510 Hyaloclastic tuff: fine to very fine texture, very few lava fragments. Epidote discrete to abundant. Low amount of

pyrite. Geodic quartz
650 −518
660 −525
705 −560 Hyaloclastic tuff: fine to very fine texture, silicified and chloritized, few lava fragments. Epidote present.
720 −574
780 −630 Hyaloclastic tuff: fine to very fine texture, silicified and chloritized, with very few lava fragments. Epidote abundant
836 −665
850 −680
860 −685
870 −695 Lava horizon: aphyric lava poorly altered
877 −710 Hyaloclastic tuff: fine to very fine texture, silicified and chloritized, with very few lava fragments. Epidote abundant
891 −720 Hyaloclastic tuff: fine to very fine texture, silicified and chloritized. Epidote abundant
900 −725
910 −730 Hyaloclastic tuff: fine to very fine texture, silicified and argillized. Epidote abundant. Geodic quartz.

BO5 drill hole

60 +25 Lahars and tuffs
100 −5
125 −40
130 −50
155 −60 Argillized fractured zone
160 −75 Lahars and tuffs
185 −95 Argillized fractured zone
200 −110 Massive lava horizon: microlithic andesitic lava with plagioclase and pyroxene phenocrysts, presence of chlorite,

silica, carbonates, anhydrite, pyrite as vein and vesicle infilling
250 −155 Lahar/tuff: formation of tuff and clayey lahar. Hydrothermal alteration with probable fractured zones, abundant white

clay phases, silica, pyrite, chlorite. Anhydrite in low amount
260 −175
300 −205 Massive lava horizon: aphyric to subaphyric, fresh to slightly altered, with disseminated fissures infilled by

hydroxides, pyrite, or silica+carbonates+pyrite+chlorite assemblages
307 −210

Lithology and field observations were provided by CFG services.
Zones of active flow regime zones are located between 500 and
595 m and from 850 m.
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andesitic lava horizons). Hydrothermalized fractured
zones have been encountered in the range of 154–
161 m, 188–206 m, 226–236 m and 259–269 m. From
474 m to 1248 m, submarine volcanic formations con-
sist of hyaloclastic tuffs, which alternate with rare
andesitic lava horizons.

Circulation losses during drilling, or well tests, (between
500 and 590 m, and from 850 m) revealed high permeable
zones. The first zone coincides with the permeable damage
zone of the Plateau fault and the second one, which
coincides with the top of the reservoir zone, corresponds to
the damage zone of the Cocagne fault. Fluids were only
recovered from these two levels and consist of the analyzed
alkali chloride geothermal fluids.
Fig. 2. Lithology and distribution of secondary minerals in BO6 and in the
present day temperatures. The two permeable levels associated with the dama
and 590 m and from 850 m, respectively).
The downhole temperatures measured in the range
100 to 910 m vary from 80 °C to 260 °C (Fig. 2).

Special attention was paid to the permeable and
fractured levels during the sampling. Forty cutting
samples were collected between 60 and 910 m (Table
3). Each of them is representative of a 3-m-thick
lithological column. Important drilled mud losses
during drilling prevented the recovery of cuttings in
the lower part of the drill hole.

4. Analytical methods and sample preparations

Samples were ground in an automatic shatterbox.
The powders were then dispersed in distilled water by
upper part of BO5 wells. The temperature profiles correspond to the
ge zones of the Plateau and the Cocagne faults are shown (between 500
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ultrasonic vibrations to disintegrate the particles. Bulk
rock chemical analyses were performed by BRGM on
samples ground at 80 μm using the X-ray fluorescence
method (Philips Panalytical PW2400, Li tetraborate
used for sample melting). Relative analytical uncer-
tainty is lower than 1 to 5%, depending on the analyzed
species. Oriented mounts on glass slides were made
with the infra 2 μm clay suspension, obtained by
centrifugation (JOUAN GR422, rotor speed=1000 r.p.
m. during 2 mn 30 s). A finer fraction (b0.2 μm) was
extracted by continuous ultracentrifugation (BECK-
MAN J22, rotor speed=5000 r.p.m., flow rate=150 ml/
min). This recovered fraction was Ca-saturated (CaCl2,
1 N), in order to minimize the hydration heterogeneity
of smectite interlayers.

Comparison between diffraction patterns of the
coarse-grained (less than 2 μm) and the fine-grained
(less than 0.2 μm) fractions indicated that the latter
gives more accurate information on the clay material,
as already proved in previous studies (Patrier et al.,
1996). These XRD patterns are very weakly affected
by impurities of non-platy minerals such as quartz.
Moreover, because the small particles are the most
reactive parts of an altered rock, inherited minerals
would be minimized in this fine clay fraction
(Jennings and Thompson, 1986; Harvey and Browne,
1991).

X-ray diffraction (XRD) was performed on ran-
domly oriented powders and oriented mounts of
untreated and ethylene–glycol saturated samples.
XRD was carried out on a Philips PW1729 diffrac-
tometer (CuKα radiation, 40 kV, 40 mA) monitored
by a DACO MP numerical system (SOCABIM). The
conditions of acquisition are presented in Table 4.
XRD data acquisition and treatment were realized with
the DIFFRAC AT software. Clay minerals were
identified according to Brindley and Brown (1980).
Identification of clay species was primarily based on
the position of (00l) spacings after saturation with
Table 4
Conditions of acquisition of X-ray diffraction data: angular domain,
step increment and counting time per step

Angular
domain
(°2θ, CuKα)

Step increment
(°2θ, CuKα)

Counting
time per
step
(s)

Clay powder (06,33) 60–64 0.020 10
Randomly oriented

powder mount
2.5–65 0.025 3

Oriented mount 2.5–30 0.025 a 3 a

a Scanning speed used to measure the FWHM values.
ethylene–glycol. The percentage of illite in the illite/
smectite mixed layers was estimated by using the
Newmod calculation program (Reynolds, 1985).

Chlorite and illite coherent scattering domain (CSD)
sizes along the c⁎ axis were estimated from the full
width at half maximum intensity (FWHM) of the typical
(00l) reflections at 7 Å and 10 Å, respectively, on
ethylene–glycol saturated oriented preparations of the
b2 μm and b0.2 μm fractions (Kubler, 1968). Although
more advanced methods have been developed recently
(Drits et al., 1997), this method still remains convenient
for both illite and chlorite (Guggenheim et al., 2002). In
the presence of expandable components, FWHM
measurements of the clay minerals were performed on
the appropriate elementary curves calculated from the
mathematical deconvolutions of the (00l) reflections,
using the DECOMPXR software (Lanson and Besson,
1992).

Chemical analyses of clay minerals were carried out
on a Cameca SX50 electron microprobe equipped with
wavelength dispersive spectrometers. The analytical
conditions were the following: 4 nA, 15 kV, spot size of
4 μm, counting time of 10 s/element. Elements analyzed
were Si, Al, Fe, Mg, Mn, Ti, Ca, Na and K. The system
was calibrated with a variety of synthetic oxide and
natural silicate standards (MnTiO3, hematite, albite,
orthoclase and diopside) and corrections were made
with a ZAF program. The reproducibility of standard
analyses was close to 1% except for Na, which was
1.5%.

The morphological observation of clay minerals was
performed with a scanning electron microscope (SEM-
JEOL 5600 LV). Observations were carried out on car-
bon coated rock slabs a few millimeters wide. Quan-
titative composition of clay minerals was done by a
coupled EDS equipment (Si(Li) diode). Analytical con-
ditions were as follows: accelerating voltage 15 kV,
probe current 0.6–0.7 nA.

5. Alteration petrography and vertical distribution
of clay minerals

Even if lava flows are less altered than the permeable
volcanoclastic formations, the lithological sequence
intersected by BO6 bore hole displays a broad alteration
zoning marked by changes in the nature of secondary
phyllosilicates (Fig. 2), and by common superimposi-
tion of several alteration parageneses. The alteration
products identified from XRD patterns (Figs. 3 and 4)
are dominated by smectite at shallow depth (0–260 m,
70 to 160 °C), and by variable amounts of illitic min-
erals and chlorite at greater depth (260–920 m, 160–



Fig. 3. X Ray diffractograms of the dioctahedral clay phases, as
observed in BO6 well. sme: di-smectite; I–S R=1: regularly ordered
illite/smectite mixed-layers; I–S R≥1: ordered illite/smectite mixed-
layers with high illite content (N85%); ill: illite. Trioctahedral phases
also identified: chl: chlorite, cor: corrensite. a: BO6, 125 m; b: BO6,
160 m; c: BO6, 574 m; d: BO6, 415 m. Ethylene–glycol saturated
samples.

Fig. 4. X Ray diffractograms of the trioctahedral clay phases, as
observed in the BO5 and BO6 wells. cor: corrensite, chl.: chlorite.
Dioctahedral phases also identified: ill: illitic phases. a: BO5, 300 m; b:
BO6, 850 m. Ethylene–glycol saturated samples.
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260 °C). The term illitic minerals will be used hereafter
for clay-size mineral assemblage dominated by discrete
illite but still containing a significant proportion of
highly illitic (N90% illite) I–S mixed layers (Meunier et
al., 2000).

5.1. The smectite zone

Within the upper part of the drill holes (0 to
260 m), most of the rock forming minerals (plagio-
clases and pyroxenes) have been strongly dissolved
and replaced by a smectite+calcite±hematite assem-
blage. Smectite and calcite predominate (Fig. 5a) but
they are commonly associated with mixtures of
secondary minerals including variable but generally
minor amounts of quartz, zeolites (heulandite–clin-
optilolite), kaolinite, illite/smectite mixed layers, illite,
chlorite, hematite or pyrite. Alteration petrography
indicates that smectite and calcite are the newly
formed mineral assemblage. This alteration stage
obliterated the previously formed secondary silicate
minerals whose mineralogy seems to be depth related:
zeolites of the heulandite–clinoptilolite group (0–
125 m, 80–100 °C), wairakite, minor pumpelleyite
and epidote (from 246 m, for TN150 °C) and disse-
minated minerals of the chlorite group (corrensite,
chlorite) which previously replaced primary pyrox-
enes and glass inclusions at depths below 125 m (Fig.
5b). Very low amounts of regularly ordered illite/
smectite mixed-layers (I–S R=1) have been detected
in XRD patterns of samples collected between 150 m
and 250 m (110 °C≤T≤160 °C) (Fig. 3). However,
due to the small size of the studied cuttings, the
mutual relationships between the illite/smectite mixed
layers and the discrete smectite were not clearly
established enough to comment on their relative
chronology. Kaolinite is restricted to hydrothermal
deposition in microfractured levels. It occurs as
vermicular booklets, partly replaced by folded thin
films of smectite.

Several generations of calcite have been identi-
fied. Among them, blade shaped calcite crystals,



Fig. 5. (a) In the most surficial zone, the groundmass of the rock can be totally replaced by calcite “Ca” and by dioctahedral aluminous smectites “Sm”—
BO6, 200 m. (b) Primary pyroxene pseudomorphosed by chlorite “Ch”, He: hematite— BO6, 160 m. (c) Strongly destructive illitization of the host rock
as observed in the sealed part of the damage zone of the Plateau fault. Il: illitic material, Py: pyrite — BO6, 650 m. (d) Vug filled by chlorite
“Ch”+fibrous epidote “Ep” — BO6, 836 m.
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characteristic of boiling zones (Tulloch, 1982;
Simmons and Christenson, 1994), have been locally
observed.

5.2. The illite zone

This zone, located between 300 and 700 m
depth (180bTb250 °C), is characterized by a
secondary mineral assemblage consisting of illite
± illite-rich I–S mixed-layers±chlorite+quartz with
lesser amounts of calcite, pyrite and/or hematite
(Fig. 5c). This alteration pattern is particularly well
expressed just below the first productive level (i.e.,
between 600 and 660 m depth) where it is related
to a strong destruction of the rock structure.
Features of syn-crystallization of illite and chlorite
(±pyrite) have been identified at these levels,
suggesting the occurrence of at least two genera-
tions of chlorite. Quartz with pseudo-acicular texture
(according to Dong et al., 1995) are identified
around 350 m.
Out of the strongly illitized levels, evidence of earlier
pervasive alteration features is underlined by pseudo-
morphous replacement of primary minerals and vug
fillings by disseminated epidote+quartz+chlorite±cor-
rensite±wairakite±prehnite±calcite±hematite. Corren-
site was identified in weakly altered massive lava flows
at 300–310 m (T≈180 °C) and 415 m (T≈200 °C)
(Fig. 4).

5.3. The chlorite zone

The pervasive alteration predominates between 700
and 900 m depth (250–260 °C) out of the upper
fractured zone of the Plateau fault and its related
alteration haloes. The pervasively altered rocks are
composed of chlorite+epidote+quartz (±calcite±he-
matite) (Fig. 5d). Illitization is still perceptible but the
general trend is a decrease of illite amounts with
increasing drilled depth. So, chlorite largely predomi-
nates over illite in the deeper part of BO6 well (770 to
910 m).



Fig. 6. d-spacing of the complex (001) reflection of the illitic phases
(illite+ illlite-rich mixed-layers) in Å versus sample depth along BO6
well. A.D.: after air dry; E.G.: after ethylene–glycol saturation. Most
of the samples consist of tuffs. The scarce lava samples are indicated
by an arrow.
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6. Variation of crystal structure and chemistry of
index clay minerals

6.1. Smectite

The dioctahedral character of the smectite is
suggested by its (06,33) XRD reflection near 1.49 to
1.50 Å d-spacing (Fig. 3).

Their average structural formulas are given in Table
5. They were calculated from punctual analyses of
smectites within plagioclases pseudomorphs, vein or
vesicle infillings and clay matrix related to intensely
altered areas. Analyses have been performed on selected
microsites (to avoid contamination by kaolin or mixed
layers minerals). The formulas are based on the fol-
lowing assumptions: a tetrahedral occupation fixed at 4
cations per O10(OH)2, Fe is arbitrary considered as Fe

3+,
and no Mg was assigned in the interlayer sites.

All the smectites are dioctahedral and contain Al-rich
octahedral layers. Their octahedral cationic occupancy
varies between 1.98 and 2.02 and their layer charge,
mostly compensated by Ca hydrated cations, ranges
between 0.41 and 0.52 per O10(OH)2. The percentage of
the negative layer charge generated by tetrahedral
substitution (Al for Si) varies from 60% to 85% and
reaches 95–100% in samples collected respectively at
125 m (97 °C), 155 m (111 °C) and below 160 m
(115 °C at 160 m and 130 °C at 185 m). Such a crystal
chemical variation is typical of a downward increase of
the beidellite end-member within the dioctahedral smec-
Table 5
Chemical analyses of smectites performed on samples BO6 125 m,
BO5 155 m, BO5 160 m and BO5 185 m

Samples 125 m 155 m 160 m 185 m

n.a. 16 11 18 14

an. ave. s.d. an. ave. s.d. an. ave. s.d. an. ave. s.d.

Si 3.74 0.07 3.65 0.02 3.49 0.04 3.57 0.04
AlIV 0.26 0.07 0.35 0.02 0.51 0.04 0.43 0.04
AlVI 1.65 0.08 1.89 0.02 1.87 0.06 1.91 0.03
Fe3+ 0.18 0.08 0.04 0.01 0.08 0.02 0.03 0.01
Mg 0.16 0.03 0.08 0.02 0.07 0.02 0.06 0.01
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OCT 1.99 2.01 2.02 2.01
Ca 0.16 0.02 0.17 0.01 0.16 0.04 0.18 0.02
Na 0.05 0.02 0.03 0.01 0.06 0.04 0.05 0.02
K 0.05 0.01 0.04 0.01 0.14 0.02 0.03 0.01
INTCH 0.42 0.41 0.52 0.44
% ch. T. 60 85 98 95

n.a.: number of analyses; an. ave.: analytical average; s.d.: standard
deviation; OCT: octahedral occupancy; INTCH: interlayer charge;
% ch. T.: percentage of tetrahedral charge.
tites. Nearly pure beidellite was analyzed from and
below 160 m depth (Table 5).

6.2. Illite

The XRD patterns of the illitic minerals from most
of the investigated samples exhibit a complex peak
near the (001) basal reflection of illite which is
characteristic of a mixture of I–S mixed layer
minerals with discrete illite. This mixture induces a
typical change in both the peak profile and the
position of the maximum intensity of the complex
10 Å reflection obtained after ethylene glycol
solvation (Fig. 6). The deconvolution of such a
complex 10 Å reflection (Fig. 7b) indicates that the
expandable clay phases associated with discrete illite
behave as ordered I–S mixed-layers (R≥1) with high
illite content (higher than 85%). Ordered I–S mixed-
layers (R≥1) with high illite content show a (001)
peak with d-spacing between 10.5–12 Å that shifts
and splits in two peaks after ethylene glycol
solvation: a first one with d-spacing around 10.5–
13 Å and a second one, more intense, with d-spacing
around 9.5–10 Å. The lower the distance between the
two aforementioned reflections obtained after ethylene
glycol solvation, the higher the illite content of the



Fig. 7. (a) Full Width at Half Maximum intensity (FWHM) of the complex (001) reflection of the illitic material (°2θ, CuKα) versus sample depth
along BO6 well. Black diamond: FWHM measured on the XRD of the b2 μm clay fraction; white square: FWHM measured on the XRD of the
b0.2 μm clay fraction; crosses: FWHM of illite (001) basal reflection obtained after deconvolution of the XRD of the b0.2 μm fraction. (b) Example
of deconvolution of the complex (001) reflection of the illitic material, I–S: ordered illite/smectite mixed-layers with high illite content. Most of the
samples consist of tuffs. The scarce lava samples are indicated by an arrow.

391A. Mas et al. / Journal of Volcanology and Geothermal Research 158 (2006) 380–400
ordered I–S mixed layers (Reynolds, 1980). It should
be noted that the most perceptible effect of mixing
illite rich ordered I–S mixed-layers with discrete illite
on the peak profile of the complex 10 Å reflection
consists of the shift of its maximum intensity toward
lower position after ethylene glycol solvation (Fig. 6).
This shift of the complex 10 Å reflection can be
correlated with the global amount of expandable
smectite layers in the illitic material, since the
magnitude of the shift depends on both the respective
amounts of illite and I–S mixed layers in the mixture,
and the amount of expandable layers contained within
the structure of the I–S mixed layer. Thus, the trend
illustrated in Fig. 6 reveals an overall decrease of the
amount of expandable smectite layers in the illitic
material from 307 m to the accessible drilling depth
(180 °C≤T≤260 °C). However, the two permeable
zones intersected between 520–574 m and 836–
910 m deviate from the general trend since the illitic
material is almost totally depleted in expandable
layers, as illustrated by a nearly imperceptible shift of
the 10 Å reflections, after the ethylene–glycol
treatment: 0.02° 2θ (sample at 556 m) and b0.01°
2θ (from 850 m to the bottom), while I–S mixed
layers are encountered on both sides of the upper
permeable zone (around 500 and 620–640 m).

The FWHM values of the complex 10 Å
reflection, measured on XRD patterns of b2 μm
and b0.2 μm clay fractions, display an overall
decrease with depth, apart from a local increase in
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the range 550–620 m (Fig. 7a). The lower FWHM
values correspond, as expected, to the illite-rich illitic
material collected deeper than 836 m (0.19–0.22° 2θ)
and between 550 and 620 m (0.42° 2θ). In order to
clarify the evolution of the coherent scattering
domain size of the pure illite, FWHM values were
measured on the (001) reflection of illite obtained
after deconvolution of the complex 10 Å reflection
(Fig. 7a). The trend is similar to the aforementioned
one, i.e., a regular decrease with increasing depth
(from 0.55 to 0.21° 2θ), except for the samples
collected between 550 and 620 m.

Both morphologies and sizes of illite crystallites tend
to change with increasing depth or temperature. Illite
particles observed at shallow depth (345 m) are made of
Fig. 8. Illitic phases and chlorite morphologies, SEM photographs in seco
520 m; (d) BO6, 574 m. (e) BO6, 345 m; (f) BO6, 910 m. chl: chlorite;
aggregates of thin crystallites with a fibrous morphology
and an average width less than 1 μm (Fig. 8a). Deeper,
the illite crystallites are coarser and they present two
specific morphologies: (1) flaky shaped anhedral crystal-
lites (average width: 1 to 3 μm) predominate within the
clay matrices encountered at various depths (Fig. 8b); (2)
subhedral to euhedral crystallites with hexagonal mor-
phology and an average width of up to 10 μm predom-
inate within the fractured horizons in which the
geothermal fluids presently flow (Fig. 8c). The thickest
hexagonal plates of illites have been observed at 574 m
within the highly permeable damage zone of the Plateau
fault (Fig. 8d).

Chemical analyses of illite± illite-rich I–S mixed-
layers observed in altered plagioclases and vesicle
ndary electron mode. (a) BO6, 345 m; (b) BO6, 494 m; (c) BO6,
ill: illite+ illite-rich mixed-layers. All the samples consist of tuffs.



Table 6
Chemical analyses of illite performed on samples BO6 415 m, 494 m, 520 m, 540 m, 595 m, 620 m, 640 m, 850 m and 910 m

Samples 415 m 494 m 520 m 540 m 595 m 620 m 640 m 650 m 850 m 910 m

n.a. 6 16 9 7 33 19 9 94 9 8

an.
ave.

s.d. an.
ave.

s.d. an.
ave.

s.d. an.
ave.

s.d. an.
ave.

s.d. an.
ave.

s.d. an.
ave.

s.d. an.
ave.

s.d. an.
ave.

s.d. an.
ave.

s.d.

Si 3.31 0.04 3.30 0.04 3.28 0.06 3.21 0.04 3.20 0.05 3.24 0.05 3.29 0.02 3.25 0.06 3.32 0.03 3.36 0.05
AlIV 0.69 0.04 0.70 0.04 0.72 0.06 0.79 0.04 0.80 0.05 0.76 0.05 0.71 0.02 0.75 0.06 0.68 0.03 0.64 0.05
AlVI 1.71 0.02 1.55 0.05 1.66 0.06 1.63 0.06 1.70 0.07 1.68 0.05 1.79 0.02 1.81 0.04 1.66 0.03 1.68 0.02
Fe3+ 0.14 0.02 0.25 0.03 0.17 0.03 0.24 0.05 0.17 0.03 0.20 0.03 0.10 0.04 0.11 0.03 0.17 0.02 0.12 0.01
Mg 0.10 0.01 0.18 0.04 0.17 0.04 0.13 0.03 0.14 0.06 0.13 0.03 0.07 0.01 0.08 0.01 0.14 0.02 0.15 0.02
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
OCT 1.97 1.99 2.01 2.02 2.01 2.02 1.99 2.01 1.97 1.96
Ca 0.02 0.07 0.02 0.01 0.01 0.01 0.01 0.00 0.02 0.02 0.01 0.01 0.02 0.02 0.01 0.02 0.01 0.01 0.00 0.00
Na 0.06 0.07 0.02 0.04 0.03 0.02 0.01 0.03 0.05 0.05 0.05 0.02 0.03 0.01 0.04 0.02 0.02 0.01 0.02 0.01
K 0.79 0.03 0.84 0.03 0.78 0.03 0.82 0.03 0.80 0.03 0.79 0.03 0.74 0.03 0.74 0.03 0.87 0.02 0.85 0.02
INTCH 0.88 0.91 0.83 0.86 0.90 0.86 0.82 0.80 0.91 0.87

n.a.: number of analyses; an. ave.: analytical average; s.d.: standard deviation; OCT: octahedral occupancy; INTCH: interlayer charge.
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infillings are reported in Table 6. Their octahedral Al
content ranges from 1.55 to 1.81 atoms per O10(OH)2
(average values) for an octahedral occupancy close to
2.00 (1.95–2.01). The average Fe and Mg contents
range from 0.11 to 0.28 and from 0.06 to 0.18 at. per O10

(OH)2, respectively. The interlayer charges vary be-
tween 0.67 (318 m) and 0.87 (860 m). The chemical
effect of the very low amounts of expandable layers
evidenced by XRD seems imperceptible (i.e., there is no
correlation between the amount of expandable layers
determined from the XRD investigations and the
interlayer charges calculated from the chemical
microanalyses).

6.3. Chlorite

In order to minimize the influence of corrensite
associated in places with chlorite, the FWHM of chlorite
was measured on the (002) reflection instead of the (001)
reflection. Both infra 2 μm and infra 0.2 μm fractions
were studied, before and after ethylene–glycol treat-
ment. In both clay fractions, the general trend is a
decrease of the FWHM with increasing depth (Fig. 9),
with the exception of the samples located around 640 m
in which FWHM values measured on both b2 μm and
b0.2 μm XRD patterns are much lower than those
expected.

The textural properties of chlorite have only been
determined for the crystallites formed in the porous
media of the altered rocks (vugs, microfractures). The
chlorite crystallites are euhedral and exhibit a sub-
hexagonal shape with an average width ranging from 2 to
5 μm (Fig. 8e). Coarsening of euhedral chlorite proceeds
essentially by thickening of crystals along the c⁎ axis
leading to blockier and more rigid plates at greater depth
(Fig. 8f).

The chemical compositions of chlorites analyzed for
different depths between 310 m and 910 m agree with
those of trioctahedral chlorites (Table 7). The structural
formula are calculated on the basis of 14 oxygens,
assuming the total iron as Fe2+. Octahedral Al is higher
than tetrahedral Al. The octahedral layer occupancy is
always lower than 6 (5.72 at.boct. occ.b5.89 at.). The
lower values (b5.8) are not systematically accompanied
by interlayer charges that would be consistent with the
presence of minor amounts of expandable phases (such
as corrensite for instance).

If we except the samples collected around 620–
640 m, the chlorite chemical variation is generally weak
at the sample scale (Fig. 10). In the former samples, two
populations of chlorite have been identified on the basis
of their XFe ratio (Fe/(Fe+Mg)): (1) a pervasive chlorite
observed as pseudomorph of ferromagnesian minerals
which is relatively depleted in iron compared to (2) the
iron-rich chlorite associated with illite (±pyrite) as vug
infillings.

At the drill hole scale, the most significant chlorite
compositional variation concerns the XFe ratio which
ranges from 0.31 to 0.80. Two different chemical be-
haviors were determined. Both pervasive chlorites and
bulk rock display a nearly parallel variation of XFe ratio
through most of the intersected volcanic formations.
Conversely, these XFe ratios vary in an inverse way
in the two main permeable zones identified between



Fig. 9. Full Width at Half Maximum intensity of the (002) reflection of
chlorite (°2θ, CuKα) versus sample depth along BO6 well. Black
diamond: FWHM measured on the XRD of the b2 μm clay fraction;
white square: FWHM measured on the XRD of the b0.2 μm clay
fraction. All the samples consist of tuffs.
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500 and 600 m and below 900 m depth, respectively
(Fig. 11).

7. Discussion

7.1. The vertical distribution of clayminerals: a classical
pattern

The vertical distribution of the clay minerals iden-
tified in BO6 drill hole is organized in three main
zones: a 280-m-thick shallow alteration zone dominated
by dioctahedral smectites, an intermediate alteration
zone (between 280 and 700 m depth) dominated by
illitic minerals and a deep alteration zone dominated by
chlorite. However, the petrographic examinations
demonstrated that this vertical distribution was not the
result of a single hydrothermal event but rather the
manifestation of at least two successive alteration stages
during the thermal history of the Bouillante geothermal
field.
The first alteration stage has been assimilated to the
propylitic alteration extensively described in the litera-
ture (Lowell and Guilbert, 1970; Titley et al., 1986;
Beaufort et al., 1990; Berger and Velde, 1992; Inoue,
1995, among others). Propylitic alteration is a wide-
spread thermally controlled process which results from
the interaction of nearly stagnant fluids of various origin
(in pore and microcracks) with the most reactive primary
mineral phases in rocks (pervasive alteration). The
minerals attributed to the propylitic paragenesis consist
mostly of trioctahedral phyllosilicates (chlorite or
corrensite in weakly altered lavas), Ca-silicates (zeolites,
prehnite, pumpelleyite, wairakite and epidote), quartz
and minor calcite. According to the data on the thermal
stability of these secondary phases (Inoue, 1995), the
temperature probably reached 200 °C at depths shal-
lower than 125 m during this first stage of alteration,
suggesting a past geothermal gradient higher than
nowadays.

The second stage of alteration is superimposed over
the previously propylitized rocks and is characterized by
a more or less intense argillization expressed by the
occurrence of aluminous dioctahedral clay phases
(smectite, scarce kaolinite and illite± I–S mixed layers)
associated with quartz, calcite, hematite or pyrite. Sev-
eral authors mentioned this type of alteration as argillic
(for smectite rich assemblages and Tb200 °C) or phyllic
alteration (for non-expandable dioctahedral phases, and
for 200 °CbTb300 °C) (Lowell and Guilbert, 1970;
Beaufort et al., 1990; Pirajno, 1992). The occurrence of
kaolinite, which is typical of advanced argillic alteration,
may be related to fracture controlled limited circulations
of more acid thermal waters in the past (Wohletz and
Heiken, 1992). Such acid fluids could result from acid
condensates located above underground boiling zones
(Henley and Ellis, 1983).

In fluid dominant hydrothermal systems, these altera-
tions are well known to have developed in zones of active
flow regime structurally controlled by fracture networks.
During this alteration stage, the temperatures were
probably close to those presently measured in the wells,
since saturation calculations performed using the EQ3NR
geochemical code suggest that the aforementioned 2:1
clay minerals are in chemical equilibrium with the
geothermal fluids at the measured downhole temperatures
(Traineau et al., 1997; Sanjuan et al., 2001). All the above
considerations suggest that the parageneses of the second
stage of alteration constitute the signature of the recent to
present circulation of geothermal fluids within the
Bouillante geothermal field.

The vertical distribution of the dioctahedral clay
minerals resulting from the geothermal activity of the



Table 7
Chemical analyses of some chloritic material

Samples 310 m 415 m 520 m 574 m 574 m 574 m 595 m 620 m

an. loc. Plagio Plagio Plagio Vug FeMg Vug

n.a. 8 5 11 10 10 8 14 12

an. ave. s.d. an. ave. s.d. an. ave. s.d. an. ave. s.d. an. ave. s.d. an. ave. s.d. an. ave. s.d. an. ave. s.d.

Si 3.12 0.04 3.03 0.10 3.04 0.07 2.97 0.05 2.99 0.05 2.98 0.04 2.96 0.06 2.97 0.05
AlIV 0.88 0.04 0.97 0.10 0.96 0.07 1.03 0.05 1.01 0.05 1.02 0.04 1.04 0.06 1.03 0.03
AlVI 1.09 0.02 1.17 0.13 1.43 0.06 1.27 0.04 1.28 0.04 1.23 0.03 1.36 0.06 1.36 0.06
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2+ 1.79 0.06 2.39 0.12 1.42 0.07 1.96 0.05 2.06 0.07 2.12 0.06 1.34 0.10 2.36 0.24
Mn2+ 0.09 0.01 0.04 0.01 0.09 0.02 0.07 0.01 0.09 0.02 0.09 0.01 0.11 0.03 0.08 0.02
Mg2+ 2.86 0.08 2.26 0.13 2.78 0.06 2.52 0.07 2.39 0.06 2.41 0.06 2.99 0.12 1.98 0.24
OCT 5.83 5.86 5.72 5.83 5.82 5.85 5.80 5.78
Ca 0.04 0.01 0.04 0.01 0.01 0.01 0.03 0.00 0.03 0.01 0.03 0.01 0.01 0.00 0.01 0.00
Na 0.01 0.00 0.00 0.01 0.03 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.05 0.02
K 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01 0.02 0.02
INTCH 0.10 0.07 0.07 0.07 0.08 0.08 0.06 0.09
Fe/(Fe+Mg) 0.38 0.01 0.52 0.01 0.34 0.01 0.44 0.01 0.46 0.01 0.47 0.01 0.31 0.02 0.54 0.05

Samples 620 m 640 m 640 m 705 m 836 m 860 m 860 m 910 m

an. loc. FeMg FeMg Vug Vug FeMg Vug FeMg

n.a. 11 16 5 16 16 6 7 5

an. ave. s.d. an. ave. s.d. an. ave. s.d. an. ave. s.d. an. ave. s.d. an. ave. s.d. an. ave. s.d. an. ave. s.d.

Si 3.05 0.03 2.83 0.04 2.75 0.03 3.02 0.04 2.86 0.04 3.03 0.07 2.92 0.04 2.88 0.07
AlIV 0.95 0.03 1.17 0.04 1.25 0.03 0.98 0.04 1.14 0.04 0.97 0.07 1.08 0.04 1.12 0.07
AlVI 1.41 0.06 1.45 0.04 1.62 0.04 1.34 0.06 1.29 0.05 1.23 0.08 1.37 0.09 1.38 0.08
Ti 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01
Fe2+ 1.70 0.08 2.72 0.07 3.04 0.09 1.91 0.08 2.55 0.05 2.41 0.08 2.40 0.10 2.31 0.07
Mn2+ 0.07 0.00 0.12 0.01 0.35 0.03 0.05 0.01 0.10 0.01 0.07 0.02 0.08 0.02 0.16 0.02
Mg2+ 2.55 0.06 1.51 0.06 0.74 0.02 2.48 0.08 1.95 0.03 2.14 0.03 1.98 0.09 1.98 0.06
OCT 5.73 5.81 5.76 5.78 5.89 5.85 5.83 5.84
Ca 0.02 0.00 0.02 0.01 0.01 0.00 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.00
Na 0.02 0.01 0.03 0.01 0.02 0.01 0.02 0.01 0.04 0.03 0.01 0.01 0.02 0.02 0.03 0.02
K 0.01 0.01 0.02 0.01 0.06 0.03 0.04 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00
INTCH 0.07 0.09 0.11 0.09 0.09 0.04 0.05 0.05
Fe/(Fe+Mg) 0.40 0.01 0.65 0.01 0.80 0.01 0.44 0.01 0.57 0.01 0.53 0.01 0.55 0.01 0.54 0.01

n.a.: number of analyses; an av: analytical average; s.d.: standard deviation; OCT: octahedral occupancy; INTCH: interlayer charge; an. loc.:
microsite of crystallization; Fe–Mg: chlorite in replacement of ferromagnesian minerals; Vug: chlorite crystallized in vugs; Plagio: chlorite included
in plagioclases (glass replacement).
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Bouillante geothermal field is consistent with the “clas-
sical” distribution pattern established from many hydro-
thermal systems (Flexser, 1991; Inoue et al., 1992, 1999;
Simmons and Browne, 1998, among others). The
paragenesis of the shallowest alteration zone consists
mostly of smectite locally associated with minor
amounts of regularly ordered illite/smectite mixed-layers
(I–S R=1) and is consistent with a mineral reaction in
presence of near neutral geothermal waters. The
dioctahedral smectites have intermediate crystal–chem-
ical properties between those of beidellite and montmo-
rillonite from the surface area to 125 m depth
(T≈100 °C). Deeper, they are close to the beidellite
composition. Nearly pure beidellite was identified at
depths higher than 160 m and temperatures higher than
115 °C. Occurrence of smectites with crystal–chemical
properties between those of montmorillonite and bei-
dellite at shallow depth and temperature and of beidellite
at greater depth and higher temperature was already
reported by Yang et al. (2001) in the Broadlands–Ohaaki
geothermal system. Such a temperature dependence of
the crystal–chemical nature of the dioctahedral smectite
in hydrothermal conditions agrees with the results of the
experimental works of Yamada et al. (1991) and Yamada
and Nakazawa (1993), who demonstrate that beidellite is
stable at a higher temperature than montmorillonite. It



Fig. 10. Plot of some chlorite analyses in Fe/(Fe+Mg) (XFe) versus Si
diagram for BO6 drill hole. V: chlorite crystallized in vugs, P: chlorite
included in plagioclases (glass replacement) and FeMg: chlorite in
replacement of pyroxenes. The size of the analyzed cuttings does not
systematically allow to clarify the type of microsite of chlorite
crystallization (no mention). Most of the samples consist of tuffs
(excepted BO6-310 and 415).

Fig. 11. Mean XFe values of both pervasive chlorite (black squares)
and bulk rock (crosses) shown versus depth (BO6 drill hole). Most of
the samples consist of tuffs. The scarce lava samples are indicated by
an arrow.
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also agrees with the observations of Beaufort et al.
(1995) who identified beidellite as the characteristic
smectitic component of high enthalpy geothermal
reservoirs in which temperatures can exceed 200 °C.

Regularly ordered illite/smectite mixed-layers (I–S
R=1) have been identified in association with the
beidellitic smectites toward the bottom of the smectite
zone (from 160 to 246 m).

Kaolinite is restricted to fractures which channeled
more acid fluids at shallow depth (from 110 m to 230 m).
It is linked to a fossil hydrothermal activity, associated
with underground boiling, which occurred prior to the
recent development of the smectites.

From 280 m to the bottom of the well, illitic minerals
characterize both the intermediate and deep alteration
zones in which fracture controlled permeable zones
alternate with low permeable altered rocks.

7.2. The clay signature of the fracture controlled
permeable zones

The permeable zones which channel most of the
present geothermal fluids collected in well BO6 are
fracture controlled and have been examined in more
detail. Based on a preliminary petrographical examina-
tion, they do not exhibit any significant difference in clay
mineralogy with their surrounding low permeable host
rocks. Indeed, chlorite and illite+ illite-rich mixed-layers
are identified in zones of active flow regime as well as in
zones of inactive flow regime. However, differences may
be pointed out if we consider more specifically the
crystal structure, the texture and/or the chemical prop-
erties of the clay minerals.

7.2.1. Signature of the illitic minerals
The broad transition of smectite to illitewith increasing

depth and temperature determined in the geothermal field
of Bouillante is a general trend reported in both fossil and
active hydrothermal systems (Bethke et al., 1986; Inoue
et al., 1992; Yan et al., 2001) as well as in diagenetic
environments (Sato et al., 1996; Dong et al., 1997). Such a
transition has been considered as the result of a thermally
activated sequential transformation reaction from smectite
precursor to illite which proceeds via crystallization of
I–Smixed layers series (Meunier and Velde, 1989) or as a
result of simultaneous crystallization of all the I–S mixed
layers via direct precipitation from solution (Inoue et al.,
2004). In the geothermal field of Bouillante, the cor-
relation between the decreasing amount of expandable
layers within the illitic particles and the increasing tem-
perature is not so clearly established. It seems effective
over the whole zone of inactive flow regime but not at the
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level of the permeable zones which channel most of the
present geothermal fluids (i.e., the damage zones of the
Cocagne and Plateau faults). Indeed, compared to those
formed at similar temperatures within the surrounding
low permeable altered rocks, the illitic minerals of the two
main permeable zones (at 500–590 m and at 850–910 m)
differ by a significant decrease in expandability asso-
ciated with smaller FWHM values of the basal reflec-
tions (Figs. 6 and 7) and by the thickening of the
subhedral to euhedral hexagonal crystallites (Fig. 8d).
The cristallinity of the illitic material (along the c⁎ axis
and on the a,b plane) therefore appears enhanced in the
levels which presently channel geothermal fluids.

In the present case, the intersected lithology is ap-
proximately homogeneous all along the drill hole,
consisting mainly of hyaloclastic tuffs with very few
intercalations of andesitic lava, and the chemistry of the
geothermal fluids collected in the producing wells is
very homogeneous. So, both the structural and textural
variations of illitic minerals formed in the permeable
fractured zones argue for a control of the rock perme-
ability and the F/R ratio. These parameters are known to
influence the kinetics of both the nucleation and the
growth and transformation process of clay minerals
(Inoue and Kitagawa, 1994). As a result, texture and
crystal-structure of phyllosilicates are potential indicators
of the circulation of fluids (past or present) in active
geothermal systems (Flexser, 1991; Patrier et al., 1996;
Teklemariam et al., 1996; Harvey andBrowne, 2000;Mas
et al., 2003). In highF/R ratio environment (i.e., advective
circulation of fluids in fractured host rocks) two scenarios
may take place:

Ascending geothermal fluids become strongly over-
saturated with respect to secondary clay material in
response to abrupt changes in physical and chemical
conditions (as a result of boiling or mixing of contrasting
fluids for instance), and lead to explosive nucleation of
clay crystallites with low size (Beaufort et al., 1996;
Patrier et al., 1996).

Ascending fluids are weakly oversaturated with
respect to clay minerals and lead to a much smaller
nucleation rate, and in turn to a higher growth rate which
leads to coarser (and more ordered) crystals of clay
minerals (Inoue and Kitagawa, 1994).

In the first scenario, themineral reactions take place far
from chemical equilibrium and the nucleation of
metastable phases is promoted. Such a crystallization
process leads to the occurrence of heterogeneous mineral
assemblages (for example, the different types of I–S
mixed layers and illite which constitute the illitic min-
erals) as a result of a kinetically controlled conversion of
the less stable phases to more stable ones according to the
Ostwald step rule (Essene and Peacor, 1995; Altaner and
Ylagan, 1997). We suggest that the strongly illitized level
intersected by the drill hole BO6 at the bottom of the
damage zone of the Plateau fault (around 640m) occurred
according to the above first scenario. The expected dra-
matic change of flow regime, related to the past tectonic
activity of the fault, would have promoted temporary
boiling of fluid (evidenced by the elongated crystal habits
of secondary calcite and the occurrence of kaolinite at
shallow depth) and crystallization of fine-grained illitic
minerals containing higher amounts of expandable layers
than in the surrounding samples. Similar observations
have been noted in the Long Valley geothermal system by
Flexser (1991) who interpreted the local occurrence of
more expandable illitic minerals as the result of an earlier
hydrothermal event that sealed the faulted zone and
preserved it from more advanced illlization.

The second scenario seems to be presently operating
in the fracture controlled permeable levels which
channel the geothermal fluids in which it controls the
crystallization of coarse grained subhedral platelets of
nearly pure illite characterized by large CSD size.

7.2.2. Signature of chlorites
Since most of the chlorites were formed during the

propylitic alteration stage (excepted in levels 620–
640 m), their crystal-chemical and textural properties are
much less informative on the fracture controlled
permeable levels which presently channel the geother-
mal fluids. As a result, chlorites do not exhibit any
specific variation of texture or crystal structure in the two
zones of active flow regime intercepted by BO6.
However, some geochemical differences have been
noted concerning the partitioning of iron between chlo-
rite and the other rock forming minerals in the shallower
fractured zone which corresponds to the intersection of
the Plateau fault. This is illustrated by the variation of
XFe ratios in both the pervasive chlorites and the bulk
rocks chemical analyses in BO6 drill hole (Fig. 11). With
increasing depth, the XFe ratios of chlorites and bulk
rock display a parallel variation in the non-productive
zones, indicating that the chemistry of chlorite is rock
dominated as specified by several authors in the altered
rocks affected by the propylytic alteration (Shikazono
and Kawahata, 1987; Beaufort et al., 1992; Lopez-
Munguira et al., 2002). The XFe ratios of chlorites and
their related bulk rock vary in an opposite way within the
permeable zone identified close to the intersection of the
Plateau fault, suggesting a fluid control there, as already
reported in hydrothermal alteration of fractured rocks
(Browne, 1989; Patrier et al., 1996). Changes of fO2 of
the hydrothermal fluid have frequently been invoked to
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justify the aforementioned chemical behavior of chlor-
ites (Nesbitt, 1990; Beaufort et al., 1992; DeCaritat et al.,
1993; Martinez-Serrano and Dubois, 1998). Indeed, the
structural limitation in the assignment of Fe3+ in tri-
octahedral chlorite favours the incorporation of mag-
nesium in the structure of chlorites which crystallize in
association with hematite under oxidizing conditions
(Beaufort et al., 1992). The specific crystal–chemical
properties of the chlorites from the permeable zone
related to the Plateau fault suggest that fluid circulation
was effective during the propylitic alteration stage and
consequently that the Plateau fault was already active at
that time. The impossibility of collecting samples within
the deeper fractured zone did not allow us to verify the
past behavior of the Cocagne fault.

8. Concluding remarks

This study contributes to a better knowledge of the
vertical distribution of alteration and the associated
secondary clay minerals down to approximately 1000 m
below the surface area of the geothermal field of
Bouillante. It confirms that the geothermal fluids are
presently channeled by the fracture networks associated
with the Plateau and the Cocagne faults. Despite the
andesitic average composition of the host rock, the fact
that the youngest clay parageneses are mainly composed
of dioctahedral clay minerals indicates that the spatial
distribution of these clay minerals is essentially con-
trolled by the chemistry of the infiltrating geothermal
fluid and the temperature. In other words, these minerals
precipitate from the ascending geothermal solutions and
the general trend can be summarized by the vertical
variation of the precipitated clay phases from illite to
smectites (through various types of I–S mixed layers)
with decreasing depth and temperature. However, the
illitic phases which precipitated along the flow channels
have specific structural and textural properties in
response to the expected change of nucleation and
growth rates operating in these high F/R ratio
environments.

These new findings corroborate the previous work of
Patrier et al. (2003) who proposed that the dioctahedral
smectites which constitute the fracture filling material
outcropping at several places in the area of Bouillante is
a surficial indicator of the hidden high temperature
geothermal system. The use of such a mineralogical tool
could probably be valid for the prospection of hidden
high temperature geothermal systems (i.e., with few
surface thermal manifestations), in geological settings
similar to those of Bouillante (in West Indies and other
oceanic subduction arc systems).
The absence of magnesian phases in the newly
formed clay parageneses has to be related to the very
low Mg content of the geothermal fluids extracted from
the fracture networks associated with the Plateau and the
Cocagne faults (less than 10 mg/l). As there is a major
contribution of marine water to the geothermal fluids, as
demonstrated by the previous geochemical studies
(Sanjuan et al., 2001), it seems reasonable to expect
that the geothermal fluids collected at Bouillante have
precipitated significant amounts of magnesian clays in a
deeper reservoir which still needs to be localized in
more detail.

Further investigations on the oxygen and hydrogen
isotopic composition would be necessary to improve our
knowledge and our first interpretations on the relation-
ship between clay properties and the present fluid
circulation. However, these first conclusions are prom-
ising and underline the importance of studying clay
minerals for geothermal prospection and evaluation of
the future evolution of the Bouillante geothermal
system.
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