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IntroductIon

Dioctahedral smectites are particularly abundant in the 
outermost alteration zone of high-temperature (250–260 °C) 
geothermal fields (Bargar and Beeson 1981; Cathelineau et al. 
1985; Cole and Ravinsky 1984; Flexser 1991; Inoue et al. 1999; 
Reyes 1990; Seki 2000, among others). These clay minerals are 
classic products of weathering under surface conditions and/or 
of hydrothermal alteration process (Güven 1988; Inoue 1995; 
Righi and Meunier 1995; Velde 1985). In active hydrothermal 
systems related to felsic to intermediate volcanic complexes, 
dioctahedral smectites constitute index minerals of the argillic 
alteration zone (Browne and Ellis 1970; Hulen and Nielson 
1984; Inoue 1995; Lowell and Guilbert 1970) in which they are 
considered a product of the alteration of rocks by near-neutral 
solutions at temperatures ranging from less than 50 to about 170 

°C (Bargar and Beeson 1981; Flexser 1991; Inoue 1995; Reyes 
1990; Wohletz and Heiken 1992, among others). However, even 
if the dioctahedral smectites could be a potential guide for hid-
den high-temperature reservoirs zones, they have been poorly 
studied and, in the literature, they are generally reported under 
the generic term of montmorillonite. 

A few studies have pointed out different types of dioctahedral 
smectites (montmorillonite, beidellite, or nontronite) in the outer-
most alteration halo of high-enthalpy geothermal fields (Beaufort 
et al. 1996; Inoue et al. 2004; Yang et al. 2001). However, until 
today, no systematic investigations have been performed on the 
crystal chemistry of the dioctahedral smectites in such geother-
mal systems, and little is known about the parameters that control 
the existing variations at the field scale. 

The absence of reliable data on hydrothermal smectites can 
be attributed to several factors. First, most attention has been 
paid to clay minerals that crystallized in the reservoirs at higher 
temperature, and, more particularly, to the mechanism of the late 
illitization stage (Battaglia 2004; Drits et al. 1996; Harvey and 
Browne 1991; Inoue et al. 1988; Inoue and Kitagawa 1994; Ji 
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aBstract 
The crystal structure and crystal chemistry of dioctahedral smectites in high-enthalpy geothermal 

systems were investigated through samples collected in two wells drilled in the Bouillante geothermal 
area to understand the factors that control their vertical variation. Smectites were examined by optical 
and scanning electron microscopy, electron microprobe analysis, X-ray diffraction (XRD), Fourier 
transform infrared spectrometry (FTIR), and oxygen-isotope analysis. Smectites predominate within 
the upper part of the drill holes (up to 260 m depth; temperature range: 67–163 °C). The XRD, FTIR, 
and chemical microanalyses clearly demonstrate a transition from montmorillonite to beidellite with 
increasing depth and temperature that proceeded through interstratification of beidellite-like and 
montmorillonite-like layers. Montmorillonite predominates at temperatures below 100 °C, whereas 
beidellite predominates between 110 and 163 °C. However, this transition is not explained by a ther-
mally controlled beidellitization process but appears to be related to hydrothermal fluids from which 
these smectites precipitated. The δ18O values of the fluids that equilibrated with smectites (–3.3 to 
0.4‰) indicate that beidellitic smectite precipitated from the hot geothermal fluid associated with 
minor amounts of residual solutions resulting from local boiling. In the same way, montmorillonitic 
smectite precipitated from reacting solutions whose origin lies in the phreatic water table (±seawater 
contribution) associated with minor amounts of liquids resulting from the condensation of vapors 
escaped from the boiling zones. The mixing rate of geothermal fluid with meteoric waters exerted a 
major influence on the montmorillonite vs. beidellite ratio of the smectite material as underlined by 
the irregular depth-related smectite transition. 
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