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INTRODUCTION

Dioctahedral smectites are particularly abundant in the 

outermost alteration zone of high-temperature (250–260 °C) 

classic products of weathering under surface conditions and/or 

solutions at temperatures ranging from less than 50 to about 170 

if the dioctahedral smectites could be a potential guide for hid-

the generic term of montmorillonite. 

-

crystal chemistry of the dioctahedral smectites in such geother-
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ABSTRACT

and chemical microanalyses clearly demonstrate a transition from montmorillonite to beidellite with 

-

18

smectite precipitated from reacting solutions whose origin lies in the phreatic water table (±seawater 

the irregular depth-related smectite transition. 
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formed under weathering conditions (generally smectite or 

-

are presently altered at temperature ranging from 50 to 175 °C 

and crystal chemistry of the dioctahedral smectites formed at dif-

to beidellite transition that is controlled on one hand by the 

mineralogical reactions. 

GEOLOGICAL SETTING

-

et al. 2002). 

-

the octahedral charge is lower than the tetrahedral one) + zeolites 

-

depth (with a temperature close to 200 °C at a depth of 350 m) 

260 °C close to the intersection with two major faulted horizons 

-

tion zone in which dioctahedral smectites largely predominate 

(at depths and temperatures ranging from 0 to 300 m and from 

(3) a deep alteration zone in which chlorite largely predominates 

250–260 °C). 

by a hydrothermal assemblage of smectite + calcite ± hematite 

whose mineralogical properties seem to be depth related: zeolites 

T

-

18O enrichment due to interaction processes with 

18

-

18

-
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FIGURE 1.

et al. (2006).
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SAMPLES AND METHODS

within the 40–260 m depth range (corresponding to a 70–160 °C temperature range). 

in mud pools or steaming grounds located near the center of the geothermal area 

m frac-

m stabilized clay suspension 

N CaCl2 to obtain 

3 test).

K 1+2

-

peel (pore diameter of 0.08 -

2  (CuK ) and between 2.5 and 65 

°2 °2  and a counting time of 3 s per step. 

with n

n

 15 mn at room temperature). 

-

TABLE 1. Surficial sampling and drill hole sampling carried out in BO6 and BO7 wells 
Drilling depth (m)   T (°C) Lithology—BO6/BO7 drill holes

BO7 40 67 Argillized tuff with pyroclastic elements, quartz and calcite
BO7 70 74 Argillized tuff with abundant calcite
BO6 75 76 Lahar and argillized tuff, pyrite and calcite
BO6 110 88 Silicified tuff, calcite
BO7 120 91 Argillized fractured zone with calcite and pyrite
BO6 125 97 Andesitic lava ± altered and argillized
BO6 150 111 Argillized tuff with calcite, silica, anhydrite and chlorite
BO7 155 111 Argillized and fractured zone with kaolinite, silica, calcite and pyrite
BO6 160 115 Fractured zone, argillized tuff/lahar, locally silicified, with abundant calcite
BO7 190 128 Argillized fractured zone with kaolinite, silica, calcite and pyrite
BO7 229 148 Argillized fractured zone with chlorite, calcite and pyrite
BO6 230 150 Fractured zone, tuff/lava ± altered with calcite, silica and pyrite
BO6 236 152 Fractured zone, tuff/lava ± altered with calcite, silica and pyrite
BO6 260 163 Fractured zone, argillized lava with kaolinite, calcite and pyrite

Surficial samples   Lithology
S1 Clay material collected in a trench infilled with boiling mud, near BO2
S2 Strongly altered and argillized rock collected in the steaming ground area
S3 Cement of a breccia (fossil hydrothermal manifestation)
S4 Strongly altered hyaloclastite (fossil hydrothermal manifestation)

Note: Lithology was provided by CFG services.
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FIGURE 2. Distribution of 

zones are defined according to 

in the figure is the present day 

R
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neutralized after this treatment and the tetrahedral charge remains.

-

able if its tetrahedral charge is higher than 0.19/O10 2

d001

d001 spacing of those with a predominant tetrahedral charge 

2+
2) was 

4
+ and analyzed 

4
+-saturated smectites were then washed 

4

cm–1 in transmission mode in the range 4000–400 cm–1

obtained from pressed powder pellets (under 12 tons per cm2) prepared with 2 mg 

4
+ and 

4
+ saturated clays according to the procedure of Petit et al. (1998) which is 

4 4
+ band before and 

18O of 

1963) according to the procedure outlined in Girard et al. (1997). Analysis was 

18O of calcites were determined 

3PO4

of the 18

18 Rsample/Rstandard) – 1] 

1000 where R 18O/16 18O 

1000 ln smectite-water  106 T–2 – 4.05  (1)

18O calcite – 18O water  106 T–2 – 2.89 (2)

where T

factor is applicable for both beidellite and montmorillonite since data from the 

smectite chemistry. 

RESULTS

XRD and FTIR characteristics of the smectitic material

collected at the surface and within the shallow alteration zone of 

characterized by a two water layer hydration state at air-dried 

condition (d001 d001 d002

and d003

R

a few samples collected at depths below 150 m.

m 

m fraction is 

et al.
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FIGURE 3.
material after ethylene-glycol treatment.
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coherent scattering domain along the c

 (CuK with 

) recorded for the 

smectite collected at a depth of 160 m. 

near 3630–3660 cm–1 that is characteristic of dioctahedral 

-

gions illustrate a depth-related transition from montmorillonite 

–1 with 

–1 would correspond to 

–1 is characteris-

–1

that is attributed to minor 

with increasing depth and is not perceptible below 110 m. 

–1

the 

–1. 

dioctahedral smectite. 

would correspond to species with predominant tetrahedral charge 

–1 would 

and 940 cm–1

and 3660 cm–1

840 cm–1 is characteristic of 

whereas the band at 875–880 cm–1 is characteristic of 

Mean layer charge and charge heterogeneity

-

-

tion that corresponds to a d

typical of low-charge smectites with a layer charge ranging from 

in layer charge heterogeneity. 

-

-

-

TABLE 2. Full width at half-maximum intensity of the (001) reflection of smectite (in °2 , CuK )
Samples 40 70 75 110 120 125 150 155 160 190 229 230 236 260
FWHM (°2 ) 0.62 0.72 0.57 0.57 0.53 0.63 0.58 0.58 0.70 0.49 0.41 0.52 0.46 0.45

FIGURE 4.
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lante are predominantly low-charge smectites whose layer 

charge heterogeneity tends to decrease with increasing depth and 

charge distribution at the depth of 160 m. 

Variation of charge location

test display a d001 d002

d002 spac-

ings range between the theoretical d002 -

lite and the d001

d002 -

d002

-

d002

smectitic material analyzed at depths below 200 m is close to that 

not possible to differentiate montmorillonite-beidellite random 

-

with increasing depth and temperature. 

4 4
+

FIGURE 5.

of Olis et al. 1990).

TABLE 3. d001 spacings of elemental curves of XRD patterns of 
smectite saturated with dodecylalkylammonium “C12 AA” 
(deduced from diffractogram decomposition) and smectite 
layer charge per half formula unit, in italics, deduced from 
the equation of Olis et al. (1990)

Samples d001 spacings of C12 AA smectites (in Å) and 
layer charges (per half formula unit) 

BO7-40 19.62 17.22 15.89
0.54 0.35 0.31

BO7-70 20.40 17.94 15.75
0.58 0.37 0.31

BO6-75 17.61 17.24 15.61
0.37 0.35 0.30

BO6-110 19.65 17.79 16.18
0.54 0.37 0.32

BO7-120 19.73 17.79 15.87
0.54 0.37 0.31

BO6-125 19.42 17.71 16.39
0.53 0.37 0.33

BO6-150 19.36 17.92 16.59
0.52 0.37 0.33

BO7-155 19.48 17.88 16.58
0.53 0.37 0.33

BO6-160 20.36 17.36 15.24
0.57 0.36 0.29

BO7-190 19.31 17.77 16.06
0.52 0.37 0.32

BO6-230 19.19 17.51 16.79
0.52 0.36 0.34

BO6-236 18.35 17.88
0.39 0.37

BO6-260 17.64
0.37

Note: Values in bold correspond to the main elemental component. 
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intermediate between montmorillonite and beidellite. Deeper 

smectites is near or close to that of ideal beidellite. 

Chemical composition

of the smectites formed in the different alteration sites of the 

FIGURE 6.
et al.
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TABLE 4. Distribution of smectite layer charges deduced from CEC 
measurements and FTIR analysis

CEC FTIR
Tetr. ch.  (+ var. ch.) Oct. ch. Tetr. ch.  (+ var. ch.) Oct. ch.

BO7-40 23% 77% 22% 78%
BO6-75 25% 75% 36% 64%
BO6-110 78% 22% 72% 28%
BO7-120 – – 47% 53%–
BO6-125 46% 54% 57% 43%
BO6-150 90% 10% 98% 2%
BO7-155 – – – –
BO6-160 82% 18% 98% 2%
BO7-190 – – 96% 4%
BO7-229 – – 89% 11%
BO6-230 75% 25% 94% 6%
BO6-236 78% 22% 79% 21%
BO6-260 64% 36% 82% 18%
Note: Tetr. Ch. = tetrahedral charge, var. ch. = variable charge, Oct. ch. = octa-
hedral charge.

FIGURE 7.
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calculated for O10 2 -

3+. 

the dioctahedral character of the smectite in all the samples and 

interlayer charge of the smectite ranges from 0.35 to 0.52 without 

-

from nearly pure montmorillonite to pure beidellite in the 

Oxygen isotope variation

Smectite. 

-

18

18

octahedral charge collected in boreholes decrease with increas-

ing depth (or temperature) from 15.9 to 9.8‰ (67–163 °C) and 

18

the percentages of octahedral charge of the surface smectite col-

FIGURE 8.

are reported in italics.

TABLE 5. Structural formula of smectite on the basis of O10(OH)2

Samples BO7-40 BO6-75 BO6-110 BO7-120 BO6-125 BO7-155 BO6-160 BO7-190 BO7-229 BO6-230 BO6-236 BO6-260
Nb analysis 10 8 11 9 17 18 17 18 36 7 8 18

av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev
Si 3.98 0.02 3.89 0.05 3.71 0.08 3.61 0.01 3.81 0.02 3.69 0.05 3.49 0.04 3.66 0.04 3.60 0.03 3.55 0.02 3.61 0.03 3.53 0.02
AlIV 0.02 0.02 0.11 0.05 0.29 0.08 0.39 0.01 0.19 0.02 0.31 0.05 0.51 0.04 0.34 0.04 0.40 0.03 0.45 0.02 0.39 0.03 0.47 0.02

AlVI 1.59 0.01 1.33 0.07 1.71 0.06 1.88 0.02 1.64 0.03 1.82 0.04 1.87 0.02 1.92 0.03 1.91 0.03 1.89 0.07 1.93 0.02 1.94 0.04
Fe3+ 0.00 0.00 0.33 0.06 0.13 0.03 0.09 0.02 0.13 0.02 0.09 0.02 0.08 0.02 0.04 0.01 0.07 0.02 0.03 0.02 0.04 0.01 0.02 0.02
Mg 0.44 0.01 0.33 0.02 0.16 0.05 0.06 0.01 0.25 0.02 0.10 0.03 0.07 0.01 0.05 0.02 0.03 0.01 0.04 0.04 0.04 0.02 0.04 0.01
Ti 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.04 0.04 0.01 0.01 0.01 0.02
Mn 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Oct. Oc. 2.04 0.01 2.00 0.02 2.01 0.03 2.02 0.02 2.02 0.01 2.02 0.02 2.02 0.02 2.01 0.02 2.01 0.02 2.01 0.03 2.02 0.01 2.01 0.01

Ca 0.16 0.01 0.12 0.02 0.13 0.06 0.18 0.03 0.16 0.02 0.17 0.02 0.16 0.02 0.15 0.04 0.17 0.03 0.16 0.02 0.11 0.03 0.19 0.02
Na 0.01 0.01 0.04 0.01 0.10 0.07 0.03 0.01 0.01 0.01 0.05 0.01 0.05 0.02 0.04 0.02 0.06 0.01 0.06 0.03 0.12 0.03 0.05 0.03
K 0.02 0.01 0.14 0.03 0.08 0.02 0.09 0.04 0.04 0.01 0.05 0.02 0.14 0.02 0.05 0.02 0.06 0.02 0.05 0.01 0.02 0.02 0.03 0.02
Int. ch 0.35 0.03 0.41 0.02 0.44 0.08 0.48 0.04 0.37 0.03 0.45 0.05 0.52 0.05 0.39 0.09 0.46 0.07 0.44 0.08 0.36 0.05 0.45 0.03

(O) % 94 5 73 11 34 17 19 5 49 7 31 13 2 6 13 9 13 5 0 4 0 3 0 3
(T) % 6 5 27 11 66 17 81 5 51 7 69 13 98 6 87 9 87 5 100 4 100 3 100 3
Notes: Nb analysis = number of analysis, av. = average, st. dev. = standard deviation, Oct. Oc. = octahedral occupancy, Int. ch = interlayer charge, [O] = percentage 
of octahedral charge, [T] = percentage of tetrahedral charge.
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lected in a mud pool and in steaming ground range from 13.8 to 

18

percentage of octahedral charge of the fracture-sealing smectite 

18

18

18O

( 18

18

18

obtained after separation at 160 °C and 7 bar are –0.4 ± 0.2‰ 

18O 

18

TABLE 5. Structural formula of smectite on the basis of O10(OH)2

Samples BO7-40 BO6-75 BO6-110 BO7-120 BO6-125 BO7-155 BO6-160 BO7-190 BO7-229 BO6-230 BO6-236 BO6-260
Nb analysis 10 8 11 9 17 18 17 18 36 7 8 18

av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev av. st. dev
Si 3.98 0.02 3.89 0.05 3.71 0.08 3.61 0.01 3.81 0.02 3.69 0.05 3.49 0.04 3.66 0.04 3.60 0.03 3.55 0.02 3.61 0.03 3.53 0.02
AlIV 0.02 0.02 0.11 0.05 0.29 0.08 0.39 0.01 0.19 0.02 0.31 0.05 0.51 0.04 0.34 0.04 0.40 0.03 0.45 0.02 0.39 0.03 0.47 0.02

AlVI 1.59 0.01 1.33 0.07 1.71 0.06 1.88 0.02 1.64 0.03 1.82 0.04 1.87 0.02 1.92 0.03 1.91 0.03 1.89 0.07 1.93 0.02 1.94 0.04
Fe3+ 0.00 0.00 0.33 0.06 0.13 0.03 0.09 0.02 0.13 0.02 0.09 0.02 0.08 0.02 0.04 0.01 0.07 0.02 0.03 0.02 0.04 0.01 0.02 0.02
Mg 0.44 0.01 0.33 0.02 0.16 0.05 0.06 0.01 0.25 0.02 0.10 0.03 0.07 0.01 0.05 0.02 0.03 0.01 0.04 0.04 0.04 0.02 0.04 0.01
Ti 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.04 0.04 0.01 0.01 0.01 0.02
Mn 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Oct. Oc. 2.04 0.01 2.00 0.02 2.01 0.03 2.02 0.02 2.02 0.01 2.02 0.02 2.02 0.02 2.01 0.02 2.01 0.02 2.01 0.03 2.02 0.01 2.01 0.01

Ca 0.16 0.01 0.12 0.02 0.13 0.06 0.18 0.03 0.16 0.02 0.17 0.02 0.16 0.02 0.15 0.04 0.17 0.03 0.16 0.02 0.11 0.03 0.19 0.02
Na 0.01 0.01 0.04 0.01 0.10 0.07 0.03 0.01 0.01 0.01 0.05 0.01 0.05 0.02 0.04 0.02 0.06 0.01 0.06 0.03 0.12 0.03 0.05 0.03
K 0.02 0.01 0.14 0.03 0.08 0.02 0.09 0.04 0.04 0.01 0.05 0.02 0.14 0.02 0.05 0.02 0.06 0.02 0.05 0.01 0.02 0.02 0.03 0.02
Int. ch 0.35 0.03 0.41 0.02 0.44 0.08 0.48 0.04 0.37 0.03 0.45 0.05 0.52 0.05 0.39 0.09 0.46 0.07 0.44 0.08 0.36 0.05 0.45 0.03

(O) % 94 5 73 11 34 17 19 5 49 7 31 13 2 6 13 9 13 5 0 4 0 3 0 3
(T) % 6 5 27 11 66 17 81 5 51 7 69 13 98 6 87 9 87 5 100 4 100 3 100 3

FIGURE 9. 18 18

18

and Arnason (1977).

TABLE 5. —EXTENDED
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-

18

18O

for surface and shallow samples.

Calcite.

18

-

18

depth (and temperature) as those deduced from smectite analyses 

18O

by the occurrence in the samples of small amounts of calcite of 

by their association with some relicts of chlorite). 

DISCUSSION

In this study it has been shown that the dioctahedral smectites 

-

-

4Al 2+ +O10 2] to beidellite 

Al  Al2
+O10 2] with increasing depth (40–260 m) 

homogeneity of the layer charge of the smectite.

octahedral charges) predominates at temperatures lower than 100 

-

TABLE 6. Oxygen isotope data of smectites and calcite
 Samples Octahedral layer charge ( %) of smectite 18O(‰)SMOW smectite 18O(‰)SMOW fluid (s) 18O(‰)SMOW calcite 18O(‰)SMOW fluid (c)
Surficial sampling
S1 72 13.8 ± 0.1 – – –
S2 79 16.1 ± 0.1 – – –
S3 34 12.3 ± 0.4 – – –
S4 27 12.9 ± 0.4 – – –
Drill hole sampling
BO7 40 m 78 15.9 ± 0.3 –2.1 ± 0.9 17.9 –3.1 ± 0.7 
BO6 75 m 64 14.3 ± 0.1 –2.6 ± 0.7 16.4 –4.4 ± 0.8 
BO6 125 m 43 11.3 ± 0.3 –3.3 ± 0.8 10.1 –7.3 ± 0.6
BO6 160 m 2 11.1 ± 0.2 –1.8 ± 0.6 7.8 –7.8 ± 0.5
BO6 236 m 21 10.3 ± 0.4 0.2 ± 0.7 7.2 –5.3 ± 0.4 
BO6 260 m 18 9.8 ± 0.3 0.4 ± 0.6 7.9 –3.8 ± 0.4
Notes: The 18O SMOW values of fluids equilibrated with smectites (s) and calcite (c) were calculated using the fractionation equation of Savin and Gilg (1996) and 
Friedman and O’Neil et al. (1977), respectively.

FIGURE 10. 18 18

18

Arnason (1977).
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-

lutions at temperatures up to 150 °C (Inoue et al. 2004). In the 

dominant type of smectite within the upper part of the alteration 

T -

Inoue et al. 

A depth-related montmorillonite to beidellite transition has 

-

smectites in geothermal and diagenetic systems (precipitation 

at higher temperatures than montmorillonite and/or montmoril-

et al. 2001).

-

-

alteration zone (Guisseau 2005).

-

-

tions from which precipitated the Al-rich smectites precipitated. 

-

-

-

18

the 18O of smectites crystallized in depth considering their 

aluminous chemical composition.

18

the smectites indicate that beidellite-rich smectite precipitated 

from reacting solutions whose origin has to be sought essentially 

associated with minor amounts of residual solutions resulting 

from local boiling (as supported petrographically by the local 

rich smectite precipitated from reacting solutions whose origin 

composition and the crystal-chemical properties of the smectites 

in the mineral reactions. 

FIGURE 11.
function of the present-day temperature.
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18

CONCLUDING REMARKS

-

lated montmorillonite to beidellite transition documented in 

not independent factors in the fracture-controlled hydrothermal 

Utami 2000) in which most of the heat transfer is supplied by 

-

-

and mainly meteoric waters in recharge zones (±condensation of 

-

-

ing the crystal-chemical properties of dioctahedral smectites in 

-

-

-

as a prospecting guide for hidden high-enthalpy geothermal 
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