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Abstract Raman spectroscopy was used to analyze
quantitatively water in silicate glasses and melt inclusions
and to monitor H2O–OH speciation. Calibration is based
on synthetic glasses with various water contents (0.02–
7.67% H2O); water determination and OH–H2O differ-
entiation on the area of the Si–O broad band at 468 cm–1

and the asymmetric O–H band at 3,550 cm–1. Each Ra-
man spectrum has been decomposed into four Gaussian
+ Lorentzian components centered at 3,330, 3,458,
3,560, and 3,626 cm–1 using the Levenberg–Marquardt
algorithm. These components are interpreted to be two
different types of H2Omolecule sites. The influence of the
temperature on the loss of water is more important for
molecular water than for the hydroxyl groups. The H2O–
OH partition confirms the typical evolution of water
speciation in rhyolitic glasses as a function of the bulk
water content. Method limitations have been studied for
the application to natural melt inclusions.

Introduction

The quantity of dissolved volatiles (water, carbon
dioxide ...) in magmas represents a key parameter for the
understanding of igneous processes. The presence of
water is known to drastically affect the chemical prop-
erties of magmas. The determination of the water con-
tent allows quantification of reaction rates, and a better
understanding of crystal growth and mineral paragene-

sis. Addition of water to silicate melts leads to changes in
their physical properties (Stolen and Walrafen 1976;
Mysen et al. 1980; Stolper 1982a, 1982b), for example, a
decrease in viscosity as a result of breaking oxygen
bridges by insertion of OH groups, breakdown of Si–O
lattices, and depolymerization. The determination of
water content in natural silicate melts, therefore, is
important to explain the P–T conditions of the genesis,
ascent of magmas, and to characterize the type of the
eruption. An estimation of the volatile and water con-
tents in magmas are obtained through their determina-
tion in melt inclusions. These inclusions correspond to
quantities of silicate melt that are trapped as defects into
the lattice of a host mineral during the crystallization of
the magma. Water content is conventionally determined
in glasses by Karl–Fisher titration and manometry for
bulk water content. Total H2O content can be differen-
tiated by thermo-gravimetric methods. However, the size
of melt inclusions limits the application of such an
analytical approach. Ion microprobe (Delaney and
Karsten 1981; Deloule et al. 1995) and electron micro-
probe analyses (Devine et al. 1995; Morgan and London
1996) allow the determination of the total water content
whereas infrared microspectroscopy permits quantifica-
tion of molecular water and hydroxyl groups or silanols
(Stolper 1982a, 1982b; Newman et al. 1986; Silver et al.
1990; Behrens et al. 1996; Salova et al. 1996). However,
these techniques have some limitations: ion microprobe
is destructive and not a routine technique, electron
microprobe gives an indirect water concentration esti-
mate by subtracting the sum of the analyzed elements
from 100%, and infrared spectroscopy requires a 20-lm
diameter area and an adequate sample preparation
(glass inclusion must be exposed on both surfaces of a
doubly polished wafer thin section and inclusion thick-
ness must be known) (Stolper 1982a; Newman et al.
1986; Ihinger et al. 1994; Zhang et al. 1997). Raman
microspectroscopy has been recently used to character-
ize melt inclusions. Although used for the understanding
of the structures of glass and melt (Brawer and White
1975; Matson et al. 1983; McMillan 1984; Galeener
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1985), Raman spectroscopy was rarely used for quanti-
tative analysis of water in melt inclusions. Chabiron
et al. (1999) developed a quantitative application of the
Raman spectrometry to determine the water concen-
trations of melt inclusions. Thomas (2000) determined
water content in granitic melt inclusions by confocal
laser Raman spectroscopy. This technique has great
potential: (1) it is non-destructive, (2) it does not require
complex sample preparation, and (3) it has a high spatial
resolution (the diameter of the laser spot is near one
micrometer). Fluorescence of the sample is sometimes a
limitation, masking the Raman scattering of glasses. The
objectives of this work are first to determine an adequate
analytical procedure for melt inclusions and second to
delineate H2O–OH speciation in glasses. Raman spec-
troscopy has been calibrated using synthetic glasses with
well-known water contents.

Samples

Nine synthetic rhyolitic glasses (six produced at CREGU
and Clermont-Ferrand laboratories and three provided
by Withers and Behrens 1999) and two synthetic SiO2

glasses (Heraeus, France) were used as standards for the
calibration of the Raman spectroscopy.

Samples with low water-contents were two thin slides
of Suprasil I and Herasil I (Heraeus, France) containing
less than 1,000 and 150 ppm of water, respectively.

Synthetic glasses AC1, AC2, AC3, AC4, AC5, and
AC6 were synthesized from high purity SiO2, Na2CO3,
K2CO3, and Al2O3 reagents. Na2CO3 and K2CO3 were
heated to 1,000 �C to drive off CO2 and H2O. Oxide
powders were mixed in desired proportions to produce a
rhyolitic composition. Weighed powders were loaded
into gold capsules with one end welded shut along with a
pre-weighed amount of distilled water then welded shut.
Capsules were loaded into an internally heated pressure
vessel and run at 950 �C and 4,000 bar for 48 h. Samples

were quenched by drop of temperature. Homogeneity of
the glasses was examined by microscopy and confirmed
by Raman microspectroscopy. Water content of the
reference glasses was analyzed by Karl Fisher titration
with analytical error below 2% (CRPG, Nancy, France).

Three volcanic glasses trapped in quartz crystals of
pumice falls were selected according to their composi-
tion (Table 1) and their geological context. We have
chosen quenched material such as pumice falls to avoid
post-entrapment crystallization on the walls of the cav-
ity, which occurs during slow cooling of lava flows. All
inclusions are completely glassy at room temperature
without any shrinkage bubble. San Pietro (Sardinia,
Italy, 14 million years) has a peralkaline comenditic
composition with moderate iron and alkali contents
(
P

Na2O + K2O>8 wt%) (Larhidi 1981). Melt inclu-
sions in quartz from Guadeloupe (Lesser Antilles,
250,000 years) come from a calc-alkaline subduction-
related suite and are metaluminous rhyolitic in compo-
sition (Clocchiatti 1975). Melt inclusions in quartz from
the Mont Dore (La Bourboule, French Massif Central,
3 million years old) come from an alkaline continental
series.

Analytical techniques

Fourier transform infrared spectroscopy

Water content in melt inclusions were analyzed by
Fourier transform infrared spectroscopy (FTIR). The
FTIR measurements were performed using a Nicolet
Magna IR550 spectrometer equipped with a global
source, a MCT/A detector cooled with liquid N2, a
KBrXT beam splitter, coupled with a Spectra Tech
microscope. Considering the high water content of the
melt inclusions, combination bands at 5,230 (H2O) and
at 4,500 cm–1 (OH) were used for the quantification of
water in glass. The chosen extinction coefficients for the

Table 1 Average compositions and standard deviations of silicate glasses (AC1, AC2, AC3, AC4, AC5, AC6) and melt inclusions from
Mont Dore, Guadeloupe, and San Pietro. – Not analyzed. M. Dore Mont Dore; Guadel. Guadeloupe; S. Pietro San Pietro

Compositions of silicate glasses and melt inclusions

Location M. Dore Guadel. S. Pietro AC1 AC2 AC3 AC4 AC5 AC6

Element (wt%) r (wt%) r (wt%) r (wt%) r (wt%) r (wt%) r (wt%) r (wt%) r (wt%) r

SiO2 71.78 0.04 71.73 1.09 70.65 1.36 68.74 0.67 69.04 1.15 69.74 0.61 69.47 1.23 67.70 1.06 67.65 0.61
TiO2 0.11 0.02 0.25 0.10 0.12 0.10 - - - - - - - - - - - -
Al2O3 11.55 0.12 11.56 0.14 10.02 0.27 13.02 0.10 13.41 0.08 14.65 0.08 14.13 0.22 13.18 0.14 12.31 0.17
FeO 0.72 0.05 1.07 0.19 2.78 0.32 - - - - - - - - - - - -
MnO 0.04 0.02 0.10 0.20 0.10 0.10 - - - - - - - - - - - -
MgO 0.04 0.01 0.09 0.10 0.06 0.02 - - - - - - - - - - - -
CaO 0.27 0.00 0.79 0.13 0.08 0.05 - - - - - - - - - - - -
Na2O 3.87 0.17 3.14 0.17 4.66 0.22 6.05 0.12 5.51 0.12 4.94 0.21 4.74 0.24 5.43 0.18 5.49 0.59
K2O 4.39 0.35 3.18 0.20 4.17 0.20 6.52 0.19 5.93 0.17 5.11 0.11 5.10 0.29 5.77 0.22 5.99 0.29
Cl 0.30 0.01 0.25 0.06 0.45 0.03 - - - - - - - - - - - -
Total 93.05 0.49 92.16 2.38 93.09 2.67 94.33 0.77 93.89 1.30 94.44 0.56 93.44 1.47 92.08 0.97 91.44 0.93
H2O

a - - - - - - 3.19 <0.06 3.70 <0.07 3.73 <0.07 4.61 <0.09 5.97 <0.12 7.67 <0.15

aWater concentration by Karl Fisher analysis (error <2%)
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calculation were 1.86 and 1.50 l mol–1 cm–1, respectively
(Ihinger et al. 1994). The thickness of the sample was
measured and for the biggest samples (‡0.5 mm3) the
density was determined by flotation. The sample was
placed in a sodium metatungstate solution with a density
of 3 g ml–1. Pure water was added until the sample re-
mained in equilibrium with the solution and decreased in
density. The sample density, therefore, was considered
to be equal to the density of the solution. An average
density of 2.34 g cm–3 was used for the calculation.

Raman spectroscopy

The water analysis in glasses and melt inclusions was
obtained using a Labram Dilor microspectrometer at
CREGU laboratory, Nancy, France. A grating of 600
was used and allowed us to record spectra between 100
and 4,000 cm–1, covering, in one experiment, the area of
the silicate framework at low wave numbers and the area
of the water-stretching bands at high wave numbers. An
Olympus optical microscope with a long distance 80x
objective was used. A CCD detector collected glass
spectra with sample excitation produced by an argon
laser beam (514.5 nm) at a power of 300 mW and an
acquisition time of 1 min. The Raman analysis does not
require abnormal preparation of the sample. The Raman
spectrometer is equipped with a Linkam microthermo-
metric stage. Spectra have been recorded up to 400 �C.
At higher temperatures, the intensity of the Raman signal
decreases and does not allow accurate measurement.

Raman spectra of hydrous rhyolitic glasses

Band assignments

Si–O vibration modes correspond to a broad band at
468 cm–1 (bending) and to a weak contribution near

1,100 cm–1 (stretching, see Fig. 1). The band at 776 cm–1

is assigned to Si–O–Si bending vibrations. Hydroxyl
group [Si(Al)–OH] are located between 900–1,000 cm–1

for the bending mode and at �3,500 cm–1 for the
stretching mode. Molecular water contribution is de-
tected at 1,620 cm–1 (bending) and between 3,200 and
3,450 cm–1 (stretching; Brawer and White 1975; Mysen
et al. 1982; Matson et al. 1983; McMillan 1984). The
Raman spectrum varies with water content. The Raman
spectrum of Suprasil 1 with 1,000 ppm of OH shows a
weak asymmetric band near 3,500 cm–1 due to the O–H
stretching vibration of hydroxyl groups. The only or
dominant hydrous species present in low-water content
silicate glasses are hydroxyls (Stolen and Walrafen 1976;
Stolper 1982b; McMillan and Remmele 1986). In the
water-rich glasses, the O–H stretching zone is broader
than in low-water content glasses and extends from
3,000 to 3,800 cm–1. This is due to the presence of
molecular H2O.

Spectral treatment

Acquired spectra require a baseline correction in most
cases because of luminescence and/or fluorescence of
glass under laser radiation. The method for water
determination and OH and H2O differentiation in glas-
ses is based on the area calculation of the asymmetric
OH stretching band between 3,000 and 3,788 cm–1 and
on the asymmetric Si–O broad band between 228 and
554 cm–1. A test of repeatability has been made on one
natural melt inclusion from the Mont-Dore rhyolite
(Table 2). The error (1r) on water determination is 1.1%
and combines acquisition and treatment errors.

For our reference glasses, the second derivative of the
spectra produces four main band contributions. By
consequence, each spectrum has been decomposed into
four Gaussian + Lorentzian components centered
at 3,330, 3,458, 3,560, and 3,626 cm–1 using the

Fig. 1 Raman spectrum of
synthetic glass (AC6)
containing 7.67 wt% H2O with
the location of the different
typical bands of water (1,620
and 3,560 cm–1), Si–O, Si–O–Si,
and Si(Al)–OH. The Raman
spectrum of Suprasil 1 glass
with less than 1,000 ppm H2O is
shown for comparison
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Levenberg–Marquardt algorithm (Fig. 1). We interpret
these four components as due to two different types of
OH oscillators with different vibration modes. This
decomposition is in agreement with that of Mysen et al.
(1997), who showed that the band at 3,550 cm–1 may be
the result of three main bands at 3,350, 3,500, and
3,575 cm–1 and an additional weak band around
3,640 cm–1. Spectral treatments have been done with
OPUS software (Bruker).

Results and discussion

Calibration of the Raman technique

The calibration of the Raman technique was made using
synthetic glasses with different, known water contents. It
was based on the correlation between the known water
content determined by the Karl Fisher titration and the

ratio of the areas of the H2O + OH stretching band and
the Si–O bending band (Table 3). Each point corre-
sponded to the mean of three determinations (±1r
standard deviation). A linear relationship was obtained
(Fig. 2). This regression allows determination of dis-
solved water contents in glasses from the H2O + OH
stretching band to Si–O bending band ratio:

Water content ð%Þ ¼ ½H2OþOH�Area=½Si�O�Area � 6:3
with r2 ¼ 0:96; n ¼ 11

Differences between the two methods could be pos-
sible because Karl Fisher is a bulk technique whereas
Raman is a micro-technique. These results demonstrate
that Raman spectroscopy can be easily used to deter-
mine the dissolved water content in glasses.

Comparison with infrared water data

Measurements of dissolved H2O by Raman spectrome-
try were applied to natural melt inclusions from Mont
Dore, Guadeloupe, and San Pietro and compared with
determinations by infrared micro-spectrometry. Infrared
data and Raman results are given in Table 4. For melt
inclusions with the highest water contents, Raman water
contents are similar to those obtained by infrared spec-
troscopy with differences less than 10% for MD 25 and
G51-9A, and about 10% for SP 1 and G51-1. For the
other melt inclusions, differences between water content
analyzed by Raman spectroscopy and water content,
when analyzed by infrared spectroscopy, may be up to
27%. Raman results show a good homogeneity for each
location whereas dispersion of infrared data is �10%.
Different error types can affect water determination by
Raman and infrared micro-spectrometry. Infrared data
are mainly affected by the thickness, the signal/back-
ground ratio, and by baseline correction. FTIR allows
several water determinations: total H2O from measure-
ments at 7,100 and 3,570 cm–1 (an interesting method
for low-water concentration glasses), molecular water
from measurement at 1,630 cm–1, and the water speci-
ation by the measurement of the absorption bands at

Table 2 Raman spectroscopy data (Si–O, OH + H2O band areas,
(OH + H2O)/Si–O band area ratio and % H2O (calculated from
calibration equation) from 11 analyses on the same location of one
melt inclusion from Mont Dore showing the good repeatability of
the Raman analysis

Repeatability of the Raman analysis

Raman
spectrum

SiO (106) OH + H2O (106) OH +
H2O/SiO

wt% H2O Ra

1 3.63482 2.89077 0.79530 5.01
2 3.59632 2.86990 0.79801 5.03
3 3.63975 2.82860 0.77714 4.90
4 3.59831 2.83540 0.78798 4.96
5 3.62143 2.89965 0.80069 5.04
6 3.62999 2.87109 0.79094 4.98
7 3.61217 2.87051 0.79468 5.01
8 3.60981 2.81236 0.77909 4.91
9 3.61261 2.79540 0.77379 4.87
10 3.59963 2.82942 0.78603 4.95
11 3.61486 2.84376 0.78669 4.96
Average 3.61543 2.84971 0.78821 4.97
r 0.01474 0.03304 0.00879 0.06
% error 0.40781 1.15957 1.11483 1.11

aWater concentration obtained by Raman spectroscopy

Table 3 Raman spectroscopy
data obtained on synthetic
glasses used for calibration of
water determination: Si–O, OH
+ H2O average band areas and
(OH + H2O)/Si–O band area
ratio and its standard deviation
are noted. For each sample, the
laser beam has been focused on
three different locations. Weight
% H2O corresponds to
concentrations determined by
Karl Fisher analysis

Raman spectroscopy data for calibration of water determination

Sample Karl Fisher Raman micro-spectrometry r

% H2O SiO (106) OH + H2O (106) OH + H2O/SiO

AC6 7.67 3.78750 5.08375 1.348 0.018
AC5 5.97 8.33000 6.97667 0.838 0.037
KS52 5.20 10.86667 9.35333 0.861 0.027
AC4 4.61 7.60667 5.54667 0.729 0.162
AC3 3.73 9.43000 5.49000 0.582 0.061
AC2 3.70 8.67667 4.62000 0.532 0.048
KS32 3.20 8.45000 4.74000 0.561 0.061
AC1 3.19 9.74667 3.63667 0.373 0.032
KS12 1.20 8.02000 2.02327 0.252 0.016
S1 0.10 12.13333 0.01671 0.001 0.000
H1 0.02 11.96667 0.01565 0.001 0.000
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4,500 cm–1 for OH and 5,230 cm–1 for H2O, whereas
Raman routine water estimation does not split OH and
H2O contributions. Raman data are sensitive to lumi-
nescence, depth of inclusion, and quartz spectrum sub-
traction. However, an attempt at Raman spectrum
decomposition has been made to monitor OH/H2O
speciation with temperature.

Limitations

Luminescence

Luminescence of a melt inclusion under visible laser
excitation is induced by the presence of trace elements in
natural glasses or by defects in the silicate lattice. Tests
of repeatability indicate an error on the area calculation
of the OH + H2O stretching band that is three times

higher than on the area calculation of the Si–O bending
band (Table 1). This difference can be explained by a
baseline treatment that is generally more important for
OH– than for the Si–O band. The luminescence of the
melt inclusion implies a differential baseline treatment
with wave numbers. The area calculation will be more
affected in the high wave-number region because lumi-
nescence intensity of an argon laser increases with the
wave numbers in the considered spectral range. This
luminescence can be lowered by recording spectra at a
temperature of �60 �C. Such a temperature is consid-
ered to have no effect on water content.

Effect of quartz: spectra treatment

Water can be determined by Raman spectroscopy in
melt inclusions located at the surface or at different
depths of the quartz-hosted phenocrysts. Even if con-
focal Raman equipment is used, the melt inclusion
analysis needs a specific treatment to delete the effect of
the quartz matrix. The quartz host is also analyzed by
Raman spectroscopy in the neighborhood of the inclu-
sion and its spectrum must be subtracted from the Ra-
man spectrum of the melt inclusion. The bending
vibrations from quartz are superimposed on bending Si–
O vibrations from glass. The residual Raman spectrum
corresponds to the melt inclusion spectrum without the
host mineral contribution. This subtraction, executed
using the Opus software, can contribute to the error of
water concentration calculation.

Effect of depth of melt inclusion in the quartz host

We analyzed different melt inclusions with homogeneous
water contents hosted by quartz located at different
depths between the surface and a depth of 136 lm.
Figure 3 shows that the ratio of the H2O + OH
stretching band area and the Si–O bending band area
decreases with increasing depth to the melt inclusion. It
appears that, down to 119 lm depth, the water content

Fig. 2 Calibration curve for the determination of water content in
glasses: referenced water content vs. (OH + H2O)/Si–O band area
ratio. These values correspond to those noted in Table 1. A linear
relationship is obtained, allowing for the determination of the
dissolved water content in glasses from the H2O + OH stretching
band/Si–O bending band ratio: water content ð%Þ ¼ ½H2Oþ
OH�Area=½Si�O�Area � 6:3 with r2 ¼ 0:96; n ¼ 11

Table 4 Raman and FT-IR spectroscopy data obtained on natural
melt inclusions from Mont Dore (MD), San Pietro (SP), and
Guadeloupe (G): SiO, OH + H2O band areas and (OH + H2O)/
Si–O band area ratio, %Water (R) corresponds to calculated bulk
water content from Raman calibration equation [Water content

(wt%) =[H2O + OH]Area/[Si–O]Areax6.3], Abs. 5230 and Abs.
4,500 correspond to the measured infrared absorbances of the H2O
and OH functional groups, respectively, thickness of each inclusion
has been measured; %water (ir) corresponds to calculated bulk
water content from the Beer–Lambert�s law

Comparison between water concentrations obtained by Raman spectroscopy and FTIR

Sample Location SiO (106) OH + H2O (106) OH + H2O/SiO %Water (R)a Abs. 5,230 cm-1 Abs. 4,500 cm-1 Thickness %Waterb

(lm) (ir)

MD 25 Mont Dore 3.63482 2.89077 0.795 5.01 0.111 0.0236 115 5.00
SP 1 San Pietro 6.10966 2.90692 0.476 3.00 0.0444 0.0096 70 3.31
SP 2 San Pietro 7.37822 3.55020 0.481 3.03 0.092 0.0214 131 3.71
SP 3 San Pietro 7.05822 3.30700 0.469 2.95 0.111 0.0247 154 3.76
G51-9A Guadeloupe 7.72676 5.91363 0.765 4.82 0.104 0.0306 124 4.69
G51-1 Guadeloupe 7.62970 5.83678 0.765 4.82 0.0524 0.0203 73 4.32

aWater concentration determined by Raman spectroscopy
bWater concentration determined by FTIR
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decrease is lower than 10% compared with the value
obtained in an inclusion at the surface. Nevertheless,
inclusions at the surface result in a lower water content
than inclusions at depth. However, the water content in
inclusions at the surface does not represent the real
water concentration of the natural glass because of
possible dehydration. The reduction in the ratio of the
H2O + OH stretching band area and the Si–O bending
band area is due to the slightly different behavior of the
H2O band and the Si–O band. The intensity of the H2O
band decreases more than the intensity of the Si–O
band. This phenomenon can be explained by the varia-
tion in optical transmission as a function of the wave-
length through the quartz crystal.

The concentration obtained for an inclusion at low
depths of �15 lm is more representative of the real
water concentration. For depths less than 15 lm, the
error increases. Down to 90-lm depth, inclusions yield
correct water concentrations with less than 10% error
compared with the value obtained for an inclusion at less
depth.

Effect of quartz orientation

The band area ratio was measured on glass inclusions in
quartz at 10 lm below the surface using a rotational
stage and double polarization. Measurements were
made at each 15� without polarizors. Angles of 0 and 90�
correspond to quartz pseudo-extinction. Slight varia-
tions in the band area ratio were observed, which do not
exceed 10%. The ratio was weaker at 45� to the
extinction angle.

Temperature effect on the water content of glasses

Figure 4 illustrates the temperature dependence of the
ratio of each decomposed band area from the H2O +
OH stretching band and the Si–O bending band area.

The ratio of the decomposed band at 3,330 cm–1 and the
Si–O band is constant up to 60 �C. From 110 to 275 �C,
(heating rate 5 �C min–1), this ratio significantly and
regularly decreases. After 300 �C, it strongly decreases.
At 385 �C, the 3,330 band looses about 89% of its
integrated intensity. The decrease in the ratio of the
decomposed band area centered at 3,458 cm–1 to the
Si–O band area decreases from 60 to 385 �C by
approximately 34% relative to room temperature. The
ratio of the decomposed band area at 3,559 cm–1 and the
Si–O band is quite constant up to 220 �C and then de-
creases by about 36%. The ratio of the decomposed
band area at 3,626 cm–1 and the Si–O band is constant
with increasing temperature. The influence of tempera-
ture on the loss of water from rhyolitic glass is more
important for molecular water than for hydroxyl
groups, which are more stable in the glass structure
below 400 �C. However, an attempt at Raman spectrum
decomposition has been made to monitor OH/H2O
speciation with temperature.

OH/H2O speciation

Samples AC5 and AC6 were analyzed by Raman spec-
troscopy at different temperatures from 20 to 385 �C.
The results indicate a loss of bulk water content with
increasing temperature. The ratio of the H2O + OH
stretching band area and the Si–O bending band area
was used with the calibration curve to obtain the bulk
water content of the glass at each temperature. Each
spectrum was then decomposed as explained above. The
sums of the area of the two decomposed bands corre-
sponding to molecular water (3,330 and 3,458 cm–1) and
the sum of the area of the two decomposed bands cor-
responding to hydroxyl groups (3,559 and 3,626 cm–1)
were calculated. Figure 5 shows the area ratio of the
molecular water and the Si–O band and the hydroxyl
groups and the Si–O band as a function of bulk water

Fig. 3 Depth of melt inclusion (lm) vs. [OH+H2O]Area/[Si–O]Area

diagram (between the surface and 136 lm depth), showing that the
ratio of the H2O + OH stretching band area and the Si–O bending
band area decrease with increasing depth of the melt inclusion
location. Up to 90 lm in depth, inclusions present correct water
concentrations with lower than 10% error in comparison to the
value obtained on an inclusion at low depth

Fig. 4 Temperature vs. (decomposed H2O band)/Si–O (3,330,
3,458 cm–1) and temperature vs. (decomposed OH band)/Si–O
(3,559, 3,626 cm–1) diagrams. The influence of temperature on the
loss of water from rhyolitic glass is more important for molecular
water than for hydroxyl groups, and is more stable in the glass
structure below 400 �C
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for the AC5 and AC6 glasses. The cross sections of
hydroxyls and water are considered equivalent.

At low bulk water content, most of the water is dis-
solved as hydroxyl groups in glass. At a bulk water
content of approximately 3 wt%, equal amounts of
water are dissolved as molecular water and hydroxyl
groups. For bulk water contents higher than �3 wt%,
most of the water is dissolved as molecular water. The
hydroxyl group content becomes relatively constant or
slightly increases, whereas the molecular water concen-
tration rapidly increases.

These results show the typical evolution of water
speciation in rhyolitic glasses as a function of bulk water
content (Stolper 1982b; Newman et al. 1986; Silver et al.
1990; Schmidt et al. 2001). The inflection point of 3 wt%
of bulk water content is in good agreement with the data
of Silver et al. (1990) and Ihinger et al. (1999), obtained
on rhyolitic glasses synthesized in rapid quench cold seal
bombs by infrared spectroscopy, and with the data of
Schmidt et al. (2001) on aluminosilicate glasses with
NMR spectroscopy.

Conclusions

This study demonstrates the potential of Raman spec-
troscopy for quantitative analysis of dissolved water in
silicate glasses and in rhyolitic melt inclusions over the
H2O concentration range 0.2–7.7 wt%. Raman spec-
troscopy allows for analyses of melt inclusions that are
<20 lm in diameter (up to 5–10 lm), which cannot be
analyzed by transmission infrared spectroscopy due to
their small size.

Raman spectroscopy has been calibrated using syn-
thetic glasses with well-known water contents deter-
mined by the Karl Fisher method. The obtained

calibration curve permits the determination of total
dissolved water contents in glasses or natural melt
inclusions and the monitoring of H2O–OH speciation in
glasses.

In addition, the study of the effects of luminescence,
quartz matrix, depth of melt inclusion in quartz, and
quartz orientation allowed us to determine an adequate
analytical procedure for melt inclusions. First, subtrac-
tion of the quartz Raman spectrum from the melt
inclusion Raman spectrum is required. Second, the
choice of a melt inclusion at a depth of about 15 lm is
recommended. Inclusions at the surface are water re-
equilibrated with the atmosphere and are not totally
representative of the initial water content of melt. For
inclusions at greater depths, a correction should be ap-
plied for water estimation. Third, recording spectra at
around 60 �C without effecting the dissolved water
content can lower the luminescence. Finally, variations
of the band area ratio due to the rotation angle of quartz
did not exceed 10%. Thus, the adequate analytical
procedure for melt inclusions does not require particu-
larly complex sample preparation techniques. The
standard deviation derived from the calibration curve is
probably due to the difficulty in comparing results ob-
tained from a micro-technique with standard reference
materials that have been characterized by a bulk tech-
nique.

Furthermore, it is interesting to examine the water re-
equilibration phenomenon between atmosphere and
melt inclusion when the melt inclusion is at the surface
of the host mineral. More systematical analyses of the
same melt inclusions at different depths and at the sur-
face in various atmosphere conditions (hydrous, dried)
would help us to understand this phenomenon. It has
serious implications for the preparation and storage of
melt inclusions. In addition, this method allows for the
analyses of small inclusions, in particular mantel inclu-
sions smaller than 20 lm. Compared with Thomas
(2000), this work determines the limits of Raman spec-
troscopy and describes the methodological cautions
needed to determine bulk water content in natural melt
inclusions. Further studies should focus on stretching
the water band decomposition. It could become possible
to quantify hydroxyl groups and molecular water using
Raman micro-spectrometry.
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Ristedt H (ed) Lüders V, Thomas R, Schmidt-Mumm A (eds)
ECROFI XV (European Current Research on Fluid Inclu-
sions), Abstr Prog., Terra Nostra — Schr Alfred-Wegner-Stif-
tung 99/6, pp 68–69

Clocchiatti R (1975) Les inclusions vitreuses des cristaux de quartz.
Etude optique, thermo-optique et chimique. Applications
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