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Determination of water contents of granite melt inclusions by confocal laser Raman
microprobe spectroscopy

R. THOMAS

GeoForschungsZentrum Potsdam, Telegrafenberg B120, D-14473 Potsdam, Germany

ABSTRACT

A new method of determining the water content of melt inclusions using confocal laser Raman
microprobe spectroscopy is described. The water content of melt inclusions can be determined in the
concentration range of 0 to 20 wt% with a high spatial resolutionqu®R Because the method
works in reflection, minimal sample preparation is necessary. The method is fast, has good accuracy
and precision£0.25 wt%), and has the potential to become a useful, high resolution spectroscopic
tool for melt inclusion studies.

INTRODUCTION and Hofmeister 1988). Chabiron et al. (1999) developed a quan-

Water is the most important magmatic volatile. Thereforfei:[a‘tive application of confocal micro-Raman spetrometry in
knowledge about the evolution of water contents of melt dLR[der to determine the water contents of individual melt inclu-
ing magma fractionation processes is key to understanding §i¥S in a rapid and .non-Qestructl\r/]e (;Nay'lT,h'Sl paper shovgs
behavior of volatiles in silicate melts. Melt inclusions providdat Water concentrations in quenched melt inclusions can be

the best available samples of volatiles in silicate melts. Hen@gCurately determined even in very small inclusions having
valid determinations of volatile constituents is possibly the mdigmeters as small agiéh over the entire concentration range

significant and useful information obtainable from silicate-meﬂf interest (0 to 20 wt% }).

inclusions (Roedder 1984; p. 484). For this, a simple and pre- EXPERIMENTAL AND ANALYTICAL DETAILS

cise analytical method is desired. Several analytical techniques )

have been proposed for the determination gd kh silicate A Dilor XY Laser Raman Triple 800 mm spectrometer
melt inclusions: vacuum extraction, electron microprobe anafduiPPed with an Olympus optical microscope and a long dis-
sis (EMPA), ion microprobe analysis (SIMS), and vibrationdf"ce 8@ objective was used. Spectra were collected with a
spectroscopy including Fourier transform infrared (FTIR) arﬁelt'er cooled CCD detector. The 514 nm line of a Coherent
Raman spectroscopy. A concise description of each technidtfe Laser Model Innova 70-3 and a power of 150 mW of the
along with a discussion of their advantages and disadvantagf°n laser were used for sample excitation. The confocal tech-
are given by Ihinger et al. (1994). Most of these methods dygue provides an efficient way to obtain interference-free

easily applied to large melt inclusions in minerals such as quaﬁfm_an spectrq of small .s.pe(:|me.ns gmbedded Ina transpgrent
feldspar, and topaz from extrusive rocks with low to moderafatrix. The derived empirical calibration curves for determin-
i g water concentrations are only applicable to the instrument

water contents. However, for analysis of melt inclusions iR - . S . ) .

minerals from intrusive rocks there are some limitations: i§S€d In this study. A similar calibration procedure is necessary
clusions are often smaller than @@ in diameter and there- 07 €ach partlrc]ular |rr1]strument. t@wich

fore difficult to analyze by SIMS methods. Furthermore, mejt F19ure 1 shows the Raman spectrum of,@4rich pegma-
inclusions from intrusive rocks often crystallize daughter crygIe glass collected at room temperature. The low-frequency

tals during cooling, so the inclusions must be rehomogeniz'&gion i‘:' characterized by an asymmetric broad band in the
and quenched to a homogeneous glass before analysis. FTIR Szb%g__cm _region which predo_mlnantly_ results from oxygen
ions in the T-O-T symmetric stretching mode, where T rep-

troscopy has the disadvantage that during the rehomogeniza . .
procedure the mineral host of the inclusibesomes brittle and '€S€Nts tetrahedrally coordinated Si or Al (see Matson et al.

itis difficult or impossible to prepare doubly polished thin seéL-986; Sharlma.et al. 1997). Aqlditional bands in the low-fre-
tions for FTIR measurements. The SIMS method may fail §#€NCY region include symmetric bands near 800 and 920 cm

high water concentrations above about 10 wt% in glasses a broad asymmetric band at 1100"amith a shoulder to-

granitic to pegmatitic composition because of the dominang@rd lower frequency at about 1020€mccording to Mysen

of mobile molecular LD (see also Ihinger et al. 1994). In con€t &l- (1997), appearance of the strong band near 960em

trast, micro-Raman spectroscopy has proved extremely usetfits from increasing amounts of®in the glasses.

for samples of only a few micrometers in size (see McMillan 1€ H-O-H bending vibration of molecular® dissolved
in the glass is indicated by the presence of a weak peak near

1630 cm! (see McMillan 1994). However, a relationship be-
tween the total water content in glass, the intensity of this peak,
*E-mail: thomas@gfz-potsdam.de and the observed shift of the peak posititir-30 cm?) could
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ﬂ FIGURE 1.Raman spectrum of a melt inclusion

| " in pegmatite quartz from Ehrenfriedersdorf-
: Erzgebirge. The inclusion was rehomogenized at a

/ ! : temperature of 650C and a pressure of 1 kbar
400 I i pro ; using the conventional hydrothermal rapid-quench
\ technique. The run duration was 96 hours. The
200 ? water content of the glass is 10 wt%. The partial
spectrum on the right side shows the changed

intensity and the new formed band near 3656t cm

500 1000 1500 2000 2500 3000 3500 after heat treatment of an identical inclusion.
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not be positively established. According to Stolper (1982) thiecause a larger scattering of the integral intensity wi@® H
discrepancy is most probably due to the relative insensitivitpncentration was observed during the calibration procedure.
of Raman spectroscopy for detection of molecular water. This may be a result of the strong asymmetry of the 3550 cm
high-frequency region (3000-4000 djnof the unpolarized band (see Fig. 1) caused by contributions from a number of
Raman spectrum is characterized by an asymmetric OH stresplecies (e.g., OH, Si-OH, Al-OH,.8, etc.). These species
band centered at 3550 crwith a tail to lower frequencies, anmay have different cross-sections which could lead to more
obvious broad shoulder maximized near 3296'cand typi- scatter in the integral intensity of the fundamental OH-stretch-
cally a shoulder or sharp band at 3630'¢Fig. 1). The breadth ing peak at ~3550 crh(see Pandya et al. 1992). Before and
and asymmetry of the band at 3550traflects contributions after each measurement, the optical configuration was verified
from both molecular water and other OH-containing speciesing a large, totally homogenized melt inclusion of known
(Pandya et al. 1992). Gaussian deconvolution (e.g., MysertgO content (10 wt%) as a standard. Verifying the intensities
al. 1997) reveals that this peak may be the result of three miginmportant, because it is necessary to use exactly the same
bands at 3350, 3500, and 3575-tmand an additional weak experimental conditions for all & determinations. A varia-
band around 3640 ctn The presence of a weak 3640-tm tion of the intensity of 2.3% ¢ as the relative standard de-
band was confirmed in spectra collected from silica glassé@ation was obtained from 25 measurements at different focal
having high water contents (i.e., > 10 wt%). At very high buldepths in the standard melt inclusion.
water contents (> 20 wt%) moleculasg®becomes the most
dominant species as shown by a shift of the very strong main
band in the direction of the molecular water positidr{see 800 -
lhinger et al. 1994how centered at 3450 cinThis is shown
in the spectra in Figure 2 obtained from a 4-phase melt inclu-
sion containing two silicate melts, a fluid phase and a vaper 600+
bubble (see Thomas et al. 2000). The composition of such
extremely HO-rich silicate melt is given below. In this case>‘ 4004
the Raman spectrum is also characterized by a strong peak cg;n-
tered at 1642 crh

There are two methods for water determination in glass wuﬁ 200+
the micro-Raman spectrometry. Both methods work in reflec-
tion and can be applied to very small sample volumes depend-

Aqueous solution

. . . O_WMMWM

ing on the optical characteristics of the spectrometer. — — —
In the first method, the linear relationship between tj@ H 2800 3000 3200 3400 3600 3800 4000

content of silicate glass and the intensity of the asymmetric 1

OH stretch band centered at 3550-tia utilized (see also Wavenumber (cm )

Stolper 1982). The intensity at the 3550 tposition was ana-

lyzed with a single spectral window. The acquisition time was

200s, f_ind 3 accumulations were U_SGd in each case. The base“rﬁGURE 2. Three Raman spectra from a silicate melt inclusion in
correction was performed with a first-degree polynomal. Withegmatite quartz: melt 1 (silicate-rich, water-poor melt), melt 2 (water-
this method, the peak height was used instead of the peak atielasilicate melt), and an aqueous solution.
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In the second method, the ratio of the 3550'¢rand inten- The highest quality spectra are obtairfean an excitation
sity and the intensity at 490 chattributed to a delocalized volume that is near the polished surface of the melt inclusion.
vibrational mode involving the symmetric stretching of bridgThe Raman signal from depths >t beneath the surface is
ing O atoms in T-O-T linkages (Matson at al. 1986) is usesignificantly reduced and a correction procedure must be ap-
Applying the ratio method eliminates sampling problems argdied. In this study only melt inclusions truncated by the pol-
reduces systematic errors and irreproducible instrumental vaighed surface (dep#l0 um) were selected for analysé&r
tions. Integral intensities rather than peak heights were usettlusions near the surface of the host mineral (between 10
Furthermore, different counting times were applied to diffeend 100um depth) a linear correction function was derived,
ent samples having different water contents; 60 s for concevhich gives the percentage weakening of the Raman intensity
trations >1 wt% HO, and 600 s for values <1 wt%®. Two with depth. Water determinations were made using both ana-
spectra must be taken at different spectrometer positions figical methods.
each measurement: One in the low frequency range at 490 cm
and the other in the high-frequency range at 3556, caspec- RESULTS AND DISCUSSION
tively. A disadvantage of this method is the increased mechani-Raman peak intensities for water were calibrated using 26
cal wear to the spectrometer drive mechanism. According ggnthetic and natural glass samples of known compasition in
Cooney et al. (1994) the problems with the mechanical settitige range between 0 and 16 wt%CHWater contents of the
of the spectrometer can be overcome by using two differaeference samples were initially determined directly by Karl
lines of the Ar-ion laser as excitation sources: the 514.5 rifischer titration (KF) and indirectly by subtracting the oxide
line for the low frequency region (200-1500¢mand the 457.9 sum (in wt%) of EMPA analysis from 100% (see Thomas and
nm laser line for the high frequency region (2631-393%)cm Klemm 1997). The water contents of two samples was also
In this way, simple re-tuning of the laser enabled us to measestimated by SIMS measurements. In the case of very high water
the both Raman spectra of the low-frequency lattice modes awmthtents (>16 wt%) in pegmatitic melt inclusions in quartz,
the high frequency O-H stretching modes without changing tbaly electron microprobe analysis was effective. The samples
position of the laser spot or the mechanical setting of the spand the results obtained from the calibration for water are given
trometer. in Table 1 and are shown in FigureEach datum in Table 1 is

At standard conditions, the beam diameter is abquin2 the mean of at least 10 determinatiof$q standard devia-
which produces an excitation volume in the range ofih@ tion). In some cases, such as albite glass AB84, up to 70 deter-

TABLE 1. Raman spectrometric analyses of synthetic glasses and silicate melt inclusions

-1
Reference glasses Water content, Amplitude at Water content I?ME Water content
(Origin) analyzed by KF ~3550 cmt Method | 490 cm Method Il
(wt%) (wt%) (wt%)
Piezoelectric quartz 0 0 0 —0.015 + 0.002 (0.12)
PCD (Westrich, H. R.) 0.12 n.d. n.d. 0.014 0.21
Albite glass (Holtz, F) 0.65 n.d. n.d. 0.1 0.50
N (Westrich, H. R.) 0.92 n.d. n.d. 0.22 +0.02 0.93 + 0.07
WOR40S7 (Behrens, H. 1.31+0.15 36.9 1.62 0.26 + 0.02 1.08 + 0.08
AOQ (Holtz, F) 1.86 41.1+2.0 1.79 + 0.08 0.43 +0.01 1.76 + 0.04
2N (Westrich, H. R.) 2.02 46.4 +3.1 2.00+0.12 0.61 2.56
WAOQO68 (Behrens, H.) 2.45 60.3 2.56 0.57 +0.07 2.38 +0.32
Albite glass Ab75 (Holtz, F.) 2.62 60.9 2.59 0.54 2.24
Albite glass Ab50 (Holtz, F) 2.82 67.4 2.85 0.72 +0.03 3.08 +0.15
Albite glass Ab (Holtz, F.) 2.87 62.6 2.66 0.67 2.84
M3N (Westrich, H. R.) 2.95 69.2+3.4 2.92+0.14 0.76 3.28
Qu8-melt inclusion (Webster; J.D.) 4.3 +0.38* n.d. n.d. 0.96 + 0.06 4.31+0.32
M6N (Westrich, H. R.) 511 120+ 3.0 497 +0.12 1.09+0.1 5.03 +0.57
Leucogranite GB (Holtz, F) 5.22 +0.30 126.4+2.8 5.23+0.12 1.03 4.70
WABO79 (Behrens, H.) 5.92 +0.15 138.4+25 5.72+0.10 1.26 +0.01 6.03 + 0.06
Haplogranite 1.2 (Holtz, F) 6.13 147.1 6.07 1.37 +0.04 6.72 + 0.25
WOR100S7 (Behrens, H.) 6.54 + 0.15 157.8 6.50 1.28 6.16
Qu8-melt inclusion (Webster; J.D.) 6.90 + 0.38* n.d. n.d. 1.41 +0.05 6.97 + 0.32
WAOQ31 (Behrens, H.) 7.81 n.d. n.d. 1.56 + 0.09 7.96 +0.61
Leucogranite GB (Holtz, F) - 1 8.36 205.7 8.43 1.61 +0.05 8.30 +0.34
Leucogranite GB (Holtz, F.) - 2 8.40+ 0.6 n.d. n.d. 1.62 +0.10 8.37 + 0.69
Qu8N2 (melt inclusions) 11.0 +0.71 272.0+11 11.11+0.45 1.96 +0.14 10.84 + 1.07
Albite glass Ab83 (Behrens, H.) 11.71+0.10 n.d. n.d. 2.06 +0.03 11.62+0.24
Albite glass Ab84 (Behrens, H.) 11.95+0.12 n.d. n.d. 2.07 +0.03 11.70+0.24
Qu8N2 (melt inclusions) 13.1t 320.3 + 16 13.06 + 0.65 2.26 +0.08 13.24 + 0.67
Qu8N2 (melt inclusions) 16.1 + 0.671 397.4+25 16.17 + 0.10 2.60 + 0.04 16.20 + 0.36

. . 8550 cm ™10 . . . .
Notes: KF = Karl-Fischer method. n.d. = not determined. 1/ = Ratio of the integral intensity of the 3550 cm~ and the 490 cm™ bands.
Haoo em™H 9 Y

Column 4: Amplitude method (method I): H,O (Wt%) = 0.0404 * A + 0.1296 (A — Amplitude); r> = 0.999; SD = 0.13; n = 18. Column 6: Integral intensity
method (method I1): H,O (wt%) = 0.1642 + 3.239 * | + 1.127 * I, r? = 0.997; SD = 0.26; n = 27.

*Analyzed by SIMS.

tAnalyzed by EMPA = determined indirectly by subtracting the oxide sum (in wt%) of electron microprobe analysis from 100%.
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20 observed with somewhat higher concentrations in the inclu-
] sion center and lower values near the inclusion wall. This ef-
18'_ fect is seen only by the Raman-method which has superior
16+ spatial resolution (~Am) compared to the used SIMS analy-
2 1 sis.
E 14 1 £ For a second test, the water contents of a large number
Z ] (n = 319) of homogenized F-, P-, and B-rich silicate melt in-
— 124 . . . . : )
38 ] clusions in a pegmatite quartz associated with the Variscan
<§ 10- Ehrenfriedersdorf tin-granite in Saxony/East-Germany were
i . ‘i determined. The melt inclusions were homogenized at tempera-
2] 8 5! 2 tures between 500 to 80C at atmospheric pressure or at 1
.9 6—- ‘ kbar using conventional hydrothermal rapid-quench techniques (see
'8 | also Thomas et al. 2000). After each run, the samples were quenched
B: 44 in liquid nitrogen with quenching rates of aba&@0 °C/s or
’ isobarically in the case of the used rapid-quench technique.
2+ The results are arranged in 5 groups (Gauss peak fitting proce-
0 ] ull l dure, # =0.9998) and are given in Table 2. Group V represents

0 2 ' 4" ' é ' 3 ' 1'0 ' 1'2' 1'4 ' l|6 ' 1|8 ' 2'0 with 21.5+ 1.1 wt% (n = 21) the highest water concentration
of totally homogenized melt inclusions in the studied pegma-
Reference water (wt%) tite quartz (see Thomas and Webster 2000). The following
Raman data were obtained:
FIGURE 3.Reference water (X) vs. predicted water (Y), determined

by confocal laser Raman microprobe spectroscopy (values in wt% Amplitude A =538t 26 - 21.9+ 1.1 wt% HO
H,0). Prediction bands = dashed; confidence bands = short dashed.

(Method 1)
minations were made. The other data points represent single [B550 cm0]
measurements. The regression gives the following relationship | Hag0 em™ H 3.13+0.11- 21.3+ 1.2 wt% HO
between the concentration of water determined by KF, EMPA,
and SIMS (X) and the @ concentration determined by Raman (Method I1)
spectroscopy (Y):
Y (wt%) = 0.998441X (Wt%) + 0.00539 (1) The water content of 21.5 wt% corresponds to the critical point
(712°C, 1 kbar) of the experimentally determined solvus bound-
Regression data? £ 0.99765 SD = 0.21 n = 45 ary in the X,,o-T pseudobinary system of the Ehrenfriedersdorf

pegmatite (see Thomas et al. 2000).

Where X is the reference water, Y is the predicted water, r Representative EMP and SIMS analyses of melt inclusions
is the correlation coefficient, SD is the standard deviation of the pegmatite quartz are presented in Table 3. During the
the fit, and n is the number of data points. study of these extremely water-, F-, and P-rich melt inclusions

The results indicate that Raman spectroscopy can be ugee also Thomas et al. 2000), it was observed that such water-
for quantitative determination of water in granitic and pegmsich glasses are not stable over long periods under the exciting
titic silicate glasses in the range from 0 to 20 wt@HHow- laser radiation. This is also confirmed by heating experiments
ever, because the O-H stretching band envelope at 3530 ¢ unopened melt inclusions in quartz. At 4G0a rapid struc-
contains contributions from several hydrous species (e.g., GHral reorganization of the glass occurs as indicated by an irre-
Si-OH, AlI-OH, HO, etc), equivalent water concentrations areersible and significant reduction of the band intensity at 3550
used. cnt?, and by the appearance, after cooling, méwa sharp band

Note that the electron microprobe totals (<84 wt%) for theentered at 3647 cfr(see Figl). Measurement of the reduced
melt inclusions containing 16 wt%,8 are compatible with 3550 cm® band in the heat treated samples is ineffective for
the Raman results for water in the glasses.

One test was provided by well-studied melt mcms'onFABLE 2. Water contents of totally homogenized melt inclusions in

(Schmitt 1999) in quartz phenocrysts from rhyolites of the pegmatite quartz Qu8 from Ehrenfriedersdorf using
Purico Complex in the Central Andes. SIMS measurements Raman spectrometry (method I)
have shown that some of the melt inclusions contair: 9.Q Gaussian peak Water content (wt%) n
wt% H,O. Raman spectroscopy of the identical inclusions gives [ 24+0.9 52
values of 4.3 0.4 wt%. The apparently larger scatter in values I 64+17 107
; . Il 121+1.7 115
obtained by the Raman compared to the SIMS-method is the Y, 16.3 + 1.6* o1
result of some inhomogenities of theQHcontent in the stud- \Y 21.5+1.1* 21

ied inclusions. A slight zoning in the water content was oftérilomogenized by rapid-quench hydrothermal experiments.
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TABLE 3. Representative oxide and element concentrations (in viding natural and synthetic glass samples for the calibration work. | thank W.
Wt%) in melt inclusions, homogenized at 650 and 1 kbar Heinrich (GFZ Potsdam) for performing some hydrothermal rapid quench ex-
! periments to obtain some extremely water-rich and homogeneous melt inclu-

Melt A Melt B sions of pegmatite composition. | thank also A. Schmitt (GFZ Potsdam) for

Sio, 67.47 + 1.09 37.98 some well characterized melt inclusions in quartz and plagioclase from ignim-
TiO, 0.02 + 0.01 n.d. brites of the Central Andes.
Sno, 0.10 + 0.02 0.48 I thank J.D. Webster, W. Heinrich, and M. Wiedenbeck for their help in the
AlLO, 12.23 + 0.52 8.74 preparation of this manuscript. The manuscript benefited particularly from critical
B,Os 0.20 * 4.12 remarks by two anonymous reviewers. Alan J. Anderson (Antigonish, Nova
FeO 0.30 + 0.05 1.27 Scotia, Canada) helped extensively to streamline and focus the presentation.
MnO 0.04 +0.01 0.07
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