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Analyzing water contents in unexposed glass inclusions in quartz crystals
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aBStract

Fourier-transform infrared (FTIR) spectroscopy is commonly used to measure volatile contents 
dissolved in glass inclusions in minerals. The standard method is to doubly polish the crystal to fully 
expose the inclusion to allow infrared light to pass through the inclusion only. Glass inclusions are 
often a few tens of micrometers thick, which can limit the usefulness of FTIR because of how fragile 
samples become when thinned enough to doubly expose inclusions. Here, we test whether unexposed 
inclusions can be feasibly analyzed by measuring the dissolved volatile contents of a population of 
rehomogenized quartz-hosted glass inclusions at variable exposure levels. We analyzed 118 unexposed 
inclusions in 46 crystals. Of those, we analyzed the 74 inclusions in 38 crystals that survived being 
singly exposed. Of those, only 24 inclusions in 18 crystals remained to be analyzed when doubly 
exposed. Measuring the path length of light through the inclusion is critical to FTIR analyses. That 
length can be measured directly for doubly exposed inclusions. For those inclusions we find that wa-
ter contents vary from 1.6 to 2.6 wt%, averaging 2.2 ± 0.3 wt%. Path length is difficult to measure, 
however, in singly exposed or unexposed inclusions. Indeed, we find that path length is variably 
underestimated when measured using a well-calibrated optical method. Despite that difficulty, the 
average water contents for the populations at each exposure level are statistically the same. But, on an 
inclusion-by-inclusion basis volatile contents at various exposure levels are highly discrepant because 
the typically underestimated thicknesses for non-doubly exposed inclusions result in anomalously high 
volatile contents. One way to measure path length in those inclusions is to reorient the host crystal to 
align the path length horizontally so it can be measured with the eyepiece reticle. Often, however, that 
technique proves impractical because small samples are difficult to handle. When path length cannot be 
measured directly, we find that using the average of the dimensions of the inclusion orthogonal to the 
path length can be used as a proxy for path length. That proxy allows volatile contents in unexposed 
inclusions to be analyzed accurately, which significantly reduces difficulties of sample preparation 
and can dramatically increase the number of potential target inclusions.
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introduction

Water dissolved in silicate melts has profound impacts on 
their crystallization, rheology, and eruption (e.g., Ghiorso and 
Sack 1995; Hammer and Rutherford 2002; Giordano et al. 
2008). Determining the amounts of water in silicate melts is 
thus paramount to both petrologists and volcanologists, but can 
be difficult because water can be lost during volcanic eruptions 
and magmatic crystallization. Dissolved water contents can be 
preserved in aliquots of melt trapped inside phenocrysts, which 
are quenched to glass during eruption. Many techniques have 
been developed to measure water contents in those glasses with 
one of the more accessible being Fourier-transform infrared 
(FTIR) spectroscopy, which measures the absorption of infrared 
light by water dissolved in glass (Ihinger et al. 1994; Devine et 
al. 1995; Lowenstern 1995). FTIR is especially valuable because 
it allows different species of dissolved water (hydroxyl and 
molecular H2O) to be measured simultaneously.

Despite the importance and relative ease of FTIR measure-
ments, the technique is hindered by sample preparation (Devine 
et al. 1995). Because infrared light is transmitted through the 

inclusion, it can be absorbed not only by the inclusion, but by 
everything else in its path. Crystals containing inclusions are thus 
usually doubly polished to expose the inclusion on both sides, 
so that light passes through only the inclusion. But, because 
inclusions are typically only ten to hundreds of micrometers in 
size, double exposure often results in very fragile samples that 
can easily disintegrate during polishing. Double exposure also 
often results in relatively thin samples whose thickness can be 
difficult to measure. Exposing small inclusions is thus difficult 
and painstaking (Lowenstern 1995; Nichols and Wysoczanski 
2007). In fact, the error in thickness is often the largest uncer-
tainty in an FTIR measurement.

One way to avoid losing precious samples during preparation 
and to decrease the error associated with thin samples would be 
to avoid doubly polishing the crystal and leaving the inclusion 
whole. To do that one would have to be certain that the crystal 
does not absorb infrared light, or if it does, the amount of absor-
bance needs to be taken into account (Bell et al. 1995; Rossman 
2006; Koch-Müller and Rhede 2010). The thickness of the inclu-
sion would also need to be measured accurately and precisely 
despite not being exposed, which would exclude most typical 
measuring techniques that use pin micrometers. Other studies * E-mail: kenny.befus@gmail.com 
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have used the horizontal dimensions of unexposed inclusions as 
a proxy for thickness, but none have explicitly shown that those 
dimensions offer a reliable estimate (e.g., Signorelli et al. 1999; 
Atlas et al. 2006; Wysoczanski and Tani 2006). Thickness can 
also been estimated using the interference fringes of reflection 
spectroscopy (Nishikida et al. 1995; Tamic et al. 2001). That 
technique can only be applied to unexposed inclusions if the 
refractive index of the sample is known and the relative propor-
tions of inclusion and host crystal can be estimated (Nichols and 
Wysoczanski 2007).

Here, we measure the path length of light through unexposed 
inclusions using a well-calibrated optical technique to test the ac-
curacy and precision of measuring water contents in unexposed 
inclusions. We find that water content in an unexposed inclusion 
tends to be inaccurate when path length is determined using the 
optical technique. Water content can be analyzed accurately, 
however, if the dimensions of the inclusion orthogonal to the 
light pathway are used as a proxy for inclusion thickness. By 
measuring infrared absorbance in both the near and mid infrared 
regions, we also examine the ability to measure dissolved carbon 
dioxide contents.

methodS

Samples and homogenization
Quartz crystals were extracted from pumice collected from the Tuff of Bluff 

Point, a 173 ± 4 ka pyroclastic deposit erupted from the Yellowstone volcanic field 
(Christiansen et al. 2007). We crushed pumice clasts and hand-picked quartz that were 
∼2–3 mm in diameter, and contained one or more large polyhedral glass inclusions 
that were 40 to 300 µm in size. Most inclusions contained one vapor bubble and 
trace amounts of crystallites. The crystals were thus rehomogenized by loading them 
in a Ag80Pd20 capsule, which was placed inside a TZM pressure vessel at 850 °C and 
150 MPa for 24 h, following the methods of Skirius et al. (1990). Those conditions 
were sufficient to rehomogenize most inclusions to clear glass, free of gas bubbles 
and crystallites (Fig. 1a). Each crystal was closely examined while submerged in 

mineral oil to identify and track the glass inclusions it held, as well as carefully noting 
inclusions to avoid (e.g., those with reentrants or with cracks that may have leaked).

Analytical techniques
Each quartz crystal was mounted in epoxy and adhered to glass slides using 

crystal bond. The first step was to grind and polish two sides of the crystal, so 
that it would lie flat and allow light to pass through unhindered (Fig. 1b). Once 
removed from the glass slide, the crystal was cleaned with acetone and ethanol. 
Next, a FTIR spectrum was collected from each unexposed inclusion and its 
thickness was measured (see below). Crystals were then remounted on glass 
slides and ground and polished to expose each inclusion on one side (Fig. 1c). 
The samples were removed from the glass slides and cleaned. Spectra were then 
collected from the singly exposed inclusions and their thicknesses were measured. 
Next, the crystals were remounted and ground and polished to expose inclusions 
on their opposite side (Fig. 1d). After being removed and cleaned, spectra from 
the doubly exposed inclusions were collected and thicknesses were measured. 
Special care was made during polishing to maintain the original orientations of 
crystals throughout. Many crystals contained more than one target inclusion, which 
required each one being remounted and polished multiple times. Because of that 
repeated polishing, the crystals accumulated more strain than typical (Fig. 1e). 
Accordingly, many samples disintegrated. Thus, 118 unexposed inclusions were 
measured, which decreased to 74 after the first exposure, and to 24 after the second 
exposure (Supplemental Table1).

We measured both the vertical and horizontal dimensions of each inclusion at 
every exposure level. The vertical dimension is the path length of light through the 
inclusion, and is equivalent to inclusion thickness. The horizontal dimensions are 
measurements of the plane orthogonal to the light pathway (e.g., the X-Y plane in 
Fig. 1a). Horizontal dimensions of each inclusion were measured using the reticle 
in the binocular eyepiece of the microscope, which is precise to 1 µm using the 
50× objective. Vertical thickness was measured optically using a petrographic 
microscope by focusing on the top and bottom of an inclusion, and recording the 
distance with a Heidenhain focus drive linear encoder. Because light refracts within 
a sample, the focus drive movement does not equal thickness, and thus must be 
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fiGure 1. (a) Photomicrograph of homogenized quartz-hosted glass inclusions (I). (b–d) Schematic diagrams of a target inclusion when it is 
(b) unexposed, (c) singly exposed, and (d) doubly exposed. (e) A doubly exposed inclusion (I) with cracks (example is arrowed) resulting from 
strain accumulated during polishing.

1 Deposit item AM-12-092, Deposit Table. Deposit items are available two ways: For 
a paper copy contact the Business Office of the Mineralogical Society of America 
(see inside front cover of recent issue) for price information. For an electronic copy 
visit the MSA web site at http://www.minsocam.org, go to the American Mineralo-
gist Contents, find the table of contents for the specific volume/issue wanted, and 
then click on the deposit link there.  
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calibrated using glasses of known thickness. Although the amount of refraction 
varies as a function of refractive index, we have found that little error results from 
using a single calibration for glasses as different in composition as basalt and rhyo-
lite. In this study, all samples are rhyolite glasses in quartz, and so there should be 
little difference in refractive indexes. The error on such thickness measurements 
depends on the ability to focus at specific levels, play in the focus drive, and the 
power of the objective lens used. For our system, the optimal average error using 
a 50× objective lens is ±0.6 µm, determined by repeatedly focusing through a 
sample of known thickness. Using that technique, we measured the thickness of 
each inclusion multiple times, and report the average and its standard deviation. 
Vertical thickness of each doubly exposed inclusion was also measured using a pin 
micrometer. The pin micrometer is mechanically precise to ∼1 µm, but accuracy 
is effectively limited to ±10 µm because it measures the average thickness over 
a large area of the sample.

For a subset of the unexposed population we measured the thickness optically 
with the eyepiece reticle (Fig. 1b). To do that we attached the crystal to the tip of 
the rotatable needle using crystal bond. Next, we submerged the crystal in the tank 
of mineral oil and rotated the needle to align the X, Y, and Z axes of the inclusion 
perpendicular to the field of view. We calibrated this technique by measuring a 
glass of known thickness. Because of the size of the mineral oil tank we could only 
use the 20× objective, which limited our precision to ±5 µm.

Dissolved water and carbon dioxide contents were measured using a Thermo-
Electron Nicolet 6700 spectrometer and Continuµm IR microscope at the University 
of Texas at Austin. Each spectrum consisted of 60 scans collected at a resolution 

of 4 cm–1 and was collected either in mid-IR range using a KBr beamsplitter and 
globular IR source, or in near-IR range using a CaF2 beamsplitter and white light. 
Total water concentrations were estimated using the absorbance at ∼3500 cm–1 
(H2O3500), which results from a combination of vibrations associated with the sym-
metric stretching and bending of O-H bonds dissolved in aluminosilicate glass and 
thus considered to equal total water contents (McMillan 1994). Absorbances were 
also measured from molecular water (H2Om) and bound hydroxyl (OH), which occur 
at 5230 and 4500 cm–1 and are attributed to either stretching or bending of O-H 
bonds, respectively (Ihinger et al. 1994). Concentrations of dissolved molecular 
carbon dioxide (CO2) were determined from absorbance at 2350 cm–1. We as-
sumed linear backgrounds for absorbances at 5230, 3500, and 2350 cm–1 (Fig. 2). 
Background for absorbance at 4500 cm–1 was estimated using a flexicurve, which 
was set tangential to the IR spectrum on either side of the peak. When a spectrum 
consisted of absorbance of IR light by glass and quartz, then its background was 
the subtraction of the absorbance of IR light by quartz only, measured immediately 
adjacent to the inclusion (Fig. 2).

The concentrations of dissolved H2O3500 and CO2 were calculated using a 
modified Beer-Lambert law,

=
ρ

C
A MW
d s

f*
* *

*  (1)

where C is concentration of the volatile species (wt% for H2O3500 and parts per 
million for CO2), A is absorbance, MW is the molecular weight of water or CO2, 
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fiGure 2. Typical FTIR spectra of (a–b) unexposed glass inclusions and (c) quartz only. Quartz absorbs IR light at wavenumbers less than 
∼2100 cm–1, which does not affect the absorbance of molecular H2O, OH, or CO2. Measured peaks are labeled. Background subtraction methods 
are illustrated by dashed gray lines. Note changes in range of wavenumbers in each panel.
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ρ is the glass density (g/L), d is sample thickness (cm), ε is the molar absorptivity 
[L/(cm·mol)], and f is a dimensionless conversion factor (102 for H2O3500 and 106 
for CO2) (Stolper 1982). For ε2350 we used a value of 1214 ± 16 [L/(cm·mol)], 
(Behrens et al. 2004). Glass density was assumed to be 2355 g/L, and was not 
adjusted for water content. Concentrations of H2Om and OH were calculated from 
absorbances using the model of Zhang et al. (1997). The sum of concentrations of 
the two water species is termed H2Ototal.

Published values for the molar absorptivity of the broad H2O3500 peak at 3500 
cm–1 in rhyolitic glasses vary, and average 78 ± 2 [L/(cm·mol)], (Ihinger et al. 1994; 
Behrens and Schmidt 1998; Okumura et al. 2003; Leschik et al. 2004). We also 
used the molar absorptivities of Newman et al. (1986) and Dobson et al. (1989) 
in conjunction with the proportions of the species absorptions at 5200 and 4500 
cm–1 to calculate a total molar absorptivity of 71 ± 2 [L/(cm·mol)], for the broad 
3500 cm–1 peak. H2O3500 contents estimated using either molar absorptivity show 
similar ranges and variations as those from H2Ototal.

reSultS

Quartz absorbs infrared light significantly only at wavenum-
bers less than ∼2100 cm–1 (Fig. 2c). Water species and molecular 
CO2 absorb infrared light at higher wavenumbers, where quartz 

does not interfere. Absorbances at lower wavenumbers would be 
nearly impossible to discern, making it impossible to measure, 
for example, dissolved carbonate species (Dixon et al. 1995). 
Hence, careful consideration must be given to the impact of 
the host crystal on infrared light before unexposed inclusions 
are measured.

Volatile contents
A total of 118 unexposed inclusions in 46 quartz crystals were 

analyzed (Supplemental Data Table1). Of those, 74 inclusions in 
38 quartz crystals survived being exposed on one side. Of those 
74, only 24 in 18 crystals survived the second polishing to be 
analyzed (Table 1). Despite the changing exposure level, the 
mean concentrations for H2Ototal and CO2 in the three populations 
are statistically indistinguishable. Unexposed inclusions yield the 
largest range and standard deviation in H2Ototal concentrations 
(Fig. 3a). Singly exposed inclusions define a narrower range 
in concentration and have a smaller standard deviation than do 
unexposed inclusions. Doubly exposed inclusions yield a much 
narrower range in concentration and have the smallest standard 
deviation. CO2 concentrations behave similarly to H2Ototal con-
tents, with unexposed and singly exposed inclusions having 
similar standard deviations, but the singly exposed inclusions 
define a narrower range in concentrations (Fig. 3b). Doubly 
exposed inclusions have the narrowest range in CO2 concentra-
tions and smallest standard deviation.

Table 1. The mean and range of H2Ototal (wt%) and CO2 (ppm) content 
in the unexposed, singly exposed, and doubly exposed inclu-
sions

 n* Mean H2O† Range Mean CO2† Range
Unexposed 118 2.5 ± 1.0 0.7–6.9 494 ± 194 102–1131
Singly exposed 74 2.5 ± 0.8 0.5–5.0 471 ± 179 50–896
Doubly exposed 24 2.2 ± 0.3 1.6–2.6 479 ± 98 114–585
* Number of inclusions.
† Errors are 1σ.
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fiGure 3. Histograms of (a) H2Ototal and (b) CO2 content. Unexposed data are black, singly exposed data are gray, and doubly exposed data 
are white. Wider ranges in the unexposed and singly exposed data are attributed to more imprecise thickness measurements.



BEFUS ET AL.: WATER CONTENTS IN UNEXPOSED GLASS INCLUSIONS1902

Thickness measurements
We obtained accurate thickness measurements of doubly ex-

posed inclusions using both the optical focusing drive method and 
the pin micrometer. The accuracy of thicknesses measured using 
the pin micrometer is limited to ±10 µm because the technique 
only is able to provide average thickness over a relatively large 
area of the sample. The optically determined thicknesses for the 
majority of the doubly exposed inclusions fall within the range 
of those measured by the pin micrometer. In the remaining few 
the disagreement between the two methods was less than 25%.

It was difficult to measure the thickness of unexposed and sin-
gly exposed inclusions using the optical focusing drive technique 
because of optical complications associated with refraction of 
light through glass and quartz, and the similar refractive indexes 
of quartz and rhyolite. To demonstrate that difficulty, we com-
pared the thickness of inclusions, as measured while submerged 
in mineral oil using the needle and reticle, with the thickness as 
measured using the optical focusing drive method (Fig. 4a). Each 
of the 19 inclusions was measured by the three authors separately. 
Overall, we found 22% error in thickness, with greater deviations 
for larger inclusions. As a comparison, the difference between 
the thickness, as measured using the needle and reticle, and that 
estimated from the horizontal dimensions using the X-Y proxy 
is 19%, but linear regression through the data demonstrates that 
the X-Y proxy better approximates thickness (Fig. 4).

diScuSSion

Overall, measurements of water and CO2 content are on 
average the same regardless of exposure (Table 1). To a first 
order, the degree of exposure has only a limited effect on FTIR-
derived volatile measurements. Although some of the variation 
within the data may reflect variable entrapment conditions, the 
superior precision of the doubly exposed population is attributed 
to more precise thickness measurements, rather than an artifact 
of the smaller sample size. If only an approximation of the mean 
water and CO2 contents for a population of inclusions is desired, 
unexposed inclusions appear to be the easier targets.

When volatile contents in specific inclusions are compared, 
those in unexposed and singly exposed inclusions do not match 
those in the same inclusions when doubly exposed (Fig. 5). Those 
differences may be attributed to changes in absorbance caused 
by optical effects, such as scattering, or to errors in thickness 
measurements.

Inaccurate volatile measurements can be caused by scattering 
of the IR beam. Typically, researchers mitigate the impact of 
scattering by doubly polishing sample surfaces and by analyzing 
clear samples, without microlites, bubbles, or cracks (Devine et 
al. 1995). Our samples are clear and polished, but scattering of 
the IR beam could be caused by refraction at the phase boundaries 
of the unexposed and singly exposed inclusions. Refraction at 
planar phase boundaries is controlled by the angle of incidence 
and refractive indices of the phases. Refraction at horizontal 
planar phase boundaries is negligible and the difference between 
refractive indices of quartz and rhyolitic glass is <0.1 (George 
1924; Nesse 1991). Curved boundaries could cause scattering 
because an unexposed inclusion should act as a diverging lens. 
In this case we would expect smaller unexposed inclusions to 
scatter the IR beam more because they have more curvature 

relative to the light path. Our data shows, however, that volatile 
contents of the smaller unexposed inclusions better match their 
doubly exposed counterparts than do the larger inclusions. For 
those reasons, we conclude scattering has a negligible impact 
on absorbance.

Instead of scattering, we attribute the inaccurate volatile 
contents for unexposed inclusions to result from inaccurate 
thickness measurements. Accurate thickness measurements are 
critical for FTIR measurements because inclusions are typically 
thin, and so small errors in thickness translate to large errors in 
volatile contents. Pin micrometers are commonly used to mea-
sure thickness of doubly exposed inclusions, but they measure 
an average thickness over a relatively large area of the sample 
and easily damage fragile samples. Obviously, pin micrometers 
cannot be used to measure the thickness of an unexposed or singly 
exposed inclusion. Thickness measurements of doubly exposed 
inclusions using the optical focusing drive method match those 
made with the pin micrometer, therefore validating the optical 
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fiGure 4. Comparison of the unexposed inclusion thickness 
measured using the needle and reticle method with estimated thickness 
using (a) the optical focusing drive of the microscope method, and (b) 
the X-Y proxy method. Error bars (1σ) are shown in gray when larger 
than the symbol size. The dashed lines are linear regressions through the 
data. The linear regression of the X-Y proxy method has a slope closer 
to 1, demonstrating it better approximates thickness.
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method for doubly exposed inclusions. There are two advantages 
to measuring thickness optically. First, thickness measurements 
are simply made by focusing on the top and bottom surfaces 
of the sample. Second, the specific location where an FTIR 
spectrum was collected can be measured, even when the target 
is embedded in a crystal.

When thicknesses of unexposed and singly exposed inclu-
sions measured by the various techniques are compared, there 
is a clear tendency to underestimate thickness when using the 
optical focusing drive method (Fig. 4a). For inclusions thinner 

than 50–100 µm, the differences are typically less than 15%, but 
are still significant enough to cause calculated volatile concen-
trations to be erroneously high. The tendency to underestimate 
thickness is more pronounced for inclusions larger than 150 µm, 
with differences exceeding 25%. Accordingly, the discrepancy 
in volatile contents between levels of exposure can be explained 
solely by thickness differences. The flaw is not in the calibration, 
but instead in the subjectivity of using the optical focusing drive of 
the microscope to measure inclusion thickness, which depends on 
the ability of the user to identify the top and/or bottom of pristine, 

fiGure 5. Calculated volatile contents of the same population of inclusions at different levels of exposure. (a, b) Volatile contents in unexposed 
inclusions are highly enriched relative to those in doubly exposed inclusions when thicknesses were measured using the optical focusing drive. (c, 
d) Volatile contents in singly exposed inclusions are also enriched relative to those in doubly exposed inclusions when thicknesses were measured 
using the optical focusing drive. Error bars (1σ) are shown in gray when larger than the symbol size. (e, f) Volatile contents of unexposed and 
doubly exposed inclusions correspond well when the thicknesses of unexposed inclusions were estimated using the X-Y proxy method. Error bars 
represent the range of volatile contents possible if the maximum and minimum horizontal dimensions were used as a proxy for thickness.
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clear glass inclusions in clear minerals of similar refractive index.
To quantify volatile contents in an unexposed inclusion, it 

is obviously best to directly measure its thickness. We believe 
the best way to measure unexposed inclusion thickness is by 
correctly orienting the crystal in mineral oil while viewed under 
the microscope, as described earlier. That technique is often not 
practical because the small sizes of the crystals make samples 
prohibitively difficult to handle. Therefore, it becomes important 
to find an objective method for estimating thickness. One such 
method is to approximate thickness from the horizontal dimen-
sions of the inclusion (Fig. 4b). Using our so-called X-Y proxy, 
where thickness is equated to the average of the horizontal dimen-
sions, estimates of volatile contents are the same for unexposed 
and doubly exposed inclusions (Figs. 5e and 5f).

Our X-Y proxy method assumes an inclusion has a regular 
polyhedral shape. An analogous method has been used previ-
ously in which inclusions were assumed to be ellipsoids, and 
inclusion thickness was assumed equal the horizontal length of 
the ellipse (e.g., Signorelli et al. 1999; Atlas et al. 2006). The 
X-Y proxy is similar to that method for equant inclusions, but 
may differ substantially as inclusions become more elongate. 
We thus consider either method appropriate to estimate thick-
ness in roughly equant inclusions, but prefer the X-Y proxy for 
elongate inclusions.

The reflection spectroscopy technique of Nichols and 
Wysoczanski (2007) also provides a thickness approximation 
for unexposed inclusions. The X-Y proxy depends solely on 
optical methods, and is not reliant on precisely estimating the 
proportions of host crystal and inclusion in the sample. Thus, 
it provides an alternate approach for determining thicknesses, 
which may be important if interference with the host crystal or 
dissolved volatiles are concerns.

The use of the X-Y proxy method eliminates the need for glass 
inclusions to be doubly exposed, making sample preparation less 
time-intensive and less destructive. Moreover, it allows the user 
to analyze more than one inclusion per crystal, some of which 
could be lost while doubly-exposing others. Inclusions at differ-
ent positions within a crystal can thus be analyzed, which allows 
the record of progressively changing compositional contents 
within the magmatic system to be measured. One drawback, 
however, is that unexposed, water-rich inclusions may be too 
thick to measure using absorbance at 3500 cm–1 (Ihinger et al. 
1994). Consequently, measuring water contents in unexposed 
inclusions may require using absorbances in only near-IR.
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