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Abstract. The water content (H20) and iron oxidation state (Fe**/Fer) of
silicate glass are useful compositional parameters to measure in volcanology
and igneous petrology due to: (1) their influence on the chemical and
physical properties of magmas, and (2) their use in constraining the pressure-
temperature-composition conditions of magma storage and ascent. We
present techniques using electron probe microanalysis (EPMA) that
carefully mitigate for the effects of sub-surface charging, which causes beam
damage and modifies X-ray emission. The calibrated volatiles-by-difference
technique quantifies H2O (assuming that this is the dominant volatile
species) in silicate glass at a spatial resolution of 5-10 um diameter with
uncertainties of £0.5-0.7 wt% and has been tested on basaltic glasses. The
time-dependent-ratio flank method quantifies Fe3*/Fer at a spatial resolution
of 20-60 um diameter with uncertainties of 0.1 and has been tested on a
wide range of basaltic and peralkaline rhyolitic glasses. EPMA often
requires straightforward sample preparation and is more accessible than
other techniques used to quantify both H>O and Fe**/Fer (e.g., SIMS, FTIR,
Raman, XANES, Mdssbauer), although uncertainties are typically larger
using EPMA. For H>O, the spatial resolution of EPMA is often higher than
other techniques (e.g., SIMS, FTIR), whereas for Fe**/Fer it is often lower
(e.g., Raman, XANES). Both EPMA techniques can be used on natural (e.g.,
melt inclusion and matrix glass) and experimental glasses, in addition to
standard EPMA for quantification of major and minor element
concentrations, for extensive chemical characterisation using EPMA.

1 Introduction

Magmas are multiphase mixtures of melt, crystals, and vapour bubbles. During ascent,
decreasing pressure causes volatiles (e.g., H O, CO,, S, Cl, etc.) dissolved in the melt to
exsolve into a vapour phase creating bubbles that increase the buoyancy of the magma,
driving it to the surface [e.g., 1]. This also changes the chemistry of the melt during ascent,
causing the volatile content to decrease and variations in Fe**/Fer (Fig. 1A). The chemistry
of the melt phase, including the volatile content (especially H,O) and Fe**/Fer, are important
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in controlling the chemical and physical properties of the magma (e.g., phase equilibria, melt
density and viscosity, vapour speciation, etc. [e.g., 2-6]) and are therefore important to
quantify in volcanology and igneous petrology.

Changes in the chemistry of the melt can be assessed by analysing melt inclusions: tiny
pockets of melt that are trapped inside crystals as they grow in the magma, providing a sample
of the melt at the time of entrapment (Fig. 1B, [7]). These melt inclusions and any melt
surrounding the crystals quench to a glass upon eruption, with the latter termed matrix glass
(Fig. 1B). Sometimes melt inclusions and matrix glasses are not completely glassy and
contain crystals (e.g., microlites) and/or bubbles, which can complicate analysis and
interpretation (see [7] for information on these issues for melt inclusions). Melt inclusions
are typically small (10s to rarely 100s of um across) and are therefore normally analysed
using a variety of microanalytical techniques to capture their full chemistry [7]. Here we
provide an overview of two electron probe techniques to measure the water content (H>O)
[8] and iron oxidation state (Fe**/Fer) [9] of silicate glass, developed to be applied to melt
inclusions but that can also be used on matrix and experimental glasses.
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Fig. 1. (A) Example of how water content of the melt (H2O: solid curve, upper x-axis) and iron oxidation
state (Fe3*/Fer: dashed curve, lower x-axis) vary with decreasing pressure during magma ascent (model
results from [10]). (B) Transmitted light photomicroscope image of an olivine crystal from basaltic
scoria (Stromboli, Italy) containing several melt inclusions (one is labelled in the centre as an example),
a re-entrant (sometimes called an embayment), and matrix glass around the edge (labelled in the upper-
right corner).

2 Water content using calibrated volatiles-by-difference

The electron probe cannot directly measure the water content of silicate glass (or any
material) but can be used to indirectly quantify the water content using the “Volatiles-By-
Difference” (VBD) technique [8, 11-15]. This requires measuring all the major and minor
elements in the silicate glass, converting them to oxides, and assuming the remaining mass
of the sample is water. This is justified as magmatic volatiles are typically dominated by H»O.
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As a by-difference technique, care must be taken to accurately and precisely quantify the
elements that can be measured as the uncertainty on the water content is the quadratic sum
of all the measured elements uncertainties’ (typically +0.5-0.7 wt%; [8]).

An example EPMA set-up is shown in Table 1, but there are several considerations to
achieve accurate and precise VBD analyses. The unmeasured mass of the sample includes all
unmeasured elements (e.g., trace elements, CO, etc.), so if these are in high concentration
assuming VBD is only water will overestimate the true water content. Also, VBD is not
simply 100 wt% minus the measured analytical total. Hydrogen must be specified as an
element in the matrix correction to account for the effect of HO on X-ray emissions (e.g.,
X-ray absorption due to O in H,0), otherwise VBD can be overestimated by ~1 wt% [12, 16-
18]. Additionally, the oxidation state of multivalent elements in sufficiently high
concentrations (e.g., Fe, S) should be independently constrained to reduce the uncertainty
when converting from elements to oxides (e.g., uncertainty in basalts due to unknown
Fe**/Feris up to£0.7 wt%; [8]). Secondary standards of similar composition to the unknowns
are crucial for evaluating precision and accuracy of the analyses.

Table 1. Example EPMA set-up for VBD analysis of hydrous basaltic glass from [8].

Spectrometer set-up, elements (in analytical order), and standards*
PETJ TAP TAPH PETH LIFL
Ca* Wollastonite Si* Albite Na* Albite K* Sanidine  Fe* Andradite
Ti TiO; Al Sanidine Mg Olivine P Apatite Mn Mn-metal
Cl NaCl S Barite'
Analytical conditions Other
Accelerating voltage: 15 kV Peak counting time: 60 s (K is 120 s)
Beam current: 10 nA Backgrounds: MAN
Beam diameter: 5-10 um *TDI measurements collected

Notes: *Primary standards for peaking and calibration are shown in italics. "Peak position standard for
S should have similar S¢*/St to unknowns as the S peak position depends on oxidation state [19].

Hydrous glasses are electrical insulators, meaning they trap electrons within the sample
[20]. This creates a region of negative charge at depth that generates an electric field within
the sample [20], called sub-surface charging. This has two important effects on glass EPMA.
Firstly, mobile cations (e.g., Na*, K*) migrate towards the region of negative charge causing
their concentration in the analytical volume to decrease over time [21]. Concurrently, the
relative concentration of immobile elements (e.g., Si, Al) increases due to “grow-in” [21-22].
To mitigate for this: (1) use the largest beam diameter that maintains a homogeneous
analytical volume (no crystals, such as microlites, bubbles can be present within the
analytical volume) and spectrometer focus (i.e., <20 um); (2) use the lowest beam current
that achieves the required analytical precision in a reasonable time; (3) reduce counting times
whilst achieving the required analytical precision (e.g., use Mean Atomic Number, MAN,
rather than off-peak backgrounds; [18]); and (4) analyse problematic elements first (e.g., Na,
K, Si), whilst collecting time dependent intensity (TDI) data so that a correction can be
applied if needed [21].

Secondly, the incoming electrons are decelerated by the internal electric field reducing
their energy meaning they generate fewer X-rays than if no sub-surface charging was
occurring [20]. Typically, minerals are used as standards because they are more stable and
well-characterised. However, the intensity of sub-surface charging at the same analytical
conditions is expected to be less for minerals than for hydrous glasses because charge
trapping sites are more common in amorphous materials [23]. Hence, the measured
concentration of elements in hydrous glasses is underestimated, causing VBD to be
overestimated, which has been shown for literature and modelled data [8]. To mitigate for
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this, a set of hydrous glasses with known H,O (and ideally CO, and Fe**/Fer) analysed using
the same analytical conditions in the same session can be used to calibrate VBD for unknown
glasses (Fig. 2) [8, 24]. A linear regression (y = mx + ¢) is applied to the measured VBD (x)
and the independent volatile content (y) of the VBD standards, which is then used on the
measured VBD of the unknown glasses. This improves the accuracy for VBD from an offset
of ~1 wt% to within +0.1 wt% [8]. The example in Figure 2 uses the St8.1 suite of hydrous,
relatively oxidised (Fe**/Fer ~ 0.66), basaltic experimental glasses from [25]. Secondary
VBD standards can be used to evaluate the accuracy and precision of the final water contents.
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Fig. 2. Example of applying calibrated volatiles-by-difference (VBD) to experimental glasses. The
VBD calibration (calib. — solid line) glasses are shown as filled circles (St8.1), which are applied to the
measured (meas.) data shown as filled diamonds (MAS1.A and MAS1.B), resulting in corrected (corr.)
VBD estimates shown as open diamonds similar to the independent H>O using SIMS and FTIR
surrounding the 1-to-1 line (black line). All uncertainties are 1o based on measurement uncertainties
(uncertainty from the VBD correction itself has not been propagated as the standard error for the
estimate [0.14 wt%] is smaller than the measurement uncertainty). Data from [8, 25]: samples are
experimental basaltic glasses based on compositions from Masaya (MAS) and Stromboli (St).

A comparison of calibrated-VBD using EPMA to other techniques often used to measure
the H,O content of melt inclusions, matrix glass, and experimental samples — such as Raman
spectroscopy, transmission Fourier transform infrared (FTIR) spectroscopy, and secondary
ion mass spectrometry (SIMS) — is shown for hydrous basaltic glass in Fig. 3 (see [7] for an
overview of different techniques for measuring water in the context of melt inclusion
analysis). The spatial resolution of EPMA (~5 um diameter) is higher than transmission-
FTIR and SIMS (~10 um diameter, although higher spatial resolution is possible using
synchrotron or focal-plane-array FTIR) but lower than Raman (~1 pm diameter). The
analytical uncertainty for EPMA (£0.7 wt%) is larger than for Raman (+0.2 wt%),
transmission-FTIR (approximately £13%, equivalent of +£0.65 wt% at 5 wt% H,0), and
SIMS (approximately +5%, equivalent of £0.25 wt% at 5 wt% H>O). Sample preparation for
EPMA, Raman, and SIMS requires a single-polished surface, whereas transmission-FTIR
requires doubly-polished surfaces (although a single-polished surface can be used in
attenuated-total-reflectance FTIR). EPMA measures the major and minor element chemistry
at the same time as VBD, whereas Raman can be used to measure sub-surface, unexposed



EPJ Web of Conferences 349, 01007 (2026)
EMAS 2025

https://doi.org/10.1051/epjcont/202634901007

melt inclusions; FTIR can also measure CO; concentration and volatile speciation; and SIMS
can also measure CO, concentration and isotope ratios. Hence, there are benefits and
drawbacks to each technique but, as EPMA is often required regardless to measure the major
and minor element chemistry, the addition of calibrating VBD to also get H,O is very useful.
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Fig. 3. Comparison between microanalytical techniques to measure H>O (EPMA, Raman spectroscopy,
transmission Fourier transform infrared spectroscopy = FTIR, and secondary ion mass spectrometry =
SIMS) and Fe**/Fer (EPMA, Raman, X-ray absorption near-edge structure spectroscopy = XANES,
synchrotron Madssbauer spectroscopy = SMB) for spatial resolution (area of circle/rectangle is
proportional to analytical area, d = diameter in pm); measurement uncertainty (length of vertical line is
proportional to absolute uncertainty: where % uncertainties are appropriate, the absolute uncertainty is
shown from 0 to 5 wt% H20); sample preparation requirements; accessibility; and other considerations.

3 Iron oxidation state using the time-dependent-ratio flank
method

The oxidation state of Fe can be quantified using EPMA by analysing the FeLa and Felf
lines [26] or indirectly using stoichiometry [27]. Stoichiometry cannot be applied to silicate
glass, hence we focus on the use of the FeL lines. The energy of X-ray emission (FeLa and
FeLp) and absorption (L3 and L, absorption edges) associated with the FelL lines are very
similar leading to self-absorption [28]. The energy of the emission and absorption edges shift
due to changes in the coordination and oxidation state of Fe, and the degree of self-absorption
varies with the accelerating voltage and Fe concentration [26, 29-30]. Together, this means
the peak positions and intensities of FeLa and FeLp vary depending on Fe oxidation state,
coordination, and concentration (Fig. 4A) and have been used to measure Fe'/Fer in a variety
of geological minerals [e.g., 20-34] and glasses [9, 35-37]. The “peak shift” method correlates
the wavelength position of FeLa measured using wavescans with Fe’'/Fer [35].
Alternatively, the “flank” method correlates the ratio of the intensities measured on the high-
wavelength flank of FeLP (FeLf) to the low-wavelength flank of FeLa (FeLayr) — termed the
flank ratio — with Fe?', which is converted to Fe**/Fer using the known Fe content [30].

The FeL lines have weak intensities requiring high beam currents and/or long count times
to achieve reasonable counting statistics. This is problematic when analysing silicate glass
because they are beam sensitive due to sub-surface charging. As well as element migration,
this causes reduction of Fe in anhydrous, high-Fe**/Fer glasses and oxidation of Fe in hydrous
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and/or alkali-rich, low-Fe’*/Fer glasses with the rate of oxidation/reduction depending on
glass composition and analytical conditions [9, 35-36, 38]. To mitigate for this, the sample
can be moved during analysis to minimize the beam damage in any particular area [36], but
this decreases spatial resolution significantly (~240x10 pm?). Alternatively, a TDI correction
can be applied enabling much higher spatial resolution (20-60 um diameter), which requires
using the flank method as it is much easier to correct intensity measurements at two
wavelengths using TDI than over a wavescan [9]. This is called the time-dependent-ratio

(TDR) flank method [9].
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Fig. 4. (A) FeL wavescans of an anhydrous basaltic glass that is oxidised (ox., i.e., high Fe’*/Fer) and
contains low Fer (solid) and an anhydrous tephriphonolitic glass that is reduced (red., i.e. low Fe**/Fer)
and contains high Fer (dash). (B) Wavescans from (A) have been normalised to the intensity of their
FeLa peak. (C) Difterence spectrum between wavescans in (B) [oxidised-low-Fe — reduced-high-Fe],
with flank positions (FeLar and FeLy) shown by vertical solid lines. (D) Flank ratio over time (filled
circles, uncertainties are 16), where the open diamond is the initial flank ratio and the solid curve is the
fit using eq. (1) for a hydrous basaltic glass. Data from [9]: all samples are experimental glasses.

Identifying flank positions is time consuming but if measured relative to an easy to
measure peak (termed the flank reference peak; e.g., FKo on MgF, or 2™ order AlKa on
Al>03), only needs to be done once per instrument. An example EPMA set-up for identifying
flank positions is shown in Table 2 [9]. Wavescans are collected on two glasses with Fer and
Fe’*/Fer that are as different as possible (i.e., high-Fer and low-Fe**/Fer vs. low-Fer and
high-Fe’"/Fer) with the stage moving (1 us™') to avoid beam damage (Fig. 4A). Multiple
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wavescans are collected on each glass combining counts from all TAP-type crystals on the
instrument to improve signal-to-noise. The difference spectrum is calculated by subtracting
the wavescans normalized to the intensity of their FeLa peak (Fig. 4B), where the flank
positions are the minimum (FeLpr) and maximum (FeLoy) in the difference spectrum (Fig.
40).

Table 2. Example EPMA set-up for identifying flank positions from [9].

Analytical conditions
Accelerating voltage (kV) Beam current (nA) Beam diameter (um)
15 50 10
Wavescan set-up
Number of steps Step size (mm, JEOL only) Dwell time (s)
100 0.071 0.5

Notes: Stage must be moving (1 ps™!) during analysis. Accelerating voltage must be the same as used
for analysing unknowns.

An example EPMA set-up for using the TDR flank method is shown in Table 3 [9].
Counting statistics are maximised by using all TAP-type crystals available on the instrument
to measure at flank positions, combining multiple crystals on FeLor and/or FeLp to optimise
the overall intensity measured (e.g., accounting for the count rate on the specific TAP-type
crystal and that FeLp is less intense than the FeLa). Depending on how many and what
spectrometers are left, sample homogeneity and beam damage can be monitored using FeKa
and KKao. Initially, TAP-type crystals are peaked on the flank reference peak, which is used
to set pulse height analysis (PHA) windows, where differential mode removes the 9™ order
FeKa. Peak positions are then set to the flank positions using the known offsets relative to
the flank reference peak. Multiple TDI analyses (e.g., ten) are typically averaged for a single
glass (i.e., melt inclusion or experimental glass) to achieve reasonable uncertainties on
Fe**/Fer (£0.1). The beam diameter is selected to balance the sample area available whilst
ensuring the rate of the flank ratio change is slow enough to be corrected using TDI. For
instance, a 4 um beam diameter is appropriate for basaltic glass (total area for 10 analyses ~
20 pum diameter), whereas 15 um is required for peralkaline rhyolitic glass (total area for ten
analyses =~ 60 pm diameter). The largest beam diameter that can be used is ~20 um, above
which the spectrometers can defocus.

Table 3. Example EPMA set-up for TDR flank measurements from [9].

Analytical conditions
Accelerating voltage (kV) Beam current (nA) Beam diameter (um)
15 50 4-15%
Count times
Number of intervals Interval time (s) Total time (s)
24 5 ~150

Notes: As many TAP-type crystals as available are used to measure the flank positions. ¥*Depends on
beam damage sensitivity.

There are multiple options for data processing. One option is to calculate the flank ratio
with time from the measured intensities on FeLos and FeLPr and then calculate the initial
flank ratio (I,) by fitting either an exponential function (solving for Iy, I.,, and I,):

Igt

It = (IO - Im)e(lo——’w) + Ioo 1)
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where [ is the flank ratio and the subscript refers to time #; a straight line (1, = I + Io); or
taking the average if the flank ratio is constant over time (Fig. 4D; e.g., R-code from [9]).
Alternatively, the data can be collected and processed within the Probe for EPMA software,
which applies a TDI-correction to each measured intensity, from which the initial ratio can
be calculated. There is also the open-source Flank Reduction tool through a web-application
with a graphical user interface [39], which has been applied to garnets. The Fe?* of the
unknown glasses is calculated using a calibration curve of I against Fe?* constructed using
standards of known Fe*"/Fer. To convert Fe*" to Fe*'/Fer, the Fe concentration measured
using standard EPMA is used (e.g., using set-up in Table 1: standard EPMA should be done
before TDR flank measurements to avoid beam damage). An example application is shown
in Figure 5, where the oxygen fugacity is calculated from the measured Fe*/Fer of hydrous
basaltic glasses using the TDR flank method, showing these experiments ranged from
ANNO-1 to +4 [40].

| S

oxygen fugacity (ANNO)
[

_3:||||I||||I||||I||||I||||I
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Fe3*/Fe;

Fig. 5. An example application of the TDR flank method to hydrous, basaltic, experimental glasses
showing the calculated oxygen fugacity (ANNO, which is relative to the nickel-nickel oxide buffer)
from the TDR flank method Fe**/Fer. Data from [40].

A comparison of the TDR-flank method using EPMA to other techniques often used to
measure Fe3*/Fer in silicate glass — such as Raman, X-ray absorption near-edge structure
(XANES) spectroscopy, and synchrotron Mdssbauer (SMB) spectroscopy — is shown for
hydrous basaltic glass in Fig. 3 (see [41] for an overview of different techniques for
measuring the oxidation state of Fe and other elements in geological materials). EPMA (~20
pm diameter) has a similar spatial resolution to SMB (~18 pum diameter), which are much
lower than XANES (5 x 3 um?) or Raman (~1 um diameter). The absolute uncertainty for
EPMA (£0.1) is double SMB (+0.05) and Raman (+£0.04) and over an order of magnitude
larger than XANES (+0.0045). Sample preparation and accessibility are much simpler for
EPMA and Raman, requiring a single-polished surface and often available in-house; whereas
XANES and SMB require doubly-polished surfaces and access to a synchrotron.

https://doi.org/10.1051/epjconf/202634901007
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4 Conclusion

We have outlined two electron probe techniques that enable the water content and Fe**/Fer
to be quantified in hydrous silicate glass — in addition to the major and minor element
composition typically analysed by EPMA — and compare them to other techniques available
for such analyses. These EPMA techniques mitigate the effects of sub-surfacing charging
that causes element migration, iron oxidation and reduction, and reduced X-ray emission
through calibration and TDI corrections, improving accuracy and precision. The high spatial
resolution of EPMA means these techniques can be applied to small sample areas — such as
melt inclusions, matrix glass, and experimental glasses — to study magmatic and volcanic
processes.
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