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Abstract

We present a new analytical method, which allows the simultaneous analysis of fluorine (F), chlorine (Cl), bromine (Br), and iodine (I) in
geological samples. To account for interferences of Fe on the spectral lines of F, of Al on Br-lines, and of Ca on I-lines, we prepared four new
halogen-free calibration glasses. The new method is used to analyze various glass reference materials and crystal-hosted melt inclusions from
the Azores. Our results show that our new method allows reliable and reproducible analyses of all four halogens in silicate glasses.
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Introduction

The halogens, fluorine (F), chlorine (Cl), bromine (Br) and iodine
(I), exert an important role in many magmatic and hydrothermal
processes (Harlov & Aranovich, 2018). Nevertheless, their geo-
chemical behavior in most geological settings is not well under-
stood, mostly due to a lack of reliable geochemical analyses (see
Klemme & Stalder (2018) for some discussion). Halogens can
be analyzed in geological samples using various analytical tech-
niques, including secondary ion mass spectrometry (SIMS) (e.g.,
Hinton, 1990; Straub & Layne, 2003; Kusebauch et al., 2015;
Cadoux et al., 2017), noble gas mass spectrometry (e.g.,
Kendrick et al., 2012), instrumental neutron activation (INAA)
(e.g., Marks et al., 2012; Cadoux et al., 2017), microbeam X-ray
fluorescence (μ-XRF) spectrometry (e.g., Pan & Dong, 2003),
laser ablation inductively coupled mass spectrometry
(LA-ICP-MS) (e.g., Hammerli et al., 2013) and electron probe
microanalysis (EPMA) (e.g., Zhang et al., 2016, 2017).
Compared with most of the methods mentioned above, advan-
tages of EPMA are (a) the availability in most geoscience insti-
tutes, (b) excellent spatial resolution, (c) relatively low analytical
costs, and (d) simultaneous determination of all four halogens.
Until recently though, halogen analyses with EPMA were hin-
dered by relatively high detection limits (DLs), e.g., 600–
1,200 μg/g for F, due to low count rates when using thallium

acid phthalate (TAP) crystals (Potts & Tindle, 1989), or spectral
interferences when using multilayered crystals (Potts & Tindle,
1989).

The main problems associated with EPMA of halogens are:
(1) spectral interferences between Fe on F, Al on Br, and Ca on
I in rock-forming minerals and glasses and (2) lack of well-
characterized EPMA reference materials that cover the broad
range of halogen concentrations in natural minerals and glasses
as well as (3) lack of low Al and low Ca EPMA calibration mate-
rials to estimate correction factors for Br and I analyses.

As to spectral interferences, EPMA of reference materials like
the Kakanui Hornblende (USNM 143965) (Jarosewich et al.,
1980) and the Durango fluorapatite (Marks et al., 2012) revealed
that the first-order FeLα and FeLβ, and the second-order MgKα

and MgKβ spectral lines interfere with the FKα line. Marks
et al. (2012) showed that the FeLα line overlaps at the peak posi-
tion of the FKα, while the MgKβ line overlaps at the right-side
background position of the FKα. Bromine analyses are affected
by interferences from Al-lines, e.g., as AlKα and AlKβ interfere
with the adjacent BrLα and BrLβ lines (Fleet, 1989; Zhang et al.,
2017). Finally, spectral interferences for ILα result from the Kβ

line of Ca.
Zhang et al. (2016, 2017) developed specific analytical proto-

cols for EPMA analysis of F and Br in geological samples.
Analysis of F with a TAP crystal is possible as there is no spectral
interference, but obtained count rates are usually too low for
meaningful analysis (Zhang et al., 2016), unless more than one
TAP crystals are used (Bénard et al., 2017). Instead, F is preferen-
tially measured using a W-Si-multilayered pseudocrystal as the
diffraction crystal (Zhang et al., 2016). This is the method of
choice, as higher count rates result in lower DLs (82–106 μg/g
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for F). As to the overlap on FKα from the second-order MgKβ

line, Zhang et al. (2016) used the EPMA in a differential mode
with an optimized PHA (pulse height analysis) setting in signal
processing, which completely eliminated interferences from the
second-order MgKβ line. The overlapping first-order FeLα on
FKα peak cannot be filtered by modifying the PHA settings and
was instead calibrated quantitatively using a few F-free,
Fe-bearing natural silicate glasses and minerals. Using this
approach, Zhang et al. (2016) demonstrate the successful analysis
of F in a number of reference glasses (VG-2, VG-A99, VG-568,
and BCR-2G), as well as in synthetic glasses made from powders
of some rock reference materials (AC-E, GS-N, and DR-N).

For the EPMA analysis of Br, Zhang et al. (2017) established
an analytical protocol by using Br-free but Al-bearing materials
to quantify the overlap from AlKα on BrLβ lines. The count rate
of the BrLβ peak signal was enhanced by high beam currents
(100–200 nA) and long measurement times (120 s at the peak
position and 60 s at the background). The application of this pro-
tocol to Al- and Br-bearing materials, such as sodalite and scapo-
lite, and to five synthetic glasses yielded Br concentrations in the
range of 250–4,000 μg/g that were consistent with those measured
by microbeam synchrotron X-ray fluorescence (μ-SXRF) spec-
trometry (Zhang et al., 2017). The EPMA method presented by
Zhang et al. (2017) has a Br detection limit of ∼100–300 μg/g.

To our knowledge, no such EPMA protocol has been estab-
lished for I analyses in natural and experimental silicate glasses.
Iodine analyses are more complicated, as I concentrations in nat-
ural glasses are extremely low (i.e., tens to hundreds ng/g,
Kendrick, 2012; Kendrick et al., 2013; 2015), and EMPA detection
limits (∼150 μg/g; e.g., Lerouge et al., 2010) are higher than those
for F and Br. The EPMA analysis of Cl in geological samples
requires no special treatment.

The second problem with halogen analysis of geological sam-
ples with the EPMA is due to the fact that well-characterized
halogen-bearing reference materials are scarce. Recently, Cadoux
et al. (2017) produced Br-bearing silicate glasses with concentra-
tions from 0.5 to 6,000 μg/g. Attempts to calibrate EPMA stan-
dards for Br in basaltic (with ∼6,000 ppm Br; Cadoux et al.,
2017) and haplogranite glass (with 0.96 ± 0.04 wt% Br, Louvel
et al., 2020) have also been recently reported. Zhang et al.
(2016) synthesized F-bearing glasses in granitic and dioritic
rock compositions, which have been used as reference materials
for bulk halogen analyses. However, to our knowledge, no
I-bearing reference material glasses are available.

In principle, halogens can be determined using various analyt-
ical techniques, e.g., SIMS (e.g., Straub & Layne, 2003; Kusebauch
et al., 2015; Cadoux et al., 2017), noble gas method (e.g., Kendrick
et al., 2012), INAA (e.g., Marks et al., 2012; Cadoux et al., 2017),
μ-XRF spectrometry (e.g., Pang & Dong, 2003), EPMA (e.g.,
Zhang et al., 2016, 2017), and others. Compared with most of
the methods mentioned above, EPMA advantages are (a) the
ease of access in such instruments, (b) reasonable spatial resolu-
tion (< 1 μm), (c) relatively low analytical costs, and (d) simulta-
neous determination of all four halogens. Until recently though,
halogen analyses with EPMA were hindered by relatively high
DLs (600–1,200 μg/g for F, while Br data are rare) and low
count rates when using TAP crystals (Potts & Tindle, 1989),
and spectral interferences when using multilayered crystals
(Potts & Tindle, 1989). The analytical protocols by Zhang et al.
(2016, 2017) tackled the problem generated by spectral interfer-
ences in F and Br analyses, hence leading to higher count rates
and lower DLs (106 μg/g for F and between 120 and 300 μg/g

for Br). Still, these DLs, especially for Br and I, are too high for
obtaining reasonable analyses in natural samples (although, in
some case, Br concentrations can reach up to 300 μg/g in melt
inclusions and matrix glasses; Bureau & Métrich, 2003). But
they can be particularly useful in experimental petrology in
order to determine partition coefficients for these elements, espe-
cially I, in magmatic and/or hydrothermal systems, thus evaluat-
ing the behavior of these elements in such systems. However,
further improvement of these analytical protocols is required, par-
ticularly an assessment of the methods at lower F and Br contents,
improved DLs, and establishment of an analytical protocol for I
analyses in geological materials.

Rationale

To improve the analytical EPMA techniques for the analysis of hal-
ogens in natural samples, we set out to prepare an improved analyt-
ical protocol. To achieve this, we prepared new synthetic
halogen-free glasses in different compositions to improve the cali-
bration of interferences during halogen analysis with EPMA, and
we also present a new analytical protocol for I analyses in silicate
glasses. Furthermore, we synthesized two halogen-bearing silicate
glasses to examine the accuracy of our calibration for F, Br, and
I. Fluorine and Br analyses of silicate glasses were conducted
using the analytical protocols of Zhang et al. (2016, 2017), and I
using our own new analytical protocol. These new reference mate-
rials and improved EPMA methods can be applied to geological
investigations that require high spatial resolution, e.g., experimental
studies (e.g., Steenstra et al., 2020), or the study of melt inclusions
(e.g., Métrich et al., 2014; Rose-Koga et al., 2017; present study).

Materials and Methods

The EPMA methods of Zhang et al. (2016, 2017) rely on a set of
halogen-free reference materials to calibrate spectral interferences
during EPMA measurements. In our laboratory, we use similar
glasses (see below) but we also synthesized several new halogen-
free glasses (Table 1) to improve the calibration of interferences
during halogen analysis, and we also analyzed various halogen-
bearing glasses, including well-known reference materials and
newly synthesized glasses (Tables 2–5). All synthesis experiments
were performed in the experimental petrology laboratory of the
Institute for Mineralogy at the University of Münster, Germany.
The halogen-free glasses are of basaltic, rhyolitic, and enstatitic
composition and were synthesized using analytical grade oxides
and salts in a piston-cylinder apparatus at high pressures and
high temperatures (P = 1 GPa, T = 1,450°C, 36 h run duration),
or in gas-mixing furnaces at atmospheric pressure (Table 1).
Samples were loaded into Pt-capsules. The halogen-bearing
glasses include all halogens (F, Cl, Br, and I) and their halogen
concentrations are 1,000 and 5,000 μg/g for each (Table 5).
Backscattered electron images of the resulting glasses showed
that the samples were completely quenched, and EPMA analyses
showed only small compositional heterogeneity (small errors,
Tables 2–4).

The new halogen-free glasses were used to quantify the Fe, Al,
and Ca interferences on F, Br, and I peaks, and this allowed us to
construct calibration lines (Figs. 1a–1c) that can be used to sub-
tract the amount of “apparent” halogen (Table 1), arising from
the interfering Fe, Mg, Al, or Ca. To evaluate the accuracy of
our method, we analyzed several independent reference material
glasses available in the literature (Tables 2–4).

858 Stamatis Flemetakis et al.

https://doi.org/10.1017/S1431927620013495 Published online by Cambridge University Press

https://doi.org/10.1017/S1431927620013495


Analytical Methods

All samples were examined with a JEOL 6510LV scanning elec-
tron microscope (SEM), and the major element concentrations
of all phases were determined with a 5-spectrometer JEOL JXA
8530F electron microprobe analyzer (EPMA) at the Institute für
Mineralogie at the Westfälische Wilhelms-Universität Münster
(WWU). Halogen-bearing silicate glasses were measured in a
first step for concentrations of Na, Mg, Al, Si, K, Ca, Ti, Cr,
Mn, and Fe. Conditions were 15 kV accelerating voltage, 5–
15 nA beam current, and counting times of 10 s on the peak
and 5 s on the background positions, except for Na and K (7 s
on peak and 3 s on background). Spot size was varied of between
10 and 20 μm. In a second step, halogens of the previously ana-
lyzed spots were measured with a beam current of 60 nA and

counting times of 120 s on the peak and 60 s on the background
(Zhang et al., 2016). The individual sets of silicate and halogen
analyses were eventually merged using the JEOL WDS software
package to obtain full w(ρΖ) matrix-corrected (Armstrong, 1984)
quantitative analysis. Spectral overlaps of FeLα on FKα, AlKα on
BrLβ, and CaKβ on ILα were finally corrected using the previously
determined correction factors. Details of EPMA halogen settings
are summarized in Supplementary Table 1. Astimex Tugtupite,
fluorite, and topaz were used as reference materials for F and Cl
analyses, and Astimex TlBrI was used as a reference material for
Br and I. Detection limits (DLs) are ∼88 μg/g for F, ∼28 μg/g for
Cl, ∼156 μg/g for Br, and ∼76 μg/g for I, and were determined
by the JEOL software using background statistics and the 3σ crite-
rion from equation 9.25 as described in Goldstein et al. (2018).

Table 1. Major Elements (wt%) Composition and “Apparent” Halogen Contents (μg/g) of Halogen-Free Glasses Used for the Calibration.

Glass FeO SD “F” SD Al2O3 SD “Br” SD CaO SD “I” SD

CB (VdK)1 1.1 0.1 350 52 16 0.3 798 39 5.7 0.1 279 20

Mercury surface2 1.8 0.1 370 45 14 0.2 710 20 6.0 0.1 282 16

NP-LMg (VdK)1 1.6 0.1 387 51 12 0.2 578 31 5.4 0.1 260 14

Mars regolith2 0.09 0.06 262 50 13 0.2 657 76 6.8 0.2 316 21

Mars surface2 13 0.3 1152 158 11 0.2 548 24 5.7 0.2 280 19

B13 8.6 0.3 805 100 16 0.2 755 40 12 0.2 564 19

B23 10.5 0.11 909 96 16 0.2 727 35 10 0.3 489 13

S1-low Ca(Gl-2)4 n.a n.a n.a. – 14 0.4 687 25 1.15 0.15 75 14

S2-low Al(Gl-1)4 n.a. n.a. n.a. – 1.4 0.1 83 25 9 0.3 448 38

S3-high Ca(Gl-4)3 n.a. n.a. n.a. – 16 0.4 759 14 14 0.5 624 21

S4-high Al (Gl-4)3 n.a. n.a. n.a. – 17 0.4 845 9 n.a n.a 24 10

Synthetic halogen-free glasses are used to establish the calibration lines. “F”, “Br,” and “I” refer to “apparent” halogen contents that are caused by the interferences of Fe on F-line, Al on
Br-line, and Ca on I-line. The glasses were prepared by: 1Morlok et al. (2017), 2Morlok et al. (2019), 3Berndt et al. (2005), and 4present study. Refer to these studies for detailed information.

Table 2. Reference Glasses Analyzed in the Present Study and Their F, Cl contents (μg/g).

Glass F Error Error% Cl Error Error%

VG-2 (Juan de Fuca) 197 46 23 275 18 6.5

VG-A99 (Makaopuhi) 585 26 4.4 210 7 3.3

VG-568 (Rhyolite) 1,794 21 1.2 1,015 24 2.4

BCR-2G 167 19 11 38 9 24

AC-E1 1,885 20 1.1 303 7 2.3

GS-N1 963 22 2.3 472 4 0.8

DR-N1 586 20 3.4 475 3 0.6

NMNH 113716/11 153 41 27 – – –

479632 989 15 1.5 1,261 17 1.3

GSE1-G 228 24 10.5 1,644 9 0.5

BHVO2-G 305 15 4.9 70 4 5.7

A5003 – – – 690 5 0.7

RD50003 – – – 884 4 0.5

Glasses were analyzed with EPMA, and F and Cl concentrations were determined using our calibration lines (Figs. 1a–1c). Errors reported are 2σ – SE. The glasses were synthesized by 1Zhang
et al. (2016), 2Kendrick et al. (2012), and 3Cadoux et al. (2017). Cl results are from Cadoux (personal communication).
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Results and Discussion

Calibration Lines

Electron microprobe analysis of F, Br, and I of geological samples
is difficult due to interferences of Fe on F-lines, Al on Br-lines,
and Ca on I-lines. Hence, we used Fe-, Al-, and Ca-bearing glasses
to calibrate the aforementioned interferences. Here, it should be
noted that the calibration lines (i.e., the measured Fe–F, Al–Br
and Ca–Cl contents of the silicate glasses) can vary with beam
current and other settings (e.g., baseline, window, bias, and
gain). This indicates that the calibration lines (and equations)
reported further below and in Figures 1a–1c will not be the
same for other laboratories with a different instrument type
and/or a different measurement setting. Thus, for other

instrument types and/or settings, new calibrations (following
the same procedure) need to be performed, which are specifically
designed for them. Moreover, to further assess the accuracy of the
measurements, the calibrations for the measured elements should
be periodically performed during each measurement session.

The calibration curves are depicted in Figures 1a–1c, and
results are given in Tables 2 and 3. As an example, our analyses
show a linear relationship between the “apparent” F signal and
the Fe concentrations of the samples (Zhang et al., 2016), and
the results may be described by the following linear equation: y
= 65.209x + 287.93 with R2 = 0.9962. The 2σ uncertainty on the
“apparent” F content is ±40 μg/g but increases to ±80 μg/g for ele-
vated Fe contents (>9 wt%). We then use this calibration line
(Fig. 1a) to correct our measured F concentrations in various

Table 3. Fluorine and Cl Contents of Reference Glasses from the Literature Compared With Our Study.

Glass Analytical Method F (μg/g) Error Cl (μg/g) Error F− accuracy (%) Cl− accuracy (%)

VG-2 (Juan de Fuca)1 EPMA – – 316 19 – 13

VG-2 (Juan de Fuca)8 EPMA – – 329 5 – 16

VG-2 (Juan de Fuca)11 EPMA 301 19 303 20 44 9

VG-2 (Juan de Fuca)4 SIMS 334 14 – – 49 –

VG-A99 (Makaopuhi)1 EPMA – – 227 20 – 7

VG-A99 (Makaopuhi)8 EPMA – – 271 9 – 23

VG-A99 (Makaopuhi)11 EPMA 874 98 225 14 33 7

VG-A99 (Makaopuhi)4 SIMS 709 47 – – 17 –

VG-A99 (Makaopuhi)6 EPMA 976 4 – – 40 –

VG-568 (Rhyolite)7 EPMA – – 1,013 53 – 0.2

VG-568 (Rhyolite)11 EPMA 1,968 56 1,045 35 9 3

BCR-2G11 EPMA 317 59 99 18 47 62

BCR-2G5 IC/ICP-MS 448 3 98 8 63 61

BCR-2G12 Noble gases – – 67 2 – 43

AC-E11 EPMA 1,890 64 292 17 0.3 4

AC-E5 IC/ICP-MS 1,807 184 162 91 4 87

AC-E10 IC/TXRF 1,962 93 261 22 4 16

GS-N11 EPMA 920 38 497 20 5 5

GS-N5 IC/ICP-MS 919 5 349 7 5 35

GS-N10 IC/TXRF 932 31 456 32 3 4

DR-N11 EPMA 573 71 521 23 2 9

DR-N10 IC/TXRF 567 97 545 25 3 13

DR-N13 EPMA 586 20 475 3 – –

47963 9 Noble gases – – 1,356 – – 7

47963 2,3 EPMA 780 – 1,400 – 27 10

GSE1-G12 EPMA/IC 150 15 1,300 75 52 26

BHVO2-G12 EPMA 305 20 80 15 0.1 13

BHVO2-G12 IC 295 25 70 15 3.5 0

A50013 SIMS – – 603 7.5 – 14

RD500013 SIMS – – 762.5 12.1 – 15

1Thordarson et al. (1996); 2Kamenetsky et al. (2000); 3Kamenetsky & Maas (2002); 4Straub & Layne (2003); 5Michel & Villemant (2003); 6Witter & Kuehner (2004); 7Streck & Wacaster (2006); 8van
der Zwan et al. (2012); 9Kendrick et al. (2012); 10Wang et al. (2014); 11Zhang et al. (2016); 12Marks et al. (2016), Cadoux (personal communication). Errors reported are either SD, 1σ or 2σ
depending on the study. The reported accuracy of our measurements is relative to the different methods (Column “Analytical Method") used in different studies.
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synthetic and natural halogen-bearing glasses from the literature,
which have been used to check for the accuracy of halogen anal-
yses in previous studies (Kamenetsky et al., 2000; Kamenetsky &
Maas, 2002; Michel & Villemant, 2003; Straub & Layne, 2003;
Kendrick et al., 2012; Marks et al., 2012, 2016; Wang et al.,
2014; Zhang et al., 2016). Details of the glasses we analyzed
[VG-2 (USNM 111240/52, basaltic glass), VG-A99 (USNM
113498/1, basaltic glass), VG-568 (USNM 7285, rhyolitic glass),
NMNH 113716/11 (USNM, basaltic glass), BCR-2G (USGS,

basaltic glass), GSE1-G (USGS, basaltic glass), and BHVO2-G
(USGS, basaltic glass)], the synthesized glasses from Zhang
et al. (2016), AC-E (granite), GS-N (granite) and DR-N (diorite),
and glass 47963 (basaltic glass) (Kamenetsky et al., 2000;
Kamenetsky & Maas, 2002, in Kendrick et al., 2012) are presented
in Tables 2 and 3. We then compared our results with literature
values by Zhang et al. (2016), because we applied the same ana-
lytical rationale and one value from Marks et al. (2016)
(Fig. 2a). The F precisions and accuracies of our analyses are
given in Tables 2 and 3.

To account for the interference of Al- on Br-lines during
EPMA analysis, we followed an identical approach (Fig. 1b).
The “apparent” Br signal and the Al concentrations of the sam-
ples also follow a linear relationship, with y = 48.467x + 7.7809
with an R2 = 0.9891. At Al2O3 contents <12 wt%, 2σ uncertainty
of the “apparent” Br of the sample increases from ∼40 to ∼80 μg/
g, mainly due to the lack of Br-free reference glasses with such low
concentrations of Al2O3. We then used the new calibration line to
analyze Br-bearing hydrous glasses from Cadoux et al. (2017),
which were synthesized from natural volcanic rocks in various
compositions (Table 2 and 3) and analyzed with in situ tech-
niques such as SIMS, LA-ICP-MS, and synchrotron radiation
X‐ray fluorescence spectrometry (SR-XRF) (Cadoux et al.,
2017). Our EPMA results agree well with the data from Cadoux
et al. (2017) (Table 4).

We also prepared Ca-bearing I-free glasses which allowed us to
quantify the effect of Ca in the signal of the I spectrum (∼20–
40 μg/g, Fig. 1c) during EPM analysis. Similar to F and Br, the
“apparent” I signal shows a linear relationship with the Ca concen-
tration of the samples, with y = 43.179x + 37.555 with an R2 =
0.9958. As there are no available reference glasses for I analyses,
we could not apply our new method to the aforementioned glasses.

The analysis of Cl with EPMA, however, does not require cor-
rection. We, therefore, measured the Cl content of the same syn-
thetic and natural halogen-bearing glasses (Table 2) and then
compared our results with the literature (Kamenetsky et al.,
2000; Kamenetsky & Maas, 2002; Michel & Villemant, 2003;
Straub & Layne, 2003; Kendrick et al., 2012; Marks et al., 2012,

Table 4. Bromine Contents (μg/g) and Accuracy of Reference Glasses Analyzed in Our Study and in Cadoux et al. (2017).

Glass Analytical Method Br Error Error % Accuracy Br

GSE1-G EPMA 423 27 6.4 –

A5001 INAA 524 1.6 – 22

A5001 LA-ICP-MS 423 11 – 3

A5001 SIMS 381 20 – 7

A5002 EPMA 409 15 3.7 –

A10001 INAA 990 3.2 – 3

A10001 LA-ICP-MS 1,102 192 – 7

A10001 SIMS 1,127 48 – 9

A10002 EPMA 1,024 26 2.5 –

RD50001 INAA 5,030 9 – 29

RD50001 LA-ICP-MS 5,355 635 – 22

RD50001 SIMS 5,638 310 – 16

RD50002 EPMA 6,522 67 1 –

Bromine concentrations were obtained using our calibration line. Errors reported from Cadoux et al. (2017) and the present study are 2σ – SE. 1Cadoux et al. (2017) and 2present study. The
reported accuracy of our measurements is relative to the different analytical methods (Column “Analytical Method") used in different studies.

Table 5. Major Elements (wt%) and Halogen Concentrations (μg/g) of
Experimental Glasses.

Glass SF-G8 SF-G9

SiO2 50.8 51.4

Al2O3 12.7 13.1

FeO 0.5 0.1

MgO 8.2 8.6

CaO 20.4 20.7

Na2O 3.1 2.4

K2O 1.5 1.2

F 3,592 516

Error (SD) 65 43

Cl 5,098 1189

Error (SD) 26 17

Br 3,674 709

Error (SD) 63 42

I 5,471 981

Error (SD) 62 44

Halogen-bearing synthetic experimental glasses are SF-G8 and -G9 (this study). The nominal
starting material compositions for each halogen were 5,000 μg/g for SF-G8 and 1,000 μg/g
for SF-G9.
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Fig. 1. (a) Calibration line for F. Glasses with different Fe contents were used from ∼0.4 to ∼14 wt% (Table 1). There is an almost linear correlation (R2 = 0.9962) with
increasing Fe content. The 95.45% confidence line indicates that the error (2 SD) on the F content because of Fe is relatively small (±40 μg/g) up to ∼9 wt% and
increases (±80 μg/g) at higher concentrations. (b) Calibration line for Br that quantifies the effect of Al in the analysis signal. Our glasses have an Al2O3 content
ranging from ∼1 to ∼18 wt% (Table 1). The excess Br signal we get from Al also shows a linear relation (R2 = 0.9891) with an increasing amount of Al inside
the samples. Based on the 95.45% confidence lines, the error (2 SD) at the excess Br for Al concentrations higher than 12 wt% is ±20 μg/g, while it increases sig-
nificantly at concentrations less than 2 wt%, probably due to the absence of glasses with very low Al contents. (c) Calibration line for I shows the effect of
Ca-interference on the I measurements. The Ca compositional range of our glasses is from 0.4 to ∼14 wt% (Table 1). The correlation between the glasses with
different Ca contents and the excess I in the signal of the analysis has a linear correlation (R2 = 0.9958). The 95% confidence lines show that the error (2 SD)
at the excess I for Ca concentrations from ∼5 to ∼14 wt% is ±20 μg/g, while it increases at low concentrations (<2 wt%) at 40 μg/g.
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2016; Wang et al., 2014; Zhang et al., 2016). Chlorine contents of
analyzed glasses along with the accuracy (relative to other studies)
and precision of our measurements are summarized in Tables 2
and 3. We also compared our data with the results from Zhang
et al. (2016), and one value from Marks et al. (2016) (Fig. 2b).

Fluorine

Fluorine precision of the analyzed glasses (Table 2) ranges
between ∼1 and 27%. Glasses GSE1-G (228 ± 24 μg/g), BCR2-G
(167 ± 19 μg/g), VG-2 (197 ± 46 μg/g), and NMNH 113716/11
(153 ± 41 μg/g) show a precision that varies from 10.5 to 27%.
For the rest of the glasses, i.e., VG-568 (1,794 ± 21 μg/g), 47963
(989 ± 15 μg/g), VGA-99 (585 ± 26 μg/g), AC-E (1,885 ± 20 μg/
g), GS-N (963 ± 22 μg/g), DR-N (586 ± 20 μg/g), BHVO2-G
(305 ± 15 μg/g), precision ranges from 1 to 4.9% (Table 2).

The accuracy of the F analyses between individual studies and
the present study varies from <1 to up to 63% and seems

Fig. 2. (a) Fluorine literature data for the glasses VG-A99, VGA-568, VG-2, AC-E, DR-N, GS-N, BCR-2G, and BHVO2-G (Marks et al., 2016; Zhang et al., 2016), compared
with F data from the present study. Fluorine concentrations from each study can be found in Tables 2 and 3. The dashed line represents the 1:1 line. Our results are
plotted mainly against the data from Zhang et al. (2016), in order to show the good agreement of the individual studies. Glasses VGA-568, VG-A99, and VG-2 show
differences that are discussed inside the text and are attributed to glass inhomogeneity. (b) Chlorine literature data for the glasses VG-A99, VGA-568, VG-2, AC-E,
DR-N, GS-N, BCR-2G, and BHVO2-G (Marks et al., 2016; Zhang et al., 2016), compared with Cl data from the present study. Chlorine concentrations from each study
can be found in Tables 2 and 3. The dashed line represents the 1:1 line. Our results are plotted mainly against the data from Zhang et al. (2016) and show an overall

excellent agreement.

Fig. 3. Fluorine versus Cl data in olivine-hosted melt inclusions from the Azores show
good agreement between datasets obtained with different instruments and methods.
Particularly, the two datasets obtained on melt inclusions from Pico island span the
same Cl–F space. 1Present study, 2Métrich et al. (2014), and 3Rose-Koga et al. (2017).
The table with the individual data can be found in Supplementary Table 2.
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independent of absolute F contents. Our results for the glasses,
VG-568, AC-E, GS-N, DR-N, BVO2-G, and 47963, agree with pub-
lished literature values with an accuracy ranging from <0.2 to 9%
(Table 3), especially with the results from Zhang et al. (2016)
(Fig. 2a). Reference glasses VG-A99, VG-2, BCR2-G, and GSE1-G
show the lowest accuracy between the individual studies (Table 3).
In VG-A99, our results, compared with the studies of Zhang
et al. (2016), Witter & Kuehner (2004), and Straub & Layne
(2003), show an accuracy that ranges between 17 and 40%. For
BCR-2G, compared with Michel & Villemant (2003) and Zhang
et al. (2016), the accuracy is 63 and 47% respectively. For VG-2,
the accuracy is 44 and 49%, compared with Zhang et al. (2016)
and Straub & Layne (2003), respectively. Marks et al. (2016) is
the only study that reported values for GSE1-G, and in this case,
the accuracy is 52%. All the F contents, errors, accuracy, and analyt-
ical methods used, for each study, can be found in Table 3.

In summary, we find overall good agreement of our EPMA
data with analytical results of previous studies, and this provides
a strong support for the validity of our new analytical method.
Note that our EPMA data for some glasses differ from the litera-
ture results in terms of F (Table 3, glasses VG-A99, VG2,
BCR2-G, and GSE-1G). The reasons for this are unclear, but
this may be due to heterogeneity of F in the samples. Therefore,
we conclude that glasses VG-568, AC-E, GS-N, DR-N,
BVO2-G, and 47963 are suitable as reference materials for
EPMA analysis, while we would caution the reader to use
VG-A99, VG-2, BCR-2G, and GSE-1G as reference materials
for the micro-analysis of F. Here, it must be noted that accuracy
is how well the values match with the “true” concentration of
an element, in this case F. But the literature values are far from
being true as there are either not enough data available to give
a “compiled” true value, or, where enough data exist, they show
a great dispersion. So, the accuracy that we present here is not
the accuracy of the reference glasses, as their “true” values are
not known; instead, we show the accuracy of our results with indi-
vidual studies. Where F from individual studies agree well, then
these glasses are recommended as an appropriate reference mate-
rial for F analyses.

Chlorine

Chlorine precision of the analyzed glasses (Table 2) ranges from
0.5 to 6.5%, with only glass BCR-2G showing a somewhat lower
precision (23.5%), but with concentrations very close to the detec-
tion limit (i.e., 38 μg/g). For glasses GSE1-G (1,644 ± 9 μg/g),
VG-2 (275 ± 18 μg/g), VG-568 (1,015 ± 24 μg/g), 47963 (1,261 ±
17 μg/g), VGA-99 (210 ± 7 μg/g), AC-E (303 ± 7 μg/g), GS-N
(472 ± 4 μg/g), DR-N (475 ± 3 μg/g), and BHVO2-G (70 ± 4 μg/
g), precision ranges from 0.5 to 6.5%. Glasses A500 (690 ± 5 μg/
g) and RD5000 (880 ± 4 μg/g), from Cadoux et al. (2017), showed
a precision of 0.7 and 0.5%.

In regard to Cl (Table 3), the accuracy of our results ranges
from <1% to up to 87% (Table 3) and looks independent of Cl
concentrations. Overall, the accuracy, especially between our
study and Zhang et al. (2016), is very good (0.2–9%) as can be
seen in Table 3 and Figure 2b. Concerning glasses A500 and
RD5000 from Cadoux et al. (2017), Cadoux (personal communi-
cation, 2020) determined the Cl content of the glasses by SIMS at
603 ± 7.5 μg/g and 762.5 ± 12.1 (errors are 2σ – SE), which is an
accuracy of 14 and 15%, respectively. The highest deviation of
our results between published values is observed between our
results and the data from Michel & Villemant (2003), for the

glasses BCR-2G, GS-N, and AC-E (62, 35, and 87%, respectively).
Michel & Villemant (2003) used bulk methods such as pyrohy-
drolysis, ion chromatography, and ICP-MS to determine the Cl
content of the glasses. As our EPMA data are substantially higher
than the results from the bulk methods, we surmise that the
glasses are heterogeneous, and that our small glass chips contain
higher Cl concentrations than the bulk. We would, therefore, like
to caution the reader when using these glasses are reference mate-
rials for Cl analyses of geological samples.

Bromine

As to Br, our DLs are somewhat improved, ∼156 μg/g, compared
with Zhang et al. (2017), 120–300 μg/g. At the present, we cannot
compare our results with natural glass reference materials, as these
glasses contain only very small amounts of Br (usually less than
1 ppm), which is below the limit of detection for our EPMA
method (Bureau et al., 2000; Kutterolf et al., 2013; Kendrick
et al., 2014; Bureau, 2018). However, when we compare our
EPMA results with synthetic Br-bearing glasses Cadoux et al.
(2017), we find that our method can reproduce the literature val-
ues with good accuracy (Table 4). We re-analyzed glasses A500,
A1000, and RD5000 (Cadoux et al., 2017). For A500, we obtain
a Br content of 409 ± 42 μg/g (precision 3.8%), that is lower to
the INAA reference value (524 ± 1.6 μg/g) and similar to those
measured by LA-ICP-MS and SIMS (423 ± 11 μg/g, accuracy
3%; and 381 ± 20 μg/g, accuracy 7%, respectively; Cadoux et al.,
2017). Glass A1000 yielded a Br content of 1,030 ± 163 μg/g (pre-
cision 2.5%), which is consistent with the INAA reference value of
990 ± 3.2 μg/g (accuracy 3%) and similar to the contents mea-
sured by LA-ICP-MS and SIMS (1,102 ± 192 μg/g, accuracy 7%;
and 1,127 ± 48 μg/g, accuracy 9%, respectively; Cadoux et al.,
2017). Finally, for RD5000, we obtain a Br content of 6,512 ±
204 μg/g (precision 1.0%), which is higher than the INAA values
of 5,030 ± 9 but close to the contents, within error, obtained by
other in situ analyses: 5,355 ± 635 μg/g (accuracy 22%) with
LA-ICP-MS and 5,638 ± 310 μg/g (accuracy 16%) with SIMS
(Cadoux et al., 2017).

Iodine

We also present a novel analytical protocol for I analyses with
EPMA, with DLs between ∼76 and ∼150 μg/g I. Although this
detection limit is probably too high for I concentrations in natural
glasses (Bureau et al., 2000, 2016; Kendrick et al., 2014; Bureau,
2018), we can use our EPMA method to analyze experimental
samples that have been doped with I. These experiments could
be interesting to study I speciation in glasses, or investigate I sol-
ubility in silicate melts, or the I partitioning between crystals and
melts or between immiscible melts (Steenstra et al., 2020).

New Experimental Halogen-Bearing Glasses

The good agreement of our F, Cl, and Br EPMA measurements
with those of previous studies provides strong support in the
use of our calibration lines to quantify halogen contents in silicate
glasses.

To extend the applicability of our method, we additionally
analyzed the two synthetic basaltic glasses doped with different
amounts of F, Br, and I: glass SFG8 (5,000 μg/g for each halogen)
and glass SFG9 (1,000 μg/g for each halogen). The calibration
lines were used to subtract the “apparent” halogen contents.
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Sixty separate analyses were performed on each glass. The results
are reported in Table 5, and the uncertainty associated with each
value represents the 2σ − SΕ. Glass SFG8 has an F content of
3,592 ± 24 μg/g (precision 0.7%), Cl content of 5,098 ± 10 μg/g
(precision 0.2%), Br content of 3,674 ± 23 μg/g (precision 0.6%),
and I content of 5,482 ± 24 μg/g (precision 0.4%). Glass SFG9
has an F content of 529 ± 11 μg/g (precision 2.2%), Cl content
of 1,187 ± 4 μg/g (precision 0.4%), Br content of 713 ± 11 μg/g
(precision 1.6%), and I content of 996 ± 12 μg/g (precision
1.2%). The accuracy of our glasses can be compared only with
the amount that we weighted inside. We see that our assumed val-
ues agree almost perfectly for Cl and I for all glasses (weighted
amounts 5,000 and 1,000 μg/g, with accuracies of 2 and 19% for
Cl, respectively; 10 and 0% for I) but not for F and Br, and that
assumed values have an accuracy of 28 and 47% for F, respec-
tively; 27 and 29%, for Br, respectively.

Concerning the in-house halogen-bearing glasses that we pre-
pared (SFG-8 and -9), since the accuracy for Cl and I, in individ-
ual samples, is the same (Table 5), and the relative accuracy for Br
and F is the same (Table 5), we can assume that the difference
between the amount of halogens put in the starting mixture
and the analyzed amount in the experimental samples is attrib-
uted to impurities and inhomogeneity of the chemical com-
pounds used. In principle, no special treatment is needed for
obtaining Cl contents; hence, we used the Cl concentrations to
rule out potential loss of other halogens during preparation of
the experimental glasses. Thus, we are confident that, by using
our calibration lines, we accurately determined the F, Br, and I
contents of the glasses. Moreover, the overall good precision
and accuracy of our results for reference materials suggest that
our in-house glasses are homogeneous and accurate. However,
future studies should confirm the accuracy of our analyses with
alternative analytical methods.

Analyses of Glasses in Natural Melt Inclusions

A promising application of our EPMA method lies in the analysis
of the halogen contents of natural melt inclusions. To show some
examples of how our method could be used, we analyzed all four
halogens in olivine-hosted melt inclusions from Corvo and Pico
Island in the Azores. F and Cl abundances in melt inclusions
from the Pico were previously determined by EPMA by Métrich
et al. (2014). All analytical results are given in Supplementary
Table 2. We compare our data with the Metrich results in
Figure 3, and we find very good agreement between the two data-
sets for both F and Cl. Furthermore, the melt inclusion data from
São Miguel (eastern Azores, Rose-Koga et al., 2017, obtained by
SIMS) and from Corvo (western Azores, this study) reveal compo-
sitional differences between different islands, but the reader is
referred to the studies of Métrich et al. (2014) and Rose-Koga
et al. (2017) for further discussion on these matters.

Conclusions
• We produced four synthetic silicate glasses without halogens.
These glasses were used to account and correct for the spectral
interferences of Fe on F, Al on Br, and Ca on I peaks.

• We present a robust (high accuracy, high precision, and with
improved DLs) electron microprobe method that enables the
simultaneous determination of F, Br, Cl, and I contents in sili-
cate glasses.

• We also present a novel analytical protocol for the analysis of I
with EPMA in silicate glasses.

• Applying this new EPMA method, we analyzed several interna-
tional reference glasses. The results show that some glasses
(VG-A99, VG-2, and BCR-2G) are heterogeneous with respect
to halogens and should not be used. However, other reference
materials, such as VG-568, AC-E, GS-N, DR-N, and 4796, are
much better suited and can be recommended for future halogen
studies.

• Potential applications of this readily accessible method are dem-
onstrated for the routine halogen analyses of experimental sam-
ples, melt inclusions, and natural glasses in a wide
compositional spectrum (100’s of μg/g to 1,000’s of μg/g).

• Further improvements of the analytical precision will require
sets of reference glasses with lower concentrations especially
at the tens of μg/g to sub-μg/g level, which is the range of Br
and I contents in most natural glasses.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S1431927620013495.
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