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Fluorine plays an important role in magmatic and
hydrothermal processes, but due to its low abundance
in geological samples determining F is difficult by
electron probe microanalysis. By using a W-Si multi-
layered pseudocrystal as the diffraction crystal instead
of thallium acid phthalate (TAP), count rates were
considerably higher, which however introduced spectral
interferences between FKa and FeLa and MgKb lines
when normal integral mode is applied. In this study, we
developed a protocol using a W-Si multi-layered
pseudocrystal for measuring accurately trace level F in
both minerals and glasses. First, we used differential
mode with an optimised PHA (pulse height analysis)
setting in signal processing, instead of normal integral
mode, which completely eliminated the second-order
MgKb line. Second, the overlap of the first-order FeLa
on FKa peak, which cannot be filtered by modifying the
PHA setting, was calibrated quantitatively using F-free
minerals and silicate glasses. Applying this two-step
method, F was determined in a number of reference
glasses, as well as in glasses synthesised from powders
of the rock reference materials AC-E, GS-N and DR-N.
Our data are consistent within error with F concentra-
tions determined by other methods, demonstrating the
reliability of this method.

Keywords: electron probe microanalysis, in situ techniques,
reference materials, microbeam techniques, wavelength
dispersive X-ray fluorescence spectrometry.

Le Fluor joue un rôle important dans les processus
magmatiques et hydrothermaux mais l’analyse quanti-
tative de cet �el�ement dans les phases solides par
microsonde �electronique reste difficile. Le taux de comp-
tage peut être augment�e de mani�ere significative en
utilisant un pseudocristal de W-Si au lieu de thallium acid
phthalate (TAP). Cependant, l’utilisation de W-Si entraine
des interf�erences spectrales des lignes FeLa et MgKb avec
FKa, ce qui introduit des difficult�es pour la d�etermination
de la position exacte �a choisir pour la mesure du pic de
FKa et du bruit de fond. Afin de quantifier le rôle de ces
interf�erences, nous proposons un protocole pour l’analyse
du fluor dans des verres et des min�eraux avec W-Si. Nous
avons utilis�e le mode diff�erentiel pour le traitement du
signal et optimis�e la valeur de PHA (pulse height
analysis), ce qui permet d’�eliminer totalement la raie de
second ordre de MgKb et par cons�equent les interf�eren-
ces spectrales avec la ligne MgKb. L’optimisation de PHA
ne permet cependant pas de supprimer totalement la
raie FeLa. Nous avons donc effectu�e une s�erie de mesures
dans des verres et dans des phases solides d�epourvus de
Fluor pour calibrer les interf�erences spectrales avec la
ligne FeLa. Nous avons appliqu�e cette m�ethode pour
l’analyse du Fluor dans des verres �a teneurs en Fluor
connues. En tenant compte de l’erreur de mesure, les
teneurs en Fluor d�etermin�ees sont identiques aux valeurs
de r�ef�erence. Il est important de souligner que la
correction �a appliquer pour tenir compte des interf�erences
spectrales avec la ligne FeLa d�epend de la valeur de
PHA, du courant du faisceau, de la nature du mat�eriel
analys�e (verre, min�eral) et probablement d’autres con-
ditions analytiques. Il est donc recommand�e de proc�eder
p�eriodiquement �a une recalibration pendant chaque
session analytique.
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Fluorine (F) is an important volatile element in magmatic
and hydrothermal processes despite usually occurring at
trace levels in major rock-forming minerals and glasses.
Fluorine is highly soluble in silicate melts, and it may behave
as an incompatible element in common rhyolitic systems
when minerals crystallise and/or fluids are exsolved (e.g.,
Webster 1990), or become enriched in fluids relative to
silicate melts in basaltic and phonolitic systems (e.g.,
Chevychelov et al. 2008a, b). As a result, F may behave
as a major element in high-silica residual liquids resulting
from extreme crystallisation in pegmatitic systems, in systems
that have undergone high-temperature alteration (e.g.,
greisens, metasomatic rocks) and in veins precipitated from
hydrothermal fluids. Fluorine-rich minerals (e.g., topaz, fluorite,
cryolite) may crystallise from such high-F systems (e.g.,
Webster et al. 1987). In crystalline rocks formed in common
magmatic and hydrothermal systems, F normally occurs at
trace levels (in most cases < 1% m/m, i.e., mass/mass) and is
mainly stored in hydrous minerals such as apatite, mica and
amphibole via substitution with hydroxyl. In addition, F can
also be incorporated into nominally anhydrous minerals
such as olivine, pyroxene, garnet and plagioclase at high
pressures via oxygen defects (e.g., Beyer et al. 2012, Le
Voyer et al. 2014). For research on geological samples
composed of different phases (such as minerals, glass matrix
and melt inclusions) with very small sizes and/or inhomo-
geneous distribution of F, in situ accurate determination of F
is required to reveal the systematics of its distribution.

Due to the ease of access to electron microprobe
instruments compared with SIMS instruments, it is important
to develop an accurate and reliable analytical method using
EPMA to determine trace levels of F in natural minerals and
glasses. The property of analytical crystals has a dominant
influence on the count rate. The conventional TAP crystal has
an interplanar spacing (d) of 12.95 �A with a low count rate for
FKa X-rays, resulting in a high detection limit and a large
analytical error (Potts and Tindle 1989). With the use of the
synthetic W-Si multi-layered pseudocrystal (termed LDE1 by
JEOL and PC1 by CAMECA), which has a large d value of
30 �A, much higher count rate for low atomic number elements
can be obtained (Anzelmo and Boyer 1987, Potts and Tindle
1989,Witter and Kuehner 2004). For example, by measuring
the F content of a synthetic SrF2 crystal using a CAMECA

SX100 instrument, we obtained F count rates of ca. 13 and
390 cps/nA (counts per second per nA) using TAP and PC1
crystals respectively, showing a substantial improvement of the
count rate by a factor of 30when using the PC1pseudocrystal.
However, with the PC1 pseudocrystal, there are small but
significant spectral interferences of the FKa peak with Fe- and
Mg-induced X-ray lines (Potts and Tindle 1989), which cannot
be ignored when analysing trace level F in Fe- and Mg-
bearing materials (Donovan et al. 1993, Witter and Kuehner
2004). Such interferences have been very often overlooked in
numerous studies that utilised EPMA for determining F contents
in Mg- and Fe-bearing phases, such as amphibole, biotite
and glass inclusions. In this paper, we present a two-step
method for determining trace level F (hundreds to thousands
of lg g-1) in Mg- and Fe-bearing phases by EPMA using the
PC1 pseudocrystal. This method was tested by measuring a
number of international reference materials.

Experimental procedures

Theoretical background

As shown by the spectral scan of the international
reference mineral Kakanui Hornblende (USNM 143965)
(see Jarosewich et al. 1980) using the commonly used
integral mode in X-ray signal processing (integral mode in
Figure 1a), it is evident that adjacent to the FKa line (peak
position at sin h = 0.30905) there are first-order FeLb and
FeLa (n = 1) lines on the left side, and second-order MgKa
and MgKb (n = 2) lines on the right side. Comparison of
Figures 1a and b (spectral scan of the Durango Fluorapatite,
F content 3.35% m/m, Marks et al. 2012) indicates that the
FeLa line overlaps at the peak position of the FKa, while the
MgKb line overlaps at the right-side background position of
the of the FKa. Table 1 lists the X-ray lines induced by Fe and
Mg adjacent to the FKa peak, which were detected using
the CAMECA SX100 electron probe micro analyser
equipped with a PC1 pseudocrystal at the Institute of
Mineralogy, Leibniz University of Hannover. We note that the
interplanar spacing of the PC1 pseudocrystal was calculated
as 29.639 �A, slightly less than the ideal value of 30 �A.

A few studies have been dedicated to calibrating
quantitatively the spectral interferences of FKa with Fe- and
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Mg-induced X-ray lines. By measuring fayalite and magne-
sium oxide, Potts and Tindle (1989) reported the interfer-
ences by means of correction factors from Fe and Mg on

determined F concentrations. Donovan et al. (1993) used
magnetite to calibrate the interference with FeLa in deter-
mining F, but ignored Mg. Unfortunately, the measurement
protocols (e.g., background position) in both studies were not
clearly documented, and analyses were not confirmed by
measurements of any known F-bearing and Fe- and Mg-
bearing reference materials. Using several Fe-bearing F-free
RMs, Witter and Kuehner (2004) calibrated the interference
with FeLa by measuring counts both at the FKa peak (sin
h = 0.29857) and at a nearby right-side background
position (sin h = 0.30571), and proposed a correction
method to be used for determining F in Mg- and Fe-bearing
materials. However, the accuracy of this method may be
questioned due to two potential sources of error that were
not taken into account by the authors. First, because of the
broad width of FKa peak, the position of measured
background is too close to the FKa peak and thus the
method underestimates the background-corrected FKa peak
counts. Second, the measured background is located
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Figure 1. Spectral scans with modification in pulse height analysis setting. (a) Hornblende Kakanui (USNM

143965). (b) Fluorapatite Durango (USNM 104021). Integral mode, baseline = 1800 mV. Differential mode-1,

baseline = 1800 mV, window = 3000 mV. Differential mode-2, baseline = 2800 mV, window = 1100 mV. Note

that the FKa, FeLb and FeLa lines are first-order (n = 1), and the MgKa, MgKb and AlKa l ines are second-order (n = 2).

The comparison between (a) and (b) indicates that the FeLa line overlaps at the peak position of the FKa , while the

MgKb line overlaps at the right-side background position of the of the FKa . Using differential mode-1 instead of

integral mode strongly diminishes MgKa and MgKb as well as FKa , and using differential mode-2 instead of

differential mode-2 eliminates completely MgKa and MgKb but does not depress FKa . Therefore, differential mode-2

is an optimal setting for analysing FKa intensity without overlap from Mg. Scan setting: beam current 180 nA, beam

size 5 lm, dwell time 0.1 s, accumulation number 5.

Table 1.
Summary of X-ray lines adjacent to FKa peak

Element Line Order k (�A) Position
(sin h)

F Ka 1st 18.3200 0.30905
Fe La 1st 17.5900 0.29543
Fe Lb 1st 17.2600 0.29133
Mg Ka 2nd 19.7800 0.33055
Mg Kb 2nd 19.0420 0.31948

The sin h values were detected using a CAMECA SX100 electron probe
(Institute of Mineralogy, Leibniz University of Hannover) equipped with a
PC1 pseudocrystal. Based on the FKa peak position of sin h = 0.30905, the
real interplanar spacing of the diffraction crystal PC1 was calculated as
29.639 �A, applying the equation k = 2d sinh, in which k is wavelength, d is
interplanar spacing of the diffraction crystal. The ideal positions for
d = 30 �A can be found at http://geoloweb.ch/cub/index.php.
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between the FKa and MgKb peaks, but the potential
interference from Mg on the background was ignored. In this
study, we designed and thoroughly tested a new two-step
method, which (a) eliminates the second-order MgKb line on
the right-side background of the FKa peak and (b) calibrates
the interference of FeLa line at the position of the FKa peak.

Eliminating Mg overlap

During signal processing by wavelength dispersive X-ray
spectroscopy (WDS), X-ray lines with similar wavelength but
different energy can be filtered using PHA with differential
mode. By pre-setting the baseline and window values, only
the predetermined signal voltage range (from base line to
baseline + window) is used for WDS output (see details in
Goldstein et al. 1981). Setting PHA with the differential mode,
instead of the commonly used integral mode, has been
usually applied to eliminate signals from overlapping
elements for accurate determination of trace elements (e.g.,
Fialin et al. 1999, Jercinovic andWilliams 2005). In this study,
because the second-order Mg X-ray lines have energies
higher than the first-order FKa by a factor of 2, setting a
proper PHA can eliminate the Mg X-ray lines that overlap
with the right-side background of FKa. This method was not
applied in the former F analytical studies (Potts and Tindle
1989, Witter and Kuehner 2004). As indicated by the
spectral scans for the Kakanui Hornblende (Figure 1a), using
the differential mode-1 (baseline = 1800 mV, window =

3000 mV) instead of the integral mode (baseline =

1800 mV) can strongly depress the second-order MgKa
and MgKb lines (and AlKa as well). Note, however, that the
application of the differential mode also leads to a decrease
of the signal intensities of the first-order FKa line as indicated
by the spectral scans for the Durango Fluorapatite (Fig-
ure 1b). Further, using the differential mode-2 (base-
line = 2800 mV, window = 1100 mV) instead of the
differential mode-1 can completely diminish the second-
order Mg X-ray lines (Figure 1a), but does not apparently
decrease the intensity of FKa (Figure 1b). Therefore, the
setting of differential mode-2 is optimal for eliminating theMg
overlap when analysing the FKa signal and has been used
for all the calibration and measurements presented below.

Quantifying Fe overlap

Because the first-order FeLa line overlapping with the FKa
cannot be eliminated by setting PHA (Figure 1a), the interfer-
ence must be quantitatively calibrated in terms of FeO(T)
content (total iron expressed as FeO) for an accurate analysis
the FKa signal. Figures 2a and b compare the spectral scans
of F-free olivine (Fo83, FeO(T) 16.4%m/m) and anorthite (FeO
(T) 0.4% m/m) as well as F-bearing phases (Kakanui

Hornblende and the rhyolitic glass). Comparison of the
spectral scans show that an interference of the Fe X-ray lines
with the FKa peak occurred. Because the interference of the
MgKb line with the FKa line was eliminated via setting PHA,
and because the FKa line overlapped with the Fe X-ray lines
(left side of the scans on Figure 2), we propose to use a
background value at the position sin h = FKa peak + 0.01
where no interference occurred (i.e., 0.31905 in this case,
Figure 2c). As illustrated in Figure 2c, the background at FKa
peak (Bg1) cannot be measured directly because of the
contribution of Fe X-ray lines but can be calculated from the
measured apparent background at the chosen right-side
position of sin h = FKa peak + 0.01 (Bg2). The quantitative
relation between Bg1 and Bg2 can be calibrated by
measuring a number of known F-free minerals and glasses
that contain various FeO(T) contents (XFeO) (Table 2). Assum-
ing that both backgrounds (Bg1 and Bg2) are functions of
beam current, ‘Bremsstrahlung’, and correlate with XFeO in a
linear way, we can write the following equations:

Bg1 ¼ Q � a1+ b1 � XFeOð Þ ð1Þ

Bg2 ¼ Q � a2+ b2 � XFeOð Þ ð2Þ

where Q is a function of beam current, constants a1 and a2
account for the ‘Bremsstrahlung’, and the constants b1 and
b2 take the XFeO into account (linear relation). Note that
these parameters do not need to be determined since they
are integrated to other constants in the following equations
(see below).

By measuring Bg1 and Bg2 of Fe-bearing but F-free
materials, the analyses yield pseudo (or apparent) F
concentrations (CF

Fe ), (see Figure 2c). Assuming that matrix
correction can be ignored without a significant deviation, CF

Fe

can be calculated as

CF
Fe ¼ ðBg1- Bg2Þ=ðK � IÞ ð3Þ

where K is a conversion factor for calculating F concentration
from counts and I is the beam current. Combining the above
equations, we obtain

CF
Fe ¼ a1- a2ð Þ � Q

K � I + b1- b2ð Þ � Q
K � I � XFeO ð4Þ

Assuming that

a ¼ ða1- a2Þ �Q=ðK � IÞ; b ¼ ðb1- b2Þ �Q=ðK � IÞ ð5Þ

we can finally obtain

CF
Fe ¼ a + b � XFeO ð6Þ

The values of a and b can be determined by linear
regression of a series of (CF

Fe) and XFeO values of measured
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F-free materials. By using a fixed beam current, the function
Q, which describes the effect of beam current on the signal
intensities of Bg1 and Bg2, is thus a constant and does not
require to be quantified.

In this study, three datasets for quantifying the relation
between (CF

Fe) and XFeO were measured, which were
derived from minerals using a beam current of 180 nA,
glasses with a beam current of 60 nA, and minerals with a
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Figure 2. Overlap of FKa by the Fe shoulder. (a) F-free phases: Olivine (Fo83) and Anorthite. (b) F-bearing phases:

Hornblende (Kakanui) and Rhyolitic glass (VG-568). (c) Working model for analysing FKa with background

correction for the interference with the Fe shoulder. Note that the MgKb line at sin h = 0.31948 (see Table 1) was

completely eliminated by using an optimised differential mode (differential mode-2 in Figure 1). In our calculation,

Pk is measured counts at FKa peak, Bg1 is theoretical background counts at FKa peak, Bg2 is measured background

counts for calibrating Bg1, and Bs is counts derived from Bremsstrahlung. Spectral scan with differential mode,

baseline = 2800 mV, window = 1100 mV. Scan setting: beam current 180 nA, beam size 5 lm, dwell time 0.1 s,

accumulation number 5.
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beam current of 60 nA (Table 2). As plotted in Figure 3a, six
anhydrous minerals (anorthite, omphacite, augite, pyrope,
hypersthene and olivine) and two experimental F-free calcic
amphiboles, measured with a beam current of 180 nA,
exhibited a consistent linear relation. Figure 3b shows that
the six experimental F-free glasses with a broad composi-
tional range (rhyolite, phonolite, rhyodacite, andesite, high-
Mg basalt, MOR basalt), measured with a beam current of
60 nA, yielded a good linear fit. Figure 3b also shows the
plots of the six anhydrous minerals measured with a beam
current of 60 nA, which indicate a fitted relation that differs
strongly from that of minerals with a beam current of
180 nA, as well as from that of glasses with a beam current
of 60 nA. First, the change of beam current resulted in a
change of the relation between (CF

Fe ) and XFeO, because the
parameters a and b are functions of the beam current (see
above). Second, the measurements of glasses and minerals
using the same beam current showed distinctive individual
relations, which are thought to be attributed to contrasting
matrix effects. Therefore, the calibration of the relation
between (CF

Fe) and XFeO must be performed for mineral or
glass, separately, using a constant beam current.

For F-bearing materials, Bg1 cannot be measured
directly but can be calculated by measuring Bg2 and using
the relation between Bg1 and Bg2 derived from F-free
materials described above. The measured raw F concentra-

tion (CF
mea), which is converted from subtracting Bg2 from Pk,

is a combination involving both the real F concentration
(CF

real , corresponding to the counts of Pk-Bg1) and the
interference with Fe X-ray lines (CF

Fe corresponding to the
counts of Bg1-Bg2). Therefore, we can calculate CF

real of
unknown F-bearing materials from the equation

CF
real ¼ CF

mea- C
F
Fe ð7Þ

Table 3 summarises the steps of the method for
determining trace level F in Mg- and Fe-bearing minerals
or glasses. The calibrated relation between CF

Fe and XFeO for
minerals in Figure 3a should be valid for a broad range,
including amphibole and other hydrous minerals (e.g.,
biotite), with FeO(T) of at least 0–16% m/m. The calibrated
relation between (CF

Fe) and XFeO derived from a variety of
glasses in Figure 3b is expected to be valid for a wide
compositional range, with FeO(T) of at least 0–10% m/m, as
shown by our test using reference glasses (see below and
Table 4). This calibration should also be valid for glasses
with moderately higher FeO(T).

However, we note that the calibrated CF
Fe and XFeO

relation can vary not only with the nature of material (i.e.,
mineral or glass) and beam current, but also with other settings
(e.g., baseline, window, bias, gain, etc.), which implies that the
fitted equations shown in Figure 3 may not be valid in other

Table 2.
Compositions of F-free phases used for calibration

Beam current Phases XFeO (% m/m) s (% m/m) CF
Fe (lg g-1) s (lg g -1)

180 nA Anorthite 0.40 0.04 195 31
Omphacite 4.58 0.13 448 45
Augite 6.22 0.19 541 13
Pyrope 10.05 0.22 663 23
Hypersthene 15.09 0.16 880 11
Olivine (Fo83) 16.44 0.19 980 39
Amphibole-1 10.91 0.21 790 30
Amphibole-2 13.80 0.54 928 27

60 nA Anorthite 0.40 0.04 220 28
Omphacite 4.59 0.11 387 70
Augite 6.21 0.21 449 21
Pyrope 10.05 0.21 557 42
Hypersthene 14.92 0.13 673 32
Olivine (Fo83) 16.41 0.29 729 20
Rhyolite 1.02 0.18 77 47
Phonolite 2.21 0.24 173 18
Rhyodacite 3.60 0.14 257 47
Andesite 7.06 0.14 515 32
High-Mg basalt 7.56 0.27 533 16
MOR basalt 9.33 0.24 667 52

CF
Fe (pseudo F concentration as a result of spectral interferences from Fe shoulder, see text for detailed explanation) was measured with a counting time of 120 s

at peak and 60 s at background. Minerals were analysed with a beam size of 5 lm, while glasses were analysed with a beam size of 10 lm. Analytical
number was 10 for each sample. F-free amphiboles and glasses were synthesised in the experimental petrology laboratory of the Institute of Mineralogy (Leibniz
University of Hannover), and the compositions are listed in online supporting information Table S1.
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laboratories with a different instrument type or a different
measurement setting. Therefore, to ensure the measurement
accuracy, the calibration for CF

Fe and XFeO should be
periodically performed during each measurement session.

Analytical setting

The analytical method presented in this paper was
performed and tested using a CAMECA SX100 instrument
at the Institute of Mineralogy, Leibniz University of Hannover
(Germany). All analyses were performed with a 15 kV
operation voltage and the ‘PAP’ matrix correction after
Pouchou and Pichoir (1991). The diffracting crystals used
were: PC1 for F; LPET for K, Ti, and Cl; TAP for Na, Mg, Si, and
Al; PET for Ca; LIF for Fe and Mn. For determining major
elements in minerals, a beam current of 15 nA was used,
whereas for determining major elements in glasses, a
reduced beam current of 8 nA was used. Determinations of
Cl and F were performed under a second condition using
the same beam size but a high current (see below). For Cl,
counting time was 60 s at peak and 30 s at both sides of
background. For F, counting time was 120 s at peak and
60 s at background.

As described above, the PHA setting (which can com-
pletely eliminate the Mg overlap) was as follows: differential

mode, baseline = 2800 mV, window = 1100 mV. Before
performing the calibration to quantify the Fe overlap, the
count rate stability of F with varying beam current and
exposure time was checked by testing two reference materials
that contained trace level F, i.e., Kakanui Hornblende (USNM
143965), and Rhyolitic glass VG-568 (USNM 7285). A beam
size of 5 lm was used for the hornblende and a beam size of
10 lm was used for the glass, which is a practical compro-
mise between obtaining sufficient resolution and reducing
sample damage. As indicated by signal recording with time,
the F count rate for the hornblende with a beam current of
20 nA, 100 nA and 180 nA was constant over 900 s
(Figure 4a), allowing us to use a high beam current
(180 nA) and a long counting time to determine very low
concentrations of F. For the rhyolitic glass, the F count rate was
constant with a beam current from 20 to 60 nA, but a
systematic increase occurred in the first 300 s when using a
beam current of 100 nA (Figure 4b). Therefore, for the
calibration of CF

Fe and XFeO of F-free materials and the
measurement of F-bearing materials, we used beam currents
of 180 nA and 60 nA for minerals and glasses respectively.

In the following we provide some discussion on the
phenomenon that a high beam current would result in an
increase of the F signal with time for the rhyolitic glass
(Figure 4b). Witter and Kuehner (2004) proposed that the
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Figure 3. Relation between measured CF
Fe and FeO(T) for background correction. (a) Relation in minerals analysed
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shown are linear regression lines and equations for CF
Fe vs. FeO(T). Note that using the same beam current, the

measured glasses and minerals showed significantly different relations between CF
Fe and FeO(T). The data are listed

in Table 2. It is noteworthy that the fitted equations shown here are only valid for analyses using the same pulse

height analysis and beam settings as that applied in this study (see text for detailed explanation).
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increase of F counts might be a complex outcome involving
beam-induced effects from both the loss of Na and K and
the ‘grow-in’ of Si and Al (Morgan and London 1996). To
test and clarify this observation, signal recording for Fe (FeLa),
Na, K, Si and Al was performed for the rhyolitic glass using a
beam size of 10 lm and a beam current of 100 nA. The
results are shown in Figure 5. First, the count rate for Fe
(intensity of FeLa with a PC1 pseudocrystal, see Figure 1a)

showed no variation with time, indicating that the variation of
count rate at the FKa peak is not related to the interference
from Fe. Second, there were strong exponential signal
decreases for both Na and K, and exponential signal
increases for Si and Al, confirming the conclusion of Witter
and Kuehner (2004). The co-variation pattern of the F signal
with Si, Al, Na and K signals also implies that F in the glass
structure might coordinate preferentially with Si and Al, but

Table 3.
Summary of the recommended method for the measurement of trace level F

Step Object Operation Recommended setting

1 F-rich reference material (e.g., fluorapatite) Search for FKa peak position using PC1 –

2 F-free, Fe- and Mg-bearing reference
material (e.g., hornblende)

Modify PHA setting to eliminate Mg X-ray signals PHA integral mode, baseline = 2800 mV,
window = 1100

3 F-free, Fe-bearing known minerals or glasses Measure a series values of pseudo F concentrations
(CF

Fe )
FKa peak as detected in step 1, background
at sinh = FKa peak + 0.01

4 CF
Fe ¼ aþ b � XFeO Calculate a and b using measured values of

CF
Fe and XFeO via linear regression

–

5 F-bearing, Fe-bearing unknown target
minerals or glasses

Measure FeO(T) content (XFeO) –

6 F-bearing, Fe-bearing unknown target
minerals or glasses

Measure raw F concentration (CF
mea) FKa peak as detected in step 1, background

at sin h = FKa peak + 0.01
7 CF

Fe ¼ aþ b � XFeO Calculate CF
Fe using calculated a and b (step 4)

and measured XFeO (step 5)
–

8 CF
real ¼ CF

mea - CF
Fe Calculate real F concentration (CF

real ) using
measured CF

mea (step 6) and calculated CF
Fe

(step 7)

–

Measurements for minerals or glasses should be performed separately. Steps 3-6 must be performed using the same analytical setting.

Table 4.
F-bearing reference samples analysed in this study in comparison with literature data

Sample Note FeO(T) MgO Cl ± s (lg g-1) F ± s (lg g-1)

(% m/m) (% m/m) liter. data This study liter. data This study

Hornblende
(Kakanui)

USNM 143965 10.9 12.9 205 ± 22 a

240 ± 100 b
237 ± 10 1300 ± 800 b 1673 ± 51

Hornblende
(Arenal)

USNM 111356 11.3 14.3 – 208 ± 17 – 361 ± 46

VG-2 USNM 111240/52 11.3 6.77 316 ± 19 c

329 ± 5 d
303 ± 20 334 ± 14 e 301 ± 19

VG-A99 USNM 113498/1 13.2 5.00 227 ± 20 c

271 ± 9 d
225 ± 14 709 ± 47 e

976 ± 4 f
874 ± 98

VG-568 USNM 7285 1.11 0.03 1013 ± 53 g 1045 ± 35 – 1968 ± 56
BCR-2G 12.4 3.59 98 ± 8 h 99 ± 18 448 ± 3 h 317 ± 59
AC-E glass Au1030 2.11 0.01 162 ± 91 h

261 ± 22 i
292 ± 17 1807 ± 184h

1962 ± 93 i
1890 ± 64

GS-N glass Au1030 2.97 2.09 349 ± 7 h

456 ± 32 i
497 ± 20 919 ± 5 h

932 ± 31 i
920 ± 38

DR-N glass AuPd1200 8.18 4.36 545 ± 25 i 521 ± 23 567 ± 97 i 573 ± 71

Sources of literature data: aWolff (2014); bVanko (1986); cThordarson et al. (1996); dvan der Zwan et al. (2012); eStraub and Layne (2003). fWitter and
Kuehner (2004); gStreck and Wacaster (2006); hMichel and Villemant (2003); iWang et al. (2014). Analytical number was 10 for each sample. Note that the Cl
and F literature data for BCR-2G were analysed for rock powders of BCR-2, while the glass BCR-2G was synthesised by the USGS via melting rock powders in
platinum boats at 1350 °C in a 1-atm oven. AC-E, GS-N and DR-N glasses were synthesised from rock powders accordingly; ‘Au1030’ indicates that the glass
was synthesised using a Au capsule (with extra ~ 5% m/m H2O) and a melting temperature of 1030 °C, and ‘AuPd1200’ indicates the glass was synthesised
using a AuPd capsule (without extra H2O) at a melting temperature of 1200 °C.
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not with Na or K, which is supported by structural studies in
Si- and Al-rich glasses (e.g., Dingwell et al. 1985, Schaller
et al. 1992).

Newly synthesised reference glasses

Because available reference glasses for F determination
are very limited (see below), and to provide more useful
microanalytical reference glasses with well constrained F
contents, we synthesised glasses in a closed system from bulk
rock powders of AC-E (granite), GS-N (granite) and DR-N
(diorite), which have been regularly used as reference
materials for bulk halogen analysis (see references in
Table 4). For synthesising the glasses, two approaches were
used using an internally heated pressure vessel (IHPV,
Institute of Mineralogy, Leibniz University of Hannover)
equipped with a rapid quench device (quench rate ca.
150 °C s-1; see details in Berndt et al. 2002). In one
approach, applied to AC-E and GS-N, rock powder test
portions of ca. 0.2 g were placed in Au capsules with
approximately 5% m/m H2O (for the purpose of decreasing
the liquidus of the system). The sealed capsules were then
heated in an IHPV at 400 MPa and 1030 °C for about
3 d. No fluid phase was detected after the capsules were
opened. Considering that the partitioning of F between fluid
and melt is lower than that of Cl (e.g., Villemant and Boudon
1999), and that the measured Cl concentrations of the

synthesised glasses were in good agreement with the
literature data of the bulk powders (Table 4), we conclude
that there was no loss of halogens in a fluid phase during
the experimental treatment at high pressure and tempera-
ture. Examinations with backscattered electron images and
electron probe microanalyses of the product glasses
confirmed complete melting and homogenous composition.
In the other approach applied to DR-N, rock powder test
portions (ca. 0.2 g) were loaded into AuPd capsules without
additional H2O, and the sealed capsules were then heated
in an IHPV at 200 MPa and 1200 °C for about 2 d.
Examinations with backscattered electron images of the
product glasses also confirmed complete melting and
homogenous composition.

Results and discussion

Fluorine concentrations in reference materials

Using the method described above, we measured the F
concentrations (strictly, mass fractions) of a series of reference
materials, including the Kakanui Hornblende (USNM
143965), the Arenal Hornblende (USNM 111356), the
VG-2 basaltic glass (USNM 111240/52), the VG-A99
basaltic glass (USNM 113498/1), the BCR-2G basaltic
glass, the VG-568 rhyolitic glass (USNM 7285), and the
other three newly synthesised glasses from AC-E (granite),
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Rhyolitic glass (VG-568, USNM 7285). Note that, when using a beam current of 100 nA, the gross count rate at the

FKa peak for the rhyolitic glass showed an apparent increase over the first 300 s.

3 5 9© 2015 The Authors. Geostandards and Geoanalytical Research © 2015 International Association of Geoanalysts



GS-N (granite) and DR-N (diorite) powders. Table 4 shows
their F concentrations (as well as FeO(T), MgO and Cl
contents) determined in this study, which are plotted in
comparison with literature data in Figure 6.

The F concentration of the widely used reference mineral
Kakanui Hornblende determined in this study
(1673 ± 51 lg g-1) cannot be directly compared with the
value published by Vanko (1986) (1300 ± 800 lg g-1),
which was measured using the TAP crystal that has a much
lower count rate than with the PC1 pseudocrystal. Although
Vanko (1986) used a high beam current of 250 nA
(counting time of 60 s on peak and 30 s on both side
background), the detection limit of F was reported as high as
700 lg g-1, which should have resulted in the large
uncertainty. It is remarkable that the newly measured
concentration is much lower than the data previously
determined with the PC1 pseudocrystal but without a careful
treatment of the Mg and Fe overlaps (e.g., 3460 ±

50 lg g-1, Zhang et al. 2012; 3666 ± 222 lg g-1, Wolff
2014), emphasising the significance of the spectral interfer-
ences. Another reference mineral that is often used is Arenal
Hornblende (USNM 111356), which was determined to
contain 361 ± 46 lg g-1 F (this study). Because of the lack
of accurate F data in the literature for these commonly used
reference minerals, the accuracy of this method applied to
minerals cannot be ascertained at present and should be
tested with other analytical techniques.

The F mass fraction of the natural reference basaltic glass
VG-2 analysed in this study was 301 ± 19 lg g-1, which is

in agreement within error with the value (334 ± 14 lg g-1)
determined using ion probe by Straub and Layne (2003). The
literature data for the natural reference basaltic glass VG-
A99 show a relatively broad range of F values, including
709 ± 47 lg g-1 determined using ion probe by Straub
and Layne (2003), and 976 ± 4 lg g-1 determined by
Witter and Kuehner (2004) using EPMA with a calibration.
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This difference may reflect sample heterogeneity and/or
different analytical accuracy. Our method yielded a value of
874 ± 98 lg g-1, which is within the range of literature
data. In addition, no value for F in the reference rhyolitic glass
VG-568 has been reported in the literature to the best of our
knowledge, and we obtained a value of 1968 ± 56 lg g-1.

The basaltic glass BCR-2G was synthesised by the USGS
by melting rock powders of BCR-2 basalt in platinum boats
at 1350 °C in a 1-atm oven (Stephen Wilson, USGS, pers.
comm. 2015). However, melting in an open environment
may change the concentration of volatile elements from the
original rock powder as a result of degassing. Michel and
Villemant (2003) applied pyrohydrolysis and ion chromatog-
raphy to determine volatile elements in the natural basalt
powder BCR-2, and obtained 448 ± 3 lg g-1 F. In this
study, F in the synthesised glass BCR-2G was measured to
be 317 ± 59 lg g-1. This value is apparently lower than
that determined in the bulk powder by Michel and Villemant
(2003), and the difference probably results from degassing
during the synthesis of the glass. Therefore, we suggest that
the BCR-2G glass may not be a suitable reference material
for the determination of F.

The Cl concentrations of the synthesised glasses from AC-E,
GS-NandDR-N rockpowders are nearly consistentwithin error
with the literature data for bulk powders (Table 4), demon-
strating the reliability of our approach to glass synthesis at high
pressure in a closed system. The F values derived for all three
synthesised glasses are consistent within error with the literature
data measured for the original rock powders. Considering the
limited number of available reference glasses with well-
constrained F data, the synthesised AC-E, GS-N and DR-N
glassesmay serve as referencematerials and/ormeasurement
standards for microanalysis of F in glasses.

Detection limit and uncertainty

Theoretically, a ‘detection limit’ refers to a lowest
concentration that corresponds to a spectral peak that can
be distinguished from statistical background fluctuations. The
value of a detection limit is recommended to be that
corresponding to a peak count higher than the mean
background count by three times of standard deviation of
background count (Analytical Methods Committee 1987).
Practically, for the method presented above, we can easily
obtain detection limits from the analytical results of F-free
materials used for calibrating the Fe overlap (see Table 2),
because the fluctuations of pseudo F concentrations of the F-
free materials correspond to the practical fluctuations of the
background for analysing F-bearing materials. The standard
deviations for minerals and glasses listed in Table 2 are thus

averaged for calculating statistical detection limits. As a
result, the detection limit for minerals using a 180-nA beam
current (counting time: 120 s at peak and 60 s at
background) is calculated to be 82 lg g-1 F, and the
detection limit for glasses using a 60-nA beam current
(counting time: 120 s at peak and 60 s at background) is
calculated to be 106 lg g-1 F.

The method using the PC1 pseudocrystal described
above significantly improved the analytical accuracy for F
determination compared with using the TAP crystal, but may
meanwhile lower the precision by introducing extra uncer-
tainty derived from linear regression for calibrating the Fe
overlap (i.e., the relation between CF

Fe and XFeO). However, as
indicated by the results of the linear regression shown in
Figure 3, such additional uncertainty should be very limited
because the coefficient of determination (R2) is very close to 1.
Based on the measurements of this study, we found that the
additional uncertainty, which can be potentially derived from
linear regression, is negligible compared with the statistical
uncertainty of CF

mea (directly given by the instrument) and thus
neglected when reporting the final results of CF

real (Table 4).

Conclusions

The count rate of fluorine can be significantly improved
by using the W-Si multi-layered (PC1) pseudocrystal com-
pared with using the TAP crystal, but this method introduces
spectral interferences of Mg and Fe X-ray lines with the FKa
line. The two-step method described in this study was
successful (a) in eliminating the Mg overlap by adjusting the
PHA setting and (b) in calibrating quantitatively the Fe
overlap by measuring a series of Fe-bearing but F-free
materials. A beam current of 180 nA (with a 5-lm beam
size) is appropriate for measuring F in minerals, but a lower
beam current of 60 nA (with a 10-lm beam size) is
recommended for measuring F in glasses to avoid potential
variation of count rate with time. The reliability of this
approach was demonstrated using various reference mate-
rials with trace F contents. In addition, glasses synthesised at
high pressure from powders of the rock reference materials
AC-E, GS-N and DR-N are available as new reference
materials for the determination of F by microbeam methods
in glasses.
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