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Abstract

Fluorine (F) and chlorine (Cl) are important volatiles in olivine and its high-pressure polymorphs, which would signifi-
cantly affect olivine phase transition, melting temperature, and physical property of the mantle. F and Cl concentra-
tions in olivine can be detected by electron probe microanalysis (EPMA). However, the analytical accuracy and preci-
sion can be impeded by severe peak overlaps, low peak intensities of traditional analytical crystals, and secondary
fluorescence effects. In this study, we constructed an optimized analytical method with high accuracy and precision
to analyze trace F and Cl in olivine. Key parameters of analytical crystals, beam conditions, peak overlaps, and second-
ary fluorescence effects were discussed. Variations in the levels of the analyzed trace elements fall within +£10%. The
detection limits (30) for F and Cl are lowered to 30 ppm and 5 ppm, respectively. This method can provide precise F
and Cl analysis for natural olivine samples and help to provide significant information on its formation process.

Keywords Electron probe microanalysis, Olivine, Trace F and Cl, Secondary fluorescence effects

1 Introduction

Fluorine and chlorine are important volatiles concen-
trated in hydrous minerals and glasses via substitution
with hydroxyl (Antignano 2008; Botcharnikov 2010;
Bucher and Stober 2010; Li et al. 2022). F and Cl can sig-
nificantly influence the physicochemical properties of
melts/fluids and the geochemical behavior of trace ele-
ments (Keppler 1993; Filiberto and Treiman 2009; Bartels
et al. 2011), so they play an important role in magmatic
evolution, element cycling, and metal mineralization
(Zhang et al. 2012; Kendrick et al. 2015; Kusebauch et al.
2015). In addition, some nominally anhydrous minerals,
such as olivine, pyroxene, and garnet (Scambelluri et al.
2004; Beyer et al. 2012; Mosenfelder and Rossman 2013a,
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b), could also have trace F and Cl. Olivine and its high-
pressure polymorphs (wadsleyite and ringwoodite) are
the principal rock-forming minerals in the upper man-
tle and mantle transition zone; they are also present in
meteorites and lunar basalts (Chen 2005; Klemme and
Stalder 2018; Tian et al. 2021). Dozens to hundreds ppm
F and CI could be detected in natural olivine samples,
such as~30-240 ppm F in olivine from mantle xenoliths
(Hervig and Bell 2005) and ~ 10-120 ppm Cl in metamor-
phic olivine derived from serpentinites (Scambelluri et al.
2004; Debret et al. 2014). Olivine and its high-pressure
polymorphs (wadsleyite and ringwoodite) in experimen-
tal products could contain considerable F and Cl over
hundreds to thousands of ppm (e.g., Dalou et al. 2012;
Bernini et al. 2013; Roberge et al. 2015, 2017; Griitzner
et al. 2018; Clarke et al. 2020; Potts et al. 2021).

F incorporation in olivine, wadsleyite, and ringwood-
ite may have the following mechanisms. F can replace
oxygen in forsterite linked with a metal (Mg) vacancy
for charge balance: [MgO,]*”=[JF,]>” (e.g., Beyer
et al. 2012; Bernini et al. 2013). Crépisson et al.(2014)
described a coupled incorporation of F and OH form-
ing the [SiO,_,_,, F,, (OH)y]4_ tetrahedrons in forsterite
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(with x+y<4), which was also confirmed by coupled
OH-F-incorporation for wadsleyite and ringwoodite
(Roberge et al. 2015). Griitzner et al. (2018) proposed
that the replacement of a [SiO,]*~ tetrahedron by a [F]*~
quadruplet is the dominant mechanism for F incorpora-
tion in wadsleyite. An additional mechanism by which
F is incorporated in olivine is forming a planar defect,
where monolayers of a hydrous phase are formed (Wirth
et al. 2001; Hermann et al. 2007). Cl, F, and OH may
occupy similar sites in the olivine lattice, most likely asso-
ciated with Mg vacancies (Roberge et al. 2017). F and Cl
can significantly affect olivine phase transition, melting
temperature, and element partition of the mantle (Rob-
erge et al. 2015, 2017; Griitzner et al. 2018).

Trace F and Cl in olivine were mostly detected in situ
by secondary ion mass spectrometry (SIMS). Intensities
of F and Cl in olivine show good linear relationships with
those of Si during SIMS analysis (Beyer et al. 2012; Dalou
et al. 2012; Potts et al. 2021). Therefore, homogeneous
and well-certified calibration standards are necessary for
F and CI measurements. Glass standards, such as those
from NIST and MPI-DING, were mostly used in previ-
ous studies (Dalou et al. 2012; Clarke et al. 2020; Potts
et al. 2021). Only a few studies used F-implanted refer-
ence materials as calibration standards (Beyer et al. 2012;
Bernini et al. 2013). However, F and CI heterogeneity in
some glass samples may lead to errors (Mosenfelder et al.
2011; Mosenfelder and Rossman 2013a, b). The surface
and structure of F-implanted mineral standards could
be severely altered during implantation, thus resulting
in errors (Klemme and Stalder 2018). Besides, SIMS is
destructive to precious samples, such as olivine in lunar
meteorites. The large differences in olivine F and CI con-
tents reported may be caused by the different analytical
methods of SIMS (Klemme and Stalder 2018). In addi-
tion, Crépisson et al. (2014) and Roberge et al. (2017) used
particle-induced X-ray/y-ray emission (PIXE or PIGE) to
determine F and Cl content in olivine. These methods
only obtained the averaged values of F and Cl contents in
larger scanning regions (30x30-100% 150 pm?), which
may lose detailed information on heterogeneous samples
within micron scales.

In contrast to the techniques mentioned above, EPMA
could provide advantages of high spatial resolution and
nondestructive nature, making it valuable to develop a
specific, high precision method to acquire low concentra-
tions of F and Cl in olivine. Previous studies used EPMA
to determine trace F and Cl in glass and hornblende
(Vanko 1986; Donovan et al. 1993; Witter and Kuehner
2004; Zhang et al. 2016; Flemetakis et al. 2020) and low-
ered the F detection limit to 82 ppm (30) and Cl detec-
tion limit to 28 ppm (30) (Zhang et al. 2016; Flemetakis
et al. 2020). However, these detection limits are much
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higher than F and CI concentrations in most natural oli-
vine samples (e.g., Scambelluri et al. 2004; Hervig and
Bell 2005; Beyer et al. 2012; Debret et al. 2014). There-
fore, lower detection limits of F and Cl are strongly
needed for olivine. Besides, secondary fluorescence
effects from chlorine in epoxy resin could bring analytical
errors to the points near the olivine boundary, which had
never been discussed in previous studies and should not
be neglected.

This study aims to develop a new method to improve
precision, accuracy, and lower detection limits for trace F
and Cl analysis in olivine. Optimal beam conditions, ana-
lytical crystals, and peak overlap are mainly discussed.
Secondary fluorescence effects from epoxy resin on trace
Cl analysis in olivine are also emphasized. In addition,
the accuracy and precision of this method are evaluated
based on the replicate analysis of hornblende reference
materials with literature data. Our method can be suc-
cessfully applied to natural olivine samples.

2 Samples

Basaltic glass is often used for trace F and Cl analysis by
SIMS (e.g., Dalou et al. 2012; Clarke et al. 2020; Potts
et al. 2021). However, glass is sensitive to beam current,
leading to a higher EPMA detection limit when using low
beam current and short analysis time. Hornblende is a
silicate mineral containing hundreds to over thousands
ppm of F and Cl, which can be used as secondary refer-
ence material for trace F and Cl analysis by EPMA (Zhang
et al. 2016). Their F and Cl concentrations determined by
Zhang et al. (2016) are as follows: 1673 +51 ppm F and
237 +10 ppm ClI for Kakanui hornblende, 361 +46 ppm
F and 208 +17 ppm Cl for Arenal hornblende. Although
Kakanui hornblende has some submicrometer-scale melt
inclusions, which leads to slight major element variations,
it could also be used as an internal secondary standard.
Here, we used Kakanui hornblende (NMNH 143965)
and Arenal hornblende (NMNH 111356) to evaluate the
accuracy and precision of trace F and Cl analysis in oli-
vine using EPMA.

Synthetic olivine samples were prepared using proce-
dures similar to those described in (Zhao et al. 2009) and
briefly summarized below. Fayalite, Fo=0, powders were
synthesized in a one-atmosphere furnace from powders
of Fe,O3 and SiO, in a molar ratio of 1:1.002 at 1353 K at
controlled oxygen partial pressure. Powders of Fo,,, Fos,
and Fo,, were then synthesized from a mixture of com-
mercial forsterite, Fo,,), and this synthetic Fo, powder.
For each composition, the mixed powders were ground
to a particle size of <25 pm and reacted together at 85%
of the solidus temperature in a one-atmosphere furnace
for 20 h with oxygen fugacity buffered by a mixture of CO
and CO, at an oxygen partial pressure equivalent to that
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produced by a Ni/NiO solid-state buffer. After cooking,
the powders were ground and reacted again to ensure
the composition was uniform throughout the powders.
Samples of Fo,,, Fos,, Fos,, and Fo, were then fabricated
by first cold-pressing powders into nickel (Fo,,, Fog; and
Fogy) or iron (Fo,) capsules and then hot-pressing the
assemblies. Details of hot-pressing experiments can be
found in Zhao et al. (2009). After hot-pressing, the den-
sified iron-rich olivine samples were cut into thin slices
for analysis. High-quality backscattered electron images
show that the synthetic olivine samples are homogene-
ous at a scale of 30-50 um, although there exist small
amounts of tiny holes and residual glass (Additional
file 1: Fig. S1). The homogeneous area is sufficient for
EPMA measurement, and our results also indicate that
these standards are compositional homogeneous (Addi-
tional file 2: Table S1).

Two natural olivine samples are selected to test the fea-
sibility of this optimized method. Natural olivine samples
(Ol-1) are bought from a gem trader in Mogok, Myan-
mar. They are pale green, subhedral to euhedral crystals
with grain sizes ranging from 0.2 to 1 cm. Olivine grains
were first disaggregated into small blocks, handpicked
under a binocular microscope, and mounted in epoxy
resin for further analysis (Additional file 1: Fig. S2a and
b). Natural olivine samples (Ol-2) were collected from an
olivine—antigorite serpentinite (sample J4) in the Hkamti
Jade Mine Tract, Myanmar (Chen et al. 2018). Two gen-
erations of olivine can be observed in the serpentinite:
primary mantle olivine cores and secondary Mg-rich oli-
vine rims (Additional file 1: Fig. S2c and d). The primary
olivine cores have a forearc mantle origin, whereas the
secondary rims formed from antigorite dehydration at
the slab—mantle interface (Chen et al. 2018).

3 Analytical method

All the experiments were conducted by CAMECA
SXFive electron probe microanalyzer at IGGCAS. This
instrument is equipped with five wavelength spectrom-
eters and uses PeakSight software.

3.1 Analytical crystals

Analytical crystals diffract X-rays with specific wave-
length A following Bragg’s law to the proportional
counters. Two crystal geometries are generally used in
EPMA: Johann and Johansson (Johann 1931; Johansson
1933). Adopting an appropriate analytical crystal would
enhance X-ray intensities, reduce detection limits, and
improve precision levels. Conventional TAP crystal and
synthetic multilayered diffraction crystals (W/Si; termed
LDEI (2d=60 A) by JEOL and PCO (2d=45 A) and PC1
(2d=60 A) by CAMECA) can be used to analyze F. Due
to the low count rates for F Ka X-rays when using TAP
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analytical crystals, low detection limit and high preci-
sion for trace F analysis could not be achieved (Potts and
Trindle 1989). The synthetic multilayered diffraction
crystals, customized for the diffraction of light element
X-rays, provide much higher count rates and peak/back-
ground (P/B) ratios and are beneficial to trace F analy-
sis though peaks are wide and attention paid to possible
interferences (Witter and Kuehner 2004; Zhang et al.
2016; Flemetakis et al. 2020). For example, by measur-
ing the F content of a CaF, sample using our CAMECA
SXFive EPMA instrument, the F peak count rates are
ca. 7 and 258 cps/nA (counts per second per nA) using
TAP and PC1 crystals, respectively, showing a substan-
tial improvement of the count rate by a factor of 37 when
using the PC1 crystal. The P/B ratio of F Ka X-ray using
PC1 crystal was 54, which was triple higher than that
of TAP (P/B=17). PCO analyzing crystal could provide
a higher count rate than TAP crystal and weaker peak
interference than PC1 crystal. Therefore, if equipped
in the probe, PCO crystal would be a better choice for F
analysis. Given the available analytical crystals and spec-
trometers in this instrument, the PC1 analytical crystal in
spectrometer 1 was used to analyze trace F in olivine.

Two spectrometers in our electron microprobe ana-
lyzer are equipped with large-area Bragg crystals (LLIF,
LPET). These large-area Bragg crystals provide higher
intensities and P/B ratios than the normal area crystals,
which can lead to lower detection limits and are more
useful to trace element analyses. For example, the count
rates for Cl were ca. 407 and 915 cps/nA using PET and
LPET crystals, respectively, when acquiring the peak
intensities of Cl Ka X-rays of a NaCl sample using our
CAMECA SXFive EPMA instrument. The P/B ratios for
Cl Ko X-rays were ca. 373 and 597 using PET and LPET
crystals, respectively. With the software’s aggregate inten-
sity counting capacities, the X-ray intensities of different
spectrometers can be added together, thus improving the
counting rate and the analytical efficiency. Therefore, two
LPET crystals in spectrometers 3 and 5 are used for trace
Cl analysis in olivine.

3.2 Beam current

Some materials rich in F and Cl are sensitive to beam
current, such as apatite and glass, leading to changes in
X-ray counts over time or sample damage (e.g., Almasi
et al. 1965; Borom and Hanneman 1967; Morgan and
London 1996, 2005; McCubbin et al. 2011; Zhang et al.
2016). A low beam current of 10-20 nA was commonly
used to acquire F and Cl, with detection limits over thou-
sands of ppm (Stormer et al. 1993; McCubbin et al. 2011).
Higher beam current could help to decrease F and Cl
detection limit. Zhang et al. (2016) used 180 nA to lower
the detection limit of F in hornblende to 82 ppm (30).
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Fig. 1 a Smoothed averaged accumulated spectral scans of
San Carlos olivine, natural olivine (OI-1), and anorthite at the F
Ka peak acquired with PC1 diffraction crystal on CAMECA SXFive
microprobe. Accelerating voltage =20 kV; beam current =200
nA; beam diameter= 10 um; dwell time =500 ms; step=10
(SinB* 10°); accumulation number =5; and differential mode:
base line=2300 mV, window=2170 mV. b Smoothed averaged
accumulated spectral scans of San Carlos olivine and natural olivine
(OI-2) at the Cl Ka peak acquired with LPET diffraction crystal on
CAMECA SXFive microprobe. Accelerating voltage =20 kV; beam
current=400 nA; beam diameter=5 um; dwell time =500 ms;
step=5 (SinB* 10°); accumulation number =5; and integral mode.
Mineral abbreviations are from Whitney and Evans (2010)

Flemetakis et al. (2020) utilized 60 nA to lower F and ClI
detection limits for glass to 88 (3¢) ppm and 28 ppm (30),
respectively. However, these detection limits are insuffi-
cient to obtain precise F and Cl concentrations in natural
olivine (Hervig and Bell 2005; Beyer et al. 2012; Debret
et al. 2014). High beam currents up to 900 nA were suc-
cessfully used to lower the detection limits of Ca, Al,
Ti, and other trace elements in olivine to below 10 ppm
(Batanova et al. 2015; Su et al. 2019; Zhang et al. 2022a).
Absorbed current and characteristic X-ray intensities of
these elements keep steady under a 12 min electron beam
bombardment (Batanova et al. 2015). Whether high
beam current is suitable for trace F and Cl analysis in
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olivine is still unknown. As shown in Fig. 1a, the natural
olivine sample (Ol-1) shows a small F Ka peak, whereas
San Carlos olivine and anorthite show no peak at the F
Ko peak. The natural olivine sample Ol-2 exhibits a small
Cl Ka peak as well. In contrast, San Carlos olivine does
not show an obvious Cl Ka peak (Fig. 1b). Given that
there is no available olivine standard for trace F and Cl
analysis, we used the hornblende standards mentioned
above as reference materials to evaluate the accuracy and
precision. Therefore, we measure the X-ray intensities
of F (Ka, PC1) and Cl (Ka, LPET) under various beam
conditions at 20 kV for the natural olivine and Kakanui
hornblende.

The Recorder utility in PeakSight software was used
to record the changes in element signals in 10 min. Two
beam conditions can be utilized in one analytical setting
by this software. A lower beam current (30 nA with a
beam diameter of 5 um in this study) was used to analyze
major elements, while a higher beam current can be used
for minor/trace elements analysis.

As shown in Additional file 1: Fig. S3, the X-ray intensi-
ties of F, Cl, and the absorbed beam currents in natural
olivine keep stable under 10 min electron beam irradia-
tion with beam currents of 400 nA, 600 nA, and 800 nA
at 20 kV. Therefore, the high beam currents tested above
do not significantly affect F and Cl analysis in olivine.
Moreover, the X-ray intensities of F, Cl, and the absorbed
beam currents in the Kakanui hornblende standard
remain steady (Additional file 1: Fig. S4). According to
the detection limit equation, a higher beam current leads
to a lower detection limit (e.g., Jercinovic and Williams
2005; Jercinovic et al. 2008; Donovan et al. 2011). How-
ever, the detection limit decreases slightly when the beam
current is higher than 800 nA for trace elements in oli-
vine (Batanova et al. 2015). Therefore, we choose 800 nA
as the optimal beam current to lower the F and Cl detec-
tion limits in this study.

3.3 Peak overlaps and background interference
For trace F and Cl analysis in olivine, the peak overlap
difficulty lies in dealing with the interferences of the F K«
peak, whereas the Cl Ka peak and backgrounds are not
interfered by any characteristic X-rays of major elements
in olivine. PC1 analytical crystal could provide a higher
count rate for F than normal TAP crystal. However, an
overlap of the Fe Lal peak (shoulder) onto the F Ka peak
makes analyzing F in olivine difficult when using PC1
crystal. Besides, the second-order Mg Ka and KP lines
may influence the upper background.

Many studies proposed specific methods to solve
these problems (Amli and Griffin 1975; Potts and Tin-
dle 1989; Donovan et al. 1993; Witter and Kuehner 2004;
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Zhang et al. 2016; Flemetakis et al. 2020). Amli and Grif-
fin (1975) introduced a simple X-ray intensity correc-
tion method based on empirical correction factors. The
interference correction factors from Fe and Mg were first
reported by measuring fayalite and magnesium oxide
(Potts and Tindle 1989). Donovan et al. (1993) then devel-
oped a refined method that used magnetite to calibrate
the interference with Fe La in determining F but ignored
Mg. This method could be incorporated into the analyti-
cal software, and the following studies further expanded
these earlier results. Witter and Kuehner (2004) devel-
oped an empirical method to analyze trace F in Fe-bear-
ing samples, which used several Fe-bearing and F-free
minerals and glasses to establish a calibration line to cor-
rect Fe-F interference. However, this study also neglected
the potential Mg KP line interference on the measured
upper background. Recently, Zhang et al. (2016) utilized
an optimized PHA (pulse height analysis) setting in dif-
ferential mode to minimize the background interference
from Mg KP (n=2). The overlapping first-order Fe La on
the F Ka peak was calibrated quantitatively using a few
F-free and Fe-bearing silicate glasses and minerals. Their
method successfully obtained trace F concentrations in
glasses (Flemetakis et al. 2020; Zhang et al. 2022a), with
precision and accuracy confirmed by many well-charac-
terized glass standards.

It is worth noting that the calibration lines would be
influenced by instrument types, analytical conditions
(e.g., beam currents, PHA settings), and sample types
(minerals types or glasses) (Zhang et al. 2016). For min-
erals, Zhang et al. (2016) used anorthite, pyroxene, gar-
net, and olivine with FeO content variations from ca.
0.4-17 wt% to build the calibration line (R*=0.964 at
180 nA and R?=0.989 at 60 nA), which are suitable for
most F-bearing minerals from the Earth. However, oli-
vine in lunar samples shows wide FeO content variations
from ca. 21 wt% to ca. 67 wt% (Butler 1972; Schnare et al.
2008; Snape et al. 2014; Zhang et al. 2022a). As olivine
shows a large variation of Mg and Fe concentration and
does not contain large amounts of Ca, Al, Ti, and Mn,
matrix-matched samples would be preferred to build the
calibration line. To improve the calibrations of Fe-F inter-
ferences in olivine, we collected San Carlos olivine that
was commonly used as a blank sample of F during SIMS
analysis (Potts et al. 2021), synthetic F-free olivine sam-
ples with Fo values ranging from 0 to 70, and a synthetic
MgO sample to build the calibration line. Representative
compositions of these samples are shown in Additional
file 2: Table S1.

Using this empirical correction method, background
counts of F were only collected for the upper back-
ground position (+1100, Sin6*10°), and the differential
mode was used with an optimized PHA setting (baseline
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2300 mV, window 2170 mV) to minimize the interfer-
ences from the second-order Mg KP line (Additional
file 1: Fig. S5). A traditional 2-point linear background
fit and the integral mode were used for trace Cl analy-
sis in olivine. The detailed analytical settings, includ-
ing calibration standards, peak/background counting
times, background positions, and analytical crystals, are
listed in Table 1. Matrix effects were corrected using the
CAMECA software X-PHI method (Merlet 1994). Oxy-
gen was calculated by cation stoichiometry and included
in the matrix correction.

4 Results and discussion

4.1 Calibration lines

The calibration curves are depicted in Fig. 2, and the
results are presented in Table 2 and Additional file 2:
Table S1. Every point in Fig. 2 represents the average
value of five measurements. Our analyses show a linear
relationship between the “apparent” F signal and FeO
contents; thus, the results may be described by the follow-
ing linear equation: y=52.625x+472 with R*=0.9931.
The standard deviation of this linear equation is about
130 ppm based on statistical calculation. When the FeO
content is ~ 35 wt%, the 20 uncertainty (95% confidence)
on the “apparent” F content is about + 140 ppm. This cali-
bration line (Fig. 2) was then used to correct our meas-
ured F concentrations in the hornblende and the natural
olivine samples mentioned above.

4.2 Detection limit, precision, and accuracy of trace F
and Cl in olivine

We treat the Kakanui and Arenal hornblende standards
as unknown samples to evaluate the detection limit, pre-
cision, and accuracy. The analytical results are listed in
Additional file 2: Table S2. The detection limits (30) were
calculated by CAMECA software based on the equa-
tion suggested by Ancey et al. (1978). In our developed
method, the detection limits (30) for F and Cl are 30 ppm
and 5 ppm, respectively, which are significantly lower
than those in previous studies (Witter and Kuehner 2004;
Zhang et al. 2016).

The analytical precision (reproducibility) established
by 15 repeated measurements of the hornblende is
30-50 ppm and 10 ppm for F and Cl (2 sd), respectively
(Fig. 3). The average errors of each analysis (2 standard
deviations) for F and Cl are 20 ppm and 4 ppm, respec-
tively. As there are no reference values for trace F and
Cl in hornblende defined by other methods, the accu-
racy was tested by comparing the analyses of hornblende
samples with the EPMA data published by Zhang et al.
(2016). As shown in Fig. 4, the average values of the 15
analyses for the trace F and Cl in Kakanui hornblende
and Arenal hornblende are consistent with the reference



Zhang et al. Progress in Earth and Planetary Science

(2023) 10:29

5000
Fo=0
4000 4 o
Fo=30 .-
€ -
s 3000 - Fo=5.(.J. ........
~ Fo=70 .
L 2000 4 L
MgO . y=52.625x+472
1000 + / ....... ~ San Carlos ol R2:0_9931
(Fo=90)
0 v T -
0 20 40 60 80

FeO (wt%)
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values within error. The average values of F in Kakanui
hornblende and Arenal hornblende are 1697 +50 ppm
and 383 +30 ppm (2sd), respectively, which are in good
agreement with the reference data (1673 +51 ppm for
Kakanui hornblende, 361+46 ppm for Arenal horn-
blende) (Zhang et al. 2016). Fifteen measurements of the
Kakanui hornblende and the Arenal hornblende give the
Cl average value of 217 +10 ppm and 198 +10 ppm (2sd),
respectively, broadly consistent within error with the lit-
erature data (Wolff 2014; Zhang et al. 2016). All data plot
well along the 1:1 correspondence line within the preci-
sion of methods (Fig. 4a and b).

Table 2 Averaged analytical results for San Carlos olivine, synthetic olivine, and MgO by new EPMA method

Sample Na,O (wt%) MgO (wt%) CaO (wt%) MnO (wt%) FeO (wt%) SiO, (wt%) F (ppm) Total (Wwt%)
Synthetic ol (Fo=0) 0.12+0.10 bdl bdl bdl 69.11+£0.18  29.70£066 4000+ 108 99.32+0.60
Synthetic ol (Fo=30)  bdl 13.07+0.36 bdl bdl 5358+050 3272+044  3340+68 99.76 +£0.70
Synthetic ol (Fo=50)  bdl 23.89+0.50 bdl 0.16+0.06 4067+034  3517+£042  2656+30 100.21+0.70
Syntheticol (Fo=70)  bdl 35.67+0.60 bdl 0.12+0.06 2614+£086  37.74+070  1927+18 99.87 +£1.04
San Carlos ol bdl 49.04+0.38 0.10+0.02 0.16+0.04 9.48+0.26 4069+024  1086+32 99.56 +0.66
Synthetic MgO bdl 99.81+0.32 bdl bdl bdl bdl 295422 99.84+0.32
Data are given in 2 standard deviations. bdl: below detection limit
1900 600
(a) (b)
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Fig. 3 Fifteen data results on the hornblende standards for trace F and Cl. The shaded portion represents the 3—10% margin of error. The solid line

represents the average value. Error bars =2 standard deviations
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4.3 Secondary fluorescence effects of adjacent phases
on trace F and Cl analysis in olivine

The accuracy of trace elemental analysis by EPMA would
be affected by secondary fluorescence effects from adja-
cent phases, which are generated by characteristic and
bremsstrahlung X-ray emissions during electron—speci-
men interactions. The primary X-rays penetrate the
specimen in all directions and can further ionize atoms
at distances over several tens to hundreds of microns
(Fournelle 2005; Llovet et al. 2012; Borisova et al. 2018).
Mineral or glass grains are often embedded in epoxy
resin for analysis, which is easier to be made and pol-
ished than metal mounts. The main epoxy resin compo-
nent is epichlorohydrin polymer which contains chlorine
(Fig. 5a). Different commercially available epoxy res-
ins contain various amounts of Cl as Edinburgh SIMS
lab reported (2021). According to the energy-dispersive
X-ray spectrums of the resins in their study, the highest
Cl intensities in epoxy resin could be ten times to the
lowest under the same analytical condition. When the
analyzed point is located at the edge of the sample and is
close to the epoxy resin, trace Cl analysis in olivine will be
affected by the secondary fluorescence effect of epichlo-
rohydrin polymer, leading to lower accuracy and large
errors. In addition, olivine is an early crystallizing phase
in most mafic magmas and could be hosted by matrix
glass (e.g., Davis et al. 2003; Scott et al. 2015; Moussal-
lam et al. 2019). The F and Cl in matrix glass could com-
promise the accuracy of trace F and Cl analysis in olivine
using EPMA. Therefore, these two important cases of
secondary fluorescence effects are considered here.

Firstly, San Carlos olivine samples were mounted both
in epoxy resin (made in SIMS lab at IGGCAS and num-
bered as epoxy 128) and tin metal (Additional file 1: Fig.
S6) to establish the secondary fluorescence effect of epoxy
resin. Profiles were conducted from the grain boundary
to the grain core with a length of ~60 um. As shown in

0.95 A1 %
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0.85 -

FeO (wt%)

0.80 -

0.75

No.
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Fig. 5b, the epoxy resin would bring about ~40 ppm Cl
when the analytical position is 3 microns to the olivine
boundary. However, Cl concentration of the olivine grain
mounted in tin metal could not be detected at the same
position (Additional file 2: Table S3). The secondary flu-
orescence effect of Cl by epoxy resin can be neglected
when choosing the analytical position of>40 pm to the
boundary (Fig. 5b). As different epoxy resins contain
various contents of Cl, the choice of epoxy resin used
will significantly impact the magnitude of the secondary
fluorescence observed. The safe analytical position will be
changed for various kinds of epoxy resin. It also should
be noted that this is not the case for glass or other min-
erals, which need similar tests to ensure safe analytical
positions.

Secondary fluorescence effects can be corrected using
additional software with a known composition of epoxy
resin and an appropriate geometry model, such as the
FANAL computer code in CalcZAF/Standard software
(Llovet et al. 2012; Borisova et al. 2018). Compositions
of epoxy resin were obtained using an element ana-
lyzer (Elementar vario EL cube) and ion chromatograph
(ICS1100) at East China University of Science and Tech-
nology. The epoxy 128 contains 5243 ppm Cl (Additional
file 2: Table S4). Given that FANAL considers an ideal
material couple consisting of two semi-infinite media
separated by a plane boundary perpendicular to the sam-
ple surface, which is a similar geometry mode to our pro-
file test (Additional file 1: Fig. S6), a simple evaluation is
proposed here. As shown in Fig. 5b, the concentration of
Cl obtained from secondary fluorescence effects using
software is consistent with the measured results.

A simple simulation using FANAL code was given here
to show the secondary fluorescence effects of boundary
glass on trace F and Cl analysis in olivine. Matrix glass
and olivine phenocrysts compositions were taken from
Moussallam et al. (2019). The average F and Cl contents

600
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o 3 g
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Fig. 6 FeO (a) and F concentrations (b) of natural olivine (OI-1). FeO: error bar=0.02 wt% (2 sd); F: error bar=3 ppm (2 sd)
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Fig. 7 a Backscattered electron image of relict olivine (OI-2) in Ol-Atg serpentinite. b Fo versus Cl plots of OI-2

of the matrix glass are 620 ppm and 3620 ppm, respec-
tively. As shown in Fig. 5¢ and d, the adjacent glass would
only bring about 4 ppm F and 5 ppm Cl when the analyti-
cal position is 5 microns to the olivine boundary. There-
fore, the secondary fluorescence effects in this case can
be neglected.

5 Application to natural olivine

A promising application of our EPMA method lies in
analyzing the F and CI contents of natural olivine. Here,
we apply our new method to the natural olivine samples
(Ol-1 and OI-2).

Random analyses were conducted for several grains of
Ol-1 sample, which were mounted in epoxy resin. To avoid
the secondary fluorescence effects from Cl in epoxy resin,
analytical positions were at least 50 pum away from the
boundaries. Representative results are listed in Additional
file 2: Table S5. The investigated olivine is typical forsterite
with Fo values of ~99. FeO content shows little variations
from 0.82 to 0.93 wt% (Additional file 2: Table S5, Fig. 6a).
Such little variations of FeO content could lead to simi-
lar Fe-F interferences, such as 515 ppm for the lowest FeO
content (0.82 wt%) and 521 ppm for the highest FeO con-
tent (0.93 wt%). The acquired F contents of olivine samples
fluctuated remarkably, with concentrations ranging from 681
to 1022 ppm. After calculating the Fe-F interferences using
the equation shown in Fig. 2, the real F concentrations of
the investigated olivine are 163—506 ppm (Fig. 6b), which is
much higher than the detection limit of 30 ppm. The results
indicate that the investigated olivine sample Ol-1 has het-
erogeneous F concentrations, even with homogeneous Fo
values.

Further analyses were performed for natural olivine
sample Ol-2 from a forearc Ol-Atg serpentinite in a
thin section (Fig. 7a). In this case, secondary fluores-
cence effects from epoxy resin do not exist. Moreover,

the surrounding antigorite contains only several hun-
dred ppm of Cl (Additional file 2: Table S6), suggesting
that the secondary fluorescence effect of Cl caused by the
adjacent antigorite might be very limited. We used the
computer code FANAL of the CalcZAF/Standard soft-
ware to test this idea. At a distance of 1 pm to the olivine
boundary, the concentration of Cl obtained from second-
ary fluorescence effects is below 1 ppm (Additional file 1:
Fig. S7). Therefore, the secondary fluorescence effects
of antigorite on Cl analysis in olivine can be neglected.
Ol-2 exhibits bright cores and dark rims (Fig. 7a). The
bright olivine cores are characterized by high Fo values
(92.6-93.0) and low Cl contents (6—16 ppm), whereas the
dark rims are relatively Mg- (Fo: 96.1-96.7) and Cl-rich
(38-66 ppm) (Additional file 2: Table S7, Fig. 7b). As the
dark rims were produced by the dehydration of antigorite
(Chen et al. 2018), their high Cl contents indicate that the
newly formed olivine would inherit some Cl-rich signa-
tures of preexisting antigorite.

In summary, our new method can apply well to natural
olivine samples and determine trace F and Cl heteroge-
neity within micron scales.

6 Conclusion

An optimized analytical method for high precision meas-
urement of trace F and Cl in olivine, simultaneously with
major elements, was developed using the CAMECA
SXFive EPMA. The optimal analytical conditions used for
trace F and Cl analysis in olivine were as follows: accel-
erating voltage of 20 kV, beam current of 800 nA, 5 pum
beam diameter, using PC1 analytical crystal for trace F
analysis, and several F-free olivine samples with various
Fo values and synthetic MgO crystal to calculate Fe-F
interferences, and utilizing large-area analytical crystals
and aggregate counting strategy for trace Cl analysis. Sec-
ondary fluorescence effects on trace Cl analysis in olivine
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by epoxy resin can be neglected when choosing the ana-
lytical position of>40 um to the boundary. Replicate
analyses on hornblende standards using the proposed
optimized method show good agreement with the refer-
ence data. Detection limits (30) of F and Cl could be low-
ered to 30 ppm and 5 ppm, respectively. This optimized
method can fully exert the advantages of the nondestruc-
tive nature, high spatial resolution, high precision and
accuracy, and low detection limit of EPMA. Our method
would open a new perspective on the study of geochemi-
cal processes involving F- and Cl-bearing olivine.

Abbreviations

SIMS Secondary ion mass spectrometry
EPMA Electron probe microanalysis

Ol Olivine

Atg Antigorite
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2 standard deviations of count rates for F for Ol-1 at 400, 600, and 800 nA
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optimized differential mode compared to the integral mode. Accelerating
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time = 500 ms; step = 10 (Sin6*10°); accumulation number = 5; differen-
tial mode: base line = 2300 mV, window = 2170 mV, PC1 analyzing crystal.
Fig. S6. Backscattered electron images of San Carlos olivine samples
mounted in epoxy resin (a) and tin metal (b). Fig. S7. Secondary fluores-
cence effects evaluation of Cl in natural olivine (OI-2) from the boundary
antigorite using FANAL computer code in CalcZAF/Standard software
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Carlos olivine, synthetic olivine and MgO by new EPMA method. Table S2.
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element analyzer and ion chromatograph. Table S5. Analytical results for
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