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Halogens, including fluorine (F) and chlorine (Cl), play essential roles in magmatic, hydrothermal, and ore-
forming processes. Determining their geochemical behaviors is challenging due to their low abundance and
volatility. Apatite containing halogens serves as an ideal recorder of Earth’'s and planetary processes. This
study presents a quantitative method using molecular emission spectra of calcium fluoride (CaF) and
calcium chloride (CaCl) to measure F and Cl concentrations in apatite through femtosecond laser-
induced breakdown spectroscopy (fs-LIBS). Reference materials with varying F and Cl levels were
employed to optimize conditions and develop calibration curves for F (0.55-3.75 wt%) and Cl (0.45-4.26
wt%), with detection limits of 0.22 wt% and 0.38 wt%, respectively. The calibration curves achieved R?
values of 0.995 for F and 0.992 for Cl, with RMSRE of 8% for F and 13% for Cl. Validation using natural
apatite samples confirmed accuracy within + 0.10 wt% compared to EPMA data. The fs-LIBS technique
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DOI: 10.1039/d5ja004049 offers potential for accurate and precise measurement of F and Cl in minerals when reference materials
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1 Introduction

Fluorine (F) and chlorine (Cl), the most abundant halogen
elements on Earth, are key volatile components released from
magma, along with water, carbon dioxide, and sulfur.*”®
Although present in low concentrations in magma, they
significantly influence the physical properties of the magma
system, such as viscosity, density, and solidus temperature.**
Furthermore, they act as primary anion ligands in certain
hydrothermal fluids, increasing the solubility and mobility of
ore-forming metals and aiding their transport within hydro-
thermal systems.®® Previous research shows that chlorine is
more incompatible than fluorine, leading to chlorine prefer-
entially partitioning into fluids while fluorine remains in the
melt.*®® Thus, the concentrations and ratios of F and Cl serve as
valuable geochemical tracers for understanding the physico-
chemical processes of magmatic and hydrothermal systems.'***
However, directly measuring their levels in these systems is
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challenging due to their low abundance and high volatility.
Apatite [Cas(PO,);(F, Cl, OH)] can incorporate specific propor-
tions of halogen components into its unique crystal structure,
making it an effective recorder of magmatic and hydrothermal
systems,'>** as well as related ore-forming processes.*>’

An electron probe micro-analyzer (EPMA) is commonly
employed for in situ analysis of F and CI contents in apatite.'®*®
However, previous research indicates that the accuracy and
precision of these measurements are significantly influenced by
factors such as operating conditions, crystallographic orienta-
tion, the physicochemical properties of minerals, and alter-
ations induced by electron beam interaction.>*** Furthermore,
secondary ion mass spectrometry (SIMS) is recognized as
a reliable technique for in situ halogen detection, yet its high
costs and time-consuming protocols limit its broad applica-
tion.?»** Other in situ methods for halogen analysis, such as
proton-induced X-ray emission (PIXE)** and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS),>>>®
fail to meet the requirements for routine simultaneous quan-
tification of F and CL

Laser-Induced Breakdown Spectroscopy (LIBS) is a well-
established in situ element analysis technique that enables the
quantification of halogen concentrations by examining plasma
emissions produced through laser interactions with the sample
surface.”” LIBS offers notable benefits, including high spatial
resolution, rapid analysis times, and minimal sample prepara-
tion requirements. Elements are identified by their optical
emission lines, with the resulting spectrum serving as the

This journal is © The Royal Society of Chemistry 2026
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chemical fingerprint of samples. For most halogens, the
strongest emission lines are in the ultraviolet (UV) range (<200
nm) of the spectrum. However, detecting these lines requires
a specialized UV-sensitive spectrometer operated under vacuum
to avoid absorption by atmospheric species.”®* Alternatively,
other emissions appear in the visible and near-infrared regions,
such as 685.6 nm for F(1) and 837.6 nm for Cl(1).>**** Neverthe-
less, these line intensities are typically too weak for analyzing
low concentrations due to their high excitation energy
levels.**?** Some alternative methods can assist in detecting
these halogens. For example, molecular emissions from species
such as CaF and CaCl have been used as proxies for F and Cl
detection in various matrices. For example, Gaft et al. (2014)
utilized CaF and CaCl molecular emissions, noting that these
are considerably more sensitive under ambient conditions than
atomic lines.*® Later, Forni et al. (2015), working with data from
the ChemCam instrument on the Curiosity rover, employed CaF
and CaCl emissions to detect F and CL** Vogt et al. (2020)
analyzed these emissions under simulated Martian atmo-
spheric conditions, achieving detection limits of 0.4 wt% for F
and 1.8 wt% for CL.*® Recently, Quarles et al. (2025) used the CaF
molecular emission around 603 nm to quantify the F contents
in apatite, with an absolute error within 0.1%.%” CaF and CaCl
molecular emissions have also been used to detect F and Cl in
ores, cement, biological apatite, and calcium-free samples by
nebulizing calcium-containing solutions onto the sample
surfaces.**** However, the precise simultaneous quantification
of F and Cl in calcium-rich minerals, such as apatite, remains
challenging. Femtosecond laser-induced breakdown spectros-
copy (fs-LIBS) offers significant advantages for analyzing
apatite, particularly due to the ultrashort duration of the laser
pulses. The femtosecond-scale pulse duration minimizes
thermal effects during ablation, resulting in reduced melting
and collateral damage to the samples.***® The low thermal
impact also allows for repeated measurements on the same
sample area or adjacent regions without compromising struc-
tural integrity, enabling more extensive and high-resolution
spatial analysis. This precision is particularly beneficial when
studying apatite, which often contains delicate compositional
zoning or inclusions that are easily altered by thermal effects.

This study examined the use of CaF and CaCl molecular
emission spectra to determine F and Cl concentrations in
apatite via fs-LIBS. We systematically evaluated the impact of
various gaseous environments (air, He, and Ar), gate delay, and
gate width on the intensity of CaF and CaCl emissions. Cali-
bration curves were then developed to relate CaF and CaCl
emissions to F and Cl concentrations in apatite. Finally, this
method was applied to simultaneously measure F and ClI
concentrations in natural apatite samples.

2 Experimental
2.1 Samples

In this study, nine apatite reference materials were analyzed,
and their reference values are summarized in Table 1. Five
apatite samples, including TUBAF#38, TUBAF#40, TUBAF#50,
MGMH#128441A, and Apatite MZ-TH, were obtained from

This journal is © The Royal Society of Chemistry 2026
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Table 1 F and Cl contents (wt%) and standard deviations (1SD) of the
natural apatite reference materials in this study®

By EPMA By fsLIBS
Sample F contents Cl contents F contents Cl contents
TUBAF#40 1.79 £ 0.07 1.34 £0.03 1.78 £ 0.06 1.32 £ 0.07
TUBAF#38 0.55 £ 0.06 4.26 = 0.10 0.51 £ 0.02 4.27 £ 0.09
Durango 3.09 £ 0.03 0.45 £ 0.01 3.11 +0.06 0.49 £ 0.06
MGMH#128441A 2.26 £ 0.10 0.94 £ 0.04 2.32 £ 0.08 0.96 £ 0.06
TUBAF#50 3.29 £ 0.12 0.50 £0.02 3.27 £+ 0.08 0.50 £ 0.04
Apatite MZ-TH 3.60 = 0.15 bdl 3.57 £ 0.07 bdl
MAD 3.75 £ 0.08 0.25+0.02 3.66 + 0.08 bdl
McClure 3.38+0.21 bdl 3.34 £ 0.08 bdl
Apatite Morocco  2.41 + 0.22 0.78 = 0.10 2.47 £+ 0.06 0.73 £ 0.07

¢ Data labeled with ‘bdl’ were below detection limit.

[AGeo Limited in the United Kingdom.**** Four additional
apatite reference materials, such as Durango, MAD, McClure,
and Morocco, were reported in previous studies.*** The cali-
bration curve for F was established using the integrated CaF
signals of TUBAF#38, TUBAF#40, MGMH#128441A and MAD.
Meanwhile, the calibration curve for Cl was developed using the
integrated CacCl signals of Durango, TUBAF#38, TUBAF#40, and
MGMH#128441A.

2.2 EPMA analysis

EPMA was conducted on a JEOL JXA 8230 electron microprobe
at Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences (GIGCAS). Representative apatite grains were hand-
picked under a binocular microscope, mounted in epoxy, and
polished to approximately half the thickness for further anal-
ysis. The analytical conditions for EPMA of apatite were as
follows: 15 kV accelerating voltage, 10 nA beam current, and 5
um beam diameter. The analytical results were reduced using
ZAF correction. The used standards were fluorapatite for Ca and
P, BaF, for F, tugtupite for Cl. The relative precisions were + 2%
for Ca, P and F and + 5% for Cl.

2.3 LIBS analysis and data processing

LIBS analysis was conducted using a J200 Tandem QX femto-
second LA/LIBS system from Applied Spectra Inc. at GIGCAS.
This instrument features a 343 nm femtosecond laser with
a variable repetition rate of 1 to 10 kHz, along with adjustable
energy and ablation spot size. After each laser pulse, the emitted
radiation was collected through a high-transmission fiber optic
cable to maximize the collection of plasma light. The collected
light was then analyzed with a Czerny-Turner spectrometer
paired with a high-performance ICCD detector equipped with
a dual-grating turret (2400 g mm™" for UV or 1200 ¢ mm " for
visible and NIR coverage). Optimized LIBS parameters,
including gate delay (the interval between the laser pulse and
data acquisition start), gate width (duration of data acquisi-
tion), laser energy, and the ambient gas used in the chamber,
were applied. LIBS data were visualized and processed using
Axiom-EX software provided by the manufacturer, which
records the spectrum from the spectrometers for each laser

J. Anal. At. Spectrom., 2026, 41, M2-1118 | 113
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Fig. 1 fsLIBS spectrum of natural apatite (MGMH#128441A), with B—X
bands at 529-545 nm for CaF (green) and at 590-596 nm for CaCl
(orange). The spectra were obtained using a femtosecond laser at 343
nm, with a 40 um spot size, 90 pJ pulse energy, and an argon flow rate
of 1.0 Lmin%

shot. During analysis, we selected a wavelength range of 518 nm
to 618 nm for ICCD detection, allowing for the simultaneous
acquisition of CaF (B-X) and CacCl (B-X) molecular emissions,
as shown in Fig. 1. The laser spot size was set to 40 pm with an
energy of 90 uJ. We evaluated ten raster lines, each 0.05 mm
long, across each apatite reference material. Each raster line
included 25 individual shots (emission spectra), which were
then summed. The operating conditions are summarized in
Table 2.

Data processing to obtain CaF and CaCl integrated signals
followed the procedures previously published by Mendez-Lopez
et al®* The data processing involved four steps. First, raw
spectra were normalized to a calcium oxide emission region.
Second, a mean blank spectrum was calculated and subtracted

Table 2 Operating conditions for fsLIBS used in this study

Laser probe

Laser wavelength 343
(nm)

Pulse width (fs) 400
Pulse energy (1) 90
Repetition rate (Hz) 8
Scan speed (um s~ ) 200
Line length (um) 50
Spectroscopy

Spectral detector ICCD
Plasma gas ambient Argon
Grating (g mm ™) 1200
Gate delay (us) 1.2
Gate width (us) 2.5
Wavelength range 523-610
(nm)
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from each spectrum to eliminate interfering signals. Third,
polynomial fitting was employed to correct for atomic interfer-
ences. Finally, the baseline was adjusted, and emission inten-
sities were integrated within the designated spectral ranges. All
the data processing procedures were completed using Python
3.13. It should be noted that CaCl molecular emission spans
various spectral ranges depending on Cl concentrations.*
When calculating the integrated net area of the CaCl molecular
emission within the same range, samples with low CI concen-
trations are significantly affected by background noise. There-
fore, we used a variable integration range where the CaCl
emission intensity exceeds 5% of its maximum value at 593.5
nm to determine the integrated net area of the CaCl molecular
emission.

3 Results and discussion

3.1 Gaseous environment and temporal optimization

Apatite sample MGMH#128441A was used to determine the
optimal conditions in this study. Previous research has docu-
mented that introducing a noble gas into the plasma generation
environment can change plasma characteristics, such as exci-
tation temperatures and electron densities, which in turn
affects the intensity of molecular emissions.”® Most of these
studies investigated the impact of gaseous environments on
CaF and CaCl molecular emissions from substrates such as
teeth and cement using nanosecond LIBS.*»*> However, the
differences in ablation mechanisms between femtosecond and
nanosecond LIBS due to pulse duration mean that ns-LIBS
results cannot be directly applied to fs-LIBS. Furthermore, the
effect of using a 343 nm femtosecond laser and different
gaseous environments on the CaF and CaCl molecular signals
from an apatite substrate has not been studied. To address this,
the influence of three gaseous environments (i.e., argon, air,
and helium) on CaF and CaCl molecular emissions was inves-
tigated under consistent temporal conditions using fs-LIBS. Our
results showed that both the intensity and stability of CaF and
CaCl molecular emissions increased notably in an argon
atmosphere compared to air and helium. In contrast, only weak
and inconsistent emissions were observed in a helium atmo-
sphere. Thus, argon was selected as the environmental gas for
quantitative analysis in this study.

The impact of varying timing conditions, specifically gate
delay and gate width, on CaF and CaCl molecular emissions was
also assessed. A variable gate delay ranging from 0.8 s to 2.0 ps
was tested with a fixed gate width of 2.5 us, as shown in Fig. 2.
Our results showed that both CaF and Cacl signal intensities
decreased as gate delay increased from 0.8 ps to 2.0 ps, albeit
with slightly differing decay patterns. CaCl signal intensity
dropped sharply between 1.2 and 1.4 ps before stabilizing into
a steady decline, while CaF signal intensity decreased consis-
tently across the entire measured range from 0.8 to 2.0 ps.
Notably, there is less overlap from Ca and Na atomic emission
in both CaF and CacCl regions at 1.2 us gate delay than before,
particularly between Ca(1) atomic emission and CaF molecular
emission, as shown in Fig. 2b. This overlap would have caused
significant analytical errors for quantification of F and Cl in

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Molecular emission intensity of CaF and CaCl at varying gate
delays, with a constant gate width of 2.5 ps. The error bar is the
standard deviations (SD) of ten replicated ablated raster lines. (a)
Integrated intensity of CaF and CaCl emissions at different gate delays.
(b) LIBS spectra of CaF and CaCl emissions at different gate delays.

apatite. Therefore, a gate delay of 1.2 ps was selected as an
optimal balance, maintaining adequate molecular signal
intensity while minimizing atomic line interference.

Gate widths from 0.5 ps to 5.0 us were also evaluated with
a constant gate delay of 1.2 ps, as shown in Fig. 3. Our results
indicated that the emission intensity of CaF and CaCl molecules
increased with gate width, reaching a maximum plateau at
around 3.5 ps. It is obvious that the intensities of integrated CaF
and CacCl signals are strong enough for subsequent analysis
from 2.5 ps to 3.5 us. Additionally, the error bar (1SD) of CaF
and CacCl signals was relatively shorter at 2.5 us gate width than
other gate widths, especially for the CaF signal. This observa-
tion suggested that the repeatability of CaF and CaCl integrated
signals was relatively greater at 2.5 us. Consequently, a gate
width of 2.5 us was selected as the optimal compromise,
providing sufficient signal intensity accumulation with reliable
statistical repeatability. In summary, the optimal timing
conditions for this study were determined to be a 1.2 ps gate
delay combined with a 2.5 us gate width.

This journal is © The Royal Society of Chemistry 2026
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a constant gate delay of 1.2 ps. The error bar is the standard deviations
(SD) of ten replicated ablated raster lines.

3.2 Univariate calibration procedures

Under optimized conditions, a series of apatite samples with
increasing F and CI contents were selected to establish univar-
iate calibration curves relating the integrated CaF and CacCl
signals to F and Cl concentrations, as detailed in Fig. 4. The
uncertainty of each data point is represented by the standard
deviation (SD) of the 10 CaCl and CaF integrated signals ob-
tained from each sample. The determination coefficient (R?)
represents analytical linearity. The SD of the 10 integrated
background values (o) and the slope of the calibration curve (k)
were used to calculate the limits of detection (LOD) using the
30y criterion,® as shown in Fig. 4, with the following equation:

30']3
LOD = —
k

Additionally, to verify these results and account for the
limited number of calibration samples, a Leave-One-Out Cross-
validation (LOOCV) procedure was performed. In this
approach, one sample removed from the calibration set and
then tested with the remaining samples and a blank. Four
calibration curves were generated, and for each, the concen-
tration of the excluded sample was calculated using the cali-
bration curve derived from the other three samples and a blank.
The Root Mean Square Relative Error (RMSRE) was used as the
evaluation metric for LOOCV and is defined by the equation
below:

RMSRE(%) =

1 X;i — Xo 2 )

5 > ( - ) x 100%

where N is the number of iterations, x; is the concentration
calculated from the calibration curve, and x, is the nominal
concentration value.

The R* and LOD values for the univariate calibration curves
reported in this study were 0.995 and 0.22 wt% for F, and 0.992
and 0.38 wt% for Cl. The RMSRE of the univariate calibration
curves were 8% for F and 13% for CL.
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Fig. 4 Calibration curve showing the relationship between integrated
CaF signals with F contents (a) and integrated CaCl signals with Cl
contents (b) in apatite reference materials.

3.3 Applications

To verify the accuracy, precision, and repeatability of the
univariate calibration curves mentioned above, a comprehen-
sive set of measurements was conducted using various apatite
reference materials under optimal experimental conditions.
Five natural apatite samples (ie., McClure, TUBAF#50,
Durango, Morocco, and Apatite MZ-TH) were selected to test the
F calibration curve, while two apatite samples (i.e., TUBAF#50
and Morocco) were used for the Cl calibration curve. Each
reference material underwent eighty replicate ablated raster
lines to ensure statistical robustness. The F and CI contents in
these samples were calculated based on the predicted concen-
trations from the fit line equations established during calibra-
tion. Since no widely accepted reference values for F and Cl in
apatite exist from other standardized methods, EPMA results
for these reference materials served as the comparative stan-
dards for evaluating the accuracy and precision of our LIBS
measurements.

The predicted F contents for Morocco, Durango, TUBAF#50,
McClure, and Apatite MZ-TH were 2.47 £ 0.06 wt%, 3.11 £ 0.06

M6 | J Anal. At. Spectrom., 2026, 41, 12-1118
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deviations, in natural apatite samples using fsLIBS by univariate
analytical calibration methods in this study.

Wt%, 3.27 = 0.08 wt%, 3.34 + 0.08 wt%, and 3.57 =& 0.07 wt%,
respectively, with all values expressed within one standard
deviation. The predicted Cl contents were 0.50 £+ 0.04 wt% for
TUBAF#50 and 0.73 £ 0.07 wt% for Morocco, as shown in Fig. 5.
Additional samples, including TUBAF#38, TUBAF#40,
MGMH#128441A, and MAD, were designated as F monitor
samples, while Durango, TUBAF#38, TUBAF#40, and
MGMH/#128441A served as Cl monitor samples. Each of these
monitor samples was tested in fifty replicate raster lines. The
recalculated F contents from these measurements were 0.51 £
0.02 wt% (TUBAF#38), 1.78 + 0.06 wt% (TUBAF#40), 2.32 + 0.08
wt% (MGMH#128441A), and 3.66 £ 0.08 wt% (MAD). For Cl, the
contents were 0.49 £+ 0.06 wt% (Durango), 4.27 £+ 0.09 wt%
(TUBAF#38), 1.32 & 0.07 wt% (TUBAF#40), and 0.96 =+ 0.06 wt%
(MGMH#128441A). All LIBS and EPMA data are plotted in Fig. 6,
demonstrating that LIBS measurements generally align with
EPMA results within error margins, with replicate experiment
errors for both F and Cl concentrations being less than 0.10
wt%. This consistency affirms that, although LIBS can achieve
accuracy comparable to EPMA, sample variability and spectral
fluctuations can slightly affect measurement precision.

This journal is © The Royal Society of Chemistry 2026



Paper
a
40 .
MAD .~
354 O Fin apatite samples Apatite MZ-TH I

McClure s 3=

AX “ TUBAF#50
’ ’/ ~ “Durango

w
o
1

Apatite Morocco - ot

g

N
(6]
1

Lo/ MGMH#128441A
TUBAF#40 (3¢

-

N
o
1

(Wt%) determined by fsLIBS
&)
1

w 1.0 L

054 8

-/ TUBAF#38
00 - T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
F (wt%) determined by EPMA

b

45 ”

TUBAF#38 kK"

404 < Clin apatite samples L
o 3.5 ,/’//’
m L
2 7
<, 3.0 i ol
e} Py
3 2
225+ L
E
[9] 4
% 2.0 o~
T /.
< Lo
€ 154 WA
= TUBAF#40 -{§
o 4

1.0 4 7 MGMH#128441A

TUBAF#SP’ ~ ™Apatite Morooco
054 48
/’ Jrango
0.0 T T T T

T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45
Cl (wt%) determined by EPMA

Fig.6 Comparison of F (a) and Cl (b) contents in apatite determined by
fsLIBS and EPMA. The solid lines are 1: 1 line. The dotted lines denote
uncertainly of 0.1 wt% for both F and Cl contents.

4 Conclusions

This study demonstrated the use of proxy signals for accurate
and precise quantification of F and Cl in apatite, a challenge for
other techniques for many years. By leveraging CaF and CaCl
molecular emissions in femtosecond laser-induced breakdown
spectroscopy (fs-LIBS), this work provides a new approach for
reliable halogen analysis in geological materials. First, the
influence of different gaseous environments (air, He, and Ar)
and temporal conditions (gate delay time and gate width) on the
molecular emission of CaF and CaCl was evaluated using a 343
nm femtosecond laser. Our results indicated that the gas envi-
ronment significantly affects these emissions, with Ar gas
enhancing both intensity and stability. A significant advantage
of fs-LIBS is its ultrashort pulse duration, which minimizes
thermal effects and enables multiple analyses on the same

sample without compromising integrity or altering

This journal is © The Royal Society of Chemistry 2026
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composition. This capability facilitates dense spatial sampling
and improves statistical reliability, particularly for heteroge-
neous materials such as apatite. Subsequently, quantitative
analysis of F and Cl contents in natural apatite was performed
using CaF and CaCl molecular bands with univariate calibra-
tion curves. To validate this method, we measured F and Cl
contents in a set of natural apatite reference materials. Our fs-
LIBS results aligned well with EPMA measurements within
error, with absolute errors for replicate experiments of F and Cl
concentrations in verification samples being less than 0.10
wt%. While fs-LIBS generally matches the accuracy of EPMA,
instrument variability and spectral fluctuations may slightly
reduce repeatability. Nonetheless, the strong agreement
between fs-LIBS and EPMA data confirms the reliability and
potential of this femtosecond-based approach for apatite
studies.
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