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Laser-Induced Breakdown Spectroscopy (LIBS) and Laser-Ablation Inductively Coupled PlasmaMass Spectrome-
try (LA-ICP-MS), both based on laser ablation sampling, can be employed simultaneously to obtain different
chemical fingerprints from a sample. We demonstrated that this analysis approach can provide complementary
information for improved classification of edible salts. LIBS could detect several of the minor metallic elements
along with Na and Cl, while LA-ICP-MS spectra were used to measure non-metallic and trace heavy metal
elements. Principal component analysis using LIBS and LA-ICP-MS spectra showed that their major spectral var-
iations classified the sample salts in different ways. Three classification models were developed by using partial
least squares-discriminant analysis based on the LIBS, LA-ICP-MS, and their fused data. From the cross-validation
performances and confusion matrices of these models, the minor metallic elements (Mg, Ca, and K) detected by
LIBS and the non-metallic (I) and trace heavy metal (Ba, W, and Pb) elements detected by LA-ICP-MS provided
complementary chemical information to distinguish particular salt samples.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Salt, a natural ionic-compound mixture with a NaCl matrix, is used
ubiquitously as a food additive. According to recent studies, an average
person consumes salt ranging from a few to 10 g per day [1,2]. Salt in-
take is accompanied by absorption of Na, which is known to be related
to human diseases such as hypertension and diabetes [3–6]. Salts are
generally produced by evaporating seawater (sea salt) on saltpans or
extracted from underground areas (rock salt) where the sea had been
previously [7]. Some of these unrefined salts contain high-level of min-
eral elements such asK,Mg, and Ca,which are dissolved in the seawater.
These elements are considered as alternative nutrition sources and
mitigate the high Na intake; their potential health benefits have been
suggested [8–11].

Although the main component of unrefined salts is NaCl, the
chemical composition exhibits a wide variety of minor elements. In
the case of sea salts, the chemical composition is not simply that of
seawater. The concentrations of the minor metallic mineral ele-
ments, K, Mg, and Ca, originally dissolved in seawater, show large
variation with the density of brine water extracted from the reser-
voir into the evaporation and crystallization areas of the saltpans
[12,13]. Also, when the saltpan is open to the surrounding environ-
ment, the dried salts tend to contain relatively high concentration
of soil particles [14,15], leading to higher concentrations of rock-
forming elements (Al, Ti, Si, and Fe). For rock salts, their chemical
composition is originally based on that of the ancient seawater.
However, inclusion of rock particles, interaction with underground
fresh water, and chemical reactions facilitated thermally underground
can change the chemical composition of rock salts. The chemical com-
position in unrefined salts can be utilized as reliable fingerprints for
classifying them according to their geographical origin or discriminat-
ing a certain salt from others.

Today, saltmarkets inmany countries have been globalized and pre-
mium unrefined salts are attracting more interests. Therefore, effective
chemical methodologies are necessary to identify the salt products cir-
culated in these markets. So far, a few chemical analysis techniques
and effective indicators have been suggested for this purpose. Herrador
et al. reported that K, Mg, and Sr can be used as dependable indicators
for edible salts marketed in Spain by using inductively coupled
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plasma-atomic emission spectrometry (ICP-AES) [16]. Silva et al. identi-
fied ~40 volatile organic compounds in sea salts by gas chromatogra-
phy–mass spectrometry and suggested that those organic compounds
serve as chemical biomarkers of sea salts thus providing information
about the geographical origin and saltpan environment [17]. Galvis-
Sánchez et al. applied Fourier-transform near-infrared spectroscopy
for discriminating sea salts according to their quality and geographical
origin [12].

Laser-Induced Breakdown Spectroscopy (LIBS) and Laser-Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) are ele-
mental analysis techniques based on laser ablation [18–19] and have
rapidly expanded their applications in various fields [20–22]. Both
LIBS and LA-ICP-MS share the strength of spatially-resolved multi-
elemental analysis with little to no sample preparation; laser ablation
is the underlying sampling process. However, their analytical character-
istics and figures of merit are different since the nature of their signals is
different; the intensity and wavelength of photons versus the mass-to-
charge ratio (m/z) of particles for LIBS and LA-ICP-MS, respectively. In
general, LIBS utilizes simpler instrumentation and for many cases the
analysis can be performed under ambient conditions. Typical limits
of detection of metallic elements reported for LIBS are parts-per-
million (ppm) to wt.% levels. On the other hand, LA-ICP-MS can
reach lower concentrations on the order of sub-ppm levels [23–24].
Although recently it has been found that isotopic information can
be obtained from the molecular emission from laser-induced
plasmas [25], conventional ICP-MS and LA-ICP-MS have been gener-
ally used for the accurate isotopic analysis [26]. Therefore, the com-
bination of LIBS and LA-ICP-MS can be used to obtain chemical
information over a wider concentration range. There are a few recent
studies where simultaneous LIBS and LA-ICP-MS made synergistic
improvements in quantitative and qualitative analyses [27–31]. For
example, Dong et al. showed how this combination more accurately
predicted the major, minor and trace elemental concentrations from
coal samples [27].

We previously demonstrated the feasibility of rapid classification
of edible salts by using multivariate data analysis of LIBS emission
spectra [14,15,32]. The edible sea salts, recognized for rich mineral
elements, typically contain K, Mg, and Ca with concentrations of sev-
eral thousand ppm to a few % [15,32,33]. K, Ca, and Mg play impor-
tant roles in classification of salts, but these elements are not well
detected by the ICP-MS due to overlap of abundantmolecular species
in ICP plasmas [36,37]. Other elements (Li, Sr, Al, Ti, Si, and Fe) can be
detected by LIBS if their concentrations in these salts are at the ppm
level or higher [14]. In addition, there are other trace elements in edible
salts that could provide unique discrimination power for particular
salts, but they are not detected by LIBS due to their low concentrations
[34,35]. The chemical composition and quantity of these trace elements
could reflect the effects of natural environments or contamination
around the saltpans. The combination of LIBS and LA-ICP-MS pro-
vides chemical analysis covering light metals at several hundred
ppm to a few % levels, non-metals, and trace heavy metals at sub-
ppm levels.

In this work, we demonstrated simultaneous LIBS and LA-ICP-MS
analysis for improved classification of edible salts. LIBS was optimized
for the detection of the light elements including K, Mg, and Ca. LA-ICP-
MS analysis emphasized elements with m/z ≥ 90, including non-metal
and trace heavy metal elements. Our results demonstrate that LIBS
and LA-ICP-MS spectra provide complementary discrimination power
for the classification of these edible salts. Herein, the term “discrimina-
tion power”, means the ability of variables of LIBS or LA-ICP-MS spectra
to discriminate a certain salt sample from the others [38]. The classifica-
tion model based on LIBS spectra of minor metallic elements showed
high performance, whereas the chemical information on non-metallic
and trace heavy metal elements obtained from LA-ICP-MS spectra
added unique discrimination power to the classification model based
on the fused data.
2. Experimental

2.1. Salt samples

Fourteen salt samples were collected from ten countries. The geo-
graphical origin and type of sample salts are listed in Table 1. The salts
fromMongolia, Poland, India, and Pakistan are rock salts and the others
are sea salts. Each salt sample was milled and homogenized into a fine
powder using a ball mill (8000 M Mixer/Mill®, SPEX Sample Prep).
Five grams of each salt was put in an agate vial with an agate ball and
then rotated at 1450 rpm for 5 min. A half gram of the milled salt pow-
der was pelletized into a 13-mm diameter disk by an automated press
(3630 X-PRESS®, SPEX Sample Prep) under 7 ton pressure for 10 min.

2.2. LIBS and LA-ICP-MS measurements

Simultaneous LIBS and LA-ICP-MS measurements were performed
using a commercial instrument (J200 Tandem LA-LIBS Instrument, Ap-
plied Spectra, Inc.). A Q-switched Nd:YAG laser beam was focused on
the surface of salt samples by an objective lens (5× magnification,
35 mmworking distance). The wavelength, pulse duration, pulse ener-
gy, repetition rate, and spot size on the sample surface were 266 nm,
10 ns, 20 mJ/pulse, 10 Hz, and 150 μm in diameter, respectively. These
conditions provided good S/N for both LIBS and LA-ICP-MS measure-
ments. Helium was used as the chamber gas. For each salt pellet, an
area of 3mm2 (1.5mm× 2mm) on the surface was sampled by a raster
scan composed of 2955 laser shots. During the analysis, the sample
stagewas translated at the rate of 0.1mm/s. For the LIBSmeasurements,
the optical emission from the laser-induced plasma was collected by
two lenses through the top quartz window and sent to a 6-channel
charge-coupled device (CCD) spectrometer with ~0.1 nm spectral reso-
lution and wavelength coverage between 190 and 1040 nm. The CCD
detection gate with 1.05 ms width was delayed from the laser pulse
by 1 μs to minimize continuum background emission and spectral line
broadening. 123 single-shot spectra were accumulated for each spec-
trum to be analyzed.

A quadrupole based mass spectrometer (Plasma Quant MS Elite,
Analytik Jena) was used for the ICP-MS measurements. The He carrier
gas flow rate was set to 0.3 L/min. The forward power for plasma gener-
ation was set to 1400 W with 18.0 L/min Ar gas, auxiliary flow rate of
1.8 L/min and sheath gas flow rates of 0.8 L/min. The mass spectra for
m/z of 6 to 239 were recorded. The m/z values (8, 12, 14–26, 28, 30,
32, 35–44, 48, 56, 80, 210–219, and 221–225) were skipped to avoid
saturated signals from the background gas (C, O, N, Ar, etc.), the major
elements of salts (Na, Cl, Mg, Ca, and K), and molecular ions. Data
acquisition for LA-ICP-MS and LIBS were synchronized. A single scan
of the mass spectrum required 12.3 s. For each salt sample, 18–23
pairs of accumulated LIBS and LA-ICP-MS spectra were collected.

Additional LIBS experiments were performed in open air. The exper-
imental conditions and parameters were the same as those used for the
LIBS part of the simultaneous LIBS and LA-ICP-MS experiments above,
except for the ambient gas. The LIBS spectra (in He and air) were ana-
lyzed to check if non-metallic and trace heavy metal elements detected
by LA-ICP-MS are also detected in the LIBS spectra recorded in air.

3. Results and discussion

3.1. LIBS and LA-ICP-MS spectra

Fig. 1 shows the averaged LIBS spectra of the salt samples from
Jeung-Do, Brazil, and Poland in wavelength regions, 325–425 nm
(a) and 760–830 nm (b), with assignments of the observed emission
lines based on the NIST Atomic Spectra Database [39]. Na I, Ca I and II,
Mg I, Sr II, Fe I, and Al I lines are observed in the ultraviolet–visible
region (Fig. 1a). K I, Cl I, O I, and Na I lines are observed in the near-
infrared region (Fig. 1b). For the multivariate analysis, we selected



Table 1
Geographical origin and types of the sample salts and the elements identified in LIBS and LA-ICP-MS spectra. Na, Cl, and He, identified in all samples, were not included.

Sample no. Geographical origin Type Elements identified in LIBS spectra Elements identified in LA-ICP-MS spectra

1 Laizhou, China Sea salt Si, Al, Mg, Ca, K, Sr, Li, O, H Zr, Nb, Mo, Ag, Cd, Sn, I, Cs, Ba, La, Ce, W, Pb
2 Okinawa, Japan Sea salt Mg, Ca, K, Sr, Li, S, O, H Mo, Sn, I, Cs, Ba
3 Hokkaido, Japan Sea salt Mg, Ca, K, Li, S, O, H Mo, Sn, I, Cs, Ba
4 Kochi, Japan Sea salt Mg, Ca, K, Sr, Li, S, O, H Mo, Ag, Cd, Sn, I, Cs, Ba, La, Ce, W, Pb
5 Jeung-Do, South Korea Sea salt Mg, Ca, K, Sr, Li, S, O, H Zr, Nb, Mo, Ag, Cd, Sn, I, Cs, Ba, La, Ce, Pb
6 Haenam, South Korea Sea salt Si, Al, Mg, Ca, K, Sr, Li, S, O, H Zr, Nb, Mo, Ag, Sn, I, Cs, Ba, La, Ce, W, Pb
7 Younggwang, South Korea Sea salt Si, Al, Mg, Ca, K, Sr, Li, S, O, H Zr, Nb, Mo, Ag, Sn, I, Cs, Ba, La, Ce, W, Pb
8 Guerande, France Sea salt Si, Al, Mg, Ca, K, Sr, Li, S, O, H Zr, Nb, Mo, Cd, Sn, I, Cs, Ba, La, Ce, Pb
9 Brazil Sea salt Mg, Ca, K, Sr, O, H Sn, I, Cs, Ba
10 Chile Sea salt Mg, Ca, K, Sr, O, H Sn, I, Cs, Ba
11 Mongolia Rock salt Ca, K, Li, O, H Zr, Mo, Sn I, Ba, Pb
12 Poland Rock salt Fe, Si, Al, Mg, Ti, Ca, K, Sr, Li, S, O, H Zr, Nb, Mo, Sn, I, Cs, Ba, La, Ce, Pb
13 Himalaya, India Rock salt Fe, Si, Al, Ti, Ca, K, Sr, Li, S, O, H Zr, Nb, Mo, Sn, I, Cs, Ba, La, Ce, W, Pb
14 Himalaya, Pakistan Rock salt Si, Al, Mg, Ca, K, Sr, Li, S, O, H Zr, Nb, Sn, I, Cs, Ba, La, Ce, Pb
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wavelength regions, 362–410 nm and 765–771 nm, instead of the full
LIBS spectra between 190 and 1040 nm. This choice is based on
the line-intensity correlation analysis for the LIBS spectra of sea salts
[14] and the consideration of differences of chemical composition be-
tween sea and rock salts. The partial least squares-discriminant analysis
Fig. 1. Averaged LIBS spectra of the salt samples from Jeung-Do, Brazil, and Poland in two diffe
observed emission lines.
(PLS-DA) model developed using the LIBS spectra in the selected wave-
length regions including Mg I, Ca I and II, Sr II, Al I, Fe I, and K I
lines shows similar classification performance to that using the full
LIBS spectral range. We compared their cross-validation correctness
(Fig. 6a) and confusionmatrices (Fig. S1 in the Supplementary content).
rent wavelength regions: 325–425 nm (a) and 760–830 nm (b) with assignments of the
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This similarity indicates that these emission lines can represent most of
the features of the full LIBS spectra that are correlated to the origin of the
sample salts. This wavelength selection significantly reduced the num-
ber of data points to be processed and thus led to efficient data analysis.
In the following, the chemical background of this wavelength selection
is discussed.

The salts from Jeung-Do and Brazil can be regarded as representa-
tives for different types of sea salts. The salt from Jeung-Do is one of
the mineral-rich sea salts with high concentrations of Mg, Ca, and K
up to a few %. Thus, in the LIBS spectrum of the Jeung-Do sample, strong
Mg I, Ca I and II, and K I lines were observed. On the other hand, there
are some sea salts with very low concentrations of Mg, Ca, and K. The
sample from Brazil represents these mineral-deficient sea salts. In the
LIBS spectra of the sea salt from Brazil, the Mg I, Ca I and II, and K I
lines are very weak compared to those observed from the Jeung-Do
salt sample. Thus, these samples represent the two extreme cases;
mineral-rich and mineral-deficient sea salts. Previously, Mg and K con-
centrations in sea salts were found to have strong positive correlation
with a coefficient of 0.917 (see Figure 6c in Ref. 14). This can be attrib-
uted to the fact that both Mg and K in sea salts come from the same
source (dissolved ions, K+ and Mg2+, in seawater). The strong positive
correlation between Mg and K concentrations in sea salts makes their
discrimination power for sea salts not independent. Therefore, most of
the discrimination power from the LIBS spectra could be utilized by con-
sidering a fewemission lines ofMg, and Ca or K, and Ca alongwith the Al
line discriminating particular sea salts containing relatively large
amount of soil particles [14,15]. The Al concentration is correlated to
that of the other rock-forming elements, Ti, Si, and Fe [14].

The LIBS spectrum of the rock salt from Poland (Fig. 1) is used to ex-
plain the difference between sea salt and rock salt samples. The varia-
tion of LIBS spectral features within rock salt samples is not as
significant as that for sea salts. The LIBS spectra of the rock salt from
Poland exhibits very weak Mg I lines around 383 nm although the K I
lines at 766.5 and 769.9 nm exhibit strong intensities. Although the
chemical composition of rock salts is originally based on that of ancient
seawater, the Mg concentration in rock salts is frequently very low due
to the high solubility of Mg-containing ionic compound, probably
MgSO4, from the original seawater that can be easily removed by under-
ground freshwater. Thus, the correlation between Mg and K can be
weak in rock salts and their discrimination power would be less depen-
dent on each other than that for sea salts. Another characteristic of the
LIBS spectra of rock salts is the strong emission lines of the rock-
forming elements (Al, Si, Ti and Fe), whichmight have been incorporat-
ed in the rock salts during the mining process. In the LIBS spectrum of
the rock salt from Poland, both Fe I and Al I lines show relatively strong
intensities in comparison with those of the other samples.

In the other wavelength regions, most of the prominent emission
lines are from Na, Cl, Mg, and Ca, with weak emission lines from Sr, Al,
Li, Ti, Fe, C, and Si. The detailed assignments of the emission lines in
the full wavelength region can be found in Figures 1 and 2 of Ref. 14.
The spectral intensities for the selected wavelength regions were nor-
malized. The Na I line intensities at 330.2 and 819.5 nmwere employed
for spectral intensity normalization as reference signals in the shorter
and longer wavelength regions, respectively, since they are weak emis-
sion lines ofmajormatrix elements located closely to the analyte signals
[40].

Fig. 2 shows LA-ICP-MS data for the salts from Haenam, Hokkaido,
Chile, Brazil, India, and Poland. The mass peaks corresponding to Zr,
Mo, Nb, Sn, I, Cs, Ba, La, Ce (and other lanthanides), W, and Pb isotopes
were assigned. There are additional mass peaks at m/z = 104, 129,
130, 131, 132, 134, and 136. Considering the intensities, the mass peak
at m/z = 104 are not assignable to any stable isotopes and tentatively
attributed to 88Sr16O formed in the ICP. The other masses are assigned
to the isotopes of Xe added in the Ar ICP plasma gas as impurity. The
LA-ICP-MS spectra shown in Fig. 2 indicate that the salt samples have
quite different chemical compositions of heavy elements. The elements,
Ba, W, Pb, I, Sn, Mo, Zr, Nb, La, Ce, etc. provide significant power for
differentiating individual salt sample. The complementarity between
some of these elements and those detected by LIBS is discussed in
Section 3.3. For normalization of the LA-ICP-MS spectra, we could not
use the weak isotope peaks from major matrix elements Na and Cl.
Therefore, the total intensity of each LA-ICP-MS spectrum (m/z = 6–
239) was used as a reference signal for intensity normalization.

3.2. LIBS LA-ICP-MS data fusion

We performed principal component analyses (PCAs) for the LIBS,
LA-ICP-MS, and their fused spectra using the Unscrambler X program
(CAMO Software). The normalized spectra were mean-centered prior
to the PCA. Fig. 3 shows loadings for PC1 and PC2 (a) and the corre-
sponding score plot (b) obtained from PCA of the LIBS spectra. In the
PC loading plots, the variables corresponding to Mg I, Ca II and I, K I,
and Al I lines are indicated. From the loading plot of PC1, it was found
that the chemical composition of our salt samples shows large varia-
tions in concentrations of Mg, Ca, and K and their variations are mainly
positively correlated. Also, the loadings of PC2 indicate that the negative
correlation between the concentrations of Mg and Ca are necessary to
explain the second most significant variation of chemical composition
for our samples. According to the score of PC1, the sample salts can be
roughly categorized into three groups (A, B and C in Fig. 3b). Although
this grouping is not from any statistical analysis, their separation along
the PC1 axis is clear. The salt samples from Jeung-Do, Okinawa, and
Kochi consist of the sea salt group with relatively high concentrations
of Mg, Ca, and K (group A). The salts from Guerande, Younggwang,
Haenam, and Hokkaido form the other sea salt group (group B). The
lower PC1 scores of the salts in group B (around 0–1) than those of
group A (1.5–4) indicates that the concentrations of Mg, Ca, and K in
the salts in group B would be less than those in the salts in group A.
All of the salts in groups A and B are sea salts. However, groupC includes
both sea and rock salts. The PC1 and PC2 scores of the samples in group
C show clear positive correlation as indicated by the arrow in Fig. 3b.
This positive correlation between PC1 and PC2 scores indicates that
they have very small amount of Mg in common (opposite signs of the
PC1 and PC2 loadings corresponding to the Mg I lines in Fig. 3a). How-
ever, the concentrations of Ca and K show variations to some extent,
but their small PC 1 scores indicate that the concentrations are less
than those of Ca and K in the salts in groups A and B. In group A, PC2
scores of the Jeung-Do sample are separated from those of the other
two samples from Okinawa and Kochi although these three samples
have similar PC1 scores. This is due to the smaller intensity ratio of Ca
II to Mg I lines observed in the LIBS spectra of the Jeung-Do sample
than those of the others (Fig. S2 in the Supplementary content).

Fig. 4 shows the loadings of PC1 and PC2 (a) and the corresponding
score plot (b) obtained from the PCA of the LA-ICP-MS spectra. The var-
iables corresponding to Zr, Mo, Sn, I, Ba, W, and Pb are indicated in the
PC loading plots. These elements in the salt samples were undetectable
by LIBS. The PC score plot based on the LA-ICP-MS spectra (Fig. 4b)
shows a significantly different clustering pattern from that based on
the LIBS spectra (Fig. 3b). These results show that the two chemical fin-
gerprints recorded by LIBS and LA-ICP-MS are independent in terms of
the main spectral variations (PC1 and PC2). The sea salts from Chile
and Laizhou form two separate extreme clusters. For the salt from
Chile, its high scores for PC1 and PC2 indicate that it contains relatively
large amount of I and that the concentrations of W and Pb are very low.
For the salts from Laizhou, the most negative PC1 and positive PC2
scores indicate that it contains relatively high concentrations of W and
Pb and low concentration of I.

A simple data fusion method was used to combine the independent
discrimination powers of the LIBS and LA-ICP-MS spectra. Each LA-ICP-
MS spectrum was stitched at the end of the simultaneously recorded
LIBS spectrum after being multiplied by a weighting factor (WF), vary-
ing the WF from 1 to 5000. Fig. 5 shows the PC score plots obtained



Fig. 2.MS spectra of the salts fromHaenam, Hokkaido, Chile, Brazil, India, and Poland recorded by the LA-ICP-MS in the range ofm/z=90–215 (a) and the expanded LA-ICP-MS spectra in
the ranges ofm/z = 89.5–122 (b), 138.5–160 (c), and 203–210 (d).

Fig. 3. Loadings of PC1 and PC2 (a) and the corresponding score plot (b) obtained from PCA of the LIBS spectra. The arrow in the circle of group C in b indicates the positive correlation
between the PC1 and PC2 scores of the samples in group C.
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Fig. 4. Loadings of PC1 and PC2 (a) and the corresponding score plot (b) obtained from the PCA of the LA-ICP-MS spectra.
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from the LIBS spectra (a), LA-ICP-MS spectra (h), and their fused data
(b–g). The PC score plots obtained from the fuseddatawith the different
WF values for the LA-ICP-MS spectra, 1, 100, 250, 500, 750, and 5000 are
Fig. 5. PC score plots obtained from the LIBS spectra (a), LA-ICP-MS spectra (h), and their fused d
750 (f), and 5000 (g).
shown in Figs. 5b–g, respectively. When theWFs are relatively small (1
and 100), the fused-data-based PC scores show similar clustering pat-
terns to that from the LIBS spectra. With relatively large WFs (750 and
ata with the differentWF values for the LA-ICP-MS spectra, 1 (b), 100 (c), 250 (d), 500 (e),



Fig. 7. Confusion matrices of the PLS-DA models based on LIBS (a), LA-ICP-MS (b), and
their fused data (c).

Fig. 6. CV correctness of the three PLS-DA models based on LIBS (a), LA-ICP-MS (b), and
their fused data (c). In a, the CV correctness scores from the LIBS-based model using the
spectra in full wavelength region to compare with those obtained using the LIBS spectra
in the selected wavelength regions.
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5000), the corresponding PC score plots are similar to that from the LA-
ICP-MS spectra. Note that only the ranks of PC1 and PC2 were changed
for the PC score plot in Fig. 5f (WF= 750) and the clustering pattern is
similar to that in Fig. 5g. Therefore, effective data fusion would be ob-
tained with the intermediate WFs = 250 and 500. The WF = 250
shows the best separation among the individual clusters; the nine
salts of the fourteen total samples form their own clusters well separat-
ed from the others.

Herein, we investigated how LIBS, LA-ICP-MS, and their fused data
distinguish the sample salts in terms of main spectral variations, PC1
and PC2. According to the later PCs such as PC3 and PC4 extracted
from the LIBS, LA-ICP-MS and their fused data, the relevant PC scores
form clusters. The loadings of PC3 and PC4 along with those of PC1
and PC2 and the PC1–PC3 and PC1–PC4 score plots can be found in
the Supplementary content (Figs. S3–S5).

3.3. Classification models

We tested three PLS-DA classification models based on the LIBS,
LA-ICP-MS, and their fused data with WF = 250 for the 14 salt sam-
ples listed in Table 1. A LIBS Graphical Development Tool (LIBS GDT,
New Folder Consulting) was used for the PLS-DA analysis. The model
performances were validated by using a cross-validation (CV) meth-
od with a leave-one-out (LOO) algorithm [41]. In the validation pro-
cess, we made as many sub-models as there are spectra, each time
leaving out just one of the objects and only using this for testing
(classifying the sample identity of the spectrum kept from the data
set for modeling). The correctness scores for testing were obtained
for the models with different numbers of PLS factors from 1 to 20.
In Fig. 6, the CV correctness scores are plotted with respect to the
numbers of PLS factors included in the models based on the LIBS,
LA-ICP-MS and their fused data. In Fig. 6a, the CV correctness scores
from the LIBS-based model using the spectra in the full wavelength
region are compared with those obtained using the LIBS spectra in
the selected wavelength regions. From this comparison, inclusion
of all data points in the full wavelength region is found to be ineffec-
tive. Furthermore, the models using the LIBS spectra in the full



Fig. 9. Two-dimensional loading plot that shows the relationship between PC1 and PC2
extracted from the LA-ICP-MS spectra and also the relationship between the mass signal
intensity at each m/z and the latent variables. The variables (data points in the LA-ICP-
MS spectra) corresponding to I, W, and Ba isotopes are indicated. Also, the inset shows
the expanded plot around the area of 127I isotope mass signal with the corresponding
m/z values.

Fig. 8. LIBS spectra in the ultraviolet–visible (a) and near-infrared (b) regions and LA-ICP-MS spectra of the salts samples from Brazil, Chile, and Mongolia.

109Y. Lee et al. / Spectrochimica Acta Part B 118 (2016) 102–111
wavelength region shows a similar confusion matrix to that based on
the LIBS spectra in the selected wavelength (Fig. S1 in the Supple-
mentary content); that the selected regions in LIBS spectra provided
most of the discriminating power that can be extracted from the full
spectra.

For all three models based on the different data sets (LIBS, LA-ICP-
MS, and their fused data), inclusion of more PLS factors leads to higher
CV correctness scores. However, the CV correctness tends to saturate
since PLS factors later than around PC10 are not effective at discrimina-
tion compared to the major factors. For most cases with different num-
bers of PLS factors, the LIBS model shows the higher CV correctness
scores than those of the LA-ICP-MSmodel. Themaximum(or saturated)
CV correctness score of the LIBSmodel is higher than that of the LA-ICP-
MS model by ~20%. From these results, the LIBS spectra are found to be
more effective in classifying the sample salts than the LA-ICP-MS spec-
tra. However, the model based on the LIBS LA-ICP-MS fused data
shows the highest CV correctness score and has more effective factors
before the CV correctness score saturates. This result shows that the
LA-ICP-MS spectra do provide discrimination power complementary
to that of the LIBS spectra although the LA-ICP-MS model was not as
effective as the LIBS model. The larger number of effective PLS factors
in the model based on the fused data compared to those of the LIBS
and LA-ICP-MS spectra is consistent with this result.

Fig. 7 shows the confusion matrices generated from the CV using
LOO algorithm for the PLS-DA models using the LIBS (a), LA-ICP-MS
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(b), and fused data (c). To avoid over-fitting the models, we chose the
number of factors corresponding to a break frommonotonically increas-
ing the correctness scores for each model (9, 10, and 12 PLS factors for
the LIBS, LA-ICP-MS, and fused data models, respectively). All correct-
ness values in the confusion matrices are in %. The overall LLO CV cor-
rectness scores of the model based on the fused data is 97.4% and
those of LIBS and LA-ICP-MS models are 87.2 and 68.8%, respectively.
From the confusion matrix in Fig. 7a, the main cause deteriorating the
performance of LIBS model is identified as the poor discrimination
capability of the salt sample from Brazil, even with 9 PLS factors. This
sample is misidentified as the salt from Chile with 100% probability in
the LOOCV. In the LA-ICP-MSmodel with 10 PLS factors, the salt sample
from Brazil is also mostly misidentified as the Mongolian rock salt
sample with only 9% correctness score. However, the model based on
the fused data shows 100% correctness score for identification of the
salt sample from Brazil. This result clearly demonstrates that the combi-
nation of chemical information from LIBS and LA-ICP-MS improves the
classification performance of these edible salts. Fig. 8 shows the LIBS
(a and b) and LA-ICP-MS (c) spectra of the salt samples from Brazil,
Chile, and Mongolia. In the LIBS spectra, the emission lines from Ca
and K are stronger for the Mongolian rock salt sample than the salt
samples from Brazil and Chile. On the other hand, the emission lines
from Mg are stronger for the Brazilian and Chilean salts than the
Mongolian salt (Fig. 8a and b). This feature distinguishes the Brazilian
salt well from the Mongolian salts. However, similar features of LIBS
spectra between the salt samples from Brazil and Chile make it difficult
to distinguish the Brazilian salt from the Chilean salt. In the PC score plot
based on the LA-ICP-MS data (Fig. 4b), the Brazil salt cluster was well
separated from that of the Chile salt cluster along the axis between
PC1 and PC2. The LA-ICP-MS spectrumof the Brazilian salt is significant-
ly different from that of the Chilean salt, but not much different from
that of the Mongolian rock salt (Fig. 8c). The two-dimensional loading
plot in Fig. 9 shows the relationship between PC1 and PC2 extracted
from the LA-ICP-MS spectra and also their relationship with the mea-
suredmass signal intensity at eachm/z value. Thus, we can find the con-
tribution of each data point in the LA-ICP-MS spectra to PC1 and PC2 in
this plot. The data points corresponding to 127I have positions in this
plot that correspond to the direction indicated by the arrow in Fig. 4b.
The inset shows the expanded plot around the position where the
data points corresponding to 127I are located with the numbers indicat-
ing them/z values. This means that the salt sample from Chile shows a
strong 127I isotopemass signal (high concentration of I), and this distin-
guishes the Chilean salt from the others. The 127I signal intensity is ~6
times stronger in the LA-ICP-MS spectrum of the Chile salt than that of
the Brazil salt (see Fig. 2a).

About half of the LIBS spectra of the sea salt from Haenam resulted
in misidentification as the sea salts from Hokkaido and Younggwang
(Fig. 7a). With the aid of LA-ICP-MS spectra, the misidentification to
the sea salt from Hokkaido could be corrected; the corresponding mis-
identification probability was decreased from 19% to 0% by data fusion
(Fig. 7c). This can be attributed to the higher concentrations of Ba, W,
and Pb in the salt from Haenam than those in the salt from Hokkaido
(compare the Ba, W, and Pb mass peak intensities of the two salts
shown in Fig. 2). However, the LOO CV performance of the fused data
model is still deteriorated mainly by the misidentification of the salt
from Haenam as the salt from Younggwang (Fig. 7c). This is easily un-
derstood by the fact that both LIBS and LA-ICP-MS models show signif-
icant misidentifications for the two salt samples. In fact, the saltpans,
where the two sea salts were produced, are very closely located in the
southwest coast of South Korea.

Our simultaneous LIBS and LA-ICP-MS experiments were performed
in He gas for optimum performance of LA-ICP-MS analysis. Since the
emission lines from laser-induced plasmas are generally stronger in
air than in He, we checked the detectability of LIBS in air for the ele-
ments such as I, Ba,W, and Pb observed by LA-ICP-MS in He. As a result,
only a veryweak Ba line could bemeasured by LIBS in air. Details for the
differences in LIBS spectra obtained in air and He are discussed in the
Supplementary content.

4. Conclusion

Simultaneous LIBS and LA-ICP-MS analysis was demonstrated for
the classification of edible salt samples. LIBS and LA-ICP-MS were
found to classify the sample salts in different ways. The two different
data sets were fused to have similar contribution to the main features
(not to be dominated by one part) with an appropriately selected
weighting factor. The LIBS spectra provided a model with significantly
higher LOO CV performance than that based on the LA-ICP-MS spectra
of heavier elements (m/z ≥ 90). The fusion of LIBS and LA-ICP-MS data
provided the best performance than those of both LIBS and LA-ICP-MS
models alone; the two elemental analyses data sets provide comple-
mentary information for salt classification. The fused data model gains
most discrimination power from the LIBS spectra. Additionally, the
chemical information about non-metals and trace heavy metals (I, Ba,
W, and Pb) from the LA-ICP-MS spectra is effective in classifying some
particular salt samples. The LIBS and LA-ICP-MS have strengths in anal-
ysis of different kinds of elements at different concentration levels. This
enables the combination of LIBS and LA-ICP-MS to simultaneously pro-
vide more accurate chemical fingerprints for the classification of edible
salts.
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