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Abstract. Vein quartz often becomes the subject of chemical analysis.
Laser-induced breakdown spectroscopy (LIBS) is more rapid, cost-effective,
and environmentally friendly than traditional silicate analysis. This study
demonstrates the feasibility of using LIBS in combination with design of
experiment and chemometric methods for the classification analysis of
amorphous quartz and the quantitative determination of several constant
impurities. The combination of objects and methods used in this work has not
been previously published. Vein quartz samples were collected from various
geographically distant locations. The sample preparation for LIBS involved
cutting and polishing a flat surface of the quartz specimen. The LIBS instrument
settings were optimised using design of experiment method. The concentrations
of several trace elements in the training and control sets of samples were
determined using atomic absorption spectroscopy (AAS). The spectra and
analytical data of the training set were used for multivariate calibration using
Partial Least Squares Regression (PLS-R). Sample classification was performed
using Principal Component Analysis (PCA). It was shown that in the score plot
in the space of the first three principal components, the samples confidently
group according to their sources of origin. The results were validated on a test
set of samples. The accuracy of quantitative determination of Mg, Ca, Na, K, Al,
Ti using LIBS exceeded 90%. A method for the quantitative determination of
several elements in quartz and an approach to identifying the place of origin of
a sample are proposed.
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Method of classification and quantitative analysis of vein quartz using LIBS and chemometric techniques

Introduction

Due to its frequent use in various economic activities, vein quartz often becomes the subject
of various examinations. The chemical analysis of quartz generally involves determination of its
chemical composition using silicate analysis techniques [1]. This includes dissolving samples
with hydrofluoric acid, removing silicon as SiF4, and subsequently quantifying trace elements.
In modern analysis, atomic spectroscopy is often applied to the solutions for quantitative
analysis [2]. Overall, this process is characterised by the use of a toxic reagent - HE, as well as
significant duration and labor intensity. Therefore, the improvement of quartz analysis methods
is of undeniable interest.

Since 1996 [3], attempts have been made to use LIBS for the analysis of various quartz types.
This has shown that the method can be used to detect minor components in minerals and to
characterise their qualitative composition [4]. The qualitative and quantitative determination
of components by LIBS is useful for both characterization and classification of various minerals
by required parameters [5]. This method is still being used in modern researches and was
successfully applied to the determination of rare earth elements and other impurities in
minerals [6].

There is a mention of the application of LIBS in astronomy and astrobiology for the analysis of
various rocks and minerals on the surface of Mars. This has led to new insights into the complex
geological history of the planet [7], as well as the information of the potential differentiation
between biotic and abiotic signals used in the search for biosignatures on Mars [8].

There is also a necessity for the preliminary analysis of quartz raw materials on the
manufactures of quartz products. For instance, CF-LIBS has been applied to the analysis of
quartz sand used in glass production, accurately determining the components content in the raw
material [9]. Additionally, this method has been used to analyse the composition of atmospheric
aerosols on quartz filters [10].

Mathematical processing of spectra becomes more straightforward and simpler with the
proper selection of spectrum registration modes. Optimization of the settings of various physico-
chemical analysis instruments using design of experiment is currently a recommended practice,
included in measurement procedures and standards. Previously [11,12], we demonstrated that
probabilistic-deterministic design of experiment (PDDoE) [13] allows for the optimization of
LIBS instrument settings under classical calibration conditions, where the goal of optimization
is to maximise the intensity of specific analytical lines.

The analysis of quartz and quartz products remains a relevant topic, as the characterization
and classification of minerals are essential in many fields of production and science. LIBS has
proven to be a promising method for this task due to its rapid and straightforward multi-element
analysis.

Hypothesis

By additional application of multivariate calibration methods coupled with LIBS parameters
optimization by PDDOoE, reliable and accurate results in the classification and characterization
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of quartz rocks can be achieved. The Partial Least Squares Regression (PLS-R) chemometric
method aids in extracting the most informative and qualitative information from the spectral
data obtained through LIBS analysis.

Methodology

Quartz vein samples were randomly collected from various deposits in the Karaganda region.
Figures 1 and 2 show examples of such deposits.

Figure 1. Quartz deposits, from left to right: Tokyrau-1, East Konyrat-2, East Konyrat-3

The sample preparation for LIBS involved cutting and polishing a flat surface of the quartz
specimen in the Laboratory of Technological Research at "Tsentrgeolanalit" LLC under the
supervision of 0.V. Kovalenko. LIBS spectra were recorded using the "LAES Matrix Continuum"
instrument (Russia, "Spectroscopic Systems" LTD, 2016). The identification of analytical lines
utilised the instrument software and the NIST database /14/. Instrument settings, such as lamp
energy, timing of the first and second Q-switch modulators, delay, and overall exposure duration
were optimised for the maximum average intensity of all analytical lines in the spectrum of
one randomly selected quartz sample. A six-factor design with five levels of variation was used
for the optimization by the PDDoE method. Calculations were performed using a specially
developed program (Auth. Cert. RK No. 26 dated 01.10.2018). After selecting and verifying the
optimal instrument settings, five samples from each deposit were used to record spectra. Some
quartz specimen with LIBS impact-points are shown at the figure 2. Each sample's spectrum was
recorded five times (at different points), and the resulting spectra were averaged by intensity.
The averaged spectra were then used for training PLS-R model and classification using PCA. The
software «The Unscrambler X» v.10.4 and the R environment [15] were used at this stage.

The dimensionality of the data was reduced using PCA, and a score plot in the space of the
first three principal components was used to establish the possibility of classification.
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Figure 2. Quartz specimen with LIBS impact-points

Concentrations of several trace elements in the training set were determined by AAS using
a Varian AA140 instrument (USA, 2008). After the training of the PLS-R model, it was used to
determine the concentrations of trace elements in the test set of samples. The obtained data
was verified by AAS in triplicate, followed by an evaluation of measurement errors.

Results and Discussion
The parameters chosen for optimization were those most significantly affecting the quality of
the spectrum. The range of their variation was selected based on previous experience [11,12].

The values used are presented in Table 1.

Table 1. The values of used LIBS parameters

Factor Label Level 1 Level 2 Level 3 Level 4
EL, ] X, 14 16 18 20
QSW1, ps X, 100 120 150 180
& QSW, ps X, 1 3 5 10
D, us X, 5
Expos, ms X, 10

The optimised factor was the average intensity of all lines in the spectrum exceeding the
background noise level. Significant dependencies were found on the energy of the lamp and the
delay time of the first Q-switch modulator (Figure 3).
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Figure 3. Partial dependencies of the average intensity on lamp energy and QSW1

The generalised equation, obtained using geometric averaging, is characterised by not impressive
but sufficient for practical purposes values of R=0.591and t,=3.27:

The model was validated by the registration of the spectrum of a sample in five iterations,
under conditions predicted by the calculation according to the generalised equation: E =20],
QSW_ =140 ps. The mean intensity, with reference to Student's coefficient (5 iterations, p=0.95),
was 43.4+4.43.

The spectra of all quartz samples (3-6 from each deposit) were recorded at E =20],
QSW =140 ps in five iterations, averaged, and normalised. After this, the principal component
values were calculated. The first seven principal components describe more than 99% of the
variability, which is quite sufficient for any practical needs. The plot of sample positions in the
space of the first three principal components is of particular interest (Figure 4):

Figure 4. Grouping of the samples in the PC-1:PC-3 space
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Geographically, and apparently mineralogically, similar samples were grouped together: 1
- Basaga village and Aktoky hill, 2 - Tegiszhok station and Aktas settlement, 3 - all samples
from Eastern Konyrat, Tokyrau, Aktogay, 4 — samples from Ural, 5 - Zhanaarka. This tendency
to cluster suggests a successful classification. For more thorough discrimination, Mahalanobis
distance assessment /16/ in more than three-dimensional space and with a significantly larger
number of samples is needed, but successful classification seems quite likely.

This same set of spectra was used to develop a quantitative analysis method. 4-6 quartz
samples, from those for which LIBS spectra were recorded, were analysed using the classical
method - dissolution in HF, distillation of SiF4, and subsequent analysis of the obtained solutions
using AAS to determine the content of Mg, Ca, Na, K, Al, Ti. One sample from each deposit was
included in the test set, while the spectra and results of the silicate analysis of the remaining
samples were used as a training data set for PLS-R. The quality of the model was evaluated using
cross-validation. Figure 5 illustrates the quality assessment of one of the calibrations (sodium).

Figure 5. Results of model training for quantitative determination of sodium

Table 2 presents the results of the quantitative determination of several elements in quartz
samples from the test set using AAS and LIBS methods. The confidence interval was determined
traditionally regarding the Student's coefficient of 2.776 for 5 iterations (4 degrees of freedom)
and a confidence probability of 0.95. In most cases, the confidence intervals overlap, and the
concentrations are of the same order of magnitude in all cases.

According to Table 2, the results of the determination by the LIBS method are less accurate (as
expected), but for most applications, their accuracy is sufficient. The wide confidence interval
is compensated by the simplicity of sample preparation. It should be noted that the AAS results
are also characterised by relatively large confidence intervals, primarily due to the inability to
homogenise with a limited number of samples.
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Conclusion

It can be concluded that the combination of LIBS with PLS-R is quite suitable for the quantitative
determination of Mg, Ca, Na, K, Al, and Ti in vein quartz. The relative error of determination was
(mg/g) 0.1821+0.0519 for Mg, 0.1662+0.0543 for Ca, 0.1646+0.0490 for Na, 0.1842+0.0534
for K, 0.1356+0.0522 for Al and 0.1752+0.0283 for Ti. The proposed quantitative analysis
method is accurate and satisfactory for atomic-emission methods and can be used in the daily
practice of analytical laboratories. Classification analysis for assigning the place of origin using
the principal component method or related methods appears to be a promising direction for
further research. A confident separation of quartz samples into groups by place of origin in the
space of the first three principal components was achieved, allowing for the development of a
convenient classification analysis method.
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Axademuk E.A. Bekemos amvindarvl Kaparaudsl yHusepcumemi, KaparaHdel, Kazakcmax

LIBS >k9He XxeMOMeTpPUKaHbI KOJIAAHBIN KBAPITHI XKiKTey KoHe CAaHABIK Taajay ajici

Anpgarna. Xesinik KBapl XUMUSJIBIK TaaJay 00beKTici peTiHJe ui KoJiaHbLIabl. JlazepJiik
aTOM/bI-3MUCCUSJIBIK, CIIEKTPOCKONUA AICTYpPJi CUNUKATTBIK TajJ[ayJaH KblIJaMbIpaK, ap3aHbIpak
*K9HE 3KOJIOTUSJIBIK Ta3a. ’KyMbicTa aMopdThI KBAPIThI XKIKTeYy TaslJaybl KoHe GipKaTap TYpaKThl
KocClaJlap/ibl CAHABIK aHBIKTAY YIIiH TaXipubeHi xkocnapJiay »KoHe XMMOMETPUSJIBIK 9/ilicTepiMeH bipre
LIBS konpaHy MyMKiHAiri kepceTtinreH. 2KyMmbIcTa KoJILaHbLIATBIH 9jicTep 00 beKTiepiHiH TipkeciMi
OYpbIH KapusiiaHOaFaH. Herisri kBap1, yiarisiepi apTypJi, reorpadusiibiK, xKaFblHaH 6ip-06ipiHeH ajibic
»epJiepZieH anbiH/bI. LIBS yuiiH kBapuThl cbiHaMa JalblHAay Teric 6eTTi Kecy XaHe TericTey apKblbl
xyprisungi. LIBS KypblIFBICBIHBIH, NMapaMeTpJiepi 3KCIepUMEHTTI MaTeMaTHUKaJIbIK >KOChapJaynbl
KOJIZIaHa OThIPbIN OHTAaW/IaHABIPbLI/IbL. YATiNEpP/iH OKBITY XXoHe OaKblIay >XUbIHTBIFbIH/IAFbI GipKaTap
KOCIIa 3JIeMEHTTEPIiHIH KOHLeHTpauuscbl AAS Ko/1jaHy apKblibl aHbIKTaAAbl. PLSR aficimeH kenesiem/i
Ka/iMbpJiey YIIiH OKY *XMbIHTBIFbIHBIH, CIIEKTpPJIEPI MeH Talzay JepeKTepi naiaansaHbliabl. Yarigep/i
)ikTey PCA KeMeriMeH Ky3ere acblpbli/bl. AJIFAlKbl YII HeTi3ri KOMIIOHEHTTIH KeHiCTiringeri ecen
KecTeci GOUBIHIIA YJTiiep HIbIFY Ke3/epiHe GaMJIaHBICTBI CeHiIMAiI Typ/e TONTACThIPbLIAThIH/bIFbI
KepceTiireH. HaTuxesep y/arisiepAiy cblHaK *kMHaFbIHAA Tekcepingi. LIBS kemerimen Mg, Ca, Na, K, Al,
Ti canapik gangiri 90%-aaH actel. KBapitarbl 6ipKaTap 3/ieMeHTTep/li CAaHABIK aHbIKTAYy d/Iici KoHe
YJ/ITIHIH IIBIKKAH XepiH aHbIKTAY TACiJi YChIHBIJIFAH.

Ty¥iH ce3aep: *eijik KBapll, JlazepJik aTOM/bl — 3MUCCUSJIBIK criekTpockonus (LIBS), skcnepu-
MEHTTi MaTeMaTHUKaJIbIK )KOCIApJiay, )KacblPbIH KypblabiM/apFa perpeccust (PLSR), Heri3ri koMmoHeHT-
Tep aaici (PCA), aToM/ibI-a6copOLUUANBIK cIEKTPOCKonUsA (AAS), CHIMKATTHI Taaay.

B.H. ®omuH, C.K. Anga6eprenora, H.K. Kenec6ek, /1.A. KaiikeHoB, M.A. TypoBger,
KapaeanduHckuili ynusepcumem umenu akademuka E.A. Bykemosa, Kapazanda, KazaxcmaH

MeToa K/1acCUPUKALMOHHOTO U KOJIMYEeCTBEHHOr0 aHA/IM3a »KWJIbHOTr0 KBapLa
c npuMeHeHueM LIBS u xeMoMeTpUKH

AnHoTauusa. XKWJIbHBIA KBapl YacTO CTAaHOBUTCA OOGBEKTOM XHMHYECKOro aHaju3a. JlazepHas
aTOMHO-3MHUCCUOHHAsA CIEeKTPOCKONUsI ObICTpee, JelleBJe W 3KOJOTHUYHee TPaJULMOHHOIO
CUJINKAaTHOr0 aHaju3a. B paboTe MmokasaHa BO3MOXHOCTh HcCHoJb30BaHudA LIBS B coyeTanuu c
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IJIAHUPOBaHUEM 3KCIIepUMeHTa U XeMOMeTpUYeCKUMU MeTOoaMHU 151 KaaccuUKaLMOHHOTr 0 aHaIu3a
aMop¢HOro KBaplia U KOJHM4YeCTBEHHOI0 ollpeJieJleHUs psAJia NOCTOSAHHBIX NpuMeceil. Ucnosibayemoe
B paboTe coyeTaHHe OO'BEKTOB MeTOJOB paHee He Iy6JiMKOBasjJocb. O6pasubl KUJIBHOIO KBapla
O6bIM OTOOpPaHbI M3 pas3HbIX, reorpaduyeckd yJajeHHbIX ApPyr OT JApyra, MecT. [Ipo6omoaroroBka
kBapua s LIBS mnpoBoausiack pacnuioM M 1IMPOBKONW MJIOCKON MoOBepxXHOCTH. HacTpoliku
npubopa LIBS onTuMu3upoBaiyd ¢ npuMeHeHHEeM MaTeMaTHYeCKOro IJIAaHUPOBAHUSA 3KCIIEPUMEHTA.
KoHleHTpanuu psia 3JleMeHTOB-IpuMeceld B 00ydyawlleM M KOHTPOJBbHOM Hab6opax 06pasioB
onpejesiiv ¢ npuMeHeHHeM AAS. ClieKTpbl U JaHHble aHa/1M3a 06y4arollero Habopa MCI0/1b30BaIN
JlJISI MHOTOMEPHOU KaimnbpoBky MeTonoM PLSR. Knaccudukarymo 06pasmoB NPOBOJUIN C TOMOIIbIO
PCA. IlokasaHo, 4T0 1o rpaduKy C4eTOB B IPOCTPAHCTBE NEePBbIX TPEX [VIaBHbIX KOMIIOHEHT 00pasLbl
YBEPEHHO TPYNNHUPYIOTCA N0 MCTOYHHUKAM INPOUCXOXJAeHUdA. Pe3ysbTaTel NpoBepdaJd Ha TeCTOBOM
Habope 06pa3uoB. TOYHOCTh KoJIM4YecTBEHHOTO onpeeneHus Mg, Ca, Na, K, Al, Ti c npumenenuem LIBS
npesbicuia 90%. [IpeasioxkeH MeToJ, KOJIMYECTBEHHOTO ONpeJie/ieHUs psifia 3JIeMeHTOB B KBaplie U
HOJXO0/, K Ollpe/ie/IEHUI0 MECTA IPOUCXOXKIeHHs 06pasLa.

Kinio4yeBble cji0Ba: KWJIbHBIA KBapl, Jla3epHas aTOMHO-IMHUCCUOHHas crnekTtpockonus (LIBS),
MaTeMaTHYeCKOe MJIaHUPOBaHMe 3KCIIEPUMEHTA, perpeccus Ha JlaTeHTHble CTPYKTyphl (PLSR), meTon
ryIaBHbIX KOMIOHEHT (PCA), aToMHO-abcop6irioHHas crieKTpockonus (AAS), CUIMKATHBIN aHaMIKU3.
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