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1. Introduction

The understanding and exploring of the rocks are significant as they have
critical signals concerning how they originated and evolved within the time.
Sometimes, they may be used as a tool for detecting hazardous and nuclear
chemicals, and explosive traces.(De Lucia & Gottfried, 2011). The rocks
could be monomineralic or polymineralic and they are classified into three
major groups based on how they formed: igneous (volcanic, sub-volcanic,
plutonic rocks), metamorphic and sedimentary rocks. However, enclave term
is used for crystal clots (clusters) in the rocks and differ from the host rock in
which it is located, disrupting the homogeneous appearance of the host-rock
(Bernard Barbarin & Didier, 1992). Enclaves may be distinguished from the
host-rock in terms of color, shape, size, texture, and mineralogical
composition macroscopically and/or microscopically. Based on formation,
origines, and relationships with felsic host rocks, the enclaves have been
classified as (1)Xenolite, (2) Restite, (3) Cognate enclave (Magma
Segregation Enclaves) (4) Microgranular enclave (B Barbarin & Didier,
1991; Best, 2003; Cantagrel, Didier, & Gourgaud, 1984; Dahlquist, 2002;
Didier, 1991; G. Gengoglu Korkmaz, Kurt, & Asan, 2021; Ilbeyli & Pearce,
2005; Kadioglu & Giilec, 1996; Kadioglu & Giileg, 1999; Kocak, Zedef, &
Kansun, 2011; Kumar, 2010; Kumar, Rino, & Pal, 2004; Kumar & Singh,
2014; Noyes, A.F., & Wones, 1983; Ozdamar, Zou, Billor, & Hames, 2020;
Winter, 2001; Zhang et al., 2020).
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The rock forming minerals such as, olivines, clino-ortho pyroxenes, clino-
ortho amphiboles, biotites, feldspars, are crucial for main chemical
composition of the rocks. The lattice structure of the minerals hold the
elements according to their atomic radius, and so they reflects the chemical
composition of the rocks(Kalam, Rao, Jayananda, & Rao, 2020). For
instance, the lattice of the clinopyroxenes could hold Al, Fe, Ca, Mg, Si, Na
cations; amphiboles and biotites hold Si, Mg, Al, K, Fe cations; plagioclases
have Na, Al, Si and Ca cations; titanites include Ca, Ti, and Si cations into
their structure (Gulin Gengoglu Korkmaz, Giindogdu, Kilig, & Kurt, 2021).
The structure of olivine allows that its crystal sites offer room for only are
stricted number of trace elements. Generally, rare earth elements fit better
into the structure of the clinopyroxene and garnet minerals rather than the
olivines(Foley, Prelevic, Rehfeldt, & Jacob, 2013).

The chemical characteristic of the rocks could be detected by well-known
and conventional methods such as XRF and ICP-MS. Among several
analytical methods laser induced breakdown spectroscopy (LIBS) can be
potentially utilizied to explore the chemical composition of the rocks. LIBS
detects the deverse chemical elements in any sample (generally solid)
quantitatively and qualitatively (Miziolek, Palleschi, & Schechter, 2006).
LIBS has also been used in several applications such as identification of
cancerous cells, tissue classification (Yueh, Zheng, Singh, & Burgess, 2009)
for dental and medical studies, classification of plastic polymers (Lasheras,
Bello-Galvez, & Anzano, 2010), archaeological studies (Muhammed
Shameem et al.,, 2020; Remus et al., 2010), space and Martian research
(Cousin, Sautter, Fabre, Maurice, & Wiens, 2012) and geological studies
(Gondal, Nasr, Ahmed, & Yamani, 2009; Hark & Harmon, 2014; R. Harmon
et al., 2009; Russell S. Harmon et al., 2019; Russell S Harmon, Russo, &
Hark, 2013; Russell S. Harmon et al., 2018; Kalam et al., 2020; Roux et al.,
2015). LIBS is a practical and important method for the determination of the
source elemental composition in many fields and studies, since it is
advantageous because of the lower cost, remote-sensing capability and the
fast results can be obtained from the installed system compared to other
chemical analytical techniques such as XRD, XRF, RAMAN, ICP-MS. REEs
and some light elements (such as Li, Na) that could not be measured by XRF
could be detected with LIBS (Abedin, Haider, Rony, & Khan, 2011; Bhatt,
Jain, Goueguel, Mclintyre, & Singh, 2018; Lawley, Somers, & Kjarsgaard,
2021), therefore, not only in whole-rock geochemistry studies, but also in
natural mineral chemistry and in mineral classification studies such as garnet
and carbonate minerals, LIBS is frequently preferred (Gottfried, Harmon, De
Lucia, & Miziolek, 2009; R. S. Harmon et al., 2009). The main principle for
LIBS technique is that laser pulses are focused onto a sample to execute laser
ablation and generation of a laser induced plasma from which the optical
emission spectra are received and recorded by a specrometer (Panya panya et
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al.,, 2018). The observed LIBS spectrum reflects the entire elemental
composition, i.e. chemical fingerprint, of the sample.

Eventhough nanosecond (ns) laser is predominantly used in LIBS
technique, femtosecond (fs) laser is used more appropriately for quantitative
principal analysis due to better reproducibility of plasma features (lower
relative standard deviation, RSD) (Kalam et al., 2020). Chemical content of
any sample could be measured by LIBS with or without any calibration
process. If the plasma is in a Local Thermodynamic Equilibrium (LTE)
conditions, the calibration-free (CF) LIBS method does not require any
calibration process where spectral curves could be utilized in analytical
chemistry for calibration (Musazzi & Perini, 2014). The CF-LIBS technique
could be utilized on any smooth-surface sample and, can measure accurately
any element when the plasma is under the local thermal equilibrium
conditions and is optically thin enough(Hamad, Alaa, Salloom, & Ghazai,
2018; Tognoni, Cristoforetti, Legnaioli, & Palleschi, 2009; Umar, Liagat,
Ahmed, & Baig, 2020). Through that favorable side, LIBS has become a
popular method, recently. However, the LIBS technique, applied as
quantitatively analytical analysis needs to be checked from more well-known
and conventional technologies such as the X-Ray fluorescence (XRF), ICP-
MS and Raman (Alberghina, Barraco, Brai, Schillaci, & Tranchina, 2011).

Here, we report a case study regarding femtosecond CF-LIBS application
on volcanic rocks and their enclaves, and to correlate LIBS and previous
XRF (G. Gengoglu Korkmaz et al., 2021) results. Here, we have calculated
the plasma characteristics to validate LIBS data. Also we have operated the
principal component analysis (PCA) which is a statistical approach firstly
used by Wold, Esbensen, and Geladi (1987) to differentiate the studied rocks
and their enclaves by using their LIBS spectra.

2. Experimental Setup

The freshest and most representative four samples (andesitic-dacitic host
rocks and their enclaves) from Konya (Central Anatolia) region were selected
and analysed in the labratory. Thin sections were made in Ankara University
YEBIM for petrographic examination of these rocks, and they were
examined under a polarizing microscope in the Geological Engineering
Department of Konya Technical University.

The samples, whose altered surfaces were removed, were first powdered
in a ball milling in the Selcuk University-Laser Spectroscopy Laboratuary.
Then, 0.8 g sample mixed with 0.2 g wax (polyvinyl alcohol). The obtained
mixtures were pressed under 50 MPa pressure and 200°C temperature for 30
minutes and turned into pellets, and prepared for the LIBS analysis which the
experiemtal set-up is shown in fig.1 in detail.
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$ Laser 800nm, 90 fs, 1-3 kHz
o Beam
“N‘ Ti: Sapphire Femtosecond
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QE65000-
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Sample holder

Fig.1 Schematic represation of fs-CF-LIBS experimental set-up

The Ocean Optics, QE65000 spectrometer was used and correlated for
this study, and Nd-YAG laser operated at its fundamental wavelength of 800
nm. Laser pulses of 90 fs Ti:Sapphire Femtosecond Laser System at 1800 mJ
were focused on the sample. In this study, the analyzes were repeated until
the best results were obtained by changing the experimental parameters. First
of all, the samples were pressed with and without wax and analyzed. Then,
the waxed samples were baked and the wax material was waited for drying
and analyzed again. At each stage, laser power was applied on the samples as
500 mW, 1000 mW, 1500 mW, 1800 mW and the analyzes were repeated at
several times. According to these data, the conditions in which the most
meaningful peaks and optimum results were obtained were determined. It has
been observed that the most suitable conditions are provided on waxed-
unbaked samples, where high laser power is given.

3. Results and Discussion
3.1. Petrography and Classification of the Rocks

The studied rocks are intermediate lava units and have andesitic-dacitic
composition. Also they have hypocrystalline porphyric texture. Pheno and
microphenocrysts in the rock are plagioclase, clinopyroxene, amphibole,
opaque minerals and rarely biotite and quartz (Fig 2a-b). In the groundmass
phase, in addition to these minerals, volcanic glass is also observed in the
investigated volcanic rocks (Figs 2 a-b). The investigated andesitic rocks
contain magma segregation enclaves (MSE)(G. Gengoglu Korkmaz et al.,
2021). MSE enclaves are in gabbroic rock composition, and contain mainly
plagioclase and clinopyroxene  phenocrysts and Fe-Ti  oxide
microphenocrysts. Also, they show a coarse-grained texture as typically in
igneous rocks (Figs 2 c-d). Plagioclase grains are zoned and rarely sieved in
the hosts. However in the enclaves they are unzoned and dusty sieved (Fig 2).
While the pyroxenes in the host rock are euhedral, in the enclaves they are
anhedral, fractured and have poorly developed cleavages. In the host rocks,
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amphiboles are usually subhedral (Fig 2 a-b), whereas in the enclaves they
are anhedral, fractured or bladed/quenched (Figs 2 c-d).

Based on mineralogical, petrographical, chemical properties and
geochemical classification diagram TAS (total alkali-silica) (Le Bas, Le
Maitre, Streckeisen, & Zanettin, 1986), investigated rocks have been
classified as basaltic-andesite, andesite, and dacite (Fig. 3a) (G. Gengoglu
Korkmaz et al., 2021).

Fig. 2 Photomicrophotographs of the (a) Host rock-1, (b) Host rock-2, (d)
enclave-1 (e) enclave-1 (G. Gengoglu Korkmaz et al., 2021)

Geochemical fingerprinting is a significant term showing the chemical
composition of a rock or mineral that reflects the geological processes
associated with its evolution. Generally, the trace element composition of the
rocks could be used as the major indicators for the evolution and genesis of
the rocks. Investigated rocks are high-K calc-alkaline rocks with their K,O
(1-3%wt) contents (Fig 3b). Moreover, enclaves contain lower K,O and
Na,O and higher MgO, CaO, Al,O; contents relative to their enclaves (Figs
3, 4, and Table 1)(G. Gengoglu Korkmaz et al., 2021).
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Fig. 4 SiO, versus selected major oxide variation diagrams of the
investigated rocks. Data from G. Gengoglu Korkmaz et al. (2021)

The minerals in the rock give information about the elements found in the
rock (Table 2). They carry a trace of which elements will be found. For this
reason, the identification of the minerals in the rock has a key role in the
interpretation of the atomic spectra obtained by the LIBS method. Increasing
SiO, against decreasing CaO and MgO shows that pyroxenes are
fractionated, however, the negative relationship between SiO, and Al,O3; and
the positive relationship between Na,O and SiO, display fractionated
plagioclase minerals (Gill, 2010; Rollinson, 1993). These chemical signatures
are in agreement with petrographic observations. Moreover, the fact that the
enclaves are more primitive with their higher MgO and CaO and lower SiO,
contents than their hosts suggest that they were formed at an earlier stage
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than their hosts and that they are the crystal clots that crystallized in the early
stage (G. Gengoglu Korkmaz et al., 2021) (Table 1).

Table.1 The major oxides (wt%) and some of the trace elements (ppm) of
studied rocks acquired from the X-ray fluorescence method (XRF) (G.
Gengoglu Korkmaz et al., 2021).

Host Host Host Host
Sample rock-1 |Enclave-1 |rock-2 |Enclave-2|Sample |rock-1 |Enclave-1 |rock-2 |Enclave-2
Major oxides (%wt.) Traces (ppm)
SiO; 53.36 | 62.65 |58.33 | 63.58 Ba 510 | 620.6 |496.9 | 707.7
Al20; 16.88 1584 |14.56 | 15.16 Ni 58 71 22.2 84
Fe:03 9.39 5.63 7.59 5.64 Co 46.4 494 54.1 56.8
MgO 5.59 1.87 3.84 2.55 Hf 3.9 3 42 3.3
Ca0 8.58 6.29 9.16 6.55 Nb 12.1 7.8 94 12
Na;0 2.06 3.15 2.57 2.49 Rb 54.7 96.6 70.1 100
K20 2 33 245 2.99 Sr 4509 | 5323 | 7072 | 5484
TiO; 0.55 0.56 0.61 0.53 Th 9.3 18.2 13.2 19.1
P20s 0.19 0.21 0.37 0.19 U 18 18.3 20.8 9
MnO 0.22 0.1 0.14 0.1 Zr 141 1459 | 1054 | 162.3
Cr,0; 0.05 0 0.01 0.01 Y 36.7 19.2 19.7 16.7
Sum 98.87 99.61 |99.63 | 99.8 La 47.8 16.5 314 284
Ce 81 476 62.1 62.9
Cu 51.7 30.6 69.7 411
Pb 13.4 18.4 20.6 237
Zn 82.3 449 56.5 50.9

Table 2 Simplified petrographical and whole-rock geochemical properties of
the studied rocks

Sample |Rock type Composition |Mineral contents Chemical composition
Plagioclase, biotite, Dominantly SiO,, Al,O3,
144 Host Dacite | Intermediiate amphibole, K;0, Na,0, Ca0, more
Rock-1 clinopyroxene, Fe-Ti |less TiO, more less
oxide, volcanic glass  |MgO, FeO,
Plagioclase, Dominantly SiO,, CaO,
144E  |Enclave-1| Gabbro Mafic  |clinopyroxene, Fe-Ti |MgO, FeO rarely K0,
oxide Na,0O, TiO,
Plagioclase, Dominantly SiO,, Al,O3,
161 Host Andesite | Intermediiate Amphibole, K;0, Na,0, CaO, more
Rock-2 clinopyroxene, Fe-Ti  |less TiO, more less
oxide, volcanic glass  |MgO, FeO,
Plagioclase, Dominantly SiO,, CaO,
161E  |Enclave-2| Gabbro Mafic clinopyroxene, Fe-Ti  |MgO, FeO rarely K,0,
oxide Na0O, TiO,
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3.2. LIBS data and PCA diagrams of the rocks

Measurement, detection and identification of the peaks of the each
element in the LIBS spectra were carried out and spectra have been
interpreted and evaluated by comparison these with NIST wavelength dataset
which is available electronically. All major elements (Al, Si, Mg, Ca, Fe, O)
presented in the major minerals of the rocks, some minors (K, Ti, Na, Mn,
Cr) and some traces (Sr, Eu, Zr, La, Nb, Ta, Th, Sm, Sc, V) have been
measured and defined on the spectra (Fig 5, 6 and, Table 3). It is noteworthy
that some rare earth elements (La, Sm, Eu) and some light elements (Li, Na)
could be measured with LIBS (Fig 5, 6 and, Table 3). Especially in enclaves,
more elements could be measured and more significant peaks were obtained.
While most elements were measured in all investigated rocks, some elements
were detected only in host-1 and enclave-1 (Tm), and some were observed
only in both enclaves (Sc). Zinc and Li are key elements for clarifying the
crustal material addition of the composition of the rocks (Foley et al., 2013)
and these elements may be measured by LIBS easily rather than the other
conventional analytical techniques. Obtained LIBS data reveal that both
enclaves and their hosts contain Li element (Fig 5, 6 and, Table 3).
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Table 3 LIBS data of the investigated rocks and their enclaves

Host rock-1 Enclave-1 Host rock-2 Enclave-2
Observed| Nist Hement Observed| Nist Hement Observed| Nist Hement Observed| Nist Hement
Peak Peak Peak Peak Peak Peak Peak Peak
279.85 |279.82| Mn-| 279.85 |279.82| Mn-I 260.64 |260.65| Fe-ll 251.82 |251.92( Si-l
285.45 [285.41| Tm-I 285.45 [285.41| Tm-I 263.04 [263.12 Si-1 261.44 |[261.38] Fe-ll
288.64 |288.15( Si-l 288.64 |288.15( Si-l 279.85 |279.82| Mn-1 279.85 |279.82| Mn-I
293.43 |293.84| Mgl 294.23 |293.84| Mgl 284.65 |284.32| Cr-ll 284.65 |284.32| Cr-ll
309.38 |309.28( Al-I 309.38 [309.28| Al-I 288.64 |288.15| Si-I 287.84 |287.95( Mn-Il
318.94 |318.28| Ca-ll 318.14 |318.28| Ca-ll 309.28 |309.28( Al-l 288.64 |288.15( Si-l
358.63 |358.58( Fe-l 361.83 |361.87| Fe-l 317.34 |317.93| Ca-ll 293.40 |293.30( Mn-lI
375.24 |375.82| Fe-l 374.45 |374.55| Fe-l 333.98 |333.98( Si-ll 308.58 [308.21| Al-I
383.93 |383.42( Fe-l 379.19 |379.50| Fe-l 358.63 |358.58| Fe-l 318.14 |318.28( Ca-ll
393.40 |393.36| Ca-ll 393.40 |393.36| Ca-ll 374.45 |37455( Fe-l 323.71 |[323.62| Fe-I
396.55 |396.60( Nb-I 396.55 [396.60| Nb-I 383.14 |383.23| Mg-I 335.63 |335.52| Fe-l
404.43 |[404.41 K-1 404.22 |404.41 K-1 393.40 [393.36| Ca-ll 358.63 |358.58 Fe-1
407.58 |407.58( O-l 407.58 |[407.58| O-l 396.55 |396.60( Nb-I 363.38 |363.43[ Sm-lI
413.09 |413.26( Li-l 413.88 |[413.26| Li-l 42253 |422.67| K-l 374.45 |374.55| Fe-l
422.53 |422.56 K-11 422.53 |422.56 K-11 430.38 ]430.25 Ca-l 383.14 [383.23| Mgl
430.38 |430.25| Ca-l 42959 [429.41| Zr-l 44528 |445.47| Ca-l 393.40 |393.36( Ca-ll
439.01 |439.53( V-l 430.38 [430.25| Ca-l 488.26 [488.14| Li-ll 396.55 |[396.60| Nb-I
447.63 |448.12| Mg-II 439.01 [439.53| V-l 518.59 |518.36| Mg-I 40443 1404.41| K-l
458.89 |458.64( V-l 44371 |443.78| V- 527.12 |527.14| Sm-l 406.01 |[406.02 Ti -l
488.26 |488.14 Li-11 44528 |445.47 Ca-1 559.62 |[558.19 Ca-l 42253 |[422.56 K-I1
517.81 |517.71| La-l 488.26 |488.14| Li-ll 568.44 |568.44( Si-| 430.38 [430.25| Ca-l
527.12 |[527.14] Sm-I 492.15 |492.05 Fe-1 588.14 |[588.90 Na-I 443.71 |443.78 V-1
500.72 |500.90| Ce-I 500.72 |500.90| Ce-I 599.67 |599.28( Eu-l 453.11 |453.60| Cr-I
550.35 |552.41( Sr-| 517.81 |517.73| La-I 611.95 |612.20( Zr-l 458.59 |458.64 V-1
559.65 |559.33| Al-Il 520.92 |520.84| Cr-I 615.78 |615.81| O-I 488.26 |[488.37| Li-ll
588.14 |588.90( Na-I 526.35 |526.41| Cr-I 643.33 |643.90( Ca-l 499.94 1499.46( La-ll
599.67 |599.28( Eu-l 535.65 |535.60| Sc-I 671.53 |671.76| Ca-l 518.59 |518.36| Mg-I
608.18 |608.14( V-I 550.35 |552.41( Sr-I 686.10 |686.10| Ta-I 527.12 |527.14| Sm-l
612.72 |612.74| Zr-l 559.62 |559.33| Al-ll 716.28 |716.54| Ca-ll 535.65 |[535.60| Sc-l
616.55 |616.55( P-II 568.11 |568.44| Si-I 720.21 |720.21| Ca-l 551.12 |551.20| Ce-lI
634.16 |634.67| Mg-II 588.91 |588.90| Na-I 72541 |725.41( O-l 558.85 |558.70| Th-I
646.38 |645.59 O-l 608.08 |608.14| V-I 733.41 |733.41| La-l 568.11 |568.45| Si-I
650.20 |650.40( Na-I 612.72 |612.74| Zr-I 766.02 |765.99| Mg-I 588.91 |588.90| Na-I
67153 |671.76| Ca-l 616.55 |616.55| P-II 769.77 |769.89( K-l 599.13 |599.28| Eu-l
71477 |714.81 Ca-l 634.92 |[634.67| Mg-I 606.58 [606.95| Ce-I
733.65 |733.41( La-l 644.09 |644.98| Ca-l 612.72 |612.74| Zr-I
766.02 |765.99| Mg-I 646.38 |645.59( O-I 615.78 |615.81| O-I
769.77 |769.89( K-l 670.77 |671.76| Ca-l 634.85 |634.67| Mg-l
714.77 |714.81| Ca-l 644.85 |644.98| Ca-l
720.06 |[720.21 Ca-1 671.53 |[671.76 Ca-1
72459 72541 O-l 71477 |714.81| Ca-l
733.65 |733.41| La-l 720.21 |720.22| Ca-l
766.02 |765.99| Mg-I 733.65 |733.41| La-l
769.77 |769.89( K- 766.02 |765.99| Mg-I
769.77 |769.89 K-I
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The host rocks and enclaves were successfully differentiated from each
other by using principal component analysis (PCA) technique shown in fig 7.
The studied rocks have overlapped in PCAL but have been discriminated in
PCA2. The enclaves are located in close circles with their hosts, which
indicates that they are related to their hosts and that they may be crystal
clusters which crystallized and separated from the same magma at an early
stage (G. Gengoglu Korkmaz et al., 2021). Moreover, it is interesting that the
enclaves, which exhibit similar petrographical and geochemical features, are
located in quite different areas with the PCA and show that they are different
types of enclaves. It supports the idea that rather than the presence of a large
gabbroic mass underground, and that the phases crystallized in the early
phase were transported by convection and included in the hosts (G. Gengoglu
Korkmaz et al., 2021).

PC1 vs PC2 with 95% confidence interval error ellipse
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Fig.7 PCA diagram of the investigated rocks

3.3. Plasma characterization

To evaluate the laser-produced plasma based on the optical emission
studies, the plasma should be optically thin and follows the local
thermodynamic equilibrium (LTE) conditions (Umar et al., 2020). We used
Ca | and Il for all calculations and the Boltzmann plots. After the excitation
temperature was calculated using the Boltzmann plot method(J. Aguilera &
Aragbn, 2007; J. A. Aguilera & Aragon, 2004), we evaluated the electron
densities based on the NIST database and Corliss and Bozman (1966).

We have utilized the intensity ratio method for each sample to determine
whether the plasma optical thickness was appropriate for the CF-LIB
(Cremers & Radziemski, 2006; Unnikrishnan et al., 2012) .
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I _ A19172 exp (_ |E1—Ez|) (1)

I A292M KpTe

I1;1,= Intensy (measured)

A1; A= Wavelengths

Ay; A=Transition probability
01; 02 = Statistical weights

E;; E, = Upper level energies
Kg =Boltzmann constant,
Te=Plasma temperature

We have calculated A and g values based on Corliss and Bozman (1966)
by making interpolations according to upper and lower wavelength for each
element having a spectral line (Supplementary files S1). To determine the
intensity ratios, we have used the emission lines having the same or very
close upper level energies to reduce the temperature dependence as in Umar
et al. (2020). The measured intensity ratios and values evaluated from the
NIST database 2018 and Corliss and Bozman (1966) are in accordance with
eachother (<10%). Thus, produced-plasma for each sample satisfies the
optically thin condition.

To execute LTE condition, the most critical factor is plasma temperature.
The slope of Boltzmann plot yields the plasma temperature (Fig. 8). The
Boltzmann plots of the investigated rocks are based on the selected calcium
lines and exhibit a good linearity (R® values are close to 0). The plasma
temperature of each samples has been detected from the slope of this line and
ranges between 7724 and 5209.8 K (Table 4).

One of the most significant parameters is electron number density (Ne), is
essential both for the plasma characterization as well as for the detection of
chemical composition of any sample could be calculated by following Stark
broadened line profile formula (Griem 1997; Cremers and Radziemski 2006):

Ay, = 2w (o) @

1016

where w is the Stark broadening parameter which is 0.00698 nm for Ca |
line and A1/2 is the FWHM of the line due to Stark broadening. This requires
that the electron number density in the plasma should exceed the certain
critical value given by the McWhirter criterion (Cristoforetti, Aglio, &
Legnaioli, 2009; Fujimoto & McWhirter, 1990). Therefore, calculated Ne
values are correlated the values obtained from the following
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McWhirter criterion formula;
N,(cm™3) > 1.6 x 1012T}/*(AE)? ©)

where AE (eV) and T(K) are the energy differences between the upper
and lower levels and plasma temperature obtained from the Boltzmann plots,
respectively. The calculated electron number densities using the the Stark
broadened line profile of Ca | at 393.4 nm are 1.038*10', 1.07*10'
7.879*10", 2.1489*10" which are much higher than estimated from formula
3 (1.304*10", 1.088*10™, 1.45*10", 5.302*10") (Table 4). According to all
calculations, the plasma may be considered to be close to LTE and we can
use the data measured by CF-LIBS method to calculate the chemical
compositions of the rocks.
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Fig.8 Boltzmann Plots of the investgated volcanic rocks and their enclaves
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Table 4 The plasma characteristics of the investigated rocks and their

enclaves

1(14H)| Element | lonic T. | Wavelenght | Nist peak A(*lOg/secj g E (eV) M (Slope) T (K) Ne
2537 Ca I 318.94 318.28 3.09992378 |0.48004573 | 3.88725152

3133 Ca 1l 393.4 393.36_[ 0.905637931 | 0.20905172 | 3.15149975 1255380901 | 9243.766926 | 1.038*10718
2776 Ca | 430.38 430.25 [5.759309021 | 1.62216891 | 2.88071007

2682 Ca | 671.53 671.76 0.23619381 | 0.15746254 | 1.84623174

I(14E) | Element | lonic T.| Wavelenght | Nist peak A(*lOg/sec) g E (eV) M (Slope) T (K) Ne
2538 Ca Il 318.14 318.28 | 3.09992378 |0.48004573 | 3.89702647

3189 Ca 1l 393.4 393.36 [ 0.905637931 | 0.20905172 | 3.15149975

2849 Ca | 445.28 445.47 | 6.849424084 | 2.00900524 | 2.78431549 -0.948582622 | 12233.46003 | 1.075*10718
2724 Ca | 670.77 671.76 0.23619381 | 0.15746254 | 1.84832357

2806 Ca | 714.77 714.81 | 0.949257788 | 0.72940414 | 1.73454398

2711 Ca | 720.06 720.21 | 0.455005551 | 0.35147483 | 1.72180096

I(16H)| Element | lonic T.| Wavelenght | Nist peak A("‘los/sec) g E (eV) M (Slope) T (K) Ne
2526 Ca 1 317.34 317.93 | 14.09317073 | 2.21073171| 3.9068507

2714 Ca 1 393.4 393.36 | 0.905637931 | 0.20905172 | 3.15149975

2545 Ca | 430.38 430.25 | 5.759309021 | 1.62216891 | 2.88071007

2538 Ca | 445.28 445.47 | 6.849424084 | 2.00900524 | 2.78431549

2521 Ca | 559.62 558.19 2.35 1.102 2.2154319 | -1.50231838 | 7724.360295 | 7.879*10"17
2490 Ca | 643.33 643.9 3.148181818 | 0.00909462 [ 1.92716024

2465 Ca | 671.53 671.76 0.23619381 |0.15746254 | 1.84623174

2473 Ca I 716.28 716.54 0.13659675 |0.46261392 | 1.73088736

2489 Ca | 720.06 720.2194 | 0.455005551 | 0.35147483 | 1.72180096

1(16E) | Element | lonic T.| Wavelenght | Nist peak A(*los/sec) g E (eV) M (Slope) T (K) Ne
2886 Ca 1 318.14 318.28 3.09992378 | 0.48004573 | 3.89702647

4891 Ca 1 393.4 393.36 | 0.905637931 | 0.20905172 | 3.15149975

4101 Ca | 430.38 430.25 | 5.759309021 | 1.62216891 | 2.88071007

3033 Ca | 671.53 671.76 | 0.236071816 | 0.15738121 | 1.84623174 "
2951 Ca | 714.77 714.81 | 0.949257788 | 0.72940414 | 1.73454398 -0.222739121 | 52098.83384 | 2148971019
2812 Ca | 720.06 720.2194 | 0.455005551 | 0.35147483 | 1.72180096

2815 Ca | 732.14 732.6146 | 0.468850436 | 0.36885044 | 1.69339197

2877 Ca 1 854.09 854.2 0.045882097 | 0.04978759 | 1.45160346

4, Conclusions

The identification/classification of the volcanic rocks and their enclaves
outcropped the Karapmar-Karacadag area (Konya-Turkey) was realized by
utilizing CF-LIBS. Also, here we correlated these results with previous XRF
data. According to LIBS data and previous XRF data, the major elements
measured and defined by both methods were O, Si, Al, Ca, Mg, and Fe along
with the minors of K, Ce, La, Sr, and Zr. Except for these elements, some
rare earths (Sm, Eu, Tm) and light elements (Li, Na) which are paramount for
the ore mineralogist and petrologists are measured by the LIBS. The
chemical compositions of the rocks estimated using both techniques were in a
harmony with each other.

For the application of CF-LIBS, the plasma temperature and electron
density are obtained from the Boltzmann plot and Starkbroadened profile of
Ca 1-393.4 nm respectively as a function of incident laser energies. These
plasma parameters are convenient for the CF-LIBS technique to evaluate the
concentration of all the elements in the investigated rocks.

Based on all obtained results we could report that LIBS can be used for
analytical analysis of the rocks without the need of huge sample preparations
or complicated technical procedures. The implementation of the CF-LIBS
method is useful for practical application in the rapid analysis of the
composition of any rock and mineral. Both petrologically and economically
critical elements such as rare earth elements and light elements could be
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detected easily by the CF-LIBS. The rocks having petrographical properties
and chemical compositions were very close to each other could be
discriminate each other easily by using PCAs with the help of LIBS data.
PCA diagrams of the investigated rocks reveal that both enclaves and host
rocks are different from each other. However, it can be said that each enclave
exhibits a composition close to its own host. In other words, it could be
inferred that each enclave is related to its own host rock and is chemically
similar to the composition of its host. That supports the idea that these
enclaves are MSE enclaves consisting of early crystallized phases associated
with the host rock, as mentioned in the previous studies (G. Gengoglu
Korkmaz et al., 2021).
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