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Method for Qualitative and Quantitative Analysis of Ancient Lead Enamel  

Using Laser Inducted Breakdown Spectroscopy 

The method of laser induced breakdown spectroscopy (LIBS) was used in analysis of the archaeological 

enamel samples from the ancient settlement of Jochi Khan (XIV century). During the qualitative analysis, it 

was found that the elements of the enamel matrix are Si, Pb, K, Na, Mg, Ca, Al. The glaze color is due to the 

presence of copper and iron. Clustering by the k-means method revealed two groups of samples similar in 

composition of enamel, but differing in place of origin within the settlement. For the studied samples the 

semi-quantitative composition of glazes was established from the spectra of LIBS using a method based on 

the hypothesis of local thermodynamic equilibrium (LTE) and a chemometric approach (Projection to Latent 

Structures, PLS). Probabilistic deterministic design of experiment was used to search for pairs of element 

lines that are not subject to changes when the conditions for spectra registration vary, and to determine the 

coefficients in the equations based on LTR. Calculations using the PLC method were carried out in the “R” 

programming environment. The following content of the matrix elements was obtained in terms of the most 

stable oxides, %: SiO2 — 49–61, PbO — 23–31, MgO — 1.7–2.3, CaO — 4.6–6.9, Na2O — 4.1–5.3, K2O — 

5.1–6.4, Al2O3 — 0.8–1.7, CuO — 0.32–0.4, Fe2O3 — 0.09–0.16. The results of both methods are generally 

consistent with each other. The inaccuracy between 4 parallel determinations were 15-24 % for LTE, and 9–

14 % for PLS. Taking into account the data of semi-quantitative analysis, it was concluded that the division 

into two groups is based on a different ratio of copper and iron in enamel. 

Keywords: LIBS, chemometrics, cluster analysis, PLS, low-melting lead enamels, probabilistic deterministic 

design of experiment, archeology, settlement of Jochi Khan. 

 

Introduction 

Method of laser induced breakdown spectroscopy (LIBS) in elemental analysis of a wide variety of ma-

terials is continuously becoming more demand, despite the problems with calibration. LIBS is characterized 

by relatively low values of accuracy and reproducibility of the analysis that are associated with the basic im-

possibility of reproducing the recording conditions accurately from spectrum to spectrum. This problem can 

hardly be eliminated by improving the method's hardware [1]. Therefore, there is a constant search for math-

ematical methods for LIBS signals processing, which makes it possible to improve the analytical characteris-

tics of this analysis method [2]. Currently, in order to achieve acceptable metrological characteristics, both 

theoretical approaches based on the concept of local thermodynamic equilibrium (LTE) and empirical ap-

proaches based on chemometric methods, as well as various combinations of these two approaches are being 

developed [3–6]. 

The LIBS method has a number of advantages along with limitations. First of all, the insignificance of 

damage to the object of analysis and the lack of sample preparation should be noted. A laser pulse carries 

information not only about the surface layer, but also about the bulk of the sample, since it evaporates the 

sample from a certain depth. This feature makes it possible to overcome the problems associated with the 

analysis of archaeological artifacts [7, 8], which are characterized by differences in the chemical composition 

of the surface material and the bulk. 

The mausoleum, located in the Ulytau region of Kazakhstan, 45 km from the city of Zhezkazgan, on the 

left bank of the Karakengir River, is associated by Kazakh folk tradition with the name of Jochi Khan as the 

eldest son of Genghis Khan. The upper dome of the mausoleum, lined with glazed turquoise tiles, was built 
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over the lower early dome without cladding. According to radiocarbon analysis, there are two stages in the 

construction of the mausoleum in the XIV century [9]. In order to obtain additional historical information 

about the construction of the mausoleum and the settlement of Jochi Khan, it was useful to conduct a com-

parative study of the glaze of tile fragments from different points of the mausoleum and the settlement by the 

LIBS method. 

Qualitative analysis by the LIBS method was carried out in the traditional way. The aim of this study 

was to develop methods of analysis for classification and quantification that provide satisfactory accuracy 

with limited possibilities for sample preparation and registration of spectra. 

Experimental 

Samples of ceramic tiles containing enamel coating of various shades of blue and green were received 

from historians and returned to the National Historical, Cultural and Natural Reserve-Museum “Ulytau” 

(Ulytau village, Karaganda region, Kazakhstan) immediately after registration of the spectra (Fig. 1). 

 

 

a — the mausoleum of Jochi Khan. A fragment of a tile. Sample 3 (Obr3.1);  

b — the mausoleum of Jochi Khan. A fragment of a tile. Sample 4 (Obr4);  

c — the mausoleum of Jochi Khan. Fragment of the mausoleum crown 2 (preliminary definition).  

 Sample 5 (Obr5);  

d — the settlement of Jochi Khan. A fragment of a tile. Sample 2 (Obr2);  

e — the settlement of Jochi Khan. Small house. A fragment of ceramics. Sample 6 (Obr6);  

f — the settlement of Jochi Khan. House 2. Tile fragment. Sample 1 (Obr1);  

g — the settlement of Bytygai. Workshop. A fragment of a tile. Sample 7 (Obr2007) 

Figure 1. Samples of tiles from different points of the mausoleum and the settlement 

Samples were analyzed on a two-pulse spectrometer “LAES Matrix Continuum” (SJSC Spectroscopic 

Systems, 2016, Russia) with a double Paschen-Runge optical scheme with an optical path length of 250 mm 

and 125 mm, with diffraction gratings of 2400 groove/mm and 1200 groove/mm and 7 CCD detectors from 

Toshiba and a wavelength range of 190 up to 800 nm. The emission spectrum of all samples was recorded at 

the same instrument settings to facilitate subsequent comparison and interpretation of the spectra. The energy 

of the pump lamp was 18 Joules. The remaining settings were chosen based on previous experience [10, 11], 

namely: the laser frequency was 10 Hz, the delay time of the first Q–switch was 100 µs, the second was 

110 µs, the exposure start delay was 2 µs and the total exposure time was 5 ms. The number of pulses was 

limited to 15, including 2 firing pulses. Spectra were recorded at four randomly selected points without scan-

ning by area to minimize damage and provide some smoothing of random effects. The samples were returned 

to storage after the spectra recording. The obtained spectra were used for qualitative analysis of samples. 

Both the standard spectrometer software and the NIST [12] database were used to assign lines in the spec-

trum. 
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Since each sample was examined at four points, the total number of spectra seemed sufficient for cluster 

analysis using the “teaching without a teacher” approach. The spectra were normalized by the intensity of the 

MgI280 line, then cluster analysis was performed in the “R” programming environment [13]. Taking into ac-

count the similarity of the qualitative composition of the samples, the reasons for the cluster separation could 

only be established by quantitative analysis in the absence of the possibility of re-registration of the spectra. 

Variants using thermodynamic [14] and chemometric [15, 16] approaches were applied to consider the 

possibility of quantitative analysis of samples. A set of artificially obtained samples with a qualitative 

composition close to the enamel on the archaeological samples was used for training in both variants. The 

range of variation in the ratios of elements in the composition of the furnace-charge was selected according 

to the data [17]. The furace-charge, composed of oxides of silicon, lead, magnesium, iron and copper, 

sodium, potassium and calcium carbonates, and aluminum hydroxide, was mixed by abrasion in a 

mechanical mortar for 20 minutes and fused in alund crucibles for 1 hour at 1000 C, with periodic rocking 

of the crucible (Table 1). 

T a b l e  1  

Composition of calibration and control enamel samples 

№ PbO SiO2 Al2O3 Na2O K2O CaO MgO CuO Fe2O3 

1 0.202 0.503 0.008 0.121 0.05 0.05 0.05 0.005 0.01 

2 0.287 0.43 0.019 0.076 0.076 0.067 0.029 0.008 0.008 

3 0.329 0.376 0.028 0.15 0.009 0.084 0.009 0.009 0.006 

4 0.371 0.325 0.037 0.046 0.112 0.009 0.084 0.011 0.005 

5 0.431 0.239 0.048 0.01 0.153 0.029 0.067 0.019 0.004 

 

The appearance of the calibration samples is shown in Figure 2. 

 

 

Figure 2. Calibration samples of enamel 
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A number of methods for calibration of atomic emission spectrometers are based on the fact that the in-

tensity of the analytical lines of different elements, which are low in excitation energy, almost equally de-

pends on random factors and conditions of spectrum registration. This means that the ratio of intensities de-

pends only on the concentration of elements. The possibility of the method of probabilistically deterministic 

design of the experiment (PDDoE) was used [18, 19] to search for such pairs of lines, and to identify factors 

on which the variable in question does not depend. PDDoE method has proven itself well for optimizing the 

conditions of the LIBS [20, 21] as well as for other physicochemical methods of analysis [22]. When compil-

ing a six-factor experiment plan with five levels of variation (Table 2), the possibility of using the sample 

composition as a single factor was used [23]. The excitation energy of the lines was retrieved from the Atom-

ic Spectra Database [12]. 

T a b l e  2  

Factors and levels of their variation in the experimental plan 

№ Factor Symb. Level 1 Level 2 Level 3 Level 4 Level 5 

1 Cn/Cm X1 1 2 3 4 5 

2 Elamp, J X2 12 14 16 17 18 

3 QSW1, mks X3 100 120 140 160 180 

4 QSW, mks X4 1 3 5 10 20 

5 Delay, mks X5 1 2 3 5 10 

6 Expos, ms X6 1 2 3 4 5 

 

The ratios of element concentrations for each sample (levels of the first factor) were calculated accord-

ing to Table 1. 

The spectra of the calibration samples were recorded in five repetitions, and averaged as described in 

[11]. 

Results and Discussion 

Qualitative analysis of the samples was conducted by identification of all analytical lines of the ob-

tained spectra. The matrix in all cases is silicon, lead, potassium, sodium, calcium, magnesium (Fig. 3). 

Enamel coloring is due to the presence of a small amount of iron and copper. Lines of aluminum are also 

present. 

 

 

Figure 3. Some analytical lines of elements of the enamel matrix 
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There are analytical lines of tin in the enamel samples of modern tiles used in the restoration of the 

mausoleum. Tin compounds were used to reduce transparency. There is no tin in historical samples, so the 

restored materials were not considered in further study. 

A dendrogram was obtained as a result of the classification analysis of the samples (Fig. 4). The den-

drogram makes it possible to distinguish 4 groups of enamel spectra. 

 

 

Figure 4. Cluster dendrogram of the archeological enamel samples 

Samples 3, 1 and 5 have similar spectra. Samples 1, 4 and 7 can also be classified as parts of the same 

specimen. The spectra of samples 6 and 3 did not enter into clusters, forming separate groups. It should be 

noted that there is a possibility of random separation of closely related samples, while the probability of ran-

dom cluster unification in the analysis by the emission spectrum is very small. 

According to the results of qualitative and cluster analysis, it is possible to make conclusions of an ar-

chaeological nature that are beyond the scope of this work. At the same time, clustering can only be ex-

plained using quantitative analysis, which is difficult in this case due to limited access to the samples. In this 

regard, only methods of mathematical processing of obtained spectral data were used further in qualitative 

analysis. The first approach to quantitative analysis of samples tested in the study was based on the fact that 

the intensities of the analytical lines with similar excitation energies almost equally depend on the conditions 

of spectrum registration according to the hypothesis of local thermodynamic equilibrium (LTE). Consequent-

ly, the ratio of the intensities of such lines will depend only on the ratio of concentrations, but not on the 

conditions of the spectra registration and/or random factors. Figure 5 shows graphs of the dependence of the 

ratio of the intensities of the Mg(I)293.67 and Ca(II)315.9 lines on the ratio of the concentrations of elements and 

the energy of the laser pump lamp. 

 

 
 a b 

Figure 5. Dependence of the ratio of the intensities of the Mg(I)293.67 and Ca(II)315.9 lines on the:  

a) ratio of the concentrations of elements; b) the energy of the laser pump lamp 
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As can be seen from Figure 5, even without calculations, the pump lamp energy in the selected range 

has almost no effect on the ratio of the intensities of the analytical lines under consideration. The influence of 

other factors on this pair of lines is even less significant. 

The intensity ratio of a pair of lines of different elements selected by the excitation energy and the 

actual presence in all 25 spectra of artificial and archaeological samples (Table 2) was used for calculation 

by the PDDoE method. In this case, regardless of the usual practice of the method, those lines were selected 

for which only the partial dependence of the intensity ratio on the concentration was significant, and the 

remaining partial dependencies were insignificant. Preference was given to those alternatives in which 

insignificant functions were most accurately described by the equation 𝑌 = 𝑌̅ (Fig. 5). The relationship 

between the concentration and the intensity ratio was approximated by linear functions: 

 ( )1 2 1 2a C C b I I+ = . (1) 

The coefficients a and b of these functions were used in further calculations. 

T a b l e  3  

Analytical lines used for calculations 

Element λ E 

Mg I 293.67 55891 

Mg II 279.08 71490 

Mg I 383.23 47957 

Pb I 261.42 46060 

Al II 263.126 123470 

Cu II 223.01 117928 

Si I 252.41 39683 

Si II 385.6 81251 

Fe II 259.84 38858 

Ca II 373.71 52166 

Na I 588.96 16973 

K I 769.83 12985 

 

There are an infinite number of solutions for the equation with the formula of a function 1, as well as 

for systems composed of such equations. Based on this, one of the equations of the system should be normal-

izing, traditionally represented as the sum of the concentrations of all considered elements or elements ox-

ides. The resulting system of equations with formula (2) was solved using the wxMaxima computer algebra 

system [23]: 
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+ = 
 + =
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+ + =  

 (2) 

For nine elements of the considered matrix, the set includes eight equations with ratios and one normal-

izing equation. 

The solution of such equation set in the course of checking the operability of the method for enamel 

samples of known composition obtained in the laboratory allows us to calculate the concentrations of the 

matrix elements with an accuracy of ± 6–8 %. In the case of archaeological samples, the composition was 

calculated for each point of spectrum registration in order to determine the uncertainty of the result. The ob-

tained values of the concentrations of the matrix elements are presented in Table 4. 
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T a b l e  4  

Composition of archaeological samples according to LTE-based data 

Sample SiO2 PbO CaO MgO K2O Na2O Al2O3 CuO Fe2O3 

Sample 1 (Obr1) 
56.43 

±6.21 

28.84 

±4.04 

5.89 

±1.18 

1.92 

±0.33 

3.84 

±0.69 

6.06 

±1.21 

1.18 

±0.30 

0.34 

±0.05 

0.10 

±0.02 

Sample 3 (Obr3.1) 
55.29 

±6.08 

28.00 

±3.92 

5.72 

±1.14 

1.90 

±0.32 

4.40 

±0.79 

6.48 

±1.30 

1.26 

±0.32 

0.34 

±0.05 

0.15 

±0.02 

Sample 4 (Obr4) 
55.29 

±6.08 

27.16 

±3.80 

5.78 

±1.16 

1.90 

±0.32 

3.76 

±0.68 

6.54 

±1.31 

1.43 

±0.36 

0.36 

±0.06 

0.10 

±0.02 

Sample 5 (Obr5) 
58.71 

±6.46 

29.12 

±4.08 

5.67 

±1.13 

2.00 

±0.34 

3.92 

±0.71 

6.60 

±1.32 

1.34 

±0.33 

0.36 

±0.06 

0.16 

±0.02 

Sample 6 (Obr6) 
55.29 

±6.08 

30.80 

±4.31 

6.05 

±1.21 

2.00 

±0.34 

4.16 

±0.75 

6.42 

±1.28 

1.38 

±0.34 

0.29 

±0.06 

0.19 

±0.02 

Sample 7 (Obr2007) 
60.42 

±6.65 

26.88 

±3.76 

5.67 

±1.13 

2.06 

±0.35 

3.96 

±0.71 

5.94 

±1.19 

1.31 

±0.33 

0.37 

±0.06 

0.11 

±0.02 

 

Calculated error of the results for the mass fractions of oxides is 15–24 % that can be considered a good 

result for the LIBS in the absence of sample preparation. At the same time, it seemed possible to improve the 

accuracy of spectrum analysis using a chemometric data processing method. Based on the literature data, the 

projection onto latent structures (PLS) method was chosen as giving good results in most spectrometric stud-

ies [24]. The calculations were carried out in the “R” programming environment. 

T a b l e  5  

Composition of archaeological samples according to PLS data 

Sample SiO2 PbO CaO MgO K2O Na2O Al2O3 CuO Fe2O3 

Sample 1 (Obr1) 
54.72 

±5.47 

26.73 

±2.94 

5.62 

±0.79 

2.08 

±0.27 

5.70 

±0.74 

4.70 

±0.66 

1.44 

±0.36 

0.35 

±0.03 

0.01 

±0.01 

Sample 3 (Obr3.1) 
55.29 

±5.53 

28.08 

±3.09 

5.57 

±0.78 

2.04 

±0.26 

5.82 

±0.76 

4.95 

±0.69 

1.74 

±0.44 

0.35 

±0.03 

0.02 

±0.01 

Sample 4 (Obr4) 
57.57 

±5.76 

27.00 

±2.97 

5.25 

±0.73 

2.14 

±0.28 

5.94 

±0.77 

5.45 

±0.76 

1.66 

±0.42 

0.36 

±0.03 

0.01 

±0.01 

Sample 5 (Obr5) 
59.28 

±5.93 

26.46 

±2.91 

5.19 

±0.73 

2.12 

±0.28 

6.54 

±0.85 

5.10 

±0.71 

1.76 

±0.44 

0.36 

±0.03 

0.02 

±0.01 

Sample 6 (Obr6) 
59.85 

±5.99 

26.19 

±2.88 

5.04 

±0.70 

2.21 

±0.29 

6.06 

±0.79 

5.15 

±0.72 

1.50 

±0.38 

0.35 

±0.03 

0.01 

±0.01 

Sample 7 (Obr2007) 
56.43 

±5.64 

27.54 

±3.03 

5.04 

±0.70 

2.04 

±0.26 

5.40 

±0.70 

5.10 

±0.71 

1.65 

±0.41 

0.37 

±0.03 

0.01 

±0.01 

 

As can be seen from Table 5, the error in the results of 4 parallel determinations was 9–14 %. It should 

be noted that when testing the PLS model on samples of known composition prepared artificially, the accu-

racy was much higher, and the error did not exceed 4 %. Therefore, the greatest contribution to the inaccura-

cy of the quantitative composition determination was made not by calculations, but by the lack of the possi-

bility of sample preparation and registration of the spectrum with significant destruction of the sample. 

Conclusions 

In this work, LTE thermodynamic and PLS chemometric approaches have been proposed and tested for 

quantitative analysis of samples using their obtained spectra. The error for each element was 15–24 % when 

using the LTE hypothesis approach. The chemometric approach with the use of PLS has improved the accu-

racy. In this case, the error for the results of 4 parallel experiments was 9–14 %. As a result of the studies 

carried out by the LIBS method using calculation methods based on the LTE hypothesis and the chemomet-

ric approach, the qualitative and semi-quantitative composition of the enamel of tiles from the ancient set-

tlement of Jochi Khan was determined. It was shown that the archaeological samples are lead-silicate glass 

with a high potassium content, which can only be explained by its purposeful introduction into the charge. 

Presumably, potassium could have been introduced by using the ashes of local plants. 
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Classification analysis identified two groups of samples that are similar in chemical composition, there-

fore, made from the same raw materials. This may provide additional information on the chronology of the 

settlement's construction. The study also revealed that contemporary restorers used a similar enamel compo-

sition, but used tin compounds for opacification. 
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В.Н. Фомин, Э.Р. Усманова, Э.Ф. Гюль, Н.К. Келесбек,  

М.А. Туровец, О.И. Земский, Д.М. Саулебеков, С.К. Алдабергенова 

Лазерлік ұшқын эмиссиялық спектроскопия көмегімен  

құрамында қорғасыны бар археологиялық қорғасын  

эмалын сапалық және сандық талдау әдісі 

Жошы хан қалашығының (XIV ғ.) эмаль археологиялық үлгілерін талдау үшін лазерлік ұшқын 

эмиссиялық спектроскопия (ЛҰЭС) әдісі қолданылды. Сапалық талдау барысында эмаль құрамының 

негізгі элементтері Si, Pb, K, Na, Mg, Ca, Al екені анықталды. Глазурьдің түсі мыс пен темірдің 

болуына байланысты. Орташалау әдісімен кластерлеу барысында эмальдің құрамына ұқсас, бірақ 

қалашық ішінде шыққан жері бойынша ерекшеленетін екі үлгі тобы анықталды. ЛҰЭС спектрлері 

бойынша жергілікті термодинамикалық тепе-теңдік (ЖТТ) гипотезасына негізделген әдісті және 

хемометриялық тәсілді (жасырын құрылымдарға проекция, ЖҚП) қолдана отырып, қарастырылған 

үлгілерде глазурьдің жартылай сандық құрамы айқындалды. Спектрді тіркеу шарттары өзгерген кезде 

өзгеріске ұшырамайтын элементтер түзуінің жұптарын іздеу және ЖТТ негізіндегі теңдеулердегі 

коэффициенттерді анықтау үшін эксперименттің ықтималдық-детерминирленген жоспарлауы 

қолданылады. ЖҚП әдісі бойынша есептеулер «R» ортасында жүргізілді. Тұрақты оксидтерге қайта 

есептегенде негіз элементтердің мөлшері: құрамындағы % мынадай: SiO2 — 49–61, PbO — 23–31, 

MgO — 1.7–2.3, CaO — 4.6–6.9, Na2O — 4.1–5.3, K2O — 5.1–6.4, Al2O3 — 0.8–1.7, CuO — 0.32–0.4, 

Fe2O3 — 0.09–0.16. Екі әдістің де нәтижелері бір-біріне сәйкес келеді. ЖТТ үшін төрт параллель 

анықтама арасындағы айырмашылық 15–24 %, ЖҚП үшін 9–14 % құрады. Жартылай сандық талдау 

деректерін ескере отырып, екі топқа бөлінудің негізінде эмальдағы мыс пен темірдің әртүрлі 

қатынасы жатыр деген қорытынды жасалған. 

Кілт сөздер: ЛҰЭС, химометрика, кластерлік талдау, ЖҚП, жеңіл балқитын қорғасын эмальдары, 

экспериментті ықтималды-детерминирленген жоспарлау, археология, Жошы хан қалашығы. 

 

В.Н. Фомин, Э.Р. Усманова, Э.Ф. Гюль, Н.К. Келесбек,  

М.А. Туровец, О.И. Земский, Д.М. Саулебеков, С.К. Алдабергенова 

Метод качественного и количественного анализа  

свинцовой археологической эмали с использованием  

лазерной искровой эмиссионной спектроскопии 

Метод лазерно-искровой эмиссионной спектроскопии (ЛИЭС) применен для анализа археологических 

образцов эмали с городища Джучи хана (XIV в.). В ходе качественного анализа показано, что элемен-

тами основы эмали являются Si, Pb, K, Na, Mg, Ca, Al. Окраска глазури обусловлена присутствием 

меди и железа. Кластеризацией методом k средних было выявлено две группы образцов, сходных по 

составу эмали, но отличающихся по месту происхождения внутри городища. С применением метода, 

основанного на гипотезе локального термодинамического равновесия (ЛТР), и хемометрического 

подхода (проекция на латентные структуры, ПЛС) по спектрам ЛИЭС установлен полуколичествен-

ный состав глазурей на рассмотренных образцах. Для поиска пар линий элементов, не подверженных 

изменениям при изменении условий регистрации спектра, и определения коэффициентов в уравнени-

ях, основанных на ЛТР, использовано вероятностно-детерминированное планирование эксперимента. 

Расчеты по методу ПЛС проведены в среде «R». Содержание элементов основы в пересчете на 

наиболее устойчивые оксиды сотавило, %: SiO2 — 49–61, PbO — 23–31, MgO — 1.7–2.3, CaO — 4.6–
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6.9, Na2O — 4.1–5.3, K2O — 5.1–6.4, Al2O3 — 0.8–1.7, CuO — 0.32–0.4, Fe2O3 — 0.09–0.16. Результаты 

обоих методов, в целом, согласуются между собой. Расхождения между 4-мя параллельными 

определениями для ЛТР составили 15–24 %, для ПЛС 9–14 %. С учетом данных полуколичественного 

анализа сделан вывод о том, что в основе разделения на две группы лежит разное соотношение меди и 

железа в эмали. 

Ключевые слова: ЛИЭС, хемометрика, кластерный анализ, ПЛС, легкоплавкие свинцовые эмали, ве-

роятностно-детерминированное планирование эксперимента, археология, городище Джучи хана. 
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