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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, aréhaeological
enamel samples from the ancient settlement of Jochi Khan (XIV century). Duringghe‘gualitative analysis, it
was found that the elements of the enamel matrix are Si, Pb, K, Na, Mg, Ca, Al. The glazéwolor 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 settlementg#Fon the studied samples the
semi-quantitative composition of glazes was established from the spectfa ofiLIBS using a method based on
the hypothesis of local thermodynamic equilibrium (LTE) and achemometric approach (Projection to Latent
Structures, PLS). Probabilistic deterministic design of experiment, wastused to search for pairs of element
lines that are not subject to changes when the conditions for spectrayregistration vary, and to determine the
coefficients in the equations based on LTR. Calculations usifig th&yPLC 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, %: SiO, — 49-61, PbO — 23-31, MgO —27-2:8, CaO — 4.6-6.9, Na,0 — 4.1-5.3, K,0 —
5.1-6.4, Al,O; — 0.8-1.7, CuO — 0.32-0.4, Fe;03 — 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 oficopper and iron in enamel.

Keywords: LIBS, chemometrics, cluster analysis, PLS, low-melting lead enamels, probabilistic deterministic
design of experiment, archeology, seftlement 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 valuesief aecuracy and reproducibility of the analysis that are associated with the basic im-
possibility of zeproducing the recording conditions accurately from spectrum to spectrum. This problem can
hardly be eliminated bysimproving the method's hardware [1]. Therefore, there is a constant search for math-
ematical methads for LIBS signals processing, which makes it possible to improve the analytical characteris-
tics of this analysi§ 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 (Figure 1).

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

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

¢ — the mausoleum of Jochi Khan/Fragment of the mausoleum crown 2 (preliminary definition).
Sample 5 (Obrb);

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

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

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

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 us, the second was
110 ps, the exposure start delay was 2 us 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
Mglg 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).

Table 1
Composition of calibration and control enamel samples
Ne PbO SiO, Aleg Na,O K,0 CaO MgO CuO Fe,0s
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 Eigure2.
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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].

Table 2

Factors and levels of their variation in the experimental plan

N Factor Symb. | Levell | Level2 | Level3 | Level4 |, Lewel 5
1 |C,/Cp X 1 2 3 4 5
2 |Elamps J X, 12 14 16 17 18
3 |QSW,, mks X3 100 120 140 160 180
4 |AQSW, mks X4 1 3 5 10 20
5 |Delay, mks Xs 1 2 3 5 10
6 |Expos, ms Xe 1 2 3 4 5

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

ing to Table 1.
The spectra of the calibration samples were recorded ingfiveyrepetitions, and averaged as described in
[11].
Results and Discussion
Qualitative analysis of the samples was condueted by identification of all analytical lines of the ob-
tained spectra. The matrix in all cases is silican, lead, potassium, sodium, calcium, magnesium (Figure 3).

Enamel coloring is due to the presence of a small amount of iron and copper. Lines of aluminum are also
present.
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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 (Figure 4). The
dendrogram makes it possible to distinguish 4 groups of enamel spectra.

05

0.3

0.1

Figure 4. Cluster dendrogram of the archeological enamehsamples

Samples 3, 1 and 5 have similar spectra. Samples 1, 4 and 7 cafialse,be classified as parts of the same
specimen. The spectra of samples 6 and 3 did not enter into €lustegs, 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 spectrumiis very small.

According to the results of qualitative and clusteranalysis, it is possible to make conclusions of an ar-
chaeological nature that are beyond the scope of this wark. At the same time, clustering can only be ex-
plained using quantitative analysis, which is difficult,in thisicase due to limited access to the samples. In this
regard, only methods of mathematical processing of ‘Gbtained 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 sifilariexcitation 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 registrationdand/eFrandom factors. Figure 5 shows graphs of the dependence of the
ratio of the intensities of the Mg@(1)28367@nd Ca(ll)s159 lines on the ratio of the concentrations of elements and
the energy of the laser pump lamp.
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Figure 5. Dependence of the ratio of the intensities of the Mg(1),9367 and Ca(ll)315¢ 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 =Y (Fig. 5). The relationship
between the concentration and the intensity ratio was approximated by linear functions:

a(Cl/C2)+b=I1/|2. @
The coefficients a and b of these functions were used in further calculations.
Table 3

Analytical lines used for calculations

Element A E
Mg | 293.67 55891
Mg Il 279.08 71490
Mg | 383.23 47957
Pbl 261.42 46060
Al 1l 263.126 123470
Cull 223.01 117928
Sil 252.41 39683
Sill 385.6 81251
Fell 25984 38858
Call 373.7% 52166
Na | 588.96 16973
Kl 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, .Basethon 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 equati@nsiwith/formula (2) was solved using the wxMaxima computer algebra
system [23]:

a,(C,/C,)+b =1/l
a,(C,/C;)+b, =1,/I,
a,(C,/C,)+by,=1,/1,
a,(C,/Cy)+b, =1,/14
a; (C5/Cq ) +bs =15/1¢ (2)
a,(Cs/C, )+, = 15/1,
(C /C) +b, =1, /1,
(C/C) +by =15/l
C,+.+C =1

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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Table 4

Composition of archaeological samples according to LTE-based data

Sample SiO, PbO CaO MgO K,0 Na,O Al,O4 CuO Fe,O4
Sample 1 (Obr1) 56.43 28.84 5.89 1.92 3.84 6.06 1.18 0.34 0.10
+6.21 +4.04 +1.18 +0.33 +0.69 +1.21 +0.30 +0.05 +0.02

55.29 28.00 5.72 1.90 4.40 6.48 1.26 0.34 0.15

Sample 3 (Obr3.1) weos | e300 | w114 | 2032 | 2070 | 130 | 2032 | w005 | <00
Sample 4 (Obrd) 55.29 27.16 5.78 1.90 3.76 6.54 1.43 0.36 0.10
+6.08 +3.80 +1.16 +0.32 +0.68 +1.31 +0.36 +0.06 +0.02
Sample 5 (Obrs) 58.71 29.12 5.67 2.00 3.92 6.60 1.34 0.36 0.16
+6.46 +4.08 +1.13 +0.34 +0.71 +1.32 +0.33 +0.06 +0.02
Sample 6 (Obré) 55.29 30.80 6.05 2.00 4.16 6.42 1.38 0.29 0.19

+6.08 +4.31 +1.21 +0.34 +0.75 +1.28 +0.34 +0.06 +0.02
60.42 26.88 5.67 2.06 3.96 5.94 131 037 0.11
+6.65 +3.76 +1.13 +0.35 +0.71 +1.19 +0.33 %0.06 +0.02

Sample 7 (Obr2007)

Calculated error of the results for the mass fractions of oxides is 15-24 % that,cambe consitered a good
result for the LIBS in the absence of sample preparation. At the same time, it seemedspossible to improve the
accuracy of spectrum analysis using a chemometric data processing method.qBased,on'the literature data, the
projection onto latent structures (PLS) method was chosen as giving goodstesults in most spectrometric stud-
ies [24]. The calculations were carried out in the “R” programming envitonmient.

Table 5

Composition of archaeological samples aceerding'to PLS data

Sample SiO, PbO CaO MgO K>Q Na,O Al,O3 CuO Fe,O4
54.72 26.73 5.62 2.08 5.70 4.70 1.44 0.35 0.01

Sample 1 (Obrl) +5.47 +2.94 +0.79 +0.27 +0.74 +0.66 +0.36 +0.03 +0.01
sample 3 (Obr3.1) 55.29 28.08 5.57 2.04 5.82 495 1.74 0.35 0.02

p : +5.53 +3.09 +0.78 +0.26 +0.76 +0.69 +0.44 +0.03 +0.01
sample 4 (Obrd) 57.57 27.00 5.25 2.14 5.94 5.45 1.66 0.36 0.01

+5.76 +2.97 +0773 +0.28 +0.77 +0.76 +0.42 +0.03 +0.01
59.28 26.46 509 2.12 6.54 5.10 1.76 0.36 0.02
+5.93 +2.91 +0.73 +0.28 +0.85 +0.71 +0.44 +0.03 +0.01
59.85 26.19 5.04 2.21 6.06 5.15 1.50 0.35 0.01
+5.99 +2)88 +0.70 +0.29 +0.79 +0.72 +0.38 +0.03 +0.01
56.43 27.54 5.04 2.04 5.40 5.10 1.65 0.37 0.01
+£5.64 £3°03 +0.70 +0.26 +0.70 +0.71 +0.41 +0.03 +0.01

Sample 5 (Obrb)

Sample 6 (Obr6)

Sample 7 (Obr2007)

As can be seen fromyTable 5, the error in the results of 4 parallel determinations was 9-14 %. It should
be noted thatewhen 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
guantitative 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
chemometric approach, the qualitative and semi-quantitative composition of the enamel of tiles from the an-
cient settlement 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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B.H. ®omun, 2.P. Yemanosa, D.®. I'rons, H.K. KenecoOek,
M.A. Typosgen, O.W. 3emckuii, [I.M. Cayne6ekon, C.K. AnnabepreHoBa

JlazepJik YIIKBIH IMHCCHSUIBIK CIIEKTPOCKONMS KOMeriMeH
KYPaMbIH/1a KOPFACHIHBI 0ap apXeo10TrusiJIbIK KOPFACHIH
IMAJIbbIH CANMAJIBIK KIHE CAHABIK TAJIAY,dIICk

JKombl xaH KamambIFbHBIH (XIV F.) 5Maip apXeoJOTHSIIBIK YJITUIECPiH (Taiiayl | YIIiH Ja3epiik YIIKbIH
smuccHsbIK crekrpockonus (JI¥DC) onici Konmanbuisl. Cananblk Tangay 0apbIChiHIa SMallb KYPaMbIHBIH
Herisri anementrepi Si, Pb, K, Na, Mg, Ca, Al exeni aHbIKfannsk, | 1a8ypbaiH TyCi MBIC IIE€H TEMipIiH
OomypiHa OaitmanpicTel. Opramanay omiciMeH KiacTepiiey OapbfChlHAA SMANbAiH KypaMmblHA yKcac, Oipax
KaJIaIIBIK iIIiHAe IIBIKKAH jkepi OONBIHINA epeKIIeNICHeTiH eKigyrigEo0s! anbikTanael. JI¥YDOC cnekrpiepi
OOMbIHIIA JKepPrimiKTI TepMoauHaMHUKAIBIK Tere-TeHAIK @KTT) punoTesacblHa HEri3JeireH ONICTi KoHE
XEMOMETPHUSUIBIK TOCUIII (PkachIpbiH KypbuibiMaapra mpeekius, JKKII) KonmaHa OTBIPBIN, KapacThIPBUIFaH
yJIrinepze ria3ypbaiH KapThUlail CaHABIK KypaMbl aHBIKTAABL CIIeKTpi Tipkey HIapTTapbl ©3repreH Kesze
e3repicke YIIBIpaMaiThIH 3JEMEHTTEp TY3YiHIH kynTapbif|izaey xoHe XKTT HerisiHmeri TeHaeymepneri
koo durmeHTTepAi  aHBIKTAy YIOIH OSKCHEPUMEHTEIH (BIKTHMANIBIK-ICTEPMUHUPIICHTEH JKOCHapaybl
konnaneitansl. JKKII oxici Goiteramma ecenteymep “R” opracemma xyprizinmi. TypakTsl okcuarepre KaiTta
€cenTereH/ie Heri3 3JIeMeHTTepiH KypaMbl Kelecigeit 6omnsl, %: SiO, — 49-61, PhO — 23-31, MgO —
1.7-2.3, CaO — 4.6-6.9, Na,0 — 4.1-53pK;0 — 5.1-6.4, Al,0; — 0.8-1.7, CuO — 0.32-0.4, Fe,0;3 —
0.09-0.16. Exi amicTiH e HoTmXen€pi0ip-OipiHe coiikec keneni. XXTT ymiH TepT mapamiens aHbIKTaMa
apachIHiarsl aiitbipMaribiibik 1 5—24 %, XKKIT ymin 9-14 % kypanp. XKapTeiiaii caHAbIK Tanaay JepeKkTepid
€cKepe OTBIPBIN, €Ki TomKa OQMIHY/TiH, Herl3iH/e dMaNbAarbl MBIC NIEH TeMIpAiH OpTYpIi KAaTbIHACKHI JKAaTBIP
JIeTeH KOPBITBHIHIbIFA KEeJ,

Kinm ce3zoep: JI¥OC, xumomerprka, knactepiik tangay, XKKII, skeHix OanKuTBIH KOPFACHIH dMaibaapsbl,
SKCTIEPUMEHTT] BIKTHMAIABI=ACEEPMUHUPIICHTeH JKOCTIapiay, apXeonorys, JKoIbl XaH KalallbFbL.

BH. ®omun, 3.P. Yemanosa, 2.D. 'roas, H.K. Kenecoek,
M. A “Eyposen, O.U. 3emckuii, /I.M. Caynebekos, C.K. AnnaGepreHona

MeTo KAa4eCTBEHHOI'0 M KOJIMYEeCTBEHHOI0 aHAJIHN3A
CBMHIIOBOH apXe0JI0ru4ecKoi 3MaJu ¢ HCNOJIb30BAHUEM
JIa3€PHO UCKPOBOH YMHCCHOHHOM CIIEKTPOCKONUHU

Mertoa na3zepHO-UCKPOBOW dMHUCCHOHHOM criekTpockonuu (JIMDC) npumMeHeH i aHaJIn3a apXeoJOTHYeCKUX
00pa3noB 3Manu ¢ ropoauma Jpxyun-xana (XIVB.). B xone kauecTBeHHOTo aHain3a MOKa3aHO, YTO 3JIeMEH-
TaMu OcHOBBI oMaiu sBisitorest Si, Ph, K, Na, Mg, Ca, Al. Okpacka rma3ypu o0ycnoBiieHa IPUCYTCTBHEM
Menu ¥ kenesa. Kimacrepusanueit MerojoM K cpeqHux ObIIO BBISBICHO [BE IPYIIBI 00Pa3IOB, CXOJHBIX MO
COCTaBY HMaJH, HO OTIMYAIOMINXCS IT0 MECTy IPOHCXOXKICHUS BHYyTpHU ropoauima. C mIpruMeHeHneM MeTOa,
OCHOBAaHHOTO Ha THIIOTE3€ JIOKAIBFHOTO TepMoauHammdeckoro pasHoBecus (JITP), m xemomerpuueckoro
noaxona (mpoeknus Ha jJateHTHbIe cTpyKTypel, I1JIC) mo cnektpam JIMOC ycTaHOBIEH MONTYyKOJINYECTBEH-
HBIA COCTaB IJIa3ypel Ha pacCMOTPEHHBIX 0Opasmax. st MoucKa map JIMHHUH 3J€MEHTOB, He MOIABEPKEHHBIX
U3MCHEHUSAM IIPU U3MEHEHUHM YCJIOBHI PETMCTPALUM CIIEKTPa, M ONpeleneHus Kod(p(ULHEHTOB B ypaBHEHNU-
AX, ocHoBaHHBIX Ha JITP, ucrone30BaHO BEPOATHOCTHO-AETEPMUHUPOBAHHOE TIAHUPOBAHUE 3KCIEPUMEHTA.
Pacuetsr mo merony IIJIC mpoBemensl B cpexe “R”. Conep:xaHue 37I€MEHTOB OCHOBBI B IE€pecueTe Ha
HauboJiee yCTONYMBBIE OKCHIIBI coTaBuiio, %: Si0, — 49-61, PbO — 23-31, MgO — 1.7-2.3, CaO — 4.6—
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6.9, Na,0 — 4.1-5.3, K,0 — 5.1-6.4, Al,0; — 0.8-1.7, CuO — 0.32-0.4, Fe,0; — 0.09-0.16. Pe3yabTaTs!
000MX METOJOB B LEIOM COMNIACYIOTCS MeXay co0oil. PacxoxneHus Mexny 4Ms mapajuienbHbIMU
onpenenenusimu 11 JITP cocraBumm 15-24 %, s TIJIC 9-14 %. C y4eToM JaHHBIX HOJIYKOIHYECTBEHHOTO
aHaNM3a C/IeJIaH BBIBOJ O TOM, YTO B OCHOBE Pa3ZeNeHHs Ha JIBE TPYIIIIHI JISKHUT pa3HOE COOTHOLIEHHE MEU 1
JKere3a B IMalIH.

Karouesvie cnosa: JINDC, xemomeTpuka, kinactepHblil ananus, [1IJIC, nerkomnnaBkue CBUHIIOBBIE dMalld, Be-
POSTHOCTHO-JICTEPMIUHAPOBAHHOE TNIAHUPOBAHUE SKCIICPUMEHTA, apXeoJIoTus, ropoauiie JHkydn-xana.
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