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ɸʥʥʦʪʘʮʠʷ. ʉʦʟʜʘʥʠʝ ʙʠʦʠʩʢʫʩʩʪʚʝʥʥʳʭ ʦʨʛʘʥʦʚ ʠ ʪʢʘʥʝʡ ʚ ʨʝʢʦʥʩʪʨʫʢʪʠʚʥʦ-

ʧʣʘʩʪʠʯʝʩʢʦʡ ʭʠʨʫʨʛʠʠ ʚʦ ʤʥʦʛʦʤ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʨʘʙʦʪʢʠ ʢʘʨʢʘʩʥʳʭ ʥʦʩʠʪʝʣʝʡ 

ʜʣʷ ʢʣʝʪʦʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʢʨʦ- ʠ ʥʘʥʦʯʘʩʪʠʮ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ. ɺ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʦʚ 

ʦʧʘʣʦʚʳʭ ʤʘʪʨʠʮ (ʧʨʘʚʠʣʴʥʳʭ ʫʧʘʢʦʚʦʢ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ ʘʤʦʨʬʥʦʛʦ SiO2 ʩ 

ʜʠʘʤʝʪʨʦʤ 200ï260 ʥʤ) ʠ ʛʝʡʟʝʨʠʪʘ (ʧʨʠʨʦʜʥʦʛʦ ʘʥʘʣʦʛʘ ʦʧʘʣʦʚʳʭ ʤʘʪʨʠʮ) ʩ 

ʢʣʝʪʦʯʥʳʤʠ ʩʠʩʪʝʤʘʤʠ. ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʠ ʦʧʘʣʦʚʳʭ ʤʘʪʨʠʮ 

(ʛʝʡʟʝʨʠʪʘ) ʠ ʜʠʥʘʤʠʢʠ ʥʘʨʘʩʪʘʥʠʷ ʥʘ ʥʠʭ ʢʣʝʪʦʢ ʥʘ ʤʦʜʝʣʠ 

ʠʤʤʦʨʪʘʣʠʟʦʚʘʥʥʳʭ ʬʠʙʨʦʙʣʘʩʪʦʚ ʯʝʣʦʚʝʢʘ. ʈʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʩʪʨʦʝʥʠʷ ʙʠʦʢʦʤʧʦʟʠʮʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ñʦʧʘʣʦʚʘʷ ʤʘʪʨʠʮʘ 

(ʛʝʡʟʝʨʠʪ) ï ʢʫʣʴʪʫʨʘ ʢʣʝʪʦʢò. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʟʤʥʦʞʝʥʠʝ ʢʣʝʪʦʢ ʧʨʦʠʩʭʦʜʠʪ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʦʧʘʣʦʚʳʭ ʤʘʪʨʠʮ (ʛʝʡʟʝʨʠʪʘ) ʩ 

ʧʦʧʝʨʝʯʥʳʤ ʨʘʟʤʝʨʦʤ ʦʪ ʝʜʠʥʠʮ ʜʦ ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʤʝʪʨʦʚ. ʇʨʠʚʝʜʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ñin vitroò ʦʩʪʨʦʡ ʮʠʪʦʪʦʢʩʠʯʥʦʩʪʠ ʠ ʤʘʪʨʠʢʩʥʳʭ 

(ʘʜʛʝʟʠʚʥʳʭ) ʩʚʦʡʩʪʚ ʤʠʢʨʦʯʘʩʪʠʮ ʦʧʘʣʦʚʳʭ ʤʘʪʨʠʮ ʠ ʛʝʡʟʝʨʠʪʘ, ʘ ʪʘʢʞʝ ñin 

vivoò ï ʠʭ ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʠ, ʧʦʟʚʦʣʷʶʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʦʙʨʘʟʦʚʘʥʠʝ 

ʢʣʝʪʦʯʥʳʤʠ ʩʠʩʪʝʤʘʤʠ ʠ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʪʨʝʭʤʝʨʥʦʛʦ ʢʦʤʧʦʟʠʪʘ ʢʘʢ ʵʣʝʤʝʥʪʘ 

ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʠ. ʋʩʪʘʥʦʚʣʝʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʦʙʲʝʤʥʦʡ ʜʚʫʭʬʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ 
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(ñʦʧʘʣʦʚʘʷ ʤʘʪʨʠʮʘ (ʛʝʡʟʝʨʠʪ) ï ʢʫʣʴʪʫʨʘ ʢʣʝʪʦʢò), ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʪʝʤ, ʯʪʦ 

ʪʚʝʨʜʘʷ ʬʘʟʘ (ʤʠʢʨʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʦʧʘʣʦʚʳʭ ʤʘʪʨʠʮ ʠʣʠ ʛʝʡʟʝʨʠʪʘ) 

ʘʨʤʠʨʫʝʪ ʙʠʦʣʦʛʠʯʝʩʢʫʶ ʤʘʩʩʫ, ʩʦʟʜʘʚʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʲʝʤʥʦʛʦ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʩʣʝʜʥʝʡ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʦʧʘʣʦʚʳʝ ʤʘʪʨʠʮʳ, ʛʝʡʟʝʨʠʪʳ, ʙʠʦʢʦʤʧʦʟʠʮʦʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ, ʨʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ.  

Abstract. Construction of bio-artificial organs and tissues in reconstructive plastic 

surgery depends largely on the development of the cell scaffolds using micro- and 

nanoparticles of different nature. In the present paper, we consider the interaction of 

microparticles of opal matrix powders (regular packings of spherical nanoparticles of 

amorphous SiO2 with a diameter of 200ï260 nm) and geyserite (a natural analogue of 

opal matrixes) with cell systems. The biocompatibility of opal matrixes (geyserite) 

and the cell growth dynamics in an immortalized human fibroblast model were 

evaluated. The features of the formation and structure of the biocomposite material 

ñopal matrix (geyserite) - cell cultureò have been considered. It was demonstrated 

that cell reproduction take place on the surface of opal matrix powder (geyserite) 

microparticles with a crosswise size from units up to tens of micrometers. Given ñin 

vitroò investigation results of the acute cytotoxicity and matrix (adhesive) properties 

of opal matrices and geyserite microparticles, as well as ñin vivoò of their 

biocompatibility, make us possible to consider the formation of three-dimensional 

composite by cell systems and microparticles as an element of self-organization. 

The stability of the three-dimensional two-phase structure (ñopal matrix (geyserite) - 

cell cultureò) has been determined, due to the fact that the solid phase (opal matrix 

powder or geyserite microparticles) reinforces the biological mass, creating the 

possibility of volumetric formation of the last one. 

Keywords: opal matrixes, geyserites, biocomposite materials, scanning electron 

microscopy (SEM).  

ɺʚʝʜʝʥʠʝ 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʙʠʦʠʩʢʫʩʩʪʚʝʥʥʳʭ ʦʨʛʘʥʦʚ ʠ ʪʢʘʥʝʡ ʚ ʨʝʢʦʥʩʪʨʫʢʪʠʚʥʦ-

ʧʣʘʩʪʠʯʝʩʢʦʡ ʭʠʨʫʨʛʠʠ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʨʘʙʦʪʢʠ 
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ʢʘʨʢʘʩʥʳʭ ʥʦʩʠʪʝʣʝʡ ʜʣʷ ʢʣʝʪʦʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʢʨʦ- ʠ ʥʘʥʦʯʘʩʪʠʮ 

ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ, ʧʦʩʢʦʣʴʢʫ ʠʭ ʨʘʟʤʝʨʳ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʩʪʨʦʝʥʠʷ ʤʦʛʫʪ 

ʦʢʘʟʘʪʴʩʷ ʩʦʚʤʝʩʪʠʤʳʤʠ ʩ ʢʫʣʴʪʠʚʠʨʫʝʤʳʤʠ ʢʣʝʪʦʯʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ. ɼʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʙʠʦʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʝʨʩʧʝʢʪʠʚʥʦ ʠʟʫʯʝʥʠʝ 

ʬʠʟʠʯʝʩʢʦʛʦ ʠ ʙʠʦʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʪʢʘʥʝʡ ʠ 

ʥʘʥʦʯʘʩʪʠʮ ʨʘʟʣʠʯʥʳʭ ʚʝʱʝʩʪʚ. ʉʧʦʩʦʙ ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʠʦʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʩʪʨʫʢʪʫʨ, ʚ ʧʝʨʩʧʝʢʪʠʚʝ, ʜʦʣʞʝʥ ʦʙʝʩʧʝʯʠʚʘʪʴ ʟʘʤʝʱʝʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ 

ʜʝʬʝʢʪʦʚ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʦʧʝʨʘʪʠʚʥʳʭ ʚʤʝʰʘʪʝʣʴʩʪʚʘʭ. ʀʟʚʝʩʪʥʳ 

ʨʘʟʣʠʯʥʳʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʪʨʫʢʪʫʨ, 

ʧʦʟʚʦʣʷʶʱʠʭ ʠʤʠʪʠʨʦʚʘʪʴ ʩʪʨʫʢʪʫʨʥʦ-ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʩʨʝʜʠ 

ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʝʨʩʧʝʢʪʠʚʥʳ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ (ʦʧʘʣʦʚʳʝ 

ʤʘʪʨʠʮʳ (ʆʄ)) ʠ ʤʠʥʝʨʘʣ r (ʛʝʡʟʝʨʠʪ ï ʧʨʠʨʦʜʥʳʡ ʘʥʘʣʦʛ ʆʄ) ʥʘ ʦʩʥʦʚʝ 

ʢʨʝʤʥʝʟʝʤʘ (ʘʤʦʨʬʥʦʛʦ SiO2). ʋʢʘʟʘʥʥʳʝ ʚʝʱʝʩʪʚʘ ʤʦʛʫʪ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʚ 

ʤʝʜʠʮʠʥʝ ʜʣʷ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ ʥʘ ʥʠʭ ʢʣʝʪʦʢ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʠʭ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʢʘʨʢʘʩʘ ʙʠʦʤʘʩʩʳ ʧʨʠ ʩʦʟʜʘʥʠʠ ʛʠʙʨʠʜʥʳʭ 

(ʙʠʦʠʩʢʫʩʩʪʚʝʥʥʳʭ) ʪʨʘʥʩʧʣʘʥʪʘʪʦʚ ʦʨʛʘʥʦʚ ʠ ʪʢʘʥʝʡ. ɺʦʟʤʦʞʥʦʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ ʆʄ ʠ ʛʝʡʟʝʨʠʪʘ ʜʣʷ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠ ̫ʥʘ ʥʠʭ ʢʣʝʪʦʢ ʨʘʟʣʠʯʥʳʭ 

ʪʠʧʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʪʚʦʣʦʚʳʭ, ʘ ʪʘʢʞʝ ʧʦʜʜʝʨʞʢʘ ʠʭ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʠʷ ʚ 

ʨʘʟʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʤʝʩʪ ʪʨʘʥʩʧʣʘʥʪʘʮʠʠ, 

ʦʧʠʩʘʥʘ ʨʘʥʝʝ [1, 2]. ʇʦ ʫʢʘʟʘʥʥʦʡ ʧʨʠʯʠʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʠʟʫʯʝʥʠʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʆʄ ʠ ʛʝʡʟʝʨʠʪʘ ʩ ʢʣʝʪʦʯʥʳʤʠ ʩʠʩʪʝʤʘʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʩʪʘʙʠʣʴʥʳʭ ʩ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨ 

ʙʠʦʩʦʚʤʝʩʪʠʤʳʭ ʤʘʪʝʨʠʘʣʦʚ.  

ɻʝʡʟʝʨʠʪʳ (ʢʨʝʤʥʠʩʪʳʝ ʪʫʬʳ), ʦʪʥʦʩʷʪ, ʚ ʦʩʥʦʚʥʦʤ, ʢ ʙʠʦʛʝʥʥʳʤ 

ʦʪʣʦʞʝʥʠʷʤ ʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʘʩʣʦʝʥʠʷ ʢʨʝʤʥʝʟʝʤʘ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʠʟ 

ʪʝʨʤʘʣʴʥʳʭ ʚʦʜ ʛʦʨʷʯʠʭ ʠʩʪʦʯʥʠʢʦʚ, ʚʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ 

ʫʯʘʩʪʠʝ ʚ ʠʭ ʬʦʨʤʠʨʦʚʘʥʠʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ [3ï5]. ɺ ʤʝʩʪʘʭ ʚʳʭʦʜʦʚ 

ʪʝʨʤʘʣʴʥʳʭ ʚʦʜ ʦʙʠʪʘʶʪ ʙʘʢʪʝʨʠʘʣʴʥʳʝ ʩʦʦʙʱʝʩʪʚʘ, ʚʢʣʶʯʘʶʱʠʝ ʢʘʢ 

ʧʨʦʜʫʮʝʥʪʦʚ (ʬʦʪʦʪʨʦʬʦʚ, ʭʝʤʦʪʨʦʬʦʚ), ʪʘʢ ʠ ʨʝʜʫʮʝʥʪʦʚ [3, 4]. ʏʘʩʪʦ ʚ ʪʘʢʠʭ 
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ʩʠʩʪʝʤʘʭ ʦʙʨʘʟʫʶʪʩʷ ʙʘʢʪʝʨʠʘʣʴʥʳʝ ʤʘʪʳ, ʩʦʜʝʨʞʘʱʠʝ ʨʘʟʣʠʯʥʫ  ʁ

ʢʦʥʮʝʥʪʨʘʮʠʶ ʢʨʝʤʥʝʟʝʤʘ. ɺʳʜʝʣʝʥʦ ʥʝʩʢʦʣʴʢʦ ñʛʝʥʝʪʠʯʝʩʢʠʭò ʪʠʧʦʚ 

ʛʝʡʟʝʨʠʪʦʚ, ʦʪʣʠʯʘʶʱʠʭʩ ̫ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʨʘʟʤʝʨʦʤ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ 

ʢʨʝʤʥʝʟʝʤʘ, ʘ ʪʘʢʞʝ ʥʘʣʠʯʠʝʤ ʩʠʣʠʬʠʮʠʨʦʚʘʥʥʳʭ ʦʩʪʘʪʢʦʚ ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ 

[3, 4]. 

ʆʄ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʣʦʪʥʝʡʰʫʶ 3D-ʫʧʘʢʦʚʢʫ ʦʜʠʥʘʢʦʚʳʭ ʧʦ 

ʜʠʘʤʝʪʨʫ (ȹd < 5%) ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ ʠʟ ʘʤʦʨʬʥʦʛʦ SiO2 [6ï9]. ɼʠʘʤʝʪʨ 

ʘhʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 ʟʘʚʠʩʠʪ ʦʪ ʫʩʣʦʚʠʡ ʧʦʣʫʯʝʥʠʷ ʆʄ ʠ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 

~200 ʜʦ ~700 ʥʤ [9ï12]. ʋʧʘʢʦʚʢʘ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 ʦʙʨʘʟʫʝʪ 

ʫʧʦʨʷʜʦʯʝʥʥʫʶ 3D-ʩʠʩʪʝʤʫ ʩʪʨʫʢʪʫʨʥʳʭ ʧʫʩʪʦʪ, ʟʘʥʠʤʘʶʱʠʭ 26% ʦʙʲʝʤʘ ʆʄ. 

ʇʨʠ ʟʘʧʦʣʥʝʥʠʠ ʧʫʩʪʦʪ ʨʘʟʣʠʯʥʳʤʠ ʚʝʱʝʩʪʚʘʤʠ ʧʦʣʫʯʘʶʪ ʥʘʥʦʢʦʤʧʦʟʠʪʳ, 

ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʤʝʪʘʤʘʪʝʨʠʘʣʘʤ. ʅʘʥʦʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʆʄ ʧʝʨʩʧʝʢʪʠʚʥʳ 

ʧʨʠ ʩʦʟʜʘʥʠʠ ʘʧʧʘʨʘʪʫʨʳ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʭʥʠʢʠ ʩ ʫʥʠʢʘʣʴʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ [6, 8, 11ï14]. 

ʄʝʪʘʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʆʄ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʤʘʛʥʠʪʥʳʭ 

ʥʦʩʠʪʝʣʝʡ ʠ ʤʘʛʥʠʪʥʳʭ ʜʘʪʯʠʢʦʚ [8, 13, 15ï22]. ɺʦʟʤʦʞʥʦ ʧʨʠʤʝʥʝʥʠʝ ʆʄ ʠ 

ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʚ ʘʚʪʦʵʤʠʩʩʠʦʥʥʳʭ ʢʘʪʦʜʘʭ, ʠʩʪʦʯʥʠʢʘʭ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʠʟʣʫʯʝʥʠʡ ʠ ʜʨʫʛʠʭ ʫʩʪʨʦʡʩʪʚʘʭ [6, 23ï25]. ʇʦʤʠʤʦ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʧʨʠʤʝʥʝʥʠʡ, ʆʄ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʚʢʣʶʯʘʶʱʠʝ 

ʆʄ, ʧʝʨʩʧʝʢʪʠʚʥʳ ʚ ʤʝʜʠʮʠʥʝ ʚ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʨʝʜ, ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ 

ʩʦʟʜʘʥʠʷ ʫʧʨʘʚʣʷʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʠʛʥʘʣʦʚ [12, 23].  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʠ ʠʟʫʯʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ 

ʙʠʦʩʦʚʤʝʩʪʠʤʳʭ ʆʄ ʠ ʛʝʡʟʝʨʠʪʦʚ ʜʣʷ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ ʢʣʝʪʦʯʥʳʭ ʩʠʩʪʝʤ. 

ʄʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʇʦʣʫʯʝʥʠʝ ʠ ʧʦʜʛʦʪʦʚʢʘ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʤ ʆʄ ʠ ʛʝʡʟʝʨʠʪʦʚ. ʆʄ 

ʧʦʣʫʯʘʣʠ ʧʦ ʨʘʥʝʝ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʝʪʦʜʠʢʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 310ï350 ʂ ʠʟ 

ʵʤʫʣʴʩʠʠ, ʧʨʠʛʦʪʦʚʣʝʥʥʦʡ ʩʤʝʰʝʥʠʝʤ 1 ʯʘʩʪʠ 25% ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ 

ʛʠʜʨʦʢʩʠʜʘ ʘʤʤʦʥʠʷ (NH4OH), 50 ʯʘʩʪʝʡ ʵʪʘʥʦʣʘ (ʉ2ʅ5ʆʅ) ʠ 1,6 ʯʘʩʪʝʡ 

ʪʝʪʨʘʵʬʠʨʘ ʦʨʪʦʢʨʝʤʥʠʝʚʦʡ ʢʠʩʣʦʪʳ (Si(ʆʉ2ʅ5)4) [8, 11]. ʇʨʠ ʧʦʣʫʯʝʥʠʠ 3D-
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ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ ʨʝʛʫʣʠʨʫʝʤʳʤʠ ʨʘʟʤʝʨʘʤʠ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2, ʯʴʠ 

ʚʳʩʦʢʦʫʧʦʨʷʜʦʯʝʥʥʳʝ ʫʧʘʢʦʚʢʠ ʦʙʨʘʟʦʚʳʚʘʣʠ ʙʳ ʦʙʣʘʩʪʠ ʩ ʨʘʟʤʝʨʘʤʠ, 

ʜʦʩʪʘʪʦʯʥʳʤʠ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳʭ ʤʝʜʠʢʦ-ʙʠʦʣʦʛʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʠʤʝʥʷʣʠʩʴ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʧʨʦʮʝʩʩʳ ʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ. ɺʝʱʝʩʪʚʘ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʆʄ, 

ʫʜʘʣʷʣʠʩʴ ʪʝʨʤʦʦʙʨʘʙʦʪʢʦʡ ʤʘʩʩʠʚʥʳʭ ʦʙʨʘʟʮʦʚ (775ï975 ʂ) ʧʨʠ ʜʘʚʣʝʥʠʠ 

~1 ʇʘ. ʇʦʩʣʝ ʚʘʢʫʫʤʥʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʤʘʩʩʠʚʥʳʝ ʦʙʨʘʟʮʳ ʫʧʨʦʯʥʷʣʠ ʧʨʠ 

ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʜʘʚʣʝʥʠʷʭ, ʧʨʠ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʣ ʧʝʨʝʥʦʩ 

ʢʨʝʤʥʝʟʝʤʘ ʚ ʦʙʣʘʩʪʴ ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʷ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ ïSiï0ïSiï. ɹʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʤʘʩʩʠʚʥʳʝ 

ʦʙʨʘʟʮʳ ʆʄ ʦʙʲʝʤʦʤ ʜʦ 3 ʩʤ
3
 ʩ ʜʠʘʤʝʪʨʦʤ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 ~200ï

260 ʥʤ (ȹd å 2ï4%) ʠ ʨʘʟʤʝʨʦʤ ʤʦʥʦʜʦʤʝʥʥʳʭ ʦʙʣʘʩʪʝʡ (ʦʙʣʘʩʪʠ ʧʨʘʚʠʣʴʥʦʡ 

ʫʢʣʘʜʢʠ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2) > 0,1 ʤʤ
3
. ʄʘʩʩʠʚʥʳʝ ʦʙʨʘʟʮʳ ʆʄ 

ʜʨʦʙʠʣʠʩʴ ʠ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʳʭ ʩʠʪ, ʠʟ ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʨʦʰʢʘ 

ʚʳʜʝʣʷʣʠʩʴ ʥʝʦʙʭʦʜʠʤʳʝ ʬʨʘʢʮʠʠ ʤʠʢʨʦʯʘʩʪʠʮ. ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʧʨʠʤʝʥʷʣʠʩʴ ʤʠʢʨʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʦʚ ʆʄ ʨʘʟʣʠʯʥʳʭ ʬʨʘʢʮʠʡ (ʜʦ 5ï40 ʤʢʤ). 

ʇʦʨʦʰʢʠ ʠʟ ʆʄ ʧʦʣʫʯʘʣʠ ʪʘʢʞʝ ʤʝʪʦʜʦʤ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʷ, ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʦʪʦʨʦʛʦ ʧʦʤʠʤʦ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʣʫʯʘʣʠ ʦʪʜʝʣʴʥʳʝ ʰʘʨʦʚʳʝ 

ʥʘʥʦʯʘʩʪʠʮ r SiO2 [1, 2]. ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʨʠʢʩʦʚ (ʥʦʩʠʪʝʣʝʡ) ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʛʝʡʟʝʨʠʪʳ ʩʫʙʘʢʚʘʣʴʥʦʛʦ ʪʠʧʘ, ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʁ ʪʩʷ ʥʘ ʜʥʝ ʚʦʜʦʪʦʢʦʚ ʩ 

ʪʝʨʤʘʣʴʥʦʡ ʚʦʜʦʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝʩʳʱʝʥʠ ̫ʨʘʩʪʚʦʨʦʚ ʠ ʚʳʧʘʜʝʥʠ ̫ʢʦʣʣʦʠʜʦʚ 

ʢʨʝʤʥʝʟʝʤʘ. ʋ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʛʝʡʟʝʨʠʪʦʚ ʨʘʟʤʝʨ ʛʣʦʙʫʣ 

ʢʨʝʤʥʝʟʝʤʘ (ʦʚʘʣʦʠʜʥʳʝ ʯʘʩʪʠʮʳ) ʥʘʭʦʜʠʣʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 0,8ï1 ʤʢʤ. ʇʨʠ 

ʧʦʣʫʯʝʥʠʠ ʧʦʨʦʰʢʦʚ ʛʝʡʟʝʨʠʪʦʚ ʦʙʲʝʤʥʳʝ ʦʙʨʘʟʮʳ ʨʘʩʪʠʨʘʣʠ ʚ ʘʛʘʪʦʚʦʡ 

ʩʪʫʧʢʝ. 

ʄʠʢʨʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʦʚ ʆʄ ʠ ʛʝʡʟʝʨʠʪʘ ʧʦʩʣʝ ʨʘʩʩʝʠʚʘʥʠʷ ʜʦ 

ʥʝʦʙʭʦʜʠʤʳʭ ʨʘʟʤʝʨʦʚ ʧʨʦʤʳʚʘʣʠ ʩʧʝʮʠʘʣʴʥʦ ʧʦʜʛʦʪʦʚʣʝʥʥʳʤʠ ʨʘʩʪʚʦʨʘʤʠ ʠ 

ʧʨʦʩʫʰʠʚʘʣʠ. ʇʦʣʫʯʝʥʥʳʝ ʧʦʨʦʰʢʠ ʧʦʜʚʝʨʛʘʣʠ ʩʪʫʧʝʥʯʘʪʦʤʫ ʦʪʞʠʛʫ ʚ 

ʪʝʯʝʥʠʝ 3 ʯʘʩʦʚ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 570 ʂ. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʝʨʝʜ 

ʙʠʦʤʝʜʠʮʠʥʩʢʠʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʧʦʨʦʰʢʠ ʆʄ ʠ ʛʝʡʟʝʨʠʪʦʚ ʦʪʤʳʚʘʣʠ ʚ 
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ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʩʘʞʜʝʥʠʝʤ ʠ ʚʳʩʫʰʠʚʘʥʠʝʤ ʧʨʠ 

420 ʂ. ʆʧʝʨʘʮʠʠ ʦʪʤʳʚʢʠ ʠ ʚʳʩʫʰʠʚʘʥʠʷ ʧʦʚʪʦʨʷʣʠ ʜʚʘʞʜʳ, ʧʦʩʣʝ ʯʝʛʦ 

ʤʠʢʨʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʦʚ ʩʪʝʨʠʣʠʟʦʚʘʣʠ ʚ ʩʫʭʦʞʘʨʦʚʦʤ ʰʢʘʬʫ ʧʨʠ 420 ʂ ʚ 

ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ.  

ʊʝʭʥʠʢʘ ʠ ʪʝʭʥʦʣʦʛʠʷ ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʢʣʝʪʦʯʥʳʭ ʩʠʩʪʝʤ 

ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ñin vitroò ʠ ñin vivoò. ʇʦʜʛʦʪʦʚʢʫ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ñin vitroò ʧʨʦʚʦʜʠʣʠ ʧʦ ʩʪʘʥʜʘʨʪʥʦʡ ʤʝʪʦʜʠʢʝ [1, 2]. 

ʆʩʦʙʝʥʥʦʩʪʠ ʩʪʨʦʝʥʠʷ ʙʠʦʢʦʤʧʦʟʠʪʦʚ ñʆʄ (ʛʝʡʟʝʨʠʪ) ï ʨʘʟʤʥʦʞʘʶʱʠʝʩʷ 

ʢʣʝʪʢʠò, ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪ ɹ ʫʢʘʟʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʜʠʥʘʤʠʢʫ ʥʘʨʘʩʪʘʥʠʷ 

ʢʣʝʪʦʢ ʠʟʫʯʘʣʠ ʥʘ ʤʦʜʝʣʠ ʠʤʤʦʨʪʘʣʠʟʦʚʘʥʥʳʭ ʜʠʧʣʦʠʜʥʳʭ ʬʠʙʨʦʙʣʘʩʪʦʚ 

ʯʝʣʦʚʝʢʘ (ʌʏ) (ʢʣʦʥ ˉ 1608), ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʢʦʣʣʝʢʮʠʠ ʪʠʧʦʚʳʭ ʢʣʝʪʦʯʥʳʭ 

ʢʫʣʴʪʫʨ ʄʝʜʠʢʦ-ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʮʝʥʪʨʘ ʠʤʝʥʠ ʘʢʘʜʝʤʠʢʘ ʅ.ʇ. 

ɹʦʯʢʦʚʘ, ʄʦʩʢʚʘ. ʀʩʧʳʪʘʥʠʝ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʚ 24-ʭ ʣʫʥʦʯʥʳʭ ʧʣʘʪʘʭ 

(Costar, ʉʐɸ). ɺ ʧʣʘʥʰʝʪʳ ʧʦʤʝʱʘʣʠ ʩʪʝʨʠʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ (200 ʤʛ ʥʘ ʣʫʥʢʫ) 

ʠ ʚʥʦʩʠʣʠ 1 ʤʣ ʨʦʩʪʦʚʦʡ ʩʨʝʜʳ ʜʣʷ ʧʦʣʥʦʛʦ ʠʭ ʥʘʩʳʱʝʥʠʷ ʢʫʣʴʪʫʨʘʣʴʥʦʡ 

ʞʠʜʢʦʩʪʴʶ. ʆʙʨʘʟʮ rʚ ʧʣʘʪʘʭ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥ rʚ ʪʨʠʧʣʝʪʘʭ. ʕʢʩʧʝʨʠʤʝʥʪʳ 

ñin vitroò ʧʦ ʦʮʝʥʢʝ ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʭ ʦʩʪʨʦʡ 

ʮʠʪʦʪʦʢʩʠʯʥʦʩʪʠ ʠ ʜʠʥʘʤʠʢʠ ʥʘʨʘʩʪʘʥʠʷ ʢʣʝʪʦʢ ʪʘʢʞʝ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʥʘ 

ʤʦʜʝʣʠ ʢʣʝʪʦʯʥʦʡ ʣʠʥʠʠ ʠʤʤʦʨʪʘʣʠʟʦʚʘʥʥʳʭ ʥʦʨʤʘʣʥɹʳʭ ʌʏ. 

ʂʣʝʪʦʯʥʫʶ ʣʠʥʠʶ ʧʦʜʜʝʨʞʠʚʘʣʠ ʚ ʧʦʣʥʦʡ ʨʦʩʪʦʚʦʡ ʩʨʝʜʝ ʩʦʩʪʘʚʘ: 10% 

ʵʤʙʨʠʦʥʘʣʥɹʘʷ ʪʝʣʷʯʴʷ ʩʳʚʦʨʦʪʢʘ (ʌʋʈʆ, ʄʦʩʢʚʘ), ʛʣʶʪʘʤʠʥ (600 ʤʛ/ʣ), 

ʛʝʥʪʘʤʠʮʠʥ (50 ʤʢʛ/ʤʣ) (ʩʨʝʜʘ ɼʄɽʄ, ʌʝʜʝʨʘʣʴʥʳʡ ʥʘʫʯʥʳʡ ʮʝʥʪʨ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʨʘʟʨʘʙʦʪʢʠ ʠʤʤʫʥʦʙʠʦʣʦʛʠʯʝʩʢʠʭ ʧʨʝʧʘʨʘʪʦʚ ʠʤ. ʄ.ʇ. 

ʏʫʤʘʢʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ). ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʣʝʪʢʠ ʚ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʡ ʬʘʟʝ ʨʦʩʪʘ (ʧʨʝʜʢʦʥʬʣʶʵʥʪʥʳʡ ʤʦʥʦʩʣʦʡ). ɼʣʷ ʧʦʣʫʯʝʥʠʷ 

ʩʫʩʧʝʥʟʠʠ ʦʜʠʥʦʯʥʳʭ ʢʣʝʪʦʢ ʤʦʥʦʩʣʦʡ ʌʏ ʦʙʨʘʙʘʪʳʚʘʣʠ 0,25% ʨʘʩʪʚʦʨʦʤ 

ʪʨʠʧʩʠʥʘ (Sigma, ʉʐɸ), ʘ ʧʦʣʫʯʝʥʥʫʶ ʚʟʚʝʩʴ ʢʣʝʪʦʢ ʦʪʤʳʚʘʣʠ 

ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʝʤ ʚ ʙʦʣʴʰʝʤ ʦʙʲʝʤʝ ʧʦʣʥʦʡ ʨʦʩʪʦʚʦʡ ʩʨʝʜʳ. ʇʦʜʩʯʝʪ ʠ 

ʦʮʝʥʢʫ ʞʠʟʥʝʩʧʦʩʦʙʥʦʩʪʠ ʌʏ ʧʨʦʚʦʜʠʣʠ, ʦʢʨʘʰʠʚʘʷ ʢʣʝʪʦʯʥʫʶ ʩʫʩʧʝʥʟʠʶ 

0,04% ʨʘʩʪʚʦʨʦʤ ʪʨʠʧʘʥʦʚʦʛʦ ʩʠʥʝʛʦ. ɺ ʧʣʘʪʳ ʩ ʠʩʩʣʝʜʫʝʤʳʤʠ ʦʙʨʘʟʮʘʤʠ 
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(ʦʧʳʪ) ʠ ʙʝʟ ʥʠʭ (ʢʦʥʪʨʦʣʴ) ʧʦʤʝʱʘʣʠ ʌʏ (190 ʪʳʩ. ʢʣʝʪʦʢ/ʩʤ
3
, 380 ʪʳʩ. ʢʣʝʪʦʢ 

ʚ ʣʫʥʢʝ) ʚ ʦʙʲʝʤʝ 1500 ʤʢʣ ʧʦʣʥʦʡ ʨʦʩʪʦʚʦʡ ʩʨʝʜʳ ʠ ʠʥʢʫʙʠʨʦʚʘʣʠ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʦʩʪʨʦʡ ʮʠʪʦʪʦʢʩʠʯʥʦʩʪʠ ʚ ʪʝʯʝʥʠʝ 4ï24 ʯʘʩʦʚ, ʘ ʪʘʢʞʝ ʜʣʷ ʦʮʝʥʢʠ 

ʤʘʪʨʠʢʩʥʳʭ ʩʚʦʡʩʪʚ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ ï 3, 7, 14 ʩʫʪʦʢ (ʤʠʢʨʦʯʘʩʪʠʮʳ 

ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ ï 24, 60, 90 ʠ 120 ʩʫʪʦʢ) ʩ ʟʘʤʝʥʦʡ ʯʝʨʝʟ ʢʘʞʜʳʝ ʪʨʠ ʜʥʷ 

ʧʦʣʥʦʡ ʨʦʩʪʦʚʦʡ ʩʨʝʜʳ. ʂʫʣʴʪʠʚʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 310 ʂ ʚ 

ʚʦʟʜʫʭʝ, ʩʦʜʝʨʞʘɦ ʝʤ 5% ʉʆ2.  

ɾʠʟʥʝʩʧʦʩʦʙʥʦʩʪʴ ʌʏ ʚ ʜʠʥʘʤʠʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʮʝʥʠʚʘʣʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʫʤʝʥʠʠ ʜʝʛʠʜʨʦʛʝʥʘʟʘ ʞʠʚʳʭ ʢʣʝʪʦʢ 

ʚʦʩʩʪʘʥʘʚʣʠʚʘʪʴ 3-(-4,5-ʜʠʤʝʪʠʣʪʠʘʟʦʣʠʣ-2)-2,5-ʜʠʬʝʥʠʣʪʝʪʨʘʟʦʣʠʡ ʙʨʦʤʠʩʪʳʡ 

(ʄʊʊ, Sigma, ʉʐɸ) ʚ ʛʦʣʫʙʳʝ ʢʨʠʩʪʘʣʣʳ ʬʦʨʤʘʟʘʥʘ, ʥʝʨʘʩʪʚʦʨʠʤʳʝ ʚ ʚʦʜʝ 

(ʄʊʊ-ʤʝʪʦʜ). 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʄʊʊ-ʪʝʩʪʘ ʚ ʦʧʳʪʘʭ ñin vitroò ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ 

ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ ʌʏ ʥʘ ʢʫʣʴʪʫʨʘʣʴʥʦʤ ʧʣʘʩʪʠʢʝïʧʦʣʠʩʪʠʨʝʥʝ (ʢʦʥʪʨʦʣʴ) ʠ ʌʏ 

ʥʘ ʤʠʢʨʦʯʘʩʪʠʮʘʭ ʧʦʨʦʰʢʦʚ ʆʄ ʠ ʛʝʡʟʝʨʠʪʘ (ʦʧʳʪ) ʠʟ ʢʘʞʜʦʡ ʣʫʥʢʠ ʦʪʙʠʨʘʣʠ 

ʧʦ 1000 ʤʢʣ ʩʨʝʜʳ ʠ ʚʥʦʩʠʣʠ ʧʦ 125 ʤʢʣ ʨʘʩʪʚʦʨʘ ʄʊʊ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 

5 ʤʛ/ʤʣ. ʏʝʨʝʟ 3 ʯʘʩʘ ʠʥʢʫʙʘʮʠʠ ʚ ʚʦʟʜʫʭʝ, ʩʦʜʝʨʞʘʱʝʤ 5 ʦʙʲʝʤʥʳʭ % ʉʆ2 

(310 ʂ) ʠʟ ʢʘʞʜʦʡ ʣʫʥʢʠ ʜʝʢʘʥʪʠʨʦʚʘʣʠ ʧʦ 250 ʤʢʣ ʩʨʝʜʳ. ʆʙʨʘʟʦʚʘʚh ʠʡʩʷ 

ʬʦʨʤʘʟʘʥ ʨʘʩʪʚʦʨʷʣʠ ʚ ʠʟʦʧʨʦʧʠʣʦʚʦʤ ʩʧʠʨʪʝ (750 ʤʢʣ ʥʘ ʣʫʥʢʫ). ʆʩʘʜʦʢ, 

ʦʙʨʘʟʫʶɦ ʠʡʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʝʮʠʧʠʪʘʮʠʠ ʙʝʣʢʦʚ ʚ ʠʟʦʧʨʦʧʘʥʦʣʝ, ʫʜʘʣʷʣʠ 

ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʝʤ (3000 ʦʙ/ʤʠʥ) ʧʣʘʪ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ. ɼʘʣʝʝ ʠʟ ʢʘʞʜʦʡ 

ʣʫʥʢʠ ʧʝʨʝʥʦʩʠʣʠ ʧʦ 100 ʤʢʣ ʩʫʧʝʨʥʘʪʘʥʪʘ ʚ 96-ʣʫʥʦʯʥʳʡ ʧʣʘʥʰʝʪ (ʉostar, 

ʉʐɸ) ʠ ʦʮʝʥʠʚʘʣʠ ʦʧʪʠʯʝʩʢʫʶ ʧʣʦʪʥʦʩʪʴ (D) ʨʘʩʪʚʦʨʘ ʬʦʨʤʘʟʘʥʘ. ɺ ʢʘʯʝʩʪʚʝ 

ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʯʝʩʢʦʛʦ ʢʦʥʪʨʦʣʷ (ʙʣʘʥʢ) ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʨʦʙʳ ʩ ʯʠʩʪʦʡ 

ʧʦʣʥʦʡ ʨʦʩʪʦʚʦʡ ʩʨʝʜʦʡ ʠ ʧʨʦʙʳ, ʩʦʜʝʨʞʘʱʠʝ ʪʝʩʪʠʨʫʝʤʳʝ ʦʙʨʘʟʮʳ ʚ ʧʦʣʥʦʡ 

ʨʦʩʪʦʚʦʡ ʩʨʝʜʝ (ʙʝʟ ʢʣʝʪʦʢ). ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʮʠʪʦʪʦʢʩʠʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʧʦ 

ʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʨʘʩʪʚʦʨʘ ʬʦʨʤʘʟʘʥʘ (ʦʧʳʪ ʠ ʢʦʥʪʨʦʣʴ) ʨʘʩʩʯʠʪʳʚʘʣʠ 

ʬʨʘʢʮʠʶ ʚʳʞʠʚʰʠʭ ʢʣʝʪʦʢ ʧʦʩʣʝ 4ï24 ʯʘʩʦʚ ʠʥʢʫʙʘʮʠʠ ʩ ʥʠʤʠ [1, 2]. ʇʨʠ 

ʦʮʝʥʢʝ ʤʘʪʨʠʢʩʥʳʭ ʩʚʦʡʩʪʚ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ ʠʣʠ ʛʝʡʟʝʨʠʪʘ, 

ʠʩʧʦʣʴʟʫʷ ʚʝʣʠʯʠʥʳ ʦʧʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʨʘʩʪʚʦʨʘ ʬʦʨʤʘʟʘʥʘ ʜʣʷ 
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ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʠ ʧʨʝʜʳʜʫʱʝʛʦ ʧʝʨʠʦʜʦʚ, ʦʧʨʝʜʝʣʷʣʠ ʠʟʤʝʥʝʥʠʝ ʧʫʣʘ (ȹ) ʌʏ 

ʜʣʷ ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʧʝʨʠʦʜʘ. ʉʪʘʪʠʩʪʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ ʨʝʟʫʣʴʪʘʪʦʚ 

ʧʨʦʚʦʜʠʣʠ ʧʦ ʤʝʪʦʜʫ ʉʪʴʶʜʝʥʪʘ. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʠ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʦʚ SiO2, ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ñin vivoò, ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʦʜʝʣʴ ʧʦʜʢʦʞʥʦʡ ʪʨʘʥʩʧʣʘʥʪʘʮʠʠ. 

ʄʳʰʘʤ (ʩʘʤʢʠ ʣʠʥʠʠ ɺDF1 ʚʝʩʦʤ 18ï20 ʛ) ʧʦʜ ʥʘʨʢʦʟʦʤ (ʚʥʫʪʨʠʤʳʰʝʯʥʦ 

ʩʤʝʩʴ 0,5 ʤʣ ʨʘʩʪʚʦʨʘ ʢʝʪʘʤʠʥʘ ʠ 0,5 ʤʣ ʨʘʩʪʚʦʨʘ ʨʝʣʘʥʠʫʤʘ; 0,08 ʤʣ/ʤʳʰʴ) 

ʜʝʣʘʣʠ ʢʦʞʥʳʡ ʥʘʜʨʝʟ ʚ ʦʙʣʘʩʪʠ ʛʨʫʜʥʦʛʦ ʦʪʜʝʣʘ ʧʦʟʚʦʥʦʯʥʠʢʘ 

(ʧʘʨʘʚʝʨʪʝʙʨʘʣʴʥʦ). ʂʦʞʫ ʦʪʜʝʣʷʣʠ ʦʪ ʧʨʠʣʝʛʘʶʱʝʛʦ ʩʣʦʷ ʧʦʜʢʦʞʥʦʡ 

ʢʣʝʪʯʘʪʢʠ ʠ ʤʳʰʮ ʠ ʚ ʦʙʨʘʟʦʚʘʥʥʳʡ ñʢʘʨʤʘʥò ʪʨʘʥʩʧʣʘʥʪʠʨʦʚʘʣʠ (ʧʨʠ ʧʦʤʦʱʠ 

ʰʧʘʪʝʣʷ) ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʪʤʳʪʝr, ʚʳʩʫʰʝʥʥʳʝ, ʩʪʝʨʠʣʴʥʳʝ ʤʠʢʨʦʯʘʩʪʠʮʳ 

ʧʦʨʦʰʢʘ ʆʄ (120 ʤʛ). ɹʠʦʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ 

ʠʟʚʣʝʢʘʣʠ ʠʟ ʤʳʰʝʡ ʥʘ 7, 14, 30 ʩʫʪʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɼʣʷ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ 

ʠʟʫʯʝʥʠʷ (ʩʪʝʨʝʦʤʠʢʨʦʩʢʦʧ) ʠʟ ʠʟʚʣʝʯʝʥʥʳʭ ʙʠʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ 

ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ ʠʟʛʦʪʘʚʣʠʚʘʣʠ ʧʘʨʘʬʠʥʦʚʳʝ ʙʣʦʢʠ ʠ 

ʛʠʩʪʦʣʦʛʠʯʝʩʢʠʝ ʩʨʝʟʳ, ʢʦʪʦʨʳʝ ʦʢʨʘʰʠʚʘʣʠ ʛʝʤʘʪʦʢʩʠʣʠʥʵʦʟʠʥʦʤ.  

ʄʝʪʦʜʳ ʘʥʘʣʠʟʘ ʙʠʦʢʦʤʧʦʟʠʪʦʚ. ʉʦʩʪʘʚ ʠ ʩʪʨʦʝʥʠʝ ʆʄ, ʛʝʡʟʝʨʠʪʘ ʠ 

ʙʠʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʠʩʩʣʝʜʦʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʪʨʦʚʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʤʠʢʨʦʩʢʦʧʦʚ (ʈʕʄ) Carl Zeiss Supra 40-30-87 ʠ JSMï5610LV; 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʇʕʄ) JEM 200ʉ. ʅʘʣʠʯʠʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʚ ʆʄ ʠ ʛʝʡʟʝʨʠʪʝ ʦʧʨʝʜʝʣʷʣʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʪʦʤʝʪʨʠʝʡ (ʧʨʠʙʦʨ ARL X'tra, Thermo Fisher Scientific, ʉu kŬ-ʠʟʣʫʯʝʥʠʝ) 

ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (LabRAM HR800, 

HORIBA Jobin-Yvon, ʣʠʥʠʷ 632,8 ʥʤ He-Ne ʣʘʟʝʨʘ). ʆʧʪʠʯʝʩʢʫʶ ʧʣʦʪʥʦʩʪʴ 

ʨʘʩʪʚʦʨʘ ʬʦʨʤʘʟʘʥʘ ʠʟʤʝʨʷʣʠ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʦʤ ʄʉʉï340 (ʜʣʠʥʘ ʚʦʣʥʳ 

ɚ = 540 ʥʤ). 

ʇʨʠ ʠʟʫʯʝʥʠʠ ʤʝʪʦʜʦʤ ʈʕʄ ʤʠʢʨʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʦʚ ʆʄ ʠ ʛʝʡʟʝʨʠʪʘ, ʘ 

ʪʘʢʞʝ ʦʙʨʘʟʮ  rʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ (ʢʣʝʪʦʯʥʳʝ ʩʠʩʪʝʤʳ) 

ʨʘʟʤʝʱʘʣʠʩʴ ʥʘ ʧʦʜʣʦʞʢʘʭ ʠʟ ʢʨʝʤʥʠʷ ʠʣʠ ʘʤʦʨʬʥʦʛʦ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ 

(ʧʣʘʚʣʝʥʳʡ ʢʚʘʨʮ). ɸʥʘʣʠʟʠʨʫʝʤʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ 
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ʜʣʷ ʦʪʚʦʜʘ ʟʘʨʷʜʘ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʦʪ ʚʦʟʜʝʡʩʪʚʠʷ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ, ʧʦʢʨʳʚʘʣʠ 

ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʦʡ ʧʣʝʥʢʦʡ ʪʠʪʘʥʘ (Ti) ʪʦʣʱʠʥʦʡ < 7 ʥʤ. ʇʣʝʥʢʫ Ti ʥʘ 

ʠʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʥʘʥʦʩʠʣʠ ʤʘʛʥʝʪʨʦʥʥʳʤ ʨʘʩʧʳʣʝʥʠʝʤ ʘʨʛʦʥʦʤ (Ar) 

ʤʠʰʝʥʠ ʠʟ Ti ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʷʭ: ʜʘʚʣʝʥʠʝ Ar 2 ʇʘ; ʤʦʱʥʦʩʪʴ ʨʘʟʨʷʜʘ 

1 ʢɺʪ (ʧʦʩʪʦʷʥʥʳʡ ʪʦʢ); ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʟʮʘ 295 ʂ. ʇʣʝʥʢʫ Ti ʥʘʥʦʩʠʣʠ ʚ 

ʪʝʯʝʥʠʝ 12 ʩʝʢʫʥʜ ʙʝʟ ʧʦʜʦʛʨʝʚʘ ʦʙʨʘʟʮʦʚ. ʀʩʧʦʣʴʟʦʚʘʣʠ ʩʧʝʮʠʘʣʴʥʦ 

ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʥʫʶ ʫʩʪʘʥʦʚʢʫ ʥʘ ʙʘʟʝ ʚʘʢʫʫʤʥʦʛʦ ʧʦʩʪʘ Alcatel, ʩʥʘʙʞʝʥʥʦʛʦ 

ʰʣʶʟʦʚʦʡ ʢʘʤʝʨʦʡ ʟʘʛʨʫʟʢʠ. ʀʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʥʘʭʦʜʠʣʠʩʴ ʧʨʠ ʜʘʚʣʝʥʠʠ 

2 ʇʘ ʤʝʥʝʝ 3 ʤʠʥ. ʉʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʮʝʣʴʥʦʤʝʪʘʣʣʠʯʝʩʢʠʡ ʤʘʛʥʝʪʨʦʥ 

ʧʦʟʚʦʣʷʣ ʧʦʣʫʯʘʪʴ ʩʧʣʦʰʥʳʝ ʧʣʝʥʢʠ ʧʨʠ ʪʦʣʱʠʥʝ 3ï7 ʥʤ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʣʦ 

ʵʬʬʝʢʪʠʚʥʳʡ ʦʪʚʦʜ ʟʘʨʜ̫ʘ ʠ ʥʝ ʠʩʢʘʞʘʣʦ ʨʝʣʴʝʬ ʘʥʘʣʠʟʠʨʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʆʙʨʘʟʮʳ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ ʵʣʝʢʪʨʦʥʦʚ ʚ ʈʕʄ 

ʨʘʚʥʦʤ 9 ʢɺ ʧʨʠ ʪʦʢʝ ʧʫʯʢʘ < 1 ʤɸ (ʦʩʪʘʪʦʯʥʦʝ ʜʘʚʣʝʥʠʝ ʛʘʟʘ ʚ ʘʥʘʣʠʪʠʯʝʩʢʦʡ 

ʷʯʝʡʢʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ~10
-4
 ʇʘ). ʋʢʘʟʘʥʥʳʝ ʨʝʞʠʤʳ ʠ ʥʝ 

ʠʩʧʦʣʟɹʦʚʘʥʠʝ ʠʦʥʥʦʡ ʯʠʩʪʢʠ ʘʥʘʣʠʟʠʨʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʥʠʞʘʣʠ ʚʥʦʩʠʤʳʝ 

ʠʩʢʘʞʝʥʠʷ ʚ ʠʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʙʠʦʢʦʤʧʦʟʠʪʦʚ [1, 26]. 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʉʪʨʦʝʥʠʝ ʠ ʩʦʩʪʘʚ ʆʄ ʠ ʛʝʡʟʝʨʠʪʘ. ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʤʠʢʨʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʦʚ ʆʄ ʩ ʜʠʘʤʝʪʨʦʤ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ ʘʤʦʨʬʥʦʛʦ 

SiO2 d å 200ï260 ʥʤ (ȹd å 4%). ɼʠʘʤʝʪʨ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2, 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʆʄ, ʟʘʚʠʩʝʣ ʦʪ ʫʩʣʦʚʠʡ ʬʦʨʤʠʨʦʚʘʥʠʷ (ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʨʘʩʪʚʦʨʦʚ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʨ.). ʉʪʨʦʝʥʠʝ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʤʠʢʨʦʯʘʩʪʠʮ 

ʧʦʨʦʰʢʦʚ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʠʟ ʧʨʘʚʠʣʴʥʳʭ ʫʧʘʢʦʚʦʢ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 

ʜʠʘʤʝʪʨʦʤ ~250 ʥʤ, ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 1,ʘ,ʙ. ʆʄ ʧʨʝʜʩʪʘʚʣʷʶʪ ʧʣʦʪʥʝʡʰʫʶ 

ʫʧʘʢʦʚʢʫ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2, ʟʘʧʦʣʥʷʶʱʠʭ 74% ʦʙʲʝʤʘ ʤʘʪʨʠʮʳ, ʠ 

ʩʦʜʝʨʞʘʪ ʩʠʩʪʝʤʫ ʩʦʦʙʱʘʶʱʠʭʩʷ ʩʪʨʫʢʪʫʨʥʳʭ ʤʝʞʰʘʨʦʚʳʭ ʧʫʩʪʦʪ, 

ʟʘʥʠʤʘʶʱʠʭ 26% ʦʙʲʝʤʘ ʆʄ. ʐʘʨʦʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ SiO2 ʚ ʆʄ ʠʤʝʶʪ 

ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʝ, ʙʣʠʟʢʦʝ ʢ ʪʦʯʝʯʥʦʤʫ ʠ ʦʙʨʘʟʫʶʪ ʨʝʰʝʪʢʫ. ʋʧʨʦʯʥʝʥʥʳʝ 

ʦʙʨʘʟʮʳ ʆʄ ʠʤʝʣʠ ʢʦʥʪʘʢʪʥʳʝ ʧʣʦʱʘʜʢʠ ʜʠʘʤʝʪʨʦʤ 0,1ï0,3d ʚ ʦʙʣʘʩʪʠ 

ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʷ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2. ʇʣʦʪʥʝʡʰʫʶ ʫʧʘʢʦʚʢʫ ʰʘʨʦʚʳʭ 
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ʥʘʥʦʯʘʩʪʠʮ SiO2 ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʪʝʪʨʘʵʜʨʦʚ ʠ ʦʢʪʘʵʜʨʦʚ, ʧʦʣʥʦʩʪʴʶ 

ʟʘʧʦʣʥʷʶʱʠʭ ʧʨʦʩʪʨʘʥʩʪʚʦ. ʅʘ ʨʠʩ. 1,ʚ ʧʦʢʘʟʘʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ 

(1) ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ (2) ʧʫʩʪʦʪ (ʧʦ ʯʠʩʣʫ ʬʦʨʤʠʨʫʶʱʠʭ ʧʫʩʪʦʪʫ ʰʘʨʦʚʳʭ 

ʥʘʥʦʯʘʩʪʠʮ SiO2 (3)), ʧʨʠ ʵʪʦʤ ʢʘʞʜʘʷ ʰʘʨʦʚʘʷ ʥʘʥʦʯʘʩʪʠʮʘ SiO2 ʦʢʨʫʞʝʥʘ 

ʚʦʩʝʤʴʶ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤʠ ʠ ʰʝʩʪʴʶ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤʠ ʧʫʩʪʦʪʘʤʠ. ʅʘ ʨʠʩ. 1,ʚ 

(ʩʣʝʚʘ) ʥʘ ʛʨʘʥʷʭ ʪʝʪʨʘɻ ʜʨʦʚ ʠ ʦʢʪʘʵʜʨʦʚ (ʧʣʦʩʢʦʩʪʠ {111} ʥʘ ʩʪʳʢʝ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʫʩʪʦʪ) ʧʨʠʚʝʜʝʥʳ ʚʦʛʥʫʪʳʝ ʣʠʥʠʠ 

ʪʨʝʫʛʦʣʴʥʳʭ ʩʝʯʝʥʠʡ ʢʘʥʘʣʦʚ, ʩʦʝʜʠʥʷʶʱʠʭ ʤʝʞʰʘʨʦʚʳʝ ʧʫʩʪʦʪʳ ʠ ʠʤʝʶʱʠʭ 

ʤʘʢʩʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ~0,37d. ʊʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʫʩʪʦʪʳ 

ʫʩʣʦʚʥʦ ʩʦʩʪʦʷʪ ʠʟ ʩʬʝʨ ʜʠʘʤʝʪʨʦʤ ~0,22d ʠ ~0,41d, ʚʧʠʩʘʥʥʳʭ ʚ ʤʝʞʰʘʨʦʚʳʝ 

ʧʫʩʪʦʪʳ, ʠ ʩʦʝʜʠʥʷʶʱʝʛʦ ʠʭ ʧʨʦʩʪʨʘʥʩʪʚʘ. ʅʘ ʚʧʠʩʘʥʥʳʝ ʚ ʧʫʩʪʦʪʳ ʩʬʝʨʳ 

ʧʨʠʭʦʜʠʪʩʷ ~7% ʦʙʲʝʤʘ ʆʄ. ʅʘ ʨʠʩ. 1,ʛ ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʙʲʝʤʥʘ ̫ʤʦʜʝʣ ɹʆʄ, 

ʧʦʢʘʟʳʚʘʶʱʘʷ ʫʧʦʨʷʜʦʯʝʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʩʦʦʙʱʘʶʱʠʭʩʷ ʧʫʩʪʦʪ. 

ʘ)   ʙ)  

 

ʚ)   ʛ)  

 

ʈʠʩ. 1. ʘ, ʙ) ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʦʙʱʝʛʦ ʚʠʜʘ (ʘ) ʠ ʧʦʚʝʨʭʥʦʩʪʠ (ʙ) ʦʪʜʝʣʴʥʦʡ 

ʦʙʲʝʤʥʦʡ ʤʠʢʨʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʆʄ. ʚ) ɼʚʘ ʫʨʦʚʥʷ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ 

SiO2, ʬʦʨʤʠʨʫʶʱʠʭ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʤʝʞʰʘʨʦʚʳʝ ʧʫʩʪʦʪʳ. 

ʛ) ʌʨʘʛʤʝʥʪ ʦʙʲʝʤʥʦʡ ʤʠʢʨʦʯʘʩʪʠʮ rʧʦʨʦʰʢʘ ʆʄ (ʚʨrʝʟ ʧʦ ʧʣʦʩʢʦʩʪʷʤ 

{111} ). 
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ɺ ʦʪʣʠʯʠʝ ʦʪ ʆʄ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʥʘʥʦʧʦʨʠʩʪʦʩʪʴʶ, ʛʝʡʟʝʨʠʪʳ 

ʠʤʝʶʪ ʢʘʢ ʥʘʥʦʧʫʩʪʦʪʳ, ʘʥʘʣʦʛʠʯʥʳʝ ʧʦ ʨʘʟʤʝʨʘʤ ʧʫʩʪʦʪʘʤ ʆʄ, ʪʘʢ ʠ 

ʤʠʢʨʦʧʫʩʪʦʪʳ ʨʘʟʤʝʨʦʤ ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʥ. ʉʪʨʦʝʥʠʝ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ 

ʛʝʡʟʝʨʠʪʦʚ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʥʘʨʘʱʠʚʘʥʠʶ ʢʣʝʪʦʯʥʦʡ 

ʙʠʦʤʘʩʩʳ, ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.  

 

 
 

ʈʠʩ. 2. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ, ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ (ʩʧʨʘʚʘ ʧʦʢʘʟʘʥ ʫʚʝʣʠʯʝʥʥʳʡ ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ). 

 

ɺ ʥʘʩʪʦʷʱʝʤ ʨʘʟʜʝʣʝ ʨʘʙʦʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʦʪʦʛʨʘʬʠʠ ʤʠʢʨʦʯʘʩʪʠʮ 

ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʦʚ ʨʘʟʣʠʯʥʳʭ ʛʝʥʝʪʠʯʝʩʢʠʭ ʪʠʧʦʚ. ʅʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ 

ʤʠʢʨʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ ʩʫʙʘʢʚʘʣʴʥʦʛʦ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʪʠʧʘ 

ʥʘʙʣʶʜʘʣʠʩʴ ʬʦʩʩʠʣʠʟʠʨʦʚʘʥʥʳʝ ʥʠʪʝʚʠʜʥʳʝ ʬʦʨʤʳ ʙʘʢʪʝʨʠʡ ʜʣʠʥʦʡ ʦʪ 5 ʜʦ 

80 ʤʢʤ (ʧʨʠʟʥʘʢʠ ʙʠʦʛʝʥʥʦʡ ʧʨʠʨʦʜʳ) (ʨʠʩ. 3,ʘ). ʅʘ ʨʠʩ. 3,ʙ ʧʦʢʘʟʘʥʘ 

ʤʠʢʨʦʯʘʩʪʠʮʘ ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ ʩʫʙʘʵʨʘʣʴʥʦʛʦ ʪʠʧʘ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ 

ʯʝʨʝʜʦʚʘʥʠʝ ʩʣʦʝʚ ʚʳʩʦʢʦʧʦʨʠʩʪʳʭ (ʩʫʱʝʩʪʚʝʥʥʦ ʙʠʦʛʝʥʥʳʭ) ʠ ʩʪʝʢʣʦʚʠʜʥʳʭ. 

ʅʘ ʩʥʠʤʢʝ ʥʘʙʣʶʜʘʝʪʩʷ ʢʦʣʴʮʦ ʤʝʣʢʦʜʠʩʧʝʨʩʥʦʛʦ ʧʠʨʠʪʘ (ʜʠʩʫʣʴʬʠʜ ʞʝʣʝʟʘ, 

FeS2 (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ ʈʘ3)), ʘʛʨʝʛʘʪʳ ʢʦʪʦʨʦʛʦ ʤʦʛʫʪ ʙʳʪʴ 

ʧʨʦʜʫʢʪʘʤʠ ʟʘʤʝʱʝʥʠʷ ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ ʚ ʘʥʘʵʨʦʙʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʠ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʅʘ ʧʨʘʚʦʡ ʯʘʩʪʠ ʩʥʠʤʢʘ, ʚʥʠʟʫ, ʧʨʝʜʩʪʘʚʣʝʥ ʫʚʝʣʠʯʝʥʥʳʡ 

ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ: ʩʠʣʠʬʠʮʠʨʦʚʘʥʥʳʡ ʦʙʣʦʤʦʢ ʩʪʚʦʨʢʠ ʨʘʢʦʚʠʥʳ ʜʠʘʪʦʤʝʠ. 

ʅʘ ʨʠʩ. 3,ʚ ʧʦʢʘʟʘʥ ʤʘʩʩʠʚʥʳʡ ʬʨʘʛʤʝʥʪ ʯʘʩʪʠʮʳ ʛʝʡʟʝʨʠʪʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʚ 

ʪʦʣʱʝ ʚʦʜʦʥʝʧʨʦʥʠʮʘʝʤʳʭ ʧʦʨʦʜ (ʩʪʨʝʣʢʦʡ ʧʦʢʘʟʘʥʘ ʦʚʘʣʦʠʜʥʘʷ ʯʘʩʪʠʮʘ, 

ʠʤʝʶʱʘʷ ʠʝʨʘʨʭʠʯʝʩʢʦʝ ʩʪʨʦʝʥʠʝ). ɻʣʦʙʫʣʳ ʢʨʝʤʥʝʟʝʤʘ ʢʦʥʜʝʥʩʠʨʫʶʪʩʷ ʠ ʥʘ 
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ʚʥʫʪʨʝʥʥʠʭ, ʠ ʥʘ ʚʥʝʰʥʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʦʙʦʣʦʯʝʢ ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʜʣʷ ʥʠʭ ʦʩʥʦʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʦʙʨʘʟʦʚʘʥʠʷ 

ʷʚʣʷʝʪʩʷ ʫʣʘʚʣʠʚʘʥʠʝ ʢʦʣʣʦʠʜʥʳʭ ʯʘʩʪʠʮ ʢʨʝʤʥʝʟʝʤʘ ʧʦʚʝʨʭʥʦʩʪʴʶ 

ʚʦʜʦʨʦʩʣʝʡ ʠ ʙʘʢʪʝʨʠʡ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʟʘʧʦʣʥʝʥʠʝʤ ʧʨʦʩʪʨʘʥʩʪʚʘ ʤʝʞʜʫ ʥʠʤʠ 

ʧʣʦʪʥʳʤ ʦʧʘʣʦʚʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʚʳʩʪʫʧʘʶʱʠʤ ʚ ʨʦʣʠ ʮʝʤʝʥʪʘ. ʈʘʟʤʝʨ 

ʥʘʙʣʶʜʘʝʤʳʭ ʛʣʦʙʫʣ ʢʨʝʤʥʝʟʝʤʘ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 0,8 ʜʦ 1 ʤʢʤ, ʧʨʠʯʝʤ 

ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʫʧʦʨʷʜʦʯʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʝ ʚʦʟʥʠʢʘʶʪ. 

ʘ)  

 

ʙ)   ʚ)  

 

ʈʠʩ. 3. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʛʝʡʟʝʨʠʪʦʚ ʨʘʟʣʠʯʥʳʭ ʛʝʥʝʪʠʯʝʩʢʠʭ ʪʠʧʦʚ. 

 

ʅʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʆʄ, ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

< 1470 ʂ, ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʦʪ SiO2 ʥʝ ʦʙʥʘʨʫʞʠʣʠ ʠʟ-ʟʘ ʤʘʣʦʛʦ 

(< 1 ʥʤ) ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ), ʯʪʦ ʥʝ 

ʧʦʟʚʦʣʷʝʪ ʠʭ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʧʦ ʧʨʠʯʠʥʝ ʨʘʟʤʝʨʥʦʛʦ ʫʰʠʨʝʥʠʷ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ ɼʝʙʘʷ-ʐʝʨʨʝʨʘ. ʈʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʝʡ 

ʆʄ, ʦʪʦʞʞʝʥʥʳʭ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 1470 ʂ, ʫʩʪʘʥʦʚʣʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʬʘʟʳ SiO2-

ʢʨʠʩʪʦʙʘʣʠʪ (P41212), ʠʤʝʶʱʝʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ~20 ʥʤ (ʨʠʩ. 4; ʧʦʢʘʟʘʥʳ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʠʥʜʝʢʩʳ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ). ʆʪʞʠʛ ʆʄ ʧʨʠ 

1520ï1570 ʂ ʚʝʜʝʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ.  
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ʈʠʩ. 4. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʧʦʨʦʰʢʘ ʤʠʢʨʦʯʘʩʪʠʮ ʆʄ, 

ʦʪʦʞʞʝʥʥʦʛʦ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 1470 ʂ ʚ ʪʝʯʝʥʠʝ 4 ʯʘʩʦʚ. 

 

ʌʘʟʳ SiO2, ʢʦʪʦʨʳʝ ʥʝ ʫʜʘʝʪʩʷ ʦʙʥʘʨʫʞʠʪʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ, ʫʩʪʘʥʘʚʣʠʚʘʣʠ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ. ɼʦ ʪʝʤʧʝʨʘʪʫʨʳ ~1170 ʂ ʠʟʤʝʥʝʥʠʡ ʚ 

ʩʧʝʢʪʨʘʭ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʆʄ ʥʝ ʦʙʥʘʨʫʞʝʥʦ. ɼʣʷ ʩʧʝʢʪʨʦʚ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʆʄ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʘʤʦʨʬʥʦʛʦ SiO2, 

ʭʘʨʘʢʪʝʨʥʳ ʩʣʘʙʘʷ ʧʦʣʦʩʘ ʧʨʠ ʩʜʚʠʛʝ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ȹɜ 

ʨʘʚʥʦʤ ~1060 ʩʤ
-1
, ʧʦʣʦʩʳ ʩʨʝʜʥʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚʙʣʠʟʠ ȹɜ ~600 ʠ ~800 ʩʤ

-1
 ʠ 

ʧʦʣʦʩʳ ʧʨʠ ȹɜ ~420 ʠ ~490 ʩʤ
-1
 (ʨʠʩ. 5,ʘ). 

 

ʘ)   ʙ)  

 

ʈʠʩ. 5. ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʆʄ, ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ:  

ʘ) 1 ï 1170 ʂ (4 ʯʘʩʘ); 2 ï 1270 ʂ (4 ʯʘʩʘ); 3, 4 ï 1320 ʂ (3 ï 12 ʯʘʩʦʚ; 4 ï 

24 ʯʘʩʘ);  

ʙ) 1 ï 1370 ʂ (4 ʯʘʩʘ); 2 ï 1420 ʂ (12 ʯʘʩʦʚ); 3, 4 ï 1470 ʂ (3 ï 3 ʯʘʩʘ; 4 ï 

8 ʯʘʩʦʚ) 
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ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ > 1170 ʂ ʥʘʯʠʥʘʣʘʩʴ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʘʤʦʨʬʥʦʛʦ SiO2 ʚ 

SiO2-ʢʨʠʩʪʦʙʘʣʠʪ (P41212), ʜʣʷ ʢʦʪʦʨʦʛʦ ʭʘʨʘʢʪʝʨʥʳ ʠʥʪʝʥʩʠʚʥʳʝ ʧʦʣʦʩʳ ʧʨʠ 

ȹɜ 110, 228 ʠ 413 ʩʤ
-1
, ʘ ʪʘʢʞʝ ʩʣʘʙʳʝ ʧʦʣʦʩʳ ʧʨʠ ȹɜ 146, 271, 282, 771, 1068, 

1185 ʠ 1390 ʩʤ
-1
. ʅʘ ʩʧʝʢʪʨʘʭ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʆʄ, 

ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ 1270 ʂ ʧʨʠʩʫʪʩʪʚʫʝʪ ʩʣʘʙʘʷ ʧʦʣʦʩʘ ʧʨʠ ȹɜ 884 ʩʤ
-1
, ʢʦʪʦʨʫʶ 

ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ SiO2-ʢʚʘʨʮ (P3221). ʊʘʢʞʝ ʬʘʟʝ SiO2-ʢʚʘʨʮ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʧʦʣʦʩʳ ʧʨʠ ȹɜ 802ï813 ʩʤ
-1
. ʇʨʠ 1470 ʂ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ SiO2-ʢʚʘʨʮ 

ʧʝʨʝʭʦʜʠʪ ʚ SiO2-ʢʨʠʩʪʘʙʦʣʠʪ (ʧʦʣʦʩʳ ʧʨʠ ȹɜ 118, 235, 290, 421, 785 ʠ 1074ï

1080 ʩʤ
-1
) (ʨʠʩ. 5,ʙ). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ SiO2 ʧʨʠ ʦʪʞʠʛʝ ʦʪ ʫʩʣʦʚʠʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʆʄ (ʨʠʩ. 5,ʙ, 

ʢʨʠʚʳʝ 3, 4).  

ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʪʦʤʝʪʨʠʷ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʧʦʨʦʰʢʦʚ ʛʝʡʟʝʨʠʪʘ ʧʦʢʘʟʘʣʘ ʥʘʣʠʯʠʝ ʘʤʦʨʬʥʦʡ ʠ 

ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʦʡ (ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ < 1 ʥʤ) ʬʘʟ SiO2. ʉʧʝʢʪʨʳ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʚʳʷʚʠʣʠ ʚ ʜʦʙʘʚʣʝʥʠʝ ʢ ʘʥʘʣʦʛʠʯʥʳʤ 

ʩʧʝʢʪʨʘʤ ʆʄ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʦʣʦʩʳ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʣʝʛʠʨʦʚʘʥʥʳʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʬʘʟʘʤ SiO2 ʠ ʯʘʩʪʠʯʥʦ ʟʘʧʦʣʥʷʶʱʠʭ ʩʪʨʫʢʪʫʨʥʫʶ ʧʦʨʠʩʪʦʩʪʴ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʬʘʟʘʤʠ ʧʨʠʤʝʩʥʳʭ ʤʠʥʝʨʘʣʦʚ, ʥʘʧʨʠʤʝʨ ʦʢʩʠʜʦʚ ʠ 

ʩʫʣɹʬʠʜʦʚ ʞʝʣʝʟʘ. 

ʋʩʣʦʚʠʷ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʦʙʨʘʙʦʪʢʠ 

ʦʙʲʝʤʥʳʭ ʦʙʨʘʟʮʦʚ ʠ ʧʦʨʦʰʢʦʚ ʤʠʢʨʦʯʘʩʪʠʮ ʆʄ ʠ ʛʝʡʟʝʨʠʪʘ ʥʝ 

ʧʨʝʜʫʩʤʘʪʨʠʚʘʣʠ ʥʘʛʨʝʚ ʦʙʨʘʟʮʦʚ ʜʦ ʪʝʤʧʝʨʘʪʫʨ > 1170 ʂ, ʧʨʠ ʢʦʪʦʨʳʭ 

ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʬʘʟ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ 

ʧʨʦʚʝʜʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʙʨʘʟʮʳ ʆʄ ʠ ʛʝʡʟʝʨʠʪʘ, 

ʩʦʜʝʨʞʘʱʠʭ ʪʦʣʴʢʦ ʘʤʦʨʬʥʳʝ ʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʝr ʬʘʟʳ SiO2. (ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʧʨʠʤʝʩʥʳʭ ʬʘʟ ʥʝ ʧʨʝʚʳʰʘʣʘ 1%). 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʣʝʪʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʩ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʆʄ ʠ 

ʛʝʡʟʝʨʠʪʘ. ʇʦʚʝʜʝʥʠʝ ʥʘʥʦ- ʠ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʦʚ ʆʄ, ʘ ʪʘʢʞʝ 

ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʦʚ ʛʝʡʟʝʨʠʪʘ ʚ ʧʠʪʘʪʝʣʴʥʦʤ ʨʘʩʪʚʦʨʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ 
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ʨʠʩ. 6ï9. ʅʘ ʨʠʩ. 6 ʠ ʨʠʩ. 7 ʩʪʨʝʣʢʘʤʠ ʧʦʢʘʟʘʥ r ʩʪʝʥʢʠ ʢʶʚʝʪʳ; ʩʥʠʤʢʠ 

ʩʜʝʣʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ).  

 

 
 

ʈʠʩ. 6. ʌʦʨʤʠʨʦʚʘʥʠʝ ʜʚʫʭʬʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ ñʛʝʡʟʝʨʠʪ ï ʢʣʝʪʦʯʥʘʷ 

ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʤʘʩʩʘò (ɸ); (1 ʩʫʪʢʠ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ) (ʩʧʨʘʚʘ ʧʦʢʘʟʘʥʳ 

ʫʚʝʣʠʯʝʥʥʳʝ ʚʳʜʝʣʝʥʥʳʝ ʫʯʘʩʪʢʠ). 

 

 

 
 

ʈʠʩ. 7. ʌʦʨʤʠʨʦʚʘʥʠʝ ʜʚʫʭʬʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ ñʛʝʡʟʝʨʠʪ ï ʢʣʝʪʦʯʥʘʷ 

ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʤʘʩʩʘò (ɸ); (14 ʩʫʪʢʠ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ) (ʩʧʨʘʚʘ ʧʦʢʘʟʘʥʳ 

ʫʚʝʣʠʯʝʥʥʳʝ ʚʳʜʝʣʝʥʥʳʝ ʫʯʘʩʪʢʠ). 

 

 

ʘ)   ʙ)  

 

ʈʠʩ. 8. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʦʪʜʝʣʴʥʳʭ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 ʚ ʧʠʪʘʪʝʣʴʥʦʤ 

ʨʘʩʪʚʦʨʝ (ʩʧʨʘʚʘ ʧʦʢʘʟʘʥʳ ʫʚʝʣʠʯʝʥʥʳʝ ʚʳʜʝʣʝʥʥʳʝ ʫʯʘʩʪʢʠ). 
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ʘ)   ʙ)  

 

ʈʠʩ. 9. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʦʪʜʝʣʴʥʳʭ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ ʚ 

ʧʠʪʘʪʝʣʴʥʦʤ ʨʘʩʪʚʦʨʝ (14 ʜʥʝʡ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ) 

 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʘʟʤʥʦʞʝʥʠʝ ʢʣʝʪʦʢ (ʠʤʤʦʨʪʘʣʠʟʦʚʘʥʥʳʝ ʌʏ) ʧʨʦʠʩʭʦʜʠʪ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ ʩ ʧʦʧʝʨʝʯʥʳʤ ʨʘʟʤʝʨʦʤ ʦʪ ʝʜʠʥʠʮ 

ʜʦ ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʤʝʪʨʦʚ (ʨʠʩ. 10), ʧʨʠ ʵʪʦʤ, ʧʨʘʚʠʣʴʥʦʩʪʴ ʫʧʘʢʦʚʢʠ ʰʘʨʦʚʳʭ 

ʥʘʥʦʯʘʩʪʠʮ SiO2 ʩʦʭʨʘʥʷʝʪʩʷ (ʩʤʦʪʨʠ ʫʚʝʣʠʯʝʥʥʳʝ ʚʳʜʝʣʝʥʥʳʝ ʫʯʘʩʪʢʠ ʥʘ 

ʨʠʩ. 10). 

 

ʘ)  

 

ʙ)  

 

ʈʠʩ. 10. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ ʠ 

ʢʣʝʪʦʯʥʦʡ ʩʠʩʪʝʤʳ (ʩʧʨʘʚʘ ʥʘ ʢʘʞʜʦʤ ʧʦʩʣʝʜʫʶʱʝʤ ʩʥʠʤʢʝ ʧʦʢʘʟʘʥ 

ʫʚʝʣʠʯʝʥʥʳʡ ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ ʧʨʝʜʜrʫʱʝʛʦ) 
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ʅʘ ʨʠʩ. 11 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʚʦʙʦʜʥʳʝ ʤʠʢʨʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʆʄ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʧʦ ʛʨʘʥʠʮʝ ʜʚʫʭʬʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ (ñʆʄ ï ʙʠʦʣʦʛʠʯʝʩʢʘʷ 

ʤʘʩʩʘò). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʦʨʤʠʨʫʝʪʩʷ ʜʚʫʭʬʘʟʥʘʷ ʩʪʨʫʢʪʫʨʘ ʰʘʨʦʦʙʨʘʟʥʦʡ 

ʬʦʨʤʳ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʤʘʩʩʳ, ʘʨʤʠʨʦʚʘʥʥʦʡ ʢʘʨʢʘʩʦʤ ʠʟ 

ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ. 

 

 
 

ʈʠʩ. 11. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ ʠ ʌʏ. 

 

ʇʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʢʣʝʪʦʢ ʩ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʰʢʘ ʆʄ ʠʣʠ 

ʛʝʡʟʝʨʠʪʘ ʥʘʙʣʶʜʘʣʦʩʴ ʧʦʷʚʣʝʥʠʝ ʭʘʨʘʢʪʝʨʥʳʭ ʥʠʪʝʚʠʜʥʳʭ ʦʪʨʦʩʪʢʦʚ 

(ʨʠʩ. 12), ʘ ʪʘʢʞʝ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʦʪʜʝʣʝʥʠʝ ʠ ñʟʘʭʚʘʪò ʦʪ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ 

ʆʄ ʠʣʠ ʛʝʡʟʝʨʠʪʘ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 ʠʣʠ ʥʘʥʦʯʘʩʪʠʮ ʛʝʡʟʝʨʠʪʘ 

(ʨʠʩ. 13ï19), ʠʩʧʦʣʴʟʫʝʤʳʭ ʢʣʝʪʦʯʥʦʡ ʩʠʩʪʝʤʦʡ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʦʙʲʝʤʘ 

ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʤʘʩʩʳ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʨʢʘʩʥʦʡ ʩʪʨʫʢʪʫʨʳ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʙʰʠʨʥʘʷ ʛʘʣʝʨʝʷ ʠʣʣʶʩʪʨʘʮʠʡ ʩʪʨʦʝʥʠʷ ʦʙʣʘʩʪʝʡ 

ʢʦʥʪʘʢʪʘ ʪʚʝʨʜʦʡ ʬʘʟʳ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʦʚ ʆʄ ʠ ʛʝʡʟʝʨʠʪʘ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʟʚʦʣʷʶʪ ʜʝʪʘʣʴʥʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʪʜʝʣʴʥʳʭ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 ʠ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʦʚ 

ʆʄ ʠ ʛʝʡʟʝʨʠʪʘ. ʇʦ ʫʢʘʟʘʥʥʦʡ ʧʨʠʯʠʥʝ ʧʦʢʘʟʘʥʳ ʥʝ ʦʪʜʝʣʴʥʳʝ ʩʥʠʤʢʠ, ʘ 

ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʜʘʥʥʳʝ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʝ ʚʝʩʴ ʩʧʝʢʪʨ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʙʠʦʩʪʨʫʢʪʫʨʥʦʛʦ ʜʚʫʭʬʘʟʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 
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ʘ)  

 

ʙ)  

 

ʈʠʩ. 12. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫ʢʣʝʪʦʯʥʦʡ ʩʠʩʪʝʤʳ ʩ 

ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʢhʘ ʆʄ (ʩʧʨʘʚʘ ʥʘ ʢʘʞʜʦʤ ʧʦʩʣʝʜʫʶʱʝʤ ʩʥʠʤʢʝ ʧʦʢʘʟʘʥ 

ʫʚʝʣʠʯʝʥʥʳʡ ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ ʧʨʝʜʜrʫʱʝʛʦ). 

 

 

 

ʘ)   ʙ)  

 

ʈʠʩ. 13. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫ʢʣʝʪʦʯʥʦʡ ʩʠʩʪʝʤʳ ʩ 

ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʰʢʘ ʆʄ ʜʣʷ ʨʝʰʸʪʯʘʪʳʭ ʫʧʘʢʦʚʦʢ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ 

SiO2 (ʩʧʨʘʚʘ ʥʘ ʢʘʞʜʦʤ ʧʦʩʣʝʜʫʶʱʝʤ ʩʥʠʤʢʝ ʧʦʢʘʟʘʥ ʫʚʝʣʠʯʝʥʥʳʡ 

ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ ʧʨʝʜʜrʫʱʝʛʦ). 
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ʘ)  ʙ)  ʚ)  

 

ʛ)  ʜ)  ʝ)  

 

ʈʠʩ. 14. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʣʝʪʦʯʥʦʡ ʩʠʩʪʝʤʳ ʩ 

ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ (14 ʜʥʝʡ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ). 

 

ʘ)  

 

ʙ)  

 

ʈʠʩ. 15. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫ʢʣʝʪʦʯʥʦʡ ʩʠʩʪʝʤʳ ʩ 

ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ (14 ʜʥʝʡ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ) (ʩʧʨʘʚʘ ʥʘ 

ʢʘʞʜʦʤ ʧʦʩʣʝʜʫʶʱʝʤ ʩʥʠʤʢʝ ʧʦʢʘʟʘʥ ʫʚʝʣʠʯʝʥʥʳʡ ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ 

ʧʨʝʜʜrʫʱʝʛʦ). 
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ʘ)  

 

ʙ)  

 

ʈʠʩ. 16. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʣʝʪʦʯʥʦʡ ʩʠʩʪʝʤʳ ʩ 

ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ (28 ʜʥʝʡ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ) (ʩʧʨʘʚʘ ʥʘ 

ʢʘʞʜʦʤ ʧʦʩʣʝʜʫʶʱʝʤ ʩʥʠʤʢʝ ʧʦʢʘʟʘʥ ʫʚʝʣʠʯʝʥʥʳʡ ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ 

ʧʨʝʜʜrʫʱʝʛʦ). 

 

 

 
 

ʈʠʩ. 17. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫ʨʦʩʪʦʚʦʡ ʩʨʝʜʳ ʩ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ 

ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ (30 ʜʥʝʡ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ) (ʩʧʨʘʚʘ ʥʘ ʢʘʞʜʦʤ ʧʦʩʣʝʜʫʶʱʝʤ 

ʩʥʠʤʢʝ ʧʦʢʘʟʘʥ ʫʚʝʣʠʯʝʥʥʳʡ ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ ʧʨʝʜʜrʫʱʝʛʦ). 
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ʘ)  

 

ʙ)  

 

ʈʠʩ. 18. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫ʌʏ: ʘ) ʩ ʦʙʲʝʤʥʳʤʠ 

ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʰʢʘ ʆʄ ʠ ʦʪʜʝʣʴʥʳʤʠ ʰʘʨʦʚʳʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ SiO2; ʙ) 

ʩ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ (60 ʜʥʝʡ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ) (ʩʧʨʘʚʘ ʥʘ 

ʢʘʞʜʦʤ ʧʦʩʣʝʜʫʶʱʝʤ ʩʥʠʤʢʝ ʧʦʢʘʟʘʥ ʫʚʝʣʠʯʝʥʥʳʡ ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ 

ʧʨʝʜʜrʫʱʝʛʦ). 

 

 
 

ʈʠʩ. 19. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫ʌʏ ʩ ʦʪʜʝʣʴʥʳʤʠ ʰʘʨʦʚʳʤʠ 

ʥʘʥʦʯʘʩʪʠʮʘʤʠ SiO2 (ʩʧʨʘʚʘ ʧʦʢʘʟʘʥ ʫʚʝʣʠʯʝʥʥʳʡ ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ). 

 

ɺ ʪʨʝʱʠʥʘʭ ʠ ʥʘ ʚʩʢʨʳʪʳʭ ʫʯʘʩʪʢʘʭ ʧʨʦʩʤʘʪʨʠʚʘʶʪʩʷ ʢʨʫʧʥʳʝ 

ʤʠʢʨʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʆʄ, ʧʨʠ ʵʪʦʤ ʠʭ ʧʦʚʝʨʭʥʦʩʪʴ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʣʦʩʢʦʩʪʠ 

{111} ʧʣʦʪʥʝʡʰʝʡ ʢʫʙʠʯʝʩʢʦʡ ʫʧʘʢʦʚʢʠ (ʨʠʩ. 20). ʈʝʜʢʦʝ ʧʨʠʩʫʪʩʪʚʠʝ ʜʨʫʛʠʭ 

ʧʣʦʩʢʦʩʪʝʡ, ʥʘʧʨʠʤʝʨ, {100}, ʚʝʨʦʷʪʥʦ, ʩʚʟ̫ʘʥʦ ʩ ʠʭ ʙʦʣʝʝ ʥʠʟʢʦʡ 

ʨʝʪʠʢʫʣʷʨʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʤʝʥʴʰʠʤ ʩʮʝʧʣʝʥʠʝʤ ʰʘʨʦʚʳʭ 

ʥʘʥʦʯʘʩʪʠʮ SiO2 ʩ ʤʠʢʨʦʯʘʩʪʠʮʝʡ ʆʄ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʣʝʢʪʨʦʥʥʦʛʦ 
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ʤʠʢʨʦʩʢʦʧʘ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʦʪʜʝʣʝʥʠʝ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 ʦʪ ʆʄ, 

ʦʛʨʘʥʝʥʥʳʭ ʧʦ ʪʘʢʠʤ ʧʣʦʩʢʦʩʪʷʤ (ʨʠʩ. 21). 

 

ʘ)   ʙ)  

 

ʈʠʩ. 20. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ ʜʦ (ʘ) ʠ 

ʧʦʩʣʝ (ʙ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʌʏ (ʥʘ ʨʠʩ. ʙ ʩʧʨʘʚʘ ʧʦʢʘʟʘʥ ʫʚʝʣʠʯʝʥʥʳʡ 

ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ) 

 

ʘ)   ʙ)  

 

ʈʠʩ. 21. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʨʠʩʪʦʛʦ ʩʪʨʦʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʦʙʣʘʩʪʝʡ ʜʚʫʭʬʘʟʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ñʆʄ ï ʢʣʝʪʦʯʥʘʷ ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʤʘʩʩʘò. ʘ) ɺ ʩʪʨʫʢʪʫʨʝ ʩʦʜʝʨʞʘʪʩʷ 

ʦʪʜʝʣʴʥʳʝ ʰʘʨʦʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ SiO2; ʙ) ʦʪʜʝʣʝʥʠʝ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 

ʦʪ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ, ʦʛʨʘʥʝʥʥʳʭ ʧʦ ʧʣʦʩʢʦʩʪʷʤ, ʦʪʣʠʯʥʳʤ ʦʪ {111} 

(ʩʧʨʘʚʘ ʧʦʢʘʟʘʥʳ ʫʚʝʣʠʯʝʥʥʳʝ ʚʳʜʝʣʝʥʥʳʝ ʫʯʘʩʪʢʠ) 

 

ʂʦʛʜʘ ʚ ʨʦʩʪʦʚʦʡ ʩʨʝʜʝ ʥʝʜʦʩʪʘʪʦʯʥʦ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ ʠʣʠ 

ʛʝʡʟʝʨʠʪʘ ʬʦʨʤʠʨʫʝʪʩʷ ʧʦʨʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ (ʨʠʩ. 21 ʠ ʨʠʩ. 23). ʇʦʩʢʦʣʴʢʫ, ʚ 

ʧʨʦʮʝʩʩʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʟʫʯʘʝʤʳʭ ʩʠʩʪʝʤ ʩ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʰʢʘ ʆʄ 

ʠʣʠ ʛʝʡʟʝʨʠʪʘ ʠʤʝʝʪ ʤʝʩʪʦ ʨʘʟʨʳʭʣʝʥʠʝ ʠ ʨʘʟʨʫʰʝʥʠʝ ʧʦʩʣʝʜʥʠʭ, ʰʘʨʦʚʳʝ 

ʥʘʥʦʯʘʩʪʠʮʳ SiO2 ʠʣʠ ʥʘʥʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ ʧʦʧʘʜʘʶʪ ʚ ʙʠʦʤʘʩʩʫ. ɺ 

ʩʣʫʯʘʝ ʛʝʡʟʝʨʠʪʦʚ ʧʦʨʠʩʪʦʩʪʴ ʙʠʦʩʪʨʫʢʪʫʨʳ ʩʦʭʨʘʥʷʝʪʩʷ ʥʘ ʚʩʝʤ ʧʨʦʪʷʞʝʥʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ ʩ ʌʏ (ʨʠʩ. 22ï24), ʯʪʦ 

ʧʨʠʚʦʜʠʪ, ʢʘʢ ʥʠʞʝ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ, ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʩʪʨʫʢʪʫʨ ʬʨʘʢʪʘʣʴʥʦʛʦ 
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ʪʠʧʘ. ʆʙʲʝʤʥʘʷ ʩʪʨʫʢʪʫʨʘ ʜʚʫʭʬʘʟʥʦʡ ʩʠʩʪʝʤʳ (ñʆʄ ï ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʤʘʩʩʘò) 

ʫʩʪʦʡʯʠʚʘ, ʪʘʢ ʢʘʢ ʪʚʝʨʜʘʷ ʬʘʟʘ (ʤʠʢʨʦʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʆʄ) ʘʨʤʠʨʫʝʪ ʤʷʛʢʫʶ 

ʬʘʟʫ (ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʤʘʩʩʘ), ʩʦʟʜʘʚʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʲʝʤʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʧʦʩʣʝʜʥʝʡ. 

ʘ)  

 

ʙ)  

ʈʠʩ. 22. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫ʨʦʩʪʦʚʦʡ ʩʨʝʜʳ ʩ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ 

ʧʦʨʦʰʢʘ ʛʝʡʟʝʨʠʪʘ (60 ʜʥʝʡ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ) (ʩʧʨʘʚʘ ʧʦʢʘʟʘʥʳ ʫʚʝʣʠʯʝʥʥʳʝ 

ʚʳʜʝʣʝʥʥʳʝ ʫʯʘʩʪʢʠ). 

 

ʘ)  

 

ʙ)   ʚ)  

ʈʠʩ. 23. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʨʠʩʪʦʛʦ ʩʪʨʦʝʥʠʷ ʜʚʫʭʬʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ñʛʝʡʟʝʨʠʪ ï ʢʣʝʪʦʯʥʘʷ ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʤʘʩʩʘò (60 ʜʥʝʡ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ). ʅʘ 

ʨʠʩ. ʘ ï ʩʧʨʘʚʘ ʥʘ ʢʘʞʜʦʤ ʧʦʩʣʝʜʫʶʱʝʤ ʩʥʠʤʢʝ ʧʦʢʘʟʘʥ ʫʚʝʣʠʯʝʥʥʳʡ 

ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ ʧʨʝʜʜrʫʱʝʛʦ. 
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ʘ)  

 

ʙ)  

 

ʚ)  

 

ʈʠʩ. 24. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʜʚʫʭʬʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ ñʛʝʡʟʝʨʠʪ - ʢʣʝʪʦʯʥʘʷ 

ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʤʘʩʩʘò (60 ʜʥʝʡ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ) (ʩʧʨʘʚʘ ʥʘ ʢʘʞʜʦʤ 

ʧʦʩʣʝʜʫʶʱʝʤ ʩʥʠʤʢʝ ʧʦʢʘʟʘʥ ʫʚʝʣʠʯʝʥʥʳʡ ʚʳʜʝʣʝʥʥʳʡ ʫʯʘʩʪʦʢ 

ʧʨʝʜʜrʫʱʝʛʦ). 

 

ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ ʬʦʨʤʠʨʫʝʪʩʷ ʦʙʦʣʦʯʢʘ ʪʦʣʱʠʥʦʡ ~0,3d ʚʦʢʨʫʛ ʰʘʨʦʚʳʭ 

ʥʘʥʦʯʘʩʪʠʮ SiO2, ʧʨʠ ʵʪʦʤ ʝʜʠʥʦʡ ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ ñh ʘʨʦʦʙʨʘʟʥʳʭ ʢʦʤʧʣʝʢʩʦʚò 

(ʦʙʲʝʤʥʳʭ ʩʪʨʫʢʪʫʨ ʜʚʫʭʬʘʟʥʦʡ ʩʠʩʪʝʤʳ: ñʆʄ - ʢʣʝʪʦʯʥʘʷ ʙʠʦʣʦʛʠʯʝʩʢʘʷ 

ʤʘʩʩʘò) ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ (ʨʠʩ. 25,ʘ). ʋʩʪʦʡʯʠʚʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʫʝʪʩʷ ʪʦʣʴʢʦ 

ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʙʠʦʤʘʩʩʳ ʚʦʢʨʫʛ ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 (ʨʠʩ. 25,ʘ,ʙ). 

ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʩʪʨʦʠʪʝʣʴʥʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʚʥʝ ʢʦʥʪʘʢʪʘ ʩ ʝʜʠʥʠʯʥʳʤʠ 

ʰʘʨʦʚʳʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ SiO2 ʠʣʠ ʦʙʲʝʤʥʳʤʠ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʰʢʘ ʆʄ) 

ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʤʘʩʩʘ ʨʘʟʨʘʩʪʘʝʪʩʷ ʧʣʘʥʘʨʥʦ ʠ ʠʤʝʝʪ ʷʯʝʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ 

(ʨʠʩ. 26). 
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ʘ)   ʙ)   ʚ)  

 

ʈʠʩ. 25. ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʢʣʝʪʦʯʥʦʡ ʩʠʩʪʝʤʳ, ʧʦʢʘʟʳʚʘʶʱʝʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʙʠʦʤʘʩʩ rʩ ʦʪʜʝʣʴʥʳʤʠ ʰʘʨʦʚʳʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ SiO2 (ʘ); ʩ ʦʪʜʝʣʴʥʳʤʠ 

ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʢhʘ ʆʄ (ʙ); ʩ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ ʧʦʨʦʰʢʘ ʆʄ, 

ʩʦʜʝʨʞʘʱʠʤʠ 2ī5 ʰʘʨʦʚʳʭ ʥʘʥʦʯʘʩʪʠʮ SiO2 (ʚ). 

 

 
 

ʈʠʩ. 26. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʝ ʧʦʚʝʜʝʥʠʝ ʌʏ ʚʥʝ ʢʦʥʪʘʢʪʘ ʩ 

ʰʘʨʦʚʳʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ SiO2 (ʩʧʨʘʚʘ ʧʦʢʘʟʘʥ ʫʚʝʣʠʯʝʥʥʳʡ ʚʳʜʝʣʝʥʥʳʡ 

ʫʯʘʩʪʦʢ). 

 

ʉʪʨʦʝʥʠʝ ʪʨʝʭʤʝʨʥʦʡ ʢʘʨʢʘʩʥʦʡ ʩʪʨʫʢʪʫʨʳ ñʆʄ (ʛʝʡʟʝʨʠʪ) ï 

ʢʣʝʪʦʯʥʘʷ ʤʘʩʩʘò. ʌʠʙʨʦʙʣʘʩʪʳ - ʢʫʣʴʪʫʨʘ ʢʣʝʪʦʢ, ʢʦʪʦʨʳʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʩ 

ʚʳʨʘʞʝʥʥʳʤʠ ʤʘʪʨʠʢʩʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʨʘʩʧʣʘʩʪʳʚʘʶʪʩʷ, ʠʤʤʦʙʠʣʠʟʫʶʪʩʷ ʥʘ 

ʥʝʡ ʠ ʟʘʪʝʤ ʥʘʯʠʥʘʶʪ ʧʨʦʣʠʬʝʨʠʨʦʚʘʪʴ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʌʏ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ 

ʨʘʩʧʣʘʩʪʳʚʘʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʦʚ ʆʄ ʠ ʛʝʡʟʝʨʠʪʘ, ʘ 

ʬʦʨʤʠʨʫʶʪ, ʥʘʯʠʥʘʷ ʩʦ 2 ʜʥʷ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʚʦʢʨʫʛ ʦʪʜʝʣʴʥʳʭ ʤʠʢʨʦʯʘʩʪʠʮ 

ʧʦʨʦʰʢʘ ʆʄ ʰʘʨʦʦʙʨʘʟʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʦʥʮʝʥʪʨʠʯʝʩʢʦʛʦ ʪʠʧʘ, ʢʦʪʦʨʳʝ 

ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʚ ʦʙʲʝʤʝ ʢʘʢ ʟʘ ʩʯʝʪ ʥʘʨʘʩʪʘʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʢʣʝʪʦʢ, ʪʘʢ ʠ ʟʘ ʩʯʝʪ 

ʚʦʚʣʝʯʝʥʠʷ ʥʦʚʳʭ ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ ʚ ʩʪʨʫʢʪʫʨʫ ʢʘʨʢʘʩʥʦʛʦ ʪʠʧʘ 

(ʤʘʪʨʠʢʩ) (ʨʠʩ. 27ï29). ʈʘʟʤʥʦʞʝʥʠʝ ʢʣʝʪʦʢ ʧʨʦʠʩʭʦʜʠʣʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʢʨʦʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʆʄ, ʠʤʝʶʱʠʭ ʧʦʧʝʨʝʯʥʳʡ ʨʘʟʤʝʨ ʦʪ ʝʜʠʥʠʮ ʜʦ 

ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʤʝʪʨʦʚ.  
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ʘ)   ʙ)   ʚ)  

 

ʛ)   ʜ)   ʝ)  

 

ʈʠʩ. 27. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʦʪʜʝʣʴʥʳʭ ʦʙʲʝʤʥʳʭ ʩʪʨʫʢʪʫʨ ʜʚʫʭʬʘʟʥʦʡ ʩʠʩʪʝʤʳ: 

ʘ-ʚ) ñʆʄ ï ʢʣʝʪʦʯʥʘʷ ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʤʘʩʩʘò (21 ʜʝʥʴ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ); ʝ-ʟ) 

ñʛʝʡʟʝʨʠʪ ï ʢʣʝʪʦʯʥʘʷ ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʤʘʩʩʘò: ʛ) 14 ʜʥʝʡ; ʜ) 28 ʜʥʝʡ; ʝ) 60 ʜʥʝʡ 

ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ. 

 

ʘ)   ʙ)  

 

ʚ)   ʛ)   ʜ)  

 

ʈʠʩ. 28. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʩʨʦʩʰʠʭʩʷ ʦʙʲʝʤʥʳʭ ʩʪʨʫʢʪʫʨ ʜʚʫʭʬʘʟʥʦʡ ʩʠʩʪʝʤʳ 

ñʛʝʡʟʝʨʠʪ ï ʢʣʝʪʦʯʥʘʷ ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʤʘʩʩʘò: ʘ) 14 ʜʥʝʡ; ʙ) 28 ʜʥʝʡ; ʚ-ʜ) 

60 ʜʥʝʡ ʢʫʣʴʪʠʚʠʨʦʚʘʥʠʷ. 

 


