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ɸʥʥʦʪʘʮʠʷ. ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʚʳʩʦʢʦʙʘʨʥʳʭ ʬʘʟ (ʙʨʠʜʞʤʘʥʠʪ, ʬʘʟʳ D ʠ Egg) ʷʚʣʷʶʪʩʷ 

ʠʥʜʠʢʘʪʦʨʘʤʠ ʩʦʩʪʘʚʘ ʧʨʦʪʦʣʠʪʘ ʥʘ ʨʘʟʣʠʯʥʳʭ ʤʘʥʪʠʡʥʳʭ ʛʣʫʙʠʥʘʭ. ʇʦʤʠʤʦ ʥʠʟʢʦʛʦ ʦʪʥʦʰʝʥʠʷ 

Cr/Ti, ʥʘ ʥʘʣʠʯʠʝ ʢʦʨʦʚʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ ʤʘʥʪʠʡʥʳʭ ʧʦʨʦʜʘʭ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪɹ ʢʦʤʧʦʥʝʥʪʥʳʡ 

ʩʦʩʪʘʚ ʤʠʥʝʨʘʣʦʚ: ʧʨʠʩʫʪʩʪʚʠʝ (Mg, Fe) TiO3, (Mg, Fe, Al) (Al, Si) O3 ʚ ʙʨʠʜʞʤʘʥʠʪʘʭ, 

(Na2Ca)Ti2Si3O12 ï ʚ ʚʳʩʦʢʦʙʘʨʥʳʭ ʛʨʘʥʘʪʘʭ, NaAlSi2O6, Na(Mg0.5Ti0.5)Si2O6, CaTi4+Al 2O6 ï ʚ 

ʧʠʨʦʢʩʝʥʘʭ, MgAlSiO6H3 ï ʚ ʬʘʟʝ D. ʂʦʨʦʚʦ-ʤʘʥʪʠʡʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠ ʁʤʠʥʝʨʘʣʴʥʦʡ ʘʩʩʦʮʠʘʮʠʠ, ʙʣʠʟʢʦʡ ʢ ʚʝʙʩʪʝʨʠʪʦʚʦʤʫ ʧʘʨʘʛʝʥʝʟʠʩʫ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʢʩʧʝʨʠʤʝʥʪ, ʢʦʨʦʚʦ-ʤʘʥʪʠʡʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʬʘʟʳ DHMS, ʙʨʠʜʞʤʘʥʠʪ, 

ʪʠʪʘʥ, ʭʨʦʤ, ʘʣʤʘʟʥʳʡ ʧʘʨʘʛʝʥʝʟʠʩ 

 

ʀʩʩʣʝʜʦʚʘʥʳ ʩʠʩʪʝʤʳ GLOSS (Plank, Langmuir, 1998) ʠ GLOSS-ʧʝʨʠʜʦʪʠʪ, 

ʤʦʜʝʣʠʨʫʶʱʠʝ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʦʢʝʘʥʠʯʝʩʢʦʛʦ ʦʩʘʜʢʘ ʩ ʜʘʚʣʝʥʠʝʤ ʚ ʟʦʥʘʭ ʩʫʙʜʫʢʮʠʠ, ʘ 

ʪʘʢʞʝ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʤʘʥʪʠʡʥʳʤ ʩʫʙʩʪʨʘʪʦʤ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʝʜʝʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʥʦʛʦʧʫʘʥʩʦʥʥʳʭ ʘʧʧʘʨʘʪʦʚ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʧʨʠ 7ï24 ɻʇʘ ʚ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 900ï1400 Áʉ. ʋʩʣʦʚʠʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʩʦʩʪʘʚ ʧʦʣʫʯʝʥʥʳʭ 

ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ (ʛʨʘʥʘʪʘ, ʧʠʨʦʢʩʝʥʘ, ʙʨʠʜʞʤʘʥʠʪʘ, ʬʘʟʳ D ʠ Egg) ʦʧʨʝʜʝʣʷʶʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʠʥʜʠʢʘʪʦʨʦʚ ʧʨʦʪʦʣʠʪʘ ʚ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ (7ï

12 ɻʇʘ), ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʝ (18 ɻʇʘ) ʠ ʩʘʤʦʡ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʥʠʞʥʝʡ ʤʘʥʪʠʠ ɿʝʤʣʠ (24 ɻʇʘ). 

ɼʣʷ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ ʠ ʦʪʯʘʩʪʠ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ ʧʨʦʙʣʝʤʘ ʫʩʪʘʥʦʚʣʝʥʠʷ 

ʧʘʨʘʛʝʥʝʟʠʩʦʚ ʙʳʣʘ ʧʨʘʢʪʠʯʝʩʢʠ ʨʝʰʝʥʘ ʝʱʝ ʚ 80-ʭ ʛʦʜʘʭ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʫʯʝʥʠʷ 

ʚʢʣʶʯʝʥʠʡ ʚ ʘʣʤʘʟʘʭ ʠ ʤʘʥʪʠʡʥʳʭ ʢʩʝʥʦʣʠʪʦʚ ʚ ʢʠʤʙʝʨʣʠʪʘʭ (ʉʦʙʦʣʝʚ, 1974). 

ɹʦʣʴʰʠʥʩʪʚʦ ʛʨʘʥʘʪʦʚ ʩʠʩʪʝʤʳ GLOSS ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʢɻʣʦʛʠʪʦʚʦʡ ʘʩʩʦʮʠʘʮʠʠ. ɺ 

ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʠʥʜʠʢʘʪʦʨʦʚ ʵʢʣʦʛʠʪʦʚʦʛʦ (ʢʦʨʦʚʦʛʦ) ʧʘʨʘʛʝʥʝʟʠʩʘ ʚ ʩʦʩʪʘʚʝ ʛʨʘʥʘʪʦʚ 

ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ NaïTi ʢʦʤʧʦʥʝʥʪ (Na2Ca)Ti2Si3O12. ɺʚʠʜʫ ʦʪʩʫʪʩʪʚʠ ̫ ʢʨʝʤʥʠʷ ʚ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ, ʧʦʷʚʣʝʥʠʝ ʪʘʢʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʚʷʟʘʥʦ ʠʤʝʥʥʦ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ 

ʧʨʦʪʦʣʠʪʘ, ʘ ʥʝ ʩ ʜʘʚʣʝʥʠʝʤ. ʉʦʩʪʘʚʳ ʥʝʢʦʪʦʨʳʭ ʛʨʘʥʘʪʦʚ, ʠʟ ʟʦʥʳ ʤʝʪʘʧʝʨʠʜʦʪʠʪʘ 

ʧʦʧʘʜʘʶʪ ʣʠʰʴ ʚ ʢʨʘʡʥʶʶ ʥʠʟʢʦʭʨʦʤʠʩʪʫʶ ʦʙʣʘʩʪʴ ʜʫʥʠʪ-ʛʘʨʮʙʫʨʛʠʪʦʚʦʛʦ 

ʧʘʨʘʛʝʥʝʟʠʩʘ. ʇʨʠ ʵʪʦʤ ʚʘʞʥʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʚʳʩʦʢʦʭʨʦʤʠʩʪʳʭ ʛʨʘʥʘʪʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʥʝ ʪʦʣʴʢʦ ʢʦʥʮʝʥʪʨʘʮʠʝʡ Cr2O3 ʚ ʧʦʨʦʜʝ, ʥʦ ʠ ʚʳʩʦʢʠʤ ʦʪʥʦʰʝʥʠʝʤ Cr/Al. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʥʘʠʙʦʣʝʝ ʠʥʬʦʨʤʘʪʠʚʥʳʤ ʙʫʜʝʪ ʦʢʘʟʳʚʘʪʴʩʷ ʩʦʦʪʥʦʰʝʥʠʝ ʭʨʦʤʠʩʪʦʩʪʠ ʠ 

ʤʘʛʥʝʟʠʘʣʴʥʦʩʪʠ ʛʨʘʥʘʪʦʚ ʧʨʠ ʠʭ ʨʘʟʛʨʘʥʠʯʝʥʠʠ ʥʘ ʧʘʨʘʛʝʥʝʟʠʩʳ. ɸʥʘʣʦʛʠʯʥʳʝ ʵʬʬʝʢʪʳ 

ʧʨʦʩʣʝʞʠʚʘʶʪʩʷ ʜʣʷ ʧʠʨʦʢʩʝʥʦʚ: ʚʳʩʦʢʦʢʘʣʴʮʠʝʚʳʝ ʧʠʨʦʢʩʝʥʳ ʚ ʩʠʩʪʝʤʝ ʤʝʪʘʦʩʘʜʢʘ 

ʤʦʞʥʦ ʦʜʥʦʟʥʘʯʥʦ ʦʪʥʝʩʪʠ ʢ ʵʢʣʦʛʠʪʦʚʦʤʫ ʧʘʨʘʛʝʥʝʟʠʩʫ, ʥʘ ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʚʳʩʦʢʘʷ ʜʦʣʷ 

ʞʘʜʝʠʪʘ ʠ ʧʨʠʩʫʪʩʪʚʠʝ ʤʦʣʝʢʫʣʳ ʏʝʨʤʘʢʘ. ɺ ʩʠʩʪʝʤʝ GLOSS-ʧʝʨʠʜʦʪʠʪ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ 

ʧʝʨʝʢʨʳʪʠʝ ʧʦʣʝʡ, ʠ ʤʠʥʝʨʘʣʳ ʩʣʝʜʫʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʧʝʨʝʭʦʜʥʫʶ ʚʝʙʩʪʝʨʠʪʦʚʫʶ 

ʘʩʩʦʮʠʘʮʠʶ, ʘ ʥʘ ʫʯʘʩʪʠʝ ʢʦʨʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʫʢʘʟʳʚʘʝʪ ʩʦʜʝʨʞʘʥʠʝ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʥʘʪʨʠʷ ʠ ʪʠʪʘʥʘ ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʦʥʝʥʪʘ Na(Mg0.5Ti0.5)Si2O6. 

ɼʣ ̫ʙʨʠʜʞʤʘʥʠʪʘ ʪʘʢʞʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʦʚʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʘ ʝʛʦ ʠʥʜʠʢʘʪʦʨʥʦʡ ʨʦʣʠ 

ʚ ʩʦʩʪʘʚʝ ʧʨʦʪʦʣʠʪʘ. ɺ ʤʝʪʘʧʝʨʠʜʦʪʠʪʝ ʙʨʠʜʞʤʘʥʠʪ ʦʙʦʛʘʱʝʥ ʭʨʦʤʦʤ (ʜʦ 0,8 ʤʘʩ.% 
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Cr2O3). ɺ ʤʝʪʘʦʩʘʜʢʝ ʙʨʠʜʞʤʘʥʠʪ ʩʦʜʝʨʞʠʪ ʚʳʩʦʢʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʪʠʪʘʥʘ (ʜʦ 1,2 ʤʘʩ.% 

TiO2) (ʈʠʩ. 1ʘ). ʆʜʥʘʢʦ, ʝʩʣʠ ʙʨʠʜʞʤʘʥʠʪ ʩʦʩʫʱʝʩʪʚʫʝʪ ʩ ʬʘʟʦʡ D, ʪʦ ʥʘʠʙʦʣʝʝ 

ʠʥʬʦʨʤʘʪʠʚʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ ʦʢʘʟʳʚʘʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝ Cr/Ti, ʧʦʩʢʦʣʴʢʫ ʬʘʟʘ D 

ʵʬʬʝʢʪʠʚʥʝʝ ʙʨʠʜʞʤʘʥʠʪʘ ʥʘʢʘʧʣʠʚʘʝʪ ʭʨʦʤ ʠ ʚ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ ʢʦʥʮʝʥʪʨʠʨʫʝʪ ʪʠʪʘʥ 

(ʈʠʩ. 1). 

 

 

ʈʠʩ. 1. ʉʦʩʪʘʚʳ ʙʨʠʜʞʤʘʥʠʪʦʚ ʧʦ ʩʦʜʝʨʞʘʥʠʶ Ti ʠ Cr. (ʘ) ï ʧʨʦʬʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʡ TiO2 ʠ 

Cr2O3 ʚ ʙʨʠʜʞʤʘʥʠʪʘʭ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʦʙʨʘʟʮʝ 3157 ʠʟ ʟʦʥ mGLOSS ʠ mPd, (ʙ) ï ʠʟʤʝʥʝʥʠʝ 

ʦʪʥʦʰʝʥʠʷ Cr/Ti ʠ Al, ʬ.ʝ. ʜʣʷ ʙʨʠʜʞʤʘʥʠʪʦʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʣʠʪʝʨʘʪʫʨʥʤrʠ 

ʜʘʥʥʳʤʠ: (1) ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʩʠʩʪʝʤʘʭ MORB (Litasov, Ohtani, 2005 ʠ ʩʩʳʣʢʠ ʚ ʥʝʡ), 

(2) ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʧʝʨʠʜʦʪʠʪʦʚʳʭ ʩʠʩʪʝʤʘʭ (Litasov, Ohtani, 2003; Wang, Takahashi, 2000; 

Wood, 2000), (3) ʚʢʣʶʯʝʥʠʡ ʚ ʧʨʠʨʦʜʥʳʭ ʘʣʤʘʟʘʭ ʧʝʨʠʜʦʪʠʪʦʚʦʛʦ ʧʘʨʘʛʝʥʝʟʠʩʘ (ɿʝʜʛʝʥʠʟʦʚ 

ʠ ʜʨ., 2015; Stachel et al., 2000; Hutchinson, 1997; Zedgenizov et al., 2020; Kaminsky et al., 2001). 

 

ʈʘʟʛʨʘʥʠʯʝʥʠʝ ʥʘ ʧʘʨʘʛʝʥʝʟʠʩʳ ʤʦʞʥʦ ʧʨʦʠʟʚʦʜʠʪʴ ʪʘʢʞʝ ʧʦ ʩʦʩʪʘʚʫ 

ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʬʘʟ. ɺ ʩʠʩʪʝʤʘʭ ʚʦʜʦʥʘʩʳʱʝʥʥʦʛʦ ʧʝʨʠʜʦʪʠʪʘ ʠ ʚ ʫʧʨʦʱʝʥʥʳʭ ʩʠʩʪʝʤʘʭ 

MASH ʠ CMASH ʦʙʨʘʟʫʝʪʩʷ ʤʘʛʥʝʟʠʘʣʴʥʘʷ ʬʘʟʘ D MgSi2O6H2 (Litasov et al., 2007; 2008; 

Ghosh, Schmidt, 2014) (ʈʠʩ. 2ʘ). 

 

 

ʈʠʩ. 2. ɼʠʘʛʨʘʤʤʳ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʝ ʜʠʘʧʘʟʦʥʳ ʩʦʩʪʘʚʦʚ ʬʘʟʳ D, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʠʩʪʝʤʘʭ GLOSS ʠ GLOSS-ʧʝʨʠʜʦʪʠʪ ʧʨʠ 18 ʠ 24 ɻʇʘ ʚ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ 1000ï1400Áʉ, ʧʦ ʩʦʜʝʨʞʘʥʠʶ (a) (Mg+Fe) ï AlïSi, (ʙ) Alï(Mg+Fe), (ʚ) TiO2 

(ʤʘʩ.%) ï Al/(Mg+Fe) ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʝʜʳʜʫʱʠʭ ʣʝʪ (Liu et al., 

2019 ʠ ʩʩʳʣʢʠ ʚ ʥʝʡ). 
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ɻʣʠʥʦʟʝʤʠʩʪʘʷ ʨʘʟʥʦʩʪʴ ʬʘʟʳ D Al 2SiO6H2 ʜʣʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʥʝ ʭʘʨʘʢʪʝʨʘ, ʘ ʝʝ ʩʠʥʪʝʟ ʙʳʣ 

ʨʝʘʣʠʟʦʚʘʥ ʪʦʣʴʢʦ ʚ ʫʧʨʦʱʝʥʥʳʭ ʤʦʜʝʣʴʥʳʭ ʩʠʩʪʝʤʘʭ Al 2O3-SiO2-H2O (Boffa Ballaran, et al., 2010; 

Pamato et al., 2015). ʕʪʦ ʩʪʘʚʠʪ ʧʦʜ ʩʦʤʥʝʥʠʝ ʝʝ ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʧʨʠʨʦʜʥʳʭ ʫʩʣʦʚʠʷʭ, ʧʦʩʢʦʣʴʢʫ ʚ 

ʩʠʩʪʝʤʘʭ ʙʣʠʟʢʠʭ ʢ ʧʨʠʨʦʜʥʳʤ ʢʦʨʦʚʳʤ ʦʙʨʘʟʫʝʪʩʷ ʤʘʛʥʝʟʠʘʣʴʥʦ-ʛʣʠʥʦʟʝʤʠʩʪʘʷ ʨʘʟʥʦʩʪʴ ʬʘʟʳ 

D, ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʩʦʙʦʡ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ MgSi2O6H2ïMgAl 2O6H4 (Liu et al., 2019 ʠ ʨʝʟʫʣʴʪʘʪʳ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ), ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʣʶʤʠʥʠʷ ʚ ʢʦʪʦʨʦʡ ʜʦʩʪʠʛʘʶʪ 33 ʤʘʩ.% Al 2O3, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ 55 ʤʦʣ.% MgAl 2O6H4 (ʨʠʩ. 2). ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʙʳʣ 

ʩʠʥʪʝʟʠʨʦʚʘʥ ʦʯʝʥʴ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʩʦʩʪʘʚʦʚ ʪʘʢʦʡ ʬʘʟʳ, ʢʦʪʦʨʳʡ ʦʙʫʩʣʦʚʣʝʥ ʟʘʤʝʱʝʥʠʝʤ Si4+ = 

Al 3+ + H+ (ʨʠʩ. 2). ʇʨʠʩʫʪʩʪʚʠʝ ʚ ʵʪʦʡ ʬʘʟʝ ʪʠʪʘʥʘ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʝʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʫ ʁ

ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʠʟ ʦʩʘʜʦʯʥʦʛʦ ʩʫʙʩʪʨʘʪʘ. ʀʥʘʷ ʩʠʪʫʘʮʠʷ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʬʘʟʳ Egg, ʢʦʪʦʨʘʷ ʙʳʣʘ 

ʦʙʥʘʨʫʞʝʥʘ ʚ ʚʠʜʝ ʚʢʣʶʯʝʥʠʷ ʚ ʧʨʠʨʦʜʥʦʤ ʘʣʤʘʟʝ (Wirth et al., 2009), ʥʦ ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʪʦʣʴʢʦ ʚ 

ʦʩʘʜʦʯʥʳʭ ʩʠʩʪʝʤʘʭ: ASH, ʧʝʣʠʪʘ ʠ GLOSS. ʂʨʠʩʪʘʣʣʠʟʘʮʠʷ Mg-Egg (Bindi et al., 2020) 

ʥʝʚʦʟʤʦʞʥʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʢʦʨʦʚʦʛʦ ʩʫʙʩʪʨʘʪʘ ʙʝʟ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʘʥʪʠʡʥʳʤ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚ ʢʘʯʝʩʪʚʝ ʠʥʜʠʢʘʪʦʨʘ ʧʨʦʪʦʣʠʪʘ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ TiO2 ʠ Al 2O3 ʚ ʬʘʟʝ D, ʘ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ Mg-Egg ʦʧʨʝʜʝʣʷʝʪ ʢʦʨʦʚʦ-ʤʘʥʪʠʡʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. 

 

ʀʩʪʦʯʥʠʢʠ ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ: ʈʅʌ 21ï17ï00147. 
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Abstract. Solid solutions of high-pressure phases (bridgmanite, phases D and Egg) indicate the 

composition of protolith at various mantle depths. Along with the low Cr/Ti ratio, the presence of the 

crustal material in mantle rocks may be evident from the component composition of minerals: (Mg, Fe) 

TiO3 and (Mg, Fe, Al) (Al, Si) O3 in bridgmanite, (Na2Ca)Ti2Si3O12 in high-pressure garnet, NaAlSi2O6, 

Na(Mg0.5Ti0.5)Si2O6, and CaTi4+Al 2O6 in pyroxene, MgAlSiO6H3 in phase D. The crust-mantle interaction 

results in the formation of mineral assemblage close to the websteritic one. 

 

Keywords: experiment, crust-mantle interaction, DHMS phases, bridgmanite, titanium, chromium, 

diamond paragenesis 
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ʋɼʂ 123.456 

 

ʈɸʉʇʈɽɼɽʃɽʅʀɽ CO, NI, RE, OS, PT ʄɽɾɼʋ FE-ʄɽʊɸʃʃʀʏɽʉʂʀʄ ʀ 

FE-ʉʋʃʔʌʀɼʅʓʄ ʈɸʉʇʃɸɺɸʄʀ ɺ ʉʀʉʊɽʄɽ FEïFESïC ʇʈʀ 4 ɻʇɸ, 1400Áʉ: 

ʌʈɸʂʎʀʆʅʀʈʆɺɸʅʀɽ, ʍɸʃʔʂʆʌʀʃʔʅʓɽ ʀ ʉʀɼɽʈʆʌʀʃʔʅʓɽ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʠʩʪʝʤʝ FeïFeSïC ʧʨʠ 4 ɻʇʘ, 1400 Áʉ ʦʧʨʝʜʝʣʝʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ D 

(Mc/Ms) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Kd (Mc/Ms) Fe, Co, Ni, Re, Os, Pt ʤʝʞʜʫ Fe-ʤʝʪʘʣʣʠʯʝʩʢʠʤ (Mc) ʠ 

Fe-ʩʫʣʴʬʠʜʥʳʤ (Ms) ʨʘʩʧʣʘʚʘʤʠ. D (Mc/Ms) ʩʣʫʞʠʣʠ ʠʥʜʠʢʘʪʦʨʘʤʠ ʩʠʜʝʨʦʬʠʣʴʥʳʭ ʠ 

ʭʘʣʴʢʦʬʠʣʴʥʳʭ ʩʚʦʡʩʪʚ ʢʘʞʜʦʛʦ ʠʟ ʵʣʝʤʝʥʪʦʚ, Kd (Mc/Ms) ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʠ ʤʝʞʵʣʝʤʝʥʪʥʳʝ ʠʭ 

ʩʦʦʪʥʦʰʝʥʠʷ ʧʨʠ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʠ. ɺ ʨʷʜʫ Fe-Os-Co-Re ʩ D (ʄc/Ms) > 1 ʧʨʝʦʙʣʘʜʘʶʪ 

ʩʠʜʝʨʦʬʠʣʴʥʳʝ ʩʚʦʡʩʪʚʘ, ʢʦʪʦʨʳʝ ʚʦʟʨʘʩʪʘʶʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ D (ʄc/Ms): 1,2ï1,5ï1,6ï12,6. ɺ ʨʷʜʫ 

Ni-Pt-S ʩ D (Mc/Ms) < 1 ʧʨʝʦʙʣʘʜʘʶʪ ʭʘʣʴʢʦʬʠʣʴʥʳʝ ʩʚʦʡʩʪʚʘ, ʢʦʪʦʨʳʝ ʚʦʟʨʘʩʪʘʶʪ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ D (Mc/Ms): 0,9ï0,6ï0,1. Kd (Mc/Ms) Re/Os (8,4), Pt/Os (0,4) ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ 

ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʠ Re ʠ Pt ʦʪʥʦʩʠʪʝʣʴʥʦ Os, ʩʤʝʱʝʥʠʶ Re/Os ʠ Pt/Os ʦʪʥʦʰʝʥʠʡ ʠ ʩʚʷʟʘʥʥʳʭ ʩ 

ʥʠʤʠ ʩʠʩʪʝʤ 187Re/187Os ʠ 190Pt/186Os ʠʟʦʪʦʧʦʚ. ʀʩʭʦʜʷ ʠʟ ʤʦʜʝʣʠ Mc-Ms ʨʘʩʩʣʦʝʥʠʷ ʧʨʠ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʫʣʴʬʠʜʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ, ʚ ʠʥʪʨʫʟʠʚʘʭ ʅʦʨʠʣʴʩʢʦʛʦ ʪʠʧʘ 

ʦʪʥʦʰʝʥʠʝ Re/Os < 3 ʚ ʥʠʭ ʩʭʦʜʥʦ ʩ Ms ʢʦʤʧʦʥʝʥʪʦʡ, ʘ ʚ ʠʥʪʨʫʟʠʚʘʭ ʅʠʞʥʝ-ʅʦʨʠʣʴʩʢʦʛʦ ʪʠʧʘ ï ʩ 

ʄʩ ʢʦʤʧʦʥʝʥʪʦʡ, Re/Os > 10. Pt/Os ʦʪʥʦʰʝʥʠʷ ʚ ʧʠʨʨʦʪʠʥʦʚʳʭ ʨʫʜʘʭ ʚʳʰʝ ʯʝʤ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ Mc ʠ Ms ʨʘʩʧʣʘʚʘʭ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʩʩʣʦʝʥʠʝ, ʤʝʪʘʣʣ, ʩʫʣʴʬʠʜ, ʵʢʩʧʝʨʠʤʝʥʪ, ʨʫʜʘ, ʅʦʨʠʣʴʩʢ 

 

ʇʣʘʚʣʝʥʠʝ ʠ ʬʘʟʦʚʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʙʘʟʘʣʴʪïFeSïFeïC ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʠʥʪʝʨʝʩ ʚ ʩʚʷʟʠ ʩ ʧʨʦʙʣʝʤʘʤʠ ʨʘʥʥʝʡ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʦʢʝʘʥʘ (ʄʆ), 

ʬʘʟʦʚʦʛʦ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʤʝʪʝʦʨʠʪʦʚ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʷʜʝʨ ʠ 

ʩʠʣʠʢʘʪʥʦʡ ʤʘʥʪʠʠ, ʘ ʪʘʢʞʝ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʞʝʣʝʟʦ-ʩʫʣʴʬʠʜʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. ʕʪʦʪ 

ʠʥʪʝʨʝʩ ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʧʨʠ ʢʦʥʪʘʤʠʥʘʮʠʠ ʩʫʣʴʬʠʜʥʦʛʦ ʨʘʩʧʣʘʚʘ ʫʛʣʝʨʦʜʦʤ 

ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʩʩʣʦʝʥʠʝ ʩʫʣʴʬʠʜʥʦʛʦ ʨʘʩʧʣʘʚʘ ʥʘ Fe-ʤʝʪʘʣʣʠʯʝʩʢʠʡ (Mc) ʠ 

Fe-ʩʫʣʴʬʠʜʥʳʡ (Ms) ʨʘʩʧʣʘʚʳ, ʥʝʩʤʝʩʠʤʳʭ ʩ ʩʠʣʠʢʘʪʥʳʤʠ. ʆʙʩʪʘʥʦʚʢʘ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʄʆ (ʭʦʥʜʨʠʪʦʚʳʡ ʩʦʩʪʘʚ ʧʨʦʪʦʚʝʱʝʩʪʚʘ) ʠ ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʩʫʣʴʬʠʜʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ 

ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ (ʩʦʩʪʘʚ ʧʣʘʪʬʦʨʤʝʥʦʛʦ ʯʝʭʣʘ ʠ ʬʫʥʜʘʤʝʥʪʘ) ʥʝ ʠʩʢʣʶʯʘʶʪ 

ʬʦʨʤʠʨʦʚʘʥʠʷ Mc-Ms ʨʘʩʧʣʘʚʦʚ ʚ ʵʪʠʭ ʧʨʦʮʝʩʩʘʭ. 

ɺʧʝʨʚʳʝ ʥʝʩʤʝʩʠʤʦʩʪʴ Mc ʠ Ms ʨʘʩʧʣʘʚʦʚ ʥʘʙʣʶʜʘʣʠʩʴ ʚ ʙʘʟʘʣʴʪʦʚʳʭ ʩʪʝʢʣʘʭ 

ʵʬʬʫʟʠʚʥʳʭ ʧʦʨʦʜ ʦ. ɼʠʩʢʦ, ɻʨʝʥʣʘʥʜʠʷ (Pedersen, 1979), ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʨʘʩʩʤʦʪʨʝʥʘ 

ʚ ʨʘʙʦʪʘʭ (ɻʦʨʙʘʯʝʚ, ʆʩʘʜʯʠʡ, 1980; Gorbachev et. al., 1980). ʏʫʚʩʪʚʠʪʝʣʴʥʳʤ 

ʠʥʜʠʢʘʪʦʨʦʤ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʷʚʣʷʝʪʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ Re, Os, Pt, Ni, Co ʤʝʞʜʫ Mc, Ms ʠ 

ʩʠʣʠʢʘʪʥʳʤ (L) ʨʘʩʧʣʘʚʘʤʠ. ɺ ʛʝʦʭʠʤʠʯʝʩʢʦʤ ʦʪʥʦʰʝʥʠʠ ʵʪʠ ʵʣʝʤʝʥʪʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʜʚʦʡʩʪʚʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ: ʩʠʜʝʨʦʬʠʣʴʥʳʤʠ, ʚ ʧʨʦʮʝʩʩʘʭ ʨʘʥʥʝʡ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʄʆ ʩ 

ʦʪʜʝʣʝʥʠʝʤ ʄʩ ʨʘʩʧʣʘʚʘ (ʷʜʨʦ) ʦʪ L ʨʘʩʧʣʘʚʘ (ʧʨʠʤʠʪʠʚʥʘʷ ʤʘʥʪʠʷ); ʭʘʣʴʢʦʬʠʣʴʥʳʤʠ, ʚ 

ʧʨʦʮʝʩʩʘʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʩʫʣʴʬʠʜʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʨʠ Ms-L ʣʠʢʚʘʮʠʠ. 

ɺ ʨʘʚʥʦʚʝʩʠʷʭ Mc-L ʵʪʠ ʵʣʝʤʝʥʪʳ ʵʬʬʝʢʪʠʚʥʦ ʢʦʥʮʝʥʪʨʠʨʫʶʪʩʷ ʚ ʄʩ ʨʘʩʧʣʘʚʝ ʩ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʨʘʟʜʝʣʝʥʠʷ D Mc/L ʜʦʩʪʠʛʘʶʱʠʭ 3ï6 ʧʦʨʷʜʢʦʚ (Righter, 2011; Siebert 

et al., 2011; Mann et al., 2012; Brenann et al., 2016). ɺ Ms-L ʨʘʚʥʦʚʝʩʠʷʭ ʵʪʠ ʞʝ ʵʣʝʤʝʥʪʳ 

ʦʙʣʘʜʘʶʪ ʪʘʢʞʝ ʠ ʭʘʣʴʢʦʬʠʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʩ D Ms/L ʜʦʩʪʠʛʘʶʱʠʭ ʪʘʢʞʝ 3ï6 

ʧʦʨʷʜʢʦʚ (Naldrett, 1989; Fleet et al., 1996; Kiseeva, Wood, 2013; Mungall, Brenan, 2014). 
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ɻʝʦʭʠʤʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʳʷʩʥʝʥʠʝ, ʢʘʢʠʝ ʩʚʦʡʩʪʚʘ, ʩʠʜʝʨʦʬʠʣʴʥʳʝ ʠʣʠ 

ʭʘʣʴʢʦʬʠʣʴʥʳʝ ʧʨʝʦʙʣʘʜʘʶʪ ʫ ʢʘʞʜʦʛʦ ʠʟ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ. 

ʌʨʘʢʮʠʦʥʠʨʦʚʘʥʠʝ Re, Os, Pt, Ni, Co ʧʨʠ McïMs ʨʘʩʩʣʦʝʥʠʠ ʩʫʣʴʬʠʜʥʦʛʦ ʨʘʩʧʣʘʚʘ 

ʚʣʠʷʝʪ ʥʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʤʝʞʵʣʝʤʝʥʪʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ ʚ Mc, Ms ʠ L 

ʨʘʩʧʣʘʚʘʭ. ʆʮʝʥʢʘ ʵʪʦʛʦ ʚʣʠʷʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ, ʫʯʠʪʳʚʘʷ, ʯʪʦ ʩ ʦʪʥʦʰʝʥʠʷʤʠ 

Re/Os ʠ Pt/Os ʩʚʷʟʘʥʳ ʩʠʩʪʝʤʳ 187Re/187Os ʠ 190Pt/186Os ʠʟʦʪʦʧʦʚ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ɓïʨʘʩʧʘʜʝ 
187Re ʜʦ 187Os ʠ Ŭïʨʘʩʧʘʜʝ 190Pt ʜʦ 186Os, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʩʤʝʱʘʪʴʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ Re/Os ʠ 

Pt/Os ʦʪʥʦʰʝʥʠʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʷ ʤʝʞʜʫ Mc ʠ Ms ʨʘʩʧʣʘʚʘʤʠ. 

ɼʣʷ ʦʮʝʥʢʠ ʩʠʜʝʨʦʬʠʣʴʥʳʭ ʠ ʭʘʣʴʢʦʬʠʣʴʥʳʭ ʩʚʦʡʩʪʚ Co, Ni, Re, Os, Pt ʠ ʠʭ 

ʤʝʞʵʣʝʤʝʥʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʠʟʫʯʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Co, Ni, Re, Os, Pt ʤʝʞʜʫ Mc ʠ Ms ʨʘʩʧʣʘʚʘʤʠ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ 

ʧʨʠ McïMs ʨʘʩʩʣʦʝʥʠʠ ʉ-ʩʦʜʝʨʞʘʱʝʛʦ ʩʫʣʴʬʠʜʥʦʛʦ ʨʘʩʧʣʘʚʘ ʚ ʩʠʩʪʝʤʝ FeïFeSïC ʧʨʠ 

4 ɻʇʘ, 1400 Áʉ (ɻʦʨʙʘʯʝʚ ʠ ʜʨ., 2022). 

ʕʢʩʧʝʨʠʤʝʥʪ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 4 ʯʘʩʘ ʧʨʦʚʦʜʠʣʠ ʚ ʀʕʄ ʈɸʅ ʥʘ ʫʩʪʘʥʦʚʢʝ ʅʃ-40 ʧʦ 

ʤʥʦʛʦʘʤʧʫʣʴʥʦʡ ʟʘʢʘʣʦʯʥʦʡ ʤʝʪʦʜʠʢʝ (Gorbachev, 1990) ʧʨʠ 4 ɻʇʘ, 1400 Áʉ. ʊʝʤʧʝʨʘʪʫʨʘ 

ʠʟʤʝʨʷʣʘʩʴ Pt30Rh/Pt6Rh ʪʝʨʤʦʧʘʨʦʡ, ʜʘʚʣʝʥʠʝ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʢʘʣʠʙʨʦʚʘʣʦʩʴ 

ʧʦ ʨʘʚʥʦʚʝʩʠʶ ʢʚʘʨʮïʢʦʵʩʠʪ. ʊʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ ʦʮʝʥʠʚʘʝʪʩʷ 

ʚ Ñ 10ÜC ʠ Ñ 1 ʢʙʘʨ (ʃʠʪʚʠʥ, 1990). ʊʦʥʢʦ ʨʘʩʪʝʨʪʘʷ ʩʤʝʩʴ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʧʠʨʨʦʪʠʥʘ 

ʩʦʩʪʘʚʘ Fe0.94S1.0 (70 ʤʘʩ.%), ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Fe (23 ʤʘʩ.%) (ʨʝʘʢʪʠʚ ʤʘʨʢʠ ʍʏ) ʠ 

ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʛʣʝʨʦʜʘ (7 ʤʘʩ.%) (ʨʝʘʢʪʠʚ çʩʘʞʘè, ʤʘʨʢʠ ʇ-803) ʩ ʜʦʙʘʚʣʝʥʠʝʤ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Os, Re, Pt ʟʘʛʨʫʞʘʣʘʩʴ ʚ ʛʨʘʬʠʪʦʚʫ ʁ ʘʤʧʫʣʫ, ʟʘʪʝʤ ʵʪʘ ʘʤʧʫʣʘ 

ʧʦʤʝʱʘʣʘʩʴ ʚ Pt ʘʤʧʫʣʫ, ʢʦʪʦʨʘʷ ʛʝʨʤʝʪʠʯʝʩʢʠ ʟʘʚʘʨʠʚʘʣʘʩʴ. ʇʦʩʣʝ ʦʧʳʪʘ ʘʤʧʫʣʫ 

ʨʘʩʧʠʣʠʚʘʣʠ, ʟʘʧʨʝʩʩʦʚʳʚʘʣʠ ʚ ʧʦʣʠʩʪʠʨʦʣ. ʇʦʣʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʠʟʫʯʘʣʠ ʠ 

ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʥʘ ʤʠʢʨʦʟʦʥʜʝ ʚ ʀʕʄ ʈɸʅ. 

ʇʨʠ ʧʣʘʚʣʝʥʠʠ ʠʩʭʦʜʥʦʡ ʨʫʜʥʦʡ ʬʨʘʢʮʠʠ, ʣʝʛʢʦʧʣʘʚʢʘʷ ʚʧrʣʘʚʢʘ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʩʫʣʴʬʠʜʥʳʤ ʨʘʩʧʣʘʚʦʤ, ʧʨʝʪʝʨʧʝʚʰʝʤ Mc-Ms ʨʘʩʩʣʦʝʥʠʝ, ʦʙʨʘʟʫʶʱʠʤ ʧʨʠ ʟʘʢʘʣʢʝ 

ʧʨʦʩʣʦʠ ʤʘʩʩʠʚʥʳʭ ʩʫʣʴʬʠʜʦʚ, ʤʘʪʨʠʮʘ ʢʦʪʦʨʳʭ ʩʦʜʝʨʞʠʪ ʤʠʢʨʦʚʢʣʶʯʝʥʠʷ ʟʘʢʘʣʦʯʥʦʡ 

Fe-ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʠʛʦʣʴʯʘʪʦʡ ʬʦʨʤʳ ʠ ʚʢʣʶʯʝʥʠʷ ʛʣʦʙʫʣʝʡ Fe-ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ 

ʨʘʟʤʝʨʦʤ ʦʪ 5 ʜʦ 20 ʤʢʤ (ʈʠʩ. 1). 

 

S Fe Ni Co Re Os Pt
0.01

0.1

1

10

100

D Mc/Ms

 

ʈʠʩ. 1. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʟʘʢʘʣʝʥʥʦʛʦ 

ʩʫʣʴʬʠʜʥʦʛʦ ʨʘʩʧʣʘʚʘ: 1 ï ʤʘʪʨʠʮʘ,  

2 ï ʤʠʢʨʦʚʢʣʶʯʝʥʠʷ ʟʘʢʘʣʦʯʥʦʡ 

Fe-ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ, 3 ï ʚʢʣʶʯʝʥʠʷ 

ʛʣʦʙʫʣʝʡ Fe-ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ. 

ʈʠʩ. 2. ʂʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ ʨʫʜʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʤʝʞʜʫ Mc ʠ Ms ʨʘʩʧʣʘʚʘʤʠ. 
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ɺ ʪʘʙʣʠʮʝ 1 ʧʨʠʚʝʜʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʠ Co, Ni, Re, Os, Pt ʠ ʤʝʞʵʣʝʤʝʥʪʥʳʝ ʦʪʥʦʰʝʥʠʷ 

ʚ Mc ʠ Ms ʬʘʟʘʭ, ʘ ʪʘʢʞʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ ʢʘʞʜʦʛʦ ʠʟ ʵʣʝʤʝʥʪʦʚ D Mc/Ms ʠ 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 2-ʭ ʵʣʝʤʝʥʪʦʚ ʤʝʞʜʫ ʄʩ ʠ Ms ʨʘʩʧʣʘʚʘʤʠ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʠʭ ʭʘʣʴʢʦʬʠʣʴʥʳʝ ʠ ʩʠʜʝʨʦʬʠʣʴʥʳʝ ʩʚʦʡʩʪʚʘ. ʂʦʵʬʬʠʮʠʝʥʪʳ 

ʨʘʟʜʝʣʝʥʠʷ ʢʘʞʜʦʛʦ ʠʟ ʵʣʝʤʝʥʪʦʚ D (Mc/Ms) ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 2. 

 

ʊʘʙʣʠʮʘ 1. ʂʦʥʮʝʥʪʨʘʮʠʠ ʨʫʜʦʦʙʨʘʟʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʚ Mc ʠ Ms ʬʘʟʘʭ, ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʨʘʟʜʝʣʝʥʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ ʤʝʞʜʫ ʄʩ ʠ Ms ʨʘʩʧʣʘʚʘʤʠ. 

 

ʕʣʝʤʝʥʪ ʉ, ʤʘʩ.% ʚ Mc ʉ ʤʘʩ.% ʚ Ms D Mc/Ms 

S 1.45 Ñ 0.49 26.68 Ñ 0.56 0.05 

Fe 88.18 Ñ 1.69 72.18 Ñ 0.80 1.22 

Ni 0.37 Ñ 0.15 0.40 Ñ 0.12 0.92 

Re 9.96 Ñ 1.49 0.79 Ñ 0.45 12.61 

Os 0.54 Ñ 0.16 0.36 Ñ 0.06 1.50 

Pt 0.39 Ñ 0.22 0.63 Ñ 0.10 0.62 

Co 1.28 Ñ 0.16 0.80 Ñ 0.18 1.60 

ʆʪʥʦhʝʥʠʝ ʚ Mc n=21 ʚ Ms n=16 Kd Mc/Ms 

Re/Os 18.44 2.20 8.38 

Pt/Os 0.72 1.75 0.41 

Re/Pt 25.54 1.25 20.43 

Ni/Co 0.29 0.50 0.58 

 

ʆʮʝʥʢʘ ʭʘʣʴʢʦʬʠʣʴʥʳʭ ʠ ʩʠʜʝʨʦʬʠʣʴʥʳʭ ʩʚʦʡʩʪʚ Co, Ni, Re, Os, Pt, ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʨʘʟʜʝʣʝʥʠʷ ʢʘʞʜʦʛʦ ʠʟ ʵʣʝʤʝʥʪʦʚ D (Mc/Ms) ʤʝʞʜʫ Mc ʠ Ms ʨʘʩʧʣʘʚʘʤʠ. ʀʥʜʠʢʘʪʦʨʦʤ 

ʩʠʜʝʨʦʬʠʣʴʥʳʭ ʠ ʭʘʣʴʢʦʬʠʣʴʥʳʭ ʩʚʦʡʩʪʚ ï ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʩʨʦʜʩʪʚʘ ʵʣʝʤʝʥʪʘ ʢ Mc ʠ Ms 

ʬʘʟʘʤ ʷʚʣʷʶʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ ʢʘʞʜʦʛʦ ʠʟ ʵʣʝʤʝʥʪʦʚ ʤʝʞʜʫ Mc ʠ Ms 

ʨʘʩʧʣʘʚʘʤʠ, ʚʳʨʘʞʝʥʥʳʝ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʚʝʩʦʚʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ (ʉ) ʜʘʥʥʦʛʦ ʵʣʝʤʝʥʪʘ ʚ 

ʄʩ ʨʘʩʧʣʘʚʝ ʢ ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ Ms ʨʘʩʧʣʘʚʝ: D (ʄc/Ms) = C (Mc)/C (Ms). ɺ ʵʣʝʤʝʥʪʘʭ ʩ 

D (ʄc/Ms) = 1 ʩʠʜʝʨʦʬʠʣʴʥʳʝ ʠ ʭʘʣʴʢʦʬʠʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʧʨʦʷʚʣʝʥʳ ʦʜʠʥʘʢʦʚʦ. ɺ 

ʵʣʝʤʝʥʪʘʭ ʩ D (ʄc/Ms) > 1 ʧʨʝʦʙʣʘʜʘʶʪ ʩʠʜʝʨʦʬʠʣʴʥʳʝ ʩʚʦʡʩʪʚʘ, ʘ ʩ D (ʄc/Ms) < 1 ï 

ʭʘʣʴʢʦʬʠʣʴʥʳʝ ʩʚʦʡʩʪʚʘ. ʏʝʤ ʙʦʣʴʰʝ ʟʥʘʯʝʥʠʷ D (Mc/Ms) ʦʪʣʠʯʘʶʪʩʷ ʦʪ 1, ʪʝʤ ʩʠʣʴʥʝʝ 

ʩʠʜʝʨʦʬʠʣʴʥʳʝ ʩʚʦʡʩʪʚʘ (ʧʨʠ D >1) ʠʣʠ ʭʘʣʴʢʦʬʠʣʴʥʳʝ ʩʚʦʡʩʪʚʘ (ʧʨʠ D <1). 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʧʨʠʚʝʜʝʥʥʳʭ ʚ ʪʘʙʣʠʮʝ 1 ʠ ʥʘ ʨʠʩ. 2 ʜʘʥʥʳʭ, ʫ Fe, Co, Re, Os 

ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ D (Mc/Ms) > 1, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʫ ʢʘʞʜʦʛʦ ʠʟ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ 

ʩʠʜʝʨʦʬʠʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʧʨʝʦʙʣʘʜʘʶʪ ʥʘʜ ʭʘʣʴʢʦʬʠʣʴʥʳʤʠ. ʉʠʜʝʨʦʬʠʣʴʥʳʝ ʩʚʦʡʩʪʚʘ 

ʚʦʟʨʘʩʪʘʶʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ D (Mc/Ms) 1,22ï1,50ï1,60ï12,61 ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

Fe<Os<Co<Re. ɺ ʵʪʦʤ ʨʷʜʫ ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʳʤ ʩʨʦʜʩʪʚʦʤ ʢ Fe-ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʝ 

(ʩʠʜʝʨʦʬʠʣʴʥʦʩʪʴʶ) ʚʳʜʝʣʷʝʪʩʷ Re, ʩ D (ʄc/Ms) = 12,61. ɼʨʫʛʠʝ ʵʣʝʤʝʥʪʳ ʨʷʜʘ ï Fe, Os, 

Cʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʝ ʩʪʦʣʴ ʢʦʥʪʨʘʩʪʥʳʤʠ ʨʘʟʣʠʯʠʷʤʠ ʩʠʜʝʨʦʬʠʣʴʥʳʭ ʠ 

ʭʘʣʴʢʦʬʠʣʴʥʳʭ ʩʚʦʡʩʪʚ ʩ ʥʝʚʳʩʦʢʠʤʠ (< 2) ʟʥʘʯʝʥʠʷʤʠ D (ʄc/Ms). 
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ɺ ʨʷʜʫ ʵʣʝʤʝʥʪʦʚ S, Ni, Pt ʩ D (Mc/Ms) < 1 ʧʨʝʦʙʣʘʜʘʶʪ ʭʘʣʴʢʦʬʠʣʴʥʳʝ ʩʚʦʡʩʪʚʘ, 

ʢʦʪʦʨʳʝ ʚʦʟʨʘʩʪʘʶʪ ʩ ʫʤʝʥʴʰʝʥʠʝʤ D (Mc/Ms) ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ Ni < Pt < S. 

ʋʚʝʣʠʯʝʥʠʝ ʭʘʣʴʢʦʬʠʣʴʥʦʩʪʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ D (ʄc/Ms), 

ʢʦʪʦʨʳʝ ʫʤʝʥʴʰʘʶʪʩʷ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ: 0,92ï0,62ï0,05. Ni ʠ Pt ʩ ʥʝʚʳʩʦʢʠʤʠ 

ʟʥʘʯʝʥʠʷʤʠ D (ʄc/Ms) ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʝ ʩʪʦʣʴ ʢʦʥʪʨʘʩʪʥʳʤʠ ʨʘʟʣʠʯʠʷʤʠ 

ʩʠʜʝʨʦʬʠʣʴʥʳʭ ʠ ʭʘʣʴʢʦʬʠʣʴʥʳʭ ʩʚʦʡʩʪʚ. ɿʥʘʯʠʤʳʝ D (ʄc/Ms) ʩʝʨʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ 

ʝʝ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʚ Fe-ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʨʘʩʧʣʘʚʘʭ. 

ʌʨʘʢʮʠʦʥʠʨʦʚʘʥʠʝ Co, Ni, Re, Os, Pt ʧʨʠ Mʩ ʠ Ms ʨʘʩʩʣʦʝʥʠʠ, ʢʦʵʬʬʠʮʠʝʥʪʳ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ 2-ʭ ʵʣʝʤʝʥʪʦʚ ʤʝʞʜʫ Mc ʠ Ms ʨʘʩʧʣʘʚʘʤʠ. ʀʥʜʠʢʘʪʦʨʦʤ 

ʤʝʞʵʣʝʤʝʥʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ Re, Co, Ni, Os ʠ Pt ʧʨʠ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ Mʩ 

ʠ Ms ʨʘʩʩʣʦʝʥʠʷ ʩʫʣʴʬʠʜʥʳʭ ʨʘʩʧʣʘʚʦʚ ʷʚʣʷʶʪʩ ̫ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 2-ʭ 

ʵʣʝʤʝʥʪʦʚ, ʥʘʧʨʠʤʝʨ Re ʠ Os, ʤʝʞʜʫ ʄc ʠ Ms ʨʘʩʧʣʘʚʘʤʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʦʙʤʝʥʥʳʝ 

ʨʝʘʢʮʠʠ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʤʝʞʜʫ ʄc ʠ Ms ʨʘʩʧʣʘʚʘʤʠ: Re(Ms)+Os(Mc) = 

Re(Mc)+Os(Ms), ʠʟ ʢʦʥʩʪʘʥʪʳ ʨʘʚʥʦʚʝʩʠʷ ʢʦʪʦʨʦʡ, ʧʨʠ ʜʦʧʫʱʝʥʠʠ ʠʜʝʘʣʴʥʦʩʪʠ ʦʙʤʝʥʥʦʡ 

ʨʝʘʢʮʠʠ (ʨʘʚʝʥʩʪʚʝ 1 ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʘʢʪʠʚʥʦʩʪʠ (ʠʣʠ ʠʭ ʦʪʥʦʰʝʥʠʷ) Re ʠ Os ʚ Mc ʠ Ms 

ʨʘʩʧʣʘʚʘʭ) ʩʣʝʜʫʝʪ: Kdi /j (ʄc /Ms) = (Ci/Cj) Mc/(Ci/Cj) Ms = Di (Mc) / Dj (Ms). 

ɺ ʘʩʩʦʮʠʘʮʠʠ Re-Os ʠ Re-Pt ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

Kd Mʩ/Ms Re/Os (8,38) ʠ Kd Mʩ/Ms Re/Pt (20,43) ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ ʵʬʬʝʢʪʠʚʥʦʤ 

ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʠ Re ʦʪʥʦʩʠʪʝʣʴʥʦ Os ʠ Pt ʧʨʠ MʩïMs ʨʘʩʩʣʦʝʥʠʠ ʩʫʣʴʬʠʜʥʦʛʦ 

ʨʘʩʧʣʘʚʘ ʟʘ ʩʯʝʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ Re ʚ Fe-ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʬʘʟʫ. ʕʪʦʪ ʵʬʬʝʢʪ ʙʫʜʝʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʟʘʥʠʞʝʥʥʳʤ ʦʪʥʦʰʝʥʠʷʤ Re/Os ʠ 187Re/187Os ʚ Ms ʨʘʩʧʣʘʚʝ ʠ ʘʥʦʤʘʣʴʥʦ 

ʥʠʟʢʠʤ ʦʪʥʦʰʝʥʠʷʤ Re/Pt ʚ Ms ʨʘʩʧʣʘʚʝ. 

ɺ ʘʩʩʦʮʠʘʮʠʠ PtïOs ʠ Ni-ʉʦ, ʠʩʭʦʜʷ ʠʟ ʟʥʘʯʝʥʠʡ Kd Mʩ/Ms Pt/Os = 0,41 ʠ Kd Mʩ/Ms 

Ni/Co = 0,58 ʧʨʠ ʄʩ-Ms ʨʘʩʣʦʝʥʠʠ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʟʘʥʠʞʝʥʥʳʭ ʦʪʥʦʰʝʥʠʷʭ Pt/Os ʠ Ni-ʉʦ 

ʚ Ms ʨʘʩʧʣʘʚʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʄʩ ʨʘʩʧʣʘʚʦʤ. ʆʜʥʘʢʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ 

Kd Mʩ/Ms Pt/Os ʠ Ni/Cʦ (0,41 ʠ 0,58) ʫʢʘʟʳʚʘʶʪ ʥʘ ʥʝ ʩʪʦʣʴ ʩʫʝɦʩʪʚʝʥʥʳʝ ʚʘʨʠʘʮʠʠ 

ʦʪʥʦʰʝʥʠʡ Pt/Os, 190Pt/186Os ʠ Ni/Co ʧʨʠ Mc ʠ Ms ʨʘʩʩʣʦʝʥʠʠ. 

ɻʝʦʣʦʛʠʯʝʩʢʦʝ ʧʨʠʣʦʞʝʥʠʝ. ɺ ʨʘʙʦʪʝ (ɻʦʨʙʘʯʝʚ ʠ ʜʨ., 2021) ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʫʯʘʩʪʠʷ Mʩ ʠ Ms ʨʘʩʩʣʦʝʥʠʷ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʫʣʴʬʠʜʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ ʚ 

ʭʦʜʝ ʪʨʘʧʧʦʚʦʛʦ ʤʘʛʤʘʪʠʟʤʘ ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ. ʀʥʜʠʢʘʪʦʨʦʤ ʪʘʢʦʛʦ ʧʨʦʮʝʩʩʘ ʤʦʛʫʪ 

ʩʣʫʞʠʪʴ Re/Os ʠ Pt/Os ʦʪʥʦʰʝʥʠʷ ʚ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʩʫʣʴʬʠʜʘʭ ʠʟ ʠʥʪʨʫʟʠʚʦʚ ʨʘʡʦʥʘ ʠ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ Mc ʠ Ms ʨʘʩʧʣʘʚʘʭ. ɺ ʪʘʙʣʠʮʝ 2 ʧʨʠʚʝʜʝʥʳ ʦʪʥʦʰʝʥʠʷ Re/Os ʚ 

ʩʫʣʴʬʠʜʘʭ ʠʥʪʨʫʟʠʚʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ. 

 

ʊʘʙʣʠʮʘ. 2. ʆʪʥʦʰʝʥʠʷ Re/Os ʚ ʩʫʣʴʬʠʜʘʭ ʠʥʪʨʫʟʠʚʥʳʭ ʢʦʤʧʣʝʢʩʦʚ  

ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪʝ. 

ʊʠʧ ʦʨʫʜʝʥʝʥʠʷ ʀʥʪʨʫʟʠʚʳ Re/Os* 

ʅʦʨʠʣʴʩʢʠʡ ʪʠʧ ʅʦʨʠʣʴʩʢ I 1,61 

ʊʘʣʥʘʭʩʢʠʡ 0,98 (1,0ï2,4) 

ʍʘʨʘʝʣʘʭʩʢʠʡ 1.76 (1,6ï8,8) 

ɻ. ʏʝʨʥʘʷ 0,65 

ɻ. ɿʫʙ 2,7 (1,9ï3,5) 

ʖ. ʇʷʩʠʥʘ 1.60 (1,0ï2,2) 

ɺʦʣʦʛʦʯʘʥʩʢʠʡ 2,25 (1,9ï2,6) 

ʅʠʞʥʝ-ʅʦʨʠʣʴʩʢʠʡ ʪʠʧ ʅʠʞʥʠʡ ʊʘʣʥʘʭʩʢʠʡ 17,65 (13,7ï21,6) 

ʅʠʞʥʠʡ ʅʦʨʠʣʴʩʢʠʡ 11, 80 (6,5ï17,1) 

ʕʢʩʧʝʨʠʤʝʥʪ ʄʩ 18,44 
Ms 2,20 

ʇʨʠʤʝʯʘʥʠʝ: * ʜʘʥʥʳʝ (ɸʜʘʤʩʢʘʷ ʠ ʜʨ., 2017) 
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ʊʘʢ ʢʘʢ ʚ ʧʨʦʮʝʩʩʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʦʡ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʩʫʣʴʬʠʜʥʦʛʦ ʨʘʩʧʣʘʚʘ 

ʢʦʥʮʝʥʪʨʘʮʠʠ Pt ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʦʪ ʧʠʨʨʦʪʠʥʦʚʳʭ ʜʦ ʭʘʣʴʢʦʧʠʨʠʪʦʚʳʭ ʪʠʧʦʚ ʨʫʜ, ʘ 

ʢʦʥʮʝʥʪʨʘʮʠʠ Os ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ (ɻʦʨʙʘʯʝʚ, 2006), ʪʦ ʜʣʷ ʦʮʝʥʢʠ Pt/Os ʦʪʥʦʰʝʥʠʷ 

ʚ ʩʫʣʴʬʠʜʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʦʜʝʨʞʘʥʠʷ Pt ʠ Os ʚ ʥʘʠʤʝʥʝʝ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ, 

ʧʠʨʨʦʪʠʥʦʚʳʭ ʨʫʜʘʭ (ʪʘʙʣʠʮʘ 3). 

 

ʊʘʙʣʠʮʘ 3. ʈʘʩʧʨʝʜʝʣʝʥʠʝ Pt ʠ Os ʚ ʧʠʨʨʦʪʠʥʦʚʳʭ ʨʫʜʘʭ ʠʥʪʨʫʟʠʚʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 

ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪʝ. 

 

ʀʥʪʨʫʟʠʚʳ Pt, ppm Os, ppm Pt/Os 

ʅʦʨʠʣʴʩʢ-1 
30461 Ñ 25108 

n=11 

295 Ñ 275 

n=11 
103.3 

ʍʘʨʘʝʣʘʭʩʢʠʡ 
2705 Ñ 1057 

n=16 

22,3 Ñ 16,3 

n=12 
121,3 

ʊʘʣʥʘʭʩʢʠʡ 
2049 Ñ 2015 

n=11 

76,4 Ñ 46,0 

n=11 
26,8 

ʕʢʩʧʝʨʠʤʝʥʪ 

Mc 0.39 Ñ 0.22 

n=21 

0.54 Ñ 0.16 

n=16 
0.72 

Ms 0.63 Ñ 0.10 

n=21 

0.36 Ñ 0.06 

n=16 
1.75 

 

Pt/Os ʦʪʥʦʰʝʥʠʝ ʚ ʩʫʣʴʬʠʜʘʭ ʠʥʪʨʫʟʠʚʦʚ ʅʦʨʠʣʴʩʢ 1 ʠ ʍʘʨʘʝʣʘʭʩʢʠʡ ʦʜʥʦʛʦ 

ʧʦʨʷʜʢʘ, 101,4 ʠ 121,2; ʙʦʣʝʝ ʥʠʟʢʠʝ ï ʚ ʩʫʣʴʬʠʜʘʭ ʊʘʣʥʘʭʩʢʦʛʦ ʠʥʪʨʫʟʠʚʘ ï 26,8. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʭʦʜʷ ʠʟ ʤʦʜʝʣʠ Mc-Ms ʨʘʩʩʣʦʝʥʠʷ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʩʫʣʴʬʠʜʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ, ʚ ʠʥʪʨʫʟʠʚʘʭ ʅʦʨʠʣʴʩʢʦʛʦ ʪʠʧʘ ʦʪʥʦʰʝʥʠʝ 

Re/Os <3 ʩʭʦʜʥʦ ʩ Ms ʢʦʤʧʦʥʝʥʪʦʡ, ʘ ʚ ʠʥʪʨʫʟʠʚʘʭ ʅʠʞʥʝ-ʅʦʨʠʣʴʩʢʦʛʦ ʪʠʧʘ ï ʩ ʄʩ 

ʢʦʤʧʦʥʝʥʪʦʡ, Re/Os> 10. Pt/Os ʦʪʥʦʰʝʥʠʷ ʚ ʧʠʨʨʦʪʠʥʦʚʳʭ, ʥʘʠʤʝʥʝʝ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ ʨʫʜʘʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʊʘʣʥʘʭʩʢʦʛʦ ʨʫʜʥʦʛʦ ʫʟʣʘ ʚʳʰʝ, ʯʝʤ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ Mc ʠ Ms ʨʘʩʧʣʘʚʘʭ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʪʝʤʳ ʅʀʈ ʀʕʄ ʈɸʅ ˉ FMUF-2022ï0001, ʧʨʠ ʧʦʜʜʝʨʞʢʝ 

ʛʨʘʥʪʘ ʈʅʌ ˉ 21ï17ï00119. 
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Abstract. In the FeïFeSïC system at 4 GPa, 1400 Áʉ, the coefficients of separation D (Mc/Ms) and 

distribution coefficients Kd (Mc/Ms) of Fe, Co, Ni, Re, Os, Pt between Fe-metallic (Mc) and Fe-sulfide 

(Ms) melts were obtained. D (Mc/Ms) served as indicators of the siderophilic and chalcophile properties 

of each of the elements, Kd (Mc/Ms) characterized their interelement ratios during fractionation. In the 

Fe-Os-Co-Re series with D (Mc/Ms) > 1, siderophilic properties predominate, which increase with 

increasing D (Mc/Ms): 1,2ï1,5ï1,6ï12,6. In the series Ni-Pt-S with D (Mc/Ms) < 1, chalcophile 

properties predominate, which increase with decreasing D (Mc/Ms): 0,9ï0,6ï0,1. Kd (Mc/Ms) Re/Os 

(8,4), Pt/Os (0,4) indicate the fractionation of Re and Pt with respect to Os, the shift of Re/Os and Pt/Os 

ratios and related systems 187Re/187Os ʠ 190Pt/186Os isotopes. Based on the model of Mc-Ms layering 

during the formation of sulfide mineralization in the Norilsk region, in the Norilsk-type intrusions the 

ratio Re/Os < 3 is similar to the Ms component, and in the Nizhne-Norilsk-type intrusions it is similar to 

the Ms component, Re/Os > 10. Pt /Os ratios in pyrrhotite ores are higher than in experimental Mc and 

Ms melts. 

 

Keywords: metal, sulfide, silicate, liquation, experiment, distribution of Re 
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ʈʆʃʔ ʃɽɻʂʀʍ ʕʃɽʄɽʅʊʆɺ (C, S, ɸʅʊʈɸʎɽʅ ʉ14ʅ10)  

ɺ ʇʈʆʎɽʉʉɽ ʄʀɻʈɸʎʀʀ ʈɸʉʇʃɸɺɸ ɾɽʃɽɿɸ ʏɽʈɽɿ ʊɺɽʈɼʋʖ 

ʉʀʃʀʂɸʊʅʋʖ ʄɸʊʈʀʎʋ. ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ 
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ʀɻʄ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ 
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ɸʥʥʦʪʘʮʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʘʧʨʦʙʠʨʦʚʘʥʘ ʧʨʝʜʣʦʞʝʥʥʘʷ ʨʘʥʝʝ ʤʦʜʝʣʴ ʤʠʛʨʘʮʠʠ Fe ʠ FeNi 

ʨʘʩʧʣʘʚʦʚ ʯʝʨʝʟ ʪʚʝʨʜʫʶ ʩʠʣʠʢʘʪʥʫʶ ʤʘʪʨʠʮʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʟʝʨʝʥ ʦʣʠʚʠʥʘ, ʩ ʠʥʪʝʨʩʪʠʮʠʷʤʠ, 

ʟʘʧʦʣʥʝʥʥʳʤʠ ʩʣʝʜʫʶʱʠʤʠ ʩʦʩʪʘʚʘʤʠ: ʛʨʘʬʠʪʦʤ, ʩʝʨʦʡ, ʩʤʝʩʴʶ ʛʨʘʬʠʪʘ ʩ ʩʝʨʦʡ, ʘʥʪʨʘʮʝʥʦʤ ʧʨʠ 

5.5 ɻʇʘ ʠ 1600 ÁC. ʄʦʜʝʣʴ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʨʘʩʪʚʦʨʝʥʠʝ ʚʝʱʝʩʪʚʘ ʠʥʪʝʨʩʪʠʮʠʡ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʤ 

ʨʘʩʧʣʘʚʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʥʠʢʥʦʚʝʥʠʝʤ ʨʘʩʧʣʘʚʘ ʚ ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʧʦʣʦʩʪʠ. ʉʜʝʣʘʥʘ ʦʮʝʥʢʘ 

ʩʢʦʨʦʩʪʠ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʨʘʩʧʣʘʚʘ ʩʢʚʦʟʴ ʦʣʠʚʠʥʦʚʫʶ ʤʘʪʨʠʮʫ ʧʨʠ ʧʘʨʘʤʝʪʨʘʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʣʝʛʢʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʦʣʠʚʠʥʘ. ʇʦʢʘʟʘʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʠʥʪʝʟʘ ʘʣʤʘʟʘ ʚ ʧʨʦʮʝʩʩʝ ʤʠʛʨʘʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʨʘʩʧʣʘʚʘ ʯʝʨʝʟ ʪʚʸʨʜʫʶ 

ʩʠʣʠʢʘʪʥʫʶ ʤʘʪʨʠʮʫ, ʠʥʪʝʨʩʪʠʮʠʠ ʢʦʪʦʨʦʡ ʟʘʧʦʣʥʝʥʳ ʛʨʘʬʠʪʦʤ. ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʣʝʛʢʠʝ ʵʣʝʤʝʥʪʳ ʪʘʢʠʝ ʢʘʢ ʉ, S, ʘ ʪʘʢʞʝ ʠʭ ʩʦʝʜʠʥʝʥʠʷ ʩ ʚʦʜʦʨʦʜʦʤ (ʥʘ ʧʨʠʤʝʨʝ 

ʘʥʪʨʘʮʝʥʘ) ʤʦʛʣʠ ʠʛʨʘʪʴ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʧʨʦʮʝʩʩʝ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʚʥʫʪʨʝʥʥʠʭ ʦʙʦʣʦʯʝʢ ɿʝʤʣʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʬʬʝʨʝʥʮʠʘʮʠʷ, ʦʣʠʚʠʥ, ʞʝʣʝʟʦ-ʥʠʢʝʣʝʚʳʡ ʨʘʩʧʣʘʚ, ʚʳʩʦʢʠʝ ʈ-ʊ ʧʘʨʘʤʝʪʨʳ 

 

ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʧʨʝʜʣʦʞʝʥʦ ʪʨʠ ʦʩʥʦʚʥʳʭ ʤʝʭʘʥʠʟʤʘ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ɿʝʤʣʠ 

ʥʘ ʨʘʥʥʝʡ ʩʪʘʜʠʠ ʝ yʦʙʨʘʟʦʚʘʥʠʷ: ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʜʦʞʜʴ (Stevenson, 1990; Rubie et al., 

2003; Wood et al., 2006); ʜʠʘʧʠʨʦ- ʠ ʜʘʡʢʦʦʙʨʘʟʦʚʘʥʠʝ (Karato and Murthy, 1997; Rubie et 

al., 2007); ʧʨʦʩʘʯʠʚʘʥʠʝ ʨʘʩʧʣʘʚʣʝʥʥʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʩʢʚʦʟʴ ʤʘʪʨʠʮʫ ʪʚʝʨʜʳʭ 

ʩʠʣʠʢʘʪʥʳʭ ʟʝʨʝʥ (ʧʦʨʦʜ) (Stevenson, 1990; Rushmer et al., 2000). 

ʄʝʪʘʣʣʠʯʝʩʢʠʡ ʜʦʞʜʴ. ɺ ʵʪʦʡ ʤʦʜʝʣʠ ʧʦʜʨʘʟʫʤʝʚʘʝʪʩʷ ʧʦʣʥʦʝ ʧʣʘʚʣʝʥʠʝ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʠ ʩʠʣʠʢʘʪʥʦʡ ʬʘʟ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʥʠʢʣʠ ʜʚʝ ʥʝʩʤʝʰʠʚʘʶʱʠʝʩʷ ʞʠʜʢʦʩʪʠ 

(ʤʝʪʘʣʣ ʠ ʩʠʣʠʢʘʪ), ʢʦʪʦʨʳʝ ʩʝʧʘʨʠʨʦʚʘʣʠʩʴ ʚ ʩʠʣʫ ʨʘʟʣʠʯʥʦʡ ʧʣʦʪʥʦʩʪʠ ʬʘʟ (Stevenson, 

1990; Rubie et al., 2003; Wood et al., 2006). 

ɼʚʝ ʩʣʝʜʫʶʱʠʝ ʤʦʜʝʣʠ ʦʩʥʦʚʘʥʳ ʥʘ ʧʦʣʥʦʤ ʧʣʘʚʣʝʥʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʣʠʰʴ 

ʯʘʩʪʠʯʥʦʤ ʧʣʘʚʣʝʥʠʠ ʩʠʣʠʢʘʪʥʦʡ. 

ɼʠʘʧʠʨʦ- ʠ ʜʘʡʢʦʦʙʨʘʟʦʚʘʥʠʝ. ʆʧʫʩʪʠʚʰʠʩʴ ʥʘ ʥʝʨʘʩʧʣʘʚʣʝʥʥʫʶ ʠʣʠ ʯʘʩʪʠʯʥʦ 

ʨʘʩʧʣʘʚʣʝʥʥʫʶ ʤʘʥʪʠʶ ʠʟ ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʦʢʝʘʥʘ, ʢʘʧʣʠ ʞʝʣʝʟʘ ʩʦʙʠʨʘʣʠʩʴ ʚ ʙʦʣʴʰʠʝ 

ʦʙʨʘʟʦʚʘʥʠʷ ï 1ï10 ʢʤ ʚ ʜʠʘʤʝʪʨʝ ʠ ʙʦʣʝʝ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʜʠʘʧʠʨʳ ʦʙʨʘʟʦʚʳʚʘʣʠʩʴ 

ʧʨʠ ʚʷʟʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʩʠʣʠʢʘʪʥʦʡ ʬʘʟʳ, ʘ ʧʨʠ ʭʨʫʧʢʠʭ ʜʝʬʦʨʤʘʮʠʷʭ ʦʙʨʘʟʦʚʳʚʘʣʠʩʴ 

ʜʘʡʢʠ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ (Karato and Murthy, 1997; Rubie et al., 2007). 

ʇʨʦʩʘʯʠʚʘʥʠʝ ʨʘʩʧʣʘʚʣʝʥʥʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʩʢʚʦʟʴ ʤʘʪʨʠʮʫ ʪʚʝʨʜʳʭ 

ʩʠʣʠʢʘʪʥʳʭ ʟʝʨʝʥ (ʧʦʨʦʜ) (Stevenson, 1990; Rushmer et al., 2000). ʉʧʦʩʦʙʥʦʩʪʴ 

ʧʨʦʩʘʯʠʚʘʥʠʷ ʞʠʜʢʦʩʪʠ ʯʝʨʝʟ ʪʚʝʨʜʫʶ ʤʘʪʨʠʮʫ ʟʘʚʠʩʠʪ ʦʪ ʜʚʫʭʛʨʘʥʥʦʛʦ ʫʛʣʘ (ɗ), 

ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʞʠʜʢʦʩʪʴʶ ʚ ʢʦʥʪʘʢʪʝ ʩ ʜʚʫʤʷ ʛʨʘʥʷʤʠ ʪʚʝʨʜʳʭ ʟʝʨʝʥ (Von Bargen, Waff, 

1986). ɽʩʣʠ ɗ Ò 60Á, ʪʦ ʞʠʜʢʦʩʪʴ ʧʨʦʩʘʯʠʚʘʝʪʩʷ ʧʦ ʛʨʘʥʠʮʘʤ ʪʚʝʨʜʳʭ ʟʝʨʝʥ, ʦʙʨʘʟʫʷ ʧʨʠ 

ʵʪʦʤ ʩʚʷʟʘʥʥʫʶ ʩʝʪʴ ʩʦʩʫʜʦʚ (ʪ. ʝ. ʥʝ ʨʚʝʪʩʷ ʥʘ ʦʪʜʝʣʴʥʳʝ ʢʘʧʣʠ). ʇʨʠ ɗ> 60Á ʞʠʜʢʦʩʪʴ 

ʥʘʢʘʧʣʠʚʘʝʪʩʷ ʚ ʚʠʜʝ ʢʘʧʝʣʴ ʚ ʤʝʞʟʝʨʥʦʚʳʭ ʧʨʦʩʪʨʘʥʩʪʚʘʭ ʠ ʩʝʪʴ ʥʝ ʚʦʟʥʠʢʘʝʪ. ʇʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʫʛʦʣ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʦʣʠʚʠʥʘ ʨʘʩʧʣʘʚʦʤ ʞʝʣʝʟʘ (ʞʝʣʝʟʦ-

ʥʠʢʝʣʝʚʳʤ) ʨʘʩʧʣʘʚʦʤ ʧʨʝʚʳʰʘʝʪ 60Á ʠ ʧʨʦʩʘʯʠʚʘʥʠʝ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ɺ ʜʘʥʥʦʤ 

ʩʦʦʙʱʝʥʠʠ ʧʨʠʚʦʜʷʪʩʷ ʦʙʦʙʱʘʶʱʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʤʝʭʘʥʠʟʤʫ 

ʧʨʦʩʘʯʠʚʘʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʨʘʩʧʣʘʚʘ ʩʢʚʦʟʴ ʤʘʪʨʠʮʫ ʪʚʝʨʜʳʭ ʩʠʣʠʢʘʪʥʳʭ ʟʝʨʝʥ ʧʨʠ 

ʫʯʘʩʪʠʠ ʣʝʛʢʠʭ ʵʣʝʤʝʥʪʦʚ (ʥʘ ʧʨʠʤʝʨʝ ʉ, S) ʠ ʫʛʣʝʚʦʜʦʨʦʜʦʚ (ʥʘ ʧʨʠʤʝʨʝ ʘʥʪʨʘʮʝʥʘ 
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(ʉ14ʅ10)). ʆʩʥʦʚʥʳʝ ʧʦʩʪʫʣʘʪʳ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ: ʥʘʣʠʯʠʝ ʣʝʛʢʠʭ ʵʣʝʤʝʥʪʦʚ ʠ 

ʩʦʝʜʠʥʝʥʠʡ (ʫʛʣʝʚʦʜʦʨʦʜʦʚ) ʚ ʨʘʥʥʝʡ ɿʝʤʣʝ ʠ ʠʭ ʭʦʨʦʰʘʷ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚ ʞʝʣʝʟʥʦʤ / 

ʞʝʣʝʟʦ-ʥʠʢʝʣʝʚʦʤ ʨʘʩʧʣʘʚʝ (ʈʠʩ. 1). 

 

 

ʈʠʩ. 1. ɻʨʘʬʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʤʦʜʝʣʠ ʧʨʦʩʘʯʠʚʘʥʠʷ Fe ʨʘʩʧʣʘʚʘ ʩʢʚʦʟʴ ʦʣʠʚʠʥʦʚʫʶ ʤʘʪʨʠʮʫ 

(ʥʘ ʧʨʠʤʝʨʝ ʩʤʝʩʠ ʦʣʠʚʠʥʘ ʠ ʛʨʘʬʠʪʘ). 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʠ ʥʘ ʙʝʩʧʨʝʩʩʦʚʦʤ ʤʥʦʛʦʧʫʘʥʩʦʥʥʦʤ 

ʘʧʧʘʨʘʪʝ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʪʠʧʘ çʨʘʟʨʝʟʥʘʷ ʩʬʝʨʘè (ɹɸʈʉ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1600 Ñ25 ʦʉ 

ʠ ʜʘʚʣʝʥʠʠ 2.0 ï 5.5Ñ0.2 ɻʇʘ (ʪʘʙʣ. 1). ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩʦʩʪʘʚʣʷʣʘ ʜʦ 5 

ʯʘʩʦʚ. 

 

ʊʘʙʣʠʮʘ 1. ʋʩʣʦʚʠʷ ʠ ʧʘʨʘʤʝʪʨʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

 

 ̄ ʇʘʨʘʤʝʪʨʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʉʦʩʪʘʚ ʤʘʩ % 

 ʈ 

GPa 

ʊ Áʉ ɺʨʝʤʷ 

ʤʠʥ 

ʄʝʪʘʣʣ ʆʣʠʚʠʥ ʉ S ɸʥʪʨʘʮʝʥ 

ʉ14ʅ10 
Fe FeNi(36) 

1 

2 

2.0 

5.5 

1600 

1600 

30 

60 

35 

35 

- 

- 

65 

65 

- 

- 

- 

- 

- 

- 

3 

4 

5.5 

5.5 

 

1600 

15 

120 

33 

33 

- 

- 

65 

65 

2 

2 

- 

- 

- 

- 

5 

6 

7 

2.0 

2.0 

5.5 

1600 

1600 

1600 

5 

60 

300 

33 

33 

33 

- 

- 

- 

61 

65 

64 

6 

2 

3 

- 

- 

- 

- 

- 

- 

8 

9 

5.5 

5.5 

1600 

1600 

300 

8 

33 

33 

- 

- 

60 

62 

4 

2 

3 

3 

- 

- 

10 

11 

12 

13 

14 

5.0 

3.0 

3.0 

5.0 

5.0 

1600 

1600 

1600 

1600 

1600 

60 
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ʈʝʘʢʮʠʦʥʥʳʡ ʦʙʲʝʤ ʷʯʝʡʢʠ ʚʳʩʦʢʦ ʜʘʚʣʝʥʠʷ ʩʦʙʠʨʘʣʠ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʚʦ ʚʪʫʣʢʫ 

ʠʟ MgO ʧʦʤʝʱʘʣʠ ʨʘʚʥʦʤʝʨʥʦ ʧʝʨʝʤʝʰʘʥʥʫʶ ʩʤʝʩʴ ʦʣʠʚʠʥʘ (ʬʨʘʢʮʠʷ 0.5ï1 ʤʤ) ʩ 

ʛʨʘʬʠʪʦʤ, ʩʝʨʦʡ ʠ ʛʨʘʬʠʪʦʤ ʠʣʠ ʘʥʪʨʘʮʝʥʦʤ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʨʦʧʦʨʮʠʷʭ (ʪʘʙʣ. 1). 
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ʉʚʝʨʭʫ ʥʘ ʜʘʥʥʫʶ ʩʤʝʩ ɹʧʦʤʝʱʘʣʠ ʪʘʙʣʝʪʢʫ ʞʝʣʝʟʘ (ʞʝʣʝʟʦ-ʥʠʢʝʣʝʚʦʛʦ ʩʧʣʘʚʘ (ʠʥʚʘʨ 

36ʅ)). 

ʇʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʙʨʘʟʝʮ ʠʩʩʣʝʜʦʚʘʣʠ ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ 

MIRA 3 LMU (çTESCANè Orsay Holding), ʦʙʦʨʫʜʦʚʘʥʥʦʤ ʩʠʩʪʝʤʦʡ ʤʠʢʨʦʘʥʘʣʠʟʘ çINCA 

Energyè 450+Xmax80 (Oxford Instruments Nanoanalisys Ltd.) ʚ ʎʂʇ ʀɻʄ ʉʆ ʈɸʅ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ: ʚʦ ʚʩʝʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, 

ʛʜʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʤʝʩʴ ʦʣʠʚʠʥ+ʛʨʘʬʠʪ (ʛʨʘʬʠʪ+ʩʝʨʘ; ʘʥʪʨʘʮʝʥ) ʥʘʙʣʶʜʘʣʦʩʴ 

ʧʨʦʩʘʯʠʚʘʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʨʘʩʧʣʘʚʘ ʚʥʫʪʨʴ ʦʣʠʚʠʥʦʚʦʡ ʤʘʪʨʠʮʳ (ʨʠʩ. 2). ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʢʦʛʜʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʣʠʚʠʥ ʙʝʟ ʜʦʙʘʚʦʢ ʨʘʩʪʚʦʨʠʤʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, 

ʧʨʦʩʘʯʠʚʘʥʠʷ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. ɺʦ ʚʨʝʤʷ ʦʧʳʪʘ ʧʨʦʠʩʭʦʜʠʪ ʨʘʩʪʚʦʨʝʥʠʝ ʜʘʥʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʨʘʩʧʣʘʚʦʤ, ʧʦʩʣʝ ʯʝʛʦ ʨʘʩʧʣʘʚ ʟʘʧʦʣʥʷʝʪ ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʪʚʦʨʝʥʠʷ ʧʦʣʦʩʪʠ ʤʝʞʟʝʨʥʦʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. ʉʢʦʨʦʩʪʴ ʧʨʦʩʘʯʠʚʘʥʠʷ 

ʟʘʚʠʩʠʪ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʤʝʞʟʝʨʥʦʚʦʛʦ ʣʝʛʢʦ ʨʘʩʪʚʦʨʠʤʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. ʄʘʢʩʠʤʘʣʴʥʘʷ 

ʩʢʦʨʦʩʪʴ ʧʨʦʩʘʯʠʚʘʥʠʷ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʥʘʙʣʶʜʘʣʘʩʴ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʳʭ ʢʦʣʠʯʝʩʪʚʘʭ 

ʣʝʛʢʦ ʨʘʩʪʚʦʨʠʤʳʭ ʚʝʱʝʩʪʚ ï ʦʧʳʪʳ:  ̄8 ʜʦ 6 ʤʤ/ʯ ʠ  ̄14 ʜʦ 8 ʤʤ/ʯ (ʊʘʙʣ. 1.) 

 

 
ʈʠʩ. 2. ʇʨʦʩʘʯʠʚʘʥʠʝ ʩʢʚʦʟʴ ʦʣʠʚʠʥʦʚʫʶ ʤʘʪʨʠʮʫ: ʘ. ʨʘʩʧʣʘʚ ʞʝʣʝʟʘ, ʦʣʠʚʠʥ+ʛʨʘʬʠʪ; ʙ. ʨʘʩʧʣʘʚ 

ʞʝʣʝʟʘ, ʦʣʠʚʠʥ+ʛʨʘʬʠʪ+ʩʝʨʘ; ʩ. ʞʝʣʝʟʦ-ʥʠʢʝʣʝʚʳʡ ʨʘʩʧʣʘʚ ʦʣʠʚʠʥ+ʘʥʪʨʘʮʝʥ. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʩʘʯʠʚʘʥʠʝ ʨʘʩʧʣʘʚʘ ʞʝʣʝʟʘ 

(ʞʝʣʝʟʦ-ʥʠʢʝʣʝʚʦʛʦ ʨʘʩʧʣʘʚʘ) ʯʝʨʝʟ ʦʣʠʚʠʥʦʚʫʶ ʤʘʪʨʠʮʫ ʧʨʠ ʚʳʩʦʢʠʭ ʈ-ʊ ʧʘʨʘʤʝʪʨʘʭ 

ʧʨʠ ʫʯʘʩʪʠʠ ʣʝʛʢʠʭ ʵʣʝʤʝʥʪʦʚ (ʉ, S) ʠʣʠ ʫʛʣʝʚʦʜʦʨʦʜʦʚ (ʘʥʪʨʘʮʝʥʘ) ʚʦʟʤʦʞʥʦ. 

ʇʦʣʫʯʝʥʥʳʝ ʥʦʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʩʦʟʜʘʥʠʠ 

ʢʦʨʨʝʢʪʥʦʡ ʤʦʜʝʣʠ ʵʚʦʣʶʮʠʠ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ɿʝʤʣʠ, ʧʣʘʥʝʪ ʟʝʤʥʦʡ ʛʨʫʧʧʳ ʠ 

ʤʘʣʳʭ ʧʣʘʥʝʪ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ 23ï

27ï00129). 
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THE ROLE OF LIGHT ELEMENTS (C, S, ANTHRACEN  C14N10) IN THE PROCESS 

OF MIGRATION OF IRON MELT THROUGH A SOLID SILICATE MATRIX 

EXPERIMENTAL MODELING  

 

E.I. Zhimulev, A.I.  Chepurov, V.M.  Sonin, A.A. Chepurov, I.A.  Gryaznov 

Sobolev Institute of Geology and Mineralogy, Siberian Branch, Novosibirsk, Russia 

ezhimulev@igm.nsc.ru 

 
Abstract. The previously proposed model of migration of Fe and FeNi melts through a solid silicate 

matrix consisting of olivine grains with interstices filled with the following compositions: graphite, sulfur, 

a mixture of graphite and sulfur, and anthracene at 5.5 GPa and 1600 ÁC was experimentally tested. The 

model implies the dissolution of the interstitial substance in the metal melt, followed by the percolation of 

the melt through the formed cavities. The rate of penetration of metal through olivine matrix at P-T 

parameters mentioned above depending on the content of light elements and the grain size of olivine is 

estimated. The possibility of diamond synthesis during the migration of metal melt through a solid silicate 

matrix with the interstices filled with graphite is shown. The results of the experiments demonstrated that 

light elements such as C, S, as well as their compounds with hydrogen (for example, anthracene) could 

play an important role in the processes of differentiation of the Earthôs material. 

 

Keywords: differentiation, olivine, iron-nickel melt, high P-T parameters 
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ʌɸɿʆɺʓɽ ʆʊʅʆʐɽʅʀʗ ɺ ʄɸʅʊʀʁʅʓʍ ʇʆʈʆɼɸʍ ʅɸ ɻʈɸʅʀʎɽ ʉ ʗɼʈʆʄ 

ʃʋʅʓ: ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ 

 

ʀʚʘʥʦʚʘ ʄ.ɺ.1, ɹʦʙʨʦʚ ɸ.ɺ.1,2 
1 ʀʥʩʪʠʪʫʪ ʛʝʦʭʠʤʠʠ ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤʝʥʠ ɺ.ʀ. ɺʝʨʥʘʜʩʢʦʛʦ ʈɸʅ, 

 2ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ,  

ɻʝʦʣʦʛʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ 

mv.iva.nova@yandex.ru 

 
ɸʥʥʦʪʘʮʠʷ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʣʘʟʝʨʥʦʡ ʣʦʢʘʮʠʠ ʃʫʥʳ ʠ ʤʠʩʩʠʠ GRAIL (Gravity Recovery and 

Interior Laboratory), ʚ ʦʩʥʦʚʘʥʠʠ ʣʫʥʥʦʡ ʤʘʥʪʠʠ ʥʘ ʛʨʘʥʠʮʝ ʩ ʚʥʝʰʥʠʤ ʷʜʨʦʤ ʤʦʞʝʪ ʨʘʩʧʦʣʘʛʘʪʴʩʷ 

ʯʘʩʪʠʯʥʦ ʨʘʩʧʣʘʚʣʝʥʥʘʷ ʟʦʥʘ. ʕʪʘ ʟʦʥʘ ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʥʘʭʦʜʠʪʩʷ ʥʘ ʛʣʫʙʠʥʝ ʦʢʦʣʦ 1200 ʢʤ, 

ʠʤʝʝʪ ʤʦʱʥʦʩʪʴ 150ï200 ʢʤ ʠ ʦʙʦʛʘʱʝʥʘ FeO, TiO2 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʢʨʫʞʘʶʱʝʡ ʤʘʥʪʠʝʡ. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʩʠʩʪʝʤʳ CaO-FeO-MgO-Al 2O3-SiO2-

TiO2 (CFMASTi), ʤʦʜʝʣʠʨʫʶʱʝʡ ʚʝʱʝʩʪʚʦ ʥʠʞʥʝʛʦ ʩʣʦʷ ʤʘʥʪʠʠ ʃʫʥʳ ʥʘ ʢʦʥʪʘʢʪʝ ʩ ʞʠʜʢʠʤ 

ʷʜʨʦʤ, ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʛʣʘʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʬʘʟʦʚʳʭ ʦʪʥʦʰʝʥʠʡ ʚ ʩʫʙʣʠʢʚʠʜʫʩʥʦʡ ʠ 

ʩʫʙʩʦʣʠʜʫʩʥʦʡ ʯʘʩʪʷʭ ʩʠʩʪʝʤʳ ʩ ʧʦʚʳʰʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʪʠʪʘʥʘ (10 ʤʘʩ.%) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

1000ï1600 ÁC ʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʜʘʚʣʝʥʠʠ 4.5 ɻʇʘ. ʇʦʣʫʯʝʥʥʘʷ ʬʘʟʦʚʘʷ ʘʩʩʦʮʠʘʮʠʷ ʚʢʣʶʯʘʝʪ ʚ 

ʩʝʙʷ: ʦʣʠʚʠʥ, ʵʥʩʪʘʪʠʪ, ʜʠʦʧʩʠʜ, ʛʨʘʥʘʪ ʤʵʡʜʞʦʨʠʪʦʚʦʛʦ ʪʠʧʘ, ʨʫʪʠʣ, ʠʣʴʤʝʥʠʪ ʠ ʨʘʩʧʣʘʚ. 

ʆʧʨʝʜʝʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʳʭ ʦʪʥʦʰʝʥʠʡ ʦʪ ʪʝʤʧʝʨʘʪʫʨ. ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʯʘʩʪʠʯʥʦʛʦ ʧʣʘʚʣʝʥʠʷ ʩʫʙʩʪʨʘʪʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʜʠʘʧʘʟʦʥʝ 1450ï1600 ÁC ʥʘ ʛʣʫʙʠʥʘʭ ʧʦʨʷʜʢʘ 1200ï1400 ʢʤ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʃʫʥʘ, ʬʘʟʦʚʳʝ ʦʪʥʦʰʝʥʠʷ, ʤʘʥʪʠʷ, ʵʢʩʧʝʨʠʤʝʥʪ 

 

ʆʜʥʘ ʠʟ ʛʣʘʚʥʳʭ ʧʨʦʙʣʝʤ ʛʝʦʬʠʟʠʢʠ ʠ ʛʝʦʭʠʤʠʠ ʃʫʥʳ ï ʧʨʦʙʣʝʤʘ ʠʟʫʯʝʥʠʷ ʝ y

ʛʣʫʙʠʥʥʳʭ ʦʙʦʣʦʯʝʢ. ʆʩʦʙʦʝ ʤʝʩʪʦ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʛʣʫʙʠʥʥʳʭ ʦʙʦʣʦʯʝʢ ʥʝʙʝʩʥʳʭ ʪʝʣ 

ʟʘʥʠʤʘʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ 

ʵʥʜʦʛʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʜʝʪʘʣʴʥʳʤ ʠʟʫʯʝʥʠʝʤ ʬʘʟʦʚʳʭ ʘʩʩʦʮʠʘʮʠʡ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʚ 

ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʝʨʝʦʩʤʳʩʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʩʝʡʩʤʠʯʝʩʢʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʦʛʨʘʤʤʳ ʉʐɸ çɸʧʦʣʣʦʥè (Apollo, 1969ï1972 ʛ.), 

ʧʨʝʜʦʩʪʘʚʣʝʥʥʳʭ ʢʦʤʧʣʝʢʪʦʤ ʧʨʠʙʦʨʦʚ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʃʫʥʳ Apollo Lunar 

Surface Experiments Package (ALSEP), ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʜʘʥʥʳʤʠ ʣʘʟʝʨʥʦʡ ʣʦʢʘʮʠʠ ʠ 

ʤʠʩʩʠʠ Gravity Recovery and Interior Laboratory (GRAIL) ʧʨʠʚʝʣʦ ʢ ʦʙʥʘʨʫʞʝʥʠʶ 

ʩʚʠʜʝʪʝʣʴʩʪʚ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʯʘʩʪʠʯʥʦ ʨʘʩʧʣʘʚʣʝʥʥʦʛʦ ʩʣʦʷ ʚ ʥʠʞʥʝʡ ʤʘʥʪʠʠ ʃʫʥʳ ʥʘ 

ʛʨʘʥʠʮʝ ʩ ʷʜʨʦʤ (ʂʨʦʥʨʦʜ ʠ ʜʨ., 2015; Khan et al., 2014; Weber et al., 2011). ʅʘʣʠʯʠʝ ʪʘʢʦʛʦ 

ʩʣʦʷ ʥʘʢʣʘʜʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʤʦʜʝʣʠ ʚʥʫʪʨʝʥʥʝʛʦ ʩʪʨʦʝʥʠʷ ʃʫʥʳ, ʝ y

ʪʝʨʤʦʭʠʤʠʯʝʩʢʫʶ ʵʚʦʣʶʮʠʶ. ʇʦʪɻʦʤʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʨʦʚʝʨʢʘ ʚʳʜʚʠʥʫʪʦʡ ʛʠʧʦʪʝʟʳ 

ʦ ʚʦʟʤʦʞʥʦʤ ʥʘʣʠʯʠʠ ʨʘʩʧʣʘʚʘ ʚ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʝ, ʢʘʢ ʠ ʫʩʪʘʥʦʚʣʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʠʷ 

ʧʨʝʜʧʦʣʘʛʘʝʤʳʭ ʬʘʟʦʚʳʭ ʘʩʩʦʮʠʘʮʠʡ ʧʦʣʫʯʝʥʥʳʤ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʥʝʦʙʳʯʘʡʥʦ ʚʘʞʥʳ ʜʣʷ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʟʥʘʥʠʷ ʦ ʥʝʜʨʘʭ ʟʝʤʥʦʛʦ ʩʧʫʪʥʠʢʘ. 

ɼʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʬʘʟʦʚʳʭ ʦʪʥʦʰʝʥʠʡ ʚ ʩʠʩʪʝʤʝ, ʤʦʜʝʣʠʨʫʶʱʝʡ ʚʝʱʝʩʪʚʦ ʥʠʞʥʝʛʦ 

ʩʣʦʷ ʤʘʥʪʠʠ ʃʫʥʳ ʥʘ ʢʦʥʪʘʢʪʝ ʩ ʞʠʜʢʠʤ ʷʜʨʦʤ, ʥʘʤʠ ʙʳʣʘ ʠʟʫʯʝʥʘ ʫʧʨʦʱʸʥʥʘʷ 

ʤʦʜʝʣʴʥʘʷ ʩʠʩʪʝʤʘ CaO-FeO-MgO-Al 2O3-SiO2-TiO2 (CFMASTi) ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ 

ʜʘʚʣʝʥʠʠ 4.5 ɻʇʘ ʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1000ï1600 ÁC. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʢʘʤʝʨʝ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʅʃ-13ʊ ʩ ʪʦʨʦʠʜʘʣʴʥʳʤ 

ʫʧʣʦʪʥʝʥʠʝʤ ʪʠʧʘ çʥʘʢʦʚʘʣʴʥʷ ʩ ʣʫʥʢʦʡè ʚ ʀʥʩʪʠʪʫʪʝ ʛʝʦʭʠʤʠʠ ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʭʠʤʠʠ 

ʠʤ. ɺ.ʀ. ɺʝʨʥʘʜʩʢʦʛʦ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ. ɼʣʷ ʦʧʳʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʷʯʝʡʢʘ, 

ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʠʟ ʧʨʝʩʩʦʚʘʥʥʦʡ ʩʤʝʩʠ MgO ʠ BN ʚ ʩʦʦʪʥʦʰʝʥʠʠ 3:1, ʩ ʧʦʣʝʟʥʳʤ ʨʘʙʦʯʠʤ 

ʦʙʲʸʤʦʤ 0.1ï0.15 ʩʤ3 ʠ ʜʠʘʤʝʪʨʦʤ 30 ʤʤ (ʜʠʘʤʝʪʨ ʣʫʥʢʠ ï 13 ʤʤ). ʆʙʨʘʟʝʮ ʟʘʛʨʫʞʘʣʩʷ ʚ 
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ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʧʦʣʦʩʪʴ ʛʨʘʬʠʪʦʚʦʛʦ ʥʘʛʨʝʚʘʪʝʣʷ ʨʘʟʤʝʨʦʤ 2.5 Ĭ 2.5 ʤʤ, ʢʦʪʦʨʳʡ, ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʙʳʣ ʧʦʤʝʱʸʥ ʚ ʪʚʝʨʜʦʬʘʟʦʚʫʶ ʷʯʝʡʢʫ. ʂʘʣʠʙʨʦʚʢʘ ʜʘʚʣʝʥʠʷ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʦʩʥʦʚʘʥʘ ʥʘ ʠʟʤʝʥʝʥʠʠ 

ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚʠʩʤʫʪʦʚʦʡ ʧʨʦʚʦʣʦʢʠ ʚʦ ʚʨʝʤʷ ʨʝʧʝʨʥʳʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ 

ʚʠʩʤʫʪʝ ʧʨʠ 2.55 (Bi I ï Bi II);  2.7 (Bi II  ï Bi III);  7.7 (Bi III  ï Bi V) ɻʇʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʂʘʣʠʙʨʦʚʢʘ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʪʝʨʤʦʧʘʨ Pt70Rh30/Pt94Rh6 (ʇʈ30/6) ʠ 

ʦʮʝʥʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʦʱʥʦʩʪʠ ʥʘʛʨʝʚʘ. ʇʦʛʨʝʰʥʦʩʪʴ 

ʧʦʜʜʝʨʞʘʥʠʷ ʠ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʣʷʝʪ Ñ10 ÁC 

(ʉʠʨʦʪʢʠʥʘ ʠ ʜʨ., 2016). 

ɸʥʘʣʠʟ ʦʙʨʘʟʮʦʚ, ʩʦʙʨʘʥʥʳʭ ʚ ʭʦʜʝ ʤʠʩʩʠʠ Apollo ʧʦʢʘʟʘʣ, ʯʪʦ ʪʦʣʴʢʦ ʥʘʠʙʦʣʝʝ 

ʙʦʛʘʪʳʝ ʪʠʪʘʥʦʤ ʨʘʩʧʣʘʚʳ ʙʫʜʫʪ ʥʝʡʪʨʘʣʴʥʦ ʧʣʘʚʫʯʠʤʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʣʫʥʥʦʡ ʤʘʥʪʠʠ 

(Parker et al., 2012). ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʠʩʫʪʩʪʚʠʝ ʚʳʩʦʢʦʪʠʪʘʥʠʩʪʳʭ ʬʘʟ, ʪʘʢʠʭ ʢʘʢ 

ʠʣʴʤʝʥʠʪ, ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʩʥʠʞʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʩʫʙʩʪʨʘʪʘ ʥʘ 

ʛʣʫʙʠʥʘʭ 1200ï1400 ʢʤ. ʀʤʝʥʥʦ ʧʦʵʪʦʤʫ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣ ʚʳʙʨʘʥ ʫʧʨʦʱʸʥʥʳʡ 

ʰʝʩʪʠʢʦʤʧʦʥʝʥʪʥʳʡ ʩʦʩʪʘʚ, ʧʦʣʫʯʝʥʥʳʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʥʚʝʨʩʠʠ ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʩ 

ʫʯʝʪʦʤ ʫʨʘʚʥʝʥʠʡ ʬʘʟʦʚʳʭ ʨʘʚʥʦʚʝʩʠʡ (Khan et al., 2014), ʦʪʚʝʯʘʶʱʠʡ ʚʝʱʝʩʪʚʫ ʥʠʞʥʝʛʦ 

ʩʣʦʷ ʤʘʥʪʠʠ ʃʫʥʳ ʥʘ ʛʨʘʥʠʮʝ ʩ ʷʜʨʦʤ ʠ ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʡ ʪʨʝʙʦʚʘʥʠʶ ʛʝʥʝʨʘʮʠʠ 

ʨʘʩʧʣʘʚʦʚ ʜʦʩʪʘʪʦʯʥʦʡ ʧʣʦʪʥʦʩʪʠ. ʆʪ ʜʨʫʛʠʭ ʤʦʜʝʣʝʡ ʧʝʨʝʭʦʜʥʦʛʦ ʩʣʦʷ ʝʛʦ ʦʪʣʠʯʘʝʪ 

ʧʦʚʳʰʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ TiO2 ʠ ʟʘʥʠʞʝʥʥʳʝ ʩʦʜʝʨʞʘʥʠʷ Al 2O3, SiO2. ɺ ʢʘʯʝʩʪʚʝ 

ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʟʘʜʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʩʠʩʪʝʤʳ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʦʨʦʰʢʦʦʙʨʘʟʥʳʝ 

ʭʠʤʠʯʝʩʢʠ ʯʠʩʪʳʝ ʦʢʩʠʜʳ ʚ ʢʦʣʠʯʝʩʪʚʘʭ (ʤʘʩ.%): 40 % SiO2; 10 % TiO2; 2 % Al 2O3; 14 % 

FeO; 30 % MgO; 4 % CaO. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ 4 ʩʝʨʠʠ ʦʧʳʪʦʚ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʪʝʤʧʝʨʘʪʫʨ. 

ʋʩʣʦʚʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʠ ʜʘʚʣʝʥʠʠ 4.5 ɻʇʘ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 1000ï1600ęʉ ʠ 

ʧʦʣʫʯʝʥʥʳʝ ʬʘʟʦʚʳʝ ʘʩʩʦʮʠʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 1. 

 

ʊʘʙʣʠʮʘ 1. ʋʩʣʦʚʠʷ ʦʧʳʪʦʚ ʠ ʬʘʟʦʚʳʝ ʘʩʩʦʮʠʘʮʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1000ï1600 ÁC ʠ 

ʜʘʚʣʝʥʠʠ 4.5 ɻʇʘ ʚ ʩʠʩʪʝʤʝ CFMASTi. ɺ ʩʢʦʙʢʘʭ ʫʢʘʟʘʥʳ ʦʙʲʸʤʥʳʝ ʩʦʜʝʨʞʘʥʠʷ ʬʘʟ. 

 

ʆʙʨʘʟʝʮ ˉ T, ÁC ʌʘʟʦʚʘʷ ʘʩʩʦʮʠʘʮʠʷ (ʦʙ.%) 

165 1000 Ol(22 %)+Opx(45 %)+Cpx(20 %)+Rt(10 %)+FeO(3 %) 

166 1100 Ol(21 %)+Opx(43 %)+ʉpx(19 %)+Grt(4 %)+Rt(10 %)+FeO(3 %) 

147 1200 Ol(27 %)+Opx(44 %)+Cpx(8 %)+Grt(8 %)+Rt(6 %)+Ilm(7 %) 

163 1300 Ol(28 %)+Opx(44 %)+ʉpx(6 %)+Grt(7 %)+Rt(6 %)+Ilm(9 %) 

167 1400 Ol(29 %)+Opx(43 %)+ʉpx(4 %)+Grt(9 %)+Rt(6 %)+Ilm(9 %) 

161 1500 
Ol(26 %)+Opx(46 %)+ʉpx(3 %)+Grt(6 %)+Rt(4 %)+Ilm(4 %)+L(11 

%) 

162 1600 Ol(29 %)+Opx(46 %)+Grt(4 %)+Rt(1 %)+Ilm(7 %)+L(13 %) 

 

ɼʣʷ ʦʧʳʪʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1000ï1100 Áʉ ʭʘʨʘʢʪʝʨʥʘ ʤʝʣʢʦʟʝʨʥʠʩʪʘʷ ʨʳʭʣʘʷ 

ʦʩʥʦʚʥʘʷ ʤʘʩʩʘ, ʩʣʦʞʝʥʥʘʷ ʜʠʦʧʩʠʜʦʤ, ʵʥʩʪʘʪʠʪʦʤ ʠ ʩʢʦʧʣʝʥʠʷʤʠ ʦʣʠʚʠʥʘ. ɺ ʙʦʣʴʰʦʤ 

ʢʦʣʠʯʝʩʪʚʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʩʫʙʠʜʠʦʤʦʨʬʥʳʝ ʟʸʨʥʘ ʨʫʪʠʣʘ ʨʘʟʤʝʨʦʤ ʜʦ 80 ʤʢʤ. ʊʘʢʞʝ 

ʚʩʪʨʝʯʘʶʪʩʷ ʝʜʠʥʠʯʥʳʝ ʟʸʨʥʘ ʛʨʘʥʘʪʦʚ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʦʙʨʘʟʮʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ 

1200 Áʉ, ʦʪʣʠʯʘʶʪʩʷ ʥʘʣʠʯʠʝʤ ʠʣʴʤʝʥʠʪʘ (ʈʠʩ. 1, ʘ). ʆʥ ʦʙʨʘʟʫʝʪ ʢʘʢ ʩʘʤʦʩʪʦʷʪʝʣʴʥʳʝ 

ʟʸʨʥʘ, ʪʘʢ ʠ ʢʘʡʤʳ ʚʦʢʨʫʛ ʨʫʪʠʣʘ. ɿʸʨʥʘ ʦʣʠʚʠʥʘ ʠ ʵʥʩʪʘʪʠʪʘ ʩʪʘʥʦʚʷʪʩʷ ʙʦʣʝʝ 

ʠʜʠʦʤʦʨʬʥʳʤʠ ʠ ʢʨʫʧʥʳʤʠ. ʄʦʨʬʦʣʦʛʠʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1300 Áʉ, ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʘʢʦʚʦʡ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʫʢʨʫʧʥʝʥʠʝʤ 

ʤʠʥʝʨʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʨʫʜʥʳʭ, ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʠʣʴʤʝʥʠʪʘ (ʈʠʩ. 1, ʙ). ʈʝʜʢʠʝ 
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ʛʨʘʥʘʪʳ ʙʣʠʟʢʠ ʢ ʠʟʦʤʝʪʨʠʯʥʳʤ ʠ ʜʦʩʪʠʛʘʶʪ 50 ʤʢʤ. ɺ ʜʘʣʴʥʝʡʰʝʤ, ʩ ʧʦʚʳʰʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʧʳʪʦʚ ʜʦ 1400 Áʉ, ʩʣʘʙʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʜʦʣʷ ʛʨʘʥʘʪʘ ʠ ʦʣʠʚʠʥʘ. ɼʠʦʧʩʠʜ 

ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʣʠʰʴ ʚ ʢʘʯʝʩʪʚʝ ʥʝʙʦʣʴʰʠʭ ʚʢʣʶʯʝʥʠʡ (ʦʢʦʣʦ 2 ʤʢʤ) ʚ ʦʩʥʦʚʥʦʡ ʤʘʩʩʝ ʠ 

ʛʨʘʥʘʪʘʭ. ʇʨʠ 1500 Áʉ ʚ ʮʝʣʦʤ ʩʦʭʨʘʥʷʶʪʩʷ ʧʨʦʧʦʨʮʠʠ ʤʠʥʝʨʘʣʦʚ, ʥʦ ʥʘʙʣʶʜʘʝʪʩʷ 

ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ. ʇʦʷʚʣʷʝʪʩʷ ʠʥʪʝʨʩʪʠʮʠʘʣʴʥʳʡ ʪʦʥʢʦʟʝʨʥʠʩʪʳʡ ʘʛʨʝʛʘʪ 

ʩʢʝʣʝʪʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʢʦʪʦʨʳʡ ʙʳʣ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥ ʢʘʢ ʟʘʢʘʣʸʥʥʳʡ ʨʘʩʧʣʘʚ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʠʣʴʤʝʥʠʪʦʤ ʠ ʧʠʨʦʢʩʝʥʘʤʠ (ʈʠʩ. 1, ʚ). ʇʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 

1600 Áʉ ʧʨʠʚʦʜʠʪ ʢ ʠʩʯʝʟʥʦʚʝʥʠʶ ʢʣʠʥʦʧʠʨʦʢʩʝʥʘ ʚ ʧʨʦʜʫʢʪʘʭ ʦʧʳʪʦʚ ʠ ʫʚʝʣʠʯʝʥʠʶ 

ʜʦʣʠ ʨʘʩʧʣʘʚʘ (ʈʠʩ. 1, ʛ). 

 

 
ʈʠʩ. 1. ʌʦʪʦʛʨʘʬʠʠ ʩʪʨʫʢʪʫʨ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠ 4.5 ɻʇʘ ʠ 1200ï1600 ÁC ʚ 

ʦʪʨʘʞʝʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ. 

 

ʄʘʛʥʝʟʠʘʣʴʥʦʩʪʴ ʢʣʠʥʦʧʠʨʦʢʩʝʥʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʪʝʤʧʝʨʘʪʫʨʥʳʤʠ 

ʫʩʣʦʚʠʷʤʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʦʨʪʦʧʠʨʦʢʩʝʥʦʚ ʦʥʘ ʧʦʥʠʞʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʉʦʜʝʨʞʘʥʠʝ TiO2 ʚ ʧʠʨʦʢʩʝʥʘʭ ʠʤʝʝʪ ʪʝʥʜʝʥʮʠʶ ʫʚʝʣʠʯʠʚʘʪʴʩ ̫ʧʦ ʤʝʨʝ 

ʧʦʚʳʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʥʦ ʥʝ ʧʨʝʚʳʰʘʝʪ 0.89 ʤʘʩ.% ʚ ʦʨʪʦʧʠʨʦʢʩʝʥʝ ʠ 0.43 ʤʘʩ.% ʚ 

ʢʣʠʥʦʧʠʨʦʢʩʝʥʝ. ʅʘ ʦʩʥʦʚʝ ʦʙʨʘʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʦʜʝʨʞʘʥʠʡ TiO2 ʦʪ SiO2 ʚ ʧʠʨʦʢʩʝʥʘʭ 

ʩʜʝʣʘʥ ʚʳʚʦʜ ʦʙ ʠʟʦʤʦʨʬʥʦʤ ʟʘʤʝʱʝʥʠʠ ʢʨʝʤʥʠʷ ʪʠʪʘʥʦʤ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ T. 

ʊʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʳ ʦʙʨʘʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ ʩʦʜʝʨʞʘʥʠʷʤʠ Al 2O3 ʠ MgO, Al 2O3 ʠ 

SiO2, ʯʪʦ, ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʡ ʛʣʠʥʦʟʝʤʘ ʥʘ ʬʦʥʝ ʧʦʚʳʰʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʫʢʘʟʳʚʘʝʪ ʥʘ ʯʝʨʤʘʢʦʚʩʢʠʡ ʪʠʧ ʟʘʤʝʱʝʥʠʷ ʧʦ ʩʭʝʤʝ: Al(M1) + Al(T)  ź 

Mg(M1) + Si(T). 

ɻʨʘʥʘʪʳ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʚ ʩʠʩʪʝʤʝ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʠʟʙʳʪʦʯʥʳʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ 

ʢʨʝʤʥʝʟʝʤʘ, ʢʦʪʦʨʳʝ ʜʦʩʪʠʛʘʶʪ 3.1 ʬ.ʝ., ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʪʥʦʩʷʪʩʷ ʢ ʤʵʡʜʞʦʨʠʪʦʚʦʤʫ 

ʪʠʧʫ (Gasparik, 2002). ʂʦʥʮʝʥʪʨʘʮʠʠ ʘʣʶʤʠʥʠʷ ʚ ʛʨʘʥʘʪʘʭ ʜʦʩʪʠʛʘʶʪ 25.41 ʤʘʩ.% Al 2O3, 

ʞʝʣʝʟʘ ï 13.56 ʤʘʩ.% FeO, ʘ ʤʘʛʥʠʷ ï 18.96 ʤʘʩ.% MgO. ʇʨʠ ʵʪʦʤ ʛʨʘʥʘʪʳ ʚ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʦʧʳʪʘʭ, ʧʨʠ 1100 Áʉ, ʠʤʝʶʪ ʥʘʠʙʦʣʴʰʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ CaO (ʜʦ 

11.48 ʤʘʩ.%), ʢʦʪʦʨʳʝ ʥʝ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʉʦʜʝʨʞʘʥʠʷ 

ʪʠʪʘʥʘ ʚʘʨʴʠʨʫʶʪ ʚ ʧʨʝʜʝʣʘʭ 1ï3 ʤʘʩ.% TiO2 ʠ ʩʣʘʙʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ, ʢʘʢ 

ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ CaO. 



ʌʘʟʦʚʳʝ ʨʘʚʥʦʚʝʩʠ ̫ʧʨʠ ʚʳʩʦʢʠʭ ʈʊ ʧʘʨʘʤʝʪʨʘʭ 
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ʆʣʠʚʠʥ ʠʤʝʝʪ ʰʠʨʦʢʠʝ ʚʘʨʠʘʮʠʠ ʩʦʩʪʘʚʦʚ ʦʪ Fo60 ʜʦ Fo90. ɺ ʩʨʝʜʥʝʤ ʝʛʦ 

ʤʘʛʥʝʟʠʘʣʴʥʦʩʪʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪʩʷ ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ. ʂʦʥʮʝʥʪʨʘʮʠʷ 

CaO ʥʝ ʧʨʝʚʳʰʘʝʪ 0.15 ʤʘʩ.% ʠ ʩʣʘʙʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʦʧʳʪʦʚ ʢ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ ʠʟʦʤʦʨʬʠʟʤ Mg2+ ź Ca2+ ʚ ʧʦʟʠʮʠʠ M2. 

ʉʦʜʝʨʞʘʥʠʷ TiO2 ʜʦʩʪʠʛʘʶʪ 4.31 ʤʘʩ.% ʧʨʠ 1000ï1100 Áʉ, ʥʦ ʨʝʟʢʦ ʩʥʠʞʘʶʪʩʷ ʧʨʠ 

1200 Áʉ, ʩ ʧʦʚ̫ʣʝʥʠʝʤ ʠʣʴʤʝʥʠʪʘ ʚ ʧʨʦʜʫʢʪʘʭ ʦʧʳʪʦʚ. ʉʦʛʣʘʩʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠ 

ʧʨʠʨʦʜʥʳʤ ʜʘʥʥʳʤ (ʄʘʪʨʦʩʦʚʘ ʠ ʜʨ., 2021), ʚʭʦʞʜʝʥʠʝ ʪʠʪʘʥʘ ʥʝ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ 

ʦʣʠʚʠʥʘ, ʧʦʵʪʦʤʫ ʚ ʦʣʠʚʠʥʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʫʩʣʦʚʠʷʭ, ʧʨʠʤʝʩʴ ʵʪʦʛʦ ʵʣʝʤʝʥʪʘ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʘ ʩ ʤʝʣʴʯʘʡʰʠʤʠ ʚʢʣʯʁʝʥʠʷʤʠ ʚ 

ʮʝʥʪʨʘʣʴʥʳʭ ʯʘʩʪʷʭ ʦʣʠʚʠʥʦʚʳʭ ʟʝʨʝʥ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 1200 Áʉ ʩʦʜʝʨʞʘʥʠʷ TiO2 

ʥʝ ʧʨʝʚʳʰʘʶʪ 0.5 ʤʘʩ.%. ʉʦʜʝʨʞʘʥʠʷ ʘʣʶʤʠʥʠʷ, ʢʘʢ ʠ ʢʘʣʴʮʠʷ, ʢʨʘʡʥʝ ʤʘʣʳ ʠ 

ʩʦʩʪʘʚʣʷʶʪ ʤʝʥʝʝ 0.12 ʤʘʩ.%, ʥʦ ʥʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʷʚʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. 

ʉʦʩʪʘʚʳ ʨʫʜʥʳʭ ʤʠʥʝʨʘʣʦʚ, ʪʘʢʠʭ ʢʘʢ ʨʫʪʠʣ ʠ ʠʣʴʤʝʥʠʪ, ʜʦʩʪʘʪʦʯʥʦ ʩʪʘʙʠʣʴʥʳ ʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʩʣʦʚʠʡ. ʆʥʠ ʚʳʩʪʫʧʘʶʪ ʢʘʢ ʛʣʘʚʥʳʝ 

ʢʦʥʮʝʥʪʨʘʪʦʨʳ ʪʠʪʘʥʘ. ʊʘʢʞʝ ʚ ʠʣʴʤʝʥʠʪʝ ʦʪʤʝʯʘʝʪʩʷ ʠʟʦʤʦʨʬʥʦʝ ʟʘʤʝʱʝʥʠʝ Fe2+ ź 

Mg2+, ʧʨʠ ʵʪʦʤ ʩʦʜʝʨʞʘʥʠʷ MgO ʜʦʩʪʠʛʘʶʪ 14 ʤʘʩ.%. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʝʛʦ ʤʦʞʥʦ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʢʘʢ ʧʠʢʨʦʠʣʴʤʝʥʠʪ, ʢʦʪʦʨʳʡ ʚ ʟʝʤʥʳʭ ʫʩʣʦʚʠʷʭ ʷʚʣʷʝʪʩʷ 

ʠʥʜʠʢʘʪʦʨʥʳʤ ʤʠʥʝʨʘʣʦʤ ʢʠʤʙʝʨʣʠʪʦʚ. 

ʈʘʩʧʣʘʚ ʚ ʦʧʳʪʘʭ ʧʨʠ 4.5 ɻʇʘ ʠ 1500ï1600 ÁC ʚ çʩʫʭʦʡè ʩʠʩʪʝʤʝ CFMASTi 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝ ʭʘʨʘʢʪʝʨʥʦʝ ʜʣ̫ ʙʦʣʝʝ ʢʠʩʣʳʭ ʩʦʩʪʘʚʦʚ ʟʘʢʘʣʝʥʥʦʝ ʦʜʥʦʨʦʜʥʦʝ 

ʩʪʝʢʣʦ, ʘ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʦʡ, ʤʥʦʛʦʬʘʟʥʦʡ ʩʤʝʩʴʶ ʟʘʢʘʣʦʯʥʦʡ ʧʨʠʨʦʜʳ. ʆʥ 

ʬʠʢʩʠʨʫʝʪʩʷ ʧʦ ʜʝʥʜʨʠʪʥʦʡ ʩʪʨʫʢʪʫʨʝ ʚ ʠʥʪʝʨʩʪʠʮʠʷʭ. ʉʦʩʪʘʚ ʨʘʩʧʣʘʚʘ ʙʳʣ ʦʮʝʥʝʥ ʧʫʪʝʤ 

ʧʨʦʚʝʜʝʥʠ ̫ʤʘʩʩ-ʙʘʣʘʥʩʦʚʳʭ ʨʘʩʯʝʪʦʚ (ɸʨʠʩʢʠʥ ʠ ʜʨ., 2000) ʠ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʊʘʙʣʠʮʝ 2. 

ʄʦʜʘʣʴʥʳʝ ʩʦʜʝʨʞʘʥʠʷ ʤʠʥʝʨʘʣʦʚ ʫʩʪʘʥʦʚʣʝʥʳ ʚ ʧʨʦʛʨʘʤʤʘʭ ImageJ ʠ CT-An ʧʦ 

ʩʥʠʤʢʘʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʦʪʨʘʞʝʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ. 

 

ʊʘʙʣʠʮʘ 2. ʈʘʩʩʯʠʪʘʥʥʳʡ ʩʦʩʪʘʚ ʨʘʩʧʣʘʚʘ ʚ ʩʠʩʪʝʤʝ CFMASTi ʧʨʠ 4.5 ɻʇʘ ʠ 1500ï

1600 ÁC. 

 

ʂʦʤʧʦʥʝʥʪʳ 

(ʤʘʩ.%) 
SiO2 TiO 2 Al 2O3 FeO MgO CaO 

1500 Áʉ 4 30 2 28 17 18 

1600 Áʉ 12 34 3 13 14 23 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʟʫʣʴʪʘʪʳ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʯʘʩʪʠʯʥʦʛʦ 

ʧʣʘʚʣʝʥʠʷ ʩʫʙʩʪʨʘʪʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 1450ï1600 ÁC ʥʘ ʛʣʫʙʠʥʘʭ ʧʦʨʷʜʢʘ 1200ï

1400 ʢʤ. ʉʪʝʧʝʥʴ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʘʩʯʸʪʥʳʤʠ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ (Antonangeli et al., 2015; Mallik  et al., 2019; 

Parker et al., 2012; Weber et al., 2011), ʘ ʤʠʥʝʨʘʣʴʥʘʷ ʘʩʩʦʮʠʘʮʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʧʨʦʛʥʦʟʠʨʦʚʘʥʥʦʡ ʚ ʤʦʜʝʣʷʭ (ʂʨʦʥʨʦʜ ʠ ʜʨ., 2011; ʂʫʩʢʦʚ ʠ ʜʨ., 2019; Khan et al., 2014). 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʧʦʣʫʯʝʥʥʳʭ ʥʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʘʭ ʛʨʘʥʘʪʘ ʠ 

ʢʘʣʴʮʠʝʚʦʛʦ ʧʠʨʦʢʩʝʥʘ. ɻʨʘʥʘʪ ʫʩʪʘʥʦʚʣʝʥ ʚ ʧʨʦʜʫʢʪʘʭ ʦʧʳʪʦʚ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʧʦʨʷʜʢʘ 

1550 Áʉ, ʜʠʦʧʩʠʜ ï ʜʦ 1500 Áʉ. ɺ ʜʨʫʛʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪʘʭ, ʛʜʝ ʩʦʩʪʘʚ ʯʘʩʪʠʯʥʦ 

ʨʘʩʧʣʘʚʣʝʥʥʦʛʦ ʩʣʦʷ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʩʦʩʪʘʚʦʤ Fe-Ti ʢʫʤʫʣʘʪʦʚ ʠʣʠ ʠʭ ʩʤʝʩʴʶ ʩ 

ʤʘʥʪʠʡʥʳʤ ʚʝʱʝʩʪʚʦʤ ʃʫʥʳ ʧʦʩʣʝ 50 %-ʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʣʫʥʥʦʛʦ ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ 

ʦʢʝʘʥʘ ʚ ʧʨʦʧʦʨʮʠʠ 1:1 (Mallik  et al., 2019), ʛʨʘʥʘʪ ʠ ʢʘʣʴʮʠʝʚʳʡ ʧʠʨʦʢʩʝʥ ʬʠʢʩʠʨʫʶʪʩʷ 

ʪʦʣʴʢʦ ʜʦ 1400 Áʉ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʥʦʚʝʡʰʠʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ (Jing et al., 2022), ʛʨʘʥʘʪ ʚ ʣʫʥʥʦʡ ʤʘʥʪʠʠ ʩʪʘʙʠʣʝʥ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʙʦʣʝʝ 3 ɻʇʘ ʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʝʥʝʝ 1700 Áʉ, ʘ ʢʘʣʴʮʠʝʚʳʡ ʧʠʨʦʢʩʝʥ ï ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʙʦʣʝʝ 3 ɻʇʘ ʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 1600 Áʉ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʝʢʫʱʠʤ ʠʩʩʣʝʜʦʚʘʥʠʝʤ. 
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Abstract. According to the data of the Lunar Laser Ranging and the GRAIL (Gravity Recovery and 

Interior Laboratory) mission, a partially molten zone may be located at the base of the lunar mantle at the 
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boundary with the outer core. This 150ï200 km thick zone is presumably located at a depth of about 1200 

km and is enriched with FeO, TiO2 compared to the surrounding mantle. In this paper, based on the 

experimental study of the CaO-FeO-MgO-Al 2O3-SiO2-TiO2 (CFMASTi) system modeling the substance 

of the lower mantle layer of the Moon in contact with the liquid core, the main features of phase relations 

in the subliquidus and subsolidus parts of the system with a high titanium content (10 wt.%) at 

temperatures of 1000ï1600 ÁC and a fixed pressure of 4.5 GPa were revealed. The resulting phase 

association includes: olivine, enstatite, diopside, garnet, rutile, ilmenite and melt. The dependences of 

phase relations on temperatures are determined. The results of experimental studies confirm the 

possibility of partial melting of the matter in the temperature range of 1450ï1600 ÁC at depths of about 

1200ï1400 km. 

 

Keywords: Moon, phase relations, mantle, experiment 
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ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆɽ IN SITU ʀʉʉʃɽɼʆɺɸʅʀɽ ʇʆʉʊʐʇʀʅɽʃɽɺʓʍ ʌɸɿ 

ɺ ʉʀʉʊɽʄɽ MG-AL -CR-O ɼʆ 30 ɻʇɸ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʟʦʥʘʭ ʩʫʙʜʫʢʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʦʙʦʛʘʱʝʥʠʝ ʤʘʥʪʠʡʥʳʭ ʛʣʫʙʠʥ ʢʦʨʦʚʳʤ ʚʝʱʝʩʪʚʦʤ. 

ɹʘʟʘʣʴʪ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʠʨʦʣʠʪʦʤ, ʩʦʜʝʨʞʠʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ SiO2, Al2O3, CaO, FeO, 

Na2O, K2O. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʧʦʩʪʰʧʠʥʝʣʝʚʳʝ ʬʘʟʳ (Akaogi et al., 1999) ʩʦ 

ʩʪʨʫʢʪʫʨʘʤʠ ʬʝʨʨʠʪʘ ʢʘʣʴʮʠʷ, ʪʠʪʘʥʘʪʘ ʢʘʣʴʮʠʷ ʠ ʤʘʨʦʢʠʪʘ ʷʚʣʷʶʪʩʷ ʢʦʥʮʝʥʪʨʘʪʦʨʘʤʠ ʢʦʨʦʚʳʭ 

ʵʣʝʤʝʥʪʦʚ ʚ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʝ ʠ ʥʠʞʥʝʡ ʤʘʥʪʠʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʦʩʴ in situ ʠʟʫʯʝʥʠʝ 

ʩʠʩʪʝʤʳ Mg-Al -Cr-O. ɹʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʬʘʟʳ ʩʦʩʪʘʚʘ Mg2(Al , Cr)2O5 ʠ Mg(Cr, Al)2O4. ʌʘʟʘ 

Mg2(Al , Cr)2O5 ʠʤʝʝʪ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʣʶʜʚʠʛʠʪʘ (Pbam), ʘ ʬʘʟʘ Mg(Cr, Al)2O4 ʠʤʝʝʪ 

ʩʪʨʫʢʪʫʨʫ ʢʘʣʴʮʠʦʪʠʪʘʥʘʪʘ ʠ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ Cmcm. ʆʥʘ ʙʳʣʘ 

ʠʟʫʯʝʥʘ ʜʦ 30 ɻʇʘ ʚ ʷʯʝʡʢʝ ʩ ʘʣʤʘʟʥʳʤʠ ʥʘʢʦʚʘʣʴʥʷʤʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ 

ʜʦʩʪʠʞʝʥʠʠ 12ï16 ɻʇʘ ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʥʘ ʮʚʝʪʘ ʢʨʠʩʪʘʣʣʘ ʩ ʟʝʣʝʥʦʛʦ ʥʘ ʢʨʘʩʥʳʡ, ʯʪʦ ʩʦʭʨʘʥʷʝʪʩʷ 

ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʧʦʚʳʰʝʥʠʠ ʜʘʚʣʝʥʠʷ. ʕʪʦ ʠʟʤʝʥʝʥʠʝ ʥʝ ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʳʤ, ʧʨʠ ʩʥʠʞʝʥʠʠ 

ʜʘʚʣʝʥʠʷ ʢʨʠʩʪʘʣʣ ʩʥʦʚʘ ʩʪʘʥʦʚʠʪʩʷ ʟʝʣʝʥʳʤ. ɺʳʰʝʦʧʠʩʘʥʥʳʝ ʬʘʟʳ, ʥʝʩʦʤʥʝʥʥʦ, ʩʪʘʙʠʣʴʥʳ ʚ 

ʤʘʥʪʠʡʥʳʭ ʫʩʣʦʚʠʷʭ ʠ ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʬʘʟʳ-ʢʦʥʮʝʥʪʨʘʪʦʨʳ ʢʦʨʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʤʘʥʪʠʠ ɿʝʤʣʠ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʩʪʰʧʠʥʝʣʝʚʳʝ ʬʘʟʳ, ʧʝʨʝʭʦʜʥʘʷ ʟʦʥʘ, ʥʠʞʥʷʷ ʤʘʥʪʠʷ, in situ ʠʩʩʣʝʜʦʚʘʥʠʝ, 

ʩʪʨʫʢʪʫʨʘ, ʈʘʤʘʥ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

 

ʐʧʠʥʝʣʴ ï ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʡ ʤʠʥʝʨʘʣ, ʚʩʪʨʝʯʘʶʱʠʡʩʷ ʚ ʨʘʟʣʠʯʥʳʭ 

ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʦʙʩʪʘʥʦʚʢʘʭ. ɺ ʨʘʙʦʪʝ (Reid, Ringwood, 1969) ʚʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ 

ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ ʢʘʣʴʮʠʦʬʝʨʨʠʪʘ CaFe2O4 (CF), ʢʘʣʴʮʠʦʪʠʪʘʥʘʪʘ CaTi2O4 

(CT) ʠ ʤʘʨʦʢʠʪʘ ʚ ʢʘʯʝʩʪʚʝ ʧʦʩʪʰʧʠʥʝʣʝʚʳʭ ʬʘʟ ʚ ʫʩʣʦʚʠʷʭ ʤʘʥʪʠʠ ɿʝʤʣʠ (Decker, 

Kasper, 1957, Rogge et al., 1998, Giesber et al., 2001). ʉʪʨʫʢʪʫʨʘ ʧʦʩʪʰʧʠʥʝʣʝʚʳʭ ʬʘʟ 

ʦʙʨʘʟʦʚʘʥʘ ʢʨʘʝʚʳʤʠ ʠ ʫʛʣʦʚʳʤʠ ʦʢʪʘʵʜʨʘʤʠ ʩ ʧʦʣʳʤʠ ʢʘʥʘʣʘʤʠ, ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʦʩʠ b 

(ʩʪʨʫʢʪʫʨʘ CF) ʠ ʦʩʠ a (ʩʪʨʫʢʪʫʨʘ CT), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʪʠ ʜʚʝ ʩʪʨʫʢʪʫʨʳ ʩʦʜʝʨʞʘʪ 

ʚʦʩʴʤʠʚʝʨʰʠʥʥʠʢʠ AO8 ʠ ʦʢʪʘʵʜʨʳ BO6. ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʪʠʧʘ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ 

BO6 ʚ ʩʪʨʫʢʪʫʨʝ CF ʠ ʦʜʠʥ ʪʠʧ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ ʧʦʟʠʮʠʠ BO6 ʚ ʩʪʨʫʢʪʫʨʝ CT. ʉʨʝʜʠ 

ʧʦʩʪʰʧʠʥʝʣʝʚʳʭ ʚʳʜʝʣʷʶʪʩʷ ʩʪʨʫʢʪʫʨʳ ʩ ʮʝʥʪʨʠʨʦʚʘʥʥʦʡ Cmcm (Bbmm) ʠ ʩ 

ʧʨʠʤʠʪʠʚʥʳʤʠ Pnma (Pmcn), Pbcm (Pmab) ʷʯʝʡʢʘʤʠ. 

ɺ ʟʦʥʘʭ ʩʫʙʜʫʢʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʦʙʦʛʘʱʝʥʠʝ ʤʘʥʪʠʡʥʳʭ ʛʣʫʙʠʥ ʢʦʨʦʚʳʤ ʚʝʱʝʩʪʚʦʤ. 

ɹʘʟʘʣʴʪ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʠʨʦʣʠʪʦʤ, ʩʦʜʝʨʞʠʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ SiO2, Al 2O3, 

CaO, FeO, Na2O, K2O. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʦʩʪʰʧʠʥʝʣʝʚʳʝ ʬʘʟʳ (Akaogi et al., 1999) 

ʷʚʣʷʶʪʩʷ ʢʦʥʮʝʥʪʨʘʪʦʨʘʤʠ ʢʦʨʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʝ ʠ ʥʠʞʥʝʡ ʤʘʥʪʠʠ. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʦʩʴ in situ ʠʟʫʯʝʥʠʝ ʩʠʩʪʝʤʳ Mg-Al -Cr-O. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʫʩʪʘʥʦʚʢʘʭ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʩ ʧʨʝʩʩʘʤʠ ʫʩʠʣʠʷʤʠ 

1200 ʪʦʥʥ (ʬʠʨʤʘ Sumitomo) ʚ ɹʘʚʘʨʩʢʦʤ ɻʝʦʠʥʩʪʠʪʫʪʝ, ʛ. ɹʘʡʨʦʡʪ, ɻʝʨʤʘʥʠʷ. ɼʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʠ ʧʦʜʛʦʪʦʚʣʝʥʳ ʩʪʘʨʪʦʚʳʝ ʤʘʪʝʨʠʘʣʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ 
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ʩʦʙʦʡ ʩʤʝʩʠ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʯʠʩʪʳʭ ʦʪʦʞʞʝʥʥʳʭ MgO, Al 2O3 ʠ Cr2O3 ʦʢʩʠʜʦʚ ʜʣʷ ʩʠʩʪʝʤʳ 

Mg-Al -Cr-O ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʦʦʪʥʦʰʝʥʠʷʭ. ʇʦʨʦʰʢʠ ʛʦʤʦʛʝʥʠʟʠʨʦʚʘʣʠ ʚ ʘʛʘʪʦʚʦʡ 

ʩʪʫʧʢʝ, ʘ ʟʘʪʝʤ ʦʪʞʠʛʘʣʠ ʚ ʧʣʘʪʠʥʦʚʳʭ ʪʠʛʣʷʭ ʚ ʪʝʯʝʥʠʝ ʩʫʪʦʢ ʧʨʠ 1000 ÁC. ʇʦʣʫʯʝʥʥʫʶ 

ʩʤʝʩʴ ʟʘʢʣʘʜʳʚʘʣʠ ʚ ʘʤʧʫʣʫ ʠʟ ʧʣʘʪʠʥʦʚʦʡ ʬʦʣʴʛʠ ʪʦʣʱʠʥʦʡ 0,25 ʤʤ. ʆʧʳʪʳ ʥʘ 

ʤʥʦʛʦʧʫʘʥʩʦʥʥʳʭ ʧʨʝʩʩʘʭ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʙʦʨʢʠ 7/3, ʂʦʥʪʨʦʣʴ ʟʘ 

ʠʟʤʝʥʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʧʦ ʢʘʣʠʙʨʦʚʢʝ T-W. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʩʠʥʪʝʟʫ 

ʬʘʟ ʚ ʩʠʩʪʝʤʝ Mg-Al -Cr-O ʧʨʠ ʜʘʚʣʝʥʠʷʭ 22 ʠ 24 ɻʇʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 1600ęC ʩ ʚʳʜʝʨʞʢʦʡ 

ʦʪ 1 ʜʦ 5 ʯʘʩʦʚ. ʉʦʩʪʘʚ ʬʘʟ ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ CamScanM2300 (VEGA TS 5130MM) ʩʦ ʩʧʝʢʪʨʘʣʴʥʳʤ ʘʥʘʣʠʟʘʪʦʨʦʤ Link 

INCA ʚ ʀʥʩʪʠʪʫʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʤʠʥʝʨʘʣʦʛʠʠ ʈɸʅ (ʏʝʨʥʦʛʦʣʦʚʢʘ). ʋʩʢʦʨʷʶʱʝʝ 

ʥʘʧʨʷʞʝʥʠʝ ʩʦʩʪʘʚʣʷʣʦ 20 ʢɺ. ʊʦʢ ʟʦʥʜʘ ~10ʥɸ. ʉʦʩʪʘʚ ʬʘʟ ʙʳʣ ʦʧʨʝʜʝʣʸʥ ʢʘʢ ʩʨʝʜʥʝʝ ʠʟ 

8 ʘʥʘʣʠʟʦʚ ʚ ʨʘʟʥʳʭ ʪʦʯʢʘʭ. 

ʆʧʪʠʯʝʩʢʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʧʦʟʚʦʣʠʣʘ ʦʪʦʙʨʘʪʴ ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʥʫʞʥʦʛʦ ʨʘʟʤʝʨʘ ʜʣʷ 

ʨʘʩʰʠʬʨʦʚʢʠ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʤʦʥʦʢʨʠʩʪʘʣʴʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ɼʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʠʬʨʘʢʪʦʤʝʪʨ Bruker SMART APEX CCD ʩ 

Rigaku rotating anode (Rotor Flex FR-D, Mo-KŬ radiation) ʠ Osmic focusing X-ray optics ʚ 

ɹʘʚʘʨʩʢʦʤ ɻʝʦʠʥʩʪʠʪʫʪʝ (ʛ. ɹʘʡʨʦʡʪ, ɻʝʨʤʘʥʠʷ) ʠ ʜʠʬʨʘʢʪʦʤʝʪʨ Gemini R ʦʪ Rigaku 

Oxford Diffraction, ʦʩʥʘʱʝʥʥʦʤ ʯʝʪʳʨʸʭʢʨʫʞʥʳʤ ʛʦʥʠʦʤʝʪʨʦʤ, ʜʚʫʭʢʦʦʨʜʠʥʘʪʥʳʤ CCD 

ʜʝʪʝʢʪʦʨʦʤ ʠ ʛʨʘʬʠʪʦʚʳʤ ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ (MoKŬ ï ʠʟʣʫʯʝʥʠʝ, ɚ=0.71073 ¡) ʚ ʀʌʊʊ 

ʈɸʅ (ʏʝʨʥʦʛʦʣʦʚʢʘ). 

ʂʈ-ʩʧʝʢʪʨʳ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʩʧʝʢʪʨʦʛʨʘʬʝ Acton 

SpectraPro-2500i ʩ ʜʝʪʝʢʪʦʨʦʤ ʦʭʣʘʞʜʝʥʠʷ ʜʦ -70ʉ CCD Pixis2K ʠ ʤʠʢʨʦʩʢʦʧʦʤ Olympus ʩ 

ʤʦʥʦʤʝʨʥʳʤ ʣʘʟʝʨʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 532 ʥʤ ʚ ʀʥʩʪʠʪʫʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʤʠʥʝʨʘʣʦʛʠʠ ʈɸʅ (ʏʝʨʥʦʛʦʣʦʚʢʘ). 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʨʠ ʜʘʚʣʝʥʠʷʭ 22 ʠ 24 ɻʇʘ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʬʘʟʳ ʩʦʩʪʘʚʘ 

Mg2(Al , Cr)2O5 ʠ Mg(Cr, Al)2O4. ʆʥʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʟʝʣʝʥʳʝ ʢʨʠʩʪʘʣʣʳ ʨʘʟʤʝʨʦʤ ʦʪ 

30 ʜʦ 60 ʤʢʤ. ɼʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʤʦʥʦʢʨʠʩʪʘʣʣʳ. 

ʌʘʟʘ Mg2(Al , Cr)2O5 ʠʤʝʝʪ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʣʶʜʚʠʛʠʪʘ (mLd) 

(ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ Pbam), ʢʦʪʦʨʘʷ ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʘʩʴ ʜʣʷ ʩʦʝʜʠʥʝʥʠʡ Mg2Al2O5 

ʠ Fe2Cr2O5 (Enomoto et al., 2009). ɺʦʟʤʦʞʥʦ, ʜʘʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʷʚʣʷʝʪʩʷ çʧʨʦʤʝʞʫʪʦʯʥʦʡè, 

ʠʩʢʣʶʯʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʷʤʦʛʦ ʧʝʨʝʭʦʜʘ ʦʪ ʢʘʣʴʮʠʦʬʝʨʨʠʪʦʚʦʡ ʢ ʢʘʣʴʮʠʦʪʠʪʘʥʘʪʦʚʦʡ 

ʩʪʨʫʢʪʫʨʝ ʚ ʥʝʢʦʪʦʨʦʤ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ. ʆʜʥʘʢʦ, ʵʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʪʨʝʙʫʝʪ 

ʜʘʣʴʥʝʡʰʠʭ ʫʪʦʯʥʝʥʠʡ. 

ʌʘʟʘ Mg(Cr, Al)2O4 ʠʤʝʝʪ ʩʪʨʫʢʪʫʨʫ ʢʘʣʴʮʠʦʪʠʪʘʥʘʪʘ ʠ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ Cmcm. ʆʥʘ ʙʳʣʘ ʠʟʫʯʝʥʘ ʜʦ 30 ɻʇʘ ʚ ʷʯʝʡʢʝ ʩ ʘʣʤʘʟʥʳʤʠ 

ʥʘʢʦʚʘʣʴʥʷʤʠ (DAC). ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ 12ï16 ɻʇʘ 

ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʥʘ ʮʚʝʪʘ ʢʨʠʩʪʘʣʣʘ ʩ ʟʝʣʝʥʦʛʦ ʥʘ ʢʨʘʩʥʳʡ, ʯʪʦ ʩʦʭʨʘʥʷʝʪʩʷ ʠ ʧʨʠ 

ʜʘʣʴʥʝʡʰʝʤ ʧʦʚʳʰʝʥʠʠ ʜʘʚʣʝʥʠʷ. ʕʪʦ ʠʟʤʝʥʝʥʠʝ ʥʝ ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʳʤ, ʠ ʧʨʠ 

ʩʥʠʞʝʥʠʠ ʜʘʚʣʝʥʠʷ ʢʨʠʩʪʘʣʣ ʩʥʦʚʘ ʩʪʘʥʦʚʠʪʩʷ ʟʝʣʝʥʳʤ. ɼʘʥʥʳʡ ʬɻʬʝʢʪ ʩʚʷʟʘʥ ʩ ʚʢʣʘʜʦʤ 

ʪʨʠʛʦʥʘʣʴʥʦʛʦ ʧʦʣʷ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ (Cr, Al)  O6, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʤʝʥʷʝʪʩʷ 

ʧʘʨʘʤʝʪʨ -3/2ʂ. ʅʠʞʝ ʜʘʚʣʝʥʠʷ 6 ɻʇʘ ʩʞʘʪʠʝ ʚ ʦʩʥʦʚʥʦʤ ʠʟʦʪʨʦʧʥʦ, ʥʦ ʚʳʰʝ ʵʪʦʡ 

ʚʝʣʠʯʠʥʳ ʪʨʠʛʦʥʘʣʴʥʦʝ ʠʩʢʘʞʝʥʠʝ ʙʳʩʪʨʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʜʘʚʣʝʥʠʝʤ (Sugano et al., 

1958). 

ʇʦ ʠʪʦʛʘʤ ʫʞʝ ʧʨʦʚʝʜʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚʳʰʝʦʧʠʩʘʥʥʳʝ 

ʬʘʟʳ, ʥʝʩʦʤʥʝʥʥʦ, ʩʪʘʙʠʣʴʥʳ ʚ ʤʘʥʪʠʡʥʳʭ ʫʩʣʦʚʠʷʭ ʠ ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʢʦʥʮʝʥʪʨʘʪʦʨʦʚ ʢʦʨʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʛʣʫʙʠʥʥʳʭ ʦʙʦʣʦʯʢʘʭ ɿʝʤʣʠ. 
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Abstract. In the subduction zones, the mantle depths are enriched by crustal matter. Basalt, in comparison 

with pyrolyte, contains higher concentrations of SiO2, Al2O3, CaO, FeO, Na2O, K2O. It is assumed that 

the so-called postspinel phases (Akaogi et al., 1999) with structures of calcium ferrite, calcium titanate 

and marokite are concentrators of crustal elements in the transition zone and the lower mantle. In this 

work, an in situ study of the Mg-Al -Cr-O system was carried out. The phases of Mg2(Al , Cr)2O5 and 

Mg(Cr, Al)2O4 composition were synthesized. The Mg2(Al , Cr)2O5 phase has a modified ludwigite 

(Pbam) structure, and the Mg(Cr, Al)2O4 phase has a calcium titanate structure and crystallizes in the 

Cmcm space group. It was studied up to 30 GPa in a diamond anvil cells (DAC). As a result, it was found 

that when 12ï16 GPa is reached, the color of the crystal changes from green to red, which persists with a 

further increase in pressure. This change is not stable, as the pressure decreases, the crystal turns green 

again. The phases described above are undoubtedly stable in mantle conditions and can be considered as 

host-phases for crustal elements in the Earth's mantle. 

 

Keywords: postspinel phases, transition zone, lower mantle, in situ investigation, structure, Raman 

spectroscopy 
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ɸʥʥʦʪʘʮʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʨʠ 6 ɻʇʘ ʠ 700ï1200 Áʉ (ʫʩʣʦʚʠʷ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ) ʠʩʩʣʝʜʦʚʘʥʦ 

ʚʣʠʷʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʉ-ʆ-ʅ-ʬʣʶʠʜʘ (ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ 7.5 ʤʘʩ. %) ʥʘ ʬʘʟʦʚʳʝ 

ʦʪʥʦʰʝʥʠʷ ʧʨʠ ʧʣʘʚʣʝʥʠʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʩʠʩʪʝʤʳ ʦʣʠʚʠʥ ï ʞʘʜʝʠʪ ï 

ʜʠʦʧʩʠʜ ï (Mg-Fe-Ca-Na-ʢʘʨʙʦʥʘʪʳ) ï (ʉ-ʆ-ʅ). ʋʩʪʘʥʦʚʣʝʥʘ ʧʝʨʠʪʝʢʪʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ ʦʣʠʚʠʥʘ ʠ 

ʞʘʜʝʠʪ-ʩʦʜʝʨʞʘʱʝʛʦ ʨʘʩʧʣʘʚʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʛʨʘʥʘʪʘ ʢʘʢ ʢʣʶʯʝʚʦʡ ʤʝʭʘʥʠʟʤ ʫʣʴʪʨʘʙʘʟʠʪ-

ʙʘʟʠʪʦʚʦʡ ʵʚʦʣʶʮʠʠ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʠʭ ʨʘʩʧʣʘʚʦʚ. ʉʚʝʨʭʢʨʠʪʠʯʝʩʢʠʡ ʉ-ʆ-ʅ-ʬʣʶʠʜ ʧʨʠ 

ʧʣʘʚʣʝʥʠʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʩʠʩʪʝʤʳ ʦʣʠʚʠʥ ï ʞʘʜʝʠʪ ï ʜʠʦʧʩʠʜ ï (Mg-Fe-

Ca-Na-ʢʘʨʙʦʥʘʪʳ) ï (ʉ-ʆ-ʅ) ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʬʘʟʦʚʳʝ 

ʦʪʥʦʰʝʥʠʷ. ɽʛʦ ʢʦʤʧʦʥʝʥʪ ʉʆ2 ʢʘʢ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʡ ʘʛʝʥʪ ʘʢʪʠʚʥʦ ʫʯʘʩʪʚʫʝʪ ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ 

ʢʘʨʙʦʥʘʪʠʟʘʮʠʠ ʩʠʣʠʢʘʪʥʳʭ ʪʚʝʨʜʳʭ ʬʘʟ ʠ ʨʘʩʧʣʘʚʦʚ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʠʭ ʩʨʝʜ. ʅ2ʆ-ʢʦʤʧʦʥʝʥʪ 

ʬʣʶʠʜʘ ʩʦʚʤʝʩʪʥʦ ʩ ʢʘʨʙʦʥʘʪʥʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʩʠʩʪʝʤʳ ʩʫʱʝʩʪʚʝʥʥʦ 

ʧʦʥʠʞʘʶʪ ʪʝʤʧʝʨʘʪʫʨʫ ʝʝ ʣʠʢʚʠʜʫʩʥʦʡ ʠ ʩʦʣʠʜʫʩʥʦʡ ʛʨʘʥʠʮ, ʚʢʣʶʯʘʷ ʠ ʪʝʤʧʝʨʘʪʫʨʫ 

ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʧʝʨʠʪʝʢʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʦʣʠʚʠʥʘ ʠ ʞʘʜʝʠʪ-ʩʦʜʝʨʞʘʱʝʛʦ ʨʘʩʧʣʘʚʘ. ʇʦʩʣʝ 

ʟʘʚʝʨʰʝʥʠʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦʣʥʦʩʪʴʶ ʩʤʝʩʠʤʦʛʦ ʩʠʣʠʢʘʪ-ʢʘʨʙʦʥʘʪ-ʬʣʶʠʜʥʦʛʦ ʨʘʩʧʣʘʚʘ ʚ 

ʩʫʙʩʦʣʠʜʫʩʝ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʩʠʩʪʝʤʳ ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ ʬʘʟʘ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʚʦʜʥʦʛʦ 

ʬʣʶʠʜʘ ʠ ʚʦʜʦʩʦʜʝʨʞʘʱʠʡ ʢʘʨʙʦʥʘʪ ʥʝʩʢʚʝʛʦʥʠʪ MgCO3Ĭ3H2O, ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜʦʤ 

ʈʘʤʘʥ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʘʷ ʩʠʩʪʝʤʘ, ʚʝʨʭʥʷʷ ʤʘʥʪʠʷ, C-O-H-ʬʣʶʠʜ, ʫʣʴʪʨʘʙʘʟʠʪ-

ʙʘʟʠʪʦʚʘʷ ʵʚʦʣʶʮʠʷ, ʩʠʣʠʢʘʪ-ʢʘʨʙʦʥʘʪ-ʬʣʶʠʜʥʘʷ, ʧʝʨʠʪʝʢʪʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ, ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʘʷ 

ʛʠʜʨʦʪʝʨʤʘʣʴʥʘʷ ʩʠʩʪʝʤʘ 

 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʘʥʪʠʡʥʦ-ʢʘʨʙʦʥʘʪʠʪʦʚʦʡ ʪʝʦʨʠʝʡ ʛʝʥʝʟʠʩʘ ʘʣʤʘʟʘ ʠ 

ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʬʘʟ (Litvin, 2017), ʨʦʩʪʦʚʳʝ ʩʨʝʜʳ ʘʣʤʘʟʦʚ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʧʨʠ 

ʚʦʟʜʝʡʩʪʚʠʠ ʢʨʫʧʥʳʭ ʚʦʩʭʦʜʷʱʠʭ ʧʦʪʦʢʦʚ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʭ ʉ-ʆ-ʅ-ʬʣʶʠʜʦʚ. ʕʪʠʤʠ 

ʧʦʪʦʢʘʤʠ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʉʆ2-ʤʝʪʘʩʦʤʘʪʦʟ ʢʦʨʝʥʥʳʭ ʩʠʣʠʢʘʪʥʳʭ ʤʠʥʝʨʘʣʦʚ ʤʘʥʪʠʠ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʨʙʦʥʘʪʦʚ Mg, Fe, Ca, Na ʠ ʠʭ ʨʘʩʧʣʘʚʦʚ. ʉʨʝʜʠ ʩʠʣʠʢʘʪʥʳʭ ʧʦʨʦʜ 

ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ ʚʦʟʥʠʢʘʣʠ ʦʯʘʛʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʠʣʠʢʘʪ-ʢʘʨʙʦʥʘʪʥʦʛʦ ʚʝʱʝʩʪʚʘ. 

ʀʭ ʦʙʲʝʤʳ ʚʦʟʨʘʩʪʘʣʠ ʚ ʨʝʟʫʣʴʪʘʪʝ CO2-ʢʘʨʙʦʥʘʪʠʟʘʮʠʠ ʩʠʣʠʢʘʪʦʚ, ʘ ʪʘʢʞʝ ʨʘʩʪʚʦʨʝʥʠʷ 

ʤʠʥʝʨʘʣʦʚ ʤʘʥʪʠʠ ʚ ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʢʘʨʙʦʥʘʪʥʳʭ, ʘ ʟʘʪʝʤ ʠ ʚ ʧʦʣʥʦʩʪʴʶ ʩʤʝʩʠʤʳʭ 

ʩʠʣʠʢʘʪ-ʢʘʨʙʦʥʘʪʥʳʭ ʨʘʩʧʣʘʚʘʭ. ʇʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʛʦ ʦʯʘʛʘ 

ʚʦʟʥʠʢʘʶʪ ʩʠʣʠʢʘʪ-ʢʘʨʙʦʥʘʪʥʳʝ ʨʘʩʪʚʦʨʳ-ʨʘʩʧʣʘʚʳ ʫʛʣʝʨʦʜʘ, ʧʝʨʝʩʳʱʝʥʥʳʝ ʢ ʘʣʤʘʟʫ, 

ʯʝʤ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʝʛʦ ʩʧʦʥʪʘʥʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʬʦʨʤʠʨʫʶʪʩʷ ʢʘʢ 

ʘʣʤʘʟʳ ʩ ʧʘʨʘʛʝʥʥʳʤʠ ʚʢʣʶʯʝʥʠʷʤʠ ʘʩʩʦʮʠʠʨʦʚʘʥʥʳʭ ʤʠʥʝʨʘʣʦʚ, ʪʘʢ ʠ ʘʣʤʘʟʦʥʦʩʥʳʝ 

ʧʝʨʠʜʦʪʠʪʳ ʠ ʵʢʣʦʛʠʪʳ. ʉʚʝʨʭʢʨʠʪʠʯʝʩʢʠʝ ʬʣʶʠʜʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʉʆ2 ʠ ʅ2ʆ 

ʨʘʩʪʚʦʨʷʣʠʩʴ ʚ ʨʦʩʪʦʚʳʭ ʩʠʣʠʢʘʪ-ʢʘʨʙʦʥʘʪʥʳʭ ʨʘʩʧʣʘʚʘʭ ʠ ʟʘʭʚʘʪʳʚʘʣʠʩʴ ʨʘʩʪʫʱʠʤʠ 

ʘʣʤʘʟʘʤʠ. ɸʣʤʘʟʦʥʦʩʥʳʝ ʧʦʨʦʜʳ ʠ ʘʣʤʘʟʳ ʩ ʚʢʣʶʯʝʥʠʷʤʠ ʙr ʣʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʳ ʠʟ 

ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ ʢʠʤʙʝʨʣʠʪʦʚʳʤʠ ʤʘʛʤʘʤʠ ʚ ʟʝʤʥʫʶ ʢʦʨʫ ʚʤʝʩʪʝ ʩ ʢʩʝʥʦʣʠʪʘʤʠ 

ʧʝʨʠʜʦʪʠʪʦʚʳʭ ʠ ʵʢʣʦʛʠʪʦʚʳʭ ʧʦʨʦʜ, ʚʤʝʱʘʶʱʠʭ ʜʣʷ ʤʘʥʪʠʡʥʳʭ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʠʭ 

ʦʯʘʛʦʚ (Dawson, 1980; ʄʘʨʘʢʫʰʝʚ, 1984). 

ʀʟʫʯʝʥʠʝ ʢʩʝʥʦʣʠʪʦʚ ʘʣʤʘʟʦʥʦʩʥʳʭ ʧʝʨʠʜʦʪʠʪʦʚ ʠ ʵʢʣʦʛʠʪʦʚ ʚ ʢʠʤʙʝʨʣʠʪʘʭ (ʃʠʪʚʠʥ 

ʠ ʜʨ., 2020), ʘ ʪʘʢʞʝ ʧʘʨʘʛʝʥʥʳʭ ʚʢʣʶʯʝʥʠʡ ʧʝʨʠʜʦʪʠʪʦʚʳʭ ʠ ʵʢʣʦʛʠʪʦʚʳʭ ʤʠʥʝʨʘʣʦʚ ʚ 

ʘʣʤʘʟʘʭ ʢʠʤʙʝʨʣʠʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ (ʉʦʙʦʣʝʚ, 1974) ʧʦʟʚʦʣʠʣʦ ʧʨʝʜʧʦʣʦʞʠʪʴ 
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ʚʝʨʦʷʪʥʦʩʪʴ ʫʣʴʪʨʘʙʘʟʠʪ-ʙʘʟʠʪʦʚʦʡ ʵʚʦʣʶʮʠʠ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʠʭ ʨʘʩʧʣʘʚʦʚ ʥʘ ʛʣʫʙʠʥʘʭ 

ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʪʝʢʘʥʠʷ ʛʝʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʪʘʢʦʡ 

ʵʚʦʣʶʮʠʠ, ʤʦʛʫʪ ʙʳʪʴ ʨʝʰʝʥʳ ʪʦʣʴʢʦ ʩ ʧʦʤʦʱʴʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ 

ʩʦʯʝʪʘʥʠʠ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʬʠʟʠʢʦ-ʛʝʦʭʠʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʠʟʫʯʝʥʠʷ ʬʘʟʦʚʳʭ 

ʨʘʚʥʦʚʝʩʠʡ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʵʚʦʣʶʮʠʷ ʫʣʪɹʨʘʙʘʟʠʪʦʚʳʭ ʤʘʛʤ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ 

ʜʦʣʞʥʘ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴʩʷ ʧʝʨʠʪʝʢʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʝʡ ʦʨʪʦʧʠʨʦʢʩʝʥʘ ʠ ʨʘʩʧʣʘʚʘ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʣʠʥʦʧʠʨʦʢʩʝʥʘ (ʃʠʪʚʠʥ, 1991; ʃʠʪʚʠʥ ʠ ʜʨ., 2016). ʇʨʠ ʵʪʦʤ ʢʨʠʪʠʯʝʩʢʠ 

ʚʘʞʥʦʝ ʧʦʛʨʘʥʠʯʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʘʚʦʚ ʨʘʩʧʣʘʚʦʚ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ ʦʪ ʫʣʴʪʨʘʙʘʟʠʪʦʚʳʭ ʢ 

ʙʘʟʠʪʦʚʳʤ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʝʨʠʪʝʢʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʝʡ ʦʣʠʚʠʥʘ ʠ ʞʘʜʝʠʪ-ʩʦʜʝʨʞʘʱʝʛʦ 

ʨʘʩʧʣʘʚʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʛʨʘʥʘʪʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʙʝʟ ʫʯʘʩʪʠʷ ʬʣʶʠʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

(ʃʠʪʚʠʥ ʠ ʜʨ., 2019). 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʨʠ 6 ɻʇʘ ʠʩʩʣʝʜʦʚʘʥʘ ʨʦʣʴ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʉ-ʆ-ʅ-ʬʣʶʠʜʘ 

(ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ 5.0 ʤʘʩ. %) ʚʦ ʬʨʘʢʮʠʦʥʥʦʡ ʫʣʴʪʨʘʙʘʟʠʪ-ʙʘʟʠʪʦʚʦʡ ʵʚʦʣʶʮʠʠ ʨʘʩʧʣʘʚʦʚ 

ʚʝʨʭʥʝ-ʤʘʥʪʠʡʥʦʡ ʩʠʣʠʢʘʪʥʦʡ ʩʠʩʪʝʤʳ ʦʣʠʚʠʥ-ʞʘʜʝʠʪ-ʜʠʦʧʩʠʜ-(ʉ-ʆ-ʅ) (ʃʠʪʚʠʥ, 

ʂʫʟʶʨʘ, 2021). ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʉO2-ʢʦʤʧʦʥʝʥʪ ʬʣʶʠʜʘ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ 

ʨʘʩʭʦʜʫʝʪʩʷ ʥʘ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʫʶ ʢʘʨʙʦʥʘʪʠʟʘʮʠ  ʁʢʦʨʝʥʥʳʭ ʤʠʥʝʨʘʣʦʚ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʨʝʜʠ ʧʨʦʜʫʢʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʦ ʤʥʦʞʝʩʪʚʦ ʤʝʣʢʠʭ ʟʝʨʝʥ 

ʢʘʨʙʦʥʘʪʦʚ Mg, Fe, Ca ʠ Na. ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ CO2 ʥʘ ʩʠʣʠʢʘʪʥʳʝ ʤʠʥʝʨʘʣʳ ʦʙʨʘʟʫʶʪʩʷ 

ʧʨʠʤʝʩʥʳʝ ʢʘʨʙʦʥʘʪʳ, ʢʦʪʦʨʳʝ ʘʩʩʠʤʠʣʠʨʫʶʪʩʷ ʚ ʧʦʣʥʦʩʪʴʶ ʩʤʝʩʠʤʳʭ ʩʠʣʠʢʘʪ-

ʢʘʨʙʦʥʘʪʥʳʭ ʨʘʩʧʣʘʚʘʭ, ʧʨʠ ʵʪʦʤ ʅ2ʆ-ʢʦʤʧʦʥʝʥʪ ʨʘʩʪʚʦʨʷʝʪʩʷ ʚ ʧʦʣʥʦʩʪʴʶ ʩʤʝʩʠʤʳʭ 

ʩʠʣʠʢʘʪ-ʢʘʨʙʦʥʘʪʥʳʭ ʨʘʩʧʣʘʚʘʭ. 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʫʣʴʪʨʘʙʘʟʠʪ-

ʙʘʟʠʪʦʚʦʡ ʵʚʦʣʶʮʠʠ ʤʘʥʪʠʡʥʦʛʦ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʛʦ ʚʝʱʝʩʪʚʘ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʚʣʠʷʥʠʷ C-

O-H-ʬʣʶʠʜʘ ʥʘ ʵʪʦʪ ʧʨʦʮʝʩʩ. 

ɿʘʜʘʯʘʤʠ ʨʘʙʦʪʳ ʷʚʣʷʣʠʩʴ: 

1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʠ 6 ɻʇʘ ʚʣʠʷʥʠʷ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʉ-ʆ-ʅ-

ʬʣʶʠʜʘ ʧʨʠ ʝʛʦ ʧʦʚʳʰʝʥʥʦʤ ʩʦʜʝʨʞʘʥʠʠ 7.5 ʤʘʩ. % ʥʘ ʬʘʟʦʚʳʝ ʦʪʥʦʰʝʥʠʷ ʧʨʠ 

ʧʣʘʚʣʝʥʠʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʩʠʩʪʝʤʳ ʦʣʠʚʠʥ ï ʞʘʜʝʠʪ ï 

ʜʠʦʧʩʠʜ ï (Mg-Fe-Ca-Na-ʢʘʨʙʦʥʘʪʳ) ï (ʉ-ʆ-ʅ-ʣʝʪʫʯʠʝ). 

2. ʆʮʝʥʢʘ ʨʝʘʢʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʅ2ʆ-ʬʣʶʠʜʘ ʢʘʢ 

ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʩʫʙʩʦʣʠʜʫʩʥʦʡ ʤʠʥʝʨʘʣʴʥʦʡ ʘʩʩʦʮʠʘʮʠʠ, 

ʠʩʩʣʝʜʫʝʤʦʡ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʩʠʩʪʝʤʳ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʟʦʚʳʭ ʦʪʥʦʰʝʥʠʷ ʧʨʠ ʧʣʘʚʣʝʥʠʠ 

ʤʦʜʝʣʴʥʦʡ ʤʘʥʪʠʡʥʦʡ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʢʘʨʙʦʥʘʪ-ʩʠʣʠʢʘʪ-ʬʣʶʠʜʥʦʡ ʩʠʩʪʝʤʳ ʦʣʠʚʠʥ 

Ol (Mg, Fe)2SiO4] ï ʞʘʜʝʠʪ Jd [NaAlSi2O6] ï ʜʠʦʧʩʠʜ Di [CaMgSi2O6] ï Mg-Fe-Ca-

Na-ʢʘʨʙʦʥʘʪʳ ï ʉ-ʆ-ʅ-ʬʣʶʠʜ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʜʘʚʣʝʥʠʠ 6 ɻʇʘ ʠ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 

700ï1200 Áʉ ʚ ʘʧʧʘʨʘʪʝ ʪʦʨʦʠʜʥʦʛʦ ʪʠʧʘ çʥʘʢʦʚʘʣʴʥʷ ʩ ʣʫʥʢʦʡè ʚ ʀʕʄ ʈɸʅ. ʀʩʪʦʯʥʠʢʦʤ 

ʬʣʶʠʜʘ ʚ̫ʣʷʝʪʩʷ ʜʠʛʠʜʨʘʪ ʱʘʚʝʣʝʚʦʡ ʢʠʩʣʦʪʳ, ʢʦʪʦʨʳʡ ʚ ʧʨʦʮʝʩʩʝ ʦʧʳʪʦʚ ʨʘʟʣʘʛʘʣʩʷ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ CO2, H2O. ɿʘʢʘʣʦʯʥʳʝ ʦʙʨʘʟʮʳ ʠʟʫʯʘʣʠʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʢʘʥʠʨʫʶʱʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʤʠʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ CamScanMV230 

(VEGA TS 5130MM) c ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʤ ʘʥʘʣʠʟʘʪʦʨʦʤ Link INA Energy-350 

(ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ 20 kV), ʜʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʦʩʪʩʦʣʠʜʫʩʥʳʭ ʬʘʟ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩ ʧʦʤʦʱʴʶ ʫʩʪʘʥʦʚʢʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʩʧʝʢʪʨʦʛʨʘʬʘ Acton 

SpectraPro-2500i ʩ ʦʭʣʘʞʜʘʝʤʳʤ ʜʦ -70 Áʉ ʜʝʪʝʢʪʦʨʦʤ CCD Pixis2K ʠ ʤʠʢʨʦʩʢʦʧʦʤ 

Olympus ʩ ʥʝʧʨʝʨʳʚʥʳʤ ʪʚʝʨʜʦʪʝʣʴʥʳʤ ʦʜʥʦʤʦʜʦʚʳʤ ʣʘʟʝʨʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ 

532 ʥʤ. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʧʳʪʦʚ ʧʦʩʪʨʦʝʥʘ ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʧʦʣʠʪʝʨʤʠʯʝʩʢʦʛʦ ʩʝʯʝʥʠʷ 

Ol74Carb*
18.5(C-O-H)7.5 ï Omp74Carb18.5(C-O-H)7.5 (ʈʠʩ. 1). ʇʦʣʦʞʝʥʠʝ ʧʝʨʠʪʝʢʪʠʯʝʩʢʦʡ 

ʪʦʯʢʠ ʈ ʧʨʠ 64 ʤʘʩ. % ʛʨʘʥʠʯʥʦʛʦ Ol-ʩʦʜʝʨʞʘʱʝʛʦ ʢʦʤʧʦʥʝʥʪʘ ʧʦʣʠʪʝʨʤʠʯʝʩʢʦʛʦ ʩʝʯʝʥʠʷ 

ʠ 1000ï1020 Áʉ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʚʤʝʩʪʥʳʤ ʚʣʠʷʥʠʝʤ (ʉ-ʆ-ʅ) ï ʬʣʶʠʜʘ ʠ ʢʘʨʙʦʥʘʪʥʦʡ 



ʌʘʟʦʚʳʝ ʨʘʚʥʦʚʝʩʠ ̫ʧʨʠ ʚʳʩʦʢʠʭ ʈʊ ʧʘʨʘʤʝʪʨʘʭ 

31 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʩʠʩʪʝʤʳ. ʆʣʠʚʠʥ ʵʬʬʝʢʪʠʚʥʦ ʨʘʩʪʚʦʨʠʤ ʚ ʢʘʨʙʦʥʘʪʥʦ-

ʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ, ʯʝʤ ʘʢʪʠʚʠʟʠʨʫʝʪʩʷ ʝʛʦ ʧʝʨʠʪʝʢʪʠʯʝʩʢʘ ̫ʨʝʘʢʮʠʷ ʩ ʞʘʜʝʠʪʦʚʳʤ 

ʢʦʤʧʦʥʝʥʪʦʤ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʩʠʣʠʢʘʪ-ʢʘʨʙʦʥʘʪ-ʬʣʶʠʜʥʦʡ 

ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʩʠʩʪʝʤʝ ʧʝʨʠʪʝʢʪʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ ʠʤʝʝʪ ʤʝʩʪʦ, ʥʘ ʩʦʣʠʜʫʩʝ ʦʙʨʘʟʫʝʪʩʷ 

ʫʣʴʪʨʘʙʘʟʠʪʦʚʘʷ (Ol+Cpx/Omp+Carb+L) ʩ ʧʝʨʝʭʦʜʦʤ ʢ ʙʘʟʠʪʦʚʦʡ (Grt+Omp+Carb+L) 

ʘʩʩʦʮʠʘʮʠʠ (ʈʠʩ. 2). ʉʨʝʜʥʠʡ ʩʦʩʪʘʚ ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʦʣʠʚʠʥʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

(Mg58Fe42)2SiO4. ʉʦʩʪʘʚʳ ʢʣʠʥʦʧʠʨʦʢʩʝʥʘ / ʦʤʬʘʮʠʪʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʩʦʜʝʨʞʘʥʠʷʤʠ 

ʞʘʜʝʠʪʦʚʦʛʦ ʢʦʤʧʦʥʝʥʪʘ NaAlSi2O6 ʚ ʧʨʝʜʝʣʘʭ 10 ï 67 ʤʘʩ. %. ɻʨʘʥʘʪʳ ʠʤʝʶʪ ʛʨʦʩʩʫʣʷʨ-

ʧʠʨʦʧʦʚʳʝ ʩʦʩʪʘʚʳ ʩ ʚʘʨʠʘʮʠʝʡ ʩʦʜʝʨʞʘʥʠʷ ʧʠʨʦʧʦʚʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʧʨʝʜʝʣʘʭ 10 ï 46 

ʤʘʩ. %. ɼʣʷ ʛʨʘʥʘʪʦʚ ʭʘʨʘʢʪʝʨʥʦ ʩʧʦʥʪʘʥʥʦʝ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʝ, ʠʭ ʨʘʟʤʝʨʳ 

ʜʦʩʪʠʛʘʶʪ 200 ʤʠʢʨʦʥ (ʈʠʩ. 2ʘ). ɻʨʘʥʘʪʳ ʷʚʣʷʶʪʩʷ ʧʨʦʜʫʢʪʘʤʠ ʧʝʨʠʪʝʢʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ 

(P) ʦʣʠʚʠʥʘ ʩ ʞʘʜʝʠʪ-ʩʦʜʝʨʞʘʱʠʤ ʧʦʣʥʦʩʪʴʶ ʩʤʝʩʠʤʳʤ ʩʠʣʠʢʘʪ-ʢʘʨʙʦʥʘʪʥʳʤ ʨʘʩʧʣʘʚʦʤ 

ʩ ʨʘʩʪʚʦʨʝʥʥʳʤ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʤ ʚʦʜʥʳʤ ʬʣʶʠʜʦʤ. 

ʉʆ2-ʢʦʤʧʦʥʝʥʪ ʬʣʶʠʜʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʯʘʩʪʠʯʥʦʡ ʢʘʨʙʦʥʘʪʠʟʘʮʠʠ ʫʣʴʪʨʘʙʘʟʠʪʦʚʳʭ 

ʩʠʣʠʢʘʪʥʳʡ ʢʦʤʧʦʥʝʥʪʦʚ ʨʘʩʧʣʘʚʦʚ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʨʙʦʥʘʪʥʳʭ ʬʘʟ ï ʘʨʘʛʦʥʠʪʘ, 

ʤʘʛʥʝʟʠʪʘ, (Mg-Fe)-, (Mg-Ca-Fe) ï ʠ (Na-ʉa) ï ʢʘʨʙʦʥʘʪʦʚ, ʪʘʢʠʝ ʬʘʟʳ ʬʠʢʩʠʨʫʶʪʩʷ ʚ 

ʦʙʨʘʟʮʘʭ ʧʨʠ ʩʦʣʠʜʫʩʥʦʡ ʠ ʦʢʦʣʦʩʦʣʜʠʜʫʩʥʦʡ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʘ ʪʘʢʞʝ ʚ ʩʤʝʩʷʭ ʩ 

ʟʘʢʘʣʦʯʥʳʤʠ ʢʣʠʥʦʧʠʨʦʢʩʝʥʘʤʠ / ʦʤʬʘʮʠʪʘʤʠ. 

 

 

 
ʈʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʬʘʟʦʚʳʝ ʦʪʥʦʰʝʥʠʷ ʧʨʠ 

ʧʣʘʚʣʝʥʠʠ ʚ ʧʦʣʠʪʝʨʤʠʯʝʩʢʦʤ ʩʝʯʝʥʠʠ OL74Carb 

18.5(C-O-H)7.5 ï Omp74Carb 18.5(C-O-H)7.5 

ʫʣʴʪʨʘʙʘʟʠʪ-ʙʘʟʠʪʦʚʦʡ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʩʠʩʪʝʤʳ Ol-

Jd-Di-(C-O-H). P ï ʧʝʨʠʪʝʢʪʠʯʝʩʢʘʷ ʪʦʯʢʘ. 

ʈʠʩ. 2. ʉʕʄ-ʬʦʪʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ: 

ʘ) ʋʣʴʪʨʘʙʘʟʠʪʦʚʘʷ ʘʩʩʦʮʠʘʮʠʷ: ʆʙʨ 

3292, [(Ol80Omp20)80Carb20]92.5COH7.5, 

930 Áʉ, ʚʳʜʝʨʞʢʘ 120 ʤʠʥ; 

ʙ) ɹʘʟʠʪʦʚʘʷ ʘʩʩʦʮʠʘʮʠʷ: ʆʙʨ. 3326 

[(Ol40Omph60)80Carb20]92.5COH7.5, 

950 Áʉ, ʚʳʜʝʨʞʢʘ 90 ʤʠʥ. 
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ɺ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʦʷʚʣʷʝʪʩʷ ʨʝʘʢʮʠʦʥʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ 

ʬʣʶʠʜʥʦʛʦ ʅ2ʆ-ʨʘʩʪʚʦʨʘ ʢʘʢ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʩʫʙʩʦʣʠʜʫʩʝ 

ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʩʠʩʪʝʤʳ Ol-Jd-Di-(ʨʝʘʢʮʠʦʥʥʳʡ Grt) ï MgCO3-FeCO3-CaCO3-Na2CO3-

(C-O-H-ʬʣʶʠʜ). ʄʦʛʫʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʨʝʟʝʨʚʫʘʨʳ ʚʦʜʳ ʠ ʞʝʦʜʳ, 

ʦʙʥʘʨʫʞʠʚʘʝʤʳʝ ʚ ʛʝʨʤʝʪʠʯʝʩʢʠʭ ʈt ʘʤʧʫʣʘʭ ʧʦʩʣʝ ʠʭ ʚʩʢʨʳʪʠʷ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ 

ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʈʠʩ. 3ʘ). ɺʝʨʦʷʪʥʦ, ʚ ʈʊ-ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʥʠ ʚʦʟʥʠʢʘʣʠ 

ʢʘʢ ʩʢʦʧʣʝʥʠʷ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʭ ʅ2ʆ-ʬʣʶʠʜʦʚ ʩʨʝʜʠ ʩʠʣʠʢʘʪ-ʢʘʨʙʦʥʘʪʥʦʛʦ ʚʝʱʝʩʪʚʘ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʨʠ ʘʥʘʣʠʟʝ ʚʝʱʝʩʪʚʘ, ʟʘʧʦʣʥʷʶʱʝʛʦ ʪʘʢʠʝ 

ʩʪʨʫʢʪʫʨʳ, ʧʦʟʚʦʣʠʣʦ ʩʨʝʜʠ ʧʨʠʚʳʯʥʳʭ ʢʘʨʙʦʥʘʪʦʚ ʠ ʩʠʣʠʢʘʪʦʚ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ 

ʚʦʜʦʩʦʜʝʨʞʘʱʠʡ ʢʘʨʙʦʥʘʪʥʳʡ ʤʠʥʝʨʘʣ ʥʝʩʢʚʝʛʦʥʠʪ (Nes) MgCO3Ŀ3H2O ʢʘʢ 

ʠʥʜʠʚʠʜʫʘʣʴʥʦ, ʪʘʢ ʠ ʚ ʚʠʜʝ ʧʘʨʘʛʝʥʥʦʛʦ ʚʢʣʶʯʝʥʠʷ ʚ ʛʨʘʥʘʪʝ (ʈʠʩ. 3ʙ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʤʦʞʥʦʩʪʴ ʫʣʴʪʨʘʙʘʟʠʪ-ʙʘʟʠʪʦʚʦʡ ʵʚʦʣʶʮʠʠ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʠʭ 

ʬʣʶʠʜ-ʩʦʜʝʨʞʘʱʠʭ ʨʘʩʧʣʘʚʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚ ʜʘʥʥʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʠ. ʉʚʝʨʭʢʨʠʪʠʯʝʩʢʠʡ ʉ-ʆ-ʅ-ʬʣʶʠʜ (ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ 7.5 ʤʘʩ. %) ʦʢʘʟʳʚʘʝʪ 

ʩʫʝɦʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʬʘʟʦʚʳʝ ʦʪʥʦʰʝʥʠʷ ʧʨʠ ʧʣʘʚʣʝʥʠʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ 

ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʝʡ ʩʠʩʪʝʤʳ ʦʣʠʚʠʥ ï ʞʘʜʝʠʪ ï ʜʠʦʧʩʠʜ ï (Mg-Fe-Ca-Na-ʢʘʨʙʦʥʘʪʳ) ï (ʉ-

ʆ-ʅ) ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʨʠ 6 ɻʇʘ ʠ 700 ï 1400 Áʉ. ɽʛʦ ʢʦʤʧʦʥʝʥʪ ʉʆ2 ʢʘʢ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʡ ʘʛʝʥʪ ʘʢʪʠʚʥʦ ʫʯʘʩʪʚʫʝʪ ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʢʘʨʙʦʥʘʪʠʟʘʮʠʠ ʩʠʣʠʢʘʪʥʳʭ 

ʪʚʝʨʜʳʭ ʬʘʟ ʠ ʨʘʩʧʣʘʚʦʚ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʠʭ ʩʨʝʜ. ʇʨʠ ʵʪʦʤ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʡ ʬʣʶʠʜ 

ʅ2ʆ, ʨʘʩʪʚʦʨʝʥʥʳʡ ʚ ʢʘʨʙʦʥʘʪ-ʩʠʣʠʢʘʪʥʳʭ ʨʘʩʧʣʘʚʘʭ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʥʠʞʘʝʪ ʠʭ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ, ʚʢʣʶʯʘʷ ʠ ʪʝʤʧʝʨʘʪʫʨʫ ʧʝʨʠʪʝʢʪʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʦʣʠʚʠʥʘ ʠ 

ʞʘʜʝʠʪ-ʩʦʜʝʨʞʘʱʝʛʦ ʨʘʩʧʣʘʚʘ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʡ ʬʣʶʠʜ ʅ2ʆ ʷʚʣʷʝʪʩʷ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤ ʬʘʢʪʦʨʦʤ ʘʢʪʠʚʠʟʘʮʠʠ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʚ ʢʦʪʦʨʳʝ 

ʚʦʚʣʝʢʘʶʪʩʷ ʤʠʥʝʨʘʣʳ ʩʫʙʩʦʣʠʜʫʩʥʦʡ ʘʩʩʦʮʠʘʮʠʠ ʘʣʤʘʟʦʦʙʨʘʟʫʶʱʠʭ ʩʠʩʪʝʤ ʚʝʨʭʥʝʡ 

ʤʘʥʪʠʠ. 

 

 

ʀʩʪʦʯʥʠʢʠ ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ: ʪʝʤʘ FMUF-2022ï0001. 

 

 
ʈʠʩ. 3. ʉʕʄïʬʦʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʨʝʘʢʮʠʦʥʥʫʶ ʘʢʪʠʚʥʦʩʪʴ 

ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʛʦ ʬʣʶʠʜʥʦʛʦ ʅ2ʆ-ʨʘʩʪʚʦʨʘ ʘ) ʆʙʨ ˉ 3291, [(Ol80Omp20)80Carb20]92.5COH7.5, 

1020 Áʉ, ʚʳʜʝʨʞʢʘ 95 ʤʠʥ. C ʞʝʦʜʘʤʠ; ʙ) ʆʙʨ ˉ 3309, [(Ol30Omp70)80Carb20]92.5COH7.5, 950 Áʉ, 

90 ʤʠʥ. ʉ ʥʝʩʢʚʝʛʦʥʠʪʦʤ Nes. 
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PERITECTIC REACTION OF OLIVINE IN DIAMOND FOR MING SYSTEM 

CARBONATE  ï SILICATE  ï (C-O-H) ï FLUID AT 6 GPA 

Kuzyura A.V., Litvin Y u. A., Spivak A.V. 

 

IEM RAS, Chernogolovka 

shushkanova@iem.ac.ru 

 
Abstract. The influence of the components of the supercritical ʉ-ʆ-ʅ-fluid (at a content of 7.5 wt %) on 

the phase relations during melting of the multicomponent diamond-forming system olivine-jadeite-

diopside-(Mg ï Fe-Ca-Na-carbonates) ï (C-O-H) was revealed experimentally at 6 GPa and 700 ï 

1200 ÁC (conditions of the upper mantle). The peritectic reaction of olivine and jadeite-bearing melt with 

the formation of garnet has been established as the key mechanism of the ultrabasic-basic evolution of 

diamond-forming melts. The supercritical C-O-H-fluid during the melting of the multicomponent 

diamond-forming system olivine ï jadeite ï diopside ï (Mg-Fe-Ca-Na-carbonates) ï (C-O-H) in the 

experiment has a significant effect on the phase relations. Its CO2-component as a metasomatic agent is 

actively involved in the surplus carbonatization of silicate solid phases and melts of diamond-forming 

media. The H2O-component of the fluid, together with carbonate compounds of the diamond-forming 

system, significantly decreases the temperature of the liquidus and solidus boundaries, including the 

temperature of the established peritectic reaction of olivine and jadeite-bearing melt. After crystallization 

of a completely miscible silicate-carbonate-fluid melt is finished, a supercritical aqueous fluid phase and 

hydrous carbonate nesquegonite MgCO3Ĭ3H2O was found in the subsolidus of the diamond-forming 

system. It was identified by Raman spectroscopy. 

 

Keywords: diamond-forming system, upper mantle, C-O-H fluid, ultrabasic-basic evolution, silicate-

carbonate-fluid, peritectic reactions, supercritical hydrothermal system 
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ʇʈʀʉʋʊʉʊɺʀʀ ʌʃʖʀɼɸ K2CO3-NA2CO3-Cʆ2-H2O 
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ɸʥʥʦʪʘʮʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʘ ʨʝʘʢʮʠʷ ʦʙʨʘʟʦʚʘʥʠʷ K-Na-ʨʠʭʪʝʨʠʪʘ ʚ ʘʩʩʦʮʠʘʮʠʠ 

ʵʥʩʪʘʪʠʪ + ʜʠʦʧʩʠʜ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʬʣʶʠʜʘ K2CO3-Na2CO3-CO2ïH2O ʧʨʠ 3 ɻʇʘ ʠ 1000 Áʉ, 

ʤʦʜʝʣʠʨʫʶʱʝʡ ʧʨʦʮʝʩʩ ʝʛʦ ʛʝʥʝʨʘʮʠʠ ʚ ʧʝʨʠʜʦʪʠʪʘʭ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ. ʆʙʨʘʟʦʚʘʥʠʝ ʨʠʭʪʝʨʠʪʘ 

ʠʤʝʝʪ ʧʨʷʤʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʦʪʥʦʰʝʥʠʡ (H2O+CO2)/(K2CO3+Na2CO3) ʠ K2CO3/Na2CO3 ʚʦ 

ʬʣʶʠʜʝ. ɺʳʩʦʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʱʝʣʦʯʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚʦ ʬʣʶʠʜʝ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʣʦʞʝʥʠʶ 

ʢʣʠʥʦʧʠʨʦʢʩʝʥʘ, ʦʙʨʘʟʦʚʘʥʠʶ ʦʣʠʚʠʥʘ, ʘ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʶ ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʧʠʨʦʢʩʝʥʘ ʠ 

ʘʤʬʠʙʦʣʘ. ʌʣʶʠʜʳ ʩ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʢʘʣʠʝʚʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʦʪʚʝʪʩʪʚʝʥʥʳ ʟʘ ʦʙʨʘʟʦʚʘʥʠʝ 

K-ʨʠʭʪʝʨʠʪʘ, ʩʭʦʞʝʛʦ ʧʦ ʩʦʩʪʘʚʫ ʩ ʧʝʨʠʜʦʪʠʪʦʚʳʤ. ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ ʪʘʢʦʡ ʬʣʶʠʜ ʧʨʠʚʦʜʠʪ ʢ 

ʨʘʟʣʦʞʝʥʠʶ ʘʤʬʠʙʦʣʘ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʱʝʣʦʯʥʦʛʦ ʨʘʩʧʣʘʚʘ. ʅʘʪʨʦʚʳʡ ʬʣʶʠʜ ʦʙʨʘʟʫʝʪ 

K-ʨʠʭʪʝʨʠʪ ʙʣʠʟʢʦʛʦ ʧʦ ʩʦʩʪʘʚʫ ʢ ʣʘʤʧʨʦʠʪʦʚʳʤ ʘʥʘʣʦʛʘʤ. ʇʦʣʫʯʝʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʤʦʛʫʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʦʮʝʥʢʝ ʜʘʚʣʝʥʠʷ, ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʦʚ ʬʣʶʠʜʘ ʠ ʫʩʣʦʚʠʡ 

ʦʙʨʘʟʦʚʘʥʠʷ K-ʨʠʭʪʝʨʠʪʘ. 

 

ʂʣʁʯʝʚʳʝ ʩʣʦʚʘ: ʤʦʜʘʣʴʥʳʡ ʤʘʥʪʠʡʥʳʡ ʤʝʪʘʩʦʤʘʪʦʟ, ʵʢʩʧʝʨʠʤʝʥʪ, K-ʨʠʭʪʝʨʠʪ, ʚʦʜʥʦ-ʩʦʣʝʚʦʡ 

ʬʣʶʠʜ, K/Na ʦʪʥʦʰʝʥʠʝ 

 

ʄʦʜʘʣʴʥʳʡ ʤʘʥʪʠʡʥʳʡ ʤʝʪʘʩʦʤʘʪʦʟ ï ʧʨʦʮʝʩʩ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʤʘʥʪʠʡʥʳʭ ʧʦʨʦʜ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʬʣʶʠʜʦʚ / ʨʘʩʧʣʘʚʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʧʨʦʠʩʭʦʞʜʝʥʠʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʢʦʪʦʨʦʛʦ ʦʙʨʘʟʫʶʪʩʷ ʤʠʥʝʨʘʣʳ ʥʝ ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʧʝʨʚʠʯʥʦʛʦ ʧʝʨʠʜʦʪʠʪʦʚʦʛʦ 

ʧʘʨʘʛʝʥʝʟʠʩʘ (ʬʣʦʛʦʧʠʪ, ʘʤʬʠʙʦʣ, ʩʫʣʴʬʠʜʳ, ʢʘʨʙʦʥʘʪʳ ʠ ʜʨ). ɸʢʪʠʚʥʦʩʪʠ H2O ʠ / ʠʣʠ 

CO2 ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ ʚʝʜʫʱʠʝ ʬʘʢʪʦʨʳ ʜʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ (OôReilly, Griffin , 2013), ʥʦ 

ʦʯʝʚʠʜʥʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʷʶʱʘʷ ʨʦʣʴ ʘʢʪʠʚʥʦʩʪʝʡ ʱʝʣʦʯʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʆʩʦʙʳʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʘʢʪʠʚʥʦʩʪʝʡ K, Na ʠ H2O ʦʪʚʝʪʩʪʚʝʥʥʳ ʟʘ ʦʙʨʘʟʦʚʘʥʠʝ ʂ-ʨʠʭʪʝʨʠʪʘ ï 

ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʘʤʬʠʙʦʣʘ, ʭʘʨʘʢʪʝʨʥʦʛʦ ʜʣʷ ʚʳʩʦʢʠʭ ʩʪʘʜʠʡ ʤʦʜʘʣʴʥʦʛʦ ʤʘʥʪʠʡʥʦʛʦ 

ʤʝʪʘʩʦʤʘʪʦʟʘ. ʆʥ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʥʘʠʙʦʣʝʝ ʤʝʪʘʩʦʤʘʪʠʟʠʨʦʚʘʥʥʳʝ ʨʘʟʥʦʩʪʠ ʢʩʝʥʦʣʠʪʦʚ 

ʧʝʨʠʜʦʪʠʪʦʚ ʚ ʢʠʤʙʝʨʣʠʪʘʭ, ʦʪʨʘʞʘʶʱʠʭ ʪʨʘʥʩʬʦʨʤʘʮʠʶ ʠʟʥʘʯʘʣʴʥʳʭ ʛʨʘʥʘʪʦʚʳʭ 

ʣʝʨʮʦʣʠʪʦʚ ʠ ʛʘʨʮʙʫʨʛʠʪʦʚ, ʯʝʨʝʟ ʬʣʦʛʦʧʠʪ ʩʦʜʝʨʞʘʱʠʝ ʨʘʟʥʦʩʪʠ ʩ ʛʨʘʥʘʪʦʤ ʠʣʠ ʙʝʟ ʥʝʛʦ 

ʚ ʧʦʨʦʜʳ, ʛʜʝ ʛʨʘʥʘʪ ʦʪʩʫʪʩʪʚʫʝʪ (Jones et al., 1982; Erlang et al., 1987; van Achterbergh et 

al., 2001). ʍʶʙʥʝʨ ʠ ʇʘʧʠʢʝ (H¿bner & Papike, 1970) ʧʝʨʚʳʝ ʩʠʥʪʝʟʠʨʦʚʘʣʠ K-ʨʠʭʪʝʨʠʪ, 

ʦʙʦʩʥʦʚʘʚ ʝʛʦ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʚʳʩʦʢʦʤʫ ʜʘʚʣʝʥʠʶ ʤʝʥʴʰʠʤ ʤʦʣʷʨʥʳʤ ʦʙʲʝʤʦʤ ʚ 

ʩʨʘʚʥʝʥʠʠ ʩ ʬʣʦʛʦʧʠʪ ʜʠʦʧʩʠʜʦʚʳʤ ʢʦʤʧʣʝʢʩʦʤ. ʇʦʣʝ ʩʪʘʙʠʣʴʥʦʩʪʠ ʯʠʩʪʦʡ ʬʘʟʳ 

KNaCaMg5Si8O22(OH)2 ʧʨʦʩʪʠʨʘʝʪʩʷ ʜʦ ʜʘʚʣʝʥʠʡ ʯʫʪʴ ʚʳʰʝ 14 ɻʇʘ. ʄʘʢʩʠʤʘʣʴʥʘʷ 

ʪʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 1450 ÁC ʧʨʠ 10 ɻʇʘ (Trßnnes, 2002). ɽʛʦ 

ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʭʦʜʝ ʨʝʘʢʮʠʠ 8En + Di + [1/2K2O +1/2Na2O + H2O] = K-Rct + 

2Fo. ʕʪʘ ʨʝʘʢʮʠʷ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʧʨʠ 1000 Áʉ ʠ 3 ɻʇʘ, ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʬʣʶʠʜʘ K2CO3-

Na2CO3-Cʆ2-H2O, ʚ ʪʨʝʭ ʩʝʨʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʦʪʣʠʯʘʶʱʠʭʩʷ K/Na ʦʪʥʦʰʝʥʠʝʤ (ʚ 

ʤʤʦʣʴ): I ï K/Na=1:1; II  ï K<Na å 30:70; III  ï K>Na å 70:30 ʩ ʧʝʨʝʤʝʥʥʳʤ ʦʪʥʦʰʝʥʠʝʤ 

(Na2CO3+K2CO3)/(H2O+CO2) ʧʦ ʤʘʩʩʝ (ʩʤ. ʪʘʙʣ. 1). ɺ ʢʘʯʝʩʪʚʝ ʩʪʘʨʪʦʚʳʭ ʚʝʱʝʩʪʚ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʛʝʣʝʚʳʝ ʩʤʝʩʠ ʩʦʩʪʘʚʘ ʵʥʩʪʘʪʠʪʘ MgSiO3 ʠ ʜʠʦʧʩʠʜʘ CaMgSi2O6 ʚ 

ʧʨʦʧʦʨʮʠʠ 8:1 ʧʦ ʤʦʣʷʤ. ʌʣʶʠʜ ʟʘʜʘʚʘʣʩʷ ʩʤʝʩʷʤʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ Na2CO3, K2CO3 ʠ 

ʱʘʚʝʣʝʚʦʡ ʢʠʩʣʦʪ r C2H2O4*H2O. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʘʧʧʘʨʘʪʝ ʚʳʩʦʢʦʛʦ 

ʜʘʚʣʝʥʠʷ çʥʘʢʦʚʘʣʴʥʷ ʩ ʣʫʥʢʦʡè ʅʃ-40 ʚ ʀʕʄ ʈɸʅ, ʚʳʜʝʨʞʢʘ ʩʦʩʪʘʚʠʣʘ 8 ʯʘʩʦʚ. 
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ɺ I ʩʝʨʠʠ ʦʧʳʪʦʚ ʧʨʠ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʦʣʝʡ ʩʪʘʙʠʣʴʥʘ ʘʩʩʦʮʠʘʮʠʷ ʠʟ ʜʚʫʭ 

ʧʠʨʦʢʩʝʥʦʚ ʠ ʦʣʠʚʠʥʘ (ʨʠʩ. 1ʘ) ʧʨʠʩʫʪʩʪʚʠʝ ʢʦʪʦʨʦʛʦ ʚ ʩʠʩʪʝʤʝ ʧʨʠ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʨʘʩʧʘʜʦʤ ʛʝʣʷ ʵʥʩʪʘʪʠʪʘ ʧʦ ʨʝʘʢʮʠʠ Mg2Si2O6 = Mg2SiO4 + SiO2 (ʚ 

ʨʘʩʧʣʘʚʝ). ɺ ʩʝʨʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ I ʠ II  ʧʨʠ ʦʪʥʦʰʝʥʠʷʭ (K2CO3+Na2CO3)/(Cʆ2+H2O) ʚʦ 

ʬʣʶʠʜʝ 30/70 ʠ 40/60 ʧʦ ʤʘʩʩʝ ʘʤʬʠʙʦʣ ʚ ʘʩʩʦʮʠʘʮʠʠ ʩ ʧʠʨʦʢʩʝʥʘʤʠ ʠ ʦʣʠʚʠʥʦʤ 

ʦʙʨʘʟʫʝʪʩʷ ʚ ʚʠʜʝ ʢʨʫʧʥʳʭ (200ï500 ʤʢʤ) ʩʫʙʠʜʠʦʤʦʨʬʥʳʭ ʢʨʠʩʪʘʣʣʦʚ (ʨʠʩ. 1ʙ). ʇʨʠ 

ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʱʝʣʦʯʝʡ ʚʦ ʬʣʶʠʜʝ ʢʣʠʥʦʧʠʨʦʢʩʝʥ ʚʩʪʨʝʯʘʝʪʩʷ ʣʠʰʴ ʚ ʚʠʜʝ 

ʚʢʣʶʯʝʥʠʡ ʚ ʜʨʫʛʠʭ ʬʘʟʘʭ. ɺ ʩʝʨʠʠ III  ʠʜʠʦʤʦʨʬʥʳʝ ʢʨʠʩʪʘʣʣʳ ʘʤʬʠʙʦʣʘ ʨʘʟʤʝʨʦʤ ʜʦ 

700 ʤʢʤ ʦʙʨʘʟʫʶʪʩʷ ʫʞʝ ʧʨʠ ʦʪʥʦʰʝʥʠʠ (K2CO3+Na2CO3)/(Cʆ2+H2O) = 10/90. ʆʥ ʪʘʢʞʝ 

ʦʙʨʘʟʫʝʪʩʷ ʧʨʠ ʦʪʥʦʰʝʥʠʷʭ (K2CO3+Na2CO3)/(Cʆ2+H2O) = 40/60, 50/50, 60/40, ʥʦ ʥʝ 

ʦʙʥʘʨʫʞʝʥ ʚ ʧʨʦʜʫʢʪʘʭ ʦʧʳʪʦʚ ʩ ʦʪʥʦʰʝʥʠʝʤ 20/80 ʠ 30/70. ɺʤʝʩʪʦ ʘʤʬʠʙʦʣʘ ʚ III -20 ʠ 

III -30 ʚ ʩʠʩʪʝʤʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʘʛʨʝʛʘʪʳ ʠʛʦʣʴʯʘʪʳʭ ʢʨʠʩʪʘʣʣʦʚ K ʨʘʩʧʣʘʚʘ. 

 

ʊʘʙʣʠʮʘ 1. ʉʪʘʨʪʦʚʳʝ ʢʦʣʠʯʝʩʪʚʘ K ʠ Na ʠ ʧʨʦʜʫʢʪʳ ʦʧʳʪʦʚ. 

 

Na2CO3 + K2CO3 / H2O + CO2 ʤʘʩ.% 10/90 20/80 30/70 40/60 50/50 60/40 

ʉʠʩʪʝʤʘ I (K/Na=1:1) 

K ʤʤʦʣʴ 0,008 0,016 0,024 0,032 0,040 0,048 

Na ʤʤʦʣʴ 0,008 0,015 0,023 0,030 0,038 0,045 

ʇʨʦʜʫʢʪʳ Ol Ol Ol Ol Ol Ol 

 Cpx Cpx Cpx Cpx Cpx* - 

 Opx Opx Opx Opx Opx Opx 

 - - Amph Amph Amph Amph 

ʉʠʩʪʝʤʘ I I (K<Na)  

K ʤʤʦʣʴ 0,005 0,010 0,017 0,020 0,027 0,032 

Na ʤʤʦʣʴ 0,011 0,023 0,032 0,045 0,054 0,066 

ʇʨʦʜʫʢʪʳ - Ol Ol Ol Ol Ol 

 Cpx Cpx Cpx Cpx Cpx Cpx* 

 Opx Opx Opx Opx Opx Opx 

 - - Amph Amph Amph Amph 

ʉʠʩʪʝʤʘ I I I (K>Na)  

K ʤʤʦʣʴ 0,010 0,020 0,031 0,041 0,053 0,062 

Na ʤʤʦʣʴ 0,005 0,009 0,013 0,018 0,021 0,026 

ʇʨʦʜʫʢʪʳ Ol Ol Ol Ol Ol Ol 

 Cpx Cpx Cpx Cpx Cpx Cpx 

 Opx Opx Opx Opx Opx Opx 

 Amph - - Amph Amph Amph 

ʇʨʠʤʝʯʘʥʠʝ: * ï ʬʘʟʘ, ʩʦʭʨʘʥʠʚʰʘʷʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ ʚʠʜʝ ʚʢʣʶʯʝʥʠʷ. ɿʘʢʘʣʦʯʥʳʡ ʨʘʩʧʣʘʚ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʚʦ ʚʩʝʭ ʦʧʳʪʘʭ. 

 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʪʘʙʠʣʴʥʦʩʪ ɹʨʠʭʪʝʨʠʪʦʚʦʛʦ ʘʤʬʠʙʦʣʘ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʦʙʱʝʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʦʣʝʚʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚʦ ʬʣʶʠʜʝ, ʥʦ ʠ ʦʪ K/Na ʦʪʥʦʰʝʥʠʷ ʚ ʥʝʤ. ʇʨʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʦʪʥʦʰʝʥʠʷʭ K/Na (30/70 ʠ 50/50) K-ʨʠʭʪʝʨʠʪ ʥʘʯʠʥʘʝʪ 

ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʧʨʠ (K2CO3+Na2CO3)/(Cʆ2+H2O) = 30/70 ʠ 40/60. ʌʣʶʠʜʳ ʩ ʚʳʩʦʢʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʢʘʣʠʝʚʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʪʘʙʠʣʠʟʠʨʫʶʪ K-ʨʠʭʪʝʨʠʪ ʚ ʦʙʣʘʩʪʴ ʙʦʣʝʝ ʥʠʟʢʦʡ 
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ʦʙʱʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʦʣʝʡ. ʆʙʨʘʟʦʚʘʥʠʝ K-ʨʠʭʪʝʨʠʪʘ ʚ ʩʠʩʪʝʤʝ III  ʧʨʠ ʥʝʙʦʣʴʰʠʭ ʠ 

ʚʳʩʦʢʠʭ ʩʦʜʝʨʞʘʥʠʷʭ ʩʦʣʠ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʦʧʝʨʝʤʝʥʥʳʤ ʚʣʠʷʥʠʝʤ ʘʢʪʠʚʥʦʩʪʝʡ 

ʚʦʜʳ ʠ ʱʝʣʦʯʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʥʘ ʝʛʦ ʩʪʘʙʠʣʴʥʦʩʪʴ. ʉʨʘʚʥʝʥʠʝ ʩʦʩʪʘʚʦʚ ʘʤʬʠʙʦʣʘ ʚ ʪʨʝʭ 

ʩʠʩʪʝʤʘʭ (ʨʠʩ. 1 ʚ) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʩʠʩʪʝʤʘʭ ʩ ʚʳʩʦʢʠʤ K/Na ʦʪʥʦʰʝʥʠʝʤ ʦʙʨʘʟʫʶʪʩʷ 

ʙʦʣʝʝ ʙʦʛʘʪʳʝ ʢʘʣʠʝʤ ʘʤʬʠʙʦʣʳ. ʆʥʠ ʠʤʝʶʪ ʩʭʦʞʠʡ ʩʦʩʪʘʚ ʩ K-ʨʠʭʪʝʨʠʪʦʤ ʧʨʠʨʦʜʥʳʭ 

ʤʝʪʘʩʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʧʝʨʠʜʦʪʠʪʦʚ. ʉʨʘʚʥʝʥʠʝ ʘʤʬʠʙʦʣʦʚ ʚ ʧʨʦʜʫʢʪʘʭ ʥʘʰʠʭ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʘʤʬʠʙʦʣʘʤʠ ʠʟ ʨʘʙʦʪʳ ʈ. ʎʠʤʤʝʨʤʘʥʥʘ ʩ ʩʦʘʚʪʦʨʘʤʠ (Zimmerman et al., 

1997) ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʟʘʚʠʩʠʤʦʩʪʠ K/Na ʦʪʥʦʰʝʥʠʷ ʦʪ ʜʘʚʣʝʥʠʷ. ʇʦʣʫʯʝʥʥʳʝ 

ʪʨʝʥʜʳ ʠʟʤʝʥʝʥʠʷ ʤʠʥʝʨʘʣʴʥʳʭ ʘʩʩʦʮʠʘʮʠʡ ʠ ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʤʠʥʝʨʘʣʦʚ 

ʧʝʨʠʜʦʪʠʪʦʚ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ ʚ ʭʦʜʝ ʤʦʜʘʣʴʥʦʛʦ ʤʘʥʪʠʡʥʦʛʦ ʤʝʪʘʩʦʤʘʪʦʟʘ ʜʦʣʞʥʳ 

ʫʯʠʪʳʚʘʪʴʩʷ ʧʨʠ ʦʮʝʥʢʝ ʜʘʚʣʝʥʠʷ, ʘʢʪʠʚʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʦʚ ʬʣʶʠʜʘ ʠ ʫʩʣʦʚʠʡ ʛʝʥʝʨʘʮʠʠ 

K-ʨʠʭʪʝʨʠʪʘ. 

 

 

ʈʠʩ. 1. ʌʦʪʦʛʨʘʬʠʠ ʦʙʨʘʟʮʦʚ ʚ ʦʪʨʘʞʝʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ: ʘ) I-10; ʙ) II-40. ʋʩʣʦʚʥʳʝ ʦʙʦʟʥʘʯʝʥʠʷ: 

Ol ï ʦʣʠʚʠʥ, Cpx ï ʢʣʠʥʦʧʠʨʦʢʩʝʥ, Opx ï ʦʨʪʦʧʠʨʦʢʩʝʥ, Amp ï ʘʤʬʠʙʦʣ, Q* ï ʟʘʢʘʣʦʯʥʘʷ ʬʘʟʘ. ʚ) 

ʉʨʘʚʥʝʥʠʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ K-ʨʠʭʪʝʨʠʪʦʚ ʩ ʧʨʠʨʦʜʥʳʤʠ ʘʤʬʠʙʦʣʘʤʠ: ʩʠʥʠʝ (Wagner, Velde, 

1986) ʠ ʛʦʣʫʙʳʝ (Erlank, 1973) ʢʨʫʛʠ ï ʨʠʭʪʝʨʠʪʳ ʠʟ ʣʘʤʧʨʦʠʪʦʚ, ʞʸʣʪʳʝ (Jones et al., 1982) ʠ 

ʦʨʘʥʞʝʚʳʝ (Erlank, 1973) ï K-ʨʠʭʪʝʨʠʪʳ ʠʟ ʤʝʪʘʩʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʧʝʨʠʜʦʪʠʪʦʚ, ʨʦʟʦʚʳʝ ï 

K-ʨʠʭʪʝʨʠʪʳ ʠʟ ʢʩʝʥʦʣʠʪʦʚ MARID (Waters et al., 1989), ʢʨʘʩʥʳʝ ï ʠʟ ʬʣʦʛʦʧʠʪ-

ʢʘʣʠʡʨʠʭʪʝʨʠʪʦʚʳʭ (PKP) ʧʝʨʠʜʦʪʠʪʦʚ (Waters et al., 1989), ʩʚʝʪʣʦ-ʩʝʨʦʝ ʧʦʣʝ ï ʘʤʬʠʙʦʣʳ I 

ʩʠʩʪʝʤʳ, ʩʝʨʦʝ ʧʦʣʝ ï II ʩʠʩʪʝʤʳ, ʪʸʤʥʦ-ʩʝʨʦʝ ʧʦʣʝ ï III ʩʠʩʪʝʤʳ. ʛ) ʉʨʘʚʥʝʥʠʝ ʘʤʬʠʙʦʣʦʚ ʩ 

ʘʥʘʣʦʛʘʤʠ ʠʟ ʨʘʙʦʪʳ ʈ. ʎʠʤʤʝʨʤʘʥʥʘ ʠ ʜʨ. (Zimmerman et al., 1997): ʯʸʨʥʳʝ ʢʨʫʛʠ ï ʥʘʩʪʦʷʱʝʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ 1000 Áʉ, 3 ɻʇʘ, ʩʝʨʳʝ ï 800 ÁC, 250 ʄʇʘ, ʙʝʣʳʝ ï 700 Áʉ, 250 ʄʇʘ. ʏʸʨʥʘʷ ʪʦʯʝʯʥʘʷ 

ʣʠʥʠʷ ʦʪʨʘʞʘʝʪ ʣʠʥʝʡʥʫʶ ʨʝʛʨʝʩʩʠʶ ʥʘʰʠʭ ʜʘʥʥʳʭ, ʩʝʨʘʷ ʣʠʥʠʷ ï ʜʣʷ ʘʤʬʠʙʦʣʦʚ ʧʨʠ 800 ÁC ʠ 

250 ʄʇʘ. 

 

ʀʩʪʦʯʥʠʢ ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ: ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 23ï27ï

00065, https://rscf.ru/project/23ï27ï00065. 
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EXPERIMENTAL INVESTIGATION OF K -RICHTERITE FORMATION IN THE 

PRESENCE OF K2CO3-Na2CO3-CO2-H2O FLUID.  

 

Limanov E.V.1, Butvina V.G.1, Safonov O.G.1, Spivak A.V.1, Van K.V.1, Vorobey S.S.2 
1IEM RAS, Chernogolovka, Moscow region, 2GEOKHI RAS, Moscow 

limanov.ev@iem.ac.ru 

 
Abstract. The formation reaction of K-Na-richterite in the enstatite + diopside association in the presence 

of K2CO3-Na2CO3-CO2-H2O fluid at 3 GPa and 1000 ÁC was experimentally studied, simulating its 

generation in upper mantle peridotites. The formation of richterite is directly dependent on the ratios 

(H2O+CO2)/(K2CO3+Na2CO3) and K2CO3/Na2CO3 in the fluid. A high concentration of alkaline 

components in the fluid leads to the decomposition of clinopyroxene, the formation of olivine, and a 

change in the composition of pyroxene and amphibole. Fluids with a high potassium content are 

responsible for the formation of K-richterite, which is similar in composition to peridotite. In some cases, 

such a fluid leads to the decomposition of amphibole and stabilization of the alkaline melt. The sodic 

fluid forms K-richterite, similar in composition to lamproite. The regularities obtained can be used to 

estimate the pressure, the activities of the fluid components, and the conditions for the formation of K-

richterite. 

Keywords: modal mantle metasomatism, experiment, K-richterite, water-salt fluid, K/Na ratio 
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ʋɼʂ 549.6+552.16:552.48 

 

ʉʆɺʄɽʑɽʅʅʓɽ ʇʈʆʎɽʉʉʓ ʌʆʈʄʀʈʆɺɸʅʀʗ 

ʕʂʃʆɻʀʊ ï ɻʃɸʋʂʆʌɸʅʉʃɸʅʎɽɺʓʍ ʂʆʄʇʃɽʂʉʆɺ: 

I. ʄɸʂʉʖʊʆɺʂʀʁ ʂʆʄʇʃɽʂʉ (ʖɾʅʓʁ ʋʈɸʃ) 

 

ʌʝʜʴʢʠʥ ɺ.ɺ. 

ʀʥʩʪʠʪʫʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʤʠʥʝʨʘʣʦʛʠʠ ʠʤ. ʘʢ. ɼ.ʉ. ʂʦʨʞʠʥʩʢʦʛʦ ʈɸʅ 

vfedkin@iem.ac.ru 

 
ɸʥʥʦʪʘʮʠʷ. ɺ ʚʳʩʦʢʦʙʘʨʥʳʭ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʘʭ ʢʦʨʦʚʳʭ ʙʘʟʠʪʦʚʳʭ ʵʢʣʦʛʠʪʦʚ ï 

ʄʘʢʩʶʪʦʚʩʢʦʤ ʥʘ ʖʞʥʦʤ ʋʨʘʣʝ ʠ ɸʪʙʘʰʠʥʩʢʦʤ ʥʘ ʖʞʥʦʤ ʊʷʥʴ-ʐʘʥʝ ï ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʝ ʩʦʚʤʝʱʝʥʥʳʝ ʧʨʦʮʝʩʩʳ ʠʭ ʤʝʪʘʤʦʨʬʠʯʝʩʢʦʡ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʡ ʵʚʦʣʶʮʠʠ. 

ʇʨʦʮʝʩʩʳ ʪʝʨʤʦʙʘʨʠʯʝʩʢʦʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʶʪ ʠʟʤʝʥʝʥʠʷ ʈʊ ʧʘʨʘʤʝʪʨʦʚ ʤʝʪʘʤʦʨʬʠʟʤʘ 

ʠ ʧʨʠʚʦʜʷʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʦʥʪʨʘʩʪʥʳʭ ʩʝʨʠʡ ʧʦʨʦʜ. ʊʘʢʠʝ ʩʝʨʠʠ ʬʦʨʤʠʨʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʚʥʝʜʨʝʥʠʷ (ʤʝʣʘʥʞʘ) ʚʳʩʦʢʦʙʘʨʥʳʭ ʵʢʣʦʛʠʪʦʚʳʭ ʚʢʣʶʯʝʥʠʡ (ʦʪʜʝʣʴʥʳʭ ʙʣʦʢʦʚ, 

ʙʫʜʠʥ, ʧʨʦʩʣʦʝʚ ʠ ʣʠʥʟ) ʚ ʪʦʣʱʫ ʩʣʘʙʦ ʤʝʪʘʤʦʨʬʠʟʦʚʘʥʥʦʡ ʚʤʝʱʘʶʱʝʡ ʤʘʪʨʠʮʳ ʠ ʠʭ 

ʜʘʣʴʥʝʡʰʝʛʦ ʩʦʚʤʝʩʪʥʦʛʦ (ʢʦʛʝʨʝʥʪʥʦʛʦ) ʨʘʟʚʠʪʠʷ. ʅʘ ʨʝʛʨʝʩʩʠʚʥʦʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʢʦʤʧʣʝʢʩʘ ʢ 

ʪʝʨʤʦʙʘʨʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʘʤ ʧʨʠʩʦʝʜʠʥʷʶʪʩʷ ʧʨʦʮʝʩʩʳ ʧʝʪʨʦʭʠʤʠʯʝʩʢʦʛʦ (ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʛʦ) 

ʧʣʘʥʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʷʪ ʠʟʤʝʥʝʥʠʷ ʚʘʣʦʚʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʦʨʦʜ. ɺ ʵʪʦʡ 

ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʤʘʪʝʨʠʘʣʳ ʧʦ ʄʘʢʩʶʪʦʚʩʢʦʤʫ ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʣʫʙʠʥʥʦʤʫ ʢʦʤʧʣʝʢʩʫ. ɺʦ 

ʚʪʦʨʦʤ ʩʦʦʙʱʝʥʠʠ ʮʠʢʣʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ɸʪʙʘʰʠʥʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʫʤʝʨʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʳʩʦʢʦʙʘʨʥʳʡ ʤʝʪʘʤʦʨʬʠʟʤ, ʪʝʨʤʦʙʘʨʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʧʝʪʨʦʭʠʤʠʯʝʩʢʠʝ 

ʠʟʤʝʥʝʥʠʷ, ʄʘʢʩʶʪʦʚʩʢʠʡ ʢʦʤʧʣʝʢʩ, ɸʪʙʘʰʠʥʩʢʠʡ ʵʢʣʦʛʠʪ-ʛʣʘʫʢʦʬʘʥʩʣʘʥʮʝʚʳʡ ʢʦʤʧʣʝʢʩ, 

ʪʝʢʪʦʥʠʯʝʩʢʠʡ ʤʝʣʘʥʞ, ʢʦʛʝʨʝʥʪʥʳʝ ʧʨʦʮʝʩʩʳ, ʈʊ ʪʨʝʥʜʳ ʵʚʦʣʶʮʠʠ ʤʝʪʘʤʦʨʬʠʟʤʘ 

 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʢʣʘʩʩʠʯʝʩʢʠʡ (ʠʟʦʭʠʤʠʯʝʩʢʠʡ) ʤʝʪʘʤʦʨʬʠʟʤ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʛʜʘ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʤʝʪʘʩʦʤʘʪʦʟʦʤ, ʬʣʶʠʜʥʳʤ ʚʦʟʜʝʡʩʪʚʠʝʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ 

ʧʨʦʠʩʭʦʜʷʪ ʭʠʤʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʘ ʧʦʨʦʜ, ʤʠʥʝʨʘʣʴʥʳʝ ʨʝʘʢʮʠʠ, ʧʨʦʮʝʩʩʳ 

ʨʘʩʪʚʦʨʝʥʠʷ ʠ ʧʝʨʝʦʪʣʦʞʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ. ʌʘʢʪʠʯʝʩʢʠ, ʨʝʘʣʴʥʫʶ ʠʪʦʛʦʚʫʶ ʢʘʨʪʠʥʫ 

ʤʝʪʘʤʦʨʬʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʝʛʦ ʬʠʥʘʣʴʥʳʡ ʦʙʣʠʢ ʠ ʩʦʩʪʦʷʥʠʝ ʬʦʨʤʠʨʫʝʪ ʩʦʯʝʪʘʥʠʝ 

ʢʦʛʝʨʝʥʪʥʳʭ (ʩʦʚʤʝʩʪʠʤʳʭ) ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. 

ʊʝʨʤʦʙʘʨʠʯʝʩʢʠʝ (ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʝ) ʧʨʦʮʝʩʩʳ ʦʧʨʝʜʝʣʷʶʪ ʈʊ ʧʘʨʘʤʝʪʨʳ ʤʠʥʝʨʘʣʴʥʳʭ 

ʨʘʚʥʦʚʝʩʠʡ ʠ ʦʙʱʠʡ ʫʨʦʚʝʥʴ ʤʝʪʘʤʦʨʬʠʟʤʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʦʮʝʩʩʦʚ 

ʧʝʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʧʣʘʥʘ ʧʨʦʠʩʭʦʜʷʪ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ ʚʘʣʦʚʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ ʧʦʨʦʜ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʝ ʧʨʦʮʝʩʩʳ 

ʤʝʪʘʤʦʨʬʠʯʝʩʢʦʡ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʡ ʵʚʦʣʶʮʠʠ ʢʦʨʦʚʳʭ ʙʘʟʠʪʦʚʳʭ ʵʢʣʦʛʠʪʦʚ, ʢʦʪʦʨʳʝ 

ʬʦʨʤʠʨʫʶʪʩʷ ʚ ʟʦʥʘʭ ʩʦʯʣʝʥʝʥʠʷ ʢʨʫʧʥʳʭ ʛʝʦʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʟʝʤʥʦʡ ʢʦʨʳ ʚ 

ʫʩʣʦʚʠʷʭ ʧʦʩʪʦʷʥʥʦʡ ʪʝʢʪʦʥʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʤʝʥʷʶʱʝʛʦʩʷ ʨʝʞʠʤʘ ʤʝʪʘʤʦʨʬʠʟʤʘ ʠ 

ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʠ ʬʣʶʠʜʥʳʭ ʧʦʪʦʢʦʚ (ɼʦʙʨʝʮʦʚ, ʉʦʙʦʣʝʚ, 1977; ʉʦʙʦʣʝʚ, 

ʐʘʮʢʠʡ, 1986; Dobretsov et al., 1996). ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʧʨʦʮʝʩʩʳ ʤʝʪʘʩʦʤʘʪʦʟʘ ʠ 

ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʪʝʩʥʦ ʩʚʷʟʘʥʳ ʤʝʞʜʫ ʩʦʙʦʡ ʠ ʦʧʨʝʜʝʣʷʶʪ ʬʠʥʘʣʴʥʳʡ 

ʠʪʦʛ ʨʘʟʚʠʪʠʷ ʢʦʤʧʣʝʢʩʘ. ɿʘʜʘʯʘ ʨʝʰʘʝʪʩʷ ʤʝʪʦʜʘʤʠ ʬʘʟʦʚʦʛʦ ʩʦʦʪʚʝʪʩʪʚʠʷ ʠ 

ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʡ ʪʝʨʤʦʙʘʨʦʤʝʪʨʠʠ ʥʘ ʦʩʥʦʚʝ Grt1-Cpx-Pl-Qz ʨʘʚʥʦʚʝʩʠʷ ï ʛʣʘʚʥʦʛʦ 

ʠʥʬʦʨʤʘʮʠʦʥʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʫʩʣʦʚʠʡ ʦʙʨʘʟʦʚʘʥʠʷ HP ʧʦʨʦʜ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʠʟʚʝʩʪʥʳʝ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʝ 

ʵʢʣʦʛʠʪ-ʛʣʘʫʢʦʬʘʥʩʣʘʥʮʝʚʳʝ ʢʦʤʧʣʝʢʩʳ: ʄʘʢʩʶʪʦʚʩʢʠʡ ʥʘ ʖʞʥʦʤ ʋʨʘʣʝ ʠ 

ɸʪʙʘʰʠʥʩʢʠʡ ʥʘ ʖʞʥʦʤ ʊʷʥʴ-ʐʘʥʝ. ʆʙʘ ʢʦʤʧʣʝʢʩʘ ʚʭʦʜʷʪ ʚ ʩʠʩʪʝʤʫ 

                       
1 ʆʙʦʟʥʘʯʝʥʠʷ ʤʠʥʝʨʘʣʦʚ ʧʦ Whitney, Evans, 2010 

mailto:vfedkin@iem.ac.ru


ʌʘʟʦʚʳʝ ʨʘʚʥʦʚʝʩʠ ̫ʧʨʠ ʚʳʩʦʢʠʭ ʈʊ ʧʘʨʘʤʝʪʨʘʭ 

39 

ʚʥʫʪʨʠʢʦʥʪʠʥʝʥʪʘʣʴʥʦʛʦ ʋʨʘʣʦ-ʄʦʥʛʦʣʴʩʢʦʛʦ ʛʝʨʮʠʥʩʢʦʛʦ ʩʢʣʘʜʯʘʪʦʛʦ ʧʦ̫ʩʘ. 

ʈʘʩʧʦʣʘʛʘʷʩʴ ʚ ʢʦʣʣʠʟʠʦʥʥʦʡ ʟʦʥʝ ʩʦʯʣʝʥʝʥʠʷ ʢʦʥʪʠʥʝʥʪʘʣʴʥʦʡ ʦʢʨʘʠʥʳ ʠ ʧʘʣʝʦʦʢʝʘʥʘ, 

ʦʙʘ ʢʦʤʧʣʝʢʩʘ ʠʤʝʶʪ ʙʣʠʟʢʦʝ ʣʠʪʦʣʦʛʠʯʝʩʢʦʝ ʩʪʨʦʝʥʠʝ. ʅʠʞʥʷʷ ʚʳʩʦʢʦʙʘʨʥʘʷ ʯʘʩʪʴ 

ʨʘʟʨʝʟʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʨʘʝʚʳʝ ʯʘʩʪʠ ʢʦʥʪʠʥʝʥʪʘʣʴʥʳʭ ʧʣʠʪ ʚ ʚʠʜʝ ʙʘʟʠʪʦʚʦʡ 

ʵʢʣʦʛʠʪʦʚʦʡ ʧʘʯʢʠ. ɺʝʨʭʥʷʷ, ʦʬʠʦʣʠʪʦʧʦʜʦʙʥʘʷ ʪʦʣʱʘ ʷʚʣʷʝʪʩʷ ʯʘʩʪʴʶ 

ʧʘʣʝʦʦʢʝʘʥʠʯʝʩʢʦʡ ʢʦʨʳ ʩ ʬʨʘʛʤʝʥʪʘʤʠ ʢʦʥʪʠʥʝʥʪʘʣʴʥʳʭ ʦʙʣʦʤʢʦʚ (Dobretsov et al., 

1996). ʂʦʤʧʣʝʢʩʳ ʠʤʝʶʪ ʙʣʠʟʢʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʠ ʚʦʟʨʘʩʪʥʳʝ ʛʨʘʥʠʮʳ, ʥʦ ʨʘʟʣʠʯʘʶʪʩʷ 

ʧʦ ʫʨʦʚʥʶ ʜʘʚʣʝʥʠʷ ʩʚʦʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ. ʆʪʥʦʩʠʪʝʣʴʥʦ ʛʣʫʙʠʥʥʳʡ ʄʘʢʩʶʪʦʚʩʢʠʡ 

ʢʦʤʧʣʝʢʩ, ʬʦʨʤʠʨʦʚʘʣʩʷ ʚ ʨʠʬʪʦʛʝʥʥʦʡ ʟʦʥʝ ʚ ʧʦʣʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʘʣʤʘʟʘ ʠ ʢʦʵʩʠʪʘ ʧʨʠ 

ʊ=700ï750 ʦʉ ʠ ʈ=3,0ï3,2 ɻʇʘ (Lennykh, et al., 1995; Dobretsov et al., 1996; Beane, Leech, 

2007). ɸʪʙʘʰʠʥʩʢʠʡ ʪʝʨʨʝʡʥ ʫʤʝʨʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʪʨʘʩʩʠʨʫʝʪ ʚʘʞʥʝʡʰʫʶ ʪʝʢʪʦʥʠʯʝʩʢʫ  ʁ

ʛʨʘʥʠʮʫ ʤʝʞʜʫ ʉʨʝʜʠʥʥʳʤ ʠ ʖʞʥʳʤ ʊʷʥʴ-ʐʘʥʝʤ. ʆʥ ʦʙʨʘʟʦʚʘʣʩʷ ʚ ʦʩʪʨʦʚʦʜʫʞʥʦʡ 

ʦʙʩʪʘʥʦʚʢʝ, ʚ ʦʙʣʘʩʪʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʘʨʘʛʝʥʝʟʠʩʘ Ab-Jd-Qz ʧʨʠ ʊ=650ï700 ʦʉ ʠ ʈ=1,2ï

1,4 ɻʇʘ (ʌʝʜʴʢʠʥ, 2004). ʈʘʟʣʠʯʠʷ ʚ ʫʩʣʦʚʠʷʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʵʪʠʭ ʢʦʤʧʣʝʢʩʦʚ ʧʦʟʚʦʣʷʶʪ 

ʚʳʷʚʠʪʴ ʠ ʩʨʘʚʥʠʪʴ ʚʦʟʤʦʞʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʪʝʢʘʥʠʷ ʩʦʚʤʝʩʪʥʳʭ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʠ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠʭ ʨʘʟʚʠʪʠʷ. 

ɺʦʧʨʦʩʳ ʤʝʪʘʤʦʨʬʠʟʤʘ ʄʘʢʩʶʪʦʚʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʦʙʩʫʞʜʘʶʪʩʷ ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ʜʝʩʷʪʢʦʚ ʣʝʪ (ʏʝʩʥʦʢʦʚ, ʇʦʧʦʚ, 1965; Lennykh, et al., 1995; Dobretsov et al., 

1996; Beane, Leech, 2007) ʠ ʪʝʨʤʦʙʘʨʠʯʝʩʢʘʷ ʠʩʪʦʨʠʷ ʝʛʦ ʨʘʟʚʠʪʠʷ ʦʧʠʩʘʥʘ ʜʦʩʪʘʪʦʯʥʦ 

ʜʝʪʘʣʴʥʦ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ (ɺʘʣʠʟʝʨ ʠ ʜʨ., 2013; ʌʝʜʴʢʠʥ, 2020, Fedkin et al., 2021) 

ʧʦʜʪʚʝʨʞʜʘʶʪ ʤʘʢʩʠʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʘʯʘʣʴʥʦʛʦ ʵʪʘʧʘ ʤʝʪʘʤʦʨʬʠʟʤʘ: 

T=800Ÿ900 Áʉ ï ʥʘ ʧʨʦʛʨʘʜʥʦʡ ʩʪʘʜʠʠ ʠ T=910Ÿ730 ʦʉ, ʥʘ ʨʝʪʨʦʛʨʘʜʥʦʡ ʵʪʘʧʝ, ʧʨʠ 

ʈ=3,5 ɻʇʘ, ʢʦʪʦʨʳʝ ʩʦʭʨʘʥʠʣʠʩʴ ʚ ʚʳʩʦʢʦʙʘʨʥʳʭ ʵʢʣʦʛʠʪʦʚʳʭ ʚʢʣʶʯʝʥʠʷʭ (ʙʫʜʠʥʘʭ, 

ʧʨʦʩʣʦʷʭ ʠ ʣʠʥʟʘʭ) ʥʠʞʥʝʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʤʝʣʘʥʞʘ. 

ʇʨʦʛʨʘʜʥʳʝ ʠ ʨʝʪʨʦʛʨʘʜʥʳʝ ʈʊ ʪʨʝʥʜʳ, ʧʦʩʪʨʦʝʥʥʳʝ ʧʦ ʩʦʩʪʘʚʘʤ ʬʘʟ Grt-Cpx-Pl-Qz 

ʧʘʨʘʛʝʥʝʟʠʩʘ, ʦʙʨʘʟʫʶʪ ʩʦʧʨʷʞʝʥʥʳʝ ʧʘʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʨʝʞʠʤʳ ʦʪʜʝʣʴʥʳʭ ʵʪʘʧʦʚ 

(ʮʠʢʣʦʚ) ʨʘʟʚʠʪʠʷ ʢʦʤʧʣʝʢʩʘ (ʊʘʙʣ. 1). 

 

ʊʘʙʣʠʮʘ 1. ʆʙʦʙʱʝʥʥʳʝ ʈʊ ʪʨʝʥʜʳ ʧʨʦʛʨʘʜʥʦ-ʨʝʪʨʦʛʨʘʥʳʭ ʵʪʘʧʦʚ (ʮʠʢʣʦʚ) ʨʘʟʚʠʪʠʷ 

ʄʘʢʩʶʪʦʚʩʢʦʛʦ ʵʢʣʦʛʠʪ-ʛʣʘʫʢʦʬʘʥʩʣʘʥʮʝʚʦʛʦ ʢʦʤʧʣʝʢʩʘ (ʌʝʜʴʢʠʥ, 2020). 

 ̄ ʇʨʦʛʨʘʜʥʳʝ ʪʨʝʥʜʳ ʈʝʪʨʦʛʨʘʜʥʳʝ ʪʨʝʥʜʳ ɺʦʟʨʘʩʪ, Ma* 

1.  ʊ=800Ÿ900 ʦʉ, ʈ=3,5 ɻʇʘ  ʊ=910Ÿ730 ʦʉ, ʈ=3,5 ɻʇʘ 
515ï533 [1, 3] 

385 [2] 

2.  ʊ=500Ÿ790 ʦʉ, ʈ=2,5Ÿ3,0 ɻʇʘ  ʊ=740Ÿ610 ʦʉ, ʈ=2,5Ÿ1,4 ɻʇʘ 
360 [1, 2] 

360ï380 [3] 

3.  ʊ=460Ÿ680 ʦʉ, ʈ=1,1Ÿ1,5 ɻʇʘ  ʊ=690Ÿ430 ʦʉ, ʈ=1,3Ÿ1,0 ɻʇʘ 335 [2] 

4.  ʊ=310Ÿ515 ʦʉ, ʈ=0,9Ÿ1,2 ɻʇʘ  ʊ=545Ÿ310 ʦʉ, ʈ=1,0Ÿ0,6 ɻʇʘ 310ï315 [2] 

*) ɺʦʟʨʘʩʪʥʳʝ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʧʦ ʜʘʥʥʳʤ: [1] ï ɺʘʣʠʟʝʨ ʠ ʜʨ. 2013; [2] ï Beane & Leech, 

2007; [3] ï Dobretsov et al., 1996. 

 

ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥ ʦʜʠʥ ʠʟ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʧʨʠʤʝʨʦʚ (ʌʝʜʴʢʠʥ, 2020) ʠʥʚʝʨʩʠʦʥʥʦʡ 

ʟʦʥʘʣʴʥʦʩʪʠ ʛʨʘʥʘʪʘ ʠʟ ʵʢʣʦʛʠʪʦʚʦʡ ʙʫʜʠʥʳ ʫʯʘʩʪʢʘ ɸʥʪʠʥʛʘʥ. ʉʦʩʪʘʚ ʛʨʘʥʘʪʘ ʚ 

ʨʘʚʥʦʚʝʩʠʠ ʩ Cpx, Pl ʠ Qz ʬʠʢʩʠʨʫʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʡ ʧʝʨʝʭʦʜ ʦʪ ʈʊ ʫʩʣʦʚʠʡ 

ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʤʝʣʘʥʞʘ ʢ ʩʪʘʜʠʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʟʚʠʪʠʷ ʧʦʨʦʜʳ ʚʤʝʱʘʶʱʝʛʦ ʢʦʤʧʣʝʢʩʘ. 

ɺʢʣʶʯʝʥʠʷ ʦʩʪʘʪʦʯʥʳʭ ʠ ʥʦʚʦʦʙʨʘʟʦʚʘʥʥʳʭ ʤʠʥʝʨʘʣʦʚ (Cpx, Pl, Qz) ʚ ʟʦʥʘʣʴʥʦʤ ʟʝʨʥʝ 

ʛʨʘʥʘʪʘ ʧʦʟʚʦʣʷʶʪ ʧʨʦʩʣʝʜʠʪʴ ʝʛʦ ʧʨʦʛʨʝʩʩʠʚʥʳʡ ʨʦʩʪ ʠ ʦʮʝʥʠʪʴ ʚʝʣʠʯʠʥʫ ʨʘʚʥʦʚʝʩʥʦʛʦ 

ʜʘʚʣʝʥʠʷ (P=1,35 ɻʇʘ) ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʨʦʜʳ (ʈʠʩ. 1ʘ). ɿʘʪʝʤ 

ʟʦʥʘʣʴʥʦʩʪʴ ʛʨʘʥʘʪʘ ʤʝʥʷʝʪʩʷ ʥʘ ʦʙʨʘʪʥʫʶ, ʬʠʢʩʠʨʫʷ ʩʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ: 
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617Ÿ518 ʦʉ ʚ ʧʨʦʮʝʩʩʝ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʟʚʠʪʠʷ ʚʤʝʱʘʶʱʝʡ ʤʘʪʨʠʮʳ (ʈʠʩ. 1ʩ). ʅʘ 

ʨʝʛʨʝʩʩʠʚʥʦʡ ʩʪʘʣʠ ʟʝʨʥʘ ʛʨʘʥʘʪʘ ʧʦʩʪʝʧʝʥʥʦ ʦʢʨʫʞʘʶʪʩʷ Qz-Ms-Chl ʩʢʦʧʣʝʥʠʷʤʠ, 

ʫʩʠʣʠʚʘʝʪʩʷ ʪʨʝʱʠʥʦʚʘʪʦʩʪʴ ʠ ʨʘʟʜʨʦʙʣʝʥʥʦʩʪʴ ʛʨʘʥʘʪʦʚʳʭ ʚʢʣʶʯʝʥʠʡ, ʟʘʤʝʪʥʳ ʩʣʝʜʳ 

ʚʨʘʱʝʥʠʷ ʠ ʧʝʨʝʤʝʱʝʥʠʷ ʠʭ ʚ ʤʘʩʩʝ ʚʤʝʱʘʶʱʝʡ ʧʦʨʦʜʳ. 

 

 

ʈʠʩ. 1. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʧʨʦʛʨʘʜʥʦ-ʨʝʪʨʦʛʨʘʜʥʦʝ ʨʘʟʚʠʪʠʝ ʵʢʣʦʛʠʪʦʚʦʡ ʙʫʜʠʥʳ ʫʯʘʩʪʢʘ 

ɸʥʪʠʥʛʘʥ ʚ ʭʦʜʝ ʚʢʣʶʯʝʥʠʷ ʝʝ ʚ ʢʦʛʝʨʝʥʪʥʳʡ ʧʨʦʮʝʩʩ ʨʝʪʨʦʛʨʘʜʥʦʛʦ ʤʝʪʘʤʦʨʬʠʟʤʘ: (ʘ) ï 

ʧʨʦʛʨʘʜʥʳʡ ʵʪʘʧ 473ï657 ʦʉ, (b) ï ʧʨʦʤʝʞʫʪʦʯʥʘʷ ʩʪʘʜʠʷ 427ï555 ʦʉ, (ʩ) ï ʨʝʪʨʦʛʨʘʜʥʳʡ ʵʪʘʧ ʥʘ 

ʢʦʛʝʨʝʥʪʥʦʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʢʦʤʧʣʝʢʩʘ 617ï518ʦʉ 

 

ʇʦʜʦʙʥʳʝ ʪʝʨʤʦʙʘʨʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʯʝʪʢʦ ʬʠʢʩʠʨʫʶʪʩʷ ʥʘ ʢʘʞʜʦʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ 

ʢʦʤʧʣʝʢʩʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʝʪʨʦʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʚʳʩʦʢʦʙʘʨʥʳʭ ʧʦʨʦʜ (ʪʦʣʝʠʪʦʚʳʭ 

ʙʘʟʘʣʴʪʦʚ) ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ (Volkova, et al., 2004; Leech, Ernst, 2000; Schulte, 

Bl¿mel, 1999). ʄʝʪʘʩʦʤʘʪʦʟ ʥʘ ʵʪʦʤ ʵʪʘʧʝ ʟʘʪʨʫʜʥʝʥ ʠʟ-ʟʘ ʧʫʣʴʩʘʮʠʦʥʥʦʛʦ ʭʘʨʘʢʪʝʨʘ 

ʤʝʪʘʤʦʨʬʠʟʤʘ ʠ ʚʳʩʦʢʦʡ ʧʣʘʚʫʯʝʩʪʠ ʧʦʛʨʫʞʘʝʤʦʡ ʧʣʘʩʪʠʥʳ. ɺ ʥʠʞʥʝʡ ʚʳʩʦʢʦʙʘʨʥʦʡ 

ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʘ ʧʝʨʚʳʝ ʧʨʠʟʥʘʢʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʧʨʦʷʚʣʷʶʪʩ ̫ʥʘ ʙʦʣʝʝ 

ʧʦʟʜʥʠʭ ʩʪʘʜʠʷʭ ʤʝʪʘʤʦʨʬʠʟʤʘ ʚ ʚʠʜʝ ʟʦʥ ʤʫʩʢʦʚʠʪʠʟʘʮʠʠ, ʧʨʦʞʠʣʢʦʚʳʭ ʩʢʦʧʣʝʥʠʡ 

ʟʦʥʘʣʴʥʳʭ ʛʨʘʥʘʪʦʚ, ʭʣʦʨʠʪʦʚʳʭ ʦʪʦʨʦʯʝʢ ʚʦʢʨʫʛ ʛʨʘʥʘʪʘ. ɺ ʟʝʨʥʘʭ ʛʨʘʥʘʪʘ ʧʦʷʚʣʷʶʪʩʷ 

ʪʝʢʩʪʫʨʳ ʘʪʦʣʣʦʚʦʛʦ ʠ ʘʞʫʨʥʦʛʦ ʛʨʘʥʘʪʘ, ʧʦʜʪʚʝʨʞʜʘʶʱʠʝ ʥʘʣʠʯʠʝ ʞʠʜʢʦʩʪʠ ʚ HP 

ʫʩʣʦʚʠʷʭ (Beane, Sorensen, 2007). ʃʠʰʴ ʥʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʚ ʵʢʣʦʛʠʪʦʚʳʭ ʘʩʩʦʮʠʘʮʠʷʭ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʧʝʪʨʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʧʦʷʚʣʷʝʪʩʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʬʘʟʳ Zo, Gln, Chl 

(ɺʘʣʠʟʝʨ, 2011). 

ɺ ʚʝʨʭʥʝʡ (ʦʬʠʦʣʠʪʦʚʦʡ) ʧʣʘʩʪʠʥʝ ʢʦʤʧʣʝʢʩʘ ʚ ʤʝʪʘʩʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʙʘʟʘʣʴʪʘʭ, 

ʚʢʣʶʯʝʥʥʳʭ ʚ ʘʥʪʠʛʦʨʠʪʦʚʳʡ ʩʝʨʧʝʥʪʠʥʠʪ-ʤʘʪʨʠʯʥʳʡ ʤʝʣʘʥʞ (Beane, Liou, 2005), 

ʚʩʣʝʜʩʪʚʠʝ Ca-Mg ʤʝʪʘʩʦʤʘʪʦʟʘ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʨʦʜʠʥʛʠʪʦʚ ʠ ʢʘʨʙʦʥʘʪʥʳʭ 

ʤʠʥʝʨʘʣʴʥʳʭ ʘʩʩʦʮʠʘʮʠʡ, ʩʝʨʧʝʥʪʠʥʠʟʘʮʠʷ ʦʢʨʫʞʘʶʱʝʛʦ ʧʝʨʠʜʦʪʠʪʘ ʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ 

ʢʨʫʧʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʣʘʚʩʦʥʠʪʘ, ʟʘʤʝʱʝʥʥʦʛʦ ʚʧʦʩʣʝʜʩʪʚʠʠ ʤʫʩʢʦʚʠʪʦʤ, ʢʣʠʥʦʮʦʠʟʠʪʦʤ ʠ 

ʛʨʘʥʘʪʦʤ. ʕʪʠ ʧʨʠʟʥʘʢʠ ʧʦʢʘʟʳʚʘʶʪ ʧʦʚʳʰʝʥʥʳʡ ʫʨʦʚʝʥʴ ʜʘʚʣʝʥʠʷ ʠ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ 

ʚʝʨʭʥʝʡ ʧʘʯʢʠ ʧʦʨʦʜ ʢ ʦʬʠʦʣʠʪʦʧʦʜʦʙʥʦʡ ʬʘʮʠʘʣʴʥʦʡ ʩʝʨʠ. ʀʟʤʝʥʝʥʠʷ ʚʘʣʦʚʦʛʦ ʩʦʩʪʘʚʘ 

ʧʦʨʦʜ ʢʦʤʧʣʝʢʩʘ ʧʦ ʦʩʥʦʚʥʳʤ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʤ ʢʦʤʧʦʥʝʥʪʘʤ ʥʝ ʪʘʢ ʟʘʤʝʪʥʳ 

ʚʩʣʝʜʩʪʚʠʝ ʪʦʛʦ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʛʝʦʭʠʤʠʯʝʩʢʠʭ ʨʘʙʦʪ ʦʙʳʯʥʦ ʥʘʮʝʣʝʥʳ ʥʘ ʨʝʜʢʠʝ, 

ʨʘʩʩʝʷʥʥʳʝ ʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ ʜʣʷ ʠʟʫʯʝʥʠʷ ʛʝʦʭʠʤʠʠ ʠ ʠʩʪʦʯʥʠʢʘ ʧʨʦʪʦʣʠʪʘ. 

ɹʦʣʝʝ ʯʝʪʢʠʝ ʧʨʠʟʥʘʢʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʚʘʣʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʦʨʦʜ 

ʧʦʷʚʣʷʶʪʩʷ ʧʨʠ ʟʘʚʝʨʰʝʥʠʠ ʧʨʦʮʝʩʩʦʚ ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʤʝʣʘʥʞʘ ʥʘ ʢʦʛʝʨʝʥʪʥʦʤ ʵʪʘʧʝ 

ʨʘʟʚʠʪʠʷ ʪʝʨʨʝʡʥʘ. ɺ ʙʘʟʠʪʦʚʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʘ ʚ ʨʷʜʫ ʧʦʨʦʜ ʦʪ ʥʝʠʟʤʝʥʝʥʥʳʭ ʵʢʣʦʛʠʪʦʚ 

ʢ ʨʝʪʨʦʛʨʘʜʥʳʤ ʢʨʫʧʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʩʣʶʜʦʥʦʩʥʳʤ ʵʢʣʦʛʠʪʘʤ ʬʠʢʩʠʨʫʝʪʩʷ ʟʘʤʝʪʥʦʝ 

ʩʥʠʞʝʥʠʝ ʩʦʜʝʨʞʘʥʠʡ Ca, Ti, Na ʠ ʨʦʩʪ K (Beane, Sorensen, 2007). ɺ ʂ-

ʤʝʪʘʩʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʤʝʪʘʙʘʟʘʣʴʪʘʭ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʘ ʨʦʩʪ ʢʦʥʮʝʥʪʨʘʮʠʡ ʂ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʚʳʰʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Ba. ʀʤʝʥʥʦ ʩ ʢʘʣʠʝʚʳʤ ʤʝʪʘʩʦʤʘʪʦʟʦʤ ʩʚʷʟʘʥʳ 

ʧʨʦʮʝʩʩʳ ʜʘʣʴʥʝʡʰʝʡ ʤʫʩʢʦʚʠʪʠʟʘʮʠʠ ʧʦʨʦʜ ʢʦʤʧʣʝʢʩʘ ʠ ʤʘʩʩʦʚʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 
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ʤʫʩʢʦʚʠʪʦʚʳʭ ʧʩʝʚʜʦʤʦʨʬʦʟ ʧʦ ʣʘʚʩʦʥʠʪʫ (Schulte and Sindern, 2002; Beane and Liou, 

2005). ʉʥʠʞʝʥʠʝ ʘʢʪʠʚʥʦʩʪʠ ʥʘʪʨʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʨʘʟʚʠʪʠʝ ʛʣʘʫʢʦʬʘʥʦʚʳʭ ʧʦʨʦʜ 

ʢʦʤʧʣʝʢʩʘ ʥʝ ʩʚʷʟʘʥʦ ʩ ʧʨʠʚʥʦʩʦʤ ʥʘʪʨʠʷ, ʘ ʧʨʦʠʩʭʦʜʠʣʘ ʟʘ ʩʯʝʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ Ca ʠ 

Na ʤʝʞʜʫ ʜʨʫʛʠʤʠ ʬʘʟʘʤʠ. 

ʅʘ ʟʘʚʝʨʰʘʶʱʝʤ (ʯʝʪʚʝʨʪʦʤ) ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʢʦʤʧʣʝʢʩʘ ʢʦʛʝʨʝʥʪʥʳʝ ʧʨʦʮʝʩʩʳ 

ʪʝʨʤʦʙʘʨʠʯʝʩʢʦʛʦ ʠ ʧʝʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʧʣʘʥʘ ʠʜʫʪ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ: ʧʦ 

ʣʠʥʠʠ ʨʝʪʨʦʛʨʘʜʥʦʛʦ ʤʝʪʘʤʦʨʬʠʟʤʘ ʠ ʧʦʚʳʰʝʥʠʷ ʘʢʪʠʚʥʦʩʪʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ. ʕʪʦ ʚʳʨʘʞʘʝʪʩʷ ʚ ʨʝʟʢʦʤ ʩʥʠʞʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ Grt-Cpx ʨʘʚʥʦʚʝʩʠʡ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʬʣʶʠʜʥʳʭ ʧʦʪʦʢʦʚ, ʢʦʪʦʨʳʝ ʫʩʠʣʠʚʘʶʪ ʨʝʘʢʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ 

ʨʘʩʪʚʦʨʝʥʥʳʭ ʚʦ ʬʣʶʠʜʝ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʩʥʠʞʘʶʪ ʜʝʡʩʪʚʠʝ ʠʥʪʝʥʩʠʚʥʳʭ ʈʊ ʧʘʨʘʤʝʪʨʦʚ 

ʤʝʪʘʤʦʨʬʠʟʤʘ ʟʘ ʩʯʝʪ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʧʦʜʥʠʤʘʶʱʝʛʦʩʷ ʢʦʤʧʣʝʢʩʘ. 

 

ɺʳʚʦʜʳ ʠ ʟʘʢʣʶʯʝʥʠʷ 

1. ʀʩʭʦʜʥʘʷ ʢʦʥʢʫʨʝʥʮʠʷ ʜʚʫʭ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʧʝʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ 

ʨʘʟʥʦʛʦ ʫʨʦʚʥʷ ï ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʤʝʣʘʥʞʘ ʚʳʩʦʢʦʙʘʨʥʳʭ ʵʢʣʦʛʠʪʦʚʳʭ ʚʢʣʶʯʝʥʠʡ ʠ ʠʭ 

ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʦʚʤʝʩʪʥʦʛʦ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʟʚʠʪʠʷ ʩ ʚʤʝʱʘʶʱʝʡ ʛʥʝʡʩʦʩʣʘʥʮʝʚʦʡ 

ʤʘʪʨʠʮʝʡ ʧʨʠʚʦʜʷʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʦʥʪʨʘʩʪʥʳʭ ʩʝʨʠʡ ʧʦʨʦʜ ʥʘ ʨʘʥʥʝʤ ʵʪʘʧʝ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʘ ʠ ʢ ʠʭ ʩʦʭʨʘʥʝʥʠʶ ʚʧʣʦʪʴ ʜʦ ʟʘʢʣʶʯʠʪʝʣʴʥʳʭ ʩʪʫʧʝʥʝʡ 

ʤʝʪʘʤʦʨʬʠʟʤʘ; 

2. ʉʦʯʝʪʘʥʠʝ ʢʦʛʝʨʝʥʪʥʳʭ ʧʨʦʮʝʩʩʦʚ ʤʝʪʘʤʦʨʬʠʯʝʩʢʦʛʦ (ʪʝʨʤʦʙʘʨʠʯʝʩʢʦʛʦ) ʧʣʘʥʘ ʠ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʡ (ʧʝʪʨʦʭʠʤʠʯʝʩʢʦʡ) ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʚ ʨʘʟʥʳʭ ʯʘʩʪʷʭ ʢʦʤʧʣʝʢʩʘ 

ʨʝʘʣʠʟʫʝʪʩʷ ʧʦ-ʨʘʟʥʦʤʫ. ɺ ʙʘʟʠʪʦʚʦʡ ʧʘʯʢʝ ʢʦʤʧʣʝʢʩʘ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠʩʭʦʜʥʳʭ 

ʧʦʨʦʜ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ. ʇʨʠʟʥʘʢʠ ʤʝʪʘʩʦʤʘʪʦʟʘ ʧʨʦʷʚʣʝʥʳ ʣʠʰʴ ʚ ʚʠʜʝ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʛʨʘʥʘʪʘ ʠʣʠ ʝʛʦ ʟʘʤʝʱʝʥʠʡ ʮʦʠʟʠʪʦʤ ʠʣʠ ʛʣʘʫʢʦʬʘʥʦʤ. 

ɹʦʣʝʝ ʟʘʤʝʪʥʳʝ ʧʨʦʮʝʩʩʳ ʤʝʪʘʩʦʤʘʪʦʟʘ ʚʠʜʥʳ ʚ ʚʝʨʭʥʝʡ ʦʬʠʦʣʠʪʦʚʦʡ ʯʘʩʪʠ 

ʢʦʤʧʣʝʢʩʘ: ʦʙʨʘʟʦʚʘʥʠʝ ʣʘʚʩʦʥʠʪʦʚʳʭ ʤʝʪʘʩʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʙʘʟʘʣʴʪʦʚ, ʨʦʜʠʥʛʠʪʦʚ, 

ʩʝʨʧʝʥʪʠʥʠʪʦʚʦʛʦ ʤʝʣʘʥʞʘ, ʢʘʨʙʦʥʘʪ-ʩʦʜʝʨʞʘʱʠʭ, ʘʢʪʠʥʦʣʠʪʦʚʳʭ ʠ ʭʣʦʨʠʪʦʚʳʭ 

ʧʦʨʦʜ. ʇʨʠʯʠʥʦʡ ʵʪʦʛʦ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʨʘʟʦʙʱʝʥʥʦʩʪʴ ʠʣʠ ʚʨʝʤʝʥʥʦʡ 

ʨʘʟʨʳʚ ʧʨʦʠʩʭʦʞʜʝʥʠʷ ʵʪʠʭ ʧʘʯʝʢ. 

3. ʇʝʪʨʦʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʙʘʟʠʪʦʚʦʡ ʠ ʦʬʠʦʣʠʪʦʚʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʦʚ ʩʫʱʝʩʪʚʝʥʥʦ 

ʨʘʟʣʠʯʘʶʪʩʷ ʧʦ ʥʘʙʦʨʫ ʧʦʜʚʠʞʥʳʭ ʵʣʝʤʝʥʪʦʚ: ʙʦʣʝʝ ʦʩʥʦʚʥʳʭ (Mg, Fe, Ti, Ca) ʜʣʷ 

ʵʢʣʦʛʠʪʦʚʳʭ ʧʦʨʦʜ, ʠ ʣʝʛʢʦ ʧʦʜʚʠʞʥʳʭ (Ca, K, Na, Al, Si) ï ʜʣʷ ʦʬʠʦʣʠʪʦʧʦʜʦʙʥʳʭ 

ʦʙʨʘʟʦʚʘʥʠʡ. 

4. ʌʠʥʘʣʴʥʳʡ ʵʪʘʧ ʵʚʦʣʶʮʠʠ ʢʦʤʧʣʝʢʩʘ ʩʚʷʟʘʥ ʩ ʚʦʣʥʦʡ ʢʠʩʣʦʪʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ, 

ʚʳʟʳʚʘʶʱʝʡ ʧʨʦʮʝʩʩʳ ʠʥʪʝʥʩʠʚʥʦʡ K-Ba ʤʫʩʢʦʚʠʪʠʟʘʮʠʠ ʧʦʨʦʜ ʚʩʝʛʦ ʢʦʤʧʣʝʢʩʘ. 

5. ɺʠʜʠʤʳʡ ʧʨʦʮʝʩʩ ʘʢʪʠʚʥʦʡ ʛʣʘʫʢʦʬʘʥʠʟʘʮʠʠ ʧʦʨʦʜ ʢʦʤʧʣʝʢʩʦʚ ʥʝ ʩʚʷʟʘʥ ʩ 

ʩʫʱʝʩʪʚʝʥʥʳʤ ʧʨʠʚʥʦʩʦʤ ʥʘʪʨʠʷ, ʘ ʚʳʟʚʘʥ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ Ca ʠ Na ʩʨʝʜʠ ʜʨʫʛʠʭ 

ʤʠʥʝʨʘʣʦʚ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ɻʦʩʟʘʜʘʥʠʷ FMUF-2022ï0004, ʨʝʛ. ˉ 1021051302305ï5ï1.5.2 

ʠ ʇʨʦʛʨʘʤʤʳ ʌʫʣʙʨʘʡʪ ʀʥʩʪʠʪʫʪʘ ʄʝʞʜʫʥʘʨʦʜʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ, ʛʨʘʥʪʳ 2011 ʠ 

2015 ʛʛ. 

 

ɸʚʪʦʨ ʙʣʘʛʦʜʘʨʠʪ ʜʠʨʝʢʪʦʨʘ ʀʣʴʤʝʥʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʧʦʚʝʜʥʠʢʘ ʇ.ʄ. ɺʘʣʠʟʝʨʘ 

ʟʘ ʧʦʤʦʱʴ ʚ ʧʨʦʚʝʜʝʥʠʠ ʧʦʣʝʚʳʭ ʨʘʙʦʪ, ʟʘ ʪʚʦʨʯʝʩʢʫʶ ʜʠʩʢʫʩʩʠʶ ʠ ʧʦʣʝʟʥʦʝ ʦʙʩʫʞʜʝʥʠʝ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 
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COMBINED PROCESSES OF FORMATION OF ECLOGITE -GLAUCOPHAN SCHIST 

COMPLEXES: I. MAKSYUTOV COMPLEX (S OUTHERN URAL)  

 

Fedkin V.V. 

D.S. Korzhinski Institute of Experimental Mineralogy Russian Academy of Sciences 

vfedkin@iem.ac.ru 

 
Abstract. In high-pressure metamorphic complexes of crustal mafic eclogites ï Maksyutov in the 

Southern Urals and Atbashi in the Southern Tien Shan ï the interconnected combined processes of their 

metamorphic and metasomatic evolution are considered. Thermobaric processes determine changes in the 

PT parameters of metamorphism, lead to the formation of contrasting series of rocks. Such series are 

formed, as a result, of tectonic intrusion (m®lange) of high-pressure eclogite inclusions (individual blocks, 

boudins, layers and lenses) into the thickness of a weakly metamorphosed host matrix and their further 

joint (coherent) development. At the regressive stage of development of the complexes, the processes of 

the petrochemical (metasomatic) plan join the thermobaric processes, as a result, of which the bulk 

chemical composition of the rocks changes. The first article deals with materials on the relatively deep 

Maksyutov complex. The second paper presents the results of the study of the Atbashi complex formed at 

moderate pressure. 

 

Keywords: high-pressure metamorphism, thermobaric processes, petrochemical alterations, Maksyutov 

complex, Atbashi complex, tectonic m®lange, coherent processes, PT path in metamorphism evolution 
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ʋɼʂ 549.6+552.16:552.48 

 

ʉʆɺʄɽʑɽʅʅʓɽ ʇʈʆʎɽʉʉʓ ʌʆʈʄʀʈʆɺɸʅʀʗ 

ʕʂʃʆɻʀʊ-ɻʃɸʋʂʆʌɸʅʉʃɸʅʎɽɺʓʍ ʂʆʄʇʃɽʂʉʆɺ: 

II . ʂʆʄʇʃɽʂʉ ɸʊɹɸʐʀ (ʖɾʅʓʁ ʊʗʅʔ-ʐɸʅʔ). 

 

ʌʝʜʴʢʠʥ ɺ.ɺ.1, ʂʦʪʦʚʘ ʃ.ʉ.1,2 
1ʀʥʩʪʠʪʫʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʤʠʥʝʨʘʣʦʛʠʠ ʠʤ. ʘʢ. ɼ.ʉ. ʂʦʨʞʠʥʩʢʦʛʦ ʈɸʅ 

2ʀʥʩʪʠʪʫʪʘ ʛʝʦʣʦʛʠʠ ʠʤ. ʄ.ʄ. ɸʜʳʰʝʚʘ ʅɸʅ ʂʳʨʛʳʟʩʢʦʡ ʈʝʩʧʫʙʣʠʢʠ 

vfedkin@iem.ac.ru, fedkin@chgnet.ru 
 

ɸʥʥʦʪʘʮʠʷ. ɺ ʮʠʢʣʝ ʩʪʘʪʝʡ ʧʦʜ ʦʙʱʠʤ ʥʘʟʚʘʥʠʝʤ çʉʦʚʤʝʱʝʥʥʳʝ ʧʨʦʮʝʩʩʳ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʵʢʣʦʛʠʪ-ʛʣʘʫʢʦʬʘʥʩʣʘʥʮʝʚʳʭ ʢʦʤʧʣʝʢʩʦʚè ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʝ ʧʨʦʮʝʩʩʳ 

ʤʝʪʘʤʦʨʬʠʯʝʩʢʦʡ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʡ ʵʚʦʣʶʮʠʠ ʜʚʫʭ ʚʳʩʦʢʦʙʘʨʥʳʭ ʢʦʤʧʣʝʢʩʘʭ ʢʦʨʦʚʳʭ 

ʙʘʟʠʪʦʚʳʭ ʵʢʣʦʛʠʪʦʚ ï ʧʨʦʮʝʩʩʳ ʠʭ. ɺ ʧʝʨʚʦʡ ʩʪʘʪʴʝ ʦʙʩʫʞʜʘʣʠʩʴ ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʝ ʠ 

ʧʝʪʨʦʭʠʤʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʧʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʣʫʙʠʥʥʦʤʫ ʄʘʢʩʶʪʦʚʩʢʦʤʫ ʢʦʤʧʣʝʢʩʫ (ʖʞʥʳʡ 

ʋʨʘʣ). ɺ ʵʪʦʤ ʩʦʦʙʱʝʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ɸʪʙʘʰʠʥʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ (ʖʞʥʳʡ 

ʊʷʥʴ-ʐʘʥʴ) ʫʤʝʨʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ. ʊʝʨʤʦʙʘʨʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʧʨʦʛʨʝʩʩʠʚʥʦʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ, 

ʦʧʨʝʜʝʣʷʶʪ ʠʟʤʝʥʝʥʠʷ ʈʊ ʧʘʨʘʤʝʪʨʦʚ ʤʝʪʘʤʦʨʬʠʟʤʘ ʠ ʧʨʠʚʦʜʷʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʦʥʪʨʘʩʪʥʳʭ 

ʩʝʨʠʡ ʧʦʨʦʜ ï ʚʳʩʦʢʦʙʘʨʥʳʭ ʵʢʣʦʛʠʪʦʚʳʡ ʚʢʣʶʯʝʥʠʡ (ʙʫʜʠʥ, ʙʣʦʢʦʚ, ʧʨʦʩʣʦʝʚ ʠ ʣʠʥʟ) ʚ ʪʦʣʱʝ 

ʩʣʘʙʦ ʤʝʪʘʤʦʨʬʠʟʦʚʘʥʥʦʡ ʛʥʝʡʩʦʩʣʘʥʮʝʚʦʡ ʤʘʪʨʠʮʳ. ʅʘ ʨʝʛʨʝʩʩʠʚʥʦʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠ ̫ʢʦʤʧʣʝʢʩʘ 

ʧʨʦʮʝʩʩʳ ʤʝʪʘʤʦʨʬʠʟʤʘ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʧʨʦʮʝʩʩʘʤʠ ʧʝʪʨʦʭʠʤʠʯʝʩʢʦʛʦ (ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʛʦ) 

ʧʣʘʥʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʷʪ ʠʟʤʝʥʝʥʠʷ ʚʘʣʦʚʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʦʨʦʜ, 

ʤʠʥʝʨʘʣʴʥʳʝ ʨʝʘʢʮʠʠ, ʧʨʦʮʝʩʩʳ ʨʘʩʪʚʦʨʝʥʠʷ ʠ ʧʝʨʝʦʪʣʦʞʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ. ʂʦʛʝʨʝʥʪʥʦʝ 

ʩʦʚʤʝʱʝʥʠʝ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠʚʦʜʠʪ ʢ ʦʢʦʥʯʘʪʝʣʴʥʦʤʫ ʬʦʨʤʠʨʦʚʘʥʠʶ ʵʢʣʦʛʠʪ-

ʛʣʘʫʢʦʬʘʥʩʣʘʥʮʝʚʳʭ ʢʦʤʧʣʝʢʩʦʚ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʳʩʦʢʦʙʘʨʥʳʡ ʤʝʪʘʤʦʨʬʠʟʤ, ʪʝʨʤʦʙʘʨʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʧʝʪʨʦʭʠʤʠʯʝʩʢʠʝ 

ʠʟʤʝʥʝʥʠʷ, ʄʘʢʩʶʪʦʚʩʢʠʡ ʢʦʤʧʣʝʢʩ, ɸʪʙʘʰʠʥʩʢʠʡ ʵʢʣʦʛʠʪ-ʛʣʘʫʢʦʬʘʥʩʣʘʥʮʝʚʳʡ ʢʦʤʧʣʝʢʩ, 

ʪʝʢʪʦʥʠʯʝʩʢʠʡ ʤʝʣʘʥʞ, ʢʦʛʝʨʝʥʪʥʳʝ ʧʨʦʮʝʩʩʳ, ʈʊ ʪʨʝʥʜʳ ʵʚʦʣʶʮʠʠ ʤʝʪʘʤʦʨʬʠʟʤʘ 

 

ɺʦʧʨʦʩ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʟʚʠʪʠʷ ʢʦʨʦʚʳʭ ʙʘʟʠʪʦʚʳʭ ʵʢʣʦʛʠʪʦʚ, ʧʦʩʪʘʚʣʝʥʥʳʡ ʚ 

ʧʨʝʜʳʜʫʱʝʡ ʩʪʘʪʴʝ ʵʪʦʛʦ ʩʙʦʨʥʠʢʘ (ʌʝʜʴʢʠʥ, 2023), ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʥʘ ʧʨʠʤʝʨʝ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʣʫʙʠʥʥʦʛʦ ʄʘʢʩʶʪʦʚʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʙʩʫʞʜʝʥʠʝ 

ʧʦʩʪʘʚʣʝʥʥʦʛʦ ʚʦʧʨʦʩʘ ʧʨʦʜʦʣʞʘʝʪʩʷ ʥʘ ʤʘʪʝʨʠʘʣʝ ɸʪʙʘʰʠʥʩʢʦʛʦ (ʖʞʥʳʡ ʊʷʥʴ-ʐʘʥʴ) 

ʢʦʤʧʣʝʢʩʘ ʫʤʝʨʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ. ʆʙʘ ʢʦʤʧʣʝʢʩʘ ʧʨʠʥʘʜʣʝʞʘʪ ʢ ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʋʨʘʣʦ-

ʄʦʥʛʦʣʴʩʢʦʤʫ ʩʢʣʘʜʯʘʪʦʤʫ ʧʦʷʩʫ, ʚʦ ʤʥʦʛʦʤ ʧʦʭʦʞʠ ʧʦ ʩʫʱʝʩʪʚʫ ʩʚʦʝʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ 

(ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʠ ʚʦʟʨʘʩʪʥʦʤʫ ʠʥʪʝʨʚʘʣʘʤ ʨʘʟʚʠʪʠʷ, ʣʠʪʦʣʦʛʠʯʝʩʢʦʤʫ ʥʘʙʦʨʫ ʧʦʨʦʜ 

ʠ ʜʨ.), ʥʦ ʨʘʟʣʠʯʘʶʪʩʷ ʧʦ ʫʩʣʦʚʠʷʤ ʦʙʨʘʟʦʚʘʥʠʷ (ʫʨʦʚʥʶ ʧʠʢʦʚʦʛʦ ʤʝʪʘʤʦʨʬʠʟʤʘ) ʠ 

ʭʘʨʘʢʪʝʨʫ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. ʕʚʦʣʶʮʠʦʥʥʘʷ ʠʩʪʦʨʠʷ 

ɸʪʙʘʰʠʥʩʢʦʛʦ ʵʢʣʦʛʠʪ-ʛʣʘʫʢʦʬʘʥʩʣʘʥʮʝʚʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠʟʫʯʝʥʘ ʥʘ ʦʩʥʦʚʝ ʜʝʪʘʣʴʥʦʛʦ 

ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʤʠʥʝʨʘʣʴʥʳʭ ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʡ, ʧʝʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʚʘʣʦʚʦʛʦ 

ʩʦʩʪʘʚʘ ʚʳʩʦʢʦʙʘʨʥʳʭ ʠ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ (ʂʦʪʦʚʘ, 1989), ʧʝʪʨʦʣʦʛʠʯʝʩʢʦʡ ʠʩʪʦʨʠʠ 

ʤʝʪʘʤʦʨʬʠʟʤʘ (ɼʦʙʨʝʮʦʚ, 1974; ɼʦʙʨʝʮʦʚ, ʉʦʙʦʣʝʚ, 1977; ʌʝʜʴʢʠʥ, 2004), ʯʪʦ ʧʦʟʚʦʣʠʣʦ 

ʫʩʪʘʥʦʚʠʪʴ ʚʟʘʠʤʦʩʚʷʟʴ ʢʦʛʝʨʝʥʪʥʳʭ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʩʦʙʳʪʠʡ ʚ 

ʭʦʜʝ ʨʘʟʚʠʪʠʷ ʢʦʤʧʣʝʢʩʘ. 

ʇʝʪʨʦʛʨʘʬʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʤʠʥʝʨʘʣʴʥʳʭ ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʡ ʚʳʩʦʢʦʙʘʨʥʳʭ ʠ 

ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ ʧʦʟʚʦʣʠʣ ʫʩʪʘʥʦʚʠʪʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ 

ʠʩʭʦʜʥʳʭ ʵʢʣʦʛʠʪʦʚ ʠ ʧʠʨʦʢʩʝʥʠʪʦʚ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʩʣʘʥʮʳ, ʢʚʘʨʮʠʪʳ ʠ 

ʤʫʩʢʦʚʠʪʦʚʳʝ ʢʚʘʨʮʠʪʦʩʣʘʥʮʳ (ʈʠʩ. 1). ʆʧʨʝʜʝʣʷʶʪʩʷ ʜʚʝ ʥʝʟʘʚʠʩʠʤʳʝ ʣʠʥʠʠ ʪʘʢʠʭ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʧʦʨʦʜʳ ʚʳʩʦʢʦʙʘʨʥʳʭ ʙʫʜʠʥ ʠ ʙʣʦʢʦʚ, ʚʥʝʜʨʝʥʥʳʝ 

ʚ ʧʨʦʮʝʩʩʝ ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʤʝʣʘʥʞʘ (ʮʝʥʪʨʘʣʴʥʘʷ ʯʘʩʪʴ ʨʠʩʫʥʢʘ 1), ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ 
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45 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʨʘʟʦʙʱʝʥʥʳʝ ʛʨʫʧʧʳ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʨʦʜ ʫʩʣʦʚʥʦ ʙʘʟʠʪʦʚʦʛʦ ʠ 

ʦʬʠʦʣʠʪʦʚʦʛʦ ʨʷʜʘ (ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʘʚʘʷ ʠ ʣʝʚʘʷ ʯʘʩʪʠ ʜʠʘʛʨʘʤʤʳ ʥʘ ʨʠʩ. 1). 

ʇʝʪʨʦʛʨʘʬʠʯʝʩʢʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʧʦʨʦʜ ɸʪʙʘʰʠʥʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʘʢʢʫʤʫʣʠʨʫʝʪ ʚ ʩʝʙʝ 

ʩʦʚʤʝʩʪʥʦʝ ʚʣʠʷʥʠʝ ʪʝʨʤʦʙʘʨʠʯʝʩʢʠʭ (ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ) ʧʨʦʮʝʩʩʦʚ ʠ ʧʝʪʨʦʭʠʤʠʯʝʩʢʠʭ 

(ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ) ʠʟʤʝʥʝʥʠʡ ʧʦʜ ʚʣʠʷʥʠʝʤ ʤʝʥʷʶʱʝʡʩʷ ʬʣʶʠʜʥʦʡ ʦʙʩʪʘʥʦʚʢʠ ʥʘ 

ʨʘʟʥʳʭ ʩʪʫʧʝʥʷʭ ʨʘʟʚʠʪʠʷ ʪʝʨʨʝʡʥʘ. 

ʊʝʨʤʦʙʘʨʠʯʝʩʢʘʷ ʠʩʪʦʨʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ɸʪʙʘʰʠʥʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠʟʫʯʝʥʘ ʥʘ 

ʦʩʥʦʚʝ ʜʝʪʘʣʴʥʦʛʦ ʤʠʢʨʦʟʦʥʜʦʚʦʛʦ ʘʥʘʣʠʟʘ ʩʦʩʪʘʚʘ ʠ ʟʦʥʘʣʴʥʦʩʪʠ ʢʣʶʯʝʚʳʭ 

ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ ʤʠʥʝʨʘʣʦʚ ʚ ʧʘʨʘʛʝʥʝʟʠʩʝ Grt2-Cpx-Pl-Qz ʨʘʚʥʦʚʝʩʠʷ ï ʛʣʘʚʥʦʤ 

ʠʥʬʦʨʤʘʮʠʦʥʥʦʤ ʠʩʪʦʯʥʠʢʝ ʫʩʣʦʚʠʡ ʦʙʨʘʟʦʚʘʥʠʷ HP ʧʦʨʦʜ. ɺʳʩʦʢʦʙʘʨʥʳʝ ʧʦʨʦʜʳ ï 

ʵʢʣʦʛʠʪʦʚʳʝ ʙʫʜʠʥʳ, ʧʨʦʩʣʦʠ ʠ ʣʠʥʟʳ ʩʦʭʨʘʥʠʣʠʩʴ ʚʦ ʚʤʝʱʘʶʱʝʤ ʛʥʝʡʩʦʩʣʘʥʮʝʚʦʤ 

ʢʦʤʧʣʝʢʩʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʮʝʩʩʦʚ ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʤʝʣʘʥʞʘ ʥʘ ʨʘʥʥʝʤ ʵʪʘʧʝ ʝʛʦ ʨʘʟʚʠʪʠʷ, 

ʬʠʢʩʠʨʫʷ ʚ ʩʦʩʪʘʚʘʭ ʢʣʶʯʝʚʳʭ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ ʤʠʥʝʨʘʣʦʚ ʤʘʢʩʠʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʤʝʪʘʤʦʨʬʠʟʤʘ: ʈ ʜʦ 11ï13 ʢʙʘʨ ʠ ʊ=350ï650 ʦʉ (ɼʦʙʨʝʮʦʚ, 1974, ɼʦʙʨʝʮʦʚ, ʉʦʙʦʣʝʚ, 

1977; ʌʝʜʴʢʠʥ 2004). ɺʤʝʱʘʶʱʠʡ ʠʭ ʛʣʘʫʢʦʬʘʥʩʣʘʥʮʝʚʳʡ ʢʦʤʧʣʝʢʩ ʬʦʨʤʠʨʦʚʘʣʩʷ ʥʘ 

ʨʝʛʨʝʩʩʠʚʥʦʡ ʩʪʘʜʠʠ ʤʝʪʘʤʦʨʬʠʟʤʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʝʛʦ ʩʦʚʤʝʩʪʥʦʛʦ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʟʚʠʪʠʷ ʩ 

ʚʳʩʦʢʦʙʘʨʥʳʤʠ ʵʢʣʦʛʠʪʦʚʳʤʠ ʪʝʣʘʤʠ ʠ ʙʣʦʢʘʤʠ ʚ ʠʥʪʝʨʚʘʣʝ ʈ=2ï7 ʢʙʘʨ ʠ ʊ=300ï600 ʦʉ. 

ʅʘ ʩʪʘʜʠʠ ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʤʝʣʘʥʞʘ ʚ ʮʝʥʪʨʘʣʴʥʳʭ ʯʘʩʪʷʭ ʢʨʫʧʥʳʭ ʵʢʣʦʛʠʪʦʚʳʭ 

ʙʫʜʠʥ ʠ ʚ ʦʪʜʝʣʴʥʳʭ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʪʝʣʘʭ ʧʨʦʛʨʝʩʩʠʚʥʘʷ ʟʦʥʘʣʴʥʦʩʪʴ ʛʨʘʥʘʪʘ (XPrp=0,24ï

0,56) ʠ ʦʤʬʘʮʠʪʦʚʳʡ ʩʦʩʪʘʚ ʧʠʨʦʢʩʝʥʘ (XJd=0,4ï0,6) ʬʠʢʩʠʨʫʶʪ ʧʦʣʦʞʠʪʝʣʴʥʳʝ PT 

ʪʨʝʥʜʳ ʠʭ ʧʝʨʚʠʯʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ (ʌʝʜʴʢʠʥ, 2004). ʇʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʢʦʥʪʘʢʪʫ ʩ 

ʚʤʝʱʘʶʱʠʤʠ ʧʦʨʦʜʘʤʠ ʚ ʵʢʣʦʛʠʪʘʭ ʠ ʧʠʨʦʢʩʝʥʠʪʘʭ ʧʦʷʚʣʷʶʪʩʷ GrtÑCpx+Gln ʠ 

GrtÑCpx+Zo ʧʦʨʦʜʳ, ʟʘʪʝʤ Gln-Ms-Chl ʠ Cb-Pl-Qz ʩʣʘʥʮʳ. ʇʨʦʛʨʘʜʥʳʝ ʈʊ ʪʨʝʥʜʳ 

ʨʘʟʚʠʪʠʷ ʧʦʨʦʜ ʩʤʝʱʘʶʪʩʷ ʚ ʦʙʣʘʩʪʴ ʙʦʣʝʝ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ. ʇʨʠ ʈ~5ï7 ʢʙʘʨ ʚ Grt-Cpx 

ʘʩʩʦʮʠʘʮʠʷʭ ʥʘʤʝʯʘʝʪʩʷ ʨʘʟʚʦʨʦʪ ʈʊ ʪʨʝʥʜʘ ʵʚʦʣʶʮʠʠ ʤʝʪʘʤʦʨʬʠʟʤʘ ʧʦ ʯʘʩʦʚʦʡ ʩʪʨʝʣʢʝ 

(çclockwiseè), ʬʠʢʩʠʨʫʷ ʧʝʨʝʭʦʜ ʢ ʢʦʛʝʨʝʥʪʥʦʤʫ ʵʪʘʧʫ ʨʘʟʚʠʪʠʷ ʢʦʤʧʣʝʢʩʘ (ʈʠʩ. 2). 

 

                       
2 ʆʙʦʟʥʘʯʝʥʠʷ ʤʠʥʝʨʘʣʦʚ ʧʦ Whitney, Evans, 2010 

  

ʆʬʠʦʣʠʪʦʚʘʷ 

ʯʘʩʪʴ 

ʊʝʢʪʦʥʠʯʝʩʢʠʡ 

ʤʝʣʘʥʞ 

ɹʘʟʠʪʦʚʳʡ 

ʢʦʤʧʣʝʢʩ 

 

ʈʠʩ. 1. ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ ʧʦʨʦʜ ʵʢʣʦʛʠʪ-

ʛʣʘʫʢʦʬʘʥʩʣʘʥʮʝʚʦʛʦ ʢʦʤʧʣʝʢʩʘ ʭʨ. ɸʪʙʘʰʠ (ʂʦʪʦʚʘ, 

1989). ʇʦʢʘʟʘʥʘ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʦʪʜʝʣʴʥʳʭ ʛʨʫʧʧ 

ʧʦʨʦʜ ʢ ʦʩʥʦʚʥʳʤ ʣʠʪʦʣʦʛʠʯʝʩʢʠʤ ʯʘʩʪʷʤ ʢʦʤʧʣʝʢʩʘ. 

ʈʠʩ. 2. ʊʝʨʤʦʙʘʨʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʘ ɸʪʙʘʰʠ. 

ʈʘʟʚʦʨʦʪ ʈʊ ʪʨʝʥʜʦʚ ʧʦʨʦʜ ʧʨʠ 

ʧʝʨʝʭʦʜʝ ʦʪ ʨʝʞʠʤʘ ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ 

ʤʝʣʘʥʞʘ ʢ ʢʦʛʝʨʝʥʪʥʦʤʫ ʵʪʘʧʫ 

ʨʘʟʚʠʪʠʷ (ʌʝʜʴʢʠʥ, 2004). 
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ʇʨʦʛʨʝʩʩʠʚʥʘʷ ʟʦʥʘʣʴʥʦʩʪʴ Fe-Mg ʤʠʥʝʨʘʣʦʚ ʤʝʥʷʝʪʩʷ ʥʘ ʦʙʨʘʪʥʫʶ. ʄʘʢʩʠʤʘʣʴʥʳʝ 

ʧʘʨʘʤʝʪʨʳ Grt-Cpx-Pl-Qz ʨʘʚʥʦʚʝʩʠʷ ʥʝ ʧʨʝʚʳʰʘʶʪ P=5ï6 ʢʙʘʨ ʠ T=550ï600 ʦʉ. ɺ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʣʘʥʮʘʭ ʤʘʪʨʠʯʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʦʙʨʘʟʫʝʪʩʷ ʧʠʨʦʢʩʝʥ ʚʪʦʨʦʡ ʛʝʥʝʨʘʮʠʠ ʩ 

ʤʠʥʠʤʘʣʴʥʦʡ ʜʦʣʝʡ ʞʘʜʝʠʪʦʚʦʛʦ ʢʦʤʧʦʥʝʥʪʘ (XJd=0,03ï0,08). ɺ ʘʩʩʦʮʠʘʮʠʠ ʩ Grt, Pl ʠ Qz 

ʪʘʢʦʡ ʩʦʩʪʘʚ ʧʠʨʦʢʩʝʥʘ ʧʦʢʘʟʳʚʘʝʪ ʧʘʨʘʤʝʪʨʳ, ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʪʣʠʯʥʳʝ ʦʪ HP ʫʩʣʦʚʠʡ 

ʦʙʨʘʟʦʚʘʥʠʷ ʵʢʣʦʛʠʪʦʚʳʭ ʪʝʣ ʠ ʚʢʣʶʯʝʥʠʡ. ʊʝʤʧʝʨʥʳʡ ʠʥʪʝʨʚʘʣ ʫʩʪʦʡʯʠʚʦʩʪʠ 

çʚʪʦʨʠʯʥʳʭè Grt-Cpx ʘʩʩʦʮʠʘʮʠʡ ʦʧʫʩʢʘʶʪʩʷ ʜʦ 300ï400 ʦʉ ʧʨʠ ʈ=1,5ï2,3 ʢʙʘʨ. 

ʊʝʨʤʦʙʘʨʠʯʝʩʢʫʶ ʵʚʦʣʶʮʠʶ ʚʳʩʦʢʦʙʘʨʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʙʘʟʠʪʦʚʦʛʦ ʨʷʜʘ (ʵʢʣʦʛʠʪʦʚ 

ʠ ʧʠʨʦʢʩʝʥʠʪʦʚ), ʧʝʨʝʤʝʱʝʥʥʳʭ ʚ ʢʦʤʧʣʝʢʩ ʚ ʧʨʦʮʝʩʩʝ ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʤʝʣʘʥʞʘ, 

ʩʦʧʨʦʚʦʞʜʘʶʪ ʧʨʦʮʝʩʩʳ ʧʝʪʨʦʭʠʤʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʚʘʣʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʦʨʦʜ. ʅʘ ʧʝʨʚʦʤ 

ʵʪʘʧʝ ʠʟ ʵʢʣʦʛʠʪ-ʧʠʨʦʢʩʝʥʦʚʳʭ ʧʦʨʦʜ ʧʨʦʠʩʭʦʜʠʪ ʚʳʥʦʩ ʦʩʥʦʚʘʥʠʡ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ Ca, 

ʚ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ Fe, Mg ʠ Na, ʧʨʦʠʩʭʦʜʠʪ ʠʭ ʟʘʤʝʱʝʥʠʝ ʥʘ GrtÑPx-Gln- ʠʣʠ GrtÑPx-

Zo-ʧʦʨʦʜʳ (ʈʠʩ. 3). ɺʳʥʦʩ Fe ʠ Ca ʩʧʦʩʦʙʩʪʚʫʝʪ ʟʘʤʝʱʝʥʠʶ ʧʠʨʦʢʩʝʥʘ ʛʣʘʫʢʦʬʘʥʦʤ ʠʣʠ 

ʮʦʠʟʠʪʦʤ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷʷ ʚʳʥʦʩʠʤʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ɺʳʩʚʦʙʦʞʜʝʥʠʝ Fe ʠ 

Mg ʧʨʠʚʦʜʪ ʢ ʦʙʨʘʟʦʚʘʥʠ  ʁʚʪʦʨʠʯʥʳʭ Fe-Mg ʤʠʥʝʨʘʣʦʚ. ʄʝʩʪʘʤʠ ʩʨʝʜʠ ʤʝʪʘʙʘʟʠʪʦʚʳʭ 

ʧʦʨʦʜ ʧʦʷʚʣʷʶʪʩʷ ʦʬʠʦʣʠʪʦʧʦʜʦʙʥʳʝ ʘʩʩʦʮʠʘʮʠʠ ʩ ʢʘʨʙʦʥʘʪʘʤʠ, Srp, Tlc, Act, Chl ʠ Pl. 

ʇʦʜʦʙʥʳʝ ʩʦʚʤʝʱʝʥʠʷ ʙʘʟʠʪʦʚʦʡ ʠ ʦʬʠʦʣʠʪʦʚʦʡ ʧʦʨʦʜ ʧʨʦʠʩʭʦʜʠʪ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʨʘʟʥʦʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ, ʥʘ ʧʦʜʦʙʠʠ ʦʧʠʩʘʥʥʳʤ ʚ ʊʷʥʴ-

ʐʘʥʴʩʢʦʤ ʤʝʪʘʦʬʠʦʣʠʪʦʚʦʤ ʧʦʷʩʝ çʉɿ ʂʠʪʘʡè, ʧʨʠʤʳʢʘʶʱʝʛʦ ʩ ʶʛʘ ʢ ʢʦʤʧʣʝʢʩʫ 

ɸʪʙʘʰʠ (LŤ, Bucher, 2018). 

ɺʪʦʨʦʡ ʵʪʘʧ ʧʝʪʨʦʭʠʤʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʥʘʯʠʥʘʝʪʩʷ ʥʘ ʧʝʨʝʭʦʜʥʦʤ ʧʝʨʠʦʜʝ 

ʨʘʟʚʠʪʠʷ ʢʦʤʧʣʝʢʩʘ ʦʪ ʩʪʘʜʠʠ ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʤʝʣʘʥʞʘ ʢ ʢʦʛʝʨʝʥʪʥʦʡ ʩʪʘʜʠʠ ʧʨʠ 

ʩʥʠʞʝʥʠʠ ʜʘʚʣʝʥʠʷ ʜʦ 5ï7 ʢʙʘʨ. ʉʦʩʪʘʚ ʠʩʭʦʜʥʳʭ ʧʦʨʦʜ ʧʦʜ ʚʣʠʷʥʠʝʤ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʤʝʥʷʝʪʩʷ ʚ ʜʚʫʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. ɺ ʛʨʫʧʧʝ ʙʘʟʠʪʦʚʳʭ ʧʦʨʦʜ ʧʨʦʠʩʭʦʜʠʪ 

ʩʥʠʞʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʢʘʣʴʮʠʷ ʩ 30ï35 % ʜʦ 20 %, ʚ ʦʬʠʦʣʠʪʦʧʦʜʦʙʥʳʭ ʘʩʩʦʮʠʘʮʠʷʭ 

ʥʘʧʨʦʪʠʚ ʠʜʝʪ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʉʘ ʜʦ 40ï50 % (4a, ʪʨʝʥʜʳ I ʠ II). 

ʈʠʩ. 3. ɼʠʘʛʨʘʤʤʘ Si-Mg, Ca-Fe ʧʦʨʦʜ 

ɸʪʙʘʰʠʥʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ. ʆʢʦʥʪʫʨʝʥʳ 

ʧʦʣʷ: 1 ï ʵʢʣʦʛʠʪʦʚ ʠ ʧʠʨʦʢʩʝʥʠʪʦʚ; 

2 ï Grt-Px-Gln ʠ Grt-Px-Zo ʧʦʨʦʜ; 3 ï 

Gln-Grt ʠ Zo-Grt ʧʦʨʦʜ; 4 ï Cpx-Gln-Qz 

ʧʦʨʦʜ; 5 ï Chl-Cc ʠ Act ʧʦʨʦʜ; 6 ï Tc 

ʩʣʘʥʮʝʚ; 7 ï Chl-Cc-Qz ʧʦʨʦʜ; 8 ï 

ʢʚʘʨʮʠʪʦʩʣʘʥʮʝʚ; 9 ï ʢʚʘʨʮʠʪʦʚ 

(ʂʦʪʦʚʘ, 1989). 

ʈʠʩ. 4. ɼʠʘʛʨʘʤʤʘ Si-Fe, Mg, Ca-Al. ʈʠʩʩʢʠʝ ʮʠʬʨʳ ï 

ʵʪʘʧʳ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʨʦʜ: (a) ï I, II  ʵʪʘʧʦʚ ʠ (b) ï 

II  ʠ III  ʵʪʘʧʦʚ. ʆʢʦʥʪʫʨʝʥʳ ʧʦʣʷ: 1 ï ʵʢʣʦʛʠʪʦʚ ʠ 

ʧʠʨʦʢʩʝʥʠʪʦʚ, 2 ï Gln ʠ Zo ʧʦʨʦʜ, 3 ï ʵʢʣʦʛʠʪʦʚʳʭ 

ʩʣʘʥʮʝʚ, 4 ï Chl-ʉb, Act ʠ Tlc ʧʦʨʦʜ, 5 ï Ab ʧʦʨʦʜ, 

6 ï Px-Gln-Qz ʧʦʨʦʜ, 7 ï Chl-Cb-Qz ʧʦʨʦʜ, 8 ï Px-Gln 

ʢʚʘʨʮʠʪʦʩʣʘʥʮʝʚ ʠ ʢʚʘʨʮʠʪʦʚ, 9 ï Mu 

ʢʚʘʨʮʠʪʦʩʣʘʥʮʝʚ. 
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ɿʘ ʩʯʝʪ ʚʳʥʦʩʘ Na ʠ Al  ʧʨʦʠʩʭʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ Ab, Chl, Tlc ʧʦʨʦʜ; ʧʦ Zo ʠ Grt 

ʨʘʟʚʠʚʘʶʪʩʷ Ep ʠ Chl. ʅʘ ʜʠʘʛʨʘʤʤʝ Si-Mg, Ca-Fe (ʈʠʩ. 3) ʧʦʷʚʣʷʶʪʩʷ ʧʦʣʷ Tlc ʩʣʘʥʮʝʚ, 

Chl-Cc ʠ Act ʧʦʨʦʜ, ʘ ʪʘʢʞʝ ʧʦʣʷ Cpx-Gln-Qz ʠ ʧʝʨʝʭʦʜʥʳʭ Chl-Cc-Qz ʧʦʨʦʜ. ɸʢʪʠʚʥʘʷ 

ʢʘʨʙʦʥʘʪʠʟʘʮʠʷ ʵʢʣʦʛʠʪʦʚ ʠ ʧʠʨʦʢʩʝʥʠʪʦʚ ʛʦʚʦʨʠʪ ʦ ʚʳʩʦʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʫʛʣʝʢʠʩʣʦʪʳ ʠ 

ʉʘ ʥʘ ʵʪʦʤ ʵʪʘʧʝ. ɸʣʶʤʠʥʠʡ, ʧʨʠ ʵʪʦʤ, ʦʩʪʘʝʪʩʷ ʠʥʝʨʪʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʠ 

ʢʦʥʮʝʥʪʨʠʨʫʝʪʩʷ ʚ ʤʫʩʢʦʚʠʪʝ ʠ ʛʨʘʥʘʪʝ. 

ʊʨʝʪʠʡ ʵʪʘʧ ʘʣʦʭʠʤʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʧʦʨʦʜ ʢʦʤʧʣʝʢʩʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦʜ 

ʢʦʥʪʨʦʣʝʤ ʧʨʠʚʥʦʩʘ ʢʨʝʤʥʠʷ ʠ ʢʘʣʠʷ, ʟʘ ʩʯʝʪ ʯʝʛʦ ʫʩʠʣʠʚʘʶʪʩʷ ʧʨʦʮʝʩʩʳ ʦʢʚʘʨʮʝʚʘʥʠʷ ʠ 

ʤʫʩʢʦʚʠʪʠʟʘʮʠʠ (ʈʠʩ. 4b, ʪʨʝʥʜ III ). ʕʪʦʪ ʵʪʘʧ ʧʨʦʪʝʢʘʝʪ ʧʨʠ ʥʠʟʢʠʭ ʧʘʨʘʤʝʪʨʘʭ 

ʤʝʪʘʤʦʨʬʠʟʤʘ. ɺ ʭʦʜʝ ʧʨʦʮʝʩʩʘ ʢʠʩʣʦʪʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʠʟ ʵʢʣʦʛʠʪʦʚ ʠ ʧʠʨʦʢʩʝʥʠʪʦʚ 

ʧʨʦʜʦʣʞʘʝʪʩ ̫ʚʳʥʦʩ Ca, Fe, Mg, ʟʘʪʝʤ Na ʠ Al. ʇʨʠ ʚʳʩʦʢʦʡ ʘʢʪʚʥʦʩʪʠ ʫʛʣʝʢʠʩʣʦʪʳ ʠʜʝʪ 

ʧʨʠʚʥʦʩ ʢʨʝʤʥʟʝʤʘ ʠ ʢʘʣʠʷ. ʆʙʨʘʟʚʘʥʠʝ ʛʣʘʫʢʦʬʘʥʦʚʳʭ ʧʦʨʦʜ ʧʨʦʠʩʭʦʜʠʪ ʙʝʟ ʧʨʠʚʥʦʩʘ 

ʥʘʪʨʠʷ ʟʘ ʩʯʝʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʘʣʴʮʠʷ ʠ ʥʘʪʨʠʷ ʚ ʢʘʨʙʦʥʘʪʥʳʝ ʬʘʟʳ ʠ ʚ ʧʣʘʛʠʦʢʣʘʟ 

(ɼʦʙʨʝʮʦʚ, 1974; ʂʦʪʦʚʘ, 1989). ɿʘʪʝʤ ʟʘ ʩʯʝʪ ʧʨʠʚʥʦʩʘ ʢʨʝʤʥʷ ʠ ʢʘʣʠʷ ʠʜʝʪ 

ʤʫʩʢʦʚʠʪʠʟʘʮʠʷ ʠ ʠʥʪʝʥʩʠʚʥʨʝ ʦʢʚʘʨʮʝʚʘʥʠʝ ʧʦʨʦʜ ʢʦʤʧʣʝʢʩʘ ʚʧʣʦʪ ɹʜʦ ʦʙʨʘʟʦʚʘʥʠʷ 

ʤʫʩʢʦʚʠʪʦʚʳʭ ʢʚʘʨʮʠʪʦʩʣʘʥʮʝʚ ʠ ʢʚʘʨʮʠʪʦʚ. 

ʇʨʠʯʠʥʘʤʠ ʩʦʚʤʝʩʪʥʦʛʦ ʥʘʭʦʞʜʝʥʠʷ ʨʘʟʥʦʨʦʜʥʳʭ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʦʙʨʘʟʦʚʘʥʠʡ ʧʦ 

ʦʜʥʠʤ ʠ ʪʝʤ ʞʝ ʠʩʭʦʜʥʳʤ ʧʦʨʦʜʘʤ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʨʘʟʦʙʱʝʥʥʦʩʪ ɹ

ʦʪʜʝʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʢʦʤʧʣʝʢʩʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʠʭ ʦʙʲʝʜʠʥʝʥʠʝʤ, ʣʠʙʦ ʚʨʝʤʝʥʥʦʡ ʨʘʟʨʳʚ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʨʠ ʧʝʨʝʤʝʥʝ ʬʣʶʠʜʥʦʛʦ ʨʝʞʠʤʘ. ʇʝʨʚʘʷ ʧʨʠʯʠʥʘ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠʤʠ ʜʘʥʥʳʤʠ, ʚʪʦʨʘʷ ï ʥʘʣʠʯʠʝʤ ʚʪʦʨʠʯʥʳʭ 

ʧʨʦʞʠʣʢʦʚʳʭ ʢʘʨʙʦʥʘʪʥʳʭ ʚʢʣʶʯʝʥʠʡ ʚ ʧʦʨʦʜʘʭ ʙʘʟʠʪʦʚʦʡ ʪʦʣʱʠ, ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ 

ʛʨʘʥʘʪʘ ʠ ʧʠʨʦʢʩʝʥʘ ʚ ʤʘʪʨʠʮʝ ʧʦʨʦʜʳ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ çʚʪʦʨʠʯʥʳʭ ʵʢʣʦʛʠʪʦʚè ʠ 

ʢʘʨʙʦʥʘʪ-ʩʦʜʝʨʞʘʱʠʭ ʘʩʩʦʮʠʘʮʠʡ ʩ Chl, Act, Tlc, Ab ʠ Srp. ʆʙʘ ʬʘʢʪʦʨʘ ʤʦʛʫʪ ʙʳʪʴ 

ʩʚʷʟʘʥʳ ʩ ʚʣʠʷʥʠʝʤ ʙʣʠʟʣʝʞʘʱʝʛʦ ʤʝʪʘʦʬʠʦʣʠʪʦʚʦʛʦ ʧʦʷʩʘ çʉɿ ʂʠʪʘʡè ʚ ʶʞʥʦʡ ʯʘʩʪʠ 

ɸʪʙʘʰʠʥʩʢʦʛʦ ʪʝʨʨʝʡʥʘ (LŤ, Bucher, 2018). ʅʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʢʦʤʧʣʝʢʩʘ 

ʦʙʘ ʧʨʦʮʝʩʩʘ ʧʝʨʝʢʨʳʚʘʶʪʩʷ ʤʦʱʥʦʡ ʚʦʣʥʦʡ ʢʠʩʣʦʪʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʠ ʱʝʣʦʯʥʦʛʦ 

ʤʝʪʘʩʦʤʘʪʦʟʘ, ʢʦʪʦʨʳʝ ʥʠʚʝʣʠʨʫʝʪ ʠʭ ʨʘʟʣʠʯʠʷ ʠ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʩʝʤʝʩʪʥʦʡ 

ʤʫʩʢʦʚʠʪʠʟʘʮʠʠ ʠ ʦʢʚʘʨʮʝʚʘʥʠʶ ʧʦʨʦʜ ʢʦʤʧʣʝʢʩʘ. 

 

ɺʳʚʦʜʳ ʠ ʟʘʢʣʶʯʝʥʠʷ 

 

1. ɺʳʩʦʢʦʙʘʨʥʳʝ ʧʦʨʦʜʳ ɸʪʙʘʰʠʥʩʢʦʛʦ ʵʢʣʦʛʠʪ-ʛʣʘʫʢʦʬʘʥʩʣʘʥʮʝʚʦʛʦ ʢʦʤʧʣʝʢʩʘ 

(ʵʢʣʦʛʠʪʦʚʳʝ ʪʝʣʘ ʠ ʙʫʜʠʥʳ) ʦʙʨʘʟʦʚʘʣʠʩʴ ʚ ʧʨʦʮʝʩʩʝ ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʤʝʣʘʥʞʘ ʥʘ ʨʘʥʥʝʤ 

ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʢʦʤʧʣʝʢʩʘ. ɺʤʝʱʘʶʱʘʷ ʠʭ ʛʥʝʡʩʦʩʣʘʥʮʝʚʘʷ ʪʦʣʱʘ ʩ ʫʯʘʩʪʠʝʤ Grt-Cpx 

ʧʦʨʦʜ, Cpx-Gln, ʩʣʶʜʠʩʪʳʭ ʠ ʭʣʦʨʠʪʦʚʳʭ ʩʣʘʥʮʝʚ, ʢʚʘʨʮʠʪʦʚ ʠ ʢʚʘʨʮʠʪʦʩʣʘʥʮʝʚ, 

ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʥʘ ʙʦʣʝʝ ʧʦʟʜʥʝʡ ʨʝʛʨʝʩʩʠʚʥʦʡ ʩʪʘʜʠʠ ʤʝʪʘʤʦʨʬʠʟʤʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʭ 

ʩʦʚʤʝʩʪʥʦʛʦ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʟʚʠʪʠʷ, ʢʘʢ ʝʜʠʥʦʛʦ ʮʠʢʣʘ ʤʝʪʘʤʦʨʬʠʯʝʩʢʦʡ ʵʚʦʣʶʮʠʠ. 

2. ʇʝʪʨʦʛʨʘʬʠʯʝʩʢʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʧʦʨʦʜ ɸʪʙʘʰʠʥʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʧʝʪʨʦʭʠʤʠʯʝʩʢʠʤʠ ʜʘʥʥʳʤʠ ʠ ʷʚʣʷʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʦʜʥʠʭ 

ʧʦʨʦʜ ʚ ʜʨʫʛʠʝ, ʘ ʥʝ ʠʟʥʘʯʘʣʴʥʦʡ ʨʘʟʥʦʨʦʜʥʦʩʪʴʶ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʘʚʘ ʩʫʙʩʪʨʘʪʘ. 

3. ʉʦʚʤʝʱʝʥʠʝ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʙʘʟʠʪʦʚʦʡ ʠ ʦʬʠʦʣʠʪʦʚʦʡ 

ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʩʚʷʟʘʥʦ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʨʘʟʦʙʱʝʥʥʦʩʪʴʶ ʫʯʘʩʪʢʦʚ ʠʭ ʧʨʦʷʚʣʝʥʠʷ, 

ʣʠʙʦ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʳʚʦʤ ʠʭ ʚʦʟʜʝʡʩʪʚʠʷ ʧʦʜ ʚʣʠʷʥʠʝʤ ʦʬʠʦʣʠʪʦʚʦʛʦ ʧʦʷʩʘ çʉɿ 

ʂʠʪʘʡè, ʧʨʠʤʳʢʘʶʱʝʛʦ ʢ ʢʦʤʧʣʝʢʩʫ ɸʪʙʘʰʠ ʠ ʷʚʣʷʶʱʠʤʩʷ ʝʛʦ ʩʪʨʫʢʪʫʨʥʳʤ 

ʧʨʦʜʦʣʞʝʥʠʝʤ. 

4. ʆʙʨʘʟʚʘʥʠʝ ʛʣʘʫʢʦʬʘʥʦʚʳʭ ʧʦʨʦʜ ɸʪʙʘʰʠʥʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʨʦʠʩʭʦʜʠʣʦ ʟʘ ʩʯʝʪ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ Ca ʠ Na ʠʟ ʵʢʣʦʛʠʪʦʚ ʙʝʟ ʧʨʠʚʥʦʩʘ ʥʘʪʨʠʷ. 

 



ʉʙʦʨʥʠʢ ʩʪʘʪʝʡ ɺɽʉʕʄʇɻ-2023 

48 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ɻʦʩʟʘʜʘʥʠʷ FMUF-2022ï0004, ʨʝʛ. ˉ 1021051302305ï5ï1.5.2 

ʠ ʇʨʦʛʨʘʤʤʳ ʌʫʣʙʨʘʡʪ ʀʥʩʪʠʪʫʪʘ ʄʝʞʜʫʥʘʨʦʜʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ, ʛʨʘʥʪʳ 2011 ʠ 

2015 ʛʛ. 

 

ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʷʪ ʩʦʪʨʫʜʥʠʢʦʚ ʀɻ ʅɸʅ ʂʠʨʛʠʟʩʢʦʡ ʈʝʩʧʫʙʣʠʢʠ ʘʢ. ɸ.ɹ. ɹʘʢʠʨʦʚʘ ʠ 

ɺ.ɸ. ʂʦʪʦʚʘ ʟʘ ʧʦʤʦʱʴ ʚ ʧʨʦʚʝʜʝʥʠʠ ʧʦʣʝʚʳʭ ʨʘʙʦʪ, ʟʘ ʪʚʦʨʯʝʩʢʫʶ ʜʠʩʢʫʩʩʠʶ ʠ ʧʦʣʝʟʥʦʝ 

ʦʙʩʫʞʜʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 
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COMBINED PROCESSES OF FORMATION OF ECLOGITE GLAUCOPHAN SCHIST 

COMPLEXES: II. ATBASHI COMPLEX (SOUTHERN TIEN SHAN).  
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Abstract. The interconnected processes of metamorphic and metasomatic evolution of two high-pressure 

complexes of crustal mafic eclogites are considered in a series of articles under the general title 

çCombined processes of formation of eclogite-glaucophane schist complexesè. The first article discussed 

geological and petrological materials on the relatively deep Maksyutov complex (Southern Urals). This 

paper presents the results of a study of the Atbashi complex (Southern Tien Shan) formed at moderate 

pressure. Thermobaric processes of a progressive direction determine changes in the PT parameters of 

metamorphism and lead to the formation of contrasting series of rocks ï high-pressure eclogitic 

inclusions (boudins, blocks, interlayers and lenses) in the thickness of a weakly metamorphosed gneiss-

schist matrix. At the regressive stage of development of the complex, processes of petrochemical 

(metasomatic) plan join the processes of metamorphism, as a result of which changes in the bulk chemical 

composition of rocks occur. 

 

Keywords: high-pressure metamorphism, thermobaric processes, petrochemical alterations, Maksyutov 

ʩcomplex, Atbashi complex, tectonic m®lange, coherent processes, PT path in metamorphism evolution 
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ʋɼʂ 123.456 

 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʇʆʃɽʁ ʉʊɸɹʀʃʔʅʆʉʊʀ 

ɺʆɼʆʉʆɼɽʈɾɸʑʀʍ ʄʀʅɽʈɸʃʆɺ ɺ ʉʀʉʊɽʄɽ FeTiO3-Mg2SiO4-H2O   

ʇʈʀ 6 ɻʇɸ 

 

ʏʝʨʪʢʦʚʘ ʅ.ɺ.1, ʉʧʠʚʘʢ ɸ.ɺ.1, ʃʠʪʚʠʥ ʖ.ɸ. 1, ɿʘʭʘʨʯʝʥʢʦ ɽ.ʉ.1, ʂʫʟʶʨʘ ɸ.ɺ.1, 

ɹʦʚʢʫʥ ɸ.ɺ.2, ʉʘʬʦʥʦʚ ʆ.ɻ.1,2, ɹʦʙʨʦʚ ɸ.ɺ.1,2,3 
1ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʤʠʥʝʨʘʣʦʛʠʠ ʠʤʝʥʠ ʘʢʘʜʝʤʠʢʘ ɼ.ʉ. ʂʦʨʞʠʥʩʢʦʛʦ 

ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ 
2ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 

ɻʝʦʣʦʛʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ 
3ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʆʨʜʝʥʘ ʃʝʥʠʥʘ  

ʠ ʆʨʜʝʥʘ ʆʢʪʷʙʨʴʩʢʦʡ ʈʝʚʦʣʶʮʠʠ ʀʥʩʪʠʪʫʪ ʛʝʦʭʠʤʠʠ ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʭʠʤʠʠ  

ʠʤ. ɺ.ʀ. ɺʝʨʥʘʜʩʢʦʛʦ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ 

nadezda@iem.ac.ru 

 
ɸʥʥʦʪʘʮʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʦ ʩʪʘʙʠʣʴʥʦʩʪʠ ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ ʧʨʠ ʚʳʩʦʢʠʭ 

ʜʘʚʣʝʥʠʷʭ ʚʥʦʩʷʪ ʚʢʣʘʜ ʚ ʧʦʥʠʤʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʣʝʪʫʯʠʭ ʥʘ ʤʘʥʪʠʡʥʳʝ ʛʣʫʙʠʥʳ 

ʠ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʛʝʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʟʫʯʝʥʠʶ ʬʘʟʦʚʳʭ ʦʪʥʦʰʝʥʠʡ ʚ ʩʠʩʪʝʤʝ FeTiO3-Mg2SiO4-H2O ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 1200ï1250 ÁC ʠ ʜʘʚʣʝʥʠʠ 6 ɻʇʘ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʨʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʢʘʢ ʧʨʠʨʦʜʥʳʭ ʤʠʥʝʨʘʣʦʚ, ʪʘʢ ʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʪʠʚʦʚ. ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʥʘʙʣʶʜʘʝʤʳʭ 

ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʬʘʟ ʩ ʦʮʝʥʢʦʡ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ ʨʘʩʰʠʨʝʥʠʝ ʠʭ ʧʦʣʝʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʚ 

ʦʙʣʘʩʪʴ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʝʨʭʥʷʷ ʤʘʥʪʠʷ, ʵʢʩʧʝʨʠʤʝʥʪ, ʚʳʩʦʢʠʝ ʜʘʚʣʝʥʠʷ, ʚʦʜʥʳʡ ʬʣʶʠʜ, ʬʘʟʦʚʳʝ 

ʦʪʥʦʰʝʥʠʷ, ʤʠʥʝʨʘʣʳ ʛʨʫʧʧʳ ʛʫʤʠʪʘ 

 

ʇʨʠʩʫʪʩʪʚʠʝ ʜʘʞʝ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʚʦʜʳ ʚ ʩʠʩʪʝʤʝ ʚʣʠʷʝʪ ʥʘ ʬʘʟʦʚʳʝ 

ʦʪʥʦʰʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʠ ʨʝʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʥʪʠʡʥʳʭ ʧʦʨʦʜ, ʧʦʵʪʦʤʫ 

ʠʩʩʣʝʜʦʚʘʥʠʷ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʠʟʫʯʝʥʠʝ ʬʘʟʦʚʳʭ ʦʪʥʦʰʝʥʠʡ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ ʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʠʤʝʶʪ ʚʘʞʥʦʝ 

ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʱʠʭ ʚ ʫʩʣʦʚʠʭ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ ɿʝʤʣʠ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʩʪʘʣʦ ʠʟʫʯʝʥʠʝ ʧʦʣʝʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʤʠʥʝʨʘʣʦʚ ʛʨʫʧʧʳ ʛʫʤʠʪʘ ʚ 

ʩʠʩʪʝʤʝ FeTiO3-Mg2SiO4-H2O ʧʨʠ P-T ʫʩʣʦʚʠʷʭ, ʦʪʚʝʯʘʶʱʠʭ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ ɿʝʤʣʠ. 

ɺ ʜʚʫʭ ʩʝʨʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʨʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʘʢ 

ʧʨʠʨʦʜʥʳʝ ʤʠʥʝʨʘʣʳ ʠʣʴʤʝʥʠʪʘ ʠ ʦʣʠʚʠʥʘ, ʪʘʢ ʠ ʩʤʝʩʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʪʠʚʦʚ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʧʨʦʧʦʨʮʠʷʭ, ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ 

ʚʦʜʳ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʘʧʧʘʨʘʪʝ ʅʃ-13ʊ ʩ ʪʦʨʦʠʜʘʣʴʥʳʤ ʫʧʣʦʪʥʝʥʠʝʤ ʧʨʠ 

ʜʘʚʣʝʥʠʠ 6 ɻʇʘ, ʪʝʤʧʝʨʘʪʫʨʘʭ 1200ï1250 Áʉ ʠ ʚʳʜʝʨʞʢʦʡ 60 ʤʠʥ. ɺ ʷʯʝʡʢʫ ʚʳʩʦʢʦʛʦ 

ʜʘʚʣʝʥʠʷ ʧʦʤʝʱʘʣʠʩʴ ʟʦʣʦʪʳʝ ʘʤʧʫʣʳ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʧʦʣʥʝʥʥʳʝ ʩʪʘʨʪʦʚʳʤʠ 

ʩʤʝʩʷʤʠ ʠ ʟʘʧʘʷʥʥʳʝ ʧʦ ʧʝʨʠʤʝʪʨʫ. ʇʦʩʣʝ ʟʘʢʘʣʢʠ ʧʨʦʜʫʢʪʳ ʦʧʳʪʦʚ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩ 

ʧʦʤʦʱʴʶ ʤʠʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ (ʤʠʢʨʦʟʦʥʜʦʚʦʛʦ) ʘʥʘʣʠʟʘ, ʘ ʪʘʢʞʝ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʈʘʤʘʥ). 

ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʵʢʩʧʝʨʠʤʝʥʪʦʚ (ʊʘʙʣʠʮʘ 1), OH-ʩʦʜʝʨʞʘʱʠʝ ʩʠʣʠʢʘʪʥʳʝ ʬʘʟʳ ʚ 

ʠʩʩʣʝʜʫʝʤʳʭ ʩʠʩʪʝʤʘʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʠʥʝʨʘʣʘʤʠ ʛʨʫʧʧʳ ʛʫʤʠʪʘ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ 

M2nSinO4nÅM(OH)2 (M = Mg, Fe, Ti). ʄʠʥʝʨʘʣʳ ʛʨʫʧʧʳ ʛʫʤʠʪʘ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʚ ʦʧʳʪʘʭ 

ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʦʣʠʚʠʥʦʚʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ ʩʪʘʨʪʦʚʦʤ ʩʦʩʪʘʚʝ. 
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ʊʘʙʣʠʮʘ 1. ʋʩʣʦʚʠʷ ʠ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʠʟʙʳʪʢʦʤ ʚʦʜʳ ʚ ʩʠʩʪʝʤʝ. 

ʉʪʘʨʪʦʚʳʡ ʩʦʩʪʘʚ ʊ, ÁC ʈ, ɻʇʘ ʇʨʦʜʫʢʪʳ ʦʧʳʪʦʚ 

ʇʨʠʨʦʜʥʘʷ ʩʠʩʪʝʤʘ Ilm-Ol-H2O 

Ilm50Ol50 + H2O 1200 6 Ilm, Ol, Px, Hum 

ʄʦʜʝʣʴʥʘʷ ʩʠʩʪʝʤʘ Ilm-Ol-H2O 

Ilm75Ol25 + H2O 1250 6 Ilm, Ol 

Ilm50Ol50 + H2O 1250 6 Ilm, Px, Hum 

Ilm25Ol75 + H2O 1250 6 Ilm, Px, Hum 

ʉʦʢʨʘʱʝʥʠʷ: Ilm ï ʠʣʴʤʝʥʠʪ, Ol ï ʦʣʠʚʠʥ, Px ï ʧʠʨʦʢʩʝʥ, Hum ï ʤʠʥʝʨʘʣʳ ʛʨʫʧʧʳ 

ʛʫʤʠʪʘ. 

ɸʥʘʣʠʟ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʦʜʪʚʝʨʜʠʣ ʥʘʣʠʯʠʝ 

ʢʣʠʥʦʛʫʤʠʪʘ (cHum) ʚ ʧʨʦʜʫʢʪʘʭ ʦʧʳʪʦʚ (ʈʠʩʫʥʦʢ 1). 

 

 
ʈʠʩ. 1. ʂʈ-ʩʧʝʢʪʨʳ ʧʨʦʜʫʢʪʦʚ ʦʧʳʪʦʚ ʚ ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʝ Ilm50Ol50 + H2O. 

 

ʄʠʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʤʠʥʝʨʘʣʳ ʛʨʫʧʧʳ ʛʫʤʠʪʘ, 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʩʦʜʝʨʞʘʪ ʜʦ 7,27 ʤʘʩ. % TiO2 (ʊʘʙʣʠʮʘ 2). 

 

ʊʘʙʣʠʮʘ 2. ʋʩʨʝʜʥʝʥʥʳʝ ʩʦʩʪʘʚʳ ʬʘʟ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʝ Ilm-Ol-H2O 

ʧʨʠ ʜʘʚʣʝʥʠʠ 6 ɻʇʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 1250 Áʉ. 

ʉʪʘʨʪʦʚʳʡ 

ʩʦʩʪʘʚ 
Ilm75Ol25 + H2O Ilm50Ol50 + H2O Ilm25Ol75 + H2O 

ʌʘʟʘ Ilm Ol Ilm Px Hum Ilm Px Hum 

SiO2 ʥ.ʧ.ʦ. 26.44 ʥ.ʧ.ʦ. 48.49 28.04 ʥ.ʧ.ʦ. 55.63 32.06 

TiO2 55.75 1.41 52.73 1.80 5.88 57.58 2.02 7.27 

MgO 6.29 27.93 5.00 24.18 32.31 9.24 35.52 40.78 

FeO 37.42 31.27 42.16 16.81 29.00 32.66 7.35 12.08 

ʩʫʤʤʘ 99.47 87.05 99.88 91.27 95.22 99.39 100.52 92.2 
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ʇʨʝʜʳʜʫʱʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ OH-ʩʦʜʝʨʞʘʱʠʝ 

ʤʠʥʝʨʘʣʳ ʛʨʫʧʧʳ ʛʫʤʠʪʘ ʫʩʪʦʡʯʠʚʳ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ, ʦʜʥʘʢʦ ʥʝ ʩʪʘʙʠʣʴʥʳ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 1150 ÁC (ʥʘʧʨʠʤʝʨ, Yamamoto and Akimoto, 1977; Stalder and Ulmer, 

2001). ɺʳʩʦʢʠʝ ʩʦʜʝʨʞʘʥʠʷ Ti ʠ Fe ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʤʦʛʫʪ ʨʘʩʰʠʨʷʪʴ ʧʦʣʷ ʠʭ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʚ ʦʙʣʘʩʪʴ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʡ ʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ɽʱʝ ʦʜʠʥ ʬʘʢʪʦʨ, 

ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ ʥʘ ʨʘʩʰʠʨʝʥʠʝ ʧʦʣʝʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʤʠʥʝʨʘʣʦʚ ʛʨʫʧʧʳ 

ʛʫʤʠʪʘ ʚ ʦʙʣʘʩʪʴ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ï ʠʟʙrʪʦʢ ʚʦʜʳ ʚ ʧʨʦʚʝʜʝʥʥʳʭ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʭ. ʋʩʪʦʡʯʠʚʦʩʪʴ ʤʠʥʝʨʘʣʦʚ ʛʨʫʧʧʳ ʛʫʤʠʪʘ ʚ ʫʩʣʦʚʠʷʭ, ʦʪʚʝʯʘʶʱʠʭ 

ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ, ʧʨʠʚʥʦʩʠʪ ʚʢʣʘʜ ʚ ʧʦʥʠʤʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʨʝʮʠʨʢʫʣʷʮʠʠ ʣʝʪʫʯʠʭ. 

 

ʀʩʪʦʯʥʠʢʠ ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ: ʛʨʘʥʪ ʈʅʌ ˉ 20ï77ï00079 ʠ ʯʘʩʪʠʯʥʦ ʪʝʤʘ ʅʀʈ ʀʕʄ 

ʈɸʅ (FMUF-2022ï0001). 
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geodynamic modeling. This work presents the results of experiments on studying phase relations in the 
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ɸʥʥʦʪʘʮʠʷ. ʀʩʩʣʝʜʦʚʘʥʳ ʦʙʨʘʟʮʳ ʦʣʠʚʠʥʦʚʳʭ ʢʫʤʫʣʘʪʦʚ ʢʦʤʘʪʠʠʪʦʚʳʭ ʙʘʟʘʣʴʪʦʚ ɺʝʪʨʝʥʦʛʦ 

ʧʦʷʩʘ ʚʦʟʨʘʩʪʦʤ 2.4 ʤʣʨʜ. ʣʝʪ, ʨʘʩʧʣʦʞʝʥʥʦʛʦ ʚ ʶʛʦ-ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ɹʘʣʪʠʡʩʢʦʛʦ 

(ʌʝʥʥʦʩʢʘʥʜʠʥʘʚʩʢʦʛʦ) ʱʠʪʘ, ʂʘʨʝʣʠʷ. ʇʦʣʫʯʝʥʳ ʫʥʠʢʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʩʦʩʪʘʚʫ ʛʣʘʚʥʳʭ ʠ 

ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʨʘʩʧʣʘʚʥʳʭ ʚʢʣʶʯʝʥʠʷʭ, ʦʣʠʚʠʥʝ ʠ ʰʧʠʥʝʣʠ. ʇʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ 

ʪʝʤʧʝʨʘʪʫʨ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʦʤʘʪʠʠʪʦʚʳʭ ʙʘʟʘʣʴʪʦʚ ʧʦ Al ʦʣʠʚʠʥ-ʰʧʠʥʝʣʝʚʦʤʫ ʛʝʦʪʝʨʤʦʤʝʪʨʫ. 

ʇʦʣʫʯʝʥ ʙʦʣʴʰʦʡ ʥʘʙʦʨ ʜʘʥʥʳʭ ʧʦ ʩʦʩʪʘʚʫ ʦʣʠʚʠʥʘ ʠʟ ʥʘʠʙʦʣʝʝ ʤʘʛʥʝʟʠʘʣʴʥʦʡ ʯʘʩʪʠ ʧʦʪʦʢʦʚ 

ʢʦʤʘʪʠʠʪʦʚʳʭ ʙʘʟʘʣʴʪʦʚ ɺʝʪʨʝʥʦʛʦ ʧʦʷʩʘ. 

ʊʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʦʤʘʪʠʠʪʦʚʳʭ ʙʘʟʘʣʴʪʦʚ ɺʝʪʨʝʥʦʛʦ ʧʦʷʩʘ ʥʘʭʦʜʷʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 

1250ï1300 ʦʉ. ʄʦʜʝʣʴʥʳʡ ʨʦʜʦʥʘʯʘʣʴʥʳʡ ʨʘʩʧʣʘʚ, ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʦʣʠʚʠʥʦʤ 89 ʤʦʣ.% Fo, 

ʩʦʜʝʨʞʘʣ 16.6 ʤʘʩ.% MgO, 12.5 ʤʘʩ.% FeOʦʙ.ɦ ʠ ʦʙʣʘʜʘʣ ʪʝʤʧʝʨʘʪʫʨʦʡ 1370 ʦʉ. ʇʦʪʝʥʮʠʘʣʴʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʤʘʥʪʠʡʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʧʝʨʚʠʯʥʳʤ ʨʘʩʧʣʘʚʦʤ ʩʦʩʪʘʚʣʷʣʘ 1630 ʦʉ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʤʘʪʠʠʪʳ, ʤʘʥʪʠʷ, ʨʘʩʧʣʘʚʥʳʝ ʚʢʣʶʯʝʥʠʷ, ʦʣʠʚʠʥ 

 

ʂʦʤʘʪʠʠʪʳ ï ʵʪʦ ʚʳʩʦʢʦʤʘʛʥʝʟʠʘʣʴʥʳʝ ʚʫʣʢʘʥʠʯʝʩʢʠʝ ʧʦʨʦʜʳ (> 18 ʤʘʩ.% MgO), 

ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪʩʷ ʧʨʠ ʚʳʩʦʢʠʭ ʩʪʝʧʝʥʷʭ ʧʣʘʚʣʝʥʠʷ ʤʘʥʪʠʠ (30ï50 %). ʊʝʤʧʝʨʘʪʫʨʘ ʠʭ 

ʙʝʟʚʦʜʥʦʛʦ ʣʠʢʚʠʜʫʩʘ ʦʮʝʥʠʚʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ 1600 ÁC, ʥʦ ʪʝʤʧʝʨʘʪʫʨʳ ʠʭ ʠʟʚʝʨʞʝʥʠʷ ʠ 

ʩʧʦʩʦʙ ʧʨʦʠʩʭʦʞʜʝʥʠʷ ʥʝʷʩʥʳ, ʧʦʩʢʦʣʴʢʫ ʢʦʣʠʯʝʩʪʚʦ ʣʝʪʫʯʠʭ ʢʦʤʧʦʥʝʥʪʦʚ, 

ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʨʘʩʪʚʦʨʝʥʥʳʭ ʚ ʢʦʤʘʪʠʠʪʦʚʳʭ ʤʘʛʤʘʭ, ʦʩʪʘʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʥʘʫʯʥʦʡ 

ʜʠʩʢʫʩʩʠʠ. ʅʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʧʨʠʥʷʪʘ ʪʦʯʢʘ ʟʨʝʥʠʷ, ʯʪʦ ʢʦʤʘʪʠʠʪʦʚʳʝ ʤʘʛʤʳ 

ʬʦʨʤʠʨʫʶʪʩʷ ʧʨʠ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʈ-ʊ ʫʩʣʦʚʠʷʭ (ʥʘʧʨʠʤʝʨ, Asafov et al., 2018) ʠ ʠʭ 

ʛʝʥʝʟʠʩ ʧʨʠʫʨʦʯʝʥ ʢ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʤʘʥʪʠʡʥʳʤ ʩʪʨʫʷʤ (ʧʣʶʤʘʤ, ʥʘʧʨʠʤʝʨ, 

Connolly et al., 2011). ʀʟʫʯʝʥʠʝ ʢʦʤʘʪʠʠʪʦʚ ʠ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʛʝʦʭʠʤʠʠ ʠ ʨʝʞʠʤʦʚ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠʭ ʧʝʨʚʠʯʥʳʭ ʤʘʛʤ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʛʝʦʭʠʤʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʠʭ 

ʤʘʥʪʠʡʥʳʭ ʠʩʪʦʯʥʠʢʦʚ, ʘ ʪʘʢʞʝ ʨʝʞʠʤʳ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʤʘʥʪʠʠ ʥʘ ʙʦʣʴʰʦʤ 

ʚʨʝʤʝʥʥʦʤ ʦʪʨʝʟʢʝ ʦʪ ʧʘʣʝʦʘʨʭʝʷ ʜʦ ʬʘʥʝʨʦʟʦʷ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʠʟʚʝʩʪʥʳʝ ʦʙʨʘʟʮʳ ʢʦʤʘʪʠʠʪʦʚ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʘʨʭʝʡʩʢʦ-

ʧʨʦʪʝʨʦʟʦʡʩʢʦʛʦ ʚʦʟʨʘʩʪʘ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʠʟʤʝʥʝʥʥʳʝ ʧʦʨʦʜʳ (ʟʘʯʘʩʪʫʶ, 

ʟʝʣʝʥʦʩʣʘʥʮʝʚʘʷ ʬʘʮʠʷ ʤʝʪʘʤʦʨʬʠʟʤʘ), ʚ ʢʦʪʦʨʳʭ ʦʩʪʘʥʮʳ ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʦʣʠʚʠʥʘ ʠ 

ʰʧʠʥʝʣʠ ʧʦʛʨʫʞʝʥʳ ʚ ʦʩʥʦʚʥʫʶ ʤʘʩʩʫ ʜʝʚʠʪʨʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʠ ʠʟʤʝʥʝʥʥʦʛʦ ʩʪʝʢʣʘ. ɺ 

ʩʚʷʟʠ ʩ ʵʪʠʤ ʩʫʱʝʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʝʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʜʦʩʪʦʚʝʨʥʳʭ ʜʘʥʥʳʭ ʦ 

ʩʦʜʝʨʞʘʥʠʷʭ ʣʝʪʫʯʠʭ (H2O, Cl, F, S, CO2) ʠ ʚʳʩʦʢʦʧʦʜʚʠʞʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ (K, Rb, U, Th, 

Pb) ʚ ʢʦʤʘʪʠʠʪʦʚʳʭ ʤʘʛʤʘʭ. 

ɺ ʨʘʤʢʘʭ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʳ ʥʘʤʠ ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʦʙʨʘʟʝʮ ʦʣʠʚʠʥʦʚʦʛʦ ʢʫʤʫʣʘʪʘ 

12105 (Puchtel et al., 2016) ʠʟ ʥʠʞʥʝʡ ʯʘʩʪʠ ʨʘʟʨʝʟʘ ʢʦʤʘʪʠʠʪʦʚʳʭ ʙʘʟʘʣʴʪʦʚ ʣʘʚʦʚʦʛʦ 

ʦʟʝʨʘ ɺʠʢʪʦʨʠʷ, ɺʝʪʨʝʥʳʡ ʧʦʷʩ, ʂʘʨʝʣʠʷ ʚʦʟʨʘʩʪʦʤ 2.38 ʤʣʨʜ. ʣʝʪ (Puchtel et al., 2001). 

ʂʦʣʣʝʢʮʠʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʝʜʦʩʪʘʚʣʝʥʘ ʀ.ʉ. ʇʫʭʪʝʣʝʤ. ʉ ʮʝʣʴʶ ʛʦʤʦʛʝʥʠʟʘʮʠʠ 

ʯʘʩʪʠʯʥʦ ʨʘʩʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʭ ʨʘʩʧʣʘʚʥʳʭ ʚʢʣʶʯʝʥʠʡ, ʚʳʜʝʣʝʥʥʘʷ ʬʨʘʢʮʠʷ ʦʣʠʚʠʥʘ 
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ʧʦʜʚʝʨʛʘʣʘʩʴ ʥʘʛʨʝʚʫ ʩ ʧʦʤʦʱʴʶ ʚʝʨʪʠʢʘʣʴʥʦʡ ʪʨʫʙʯʘʪʦʡ ʧʝʯʠ Nabertherm RHTV 1700 

(Sobolev et al., 2016) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1250 ʦʉ ʚ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʉ-ʆ-ʅ ʘʪʤʦʩʬʝʨʝ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʙʫʬʝʨʫ QFM-1, ʚ ʪʝʯʝʥʠʝ 3 ʤʠʥʫʪ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʤʦʤʝʥʪʘʣʴʥʦʡ 

ʟʘʢʘʣʢʦʡ ʚ ʚʦʜʫ. ɿʘʢʘʣʝʥʥʳʝ ʬʨʘʢʮʠʠ ʦʣʠʚʠʥʘ ʤʦʥʪʠʨʦʚʘʣʠʩʴ ʚ ʧʨʝʧʘʨʘʪʳ ʠʟ ʵʧʦʢʩʠʜʥʦʡ 

ʩʤʦʣʳ, ʧʦʩʣʝ ʯʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ ʧʨʝʧʘʨʘʪʘ ʧʦʣʠʨʦʚʘʣʘʩʴ ʥʘ ʘʙʨʘʟʠʚʘʭ ʨʘʟʣʠʯʥʦʡ 

ʟʝʨʥʠʩʪʦʩʪʠ ʩ ʮʝʣʴʶ ʚʳʚʝʜʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʚʢʣʶʯʝʥʠʡ ʨʘʩʧʣʘʚʘ ʠ ʰʧʠʥʝʣʠ. 

ʉʦʩʪʘʚ ʛʣʘʚʥʳʭ ʠ ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚʦ ʚʢʣʶʯʝʥʠʷʭ ʨʘʩʧʣʘʚʘ, ʰʧʠʥʝʣʠ ʠ ʦʣʠʚʠʥʘ-

ʭʦʟʷʠʥʘ ʠʩʩʣʝʜʦʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʟʦʥʜʘ JEOL FEG JXA-iHP200F ʠ 

ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ ʩ ʠʥʜʫʢʪʠʚʥʦ ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʦʡ ʩ ʣʘʟʝʨʥʳʤ ʧʨʦʙʦʪʙʦʨʦʤ Agilent 8900 

ICP-QQQ ʚ ʠʥʩʪʠʪʫʪʝ ISTerre, ɻʨʝʥʦʙʣʴ, ʌʨʘʥʮʠʷ. 

ʇʦʣʫʯʝʥʳ ʧʝʨʚʳʝ ʜʘʥʥʳʝ ʦ ʩʦʩʪʘʚʝ ʛʣʘʚʥʳʭ ʠ ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʣʝʪʫʯʠʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʢʦʤʘʪʠʠʪʦʚʳʭ ʤʘʛʤʘʭ ɺʝʪʨʝʥʦʛʦ ʧʦʷʩʘ ʧʦ ʜʘʥʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʨʘʩʧʣʘʚʥʳʭ ʚʢʣʶʯʝʥʠʡ ʚ ʦʣʠʚʠʥʝ. ʀʟʫʯʝʥʥʳʝ ʚʢʣʶʯʝʥʠʷ ʩʦʜʝʨʞʘʪʩʷ ʚ ʦʣʠʚʠʥʝ Fo 86.2ï

87.8 ʤʦʣ.%, ʯʪʦ ʦʭʚʘʪʳʚʘʝʪ ʥʘʠʙʦʣʝʝ ʤʘʛʥʝʟʠʘʣʴʥʫʶ ʯʘʩʪʴ ʵʚʦʣʶʮʠʠ ʤʘʛʤʘʪʠʟʤʘ 

ɺʝʪʨʝʥʦʛʦ ʧʦʷʩʘ, ʭʦʪʷ ʵʪʦʪ ʜʠʘʧʘʟʦʥ ʥʝ ʜʦʩʪʠʛʘʝʪ ʩʘʤʦʛʦ ʧʨʠʤʠʪʠʚʥʦʛʦ ʩʦʩʪʘʚʘ ʦʣʠʚʠʥʘ, 

ʠʟʚʝʩʪʥʦʛʦ ʜʣʷ ʵʪʠʭ ʧʦʨʦʜ ï 89 ʤʦʣ.% Fo. ʈʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʳʝ ʟʘʭʚʘʯʝʥʥʳʝ ʨʘʩʧʣʘʚʳ 

ʚʘʨʴʠʨʫʶʪ ʚ ʧʨʝʜʝʣʘʭ 11,8 ʜʦ 13,4 ʤʘʩ. % MgO, ʯʪʦ ʥʝʤʥʦʛʦ ʥʠʞʝ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ 

ʩʦʜʝʨʞʘʥʠʡ MgO ʚ ʟʘʢʘʣʦʯʥʦʡ ʟʦʥʝ ʧʦʪʦʢʦʚ ʣʘʚʦʚʦʛʦ ʦʟʝʨʘ ɺʠʢʪʦʨʠʷ (13.6ï14.7 ʤʘʩ. %, 

Puchtel. et al., 2016). ʉʦʜʝʨʞʘʥʠʝ ʦʩʥʦʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚʦ ʚʢʣʶʯʝʥʠʷʭ ʨʘʩʧʣʘʚʘ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʧʦ ʧʦʨʦʜʝ ʚ ʮʝʣʦʤ, ʭʦʪʷ ʚʦ ʚʢʣʶʯʝʥʠʷʭ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ 

ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʦʙʦʛʘʱʝʥʠʝ ʧʦ SiO2 ʠ ʦʙʝʜʥʝʥʠʝ ʧʦ Al 2O3, TiO2 ʠ Na2O. 

ʆʣʠʚʠʥ ʠʟʫʯʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʢʦʤʘʪʠʠʪʦʚʳʭ ʙʘʟʘʣʴʪʦʚ ɺʝʪʨʝʥʦʛʦ ʧʦʷʩʘ ʧʨʝʜʩʪʘʚʣʝʥ 

ʜʠʘʧʘʟʦʥʦʤ ʩʦʜʝʨʞʘʥʠʡ ʬʦʨʩʪʝʨʠʪʦʚʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʦʪ 83.3 ʜʦ 89 ʤʦʣ.% Fo, ʛʜʝ Fo= 

ʤʦʣʷʨʥʳʝ Mg/(Mg+Fe). ʇʦ ʩʦʜʝʨʞʘʥʠʶ ʥʠʢʝʣʷ (ʥʘ ʫʨʦʚʥʝ 2000ï2200 ppm Ni) ʦʣʠʚʠʥ 

ɺʝʪʨʝʥʦʛʦ ʧʦʷʩʘ ʣʦʞʠʪʩʷ ʥʘ ʢʦʤʘʪʠʠʪʦʚʳʡ ʪʨʝʥʜ (ʈʠʩ. 1), ʦʙʣʘʜʘʷ ʧʨʠ ʵʪʦʤ ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʥʴʰʝʡ ʤʘʛʥʝʟʠʘʣʴʥʦʩʪʴʶ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʦʣʠʚʠʥʦʤ ʠʟ ʜʨʫʛʠʭ ʢʦʤʘʪʠʠʪʦʚ (ʚ ʩʨʝʜʥʝʤ, 91ï

94 ʤʦʣ. % Fo). ɿʝʨʥʘ ʦʣʠʚʠʥʘ ʦʙʣʘʜʘʶʪ ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʦʡ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʟʦʥʘʣʴʥʦʩʪʴʶ 

ʧʦ ʈ ʠ ʪʘʢʞʝ ʥʘʣʠʯʠʝʤ ʚʳʩʦʢʦʞʝʣʝʟʠʩʪʳʭ ʟʦʥ ʚ ʢʨʘʝʚʳʭ ʫʯʘʩʪʢʘʭ ʬʝʥʦʢʨʠʩʪʘʣʣʦʚ. ʇʨʠ 

ʵʪʦʤ ʠʟʫʯʝʥʥʳʝ ʟʝʨʥʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʦʪʩʫʪʩʪʚʠʝʤ ʟʦʥʘʣʴʥʦʩʪʠ ʧʦ Cr ʠ Al, ʯʪʦ ʤʦʞʝʪ 

ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʯʘʩʪʠʯʥʦʤ ʧʝʨʝʫʨʘʚʥʦʚʝʰʠʚʘʥʠʠ ʠʭ ʩʦʩʪʘʚʘ ʥʘ ʧʦʩʪʤʘʛʤʘʪʠʯʝʩʢʠʭ 

ʵʪʘʧʘʭ. 

 

 
ʈʠʩ. 1. ʉʦʜʝʨʞʘʥʠʷ ʥʠʢʝʣʷ ʚ ʦʣʠʚʠʥʝ ʢʘʢ ʬʫʥʢʮʠʷ Fo ʚ ʦʣʠʚʠʥʝ ʜʣʷ ʢʦʤʘʪʠʠʪʦʚʳʭ ʙʘʟʘʣʴʪʦʚ 
ɺʝʪʨʝʥʦʛʦ ʧʦʷʩʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ɹʉʆʍ (Coogan et al., 2014), ʧʠʢʨʠʪʘʤʠ ʊʦʨʪʫʛʘʣʴ (Trela et al., 2017) 

ʠ ʕʤʵʡʰʘʥʴ (Xu et al., 2016) ʠ ʢʦʤʘʪʠʠʪʘʤʠ ɸʙʠʪʠʙʠ (Sobolev et al., 2016) ʠ ɺʠʥʥʠʧʝʛʦʩʠʩ 

(Waterton et al., 2017). 
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ʐʧʠʥʝʣʴ, ʠʩʩʣʝʜʦʚʘʥʥʘʷ ʜʣʷ ʦʣʠʚʠʥ-ʰʧʠʥʝʣʝʚʦʛʦ Al-ʛʝʦʪʝʨʤʦʤʝʪʨʘ, ʦʙʣʘʜʘʝʪ 

ʭʨʦʤʠʩʪʦʩʪʴʶ ʚ ʜʠʘʧʘʟʦʥʝ Cr# (ʤʦʣʷʨʥʳʝ Cr/(Cr+Ti+Al+Fe3+)) 0.62ï0.66. ʇʦʢʘʟʘʪʝʣʴ 

ʩʦʜʝʨʞʘʥʠʷ Fe3+, ʦʧʨʝʜʝʣʝʥʥʳʡ ʠʟ ʩʪʝʭʠʦʤʝʪʨʠʠ ʢʘʢ ʘʪʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʘʪʠʦʥʘ (Droop, 

1987) ʩʦʩʪʘʚʣʷʝʪ 0.05ï0.07, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʣʘʩʪʠ ʢʘʣʠʙʨʦʚʦʢ ʦʣʠʚʠʥ-ʰʧʠʥʝʣʝʚʦʛʦ 

ʛʝʦʪʝʨʤʦʤʝʪʨʘ Coogan et al. (2014). ʊʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʦʤʘʪʠʠʪʦʚʳʭ ʙʘʟʘʣʴʪʦʚ 

ɺʝʪʨʝʥʦʛʦ ʧʦʷʩʘ ʣʝʞʘʪ ʚ ʧʨʝʜʝʣʘʭ 1200ï1320 ʦʉ ʙʝʟ ʥʘʣʠʯʠʷ ʚʠʜʠʤʦʡ ʢʦʨʨʝʣʷʮʠʠ ʩ Fo, 

ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʤʘʣʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʜʘʥʥʳʭ ʠ ʪʦʯʥʦʩʪʴʶ ʤʝʪʦʜʘ (Ñ 20Á, 2ů, 

Coogan et al., 2014). 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʦ ʪʝʤʧʝʨʘʪʫʨʘʭ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʦʤʘʪʠʠʪʦʚʳʭ ʙʘʟʘʣʴʪʦʚ 

ɺʝʪʨʝʥʦʛʦ ʧʦʷʩʘ ʧʦ ʦʣʠʚʠʥ-ʰʧʠʥʝʣʝʚʦʤʫ Al-ʛʝʦʪʝʨʤʦʤʝʪʨʫ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʦʮʝʥʢʘʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʧʦ ʦʣʠʚʠʥ-ʨʘʩʧʣʘʚʥʦʤʫ Fe-Mg ʛʝʦʪʝʨʤʦʤʝʪʨʫ (Ford et al., 1983) ʜʣʷ 

ʨʘʩʧʣʘʚʥʳʭ ʚʢʣʶʯʝʥʠʡ ʚ ʦʣʠʚʠʥʝ (1220ï1320 ʦʉ, ʩʦʜʝʨʞʘʥʠʷ MgO ʚ ʨʘʩʧʣʘʚʥʳʭ 

ʚʢʣʶʯʝʥʠʷʭ ʦʪ 11.8 ʜʦ 13.4 ʤʘʩ.% ʥʘ ʙʝʟʚʦʜʥʦʡ ʦʩʥʦʚʝ) ʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʥʦʤʠʥʘʣʴʥʦ 

ʙʝʟʚʦʜʥʫʶ ʧʨʠʨʦʜʫ ʵʪʠʭ ʤʘʛʤ. 

ʉʦʩʪʘʚ ʨʦʜʦʥʘʯʘʣʴʥʦʛʦ ʨʘʩʧʣʘʚʘ ʙʳʣ ʦʮʝʥʝʥ ʜʦ ʨʘʚʥʦʚʝʩʠʷ ʩ ʥʘʠʙʦʣʝʝ ʤʘʛʥʝʟʠʘʣʴʥʳʤ 

ʦʣʠʚʠʥʦʤ, ʠʟʚʝʩʪʥʳʤ ʜʣʷ ʧʦʨʦʜ ʜʘʥʥʦʡ ʩʝʨʠʠ (Fo 89), ʦʥ ʩʦʜʝʨʞʘʣ 16.6 ʤʘʩ.% MgO, 

12.5 ʤʘʩ.% FeOʦʙ.ɦ ʠ ʦʙʣʘʜʘʣ ʪʝʤʧʝʨʘʪʫʨʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 1370 ʦʉ. ʅʘ ʦʩʥʦʚʝ ʵʪʠʭ 

ʜʘʥʥʳʭ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʠʝ ʩʦʩʪʘʚʘ ʧʝʨʚʠʯʥʦʛʦ ʨʘʩʧʣʘʚʘ ʢʦʤʘʪʠʠʪʦʚʳʭ 

ʤʘʛʤ ɺʝʪʨʝʥʦʛʦ ʧʦʷʩʘ ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʤʘʥʪʠʡʥʳʤ ʠʩʪʦʯʥʠʢʦʤ, ʢʦʪʦʨʦʝ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʦ, ʯʪʦ ʧʝʨʚʠʯʥʳʡ ʨʘʩʧʣʘʚ ʦʙʣʘʜʘʣ ʩʦʜʝʨʞʘʥʠʷʤʠ MgO ʚ ʨʘʡʦʥʝ 22ï23 

ʤʘʩ. %. ʇʦʪʝʥʮʠʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʤʘʥʪʠʡʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʧʝʨʚʠʯʥʳʤ 

ʨʘʩʧʣʘʚʦʤ ʩʦʩʪʘʚʣʷʣʘ 1630 ʦʉ (ʧʦ ʤʦʜʝʣʠ Herzberg and Asimow, 2015), ʯʪʦ ʙʣʠʟʢʦ ʢ 

ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʨʫʞʘʶʱʝʡ ʧʨʦʪʝʨʦʟʦʡʩʢʦʡ ʤʘʥʪʠʠ. 

 

ʈʘʙʦʪʘ ʚr ʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ  ̄22ï77ï00081. 
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Abstract. Samples of olivine cumulates from komatiitic basalts of the 2.4 Ga Vetreny belt located in the 

southeastern part of the Baltic (Fennoscandian) shield, Karelia, were studied. Unique data on the 

composition of the major and trace elements in the olivine-hosted melt inclusions, olivine and spinel have 

been obtained. The crystallization temperatures of komatiite basalts were estimated using an Al olivine-

spinel geothermometer. A large set of data on the composition of olivine from the most magnesian part of 

the komatiite basalt flows of the Vetreny Belt has been obtained. 

Crystallization temperatures of komatiite basalts of the Vetreny belt are in the range of 1250ï1300 ÁC. 

The model parental melt in equilibrium with olivine 89 mol.% Fo, contained 16.6 wt.% MgO, 12.5 wt.% 

FeOtot. and had a temperature of 1370 ÁC. The potential temperature of the mantle source in equilibrium 

with the primary melt was 1630 ÁC. 

 

Keywords: komatiites, mantle, melt inclusions, olivine 
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ɸʥʥʦʪʘʮʠʷ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʠʟʚʣʝʯʝʥʥʳʭ ʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʩʬʦʨʤʠʨʦʚʘʥʘ ʚʳʙʦʨʢʘ, ʩʦʜʝʨʞʘʱʘʷ ʨʝʟʫʣʴʪʘʪʳ 394 ʟʘʢʘʣʦʯʥʳʭ ʦʧʳʪʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 

ʥʘʩʳʱʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʳ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʠʥʪʝʥʩʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʩʠʣʠʢʘʪʥʳʭ ʩʠʩʪʝʤ. 

ɸʥʘʣʠʟ ʦʩʥʦʚʥʳʭ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʪʠʧʦʚ ʤʦʜʝʣʝʡ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʚʦʜʳ ʚ ʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʫʨʘʚʥʝʥʠʝ Gordon Moore ʩ ʩʦʘʚʪʦʨʘʤʠ ʥʘʠʣʫʯʰʠʤ ʦʙʨʘʟʦʤ ʦʧʠʩʳʚʘʝʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. 

ʇʝʨʝʢʘʣʠʙʨʦʚʘʥʥʦʝ ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʝ ʢ ʧʦʢʘʟʘʪʝʣʴʥʦʤʫ ʚʠʜʫ ʫʨʘʚʥʝʥʠʝ Moore ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʩʰʠʨʝʥʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʚʳʙʦʨʢʠ ʧʦʟʚʦʣʷʝʪ ʩ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴʶ, ʥʝ ʧʨʝʚʳʰʘʶʱʝʡ 

Ñ0.01 ʤʦʣʴʥʦʡ ʜʦʣʠ, ʣʠʙʦ Ñ0.2 ʤʘʩ. % ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʥʘʩʳʱʝʥʥʳʝ ʩʦʜʝʨʞʘʥʠʷ ʚʦʜʳ ʚ ʩʠʣʠʢʘʪʥʳʭ 

ʨʘʩʧʣʘʚʘʭ ʚ ʜʠʘʧʘʟʦʥʘʭ: ʩʦʩʪʘʚʦʚ ʨʘʩʧʣʘʚʦʚ ʦʪ ʙʘʟʘʣʴʪʦʚ ʜʦ ʨʠʦʣʠʪʦʚ; ʜʘʚʣʝʥʠʷ ʦʪ ʘʪʤʦʩʬʝʨʥʦʛʦ 

ʜʦ 15 ʢʙʘʨ; ʪʝʤʧʝʨʘʪʫʨ ʦʪ 550 ʜʦ 1300 Áʉ. 

 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʨʘʚʥʝʥʠʝ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʚʦʜʳ, ʚʳʙʦʨʢʘ ʚʦʜʦʥʘʩʳʱʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, 

ʩʠʣʠʢʘʪʥʳʡ ʨʘʩʧʣʘʚ 

 

ɺʦʜʘ ʷʚʣʷʝʪʩʷ ʥʝʢʦʛʝʨʝʥʪʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ 

ʤʠʥʝʨʘʣʦʚ ʙʘʟʠʪʦʚʳʭ ʩʠʩʪʝʤ, ʥʘʢʘʧʣʠʚʘʷʩ ɹʚ ʦʩʪʘʪʦʯʥʳʭ ʨʘʩʧʣʘʚʘʭ. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʪʦʪ ʧʨʝʜʝʣ ʩʦʜʝʨʞʘʥʠʷ ʚʦʜʳ ʚ 

ʨʘʩʧʣʘʚʝ, ʚʳʰʝ ʢʦʪʦʨʦʛʦ ʚʦʜʘ ʦʙʨʘʟʫʝʪ ʩʘʤʦʩʪʦʷʪʝʣʴʥʫʶ ʧʘʨʦʚʫʶ ʬʘʟʫ. ɼʣʷ ʵʪʦʛʦ 

ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʨʘʙʦʪʘʪʴ ʫʨʘʚʥʝʥʠʝ, ʧʦʟʚʦʣʷʶʱʝʝ ʨʘʩʩʯʠʪʳʚʘʪʴ ʥʘʩʳʱʝʥʥʫʶ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʚʦʜʳ ʚ ʨʘʩʧʣʘʚʝ. ʊʘʢʦʝ ʫʨʘʚʥʝʥʠʝ ʙʫʜʝʪ ʧʦʣʝʟʥʦ ʠ ʜʣʷ ʧʣʘʥʠʨʦʚʘʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʚʦʜʦʩʦʜʝʨʞʘʱʠʤʠ ʩʠʩʪʝʤʘʤʠ, ʧʨʦʚʝʨʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʦʡ 

ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʚʦʜʳ ʚ ʨʘʩʧʣʘʚʘʭ. ʊʘʢʦʝ ʫʨʘʚʥʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥʦ ʣʠʙʦ ʚʳʙʦʨʦʤ ʠʟ 

ʫʞʝ ʧʨʝʜʣʦʞʝʥʥʳʭ ʨʘʥʝʝ ʤʦʜʝʣʝʡ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʚʦʜʳ, ʣʠʙʦ ʧʫʪʝʤ ʨʘʟʨʘʙʦʪʢʠ 

ʦʨʠʛʠʥʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ. 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʢʘʯʝʩʪʚʘ ʧʨʝʜʣʦʞʝʥʥʳʭ ʢ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʫʨʘʚʥʝʥʠʡ, 

ʦʧʠʩʳʚʘʶʱʠʭ ʥʘʩʳʱʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʳ ʚ ʩʠʣʠʢʘʪʥʳʭ ʨʘʩʧʣʘʚʘʭ ʥʝʦʙʭʦʜʠʤʦ 

ʩʬʦʨʤʠʨʦʚʘʪʴ ʚʳʙʦʨʢʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ʇʨʠ ʘʥʘʣʠʟʝ 

ʣʠʪʝʨʘʪʫʨʳ ʦʙʥʘʨʫʞʝʥʦ 33 ʨʘʙʦʪʳ ʩ ʧʨʠʚʝʜʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʨʘʩʪʚʦʨʝʥʥʦʡ ʚʦʜʳ ʚ 

ʚʦʜʦʥʘʩʳʱʝʥʥʦʤ ʨʘʩʧʣʘʚʝ, ʚʩʝʛʦ 412 ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ʆʩʥʦʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʜʘʥʥʳʭ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚr ʙʦʨʢʠ ʧʦʩʣʫʞʠʣʘ ʙʘʟʘ ʜʘʥʥʳʭ 

ʀʅʌʆʈɽʂʉ (Ariskin et al., 1996). ʇʦʤʠʤʦ ʀʅʌʆʈɽʂʉôʘ, ʧʨʠʚʣʝʢʘʣʠʩʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʠʟ ʨʘʙʦʪ, ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʳʭ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʚʳʚʦʜʝ 

ʨʘʥʝʝ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʫʨʘʚʥʝʥʠʡ (Shishkina et al., 2010; Berndt et al., 2002; Botcharnikov et 

al., 2004; Moore at al., 1995, 1998; Carrol, Blank., 1997; Silver et al., 1990; Shaw et al., 1963; 

Liu et al., 2005; Yamashita, 1999; Schmidt, Behrens, 2008). 

ʂʨʠʪʝʨʠʷʤʠ ʦʪʙʦʨʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʚʳʙʦʨʢʫ ʷʚʣʷʣʠʩʴ ʥʘʣʠʯʠʝ ʠʥʬʦʨʤʘʮʠʠ ʦ 

ʨʘʚʥʦʚʝʩʠʠ ʨʘʩʧʣʘʚʘ ʠʟʚʝʩʪʥʦʛʦ ʩʦʩʪʘʚʘ ʩ ʬʣʠʁʜʥʦʡ ʬʘʟʦʡ, ʥʝ ʩʦʜʝʨʞʘʱʝʡ ʠʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʢʨʦʤʝ ʚʦʜʳ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ. 

ʇʦʩʣʝ ʘʥʘʣʠʟʘ ʦʩʥʦʚʥʳʭ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʪʠʧʦʚ ʫʨʘʚʥʝʥʠʡ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʚʦʜʳ ʚ 

ʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ (ɸʣʴʤʝʝʚ, ɸʨʠʩʢʠʥ., 1996; Liu et al., 2005; Moore et al., 1998; 
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Shishkina et al., 2010; Zhang et al., 2007) ʤ  rʧʨʠʰʣʠ ʢ ʚʳʚʦʜʫ, ʯʪʦ ʫʨʘʚʥʝʥʠʝ Gordon Moore 

ʩ ʩʦʘʚʪʦʨʘʤʠ ʥʘʠʣʫʯʰʠʤ ʦʙʨʘʟʦʤ ʦʧʠʩʳʚʘʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. 

ɺ ʵʪʦʤ ʫʨʘʚʥʝʥʠʠ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʩʳʱʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʦʜʳ ʦʪ ʩʦʩʪʘʚʘ ʨʘʩʧʣʘʚʘ 

ʨʝʘʣʠʟʫʝʪʩʷ ʧʫʪʝʤ ʫʯʝʪʘ ʤʦʣʴʥʳʭ ʜʦʣʝʡ Al 2O3, FeO ʠ Na2O, ʥʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ ʙʝʟʚʦʜʥʫʶ 

ʩʠʣʠʢʘʪʥʫʶ ʤʘʪʨʠʮʫ (Moore et al., 1998): 
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meltX  ï ʥʘʩʳʱʝʥʥʘʷ ʤʦʣʴʥʘʷ ʜʦʣʷ ʚʦʜʳ ʚ ʨʘʩʧʣʘʚʝ; T ï ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʛʨʘʜʫʩʘʭ 

ʢʝʣʴʚʠʥʘ; iX  ï ʤʦʣʴʥʘʷ ʜʦʣʷ ʦʢʩʠʜʘ ʚ ʨʘʩʧʣʘʚʝ; P ï ʜʘʚʣʝʥʠʝ ʚ ʙʘʨʘʭ; 
2H O

fluidf  ï 

ʬʫʛʠʪʠʚʥʦʩʪʴ ʚʦʜʳ ʚʦ ʬʣʶʠʜʝ ʚ ʙʘʨʘʭ, ʢʦʪʦʨʦʝ ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʧʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʤʫ 

ʫʨʘʚʥʝʥʠʶ ʈʝʜʣʠʭʘ-ʂʚʦʥʛʘ; a, bi, c ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʨʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʝʨʝʤʝʥʥʳʭ; 

d ï ʢʦʥʩʪʘʥʪʘ. 

ʇʦʩʢʦʣʴʢʫ ʜʣʷ ʯʠʩʪʦ ʚʦʜʥʦʛʦ ʬʣʶʠʜʘ ʬʫʛʠʪʠʚʥʦʩʪʴ ʚʦʜʳ ʙʣʠʟʢʘ ʢ ʦʙʱʝʤʫ ʜʘʚʣʝʥʠʶ, 

ʤ  r ʨʝʰʠʣʠ ʧʨʦʚʝʨʠʪʴ, ʥʘʩʢʦʣʴʢʦ ʦʪʣʠʯʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʥʘʩʳʱʝʥʥʦʛʦ 

ʩʦʜʝʨʞʘʥʠʷ ʚʦʜʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʫʛʠʪʠʚʥʦʩʪʠ ʦʪ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʙʱʝʛʦ ʜʘʚʣʝʥʠʷ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʸʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʪʠʭ ʧʦʜʭʦʜʦʚ ʥʝ 

ʧʨʝʚʳʰʘʝʪ 0.08 ʤʘʩ. % H2O (ʜʣʷ 41 ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʟ ʨʘʙʦʪʳ Moore ʩ ʩʦʘʚʪʦʨʘʤʠ). 

ʇʦʵʪʦʤʫ ʩ ʮʝʣʴʶ ʫʧʨʦʱʝʥʠʷ ʤ  rʧʨʠʚʝʣʠ ʫʨʘʚʥʝʥʠʝ Moore ʢ ʩʣʝʜʫʶʱʝʤʫ ʚʠʜʫ: 
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ʀʟ ʫʨʘʚʥʝʥʠʷ (2) ʩʣʝʜʫʝʪ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʤʦʣʴʥʦʡ ʜʦʣʠ ʥʘʩʳʱʝʥʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ 

ʚʦʜʳ ʚ ʨʘʩʧʣʘʚʝ: 
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ʛʜʝ Xi ï ʧʝʨʝʩʯʠʪʘʥʥʳʝ ʥʘ ʙʝʟʚʦʜʥʫʶ ʦʩʥʦʚʫ ʤʦʣʴʥʳʝ ʜʦʣʠ ʚʳʙʨʘʥʥʳʭ ʦʢʩʠʜʦʚ ʚ 

ʦʜʥʦʢʘʪʠʦʥʥʦʡ ʬʦʨʤʝ. ʉʣʝʜʫʝʪ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ʫʨʘʚʥʝʥʠʷ (2) ʙʳʣ 

ʠʩʢʣʶʯʝʥ ʤʥʦʞʠʪʝʣʴ 2. 

ʇʨʠʩʪʫʧʘʷ ʢ ʧʝʨʝʢʘʣʠʙʨʦʚʢʝ ʫʨʘʚʥʝʥʠʷ ʚʠʜʘ (3) ʤ  rʧʨʦʚʝʨʠʣʠ ʦʧʪʠʤʘʣʴʥʦʩʪʴ ʥʘʙʦʨʘ 

ʦʢʩʠʜʦʚ, ʧʨʝʜʣʦʞʝʥʥʳʭ Moore ʩ ʩʦʘʚʪʦʨʘʤʠ. ʅʘʠʣʫʯʰʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʫʜʘʣʦʩʴ ʜʦʩʪʠʯʴ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʘʨʛʫʤʝʥʪʦʚ ʤʦʣʴʥʳʝ ʩʦʜʝʨʞʘʥʠʷ FeO, CaO, NaO0.5. ʇʦ 

ʥʝʢʦʪʦʨʳʤ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ (Papale et al., 2006) ʟʘʤʝʪʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʨʘʩʪʚʦʨʠʤʦʩʪʴ 

ʚʦʜʳ ʦʢʘʟʳʚʘʝʪ ʩʦʜʝʨʞʘʥʠʝ KO0.5 ʚ ʨʘʩʧʣʘʚʝ, ʦʜʥʘʢʦ ʧʨʦʚʝʨʢʘ ʥʘʙʦʨʦʚ, ʚʢʣʶʯʘʶʱʠʭ 

ʢʦʥʮʝʥʪʨʘʮʠʠ KO0.5 ʠʣʠ ʩʫʤʤʳ (KO0.5 + NaO0.5) ʧʨʠʚʝʣʠ ʢ ʥʠʯʪʦʞʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ 

ʩʫʤʤʳ ʢʚʘʜʨʘʪʦʚ ʦʩʪʘʪʢʦʚ ʥʘ 0.07 %, ʥʝʩʤʦʪʨʷ ʥʘ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʩʦʜʝʨʞʘʥʠʡ ʚ ʥʘʰʝʡ 

ʚʳʙʦʨʢʝ K2O ʦʪ 0 ʜʦ 12.5 ʤʘʩ. %, ʘ ʩʫʤʤʳ (K2O + Na2O) ʦʪ 1.7 ʜʦ 17.5 ʤʘʩ. %. 

ʇʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʫʨʘʚʥʝʥʠʷ ʚʠʜʘ (3) ʙʳʣʠ ʫʜʘʣʝʥʳ ʦʧʳʪʳ, ʜʣʷ ʢʦʪʦʨʳʭ ʦʩʪʘʪʢʠ 

ʧʨʝʚʳʰʘʣʠ 3ů, ʧʨʠ ʵʪʦʤ ʚʳʙʦʨʢʘ ʩʦʢʨʘʪʠʣʘʩʴ ʜʦ 394 ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʄʥʦʛʦʛʨʘʥʥʠʢ 394 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʦʩʪʘʚʦʚ ʨʘʩʧʣʘʚʦʚ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʦʢʩʠʜʦʚ ʜʣʷ 

ʦʢʦʥʯʘʪʝʣʴʥʦʡ ʚʳʙʦʨʢʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʚʝʣʠʯʠʥʘʤʠ (ʤʘʩ. %): SiO2 ʦʪ 45.8 ʜʦ 

77.5, TiO2 ʦʪ 0 ʜʦ 2.92, Al2O3 ʦʪ 8 ʜʦ 20.4, FeO* ʦʪ 0.1 ʜʦ 13.74 (FeO* ï ʚʩʝ ʞʝʣʝʟʦ, 

ʧʝʨʝʩʯʠʪʘʥʥʦʝ ʥʘ FeO), MgO ʦʪ 0 ʜʦ 9.59, CaO ʦʪ 0 ʜʦ 12.6, Na2O ʦʪ 1.2 ʜʦ 9.72, K2O ʦʪ 0 ʜʦ 

12.25, P2O5 ʦʪ 0 ʜʦ 2.14. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʚʳʙʦʨʢʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʦʩʪʘʚʳ ʨʘʩʧʣʘʚʦʚ ʦʪ 

ʙʘʟʘʣʴʪʦʚ ʜʦ ʨʠʦʣʠʪʦʚ. 

ʈʝʟʫʣʴʪʘʪʳ ʦʧʪʠʤʠʟʘʮʠʠ ʫʨʘʚʥʝʥʠʷ ʩ ʘʨʛʫʤʝʥʪʘʤʠ ʚ ʚʠʜʝ ʤʦʣʴʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ FeO, 

CaO, NaO0.5 ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 1ʘ. ʂʦʵʬʬʠʮʠʝʥʪʳ ʵʪʦʛʦ ʫʨʘʚʥʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

 



ʆʙʨʘʟʦʚʘʥʠʝ ʠ ʜʠʬʬʝʨʝʥʮʠʘʮʠʷ ʤʘʛʤ 

59 

ʊʘʙʣʠʮʘ 1. ʇʘʨʘʤʝʪʨʳ ʫʨʘʚʥʝʥʠʷ (3), ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʧʪʠʤʠʟʘʮʠʠ ʜʘʥʥʳʭ ʥʘ 

ʚʳʙʦʨʢʝ ʠʟ 394 ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

a CaOb  FeOb  
0.5NaOb  c d 

440 -0.730 0.149 0.045 0.517 -5.55 

 

ʋʨʘʚʥʝʥʠʝ ʚʠʜʘ (3) ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʨʦʮʝʩʩʦʚ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʵʚʦʣʶʮʠʠ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʜʣʷ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, ʢʦʪʦʨʳʝ 

ʨʘʙʦʪʘʶʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠʣʠ ʧʨʠʨʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʫʜʦʙʥʝʝ 

ʨʘʩʩʯʠʪʳʚʘʪʴ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚʦʜʳ ʚ ʤʘʩʩʦʚʳʭ ʧʨʦʮʝʥʪʘʭ, ʠʩʧʦʣʴʟʫ ̫ ʚ ʢʘʯʝʩʪʚʝ 

ʘʨʛʫʤʝʥʪʦʚ ʫʨʘʚʥʝʥʠ ̫ ʤʘʩʩʦʚʳʝ ʩʦʜʝʨʞʘʥʠʷ ʦʢʩʠʜʦʚ ʚ ʨʘʩʧʣʘʚʝ, ʧʝʨʝʩʯʠʪʘʥʥʳʝ ʥʘ 

ʙʝʟʚʦʜʥʫʶ ʦʩʥʦʚʫ: 

2H O

1

exp ln
n

melt

i i

i

a P
ʉ bʉ c P d

T T=

å õå õ
= + + +æ öæ ö

ç ÷ç ÷
ä  (4) 

ʛʜʝ Ci ï ʩʦʜʝʨʞʘʥʠʝ ʦʢʩʠʜʦʚ ʚ ʨʘʩʧʣʘʚʝ, ʚʳʨʘʞʝʥʥʦʝ ʚ ʤʘʩʩʦʚʳʭ ʧʨʦʮʝʥʪʘʭ; 
2H O

meltC  ï 

ʥʘʩʳʱʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʳ ʚ ʤʘʩʩʦʚʳʭ ʧʨʦʮʝʥʪʘʭ; ʦʩʪʘʣʴʥʳʝ ʦʙʦʟʥʘʯʝʥʠʷ ʩʤʦʪʨʠ 

ʫʨʘʚʥʝʥʠ ̫(1ï3). 

ʈʝʟʫʣʴʪʘʪʳ ʦʧʪʠʤʠʟʘʮʠʠ ʫʨʘʚʥʝʥʠ ̫ (4) ʩ ʘʨʛʫʤʝʥʪʘʤʠ ʚ ʚʠʜʝ ʤʘʩʩʦʚʳʭ ʧʨʦʮʝʥʪʦʚ 

FeO, CaO, Na2O ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 1ʙ. ʂʦʵʬʬʠʮʠʝʥʪʳ ʵʪʦʛʦ ʫʨʘʚʥʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 2. 

 

ʊʘʙʣʠʮʘ 2. ʇʘʨʘʤʝʪʨʳ ʫʨʘʚʥʝʥʠʷ (4), ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʧʪʠʤʠʟʘʮʠʠ ʜʘʥʥʳʭ ʥʘ 

ʚʳʙʦʨʢʝ ʠʟ 394 ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

a CaOb  FeOb  
0.5NaOb  c d 

447 -0.0094 0.0021 0.0050 0.628 -3.37 

 

ʇʨʠʚʝʜʝʥʥʦʝ ʥʘ ʨʠʩ. 1ʘ ʠ 1ʙ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ 

ʧʦʢʘʟʳʚʘʝʪ ʠʭ ʭʦʨʦʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʙʣʠʟʦʩʪʴ ʫʛʣʦʚʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚ ʫʨʘʚʥʝʥʠʷʭ ʨʝʛʨʝʩʩʠʠ ʢ ʝʜʠʥʠʮʝ, ʩʚʦʙʦʜʥʳʭ ʯʣʝʥʦʚ ï ʢ ʥʫʣʶ, ʙʣʠʟʢʠʝ ʢ 

ʝʜʠʥʠʮʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʝʪʝʨʤʠʥʘʮʠʠ ʠ ʚʝʩʴʤʘ ʤʘʣʘʷ ʰʠʨʠʥʘ ʜʦʚʝʨʠʪʝʣʴʥʳʭ 

ʢʦʨʠʜʦʨʦʚ. ʅʘ ʨʠʩ. 1ʘ ʤʘʢʩʠʤʘʣʴʥʘʷ ʰʠʨʠʥʘ ʜʦʚʝʨʠʪʝʣʴʥʦʛʦ ʢʦʨʠʜʦʨʘ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ 

ʩʦʜʝʨʞʘʥʠʡ ʚʦʜʳ ʥʝ ʧʨʝʚʳʰʘʝʪ Ñ0.01 ʤʦʣʴʥʦʡ ʜʦʣʠ (ʚ ʦʩʪʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ). ʅʘ ʨʠʩ. 1ʙ ʤʘʢʩʠʤʘʣʴʥʘʷ ʰʠʨʠʥʘ ʜʦʚʝʨʠʪʝʣʴʥʦʛʦ 

ʢʦʨʠʜʦʨʘ ʩʦʩʪʘʚʣʷʝʪ Ñ0.2 ʤʘʩ. %. ʍʘʨʘʢʪʝʨ ʛʠʩʪʦʛʨʘʤʤ ʦʩʪʘʪʢʦʚ ʥʘ ʨʠʩ. 1 ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʙʣʠʟʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʢ ʥʦʨʤʘʣʴʥʦʤʫ ʠ ʥʝʩʤʝʱʸʥʥʦʩʪʴ ʦʮʝʥʦʢ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʚʦʜʳ. 

ʈʘʩʩʯʠʪʘʥʥʳʝ ʩʨʝʜʥʠʝ ʦʪʢʣʦʥʝʥʠʷ ʨʘʩʯʸʪʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʚ 

ʤʦʣʴʥʳʭ ʜʦʣʷʭ ʩʦʩʪʘʚʣʷʶʪ -0.000081, ʚ ʤʘʩʩʦʚʳʭ ʧʨʦʮʝʥʪʘʭ ï 0.0042. ʉʪʘʥʜʘʨʪʥʳʝ 

ʦʪʢʣʦʥʝʥʠʷ ʨʘʚʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 0.017 ʠ 0.45, ʜʠʘʧʘʟʦʥ ʦʪʢʣʦʥʝʥʠʡ ʨʘʩʯʝʪʥʳʭ ʟʥʘʯʝʥʠʡ 

ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʚ ʤʦʣʴʥʳʭ ʜʦʣʷʭ ʩʦʩʪʘʚʣʷʝʪ ʦʪ -0.051 ʜʦ 0.059, ʚ ʤʘʩʩʦʚʳʭ 

ʧʨʦʮʝʥʪʘʭ ʦʪ -1.29 ʜʦ 1.66 %. 
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ʈʠʩ. 1.: ʘ ï ʨʝʟʫʣʴʪʘʪ ʦʧʪʠʤʠʟʘʮʠʠ ʧʦʢʘʟʘʪʝʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʚʠʜʘ (3), ʙ ï ʨʝʟʫʣʴʪʘʪ 

ʦʧʪʠʤʠʟʘʮʠʠ ʧʦʢʘʟʘʪʝʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʚʠʜʘ (4); ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ï ʜʦʚʝʨʠʪʝʣʴʥʘʷ ʦʙʣʘʩʪʴ ʥʘ 

95 % ʫʨʦʚʥʝ ʜʦʚʝʨʠʷ, 394 ʵʢʩʧʝʨʠʤʝʥʪʘ ʚ ʚʳʙʦʨʢʝ. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʪʠʤʠʟʘʮʠʠ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʨʘʩʯʝʪʘ ʥʘʩʳʱʝʥʥʳʭ ʩʦʜʝʨʞʘʥʠʡ ʚʦʜʳ 

ʢʘʢ ʚ ʚʠʜʝ ʤʦʣʴʥʳʭ ʜʦʣʝʡ, ʪʘʢ ʠ ʚ ʚʠʜʝ ʤʘʩʩʦʚʳʭ ʧʨʦʮʝʥʪʦʚ ʧʦʢʘʟʘʣʠ ʙʣʠʟʢʠʝ ʠ ʚʝʩʴʤʘ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʷ ʚʦʜʳ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

ʦʧʨʝʜʝʣʷʣʠʩʴ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ: ʠʥʬʨʘʢʨʘʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʩ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ 

ʌʫʨʴʝ (FTIR), ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʷ ʚʪʦʨʠʯʥʳʭ ʠʦʥʦʚ (SIMS), ʘʚʪʦʨʘʜʠʦʛʨʘʬʠʷ ʪʨʠʪʠʷ, 

ʵʣʝʢʪʨʦʥʥʦ-ʟʦʥʜʦʚʳʡ ʤʠʢʨʦʘʥʘʣʠʟ (EPMA), ʪʠʪʨʦʚʘʥʠʝ ʤʝʪʦʜʦʤ ʂʘʨʣʘ ʌʠʰʝʨʘ (KFT) ʠ 

ʨʷʜʦʤ ʜʨʫʛʠʭ ʤʝʪʦʜʦʚ. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʪʠʭ ʤʝʪʦʜʦʚ, ʚʳʧʦʣʥʝʥʥʦʝ ʚ ʨʷʜʝ ʨʘʙʦʪ (Devine et 

al., 1995; Shishkina et al., 2010; Schmidt, Behrens, 2008; Silver et al., 1990 ʠ ʤʥʦʛʠʝ ʜʨ.), 

ʫʩʪʘʥʦʚʠʣʦ, ʯʪʦ ʚʩʝ ʦʥʠ ʜʘʶʪ ʩʦʛʣʘʩʦʚʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʥʦ ʥʘʠʙʦʣʴʰʝʡ ʜʠʩʧʝʨʩʠʝʡ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʝʪʦʜ EPMA, ʧʦʩʢʦʣʴʢʫ ʝʛʦ ʨʝʟʫʣʴʪʘʪʳ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ ʢʘʯʝʩʪʚʘ 

ʤʠʢʨʦʟʦʥʜʦʚʦʛʦ ʘʥʘʣʠʟʘ, ʧʦʵʪʦʤʫ ʘʚʪʦʨʳ ʦʙʟʦʨʦʚ ʨʝʢʦʤʝʥʜʫʶʪ ʚʳʙʦʨʦʯʥʦ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʵʪʦʪ ʤʝʪʦʜ ʜʨʫʛʠʤʠ ʙʦʣʝʝ ʪʦʯʥʳʤʠ, ʥʦ ʠ ʙʦʣʝʝ ʪʨʫʜʦʝʤʢʠʤʠ ʤʝʪʦʜʘʤʠ. ɺ 

ʤʝʪʦʜʝ EPMA ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʳ ʦʮʝʥʠʚʘʝʪʩʷ ʧʦ ʨʘʟʥʦʩʪʠ ʤʝʞʜʫ 100 % ʠ ʩʫʤʤʦʡ 

ʩʦʜʝʨʞʘʥʠʷ ʦʢʩʠʜʦʚ, ʦʧʨʝʜʝʣʝʥʥʳʭ ʤʝʪʦʜʦʤ ʣʦʢʘʣʴʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ. ʍʦʨʦʰʘʷ 

ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʚʦʜʳ ʥʘ ʧʨʠʤʝʨʝ ʥʘʰʝʡ 

ʠʩʭʦʜʥʦʡ ʚʳʙʦʨʢʠ (412 ʵʢʩʧʝʨʠʤʝʥʪʦʚ) ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 2. 
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ʈʠʩ. 2. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʥʘʩʳʱʝʥʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʚʦʜʳ ʚ ʩʠʣʠʢʘʪʥʦʤ 

ʨʘʩʧʣʘʚʝ, ʦʧʨʝʜʝʣʸʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʝʪʘ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʚʦʜʳ ʧʦ 

ʫʨʘʚʥʝʥʠʶ (4) ʩ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʠʟ ʪʘʙʣʠʮʳ 3. ʐʪʨʠʭʦʚʳʝ ʣʠʥʠʠ ï ʛʨʘʥʠʮʳ ʢʦʨʠʜʦʨʘ Ñ3ů (412 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʠʩʭʦʜʥʦʡ ʚʳʙʦʨʢʝ, ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʫʜʘʣʝʥʳ 18 ʪʦʯʝʢ, ʚʳʭʦʜʷʱʠʭ ʟʘ ʧʨʝʜʝʣʳ 

ʢʦʨʠʜʦʨʘ). 

 

ʅʘ ʨʠʩ. 2 ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʦ, ʯʪʦ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʪʦʜʦʤ EPMA ʦʪʣʠʯʘʶʪʩʷ ʧʦʚʳʰʝʥʥʦʡ 

ʜʠʩʧʝʨʩʠʝʡ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʙʦʣʴʰʘʷ ʠʭ ʯʘʩʪʴ ʥʝ ʥʘʨʫʰʘʝʪ ʛʝʥʝʨʘʣʴʥʦʡ ʩʦʚʦʢʫʧʥʦʩʪʠ 

ʥʘʰʝʡ ʚʳʙʦʨʢʠ. 

 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ. ɸʚʪʦʨʳ ʩʪʘʪʴʠ ʧʨʠʥʦʩʷʪ ʠʩʢʨʝʥʥʶʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʆ.ɸ. ʃʫʢʘʥʠʥʫ, 

ɸ.ɸ. ɹʦʨʠʩʦʚʫ ʠ ʅ.ʉ. ɻʦʨʙʘʯʝʚʫ ʟʘ ʧʦʣʝʟʥʳʝ ʟʘʤʝʯʘʥʠʷ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʠʣʠ ʫʣʫʯʰʠʪʴ 

ʢʘʯʝʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʩʦʙʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʤʳ ʚʳʨʘʞʘʝʤ ʢʦʣʣʝʢʪʠʚʫ ʧʦʜ 

ʨʫʢʦʚʦʜʩʪʚʦʤ ɸ.ɸ. ɸʨʠʩʢʠʥʘ ʟʘ ʧʨʝʜʦʩʪʘʚʣʝʥʥʫʶ ʙʘʟʫ ʜʘʥʥʳʭ ʀʅʌʆʈɽʂʉ, ʯʪʦ 

ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʩʪʠʣʦ ʧʦʠʩʢ ʠ ʦʮʝʥʢʫ ʥʝʦʙʭʦʜʠʤʳʭ ʨʘʙʦʪ. 
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Abstract Based on the experimental data extracted from the literature sources, a sample was formed 

containing the results of 394 quenching experiments characterizing the saturated water content in a wide 

range of intensive parameters of silicate systems. 

An analysis of the main published types of models of water solubility in a silicate melt showed that the 

equation of Gordon Moore et al. best describes the experimental results. 

The Moore equation recalibrated and converted to exponential form using an extended experimental 

sample allows, with an uncertainty not exceeding Ñ0.01 mole fraction, or Ñ0.2 wt. % to predict saturated 

water content in silicate melts in the ranges: melt compositions from basalts to rhyolites; pressure from 

atmospheric to 15 kbar; temperatures from 550 to 1300 ÁC. 

 
Key words: water solubility equation, sample of water-saturated experiments, silicate melt 
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ʋɼʂ 550.41 

 

ʉʈɸɺʅɽʅʀɽ ʈɽɿʋʃʔʊɸʊʆɺ ʄʆɼɽʃʀʈʆɺɸʅʀʗ ʉɽʈʀʁ ɿɸʂɸʃʆʏʅʓʍ 

ʕʂʉʇɽʈʀʄɽʅʊʆɺ ʉ ʀʉʇʆʃʔɿʆɺɸʅʀɽʄ ʇʈʆɻʈɸʄʄ ʂʈʀʄʀʅɸʃ ʀ MELTS 

 

ɹʳʯʢʦʚ ɼ.ɸ., ʂʦʧʪʝʚ-ɼʚʦʨʥʠʢʦʚ ɽ.ɺ. 

ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ,  

ɻʝʦʣʦʛʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ, ʛ. ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

dmibychkov@gmail.com 

 
ɸʥʥʦʪʘʮʠʷ. ʀʟ ʙʘʟʳ ʜʘʥʥʳʭ ʀʅʌʆʈʕʂʉ ʙʳʣʠ ʦʪʦʙʨʘʥʳ 6 ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʝʨʠʡ, 3 ʠʟ 

ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʷʶʪ ʨʘʚʥʦʚʝʩʥʫʶ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʨʘʩʧʣʘʚʦʚ ʠʟʚʝʩʪʢʦʚʦ-ʱʝʣʦʯʥʦʡ ʩʝʨʠʠ, ʘ 3 ï 

ʪʦʣʝʠʪʦʚʦʡ. ʇʨʦʛʨʘʤʤʘ ʂʨʠʄʠʥʘʣ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʭʦʨʦʰʝʝ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʩʦʦʪʥʦʰʝʥʠʡ ʬʘʟ ʠ ʩʦʩʪʘʚʦʚ ʨʘʩʧʣʘʚʦʚ ʠ ʤʠʥʝʨʘʣʦʚ ʜʣʷ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʰʝʩʪʠ ʩʝʨʠʡ. 

ʉʨʘʚʥʝʥʠʝ ʩ ʨʘʩʯʸʪʘʤʠ ʚ ʧʨʦʛʨʘʤʤʝ Melts ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʘʰʘ ʧʨʦʛʨʘʤʤʘ ʤʦʜʝʣʠʨʫʝʪ 

ʨʘʚʥʦʚʝʩʠʷ ʢʘʢ ʤʠʥʠʤʫʤ ʥʝ ʭʫʞʝ ʜʣʷ ʠʟʚʝʩʪʢʦʚʦ-ʱʝʣʦʯʥʳʭ ʩʦʩʪʘʚʦʚ ʠ ʟʘʤʝʪʥʦ ʣʫʯʰʝ ʜʣʷ 

ʪʦʣʝʠʪʦʚʳʭ. 

ʇʦʩʢʦʣʴʢʫ ʩʦʩʪʘʚʳ ʤʠʥʝʨʘʣʦʚ ʚʦʩʧʨʦʠʟʚʦʜʷʪʩʷ ʦʙʝʠʤʠ ʧʨʦʛʨʘʤʤʘʤʠ ʦʜʠʥʘʢʦʚʦ ʭʦʨʦʰʦ, ʩʪʦʣʴ 

ʟʘʤʝʪʥʦʝ ʨʘʟʣʠʯʠʝ ʚ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʠ ʵʚʦʣʶʮʠʠ ʩʦʩʪʘʚʦʚ ʨʘʩʧʣʘʚʘ ʦʙʫʩʣʦʚʣʝʥʦ ʠʩʢʘʞʸʥʥʳʤ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝʤ ʧʨʦʧʦʨʮʠʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʟʘʤʝʪʥʦ ʩ ʤʦʤʝʥʪʘ ʥʘʯʘʣʘ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʨʦʡʥʦʡ ʦʣʠʚʠʥ-ʧʣʘʛʠʦʢʣʘʟ-ʘʚʛʠʪʦʚʦʡ ʢʦʪʝʢʪʠʢʠ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʟʘʢʣʶʯʝʥʠʝʤ ɸ.ɸ. ɸʨʠʩʢʠʥʘ ʠ ɻ.ʉ. ɹʘʨʤʠʥʦʡ ʦ ʪʦʤ, ʯʪʦ ʜʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʠʣʠʢʘʪʥʳʭ ʩʠʩʪʝʤ ʧʨʘʚʠʣʴʥʳʡ ʨʘʩʯʝʪ ʧʨʦʧʦʨʮʠʡ 

ʢʨʠʩʪʘʣʣʠʟʫʶʱʠʭʩʷ ʥʘ ʢʦʪʝʢʪʠʢʘʭ ʤʠʥʝʨʘʣʦʚ ʜʘʞʝ ʚʘʞʥʝʝ, ʯʝʤ ʤʠʥʠʤʠʟʘʮʠʷ ʧʦʛʨʝʰʥʦʩʪʠ 

ʦʮʝʥʢʠ ʩʦʩʪʘʚʘ ʬʘʟ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʩʠʣʠʢʘʪʥʳʡ ʨʘʩʧʣʘʚ, ʨʘʚʥʦʚʝʩʠʝ 

 

ʄʘʪʝʨʠʘʣ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʂʨʠʄʠʥʘʣ (Bychkov, Koptev-Dvornikov, 2014) 

ʤʦʛʫʪ ʧʨʝʜʦʩʪʘʚʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʝʨʠʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʝʜʠʥʦʛʦ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʘʚʘ 

ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. 

ʀʟ ʙʘʟʳ ʜʘʥʥʳʭ ʀʅʌʆʈʕʂʉ ʙʳʣʠ ʦʪʦʙʨʘʥʳ 6 ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʝʨʠʡ. ʅʘ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʡ ʜʠʘʛʨʘʤʤʝ AFM ʪʨʠ ʩʪʘʨʪʦʚʳʭ ʩʦʩʪʘʚʘ ʣʝʛʣʠ ʚ ʦʙʣʘʩʪʴ ʪʦʣʝʠʪʦʚʳʭ 

ʩʦʩʪʘʚʦʚ, ʘ ʪʨʠ ï ʚ ʦʙʣʘʩʪʴ ʠʟʚʝʩʪʢʦʚʦ-ʱʝʣʦʯʥʳʭ ʩʦʩʪʘʚʦʚ (Irvine, Baragar, 1971). ɺ 

ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʠʚʝʜʸʤ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʚʥʦʚʝʩʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʜʚʫʭ 

ʠʟ ʥʠʭ (ʩʤ. ʊʘʙʣʠʮʳ 1 ʠ 2): ʦʜʥʦʛʦ ʪʦʣʝʠʪʦʚʦʛʦ (81) ʠ ʦʜʥʦʛʦ ʠʟʚʝʩʪʢʦʚʦ- ʝɦʣʦʯʥʦʛʦ (379). 

 

ʊʘʙʣʠʮʘ 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʩʝʨʠʠ, ʧʨʠʚʝʜʸʥʥʳʝ ʜʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʚʝʨʠʬʠʢʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʂʨʠʄʠʥʘʣ ʠ ʥʘʙʦʨʘ ʢʦʤʧʦʟʠʪʦʤʝʪʨʦʚ. 

 

ʅʦʤʝʨ 

ʧʫʙʣʠʢʘʮʠʠ N* 

ʉʪʘʨʪʦʚʳʡ 

ʩʦʩʪʘʚ** 

ʅʦʤʝʨ ʦʧʳʪʘ 

ʚ ʧʫʙʣʠʢʘʮʠʠ 

n***  

ʉʩʳʣʢʘ 

81 BAS-1 1, 3ï12, 15ï20 
(Thy, Lofgren, Imsland, 

1991) 

379 BAS-1 30ï37 (Whitaker ʠ ʜʨ., 2007) 

ʇʨʠʤʝʯʘʥʠʷ. * ʅʦʤʝʨʘ ʧʫʙʣʠʢʘʮʠʡ (N) ʚ ʬʘʡʣʝ bibl.txt ʙʘʟʳ ʜʘʥʥʳʭ ʀʅʌʆʈɽʂʉ. ** ʅʘʟʚʘʥʠʝ 

ʩʦʩʪʘʚʘ ʧʦ ʥʦʤʝʥʢʣʘʪʫʨʝ ʀʅʌʆʈʕʂʉ. *** ʅʦʤʝʨʘ ʦʧʳʪʦʚ (n) ʠʟ ʢʘʞʜʦʡ ʧʫʙʣʠʢʘʮʠʠ (N) ʚ ʬʘʡʣʘʭ 

ʙʘʟʳ ʜʘʥʥʳʭ ʀʅʌʆʈɽʂʉ. 
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ʈʠʩ. 1. ʇʦʣʦʞʝʥʠʝ ʩʪʘʨʪʦʚʳʭ ʩʦʩʪʘʚʦʚ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ ʵʚʦʣʶʮʠʠ ʨʘʩʧʣʘʚʘ ʥʘ 

ʜʠʘʛʨʘʤʤʝ AFM. ʅʦʤʝʨʘ ʚ ʣʝʛʝʥʜʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʥʦʤʝʨʘʤ ʧʫʙʣʠʢʘʮʠʡ ʚ ʙʘʟʝ ʜʘʥʥʳʭ 

ʀʅʌʆʈʕʂʉ. ɿʚʸʟʜʦʯʢʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʪʘʨʪʦʚʳʝ ʩʦʩʪʘʚʳ. ʇʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ï 

ʛʨʘʥʠʮʘ ʤʝʞʜʫ ʧʦʣʷʤʠ ʪʦʣʝʠʪʦʚʳʭ ʠ ʠʟʚʝʩʪʢʦʚʦ-ʱʝʣʦʯʥʳʭ ʩʦʩʪʘʚʦʚ (Irvine, Baragar, 1971). 

 

 

ʊʘʙʣʠʮʘ 2. ʉʪʘʨʪʦʚʳʝ ʩʦʩʪʘʚʳ ʩʝʨʠʡ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʜʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʚʝʨʠʬʠʢʘʮʠʠ ʧʨʦʛʨʘʤʤʳ ʂʨʠʄʠʥʘʣ ʠ ʥʘʙʦʨʘ ʢʦʤʧʦʟʠʪʦʤʝʪʨʦʚ. 

 

ʅʘʟʚʘʥʠʝ SiO2 TiO2 Al 2O3 FeO MnO MgO CaO Na2O K2O P2O5 

81 BAS-1 46.8 2.32 13.75 10.15 0.18 9.9 11.12 2.62 1.47 0.49 

379 BAS-1 47.53 1.43 15.03 10.53 0.16 10.46 10.57 2.18 0.42 0.26 

 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʧʨʝʜʩʢʘʟʘʥʥʳʭ ʂʨʠʄʠʥʘʣôʦʤ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ 

ʠ ʩʦʩʪʘʚʦʚ ʨʘʩʧʣʘʚʦʚ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʩʝʨʠʠ ʨʠʩʫʥʢʦʚ ʩʦ 2 ʧʦ 5. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʥʘ ʵʪʠʭ ʞʝ 

ʨʠʩʫʥʢʘʭ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʚʥʦʚʝʩʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʝʭ ʞʝ 

ʠʩʭʦʜʥʳʭ ʩʦʩʪʘʚʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʦʧʫʣʷʨʥʦʡ ʩʝʛʦʜʥʷ ʧʨʦʛʨʘʤʤʳ Melts. 
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ʈʠʩ. 2. ɻʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʩʠʩʪʝʤʳ ʧʨʠ ʨʘʚʥʦʚʝʩʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʙʘʟʘʣʴʪʦʚʦʛʦ ʩʦʩʪʘʚʘ 81 BAS-1. ʊʦʯʢʠ ï ʤʘʩʩ ʙʘʣʘʥʩʦʚʳʡ ʧʝʨʝʩʯʸʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ; 

ʣʠʥʠʠ: ɸ ï ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʸʪʘ ʂʨʠʄʠʥʘʣ; ɹ ï ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʸʪʘ Melts. 
 

 
 

 
ʈʠʩ. 3. ɻʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʤʘʢʨʦʢʦʤʧʦʥʝʥʪʦʚ ʨʘʩʧʣʘʚʘ ʧʨʠ ʨʘʚʥʦʚʝʩʥʦʡ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʙʘʟʘʣʴʪʦʚʦʛʦ ʩʦʩʪʘʚʘ 81 BAS-1. ʊʦʯʢʠ ï ʨʝʟʫʣʴʪʘʪ ʘʥʘʣʠʟʘ ʩʪʸʢʦʣ; ʣʠʥʠʠ: ɸ ï 

ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʸʪʘ ʂʨʠʄʠʥʘʣ; ɹ ï ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʸʪʘ Melts. 
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ʈʠʩ. 4. ɻʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʩʠʩʪʝʤʳ ʧʨʠ ʨʘʚʥʦʚʝʩʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʙʘʟʘʣʴʪʦʚʦʛʦ ʩʦʩʪʘʚʘ 379 BAS-1. ʊʦʯʢʠ ï ʤʘʩʩ ʙʘʣʘʥʩʦʚʳʡ ʧʝʨʝʩʯʸʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ; 

ʣʠʥʠʠ: ɸ ï ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʸʪʘ ʂʨʠʄʠʥʘʣ; ɹ ï ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʸʪʘ Melts. 

 

 

 
ʈʠʩ. 5. ɻʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʤʘʢʨʦʢʦʤʧʦʥʝʥʪʦʚ ʨʘʩʧʣʘʚʘ ʧʨʠ ʨʘʚʥʦʚʝʩʥʦʡ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʙʘʟʘʣʴʪʦʚʦʛʦ ʩʦʩʪʘʚʘ 379 BAS-1. ʊʦʯʢʠ ï ʨʝʟʫʣʴʪʘʪ ʘʥʘʣʠʟʘ ʩʪʸʢʦʣ; ʣʠʥʠʠ: ɸ ï 

ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʸʪʘ ʂʨʠʄʠʥʘʣ; ɹ ï ʨʝʟʫʣʴʪʘʪ ʨʘʩʯʸʪʘ Melts. 
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ʈʘʩʯʸʪʳ ʚ ʧʨʦʛʨʘʤʤʝ ʂʨʠʄʠʥʘʣ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʭʦʨʦʰʝʝ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʬʘʟ ʠ ʩʦʩʪʘʚʦʚ ʨʘʩʧʣʘʚʦʚ ʠ ʤʠʥʝʨʘʣʦʚ, ʜʣʷ ʚʩʝʭ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʰʝʩʪʠ ʩʝʨʠʡ. ʉʨʘʚʥʝʥʠʝ ʩ ʨʘʩʯʸʪʘʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ Melts 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʘʰʘ ʧʨʦʛʨʘʤʤʘ ʤʦʜʝʣʠʨʫʝʪ ʨʘʚʥʦʚʝʩʠʷ ʢʘʢ ʤʠʥʠʤʫʤ ʥʝ ʭʫʞʝ ʜʣʷ 

ʠʟʚʝʩʪʢʦʚʦ-ʱʝʣʦʯʥʳʭ ʩʦʩʪʘʚʦʚ ʠ ʟʘʤʝʪʥʦ ʣʫʯʰʝ ʜʣʷ ʪʦʣʝʠʪʦʚʳʭ. 

 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ. ʄʳ ʠʩʢʨʝʥʥʝ ʙʣʘʛʦʜʘʨʥʳ ʢʦʣʣʝʢʪʠʚʫ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ɸ.ɸ. ɸʨʠʩʢʠʥʘ ʟʘ 

ʧʨʝʜʦʩʪʘʚʣʝʥʥʫʶ ʙʘʟʫ ʜʘʥʥʳʭ ʀʅʌʆʈɽʂʉ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʩʪʠʣʦ ʧʦʠʩʢ ʠ ʦʮʝʥʢʫ 

ʥʝʦʙʭʦʜʠʤʳʭ ʨʘʙʦʪ. 
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COMPARISON OF SIMULATION RESULTS OF SERIES OF QUENCHING  

EXPERIMENTS USING CRYMINAL AND MELTS PROGRAMS  

 

Bychkov D.A., Koptev-Dvornikov E.V. 

 

Lomonosov Moscow State University Moscow State University, Faculty of Geology 

dmibychkov@gmail.com 

 
Abstract. From the INFOREX database, 6 experimental series were selected, 3 of which represent the 

equilibrium crystallization of melts of the calc-alkaline series, and 3 of the tholeiitic series. The CriMinal 

program demonstrates a good reproduction of the experimental ratios of phases and compositions of melts 

and minerals for all six series considered. Comparison with calculations in the Melts program shows that 

our program simulates equilibrium at least as good for calc-alkaline compositions and noticeably better 

for tholeiitic ones. 

Since the compositions of minerals are reproduced equally well by both programs, such a noticeable 

difference in the reproduction of the evolution of melt compositions is due to a distorted reproduction of 

the proportions of crystallization, which is especially noticeable from the moment the triple olivine-

plagioclase-augite cotectic crystallization began. This result is consistent with the conclusion of 

A.A. Ariskin and G.S. Barmina that for correct numerical modeling of the crystallization of silicate 

systems, the correct calculation of the proportions of minerals crystallizing on cotectics is even more 

important than minimizing the error in estimating the phase composition. 

 

Key words: modeling, crystallization, silicate melt, equilibrium 

mailto:dmibychkov@gmail.com


ʉʙʦʨʥʠʢ ʩʪʘʪʝʡ ɺɽʉʕʄʇɻ-2023 

68 

ʋɼʂ 550.843 (543.559) 

 

ʕʃɽʂʊʈʆʍʀʄʀʏɽʉʂʀɽ ʀɿʄɽʈɽʅʀʗ ʉʆɹʉʊɺɽʅʅʆʁ ʃɽʊʋʏɽʉʊʀ 

ʂʀʉʃʆʈʆɼɸ ɺʋʃʂɸʅʀʏɽʉʂʀʍ ʉʊɽʂʆʃ ʂʀʉʃʆɻʆ ʉʆʉʊɸɺɸ 

(ʇʈɽɼɺɸʈʀʊɽʃʔʅʓɽ ʈɽɿʋʃʔʊɸʊʓ) 

 

ɾʘʨʢʦʚʘ ɽ.ɺ., ʃʫʢʘʥʠʥ ʆ.ɸ. 

ʀʥʩʪʠʪʫʪ ʛʝʦʭʠʤʠʠ ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤ. ɺ.ʀ. ɺʝʨʥʘʜʩʢʦʛʦ ʈɸʅ 

zharkova@geokhi.ru; lukanin@geokhu.ru 

 
ɸʥʥʦʪʘʮʠʷ. ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʙʩʪʚʝʥʥʦʡ ʣʝʪʫʯʝʩʪʠ ʢʠʩʣʦʨʦʜʘ (fO2) 

ʚʫʣʢʘʥʠʯʝʩʢʠʭ ʩʪʝʢʦʣ ʢʠʩʣʦʛʦ ʩʦʩʪʘʚʘ ʨʠʦʣʠʪʘ ʠ ʦʙʩʠʜʠʘʥʘ ʥʘ ʫʩʪʘʥʦʚʢʝ ʩ ʜʚʫʤʷ ʪʚʝʨʜʳʤʠ 

ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʠʤʠ ʷʯʝʡʢʘʤʠ ʧʨʠ 1 ʘʪʤ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 750ʉ ʜʦ 10500ʉ. ɼʣʷ 

ʨʠʦʣʠʪʦʚʦʛʦ ʩʪʝʢʣʘ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ ʜʚʫʭ ʬʨʘʢʮʠʡ ʩ ʤʠʥʠʤʘʣʴʥʳʤ (Ò1 %) ʠ 

ʧʦʚʳʰʝʥʥʳʤ (~5 %) ʢʦʣʠʯʝʩʪʚʦʤ ʤʠʢʨʦʚʢʨʘʧʣʝʥʥʠʢʦʚ ʤʘʛʥʝʪʠʪʘ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ fO2 ʜʣʷ 

ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʦʧʠʩʳʚʘʶʪʩʷ ʣʠʥʝʡʥʳʤ ʫʨʘʚʥʝʥʠʝʤ ʚʠʜʘ: log fO2=ɸ ï ɺ/T(ʂ), ʛʜʝ ɸ ʠ ɺ 

ʢʦʥʩʪʘʥʪʳ. ɺʩʝ ʠʟʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʩʪʝʢʦʣ ʚ ʠʥʪʝʨʚʘʣʝ 850 ï 10500ʉ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʟʥʘʯʝʥʠʷ fO2 

ʚ ʦʙʣʘʩʪʠ ʤʝʞʜʫ IW ʠ WM. ʅʘʠʙʦʣʝʝ ʥʠʟʢʠʝ fO2, ʙʣʠʟʢʠʝ ʢ IW, ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʨʠʦʣʠʪʦʚʦʛʦ 

ʩʪʝʢʣʘ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʚʢʨʘʧʣʝʥʥʠʢʦʚ. ʃʝʪʫʯʝʩʪʴ ʢʠʩʣʦʨʦʜʘ ʨʠʦʣʠʪʘ ʩ ʧʦʚʳʰʝʥʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʚʢʨʘʧʣʝʥʥʠʢʦʚ ʠ ʦʙʩʠʜʠʘʥʘ ʧʨʠ 1050oC, ʧʨʠʤʝʨʥʦ, ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʳʰʘʝʪ fO2 ʩʪʝʢʦʣ 

ʩ ʧʦʥʠʞʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ. ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ fO2 ʥʘ 2ï4 ʧʦʨʷʜʢʘ 

ʥʠʞʝ ʠʤʝʶʱʠʭʩʷ ʦʮʝʥʦʢ fO2 ʜʣʷ ʢʠʩʣʳʭ ʚʫʣʢʘʥʠʪʦʚ, ʩʜʝʣʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʥʝʨʘʣʴʥʳʭ 

ʦʢʩʠʙʘʨʦʤʝʪʨʦʚ. ɺʳʷʩʥʝʥʠʝ ʧʨʠʯʠʥ ʥʘʙʣʶʜʘʝʤʦʛʦ ʨʘʩʭʦʞʜʝʥʠʷ ʪʨʝʙʫʝʪ ʜʘʣʴʥʝʡʰʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʦʙʩʪʚʝʥʥʘʷ ʣʝʪʫʯʝʩʪʴ ʢʠʩʣʦʨʦʜʘ, ʨʠʦʣʠʪ, ʦʙʩʠʜʠʘʥ, ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ ʨʝʘʢʮʠʠ, ʚʶʩʪʠʪ-ʤʘʛʥʝʪʠʪ, ʞʝʣʝʟʦ-ʚʶʩʪʠʪ, ʮʠʨʢʦʥʠʝʚʳʝ ʵʣʝʢʪʨʦʣʠʪʳ 

 

ɺʚʝʜʝʥʠʝ. ʃʝʪʫʯʝʩʪʴ ʢʠʩʣʦʨʦʜʘ ʦʜʠʥ ʠʟ ʚʘʞʥʝʡʰʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, 

ʦʧʨʝʜʝʣʷʶʱʠʭ ʩʦʩʪʘʚʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ, ʨʘʩʧʣʘʚʦʚ ʠ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʛʘʟʦʚ, 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʧʨʦʮʝʩʩʝ ʵʚʦʣʶʮʠʠ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʡ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʷʜ ʤʠʥʝʨʘʣʴʥʳʭ ʦʢʩʠʙʘʨʦʤʝʪʨʦʚ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʪʠʪʘʥʦʤʘʛʥʝʪʠʪ-

ʛʝʤʘʪʠʪʦʚʳʡ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʠ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʜʣʷ ʦʮʝʥʢʠ 

fO2 ʢʠʩʣʳʭ ʚʫʣʢʘʥʠʪʦʚ (Loucks et al., 2020 ʠ ʜʨ.). ɼʨʫʛʦʡ ʩʧʦʩʦʙ ï ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ 

ʠʟʤʝʨʝʥʠʝ ʩʦʙʩʪʚʝʥʥʦʡ (intrinsic) fO2 ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ (ʥʘʧʨʠʤʝʨ, ʙʘʟʠʪ-

ʫʣʴʪʨʘʙʘʟʠʪʦʚʦʛʦ ʩʦʩʪʘʚʘ) ʠ ʩʦʜʝʨʞʘʱʠʭʩʷ ʚ ʥʠʭ ʤʠʥʝʨʘʣʦʚ ʠ ʤʠʥʝʨʘʣʴʥʳʭ ʘʩʩʦʮʠʘʮʠʡ 

(ɸʨʠʩʢʠʥ ʠ ʜʨ., 2017 ʠ ʜʨ.) ʜʣʷ ʛʨʘʥʠʪʦʠʜʥʳʭ ʤʘʛʤ ʠ ʠʭ ʧʨʦʠʟʚʦʜʥʳʭ ʧʦʢʘ ʥʝ ʥʘʰʝʣ 

ʰʠʨʦʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʩʦʩʪʦʷʣʘ ʚ ʠʟʫʯʝʥʠʠ ʚʦʟʤʦʞʥʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ ʠʟʤʝʨʝʥʠʷ ʩʦʙʩʪʚʝʥʥʦʡ ʣʝʪʫʯʝʩʪʠ ʢʠʩʣʦʨʦʜʘ 

(fO2) ʜʣʷ ʦʮʝʥʢʠ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʠʩʣʳʭ 

ʚʫʣʢʘʥʠʯʝʩʢʠʭ ʩʪʝʢʦʣ (ʨʘʩʧʣʘʚʦʚ). 

 

ʆʙʨʘʟʮʳ ʠ ʤʝʪʦʜʠʢʘ. ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʫʞʠʣʠ ʦʙʨʘʟʮʳ ʨʠʦʣʠʪʘ (R-St, ʉʝʚ. 

ɸʤʝʨʠʢʘ) ʠ ʦʙʩʠʜʠʘʥʘ (ʖ-IV/1, ɸʨʤʝʥʠʷ). ʂʨʦʤʝ ʪʦʛʦ, ʚ ʢʘʯʝʩʪʚʝ ʩʨʘʚʥʝʥʠʷ ʦʧʨʝʜʝʣʝʥʠʷ 

fO2 ʙʳʣʠ ʪʘʢʞʝ ʚʳʧʦʣʥʝʥʳ ʜʣʷ ʩʚʝʞʝʛʦ ʦʙʨʘʟʮʘ ʙʘʟʘʣʴʪʘ (ʃ-21, ʧʨʦʨʳʚ ʂʠʨʛʫʨʠʯ, ʚʣʢ. 

ʂʣʶʯʝʚʩʢʦʡ, ʂʘʤʯʘʪʢʘ). ɼʣʷ ʠʟʤʝʨʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʥʝʙʦʣʴʰʠʝ ʢʫʩʦʯʢʠ (1ï3 ʤʤ) 

ʩʪʝʢʣʘ ʦʙʱʝʡ ʤʘʩʩʦʡ 70ï90 ʤʛ, ʪɦ ʘʪʝʣʴʥʦ ʦʪʦʙʨʘʥʥʳʝ ʧʦʜ ʤʠʢʨʦʩʢʦʧʦʤ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ 

ʧʨʠʩʫʪʩʪʚʠʷ ʢʦʨʦʢ ʚʳʚʝʪʨʠʚʘʥʠʷ ʠ ʛʘʟʦʚʳʭ ʧʫʟʳʨʴʢʦʚ. ʉʪʝʢʣʘ ʨʠʦʣʠʪʘ ʩʦʜʝʨʞʘʣʠ 

ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʚʢʨʘʧʣʝʥʥʠʢʠ ʨʫʜʥʦʛʦ ʤʠʥʝʨʘʣʘ (ʤʘʛʥʝʪʠʪʘ), ʧʦʵʪʦʤʫ ʚʳʜʝʣʠʪʴ 

ʧʦʣʥʦʩʪʴʶ ʯʠʩʪʦʝ ʩʪʝʢʣʦ ʥʝ ʧʨʝʜʩʪʘʚʣʷʣʦʩʴ ʚʦʟʤʦʞʥʳʤ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʠʟʤʝʨʝʥʠʷ fO2 ʜʣʷ 

ʨʠʦʣʠʪʘ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʜʚʫʤʷ ʬʨʘʢʮʠʷʤʠ ʨʠʦʣʠʪʦʚʳʭ ʩʪʝʢʦʣ ʩ ʧʦʥʠʞʝʥʥʳʤ (Ò 1 %) ʠ 
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ʧʦʚʳʰʝʥʥʳʤ (~ 5 %) ʩʦʜʝʨʞʘʥʠʝʤ ʤʠʢʨʦʢʨʠʩʪʘʣʣʦʚ ʨʫʜʥʦʛʦ ʤʠʥʝʨʘʣʘ. ʏʪʦʙʳ ʚʳʷʚʠʪʴ 

ʚʦʟʤʦʞʥʦʝ ʚʣʠʷʥʠ ̫ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʩʦʧʨʠʢʦʩʥʦʚʝʥʠʝ ʦʙʨʘʟʮʦʚ ʩ ʤʝʪʘʣʣʦʤ, ʧʨʠ 

ʠʭ ʧʦʜʛʦʪʦʚʢʝ, ʜʨʦʙʣʝʥʠʝ ʠʩʭʦʜʥʳʭ ʦʙʨʘʟʮʦʚ ʨʠʦʣʠʪʘ ʠ ʦʙʩʠʜʠʘʥʘ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʜʚʫʤʷ 

ʩʧʦʩʦʙʘʤʠ: ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʪʫʧʢʠ ʠ ʙʝʟ ʢʦʥʪʘʢʪʘ ʩ ʤʝʪʘʣʣʦʤ (ʚ 

ʪʝʬʣʦʥʝ). 

ʆʧʨʝʜʝʣʝʥʠʷ fO2 ʩʪʝʢʦʣ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʫʩʪʘʥʦʚʢʝ ʩ ʜʚʫʤʷ 

ʪʚʝʨʜʳʤʠ ʮʠʨʢʦʥʠʝʚʳʤʠ ʵʣʝʢʪʨʦʣʠʪʘʤʠ ʧʨʠ 1 ʘʪʤ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 8000C ʜʦ 

1050ï11000C ʧʨʠ ʮʠʢʣʠʯʝʩʢʦʤ ʧʦʚʳʰʝʥʠʠ ʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩ ʰʘʛʦʤ 30ï50ʦʉ 

ʧʨʠ ʥʘʛʨʝʚʝ ʠ ʦʭʣʘʞʜʝʥʠʠ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ (ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʩʤ. ʚ ɸʨʠʩʢʠʥ ʠ ʜʨ., 2017). 

ɺʨʝʤʷ ʚʳʜʝʨʞʢʠ ʧʨʠ ʢʘʞʜʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʘʚʥʦʚʝʩʥʦʛʦ ʟʥʘʯʝʥʠʷ fO2 

ʩʦʩʪʘʚʣʷʣʦ 40ï60 ʤʠʥ. ʊʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ fO2 Ñ0.1ï0.2 ʣʦʛ. ʝʜʠʥʠʮʳ. 

 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ. ɼʣʷ ʚʩʝʭ ʠʟʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʢʠʩʣʳʭ ʩʪʝʢʦʣ ʚʝʣʠʯʠʥʳ log 

fO2, ʠʟʤʝʨʝʥʥʳʝ ʧʨʠ ʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʠ ʝʝ ʧʦʜʲʝʤʝ ʠ ʧʦʩʣʝʜʫʶʱʝʤ ʩʥʠʞʝʥʠʠ (7ï10 

ʠʟʤʝʨʝʥʠʡ ʚ ʠʥʪʝʨʚʘʣʝ 800ï1050ʦʉ), ʦʩʪʘʚʘʣʠʩʴ ʧʦʩʪʦʷʥʥʳʤʠ ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ 

ʠʟʤʝʨʝʥʠʡ, ʦʙʨʘʟʫʷ ʯʝʪʢʫʶ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ log fO2=ɸ ï ɺ/T, ʂ (ʛʜʝ ɸ ʠ ɺ ï 

ʢʦʥʩʪʘʥʪʳ) ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʢʦʨʨʝʣʷʮʠʠ ʚʳʰʝ 0.98. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʨʠʚʝʜʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 1. 

 

ʊʘʙʣʠʮʘ 1. ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ çɸè ʠ çɺè ʚ ʫʨʘʚʥʝʥʠʠ log fO2 = A ï B/T0K 

 

ʆʙʨʘʟʝʮ A B r n 

ʆʙʩʠʜʠʘʥ ˉ 1 (ʤ) 

(ʖ-IV)/1, ɸʨʤʝʥʠʷ 

13,900 35584 0,993 7 

ʆʙʩʠʜʠʘʥ ˉ 1, (ʪ) 

(ʖ-IV)/1, ɸʨʤʝʥʠʷ 

13,902 35708 0,987 7 

ʈʠʦʣʠʪ R-St (ʤ), 

ʉʝʚ. ɸʤʝʨʠʢʘ (Ò1 % ʤʠʢʨʦʢʨʠʩʪ.) 

9,266 30555 0,980 7 

ʈʠʦʣʠʪ R-St (ʪ), 

ʉʝʚ. ɸʤʝʨʠʢʘ, (Ò1 % ʤʠʢʨʦʢʨʠʩʪ.) 

10,136 31454 0,977 7 

ʈʠʦʣʠʪ R-St (ʪ), 

ʉʝʚ. ɸʤʝʨʠʢʘ, (~5 % ʤʠʢʨʦʢʨʠʩʪ.) 

14,111 35928 0,982 8 

ɹʘʟʘʣʴʪ ʃ-21, ʧʨ. ʂʠʨʛʫʨʠʯ, 

ʚʣʢ. ʂʣʶʯʝʚʩʢʦʡ, ʂʘʤʯʘʪʢʘ 

11,553 29484 0,988 12 

ʇʨʠʤʝʯʘʥʠʷ. (ʤ) ï ʦʙʨʘʟʝʮ ʧʦʜʛʦʪʦʚʣʝʥ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʪʫʧʢʝ; (ʪ) ï ʦʙʨʘʟʝʮ ʧʦʜʛʦʪʦʚʣʝʥ ʚ 

ʪʝʬʣʦʥʝ; 

 r ï ʢʦʵʬʬʝʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ; n ï ʢʦʣʠʯʝʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ 

 

ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʦʙʨʘʟʮʦʚ ʦʙʩʠʜʠʘʥʘ ʠ ʨʠʦʣʠʪʘ, 

ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʧʫʪʝʤ ʠʟʤʝʣʴʯʝʥʠʷ ʚ ʩʪʘʣʴʥʦʡ ʩʪʫʧʢʝ ʠ ʪʝʬʣʦʥʝ, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʥʠ 

ʠʜʝʥʪʠʯʥʳ (ʈʠʩ. 1, 2, ʈʘʙʣ. 1). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʧʦʩʦʙ ʜʨʦʙʣʝʥʠʷ ʠʩʭʦʜʥʳʭ ʦʙʨʘʟʮʦʚ ʥʝ 

ʦʢʘʟʳʚʘʣʦ ʚʣʠʷʥʠʝ ʥʘ ʠʟʤʝʨʝʥʠʷ fO2. 

ɺʩʝ ʠʟʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʢʠʩʣʳʭ ʚʫʣʢʘʥʠʯʝʩʢʠʭ ʩʪʝʢʦʣ ʚ ʠʥʪʝʨʚʘʣʝ 850 ï 10500ʉ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʟʥʘʯʝʥʠʷ fO2 ʚ ʦʙʣʘʩʪʠ ʤʝʞʜʫ ʙʫʬʝʨʥʳʤʠ ʨʘʚʥʦʚʝʩʠʷʤʠ IW ʠ WM (ʈʠʩ. 1 

ʠ 2) ʅʘʠʙʦʣʝʝ ʥʠʟʢʠʝ fO2, ʙʣʠʟʢʠʝ ʢ IW, ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʨʠʦʣʠʪʦʚʦʛʦ ʩʪʝʢʣʘ ʩ 

ʤʠʥʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʤʠʢʨʦʚʢʨʘʧʣʝʥʥʠʢʦʚ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʟʘʤʝʪʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʟʥʘʯʝʥʠʷʭ fO2 ʤʝʞʜʫ ʩʪʝʢʣʘʤʠ ʨʠʦʣʠʪʘ ʩ 

ʨʘʟʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʦʩʦʙʝʥʥʦ ʧʨʦʷʚʣʷʶʱʠʝʩʷ ʧʨʠ 

ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʃʝʪʫʯʝʩʪʴ ʢʠʩʣʦʨʦʜʘ ʨʠʦʣʠʪʦʚʦʛʦ ʩʪʝʢʦʣ ʩ ʧʦʚʳʰʝʥʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʤʠʢʨʦʚʢʨʘʧʣʝʥʥʠʢʦʚ, (ʪʘʢʞʝ, ʢʘʢ ʠ ʦʙʩʠʜʠʘʥʘ), ʧʨʠ 1050oC ʧʦʯʪʠ ʥʘ 

ʧʦʨʷʜʦʢ ʧʨʝʚʳʰʘʝʪ fO2 ʩʪʝʢʦʣ ʩ ʧʦʥʠʞʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ 
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(ʈʠʩ. 2). ʇʨʠʯʠʥʦʡ ʵʪʦʛʦ ʤʦʞʝʪ ʙʳʪʴ ʦʪʩʫʪʩʪʚʠʝ ʜʦʩʪʠʞʝʥʠʷ ʧʦʣʥʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʤʝʞʜʫ 

ʦʩʥʦʚʥʦʡ ʤʘʩʩʦʡ ʩʪʝʢʣʘ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʦʡ ʚ ʭʦʜʝ ʠʟʤʝʨʝʥʠʷ fO2. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ 

ʵʪʦ ʤʦʞʝʪ ʪʘʢʞʝ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʫʩʣʦʚʠʷʭ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʨʫʜʥʦʡ 

ʬʘʟʳ ʧʨʠ ʙʳʩʪʨʦʤ ʦʩʪʳʚʘʥʠʠ ʢʠʩʣʳʭ ʣʘʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. 

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ log fO2 ï 104/T, K ʜʣʷ ʦʙʩʠʜʠʘʥʘ ˉ 1, ɸʨʤʝʥʠʷ (ʖ-IV/1). 

ʆʙʩʠʜʠʘʥ (ʤ) ï ʦʙʨʘʟʝʮ ʧʦʜʛʦʪʦʚʣʝʥ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʪʫʧʢʝ; ʦʙʩʠʜʠʘʥ (ʪ) ï ʦʙʨʘʟʝʮ 

ʧʦʜʛʦʪʦʚʣʝʥ ʚ ʪʝʬʣʦʥʝ. 

ʐʪʨʠʭʦʚʳʝ ʣʠʥʠʠ ï ʙʫʬʝʨʥʳʝ ʨʘʚʥʦʚʝʩʠʷ: IW ï ʞʝʣʝʟʦ-ʚʶʩʪʠʪ, WM ï ʚʶʩʪʠʪ-ʤʘʛʥʝʪʠʪ, 

QFI ï ʢʚʘʨʮ-ʬʘʷʣʠʪ-ʞʝʣʝʟʦ, QFM ï ʢʚʘʨʮ-ʬʘʷʣʠʪ-ʤʘʛʥʝʪʠʪ. 

 
 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ log fO2 ï 104/T, K ʜʣʷ ʨʠʦʣʠʪʘ Stolper. 

ʈʠʦʣʠʪ (ʪ) ï ʦʙʨʘʟʝʮ ʧʦʜʛʦʪʦʚʣʝʥ ʚ ʪʝʬʣʦʥʝ; ʨʠʦʣʠʪ (ʤ) ï ʦʙʨʘʟʝʮ ʧʦʜʛʦʪʦʚʣʝʥ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʫʧʢʝ. 
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ʈʠʩ. 3. ɿʥʘʯʝʥʠʷ log fO2 ï 104/T, K ʜʣʷ ʨʠʦʣʠʪʘ, ʦʙʩʠʜʠʘʥʘ ʠ ʙʘʟʘʣʴʪʘ ʃ 21. 

ɾʝʣʪʦʝ ʧʦʣʝ ï ʦʧʨʝʜʝʣʝʥʠʷ fO2 ʢʠʩʣʳʭ ʚʫʣʢʘʥʠʪʦʚ ʨʘʟʣʠʯʥʳʤʠ ʤʠʥʝʨʘʣʴʥʳʤʠ 

ʦʢʩʠʙʨʦʤʝʪʨʘʤʠ (Loucks et al., 2020 ʠ ʜʨ.) 

ʉʠʥʝʝ ʧʦʣʝ ï fO2 ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʘʟʘʣʴʪʦʚ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʫʩʣʦʚʠʷʭ (Carmichael and 

Ghiorso, 1990 ʠ ʜʨ.) 

 

ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʜʣʷ ʢʠʩʣʳʭ ʚʫʣʢʘʥʠʪʦʚ ʠ ʙʘʟʘʣʴʪʘ ʚ 

ʩʨʘʚʥʝʥʠʠ ʩ ʠʤʝʶʱʠʤʠʩʷ ʦʙʦʙʱʝʥʥʳʤʠ ʜʘʥʥʳʤʠ ʦʧʨʝʜʝʣʝʥʠʡ fO2 ʜʣʷ ʤʘʛʤ ʢʠʩʣʦʛʦ ʠ 

ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ (Carmichael et al., 1990; Loucks et al., 2020). ʂʘʢ 

ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʦʙʩʠʜʠʘʥʘ ʠ ʨʠʦʣʠʪʘ ʟʥʘʯʝʥʠʷ fO2 ʥʘ 2ï4 ʧʦʨʷʜʢʘ ʥʠʞʝ 

ʠʤʝʶʱʠʭʩʷ ʦʮʝʥʦʢ fO2 ʢʠʩʣʳʭ ʚʫʣʢʘʥʠʪʦʚ, ʩʜʝʣʘʥʥʳʭ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʥʝʨʘʣʴʥʳʭ ʦʢʩʠʙʘʨʦʤʝʪʨʦʚ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʠʟʤʝʨʝʥʥʳʝ ʟʥʘʯʝʥʠʷ 

fO2 ʜʣʷ ʙʘʟʘʣʴʪʘ ʚ ʮʝʣʦʤ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʩʫʱʝʩʪʚʫʶʱʠʤʠ ʦʮʝʥʢʘʤʠ ʜʣʷ 

ʙʘʟʘʣʴʪʦʚʳʭ ʤʘʛʤ: fO2 ʧʨʠ ʊ Ó 1050ʦʉ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʥʘʯʝʥʠʷʤ (å QFM-0.5), ʭʘʨʘʢʪʝʨʥʳʤ 

ʜʣʷ ʦʩʪʨʦʚʦʜʫʞʥʳʭ ʙʘʟʘʣʴʪʦʚʳʭ ʤʘʛʤ. 

 

ɿʘʢʣʶʯʝʥʠʝ. ʀʟʤʝʨʝʥʥʳʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʟʥʘʯʝʥʠʷ fO2 ʢʠʩʣʳʭ 

ʚʫʣʢʘʥʠʯʝʩʢʠʭ ʩʪʝʢʦʣ ʚ ʠʥʪʝʨʚʘʣʝ 850ï1050ʦʉ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʦʙʣʘʩʪʠ ʤʝʞʜʫ 

ʙʫʬʝʨʥʳʤʠ ʨʘʚʥʦʚʝʩʠʷʤʠ IW ʠ WM. ʕʪʦ ʥʘ 2ï4 ʧʦʨʷʜʢʘ ʥʠʞʝ ʦʮʝʥʦʢ fO2 ʢʠʩʣʳʭ 

ʚʫʣʢʘʥʠʪʦʚ ʧʦ ʜʘʥʥʳʤ ʨʘʟʣʠʯʥʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʦʢʩʠʙʘʨʦʤʝʪʨʦʚ. ʊʘʢʦʝ ʨʘʩʭʦʞʜʝʥʠʝ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʢʘʢ ʩ ʤʝʪʦʜʠʯʝʩʢʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠʩʧʦʣʴʟʫʝʤʦʛʦ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ, ʪʘʢ ʠ ʩ ʥʝʨʘʚʥʦʚʝʩʥʳʤ ʠʟʤʝʥʝʥʠʝʤ fO2 ʚ ʤʘʛʤʘʭ ʧʨʠ ʠʭ 

ʯʘʩʪʠʯʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʭʦʜʝ ʧʦʜʲʝʤʘ ʠ ʠʟʚʝʨʞʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ. ɺʳʷʩʥʝʥʠʝ 

ʧʨʠʯʠʥ ʥʘʙʣʶʜʘʝʤʦʛʦ ʨʘʩʭʦʞʜʝʥʠʷ ʪʨʝʙʫʝʪ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʦ ʛʦʩʟʘʜʘʥʠʶ ɻɽʆʍʀ ʈɸʅ. 
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Abstract. The results of determination of the intrinsic oxygen fugacity (fO2) of volcanic glasses of felsic 

composition rhyolite and obsidian on an apparatus with two solid electrolytic cells at 1 atm in the 

temperature range from 750ʦʉ to 1050ʦʉ are presented. For rhyolite glass, the measurements were 

carried out for two fractions with a minimum (Ò1 %) and an increased (~5 %) amount of magnetite 

microphenocrysts. The results of fO2 measurements for each sample are described by a linear equation of 

the form: log fO2=A ï B/T(K), where A and B are constants. All studied glass samples in the range of 

850 ï 1050ʦʉ demonstrate fO2 values in the region between IW and WM. The lowest fO2, close to IW, 

are characteristic of rhyolite glass with a minimum content of phenocrysts. The oxygen fugacity of 

rhyolite with a high content of phenocrysts and obsidian at 1050oC is approximately an order of 

magnitude higher than fO2 of glasses with a low content of the crystalline phase. The obtained fO2 values 

are 2ï4 orders of magnitude lower than the available fO2 estimates for felsic volcanics made using 

mineral oxybarometers. Elucidation of the reasons for the observed discrepancy requires further research. 

 

Keʫwords: intrinsic oxygen fugacity, rhyolite, obsidian, redox reactions, wustite-magnetite, iron-wustite, 

zirconium electrolytes 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʧʨʠʚʦʜʠʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʶʚʝʣʠʨʥʦ-ʧʦʜʝʣʦʯʥʦʛʦ ʢʘʤʥʷ ï ʜʠʘʥʠʪʘ ʠʟ 

ʱʝʣʦʯʥʦʛʦ ʤʘʩʩʠʚʘ ʀʥʘʛʣʠ. ʀʟʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʜʠʘʥʠʪʘ ʧʨʦʚʦʜʠʣʦʩʴ ʢʦʤʧʣʝʢʩʥʦ ʩ ʫʯʝʪʦʤ 

ʩʦʚʨʝʤʝʥʥʦʡ ʤʝʪʦʜʦʣʦʛʠʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʦʞʥʳʭ ʧʨʠʨʦʜʥʳʭ ʦʙʲʝʢʪʦʚ ʤʠʥʝʨʘʣʦʛʦ-

ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʢʘʨʪʠʨʦʚʘʥʠʝʤ ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ ʤʝʪʦʜʦʤ ʠʥʬʨʘʢʨʘʩʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʦʪʨʘʞʝʥʠʷ ʠ ʵʣʝʢʪʨʦʥʥʦ-ʟʦʥʜʦʚʳʤ ʤʠʢʨʦʘʥʘʣʠʟʦʤ. ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ 

ʘʤʬʠʙʦʣ, ʩʣʘʛʘʶʱʠʡ ʜʠʘʥʠʪʳ, ʦʪʥʦʩʠʪʩʷ ʢ ʥʘʪʨʠʝʚʦ-ʢʘʣʴʮʠʝʚʦʡ ʧʦʜʛʨʫʧʧʝ ʘʤʬʠʙʦʣʦʚ ï 

ʨʠʭʪʝʨʠʪʫ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʧʝʨʚʳʝ ʙʳʣʦ ʧʨʠʤʝʥʝʥʦ ʢʘʨʪʠʨʦʚʘʥʠʝ ʫʯʘʩʪʢʦʚ ʢʦʥʪʘʢʪʦʚ 

ʦʣʠʚʠʥʦʚʳʭ ʠ ʱʝʣʦʯʥʳʭ ʧʦʨʦʜ ʤʝʪʦʜʦʤ ʠʥʬʨʘʢʨʘʩʥʦʡ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ ʦʪʨʘʞʝʥʠʷ ʜʣʷ 

ʜʝʪʘʣʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʥʦ-ʪʝʢʩʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʣʦʞʥʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʘʛʨʝʛʘʪʦʚ ʠ ʠʭ 

ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʡ ʩ ʘʩʩʦʮʠʠʨʫʶʱʠʤʠ ʤʠʥʝʨʘʣʘʤʠ. ɼʠʘʥʠʪʳ ʦʙʨʘʟʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʥʪʘʢʪʦʚʦ-

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʱʝʣʦʯʥʳʭ ʨʘʩʧʣʘʚʦʚ ʥʘ ʦʣʠʚʠʥʦʚʳʝ ʧʦʨʦʜʳ ʥʘ 

ʧʦʟʜʥʝʤʘʛʤʘʪʠʯʝʩʢʦʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʵʪʘʧʝ. ʇʨʦʪʦʣʠʪʦʤ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʜʠʘʥʠʪʘ ʤʘʩʩʠʚʘ 

ʀʥʘʛʣʠ ʩʣʫʞʘʪ ʦʣʠʚʠʥʦʚʳʝ ʧʦʨʦʜʳ ï ʬʦʨʩʪʝʨʠʪʦʚʳʝ ʜʫʥʠʪʳ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʘʥʠʪ; ʨʠʭʪʝʨʠʪ; ʀʥʘʛʣʠ; ɸʣʜʘʥʩʢʠʡ ʱʠʪ 

 

ɼʠʘʥʠʪ ï ʢʦʤʤʝʨʯʝʩʢʦʝ ʥʘʟʚʘʥʠʝ ʶʚʝʣʠʨʥʦ-ʧʦʜʝʣʦʯʥʦʛʦ ʢʘʤʥʷ, ʠʤʝʶʱʝʛʦ ʮʚʝʪ ʦʪ 

ʥʝʙʝʩʥʦ-ʛʦʣʫʙʦʛʦ ʜʦ ʪʸʤʥʦ-ʩʠʥʝʛʦ ʦʪʪʝʥʢʦʚ ʠ ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʩʧʫʪʘʥʥʦ-ʚʦʣʦʢʥʠʩʪʳʭ 

ʢʨʠʩʪʘʣʣʦʚ ʥʘʪʨʠʝʚʦ-ʢʘʣʴʮʠʝʚʦʛʦ ʘʤʬʠʙʦʣʘ. ʇʦʨʦʜʘ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʚ ʘʣʣʶʚʠʘʣʴʥʳʭ 

ʦʪʣʦʞʝʥʠʷʭ ɸʣʝʢʩʘʥʜʨʦʚʩʢʦʛʦ ʨʫʯʴʷ, ʙʝʨʫʱʝʛʦ ʥʘʯʘʣʦ ʥʘ ʦʜʥʦʤ ʠʟ ʦʪʨʦʛʦʚ ʛʦʨʳ ʄʫʨʫʥ ï 

ʛʦʣʴʮʝ ʂʝʜʨʦʚʦʤ (ɺʦʨʦʙʴʸʚ, 2005). ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʩʦʚʨʝʤʝʥʥʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʝʡ ʩʦʩʪʘʚ 

ʵʪʦʛʦ ʘʤʬʠʙʦʣʘ ʦʪʚʝʯʘʝʪ ʢʘʣʠʝʚʦʤʫ ʨʠʭʪʝʨʠʪʫ (Hawthorne et al., 2012). 

ʇʦʜʦʙʥʳʝ ʜʠʘʥʠʪʫ ʥʝʬʨʠʪʦʧʦʜʦʙʥʳʝ ʧʦʨʦʜʳ ʛʦʣʫʙʦʛʦ ʠ ʩʠʥʝʛʦ ʮʚʝʪʘ ʙʳʣʠ 

ʦʙʥʘʨʫʞʝʥʳ ʥʘʤʠ ʚ ʱʝʣʦʯʥʦʤ ʤʘʩʩʠʚʝ ʎʝʥʪʨʘʣʴʥʦʛʦ ɸʣʜʘʥʘ ï ʀʥʘʛʣʠ. ɺ ʣʠʪʝʨʘʪʫʨʝ 

ʠʤʝʶʪʩʷ ʝʜʠʥʠʯʥʳʝ ʫʧʦʤʠʥʘʥʠʷ ʦ ʨʠʭʪʝʨʠʪʝ ʠʟ ʢʦʥʪʘʢʪʦʚʦ-ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ 

ʤʘʩʩʠʚʘ ʀʥʘʛʣʠ (ɻʣʘʛʦʣʝʚ ʠ ʜʨ., 1974; ʂʦʨʯʘʛʠʥ, 1996; Radomskaya et al., 2021), ʥʦ ʜʘʥʥʳʡ 

ʤʠʥʝʨʘʣ ʥʠʢʦʛʜʘ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʢʘʢ ʶʚʝʣʠʨʥʦ-ʧʦʜʝʣʦʯʥʳʡ ʢʘʤʝʥʴ. ʄʘʩʩʠʚ ʀʥʘʛʣʠ 

ʦʪʥʦʩʠʪʩʷ ʢ ʟʦʥʘʣʴʥʦ-ʢʦʣʴʮʝʚʳʤ ʠʥʪʨʫʟʠʷʤ ʮʝʥʪʨʘʣʴʥʦʛʦ ʪʠʧʘ ʱʝʣʦʯʥʦ-ʫʣʴʪʨʘʦʩʥʦʚʥʦʛʦ 

ʩʦʩʪʘʚʘ. ʎʝʥʪʨʘʣʴʥʘʷ ʯʘʩʪʴ ʤʘʩʩʠʚʘ ʩʣʦʞʝʥʘ ʥʘ 70ï80 ʦʙ. % ʫʣʴʪʨʘʦʩʥʦʚʥʳʤʠ ʧʦʨʦʜʘʤʠ 

(ʙʦʣʴʰʝʡ ʯʘʩʪʴʶ ʜʫʥʠʪʘʤʠ), ʘ ʦʩʪʘʣʴʥʦʡ ʦʙʲʝʤ ʧʨʝʜʩʪʘʚʣʝʥ ʢʘʣʠʝʚʳʤʠ ʱʝʣʦʯʥʳʤʠ 

ʧʦʨʦʜʘʤʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʧʦ ʧʝʨʠʬʝʨʠʠ (ɻʣʘʛʦʣʝʚ ʠ ʜʨ., 1974; ʂʦʨʯʘʛʠʥ, 1996). ɼʠʘʥʠʪ 

ʦʙʥʘʨʫʞʝʥ ʥʘ ʢʦʥʪʘʢʪʘʭ ʬʦʨʩʪʝʨʠʪʦʚʳʭ ʜʫʥʠʪʦʚ, ʠ ʧʝʨʝʩʝʢʘʶʱʠʭ ʠʭ ʱʝʣʦʯʥʳʭ 

ʨʝʜʢʦʤʝʪʘʣʴʥʳʭ ʧʝʛʤʘʪʠʪʦʚ ʤʠʢʨʦʢʣʠʥ-ʘʣʴʙʠʪ-ʘʤʬʠʙʦʣʦʚʦʛʦ ʩʦʩʪʘʚʘ ʩ ʵʛʠʨʠʥʦʤ ʠ 

ʥʘʪʨʦʣʠʪʦʤ. ʐʠʨʠʥʘ ʘʛʨʝʛʘʪʦʚ ʩʝʨʦʚʘʪʦ- ʠ ʛʦʣʫʙʦʚʘʪʦ-ʩʠʥʝʛʦ ʘʤʬʠʙʦʣʘ ʢʦʣʝʙʣʝʪʩʷ ʦʪ 

ʥʝʩʢʦʣʴʢʠʭ ʤʤ ʜʦ ʜʝʩʷʪʢʦʚ ʩʤ ʠ ʟʘʚʠʩʠʪ ʦʪ ʤʦʱʥʦʩʪʠ ʧʝʛʤʘʪʠʪʦʚʳʭ ʞʠʣ. 

ɼʠʘʥʠʪ ʤʘʩʩʠʚʘ ʀʥʘʛʣʠ ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʚ ʜʚʫʭ ʦʙʨʘʟʮʘʭ (ʈʠʩ. 1). ʇʝʨʚʳʡ ʦʙʨʘʟʝʮ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʬʨʘʛʤʝʥʪ ʢʝʨʥʘ, ʚ ʢʦʪʦʨʦʤ ʬʦʨʩʪʝʨʠʪʦʚʳʡ ʜʫʥʠʪ ʧʝʨʝʩʝʢʘʝʪʩʷ ʧʨʦʞʠʣʢʘʤʠ 

ʭʨʦʤʜʠʦʧʩʠʜʦʚʦʛʦ ʢʣʠʥʦʧʠʨʦʢʩʝʥʠʪʘ (ʈʠʩ. 1, ʘ). ʆʙʝ ʧʦʨʦʜʳ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ 

ʧʝʨʝʩʝʢʘʶʪʩʷ ʨʝʜʢʦʤʝʪʘʣʴʥʳʤ ʱʝʣʦʯʥʳʤ ʧʝʛʤʘʪʠʪʦʤ. ʇʝʛʤʘʪʠʪ ʩʦʩʪʦʠʪ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ ʤʠʢʨʦʢʣʠʥʘ, ʧʦʜʯʠʥʸʥʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʢʨʠʩʪʘʣʣʦʚ 

ʤʘʛʥʝʟʠʦʘʨʬʚʝʜʩʦʥʠʪʘ, ʵʛʠʨʠʥʘ, ʬʦʩʬʦʠʥʥʝʣʠʪʘ, ʩʪʨʦʥʮʠʝʚʦʛʦ ʘʧʘʪʠʪʘ, ʬʨʝʩʥʦʠʪʘ, 

ʧʝʢʪʦʣʠʪʘ ʠ ʥʘʪʨʦʣʠʪʘ. ʄʝʞʜʫ ʧʝʛʤʘʪʠʪʦʤ ʠ ʜʫʥʠʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʢʦʥʪʘʢʪʦʚʘʷ 

ʨʝʘʢʮʠʦʥʥʘʷ ʢʘʡʤʘ ʰʠʨʠʥʦʡ ʜʦ 1 ʩʤ. ʄʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ ʢʘʡʤʳ ʦʪ ʜʫʥʠʪʘ ʧʦ 
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ʥʘʧʨʘʚʣʝʥʠʶ ʢ ʧʝʛʤʘʪʠʪʫ ʩʣʝʜʫʶʱʠʡ (ʈʠʩ. 1, ʙ, ʚ): 1) ʩʝʨʧʝʥʪʠʥ, ʟʘʧʦʣʥʷʶʱʠʡ ʪʦʥʢʠʝ 

ʧʨʦʞʠʣʢʠ, ʚʳʪʷʥʫʪʳʝ ʚʜʦʣʴ ʢʦʥʪʘʢʪʘ ʦʙʱʝʡ ʰʠʨʠʥʦʡ ~0,5 ʤʤ; 2) ʟʦʥʘ ʰʠʨʠʥʦʡ ~1 ʤʤ, 

ʩʦʩʪʦʷʱʘʷ ʠʟ ʙʣʝʜʥʦ-ʛʦʣʫʙʳʭ ʠʛʦʣʴʯʘʪʳʭ ʢʨʠʩʪʘʣʣʦʚ ʨʠʭʪʝʨʠʪʘ ʩ ʧʦʜʯʠʥʸʥʥʳʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ʯʝʰʫʝʢ ʦʨʘʥʞʝʚʦʛʦ ʪʝʪʨʘʬʝʨʠʬʣʦʛʦʧʠʪʘ; 3) ʟʦʥʘ ʰʠʨʠʥʦʡ ʜʦ 4 ʤʤ, 

ʩʦʩʪʦʷʱʘʷ ʠʟ ʯʝʰʫʝʢ ʪʝʪʨʘʬʝʨʨʠʬʣʦʛʦʧʠʪʘ; 4) ʚʳʪʷʥʫʪʳʝ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʢʦʥʪʘʢʪʫ 

ʠʜʠʦʤʦʨʬʥʳʝ ʢʨʠʩʪʘʣʣʳ ʪʝʤʥʦ-ʟʝʣʸʥʦʛʦ ʤʘʛʥʝʟʠʦʘʨʬʝʜʩʦʥʠʪʘ. ʂʦʥʪʘʢʪʦʚʘʷ ʢʘʡʤʘ ʤʝʞʜʫ 

ʧʝʛʤʘʪʠʪʦʤ ʠ ʧʠʨʦʢʩʝʥʠʪʦʤ ʪʦʥʴʰʝ, ʠ ʩʦʩʪʘʚʣʷʝʪ ~3 ʤʤ. ʆʥʘ ʚ ʦʩʥʦʚʥʦʤ ʩʣʦʞʝʥʘ 

ʠʜʠʦʤʦʨʬʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ ʤʘʛʥʝʟʠʦʘʨʬʚʝʜʩʦʥʠʪʘ ʩ ʧʦʜʯʠʥʸʥʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʨʠʭʪʝʨʠʪʘ. ʉʨʝʜʠ ʟʸʨʝʥ ʨʠʭʪʝʨʠʪʘ ʧʦʧʘʜʘʶʪʩʷ ʤʝʣʢʠʝ ʛʠʧʠʜʠʦʤʦʨʬʥʳʝ ʢʨʠʩʪʘʣʣʳ 

ʭʨʦʤʠʪʘ, ʚʦʢʨʫʛ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʝʪʩʷ ʷʨʢʦ-ʟʝʣʸʥʘʷ ʢʘʡʤʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʭʨʦʤʵʛʠʨʠʥʘ. 

ɺʪʦʨʦʡ ʦʙʨʘʟʝʮ ʜʠʘʥʠʪʘ ʀʥʘʛʣʠʥʩʢʦʛʦ ʤʘʩʩʠʚʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʝʨʦ-ʩʠʥʶʶ 

ʘʥʭʠʤʦʥʦʤʠʥʝʨʘʣʴʥʫʶ ʧʦʨʦʜʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʤʬʠʙʦʣʘ ʠ 

ʧʦʜʯʠʥʸʥʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʪʸʤʥʦ-ʙʫʨʳʭ ʤʠʢʨʦʧʨʦʞʠʣʢʦʚ, ʩʣʦʞʝʥʥʳʭ ʛʠʜʨʦʢʩʠʜʘʤʠ 

ʞʝʣʝʟʘ (ʈʠʩ. 1, ʜ). ɺ ʰʣʠʬʝ ʘʤʬʠʙʦʣ ʙʝʩʮʚʝʪʝʥ, ʘ ʝʛʦ ʢʨʠʩʪʘʣʣʳ ʦʙʨʘʟʫʶʪ ʫʯʘʩʪʢʠ 

ʧʝʨʴʝʚʠʜʥʳʭ ʠ ʩʧʫʪʘʥʥʦ-ʚʦʣʦʢʥʠʩʪʳʭ ʘʛʨʝʛʘʪʦʚ (ʈʠʩ. 1, ʝ, ʞ). 

ʀʥʬʨʘʢʨʘʩʥʘʷ (ʀʂ) ʤʠʢʨʦcʧʝʢʪʨʦʩʢʦʧʠʷ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜʦʤ, ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʢ 

ʩʪʨʫʢʪʫʨʥʳʤ ʠ ʭʠʤʠʯʝʩʢʠʤ ʦʩʦʙʝʥʥʦʩʪʷʤ ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ (Chen et al., 2015). ɺ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚʧʝʨʚʳʝ ʵʪʦʪ ʤʝʪʦʜ ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʜʝʪʘʣʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʥʦ-

ʪʝʢʩʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʣʦʞʥʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʘʛʨʝʛʘʪʦʚ ʠ ʠʭ ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʡ ʩ 

ʘʩʩʦʮʠʠʨʫʶʱʠʤʠ ʤʠʥʝʨʘʣʘʤʠ ʠʟ ʫʯʘʩʪʢʦʚ ʢʦʥʪʘʢʪʦʚ ʧʦʨʦʜ. ʂʘʨʪʠʨʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʤʝʪʦʜʦʤ ʠʥʬʨʘʢʨʘʩʥʦʡ ʤʠʢʨʦʩʧʝʢʪʨʦʩʢʦʧʠʠ ʦʪʨʘʞʝʥʠʷ ʩ ʧʦʤʦʱʴʶ 

ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʄʠʢʨʘʥ-3, ʦʩʥʘʱʝʥʥʦʛʦ ʦʭʣʘʞʜʘʝʤʳʤ ʞʠʜʢʠʤ ʘʟʦʪʦʤ MCT 

ʜʝʪʝʢʪʦʨʦʤ, ʠ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ ʌʊ-801. ʈʘʟʤʝʨ ʦʙʣʘʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠ ̫ʩʦʩʪʘʚʣʷʣ 30 ʤʢʤ. 

ʉʧʝʢʪʨʘʣʴʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʧʨʠ ʩʢʘʥʠʨʦʚʘʥʠʠ ʩʦʩʪʘʚʣʷʣʦ 4 ʩʤ-1. ʉʧʝʢʪʨʳ ʦʪʨʘʞʝʥʠʷ 

ʠʟʤʝʨʷʣʠʩʴ ʚ ʦʙʣʘʩʪʠ 670ï4000 ʩʤ-1. ʆʧʦʨʥʳʡ ʩʧʝʢʪʨ ʠʟʤʝʨʷʣʩʷ ʦʪ ʧʦʣʠʨʦʚʘʥʥʦʛʦ 

ʟʝʨʢʘʣʘ, ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ, ʚ ʨʝʞʠʤʝ 128 ʥʘʢʦʧʣʝʥʠʡ. ʉʧʝʢʪʨʳ ʚ 

ʢʘʞʜʦʡ ʪʦʯʢʝ ʠʟʤʝʨʷʣʠʩʴ ʧʨʠ 4 ʥʘʢʦʧʣʝʥʠʷʭ. 

ʂʘʨʪʳ ʘʛʨʝʛʘʪʦʚ ʜʠʘʥʠʪʦʚ (ʈʠʩ. 1, ʛ, ʟ) ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ Python 3.10 ʠ ʙʠʙʣʠʦʪʝʢʠ Matplotlib 3.4.3. 

ʇʦʩʪʨʦʝʥʠʝ ʢʘʨʪʳ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʦ ʩʣʝʜʫʶʱʝʤʫ ʘʣʛʦʨʠʪʤʫ. ʇʦʧʘʨʥʦ ʧʨʦʚʦʜʠʣʦʩʴ 

ʚʳʯʠʩʣʝʥʠʝ ʢʦʩʠʥʫʩʘ ʤʝʞʜʫ ʩʧʝʢʪʨʘʤʠ ʦʪʨʘʞʝʥʠʷ. ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʢʦʩʠʥʫʩ ʤʝʞʜʫ 

ʩʧʝʢʪʨʘʤʠ ʙʳʣ ʤʝʥʴʰʝ 0,94, ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʦʙʥʘʨʫʞʝʥʘ ʥʦʚʘʷ ʬʘʟʘ. ɼʘʣʝʝ ʧʨʦʚʦʜʠʣʦʩʴ 

ʩʨʘʚʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʦʙʥʘʨʫʞʝʥʥʳʭ ʬʘʟ ʩʦ ʩʧʝʢʪʨʘʤʠ ʚ ʙʘʟʝ 

ʜʘʥʥʳʭ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ ʤʠʥʝʨʘʣʦʚ ʩ ʠʟʚʝʩʪʥʳʤ ʩʦʩʪʘʚʦʤ. ʉʨʘʚʥʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ 

ʧʫʪʝʤ ʚʳʯʠʩʣʝʥʠʷ ʢʦʩʠʥʫʩʘ ʤʝʞʜʫ ʩʧʝʢʪʨʦʤ ʦʪʨʘʞʝʥʠʷ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ ʠ ʦʙʥʘʨʫʞʝʥʥʦʡ 

ʬʘʟʳ. ʌʘʟʘ ʩʯʠʪʘʣʘʩʴ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʦʡ, ʝʩʣʠ ʢʦʩʠʥʫʩ ʠʤʝʣ ʟʥʘʯʝʥʠʝ ʙʦʣʝʝ 0,97. 

ɺ ʧʦʣʠʨʦʚʘʥʥʦʤ ʚʠʜʝ ʜʠʘʥʠʪʳ ʤʘʩʩʠʚʘ ʀʥʘʛʣʠ ʦʙʣʘʜʘʶʪ ʩʨʝʜʥʠʤʠ ʶʚʝʣʠʨʥʦ-

ʧʦʜʝʣʦʯʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ï ʧʣʦʭʦ ʧʨʠʥʠʤʘʶʪ ʧʦʣʠʨʦʚʢʫ ʠ ʚ ʵʪʦʤ ʦʪʥʦʰʝʥʠʠ ʫʩʪʫʧʘʶʪ 

ʜʠʘʥʠʪʫ ʤʫʨʫʥʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ. ɺʦʟʤʦʞʥʦ, ʯʪʦ ʩʥʠʞʝʥʠʝ ʪʝʭʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʜʠʘʥʠʪʘ 

ʩʚʷʟʘʥʦ ʩ ʝʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʚ ʛʠʧʝʨʛʝʥʥʳʭ ʫʩʣʦʚʠʷʭ, ʧʦʩʢʦʣʴʢʫ ʥʘ ʜʥʝʚʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʜʘ ʙʳʩʪʨʦ ʚʳʚʝʪʨʠʚʘʝʪʩʷ. 

ɺ ʨʘʙʦʪʝ (Dumanska-Sğowik et al., 2022) ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʠʥʝʨʘʣʦʛʦ-ʛʝʦʭʠʤʠʯʝʩʢʠʝ 

ʜʘʥʥʳʝ ʜʠʘʥʠʪʘ ʄʫʨʫʥʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ. ɺ ʤʠʥʝʨʘʣʴʥʦʤ ʩʦʩʪʘʚʝ ʠʟʫʯʝʥʥʦʡ (Dumanska-

Sğowik et al., 2022) ʧʦʨʦʜʳ ʧʨʝʦʙʣʘʜʘʝʪ ʯʝʪʳʨʝ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʘʤʬʠʙʦʣʦʚ: 

ʤʘʛʥʝʟʠʦʛʘʩʪʠʥʛʩʠʪ, ʧʘʨʛʘʩʠʪ ï ʤʘʛʥʝʟʠʦʛʘʩʪʠʥʛʩʠʪ, ʢʘʣʠʝʚʳʡ ʨʠʭʪʝʨʠʪ ʠ ʢʘʣʠʝʚʳʡ 

ʤʘʛʥʝʟʠʦʘʨʬʚʝʜʩʦʥʠʪ. ɸʤʬʠʙʦʣ ʠʟ ʀʥʘʛʣʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʮʘʤʠ ʠʟ ʄʫʨʫʥʩʢʦʛʦ 

ʤʘʩʩʠʚʘ ʠʤʝʝʪ ʙʦʣʝʝ ʥʠʟʢʦʝ ʩʦʜʝʨʞʘʥʠʝ K2O, ʠ ʚʤʝʩʪʝ ʩ ʪʝʤ ʙʦʣʝʝ ʚʳʩʦʢʦʝ ʩʨʝʜʥʝʝ 

ʩʦʜʝʨʞʘʥʠʝ CaO ʠ Na2O. ʄʫʨʫʥʩʢʠʡ ʦʙʨʘʟʝʮ ʦʪʣʠʯʘʝʪʩʷ ʥʘʠʙʦʣʝʝ ʚr ʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ 

K2O ʠ F, ʠ, ʥʘʧʨʦʪʠʚ, ʩʘʤʳʤʠ ʥʠʟʢʠʤʠ ʩʦʜʝʨʞʘʥʠʷʤʠ Na2O. ɺ ʘʤʬʠʙʦʣʘʭ ʤʘʩʩʠʚʘ ʀʥʘʛʣʠ 

ʦʪʤʝʯʘʶʪʩʷ ʧʦʚʳʰʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ Cr2O3 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʮʦʤ ʠʟ ʄʫʨʫʥʘ. 
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75 

 
ʈʠʩ. 1. ʌʦʪʦʛʨʘʬʠʷ ʢʝʨʥʘ (ʘ) ʠ ʩʢʘʥ ʧʦʣʠʨʦʚʢʠ (ʜ), ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʰʣʠʬʦʚ (ʙ, ʚ, ʝ, ʞ) ʠ, 

ʧʦʩʪʨʦʝʥʥʳʝ ʧʦ ʜʘʥʥʳʤ ʠʥʬʨʘʢʨʘʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʦʪʨʘʞʝʥʠʷ, ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ ʚ ʦʙʨʘʟʮʘʭ ʩ ʜʠʘʥʠʪʦʤ ʠʟ ʤʘʩʩʠʚʘ ʀʥʘʛʣʠ. ʈʘʩʰʠʬʨʦʚʢʘ ʩʦʢʨʘʱʝʥʠʡ: Cr-Di ï 

ʭʨʦʤʜʠʦʧʩʠʜ, Fsp ï ʧʦʣʝʚʦʡ ʰʧʘʪ, Marf ï ʤʘʛʥʝʟʠʦʘʨʬʚʝʜʩʦʥʠʪ, Phl ï ʬʣʦʛʦʧʠʪ, Rct ï ʨʠʭʪʝʨʠʪ. 

 

ʕʤʧʠʨʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʜʣʷ ʠʟʫʯʘʝʤʳʭ ʘʤʬʠʙʦʣʦʚ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʥʘ ʦʩʥʦʚʝ 24 (O, 

OH, F) ʩ (OH, F) = 2 ʩʦʛʣʘʩʥʦ ʨʝʢʦʤʝʥʜʘʮʠʷʤ (Hawthorne et al., 2012). ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ 

ʩʦʩʪʘʚʫ ʩʧʫʪʘʥʥʦ-ʚʦʣʦʢʥʠʩʪʳʡ ʘʤʬʠʙʦʣ ʤʘʩʩʠʚʘ ʀʘʥʛʣʠ ʦʪʚʝʯʘʝʪ ʨʠʭʪʝʨʠʪʫ ï 

(Na0.59K0.25)Ɇ0.84(Na1.05Ca0.92Fe0.03)Ɇ2.00(Mg4.66Fe2+
0.17Fe3+

0.06Ti0.05Al 0.04Cr0.01V0.01)Ɇ5(Si7.98Al 0.02)Ɇ

8O22((OH)1.89F0.11)Ɇ2, (A(Na)B(NaCa)C(Mg5)T[Si8O22]W(OH, F)2, ʛʜʝ 0.5 <A(Na+K+2Ca) ʩ 

ʧʨʝʦʙʣʘʜʘʥʠʝʤ Na ʠ K, ʠ C(Al+Fe3++2Ti)<0.5). 

ʄʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘʥʠ ̫ ʚʦʣʦʢʥʠʩʪʳʭ ʠ ʘʩʙʝʩʪʦʧʦʜʦʙʥʳʭ ʥʘʪʨʠʝʚʦ-ʢʘʣʴʮʠʝʚʳʭ 

ʘʤʬʠʙʦʣʦʚ ʥʝʦʜʥʦʟʥʘʯʝʥ. ʅʘʧʨʠʤʝʨ, ɸ.ɸ. ʂʦʥʝʚ (ʂʦʥʝʚ ɸ.ɸ., 1988) ʩʯʠʪʘʣ, ʯʪʦ ʩʝʨʠʷ 

ʘʤʬʠʙʦʣʦʚ ʄʫʨʫʥʩʢʦʛʦ ʤʘʩʩʠʚʘ, ʦʙʨʘʟʫʶʱʘʷʩʷ ʥʘ ʢʦʥʪʘʢʪʘʭ ʤʘʛʥʝʟʠʘʣʴʥʳʭ ʩʢʘʨʥʦʚ ʠ 

ʛʨʦʨʫʜʠʪʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʟʜʥʝʤʘʛʤʘʪʠʯʝʩʢʦʤʫ ï ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ 

ʧʦʩʣʝʤʘʛʤʘʪʠʯʝʩʢʦʤʫ ʵʪʘʧʘʤ. ɽ.ʀ. ɺʦʨʦʙʴʸʚ (ɺʦʨʦʙʴʝʚ ɽ.ʀ., 2005) ʦʪʥʦʩʠʣ ʠʭ ʢ 

ʧʨʦʜʫʢʪʘʤ ʧʦʩʪʤʘʛʤʘʪʠʯʝʩʢʦʡ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʡ ʘʤʬʠʙʦʣʠʟʘʮʠʠ, ʢʦʪʦʨʘʷ ʥʝʨʝʜʢʦ 

ʨʘʟʚʠʚʘʝʪʩʷ ʢʘʢ ʦʜʠʥ ʠʟ ʧʦʟʜʥʠʭ ʧʨʦʮʝʩʩʦʚ ʥʘ ʢʦʥʪʘʢʪʘʭ ʛʨʘʥʠʪʦʠʜʦʚ ʠ ʚʤʝʱʘʶʱʠʭ ʠʭ 

ʢʘʨʙʦʥʘʪʥʳʭ ʧʦʨʦʜ. Dumanska-Sğowik ʩ ʩʦʘʚʪʦʨʘʤʠ (Dumanska-Sğowik et al., 2022) 

ʩʯʠʪʘʶʪ, ʯʪʦ ʜʠʘʥʠʪ ʤʦʛ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʚ ʩʣʦʞʥʦʡ ʤʘʛʤʘʪʠʯʝʩʢʦ-ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʡ 

ʩʠʩʪʝʤʝ ʩʦ ʩʣʝʜʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʠʥʝʨʘʣʦʚ ʜʠʘʥʠʪʘ: 

1) ʦʙʨʘʟʦʚʘʥʠʝ ʤʘʛʥʝʟʠʦʛʘʩʪʠʥʛʩʠʪʘ, ʘ ʟʘʪʝʤ ʧʘʨʛʘʩʠʪʘ ʧʦʜ ʚʣʠʷʥʠʝʤ ʱʝʣʦʯʥʦʛʦ ʨʘʩʧʣʘʚʘ, 

ʢʦʥʪʘʤʠʥʠʨʦʚʘʥʥʦʛʦ Ca ʠ Mg ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʘʛʥʝʟʠʘʣʴʥʳʤʠ ʩʢʘʨʥʘʤʠ; 

2) ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʢʘʣʠʝʚʳʭ ʧʦʣʝʚʳʭ ʰʧʘʪʦʚ ʠ ʩʣʶʜʳ ʠʟ ʙʦʣʝʝ ʱʝʣʦʯʥʦʛʦ ʨʘʩʧʣʘʚʘ; 

3) ʦʙʨʘʟʦʚʘʥʠʝ ʪʦʥʢʦʚʦʣʦʢʥʠʩʪʦʛʦ ʢʘʣʠʝʚʦʛʦ ʤʘʛʥʝʟʠʦʘʨʬʚʝʜʩʦʥʠʪʘ, ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʬʣʶʠʜʦʥʘʩʳʱʝʥʥʦʛʦ ʱʝʣʦʯʥʦʛʦ ʛʨʘʥʠʪʥʦʛʦ ʨʘʩʧʣʘʚʘ; 4) ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʝ ʟʘʤʝʱʝʥʠʝ 

ʘʛʨʝʛʘʪʦʚ ʤʘʛʥʝʟʠʦʛʘʩʪʠʥʛʩʠʪʘ ʠ ʧʘʨʛʘʩʠʪʘ ʥʘʪʨʠʝʚʦ-ʢʘʣʠʝʚʳʤ Sr-ʩʦʜʝʨʞʘʱʠʤ ʢʘʣʠʝʚʳʤ 

ʨʠʭʪʝʨʠʪʦʤ. 

ɺ ʤʘʩʩʠʚʝ ʀʥʘʛʣʠ ʩʧʫʪʘʥʥʦ-ʚʦʣʦʢʥʠʩʪʳʡ ʘʤʬʠʙʦʣ, ʦʪʚʝʯʘʶʱʠʡ ʧʦ ʩʦʩʪʘʚʫ 

ʨʠʭʪʝʨʠʪʫ, ʦʙʨʘʟʫʝʪʩʷ ʥʘ ʢʦʥʪʘʢʪʝ ʬʦʨʩʪʝʨʠʪʦʚʳʭ ʜʫʥʠʪʦʚ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʱʝʣʦʯʥʳʭ 

ʧʝʛʤʘʪʠʪʦʚ. ʆʙʥʘʨʫʞʝʥʥʳʡ ʚ ʜʘʥʥʳʭ ʧʝʛʤʘʪʠʪʘʭ ʩʪʨʦʥʮʠʡʩʦʜʝʨʞʘʱʠʡ ʬʨʝʩʥʦʠʪ, 

ʧʦʟʚʦʣʠʣ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʩʧʣʘʚʘ, ʠʟ ʢʦʪʦʨʦʛʦ ʢʨʠʩʪʘʣʣʠʟʦʚʘʣʠʩʴ 

ʱʝʣʦʯʥʳʝ ʧʝʛʤʘʪʠʪʳ ʬʨʝʩʥʦʠʪ-ʥʘʪʨʦʣʠʪʦʚʦʛʦ ʧʦʜʪʠʧʘ, ʩʦʩʪʘʚʣʷʣʘ ʥʝ ʤʝʥʝʝ 900 ÁC 

(ʈʘʜʦʤʩʢʘʷ ʠ ʜʨ., 2021ʘ; 2021ʙ). ʅʝʩʤʦʪʨʷ, ʥʘ ʚʳʩʦʢʫ ʁ ʢʦʥʮʝʥʪʨʘʮʠʶ ʩʪʨʦʥʮʠʷ ʚ 

ʱʝʣʦʯʥʦʤ ʨʘʩʧʣʘʚʝ, ʠʟ ʢʦʪʦʨʦʛʦ ʩʬʦʨʤʠʨʦʚʘʣʠʩʴ ʩʪʨʦʥʮʠʡʩʦʜʝʨʞʘʱʠʝ ʬʘʟʳ 

(ʩʪʨʦʥʮʠʝʚʳʡ ʘʧʘʪʠʪ, ʬʨʝʩʥʦʠʪ, ʵʚʜʠʘʣʠʪ, ʥʘʙʘʣʘʤʧʨʦʬʠʣʣʠʪ), ʨʠʭʪʝʨʠʪ ʤʘʩʩʠʚʘ ʀʥʘʛʣʠ 

ʩʦʜʝʨʞʠʪ ʩʣʝʜʦʚʳʝ ʢʦʣʠʯʝʩʪʚʘ ʵʪʦʛʦ ʵʣʝʤʝʥʪʘ. ɺ ʢʘʯʝʩʪʚʝ ʤʠʥʝʨʘʣʴʥʳʭ ʧʨʠʤʝʩʝʡ ʚ 

ʜʠʘʥʠʪʘʭ ʤʘʩʩʠʚʘ ʀʥʘʛʣʠ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʟʸʨʥʘ ʭʨʦʤʠʪʘ ʩ ʢʘʡʤʦʡ ʠʟ ʭʨʦʤʵʛʠʨʠʥʘ. 
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ʇʨʠʩʫʪʩʪʚʠʝ ʨʝʣʠʢʪʦʚ ʭʨʦʤʠʪʘ ʠ ʧʦʚʳʰʝʥʥʳʝ ʩʦʜʝʨʞʘʥʠʷ ʭʨʦʤʘ ʚ ʨʠʭʪʝʨʠʪʝ 

ʀʥʘʛʣʠʥʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʧʨʦʪʦʣʠʪʦʤ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʜʠʘʥʠʪʘ 

ʩʣʫʞʠʣʘ ʫʣʴʪʨʘʦʩʥʦʚʥʘʷ ʧʦʨʦʜʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʠʘʥʠʪʳ ʤʘʩʩʠʚʘ ʀʥʘʛʣʠ ʦʪʥʦʩʷʪʩʷ ʢ ʥʘʪʨʠʝʚʦ-ʢʘʣʴʮʠʝʚʦʡ ʧʦʜʛʨʫʧʧʝ 

ʘʤʬʠʙʦʣʦʚ ʠ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʦʪʚʝʯʘʶʪ ʨʠʭʪʝʨʠʪʫ. ʇʦ ʀʂ-ʩʧʝʢʪʨʘʤ ʦʪʨʘʞʝʥʠʷ 

ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʚ ʜʠʘʥʠʪʘʭ ʧʨʝʦʙʣʘʜʘʝʪ ʨʠʭʪʝʨʠʪ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʛʝʥʝʟʠʩʘ ʜʠʘʥʠʪʳ 

ʦʙʨʘʟʫʶʪʩ ̫ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʥʪʘʢʪʦʚʦ-ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ 

ʱʝʣʦʯʥʳʭ ʨʘʩʧʣʘʚʦʚ ʥʘ ʦʣʠʚʠʥʦʚʳʝ ʧʦʨʦʜ  r ʥʘ ʧʦʟʜʥʝʤʘʛʤʘʪʠʯʝʩʢʦʤ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʵʪʘʧʝ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ  ̄22ï27ï00183, 

https://rscf.ru/project/22ï27ï00183/. 
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Abstract. This paper represents a characterization of the jewelry and ornamental stone dianite from the 

alkaline Inagli massifs. The complex study of dianite samples was carried out using the mineralogical and 

petrographic methods, infrared reflection spectroscopy and electron probe microanalysis. According to 

the chemical composition, dianites belong to the sodium-calcium subgroup of amphiboles ï richterite. A 

mapping of the contact areas of olivine and alkaline rocks by infrared reflection microspectroscopy was 

used to study in detail the structural and textural features of the complex mineral aggregates and their 

relationships with associated minerals. Dianites are formed as a result of a contact-metasomatic process 

during the action of alkaline melts on olivine rocks at the late magmatic high-temperature stage. Olivine 

rocks ï forsterite dunite ï serve as protoliths for the formation of dianite. 

 

Keywords: dianite; richterite; Inagli; Aldan shield 
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ʍɸʈɸʂʊɽʈ ʈʀʌʊʆɺʆɻʆ ʄɸɻʄɸʊʀɿʄɸ ɿɸʇɸɼʅʆʁ ʏɸʉʊʀ ʖɻʆ-

ɿɸʇɸɼʅʆɻʆ ʀʅɼʀʁʉʂʆɻʆ ʍʈɽɹʊɸ   ╖ ʀʅɼʀʂɸʊʆʈ ʀɿʄɽʅɽʅʀʗ 
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ɸʥʥʦʪʘʮʠʷ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʫʯʝʥʠʷ ʩʦʩʪʘʚʦʚ ʠ ʣʠʢʚʠʜʫʩʥʦʡ ʘʩʩʦʮʠʘʮʠʠ (ʦʣʠʚʠʥ-ʰʧʠʥʝʣʴ) 

ʪʦʣʝʠʪʦʚ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ ʨʘʡʦʥʘ ʪʨʘʥʩʬʦʨʤʥʳʭ ʨʘʟʣʦʤʦʚ ʕʥʜʨʶ ɹʝʡʥ ╖ ɼʶ. ʊʫʘ ʚ ʧʨʝʜʝʣʘʭ 

ʖʛʦ ï ɿʘʧʘʜʥʦʛʦ ʀʥʜʠʡʩʢʦʛʦ ʭʨʝʙʪʘ ʫʩʪʘʥʦʚʣʝʥʳ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʩʦʩʪʘʚʘʭ ʧʝʨʚʠʯʥʳʭ 

ʤʘʛʤ ʠ ʤʠʥʝʨʘʣʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʙʦʣʝʝ ʨʘʥʥʠʝ ʵʪʘʧʳ ʨʘʟʚʠʪʠʷ ʪʦʣʝʠʪʦʚʦʛʦ ʤʘʛʤʘʪʠʟʤʘ, 

ʩʬʦʨʤʠʨʦʚʘʚʰʝʛʦ ʙʦʨʪ ʪʨʘʥʩʬʦʨʤʥʦʛʦ ʨʘʟʣʦʤʘ ʕʥʜʨʶ ɹʝʡʥ, ʩʚʷʟʘʥʳ ʩ ʙʦʣʝʝ ʛʣʫʙʠʥʥʳʤʠ 

ʚʳʧʣʘʚʢʘʤʠ ʦʙʦʛʘʱʝʥʥʳʭ ʨʘʩʧʣʘʚʦʚ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʚʙʣʠʟʠ ʛʦʨʷʯʠʭ ʪʦʯʝʢ. ɺʳʷʚʣʝʥʥʳʝ ʨʘʟʣʠʯʠʷ 

ʚ ʩʦʩʪʘʚʘʭ ʤʘʛʤ ʠ ʣʠʢʚʠʜʫʩʥʳʭ ʦʣʠʚʠʥʦʚ ʦʪʨʘʞʘʶʪ ʩʤʝʥʫ ʛʝʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʝʞʠʤʘ ʟʘ ʧʦʩʣʝʜʥʠʝ 

30 ʤʣʥ ʣʝʪ, ʢʦʛʜʘ ʩʬʦʨʤʠʨʦʚʘʣʦʩʴ ʩʦʚʨʝʤʝʥʥʦʝ ʧʦʣʦʞʝʥʠʝ ʊʉɹ. ɺ ʙʦʣʝʝ ʨʘʥʥʠʝ ʵʪʘʧʳ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʖɿʀʍ ʚ ʜʘʥʥʦʤ ʨʘʡʦʥʝ ʛʝʥʝʨʘʮʠʷ ʨʘʩʧʣʘʚʦʚ ʧʨʦʠʩʭʦʜʠʣʘ ʚ ʠʥʪʝʨʚʘʣʝ ʜʘʚʣʝʥʠʡ 

20ï10 ʢʙʘʨ, ʧʨʠ ʩʨʝʜʥʝʡ ʊ=1300 Áʉ, ʚʙʣʠʟʠ ʛʦʨʷʯʝʡ ʪʦʯʢʠ ɹʫʚʝ, ʚʣʠʷʥʠʝ ʢʦʪʦʨʦʡ ʧʨʝʢʨʘʪʠʣʦʩʴ ʢ 

ʩʦʚʨʝʤʝʥʥʦʤʫ ʵʪʘʧʫ ʨʘʟʚʠʪʠʷ ʖɿʀʍ, ʘ ʫʩʣʦʚʠʷ ʛʝʥʝʨʘʮʠʠ ʪʦʣʝʠʪʦʚ ʩʤʝʥʠʣʠʩʴ ʥʘ ʤʝʥʝʝ 

ʛʣʫʙʠʥʥʳʝ (ʈ-15ï4 ʢʙʘʨ, ʊ=1250 Áʉ). 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʄʘʛʤʘʪʠʟʤ, ʦʣʠʚʠʥʳ, ʀʥʜʠʡʩʢʠʡ ʦʢʝʘʥ, ʛʝʥʝʨʘʮʠʷ ʪʦʣʝʠʪʦʚ 

 

ɿʦʥʘ ʨʘʟʣʦʤʦʚ ʕʥʜʨʶ ɹʝʡʥ ï ɼʁ  ʊʫʘ (25Á ʚ.ʜ.) ʚ ʟʘʧʘʜʥʦʡ ʯʘʩʪʠ ʀʥʜʠʡʩʢʦʛʦ ʦʢʝʘʥʘ 

ʷʚʣʷʝʪʩʷ ʜʝʤʘʨʢʘʮʠʦʥʥʦʡ, ʨʘʟʜʝʣʷʶʱʝʡ ʜʚʝ ʨʘʟʥʦʚʦʟʨʘʩʪʥʳʝ ʧʨʦʚʠʥʮʠʠ ʖʛʦ-ɿʘʧʘʜʥʦʛʦ 

ʀʥʜʠʡʩʢʦʛʦ ʭʨʝʙʪʘ (ʖɿʀʍ). ʈʘʟʚʠʪʠʝ ʟʘʧʘʜʥʦʡ ʯʘʩʪʠ ʖɿʀʍ ʥʘʯʘʣʦʩʴ ʦʢʦʣʦ 160 ʤʣʥ ʣʝʪ 

ʥʘʟʘʜ ʚ ʩʚʷʟʠ ʩ ʨʘʩʢʦʣʦʤ ɻʦʥʜʚʘʥʳ (ʃʝʡʯʝʥʢʦʚ, 2014). ʂ ʚʦʩʪʦʢʫ ʦʪ ʪʨʘʥʩʬʦʨʤʥʦʛʦ 

ʨʘʟʣʦʤʘ ʕʥʜʨʶ ɹʝʡʥ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʧʨʝʜʠʥʛʦʚʦʡ ʟʦʥʳ ʥʘʯʘʣʦʩʴ ʧʦʟʜʥʝʝ ʦʢʦʣʦ 130ï135 

ʤʣʥ ʣʝʪ ʥʘʟʘʜ (ʃʝʡʯʝʥʢʦʚ, 2014). ʉ ʮʝʣʴʶ ʫʩʪʘʥʦʚʣʝʥʠʷ ʩʧʝʮʠʬʠʢʠ ʫʩʣʦʚʠʡ ʦʙʨʘʟʦʚʘʥʠʷ 

ʪʦʣʝʠʪʦʚʦʛʦ ʤʘʛʤʘʪʠʟʤʘ ʚʙʣʠʟʠ ʧʨʦʪʷʞʝʥʥʳʭ ʪʨʘʥʩʬʦʨʤʥʳʭ ʨʘʟʣʦʤʦʚ ʥʘʤʠ ʙʳʣʠ 

ʠʟʫʯʝʥʳ ʩʦʩʪʘʚʳ ʤʘʛʤ ʠ ʣʠʢʚʠʜʫʩʥʳʭ ʦʣʠʚʠʥʦʚ ʠʟ ʤʘʛʥʝʟʠʘʣʴʥʳʭ ʙʘʟʘʣʴʪʦʚ, 

ʜʨʘʛʠʨʦʚʘʥʥʳʭ ʚ ʨʠʬʪʦʚʦʡ ʜʦʣʠʥʝ ʠ ʙʦʨʪʫ ʨʘʟʣʦʤʘ ʕʥʜʨʶ ɹʝʡʥ ʚ ʭʦʜʝ 23 ʨʝʡʩʘ 

ʩʦʚʤʝʩʪʥʦʡ ʛʝʦʣʦʛʦ-ʛʝʦʬʠʟʠʯʝʩʢʦʡ ʵʢʩʧʝʜʠʮʠʠ ɻʝʦʣʦʛʠʯʝʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ ʈɸʅ ʠ 

ʀʥʩʪʠʪʫʪʘ ʤʦʨʩʢʠʭ ʥʘʫʢ (ɹʦʣʦʥʴʷ, ʀʪʘʣʠʷ) ʥʘ ʅʀʉ çɸʢʘʜʝʤʠʢ ʅʠʢʦʣʘʡ ʉʪʨʘʭʦʚè (ʇʝʡʚʝ 

ʠ ʜʨ., 2017). 

ɹʘʟʘʣʴʪʳ ʠʟ ʨʠʬʪʦʚʦʡ ʜʦʣʠʥʳ (ʩʪ. S2317) ʧʨʝʜʩʪʘʚʣʷʣʠ ʬʨʘʛʤʝʥʪʳ ʧʦʜʫʰʝʯʥʦʡ 

ʦʪʜʝʣʴʥʦʩʪʠ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʘʬʠʨʦʚʳʭ ʙʘʟʘʣʴʪʦʚ ʩ ʨʝʜʢʠʤʠ ʚʢʨʘʧʣʝʥʥʠʢʘʤʠ 

ʧʣʘʛʠʦʢʣʘʟʘ ʟʦʥʘʤʠ ʟʘʢʘʣʢʠ ʠ ʢʦʨʢʘʤʠ ʩʪʝʢʣʘ. ɺ ʧʨʝʜʝʣʘʭ ʟʘʧʘʜʥʦʛʦ ʙʦʨʪʘ ʨʘʟʣʦʤʘ ʕʥʜʨʶ 

ɹʝʡʥ (ʩʪʘʥʮʠʠ S2326, S2330) ʙʘʟʘʣʴʪʳ ʠ ʜʦʣʝʨʠʪʳ ʪʘʢʞʝ ʚ ʦʩʥʦʚʥʦʤ ʘʬʠʨʦʚʳʝ, ʥʦ ʩ 

ʟʘʤʝʪʥʦʡ ʩʪʝʧʝʥʴʶ ʧʦʜʚʦʜʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʚʧʣʦʪ ɹ ʜʦ ʧʦʷʚʣʝʥʠʷ ʭʣʦʨʠʪʘ. ɺʳʙʨʘʥʥʳʝ 

ʦʙʨʘʟʮʳ ʙʘʟʘʣʴʪʦʚ ʠ ʜʦʣʝʨʠʪʦʚ ʦʪʣʠʯʘʣʠʩʴ ʧʦ ʩʦʩʪʘʚʫ. ɽʩʣʠ ʜʣʷ ʨʠʬʪʦʚʦʡ ʜʦʣʠʥʳ ʥʘ 

ʩʪʘʥʮʠʠ S2317 ʭʘʨʘʢʪʝʨʥʦ ʨʘʟʚʠʪʠʝ ʪʦʣʝʠʪʦʚ, ʦʙʦʛʘʱʝʥʥʳʭ Na ʠ ʦʙʝʜʥʝʥʥʳʭ Fe 

(ʛʝʥʝʪʠʯʝʩʢʠʡ ʪʠʧ Na-ʊʆʈ), ʪʦ ʚ ʟʘʧʘʜʥʦʤ ʙʦʨʪʫ ʨʘʟʣʦʤʘ ʕʥʜʨʶ ɹʝʡʥ ʩʪʘʥʮʠʠ S2326, 

S2330 ʧʨʠʩʫʪʩʪʚʫʶʪ ʙʘʟʘʣʴʪʳ ʛʣʫʙʠʥʥʦʛʦ ʪʠʧʘ ʊʆʈ-1 (ʊʦʣʝʠʪʳ ʆʢʝʘʥʠʯʝʩʢʠʭ ʈʠʬʪʦʚ), 

(ɼʤʠʪʨʠʝʚ ʠ ʜʨ., 1984; ʉʫʱʝʚʩʢʘʷ ʠ ʜʨ., 2021). ʀʟʣʠʷʥʠʝ ʤʘʛʤ ʵʪʠʭ ʪʠʧʦʚ ʦʪʨʘʞʘʝʪ 

ʠʟʤʝʥʝʥʠʝ ʛʝʦʜʠʥʘʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʚ ʧʨʦʮʝʩʩʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʵʪʦʡ ʟʦʥʳ, ʩʤʝʥʫ ʨʝʞʠʤʘ 

ʚʳʧʣʘʚʣʝʥʠʷ ʩ ʙʦʣʝʝ ʛʣʫʙʠʥʥʳʭ ʠ ʚʳʩʦʢʦ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʩʣʦʚʠʡ (ʚ ʠʥʪʝʨʚʘʣʝ ʜʘʚʣʝʥʠʡ 

20ï10 ʢʙʘʨ, ʩʨʝʜʥʷʷ ʊ=1300 Áʉ, FÓ15 %) ʥʘ ʤʝʥʝʝ ʛʣʫʙʠʥʥʳʝ (ʈ-15ï4 ʢʙʘʨ, ʊ=1250 Áʉ, 

Få10 %). ɽʩʣʠ ʪʦʣʝʠʪʳ ʊʆʈ-1 ʨʘʟʚʠʪʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʙʣʠʟʠ ʛʦʨʷʯʠʭ ʪʦʯʝʢ, ʪʦ 

ʤʘʣʦʛʣʫʙʠʥʥʳʝ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʭʦʣʦʜʥʳʭ ʦʙʣʘʩʪʝʡ ʀʥʜʠʡʩʢʦʛʦ ʠ ɸʪʣʘʥʪʠʯʝʩʢʦʛʦ 
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ʦʢʝʘʥʦʚ, ʪʘʢʠʭ ʢʘʢ ʦʙʣʘʩʪʴ ʵʢʚʘʪʦʨʠʘʣʴʥʳʭ ʨʘʟʣʦʤʦʚ, ʭʨʝʙʝʪ ʂʥʠʧʦʚʠʯ, ʚʦʩʪʦʯʥʦʝ 

ʦʢʦʥʯʘʥʠʝ ʖɿʀʍ (ʉʫʱʝʚʩʢʘʷ ʠ ʜʨ., 2002; 2003). 

ʇʦʨʷʜʦʢ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʦʣʝʠʪʦʚʳʭ ʤʘʛʤ ʭʦʨʦʰʦ ʠʟʚʝʩʪʝʥ. ʕʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʦʣʠʚʠʥ (Ñʰʧʠʥʝʣʴ) ï ʧʣʘʛʠʦʢʣʘʟ-ʢʣʠʥʦʧʠʨʦʢʩʝʥ (Klein, Langmuir, 1989), 

ʯʪʦ ʪʠʧʠʯʥʦ ʠ ʜʣʷ ʠʟʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ. ʂʨʠʩʪʘʣʣʠʟʘʮʠʷ ʙʦʣʴʰʠʥʩʪʚʘ ʦʢʝʘʥʠʯʝʩʢʠʭ ʤʘʛʤ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 1350ï1010ʦʉ (ɼʤʠʪʨʠʝʚ ʠ ʜʨ., 1984). ʆʥʘ ʤʦʞʝʪ 

ʤʝʥʷʪʴʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʠ ʈ-ʊ ʫʩʣʦʚʠʡ ʛʝʥʝʨʘʮʠʠ ʠ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʷ 

ʧʝʨʚʠʯʥʳʭ ʤʘʛʤ. 

ɸʥʘʣʠʟ ʩʦʩʪʘʚʘ ʦʣʠʚʠʥʦʚ ʠ ʰʧʠʥʝʣʝʡ ʙʳʣ ʧʨʦʚʝʜʸʥ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʣʦʢʘʣʴʥʳʭ ʤʝʪʦʜʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʝʦʣʦʛʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ ʄɻʋ ʥʘ ʤʠʢʨʦʘʥʘʣʠʟʘʪʦʨʝ Jeol JXA-8230 ʧʦ 

ʤʝʪʦʜʠʢʝ, ʦʧʫʙʣʠʢʦʚʘʥʥʦʡ ʚ ʨʘʙʦʪʝ (ʉʫʱʝʚʩʢʘʷ ʠ ʜʨ., 2021). ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ 

ʠʟʫʯʝʥʠʷ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʢʨʘʧʣʝʥʥʠʢʠ ʦʣʠʚʠʥʦʚ ʩʪ. 2326,30 ʠ 2317 ʦʪʣʠʯʘʶʪʩʷ ʧʦ 

ʜʠʘʧʘʟʦʥʫ ʤʘʛʥʝʟʠʘʣʴʥʦʩʪʠ (ʈʠʩ. 1, 2). ɹʦʣʝʝ ʤʘʛʥʝʟʠʘʣʴʥʳʝ (Fo89) ʪʠʧʠʯʥʳ ʜʣʷ ʪʦʣʝʠʪʦʚ 

ʩʪ. 2317 (ʈʠʩ. 1). ɺʘʨʠʘʮʠʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʦʣʠʚʠʥʦʚ ʩʪ. 2326 ʚʘʨʴʠʨʫʶʪ ʦʪ (Fo85) ʜʦ 

(Fo80). ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʣʠʚʠʥʳ ʠʟ ʙʘʟʘʣʴʪʦʚ ʨʠʬʪʦʚʦʡ ʜʦʣʠʥʳ (ʩʪ. 2317) ʙʣʠʟʢʠ ʢ 

ʣʠʢʚʠʜʫʩʥʳʤ ʦʣʠʚʠʥʘʤ ʧʨʠʤʠʪʠʚʥʳʭ ʪʦʣʝʠʪʦʚʳʭ ʨʘʩʧʣʘʚʦʚ Na-ʊʆʈ, ʪʦ ʦʣʠʚʠʥʳ 

(ʩʪ. 2326) ʙʦʣʝʝ ʛʣʫʙʠʥʥʦʛʦ ʧʦ ʧʨʦʠʩʭʦʞʜʝʥʠʶ ʪʠʧʘ (ʊʆʈ-1) ʢʨʠʩʪʘʣʣʠʟʦʚʘʣʠʩʴ ʠʟ ʙʦʣʝʝ 

ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʥʳʭ ʨʘʩʧʣʘʚʦʚ. 
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ʈʠʩ. 1. ɺʘʨʠʘʮʠʠ NiO ʚ ʦʣʠʚʠʥʘʭ ʟʦʥʳ ʨʘʟʣʦʤʘ ʕʥʜʨʶ ɹʝʡʥ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʦʣʠʚʠʥʘʤʠ ʠʟ ʪʦʣʝʠʪʦʚ 

ʨʘʟʣʠʯʥʳʭ ʛʝʥʝʪʠʯʝʩʢʠʭ ʪʠʧʦʚ. 

ʇʦʩʪʨʦʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʨʘʙʦʪ (Sobolev et al., 2007; ʄʠʛʜʠʩʦʚʘ ʠ ʣʨ., 2017). ʊʝʤʥʳʤʠ 

ʧʦʣʷʤʠ ʚʳʜʝʣʝʥʳ ʩʦʩʪʘʚʘ ʦʣʠʚʠʥʦʚ ʠʟ ʪʦʣʝʠʪʦʚ ʊʆʈ-1, ʩʚʝʪʣʳʤʠ   ╖╖  Na-ʊʆʈ. 

 

ʅʘ ʨʠʩ. 1, ʛʜʝ ʧʨʠʚʝʜʝʥʳ ʚʘʨʠʘʮʠʠ ʩʦʩʪʘʚʦʚ ʠʟʫʯʝʥʥʳʭ ʦʣʠʚʠʥʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʦʣʠʚʠʥʘʤʠ ʦʢʝʘʥʠʯʝʩʢʠʭ ʤʘʛʤ, ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʦ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʝʪʦʜʠʢʝ ʚ 

ʣʘʙʦʨʘʪʦʨʠʠ ʄʘʡʥʮʘ (Sobolev et al., 2007), ʭʦʨʦʰʦ ʚʠʜʝʥ ʦʪʣʠʯʘʶʱʠʡʩʷ ʫʨʦʚʝʥʴ 

ʩʦʜʝʨʞʘʥʠʷ NiO ʚ ʦʣʠʚʠʥʘʭ ʨʘʟʣʠʯʥʳʭ ʧʦ ʛʝʥʝʟʠʩʫ ʪʦʣʝʠʪʦʚ. ʜʣʷ. ɼʣʷ ʥʘʠʙʦʣʝʝ 
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ʤʘʛʥʝʟʠʘʣʴʥʳʭ (ʣʠʢʚʠʜʫʩʥʳʭ) ʦʣʠʚʠʥʦʚ ʨʘʡʦʥʦʚ ʊʉɹ ʠ FAMOUS (37ʦ ʩ.h. ʉɸʍ), 

ʠʩʧʳʪʳʚʘʶʱʠʭ ʚʣʠʷʥʠʝ ʧʣʶʤʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (ʪʝʤʥʳʝ ʧʦʣʷ), ʩʦʜʝʨʞʘʥʠʷ NiO ʚ 

ʦʣʠʚʠʥʳʭ Fo 90-91.5 ʜʦʩʪʠʛʘʝʪ 0.4ï0.41 ʤʘʩ.%. ʕʪʦ ʙʣʠʟʢʦ ʢ ʦʧʨʝʜʝʣʝʥʥʳʤ ʥʘʤʠ 

ʩʦʜʝʨʞʘʥʠʷʤ NiO ʚ ʦʣʠʚʠʥʘʭ ʙʘʟʘʣʴʪʦʚ (ʊʆʈ-1) ʨʘʟʣʦʤʘ ʕʥʜʨʶ ɹʝʡʥ, ʝʩʣʠ ʧʨʦʜʦʣʞʠʪʴ 

ʪʨʝʥʜ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʷ, ʧʦʢʘʟʘʥʥʳʡ ʥʘ ʨʠʩ. 1 ʩʪʨʝʣʢʦʡ. ʆʣʠʚʠʥʳ ʠʟ ʪʦʣʝʠʪʦʚ ʨʠʬʪʦʚʦʡ 

ʜʦʣʠʥʳ (ʩʪ. 2317) ʥʘʧʨʦʪʠʚ ʠʤʝʶʪ ʙʦʣʝʝ ʥʠʟʢʠʡ ʫʨʦʚʝʥʴ NiO, ʦʢʦʣʦ 0.30, ʥʦ ʯʫʪʴ ʚʳʰʝ, 

ʯʝʤ ʚ ʦʣʠʚʠʥʘʭ ʨʘʩʧʣʘʚʦʚ ʪʠʧʘ Na-ʊʆʈ (0.21ï0.23 ʤʘʩ/%), ʨʘʟʚʠʪʳʭ ʚ ʨʘʡʦʥʘʭ ʭʨʝʙʪʦʚ 

ʂʥʠʧʦʚʠʯʘ ʠ ʢɻʚʘʪʦʨʠʘʣʴʥʦʡ ʟʦʥʳ ʉɸʍ (ʉʫʱʝʚʩʢʘʷ ʠ ʜʨ., 2002; 2003). 
ɼʚʝ ʛʨʫʧʧʳ ʩʦʩʪʘʚʦʚ ʦʣʠʚʠʥʦʚ ʠʟ ʙʘʟʘʣʴʪʦʚ ʠʟʫʯʝʥʥʦʛʦ ʨʘʡʦʥʘ ʚʳʜʝʣʷʶʪʩʷ ʠ ʧʦ 

ʩʦʜʝʨʞʘʥʠʶ Cr, Mn, (ʈʠʩ. 2 ʘ-ʚ). ʆʣʠʚʠʥʳ ʩʪ. 2317 ʯʝʪʢʦ ʧʦʧʘʜʘʶʪ ʚ ʪʨʝʥʜʳ ʪʠʧʠʯʥʳʭ 

ʦʣʠʚʠʥʦʚ ʦʢʝʘʥʠʯʝʩʢʠʭ ʪʦʣʝʠʪʦʚ (ʄʠʛʜʠʩʦʚʘ ʠ ʜʨ., 2017), ʪʦʛʜʘ ʢʘʢ ʤʝʥʝʝ ʤʘʛʥʝʟʠʘʣʴʥʳʝ 

ʦʣʠʚʠʥʳ ʩʪ. 2326 ʣʝʞʘʪ ʥʘ ʧʨʦʜʦʣʞʝʥʠʠ ʪʨʝʥʜʘ ʩ ʧʦʚʳʰʝʥʥʠʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ Cr, Ni ʠ 

ʧʦʥʠʞʝʥʥʳʤʠ Mn. ʇʦʜʦʙʥʳʝ ʦʣʠʚʠʥʳ ʚʩʪʨʝʯʝʥʳ ʩʨʝʜʠ ʪʦʣʝʠʪʦʚ ʨʘʡʦʥʘ ʊʉɹ (ʈʠʩ. 2 ʘ, ʚ), 

ʛʜʝ ʧʦʤʠʤʦ ʪʠʧʠʯʥʦ ʪʦʣʝʠʪʦʚʳʭ ʩʦʩʪʘʚʦʚ ʦʙʥʘʨʫʞʝʥʳ ʦʣʠʚʠʥʳ ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʩ 

ʧʦʚʳʰʝʥʥʳʤʠ ʩʦʜʝʨʞʘʥʠʷʤʠ Ni (ʄʠʛʜʠʩʦʚʘ ʠ ʜʨ., 2017). ʅʘ ʨʠʩ (ʈʠʩ. 2ʙ) ʚʠʜʥʦ, ʯʪʦ Mn 

ʠʤʝʝʪ ʦʪʯʝʪʣʠʚʦ ʚʳʨʘʞʝʥʥʫʶ ʦʪʨʠʮʘʪʝʣʴʥʫʶ ʢʦʨʨʝʣʷʮʠʶ ʩ ʤʘʛʥʝʟʠʘʣʴʥʦʩʪʴʶ ʦʣʠʚʠʥʘ, 

ʪʦʛʜʘ ʢʘʢ ʠʟʤʝʥʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ Ni ʧʦʢʘʟʳʚʘʝʪ ʧʦʣʦʞʠʪʝʣʴʥʫ ʁʟʘʢʦʥʦʤʝʨʥʦʩʪʴ (ʈʠʩ. 1, 2ʘ). 

ɸ.ɺ. ʉʦʙʦʣʝʚʳʤ ʩ ʢʦʣʣʝʛʘʤʠ (Sobolev et al., 2007) ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʪʥʦʰʝʥʠʷ 

Mn/Fe ʠ Ni ʦʪʥʦʩʠʪʝʣʴʥʦ Mg/Fe ʩʣʘʙʦ ʤʝʥʷʶʪʩʷ ʧʦ ʤʝʨʝ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʷ ʦʣʠʚʠʥʘ. 

ɹʦʣʴʰʠʥʩʪʚʦ ʬʝʥʦʢʨʠʩʪʦʚ ʦʣʠʚʠʥʘ ʠʟ ʊʆʈ ʠ ʤʥʦʛʠʝ ʠʟ ʢʦʤʘʪʠʠʪʦʚ ʠʤʝʁʪ ʩʦʜʝʨʞʘʥʠʷ 

Mn, Ni ʘʥʘʣʦʛʠʯʥʳʝ ʩʦʜʝʨʞʘʥʠʷʤ ʚ ʧʝʨʠʜʦʪʠʪʦʚʳʭ ʚʳʧʣʘʚʢʘʭ ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʣʠʚʠʥʦʚ ʠʟ 

ʚʥʫʪʨʠʧʣʠʪʥʳʭ ʤʘʛʤ, ʢʦʪʦʨʳʝ ʟʥʘʯʠʪʝʣʴʥʦ ʦʙʝʜʥʝʥʳ Mn ʠ ʦʙʦʛʘʱʝʥʳ Ni. ʀʭ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʪʨʫʜʥʦ ʦʙʲʷʩʥʠʪʴ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʠʟ ʨʘʩʧʣʘʚʦʚ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʧʫʪʝʤ 

ʧʣʘʚʣʝʥʠ ̫ ʦʙʳʯʥʳʭ ʧʝʨʠʜʦʪʠʪʦʚ. ɺʦ ʚʨʝʤʷ ʩʫʙʜʫʢʮʠʠ ʧʨʠ ʜʘʚʣʝʥʠʠ ʈ > 2.5 GPa 

ʙʘʟʘʣʴʪʦʚʘʷ ʠ ʛʘʙʙʨʦʠʜʥʘʷ ʯʘʩʪʠ ʦʢʝʘʥʠʯʝʩʢʦʡ ʢʦʨʳ ʧʦʣʥʦʩʪʴʶ ʧʨʝʚʨʘʱʘʶʪʩʷ ʚ ʵʢʣʦʛʠʪ 

(ʢʣʠʥʦʧʠʨʦʢʩʝʥ+ʛʨʘʥʘʪ) ʠ ʩʚʦʙʦʜʥʫʶ ʢʨʝʤʥʠʩʪʫʶ ʬʘʟʫ (Sobolev et al., 2007). ɽʩʣʠ SiO2 ʥʝ 

ʙʳʣ ʚʳʚʝʜʝʥ ʚ ʧʨʦʮʝʩʩʝ ʩʫʙʜʫʢʮʠʠ, ʪʦ ʵʢʣʦʛʠʪ ʙʫʜʝʪ ʩʦʭʨʘʥʷʪʴʩʷ ʚʦ ʚʨʝʤʷ 

ʨʝʮʠʢʣʠʨʦʚʘʥʠʷ ʚ ʚʝʨʭʥʶʶ ʤʘʥʪʠʶ. ʇʨʠ ʧʦʩʣʝʜʫʶʱʠʤ ʧʦʜʲʝʤʝ ʤʘʥʪʠʠ ʚ ʚʠʜʝ 

ʤʘʥʪʠʡʥʳʭ ʧʣʶʤʦʚ ʧʝʨʝʥʘʩʳʱʝʥʥʳʡ ʢʨʝʤʥʠʝʤ ʵʢʣʦʛʠʪ ʥʘʯʠʥʘʝʪ ʧʣʘʚʠʪʴʩʷ ʧʨʠ 

ʧʦʚʳʰʝʥʥʳʭ ʜʘʚʣʝʥʠʷʭ ʨʘʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʝʨʠʜʦʪʠʪʦʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚʳʩʦʢʦ 

ʢʨʝʤʥʠʩʪʦʛʦ ʨʘʩʧʣʘʚʘ. ʕʪʦʪ ʨʘʩʧʣʘʚ, ʨʝʘʛʠʨʫʷ ʩ ʦʣʠʚʠʥʦʤ ʠʟ ʧʝʨʠʜʦʪʠʪʘ, ʦʙʨʘʟʫʝʪ 

(ʧʠʨʦʢʩʝʥ +ʛʨʘʥʘʪ) ʘʩʩʦʮʠʘʮʠʶ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʨʝʬʝʨʪʠʣʠʟʠʨʦʚʘʥʥʦʛʦ ʧʝʨʠʜʦʪʠʪʘ, 

ʦʙʦʛʘʱʝʥʥʦʛʦ ʧʠʨʦʢʩʝʥʦʤ (Sobolev et al., 2007). 

ʅʘ ʛʨʘʬʠʢʝ ʚ ʢʦʦʨʜʠʥʘʪʘʭ 100 Mn/Fe ï Ni/Mg/Fe/1000 (ʨʠʩ. 3ʛ), ʧʦʢʘʟʳʚʘʶʱʠʤ 

ʩʦʩʪʘʚʳ ʦʣʠʚʠʥʦʚ ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʧʝʨʠʜʦʪʠʪʦʚʦʡ ʠ ʧʠʨʦʢʩʝʥʠʪʦʚʦʡ ʤʘʥʪʠʝʡ (ʦʯʝʨʯʝʥʥʳʝ 

ʧʦʣʷʤʠ) (Sobolev et al., 2007), ʚʠʜʥʦ, ʯʪʦ ʦʣʠʚʠʥʳ ʩʪ. 2317 ʯʝʪʢʦ ʧʦʧʘʜʘʶʪ ʚ ʧʦʣʝ 

ʦʣʠʚʠʥʦʚ MORB, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʣʠʚʠʥʳ ʪʦʣʝʠʪʦʚ ʨʘʟʣʦʤʘ ʕʥʜʨʶ ɹʝʡʥ (ʩʪ. 2326, 30) 

ʧʦʜʦʙʥʦ ʯʘʩʪʠ ʦʣʠʚʠʥʦʚ ʊʉɹ ʦʙʨʘʟʦʚʘʥʳ ʩʤʝʰʝʥʠʝʤ ʨʘʩʧʣʘʚʦʚ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʧʨʠ 

ʧʣʘʚʣʝʥʠʠ ʧʝʨʠʜʦʪʠʪʦʚʦʛʦ ʠ ʧʠʨʦʢʩʝʥʠʪʦʚʦʛʦ ʠʩʪʦʯʥʠʢʦʚ, ʇʦ ʦʮʝʥʢʝ ʜʦʣʷ ʧʠʨʦʢʩʝʥʠʪʘ ʚ 

ʧʣʘʚʷʱʝʤʩʷ ʠʩʪʦʯʥʠʢʝ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 30ï50 %. ʋʩʪʘʥʦʚʣʝʥʥʘʷ ʜʠʩʧʝʨʩʠʷ ʩʦʩʪʘʚʦʚ 

ʚʢʨʘʧʣʝʥʥʠʢʦʚ ʦʣʠʚʠʥʘ ʚ ʧʨʝʜʝʣʘʭ ʦʪʜʝʣʴʥʳʭ ʛʨʫʧʧ ʦʪʨʘʞʘʝʪ ʚʦʟʤʦʞʥʦʝ ʧʦʩʣʝʜʫʶʱʝʝ 

ʧʨʦʷʚʣʝʥʠʝ ʧʨʦʮʝʩʩʘ ʩʤʝʰʝʥʠʷ ʦʪʜʝʣʴʥʳʭ ʚʳʧʣʘʚʦʢ ʠʣʠ ʧʦʪʦʢʦʚ ʤʘʛʤ ʚ ʦʙʣʘʩʪʠ 

ʛʝʥʝʨʘʮʠʠ ʠʣʠ ʧʨʠ ʠʟʣʠʷʥʠʠ ʚ ʧʨʝʜʝʣʘʭ ʨʠʬʪʦʚʦʡ ʜʦʣʠʥʳ. 
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ʈʠʩ. 2. ʀʟʤʝʥʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ Ni, Cr ʠ Mn ʚʦ ʚʢʨʘʧʣʝʥʥʠʢʘʭ ʦʣʠʚʠʥʦʚ ʟʦʥʳ ʨʘʟʣʦʤʘ ʕʥʜʨʶ ɹʝʡʥ. 

 

(ʘ, ʙ, ʚ) ï ʂʦʨʨʝʣʷʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʡ Ni, Cr ʠ Mn ʦʪ ʤʘʛʥʝʟʠʘʣʴʥʦʩʪʠ ʦʣʠʚʠʥʘ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʢʝʘʥʠʯʝʩʢʠʭ ʧʨʦʚʠʥʮʠʷʭ. (ʛ) ï ʀʟʤʝʥʝʥʠʝ ʟʥʘʯʝʥʠʡ 100 Mn/Fe ï Ni/Mg/Fe/1000 

ʦʪʨʘʞʘʝʪ ʩʦʩʪʘʚʳ ʦʣʠʚʠʥʦʚ ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʧʝʨʠʜʦʪʠʪʦʚʦʡ ʠ ʧʠʨʦʢʩʝʥʠʪʦʚʦʡ ʤʘʥʪʠʝʡ (Sobolev 

et al., 2007). ɺʘʨʠʘʮʠʠ ʦʣʠʚʠʥʦʚ ʠʟ ʦʢʝʘʥʠʯʝʩʢʠʭ ʪʦʣʝʠʪʦʚ ʧʦʢʘʟʘʥʳ ʧʦʣʝʤ (MORB). ʇʦʩʪʨʦʝʥʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʨʘʙʦʪ (Sobolev et al., 2007; ʄʠʛʜʠʩʦʚʘ ʠ ʜʨ., 2017) 

 

ʐʧʠʥʝʣʠ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʠʢʨʦʚʢʣʶʯʝʥʠʷʤʠ ʚ ʦʣʠʚʠʥʘʭ, ʣʠʙʦ ʚ ʩʨʦʩʪʢʘʭ ʩ ʥʠʤʠ. ʂ 

ʩʦʞʘʣʝʥʠʶ, ʙʦʣʴʰʠʥʩʪʚʦ ʚʢʣʶʯʝʥʠʡ ʧʨʠʥʘʜʣʝʞʠʪ ʦʙʨ. ʩʪ. 26 ʠ ʣʠʰʴ ʦʜʥʘ ʰʧʠʥʝʣʴ 

ʚʳʷʚʣʝʥʘ ʚ ʦʣʠʚʠʥʝ Fo87 ʠʟ ʦʙʨ. 2317/7. ʇʦʩʣʝʜʥʠʡ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʦʩʥʦʚʥʦʛʦ ʪʨʝʥʜʘ ʥʘ 

ʚʩʝʭ ʛʨʘʬʠʢʘʭ ʠ ʠʤʝʝʪ ʙʦʣʝʝ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʛʣʠʥʦʟʝʤʘ ʠ ʧʦʚʳʰʝʥʥʫʶ ʭʨʦʤʠʩʪʦʩʪʴ. 

ʀʥʪʝʨʚʘʣ ʧʦ ʭʨʦʤʠʩʪʦʩʪʠ ʰʧʠʥʝʣʝʡ ʩʪ. 2326 ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0.24 ʜʦ 0.35, ʯʪʦ ʚ 

ʮʝʣʦʤ ʥʠʞʝ, ʯʝʤ ʜʣʷ ʪʠʧʠʯʥʳʭ ʰʧʠʥʝʣʝʡ ʪʦʣʝʠʪʦʚʳʭ ʤʘʛʤ ʧʦ (Sigurdsson, Schilling, 

1976), ʜʣʷ ʢʦʪʦʨʳʭ ʠʥʪʝʨʚʘʣ Al 2O3 ʩʦʩʪʘʚʣʷʝʪ 25 ï 30 ʤʘʩ.% 

ʆʮʝʥʢʘ ʪʝʤʧʝʨʘʪʫʨ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Al 2O3 

ʤʝʞʜʫ ʦʣʠʚʠʥʦʤ ʠ ʰʧʠʥʝʣʴʶ, ʧʦ ʪʝʨʤʦʤʝʪʨʘʤ, ʧʨʝʜʣʦʞʝʥʥʳʤ (Coogan et al., 2014 ʠ Wan 

et al., 2008), ʜʘʝʪ ʙʣʠʟʢʠʝ ʨʝʟʫʣʴʪʘʪʳ, ʥʦ ʤʝʥʴʰʝ ʜʠʩʩʧʝʨʩʠʷ ʧʦ ʨʘʩʯʝʪʘʤ (Coogan et al., 

2014). ʈʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ (ʚ ʠʥʪʝʨʚʘʣʝ ʧʦ ʦʣʠʚʠʥʫ Fo 85-80) 

ʧʨʦʠʩʭʦʜʠʣʘ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 1300ï1210 Áʉ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʪʝʤʧʝʨʘʪʫʨʘʤ ʛʦʤʦʛʝʥʠʟʘʮʠʠ (ʦʢʦʣʦ 1280 ÁC) ʨʘʩʧʣʘʚʥʳʭ ʚʢʣʶʯʝʥʠʡ ʚ ʤʘʛʥʝʟʠʘʣʴʥʳʭ 

ʦʣʠʚʠʥʘʭ ʪʦʣʝʠʪʦʚ ʛʣʫʙʠʥʥʦʛʦ ʪʠʧʘ ʊʆʈ-1 (Sobolev, Dmitriev, 1989). ʊʝʤʧʝʨʘʪʫʨʘ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʦʙʨ. 2317/7 ʩʦʩʪʘʚʣʷʝʪ 1240ʦC, ʯʪʦ ʙʣʠʟʢʦ ʢ ʪʝʤʧʝʨʘʪʫʨʘʤ ʚʳʧʣʘʚʣʝʥʠʷ ʠ 

ʥʘʯʘʣʴʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʝʨʚʠʯʥʳʭ ʤʘʛʤ Na-ʪʠʧʘ (ʉʫɦʝʚʩʢʘʷ ʠ ʜʨ., 2002). ʅʘʠʙʦʣʝʝ 

ʤʘʛʥʝʟʠʘʣʴʥʳʝ ʦʣʠʚʠʥʳ ʠʟ ʨʘʩʧʣʘʚʦʚ ʵʪʦʛʦ ʪʠʧʘ ʜʦʩʪʠʛʘʣʠ Fo88ï89. ʇʦ ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʤ 

ʤʦʜʝʣʷʤ ʨʘʩʧʣʘʚʳ ʧʦʜʦʙʥʦʛʦ ʪʠʧʘ ʤʦʛʫʪ ʷʚʣʷʪʴʩʷ ʩʘʤʳʤʠ ʤʘʣʦʛʣʫʙʠʥʥʳʤʠ ʚʳʧʣʘʚʢʘʤʠ 

ʧʨʠ ʧʦʜʲʝʤʝ ʤʘʥʪʠʡʥʦʡ ʢʦʣʦʥʥʳ (Klein, Langmuir., 1989). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʝʩʣʠ ʦʣʠʚʠʥʳ ʠʟ ʤʘʛʤ ʨʘʬʪʦʚʦʡ ʜʦʣʠʥʳ (ʩʪ. S2317) 

ʙʣʠʟʢʠ ʢ ʪʠʧʠʯʥʳʤ ʦʣʠʚʠʥʘʤ ʪʠʧʘ Na-ʊʆʈ ʩ ʤʘʛʥʝʟʠʘʣʴʥʦʩʪʴʶ Fo89-87, ʩ ʥʠʟʢʠʤʠ 

ʩʦʜʝʨʞʘʥʠʷʤʠ ʚ ʥʠʭ Ni ʠ ʧʦʚʳʰʝʥʥʳʤʠ Mn, ʪʦ ʪʦʣʝʠʪʳ ʨʘʟʣʦʤʥʦʡ ʟʦʥʳ ʕʥʜʨʶ ɹʝʡʥ 

(ʩʪ. 2326), ʥʘʦʙʦʨʦʪ, ʦʙʦʛʘʱʝʥʳ Ni ʠ ʦʙʝʜʥʝʥʳ Mn. ʕʪʦ ʤʦʞʝʪ ʦʪʨʘʞʘʪʴ ʚʢʣʶʯʝʥʠʝ ʚ 

ʧʨʦʮʝʩʩ ʧʣʘʚʣʝʥʠʷ ʧʠʨʦʢʩʝʥʠʪʦʚʦʛʦ ʚʝʱʝʩʪʚʘ, ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʣʠʙʦ 
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ʨʝʮʠʢʣʠʨʦʚʘʥʥʫʶ ʯʝʨʝʟ ʛʣʫʙʦʢʫʶ ʤʘʥʪʠʶ ʦʢʝʘʥʠʯʝʩʢʫʶ ʣʠʪʦʩʬʝʨʫ (Hofmann, 2003), 

ʣʠʙʦ ʬʨʘʛʤʝʥʪʳ ʢʦʥʪʠʥʝʥʪʘʣʴʥʦʡ ʣʠʪʦʩʬʝʨʳ ʚ ʚʠʜʝ ʥʝʩʧʨʝʜʠʥʛʦʚʳʭ ʙʣʦʢʦʚ, 

ʚʦʚʣʝʢʘʶʱʠʝʩʷ ʚ ʧʣʘʚʣʝʥʠʝ ʧʨʠ ʧʝʨʝʩʢʦʢʝ ʦʩʝʡ ʩʧʨʝʜʠʥʛʘ (Kamenetsky et al., 2001). 

ʇʦʜʦʙʥʳʡ ʧʨʦʮʝʩʩ ʪʠʧʠʯʝʥ ʜʣʷ ʨʘʡʦʥʘ ʊʉɹ, ʛʜʝ ʚʳʷʚʣʝʥʘ ʧʦ ʩʦʩʪʘʚʘʤ ʦʣʠʚʠʥʦʚ 

ʩʫʱʝʩʪʚʝʥʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʚ ʩʦʜʝʨʞʘʥʠʠ ʚ ʥʠʭ ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʄʠʛʜʠʩʦʚʘ 

ʠ ʜʨ., 2017). ɺʳʷʚʣʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʩʦʩʪʘʚʘʭ ʤʘʛʤ ʠ ʣʠʢʚʠʜʫʩʥʳʭ ʦʣʠʚʠʥʦʚ ʚ ʨʘʡʦʥʝ 

ʨʘʟʣʦʤʘ ʕʥʜʨʶ ɹʝʡʥ ʦʪʨʘʞʘʶʪ ʩʤʝʥʫ ʛʝʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʝʞʠʤʘ ʟʘ ʧʦʩʣʝʜʥʠʝ 30 ʤʣʥ ʣʝʪ, 

ʢʦʛʜʘ ʩʬʦʨʤʠʨʦʚʘʣʦʩʴ ʩʦʚʨʝʤʝʥʥʦʝ ʧʦʣʦʞʝʥʠʝ ʊʉɹ (ɼʫʙʠʥʠʥ ʠ ʜʨ., 1999). ɺ ʨʘʥʥʠʝ 

ʵʪʘʧʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʖɿʀʍ ʚ ʜʘʥʥʦʤ ʨʘʡʦʥʝ ʦʢʦʣʦ 30 ʤʣʥ ʣʝʪ ʛʝʥʝʨʘʮʠʷ ʨʘʩʧʣʘʚʦʚ 

ʧʨʦʠʩʭʦʜʠʣʘ ʚ ʠʥʪʝʨʚʘʣʝ ʜʘʚʣʝʥʠʡ 20ï10 ʢʙʘʨ, ʧʨʠ ʩʨʝʜʥʝʡ ʊ=1300ʦʉ, ʠʩʧʳʪʳʚʘʷ 

ʚʣʠʷʥʠʝ ʛʦʨʷʯʝʡ ʪʦʯʢʠ ɹʫʚʝ, ʚʣʠʷʥʠʝ ʢʦʪʦʨʦʡ ʧʨʝʢʨʘʪʠʣʦʩʴ ʢ ʩʦʚʨʝʤʝʥʥʦʤʫ ʵʪʘʧʫ 

ʨʘʟʚʠʪʠʷ ʖɿʀʍ, ʘ ʫʩʣʦʚʠʷ ʛʝʥʝʨʘʮʠʠ ʪʦʣʝʠʪʦʚ ʩʤʝʥʠʣʠʩʴ ʥʘ ʥʘʠʤʝʥʝʝ ʛʣʫʙʠʥʥʳʝ (ʈ-15ï4 

ʢʙʘʨ, ʊ=1250ʦʉ), ʪʠʧʠʯʥʳʝ ʜʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʭʦʣʦʜʥʳʭ ʟʦʥ ʤʝʜʣʝʥʥʦ-ʩʧʨʝʜʠʥʛʦʚʳʭ 

ʭʨʝʙʪʦʚ ɸʪʣʘʥʪʠʢʠ ʠ ʀʥʜʠʡʩʢʦʛʦ ʦʢʝʘʥʘ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ɻʦʩ. ʟʘʜʘʥʠʷ ɻɽʆʍʀ ʈɸʅ. 

 

ɸʚʪʦʨʳ ʚʳʨʘʞʘʶʪ ʙʦʣʴʰʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ɾʘʨʢʦʚʦʡ ɽ.ɺ. ʟʘ ʧʣʦʜʦʪʚʦʨʥʦʝ ʧʨʦʚʝʜʝʥʠʝ 

ʩʝʤʠʥʘʨʘ ɺɽʉʕʄʇɻ-2023. 
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RIFT MAGMATISM IN THE WESTERN PART OF THE SOUTHWEST INDIAN 

RIDGE ╖ INDICATOR OF THE CONVERSIO N IN THE GEODYNAMIC CONDITION  

Sushchevskaya N.M.1, Sherbakov V.D.2 
1Vernadsky Institute of Geochemistry and Analytical Chemistry, Russian Academy of Sciences, 

Moscow, 
2Moscow State University, Moscow, 

nadyas@geokhi.ru 

 
Abstract. Significant differences of primary rift magmas and minerals have been established in region of 

the Andrew Bain ╖ Du Toit fracture zones of the Southwest Indian Ridge (SWIR) according to the results 

of studying liquidus tholeiitic association (olivine-spinel) compositions. It is shown that the earlier stage 

of the development of tholeiitic magmatism, which has formed the edge of the Andrew Bain transform, is 

associated with deeper generating of enriched melts near hot spot. The revealed differences of the magma 

composition and liquidus olivine reflect the change in the geodynamic regime over the past 30 Ma, when 

the current position of the Bouvet Triple Junction was formed in the earlier stage of the SWIR formation. 

Influence of the Bouvet hot spot has ceased by the present stage of development of the SWIR, and the 

conditions of the tholeiitic generation have changed to less deep ones (P-15ï4 kbar, T=1250 ÁC). 
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ʋɼʂ 552.3, 552.11 

 

ʋʉʃʆɺʀʗ ʂʈʀʉʊɸʃʃʀɿɸʎʀʀ ʄɸɻʄ ʂʈʆʅʆʎʂʆɻʆ ɺʋʃʂɸʅɸ 

(ʂɸʄʏɸʊʂɸ): ʇɽʈɺʓɽ ɼɸʅʅʓɽ 

 

ʊʦʙʝʣʢʦ ɼ.ʇ.1, ɻʦʨʙʘʯ ʅ.ɺ.2, ʑʝʨʙʘʢʦʚ ɺ.ɼ.3, ʈʦʛʦʟʠʥ ɸ.ʅ.2, ʇʦʨʪʥʷʛʠʥ ʄ.ɺ.4 
1ʀʥʩʪʠʪʫʪ ʛʝʦʭʠʤʠʠ ʠ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤ. ɺ.ʀ. ɺʝʨʥʘʜʩʢʦʛʦ ʈɸʅ, ʛ. ʄʦʩʢʚʘ 
2ʀʥʩʪʠʪʫʪ ʚʫʣʢʘʥʦʣʦʛʠʠ ʠ ʩʝʡʩʤʦʣʦʛʠʠ ɼɺʆ ʈɸʅ, ʛ. ʇʝʪʨʦʧʘʚʣʦʚʩʢ-ʂʘʤʯʘʪʩʢʠʡ, 

3ʄʦʩʢʦʚʩʢʠʡ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʛ. ʄʦʩʢʚʘ 
4GEOMAR Helmholtz Centre for Ocean Research, Kiel, Germany 

 dariatobelko@gmail.com 

 
ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʝʨʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ʩʦʩʪʘʚʘ ʦʣʠʚʠʥʘ ʠ ʚʢʣʶʯʝʥʠʡ 

ʰʧʠʥʝʣʠ ʚ ʥʸʤ ʠʟ ʧʷʪʠ ʦʙʨʘʟʮʦʚ ʙʘʟʘʣʴʪʦʚ ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ. ʀʩʩʣʝʜʦʚʘʥʥʳʝ ʟʝʨʥʘ ʦʣʠʚʠʥʘ 

ʠʤʝʶʪ ʠʥʪʝʨʚʘʣ ʩʦʩʪʘʚʦʚ ʦʪ Fo70 ʜʦ Fo88.7. ʇʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʦʮʝʥʢʘʤ ʠʩʭʦʜʥʳʝ ʤʘʛʤʳ 

ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ, ʨʘʚʥʦʚʝʩʥʳʝ ʩ ʦʣʠʚʠʥʦʤ Fo85.1, ʤʦʛʣʠ ʢʨʠʩʪʘʣʣʠʟʦʚʘʪʴʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1108Ñ33 C (2s), ʣʝʪʫʯʝʩʪʠ ʢʠʩʣʦʨʦʜʘ QFM +2.2 Ñ 0.2 (2s) ʠ ʩʦʜʝʨʞʘʣʠ ~2.9 ʤʘʩ. % H2O. 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦ ʩʦʩʪʘʚʫ ʦʣʠʚʠʥʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʧʝʨʠʜʦʪʠʪʦʚʦʤ ʠʩʪʦʯʥʠʢʝ ʧʝʨʚʠʯʥʳʭ 

ʤʘʛʤ ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʠ ʜʣʷ ʜʨʫʛʠʭ ʚʫʣʢʘʥʦʚ ʬʨʦʥʪʘʣʴʥʦʡ ʟʦʥʳ ɺʦʩʪʦʯʥʦʛʦ 

ʚʫʣʢʘʥʠʯʝʩʢʦʛʦ ʧʦʷʩʘ ʂʘʤʯʘʪʢʠ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʂʘʤʯʘʪʢʘ, ʩʫʙʜʫʢʮʠʦʥʥʳʝ ʟʦʥʳ, ʨʦʜʦʥʘʯʘʣʴʥʳʝ ʤʘʛʤʳ, ʪʝʨʤʦʤʝʪʨʠʷ, ʦʣʠʚʠʥ 

 

ʂʨʦʥʦʮʢʠʡ ʚʫʣʢʘʥ ï ʢʨʫʧʥʝʡʰʠʡ ʩʨʝʜʠ ʘʢʪʠʚʥʳʭ ʩʪʨʘʪʦʚʫʣʢʘʥʦʚ ʬʨʦʥʪʘʣʴʥʦʡ ʟʦʥʳ 

ɺʦʩʪʦʯʥʦʛʦ ʚʫʣʢʘʥʠʯʝʩʢʦʛʦ ʧʦʷʩʘ ʂʘʤʯʘʪʢʠ, ʢʦʪʦʨʳʡ ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʚʘʣʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝʠʟʫʯʝʥʥʳʤ ʚ ʩʠʣʫ ʫʜʘʣʝʥʥʦʩʪʠ ʠ ʪʨʫʜʥʦʜʦʩʪʫʧʥʦʩʪʠ. ʇʦʨʦʜ  r ʚʫʣʢʘʥʘ ʧʦ ʜʘʥʥʳʤ 

ʨʘʙʦʪʳ (ɻʦʨʙʘʯ ʠ ʜʨ., 2022) ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʠʟʢʦ-ʂ ʚʳʩʦʢʦ-Fe ʪʦʣʝʠʪʦʚʳʤʠ ʙʘʟʘʣʴʪʘʤʠ, 

ʨʝʞʝ ï ʘʥʜʝʟʠʙʘʟʘʣʴʪʘʤʠ (SiO2=47.8ï53.4 ʤʘʩ. %; K2O= 0.24ï0.58 ʤʘʩ. %; FeO*/MgO=1.2ï

2.89). ɹʘʟʘʣʴʪʳ ʠ ʘʥʜʝʟʠʙʘʟʘʣʴʪʳ ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠ ʦʜʥʦʦʙʨʘʟʥʳ ʠ ʩʣʦʞʝʥ  r ʦʣʠʚʠʥ-

ʧʣʘʛʠʦʢʣʘʟʦʚʦʡ ʘʩʩʦʮʠʘʮʠʝʡ ʚʢʨʘʧʣʝʥʥʠʢʦʚ ʩ ʥʝʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʚʢʨʘʧʣʝʥʥʠʢʦʚ 

ʧʠʨʦʢʩʝʥʘ. 

ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʤ  r ʧʨʝʜʩʪʘʚʣʷʝʤ ʧʝʨʚʳʝ ʜʘʥʥʳʝ ʧʦ ʩʦʩʪʘʚʫ ʦʣʠʚʠʥʘ ʠ ʚʢʣʶʯʝʥʠʡ 

ʰʧʠʥʝʣʠ ʚ ʥʸʤ ʠʟ ʧʷʪʠ ʦʙʨʘʟʮʦʚ ʙʘʟʘʣʴʪʦʚ ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ. ɹʳʣʦ ʠʟʫʯʝʥʦ ʪʨʠ 

ʦʙʨʘʟʮʘ ʣʘʚ ʠʟ ʨʘʟʣʠʯʥʳʭ ʛʠʧʩʦʤʝʪʨʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ ʧʦʩʪʨʦʡʢʠ, ʦʙʨʘʟʝʮ ʰʣʘʢʘ ʠʟ 

ʬʨʘʛʤʝʥʪʘ ʣʘʚʦʚʦ-ʧʠʨʦʢʣʘʩʪʠʯʝʩʢʦʛʦ ʨʘʟʨʝʟʘ ʠ ʦʙʨʘʟʝʮ ʪʝʬʨʳ, ʦʪʦʙʨʘʥʥʳʡ ʥʘ ʫʜʘʣʝʥʠʠ 

ʦʪ ʚʫʣʢʘʥʘ ʥʘ ʙʝʨʝʛʫ ʂʨʦʥʦʮʢʦʛʦ ʦʟʝʨʘ. 

ʆʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʘʚʘ ʦʣʠʚʠʥʘ ʠ ʰʧʠʥʝʣʠ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʧʦʤʦʱʠ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʟʦʥʜʘ JEOL JXA8900 (ɻʝʦʣʦʛʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ ʄɻʋ). ɿʝʨʥʘ ʦʣʠʚʠʥʘ ʠʤʝʶʪ ʠʥʪʝʨʚʘʣ 

ʩʦʩʪʘʚʦʚ ʦʪ Fo70 ʜʦ Fo88.5 ʠ ʩʣʝʜʫʶʱʠʝ ʚʘʨʠʘʮʠʠ ʩʦʜʝʨʞʘʥʠʡ ʦʢʩʠʜʦʚ (ʚ ʤʘʩ. %): SiO2 = 

37.7ï40.6, MnO = 0.18ï0.43, CaO = 0.13ï0.29, NiO = 0.02ï0.31, Al 2O3 = 0.014ï0.046, Cr2O3 

= 0ï0.05. ʉ ʧʦʥʠʞʝʥʠʝʤ Mg# ʦʣʠʚʠʥʘ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʩʦʜʝʨʞʘʥʠʷ MnO, ʘ ʩʦʜʝʨʞʘʥʠʷ 

SiO2, NiO ʠ Cr2O3 ʩʥʠʞʘʶʪʩʷ. ʉʦʩʪʘʚʳ ʦʣʠʚʠʥʘ ʚ ʠʟʫʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ ʂʨʦʥʦʮʢʦʛʦ 

ʚʫʣʢʘʥʘ ʪʠʧʠʯʥʳ ʜʣʷ ɺʦʩʪʦʯʥʦʛʦ ʚʫʣʢʘʥʠʯʝʩʢʦʛʦ ʧʦʷʩʘ ʂʘʤʯʘʪʢʠ (ʨʠʩ. 1). 

ɺʢʣʶʯʝʥʠʷ ʰʧʠʥʝʣʠ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʚʦ ʚʢʨʘʧʣʝʥʥʠʢʘʭ ʦʣʠʚʠʥʘ (Fo 73.5ï

88.7 ʤʦʣ.%) ʠʟ ʦʙʨʘʟʮʦʚ 7787ï1 (ʪʝʬʨʘ) ʠ 7818ï4 (ʣʘʚʘ). ʀʟʫʯʝʥʥʳʝ ʚʢʣʶʯʝʥʠʷ ʰʧʠʥʝʣʠ 

ʠʤʝʶʪ ʭʨʦʤʠʩʪʦʩʪʴ Cr/(Cr+Al) = 0.03ï0.5 ʤʦʣ.%, ʩʦʜʝʨʞʘʥʠʝ TiO2 ʩʦʩʪʘʚʣʷʝʪ 0.4ï6 ʤʘʩ.%, 

ʦʪʥʦʰʝʥʠʝ Fe3+/(Fe3++Cr+Al) ʚ ʰʧʠʥʝʣʠ ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ ʚʘʨʴʠʨʫʝʪ ʚ ʜʠʘʧʘʟʦʥʝ 0.09ï

0.8. ʆʜʥʘʢʦ ʜʣʷ ʥʘʰʠʭ ʮʝʣʝʡ ʪʝʨʤʦ- ʠ ʦʢʩʠʙʘʨʦʤʝʪʨʠʠ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʪʦʣʴʢʦ 

ʰʧʠʥʝʣʠ ʩ FeO<50 ʤʘʩ.% (ʨʠʩ. 2). ʍʨʦʤʠʩʪʳʝ ʰʧʠʥʝʣʠ ʠʟ ʦʣʠʚʠʥʦʚ ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ 

ʙʣʠʟʢʠ ʧʦ ʩʦʩʪʘʚʫ ʰʧʠʥʝʣʠ ʚ ʦʣʠʚʠʥʝ ɻʦʨʝʣʦʛʦ ʚʫʣʢʘʥʘ (Nekrylov et al., 2018). 
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ʃʝʪʫʯʝʩʪʴ ʢʠʩʣʦʨʦʜʘ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʘʛʤ ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ, ʦʮʝʥʝʥʥʘʷ ʩ 

ʧʦʤʦʱʴʶ ʦʣʠʚʠʥ-ʰʧʠʥʝʣʝʚʦʛʦ ʦʢʩʠʙʘʨʦʤʝʪʨʘ (Ballhaus et al., 1991), ʩʦʩʪʘʚʣʷʝʪ DQFM = 

+1.6 (Ñ0.5, 1s) ʜʣʷ ʦʙʨʘʟʮʘ ʪʝʬʨʳ 7787ï1 ʠ DQFM = +2.2 (Ñ0.1, 1s) ʜʣʷ ʦʙʨʘʟʮʘ ʣʘʚʳ 

7818ï4. 

 

 
ʈʠʩ. 1. ʉʦʩʪʘʚ ʦʣʠʚʠʥʘ ʠʟ ʙʘʟʘʣʴʪʦʚ ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʧʦʢʘʟʘʥʳ ʜʘʥʥʳʝ ʧʦ 

ʩʦʩʪʘʚʫ ʦʣʠʚʠʥʘ ʠʟ ʙʘʟʘʣʴʪʦʚ ʜʨʫʛʠʭ ʚʫʣʢʘʥʦʚ ɺʦʩʪʦʯʥʦʛʦ ʚʫʣʢʘʥʠʯʝʩʢʦʛʦ ʧʦʷʩʘ ʂʘʤʯʘʪʢʠ ï 

ɻʦʨʝʣʳʡ (ʅʘʟʘʨʦʚʘ ʠ ʜʨ., 2017), ʂʘʨʳʤʩʢʠʡ (ʇʦʨʪʥʷʛʠʥ ʠ ʜʨ., 2011, ʊʦʙʝʣʢʦ ʠ ʜʨ., 2019), 

ɸʚʘʯʠʥʩʢʠʡ (Nekrylov et al., 2018, ʜʘʥʥʳʝ ʘʚʪʦʨʦʚ). 

 

 
ʈʠʩ. 2. ʉʦʩʪʘʚ ʭʨʦʤʠʩʪʦʡ ʰʧʠʥʝʣʠ ʚ ʦʣʠʚʠʥʝ ʠʟ ʧʦʨʦʜ ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ 

ʥʘʥʝʩʝʥʳ ʩʦʩʪʘʚʳ ʵʪʠʭ ʤʠʥʝʨʘʣʦʚ ʠʟ ʧʦʨʦʜ ʂʘʨʳʤʩʢʦʛʦ (ʊʦʙʝʣʢʦ ʠ ʜʨ., 2019), ɸʚʘʯʠʥʩʢʦʛʦ ʠ 

ɻʦʨʝʣʦʛʦ ʚʫʣʢʘʥʦʚ (Nekrylov et al., 2018). 

 

ʊʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʘʛʤ ʦʧʨʝʜʝʣʝʥʳ ʩ ʧʦʤʦʱʴʶ ʦʣʠʚʠʥ-ʰʧʠʥʝʣʝʚʦʛʦ Al  

ʛʝʦʪʝʨʤʦʤʝʪʨʘ (Coogan et al., 2014). ʇʨʝʜʚʘʨʠʪʝʣʴʥʘ ̫ʦʮʝʥʢʘ ʪʝʤʧʝʨʘʪʫʨ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʤʘʛʤ ʂʨʦʥʦʮʢʦʛʦ (ʠʩʧʦʣʴʟʦʚʘʥ ʦʙʨʘʟʝʮ ʣʘʚʳ 7818ï4) ʚʫʣʢʘʥʘ ʩʦʩʪʘʚʣʷʝʪ 1108Ñ17 C (1s). 

çʉʫʭʠʝè (ʧʩʝʚʜʦʣʠʢʚʠʜʫʩʥʳʝ) ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (Ford at al., 1983) ʨʘʩʩʯʠʪʘʥʳ 
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ʧʦ ʩʦʩʪʘʚʫ ʧʦʨʦʜʳ (ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʚ ʧʨʦʛʨʘʤʤʝ Petrolog ʩʦʩʪʘʚ ʧʦʨʦʜʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʣʠʚʠʥʫ Fo85). ʈʘʩʯʝʪʥʳʝ ʧʩʝʚʜʦʣʠʢʚʠʜʫʩʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʦʩʪʘʚʠʣʠ 

1195 Áʉ. ʈʘʟʥʠʮʘ ʤʝʞʜʫ ʨʝʘʣʴʥʳʤʠ (Coogan et al., 2014) ʠ ʧʩʝʚʜʦʣʠʢʚʠʜʫʩʥʳʤʠ (Ford at 

al., 1983) ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (æT) ʩʦʩʪʘʚʠʣʘ ~86 Áʉ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

~2.9 ʤʘʩ.% H2O ʧʦ ʤʦʜʝʣʠ (Almeev et al., 2007) (H2O = (æT/39.69)1.37). 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʚʦʟʤʦʞʥʦʛʦ ʚʢʣʘʜʘ ʧʠʨʦʢʩʝʥʠʪʦʚʦʛʦ ʠʩʪʦʯʥʠʢʘ ʚ ʦʙʨʘʟʦʚʘʥʠʝ ʤʘʛʤ 

ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ ʤ  r ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʨʠʪʝʨʠʡ ʠʟ ʨʘʙʦʪʳ (Sobolev et al., 2007), 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʘʥʘʣʠʟʝ ʩʦʜʝʨʞʘʥʠʷ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʚ ʚʳʩʦʢʦʤʘʛʥʝʟʠʘʣʴʥʦʤ ʦʣʠʚʠʥʝ ʚ 

ʚʫʣʢʘʥʠʯʝʩʢʠʭ ʧʦʨʦʜʘʭ ʨʘʟʣʠʯʥʳʭ ʛʝʦʜʠʥʘʤʠʯʝʩʢʠʭ ʦʙʩʪʘʥʦʚʦʢ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3, 

ʦʪʥʦʰʝʥʠʷ Ni/(Mg/Fe) ʠ Mn/Fe ʚ ʦʣʠʚʠʥʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʠʧʠʯʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʤʘʛʤ 

ʠʟ ʧʝʨʠʜʦʪʠʪʦʚʦʛʦ ʠʩʪʦʯʥʠʢʘ. 

 

 
ʈʠʩ. 3. ʉʦʩʪʘʚ ʚʢʨʘʧʣʝʥʥʠʢʦʚ ʦʣʠʚʠʥʘ ʠʟ ʧʦʨʦʜ ʚʫʣʢʘʥʘ ʂʨʦʥʦʮʢʠʡ. ʇʦʣʷʤʠ ʧʦʢʘʟʘʥʳ ʩʦʩʪʘʚʳ 

ʦʣʠʚʠʥʘ ʠʟ ʤʘʛʤ, ʠʤʝʶʱʠʭ ʧʝʨʠʜʦʪʠʪʦʚʳʡ ʠ ʧʠʨʦʢʩʝʥʠʪʦʚʳʡ ʠʩʪʦʯʥʠʢʠ (Sobolev et al., 2007). 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʧʦʢʘʟʘʥʳ ʜʘʥʥʳʝ ʜʣʷ ʚʫʣʢʘʥʦʚ ɺʦʩʪʦʯʥʦʛʦ ʚʫʣʢʘʥʠʯʝʩʢʦʛʦ ʧʦʷʩʘ (ɸʚʘʯʠʥʩʢʠʡ 

(Nekrylov et al., 2018, ʜʘʥʥʳʝ ʘʚʪʦʨʦʚ), ʂʘʨʳʤʩʢʠʡ (ʊʦʙʝʣʢʦ ʠ ʜʨ., 2019), ɻʦʨʝʣʳʡ (ʅʘʟʘʨʦʚʘ ʠ ʜʨ., 

2017)). 

 

ʇʦʣʫʯʝʥʥʳʝ ʧʝʨʚʳʝ ʜʘʥʥʳʝ ʧʦ ʩʦʩʪʘʚʫ ʩʦʩʫʰʝʩʪʚʫʶʱʠʭ ʦʣʠʚʠʥʘ ʠ ʰʧʠʥʝʣʠ ʠʟ ʧʦʨʦʜ 

ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʩʦʩʪʘʚ ʠʩʭʦʜʥʳʭ ʨʘʩʧʣʘʚʦʚ ʥʝ ʩʚʷʟʘʥ ʩ 

ʧʣʘʚʣʝʥʠʝʤ ʧʠʨʦʢʩʝʥʠʪʦʚʦʛʦ ʠʩʪʦʯʥʠʢʘ. ɺʝʨʦʷʪʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʧʝʨʚʠʯʥʳʭ ʤʘʛʤ 

ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ ʙʳʣ ʧʝʨʠʜʦʪʠʪ, ʩʭʦʜʥʳʡ ʧʦ ʩʦʩʪʘʚʫ ʩ ʠʩʪʦʯʥʠʢʦʤ MORB, ʯʪʦ, 

ʚʝʨʦʷʪʥʦ, ʷʚʣʷʝʪʩʷ ʪʠʧʠʯʥʳʤ ʜʣʷ ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʚʫʣʢʘʥʠʯʝʩʢʦʛʦ ʬʨʦʥʪʘ ʂʘʤʯʘʪʢʠ 

(ʅʘʟʘʨʦʚʘ ʠ ʜʨ., 2017, ʊʦʙʝʣʢʦ ʠ ʜʨ., 2019, Portnyagin et al., 2007, ʇʣʝʯʦʚʘ ʠ ʜʨ., 2011, 

Kamenetsky et al., 2017). ʇʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʦʮʝʥʢʘʤ ʠʩʭʦʜʥʳʝ ʤʘʛʤʳ ʂʨʦʥʦʮʢʦʛʦ 

ʚʫʣʢʘʥʘ, ʨʘʚʥʦʚʝʩʥʳʝ ʩ ʦʣʠʚʠʥʦʤ Fo85.1, ʢʨʠʩʪʘʣʣʠʟʦʚʘʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1108Ñ33 C 

(2s), ʣʝʪʫʯʝʩʪʠ ʢʠʩʣʦʨʦʜʘ QFM +2.2 Ñ 0.2 (2s) ʠ ʩʦʜʝʨʞʘʣʠ ~2.9 ʤʘʩ. % H2O. ʊʝʤʧʝʨʘʪʫʨʳ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʘʛʤ ɺʦʩʪʦʯʥʦʛʦ ʚʫʣʢʘʥʠʯʝʩʢʦʛʦ ʧʦʷʩʘ ʂʘʤʯʘʪʢʠ (ʚ ʪʦʤ ʯʠʩʣʝ 

ʂʨʦʥʦʮʢʦʛʦ ʚʫʣʢʘʥʘ) ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʥʠʞʝ, ʯʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʘʛʤ 

ʎʝʥʪʨʘʣʴʥʦʡ ʂʘʤʯʘʪʩʢʦʡ ʜʝʧʨʝʩʩʠʠ (ʥʘʧʨʠʤʝʨ, Mironov et al., 2015) ʠ ʙʘʟʘʣʴʪʦʚ 

ʩʨʝʜʠʥʥʦ-ʦʢʝʘʥʠʯʝʩʢʠʭ ʭʨʝʙʪʦʚ (Coogan et al., 2014). ʕʪʦ, ʚʝʨʦʷʪʥʦ, ʤʦʞʝʪ ʙʳʪʴ 

ʦʙʲʷʩʥʝʥʦ ʦʭʣʘʞʜʝʥʠʝʤ ʤʘʥʪʠʡʥʦʛʦ ʢʣʠʥʘ ʩʫʙʜʫʮʠʨʫʶʱʝʡ ʦʢʝʘʥʠʯʝʩʢʦʡ ʧʣʠʪʦʡ. 

ʆʭʣʘʞʜʝʥʠʝ ʤʦʛʣʦ ʙʳʪʴ ʙʦʣʝʝ ʟʥʘʯʠʪʝʣʴʥʳʤ ʚ ʨʘʡʦʥʝ ɺʦʩʪʦʯʥʦʛʦ ʚʫʣʢʘʥʠʯʝʩʢʦʛʦ ʬʨʦʥʪʘ 

ʂʘʤʯʘʪʢʠ, ʛʜʝ ʩʫʙʜʫʢʮʠʷ ʥʘʯʘʣʘʩʴ ʨʘʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʫʣʢʘʥʘʤʠ ʎʝʥʪʨʘʣʴʥʦʡ 
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ʂʘʤʯʘʪʩʢʦʡ ʜʝʧʨʝʩʩʠʠ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʥʘ ʙʦʣʴʰʝʤ ʫʜʘʣʝʥʠʠ ʦʪ ʛʣʫʙʦʢʦʚʦʜʥʦʛʦ 

ʞʝʣʦʙʘ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 23ï27ï00053 

https://rscf.ru/project/23ï27ï00053/, ʧʦʣʝʚʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 2022 ʛ. ʙʳʣʠ ʧʦʜʜʝʨʞʘʥʳ 

ʛʨʘʥʪʦʤ ʈʅʌ ˉ 22ï17ï00074 https://rscf.ru/en/project/22ï17ï00074/. 
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Abstract. This paper presents preliminary results of the study of the composition of olivine and spinel 

inclusions in five basalt samples from the Kronotsky volcano. The studied olivine grains range in a 

composition from Fo70 to Fo88.7. According to preliminary estimates, the parental magmas of the 

Kronotsky volcano could crystallize at a temperature of 1108Ñ33 C (2s) and an oxygen fugacity QFM of 

+2.2 Ñ 0.2 (2s) and contained ~2.9 wt % H2O. The primary melt of Kronotsky volcano was derived from 

peridotitic material, which is also characteristic for other volcanoes in the eastern volcanic front of 

Kamchatka. 

 

Keywords: Kamchatka, subduction zones, parental magma, thermometry, olivine 
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ɸʥʥʦʪʘʮʠʷ. ɼʣʷ ʚʦʩʩʦʟʜʘʥʠʷ ʧʦʨʷʜʢʘ ʠ ʫʩʣʦʚʠʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʣʘʤʧʨʦʠʪʦʚʳʭ ʣʘʚ ʚʫʣʢʘʥʘ 

ɻʘʫʩʩʙʝʨʛʘ (ɺʦʩʪʦʯʥʘʷ ɸʥʪʘʨʢʪʠʜʘ) ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʢʦʤʧʣʝʢʩʥʳʡ ʧʦʜʭʦʜ, ʚʢʣʶʯʘʶʱʠʡ ʚ ʩʝʙʷ 

ʠʟʫʯʝʥʠʝ ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ, ʧʨʠʤʝʥʝʥʠʝ 

ʨʷʜʘ ʪʝʨʤʦ- ʠ ʦʢʩʠʙʘʨʦʤʝʪʨʦʚ, ʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʬʘʟʦʚʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʚʳʩʦʢʦʢʘʣʠʝʚʳʭ ʤʘʛʤʘʪʠʯʝʩʢʠʭ 

ʩʠʩʪʝʤʘʭ. ɺʳʷʚʣʝʥʦ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʣʘʤʧʨʦʠʪʦʚ ɻʘʫʩʩʙʝʨʛʘ ʧʨʦʠʩʭʦʜʠʣʘ ʚ ʧʦʨʷʜʢʝ: 

ʭʨʦʤʰʧʠʥʝʣʠʜ -> ʭʨʦʤʰʧʠʥʝʣʠʜ+ʦʣʠʚʠʥ -> ʦʣʠʚʠʥ+ʣʝʡʮʠʪ (Ñʭʨʦʤʰʧʠʥʝʣʠʜ) -> 

ʦʣʠʚʠʥ+ʣʝʡʮʠʪ+ʢʣʠʥʦʧʠʨʦʢʩʝʥ (Ñʭʨʦʤʰʧʠʥʝʣʠʜ). ɹʣʠʟʣʠʢʚʠʜʫʩʥʘʷ ʘʩʩʦʮʠʘʮʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ 

ʚʢʨʘʧʣʝʥʥʠʢʘʤʠ ʚʳʩʦʢʦʤʘʛʥʝʟʠʘʣʴʥʦʛʦ ʦʣʠʚʠʥʘ ʩ ʚʢʣʶʯʝʥʠʷʤʠ ʭʨʦʤʰʧʠʥʝʣʠʜʘ, ʦʙʨʘʟʦʚʘʣʘʩʴ ʚ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 1180 ʜʦ 1250 Áʉ. ɼʘʣʴʥʝʡʰʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʨʘʩʧʣʘʚʘ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ 

ʘʩʩʦʮʠʘʮʠʠ ʚʢʨʘʧʣʝʥʥʠʢʦʚ ʦʣʠʚʠʥ+ʣʝʡʮʠʪ+ʢʣʠʥʦʧʠʨʦʢʩʝʥ ʤʦʛʣʘ ʧʨʦʠʩʭʦʜʠʪʴ ʧʨʠ ʜʘʚʣʝʥʠʠ 

ʥʠʞʝ 2 ɻʇʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1070ï1180 Áʉ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʨʠʩʫʪʩʪʚʠʶ ʚʦʜʳ ʚ 

ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ. ʆʮʝʥʢʠ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʣʘʤʧʨʦʠʪʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʥʳʭ ʦʢʩʠʙʘʨʦʤʝʪʨʦʚ, ʚʘʨʴʠʨʫʶʪ ʚ ʰʠʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ: ʦʪ QFM-0.5 ʜʦ QFM+2.3, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʣʴʪʨʘʱʝʣʦʯʥʳʭ ʩʠʩʪʝʤ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʣʘʤʧʨʦʠʪʳ, ʫʣʴʪʨʘʱʝʣʦʯʥʳʝ ʧʦʨʦʜʳ, ʦʣʠʚʠʥ, ʢʣʠʥʦʧʠʨʦʢʩʝʥ, ʣʝʡʮʠʪ, ɻʘʫʩʩʙʝʨʛ, 

ɸʥʪʘʨʢʪʠʜʘ, ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ ʫʩʣʦʚʠʷ, ʪʝʤʧʝʨʘʪʫʨʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʜʘʚʣʝʥʠʝ, 

ʣʝʪʫʯʠʝ ʢʦʤʧʦʥʝʥʪʳ 

 

ɺʫʣʢʘʥ ɻʘʫʩʩʙʝʨʛ (ɺʦʩʪʦʯʥʘʷ ɸʥʪʘʨʢʪʠʜʘ) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʘʤʦʝ ʤʦʣʦʜʦʝ ʥʘ 

ɿʝʤʣʝ (ʦʢʦʣʦ 56000 ʣʝʪ) ʧʨʦʷʚʣʝʥʠʝ ʣʘʤʧʨʦʠʪʦʚʦʛʦ ʚʫʣʢʘʥʠʟʤʘ, ʧʨʦʠʟʦʰʝʜʰʝʝ ʚ 

ʧʦʜʣʝʜʥʳʭ ʫʩʣʦʚʠʷʭ (Tingey et al., 1983). ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʫʣʢʘʥ ʠʤʝʝʪ ʬʦʨʤʫ 

ʠʟʦʣʠʨʦʚʘʥʥʦʛʦ ʢʦʥʫʩʘ ʚʳʩʦʪʦʡ ʧʨʠʤʝʨʥʦ 370 ʤ, ʩʣʦʞʝʥʥʦʛʦ ʧʠʣʣʦʫ-ʣʘʚʘʤʠ ʠ 

ʪʫʬʦʙʨʝʢʯʠʷʤʠ ʣʘʤʧʨʦʠʪʦʚʦʛʦ ʩʦʩʪʘʚʘ. ʃʘʤʧʨʦʠʪʳ ɻʘʫʩʩʙʝʨʛʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʫʥʠʢʘʣʴʥʳʝ ʫʣʴʪʨʘʱʝʣʦʯʥʳʝ ʧʦʨʦʜʳ, ʦʙʦʛʘʱʝʥʥʳʝ K2O (ʜʦ 11ï12 ʤʘʩ. %), ʩ ʥʠʟʢʠʤʠ 

ʩʦʜʝʨʞʘʥʠʷʤʠ CaO, A12O3 ʠ Na2O, ʚʳʩʦʢʦʡ ʤʘʛʥʝʟʠʘʣʴʥʦʩʪʴʶ ʠ ʚʳʩʦʢʠʤʠ K2O/A12O3, 

51.5ï53.5 ʤʘʩ.% SiO2, 7.5ï8.3 ʤʘʩ. % MgO (Sheraton, Cundari, 1980; Murphy et al., 2002; 

ʉʫʱʝʚʩʢʘʷ ʠ ʜʨ., 2014). ʅʝʩʤʦʪʨʷ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʝ ʠʟʫʯʝʥʠʝ ʧʨʦʙʣʝʤʳ ʦʙʨʘʟʦʚʘʥʠʷ 

ʣʘʤʧʨʦʠʪʦʚ, ʦʜʥʦʟʥʘʯʥʦʛʦ ʚʟʛʣʷʜʘ ʥʘ ʠʭ ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʥʝ ʩʫʱʝʩʪʚʫʝʪ (Gupta, 2015). 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʙʳʣʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠ ʫʩʣʦʚʠʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʣʘʤʧʨʦʠʪʦʚʳʭ ʤʘʛʤ ɻʘʫʩʩʙʝʨʛʘ ʥʘ ʦʩʥʦʚʘʥʠʠ ʠʟʫʯʝʥʠʷ ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠʭ ʠ 

ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʠʨʦʜʥʳʭ ʦʙʨʘʟʮʦʚ, ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʨʷʜʘ ʪʝʨʤʦ-, ʙʘʨʦ- ʠ 

ʦʢʩʠʙʘʨʦʤʝʪʨʦʚ, ʘ ʪʘʢʞʝ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʜʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʬʘʟʦʚʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʫʣʴʪʨʘʢʘʣʠʝʚʳʭ ʩʠʩʪʝʤʘʭ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʨʘʥʝʝ ʚ ʥʘʫʯʥʦʡ 

ʣʠʪʝʨʘʪʫʨʝ (ʥʘʧʨʠʤʝʨ, Foley, 1985; Nag et al., 2007; Gupta, 2015). 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʦʙʨʘʟʮʳ ʣʘʤʧʨʦʠʪʦʚ ɻʘʫʩʩʙʝʨʛʘ, ʦʪʦʙʨʘʥʥʳʝ ʚ 

ʭʦʜʝ 2-ʦʡ ʉʦʚʝʪʩʢʦʡ ɸʥʪʘʨʢʪʠʯʝʩʢʦʡ ʵʢʩʧʝʜʠʮʠʠ 1956ï1958 ʛʦʜʦʚ (Vyalov, Sobolev, 

1959), ʩʦʩʪʘʚ ʢʦʪʦʨʳʭ ʨʘʥʝʝ ʙʳʣ ʠʟʫʯʝʥ ʚ ʥʘʰʠʭ ʨʘʙʦʪʘʭ (ʉʫʱʝʚʩʢʘʷ ʠ ʜʨ., 2014; 

ʄʠʛʜʠʩʦʚʘ ʠ ʜʨ., 2023). ʄʦʜʘʣʴʥʳʡ ʩʦʩʪʘʚ ʪʠʧʠʯʥʳʭ ʣʘʤʧʨʦʠʪʦʚ ɻʘʫʩʩʙʝʨʛʘ ʧʨʝʜʩʪʘʚʣʝʥ 

ʚʢʨʘʧʣʝʥʥʠʢʘʤʠ ʦʣʠʚʠʥʘ (10 %), ʢʣʠʥʦʧʠʨʦʢʩʝʥʘ (5 %), ʣʝʡʮʠʪʘ (20ï40 %), ʘ ʪʘʢʞʝ 

ʩʪʝʢʣʦʚʘʪʦʡ ʠʣʠ ʘʬʘʥʠʪʦʚʦʡ ʦʩʥʦʚʥʦʡ ʤʘʩʩʦʡ (30ï60 %). ɺʢʨʘʧʣʝʥʥʠʢʠ ʚʩʪʨʝʯʘʶʪʩʷ ʢʘʢ 
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ʚ ʚʠʜʝ ʦʪʜʝʣʴʥʳʭ ʠʜʠʦʤʦʨʬʥʳʭ ʠ ʩʫʙʠʜʠʦʤʦʨʬʥʳʭ ʟʝʨʝʥ, ʪʘʢ ʠ ʚ ʚʠʜʝ 

ʛʣʦʤʝʨʦʧʦʨʬʠʨʦʚʳʭ ʩʨʦʩʪʢʦʚ. ɺʦ ʚʢʨʘʧʣʝʥʥʠʢʘʭ ʦʣʠʚʠʥʘ ʩʦʜʝʨʞʘʪʩʷ ʚʢʣʶʯʝʥʠʷ 

ʭʨʦʤʰʧʠʥʝʣʠʜʘ, ʘ ʚ ʣʝʡʮʠʪʝ ʠ ʦʣʠʚʠʥʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʩʪʝʢʣʦʚʘʪʳʝ ʚʢʣʶʯʝʥʠʷ. ʆʩʥʦʚʥʘʷ 

ʤʘʩʩʘ ʧʦʨʦʜ ʩʣʦʞʝʥʘ ʟʘʢʘʣʦʯʥʳʤ ʩʪʝʢʣʦʤ ʠ ʤʠʢʨʦʣʠʪʘʤʠ ʣʝʡʮʠʪʘ, ʢʣʠʥʦʧʠʨʦʢʩʝʥʘ, 

ʬʣʦʛʦʧʠʪʘ ʠ ʘʧʘʪʠʪʘ. ʆʪʩʫʪʩʪʚʠʝ ʭʘʨʘʢʪʝʨʥʳʭ ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠʭ ʩʚʠʜʝʪʝʣʴʩʪʚ ʥʝ 

ʧʦʟʚʦʣʷʝʪ ʥʘʜʝʞʥʦ ʚʦʩʩʪʘʥʦʚʠʪʴ ʧʦʨʷʜʦʢ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʠʥʝʨʘʣʦʚ-ʚʢʨʘʧʣʝʥʥʠʢʦʚ ʥʘ 

ʦʩʥʦʚʘʥʠʠ ʠʟʫʯʝʥʠʷ ʧʨʠʨʦʜʥʳʭ ʦʙʨʘʟʮʦʚ. 

ɺʘʞʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠ ̫ʬʘʟʦʚʳʭ 

ʨʘʚʥʦʚʝʩʠʡ ʚ ʩʠʣʠʢʘʪʥʳʭ ʨʘʩʧʣʘʚʘʭ, ʧʨʦʚʝʜʝʥʥʳʝ ʧʨʠ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʫʩʣʦʚʠʷʭ. 

ʉʫʱʝʩʪʚʫʝʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʠʟʫʯʝʥʠʶ 

ʬʘʟʦʚʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʫʣʴʪʨʘʢʘʣʠʝʚʳʭ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ, ʦʜʥʘʢʦ ʜʘʥʥʳʝ, 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʦʩʪʘʚʫ ʣʘʤʧʨʦʠʪʦʚʳʭ ʤʘʛʤ ɻʘʫʩʩʙʝʨʛʘ ʠ ʚ ʢʦʪʦʨʳʭ 

ʠʟʫʯʘʝʪʩʷ ʘʩʩʦʮʠʘʮʠʷ ʤʠʥʝʨʘʣʦʚ ʦʣʠʚʠʥ+ʢʣʠʥʦʧʠʨʦʢʩʝʥ+ʣʝʡʮʠʪ, ʜʦʩʪʘʪʦʯʥʦ 

ʦʛʨʘʥʠʯʝʥʥʳ (Gupta, 2015). ɼʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʣʘʤʧʨʦʠʪʦʚ ɻʘʫʩʩʙʝʨʛʘ ʤ  rʠʩʧʦʣʴʟʦʚʘʣʠ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʣʘʤʧʨʦʠʪʦʚʦʛʦ ʨʘʩʧʣʘʚʘ ɻʘʫʩʩʙʝʨʛʘ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʨʘʙʦʪʝ Foley (1985), ʘ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʟʦʚʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ 

ʩʠʩʪʝʤʝ ʦʣʠʚʠʥ-ʜʠʦʧʩʠʜ-ʣʝʡʮʠʪ, ʧʨʦʚʝʜʝʥʥʳʝ ʧʨʠ ʨʘʟʥʳʭ ʜʘʚʣʝʥʠʷʭ (Gupta, 1972; Nag et 

al., 2007). 

ɺ ʨʘʙʦʪʝ Foley (1985) ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʨʘʩʧʣʘʚʘ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʨʝʜʥʝʤʫ ʚʘʣʦʚʦʤʫ ʩʦʩʪʘʚʫ ʣʘʤʧʨʦʠʪʦʚ ɻʘʫʩʩʙʝʨʛʘ, ʚ ʫʩʣʦʚʠʷʭ 

ʬʫʛʠʪʠʚʥʦʩʪʠ ʢʠʩʣʦʨʦʜʘ ʥʘ ʫʨʦʚʥʝ ʙʫʬʝʨʦʚ NNO (ʥʠʢʝʣʴ-ʙʫʥʟʝʥʠʪ) ʠʣʠ MW (ʤʘʛʥʝʪʠʪ-

ʚʁ ʩʪʠʪ), ʧʝʨʚʦʡ ʣʠʢʚʠʜʫʩʥʦʡ ʬʘʟʦʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1260 Áʉ ʷʚʣʷʣʩʷ ʦʣʠʚʠʥ, ʢ ʢʦʪʦʨʦʤʫ 

ʧʨʠ ʩʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ 10ï20 Áʉ ʧʨʠʩʦʝʜʠʥʷʣʩʷ ʣʝʡʮʠʪ. ʂʨʠʩʪʘʣʣʠʟʘʮʠʷ 

ʢʣʠʥʦʧʠʨʦʢʩʝʥʘ ʠ ʭʨʦʤʰʧʠʥʝʣʠʜʘ ʥʘʯʠʥʘʣʘʩʴ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (<1200 Áʉ). 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʙʦʣʝʝ ʦʢʠʩʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ (ʥʘ ʫʨʦʚʥʝ ʙʫʬʝʨʦʚ HM (ʛʝʤʘʪʠʪ-

ʤʘʛʥʝʪʠʪ) ʠ MnH (ʤʘʥʛʘʥʦʟʠʪ-ʛʘʫʩʤʘʥʠʪ) ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʦʣʠʚʠʥʘ ʠ ʣʝʡʮʠʪʘ ʠʟ ʨʘʩʧʣʘʚʘ 

ʥʘʯʠʥʘʣʘʩʴ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1260 Áʉ. ʇʦʷʚʣʝʥʠʷ ʭʨʦʤʰʧʠʥʝʣʠʜʘ ʚ 

ʢʘʯʝʩʪʚʝ ʧʝʨʚʦʡ ʣʠʢʚʠʜʫʩʥʦʡ ʬʘʟʳ (ʧʨʠ 1280 Áʉ) ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ Foley (1985) ʫʜʘʣʦʩʴ 

ʜʦʙʠʪʴʩʷ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʚ ʩʪʘʨʪʦʚʳʡ ʩʦʩʪʘʚ 0.2 ʤʘʩ.% Cr2O3. ɺ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʦʣʠʚʠʥʘ ʩʦʚʤʝʩʪʥʦ ʩ ʣʝʡʮʠʪʦʤ ʠ ʭʨʦʤʰʧʠʥʝʣʠʜʦʤ ʥʘʯʠʥʘʣʘʩʴ ʧʨʠ 

1260 Áʉ ʚʦ ʚʩʝʤ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʠʥʪʝʨʚʘʣʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʡ (ʦʪ 

MW ʜʦ HM). ʊʘʢ ʢʘʢ ʜʘʥʥʘʷ ʩʝʨʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʪʦʣʴʢʦ ʧʨʠ 

ʙʣʠʟʣʠʢʚʠʜʫʩʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʦʷʚʣʝʥʠʝ ʢʣʠʥʦʧʠʨʦʢʩʝʥʘ, ʦʞʠʜʘʝʤʦʝ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ. 

ʌʘʟʦʚʳʝ ʨʘʚʥʦʚʝʩʠʷ ʚ ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʬʦʨʩʪʝʨʠʪ + ʜʠʦʧʩʠʜ + ʣʝʡʮʠʪ (Fo-Di-

Lc) ʙʳʣʠ ʠʟʫʯʝʥʳ ʚ ʨʘʙʦʪʘʭ Gupta (1972) ʠ Nag et al. (2007). ʉʫʭʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ, 

ʧʨʦʚʝʜʝʥʥʳʝ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʨʘʩʧʣʘʚʘ ʚ 

ʩʠʩʪʝʤʝ Fo-Di-Lc ʠʟ ʩʪʘʨʪʦʚʦʛʦ ʩʦʩʪʘʚʘ Fo15Di40Lc45, ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʦʛʦ ʥʦʨʤʘʪʠʚʥʦʤʫ 

ʩʦʩʪʘʚʫ ʣʘʤʧʨʦʠʪʦʚ ɻʘʫʩʩʙʝʨʛʘ, ʩʣʝʜʫʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ: Ol -> Ol + Lc -> Ol+Lc+CPx 

(ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʦʩʪʘʪʦʯʥʦʛʦ ʨʘʩʧʣʘʚʘ) (Gupta, 1972). ʇʨʠ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʪʦʯʢʘ 

ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʨʝʭ ʬʘʟ ʥʘʭʦʜʠʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1296Ñ3 ÁC 

(ʥʦʨʤʘʪʠʚʥʳʡ ʩʦʩʪʘʚ Fo3Di60Lc37). ɺ ʚʦʜʦʥʘʩʳʱʝʥʥʦʡ ʩʠʩʪʝʤʝ Fo-Di-Lc ʧʨʠ ʜʘʚʣʝʥʠʠ 100 

ʄʇʘ ʪʦʯʢʘ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʨʝʭ ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ ʠʤʝʝʪ ʪʝʤʧʝʨʘʪʫʨʫ 

880Ñ5 ÁC, ʯʪʦ ʧʦʯʪʠ ʥʘ 400 Áʉ ʥʠʞʝ, ʯʝʤ ʚ ʩʫʭʦʡ ʩʠʩʪʝʤʝ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ (Nag 

et al., 2007). ʇʨʠ ʵʪʦʤ ʧʦʣʦʞʝʥʠʝ ʜʘʥʥʦʡ ʪʦʯʢʠ ʩʤʝʱʝʥʦ ʚ ʩʪʦʨʦʥʫ ʣʝʡʮʠʪʘ, ʯʪʦ ʦʪʨʘʞʘʝʪ 

ʫʤʝʥʴʰʝʥʠʝ ʧʦʣʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʵʪʦʛʦ ʤʠʥʝʨʘʣʘ ʚ ʚʦʜʦʥʘʩʳʱʝʥʥʦʡ ʩʠʩʪʝʤʝ (Fo3Di50Lc47) 

(Nag et al., 2007). ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ (ʚʦʜʦʥʘʩʳʱʝʥʥʘʷ ʩʠʩʪʝʤʘ ʧʨʠ 

100 ʄʇʘ) ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʩʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 850Ñ10 ÁC ʥʘʙʣʶʜʘʝʪʩʷ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʬʣʦʛʦʧʠʪʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʦʣʠʚʠʥʦʤ, ʣʝʡʮʠʪʦʤ ʠ ʢʣʠʥʦʧʠʨʦʢʩʝʥʦʤ (Nag 

et al., 2007). 
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ʕʢʩʧʝʨʠʤʝʥʪʳ, ʧʨʦʚʝʜʝʥʥʳʝ ʚ ʩʠʩʪʝʤʝ Fo-Di-Lc ʧʨʠ ʜʘʚʣʝʥʠʠ 2.3 ɻʇʘ ʠ 

ʚʦʜʦʥʘʩʳʱʝʥʥʳʭ ʫʩʣʦʚʠʷʭ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ ʚ ʩʠʩʪʝʤʝ 

ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʣʝʡʮʠʪʘ. ʇʨʠ ʵʪʦʤ ʩʪʘʥʦʚʷʪʩʷ ʩʪʘʙʠʣʴʥʳʤʠ ʬʣʦʛʦʧʠʪ, 

ʢʘʣʴʩʠʣʠʪ ʠ ʢʘʣʠʝʚʳʡ ʧʦʣʝʚʦʡ ʰʧʘʪ (Nag et al., 2007). ʈʘʥʝʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʠʩʪʝʤr  K2O-Al 2O3-SiO2 ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʩʫʭʠʭ ʫʩʣʦʚʠʷʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1250 Áʉ ʣʝʡʮʠʪ ʩʪʘʙʠʣʝʥ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʥʠʞʝ ~ 2 ɻʇʘ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ 

ʜʘʚʣʝʥʠʷʭ ʨʘʟʣʘʛʘʝʪʩʷ ʥʘ ʢʘʣʠʝʚʳʡ ʧʦʣʝʚʦʡ ʰʧʘʪ ʠ ʢʘʣʴʩʠʣʠʪ. ʇʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʣʝ ʩʪʘʙʠʣʴʥʦʩʪʠ ʣʝʡʮʠʪʘ ʧʦ ʜʘʚʣʝʥʠʶ ʩʫʞʘʝʪʩʷ (Fasshauer et al., 1998). ɺ 

ʚʦʜʦʥʘʩʳʱʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʣʝʡʮʠʪ ʩʪʘʙʠʣʝʥ ʪʦʣʴʢʦ ʧʨʠ ʜʘʚʣʝʥʠʠ ʥʠʞʝ 0.5 ɻʇʘ (Tuttle, 

Bowen, 1958; Morse, 1969). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʫʱʝʩʪʚʫʶʱʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʘʩʩʦʮʠʘʮʠʠ ʦʣʠʚʠʥ+ʣʝʡʮʠʪ+ʢʣʠʥʦʧʠʨʦʢʩʝʥ ʠʟ ʚʳʩʦʢʦʢʘʣʠʝʚʳʭ 

ʨʘʩʧʣʘʚʦʚ ʚʦʟʤʦʞʥʘ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʡ (ʦʪ MW ʜʦ MH), ʘ ʪʝʤʧʝʨʘʪʫʨʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʠʣʴʥʦ 

ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʩʫʪʩʪʚʠʷ ʚʦʜʳ ʚ ʩʠʩʪʝʤʝ. ʇʨʠ ʵʪʦʤ ʩʪʘʙʠʣʴʥʦʩʪʴ ʣʝʡʮʠʪʘ ʦʛʨʘʥʠʯʝʥʘ 

ʜʘʚʣʝʥʠʝʤ ʥʠʞʝ 2 ɻʇʘ ʚ ʩʫʭʠʭ ʩʠʩʪʝʤʘʭ ʠ ʥʠʞʝ 0.5 ɻʇʘ ʚ ʚʦʜʦʥʘʩʳʱʝʥʥʳʭ. 

ʆʮʝʥʢʠ ʣʠʢʚʠʜʫʩʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠʤʠʪʠʚʥʳʭ ʤʘʛʤ ɻʘʫʩʩʙʝʨʛʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʦ 

ʦʧʨʝʜʝʣʝʥʥʳʤ ʥʘʤʠ ʩʦʩʪʘʚʘʤ ʨʘʚʥʦʚʝʩʥʳʭ ʧʘʨ ʚʢʣʶʯʝʥʠʡ ʰʧʠʥʝʣʠ ʚʦ ʚʢʨʘʧʣʝʥʥʠʢʘʭ 

ʦʣʠʚʠʥʘ Fo89-91 (ʄʠʛʜʠʩʦʚʘ ʠ ʜʨ., 2023). ʇʨʠ ʧʨʠʤʝʥʝʥʠʠ ʤʝʪʦʜʘ ʪʝʨʤʦʤʝʪʨʠʠ, 

ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Al 2O3 ʤʝʞʜʫ 

ʦʣʠʚʠʥʦʤ ʠ ʰʧʠʥʝʣʴʶ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʝʜʣʦʞʝʥʥʦʛʦ Coogan ʩ ʩʦʘʚʪʦʨʘʤʠ (Coogan et 

al., 2014), ʙʳʣ ʧʦʣʫʯʝʥ ʜʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ ʊ = 1180ï1250 Áʉ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʘ 

Ballhaus et al. (1991) ʧʦʣʫʯʠʣʠʩʴ ʙʦʣʝʝ ʥʠʟʢʠʝ ʦʮʝʥʢʠ ʣʠʢʚʠʜʫʩʥʳʭ ʪʝʤʧʝʨʘʪʫʨ: 1086ï

1219 Áʉ. 

ʈʘʥʝʝ ʦʮʝʥʢʘ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʣʘʤʧʨʦʠʪʦʚʳʭ ʤʘʛʤ ɻʘʫʩʩʙʝʨʛʘ ʙʳʣʘ 

ʧʨʦʚʝʜʝʥʘ ʧʨʠ ʠʟʫʯʝʥʠʠ ʨʘʩʧʣʘʚʥʳʭ ʚʢʣʶʯʝʥʠʡ ʚ ʦʣʠʚʠʥʝ ʚ ʜʚʫʭ ʦʙʨʘʟʮʘʭ ʣʘʤʧʨʦʠʪʦʚ 

ɻʘʫʩʩʙʝʨʛʘ (Salvoli-Mariani et al., 2004). ʄʠʢʨʦʪʝʨʤʦʤʝʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʧʦʣʥʦʝ ʨʘʩʧʣʘʚʣʝʥʠʝ ʩʪʝʢʣʘ ʚʦ ʚʢʣʶʯʝʥʠʷʭ ʧʨʦʠʩʭʦʜʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 1070ï

1140 Áʉ, ʭʦʪʷ ʠʩʯʝʟʥʦʚʝʥʠʷ ʫʩʘʜʦʯʥʦʛʦ ʧʫʟʳʨʴʢʘ ʘʚʪʦʨʘʤ ʥʝ ʫʜʘʣʦʩʴ ʜʦʙʠʪʴʩʷ. 

ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʜʠʘʧʘʟʦʥʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʠʟʫʯʝʥʠʠ ʨʘʩʧʣʘʚʥʳʭ ʚʢʣʶʯʝʥʠʡ, ʥʠʞʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ-ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʨʠ ʩʫʭʠʭ ʫʩʣʦʚʠʷʭ (Foley, 1985; Gupta et al., 1972), ʯʪʦ 

ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʧʨʠʩʫʪʩʪʚʠʠ ʚ ʢʨʠʩʪʘʣʣʠʟʫʶʱʝʡʩʷ ʤʘʛʤʝ ʚʦʜʳ, 

ʩʧʦʩʦʙʩʪʚʫʶʱʝʡ ʧʦʥʠʞʝʥʠʶ ʣʠʢʚʠʜʫʩʥʳʭ ʪʝʤʧʝʨʘʪʫʨ (Nag et al., 2007). ʅʝʙʦʣʴʰʦʝ 

ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʳ (0.7 ʤʘʩ. % H2O) ʚ ʟʘʢʘʣʦʯʥʳʭ ʩʪʝʢʣʘʭ ɻʘʫʩʩʙʝʨʛʘ, ʪʘʢʞʝ ʢʘʢ ʠ 

ʧʨʠʩʫʪʩʪʚʠʝ CO2-ʩʦʜʝʨʞʘʱʝʛʦ ʬʣʶʠʜʘ ʚ ʟʘʢʘʣʦʯʥʳʭ ʧʫʟʳʨʴʢʘʭ ʨʘʩʧʣʘʚʥʳʭ ʚʢʣʶʯʝʥʠʡ 

ʨʘʥʝʝ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʜʣʷ ʣʘʤʧʨʦʠʪʦʚ ɻʘʫʩʩʙʝʨʛʘ (Salvoli-Mariani et al., 2004). 

ʊʘʢʞʝ ʥʘʣʠʯʠʝ ʚʦʜʳ, ʥʘʢʘʧʣʠʚʘʶʱʝʡʩʷ ʚ ʭʦʜʝ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʷ ʤʘʛʤʳ, ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʤʠʢʨʦʣʠʪʦʚ ʬʣʦʛʦʧʠʪʘ ʚ ʦʩʥʦʚʥʦʡ ʤʘʩʩʝ. 

ʋʩʣʦʚʠʷ ʦʢʠʩʣʝʥʠʷ ʣʘʤʧʨʦʠʪʦʚ ɻʘʫʩʩʙʝʨʛʘ ʥʘ ʫʨʦʚʥʝ ʦʢʦʣʦ ʙʫʬʝʨʘ NNO (ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ~QFM+0.7) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʨʘʙʦʪʝ Foley (Foley S.F., 1985) ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʩʦʩʪʘʚʦʚ ʧʨʠʨʦʜʥʳʭ ʤʠʥʝʨʘʣʦʚ. 

ʄ  r ʧʨʦʚʝʣʠ ʦʮʝʥʢʠ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʣʘʤʧʨʦʠʪʦʚ ɻʘʫʩʩʙʝʨʛʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʩʢʦʣʴʢʠʭ ʤʝʪʦʜʠʢ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʧʦ 

ʦʣʠʚʠʥ-ʰʧʠʥʝʣʝʚʦʤʫ ʦʢʩʠʙʘʨʦʤʝʪʨʫ (Ballhaus et al., 1991) ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʦʢʠʩʣʝʥʥʳʤ ʫʩʣʦʚʠʷʤ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ QFM+1.3 ʜʦ QFM+2.3. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʣʠʚʠʥ-

ʰʧʠʥʝʣʝʚʦʛʦ ʦʢʩʠʙʘʨʦʤʝʪʨʘ (ʅʠʢʦʣʘʝʚ ʠ ʜʨ., 2016) ʧʦʣʫʯʝʥʳ ʦʮʝʥʢʠ ʚ ʜʠʘʧʘʟʦʥʝ 

QFM+0.9 ʜʦ QFM+1.9. ʆʮʝʥʢʠ, ʧʨʦʚʝʜʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʦʢʩʠʙʘʨʦʤʝʪʨʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʚʘʥʘʜʠʷ ʤʝʞʜʫ ʩʦʩʫʱʝʩʪʚʫʶʱʠʤʠ ʦʣʠʚʠʥʦʤ ʠ ʨʘʩʧʣʘʚʦʤ (Canil, 

Fedortchouk, 2001; Mallmann, O`Neill, 2013; Shishkina et al., 2018), ʪʘʢʞʝ ʧʦʢʘʟʳʚʘʶʪ ʙʦʣʝʝ 

ʦʢʠʩʣʝʥʥʳʝ ʫʩʣʦʚʠʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʘʛʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʘʥʥʳʤʠ ʌʦʣʣʠ (Foley, 1985) ʚ 

ʜʠʘʧʘʟʦʥʝ ʦʪ QFM-0.5 ʜʦ QFM +1.2 (Mallmann, O`Neill, 2013) ʠʣʠ ʦʪ QFM+1.4 ʜʦ QFM 
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+3.5 (Canil, Fedortchouk, 2001; Shishkina et al., 2018). ʄʦʜʝʣʴ Mallmann, O`Neill (2013) ʚ 

ʦʪʣʠʯʠʝ ʦʪ ʤʦʜʝʣʝʡ Shishkina et al. (2018) ʠ Canil, Fedortchouk (2001) ʫʯʠʪʳʚʘʝʪ ʵʬʬʝʢʪ 

ʧʨʠʩʫʪʩʪʚʠʷ ʱʝʣʦʯʝʡ (K2O ʠ Na2O) ʚ ʨʘʩʧʣʘʚʝ, ʯʪʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʜʣʷ ʫʣʴʪʨʘʢʘʣʠʝʚʳʭ 

ʣʘʤʧʨʦʠʪʦʚ ɻʘʫʩʩʙʝʨʛʘ (ʐʠʰʢʠʥʘ ʠ ʜʨ., 2023). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʦʤʧʣʝʢʩ ʤʝʪʦʜʦʚ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠ ʁʧʨʠʨʦʜʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʩʦʯʝʪʘʥʠʠ 

ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʬʘʟʦʚʳʭ ʨʘʚʥʦʚʝʩʠʡ ʧʦʟʚʦʣʷʝʪ 

ʚʦʩʩʦʟʜʘʪʴ ʛʣʘʚʥʳʝ ʪʝʥʜʝʥʮʠʠ ʚ ʫʩʣʦʚʠʷʭ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʣʘʤʧʨʦʠʪʦʚʳʭ ʤʘʛʤ 

ɻʘʫʩʩʙʝʨʛʘ. ʇʝʨʚʦʡ ʢʨʠʩʪʘʣʣʠʟʫʶʱʝʡʩʷ ʬʘʟʦʡ ʷʚʣʷʝʪʩʷ ʭʨʦʤʰʧʠʥʝʣʠʜ, ʢʦʪʦʨʳʡ 

ʩʦʜʝʨʞʠʪʩʷ ʚ ʚʠʜʝ ʚʢʣʶʯʝʥʠʡ ʚ ʢʨʠʩʪʘʣʣʘʭ ʚʳʩʦʢʦʤʘʛʥʝʟʠʘʣʴʥʦʛʦ ʦʣʠʚʠʥʘ. 

ʂʨʠʩʪʘʣʣʠʟʘʮʠʷ ʘʩʩʦʮʠʘʮʠʠ ʭʨʦʤʰʧʠʥʝʣʠʜ+ʦʣʠʚʠʥ ʤʦʛʣʘ ʧʨʦʠʩʭʦʜʠʪʴ ʚ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ ʦʪ 1180 ʜʦ 1250 Áʉ. ɼʘʣʴʥʝʡʰʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʤʘʛʤʳ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ 

ʘʩʩʦʮʠʘʮʠʠ ʤʠʥʝʨʘʣʦʚ-ʚʢʨʘʧʣʝʥʥʠʢʦʚ ʚ ʧʦʨʷʜʢʝ ʦʣʠʚʠʥ -> ʦʣʠʚʠʥ+ʣʝʡʮʠʪ -> 

ʦʣʠʚʠʥ+ʣʝʡʮʠʪ+ʢʣʠʥʦʧʠʨʦʢʩʝʥ ʠ ʩ ʟʘʭʚʘʪʦʤ ʨʘʩʧʣʘʚʥʳʭ ʚʢʣʶʯʝʥʠʡ ʤʦʛʣʘ ʧʨʦʠʩʭʦʜʠʪʴ 

ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʠʥʪʝʨʚʘʣʝ 1070ï1140 Áʉ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʨʠʩʫʪʩʪʚʠʶ 

ʚʦʜʳ ʚ ʩʠʩʪʝʤʝ. ʂʨʠʩʪʘʣʣʠʟʘʮʠʷ ʘʩʩʦʮʠʘʮʠʠ ʤʠʥʝʨʘʣʦʚ-ʚʢʨʘʧʣʝʥʥʠʢʦʚ ʣʘʤʧʨʦʠʪʦʚ 

ɻʘʫʩʩʙʝʨʛʘ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʧʨʦʠʩʭʦʜʠʣʘ ʚ ʤʘʣʦʛʣʫʙʠʥʥʦʤ ʦʯʘʛʝ (ʥʠʞʝ ~500 ʄʇʘ), ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʶ ʩʪʘʙʠʣʴʥʦʩʪʠ ʣʝʡʮʠʪʘ ʚ ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤʘʭ (Tuttle, Bowen, 

1958; Morse, 1969). ʂʨʠʩʪʘʣʣʠʟʘʮʠʷ ʘʩʩʦʮʠʘʮʠʠ ʤʠʢʨʦʣʠʪʦʚ: ʢʣʠʥʦʧʠʨʦʢʩʝʥ + ʣʝʡʮʠʪ + 

ʬʣʦʛʦʧʠʪ ʧʨʠ ʟʘʢʘʣʢʝ ʣʘʤʧʨʦʠʪʦʚʦʡ ʤʘʛʤʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 

ʥʘʙʣʶʜʝʥʠʷʤ ʧʨʠ ʧʦʥʠʞʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (<850 ÁC) ʚ ʚʦʜʦʥʘʩʳʱʝʥʥʦʡ ʩʠʩʪʝʤʝ ʧʨʠ 

0.1 ʄʇʘ (Nag et al., 2007). ʇʨʦʚʝʜʝʥʥʳʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ 

ʣʘʤʧʨʦʠʪʦʚ ʤʦʛʣʘ ʧʨʦʠʩʭʦʜʠʪʴ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ 

ʫʩʣʦʚʠʡ ʦʪ QFM-0.5 ʜʦ QFM+2.3, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʫʱʝʩʪʚʫʶʱʠʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 

ʜʘʥʥʳʤ (Foley, 1985). 

ʈʘʟʣʠʯʠʷ ʚ ʦʮʝʥʢʘʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʫʣʪɹʨʘʱʝʣʦʯʥʳʭ ʤʘʛʤ ɻʘʫʩʩʙʝʨʛʘ ʥʘ ʦʩʥʦʚʘʥʠʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʦʢʩʠʙʘʨʦʤʝʪʨʦʚ 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʘʥʥʳʝ ʤʝʪʦʜʠʢʠ ʩʣʘʙʦ ʧʨʠʤʝʥʠʤʳ ʢ ʧʦʜʦʙʥʳʤ ʨʘʩʧʣʘʚʘʤ ʠ ʥʫʞʜʘʶʪʩʷ 

ʚ ʧʨʦʚʝʜʝʥʠʠ ʩʧʝʮʠʘʣʴʥʳʭ ʢʘʣʠʙʨʦʚʦʢ ʜʣʷ ʚʳʩʦʢʦʱʝʣʦʯʥʳʭ ʩʦʩʪʘʚʦʚ. 

 

ʀʩʪʦʯʥʠʢʠ ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ: ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʦʩʟʘʜʘʥʠʷ ɻɽʆʍʀ ʈɸʅ. 

 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ: ʘʚʪʦʨʳ ʙʣʘʛʦʜʘʨʷʪ ɼ.ɺ. ʂʫʟʴʤʠʥʘ (ʀɻʄ ʉʆ ʈɸʅ), ʄ.ɺ. ʇʦʨʪʥʷʛʠʥʘ 

(GEOMAR, Kiel, Germany) ʠ ɺ.ɻ. ɹʘʪʘʥʦʚʫ (ISTerre, Grenoble, France) ʟʘ ʧʨʦʚʝʜʝʥʥʳʝ 

ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʘʙʦʪʳ ʩ ʠʩʩʣʝʜʦʚʘʥʥʳʤʠ ʧʨʠʨʦʜʥʳʤʠ ʦʙʨʘʟʮʘʤʠ. 
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Abstract. Gaussberg Volcano (East Antarctica) is the youngest on Earth (about 56,000 years) location of 

lamproite volcanism. To reconstruct the order and conditions of crystallization of Gaussberg lamproite 

lavas, a complex approach was used. It included the study of the petrographic features and mineralogical 

composition of samples, the use of a number of thermo ï and oxybarometers, and literature data on 

experimental studies of phase equilibria in high-potassium magmatic systems. It was revealed that the 

crystallization of Gaussberg lamproites occurred in the following order: chrome spinel -> chrome spinel + 

olivine -> olivine + leucite (Ñ chrome spinel) -> olivine + leucite + clinopyroxene (Ñ chrome spinel). The 

near-liquidus association, represented by high-Mg olivine phenocrysts with inclusions of Cr-spinel, was 

formed in the temperature range from 1180 to 1250 ÁC. Further crystallization of the melt with the 

formation of an association of olivine+leucite+clinopyroxene phenocrysts could occur at pressures below 

2 GPa at temperatures of 1070ï1180 ÁC, corresponding to the presence of water in the magmatic system. 

Estimates of the redox crystallization conditions for lamproites obtained using different oxybarometers 

vary in a wide range: from QFM-0.5 to QFM+2.3, which indicates the need for additional experimental 

studies of ultra-alkaline systems. 

 
Keywords: lamproites, olivine, clinopyroxene, leucite, ultraalkaline rocks, Gaussberg, Antarctica, redox 

conditions, crystallization temperature, pressure, volatile components 
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ɸʥʥʦʪʘʮʠʷ: ʈʘʟʨʘʙʦʪʘʥʳ ʦʩʥʦʚʳ ʦʨʠʛʠʥʘʣʴʥʦʡ ʤʝʪʦʜʠʢʠ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʛʦ ʠʟʚʣʝʯʝʥʠʷ 

ʤʝʪʘʣʣʦʚ ʧʝʨʝʤʝʥʥʦʡ ʚʘʣʝʥʪʥʦʩʪʠ (Fe, Ni, Co) ʠʟ ʧʦʨʦʜ (ʘʥʜʝʟʠʪ, ʙʘʟʘʣʴʪ, ʛʘʙʙʨʦ-ʥʦʨʠʪ). 

ʄʝʪʦʜʠʢʘ ʦʩʥʦʚʘʥʘ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʦʩʦʙʝʥʥʦʩʪʭ̫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʦʜʦʨʦʜʘ ʩ 

ʨʘʩʧʣʘʚʘʤʠ ʪʘʢʠʭ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ ʚ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ ʚʦʜʦʨʦʜʘ 0.2 ï 3 ʄʇʘ, 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 1150ï1300 ʦʉ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʦʧʳʪʦʚ 1 ï 6 ʯʘʩ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʥʝʩʤʦʪʨʷ ʥʘ ʥʠʟʢʠʡ ʧʦʪʝʥʮʠʘʣ ʢʠʩʣʦʨʦʜʘ ʚ ʦʧʳʪʘʭ (f(O2) = 10-13 ï 10-14), ʨʝʘʢʮʠʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʠʟ ʨʘʩʧʣʘʚʦʚ ʦʢʠʩʣʦʚ ʤʝʪʘʣʣʦʚ ʧʝʨʝʤʝʥʥʦʡ ʚʘʣʝʥʪʥʦʩʪʠ (Fe, Ni, Co) ʥʝ ʟʘʚʝʨʰʘʣʘʩʴ ʚ ʧʦʣʥʦʡ 

ʤʝʨʝ. ʇʨʠ ʵʪʦʤ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʦʩʪʘʥʦʚʢʠ ʨʝʘʢʮʠʡ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʷʚʠʣʘʩʴ 

ʚʦʜʘ ï ʧʨʦʜʫʢʪ ʨʝʘʢʮʠʡ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʢʦʪʦʨʘʷ ʨʘʩʪʚʦʨʷʣʘʩʴ ʚ ʨʘʩʧʣʘʚʘʭ ʠ ʪʝʤ ʩʘʤʳʤ ʧʦʚʳʰʘʣʘ 

ʧʦʪʝʥʮʠʘʣ ʢʠʩʣʦʨʦʜʘ. ʇʝʨʚʳʝ ʫʩʧʝʰʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʫʪʸʤ ʨʘʟʤʝʱʝʥʠʷ ʚʦ 

ʬʣʶʠʜʥʦʡ ʬʘʟʝ ʙʫʬʝʨʘ ï ʪʘʥʪʘʣʦʚʦʡ ʧʨʦʚʦʣʦʢʠ, ʦʢʠʩʣʝʥʠʝ ʢʦʪʦʨʦʡ ʧʨʠʚʦʜʠʣʦ ʢ ʨʘʟʣʦʞʝʥʠʶ 

ʚʦʜʳ ʚʦ ʬʣʶʠʜʝ ʠ ʫʩʢʦʨʝʥʠʶ ʩʢʦʨʦʩʪʠ ʜʠʬʬʫʟʠʠ ʚʦʜʳ ʠʟ ʨʘʩʧʣʘʚʦʚ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʛʘʙʙʨʦ-ʥʦʨʠʪ ʨʘʩʧʣʘʚ, ʚʦʜʦʨʦʜ, ʜʘʚʣʝʥʠʝ, ʪʝʤʧʝʨʘʪʫʨʘ, ʤʝʪʘʣʣ, 

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ ʫʩʣʦʚʠʷ 

 

ʇʨʦʮʝʩʩ ʧʦʣʥʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʦʢʩʠʜʦʚ ʛʨʫʧʧʳ ʞʝʣʝʟʘ ʚʦʜʦʨʦʜʦʤ ʠʟ ʙʝʜʥʳʭ Fe 

ʤʘʪʝʨʠʘʣʦʚ (ʧʦʨʦʜ, ʰʣʘʢʦʚ ʠ ʜʨ.) ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʠ ʵʢʦʣʦʛʠʯʝʩʢʦʡ 

ʟʘʜʘʯʝʡ. ʇʨʦʚʝʜʝʥʥʳʝ ʨʘʥʝʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ 

ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʥʠʷ ʩʘʤʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʚ ʟʝʤʥʦʡ ʢʦʨʝ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʚʦʜʦʨʦʜʘ ʩ 

ʙʘʟʘʣʴʪʦʚʳʤ ʠ ʘʥʜʝʟʠʪʦʚʳʤ ʨʘʩʧʣʘʚʘʤʠ (Persikov et al., 2019; Persikov, Bukhtiyarov, 

Aranovich 2020; Persikov et al., 2022) ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʥʠʟʢʠʡ ʧʦʪʝʥʮʠʘʣ ʢʠʩʣʦʨʦʜʘ 

ʚ ʦʧʳʪʘʭ (f(O2) = 10-13 ï 10-14), ʨʝʘʢʮʠʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠʟ ʨʘʩʧʣʘʚʦʚ ʦʢʠʩʣʦʚ ʤʝʪʘʣʣʦʚ 

ʧʝʨʝʤʝʥʥʦʡ ʚʘʣʝʥʪʥʦʩʪʠ (Fe, Ni, Co) ʥʝ ʟʘʚʝʨʰʘʣʘʩʴ ʚ ʧʦʣʥʦʡ ʤʝʨʝ. ʇʨʠ ʵʪʦʤ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʦʩʪʘʥʦʚʢʠ ʨʝʘʢʮʠʡ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʷʚʠʣʘʩʴ ʚʦʜʘ ï ʧʨʦʜʫʢʪ ʨʝʘʢʮʠʡ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʢʦʪʦʨʘʷ ʨʘʩʪʚʦʨʷʣʘʩʴ ʚ ʨʘʩʧʣʘʚʘʭ, ʜʠʬʬʫʥʜʠʨʦʚʘʣʘ ʚʦ ʬʣʶʠʜʥʫʶ ʬʘʟʫ 

(ʠʟʥʘʯʘʣʴʥʦ ʯʠʩʪʳʡ ʚʦʜʦʨʦʜ), ʥʦ ʤʝʜʣʝʥʥʝʝ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʚʝʣʠʯʠʥʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ 

ʚʩʪʨʝʯʥʦʡ ʜʠʬʬʫʟʠʝʡ ʚʦʜʦʨʦʜʘ (Persikov et al., 1990), ʠ ʪʝʤ ʩʘʤʳʤ ʧʦʚʳʰʘʣʘ ʧʦʪʝʥʮʠʘʣ 

ʢʠʩʣʦʨʦʜʘ. ɼʣʷ ʫʩʢʦʨʝʥʥʦʛʦ ʫʜʘʣʝʥʠʷ ʚʦʜʳ ʠʟ ʨʘʩʧʣʘʚʦʚ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʤʥʦʛʦʢʨʘʪʥʦʝ 

ʮʠʢʣʠʯʝʩʢʦʝ ʫʤʝʥʴʰʝʥʠʝ ʜʘʚʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʚ ʩʠʩʪʝʤʝ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʠ 

ʪʘʥʪʘʣʦʚʳʡ ʙʫʬʝʨ. ɹʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʠ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ ʚʦʜʦʨʦʜʘ 

(P(H2) = 0.2 ï3 ʄʇʘ) ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʦʩʥʦʚ ʦʨʠʛʠʥʘʣʴʥʦʡ ʤʝʪʦʜʠʢʠ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʛʦ 

ʠʟʚʣʝʯʝʥʠʷ ʤʝʪʘʣʣʦʚ ʧʝʨʝʤʝʥʥʦʡ ʚʘʣʝʥʪʥʦʩʪʠ (Fe, Ni, Co) ʠʟ ʧʦʨʦʜ.  

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʫʥʠʢʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʚʳʩʦʢʦʛʦ ʛʘʟʦʚʦʛʦ 

ʜʘʚʣʝʥʠʷ, ʦʩʥʘʱʝʥʥʦʡ ʦʨʠʛʠʥʘʣʴʥʳʤ ʚʥʫʪʨʝʥʥʠʤ ʫʩʪʨʦʡʩʪʚʦʤ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʨʦʚʦʜʠʪ ɹ

ʜʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ 

ʧʨʦʥʠʢʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʚʦʜʦʨʦʜʘ (ʈʠʩ. 1.). 
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ʋʩʪʨʦʡʩʪʚʦ ʚʢʣʶʯʘʝʪ ʤʦʣʠʙʜʝʥʦʚʳʡ ʨʝʘʢʪʦʨ ʩ 

ʧʦʤʝʱʝʥʥʦʡ ʚ ʥʝʤ ʘʣʫʥʜʦʚʦʡ ʘʤʧʫʣʦʡ ʩ ʠʩʭʦʜʥʳʤ 

ʦʙʨʘʟʮʦʤ. ʈʝʘʢʪʦʨ ʛʝʨʤʝʪʠʯʥʦ ʩʦʝʜʠʥʸʥ ʩ ʧʦʨʰʥʝʚʳʤ 

ʫʨʘʚʥʠʪʝʣʝʤ ï ʨʘʟʜʝʣʠʪʝʣʝʤ. ɺʥʫʪʨʝʥʥʠʝ ʦʙʲʸʤʳ 

ʤʦʣʠʙʜʝʥʦʚʦʛʦ ʨʝʘʢʪʦʨʘ ʠ ʫʨʘʚʥʠʪʝʣʷ-ʨʘʟʜʝʣʠʪʝʣʷ ʧʦʜ 

ʧʦʨʰʥʝʤ ʟʘʧʦʣʥʷʣʠ ʚʦʜʦʨʦʜʦʤ ʧʨʠ ʜʘʚʣʝʥʠʠ 3 ʄʇʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʮʠʘʣʴʥʦʡ ʩʠʩʪʝʤʳ. ʉʦʙʨʘʥʥʦʝ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ ʫʩʪʨʦʡʩʪʚʦ ʚʤʝʩʪʝ ʩ ʚʥʫʪʨʝʥʥʠʤ ʥʘʛʨʝʚʘʪʝʣʝʤ, 

ʨʘʟʤʝʱʘʣʠ ʚʥʫʪʨʠ ʩʦʩʫʜʘ ʚʳʩʦʢʦʛʦ ʛʘʟʦʚʦʛʦ ʜʘʚʣʝʥʠʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʘʤʧʫʣʘ ʩ 

ʦʙʨʘʟʮʦʤ ʥʘʭʦʜʠʣʘʩʴ ʚ ʙʝʟʛʨʘʜʠʝʥʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʦʥʝ ʥʘʛʨʝʚʘʪʝʣʷ. 
 

 

ɿʘ ʩʯʝʪ ʧʝʨʝʤʝʱʝʥʠʷ ʧʦʨʰʥʷ ʫʨʘʚʥʠʪʝʣʷ-

ʨʘʟʜʝʣʠʪʝʣʷ, ʜʘʚʣʝʥʠʝ ʚʦʜʦʨʦʜʘ ʚʦ 

ʚʥʫʪʨʝʥʥʝʤ ʦʙʲʝʤʝ ʤʦʣʠʙʜʝʥʦʚʦʛʦ 

ʨʝʘʢʪʦʨʘ ʚʩʝʛʜʘ ʩʦʭʨʘʥ̫ʣʦʩʴ ʨʘʚʥʳʤ 

ʜʘʚʣʝʥʠʶ ʛʘʟʘ (Ar) ʚ ʩʦʩʫʜʝ ʚ ʧʨʦʮʝʩʩʝ 

ʦʧʳʪʘ. ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʦʧʳʪʘ ʩʦʩʪʘʚʣʷʣʘ Ñ 5ʦʉ, ʘ ʜʘʚʣʝʥʠʷ ʚʦʜʦʨʦʜʘ 

Ñ 0.1 % ʦʪʥ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ ʙʳʣ ʚʟʷʪ ʛʘʙʙʨʦ-ʥʦʨʠʪ ʏʠʥʝʡʩʢʦʛʦ ʤʘʩʩʠʚʘ, 

ɿʘʙʘʡʢʘʣʴʝ (ʊʘʙʣ. 1). 

ʆʧʳʪʳ ʧʨʦʚʦʜʠʣʠ ʚ ʘʣʫʥʜʦʚʳʭ ʘʤʧʫʣʘʭ ʜʠʘʤʝʪʨʦʤ 6 ʤʤ, ʚʦ ʚʥʫʪʨʴ ʢʦʪʦʨʳʭ ʚʩʪʘʚʣʷʣʘʩʴ 

ʧʦ ʦʙʨʘʟʫʶʱʝʡ ʪʦʥʢʘʷ (ʪʦʣʱʠʥʦʡ 0.01 ʤʤ) W ʬʦʣʴʛʘ, ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ 

ʊʘʙʣʠʮʘ 2. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ (ʤʘʩʩ. %) 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʚ ʟʘʢʘʣʝʥʥʳʭ 

ʦʙʨʘʟʮʘʭ ʛʘʙʙʨʦ-ʥʦʨʠʪʦʚʦʛʦ ʨʘʩʧʣʘʚʘ 

ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 

ʚʦʜʦʨʦʜʘ 

ʂʦʤʧʦʥʝʥʪʳ  ̄2169  ̄2171  ̄2173 

Fe 99.92 99.49 99.95 

Mn 0.08 0.00 0.04 

Mg 0.00 0.01 0.00 

Ca 0.00 0.11 0.00 

Si 0.00 0.09 0.00 

Ti 0.00 0.01 0.01 

ʉʫʤʤʘ 100.00 99.8 100.00 

ʊʘʙʣʠʮʘ 1. ʍʠʤʠʯʝʩʢʠʝ ʩʦʩʪʘʚʳ (ʤʘʩʩ. %) 

ʠʩʭʦʜʥʦʛʦ ʩʪʝʢʣʘ ʛʘʙʙʨʦ-ʥʦʨʠʪʘ ʠ ʨʘʩʧʣʘʚʦʚ 

(ʩʪʝʢʦʣ) ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 

ʚʦʜʦʨʦʜʘ 

ʂʦʤʧʦ-

ʥʝʥʪʳ 
ˉ 2169 ˉ 2171 ˉ 2173 

ɻʘʙʙʨʦ-ʥʦʨʠʪ, 

ʧʝʨʝʧʣʘʚʣʝʥ-

ʥʳʡ 

(ʠʩʭʦʜʥʦʝ 

ʩʪʝʢʣʦ) 

SiO
2
 44.23 54.10 47.86 44.19 

Al
2
O

3
 18.50 16.32 15.59 12.24 

FeO 13.65 1.15 10.89 20.27 

MnO 0.20 0.27 0.21 0.21 

MgO 6.42 8.07 6.85 6.52 

CaO 11.38 13.90 12.36 11.31 

Na
2
O 1.98 2.39 2.23 1.90 

K
2
O 0.27 0.32 0.34 0.3 

TiO
2
 3.37 3.47 3.67 2.66 

P
2
O

5
 0.00 0.07 0 0.12 

ʉʫʤʤ

ʘ 
100.00 100.00 100.00 100.00 

ʈʠʩ. 1. ʉʭʝʤʘ ʫʥʠʢʘʣʴʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʫʩʪʨʦʡʩʪʚʘ ʠ 

ʚʥʫʪʨʝʥʥʝʛʦ ʥʘʛʨʝʚʘʪʝʣʷ ʩʦʩʫʜʘ ʚʳʩʦʢʦʛʦ ʛʘʟʦʚʦʛʦ ʜʘʚʣʝʥʠʷ.  

1, 3 - ʠʟʦʣʷʪʦʨʳ; 2 - ʜʚʝ ʦʙʤʦʪʢʠ ʥʘʛʨʝʚʘʪʝʣʷ; 4 - ʪʨʠ 

ʪʝʨʤʦʧʘʨʳ ʜʣʷ ʢʦʥʪʨʦʣʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʚʜʦʣʴ 

ʘʤʧʫʣʳ ʩ ʦʙʨʘʟʮʦʤ; 5 - ʤʦʣʠʙʜʝʥʦʚʳʡ ʨʝʘʢʪʦʨ; 6 ï ʘʣʫʥʜʦʚʘʷ 

ʘʤʧʫʣʘ ʩ ʦʙʨʘʟʮʦʤ (ʨʘʩʧʣʘʚʦʤ); 7 - ʜʚʝ ʪʝʨʤʦʧʘʨʳ ʜʣʷ 

ʢʦʥʪʨʦʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʞʜʦʡ ʦʙʤʦʪʢʠ ʥʘʛʨʝʚʘʪʝʣʷ;  

8 - ʩʘʧʬʠʨʦʚʳʡ ʮʠʣʠʥʜʨ; 9 - ʢʦʨʧʫʩ ʫʨʘʚʥʠʪʝʣʷ-ʨʘʟʜʝʣʠʪʝʣʷ; 

10 ï ʧʦʨʰʝʥʴ ʫʨʘʚʥʠʪʝʣʷ-ʨʘʟʜʝʣʠʪʝʣʷ; 11 ï ʟʘʧʦʨʥʳʡ 

ʚʝʥʪʠʣʴ; 12 - ʜʘʪʯʠʢ ʜʣʷ ʢʦʥʪʨʦʣʷ ʧʦʣʦʞʝʥʠʷ ʧʦʨʰʥʷ;  

13 - ʢʨʳhʢʘ; 14 ï ʘʣʫʥʜʦʚʘʷ ʘʤʧʫʣʘ ʩ ʪʘʥʪʘʣʦʚʦʡ ʧʨʦʚʦʣʦʢʦʡ 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʘʩʧʣʘʚʘ ʩ ʘʤʧʫʣʦʡ. ʇʘʨʘʤʝʪʨʳ ʦʧʳʪʦʚ: ʜʘʚʣʝʥʠʝ ʚʦʜʦʨʦʜʘ 0.2 ï 3 ʄʇʘ, 

ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʜʠʘʧʘʟʦʥ 1150ï1300 ʦʉ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʦʧʳʪʦʚ 1 ï 6 ʯʘʩ. ʕʢʩʧʝʨʠʤʝʥʪʳ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʜʚʘ ʵʪʘʧʘ: 1 ï ʦʙʨʘʙʦʪʢʘ ʧʦʨʦʜʳ ʙʝʟ ʝʸ ʧʣʘʚʣʝʥʠʷ (ʊ = 1150 ʦʉ), 2 ï 

ʧʣʘʚʣʝʥʠʝ ʧʦʨʦʜʳ (ʊ = 1300ʦʉ). ʆʙʘ ʵʪʘʧʘ ʧʨʦʚʦʜʠʣʠ ʩ ʮʠʢʣʠʯʝʩʢʠʤ ʠʟʤʝʥʝʥʠʝʤ ʚ 

ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʜʘʚʣʝʥʠʷ ʚʦʜʦʨʦʜʘ. 

 (ʘ)   

 

 

 

   

 ʙ) ˉ 2169  ̄2171  ̄2173 

 

ʈʠʩ. 2. ʈʘʩʪʨʦʚʘʷ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʚ ʦʪʨʘʞʝʥʥʳʭ ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (BSE) ʟʘʢʘʣʦʯʥʳʭ 

ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʦʧʳʪʦʚ ʧʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʛʘʙʙʨʦ-ʥʦʨʠʪʦʚʦʛʦ ʨʘʩʧʣʘʚʘ ʩ ʚʦʜʦʨʦʜʦʤ. 

 (ʘ) ï ʧʦʧʝʨʝʯʥʳʝ ʩʝʯʝʥʠʷ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʦʧʳʪʦʚ ̄ 2169 (ʘʣʫʥʜʦʚʘʷ ʘʤʧʫʣʘ ʙʝʟ W ʬʦʣʴʛʠ ʠ Ta 

ʙʫʬʝʨʘ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʦʙʨʘʟʮʘ ʚ ʪʚʝʨʜʦʤ ʩʦʩʪʦʷʥʠʠ); ʦʧʳʪ  ̄2171 (ʘʣʫʥʜʦʚʘʷ 

ʘʤʧʫʣʘ ʩ W ʬʦʣʴʛʦʡ ʠ ʩ Ta ʙʫʬʝʨʦʤ ʚʦ ʬʣʶʠʜʥʦʡ ʬʘʟʝ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʦʙʨʘʟʮʘ ʚ 

ʪʚʝʨʜʦʤ ʩʦʩʪʦʷʥʠʠ) ʠ  ̄2173 (ʘʣʫʥʜʦʚʘʷ ʘʤʧʫʣʘ ʩ W ʬʦʣʴʛʦʡ ʠ ʩ Ta ʙʫʬʝʨʦʤ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ 

ʦʙʨʘʙʦʪʢʦʡ ʦʙʨʘʟʮʘ ʚ ʪʚʝʨʜʦʤ ʩʦʩʪʦʷʥʠʠ); (ʙ) ï ʚʳʜʝʣʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ: ʩʝʨʳʡ ʮʚʝʪ ï 

ʩʠʣʠʢʘʪʥʦʝ ʩʪʝʢʣʦ (ʩʦʩʪʘʚ ʩʤ. ʊʘʙʣ. 1), ʙʝʣʳʡ ʮʚʝʪ ï ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ (ʩʦʩʪʘʚ ʩʤ. ʊʘʙʣ. 2). 

 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʩʦʩʪʘʚʦʚ ʟʘʢʘʣʝʥʥʳʭ ʠ ʠʩʭʦʜʥʳʭ ʨʘʩʧʣʘʚʦʚ ʙʳʣʦ ʥʘʧʣʘʚʣʝʥʦ ʩʪʝʢʣʦ 

ʛʘʙʙʨʦ-ʥʦʨʠʪʘ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʝʯʠ (ʊ = 1450ʦʉ, ʚʳʜʝʨʞʢʘ 3 ʯʘʩʘ, ʊʘʙʣ. 1.). 

ʇʦʩʣʝ ʠʟʦʙʘʨʠʯʝʩʢʦʡ ʟʘʢʘʣʢʠ, ʩʙʨʦʩʘ ʜʘʚʣʝʥʠʷ ʚ ʩʦʩʫʜʝ ʠ ʧʦʣʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ, 

ʚʥʫʪʨʝʥʥʝʝ ʫʩʪʨʦʡʩʪʚʦ ʠʟʚʣʝʢʘʣʦʩʴ ʠʟ ʩʦʩʫʜʘ ʚʳʩʦʢʦʛʦ ʛʘʟʦʚʦʛʦ ʜʘʚʣʝʥʠʷ, ʘʤʧʫʣʘ ʩ 

ʦʙʨʘʟʮʦʤ ʠʟʚʣʝʢʘʣʠʩʴ ʠʟ ʤʦʣʠʙʜʝʥʦʚʦʛʦ ʨʝʘʢʪʦʨʘ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʘʥʘʣʠʟʘ ʬʘʟ, 

W

 

ʬ

ʦ

ʣ

ʴ

ʛ

ʘ 
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ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʚʦ ʚʨʝʤʷ ʦʧʪrʘ. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʣʫʯʝʥʥʳʭ ʚ ʦʧʳʪʘʭ ʬʘʟ (ʊʘʙʣ. 1, 2) 

ʦʧʨʝʜʝʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʮʠʬʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ CamScan 

MV2300 (VEGA TS 5130 MM), ʩ ʧʨʠʩʪʘʚʢʦʡ ʜʣʷ ʵʥʝʨʛʦ-ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ 

INCA Energy 450 ʠ WDS Oxford INCA Wave 700. ɸʥʘʣʠʟʳ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ 

ʥʘʧʨʷʞʝʥʠʠ 20 kV ʩ ʪʦʢʦʤ ʧʫʯʢʘ ʜʦ 400 ʥA ʠ ʚʨʝʤʝʥʠ ʥʘʙʦʨʘ ʩʧʝʢʪʨʦʚ 50 -100 ʩʝʢ. ʅʘ 

ʈʠʩ. 2. ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʪʨʦʚʳʝ ʬʦʪʦʛʨʘʬʠʠ ʚ ʦʪʨʘʞʝʥʥʳʭ ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (BSE) 

ʟʘʢʘʣʦʯʥʳʭ ʦʙʨʘʟʮʦʚ (ʘ) ʠ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʦʪʜʝʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʩ ʚʳʜʝʣʝʥʠʷʤʠ ʞʝʣʝʟʘ 

(ʙ). ʂʘʢ ʚʠʜʥʦ (ʩʤ. ʊʘʙʣ. 1), ʥʘʠʙʦʣʝʝ ʧʦʣʥʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʙʳʣʦ ʚ ʦʧrʪʝ  ̄2171, ʛʜʝ 

ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʚʦʜʦʨʦʜʘ ʩ ʨʘʩʧʣʘʚʦʤ ʛʘʙʙʨʦ-ʥʦʨʠʪʘ, ʩʦʜʝʨʞʘʥʠʝ Fe ʫʤʝʥʴʰʘʝʪʩʷ ʩ 

20.27 ʤʘʩʩ. %. ʜʦ 1.15 ʤʘʩʩ. %. ɺ ʜʨʫʛʠʭ ʦʧʳʪʘʭ ʚʳʜʝʣʝʥʠʝ ʞʝʣʝʟʘ ʠʟ ʨʘʩʧʣʘʚʘ ʙʳʣʦ ʥʝ 

ʩʪʦʣʴ ʩʫʱʝʩʪʚʝʥʥʦʝ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ, 

ʥʘʮʝʣʝʥʥʦʝ ʥʘ ʵʬʬʝʢʪʠʚʥʦʝ ʨʘʟʜʝʣʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʠ ʩʠʣʠʢʘʪʥʦʡ ʬʘʟ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʪʝʤʳ ʅʀʈ ˉ FMUF-2022ï0004 ʀʕʄ ʈɸʅ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ 

ʧʦʜʜʝʨʞʢʝ ʈʅʌ, ʛʨʘʥʪ ˉ 22ï27ï00124. 
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FOUNDATIONS OF THE METHOD OF COMPLETE EXTRACTION OF METALS (Fe, 

Ni, Co) FROM ROCKS AND POOR ORES AT MODERATE HYDROGEN PRESSURES 

(PRELIMINARY RESULTS)  

 

Bukhtiyarov P.G., Persikov E.S., Shaposhnikova O.Y., Nekrasov A.N. 

IEM RAS, Chernogolovka 

pavel@iem.ac.ru 
 

Abstract. The foundations of the original method of almost complete extraction of metals of variable 

valence (Fe, Ni, Co) from rocks (andesite, basalt, gabbro-norite) have been developed. The technique is 

based on the experimentally established features of the interaction of hydrogen with melts of such igneous 

rocks in the hydrogen pressure range of 0.2 ï 3 MPa, the temperature range of 1150ï1300 ÁC and the 

duration of the experiments is 1 ï 6 hours. It was shown that despite the low oxygen potential in the 

experiments (f(O2) = 10-13 ï 10-14), the reduction reaction of metal oxides of variable valence (Fe, Ni, Co) 

from melts was not fully completed. At the same time, it was found that the main reason for stopping the 

reduction reactions was water, a product of reduction reactions, which dissolved in melts and thereby 

increased the oxygen potential. The first successful results were obtained by placing a buffer in the fluid 

phase ï tantalum wire, the oxidation of which led to the decomposition of water in the fluid and the 

acceleration of the rate of diffusion of water from the melts. 
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ɸʥʥʦʪʘʮʠʷ. ʀʟʫʯʝʥʘ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Zr0.5Hf0.5SiO4 ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 800ʦʉ ʠ 1000ʦʉ, ʈ = 200 ʄʇʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʦʜʳ. ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩʦʩʪʘʚʣʷʣʘ 12 ï 14 ʩʫʪʦʢ. ɺ ʦʧʳʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʛʨʘʥʠʪ (ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʆʨʣʦʚʢʘ, 

ʩʢʚ. 42), ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʧʣʘʚʣʝʥʥʳʡ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 980ʦʉ, ʘ ʪʘʢʞʝ 

Zr0.5Hf0.5SiO4, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʥʘʤʠ ʨʘʩʪʚʦʨ-ʨʘʩʧʣʘʚʥʳʤ ʤʝʪʦʜʦʤ ʧʨʠ ʊ = 1250ʦʉ ʠʟ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ ʩʤʝʩʠ ʦʢʩʠʜʦʚ ZrO2+HfO2+SiO2, ʚ ʢʘʯʝʩʪʚʝ ʧʣʘʚʥʷ ʧʨʠʤʝʥʷʣʠ ʨʝʘʢʪʠʚ 

K2Mo3O10. ɹʳʣʠ ʧʦʜʛʦʪʦʚʣʝʥʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʧʣʘʚʣʝʥʥʳʝ ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʝ ʩʪʝʢʣʘ ʩ 

ʨʘʟʣʠʯʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʘʛʧʘʠʪʥʦʩʪʠ: Kagp= (Na+K)/Al: ʦʪ 0.95 ʜʦ 2.05. ʋʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ 

ʘʛʧʘʠʪʥʦʩʪʠ ʥʘ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʚʦʜʳ: ʩ ʨʦʩʪʦʤ Kagp ʦʪ 0.98 ʜʦ 1.82 ʩʫʤʤʘʨʥʦʝ ʩʦʜʝʨʞʘʥʠʝ (ZrO2+HfO2) ʚ ʩʪʝʢʣʝ ʚʦʟʨʘʩʪʘʝʪ ʚ 

ʩʨʝʜʥʝʤ ʜʦ 6.35 ʤʘʩ.%. ʆʪʤʝʯʝʥʦ, ʯʪʦ ʘʛʧʘʠʪʥʦʩʪʴ ʨʘʩʧʣʘʚʘ ʦʢʘʟʳʚʘʝʪ ʙʦʣʝʝ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Zr0.5Hf0.5SiO4, ʯʝʤ ʪʝʤʧʝʨʘʪʫʨʘ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʠʣʠʢʘʪʥʳʡ ʨʘʩʧʣʘʚ; ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ; ʵʢʩʧʝʨʠʤʝʥʪ; ʨʘʩʪʚʦʨʠʤʦʩʪʴ 

 

ʄʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

 

ʈʘʩʪʚʦʨʠʤʦʩʪʴ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Zr0.5Hf0.5SiO4 ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʫʯʘʣʘʩʴ ʧʨʠ ʊ = 800 ï 1000ʦʉ ʠ ʈ = 200 ʄʇʘ ʥʘ ʫʩʪʘʥʦʚʢʝ ʚʳʩʦʢʦʛʦ 

ʛʘʟʦʚʦʛʦ ʜʘʚʣʝʥʠʷ (ʋɺɻɼ-10000) ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʦʜʳ. ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʩʦʩʪʘʚʣʷʣʘ 12 ï 14 ʩʫʪʦʢ. ɺ ʦʧʳʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʛʨʘʥʠʪ (ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʆʨʣʦʚʢʘ, ʩʢʚ. 

42) ʩʣʝʜʫʶʱʝʛʦ ʩʦʩʪʘʚʘ (ʤʘʩ.%): SiO2 ï 72.10; TiO2 ï 0.01; Al 2O3 ï 16.14; Fe2O3 ï 0.68; 

MnO ï 0.09; CaO ï 0.30; MgO ï 0.01; Na2O ï 5.17; K2O ï 4.28; P2O5 ï 0.02; F ï 0.32; H2O ï 

0.18, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʧʣʘʚʣʝʥʥʳʡ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 980ʦʉ, ʘ 

ʪʘʢʞʝ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ ʩʦʩʪʘʚʘ Zr0.5Hf0.5SiO4, (ZrcHfn), ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʥʘʤʠ ʨʘʩʪʚʦʨ-

ʨʘʩʧʣʘʚʥʳʤ ʤʝʪʦʜʦʤ ʧʨʠ T = 1250ʦʉ ʠʟ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ ʩʤʝʩʠ ʦʢʩʠʜʦʚ 

ZrO2+HfO2+SiO2. ɺ ʢʘʯʝʩʪʚʝ ʰʠʭʪʳ ʜʣʷ ʩʠʥʪʝʟʘ Zr0.5Hf0.5SiO4, ʠʩʧʦʣʴʟʦʚʘʣʠ ʨʝʘʢʪʠʚʳ 

ZrO2 ʠ HfO2 ʤʘʨʢʠ (ʦʩʯ) ʠ ʜʚʫʦʢʠʩʴ ʢʨʝʤʥʠʷ SiO2 (ʩʠʥʪ.). ʂʚʘʨʮ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʥʘʛʨʝʚʘʣʩʷ ʜʦ 500ʦʉ ʠ ʦʧʫʩʢʘʣʩʷ ʚ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʫʶ ʚʦʜʫ, ʧʦʩʣʝ ʯʝʛʦ ʧʝʨʝʪʠʨʘʣʩʷ ʚ 

ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʜʦ ʩʦʩʪʦʷʥʠ ̫ʧʦʨʦʰʢʘ. ɺ ʢʘʯʝʩʪʚʝ ʧʣʘʚʥʷ ʧʨʠʤʝʥʷʣʠ ʨʝʘʢʪʠʚ K2Mo3O10. 

ʉʦʦʪʥʦʰʝʥʠʝ ʰʠʭʪʳ ʠ ʧʣʘʚʥʷ ʩʦʩʪʘʚʣʷʣʦ 1:10. ɺʨʝʤʷ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʩʦʩʪʘʚʣʷʣʦ 5 ʯʘʩʦʚ, 

ʧʦʩʣʝ ʯʝʛʦ ʪʝʤʧʝʨʘʪʫʨʘ ʩʥʠʞʘʣʘʩʴ ʩʦ ʩʢʦʨʦʩʪʴʶ 5ʦʉ ʚ ʯʘʩ ʜʦ ʊ = 900ʦʉ, ʘ ʟʘʪʝʤ ʩʤʝʩʴ 

ʧʦʩʪʝʧʝʥʥʦ ʦʭʣʘʞʜʘʣʠ ʜʦ 25ʦʉ. ʆʭʣʘʞʜʝʥʥʘʷ ʩʤʝʩʴ ʨʘʩʪʚʦʨ-ʨʘʩʧʣʘʚʘ ʦʪʤʳʚʘʣʘʩʴ ʢʦʥʮ. 

HCl ʜʦ ʧʦʣʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʤʦʣʠʙʜʘʪʘ ʢʘʣʠʷ. ʐʠʭʪʘ ʧʨʦʤʳʚʘʣʘʩʴ H2O, ʚʳʩʫʰʠʚʘʣʘʩʴ 

ʧʨʠ 100ʦʉ. ʇʨʦʜʫʢʪʳ ʩʠʥʪʝʟʘ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʣʠ ʧʨʝʞʜʝ ʚʩʝʛʦ ʨʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʠ, 

ʦʧʪʠʯʝʩʢʠ ʠ ʤʠʢʨʦʟʦʥʜʦʚʳʤʠ ʦʧʨʝʜʝʣʝʥʠʷʤʠ. 

ɼʣ ̫ ʚʳʷʩʥʝʥʠʷ ʚʣʠʷʥʠʷ ʘʛʧʘʠʪʥʦʩʪʠ ʥʘ ʨʘʩʪʚʦʨʠʤʦʩʪʴ Zr0.5Hf0.5SiO4 ʙʳʣʠ 

ʧʦʜʛʦʪʦʚʣʝʥʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʧʣʘʚʣʝʥʥʳʝ ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʝ ʩʪʝʢʣʘ ʩ ʨʘʟʣʠʯʥʳʤ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʘʛʧʘʠʪʥʦʩʪʠ Kagp= (Na+K)/Al : ʦʪ 0.98 ʜʦ 2.05. ʈʘʥʝʝ ʥʘʤʠ ʜʣʷ ʦʮʝʥʢʠ 

ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʮʠʨʢʦʥʘ ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʤʝʪʦʜʠʢʘ ʠʟʤʝʨʝʥʠʷ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʨʦʬʠʣʷ ʩʦʜʝʨʞʘʥʠʷ ZrO2 ʚ ʟʘʢʘʣʦʯʥʦʤ ʩʪʝʢʣʝ ʦʪ ʛʨʘʥʠʮʳ ʢʨʠʩʪʘʣʣʘ 

ʮʠʨʢʦʥʘ (Kotelnikov et al., 2019). ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘ ʨʘʩʩʪʦʷʥʠʠ ~ 200 ʤʢʤ ʦʪ 
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ʢʨʠʩʪʘʣʣʘ ʮʠʨʢʦʥʘ ʩʦʜʝʨʞʘʥʠʷ ZrO2 ʚ ʩʪʝʢʣʝ ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ, ʘ ʟʘʪʝʤ ʥʘʯʠʥʘʶʪ 

ʫʤʝʥʴʰʘʪʴʩʷ. ʕʪʦ ʜʘʝʪ ʦʩʥʦʚʘʥʠʝ ʧʨʠʥʠʤʘʪʴ ʵʪʠ ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʟʘ 

ʨʘʩʪʚʦʨʠʤʦʩʪʴ ZrO2 ʚ ʨʘʩʧʣʘʚʝ. ʇʦ ʘʥʘʣʦʛʠʯʥʦʡ ʤʝʪʦʜʠʢʝ ʠʟʫʯʘʣʘʩʴ ʠ ʨʘʩʪʚʦʨʠʤʦʩʪʴ 

ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Zr0.5Hf0.5SiO4 ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ. ʆʧʳʪʳ ʧʨʦʚʦʜʠʣʠ ʚ 

ʟʦʣʦʪʳʭ (800ʦʉ) ʠ ʧʣʘʪʠʥʦʚʳʭ (1000ʦʉ) ʘʤʧʫʣʘʭ 3x0.1x50 ʤʤ, ʚ ʢʦʪʦʨʳʝ ʟʘʛʨʫʞʘʣʠ 50 ï 

80 ʤʛ ʛʨʘʥʠʪʥʦʛʦ ʩʪʝʢʣʘ, 5ï7 ʤʛ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Zr0.5Hf0.5SiO4. ɺ 

ʘʤʧʫʣʳ ʟʘʣʠʚʘʣʠ ʦʧʨʝʜʝʣʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʳ (ʊʘʙʣ. 1 ʠ 2). ɸʤʧʫʣʳ ʛʝʨʤʝʪʠʯʥʦ 

ʟʘʚʘʨʠʚʘʣʠʩʴ ʠ ʧʦʤʝʱʘʣʠʩʴ ʚ çʛʘʟʦʚʫʶè ʙʦʤʙʫ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʉʦʩʪʘʚʳ 

ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʦʧʨʝʜʝʣʷʣʠʩʴ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʥʥʦ-ʟʦʥʜʦʚʦʛʦ 

ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ (ʕɿʈʉɸ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ Tescan Vega II  XMU (Tescan, ʏʝʭʠʷ), ʦʩʥʘʱʝʥʥʦʛʦ ʩʠʩʪʝʤʦʡ ʜʣ̫ 

ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ INCA Energy 450 ʩ ʵʥʝʨʛʦ-ʜʠʩʧʝʨʩʠʦʥʥʳʤ (INCAx-

sight) ʠ ʢʨʠʩʪʘʣʣ-ʜʠʬʨʘʢʮʠʦʥʥʳʤ (INCA wave 700) ʨʝʥʪʛʝʥʦʚʩʢʠʤʠ ʩʧʝʢʪʨʦʤʝʪʨʘʤʠ 

(Oxford Instruments, ɸʥʛʣʠʷ) ʠ ʧʨʦʛʨʘʤʤʥʦʡ ʧʣʘʪʬʦʨʤʦʡ INCA Energy+. 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪ  r

 

ɺ ʪʘʙʣʠʮʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʦʧʳʪʦʚ ʧʦ ʨʘʩʪʚʦʨʠʤʦʩʪʠ Zr0.5Hf0.5SiO4 , ʚ 
ʨʘʩʧʣʘʚʝ ʩ ʨʘʟʥʦʡ ʘʛʧʘʠʪʥʦʩʪʴʶ ʧʨʠ T = 1000oC, P = 200 Mʇa, ʘ ʥʘ ʨʠʩ. 1ʘ ʧʨʠʚʝʜʝʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʨʘʩʪʚʦʨʠʤʦʩʪʠ Zr0,5Hf0,5SiO4 ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ ʦʪ ʘʛʧʘʠʪʥʦʩʪʠ 

(Kagp = (Na+K)/Al ) ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʦʜʳ (T = 1000oC, P = 200 ʄʇʘ, ʜʣʠʪʝʣʴʥʦʩʪʴ ï 12 

ʩʫʪʦʢ). 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʂagp ʦʪ 1.11 ʜʦ 1.65 ʩʦʜʝʨʞʘʥʠʷ ×(ZrO2 +HfO2) ʚ ʩʪʝʢʣʝ 

ʚʦʟʨʘʩʪʘʶʪ ʚ ʩʨʝʜʥʝʤ ʦʪ 1.38 ʤʘʩ.% ʜʦ 5.13 ʤʘʩ.%. ʉʦʩʪʘʚ ʩʪʝʢʣʘ ʩʣʝʜʫʶʱʠʡ (ʤʘʩ.%): 

Na2O ï 7.46; Al2O3 ï 11.84; SiO2 ï 56.67; K2O ï 7.12; CaO ï 0.11; TiO2 ï 0.07; F ï 0.05 (ʜʣʷ 

Kagp = 1.65). ʉ ʨʦʩʪʦʤ ʘʛʧʘʠʪʥʦʩʪʠ ʜʦ Kagp = 1.99 ʩʦʜʝʨʞʘʥʠʝ ×(ZrO2 +HfO2) ʚ ʩʪʝʢʣʝ 

ʥʘʯʠʥʘʝʪ ʫʤʝʥʴʰʘʪʴʩʷ. 

ʇʦʩʣʝ ʦʧʳʪʦʚ ʘʛʧʘʠʪʥʦʩʪʴ ʨʘʩʧʣʘʚʘ ʥʝʩʢʦʣʴʢʦ ʫʤʝʥʴʰʘʣʘʩʴ ʧʦ ʩʨʘʚʥʝʥʠ  ʁ ʩ 

ʠʩʭʦʜʥʦʡ, ʯʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʯʘʩʪʠʯʥʳʤ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʱʝʣʦʯʝʡ ʚʦ ʬʣʶʠʜʥʫʶ 

ʬʘʟʫ. 

 

ʊʘʙʣʠʮʘ 1. ʆʧʳʪʳ ʧʦ ʨʘʩʪʚʦʨʠʤʦʩʪʠ Zr0.5Hf0.5Si04 ʚ ʨʘʩʧʣʘʚʝ ʩ ʨʘʟʥʦʡ ʘʛʧʘʠʪʥʦʩʪʴʶ 

T = 1000oC, 200 ʄʧʘ. 

 

ˉ ʦʧʳʪʘ ʅʘʚʝʩʢʘ, ʤʛ ʈʘʩʪʚʦʨ, ʤʢʣ 
ZrO 2 

ʤʘʩ.% 

HfO 2 

ʤʘʩ.% 

ZrO 2+ HfO 2 

ʤʘʩ.% 

K agp ʜ/ʦ 

K agp ʧ/ʦ 

ZrcHfn-7 83.0ʛʨ. + 8.86 

Zrc0.5Hfn0.5 

H2O ï 47.55 0.47 0.91 1.38 Kagp ʜ/ʦ = 1.19 

 Kagp ʧ/ʦ = 1.11 

ZrcHfn-8 81.59ʛʨ.+8.33 

Zrc0.5Hfn0.5 

H2O ï 47.57 1.30 3.30 4.60 Kagp ʜ/ʦ = 1.51 

Kagp ʧ/ʦ = 1.49 

ZrcHfn-10 84.95ʛʨ.+8.74 

Zrc0.5Hfn0.5 

H2O ï 41.90 1.45 3.58 5.03 Kagp ʜ/ʦ = 2.05 

Kagp ʧ/ʦ = 1.99 

ZrcHfn-3 52.59ʛʨ.+5.36 

Zrc0.5Hfn0.5 

H2O ï 46.22 0.89 1.03 1.92 Kagp ʜ/ʦ = 1.51 

Kagp ʧ/ʦ = 1.15 

ZrcHfn-4 50.55ʛʨ.+5.52 

Zrc0.5Hfn0.5 

H2O ï 47.53 1.87 2.54 4.41 Kagp ʜ/ʦ = 1.75 

Kagp ʧ /ʦ = 1.44 

ZrcHfn-5 50.51ʛʨ.+5.74 

Zrc0.5Hfn0.5 

H2O ï 48.51 2.15 2.98 5.13 Kagp ʜ/ʦ = 2.05 

Kagp ʧ/ʦ = 1.65 

 ʇʨʠʤʝʯʘʥʠʝ. ʛʨ. ï ʛʨʘʥʠʪʥʦʝ ʩʪʝʢʣʦ. 
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ʈʠʩ. 1ʘ. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ Zrc0,5Hfn0,5 ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ 

ʨʘʩʧʣʘʚʝ ʦʪ ʘʛʧʘʠʪʥʦʩʪʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʦʜʳ (ʊ 

= 1000ʦʉ, ʈ = 200 ʄʇʘ). 

ʈʠʩ. 1ʙ. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ Zrc0,5Hfn0,5ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ 

ʨʘʩʧʣʘʚʝ ʦʪ ʘʛʧʘʠʪʥʦʩʪʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʦʜʳ 

(ʊ = 800ʦʉ, ʈ = 200 ʄʇʘ). 

ɺ ʪʘʙʣʠʮʝ 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʦʧʳʪʦʚ ʧʦ ʨʘʩʪʚʦʨʠʤʦʩʪʠ Zr0.5Hf0.5SiO4, ʚ 
ʨʘʩʧʣʘʚʝ ʩ ʨʘʟʥʦʡ ʘʛʧʘʠʪʥʦʩʪʴʶ ʧʨʠ T = 800oC, P = 200 MPa, ʘ ʥʘ ʨʠʩ. 1ʙ ʧʨʠʚʝʜʝʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʨʘʩʪʚʦʨʠʤʦʩʪʠ Zr0,5Hf0,5SiO4 ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ ʦʪ ʘʛʧʘʠʪʥʦʩʪʠ 

(Kagp = (Na+K)/Al ) ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʦʜʳ (ʜʣʠʪʝʣʴʥʦʩʪʴ ʦʧʳʪʦʚ ï 14 ʩʫʪʦʢ). 

ɼʣʷ 800ʦʉ ʩ ʨʦʩʪʦʤ ʘʛʧʘʠʪʥʦʩʪʠ ʦʪ 1.12 ʜʦ 1.82 ʩʫʤʤʘʨʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʚ ʩʪʝʢʣʝ (ZrO2 

+HfO2) ʠʟʤʝʥʷʝʪʩʷ ʦʪ 0,32 ʜʦ 6,35 ʤʘʩ.%. ɼʣʷ 800ʦʉ ʘʛʧʘʠʪʥʦʩʪʴ ʨʘʩʧʣʘʚʘ ʧʦʩʣʝ ʦʧʳʪʦʚ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʣʘʩʴ. ʉʦʩʪʘʚ ʩʪʝʢʣʘ ʜʣʷ Kagp = 1.82 ʩʣʝʜʫʶʱʠʡ (ʤʘʩ.%): Na2O ï 

8.68; Al 2O3 ï 11.17; SiO2 ï 56.43; K2O ï 7.43; CaO ï 0.13; TiO2 ï 0.02. 

ʅʘ ʨʠʩ. 2ʘ ʠ ʙ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʢʨʠʚʳʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʘʩʪʚʦʨʠʤʦʩʪʠ 

ʮʠʨʢʦʥʘ (Zrc), ʛʘʬʥʦʥʘ (Hfn) ʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (ZrcHfn) ʜʣʷ ʊ = 1000ʦʉ (ʈʠʩ. 2ʘ) ʠ 

800ʦʉ (ʈʠʩ. 2ʙ) ʧʨʠ ʈ = 200 ʄʇʘ. ɺʠʜʥʦ, ʯʪʦ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʛʘʬʥʦʥʘ ʚ ʨʘʩʧʣʘʚʝ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʚʦʜʳ ʚʳʰʝ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʮʠʨʢʦʥʘ (ʂʦʪʝʣʴʥʠʢʦʚ ʠ ʜʨ., 2020) ʠ ʚʳʰʝ 

ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (ZrcHfn), ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʢʦʪʦʨʦʛʦ ʟʘʥʠʤʘʝʪ 

ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʦʣʦʞʝʥʠʝ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʘʛʧʘʠʪʥʦʩʪʴ ʨʘʩʧʣʘʚʘ 

ʦʢʘʟʳʚʘʝʪ ʙʦʣʝʝ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʵʪʠʭ ʤʠʥʝʨʘʣʦʚ, ʯʝʤ ʪʝʤʧʝʨʘʪʫʨʘ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʧʨʦʛʨʘʤʤʳ FMUF-2022ï0004. 

 

ʊʘʙʣʠʮʘ 2. Oʧʳʪʳ ʧʦ ʨʘʩʪʚʦʨʠʤʦʩʪʠ Zr0.5Hf0.5Si04 ʚ ʨʘʩʧʣʘʚʝ ʩ ʨʘʟʥʦʡ ʘʛʧʘʠʪʥʦʩʪʴʶ 

T = 800oC, 200 ʄʧʘ. 

 

ˉ ʦʧʳʪʘ ʅʘʚʝʩʢʘ, ʤʛ ʈʘʩʪʚʦʨ 
ZrO 2, 

ʤʘʩ.% 

HfO 2, 

ʤʘʩ.% 

ZrO 2+ HfO 2, 

ʤʘʩ.% 

K agp ʜ/ʦ 

K agp ʧ/ʦ 

ZrcHfn-12 51.40ʛʨ.+5.31 

Zrc0.5Hfn0.5 

H2O ï 25.07 0.12 0.20 0.32 Kagp ʜ/ʦ =1.10 

Kagp ʧ/ʦ = 1.12 

ZrcHfn-13 53.51ʛʨ.+7.13 

Zrc0.5Hfn0.5 

H2O ï 50.27 0.29 0.55 0.84 Kagp ʜ/ʦ = 1.19 

Kagp ʧ/ʦ = 1.20 

ZrcHfn-14 55.04ʛʨ.+5.64 

Zrc0.5Hfn0.5 

H2O ï 49.72 1.54 3.54 5.08 Kagp ʜ/ʦ = 1.51 

Kagp ʧ/ʦ = 1.59 

ZrcHfn-15 54.26ʛʨ.+5.36 

Zrc0.5Hfn0.5 

H2O ï 50.32 1.95 4.10 6.35 Kagp ʜ/ʦ = 1.75 

Kagp ʧ/ʦ = 1.82 
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ʈʠʩ. 2ʘ. ʂʨʠʚʳʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʘʩʪʚʦʨʠʤʦʩʪʠ 

ʮʠʨʢʦʥʘ (Zrc), ʛʘʬʥʦʥʘ (Hfn) ʠ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ Zrc0,5Hfn0,5 ʚ ʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ ʦʪ 

ʘʛʧʘʠʪʥʦʩʪʠ (Kagp= (Na+K)/Al  ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʚʦʜʳ. (T=1000oC, P=200 ʄʇʘ). 

ʈʠʩ. 2ʙ. ʂʨʠʚʳʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʘʩʪʚʦʨʠʤʦʩʪʠ 

ʮʠʨʢʦʥʘ (Zrc), ʛʘʬʥʦʥʘ (Hfn) ʠ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ Zrc0,5Hfn0,5 ʚ ʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ ʦʪ 

ʘʛʧʘʠʪʥʦʩʪʠ (Kagp= (Na+K)/Al  ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʚʦʜʳ. (T = 800oC, P = 200 ʄʇʘ). 
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EXPERIMENTAL INVESTIGATIONS OF SOLUBILITY OF Zr 0.5Hf0.5SiO4 SOLID 

SOLUTION IN SILICATE MELTS  

Kotelnikov A.R., Korzhinskaya V.S., Suk N.I., Novikov M.P., Van K.V. 
Korzhinskii Institute of Experimental Mineralogy RAS (IEM RAS), Chernogolovka, Moscow 

district 

kotelnik@iem.ac.ru 

 
Abstract. The solubility of the Zr0.5Hf0.5SiO4 solid solution in an aluminosilicate melt at temperatures of 

800 ÁC and 1000 ÁC, ʈ = 200 MPa, in the presence of water was studied. The duration of the experiments was 

12ï14 days. In the experiments, we used granite (Orlovka deposit, well 42), preliminarily melted at 

atmospheric pressure and a temperature of 980 ÁC, as well as Zr0.5Hf0.5SiO4 synthesized by the solution-melt 

method at T = 1250 ÁC from a stoichiometric mixture of oxides ZrO2 + HfO2 + SiO2, reagent K2Mo3O10 was 

used as a flux. Were prepared pre-melted aluminosilicate glass with different agpaity coefficient: Kagp= 

(Na+K)/Al: from 0.95 to 2.05. The effect of agpaiticity on the solubility of a solid solution in an 

aluminosilicate melt in the presence of water has been established: with an increase in Kagp from 0.98 to 1.82, 

the total content of (ZrO2 + HfO2) in glass increases on average to 6.35 wt %. It is noted that the agpaiticity of 

the melt has a stronger effect on the solubility of the Zr0.5Hf0.5SiO4 solid solution than the temperature. 

Keywords: silicate melt; solid solution; experiment; solubility 
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ʋɼʂ 552.11 

ʆʉʆɹɽʅʅʆʉʊʀ ʂʈʀʉʊɸʃʃʀɿɸʎʀʀ ɸʅɼɽɿʀʊʆɺʆɻʆ ʈɸʉʇʃɸɺɸ  

ʇʈʀ ʋʄɽʈɽʅʅʓʍ ɼɸɺʃɽʅʀʗʍ ɺʆɼʆʈʆɼɸ  

(ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ) 
 

ʇʝʨʩʠʢʦʚ ʕ.ʉ. 1, ɹʫʭʪʠʷʨʦʚ ʇ.ɻ. 1, ʐʘʧʦʰʥʠʢʦʚʘ ʆ.ʖ. 1, 

ɸʨʘʥʦʚʠʯ ʃ.ʗ. 2, ʅʝʢʨʘʩʦʚ ɸ.ʅ. 1, ʂʦʩʦʚʘ ʉ.ɸ. 1 
1ʀʕʄ ʈɸʅ, 2ʀɻʕʄ ʈɸʅ 

persikov@iem.ac.ru 

ɸʥʥʦʪʘʮʠʷ. ɺʘʞʥʳʝ ʧʨʦʙʣʝʤʳ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʤʘʛʤʳ, ʦʙʨʘʟʦʚʘʥʠʷ ʩʘʤʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʠ 

ʧʨʦʮʝʩʩʦʚ ʨʫʜʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʟʝʤʥʦʡ ʢʦʨʝ ʚʩʝ ʯʘʱʝ ʩʚʷʟʳʚʘʶʪ ʩ ʘʢʪʠʚʥʳʤ ʫʯʘʩʪʠʝʤ ʚʦʜʦʨʦʜʘ. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʳ ʥʦʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʘʥʜʝʟʠʪʦʚʳʭ 

ʨʘʩʧʣʘʚʦʚ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (900 ï 1250 oʉ) ʠ ʜʘʚʣʝʥʠʷʭ ʚʦʜʦʨʦʜʘ (10ï100 ʄʇʘ), 

ʢʦʪʦʨʳʝ ʫʪʦʯʥʷʶʪ ʚʦʟʤʦʞʥʫʶ ʨʦʣʴ ʚʦʜʦʨʦʜʘ ʚ ʧʨʦʮʝʩʩʘʭ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʘʥʜʝʟʠʪʦʚʳʭ 

ʨʘʩʧʣʘʚʘʭ ʚ ʟʝʤʥʦʡ ʢʦʨʝ ʠ ʧʨʠ ʚʫʣʢʘʥʠʟʤʝ ʚ ʩʠʣʴʥʦ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ (f(O2) = 10-14). ɺ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʦʩʪʘʚʳ ʢʨʠʩʪʘʣʣʦʚ (ʧʠʨʦʢʩʝʥ  r ʠ 

ʧʣʘʛʠʦʢʣʘʟʳ), ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʨʘʩʧʣʘʚʘ ʘʥʜʝʟʠʪʘ ʧʦʜ 

ʜʘʚʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ, ʙʣʠʟʢʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʦʩʪʘʚʘʤ ʢʨʠʩʪʘʣʣʦʚ ʣʘʚʦʚʳʭ ʧʦʪʦʢʦʚ ʚʫʣʢʘʥʘ ɸʚʘʯʘ 

ʥʘ ʂʘʤʯʘʪʢʝ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʫʯʘʩʪʠʷ 

ʚʦʜʦʨʦʜʘ ʚ ʚʫʣʢʘʥʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʥʜʝʟʠʪʦʚʳʡ ʨʘʩʧʣʘʚ, ʚʦʜʦʨʦʜ, ʜʘʚʣʝʥʠʝ, ʪʝʤʧʝʨʘʪʫʨʘ, ʩʘʤʦʨʦʜʥʳʡ ʤʝʪʘʣʣ, 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ ʫʩʣʦʚʠʷ 

 

ʈʦʣʴ ʚʦʜʦʨʦʜʘ, ʩʘʤʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʛʦ ʵʣʝʤʝʥʪʘ ʥʘʰʝʡ ɻʘʣʘʢʪʠʢʠ, ʚ ʧʨʠʨʦʜʥrʭ 

ʧʨʦʮʝʩʩʘʭ ʯʨʝʟʚʳʯʘʡʥʦ ʨʘʟʥʦʦʙʨʘʟʥʘ ʠ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʨʠʚʣʝʢʘʝʪ ʚʩʝ ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ 

ʧʝʪʨʦʣʦʛʦʚ ʠ ʛʝʦʭʠʤʠʢʦʚ. ɺ ʪʦʤ ʯʠʩʣʝ ʧʨʦʙʣʝʤʳ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʤʘʛʤ, ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʩʘʤʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʧʨʦʮʝʩʩʳ ʨʫʜʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʟʝʤʥʦʡ ʢʦʨʝ, ʚʩʝ ʯʘʱʝ ʩʚʷʟʳʚʘʶʪʩʷ ʩ 

ʘʢʪʠʚʥʳʤ ʫʯʘʩʪʠʝʤ ʚʦʜʦʨʦʜʘ (Bird et al., 1981; ʈʷʙʦʚ ʠ ʜʨ., 1985; ʆʣʝʡʥʠʢʦʚ ʠ ʜʨ., 1985; 

Marakushev, 1995; ʃʝʚʘʰʦʚ ʠ ʆʢʨʫʛʠʥ, 1984; ʠ ʜʨ.). ʅʝʜʘʚʥʦ ʥʘʤʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʝʨʚʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʦʙʨʘʟʦʚʘʥʠʷ ʩʘʤʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʚ 

ʟʝʤʥʦʡ ʢʦʨʝ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʚʦʜʦʨʦʜʘ ʩ ʙʘʟʘʣʴʪʦʚʳʤʠ ʨʘʩʧʣʘʚʘʤʠ ʠ ʧʦ ʢʠʥʝʪʠʢʝ 

ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʙʘʟʘʣʴʪʦʚʦʡ ʤʘʛʤʳ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ (Persikov et al., 2019). ɺ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʳ ʥʦʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʘʥʜʝʟʠʪʦʚʳʭ ʨʘʩʧʣʘʚʦʚ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (900 ï 1250 ʦʉ) ʠ ʜʘʚʣʝʥʠʷʭ ʚʦʜʦʨʦʜʘ (10 ï 

100 ʄʇʘ), ʢʦʪʦʨʳʝ ʧʨʦʷʩʥʷʶʪ ʚʦʟʤʦʞʥʫʶ ʨʦʣʴ ʚʦʜʦʨʦʜʘ ʚ ʧʨʦʮʝʩʩʘʭ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ 

ʘʥʜʝʟʠʪʦʚʳʭ ʨʘʩʧʣʘʚʘʭ ʚ ʟʝʤʥʦʡ ʢʦʨʝ ʠ ʧʨʠ ʚʫʣʢʘʥʠʟʤʝ ʚ ʩʠʣʴʥʦ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ 

ʫʩʣʦʚʠʷʭ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʫʥʠʢʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʚʳʩʦʢʦʛʦ ʛʘʟʦʚʦʛʦ 

ʜʘʚʣʝʥʠʷ. ʕʪʦʪ ʘʧʧʘʨʘʪ ʦʩʥʘʱʝʥ ʦʨʠʛʠʥʘʣʴʥʳʤ ʚʥʫʪʨʝʥʥʠʤ ʫʩʪʨʦʡʩʪʚʦʤ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ 

ʧʨʦʚʦʜʠʪʴ ʜʣʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʨʠ ʪʘʢʠʭ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ 

ʧʨʦʥʠʢʘʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʚʦʜʦʨʦʜʘ. ʇʦʜʨʦʙʥʦ ʵʪʦ ʫʩʪʨʦʡʩʪʚʦ ʨʘʩʩʤʦʪʨʝʥʦ ʚ ʨʘʙʦʪʝ 

(Persikov et al., 2019, ʈʠʩ. 1), ʟʜʝʩʴ ʞʝ ʧʦʷʩʥʠʤ ʚ ʢʨʘʪʢʦʤ ʚʠʜʝ. ʋʩʪʨʦʡʩʪʚʦ ʚʢʣʶʯʘʝʪ 

ʤʦʣʠʙʜʝʥʦʚʳʡ ʨʝʘʢʪʦʨ ʩ ʧʦʤʝʱʝʥʥʳʤʠ ʚ ʥʝʤ ʤʦʣʠʙʜʝʥʦʚʦʡ ʘʤʧʫʣʦʡ ʩ ʠʩʭʦʜʥʳʤ ʦʙʨʘʟʮʦʤ 

ʧʝʨʝʧʣʘʚʣʝʥʥʦʛʦ ʘʥʜʝʟʠʪʘ (ʧʨʠʤʝʨʥʦ 150 ʤʛ). ʈʝʘʢʪʦʨ ʛʝʨʤʝʪʠʯʥʦ ʩʦʝʜʠʥʸʥ ʩ ʧʦʨʰʥʝʚʳʤ 

ʫʨʘʚʥʠʪʝʣʝʤ ï ʨʘʟʜʝʣʠʪʝʣʝʤ. ɺʥʫʪʨʝʥʥʠʝ ʦʙʲʸʤʳ ʤʦʣʠʙʜʝʥʦʚʦʛʦ ʨʝʘʢʪʦʨʘ ʠ ʫʨʘʚʥʠʪʝʣʷ-

ʨʘʟʜʝʣʠʪʝʣʷ ʧʦʜ ʧʦʨʰʥʝʤ ʟʘʧʦʣʥʷʣʠ ʚʦʜʦʨʦʜʦʤ ʧʨʠ ʜʘʚʣʝʥʠʠ 10 ʄʇʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʧʝʮʠʘʣʴʥʦʡ ʩʠʩʪʝʤʳ. ʉʦʙʨʘʥʥʦʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʫʩʪʨʦʡʩʪʚʦ ʚʤʝʩʪʝ ʩ ʚʥʫʪʨʝʥʥʠʤ 

ʥʘʛʨʝʚʘʪʝʣʝʤ, ʨʘʟʤʝʱʘʣʠ ʚʥʫʪʨʠ ʩʦʩʫʜʘ ʚʳʩʦʢʦʛʦ ʛʘʟʦʚʦʛʦ ʜʘʚʣʝʥʠʷ (IHPV) ʪʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʯʪʦʙʳ ʘʤʧʫʣʘ ʩ ʦʙʨʘʟʮʦʤ ʘʥʜʝʟʠʪʘ ʥʘʭʦʜʠʣʘʩʴ ʚ ʙʝʟʛʨʘʜʠʝʥʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʦʥʝ 

ʥʘʛʨʝʚʘʪʝʣʷ. ɿʘ ʩʯʝʪ ʧʝʨʝʤʝʱʝʥʠʷ ʧʦʨʰʥʷ ʫʨʘʚʥʠʪʝʣʷ-ʨʘʟʜʝʣʠʪʝʣʷ, ʜʘʚʣʝʥʠʝ ʚʦʜʦʨʦʜʘ ʚʦ 

ʚʥʫʪʨʝʥʥʝʤ ʦʙʲʝʤʝ ʤʦʣʠʙʜʝʥʦʚʦʛʦ ʨʝʘʢʪʦʨʘ ʚʩʝʛʜʘ ʩʦʭʨʘʥʷʣʦʩʴ ʨʘʚʥʳʤ ʜʘʚʣʝʥʠʶ ʛʘʟʘ (Ar) ʚ 
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ʩʦʩʫʜʝ ʚ ʧʨʦʮʝʩʩʝ ʦʧʳʪʘ. ɺ ʥʘʯʘʣʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʜʘʚʣʝʥʠʝ ʘʨʛʦʥʘ ʚ ʩʦʩʫʜʝ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʚʦʜʦʨʦʜʘ ʚ ʨʝʘʢʪʦʨʝ ʧʦʜʥʠʤʘʣʠ ʚ ʪʝʯʝʥʠʝ ʦʜʥʦʛʦ ʯʘʩʘ ʜʦ ʥʝʦʙʭʦʜʠʤʦʛʦ ʟʥʘʯʝʥʠʷ 100 ʄʇʘ. 

ɼʘʣʝʝ ʧʦʜʥʠʤʘʣʠ ʪʝʤʧʝʨʘʪʫʨʫ ʦʧʳʪʘ ʜʦ ʥʝʦʙʭʦʜʠʤʦʡ ʚʝʣʠʯʠʥʳ 1250 ʦʉ. ɺʳʜʝʨʞʠʚʘʣʠ ʧʨʠ 

ʫʢʘʟʘʥʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʚ ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ 1 ʯ., ʟʘʪʝʤ ʩʥʠʞʘʣʠ ʜʘʚʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʜʦ 

10 ʄʇʘ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʚ ʪʝʯʝʥʠʠ 1 ʯʘʩʘ, ʚʳʜʝʨʞʢʘ 1 ʯʘʩ, ʘ ʟʘʪʝʤ ʩʥʠʞʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 1000 ʦʉ ʠʣʠ 900 ʦʉ, ʚʳʜʝʨʞʢʘ 2 ʯʘʩʘ (ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ), ʧʦʩʣʝ ʯʝʛʦ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʠʟʦʙʘʨʠʯʝʩʢʘʷ ʟʘʢʘʣʢʘ ʧʨʠ ʚʳʢʣʶʯʝʥʥʦʤ ʚʥʫʪʨʝʥʥʝʤ ʥʘʛʨʝʚʘʪʝʣʝ ʫʩʪʘʥʦʚʢʠ. 

ʉʢʦʨʦʩʪʴ ʟʘʢʘʣʢʠ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʣʷʣʘ ~ 300 ʦʉ/ʤʠʥ. ʇʦʛʨʝʰʥʦʩʪ ɹʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʧʳʪʘ ʩʦʩʪʘʚʣʷʣʘ Ñ 5 ʦʉ, ʘ ʜʘʚʣʝʥʠʷ ʚʦʜʦʨʦʜʘ Ñ 0.1 % ʦʪʥ. ʇʦʩʣʝ ʠʟʦʙʘʨʠʯʝʩʢʦʡ ʟʘʢʘʣʢʠ, 

ʩʙʨʦʩʘ ʜʘʚʣʝʥʠʷ ʚ ʩʦʩʫʜʝ ʠ ʧʦʣʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ, ʚʥʫʪʨʝʥʥʝʝ ʫʩʪʨʦʡʩʪʚʦ ʠʟʚʣʝʢʘʣʦʩʴ ʠʟ 

ʩʦʩʫʜʘ ʚʳʩʦʢʦʛʦ ʛʘʟʦʚʦʛʦ ʜʘʚʣʝʥʠʷ, ʘʤʧʫʣʘ ʩ ʦʙʨʘʟʮʦʤ ʠʟʚʣʝʢʘʣʠʩʴ ʠʟ ʤʦʣʠʙʜʝʥʦʚʦʛʦ 

ʨʝʘʢʪʦʨʘ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʘʥʘʣʠʟʘ ʬʘʟ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʚʦ ʚʨʝʤʷ ʦʧʳʪʘ. ɺ ʢʘʯʝʩʪʚʝ 

ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ ʚ ʦʧʳʪʘʭ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠʨʦʜʥʳʝ ʦʙʨʘʟʮʳ ʘʥʜʝʟʠʪʘ ʚʫʣʢʘʥʘ ɸʚʘʯʘ 

(ʂʘʤʯʘʪʢʘ). ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʣʫʯʝʥʥʳʭ ʚ ʦʧʳʪʘʭ ʬʘʟ (ʊʘʙʣ. 1, 2) ʦʧʨʝʜʝʣʷʣʠ ʩ ʧʦʤʦʱʴʶ 

ʮʠʬʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ CamScan MV2300 (VEGA TS 5130 

MM), ʩ ʧʨʠʩʪʘʚʢʦʡ ʜʣʷ ʵʥʝʨʛʦ-ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ INCA Energy 450 ʠ WDS 

Oxford INCA Wave 700. ɸʥʘʣʠʟʳ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 20 kV ʩ ʪʦʢʦʤ 

ʧʫʯʢʘ ʜʦ 400 ʥA ʠ ʚʨʝʤʝʥʠ ʥʘʙʦʨʘ ʩʧʝʢʪʨʦʚ 50 -100 ʩʝʢ. 

 

ʊʘʙʣʠʮʘ 1. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ (ʤʘʩ. %) ʠ ʩʪʨʫʢʪʫʨʥʦ-ʭʠʤʠʯʝʩʢʠʡ ʧʘʨʘʤʝʪʨ (100NBO/ʊ) 

ʠʩʭʦʜʥʦʛʦ ʘʥʜʝʟʠʪʘ (ʩʪʝʢʣʦ), ʤʠʥʝʨʘʣʦʚ ʠ ʨʘʩʧʣʘʚʦʚ (ʩʪʝʢʣʘ) ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʜ 

ʜʘʚʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ. 

ʂʦʤʧʦ-

ʥʝʥʪʳ 

 ̄2057 

*  

 ̄2057 

**  

 ̄2057 

***  

 ̄2058 

****  

 ̄2058 

*****  

 ̄2058 

******  

ʉʦʩʪʘʚ ʠʩʭʦʜ-
ʥʦʛʦ ʘʥʜʝʟʠʪʘ 
(ʩʪʝʢʣʦ) 

SiO
2
 62.75 48.65 65.69 60.44  67.14  51.74 58.8 

Al
2
O

3
 17.88 6.9 18.55 16.3  18.43  13.93 16.62 

Fe
2
O

3
 0.00 0.00 0.00 0.0  0.0  0.0 1.0 

FeO 2.86 10.99 2.96 4.35  2.15  5.44 5.66 

MnO 0.23 0.16 0.33 0.15  0.13  0.27 0.11 

MgO 1.85 29.95 1.39 5.47  0.67  13.85 5.59 

CaO 7.34 3.32 4.43 7.29  4.18  12.54 6.77 

Na
2
O 4,89 1.18 4.0 4.03  4.42  1.25 4.15 

K
2
O 1.54 0.49 1.84 1.26  1.88  0.33 1.32 

TiO
2
 0.66 0.12 0.81 0.68  1.0  0.6 0.59 

P
2
O

5
 0.18 0.15 ʥ. ʦ. ʥ. ʦ.  0.0  0.0 0.20 

ʅ
2
ʆ+ ʥ. ʦ. ʥ. ʦ. ʥ. ʦ. ʥ. ʦ.  0.0  0.0 ʥ. ʦ. 

ʅ
2
ʆ- 0.21 0.00 ʥ. ʦ. 0.37  0.0  0.0 0.11 

ʉʫʤʤʘ 100 101.75 100 100.37  100  100 100 

100NBO/T 26.6 191 20.1 30.6  22.4  96 39.1 

ʇʨʠʤʝʯʘʥʠʝ: 

*  ï cʪʝʢʣʦ, P (H2) = 100 ʄʇʘ, T =1250 ʦC, ʚʳʜʝʨʞʢʘ 1 ʯʘʩ, ʟʘʪʝʤ ʩʥʠʞʝʥʠʝ ʜʘʚʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʜʦ 

10 ʄʇʘ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʚ ʪʝʯʝʥʠʠ 1 ʯʘʩʘ, ʚʳʜʝʨʞʢʘ 1 ʯʘʩ, ʘ ʟʘʪʝʤ ʩʥʠʞʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 1000 ʦʉ, ʚʳʜʝʨʞʢʘ 2 ʯʘʩʘ (ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ) ʠ ʜʘʣʝʝ ʠʟʦʙʘʨʠʯʝʩʢʘʷ ʟʘʢʘʣʢʘ 

** ʢʨʠʩʪʘʣʣʳ ʧʠʨʦʢʩʝʥʦʚ; *** ï ʧʣʘʛʠʦʢʣʘʟʳ; **** ï cʪʝʢʣʦ, ʧʘʨʘʤʝʪʨʳ ʦʧʳʪʘ ʪʝ ʞʝ, ʪʦʣʴʢʦ 

ʪʝʤʧʝʨʘʪʫʨʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 900 ʦʉ; ***** ï ʧʣʘʛʠʦʢʣʘʟʳ; ****** ï ʢʨʠʩʪʘʣʣʳ ʧʠʨʦʢʩʝʥʦʚ. 



ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʩʠʩʪʝʤʝ ʬʣʶʠʜ-ʨʘʩʧʣʘʚ-ʢʨʠʩʪʘʣʣ 

105 

ʊʘʙʣʠʮʘ 2. ʍʠʤʠʯʝʩʢʠʝ ʩʦʩʪʘʚʳ (ʤʘʩ. %) ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʚ ʘʥʜʝʟʠʪʦʚʳʭ ʨʘʩʧʣʘʚʘʭ 

(ʟʘʢʘʣʝʥʥʳʭ ʦʙʨʘʟʮʘʭ) ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ. 

 

ʇʨʠʤʝʯʘʥʠʝ: 

1. ʈʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ, ʷʚʣʷʶʪʩʷ 

ʩʨʝʜʥʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʠʟ 7 ʠʟʤʝʨʝʥʠʡ. 

2. ʂʦʥʮʝʥʪʨʘʮʠʠ ʚʩʝʭ ʧʨʠʤʝʩʥʳʭ ʵʣʝʤʝʥʪʦʚ (Si, Ca, Ti, P), 

ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟʘʭ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʨʠʙʣʠʞʝʥʥʦ, ʪʘʢ 

ʢʘʢ ʵʪʠ ʟʥʘʯʝʥʠʷ ʥʘʭʦʜʷʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ 

ʧʦʛʨʝʰʥʦʩʪʝʡ. 

 

 

 

ɼʣʷ ʦʮʝʥʢʠ ʚʝʣʠʯʠʥʳ ʬʫʛʠʪʠʚʥʦʩʪʠ ʢʠʩʣʦʨʦʜʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʧʨʝʢʨʘʱʝʥʠʶ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʨʝʘʢʮʠʡ ʚ ʘʥʜʝʟʠʪʦʚʳʭ ʨʘʩʧʣʘʚʘʭ ʚ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ (  ̄2157), ʠʩʧʦʣʴʟʦʚʘʣʠ ʫʨʘʚʥʝʥʠʝ (1) ʠ ʠʟʤʝʨʝʥʥʳʝ 

ʢʦʣʠʯʝʩʪʚʘ ʨʘʩʪʚʦʨʝʥʥʦʡ ʚ ʨʘʩʧʣʘʚʝ H2O (0.21 ʤʘʩ. %, ʊʘʙʣ. 1). 

 

f (O2) = [f(ʅ2ʆ) / ((f (ʅ2)Ā exp (ï ȹGo (1)/RT))]2, (1) 

 

ɺ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘ (1000 oC/10 ʄʇʘ) ʙʠʥʘʨʥʳʡ ʬʣʶʠʜ (H2O-H2) ʙʣʠʟʦʢ ʢ 

ʠʜʝʘʣʴʥʦʤʫ, ʪʘʢ ʯʪʦ f(i)  =X(i)ĀP. ʋʯʠʪʳʚʘʷ, ʯʪʦ X(H2O)+X(H2) = 1 ʠ ȹGo(1, 1373K) =  

-343,6 ʢɼʞ (Barin, 1995), ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ (1) ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʝʥʠʶ logf(O2) = -14.1, ʪ. ʝ. 

ʠʤʝʝʤ ʚ ʦʧʳʪʝ ʩʠʣʴʥʦ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʝ ʫʩʣʦʚʠʷ, ʧʨʠʤʝʨʥʦ ʥʘ ʧʦʨʷʜʦʢ ʚʝʣʠʯʠʥʳ 

ʤʝʥʴʰʝ ʯʝʤ ʙʫʬʝʨ ʞʝʣʝʟʦ-ʚʶʩʪʠʪ. 

ʅʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʫʩʪʘʥʦʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʦʜʦʨʦʜʘ ʩ ʘʥʜʝʟʠʪʦʚʳʤ ʨʘʩʧʣʘʚʦʤ. ʂʘʢ ʨʘʥʝʝ ʫʩʪʘʥʦʚʣʝʥʦ ʚ ʩʠʩʪʝʤʝ 

ʙʘʟʘʣʴʪ-ʚʦʜʦʨʦʜ (Persikov et al., 2019), ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʦʜʥʦʨʦʜʥʳʝ ʘʥʜʝʟʠʪʦʚʳʝ ʨʘʩʧʣʘʚʳ 

ʩʪʘʥʦʚʷʪʩʷ ʥʝʦʜʥʦʨʦʜʥʳʤʠ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʢʠʩʣʳʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ 

ʘʥʜʝʟʠʪʦʤ (ʊʘʙʣ. 1). H2O ʦʙʨʘʟʫʝʪʩʷ ʚʦ ʬʣʶʠʜʥʦʡ ʬʘʟʝ (ʠʟʥʘʯʘʣʴʥʦ ʯʠʩʪʳʡ ʚʦʜʦʨʦʜ); H2O 

(0.21 ï 0.37 ʤʘʩ. %) ʨʘʩʪʚʦʨʷʝʪʩʷ ʚ ʘʥʜʝʟʠʪʦʚʳʭ ʨʘʩʧʣʘʚʘʭ, ʘ ʤʝʣʢʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʧʣʠ 

ʣʠʢʚʘʮʠʦʥʥʦʡ ʪʝʢʩʪʫʨʳ ʦʙʨʘʟʫʶʪʩʷ ʚ ʥʠʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1250 ʦʉ, ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʞʝʣʝʟʘ (1560ʦʉ). ʇʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʞʠʜʢʦ-ʧʦʜʦʙʥʦʡ 

ʩʪʨʫʢʪʫʨʳ Fe (ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʤʝʣʢʠʝ ʩʬʝʨʳ ʚ ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʥ, ʈʠʩ. 1, ʩʦʩʪʘʚ ʊʘʙʣ. 2) 

ʟʘ ʩʯʝʪ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʨʝʘʢʮʠʡ, ʥʝʩʦʤʥʝʥʥʦ, ʩʣʦʞʝʥ. 

 

 

ʈʠʩ. 1. ʈʘʩʪʨʦʚʳʝ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʚ ʦʪʨʘʞʝʥʥʳʭ 

ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (BSE) ʧʨʦʜʫʢʪʦʚ ʟʘʢʘʣʢʠ 

ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʦʧʳʪʦʚ ʧʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʘʥʜʝʟʠʪʦʚʳʭ ʨʘʩʧʣʘʚʦʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ. 

 

ʆʧʳʪ ˉ 2158, ʧʦʚʪʦʨʝʥʠʝ ʦʧʳʪʘ 2157, ʪʦʣʴʢʦ 

ʪʝʤʧʝʨʘʪʫʨʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʫʤʝʥʴʰʝʥʘ ʜʦ 

900ʦʉ, ʧʘʨʘʤʝʪʨʳ ʦʧʳʪʘ ʩʤ. ʧʨʠʤʝʯʘʥʠʝ ʢ 

ʪʘʙʣʠʮʝ 1 (ʙʝʣʳʡ ʮʚʝʪ ï ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʩʧʣʘʚ Fe, 

ʩʦʩʪʘʚ ï ʩʤ. ʪʘʙʣʠʮʫ 2, ʪʝʤʥʳʡ ʮʚʝʪ-ʦʩʪʘʪʦʯʥʦʝ 

ʩʪʝʢʣʦ, ʩʚʝʪʣʦ-ʩʝʨʳʡ ʮʚʝʪ ʢʨʠʩʪʘʣʣʳ: 

ʧʠʨʦʢʩʝʥʳ, ʧʣʘʛʠʦʢʣʘʟʳ, ʩʦʩʪʘʚ-ʩʤ. ʪʘʙʣʠʮʫ 1). 

ʂʦʤʧʦʥʝʥʪʳ  ̄2157  ̄2158 

Fe 98.07 98.88 

Mg 0.84 0.08 

Ti 0.08 0.15 

O 1.2 0.7 

Si 0.16 0.05 

Ca 0.23 0.07 

P 0.52 0.03 

ʉʫʤʤʘ 101.1 99.96 



ʉʙʦʨʥʠʢ ʩʪʘʪʝʡ ɺɽʉʕʄʇɻ-2023 

106 

ɺ ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʦʩʪʘʚʳ ʢʨʠʩʪʘʣʣʦʚ 

(ʢʣʠʥʦʧʠʨʦʢʩʝʥʦʚ ʠ ʧʣʘʛʠʦʢʣʘʟʦʚ), ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʨʘʩʧʣʘʚʘ ʘʥʜʝʟʠʪʘ, ʙʣʠʟʢʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʦʩʪʘʚʘʤ ʢʨʠʩʪʘʣʣʦʚ ʣʘʚʦʚʳʭ ʧʦʪʦʢʦʚ ʚʫʣʢʘʥʘ 

ɸʚʘʯʘ ʥʘ ʂʘʤʯʘʪʢʝ (ʈʠʩ. 2). ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ 

ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʫʯʘʩʪʠʷ ʚʦʜʦʨʦʜʘ ʚ ʤʘʛʤʘʪʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ, ʯʪʦ ʪʘʢʞʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʩʦʩʪʘʚʦʤ ʚʫʣʢʘʥʠʯʝʩʢʠʭ ʛʘʟʦʚ, ʦʙʥʘʨʫʞʝʥʥʳʭ ʧʨʠ ʠʟʚʝʨʞʝʥʠʠ ʵʪʦʛʦ ʚʫʣʢʘʥʘ (ʀʚʘʥʦʚ, 

2008). 

  
 

ʈʠʩ. 2. ʉʨʘʚʥʝʥʠʝ ʩʦʩʪʘʚʘ ʢʨʠʩʪʘʣʣʦʚ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ˉ 2157, 2158 ʩ ʩʦʩʪʘʚʘʤʠ 

ʧʨʠʨʦʜʥʳʭ ʤʠʥʝʨʘʣʦʚ ʠʟ ʣʘʚʦʚʳʭ ʧʦʪʦʢʦʚ ʚʫʣʢʘʥʘ ɸʚʘʯʘ, ʂʘʤʯʘʪʢʘ (ʀʚʘʥʦʚ, 2008), 

(ʘ) ï ʧʠʨʦʢʩʝʥʳ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (ʢʨʘʩʥʳʡ ʮʚʝʪ): Wol = 29.94, En = 58.01, Fs = 12.05; 

ʧʨʠʨʦʜʥʳʝ (ʟʝʣʝʥʳʝ ʮʚʝʪ): Wol = 34.2, En = 48.77, Fs = 17.03, ʧʨʠʚʝʜʝʥʳ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ. 

(ʙ) ï ʧʣʘʛʠʦʢʣʘʟʳ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (ʢʨʘʩʥʳʡ ʮʚʝʪ-ʦʧʳʪ 2157: An = 43.04, Ab = 47.39, Or = 

9.57; ʩʠʥʠʡ ʮʚʝʪ ï ʦʧʳʪ 2158: An = 42.71, Ab = 45.6, Or = 11.69); 

ʧʨʠʨʦʜʥʳʝ (ʟʝʣʝʥʳʝ ʩʠʤʚʦʣʳ: An = 52.49, Ab = 36.52, Or = 10.99), ʧʨʠʚʝʜʝʥʳ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ. 

 

ʆʪʤʝʪʠʤ, ʯʪʦ ʩʘʤʦʨʦʜʥʦʝ ʞʝʣʝʟʦ ʣʠʢʚʘʮʠʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʝ ʦʙʥʘʨʫʞʝʥʦ ʚ 

ʘʥʜʝʟʠʪʦʚʳʭ ʣʘʚʦʚʳʭ ʧʦʪʦʢʘʭ ʚʫʣʢʘʥʦʚ ʂʘʤʯʘʪʢʠ (ʀʚʘʥʦʚ, 2008; ʂʘʨʧʦʚ ʠ ʄʦʭʦʚ, 2004), 

ʯʪʦ ʚʠʜʠʤʦ ʩʚʷʟʘʥʦ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʚʷʟʢʦʩʪʴʶ ʘʥʜʝʟʠʪʦʚʳʭ ʤʘʛʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʙʘʟʘʣʴʪʦʚʳʤʠ. ʀ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩ ʙʦʣʝʝ ʤʝʜʣʝʥʥʳʤ ʧʦʜʲʸʤʦʤ ʦʪ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʦʯʘʛʦʚ 

ʢ ʚʫʣʢʘʥʫ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʣʦ ʦʢʠʩʣʝʥʠʝ ʩʘʤʦʨʦʜʥʦʛʦ ʞʝʣʝʟʘ. ɺ ʪʦʞʝ ʚʨʝʤʷ ʩʘʤʦʨʦʜʥʦʝ 

ʞʝʣʝʟʦ ʯʘʩʪʦ ʥʘʭʦʜʠʣʠ ʚ ʧʝʧʣʘʭ ʘʥʜʝʟʠʪʦʚʳʭ ʚʫʣʢʘʥʦʚ ʂʘʤʯʘʪʢʠ (ʂʘʨʧʦʚ ʠ ʄʦʭʦʚ, 2004). 

ʇʨʠʤʝʨ ʪʘʢʦʛʦ ʩʘʤʦʨʦʜʥʦʛʦ ʞʝʣʝʟʘ ʧʨʠʚʝʜʝʥ ʥʘ ʈʠʩ. 3. 

 

 

ʈʠʩ. 3. ʏʘʩʪʠʮʘ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʞʝʣʝʟʘ ʠʟ ʧʝʧʣʘ. ʇʨʦʙʘ 4437. ʘ ï ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʨʘʩʩʝʷʥʥʳʭ 

ʦʪʨʘʞʝʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (BSE); ʙ ï ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʩʧʝʢʪʨ ʦʪ ʥʝʛʦ (ʂʘʨʧʦʚ ʠ 

ʄʦʭʦʚ, 2004). 
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Abstract. Important problems of magma differentiation, the formation of native metals and ore formation 

processes in the earth's crust are increasingly associated with the active participation of hydrogen. In this 

paper, new experimental data on the crystallization of andesitic melts at high temperatures (900 ï 1250 
ÁC) and hydrogen pressures (10ï100 MPa) were obtained, which clarify the possible role of hydrogen in 

the processes occurring in andesite melts in the earth's crust and during volcanism in strongly recovered 

conditions (f(O2) = 10-14). In crystallization experiments, it was found that the compositions of crystals 

(pyroxenes and plagioclases) formed in the experiment on crystallization of andesite melt under hydrogen 

pressure closely correspond to the compositions of crystals of lava flows of the Avacha volcano in 

Kamchatka. This result can be considered as an experimental confirmation of the participation of 

hydrogen in the volcanic process. 
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ɸʥʥʦʪʘʮʠʷ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʚʦʣʴʬʨʘʤʠʪʘ (Fe, Mn) WO4 ʚ 

ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʭ ʨʘʩʧʣʘʚʘʭ ʨʘʟʣʠʯʥʦʡ ʱʝʣʦʯʥʦʩʪʠ ʧʨʠ ʊ = 1100 Áʉ ʠ ʈ = 1 ʠ 4 ʢʙʘʨ ʚ ʩʫʭʠʭ 

ʫʩʣʦʚʠʷʭ ʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 10 ʤʘʩ. % H2O ʚʳʷʚʠʣʦ ʝʝ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʘʛʧʘʠʪʥʦʩʪʠ ((Na+K)/Al) 

ʨʘʩʧʣʘʚʘ. ʇʨʠ ʊ = 1100 Áʉ ʠ ʈ = 1 ʢʙʘʨ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚʦʣʴʬʨʘʤʠʪʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʧʦʚʳʰʝʥʠʝʤ 

ʘʛʧʘʠʪʥʦʩʪʠ ʨʘʩʧʣʘʚʘ. ʇʨʠ ʈ = 4 ʢʙʘʨ ʩʦʜʝʨʞʘʥʠʷ ʚʦʣʴʬʨʘʤʘ ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ ʩʪʝʢʣʝ 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʶʪ, ʦʜʥʘʢʦ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʪʥʘʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ: ʩʦʜʝʨʞʘʥʠʝ WO3 ʚ 

ʨʘʩʧʣʘʚʝ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʛʧʘʠʪʥʦʩʪʠ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʢʨʠʩʪʘʣʣʦʚ ʱʝʣʦʯʥʳʭ ʩʦʝʜʠʥʝʥʠʷʤ ʚʦʣʴʬʨʘʤʘ. ɺ ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤʘʭ ʥʘʙʣʶʜʘʝʪʩʷ 

ʛʝʪʝʨʦʛʝʥʥʦʩʪʴ ʨʘʩʧʣʘʚʘ ʚ ʚʠʜʝ ʦʙʨʘʟʦʚʘʥʠʷ ʵʤʫʣʴʩʠʠ, ʚʳʨʘʞʘʶʱʝʡʩʷ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʢʘʧʝʣʝʢ, ʦʙʦʛʘʱʝʥʥʳʭ ʚʦʣʴʬʨʘʤʦʤ. 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʦʣʴʬʨʘʤʠʪ, ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʡ ʨʘʩʧʣʘʚ, ʵʢʩʧʝʨʠʤʝʥʪ 

 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʫʯʘʣʘʩʴ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚʦʣʴʬʨʘʤʠʪʘ (Fe, Mn) WO4 ʚ 

ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʭ ʨʘʩʧʣʘʚʘʭ ʨʘʟʣʠʯʥʦʡ ʱʝʣʦʯʥʦʩʪʠ ʧʨʠ ʊ = 1100 Áʉ ʠ ʈ = 1 ʠ 4 ʢʙʘʨ ʚ 

ʩʫʭʠʭ ʫʩʣʦʚʠʷʭ ʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 10 ʤʘʩ. % H2O. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ 

ʚʳʩʦʢʦʛʦ ʛʘʟʦʚʦʛʦ ʜʘʚʣʝʥʠʷ. ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩʦʩʪʘʚʠʣʘ 5 ʩʫʪʦʢ. 

ʀʩʭʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʩʣʫʞʠʣʦ ʥʘʧʣʘʚʣʝʥʥʦʝ ʩʪʝʢʣʦ ʛʨʘʥʠʪʥʦʛʦ ʩʦʩʪʘʚʘ ʨʘʟʥʦʡ 

ʘʛʧʘʠʪʥʦʩʪʠ (0.9ï2), ʘ ʪʘʢʞʝ ʧʨʠʨʦʜʥʳʡ ʚʦʣʴʬʨʘʤʠʪ. ʉʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʦʧʨʝʜʝʣʷʣʩʷ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʥʥʦ-ʟʦʥʜʦʚʦʛʦ ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʣʫʯʝʥ ʩʪʦʣʙʠʢ ʩʪʝʢʣʘ ʩ ʢʨʠʩʪʘʣʣʘʤʠ ʚʦʣʴʬʨʘʤʠʪʘ. 

ʇʦʩʣʝ ʦʧʳʪʦʚ ʘʛʧʘʠʪʥʦʩʪʴ ʨʘʩʧʣʘʚʘ ʫʤʝʥʴʰʘʣʘʩʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʦʡ, ʯʪʦ 

ʦʙʲʷʩʥʷʝʪʩʷ ʯʘʩʪʠʯʥʳʤ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʱʝʣʦʯʝʡ ʚʦ ʬʣʶʠʜʥʫʶ ʬʘʟʫ. 

ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʊ = 1100 Áʉ ʠ ʈ = 1 ʢʙʘʨ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚʦʣʴʬʨʘʤʠʪʘ 

ʟʘʚʠʩʠʪ ʦʪ ʩʦʩʪʘʚʘ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʛʦ ʨʘʩʧʣʘʚʘ (ʨʠʩ. 1), ʥʝʤʥʦʛʦ ʫʚʝʣʠʯʠʚʘʷʩʴ ʩ 

ʧʦʚʳʰʝʥʠʝʤ ʘʛʧʘʠʪʥʦʩʪʠ ʨʘʩʧʣʘʚʘ ((Na+K)/Al). ʇʨʠ ʂagp=1.02 ʩʦʜʝʨʞʘʥʠʝ WO3 

ʩʦʩʪʘʚʣʷʝʪ 1.61 ʤʘʩ.%, ʘ ʧʨʠ ʂagp=1.26 ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 2.04 ʤʘʩ.%. ʇʦʣʫʯʝʥʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʞʝʪ ʙʳʪʴ ʜʦʚʦʣʴʥʦ ʭʦʨʦʰʦ ʦʧʠʩʘʥʘ ʫʨʘʚʥʝʥʠʝʤ: 

y = 2.80567*exp((-0.17946)/(X-0.69688)), ʛʜʝ X=(Na+K)/Al . 

ʇʨʠ ʈ = 4 ʢʙʘʨ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚʦʣʴʬʨʘʤʠʪʘ ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʤ ʩʪʝʢʣʝ ʩʫʱʝʩʪʚʝʥʥʦ 

ʚʦʟʨʘʩʪʘʝʪ, ʦʜʥʘʢʦ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʪʥʘʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ: ʩʦʜʝʨʞʘʥʠʝ WO3 ʚ ʨʘʩʧʣʘʚʝ 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʘʛʧʘʠʪʥʦʩʪʠ (ʈʠʩ. 1). ʕʪʦ ʩʚʷʟʘʥʦ ʩ 

ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʥʦʚʦʦʙʨʘʟʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʩʦʩʪʘʚ ʢʦʪʦʨʳʭ ʦʪʚʝʯʘʝʪ ʱʝʣʦʯʥʳʤ 

ʩʦʝʜʠʥʝʥʠʷʤ ʚʦʣʴʬʨʘʤʘ (ʚʦʣʴʬʨʘʤʘʪʘʤ ʥʘʪʨʠʷ ʠ ʢʘʣʠʷ). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩʦʩʫʱʝʩʪʚʫʶʪ ʧʦ 

ʢʨʘʡʥʝʡ ʤʝʨʝ ʪʨʠ ʬʘʟʳ: ʨʘʩʧʣʘʚ, ʢʨʠʩʪʘʣʣʳ ʚʦʣʴʬʨʘʤʠʪʘ ʠ ʚʦʣʴʬʨʘʤʘʪʳ ʥʘʪʨʠ ̫ʠ ʢʘʣʠʷ, 

ʢʦʣʠʯʝʩʪʚʦ ʢʦʪʦʨʳʭ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʘʛʧʘʠʪʥʦʩʪʠ ʨʘʩʧʣʘʚʘ, ʢʦʪʦʨʘʷ ʧʘʜʘʝʪ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʦʡ. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʚʦʣʴʬʨʘʤʠʪʘ ʚ ʨʘʩʧʣʘʚʝ ʧʨʠ ʜʘʥʥʳʭ 

ʧʘʨʘʤʝʪʨʘʭ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ ʫʨʘʚʥʝʥʠʝʤ: 

y = exp(6.58903+(-7.69689)*X+(2.72693)*X2), ʛʜʝ X=(Na+K)/Al. 

ɺ ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤʘʭ ʥʘʙʣʶʜʘʣʘʩʴ ʛʝʪʝʨʦʛʝʥʥʦʩʪʴ ʨʘʩʧʣʘʚʘ ʚ ʚʠʜʝ 

ʦʙʨʘʟʦʚʘʥʠʷ ʵʤʫʣʴʩʠʠ, ʚʳʨʘʞʘʶʱʝʡʩʷ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʢʘʧʝʣʝʢ, 

ʦʙʦʛʘʱʝʥʥʳʭ ʚʦʣʴʬʨʘʤʦʤ. ʇʨʠ 4 ʢʙʘʨ ʦʙʨʘʟʦʚʘʥʠʝ ʤɻʫʣʴʩʠʠ ʚʳʨʘʞʝʥʦ ʥʘʠʙʦʣʝʝ ʯʝʪʢʦ 

(ʨʠʩ. 2). ʀʥʦʛʜʘ ʧʨʠ ʟʘʢʘʣʢʝ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʧʨʦʠʩʭʦʜʠʪ ʯʘʩʪʠʯʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʩ 
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ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʢʦʚ. ɿʘ ʩʯʝʪ ʵʪʦʛʦ ʚ ʨʘʩʧʣʘʚʝ ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʶʪ 

ʩʦʜʝʨʞʘʥʠʷ WO3 (ʧʨʠ 1 ʢʙʘʨ ʜʦ ~5 ʤʘʩ.%, ʘ ʧʨʠ 4 ʢʙʘʨ ʜʦ ~12 ʤʘʩ.%). ʊʘʢʦʡ ʨʘʩʧʣʘʚ 

ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʨʫʜʦʥʦʩʥʦʛʦ. 

ɺʝʨʦʷʪʥʦ, ʵʪʦ ʷʚʣʝʥʠʝ ʘʥʘʣʦʛʠʯʥʦ ʪʠʪʘʥʘʪʥʦ-ʩʠʣʠʢʘʪʥʦʡ ʞʠʜʢʦʩʪʥʦʡ ʥʝʩʤʝʩʠʤʦʩʪʠ, 

ʧʦʣʫʯʝʥʥʦʡ ʨʘʥʝʝ (ʉʫʢ, 2007, 2012, 2017) ʚ ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʭ ʩʠʩʪʝʤʘʭ, 

ʩʦʜʝʨʞʘʱʠʭ ʨʫʜʥʳʝ ʵʣʝʤʝʥʪʳ (Ti, Nb, Sr, REE). 

ʏʪʦʙʳ ʚʳʷʩʥʠʪʴ ʩʦʩʪʘʚ ʦʙʨʘʟʫʶʱʠʭʩʷ ʵʤʫʣʴʩʠʦʥʥʳʭ ʢʘʧʝʣʴ, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ ʩʠʩʪʝʤʝ ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʡ ʨʘʩʧʣʘʚ ï Na2WO4*2 H2O ʧʨʠ ʊ = 1100 Áʉ ʠ 

ʈ = 1 ʠ 4 ʢʙʘʨ. ʇʦʩʣʝ ʦʧʳʪʘ ʚ ʦʙʨʘʟʮʝ ʥʘʙʣʶʜʘʣʠʩʴ ʢʨʠʩʪʘʣʣʳ ʧʨʘʢʪʠʯʝʩʢʠ ʯʠʩʪʦʛʦ 

ʚʦʣʴʬʨʘʤʘʪʘ ʥʘʪʨʠʷ ʩ ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ ʧʨʠʤʝʩʴʶ ʢʘʣʠʷ, ʢʦʪʦʨʳʝ ʦʙʨʘʟʦʚʳʚʘʣʠ ʩʣʦʡ ʚ 

ʥʠʞʥʝʡ ʯʘʩʪʠ ʩʪʦʣʙʠʢʘ ʩʪʝʢʣʘ, ʘ ʚ ʩʪʝʢʣʝ ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʢʘʧʣʠ, ʧʦ ʩʦʩʪʘʚʫ ʪʘʢʞʝ 

ʦʪʚʝʯʘʶʱʠʝ ʱʝʣʦʯʥʦʤʫ (ʥʘʪʨʦʚʦʤʫ) ʚʦʣʴʬʨʘʤʘʪʫ ʩ ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ ʧʨʠʤʝʩʴʶ ʢʘʣʠʷ, 

ʢʘʣʴʮʠʷ ʠ ʘʣʶʤʠʥʠʷ (ʈʠʩ. 3). ʕʪʦ ʜʘʝʪ ʦʩʥʦʚʘʥʠʷ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʩʦʩʪʘʚ ʵʤʫʣʴʩʠʦʥʥʳʭ 

ʢʘʧʝʣʴ ʘʥʘʣʦʛʠʯʝʥ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʧʨʦʛʨʘʤʤʳ FMUF-2022ï0004. 

 

  

ʈʠʩ. 1. ʈʘʩʪʚʦʨʠʤʦʩʪʴ ʚʦʣʴʬʨʘʤʠʪʘ ʚ ʨʘʩʧʣʘʚʝ, 

ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ ʊ=1100ʦʉ 

ʠ ʜʘʚʣʝʥʠʠ 1 ʠ 4 ʢʙʘʨ. 

ʈʠʩ. 2. ʆʙʨʘʟʦʚʘʥʠʷ ʵʤʫʣʴʩʠʠ ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ 

ʢʨʠʩʪʘʣʣʘʤʠ ʚʦʣʴʬʨʘʤʠʪʘ ʚ ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ 

ʩʠʩʪʝʤʘʭ ʧʨʠ ʊ=1100ʦʉ ʠ ʈ=4 ʢʙʘʨ. 

  
ʈʠʩ. 3. ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʩʣʦʡ ʠ ʢʘʧʣʠ ʱʝʣʦʯʥʦʛʦ (ʥʘʪʨʦʚʦʛʦ) ʚʦʣʴʬʨʘʤʘʪʘ, 

ʧʦʣʫʯʝʥʥʳʝ ʚ ʩʠʩʪʝʤʝ ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʡ ʨʘʩʧʣʘʚ ï Na2WO4*2 H2O  

ʧʨʠ ʊ = 1100 Áʉ ʠ ʈ = 4 ʢʙʘʨ. 
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WOLFRAMITE  SOLUBILITY  IN ALUMINOSILI CATE MELT  
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Chernogolovka, Moscow district 
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Abstract. Experimental study of the solubility of wolframite (Fe, Mn) WO4 in aluminosilicate melts of 

different alkalinity at T = 1100 ÁC and P = 1 and 4 kbar under dry conditions and in the presence of 10 wt. 

% H2O revealed its dependence on the agpaiticity ((Na+K)/Al) of the melt. At T = 1100 ÁC and P = 1 

kbar, the solubility of wolframite increases with an increase in the agpaiticity of the melt. At P = 4 kbar, 

the content of tungsten in aluminosilicate glass increases significantly, but the opposite pattern is 

observed: the content of WO3 in the melt decreases with an increase in its agpaitic coefficient, which is 

associated with the formation of crystals of alkaline tungsten compounds. In water-containing systems, 

melt heterogeneity is observed in the form of emulsion formation, which is expressed in the presence of 

microscopic droplets enriched in tungsten. 

 

Keywords: wolframite, aluminosilicate melt, experiment 
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ɸʥʥʦʪʘʮʠʷ. ʈʘʩʪʚʦʨʠʤʦʩʪʴ ʣʦʧʘʨʠʪʘ ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʭ ʨʘʩʧʣʘʚʘʭ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʫʯʘʣʘʩʴ ʧʨʠ ʊ=1200 ʠ 1000ʦʉ ʠ ʈ=2 ʢʙʘʨ ʚ ʩʫʭʠʭ ʫʩʣʦʚʠʷʭ ʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

10 ʤʘʩ.% ʅ2ʆ ʥʘ ʫʩʪʘʥʦʚʢʝ ʚʳʩʦʢʦʛʦ ʛʘʟʦʚʦʛʦ ʜʘʚʣʝʥʠʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ 1 ʩʫʪ. ʀʩʭʦʜʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ ʩʣʫʞʠʣʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʧʣʘʚʣʝʥʥʳʝ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʩʪʝʢʣʘ ʤʘʣʠʥʴʠʪʦʚʦʛʦ, 

ʫʨʪʠʪʦʚʦʛʦ ʠ ʵʚʪʝʢʪʠʯʝʩʢʦʛʦ ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʘ ʪʘʢʞʝ ʧʨʠʨʦʜʥʳʡ ʣʦʧʘʨʠʪ 

ʃʦʚʦʟʝʨʩʢʦʛʦ ʤʘʩʩʠʚʘ. ɺʳʷʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʣʦʧʘʨʠʪʘ ʦʪ ʩʦʩʪʘʚʘ 

ʘʣʶʤʦʩʠʣʠʢʘʪʥʦʛʦ ʨʘʩʧʣʘʚʘ (Ca/(Na+K), (Na+K)/Al ). ʆʮʝʥʝʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ ʨʷʜʘ 

ʵʣʝʤʝʥʪʦʚ ʤʝʞʜʫ ʩʠʣʠʢʘʪʥʳʤ ʨʘʩʧʣʘʚʦʤ ʠ ʢʨʠʩʪʘʣʣʘʤʠ ʣʦʧʘʨʠʪʘ (ʂi=ʉimelt
 /ʉilop). 

 

ʂʣʁ ʯʝʚʳʝ ʩʣʦʚʘ: ʵʢʩʧʝʨʠʤʝʥʪ, ʣʦʧʘʨʠʪ, ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʡ ʨʘʩʧʣʘʚ 

 

ʈʘʩʪʚʦʨʠʤʦʩʪʴ ʣʦʧʘʨʠʪʘ ʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʭ ʨʘʩʧʣʘʚʘʭ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʫʯʘʣʘʩʴ ʧʨʠ ʊ=1200 ʠ 1000ʦʉ ʠ ʈ=2 ʢʙʘʨ ʚ ʩʫʭʠʭ ʫʩʣʦʚʠʷʭ ʠ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ 10 ʤʘʩ.% ʅ2ʆ ʥʘ ʫʩʪʘʥʦʚʢʝ ʚʳʩʦʢʦʛʦ ʛʘʟʦʚʦʛʦ ʜʘʚʣʝʥʠʷ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ 1 ʩʫʪ. ʀʩʭʦʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʩʣʫʞʠʣʠ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʩʪʝʢʣʘ 

ʤʘʣʠʥʴʠʪʦʚʦʛʦ, ʫʨʪʠʪʦʚʦʛʦ ʠ ʵʚʪʝʢʪʠʯʝʩʢʦʛʦ ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʛʦ ʩʦʩʪʘʚʘ, 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʧʣʘʚʣʝʥʥʳʝ ʧʨʠ ʊ=1450ʦʉ ʚ ʧʝʯʠ ʩ ʭʨʦʤʠʪ-ʣʘʥʪʘʥʦʚʳʤʠ ʥʘʛʨʝʚʘʪʝʣʷʤʠ 

ʚ ʧʣʘʪʠʥʦʚʳʭ ʪʠʛʣʷʭ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩ., ʘ ʪʘʢʞʝ ʧʨʠʨʦʜʥʳʡ ʣʦʧʘʨʠʪ (Na, Ce, Ca)2(Ti, 

Nb)2O6) ʃʦʚʦʟʝʨʩʢʦʛʦ ʤʘʩʩʠʚʘ. 

ʉʦʩʪʘʚʳ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʦʧʨʝʜʝʣʷʣʠʩʴ ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ Tescan Vega II XMU (ʏʝʭʠʷ), ʦʩʥʘʱʝʥʥʦʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʤ (INCAx-

sight) ʠ ʢʨʠʩʪʘʣʣ-ʜʠʬʨʘʢʮʠʦʥʥʳʤ (INCA wave) ʨʝʥʪʛʝʥʦʚʩʢʠʤʠ ʩʧʝʢʪʨʦʤʝʪʨʘʤʠ (ɸʥʛʣʠʷ, 

ʆʢʩʬʦʨʜ). ʀʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʨʦʛʨʘʤʤʘ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ INCA 

Energy 450. ɸʥʘʣʠʟ ʦʙʨʘʟʮʦʚ ʚʳʧʦʣʥʷʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʢ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ (ʥʘ 

ʦʩʥʦʚʥʳʝ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʝ ʵʣʝʤʝʥʪʳ), ʪʘʢ ʠ ʢʨʠʩʪʘʣʣ-ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ (ʥʘ Sr, Nb, La, 

Ce, Nd) ʩʧʝʢʪʨʦʤʝʪʨʦʚ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ. ʇʦʩʣʝ ʦʧʳʪʦʚ ʚ ʦʙʨʘʟʮʝ ʥʘʙʣʶʜʘʣʦʩʴ ʩʪʝʢʣʦ ʩ 

ʢʨʠʩʪʘʣʣʘʤʠ ʣʦʧʘʨʠʪʘ. ɺ ʧʨʦʮʝʩʩʝ ʦʧʳʪʦʚ ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʡ ʨʘʩʧʣʘʚ ʥʘʩʳʱʘʣʩʷ 

ʵʣʝʤʝʥʪʘʤʠ, ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ ʣʦʧʘʨʠʪʘ. ʇʨʠ ʵʪʦʤ ʚ ʤʘʣʠʥʴʠʪʦʚʦʤ ʨʘʩʧʣʘʚʝ ʧʨʠ 

ʊ=1200ʦʉ ʠ ʈ=2 ʢʙʘʨ ʥʘʙʣʶʜʘʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʝ ʥʘ ʢʨʠʩʪʘʣʣʘʭ ʣʦʧʘʨʠʪʘ ʢʘʝʤʦʢ, 

ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦ ʩʦʩʪʘʚʫ ʦʪ ʣʦʧʘʨʠʪʘ (ʨʠʩ. 1ʘ). ɺ ʢʘʡʤʘʭ ʫʤʝʥʴʰʘʶʪʩʷ ʩʦʜʝʨʞʘʥʠʷ Na2O, 

SrO, Nb2O5, ʚ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ TiO2. ɿʘ ʩʯʝʪ ʵʪʦʛʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʳʝ 

ʩʦʜʝʨʞʘʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʠʟ ʣʦʧʘʨʠʪʘ ʚ 

ʱʝʣʦʯʥʦʡ ʨʘʩʧʣʘʚ Ti, Na, Sr, Nb ʤʠʛʨʠʨʫʶʪ ʣʝʛʯʝ, ʯʝʤ REE. ɺ ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤʘʭ 

ʢʘʡʤʘ ʚʳʨʘʞʝʥʘ ʣʫʯʰʝ, ʯʝʤ ʚ ʩʫʭʠʭ ʩʠʩʪʝʤʘʭ. 

ʆʙ ʵʪʦʤ ʪʘʢʞʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʠ ʦʮʝʥʢʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʟʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ 

ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʘʤʠ ʣʦʧʘʨʠʪʘ ʠ ʨʘʩʧʣʘʚʦʤ (Ci
melt/Ci

lop, ʛʜʝ ʉ ï ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʢʩʠʜʦʚ ʚ 

ʤʘʩ. %). ɼʣʷ ʙʦʣʝʝ ʢʦʨʨʝʢʪʥʳʭ ʨʘʩʯʝʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʟʥʘʯʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝʩʯʝʪʦʚ ʘʥʘʣʠʟʦʚ ʩʪʝʢʦʣ ʜʣʷ ʩʫʭʠʭ ʩʠʩʪʝʤ ʥʘ 100 ʤʘʩ.%, ʘ ʘʥʘʣʠʟʦʚ 

ʚʦʜʦʩʦʜʝʨʞʘʱʠʭ ʩʪʝʢʦʣ ʜʣʷ ʩʠʩʪʝʤ ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʛʦ ʩʦʩʪʘʚʘ ʥʘ 95 ʤʘʩ.%. ɺ ʨʘʩʧʣʘʚʝ 

ʤʘʣʠʥʴʠʪʦʚʦʛʦ ʠ ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠ ʊ =1000ʦʉ ʠ ʈ = 2 ʢʙʘʨ ʩʨʝʜʥʠʝ 

ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʟʜʝʣʝʥʠʷ ʜʣʷ TiO2 ʦʜʠʥʘʢʦʚʳ (0.067), ʘ ʜʣʷ SrO ʦʪʣʠʯʘʶʪʩʷ 
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ʥʝʟʥʘʯʠʪʝʣʴʥʦ: ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 0.315 (ʚ ʨʘʩʧʣʘʚʝ ʤʘʣʠʥʴʠʪʦʚʦʛʦ ʩʦʩʪʘʚʘ) ʠ 0.328 (ʚ 

ʨʘʩʧʣʘʚʝ ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʛʦ ʩʦʩʪʘʚʘ). ɼʣʷ Nb2O5, La2O3, Ce2O3 ʠ Nd2O3 ʩʨʝʜʥʠʝ 

ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʟʜʝʣʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʨʘʩʧʣʘʚʦʤ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʩʦʩʪʘʚʫ ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʡ ʵʚʪʝʢʪʠʢʠ: KNb2O5= 0.039(0.080), 

KLa2O3=0.024(0.045), KCe2O3=0.023(0.043), KNd2O3=0.022(0.053). ɺ ʩʢʦʙʢʘʭ ʧʨʠʚʦʜʷʪʩʷ 

ʟʥʘʯʝʥʠʷ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʨʘʩʧʣʘʚʦʤ ʤʘʣʠʥʴʠʪʦʚʦʛʦ ʩʦʩʪʘʚʘ. ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ 

ʨʘʩʧʣʘʚʦʤ ʫʨʪʠʪʦʚʦʛʦ ʩʦʩʪʘʚʘ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ ʜʣʷ ʦʢʩʠʜʦʚ La, Ce ʠ Nd ʙʣʠʟʢʠ 

ʢ ʟʥʘʯʝʥʠʷʤ ʚ ʨʘʩʧʣʘʚʘʭ, ʦʪʚʝʯʘʶʱʠʭ ʩʦʩʪʘʚʫ ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʡ ʵʚʪʝʢʪʠʢʠ (0.018, 

0.016 ʠ 0.017 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʟʜʝʣʝʥʠ ̫ʜʣʷ TiO2 (0.038) ʠ SrO 

(0.276) ʤʝʥʴʰʝ, ʘ ʜʣʷ Nb2O5 ʙʦʣʴʰʝ (0.057), ʯʝʤ ʜʣʷ ʨʘʩʧʣʘʚʦʚ, ʦʪʚʝʯʘʶʱʠʭ ʩʦʩʪʘʚʫ 

ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʡ ʵʚʪʝʢʪʠʢʠ. 

 

  

ʘ ʙ 
ʈʠʩ. 1. ʂʘʡʤʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʥʘ ʢʨʠʩʪʘʣʣʘʭ ʣʦʧʘʨʠʪʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʤʘʣʠʥʴʠʪʦʚʳʤ 

ʨʘʩʧʣʘʚʦʤ (ʘ) ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ ʪʠʪʘʥʦʩʠʣʠʢʘʪʦʚ ʨʝʜʢʠʭ ʟʝʤʝʣʴ ʚʦʢʨʫʛ ʟʝʨʝʥ ʣʦʧʘʨʠʪʘ 

ʚ ʨʘʩʧʣʘʚʝ, ʦʪʚʝʯʘʶʱʝʤ ʩʦʩʪʘʚʫ ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʡ ʵʚʪʝʢʪʠʢʠ (ʙ) ʧʨʠ ʊ=1200ʦʉ ʠ ʈ=2 ʢʙʘʨ. 

 

ʇʨʠ ʊ=1200ʦʉ ʠ ʈ=2 ʢʙʘʨ ʥʘʙʣʶʜʘʝʪʩʷ ʘʥʘʣʦʛʠʯʥʘʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ. ʉʨʝʜʥʠʝ 

ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʘʟʜʝʣʝʥʠʷ ʫʤʝʥʴʰʘʶʪʩʷ ʚ ʨʘʩʧʣʘʚʘʭ, ʦʪʚʝʯʘʶʱʠʭ ʩʦʩʪʘʚʫ 

ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʡ ʵʚʪʝʢʪʠʢʠ: KTiO2 = 0.071(0.103), KSrO = 0.112(0.122), KNb2O5 = 

0.052(0.092), KLa2O3 = 0.006(0.013), KCe2O3 = 0.023(0.051), KNd2O3 = 0.016(0.039). ɺ ʩʢʦʙʢʘʭ 

ʧʨʠʚʦʜʷʪʩʷ ʟʥʘʯʝʥʠʷ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʨʘʩʧʣʘʚʦʤ ʤʘʣʠʥʴʠʪʦʚʦʛʦ ʩʦʩʪʘʚʘ. 

ɺ ʨʘʩʧʣʘʚʝ, ʧʦ ʩʦʩʪʘʚʫ ʦʪʚʝʯʘʶʱʝʤ ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʡ ʵʚʪʝʢʪʠʢʝ, ʥʘʙʣʶʜʘʣʦʩʴ 

ʦʙʨʘʟʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ ʪʠʪʘʥʦʩʠʣʠʢʘʪʦʚ ʨʝʜʢʠʭ ʟʝʤʝʣʴ (ʈʠʩ. 1ʙ), ʘ ʠʥʦʛʜʘ ʠ 

ʪʠʪʘʥʦʥʠʦʙʘʪʦʚ ʨʝʜʢʠʭ ʟʝʤʝʣʴ, ʥʘʨʘʩʪʘʶʱʠʭ ʥʘ ʢʨʠʩʪʘʣʣʳ ʣʦʧʘʨʠʪʘ. ʇʦ-ʚʠʜʠʤʦʤʫ, 

ʦʙʨʘʟʦʚʘʥʠʝ ʪʘʢʠʭ ʢʨʠʩʪʘʣʣʦʚ, ʘ ʪʘʢʞʝ ʢʘʝʤʦʢ ʚʦʢʨʫʛ ʟʝʨʝʥ ʣʦʧʘʨʠʪʘ ʤʦʞʝʪ 

ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦʙ ʠʥʢʦʥʛʨʫʵʥʪʥʦʤ ʨʘʩʪʚʦʨʝʥʠʠ ʣʦʧʘʨʠʪʘ ʚ ʨʘʩʧʣʘ  ʚʘʭ. 

ʈʘʩʪʚʦʨʠʤʦʩʪʴ ʣʦʧʘʨʠʪʘ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʫʪʝʤ ʦʧʨʝʜʝʣʝʥʠʷ ʩʫʤʤʳ ʦʢʩʠʜʦʚ 

ʵʣʝʤʝʥʪʦʚ, ʧʨʠʩʫʱʠʭ ʪʦʣʴʢʦ ʣʦʧʘʨʠʪʫ (TiO2, Nb2O5, SrO, La2O3, Ce2O3, Nd2O3) ʚ ʩʪʝʢʣʝ, 

ʧʦʣʫʯʝʥʥʦʤ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʇʨʠʩʫʪʩʪʚʠʝ ʚʦʜʳ ʥʘ ʨʘʩʪʚʦʨʠʤʦʩʪʴ 

ʣʦʧʘʨʠʪʘ ʚʣʠʷʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʢʘʟʳʚʘʣʦ. ʇʦ ʧʨʦʚʝʜʝʥʥʳʤ ʦʮʝʥʢʘʤ ʨʘʩʪʚʦʨʠʤʦʩʪʴ 

ʣʦʧʘʨʠʪʘ ʚ ʨʘʩʧʣʘʚʝ ʤʘʣʠʥʴʠʪʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠ ʊ=1000ʦʉ ʠ ʈ=2 ʢʙʘʨ ʚ ʩʨʝʜʥʝʤ 

ʩʦʩʪʘʚʣʷʝʪ ~ 6 ʤʘʩ.%, ʚ ʨʘʩʧʣʘʚʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʩʦʩʪʘʚʫ ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʡ 

ʵʚʪʝʢʪʠʢʠ ï ʚ ʩʨʝʜʥʝʤ ~ 5.3 ʤʘʩ.%, ʘ ʚ ʨʘʩʧʣʘʚʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʩʦʩʪʘʚʫ ʫʨʪʠʪʘ ~ 

3.7 ʤʘʩ.%. ʇʨʠ ʊ = 1200 ʦʉ ʠ ʈ = 2 ʢʙʘʨ ʚ ʤʘʣʠʥʴʠʪʦʚʦʤ ʨʘʩʧʣʘʚʝ ʵʪʦ ʟʥʘʯʝʥʠʝ ʚ ʩʨʝʜʥʝʤ 

ʩʦʩʪʘʚʣʷʝʪ ~6.7 ʤʘʩ.%, ʘ ʚ ʨʘʩʧʣʘʚʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʩʦʩʪʘʚʫ ʘʣʴʙʠʪ-ʥʝʬʝʣʠʥʦʚʦʡ 

ʵʚʪʝʢʪʠʢʠ ~ 4.6 ʤʘʩ.%. ʊʘʢʠʭ ʟʥʘʯʝʥʠʡ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ 


