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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʈʝʜʢʦʟʝʤʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ (ʈɿʕ), ʚ ʯʠʩʣʦ ʢʦʪʦʨʳʭ ʚʭʦʜʷʪ ʠʪʪʨʠʡ, ʣʘʥʪʘʥ ʠ ʚʩʝ ʣʘʥʪʘʥʦʠʜʳ 

(ʪʘʢʞʝ ʠʥʦʛʜʘ ʢ ʥʠʤ ʧʨʠʯʠʩʣʷʶʪ ʩʢʘʥʜʠʡ), ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤ ʩʪʨʘʪʝʛʠʯʝʩʢʠʤ ʩʳʨʴʝʤ, 

ʠʤʝʶʱʠʤ ʢʨʠʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʤʥʦʛʠʭ ʦʪʨʘʩʣʝʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʆʥʠ ʪʨʝʙʫʶʪʩʷ ʜʣʷ 

ʩʦʟʜʘʥʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ "ʟʝʣʝʥʦʡ" 

ʨʝʛʝʥʝʨʘʪʠʚʥʦʡ ʵʥʝʨʛʝʪʠʢʠ ʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʛʨʘʞʜʘʥʩʢʦʡ ʠ ʚʦʝʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, 

ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʤʘʛʥʠʪʦʚ, ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʢʝʨʘʤʠʢʠ, ʩʪʝʢʣʘ, ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʤʥʦʛʦʛʦ ʜʨʫʛʦʛʦ. 

ɺʚʠʜʫ ʚʳʩʦʢʦʡ ʚʦʩʪʨʝʙʦʚʘʥʥʦʩʪʠ ʈɿʕ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʞʠʟʥʠ ʩʧʨʦʩ ʥʘ ʥʠʭ ʚ ʧʦʩʣʝʜʥʠʝ 

ʜʝʩʷʪʠʣʝʪʠʷ ʨʝʟʢʦ ʚʦʟʨʦʩ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʫʩʠʣʝʥʠʶ ʚʥʠʤʘʥʠʷ ʤʠʨʦʚʦʛʦ ʥʘʫʯʥʦʛʦ ʩʦʦʙʱʝʩʪʚʘ ʢ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʠʩʪʦʯʥʠʢʦʚ ʠ ʫʩʣʦʚʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʥʘʟʚʘʥʠʝ, ʩʦʜʝʨʞʘʥʠʷ ʈɿʕ ʚ ʟʝʤʥʦʡ ʢʦʨʝ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʧʨʦʤʝʪʠʷ, 

ʜʦʚʦʣʴʥʦ ʩʫʱʝʩʪʚʝʥʥʳ [ʦʪ 130ï240 ppm (Balaram, 2019)]. ʆʜʥʘʢʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʩ 

ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ, ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʤʠ ʜʣʷ ʨʝʥʪʘʙʝʣʴʥʦʡ ʜʦʙʳʯʠ, ʚʝʩʴʤʘ ʥʝʤʥʦʛʦʯʠʩʣʝʥʥʳ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʩʥʦʚʥʳʝ ʤʠʨʦʚʳʝ ʟʘʧʘʩʳ ʈɿʕ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʚ ʂʠʪʘʝ, ɺʴʝʪʥʘʤʝ, ɹʨʘʟʠʣʠʠ, 

ʈʦʩʩʠʠ, ʀʥʜʠʠ, ɸʚʩʪʨʘʣʠʠ, ɻʨʝʥʣʘʥʜʠʠ ʠ ʉʐɸ, ʧʨʠʯʝʤ ʂʠʪʘʡ, ʦʙʣʘʜʘʶʱʠʡ ʦʜʥʦʡ ʪʨʝʪʴʶ 

ʤʠʨʦʚʳʭ ʟʘʧʘʩʦʚ ʈɿʕ, ʷʚʣʷʝʪʩʷ ʤʠʨʦʚʳʤ ʣʠʜʝʨʦʤ ʧʦ ʨʘʟʚʝʜʢʝ ʠ ʜʦʙʳʯʝ (ʦʢʦʣʦ 95% ʦʪ 

ʦʙʱʝʤʠʨʦʚʦʡ ʜʦʙʳʯʠ) ʵʪʠʭ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʢʦʥʪʨʦʣʠʨʫʝʪ 

ʛʣʦʙʘʣʴʥʳʡ ʨʳʥʦʢ ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʩʳʨʴʷ. ɺ ʈʦʩʩʠʠ ʙʘʣʘʥʩʦʚʳʝ ʟʘʧʘʩʳ ʈɿʕ, ʧʦʩʯʠʪʘʥʥʳʝ ʜʣʷ 

16 ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ, ʩʦʩʪʘʚʣʷʶʪ ʦʢʦʣʦ 18% ʦʪ ʦʙʱʝʤʠʨʦʚʳʭ (U.S. Geological 

Survey, 2021), ʦʜʥʘʢʦ ʜʦʙʳʯʘ ʩʝʡʯʘʩ ʚʝʜʪyʩʷ ʣʠʰʴ ʥʘ ʃʦʚʦʟʝʨʩʢʦʤ ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʣʦʧʘʨʠʪʦʚʳʭ 

ʨʫʜ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ çʉʪʨʘʪʝʛʠʠ ʨʘʟʚʠʪʠʷ ʤʠʥʝʨʘʣʴʥʦ-ʩʳʨʴʝʚʦʡ ʙʘʟʳ ʈʦʩʩʠʡʩʢʦʡ 

ʌʝʜʝʨʘʮʠʠ ʜʦ 2035 ʛʦʜʘè ʈɿʕ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ çéʜʝʬʠʮʠʪʥʳʭ ʧʦʣʝʟʥʳʭ 

ʠʩʢʦʧʘʝʤʳʭ, ʚʥʫʪʨʝʥʥʝʝ ʧʦʪʨʝʙʣʝʥʠʝ ʢʦʪʦʨʳʭ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʚʳʥʫʞʜʝʥʥʳʤ ʠʤʧʦʨʪʦʤ ʠ(ʠʣʠ) ʩʢʣʘʜʠʨʦʚʘʥʥʳʤʠ ʟʘʧʘʩʘʤʠè, ʯʪʦ ʩʦʟʜʘʝʪ ʫʛʨʦʟʫ ʵʢʦʥʦʤʠʯʝʩʢʦʡ 

ʙʝʟʦʧʘʩʥʦʩʪʠ ʈʌ ʠ ʟʘʪʨʫʜʥʷʝʪ ʧʝʨʝʭʦʜ ʢ ʥʦʚʦʤʫ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤʫ ʮʠʢʣʫ. 

ɹʦʣʴʰʠʥʩʪʚʦ ʢʨʫʧʥʝʡʰʠʭ ʚ ʤʠʨʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʈɿʕ ʣʦʢʘʣʠʟʦʚʘʥʦ ʚ ʱʝʣʦʯʥʦ-

ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʢʦʤʧʣʝʢʩʘʭ, ʢʦʪʦʨʳʝ ʥʝ ʠʤʝʶʪ ʚʝʩʦʤʳʭ ʢʦʥʢʫʨʝʥʪʦʚ ʩʨʝʜʠ ʛʝʦʣʦʛʠʯʝʩʢʠʭ 

ʦʙʲʝʢʪʦʚ ʜʨʫʛʠʭ ʪʠʧʦʚ. ɼʣʷ ʢʘʨʙʦʥʘʪʠʪʦʚ ʭʘʨʘʢʪʝʨʥʳ ʚʳʩʦʢʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʈɿʕ, ʥʠʦʙʠʷ ʠ ʨʷʜʘ 

ʜʨʫʛʠʭ ʨʝʜʢʠʭ ʤʝʪʘʣʣʦʚ, ʦʪʥʦʩʠʤʳʭ ʚ ʛʝʦʭʠʤʠʯʝʩʢʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʢ ʥʝʩʦʚʤʝʩʪʠʤʳʤ 

ʣʠʪʦʬʠʣʴʥʳʤ ʵʣʝʤʝʥʪʘʤ, ʥʝʩʧʦʩʦʙʥʳʤ ʚʭʦʜʠʪʴ ʚ ʩʪʨʫʢʪʫʨʳ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ 

ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʤʠʥʝʨʘʣʦʚ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʠʤʝʥʥʦ ʢʘʨʙʦʥʘʪʠʪʳ ʠ ʧʨʦʜʫʢʪʳ ʠʭ ʛʠʧʝʨʛʝʥʥʦʛʦ 

ʚʳʚʝʪʨʠʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʛʣʘʚʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʨʝʜʢʠʭ ʟʝʤʝʣʴ ʠ ʥʠʦʙʠʷ ʜʣʷ ʤʠʨʦʚʦʡ 
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ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʆʩʥʦʚʥʦʡ ʦʙʲʤy ʈɿʕ ʩʦʩʨʝʜʦʪʦʯʝʥ ʚ ʩʦʙʩʪʚʝʥʥʦ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʢʘʨʙʦʥʘʪʠʪʘʭ, ʷʚʣʷʶʱʠʭʩʷ ʚʝʩʴʤʘ ʨʝʜʢʠʤʠ ʧʦʨʦʜʘʤʠ, ʦʙʨʘʟʦʚʘʥʥʳʤʠ ʥʘ ʧʦʟʜʥʠʭ ʩʪʘʜʠʷʭ 

ʢʘʨʙʦʥʘʪʠʪʦʛʝʥʝʟʘ ʠ ʦʙʳʯʥʦ ʟʘʥʠʤʘʶʱʠʤʠ ʨʝʟʢʦ ʧʦʜʯʠʥʝʥʥʦʝ ʧʦʣʦʞʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʠʭ 

ʧʦʨʦʜ ʢʦʤʧʣʝʢʩʦʚ (Goodenough et al., 2018; Wall, 2013). ʄʘʣʘʷ ʨʘʩʧʨʦʩʪʨʘʥʥyʥʦʩʪʴ ʜʘʥʥʳʭ ʧʦʨʦʜ 

ʠ ʤʥʦʛʦʩʪʘʜʠʡʥʦʩʪʴ ʠʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʝʧʷʪʩʪʚʫʶʪ ʧʦʩʪʨʦʝʥʠʶ ʜʣʷ ʥʠʭ ʝʜʠʥʦʡ 

ʧʝʪʨʦʛʝʥʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠ ʚʳʷʚʣʝʥʠʶ ʬʘʢʪʦʨʦʚ, ʩʧʦʩʦʙʩʪʚʦʚʘʚʰʠʭ ʨʫʜʦʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʶ. 

ʇʦʤʠʤʦ ʪʦʛʦ, ʚʚʠʜʫ ʩʚʦʝʦʙʨʘʟʥʦʡ ʧʝʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʧʝʮʠʬʠʢʠ ʠ ʩʣʦʞʥʦʡ ʵʚʦʣʶʮʠʠ, 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʰʠʨʦʢʠʤ, ʥʝʨʝʜʢʦ ʫʥʠʢʘʣʴʥʳʤ, ʨʘʟʥʦʦʙʨʘʟʠʝʤ 

ʩʣʘʛʘʶʱʠʭ ʠʭ ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʦʚʝʜʝʥʠʝ ʢʦʤʧʣʝʢʩʥʦʛʦ ʛʝʦʣʦʛʠʯʝʩʢʦʛʦ 

ʠʟʫʯʝʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʢʘʞʜʦʛʦ ʥʦʚʦʛʦ ʧʨʦʷʚʣʝʥʠʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʠʢ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʘʢʪʫʘʣʴʥʦʡ ʥʘʫʯʥʦʡ ʟʘʜʘʯʝʡ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʯʨʝʟʚʳʯʘʡʥʦ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʢʘʢ ʜʣʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ, ʪʘʢ ʠ ʜʣʷ ʧʨʠʢʣʘʜʥʦʡ 

ʩʬʝʨʳ ʛʝʦʣʦʛʠʠ. 

ɺ ʩʦʩʪʘʚ ʂʦʣʴʩʢʦʡ ʱʝʣʦʯʥʦʡ ʧʨʦʚʠʥʮʠʠ ʚʭʦʜʠʪ ʤʥʦʞʝʩʪʚʦ ʱʝʣʦʯʥʦ-ʫʣʴʪʨʘʦʩʥʦʚʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ ʩ ʢʘʨʙʦʥʘʪʠʪʘʤʠ, ʠ ʚ ʥʝʢʦʪʦʨʳʭ ʠʟ ʥʠʭ ʟʘʬʠʢʩʠʨʦʚʘʥʘ ʨʝʜʢʦʟʝʤʝʣʴʥʘʷ 

ʤʠʥʝʨʘʣʠʟʘʮʠʷ. ʆʜʥʘʢʦ ʩʪʝʧʝʥʴ ʠʟʫʯʝʥʥʦʩʪʠ ʚ ʥʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʦʙʨʘʟʦʚʘʥʠʡ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ, ʜʦʚʦʣʴʥʦ ʥʠʟʢʘ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʚ ʂʦʣʴʩʢʦʤ ʨʝʛʠʦʥʝ ʥʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʠ 

ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʦʮʝʥʢʠ ʩʚʷʟʘʥʥʦʛʦ ʩ ʢʘʨʙʦʥʘʪʠʪʘʤʠ ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ. ɺ ʥʘʩʪʦʷʱʝʡ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥ ʦʜʠʥ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ [ʩʦʛʣʘʩʥʦ ɹ.ɺ. ɸʬʘʥʘʩʴʝʚʫ 

(2011)] ʥʘ ʈɿʕ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʦʙʲʝʢʪʦʚ. 

ʆʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʡ: ʢʘʨʙʦʥʘʪʠʪʳ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ ʱʝʣʦʯʥʦ-ʫʣʴʪʨʘʦʩʥʦʚʥʦʛʦ 

ʢʘʨʙʦʥʘʪʠʪʦʚʦʛʦ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ.  

ʎʝʣʴ ʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʎʝʣʴ ʨʘʙʦʪʳ ʩʦʩʪʦʷʣʘ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʠʩʪʦʯʥʠʢʦʚ ʚʝʱʝʩʪʚʘ ʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩʪʘʜʠʡ 

ʦʙʨʘʟʦʚʘʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ, ʦʮʝʥʢʝ ʭʘʨʘʢʪʝʨʘ ʬʣʶʠʜʥʦʡ 

ʧʝʨʝʨʘʙʦʪʢʠ ʵʪʠʭ ʧʦʨʦʜ ʠ ʚʳʷʚʣʝʥʠʠ ʛʣʘʚʥʳʭ ʬʘʢʪʦʨʦʚ ʥʘʢʦʧʣʝʥʠʷ ʠ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚ ʥʠʭ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ:  

1) ʀʟʫʯʝʥʠʝ ʛʝʦʣʦʛʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʪʝʣ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ; 

2) ʇʝʪʨʦʛʨʘʬʦ-ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʘʷ ʠ ʛʝʦʭʠʤʠʯʝʩʢʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʢʘʨʙʦʥʘʪʠʪʦʚ ʠ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʭ ʠʤ ʧʦʨʦʜ ʤʘʩʩʠʚʘ ʜʣʷ ʫʩʪʘʥʦʚʣʝʥʠʷ ʦʩʥʦʚʥʳʭ 

ʨʘʟʥʦʚʠʜʥʦʩʪʝʡ ʢʘʨʙʦʥʘʪʠʪʦʚ ʠ ʩʪʘʜʠʡʥʦʩʪʠ ʠʭ ʩʪʘʥʦʚʣʝʥʠʷ; 
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3) ɺʳʷʚʣʝʥʠʝ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʭ, ʛʝʦʭʠʤʠʯʝʩʢʠʭ ʠ ʠʟʦʪʦʧʥʦ-ʛʝʦʭʠʤʠʯʝʩʢʠʭ 

ʠʥʜʠʢʘʪʦʨʦʚ ʭʦʜʘ ʵʚʦʣʶʮʠʠ ʢʘʨʙʦʥʘʪʠʪʦʚ ʧʫʪʸʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ʢʦʤʧʣʝʢʩʘ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ; 

4) ʆʧʨʝʜʝʣʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʬʣʶʠʜʥʦʛʦ ʨʝʞʠʤʘ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʷʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʨʦʜ ʧʫʪʸʤ ʨʘʤʘʥʦʚʩʢʦʛʦ ʠ ʪʝʨʤʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʠʟʫʯʝʥʠʷ ʬʣʶʠʜʥʳʭ ʚʢʣʶʯʝʥʠʡ; 

5) ʆʮʝʥʢʘ ʧʨʠʚʥʦʩʘ-ʚʳʥʦʩʘ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʭʦʜʝ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʠʭ ʤʘʩʰʪʘʙʘ ʠ ʥʘʧʨʘʚʣʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ; 

6) ʉʦʟʜʘʥʠʝ ʛʝʥʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʤʘʩʩʠʚʘ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ. 

ʇʦʣʫʯʝʥʳ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʝ ʩʚʝʜʝʥʠʷ ʦ ʤʠʥʝʨʘʣʦʛʠʠ ʠ ʛʝʦʭʠʤʠʠ ʫʥʠʢʘʣʴʥʦʡ 

ʘʩʩʦʮʠʘʮʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ, ʚʳʷʚʣʝʥʳ ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʝ ʠ 

ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʝ ʠʥʜʠʢʘʪʦʨʳ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʵʚʦʣʶʮʠʠ, ʦʧʨʝʜʝʣʝʥʦ ʤʝʩʪʦ ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ 

ʦʨʫʜʝʥʝʥʠʷ ʚ ʦʙʱʝʡ ʠʩʪʦʨʠʠ ʩʪʘʥʦʚʣʝʥʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ, ʫʩʪʘʥʦʚʣʝʥʳ 

ʤʝʭʘʥʠʟʤʳ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʭʦʜʝ ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʥʘ 

ʧʦʟʜʥʝʤʘʛʤʘʪʠʯʝʩʢʠʭ ʩʪʘʜʠʷʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʨʦʜ. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. 

ʈʘʟʨʘʙʦʪʘʥʘ ʧʝʪʨʦʛʝʥʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʣʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʤʘʩʩʠʚʘ 

ɺʫʦʨʠʷʨʚʠ ʠ ʦʧʨʝʜʝʣʝʥʳ ʫʩʣʦʚʠʷ ʨʫʜʦʛʝʥʝʟʘ ʥʘ ʨʘʟʥʳʭ ʵʪʘʧʘʭ ʵʚʦʣʶʮʠʠ ʤʘʛʤʘʪʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ ʠ ʧʦʩʣʝʜʫʶʱʠʭ ʧʦʩʪʤʘʛʤʘʪʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʧʦʨʦʜ. ʋʩʪʘʥʦʚʣʝʥ ʤʝʭʘʥʠʟʤ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʘʢʠʭ ʨʫʜ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʩʪʨʫʢʪʫʨʥʳʡ ʢʦʥʪʨʦʣʴ ʨʘʟʥʳʭ ʪʠʧʦʚ ʤʠʥʝʨʘʣʠʟʘʮʠʠ 

ʈɿʕ, ʯʪʦ ʧʦʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʜʙʦʨʫ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʠʩʢʦʚʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʢʘʢ ʧʨʠ ʨʘʟʚʝʜʢʝ ʚ 

ʧʨʝʜʝʣʘʭ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ, ʪʘʢ ʠ ʧʨʠ ʧʦʠʩʢʝ ʩʭʦʞʠʭ ʦʙʲʝʢʪʦʚ ʚ ʤʠʨʝ. ʈʘʟʨʘʙʦʪʘʥr ʠ 

ʘʧʨʦʙʠʨʦʚʘʥ rʦʨʠʛʠʥʘʣʴʥʳʝ ʘʚʪʦʨʩʢʠʝ ʤʝʪʦʜʠʢʠ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 

ʠ ʛʝʦʭʠʤʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʠ ʤʘʩʩ-ʙʘʣʘʥʩʘ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʭ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʥʘ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʝ ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ. 

ʌʘʢʪʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʥʘ ʢʦʣʣʝʢʮʠʷ ʦʙʨʘʟʮʦʚ ʢʘʨʙʦʥʘʪʠʪʦʚ, ʦʪʦʙʨʘʥʥʳʭ ʤʝʪʦʜʦʤ 

ʙʦʨʦʟʜʦʚʦʛʦ ʦʧʨʦʙʦʚʘʥʠʷ ʚ ʭʦʜʝ ʧʦʣʝʚʳʭ ʨʘʙʦʪ 2015ï2020 ʛʛ. ʂʦʣʣʝʢʮʠʷ ʚʢʣʶʯʘʝʪ ʙʦʣʝʝ 100 

ʦʙʨʘʟʮʦʚ ʢʘʨʙʦʥʘʪʠʪʦʚ ʠ ʚʤʝʱʘʶʱʠʭ ʠʭ ʩʠʣʠʢʘʪʥʳʭ ʧʦʨʦʜ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ ʠ 8 ʦʙʨʘʟʮʦʚ 

ʢʘʨʙʦʥʘʪʠʪʦʚ ʫʯʘʩʪʢʘ ʅʝʩʢʝ-ɺʘʨʘ, ʦʪʦʙʨʘʥʥʳʭ ʚʙʣʠʟʠ ʇʝʪʷʡʷʥ-ɺʘʨʘ. ʇʨʠ ʨʝʰʝʥʠʠ 

ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ ʠʩʧʦʣʴʟʦʚʘʥ ʢʦʤʧʣʝʢʩ ʤʝʪʦʜʦʚ, ʚʢʣʶʯʘʶʱʠʡ ʦʧʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 
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ʧʦʨʦʜ ʠ ʤʠʥʝʨʘʣʦʚ ʧʦʜ ʤʠʢʨʦʩʢʦʧʦʤ, ʨʘʤʘʥʦʚʩʢʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ, ʩʢʘʥʠʨʫʶʱʫʶ 

ʤʠʢʨʦʩʢʦʧʠʶ, ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ, ʜʠʬʨʘʢʮʠʶ ʦʪʨʘʞʥyʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (EBSD), 

ʧʦʨʦʰʢʦʚʫʶ ʨʝʥʪʛʝʥʦʚʩʢʫʶ ʜʠʬʨʘʢʮʠʶ, ʤʝʪʦʜʳ ʤʦʢʨʦʡ ʭʠʤʠʠ ʠ ʵʤʠʩʩʠʦʥʥʦʡ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʩ ʠʥʜʫʢʪʠʚʥʦ ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʦʡ (ICP-MS), ʠʟʦʪʦʧʥʳʝ ʘʥʘʣʠʟʳ C, O, Rb, Sr, Sm 

ʠ Nd, ʪʝʨʤʦʤʝʪʨʠʯʝʩʢʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ (ʜʣʷ ʠʟʫʯʝʥʠʷ ʩʦʩʪʘʚʘ ʬʣʶʠʜʥʳʭ ʚʢʣʶʯʝʥʠʡ), ʘ ʪʘʢʞʝ 

ʬʘʢʪʦʨʥʳʡ ʠ ʠʟʦʢʦʥʥʳʡ ʘʥʘʣʠʟʳ. ʊʝʭʥʠʯʝʩʢʠʝ ʜʝʪʘʣʠ ʢʘʞʜʦʛʦ ʤʝʪʦʜʘ ʧʨʠʚʝʜʝʥ rʚ ʛʣʘʚʝ 2 

çʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳè. 

ʃʠʯʥʳʡ ʚʢʣʘʜ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʫʯʘʩʪʠʠ ʚ ʵʢʩʧʝʜʠʮʠʦʥʥʳʭ 

ʨʘʙʦʪʘʭ ʚ 2015ï2020 ʛʛ. ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ; ʧʝʨʚʠʯʥʦʡ ʧʦʜʛʦʪʦʚʢʝ ʢʘʤʝʥʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ (ʠʟʛʦʪʦʚʣʝʥʠʠ ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠʭ ʰʣʠʬʦʚ, ʘʥʰʣʠʬʦʚ ʠ ʥʘʚʝʩʦʢ ʜʣʷ ʛʝʦʭʠʤʠʯʝʩʢʠʭ ʠ 

ʠʟʦʪʦʧʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ); ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʦʤ ʦʧʠʩʘʥʠʠ ʦʙʨʘʟʮʦʚ; ʧʨʦʚʝʜʝʥʠʠ ʨʘʤʘʥʦʚʩʢʠʭ, 

EBSD ʠ ʤʠʢʨʦʟʦʥʜʦʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ; ʚʳʧʦʣʥʝʥʠʠ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʠ ʤʘʩʩ-ʙʘʣʘʥʩʦʚʦʛʦ 

(ʠʟʦʢʦʥʥʦʛʦ) ʘʥʘʣʠʟʘ ʩ ʨʘʟʨʘʙʦʪʢʦʡ ʦʨʠʛʠʥʘʣʴʥʳʭ ʤʝʪʦʜʠʢ; ʦʙʨʘʙʦʪʢʝ ʧʦʣʫʯʝʥʥʳʭ 

ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʭ, ʛʝʦʭʠʤʠʯʝʩʢʠʭ ʠ ʠʟʦʪʦʧʥʳʭ ʜʘʥʥʳʭ; ʘʥʘʣʠʟʝ, ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʠ 

ʦʧʫʙʣʠʢʦʚʘʥʠʠ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʸʤ ʜʠʩʩʝʨʪʘʮʠʠ. 

ɼʠʩʩʝʨʪʘʮʠʷ ʦʙʱʠʤ ʦʙʲʤyʦʤ 190 ʩʪʨʘʥʠʮ (ʙʝʟ ʫʯʪyʘ ʧʨʠʣʦʞʝʥʠʷ) ʩʦʩʪʦʠʪ ʠʟ ʪʠʪʫʣʴʥʦʛʦ 

ʣʠʩʪʘ, ʦʛʣʘʚʣʝʥʠʷ, ʚʚʝʜʝʥʠʷ, 7 ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʟ 413 

ʥʘʠʤʝʥʦʚʘʥʠʡ. ɺ ʨʘʙʦʪʝ ʩʦʜʝʨʞʠʪʩʷ 43 ʨʠʩʫʥʢʘ, 11 ʪʘʙʣʠʮ ʠ ʦʜʥʦ ʧʨʠʣʦʞʝʥʠʝ (3 ʪʘʙʣʠʮʳ). 

ɸʧʨʦʙʘʮʠʷ ʠ ʧʫʙʣʠʢʘʮʠʠ ʧʦ ʪʝʤʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 8 ʩʪʘʪʴʷʭ ʠʟ ʩʧʠʩʢʘ ɺɸʂ, 

ʘ ʪʘʢʞʝ ʚ ʤʘʪʝʨʠʘʣʘʭ ʠ ʪʨʫʜʘʭ (ʚ ʪʦʤ ʯʠʩʣʝ ʨʝʮʝʥʟʠʨʫʝʤʳʭ) ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʨʦʩʩʠʡʩʢʠʭ 

ʢʦʥʬʝʨʝʥʮʠʡ. 

ʇʨʦʤʝʞʫʪʦʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʤʘʪʝʨʠʘʣʘʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʷʣʠʩʴ ʘʚʪʦʨʦʤ ʚ ʚʠʜʝ 

ʫʩʪʥʳʭ ʜʦʢʣʘʜʦʚ ʥʘ 6 ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 

ï çʑʝʣʦʯʥʦʡ ʤʘʛʤʘʪʠʟʤ ɿʝʤʣʠ ʠ ʩʚʷʟʘʥʥʳʝ ʩ ʥʠʤ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʩʪʨʘʪʝʛʠʯʝʩʢʠʭ 

ʤʝʪʘʣʣʦʚè (ʄʠʘʩʩ, 2017 ʛ., ʄʦʩʢʚʘ, 2018 ʛ. ʠ ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 2019 ʛ.); 

ï ç16-ʷ ʝʚʨʦʧʝʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʧʦʨʦʰʢʦʚʦʡ ʜʠʬʨʘʢʮʠʠ ï EPDIC-16è (ʕʜʠʥʙʫʨʛ, 

ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ, 2018 ʛ.); 
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ï çɻʝʥʝʨʘʣʴʥʘʷ ʘʩʩʘʤʙʣʝʷ ɽʚʨʦʧʝʡʩʢʦʛʦ ʩʦʶʟʘ ʛʝʦʥʘʫʢ ï EGU-2020è (ɺʝʥʘ, ɸʚʩʪʨʠʷ, 

2021); 

ï çGoldschmidt-2021è (ʃʠʦʥ, ʌʨʘʥʮʠʷ, 2021). 

ɿʘʱʠʱʘʝʤʳʝ ʧʦʣʦʞʝʥʠʷ. 

1. ɹʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʠʝ ʢʘʨʙʦʥʘʪʠʪʳ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ ʦʙʨʘʟʦʚʘʣʠʩʴ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʥʝʜʨʝʥʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚʦʛʦ ʨʘʩʧʣʘʚʘ ʩ ʚʳʩʦʢʠʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, ʙʘʨʠ ̫ʠ ʩʪʨʦʥʮʠ.̫ ɼʘʥʥʳʝ ʧʦʨʦʜʳ ʧʨʝʪʝʨʧʝʣʠ ʜʚʝ ʩʪʘʜʠʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ: ʛʣʘʚʥʫʶ ʩʪʘʜʠʶ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʷ ʠ ʨʫʜʦʦʪʣʦʞʝʥʠʷ ʈɿʕ, ʚ ʪʝʯʝʥʠʝ 

ʢʦʪʦʨʦʡ ʩʬʦʨʤʠʨʦʚʘʣʠʩʴ ʢʘʨʙʦʥʘʪʠʪʳ, ʙʦʛʘʪʳʝ ʙʘʨʠʪʦʤ ʠ ʘʥʢʠʣʠʪʦʤ, ʠ ʩʪʘʜʠʶ 

ʨʘʟʫʙʦʞʠʚʘʥʠ ̫ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʨʫʜ, ʚ ʭʦʜʝ ʢʦʪʦʨʦʡ ʚʦʟʥʠʢʣʠ ʢʘʨʙʦʥʘʪʠʪʳ ʩ ʙʘʩʪʥʝʟʠʪʦʤ 

ʠ ʩʪʨʦʥʮʠʘʥʠʪʦʤ; 

2. ʌʦʨʤʠʨʦʚʘʥʠʝ ʘʥʢʠʣʠʪʦʚʳʭ ʨʫʜ ɺʫʦʨʠʷʨʚʠ ʧʨʦʪʝʢʘʣʦ ʧʦʜ ʚʣʠʷʥʠʝʤ 

ʚʳʩʦʢʦʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʛʦ ʬʣʶʠʜʘ, ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʵʚʦʣʶʮʠʦʥʠʨʦʚʘʣ ʦʪ ʩʫʣʴʬʘʪʥʦʛʦ ʜʦ 

ʢʘʨʙʦʥʘʪʥʦʛʦ ʥʘ ʬʦʥʝ ʩʥʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ 350 ÁC ʜʦ 250 ÁC. ʆʙʨʘʟʦʚʘʥʠʝ 

ʙʘʩʪʥʝʟʠʪʦʚʳʭ ʨʫʜ ʧʨʦʠʩʭʦʜʠʣʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 100 ÁC ï 250 ÁC ʧʨʠ ʫʯʘʩʪʠʠ 

ʥʠʟʢʦʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʛʦ ʬʣʶʠʜʘ, ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʵʚʦʣʶʮʠʦʥʠʨʦʚʘʣ ʦʪ ʭʣʦʨʠʜ-

ʛʠʜʨʦʢʘʨʙʦʥʘʪʥʦʛʦ ʜʦ ʭʣʦʨʠʜʥʦʛʦ; 

3. ʂʘʨʙʦʥʘʪʠʪʦʚʳʡ ʨʘʩʧʣʘʚ ʙʳʣ ʧʨʦʜʫʢʪʦʤ ʠʟʦʪʦʧʥʦ ʜʝʧʣʝʪʠʨʦʚʘʥʥʦʛʦ ʤʘʥʪʠʡʥʦʛʦ 

ʠʩʪʦʯʥʠʢʘ ʠ ʥʝ ʙʳʣ ʢʦʥʪʘʤʠʥʠʨʦʚʘʥ ʢʦʨʦʚʳʤ ʚʝʱʝʩʪʚʦʤ. ɸʥʢʠʣʠʪʦʚʳʝ ʢʘʨʙʦʥʘʪʠʪʳ 

ʦʙʨʘʟʦʚʘʣʠʩʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʧʦʩʣʝ ʢʘʨʙʦʥʘʪʠʪʦʚʦʛʦ ʤʘʛʤʘʪʠʟʤʘ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʩʤʝʩʠ ʢʦʨʦʚʦʛʦ ʠ ʦʨʪʦʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʬʣʶʠʜʦʚ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʙʘʩʪʥʝʟʠʪʦʚʳʭ ʨʫʜ ʩʪʘʣʦ 

ʩʣʝʜʩʪʚʠʝʤ ʧʦʟʜʥʝʡ ʧʝʨʝʨʘʙʦʪʢʠ ʘʥʢʠʣʠʪʦʚʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʬʣʶʠʜʦʤ ʢʦʨʦʚʦʛʦ 

ʧʨʦʠʩʭʦʞʜʝʥʠʷ.  

ɹʣʘʛʦʜʘʨʥʦʩʪʠ. 

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʛʣʫʙʦʢʫʶ ʧʨʠʟʥʘʪʝʣʴʥʦʩʪʴ ʩʚʦʝʤʫ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ 

ɸ.ɸ. ɸʨʟʘʤʘʩʮʝʚʫ ʟʘ ʥʘʧʨʘʚʣʝʥʠʝ ʥʘ ʫʚʣʝʢʘʪʝʣʴʥʳʡ ʧʫʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʱʝʣʦʯʥʦʛʦ ʤʘʛʤʘʪʠʟʤʘ, 

ʘ ʪʘʢʞʝ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʤʫʜʨʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʠ ʥʘʫʯʥʦʝ ʨʫʢʦʚʦʜʩʪʚʦ. ɺʩʝ ʵʪʘʧʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚ ʨʘʤʢʘʭ ʜʠʩʩʝʨʪʘʮʠʠ, ʦʪ ʧʦʣʝʚʳʭ ʨʘʙʦʪ ʠ ʧʨʦʙʦʧʦʜʛʦʪʦʚʢʠ ʜʦ ʜʠʩʢʫʩʩʠʠ ʠ ʩʦʚʤʝʩʪʥʳʭ 

ʧʫʙʣʠʢʘʮʠʡ, ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʪʝʩʥʦʤ ʩʦʪʨʫʜʥʠʯʝʩʪʚʝ ʩ ɽ.ʅ. ʂʦʟʣʦʚʳʤ ʠ ʄ.ʖ. ʉʠʜʦʨʦʚʳʤ, 

ʢʦʪʦʨʳʤ ʘʚʪʦʨ ʚʳʨʘʞʘʝʪ ʩʚʦʶ ʩʝʨʜʝʯʥʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ. ʅʠʟʢʠʡ ʧʦʢʣʦʥ ʟʘ ʥʝʫʛʘʩʘʶʱʠʡ 
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ʠʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʘʚʪʦʨʘ, ʙʝʩʯʠʩʣʝʥʥʳʝ ʮʝʥʥʳʝ ʩʦʚʝʪʳ, ʠʜʝʠ ʠ ʥʘʩʪʘʚʣʝʥʠʷ 

ʅ.ɺ. ɺʣʘʜʳʢʠʥʫ ʠ ʂ.ʀ. ʃʦʭʦʚʫ. 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʧʦʣʝʚʳʭ ʨʘʙʦʪ ʥʝʦʮʝʥʠʤʦʝ ʩʦʜʝʡʩʪʚʠʝ ʦʢʘʟʘʣʠ ʄ.ɻ. ɼʸʤʢʠʥ, 

ʆ.ɺ. ʂʘʟʘʥʦʚ, ɺ.ɺ. ʂʠʨʢʠʥ, ʀ.ɸ. ʂʦʚʘʣʴ, ɸ.ɸ. ʂʦʤʧʘʥʯʝʥʢʦ, ʇ.ɸ. ʄʘʫʨʯʝʚ, ɸ.ɸ. ʇʝʩʪʨʠʢʦʚ, 

ʉ.ɺ. ʇʝʪʨʦʚ, ɺ.ɺ. ʇʫʭʘ, ɸ.ɸ. ʉʪʘʬʦʨʢʠʥ, ɼ.ɸ. ʏʝʙʦʪʘʨʸʚ ʠ ɸ.ɺ. ʏʝʨʥʷʚʩʢʠʡ. 

ɸʚʪʦʨ ʧʨʝʤʥʦʛʦ ʙʣʘʛʦʜʘʨʥʘ ʩʦʪʨʫʜʥʠʢʘʤ ʣʘʙʦʨʘʪʦʨʠʠ ˉ 48 ʠ ʦʪʜʝʣʘ çʐʣʠʬʦʚʘʣʴʥʘʷ 

ʤʘʩʪʝʨʩʢʘʷè ɻʀ ʂʅʎ ʈɸʅ ʟʘ ʧʝʨʚʠʯʥʫʶ ʧʦʜʛʦʪʦʚʢʫ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʠʟʫʯʝʥʠʷ; ʢʦʣʣʝʢʪʠʚʫ 

ʣʘʙʦʨʘʪʦʨʠʠ ˉ 33 ɻʀ ʂʅʎ ʈɸʅ ʟʘ ʭʠʤʠʯʝʩʢʠʝ ʘʥʘʣʠʟʳ ʧʦʨʦʜ; ʀ.ʈ. ɽʣʠʟʘʨʦʚʦʡ (ʀʇʇʕʉ ʂʅʎ 

ʈɸʅ) ʟʘ ʦʧʨʝʜʝʣʝʥʠʷ ʨʝʜʢʠʭ ʵʣʝʤʝʥʪʦʚ ʤʝʪʦʜʦʤ ICP-MS; ʘʥʘʣʠʪʠʢʘʤ ɺ.ɺ. ɹʦʯʘʨʦʚʫ, 

ʅ.ɺ. ɺʣʘʩʝʥʢʦ ʠ ɺ.ɺ. ʐʠʣʦʚʩʢʠʭ (ʈʎ çɻʝʦʤʦʜʝʣʴè), ɸ.ɺ. ɹʘʟʘʡ (ɻʀ ʂʅʎ ʈɸʅ) ʠ 

ɽ.ɸ. ʉʝʣʠʚʘʥʦʚʦʡ (ɻʀ ʂʅʎ ʈɸʅ) ʟʘ ʧʦʤʦʱʴ ʚ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ; 

ɹ.ɻ. ʇʦʢʨʦʚʩʢʦʤʫ (ɻʀʅ ʈɸʅ) ʟʘ ʦʧʨʝʜʝʣʝʥʠʷ ʠʟʦʪʦʧʥʦʛʦ ʩʦʩʪʘʚʘ C ʠ O; ɽ.ʉ. ɹʦʛʦʤʦʣʦʚʫ (ʀɻɻɼ 

ʈɸʅ) ʟʘ SmïNd ʠ RbïSr ʠʟʦʪʦʧʥʳʡ ʘʥʘʣʠʟ; ɸ.ɻ. ɼʦʨʦʰʢʝʚʠʯ, ʀ.ʈ. ʇʨʦʢʦʬʴʝʚʫ (ʀɻʄ ʉʆ ʈɸʅ) 

ʠ ʄ.ɻ. ɼʸʤʢʠʥʫ (ʄɻʋ) ʟʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʣʶʠʜʥʳʭ ʚʢʣʶʯʝʥʠʡ; ʠ ɼ.ɼ. ʄʳʮʝ (ʉʇʙɻʋ) ʟʘ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ 

 ̄19-77-10039ʇ çʄʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʟʜʥʠʭ ʨʝʜʢʦʤʝʪʘʣʣʴʥʳʭ (ʈɿʕ, Nb) ʢʘʨʙʦʥʘʪʠʪʦʚ: ʦʪ 

ʤʘʛʤʦʛʝʥʝʨʘʮʠʠ ʜʦ ʛʠʧʝʨʛʝʥʝʟʘè).  
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ɻʣʘʚʘ 1. ʈɽɼʂʆɿɽʄɽʃʔʅʓɽ ʂɸʈɹʆʅɸʊʀʊʓ  

1.1. ʂʘʨʙʦʥʘʪʠʪʳ sensu lato ʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ sensu stricto: 

ʠʩʩʣʝʜʦʚʘʥʠ ̫ʚ ʤʠʨʝ 

ʂʘʨʙʦʥʘʪʠʪʳ ʷʚʣʷʶʪʩʷ ʫʥʠʢʘʣʴʥʦʡ ʛʨʫʧʧʦʡ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ ʧʣʫʪʦʥʠʯʝʩʢʦʛʦ ʠʣʠ 

ʚʫʣʢʘʥʠʯʝʩʢʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ. ʂʨʠʪʝʨʠʝʤ ʦʪʥʝʩʝʥʠʷ ʢ ʵʪʦʡ ʛʨʫʧʧʝ ʥʘ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ, 

ʩʦʛʣʘʩʥʦ ʨʝʢʦʤʝʥʜʘʮʠʠ ʄʝʞʜʫʥʘʨʦʜʥʦʛʦ ʩʦʶʟʘ ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʥʘʫʢ (IUGS), ʩʯʠʪʘʝʪʩʷ 

ʤʦʜʘʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʚ ʛʦʨʥʳʭ ʧʦʨʦʜʘʭ ʙʦʣʝʝ 50% ʧʝʨʚʠʯʥʳʭ (ʤʘʛʤʘʪʦʛʝʥʥʳʭ) ʢʘʨʙʦʥʘʪʥʳʭ 

ʤʠʥʝʨʘʣʦʚ ʠ ʢʦʥʮʝʥʪʨʘʮʠ ̫SiO2 ʚ ʧʨʝʜʝʣʘʭ 0ï20 ʤʘʩʩ.% (Le Maitre et al., 2002). ʇʨʠ ʵʪʦʤ, ʝʩʣʠ 

ʢʘʨʙʦʥʘʪʠʪʳ ʩʦʜʝʨʞʘʪ ʙʦʣʝʝ 20 ʤʘʩʩ.% SiO2, ʠʭ ʚʳʜʝʣʷʶʪ ʚ ʦʪʜʝʣʴʥʫʶ ʛʨʫʧʧʫ 

ʩʠʣʠʢʦʢʘʨʙʦʥʘʪʠʪʦʚ (Le Maitre et al., 2002; Woolley and Kempe, 1989). ʆʜʥʘʢʦ ʥʝʢʦʪʦʨʳʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʧʨʠʯʠʩʣʷʶʪ ʢ ʢʘʨʙʦʥʘʪʠʪʘʤ ʚʩʝ ʧʦʨʦʜʳ, ʩʦʜʝʨʞʘʱʠʝ ʙʦʣʝʝ 30% ʧʝʨʚʠʯʥʳʭ 

ʢʘʨʙʦʥʘʪʦʚ [(Giebel et al., 2019; Mitchell, 2005; Woolley and Kjarsgaard, 2008) ʠ ʜʨʫʛʠʝ]. 

ɺʧʝʨʚʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʢʘʢ ʧʨʦʜʫʢʪʳ ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʛʝʥʝʟʠʩʘ ʙʳʣʠ ʦʧʠʩʘʥʳ 

ɸ.ɻ. ʍʸʛʙʦʤʦʤ (Hºgbom, 1895), ʘ ʟʘʪʝʤ ɺ.ʂ. ɹʨʸʛʛʝʨʦʤ (Brßgger, 1921) ʠ ɻ. ʬʦʥ ʕʢʝʨʤʘʥʥʦʤ (von 

Eckermann, 1948) ʚ ʢʦʤʧʣʝʢʩʘʭ ɸʣʴʥʸ (Alnº) ʚ ʅʦʨʚʝʛʠʠ ʠ ʌʝʥ (Fen) ʚ ʐʚʝʮʠʠ. ɺʤʝʩʪʝ ʩ ʪʝʤ 

ʛʠʧʦʪʝʟʘ ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ ʵʪʠʭ ʧʦʨʦʜ ʜʦʣʛʦʝ ʚʨʝʤʷ ʥʝ ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ, ʫʩʪʫʧʘʷ 

ʛʠʧʦʪʝʟʝ ʩʠʥʪʝʢʩʠʩʘ ʠʟʚʝʩʪʥʷʢʦʚ (Shand, 1943), ʠ ʙʳʣʘ ʨʝʘʙʠʣʠʪʠʨʦʚʘʥʘ ʣʠʰʴ ʧʦʩʣʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʦʢʘʟʘʪʝʣʴʩʪʚ (Wyllie and Tuttle, 1960) ʩʧʦʩʦʙʥʦʩʪʠ ʢʘʨʙʦʥʘʪʦʚ ʚ 

ʦʧʨʝʜʝʣʸʥʥʳʭ ʫʩʣʦʚʠʷʭ ʢʨʠʩʪʘʣʣʠʟʦʚʘʪʴʩʷ ʧʨʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (650 ÁC 

ʧʨʦʪʠʚ ʨʘʥʝʝ ʫʩʪʘʥʦʚʣʝʥʥʦʡ 1300 ÁC), ʘ ʪʘʢʞʝ ʦʪʢʨʳʪʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʣʘʚ ʚ ʜʝʡʩʪʚʫʶʱʝʤ 

ʚʫʣʢʘʥʝ ʆʣ-ɼʦʠʥʴʦ-ʃʝʥʛʘʠ (Ol Doinyo Lengai) ʚ ʊʘʥʟʘʥʠʠ [(Dawson et al., 1968) ʠ ʩʩʳʣʢʠ ʪʘʤ]. 

ɺʧʦʩʣʝʜʩʪʚʠʠ ʧʨʦʷʚʣʝʥʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚ ʦʙʥʘʨʫʞʠʚʘʣʠʩʴ ʩ ʥʘʨʘʩʪʘʶʱʠʤʠ ʪʝʤʧʘʤʠ ʚ ʨʘʟʥʳʭ 

ʫʛʦʣʢʘʭ ʟʝʤʥʦʛʦ ʰʘʨʘ, ʠ, ʧʦ ʧʦʩʣʝʜʥʠʤ ʧʦʜʩʯʪyʘʤ, ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʠʭ ʢʦʣʠʯʝʩʪʚʦ ʧʨʝʚʳʰʘʝʪ 

500 (Woolley and Kjarsgaard, 2008). 

1.1.1. ʅʦʤʝʥʢʣʘʪʫʨʘ ʢʘʨʙʦʥʘʪʠʪʦʚ 

ʂ ʝʜʠʥʦʦʙʨʘʟʠʶ ʥʦʤʝʥʢʣʘʪʫʨʳ ʪʠʧʦʚ ʢʘʨʙʦʥʘʪʠʪʦʚ ʥʘʫʯʥʦʝ ʩʦʦʙʱʝʩʪʚʦ ʜʦ ʩʠʭ ʧʦʨ ʥʝ 

ʧʨʠʰʣʦ: ʜʘʞʝ ʚ ʦʜʦʙʨʝʥʥʦʤ IUGS ʛʣʦʩʩʘʨʠʠ (Le Maitre et al., 2002) ʧʨʝʜʣʘʛʘʝʪʩʷ ʜʚʘ ʚʘʨʠʘʥʪʘ 

ʢʣʘʩʩʠʬʠʢʘʮʠʡ ï ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʘʷ ʠ ʛʝʦʭʠʤʠʯʝʩʢʘʷ. ɼʘʥʥʘʷ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʘʷ ʢʣʘʩʩʠʬʠʢʘʮʠʷ 

ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʨʘʟʣʠʯʝʥʠʠ ʧʦʨʦʜ ʧʦ ʧʨʝʦʙʣʘʜʘʶʱʠʤ ʤʠʥʝʨʘʣʘʤ ʠ ʥʝ ʩʦʜʝʨʞʠʪ ʩʪʨʦʛʠʭ 

ʧʨʝʜʧʠʩʘʥʠʡ ʚ ʦʪʥʦʰʝʥʠʠ ʠʭ ʩʦʜʝʨʞʘʥʠʷ. ʉʦʛʣʘʩʥʦ ʝʡ, ʢʘʨʙʦʥʘʪʠʪʳ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ 
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ʢʘʣʴʮʠʪʦʚʳʝ (ʜʦʤʠʥʠʨʫʶʱʘʷ ʬʘʟʘ ï ʢʘʣʴʮʠʪ), ʜʦʣʦʤʠʪʦʚʳʝ (ʜʦʤʠʥʠʨʫʶʱʘʷ ʬʘʟʘ ï ʜʦʣʦʤʠʪ), 

ʬʝʨʨʦʢʘʨʙʦʥʘʪʠʪʳ (ʜʦʤʠʥʠʨʫʶʱʠʝ ʬʘʟʳ ï ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʠʝ ʢʘʨʙʦʥʘʪʳ) ʠ 

ʥʘʪʨʦʢʘʨʙʦʥʘʪʠʪ r(ʜʦʤʠʥʠʨʫʶʱʠʝ ʬʘʟʳ ï ʢʘʨʙʦʥʘʪʳ Na, K ʠ Ca). ɺ ʥʝʢʦʪʦʨʳʭ ʣʠʪʝʨʘʪʫʨʥʳʭ 

ʠʩʪʦʯʥʠʢʘʭ ʢʘʣʴʮʠʪʦʚʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʨʘʟʜʝʣʷʶʪ ʥʘ ʩʸʚʠʪʳ [sșvites, 

ʢʨʫʧʥʦʟʝʨʥʠʩʪʳʝ ʨʘʟʥʦʩʪʠ (Brßgger, 1921)] ʠ ʘʣʴʚʠʢʠʪʳ [alvikites, ʩʨʝʜʥʝ- ʠ ʤʝʣʢʦʟʝʨʥʠʩʪʳʝ 

ʨʘʟʥʦʩʪʠ (von Eckermann, 1948)]. ʊʘʢʞʝ ʚʩʪʨʝʯʘʶʪʩʷ ʪʘʢʠʝ ʩʧʝʮʠʬʠʯʝʩʢʠʝ (ʠʥʦʛʜʘ ʤʝʩʪʥʳʝ) 

ʪʝʨʤʠʥʳ, ʢʘʢ ʙʝʬʦʨʩʠʪ [beforsite, ʩʨʝʜʥʝ- ʤʝʣʢʦʟʝʨʥʠʩʪʳʝ ʜʘʡʢʦʚʳʝ ʜʦʣʦʤʠʪʦʚʳʝ ʢʘʨʙʦʥʘʪʠʪʳ 

(von Eckermann, 1928)], ʠʥʦʛʜʘ ʵʪʦʪ ʪʝʨʤʠʥ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʘʧʘʪʠʪ-ʜʦʣʦʤʠʪʦʚʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ 

(Broom-Fendley et al., 2017b)]; ʨʸʜʙʝʨʛʠʪ [rșdberg/rșdbergite, ʢʘʣʴʮʠʪʦʚʳʡ ʠʣʠ ʜʦʣʦʤʠʪʦ-

ʢʘʣʴʮʠʪʦʚʳʡ ʢʘʨʙʦʥʘʪʠʪ, ʠʥʦʛʜʘ ʩ ʘʥʢʝʨʠʪʦʤ, ʦʢʨʘʰʝʥʥʳʡ ʚ ʢʨʘʩʥʳʡ ʠʣʠ ʨʳʞʠʡ ʮʚʝʪ ʟʘ ʩʯʪy 

ʧʨʠʤʝʩʠ çʛʝʤʘʪʠʪʦʚʦʡ ʧʳʣʠè (Andersen, 1984; Vogt, 1918)]; ʨʠʥʛʠʪ [ringite, ʢʨʫʧʥʦʟʝʨʥʠʩʪʳʡ 

ʢʘʨʙʦʥʘʪʠʪ, ʩʦʜʝʨʞʘʱʠʡ ʵʛʠʨʠʥ ʠ ʱʝʣʦʯʥʦʡ ʧʦʣʝʚʦʡ ʰʧʘʪ (Brßgger, 1921)] ʠ ʜʨʫʛʠʝ. ʅʘ 

ʛʝʦʭʠʤʠʯʝʩʢʦʤ ʫʨʦʚʥʝ ʧʦ (Le Maitre et al., 2002), ʚʩʣʝʜ ʟʘ (Le Bas, 1977; Woolley, 1982; Woolley 

and Kempe, 1989), ʚʳʜʝʣʷʶʪ: 

¶ ʂʘʣʴʮʠʦʢʘʨʙʦʥʘʪʠʪʳ: CaO / (CaO + MgO + FeO + Fe2O3 + MnO) > 0.8 [ʤʘʩʩ.%]; 

¶ ʄʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳ: CaO / (CaO + MgO + FeO + Fe2O3 + MnO) <0.8 ʠ MgO > 

(FeO + Fe2O3 + MnO) [ʤʘʩʩ.%]; 

¶ ʌʝʨʨʦʢʘʨʙʦʥʘʪʠʪʳ: CaO / (CaO + MgO + FeO + Fe2O3 + MnO) <0.8 ʠ MgO < (FeO 

+ Fe2O3 + MnO) [ʤʘʩʩ.%]. 

ʊʘʢʞʝ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʢʘʨʙʦʥʘʪʠʪʦʚ ʚʝʩʴʤʘ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʝʨʝʩʤʦʪʨʝʥʥʘʷ 

ʛʝʦʭʠʤʠʯʝʩʢʘʷ ʢʣʘʩʩʠʬʠʢʘʮʠʷ ɼʞ. ɻʠʪʪʠʥʩʘ ʠ ʈ.ɽ. ʍʘʨʤʝʨʘ (Gittins and Harmer, 1997), 

ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʤʦʣʷʨʥʳʭ ʧʨʦʧʦʨʮʠʷʭ ʦʢʩʠʜʦʚ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʧʦʨʦʜʝ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʦʡ 

ʢʣʘʩʩʠʬʠʢʘʮʠʝʡ, ʢ ʢʘʣʴʮʠʦʢʘʨʙʦʥʘʪʠʪʘʤ ʩʣʝʜʫʝʪ ʦʪʥʦʩʠʪʴ ʧʦʨʦʜʳ, ʚ ʢʦʪʦʨʳʭ CCMF > 0.75, ʢ 

ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʘʤ ï ʧʦʨʦʜʳ ʩ CCMF < 0.75 ʠ MgO / (FeOT + MnO) > 1.0, ʢ ʞʝʣʝʟʠʩʪʳʤ 

ʢʘʣʴʮʠʦʢʘʨʙʦʥʘʪʠʪʘʤ ï ʧʦʨʦʜʳ ʩ 0.5 < CCMF < 0.75 ʠ MgO / (FeOT + MnO) < 1.0, ʘ ʢ 

ʬʝʨʨʦʢʘʨʙʦʥʘʪʠʪʘʤ ï ʧʦʨʦʜʳ ʩ CCMF < 0.5 ʠ MgO / (FeOT + MnO) < 1.0, ʛʜʝ ʟʥʘʯʝʥʠʝ CCMF 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʦʣʷʨʥʦʝ ʦʪʥʦʰʝʥʠʝ CaO / (CaO + MgO + FeOT + MnO), ʘ FeOT ï ʩʫʤʤʫ 

ʦʢʩʠʜʦʚ Fe, ʧʝʨʝʩʯʠʪʘʥʥʫʶ ʥʘ FeO (ʤʦʣ.%). 

ʆʜʥʘʢʦ ʨʘʟʣʠʯʥʳʝ ʧʦ ʩʦʩʪʘʚʫ, ʥʦ ʛʝʥʝʪʠʯʝʩʢʠ ʩʚʷʟʘʥʥʳʝ ʧʦʨʦʜʳ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʠʟ 

ʦʜʥʦʛʦ ʪʠʧʘ ʤʘʛʤʳ, ʯʪʦ ʥʝ ʫʯʪʝʥʦ ʚ ʢʣʘʩʩʠʬʠʢʘʮʠʠ IUGS, ʧʦʵʪʦʤʫ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʨʘʟʣʠʯʥʳʝ 

ʤʠʥʝʨʘʣʦʛʦ-ʛʝʥʝʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʘʪʠʢʠ [ʥʘʧʨʠʤʝʨ, (Mitchell, 1995; Woolley, 1982)], ʘ ʟʘʪʝʤ ï 

ʦʙʦʙʱʝʥʥʘʷ ʛʝʥʝʪʠʯʝʩʢʘʷ ʢʣʘʩʩʠʬʠʢʘʮʠʷ (Mitchell, 2005), ʨʘʟʜʝʣʷʶʱʘʷ ʢʘʨʙʦʥʘʪʠʪʳ ʥʘ ʜʚʝ 

ʦʩʥʦʚʥʳʝ ʛʨʫʧʧʳ: ʧʝʨʚʠʯʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʠ ʦʩʪʘʪʦʯʥʳʝ ʢʘʨʙʦʪʝʨʤʘʣʴʥʳʝ ʧʨʦʜʫʢʪʳ. 
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ʇʝʨʚʠʯʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʈ.ɻ. ʄʠʪʯʝʣʣʦʤ (Mitchell, 2005) ʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʛʨʫʧʧʳ 

ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʥʝʬʝʣʠʥʠʪʘʤʠ, ʤʝʣʠʣʠʪʠʪʘʤʠ, ʢʠʤʙʝʨʣʠʪʘʤʠ ʠ 

ʜʨʫʛʠʤʠ ʩʧʝʮʠʬʠʯʝʩʢʠʤʠ ʩʠʣʠʢʘʪʥʳʤʠ ʤʘʛʤʘʤʠ ʤʘʥʪʠʡʥʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ. ʇʨʝʜʧʦʣʘʛʘʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʚʦʟʤʦʞʥʳʝ ʤʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʦʙʩʪʚʝʥʥʦ ʢʘʨʙʦʥʘʪʠʪʦʚʦʛʦ ʨʘʩʧʣʘʚʘ, ʢʦʪʦʨʳʝ 

ʙʫʜʫʪ ʜʝʪʘʣʴʥʦ ʨʘʩʩʤʦʪʨʝʥʳ ʥʠʞʝ. 

ʂʘʨʙʦʪʝʨʤʘʣʴʥʳʝ ʦʩʪʘʪʦʯʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ, ʩʦʛʣʘʩʥʦ ʈ.ɻ. ʄʠʪʯʝʣʣʫ (Mitchell, 2005), 

ʩʚʷʟʘʥʳ ʩ ʢʘʣʠʝʚʳʤʠ ʠ ʥʘʪʨʠʝʚʳʤʠ ʱʝʣʦʯʥʳʤʠ ʤʘʛʤʘʤʠ, ʧʨʦʠʩʭʦʜʷʱʠʤʠ ʠʟ 

ʤʝʪʘʩʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʣʠʪʦʩʬʝʨʥʦʡ ʤʘʥʪʠʠ, ʠ ʦʙʨʘʟʦʚʘʥʳ ʧʨʠ ʧʦʩʨʝʜʩʪʚʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʬʣʶʠʜʦʚ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ CO2, H2O ʠ F. ʇʨʠ ʵʪʦʤ, ʩʦʛʣʘʩʥʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʢʘʨʙʦʥʘʪʥʳʝ ʧʦʨʦʜʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʧʥʝʚʤʘʪʦʣʠʪʦʚʳʤ ʧʣʘʚʣʝʥʠʝʤ ʢʦʨʦʚʳʭ 

ʧʦʨʦʜ, ʚʦʚʩʝ ʥʝ ʦʪʥʦʩʷʪʩʷ ʢ ʢʘʨʙʦʥʘʪʠʪʘʤ. ɺ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʧʨʠʟʥʘʥʥʦʤ ʦʙʦʙʱʝʥʠʠ 

A.P. ɺʫʣʣʠ ʠ ɹ.ɸ. ʂʴʷʨʩʛʘʘʨʜʘ (Woolley and Kjarsgaard, 2008) ʧʨʝʜʣʦʞʝʥʥʦʝ ʈ.ɻ. ʄʠʪʯʝʣʣʦʤ 

ʨʘʟʜʝʣʝʥʠʝ ʫʯʪʝʥʦ, ʥʦ ʪʝʨʤʠʥʳ çʧʝʨʚʠʯʥʳʡè ʠ çʢʘʨʙʦʪʝʨʤʘʣʴʥʳʡè ʟʘʤʝʥʝʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʪʝʨʤʠʥʘʤʠ çʤʘʛʤʘʪʠʯʝʩʢʠʡè ʠ çʢʘʨʙʦʛʠʜʨʦʪʝʨʤʘʣʴʥʳʡè, ʧʦʩʣʝʜʥʠʡ ʠʟ ʢʦʪʦʨʳʭ ʧʦʜʨʘʟʫʤʝʚʘʝʪ 

ʢʘʨʙʦʥʘʪʠʪʳ, ʦʙʨʘʟʦʚʘʥʥʳʝ ʧʨʠ ʩʫʙʩʦʣʠʜʫʩʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʟ ʚʦʜʥʦ-ʫʛʣʝʢʠʩʣʦʪʥʦʛʦ ʬʣʶʠʜʘ 

ʩ ʚʳʩʦʢʠʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ CO2 (ʢʘʨʙʦʪʝʨʤʘʣʴʥʳʡ) ʠʣʠ H2O (ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʡ).  

ʇʦʤʠʤʦ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʚʳʰʝ ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʪʠʢ ʦʧʫʙʣʠʢʦʚʘʥʦ ʤʥʦʞʝʩʪʚʦ ʜʨʫʛʠʭ 

ʨʘʙʦʪ ʩ ʨʝʢʦʤʝʥʜʘʮʠʷʤʠ ʧʦ ʥʦʤʝʥʢʣʘʪʫʨʝ ʢʘʨʙʦʥʘʪʠʪʦʚ, ʢʦʪʦʨʳʝ ʢʨʦʤʝ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʭ ʠ 

ʛʝʦʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʫʯʠʪʳʚʘʶʪ ʤʦʨʬʦʣʦʛʠʶ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʪʝʣ, ʠʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʛʝʥʝʪʠʯʝʩʢʫʶ ʚʟʘʠʤʦʩʚʷʟʴ ʩ ʜʨʫʛʠʤʠ ʤʘʛʤʘʪʠʯʝʩʢʠʤʠ ʦʙʨʘʟʦʚʘʥʠʷʤʠ 

ʢʦʤʧʣʝʢʩʦʚ ʠ ʩʦ ʚʤʝʱʘʶʱʠʤʠ ʧʦʨʦʜʘʤʠ, ʘ ʪʘʢʞʝ ʩʚʷʟʴ ʩ ʤʘʛʤʘʪʠʯʝʩʢʠʤʠ ʠʩʪʦʯʥʠʢʘʤʠ, 

ʛʠʜʨʦʪʝʨʤʘʣʴʥʦ-ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʤʠ ʠʣʠ ʛʠʧʝʨʛʝʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ [(ʂʘʧʫʩʪʠʥ, 1971; 

ʉʘʤʦʡʣʦʚ, 1984; ʌʨʦʣʦʚ ʠ ʜʨ., 2003; Jones et al., 2013; Kogarko et al., 1995; Lottermoser, 1990; 

Trofanenko et al., 2016; Tuttle and Gittins, 1966; Vladykin and Pirajno, 2021; Woolley, 1982; Woolley 

and Kempe, 1989) ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ]. ʊʘʢʦʝ ʤʥʦʛʦʦʙʨʘʟʠʝ ʩʠʩʪʝʤʘʪʠʢ ʠ ʧʦʜʭʦʜʦʚ ʢ ʠʟʫʯʝʥʠʶ 

ʢʘʨʙʦʥʘʪʠʪʦʚ ʩʚʷʟʘʥʦ ʩ ʧʦʣʠʛʝʥʥʦʩʪʴʶ ʵʪʠʭ ʧʦʨʦʜ, ʪʦ ʝʩʪʴ ʤʥʦʞʝʩʪʚʝʥʥʦʩʪʴʶ ʬʘʢʪʦʨʦʚ ʠʭ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʵʚʦʣʶʮʠʠ. 

1.1.2. ɻʝʦʣʦʛʠʯʝʩʢʘʷ ʧʦʟʠʮʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚ 

ʂʘʢ ʧʨʘʚʠʣʦ, ʢʘʨʙʦʥʘʪʠʪʳ ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʩʪʘʚʝ ʢʦʣʴʮʝʚʳʭ ʧʣʫʪʦʥʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʦʚ, 

ʯʘʱʝ ʚʩʝʛʦ ʚ ʘʩʩʦʮʠʘʮʠʠ ʩ ʨʘʟʥʦʦʙʨʘʟʥʳʤʠ ʱʝʣʦʯʥʳʤʠ ʩʠʣʠʢʘʪʥʳʤʠ ʧʦʨʦʜʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ 

ʥʝʬʝʣʠʥʠʪʳ, ʬʦʥʦʣʠʪʳ, ʥʝʬʝʣʠʪʦʚʳʝ ʩʠʝʥʠʪʳ, ʠʡʦʣʠʪʳ, ʫʨʪʠʪʳ, ʤʝʣʠʣʠʪʦʣʠʪʳ, ʧʠʨʦʢʩʝʥʠʪʳ, 

ʧʝʨʠʜʦʪʠʪʳ, ʢʠʤʙʝʨʣʠʪʳ ʠ ʣʘʤʧʨʦʬʠʨʳ, ʠʣʠ ʨʝʞʝ ʦʙʨʘʟʫʶʪ ʦʪʜʝʣʴʥʳʝ ʠʥʪʨʫʟʠʚʥʳʝ ʪʝʣʘ, ʜʘʡʢʠ, 
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ʩʠʣʣʳ ʠʣʠ ʞʠʣʳ (Cerva-Alves et al., 2017; Linnen et al., 2014). ʇʨʠ ʪʦʤ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ 

ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʢʦʤʧʣʝʢʩʦʚ ʣʦʢʘʣʠʟʦʚʘʥʦ ʚ ʩʪʘʙʠʣʴʥʳʭ ʢʦʥʪʠʥʝʥʪʘʣʴʥʳʭ ʦʙʩʪʘʥʦʚʢʘʭ, 

ʟʘʯʘʩʪʫʶ ʦʥʠ ʚʩʝ ʞʝ ʨʘʩʧʦʣʦʞʝʥ r ʧʦ ʧʝʨʠʬʝʨʠʠ ʚʥʫʪʨʠʧʣʠʪʥʳʭ ʦʨʦʛʝʥʥʳʭ ʧʦʷʩʦʚ, ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʚʷʟʴ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ ʩ ʢʨʫʧʥʳʤʠ ʪʝʢʪʦʥʠʯʝʩʢʠʤʠ ʩʦʙʳʪʠʷʤʠ (Garson et al., 1984; 

Le Bas, 1987; Veizer et al., 1992). ʅʘʢʦʧʣʝʥʥʳʝ ʟʘ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʜʘʥʥʳʝ ʧʦ ʠʟʦʪʦʧʥʦʤʫ 

ʜʘʪʠʨʦʚʘʥʠʶ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʦʟʨʘʩʪʘ ʢʘʨʙʦʥʘʪʠʪʦʚ ʦʭʚʘʪʳʚʘʶʪ ʜʠʘʧʘʟʦʥ ʦʪ ʘʨʭʝʷ ʜʦ ʥʘʩʪʦʷʱʝʛʦ 

ʚʨʝʤʝʥʠ, ʦʙʨʘʟʫʷ ʧʨʠ ʵʪʦʤ ʚʨʝʤʝʥʥʳʝ ʢʣʘʩʪʝʨʳ, ʫʢʘʟʳʚʘʶʱʠʝ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʨʫʧʥʳʭ 

ʵʧʠʟʦʜʦʚ ʱʝʣʦʯʥʦ-ʢʘʨʙʦʥʘʪʠʪʦʚʦʛʦ ʤʘʛʤʘʪʠʟʤʘ. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʛʝʦʪʝʢʪʦʥʠʯʝʩʢʦʡ, 

ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʦʡ, ʛʝʦʬʠʟʠʯʝʩʢʦʡ ʠ ʛʝʦʣʦʛʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʤʥʦʛʠʝ 

ʢʘʨʙʦʥʘʪʠʪʳ ʚʦ ʚʨʝʤʝʥʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʚʷʟʘʥʳ ʩ çʢʨʫʧʥʳʤʠ ʤʘʛʤʘʪʠʯʝʩʢʠʤʠ ʧʨʦʚʠʥʮʠʷʤʠè 

[Large Igneous Provinces ï LIP (Ernst and Bell, 2010)]. ʄʥʦʛʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʦʙʥʘʨʫʞʠʣʠ ʯʝʪʢʠʝ 

ʩʚʷʟʠ ʢʘʨʙʦʥʘʪʠʪʦʛʝʥʝʟʘ ʩ ʢʦʥʪʠʥʝʥʪʘʣʴʥʦʡ ʬʨʘʛʤʝʥʪʘʮʠʝʡ, ʟʦʥʘʤʠ ʦʨʦʛʝʥʝʟʘ ʠ ʘʢʪʠʚʥʦʩʪʴʶ 

ʧʣʶʤʦʚ [(Arzamastsev et al., 2001; Bell, 2001; Kogarko and Veselovsky, 2019; Nelson et al., 1988; 

Pirajno, 2015, 2000; Rukhlov and Bell, 2010) ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ]. ʅʘʯʠʥʘʷ ʩ ʘʨʭʝʷ ʦʪʤʝʯʘʝʪʩʷ 

ʪʝʥʜʝʥʮʠʷ ʢ ʨʦʩʪʫ ʯʠʩʣʘ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʧʨʦʷʚʣʝʥʠʡ ʚʦ ʚʨʝʤʝʥʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʡ ʤʦʣʦʜʳʝ 

ʢʘʨʙʦʥʘʪʠʪʳ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʤʥʦʛʦʯʠʩʣʝʥʥʳ, ʯʝʤ ʜʨʝʚʥʠʝ, ʯʪʦ ʦʙʲʷʩʥʷʶʪ ʠʟʤʝʥʝʥʠʷʤʠ 

ʪʝʢʪʦʥʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʯʘʩʪʦʪʳ ʢʦʤʙʠʥʘʮʠʠ ʫʩʣʦʚʠʡ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ 

ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚ (Woolley and Kjarsgaard, 2008). ʂʨʦʤʝ ʪʦʛʦ, ʘʢʪʠʚʥʦʝ 

ʢʘʨʙʦʥʘʪʠʪʦʦʙʨʘʟʦʚʘʥʠʝ ʦʩʦʙʝʥʥʦ ʰʠʨʦʢʦ ʧʨʦʷʚʣʝʥʦ ʚ ʧʦʟʜʥʝʘʨʭʝʡʩʢʠʭ ʢʨʘʪʦʥʘʭ ʠ 

ʧʨʦʠʩʭʦʜʠʣʦ ʵʧʠʟʦʜʠʯʝʩʢʠ, ʧʨʠʯʝʤ ʚ ʥʝʢʦʪʦʨʳʭ ʦʙʣʘʩʪʷʭ ʥʘʩʯʠʪʳʚʘʝʪʩʷ ʜʦ ʧʷʪʠ ʩʦʙʳʪʠʡ ʩ 

ʧʨʦʤʝʞʫʪʢʘʤʠ ʚ ʥʝʩʢʦʣʴʢʦ ʤʠʣʣʠʦʥʦʚ ʣʝʪ. ʅʘʠʙʦʣʝʝ ʪʱʘʪʝʣʴʥʦ ʠʟʫʯʝʥʥʳʤʠ ʢʨʫʧʥʳʤʠ 

ʢʘʨʙʦʥʘʪʠʪʦʚʳʤʠ ʧʨʦʚʠʥʮʠʷʤʠ ʩʯʠʪʘʶʪʩʷ ɺʦʩʪʦʯʥʘʷ ɸʬʨʠʢʘ (ʂʝʥʠʷ, ʋʛʘʥʜʘ, ʊʘʥʟʘʥʠʷ ʠ 

ɿʘʤʙʠʷ), ʅʘʤʠʙʠʷ ʠ ɸʥʛʦʣʘ, ɺʦʩʪʦʯʥʘʷ ʯʘʩʪʴ ʈʦʩʩʠʠ (ɺʦʩʪʦʯʥʘʷ ʊʫʚʘ, ʂʨʘʩʥʦʷʨʩʢʠʡ ʢʨʘʡ, 

ɺʦʩʪʦʯʥʳʡ ʉʘʷʥ, ɿʘʙʘʡʢʘʣʴʝ ʠ ɸʣʜʘʥ), ɻʨʝʥʣʘʥʜʠʷ, ʂʘʥʘʜʘ (ʆʥʪʘʨʠʦ ʠ ʂʚʝʙʝʢ) ʠ ʉʝʚʝʨʥʘʷ 

ɽʚʨʦʧʘ (ʂʘʨʝʣʦ-ʂʦʣʴʩʢʠʡ ʨʝʛʠʦʥ ʈʦʩʩʠʠ, ʩʝʚʝʨʥʘʷ ʅʦʨʚʝʛʠʷ, ʐʚʝʮʠʷ ʠ ʌʠʥʣʷʥʜʠʷ). ɺ 

ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʨʝʟʢʦ ʚʦʟʨʦʩʣʦ ʢʦʣʠʯʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʢʘʨʙʦʥʘʪʠʪʘʤ ʂʠʪʘʷ, ʀʥʜʠʠ, 

ɹʨʘʟʠʣʠʠ, ɸʚʩʪʨʘʣʠʠ. ʉʦʛʣʘʩʥʦ (Woolley and Bailey, 2012), ʪʘʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʚ ʜʨʝʚʥʠʭ ʢʨʘʪʦʥʘʭ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʨʝʘʢʪʠʚʘʮʠʠ ʦʩʣʘʙʣʝʥʥʳʭ ʟʦʥ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʪʝʢʪʦʥʠʯʝʩʢʠʭ ʧʦʜʚʠʞʝʢ. ʅʝʩʤʦʪʨʷ ʥʘ ʦʙʰʠʨʥʳʡ ʙʘʛʘʞ ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʥʘʙʣʶʜʝʥʠʡ, 

ʥʘʢʦʧʣʝʥʥʳʡ ʧʨʠ ʠʟʫʯʝʥʠʠ ʤʥʦʞʝʩʪʚʘ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʢʦʤʧʣʝʢʩʦʚ ʤʠʨʘ, ʛʝʦʜʠʥʘʤʠʯʝʩʢʠʡ 

ʨʝʞʠʤ ʠ ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚ ʜʦ ʩʠʭ ʧʦʨ ʷʚʣʷʪʁʩʷ ʧʨʝʜʤʝʪʘʤʠ ʛʦʨʷʯʠʭ 

ʜʠʩʢʫʩʩʠʡ.  
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1.1.3. ʄʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚ 

ɺʩʝ ʩʦʚʨʝʤʝʥʥʳʝ ʦʙʱʝʧʨʠʟʥʘʥʥʳʝ ʛʠʧʦʪʝʟʳ ʧʨʦʠʩʭʦʞʜʝʥʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʤʘʛʤ 

ʦʩʥʦʚʘʥʳ ʥʘ ʩʣʝʜʫʶʱʠʭ ʦʩʥʦʚʦʧʦʣʘʛʘʶʱʠʭ ʤʝʭʘʥʠʟʤʘʭ: 

(1) ʛʝʥʝʨʘʮʠ ̫ ʧʝʨʚʠʯʥʦʛʦ ʨʘʩʧʣʘʚʘ ʧʫʪʤy ʯʘʩʪʠʯʥʦʛʦ ʧʣʘʚʣʝʥʠʷ ʢʘʨʙʦʥʠʟʠʨʦʚʘʥʥʦʛʦ 

ʧʝʨʠʜʦʪʠʪʘ ʠʣʠ ʵʢʣʦʛʠʪʘ ʚ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ [(Dalton and Presnall, 1998; Dalton and Wood, 

1993; Dasgupta et al., 2009; Dasgupta and Hirschmann, 2007; Eggler, 1978; Ghosh et al., 

2009; Gudfinnsson and Presnall, 2005; Harmer and Gittins, 1998; Litasov and Ohtani, 2009; 

Mitchell, 2005; Shatskiy et al., 2021; Sweeney, 1994; Thibault et al., 1992; Wallace and 

Green, 1988; Wyllie and Huang, 1976, 1975; Wyllie and Tuttle, 1960) ʠ ʜʨ.]; 

(2) ʦʪʜʝʣʝʥʠʝ ʢʘʨʙʦʥʘʪʠʪʦʚʦʛʦ ʨʘʩʧʣʘʚʘ ʦʪ ʢʘʨʙʦʥʠʟʠʨʦʚʘʥʥʦʛʦ ʩʠʣʠʢʘʪʥʦʛʦ ʨʘʩʧʣʘʚʘ 

ʧʫʪyʤ ʞʠʜʢʦʩʪʥʦʡ ʥʝʩʤʝʩʠʤʦʩʪʠ [(Bodeving et al., 2017; Brooker and Hamilton, 1990; 

Freestone and Hamilton, 1980; Gittins, 1989; Guzmics et al., 2012; Kjarsgaard and Hamilton, 

1988; Koster van Groos and Wyllie, 1973; Le Bas, 1977; Martin et al., 2013; Novella et al., 

2014; Peterson, 1990; Veksler et al., 2012) ʠ ʜʨ.]; 

(3) ʦʙʨʘʟʦʚʘʥʠʝ ʦʩʪʘʪʦʯʥʦʛʦ ʢʘʨʙʦʥʘʪʠʪʦʚʦʛʦ ʨʘʩʧʣʘʚʘ ʧʫʪyʤ ʜʣʠʪʝʣʴʥʦʡ ʬʨʘʢʮʠʦʥʥʦʡ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʘʨʙʦʥʠʟʠʨʦʚʘʥʥʳʭ ʨʦʜʠʪʝʣʴʩʢʠʭ ʩʠʣʠʢʘʪʥʳʭ ʤʘʛʤ ʚ ʫʩʣʦʚʠʷʭ ʥʠʟʢʠʭ 

ʜʘʚʣʝʥʠʡ [(Lee and Wyllie, 1998, 1994; Twyman and Gittins, 1987; Watkinson and Wyllie, 

1971; Wyllie and Lee, 1998) ʠ ʜʨ.]. 

ɺʦ ʤʥʦʛʠʭ ʧʨʠʚʝʜʥyʥʳʭ ʨʘʙʦʪʘʭ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʨʘʩʧʣʘʚʦʚ ʟʘ ʩʯʪy ʥʝʩʢʦʣʴʢʠʭ ʠʟ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʤʝʭʘʥʠʟʤʦʚ, ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʚ 

ʨʘʟʥʳʭ ʩʦʯʝʪʘʥʠʷʭ. ʇʨʠʤʝʨʦʤ ʪʘʢʦʛʦ ʩʦʯʝʪʘʥʠʷ ʩʣʫʞʠʪ ʵʢʩʪʨʝʤʘʣʴʥʦʝ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʝ 

ʩʠʣʠʢʘʪʥʦʡ ʤʘʛʤʳ, ʚʝʜʫʱʝʝ ʩʦʩʪʘʚ ʨʘʩʧʣʘʚʘ ʚ ʦʙʣʘʩʪʴ ʢʘʨʙʦʥʘʪʥʦ-ʩʠʣʠʢʘʪʥʦʡ ʥʝʩʤʝʩʠʤʦʩʪʠ 

(Weidendorfer et al., 2016). ɺʳʜʚʠʛʘʣʠʩʴ ʪʘʢʞʝ ʧʨʝʜʧʦʣʦʞʝʥʠʷ ʦ ʚʦʚʣʝʯʝʥʠʠ ʚ ʧʨʦʮʝʩʩ 

ʢʘʨʙʦʥʘʪʠʪʦʛʝʥʝʟʘ ʯʘʩʪʠ ʢʦʨʦʚʦʛʦ ʚʝʱʝʩʪʚʘ (Cheng et al., 2017; Song et al., 2017) ʠ ʦ ʚʦʟʤʦʞʥʦʤ 

ʢʦʨʦʚʦʤ (Ferrero et al., 2016) ʠʩʪʦʯʥʠʢʝ ʢʘʨʙʦʥʘʪʠʪʦʚ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʠʟʦʪʦʧʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʷʚʠʣʠ ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ ʧʨʠʩʫʪʩʪʚʠʝ ʢʦʤʧʦʥʝʥʪʦʚ FOZO (çʬʦʢʘʣʴʥʘʷ ʟʦʥʘè, 

ʥʠʞʥʷʷ ʤʘʥʪʠʷ), EM1 (ʦʙʦʛʘʱʥyʥʘʷ ʥʝʩʦʚʤʝʩʪʠʤʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʤʘʥʪʠʷ ʧʝʨʚʦʛʦ ʪʠʧʘ, 

ʦʪʣʠʯʘʶʱʘʷʩʷ ʦʪ ʦʙʦʛʘʱʸʥʥʦʡ ʤʘʥʪʠʠ ʚʪʦʨʦʛʦ ʪʠʧʘ EM2 ʙʦʣʝʝ ʥʠʟʢʠʤʠ ʦʪʥʦʰʝʥʠʷʤʠ 87Sr/86Sr 

ʠ Nd144/Nd143), ʠ HIMU (ñhigh muò, ʪ.ʝ. ʨʝʟʝʨʚʫʘʨ ʩ ʚʳʩʦʢʠʤ ɛ = 238U/204Pb) ʠ DʄM 

(ʜʝʧʣʝʪʠʨʦʚʘʥʥʘʷ ʤʘʥʪʠʷ), ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʤʘʥʪʠʡʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʙʘʟʘʣʴʪʦʚ 

ʦʢʝʘʥʠʯʝʩʢʠʭ ʦʩʪʨʦʚʦʚ (OIB) [(Kogarko and Veselovsky, 2019) ʠ ʩʩʳʣʢʠ ʪʘʤ]. ɺʦʟʤʦʞʥʦʩʪʴ 

ʧʨʦʠʩʭʦʞʜʝʥʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚʦʛʦ ʨʘʩʧʣʘʚʘ ʠʟ ʤʘʥʪʠʠ ʪʘʢʞʝ ʟʘʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʥʘ, ʥʘʧʨʠʤʝʨ, 
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ʥʘʣʠʯʠʝʤ ʚʢʣʶʯʝʥʠʡ ʢʘʨʙʦʥʘʪʦʚ ʚ ʤʘʥʪʠʡʥʳʭ ʘʣʤʘʟʘʭ (Ernst and Bell, 2010) ʠ ʦʣʠʚʠʥʝ ʠʟ 

ʢʠʤʙʝʨʣʠʪʦʚ (Golovin et al., 2018; Kamenetsky et al., 2004; Sharygin et al., 2021). ʆʪʩʫʪʩʪʚʠʝ 

ʢʦʥʩʝʥʩʫʩʘ ʚ ʚʳʙʦʨʝ ʤʦʜʝʣʠ ʢʘʨʙʦʥʘʪʠʪʦʦʙʨʘʟʦʚʘʥʠʷ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ 

ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʦʙʲʷʩʥʠʪʴ ʚʝʩʴ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʩʦʩʪʘʚʦʚ ʠ ʘʩʩʦʮʠʘʮʠʡ ʢʘʨʙʦʥʘʪʠʪʦʚ ʦʜʥʦʡ 

ʪʠʧʦʚʦʡ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʤʦʜʝʣʴʶ. 

ʂʘʨʙʦʥʘʪʠʪʦʚʳʝ ʨʘʩʧʣʘʚʳ ʦʙʣʘʜʘʶʪ ʫʥʠʢʘʣʴʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʨʘʟʠʪʝʣʴʥʦ 

ʦʪʣʠʯʘʶʱʠʤʠ ʠʭ ʦʪ ʩʠʣʠʢʘʪʥʳʭ ʨʘʩʧʣʘʚʦʚ, ʚ ʯʠʩʣʝ ʢʦʪʦʨʳʭ ʚʳʩʦʢʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʨʘʩʪʚʦʨʝʥʠʶ 

ʨʝʜʢʠʭ ʵʣʝʤʝʥʪʦʚ, ʚʦʜ r ʠ ʜʨʫʛʠʭ ʣʝʪʫʯʠʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ 

ʤʘʥʪʠʡʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʘ ʪʘʢʞʝ ʠʩʢʣʶʯʠʪʝʣʴʥʘʷ ʤʦʙʠʣʴʥʦʩʪʴ ʚ ʰʠʨʦʢʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʜʠʘʧʘʟʦʥʝ. ɹʣʘʛʦʜʘʨʷ ʪʘʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʵʪʠ ʨʘʩʧʣʘʚʳ ʩʧʦʩʦʙʥʳ ʘʢʪʠʚʥʦ ʨʝʘʛʠʨʦʚʘʪʴ ʩʦ 

ʚʤʝʱʘʶʱʠʤʠ ʧʦʨʦʜʘʤʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʩʦʩʪʘʚ ʠ ʪʝʭ ʠ ʜʨʫʛʠʭ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʪʴʩʷ 

ʚ ʭʦʜʝ ʚʥʝʜʨʝʥʠʷ. ʀʩʢʣʶʯʠʪʝʣʴʥʦ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʘʨʙʦʥʘʪʠʪʦʚ ʠʛʨʘʪʁ ʪʘʢʞʝ 

ʧʦʩʪʤʘʛʤʘʪʠʯʝʩʢʘʷ ʬʣʶʠʜʥʘʷ ʧʝʨʝʨʘʙʦʪʢʘ ʠ ʧʨʦʮʝʩʩʳ ʚʳʚʝʪʨʠʚʘʥʠʷ, ʟʘʯʘʩʪʫʶ ʦʪʚʝʪʩʪʚʝʥʥʳʝ ʟʘ 

ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʠʚʥʦʩ, ʚʳʥʦʩ ʠ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ 

(Chakhmouradian and Wall, 2012). ɺʩʣʝʜʩʪʚʠʝ ʪʘʢʦʡ ʩʣʦʞʥʦʡ ʵʚʦʣʶʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʩʦʯʝʪʘʥʠʷ 

ʫʢʘʟʘʥʥʳʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʙʦʣʴʰʠʥʩʪʚʦ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʧʨʦʷʚʣʝʥʠʡ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʮʝʣʳʡ ʢʦʤʧʣʝʢʩ ʨʘʟʣʠʯʥʳʭ ʧʦ ʩʦʩʪʘʚʫ ʠ ʩʪʨʫʢʪʫʨʝ ʧʦʨʦʜ ʩ ʩʦʙʩʪʚʝʥʥʳʤ 

ʥʘʙʦʨʦʤ ʤʠʥʝʨʘʣʴʥʳʭ ʘʩʩʦʮʠʘʮʠʡ. 

1.1.4. ʇʦʣʝʟʥʳʝ ʠʩʢʦʧʘʝʤʳʝ, ʩʚʷʟʘʥʥʳʝ ʩ ʢʘʨʙʦʥʘʪʠʪʘʤʠ 

ɼʣʷ ʤʥʦʛʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʭʘʨʘʢʪʝʨʥ  r ʨʝʟʢʦ ʧʦʚʳʰʝʥʥʝr ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʠʭ 

ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ ʢʦʥʮʝʥʪʨʘʮʠʠ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʧʨʦʤʳʰʣʝʥʥʦ ʟʥʘʯʠʤʳʭ ʵʣʝʤʝʥʪʦʚ, 

ʪʘʢʠʭ ʢʘʢ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ (ʈɿʕ = Y + ʣʘʥʪʘʥʦʠʜʳ ʦʪ La ʜʦ Lu), Nb, Zr, U, Ba, Fe, P 

(Jones et al., 2013) ʠ, ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ, Cu, Mo, Ag, Au, Ta ʠ ʧʣʘʪʠʥʦʠʜ,r ʘ ʪʘʢʞʝ ʬʝʥʦʤʝʥʘʣʴʥʦʝ 

ʨʘʟʥʦʦʙʨʘʟʠʝ ʨʝʜʢʠʭ ʠ ʵʢʟʦʪʠʯʝʩʢʠʭ ʤʠʥʝʨʘʣʦʚ. ʉʦʛʣʘʩʥʦ (Woolley and Kjarsgaard, 2008), 9% 

ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʠ ʱʝʣʦʯʥʦ-ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʢʦʤʧʣʝʢʩʦʚ ʩʦʜʝʨʞʘʪ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʢʘʢʠʭ-ʣʠʙʦ 

ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ, ʚʢʣʶʯʘʷ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʝ ʠ ʚʳʨʘʙʦʪʘʥʥʳʝ, ʠ ʝʱʝ 11% ʟʘʢʣʶʯʘʶʪ ʚ ʩʝʙʝ 

ʙʘʣʘʥʩʦʚʳʝ ʨʫʜʳ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩʪʦʠʪ ʫʧʦʤʷʥʫʪʴ, ʯʪʦ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʢʘʨʙʦʥʘʪʠʪʦʚʳʝ 

ʠ ʩʚʷʟʘʥʥʳʝ ʩ ʢʘʨʙʦʥʘʪʠʪʘʤʠ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʷʚʣʷʶʪʩʷ ʛʣʘʚʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʈɿʕ; ʚ ʥʠʭ 

ʩʦʜʝʨʞʠʪʩʷ 50% ʨʘʟʚʝʜʘʥʥʳʭ ʤʠʨʦʚʳʭ ʟʘʧʘʩʦʚ ʵʪʠʭ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʥʘ 

ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʜʦʙʳʚʘʝʪʩʷ ʠʭ ʦʩʥʦʚʥʦʡ ʦʙʲʤy (Weng et al., 2015). ɺ ʩʚʷʟʠ ʩ ʵʢʦʥʦʤʠʯʝʩʢʦʡ 

ʟʥʘʯʠʤʦʩʪʴʶ ʢʘʨʙʦʥʘʪʠʪʦʚ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʩʪʦʣʴ h ʠʨʦʢʦ ʠʟʚʝʩʪʥʳʝ ʫʥʠʢʘʣʴʥʳʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ-

ʛʠʛʘʥʪʳ, ʢʘʢ ɹʘʷʥ-ʆʙʦ (Bayan Obo) ʠ ʄʘʥʠʫʧʠʥʛ (Maoniuping) ʚ ʂʠʪʘʝ, ʄʘʫʥʪʠʥ-ʇʘʩʩ (Mountain 

Pass) ʚ ʉʐɸ ʠ ʄʘʫʥʪ-ɺʝʣʜ (Mount Weld) ʚ ɸʚʩʪʨʘʣʠʠ (Verplanck and Hitzman, 2016; Zhukova et 
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al., 2021). ʅʝ ʤʝʥʴʰʠʡ ʠʥʪʝʨʝʩ ʢʘʨʙʦʥʘʪʠʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʢʘʢ ʠʩʪʦʯʥʠʢ ʥʠʦʙʠʷ. ʄʝʩʪʦʨʦʞʜʝʥʠʷ 

ʵʪʦʛʦ ʤʝʪʘʣʣʘ ʧʨʠʩʫʪʩʪʚʫʶʪ, ʥʘʧʨʠʤʝʨ, ʚ ʢʦʤʧʣʝʢʩʘʭ ʂʘʪʘʣʘʥ (Catal«o) ʚ ɹʨʘʟʠʣʠʠ, ʃʫʝʰ 

(Lueshe) ʚ ʂʦʥʛʦ ʠ ʉʝʥʪ-ʆʥʦʨʝ (Saint-Honor®) ʠ ɸʣʝʡ (Aley) ʚ ʂʘʥʘʜʝ, ʘ ʪʘʢʞʝ ʚʦ ʤʥʦʛʠʭ ʜʨʫʛʠʭ 

ʢʦʤʧʣʝʢʩʘʭ ʤʠʨʘ (Berger et al., 2009; Chakhmouradian et al., 2015; Mitchell, 2015; Wall et al., 1997). 

ʆʪʜʝʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ ʟʘʩʣʫʞʠʚʘʝʪ ʥʝ ʠʤʝʶʱʝʝ ʘʥʘʣʦʛʦʚ ʧʦ ʩʚʦʠʤ ʟʘʧʘʩʘʤ ʠ ʨʝʩʫʨʩʘʤ Ti-Nb-

ʈɿʕ ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʄʦʨʨʦ-ʜʦʩ-ʉʝʡʩ-ʃʘʛʦʩ (Morro dos Seis Lagos) ʚ ɹʨʘʟʠʣʠʠ, ʚ ʢʦʪʦʨʦʤ 

ʦʩʥʦʚʥʳʤʠ ʢʦʥʮʝʥʪʨʘʪʦʨʘʤʠ Nb ʷʚʣʷʶʪʩʷ ʥʝ ʧʠʨʦʭʣʦʨ (ʢʘʢ ʵʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ 

ʤʝʩʪʦʨʦʞʜʝʥʠʡ), ʘ ʦʢʩʠʜʳ ʪʠʪʘʥʘ (Giovannini et al., 2017). ɻʦʚʦʨʷ ʦ ʨʦʣʠ ʢʘʨʙʦʥʘʪʠʪʦʚ ʚ ʢʘʯʝʩʪʚʝ 

ʠʩʪʦʯʥʠʢʘ ʥʠʦʙʠ ̫ʜʦʩʪʘʪʦʯʥʦ ʫʧʦʤʷʥʫʪʴ, ʯʪʦ ʠʤʝʥʥʦ ʩ ʢʘʨʙʦʥʘʪʠʪʦʚʳʤʠ ʢʦʤʧʣʝʢʩʘʤʠ ʩʚʷʟʘʥʦ 

ʙʦʣʝʝ 99% ʤʠʨʦʚʦʛʦ ʥʠʦʙʠʷ (Mitchell, 2015). ɺ ʘʬʨʠʢʘʥʩʢʦʤ ʢʦʤʧʣʝʢʩʝ ʇʘʣʘʙʦʨʘ (Phalaborwa), 

ʖɸʈ, ʩ ʢʘʨʙʦʥʘʪʠʪʘʤʠ ʩʚʷʟʘʥʦ ʦʜʥʦ ʠʟ ʢʨʫʧʥʝʡʰʠʭ ʚ ʤʠʨʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ Cu ʠ ʘʩʩʦʮʠʠʨʫʶʱʠʝ 

ʩ ʥʠʤ ʤʝʩʪʦʨʦʞʜʝʥʠʷ Au, Fe, U, Th, Zr ʠ ʚʝʨʤʠʢʫʣʠʪʘ (Southwood and Cairncross, 2017). ʇʦʤʠʤʦ 

ʇʘʣʘʙʦʨʳ ʢʨʫʧʥʳʝ ʚʝʨʤʠʢʫʣʠʪʦʚʳʝ ʠ ʬʣʦʛʦʧʠʪʦʚʳʝ ʟʘʣʝʞʠ ʦʙʨʘʟʦʚʘʥ r ʥʘ ʢʦʥʪʘʢʪʝ 

ʦʩʥʦʚʥʳʭ/ʫʣʴʪʨʘʦʩʥʦʚʥʳʭ ʧʦʨʦʜ ʩ ʢʘʨʙʦʥʘʪʠʪʘʤʠ ʠ ʚ ʥʝʢʦʪʦʨʳʭ ʜʨʫʛʠʭ ʢʦʤʧʣʝʢʩʘʭ. ʊʘʢʦʝ 

ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʚʳʚ̫ʣʝʥʦ, ʥʘʧʨʠʤʝʨ, ʚ ʢʦʤʧʣʝʢʩʝ ɸʧʧʝʨ-ʌʸʨ (Upper Fir) ʚ ʂʘʥʘʜʝ (Simandl and 

Paradis, 2018). ʊʘʢʞʝ ʩ ʢʘʨʙʦʥʘʪʠʪʘʤʠ ʠʣʠ ʧʨʦʜʫʢʪʘʤʠ ʠʭ ʚʳʚʝʪʨʠʚʘʥʠʷ ʙʳʚʘʶʪ ʩʚʷʟʘʥʳ 

ʢʨʫʧʥʳʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʘʧʘʪʠʪʘ [ʪʦʪ ʞʝ ʢʦʤʧʣʝʢʩ ʇʘʣʘʙʦʨʘ ʚ ɸʬʨʠʢʝ, ʘ ʪʘʢʞʝ ʉʠʡʣʠʥʷʨʚʠ 

(Siilinjªrvi) ʚ ʌʠʥʣʷʥʜʠʠ, ʊʘʧʠʨʘ (Tapira) ʠ ʂʘʪʘʣʘʥ ʚ ɹʨʘʟʠʣʠʠ ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ (Pufahl and Groat, 

2017)], ʬʣʶʦʨʠʪʘ [ʥʘʧʨʠʤʝʨ, ʆʢʦʨʫʩʫ (Okorusu) ʚ ʅʘʤʠʙʠʠ, ʄʘʪʫ-ʇʨʝʪʫ (Mato Preto) ʚ ɹʨʘʟʠʣʠʠ 

ʠ ɸʤʙʘ-ɼʦʥʛʘʨ (Amba Dongar) ʚ ʀʥʜʠʠ (Hagni, 1999)], ʤʘʛʥʝʪʠʪʘ [ʥʘʧʨʠʤʝʨ, ɹʘʷʥ-ʆʙʦ ʚ ʂʠʪʘʝ 

(Smith et al., 2015)] ʠ ʩʦʜʘʣʠʪʘ [ʥʘʧʨʠʤʝʨ, ʉʚʘʨʪʙʦʡʩʜʨʠʬ (Swartbooisdrif) ʚ ʅʘʤʠʙʠʠ (von 

Seckendorff et al., 2000)]. ʀʟʚʝʩʪʥʳ ʪʘʢʞʝ ʢʨʫʧʥʳʝ ʢʘʨʙʦʥʘʪʠʪʦʚʳʝ ʨʫʜʦʧʨʦʷʚʣʝʥʠʷ ʠ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ Ta [ʥʘʧʨʠʤʝʨ, ʂʨʝʚʴʝ (Crevier) ʠ ʫʞʝ ʫʧʦʤʠʥʘʚʰʠʡʩʷ ɸʧʧʝʨ ʌʸʨ ʚ ʂʘʥʘʜʝ 

(Simandl and Paradis, 2018)], Ti ʠ V [ʥʘʧʨʠʤʝʨ, ʄʘʛʥʝʪ-ʂʦʫʚ (Magnet Cove) ʚ ʉʐɸ (Flohr, 1994)], 

ʜʦʙʳʯʘ ʥʘ ʢʦʪʦʨʳʭ, ʦʜʥʘʢʦ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝ ʚʝʜʪyʩʷ.  

1.1.5. ʈʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ sensu stricto 

ʉʨʝʜʠ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʚʠʜʦʚ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʚʘʞʥʝʡʰʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʈɿʕ. 

ʉʪʨʝʤʠʪʝʣʴʥʦʝ ʨʘʟʚʠʪʠʝ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʝ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʠʟʚʦʜʩʪʚ ʧʨʠʚʝʣʦ ʢ 

ʨʝʟʢʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʩʧʨʦʩʘ ʥʘ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʤʝʪʘʣʣ.r ʇʦʩʢʦʣʴʢʫ ʢʘʨʙʦʥʘʪʠʪʳ ʷʚʣʷʶʪʩʷ 

ʛʣʘʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʜʘʥʥʦʛʦ ʩʳʨʴʷ, ʦʥʠ ʧʨʠʦʙʨʝʣʠ ʢʨʠʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ ʜʣʷ 

ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʩʝʢʪʦʨʘ. ʉʪʨʦʛʠʭ ʨʝʢʦʤʝʥʜʘʮʠʡ ʧʦ ʥʦʤʝʥʢʣʘʪʫʨʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ 

ʥʝ ʩʫʱʝʩʪʚʫʝʪ, ʧʦʵʪʦʤʫ ʢ ʜʘʥʥʦʡ ʢʘʪʝʛʦʨʠʠ ʦʪʥʦʩʷʪ ʩʦʜʝʨʞʘʱʠʝ ʦʙʠʣʴʥʫʶ ʨʝʜʢʦʟʝʤʝʣʴʥʫʶ 

ʤʠʥʝʨʘʣʠʟʘʮʠʶ ʢʘʨʙʦʥʘʪʠʪʳ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ Ca, Mg ʠ Fe ʠ ʨʘʟʥʳʤʠ ʩʪʨʫʢʪʫʨʥʦ-
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ʪʝʢʩʪʫʨʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɺʩʣʝʜ ʟʘ (Jones et al., 2013) ʦʩʥʦʚʥʳʤ ʢʨʠʪʝʨʠʝʤ ʜʣʷ 

ʧʨʠʯʠʩʣʝʥʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚ ʢ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤ ʩʯʠʪʘʶʪ ʟʥʘʯʝʥʠʝ ʈɿʕ2O3 > 1 ʤʘʩʩ.%, ʧʦʩʢʦʣʴʢʫ 

ʠʤʝʥʥʦ ʪʘʢʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʷʚʣʷʶʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤ ʢʨʠʪʝʨʠʝʤ ʜʣʷ ʦʙʨʝʪʝʥʠʷ ʤʝʩʪʦʨʦʞʜʝʥʠʝʤ 

ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʟʥʘʯʠʤʦʩʪʠ. ʏʘʱʝ ʚʩʝʛʦ ʩʦʜʝʨʞʘʥʠʝ ʈɿʕ > 1 ʤʘʩʩ.% ʙʳʚʘʝʪ ʜʦʩʪʠʛʥʫʪʦ ʚ 

ʜʘʡʢʦʚʳʭ ʠ ʞʠʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ, ʙʦʛʘʪʳʭ Mg ʠ Fe (ʪ.ʝ. ʚ ʩʘʤʳʭ ʧʦʩʣʝʜʥʠʭ ʠ ʥʘʠʙʦʣʝʝ ʛʣʫʙʦʢʦ 

ʧʨʦʵʚʦʣʶʮʠʦʥʠʨʦʚʘʚʰʠʭ ʯʘʩʪʷʭ ʠʥʪʨʫʟʠʠ ʢʘʨʙʦʥʘʪʠʪʦʚ) (Goodenough et al., 2018; Wall, 2013). 

ʀʤʝʥʥʦ ʪʘʢʠʝ ʢʘʨʙʦʥʘʪʠʪʳ ʧʦʧʘʣʠ ʚ ʬʦʢʫʩ ʤʥʦʞʝʩʪʚʘ ʩʦʚʨʝʤʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʊʦʣʴʢʦ ʟʘ 

ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚ ʚʝʜʫʱʠʭ ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʞʫʨʥʘʣʘʭ ʤʠʨʘ ʙʳʣʦ ʦʧʫʙʣʠʢʦʚʘʥʦ ʚʝʣʠʢʦʝ ʤʥʦʞʝʩʪʚʦ 

ʩʪʘʪʝʡ, ʧʦʩʚʷʱʝʥʥʳʭ ʨʘʟʥʦʦʙʨʘʟʥʳʤ ʘʩʧʝʢʪʘʤ ʛʝʦʣʦʛʠʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ɸʥʛʦʣʳ 

(Amores-Casals et al., 2019), ɸʚʩʪʨʘʣʠʠ (Anenburg et al., 2018; Anenburg and Mavrogenes, 2018; 

Downes et al., 2014), ɹʨʘʟʠʣʠʠ (Giovannini et al., 2017; Guarino et al., 2017), ʂʘʥʘʜ r(Dalsin et al., 

2015; Mitchell and Smith, 2017; Nadeau et al., 2015; N®ron et al., 2018; Pandur et al., 2015; Trofanenko 

et al., 2016), ʂʠʪʘ ̫(Bai et al., 2019; Chen et al., 2018; Cheng et al., 2018; Deng et al., 2017; Fan et al., 

2016; Feng et al., 2016; Guo and Liu, 2019; Jia and Liu, 2019; Liu et al., 2019; Shu and Liu, 2019; 

Smith et al., 2018, 2015; Song et al., 2018, 2016; Su et al., 2019; Wang et al., 2019; Xie et al., 2015; 

Yang et al., 2017; Zhang et al., 2019; Zheng and Liu, 2019), ʌʠʥʣʷʥʜʠʠ (Al -Ani et al., 2018), ʀʥʜʠʠ 

(Bhushan, 2015; Krishnamurthy, 2019; Nagabhushanam et al., 2018; Viladkar, 2018), ʀʪʘʣʠʠ (Stoppa 

et al., 2019, 2016), ʄʘʣʘʚʠ (Broom-Fendley et al., 2017a, 2017b, 2017c, 2016a; Chikanda et al., 2019; 

Dowman et al., 2017; Duraiswami and Shaikh, 2014), ʄʦʥʛʦʣʠʠ (Feng et al., 2020; Kynicky et al., 

2019), ʅʘʤʠʙʠʠ (Bodeving et al., 2017; Broom-Fendley et al., 2020; Cangelosi et al., 2020a), ʅʦʚʦʡ 

ɿʝʣʘʥʜʠʠ (Cooper et al., 2015), ʅʦʨʚʝʛʠʠ (Marien et al., 2018), ʈʦʩʩʠʠ (Doroshkevich et al., 2019, 

2016; Lazareva et al., 2015; Prokopyev et al., 2018, 2016; Zaitsev et al., 2015), ʖʞʥʦʡ ɸʬʨʠʢʠ (Giebel 

et al., 2017; Milani et al., 2017), ʊʘʥʟʘʥʠʠ (Witt et al., 2019), ʉʐɸ (Andersen et al., 2019, 2017, 2016; 

Chakhmouradian et al., 2017a; Moore et al., 2015) ʠ ɺʴʝʪʥʘʤʘ (Nguyen Thi et al., 2014), ʘ ʪʘʢʞʝ 

ʥʝʩʢʦʣʴʢʦ ʢʨʫʧʥʳʭ ʦʙʟʦʨʥʳʭ ʨʘʙʦʪ [ʥʘʧʨʠʤʝʨ, (Goodenough et al., 2016; Harmer and Nex, 2016; 

Simandl and Paradis, 2018)]. ʉʪʦʣʴ ʚʳʩʦʢʠʡ ʠʥʪʝʨʝʩ ʧʦʟʚʦʣʠʣ ʥʘʢʦʧʠʪʴ ʦʛʨʦʤʥʳʡ ʦʙʲʤy 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʛʝʦʣʦʛʠʠ, ʛʝʦʭʠʤʠʠ, ʧʝʪʨʦʛʨʘʬʠʠ ʠ ʤʠʥʝʨʘʣʦʛʠʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʨʫʜ ʠ 

ʚʤʝʱʘʶʱʠʭ ʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʠʥʪʨʫʟʠʚʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʘ ʪʘʢʞʝ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʤʥʦʞʝʩʪʚʦ 

ʛʠʧʦʪʝʟ ʦʙ ʠʭ ʧʨʦʠʩʭʦʞʜʝʥʠʠ. ɸʥʘʣʠʟ ʵʪʠʭ ʠ ʜʨʫʛʠʭ ʧʫʙʣʠʢʘʮʠʡ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʟʘʯʘʩʪʫʶ 

ʢʘʨʙʦʥʘʪʠʪʳ ʷʚʣʷʶʪʩʷ ʧʨʦʜʫʢʪʘʤʠ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʦʛʦ ʚʥʝʜʨʝʥʠʷ ʭʠʤʠʯʝʩʢʠ 

ʵʚʦʣʶʮʠʦʥʠʨʫʶʱʠʭ ʢʘʨʙʦʥʘʪʥʳʭ ʨʘʩʧʣʘʚʦʚ ʠ ʚʦʟʜʝʡʩʪʚʠʷ ʦʪʜʝʣʷʶʱʠʭʩʷ ʦʪ ʥʠʭ ʘʛʨʝʩʩʠʚʥʳʭ 

ʬʣʶʠʜʦʚ [(Dowman et al., 2017; Giebel et al., 2017; Ruberti et al., 2008; Smith et al., 2015) ʠ ʤʥʦʛʠʝ 

ʜʨʫʛʠʝ]. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʘʢʦʧʣʝʥʠʝ ʈɿʕ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʚ ʧʝʨʚʫʶ 

ʦʯʝʨʝʜʴ ʬʣʶʠʜʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ (Broom-Fendley et al., 2016b; Cooper et al., 2015; Doroshkevich et 

al., 2010; Duraiswami and Shaikh, 2014; Goodenough et al., 2018; Moore et al., 2015; Nadeau et al., 
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2016; Ngwenya, 1994; Prokopyev et al., 2016; Wall, 2013; Zaitsev et al., 1998), ʠ ʠʤʝʥʥʦ ʬʣʶʠʜʥʘʷ 

ʘʢʪʠʚʥʦʩʪʴ ʯʘʩʪʦ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʷʶʱʠʤ ʬʘʢʪʦʨʦʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʤʳʰʣʝʥʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʈɿʕ (Goodenough et al., 2018; Wall, 2013). ʇʦʣʫʯʝʥʥʳʡ ʦʧʳʪ ʠʟʫʯʝʥʠʷ ʧʨʠʨʦʜʥʳʭ 

ʦʙʲʝʢʪʦʚ ʧʦʟʚʦʣʠʣ ʜʦʩʪʠʛʥʫʪʴ ʫʩʧʝʭʦʚ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ (Anenburg et al., 

2020). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʝʜʫʱʫʶ ʨʦʣʴ ʚ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʠ ʠ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʈɿʕ ʤʦʛʫʪ ʠʛʨʘʪʴ 

ʱʝʣʦʯʠ ʚ ʨʘʩʧʣʘʚʝ ʠ ʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʫʙʩʪʨʘʪʘ, ʥʘ ʢʦʪʦʨʳʡ ʦʢʘʟʳʚʘʝʪʩʷ 

ʚʦʟʜʝʡʩʪʚʠʝ.   
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1.2. ʂʘʨʙʦʥʘʪʠʪʳ ʚ ʱʝʣʦʯʥʳʭ ʢʦʤʧʣʝʢʩʘʭ ʜʝʚʦʥʩʢʦʡ ʂʦʣʴʩʢʦʡ ʱʝʣʦʯʥʦʡ 

ʧʨʦʚʠʥʮʠʠ 

1.2.1. ɼʝʚʦʥʩʢʘʷ ʂʦʣʴʩʢʘʷ ʱʝʣʦʯʥʘʷ ʧʨʦʚʠʥʮʠʷ 

ɼʝʚʦʥʩʢʘʷ ʂʦʣʴʩʢʘʷ ʱʣyʦʯʥʦ-ʢʘʨʙʦʥʘʪʠʪʦʚʘʷ ʧʨʦʚʠʥʮʠʷ (ʂʑʇ) ʨʘʩʧʦʣʦʞʝʥʘ ʚ ʩʝʚʝʨʦ-

ʚʦʩʪʦʯʥʦʤ ʩʝʛʤʝʥʪʝ ɹʘʣʪʠʡʩʢʦʛʦ ʱʠʪʘ (ʈʠʩʫʥʦʢ 1). ɺ ʝ yʩʦʩʪʘʚ ʚʭʦʜʠʪ ʙʦʣʝʝ 20 ʱʣyʦʯʥʦ-

ʫʣʴʪʨʘʦʩʥʦʚʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʘ ʪʘʢʞʝ ʤʥʦʞʝʩʪʚʦ ʜʘʝʢ ʫʣʴʪʨʘʦʩʥʦʚʥʳʭ ʧʦʨʦʜ ʠ ʢʘʨʙʦʥʘʪʠʪʦʚ 

(ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965; Bulakh et al., 2004; Downes et al., 2005; Zaitsev et al., 2015). ʇʨʦʷʚʣʝʥʠʷ 

ʱʝʣʦʯʥʦʛʦ ʤʘʛʤʘʪʠʟʤʘ ʂʑʇ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʚ ʧʨʝʜʝʣʘʭ ʧʣʦʱʘʜʠ, ʩʦʩʪʘʚʣʷʶʱʝʡ ʙʦʣʝʝ 100 ʪʳʩ. 

ʢʤ2 (Kramm et al., 1993) ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʄʫʨʤʘʥʩʢʦʡ ʦʙʣʘʩʪʠ ʠ ʩʝʚʝʨʦ-ʚʦʩʪʦʯʥʦʡ ʌʠʥʣʷʥʜʠʠ. 

ʈʘʩʧʨʝʜʝʣʝʥʳ ʠʥʪʨʫʟʠʠ ʥʝʨʘʚʥʦʤʝʨʥʦ, ʠ ʙʦʣʴʰʠʥʩʪʚʦ ʠʟ ʥʠʭ ʪʨʘʩʩʠʨʫʝʪ ʂʦʣʴʩʢʦ-ɹʝʣʦʤʦʨʩʢʦ-

ʃʘʧʣʘʥʜʩʢʫʶ ʢʦʣʣʠʟʠʦʥʥʦ-ʨʠʬʪʦʛʝʥʥʫʶ ʟʦʥʫ, ʟʘʣʦʞʝʥʥʫʶ ʚ ʘʨʭʝʝ-ʨʘʥʥʝʤ ʧʨʦʪʝʨʦʟʦʝ ʤʝʞʜʫ 

ʄʫʨʤʘʥʩʢʠʤ ʠ ʌʝʥʥʦ-ʂʘʨʝʣʴʩʢʠʤ ʢʨʘʪʦʥʘʤʠ (ʄʠʪʨʦʬʘʥʦʚ, 2009). 

 

ʈʠʩʫʥʦʢ 1. ʈʘʩʧʦʣʦʞʝʥʠʝ ʤʘʩʩʠʚʦʚ ʂʦʣʴʩʢʦʡ ʱʝʣʦʯʥʦʡ ʧʨʦʚʠʥʮʠʠ ʥʘ ʩʭʝʤʝ 

ʪʝʢʪʦʥʠʯʝʩʢʦʛʦ ʨʘʡʦʥʠʨʦʚʘʥʠʷ ʩʝʚʝʨʦ-ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ɹʘʣʪʠʡʩʢʦʛʦ ʱʠʪʘ [ʧʦ 

(ɹʘʣʘʛʘʥʩʢʠʡ ʠ ʜʨ., 2016; Daly et al., 2006)]. ʀʥʪʨʫʟʠʠ ʩ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ 

ʢʘʨʙʦʥʘʪʠʪʘʤʠ (ʟʝʣʝʥʳʝ ʢʨʫʛʠ): 1 ï ʍʠʙʠʥʳ, 2 ï ɺʫʦʨʠʷʨʚʠ, 3 ï ʉʘʣʣʘʥʣʘʪʚʘ, 4 ï ʉʦʢʣʠ, 

5 ï ʉʝʙʣʴʷʚʨ; ʀʥʪʨʫʟʠʠ ʩ ʢʘʨʙʦʥʘʪʠʪʘʤʠ, ʙʝʜʥʳʤʠ ʈɿʕ (ʛʦʣʫʙʳʝ ʢʚʘʜʨʘʪʳ): 6 ï 

ʂʦʚʜʦʨ, 7 ï ʂʘʥʜʘʛʫʙʘ, 8 ï ɸʬʨʠʢʘʥʜʘ, 9 ï ʆʟʸʨʥʘʷ ɺʘʨʘʢʘ, 10 ï ʃʝʩʥʘʷ ɺʘʨʘʢʘ, 11 ï 

ʉʘʣʤʘʛʦʨʘ, 12 ï ʊʫʨʠʡ ʤʳʩ, 13 ï ʇʝʩʦʯʥʳʡ, 14 ï ʂʦʥʪʦʟʝʨʦ; ʀʥʪʨʫʟʠʠ ʙʝʟ ʢʘʨʙʦʥʘʪʠʪʦʚ 

(ʞyʣʪʳʝ ʨʦʤʙʳ): 15 ï ʃʦʚʦʟʝʨʦ, 16 ï ʂʫʨʛʘ, 17 ï ʄʘʚʨʘʛʫʙʘ, 18 ï ʂʦʚʜʦʟʝʨʩʢʠʡ, 19 ï 

ʀʥʛʦʟʝʨʦ, 20 ï ʀʚʘʥʦʚʩʢʠʡ. ʅʝʢʦʪʦʨʳʝ ʤʘʣʝr ʠʥʪʨʫʟʠʠ ʙʝʟ ʢʘʨʙʦʥʘʪʠʪʦʚ (ʅʠʚʩʢʘʷ, 

ʄʦʭʥʘʪʳʝ ʈʦʛʘ ʠ ʜʨ.) ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʥʝ ʦʪʤʝʯʝʥʳ. 
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ɼʝʚʦʥʩʢʫʶ ʘʢʪʠʚʠʟʘʮʠʶ ʤʘʛʤʘʪʠʟʤʘ ʚ ʧʨʝʜʝʣʘʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʨʝʛʠʦʥʘ ʦʙʲʷʩʥʷʶʪ 

ʙʫʨʥʳʤ ʨʘʟʚʠʪʠʝʤ ʧʨʦʮʝʩʩʦʚ ʧʣʶʤ-ʣʠʪʦʩʬʝʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʧʦʜʨʘʟʜʝʣʷʝʤʳʭ ʥʘ ʪʨʠ 

ʩʪʘʜʠʠ: ʠʥʠʮʠʘʣʴʥʫʶ (ʟʘʣʦʞʝʥʠʝ ʢʘʣʴʜʝʨ ʍʠʙʠʥ, ʃʦʚʦʟʝʨʘ ʠ ʂʦʥʪʦʟʝʨʘ, ʚʫʣʢʘʥʠʟʤ, 410ï390 ʤʣʥ 

ʣʝʪ ʥʘʟʘʜ), ʛʣʘʚʥʫʶ (ʦʙʨʘʟʦʚʘʥʠʝ ʤʥʦʛʦʬʘʟʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʠ ʱʝʣʦʯʥʳʭ ʠʥʪʨʫʟʠʡ, 380ï360 ʤʣʥ 

ʣʝʪ ʥʘʟʘʜ) ʠ ʟʘʢʣʶʯʠʪʝʣʴʥʫʶ (ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʘʝʢ ʠ ʪʨʫʙʦʢ ʚʟʨʳʚʘ, 370ï360 ʤʣʥ.ʣʝʪ ʥʘʟʘʜ) 

(ɸʨʟʘʤʘʩʮʝʚ ʠ ɺʫ, 2014). ʄʥʦʛʦʯʠʩʣʝʥʥʳʝ ʦʮʝʥʢʠ ʚʦʟʨʘʩʪʘ ʚʩʝʭ ʘʛʧʘʠʪʦʚʳʭ ʠ ʱʝʣʦʯʥʦ-

ʫʣʴʪʨʘʦʩʥʦʚʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʜʘʥʥʦʡ ʧʨʦʚʠʥʮʠʠ ʫʢʣʘʜʳʚʘʶʪʩʷ ʚ ʠʥʪʝʨʚʘʣ 385ï360 ʤʣʥ. ʣʝʪ 

(ɸʨʟʘʤʘʩʮʝʚ ʠ ɺʫ, 2014; ɹʘʷʥʦʚʘ, 2004; ɻʦʛʦʣʴ ʠ ɼʝʣʝʥʠʮʠʥ, 1999; Kramm et al., 1993; Kramm and 

Kogarko, 1994; Rukhlov and Bell, 2010), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʛʣʘʚʥʦʡ ʩʪʘʜʠʠ ʧʘʣʝʦʟʦʡʩʢʦʡ 

ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʠ ʩʦʚʧʘʜʘʝʪ ʚʦ ʚʨʝʤʝʥʠ ʩ ʧʨʦʯʠʤʠ ʧʨʦʷʚʣʝʥʠʷʤʠ ʱʝʣʦʯʥʦʛʦ 

ʤʘʛʤʘʪʠʟʤʘ ʉʝʚʝʨʦ-ɸʪʣʘʥʪʠʯʝʩʢʦʡ ʱʝʣʦʯʥʦʡ ʧʨʦʚʠʥʮʠʠ (Bulakh et al., 2004). ʅʘ ʦʩʥʦʚʘʥʠʠ 

ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʬʦʨʤʠʨʦʚʘʥʠʝ ʱʝʣʦʯʥʦ-ʫʣʴʪʨʘʦʩʥʦʚʥʳʭ ʧʦʨʦʜ ʚ 

ʂʑʇ ʦʧʠʩʳʚʘʶʪ ʢʘʢ ʨʝʟʫʣʴʪʘʪ ʬʨʘʢʮʠʦʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʥʝʬʝʣʠʥʠʪʦʚʳʭ ʨʘʩʧʣʘʚʦʚ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʣʠʚʠʥʦʚʳʭ ʠ ʢʣʠʥʦʧʠʨʦʢʩʝʥʦʚʳʭ ʢʫʤʫʣʘʪʦʚ, ʘ ʪʘʢʞʝ ʤʝʣʠʣʠʪʠʪʦʚ, ʬʦʠʜʦʣʠʪʦʚ 

ʠ ʥʝʬʝʣʠʥʦʚʳʭ ʩʠʝʥʠʪʦʚ (ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965; Arzamastsev et al., 2001; Dawson et al., 1968; 

Ivanikov et al., 1998; Verhulst et al., 2000). ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʦʪʦʧʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʣʘʛʦʨʦʜʥʳʭ 

ʛʘʟʦʚ ʀ.ʅ. ʊʦʣʩʪʠʭʠʥ ʩ ʩʦʘʚʪʦʨʘʤʠ (Tolstikhin et al., 2002) ʚʳʜʚʠʥʫʣʠ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ 

ʧʦʜʥʷʪʠʝ ʛʣʫʙʠʥʥʦʛʦ ʤʘʥʪʠʡʥʦʛʦ ʧʣʶʤʘ ʥʘʯʘʣʦʩʴ ~700 ʤʣʥ ʣʝʪ ʥʘʟʘʜ ʠ ʧʨʦʠʩʭʦʜʠʣʦ ʥʘ 

ʧʨʦʪʷʞʝʥʠʠ ~300 ʤʣʥ ʣʝʪ. ʆʥʦ ʠʥʠʮʠʠʨʦʚʘʣʦ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʚ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʛʝʥʝʨʘʮʠʝʡ ʠ ʚʦʩʭʦʞʜʝʥʠʝʤ ʤʘʛʤʳ, ʤʝʪʘʩʦʤʘʪʦʟ ʣʠʪʦʩʬʝʨʳ ʩ ʩʦʧʫʪʩʪʚʫʶʱʠʤ 

ʦʙʦʛʘʱʝʥʠʝʤ ʣʝʪʫʯʠʤʠ ʠ ʥʝʢʦʛʝʨʝʥʪʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʤʥʦʛʦʵʪʘʧʥʳʤʠ ʠʥʪʨʫʟʠʷʤʠ, 

ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʝʤ ʠ ʜʝʛʘʟʘʮʠʝʡ ʨʘʩʧʣʘʚʦʚ, ʬʨʘʢʮʠʦʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʠ, ʥʘ ʟʘʚʝʨʰʘʶʱʝʡ 

ʩʪʘʜʠʠ, ʧʦʩʪʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʦʡ ʤʠʛʨʘʮʠʝʡ ʬʣʶʠʜʦʚ. ʇʨʠ ʵʪʦʤ ʦʩʥʦʚʥʳʤ ʨʝʟʝʨʚʫʘʨʦʤ ʘʚʪʦʨʳ 

ʧʨʠʟʥʘʶʪ ʚʝʨʭʥʶʶ ʤʘʥʪʠʶ, ʘ ʚʢʣʘʜ ʧʣʶʤʦʚʦʛʦ ʠ ʢʦʨʦʚʦʛʦ ʚʝʱʝʩʪʚʘ, ʩʦʛʣʘʩʥʦ ʠʭ ʚʳʯʠʩʣʝʥʠʷʤ, 

ʩʦʩʪʘʚʠʣ ʥʝ ʙʦʣʝʝ 2 %. ʇʦ ʨʘʩʯʸʪʘʤ ɸ.ɸ. ɸʨʟʘʤʘʩʮʝʚʘ ʠ ʩʦʘʚʪʦʨʦʚ, ʚ ʜʝʚʦʥʩʢʠʭ ʵʥʜʦʛʝʥʥʳʭ 

ʧʨʦʮʝʩʩʘʭ ʙʳʣ ʟʘʜʝʡʩʪʚʦʚʘʥ ʟʥʘʯʠʪʝʣʴʥʳʡ ʫʯʘʩʪʦʢ ʣʠʪʦʩʬʝʨʳ ʥʘ ʛʣʫʙʠʥʝ ʦʪ 400 ʜʦ 120 ʢʤ, ʘ 

ʦʙʲyʤ ʩʛʝʥʝʨʠʨʦʚʘʥʥʦʡ ʤʘʛʤʳ ʩʦʩʪʘʚʠʣ 15 Ñ 2.7 ʪʳʩ. ʢʤ3 (Arzamastsev et al., 2001).  

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʨʦʜ ʚ ʱʝʣʦʯʥʦ-ʫʣʴʪʨʘʦʩʥʦʚʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ 

ʢʦʤʧʣʝʢʩʘʭ ʂʑʇ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʱʝʡ ʩʭʝʤʝ ʦʙʨʘʟʦʚʘʥʠʷ ʪʘʢʠʭ ʢʦʤʧʣʝʢʩʦʚ ʧʦ ʚʩʝʤʫ ʤʠʨʫ: 

ʦʣʠʚʠʥʠʪʳ ï ʧʠʨʦʢʩʝʥʠʪʳ ï ʤʝʣʠʣʠʪʠʪʦʚʳʝ ʧʦʨʦʜʳ ï ʤʝʣʴʪʝʡʛʠʪʳ ï ʠʡʦʣʠʪʳ ï ʥʝʬʝʣʠʥʦʚʳʝ 

ʩʠʝʥʠʪʳ ï ʬʦʩʢʦʨʠʪʳ ʠ ʢʘʨʙʦʥʘʪʠʪʳ (ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965; Kogarko et al., 1995). ʇʨʠ ʵʪʦʤ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʠ ʚʳʩʦʢʦʟʘʨʷʜʥʳʭ ʵʣʝʤʝʥʪʦʚ [high field strength elements (HFSE) 

= Ti, Nb, Ta, Zr, Hf, Th, U] ʧʦʩʪʝʧʝʥʥʦ ʩʥʠʞʘʝʪʩʷ ʦʪ ʨʘʥʥʠʭ ʜʝʨʠʚʘʪʦʚ ʢ ʧʦʟʜʥʠʤ ʚʧʣʦʪʴ ʜʦ 

ʥʝʬʝʣʠʥʦʚʳʭ ʩʠʝʥʠʪʦʚ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʤʥʦʛʠʭ (ʟʘ ʥʝʢʦʪʦʨʳʤʠ ʠʩʢʣʶʯʝʥʠʷʤʠ, ʥʘʧʨʠʤʝʨ, 
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ʍʠʙʠʥʳ) ʢʦʤʧʣʝʢʩʦʚ ʜʘʥʥʦʛʦ ʪʠʧʘ (Arzamastsev and Arzamastseva, 2013; Dawson et al., 1994). 

ʈʝʜʢʦʟʝʤʝʣʴʥʳʡ ʞʝ ʧʦʪʝʥʮʠʘʣ ʂʦʣʴʩʢʦʛʦ ʨʝʛʠʦʥʘ ʚ ʦʩʥʦʚʥʦʤ ʩʚʷʟʳʚʘʶʪ ʩ ʩʠʣʠʢʘʪʥʳʤʠ 

ʧʦʨʦʜʘʤʠ ʘʛʧʘʠʪʦʚʳʭ ʢʦʤʧʣʝʢʩʦʚ ʍʠʙʠʥʳ (ʘʧʘʪʠʪ-ʥʝʬʝʣʠʥʦʚʳʝ ʧʦʨʦʜʳ) ʠ ʃʦʚʦʟʝʨʦ 

(ʥʝʬʝʣʠʥʦʚʳʝ ʩʠʝʥʠʪʳ ʠ ʬʦʠʜʦʣʠʪʳ), ʧʦʩʢʦʣʴʢʫ ʧʦ ʧʦʩʣʝʜʥʠʤ ʜʘʥʥʳʤ [ʩʤ. (Kalashnikov et al., 

2016) ʠ ʩʩʳʣʢʠ ʚ ʥʝʡ] ʠʭ ʈɿʕ2ʆ3 ʨʝʩʫʨʩʳ ʩʦʩʪʘʚʣʷʶʪ 11.5 ʤʣʥ ʪʦʥʥ (ʧʨʠ ʩʨʝʜʥʝʤ ʩʦʜʝʨʞʘʥʠʠ ʚ 

ʨʫʜʝ 0.36 ʤʘʩʩ.%) ʠ 7.3 ʤʣʥ ʪʦʥʥ (ʧʨʠ ʩʨʝʜʥʝʤ ʩʦʜʝʨʞʘʥʠʠ ʚ ʨʫʜʝ 0.78 ʤʘʩʩ.%) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɺ ʥʝʢʦʪʦʨʳʭ ʢʦʤʧʣʝʢʩʘʭ ʠʤʝʥʥʦ ʩʘʤʳʝ ʧʦʟʜʥʠʝ ʜʝʨʠʚʘʪʳ (ʢʘʨʙʦʥʘʪʠʪʳ) ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ ʈɿʕ (ʘ ʪʘʢʞʝ Nb, Ta, Zr, Ba ʠ Sr) ʚʧʣʦʪʴ ʜʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʢʨʫʧʥʳʭ ʨʫʜʦʧʨʦʷʚʣʝʥʠʡ ʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ (ɸʬʘʥʘʩʴʝʚ, 2011). ʕʪʦʪ ʬʝʥʦʤʝʥ 

ʦʙʲʷʩʥʷʝʪʩʷ ʣʠʙʦ ʥʝʩʤʝʩʠʤʳʤ ʨʘʟʜʝʣʝʥʠʝʤ ʧʝʨʚʠʯʥʦʛʦ ʛʠʙʨʠʜʥʦʛʦ ʢʘʨʙʦʥʘʪʥʦ-ʩʠʣʠʢʘʪʥʦʛʦ 

ʨʘʩʧʣʘʚʘ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʤ ʥʘʢʦʧʣʝʥʠʝʤ ʫʢʘʟʘʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʢʘʨʙʦʥʘʪʠʪʦʚʦʤ 

ʨʘʩʧʣʘʚʝ, ʣʠʙʦ ʭʠʤʠʯʝʩʢʦʡ ʵʚʦʣʶʮʠʝʡ ʨʘʩʧʣʘʚʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʬʨʘʢʮʠʦʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʚ 

ʭʦʜʝ ʢʦʪʦʨʦʡ ʧʝʨʚʳʤʠ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʙʝʜʥʳʝ ʵʪʠʤʠ ʵʣʝʤʝʥʪʘʤʠ ʦʢʩʠʜʳ ʠ ʩʠʣʠʢʘʪʳ 

(Arzamastsev and Arzamastseva, 2013; Chakhmouradian and Zaitsev, 2012; Zaitsev et al., 2015). 

1.2.2. ʂʘʨʙʦʥʘʪʠʪʳ ʂʦʣʴʩʢʦʡ ʱʝʣʦʯʥʦʡ ʧʨʦʚʠʥʮʠʠ 

ʇʦʤʠʤʦ ʤʥʦʞʝʩʪʚʘ ʘʚʪʦʥʦʤʥʳʭ ʨʦʚy ʜʘʡʢʦʚʳʭ ʪʝʣ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ 

ʧʦʙʝʨʝʞʴʝ ʠ ʦʩʪʨʦʚʘʭ ʂʘʥʜʘʣʘʢʰʩʢʦʛʦ ʟʘʣʠʚʘ ɹʝʣʦʛʦ ʤʦʨʷ (ɸʨʟʘʤʘʩʮʝʚ ʠ ʜʨ., 2009), ʜʝʚʦʥʩʢʠʝ 

ʢʘʨʙʦʥʘʪʠʪʳ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʚ ʩʦʩʪʘʚʝ 14 ʢʦʤʧʣʝʢʩʦʚ ʂʑʇ (ʇʝʩʦʯʥʳʡ, ʍʠʙʠʥʳ, ʂʦʚʜʦʨ, 

ɺʫʦʨʠʷʨʚʠ, ʉʘʣʣʘʥʣʘʪʚʘ, ʉʝʙʣʴʷʚʨ, ʂʦʥʪʦʟʝʨʦ, ʊʫʨʴʝʤʳʩʩʢʠʡ, ʂʘʥʜʘʛʫʙʩʢʠʡ, ɸʬʨʠʢʘʥʜʘ, 

ʆʟʸʨʥʘʷ ɺʘʨʘʢʘ, ʃʝʩʥʘʷ ɺʘʨʘʢʘ, ʉʘʣʤʘʛʦʨʩʢʠʡ ʠ ʉʦʢʣʠ, ʩʤ. ʈʠʩʫʥʦʢ 1) (ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965; 

Bell and Rukhlov, 2004). ʇʦʯʪʠ ʚʦ ʚʩʝʭ ʵʪʠʭ ʢʦʤʧʣʝʢʩʘʭ ʢʘʨʙʦʥʘʪʠʪʳ ʩʦʩʪʘʚʣʷʶʪ ʥʝ ʙʦʣʝʝ 10% 

ʦʪ ʦʙʱʝʛʦ ʦʙʲʤyʘ ʧʣʫʪʦʥʠʯʝʩʢʠʭ ʦʙʨʘʟʦʚʘʥʠʡ. ʀʩʢʣʶʯʝʥʠʝ ʩʦʩʪʘʚʣʷʶʪ ʂʘʥʜʘʛʫʙʩʢʠʡ ʤʘʩʩʠʚ, 

ʦʢʦʣʦ ʪʨʝʪʠ ʢʦʪʦʨʦʛʦ ʩʣʘʛʘʶʪ ʢʘʨʙʦʥʘʪʠʪʳ ʠ ʢʘʨʙʦʥʘʪʠʟʠʨʦʚʘʥʥʳʝ ʧʦʨʦʜʳ (Pilipiuk et al., 2001), 

ʠ ʤʘʩʩʠʚ ʉʦʢʣʠ, ʩʣʦʞʝʥʥʳʡ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʢʘʨʙʦʥʘʪʠʪʘʤʠ (Lee et al., 2004). ʇʨʠ ʵʪʦʤ ʚ 

ʤʘʩʩʠʚʘʭ ʍʠʙʠʥʳ, ɺʫʦʨʠʷʨʚʠ, ʂʦʚʜʦʨ, ʉʝʙʣʴʷʚʨ, ʊʫʨʠʡ ʄʳʩ ʠ ʉʘʣʣʘʥʣʘʪʚʘ ʢʘʨʙʦʥʘʪʠʪʳ 

ʩʣʘʛʘʶʪ ʢʘʢ ʤʝʣʢʠʝ, ʪʘʢ ʠ ʢʨʫʧʥʳʝ ʪʝʣʘ, ʘ ʚ ʦʩʪʘʣʴʥʳʭ ʤʘʩʩʠʚʘʭ ï ʣʠʰʴ ʤʘʣʦʤʦʱʥʳʝ ʞʠʣʳ 

(ɸʬʘʥʘʩʴʝʚ, 2011; ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965).  

ʆʙʲʷʩʥʝʥʠʶ ʛʝʥʝʟʠʩʘ ʢʘʨʙʦʥʘʪʠʪʦʚ ʂʑʇ ʥʝ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʥʠ ʦʜʥʘ ʫʥʠʚʝʨʩʘʣʴʥʘʷ 

ʤʦʜʝʣʴ, ʠ ʠʭ ʦʙʨʘʟʦʚʘʥʠʝ ʩʯʠʪʘʝʪʩʷ ʧʦʣʠʛʝʥʝʪʠʯʥʳʤ. ʉʦʛʣʘʩʥʦ (Bell and Rukhlov, 2004), 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝʢʦʪʦʨʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʂʘʥʜʘʛʫʙʳ ʠ ʜʘʝʢ ʊʫʨʴʝʛʦ ʤʳʩʘ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʤʦʜʝʣʠ 

ʞʠʜʢʦʩʪʥʦʡ ʥʝʩʤʝʩʠʤʦʩʪʠ, ʯʘʩʪʴ ʢʘʨʙʦʥʘʪʠʪʦʚ ʂʘʥʜʘʛʫʙʳ ʠ ʢʘʨʙʦʥʘʪʠʪʳ ʉʘʣʣʘʥʣʘʪʚʳ ʠ 

ʂʦʚʜʦʨʘ ʩʦʜʝʨʞʘʪ ʩʚʠʜʝʪʝʣʴʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʟʘ ʩʯʪy ʬʨʘʢʮʠʦʥʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʘ ʚ ʜʘʡʢʘʭ 



23 
 

ʂʘʥʜʘʣʘʢʰʩʢʦʛʦ ʟʘʣʠʚʘ ʠ ʢʘʨʙʦʥʘʪʠʪʘʭ ʊʫʨʴʝʤʳʩʩʢʦʛʦ ʤʘʩʩʠʚʘ ʩʦʭʨʘʥʠʣʠʩʴ ʧʨʠʟʥʘʢʠ 

ʧʝʨʚʠʯʥʳʭ ʤʘʥʪʠʡʥʳʭ ʨʘʩʧʣʘʚʦʚ. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʢʘʨʙʦʥʘʪʠʪʦʚ ʂʑʇ ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʥʝʩʢʦʣʴʢʦ ʩʪʘʜʠʡ. ʇʝʨʚʦʥʘʯʘʣʴʥʦ 

ʖ.ʃ. ʂʘʧʫʩʪʠʥ ʠ ɸ.ʉ. ʂʠʨʠʣʣʦʚ (ʂʘʧʫʩʪʠʥ, 1971; ʂʠʨʠʣʣʦʚ, 1968) ʧʦʜʨʘʟʜʝʣʠʣʠ ʚʩʝ 

ʢʘʨʙʦʥʘʪʠʪʳ ʥʘ ʨʘʥʥʠʝ ʠ ʧʦʟʜʥʠʝ, ʦʜʥʘʢʦ ʜʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʟʚʦʣʠʣʦ ʧʨʦʠʟʚʝʩʪʠ 

ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʜʝʪʘʣʴʥʫʶ ʩʠʩʪʝʤʘʪʠʟʘʮʠʶ (ɸʬʘʥʘʩʴʝʚ, 2011). ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤʠ 

ʚ ʂʑʇ ʷʚʣʷʶʪʩʷ ʢʘʣʴʮʠʦʢʘʨʙʦʥʘʪʠʪʳ; ʟʘ ʨʝʜʢʠʤ ʠʩʢʣʶʯʝʥʠʝʤ (ʥʘʧʨʠʤʝʨ, ʃʝʩʥʘʷ ɺʘʨʘʢʘ) ʦʥʠ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʚʦ ʚʩʝʭ ʢʘʨʙʦʥʘʪʠʪʦʩʦʜʝʨʞʘʱʠʭ ʦʙʲʝʢʪʘʭ ʠ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʜʦʤʠʥʠʨʫʶʪ 

ʚ ʦʙʲʸʤʝ. ʕʪʠ ʧʦʨʦʜʳ, ʥʘʨʷʜʫ ʩ ʬʦʩʢʦʨʠʪʘʤʠ, ʩʯʠʪʘʶʪʩʷ ʩʘʤʳʤʠ ʨʘʥʥʠʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ 

ʢʘʨʙʦʥʘʪʠʪʦʛʝʥʝʟʘ, ʭʦʪʷ ʠʥʦʛʜʘ ʢʘʣʴʮʠʦʢʘʨʙʦʥʘʪʠʪʳ ʚʩʪʨʝʯʘʶʪʩʷ ʠ ʚ ʚʠʜʝ ʧʦʟʜʥʠʭ ʧʨʦʜʫʢʪʦʚ 

ʬʣʶʠʜʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ (ʂʘʧʫʩʪʠʥ, 1971; ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965; Wall and Zaitsev, 2004). ʇʨʠ ʵʪʦʤ 

ʯʘʩʪʦ ʩʦʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʨʘʟʥʦʚʠʜʥʦʩʪʝʡ ʜʘʥʥʳʭ ʧʦʨʦʜ, ʦʙʳʯʥʦ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ (ʚ 

ʪʠʧʦʚʦʡ ʜʣʷ ʂʑʇ ʚʦʟʨʘʩʪʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ) ʵʛʠʨʠʥ-ʙʠʦʪʠʪ-ʢʘʣʴʮʠʪʦʚʳʤʠ, ʬʦʨʩʪʝʨʠʪ 

(ʠ/ʠʣʠ ʜʠʦʧʩʠʜ)-ʬʣʦʛʦʧʠʪ-ʢʘʣʴʮʠʪʦʚʳʤʠ ʠ ʘʤʬʠʙʦʣ-ʢʘʣʴʮʠʪʦʚʳʤʠ (ʩ ʪʝʪʨʘʬʝʨʨʠʬʣʦʛʦʧʠʪʦʤ) 

ʢʘʣʴʮʠʦʢʘʨʙʦʥʘʪʠʪʘʤʠ. ʄʘʛʥʝʟʠʦ- ʠ ʬʝʨʨʦʢʘʨʙʦʥʘʪʠʪʳ (ʜʦʣʦʤʠʪʦʚʳʝ, ʢʘʣʴʮʠʪ-ʜʦʣʦʤʠʪʦʚʳʝ, 

ʘʥʢʝʨʠʪʦʚʳʝ, ʩʠʜʝʨʠʪʦʚʳʝ ʠ ʤʘʛʥʝʟʠʪʦʚʳʝ) ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ ʧʦʟʜʥʠʤʠ ʦʙʨʘʟʦʚʘʥʠʷʤʠ ʠ ʛʦʨʘʟʜʦ 

ʤʝʥʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʩʨʝʜʠ ʢʦʤʧʣʝʢʩʦʚ ʂʑʇ, ʜʦʤʠʥʠʨʫʷ ʣʠʰʴ ʚ ʢʦʤʧʣʝʢʩʘʭ ʉʘʣʣʘʥʣʘʪʚʘ 

(Bulakh et al., 2004) ʠ ʃʝʩʥʘʷ ɺʘʨʘʢʘ [(ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965; Chakhmouradian and Mitchell, 1998) 

ʠ ʣʠʯʥʳʝ ʥʘʙʣʶʜʝʥʠʷ]. ʉʠʣʠʢʦʢʘʨʙʦʥʘʪʠʪʳ, ʛʝʥʝʪʠʯʝʩʢʠ ʩʚʷʟʘʥʥʳʝ ʩ ʧʦʟʜʥʠʤʠ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʪʦʣʴʢʦ ʚ ʞʠʣʘʭ ʊʫʨʴʝʛʦ ʤʳʩʘ, 

ʂʘʥʜʘʣʘʢʰʩʢʦʛʦ ʟʘʣʠʚʘ, ʂʘʥʜʘʛʫʙʳ ʠ ʫʯʘʩʪʢʘ ʅʘʤʘ-ɺʘʨʘ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ. ʂʦʥʝʯʥʘʷ ʩʪʘʜʠʷ 

ʢʘʨʙʦʥʘʪʠʪʦʚʦʡ ʵʚʦʣʶʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʘʨʙʦʥʘʪʥʦ-ʮʝʦʣʠʪʦʚʳʤʠ ʞʠʣʘʤʠ, ʚʩʪʨʝʯʘʶʱʠʤʠʩʷ ʚ 

ʍʠʙʠʥʘʭ, ʉʘʣʣʘʥʣʘʪʚʝ ʠ ɺʫʦʨʠʷʨʚʠ (ɺʦʣʦʰʠʥ ʠ ʜʨ., 1992, 1990b; Zaitsev et al., 1998). ʅʝʢʦʪʦʨʳʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʚ ʜʦʧʦʣʥʝʥʠʝ ʢ ʚʝʱʝʩʪʚʝʥʥʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʧʨʦʠʟʚʦʜʷʪ ʜʝʣʝʥʠʝ ʢʘʨʙʦʥʘʪʠʪʦʚ 

ʂʑʇ ʧʦ ʛʝʥʝʪʠʯʝʩʢʠʤ ʧʨʠʟʥʘʢʘʤ, ʚʳʜʝʣʷ ̫ ʧʣʫʪʦʥʠʯʝʩʢʠʝ ʤʘʛʤʘʪʠʯʝʩʢʠʝ, ʤʘʛʤʘʪʦ-

ʢʘʨʙʦʛʠʜʨʦʪʝʨʤʘʣʴʥʳʝ ʠ ʤʘʛʤʘʪʦ-ʢʘʨʙʦʛʠʜʨʦʪʝʨʤʘʣʴʥʦ-ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʝ ʢʘʨʙʦʥʘʪʠʪʳ (Bulakh 

et al., 2004; Zaitsev et al., 1998). 

ʂʘʨʙʦʥʘʪʠʪʳ ʠ ʬʦʩʢʦʨʠʪʳ ʥʝʢʦʪʦʨʳʭ ʤʘʩʩʠʚʦʚ ʧʨʦʚʠʥʮʠʠ ʩʦʜʝʨʞʘʪ ʢʨʫʧʥʳʝ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʙʘʜʜʝʣʝʠʪ-ʘʧʘʪʠʪ-ʤʘʛʥʝʪʠʪʦʚʳʭ (ʂʦʚʜʦʨ, ɺʫʦʨʠʷʨʚʠ), ʢʦʤʧʣʝʢʩʥʳʭ ʘʧʘʪʠʪʦʚʳʭ 

(ʂʦʚʜʦʨ, ɺʫʦʨʠʷʨʚʠ, ʉʝʙʣʴʷʚʨ), ʨʝʜʢʦʤʝʪʘʣʣʴʥʳʭ (ʧʠʨʦʭʣʦʨʦʚʳʭ/ʣʫʝʰʠʪʦʚʳʭ, ʂʦʚʜʦʨ, 

ʉʘʣʣʘʥʣʘʪʚʘ, ɺʫʦʨʠʷʨʚʠ) ʠ ʙʘʨʠʪʦʚʳʭ ʨʫʜ (ʉʘʣʣʘʥʣʘʪʚʘ), ʘ ʪʘʢʞʝ ʢʚʘʨʮʘ (ɸʬʘʥʘʩʴʝʚ, 2011; 

Petrov, 2004). ʊʘʢʞʝ ʩ ʢʘʨʙʦʥʘʪʠʪʘʤʠ ʩʚʷʟʘʥʳ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʝ (ʚ ʟʦʥʘʭ ʢʦʥʪʘʢʪʦʚ ʩ 

ʢʘʨʙʦʥʘʪʠʪʘʤʠ) ʠ ʛʠʧʝʨʛʝʥʥʳʝ (ʚ ʢʦʨʘʭ ʚʳʚʝʪʨʠʚʘʥʠʷ ʧʦ ʢʘʨʙʦʥʘʪʠʪʘʤ) ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

ʬʣʦʛʦʧʠʪʘ (ʂʦʚʜʦʨ, ɺʫʦʨʠʷʨʚʠ), ʚʝʨʤʠʢʫʣʠʪʘ (ʂʦʚʜʦʨ, ɺʫʦʨʠʷʨʚʠ, ʉʝʙʣʴʷʚʨ, ʉʘʣʣʘʥʣʘʪʚʘ), 
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ʣʫʝʰʠʪʘ (ʉʘʣʣʘʥʣʘʪʚʘ), ʘʧʘʪʠʪ-ʬʨʘʥʢʦʣʠʪʦʚʳʭ (ʂʦʚʜʦʨ) ʠ ʙʘʨʠʪ-ʣʠʤʦʥʠʪʦʚʳʭ ʨʫʜ 

(ʉʘʣʣʘʥʣʘʪʚʘ) (ɸʬʘʥʘʩʴʝʚ, 2011). ʈʝʜʢʦʟʝʤʝʣʴʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʚ 

ʢʘʨʙʦʥʘʪʠʪʘʭ ʂʑʇ ʝʱʝ ʚ 1950-ʭ ʛʦʜʘʭ (ʂʨʠʚʮʦʚ ʠ ʜʨ., 1953), ʘ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʫʩʪʘʥʦʚʣʝʥʘ 

ʚ ʜʝʚʷʪʠ ʢʦʤʧʣʝʢʩʘʭ (ʩʤ. ʈʠʩʫʥʦʢ 1). 

1.2.3. ʈʝʜʢʦʟʝʤʝʣʴʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ ʂʦʣʴʩʢʦʡ ʱʝʣʦʯʥʦʡ ʧʨʦʚʠʥʮʠʠ ʠ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ sensu stricto 

ɿʘ ʧʦʩʣʝʜʥʠʝ 60 ʣʝʪ ʠʩʩʣʝʜʦʚʘʥʠʶ ʤʠʥʝʨʘʣʦʚ-ʢʦʥʮʝʥʪʨʘʪʦʨʦʚ ʨʝʜʢʠʭ ʟʝʤʝʣʴ ʚ 

ʢʘʨʙʦʥʘʪʠʪʘʭ ʂʑʇ ʙʳʣʦ ʧʦʩʚʷʱʝʥʦ ʤʥʦʞʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ 

ʘʚʪʦʨʦʚ [ʥʘʧʨʠʤʝʨ, (ɹʫʣʘʭ ʠ ʜʨ., 1961; ɺʦʣʦʰʠʥ ʠ ʜʨ., 1992, 1990b; ʂʠʨʠʣʣʦʚ, 1964; ʆʨʣʦʚʘ ʠ ʜʨ., 

1963; Chakhmouradian and Mitchell, 1998; Chakhmouradian and Williams, 2004; Subbotin et al., 1997; 

Wall and Zaitsev, 2004; Zaitsev et al., 2015, 1998, 1997) ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ]. ɹʣʘʛʦʜʘʨʷ ʵʪʠʤ 

ʩʢʨʫʧʫʣʝʟʥʳʤ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʤ ʨʘʙʦʪʘʤ ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ ʥʝʩʢʦʣʴʢʠʭ ʢʦʤʧʣʝʢʩʦʚ ʙʳʣʘ ʜʘʥʘ 

ʧʦʜʨʦʙʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ ʤʠʥʝʨʘʣʦʚ, ʥʘʢʘʧʣʠʚʘʶʱʠʭ ʚ ʩʝʙʝ ʈɿʕ, ʘ ʪʘʢʞʝ 

ʚʳʷʚʣʝʥʦ ʙʦʣʝʝ 25 ʩʦʙʩʪʚʝʥʥʦ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ, ʯʘʩʪʴ ʠʟ ʢʦʪʦʨʳʭ ʦʙʥʘʨʫʞʝʥʘ 

ʠ ʦʧʠʩʘʥʘ ʚʧʝʨʚʳʝ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʨʘʥʥʠʭ ʢʘʣʴʮʠʪʦʚʳʭ ʠ ʜʦʣʦʤʠʪʦʚʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ 

ʩʦʜʝʨʞʘʥʠʝ ʨʝʜʢʠʭ ʟʝʤʝʣʴ ʚ ʩʨʝʜʥʝʤ ʚʝʩʴʤʘ ʥʝʚʝʣʠʢʦ (ʜʦ 1500ï2200 ppm), ʠ ʨʘʩʧʨʝʜʝʣʝʥʳ ʦʥʠ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ ʤʠʥʝʨʘʣʘʭ (ʢʘʣʴʮʠʪ, ʜʦʣʦʤʠʪ, ʘʧʘʪʠʪ), ʨʝʞʝ ï ʚ 

ʘʢʮʝʩʩʦʨʥʳʭ (ʧʝʨʦʚʩʢʠʪ, ʧʠʨʦʭʣʦʨ, ʮʠʨʢʦʥʦʣʠʪ) (Zaitsev et al., 2015). ɿʘ ʠʩʢʣʶʯʝʥʠʝʤ 

ʙʫʨʙʘʥʢʠʪʘ, ʢʘʣʴʮʠʦʙʫʨʙʘʥʢʠʪʘ ʠ ʢʘʨʙʦʮʝʨʥʘʠʪʘ ʚʩʝ ʩʦʙʩʪʚʝʥʥʦ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʬʘʟʳ 

ʚʩʪʨʝʯʘʶʪʩʷ ʣʠʰʴ ʚ ʧʦʟʜʥʠʭ ʢʘʨʙʦʥʘʪʠʪʘʭ (Zaitsev et al., 2015). 

ʇʨʠʚʝʜʥyʥʳʝ ʚ ʨʘʙʦʪʘʭ (ɹʦʨʦʜʠʥ ʠ ʂʘʧʫʩʪʠʥ, 1962; ʉʫʙʙʦʪʠʥ ʠ ʜʨ., 1999; Belovitskaya et 

al., 2001; Chakhmouradian et al., 2017a; Chakhmouradian and Dahlgren, 2021; Wall and Zaitsev, 2004; 

Zaitsev et al., 2002) ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʝ ʠ ʠʟʦʪʦʧʥʳʝ ʩʚʝʜʝʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ 

ʙʫʨʙʘʥʢʠʪ, ʢʘʣʴʮʠʦʙʫʨʙʘʥʢʠʪ ʠ ʢʘʨʙʦʮʝʨʥʘʠʪ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ ʥʘ ʧʦʟʜʥʝʡ 

ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ. ɼʘʥʥʳʝ ʤʠʥʝʨʘʣʴʥʳʝ ʬʘʟʳ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʜʦʣʦʤʠʪʦʚʳʭ ʠ ʢʘʣʴʮʠʪʦʚʳʭ 

ʢʘʨʙʦʥʘʪʠʪʘʭ ʚ ʚʠʜʝ ʤʝʣʢʠʭ ʟʨyʝʥ, ʣʘʤʝʣʣʝʡ ʠ ʚʢʣʶʯʝʥʠʡ ʚ ʢʘʣʴʮʠʪʝ ʠ ʜʦʣʦʤʠʪʝ. ɿʘʯʘʩʪʫʶ ʦʥʠ 

ʧʩʝʚʜʦʤʦʨʬʥʦ ʟʘʤʝʱʝʥʳ ʚʪʦʨʠʯʥʳʤʠ ʤʠʥʝʨʘʣʘʤʠ ʠʣʠ ʤʠʥʝʨʘʣʴʥʳʤʠ ʘʛʨʝʛʘʪʘʤʠ, ʩʦʩʪʦʷʱʠʤʠ 

ʠʟ ʘʥʢʠʣʠʪʘ, ʩʠʥʭʠʟʠʪʘ, ʩʪʨʦʥʮʠʘʥʠʪʘ, ʙʘʨʠʪʘ ʠ ʜʨ. (Zaitsev et al., 2002). ɺ ʨʘʙʦʪʝ (ɹʝʣʦʚʠʮʢʘʷ ʠ 

ʇʝʢʦʚ, 2004) ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʙʫʨʙʘʥʢʠʪʘ ʠʟ ʨʘʟʣʠʯʥʳʭ ʧʦʨʦʜ ʂʑʇ (ʢʘʢ ʩʠʣʠʢʘʪʥʳʭ, ʪʘʢ ʠ 

ʢʘʨʙʦʥʘʪʠʪʦʚ), ʧʦʢʘʟʘʚʰʝʝ, ʯʪʦ ʥʘʠʙʦʣʴʰʠʝ ʩʦʜʝʨʞʘʥʠʷ ʵʪʦʛʦ ʤʠʥʝʨʘʣʘ ʜʦʩʪʠʛʘʶʪʩʷ ʠʤʝʥʥʦ ʚ 

ʢʘʨʙʦʥʘʪʠʪʘʭ. ʇʨʠ ʵʪʦʤ ʌ. ʋʦʣʣ ʠ ɸ.ʅ. ɿʘʡʮʝʚ ʦʪʤʝʪʠʣʠ (Wall and Zaitsev, 2004), ʯʪʦ ʙʫʨʙʘʥʢʠʪ 

ʠ ʢʘʨʙʦʮʝʨʥʘʠʪ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ ʂʑʇ, ʥʝʞʝʣʠ ʚ 

ʣʶʙʦʤ ʜʨʫʛʦʤ ʢʘʨʙʦʥʘʪʠʪʦʚʦʤ ʢʦʤʧʣʝʢʩʝ ʤʠʨʘ. ʕʪʦʪ ʬʘʢʪ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʢʦʪʦʨʫʶ 
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ʵʢʩʢʣʶʟʠʚʥʦʩʪʴ ʨʘʥʥʝʛʦ ʧʝʨʠʦʜʘ ʨʘʟʚʠʪʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚ ʜʝʚʦʥʩʢʦʡ ʂʦʣʴʩʢʦʡ ʱʝʣʦʯʥʦʡ 

ʧʨʦʚʠʥʮʠʠ. 

ʀʟ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʠʥʝʨʘʣʦʚ ʩʘʤʳʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʝ ï ʘʥʢʠʣʠʪ, 

ʙʘʩʪʥʝʟʠʪ, ʛʠʜʨʦʢʩʠʣʙʘʩʪʥʝʟʠʪ, ʩʠʥʭʠʟʠʪ ʠ ʧʘʨʠʟʠʪ. ʆʥʠ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʢʘʣʴʮʠʦ-, 

ʤʘʛʥʝʟʠʦ- ʠ ʬʝʨʨʦʢʘʨʙʦʥʘʪʠʪʘʭ (ʢʘʣʴʮʠʪʦʚʳʭ, ʜʦʣʦʤʠʪʦʚʳʭ, ʘʥʢʝʨʠʪʦʚʳʭ, ʢʫʪʥʘʛʦʨʠʪʦʚʳʭ, 

ʤʘʛʥʝʟʠʪʦʚʳʭ, ʩʠʜʝʨʠʪʦʚʳʭ ʠ ʨʦʜʦʭʨʦʟʠʪʦʚʳʭ). ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʫ (Zaitsev et al., 1998), 

ʬʪʦʨʢʘʨʙʦʥʘʪʳ [ʙʘʩʪʥʝʟʠʪ-(Ce), ʛʠʜʨʦʢʩʠʣʙʘʩʪʥʝʟʠʪ-(Ce), ʩʠʥʭʠʟʠʪ-(Ce) ʠ ʧʘʨʠʟʠʪ-(Ce)], 

ʷʚʣʷʶʱʠʝʩʷ ʥʘʠʙʦʣʝʝ ʪʠʧʠʯʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʨʫʜ, ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ ʂʑʇ 

ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ, ʯʝʤ ʚʦ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʢʦʤʧʣʝʢʩʘʭ. ɺ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ 

ʦʥʠ ʙʳʣʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʣʠʰʴ ʚ ʥʝʢʦʪʦʨʳʭ ʦʙʨʘʟʮʘʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʍʠʙʠʥ (ɼʫʜʢʠʥ ʠ ʜʨ., 1984; 

Zaitsev et al., 1998). ʅʘʠʙʦʣʝʝ ʞʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʷʚʣʷʝʪʩʷ ʘʥʢʠʣʠʪ (ʂʘʧʫʩʪʠʥ, 1971; 

ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965; ʆʨʣʦʚʘ ʠ ʜʨ., 1963). ʕʪʦʪ ʤʠʥʝʨʘʣ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ 

ɺʫʦʨʠʷʨʚʠ, ʍʠʙʠʥ, ʉʝʙʣʴʷʚʨʘ, ʉʘʣʣʘʥʣʘʪʚʳ, ʂʦʚʜʦʨʘ, ʉʦʢʣʠ, ʃʝʩʥʦʡ ɺʘʨʘʢʠ (ɹʫʣʘʭ ʠ ʜʨ., 1961; 

ʂʘʧʫʩʪʠʥ, 1971; ʂʦʟʳʨʝʚʘ ʠ ʀʣʴʠʥʩʢʠʡ, 1959; ʆʨʣʦʚʘ ʠ ʜʨ., 1963; Bulakh et al., 1998; Lee et al., 

2004; Zaitsev et al., 2004). ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʦʥ ʧʨʠʩʫʪʩʪʚʫʝʪ ʢʘʢ ʘʢʮʝʩʩʦʨʥʘʷ ʬʘʟʘ (ʤʝʥʝʝ 1 

ʦʙ.%) ʚ ʩʘʤʳʭ ʧʦʟʜʥʠʭ ʧʦ ʚʨʝʤʝʥʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʟʥʦʚʠʜʥʦʩʪʷʭ ʢʘʨʙʦʥʘʪʠʪʦʚ, ʭʦʪʷ ʚ 

ʉʘʣʣʘʥʣʘʪʚʝ ʦʪʤʝʯʘʣʦʩʴ ʥʘʣʠʯʠʝ ʘʥʢʠʣʠʪʘ ʚʦ ʚʩʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʢʘʨʙʦʥʘʪʠʪʦʚ (Wall and 

Zaitsev, 2004; Zaitsev et al., 2004). ʉʦʛʣʘʩʥʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ ɸ.ɻ. ɹʫʣʘʭʘ ʠ ʩʦʘʚʪʦʨʦʚ (Bulakh et 

al., 1998), ʩʦʜʝʨʞʘʱʠʝ ʘʥʢʠʣʠʪ ʢʘʨʙʦʥʘʪʠʪʳ ʤʦʛʣʠ ʙʳʪʴ ʦʙʨʘʟʦʚʘʥʳ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʢʘʨʙʦʛʠʜʨʦʪʝʨʤʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ. ɺ ʨʘʙʦʪʘʭ (Chakhmouradian and Zaitsev, 

2012; Wall and Zaitsev, 2004) ʘʥʢʠʣʠʪ ʠ Ca-Ba ʬʪʦʨʢʘʨʙʦʥʘʪʳ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ 

ʩʫʙʩʦʣʠʜʫʩʥʳʝ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦïʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʝ ʦʙʨʘʟʦʚʘʥʠʷ. ʀʤʝʥʥʦ ʪʘʢʠʝ ʧʦʟʜʥʠʝ 

ʢʘʨʙʦʥʘʪʠʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤ ʥʘʠʙʦʣʝʝ ʧʨʦʜʫʢʪʠʚʥʳʤʠ ʥʘ ʨʝʜʢʦʟʝʤʝʣʴʥʦʝ 

ʩʳʨʴʝ. ʆʜʥʘʢʦ ʩʨʝʜʠ ʤʘʩʩʠʚʦʚ ʂʑʇ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ sensu stricto (ʩ ʩʦʜʝʨʞʘʥʠʝʤ 

ʈɿʕ2O3>1 ʤʘʩʩ.%) ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʣʠʰʴ ʚ ʧʷʪʠ ʤʘʩʩʠʚʘʭ: ʍʠʙʠʥʳ, ʉʘʣʣʘʥʣʘʪʚʘ, ʉʝʙʣʴʷʚʨ, 

ʉʦʢʣʠ ʠ ɺʫʦʨʠʷʨʚʠ (ɸʬʘʥʘʩʴʝʚ, 2011; Zaitsev et al., 2015, 2004, 1998). ʂʦʥʮʝʥʪʨʘʮʠʷ ʦʢʩʠʜʦʚ ʈɿʕ 

ʚ ʥʠʭ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʫʤʘ ʚ ʍʠʙʠʥʘʭ [ʜʦ 5.2 ʤʘʩʩ.% (Zaitsev et al., 2015)] ʠ ɺʫʦʨʠʷʨʚʠ [ʜʦ 10 

ʤʘʩʩ.% (ɸʬʘʥʘʩʴʝʚ, 2011; ʇʣʠʝʚ ʠ ʉʘʨʘʭʘʥʦʚ, 1965)]. ʉʦʙʩʪʚʝʥʥʦ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ 

ʂʑʇ ʠʟʫʯʝʥʳ ʩʣʘʙʦ: ʢʨʘʪʢʠʝ ʩʚʝʜʝʥʠʷ ʦ ʥʠʭ ʦʪʨʘʞʝʥʳ ʚ ʥʝʩʢʦʣʴʢʠʭ ʦʙʟʦʨʥʳʭ ʨʘʙʦʪʘʭ 

(ɸʬʘʥʘʩʴʝʚ, 2011; Wall and Zaitsev, 2004; Zaitsev et al., 2015), ʘ ʨʝʟʫʣʴʪʘʪʳ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ 

ʧʝʪʨʦʣʦʛʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʠʚʝʜʝʥʳ ʣʠʰʴ ʚ ʝʜʠʥʠʯʥʳʭ ʧʫʙʣʠʢʘʮʠʷʭ, ʧʦʩʚʷʱʝʥʥʳʭ 

ʭʠʙʠʥʩʢʠʤ, ʩʝʙʣʴʷʚʨʩʢʠʤ ʠ ʩʘʣʣʘʥʣʘʪʚʠʥʩʢʠʤ ʢʘʨʙʦʥʘʪʠʪʘʤ (Bulakh et al., 1998; Zaitsev et al., 

2004, 1998). 
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ʂʘʢ ʜʣʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʨʘʟʥʦʚʠʜʥʦʩʪʝʡ, ʪʘʢ ʠ ʜʣʷ ʦʩʪʘʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʂʑʇ ʚ ʮʝʣʦʤ 

ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʘʷ ʦʙʦʛʘʱʸʥʥʦʩʪʴ ʣʸʛʢʠʤʠ ʈɿʕ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʷʞʸʣʳʭ (ʂʫʭʘʨʝʥʢʦ ʠ 

ʜʨ., 1965; Zaitsev et al., 2015). ʇʨʠ ʵʪʦʤ ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ ʍʠʙʠʥ ʠ ʉʘʣʣʘʥʣʘʪʚʳ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ 

ʪʝʥʜʝʥʮʠʷ ʢ ʩʣʘʙʦʤʫ ʫʤʝʥʴʰʝʥʠʶ La/Nd ʦʪʥʦʰʝʥʠʷ ʦʪ ʨʘʥʥʠʭ ʧʦʨʦʜ ʠ ʤʠʥʝʨʘʣʦʚ ʢ ʧʦʟʜʥʠʤ 

(Zaitsev et al., 2004, 1998). ɸʥʘʣʦʛʠʯʥʳʡ ʪʨʝʥʜ ʫʪʷʞʝʣʝʥʠʷ ʚ ʩʧʝʢʪʨʝ ʈɿʕ ʦʪʤʝʯʘʣʩʷ ʪʘʢʞʝ ʜʣʷ 

ʘʥʢʠʣʠʪʘ ʚ ʤʘʩʩʠʚʝ ʉʘʣʣʘʥʣʘʪʚʘ (ʧʨʝʦʙʣʘʜʘʥʠʝ ʘʥʢʠʣʠʪʘ-(La) ʚ ʙʦʣʝʝ ʨʘʥʥʠʭ ʜʝʨʠʚʘʪʘʭ ʧʨʦʪʠʚ 

ʘʥʢʠʣʠʪʘ-(Ce) ʚ ʙʦʣʝʝ ʧʦʟʜʥʠʭ). ʂʨʦʤʝ ʪʦʛʦ, ʚ ʩʘʤʳʭ ʧʦʟʜʥʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʠ ʢʘʨʙʦʥʘʪʥʦ-

ʮʝʦʣʠʪʦʚʳʭ ʞʠʣʘʭ ʍʠʙʠʥ, ʉʘʣʣʘʥʣʘʪʚʳ, ʉʝʙʣʴʷʚʨʘ ʠ ɺʫʦʨʠʷʨʚʠ ʙʳʣʠ ʥʘʡʜʝʥʳ ʘʢʮʝʩʩʦʨʥʳʝ 

ʤʠʥʝʨʘʣʳ, ʙʦʛʘʪʳʝ ʠʪʪʨʠʝʤ ʠ ʜʨʫʛʠʤʠ ʪʷʞʝʣʳʤʠ ʈɿʕ ï ʤʘʢʢʝʣʚʠʠʪ, ʜʦʥʥʘʠʪ ʠ ʵʚʘʣʴʜʠʪ 

(ɺʦʣʦʰʠʥ ʠ ʜʨ., 1992, 1990b; Sorokhtina et al., 2008; Zaitsev et al., 1998). ɸ.ʅ. ɿʘʡʮʝʚ ʠ ʩʦʘʚʪʦʨʳ 

(Zaitsev et al., 1998) ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ ʢ ʫʤʝʥʴʰʝʥʠʶ ʦʪʥʦʰʝʥʠʷ ʣʸʛʢʠʭ ʈɿʕ ʢ ʪʷʞʸʣʳʤ ʚ 

ʧʦʟʜʥʠʭ ʧʨʦʜʫʢʪʘʭ ʤʦʛʣʦ ʧʨʠʚʝʩʪʠ ʩʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʦʟʨʘʩʪʘʥʠʝ ʨʦʣʠ 

ʢʘʨʙʦʛʠʜʨʦʪʝʨʤʘʣʴʥʳʭ ʬʣʶʠʜʦʚ. 

ʈʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʢʦʤʧʣʝʢʩʘ ɺʫʦʨʠʷʨʚʠ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʬʦʢʫʩʝ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʳ, ʣʠʰʴ ʢʦʨʦʪʢʦ ʦʧʠʩʘʥʳ ʚ ʦʪʯʪyʝ ɺ.ʅ. ʇʣʠʝʚʘ ʠ ʄ.ʂ. ʉʘʨʘʭʘʥʦʚʘ (ʇʣʠʝʚ ʠ ʉʘʨʘʭʘʥʦʚ, 

1965) ʠ ʚ ʤʦʥʦʛʨʘʬʠʠ ɹ.ɺ. ɸʬʘʥʘʩʴʝʚʘ (ɸʬʘʥʘʩʴʝʚ, 2011). ɹʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʛʝʦʣʦʛʠʯʝʩʢʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʪʠʭ ʧʦʨʦʜ ʨʘʥʝʝ ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ; ʦʜʥʘʢʦ ʦʥʠ ʟʘʩʣʫʞʠʚʘʶʪ ʦʩʦʙʦʛʦ ʚʥʠʤʘʥʠʷ, 

ʧʦʩʢʦʣʴʢʫ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʩʦʜʝʨʞʘʥʠʷʤʠ ʨʝʜʢʠʭ ʟʝʤʝʣʴ ʩʨʝʜʠ ʚʩʝʭ 

ʦʙʲʝʢʪʦʚ ʂʑʇ (ɸʬʘʥʘʩʴʝʚ, 2011).  
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1.3. ʈʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ ʱʝʣʦʯʥʦ-

ʫʣʴʪʨʘʦʩʥʦʚʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ɺʫʦʨʠʷʨʚʠ  

1.3.1. ʀʩʪʦʨʠʷ ʠʟʫʯʝʥʠʷ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ 

ʄʘʩʩʠʚ ɺʫʦʨʠʷʨʚʠ ʨʘʩʧʦʣʦʞʝʥ ʚ ʶʛʦ-ʟʘʧʘʜʥʦʡ ʯʘʩʪʠ ʄʫʨʤʘʥʩʢʦʡ ʦʙʣʘʩʪʠ ʚʙʣʠʟʠ 

ʛʨʘʥʠʮʳ ʩ ʌʠʥʣʷʥʜʠʝʡ, ʥʘ ʩʝʚʝʨʥʦʤ ʧʦʙʝʨʝʞʴʝ ʦʜʥʦʠʤʸʥʥʦʛʦ ʦʟʝʨʘ (ʚ ʧʝʨʝʚʦʜʝ ʩ ʬʠʥʩʢʦʛʦ 

ʷʟʳʢʘ Vuori(sto)jªrvi ï çʛʦʨʥʦʝ ʦʟʝʨʦè). ʇʝʨʚʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʘ ʥʘʣʠʯʠʷ ʱʝʣʦʯʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʧʦʷʚʠʣʠʩʴ ʚ ʧʫʙʣʠʢʘʮʠʠ ʬʠʥʩʢʦʛʦ ʛʝʦʣʦʛʘ ɻ. ʐʪʝʨʥʚʘʣʣʘ (Stjernvall, 1892). ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʦʧʠʩʘʥʳ ʬʝʥʠʪʳ ʠ ʱʝʣʦʯʥʳʝ ʜʘʡʢʠ ʫʱʝʣʴʷ ʇʶʭʷʢʫʨʫ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʶʛʦ-ʟʘʧʘʜʝ ʦʪ 

ʤʘʩʩʠʚʘ, ʠ ʚʳʜʚʠʥʫʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʥʘʭʦʞʜʝʥʠʷ ʧʦʙʣʠʟʦʩʪʠ ʱʝʣʦʯʥʦʡ 

ʠʥʪʨʫʟʠʠ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʱʝʣʦʯʥʳʭ ʧʦʨʦʜ ʩʦʙʩʪʚʝʥʥʦ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ ʧʨʠʚʝʜʝʥʳ ʚ ʙʦʣʝʝ 

ʧʦʟʜʥʝʡ ʧʫʙʣʠʢʘʮʠʠ (Ramsay and Nyholm, 1895). ʂʘʨʙʦʥʘʪʥʳʝ ʧʦʨʦʜʳ ʤʘʩʩʠʚʘ ʚʧʝʨʚʳʝ 

ʫʧʦʤʠʥʘʶʪʩʷ ʚ ʨʘʙʦʪʝ ɺ. ɻʘʢʤʘʥʘ (Hackman, 1925), ʥʦ ʪʘʤ ʦʥʠ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ 

ʘʩʩʠʤʠʣʠʨʦʚʘʥʥʳʝ ʠʟʚʝʩʪʥʷʢʠ. ʇʝʨʚʘʷ ʛʝʦʣʦʛʠʯʝʩʢʘʷ ʢʘʨʪʘ ʤʘʩʩʠʚʘ ʙʳʣʘ ʩʦʩʪʘʚʣʝʥʘ ʚ 1926 ʛʦʜʫ 

(Hackman and Wilkman, 1926). ʆʜʥʘʢʦ ʛʝʦʣʦʛʠʯʝʩʢʦʝ ʠʟʫʯʝʥʠʝ ɺʫʦʨʠʷʨʚʠ ʙʳʣʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʦʩʣʦʞʥʝʥʦ ʦʜʥʠʤ ʚʘʞʥʳʤ ʬʘʢʪʦʨʦʤ. ʇʦʯʪʠ ʚʝʩʴ ʤʘʩʩʠʚ ɺʫʦʨʠʷʨʚʠ ʧʝʨʝʢʨʳʪ ʯʝʪʚʝʨʪʠʯʥʳʤʠ 

(ʣʝʜʥʠʢʦʚʳʤʠ ʠ ʦʟʸʨʥʦ-ʙʦʣʦʪʥʳʤʠ) ʦʪʣʦʞʝʥʠʷʤʠ. ʅʘ ʚʦʟʚʳʰʝʥʥʦʩʪʷʭ ʠʭ ʤʦʱʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ 

ʦʪ 0.5 ʜʦ 2 ʤ, ʘ ʚ ʧʦʥʠʞʝʥʠʷʭ ʣʦʢʘʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ ʜʦ 35 ʤ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʦʙʥʘʞʝʥʠʷ (ʚ ʪ. ʯ. 

ʢʘʨʙʦʥʘʪʠʪʦʚ) ʥʘ ʜʥʝʚʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʘʡʥʝ ʥʝʤʥʦʛʦʯʠʩʣʝʥʥʳ, ʠ ʦʩʥʦʚʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ 

ʧʦʨʦʜʘʭ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʟʜʥʝʝ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʛʝʦʬʠʟʠʯʝʩʢʦʡ ʩʲʤyʢʠ ʠ ʠʟ 

ʤʘʪʝʨʠʘʣʘ, ʚʩʢʨʳʪʦʛʦ ʙʫʨʦʚʳʤʠ ʩʢʚʘʞʠʥʘʤʠ ʠ ʛʣʫʙʦʢʠʤʠ ʢʘʥʘʚʘʤʠ ʚ ʭʦʜʝ ʧʦʠʩʢʦʚʦ-

ʨʘʟʚʝʜʦʯʥʳʭ ʨʘʙʦʪ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʫʞʝ ʚ ʧʦʩʣʝʚʦʝʥʥʦʝ ʚʨʝʤʷ (ʚ 1951ï1979 ʛʛ). 

ɹʫʨʝʥʠʝʤ ʢʘʨʙʦʥʘʪʠʪʳ ʙʳʣʠ ʧʨʦʩʣʝʞʝʥʳ ʜʦ ʛʣʫʙʠʥʳ ʙʦʣʝʝ 900 ʤ (ʧʨʝʜʝʣʴʥʦʡ ʛʣʫʙʠʥʳ 

ʟʘʣʦʞʝʥʠʷ ʩʢʚʘʞʠʥ ʥʘ ʫʯʘʩʪʢʝ) (ɸʬʘʥʘʩʴʝʚ, 2011). ʀʥʪʝʥʩʠʚʥʳʝ ʧʦʠʩʢʦʚʳʝ ʠ ʨʘʟʚʝʜʦʯʥʳʝ 

ʨʘʙʦʪʳ ʚʳʷʚʠʣʠ ʚ ʧʨʝʜʝʣʘʭ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʠ ʧʨʦʷʚʣʝʥʠʷ ʤʘʛʥʝʪʠʪʦʚʳʭ, 

ʧʝʨʦʚʩʢʠʪ-ʪʠʪʘʥʦʤʘʛʥʝʪʠʪʦʚʳʭ, ʨʝʜʢʦʤʝʪʘʣʣʴʥʳʭ ʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʨʫʜ, ʘʧʘʪʠʪʘ, ʢʚʘʨʮʘ, 

ʬʣʦʛʦʧʠʪʘ ʠ ʚʝʨʤʠʢʫʣʠʪʘ (ɸʬʘʥʘʩʴʝʚ, 2011), ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʠʣʠ ʚʳʧʦʣʥʠʪʴ ʤʘʩʰʪʘʙʥʳʝ 

ʛʝʦʣʦʛʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʪʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʧʝʨʚʳʝ ʩʚʦʜʢʠ ʧʦ ʢʦʪʦʨʳʤ ʧʦʷʚʠʣʠʩʴ ʫʞʝ ʚ ʢʦʥʮʝ 

1950-ʭ ï ʥʘʯʘʣʝ 1960-ʭ ʛʛ. (ɹʦʨʦʜʠʥ, 1962, 1957; ɺʦʣʦʪʦʚʩʢʘʷ, 1958). ɺ 1965 ʛʦʜʫ ɸ.ɸ. ʂʫʭʘʨʝʥʢʦ 

ʠ ʩʦʘʚʪʦʨʳ ʦʧʫʙʣʠʢʦʚʘʣʠ ʨʝʟʫʣʴʪʘʪʳ ʜʝʪʘʣʴʥʳʭ ʤʠʥʝʨʘʣʦʛʦ-ʛʝʦʭʠʤʠʯʝʩʢʠʭ ʠ ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʱʝʣʦʯʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʂʘʨʝʣʠʠ ʠ ʂʦʣʴʩʢʦʛʦ ʧʦʣʫʦʩʪʨʦʚʘ, ʛʜʝ ʧʨʠʚʝʣʠ ʧʦʜʨʦʙʥʫʶ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ (ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965). ʆʧʠʩʘʥʠʷ ʩʪʨʦʝʥʠʷ ʤʘʩʩʠʚʘ 

ɺʫʦʨʠʷʨʚʠ ʠ ʝʛʦ ʢʘʨʙʦʥʘʪʠʪʦʚ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʖ.ʃ. ʂʘʧʫʩʪʠʥʳʤ (ʂʘʧʫʩʪʠʥ, 1975, 1971) ʠ 

ɸ.ɺ. ʃʘʧʠʥʳʤ (Lapin and Vartiainen, 1983). ʇʦʣʫʯʝʥʥʳʡ ʧʨʠ ʧʦʠʩʢʦʚʳʭ ʠ ʨʘʟʚʝʜʦʯʥʳʭ ʨʘʙʦʪʘʭ 
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ʢʘʤʝʥʥʳʡ ʤʘʪʝʨʠʘʣ ʣʛy ʚ ʦʩʥʦʚʫ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʩʢʨʫʧʫʣʸʟʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʠʥʝʨʘʣʦʛʠʠ 

ʢʘʨʙʦʥʘʪʠʪʦʚ ɺʫʦʨʠʷʨʚʠ, ʚʳʧʦʣʥʝʥʥʳʭ ɸ.ɺ. ɺʦʣʦʰʠʥʳʤ, ɺ.ɺ. ʉʫʙʙʦʪʠʥʳʤ, ʖ.ʃ. ʂʘʧʫʩʪʠʥʳʤ, 

ɺ.ɻ. ɹʫʣʘʭʦʤ, ɸ.ʅ. ɿʘʡʮʝʚʳʤ, ɸ.ʉ. ʂʠʨʠʣʣʦʚʳʤ, ʅ.ɺ. ʏʫʢʘʥʦʚʳʤ, ʅ.ɺ. ʉʦʨʦʭʪʠʥʦʡ ʠ ʠʭ 

ʢʦʣʣʝʛʘʤʠ [ʥʘʧʨʠʤʝʨ, (ɹʫʣʘʭ ʠ ʜʨ., 1961; ɺʦʣʦʰʠʥ ʠ ʜʨ., 1990a, 1990b; ʂʘʧʫʩʪʠʥ, 1971, 1965; 

ʂʠʨʠʣʣʦʚ, 1964; ʉʦʨʦʭʪʠʥʘ ʠ ʜʨ., 2000; ʉʫʙʙʦʪʠʥ ʠ ʜʨ., 1998; ʏʫʢʘʥʦʚ ʠ ʜʨ., 2003; Voloshin et al., 

1991; Subbotin et al., 2000, 1997; Zaitsev et al., 1997)], ʢʦʪʦʨʳʝ ʚʳʷʚʠʣʠ ʚ ʵʪʠʭ ʧʦʨʦʜʘʭ ʤʥʦʞʝʩʪʚʦ 

ʨʝʜʢʠʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʦʚʳʭ [ʥʝʩʢʝʚʘʨʘʠʪ-(Fe), ʪʝʨʥʦʚʠʪ, ʙʝʣʴʢʦʚʠʪ, ʚʫʦʨʠʷʨʚʠʪ-(K), 

ʢʘʨʙʦʮʝʨʥʘʠʪ, ʛʠʜʨʦʢʩʠʣʙʘʩʪʥʝʟʠʪ-(Ce), ʢʦʤʢʦʚʠʪ, ʢʫʭʘʨʝʥʢʦʠʪ-(Ce), ʪʫʤʯʘʠʪ] ʤʠʥʝʨʘʣʦʚ. 

ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʦ ʦʧʫʙʣʠʢʦʚʘʥʦ ʥʝʩʢʦʣʴʢʦ ʨʘʙʦʪ, ʟʘʪʨʘʛʠʚʘʶʱʠʭ ʯʘʩʪʥʳʝ ʚʦʧʨʦʩʳ ʧʝʪʨʦʣʦʛʠʠ, 

ʛʝʦʭʠʤʠʠ ʠ ʛʝʥʝʟʠʩʘ ʢʘʨʙʦʥʘʪʠʪʦʚ ɺʫʦʨʠʷʨʚʠ [ʚ ʪ.ʯ., (Balaganskaya et al., 2001; Brassinnes et al., 

2005, 2003; Karchevsky and Moutte, 2004; Zaitsev et al., 2002)]. 

1.3.2. ɻʝʦʣʦʛʠʯʝʩʢʦʝ ʩʪʨʦʝʥʠʝ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ 

ʑʝʣʦʯʥʦ-ʫʣʴʪʨʘʦʩʥʦʚʥʦʡ ʢʘʨʙʦʥʘʪʠʪʦʚʳʡ ʢʦʤʧʣʝʢʩ ɺʫʦʨʠʨ̫ʚʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʣʦʞʥʫʶ ʤʥʦʛʦʬʘʟʥʫʶ ʠʥʪʨʫʟʠʶ ʩ ʬʦʨʤʦʡ ʚʳʪʷʥʫʪʦʛʦ ʚ ʰʠʨʦʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʵʣʣʠʧʩʦʠʜʘ 

ʨʘʟʤʝʨʦʤ ~ 3.5Ĭ5 ʢʤ ʠ ʧʣʦʱʘʜʴʶ ~ 20 ʢʤ2 (ʈʠʩʫʥʦʢ 2a). ʄʘʩʩʠʚ ʟʘʣʝʛʘʝʪ ʚ ʘʨʭʝʡʩʢʠʭ 

ʙʝʣʦʤʦʨʩʢʠʭ ʛʨʘʥʠʪʦ-ʛʥʝʡʩʘʭ, ʙʠʦʪʠʪʦʚʳʭ ʛʥʝʡʩʘʭ ʠ ʘʤʬʠʙʦʣʠʪʘʭ ʚʦʟʨʘʩʪʦʤ 2.9 ʤʣʨʜ ʣʝʪ 

(Timmerman and Daly, 1995). ʌʦʨʤʠʨʦʚʘʥʠʝ ʤʘʩʩʠʚʘ ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ, ʩʚʷʟʘʥʥʳʭ 

ʩ ʤʥʦʛʦʢʨʘʪʥʳʤʠ ʤʘʛʤʘʪʠʯʝʩʢʠʤʠ ʠʤʧʫʣʴʩʘʤʠ, ʯʪʦ ʦʙʫʩʣʦʚʠʣʦ ʝʛʦ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠ-ʟʦʥʘʣʴʥʦʝ 

ʩʪʨʦʝʥʠʝ (ɺʦʣʦʪʦʚʩʢʘʷ, 1958; Brassinnes et al., 2005). ɹʦӢʣʴʰʘʷ ʯʘʩʪʴ ʤʘʩʩʠʚʘ (~12 ʢʤ
2) ʩʣʦʞʝʥʘ 

ʧʦʨʦʜʘʤʠ ʧʝʨʚʳʭ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʬʘʟ ï ʧʠʨʦʢʩʝʥʠʪʘʤʠ ʩ ʧʦʜʯʠʥʝʥʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʙʦʣʝʝ 

ʨʘʥʥʠʭ ʦʣʠʚʠʥʠʪʦʚ ʠ ʧʝʨʠʜʦʪʠʪʦʚ. ʂʨʘʝʚʘʷ ʯʘʩʪʴ ʩʦʩʪʦʠʪ ʠʟ ʱʝʣʦʯʥʳʭ ʧʦʨʦʜ ʠʡʦʣʠʪ-

ʤʝʣʴʪʝʡʛʠʪʦʚʦʛʦ ʨʷʜʘ, ʘ ʥʘ ʶʛʦ-ʟʘʧʘʜʝ, ʚ ʧʨʝʜʝʣʘʭ ʂʦʣʚʠʢʩʢʦʛʦ ʤʘʩʩʠʚʘ-ʩʘʪʝʣʣʠʪʘ, ʩ 

ʧʦʣʝʚʦʰʧʘʪʦʚʳʤʠ ʨʘʟʥʦʚʠʜʥʦʩʪʷʤʠ ʵʪʠʭ ʧʦʨʦʜ ʘʩʩʦʮʠʠʨʫʶʪ ʥʝʬʝʣʠʥʦʚʳʝ ʩʠʝʥʠʪʳ. ʉʘʤʳʝ 

ʤʦʣʦʜʳʝ ʦʙʨʘʟʦʚʘʥʠʷ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ, ʬʦʩʢʦʨʠʪʳ ʠ ʢʘʨʙʦʥʘʪʠʪʳ, ʟʘʥʠʤʘʶʪ ʩʝʢʫʱʝʝ 

ʧʦʣʦʞʝʥʠʝ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢʦ ʚʩʝʤ ʦʩʪʘʣʴʥʳʤ ʧʦʨʦʜʘʤ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ 

ʶʛʦ-ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ʤʘʩʩʠʚʘ ʚ ʚʠʜʝ ʰʪʦʢʚʝʨʢʦʚ, ʞʠʣ ʠ ʣʠʥʟ. ɺ 1999 ʛʦʜʫ ʆ.ɺ. ɻʦʛʦʣʴ ʠ 

ɸ.ɸ. ɼʝʣʝʥʠʮʳʥ ʧʦʣʫʯʠʣʠ ʧʝʨʚʫʶ Rb-Sr ʠʟʦʭʨʦʥʫ ʜʣʷ ʢʘʨʙʦʥʘʪʠʪʦʚ ʤʘʩʩʠʚʘ, ʜʘʚʰʫʶ ʚʦʟʨʘʩʪ 

375Ñ7 ʤʣʥ ʣʝʪ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʦʟʨʘʩʪ ʧʠʨʦʢʩʝʥʠʪʦʚ ʙʳʣ ʦʮʝʥʝʥ ʠʤʠ ʚ 383Ñ7 ʤʣʥ ʣʝʪ (ɻʦʛʦʣʴ ʠ 

ɼʝʣʝʥʠʮʠʥ, 1999). U-Pb ʜʘʪʠʨʦʚʘʥʠʝ ʧʝʨʦʚʩʢʠʪʘ ʠʟ ʠʡʦʣʠʪʦʚ ʠ ʥʝʬʝʣʠʥʦʚʳʭ ʧʠʨʦʢʩʝʥʠʪʦʚ ʜʘʣʦ 

ʦʮʝʥʢʠ ʚʦʟʨʘʩʪʘ ʜʘʥʥʳʭ ʧʦʨʦʜ ʚ 361Ñ3 ʤʣʥ ʣʝʪ ʠ 368Ñ3 ʤʣʥ ʣʝʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ɸʨʟʘʤʘʩʮʝʚ ʠ 

ɺʫ, 2014). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʙʦʣʴʰʠʥʩʪʚʘ ʧʦʨʦʜ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ ʧʨʦʠʟʦʰʣʦ ʚ 

ʠʥʪʝʨʚʘʣʝ 385ï360 ʤʣʥ ʣʝʪ, ʦʪʚʝʯʘʶʱʝʤ ʛʣʘʚʥʦʡ ʩʪʘʜʠʠ ʧʘʣʝʦʟʦʡʩʢʦʡ ʪʝʢʪʦʥʦ-ʤʘʛʤʘʪʠʯʝʩʢʦʡ 

ʘʢʪʠʚʠʟʘʮʠʠ ʚ ʧʨʝʜʝʣʘʭ ʂʦʣʴʩʢʦʛʦ ʨʝʛʠʦʥʘ. 



29 
 

 

ʈʠʩʫʥʦʢ 2. (A) ɻʝʦʣʦʛʠʯʝʩʢʘʷ ʢʘʨʪʘ ʱʝʣʦʯʥʦ-ʫʣʴʪʨʘʦʩʥʦʚʥʦʛʦ ʢʘʨʙʦʥʘʪʠʪʦʚʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ɺʫʦʨʠʷʨʚʠ [ʧʦ (ɸʬʘʥʘʩʴʝʚ, 2011) ʩ ʫʧʨʦʱʝʥʠʷʤʠ]. ʉʪʨʝʣʢʘʤʠ ʫʢʘʟʘʥʳ 

ʫʯʘʩʪʢʠ ʢʘʨʙʦʥʘʪʠʪʦʚ ʊʫʭʪʘ-ɺʘʨʘ, ʅʝʩʢʝ-ɺʘʨʘ, ʇʝʪʡ̫ʷʥ-ɺʘʨʘ, ʘ ʪʘʢʞʝ ʂʦʣʚʠʢʩʢʠʡ 

ʘʛʧʘʠʪʦʚʳʡ ʥʝʬʝʣʠʥ-ʩʠʝʥʠʪʦʚʳʡ ʤʘʩʩʠʚ-ʩʘʪʝʣʣʠʪ. ʅʘ ʚʨʝʟʢʝ ʧʦʢʘʟʘʥʦ ʧʦʣʦʞʝʥʠʝ 

ʢʦʤʧʣʝʢʩʘ ɺʫʦʨʠʷʨʚʠ ʚ ʂʦʣʴʩʢʦʤ ʨʝʛʠʦʥʝ (ʩʝʚʝʨʦ-ʟʘʧʘʜ ʈʦʩʩʠʠ). (B) ɻʝʦʣʦʛʠʯʝʩʢʘʷ 

ʩʭʝʤʘ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ (ʇʣʠʝʚ ʠ ʉʘʨʘʭʘʥʦʚ, 1965). ʂʦʥʪʫʨ ʩʭʝʤʳ (B) ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʧʨʷʤʦʫʛʦʣʴʥʠʢʫ ʥʘ ʢʘʨʪʝ (A). ʀʣʣʶʩʪʨʘʮʠʷ ʠʟ ʨʘʙʦʪʳ (Fomina and Kozlov, 2021). 
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1.3.3. ʂʘʨʙʦʥʘʪʠʪʳ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ 

ʂʘʨʙʦʥʘʪʠʪʳ ʩʦʩʪʘʚʣʷʶʪ ʦʢʦʣʦ 8 % ʧʣʦʱʘʜʠ ʤʘʩʩʠʚʘ ʠ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʚ ʝʛʦ ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ. ɺʳʜʝʣʷʶʪ ʯʝʪʳʨʝ ʫʯʘʩʪʢʘ (ʚ ʬʦʥʜʦʚʳʭ ʤʘʪʝʨʠʘʣʘʭ ʥʘʟʳʚʘʝʤʳʭ ʧʦʣʷʤʠ) 

ʢʘʨʙʦʥʘʪʠʪʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʨʫʜʥʦʡ ʩʧʝʮʠʘʣʠʟʘʮʠʝʡ ï ʊʫʭʪʘ-ɺʘʨʘ, ʅʝʩʢʝ-ɺʘʨʘ, ʇʝʪʷʡʷʥ-ɺʘʨʘ ʠ 

ʅʘʤʘ-ɺʘʨʘ (ʩʤ. ʈʠʩʫʥʦʢ 2a). ʅʘʟʚʘʥʠʷ ʫʯʘʩʪʢʘʤ ʙʳʣʠ ʜʘʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʩʭʦʜʥʳʤʠ 

ʬʠʥʩʢʠʤʠ ʥʘʟʚʘʥʠʷʤʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʦʟʚʳʰʝʥʥʦʩʪʝʡ, ʚ ʧʨʝʜʝʣʘʭ ʢʦʪʦʨʳʭ ʦʥʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ. ɺʩʣʝʜʩʪʚʠʝ ʤʥʦʛʦʢʨʘʪʥʦʡ ʧʝʨʝʧʝʯʘʪʢʠ ʵʪʠʭ ʥʘʟʚʘʥʠʡ ʚ ʧʫʙʣʠʢʘʮʠʷʭ ʥʘ ʨʘʟʥʳʭ 

ʷʟʳʢʘʭ ʧʦʷʚʠʣʦʩʴ ʠʟʦʙʠʣʠʝ ʚʘʨʠʘʥʪʦʚ ʠʭ ʥʘʧʠʩʘʥʠʷ. ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʘʨʠʘʥʪ, 

ʧʨʠʥʷʪʳʡ ʚ ʤʦʥʦʛʨʘʬʠʠ ɹ.ɺ. ɸʬʘʥʘʩʴʝʚʘ (ɸʬʘʥʘʩʴʝʚ, 2011) ʠ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ 

ʦʪʯʸʪʦʚ [ʥʘʧʨʠʤʝʨ, (ɸʬʘʥʘʩʴʝʚ ʠ ʄʠʭʘʵʣʠʩ, 1984; ʇʣʠʝʚ ʠ ʉʘʨʘʭʘʥʦʚ, 1965; ʇʦʧʦʚʘ ʠ ʅʝʬʸʜʦʚ, 

1960)]. ɺ ʧʨʝʜʝʣʘʭ ʫʯʘʩʪʢʦʚ ʊʫʭʪʘ-ɺʘʨʘ ʠ ʅʝʩʢʝ-ɺʘʨʘ ʢʘʨʙʦʥʘʪʠʪʦʚʳʝ ʪʝʣʘ ʠʤʝʶʪ ʬʦʨʤʫ 

ʰʪʦʢʚʝʨʢʦʚ, ʞʠʣ ʠ ʣʠʥʟ ʤʦʱʥʦʩʪʴʶ ʜʦ 50 ʤ ʠ ʧʨʦʪʷʞʝʥʥʦʩʪʴʶ ʜʦ 350 ʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ 

ʇʝʪʷʡʷʥ-ɺʘʨʝ ʠ ʅʘʤʘ-ɺʘʨʝ ʦʙʥʘʨʫʞʝʥʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʞʠʣʳ ʠ ʣʠʥʟʳ, ʘ ʪʘʢʞʝ ʩʝʪʠ ʪʦʥʢʠʭ 

ʧʨʦʞʠʣʢʦʚ ʧʦ ʪʨʝʱʠʥʘʤ ʚʦ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜʘʭ (ɸʬʘʥʘʩʴʝʚ, 2011; ʂʘʧʫʩʪʠʥ, 1971; ʂʫʭʘʨʝʥʢʦ 

ʠ ʜʨ., 1965; ʇʣʠʝʚ ʠ ʉʘʨʘʭʘʥʦʚ, 1965).  

ʉʨʝʜʠ ʢʘʨʙʦʥʘʪʠʪʦʚ ɺʫʦʨʠʷʨʚʠ ʚ ʮʝʣʦʤ ʧʨʝʦʙʣʘʜʘʶʪ ʨʘʥʥʠʝ ʢʘʣʴʮʠʦʢʘʨʙʦʥʘʪʠʪʳ, 

ʩʣʦʞʝʥʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʢʘʣʴʮʠʪʦʤ ʠ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʥyʥʳʝ ʥʘ ʫʯʘʩʪʢʘʭ ʅʝʩʢʝ-ɺʘʨʘ 

ʠ ʊʫʭʪʘ-ɺʘʨʘ (ʂʘʧʫʩʪʠʥ, 1975, 1971; ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965). ʕʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʪʨʘʜʠʮʠʦʥʥʦ 

ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʜʚʝ ʩʪʘʜʠʠ (ʂʘʧʫʩʪʠʥ, 1971). ʂ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʦʪʥʦʩʷʪ ʣʠʥʝʡʥʳʝ ʠ 

ʰʪʦʢʦʦʙʨʘʟʥʳʝ ʪʝʣʘ ʩ ʪʘʢʩʠʪʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʚʳʨʘʞʝʥʥʦʡ ʟʦʥʘʣʴʥʦʩʪʴʶ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʚ 

ʢʨʫʧʥʳʭ ʟʦʥʘʭ ʜʨʦʙʣʝʥʠʷ ʠ ʩʣʦʞʝʥʥʳʝ ʢʘʣʴʮʠʪʦʤ (60ï80 %), ʘʧʘʪʠʪʦʤ (5ï10 %), ʬʣʦʛʦʧʠʪʦʤ 

(5ï15 %), ʧʠʨʦʢʩʝʥʦʤ (ʜʦ 10 %) ʠ ʤʘʛʥʝʪʠʪʦʤ (ʜʦ 15 %). ʂʦ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʧʨʠʯʠʩʣʷʶʪ ʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʥyʥʳʝ ʢʦʥʠʯʝʩʢʠ-ʢʦʣʴʮʝʚʳʝ ʞʠʣʳ ʢʨʫʧʥʦʟʝʨʥʠʩʪʳʭ ʧʦʨʦʜ, ʥʘ 60ï90 % ʩʦʩʪʦʷʱʠʭ 

ʠʟ ʢʘʣʴʮʠʪʘ ʠ ʥʝʧʨʝʤʝʥʥʦ ʩʦʜʝʨʞʘʱʠʭ 10ï30 % ʘʧʘʪʠʪʘ ʠ ʘʢʮʝʩʩʦʨʥʳʝ ʤʘʛʥʝʪʠʪ, ʧʠʨʦʭʣʦʨ ʠ 

ʙʘʜʜʝʣʝʠʪ/ʮʠʨʢʦʥ. ʇʦʟʜʥʠʝ ʞʝ ʢʘʨʙʦʥʘʪʠʪʳ ʷʚʣʷʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʝʝ ʨʘʩʧʨʦʩʪʨʘʥʥyʥʳʤʠ ʚ 

ɺʫʦʨʠʷʨʚʠ ʧʦʨʦʜʘʤʠ (ʂʘʧʫʩʪʠʥ, 1971; ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965), ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʞʠʣʘʤʠ 

ʤʘʛʥʝʟʠʦ- (ʜʦʣʦʤʠʪʦʚʳʭ), ʬʝʨʨʦ- (ʩʠʜʝʨʠʪʦʚʳʭ ʠ ʘʥʢʝʨʠʪʦʚʳʭ), ʩʠʣʠʢʦʢʘʨʙʦʥʘʪʠʪʦʚ (ʩ ʢʚʘʨʮʝʤ 

ʠʣʠ ʧʦʣʝʚʳʤʠ ʰʧʘʪʘʤʠ) ʠ ʧʦʟʜʥʠʭ ʢʘʣʴʮʠʦʢʘʨʙʦʥʘʪʠʪʦʚ, ʠʥʦʛʜʘ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʙʘʨʠʷ, 

ʩʪʨʦʥʮʠʷ, ʨʝʜʢʠʭ ʟʝʤʝʣʴ, ʪʠʪʘʥʘ ʠ ʥʠʦʙʠʷ. ʅʘʣʠʯʠʝ ʧʦʟʜʥʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʦʪʤʝʯʘʣʦʩʴ ʚʦ ʚʩʝʭ 

ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʫʯʘʩʪʢʘʭ (ɸʬʘʥʘʩʴʝʚ ʠ ʜʨ., 1977; ɹʦʨʦʜʠʥ, 1962; ʂʘʧʫʩʪʠʥ, 1971; ʂʫʭʘʨʝʥʢʦ ʠ 

ʜʨ., 1965; ʇʣʠʝʚ ʠ ʉʘʨʘʭʘʥʦʚ, 1965), ʦʜʥʘʢʦ ʠʭ ʤʘʩʰʪʘʙʥʳʝ ʧʨʦʷʚʣʝʥʠʷ ʦʙʥʘʨʫʞʝʥʳ ʣʠʰʴ ʥʘ 

ʫʯʘʩʪʢʘʭ ʇʝʪʷʡʷʥ-ɺʘʨʘ (ʇʣʠʝʚ ʠ ʉʘʨʘʭʘʥʦʚ, 1965) ʠ ʅʝʩʢʝ-ɺʘʨʘ (ɸʬʘʥʘʩʴʝʚ, 2011; ʇʦʧʦʚʘ ʠ 

ʅʝʬʸʜʦʚ, 1960; Bulakh et al., 2000; Karchevsky and Moutte, 2004). ʉʨʝʜʠ ʩʠʣʠʢʘʪʥʳʭ ʧʦʨʦʜ ʦʥʠ 
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ʦʙʨʘʟʫʶʪ ʞʠʣ,r ʥʦ ʢʦʥʪʫʨʳ ʠʭ ʪʝʣ ʩʪʘʥʦʚʷʪʩʷ ʥʝʯʪyʢʠʤʠ ʧʨʠ ʨʘʩʧʦʣʦʞʝʥʠʠ ʩʨʝʜʠ ʨʘʥʥʠʭ 

ʢʘʨʙʦʥʘʪʠʪʦʚ ʠ, ʩʦʛʣʘʩʥʦ (ʂʘʧʫʩʪʠʥ, 1971), ʧʦʟʜʥʠʝ ʢʘʨʙʦʥʘʪʠʪʳ ʯʘʩʪʦ ʟʘʤʝʱʘʶʪ ʨʘʥʥʠʝ, 

ʧʦʚʪʦʨʷʷ ʠʭ ʬʦʨʤʫ. ʂʘʢ ʦʪʤʝʯʘʝʪʩʷ ʚ ʨʘʙʦʪʘʭ (ʂʘʧʫʩʪʠʥ, 1971; ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 1965), ʥʘ 

ʢʦʥʪʘʢʪʝ ʨʘʥʥʠʭ ʢʘʣʴʮʠʪʦʚʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʩʦ ʚʤʝʱʘʶʱʠʤʠ ʧʦʨʦʜʘʤʠ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʩ 

ʧʠʨʦʢʩʝʥʠʪʘʤʠ ʠ ʬʦʠʜʦʣʠʪʘʤʠ, ʟʘʯʘʩʪʫʶ ʥʘʙʣʶʜʘʝʪʩʷ ʤʦʱʥʳʡ ʦʨʝʦʣ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʡ 

ʧʝʨʝʨʘʙʦʪʢʠ (ʜʦ 10 ʤ ʠ ʙʦʣʝʝ). ɺʦ ʚʤʝʱʘʶʱʠʭ ʩʠʣʠʢʘʪʥʳʭ ʧʦʨʦʜʘʭ ʦʥʘ ʧʨʦʷʚʣʝʥʘ ʚ 

ʢʘʨʙʦʥʘʪʠʟʘʮʠʠ, ʩʚʷʟʘʥʥʦʡ ʩ ʧʨʠʚʥʦʩʦʤ ʢʘʣʴʮʠʷ ʠ CO2, ʬʦʨʤʠʨʦʚʘʥʠʠ ʧʠʨʦʢʩʝʥ-

ʧʦʣʝʚʦʰʧʘʪʦʚʳʭ ʧʦʨʦʜ, ʛʣʠʤʤʝʨʠʪʦʚ (ʛʠʛʘʥʪʦʟʝʨʥʠʩʪʳʭ ʬʣʦʛʦʧʠʪʦʚʳʭ ʤʝʪʘʩʦʤʘʪʠʪʦʚ), 

ʠʥʪʝʥʩʠʚʥʦʡ ʘʧʘʪʠʪʠʟʘʮʠʠ, ʙʨʝʢʯʠʨʦʚʘʥʠʠ ʧʦʨʦʜ ʠ ʨʘʟʚʠʪʠʠ ʩʝʪʠ ʤʝʣʢʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ 

ʧʨʦʞʠʣʢʦʚ. ɸʚʪʦʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ ʚ ʪʝʣʘʭ ʨʘʥʥʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʚʳʨʘʞʝʥʳ ʚ 

ʦʙʨʘʟʦʚʘʥʠʠ ʥʘʣʦʞʝʥʥʦʡ ʘʩʩʦʮʠʘʮʠʠ ʤʠʥʝʨʘʣʦʚ (ʜʦʣʦʤʠʪʘ, ʨʠʭʪʝʨʠʪʘ, ʪʝʪʨʘʬʝʨʨʠʬʣʦʛʦʧʠʪʘ, 

ʧʠʨʨʦʪʠʥʘ, ʘʧʘʪʠʪʘ, ʘʢʪʠʥʦʣʠʪʘ ʠ ʜʨ.), ʧʨʠʚʥʦʩʝ ʱʝʣʦʯʝʡ, ʚʦʜʳ ʠ ʩʝʨʳ, ʘ ʪʘʢʞʝ ʢʘʪʘʢʣʘʟʝ, 

ʨʘʩʩʣʘʥʮʝʚʘʥʠʠ ʠ ʫʤʝʥʴʰʝʥʠʠ ʟʝʨʥʠʩʪʦʩʪʠ ʧʦʨʦʜ (ʂʘʧʫʩʪʠʥ, 1971). ʅʘʙʣʶʜʝʥʠʷ 

ʖ.ʃ. ʂʘʧʫʩʪʠʥʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʙʦӢʣʴʰʘʷ ʯʘʩʪʴ ʧʦʟʜʥʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʧʨʝʪʝʨʧʝʣʘ ʠʥʪʝʥʩʠʚʥʫʶ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʫʶ ʧʝʨʝʨʘʙʦʪʢʫ, ʚ ʭʦʜʝ ʢʦʪʦʨʦʡ ʠʟ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ ʘʢʪʠʚʥʦ ʟʘʠʤʩʪʚʦʚʘʣʠʩʴ 

ʢʨʝʤʥʝʟʤy, ʞʝʣʝʟʦ ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ ʢʦʤʧʦʥʝʥʪʳ. ɼʣʷ ʧʦʟʜʥʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʭʘʨʘʢʪʝʨʥʘ 

ʙʨʝʢʯʠʝʚʠʜʥʘ,̫ ʢʘʚʝʨʥʦʟʥʘ ̫ʠ/ʠʣʠ ʜʨʫʟʦʚʘ ̫ʪʝʢʩʪʫʨʘ. ʅʘ ʫʯʘʩʪʢʘʭ ʅʝʩʢʝ- ʠ ʊʫʭʪʘ-ɺʘʨʘ ʧʦʟʜʥʠʝ 

ʢʘʨʙʦʥʘʪʠʪʳ ʚʩʪʨʝʯʘʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʚʠʜʝ ʜʦʣʦʤʠʪʦʚʳʭ ʠ ʜʦʣʦʤʠʪʦ-ʢʘʣʴʮʠʪʦʚʳʭ ʞʠʣ, 

ʩʝʢʫʱʠʭ ʨʘʥʥʠʝ ʢʘʣʴʮʠʦʢʘʨʙʦʥʘʪʠʪʳ ʠ ʬʦʩʢʦʨʠʪʳ ʠʣʠ çʩʣʠʚʘʶʱʠʭʩʷè ʩ ʥʠʤʠ (ʂʫʭʘʨʝʥʢʦ ʠ ʜʨ., 

1965; Karchevsky and Moutte, 2004). ʅʘ ʫʯʘʩʪʢʝ ʅʘʤʘ-ɺʘʨʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʤ ʚ 8 ʢʤ ʢ ʚʦʩʪʦʢʫ ʦʪ 

ʛʨʘʥʠʮʳ ʤʘʩʩʠʚʘ, ʙʳʣʠ ʦʧʠʩʘʥʳ ʪʝʣʘ ʧʦʟʜʥʠʭ ʘʥʢʝʨʠʪʦ-ʢʘʣʴʮʠʪʦʚʳʭ, ʩʠʜʝʨʠʪʦ-ʜʦʣʦʤʠʪʦʚʳʭ ʠ 

ʢʚʘʨʮ-ʢʘʨʙʦʥʘʪʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ, ʩʝʢʫʱʠʝ ʚʤʝʱʘʶʱʠʝ ʘʨʭʝʡʩʢʠʝ ʩʫʧʨʘʢʨʫʩʪʘʣʴʥʳʝ 

ʦʙʨʘʟʦʚʘʥʠʷ (ʂʘʧʫʩʪʠʥ, 1971; ʇʦʧʦʚʘ ʠ ʅʝʬʸʜʦʚ, 1960; Bulakh et al., 2000; Karchevsky and Moutte, 

2004). ʅʘ ʜʘʥʥʦʤ ʫʯʘʩʪʢʝ ʥʝ ʦʙʥʘʨʫʞʝʥʦ ʥʠʢʘʢʠʭ ʧʨʦʷʚʣʝʥʠʡ ʨʘʥʥʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʠʣʠ ʜʨʫʛʠʭ 

ʨʘʥʥʠʭ ʧʘʣʝʦʟʦʡʩʢʠʭ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʦʙʨʘʟʦʚʘʥʠʡ. ʅʘ ʫʯʘʩʪʢʝ ʇʝʪʷʡʷʥ-ɺʘʨʘ ʪʘʢʞʝ ʦʪʤʝʯʘʣʠʩʴ 

ʣʠʰʴ ʧʦʟʜʥʠʝ ʢʘʨʙʦʥʘʪʠʪʳ, ʦʧʠʩʘʥʠʝ ʢʦʪʦʨʳʭ ʜʘʥʦ ʥʠʞʝ. 

ʄʘʩʰʪʘʙʥʳʝ ʧʦʠʩʢʦʚʦ-ʨʘʟʚʝʜʦʯʥʳʝ ʨʘʙʦʪʳ, ʧʨʦʚʦʜʠʚʰʠʝʩʷ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ɺʫʦʨʠʷʨʚʠ ʚ 

ʧʦʩʣʝʚʦʝʥʥʳʝ ʩʦʚʝʪʩʢʠʝ ʛʦʜʳ, ʚʳʷʚʠʣʠ ʥʝʩʢʦʣʴʢʦ ʪʠʧʦʚ ʩʚʷʟʘʥʥʦʛʦ ʩ ʢʘʨʙʦʥʘʪʠʪʘʤʠ 

ʦʨʫʜʝʥʝʥʠʷ. ʊʘʢ, ʥʘ ʫʯʘʩʪʢʘʭ ʊʫʭʪʘ-ɺʘʨʘ ʠ ʅʝʩʢʝ-ɺʘʨʘ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʘʧʘʪʠʪ-

ʤʘʛʥʝʪʠʪʦʚʳʭ ʠ ʨʝʜʢʦʤʝʪʘʣʣʴʥʳʭ (ʧʠʨʦʭʣʦʨʦʚʳʭ) ʨʫʜ. ʉʦʛʣʘʩʥʦ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʦʮʝʥʢʝ 

(ɸʬʘʥʘʩʴʝʚ, 2011; ɹʘʰʤʘʢʦʚʘ, 1984), ɻ ʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʟʘʧʘʩʳ ʘʧʘʪʠʪ-ʤʘʛʥʝʪʠʪʦʚʳʭ ʨʫʜ ʊʫʭʪʘ-

ɺʘʨʘ ʩʦʩʪʘʚʣʷʶʪ 31.8 ʤʣʥ ʪʦʥʥ, ʘ ʨʝʜʢʦʤʝʪʘʣʣʴʥʳʭ ï 78.6 ʤʣʥ ʪʦʥʥ. ɺ ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʅʝʩʢʝ-

ɺʘʨʘ ʙʳʣʦ ʥʘʩʯʠʪʘʥʦ 208 ʤʣʥ ʪʦʥʥ ʩʫʤʤʘʨʥʳʭ ʟʘʧʘʩʦʚ ʨʝʜʢʦʤʝʪʘʣʣʴʥʳʭ ʨʫʜ ʠ 29 ʤʣʥ ʪʦʥʥ 

ʨʝʜʢʦʤʝʪʘʣʣʴʥʦ-ʘʧʘʪʠʪ-ʤʘʛʥʝʪʠʪʦʚʳʭ. ʅʝʩʤʦʪʨʷ ʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʫʯʘʩʪʢʘ ʅʝʩʢʝ-ɺʘʨʘ ʚ 
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ʧʣʘʥʝ ʜʦʙʳʯʠ Nb, ʘ ʊʫʭʪʘ-ɺʘʨʘ ï ʜʣʷ ʜʦʙʳʯʠ ʘʧʘʪʠʪ-ʤʘʛʥʝʪʠʪʦʚʳʭ ʨʫʜ ʠ Ta, ʧʦ ʵʢʦʥʦʤʠʯʝʩʢʠʤ 

ʠ ʵʢʦʣʦʛʠʯʝʩʢʠʤ ʩʦʦʙʨʘʞʝʥʠʷʤ ʨʘʟʨʘʙʦʪʢʘ ʵʪʠʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʦʡ, ʦʜʥʘʢʦ ʚ ʩʣʫʯʘʝ ʠʭ ʜʦʨʘʟʚʝʜʢʠ ʩʠʪʫʘʮʠʷ ʤʦʞʝʪ ʠʟʤʝʥʠʪʴʩʷ 

(ɸʬʘʥʘʩʴʝʚ, 2011). ɺ ʧʨʝʜʝʣʘʭ ʅʘʤʘ-ɺʘʨʘ ʥʘʭʦʜʠʪʩʷ ʥʝʙʦʣʴʰʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʢʚʘʨʮʘ: ʚ 

ʧʨʠʟʘʣʴʙʘʥʜʦʚʳʭ ʯʘʩʪʷʭ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʪʝʣ ʙʳʣʠ ʥʘʡʜʝʥʳ ʢʨʫʧʥʳʝ ʩʢʦʧʣʝʥʠʷ ʛʦʨʥʦʛʦ 

ʭʨʫʩʪʘʣʷ, ʤʦʨʠʦʥʘ, ʘʤʝʪʠʩʪʘ ʠ ʜʳʤʯʘʪʦʛʦ ʢʚʘʨʮʘ (ʇʦʧʦʚʘ ʠ ʅʝʬʸʜʦʚ, 1960). ɺ 1980-ʭ ʛʛ. ʅʇʆ 

çʉʝʚʝʨʢʚʘʨʮʩʘʤʦʮʚʝʪʳè ʚʝʣʘʩʴ ʜʦʙʳʯʘ ʵʪʦʛʦ ʢʚʘʨʮʘ ʜʣʷ ʧʣʘʚʢʠ, ʦʜʥʘʢʦ ʝʛʦ ʟʘʧʘʩʳ ʙʳʩʪʨʦ 

ʠʩʩʷʢʣʠ, ʧʦʵʪʦʤʫ ʨʘʙʦʪʳ ʙʳʣʠ ʦʩʪʘʥʦʚʣʝʥʳ. ʈʝʜʢʦʟʝʤʝʣʴʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ ʙʳʣʘ ʚ ʪʦʤ ʠʣʠ 

ʠʥʦʤ ʦʙʲʸʤʝ ʟʘʬʠʢʩʠʨʦʚʘʥʘ ʚʦ ʚʩʝʭ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʫʯʘʩʪʢʘʭ ɺʫʦʨʠʷʨʚʠ: ʥʘ ʫʯʘʩʪʢʘʭ ʅʘʤʘ- ʠ 

ʊʫʭʪʘ-ɺʘʨʘ ʤʠʥʝʨʘʣʳ ʈɿʕ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʘʢʮʝʩʩʦʨʥʳʭ ʢʦʣʠʯʝʩʪʚʘʭ, ʘ ʥʘ ʫʯʘʩʪʢʘʭ ʅʝʩʢʝ- ʠ 

ʇʝʪʷʡʷʥ-ɺʘʨʘ ʦʥʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʛʦʨʘʟʜʦ ʙʦʣʴʰʝ, ʚʧʣʦʪʴ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʩʦʙʩʪʚʝʥʥʦ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ. ʆʜʥʘʢʦ ʦʙʲʸʤʳ ʧʦʩʣʝʜʥʠʭ ʩʨʝʜʠ ʢʘʨʙʦʥʘʪʠʪʦʚ ʅʝʩʢʝ-ɺʘʨʘ ʚ 

ʮʝʣʦʤ ʚʝʩʴʤʘ ʥʝʚʝʣʠʢʠ (ɸʬʘʥʘʩʴʝʚ ʠ ʄʠʭʘʵʣʠʩ, 1984). ʂʨʦʤʝ ʪʦʛʦ, ʩ ʫʯʸʪʦʤ ʩʣʦʞʥʦʛʦ ʛʝʥʝʟʠʩʘ 

ʢʘʨʙʦʥʘʪʠʪʦʚ ɺʫʦʨʠʷʨʚʠ (ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʢʦʤʧʣʝʢʩʦʚ ʂʑʇ ʠ ʤʠʨʘ ʚ ʮʝʣʦʤ), ʚʢʣʶʯʘʶʱʝʛʦ 

ʤʥʦʛʦʵʪʘʧʥʫʶ ʤʘʛʤʘʪʠʯʝʩʢʫʶ ʵʚʦʣʶʮʠʶ ʠ ʥʝʦʜʥʦʢʨʘʪʥʫʶ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʫʶ ʧʝʨʝʨʘʙʦʪʢʫ, 

ʧʨʦʩʣʝʜʠʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʟʜʥʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʠ ʩʚʷʟʘʥʥʦʡ ʩ ʥʠʤʠ ʨʝʜʢʦʟʝʤʝʣʴʥʦʡ 

ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʥʘ ʫʯʘʩʪʢʘʭ, ʛʜʝ ʧʨʝʦʙʣʘʜʘʶʪ ʨʘʥʥʠʝ ʢʘʨʙʦʥʘʪʠʪʳ, ʚʝʩʴʤʘ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. ɺ 

ʩʚʷʟʠ ʩ ʵʪʠʤ ʫʯʘʩʪʦʢ ʇʝʪʷʡʷʥ-ɺʘʨʘ, ʛʜʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʨʘʟʚʠʪʳ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ, 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʤ ʦʙʲʝʢʪʦʤ ʜʣʷ ʠʟʫʯʝʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ. 

1.3.4. ʈʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ 

ʋʯʘʩʪʦʢ ʇʝʪʷʡʷʥ-ɺʘʨʘ ʥʘʭʦʜʠʪʩʷ ʚ ʩʝʚʝʨʦ-ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ʤʘʩʩʠʚʘ ʚ ʧʨʝʜʝʣʘʭ 

ʦʜʥʦʠʤʸʥʥʦʡ ʚʦʟʚʳʰʝʥʥʦʩʪʠ. ɽʛʦ ʧʣʦʱʘʜʴ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 0.75 ʢʤ2 (ʇʣʠʝʚ ʠ ʉʘʨʘʭʘʥʦʚ, 1965). 

ɺ ʧʨʝʜʝʣʘʭ ʫʯʘʩʪʢʘ ʧʨʠʩʫʪʩʪʚʫʶʪ ʧʠʨʦʢʩʝʥʠʪʳ, ʠʡʦʣʠʪʳ, ʛʣʠʤʤʝʨʠʪʳ, ʢʘʨʙʦʥʘʪʠʪʳ ʠ 

ʥʝʙʦʣʴʰʦʡ ʦʙʲʸʤ ʬʝʥʠʪʦʚ ʠʟ ʟʦʥʳ ʢʦʥʪʘʢʪʘ ʩʦ ʚʤʝʱʘʶʱʠʤʠ ʘʨʭʝʡʩʢʠʤʠ ʛʥʝʡʩʘʤʠ (ʩʤ. 

ʈʠʩʫʥʦʢ 2b).  

ɺʧʝʨʚʳʝ ʧʨʦʷʚʣʝʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʥʘ ʫʯʘʩʪʢʝ ʇʝʪʷʡʷʥ-ɺʘʨʘ ʙʳʣʠ 

ʫʩʪʘʥʦʚʣʝʥʳ ʧʨʠ ʧʦʣʝʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʫʨʘʥʦʚʳʭ ʵʢʩʧʝʜʠʮʠʡ ʚ 1952 ʛʦʜʫ (ʂʨʠʚʮʦʚ ʠ ʜʨ., 

1953), ʥʦ ʧʦʜʨʦʙʥʳʭ ʦʧʠʩʘʥʠʡ ʵʪʠʭ ʧʨʦʷʚʣʝʥʠʡ ʚ ʦʪʯʸʪʝ ʥʝ ʧʨʠʚʦʜʠʣʦʩʴ. ɺ 1960-ʭ ʛʛ. ʟʜʝʩʴ ʙʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ ʠ ʨʘʟʚʝʜʘʥʦ ʧʨʦʤʳʰʣʝʥʥʦʝ ʬʣʦʛʦʧʠʪ-ʚʝʨʤʠʢʫʣʠʪʦʚʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ, ʩʚʷʟʘʥʥʦʝ ʩ 

ʟʦʥʘʤʠ ʢʘʪʘʢʣʘʟʘ ʠ ʜʨʦʙʣʝʥʠʷ ʧʦʨʦʜ ʚ ʦʙʣʘʩʪʠ ʢʦʥʪʘʢʪʘ ʧʠʨʦʢʩʝʥʠʪʦʚ ʩ ʢʘʨʙʦʥʘʪʠʪʘʤʠ. ɺ ʧʝʨʠʦʜ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʠʩʢʦʚʳʭ ʨʘʙʦʪ ʥʘ ʩʣʶʜʫ ʫʯʘʩʪʦʢ ʇʝʪʷʡʷʥ-ʚʘʨʘ ʙʳʣ ʧʝʨʝʩʝʯʥy ʤʥʦʞʝʩʪʚʦʤ 

ʤʘʛʠʩʪʨʘʣʴʥʳʭ ʢʘʥʘʚ, ʘ ʚ ʟʦʥʘʭ ʦʩʣʶʜʝʥʝʥʠʷ ʙʳʣʦ ʧʨʦʙʫʨʝʥʦ ʥʝʩʢʦʣʴʢʦ ʩʢʚʘʞʠʥ ʛʣʫʙʠʥʦʡ 100ï

200 ʤ. ɺ ʭʦʜʝ ʵʪʠʭ ʨʘʙʦʪ ʙʳʣʘ ʚʳʷʚʣʝʥʘ ʩʝʨʠʷ ʞʠʣʴʥʳʭ ʠ ʣʠʥʟʦʚʠʜʥʳʭ ʪʝʣ 
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ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʦʚ ʛʦʩʧʦʜʩʪʚʫʶʱʝʛʦ ʩʝʚʝʨʦ-ʚʦʩʪʦʯʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʜʣʠʥʦʡ ʦʪ ʥʝʩʢʦʣʴʢʠʭ 

ʜʝʩʷʪʢʦʚ ʜʦ 320 ʤʝʪʨʦʚ ʠ ʤʦʱʥʦʩʪʴʶ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʩʘʥʪʠʤʝʪʨʦʚ ʜʦ 5ï6 (ʨʝʞʝ 20) ʤʝʪʨʦʚ. ɺ 

ʧʨʝʜʝʣʘʭ ʫʯʘʩʪʢʘ ʵʪʠ ʪʝʣʘ ʨʘʩʩʝʢʘʶʪ ʚʤʝʱʘʶʱʠʝ ʧʠʨʦʢʩʝʥʠʪʳ, ʘ ʪʘʢʞʝ (ʨʝʞʝ) ʠʡʦʣʠʪʳ ʠ 

ʬʝʥʠʪʳ, ʧʘʜʘʷ ʧʦʜ ʫʛʣʦʤ 30ï75Á ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ ʟʘʧʘʜ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʧʨʦʙʦʚʘʥʠʷ 

ʚʳʷʩʥʠʣʦʩʴ, ʯʪʦ ʚʦ ʚʩʝʭ ʢʘʨʙʦʥʘʪʠʪʘʭ ʇʝʪʷʡʷʥ-ɺʘʨr ʩʦʜʝʨʞʘʥʠʝ ʨʝʜʢʠʭ ʟʝʤʝʣʴ ʜʦʚʦʣʴʥʦ 

ʚʳʩʦʢʦʝ (ʦʪ 0.2 ʤʘʩʩ.%), ʠ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʧʨʦʙ ʦʥʦ ʩʦʩʪʘʚʣʷʝʪ ʙʦʣʝʝ 1 ʤʘʩʩ.% (ʜʦ 10 ʤʘʩʩ.% ʠ 

ʜʘʞʝ ʙʦʣʝʝ), ʩ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʣʸʛʢʠʭ ʈɿʕ. ʊʘʢʞʝ ʦʙʥʘʨʫʞʠʣʦʩʴ, ʯʪʦ ʚʤʝʱʘʶʱʠʝ ʧʠʨʦʢʩʝʥʠʪʳ ʠ 

ʛʣʠʤʤʝʨʠʪʳ ʥʝʨʝʜʢʦ ʧʨʦʥʠʟʘʥʳ ʩʝʪʴʶ ʤʝʣʢʠʭ ʧʨʦʞʠʣʢʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ. ɺ 

ʦʪʯʸʪʝ ɺ.ʅ. ʇʣʠʝʚʘ ʠ ʄ.ʂ. ʉʘʨʘʭʘʥʦʚʘ (ʇʣʠʝʚ ʠ ʉʘʨʘʭʘʥʦʚ, 1965) ʧʦʜʯʨyʢʠʚʘʝʪʩʷ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ 

ʦʪ ʦʩʪʘʣʴʥʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʫʯʘʩʪʢʦʚ ɺʫʦʨʠʷʨʚʠ, ʛʜʝ ʧʦʚʳʰʝʥʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʈɿʕ 

ʪʷʛʦʪʝʶʪ ʢ ʟʦʥʘʤ ʨʝʜʢʦʤʝʪʘʣʣʴʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ, ʚ ʇʝʪʷʡʷʥ-ɺʘʨʝ ʨʝʜʢʦʟʝʤʝʣʴʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʠ ʛʝʥʝʪʠʯʝʩʢʠ ʩʚʷʟʘʥʘ ʪʦʣʴʢʦ ʩ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʘʤʠ ʠ ʞʝʣʝʟʠʩʪʳʤʠ 

ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʘʤʠ, ʘʩʩʦʮʠʠʨʫʶʱʠʤʠ ʩ ʟʦʥʘʤʠ ʦʩʣʶʜʝʥʝʥʠʷ. ʆʜʥʘʢʦ, ʧʦʩʢʦʣʴʢʫ ʚʩʝ 

ʧʨʦʚʦʜʠʚʰʠʝʩʷ ʥʘ ʫʯʘʩʪʢʝ ʛʦʨʥʳʝ ʨʘʙʦʪʳ ʙʳʣʠ ʥʘʮʝʣʝʥʳ ʥʘ ʦʧʨʝʜʝʣʝʥʠʝ ʧʝʨʩʧʝʢʪʠʚ 

ʨʝʜʢʦʤʝʪʘʣʣɹ ʥʦʛʦ (Nb-Ta) ʦʨʫʜʝʥʝʥʠʷ ʠ/ʠʣʠ ʛʣʠʤʤʝʨʠʪʦʚ, ʨʝʜʢʠʝ ʟʝʤʣʠ ʘʥʘʣʠʟʠʨʦʚʘʣʠʩʴ ʣʠʰʴ 

ʧʦʧʫʪʥʦ, ʘ ʩʧʝʮʠʘʣʴʥʦʛʦ ʦʧʨʦʙʦʚʘʥʠʷ ʥʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ. ɸ.ʉ. ʂʠʨʠʣʣʦʚʳʤ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ 

ʧʝʨʚʠʯʥʦʝ ʠʟʫʯʝʥʠʝ ʦʩʥʦʚʥʳʭ ʤʠʥʝʨʘʣʦʚ-ʥʦʩʠʪʝʣʝʡ ʨʝʜʢʠʭ ʟʝʤʝʣʴ (ʙʫʨʙʘʥʢʠʪʘ, ʘʥʢʠʣʠʪʘ, 

ʙʘʩʪʥʝʟʠʪʘ, ʧʘʨʠʟʠʪʘ) ʠ ʘʩʩʦʮʠʠʨʫʶʱʠʭ ʩ ʥʠʤʠ ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ ʠ ʚʳʜʚʠʥʫʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, 

ʯʪʦ ʟʦʥʘ ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ ʢʘʨʙʦʥʘʪʠʪʦʚ ʪʨʘʩʩʠʨʫʝʪ ʩʠʩʪʝʤʫ ʪʨʝʱʠʥ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʠʭ ʨʘʟʣʦʤ ʩʝʚʝʨʦ-ʚʦʩʪʦʯʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʤʝʞʜʫ ʚʦʟʚʳʰʝʥʥʦʩʪʷʤʠ ʅʝʩʢʝ- ʠ 

ʇʝʪʷʡʷʥ-ɺʘʨʘ (ʂʠʨʠʣʣʦʚ, 1968). ʂʨʦʤʝ ʪʦʛʦ, ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ ʇʝʪʷʡʷʥ-ɺʘʨr ɸ.ʉ. ʂʠʨʠʣʣʦʚʳʤ 

ʙʳʣ ʦʪʢʨʳʪ ʥʦʚʳʡ ʤʠʥʝʨʘʣ ï ʛʠʜʨʦʢʩʠʣʙʘʩʪʥʝʟʠʪ-(Ce) (ʂʠʨʠʣʣʦʚ, 1964). ɺ ʜʘʣʴʥʝʡʰʝʤ 

ʢʘʨʙʦʥʘʪʠʪʳ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ ʣʠʰʴ ʙʝʛʣʦ ʫʧʦʤʠʥʘʣʠʩʴ ʚ ʦʙʦʙʱʘʶʱʠʭ ʤʦʥʦʛʨʘʬʠʷʭ 

(ɸʬʘʥʘʩʴʝʚ, 2011; ʂʘʧʫʩʪʠʥ, 1971), ʘ ʜʝʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʛʝʦʣʦʛʠʠ ʙʦʣʝʝ ʥʝ ʧʫʙʣʠʢʦʚʘʣʦʩʴ 

ʠ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ.  
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ɻʣʘʚʘ 2. ʄɸʊɽʈʀɸʃʓ ʀ ʄɽʊʆɼʓ 

2.1. ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʂʦʣʣʝʢʮʠʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʙʦʣʝʝ 100 ʦʙʨʘʟʮʦʚ ʢʘʨʙʦʥʘʪʠʪʦʚ ʫʯʘʩʪʢʘ 

ʇʝʪʷʡʷʥ-ɺʘʨʘ ʠ ʚʤʝʱʘʶʱʠʭ ʠʭ ʧʦʨʦʜ, ʙʳʣʘ ʩʦʙʨʘʥʘ ʚʦ ʚʨʝʤʷ ʧʦʣʝʚʳʭ ʨʘʙʦʪ 2015 ʠ 2017ï2020 

ʛʛ., ʧʨʦʚʝʜʸʥʥʳʭ ʧʨʠ ʫʯʘʩʪʠʠ ʜʠʩʩʝʨʪʘʥʪʘ. ɺ ʭʦʜʝ ʧʦʣʝʚʳʭ ʨʘʙʦʪ ʚ ʥʝʩʢʦʣʴʢʠʭ ʤʝʩʪʘʭ ʫʯʘʩʪʢʘ 

ʇʝʪʷʡʷʥ-ɺʘʨʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʨʦʩʪʠʨʘʥʠʶ ʪʝʣ ʢʘʨʙʦʥʘʪʠʪʦʚ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʤʘʩʰʪʘʙʥʦʝ 

ʧʦʜʥʦʚʣʝʥʠʝ ʩʪʘʨʳʭ ʨʘʟʚʝʜʦʯʥʳʭ ʢʘʥʘʚ (ʈʠʩʫʥʦʢ 3). ɼʘʥʥʳʤʠ ʢʘʥʘʚʘʤʠ ʙʳʣʦ ʚʩʢʨʳʪʦ ʙʦʣʝʝ 

ʜʝʩʷʪʢʘ ʢʨʫʧʥʳʭ ʞʠʣ ʠ ʣʠʥʟ ʢʘʨʙʦʥʘʪʠʪʦʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʤʦʱʥʦʩʪʴʶ ʜʦ 13 ʤʝʪʨʦʚ, ʠʟ 

ʢʦʨʝʥʥʳʭ ʚʳʭʦʜʦʚ ʢʦʪʦʨʳʭ ʠ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʠʟʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʧʦʨʦʜ. 

 

ʈʠʩʫʥʦʢ 3. ɺʥʝʰʥʠʡ ʦʙʣʠʢ ʨʘʟʚʝʜʦʯʥʳʭ ʢʘʥʘʚ, ʠʟ ʢʦʪʦʨʳʭ ʦʪʙʠʨʘʣʠʩʴ ʦʙʨʘʟʮʳ 

ʢʘʨʙʦʥʘʪʠʪʦʚ (ʥʘ ʧʨʠʤʝʨʝ ʢʘʥʘʚʳ 15ʂ05ʘ). (a) ʇʨʦʮʝʩʩ ʧʦʜʥʦʚʣʝʥʠʷ ʢʘʥʘʚ ʠ (b) 

ʧʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ. (c) ʌʦʪʦʜʦʢʫʤʝʥʪʘʮʠʷ ʧʨʦʙʦʦʪʙʦʨʘ. (d) ʆʪʙʦʨ 

ʧʦʣʫʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʧʨʦʙʳ ʘʥʢʠʣʠʪʦʚʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ (ʢʨʘʩʥʳʝ ʧʦʨʦʜʳ ʥʘ ʧʝʨʝʜʥʝʤ 

ʧʣʘʥʝ) ʠ (e) ʧʦʜʛʦʪʦʚʣʝʥʥʘʷ ʧʨʦʙʘ. 
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2.2. ɸʥʘʣʠʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ 

2.2.1. ʇʝʪʨʦʛʨʘʬʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʆʧʪʠʯʝʩʢʦʝ ʠʟʫʯʝʥʠʝ ʧʦʨʦʜ ʠ ʤʠʥʝʨʘʣʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠʭ ʰʣʠʬʘʭ, 

ʘʥʰʣʠʬʘʭ, ʧʦʣʠʨʦʚʘʥʥʳʭ ʧʣʘʩʪʠʥʢʘʭ, ʦʪʜʝʣʴʥʳʭ ʟʸʨʥʘʭ ʠ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʰʘʡʙʘʭ. ɼʣʷ 

ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠʭ ʠ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʭ ʦʧʠʩʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʠʢʨʦʩʢʦʧ Axioplan 2 Imaging 

(Carl Zeiss) (Carl Zeiss, ʆʙʝʨʢʦʭʝʥ, ɻʝʨʤʘʥʠʷ) ʠ ʙʠʥʦʢʫʣʷʨ r ZEISS Stemi 2000 (Carl Zeiss, 

ʆʙʝʨʢʦʭʝʥ, ɻʝʨʤʘʥʠʷ) ʠ ɸʣʴʪʘʤʠ ʉʄ0870-ʊ (ɸʣʴʪʘʤʠ, ʉʇʙ, ʈʦʩʩʠʷ) ʚ ɻʀ ʂʅʎ ʈɸʅ. 

2.2.2. ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ  

ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ (ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʠʣʠ ʂʈ) 

ʧʨʠʤʝʥʷʣʘʩʴ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʜʣʷ ʟʘʚʝʨʢʠ ʜʠʘʛʥʦʩʪʠʢʠ ʚʩʝʭ ʤʠʥʝʨʘʣʴʥʳʭ ʚʠʜʦʚ, ʘ ʪʘʢʞʝ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʣʠʯʠʷ/ʦʪʩʫʪʩʪʚʠʷ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʘʥʠʦʥʥʳʭ ʛʨʫʧʧ ʚ ʨʝʰʪyʢʝ ʤʠʥʝʨʘʣʦʚ ([OH]ï, 

[SO4]
2-, [CO3]

2- ʠ ʜʨ.). ʉʲyʤʢʘ ʩʧʝʢʪʨʦʚ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʚ ʈʎ çɻʝʦʤʦʜʝʣʴè ʥʘʫʯʥʦʛʦ ʧʘʨʢʘ 

ʉʇʙɻʋ (ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʢʪʨʦʤʝʪʨʘ Jobin-Yvon LabRam HR800 (Horiba, 

Ltd., ʂʠʦʪʦ, ʗʧʦʥʠʷ), ʦʩʥʘʱʥyʥʦʛʦ ʢʦʥʬʦʢʘʣʴʥʳʤ ʤʠʢʨʦʩʢʦʧʦʤ Olympus (ʦʙʲʝʢʪʠʚ 50Ĭ, 

Olympus Corporation, ʊʦʢʠʦ, ʗʧʦʥʠʷ). ɺ ʢʘʯʝʩʪʚʝ ʧʨʝʧʘʨʘʪʦʚ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʫʞʠʣʠ 

ʧʨʦʟʨʘʯʥʦ-ʧʦʣʠʨʦʚʘʥʥʳʝ ʧʣʘʩʪʠʥʢʠ, ʘʥʰʣʠʬʳ ʠ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʰʘʡʙʳ. ʉʠʛʥʘʣ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʚʦʟʙʫʞʜʘʣʩʷ ʪʚʝʨʜʦʪʝʣʴʥʳʤ ʣʘʟʝʨʦʤ (532 ʥʤ) ʩʦ ʚʨʝʤʝʥʝʤ 

ʩʙʦʨʘ 4ï10 ʩ ʧʨʠ 10ï15 ʧʦʚʪʦʨʝʥʠʷʭ. ʂʘʣʠʙʨʦʚʢʘ ʧʨʠʙʦʨʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ ʨʘʤʘʥʦʚʩʢʦʡ ʣʠʥʠʠ 

ʢʨʝʤʥʠʷ ʧʨʠ 520.7 ʩʤï1. ʇʨʝʜʝʣ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʩʦʩʪʘʚʣʷʣ 2 ʩʤï1. ʄʦʱʥʦʩʪʴ ʣʘʟʝʨʘ ʥʘ 

ʦʙʨʘʟʮʝ ʦʛʨʘʥʠʯʠʚʘʣʘʩʴ 3 ʤɺʪ. ʅʝʦʙʭʦʜʠʤʳʝ ʩʧʝʢʪʨʘʣʴʥʳʝ ʤʘʥʠʧʫʣʷʮʠʠ, ʚʢʣʶʯʘʷ ʢʦʨʨʝʢʮʠʶ 

ʙʘʟʦʚʦʡ ʣʠʥʠʠ ʠ ʧʦʜʛʦʥʢʫ ʧʠʢʦʚ, ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

PeakFit v. 4.12 (Systat Software Inc., ʉʘʥ-ʍʦʩʝ, ʂʘʣʠʬʦʨʥʠʷ, ʉʐɸ). 

2.2.3. ʉʢʘʥʠʨʫʶʱʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʠ ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ 

ʆʮʝʥʢʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʤʠʥʝʨʘʣʘʭ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʧʫʪʸʤ ʘʥʘʣʠʟʘ 

ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʦʪʨʘʞʥyʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (backscattered electron, BSE) ʠ ʢʘʨʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʵʣʝʤʝʥʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (scanning electron 

microscope, SEM). 

ʉʦʩʪʘʚ ʤʠʥʝʨʘʣʦʚ ʠʟʫʯʘʣʩ ̫ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʨʦʜ, ʨʫʜ 

ʠ ʤʠʥʝʨʘʣʦʚ ɻʀ ʂʅʎ ʈɸʅ (ʛ. ɸʧʘʪʠʪʳ) ʠ ʚ ʈʎ çɻʝʦʤʦʜʝʣʴè ʉʇʙɻʋ (ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ). 



36 
 

ɼʘʥʥʦʤʫ ʪʠʧʫ ʘʥʘʣʠʟʦʚ ʧʦʜʚʝʨʛʣʠʩʴ ʧʨʦʟʨʘʯʥʦ-ʧʦʣʠʨʦʚʘʥʥʳʝ ʧʣʘʩʪʠʥʢʠ ʠ ʠʩʢʫʩʩʪʚʝʥʥʳʝ 

ʰʘʡʙʳ. ʃʦʢʘʣʴʥʳʡ ʘʥʘʣʠʟ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʤʠʥʝʨʘʣʦʚ ʧʨʦʠʟʚʦʜʠʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Hitachi S-3400N ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʤ 

ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʩʧʝʢʪʨʦʤʝʪʨʦʤ (energy-dispersive X-ray spectroscopy, EDS) Oxford X-Max 20 (20 

ʢɺ, 1 ʥɸ, 30 ʩ ʥʘ ʩʧʝʢʪʨ) ʚ ʈʎ çɻʝʦʤʦʜʝʣʴè, ʘ ʪʘʢʞʝ ʩ ʧʦʤʦʱʴʶ ʚʦʣʥʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ 

ʩʧʝʢʪʨʦʤʝʪʨʘ (wavelength-dispersive X-ray spectroscopy, WDS) ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʟʦʥʜʝ 

Cameca MS-46 (22 ʢɺ, 30 ʥɸ, 50 ʩ ʥʘ ʩʧʝʢʪʨ) ʚ ɻʀ ʂʅʎ ʈɸʅ. ʆʙʘ ʩʧʝʢʪʨʦʤʝʪʨʘ ʙʳʣʠ 

ʦʪʢʘʣʠʙʨʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʨʦʜʥʳʭ ʠ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʥʜʘʨʪʦʚ. 

ɹʦʣʴʰʠʥʩʪʚʦ ʘʥʘʣʠʟʦʚ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ EDS. ɺʩʝ ʩʧʝʢʪʨʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʧʦʤʦʱʴʶ EDS, ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʮʝʜʫʨʳ True-Q 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ Oxford AzTec EDX. ɺ ʢʘʯʝʩʪʚʝ ʩʪʘʥʜʘʨʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩ ɹʢʚʘʨʮ (Si), 

ʧʠʨʠʪ (S), ʘʧʘʪʠʪ (Ca, P), ʨʦʜʦʭʨʦʟʠʪ (Mn), ʘʣʴʙʠʪ (Na), ʩʠʣʴʚʠʥ (Cl), ʤʦʥʘʮʠʪ (Ce) ʠ ʮʝʣʝʩʪʠʥ 

(Sr). ʉʦʩʪʘʚʳ ʢʘʞʜʦʛʦ ʤʠʥʝʨʘʣʘ ʙʳʣʠ ʟʘʚʝʨʝʥʳ ʩ ʧʦʤʦʱʴʶ ʦʪʜʝʣʴʥʳʭ WDS-ʘʥʘʣʠʟʦʚ. ɼʣʷ 

ʢʘʣʠʙʨʦʚʢʠ ʜʘʥʥʳʭ WDS ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʣʝʜʫʶʱʠʝ ʬʘʟʳ ʠ ʣʠʥʠʠ: ʚʦʣʣʘʩʪʦʥʠʪ (SiKŬ, CaKŬ), 

ʧʠʨʦʧ (AlKŬ, MgKŬ), ʘʥʘʪʘʟ (TiKŬ), ʛʝʤʘʪʠʪ (FeKŬ), MnCO3 (MnKŬ), ʘʧʘʪʠʪ (PKŬ), ʣʦʨʝʥʮʝʥʠʪ 

(NaKŬ), ʚʘʜʝʠʪ (KKŬ), ʘʪʘʢʘʤʠʪ (ClKŬ), ʮʠʨʢʦʥ (ZrLŬ), ʪʦʨʠʪ (ThMŬ), ʤʝʪʘʣʣʠʯʝʩʢʠʡ Nb (NbLŬ), 

ʤʝʪʘʣʣʠʯʝʩʢʠʡ Ta (TaLŬ), ʤʝʪʘʣʣʠʯʝʩʢʠʡ U (UMŬ), SrSO4 (SrLŬ), BaSO4 (BaLŬ, SKŬ), PbMoO4 

(PbLŬ), Y3Al 5O12 (YLŬ), (La,Ce)S (LaLŬ), CeS (CeLŬ), LiNd(MoO4)2 (NdLŬ) ʠ SmFeO3 (SmLŬ). 

ʇʨʝʜʝʣ ʦʙʥʘʨʫʞʝʥʠʷ Si, Ti, Ca, Fe, K ʠ Mn ʩʦʩʪʘʚʠʣ 0.02%; 0.05% ʜʣʷ Al, S, P, Cl, Na, Sr, Ba, Ta, 

Y, La, Ce, Nd, Pr ʠ Sm; ʠ 0.1% ʜʣʷ Mg, Zr, Nb, U, Th ʠ Pb. ɺ ʪʦʯʢʘʭ, ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ WDS, ʩʦʜʝʨʞʘʥʠʝ ʬʪʦʨʘ ʙʳʣʦ ʠʟʤʝʨʝʥʦ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ LEO-1450, ʦʩʥʘʱʥyʥʦʛʦ EDS XFlash-5010 Bruker Nano GmbH (20 ʢɺ, 

0,5 ʥɸ, 200 ʩ ʥʘ ʵʢʩʧʦʟʠʮʠʶ), ʚ ɻʀ ʂʅʎ ʈɸʅ. ʈʝʜʫʢʮʠʷ ʜʘʥʥʳʭ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʝʩʩʪʘʥʜʘʨʪʥʦʛʦ ʘʥʘʣʠʟʘ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ P/B-ZAF ʩʠʩʪʝʤʳ QUANTAX. 

ɸʧʘʪʠʪ ʚʦ ʠʟʙʝʞʘʥʠʝ ʤʠʛʨʘʮʠʠ ʬʪʦʨʘ ʘʥʘʣʠʟʠʨʦʚʘʣʩʷ ʧʨʠ ʥʠʟʢʦʡ ʩʠʣʝ ʪʦʢʘ (0.5ï1.0 ʥɸ). ʇʦ 

ʚʦʟʤʦʞʥʦʩʪʠ ʩʧʝʢʪʨʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʪʦʯʝʯʥʦʤ ʨʝʞʠʤʝ, ʧʨʦʚʝʨʷʣʠʩʴ ʧʣʦʱʘʜʥʳʤ ʘʥʘʣʠʟʦʤ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʫʜʝʣʴʥʘʷ ʜʦʟʘ ʠʟʣʫʯʝʥʠʷ ʥʘ ʝʜʠʥʠʮʫ ʧʦʚʝʨʭʥʦʩʪʠ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʥʠʟʢʘ.̫ ɺ ʩʫʤʤʝ 

ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ 240 ʣʦʢʘʣʴʥʳʭ ʦʧʨʝʜʝʣʝʥʠʡ ʩʦʩʪʘʚʘ ʤʠʥʝʨʘʣʦʚ (ʊʘʙʣʠʮʘ ST1 ʚ ʇʨʠʣʦʞʝʥʠʠ). 

2.2.4. ɼʠʬʨʘʢʮʠʷ ʦʪʨʘʞʸʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (electron backscatter diffraction, EBSD) 

ʅʝʢʦʪʦʨʳʝ ʤʠʥʝʨʘʣʳ, ʥʘʧʨʠʤʝʨ ʦʢʩʠʜʳ ʪʠʪʘʥʘ (ʘʥʘʪʘʟ, ʙʨʫʢʠʪ ʠ ʨʫʪʠʣ), ʩʣʘʙʦ ʨʘʟʣʠʯʠʤʳ 

ʢʘʢ ʦʧʪʠʯʝʩʢʠ, ʪʘʢ ʠ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʢʘʟʘʣʠ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʠʭ ʩʪʨʫʢʪʫʨʳ, ʦʜʥʘʢʦ ʠʭ ʦʢʘʟʘʣʦʩʴ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʣʥʦʡ ʢʘʨʪʠʥʳ 

ʩʪʨʦʝʥʠʷ ʠ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʪʠʭ ʤʠʥʝʨʘʣʦʚ. ʇʦʵʪʦʤʫ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʙʳʣ 



37 
 

ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʜʠʬʨʘʢʮʠʠ ʦʪʨʘʞʸʥʥʳʭ ɻ ʣʝʢʪʨʦʥʦʚ (EBSD). ʀʩʧʦʣʴʟʦʚʘʥʠʝ EBSD ʧʦʟʚʦʣʠʣʦ 

ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʩʦʦʪʥʦʰʝʥʠʷ ʧʦʣʠʤʦʨʬʦʚ TiO2 ʠ ʦʧʨʝʜʝʣʠʪʴ ʛʨʘʥʠʮʳ ʦʪʜʝʣʴʥʳʭ ʟʸʨʝʥ ʚ 

ʩʨʦʩʪʢʘʭ, ʛʜʝ ʟʸʨʥʘ ʦʛʨʘʥʠʯʝʥʳ ʩʝʯʝʥʠʷʤʠ ʤʠʥʝʨʘʣʦʚ ʩ ʝʜʠʥʦʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʦʨʠʝʥʪʘʮʠʝʡ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ. ɼʘʥʥʳʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʚ ʈʎ çɻʝʦʤʦʜʝʣʴè ʥʘʫʯʥʦʛʦ ʧʘʨʢʘ 

ʉʇʙɻʋ ʚ ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ. ɼʣʷ ʠʟʤʝʨʝʥʠʡ EBSD ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʢʘʥʠʨʫʶʱʠʡ ʵʣʝʢʪʨʦʥʥʳʡ 

ʤʠʢʨʦʩʢʦʧ Hitachi S-3400N, ʦʙʦʨʫʜʦʚʘʥʥʳʡ ʜʝʪʝʢʪʦʨʦʤ Oxford HKLNordlys EBSD. ʈʘʙʦʪʘ 

ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʚ ʫʩʣʦʚʠʷʭ ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ 20 ʢɺ, ʪʦʢʝ ʧʫʯʢʘ ʚ 1 ʥɸ, ʚʨʝʤʝʥʠ ʩʙʦʨʘ 

ʜʘʥʥʳʭ 16 ʩ, ʰʘʛʝ 2 ʤʢʤ ʜʣʷ ʦʜʥʦʛʦ EBSD ʚʦ ʚʨʝʤʷ ʢʘʨʪʠʨʦʚʘʥʠʷ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ 

ʢʨʠʩʪʘʣʣʦʚ ʧʦ ʣʠʥʠʷʤ ʂʠʢʫʯʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʨʫʪʠʣʘ, ʘʥʘʪʘʟʘ ʠ 

ʙʨʫʢʠʪʘ ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʙʳʣʦ ʟʘʜʝʡʩʪʚʦʚʘʥʦ ʧʨʦʛʨʘʤʤʥʦʝ 

ʦʙʝʩʧʝʯʝʥʠʝ Oxford Instruments AZtecHKL. ʏʪʦʙʳ ʧʦʣʫʯʠʪʴ ʤʘʢʩʠʤʘʣʴʥʦ ʧʣʦʩʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ 

ʜʣʷ ʘʥʘʣʠʟʘ EBSD, ʦʙʨʘʟʝʮ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʣʠʨʦʚʘʣʩʷ ʩ ʟʘʚʝʨʰʘʶʱʝʡ ʩʪʘʜʠʝʡ ʪʨʘʚʣʝʥʠʷ 

ʠʦʥʘʤʠ Ar ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ (Oxford IonFab 300).  

2.2.5. ʇʦʨʦʰʢʦʚʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʮʠʷ (X-ray powder diffraction, XRPD) 

ɼʘʥʥʳʝ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʜʣʷ ʚʘʣʦʚʳʭ ʦʙʨʘʟʮʦʚ ʢʘʨʙʦʥʘʪʠʪʦʚ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʚ ʈʎ "ʈʝʥʪʛʝʥʦʜʠʬʨʘʢʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ" ʥʘʫʯʥʦʛʦ ʧʘʨʢʘ ʉʇʙɻʋ (ʛ. 

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ). ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʙʳʣʠ ʩʥʷʪʳ ʩ ʧʦʤʦʱʴʶ ʜʠʬʨʘʢʪʦʤʝʪʨʘ RigakuMiniFlex II. 

ɼʠʘʧʘʟʦʥ ʩʢʘʥʠʨʦʚʘʥʠʷ ʫʛʣʘ ɹʨʵʛʛʘ (2ɗ) ʩʦʩʪʘʚʣʷʣ ʦʪ 3.00Á ʜʦ 70.00Á ʩ ʰʘʛʦʤ 0.02Á ʠ ʚʨʝʤʝʥʝʤ 

ʩʯyʪʘ 2 ʩ ʥʘ ʰʘʛ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʦ ʧʦʨʦʰʢʘʤ ʚʘʣʦʚʳʭ ʧʨʦʙ ʧʦʨʦʜ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʩ ʤʝʜʥʳʤ ʘʥʦʜʦʤ ʠ ʛʨʘʬʠʪʦʚʳʤ 

ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ. ʈʘʙʦʯʠʝ ʫʩʣʦʚʠʷ: ʥʘʧʨʷʞʝʥʠʝ 30 ʢɺ ʠ ʪʦʢ 15 ʤɸ. ʇʨʦʙʦʧʦʜʛʦʪʦʚʢʘ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʫʪʸʤ ʥʝʧʣʦʪʥʦʛʦ ʟʘʧʦʣʥʝʥʠʷ ʜʝʨʞʘʪʝʣʝʡ ʦʙʨʘʟʮʦʚ ʤʝʣʢʦ ʠʟʤʝʣʴʯʥyʥʳʤ 

ʧʦʨʦʰʢʦʤ (<7.4 ʤʢʤ) ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʝʩʩʦʚʘʥʠʝʤ ʤʘʪʦʚʳʤ ʩʪʝʢʣʦʤ ʙʝʟ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ 

ʧʝʨʝʤʝʱʝʥʠʡ. ʉ ʧʦʤʦʱʴʶ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ 43 ʧʨʦʙʳ 

ʢʘʨʙʦʥʘʪʠʪʦʚ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ. 

2.2.6. ɸʥʘʣʠʟ ʧʝʪʨʦʛʝʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

ʉʦʜʝʨʞʘʥʠʝ ʧʝʪʨʦʛʝʥʥʳʭ ʠ ʣʝʪʫʯʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠʟʫʯʘʣʦʩʴ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ 

ʤʦʢʨʦʡ ʭʠʤʠʠ ʚ ʭʠʤʠʢʦ-ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʣʘʙʦʨʘʪʦʨʠʠ ɻʀ ʂʅʎ ʈɸʅ. ʇʨʠ ʘʥʘʣʠʟʝ ʢʦʥʮʝʥʪʨʘʮʠʡ 

SiO2, Al2O3, Fe2O3, MgO, TiO2 ʠ SrO ʩʨʝʜʥʠʝ ʧʦʨʮʠʠ ʚʝʱʝʩʪʚʘ ʙʳʣʠ ʨʘʟʣʦʞʝʥʳ ʧʫʪʸʤ ʧʣʘʚʣʝʥʠʷ 

ʩ ʙʫʨʦʡ ʠ ʩʦʜʦʡ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʧʝʨʝʚʦʜʘ ʚ ʨʘʩʪʚʦʨ. ʂʘʞʜʳʡ ʦʙʨʘʟʝʮ, ʪʘʢʞʝ ʩʧʣʘʚʣʝʥʥʳʡ ʩ 

ʙʫʨʦʡ ʠ ʩʦʜʦʡ, ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ F, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ Cl ʘʥʘʣʠʟʠʨʦʚʘʣʩʷ 
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ʧʦʩʣʝ ʩʧʝʢʘʥʠʷ ʩ KNaCO3. ʂʨʦʤʝ ʪʦʛʦ, ʥʝʢʦʪʦʨʳʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʨʘʟʣʦʞʝʥʳ ʚ ʢʠʩʣʦʪʘʭ: ʚ ʩʤʝʩʠ 

(H2SO4+HNO3+HF) ʜʣʷ ʘʥʘʣʠʟʘ ʢʦʥʮʝʥʪʨʘʮʠʡ K2O, Na2O ʠ MnO; ʚ ʩʤʝʩʠ (HNO3+HF) ʜʣʷ ʘʥʘʣʠʟʘ 

P2O5 ʠ ʈɿʕ; ʚ ʩʤʝʩʠ (H2SO4+ HF) ʜʣʷ ʘʥʘʣʠʟʘ FeO; ʚ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʝ ʜʣʷ ʨʘʩʯʪyʘ ʩʦʜʝʨʞʘʥʠʷ S. 

ɼʣʷ ʘʥʘʣʠʟʘ ʢʦʥʮʝʥʪʨʘʮʠʠ CO2 ʪʝʩʪʠʨʫʝʤʳʡ ʧʦʨʦʰʦʢ ʙʳʣ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʚʝʨʛʥʫʪ 

ʚʦʟʜʝʡʩʪʚʠʶ NaOH. ɸʥʘʣʠʟʳ ʥʘ SiO2, Al 2O3, Fe2O3, MgO, CaO ʠ SrO ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʦʤ 

ʘʪʦʤʥʦʡ ʘʙʩʦʨʙʮʠʠ; ʘʥʘʣʠʟʳ ʥʘ K2O, Na2O ʠ MnO ï ʵʤʠʩʩʠʦʥʥʳʤ ʤʝʪʦʜʦʤ; ʥʘ TiO2, P2O5 ï 

ʢʦʣʦʨʠʤʝʪʨʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ; ʥʘ ʩʫʤʤʫ ʈɿʕ ï ʬʦʪʦʤʝʪʨʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ; ʥʘ F, Cl ï ʤʝʪʦʜʦʤ 

ʧʨʷʤʦʛʦ ʧʦʪʝʥʮʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ; ʥʘ CO2, FeO ï ʪʠʪʨʦʚʘʥʠʝʤ; ʠ ʥʘ Stot, H2O
+ ʠ H2O

ï 

ï ʧʨʠ ʧʦʤʦʱʠ ʛʨʘʚʠʤʝʪʨʠʠ. ʇʨʝʜʝʣʳ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ ʩʦʩʪʘʚʣʷʣʠ 1.5% ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʡ 

>10 ʤʘʩʩ.% ʠ 3.5% ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʠʡ >1 ʤʘʩʩ.%. ʄʝʪʦʜʘʤʠ ʤʦʢʨʦʡ ʭʠʤʠʠ ʙʳʣ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥ 

ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 46 ʧʦʨʦʰʢʦʚʳʭ ʧʨʦʙ ʢʘʨʙʦʥʘʪʠʪʦʚ ʠ 5 ʧʨʦʙ ʚʤʝʱʘʶʱʠʭ ʠʭ ʩʠʣʠʢʘʪʥʳʭ 

ʧʦʨʦʜ (ʬʦʠʜʦʣʠʪʦʚ, ʛʣʠʤʤʝʨʠʪʦʚ, ʢʣʠʥʦʧʠʨʦʢʩʝʥʠʪʦʚ) (ʊʘʙʣʠʮʘ ST2 ʚ ʇʨʠʣʦʞʝʥʠʠ). 

2.2.7. ɸʥʘʣʠʟ ʨʝʜʢʠʭ ʵʣʝʤʝʥʪʦʚ 

ʂʦʥʮʝʥʪʨʘʮʠʠ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʤʝʪʦʜʦʤ ʵʤʠʩʩʠʦʥʥʦʡ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʩ ʠʥʜʫʢʪʠʚʥʦ ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʦʡ (inductively coupled plasma mass spectrometry, 

ICP-MS) ʥʘ ʢʚʘʜʨʫʧʦʣʴʥʦʤ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʝ ELAN 9000 DRC-e ʚ ʀʥʩʪʠʪʫʪʝ ʭʠʤʠʠ ʠ 

ʪʝʭʥʦʣʦʛʠʠ ʨʝʜʢʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʠʤ. ʀ.ɺ. ʊʘʥʘʥʘʝʚʘ (ʀʍʊʈʕʄʉ ʂʅʎ ʈɸʅ). 

ɼʣʷ ʵʪʦʡ ʧʨʦʮʝʜʫʨʳ ʧʦʩʣʝ ʢʠʩʣʦʪʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʚ ʩʪʝʢʣʦʫʛʣʝʨʦʜʥʳʭ ʪʠʛʣʷʭ ʢʘʞʜʳʡ ʦʙʨʘʟʝʮ 

ʙʳʣ ʧʦʣʥʦʩʪʴʶ ʧʝʨʝʚʝʜʥy ʚ ʨʘʩʪʚʦʨ ʧʫʪʸʤ ʧʦʩʪʝʧʝʥʥʦʛʦ ʜʦʙʘʚʣʝʥʠʷ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ HF 

(ʪʨʦʡʥʦʝ ʜʦʙʘʚʣʝʥʠʝ ʠ ʚʳʧʘʨʠʚʘʥʠʝ ʜʦ ʚʣʘʞʥʳʭ ʩʦʣʝʡ) ʠ HNO3. ʇʦʣʫʯʝʥʥʳʝ ʨʘʩʪʚʦʨʳ ʦʙʨʘʟʮʦʚ 

ʨʘʟʙʘʚʣʷʣʠʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ 

ʚʳʙʨʘʥʥʳʤ ʜʠʘʧʘʟʦʥʘʤ ʢʘʣʠʙʨʦʚʢʠ. ʆʰʠʙʢʘ ʠʟʤʝʨʝʥʠʡ ʤʝʪʦʜʦʤ ICP-MS ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ 

ʵʣʝʤʝʥʪʦʚ ʙʳʣʘ << 5%. ɸʥʘʣʠʟ ʨʝʜʢʠʭ ʵʣʝʤʝʥʪʦʚ ʙʳʣ ʚʳʧʦʣʥʝʥ ʜʣʷ ʪʝʭ ʞʝ 46 ʧʦʨʦʰʢʦʚʳʭ ʧʨʦʙ 

ʢʘʨʙʦʥʘʪʠʪʦʚ, ʜʣʷ ʢʦʪʦʨʳʭ ʚʳʧʦʣʥʷʣʩʷ ʘʥʘʣʠʟ ʧʝʪʨʦʛʝʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ (ʊʘʙʣʠʮʘ ST2 ʚ 

ʇʨʠʣʦʞʝʥʠʠ). ʉʦʜʝʨʞʘʥʠʷ ʨʝʜʢʠʭ ʵʣʝʤʝʥʪʦʚ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʩʪʘʥʜʘʨʪʥʳʭ ʦʙʨʘʟʮʦʚ VIMS095RzO, VIMS048RzO ʠ OREAS 465, ʙʦʛʘʪʳʭ 

ʈɿʕ, ʧʦ ʤʝʪʦʜʠʢʘʤ ʇʅɼ ʌ 16.1:2.3:3.11-98, ʌʈ. 1.31.2016.25424 ʠ ʌʈ. 1.31.2015.20850. 

ʇʦʩʣʝʜʥʠʝ ʜʚʝ ʠʟ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʠʢ ʷʚʣʷʶʪʩʷ ʦʨʠʛʠʥʘʣʴʥʳʤʠ ʘʪʪʝʩʪʦʚʘʥʥʳʤʠ 

ʨʘʟʨʘʙʦʪʢʘʤʠ ʀʍʊʈʕʄʉ ʂʅʎ ʈɸʅ, ʧʦʟʚʦʣʷʶʱʠʤʠ ʠʩʩʣʝʜʦʚʘʪʴ ʚʝʱʝʩʪʚʦ ʩ ʫʨʘʛʘʥʥʳʤʠ 

ʩʦʜʝʨʞʘʥʠʷʤʠ ʈɿʕ. 
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2.2.8. ʀʟʫʯʝʥʠʝ ʠʟʦʪʦʧʥʦʛʦ ʩʦʩʪʘʚʘ ʣʝʛʢʠʭ ʩʪʘʙʠʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ (C, O) 

ɼʣʷ 46 ʦʙʨʘʟʮʦʚ ʢʘʨʙʦʥʘʪʠʪʦʚ ʚ ɻʝʦʣʦʛʠʯʝʩʢʦʤ ʠʥʩʪʠʪʫʪʝ (ɻʀʅ ʈɸʅ, ʛ. ʄʦʩʢʚʘ) ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʧʦ ʠʟʦʪʦʧʥʦʤʫ ʩʦʩʪʘʚʫ ʫʛʣʝʨʦʜʘ ʠ ʢʠʩʣʦʨʦʜʘ. ʀʟʚʣʝʯʝʥʠʝ CO2 ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ 

ʚ ʘʚʪʦʩʘʤʧʣʝʨʝ Finnigan MAT GasBench II ʧʫʪʸʤ ʨʝʘʢʮʠʠ ʧʦʨʦʰʢʦʚ ʦʙʨʘʟʮʦʚ (ʦʢʦʣʦ 200 ʤʢʛ) ʠ 

ʩʪʘʥʜʘʨʪʦʚ (KH-2 ʠ NBS-19) ʩ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʅ3ʈʆ4 ʧʨʠ 50 Áʉ. ʀʟʤʝʨʝʥʠʷ ʠʟʦʪʦʧʥʦʛʦ 

ʦʪʥʦʰʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ Delta V Advantage (Thermoelectron 

Corporation). ʀʟʦʪʦʧʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʳʣʠ ʦʮʝʥʝʥʳ ʚ ʧʨʦʤʠʣʣʝ (ă) ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʘʥʜʘʨʪʦʚ 

VïPDB ʜʣʷ ʫʛʣʝʨʦʜʘ ʠ VïSMOW ʜʣʷ ʢʠʩʣʦʨʦʜʘ ʚ ʚʠʜʝ ŭ-ʚʝʣʠʯʠʥ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʢʘʢ ŭ = (R1/R2 ï 

1)Ĭ1000, ʛʜʝ R1 ʠ R2 ʦʪʚʝʯʘʶʪ ʟʥʘʯʝʥʠʷʤ 
13C/12C ʠʣʠ 18O/16O ʚ ʦʙʨʘʟʮʘʭ ʠ ʩʪʘʥʜʘʨʪʘʭ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʛʨʝʰʥʦʩʪʴ ʢʘʢ ʜʣʷ ʜʘʥʥʳʭ ʧʦ ŭ18ʆ, ʪʘʢ ʠ ʧʦ ŭ13C ʥʝ ʧʨʝʚʳʰʘʣʘ Ñ 0.2 ă. 

2.2.9. ʀʟʫʯʝʥʠʝ Sm-Nd ʠ Rb-Sr ʠʟʦʪʦʧʥʳʭ ʩʠʩʪʝʤ 

ʀʟʦʪʦʧʥʳʝ ʘʥʘʣʠʟʳ Rb, Sr, Sm ʠ Nd ʚ ʚʘʣʦʚʳʭ ʧʨʦʙʘʭ 46 ʦʙʨʘʟʮʦʚ ʢʘʨʙʦʥʘʪʠʪʦʚ ʙʳʣʠ 

ʚʳʧʦʣʥʝʥʳ ʚ ʀʥʩʪʠʪʫʪʝ ʛʝʦʣʦʛʠʠ ʠ ʛʝʦʭʨʦʥʦʣʦʛʠʠ ʜʦʢʝʤʙʨʠʷ (ʀɻɻɼ ʈɸʅ, ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ). 

ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ ST3 ʚ ʇʨʠʣʦʞʝʥʠʠ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ 

ʤʥʦʛʦʢʦʣʣʝʢʪʦʨʥʦʤ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʝ Triton (ThermoFisher), ʨʘʙʦʪʘʶʱʝʤ ʚ ʨʝʞʠʤʝ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʩʯʪyʯʠʢʘ ʠʦʥʦʚ. ʀʟʦʪʦʧʥʳʡ ʩʦʩʪʘʚ ʘʥʘʣʠʟʠʨʦʚʘʣʩʷ ʤʝʪʦʜʦʤ ʠʟʦʪʦʧʥʦʛʦ 

ʨʘʟʙʘʚʣʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʪʚʦʨʦʚ ʩʤʝʰʘʥʥʳʭ ʪʨʘʩʩʝʨʦʚ 87Rbï84Sr ʠ 149Smï150Nd, 

ʜʦʙʘʚʣʝʥʥʳʭ ʢ ʧʦʨʦʰʢʦʦʙʨʘʟʥʳʤ ʦʙʨʘʟʮʘʤ. ʆʙʨʘʟʮʳ ʧʦʣʥʦʩʪʴʶ ʨʘʩʪʚʦʨʷʣʠ ʚ ʩʤʝʩʠ ʘʟʦʪʥʦʡ ʠ 

ʧʣʘʚʠʢʦʚʦʡ ʢʠʩʣʦʪ, ʧʦʜʚʝʨʛʥʫʪʳʭ ʜʚʦʡʥʦʡ ʧʝʨʝʛʦʥʢʝ. ɺʳʜʝʣʝʥʠʝ ʩʪʨʦʥʮʠʷ ʜʣʷ ʠʟʦʪʦʧʥʦʛʦ 

ʘʥʘʣʠʟʘ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʫʪʸʤ ʢʘʪʠʦʥʦʦʙʤʝʥʥʦʡ ʭʨʦʤʘʪʦʛʨʘʬʠʠ ʥʘ ʩʤʦʣʝ ʤʘʨʢʠ AG50W-X8. 

ɺʳʜʝʣʝʥʠʝ ʩʘʤʘʨʠʷ ʠ ʥʝʦʜʠʤʘ ʜʣʷ ʠʟʦʪʦʧʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʚ ʜʚʝ ʩʪʫʧʝʥʠ. ʇʝʨʚʘʷ ï 

ʢʘʪʠʦʥʦʦʙʤʝʥʥʘʷ ʭʨʦʤʘʪʦʛʨʘʬʠʷ ʥʘ ʩʤʦʣʝ AG50W-X8 ʜʣʷ ʦʪʜʝʣʝʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʦʪ ʦʙʱʝʡ ʤʘʩʩʳ ʚʝʱʝʩʪʚʘ ʧʦʨʦʜ ʠ ʤʠʥʝʨʘʣʦʚ. ɺʪʦʨʘʷ ï ʵʢʩʪʨʘʢʮʠʦʥʥʘʷ ʭʨʦʤʘʪʦʛʨʘʬʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʞʠʜʢʦʛʦ ʢʘʪʠʦʥʦʦʙʤʝʥʥʦʛʦ ʵʢʩʪʨʘʛʝʥʪʘ ʜʠ-(2-ʵʪʠʣʛʝʢʩʠʣ)-ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʳ 

(HDEHP) ʥʘ ʪʝʬʣʦʥʦʚʦʤ ʥʦʩʠʪʝʣʝ. ʀʥʩʪʨʫʤʝʥʪʘʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʠʟʦʪʦʧʦʚ Nd ʠ Sr ʙʳʣʦ 

ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʦ ʧʫʪʸʤ ʥʦʨʤʠʨʦʚʢʠ ʠʟʤʝʨʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘ 146Nd/144Nd = 0.7219 ʠ 86Sr/88Sr = 

0.1194 ʧʦ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʤʫ ʟʘʢʦʥʫ. ʇʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʜʝʨʞʘʥʠʡ Rb, Sr, Sm ʠ Nd 

ʩʦʩʪʘʚʣʷʣʘ 0.5%, ʘ ʫʨʦʚʝʥʴ ʭʦʣʦʩʪʳʭ ʦʧʳʪʦʚ ʥʝ ʧʨʝʚʳʰʘʣ 30, 30, 10 ʠ 20 pg ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɸʥʘʣʠʟʳ ʩʪʘʥʜʘʨʪʘ BCR-1 ʜʘʣʠ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʜʝʩʷʪʠ ʠʟʤʝʨʝʥʠʡ: 6.45 ppm Sm, 28.4 

ppm Nd, 147Sm/144Nd = 0.1382Ñ3 ʠ 143Nd/144Nd = 0.512656Ñ8; 45.9 ppm Rb, 329 ppm Sr, 87Rb/86Sr = 

0.4023Ñ9 ʠ 87Sr/86Sr = 0.705013Ñ16. 
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2.2.10. ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʣʶʠʜʥʳʭ ʚʢʣʶʯʝʥʠʡ  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʢʣʶʯʝʥʠʡ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʝ ʦʙʨʘʟʮʳ ʢʘʨʙʦʥʘʪʠʪʦʚ ʩ 

ʧʦʟʜʥʝʡ ʤʠʥʝʨʘʣʠʟʘʮʠʝʡ, ʠʟ ʢʦʪʦʨʳʭ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʪʦʥʢʠʝ ʧʣʘʩʪʠʥʢʠ ʩ ʜʚʦʡʥʦʡ 

ʧʦʣʠʨʦʚʢʦʡ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʬʣʶʠʜʥʳʭ ʚʢʣʶʯʝʥʠʡ ʚʳʧʦʣʥʷʣʠʩʴ ʚ ʎʝʥʪʨʝ ʢʦʣʣʝʢʪʠʚʥʦʛʦ 

ʧʦʣʴʟʦʚʘʥʠʷ ʥʘʫʯʥʳʤ ʦʙʦʨʫʜʦʚʘʥʠʝʤ ʤʥʦʛʦʵʣʝʤʝʥʪʥʳʭ ʠ ʠʟʦʪʦʧʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʉʆ ʈɸʅ 

(ʎʂʇ ʄʀʀ ʉʆ ʈɸʅ) ʚ ʛ. ʅʦʚʦʩʠʙʠʨʩʢ. ʆʧʪʠʯʝʩʢʦʝ ʠʟʫʯʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ Olympus BX51 ʩ ʮʠʬʨʦʚʦʡ ʬʦʪʦʢʘʤʝʨʦʡ ColorView III. ʆʧʨʝʜʝʣʝʥʠʝ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ 

ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʚʝʨʜʳʭ ʬʘʟ ʚ ʚʘʢʫʦʣʷʭ ʬʣʶʠʜʥʳʭ ʚʢʣʶʯʝʥʠʡ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʧʨʠ ʧʦʤʦʱʠ 

ʈʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʢʪʨʦʤʝʪʨʘ LabRam HR800 Horiba Jobin Yvon, 

ʦʙʦʨʫʜʦʚʘʥʥʦʛʦ ʦʧʪʠʯʝʩʢʠʤ ʤʠʢʨʦʩʢʦʧʦʤ Olympus BX41. ɼʣʷ ʚʦʟʙʫʞʜʝʥʠʷ ʩʧʝʢʪʨʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʣʠʥʠʷ ʣʘʟʝʨʘ Ar+ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 514.5 ʥʤ. ʊʚʝʨʜʳʝ ʬʘʟʳ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʣʠʩʴ 

ʧʫʪʸʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʘʤʘʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʩʦ ʩʧʝʢʪʨʘʤʠ ʠʟ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʙʘʟʳ 

ʜʘʥʥʳʭ RRUFF [http://rruff.info, (Lafuente et al., 2015)]. ʊʝʤʧʝʨʘʪʫʨʳ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʬʣʶʠʜʥʳʭ 

ʚʢʣʶʯʝʥʠʡ ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʥʘʛʨʝʚʫ ʠ ʟʘʤʦʨʘʞʠʚʘʥʠʶ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʩʪʦʣʠʢʘ Linkam THMSG-600. ɼʠʘʧʘʟʦʥ ʠʟʤʝʨʝʥʠʷ ʩʦʩʪʘʚʣʷʣ ʦʪ -196 ʜʦ +600Üʉ. 

ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʩʦʩʪʘʚʣʷʣʘ Ñ0.1 ÜC ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ -20 ʜʦ +80 ÜC ʠ Ñ1ÜC ʟʘ 

ʧʨʝʜʝʣʘʤʠ ʵʪʦʛʦ ʠʥʪʝʨʚʘʣʘ. 

2.3. ʉʪʘʪʠʩʪʠʯʝʩʢʦʝ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʝʥʪʛʝʥʦʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʠ 

ʛʝʦʭʠʤʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʧʦʤʦʱʴʶ ʬʘʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘ (ʘʚʪʦʨʩʢʘʷ 

ʤʝʪʦʜʠʢʘ)  

ʌʘʢʪʦʨʥʦʤʫ ʘʥʘʣʠʟʫ ʙʳʣʠ ʧʦʜʚʝʨʛʥʫʪʳ ʜʘʥʥʳʝ ʧʦ 43 ʦʙʨʘʟʮʘʤ ʢʘʨʙʦʥʘʪʠʪʦʚ ʇʝʪʷʡʷʥ-

ɺʘʨʳ. ɸʥʘʣʠʟʫ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʦʜʚʝʨʛʣʠʩʴ ʜʚʘ ʥʘʙʦʨʘ ʜʘʥʥʳʭ: (1) ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʤʘʩʩʠʚ 

ʜʘʥʥʳʭ, ʚʢʣʶʯʘʶʱʠʡ ʢʘʢ ʭʠʤʠʯʝʩʢʠʝ ʩʦʩʪʘʚ rʧʦʨʦʜ (ʩʦʜʝʨʞʘʥʠʷ ʠ ʧʝʪʨʦʛʝʥʥʳʭ, ʠ ʨʝʜʢʠʭ 

ʵʣʝʤʝʥʪʦʚ), ʪʘʢ ʠ ʠʭ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʠ (2) ʤʘʩʩʠʚ ʜʘʥʥʳʭ, ʩʦʩʪʦʷʱʠʡ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʠʟ ʭʠʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ ʦʙʨʘʟʮʦʚ. ɺʪʦʨʦʡ ʵʪʘʧ ʘʥʘʣʠʟʘ ʷʚʣʷʝʪʩʷ ʨʫʪʠʥʥʳʤ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʧʝʨʚʳʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʨʠʛʠʥʘʣʴʥʫʶ ʘʚʪʦʨʩʢʫʶ ʨʘʟʨʘʙʦʪʢʫ, ʧʦʟʚʦʣʷʶʱʫʶ ʩ 

ʧʦʤʦʱʴʶ ʬʘʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘ ʚʳ̫ʚʠʪʴ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ ʭʠʤʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʚ ʧʦʨʦʜʘʭ ʩ ʤʠʥʝʨʘʣʦʛʠʝʡ ʵʪʠʭ ʧʦʨʦʜ. ʇʨʠʯʠʥʘ, ʧʦʙʫʜʠʚʰʘʷ ʢ ʝʸ ʩʦʟʜʘʥʠʶ, ʩʦʩʪʦʠʪ ʚ 

ʪʦʤ, ʯʪʦ ʙʦӢʣʴʰʘʷ ʯʘʩʪʴ ʢʘʨʙʦʥʘʪʠʪʦʚ ʇʝʪʷʡʷʥ-ɺʘʨr ʚʝʩʴʤʘ ʥʝʦʜʥʦʨʦʜʥʘ ʢʘʢ ʧʦ ʤʠʥʝʨʘʣʴʥʦʤʫ, 

ʪʘʢ ʠ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ, ʚ ʩʠʣʫ ʯʝʛʦ ʧʨʷʤʦʝ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʭʠʤʠʯʝʩʢʦʛʦ 

ʘʥʘʣʠʟʘ ʚʘʣʦʚʳʭ ʧʨʦʙ ʧʦʨʦʜ ʩ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʤʠ ʜʘʥʥʳʤʠ ʦʢʘʟʘʣʦʩʴ ʚʝʩʴʤʘ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. 

ɼʝʪʘʣʴʥʦʝ ʦʧʠʩʘʥʠʝ ʤʝʪʦʜʠʢʠ ʜʘʥʦ ʚ ʨʘʙʦʪʘʭ (Fomina et al., 2020, 2019; Kozlov et al., 2020a). 

http://rruff.info/
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ʅʠʞʝ ʠʟʣʦʞʝʥʘ ʣʠʰʴ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʙʘʟʘ ʠ ʤʝʪʦʜʠʯʝʩʢʠʝ ʪʦʥʢʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ 

ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ.  

ɼʣʷ ʠʟʫʯʝʥʠʷ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʨʦʜ ʧʦ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʤ ʧʦʨʦʰʢʦʚ ʚʘʣʦʚʳʭ ʧʨʦʙ 

(ʜʣʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʙʳʣʠ ʚʟʷʪʳ ʪʝ ʞʝ ʥʘʚʝʩʢʠ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʭʠʤʠʯʝʩʢʦʛʦ 

ʘʥʘʣʠʟʘ) ʬʘʢʪʦʨʥʳʡ ʘʥʘʣʠʟ ʙʳʣ ʟʘʜʝʡʩʪʚʦʚʘʥ ʧʦ ʩʣʝʜʫʶʱʠʤ ʧʨʠʯʠʥʘʤ. ɺ ʦʩʥʦʚʝ ʢʣʘʩʩʠʯʝʩʢʠʭ 

ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ/ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʣʝʞʠʪ ʚʝʩʴʤʘ 

ʪʨʫʜʦʤyʢʠʡ ʘʥʘʣʠʟ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʣʠʙʦ ʩʣʦʞʥʳʝ ʧʨʦʮʝʜʫʨʳ ʫʪʦʯʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ 

[ʥʘʧʨʠʤʝʨ, ʤʝʪʦʜ ʈʠʪʚʝʣʜʘ (Rietveld, 1969)]. ʄʝʪʦʜʳ, ʚʢʣʶʯʘʶʱʠʝ ʚʥʫʪʨʝʥʥʠʡ ʩʪʘʥʜʘʨʪ, ʥʝ 

ʦʧʪʠʤʘʣʴʥʳ ʜʣʷ ʢʦʤʧʘʢʪʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʯʘʩʪʦ ʧʦʜʚʝʨʞʝʥʳ ʦʰʠʙʢʘʤ ʧʨʦʛʥʦʟʘ, ʚʳʟʚʘʥʥʳʤ 

ʦʩʣʘʙʣʝʥʠʝʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʦʚ (Moore et al., 2009). ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʥʠʭ ʪʨʝʙʫʝʪʩʷ 

ʘʧʨʠʦʨʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʥʘʙʦʨʝ ʢʦʤʧʦʥʝʥʪʦʚ. ʕʬʬʝʢʪʠʚʥʳʤ ʨʝʰʝʥʠʝʤ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ 

ʧʨʠʤʝʥʝʥʠʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʩʣʝʧʦʛʦ ʦʪʜʝʣʝʥʠʷ ʠʩʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ ʦʪ ʥʘʙʦʨʘ 

ʩʤʝʰʘʥʥʳʭ ʩʠʛʥʘʣʦʚ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʨʘʙʦʪʘʭ ʩʦ ʩʧʝʢʪʨʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ 

ʧʦʨʦʰʢʦʚʳʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ, ʨʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʘ ʪʘʢʞʝ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʘʙʩʦʨʙʮʠʦʥʥʦʡ ʠ ʬʣʫʦʨʝʩʮʝʥʪʥʦʡ ʩʧʝʢʪʨʦʤʝʪʨʠʠ. ɼʣʷ ʩʣʝʧʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʩʠʛʥʘʣʦʚ ʚ 

ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʘʥʥʳʭ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʬʘʢʪʦʨʥʳʡ ʘʥʘʣʠʟ (ʌɸ) [ʚ ʪ.ʯ. ʚ 

ʤʦʜʠʬʠʢʘʮʠʠ ʤʝʪʦʜʘ ʛʣʘʚʥʳʭ ʢʦʤʧʦʥʝʥʪ (ʄɻʂ)], ʩʠʥʛʫʣʷʨʥʦʝ ʨʘʟʣʦʞʝʥʠʝ (singular value 

decomposition, SVD), ʤʝʪʦʜʳ ʨʘʟʨʝʰʝʥʠ ̫ʤʥʦʛʦʤʝʨʥʳʭ ʢʨʠʚʳʭ (multivariate curve resolution, 

MCR) ʠ ʜʨʫʛʠʝ ʨʦʜʩʪʚʝʥʥʳʝ ʧʦʜʭʦʜʳ. ʕʪʠ ʤʝʪʦʜʳ ʩʣʫʞʘʪ ʜʣʷ ʨʝʰʝʥʠʷ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʟʘʜʘʯ, 

ʥʘʧʨʠʤʝʨ: (1) ʘʥʘʣʠʟʘ ʙʦʣʴʰʠʭ (ʪʳʩʷʯʠ ʩʧʝʢʪʨʦʚ) ʥʘʙʦʨʦʚ ʜʘʥʥʳʭ ʠ ʧʦʚʳʰʝʥʠ ̫ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʩʙʦʨʘ ʜʘʥʥʳʭ (Angeyo et al., 2012; Guccione et al., 2018; Kirian et al., 2011; Palin et al., 2015; 

Voronov et al., 2014); (2) ʦʧʨʝʜʝʣʝʥʠ ̫ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʚʘʨʠʘʮʠʷʤʠ ʜʘʥʥʳʭ XRPD ʠ ʜʨʫʛʠʭ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʤʝʥʷʶʱʠʭʩʷ ʩʚʦʡʩʪʚ (ʧʨʦʯʥʦʩʪʠ, ʚʷʟʢʦʩʪʠ, ʦʙʲʸʤʘ ʠ ʜʨ.) (Westphal et al., 2015); 

(3) ʦʮʝʥʢʠ ʢʦʣʠʯʝʩʪʚʘ ʬʘʟ ʚ ʩʠʩʪʝʤʝ ʠ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʢʘʞʜʦʡ ʬʘʟʳ (Artyushkova and Fulghum, 

2001; Caliandro et al., 2013; Manceau et al., 2014); (4) ʫʤʝʥʴʰʝʥʠ ̫ʚʣʠʷʥʠʷ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ / 

ʰʫʤ (Chen et al., 2005; Sastry, 1997; Schmidt et al., 2003; Walton and Fairley, 2005); (5) ʠʩʩʣʝʜʦʚʘʥʠ ̫

ʦʨʠʝʥʪʘʮʠʠ ʠ ʤʦʨʬʦʣʦʛʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ (Matos et al., 2007); (6) ʦʪʩʣʝʞʠʚʘʥʠ ̫ʨʘʟʚʠʪʠʷ 

ʩʣʦʞʥʳʭ ʧʨʦʮʝʩʩʦʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʝ 

(Westphal et al., 2015); (7) ʚʳʧʦʣʥʝʥʠ ̫ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩ ʚʨʝʤʝʥʥʳʤ 

ʨʘʟʨʝʰʝʥʠʝʤ (Mabied et al., 2014; Schmidt et al., 2003); (8) ʠʟʚʣʝʯʝʥʠ ̫ʢʠʥʝʪʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ 

(ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ, ʯʘʩʪʦʪʥʦʛʦ ʬʘʢʪʦʨʘ, ʧʦʨʷʜʢʘ ʨʝʘʢʮʠʡ ʠ ʪ.ʜ.) (Guccione et al., 2018; Palin et 

al., 2016). ɿʘʜʘʯʠ, ʨʝʰʘʚʰʠʝʩʷ ʧʨʠ ʠʟʫʯʝʥʠʠ ʢʘʨʙʦʥʘʪʠʪʦʚ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ, ʦʪʚʝʯʘʶʪ 

ʟʘʜʘʯʘʤ (1)ï(3) ʠʟ ʧʨʠʚʝʜʸʥʥʦʛʦ ʚʳʰʝ ʩʧʠʩʢʘ, ʘ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʛʦʨʥʳʭ ʧʦʨʦʜ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ 

ʢʘʢ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʷʶʱʠʝʩʷ ʩʚʦʡʩʪʚʘ. 
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ʂʘʢ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ, ʚ ʧʨʝʜʣʘʛʘʝʤʦʤ ʤʝʪʦʜʝ ʠʩʪʦʯʥʠʢʦʤ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʡ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʧʦʨʦʜʘʭ ʩʣʫʞʠʣʠ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ. ʕʪʦ ʦʩʥʦʚʘʥʦ ʥʘ ʩʣʝʜʫʶʱʝʤ 

ʥʘʙʦʨʝ ʩʚʦʡʩʪʚ ʜʠʬʨʘʢʪʦʛʨʘʤʤ: 

¶ ʇʦʨʦʰʢʦʚʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ï ʠʥʜʠʚʠʜʫʘʣʴʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʚʝʱʝʩʪʚʘ; 

¶ ʂʘʞʜʘʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ ʚʩʝʛʜʘ ʠʤʝʝʪ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʩʧʝʢʪʨ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡʩʷ ʦʧʨʝʜʝʣʥyʥʳʤ ʥʘʙʦʨʦʤ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ d (hkl), ʢʦʪʦʨʳʝ 

ʪʘʢʞʝ ʤʦʛʫʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʟʥʘʯʝʥʠʷʭ ʫʛʣʘ 2ɗ, ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʣʠʥʠʡ I (hkl), ʫʥʠʢʘʣʴʥʳʭ ʜʣʷ ʜʘʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟ;r 

¶ ʉʧʝʢʪʨ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʩʤʝʩʠ ʦʪʜʝʣʴʥʳʭ ʬʘʟ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʫʧʝʨʧʦʟʠʮʠʶ ʠʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʩʧʝʢʪʨʦʚ; 

¶ ʆʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʦʙʨʘʟʮʝ, 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʩʦʜʝʨʞʘʥʠʶ ʬʘʟ ʚ ʥʤy. 

ʕʪʠ ʩʚʦʡʩʪʚʘ ʣʝʞʘʪ ʚ ʦʩʥʦʚʝ ʢʘʯʝʩʪʚʝʥʥʳʭ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ 

ʘʥʘʣʠʟʘ (Jenkins and Snyder, 1996; Klug and Alexander, 1974). ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʚʘʞʥʦ, ʯʪʦ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʜʝʣʴʥʳʭ ʧʠʢʦʚ ʢʘʞʜʦʛʦ ʤʠʥʝʨʘʣʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʜʨʫʛ ʜʨʫʛʫ ʠ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʩʢʦʨʨʝʣʠʨʦʚʘʥ.r ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʬʘʢʪʦʨʥʳʡ ʘʥʘʣʠʟ (ʌɸ) ʚ ʢʘʯʝʩʪʚʝ ʩʠʪʘ 

ʜʣʷ ʩʦʨʪʠʨʦʚʢʠ ʜʘʥʥʳʭ ʦ ʨʘʟʣʠʯʥʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟʘʭ, çʩʢʨʳʪʳʭè ʚ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ, 

ʧʦʩʢʦʣʴʢʫ ʬʘʢʪʦʨʥʳʡ ʘʥʘʣʠʟ ʦʨʠʝʥʪʠʨʦʚʘʥ ʠʤʝʥʥʦ ʥʘ ʚʳʜʝʣʝʥʠʠ ʩʢʦʨʨʝʣʠʨʦʚʘʥʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʜʘʥʥʳʭ. ɺ ʥʘʩʪʦʷʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʌɸ ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʢʦʣʠʯʝʩʪʚʘ 

ʧʝʨʝʤʝʥʥʳʭ (ʬʘʢʪʦʨʦʚ), ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʚʩʝʭ ʥʝʩʣʫʯʘʡʥʳʭ ʨʘʟʣʠʯʠʡ ʚ ʝʜʠʥʦʤ 

ʤʘʩʩʠʚʝ ʜʘʥʥʳʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʠ ʭʠʤʠʯʝʩʢʠʭ ʘʥʘʣʠʟʦʚ ʦʙʨʘʟʮʦʚ ʢʘʨʙʦʥʘʪʠʪʦʚ ʙʝʟ ʧʦʪʝʨʠ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʠ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʠ ʧʨʦʮʝʜʫʨʘ ʠʟʚʣʝʯʝʥʠʷ ʬʘʢʪʦʨʦʚ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 

ʇʨʝʜʧʦʣʦʞʠʤ, ʝʩʪʴ ʤʘʪʨʠʮʘ ʠʟ X ʧʝʨʝʤʝʥʥʳʭ ʨʘʟʤʝʨʦʤ (N Ĭ M), ʛʜʝ N ð ʢʦʣʠʯʝʩʪʚʦ ʦʙʨʘʟʮʦʚ 

(ʩʪʨʦʢ), ʘ M ð ʢʦʣʠʯʝʩʪʚʦ ʥʝʟʘʚʠʩʠʤʳʭ ʧʝʨʝʤʝʥʥʳʭ (ʩʪʦʣʙʮʦʚ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʟʥʘʯʝʥʠʷ 2ɗ ʜʣʷ 

XRPD + ʩʦʜʝʨʞʘʥʠʝ ʵʣʝʤʝʥʪʦʚ), ʢʦʪʦʨʳʭ ʦʙʳʯʥʦ ʤʥʦʛʦ (M >> 1). ɸʥʘʣʠʟʠʨʫʝʪʩʷ ʣʠʙʦ 

ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʤʘʪʨʠʮʘ, ʣʠʙʦ ʢʦʚʘʨʠʘʮʠʦʥʥʘʷ ʤʘʪʨʠʮʘ ʜʣʷ ʧʝʨʝʤʝʥʥʳʭ (R-ʤʝʪʦʜ), ʣʠʙʦ 

ʥʘʙʣʶʜʝʥʠʷ (Q-ʤʝʪʦʜ) X-ʤʘʪʨʠʮʳ. ʏʘʱʝ ʚʩʝʛʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʢʦʨʨʝʣʷʮʠʦʥʥʫʶ ʤʘʪʨʠʮʫ 

ʧʝʨʝʤʝʥʥʳʭ, ʯʪʦ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ (Jolliffe, 2002). ʄʘʪʨʠʮʘ X ʜʦʣʞʥʘ 

ʙʳʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʘ ʚ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʫʶ ʤʘʪʨʠʮʫ XS. ɼʣʷ ʵʪʦʛʦ ʢʘʞʜʦʝ ʟʥʘʯʝʥʠʝ ὼ  

ʟʘʤʝʥʷʝʪʩʷ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʳʤ ʟʥʘʯʝʥʠʝʤ, ʨʘʩʩʯʠʪʳʚʘʝʤʳʤ ʧʦ ʬʦʨʤʫʣʝ  

ὼ
ὼ ὼӶ

ʎ
ȟ 

ʛʜʝ ὼӶ - ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ, ʘ ʎ - ʩʪʘʥʜʘʨʪʥʦʝ ʦʪʢʣʦʥʝʥʠʝ. 
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ʉʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʘʷ ʤʘʪʨʠʮʘ ʜʘʥʥʳʭ ʨʘʩʢʣʘʜʳʚʘʝʪʩʷ ʥʘ ʨʷʜ ʩʢʨʳʪʳʭ ʧʝʨʝʤʝʥʥʳʭ 

(ʬʘʢʪʦʨʦʚ), ʢʦʪʦʨʳʝ ʦʙʲʷʩʥʷʶʪ ʤʘʢʩʠʤʘʣʴʥʫʶ ʜʠʩʧʝʨʩʠʶ ʜʘʥʥʳʭ ʧʦ ʢʘʞʜʦʤʫ ʧʦʩʣʝʜʫʶʱʝʤʫ 

ʬʘʢʪʦʨʫ ʧʨʠ ʫʩʣʦʚʠʠ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʠ ʧʨʝʜʳʜʫʱʝʤʫ ʬʘʢʪʦʨʫ. ʆʥʠ ʚʳʯʠʩʣʷʶʪʩʷ ʢʘʢ 

ʩʦʙʩʪʚʝʥʥʳʝ ʚʝʢʪʦʨʳ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʤʘʪʨʠʮʳ ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʥʳʭ ʜʘʥʥʳʭ, ʘ ʚʝʣʠʯʠʥʘ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʦʙʩʪʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʠʩʧʝʨʩʠʶ ʜʘʥʥʳʭ ʧʦ 

ʥʘʧʨʘʚʣʝʥʠʷʤ ʩʦʙʩʪʚʝʥʥʳʭ ʚʝʢʪʦʨʦʚ (Wold et al., 1987). ʇʝʨʚʦʥʘʯʘʣʴʥʘʷ ʨʘʟʤʝʨʥʦʩʪʴ ʥʘʙʦʨʘ 

ʜʘʥʥʳʭ, ʨʘʚʥʘʷ ʢʦʣʠʯʝʩʪʚʫ ʩʪʦʣʙʮʦʚ, ʫʤʝʥʴʰʘʝʪʩʷ ʥʘ n, ʧʨʝʜʩʪʘʚʣʷʶʱʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʬʘʢʪʦʨʦʚ. ʆʧʪʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ n ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ, ʨʘʩʩʤʘʪʨʠʚʘʷ ʩʫʤʤʫ 

ʩʦʙʩʪʚʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʠʩʧʦʣʴʟʫʝʤʳʭ ʬʘʢʪʦʨʦʚ, ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟʤʝʥʯʠʚʦʩʪʴ ʜʘʥʥʳʭ, 

ʦʙʲʷʩʥʷʝʤʫʶ ʚʳʙʨʘʥʥʳʤʠ ʬʘʢʪʦʨʘʤʠ. 

ɼʝʢʦʤʧʦʟʠʮʠʷ ʤʘʪʨʠʮʳ ʜʘʥʥʳʭ XS ï ɻ ʪʦ ʦʧʝʨʘʮʠʷ ʨʘʟʜʝʣʝʥʠʷ ʜʘʥʥʳʭ ʥʘ ʯʘʩʪʴ ʩʪʨʫʢʪʫʨʳ 

ʠ ʯʘʩʪʴ ʰʫʤʘ: 

ἦ ἢἜ Ἇ ˞̓̑̔̋̓̔̑́˥̔ ,̍ 

ʛʜʝ T ï ʤʘʪʨʠʮʘ ʬʘʢʪʦʨʥʳʭ ʟʥʘʯʝʥʠʡ ʨʘʟʤʝʨʦʤ NĬn, P ï ʤʘʪʨʠʮʘ ʬʘʢʪʦʨʥʳʭ ʥʘʛʨʫʟʦʢ ʨʘʟʤʝʨʦʤ 

MĬn, ʥʘʜʩʪʨʦʯʥʘʷ T ʦʙʦʟʥʘʯʘʝʪ ʪʨʘʥʩʧʦʥʠʨʦʚʘʥʠʝ, ʘ n Ò min (N,M) (N ï ʢʦʣʠʯʝʩʪʚʦ ʦʙʨʘʟʮʦʚ, M 

ï ʢʦʣʠʯʝʩʪʚʦ ʥʝʟʘʚʠʩʠʤʳʭ ʧʝʨʝʤʝʥʥʳʭ, n ï ʢʦʣʠʯʝʩʪʚʦ ʬʘʢʪʦʨʦʚ). ʆʩʪʘʪʢʠ (ʰʫʤʳ) ʩʦʙʠʨʘʶʪʩʷ 

ʚ ʤʘʪʨʠʮʝ E ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ T ʦʧʠʩʳʚʘʝʪ ʧʦʣʦʞʝʥʠʝ ʚʳʙʦʨʦʢ ʚ ʥʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʘ 

P ʦʧʠʩʳʚʘʝʪ ʥʦʚʫʶ ʦʩʴ, ʧʦʩʪʨʦʝʥʥʫʶ ʥʘ ʠʩʭʦʜʥʦʡ ʦʩʠ. ʉʪʘʪʠʩʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʬʘʢʪʦʨʥʳʭ 

ʥʘʛʨʫʟʦʢ ʦʮʝʥʠʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʪʘʥʜʘʨʪʥʳʭ ʪʝʩʪʦʚ. ɼʣʷ ʪʝʩʪʠʨʫʝʤʦʡ ʚʳʙʦʨʢʠ ʢʘʨʙʦʥʘʪʠʪʦʚ 

ʇʝʪʷʡʷʥ-ɺʘʨʳ (43 ʧʨʦʙʳ) ʤʦʜʫʣʴ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ ʬʘʢʪʦʨʥʦʡ ʥʘʛʨʫʟʢʠ (ʜʘʣʝʝ rFA) 

ʩʦʩʪʘʚʣʷʝʪ 0.30 ʧʨʠ ʫʨʦʚʥʝ ʟʥʘʯʠʤʦʩʪʠ p = 0.05 ʠ 0.48 ʧʨʠ ʫʨʦʚʥʝ ʟʥʘʯʠʤʦʩʪʠ p = 0.001 (ʧʨʠ rFA 

< |rFA
crit.| ʢʦʨʨʝʣʷʮʠʷ ʥʝ ʟʥʘʯʠʤʘ). 

ʅʘ ʵʪʘʧʝ ʜʝʢʦʤʧʦʟʠʮʠʠ ʬʘʢʪʦʨʥʳʝ ʟʥʘʯʝʥʠʷ ʠ ʥʘʛʨʫʟʢʠ ʩʦʨʪʠʨʫʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʜʦʣʝʡ ʦʙʱʝʡ ʜʠʩʧʝʨʩʠʠ ʜʘʥʥʳʭ, ʢʦʪʦʨʫʶ ʦʥʠ ʤʦʛʫʪ ʦʙʲʷʩʥʠʪʴ. ʀʥʪʝʨʧʨʝʪʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʨʘʩʰʠʬʨʦʚʢʫ ʠʥʬʦʨʤʘʮʠʠ, ʩʢʨʳʪʦʡ ʚ ʵʪʠʭ ʧʘʨʘʤʝʪʨʘʭ. ɼʣʷ ʫʧʨʦʱʝʥʠʷ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʤ ʵʪʘʧʝ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʨʪʦʛʦʥʘʣʴʥʦʝ ʠʣʠ 

ʢʦʩʦʝ ʚʨʘʱʝʥʠʝ ʬʘʢʪʦʨʦʚ, ʢʦʥʝʯʥʦʡ ʮʝʣʴʶ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʧʨʦʩʪʘʷ ʩʪʨʫʢʪʫʨʘ. 

ɹʳʣʦ ʧʨʠʤʝʥʝʥʦ ʚʨʘʱʝʥʠʝ VARIMAX (Kaiser, 1958), ʢʦʪʦʨʦʝ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ 

ʠʩʧʦʣʴʟʫʝʤʳʤ ʦʨʪʦʛʦʥʘʣʴʥʳʤ ʚʨʘʱʝʥʠʝʤ ʚ ʬʘʢʪʦʨʥʦʤ ʘʥʘʣʠʟʝ (Izenman, 2008). 

ʅʘʛʣʷʜʥʳʤ ʧʨʠʤʝʨʦʤ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʌɸ (ʄɻʂ) ʷʚʣʷʝʪʩʷ ʨʝʰʝʥʠʝ ʦʙʱʝʡ 

ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʡ ʧʨʦʙʣʝʤʳ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʠʟʦʤʦʨʬʠʟʤʘ [ʥʘʧʨʠʤʝʨ, (Selivanova et 

al., 2018)]. ɺʘʨʠʘʮʠʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʤʠʥʝʨʘʣʦʚ ʦʙʫʩʣʦʚʣʝʥʳ ʥʘʭʦʞʜʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʚ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʣʦʞʝʥʠʷʭ. ʆʜʠʥ ʵʣʝʤʝʥʪ ʤʦʞʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʫʯʘʩʪʚʦʚʘʪʴ ʚ ʥʝʩʢʦʣʴʢʠʭ ʠʟʦʤʦʨʬʥʳʭ ʟʘʤʝʱʝʥʠʷʭ. ɼʣʷ ʤʠʥʝʨʘʣʦʚ ʩʣʦʞʥʦʛʦ ʩʦʩʪʘʚʘ (ʩ 



44 
 

ʥʝʩʢʦʣʴʢʠʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʧʦʟʠʮʠʷʤʠ) ʦʙʩʫʞʜʘʝʤʘʷ ʧʨʦʙʣʝʤʘ ʫʩʣʦʞʥʝʥʘ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʌɸ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘʣʠʯʠʝʤ ʢʦʤʙʠʥʘʮʠʡ çʠʣʠ-ʠʣʠè (ʩʚʷʟʘʥʥʳʭ ʩ ʢʦʥʢʫʨʝʥʮʠʝʡ 

ʵʣʝʤʝʥʪʦʚ ʟʘ ʩʪʨʫʢʪʫʨʥʫʶ ʷʯʝʡʢʫ) ʠ ʢʦʤʙʠʥʘʮʠʡ çʠ-ʠè (ʩʚʷʟʘʥʥʳʭ ʩ ʟʘʥʷʪʦʩʪʴʶ ʧʦʟʠʮʠʠ ʦʜʥʦʡ 

ʛʨʫʧʧʳ ʵʣʝʤʝʥʪʦʚ ʜʨʫʛʦʡ ʛʨʫʧʧʦʡ ʣʠʙʦ ʦʜʥʠʤ ʵʣʝʤʝʥʪʦʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚʘʢʘʥʩʠʠ ʜʣʷ 

ʩʦʭʨʘʥʝʥʠʷ ʧʦʣʥʦʛʦ ʟʘʨʷʜʘ). ʀʥʬʦʨʤʘʮʠʷ ʦ ʭʘʨʘʢʪʝʨʝ ʠʟʦʤʦʨʬʥʳʭ ʟʘʤʝʱʝʥʠʡ ʤʦʞʝʪ ʙʳʪʴ 

ʨʘʩʢʨʳʪʘ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʌɸ ʢ ʚʳʙʦʨʢʝ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʤʠʥʝʨʘʣʦʚ. ɿʥʘʯʝʥʠʷ 

ʬʘʢʪʦʨʥʳʭ ʥʘʛʨʫʟʦʢ ʧʦʢʘʟʳʚʘʶʪ, ʚ ʢʘʢʦʡ ʨʝʘʢʮʠʠ/ʨʝʘʢʮʠʷʭ ʫʯʘʩʪʚʫʝʪ ʦʧʨʝʜʝʣʥyʥʳʡ ʵʣʝʤʝʥʪ. 

ʕʣʝʤʝʥʪʳ, ʩʦʝʜʠʥʝʥʥʳʝ ʪʠʧʦʤ çʠ-ʠè, ʛʨʫʧʧʠʨʫʶʪʩʷ ʠʟ-ʟʘ ʚʳʩʦʢʠʭ ʥʘʛʨʫʟʦʢ ʦʜʥʦʛʦ ʟʥʘʢʘ 

(ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʠʣʠ ʧʦʣʦʞʠʪʝʣʴʥʳʭ). ʉʚʷʟʴ çʠʣʠ-ʠʣʠè ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʫʪʸʤ ʚʳʜʝʣʝʥʠʷ 

ʵʣʝʤʝʥʪʦʚ-ʢʦʥʢʫʨʝʥʪʦʚ ʩ ʬʘʢʪʦʨʥʳʤʠ ʥʘʛʨʫʟʢʘʤʠ ʩ ʨʘʟʥʳʤ ʟʥʘʢʦʤ. ɿʥʘʯʝʥʠʷ ʬʘʢʪʦʨʦʚ 

ʫʢʘʟʳʚʘʶʪ ʥʘ ʟʥʘʯʠʤʦʩʪʴ ʢʘʞʜʦʛʦ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʪʠʧʘ ʠʟʦʤʦʨʬʠʟʤʘ ʚ ʜʘʥʥʦʤ ʘʥʘʣʠʟʝ. 

ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʌɸ ʜʣʷ ʦʙʨʘʟʮʦʚ ʇʝʪʷʡʷʥ-ɺʘʨʳ ʠʟʫʯʘʣʠʩʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʧʦʨʦʰʢʦʚʳʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʠ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʧʦʨʦʜ. ɺʘʨʠʘʮʠʠ ʚʩʝʭ 

ʧʝʨʝʤʝʥʥʳʭ, ʦʧʠʩʳʚʘʶʱʠʭ ʵʪʠ ʩʚʦʡʩʪʚʘ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʚʘʨʠʘʮʠʷʤʠ ʩʦʜʝʨʞʘʥʠʷ ʤʠʥʝʨʘʣʦʚ ʚ 

ʠʩʩʣʝʜʫʝʤʳʭ ʧʦʨʦʜʘʭ. ʂʦʵʬʬʠʮʠʝʥʪʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʝʤ ʯʘʩʪʷʤ ʦʙʱʝʛʦ ʥʘʙʦʨʘ ʜʘʥʥʳʭ, 

ʢʦʪʦʨʳʝ ʦʪʥʦʩʷʪʩʷ ʢ ʦʧʨʝʜʝʣʥyʥʳʤ ʤʠʥʝʨʘʣʘʤ, ʝʩʣʠ ʠʟʤʝʥʝʥʠʷ ʠʭ ʩʦʜʝʨʞʘʥʠʷ ʚ ʧʦʨʦʜʘʭ 

ʩʢʦʨʨʝʣʠʨʦʚʘʥʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʘʢʪʦʨʥʳʝ ʥʘʛʨʫʟʢʠ ʧʦʢʘʟʳʚʘʶʪ, ʢʘʢʠʝ ʯʘʩʪʠ ʩʧʝʢʪʨʘ ʩʦʜʝʨʞʘʪ 

ʣʠʥʠʠ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʤʠʥʝʨʘʣʘ ʠ ʢʘʢʠʝ ʵʣʝʤʝʥʪʳ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʳ ʚ ʵʪʦʤ ʤʠʥʝʨʘʣʝ, ʘ ʪʘʢʞʝ 

ʢʘʢʦʚʘ ʜʦʣʷ ʜʘʥʥʦʛʦ ʤʠʥʝʨʘʣʘ ʚ ʦʙʱʝʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʠʥʪʝʨʝʩʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʦʨʦʜʘʭ. 

ʌʘʢʪʦʨʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʯʠʩʣʦʚʳʝ ʚʳʨʘʞʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʤʠʥʝʨʘʣʘ(ʦʚ) ʚ 

ʢʘʞʜʦʤ ʘʥʘʣʠʟʝ. 

ɼʦ ʧʨʦʚʝʜʝʥʠʷ ʌɸ ʙʳʣʘ ʦʩʫʱʝʩʪʚʣʝʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ çʩʳʨʳʭè 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʘʥʥʳʭ, ʟʘʢʣʶʯʘʚʰʘʷʩʷ ʚ ʢʦʨʨʝʢʮʠʠ ʛʨʘʬʠʢʦʚ ʥʘ ʙʘʟʦʚʫʶ ʣʠʥʠʶ ʚ ʧʨʦʛʨʘʤʤʝ 

CSM-3 v.3.1.0.2 (Oxford Cryosystems). ʇʦ ʠʪʦʛʘʤ ʵʪʦʡ ʧʨʦʮʝʜʫʨʳ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ 

ʧʨʝʦʙʨʘʟʦʚʘʣʠʩʴ ʚ ʥʘʙʦʨʳ ʯʠʩʝʣ, ʚ ʢʦʪʦʨʳʭ ʢʘʞʜʘʷ ʧʝʨʝʤʝʥʥʘʷ (ʟʥʘʯʝʥʠʝ ʫʛʣʘ 2ɗ) ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʧʨʝʜʝʣʥyʥʦʤʫ ʟʥʘʯʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʇʦʩʢʦʣʴʢʫ ʩʧʝʢʪʨʳ ʙʳʣʠ ʩʥʷʪʳ ʚ ʜʠʘʧʘʟʦʥʝ 2ɗ ʦʪ 3Á 

ʜʦ 70Á ʩ ʠʥʪʝʨʚʘʣʘʤʠ 0.02Á, ʢʘʞʜʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʦʧʠʩʳʚʘʣʘʩʴ 3351 ʧʝʨʝʤʝʥʥʦʡ (ʚ 

ʜʘʣʴʥʝʡʰʝʤ ï XRD-ʧʝʨʝʤʝʥʥʦʡ). ɺʦ ʠʟʙʝʞʘʥʠʝ ʧʨʦʙʣʝʤʳ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʩ ʨʘʚʥʳʤʠ ʠ/ʠʣʠ 

ʥʫʣʝʚʳʤʠ ʜʠʩʧʝʨʩʠʷʤʠ (Jolliffe, 2002) ʠʟ ʚʳʙʦʨʢʠ ʙʳʣʠ ʫʜʘʣʝʥʳ ʦʙʥʫʣʠʚʰʠʝʩʷ ʧʦʩʣʝ ʢʦʨʨʝʢʮʠʠ 

ʥʘ ʙʘʟʦʚʫʶ ʣʠʥʠʶ ʧʝʨʝʤʝʥʥʳʝ, ʘ ʪʘʢʞʝ ʜʦʙʘʚʣʝʥʘ ʢʦʥʩʪʘʥʪʘ (ʝʜʠʥʠʮʘ) ʢ ʢʘʞʜʦʤʫ ʟʥʘʯʝʥʠʶ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ. 

ʇʦʤʠʤʦ 3351 ʧʝʨʝʤʝʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʘʥʥʳʭ ʢʘʞʜʘʷ ʧʨʦʙʘ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʘʩʴ 

ʩʦʜʝʨʞʘʥʠʝʤ ʦʩʥʦʚʥʳʭ ʠ ʨʝʜʢʠʭ ʵʣʝʤʝʥʪʦʚ (ʝʱʝ 47 ʧʝʨʝʤʝʥʥʳʭ; ʜʘʣʝʝ ʛʝʦʭʠʤʠʯʝʩʢʠʭ 

ʧʝʨʝʤʝʥʥʳʭ). ʇʦʩʢʦʣʴʢʫ ʛʝʦʭʠʤʠʯʝʩʢʠʝ ʧʝʨʝʤʝʥʥʳʝ ʩʦʩʪʘʚʠʣʠ ʣʠʰʴ ʦʢʦʣʦ 1% ʦʪ ʦʙʱʠʭ 
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ʧʝʨʚʠʯʥʳʭ ʜʘʥʥʳʭ, ʦʥʠ ʥʝ ʦʢʘʟʘʣʠ ʟʘʤʝʪʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠʟʚʣʝʢʘʝʤʳʭ ʬʘʢʪʦʨʦʚ. ʊʘʢ, 

ʛʨʘʬʠʢʠ ʬʘʢʪʦʨʥʳʭ ʥʘʛʨʫʟʦʢ ʜʣʷ ʚʳʙʦʨʢʠ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʧʦ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʤ ʘʥʘʣʦʛʠʯʥʳ 

ʬʘʢʪʦʨʥʳʤ ʥʘʛʨʫʟʢʘʤ, ʧʦʣʫʯʝʥʥʳʤ ʜʣʷ ʦʙʲʝʜʠʥʥyʥʦʡ ʚʳʙʦʨʢʠ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʠ 

ʛʝʦʭʠʤʠʯʝʩʢʠʭ ʜʘʥʥʳʭ. ʆʜʥʘʢʦ ʜʦʙʘʚʣʝʥʠʝ ʛʝʦʭʠʤʠʯʝʩʢʠʭ ʧʝʨʝʤʝʥʥʳʭ ʧʦʟʚʦʣʷʝʪ ʩʚʷʟʘʪʴ 

ʠʟʥʘʯʘʣʴʥʦ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʝ ʬʘʢʪʦʨʳ ʩ ʛʝʦʭʠʤʠʝʡ ʧʦʨʦʜ. 

ʌʘʢʪʦʨʳ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʙʱʝʥʥʳʭ ʜʘʥʥʳʭ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ 

IBM SPSS Statistics v.23. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʦʩʪʘʚʣʝʥʥʳʤʠ ʟʘʜʘʯʘʤʠ ʧʨʠʤʝʥʷʣʘʩʴ R-ʪʝʭʥʠʢʘ ʌɸ 

(çʧʦ ʧʝʨʝʤʝʥʥʳʤè). ɿʘ ʦʩʥʦʚʫ ʙʳʣʘ ʚʟʷʪʘ ʤʘʪʨʠʮʘ ʢʦʵʬʬʠʮʠʝʥʪʦʚ r ʤʝʞʜʫ ʚʩʝʤʠ ʧʘʨʘʤʠ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʙʨʘʙʦʪʘʥʥʳʭ ʧʦ ʚʳʰʝʠʟʣʦʞʝʥʥʦʡ ʩʭʝʤʝ ʧʝʨʝʤʝʥʥʳʭ. ɼʣʷ ʚʳʜʝʣʝʥʠʷ ʬʘʢʪʦʨʦʚ 

ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʛʣʘʚʥʳʭ ʢʦʤʧʦʥʝʥʪ. ɺʳʜʝʣʷʣʠʩʴ ʬʘʢʪʦʨʳ ʩ ʩʦʙʩʪʚʝʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ, 

ʧʨʝʚʳʰʘʶʱʠʤʠ ʝʜʠʥʠʮʫ. ʂʘʢ ʫʞʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʚʩʝ ʚʳʜʝʣʝʥʥʳʝ ʬʘʢʪʦʨʳ ʧʦʜʚʝʨʛʣʠʩʴ 

ʚʨʘʱʝʥʠʶ ʧʦ ʤʝʪʦʜʫ VARIMAX. ɿʥʘʯʝʥʠʷ ʬʘʢʪʦʨʦʚ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩ ʧʦʤʦʱʴʶ ʘʥʘʣʠʟʘ 

ʨʝʛʨʝʩʩʠʠ. ʇʝʨʝʯʠʩʣʝʥʥʳʝ ʜʝʡʩʪʚʠʷ ʚʭʦʜʷʪ ʚ ʩʪʘʥʜʘʨʪʥʳʝ ʥʘʩʪʨʦʡʢʠ ʧʨʦʛʨʘʤʤʳ. ɺ ʩʣʫʯʘʝ 

ʦʪʩʫʪʩʪʚʠʷ ʩʭʦʜʠʤʦʩʪʠ ʚʨʘʱʝʥʠʷ ʫʚʝʣʠʯʠʚʘʣʦʩʴ ʢʦʣʠʯʝʩʪʚʦ ʠʪʝʨʘʮʠʡ. ʈʝʟʫʣʴʪʘʪʳ ʌɸ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʯʥʦʡ ʬʦʨʤʝ ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤ ʬʘʡʣʝ (S0885715619000435sup001.xslx), 

ʧʨʠʣʦʞʝʥʥʦʤ ʢ ʦʥ-ʣʘʡʥ ʚʝʨʩʠʠ ʩʪʘʪʴʠ (Fomina et al., 2019). 

2.4. ʄʘʩʩ-ʙʘʣʘʥʩʦʚʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ (ʠʟʦʢʦʥʥʳʡ ʘʥʘʣʠʟ) 

ʆʜʥʠʤ ʠʟ ʧʨʘʢʪʠʯʝʩʢʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʠʟʫʯʝʥʠʷ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʷʚʣʷʝʪʩʷ 

ʤʝʪʦʜ ʤʘʩʩ-ʙʘʣʘʥʩʘ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʈ.ʃ. ɻʨʝʟʝʥʩʦʤ (Gresens, 1967). ɺʧʦʩʣʝʜʩʪʚʠʠ ʚ ʮʝʣʷʭ 

ʫʧʨʦʱʝʥʠʷ ʜʘʥʥʳʡ ʤʝʪʦʜ ʙʳʣ ʤʦʜʠʬʠʮʠʨʦʚʘʥ ɼʞ. ɻʨʘʥʪʦʤ (Grant, 1986) ʠ ʩʪʘʣ ʰʠʨʦʢʦ 

ʠʟʚʝʩʪʝʥ, ʢʘʢ ʠʟʦʢʦʥʥʳʡ ʘʥʘʣʠʟ (isocon analysis). ɹʘʟʦʚʘʷ ʪʝʦʨʠʷ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʩʣʝʜʫʶʱʝʤ. ɼʣʷ ʧʦʨʦʜʳ-ʧʨʦʪʦʣʠʪʘ, ʧʦʜʚʝʨʛʰʝʡʩʷ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ, ʠʟʤʝʥʝʥʠʝ 

ʤʘʩʩʳ ʢʦʤʧʦʥʝʥʪʘ i (ȹMi) ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʢ (Grant, 1986): 

Ўὓ   ὅ  ὅ   ὓ , 

ʛʜʝ ʄ - ʤʘʩʩʘ, Ci - ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʧʨʦʪʦʣʠʪʝ (O) ʠ ʠʟʤʝʥʥyʥʦʡ ʧʦʨʦʜʝ (A). ʌʦʨʤʫʣʘ 

ʜʣʷ ʨʘʩʯʪyʘ ʢʦʥʮʝʥʪʨʘʮʠʠ i-ʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʠʟʤʝʥʥyʥʦʡ ʧʦʨʦʜʝ, ʠʤʝʝʪ ʚʠʜ (Grant, 2005): 

ὅ     ὅ  Ўὅ , 

ʜʣʷ ʠʥʝʨʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʪʨʘʥʩʬʦʨʤʠʨʫʷʩʴ ʚ ʫʨʘʚʥʝʥʠʝ:  

ὅ    ὅ . 
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ʅʘ ʛʨʘʬʠʢʝ ὅὭO ï ὅὭA ʪʦʯʢʠ ʠʥʝʨʪʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʣʠʥʠʠ çʥʫʣʝʚʦʡ 

ʧʦʜʚʠʞʥʦʩʪʠè, ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʥʘʢʣʦʥ MO/MA ʠ ʧʝʨʝʩʝʢʘʝʪ ʦʩʠ ʚ ʥʘʯʘʣʝ ʢʦʦʨʜʠʥʘʪ (ὅὭO = 0, ὅὭA = 

0). ʕʪʘ ʣʠʥʠʷ ʥʘʟʳʚʘʝʪʩʷ ʠʟʦʢʦʥʦʡ (Gary et al., 1972). ɽʝ ʥʘʢʣʦʥ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʦʣʥʦʝ ʠʟʤʝʥʝʥʠʝ 

ʤʘʩʩʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʄʆ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʢʣʦʥʘ ʠʟʦʢʦʥʳ ʧʨʠʤʝʥʷʶʪ ʢʣʘʩʪʝʨʠʟʘʮʠ ʁʜʘʥʥʳʭ 

ὅὭA/ὅὭO ʠʣʠ ʧʦʠʩʢ ʥʘʠʣʫʯʰʝʛʦ ʩʦʦʪʚʝʪʩʪʚʠ ̫ ʜʘʥʥʳʭ, ʬʦʨʤʠʨʫʶʱʠʭ ʣʠʥʝʡʥʫʶ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ, ʧʨʦʭʦʜʷʱʫʶ ʯʝʨʝʟ ʥʘʯʘʣʦ ʢʦʦʨʜʠʥʘʪ ʜʠʘʛʨʘʤʤʳ (Grant, 2005). 

ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʷʚʣʷʝʪʩʷ ʚʚʝʜʝʥʠʝ ʦʜʥʦʛʦ ʠʟ ʘʧʨʠʦʨʥʳʭ ʧʨʝʜʧʦʣʦʞʝʥʠʡ ʦ (1) ʥʝʧʦʜʚʠʞʥʦʩʪʠ 

ʦʧʨʝʜʝʣʸʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, (2) ʧʦʩʪʦʷʥʩʪʚʝ ʤʘʩʩʳ ʠʣʠ (3) ʦʙʲʸʤʘ ʚ ʧʨʦʮʝʩʩʝ ʠʟʤʝʥʝʥʠʡ (Grant, 

2005). ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʘʩʩ-ʙʘʣʘʥʩʦʚʳʝ ʨʘʩʯʪyʳ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʧʘʢʝʪʘ GeoIso (Coelho, 2006) ʧʦ ʦʨʠʛʠʥʘʣʴʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʝʪʦʜʠʢʝ, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʜʣʷ 

ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ, ʚ ʭʦʜʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʵʣʝʤʝʥʪʦʚ ʤʝʞʜʫ ʧʦʨʦʜʘʤʠ ʚ ʭʦʜʝ ʥʝʩʢʦʣʴʢʠʭ ʩʦʧʨʷʞʥyʥʳʭ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ 

[ʧʦʜʨʦʙʥʦʩʪʠ ʩʤ. ʚ ʨʘʙʦʪʝ (Kozlov and Fomina, 2022)].   
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ɻʣʘʚʘ 3. ʇɽʊʈʆɻʈɸʌʀʗ ʀ ʄʀʅɽʈɸʃʔʅʓɽ ɸʉʉʆʎʀɸʎʀʀ 

ʂɸʈɹʆʅɸʊʀʊʆɺ ʋʏɸʉʊʂɸ ʇɽʊʗʁʗʅ-ɺɸʈɸ (ʄɸʉʉʀɺ ɺʋʆʈʀʗʈɺʀ) 

ɹʦӢʣʴʰʘʷ ʯʘʩʪʴ ʢʘʨʙʦʥʘʪʠʪʦʚ ʇʝʪʷʡʷʥ-ɺʘʨr ʧʦ ʛʝʦʭʠʤʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʘʤ (ʈʠʩʫʥʦʢ 4). ʂʨʦʤʝ ʪʦʛʦ, ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ 

ʠʥʪʝʥʩʠʚʥʦ ʦʞʝʣʝʟʥʸʥʥʳʝ ʨʘʟʥʦʚʠʜʥʦʩʪʠ (ʨʸʜʙʝʨʛʠʪʳ) ʠ ʩʠʣʠʢʦʢʘʨʙʦʥʘʪʠʪʳ. 

ʇʝʪʨʦʛʨʘʬʠʯʝʩʢʦʝ ʠʟʫʯʝʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʢʘʨʙʦʥʘʪʠʪ rʵʪʦʛʦ ʫʯʘʩʪʢʘ ʠʤʝʶʪ ʚʝʩʴʤʘ ʩʣʦʞʥʳʡ ʠ 

ʨʘʟʥʦʦʙʨʘʟʥʳʡ ʤʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ, ʘ ʪʘʢʞʝ ʤʥʦʞʝʩʪʚʦ ʚʘʨʠʘʥʪʦʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ 

ʚʟʘʠʤʦʦʪʥʦʰʝʥʠʡ. ʇʦʯʪʠ ʚʩʝ ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʩʦʜʝʨʞʘʪ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʤʠʥʝʨʘʣʳ, 

ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʥyʥʳʤ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʘʥʢʠʣʠʪ. ʇʨʠ ʵʪʦʤ ʢʘʢ ʥʘ ʛʝʦʭʠʤʠʯʝʩʢʦʤ, ʪʘʢ 

ʠ ʥʘ ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʦʤ ʫʨʦʚʥʝ, ʧʨʦʩʣʝʞʠʚʘʶʪʩʷ ʯʝʨʪʳ ʩʭʦʜʩʪʚʘ ʢʘʨʙʦʥʘʪʠʪʦʚ ʇʝʪʷʡʷʥ-ɺʘʨʳ ʩʦ 

ʤʥʦʛʠʤʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ ʢʘʨʙʦʥʘʪʠʪʘʤʠ ʤʠʨʘ, ʠ ʙʦʣʝʝ ʚʩʝʛʦ ï ʢʦʤʧʣʝʢʩʘ ɹʠʨ-ʃʦʜʞ (Bear 

Lodge), ɺʘʡʦʤʠʥʛ, ʉʐɸ (Andersen et al., 2017, 2016; Chakhmouradian et al., 2017a). ʀʩʭʦʜʷ ʠʟ 

ʨʝʟʫʣʴʪʘʪʦʚ ʧʝʨʚʠʯʥʳʭ ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʥʘʙʣʶʜʝʥʠʡ ʙʳʣʦ ʚʳʜʝʣʝʥʦ ʰʝʩʪʴ ʛʨʫʧʧ ʢʘʨʙʦʥʘʪʠʪʦʚ, 

ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʢʘʢ ʛʝʦʭʠʤʠʯʝʩʢʠ (ʩʤ. ʈʠʩʫʥʦʢ 4), ʪʘʢ ʧʦ ʤʠʥʝʨʘʣʴʥʦʤʫ ʩʦʩʪʘʚʫ (ʊʘʙʣʠʮʘ 1): (1) 

ʥʘʠʤʝʥʝʝ ʠʟʤʝʥʸʥʥʳʝ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳ; (2) ʪʠʪʘʥʠʩʪʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʩ ʘʧʘʪʠʪʠʟʠʨʦʚʘʥʥʳʤʠ 

ʫʯʘʩʪʢʘʤʠ; (3) ʙʘʨʠʡ-ʩʪʨʦʥʮʠʡ-ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ; (4) ʧʦʟʜʥʠʝ ʢʘʣʴʮʠʦʢʘʨʙʦʥʘʪʠʪʳ; 

(5) ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʦʚʳʝ ʙʨʝʢʯʠʠ ʩ ʨʝʜʢʦʟʝʤʝʣʴʥʦ-ʩʠʣʠʢʘʪʥʳʤ ʮʝʤʝʥʪʦʤ; (6) ʛʠʙʨʠʜʥʳʝ 

ʧʦʨʦʜʳ. ɹʦʣʝʝ ʛʣʫʙʦʢʦʝ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʝ ʠʟʫʯʝʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʨʘʟʥʦʚʠʜʥʦʩʪʝʡ ʢʘʨʙʦʥʘʪʠʪʦʚ 

ʥʝ ʰʝʩʪʴ, ʘ ʜʝʚʷʪʴ (ʩʤ. ʨʘʟʜʝʣ 3.7), ʪʘʢ ʢʘʢ ʘʧʘʪʠʪʠʟʠʨʦʚʘʥʥʳʝ ʪʠʪʘʥʠʩʪʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ̫ ʚʣʷʶʪʩʷ 

ʦʪʜʝʣʴʥʳʤ ʪʠʧʦʤ ʧʦʨʦʜ, ʘ ʙʘʨʠʡ-ʩʪʨʦʥʮʠʡ-ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʨʘʟʫ 

ʪʨʝʤʷ ʨʘʟʥʦʚʠʜʥʦʩʪʷʤʠ, ʩʬʦʨʤʠʨʦʚʘʚʰʠʤʠʩʷ ʚ ʨʘʟʥʦʝ ʚʨʝʤʷ. 

 

ʈʠʩʫʥʦʢ 4. ʊʦʯʢʠ ʩʦʩʪʘʚʦʚ ʢʘʨʙʦʥʘʪʠʪʦʚ ʇʝʪʷʡʷʥ-ɺʘʨʳ ʥʘ ʢʣʘʩʩʠʬʠʢʘʮʠʦʥʥʦʡ 

ʜʠʘʛʨʘʤʤʝ CMF (Le Maitre et al., 2002; Woolley and Kempe, 1989). 
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ʊʘʙʣʠʮʘ 1. ʄʠʥʝʨʘʣʳ ʢʘʨʙʦʥʘʪʠʪʦʚ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ 

ʄʠʥʝʨʘʣ, ʬʦʨʤʫʣʘ ʤʠʥʝʨʘʣʘ ɸʙʙʨ. (1)* (2) (3) (4) (5) 

ʂʘʣʴʮʠʪ, CaCO3 Cal + ++ +++ +++ + 

ɼʦʣʦʤʠʪ, CaMg(CO3)2 Dol +++ +++ +++ + +++ 

ɸʥʢʝʨʠʪ, Fe2+Mg(CO3)2 Ank   +   

ʂʫʪʥʦʛʦʨʠʪ, Mn2+Mg(CO3)2 Kut   +   

ʅʦʨʩʝʪʠʪ, BaMg(CO3)2 Nor   +   

ʉʪʨʦʥʮʠʘʥʠʪ, Sr(CO3) Str  + +++  + 

ɸʥʢʠʣʠʪ-(Ce), Sr(Ce,La)(CO3)2(OH)ĬH2O Anc  + +++   

ɹʫʨʙʘʥʢʠʪ**, (Na,Ca)3(Sr,Ba,Ce)3(CO3)5 Bbn (++)     

ʂʘʨʙʦʮʝʨʥʘʠʪ, (Sr,Ce,La)(Ca,Na)(CO3)2 Cbc +     

ɹʘʩʪʥʝʟʠʪ-(ʉʝ), (Ce,La)CO3F Bsn  + +  + 

ɻʠʜʨʦʢʩʠʣʙʘʩʪʥʝʟʠʪ-(ʉʝ), (Ce,La)CO3(OH) Bsn  + +  ++ 

ʉʠʥʭʠʟʠʪ-(ʉʝ), CaCe(CO3)2F Syn   +   

ɹʘʨʠʪ, BaSO4 Brt ++ + +++  + 

ʌʪʦʨʘʧʘʪʠʪ, Ca5(PO4)3F Ap + ++    

ʄʦʥʘʮʠʪ-(ʉʝ), CePO4 Mnz  + +  + 

ʄʠʢʨʦʢʣʠʥ, KAlSi3O8 Mcc  +++    

ʌʣʦʛʦʧʠʪ, KMg3(AlSi3O10)(F,OH)2 Phl + ++    

ʕʛʠʨʠʥ, NaFe3+Si2O6 Aeg  ++    

ɸʣʴʙʠʪ, NaAlSi3O8 Ab  +    

ʎʠʨʢʦʥ, ZrSiO4 Zrn  +    

ʊʦʨʠʪ, ThSiO4 Thr   +   

ʂʚʘʨʮ, SiO2 Qz  ++ ++  +++ 

ʌʪʦʨʢʘʣʴʮʠʦʧʠʨʦʭʣʦʨ, (Ca, Na)Nb2O6F Pcl + +    

ɻʠʜʨʦʢʩʠʢʘʣʴʮʠʦʧʠʨʦʭʣʦʨ, (Ca,Ǐ)2Nb2(O,OH)6(OH) Pcl + +    

ʂʝʥʦʧʣʶʤʙʦʧʠʨʦʭʣʦʨ, (Pb,Ǐ)2Nb2O6(Ǐ,OH) Pcl + +    

ɸʥʘʪʘʟ, ʙʨʫʢʠʪ, ʨʫʪʠʣ***, TiO2 Ti ox. + ++ +   

ɻʦʣʣʘʥʜʠʪ, Ba(Mn4+
6Mn3+

2)O16 Hol  + +   

ʆʢʩʠʜʳ/ʛʠʜʨʦʢʩʠʜʳ Fe  Fe ox. + ++ ++ + ++ 

ʇʠʨʠʪ****, FeS2 Py  +    

ɸʙʙʨ. ï ʘʙʙʨʝʚʠʘʪʫʨʳ ʤʠʥʝʨʘʣʦʚ [ʩ ʫʯʸʪʦʤ ʨʝʢʦʤʝʥʜʘʮʠʡ (Warr, 2021)], ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʚ ʪʝʢʩʪʝ ʠ 

ʥʘ ʈʠʩʫʥʢʘʭ 5-24; * ʎʠʬʨʳ ʚ ʩʢʦʙʢʘʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʣʝʜʫʶʱʠʤ ʪʠʧʘʤ ʢʘʨʙʦʥʘʪʠʪʦʚ: (1) 

ʧʝʨʚʠʯʥʳʝ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳ; (2) ʪʠʪʘʥʠʩʪʳʝ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳ ʠ ʩʠʣʠʢʦʢʘʨʙʦʥʘʪʠʪʳ; (3) 

ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳ ʩ ʙʘʨʠʡ-ʩʪʨʦʥʮʠʡ-ʨʝʜʢʦʟʝʤʝʣʴʥʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʝʡ; (4) ʧʦʟʜʥʠʝ 

ʢʘʣʴʮʠʦʢʘʨʙʦʥʘʪʠʪʳ; (5) ʙʨʝʢʯʠʠ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʦʚ ʩ ʨʝʜʢʦʟʝʤʝʣʴʥʦ-ʩʠʣʠʢʘʪʥʦʡ ʦʩʥʦʚʥʦʡ 

ʤʘʩʩʦʡ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʠʥʝʨʘʣʘ ʚ ʪʠʧʘʭ ʢʘʨʙʦʥʘʪʠʪʦʚ: ñ+++ò ï ʙʦʣʝʝ 10 ʦʙ.%, ñ++ò ï 

ʦʪ 1 ʜʦ 10 ʦʙ.%, ñ+ò ï ʘʢʮʝʩʩʦʨʥʘʷ ʬʘʟʘ (< 1 ʦʙ.%); ** ɹʫʨʙʘʥʢʠʪ ʧʩʝʚʜʦʤʦʨʬʥʦ ʟʘʤʝʱʥy, ʩʤ. ʨʘʟʜʝʣ 

3.1; ***  ʇʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʙʨʫʢʠʪ; **** ʀʟ ʩʫʣʴʬʠʜʦʚ ʧʦʤʠʤʦ ʧʠʨʠʪʘ ʩʧʦʨʘʜʠʯʝʩʢʠ ʚʩʪʨʝʯʘʶʪʩʷ 

ʝʜʠʥʠʯʥʳʝ ʟʸʨʥʘ PbS (ʛʘʣʝʥʠʪʘ) ʠ ʉdS (ʛʨʠʥʦʢʠʪʘ ʠʣʠ ʭʦʫʣʠʠʪʘ); Ǐ ï ʚʘʢʘʥʩʠʷ. ʍʠʤʠʯʝʩʢʠʝ 

ʘʥʘʣʠʟʳ ʤʠʥʝʨʘʣʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʇʨʠʣʦʞʝʥʠʠ ʚ ʊʘʙʣʠʮʝ ST1.
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3.1. ʅʘʠʤʝʥʝʝ ʠʟʤʝʥʸʥʥʳʝ ʧʝʨʚʠʯʥʦ-ʤʘʛʤʘʪʠʯʝʩʢʠʝ (ʙʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʠʝ) 

ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳ 

ʄʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳ ʷʚʣʷʶʪʩʷ ʧʨʦʪʦʣʠʪʦʤ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʜʨʫʛʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚ 

ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ, ʦʜʥʘʢʦ ʥʝʠʟʤʝʥʸʥʥʳʝ ʧʝʨʚʠʯʥʦ-ʤʘʛʤʘʪʠʯʝʩʢʠʝ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳ 

ʨʝʜʢʠ. ɼʣʷ ʥʠʭ ʭʘʨʘʢʪʝʨʥʘ ʩʨʝʜʥʝʟʝʨʥʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʤʘʩʩʠʚʥʘʷ ʪʝʢʩʪʫʨʘ (ʈʠʩʫʥʦʢ 5a). 

ʄʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳ ʩʦʩʪʦʷʪ ʠʟ ʛʠʧʠʜʠʦʤʦʨʬʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʜʦʣʦʤʠʪʘ ʠ ʢʨʫʧʥʳʭ (ʜʦ 

ʥʝʩʢʦʣʴʢʠʭ ʩʘʥʪʠʤʝʪʨʦʚ ʚ ʜʠʘʤʝʪʨʝ) ʢʨʘʩʥʳʭ ʧʦʣʠʤʠʥʝʨʘʣʴʥʳʭ ʘʛʨʝʛʘʪʦʚ, ʩʣʦʞʝʥʥʳʭ 

ʢʘʣʴʮʠʪʦʤ, ʩʪʨʦʥʮʠʘʥʠʪʦʤ, ʘʥʢʠʣʠʪʦʤ-(Ce) CeSr(CO3)2(OH)ĀH2O ʠ ʙʘʨʠʪʦʤ Ñ ʢʚʘʨʮ 

(ʈʠʩʫʥʦʢ 5a-c).  

 

ʈʠʩʫʥʦʢ 5. ɹʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʠʡ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪ. (a) ʆʙʨʘʟʝʮ ʩ ʢʨʘʩʥʳʤʠ 

ʧʦʣʠʤʠʥʝʨʘʣʴʥʳʤʠ ʧʩʝʚʜʦʤʦʨʬʦʟʘʤʠ ʚ ʜʦʣʦʤʠʪʦʚʦʤ ʤʘʪʨʠʢʩʝ. (b) ʆʙʱʠʡ ʚʠʜ ʠ (c) 

ʬʨʘʛʤʝʥʪ ʧʦʣʠʤʠʥʝʨʘʣʴʥʦʛʦ ʧʩʝʚʜʦʤʦʨʬʥʦʛʦ ʘʛʨʝʛʘʪʘ; (d) ɼʦʣʦʤʠʪ ʩ ʥʠʟʢʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ Fe ʠ Mn (Dol-0) ʩ ʪʚʝʨʜʦʬʘʟʥʳʤʠ ʚʢʣʶʯʝʥʠʷʤʠ (ʪʝʤʥʦ-ʩʝʨʳʝ ʚʢʣʶʯʝʥʠʷ ï 

ʢʘʣʴʮʠʪ, ʩʚʝʪʣʳʝ ï ʢʘʨʙʦʮʝʨʥʘʠʪ ʠ ʙʫʨʙʘʥʢʠʪ). ɺʜʦʣʴ ʪʨʝʱʠʥ Dol-0 ʟʘʤʝʱʸʥ Dol-1, 

ʦʙʦʛʘʱʸʥʥʳʤ Fe ʠ Mn ʠ ʙʝʟ ʚʢʣʶʯʝʥʠʡ. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ (b) ʚʳʧʦʣʥʝʥʘ ʚ ʧʨʦʭʦʜʷʱʝʤ 

ʩʚʝʪʝ (ʚʝʨʭ ï ʩ ʦʜʥʠʤ ʥʠʢʦʣʝʤ, ʥʠʟ ï ʥʠʢʦʣʠ ʩʢʨʝʱʝʥʳ); (c) ʠ (d) ï ʚ ʦʙʨʘʪʥʦ-ʨʘʩʩʝʷʥʥʳʭ 

ʵʣʝʢʪʨʦʥʘʭ (BSE). ʀʣʣʶʩʪʨʘʮʠʷ ʠʟ ʨʘʙʦʪʳ (Kozlov et al., 2020b). 
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ʉʫʜʷ ʧʦ ʤʦʨʬʦʣʦʛʠʠ ʵʪʠʭ ʘʛʨʝʛʘʪʦʚ (ʈʠʩʫʥʦʢ 5a,b), ʩʣʘʛʘʶʱʠʝ ʠʭ ʤʠʥʝʨʘʣʳ, ʚʝʨʦʷʪʥʦ, 

ʙʳʣʠ ʦʙʨʘʟʦʚʘʥʳ ʧʫʪʸʤ ʧʩʝʚʜʦʤʦʨʬʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʜʨʫʛʦʛʦ ʤʠʥʝʨʘʣʘ, ʨʝʣʠʢʪʦʚ ʢʦʪʦʨʦʛʦ ʥʝ 

ʩʦʭʨʘʥʠʣʦʩʴ. ɺ ʘʢʮʝʩʩʦʨʥʳʭ ʢʦʣʠʯʝʩʪʚʘʭ ʚ ʧʩʝʜʦʤʦʨʬʦʟʘʭ ʧʨʠʩʫʪʩʪʚʫʶʪ ʢʚʘʨʮ ʠ ʤʠʥʝʨʘʣ, ʧʦ 

ʩʦʩʪʘʚʫ ʠ ʩʪʝʭʠʦʤʝʪʨʠʠ ʙʣʠʟʢʠʡ ʢ ʢʘʨʙʦʮʝʨʥʘʠʪʫ (Ca,Na)(Sr,Ce,Ba)(CO3)2. ʇʦʜʦʙʥʳʝ 

ʧʩʝʚʜʦʤʦʨʬʦʟʳ ʠʟʚʝʩʪʥʳ ʚʦ ʤʥʦʛʠʭ ʢʦʤʧʣʝʢʩʘʭ ʤʠʨʘ, ʠ ʦʙʳʯʥʦ ʪʨʘʢʪʫʶʪʩʷ ʢʘʢ 

ʘʧʦʙʫʨʙʘʥʢʠʪʦʚʳʝ (Andersen et al., 2017; Broom-Fendley et al., 2017; Moore et al., 2015; Sitnikova 

et al., 2021; Wall et al., 1997; Zaitsev et al., 2002). 

ɺ ʤʘʪʨʠʢʩʝ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʦʚ, ʩʣʦʞʝʥʥʦʤ ʚ ʦʩʥʦʚʥʦʤ ʜʦʣʦʤʠʪʦʤ ʧʝʨʚʦʡ ʛʝʥʝʨʘʮʠʠ 

(Dol-0), ʩʦʜʝʨʞʘʪʩʷ ʩʫʙʤʠʢʨʦʥʥʳʝ ʠʟʦʤʝʪʨʠʯʥʳʝ ʟʸʨʥʘ ʢʘʣʴʮʠʪʘ, ʢʘʨʙʦʮʝʨʥʘʠʪʘ ʠ ʙʫʨʙʘʥʢʠʪʘ 

(Na,Ca)3(Sr,Ba,Ce)3(CO3)5, ʘ ʪʘʢʞʝ ʝʜʠʥʠʯʥʳʝ ʠʜʠʦʤʦʨʬʥʳʝ ʢʨʠʩʪʘʣʣʳ ʤʘʛʥʝʪʠʪʘ (ʈʠʩʫʥʦʢ 5d). 

ɺ ʧʝʨʚʠʯʥʦʤ ʜʦʣʦʤʠʪʝ ʩʦʜʝʨʞʘʥʠʝ ʘʥʢʝʨʠʪʦʚʦʛʦ ʠ ʢʫʪʥʦʛʦʨʠʪʦʚʦʛʦ ʤʠʥʘʣʘ ʜʦʚʦʣʴʥʦ ʥʠʟʢʦʝ 

(ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, Ank ï 6Ñ2 ʤʦʣ.%, ʘ Kut ï 3Ñ1 ʤʦʣ.%), ʘ ʩʦʜʝʨʞʘʥʠʝ SrO ʜʦʩʪʠʛʘʝʪ 1.0 ʤʘʩʩ.%. 

ɼʦʚʦʣʴʥʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʷʚʣʝʥʠʝʤ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʨʘʟʥʦʚʠʜʥʦʩʪʠ 

ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʦʚ ʇʝʪʷʡʷʥ-ɺʘʨʳ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʪʨʝʱʠʥ, ʟʘʣʝʯʝʥʥʳʭ ʤʠʥʝʨʘʣʘʤʠ ʙʦʣʝʝ 

ʧʦʟʜʥʠʭ ʘʩʩʦʮʠʘʮʠʡ: ʦʢʩʠʜʘʤʠ ʪʠʪʘʥʘ, ʘʧʘʪʠʪʦʤ, ʘʥʢʠʣʠʪʦʤ, ʙʘʨʠʪʦʤ, ʩʪʨʦʥʮʠʘʥʠʪʦʤ, 

ʢʘʣʴʮʠʪʦʤ ʠ ʥʝʢʦʪʦʨʳʤʠ ʜʨʫʛʠʤʠ ʚ ʨʘʟʣʠʯʥʳʭ ʩʦʯʝʪʘʥʠʷʭ (ʈʠʩʫʥʦʢ 5d). ɺʦʢʨʫʛ ʪʘʢʠʭ ʪʨʝʱʠʥ 

ʩʦʩʪʘʚ ʜʦʣʦʤʠʪʘ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʚʳʰʝʨʘʩʩʤʦʪʨʝʥʥʦʛʦ Dol-0, ʧʦʩʢʦʣʴʢʫ ʩʦʜʝʨʞʘʥʠʝ 

ʢʘʢ ʘʥʢʝʨʠʪʦʚʦʛʦ, ʪʘʢ ʠ ʢʫʪʥʦʛʦʨʠʪʦʚʦʛʦ ʤʠʥʘʣʘ ʟʘʤʝʪʥʦ ʧʦʚʳʰʝʥʦ (Ank ï 17Ñ6 ʤʦʣ.% ʠ Kut ï 

7Ñ4 ʤʦʣ.%), ʘ Sr ʦʪʩʫʪʩʪʚʫʝʪ. ɺʚʠʜʫ ʫʢʘʟʘʥʥʳʭ ʨʘʟʣʠʯʠʡ ʪʘʢʦʡ ʜʦʣʦʤʠʪ ʙʳʣ ʦʪʥʝʩʸʥ ʢ ʙʦʣʝʝ 

ʧʦʟʜʥʝʡ ʛʝʥʝʨʘʮʠʠ (Dol-1). ɺ ʩʚʷʟʠ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʘʧʦʙʫʨʙʘʥʢʠʪʦʚʳʭ ʧʩʝʚʜʦʤʦʨʬʦʟ ʠ ʤʝʣʢʠʭ 

ʚʢʣʶʯʝʥʠʡ ʙʫʨʙʘʥʢʠʪʘ ʚ ʜʦʣʦʤʠʪʦʚʦʤ ʤʘʪʨʠʢʩʝ, ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʧʦʚʝʩʪʚʦʚʘʥʠʷ ʜʘʥʥʳʡ ʪʠʧ 

ʢʘʨʙʦʥʘʪʠʪʦʚ ʜʘʣʝʝ ʠʤʝʥʫʝʪʩʷ ʢʘʢ çʙʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʠʝ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳè. 

3.2. ʂʘʨʙʦʥʘʪʠʪʳ, ʦʙʦʛʘʱʝʥʥʳʝ ʦʢʩʠʜʘʤʠ ʪʠʪʘʥʘ, ʩ ʘʧʘʪʠʪʠʟʠʨʦʚʘʥʥʳʤʠ 

ʫʯʘʩʪʢʘʤʠ 

ʂʘʨʙʦʥʘʪʠʪʳ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ, ʦʙʦʛʘʱʝʥʥʳʝ ʦʢʩʠʜʘʤʠ ʪʠʪʘʥʘ, (ʜʘʣʝʝ ï 

çʪʠʪʘʥʠʩʪʳʝ ʢʘʨʙʦʥʘʪʠʪʳè) ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʢʨʘʝʚʳʭ ʯʘʩʪʷʭ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʞʠʣ ʥʘ 

ʢʦʥʪʘʢʪʝ ʩʦ ʱʝʣʦʯʥʳʤʠ ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʤʠ ʧʦʨʦʜʘʤʠ ʪʝʣ ʠ ʩʣʘʛʘʶʪ ʦʪʜʝʣʴʥʳʝ ʥʝʙʦʣʴʰʠʝ ʞʠʣʳ 

ʤʦʱʥʦʩʪʴʶ ʜʦ ʧʝʨʚʳʭ ʤʝʪʨʦʚ. ʆʥʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʣʦʪʥʫʶ ʢʨʘʩʥʦ-ʢʦʨʠʯʥʝʚʫʶ ʧʦʨʦʜʫ ʩ 

ʤʝʣʢʦʟʝʨʥʠʩʪʳʤ ʢʘʨʙʦʥʘʪʥʳʤ ʮʝʤʝʥʪʦʤ ʠ ʢʨʘʡʥʝ ʥʝʦʜʥʦʨʦʜʥʳʤ ʤʠʥʝʨʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ 

(ʈʠʩʫʥʦʢ 6a). ʄʘʢʨʦʩʢʦʧʠʯʝʩʢʠ ʵʪʠ ʧʦʨʦʜʳ ʩʭʦʞʠ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʨʸʜʙʝʨʛʠʪʘʤʠ, ʦʧʠʩʘʥʥʳʤʠ 

ʚ ʤʘʩʩʠʚʝ ʌʝʥ, ʅʦʨʚʝʛʠʷ (Andersen, 1984). ʆʜʥʘʢʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʨʸʜʙʝʨʛʠʪʦʚ, ʚ ʥʠʭ ʤʘʣʦ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥ ʙʘʨʠʪ, ʘ ʧʦʣʝʚʳʝ ʰʧʘʪʳ ʠ ʩʣʶʜʘ ʥʝ ʩʦʜʝʨʞʘʪ ʙʘʨʠʷ. ɹʦʣʝʝ ʪʦʛʦ, ʜʣʷ 

ñʢʣʘʩʩʠʯʝʩʢʠʭò ʨʸʜʙʝʨʛʠʪʦʚ ʥʝ ʭʘʨʘʢʪʝʨʥʳ ʦʢʩʠʜʳ ʪʠʪʘʥʘ. 
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ʈʠʩʫʥʦʢ 6. ʊʠʪʘʥʠʩʪʳʡ ʢʘʨʙʦʥʘʪʠʪ. (a) ʆʙʨʘʟʝʮ ʠʟ ʢʦʥʪʘʢʪʘ ʪʠʪʘʥʠʩʪʦʛʦ ʢʘʨʙʦʥʘʪʠʪʘ ʩ 

ʦʢʨʫʞʘʶʱʠʤ ʝʛʦ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʦʤ. ʊʤyʥʦ-ʢʨʘʩʥʘʷ ʦʙʣʘʩʪʴ ï ʘʥʢʠʣʠʪʠʟʠʨʦʚʘʥʥʳʡ 

ʫʯʘʩʪʦʢ. (b) ʇʨʦʞʠʣʢʠ ʩ ʦʢʩʠʜʘʤʠ ʪʠʪʘʥʘ (ʘʥʘʪʘʟʘ) ʚ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʝ, ʦʢʨʫʞʘʶʱʝʤ 

ʪʠʪʘʥʠʩʪʳʡ ʢʘʨʙʦʥʘʪʠʪ (c) ʄʠʥʝʨʘʣʠʟʦʚʘʥʥʘʷ ʪʨʝʱʠʥʘ ʩ ʤʠʢʨʦʢʣʠʥʦʤ, ʧʦʟʜʥʠʤ 

ʢʘʣʴʮʠʪʦʤ, ʢʚʘʨʮʝʤ ʠ ʟʦʥʘʣʴʥʳʤ Dol-2 ʚ ʦʩʥʦʚʥʦʡ ʤʘʩʩʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʤʠʢʨʦʢʣʠʥʘ ʠ 

ʧʦʨʠʩʪʦʛʦ Dol-1. (d) ʌʨʘʛʤʝʥʪ rʟʦʥʘʣʴʥʦʛʦ Dol-2, ʦʪʜʝʣʥyʥʦʛʦ ʦʪ ʧʦʨʠʩʪʦʛʦ Dol-1, ʘ 

ʪʘʢʞʝ ʵʛʠʨʠʥʘ ʠ ʤʠʢʨʦʢʣʠʥʘ ʢʘʡʤʘʤʠ, ʩʦʩʪʦʷʱʠʤʠ ʠʟ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ. (e) ɿʘʤʝʱʝʥʠʝ 

ʤʠʢʨʦʢʣʠʥʦʤ ʬʣʦʛʦʧʠʪʘ. (f) ʉʨʦʩʪʢʠ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʩ ʜʦʣʦʤʠʪʦʤ ʠ ʤʠʢʨʦʢʣʠʥʦʤ. 

ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ (b) ʠ (e) ʚʳʧʦʣʥʝʥʳ ʚ ʧʨʦʭʦʜʷʱʝʤ ʩʚʝʪʝ (ʚʝʨʭ ï ʩ ʦʜʥʠʤ ʥʠʢʦʣʝʤ, ʥʠʟ 

ï ʥʠʢʦʣʠ ʩʢʨʝʱʝʥʳ); (ʩ), (d) ʠ (f) ï ʚ ʦʙʨʘʪʥʦ-ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (BSE). 

ʀʣʣʶʩʪʨʘʮʠʠ ʠʟ ʨʘʙʦʪ (Kozlov et al., 2018, 2020b). 
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ɺ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʪʝʣʘʭ ʇʝʪʷʡʷʥ-ɺʘʨʳ ʪʠʪʘʥʠʩʪʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ 

ʜʦʚʦʣʴʥʦ ʰʠʨʦʢʦ. ʂʦʥʪʘʢʪʳ ʵʪʠʭ ʧʦʨʦʜ ʩ ʦʢʨʫʞʘʶʱʠʤʠ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʘʤʠ ʥʝʨʦʚʥʳʝ, ʥʦ 

ʜʦʚʦʣʴʥʦ ʨʝʟʢʠʝ, ʦʪʯʸʪʣʠʚʳʝ (ʈʠʩʫʥʦʢ 6a). ɹʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʠʝ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳ ʪʘʢʞʝ 

ʠʥʦʛʜʘ ʨʘʩʩʝʯʝʥʳ ʪʦʥʢʠʤʠ (ʤʦʱʥʦʩʪʴʶ ʜʦ ʧʝʨʚʳʭ ʩʘʥʪʠʤʝʪʨʦʚ) ʧʨʦʞʠʣʢʘʤʠ ʪʠʪʘʥʠʩʪʳʭ 

ʢʘʨʙʦʥʘʪʠʪʦʚ. 

ʇʦʨʦʜʦʦʙʨʘʟʫʶʱʠʤʠ ʤʠʥʝʨʘʣʘʤʠ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʇʝʪʷʡʷʥ-ɺʘʨʳ ʷʚʣʷʶʪʩʷ 

ʜʦʣʦʤʠʪ ʠ ʤʠʢʨʦʢʣʠʥ, ʘ ʪʘʢʞʝ ʦʢʩʠʜʳ ʞʝʣʝʟʘ ʠ ʪʠʪʘʥʘ. ʉʦʜʝʨʞʘʥʠʝ ʫʢʘʟʘʥʥʳʭ ʤʠʥʝʨʘʣʦʚ ʚ 

ʧʦʨʦʜʝ ʚʘʨʴʠʨʫʝʪ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ, ʥʦ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʚʩʝ ʦʥʠ ʷʚʣʷʶʪʩʷ 

ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʤʠ. ɺ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʝʥʴʰʠʭ ʢʦʣʠʯʝʩʪʚʘʭ ʧʨʠʩʫʪʩʪʚʫʶʪ ʢʚʘʨʮ, ʢʘʣʴʮʠʪ, 

ʦʙʦʛʘʱʸʥʥʳʡ ʪʠʪʘʥʦʤ ʬʣʦʛʦʧʠʪ, ʘʧʘʪʠʪ, ʵʛʠʨʠʥ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʪʠʪʘʥʘ, ʘ ʪʘʢʞʝ ʘʣʴʙʠʪ, 

ʢʦʪʦʨʳʝ ʦʙʳʯʥʦ ʷʚʣʷʶʪʩʷ ʚʪʦʨʦʩʪʝʧʝʥʥʳʤʠ ʬʘʟʘʤʠ, ʭʦʪʷ ʣʦʢʘʣʴʥʦ ʥʘʙʣʶʜʘʶʪʩʷ ʢʘʢ ʫʯʘʩʪʢʠ, 

ʧʦʣʥʦʩʪʴʶ ʣʠʰʥyʥʳʝ ʜʘʥʥʳʭ ʤʠʥʝʨʘʣʦʚ, ʪʘʢ ʠ ʫʯʘʩʪʢʠ ʩ ʠʭ ʦʙʠʣʴʥʳʤ ʧʨʠʩʫʪʩʪʚʠʝʤ. ɺ ʢʘʯʝʩʪʚʝ 

ʘʢʮʝʩʩʦʨʥʳʭ ʬʘʟ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʧʠʨʠʪ, ʤʘʛʥʝʪʠʪ, ʮʠʨʢʦʥ, ʧʠʨʦʭʣʦʨ, ʩʪʨʦʥʮʠʘʥʠʪ, ʙʘʨʠʪ, 

ʘʥʢʠʣʠʪ-(Ce) (ʜʘʣʝʝ ʜʣʷ ʫʧʨʦʱʝʥʠʷ ï ʘʥʢʠʣʠʪ) ʠ ʤʦʥʘʮʠʪ-(Ce) (ʜʘʣʝʝ ʧʨʦʩʪʦ ʤʦʥʘʮʠʪ). ʇʦʣʝʚʳʝ 

ʰʧʘʪʳ ʠ ʩʫʣʴʬʠʜʳ ʚ ʩʢʦʣʴ-ʣʠʙʦ ʟʥʘʯʠʤʦʤ ʢʦʣʠʯʝʩʪʚʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʦʣʴʢʦ ʚ ʪʠʪʘʥʠʩʪʳʭ 

ʢʘʨʙʦʥʘʪʠʪʘʭ. ɺ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʦʙʨʘʟʦʚʘʥʠʷʭ ʩʝʨʘ ʩʦʜʝʨʞʠʪʩʷ ʧʦʯʪʠ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ ʙʘʨʠʪʝ. 

ʌʣʦʛʦʧʠʪ, ʘʧʘʪʠʪ, ʮʠʨʢʦʥ ʠ ʧʠʨʦʭʣʦʨ ʧʦʤʠʤʦ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʪʘʢʞʝ ʚʩʪʨʝʯʘʶʪʩʷ ʚ 

ʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʭ ʧʨʦʞʠʣʢʘʭ ʚ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʘʭ, ʦʢʨʫʞʘʶʱʠʭ ʪʠʪʘʥʠʩʪʳʝ ʢʘʨʙʦʥʘʪʠʪʳ 

(ʈʠʩʫʥʦʢ 6b). 

ɼʦʣʦʤʠʪ ʧʨʝʜʩʪʘʚʣʝʥ ʜʚʫʤʷ ʛʝʥʝʨʘʮʠʷʤʠ. ɹʦӢʣʴʰʫʶ ʯʘʩʪʴ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ 

ʩʣʘʛʘʝʪ ʝʛʦ ʨʘʥʥʷʷ ʛʝʥʝʨʘʮʠʷ (Dol-1), ʦʙʨʘʟʫʶʱʘʷ ʤʫʪʥʳʝ ʛʫʙʯʘʪʳʝ (ʧʦʨʠʩʪʳʝ) ʠ ʢʩʝʥʦʤʦʨʬʥʳʝ 

ʟʸʨʥʘ (ʈʠʩʫʥʦʢ 6c). ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ Dol-1 ʦʯʝʥʴ ʥʝʦʜʥʦʨʦʜʝʥ ʚ ʩʚʷʟʠ ʩ ʚʳʩʦʢʦʡ 

ʚʘʨʠʘʙʝʣʴʥʦʩʪʴʶ ʩʦʦʪʥʦʰʝʥʠʷ Mg/Fe (19Ñ8 ʤʦʣ.% Ank). ʂʦʥʮʝʥʪʨʘʮʠʷ ʤʘʨʛʘʥʮʘ ʚ ʥʝʤ ʜʦʚʦʣʴʥʦ 

ʥʠʟʢʘ (3ï4 ʤʦʣ.% Kut). ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʛʫʙʯʘʪʳʡ ʜʦʣʦʤʠʪ ʠʟ ʪʠʪʘʥʠʩʪʦʛʦ ʢʘʨʙʦʥʘʪʠʪʘ 

ʧʦʜʦʙʝʥ ʬʘʟʝ Dol-1 ʠʟ ʙʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʠʭ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʦʚ: ʚ ʥʤy ʩʪʦʣʴ ʞʝ ʚʳʩʦʢʦʝ 

ʩʦʜʝʨʞʘʥʠʝ Fe ʠ ʦʪʩʫʪʩʪʚʫʝʪ Sr. ʆʜʥʘʢʦ ʚ ʟʸʨʥʘʭ Dol-1 ʠʟ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʧʨʠʩʫʪʩʪʚʫʝʪ 

ʤʥʦʞʝʩʪʚʦ ʚʢʣʶʯʝʥʠʡ ʦʢʩʠʜʦʚ ʠ ʛʠʜʨʦʢʩʠʜʦʚ Fe (ʚ ʦʩʥʦʚʥʦʤ, ʛyʪʠʪʘ ʠ ʛʝʤʘʪʠʪʘ). ʉʢʦʧʣʝʥʠʷ 

ʜʦʣʦʤʠʪʘ ʙʦʣʝʝ ʧʦʟʜʥʝʡ ʛʝʥʝʨʘʮʠʠ (Dol-2) ʥʘʭʦʜʷʪʩʷ ʚʙʣʠʟʠ ʢʦʥʪʘʢʪʘ ʩ ʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʤʠ 

ʪʨʝʱʠʥʘʤʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ Dol-1, ʛʝʥʝʨʘʮʠʷ Dol-2 ʦʙʨʘʟʫʝʪ ʦʧʪʠʯʝʩʢʠ ʧʨʦʟʨʘʯʥʳʝ ʠʜʠʦʤʦʨʬʥʳʝ 

ʢʨʠʩʪʘʣʣʳ ʩ ʨʦʚʥʳʤʠ ʛʨʘʥʷʤʠ ʠ ʪʦʥʢʦʡ ʦʩʮʠʣʣʷʪʦʨʥʦʡ ʟʦʥʘʣʴʥʦʩʪʴʶ (ʈʠʩʫʥʦʢ 6c). ʂ ʪʦʤʫ ʞʝ ʚ 

ʧʦʩʣʝʜʥʝʤ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ Mg ʠ Mn, ʠ ʚ ʮʝʣʦʤ ʝʛʦ ʩʦʩʪʘʚ 

ʛʦʨʘʟʜʦ ʤʝʥʝʝ ʠʟʤʝʥʯʠʚ (1ï6 ʤʦʣ.% Ank ʠ 1ï4 ʤʦʣ.% Kut, ʙʝʟ Sr). ʀʥʦʛʜʘ Dol-2 ʚʩʪʨʝʯʘʝʪʩʷ ʠ ʚ 

ʦʩʥʦʚʥʦʡ ʤʘʩʩʝ, ʩʣʦʞʝʥʥʦʡ ʛʫʙʯʘʪʳʤ ʜʦʣʦʤʠʪʦʤ, ʚ ʚʠʜʝ ʬʨʘʛʤʝʥʪʦʚ ʢʨʠʩʪʘʣʣʦʚ, ʠʟʦʣʠʨʦʚʘʥʥʳʭ 

ʦʪ ʚʤʝʱʘʶʱʝʛʦ Dol-1 ʢʘʡʤʘʤʠ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ (ʈʠʩʫʥʦʢ 6d). 
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ʂʘʣʠʝʚʳʡ ʧʦʣʝʚʦʡ ʰʧʘʪ ʧʨʝʜʩʪʘʚʣʝʥ ʤʠʢʨʦʢʣʠʥʦʤ, ʚʳʜʝʣʷʶʱʠʤʩʷ ʧʨʠ ʦʧʪʠʯʝʩʢʦʤ 

ʠʟʫʯʝʥʠʠ ʥʝʦʙʳʯʥʳʤ ʟʦʣʦʪʠʩʪʦ-ʞʸʣʪʳʤ ʮʚʝʪʦʤ ʠ ʦʪʩʫʪʩʪʚʠʝʤ ʭʘʨʘʢʪʝʨʥʦʛʦ ʜʣʷ ʤʠʢʨʦʢʣʠʥʘ 

ʧʦʣʠʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʜʚʦʡʥʠʢʦʚʘʥʠʷ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʦ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʘʭ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʩʦʜʝʨʞʘʥʠʝ SiO2 ʧʨʝʚʳʰʘʝʪ 20 ʤʘʩʩ.%, ʯʪʦ ʜʘʝʪ ʦʩʥʦʚʘʥʠʝ 

ʦʪʥʦʩʠʪʴ ʵʪʠ ʧʦʨʦʜʳ ʢ ʩʠʣʠʢʦʢʘʨʙʦʥʘʪʠʪʘʤ. ʇʨʠ ʵʪʦʤ, ʠʩʭʦʜʷ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʦʧʪʠʯʝʩʢʦʡ ʠ 

ʩʢʘʥʠʨʫʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʦʩʥʦʚʥʘʷ ʜʦʣʷ ʢʨʝʤʥʝʟʤyʘ ʩʦʩʨʝʜʦʪʦʯʝʥʘ ʠʤʝʥʥʦ ʚ ʤʠʢʨʦʢʣʠʥʝ. 

ʄʠʢʨʦʢʣʠʥ ʬʦʨʤʠʨʫʝʪ ʢʩʝʥʦʤʦʨʬʥʳʝ ʛʫʙʯʘʪʳʝ ʟʸʨʥʘ ʥʘ ʤʘʥʝʨ Dol-1 (ʩʤ. ʈʠʩʫʥʦʢ 6c). ɼʘʥʥrʡ 

ʤʠʥʝʨʘʣ ʥʝ ʩʦʜʝʨʞʠʪ Na, Ba, Sr ʠʣʠ ʢʘʢʠʭ-ʣʠʙʦ ʜʨʫʛʠʭ ʧʨʠʤʝʩʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʦʜʥʘʢʦ ʚ ʥʤy 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʞʠʜʢʠʭ ʠ ʪʚʨyʜʦʬʘʟʥʳʭ ʤʠʢʨʦʚʢʣʶʯʝʥʠʡ, ʧʨʠʜʘʶʱʠʭ ʝʤʫ ʤʫʪʥʳʡ 

ʦʙʣʠʢ. ʄʠʢʨʦʢʣʠʥ ʦʜʠʥʘʢʦʚʦ ʨʘʩʧʨʦʩʪʨʘʥʥy ʢʘʢ ʚ ʦʩʥʦʚʥʦʡ ʤʘʩʩʝ ʧʦʨʦʜʳ, ʪʘʢ ʠ ʚ ʧʨʦʞʠʣʢʘʭ ʩ 

ʧʦʟʜʥʝʡ ʤʠʥʝʨʘʣʠʟʘʮʠʝʡ. ʇʨʠ ʥʘʣʠʯʠʠ ʚ ʧʦʨʦʜʝ ʩʣʶʜʳ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʛʜʘ ʥʘʙʣʶʜʘʶʪʩʷ 

ʧʩʝʚʜʦʤʦʨʬʦʟʳ ʤʠʢʨʦʢʣʠʥʘ ʧʦ ʩʣʶʜʝ (ʈʠʩʫʥʦʢ 6e).  

ʆʢʩʠʜʳ ʪʠʪʘʥʘ ʚ ʚʠʜʝ ʩʢʦʧʣʝʥʠʡ ʟʸʨʝʥ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʠ ʠʣʠ ʦʙʦʩʦʙʣʝʥʥʳʭ 

ʝʜʠʥʠʯʥʳʭ ʟʸʨʝʥ ʦʙʨʘʟʫʶʪ ʩʨʘʩʪʘʥʠʷ ʩ Dol-1, ʤʠʢʨʦʢʣʠʥʦʤ ʠ (ʧʨʠ ʥʘʣʠʯʠʠ ʦʥʦʛʦ) ʬʣʦʛʦʧʠʪʦʤ 

(ʈʠʩʫʥʦʢ 6f). ʉ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʠʭ ʥʘʙʣʶʜʝʥʠʡ ʠ ʨʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʦʢʩʠʜʳ ʪʠʪʘʥʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʨʝʤʷ ʧʦʣʠʤʦʨʬʥʳʤʠ ʨʘʟʥʦʚʠʜʥʦʩʪʷʤʠ: ʘʥʘʪʘʟʦʤ, 

ʨʫʪʠʣʦʤ ʠ ʙʨʫʢʠʪʦʤ. ɺ ʮʝʣʦʤ ʤʠʥʝʨʘʣʳ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʟʘʥʠʤʘʶʪ ʚ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ ʥʝ 

ʤʝʥʝʝ 5% ʦʙʲʸʤʘ, ʘ ʩʦʜʝʨʞʘʥʠʝ TiO2 ʚ ʧʦʨʦʜʝ ʢʦʣʝʙʣʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 0.9 ʜʦ 4.4 ʤʘʩʩ.% ʧʨʠ 

ʩʨʝʜʥʝʤ ʟʥʘʯʝʥʠʠ 2.3 ʤʘʩʩ.%. ʉʨʝʜʠ ʚʩʝʭ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʧʦʣʠʤʦʨʬʦʚ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ 

ʨʘʩʧʨʦʩʪʨʘʥʥy ʙʨʫʢʠʪ: ʥʘ ʝʛʦ ʜʦʣʶ ʧʨʠʭʦʜʠʪʩʷ 80ï90% ʦʪ ʠʭ ʦʙʱʝʛʦ ʦʙʲʸʤʘ. ɸʥʘʪʘʟ ʚʩʪʨʝʯʘʝʪʩʷ 

ʟʥʘʯʠʪʝʣʴʥʦ ʨʝʞʝ (ʜʦ 15%); ʨʫʪʠʣ ʪʘʢʞʝ ʤʘʣʦ ʨʘʩʧʨʦʩʪʨʘʥʥy. ʊʦʯʢʠ ʣʦʢʘʣʠʟʘʮʠʠ ʫ ʵʪʠʭ ʬʘʟ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʦʙʱʠʝ, ʪʦ ʝʩʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʦʥʠ ʥʝ ʨʘʟʦʙʱʝʥʳ. ɹʦʣʝʝ ʪʦʛʦ, ʨʫʪʠʣ ʧʦʚʩʝʤʝʩʪʥʦ 

ʦʙʨʘʟʫʝʪ ʧʘʨʘʤʦʨʬʦʟʳ ʧʦ ʜʚʫʤ ʦʩʪʘʣʴʥʳʤ ʬʘʟʘʤ. ɺ ʧʨʦʭʦʜʷʱʝʤ ʩʚʝʪʝ ʦʪʜʝʣʴʥʳʝ ʟʸʨʥʘ ʦʢʩʠʜʦʚ 

ʪʠʪʘʥʘ ʣʝʛʢʦ ʨʘʩʧʦʟʥʘʶʪʩʷ ʧʦ ʮʚʝʪʫ: ʫ ʙʨʫʢʠʪʘ ʦʥ ʦʪ ʪyʤʥʦ-ʢʦʨʠʯʥʝʚʦʛʦ ʜʦ ʞʣyʪʦʚʘʪʦ-

ʢʦʨʠʯʥʝʚʦʛʦ, ʫ ʘʥʘʪʘʟʘ ï ʠʥʜʠʛʦʚʦ-ʩʠʥʠʡ, ʘ ʫ ʨʫʪʠʣʘ ï ʦʪ ʢʦʨʠʯʥʝʚʦʛʦ ʜʦ ʢʨʦʚʘʚʦ-ʢʨʘʩʥʦʛʦ. 

ʆʜʥʘʢʦ ʯʘʱʝ ʦʥʠ ʚʩʝ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʚ ʥʝʦʜʥʦʨʦʜʥʳʝ, ʨʘʟʥʳʝ ʧʦ ʬʦʨʤʝ, ʤʫʪʥʦʚʘʪʦ-ʢʦʨʠʯʥʝʚʳʝ 

ʘʛʨʝʛʘʪʳ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʦʧʪʠʯʝʩʢʘʷ ʜʠʘʛʥʦʩʪʠʢʘ ʙʳʣʘ ʟʘʪʨʫʜʥʝʥʘ ʠ ʪʨʝʙʦʚʘʣʦʩʴ ʧʨʠʚʣʝʯʝʥʠʝ 

ʨʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ. 

ʇʨʠ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʙʳʣʦ ʚʳʜʝʣʝʥʦ ʧʷʪʴ ʪʠʧʦʚ 

ʦʙʦʩʦʙʣʝʥʠʡ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʧʦ ʤʦʨʬʦʣʦʛʠʠ (ʈʠʩʫʥʦʢ 7aïe): I ʪʠʧ ï 

ʦʙʦʩʦʙʣʝʥʠʷ ʫʜʣʠʥʥyʥʳʭ ʛʠʧʠʜʠʦʤʦʨʬʥʳʭ ʠ ʠʜʠʦʤʦʨʬʥʳʭ ʢʨʠʩʪʘʣʣʦʚ (ʚ ʦʩʥʦʚʥʦʤ, ʙʨʫʢʠʪʘ, 

ʈʠʩʫʥʦʢ 7f), II ʪʠʧ ï ʥʝʨʦʚʥʳʝ ʢʘʡʤʳ ʦʙʨʘʩʪʘʥʠʷ ʚʦʢʨʫʛ ʟʸʨʝʥ ʢʘʨʙʦʥʘʪʦʚ, III ʪʠʧ ï 

ʘʤyʙʦʧʦʜʦʙʥʳʝ ʢʩʝʥʦʤʦʨʬʥʳʝ ʦʙʨʘʟʦʚʘʥʠʷ, IV ʪʠʧ ï çʮʝʤʝʥʪʠʨʫʶʱʠʝè ʩʨʘʩʪʘʥʠʷ ʩ 

ʩʫʣʴʬʠʜʘʤʠ, ʠ V ʪʠʧ ï ʤʝʣʢʠʝ ʠʜʠʦʤʦʨʬʥʳʝ ʢʨʠʩʪʘʣʣʳ ʙʨʫʢʠʪʘ.  
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ʈʠʩʫʥʦʢ 7. ʄʦʨʬʦʪʠʧʳ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ: (a) I ʪʠʧ ï ʫʜʣʠʥʥyʥʳʝ ʢʨʠʩʪʘʣʣʳ ʠ ʠʭ 

ʩʨʘʩʪʘʥʠʷ, (b) II ʪʠʧ ï ʢʩʝʥʦʤʦʨʬʥʳʝ ʢʘʡʤʳ ʦʙʨʘʩʪʘʥʠʷ ʚʦʢʨʫʛ ʟʸʨʝʥ ʢʘʨʙʦʥʘʪʘ, (c) III 

ʪʠʧ ï ʘʤyʙʦʚʠʜʥʳʝ ʘʛʨʝʛʘʪʳ ʟʸʨʝʥ, çʷʨʢʠʡè ʤʠʥʝʨʘʣ ï ʤʦʥʘʮʠʪ (Mnz), (d) IV ʪʠʧ ï 

ʩʧʝʮʠʬʠʯʝʩʢʠʝ çʮʝʤʝʥʪʠʨʫʶʱʠʝè ʩʨʘʩʪʘʥʠʷ ʩ ʧʠʨʠʪʦʤ (Py) ʠ (e) V ʪʠʧ ï ʤʝʣʢʠʝ 

ʠʜʠʦʤʦʨʬʥʳʝ ʢʨʠʩʪʘʣʣʳ ʙʨʫʢʠʪʘ. (f) ʂʘʨʪʘ ʬʘʟ, ʧʦʣʫʯʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ ʜʠʬʨʘʢʮʠʠ 

ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (EBSD), ʜʣʷ I ʤʦʨʬʦʪʠʧʘ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ: ʟʝʣʥyʳʡ ʮʚʝʪ 

ï ʜʦʣʦʤʠʪ (Dol), ʞʸʣʪʳʡ ï ʙʨʫʢʠʪ (Brk), ʩʠʥʠʡ - ʨʫʪʠʣ (Rt). ʀʟʦʙʨʘʞʝʥʠʷ (a)-(e) ï ʚ 

ʦʙʨʘʪʥʦ-ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (BSE). ʄʘʩʰʪʘʙʥʳʝ ʣʠʥʝʡʢʠ ʠʤʝʶʪ ʜʣʠʥʫ 200 ʤʢʤ. 

ʀʣʣʶʩʪʨʘʮʠʠ ʠʟ ʨʘʙʦʪ r(Kozlov et al., 2018). 

ʆʙʦʩʦʙʣʝʥʠʷ IïIV ʪʠʧʦʚ ʪʠʧʠʯʥʳ ʜʣʷ ʦʩʥʦʚʥʦʡ ʤʘʩʩʳ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʠ ʨʝʞʝ 

ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʢʘʣʠʰʧʘʪʠʟʠʨʦʚʘʥʥʳʭ ʢʘʨʙʦʥʘʪʥʳʭ ʧʨʦʞʠʣʢʘʭ. ʀʜʠʦʤʦʨʬʥʳʝ 

ʢʨʠʩʪʘʣʣʳ ʙʨʫʢʠʪʘ V ʪʠʧʘ ʩʦʜʝʨʞʘʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ ʧʨʠʟʘʣʴʙʘʥʜʦʚʳʭ ʦʙʣʘʩʪʷʭ ʢʘʣʴʮʠʪʦʚʳʭ 

(Ñ ʤʠʢʨʦʢʣʠʥ ʠ ʢʚʘʨʮ) ʧʨʦʞʠʣʢʦʚ, ʩʝʢʫʱʠʭ ʪʠʪʘʥʠʩʪʳʝ ʢʘʨʙʦʥʘʪʠʪʳ, ʛʜʝ ʦʥʠ ʘʩʩʦʮʠʠʨʫʶʪ ʩ 

ʧʠʨʦʭʣʦʨʦʤ. 

ɺ ʠʟʫʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʤʝʶʪ ʘʤʙyʦʧʦʜʦʙʥʳʝ 

ʦʙʨʘʟʦʚʘʥʠʷ III ʪʠʧʘ, ʚ ʩʪʨʦʝʥʠʠ ʢʦʪʦʨʳʭ ʫʯʘʩʪʚʫʪʁ ʚʩʝ ʪʨʠ ʧʦʣʠʤʦʨʬʘ TiO2 (ʈʠʩʫʥʦʢ 8a). ɺ 

ʩʦʩʪʘʚʝ ʜʘʥʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʫʧʥʳʝ ʟʸʨʥʘ ʘʥʘʪʘʟʘ ʧʨʠʩʫʪʩʪʚʫʪʁ ʚ ʚʠʜʝ 

ʚʢʣʶʯʝʥʠʡ ʚ ʙʨʫʢʠʪʝ, ʘ ʤʝʣʢʠʝ ʟʸʨʥʘ ʘʥʘʪʘʟʘ ʦʙʨʘʟʫʶʪ ʚʦʢʨʫʛ ʘʛʨʝʛʘʪʦʚ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ 

ʩʢʦʧʣʝʥʠʷ ʚ ʚʠʜʝ ʩʦʟʚʝʟʜʠʡ (ʈʠʩʫʥʦʢ 8a, ʚʩʪʘʚʢʘ). ɹʨʫʢʠʪ ʟʘʥʠʤʘʝʪ ʚ ʘʤyʙʦʧʦʜʦʙʥʳʭ 

ʦʙʦʩʦʙʣʝʥʠʷʭ ʛʦʩʧʦʜʩʪʚʫʶʱʝʝ ʧʦʣʦʞʝʥʠʝ, ʩʣʘʛʘʷ ʜʦ 80% ʠʭ ʦʙʲʸʤʘ, ʠ ʧʨʝʜʩʪʘʚʣʝʥ ʜʚʫʤʷ 

ʛʝʥʝʨʘʮʠʷʤʠ. ɹʨʫʢʠʪ ʨʘʥʥʝʡ ʛʝʥʝʨʘʮʠʠ Brk-1 ʭʠʤʠʯʝʩʢʠ ʦʜʥʦʨʦʜʝʥ ʠ ʥʝ ʩʪʦʣʴ ʙʦʛʘʪ Nb, ʢʘʢ 

ʙʨʫʢʠʪ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʛʝʥʝʨʘʮʠʡ, ʯʪʦ ʭʦʨʦʰʦ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ BSE-ʠʟʦʙʨʘʞʝʥʠʷʤʠ, ʥʘ ʢʦʪʦʨʳʭ 

Brk-1 ʠʤʝʝʪ ʨʘʚʥʦʤʝʨʥʳʡ ʪʤyʥʦ-ʩʝʨʳʡ ʮʚʝʪ (ʈʠʩʫʥʦʢ 8b). ʀʤʝʥʥʦ ʧʦ ʵʪʦʡ ʬʘʟʝ ʙʳʣʠ 

ʩʬʦʨʤʠʨʦʚʘʥʳ ʨʘʜʠʘʣʴʥʳʝ ʧʘʨʘʤʦʨʬʦʟʳ ʨʫʪʠʣʘ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʭʘʨʘʢʪʝʨʥʘ ʷʯʝʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ 

(ʈʠʩʫʥʦʢ 8b,c). ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳʤ ʦʙʲʷʩʥʝʥʠʝʤ ʧʦʷʚʣʝʥʠʷ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʳ ʷʚʣʷʝʪʩʷ 
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ʠʟʤʝʥʝʥʠʝ ʦʙʲʸʤʘ, ʟʘʥʠʤʘʝʤʦʛʦ TiO2, ʚ ʭʦʜʝ ʧʘʨʘʤʦʨʬʥʦʛʦ ʟʘʤʝʱʝʥʠʷ ʠʟ-ʟʘ ʨʘʟʥʦʩʪʠ ʧʣʦʪʥʦʩʪʝʡ 

ʧʝʨʚʠʯʥʦʛʦ ʙʨʫʢʠʪʘ (4.08ï4.18 ʛ/ʩʤï3) ʠ ʟʘʤʝʱʘʶʱʝʛʦ ʝʛʦ ʨʫʪʠʣʘ (4.23ï5.50 ʛ/ʩʤï3) (Meinhold, 

2010). ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʧʘʨʘʤʦʨʬʦʟ ʤʦʞʝʪ ʚʦʟʥʠʢʥʫʪ ɹʜʦ 25% 

ʠʟʙʳʪʦʯʥʦʛʦ ʦʙʲʸʤʘ, ʢʦʤʧʝʥʩʘʮʠʷ ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʧʫʪʸʤ ʧʦʷʚʣʝʥʠʷ ʧʦʣʦʩʪʝʡ. ɸʥʘʣʠʟʳ 

ʨʫʪʠʣʘ ʠʟ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʘʥʘʣʠʟʦʚ ʜʨʫʛʠʭ ʪʠʪʘʥʠʩʪʳʭ ʬʘʟ 

ʧʦʚʳʰʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʨʠʤʝʩʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʚ ʮʝʣʦʤ ʥʝ ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ 

(Ca, Si, P ʠ Na). ʕʪʫ ʦʩʦʙʝʥʥʦʩʪʴ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʟʘʧʦʣʥʝʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʙʲʸʤʘ, 

ʚʦʟʥʠʢʰʝʛʦ ʧʨʠ ʟʘʤʝʱʝʥʠʠ, ʢʘʣʴʮʠʪʦʤ, ʵʛʠʨʠʥʦʤ ʠ ʘʧʘʪʠʪʦʤ. ɹʦʣʝʝ ʧʦʟʜʥʷʷ ʛʝʥʝʨʘʮʠʷ ʙʨʫʢʠʪʘ 

(Brk-2) ʦʙʨʘʩʪʘʝʪ ʢʘʢ Brk-1, ʪʘʢ ʠ ʨʫʪʠʣ. ʅʠʦʙʠʡ ʚ Brk-2 ʨʘʩʧʨʝʜʝʣʸʥ ʥʝʨʘʚʥʦʤʝʨʥʦ, ʯʪʦ ʧʨʠʜʘʪy 

ʤʠʥʝʨʘʣʫ ʤʦʟʘʠʯʥʳʡ ʚʠʜ ʥʘ BSE-ʠʟʦʙʨʘʞʝʥʠʷʭ (ʩʤ. ʈʠʩʫʥʦʢ 8b). ʂʘʢ ʧʦʢʘʟʘʣʠ ʨʝʟʫʣʴʪʘʪʳ EBSD 

ʠʩʩʣʝʜʦʚʘʥʠʷ (ʈʠʩʫʥʦʢ 8d), ʥʝʩʤʦʪʨʷ ʥʘ ʩʚʦʶ ʙʣʦʯʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʘʤʙyʦʧʦʜʦʙʥʳʝ ʦʙʨʘʟʦʚʘʥʠʷ 

ʩʦʩʪʦʷʪ ʠʟ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ, ʚ ʢʦʪʦʨʳʭ ʩʨʦʩʣʠʩʴ ʙʨʫʢʠʪʳ ʦʙʝʠʭ ʛʝʥʝʨʘʮʠʡ. 

 

ʈʠʩʫʥʦʢ 8. (a, b) ɸʥʘʪʦʤʠʷ ʘʤʙyʦʚʠʜʥʳʭ ʩʢʦʧʣʝʥʠʡ ʢʨʠʩʪʘʣʣʦʚ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ (III ʪʠʧ), 

ʢʦʥʪʨʘʩʪʥʳʝ BSE ʠʟʦʙʨʘʞʝʥʠʷ. ʅʘ ʚʩʪʘʚʢʘʭ ʢʘʨʪʳ ʬʘʟ (EBSD) ʚ ʧʨʝʜʝʣʘʭ ʧʨʠʚʝʜʸʥʥʳʭ 

ʫʯʘʩʪʢʦʚ: ʟʝʣʥyʳʡ ʮʚʝʪ ï ʜʦʣʦʤʠʪ (Dol), ʞʸʣʪʳʡ ï ʙʨʫʢʠʪ (Brk), ʢʨʘʩʥʳʡ ï ʘʥʘʪʘʟ (Ant), 

ʩʠʥʠʡ - ʨʫʪʠʣ (Rt); (c) ʟʘʤʝʱʝʥʠʝ ʙʨʫʢʠʪʘ ʨʫʪʠʣʦʤ, BSE ʠʟʦʙʨʘʞʝʥʠʝ; (d) ʦʪʦʙʨʘʞʝʥʠʝ 

ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʚ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʚ ʫʛʣʘʭ ʕʡʣʝʨʘ ʜʣʷ ʫʯʘʩʪʢʘ (b), ʮʚʝʪʘ ʦʪʨʘʞʘʶʪ 

ʙʣʠʟʦʩʪʴ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʠʨʦʚʢʠ ʢʨʠʩʪʘʣʣʦʚ. ʄʘʩʰʪʘʙʥʳʝ ʣʠʥʝʡʢʠ ʠʤʝʶʪ 

ʜʣʠʥʫ 200 ʤʢʤ. ʀʣʣʶʩʪʨʘʮʠ ̫ʠʟ ʨʘʙʦʪ r(Kozlov et al., 2018). 
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ɺ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʟʸʨʥʘʭ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʩʦʜʝʨʞʘʥʠʝ Nb2O5 ʧʦʧʘʣʦ ʚ ʜʠʘʧʘʟʦʥ ʦʪ 0.7 ʜʦ 

5.2 ʤʘʩʩ.%. ɺʚʠʜʫ ʤʘʢʩʠʤʘʣʴʥʦʡ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʦʩʪʠ ʠʤʝʥʥʦ ʙʨʫʢʠʪ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ 

ʢʦʥʮʝʥʪʨʘʪʦʨʦʤ ʥʠʦʙʠʷ ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ ʇʝʪʷʡʷʥ-ɺʘʨr. ʇʨʠ ʵʪʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʢʩʠʜʘ ʥʠʦʙʠʷ 

ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʚʳʙʦʨʢʝ ʘʥʘʣʠʟʦʚ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʦʢʘʟʘʣʦʩʴ ʙʠʤʦʜʘʣʴʥʳʤ ʩ ʚʳʨʘʞʝʥʥʳʤʠ 

ʤʘʢʩʠʤʫʤʘʤʠ ʚ 2.2 ʠ 4.3 ʤʘʩʩ.% (ʈʠʩʫʥʦʢ 9a). 

 

ʈʠʩʫʥʦʢ 9. (a) ɻʠʩʪʦʛʨʘʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Nb2O5 ʠ (b) ʙʠʥʘʨʥʘʷ ʜʠʘʛʨʘʤʤʘ, 

ʧʦʢʘʟʳʚʘʶʱʘʷ ʩʚʷʟʴ ʩʦʜʝʨʞʘʥʠʡ Nb ʠ Fe (ʚ ʘʪʦʤʘʭ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ, atom per 

formula unit, ʟʜʝʩʴ ʠ ʜʘʣʝʝ ï a.p.f.u.) ʜʣʷ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʠʟ ʢʘʨʙʦʥʘʪʠʪʦʚ ʫʯʘʩʪʢʘ 

ʇʝʪʷʡʷʥ-ɺʘʨʘ. ʀʣʣʶʩʪʨʘʮʠʷ ʠʟ ʨʘʙʦʪʳ (Kozlov et al., 2018). 

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ (Werner and Cook, 2001), ʚ ʧʦʨʦʜʘʭ, ʩʭʦʜʥʳʭ ʩ ʪʠʪʘʥʠʩʪʳʤʠ 

ʢʘʨʙʦʥʘʪʠʪʘʤʠ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ, Nb ʠ Fe ʚʭʦʜʷʪ ʚ ʩʪʨʫʢʪʫʨʫ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʧʦ ʜʚʫʤ 

ʩʦʧʨʷʞʸʥʥʳʤ ʩʭʝʤʘʤ ʠʟʦʤʦʨʬʠʟʤʘ: 2Ti4+ ź Nb5+ + Fe3+ ʠ 3Ti4+ź 2Nb5+ + Fe2+. ʅʘ ʜʠʘʛʨʘʤʤʝ ʚ 

ʢʦʦʨʜʠʥʘʪʘʭ Nb (a.p.f.u.) ï Fe (a.p.f.u.) (ʈʠʩʫʥʦʢ 9b) ʧʦʣʝ, ʦʪʚʝʯʘʶʱʝʝ ʩʦʚʤʝʩʪʥʦʤʫ ʚʣʠʷʥʠʶ 

ʫʢʘʟʘʥʥʳʭ ʩʭʝʤ, ʦʛʨʘʥʠʯʝʥʦ ʣʠʥʠʷʤʠ ʩ ʥʘʢʣʦʥʘʤʠ 0.5 ʠ 1.0. ɺ ʵʪʦ ʧʦʣʝ ʧʦʧʘʣʦ ʤʝʥʝʝ ʪʨʝʪʠ 

ʬʠʛʫʨʘʪʠʚʥʳʭ ʪʦʯʝʢ, ʘ ʦʩʪʘʚʰʠʝʩʷ ʨʘʟʜʝʣʠʣʠʩʴ ʥʘ ʨʘʚʥʳʝ ʛʨʫʧʧʳ ï ʩ çʠʟʙʳʪʦʯʥʳʤ Feè (ʚʳʰʝ 

ʣʠʥʠʠ ʩ ʥʘʢʣʦʥʦʤ 1) ʠ c çʠʟʙʳʪʦʯʥʳʤ Nbè (ʥʠʞʝ ʣʠʥʠʠ ʩ ʥʘʢʣʦʥʦʤ 0.5). ʇʦʷʚʣʝʥʠʝ ʠʟʙʳʪʦʯʥʦʛʦ 

ʞʝʣʝʟʘ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʤʝʭʘʥʠʯʝʩʢʠʤ ʚʢʣʶʯʝʥʠʝʤ ʦʢʩʠʜʦʚ-ʛʠʜʨʦʢʩʠʜʦʚ Fe, ï ̫ ʚʣʝʥʠʝ 

ʨʷʜʦʚʦʝ. ʇʨʠʤʝʨʦʤ ʩʣʫʞʘʪ ʙʨʫʢʠʪ ʠ ʨʫʪʠʣ ʠʟ Nb (Ti, ʈɿʕ)-ʤʝʩʪʦʨʦʞʜʝʥʠ ̫ʄʦʨʨʦ-ʜʦʩ-ʉʝʡʩ-

ʃʘʛʦʩ [(Giovannini et al., 2017); ʩʤ. ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ Fig. 12]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʤʝʭʘʥʠʟʤ ʚʭʦʞʜʝʥʠʷ 

ʠʟʙʳʪʦʯʥʦʛʦ Nb, ʥʝʢʦʤʧʝʥʩʠʨʦʚʘʥʥʦʛʦ ʞʝʣʝʟʦʤ, ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʠʟ-ʟʘ ʩʚʦʝʡ 

ʥʝʦʙʳʯʥʦʩʪʠ [(Meinhold, 2010) ʠ ʩʩʳʣʢʠ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ].  
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ɺ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ ʫʩʪʘʥʦʚʣʝʥʘ ʫʩʪʦʡʯʠʚʘʷ ʪʝʥʜʝʥʮʠʷ ʢ ʦʙʦʛʘʱʝʥʠʶ ʥʠʦʙʠʝʤ 

ʧʦʟʜʥʝʡ ʛʝʥʝʨʘʮʠʠ ʙʨʫʢʠʪʘ. ɺ ʦʢʨʫʞʘʶʱʠʭ ʠʭ ʜʦʣʦʤʠʪʦʚʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ TiO2-ʜʦʣʦʤʠʪ-

ʢʘʣʴʮʠʪʦʚʳʝ ʧʨʦʞʠʣʢʠ ʩʦʜʝʨʞʘʪ ʦʢʩʠʜʳ ʪʠʪʘʥʘ ʩ ʝʱ yʙʦʣʝʝ ʢʦʥʪʨʘʩʪʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ Nb. 

ʂʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ ʚ ʨʘʟʜʝʣʝ 3.1, ʨʘʥʥʠʝ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʳ ʥʝʨʝʜʢʦ ʨʘʩʩʝʯʝʥʳ ʧʨʦʞʠʣʢʘʤʠ 

ʠ ʪʨʝʱʠʥʘʤʠ, ʟʘʧʦʣʥʝʥʥʳʤʠ ʙʦʣʝʝ ʧʦʟʜʥʠʤʠ ʤʠʥʝʨʘʣʘʤʠ. ɺʙʣʠʟʠ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʚ 

ʥʠʭ, ʧʦʤʠʤʦ ʜʦʣʦʤʠʪʘ ʠ ʢʘʣʴʮʠʪʘ, ʩʦʜʝʨʞʘʪʩʷ ʦʧʪʠʯʝʩʢʠ ʷʩʥʦ ʨʘʟʣʠʯʠʤʳʝ ʦʢʩʠʜʳ ʪʠʪʘʥʘ 

(ʈʠʩʫʥʦʢ 10a).  

 

ʈʠʩʫʥʦʢ 10. TiO2-ʢʘʨʙʦʥʘʪʥʳʝ ʧʨʦʞʠʣʢʠ ʚ ʙʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʝʤ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʝ 

ʠʟ ʦʢʨʫʞʝʥʠʷ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ: (a) ʦʢʩʠʜʳ ʪʠʪʘʥʘ ʚ ʧʨʦʭʦʜʷʱʝʤ ʩʚʝʪʝ (ʚʝʨʭ ï ʩ 

ʦʜʥʠʤ ʥʠʢʦʣʝʤ, ʥʠʟ ï ʥʠʢʦʣʠ ʩʢʨʝʱʝʥʳ), (b) ʢʘʨʪʘ ʬʘʟ, ʧʦʣʫʯʝʥʥʘʷ ʤʝʪʦʜʦʤ EBSD 

[ʟʝʣʥyʳʡ ʮʚʝʪ ï ʜʦʣʦʤʠʪ (Dol), ʞʸʣʪʳʡ ï ʙʨʫʢʠʪ (Brk), ʢʨʘʩʥʳʡ ï ʘʥʘʪʘʟ (Ant), ʩʠʥʠʡ - 

ʨʫʪʠʣ (Rt)], (c) ʤʦʨʬʦʣʦʛʠʷ ʦʙʦʩʦʙʣʝʥʠʡ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ ʥʘ BSE ʠʟʦʙʨʘʞʝʥʠʠ ʠ (d) 

ʧʨʠʤʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Nb2O5 ʚ ʢʘʡʤʘʭ ʩʢʦʧʣʝʥʠʡ ʟʸʨʝʥ ʘʥʘʪʘʟʘ ʠ ʙʨʫʢʠʪʘ [ʚ ʢʚʘʜʨʘʪʥʳʭ 

ʩʢʦʙʢʘʭ: ʩʦʜʝʨʞʘʥʠʝ Nb2O5 (ʤʘʩʩ.%)]. ʄʘʩʰʪʘʙʥʳʝ ʣʠʥʝʡʢʠ ʠʤʝʶʪ ʜʣʠʥʫ 100 ʤʢʤ. 

ʀʣʣʶʩʪʨʘʮʠʷ ʠʟ ʨʘʙʦʪʳ (Kozlov et al., 2018). 

ɸʥʘʪʘʟ ʠ ʙʨʫʢʠʪ ʪʘʤ ʞʝ ʥʘʭʦʜʷʪʩʷ ʚ ʨʘʚʥʳʭ ʜʦʣʷʭ ʠ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʚ ʢʨʫʧʥʳʝ 

ʛʣʦʤʝʨʦʙʣʘʩʪʳ, ʧʦʭʦʞʠʝ ʥʘ ʦʙʨʘʟʦʚʘʥʠʷ I ʪʠʧʘ ʚ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ, ʪʦʛʜʘ ʢʘʢ ʨʫʪʠʣ 

ʚʝʩʴʤʘ ʨʝʜʦʢ (ʈʠʩʫʥʦʢ 10b). ɸʥʘʪʘʟ ʧʨʝʜʩʪʘʚʣʝʥ ʭʦʨʦʰʦ ʦʛʨʘʥʸʥʥʳʤʠ ʚʝʨʝʪʝʥʦʚʠʜʥʳʤʠ 
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ʢʨʠʩʪʘʣʣʘʤʠ, ʢʦʪʦʨʳʝ ʣʠʙʦ ʩʦʩʝʜʩʪʚʫʶʪ ʩ ʠʜʠʦʤʦʨʬʥʳʤʠ ʠʟʦʤʝʪʨʠʯʥʳʤʠ ʟʸʨʥʘʤʠ ʙʨʫʢʠʪʘ, 

ʣʠʙʦ ʧʦʡʢʠʣʠʪʦʚʦ ʚʢʣʶʯʝʥʳ ʚ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʟʸʨʥʘ ʙʨʫʢʠʪʘ ʠ ʠʭ ʩʝʛʨʝʛʘʮʠʠ, ʩʭʦʜʥʳʝ ʩ 

ʘʤʸʙʦʚʠʜʥʳʤʠ ʦʙʨʘʟʦʚʘʥʠʷʤʠ III ʪʠʧʘ ʠʟ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ (ʈʠʩʫʥʦʢ 10b,ʩ). ʅʘ 

ʠʟʦʙʨʘʞʝʥʠʷʭ ʵʪʠʭ ʛʣʦʤʝʨʦʙʣʘʩʪ ʚ ʦʙʨʘʪʥʦ-ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (BSE) ʦʪʯʸʪʣʠʚʦ ʚʠʜʥʳ 

ʢʘʡʤʳ, ʦʢʦʥʪʫʨʠʚʘʶʱʠʝ ʟʸʨʥʘ ʙʨʫʢʠʪʘ ʠ ʘʥʘʪʘʟʘ (ʈʠʩʫʥʦʢ 10d). ʂʘʢ ʧʦʢʘʟʘʣ ʵʣʝʢʪʨʦʥʥʦ-

ʟʦʥʜʦʚʳʡ ʘʥʘʣʠʟ, ʪʘʢʠʝ ʢʘʡʤʳ ʨʝʟʢʦ ʦʙʦʛʘʱʝʥʳ Nb ʫ ʦʙʦʠʭ ʤʠʥʝʨʘʣʦʚ. ɺ ʷʜʨʘʭ ʠ ʟʸʨʥʘʭ ʙʝʟ ʢʘʸʤ 

ʩʦʜʝʨʞʘʥʠʝ Nb2O5 ʜʦʩʪʠʛʘʝʪ ʣʠʰʴ 0.2 ʤʘʩʩ.% ʫ ʘʥʘʪʘʟʘ ʠ 0.5 ʤʘʩʩ.% ʫ ʙʨʫʢʠʪʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ 

ʢʘʡʤʘʭ ʦʥʦ ʫʚʝʣʠʯʝʥʦ ʜʦ 2.5 ʤʘʩʩ.% ʠ 5.0 ʤʘʩʩ.% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʠʨʦʭʣʦʨ ʚ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ ʦʙʥʘʨʫʞʝʥ ʚ ʚʠʜʝ ʧʨʝʚʦʩʭʦʜʥʦ ʩʦʭʨʘʥʠʚʰʠʭʩʷ 

ʠʜʠʦʤʦʨʬʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʤʝʜʦʚʦ-ʞʸʣʪʦʛʦ ʮʚʝʪʘ. ɹʦʣʴʰʠʥʩʪʚʦ ʪʘʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʧʠʨʦʭʣʦʨʘ 

ʟʦʥʘʣʴʥʳʝ: (ʘ) ʩʫʙʤʠʢʨʦʥʥʳʝ ʟʘʨʦʜʳʰʠ ʚ ʷʜʨʝ ʢʨʠʩʪʘʣʣʦʚ ʩʣʘʛʘʝʪ U-Th-ʨʘʟʥʦʚʠʜʥʦʩʪʴ ʩ 

ʠʟʙʳʪʦʯʥʳʤ ʢʨʝʤʥʝʟʤyʦʤ ʠ ʙʝʟ ʬʪʦʨʘ, (ʙ) ʦʩʥʦʚʥʦʡ ʦʙʲʸʤ ʟʘʥʠʤʘʝʪ Ca-F-ʧʠʨʦʭʣʦʨ, ʟʘʤʝʱʥyʥʳʡ 

ʧʦ ʢʨʘʷʤ ʠ ʪʨʝʱʠʥʘʤ (c) Pb-ʧʠʨʦʭʣʦʨʦʤ ʙʝʟ ʬʪʦʨʘ (ʈʠʩʫʥʦʢ 11a,b). ɿʘʨʦʜʳʰʠ, ʢʘʢ ʠ ʢʘʡʤʳ, 

ʫʩʪʘʥʦʚʣʝʥʳ ʜʘʣʝʢʦ ʥʝ ʚ ʢʘʞʜʦʤ ʢʨʠʩʪʘʣʣʝ. ʇʦʩʣʝʜʥʠʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʯʪyʢʫʶ ʩʚʷʟʴ ʩ ʥʘʠʙʦʣʝʝ 

ʧʦʟʜʥʠʤʠ ʤʠʥʝʨʘʣʘʤʠ, ʥʘʧʨʠʤʝʨ ʤʦʥʘʮʠʪʦʤ. ʇʦ ʥʦʤʝʥʢʣʘʪʫʨʝ IMA, ʷʜʨʘ, ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʟʦʥʳ 

ʠ ʢʘʡʤʳ ʧʠʨʦʭʣʦʨʘ, ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʝ ʩʦʩʪʘʚʳ ʢʦʪʦʨʳʭ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 2, ʦʪʚʝʯʘʶʪ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʛʠʜʨʦʢʩʠʢʘʣʴʮʠʦʧʠʨʦʭʣʦʨʫ (ʦʙʦʛʘʱʸʥʥʦʤʫ U ʠ Th), ʬʪʦʨʢʘʣʴʮʠʦʧʠʨʦʭʣʦʨʫ ʠ 

ʢʝʥʦʧʣʶʤʙʦʧʠʨʦʭʣʦʨʫ (Atencio et al., 2010). 

ʀʟ-ʟʘ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ ʠʩʩʣʝʜʦʚʘʪʴ U-Th- ʠ Pb-ʨʘʟʥʦʚʠʜʥʦʩʪʠ (ʚ ʷʜʨʘʭ ʠ ʢʘʡʤʘʭ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʤʝʪʦʜʦʤ WDS ʥʝ ʫʜʘʣʦʩʴ. ɼʣʷ ʥʠʭ ʧʦʣʫʯʝʥʳ ʣʠʰʴ ʦʮʝʥʢʠ ʩʦʩʪʘʚʘ ʩ ʧʦʤʦʱʴʶ 

EDS, ʚʩʝ ʞʝ ʚʧʦʣʥʝ ʜʦʩʪʦʚʝʨʥʳʝ. ɺʦ-ʧʝʨʚʳʭ, ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʥʝ ʙʳʣ ʟʘʭʚʘʯʝʥ ʩʦʩʝʜʩʪʚʫʶʱʠʡ 

Ca-F-ʧʠʨʦʭʣʦʨ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʪʩʫʪʩʪʚʠʝ ʚ ʘʥʘʣʠʟʘʭ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ F, ʘ ʜʣʷ Pb-

ʧʠʨʦʭʣʦʨʘ ï ʝʱʸ ʠ ʢʘʣʴʮʠʷ. ɺʦ-ʚʪʦʨʳʭ, ʠʟʤʝʨʝʥʥʳʝ ʩʦʩʪʘʚʳ ʙʣʠʟʢʠ ʢ ʧʠʨʦʭʣʦʨʘʤ ʠʟ ʜʨʫʛʠʭ 

ʩʭʦʜʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʯʪʦ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʦ ʚ ʨʘʟʜʝʣʝ 3.8. ʀʟʙʳʪʦʢ ʢʨʝʤʥʝʟʸʤʘ ʚ ʩʦʩʪʘʚʝ U-Th-

ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʠʤʝʝʪ ʧʨʦʩʪʦʝ ʦʙʲʷʩʥʝʥʠʝ. ʂʘʢ ʧʦʢʘʟʘʣʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ñʩʠʣʠʮʠʬʠʮʠʨʦʚʘʥʥʦʛʦò 

ʧʠʨʦʭʣʦʨʘ ʢʦʤʧʣʝʢʩʘ ʅʘʨʩʘʨʩʫʢ (Narss©rssuk), ɻʨʝʥʣʘʥʜʠʷ, ʧʨʦʚʝʜʝʥʥʦʝ ʇ. ɹʦʥʘʮʮʠ ʩ 

ʩʦʘʚʪʦʨʘʤʠ (Bonazzi et al., 2006), çé 50ï70% ʦʪ ʦʙʱʝʛʦ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʢʨʝʤʥʠʷ ʚʢʣʶʯʘʝʪʩʷ ʚ 

ʨʘʜʠʘʮʠʦʥʥʦ-ʧʦʚʨʝʞʜʸʥʥʳʝ ʯʘʩʪʠ ʧʠʨʦʭʣʦʨʘè, ʢʘʢʦʚʳʭ ʜʦʣʞʥʦ ʙʳʪʴ ʤʥʦʛʦ ʚ ʩʠʣʫ ʦʙʩʫʞʜʘʝʤʦʡ 

U-Th ʩʧʝʮʠʬʠʢʠ ʩʦʩʪʘʚʘ. 

ʆʪʥʦʩʠʪʝʣʴʥʦ ʢʨʫʧʥʳʝ (ʜʦ ʧʝʨʚʳʭ ʩʦʪʝʥ ʤʢʤ) ʠʜʠʦʤʦʨʬʥʳʝ ʢʨʠʩʪʘʣʣʳ ʧʠʨʦʭʣʦʨʘ 

ʣʦʢʘʣʠʟʦʚʘʥʳ ʚ ʟʘʣʴʙʘʥʜʘʭ ʧʦʟʜʥʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚʳʭ ʧʨʦʞʠʣʦʢ, ʛʜʝ ʦʥʠ ʘʩʩʦʮʠʠʨʫʶʪ ʩ Dol-2 ʠ 

ʦʙʦʛʘʱʸʥʥʳʤ Nb ʠʜʠʦʤʦʨʬʥʳʤ ʙʨʫʢʠʪʦʤ V ʪʠʧʘ, ʩ ʢʦʪʦʨʳʤ ʧʠʨʦʭʣʦʨ ʠʤʝʝʪ ʦʜʠʥʘʢʦʚʦʝ 

ʩʪʨʫʢʪʫʨʥʦʝ ʧʦʣʦʞʝʥʠʝ (ʩʤ. ʈʠʩʫʥʦʢ 11b). ʂʨʦʤʝ ʪʦʛʦ, ʚʩʝ ʫʢʘʟʘʥʥʳʝ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʧʠʨʦʭʣʦʨʘ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʘʢʞʝ ʠ ʚ ʦʩʥʦʚʥʦʡ ʪʢʘʥʠ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʚ ʚʠʜʝ ʨʝʜʢʠʭ ʠʩʯʝʟʘʶʱʝ 

ʤʘʣʳʭ ʢʩʝʥʦʤʦʨʬʥʳʭ ʟʸʨʝʥ ʚʥʫʪʨʠ ʦʙʦʩʦʙʣʝʥʠʡ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ IïIII  ʪʠʧʦʚ. 
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ʈʠʩʫʥʦʢ 11. (a) ʉʫʙʤʠʢʨʦʥʥʳʡ ʟʘʨʦʜʳʰ ʢʨʠʩʪʘʣʣʘ, ʩʣʦʞʝʥʥʳʡ ʙʦʛʘʪʳʤ U ʠ Th 

ʛʠʜʨʦʢʩʠʢʘʣʴʮʠʦʧʠʨʦʭʣʦʨʦʤ (U-Th-OH Pcl) ʠ ʦʢʨʫʞʥyʥʳʡ ʬʪʦʨʢʘʣʴʮʠʦʧʠʨʦʭʣʦʨʦʤ 

(Ca-F Pcl); (b) ʢʘʡʤʳ ʢʝʥʦʧʣʶʤʙʦʧʠʨʦʭʣʦʨʘ (Pb Pcl) ʚʦʢʨʫʛ ʠʜʠʦʤʦʨʬʥʳʭ ʢʨʠʩʪʘʣʣʦʚ 

ʬʪʦʨʢʘʣʴʮʠʦʧʠʨʦʭʣʦʨʘ, ʘʩʩʦʮʠʠʨʫʶʱʝʛʦ ʩ ʥʝʙʦʣʴʰʠʤʠ ʠʜʠʦʤʦʨʬʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ 

ʙʨʫʢʠʪʘ (V ʤʦʨʬʦʪʠʧ TiO2); (c) ʮʝʧʦʯʝʯʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ ʧʠʨʦʭʣʦʨʘ, ʩʚʷʟʘʥʥʘʷ ʩ 

ʩʫʣʴʬʠʜʘʤʠ, ʦʢʩʠʜʘʤʠ ʞʝʣʝʟʘ ʠ ʬʣʦʛʦʧʠʪʦʤ ʚ ʙʦʛʘʪʳʭ ʧʠʨʦʭʣʦʨʦʤ ʢʘʨʙʦʥʘʪʠʪʘʭ ʠʟ 

ʦʢʨʫʞʝʥʠʷ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ; (d) ʨʝʟʦʨʙʮʠʷ ʠʜʠʦʤʦʨʬʥʦʛʦ ʧʠʨʦʭʣʦʨʘ ʥʘ 

ʢʦʥʪʘʢʪʝ ʩ ʬʣʦʛʦʧʠʪʦʤ ʠ ʟʘʤʝʱʝʥʠʝ ʚʜʦʣʴ ʪʨʝʱʠʥ ʬʪʦʨʢʘʣʴʮʠʦʧʠʨʦʭʣʦʨʘ 

ʢʝʥʦʧʣʶʤʙʦʧʠʨʦʭʣʦʨʦʤ, ʘʩʩʦʮʠʠʨʫʶʱʠʤ ʩ ʤʦʥʘʮʠʪʦʤ. BSE ʠʟʦʙʨʘʞʝʥʠʷ. 

ʀʣʣʶʩʪʨʘʮʠʷ ʠʟ ʨʘʙʦʪʳ (Kozlov et al., 2018) 

ʊʘʙʣʠʮʘ 2. ʇʨʝʜʩʪʘʚʠʪʝʣʴʥʳʝ ʘʥʘʣʠʟʳ ʧʠʨʦʭʣʦʨʘ ʠʟ ʪʠʪʘʥʠʩʪʳʭ ʠ ʧʨʠʣʝʛʘʶʱʠʭ ʢ ʥʠʤ 

ʙʦʛʘʪʳʭ ʧʠʨʦʭʣʦʨʦʤ ʙʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʇʝʪʷʡʷʥ-ɺʘʨʳ. 

ʂʦʤʧʦʥʝʥʪ U-Th (1)1 Ca-F (1) Ca-F (2)  Ca-F (2) Pb (1) Pb (1) Pb (2) Pb (2) 

BaO b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 

K2O b.d.l. b.d.l. 0.06 0.04 b.d.l. b.d.l. b.d.l. b.d.l. 

Na2O b.d.l. 4.66 6.84 6.73 0.36 b.d.l. b.d.l. b.d.l. 

SrO 4.09 1.41 1.19 1.25 1.42 1.80 2.00 3.13 

CaO 5.88 15.48 16.49 16.25 4.02 1.05 1.17 1.51 

PbO b.d.l. b.d.l. b.d.l. b.d.l. 32.14 31.10 26.81 25.41 

UO2 3.18 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 

ThO 9.71 b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 

Y2O3 b.d.l. 0.72 0.43 0.42 b.d.l. b.d.l. b.d.l. b.d.l. 



60 
 

ʂʦʤʧʦʥʝʥʪ U-Th (1)1 Ca-F (1) Ca-F (2)  Ca-F (2) Pb (1) Pb (1) Pb (2) Pb (2) 

La2O3 0.42 b.d.l. 0.40 0.51 b.d.l. 2.20 2.92 2.55 

Ce2O3 2.47 0.66 0.74 0.93 0.54 4.21 5.75 5.29 

Nd2O3 0.44 b.d.l. 0.19 0.20 b.d.l. 0.33 0.51 0.21 

Sm2O3 b.d.l. b.d.l. 0.20 0.22 b.d.l. b.d.l. b.d.l. b.d.l. 

SiO2 3.42 b.d.l. 0.12 0.26 0.47 0.16 0.26 0.60 

TiO2 8.94 4.95 4.74 5.12 2.72 3.33 3.21 2.22 

Fe2O3 3.24 0.39 0.11 0.17 0.71 0.57 0.73 0.61 

ZrO2 b.d.l. b.d.l. 0.30 0.48 b.d.l. b.d.l. b.d.l. b.d.l. 

Nb2O5 41.74 57.49 64.39 64.60 42.00 44.09 46.11 48.73 

Ta2O5 b.d.l. b.d.l. 0.17 0.10 b.d.l. b.d.l. b.d.l. b.d.l. 

F b.d.l. 3.80 2.84 2.85 b.d.l. b.d.l. b.d.l. b.d.l. 

ʉʫʤʤʘ 83.53 89.56 99.21 100.13 84.38 88.84 89.47 90.26 

ïO=F2 0.00 -1.60 -1.20 -1.20 0.00 0.00 0.00 0.00 

ʉʫʤʤʘ 83.53 87.96 98.01 98.93 84.38 88.84 89.47 90.26 

ʌʦʨʤʫʣʘ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʥʘ 2 ʢʘʪʠʦʥʘ ʚ B-ʧʦʟʠʮʠʠ 

Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Na 0.00 0.60 0.80 0.77 0.06 0.00 0.00 0.00 

Sr 0.15 0.05 0.04 0.04 0.07 0.09 0.10 0.15 

Ca 0.40 1.10 1.07 1.03 0.39 0.10 0.10 0.13 

Pb 0.00 0.00 0.00 0.00 0.78 0.73 0.60 0.55 

U 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Th 0.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Y 0.00 0.03 0.01 0.01 0.00 0.00 0.00 0.00 

La 0.01 0.00 0.01 0.01 0.00 0.07 0.09 0.08 

Ce 0.06 0.02 0.02 0.02 0.02 0.13 0.17 0.16 

Nd 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.01 

Sm 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ɇ cat (A) 0.81 1.80 1.96 1.90 1.33 1.13 1.08 1.07 

Vac (A) 1.19 0.20 0.04 0.10 0.67 0.87 0.92 0.93 

Si 0.22 0.00 0.01 0.02 0.04 0.01 0.02 0.05 

Ti 0.42 0.25 0.22 0.23 0.19 0.22 0.20 0.13 

Fe 0.17 0.02 0.01 0.01 0.05 0.04 0.05 0.04 

Zr 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 

Nb 1.19 1.73 1.76 1.73 1.72 1.73 1.73 1.78 

Ta 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Ɇ cat (B) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

F 0.00 0.80 0.54 0.53 0.00 0.00 0.00 0.00 
1 U-Th ï ʦʙʦʛʘʱʸʥʥʳʡ U ʠ Th ʛʠʜʨʦʢʩʠʢʘʣʴʮʠʦʧʠʨʦʭʣʦʨ, Ca-F ï ʬʪʦʨʢʘʣʴʮʠʦʧʠʨʦʭʣʦʨ, Pb ï 

ʢʝʥʦʧʣʶʤʙʦʧʠʨʦʭʣʦʨ; (1) ï ʢʨʠʩʪʘʣʣʳ ʠʟ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ, (2) ï ʢʨʠʩʪʘʣʣʳ ʠʟ ʙʦʛʘʪʳʭ 

ʧʠʨʦʭʣʦʨʦʤ ʫʯʘʩʪʢʦʚ ʙʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʠʭ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʦʚ ʠʟ ʦʢʨʫʞʝʥʠʷ ʪʠʪʘʥʠʩʪʳʭ 

ʢʘʨʙʦʥʘʪʠʪʦʚ. b.d.l.: ñbelow detection limitò ï ʥʠʞʝ ʧʨʝʜʝʣʘ ʦʙʥʘʨʫʞʝʥʠʷ. 
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ɺʙʣʠʟʠ ʪʠʪʘʥʠʩʪʳʭ ʧʦʨʦʜ ʚ ʙʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʠʭ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʘʭ ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʫʯʘʩʪʢʠ, ʦʙʦʛʘʱʸʥʥʳʝ ʧʠʨʦʭʣʦʨʦʤ, ʘʥʘʣʦʛʠʯʥʳʤ ʧʦ ʩʦʩʪʘʚʫ ʬʪʦʨʢʘʣʴʮʠʦʧʠʨʦʭʣʦʨʫ ʠʟ 

ʪʠʪʘʥʠʩʪʳʭ ʧʦʨʦʜ. ʉʫʜʷ ʧʦ ʩʪʨʫʢʪʫʨʥʳʤ ʧʨʠʟʥʘʢʘʤ, ʵʪʠ ʫʯʘʩʪʢʠ ʧʨʝʪʝʨʧʝʣʠ ʧʨʝʜʚʘʨʷʶʱʠʡ 

ʧʠʨʦʭʣʦʨʦʚʫʶ ʤʠʥʝʨʘʣʠʟʘʮʠʶ ʣʦʢʘʣʴʥʳʡ ʜʠʥʘʤʦʤʝʪʘʤʦʨʬʠʟʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʜʘʥʥʳʝ 

ʧʦʨʦʜʳ ʧʨʠʦʙʨʝʣʠ ʨʘʩʩʣʘʥʮʦʚʘʥʥʫʶ ʤʝʣʢʦʟʝʨʥʠʩʪʫʶ ʢʘʪʘʢʣʘʩʪʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʙʳʣʠ 

ʦʙʦʛʘʱʝʥʳ ʤʘʛʥʝʪʠʪʦʤ. ʇʠʨʦʭʣʦʨʦʚʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʘ ʮʝʧʦʯʝʯʥʦ ʠ 

ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʪʨʝʱʠʥʘʤʠ, ʩʝʢʫʱʠʤʠ ʩʣʘʥʮʝʚʘʪʦʩʪʴ. ʇʦ ʵʪʠʤ ʪʨʝʱʠʥʘʤ ʪʘʢʞʝ ʨʘʟʚʠʚʘʶʪʩʷ 

ʩʫʣʴʬʠʜʳ (ʧʠʨʠʪ) ʠ ʦʢʩʠʜʳ-ʛʠʜʨʦʢʩʠʜʳ ʞʝʣʝʟʘ (ʈʠʩʫʥʦʢ 11c). ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʢ ʟʦʥʢʘʤ 

ʧʠʨʦʭʣʦʨʦʚʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʪʷʛʦʪʝʶʪ ʢʩʝʥʦʤʦʨʬʥʳʝ ʣʝʡʩʪʳ ʬʣʦʛʦʧʠʪʘ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, 

ʙʦʣʝʝ ʧʦʟʜʥʝʛʦ, ʯʝʤ ʧʠʨʦʭʣʦʨ. ʅʘ ʢʦʥʪʘʢʪʝ ʩʦ ʩʣʶʜʦʡ ʧʠʨʦʭʣʦʨ ʦʪʯʸʪʣʠʚʦ ʨʝʟʦʨʙʠʨʦʚʘʥ ʠ ʚʩʝʛʜʘ 

ʟʘʤʝʱʥy ʩ ʢʨʘʚy Pb-ʧʠʨʦʭʣʦʨʦʤ (ʈʠʩʫʥʦʢ 11d). ʇʦʩʣʝʜʥʠʡ ʨʘʩʧʨʦʩʪʨʘʥʠʣʩʷ ʚʥʫʪʨʴ ʧʦ ʪʨʝʱʠʥʘʤ 

ʠ (ʚ ʩʝʛʨʝʛʘʮʠʷʭ ʧʠʨʦʭʣʦʨʦʚʳʭ ʟʸʨʝʥ) ʛʨʘʥʠʮʘʤ ʢʨʠʩʪʘʣʣʦʚ. ʕʪʘ ʩʣʶʜʘ ʙʣʠʟʢʘ ʧʦ ʩʦʩʪʘʚʫ 

ʬʣʦʛʦʧʠʪʫ ʠʟ ʪʠʪʘʥʠʩʪʳʭ ʧʦʨʦʜ, ʦʪʣʠʯʘʷʩʴ ʣʠʰʴ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʳʤ ʦʪʩʫʪʩʪʚʠʝʤ ʪʠʪʘʥʘ. ɺ 

ʜʦʣʦʤʠʪʦʚʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ ʩ ʮʝʧʦʯʝʯʥʦʡ ʧʠʨʦʭʣʦʨʦʚʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʝʡ ʥʝʪ ʘʥʘʪʘʟʘ, ʙʨʫʢʠʪʘ 

ʠʣʠ ʨʫʪʠʣʘ, ʦʜʥʘʢʦ ʥʘʙʣʶʜʘʶʪʩʷ ʝʜʠʥʠʯʥʳʝ ʢʘʚʝʨʥʳ, ʚʳʧʦʣʥʝʥʥʳʝ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʤ 

ʚʝʱʝʩʪʚʦʤ, ʧʦ ʩʦʩʪʘʚʫ ʦʪʚʝʯʘʶʱʠʤ ʧʩʝʚʜʦʨʫʪʠʣʫ. ɺ ʵʪʠʭ ʧʦʨʦʜʘʭ ʧʨʠʩʫʪʩʪʚʫʝʪ ʠ Sr-Ba-ʈɿʕ 

ʤʠʥʝʨʘʣʠʟʘʮʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʘʥʢʠʣʠʪʦʤ, ʙʘʨʠʪʦʤ, ʙʘʩʪʥʝʟʠʪʦʤ-(Ce) (ʜʘʣʝʝ ï ʙʘʩʪʥʝʟʠʪ). ʇʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʧʠʨʦʭʣʦʨʫ, ʬʣʦʛʦʧʠʪʫ ʠ ʧʩʝʚʜʦʨʫʪʠʣʫ ʚʩʝ ʵʪʠ ʤʠʥʝʨʘʣʳ ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ ʧʦʟʜʥʠʤʠ. 

ʆʪʤʝʯʫ, ʯʪʦ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʜʦʣʦʤʠʪʦʚʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ ʩ ʮʝʧʦʯʝʯʥʦʡ ʧʠʨʦʭʣʦʨʦʚʦʡ 

ʤʠʥʝʨʘʣʠʟʘʮʠʝʡ, ʪʘʢ ʞʝ, ʢʘʢ ʠ ʚ ʪʠʪʘʥʠʩʪʳʭ ʨʘʟʥʦʚʠʜʥʦʩʪʷʭ, ʚ ʘʩʩʦʮʠʘʮʠʠ ʩ Pb-ʧʠʨʦʭʣʦʨʦʚʳʤʠ 

ʢʘʡʤʘʤʠ ʯʘʩʪʦ ʧʨʠʩʫʪʩʪʚʫʝʪ ʤʦʥʘʮʠʪ. 

ɸʧʘʪʠʪ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʪʠʧʦʤʦʨʬʥʳʤ ʤʠʥʝʨʘʣʦʤ ʪʠʪʘʥʠʩʪʳʭ ʠ ʦʢʨʫʞʘʶʱʠʭ ʠʭ 

ʙʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʠʭ ʢʘʨʙʦʥʘʪʠʪʦʚ. ʃʦʢʘʣʴʥʦ ʪʠʪʘʥʠʩʪʳʝ ʢʘʨʙʦʥʘʪʠʪʳ ʨʝʟʢʦ ʦʙʦʛʘʱʝʥʳ 

ʘʧʘʪʠʪʦʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʷ P2O5 ʚ ʪʘʢʠʭ ʫʯʘʩʪʢʘʭ ʚʦʟʨʘʩʪʘʝʪ ʜʦ 7.5 ʤʘʩʩ.% ʧʨʦʪʠʚ 

0.2ï0.5 ʤʘʩʩ.% ʚ ʧʨʦʯʠʭ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ (ʚ ʦʩʪʘʣʴʥʳʭ ʧʦʨʦʜʘʭ ʫʯʘʩʪʢʘ ʇʝʪʷʡʷʥ-ɺʘʨʘ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʬʦʩʬʦʨʘ ʝʱ yʥʠʞʝ). ɼʘʣʝʝ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ (ʩʤ. ʛʣʘʚʳ 4 ʠ 6), ʯʪʦ ʧʦ ʛʝʦʭʠʤʠʯʝʩʢʠʤ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʧʦʨʦʜʳ, ʦʙʦʛʘʱʝʥʥʳʝ ʘʧʘʪʠʪʦʤ, ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʧʨʦʯʠʭ 

ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ, ʧʦʵʪʦʤʫ ʦʥʠ ʙʳʣʠ ʚʳʜʝʣʝʥʳ ʚ ʦʪʜʝʣʴʥʫʶ ʨʘʟʥʦʚʠʜʥʦʩʪʴ ï 

çʘʧʘʪʠʪʠʟʠʨʦʚʘʥʥʳʝ ʢʘʨʙʦʥʘʪʠʪʳè. ɺ ʘʧʘʪʠʪʠʟʠʨʦʚʘʥʥʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ ʩ ʘʧʘʪʠʪʦʤ 

ʘʩʩʦʮʠʠʨʫʝʪ ʪʠʪʘʥʠʩʪʳʡ ɻ ʛʠʨʠʥ ʠ ʘʣʴʙʠʪ, ʦʪʩʫʪʩʪʚʫʶʱʠʝ ʚ ʧʨʦʯʠʭ ʢʘʨʙʦʥʘʪʠʪʘʭ ʇʝʪʷʡʷʥ-ɺʘʨr. 

ʉʘʤ ʘʧʘʪʠʪ ʩʣʘʛʘʝʪ ʩʝʪʴ ʧʨʦʞʠʣʢʦʚ, ʩʝʢʫʱʠʭ ʦʩʥʦʚʥʫʶ ʪʢʘʥʴ ʧʦʨʦʜʳ. ɸʧʘʪʠʪʦʚʳʝ ʧʨʦʞʠʣʢʠ 

ʪʘʢʞʝ ʦʙʥʘʨʫʞʝʥʳ ʠ ʚ ʙʫʨʙʘʥʢʠʪʩʦʜʝʨʞʘʱʠʭ ʤʘʛʥʝʟʠʦʢʘʨʙʦʥʘʪʠʪʘʭ ʚʙʣʠʟʠ ʢʦʥʪʘʢʪʘ ʩ 

ʪʠʪʘʥʠʩʪʳʤʠ ʢʘʨʙʦʥʘʪʠʪʘʤʠ, ʚ ʢʦʪʦʨʳʭ ʦʥʠ ʟʘʥʠʤʘʶʪ ʪʫ ʞʝ ʧʦʟʠʮʠʶ, ʯʪʦ ʠ ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʝ 

ʧʨʦʞʠʣʢʠ ʩ ʦʢʩʠʜʘʤʠ ʪʠʪʘʥʘ. ɸʧʘʪʠʪ ʧʨʝʜʩʪʘʚʣʝʥ ʜʚʫʤʷ ʛʝʥʝʨʘʮʠʷʤʠ. ʇʝʨʚʘʷ ʛʝʥʝʨʘʮʠʷ (Ap-1) 

ʩʦʩʪʘʚʣʷʝʪ ʘʛʨʝʛʘʪʳ ʢʩʝʥʦʤʦʨʬʥʳʭ ʟʸʨʝʥ (ʈʠʩʫʥʦʢ 12a), ʨʘʩʧʨʝʜʝʣʸʥʥʳʝ ʧʷʪʥʘʤʠ ʚ ʦʩʥʦʚʥʦʡ 
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ʢʘʨʙʦʥʘʪʥʦʡ ʤʘʩʩʝ. ʕʪʘ ʬʘʟʘ ʭʠʤʠʯʝʩʢʠ ʜʦʚʦʣʴʥʦ ʯʠʩʪʘ ʠ ʩʦʜʝʨʞʠʪ ʥʝ ʙʦʣʝʝ 0.5 ʤʘʩʩ.% Na2O, ʜʦ 

0.8 ʤʘʩʩ.% SiO2 ʠ ʜʦ 0.9 ʤʘʩʩ.% SrO. ɺʪʦʨʘʷ, ʙʦʣʝʝ ʧʦʟʜʥʷʷ ʛʝʥʝʨʘʮʠʷ ʘʧʘʪʠʪʘ (ɸp-2), ʦʙʨʘʟʫʝʪ 

ʢʘʡʤʳ ʥʘ ʨʘʟʣʠʯʥʳʭ ʤʠʥʝʨʘʣʘʭ (ʥʘʧʨʠʤʝʨ, ʩʫʣʴʬʠʜʘʭ, ʈʠʩʫʥʦʢ 12b) ʠ ʨʘʜʠʘʣʴʥʳʝ ʘʛʨʝʛʘʪʳ 

ʥʝʙʦʣʴʰʠʭ ʠʜʠʦʤʦʨʬʥʳʭ ʚʳʪʷʥʫʪʳʭ ʢʨʠʩʪʘʣʣʦʚ (ʈʠʩʫʥʦʢ 12c). ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʵʪʦʡ ʬʘʟʳ 

ʯʨʝʟʚʳʯʘʡʥʦ ʥʝʦʜʥʦʨʦʜʝʥ ʜʘʞʝ ʚ ʧʨʝʜʝʣʘʭ ʦʜʥʦʛʦ ʟʨyʥʘ. ʅʘ BSE-ʠʟʦʙʨʘʞʝʥʠʷʭ ʠʟʤʝʥʯʠʚʦʩʪʴ 

ʩʦʩʪʘʚʘ ʧʨʦʷʚʣʝʥʘ ʚ ʚʠʜʝ ʪʦʥʢʦʡ ʦʩʮʠʣʣʷʪʦʨʥʦʡ ʟʦʥʘʣʴʥʦʩʪʠ (ʈʠʩʫʥʦʢ 12d). 

 

ʈʠʩʫʥʦʢ 12. ɸʧʘʪʠʪ ʚ ʪʠʪʘʥʠʩʪʦʤ ʢʘʨʙʦʥʘʪʠʪʝ. (a) ʉʢʦʧʣʝʥʠʝ ʧʦʨʠʩʪʳʭ ʢʩʝʥʦʤʦʨʬʥʳʭ 

ʟʸʨʝʥ ʘʧʘʪʠʪʘ ʨʘʥʥʝʡ ʛʝʥʝʨʘʮʠʠ (Ap-1) ʠ ʟʦʥʘʣʴʥʳʡ ʘʧʘʪʠʪ ʚʪʦʨʦʡ ʛʝʥʝʨʘʮʠʠ (Ap-2), 

ʦʢʘʡʤʣʷʶʱʠʡ Ap-1 ʚ ʚʠʜʝ ʧʨʦʞʠʣʢʦʚ ʠ ʟʘʧʦʣʥʷʶʱʠʡ ʢʘʚʝʨʥʳ. (b) ʂʘʡʤʳ ʧʦʣʦʩʯʘʪʦʛʦ 

Ap-2 ʚʦʢʨʫʛ ʟʸʨʝʥ ʧʠʨʠʪʘ. (c) ʈʘʜʠʘʣʴʥʳʝ ʘʛʨʝʛʘʪʳ ʤʝʣʢʠʭ ʠʜʠʦʤʦʨʬʥʳʭ ʢʨʠʩʪʘʣʣʦʚ 

Ap-2. ɿʘʤʝʱʝʥʠʝ ʜʦʣʦʤʠʪʘ ʥʘ ʢʦʥʪʘʢʪʝ ʩ Ap-2 ʧʩʝʚʜʦʤʦʨʬʦʟʦʡ ʠʟ ʢʘʣʴʮʠʪʘ ʠ 

ʛʠʜʨʦʦʢʠʩʣʦʚ Fe. (d) Ap-2 ʩ ʪʦʥʢʦʡ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʦʩʮʠʣʣʷʪʦʨʥʦʡ ʟʦʥʘʣʴʥʦʩʪʴʶ 

(ʩʚʝʪʣʦ-ʩʝʨʳʝ ʧʦʣʦʩʢʠ ʦʙʦʛʘʱʝʥʳ Na ʠ ʈɿʕ, ʪʤyʥʦ-ʩʝʨʳʝ ï Sr ʠ S) ʠ ʤʦʥʘʮʠʪ (ʤʝʣʢʠʝ 

ʙʝʣʳʝ ʢʨʠʩʪʘʣʣʳ). BSE ʠʟʦʙʨʘʞʝʥʠʷ. ʀʣʣʶʩʪʨʘʮʠʷ ʠʟ ʨʘʙʦʪʳ (Kozlov et al., 2020b) 

ʂʦʥʮʝʥʪʨʘʮʠʷ SrO ʚ Ap-2 ʜʦʩʪʠʛʘʝʪ 3.0 ʤʘʩʩ.%, Na2O ï 3.0 ʤʘʩʩ.%, ThO ï 0.9 ʤʘʩʩ.%, ʘ 

SO3 ï ʚʘʨʴʠʨʫʝʪ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 0.4 ʜʦ 1.3 ʤʘʩʩ.%. ʉʫʤʤʘʨʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʈɿʕ2O3 ʩʦʩʪʘʚʣʷʝʪ ʜʦ 

8.8 ʤʘʩʩ.%. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʧʦʣʦʞʠʪʝʣʴʥʘʷ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ 

ʢʦʣʠʯʝʩʪʚʘʤʠ Sr ʠ S (ʈʠʩʫʥʦʢ 13a), ʘ ʪʘʢʞʝ ʤʝʞʜʫ ʢʦʣʠʯʝʩʪʚʘʤʠ Na ʠ ʈɿʕ (ʈʠʩʫʥʦʢ 13b). ʆʜʥʘʢʦ 

ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ (Sr+S) ʠ (Na+ʈɿʕ) ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 
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(ʈʠʩʫʥʦʢ 13c). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʦʥʘʣʴʥʦʩʪʴ Ap-2 ʩʚʷʟʘʥʘ ʩ ʨʠʪʤʠʯʥʳʤ ʥʘʢʦʧʣʝʥʠʝʤ ʨʘʟʥʳʭ 

ʛʨʫʧʧ ʢʦʤʧʦʥʝʥʪʦʚ. ʊyʤʥʳʝ ʥʘ BSE-ʬʦʪʦʛʨʘʬʠʷʭ ʟʦʥʳ ʘʧʘʪʠʪʘ ʙʦʛʘʪʳ Sr ʠ S, ʘ ʩʚʝʪʣʳʝ ï Na ʠ 

ʈɿʕ (ʩʤ. ʈʠʩʫʥʦʢ 12d). ɺ ʮʝʣʦʤ ʚ Ap-2 ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʪʝʥʜʝʥʮʠʷ ʢ ʥʘʢʦʧʣʝʥʠʶ Sr ʠ S 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʨʦʩʪʘ ʟʸʨʝʥ, ʘ Na ʠ ʈɿʕ ï ʥʘ ʧʦʟʜʥʝʡ ʩʪʘʜʠʠ (ʩʤ. 

ʈʠʩʫʥʦʢ 12d).  

 

ʈʠʩʫʥʦʢ 12. (a)-(c) ʉʦʦʪʥʦʰʝʥʠʝ ʩʦʜʝʨʞʘʥʠʡ Sr, S, Na ʠ ʈɿʕ (ʈɿʕ = Y + La + Ce + Nd) ʚ 

ʧʦʟʜʥʝʤ Ap-2, ʚ ʘʪʦʤʘʭ ʥʘ ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ (a.p.f.u.). ʀʣʣʶʩʪʨʘʮʠʷ ʠʟ ʨʘʙʦʪʳ 

(Kozlov et al., 2020b) 

ʂʘʣʴʮʠʪ ʘʩʩʦʮʠʠʨʫʝʪ ʩ ʘʧʘʪʠʪʦʤ ʚ ʧʨʦʞʠʣʢʘʭ, ʘ ʪʘʢʞʝ ʧʩʝʚʜʦʤʦʨʬʥʦ ʟʘʤʝʱʘʝʪ ʜʦʣʦʤʠʪ 

ʚʙʣʠʟʠ ʧʦʟʜʥʠʭ ʠʜʠʦʤʦʨʬʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʘʧʘʪʠʪʘ Ap-2 (ʩʤ. ʈʠʩʫʥʦʢ 12c). ɺ ʧʩʝʚʜʦʤʦʨʬʦʟʘʭ 

ʢʘʣʴʮʠʪʘ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʪʩʷ ʤʝʣʢʠʝ ʚʢʣʶʯʝʥʠʷ ʛʠʜʨʦʦʢʠʩʣʦʚ ʞʝʣʝʟʘ. 

ʎʠʨʢʦʥ ʚ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ ʪʝʩʥʦ ʩʚʷʟʘʥ ʩ ʘʧʘʪʠʪʦʤ. ɿʘʯʘʩʪʫʶ ʦʥ ʚʢʣʶʯʝʥ ʚ 

ʘʧʘʪʠʪʝ ʚ ʚʠʜʝ ʤʠʢʨʦʠʥʢʣʶʟʠʡ ʠ ʢʩʝʥʦʤʦʨʬʥʳʭ ʩʝʛʨʝʛʘʮʠʡ ʟʸʨʝʥ, ʥʦ ʠʥʦʛʜʘ ʦʙʨʘʟʫʝʪ ʥʘʨʦʩʪʳ 

ʧʦ ʢʨʘʷʤ ʘʧʘʪʠʪʦʚʳʭ ʟʸʨʝʥ. 

ʉʪʨʦʥʮʠʘʥʠʪ, ʙʘʨʠʪ ʠ ʘʥʢʠʣʠʪ-(Ce) ʚ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ ʠʤʝʶʪʩʷ ʣʠʰʴ ʚ 

ʘʢʮʝʩʩʦʨʥʳʭ ʢʦʣʠʯʝʩʪʚʘʭ. ʆʪʜʝʣʴʥʳʝ ʟʸʨʥʘ ʠ ʥʝʙʦʣʴʰʠʝ ʩʢʦʧʣʝʥʠʷ ʵʪʠʭ ʤʠʥʝʨʘʣʦʚ ʦʙʥʘʨʫʞʝʥʳ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ ʧʦʣʦʩʪʷʭ ʠ ʪʨʝʱʠʥʘʭ ʧʦʨʦʜʳ (ʈʠʩʫʥʦʢ 14a), ʥʝʨʝʜʢʦ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʧʦʟʜʥʠʤ 

Ap-2, ʦʙʦʛʘʱʸʥʥʳʤ ʪʷʞʣyʳʤʠ ʈɿʕ. 

ʄʦʥʘʮʠʪ-(Ce) Ce(PO4) ʠ ʙʘʩʪʥʝʟʠʪ-(Ce) Ce(CO3)F ʢʨʠʩʪʘʣʣʠʟʦʚʘʣʠʩʴ ʧʦʟʞʝ, ʯʝʤ 

ʤʠʥʝʨʘʣʳ Ba-Sr-ʈɿʕ ʘʩʩʦʮʠʘʮʠʠ. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʤʦʥʘʮʠʪ ʚ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʘʭ ʦʙʳʯʥʦ 

ʚʟʘʠʤʦʩʚʷʟʘʥ ʩ ʘʧʘʪʠʪʦʤ (ʈʠʩʫʥʦʢ 14b), ʧʨʠʯʤy ʜʣʷ ʤʝʩʪ ʧʝʨʝʩʝʯʝʥʠʷ ʩʢʦʧʣʝʥʠʡ ʤʠʥʝʨʘʣʦʚ 

ʙʘʨʠʡ-ʩʪʨʦʥʮʠʡ-ʨʝʜʢʦʟʝʤʝʣʴʥʦʡ ʘʩʩʦʮʠʘʮʠʠ ʤʦʥʘʮʠʪʦʚʳʤʠ ʧʨʦʞʠʣʢʘʤʠ ʭʘʨʘʢʪʝʨʥʦ ʥʘʣʠʯʠʝ 

ʧʩʝʚʜʦʤʦʨʬʦʟ ʤʦʥʘʮʠʪʘ ʧʦ ʘʥʢʠʣʠʪʫ (ʈʠʩʫʥʦʢ 14c). ɺ ʥʝʢʦʪʦʨʳʭ ʦʙʨʘʟʮʘʭ ʜʦʣʦʤʠʪ ʦʙʝʠʭ 

ʛʝʥʝʨʘʮʠʡ (Dol-1 ʠ Dol-2) ʯʘʩʪʠʯʥʦ ʟʘʤʝʱʥy ʤʦʥʘʮʠʪʦʤ (ʈʠʩʫʥʦʢ 14d). ʄʦʥʘʮʠʪ ʠʤʝʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʮʝʨʠʝʚʳʡ ʩʦʩʪʘʚ (Ce>La>Nd), ʩʦʜʝʨʞʠʪ ʧʨʠʤʝʩʠ ʢʘʣʴʮʠʷ, ʩʪʨʦʥʮʠʷ, ʙʘʨʠʷ (ʚ ʩʫʤʤʝ 

ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʘʩʩ.%), ʠʥʦʛʜʘ ï ʪʦʨʠʷ. ʀʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʪʦ, ʯʪʦ ʪʦʨʠʡʩʦʜʝʨʞʘʱʠʡ (ʜʦ 
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2.3 ʤʘʩʩ.% ThO) ʤʦʥʘʮʠʪ ʥʘʙʣʶʜʘʝʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚʙʣʠʟʠ ʦʙʦʛʘʱʸʥʥʦʛʦ ʪʦʨʠʝʤ ʘʧʘʪʠʪʘ. 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʤʦʥʘʮʠʪʝ ʫʩʪʘʥʦʚʣʝʥʳ ʚʳʩʦʢʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ SO3 (ʜʦ 5.4 ʤʘʩʩ.%). ʆʪʤʝʯʫ, ʯʪʦ 

ʦʙʦʛʘʱʝʥʠʝ ʩʝʨʦʡ ʚ ʮʝʣʦʤ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʤʦʥʘʮʠʪʘ ʢʘʨʙʦʥʘʪʠʪʦʚ ʤʘʩʩʠʚʘ ɺʫʦʨʠʷʨʚʠ (Bulakh et 

al., 2000). 

 

ʈʠʩʫʥʦʢ 14. ɺʪʦʨʠʯʥʳʝ ʤʠʥʝʨʘʣʴʥʳʝ ʘʩʩʦʮʠʘʮʠʠ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ. (a) 

ʄʦʥʘʮʠʪʦʚʳʡ ʧʨʦʞʠʣʦʢ, ʧʝʨʝʩʝʢʘʶʱʠʡ ʧʦʣʦʩʪʴ, ʟʘʧʦʣʥʝʥʥʫʶ ʙʘʨʠʪ-ʩʪʨʦʥʮʠʘʥʠʪʦʚʦʡ 

ʤʠʥʝʨʘʣʠʟʘʮʠʝʡ. (b) ʄʦʥʘʮʠʪ-ʢʘʣʴʮʠʪʦʚʘʷ ʧʩʝʚʜʦʤʦʨʬʦʟʘ ʧʦ ʢʨʠʩʪʘʣʣʫ ʘʥʢʠʣʠʪʘ. (c) 

ʄʦʥʘʮʠʪ, ʢʨʠʩʪʘʣʣʠʟʦʚʘʚʰʠʡʩʷ ʚʦʟʣʝ ʘʧʘʪʠʪʘ ʧʦʟʜʥʝʡ ʛʝʥʝʨʘʮʠʠ. (d) ʏʘʩʪʠʯʥʦʝ 

ʟʘʤʝʱʝʥʠʝ ʜʦʣʦʤʠʪʘ ʘʛʨʝʛʘʪʦʤ ʟʸʨʝʥ ʤʦʥʘʮʠʪʘ ʠ ʛʠʜʨʦʦʢʠʩʣʦʚ ʞʝʣʝʟʘ. (e) ʇʦʟʜʥʠʝ 

ʪʨʝʱʠʥʳ, ʟʘʧʦʣʥʝʥʥʳʝ ʙʘʩʪʥʝʟʠʪʦʤ ʚ ʘʩʩʦʮʠʘʮʠʠ ʩ ʢʦʣʣʦʤʦʨʬʥʳʤ ʢʚʘʨʮʝʤ. (f) 

ʄʠʢʨʦʚʢʣʶʯʝʥʠʷ ʙʘʩʪʥʝʟʠʪʘ ʚ ʠʜʠʦʤʦʨʬʥʦʤ ʢʨʠʩʪʘʣʣʝ ʢʚʘʨʮʘ. BSE ʠʟʦʙʨʘʞʝʥʠʷ. 

ʀʣʣʶʩʪʨʘʮʠʷ ʠʟ ʨʘʙʦʪʳ (Kozlov et al., 2020b) 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʘʥʘʣʠʟʦʚ ʤʦʥʘʮʠʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʜʝʬʠʮʠʪ ʤʘʩʩ (ʩʤ. ʊʘʙʣʠʮʫ ST1 ʚ 

ʇʨʠʣʦʞʝʥʠʠ). ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʦʤʠʤʦ ʤʦʥʘʮʠʪʘ, ʚ ʢʘʨʙʦʥʘʪʠʪʘʭ ʯʘʩʪʦ ʚʩʪʨʝʯʘʝʪʩʷ ʨʘʙʜʦʬʘʥ-(Ce) 

Ce(PO4)ĀH2O [ʥʘʧʨʠʤʝʨ, (Andersen et al., 2017; Ngwenya, 1994; Savelyeva et al., 2017; Torr· et al., 

2012; Wall et al., 1997)]. ʇʨʦʧʦʨʮʠʠ ʈɿʕ ʢ P ʚ ʵʪʦʤ ʤʠʥʝʨʘʣʝ ʪʘʢʠʝ ʞʝ, ʢʘʢ ʠ ʚ ʤʦʥʘʮʠʪʝ, ʥʦ 

ʘʥʘʣʠʟʳ ʨʘʙʜʦʬʘʥʘ ʧʦʢʘʟʳʚʘʶʪ ʜʝʬʠʮʠʪ ʤʘʩʩʳ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʚʦʜʳ ʚ ʝʛʦ ʩʪʨʫʢʪʫʨʝ. ʆʜʥʘʢʦ 

ʜʘʥʥʳʝ ʤʠʥʝʨʘʣʳ ʭʦʨʦʰʦ ʨʘʟʣʠʯʘʶʪʩʷ ʧʦ ʩʪʨʫʢʪʫʨʝ: ʤʦʥʘʮʠʪ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʤʦʥʦʢʣʠʥʥʦʡ 

ʩʠʩʪʝʤʝ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P21/n, Z = 4; ʨʘʙʜʦʬʘʥ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ 

ʩʠʩʪʝʤʝ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P6222, Z = 2. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʜʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʜʠʘʛʥʦʩʪʠʢʠ 

ʤʦʥʘʮʠʪʘ ʧʦ ʝʛʦ ʩʪʨʫʢʪʫʨʝ ʙʳʣʘ ʟʘʜʝʡʩʪʚʦʚʘʥʘ ʨʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠ.̫  

ʈʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʨʘʙʜʦʬʘʥʘ ʠ ʤʦʥʘʮʠʪʘ ʚ ʦʙʣʘʩʪʠ 400ï1200 ʩʤï1 ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʦʜʠʥʘʢʦʚʳʡ ʥʘʙʦʨ ʧʦʣʦʩ ʩ ʙʣʠʟʢʠʤʠ ʧʦʣʦʞʝʥʠʷʤʠ, ʥʦ ʨʘʤʘʥʦʚʩʢʠʡ ʩʜʚʠʛ ʧʦʣʦʩʳ ɡ3(PO4) ʫ 

ʤʦʥʘʮʠʪʘ ʥʝʩʢʦʣʴʢʦ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʨʘʙʜʦʬʘʥʘ (ʊʘʙʣʠʮʘ 3). ʀʟ-ʟʘ ʥʘʣʠʯʠʷ ʚʦʜʳ ʚ ʩʪʨʫʢʪʫʨʝ 
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ʨʘʙʜʦʬʘʥʘ ʚ ʝʛʦ ʩʧʝʢʪʨʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʦʣʦʩʳ ʚʙʣʠʟʠ 3500 ʩʤī1 (Assaaoudi et 

al., 2001; Clavier et al., 2018; Heuser et al., 2014; Silva et al., 2006). ɺ ʩʧʝʢʪʨʘʭ ʠʩʩʣʝʜʦʚʘʥʥʦʛʦ 

ʤʠʥʝʨʘʣʘ ʧʦʣʦʩʳ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʦʪʩʫʪʩʪʚʫʶʪ (ʈʠʩʫʥʦʢ 15a), ʟʘʪʦ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚʩʝ ʧʠʢʠ 

ʤʦʥʘʮʠʪʘ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʣʠʥʠʷ ʧʝʨʝʤʝʥʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ 1088 ʩʤī1, ʢʦʪʦʨʘʷ 

ʪʠʧʠʯʥʘ ʜʣʷ ʢʘʣʴʮʠʪʘ (Gunasekaran et al., 2006; Valenzano et al., 2007). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʠʩʩʣʝʜʦʚʘʥʥʳʡ ʤʠʥʝʨʘʣ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʷʚʣʷʝʪʩʷ ʤʦʥʘʮʠʪʦʤ, ʚ ʢʦʪʦʨʦʤ ʠʟʙʳʪʦʢ ʢʘʣʴʮʠʷ, 

ʚʝʨʦʷʪʥʦ, ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʩʨʘʩʪʘʥʠʷ ʩ ʢʘʣʴʮʠʪʦʤ, ʘ ʜʝʬʠʮʠʪ ʤʘʩʩ ʦʙʫʩʣʦʚʣʝʥ ʚʣʠʷʥʠʝʤ CO3 

ʦʪ ʢʘʣʴʮʠʪʘ. 

 

ʈʠʩʫʥʦʢ 15. ʈʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ (a) ʤʦʥʘʮʠʪʘ-(Ce), (b) ʛʠʜʨʦʢʩʠʣʙʘʩʪʥʝʟʠʪʘ-(Ce) ʠ (c) 

ʙʘʩʪʥʝʟʠʪʘ-(Ce) ʠʟ ʪʠʪʘʥʠʩʪʳʭ ʢʘʨʙʦʥʘʪʠʪʦʚ ʇʝʪʷʡʷʥ-ɺʘʨʳ (ʢʨʘʩʥʳʝ ʠ ʩʠʥʠʝ ʣʠʥʠʠ). 

ʉʧʝʢʪʨʳ, ʦʙʦʟʥʘʯʝʥʥʳʝ ʯʨyʥʳʤ ʮʚʝʪʦʤ, ʠ ʠʜʝʥʪʠʬʠʢʘʮʠʦʥʥʳʝ ʥʦʤʝʨʘ ʤʠʥʝʨʘʣʦʚ ʚʟʷʪʳ 

ʠʟ ʙʘʟʳ ʜʘʥʥʳʭ RRUFF (Lafuente et al., 2015). ʆʪʤʝʯʝʥʳ ʧʦʟʠʮʠʠ ʦʩʥʦʚʥʳʭ ʧʦʣʦʩ (ʩʤ. 

ʊʘʙʣʠʮʫ 3) ʤʦʥʘʮʠʪʘ (m), ʨʘʙʜʦʬʘʥʘ (r), ʢʘʣʴʮʠʪʘ (c), ʛʠʜʨʦʢʩʠʣʙʘʩʪʥʝʟʠʪʘ (h) ʠ 

ʙʘʩʪʥʝʟʠʪʘ (b). ʀʣʣʶʩʪʨʘʮʠʷ ʠʟ ʨʘʙʦʪʳ (Kozlov et al., 2020b) 

  




























































































































































































































































































































