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ɺɺɽɼɽʅʀɽ 

 

ʅʘ ʩʝʚʝʨʦ-ʟʘʧʘʜʝ ʉʠʙʠʨʩʢʦʡ ʧʣʘʪʬʦʨʤʳ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʫʥʠʢʘʣʴʥʘʷ ʚ ʤʠʨʦʚʦʤ 

ʤʘʩʰʪʘʙʝ ʛʨʫʧʧʘ ʕʇɻ-Cu-Ni ʤʝʩʪʦʨʦʞʜʝʥʠʡ, ʚʭʦʜʷʱʠʭ ʚ ʩʪʨʫʢʪʫʨʫ ʅʦʨʠʣʴʩʢʦ-

ʊʘʣʥʘʭʩʢʦʛʦ ʨʫʜʥʦʛʦ ʫʟʣʘ. ʂʨʫʧʥʝʡʰʠʤ ʚ ʨʝʛʠʦʥʝ ʷʚʣʷʝʪʩʷ ʆʢʪʷʙʨʴʩʢʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ. 

ɽʛʦ ʦʩʦʙʘʷ ʨʦʣʴ ʚ ʩʪʨʫʢʪʫʨʝ ʨʫʜʥʦʛʦ ʫʟʣʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘʣʠʯʠʝʤ ʥʝ ʪʦʣʴʢʦ ʚʢʨʘʧʣʝʥʥʳʭ 

ʨʫʜ ʚ ʪʝʣʝ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʠ ʤʘʩʩʠʚʥʳʭ ʨʫʜ ʚ ʝʸ ʧʦʜʦʰʚʝ, ʧʦʜʦʙʥʦ ʨʷʜʫ ʜʨʫʛʠʭ 

ʠʥʪʨʫʟʠʡ ʵʪʦʛʦ ʨʫʜʥʦʛʦ ʫʟʣʘ, ʥʦ ʠ ʰʠʨʦʢʠʤ ʨʘʟʚʠʪʠʝʤ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʧʨʦʞʠʣʢʦʚʦ-

ʚʢʨʘʧʣʝʥʥʳʭ (çʤʝʜʠʩʪʳʭè ʨʫʜ), ʟʘʣʝʛʘʶʱʠʭ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʜʝʚʦʥʩʢʠʭ ʦʩʘʜʦʯʥʳʭ 

ʪʦʣʱʘʭ ʚ ʚʝʨʭʥʝʡ ʵʥʜʦ- ʠ ʵʢʟʦʢʦʥʪʘʢʪʦʚʦʡ ʟʦʥʝ ʠʥʪʨʫʟʠʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʜʦʣʛʫʶ ʠʩʪʦʨʠʶ 

ʠʟʫʯʝʥʠʷ ʨʝʛʠʦʥʘ ʚ ʮʝʣʦʤ ʠ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʚ ʯʘʩʪʥʦʩʪʠ, ʨʷʜ ʚʦʧʨʦʩʦʚ, 

ʢʘʩʘʶʱʠʭʩʷ ʛʝʥʝʟʠʩʘ ʠ ʚʨʝʤʝʥʠ ʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ, ʦʩʪʘʶʪʩʷ ʥʝ ʜʦ ʢʦʥʮʘ ʚʳʷʩʥʝʥʥʳʤʠ ʠ 

ʧʦ-ʧʨʝʞʥʝʤʫ ʘʢʪʠʚʥʦ ʦʙʩʫʞʜʘʶʪʩʷ ʚ ʟʘʨʫʙʝʞʥʦʡ ʠ ʦʪʝʯʝʩʪʚʝʥʥʦʡ ʧʝʯʘʪʠ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠ ̫

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʫʩʣʘʚʣʠʚʘʝʪʩʷ ʥʘʣʠʯʠʝʤ ʤʥʦʞʝʩʪʚʘ ʧʨʦʪʠʚʦʨʝʯʘʱʠʭ 

ʜʨʫʛ ʜʨʫʛʫ ʛʠʧʦʪʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʚ ʮʝʣʦʤ ʠ ʚ ʦʩʦʙʝʥʥʦʩʪʠ 

ʰʠʨʦʢʦ ʨʘʟʚʠʪʳʭ ʚ ʧʨʝʜʝʣʘʭ ʵʪʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ. 

ʆʩʪʘʪʁʩʷ ʥʝʨʝʰʝʥʥʳʤʠ ʚʦʧʨʦʩʳ: ʩʚʷʟʘʥʳ ʣʠ ʚʩʝ ʪʨʠ ʪʠʧʘ ʚʳʜʝʣʷʝʤʳʭ ʨʫʜ (ʚʢʨʘʧʣʝʥʥʳʭ, 

ʤʘʩʩʠʚʥʳʭ ʠ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ) ʩ ʝʜʠʥʳʤ ʛʝʦʣʦʛʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʤ, ʩʚʷʟʘʥʦ ʣʠ 

ʩʫʣʴʬʠʜʥʦʝ ʦʨʫʜʝʥʝʥʠʝ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʩ ʤʘʛʤʘʪʠʟʤʦʤ, ʪʦʣʴʢʦ ʩ ʧʦʩʪʤʘʛʤʘʪʠʯʝʩʢʠʤʠ 

ʧʨʦʮʝʩʩʘʤʠ ʠʣʠ ʥʦʩʠʪ ʩʤʝʰʘʥʥʳʡ ʭʘʨʘʢʪʝʨ, ʷʚʣʷʶʪʩʷ ʣʠ ʧʨʦʮʝʩʩʳ ʦʨʫʜʝʥʝʥʠʷ 

ʦʜʥʦʚʦʟʨʘʩʪʥʳʤʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ? 

ʎʝʣʴ ʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪ ʮʝʣʴ ʠ ʟʘʜʘʯʠ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʎʝʣʴʶ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ 

ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʠ ʚʤʝʱʘʶʱʠʭ ʠʭ ʧʦʨʦʜ ʩ ʤʠʥʝʨʘʣʦʛʦ-ʛʝʦʭʠʤʠʯʝʩʢʦʡ, 

ʧʝʪʨʦʣʦʛʠʯʝʩʢʦʡ ʠ ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʦʡ ʪʦʯʝʢ ʟʨʝʥʠʷ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʵʪʦʡ ʮʝʣʠ ʚ ʨʘʙʦʪʝ 

ʧʦʩʪʘʚʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 



6 
 

1. ʀʟʫʯʠʪʴ ʪʠʧʦʭʠʤʠʟʤ ʭʘʣʴʢʦʧʠʨʠʪʘ ï ʩʢʚʦʟʥʦʛʦ ʤʠʥʝʨʘʣʘ ʚʩʝʭ ʪʨʝʭ ʪʠʧʦʚ 

ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ; 

2. ɺʳʷʩʥʠʪʴ ʭʘʨʘʢʪʝʨ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʠ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʚʝʨʭʥʝʤ ʢʦʥʪʘʢʪʝ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʠ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ. ʆʮʝʥʠʪʴ ʤʘʢʩʠʤʘʣʴʥʳʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʪʘʢʪʦʚʦʛʦ ʤʝʪʘʤʦʨʬʠʟʤʘ; 

3. ʄʝʪʦʜʘʤʠ in-situ U-Pb ʛʝʦʭʨʦʥʦʣʦʛʠʠ ʦʧʨʝʜʝʣʠʪʴ ʚʦʟʨʘʩʪ ʤʠʥʝʨʘʣʦʚ, 

ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʧʘʨʘʛʝʥʝʪʠʯʝʩʢʦʡ ʘʩʩʦʮʠʘʮʠʠ ʩ ʩʫʣʴʬʠʜʘʤʠ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ 

ʨʫʜ; 

4. ʉʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʛʝʥʝʟʠʩʝ ʩʫʣʴʬʠʜʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ.  

ʌʘʢʪʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʦʩʥʦʚʝ ʜʠʩʩʝʨʪʘʮʠʠ ʣʝʞʠʪ ʢʘʤʝʥʥʳʡ ʤʘʪʝʨʠʘʣ, ʩʦʙʨʘʥʥʳʡ ʘʚʪʦʨʦʤ ʠʟ ʢʝʨʥʘ 

ʩʢʚʘʞʠʥ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʨʘʟʚʝʜʢʠ ʨʘʟʣʠʯʥʳʭ ʫʯʘʩʪʢʦʚ ʚʦ ʚʨʝʤʷ ʨʘʙʦʪʳ ʛʝʦʣʦʛʦʤ ʥʘ 

ʆʢʪʷʙʨʴʩʢʦʤ ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʚ 2018-2019 ʛʛ. ʂʦʣʣʝʢʮʠʷ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʨʝʤʷ 

ʚʳʜʝʣʷʝʤʳʤʠ ʪʠʧʘʤʠ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʘ ʪʘʢʞʝ ʚʤʝʱʘʶʱʠʤʠ ʧʦʨʦʜʘʤʠ 

ʨʘʤʳ. ɺ ʭʦʜʝ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʠʟʛʦʪʦʚʣʝʥʦ ʦʢʦʣʦ 120 ʘʥʰʣʠʬʦʚ ʨʫʜ ʠ 50 

ʧʨʦʟʨʘʯʥʳʭ ʰʣʠʬʦʚ ʛʦʨʥʳʭ ʧʦʨʦʜ. ɺʳʧʦʣʥʝʥʦ ʩʚʳʰʝ 500 ʣʦʢʘʣʴʥʳʭ ʦʧʨʝʜʝʣʝʥʠʡ 

ʤʝʪʦʜʦʤ SEM EDS (ʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ; ʋʥʠʚʝʨʩʠʪʝʪ 

ʊʘʩʤʘʥʠʠ, ɸʚʩʪʨʘʣʠʷ). ʇʨʦʚʝʜʝʥʦ ʦʢʦʣʦ 90 ʣʦʢʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ ʭʘʣʴʢʦʧʠʨʠʪʘ ʤʝʪʦʜʦʤ 

LA-ICPMS (ʀɻɽʄ, ʈʦʩʩʠʷ). ɺʳʧʦʣʥʝʥʦ 183 ʦʧʨʝʜʝʣʝʥʠʷ ʠʟʦʪʦʧʥʳʭ ʦʪʥʦʰʝʥʠʡ U ʠ Pb ʚ 

ʘʧʘʪʠʪʝ, ʪʠʪʘʥʠʪʝ, ʛʨʘʥʘʪʝ ʠ ʧʝʨʦʚʩʢʠʪʝ ʤʝʪʦʜʦʤ LA-ICPMS, ʧʦ ʢʦʪʦʨʳʤ ʨʘʩʩʯʠʪʘʥʦ 7 

ʟʥʘʯʝʥʠʡ ʚʦʟʨʘʩʪʘ (ʋʥʠʚʝʨʩʠʪʝʪ ʊʘʩʤʘʥʠʠ, ɸʚʩʪʨʘʣʠʷ). ɺ ʵʪʠʭ ʞʝ ʪʦʯʢʘʭ ʤʝʪʦʜʦʤ LA-

ICPMS ʦʧʨʝʜʝʣʝʥʳ ʩʦʜʝʨʞʘʥʠʷ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ. ʂʨʦʤʝ ʜʘʥʥʳʭ ʘʚʪʦʨʘ, ʚ ʨʘʙʦʪʝ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ ʦ ʩʦʜʝʨʞʘʥʠʠ ʵʣʝʤʝʥʪʦʚ-ʧʨʠʤʝʩʝʡ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ 

ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʘ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥ ʩʠʥʪʝʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʠʭ 

ʜʘʥʥʳʭ ʅʦʨʠʣʴʩʢʦʛʦ ʨʝʛʠʦʥʘ, ʧʦʣʫʯʝʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ. ʇʨʦʚʝʜʝʥʘ 

ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʥʦʚʳʭ ʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ. 
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ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

1. ʇʦʜʨʦʙʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥ ʭʘʣʴʢʦʧʠʨʠʪ ʚʩʝʭ ʪʨʝʭ ʪʠʧʦʚ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʧʨʝʜʣʦʞʝʥʘ ʩʭʝʤʘ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʭʘʣʴʢʦʧʠʨʠʪʘ ʧʦ ʩʦʜʝʨʞʘʥʠʶ ʚ ʥʝʤ 

ʵʣʝʤʝʥʪʦʚ-ʧʨʠʤʝʩʝʡ, ʧʨʠʯʝʤ ʜʣʷ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ ʵʪʦ ʩʜʝʣʘʥʦ ʚʧʝʨʚʳʝ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʭʘʣʴʢʦʧʠʨʠʪ ʷʚʣʷʝʪʩʷ ʥʘʜʝʞʥʳʤ ʠʥʜʠʢʘʪʦʨʥʳʤ ʤʠʥʝʨʘʣʦʤ ʜʣʷ ʚʳʷʩʥʝʥʠʷ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ-ʧʨʠʤʝʩʝʡ ʚ ʭʦʜʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʫʣʴʬʠʜʥʳʭ ʨʫʜ. 

ʇʨʝʜʣʦʞʝʥʘ ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʤʝʪʦʜʘʭ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʩʪʘʪʠʩʪʠʢʠ ʩʭʝʤʘ ʨʘʟʜʝʣʝʥʠʷ 

ʭʘʣʴʢʦʧʠʨʠʪʘ ʧʦ ʩʦʜʝʨʞʘʥʠʷʤ Se, Te, Cd ʠ Pb, ʧʦʟʚʦʣʷʶʱʘʷ ʧʨʠʚʷʟʳʚʘʪʴ ʵʪʦʪ ʤʠʥʝʨʘʣ ʢ 

ʢʦʥʢʨʝʪʥʦʤʫ ʪʠʧʫ ʨʫʜ. ɸʥʘʣʦʛʠʯʥʳʝ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʩʭʝʤʳ ʪʠʧʠʟʘʮʠʠ ʤʠʥʝʨʘʣʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʨʘʥʝʝ ʜʣʷ ʮʠʨʢʦʥʘ, ʘʧʘʪʠʪʘ, ʛʨʘʥʘʪʘ ʠ ʧʠʨʠʪʘ. ɼʣʷ ʭʘʣʴʢʦʧʠʨʠʪʘ 

ʧʦʜʦʙʥʳʡ ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʠʚʝʜʝʥ ʚʧʝʨʚʳʝ.   

2. ʄʝʪʦʜʘʤʠ in-situ U-Pb ʛʝʦʭʨʦʥʦʣʦʛʠʠ ʦʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʚʦʟʨʘʩʪʘ 

ʪʠʪʘʥʠʪʘ, ʘʧʘʪʠʪʘ, ʛʨʘʥʘʪʘ ʠ ʧʝʨʦʚʩʢʠʪʘ ʠʟ ʧʦʨʦʜ ʚʝʨʭʥʝʡ ʵʥʜʦ- ʠ ʵʢʟʦʢʦʥʪʘʢʪʦʚʦʡ ʟʦʥʳ 

ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. ɸʥʘʣʦʛʠʯʥʳʡ ʤʝʪʦʜ in-situ ʜʘʪʠʨʦʚʘʥʠʷ ʪʘʢʠʭ ʤʠʥʝʨʘʣʦʚ 

ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ, ʥʦ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʯʝʪʳʨʝʭ ʤʠʥʝʨʘʣʦʚ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ï ʜʦʩʪʘʪʦʯʥʦ ʨʝʜʢʦ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʜʘʥʥʦʛʦ ʠʟʫʯʘʝʤʦʛʦ ʦʙʲʝʢʪʘ ʪʘʢʦʝ 

ʜʘʪʠʨʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʚʧʝʨʚʳʝ.  

3. ɺʧʝʨʚʳʝ ʜʘʥʘ ʯʠʩʣʝʥʥʘʷ ʦʮʝʥʢʘ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʪʘʢʪʦʚʦʛʦ ʤʝʪʘʤʦʨʬʠʟʤʘ ʚ 

ʢʨʦʚʣʝ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʥʦʤʠʥʝʨʘʣʴʥʦʛʦ ʪʝʨʤʦʤʝʪʨʘ, 

ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʩʦʜʝʨʞʘʥʠʠ Zr ʚ ʪʠʪʘʥʠʪʝ. ʈʘʥʝʝ ʦʮʝʥʢʘ ʪʝʤʧʝʨʘʪʫʨ ʢʦʥʪʘʢʪʦʚʦʛʦ 

ʤʝʪʘʤʦʨʬʠʟʤʘ ʥʘ ʵʪʦʤ ʦʙʲʝʢʪʝ ʦʮʝʥʠʚʘʣʘʩʴ, ʠʩʭʦʜʷ ʠʟ ʤʠʥʝʨʘʣʴʥʦʛʦ ʧʘʨʘʛʝʥʝʟʠʩʘ. 

ʇʦʢʘʟʘʥʘ ʭʦʨʦʰʘʷ ʩʭʦʜʠʤʦʩʪʴ ʦʙʦʠʭ ʧʦʜʭʦʜʦʚ.  

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ 

ʅʦʚʳʝ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʨʘʙʦʪʳ, ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʘʢ 

ʧʦʠʩʢʦʚʳʝ ʢʨʠʪʝʨʠʠ ʧʨʠ ʨʘʟʚʝʜʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʚ ʅʦʨʠʣʴʩʢʦʤ ʨʝʛʠʦʥʝ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʜʘʥʥʳʝ ʦ ʪʠʧʦʭʠʤʠʟʤʝ ʭʘʣʴʢʦʧʠʨʠʪʘ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʧʦʠʩʢʝ ʩʫʣʴʬʠʜʥʳʭ 

ʨʫʜ ʚ ʅʦʨʠʣʴʩʢʦʤ ʠ, ʚʦʟʤʦʞʥʦ, ʜʨʫʛʠʭ ʨʝʛʠʦʥʘʭ ʤʠʨʘ.  
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ɿʘʱʠʱʘʝʤʳʝ ʧʦʣʦʞʝʥʠʷ 

1. ʀʟ ʭʘʣʴʢʦʧʠʨʠʪʘ ʪʨʝʭ ʛʣʘʚʥʳʭ ʧʨʦʤʳʰʣʝʥʥʳʭ ʪʠʧʦʚ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ (ʚʢʨʘʧʣʝʥʥʳʭ, ʤʘʩʩʠʚʥʳʭ ʠ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ) ʥʘʠʙʦʣʝʝ 

ʢʦʥʪʨʘʩʪʥʳʤ ʧʦ ʩʦʩʪʘʚʫ ʷʚʣʷʝʪʩʷ ʭʘʣʴʢʦʧʠʨʠʪ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ. ʅʘ 

ʦʩʥʦʚʘʥʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ Se, Te, Pb ʠ Cd ʤʦʞʥʦ ʫʚʝʨʝʥʥʦ ʦʪʣʠʯʘʪʴ 

ʭʘʣʴʢʦʧʠʨʠʪ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ ʦʪ ʭʘʣʴʢʦʧʠʨʠʪʘ ʤʘʩʩʠʚʥʳʭ ʠ ʚʢʨʘʧʣʝʥʥʳʭ 

ʨʫʜ. 

2. ɺ ʚʝʨʭʥʝʤ ʢʦʥʪʘʢʪʝ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʰʠʨʦʢʦ ʧʨʦʷʚʣʝʥʦ 

ʦʨʦʛʦʚʠʢʦʚʘʥʠʝ ʠ ʩʢʘʨʥʠʨʦʚʘʥʠʝ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ. ʉʨʝʜʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʢʦʥʪʘʢʪʦʚʳʭ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʧʦʨʦʜ ʥʘʠʙʦʣʝʝ ʧʨʦʷʚʣʝʥʳ ʧʦʨʦʜʳ ʧʠʨʦʢʩʝʥ-ʨʦʛʦʚʠʢʦʚʦʡ 

ʬʘʮʠʠ. ʊʝʤʧʝʨʘʪʫʨʘ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʭʦʜʠʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ 720 Á - 820 ÁC.  

3. ʈʫʜʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ ʚ ʵʥʜʦ- ʠ ʵʢʟʦʢʦʥʪʘʢʪʦʚʳʭ ʧʦʨʦʜʘʭ ʆʢʪʷʙʨʴʩʢʦʛʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʛʝʥʝʪʠʯʝʩʢʠ ʘʩʩʦʮʠʠʨʫʝʪ ʩ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʤʠ (ʪʠʪʘʥʠʪ) ʠ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʤʠ (ʪʠʪʘʥʠʪ, ʘʧʘʪʠʪ, ʧʝʨʦʚʩʢʠʪ, ʛʨʘʥʘʪ) ʤʠʥʝʨʘʣʘʤʠ. ʀʭ ʚʦʟʨʘʩʪ, 

ʦʮʝʥʝʥʥʳʡ U-Pb ʤʝʪʦʜʦʤ c LA-ICP-MS, ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʩʦʚʧʘʜʘʝʪ ʩ 

ʚʦʟʨʘʩʪʦʤ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ~ 252 ʤʣʥ ʣʝʪ.  

ʇʫʙʣʠʢʘʮʠʠ ʠ ʘʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 13 

ʧʝʯʘʪʥʳʭ ʠʟʜʘʥʠʷʭ, ʩʨʝʜʠ ʥʠʭ ʚ 2 ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ (Minerals, Economic Geology), 

ʚʭʦʜʷʱʠʭ ʚ Web of Science Core Collection. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʦʧʨʦʙʠʨʦʚʘʥʳ ʥʘ 

ʢʦʥʬʝʨʝʥʮʠʷʭ ʚ ʀʨʢʫʪʩʢʝ, ʄʦʩʢʚʝ, ʊʦʤʩʢʝ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʝ (2018, 2019, 2020). 

ʃʠʯʥʳʡ ʚʢʣʘʜ 

ɸʚʪʦʨ ʧʨʠʥʠʤʘʣ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʫʯʘʩʪʠʝ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʠʩʩʣʝʜʦʚʘʥʠʡ: ʧʨʠ 

ʧʦʩʪʘʥʦʚʢʝ ʟʘʜʘʯ, ʩʙʦʨʝ ʦʙʨʘʟʮʦʚ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ, ʧʦʜʛʦʪʦʚʢʝ ʠʭ ʢ ʘʥʘʣʠʪʠʯʝʩʢʠʤ 

ʨʘʙʦʪʘʤ ʠ, ʯʘʩʪʠʯʥʦ, ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʩʦʙʩʪʚʝʥʥʦ ʘʥʘʣʠʟʦʚ, ʦʙʨʘʙʦʪʢʝ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʥʦʚʳʭ ʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ. 
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ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ 

ʆʙʱʠʡ ʦʙʲʝʤ ʨʘʙʦʪʳ 122 ʩʪʨʘʥʠʮ,r ʚʢʣʶʯʘʝʪ 6 ʪʘʙʣʠʮ, 33 ʨʠʩʫʥʢʘ ʠ 7 

ʧʨʠʣʦʞʝʥʠʡ. ʊʝʢʩʪ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʰʝʩʪʠ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ ʠʟ 

156 ʥʘʠʤʝʥʦʚʘʥʠʡ. 

ʉʦʦʪʚʝʪʩʪʚʠʝ ʧʘʩʧʦʨʪʫ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 

ʅʘʩʪʦʷʱʘʷ ʜʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʘʩʧʦʨʪʫ ʩʧʝʮʠʘʣʴʥʦʩʪʠ  

25.00.04 ï çʧʝʪʨʦʣʦʛʠʷ, ʚʫʣʢʘʥʦʣʦʛʠʷè, ʘ ʠʤʝʥʥʦ ʚ ʩʚʷʟʠ ʤʝʪʘʤʦʨʬʠʟʤʘ, ʤʝʪʘʩʦʤʘʪʠʟʤʘ ʠ 

ʨʫʜʦʦʙʨʘʟʦʚʘʥʠʷ ʩ ʤʘʛʤʘʪʠʟʤʦʤ ʩʦʛʣʘʩʥʦ ʩʣʝʜʫʶʱʠʤ ʦʙʣʘʩʪʷʤ ʠʩʩʣʝʜʦʚʘʥʠʡ: 

ʇʫʥʢʪ 1 ï ʤʘʛʤʘʪʠʯʝʩʢʘʷ ʛʝʦʣʦʛʠʷ: ʛʝʦʣʦʛʠʯʝʩʢʦʝ ʧʦʣʦʞʝʥʠʝ ʠ ʛʝʦʭʨʦʥʦʣʦʛʠʷ 

ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ, ʤʘʛʤʘʪʠʯʝʩʢʠʝ ʦʙʣʘʩʪʠ ʠ ʛʝʦʜʠʥʘʤʠʯʝʩʢʠʝ ʦʙʩʪʘʥʦʚʢʠ ʠʭ 

ʦʙʨʘʟʦʚʘʥʠʷ.  

ʇʫʥʢʪ 3 ï ʨʫʜʦʥʦʩʥʳʡ ʤʘʛʤʘʪʠʟʤ: ʩʚʷʟʴ ʤʘʛʤʘʪʠʟʤʘ ʠ ʦʨʫʜʝʥʝʥʠʷ, ʚʝʱʝʩʪʚʝʥʥʘʷ 

ʩʧʝʮʠʘʣʠʟʘʮʠʷ ʠ ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʝ ʢʨʠʪʝʨʠʠ ʦʮʝʥʢʠ ʨʫʜʦʥʦʩʥʦʩʪʠ ʤʘʛʤʘʪʠʯʝʩʢʠʭ 

ʢʦʤʧʣʝʢʩʦʚ, ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʝ ʬʘʢʪʦʨʳ ʦʙʨʘʟʦʚʘʥʠʷ ʨʫʜʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ. 

ʇʫʥʢʪ 5 ï ʤʝʪʘʤʦʨʬʠʟʤ: ʬʘʟʦʚʳʝ ʨʘʚʥʦʚʝʩʠʷ ʤʠʥʝʨʘʣʦʚ, ʦʧʨʝʜʝʣʝʥʠʝ PT-

ʧʘʨʘʤʝʪʨʦʚ ʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ PT-ʪʨʝʥʜʦʚ, ʩʚʷʟʴ ʤʝʪʘʤʦʨʬʠʟʤʘ ʩ ʤʘʛʤʘʪʠʟʤʦʤ, 

ʤʝʪʘʤʦʨʬʦʛʝʥʥʦʝ ʨʫʜʦʦʙʨʘʟʦʚʘʥʠʝ.  

ɹʣʘʛʦʜʘʨʥʦʩʪʠ 

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ, ʜ.ʛ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨʫ ʈɸʅ 

ʀʚʘʥʦʚʫ ɸʣʝʢʩʝʶ ɺʠʢʪʦʨʦʚʠʯʫ, ʙʝʟ ʯʴʝʡ ʥʝʦʮʝʥʠʤʦʡ ʧʦʤʦʱʠ ʜʘʥʥʘʷ ʨʘʙʦʪʘ ʥʝ ʙʳʣʘ ʙʳ 

ʥʘʧʠʩʘʥʘ. ʊʘʢ ʞʝ ʘʚʪʦʨ ʙʣʘʛʦʜʘʨʠʪ ʢ.ʛ.-ʤ.ʥ., New Star Professor ʋʥʠʚʝʨʩʠʪʝʪʘ ʊʘʩʤʘʥʠʠ 

ʂʘʤʝʥʝʮʢʦʛʦ ɺʘʜʠʤʘ ʉʝʤʝʥʦʚʠʯʘ ʟʘ ʧʨʦʚʝʜʝʥʠʝ ʨʘʙʦʪ ʧʦ U-Pb ʜʘʪʠʨʦʚʘʥʠʶ ʤʝʪʦʜʦʤ LA-

ICPMS ʠ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʢʦʥʩʫʣʴʪʘʮʠʠ, ʢʦʪʦʨʳʝ ʚʥʝʩʣʠ ʥʝʦʮʝʥʠʤʳʡ ʚʢʣʘʜ ʠ ʧʦʤʦʛʣʠ 

ʫʣʫʯʰʠʪʴ ʜʘʥʥʫʶ ʨʘʙʦʪʫ. ʅʘʩʪʦʷʱʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʘʣʦ ʚʦʟʤʦʞʥʳʤ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ 

ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 19-35-90013 ʠ ʧʦ ʧʨʦʛʨʘʤʤʝ 

çʤʝʛʘʛʨʘʥʪʦʚè ʧʦ ʧʦʩʪʘʥʦʚʣʝʥʠʶ p220 ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʈʌ ˉ 075-15-2019-1883. ɸʚʪʦʨ 

ʚʳʨʘʞʘʝʪ ʧʨʠʟʥʘʪʝʣʴʥʦʩʪʴ ʩʦʪʨʫʜʥʠʢʘʤ ʀʥʩʪʠʪʫʪʘ ʟʝʤʥʦʡ ʢʦʨʳ ʉʆ ʈɸʅ: ɼʝʤʦʥʪʝʨʦʚʦʡ 
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ɽ.ʀ., ʇʘʰʢʦʚʦʡ ɻ.ɺ., ʋʭʦʚʦʡ ʅ.ʅ. ʟʘ ʧʦʤʦʱʴ ʚ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʘʥʘʣʠʪʠʯʝʩʢʠʭ 

ʜʘʥʥʳʭ. ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʩʦʪʨʫʜʥʠʢʘʤ: ʀʥʩʪʠʪʫʪʘ ʛʝʦʭʠʤʠʠ ʉʆ ʈɸʅ ï

ʈʘʜʦʤʩʢʦʡ ʊ.ɸ. ʟʘ ʧʦʤʦʱʴ ʚ ʦʧʠʩʘʥʠʠ ʘʥʰʣʠʬʦʚ ʨʫʜ ʠ ʄʠʪʠʯʢʠʥʫ ʄ.ɸ. ʟʘ ʧʦʤʦʱʴ ʚ 

ʠʟʛʦʪʦʚʣʝʥʠʠ ʘʥʰʣʠʬʦʚ, ʊʦʤʩʢʦʛʦ ʧʦʣʠʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ï ʗʢʠʯ ʊ.ʖ. ʟʘ 

ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʫʜ ʤʝʪʦʜʦʤ SEM EDS, ʀɻɽʄ ʈɸʅ ï ɸʙʨʘʤʦʚʦʡ ɺ.ɸ ʟʘ 

ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʭʘʣʴʢʦʧʠʨʠʪʦʚ ʤʝʪʦʜʦʤ LA-ICP-MS. ʊʘʢ ʞʝ ʘʚʪʦʨ ʚʳʨʘʞʘʝʪ 

ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʩʦʪʨʫʜʥʠʢʘʤ çʅʦʨʠʣʴʩʢʛʝʦʣʦʛʠʠè, ʩʦʜʝʡʩʪʚʦʚʘʚʰʠʭ ʚ ʦʪʙʦʨʝ ʢʘʤʝʥʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʇʝʣʠʧʝʥʢʦ ʗ.ʄ. ʠ ʢʦʣʣʝʛʘʤ ʧʦ ʨʘʙʦʪʝ ʥʘ ʨʫʜʥʠʢʝ 

çʆʢʪʷʙʨʴʩʢʠʡè - ɹʘʪʷʝʚʫ ɽ.ɸ., ɽʜʝʤʩʢʦʡ ɸ.ɺ., ʘ ʪʘʢʞʝ ʚʩʝʤ ʪʝʤ, ʢʪʦ ʢʦʥʩʫʣʴʪʠʨʦʚʘʣ ʠ 

ʧʦʤʦʛʘʣ ʘʚʪʦʨʫ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʧʦʜʛʦʪʦʚʢʠ ʨʘʙʦʪʳ. 
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ɻʃɸɺɸ 1. ʃʀʊɽʈɸʊʋʈʅʓʁ ʆɹɿʆʈ ʀ ʇʆʉʊɸʅʆɺʂɸ ʇʈʆɹʃɽʄʓ 

 

1.1. ʊʨʘʧʧʦʚʳʡ ʤʘʛʤʘʪʠʟʤ ʩʝʚʝʨʦ-ʟʘʧʘʜʘ ʉʠʙʠʨʩʢʦʡ ʧʣʘʪʬʦʨʤʳ: ʚʨʝʤʝʥʥʳʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʣʘʚ ʠ ʠʥʪʨʫʟʠʡ 

 

ʇʨʦʜʫʢʪʳ ʧʝʨʤʦ-ʪʨʠʘʩʩʦʚʦʛʦ ʪʨʘʧʦʚʦʛʦ ʤʘʛʤʘʪʠʟʤʘ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʥʘ 

ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʉʠʙʠʨʩʢʦʛʦ ʢʨʘʪʦʥʘ ʠ ʥʘ ʩʦʧʨʝʜʝʣʴʥʳʭ ʩʢʣʘʜʯʘʪʳʭ ʪʝʨʨʠʪʦʨʠʷʭ, 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʧʨʝʜʝʣʘʭ ɿʘʧʘʜʥʦ-ʉʠʙʠʨʩʢʦʡ ʥʠʟʤʝʥʥʦʩʪʠ (ʨʠʩ 1.1). 

 

 

ʈʠʩʫʥʦʢ 1.1. ʆʙʟʦʨʥʘʷ ʢʘʨʪʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʉʠʙʠʨʩʢʠʭ ʪʨʘʧʧʦʚ (ʟʘʠʤʩʪʚʦʚʘʥʦ ʠʟ 

[Ivanov et al., 2018]). 
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ʆʙʱʘʷ ʧʣʦʱʘʜʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʨʘʧʧʦʚʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʩʦʩʪʘʚʣʷʝʪ ʧʦ ʨʘʟʥʳʤ 

ʦʮʝʥʢʘʤ ʦʪ 3.9 ʜʦ 7 ʤʠʣʣʠʦʥʦʚ ʢʤ
2
, ʘ ʦʙʲʝʤ ʠʟʚʝʨʛʥʫʪʦʛʦ ʤʘʪʝʨʠʘʣʘ ʦʪ 2 ʜʦ 16 ʤʠʣʣʠʦʥʦʚ 

ʢʤ
3
 [ʩʤ. ʦʙʟʦʨ [Ivanov, 2007] ʠ ʩʩʳʣʢʠ ʚ ʵʪʦʡ ʨʘʙʦʪʝ]. ʆʜʥʘʢʦ ʠʤʝʥʥʦ ʚ ʅʦʨʠʣʴʩʢʦʤ 

ʨʘʡʦʥʝ ʥʝʧʨʝʨʳʚʥʳʡ ʨʘʟʨʝʟ ʚʫʣʢʘʥʦʛʝʥʥʦʡ ʪʦʣʱʠ ʧʨʝʚʳʰʘʝʪ 3 ʢʤ, ʯʪʦ ʟʘʤʝʪʥʦ 

ʧʨʝʚʦʩʭʦʜʠʪ ʤʦʱʥʦʩʪʠ ʙʦʣʴʰʠʥʩʪʚʘ ʜʨʫʛʠʭ ʨʘʡʦʥʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʜʥʦʚʦʟʨʘʩʪʥʦʛʦ 

ʪʨʘʧʧʦʚʦʛʦ ʚʫʣʢʘʥʠʟʤʘ [ɿʦʣʦʪʫʭʠʥ ʠ ʜʨ., 1975; ʈʷʙʦʚ ʠ ʜʨ., 2000]. ʅʦʨʠʣʴʩʢʠʡ ʨʘʡʦʥ ʚ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʟʘʤʝʪʝʥ ʠʥʪʝʥʩʠʚʥʦ ʧʨʦʷʚʣʝʥʥʳʤ ʤʘʛʤʘʪʠʟʤʦʤ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ, ʥʦ ʪʘʤ 

ʚʩʪʨʝʯʘʶʪʩʷ ʠ ʙʦʣʝʝ ʨʝʜʢʠʝ ʧʨʦʷʚʣʝʥʠʷ ʫʣʴʪʨʘʦʩʥʦʚʥʳʭ ʠ ʢʠʩʣʳʭ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ 

[ʈʷʙʦʚ ʠ ʜʨ., 2000]. ʇʦʜʘʚʣʷʶʱʠʤ ʙʦʣʴʰʠʥʩʪʚʦʤ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʨʠʟʥʘʝʪʩʷ, ʯʪʦ ʠʤʝʥʥʦ 

ʯʨʝʟʚʳʯʘʡʥʦ ʠʥʪʝʥʩʠʚʥʳʝ ʤʘʛʤʘʪʠʯʝʩʢʠʝ ʩʦʙʳʪʠʷ, ʧʨʦʠʩʭʦʜʠʚʰʠʝ ʚ ʅʦʨʠʣʴʩʢʦʤ ʨʝʛʠʦʥʝ 

ʚ ʧʦʟʜʥʝʧʘʣʝʦʟʦʡʩʢʦʝ-ʨʘʥʥʝʤʝʟʦʟʦʡʩʢʦʝ ʚʨʝʤʷ, ʩʪʘʣʠ ʧʨʠʯʠʥʦʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʫʥʠʢʘʣʴʥʳʭ ʧʦ ʟʘʧʘʩʘʤ PGE-Cu-Ni ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʩʫʣʴʬʠʜʥʳʭ ʨʫʜ, ʩʦʩʨʝʜʦʪʦʯʝʥʥʳʭ ʚ 

ʧʨʝʜʝʣʘʭ ʅʦʨʠʣʴʩʢʦ-ʊʘʣʥʘʭʩʢʦʛʦ ʨʫʜʥʦʛʦ ʫʟʣʘ [ɿʦʣʦʪʫʭʠʥ ʠ ʜʨ., 1975; ʈʷʙʦʚ ʠ ʜʨ., 2000; 

ɼʦʙʨʝʮʦʚ ʠ ʜʨ, 2010; ʉʧʠʨʠʜʦʥʦʚ, 2010; ʀʟʦʭ ʠ ʜʨ., 2016]. 

ɸʢʪʠʚʥʦʝ ʠʟʫʯʝʥʠʝ ʨʝʛʠʦʥʘ ʥʘʯʘʣʦʩʴ ʚ 20-ʝ ʛʦʜʳ XX ʚʝʢʘ ʚ ʩʚʷʟʠ ʩ ʦʪʢʨʳʪʠʝʤ 

ʤʝʜʥʦ-ʥʠʢʝʣʝʚʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʅʦʨʠʣʴʩʢ-1 [ʋʨʚʘʥʮʝʚ, 1923; 1927]. ʂ ʫʢʘʟʘʥʥʦʤʫ 

ʧʝʨʠʦʜʫ ʦʪʥʦʩʷʪʩʷ ʨʘʙʦʪʳ ɹ.ʅ. ʈʦʞʢʦʚʘ, ʀ.ʌ. ɻʨʠʛʦʨʴʝʚʘ, ɸ.ʅ. ʈʦʟʘʥʦʚʘ, ɽ.ɻ. ɹʘʛʨʘʪʫʥʠ, 

ɺ.ʉ. ɼʦʤʘʨʝʚʘ, ʖ.ʄ. ʐʝʡʤʘʥʘ ʠ ʜʨʫʛʠʭ [ɹʘʛʨʘʪʫʥʠ, 1932; ɻʦʜʣʝʚʩʢʠʡ, 1959]. ʇʝʨʚʦʝ 

ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʣʘʚʦʚʦʡ ʪʦʣʱʠ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ɹ.ʅ. ʈʦʞʢʦʚʳʤ [ʈʦʞʢʦʚ, 

1932]. ɺ ʜʘʣʴʥʝʡʰʝʤ ʪʫʬʦʣʘʚʦʚʫʶ ʪʦʣʱʫ ʠ ʠʥʪʨʫʟʠʚʥʳʝ ʧʦʨʦʜʳ ʠʟʫʯʘʣʠ ɸ.ʅ. ʈʦʟʘʥʦʚ, 

ɺ.ʉ. ɼʦʤʘʨʝʚ, ɺ.ʂ. ʂʦʪʫʣʴʩʢʠʡ, ʄ.ɽ. ʗʢʦʚʣʝʚʘ, ɺ.ʉ. ʉʦʙʦʣʝʚ [ɻʦʜʣʝʚʩʢʠʡ, 1959]. 

ʉ ʩʘʤʦʛʦ ʥʘʯʘʣʘ ʠʟʫʯʝʥʠʷ ʤʘʛʤʘʪʠʟʤʘ ʚ ʥʦʨʠʣʴʩʢʦ-ʪʘʣʥʘʭʩʢʦʤ ʨʝʛʠʦʥʝ 

ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʦʪʤʝʪʠʣʠ ʩʚʷʟʴ ʤʝʞʜʫ ʠʥʪʨʫʟʠʚʥʳʤʠ ʠ ʵʬʬʫʟʠʚʥʳʤʠ ʦʙʨʘʟʦʚʘʥʠʷʤʠ. ʂ 

ʧʨʠʤʝʨʫ, ʄ.ʅ. ɻʦʜʣʝʚʩʢʠʤ ʚʳʜʝʣʝʥʳ ʢʦʤʘʛʤʘʪʳ ʧʝʨʤʩʢʦʛʦ ʠ ʪʨʠʘʩʦʚʦʛʦ ʮʠʢʣʦʚ, 

ʦʙʨʘʟʫʶʱʠʝ ʜʘʡʢʠ, ʩʠʣʳ, ʭʦʥʦʣʠʪʳ [ɻʦʜʣʝʚʩʢʠʡ, 1959]. 

ʇʦ ʤʝʨʝ ʥʘʢʦʧʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʜʘʥʥʳʝ ʧʦ ʛʝʦʣʦʛʠʠ ʦʙʦʙʱʘʣʠʩʴ, ʧʨʝʜʣʘʛʘʣʠʩʴ 

ʩʭʝʤʳ ʨʘʩʯʣʝʥʝʥʠʷ ʵʬʬʫʟʠʚʥʦʡ ʪʦʣʱʠ ʨʘʡʦʥʘ, ʥʘʢʣʘʜʳʚʘʣʠʩʴ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʚʨʝʤʷ 
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ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʥʪʨʫʟʠʡ. ʉʭʝʤʘ ʨʘʩʯʣʝʥʝʥʠʷ ʪʫʬʦʣʘʚʦʚʦʡ ʪʦʣʱʠ ʚ ʥʦʨʠʣʴʩʢʦʤ ʨʝʛʠʦʥʝ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʣʘʩʴ ʠ ʫʪʦʯʥʷʣʘʩʴ. ɺ ʩʦʚʨʝʤʝʥʥʦʤ ʚʠʜʝ ʦʥʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʊʘʙʣʠʮʝ 1.1 

(ʧʦ ʤʘʪʝʨʠʘʣʘʤ [ʇʘʜʝʨʠʥ ʠ ʜʨ., 2016; ʈʷʙʦʚ ʠ ʜʨ., 2000]). 

 

ʊʘʙʣʠʮʘ 1.1 ʉʭʝʤʘ ʨʘʩʯʣʝʥʝʥʠʷ ʪʫʬʦʣʘʚʦʚʦʡ ʪʦʣʱʠ ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ ʧʦ 

[ʇʘʜʝʨʠʥ ʠ ʜʨ., 2016; ʈʷʙʦʚ ʠ ʜʨ., 2000] ʩ ʫʧʨʦʱʝʥʠʷʤʠ. 

ʎʠʢʣ ʉʚʠʪʘ ʀʥʜʝʢʩ ʉʦʩʪʘʚ 

I  ʀʚʘʢʠʥʩʢʘʷ P3iv 

ɹʘʟʘʣʴʪʳ ʩʫʙʱʝʣʦʯʥʳʝ, ʪʨʘʭʠʙʘʟʘʣʴʪʳ, 

ʪʨʘʭʠʘʥʜʝʟʠʙʘʟʘʣʴʪʳ, ʪʫʬʳ 

II  

ʉʳʚʝʨʤʠʥʩʢʘʷ T1sv ɹʘʟʘʣʴʪʳ ʪʦʣʝʠʪʦʚʳʝ 

ɻʫʜʯʠʭʠʥʩʢʘʷ T1gd ɹʘʟʘʣʴʪʳ ʪʦʣʝʠʪʦʚʳʝ, ʧʠʢʨʠʪʦʚʳʝ, ʛʣʦʤʝʨʦʧʦʨʬʠʨʦʚʳʝ 

III  

ʍʘʢʘʥʯʘʥʩʢʘʷ T1hk ʊʫʬʳ, ʪʫʬʬʠʪʳ, ʨʝʜʢʠʝ ʧʨʦʩʣʦʠ ʙʘʟʘʣʴʪʦʚ 

ʊʫʢʣʦʥʩʢʘʷ T1tk ɹʘʟʘʣʴʪʳ ʪʦʣʝʠʪʦʚʳʝ, ʧʠʢʨʠʪʦʚʳʝ 

ʅʘʜʝʞʜʠʥʩʢʘʷ T1nd 

ɹʘʟʘʣʴʪʳ ʪʦʣʝʠʪʦʚʳʝ, ʧʦʨʬʠʨʦʚʳʝ, 

ʛʣʦʤʝʨʦʧʦʨʬʠʨʦʚʳʝ, ʪʫʬʳ 

IV  

ʄʦʨʦʥʛʦʚʩʢʘʷ T1mr 

ɹʘʟʘʣʴʪʳ ʪʦʣʝʠʪʦʚʳʝ, ʘʬʠʨʦʚʳʝ, ʩʫʙʱʝʣʦʯʥʳʝ, 

ʘʥʢʘʨʘʤʠʪʳ 

ʄʦʢʫʣʘʝʚʩʢʘʷ T1mk ɹʘʟʘʣʴʪʳ ʪʦʣʝʠʪʦʚʳʝ, ʘʬʠʨʦʚʳʝ, ʧʦʨʬʠʨʦʚʳʝ 

V 

ʍʘʨʘʝʣʘʭʩʢʘʷ T1hr 

ɹʘʟʘʣʴʪʳ ʪʦʣʝʠʪʦʚʳʝ, ʩʫʙʱʝʣʦʯʥʳʝ, ʧʦʨʬʠʨʦʚʳʝ, 

ʛʣʦʤʝʨʦʧʦʨʬʠʨʦʚʳʝ 

ʂʫʤʛʠʥʩʢʘʷ T1km ɹʘʟʘʣʴʪʳ ʪʦʣʝʠʪʦʚʳʝ, ʛʣʦʤʝʨʦʧʦʨʬʠʨʦʚʳʝ 

ʉʘʤʦʝʜʩʢʘʷ T1sm ɹʘʟʘʣʴʪʳ ʪʦʣʝʠʪʦʚʳʝ, ʘʬʠʨʦʚʳʝ, ʧʦʨʬʠʨʦʚʳʝ 

 

ɺ ʥʦʨʠʣʴʩʢʦ-ʪʘʣʥʘʭʩʢʦʤ ʨʝʛʠʦʥʝ ʥʘʩʯʠʪʳʚʘʝʪʩʷ 10 ʠʥʪʨʫʟʠʚʥʳʭ ʢʦʤʧʣʝʢʩʦʚ, ʠ 

ʪʦʣʴʢʦ ʩ ʦʜʥʠʤ ʠʟ ʥʠʭ ʩʚʷʟʘʥʳ ʨʫʜʦʥʦʩʥʳʝ PGE-Cu-Ni ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʝ ʠʥʪʨʫʟʠʠ. 

ʉʦʛʣʘʩʥʦ ʧʦʩʣʝʜʥʝʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʚʩʝ ʨʫʜʦʥʦʩʥʳʝ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʝ ʠʥʪʨʫʟʠʠ 
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ʦʪʥʦʩʷʪʩʷ ʢ ʥʦʨʠʣʴʩʢʦ-ʪʘʣʥʘʭʩʢʦʤʫ ʪʠʧʫ ʠʥʪʨʫʟʠʡ (ɡů-ɜŭT1n
1
). ʕʪʦʪ ʪʠʧ ʥʘʩʯʠʪʳʚʘʝʪ 6 

ʠʥʪʨʫʟʠʡ: ʅʦʨʠʣʴʩʢ-1, ʅʦʨʠʣʴʩʢ-2, ɻʦʨʘ ʏʝʨʥʘʷ, ʊʘʣʥʘʭʩʢʘ,̫ ʀʤʘʥʛʜʠʥʩʢʘ ̫ ʠ 

ʍʘʨʘʝʣʘʭʩʢʘ ̫ [ʇʘʜʝʨʠʥ ʠ ʜʨ., 2016]. ʉ ʧʦʩʣʝʜʥʝʡ ʩʚʷʟʘʥʦ ʆʢʪʷʙʨʴʩʢʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ 

[ʈʷʙʦʚ ʠ ʜʨ., 2000], ʢʦʪʦʨʦʝ ʧʦʜʨʦʙʥʦ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʦ ʚ ʩʣʝʜʫʶʱʠʭ ʛʣʘʚʘʭ.  

ɺʘʞʥʳʤʠ ʚʦʧʨʦʩʘʤʠ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʧʦʷʚʣʝʥʠʷ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ 

ʠʥʪʨʫʟʠʚʦʚ ʩ PGE-Cu-Ni ʦʨʫʜʝʥʝʥʠʝʤ ʷʚʣʷʶʪʩʷ ʚʦʧʨʦʩʳ ʦʧʨʝʜʝʣʝʥʠʷ ʚʦʟʨʘʩʪʘ. ʇʦʧʳʪʢʠ 

ʦʪʚʝʪʠʪʴ ʥʘ ʵʪʦʪ ʚʦʧʨʦʩ ʥʘʰʣʠ ʦʪʨʘʞʝʥʠʝ ʫʞʝ ʚ ʨʘʙʦʪʝ ɹ.ʅ. ʈʦʞʢʦʚʘ [ʈʦʞʢʦʚ, 1933], 

ʢʦʪʦʨʳʡ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʠʣ ʚʦʟʨʘʩʪʥʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʠʥʪʨʫʟʠʡ ʚ ʨʝʛʠʦʥʝ, ʩʯʠʪʘʷ 

ʚʩʝ ʠʥʪʨʫʟʠʠ ʤʦʣʦʞʝ ʣʘʚ. ʄ.ʅ. ɻʦʜʣʝʚʢʠʡ ʧʦ ʛʝʦʣʦʛʠʯʝʩʢʠʤ ʜʘʥʥʳʤ ʦʧʨʝʜʝʣʠʣ ʚʦʟʨʘʩʪ 

ʪʨʘʧʧʦʚʦʛʦ ʤʘʛʤʘʪʠʟʤʘ (ʣʘʚ ʠ ʠʥʪʨʫʟʠʡ) ʢʘʢ ʧʝʨʤʦʪʨʠʘʩʦʚʳʡ [ɻʦʜʣʝʚʩʢʠʡ, 1959]. ʆʜʥʘʢʦ 

ʦʧʨʝʜʝʣʝʥʠʝ ʚʦʟʨʘʩʪʘ ʪʦʣʴʢʦ ʧʦ ʛʝʦʣʦʛʠʯʝʩʢʠʤ ʜʘʥʥʳʤ ʤʦʞʝʪ ʙʳʪʴ ʦʰʠʙʦʯʥʳʤ, 

ʧʦʩʢʦʣʴʢʫ ʦʜʥʦʚʦʟʨʘʩʪʥʳʝ ʠʥʪʨʫʟʠʠ ʤʦʛʫʪ ʟʘʣʝʛʘʪʴ ʚ ʨʘʟʥʳʭ ʯʘʩʪʷʭ ʩʪʨʘʪʠʛʨʘʬʠʯʝʩʢʦʛʦ 

ʨʘʟʨʝʟʘ ʠ ʥʘʦʙʦʨʦʪ, ʘ ʨʘʟʥʦʚʦʟʨʘʩʪʥʳʝ ʠʥʪʨʫʟʠʠ - ʚ ʦʜʥʠʭ ʯʘʩʪʷʭ ʨʘʟʨʝʟʘ (ɿʦʣʦʪʫʭʠʥ ʠ ʜʨ., 

1975). ʅʦʚʦʡ ʚʝʭʦʡ ʚ ʠʟʫʯʝʥʠʠ ʧʦʨʦʜ ʠ ʨʫʜ ʨʝʛʠʦʥʘ ʩʪʘʣʦ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ 

ʨʘʜʠʦʠʟʦʪʦʧʥʦʛʦ ʜʘʪʠʨʦʚʘʥʠʷ (K-Ar, 
40

Ar/
39

Ar, U-Pb, Re-Os, Pt-He).  

ʇʝʨʚʳʝ ʨʘʜʠʦʠʟʦʪʦʧʥʳʝ ʜʘʪʠʨʦʚʢʠ ʠʥʪʨʫʟʠʚʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ 

ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ K-Ar ʤʝʪʦʜʦʤ ʚ ʨʘʙʦʪʝ [ʏʝʨʝʧʘʥʦʚ, ʄʫʨʠʥʘ, 1966]. ɺ ʨʘʙʦʪʝ [ɿʦʣʦʪʫʭʠʥ 

ʠ ʜʨ., 1975] ʧʨʠʚʦʜʷʪʩʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦ K-Ar ʜʘʪʠʨʦʚʘʥʠʶ ʠʥʪʨʫʟʠʚʥʳʭ ʠ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʦʙʨʘʟʦʚʘʥʠʡ ʨʘʡʦʥʘ. ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʠʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʦʰʠʙʢʠ ʠ 

ʦʙʲʝʢʪʠʚʥʳʝ ʧʨʦʙʣʝʤʳ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʵʪʦʛʦ ʤʝʪʦʜʘ ʜʘʪʠʨʦʚʘʥʠʷ ʜʣʷ ʜʘʥʥʦʛʦ ʦʙʲʝʢʪʘ 

(ʤʘʣʦʝ ʩʦʜʝʨʞʘʥʠʝ ʢʘʣʠʷ ʚ ʙʘʟʠʪʦʚʳʭ ʠʥʪʨʫʟʠʷʭ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʨʘʜʠʦʛʝʥʥʦʛʦ ʘʨʛʦʥʘ, 

ʥʘʣʠʯʠʝ ʚʪʦʨʠʯʥʳʭ ʠʟʤʝʥʝʥʠʡ, ʧʨʠʩʫʪʩʪʚʠʝ ʟʘʭʚʘʯʝʥʥʳʭ ʤʠʥʝʨʘʣʦʚ ʠʟ ʧʦʨʦʜ ʙʦʣʝʝ 

ʜʨʝʚʥʝʡ ʨʘʤʳ ʠ ʪ.ʜ.), ʘʚʪʦʨʳ ʧʨʠʭʦʜʷʪ ʢ ʚʳʚʦʜʫ, ʯʪʦ ʩʪʘʥʦʚʣʝʥʠʝ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ 

ʠʥʪʨʫʟʠʡ, ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʩʫʣʴʬʠʜʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʝʥʥʳʭ ʧʦʨʦʜ 

ʥɻʜʦ- ʠ ʢɻʟʦʢʦʥʪʘʢʪʦʚ ï ʧʨʦʮʝʩʩ ʙʣʠʟʢʠʡ ʧʦ ʚʨʝʤʝʥʠ (ʨʠʩ. 1.2). 
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ʈʠʩʫʥʦʢ 1.2 K-Ar ʜʘʪʠʨʦʚʢʠ ʉʠʙʠʨʩʢʠʭ ʪʨʘʧʧʦʚ ʠ ʠʥʪʨʫʟʠʡ. ɸ ï ʛʠʩʪʦʛʨʘʤʤʘ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ K-Ar ʚʦʟʨʘʩʪʦʚ (ʟʘʠʤʩʪʚʦʚʘʥʘ ʠʟ [Baksi, 1991], ʜʘʪʠʨʦʚʢʠ ʚʳʧʦʣʥʝʥʳ ʚ 

ʨʘʙʦʪʝ [ɼʤʠʪʨʠʝʚ ʠ ɻʫʩʝʚʘ, 1974, ʅʘʫʤʦʚ ʠ ʄʫʭʠʥʘ, 1977]). ʎʚʝʪʘʤʠ ʦʙʦʟʥʘʯʝʥʳ 

ʨʘʟʣʠʯʥʳʝ ʧʦʨʦʜʳ: ʬʠʦʣʝʪʦʚʳʡ ï ʙʘʟʘʣʴʪʳ, ʛʦʣʫʙʦʡ ï ʚʫʣʢʘʥʠʯʝʩʢʠʝ ʙʦʤʙʳ, ʢʦʨʠʯʥʝʚʳʡ 

ï ʪʫʬʳ, ʟʝʣʝʥʳʡ ï ʜʦʣʝʨʠʪʳ. ɹ ï ʢʨʠʚʘʷ ʦʮʝʥʢʠ ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ K-Ar ʜʘʪʠʨʦʚʦʢ 

ʧʦʨʦʜ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ ʠʥʪʨʫʟʠʡ ʠ ʤʝʪʘʩʦʤʘʪʠʪʦʚ ʩʝʚʝʨʦ-ʟʘʧʘʜʥʦʡ ʯʘʩʪʠ ʉʠʙʠʨʩʢʦʡ 

ʧʣʘʪʬʦʨʤʳ ʠ ʩʤʝʞʥʳʭ ʨʘʡʦʥʦʚ (ʟʘʠʤʩʪʚʦʚʘʥʦ ʠʟ [ɿʦʣʦʪʫʭʠʥ ʠ ʜʨ., 1975]).  

 

ʉʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʚ ʫʪʦʯʥʝʥʠʠ ʚʦʟʨʘʩʪʘ ʩʪʘʣʦ ʧʨʠʤʝʥʝʥʠʝ 
40

Ar/
39

Ar ʠ U-Pb 

ʤʝʪʦʜʦʚ. ɻʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʠʝ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʙʦʪʘʭ ʨʘʟʣʠʯʥʳʭ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʩ 

ʧʦʤʦʱʴʶ 
40

Ar/
39

Ar ʠ U-Pb ʤʝʪʦʜʦʚ, ʙʳʣʠ ʙʦʣʝʝ ʙʣʠʟʢʠ ʤʝʞʜʫ ʩʦʙʦʡ ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʨʘʟʙʨʦʩʦʤ ʧʦ K-Ar ʜʘʪʠʨʦʚʢʘʤ [Baksi and Farrar, 1991; Campbell et al., 1992; Dalrymple et 

al., 1995; Kamo et al., 1996; Kamo et al., 2003; Naumov and Mukhina, 1977; Renne, 1995; 

Renne and Basu, 1991; Renne et al., 1995; Renne et al., 1998] (ʨʠʩ. 1.3). 
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ʈʠʩʫʥʦʢ 1.3 ʂʨʠʚʳʝ ʦʮʝʥʢʠ ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
40

Ar/
39

Ar (ɸ) ʠ U-Pb (ɹ) 

ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʠʭ ʜʘʥʥʳʭ. ʂʨʠʚʳʝ ʟʘʠʤʩʪʚʦʚʘʥʳ ʠʟ ʨʘʙʦʪʳ [Ivanov et al., 2013]. 

 

ʆʜʥʘʢʦ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʥʘʜʝʞʥʳʭ ʠ ʚʳʩʦʢʦʪʦʯʥʳʭ ʤʝʪʦʜʦʚ U-Pb ʜʘʪʠʨʦʚʘʥʠʷ 

ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʠʦʥʠʟʘʮʠʦʥʥʘʷ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʷ ʩ ʠʟʦʪʦʧʥʳʤ ʨʘʟʙʘʚʣʝʥʠʝʤ (ID-TIMS), 

ʚ ʩʣʫʯʘʝ ʮʠʨʢʦʥʘ - ʩ ʭʠʤʠʯʝʩʢʦʡ ʘʙʨʘʟʠʝʡ (CA-ID-TIMS). ɺ ʨʘʙʦʪʘʭ ʧʦ ʚʳʩʦʢʦʪʦʯʥʦʤʫ 

ʦʧʨʝʜʝʣʝʥʠʶ U-Pb ʚʦʟʨʘʩʪʘ ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʜʦʚʦʣʴʥʦ ʫʟʢʠʝ ʚʨʝʤʝʥʥʳʝ 

ʨʘʤʢʠ, ʢʦʪʦʨʳʝ ʦʛʨʘʥʠʯʠʚʘʶʪ ʚʨʝʤʷ ʦʩʥʦʚʥʦʛʦ ʦʙʲʝʤʘ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʥʘ 

ʪʝʨʨʠʪʦʨʠʠ ʉʠʙʠʨʩʢʦʛʦ ʢʨʘʪʦʥʘ ~ 2.06 Ñ 0.23 ʤʣʥ. ʣʝʪ [Burgess and Bowring, 2015; Kamo, 

1996, 2003; Ivanov et al., 2021] (ʨʠʩ. 1.4). ɺ ʩʠʣʫ ʦʩʦʙʝʥʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʮʠʨʢʦʥʘ ʠ 

ʙʘʜʜʝʣʝʠʪʘ ï ʦʩʥʦʚʥʳʭ ʤʠʥʝʨʘʣʦʚ ʜʣʷ ID-TIMS ʜʘʪʠʨʦʚʘʥʠʷ ï ʢʦʪʦʨʳʝ ʚʩʪʨʝʯʘʶʪʩʷ 

ʪʦʣʴʢʦ ʚ ʠʥʪʨʫʟʠʚʥʳʭ ʧʦʨʦʜʘʭ ʠ ʥʝ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʣʘʚʘʭ, ʚʩʝ ʚʳʩʦʢʦʪʦʯʥʳʝ U-Pb 

ʜʘʪʠʨʦʚʢʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʦ ʠʥʪʨʫʟʠʚʥʳʤ ʧʦʨʦʜʘʤ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʦ ʧʦʨʦʜʘʤ ʨʫʜʦʥʦʩʥʳʭ 

ʠʥʪʨʫʟʠʡ. ʀʩʢʣʶʯʝʥʠʝ ʩʦʩʪʘʚʣʷʪʁ ʜʘʪʠʨʦʚʢʠ ʘʨr ʜʞʘʥʩʢʦʡ ʩʚʠʪʳ ʄʝʡʤʝʯʘ-ʂʦʪʫʡʩʢʦʛʦ 

ʨʘʡʦʥʘ, ʧʦʣʫʯʝʥʥʳʝ ʧʦ ʧʝʨʦʚʩʢʠʪʫ ʠʟ ʤʝʣʘʥʝʬʝʣʠʥʠʪʦʚʳʭ ʣʘʚ [Kamo et al., 2003; Burgess 

and Bowring, 2015], ʠ ʤʘʨʢʠʨʫʶʱʠʝ ʥʘʯʘʣʦ ʦʙʲʝʤʥʦʛʦ ʵʪʘʧʘ ʤʘʛʤʘʪʠʟʤʘ ~252 ʤʣʥ ʣʝʪ 

ʥʘʟʘʜ.  
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ʈʠʩʫʥʦʢ 1.4. ʂʨʠʚʘʷ ʦʮʝʥʢʠ ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ U-Pb ʚʦʟʨʘʩʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ 

ʤʝʪʦʜʦʤ ID-TIMS (ʜʘʥʥʳʝ ʠʟ ʨʘʙʦʪ [Burgess and Bowring, 2015; Kamo et al., 1996, 2003; 

Ivanov et al., 2021]). ʉʝʨʦʡ ʟʦʥʦʡ ʚʳʜʝʣʝʥ ʧʨʦʤʝʞʫʪʦʢ 2.06 Ñ 0.23 ʤʣʥ. ʣʝʪ. 

 

ɽʜʠʥʩʪʚʝʥʥʘʷ ʙʦʣʝʝ ʤʦʣʦʜʘʷ ʜʘʪʠʨʦʚʢʘ 229.0 Ñ 0.4 ʤʣʥ ʣʝʪ, ʧʦʣʫʯʝʥʥʘʷ ʤʝʪʦʜʦʤ 

CA-ID-TIMS, ʦʪʥʦʩʠʪʩʷ ʢ ɹʦʣʛʦʭʪʦʭʩʢʦʤʫ ʩʠʝʥʠʪʦʚʦʤʫ ʠʥʪʨʫʟʠʚʫ, ʨʘʩʧʦʣʦʞʝʥʥʦʤʫ ʚ 

ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʘʭ ʢʠʣʦʤʝʪʨʦʚ ʢ ʩʝʚʝʨʦ-ʟʘʧʘʜʫ ʦʪ ʅʦʨʠʣʴʩʢʘ [Kamo et al., 2003]. ʊʦ 

ʝʩʪʴ, ʦʥʘ ʧʦʣʫʯʝʥʘ ʜʣʷ ʥʝʭʘʨʘʢʪʝʨʥʳʭ ʧʦʨʦʜ ʦʩʥʦʚʥʦʛʦ ʙʘʟʠʪʦʚʦʛʦ ʵʪʘʧʘ ʪʨʘʧʧʦʚʦʛʦ 

ʤʘʛʤʘʪʠʟʤʘ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʢ ʵʪʦʤʫ ʞʝ ʙʦʣʝʝ ʤʦʣʦʜʦʤʫ ʵʪʘʧʫ ʦʪʥʦʩʷʪʩʷ ʜʘʡʢʠ ʣʘʤʧʨʦʠʪʦʚ 

ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ, ʩ 
40

Ar/
39

Ar ʜʘʪʠʨʦʚʢʘʤʠ ~235-234 ʤʣʥ ʣʝʪ [Ivanov et al., 2018]. 

ʆʜʥʘʢʦ ʥʝ ʚʩʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʩʦʛʣʘʩʥʳ ʩ ʪʘʢʦʡ ʢʦʥʮʝʧʮʠʝʡ ʨʘʟʚʠʪʠʷ ʠʥʪʨʫʟʠʚʥʦʛʦ 

ʤʘʛʤʘʪʠʟʤʘ. ɼʝʣʦ ʚ ʪʦʤ, ʯʪʦ ʚ ʨʘʙʦʪʘʭ ʧʦ U-Pb ʛʝʦʭʨʦʥʦʣʦʛʠʠ ʅʦʨʠʣʴʩʢʦ-ʊʘʣʥʘʭʩʢʦʛʦ 

ʨʝʛʠʦʥʘ ʤʘʪʝʨʠʘʣ ʜʣʷ ʜʘʪʠʨʦʚʘʥʠʷ (ʮʠʨʢʦʥ ʠ ʙʘʜʜʝʣʝʠʪ) ʚʳʜʝʣʷʣʩʷ ʠʟ ʧʦʨʦʜ ʚʝʨʭʥʝʛʦ 

ʵʥʜʦʢʦʥʪʘʢʪʘ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʣʝʡʢʦʛʘʙʙʨʦ [Kamo et al., 1996; Burgess and Bowring, 2015]. 
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ɺ ʨʷʜʝ ʨʘʙʦʪ ʧʦʜʯʝʨʢʠʚʘʝʪʩʷ, ʯʪʦ ʜʘʥʥʘʷ ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʘʷ ʨʘʟʥʦʩʪʴ ʧʦʨʦʜ ʷʚʣʷʝʪʩʷ 

ʧʦʜʯʠʥʝʥʥʦʡ ʚ ʨʝʛʠʦʥʝ ʠ ʤʦʞʝʪ ʙʳʪʴ ʩʬʦʨʤʠʨʦʚʘʥʘ ʚ ʦʪʨʳʚʝ ʦʪ ʦʩʥʦʚʥʦʛʦ ʵʪʘʧʘ 

ʤʘʛʤʘʪʠʟʤʘ [ʄʘʣʠʯ ʠ ʜʨ., 2009, 2018]. ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ U-Pb ʦʧʨʝʜʝʣʝʥʠʡ ʚʦʟʨʘʩʪʘ 

ʮʠʨʢʦʥʘ ʠ ʙʘʜʜʝʣʝʠʪʘ ʠʟ ʧʠʢʨʠʪʦʚʳʭ ʠ ʪʘʢʩʠʪʦʚʳʭ ʛʘʙʙʨʦʜʦʣʝʨʠʪʦʚ, ʩʦʩʪʘʚʣʷʶʱʠʭ 

ʦʩʥʦʚʥʫʶ ʯʘʩʪʴ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ, ʨʫʜʦʥʦʩʥʳʭ ʠʥʪʨʫʟʠʡ [ʄʘʣʠʯ ʠ ʜʨ., 2018]. 

ʉʦʛʣʘʩʥʦ ʵʪʠʤ ʜʘʥʥʳʤ, ʬʠʢʩʠʨʫʝʪʩʷ ʙʦʣʴʰʦʡ ʨʘʟʙʨʦʩ ʟʥʘʯʝʥʠʡ ʚʦʟʨʘʩʪʘ, ʢʦʪʦʨʳʡ 

ʦʙʲʷʩʥʝʥ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʥʪʨʫʟʠʡ ʚ ʜʝʩʷʪʢʠ ʤʠʣʣʠʦʥʦʚ ʣʝʪ [ʄʘʣʠʯ ʠ ʜʨ., 

2009, 2018]. ʆʜʥʘʢʦ ʢ ʵʪʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʠʤʝʶʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʝ ʚʦʟʨʘʞʝʥʠʷ. ɺʦ-

ʧʝʨʚʳʭ, ʮʠʨʢʦʥ ʠ ʙʘʜʜʝʣʝʠʪ ʥʝ ʤʦʞʝʪ ʢʨʠʩʪʘʣʣʠʟʦʚʘʪʴʩʷ ʚ ʤʘʛʤʘʭ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ ʜʦ 

ʥʘʩʳʱʝʥʠʷ ʮʠʨʢʦʥʠʝʤ 3600 ʛ/ʪ [Borisov, Aranovich, 2019]. ɺ ʩʣʫʯʘʝ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ 

ʤʘʛʤʳ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ ʥʝʦʙʭʦʜʠʤʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ Zr ʜʣʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʮʠʨʢʦʥʘ 

ʩʥʠʞʘʶʪʩʷ, ʥʦ ʚʩʝ-ʨʘʚʥʦ ʦʩʪʘʶʪʩʷ ʧʦʨʷʜʢʘ ʩʦʪʝʥ ʛ/ʪ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʦʡ ʤʘʛʤʳ [Borisov, Aranovich, 2019]. ɺ ʧʠʢʨʠʪʦʚʳʭ ʠ ʪʘʢʩʠʪʦʚʳʭ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʘʭ ʢʦʥʮʝʥʪʨʘʮʠʠ ʮʠʨʢʦʥʠʷ ʥʠʞʝ 100 ʛ/ʪ (ʩʤ. ʧʨʠʣʦʞʝʥʠʝ ʢ ʨʘʙʦʪʝ 

[Czamanske, 2002]). ʂʦʥʝʯʥʦ, ʮʠʨʢʦʥʠʡ ʤʦʞʝʪ ʦʙʦʛʘʱʘʪʴ ʣʦʢʘʣʴʥʳʝ ʫʯʘʩʪʢʠ, ʥʘʧʨʠʤʝʨ, 

ʚʦʢʨʫʛ ʩʫʣʴʬʠʜʥʳʭ ʦʙʦʩʦʙʣʝʥʠʡ [ʉʝʨʦʚʘ, ʉʧʠʨʠʜʦʥʦʚ, 2015]. ʆʜʥʘʢʦ ʚ ʦʨʠʛʠʥʘʣʴʥʳʭ 

ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʠʭ ʨʘʙʦʪʘʭ ʂ.ʅ. ʄʘʣʠʯʘ ʠ ʜʨ. [ʄʘʣʠʯ ʠ ʜʨ., 2009, 2018] ʦʪʩʫʪʩʪʚʫʶʪ 

ʜʘʥʥʳʝ ʦʙ ʦʙʥʘʨʫʞʝʥʠʷ ʮʠʨʢʦʥʘ ʠ ʙʘʜʜʝʣʝʠʪʘ in situ.  

ʇʨʦʙʣʝʤʫ ʩʦʦʪʥʦʰʝʥʠʷ ʚʦʟʨʘʩʪʘ ʠʥʪʨʫʟʠʡ ʠ ʣʘʚ ʧʦʤʦʛʘʶʪ ʨʝʰʠʪʴ ʧʘʣʝʦʤʘʛʥʠʪʥʳʝ 

ʜʘʥʥʳʝ. ʉʦʛʣʘʩʥʦ ʧʦʩʣʝʜʥʠʤ ʨʘʙʦʪʘʤ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʚʥʝʜʨʝʥʠʝ ʨʫʜʦʥʦʩʥʳʭ 

ʠʥʪʨʫʟʠʚʦʚ ʧʨʦʠʩʭʦʜʠʣʦ ʦʜʥʦʚʨʝʤʝʥʥʦ c ʠʟʣʠʷʥʠʝʤ ʣʘʚ ʤʦʨʦʥʛʦʚʩʢʦʡ ʠ ʤʦʢʫʣʘʝʚʩʢʦʡ 

ʩʚʠʪ [Latyshev et al, 2020]. ʇʘʣʝʦʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʩʥʦʚʥʳʭ ʨʫʜʦʥʦʩʥʳʭ 

ʠʥʪʨʫʟʠʚʦʚ ï ʍʘʨʘʝʣʘʭʩʢʦʛʦ, ʊʘʣʥʘʭʩʢʦʛʦ ʠ ʅʦʨʠʣʴʩʢ-1, ʠ ʥʝʢʦʪʦʨʳʭ 

ʩʣʘʙʦʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʭ ʠ ʙʝʟʨʫʜʥʳʭ ʠʥʪʨʫʟʠʡ ʙʣʠʟʢʠ ʤʝʞʜʫ ʩʦʙʦʡ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʠʭ 

ʙʣʠʟʢʦʤ ʚʦʟʨʘʩʪʝ. ʇʨʠ ʵʪʦʤ ʜʣʠʪʝʣʴʥʦʩʪʴ ʩʪʘʥʦʚʣʝʥʠʷ ʠʥʪʨʫʟʠʡ ʩʦʩʪʘʚʣʷʝʪ ʚʩʝʛʦ ʧʦʨʷʜʢʘ 

10 ʪʳʩ. ʣʝʪ ʠʣʠ ʤʝʥʝʝ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʨʫʜʦʥʦʩʥʳʝ ʠʥʪʨʫʟʠʠ ʙʳʣʠ 

ʟʘʣʦʞʝʥʳ ʚ ʧʨʝʜʝʣʘʭ ʦʜʥʦʛʦ IV ʮʠʢʣʘ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ (ʊʘʙʣ. 1.1). ʊʦʛʜʘ ʢʘʢ, 
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ʥʘʧʨʠʤʝʨ, ʙʝʟʨʫʜʥʳʡ ɽʨʛʘʣʘʭʩʢʠʡ ʩʠʣʣ ʩʯʠʪʘʝʪʩʷ ʢʦʤʘʛʤʘʪʦʤ ʣʘʚ ʠʚʘʢʠʥʩʢʦʡ ʩʚʠʪʳ 

[ʈʷʙʦʚ ʠ ʜʨ, 2000], ʯʪʦ ʪʘʢʞʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʠʤʝʶʱʠʤʠʩʷ ʧʘʣʝʦʤʘʛʥʠʪʥʳʤʠ ʜʘʥʥʳʤʠ 

[ʃʘʪʳʰʝʚ ʠ ʜʨ., 2019], ʪʦ ʝʩʪʴ ʦʥ ʦʪʥʦʩʠʪʩʷ ʢ ʮʠʢʣʫ I (ʊʘʙʣ. 1.1).  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʜʠʦʠʟʦʪʦʧʥʦʝ ʜʘʪʠʨʦʚʘʥʠʝ ʣʘʚ ʠ ʠʥʪʨʫʟʠʡ, ʨʘʚʥʦ ʢʘʢ ʠ 

ʧʘʣʝʦʤʘʛʥʠʪʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʥʠʭ, ʥʝ ʦʪʚʝʯʘʶʪ ʥʘ ʚʦʧʨʦʩ, ʢʦʛʜʘ ʧʨʦʠʩʭʦʜʠʣ ʧʨʦʮʝʩʩ 

ʦʙʨʘʟʦʚʘʥʠʷ ʩʘʤʠʭ ʨʫʜ. ʇʨʠ ʪʦʤ, ʯʪʦ ʧʦʜʘʚʣʷʶʱʠʤ ʙʦʣʴʰʠʥʩʪʚʦʤ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ 

ʧʨʠʥʠʤʘʝʪʩʷ ʘʧʨʠʦʨʥʦ, ʯʪʦ ʚʦʟʨʘʩʪ rʚʢʨʘʧʣʝʥʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ ʠ ʚʤʝʱʘʶʱʠʭ ʝʛʦ ʧʦʨʦʜ 

ʨʫʜʦʥʦʩʥʳʭ ʠʥʪʨʫʟʠʡ ʨʘʚʥʳ, ʝʜʠʥʩʪʚʝʥʥʳʝ ʠʤʝʶʱʠʝʩʷ ʜʘʪʠʨʦʚʢʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʩʫʣʴʬʠʜʦʚ ʚʢʨʘʧʣʝʥʥʳʭ ʠ ʤʘʩʩʠʚʥʳʭ ʨʫʜ Re-Os ʤʝʪʦʜʦʤ ʧʦʢʘʟʳʚʘʶʪ ʙʦʣʝʝ ʤʦʣʦʜʳʝ 

ʟʥʘʯʝʥʠʷ ʚʦʟʨʘʩʪʘ ï 247-246 ʤʣʥ ʣʝʪ [Walker et al., 1994; Malitch and Latypov, 2011]. 

ʇʨʠʯʝʤ ʵʪʠ ʟʥʘʯʝʥʠʷ ʙʳʣʠ ʨʘʩʯʠʪʘʥʳ ʩ ʫʩʪʘʨʝʚʰʝʡ ʢʦʥʩʪʘʥʪʦʡ ʨʘʩʧʘʜʘ 
187

Re. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʙʦʣʝʝ ʪʦʯʥʳʭ ʢʦʥʩʪʘʥʪ ʨʘʩʧʘʜʘ [Selby et al., 2007; Smolar et al., 1996] 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʤʦʣʘʞʠʚʘʶʪ Re-Os ʜʘʪʠʨʦʚʢʫ ʥʘ 2-3 ʤʣʥ ʣʝʪ. ʇʨʠʯʠʥʘ ʙʦʣʝʝ ʤʦʣʦʜʳʭ 

Re-Os ʜʘʪʠʨʦʚʦʢ ʜʝʪʘʣʴʥʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʛʣʘʚʝ 6 ʵʪʦʡ ʜʠʩʩʝʨʪʘʮʠʠ. ɿʘʙʝʛʘʷ ʚʧʝʨʝʜ - 

Re-Os ʜʘʪʠʨʦʚʘʥʠʝ ʧʦ ʩʫʣʴʬʠʜʘʤ ʅʦʨʠʣʴʩʢ-ʊʘʣʥʘʭʩʢʠʭ ʨʫʜʥʳʭ ʦʙʲʝʢʪʦʚ ʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʦ ʚ ʢʘʯʝʩʪʚʝ ʥʘʜʝʞʥʦʛʦ ʠʟ-ʟʘ ʙʦʣʴʰʦʛʦ ʨʘʟʙʨʦʩʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʜʘʥʥʳʭ.  

ɼʨʫʛʦʡ ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʤʝʪʦʜ (Pt-He) ʧʦʟʚʦʣʷʝʪ ʜʘʪʠʨʦʚʘʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ PGE 

ʤʠʥʝʨʘʣʠʟʘʮʠʶ ʥʘʧʨʷʤʫʶ. ʆʜʥʘʢʦ ʟʥʘʯʠʪʝʣʴʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʧʦʛʨʝʰʥʦʩʪʠ ʥʝ 

ʧʦʟʚʦʣʷʶʪ ʨʘʟʣʠʯʘʪʴ ʙʣʠʟʢʠʝ ʧʦ ʚʦʟʨʘʩʪʫ ʛʝʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ. ʊʘʢ Pt-He ʜʘʪʠʨʦʚʢʘ 

ʩʧʝʨʠʣʣʠʪʘ ʩʦʩʪʘʚʠʣʘ 242 Ñ 12 ʤʣʥ ʣʝʪ [ʗʢʫʙʦʚʠʯ ʠ ʜʨ., 2015], ʯʪʦ ʚ ʧʨʝʜʝʣʘʭ 

ʧʦʛʨʝʰʥʦʩʪʠ ʩʦʚʧʘʜʘʝʪ ʠ ʩ U-Pb ʜʘʪʠʨʦʚʢʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʤʝʪʦʜʦʤ CA-ID-TIMS, ʠ 

ʙʦʣʝʝ ʤʦʣʦʜʳʤʠ Re-Os ʜʘʪʠʨʦʚʢʘʤʠ. 
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1.2. ɻʠʧʦʪʝʟʳ ʦʙʨʘʟʦʚʘʥʠʷ ʩʫʣʴʬʠʜʥʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʚ ʪʨʘʧʧʦʚʳʭ ʠʥʪʨʫʟʠʷʭ 

ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ 

 

ʅʝʩʤʦʪʨʷ ʥʘ ʚʩʝ ʫʩʧʝʭʠ, ʜʦʩʪʠʛʥʫʪʳʝ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚ ʨʘʤʢʘʭ ʠʟʫʯʝʥʠʷ PGE-

Cu-Ni ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʅʦʨʠʣʴʩʢʦ-ʊʘʣʥʘʭʩʢʦʡ ʛʨʫʧʧʳ, ʧʦ-ʧʨʝʞʥʝʤʫ ʨʷʜ ʚʦʧʨʦʩʦʚ 

ʦʩʪʘʝʪʩʷ ʜʠʩʢʫʩʩʠʦʥʥʳʤ. ʉʨʝʜʠ ʥʠʭ ʧʨʦʙʣʝʤʘ ʠʩʭʦʜʥʦʛʦ ʨʘʩʧʣʘʚʘ ʥʦʨʠʣʴʩʢʠʭ ʠʥʪʨʫʟʠʡ, 

ʤʝʭʘʥʠʟʤʳ ʠʭ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ, ʧʨʠʨʦʜʘ ʦʩʥʦʚʥʳʭ ʧʝʛʤʘʪʦʠʜʦʚ ʠ ʜʨ. [ʍʘʣʝʥʸʚ, 2010] 

ʆʜʥʘʢʦ, ʥʘʚʝʨʥʦʝ, ʩʘʤʳʤ ʛʣʘʚʥʳʤ ʷʚʣʷʝʪʩʷ ʚʦʧʨʦʩ ʠʩʪʦʯʥʠʢʘ ʩʠʣʠʢʘʪʥʦʛʦ ʠ ʩʫʣʴʬʠʜʥʦʛʦ 

ʚʝʱʝʩʪʚʘ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʟʛʣʷʜʳ ʥʘ ʵʪʫ ʧʨʦʙʣʝʤʫ ʚʝʩʴʤʘ ʢʦʥʪʨʘʩʪʥʳ. ʂʘʞʜʘʷ ʠʟ 

ʛʠʧʦʪʝʟ ʦʪʚʦʜʠʪ ʛʣʘʚʝʥʩʪʚʫʶʱʫʶ ʨʦʣʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʦʜʥʦʤʫ ʠʟ ʜʚʫʭ 

ʧʨʦʮʝʩʩʦʚ: ʤʘʛʤʘʪʠʯʝʩʢʦʤʫ ʣʠʙʦ ʧʦʩʪʤʘʛʤʘʪʠʯʝʩʢʦʤʫ. ʅʝ ʧʨʝʪʝʥʜʫʷ ʥʘ ʚʩʝʦʙʲʝʤʣʶʱʠʡ 

ʘʥʘʣʠʟ, ʜʘʥʥʘʷ ʛʣʘʚʘ ʣʠʰʴ ʚ ʤʘʢʩʠʤʘʣʴʥʦ ʩʞʘʪʦʤ ʚʠʜʝ ʦʩʚʝʱʘʝʪ ʥʝʢʦʪʦʨʳʝ ʠʟ ʛʠʧʦʪʝʟ. 

ʇʨʝʞʜʝ ʯʝʤ ʧʝʨʝʭʦʜʠʪʴ ʢ ʨʘʩʩʤʦʪʨʝʥʠʶ ʛʠʧʦʪʝʟ ʨʫʜʦʦʙʨʘʟʦʚʘʥʠʷ, ʩʪʦʠʪ ʩʜʝʣʘʪʴ 

ʚʘʞʥʫʶ ʦʛʦʚʦʨʢʫ. ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʪʝʦʨʠʡ, ʦʙʲʷʩʥʷʶʱʠʭ 

ʪʨʘʧʧʦʚʳʡ ʤʘʛʤʘʪʠʟʤ ʥʘ ʉʠʙʠʨʩʢʦʡ ʧʣʘʪʬʦʨʤʝ (ʩʤ. ʩʩʳʣʢʠ ʚ [Ivanov, 2007]). ʆʜʥʘʢʦ 

ʧʨʝʦʙʣʘʜʘʶʱʠʭ ʛʠʧʦʪʝʟ ʩʦʙʩʪʚʝʥʥʦ ʪʨʘʧʧʦʚʦʛʦ ʤʘʛʤʘʪʠʟʤʘ ʜʚʝ. ʇʝʨʚʘʷ ʩʚʷʟʳʚʘʝʪ 

ʤʘʛʤʘʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ ʩ ʜʝʡʩʪʚʠʝʤ ʥʠʞʥʝʤʘʥʪʠʡʥʦʛʦ ʧʣʶʤʘ [Sobolev et al., 2007; 

ɼʦʙʨʝʮʦʚ ʠ ʜʨ., 2010; ʀʟʦʭ ʠ ʜʨ., 2016], ʚʪʦʨʘʷ ï ʩ ʧʨʦʮʝʩʩʘʤʠ ʩʫʙʜʫʢʮʠʠ [Ivanov, 2007]. 

ʆʙʩʫʞʜʝʥʠʝ ʵʪʦʛʦ ʚʦʧʨʦʩʘ ʚʳʭʦʜʠʪ ʟʘ ʨʘʤʢʠ ʜʘʥʥʦʡ ʨʘʙʦʪʳ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʘʢʦʡ 

ʙʳ ʤʝʭʘʥʠʟʤ ʥʝ ʙʳʣ ʦʪʚʝʪʩʪʚʝʥʝʥ ʟʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʉʠʙʠʨʩʢʠʭ ʪʨʘʧʧʦʚ, ʦʙʨʘʟʦʚʘʥʠʝ 

ʩʦʙʩʪʚʝʥʥʦ PGE-Cu-Ni ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʅʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ ʚ ʩʤʳʩʣʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʨʦʤʳʰʣʝʥʥʳʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʦʠʩʭʦʜʠʣʦ ʚ ʢʦʨʝ. ʇʦʵʪʦʤʫ ʚ 

ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʛʠʧʦʪʝʟʳ, ʦʙʲʷʩʥʷʶʱʠʝ ʧʨʠʨʦʜʫ 

ʪʨʘʧʧʦʚʳʭ ʠʥʪʨʫʟʠʡ ʠ ʩʚʷʟʘʥʥʦʡ ʩ ʥʠʤʠ ʩʫʣʴʬʠʜʥʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʠ, ʚʳʥʦʩʷ ʟʘ ʩʢʦʙʢʠ 

ʤʝʭʘʥʠʟʤ ʧʣʘʚʣʝʥʠʷ ʤʘʥʪʠʠ.  

ʉʨʝʜʠ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʢʦʥʮʝʧʮʠʡ ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʘ ʣʠʢʚʘʮʠʦʥʥʦ-

ʤʘʛʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʝʸ ʦʩʥʦʚʳ ʙʳʣʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ɾ.ʌʦʛʪʦʤ [Vogt, 1923]. 
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ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʤʝʩʪʦʨʦʞʜʝʥʠʷʤ ʅʦʨʠʣʴʩʢʦ-ʊʘʣʥʘʭʩʢʦʛʦ ʨʫʜʥʦʛʦ ʫʟʣʘ ʜʘʥʥʘʷ 

ʢʦʥʮʝʧʮʠʷ ʧʦʣʫʯʠʣʘ ʨʘʟʚʠʪʠʝ ʚ ʨʘʙʦʪʘʭ ʋʨʚʘʥʮʝʚʘ ʠ ʂʦʪʫʣʴʩʢʦʛʦ [ɻʦʜʣʝʚʩʢʠʡ, 1981; 

ɻʦʜʣʝʚʩʢʠʡ, 1959; ʂʦʪʫʣʴʩʢʠʡ, 1948]. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʣʠʢʚʘʮʠʷ ʤʘʛʤʳ ʥʘ 

ʩʫʣʴʬʠʜʥʫʶ ʠ ʩʠʣʠʢʘʪʥʫʶ ʯʘʩʪʠ ʧʨʦʠʟʦʰʣʘ ʚ ʛʣʫʙʠʥʥʦʤ ʤʘʛʤʘʪʠʯʝʩʢʦʤ ʦʯʘʛʝ ʧʨʠ 

ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʨʠ ʚʥʝʜʨʝʥʠʠ ʚ ʤʘʛʤʘʪʠʯʝʩʢʫʶ ʢʘʤʝʨʫ ʤʘʛʤʘ ʫʞʝ ʥʝʩʣʘ ʩ 

ʩʦʙʦʡ ʦʙʦʩʦʙʠʚʰʫʶʩʷ ʩʫʣʴʬʠʜʥʫʶ ʯʘʩʪʴ. ʅʘʧʨʠʤʝʨ, ʢ ʵʪʦʡ ʛʠʧʦʪʝʟʝ ʧʦʜʭʦʜʷʪ ʙʦʣʝʝ 

ʧʦʟʜʥʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʥʘʢʦʧʣʝʥʠʠ ʨʫʜʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʛʦʣʦʚʝ ʤʘʥʪʠʡʥʦʛʦ ʧʣʶʤʘ 

[ɼʦʙʨʝʮʦʚ ʠ ʜʨ., 2010; ʀʟʦʭ ʠ ʜʨ., 2016].  

ɸʩʩʠʤʠʣʷʮʠʦʥʥʘʷ ʤʦʜʝʣʴ ʚʦ ʛʣʘʚʫ ʫʛʣʘ ʩʪʘʚʠʪ ʥʘʩʳʱʝʥʠʝ ʤʘʬʠʪ-

ʫʣʴʪʨʘʤʘʬʠʪʦʚʦʡ ʤʘʛʤʳ ʩʝʨʦʩʦʜʝʨʞʘʱʠʤʠ ʚʝʱʝʩʪʚʘʤʠ, ʢʦʪʦʨʳʝ ʦʥʘ ʘʩʩʠʤʠʣʠʨʦʚʘʣʘ ʧʨʠ 

ʧʦʜʲʸʤʘ ʩ ʛʣʫʙʠʥʳ. ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʠʭ ʚʝʱʝʩʪʚ ʧʨʝʜʣʘʛʘʣʠʩʴ ʣʠʙʦ ʩʝʨʦʚʦʜʦʨʦʜ [ɻʦʨʙʘʯʝʚ, 

ɻʨʠʥʝʥʢʦ, 1973], ʣʠʙʦ ʘʥʛʠʜʨʠʪ [ʈʘʜʴʢʦ, 1991; Naldrett et al., 1996], ʣʠʙʦ ʫʛʣʠʩʪʳʝ ʩʣʘʥʮʳ 

[Czamanske et al., 1992]. ʊʘʢʞʝ ʩʫʱʝʩʪʚʫʝʪ ʛʠʧʦʪʝʟʘ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʪʘʤʠʥʘʥʪʘ 

ʚʳʩʪʫʧʘʶʪ ʢʠʩʣʳʝ ʧʦʨʦʜʳ [Likhachev, 2006; Naldrett et al., 1996]. ʇʦ ʫʤʦʣʯʘʥʠʶ ʚ ʵʪʦʡ 

ʛʠʧʦʪʝʟʝ ʪʘʢʞʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚ ʤʘʥʪʠʡʥʦʡ ʤʘʛʤʝ ʫʞʝ ʙʳʣʦ ʜʦʩʪʘʪʦʯʥʦ ʨʫʜʥʳʭ 

ʵʣʝʤʝʥʪʦʚ (PGE, Cu, Ni). ʇʨʠ ʵʪʦʤ ʤʝʭʘʥʠʟʤ ʦʙʦʛʘʱʝʥʠʷ (ʧʣʶʤ, ʨʝʮʠʢʣʠʥʛ) ʵʪʠʤʠ 

ʵʣʝʤʝʥʪʘʤʠ ʥʝ ʦʙʩʫʞʜʘʝʪʩʷ.  

ʉʝʡʩʤʦ-ʛʨʘʚʠʪʘʮʠʦʥʥʘʷ ʤʦʜʝʣʴ ʧʨʝʜʧʦʣʘʛʘʝʪ ʥʘʢʦʧʣʝʥʠʝ ʨʫʜʥʦʛʦ ʚʝʱʝʩʪʚʘ ʠʟ 

ʤʘʛʤʳ ʩ ʩʦʜʝʨʞʘʥʠʝʤ S<0.2 ʤʘʩ.%. ʅʘʙʣʶʜʘʝʤʳʝ ʩʫʣʴʬʠʜʥʳʝ ʚʳʜʝʣʝʥʠʷ ʥʝ 

ʥʘʢʘʧʣʠʚʘʶʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʛʨʘʚʠʪʘʮʠʠ ʥʘ ʜʥʝ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʢʘʤʝʨʳ, ʘ 

ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʚ ʨʘʩʩʝʷʥʥʦʤ ʚʠʜʝ ʚʦ ʚʩʝʤ ʦʙʲʝʤʝ ʢʨʠʩʪʘʣʣʠʟʫʶʱʝʡʩʷ ʤʘʩʩʳ ʧʦʨʦʜʳ. ɺ 

ʧʦʩʣʝʜʩʪʚʠʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʝʡʩʤʠʯʝʩʢʦʛʦ ʬʘʢʪʦʨʘ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʤʝʱʝʥʠʝ ʠ 

ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʝ ʨʫʜʥʦʛʦ ʚʝʱʝʩʪʚʘ ʚ ʚʠʜʝ ʦʙʦʩʦʙʣʝʥʥʳʭ ʛʦʨʠʟʦʥʪʦʚ [ʃʠʭʘʯʝʚ, 2000a, b]. 

ʊʨʘʥʩʧʦʨʪʥʦ-ʛʨʘʚʠʪʘʮʠʦʥʥʘʷ ʤʦʜʝʣʴ ʧʨʝʜʧʦʣʘʛʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ 

ʥʦʨʠʣʴʩʢʦʛʦ ʪʠʧʘ ʧʫʪʝʤ ʧʦʜʲʝʤʘ ʠʟ ʤʘʥʪʠʠ ʩʫʣʴʬʠʜʦʥʦʩʥʳʭ ʤʘʛʤ, ʚ ʢʦʪʦʨʳʭ ʩʫʣʴʬʠʜʳ 

ʨʘʩʩʝʷʥʳ ʚ ʦʢʩʠʜʥʦ-ʩʠʣʠʢʘʪʥʦʤ ʨʘʩʧʣʘʚʝ [ʃʠʭʘʯʝʚ, 1999; ʈʷʙʯʠʢʦʚ, 2003; ɼʦʙʨʝʮʦʚ ʠ ʜʨ, 

2010]. 
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ʄʘʛʤʘʪʦ-ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʛʦʚʦʨʠʪ ʦ ʨʝʰʘʶʱʝʤ ʚʢʣʘʜʝ ʤʘʥʪʠʡʥʦʛʦ 

ʬʣʶʠʜʘ, ʩʳʛʨʘʚʰʝʛʦ ʦʩʥʦʚʥʫʶ ʨʦʣʴ ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʧʨʦʤʳʰʣʝʥʥʦ-ʨʫʜʦʥʦʩʥʳʭ 

ʠʥʪʨʫʟʠʚʦʚ ʅʦʨʠʣʴʩʢʦ-ʊʘʣʥʘʭʩʢʦʡ ʛʨʫʧʧʳ ʤʝʩʪʦʨʦʞʜʝʥʠʡ [ɻʦʨʷʠʥʦʚ, 1975]. 

ʂʦʤʙʠʥʘʮʠʷ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʠ ʧʦʩʪʤʘʛʤʘʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʚ ʢʦʪʦʨʦʡ 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʨʫʜʦʦʪʣʦʞʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʜʚʫʤʷ ʘʚʪʦʥʦʤʥʳʤʠ ʵʪʘʧʘʤʠ, ʨʘʟʜʝʣʝʥʥʳʤʠ 

ʚʦ ʚʨʝʤʝʥʠ [ɼʶʞʠʢʦʚ, 1988].  

ʄʦʜʝʣʴ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʜʝʙʘʟʠʬʠʢʘʮʠʠ, ʧʨʝʜʣʦʞʝʥʥʘʷ ɼ.ʉ. ʂʦʨʞʠʥʩʢʠʤ, 

ʦʙʲʷʩʥʷʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʩʫʣʴʬʠʜʥʳʭ ʤʝʜʥʦ-ʥʠʢʝʣʝʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʢʠʩʣʦʪʥʦ-ʱʝʣʦʯʥʦʡ 

ʵʚʦʣʶʮʠʝʡ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʨʘʩʪʚʦʨʦʚ [ʂʦʨʞʠʥʩʢʠʡ, 1955]. 

ʀʥʬʠʣʴʪʨʘʮʠʦʥʥʦ-ʘʚʪʦʤʝʪʘʩʦʤʘʪʠʯʝʩʢʘʷ ʛʠʧʦʪʝʟʘ ʧʦʣʫʯʠʣʘ ʨʘʟʚʠʪʠʝ ʚ 

ʨʘʙʦʪʘʭ ɺ.ɺ. ɿʦʣʦʪʫʭʠʥʘ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʨʘʟʚʠʪʠʝ ʠʜʝʡ ɼ.ʉ. ʂʦʨʞʠʥʩʢʦʛʦ 

[ɿʦʣʦʪʫʭʠʥ, 1964, 1965, 1975, 1976a, b; ɿʦʣʦʪʫʭʠʥ, ɺʘʩʠʣʴʝʚ, 1964]. 

ʄʦʜʝʣʴ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʠ ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʧʝʨʝʦʪʣʦʞʝʥʠʷ ʧʨʦʷʚʣʷʝʪʩʷ ʚ 

ʨʝʛʝʥʝʨʘʮʠʠ ʨʘʥʝʝ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʨʫʜʥʳʭ ʤʘʩʩ [ʉʣʫʞʝʥʠʢʠʥ ʠ ʜʨ., 1994]. 

ʊʝʨʤʦʙʘʨʦʭʠʤʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʧʨʝʜʣʦʞʝʥʥʘʷ ɺ.ʉ. ɸʧʣʦʥʦʚʳʤ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʠʟʫʯʝʥʠʷ ʛʘʟʦʚʦ-ʞʠʜʢʠʭ ʚʢʣʶʯʝʥʠʡ ʚ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ ʤʠʥʝʨʘʣʘʭ, ʧʦʜʢʨʝʧʣʷʝʪ ʠʜʝʶ ʦ 

ʛʠʜʨʦʪʝʨʤʘʣʴʥʦ-ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʤ ʛʝʥʝʟʠʩʝ PGE-Cu-Ni ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʨʝʛʠʦʥʘ 

[ɸʧʣʦʥʦʚ, 2001]. 

ʄʦʜʝʣʴ ɺ.ɺ. ʈʷʙʦʚʘ ʛʦʚʦʨʠʪ ʦ ʚʥʝʜʨʝʥʠʠ ʚ ʢʘʤʝʨʫ ʜʚʫʭ ʥʝʩʤʝʰʠʚʘʶʱʠʭʩʷ 

ʨʘʩʧʣʘʚʦʚ ʧʠʢʨʠʪʦʠʜʥʦʛʦ ʠ ʙʘʟʘʣʴʪʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʢʦʪʦʨʳʝ ʥʘ ʛʣʫʙʠʥʝ ʧʦʜʚʝʨʛʣʠʩʴ 

ʬʣʶʠʜʥʦ-ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʣʠʢʚʘʮʠʠ [ʈʷʙʦʚ ʠ ʜʨ., 2000]. ʊʘʢʞʝ ʧʦʣʫʯʠʣʘ ʥʝʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʠʜʝʷ ʦ ʪʦʤ, ʯʪʦ ʜʠʬʬʝʨʝʥʮʠʘʪʳ ʠʥʪʨʫʟʠʠ ʅʦʨʠʣʴʩʢ-1 - ʵʪʦ ʦʪʜʝʣʴʥʳʝ 

ʧʦʨʮʠʠ ʤʘʛʤʳ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʥʝʜʨʷʚʰʠʝʩʷ ʚ ʤʘʛʤʘʪʠʯʝʩʢʫʶ 

ʢʘʤʝʨʫ [ʈʦʛʦʚʝʨ, 1959]. 

ʄʦʜʝʣʴ ɽ.ɺ. ʊʫʛʘʥʦʚʦʡ ʛʦʚʦʨʠʪ ʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʜʚʫʭ ʤʘʛʤ - ʪʦʣʝʠʪ-

ʙʘʟʘʣʴʪʦʚʦʡ ʠ ʫʣʴʪʨʘʦʩʥʦʚʥʦʡ, ʧʦʩʪʫʧʘʶʱʠʭ ʠʟ ʨʘʟʥʦʛʣʫʙʠʥʥʳʭ ʦʯʘʛʦʚ, ʥʦ ʧʦ ʦʜʥʠʤ 

ʢʘʥʘʣʘʤ [ʊʫʛʘʥʦʚʘ, 1988, 1991, 2000]. 
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ʄʦʜʝʣʴ ɺ.ɸ. ʈʘʜʴʢʦ, ʚʧʦʩʣʝʜʩʪʚʠʠ ʨʘʟʚʠʪʘʷ ɸ.ɼʞ. ʅʘʣʜʨʝʪʪʦʤ, ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ 

ʩʫʱʝʩʪʚʫʶʱʠʝ ʠʥʪʨʫʟʠʠ - ʵʪʦ ʥʝ ʩʣʝʧʳʝ ʪʝʣʘ, ʘ ʜʦʣʛʦʞʠʚʫʱʠʝ ʧʨʦʤʝʞʫʪʦʯʥʳʝ 

ʢʘʤʝʨʳ, ʚ ʢʦʪʦʨʳʭ ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʤʘʛʤʳ ʟʘʤʝʜʣʷʣʘʩʴ, ʠ ʧʨʦʠʩʭʦʜʠʣʦ ʦʩʘʞʜʝʥʠʝ 

ʩʫʣʴʬʠʜʥʳʭ ʢʘʧʝʣʴ ʠ ʙʦʣʝʝ ʪʷʞʝʣʳʭ ʩʠʣʠʢʘʪʥʳʭ ʬʘʟ [ʈʘʜʴʢʦ, 1991, 2016]. ʇʨʠ ʵʪʦʤ ʩʝʨʘ 

ʟʘʠʤʩʪʚʫʝʪʩʷ ʠʟ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ, ʙʦʛʘʪʳʭ ʩʫʣʴʬʘʪʘʤʠ.  

ʄ.ʂ. ʀʚʘʥʦʚ ʚʳʜʚʠʥʫʣ ʛʠʧʦʪʝʟʫ ʦ ʚʫʣʢʘʥʠʯʝʩʢʦʡ ʧʨʠʨʦʜʝ ʨʫʜ. ʆʥ ʩʚʷʟʳʚʘʣ 

ʦʙʨʘʟʦʚʘʥʠʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʨʝʛʠʦʥʘ ʩ ʢʘʣʴʜʝʨʘʤʠ ʧʨʦʩʝʜʘʥʠʷ ʚʫʣʢʘʥʦʚ ʮʝʥʪʨʘʣʴʥʦʛʦ 

ʪʠʧʘ [ʀʚʘʥʦʚ ʠ ʜʨ., 1971]. 

 

1.3. ɺʳʚʦʜʳ ʢ ʛʣʘʚʝ 1 

ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʠʟʫʯʝʥʠʷ ʪʨʘʧʧʦʚʦʛʦ ʤʘʛʤʘʪʠʟʤʘ ʩʠʙʠʨʩʢʦʡ ʧʣʘʪʬʦʨʤʳ 

ʙʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʩʢʣʦʥʥʦ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʫʥʠʢʘʣʴʥʳʭ PGE-Cu-Ni 

ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʚ ʅʦʨʠʣʴʩʢʦʤ ʨʝʛʠʦʥʝ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʦ ʩ ʪʨʘʧʧʦʚʳʤʠ ʠʟʣʠʷʥʠʷʤʠ. 

ʋʩʧʝʭʠ ʛʝʦʭʨʦʥʦʣʦʛʠʠ ʠ ʧʘʣʝʦʤʘʛʥʠʪʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʟʚʦʣʠʣʠ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʦʩʥʦʚʥʦʡ 

ʵʪʘʧ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ʥʘʯʘʣʩʷ ʚ ʩʘʤʦʡ ʧʦʟʜʥʝʡ ʧʝʨʤʠ ʠ ʧʨʦʜʦʣʞʘʣʩʷ ʥʝ ʙʦʣʝʝ 

~2 ʤʣʥ ʣʝʪ. ʆʜʥʘʢʦ ʧʦʧʳʪʢʠ ʜʘʪʠʨʦʚʘʥʠʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩʘʤʦʡ ʩʫʣʴʬʠʜʥʦʡ 

ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʥʝ ʧʨʠʚʝʣʠ ʢ ʧʦʣʫʯʝʥʠʶ ʥʘʜʝʞʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʇʦ-ʧʨʝʞʥʝʤʫ ʦʩʪʘʸʪʩʷ ʥʝ 

ʷʩʥʳʤ ʠʩʪʦʯʥʠʢ ʚʝʱʝʩʪʚʘ ʠ ʢʦʥʢʨʝʪʥʳʡ ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʨʫʜʦʥʦʩʥʳʭ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ ʠʥʪʨʫʟʠʡ. ʉʫʱʝʩʪʚʫʶʱʠʝ ʛʠʧʦʪʝʟʳ ʚ ʥʝʢʦʪʦʨʦʡ ʩʪʝʧʝʥʠ 

ʧʨʦʪʠʚʦʨʝʯʠʚʳ, ʠ ʥʠ ʦʜʥʘ ʠʟ ʥʠʭ ʥʝ ʤʦʞʝʪ ʦʙʲʷʩʥʠʪʴ ʚʩʝ ʤʥʦʛʦʦʙʨʘʟʠʝ ʥʘʙʣʶʜʘʝʤʳʭ 

ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. 
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ɻʃɸɺɸ 2. ʉʊʈʆɽʅʀɽ ʀ ʉʋʃʔʌʀɼʅɸʗ ʄʀʅɽʈɸʃʀɿɸʎʀʗ ʆʂʊʗɹʈʔʉʂʆɻʆ 

ʄɽʉʊʆʈʆɾɼɽʅʀʗ 

 

2.1. ʄʘʛʤʘʪʠʯʝʩʢʠʝ ʧʦʨʦʜʳ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

 

ʆʢʪʷʙʨʴʩʢʦʝ PGE-Cu-Ni ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʙʳʣʦ ʦʪʢʨʳʪʦ ʚ 1967 ʛʦʜʫ ʚ ʭʦʜʝ ʨʘʙʦʪʳ 

ʅʦʨʠʣʴʩʢʦʡ ʛʝʦʣʦʛʦʨʘʟʚʝʜʦʯʥʦʡ ʵʢʩʧʝʜʠʮʠʠ ʧʨʠ ʢʘʨʪʠʨʦʚʘʥʠʠ 1:50000 ʤʘʩʰʪʘʙʘ 

(ʩʢʚʘʞʠʥʳ ʂɿ-584 ʠ ʊ-56). ʆʥʦ ʩʚʷʟʘʥʦ ʩ ʍʘʨʘʝʣʘʭʩʢʦʡ ʨʘʩʩʣʦʝʥʥʦʡ ʠʥʪʨʫʟʠʝʡ, ʢʦʪʦʨʘʷ 

ʙʳʣʘ ʦʪʢʨʳʪʘ ʥʝʩʢʦʣʴʢʠʤʠ ʛʦʜʘʤʠ ʨʘʥʥʝʝ (1965 ʛ.). ʆʢʪʷʙʨʴʩʢʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʠʙʦʣʴʰʠʤ ʨʘʟʥʦʦʙʨʘʟʠʝʤ ʪʠʧʦʚ ʨʫʜ ʠ ʩʘʤʳʤʠ ʟʥʘʯʠʪʝʣʴʥʳʤʠ 

ʟʘʧʘʩʘʤʠ Cu, Ni ʠ PGE ʚ ʨʝʛʠʦʥʝ. ɿʜʝʩʴ ʚʳʜʝʣʷʶʪʩʷ ʧʦ ʩʪʨʫʢʪʫʨʥʦ-ʪʝʢʩʪʫʨʥʳʤ 

ʦʩʦʙʝʥʥʦʩʪʷʤ ʠ ʧʦʣʦʞʝʥʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʝʣʘ ʠʥʪʨʫʟʠʠ ʤʘʩʩʠʚʥʳʝ, ʧʨʦʞʠʣʢʦʚʦ-

ʚʢʨʘʧʣʝʥʥʳʝ ʠ ʚʢʨʘʧʣʝʥʥʳʝ ʨʫʜʳ (ʧʝʨʝʯʠʩʣʝʥʳ ʚ ʧʦʨʷʜʢʝ ʟʘʧʘʩʦʚ ʨʫʜʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ).  

ɺ ʩʪʨʫʢʪʫʨʥʦʤ ʧʣʘʥʝ ʍʘʨʘʝʣʘʭʩʢʠʡ ʠʥʪʨʫʟʠʚ, ʩ ʢʦʪʦʨʳʤ ʩʚʷʟʘʥʦ ʆʢʪʷʙʨʴʩʢʦʝ 

ʤʝʩʪʦʨʦʞʜʝʥʠʝ, ʣʦʢʘʣʠʟʫʝʪʩʷ ʚ ʟʘʧʘʜʥʦʤ ʢʨʳʣʝ ʅʦʨʠʣʴʩʢʦ-ʍʘʨʘʝʣʘʭʩʢʦʛʦ ʨʘʟʣʦʤʘ (ʨʠʩ. 

2.1). ʅʘ ʚʩʝʡ ʧʣʦʱʘʜʠ ʩʚʦʝʛʦ ʨʘʟʚʠʪʠʷ ʠʥʪʨʫʟʠʚ ʧʨʠʫʨʦʯʝʥ ʢ ʧʦʣʦʛʦʡ ʩʠʥʢʣʠʥʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʝ, ʢʦʪʦʨʘʷ ʦʛʨʘʥʠʯʝʥʥʘ ʩ ʚʦʩʪʦʢʘ ɻʣʘʚʥʳʤ ʅʦʨʠʣʴʩʢ-ʍʘʨʘʝʣʘʭʩʢʠʤ ʨʘʟʣʦʤʦʤ 

(ʨʠʩ. 2.1, 2.2).  

ʍʘʨʘʝʣʘʭʩʢʠʡ ʠʥʪʨʫʟʠʚ ʚ ʧʣʘʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 

ʨʘʚʥʦʩʪʦʨʦʥʥʠʡ ʪʨʝʫʛʦʣʴʥʠʢ, ʜʣʠʥʘ ʩʪʦʨʦʥ ʢʦʪʦʨʦʛʦ ʩʦʩʪʘʚʣʷʝʪ 8-10 ʢʤ, ʧʣʦʱʘʜʴ - ʦʢʦʣʦ 

30 ʢʤ
2
 ʧʨʠ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ ʠʥʪʨʫʟʠʚʘ 70 ʤ. ʉʝʚʝʨʥʘʷ ʚʝʨʰʠʥʘ ʪʨʝʫʛʦʣʴʥʠʢʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʠʢʦʨʥʝʚʫʶ ʯʘʩʪʴ ʠʥʪʨʫʟʠʚʘ, ʘ ʟʘʧʘʜʥʘʷ ʠ ʶʞʥʘʷ ʚʝʨʰʠʥʳ ï ʝʛʦ 

ʦʪʜʝʣʴʥʳʝ ʚʝʪʚʠ: ʉʝʚʝʨʦ-ʟʘʧʘʜʥʫʶ (ʍʘʨʘʝʣʘʭʩʢʫʶ), ʇʨʠʨʘʟʣʦʤʥʫʶ ʠ ɿʘʧʘʜʥʫʶ. 

ʀʥʪʨʫʟʠʚ ʧʦʣʦʛʦ ʧʦʛʨʫʞʘʝʪʩʷ ʚ ʩʝʚʝʨʦ-ʟʘʧʘʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʠʤʝʷ ʧʨʠʧʦʜʥʷʪʳʝ ʶʛʦ-

ʚʦʩʪʦʯʥʫʶ ʠ ʩʝʚʝʨʦ-ʟʘʧʘʜʥʫʶ ʙʦʨʪʦʚʳʝ ʯʘʩʪʠ ʠ ʦʧʫʱʝʥʥʫʶ ʮʝʥʪʨʘʣʴʥʫʶ [ʊʫʨʦʚʮʝʚ, 

2002] (ʨʠʩ. 2.2). 
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ʈʠʩʫʥʦʢ 2.1 ʉʭʝʤʘʪʠʯʝʩʢʘʷ ʢʘʨʪʘ, ʠʣʣʶʩʪʨʠʨʫʶʱʘʷ ʨʘʩʧʦʣʦʞʝʥʠʝ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠ 

ʊʘʣʥʘʭʩʢʦʡ ʠʥʪʨʫʟʠʡ ʠ ʧʦʜʟʝʤʥʳʝ ʨʫʜʥʠʢʠ. ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ [Malitch et al., 2020]. 

 

ʈʘʩʩʣʦʝʥʥʘʷ ʩʝʨʠʷ ʧʦʨʦʜ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʘʥʘʣʦʛʠʯʥʘ ʨʘʩʩʣʦʝʥʥʦʡ ʩʝʨʠʠ 

ʧʦʨʦʜ ʜʨʫʛʠʭ ʨʫʜʦʥʦʩʥʳʭ ʠʥʪʨʫʟʠʚʦʚ. ɺ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʩʚʝʨʭʫ ʚʥʠʟ ʚʳʜʝʣʷʶʪʩʷ 

ʩʣʝʜʫʶʱʠʝ ʩʝʨʠʠ ʧʦʨʦʜ: ʚʝʨʭʥʷʷ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʘʷ ʩʝʨʠʷ, ʦʩʥʦʚʥʘʷ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʘʷ ʩʝʨʠʷ, ʥʠʞʥʷʷ ʛʘʙʙʨʦʚʘʷ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʘʷ ʩʝʨʠʷ. ʅʠʞʝ 

ʦʧʠʩʘʥʠʝ ʩʝʨʠʡ ʜʘʝʪʩʷ ʧʦ [ʊʫʨʦʚʮʝʚ, 2002]. 

 



26 
 

 

ʈʠʩʫʥʦʢ 2.2 ɻʝʦʣʦʛʠʯʝʩʢʠʡ ʨʘʟʨʝʟ ʊʘʣʥʘʭʩʢʦʛʦ ʨʫʜʥʦʛʦ ʫʟʣʘ. ɿʘʠʤʩʪʚʦʚʘʥʦ ʠʟ 

ʨʘʙʦʪʳ [Malitch et al., 2020]. 

 

ɺʝʨʭʥʷʷ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʘʷ ʩʝʨʠʷ ʩʣʦʞʝʥʘ ʢʦʥʪʘʢʪʦʚʳʤʠ ʤʠʢʨʦʜʦʣʝʨʠʪʘʤʠ, 

ʜʦʣʝʨʠʪʘʤʠ, ʛʘʙʙʨʦʜʦʣʝʨʠʪʘʤʠ, ʛʘʙʙʨʦʥʦʨʠʪʘʤʠ, ʣʝʡʢʦʢʨʘʪʦʚʳʤʠ ʛʘʙʙʨʦ, ʪʘʢʩʠʪʦʚʳʤʠ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʘʤʠ, ʛʠʙʨʠʜʥʦ-ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʤʠ ʣʝʡʢʦ- ʠ ʤʝʣʘʥʦʢʨʘʪʦʚʳʤʠ ʧʦʨʦʜʘʤʠ, 

ʛʘʙʙʨʦ-ʜʠʦʨʠʪʘʤʠ, ʧʝʛʤʘʪʦʠʜʥʳʤʠ ʠ ʧʨʠʟʤʘʪʠʯʝʩʢʠ ʟʝʨʥʠʩʪʳʤʠ ʘʤʬʠʙʦʣʠʟʠʨʦʚʘʥʥʳʤʠ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʘʤʠ. ʂʦʥʪʘʢʪʦʚʳʝ ʛʘʙʙʨʦʜʦʣʝʨʠʪʳ ʠ ʤʠʢʨʦʜʦʣʝʨʠʪʳ ʢʨʘʝʚʦʡ ʟʦʥʳ 

ʠʥʪʨʫʟʠʚʘ ʠʤʝʶʪ ʥʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʥʘ ʬʣʘʥʛʘʭ. ɺ ʧʦʣʥʦʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ 

ʨʘʟʨʝʟʘʭ ʦʥʠ ʤʦʛʫʪ ʦʪʩʫʪʩʪʚʦʚʘʪʴ. ʀʭ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʛʠʙʨʠʜʥʦ-ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʝ ʣʝʡʢʦ- 

ʠʣʠ ʤʝʣʘʥʦʢʨʘʪʦʚʳʝ ʧʦʨʦʜʳ, ʠʣʠ ʧʨʦʠʩʭʦʜʠʪ ʟʘʤʝʱʝʥʠʝ ʢʨʘʝʚʳʭ ʤʠʢʨʦʜʦʣʝʨʠʪʦʚ 

ʘʧʦʜʦʣʝʨʠʪʦʚʳʤʠ ʩʢʘʨʥʦʠʜʘʤʠ. ʅʘ ʬʣʘʥʛʘʭ ʠʥʪʨʫʟʠʚʘ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʪʥʦʝ ï ʛʠʙʨʠʜʥʦ-

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʝ ʧʦʨʦʜʳ ʨʘʟʚʠʪʳ ʦʛʨʘʥʠʯʝʥʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʝʛʦ ʢʨʘʝʚʳʭ ʬʘʮʠʡ. 

ʊʘʢʩʠʪʦʚʳʝ ʣʝʡʢʦʛʘʙʙʨʦʠʜʳ ʚ ʚʝʨʭʥʝʤ ʵʥʜʦʢʦʥʪʘʢʪʝ ʍʘʨʘʝʣʘʭʩʢʦʛʦ ʠʥʪʨʫʟʠʚʘ ʨʘʟʚʠʪʳ 
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ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʧʨʝʨʳʚʥʦ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʡ ʧʣʦʱʘʜʠ, ʠ ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ 

ʩʘʤʦʩʪʦʷʪʝʣʴʥʳʝ ʜʠʬʬʝʨʝʥʮʠʘʪʳ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ ʪʘʢʩʠʪʦʚʳʭ ʣʝʡʢʦʛʘʙʙʨʦ ï 32-

37 ʤ ʩʚʷʟʘʥʘ ʩ ʬʨʦʥʪʘʣʴʥʳʤʠ ʯʘʩʪʷʤʠ ʇʨʠʨʘʟʣʦʤʥʦʡ ʠ ʉʝʚʝʨʦ-ʟʘʧʘʜʥʦʡ ʚʝʪʚʷʤʠ 

ʠʥʪʨʫʟʠʚʘ, ʠʭ ʦʩʝʚʳʤʠ ʟʦʥʘʤʠ ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʤʦʱʥʦʩʪʠ ʠʥʪʨʫʟʠʚʘ. 

ʇʝʛʤʘʪʦʠʜʥʳʝ ʠ ʧʨʠʟʤʘʪʠʯʝʩʢʠ-ʟʝʨʥʠʩʪʳʝ ʙʝʟʦʣʠʚʠʥʦʚʳʝ ʠ ʢʚʘʨʮʩʦʜʝʨʞʘʱʠʝ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʳ ʠʤʝʶʪ ʥʝʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʚʝʨʭʥʝʤ ʵʥʜʦʢʦʥʪʘʢʪʝ 

ʠʥʪʨʫʟʠʚʘ. ɺ ʨʘʙʦʪʝ [Burgess, Bowring, 2015] ʮʠʨʢʦʥ ʜʣʷ ID-CA-TIMS U-Pb ʜʘʪʠʨʦʚʘʥʠʷ, 

ʧʦ ʢʦʪʦʨʦʤʫ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʚʦʟʨʘʩʪ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ 252.71 Ñ 0.16 ʤʣʥ ʣʝʪ, 

ʚʳʜʝʣʷʣʩʷ ʢʘʢ ʨʘʟ ʠʟ ʪʘʢʠʭ ʧʦʨʦʜ.  

ʆʩʥʦʚʥʘʷ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʘʷ ʩʝʨʠʷ ʩʣʦʞʝʥʘ ʙʝʟʦʣʠʚʠʥʦʚʳʤʠ, 

ʦʣʠʚʠʥʩʦʜʝʨʞʘʱʠʤʠ, ʦʣʠʚʠʥʦʚʳʤʠ, ʙʠʦʪʠʪ-ʦʣʠʚʠʥʦʚʳʤʠ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘʤʠ, ʧʠʢʨʠʪʘʤʠ 

ʩʦ ʰʣʠʨʘʤʠ ʪʨʦʢʪʦʣʠʪʦʚ, ʧʣʘʛʠʦʧʝʨʠʜʦʪʠʪʦʚ, ʧʣʘʛʠʦʦʣʠʚʠʥʠʪʦʚ. ɼʘʥʥʘʷ ʩʝʨʠʷ ʧʦʨʦʜ 

ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʚʳʜʝʨʞʘʥʥʦʡ ʥʘ ʧʣʦʱʘʜʠ ʍʘʨʘʝʣʘʭʩʢʦʛʦ ʠʥʪʨʫʟʠʚʘ. ɹʝʟʦʣʠʚʠʥʦʚʳʝ, 

ʦʣʠʚʠʥʩʦʜʝʨʞʘʱʠʝ, ʦʣʠʚʠʥʦʚʳʝ ʠ ʦʣʠʚʠʥ-ʙʠʦʪʠʪʦʚʳʝ ʛʘʙʙʨʦʜʦʣʝʨʠʪʳ ʩʣʘʛʘʶʪ ʦʪ 40 ʜʦ 

90 % ʨʘʟʨʝʟʘ ʠʥʪʨʫʟʠʚʘ. ʇʨʠ ʵʪʦʤ ʥʘ ʬʣʘʥʛʘʭ ʠʥʪʨʫʟʠʚ ʯʘʩʪʦ ʩʣʦʞʝʥ ʪʦʣʴʢʦ ʵʪʠʤʠ 

ʧʦʨʦʜʘʤʠ. ʄʦʱʥʦʩʪʴ ʧʦʨʦʜ ʦʩʥʦʚʥʦʡ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʦʡ ʩʝʨʠʠ (ʙʝʟ ʧʠʢʨʠʪʦʚ) ʠʤʝʝʪ 

ʩʠʣʴʥʫʶ ʧʨʷʤʫʶ ʢʦʨʨʝʣʷʮʠʦʥʥʫʶ ʩʚʷʟʴ ʩ ʤʦʱʥʦʩʪʴʶ ʠʥʪʨʫʟʠʚʘ. ʇʝʨʝʯʠʩʣʝʥʥʳʝ 

ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʛʘʙʙʨʦʜʦʣʝʨʠʪʦʚ ʠʤʝʶʪ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʦʦʙʲʝʤʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʚ 

ʨʘʟʨʝʟʝ. ʀʩʢʣʶʯʝʥʠʝ ʩʦʩʪʘʚʣʷʶʪ ʦʣʠʚʠʥ-ʙʠʦʪʠʪʦʚʳʝ ʛʘʙʙʨʦʜʦʣʝʨʠʪʳ, ʨʘʟʚʠʪʳʝ 

ʦʛʨʘʥʠʯʝʥʦ, ʥʘ ʢʦʥʪʘʢʪʝ ʩ ʫʣʴʪʨʘʙʘʟʠʪʘʤʠ. ɺ ʥʘʧʨʘʚʣʝʥʠʠ ʢ ʬʣʘʥʛʘʤ ʚʩʣʝʜ ʟʘ ʚʳʧʘʜʝʥʠʝʤ 

ʠʟ ʨʘʟʨʝʟʘ ʫʣʴʪʨʘʙʘʟʠʪʦʚ ʠ ʪʘʢʩʠʪʦʚʳʭ ʛʘʙʙʨʦʜʦʣʝʨʠʪʦʚ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʘʷ 

ʩʤʝʥʘ ʨʘʟʥʦʚʠʜʥʦʩʪʝʡ ʛʘʙʙʨʦʜʦʣʝʨʠʪʦʚ, ʚʩʸ ʤʝʥʝʝ ʦʙʦʛʘʱʝʥʥʳʭ ʦʣʠʚʠʥʦʤ. 

ʋʣʴʪʨʘʙʘʟʠʪʦʚʳʡ ʛʦʨʠʟʦʥʪ ʦʩʥʦʚʥʦʡ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʦʡ ʩʝʨʠʠ ʩʣʦʞʝʥ 

ʧʠʢʨʠʪʘʤʠ, ʤʝʣʘʥʦʪʨʦʢʪʦʣʠʪʘʤʠ, ʧʣʘʛʠʦʧʝʨʝʜʦʪʠʪʘʤʠ ʠ ʧʣʘʛʠʦʦʣʠʚʠʥʠʪʘʤʠ, ʢʦʪʦʨʳʝ ʚ 

ʢʦʥʪʫʨʘʭ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥ ʧʦʚʩʝʤʝʩʪʥʦ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ 

ʵʪʦʛʦ ʛʦʨʠʟʦʥʪʘ ʩʦʩʪʘʚʣʷʝʪ 50-65 ʤ ʚʦ ʬʨʦʥʪʘʣʴʥʳʭ ʯʘʩʪʷʭ ʉʝʚʝʨʦ-ʟʘʧʘʜʥʦʡ ʠ 

ʇʨʠʨʘʟʣʦʤʥʦʡ ʚʝʪʚʝʡ. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʣʦʩʘ ʧʦʚʳʰʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʫʣʴʪʨʘʙʘʟʠʪʦʚ 
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ʧʨʦʪʷʛʠʚʘʝʪʩʷ ʚʜʦʣʴ ʩʝʚʝʨʥʦʡ ʛʨʘʥʠʮʳ ʉʝʚʝʨʦ-ʟʘʧʘʜʥʦʡ ʚʝʪʚʠ. ɺ ʧʨʝʜʝʣʘʭ ʵʪʦʡ ʧʦʣʦʩʳ 

ʜʦʣʷ ʧʠʢʨʠʪʦʚ ʚ ʨʘʟʨʝʟʝ ʠʥʪʨʫʟʠʚʘ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʘʷ (30 ï 60 %). ɺ ʮʝʣʦʤ ʭʘʨʘʢʪʝʨʥʘ 

ʘʩʠʤʤʝʪʨʠʷ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʤʦʱʥʦʩʪʝʡ ʫʣʴʪʨʘʙʘʟʠʪʦʚ ʥʘ ʧʣʦʱʘʜʠ ʍʘʨʘʝʣʘʭʩʢʦʛʦ 

ʠʥʪʨʫʟʠʚʘ. ʆʥʘ ʚʳʨʘʞʘʝʪʩʷ ʚ ʫʚʝʣʠʯʝʥʠʠ ʠʭ ʤʦʱʥʦʩʪʠ ʚʜʦʣʴ ʩʝʚʝʨʥʦʡ ʛʨʘʥʠʮʳ ʉʝʚʝʨʦ-

ʟʘʧʘʜʥʦʡ ʚʝʪʚʠ ʠ ʚ ʝʸ ʫʤʝʥʴʰʝʥʠʠ ʚ ʧʨʝʜʝʣʘʭ ʇʨʠʨʘʟʣʦʤʥʦʡ ʚʝʪʚʠ. ʆʜʥʘ ʠʟ ʪʦʯʝʢ ʟʨʝʥʠʷ 

ʛʣʘʩʠʪ, ʯʪʦ ʧʠʢʨʠʪʳ, ʪʘʢʩʠʪʦʚʳʝ ʛʘʙʙʨʦʜʦʣʝʨʠʪʳ ʠ ʣʝʡʢʦʛʘʙʙʨʦʠʜʳ ʥʝ ʷʚʣʷʶʪʩʷ 

ʧʨʦʜʫʢʪʘʤʠ ʚʥʫʪʨʠʢʘʤʝʨʥʦʡ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ, ʘ ʬʦʨʤʠʨʫʶʪʩʷ ʧʦʟʞʝ ʧʦʨʦʜ ʦʩʥʦʚʥʦʡ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʦʡ ʩʝʨʠʠ, ʧʨʝʜʩʪʘʚʣʷʷ ʩʦʙʦʡ ʩʫʙʬʘʟʫ ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʨʘʩʧʣʘʚʘ 

[ʊʫʨʦʚʮʝʚ, 2002]. ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʝʪ ʠ ʘʣʴʪʝʨʥʘʪʠʚʥʘʷ ʛʠʧʦʪʝʟʘ, ʛʣʘʩʷʱʘʷ, ʯʪʦ ʧʠʢʨʠʪʳ 

ʦʙʨʘʟʦʚʘʣʠʩʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʥʫʪʨʠʢʘʤʝʨʥʦʡ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʝʜʠʥʦʡ ʧʦʨʮʠʠ 

ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʨʘʩʧʣʘʚʘ [(ʩʤ. ʩʩʳʣʢʠ ʚ ʨʘʙʦʪʝ [Krivolutskaya, 2016])]. ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ 

ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ ʧʨʠʫʨʦʯʝʥʘ ʢ ʜʘʥʥʦʡ ʩʝʨʠʠ ʧʦʨʦʜ.  

ʅʠʞʥʷʷ ʛʘʙʙʨʦʚʘʷ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʘʷ ʩʝʨʠʷ ʩʣʦʞʝʥʘ ʪʘʢʩʠʪʦʚʳʤʠ, 

ʦʣʠʚʠʥʦʚʳʤʠ, ʢʦʥʪʘʢʪʦʚʳʤʠ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘʤʠ, ʛʠʙʨʠʜʥʦ-ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʤʠ ʧʦʨʦʜʘʤʠ, 

ʢʦʥʪʘʤʠʥʠʨʦʚʘʥʥʳʤʠ ʛʘʙʙʨʦʥʦʨʠʪʘʤʠ, ʥʦʨʠʪʘʤʠ, ʢʦʨʜʠʝʨʠʪʦʚʳʤʠ ʥʦʨʠʪʘʤʠ, 

ʛʠʧʝʨʩʪʝʥʦʚʳʤʠ ʥʦʨʠʪʘʤʠ. ʆʥʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʘ ʧʦ ʚʩʝʡ ʧʣʦʱʘʜʠ ʍʘʨʘʝʣʘʭʩʢʦʛʦ 

ʠʥʪʨʫʟʠʚʘ ʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʦʨʦʜʘʤʠ ʧʝʩʪʨʦʛʦ ʩʦʩʪʘʚʘ. ʊʘʢʩʠʪʦʚʳʝ ʛʘʙʙʨʦʜʦʣʝʨʠʪʳ 

ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʭʘʨʘʢʪʝʨʥʳʤʠ ʧʦʨʦʜʘʤʠ. ʆʥʠ ʟʘʣʝʛʘʶʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʠʞʝ 

ʧʠʢʨʠʪʦʚ, ʠʤʝʷ ʩ ʥʠʤʠ ʯʝʪʢʠʝ ʛʨʘʥʠʮʳ, ʠʥʦʛʜʘ ʚʢʣʶʯʘʶʪ ʙʣʦʢʠ ʧʠʢʨʠʪʦʚ ʣʠʙʦ ʦʙʨʘʟʫʶʪ 

ʰʪʦʢʚʝʨʢʦʚʫʶ ʩʠʩʪʝʤʫ ʞʠʣʴʥʳʭ ʣʝʡʢʦʢʨʘʪʦʚʳʭ ʧʦʨʦʜ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʚʦʝʦʙʨʘʟʥʦʡ 

ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʙʨʝʢʯʠʠ ʢʘʢ ʨʝʟʫʣʴʪʘʪ ʧʨʦʮʝʩʩʘ çʪʘʢʩʠʪʠʟʘʮʠʠè ʧʠʢʨʠʪʦʚ [ʈʷʙʦʚ, 1969]. 

ʂʦʥʪʘʢʪʦʚʳʝ ʛʘʙʙʨʦʜʦʣʝʨʠʪʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʪʘʢʞʝ ʧʦ ʚʩʝʤʫ ʥʠʞʥʝʤʫ ʢʦʥʪʫʨʫ 

ʠʥʪʨʫʟʠʚʘ, ʩʤʝʥʷʷ ʪʘʢʩʠʪʦʚʳʝ ʛʘʙʙʨʦʜʦʣʝʨʠʪʳ ʝʛʦ ʚ ʨʘʟʨʝʟʝ. ʅʦ ʥʘ ʢʦʥʪʘʢʪʘʭ ʠʥʪʨʫʟʠʚʘ ʩ 

ʘʨʛʠʣʣʠʪʘʤʠ ʨʘʟʚʝʜʦʯʥʠʥʩʢʦʡ ʩʚʠʪʳ, ʦʩʦʙʝʥʥʦ ʚʦ ʬʨʦʥʪʘʣʴʥʳʭ ʝʛʦ ʯʘʩʪʷʭ, ʢʦʥʪʘʢʪʦʚʳʝ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʳ ʚʳʪʝʩʥʷʶʪʩʷ ʛʠʙʨʠʜʥʳʤʠ ʢʦʥʪʘʤʠʥʠʨʦʚʘʥʥʳʤʠ ʛʘʙʙʨʦʥʦʨʠʪʘʤʠ, 

ʥʦʨʠʪʘʤʠ ʠ ʢʦʨʜʠʝʨʠʪʦʚʳʤʠ ʥʦʨʠʪʘʤʠ ʩ ʢʩʝʥʦʣʠʪʘʤʠ ʘʧʦʘʨʛʠʣʣʠʪʦʚʳʭ ʢʦʨʜʠʝʨʠʪ-
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ʦʨʪʦʢʣʘʟ-ʛʠʧʝʨʩʪʝʥ-ʙʠʦʪʠʪ-ʧʣʘʛʠʦʢʣʘʟʦʚʳʭ ʨʦʛʦʚʠʢʦʚ ʠ ʙʠʦʪʠʪ-ʧʠʨʦʢʩʝʥ-

ʧʦʣʝʚʦʰʧʘʪʦʚʳʭ ʤʝʪʘʩʦʤʘʪʠʪʦʚ. 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʜʠʬʬʝʨʝʥʮʠʘʪʦʚ ʚʳʜʝʨʞʠʚʘʝʪʩʷ ʥʘ ʧʨʝʦʙʣʘʜʘʶʱʝʡ ʯʘʩʪʠ 

ʧʣʦʱʘʜʠ ʠʥʪʨʫʟʠʚʘ. ɽʸ ʥʘʨʫʰʝʥʠʝ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʥʘ ʬʣʘʥʛʘʭ ʠ ʚʦ ʬʨʦʥʪʘʣʴʥʳʭ ʯʘʩʪʷʭ 

ʠʥʪʨʫʟʠʚʘ. ɿʜʝʩʴ ʧʨʦʠʩʭʦʜʠʪ ʚʳʧʘʜʝʥʠʝ ʦʪʜʝʣʴʥʳʭ ʛʦʨʠʟʦʥʪʦʚ ʧʦʨʦʜ, ʧʨʝʞʜʝ ʚʩʝʛʦ 

ʪʘʢʩʠʪʦʚʳʭ ʛʘʙʙʨʦʜʦʣʝʨʠʪʦʚ ʠ ʧʠʢʨʠʪʦʚ [ʊʫʨʦʚʮʝʚ, 2002]. 

 

2.2. ʄʝʪʘʤʦʨʬʠʯʝʩʢʠʝ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʝ ʧʦʨʦʜʳ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

 

ʅʘ ʆʢʪʷʙʨʴʩʢʦʤ ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʰʠʨʦʢʦ ʨʘʟʚʠʪʳ ʧʨʦʮʝʩʩʳ ʤʝʪʘʩʦʤʘʪʦʟʘ 

ʚʤʝʱʘʶʱʠʭ ʜʝʚʦʥʩʢʠʭ ʧʦʨʦʜ. ʆʥ ʚʳʨʘʞʘʝʪʩʷ ʚ ʨʘʟʚʠʪʠʠ ʢʦʤʧʣʝʢʩʘ ʤʘʛʥʝʟʠʘʣʴʥʳʭ ʠ 

ʢʘʨʙʦʥʘʪʥʳʭ ʩʢʘʨʥʦʚ, ʨʦʛʦʚʠʢʦʚ, ʱʝʣʦʯʥʳʭ ʤʝʪʘʩʦʤʘʪʠʪʦʚ. ʀʩʩʣʝʜʦʚʘʥʠʶ ʚʤʝʱʘʶʱʠʭ 

ʧʦʨʦʜ ʠ ʠʭ ʠʟʤʝʥʝʥʠʶ ʚ ʅʦʨʠʣʴʩʢʦʤ ʨʝʛʠʦʥʝ ʙʳʣʦ ʧʦʩʚʷʱʝʥʦ ʤʥʦʞʝʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ 

[ɿʦʣʦʪʫʭʠʥ, ɺʘʩʠʣʴʝʚ, 1964; ɿʦʣʦʪʫʭʠʥ, ʈʷʙʦʚ, 1972; ʈʷʙʦʚ, 1975; ʊʫʨʦʚʮʝʚ ʠ ʜʨ., 2002; 

ʖʜʠʥʘ, 1965, 1968]. ʇʦʩʣʝʜʥʷʷ ʢʨʫʧʥʘʷ ʦʙʦʙʱʘʶʱʘʷ ʨʘʙʦʪʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ 

ʊʫʨʦʚʮʝʚʳʤ ɼ.ʄ. [ʊʫʨʦʚʮʝʚ, 2002]. ʅʠʞʝ ʦʧʠʩʘʥʠʝ ʢʦʥʪʘʢʪʦʚʳʭ ʠʟʤʝʥʝʥʠʡ 

ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʟʘʠʤʩʪʚʦʚʘʥʦ ʠʟ ʜʘʥʥʦʡ ʤʦʥʦʛʨʘʬʠʠ. 

ʆʨʝʦʣʳ ʠʟʤʝʥʝʥʠʷ ʧʦʨʦʜ ʥʘ ʆʢʪʷʙʨʴʩʢʦʤ ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʠʤʝʶʪ ʩʣʦʞʥʦʝ ʩʪʨʦʝʥʠʝ 

ʠ ̫ʚʣʷʶʪʩʷ ʟʦʥʘʣʴʥʴʤʠ ʧʦʣʠʬʘʮʠʘʣʴʥʳʤʠ ʩʫʱʝʩʪʚʝʥʥʦ ʧʠʨʦʢʩʝʥʦʚʳʤʠ ʢʦʥʪʘʢʪʦʚʦ-

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʤʠ ʢʦʤʧʣʝʢʩʘʤʠ. ɿʦʥʘʣʴʥʦʩʪʴ ʚ ʥʠʭ ʧʨʦʷʚʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʧʦ ʥʦʨʤʘʣʠ ʢ 

ʠʥʪʨʫʟʠʚʥʳʤ ʢʦʥʪʘʢʪʘʤ, ʥʦ ʠ ʧʦ ʣʘʪʝʨʘʣʠ. ɺ ʦʨʝʦʣʘʭ ʨʝʟʢʦ ʧʨʝʦʙʣʘʜʘʶʪ ʦʙʨʘʟʦʚʘʥʠʷ 

ʧʠʨʦʢʩʝʥ-ʨʦʛʦʚʠʢʦʚʦʡ ʬʘʮʠʠ (ʤʝʣʠʣʠʪ-ʤʦʥʪʠʯʝʣʣʠʪʦʚʘʷ ʠ ʛʨʦʩʩʫʣʷʨʦʚʘʷ ʩʫʙʬʘʮʠʠ). 

ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʢʦʥʪʘʢʪʘʭ ʧʨʠʩʫʪʩʪʚʫʶʪ ʨʦʛʦʚʠʢʠ ʠ ʤʨʘʤʦʨʳ ʩʧʫʨʨʠʪ-ʤʝʨʚʠʥʠʪʦʚʦʡ 

ʬʘʮʠʠ (ʫʩʪʘʥʦʚʣʝʥʳ ʪʠʧʦʤʦʨʬʥʳʝ ʤʠʥʝʨʘʣʳ: ʩʘʥʠʜʠʥ, ʪʨʠʜʠʤʠʪ, ʤʫʣʣʠʪ, ʩʧʫʨʨʠʪ, 

ʤʝʨʚʠʥʠʪ). ɻʘʙʙʨʦʜʦʣʝʨʠʪʳ ʥʘ ʢʦʥʪʘʢʪʘʭ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ ʜʚʫʧʠʨʦʢʩʝʥ-ʧʣʘʛʠʦʢʣʘʟʦʚʳʝ 

ʨʦʛʦʚʠʢʠ. ʄʦʱʥʦʩʪʴ ʟʦʥ ʦʨʦʛʦʚʠʢʦʚʘʥʠʷ ʜʦʩʪʠʛʘʝʪ 200 ï 250 ʤ, ʪʦ ʝʩʪʴ ʧʨʝʚʳʰʘʝʪ 

ʤʦʱʥʦʩʪʴ ʠʥʪʨʫʟʠʚʘ.  
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ʊʘʢʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ ʚ ʦʨʝʦʣʝ 

ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʧʦʜʯʠʥʝʥʦ ʩʦʩʪʘʚʫ ʧʦʨʦʜ ʚʤʝʱʘʶʱʠʭ ʪʦʣʱ. ɺʳʜʝʣʷʶʪ ʜʚʘ 

ʣʠʪʦʣʦʛʦ-ʭʠʤʠʯʝʩʢʠʭ ʪʠʧʘ ʚʤʝʱʘʶʱʠʭ ʪʦʣʱ. ʉʫʱʝʩʪʚʝʥʥʦ ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʝ 

ʘʨʛʠʣʣʠʪʦʚʳʝ ʦʪʣʦʞʝʥʠʷ ʨʘʟʚʝʜʦʯʥʠʥʩʢʦʡ ʠ ʢʫʨʝʡʩʢʦʡ ʩʚʠʪ (D2rz ʠ D1kr) ʠ ʛʘʣʦʛʝʥʥʦ-

ʢʘʨʙʦʥʘʪʥʦ-ʤʝʨʛʝʣʝʚʳʝ ʦʪʣʦʞʝʥʠʷ ʤʘʥʪʫʨʦʚʩʢʦʡ ʩʚʠʪʳ (D2mt). ʕʪʠ ʪʦʣʱʠ ʦʪʣʠʯʥʳ ʧʦ 

ʩʪʨʫʢʪʫʨʥʦ-ʪʝʢʩʪʫʨʥʳʤ ʦʩʦʙʝʥʥʦʩʪʷʤ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ. ʈʘʟʚʝʜʦʯʥʠʥʩʢʘʷ 

ʠ ʢʫʨʝʡʩʢʘʷ ʩʚʠʪʳ ʩʣʦʞʝʥʳ ʦʜʥʦʨʦʜʥʦʡ ʪʦʣʱʝʡ ʛʨʫʙʦ- ʠ ʪʦʥʢʦʩʣʦʠʩʪʳʭ, ʠʥʦʛʜʘ 

ʣʠʩʪʦʚʘʪʳʭ ʘʨʛʠʣʣʠʪʦʚ ʩ ʨʝʜʢʠʤʠ ʧʨʦʩʣʦʷʤʠ ʧʝʩʯʘʥʠʢʦʚ, ʛʨʘʚʝʣʠʪʦʚ ʩ ʬʦʩʬʦʨʠʪʦʚʳʤʠ 

ʢʦʥʢʨʝʮʠʷʤʠ, ʜʦʣʦʤʠʪʦʚʳʭ ʤʝʨʛʝʣʝʡ ʠ ʠʟʚʝʩʪʥʷʢʦʚ. ʄʘʥʪʫʨʦʚʩʢʘʷ ʩʚʠʪʘ ʦʙʨʘʟʦʚʘʥʘ 

ʙʦʣʝʝ ʪʦʥʢʠʤ ʧʝʨʝʩʣʘʠʚʘʥʠʝʤ ʤʝʨʛʝʣʝʡ ʠ ʜʦʣʦʤʠʪʦʚ ʩ ʘʥʛʠʜʨʠʪʦʤ, ʛʠʧʩʦʤ, ʛʘʣʠʪʦʤ ʚ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʳʭ ʦʙʲʝʤʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ [ʊʫʨʦʚʮʝʚ, 2002]. ʇʦʨʦʜʳ ʨʘʟʣʠʯʥʳ ʧʦ 

ʧʣʘʩʪʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ, ʯʪʦ ʦʧʨʝʜʝʣʷʝʪ ʦʩʥʦʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ 

ʍʘʨʘʝʣʘʭʩʢʦʛʦ ʠʥʪʨʫʟʠʚʘ. ʀʥʪʨʫʟʠʚ ʥʘ 75% ʩʚʦʝʡ ʧʣʦʱʘʜʠ ʟʘʣʝʛʘʝʪ ʩʨʝʜʠ ʦʪʣʦʞʝʥʠʡ 

ʨʘʟʚʝʜʦʯʥʠʥʩʢʦʡ ï ʢʫʨʝʡʩʢʦʡ ʩʚʠʪ [ʊʫʨʦʚʮʝʚ, 2002].  

ʆʩʦʙʝʥʥʦʩʪʴʶ ʦʨʝʦʣʘ ʍʘʨʘʝʣʘʭʩʢʦʛʦ ʠʥʪʨʫʟʠʚʘ ʷʚʣʷʝʪʩʷ ʰʠʨʦʢʦʝ ʨʘʟʚʠʪʠʝ, 

ʦʩʦʙʝʥʥʦ ʚʦ ʬʨʦʥʪʘʣʴʥʳʭ ʠ ʛʦʣʦʚʥʳʭ ʯʘʩʪʷʭ ʝʛʦ ʚʝʪʚʝʡ, ʤʝʪʘʩʦʤʘʪʠʪʦʚ 

ʧʦʩʪʤʘʛʤʘʪʠʯʝʩʢʦʡ ʩʪʘʜʠʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʯʝʪʢʦ ʚʳʨʘʞʝʥʥʦʡ ʟʦʥʘʣʴʥʦʩʪʴʶ ʠ 

ʭʦʨʦʰʦ ʨʘʟʚʠʪʳʤʠ ʟʦʥʘʤʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʢʦʣʦʥʦʢ [ʊʫʨʦʚʮʝʚ, 2002]. 

ɺʦʢʨʫʛ ʠʥʪʨʫʟʠʚʘ ʥʝʧʨʝʨʳʚʥʳʤ ʯʝʭʣʦʤ ʨʘʟʚʠʪʳ ʤʨʘʤʦʨʘ ʠ ʨʦʛʦʚʠʢʠ, ʢʦʪʦʨʳʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʳ ʧʨʦʮʝʩʩʘʤʠ ʩʢʘʨʥʠʨʦʚʘʥʠʷ ʠ ʙʦʣʝʝ ʧʦʟʜʥʠʤʠ ʩʨʝʜʥʝ- ʠ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ. ʆʜʥʘʢʦ ʙʦʣʴʰʫʶ ʯʘʩʪʴ ʦʙʲʸʤʘ ʧʦʨʦʜ ʦʨʝʦʣʘ 

ʩʦʩʪʘʚʣʷʶʪ ʦʙʨʘʟʦʚʘʥʠʷ ʧʠʨʦʢʩʝʥ-ʨʦʛʦʚʠʢʦʚʦʡ ʬʘʮʠʠ. 

ʐʠʨʦʢʦ ʨʘʟʚʠʪʳ ʠʟʚʝʩʪʢʦʚʳʝ, ʤʘʛʥʝʟʠʘʣʴʥʳʝ, ʘʧʦʨʦʛʦʚʠʢʦʚʳʝ ʠ ʘʧʦʜʦʣʝʨʠʪʦʚʳʝ 

ʩʢʘʨʥʳ. ʇʦʩʣʝʜʥʠʝ ʣʦʢʘʣʠʟʫʶʪʩʷ ʚʦ ʚʩʝʭ ʧʦʨʦʜʘʭ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʦʛʦ ʠʥʪʨʫʟʠʚʘ ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ ʧʠʢʨʠʪʦʚ. ʅʘʠʙʦʣʝʝ ʨʘʟʚʠʪʳ ʚ ʢʨʘʝʚʳʭ ʯʘʩʪʷʭ ʠʥʪʨʫʟʠʚʘ, ʘ ʪʘʢ ʞʝ ʧʦ 

ʘʧʦʬʠʟʘʤ. ʊʝʣʘ ʩʢʘʨʥʦʚ ʞʠʣʴʥʳʝ, ʛʥʝʟʜʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʝ, ʩ ʧʣʦʭʦ ʚʳʨʘʞʝʥʥʦʡ 
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ʟʦʥʘʣʴʥʦʩʪʴʶ. ɺʥʝʰʥʠʝ ʟʦʥʳ ʩʢʘʨʥʦʚ ʩʣʦʞʝʥʳ ʩʘʣʠʪʦʤ ʠ ʚʦʣʣʘʩʪʦʥʠʪʦʤ, ʚʥʫʪʨʝʥʥʠʝ ï 

ʛʨʘʥʘʪʦʤ, ʚʝʟʫʚʠʘʥʦʤ, ʧʨʝʥʠʪʦʤ-1, ʧʦʩʣʝʩʢʘʨʥʦʚʳʤʠ ʤʠʥʝʨʘʣʘʤʠ. 

ʌʦʨʤʘʮʠʷ ʧʦʩʣʝʩʢʘʨʥʦʚʳʭ ʤʝʪʘʩʦʤʘʪʠʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʦʩʥʦʚʥʦʤ 

ʩʝʨʧʝʥʪʠʥʦʚʳʤʠ ʠ ʛʠʜʨʦʛʨʘʥʘʪ-ʩʝʨʧʝʥʪʠʥʦʚʳʤʠ ʤʝʪʘʩʦʤʘʪʠʪʘʤʠ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ 

ʩʦʚʤʝʱʝʥʥʳʤʠ ʩ ʪʝʣʘʤʠ ʤʘʛʥʝʟʠʘʣʴʥʳʭ ʩʢʘʨʥʦʚ. ʃʦʢʘʣʴʥʦ ʨʘʟʚʠʪʳ ʬʦʨʤʘʮʠʠ ʛʠʙʨʠʜʥʦ-

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ ʠ ʱʝʣʦʯʥʳʝ ʤʝʪʘʩʦʤʘʪʠʪ.r 

 

2.3. ʊʠʧʳ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

 

ʆʙʱʝʡ ʯʝʨʪʦʡ ʚʩʝʭ PGE-Cu-Ni ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʥʦʨʠʣʴʩʢʦʡ ʛʨʫʧʧʳ, ʚ ʯʘʩʪʥʦʩʪʠ 

ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʷʚʣʷʝʪʩʷ ʩʦʯʝʪʘʥʠʝ ʫʥʠʢʘʣʴʥʳʭ ʧʨʠʟʥʘʢʦʚ, ʦʪʣʠʯʘʶʱʠʭ ʠʭ 

ʦʪ ʜʨʫʛʠʭ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʤʠʨʘ. ʇʝʨʚʳʡ - ʩʦʯʝʪʘʥʠʝ ʤʘʣʦʩʫʣʴʬʠʜʥʦʛʦ 

PGE ʦʨʫʜʝʥʝʥʠʷ ʠ ʙʦʛʘʪʳʭ PGE-Cu-Ni ʨʫʜ. ɺʪʦʨʦʡ - ʟʥʘʯʠʪʝʣʴʥʘʷ ʤʦʱʥʦʩʪʴ ʤʘʩʩʠʚʥʳʭ 

ʨʫʜ (ʜʦ 54 ʤʝʪʨʦʚ ʜʣʷ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ). ʊʨʝʪʠʡ - ʫʥʠʢʘʣʴʥʦʝ 

ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʨʫʜ. ɿʜʝʩʴ ʦʙʥʘʨʫʞʝʥʳ ʪʘʣʥʘʭʠʪ, ʧʫʪʦʨʘʥʠʪ, Ni ï 

ʧʫʪʦʨʘʥʠʪ ʠ ʤʦʡʭʫʢʠʪ ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ (ʩʤ. ʩʩʳʣʢʠ ʚ ʨʘʙʦʪʝ [Krivolutskaya, 2016]). 

ʂʘʢ ʫʞʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʆʢʪʷʙʨʴʩʢʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʍʘʨʘʝʣʘʭʩʢʦʡ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʦʡ ʠʥʪʨʫʟʠʝʡ. ɺ ʚʠʜʫ ʩʣʦʞʥʦʡ ʤʦʨʬʦʣʦʛʠʠ ʧʦʩʣʝʜʥʝʡ, ʵʪʦ 

ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʩʣʦʞʥʦʝ ʩʪʨʦʝʥʠʝ ʨʫʜʥʳʭ ʪʝʣ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʤʠʥʝʨʘʣʴʥʦʛʦ 

ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʥʦ-ʪʝʢʩʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚʳʜʝʣʷʶʪʩʷ ʦʩʥʦʚʥʳʝ ʪʠʧʳ ʩʫʣʴʬʠʜʥʳʭ 

ʨʫʜ: ʚʢʨʘʧʣʝʥʥʳʝ ʨʫʜʳ, ʟʘʣʝʛʘʶʱʠʝ ʚ ʠʥʪʨʫʟʠʚʥʳʭ ʧʦʨʦʜʘʭ, ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʝ 

(çʤʝʜʠʩʪʳʝè) ʨʫʜʳ ï ʚʦ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜʘʭ ʢʨʦʚʣʠ ʠ ʬʨʦʥʪʘʣʴʥʦʡ ʯʘʩʪʠ ʠʥʪʨʫʟʠʠ ʠ 

ʤʘʩʩʠʚʥʳʝ ʨʫʜʳ ï ʚ ʦʩʥʦʚʘʥʠʠ ʠʥʪʨʫʟʠʠ ʠʣʠ ʚʦ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜʘʭ ʧʦʜ ʥʝʶ [ʊʫʨʦʚʮʝʚ, 

2002; Sluzhenikin et al, 2014]. 

ɺʢʨʘʧʣʝʥʥʳʝ ʨʫʜʳ ʧʨʠʫʨʦʯʝʥʳ ʢ ʛʦʨʠʟʦʥʪʘʤ, ʩʣʦʞʝʥʥʳʤ ʧʠʢʨʠʪʦʚʳʤʠ, 

ʪʘʢʩʠʪʦʚʳʤʠ ʠ ʨʝʞʝ ʢʦʥʪʘʢʪʦʚʳʤʠ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘʤʠ, ʠ ʚ ʮʝʣʦʤ ʩʦʚʧʘʜʘʶʪ ʩ ʢʦʥʪʫʨʘʤʠ 

ʧʦʩʣʝʜʥʠʭ. ɺʢʨʘʧʣʝʥʥʳʝ ʨʫʜʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʪʘʙʠʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ Cu ʠ Ni (~1.5 ʤʘʩ. 
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%, Cu:Ni=2:1) ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ S ~ 2 ï 3.7 ʤʘʩ. % [Sluzhenikin et al, 2014]. ɺ ʧʠʢʨʠʪʦʚʳʭ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʘʭ ʩʫʣʴʬʠʜʳ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʚʠʜʝ ʤʝʣʢʠʭ (ʤʝʥʝʝ 2 ʤʤ ʚ ʜʠʘʤʝʪʨʝ) ʠ ʢʨʫʧʥʳʭ 

(2-3 ʩʤ) ʦʙʦʩʦʙʣʝʥʠʡ, ʯʘʩʪʦ ʩʣʦʠʩʪʳʭ: ʚʝʨʭʥʷʷ ʯʘʩʪʴ ʪʘʢʠʭ ʦʙʦʩʦʙʣʝʥʠʡ ʩʣʦʞʝʥʘ 

ʭʘʣʴʢʦʧʠʨʠʪʦʤ, ʥʠʞʥʷʷ ï ʧʠʨʨʦʪʠʥʦʤ. ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʩʫʣʴʬʠʜʥʦʡ ʚʢʨʘʧʣʝʥʥʦʩʪʠ 

ʚ ʧʠʢʨʠʪʦʚʳʭ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘʭ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʘʚʪʦʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʤʠʥʝʨʘʣʦʚ, 

ʚʦʟʥʠʢʘʶʱʠʭ ʥʘ ʛʨʘʥʠʮʝ ʩʫʣʴʬʠʜʥʦʛʦ ʠ ʩʠʣʠʢʘʪʥʦʛʦ ʨʘʩʧʣʘʚʦʚ. ʆʥʠ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʙʠʦʪʠʪʦʤ, ʨʦʛʦʚʦʡ ʦʙʤʘʥʢʦʡ, ʢʣʠʥʦʧʠʨʦʢʩʝʥʦʤ, ʘʧʘʪʠʪʦʤ, ʘʥʛʠʜʨʠʪʦʤ [ʊʫʨʦʚʮʝʚ, 2002]. 

ɺ ʪʘʢʩʠʪʦʚʳʭ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘʭ, ʥʘʧʨʦʪʠʚ, ʧʨʝʦʙʣʘʜʘʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʫʧʥʳʝ (1-3 ʩʤ) 

ʢʩʝʥʦʤʦʨʬʥʳʝ ʚʳʜʝʣʝʥʠʷ ʩʫʣʴʬʠʜʦʚ.  

ʄʘʩʩʠʚʥʳʝ ʨʫʜʳ ï ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʡ ʪʠʧ ʨʫʜʥʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʥʘ 

ʤʝʩʪʦʨʦʞʜʝʥʠʠ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʤʘʩʩʠʚʥʳʝ ʨʫʜʳ ʣʦʢʘʣʠʟʦʚʘʥʳ ʚʦ ʚʤʝʱʘʶʱʠʭ 

ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜʘʭ, ʥʘ ʢʦʥʪʘʢʪʝ ʩ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝʡ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʦʨʦʜ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ. ʊʠʧʠʯʥʳ ʧʣʘʩʪʦʚʠʜʥʳʝ ʠ ʣʠʥʟʦʚʠʜʥʳʝ 

ʨʫʜʥʳʝ ʪʝʣʘ, ʨʝʞʝ ʤʘʩʩʠʚʥʘʷ ʨʫʜʘ ʣʦʢʘʣʠʟʫʝʪʩʷ ʚʥʫʪʨʠ ʨʘʩʩʣʦʝʥʥʦʡ ʩʝʨʠʠ ʧʦʨʦʜ ʚ ʚʠʜʝ 

ʞʠʣ, ʧʨʦʞʠʣʢʦʚ, ʧʨʠ ʵʪʦʤ ʦʪʤʝʯʘʝʪʩʷ ʨʝʘʢʮʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʚʤʝʱʘʶʱʠʝ 

ʧʦʨʦʜʳ ʠʥʪʨʫʟʠʠ [Sluzhenikin et al, 2014]. 

ʇʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʝ ʨʫʜʳ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʠ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜʘʭ ʥʘ ʢʦʥʪʘʢʪʘʭ ʩ ʨʫʜʦʥʦʩʥʳʤʠ ʠʥʪʨʫʟʠʷʤʠ, ʦʙʨʘʟʫʶʪ ʚʥʝʰʥʠʝ 

ʦʨʝʦʣʳ ʚʦʢʨʫʛ ʤʘʩʩʠʚʥʳʭ ʨʫʜʥʳʭ ʟʘʣʝʞʝʡ. ʀʭ ʤʦʱʥʦʩʪʴ ʦʙʳʯʥʦ ʥʝ ʧʨʝʚʳʰʘʝʪ 2-3 ʤ, 

ʨʝʜʢʦ 10 ʤ. ʈʘʟʣʠʯʥʳʡ ʩʦʩʪʘʚ ʚʤʝʱʘʶʱʠʭ ʪʦʣʱ ʠ ʨʘʟʣʠʯʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʩʫʣʴʬʠʜʦʚ 

ʧʨʠʚʦʜʠʪ ʢ ʚʘʨʠʘʮʠʷʤ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ. ʊʘʢ ʥʝʨʫʜʥʘʷ 

ʯʘʩʪʴ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʡ ʨʫʜ ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʨʦʛʦʚʠʢʘʤʠ, ʙʨʫʩʠʪʦʚʳʤʠ 

ʤʨʘʤʦʨʘʤʠ, ʩʢʘʨʥʘʤʠ, ʦʬʠʢʘʣʴʮʠʪʦʤ, ʢʘʣʴʮʠʬʠʨʘʤʠ, ʱʝʣʦʯʥʦʧʦʣʝʚʦʰʧʘʪʦʚʳʤʠ 

ʧʦʨʦʜʘʤʠ, ʠʟʤʝʥʝʥʥʳʤʠ ʜʦʣʝʨʠʪʘʤʠ, ʪʫʬʘʤʠ, ʙʘʟʘʣʴʪʘʤʠ ʠ ʜʨ. ʌʦʨʤʘ ʨʫʜʥʳʭ ʪʝʣ 

ʥʝʧʨʘʚʠʣʴʥʘʷ, ʚʩʪʨʝʯʘʶʪʩʷ ʩʣʘʙʦ ʦʨʫʜʝʥʝʣʳʝ ʣʠʙʦ ʙʝʟʨʫʜʥʳʝ ʫʯʘʩʪʢʠ. 
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2.4. ɺʳʚʦʜʳ ʢ ʛʣʘʚʝ 2 

 

ɺ ʦʙʱʠʭ ʯʝʨʪʘʭ, ʍʘʨʘʝʣʘʭʩʢʘʷ ʠʥʪʨʫʟʠʷ, ʩ ʢʦʪʦʨʦʡ ʩʚʷʟʘʥʦ ʆʢʪʷʙʨʴʩʢʦʝ 

ʤʝʩʪʦʨʦʞʜʝʥʠʝ, ʧʦʭʦʞʘ ʥʘ ʜʨʫʛʠʝ ʨʫʜʦʥʦʩʥʳʝ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʝ ʠʥʪʨʫʟʠʠ ʚ ʨʝʛʠʦʥʝ. 

ʆʜʥʘʢʦ ʦʪʣʠʯʠʪʝʣʴʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʦʙʲʝʢʪʘ ʷʚʣʷʶʪʩʷ: 1) ʰʠʨʦʢʦʝ 

ʨʘʟʚʠʪʠʝ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʠ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʧʦʨʦʜ ʢʦʥʪʘʢʪʦʚʦʛʦ ʦʨʝʦʣʘ, ʢʦʪʦʨʳʡ 

ʧʨʝʚʳʰʘʝʪ ʤʦʱʥʦʩʪʴ ʩʘʤʦʡ ʠʥʪʨʫʟʠʠ; 2) ʨʘʟʚʠʪʠʝ ʚ ʧʦʨʦʜʘʭ ʢʦʥʪʘʢʪʦʚʦʛʦ ʦʨʝʦʣʘ 

ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ, ʷʚʣʷʶʱʝʛʦʩʷ ʚʪʦʨʳʤ ʧʦ ʟʥʘʯʠʤʦʩʪʠ ʧʦ 

ʩʦʜʝʨʞʘʥʠʷʤ ʩʫʣʴʬʠʜʦʚ ʧʦʩʣʝ ʤʘʩʩʠʚʥʳʭ ʨʫʜ.  
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ɻʃɸɺɸ 3. ʌɸʂʊʀʏɽʉʂʀʁ ʄɸʊɽʈʀɸʃ ʀ ʄɽʊʆɼʓ ʀʉʉʃɽɼʆɺɸʅʀʗ 

 

3.1. ʆʙʨʘʟʮʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ 

 

ʌʘʢʪʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ ʧʨʝʜʩʪʘʚʣʝʥ ʢʝʨʥʦʤ ʩʢʚʘʞʠʥ, ʦʪʦʙʨʘʥʥʳʤ ʘʚʪʦʨʦʤ ʚʦ 

ʚʨʝʤʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʛʦ ʙʫʨʝʥʠʷ ʥʘ ʆʢʪʷʙʨʴʩʢʦʤ ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʚ ʧʝʨʠʦʜ 2018-2019 ʛʛ. 

ʠ ʢʘʤʝʥʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʦʪʦʙʨʘʥʥʳʤ ʚʦ ʚʨʝʤʷ ʵʢʩʧʝʜʠʮʠʠ ʚ ʅʦʨʠʣʴʩʢ ʚ 2019 ʛ. ʅʘ 

ʧʝʨʚʦʤ ʵʪʘʧʝ ʧʨʦʚʦʜʠʣʘʩʴ ʚʠʟʫʘʣʴʥʘʷ ʜʠʘʛʥʦʩʪʠʢʘ ʦʙʨʘʟʮʦʚ ʠ ʚʳʙʠʨʘʣʠʩʴ 

ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʝ ʦʙʨʘʟʮʳ ʜʣʷ ʧʦʩʣʝʜʫʶʱʠʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʘʙʦʪ. ʉʪʨʫʢʪʫʨʳ ʠ ʪʝʢʩʪʫʨʳ 

ʧʦʨʦʜ ʠ ʨʫʜ ʦʙʨʘʟʮʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʧʠʩʘʥʥʳʤ ʨʘʥʝʝ. ʆʙʱʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʪʠʧʘʭ ʨʫʜ, 

ʤʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʨʫʜʥʳʭ ʵʣʝʤʝʥʪʦʚ ʦʧʠʩʘʥʳ ʚ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ 

ʤʦʥʦʛʨʘʬʠʷʭ ʠ ʞʫʨʥʘʣʴʥʳʭ ʧʫʙʣʠʢʘʮʠʷʭ, ʘ ʪʘʢʞʝ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʦʪʯʝʪʘʭ, 

ʧʦʩʚʷʱʝʥʥʳʭ PGE-Cu-Ni ʨʫʜʘʤ ʥʦʨʠʣʴʩʢʦ-ʪʘʣʥʘʭʩʢʦʛʦ ʨʝʛʠʦʥʘ. ɺʚʠʜʫ ʵʪʦʛʦ ʢʨʦʤʝ 

ʩʪʘʥʜʘʨʪʥʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ (ʤʝʪʦʜʳ ʤʠʥʝʨʘʛʨʘʬʠʠ, ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʟʨʘʯʥʳʭ 

ʰʣʠʬʦʚ, ʩʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ) ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʝʪʦʜʳ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʤʝʥʴʰʝʤ ʢʦʣʠʯʝʩʪʚʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʣʠʙʦ ʥʝ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚʦʚʩʝ (in-

situ U-Pb ʜʘʪʠʨʦʚʘʥʠʝ ʥʝʮʠʨʢʦʥʠʝʚʳʭ ʤʠʥʝʨʘʣʦʚ, ʦʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʨʠʤʝʩʝʡ 

ʤʝʪʦʜʦʤ LA-ICP-MS). 

 

3.2. ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʟʨʘʯʥʳʭ ʰʣʠʬʦʚ ʚ ʧʨʦʭʦʜʷʱʝʤ ʩʚʝʪʝ ʠ ʘʥʰʣʠʬʦʚ ʚ ʦʪʨʘʞʝʥʥʦʤ 

ʩʚʝʪʝ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʢʨʦʩʢʦʧʘ Olympus BX-51 ʩ ʬʫʥʢʮʠʷʤʠ 

ʧʨʦʭʦʜʷʱʝʛʦ ʠ ʦʪʨʘʞʸʥʥʦʛʦ ʩʚʝʪʘ. ʌʦʪʦʛʨʘʬʠʠ ʰʣʠʬʦʚ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʵʪʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ ʠ ʬʦʪʦʘʧʧʘʨʘʪʘ Olympus (ʀʨʢʫʪʩʢ, ʀʥʩʪʠʪʫʪ ʛʝʦʭʠʤʠʠ ʠʤ. ɸ.ʇ. 

ɺʠʥʦʛʨʘʜʦʚʘ). 
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ɸʥʘʣʠʟ ʦʩʥʦʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʩʫʣʴʬʠʜʘʭ ʠ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ ʤʠʥʝʨʘʣʘʭ ʠ 

ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ (BSE) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʢʘʥʠʨʫʶʱʠʭ ʵʣʝʢʪʨʦʥʥʳʭ ʤʠʢʨʦʩʢʦʧʦʚ (SEM) TescanVega 3 SBU ʠ Hitachi SU-70, 

ʦʩʥʘʱʝʥʥʳʭ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʤʠ ʩʧʝʢʪʨʦʤʝʪʨʘʤʠ (EDS) Oxford Instruments 

(ɸʙʠʥʛʜʦʥ, ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ) ʩ ʩʠʩʪʝʤʦʡ ʤʠʢʨʦʘʥʘʣʠʟʘ ʥʘ ʙʘʟʝ Aztec ʚ ʊʦʤʩʢʦʤ 

ʧʦʣʠʪʝʭʥʠʯʝʩʢʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ (ʊʦʤʩʢ, ʈʦʩʩʠʷ) ʠ ʚ ʫʥʠʚʝʨʩʠʪʝʪʝ ʊʘʩʤʘʥʠʠ (ʍʦʙʘʨʪ, 

ɸʚʩʪʨʘʣʠʷ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʋʩʣʦʚʠʷ ʨʘʙʦʪʳ: ʨʝʞʠʤ ʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ (<9*10
ī3

 ʇʘ) ʧʨʠ 

ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 20 ʢɺ ʠ ʩ ʨʘʩʩʪʦʷʥʠʝʤ 15 ʤʤ. 

ʂʦʥʮʝʥʪʨʘʮʠʠ 
29
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205
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208
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Bi ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʦʧʨʝʜʝʣʷʣʠʩʴ ʚ ʧʦʣʠʨʦʚʘʥʥʳʭ ʘʥʰʣʠʬʘʭ ʤʝʪʦʜʦʤ LA-

ICP-MS ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʀʥʩʪʠʪʫʪʘ ʛʝʦʣʦʛʠʠ ʨʫʜʥʳʭ 

ʤʝʩʪʦʨʦʞʜʝʥʠʡ, ʧʝʪʨʦʛʨʘʬʠʠ, ʤʠʥʝʨʘʣʦʛʠʠ ʠ ʛʝʦʭʠʤʠʠ ʈɸʅ (ʄʦʩʢʚʘ, ʘʥʘʣʠʪʠʢ ɸʙʨʘʤʦʚʘ 

ɺ.ɸ.) (ʇʨʠʣʦʞʝʥʠʝ 1). ʉʠʩʪʝʤʘ LA-ICP-MS ʩʦʩʪʦʠʪ ʠʟ ʢʚʘʜʨʫʧʦʣʴʥʦʛʦ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ 

Thermo X series2, ʦʩʥʘʱʝʥʥʦʛʦ ʣʘʟʝʨʦʤ New Wave 213. ɺʳʙʨʘʥʥʳʝ ʠʟʦʪʦʧʳ ʥʝ ʩʦʜʝʨʞʘʪ 

ʟʥʘʯʠʪʝʣʴʥʳʭ ʠʟʦʙʘʨʥʳʭ ʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʥʘʣʦʞʝʥʠʡ. 

ɼʣʷ ʚʥʝʰʥʝʡ ʢʘʣʠʙʨʦʚʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʪʘʥʜʘʨʪʥʳʝ ʵʪʘʣʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ 

UQAC FeS-1 (ʋʥʠʚʝʨʩʠʪʝʪ ʂʚʝʙʝʢʘ ʚ ʐʠʢʫʪʠʤʠ, ʂʘʥʘʜʘ), GSD-1G ʠ STD GL-3, 

ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʠʟ ʧʨʠʨʦʜʥʦʛʦ ʩʫʣʴʬʠʜʥʦʛʦ ʧʦʨʦʰʢʘ ʠ ʣʝʛʠʨʦʚʘʥʥʳʝ ʤʠʢʨʦʵʣʝʤʝʥʪʘʤʠ. 

ʇʦʣʠʤʝʪʘʣʣʠʯʝʩʢʠʡ ʩʫʣʴʬʠʜ MASS-1 (USGS) ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ ʚʥʫʪʨʝʥʥʝʛʦ 

ʩʪʘʥʜʘʨʪʘ. 

ɸʥʘʣʠʟʳ LA-ICP-MS ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʜʠʘʤʝʪʨʝ ʧʫʯʢʘ 80 ʤʢʤ ʜʣʷ ʪʦʯʝʯʥʳʭ 

ʠʟʤʝʨʝʥʠʡ ʠ 40ï65 ʤʢʤ ʜʣʷ ʠʟʤʝʨʝʥʠʡ ʧʦ ʣʠʥʠʠ, ʯʘʩʪʦʪʘ ʣʘʟʝʨʘ 15 ɻʮ, ʧʣʦʪʥʦʩʪ ɹʵʥʝʨʛʠʠ 

5ï7 ɼʞ/ʩʤ
2
, ʩʢʦʨʦʩʪ ɹʘʙʣʷʮʠʠ 7 ʤʢʤ/ʩ ʧʦ ʣʠʥʠʠ. ɻʘʟ-ʥʦʩʠʪʝʣʴ ʩʦʩʪʦʷʣ ʠʟ ʩʤʝʩʠ ʛʝʣʠʷ (0.7 

ʣ/ʤʠʥ) ʠ ʘʨʛʦʥʘ (0.85 ʣ/ʤʠʥ). ɺʨʝʤʷ ʨʝʛʠʩʪʨʘʮʠʠ ʩʠʛʥʘʣʘ ʧʨʠ ʪʦʯʝʯʥʦʤ ʠʟʤʝʨʝʥʠʠ 

ʩʦʩʪʘʚʣʷʣʦ 30 ʩ ʜʣʷ ʬʦʥʘ, 60 ʩ ʜʣʷ ʘʥʘʣʠʟʘ ʬʘʟʳ ʠ 30 ʩ ʜʣʷ ʘʥʘʣʠʟʘ ʭʦʣʦʩʪʦʛʦ ʛʘʟʘ ʤʝʞʜʫ 

ʠʟʤʝʨʝʥʠʷʤʠ. ʇʨʠ ʠʟʤʝʨʝʥʠʠ ʚʜʦʣʴ ʣʠʥʠʠ ʚʨʝʤʷ ʨʝʛʠʩʪʨʘʮʠʠ ʬʦʥʘ ʩʦʩʪʘʚʣʷʣʦ 30 ʩ. 

ʄʘʪʝʨʠʘʣ ʨʝʛʠʩʪʨʠʨʦʚʘʣʩʷ ʩ ʧʦʤʦʱʴʶ ICP-MS, ʨʘʙʦʪʘʶʱʝʛʦ ʚ ʨʝʞʠʤʝ ʩ ʚʨʝʤʝʥʥʳʤ 
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ʨʘʟʨʝʰʝʥʠʝʤ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʞʠʤʘ çʩʢʘʯʦʢ ʧʠʢʘè ʠ ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ 10 ʤʩ/ʧʠʢ ʥʘ 

ʵʣʝʤʝʥʪ. 

ʂʦʣʠʯʝʩʪʚʝʥʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʩʦʜʝʨʞʘʥʠʡ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ Iolite 2.5. ɺ ʢʘʯʝʩʪʚʝ ʚʥʫʪʨʝʥʥʝʛʦ ʩʪʘʥʜʘʨʪʘ ʙʳʣʦ 

ʠʩʧʦʣʴʟʦʚʘʥʦ ʩʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʘ, ʦʧʨʝʜʝʣʝʥʥʦʝ ʩ ʧʦʤʦʱʴʶ SEM-EDS. ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ 

ʩʦʜʝʨʞʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʦ ʣʠʥʠʷʤ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʫʯʘʩʪʢʠ ʚʜʘʣʠ ʦʪ ʢʦʥʪʘʢʪʦʚ 

ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ɺ ʩʣʫʯʘʝ ʦʙʥʘʨʫʞʝʥʠʷ ʤʠʢʨʦʚʢʣʶʯʝʥʠʡ ʚ ʩʧʝʢʪʨʘʭ LA-

ICP-MS ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʯʘʩʪʴ ʩʧʝʢʪʨʘ ʠʩʢʣʶʯʘʣʘʩʴ ʠʟ ʨʘʩʯʝʪʘ. ʇʨʝʜʝʣʳ ʦʙʥʘʨʫʞʝʥʠʷ 

LA-ICP-MS ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʢʘʢ ʪʨʠ ʩʠʛʤʘ, ʫʤʥʦʞʝʥʥʳʝ ʥʘ ʬʦʥʦʚʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ 

ʭʦʣʦʩʪʦʛʦ ʛʘʟʘ. ʂʨʝʤʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʘʢ ʢʦʥʪʨʦʣʴʥʳʡ ʵʣʝʤʝʥʪ ʜʣʷ ʠʩʢʣʶʯʝʥʠʷ 

ʩʠʣʠʢʘʪʥʳʭ ʚʢʣʶʯʝʥʠʡ. 

ʅʘ ʨʠʩʫʥʢʝ 3.1 ʧʦʢʘʟʘʥʳ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʝ ʣʠʥʠʠ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ, ʩʦʚʤʝʱʝʥʥʳʝ 

ʩ ʬʦʪʦʛʨʘʬʠʷʤʠ BSE. ʆʪʯʝʪʣʠʚʦ ʚʠʜʥʦ, ʯʪʦ ʭʘʣʴʢʦʧʠʨʠʪ (Ccp), ʧʝʥʪʣʘʥʜʠʪ (Pn) ʠ 

ʧʠʨʨʦʪʠʥ (Po) ʣʝʛʢʦ ʨʘʩʧʦʟʥʘʶʪʩʷ ʠʩʭʦʜʷ, ʚʦ-ʧʝʨʚʳʭ, ʠʟ ʨʘʟʥʦʡ ʩʪʝʧʝʥʠ ʢʦʥʪʨʘʩʪʥʦʩʪʠ ʚ 

ʨʝʞʠʤʝ BSE, ʚʦ-ʚʪʦʨʳʭ, ʧʦ ʬʦʨʤʝ ʩʧʝʢʪʨʦʚ ICP-MS. 

 

 

ʈʠʩʫʥʦʢ 3.1. ʇʨʠʤʝʨ ʜʚʫʭ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʳʭ ʧʨʦʬʠʣʝʡ LA-ICP-MS, ʩʦʚʤʝʱʝʥʥʳʭ 

ʩ ʬʦʪʦʛʨʘʬʠʷʤʠ BSE. ʇʨʷʤʦʫʛʦʣʴʥʠʢʘʤʠ ʚʳʜʝʣʝʥʳ ʫʯʘʩʪʢʠ ʩʧʝʢʪʨʦʚ, ʠʩʧʦʣʴʟʦʚʘʚʰʠʭʩʷ 

ʜʣʷ ʨʘʩʯʝʪʘ ʢʦʥʮʝʥʪʨʘʮʠʡ. 
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ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʜʫʨʳ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʠ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʴʝʚ ʢʣʘʩʩʠʬʠʢʘʮʠʠ 

ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʩʚʦʙʦʜʥʘʷ ʩʨʝʜʘ ʨʘʟʨʘʙʦʪʢʠ RStudio. ɼʣʷ ʚʠʟʫʘʣʠʟʘʮʠʠ ʜʘʥʥʳʭ ʙʳʣʠ 

ʧʦʜʢʣʶʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʙʠʙʣʠʦʪʝʢʠ: çggplot2è (ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʢʨʠʧʠʯʥʳʭ ʜʠʘʛʨʘʤʤ), 

çclusterè ʜʣʷ ʢʣʘʩʪʝʨʥʦʛʦ ʘʥʘʣʠʟʘ, çpvclustè ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʜʝʨʝʚʴʝʚ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠ 

çpsyè ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʢʦʨʨʝʣʷʮʠʦʥʥʳʭ ʪʘʙʣʠʮ ʠ ʙʠʥʘʨʥʳʭ ʜʠʘʛʨʘʤʤ (https://cran.r-

project.org (R ʜʣʷ Windows vR-4.0.2)). 

U-Th-Pb ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ ʘʧʘʪʠʪʘ, ʪʠʪʘʥʠʪʘ, ʧʝʨʦʚʩʢʠʪʘ ʠ ʛʨʘʥʘʪʘ ʠ 

ʩʦʜʝʨʞʘʥʠʷ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ (ʜʣʷ ʪʠʪʘʥʠʪʘ ʠ ʛʨʘʥʘʪʘ) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʫʥʠʚʝʨʩʠʪʝʪʝ 

ʊʘʩʤʘʥʠʠ (ʍʦʙʘʨʪ, ɸʚʩʪʨʘʣʠʷ) ʥʘ ʢʚʘʜʨʫʧʦʣʴʥʦʤ ICP-MS Agilent 7900, ʩʦʝʜʠʥʝʥʥʦʤ ʩ 

ʢʦʛʝʨʝʥʪʥʳʤ ʵʢʩʠʤʝʨʥʳʤ ArF ʣʘʟʝʨʦʤ (COMPex Pro 110), ʨʘʙʦʪʘʶʱʠʤ ʥʘ ʜʣʠʥʝ ʚʦʣʥʳ 

193 ʥʤ, ʩ ʜʣʠʪʝʣʴʥʦʩʪʴ  ʁ ʠʤʧʫʣʴʩʘ ~ 20 ʥʩ. ʀʩʧʦʣʴʟʦʚʘʣʘʩʴ ʯ̫ʝʡʢʘ ʜʣʷ ʘʙʣʷʮʠʠ 

RESOlution/Laurin Technic S155 ʩ ʧʦʩʪʦʷʥʥʦʡ ʛʝʦʤʝʪʨʠʝʡ. ɺʩʝ ʤʠʥʝʨʘʣʳ ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʵʪʘʣʦʥʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʙʳʣʠ ʧʦʜʚʝʨʛʥʫʪʳ ʘʙʣʷʮʠʠ ʩ ʨʘʟʤʝʨʦʤ 

ʧʫʯʢʘ ʣʘʟʝʨʘ ~29 ʤʢʤ ʧʨʠ 5 ɻʮ ʠ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʣʘʟʝʨʘ ~ 2 ɼʞ/ʩʤ
2
. ɺʩʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ 

ʜʘʥʥʳʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʭʦʜʝ ʦʜʥʦʡ ʩʝʩʩʠʠ. ʇʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʝʨʝʜ ʢʘʞʜʳʤ ʘʥʘʣʠʟʦʤ 

ʚʳʙʨʘʥʥʳʡ ʫʯʘʩʪʦʢ ʦʙʨʘʙʘʪʳʚʘʣʩʷ ʧʷʪʴʶ ʣʘʟʝʨʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ ʜʣʷ ʫʜʘʣʝʥʠʷ 

ʚʦʟʤʦʞʥʳʭ ʟʘʛʨʷʟʥʝʥʠʡ. ɸʥʘʣʠʟ ʭʦʣʦʩʪʦʛʦ ʛʘʟʘ ʟʘʥʠʤʘʣ ʦʢʦʣʦ 10 ʩ, ʚʨʝʤʷ ʘʙʣʷʮʠʠ ï ~ 30 

c. ʉʦʜʝʨʞʘʥʠʷ ʵʣʝʤʝʥʪʦʚ-ʧʨʠʤʝʩʝʡ ʙʳʣʠ ʧʦʣʫʯʝʥ r ʚ ʪʝʭ ʞʝ ʪʦʯʢʘʭ, ʯʪʦ ʠ 

ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʠʝ ʜʘʥʥʳʝ. ʇʨʦʠʟʚʦʜʠʣʦʩʴ ʠʟʤʝʨʝʥʠʝ ʩʣʝʜʫʶʱʠʭ ʠʟʦʪʦʧʦʚ ï 
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ʩʦʦʪʥʦʰʝʥʠʷ 
207

Pb/
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Pb ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʪʘʣʦʥʥʦʛʦ ʩʪʝʢʣʘ NIST610, 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ʚ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ, ʯʪʦ ʠ ʥʝʠʟʚʝʩʪʥʳʝ ʦʙʨʘʟʮʳ. ɼʣʷ ʢʘʣʠʙʨʦʚʢʠ 

ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʩʪʘʥʜʘʨʪʥʦʝ ʩʪʝʢʣʦ NIST610 ʠ 
49

Ti ʠ 
56

Fe ʚ 

ʢʘʯʝʩʪʚʝ ʵʣʝʤʝʥʪʦʚ ʚʥʫʪʨʝʥʥʝʛʦ ʩʪʘʥʜʘʨʪʘ ʜʣʷ ʪʠʪʘʥʠʪʘ ʠ ʛʨʘʥʘʪʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ɸʧʘʪʠʪ OD306 [Thompson et al., 2016] ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ 

ʚʥʫʪʨʝʥʥʝʛʦ ʩʪʘʥʜʘʨʪʘ ʜʣʷ ʢʘʣʠʙʨʦʚʢʠ ʩʦʦʪʥʦʰʝʥʠʡ Pb/U ʠ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʜʨʝʡʬʘ 

ʧʨʠʙʦʨʘ. ɸʧʘʪʠʪ McClure Mountain [Schoene and Bowring, 2006] ʠ ʘʧʘʪʠʪ 401 [Thompson et 

al., 2016] ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʢʘʯʝʩʪʚʝ ʚʪʦʨʠʯʥʳʭ ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʠʭ ʩʪʘʥʜʘʨʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʢʘʢ ʥʝʠʟʚʝʩʪʥʳʝ (ʇʨʠʣʦʞʝʥʠʝ 2). 

ɼʣʷ ʧʝʨʦʚʩʢʠʪʘ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʝ ʩ ʛʣʫʙʠʥʦʡ (down-hole fractionation), ʜʨʝʡʬ 

ʧʨʠʙʦʨʘ ʠ ʢʘʣʠʙʨʦʚʢʘ ʩʤʝʱʝʥʠʷ ʤʘʩʩ ʜʣʷ ʩʦʦʪʥʦʰʝʥʠʡ Pb/U ʠ Pb/Th ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʮʠʨʢʦʥʘ 91500 ʩ ʟʥʘʯʝʥʠʷʤʠ U-Pb ʚʦʟʨʘʩʪʘ ʠʟ ʨʘʙʦʪʳ [Horstwood et al., 

2016] (ʇʨʠʣʦʞʝʥʠʝ 3). ʉʜʝʣʘʥʦ ʵʪʦ ʙʳʣʦ ʧʦ ʧʨʠʯʠʥʝ ʦʪʩʫʪʩʪʚʠʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʦʙʱʝʧʨʠʥʷʪʳʭ ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʠʭ ʩʪʘʥʜʘʨʪʦʚ, ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʜʘʪʠʨʦʚʘʥʠʷ ʧʝʨʦʚʩʢʠʪʘ 

U-Pb ʤʝʪʦʜʦʤ. 

ɼʣʷ ʪʠʪʘʥʠʪʘ ʠ ʛʨʘʥʘʪʘ ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʠʝ ʩ ʛʣʫʙʠʥʦʡ, ʜʨʝʡʬ ʧʨʠʙʦʨʘ ʠ 

ʢʘʣʠʙʨʦʚʢʘ ʩʤʝʱʝʥʠʷ ʤʘʩʩʳ ʜʣʷ ʩʦʦʪʥʦʰʝʥʠʡ Pb/U ʠ Pb/Th ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʥʘʣʠʟʘ ʵʪʘʣʦʥʥʦʛʦ ʪʠʪʘʥʠʪʘ (100606) [Best, 2012]. ʊʦʯʥʦʩʪʴ ʢʘʣʠʙʨʦʚʢʠ 

ʙʳʣʘ ʧʨʦʚʝʨʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʠʪʘʥʠʪʘ Mount Dromedary (ʇʨʠʣʦʞʝʥʠʝ 4, 7). 

ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ Isoplot v. 4.15 [Ludwig, 2008]. ɼʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ U-Pb ʚʦʟʨʘʩʪʘ ʤʠʥʝʨʘʣʦʚ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʝʨʚʠʯʥʦʛʦ ʩʚʠʥʮʘ ʦʙʳʯʥʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʠʘʛʨʘʤʤʘ ʊʝʨʘ-ɺʘʩʩʝʨʙʫʨʛʘ (
207

Pb/
206

Pb vs. 
238

U/
206

Pb) [Tera and Wasserburg, 

1972]. ɽʩʣʠ ʘʥʘʣʠʟʠʨʫʝʤʳʝ ʤʠʥʝʨʘʣʴʥʳʝ ʟʝʨʥʘ ʦʙʨʘʟʫʶʪ ʭʦʨʦʰʠʡ ʣʠʥʝʡʥʳʡ ʪʨʝʥʜ (ʪ.ʝ. 

ʜʠʩʢʦʨʜʠʶ), ʪʦ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʚʨʝʤʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʠʥʝʨʘʣʘ, ʠʩʧʦʣʴʟʫʷ ʧʝʨʝʩʝʯʝʥʠʝ 

ʣʠʥʠʠ ʜʠʩʢʦʨʜʠʠ ʩ ʢʨʠʚʦʡ ʢʦʥʢʦʨʜʠʠ, ʪʘʢ ʠ ʠʩʭʦʜʥʳʡ ʩʦʩʪʘʚ ʦʙʱʝʛʦ ʩʚʠʥʮʘ ʚ ʪʦʯʢʝ 

ʧʝʨʝʩʝʯʝʥʠʷ ʜʠʩʢʦʨʜʠʠ ʩ ʦʩʴʶ 
207

Pb/
206

Pb (ʧʨʠ 
238

U/
206

Pb = 0). ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʦʜʭʦʜ ʢ 

ʚʳʯʠʩʣʝʥʠʶ ʚʦʟʨʘʩʪʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ çʟʘʷʢʦʨʠʪʴè ʣʠʥʠʶ ʜʠʩʢʦʨʜʠʠ ʥʘ ʠʟʚʝʩʪʥʳʡ 

ʩʦʩʪʘʚ 
207

Pb/
206

Pb, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥ ʧʫʪʝʤ ʘʥʘʣʠʟʘ ʵʪʦʛʦ ʦʪʥʦʰʝʥʠʷ ʚ 

ʤʠʥʝʨʘʣʘʭ ʩ ʚʳʩʦʢʠʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ ʩʚʠʥʮʘ, ʪʘʢʠʭ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʩʫʣʴʬʠʜʳ ʠʣʠ 

ʧʦʣʝʚʳʝ ʰʧʘʪʳ. ɼʣʷ ʧʨʦʚʝʨʢʠ ʙʦʣʝʝ ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʠ ʢʦʨʨʝʢʪʥʦʛʦ ʧʦʜʭʦʜʘ ʙʳʣʠ 

ʜʘʪʠʨʦʚʘʥʳ in-situ 80 ʟʝʨʝʥ ʘʧʘʪʠʪʘ, ʦʪʦʙʨʘʥʥʳʝ ʠʟ ʣʝʡʢʦʛʘʙʙʨʦ ʠʥʪʨʫʟʠʠ ʅʦʨʠʣʴʩʢʠʡ 1 
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(ʇʨʠʣʦʞʝʥʠʝ 2). ʀʤʝʥʥʦ ʚʦʟʨʘʩʪ ʮʠʨʢʦʥʘ ʠʟ ʵʪʠʭ ʧʦʨʦʜ ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʩ ʚʳʩʦʢʦʡ 

ʪʦʯʥʦʩʪʴʶ ʤʝʪʦʜʦʤ ID-CA-TIMS ʠ ʩʦʩʪʘʚʣʷʝʪ 251.813Ñ0.065 ʤʣʥ. ʣʝʪ [Burgess and 

Bowring, 2015]. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʵʪʠʭ ʞʝ ʧʦʨʦʜʘʭ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʥʘʯʘʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ 

207
Pb/

206
Pb ʧʦ ʧʣʘʛʠʦʢʣʘʟʫ, ʢʦʪʦʨʦʝ ʨʘʚʥʦ ~0.86 [Petrov, 2019]. ɺ ʩʣʫʯʘʝ, ʝʩʣʠ ʚʦʟʨʘʩʪ ʠ 

ʥʘʯʘʣʴʥʳʝ 
207

Pb/
206

Pb ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦ ʜʠʩʢʦʨʜʠʠ (ʨʠʩ.3.2.ɸ), ʨʘʩʩʯʠʪʘʥʥʦʝ ʟʥʘʯʝʥʠʝ 

ʚʦʟʨʘʩʪʘ ʨʘʚʥʦ 258.3Ñ4.9 ʤʣʥ ʣʝʪ, ʘ ʥʘʯʘʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ 
207

Pb/
206

Pb ï 0.89, ʯʪʦ ʚʳʰʝ 

ʠʟʚʝʩʪʥʳʭ ʟʥʘʯʝʥʠʡ. 

 

 

ʈʠʩʫʥʦʢ 3.2. ɿʘʚʠʩʠʤʦʩʪʴ ʚʦʟʨʘʩʪʘ ʘʧʘʪʠʪʘ ʦʪ ʥʘʯʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʠʥʮʘ. ɸ ï 

ʧʝʨʚʠʯʥʳʝ ʦʪʥʦʰʝʥʠʷ ʩʚʠʥʮʘ ʚʳʯʠʩʣʝʥʳ ʧʦ ʪʦʯʢʝ ʧʝʨʝʩʝʯʝʥʠʷ ʜʠʩʢʦʨʜʠʠ ʩ ʦʩʴʶ 

207
Pb/

206
Pb; ɹ ï ʠʟʥʘʯʘʣʴʥʳʝ ʦʪʥʦʰʝʥʠʷ ʩʚʠʥʮʘ ʟʘʜʘʥʳ ʠʩʭʦʜʷ ʠʟ ʜʘʥʥʳʭ [Petrov, 2019]; ɺ 

ï ʛʨʘʬʠʢ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʡ ʟʘʚʠʩʠʤʦʩʪʴ ʨʘʩʯʝʪʥʳʭ ʟʥʘʯʝʥʠʡ ʚʦʟʨʘʩʪʘ ʦʪ ʧʨʠʥʠʤʘʝʤʳʭ 

ʥʘʯʘʣʴʥʳʭ ʠʟʦʪʦʧʥʳʭ ʦʪʥʦʰʝʥʠʡ ʩʚʠʥʮʘ. 
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ɺ ʩʣʫʯʘʝ ʢʦʛʜʘ ʜʠʩʢʦʨʜʠʷ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʬʠʢʩʠʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ 
207

Pb/
206

Pb = 

0.86 (çʟʘʷʢʦʨʝʥʦè), ʠʪʦʛʦʚʳʡ ʚʦʟʨʘʩʪ ʨʘʚʥʷʝʪʩʷ 252.0Ñ4.1 ʤʣʥ ʣʝʪ (ʨʠʩ.3.2.ɹ), ʯʪʦ ʚ ʨʘʤʢʘʭ 

ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʤʝʪʦʜʘ ʧʦʣʥʦʩʪʴʶ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʵʪʘʣʦʥʥʳʤ ʟʥʘʯʝʥʠʝʤ 

ʚʦʟʨʘʩʪʘ, ʦʧʨʝʜʝʣʝʥʥʳʤ ʨʘʥʥʝʝ [Burgess and Bowring, 2015]. ʅʘ ʨʠʩ.3.2ʉ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʟʥʘʯʝʥʠʝ 
207

Pb/
206

Pb, ʨʘʚʥʦʝ 0.86, ʥʘʠʣʫʯʰʠʤ ʦʙʨʘʟʦʤ ʢʦʨʨʝʢʪʠʨʫʝʪ ʚʦʟʨʘʩʪ ʘʧʘʪʠʪʘ ʜʣʷ 

ʠʥʪʨʫʟʠʠ ʅʦʨʠʣʴʩʢ-1. ʊʘʢʠʤ ʦʙʨʘʟʦʤ çʟʘʷʢʦʨʠʚʘʥʠʝè ʥʘ ʠʟʚʝʩʪʥʦʝ ʟʥʘʯʝʥʠʝ 
207

Pb/
206

Pb 

ʜʘʝʪ ʥʘʠʙʦʣʝʝ ʪʦʯʥʫ  ʁʢʦʨʨʝʢʮʠʶ ʚʦʟʨʘʩʪʘ. ʕʪʦʪ ʤʝʪʦʜ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʜʘʣʴʥʝʡʰʝʤ ʜʣʷ 

ʦʮʝʥʢʠ ʚʦʟʨʘʩʪʘ ʤʠʥʝʨʘʣʦʚ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. 

 

3.3. ɺʳʚʦʜʳ ʢ ʛʣʘʚʝ 3 

 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʦʤʧʣʝʢʩ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʠʟʤʝʨʝʥʠʠ ʩʦʩʪʘʚʘ ʧʨʠʤʝʩʝʡ ʭʘʣʴʢʦʧʠʨʠʪʘ, ʪʠʪʘʥʠʪʘ ʠ ʛʨʘʥʘʪʘ ʠ ʠʟʤʝʨʝʥʠʠ ʦʪʥʦʰʝʥʠʡ 

ʫʨʘʥʘ ʠ ʩʚʠʥʮʘ in-situ ʧʨʠ ʧʦʤʦʱʠ LA-ICP-MS. ʇʦʜʦʙʥʳʡ ʧʦʜʭʦʜ ʠʩʢʣʶʯʘʝʪ ʟʘʨʘʞʝʥʠʝ 

ʧʨʦʙ ʚʦ ʚʨʝʤʷ ʧʨʦʙʦʧʦʜʛʦʪʦʚʢʠ, ʧʦʟʚʦʣʷʝʪ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʠʥʪʝʨʝʩʫʶʱʠʝ ʤʠʥʝʨʘʣʳ ʠ ʧʦʣʫʯʘʪʴ ʧʦ ʥʠʤ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʝ ʜʘʥʥʳʝ.  

ɼʣʷ ʢʦʨʨʝʢʮʠʠ U-Pb ʚʦʟʨʘʩʪʘ ʚ ʤʠʥʝʨʘʣʘʭ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʦʙʳʯʥʦʛʦ 

ʩʚʠʥʮʘ (ʪʠʪʘʥʠʪ, ʘʧʘʪʠʪ, ʛʨʘʥʘʪ ʠ ʧʝʨʦʚʩʢʠʪ) ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʘʥʥʳʝ ʦ ʥʘʯʘʣʴʥʳʭ 

ʦʪʥʦʰʝʥʠʷʭ ʩʚʠʥʮʘ ʚ ʙʝʟʫʨʘʥʦʚʳʭ ʤʠʥʝʨʘʣʘʭ ʧʦʨʦʜ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ ʠʥʪʨʫʟʠʡ, 

ʚʟʷʪʳʝ ʠʟ ʣʠʪʝʨʘʪʫʨʳ. ʇʦʜʦʙʥʳʡ ʧʦʜʭʦʜ ʩ çʟʘʷʢʦʨʠʚʘʥʠʝʤè ʧʦ ʠʟʚʝʩʪʥʦʤʫ ʦʪʥʦʰʝʥʠʶ 

ʠʟʦʪʦʧʦʚ ʩʚʠʥʮʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʙʦʣʝʝ ʥʘʜʝʞʥʳʝ ʚʦʟʨʘʩʪʥʳʝ ʦʧʨʝʜʝʣʝʥʠʷ, ʯʝʤ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʨʦʩʪʦʛʦ ʧʝʨʝʩʝʯʝʥʠʷ ʜʠʩʢʦʨʜʠʠ ʩ ʢʦʥʢʦʨʜʠʝʡ.   
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ɻʃɸɺɸ 4. ʄʀʂʈʆʕʃɽʄɽʅʊʅʓʁ ʉʆʉʊɸɺ ʍɸʃʔʂʆʇʀʈʀʊɸ ʈɸɿʃʀʏʅʓʍ 

ʊʀʇʆɺ ʈʋɼ ʆʂʊʗɹʈʔʉʂʆɻʆ ʄɽʉʊʆʈʆɾɼɽʅʀʗ 

 

4.1. ʍʘʣʴʢʦʧʠʨʠʪ ʢʘʢ ʠʥʜʠʢʘʪʦʨʥʳʡ ʤʠʥʝʨʘʣ 

 

ʍʘʣʴʢʦʧʠʨʠʪ ï ʦʩʥʦʚʥʦʡ ʨʫʜʥʳʡ ʤʠʥʝʨʘʣ ʤʝʜʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʥʘ ʆʢʪʷʙʨʴʩʢʦʤ 

ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʚʦ ʚʩʝʭ ʪʠʧʘʭ ʨʫʜ ï ʚʢʨʘʧʣʝʥʥʳʭ, ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʠ ʤʘʩʩʠʚʥʳʭ. 

ʆʙʣʘʜʘʷ ʩʢʚʦʟʥʳʤ ʭʘʨʘʢʪʝʨʦʤ, ʦʥ ʧʦʪʝʥʮʠʘʣʴʥʦ ʧʦʜʭʦʜʠʪ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ 

ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʟʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʨʫʜ. ʋʜʦʙʩʪʚʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʭʘʣʴʢʦʧʠʨʠʪʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʚ ʤʝʥʴʰʝʤ ʢʦʣʠʯʝʩʪʚʝ ʤʠʢʨʦʚʢʣʶʯʝʥʠʡ 

ʜʨʫʛʠʭ ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ ʠ ʦʪʩʫʪʩʪʚʠʠ ʠʟʦʙʘʨʥʳʭ ʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʥʘʣʦʞʝʥʠʡ ʧʨʠ 

ʧʨʦʚʝʜʝʥʠʠ LA-ICP-MS ʘʥʘʣʠʟʘ. ʆʜʥʘʢʦ ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʳʭ 

ʤʠʢʨʦʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʭʘʣʴʢʦʧʠʨʠʪʘ ʷʚʣʷʝʪʩʷ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʤʝʥʝʝ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʩʫʣʴʬʠʜʘʤʠ (ʥʘʧʨʠʤʝʨ, ʧʠʨʠʪ, ʛʘʣʝʥʠʪ, 

ʩʬʘʣʝʨʠʪ, ʙʦʨʥʠʪ) [Cook et al., 2011; Cook et al., 2009; George et al., 2015; George et al., 

2016; Maslennikov et al., 2009; Meffre et al., 2008].  

Ag, Zn, As, Se, Co ʠ Pb ʦʙʳʯʥʦ ʩʚʷʟʘʥʳ ʩ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʭʘʣʴʢʦʧʠʨʠʪʘ, ʪʦʛʜʘ ʢʘʢ 

Mn, In, Tl, Ga ʠ Hg ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʨʝʜʢʦ ʚ ʩʠʣʫ ʥʠʟʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ [George et al., 2018]. 

ʉʫʱʝʩʪʚʫʶʪ ʦʪʜʝʣʴʥʳʝ ʧʫʙʣʠʢʘʮʠʠ, ʛʜʝ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʠ 

PGE [Barnes et al., 2006], ʦʜʥʘʢʦ ʧʦʜʦʙʥʳʝ ʨʘʙʦʪʳ ʥʝ ʥʦʩʷʪ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʭʘʨʘʢʪʝʨʘ. 

ʇʦ ʜʘʥʥʳʤ ʘʚʪʦʨʦʚ [George et al., 2018] ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʙʦʣʝʝ ʰʠʨʦʢʠʡ 

ʩʧʝʢʪʨ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ, ʯʝʤ ʵʪʦ ʦʙʳʯʥʦ ʧʨʠʷʪʦ ï Mn, ʉʦ, Zn, Ga, Se, Ag, Cd, In, Sn, Sb, 

Hg, Tl, Pb ʠ Bi (ʨʠʩ. 4.1). ʕʤʧʠʨʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʜʣʷ ʭʘʣʴʢʦʧʠʨʠʪʘ ʨʘʟʣʠʯʥʦʛʦ ʛʝʥʝʟʠʩʘ, 

ʛʜʝ ʵʣʝʤʝʥʪʳ ʙʳʣʠ ʙʳ ʠʟʤʝʨʝʥʳ ʩ ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʴʶ, ʨʝʜʢʠ. ʉʨʝʜʠ ʧʦʩʣʝʜʥʠʭ ʨʘʙʦʪ 

ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ [George et al., 2018], ʛʜʝ ʘʚʪʦʨʳ ʠʩʩʣʝʜʦʚʘʣʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʰʠʨʦʢʦʛʦ 

ʯʠʩʣʘ ʵʣʝʤʝʥʪʦʚ ʧʨʠʤʝʩʝʡ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʨʘʟʣʠʯʥʦʛʦ ʛʝʥʝʟʠʩʘ. ʉʪʦʠʪ ʦʪʤʝʪʠʪ, ʯʪʦ ʚ ʵʪʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʳʙʦʨʢʘ ʜʦʚʦʣʴʥʦ ʤʘʣʝʥʴʢʦʛʦ ʦʙʲʝʤʘ (ʧʦ ʥʝʩʢʦʣʴʢʦ ʦʙʨʘʟʮʦʚ 
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ʩ ʢʘʞʜʦʛʦ ʛʝʥʝʪʠʯʝʩʢʦʛʦ ʪʠʧʘ ʤʝʩʪʦʨʦʞʜʝʥʠʷ). ɹʦʣʝʝ ʟʥʘʯʠʪʝʣʴʥʘʷ ʚʳʙʦʨʢʘ ʦʙʨʘʟʮʦʚ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ [Duran et al., 2019]. ɺ ʥʝʡ ʘʚʪʦʨʳ ʩʚʷʟʳʚʘʶʪ ʚʳʩʦʢʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ Ni ʩ ʤʘʛʤʘʪʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʤ, Cd ï ʩ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ, ʘ Se, ʧʦ ʠʭ 

ʤʥʝʥʠʶ, ʟʘʥʠʤʘʝʪ ʥʝʦʧʨʝʜʝʣʝʥʥʦʝ ʧʦʣʦʞʝʥʠʝ.  ʇʨʝʜʣʦʞʝʥʥʘʷ ʘʚʪʦʨʘʤʠ ʜʠʘʛʨʘʤʤʘ ʙʫʜʝʪ 

ʨʘʩʩʤʦʪʨʝʥʘ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʨʘʟʜʝʣʝ. 

 

 

ʈʠʩʫʥʦʢ 4.1 ɻʨʘʬʠʢ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʡ ʠʦʥʥʳʡ ʨʘʜʠʫʩ ʨʘʟʣʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ ʢʦʦʨʜʠʥʘʮʠʠ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ (ʜʘʥʥʳʝ ʠʟ [Shannon, 1976]). ʂʨʘʩʥʳʝ ʪʦʯʢʠ 

ï Fe
3+

, Cu
2+

, Cu
+
 ʠ Fe

2+
. ɺʳʜʝʣʝʥʥʘʷ ʢʨʘʩʥʳʤ ʦʙʣʘʩʪʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʟʦʥʫ, ʚ ʢʦʪʦʨʦʡ 

ʵʣʝʤʝʥʪʳ ʠʤʝʶʪ ʠʜʝʘʣʴʥʳʝ ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ ʜʣʷ ʚʢʣʶʯʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʠʟʦʤʦʨʬʥʦʡ 

ʧʨʠʤʝʩʠ ʚ ʭʘʣʴʢʦʧʠʨʠʪ [George et al., 2018]. 
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4.2. ʕʣʝʤʝʥʪʳ-ʧʨʠʤʝʩʠ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

 

ɼʣʷ ʮʝʣʝʡ ʵʪʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʠ 14 

ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʠʟ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ (46 ʘʥʘʣʠʟʦʚ), ʚʢʨʘʧʣʝʥʥʳʭ 

(25 ʘʥʘʣʠʟʦʚ) ʠ ʤʘʩʩʠʚʥʳʭ (16 ʘʥʘʣʠʟʦʚ) ʨʫʜ (ʇʨʠʣʦʞʝʥʠʝ 1) ʩʦʛʣʘʩʥʦ ʤʝʪʦʜʠʢʝ, 

ʦʧʠʩʘʥʥʦʡ ʚ ɻʣʘʚʝ 3. ɺʥʝʰʥʠʡ ʚʠʜ ʥʝʢʦʪʦʨʳʭ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʘʭ ʥʠʞʝ 

(ʨʠʩ. 4.2, 4.3). 

 

ʈʠʩʫʥʦʢ 4.2 ʆʙʨʘʟʮʳ ʠʟʫʯʝʥʥʳʭ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ: ʘ, ʙ ï ʤʘʩʩʠʚʥʳʝ 

ʧʠʨʨʦʪʠʥʦʚʳʝ ʨʫʜʳ; ʚ ï ʤʘʩʩʠʚʥʘʷ ʭʘʣʴʢʦʧʠʨʠʪʦʚʘʷ ʨʫʜʘ; ʛ ï ʢʦʥʪʘʢʪʦʚʳʡ 
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ʛʘʙʙʨʦʜʦʣʝʨʠʪ; ʜ ï ʙʝʟʦʣʠʚʠʥʦʚʳʡ ʛʘʙʙʨʦʜʦʣʝʨʠʪ; ʝ ï ʧʠʢʨʠʪʦʚʳʡ ʛʘʙʙʨʦʜʦʣʝʨʠʪ; -yʠ ï 

ʧʠʨʨʦʪʠʥ-ʭʘʣʴʢʦʧʠʨʠʪʦʚʘʷ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʘʷ ʨʫʜʘ. 

 

ʈʠʩʫʥʦʢ 4.3. ʆʙʨʘʟʮʳ ʨʫʜ ʚ ʦʪʨʘʞʝʥʥʦʤ ʩʚʝʪʝ. ɸ, ɹ ï ʚʢʨʘʧʣʝʥʥʘʷ ʨʫʜʘ, ɺ, ɻ ï 

ʤʘʩʩʠʚʥʘʷ ʨʫʜʘ, ɼ, ɽ ï ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʘʷ ʨʫʜʘ. Ccp ï ʭʘʣʴʢʦʧʠʨʠʪ, Pn ï 

ʧʝʥʪʣʘʥʜʠʪ, Po ï ʧʠʨʨʦʪʠʥ, Mgt ï ʤʘʛʥʝʪʠʪ. 
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ɿʝʨʥʘ ʭʘʣʴʢʦʧʠʨʠʪʘ ʦʪʙʠʨʘʣʠʩʴ ʠʟ ʦʙʨʘʟʮʦʚ ʨʫʜ ʠ ʫʧʘʢʦʚʳʚʘʣʠʩʴ ʚ ʵʧʦʢʩʠʜʥʫʶ 

ʩʤʦʣʫ. ʇʦʩʣʝ ʰʣʠʬʦʚʢʠ ʠ ʧʦʣʠʨʦʚʢʠ ʧʦʣʫʯʝʥʥʳʝ ʧʨʝʧʘʨʘʪʳ ʠʟʫʯʘʣʠʩʴ ʥʘ ʧʨʝʜʤʝʪ 

ʚʢʣʶʯʝʥʠʡ ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʩʨʝʜʩʪʚʘʤʠ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, 

ʥʘʤʝʯʘʣʠʩʴ ʫʯʘʩʪʢʠ ʜʣʷ ʙʫʜʫʱʝʛʦ ʘʥʘʣʠʟʘ LA-ICP-MS (ʨʠʩ. 4.3). 

 

ʈʠʩʫʥʦʢ 4.3. ʌʦʪʦ BSE ʥʝʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʭʘʣʴʢʦʧʠʨʠʪʘ, 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ LA-ICP-MS. Ccp ï ʭʘʣʴʢʦʧʠʨʠʪ, Po ï ʧʠʨʨʦʪʠʥ. 

 

ɼʣʷ ʚʠʟʫʘʣʴʥʦʡ ʦʮʝʥʢʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʨʠʤʝʩʝʡ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʙʳʣʠ 

ʧʦʩʪʨʦʝʥʳ ʩʢʨʠʧʠʯʥʳʝ ʜʠʘʛʨʘʤʤʳ (violin-plot) ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ ggplot ʜʣʷ R. ʕʪʘ ʬʦʨʤʘ 

ʦʪʦʙʨʘʞʝʥʠʷ ʜʘʥʥʳʭ ʥʘʠʙʦʣʝʝ ʫʜʦʙʥʘ, ʪʘʢ ʢʘʢ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ çʷʱʠʢʠ ʩ ʫʩʘʤʠè (box-plot) 

ʠ ʢʨʠʚʫʶ ʦʮʝʥʢʠ ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ (density-plot) (ʨʠʩ. 4.4). ʂʦʥʮʝʥʪʨʘʮʠʠ 

ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʪʨʝʭ ʛʣʘʚʥʳʭ ʪʠʧʦʚ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 
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ʧʝʨʝʢʨʳʚʘʶʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ. ʕʪʦ ʥʘʛʣʷʜʥʦ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʢʨʠʧʠʯʥʳʝ ʜʠʘʛʨʘʤʤʳ (ʨʠʩ. 

4.4) (ʜʘʥʥʳʝ ʦ ʩʦʜʝʨʞʘʥʠʷʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠʤʝʩʝʡ ʜʘʥʳ ʚ ʇʨʠʣʦʞʝʥʠʠ 1). ɼʘʥʥʳʡ ʬʘʢʪ 

ʷʚʣʷʝʪʩʷ ʜʦʚʦʣʴʥʦ ʥʝʦʞʠʜʘʥʥʳʤ, ʪʘʢ ʢʘʢ ʩʦʛʣʘʩʥʦ ʨʘʟʣʠʯʥʳʤ ʛʠʧʦʪʝʟʘʤ, ʦʙʩʫʞʜʝʥʥʳʤ ʚ 

ʨʘʟʜʝʣʝ 1.2, ʤʘʩʩʠʚʥʳʝ, ʚʢʨʘʧʣʝʥʥʳʝ ʠ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʝ ʨʫʜʳ ʚʦʟʥʠʢʘʣʠ 

ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ.  

 

ʈʠʩʫʥʦʢ 4.4 ʉʢʨʠʧʠʯʥʳʝ ʜʠʘʛʨʘʤʤʳ ʜʣʷ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠʟ 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʨʫʜ. 
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ʇʨʠʤʝʥʝʥʠʝ ʜʠʩʢʨʠʤʠʥʘʮʠʦʥʥʦʡ ʜʠʘʛʨʘʤʤʳ Se-Cd-Ni ʜʣʷ ʭʘʣʴʢʦʧʠʨʠʪʘ, 

ʧʨʝʜʣʦʞʝʥʥʦʡ [Duran et al., 2019], ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʤʝʰʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ (ʨʠʩ 4.5). 

ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʪʦʯʢʠ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠʟ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʪʠʧʦʚ ʨʫʜ ʥʘ ʛʨʘʬʠʢʘʭ 

ʣʦʞʘʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʝ ʠ ʤʘʛʤʘʪʠʯʝʩʢʠʝ ʦʙʣʘʩʪʠ ʛʨʘʬʠʢʦʚ. ʏʪʦ 

ʭʘʨʘʢʪʝʨʥʦ, ʜʘʥʥʳʝ ʠʟ ʨʘʙʦʪʳ [Mansur et al., 2020] ʜʣʷ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠʟ ʤʘʩʩʠʚʥʦʡ ʨʫʜʳ 

ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʪʘʢʞʝ ʟʘʥʠʤʘʶʪ ʧʦʣʦʞʝʥʠʝ ʚ ʧʨʝʜʝʣʘʭ ʜʚʫʭ ʧʦʣʝʡ 

ʛʨʘʬʠʢʦʚ (ʨʠʩʫʥʦʢ 4.5ɹ). ʊʦ ʝʩʪʴ, ʠʣʠ ʧʨʝʜʣʦʞʝʥʥʘʷ ʜʠʩʢʨʠʤʠʥʘʮʠʦʥʥʘʷ ʜʠʘʛʨʘʤʤʘ Se-

Cd-Ni ʥʝ ʨʘʙʦʪʘʝʪ ʜʣʷ ʭʘʣʴʢʦʧʠʨʠʪʘ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʠʣʠ ʭʘʣʴʢʦʧʠʨʠʪ ʠʟ 

ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʪʠʧʘ ʨʫʜ ʠʤʝʝʪ ʨʘʟʥʳʡ ʛʝʥʝʟʠʩ. ʇʦʩʣʝʜʥʝʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʤʘʣʦʚʝʨʦʷʪʥʳʤ. 

 

ʈʠʩʫʥʦʢ 4.5 ʊʨʝʫʛʦʣʴʥʳʝ ʜʠʘʛʨʘʤʤʳ ʜʣʷ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠʟ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʨʫʜ. 

ʇʫʥʢʪʠʨʦʤ ʦʪʤʝʯʝʥʦ ʧʦʣʝ ʩʦʩʪʘʚʦʚ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠʟ ʤʘʩʩʠʚʥʳʭ ʨʫʜ ʠʟ ʨʘʙʦʪʳ [Mansur et 

al., 2020]. 
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ɸʥʘʣʦʛʠʯʥʘʷ ʩʠʪʫʘʮʠʷ ʩ ʜʠʩʢʨʠʤʠʥʘʮʠʦʥʥʦʡ ʜʠʘʛʨʘʤʤʦʡ Zn-Cd (ʨʠʩ. 4.6), ʢʦʪʦʨʘʷ 

ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʚ ʨʘʙʦʪʝ [George et al., 2018]. ʇʦʚʝʜʝʥʠʝ Zn ʠ Cd ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʠʟ ʚʩʝʭ 

ʪʠʧʦʚ ʨʫʜ ʩʭʦʞʝ, ʠ ʥʘ ʢʣʘʩʩʠʬʠʢʘʮʠʦʥʥʦʡ ʜʠʘʛʨʘʤʤʝ ʦʥʠ ʦʙʨʘʟʫʶʪ ʦʜʥʦ ʧʦʣʝ ʩʦʩʪʘʚʦʚ. 

ɸʥʘʣʦʛʠʯʥʦ ʚʝʜʫʪ ʩʝʙʷ ʠ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠʟ ʤʘʩʩʠʚʥʳʭ ʨʫʜ 

[Mansur et al., 2020]. 

 

 

ʈʠʩʫʥʦʢ 4.6 ɼʠʩʢʨʤʠʥʘʮʠʦʥʥʘʷ ʜʠʘʛʨʘʤʤʘ Zn - Cd ʠʟ ʨʘʙʦʪʳ [George et al., 2018]. 

ʉʝʨʳʤ ʧʦʣʝʤ ʦʪʤʝʯʝʥʦ ʧʦʣʝ ʩʦʩʪʘʚʦʚ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠʟ ʨʘʙʦʪʳ [Mansur et al., 2020]. 

SEDEX ï ʦʩʘʜʦʯʥʦ-ʵʢʩʛʘʣʷʮʠʦʥʥʳʝ, VMS ï ʚʫʣʢʘʥʦʛʝʥʥʳʤʠ ʤʘʩʩʠʚʥʳʝ ʩʫʣʴʬʠʜʳ.   

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʫʱʝʩʪʚʫʶʱʠʝ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʜʠʩʢʨʠʤʠʥʘʮʠʦʥʥʳʝ ʜʠʘʛʨʘʤʤʳ ʥʝ ʧʦʟʚʦʣʷʶʪ ʫʚʝʨʝʥʥʦ ʨʘʟʣʠʯʘʪʴ ʭʘʣʴʢʦʧʠʨʠʪ ʠʟ 

ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. 
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ɼʨʫʛʦʡ ʩʪʘʥʜʘʨʪʥʳʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʦʨʤʠʨʦʚʘʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʤʝʥʪʦʚ 

ʢ ʢʣʘʨʢʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ (ʥʘʧʨʠʤʝʨ, ʢ ʩʦʜʝʨʞʘʥʠʶ ʚ ʭʦʥʜʨʠʪʝ, ʧʨʠʤʠʪʠʚʥʦʡ 

ʤʘʥʪʠʠ, ʢʦʨʝ, ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʦʨʦʜʝ). ʆʜʥʘʢʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʠ ʵʪʦʪ ʧʦʜʭʦʜ ʥʝ ʜʦʢʘʟʳʚʘʝʪ 

ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. ʊʘʢ ʥʦʨʤʠʨʦʚʘʥʠʝ ʢ ʩʨʝʜʥʝʤʫ ʩʦʜʝʨʞʘʥʠʶ ʵʣʝʤʝʥʪʦʚ ʚ ʩʫʣʴʬʠʜʘʭ 

MORB [Patten et al., 2013] ʥʝ ʧʦʟʚʦʣʷʝʪ ʨʘʟʣʠʯʠʪʴ ʭʘʣʴʢʦʧʠʨʠʪ ʠʟ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʨʫʜ 

(ʨʠʩ. 4.7). 

ʇʦ-ʚʠʜʠʤʦʤʫ, ʨʘʟʣʠʯʥʳʝ ʵʣʝʤʝʥʪʳ ʤʦʛʫʪ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʩʭʦʜʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʢʘʢʠʝ ʤʠʥʝʨʘʣʴʥʳʝ ʘʩʩʦʮʠʘʮʠʠ ʢʨʠʩʪʘʣʣʠʟʦʚʘʣʠʩʴ ʚʤʝʩʪʝ ʩ ʥʠʤ. 

 

 

ʈʠʩʫʥʦʢ 4.7 ʄʫʣʴʪʠʵʣʝʤʝʥʪʥʘʷ ʜʠʘʛʨʘʤʤʘ ʜʣʷ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠʟ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ 

ʨʫʜ. ʉʦʩʪʘʚ ʩʫʣʴʬʠʜʦʚ MORB ï ʩʨʝʜʥʝʝ ʠʟ ʨʘʙʦʪʳ [Patten et al., 2013]. 

 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʜʘʥʥʦʡ ʛʠʧʦʪʝʟʳ ʙʳʣ ʧʨʠʤʝʥʝʥ ʢʣʘʩʪʝʨʥʳʡ ʘʥʘʣʠʟ (ʧʨʦʛʨʘʤʤʥʦʝ 

ʦʙʝʩʧʝʯʝʥʠʝ ʫʢʘʟʘʥʦ ʚ ɻʣʘʚʝ 3), ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʦʛʦ ʧʦʢʘʟʘʥʳ ʥʘ (ʨʠʩ 4.8). ʍʘʣʴʢʦʧʠʨʠʪ 

ʠʟ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ, ʚʢʨʘʧʣʝʥʥʳʭ ʠ ʤʘʩʩʠʚʥʳʭ ʨʫʜ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʯʝʪʳʨʴʤʷ, 

ʜʚʫʤʷ ʠ ʪʨʝʤʷ ʢʣʘʩʪʝʨʘʤʠ ʵʣʝʤʝʥʪʦʚ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʩʭʦʜʩʪʚʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʂʣʘʩʪʝʨʳ ʥʝʢʦʪʦʨʳʭ ʵʣʝʤʝʥʪʦʚ ʤʦʛʫʪ ʙʳʪʴ ʣʝʛʢʦ ʦʙʲʷʩʥʝʥ r ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʩ 

ʭʘʣʴʢʦʧʠʨʠʪʦʤ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʥʝʢʦʪʦʨʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ, ʭʦʪʷ ʤʦʞʝʪ ʪʘʢʞʝ 
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ʧʨʦʠʩʭʦʜʠʪʴ ʥʝʢʦʪʦʨʘʷ ʦʰʠʙʦʯʥʘʷ ʠʣʠ ʣʦʞʥʘʷ ʢʣʘʩʪʝʨʠʟʘʮʠʠ (ʊʘʙʣʠʮʘ 4.1). ʅʘʧʨʠʤʝʨ, 

ʩʣʦʞʥʦ ʦʙʲʷʩʥʠʤ  r ʢʣʘʩʪʝʨʳ Ti-Sn, Ti-Mn-Mo ʠ Mn-Ti-Zn-Ag ʜʣʷ ʭʘʣʴʢʦʧʠʨʠʪʘ 

ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ, ʚʢʨʘʧʣʝʥʥʳʭ ʠ ʤʘʩʩʠʚʥʳʭ ʨʫʜ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʩʢʦʣʴʢʫ 

ʢʣʘʩʪʝʨʥʳʡ ʘʥʘʣʠʟ ï ʵʪʦ ʧʨʦʩʪʦ ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʠʥʩʪʨʫʤʝʥʪ, ʦʥ ʥʝʠʟʙʝʞʥʦ ʛʨʫʧʧʠʨʫʝʪ 

ʵʣʝʤʝʥʪʳ ʚ ʢʣʘʩʪʝʨʳ, ʧʦʚʝʜʝʥʠʝ ʢʦʪʦʨʳʭ ʥʝ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤʠ ʠʣʠ ʠʥʳʤʠ ʛʝʦʣʦʛʠʯʝʩʢʠʤʠ 

ʧʨʦʮʝʩʩʘʤʠ.  

ɼʨʫʛʠʝ ʢʣʘʩʪʝʨʳ, ʪʘʢʠʝ ʢʘʢ Bi-Se-Te, Zn-Cd ʠ Co-Ni ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʧʨʦʞʠʣʢʦʚʦ-

ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ, Ag-Co-Ni-Sn-Bi-Tl-Pb-Zn-Cd-Se-Te ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ ʠ 

Co-Ni-Mo-Pb ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʤʘʩʩʠʚʥʳʭ ʨʫʜ ʦʙʲʷʩʥʷʶʪʩʷ ʧʨʠʩʫʪʩʪʚʠʝʤ ʤʠʥʝʨʘʣʴʥʳʭ 

ʬʘʟ, ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʵʪʠʭ ʪʠʧʘʭ ʨʫʜ, ʢʦʪʦʨʳʝ ʢʨʠʩʪʘʣʣʠʟʦʚʘʣʠʩʴ ʩʦʚʤʝʩʪʥʦ ʩ 

ʭʘʣʴʢʦʧʠʨʠʪʦʤ (ʊʘʙʣʠʮʘ 4.1). Se ʠ Te ʦʙʨʘʟʫʶʪ ʢʣʘʩʪʝʨʳ ʚʦ ʚʩʝʭ ʪʨʝʭ ʪʠʧʘʭ ʨʫʜ, ʧʦʪʦʤʫ 

ʯʪʦ ʵʪʠ ʜʚʘ ʵʣʝʤʝʥʪʘ ʠʤʝʶʪ ʚ ʧʨʠʥʮʠʧʝ ʩʭʦʜʥʦʝ ʛʝʦʭʠʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ. 

ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʢʣʘʩʪʝʨʥʦʛʦ ʘʥʘʣʠʟʘ ʚʠʜʥʦ, ʯʪʦ ʵʣʝʤʝʥʪʳ-ʧʨʠʤʝʩʠ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ 

ʠʟ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʣʦʞʥʦʝ ʧʦʚʝʜʝʥʠʝ, 

ʠ ʟʘʯʘʩʪʫʶ ʠʭ ʚʘʨʠʘʮʠʠ ʥʦʩʷʪ ʢʦʤʧʣʝʢʩʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʟʘʚʠʩʷʪ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʜʣʷ ʚʳʷʩʥʝʥʠʷ ʛʝʥʝʪʠʯʝʩʢʦʡ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʭʘʣʴʢʦʧʠʨʠʪʘ ʢ ʨʘʟʣʠʯʥʳʤ ʪʠʧʘʤ 

ʨʫʜ ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʣʘʩʩʠʬʠʢʘʮʠʦʥʥʦʛʦ ʤʝʪʦʜʘ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ çʜʝʨʝʚʝ 

ʨʝʰʝʥʠʡè. ʕʪʦ ʩʪʘʥʜʘʨʪʥʳʡ ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʤʝʪʦʜ, ʜʦʢʘʟʘʚʰʠʡ ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ, 

ʥʘʧʨʠʤʝʨ, ʧʨʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʘʧʘʪʠʪʘ, ʮʠʨʢʦʥʘ, ʛʨʘʥʘʪʘ [Belousova et al., 2002a; 

Belousova et al., 2002b; Griffin et al., 2002; Griffin et al., 1999]. 
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ʈʠʩʫʥʦʢ 4.8 ʈʝʟʫʣʴʪʘʪ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʠʟ 

ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ, ʚʢʨʘʧʣʝʥʥʳʭ ʠ ʤʘʩʩʠʚʥʳʭ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. 

ʎʚʝʪʘʤʠ ʚʳʜʝʣʝʥʳ ʛʨʫʧʧʳ ʵʣʝʤʝʥʪʦʚ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʩʭʦʜʩʪʚʘ, ʢʦʪʦʨʦʝ ʙʳʣʦ 

ʦʧʨʝʜʝʣʝʥʥʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʘ ʘʥʘʣʠʟʘ. 
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ʊʘʙʣʠʮʘ 4.1 ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʢʣʘʩʪʝʨʥʦʛʦ ʘʥʘʣʠʟʘ. 

ʊʠʧʳ ʨʫʜ ʂʣʘʩʪʝʨʳ ʵʣʝʤʝʥʪʦʚ ʀʥʪʝʨʧʨʠʪʘʮʠʷ 

ʇʨʦʞʠʣʢʦʚʦ-

ʚʢʨʘʧʣʝʥʥʘʷ ʨʫʜʘ 

Bi-Se-Te 

ʆʜʥʦʚʨʝʤʝʥʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ 

ʭʘʣʴʢʦʧʠʨʠʪʘ ʩ Bi-Te ʬʘʟʘʤʠ 

ʠʟʦʤʦʨʬʠʟʤ Se ʠ Te. 

Ti-Sn ʆʰʠʙʦʯʥʘʷ ʢʣʘʩʪʝʨʠʟʘʮʠʷ? 

Zn-Cd 

ʆʜʥʦʚʨʝʤʝʥʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ 

ʩʬʘʣʝʨʠʪʘ ʩ ʭʘʣʴʢʦʧʠʨʠʪʦʤ, 

ʠʟʦʤʦʨʬʠʟʤ Cd ʠ Zn. 

Co-Ni 

ʆʜʥʦʚʨʝʤʝʥʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ 

ʧʝʥʪʣʘʥʜʠʪʘ ʠ Co-ʧʝʥʪʣʘʥʜʠʪʘ ʩ 

ʭʘʣʴʢʦʧʠʨʠʪʦʤ. 

ɺʢʨʘʧʣʝʥʥʘʷ ʨʫʜʘ 

Ti-Mn-Mo ʆʰʠʙʦʯʥʘʷ ʢʣʘʩʪʝʨʠʟʘʮʠʷ? 

Ag-Co-Ni-Sn-Bi-Tl-Pb-

Zn-Cd-Se-Te 

ʂʨʠʩʪʘʣʣʠʟʘʮʠʷ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠʟ 

MSS. 

ʄʘʩʩʠʚʥʘʷ ʨʫʜʘ 

Mn-Ti-Zn-Ag ʆʰʠʙʦʯʥʘʷ ʢʣʘʩʪʝʨʠʟʘʮʠʷ? 

Se-Te ʀʟʦʤʦʨʬʠʟʤ Se ʠ Te ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ. 

Co-Ni-Mo-Pb 

ʆʜʥʦʚʨʝʤʝʥʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ 

ʧʝʥʪʣʘʥʜʠʪʘ, ʛʘʣʝʥʠʪʘ, ʠʟʦʤʦʨʬʠʟʤ 

Pb, Mo ʠ Co. 

 

ʉʫʪʴ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʩʪʨʦʝʥʠʠ çʜʝʨʝʚʘ ʨʝʰʝʥʠʡè, ʛʜʝ ʚ çʫʟʣʘʭè 

ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʫʩʣʦʚʠʝ (ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʢʦʥʮʝʥʪʨʘʮʠʷ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ), ʦʪ ʢʦʪʦʨʦʛʦ 

ʦʪʭʦʜʷʪ çʚʝʪʚʠè, ʢʦʪʦʨʳʝ ʫʜʦʚʣʝʪʚʦʨʷʶʪ/ʥʝ-ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʫʩʣʦʚʠʶ. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ 

ʜʝʨʝʚʘ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʙʳʣ ʦʪʦʙʨʘʥ ʨʷʜ ʵʣʝʤʝʥʪʦʚ Se, Te, Cd, Pb. ɺʳʙʦʨ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ 

ʦʩʫʱʝʩʪʚʣʝʥ ʧʨʠ ʧʦʤʦʱʠ çʧʨʦʙ ʠ ʦʰʠʙʦʢè ʠ ʦʩʥʦʚʘʥ ʥʘ ʦʧʪʠʤʘʣʴʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 

ʢʦʨʨʝʢʪʥʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠ ʤʠʥʠʤʘʣʴʥʦʛʦ ʯʠʩʣʘ ʫʩʣʦʚʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ 

ʜʘʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʙʨʘʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʩʣʝʜʫʶʱʝʝ 

ʢʣʘʩʩʠʬʠʢʘʮʠʦʥʥʦʝ ʜʝʨʝʚʦ (ʨʠʩ. 4.9). ɼʘʥʥʦʝ ʢʣʘʩʩʠʬʠʢʘʮʠʦʥʥʦʝ ʜʝʨʝʚʦ ʢʦʨʨʝʢʪʥʦ 

ʨʘʟʜʝʣʷʝʪ ʭʘʣʴʢʦʧʠʨʠʪ ʠʟ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʨʫʜ ʩ ʜʦʩʪʦʚʝʨʥʦʩʪʴʶ ~86 % (ʦʪʥʦʰʝʥʠʝ 

ʚʝʨʥʦ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʥʳʭ ʟʝʨʝʥ ʭʘʣʴʢʦʧʠʨʠʪʘ ʢ ʦʙʱʝʤʫ ʯʠʩʣʫ ʟʝʨʝʥ ʚ ʧʨʦʮʝʥʪʘʭ).   
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ʈʠʩʫʥʦʢ 4.9. ʇʨʝʜʣʘʛʘʝʤʦʝ ʜʝʨʝʚʦ ʢʣʘʩʩʠʬʠʢʘʮʠʠ. ʈʘʟʥʳʝ ʮʚʝʪʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʨʘʟʣʠʯʥʳʤ ʪʠʧʘʤ ʨʫʜ; 1 ï ʤʘʩʩʠʚʥʳʝ ʨʫʜʳ, 2 ï ʚʢʨʘʧʣʝʥʥʳʝ ʨʫʜʳ, 3 ï ʧʨʦʞʠʣʢʦʚʦ-

ʚʢʨʘʧʣʝʥʥʳʝ ʨʫʜʳ. 

 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʜʝʨʝʚʘ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʜʣʷ ʦʪʥʝʩʝʥʠʷ ʭʘʣʴʢʦʧʠʨʠʪʘ ʢ 

ʦʜʥʦʤʫ ʠʟ ʪʠʧʦʚ ʨʫʜ ʥʘ ʥʝʟʘʚʠʩʠʤʳʭ ʜʘʥʥʳʭ [Mansur et al., 2020] ʧʦʢʘʟʳʚʘʝʪ 90% ʚʝʨʥʳʭ 

ʦʧʨʝʜʝʣʝʥʠʡ (ʚ ʪʝʩʪʦʚʦʡ ʚʳʙʦʨʢʝ ʚʝʩʴ ʭʘʣʴʢʦʧʠʨʠʪ ʧʨʠʥʘʜʣʝʞʘʣ ʤʘʩʩʠʚʥʳʤ ʨʫʜʘʤ). ʕʪʦ 

ʥʘʛʣʷʜʥʦ ʠʣʣʶʩʪʨʠʨʫʝʪ, ʯʪʦ ʢʣʘʩʩʠʬʠʢʘʮʠʷ, ʧʨʝʜʣʦʞʝʥʥʘʷ ʚ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ, 

ʨʘʙʦʪʘʝʪ ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ ʜʣʷ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʣʘʙʦʨʘʪʦʨʠʠ, 

ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ. ʆʜʥʘʢʦ 

ʧʦʧʳʪʢʘ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʣʘʩʩʠʬʠʢʘʮʠʦʥʥʦʝ ʜʝʨʝʚʦ ʥʘ ʜʘʥʥʳʭ, ʧʨʠʚʝʜʝʥʥʳʭ ʚ [Duran et al., 

2019], ʜʘʝʪ ʪʦʣʴʢʦ 50% ʩʦʚʧʘʜʘʶʱʠʭ ʩ ʪʠʧʠʟʘʮʠʝʡ ʭʘʣʴʢʦʧʠʨʠʪʘ ʚ ʵʪʦʡ ʩʪʘʪʴʝ, ʯʪʦ 

ʨʘʚʥʦʩʠʣʴʥʦ ʩʣʫʯʘʡʥʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ. ɼʘʥʥʳʡ ʬʘʢʪ ʥʘʚʦʜʠʪ ʥʘ ʤʳʩʣʴ, ʯʪʦ ʦʙʱʠʝ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʧʨʝʜʣʦʞʝʥʥʳʝ ʚ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʠʣʠ ʚ ʨʘʙʦʪʘʭ [Duran et al., 2019; 

George et al., 2018], ʩʢʦʨʝʝ ʚʩʝʛʦ ʟʘʚʠʩʷʪ ʦʪ ʪʠʧʘ ʢʦʥʢʨʝʪʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. 
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ʇʨʝʜʣʦʞʝʥʥʳʡ ʚ ʵʪʦʡ ʨʘʙʦʪʝ ʢʣʘʩʩʠʬʠʢʘʮʠʦʥʥʳʡ ʘʣʛʦʨʠʪʤ, ʚʝʨʦʷʪʥʦ, ʙʫʜʝʪ ʭʦʨʦʰʦ 

ʨʘʙʦʪʘʪʴ ʜʣʷ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʥʦʨʠʣʴʩʢʦʛʦ ʨʝʛʠʦʥʘ, ʥʦ ʤʦʞʝʪ ʙʳʪʴ ʥʝʧʨʠʤʝʥʠʤ ʜʣʷ ʜʨʫʛʠʭ 

ʪʠʧʦʚ ʤʝʩʪʦʨʦʞʜʝʥʠʡ (ʥʘʧʨʠʤʝʨ, SEDEX ʠʣʠ VMS). ʆʜʥʘʢʦ ʚʩʸ ʞʝ ʦʩʥʦʚʥʦʡ ʧʨʦʙʣʝʤʦʡ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʭʘʣʴʢʦʧʠʨʠʪʘ ʜʣʷ ʛʝʥʝʪʠʯʝʩʢʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʷʚʣʷʝʪʩʷ ʦʛʨʘʥʠʯʝʥʥʳʡ 

ʥʘʙʦʨ ʵʤʧʠʨʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʧʦ ʭʘʣʴʢʦʧʠʨʠʪʫ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʜʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʥʝʩʢʦʣʴʢʦ ʚʦʩʧʦʣʥʷʝʪ ʩʫʱʝʩʪʚʫʶʱʠʡ ʧʨʦʙʝʣ, ʥʦ ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʪʘʢʞʝ ʠʣʣʶʩʪʨʠʨʫʝʪ, 

ʯʪʦ ʟʘʯʘʩʪʫʶ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʦʣʝʝ ʩʣʦʞʥʳʝ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ. 

ʅʘ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʜʝʨʝʚʘ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠ ʠʟʚʝʩʪʥʳʭ ʤʠʥʝʨʘʣʴʥʳʭ 

ʘʩʩʦʮʠʘʮʠʡ ʚ ʨʘʟʣʠʯʥʳʭ ʪʠʧʘʭ ʨʫʜ ʤʦʞʥʦ ʚʳʷʚʠʪʴ ʥʝʢʦʪʦʨʳʝ ʠʜʝʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʧʦʚʝʜʝʥʠʷ ʵʣʝʤʝʥʪʦʚ-ʧʨʠʤʝʩʝʡ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ. ʅʘʧʨʠʤʝʨ, ʭʘʣʴʢʦʧʠʨʠʪ ʚʢʨʘʧʣʝʥʥʦʡ 

ʨʫʜʳ ʚ ʩʨʝʜʥʝʤ ʙʦʛʘʯʝ Cd ʠ Pb, ʯʝʤ ʭʘʣʴʢʦʧʠʨʠʪ ʜʚʫʭ ʜʨʫʛʠʭ ʪʠʧʦʚ ʨʫʜ. ɺʝʨʦʷʪʥʦ, ʵʪʦ 

ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʠʩʭʦʜʥʳʡ ʩʫʣʴʬʠʜʥʳʡ ʨʘʩʧʣʘʚ ʙʳʣ ʙʦʛʘʪ ʵʪʠʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʘ 

ʭʘʣʴʢʦʧʠʨʠʪ ʢʨʠʩʪʘʣʣʠʟʦʚʘʣʩʷ ʨʘʥʴʰʝ ʛʘʣʝʥʠʪʘ. ʄʘʩʩʠʚʥʘʷ ʨʫʜʘ, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʧʨʠ ʘʛʨʝʛʘʮʠʠ ʩʫʣʴʬʠʜʥʳʭ ʢʘʧʝʣʴ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʰʝʣ ʫʞʝ ʧʦʩʣʝ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʛʘʣʝʥʠʪʘ, ʥʘ ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʚ ʩʨʝʜʥʝʤ ʙʦʣʝʝ ʥʠʟʢʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ Cd ʠ Pb 

ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʤʘʩʩʠʚʥʦʡ ʨʫʜʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʭʘʣʴʢʦʧʠʨʠʪʦʤ ʚʢʨʘʧʣʝʥʥʦʡ ʨʫʜʳ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʭʣʘʞʜʝʥʠʝ ʩʫʣʴʬʠʜʥʦʛʦ ʨʘʩʧʣʘʚʘ ʦʪ 700 ÁC ʜʦ 

400ÁC ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʦʪʥʦʰʝʥʠʷ Cu/Pb ʚ ʨʘʩʧʣʘʚʝ ʚ 3 ʨʘʟʘ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʛʘʣʝʥʠʪʘ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʝʤ ʭʘʣʴʢʦʧʠʨʠʪ [Mavrogenes 

et al., 2013]. ʏʪʦ ʢʘʩʘʝʪʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Se ʠ Te ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ, ʩʯʠʪʘʝʪʩʷ, ʯʪʦ Se 

ʦʜʥʦʨʦʜʥʦ ʨʘʩʧʨʝʜʝʣʷʝʪʩʷ ʤʝʞʜʫ ʪʚʝʨʜʳʤ ʨʘʩʪʚʦʨʦʤ ʤʦʥʦʩʫʣʴʬʠʜʘ (MSS) ʠ 

ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʪʚʝʨʜʳʤ ʨʘʩʪʚʦʨʦʤ (ISS), ʪʦʛʜʘ ʢʘʢ Te ʙʦʣʝʝ ʪʷʛʦʪʝʝʪ ʢ ISS [Patten et al., 

2013]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʥʝʪ ʥʠʢʘʢʦʡ ʨʘʟʥʠʮʳ ʤʝʞʜʫ ʭʘʣʴʢʦʧʠʨʠʪʦʤ ʚʢʨʘʧʣʝʥʥʳʭ ʠ 

ʤʘʩʩʠʚʥʳʭ ʨʫʜ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ, ʧʦʪʦʤʫ ʯʪʦ ʵʪʠ ʨʫʜʳ ʷʚʣʷʶʪʩʷ ʧʨʦʜʫʢʪʦʤ 

ʵʚʦʣʶʮʠʠ MSS. ʍʘʣʴʢʦʧʠʨʠʪ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ ʚ ʩʨʝʜʥʝʤ ʙʝʜʥʝʝ ʚʩʝʤʠ 

ʵʣʝʤʝʥʪʘʤʠ-ʧʨʠʤʝʩʷʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʚʫʤ ̫ ʜʨʫʛʠʤʠ ʪʠʧʘʤʠ ʨʫʜ. ʕʪʦ ʤʦʞʝʪ 
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ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʪʦʤ, ʯʪʦ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʘʷ ʨʫʜʘ ʥʝ ʷʚʣʷʝʪʩʷ ʧʨʦʜʫʢʪʦʤ 

ʵʚʦʣʶʮʠʠ MSS ʠ ʩʚʷʟʘʥʘ ʩ ʜʨʫʛʠʤ ʧʨʦʮʝʩʩʦʤ, ʥʘʧʨʠʤʝʨ, ʨʝʤʦʙʠʣʠʟʘʮʠʝʡ ʨʫʜʥʦʛʦ 

ʚʝʱʝʩʪʚʘ ʚʩʣʝʜʩʪʚʠʝ ʤʝʪʘʤʦʨʬʠʟʤʘ ʠ ʤʝʪʘʩʦʤʘʪʦʟʘ.  

 

4.3. ɺʳʚʦʜʳ ʢ ʛʣʘʚʝ 4 

 

ʍʘʣʴʢʦʧʠʨʠʪ ʷʚʣʷʝʪʩʷ ʧʨʦʤʳʰʣʝʥʥʳʤ ʤʠʥʝʨʘʣʦʤ ʤʝʜʠ, ʚʩʪʨʝʯʘʶʱʠʤʩʷ ʚʦ ʚʩʝʭ 

ʪʠʧʘʭ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. ʂ ʩʦʞʘʣʝʥʠʶ, ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, ʢʘʩʘʶʱʠʭʩʷ 

ʛʝʦʭʠʤʠʠ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠ ʧʨʠʤʝʥʝʥʠ ̫ʝʛʦ ʤʠʢʨʦʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʜʣʷ ʛʝʥʝʪʠʯʝʩʢʠʭ 

ʧʦʩʪʨʦʝʥʠʡ, ʥʝ ʪʘʢ ʚʝʣʠʢʦ. ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʥʘʠʙʦʣʝʝ 

ʟʥʘʯʠʤʳʤ ʩʨʝʜʠ ʵʣʝʤʝʥʪʦʚ-ʧʨʠʤʝʩʝʡ ʥʠʭ ʷʚʣʷʶʪʩʷ Se, Te, Cd ʠ Pb. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʜʘʥʥʳʭ ʦ ʩʦʜʝʨʞʘʥʠʠ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ ʧʦʟʚʦʣʠʣʦ ʩʦʟʜʘʪʴ çʜʝʨʝʚʦ ʨʝʰʝʥʠʡè, ʧʦʟʚʦʣʷʶʱʝʝ 

ʫʩʪʘʥʘʚʣʠʚʘʪʴ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʭʘʣʴʢʦʧʠʨʠʪʘ ʢ ʨʘʟʣʠʯʥʳʤ ʪʠʧʘʤ ʨʫʜ. 
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ɻʃɸɺɸ 5. ɼɸʊʀʈʆɺɸʅʀɽ ʄʀʅɽʈɸʃʆɺ ɺɽʈʍʅɽɻʆ ʕʅɼʆ- ʀ ʕʂɿʆʂʆʅʊɸʂʊɸ 

ʍɸʈɸɽʃɸʍʉʂʆʁ ʀʅʊʈʋɿʀʀ 

 

5.1. ʇʝʪʨʦʛʨʘʬʠʯʝʩʢʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʦʨʦʜ 

 

ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʚʳʰʝ, ʚʩʝ ʧʨʝʜʳʜʫʱʠʝ U-Pb ʜʘʪʠʨʦʚʢʠ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ 

ʚʳʧʦʣʥʷʣʠʩʴ ʜʣʷ ʮʠʨʢʦʥʘ ʠʣʠ ʙʘʜʜʝʣʝʠʪʘ. ʄʝʞʜʫ ʪʝʤ ʚ ʧʦʨʦʜʘʭ ʨʘʩʩʣʦʝʥʥʦʡ ʩʝʨʠʠ 

ʰʠʨʦʢʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʪʘʥʠʪ, ʘʧʘʪʠʪ, ʛʨʘʥʘʪ ʠ ʧʝʨʦʚʩʢʠʪ. ʇʦʩʣʝʜʥʠʝ ʜʚʘ ʤʠʥʝʨʘʣʘ 

ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʳ ʜʣʷ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʪʘʢ ʢʘʢ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʵʥʜʦ- 

ʵʢʟʦʢʦʥʪʘʢʪʘʭ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ. ʆʪʜʝʣʴʥʦ ʩʣʝʜʫʝʪ ʚʳʜʝʣʠʪʴ ʧʝʨʦʚʩʢʠʪ, ʢʦʪʦʨʳʡ 

ʚʩʪʨʝʯʘʝʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʤʝʜʥʦ-ʥʠʢʝʣʝʚʳʭ ʨʫʜʘʭ. ɺʩʝʛʦ 

ʙʳʣʦ ʦʪʦʙʨʘʥʦ 4 ʦʙʨʘʟʮʘ ʧʦʨʦʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʤʝʪʘʩʦʤʘʪʠʟʠʨʦʚʘʥʥʳʤ ʨʦʛʦʚʠʢʦʤ (AM43), ʢʦʥʪʘʢʪʦʤ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘ ʠ ʨʦʛʦʚʠʢʘ 

(AM40), ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʦʡ ʨʫʜʦʡ (AM19) ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʝʥʥʳʤ 

ʛʘʙʙʨʦʜʝʣʝʨʠʪʦʤ (AM18). 

ʆʙʨʘʟʝʮ AM43. ʇʦʨʦʜʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʝʥʥʳʡ ʨʦʛʦʚʠʢ 

ʠʟ ʚʝʨʭʥʝʛʦ ʢʦʥʪʘʢʪʘ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ (ʨʠʩ. 5.1).  

 

ʈʠʩʫʥʦʢ 5.1 ʆʙʨʘʟʝʮ AM43 ï ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʝʥʥʳʡ ʨʦʛʦʚʠʢ ʠʟ ʚʝʨʭʥʝʛʦ 

ʢʦʥʪʘʢʪʘ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ. Pl ï ʧʣʘʛʠʦʢʣʘʟ, ʉpx ï ʢʣʠʥʦʧʠʨʦʢʩʝʥ. A ï ʥʠʢʦʣʠ 

ʧʘʨʘʣʣʝʣʴʥʳ, ɹ ï ʥʠʢʦʣʠ ʩʢʨʝʱʝʥʳ. 



57 
 

ʄʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ: ʢʣʠʥʦʧʠʨʦʢʩʝʥ (50%), ʧʣʘʛʠʦʢʣʘʟ (35%), ʵʧʠʜʦʪ (5%), 

ʩʫʣʴʬʠʜʳ (5%), ʧʨʝʥʠʪ (3%) ʠ ʘʤʬʠʙʦʣ (2%). ɸʢʮʝʩʩʦʨʥʳʝ ʤʠʥʝʨʘʣʳ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʮʦʠʟʠʪʦʤ, ʪʠʪʘʥʠʪʦʤ ʠ ʘʧʘʪʠʪʦʤ. ʇʦʩʣʝʜʥʠʝ ʜʚʘ ʤʠʥʝʨʘʣʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ U-Pb 

ʜʘʪʠʨʦʚʘʥʠʷ. ʇʣʘʛʠʦʢʣʘʟ ʟʘʤʝʱʝʥ ʩʦʩʩʶʨʠʪʦʤ, ʧʨʝʥʠʪʦʤ, ʘʣʴʙʠʪʦʤ ʠ ʭʣʦʨʠʪʦʤ. ʅʘ ʨʠʩ. 

5.2 ʧʨʝʜʩʪʘʚʣʝʥ ʚʥʝʰʥʠʡ ʚʠʜ ʢʨʠʩʪʘʣʣʦʚ ʘʧʘʪʠʪʘ ʠ ʪʠʪʘʥʠʪʘ, ʜʘʪʠʨʦʚʘʥʥʳʭ U-Pb LA-ICP-

MS. ʋ ʢʨʠʩʪʘʣʣʦʚ ʪʠʪʘʥʠʪʘ ʠ ʘʧʘʪʠʪʘ ʨʦʚʥʳʝ, ʥʝ ʢʦʨʨʦʜʠʨʦʚʘʥʥʳʝ ʛʨʘʥʠʮʳ, ʦʪʩʫʪʩʪʚʫʶʪ 

ʧʦʩʪʦʨʦʥʥʠʝ ʤʠʥʝʨʘʣʴʥʳʝ ʚʢʣʶʯʝʥʠʷ. ʊʘʢ ʞʝ, ʚ ʨʝʞʠʤʝ BSE ʫ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʤʠʥʝʨʘʣʦʚ 

ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʟʦʥʘʣʴʥʦʩʪʠ. 

 

ʈʠʩʫʥʦʢ 5.2 BSE ʠʟʦʙʨʘʞʝʥʠʝ ʢʨʠʩʪʘʣʣʦʚ ʪʠʪʘʥʠʪʘ ʠ ʘʧʘʪʠʪʘ ʠʟ ʦʙʨʘʟʮʘ AM43 

(ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʝʥʥʳʡ ʨʦʛʦʚʠʢ). Ttn ï ʪʠʪʘʥʠʪ, Ap ï ʘʧʘʪʠʪ, Pl ï ʧʣʘʛʠʦʢʣʘʟ, Anh -

ʘʥʛʠʜʨʠʪ, Ccp ï ʭʘʣʴʢʦʧʠʨʠʪ. 

 

ʆʙʨʘʟʝʮ AM40. ʆʙʨʘʟʝʮ ʧʨʝʜʩʪʘʚʣʝʥ ʢʦʥʪʘʢʪʦʤ ʤʝʞʜʫ ʤʘʩʩʠʚʥʳʤ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʦʤ ʠ ʧʠʨʦʢʩʝʥʦʚʳʤ ʨʦʛʦʚʠʢʦʤ (ʨʠʩ. 5.3). ʉʪʨʫʢʪʫʨʘ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʯʘʩʪʠ 

ʧʦʡʢʠʣʠʪʦʚʘʷ, ʦʬʠʪʦʚʘʷ, ʩ ʢʨʫʧʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ ʧʠʨʦʢʩʝʥʘ (0.5-2 ʤʤ) ʠ ʧʣʘʛʠʦʢʣʘʟʘ 

(0.5-1 ʤʤ). ʆʩʥʦʚʥʳʝ ʤʠʥʝʨʘʣʳ: ʢʣʠʥʦʧʠʨʦʢʩʝʥ (50%), ʧʣʘʛʠʦʢʣʘʟ (30%), ʤʘʛʥʝʪʠʪ (5%). 

ɽʜʠʥʠʯʥʳʝ ʢʨʠʩʪʘʣʣʳ: ʪʠʪʘʥʠʪ ʠ ʘʧʘʪʠʪ. ʕʪʠ ʤʠʥʝʨʘʣʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ U-Pb 

ʜʘʪʠʨʦʚʘʥʠʷ. ɺʪʦʨʠʯʥʳʝ ʤʠʥʝʨʘʣʳ ʭʣʦʨʠʪ (8%) ʠ ʧʨʝʥʠʪ (2%). ʉʪʨʫʢʪʫʨʘ ʨʦʛʦʚʠʢʘ 

ʧʷʪʥʠʩʪʘʷ, ʪʝʢʩʪʫʨʘ ʨʦʛʦʚʠʢʘ ʛʨʘʥʦʙʣʘʩʪʦʚʘʷ, ʤʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ: ʢʣʠʥʦʧʠʨʦʢʩʝʥ (85%), 

ʧʣʘʛʠʦʢʣʘʟ (10%), ʧʨʝʥʠʪ (5%). 
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ʈʠʩʫʥʦʢ 5.3. ʆʙʨʘʟʝʮ AM40 ï ʧʨʝʜʩʪʘʚʣʝʥ ʢʦʥʪʘʢʪʦʤ ʤʝʞʜʫ ʤʘʩʩʠʚʥʳʤ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʦʤ ʠ ʧʠʨʦʢʩʝʥʦʚʳʤ ʨʦʛʦʚʠʢʦʤ. Cpx ï ʢʣʠʥʦʧʠʨʦʢʩʝʥ. ɸ ï ʥʠʢʦʣʠ 

ʧʘʨʘʣʣʝʣʴʥʳ, ɹ ï ʥʠʢʦʣʠ ʩʢʨʝʱʝʥʳ. 

 

ʅʘ ʨʠʩ. 5.4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʨʠʩʪʘʣʣʳ ʘʧʘʪʠʪʘ ʠ ʪʠʪʘʥʠʪʘ, ʜʘʪʠʨʦʚʘʥʥʳʝ U-Pb LA-

ICP-MS. ʂʨʘʷ ʟʝʨʝʥ ʥʝʨʦʚʥʳʝ, ʯʘʩʪʦ ʢʦʨʦʜʠʨʦʚʘʥʥʳʝ, ʦʜʥʘʢʦ ʬʘʟʳ ʪʠʪʘʥʠʪʘ ʠ ʘʧʘʪʠʪʘ ʥʝ 

ʩʦʜʝʨʞʘʪ ʧʦʩʪʦʨʦʥʥʠʭ ʤʠʥʝʨʘʣʴʥʳʭ ʚʢʣʶʯʝʥʠʡ ʠ ʦʜʥʦʨʦʜʥʳ ʚ ʨʝʞʠʤʝ BSE. 

 

ʈʠʩʫʥʦʢ 5.4. BSE ʠʟʦʙʨʘʞʝʥʠʝ ʟʝʨʝʥ ʪʠʪʘʥʠʪʘ ʠ ʘʧʘʪʠʪʘ ʠʟ ʦʙʨʘʟʮʘ AM40 (ʢʦʥʪʘʢʪ 

ʤʘʩʩʠʚʥʦʛʦ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘ ʠ ʧʠʨʦʢʩʝʥʦʚʦʛʦ ʨʦʛʦʚʠʢʘ). Ttn ï ʪʠʪʘʥʠʪ, Ap ï ʘʧʘʪʠʪ, Pl ï 

ʧʣʘʛʠʦʢʣʘʟ. 

 

ʆʙʨʘʟʝʮ AM19. ɼʘʥʥʳʡ ʦʙʨʘʟʝʮ ʧʨʝʜʩʪʘʚʣʝʥ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʦʡ ʨʫʜʦʡ. 

ɺʤʝʱʘʶʱʝʡ ʧʦʨʦʜʦʡ ʜʣʷ ʩʫʣʴʬʠʜʥʳʭ ʤʠʥʝʨʘʣʦʚ ʷʚʣʷʝʪʩʷ Mg-ʩʢʘʨʥ ʚʝʨʭʥʝʛʦ 
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ʵʥʜʦʢʦʥʪʘʢʪʘ ʠʥʪʨʫʟʠʠ. ʉʠʣʠʢʘʪʥʘʷ ʤʘʪʨʠʮʘ ʩʠʣʴʥʦ ʠʟʤʝʥʝʥʘ, ʚʧʣʦʪʴ ʜʦ ʠʟʦʪʨʦʧʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ, ʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʜʠʘʛʥʦʩʪʠʨʦʚʘʥʘ (ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʰʴ ʨʝʜʢʠʝ ʨʝʣʠʢʪʳ 

ʧʣʘʛʠʦʢʣʘʟʘ), ʧʨʦʧʦʨʮʠʠ ʧʝʨʚʠʯʥʳʭ ʤʠʥʝʨʘʣʦʚ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʦʮʝʥʝʥʳ ʩ ʧʦʤʦʱʴʶ 

ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ. ʆʙʲʸʤ ʩʫʣʴʬʠʜʦʚ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 40 ï 50 %. 

ʄʠʥʝʨʘʣʦʤ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʤ ʠʥʪʝʨʝʩ ʜʣʷ ʮʝʣʝʡ U-Pb ʜʘʪʠʨʦʚʘʥʠʷ ʚ ʜʘʥʥʦʤ ʦʙʨʘʟʮʝ, 

ʷʚʣʷʝʪʩʷ ʧʝʨʦʚʩʢʠʪ. ʇʝʨʦʚʩʢʠʪ ʧʨʠʩʫʪʩʪʚʫʝʪ ʣʠʙʦ ʚʥʫʪʨʠ ʩʫʣʴʬʠʜʦʚ, ʣʠʙʦ ʙʣʠʞʝ ʢ 

ʛʨʘʥʠʮʘʤ ʟʝʨʝʥ (ʨʠʩ. 5.5). ʈʘʟʤʝʨʳ ʢʨʠʩʪʘʣʣʦʚ (0.05-0.1 ʤʤ), ʚʩʪʨʝʯʘʶʪʩʷ 

ʢʦʨʨʦʜʠʨʦʚʘʥʥʳʝ ʟʝʨʥʘ. 

 

ʈʠʩʫʥʦʢ 5.5. BSE ʠʟʦʙʨʘʞʝʥʠʝ ʟʝʨʝʥ ʧʝʨʦʚʩʢʠʪʘ ʠʟ ʦʙʨʘʟʮʘ AM19 (ʧʨʦʞʠʣʢʦʚʦ-

ʚʢʨʘʧʣʝʥʥʘʷ ʨʫʜʘ). Prv ï ʧʝʨʦʚʩʢʠʪ, Ccp ï ʭʘʣʴʢʦʧʠʨʠʪ, Anh ï ʘʥʛʠʜʨʠʪ, F-ʩʦʜʝʨʞʘʱʘʷ 

ʬʘʟʘ (ʚʦʟʤʦʞʥʦ, ʬʣʶʦʨʠʪ), Cl-ʩʦʜʝʨʞʘʱʘʷ ʬʘʟʘ (ʚʦʟʤʦʞʥʦ, ʛʘʣʠʪ). 

 

ʅʝʦʙʳʯʥʦ ʧʨʠʩʫʪʩʪʚʠʝ S, F, Cl ʩʦʜʝʨʞʘʱʠʭ ʬʘʟ ʚ ʢʘʯʝʩʪʚʝ ʚʢʣʶʯʝʥʠʡ ʚ ʢʨʠʩʪʘʣʣʘʭ 

ʧʝʨʦʚʩʢʠʪʘ. ɺʚʠʜʫ ʥʝʙʦʣʴʰʦʛʦ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʜʘʥʥʳʝ ʬʘʟʳ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʥʘʜʝʞʥʦ 
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ʜʠʘʛʥʦʩʪʠʨʦʚʘʥʳ, ʥʦ ʩ ʙʦʣʴʰʦʡ ʜʦʣʝʡ ʚʝʨʦʷʪʥʦʩʪʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʦʥʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʘʥʛʠʜʨʠʪʫ, ʬʣʶʦʨʠʪʫ ʠ ʛʘʣʠʪʫ. ɸʥʛʠʜʨʠʪ ʠ ʛʘʣʠʪ ʷʚʣʷʶʪʩʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ 

ʤʠʥʝʨʘʣʘʤʠ ʚ ʭʝʤʦʛʝʥʥʳʭ ʦʩʘʜʦʯʥʳʭ ʜʝʚʦʥʩʢʠʭ ʧʦʨʦʜʘʭ. ʌʘʢʪ ʥʘʭʦʞʜʝʥʠʷ ʜʘʥʥʳʭ 

ʤʠʥʝʨʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʚʢʣʶʯʝʥʠʡ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʧʝʨʦʚʩʢʠʪʘ in-situ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʯʘʩʪʴ ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʤʠʥʝʨʘʣʦʚ ʦʩʘʜʦʯʥʳʭ ʧʦʨʦʜ ʙʳʣʘ ʟʘʭʚʘʯʝʥʘ ʠ 

ʩʦʭʨʘʥʠʣʘʩʴ ʚ ʢʘʯʝʩʪʚʝ ʚʢʣʶʯʝʥʠʡ ʚ ʧʝʨʦʚʩʢʠʪʝ. 

ʆʙʨʘʟʝʮ AM18. ʇʦʨʦʜʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʠʟʤʝʥʝʥʥʳʤ ʙʝʟʦʣʠʚʠʥʦʚʳʤ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʦʤ ʩ ʚʢʨʘʧʣʝʥʥʦʡ ʩʫʣʴʬʠʜʥʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʝʡ (ʦʢʦʣʦ 15 % ʩʫʣʴʬʠʜʦʚ, 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʭʘʣʴʢʦʧʠʨʪʘ ʚ ʘʩʩʦʮʠʘʮʠʠ ʩ Te-Bi-Pd ʬʘʟʘʤʠ) (ʨʠʩ. 5.6). ʆʩʥʦʚʥʳʝ 

ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʝ ʤʠʥʝʨʘʣʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʨʪʦ- ʠ ʢʣʠʥʦʧʠʨʦʢʩʝʥʦʤ (60%, ʨʘʟʤʝʨʳ 

ʟʝʨʝʥ ʦʢʦʣʦ 0.2-0.7 ʤʤ), ʦʥʠ ʯʘʩʪʠʯʥʦ ʟʘʤʝʱʝʥ rʘʤʬʠʙʦʣʦʤ (5%). ʂʨʫʧʥʳʝ ʢʨʠʩʪʘʣʣʳ 

ʧʣʘʛʠʦʢʣʘʟʘ (25%, 0.2-0.4 ʤʤ) ʟʘʤʝʱʝʥʳ ʧʨʝʥʠʪʦʤ (3%). ʊʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʵʧʠʜʦʪ (4%), 

ʦʥ ʧʨʠʫʨʦʯʝʥ ʢ ʧʠʨʦʢʩʝʥʫ, ʘʤʬʠʙʦʣʫ ʠ ʰʠʨʦʢʦ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʩʦʩʩʁ ʨʠʪʦʚʦʤ ʘʛʨʝʛʘʪʝ. 

ʇʦʤʠʤʦ ʜʘʥʥʳʭ ʬʘʟ ʧʨʠʩʫʪʩʪʚʫʶʪ ʝʜʠʥʠʯʥʳʝ ʢʘʨʙʦʥʘʪʥʳʝ ʟʝʨʥʘ. ɻʨʘʥʘʪ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ 

ʚʠʜʝ ʟʝʨʝʥ, ʟʘʢʣʶʯʝʥʥʳʭ ʚ ʭʘʣʴʢʦʧʠʨʠʪ. ɺʢʣʶʯʝʥʠʷ ʭʘʣʴʢʦʧʠʨʠʪʘ ʪʘʢʞʝ ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ 

ʚʥʫʪʨʠ ʛʨʘʥʘʪʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʭ ʧʘʨʘʛʝʥʝʪʠʯʝʩʢʫʶ ʘʩʩʦʮʠʘʮʠʶ (ʨʠʩ. 5.7).  

 

ʈʠʩʫʥʦʢ 5.6 ʆʙʨʘʟʝʮ AM18 - ʧʨʝʜʩʪʘʚʣʝʥ ʠʟʤʝʥʝʥʥʳʤ ʙʝʟʦʣʠʚʠʥʦʚʳʤ ʛʘʙʙʨʦʜʦʣʝʨʠʪʦʤ ʩ 

ʚʢʨʘʧʣʝʥʥʦʡ ʩʫʣʴʬʠʜʥʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʝʡ.  
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ʆʩʦʙʦ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʚʢʣʶʯʝʥʠʷ ʘʥʛʠʜʨʠʪʘ, ʧʦʚʩʝʤʝʩʪʥʦ ʦʙʥʘʨʫʞʠʚʘʝʤʳʝ ʚ 

ʛʨʘʥʘʪʝ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʩʫʣʴʬʠʜʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ ʚ ʢʦʥʪʘʢʪʦʚʦʤ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʝ ʩʚʷʟʘʥʘ ʥʝ ʩ ʧʨʦʮʝʩʩʘʤʠ ʣʠʢʚʘʮʠʠ, ʘ ʩ ʧʨʦʮʝʩʩʘʤʠ ʤʝʪʘʩʦʤʘʪʦʟʘ. ʊ.ʝ. ʰʣʦ 

ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʬʦʨʤʠʨʦʚʘʥʠʝ ʭʘʣʴʢʦʧʠʨʠʪʘ, ʛʨʘʥʘʪʘ ʠ ʘʥʛʠʜʨʠʪʘ, ʧʦʩʣʝʜʥʠʡ, ʦʯʝʚʠʜʥʦ, 

ʷʚʣʷʝʪʩʷ ʧʝʨʝʦʪʣʦʞʝʥʥʳʤ ʠʟ ʚʤʝʱʘʶʱʠʭ ʪʦʣʱ. 

 

 

ʈʠʩʫʥʦʢ 5.7. BSE ʠʟʦʙʨʘʞʝʥʠʝ ʟʝʨʝʥ ʛʨʘʥʘʪʘ ʠʟ ʦʙʨʘʟʮʘ AM18 (ʠʟʤʝʥʝʥʥʳʡ 

ʙʝʟʦʣʠʚʠʥʦʚʳʡ ʛʘʙʙʨʦʜʦʣʝʨʠʪ). Grt ï ʛʨʘʥʘʪ, Ccp ï ʭʘʣʴʢʦʧʠʨʠʪ, Anh ï ʘʥʛʠʜʨʠʪ, Cal ï 

ʢʘʣʴʮʠʪ. 
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5.2. ʄʠʢʨʦʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʛʨʘʥʘʪʘ ʢʘʢ ʧʦʢʘʟʘʪʝʣʴ ʝʛʦ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʛʦ 

ʛʝʥʝʟʠʩʘ 

ɺ ʢʦʥʪʘʢʪʦʚʦʤ ʦʨʝʦʣʝ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʛʨʘʥʘʪ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʤʠʥʝʨʘʣʦʚ. ʈʘʥʥʝʝ ʚ ʣʠʪʝʨʘʪʫʨʝ ʤʠʢʨʦʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʛʨʘʥʘʪʘ ʠʟ 

ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʥʝ ʧʨʠʚʦʜʠʣʩʷ. ʄʘʢʩʠʤʘʣʴʥʦ ʙʣʠʟʢʠʤ ʢ ʥʝʤʫ ʧʦ ʚʦʟʨʘʩʪʫ 

ʷʚʣʷʝʪʩʷ ʛʨʘʥʘʪ ʠʟ ʠʥʪʨʫʟʠʚʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʆʜʠʭʠʥʯʘ, ʢʦʪʦʨʳʡ ʨʘʩʧʦʣʦʞʝʥ ʚ ʄʘʡʤʝʯʘ-

ʂʦʪʫʡʩʢʦʡ ʧʨʦʚʠʥʮʠʠ [Salnikova et al., 2019]. ʗʚʣʷʷʩʴ ʧʨʦʠʟʚʦʜʥʳʤ ʱʝʣʦʯʥʳʭ ʤʘʛʤ, 

ʛʨʘʥʘʪ ʆʜʠʭʠʥʯʠ ʷʚʣʷʝʪʩʷ ʢʦʥʪʨʘʩʪʥʳʤ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʛʨʘʥʘʪʫ ʠʟ ʍʘʨʘʝʣʘʭʩʢʦʡ 

ʠʥʪʨʫʟʠʠ. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʛʨʘʥʘʪ ʠʟ ʆʜʠʭʠʥʯʠ ʷʚʣʷʝʪʩʷ ʤʘʛʤʘʪʠʯʝʩʢʠʤ, ʛʨʘʥʘʪ ʠʟ ʦʨʝʦʣʘ 

ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʠʤʝʝʪ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʝ (ʩʢʘʨʥʦʚʦʝ) ʧʨʦʠʩʭʦʞʜʝʥʠʝ, ʥʘ ʯʪʦ 

ʫʢʘʟʳʚʘʝʪ ʤʘʢʨʦʢʦʤʧʦʥʝʥʪʥʳʡ ʩʦʩʪʘʚ (ʛʨʦʩʩʫʣʷʨ-ʘʥʜʨʘʜʠʪʦʚʦʛʦ ʨʷʜʘ), ʥʘʣʠʯʠʝ 

ʚʢʣʶʯʝʥʠʡ ʘʥʛʠʜʨʠʪʘ ʠ ʢʘʣʴʮʠʪʘ (ʨʠʩ. 5.7), ʧʦʚʝʜʝʥʠʝ ʈɿʕ (ʨʠʩ. 5.8).  

 

 

ʈʠcʫʥʦʢ 5.8. ʄʠʢʨʦʵʣʝʤʝʥʪʥʳʝ ʜʠʘʛʨʘʤʤʳ ʜʣʷ ʩʦʩʪʘʚʘ ʈɿʕ ʢʘʣʴʮʠʝʚʦʛʦ ʛʨʘʥʘʪʘ ʠʟ 

ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʠ ʆʜʠʭʠʥʯʘ (ʉʘʣʴʥʠʢʦʚʘ ʠ ʜʨ., 2019). ʅʦʨʤʠʨʦʚʘʥʠʝ ʧʦ 

[McDonough and Sun, 1995]. 
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ɺʢʣʶʯʝʥʠʝ ʛʨʘʥʘʪʘ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʠ ʦʜʥʦʚʨʝʤʝʥʥʳʝ ʚʢʣʶʯʝʥʠʷ ʭʘʣʴʢʦʧʠʨʠʠʪʘ ʚ 

ʛʨʘʥʘʪʝ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʠʭ ʧʘʨʘʛʝʥʥʦʩʪʴ, ʘ ʩ ʜʨʫʛʦʡ ï ʛʦʚʦʨʷʪ ʦ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʤ ʧʨʦʠʩʭʦʞʜʝʥʠʠ ʭʘʣʴʢʦʧʠʨʠʪʘ.  

 

5.3. ʄʠʢʨʦʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʪʠʪʘʥʠʪʘ ʢʘʢ ʧʦʢʘʟʘʪʝʣʴ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʩʣʦʚʠʡ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

 

ɸʥʘʣʠʟ ʩʦʜʝʨʞʘʥʠʡ ʵʣʝʤʝʥʪʦʚ-ʧʨʠʤʝʩʝʡ ʚ ʪʠʪʘʥʠʪʝ ʷʚʣʷʝʪʩʷ ʤʦʱʥʳʤ 

ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʢʘʢ ʝʛʦ ʛʝʥʝʟʠʩʘ, ʪʘʢ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʪʝʨʤʠʯʝʩʢʦʡ 

ʠʩʪʦʨʠʠ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ (Cao et al., 2015; Fallourd et al., 2014; Gao et al., 2012; Gao et al., 

2011; Hayden et al., 2008; Li et al., 2010; Sun et al., 2012). ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʥʳʡ ʪʠʪʘʥʠʪ ʥʘ 

ʜʠʘʛʨʘʤʤʘʭ Nb/Ta ï Th/U ʠ Lu/Hf ï Th/U ʦʙʨʘʟʫʝʪ ʜʚʘ ʦʪʯʝʪʣʠʚʦ ʨʘʟʣʠʯʥʳʭ ʧʦʣʷ ʩʦʩʪʘʚʦʚ 

(ʨʠʩ. 5.9). 

ʊʘʢʞʝ ʥʘ ʤʫʣʴʪʠʵʣʝʤʝʥʪʥʳʭ ʜʠʘʛʨʘʤʤʘʭ ʥʦʨʤʠʨʦʚʘʥʠʷ ʢ ʭʦʥʜʨʠʪʫ, ʪʠʪʘʥʠʪ ʠʟ 

ʨʘʟʥʳʭ ʦʙʨʘʟʮʦʚ ʠʤʝʝʪ ʢʦʥʪʨʘʩʪʥʳʝ ʩʧʝʢʪʨʳ ʩʦʩʪʘʚʦʚ (ʨʠʩ. 5.10). ʊʠʪʘʥʠʪ ʠʟ 

ʢʦʥʪʘʢʪʦʚʦʛʦ ʦʙʨʘʟʮʘ (ɸʄ40) ʠʤʝʝʪ ʦʪʨʠʮʘʪʝʣʴʥʫʶ ʝʚʨʦʧʠʝʚʫʶ ʘʥʦʤʘʣʠʶ, ʯʪʦ, 

ʚʦʟʤʦʞʥʦ, ʫʢʘʟʳʚʘʝʪ ʥʘ ʝʛʦ ʦʜʥʦʚʨʝʤʝʥʥʫʶ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʩ ʧʣʘʛʠʦʢʣʘʟʦʤ. ʈʘʟʙʨʦʩ 

ʟʥʘʯʝʥʠʡ ʢʦʥʮʝʥʪʨʘʮʠʡ ʜʣʷ ʪʠʪʘʥʠʪʘ ʠʟ ʢʦʥʪʘʢʪʦʚʦʛʦ ʦʙʨʘʟʮʘ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ, ʯʪʦ, 

ʚʦʟʤʦʞʥʦ, ʛʦʚʦʨʠʪ ʦ ʦʜʥʦʨʦʜʥʳʭ ʫʩʣʦʚʠʷʭ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. 

ʅʘʧʨʦʪʠʚ, ʪʠʪʘʥʠʪ ʠʟ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʝʥʥʦʛʦ ʨʦʛʦʚʠʢʘ (ɸʄ43) ʠʤʝʝʪ ʙʦʣʝʝ 

ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ, ʯʪʦ, ʚʝʨʦʷʪʥʦ, ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʠʟʤʝʥʯʠʚʳʝ ʧʨʦʮʝʩʩʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʠʩʭʦʜʥʦʛʦ ʩʫʙʩʪʨʘʪʘ, ʣʠʙʦ 

ʥʘʣʦʞʝʥʥʳʝ ʧʦʩʪʤʘʛʤʘʪʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ.  
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ʈʠʩʫʥʦʢ 5.9. ɿʘʚʠʩʠʤʦʩʪʠ Th/U ï Nd/Ta ʠ Th/U ï Lu/Hf ʜʣʷ ʪʠʪʘʥʠʪʘ ʆʢʪʷʙʨʴʩʢʦʛʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ. ʄʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʝʥʥʳʡ ʨʦʛʦʚʠʢ ï ʦʙʨʘʟʝʮ AM43. ʂʦʥʪʘʢʪ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʘ ʠ ʧʠʨʦʢʩʝʥʦʚʦʛʦ ʨʦʛʦʚʠʢʘ ï ʦʙʨʘʟʝʮ ɸʄ40. 

 

ʉ ʧʦʤʦʱʴʶ ʠʥʬʦʨʤʘʮʠʠ ʦ ʢʦʥʮʝʥʪʨʘʮʠʠ Zr ʚ ʪʠʪʘʥʠʪʝ ʤʦʞʥʦ ʦʮʝʥʠʪʴ 

ʪʝʤʧʝʨʘʪʫʨʫ ʝʛʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (ʪʝʨʤʦʤʝʪʨ Zr-ʚ-ʪʠʪʘʥʠʪʝ) [Hayden et al., 2008]. 

ʊʝʤʧʝʨʘʪʫʨʘ ʦʮʝʥʠʚʘʣʘʩʴ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʜʘʚʣʝʥʠʝ ʚʦ ʚʨʝʤʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʩʦʩʪʘʚʣʷʣʦ 1.5 ʢʙʘʨ. ʇʨʝʜʧʦʣʘʛʘʝʤʦʝ ʜʘʚʣʝʥʠʝ ʚʳʙʨʘʥʦ ʠʩʭʦʜʷ ʠʟ ʣʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʜʘʚʣʝʥʠʷ ʧʨʠ ʤʦʱʥʦʩʪʠ ʦʪʣʦʞʝʥʠʡ ʥʘʜ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʝʡ 4 ʢʤ (ʪʘʢʦʚʘ 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʥʘʙʣʶʜʘʝʤʘʷ ʤʦʱʥʦʩʪʴ ʪʫʬʦʣʘʚʦʚʦʡ ʪʦʣʱʠ ʚ ʥʦʨʠʣʴʩʢʦʤ ʨʝʛʠʦʥʝ). 

ʇʦʛʨʝʰʥʦʩʪʴ ʨʘʩʩʯʠʪʘʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ Ñ 20 ÁC [Hayden et al., 2008]. 
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ʈʠʩʫʥʦʢ 5.10. ʄʫʣʴʪʠʵʣʝʤʝʥʪʥʘʷ ʜʠʘʛʨʘʤʤʘ ʜʣʷ ʪʠʪʘʥʠʪʘ ʆʢʪʷʙʨʴʩʢʦʛʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ. ʉʦʩʪʘʚ ʭʦʥʜʨʠʪʘ ʧʦ [McDonough and Sun, 1995]. ʄʝʪʘʩʦʤʘʪʠʯʝʩʢʠ 

ʠʟʤʝʥʝʥʥʳʡ ʨʦʛʦʚʠʢ ï ʦʙʨʘʟʝʮ AM43. ʂʦʥʪʘʢʪ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘ ʠ ʧʠʨʦʢʩʝʥʦʚʦʛʦ ʨʦʛʦʚʠʢʘ 

ï ʦʙʨʘʟʝʮ ɸʄ40. 

 

ʊʠʪʘʥʠʪ ʠʟ ʢʦʥʪʘʢʪʘ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘ ʠ ʨʦʛʦʚʠʢʘ ʧʦʢʘʟʳʚʘʝʪ ʫʟʢʠʡ ʜʠʘʧʘʟʦʥ 

ʪʝʤʧʝʨʘʪʫʨ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʦʪ 720 Á C ʜʦ 820 Á C, ʘ ʪʠʪʘʥʠʪ ʠʟ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ 

ʠʟʤʝʥʝʥʥʳʭ ʨʦʛʦʚʠʢʦʚ ï ʙʦʣʴʰʠʝ ʢʦʣʝʙʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠ ʤʝʥʴʰʠʭ 

ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʷʭ ʦʪ 650 Á C ʜʦ 820 Á C.  

 

5.4 LA-ICP-MS in-situ U-Pb ʜʘʪʠʨʦʚʘʥʠʝ ʪʠʪʘʥʠʪʘ, ʘʧʘʪʠʪʘ, ʛʨʘʥʘʪʘ ʠ ʧʝʨʦʚʩʢʠʪʘ 

 

ɸʧʘʪʠʪ - ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʫʨʘʥʩʦʜʝʨʞʘʱʠʡ ʤʠʥʝʨʘʣ ʚ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʠ 

ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʧʦʨʦʜʘʭ [Belousova et al., 2002a]. ɸʧʘʪʠʪ ʥʘʯʠʥʘʝʪ ʢʨʠʩʪʘʣʣʠʟʦʚʘʪʴʩʷ 

ʚʚʠʜʫ ʥʠʟʢʦʡ ʝʤʢʦʩʪʠ ʦʩʥʦʚʥʳʭ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ ʤʠʥʝʨʘʣʦʚ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʬʦʩʬʦʨʫ 
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[Chew et al., 2011]. ʕʪʦ ʜʝʣʘʝʪ ʘʧʘʪʠʪ ʟʥʘʯʠʤʳʤ ʜʣʷ ʮʝʣʝʡ U-Pb ʛʝʦʭʨʦʥʦʣʦʛʠʠ [Chen and 

Zhang, 2018; Chen et al., 2019; Chew et al., 2011; Pochon et al., 2016], ʦʩʦʙʝʥʥʦ ʚ ʪʝʭ 

ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʮʠʨʢʦʥ ʠʣʠ ʙʘʜʜʝʣʣʝʠʪ ʦʪʩʫʪʩʪʚʫʶʪ. ʇʦ ʩʦʩʪʘʚʫ ʢʨʠʩʪʘʣʣʳ ʘʧʘʪʠʪʘ ʠʟ 

ʦʙʨʘʟʮʦʚ ɸʄ40 ʠ ɸʄ43 ʨʘʟʣʠʯʥʳ, ʭʦʪʷ ʚʩʝ ʦʥʠ ʦʪʥʦʩʷʪʩʷ ʢ ʘʧʘʪʠʪʫ, ʩʚʷʟʘʥʥʦʤʫ ʩ 

ʧʥʝʚʤʘʪʦʣʠʪʦʚʳʤʠ ʧʨʦʮʝʩʩʘʤʠ [ʉʝʨʦʚʘ, ʉʧʠʨʠʜʦʥʦʚ, 2018] (ʨʠʩ.5.11). 

 

ʈʠʩ. 5.11. ɺʘʨʠʘʮʠʠ Cl-F-OH ʚ ʘʧʘʪʠʪʝ ʠʟ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʠ ʦʢʨʫʞʘʶʱʝʛʦ 

ʤʝʪʘʤʦʨʬʠʯʝʩʢʦʛʦ ʦʨʝʦʣʘ. ʇʦʣʷ 1 ʠ 3 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ-ʤʝʪʘʤʦʨʬʠʯʝʩʢʦʤʫ 

ʪʨʝʥʜʫ, ʘ ʧʦʣʝ 2 ï ʧʥʝʚʤʘʪʦʣʠʪʦʚʦʤʫ ʪʨʝʥʜʫ [ʉʝʨʦʚʘ, ʉʧʠʨʠʜʦʥʦʚ, 2018]. ʉʧʣʦʰʥʳʝ 

ʢʚʘʜʨʘʪʳ ï ʦʙʨʘʟʝʮ ɸʄ40 (ʢʦʥʪʘʢʪ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘ ʠ ʧʠʨʦʢʩʝʥʦʚʳʭ ʨʦʛʦʚʠʢʦʚ), ʩʝʨʳʝ 

ʢʨʫʛʠ ï ʦʙʨʘʟʝʮ AM43 (ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʝʥʥʳʡ ʨʦʛʦʚʠʢ). 

 

ɸʧʘʪʠʪ ʙʳʣ ʜʘʪʠʨʦʚʘʥ in-situ ʚ ʧʦʣʠʨʦʚʘʥʥʳʭ ʘʥʰʣʠʬʘʭ ʦʙʨʘʟʮʦʚ AM40 ʠ AM43, 

ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʦʥʪʘʢʪʦʚʳʡ ʦʙʨʘʟʝʮ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘ ʠ ʨʦʛʦʚʠʢʘ ʠ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʝʥʥʦʛʦ ʨʦʛʦʚʠʢʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʟʫʯʘʝʤʳʡ ʘʧʘʪʠʪ ʩʦʜʝʨʞʠʪ 

ʚʳʩʦʢʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʙʳʯʥʦʛʦ ʩʚʠʥʮʘ. ɺʚʠʜʫ ʵʪʦʛʦ ʙʳʣʘ ʚʚʝʜʝʥʘ ʥʘʯʘʣʴʥʘʷ ʧʦʧʨʘʚʢʘ 

ʥʘ ʩʚʠʥʝʮ. ʀʩʧʦʣʴʟʫʷ ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʜʘʥʥʳʝ [Petrov, 2019], ʥʘʯʘʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ 
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207

Pb/
206

Pb ʜʣʷ ʘʧʘʪʠʪʘ ʠʟ ʥʝʩʦʜʝʨʞʘʱʝʛʦ ʩʫʣʴʬʠʜʥʦʝ ʦʨʫʜʝʥʝʥʠʝ ʦʙʨʘʟʮʘ (AM40) ʙʳʣʦ 

ʧʨʠʥʷʪʦ ʟʘ 0.8525 (ʦʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 
207

Pb/
206

Pb ʧʣʘʛʠʦʢʣʘʟʘ ʨʠʩ. 5.12). ʅʘʧʨʦʪʠʚ, ʘʧʘʪʠʪ 

ʚ ʦʙʨʘʟʮʝ AM43 ʥʘʭʦʜʠʪʩʷ ʚ ʪʝʩʥʦʡ ʘʩʩʦʮʠʘʮʠʠ ʩ ʩʫʣʴʬʠʜʘʤʠ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʟʥʘʯʝʥʠʷ 

207
Pb/

206
Pb ʙʳʣʠ ʧʨʠʥʷʪʳ 0.855, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʘʢʦʚʳʤ ʚ ʩʫʣʴʬʠʜʘʭ ʚʢʨʘʧʣʝʥʥʳʭ 

ʨʫʜʘʭ (ʨʠʩ. 5.12). ɿʥʘʯʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 5.1 (ʧʦʣʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ 

ʧʨʠʚʝʜʝʥʳ ʚ ʇʨʠʣʦʞʝʥʠʠ 2).  

 

 

ʈʠʩʫʥʦʢ 5.12. ʂʨʠʚʳʝ ʦʮʝʥʢʠ ʧʣʦʪʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʪʥʦʰʝʥʠʡ 
207

Pb/
206

Pb ʚ 

ʨʫʜʘʭ ʠ ʧʣʘʛʠʦʢʣʘʟʝ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ [Petrov, 2019]. 
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ʊʘʙʣʠʮʘ 5.1 ʊʘʙʣʠʮʘ ʦʪʥʦʰʝʥʠʡ U ʠ Pb ʚ ʘʧʘʪʠʪʝ ʠʟ ʦʙʨʘʟʮʦʚ AM43 ʠ AM40 

ʅʦʤʝʨ ʘʥʘʣʠʟʘ 
238

U/
206

Pb +/-1 std err 
207

Pb/
206

Pb +/-1 std err 

AM40 ʘʧʘʪʠʪ 

1 18.8 0.3 0.230 0.005 

2 11.5 0.3 0.468 0.008 

3 8.1 0.2 0.584 0.009 

4 8.9 0.2 0.578 0.010 

5 7.7 0.2 0.611 0.009 

6 9.3 0.2 0.542 0.013 

7 11.1 0.2 0.494 0.008 

8 7.2 0.2 0.619 0.009 

9 9.8 0.2 0.537 0.008 

10 8.5 0.2 0.587 0.012 

11 7.2 0.2 0.607 0.015 

12 12.0 0.2 0.452 0.007 

13 7.6 0.2 0.618 0.009 

14 8.1 0.2 0.589 0.012 

15 7.2 0.2 0.618 0.009 

16 7.3 0.1 0.618 0.011 

ɸʄ 43 ʘʧʘʪʠʪ 

1 3.59 0.04 0.743 0.005 

2 3.40 0.04 0.750 0.005 

3 3.96 0.04 0.724 0.005 

4 3.29 0.04 0.748 0.005 

5 3.19 0.04 0.760 0.005 

6 3.37 0.04 0.749 0.005 

7 4.29 0.08 0.714 0.005 

8 3.79 0.04 0.743 0.005 

9 3.43 0.04 0.751 0.005 

10 3.26 0.03 0.749 0.005 

11 3.26 0.04 0.741 0.005 

12 3.72 0.05 0.734 0.005 

13 3.28 0.04 0.752 0.005 

14 3.73 0.04 0.736 0.005 

15 3.53 0.04 0.741 0.005 

16 2.58 0.03 0.781 0.005 

17 3.80 0.05 0.738 0.005 

18 2.49 0.03 0.786 0.006 

19 2.19 0.03 0.789 0.006 

20 3.19 0.04 0.751 0.006 

21 1.61 0.02 0.801 0.006 
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ɺʦʟʨʘʩʪ ʧʝʨʝʩʝʯʝʥʠʷ ʢʦʥʢʦʨʜʠʠ ʩ ʜʠʩʢʦʨʜʠʝʡ ʩʦʩʪʘʚʣʷʝʪ 258.2Ñ4.5 ʠ 247.9Ñ5.1 ʜʣʷ 

ʘʧʘʪʠʪʘ ʠʟ ʦʙʨʘʟʮʦʚ AM40 ʠ AM43, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʨʠʩ. 5.13). 

 

 

ʈʠʩʫʥʦʢ 5.13. ɼʠʘʛʨʘʤʤʳ ʊʝʨʨʘ-ɺʘʩʝʨʙʫʨʛʘ ʜʣʷ ʘʧʘʪʠʪʘ ʆʢʪʷʙʨʴʩʢʦʛʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ.  

 

ʊʠʪʘʥʠʪ ï ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ Ti-ʩʦʜʝʨʞʘʱʠʡ ʤʠʥʝʨʘʣ ʥʘ ʆʢʪʷʙʨʴʩʢʦʤ 

ʤʝʩʪʦʨʦʞʜʝʥʠʠ. ʆʥ ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʤʘʛʤʘʪʠʯʝʩʢʠʭ, ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʠ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ 

ʧʦʨʦʜʘʭ. ʊʠʪʘʥʠʪ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ U-Pb ʛʝʦʭʨʦʥʦʣʦʛʠʠ ʚʚʠʜʫ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʢʨʳʪʠʷ (600-700 
ʦ
ʉ) [Cherniak, 1993; Scott and St-Onge, 1995; Sun et al., 

2012]. ʆʥ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʦʟʨʘʩʪʘ ʧʦʨʦʜ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ [Cao et al., 

2015; Fallourd et al., 2014; Fu et al., 2016; Sun et al., 2012]. ɺ ʪʘʙʣʠʮʝ 5.2 ʧʨʠʚʝʜʝʥʳ ʫʨʘʥ 

ʩʚʠʥʮʦʚʳʝ ʦʪʥʦʰʝʥʠʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʥʦʛʦ ʪʠʪʘʥʠʪʘ. ʇʦʣʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ 

ʧʨʠʚʝʜʝʥ rʚ ʇʨʠʣʦʞʝʥʠʠ 4. ʆʪʥʦʰʝʥʠʷ 
207

Pb/
206

Pb ʠ 
238

U/
206

Pb ʜʣʷ ʪʠʪʘʥʠʪʘ ʠʟ ʦʙʨʘʟʮʘ 

AM40 (ʢʦʥʪʘʢʪ ʛʘʙʨʦʜʦʣʣʝʨʠʪʘ ʠ ʨʦʛʦʚʠʢʘ) ʥʘʭʦʜʷʪʩʷ ʚʙʣʠʟʠ ʢʦʥʢʦʨʜʠʠ (ʨʠʩ. 5.14). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʚʳʯʠʩʣʝʥʥʳʡ ʚʦʟʨʘʩʪ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʜʦʧʫʱʝʥʠʷ ʦʙ ʠʟʦʪʦʧʥʦʤ 

ʩʦʩʪʘʚʝ ʦʙʳʯʥʦʛʦ ʩʚʠʥʮʘ. 
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ʊʘʙʣʠʮʘ 5.2 ʀʟʦʪʦʧʥʳʝ ʦʪʥʦʰʝʥʠʷ U ʠ Pb ʚ ʪʠʪʘʥʠʪʝ ʠʟ ʦʙʨʘʟʮʦʚ AM40 ʠ AM43 

ʅʦʤʝʨ ʘʥʘʣʠʟʘ 238U/206Pb +/-1 std err 207Pb/206Pb +/-1 std err 

AM40 

1 24.5 0.9 0.063 0.007 

2 25.0 1.9 0.054 0.016 

3 23.5 1.8 0.049 0.018 

4 27.6 2.1 0.041 0.014 

5 26.5 2.1 0.096 0.028 

6 25.2 2.0 0.064 0.015 

7 25.3 1.3 0.078 0.011 

8 26.7 1.8 0.067 0.012 

9 24.4 1.1 0.067 0.008 

10 25.6 1.2 0.074 0.008 

11 25.4 1.7 0.080 0.020 

12 24.3 1.0 0.069 0.006 

13 24.3 1.0 0.056 0.006 

14 26.3 1.7 0.065 0.013 

15 25.8 1.6 0.053 0.011 

16 26.7 1.8 0.031 0.012 

AM43 

1 23.5 0.7 0.105 0.007 

2 22.6 0.7 0.127 0.006 

3 21.1 0.5 0.186 0.007 

4 25.2 0.5 0.066 0.003 

5 24.4 0.5 0.063 0.004 

6 25.8 0.7 0.066 0.004 

7 12.5 0.3 0.456 0.012 

8 24.1 1.1 0.103 0.009 

9 2.57 0.15 0.813 0.028 

10 19.6 0.4 0.257 0.006 

11 17.1 0.5 0.278 0.012 

12 24.3 0.4 0.063 0.002 

13 25.3 0.4 0.056 0.002 

14 25.5 0.4 0.055 0.002 

15 23.5 0.8 0.096 0.007 

16 24.1 1.0 0.097 0.008 

17 8.13 0.34 0.631 0.024 

18 8.27 0.32 0.637 0.024 

19 5.32 0.31 0.774 0.028 

 

ʆʜʥʘʢʦ ʜʣʷ ʙʦʣʴʰʝʛʦ ʝʜʠʥʦʦʙʨʘʟʠʷ ʠʩʧʦʣʴʟʦʚʘʥʦ 
207

Pb/
206

Pb ʦʪʥʦʰʝʥʠʝ, ʧʨʠʥʷʪʦʝ 

ʜʣʷ ʘʧʘʪʠʪʘ ʠʟ ʵʪʦʛʦ ʞʝ ʦʙʨʘʟʮʘ, ʪ.ʝ. 0.8525. ɺʳʯʠʩʣʝʥʥʳʡ ʚʦʟʨʘʩʪ ʩʦʩʪʘʚʣʷʝʪ 248.6 Ñ 6.8 

ʤʣʥ. ʣʝʪ. ɼʣʷ ʟʝʨʝʥ ʪʠʪʘʥʠʪʘ ʠʟ ʦʙʨʘʟʮʘ AM43 ʙʳʣʘ ʧʨʠʥʷʪʘ ʢʦʨʨʝʢʮʠʷ ʥʘ ʦʙʱʠʡ ʩʚʠʥʝʮ, 

ʠʩʧʦʣʴʟʫʷ 
207

Pb/
206

Pb, ʢʘʢ ʠ ʜʣʷ ʘʧʘʪʠʪʘ ʠʟ ʵʪʦʛʦ ʦʙʨʘʟʮʘ, ʪ.ʝ. 0.855. ʊʦʯʢʠ ʦʪʥʦʰʝʥʠʡ ʚ 
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ʢʦʦʨʜʠʥʘʪʘʭ ʊʝʨʘ-ɺʘʩʩʝʨʙʫʨʛʘ (
207

Pb/
206

Pb ï 
238

U/
206

Pb) ʧʨʠ çʟʘʷʢʦʨʠʚʘʥʠʠè ʥʘ 

207
Pb/

206
Pb=0.855 ʦʙʨʘʟʫʶʪ ʠʜʝʘʣʴʥʫʶ ʜʠʩʢʦʨʜʠʶ ʩ ʪʦʯʢʦʡ ʧʝʨʝʩʝʯʝʥʠʷ ʩ ʢʦʥʢʦʨʜʠʝʡ ʧʨʠ 

ʚʦʟʨʘʩʪʝ 249.1 Ñ 2.9 ʤʣʥ ʣʝʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ U-Pb ʚʦʟʨʘʩʪ rʪʠʪʘʥʠʪʘ ʠʟ ʜʚʫʭ ʨʘʟʥʳʭ 

ʦʙʨʘʟʮʦʚ ʠʜʝʥʪʠʯʥʳ (ʨʠʩ. 5.14). 

 

 

ʈʠʩʫʥʦʢ 5.14. ɼʠʘʛʨʘʤʤʳ ʊʝʨʨʘ-ɺʘʩʝʨʙʫʨʛʘ ʜʣʷ ʪʠʪʘʥʠʪʘ ʆʢʪʷʙʨʴʩʢʦʛʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ. 

 

ɻʨʘʥʘʪ ʛʨʦʩʩʫʣʷʨ-ʘʥʜʨʘʜʠʪʦʚʦʛʦ ʩʦʩʪʘʚʘ - ʪʠʧʠʯʥʳʡ ʩʢʘʨʥʦʚʳʡ ʤʠʥʝʨʘʣ. ʅʘ 

ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʦʮʝʥʢʝ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʢʨʳʪʠʷ U-Pb 

ʩʠʩʪʝʤʳ ʚ ʛʨʘʥʘʪʘ [Gevedon et al., 2018], ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʦʥʘ ʜʦʣʞʥʘ ʩʦʩʪʘʚʣʷʪʴ >800
o
 ʉ 

[Mezger et al., 1989]. ɻʨʘʥʘʪ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚ ʨʷʜʝ ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ [Deng et al., 2017; Gevedon et al., 2018; Seman et al., 2017]. ɿʥʘʯʝʥʠʝ 

ʠʟʦʪʦʧʥʳʭ ʦʪʥʦʰʝʥʠʡ ʧʨʠʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʝ 5.3. ɻʨʘʥʘʪ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʚ ʢʘʯʝʩʪʚʝ 

ʚʢʣʶʯʝʥʠʡ ʚ ʟʝʨʥʘʭ ʭʘʣʴʢʦʧʠʨʠʪʘ, ʦʥ ʞʝ ʩʦʜʝʨʞʠʪ ʚʢʣʶʯʝʥʠʷ ʭʘʣʴʢʦʧʠʨʠʪʘ (ʨʠʩ.5.7). ʇʦ 

ʵʪʦʡ ʧʨʠʯʠʥʝ ʥʘʯʘʣʴʥʦʝ ʦʪʥʦʰʝʥʠʷ ʩʚʠʥʮʘ ʙʳʣʦ ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʦ ʥʘ ʦʪʥʦʰʝʥʠʝ ʩʚʠʥʮʘ 

ʚʦ ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜʘʭ (
207

Pb/
206

Pb =0.855). ʇʨʠ çʟʘʷʢʦʨʠʚʘʥʠʠè ʥʘ ʵʪʦ ʟʥʘʯʝʥʠʝ ʦʙʳʯʥʦʛʦ 

ʩʚʠʥʮʘ ʧʝʨʝʩʝʯʝʥʠʝ ʜʠʩʢʦʨʜʠʠ ʩ ʢʦʥʢʦʨʜʠʝʡ ʜʘʝʪ ʟʥʘʯʝʥʠʝ ʚʦʟʨʘʩʪʘ 260 Ñ 11 ʤʣʥ ʣʝʪ 

(ʨʠʩ. 5.12). 
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ʊʘʙʣʠʮʘ 5.3 ʀʟʦʪʦʧʥʳʝ ʦʪʥʦʰʝʥʠʷ ʚ ʛʨʘʥʘʪʝ ʠ ʧʝʨʦʚʩʢʠʪʝ ʠʟ ʦʙʨʘʟʮʦʚ AM18 ʠ 

AM19 

 238U/206Pb +/-1 std err 207Pb/206Pb +/-1 std err 

AM18 ʛʨʘʥʘʪ 

1 21.1 1.2 0.084 0.013 

2 22.5 2.1 0.130 0.032 

3 22.5 1.2 0.085 0.010 

4 24.9 1.4 0.087 0.013 

5 22.2 1.7 0.078 0.019 

6 16.9 2.2 0.230 0.063 

7 24.0 1.1 0.083 0.010 

8 23.5 1.1 0.115 0.012 

9 21.6 1.7 0.140 0.021 

10 18.4 2.0 0.375 0.070 

AM19 ʧʝʨʦʚʩʢʠʪ 

1 25.2 0.5 0.052 0.001 

2 26.8 0.4 0.065 0.001 

3 24.1 0.3 0.054 0.001 

4 25.0 0.3 0.056 0.001 

5 28.1 0.3 0.054 0.001 

6 24.7 0.4 0.051 0.001 

7 25.0 0.7 0.053 0.002 

8 29.6 0.6 0.057 0.002 

9 22.5 0.4 0.055 0.001 

10 23.5 0.3 0.055 0.001 

11 25.4 0.8 0.052 0.001 

12 23.2 0.3 0.074 0.002 

13 26.1 0.4 0.081 0.002 

14 25.1 0.6 0.063 0.001 

15 27.3 0.4 0.062 0.001 

16 24.1 0.4 0.102 0.003 

17 27.2 0.4 0.052 0.001 

18 25.9 0.4 0.053 0.001 

19 18.7 0.4 0.312 0.009 

20 17.6 0.5 0.180 0.006 

21 26.0 0.4 0.077 0.002 

 

ʇʝʨʦʚʩʢʠʪ ʷʚʣʷʝʪʩʷ ʦʙʳʯʥʳʤ ʘʢʮʝʩʩʦʨʥʳʤ ʤʠʥʝʨʘʣʦʤ ʚ ʱʝʣʦʯʥʳʭ 

ʫʣʴʪʨʘʦʩʥʦʚʥʳʭ ʠ ʦʩʥʦʚʥʳʭ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜʘʭ ʠ ʦʙʳʯʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ 

ʜʘʪʠʨʦʚʘʥʠʷ ʢʠʤʙʝʨʣʠʪʦʚ ʠ ʢʘʨʙʦʥʘʪʠʪʦʚ [Abersteiner et al., 2019; Cox and Wilton, 2006; 

Reguir et al., 2010]. ʂʨʦʤʝ ʪʦʛʦ, ʧʝʨʦʚʩʢʠʪ ʤʦʞʝʪ ʢʨʠʩʪʘʣʣʠʟʦʚʘʪʴʩʷ ʚ ʩʢʘʨʥʘʭ [Dawson et 
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al., 2001; Starikova et al., 2014] ʠ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʧʦʨʦʜʘʭ [Shen et al., 2016]. ʇʝʨʦʚʩʢʠʪ - 

ʪʠʧʠʯʥʳʡ ʤʠʥʝʨʘʣ ʚ ʚʝʨʭʥʝʤ ʵʢʟʦʢʦʥʪʘʢʪʝ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ [Sluzhenikin, 2011]. 

ɼʘʪʠʨʦʚʘʥʥʳʝ ʟʝʨʥʘ ʧʝʨʦʚʩʢʠʪʘ ʥʝ ʦʙʨʘʟʫʶʪ ʜʦʩʪʦʚʝʨʥʦʡ ʜʠʩʢʦʨʜʠʠ, ʘ 

ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚʜʦʣʴ ʢʦʥʢʦʨʜʠʠ. ɼʣʷ ʦʮʝʥʢʠ ʚʦʟʨʘʩʪʘ ʤʳ ʧʨʠʥʷʣʠ, ʯʪʦ ʧʝʨʚʠʯʥʦʝ 

ʦʪʥʦʰʝʥʠʝ ʩʚʠʥʮʘ ʘʥʘʣʦʛʠʯʥʦ ʪʘʢʦʚʦʤʫ ʚ ʩʫʣʴʬʠʜʘʭ ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ (
207

Pb/
206

Pb 

=0.855). ʇʦʣʫʯʝʥʥʳʡ ʚʦʟʨʘʩʪ ʩʦʩʪʘʚʣʷʝʪ 247.3Ñ8.2 ʤʣʥ ʣʝʪ, ʦʜʥʘʢʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʝʤ ʩʨʝʜʥʝʛʦ ʢʚʘʜʨʘʪʘ ʚʟʚʝʰʝʥʥʳʭ ʦʪʥʦʰʝʥʠʡ (ʉʂɺʆ) 20 (ʈʠʩʫʥʦʢ 5.15). 

 

 

ʈʠʩʫʥʦʢ 5.15. ɼʠʘʛʨʘʤʤʳ ʊʝʨʨʘ-ɺʘʩʝʨʙʫʨʛʘ ʜʣʷ ʛʨʘʥʘʪʘ ʠ ʧʝʨʦʚʩʢʠʪʘ 

ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. 

 

5.5. ɺʳʚʦʜʳ ʢ ʛʣʘʚʝ 5 

 

ɺ ʚʝʨʭʥʝʤ ʵʥʜʦ- ʠ ʵʢʟʦʢʦʥʪʘʢʪʦʚʦʤ ʦʨʝʦʣʝ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʰʠʨʦʢʦ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʠʥʝʨʘʣʳ ʤʝʪʘʤʦʨʬʠʯʝʩʢʦʛʦ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʛʦ ʧʘʨʘʛʝʥʝʟʠʩʘ. 

ʅʝʢʦʪʦʨʳʝ ʠʟ ʥʠʭ, ʥʘʧʨʠʤʝʨ, ʪʠʧʠʯʥʳʝ ʩʢʘʨʥʦʚʳʝ ʤʠʥʝʨʘʣʳ ï ʛʨʘʥʘʪ ʠ ʧʝʨʦʚʩʢʠʪ, 

ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʚʠʜʝ ʚʢʣʶʯʝʥʠʡ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʠ ʩʘʤʠ ʩʦʜʝʨʞʘʪ ʚʢʣʶʯʝʥʠʷ ʭʘʣʴʢʦʧʠʨʠʪʘ, 

ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʘʨʘʛʝʥʥʦʩʪʴ ʩʫʣʴʬʠʜʥʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʠ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ 

ʤʠʥʝʨʘʣʦʚ.  
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ɸʧʘʪʠʪ, ʪʠʪʘʥʠʪ, ʛʨʘʥʘʪ ʠ ʧʝʨʦʚʩʢʠʪ ʤʦʛʫʪ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʥʘʜʝʞʥʦ ʜʘʪʠʨʦʚʘʥʳ 

ʧʨʠ ʧʦʤʦʱʠ U-Pb ʤʝʪʦʜʘ ʩ LA-ICP-MS. ʋʯʠʪʳʚʘʷ ʧʘʨʘʛʝʥʥʦʩʪʴ ʵʪʠʭ ʤʠʥʝʨʘʣʦʚ ʩ 

ʩʫʣʴʬʠʜʘʤʠ, ʧʦʣʫʯʝʥʥʳʡ ʚʦʟʨʘʩʪ ʦʪʨʘʞʘʝʪ ʚʦʟʨʘʩʪ ʩʫʣʴʬʠʜʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ. 
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6. ɻɽʅɽɿʀʉ ʈʋɼ ʆʂʊʗɹʈʔʉʂʆɻʆ ʄɽʉʊʆʈʆɾɼɽʅʀʗ 

 

6.1. ʂʨʠʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʜʘʥʥʳʭ ʜʘʪʠʨʦʚʘʥʠʷ ʨʫʜ 

 

ʂʘʢ ʫʞʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʨʘʥʝʝ, ʩʫʱʝʩʪʚʫʝʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʛʠʧʦʪʝʟ, 

ʦʙʲʷʩʥʷʶʱʠʭ ʧʦʷʚʣʝʥʠʝ ʩʫʣʴʬʠʜʥʦʛʦ PGE-Cu-Ni ʦʨʫʜʝʥʝʥʠʷ ʚ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ 

ʪʨʘʧʧʦʚʳʭ ʠʥʪʨʫʟʠʷʭ ʉʠʙʠʨʩʢʦʡ ʧʣʘʪʬʦʨʤʳ. ʅʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤʠ ʩʨʝʜʠ 

ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʪʝʦʨʠʡ ʷʚʣʷʶʪʩʷ ʜʚʝ. ʇʝʨʚʘʷ ʫʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʠʥʪʨʫʟʠʠ ʷʚʣʷʣʠʩʴ 

ʧʨʦʪʦʯʥʳʤʠ ʢʘʤʝʨʘʤʠ ʚʦ ʚʨʝʤʷ ʧʦʜʲʸʤʘ ʤʘʛʤʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʠʟ ʙʦʣʝʝ ʛʣʫʙʦʢʠʭ 

ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʦʯʘʛʦʚ [ʈʘʜʴʢʦ, 1991; Naldrett et al., 1996]. ɺ ʧʨʦʪʦʯʥʳʭ ʢʘʤʝʨʘʭ 

ʧʨʦʠʩʭʦʜʠʣʘ ʘʩʩʠʤʠʣʷʮʠʷ ʩʫʣʴʬʘʪʦʚ, ʩʫʣʴʬʘʪʨʝʜʫʢʮʠʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʩʠʣʠʢʘʪʥʘʷ 

ʤʘʛʤʘ ʥʘʩʳʱʘʣʘʩʴ ʩʝʨʦʡ. ʕʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʣʦ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʩʫʣʴʬʠʜʥʳʭ ʬʘʟ 

(MSS) ʠ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʠʶ ʚ ʥʠʭ PGE ʠ ʭʘʣʴʢʦʬʠʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʇʨʠ ʵʪʦʤ 

ʩʫʣʴʬʠʜʥʳʝ ʬʘʟʳ ʦʧʫʩʢʘʣʠʩʴ ʥʘ ʜʥʦ ʧʨʦʪʦʯʥʦʡ ʢʘʤʝʨʳ ʠʣʠ ʚʳʭʦʜʠʣʠ ʟʘ ʝʝ ʧʨʝʜʝʣʳ ʚ 

ʦʩʘʜʦʯʥʫʶ ʪʦʣʱʫ ʚ ʩʠʣʫ ʙʦʣʴʰʝʡ ʧʣʦʪʥʦʩʪʠ, ʛʜʝ ʦʙʨʘʟʦʚʳʚʘʣʠ ʚ ʠʪʦʛʝ ʟʘʣʝʞʠ ʤʘʩʩʠʚʥʳʭ 

ʨʫʜ. ɺʪʦʨʘʷ ʛʠʧʦʪʝʟʘ ʛʦʚʦʨʠʪ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʫʣʴʬʠʜʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ ʚ ʜʚʘ ʵʪʘʧʘ ï ʚ 

ʧʝʨʚʳʡ ʰʣʦ ʚʥʝʜʨʝʥʠʝ ʩʠʣʠʢʘʪʥʳʭ ʤʘʛʤ ʠ ʚʳʧʘʜʝʥʠʝ ʠʟ ʥʠʭ ʩʫʣʴʬʠʜʥʳʭ ʢʘʧʝʣʴ, 

ʩʬʦʨʤʠʨʦʚʘʚʰʠʭ ʚʢʨʘʧʣʝʥʥʳʝ ʨʫʜʳ. ɺʦ ʚʨʝʤʷ ʚʪʦʨʦʛʦ ʵʪʘʧʘ ʚʥʝʜʨʷʣʠʩʴ ʩʫʣʴʬʠʜʥʳʝ 

ʨʘʩʧʣʘʚʳ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʤʘʩʩʠʚʥʳʝ ʠ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʝ 

ʨʫʜʳ [ɼʶʞʠʢʦʚ, 1988]. 

ʅʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ Re-Os ʜʘʪʠʨʦʚʢʠ ʧʦ ʩʫʣʴʬʠʜʘʤ ʤʘʩʩʠʚʥʳʭ ʨʫʜ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʚ ʧʦʣʴʟʫ ʚʪʦʨʦʡ ʛʠʧʦʪʝʟʳ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʥʝʩʢʦʣʴʢʦ ʤʦʣʦʞʝ ʚʦʟʨʘʩʪʘ 

ʠʥʪʨʫʟʠʡ ʥʦʨʠʣʴʩʢʦʛʦ ʪʠʧʘ ʠ ʦʩʥʦʚʥʦʡ ʬʘʟʳ ʪʨʘʧʧʦʚʦʛʦ ʤʘʛʤʘʪʠʟʤʘ [Burgess and 

Bowring, 2015]. ʋʯʠʪʳʚʘʷ ʚʘʞʥʦʩʪʴ ʵʪʦʛʦ, ʨʘʩʩʤʦʪʨʠʤ ʧʦʜʨʦʙʥʦ ʜʘʥʥʳʝ Re-Os 

ʜʘʪʠʨʦʚʘʥʠʷ. 

ʇʝʨʚʳʝ Re-Os ʜʘʥʥʳʝ ʜʣʷ ʤʘʩʩʠʚʥʳʭ ʠ ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʩʪʘʪʴʝ [Walker et al., 1994] ʠ ʩʦʩʪʘʚʣʷʣʠ 247 Ñ 3.8 ʤʣʥ ʣʝʪ. ʇʦʩʢʦʣʴʢʫ 
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ʨʘʥʥʝʝ ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʚʦʟʨʘʩʪ ʪʨʘʧʧʦʚʦʛʦ ʚʫʣʢʘʥʠʟʤʘ ʥʘ ʉʠʙʠʨʩʢʦʡ ʧʣʘʪʬʦʨʤʝ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ~248 ʤʣʥ ʣʝʪ [Renne and Basu, 1991; Campbell et al., 1992], ʙʳʣ ʩʜʝʣʘʥ 

ʚʳʚʦʜ ʦ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʚʦʟʨʘʩʪʘ ʚʫʣʢʘʥʠʟʤʘ ʠ ʩʫʣʴʬʠʜʥʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʠ. ʆʜʥʘʢʦ 

ʩʣʝʜʫʝʪ ʨʘʩʩʤʦʪʨʝʪʴ ʪʨʠ ʚʦʧʨʦʩʘ, ʢʘʩʘʶʱʠʝʩʷ ʜʘʥʥʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ: 

1. ʉʝʡʯʘʩ ʥʘʢʦʧʣʝʥ ʙʦʣʴʰʦʡ ʤʘʩʩʠʚ ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʠʭ ʠ ʧʘʣʝʦʤʘʛʥʠʪʥʳʭ 

ʜʘʥʥʳʭ, ʩʚʠʜʝʪʝʣʩɹʪʚʫʶʱʠʭ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʵʪʘʧ ʪʨʘʧʧʦʚʦʛʦ ʤʘʛʤʘʪʠʟʤʘ ʥʘ ʉʠʙʠʨʩʢʦʡ 

ʧʣʘʪʬʦʨʤʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʥʪʝʨʚʘʣʫ ~252 ï 250 ʤʣʥ ʣʝʪ, ʯʪʦ ʥʘ ʥʝʩʢʦʣʴʢʦ ʤʠʣʣʠʦʥʦʚ ʣʝʪ 

ʜʨʝʚʥʝʝ, ʯʝʤ ʩʯʠʪʘʣʦʩʴ ʨʘʥʝʝ [Burgess and Bowring, 2015; Latyshev et al., 2018]. 

2. ɺ ʨʘʙʦʪʝ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ Re-Os ʚʦʟʨʘʩʪʘ [Walker et al., 1994] ʙʳʣʘ 

ʠʩʧʦʣʴʟʦʚʘʥʘ ʢʦʥʩʪʘʥʪʘ ʨʘʩʧʘʜʘ [Linder et al., 1989], ʢʦʪʦʨʘʷ ʧʦʟʞʝ ʙʳʣʘ ʫʪʦʯʥʝʥʘ 

[Smoliar et al., 1996; Selby et al., 2007]. ʀʩʧʦʣʴʟʫʷ ʧʦʩʣʝʜʥʶʶ ʢʦʥʩʪʘʥʪʫ ʨʘʩʧʘʜʘ [Selby et 

al., 2007], Re-Os ʚʦʟʨʘʩʪ ʩʫʣʴʬʠʜʥʳʭ ʨʫʜ ʩʤʝʱʘʝʪʩʷ ʚ ʙʦʣʝʝ ʤʦʣʦʜʫʶ ʩʪʦʨʦʥʫ ʠ 

ʩʦʩʪʘʚʣʷʝʪ 242.7 Ñ 3.8 (ʊʘʙʣʠʮʘ 6.1), ʯʪʦ ʟʘʤʝʪʥʦ ʤʦʣʦʞʝ ʚʦʟʨʘʩʪʘ 251.71 Ñ 0.10 ʤʣʥ ʣʝʪ, 

ʧʦʣʫʯʝʥʥʦʛʦ U-Pb CA-ID-TIMS ʤʝʪʦʜʦʤ ʜʣʷ ʮʠʨʢʦʥʘ ʠʟ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ [Burgess 

and Bowring, 2015]. 

 

ʊʘʙʣʠʮʘ 6.1. ʆʧʫʙʣʠʢʦʚʘʥʥʳʝ Re-Os ʜʘʪʠʨʦʚʢʠ ʨʫʜ ʠ ʧʝʨʝʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʥʘ ʥʦʚʫʶ 

ʢʦʥʩʪʘʥʪʫ ʨʘʩʧʘʜʘ Re [Selby et al., 2007]. 

ʊʠʧ ʨʫʜ 
ʂʦʣ-ʚʦ 

ʦʧʨʝʜʝʣʝʥʠʡ 

ʉʂɺʆ 

(MSWD) 

Re-Os 

ʚʦʟʨʘʩʪ 

ʇʨʝʜʳʜʫʱʘʷ 

ʢʦʥʩʪʘʥʪʘ ɚ
187

Re 

(yr
ī1

) 

ʇʝʨʝʩʯʠʪʘʥʥʳʡ 

ʚʦʟʨʘʩʪ ʥʘ 

ʥʦʚʫʶ 

ʢʦʥʩʪʘʥʪʫ ɚ
187

Re 

(Ma) 

ɺʢʨʘʧʣʝʥʥʳʝ ʠ 

ʤʘʩʩʠʚʥʳʝ ʨʫʜʳ 
17 178 

247 Ñ 

3.8 

1.64 Ñ 0.05 Ĭ 

10
ī11

 
242.7 Ñ 3.8 

ʄʘʩʩʠʚʥʳʝ ʨʫʜʳ 8 288 
246.8 Ñ 

3.7 

1.666 Ñ 0.017 Ĭ 

10
ī11

 
246.3 Ñ 3.7 

ɺʢʨʘʧʣʝʥʥʳʝ ʨʫʜʳ 5 45 
247 Ñ 

21 

1.666 Ñ 0.017 Ĭ 

10ï
11

 
246 Ñ 21 

ɺʢʨʘʧʣʝʥʥʳʝ ʨʫʜʳ 6 85 
  

238 Ñ 33
3
 



77 
 

ʄʘʩʩʠʚʥʳʝ ʨʫʜʳ 26 364 
  

242.3 Ñ 2.4
3
 

 

3. ɺ ʨʘʙʦʪʝ [Walker et al., 1994] ʥʝ ʧʨʠʚʦʜʷʪʩʷ ʟʥʘʯʝʥʠʷ ʉʂɺʆ (MSWD) ʜʣʷ 

ʧʦʣʫʯʝʥʥʳʭ Re-Os ʠʟʦʭʨʦʥ. ʆʜʥʘʢʦ ʧʝʨʝʩʯʝʪ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʚ ʨʘʙʦʪʝ ʟʥʘʯʝʥʠʡ 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʜʘʥʥʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʠʟʙʳʪʦʯʥʳ ʨʘʟʙʨʦʩʦʤ ʦʪ ʣʠʥʠʠ ʨʝʛʨʝʩʩʠʠ. 

ʈʘʩʩʯʠʪʘʥʥʦʝ ʉʂɺʆ ʩʦʩʪʘʚʣʷʝʪ 178, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʧʦʣʫʯʝʥʥʫʶ ʣʠʥʠʶ ʥʝʣʴʟʷ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʥʘʩʪʦʷʱʫʶ ʠʟʦʭʨʦʥʫ. Re-Os ʜʘʥʥʳʝ ʠʟ ʜʨʫʛʦʡ ʨʘʙʦʪʳ [Malitch and 

Latypov, 2011] ʜʣʷ ʤʘʩʩʠʚʥʳʭ ʠ ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʚ ʮʝʣʦʤ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʜʘʥʥʳʤʠ ʠʟ ʨʘʙʦʪʳ [Walker et al., 1994], ʦʜʥʘʢʦ ʦʥʠ ʪʘʢʞʝ ʦʙʣʘʜʘʶʪ 

ʯʨʝʟʚʳʯʘʡʥʦ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʉʂɺʆ (ʊʘʙʣʠʮʘ 6.1). ʇʨʠ ʧʝʨʝʩʯʝʪʝ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ 

ʜʘʥʥʳʭ ʥʘ ʥʦʚʫʶ ʢʦʥʩʪʘʥʪʫ ʨʘʩʧʘʜʘ Re, ʚʩʝ ʟʥʘʯʝʥʠʷ ʚʦʟʨʘʩʪʘ ʦʤʦʣʘʞʠʚʘʶʪʩ,̫ ʥʦ 

ʟʥʘʯʝʥʠʝ ʉʂɺʆ ʧʦ-ʧʨʝʞʥʝʤʫ ʦʩʪʘʝʪʩʷ ʢʨʘʡʥʝ ʚʳʩʦʢʠʤ (ʊʘʙʣʠʮʘ 6.1). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʜʘʥʥʳʝ ʣʠʥʠʠ ʨʝʛʨʝʩʩʠʠ ʥʝ ʦʪʨʘʞʘʶʪ ʠʩʪʠʥʥʦʝ ʟʥʘʯʝʥʠʝ ʚʦʟʨʘʩʪʘ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʥʝʙʦʣʴʰʫʶ ʦʰʠʙʢʫ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʚʦʟʨʘʩʪʘ ʜʣʷ ʤʘʩʩʠʚʥʳʭ ʨʫʜ, ʧʦʣʫʯʝʥʥʳʝ 

ʟʥʘʯʝʥʠʷ ʥʝʣʴʟʷ ʩʯʠʪʘʪʴ ʠʩʪʠʥʥʳʤʠ ʠ ʧʨʠʥʠʤʘʪʴ ʢʘʢ ʟʥʘʯʝʥʠʷ ʚʦʟʨʘʩʪʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʤʘʩʩʠʚʥʦʡ ʨʫʜ.r 

ɼʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ, ʧʦʟʚʦʣʷʶʪ ʥʘʣʦʞʠʪʴ ʥʝʢʦʪʦʨʳʝ 

ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʚʨʝʤʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʠ ʚʝʨʭʥʝʛʦ ʢʦʥʪʘʢʪʦʚʦʛʦ ʦʨʝʦʣʘ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ. ʅʘ ʨʠʩ. 6.1 

ʧʨʠʚʝʜʝʥʳ ʦʙʦʙʱʝʥʥʳʝ ʜʘʥʥʳʝ ʜʘʪʠʨʦʚʘʥʠʷ ʠʟ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɼʘʪʠʨʦʚʘʥʠʝ 

ʫʨʘʥ-ʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ, ʚʭʦʜʷʱʠʭ ʚ ʧʘʨʘʛʝʥʝʪʠʯʝʩʢʫʶ ʘʩʩʦʮʠʘʮʠʶ ʩ ʩʫʣʴʬʠʜʘʤʠ 

ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ, ʫʢʘʟʳʚʘʶʪ, ʯʪʦ ʦʥʠ ʦʜʥʦʚʦʟʨʘʩʪʥʳ ʠʥʪʨʫʟʠʠ. ʄʦʞʥʦ 

ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʚʨʝʤʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʠ ʩʫʣʴʬʠʜʥʦʛʦ ʦʨʫʜʝʥʝʥʠʷ 

ʩʦʚʧʘʜʘʝʪ ʚ ʧʨʝʜʝʣʘʭ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʦʰʠʙʢʠ. ɽʩʣʠ ʜʦʧʫʩʪʠʪʴ, ʯʪʦ ʧʦʨʮʠʷ ʩʫʣʴʬʠʜʥʦʛʦ 

ʨʘʩʧʣʘʚʘ ʚʥʝʜʨʷʣʘʩʴ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʦʩʥʦʚʥʦʛʦ ʵʪʘʧʘ ʤʘʛʤʘʪʠʟʤʘ, ʪʦ ʵʪʦ ʜʦʣʞʥʦ ʙʳʣʦ 

ʧʨʦʠʟʦʡʪʠ ʩ ʥʝʙʦʣʴʰʠʤ ʧʝʨʝʨʳʚʦʤ. ɸʧʘʪʠʪ ʠʟ ʢʦʥʪʘʢʪʘ ʤʘʩʩʠʚʥʦʛʦ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘ ʠ 

ʨʦʛʦʚʠʢʦʚ ʩ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʧʠʨʦʢʩʝʥʘ (ʦʙʨʘʟʝʮ AM40) - ʝʜʠʥʩʪʚʝʥʥʳʡ ʤʠʥʝʨʘʣ ʚ ʥʘʰʝʤ 
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ʠʩʩʣʝʜʦʚʘʥʠʠ, ʚʦʟʨʘʩʪ ʢʦʪʦʨʦʛʦ ʥʝ ʩʦʚʧʘʜʘʝʪ ʩ ʚʦʟʨʘʩʪʦʤ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ. ʆʜʥʘʢʦ 

ʘʧʘʪʠʪ ʧʝʨʝʢʨʳʚʘʝʪʩʷ ʧʦ ʚʦʟʨʘʩʪʫ ʩ ʪʠʪʘʥʠʪʦʤ ʠʟ ʪʦʛʦ ʞʝ ʦʙʨʘʟʮʘ ʠ ʯʘʩʪʠʯʥʦ 

ʧʝʨʝʢʨʳʚʘʝʪʩʷ ʦʰʠʙʢʘʤʠ ʩ ʘʧʘʪʠʪʦʤ ʠʟ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʨʦʛʦʚʠʢʦʚ 

(ʦʙʨʘʟʝʮ AM43) (ʨʠʩ. 7). ɺʦʟʤʦʞʥʦ, ʙʦʣʝʝ ʜʨʝʚʥʷʷ ʜʘʪʠʨʦʚʢʘ ʧʦ ʘʧʘʪʠʪʫ ʠʟ ʦʙʨʘʟʮʘ ɸʄ40 

ʩʚʷʟʘʥʘ ʩ ʥʝʪʦʯʥʦʡ ʢʦʨʨʝʢʮʠʝʡ ʥʘ ʦʙʱʠʡ ʩʚʠʥʝʮ. ʈʝʟʶʤʠʨʫʷ, ʜʚʫʭʩʪʘʜʠʡʥʘʷ ʛʠʧʦʪʝʟʘ 

[ɼʶʞʠʢʦʚ, 1988] ʥʝ ʥʘʭʦʜʠʪ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʚ ʨʘʤʢʘʭ ʠʤʝʶʱʠʭʩʷ ʛʝʦʭʨʦʥʦʣʦʛʠʯʝʩʢʠʭ 

ʜʘʥʥʳʭ. ʍʦʪʷ ʝʝ ʥʝʣʴʟʷ ʠʩʢʣʶʯʠʪʴ ʧʦʣʥʦʩʪʴʶ, ʝʩʣʠ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʨʘʟʨʳʚ ʤʝʞʜʫ 

ʜʚʫʤʷ ʩʪʘʜʠʷʤʠ ʥʝ ʧʨʝʚʳʰʘʣ ʧʝʨʚʳʝ ʤʠʣʣʠʦʥʳ ʣʝʪ ʠ ʥʝ ʬʠʢʩʠʨʫʝʪʩʷ ʠʟ-ʟʘ ʚʳʩʦʢʠʭ 

ʧʦʛʨʝʰʥʦʩʪʝʡ ʜʘʪʠʨʦʚʦʢ.  

 

ʈʠʩʫʥʦʢ 6.1 ʆʙʦʙʱʝʥʥʳʝ ʜʘʥʥʳʝ U-Pb LA-ICP-MS ʜʘʪʠʨʦʚʘʥʠʷ ʪʠʪʘʥʠʪʘ, ʘʧʘʪʠʪʘ, 

ʧʝʨʦʚʩʢʠʪʘ ʠ ʛʨʘʥʘʪʘ ʠʟ ʢʦʥʪʘʢʪʦʚʦʛʦ ʦʨʝʦʣʘ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ (ʜʘʥʥʘʷ ʨʘʙʦʪʘ). 

ʉʝʨʳʤʠ ʧʦʣʷʤʠ ʦʪʤʝʯʝʥʳ ʚʦʟʨʘʩʪʘ ɹʦʣʛʦʭʪʦʭʩʢʦʛʦ ʠʥʪʨʫʟʠʚʘ [Kamo et al., 2003], 

ʣʘʤʧʨʦʠʪʦʚ ʅʦʨʠʣʴʩʢ 1 [Ivanov et al., 2018], ʦʩʥʦʚʥʦʛʦ ʵʪʘʧʘ ʪʨʘʧʧʦʚʳʭ ʠʟʣʠʷʥʠʡ ʥʘ 

ʉʠʙʠʨʩʢʦʡ ʧʣʘʪʬʦʨʤʝ [Ivanov, 2021]. ʊʦʯʢʦʡ ʦʪʤʝʯʝʥ ʚʦʟʨʘʩʪ ʮʠʨʢʦʥʘ ʠʟ ʍʘʨʘʝʣʘʭʩʢʦʡ 

ʠʥʪʨʫʟʠʠ [Burgess and Bowring, 2015]. 
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6.2. ʆʛʨʘʥʠʯʝʥʠʷ ʥʘ ʛʝʥʝʟʠʩ ʩʫʣʴʬʠʜʥʳʭ ʨʫʜ ʧʦ ʩʦʩʪʘʚʫ ʭʘʣʴʢʦʧʠʨʠʪʘ 

 

ɽʩʣʠ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʦʨʮʠʷ ʩʫʣʴʬʠʜʥʦʛʦ ʨʘʩʧʣʘʚʘ ʚʥʝʜʨʷʣʘʩʴ ʥʝʟʘʚʠʩʠʤʦ ʦʪ 

ʦʩʥʦʚʥʦʡ ʩʠʣʠʢʘʪʥʦʡ ʤʘʛʤʳ ʠ ʩʬʦʨʤʠʨʦʚʘʣʘ ʟʘʣʝʞʠ ʤʘʩʩʠʚʥʳʭ ʠ ʧʨʦʞʠʣʢʦʚʦ-

ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ, ʢʘʢ ʵʪʦ ʩʯʠʪʘʣʦʩʴ ʨʘʥʥʝʝ [ɼʶʞʠʢʦʚ, 1988; ʊʫʨʦʚʮʝʚ, 2002], ʪʦʛʜʘ 

ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʦʞʠʜʘʪʴ ʩʭʦʜʩʪʚʦ ʩʦʩʪʘʚʘ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠʟ ʵʪʠʭ ʜʚʫʭ ʪʠʧʦʚ ʨʫʜ ʠ ʠʭ 

ʦʪʣʠʯʠʝ ʦʪ ʭʘʣʴʢʦʧʠʨʠʪʘ ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ. ʆʜʥʘʢʦ ʭʘʣʴʢʦʧʠʨʠʪ ʠʟ ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ ʚ 

ʍʘʨʘʝʣʘʭʩʢʦʤ ʠʥʪʨʫʟʠʚʝ ʧʦ ʤʠʢʨʦʵʣʝʤʝʥʪʥʦʤʫ ʩʦʩʪʘʚʫ ʩʭʦʞ ʩ ʭʘʣʴʢʦʧʠʨʠʪʦʤ ʤʘʩʩʠʚʥʳʭ 

ʨʫʜ, ʘ ʨʘʟʣʠʯʠʷ ʝʩʪʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʦʙʲʷʩʥʷʶʪʩʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʭʘʣʴʢʦʧʠʨʠʪʘ ʠʟ 

MSS (ʊʘʙʣʠʮʘ 4.1). ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʠʢʨʦʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʭʘʣʴʢʦʧʠʨʠʪʘ ʧʨʦʞʠʣʢʦʚʦ-

ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ ʢʦʥʪʨʘʩʪʝʥ ʧʦ ʦʪʥʦʰʝʥʠʶ ʠ ʢ ʭʘʣʴʢʦʧʠʨʠʪʫ ʤʘʩʩʠʚʥʳʭ, ʠ ʚʢʨʘʧʣʝʥʥʳʭ 

ʨʫʜ (ɻʣʘʚʘ 4). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʥʳʝ ʩʦʜʝʨʞʘʥʠʷ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʥʝ 

ʥʘʭʦʜʷʪ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʦ ʙʦʣʝʝ ʧʦʟʜʥʝʡ, ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʡ ʧʦʨʮʠʠ ʩʫʣʴʬʠʜʥʦʡ ʤʘʛʤʳ. 

ʕʪʠ ʜʘʥʥʳʝ ʩʢʦʨʝʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʚ ʧʦʣʴʟʫ ʛʝʥʝʪʠʯʝʩʢʦʡ ʩʚʷʟʠ ʚʢʨʘʧʣʝʥʥʳʭ ʠ 

ʤʘʩʩʠʚʥʳʭ ʨʫʜ.  

 

6.3. ʇʨʦʪʦʯʥʘʷ ʢʘʤʝʨʘ ï ʠʩʪʦʯʥʠʢ ʤʝʪʘʤʦʨʬʠʟʤʘ (ʦʮʝʥʢʘ ʪʝʤʧʝʨʘʪʫʨ ʤʝʪʘʤʦʨʬʠʟʤʘ). 

 

ʂʘʢ ʫʞʝ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʍʘʨʘʝʣʘʭʩʢʘʷ ʠʥʪʨʫʟʠʷ ʚʳʜʝʣʷʝʪʩʷ ʥʘ ʬʦʥʝ ʦʩʪʘʣʴʥʳʭ 

ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʭ ʠʥʪʨʫʟʠʡ ʥʦʨʠʣʴʩʢʦʛʦ ʨʘʡʦʥʘ ʤʦʱʥʳʤʠ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʤʠ ʠ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʤʠ ʦʨʝʦʣʘʤʠ, ʢʦʪʦʨʳʝ ʧʨʝʚʳʰʘʶʪ ʤʦʱʥʦʩʪʴ ʩʘʤʦʡ ʠʥʪʨʫʟʠʠ. ʆʜʥʘʢʦ 

ʪʘʢʠʝ ʤʦʱʥʦʩʪʠ ʠʟʤʝʥʝʥʠʡ ʥʝʜʦʩʪʠʞʠʤʳ ʧʨʠ ʦʜʥʦʘʢʪʥʦʤ ʚʥʝʜʨʝʥʠʠ ʨʘʩʧʣʘʚʘ ʚ 

ʤʘʛʤʘʪʠʯʝʩʢʫʶ ʢʘʤʝʨʫ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʤʦʞʥʦ ʧʨʠʚʝʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʝ [ʉʦʢʦʣ ʠ ʜʨ.; 

2019], ʚ ʢʦʪʦʨʦʤ ʠʟʫʯʝʥʘ ʢʦʥʪʘʢʪʦʚʦ-ʤʝʪʘʤʦʨʬʠʯʝʩʢʘʷ ʟʦʥʘ, ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, 

ʨʘʥʥʝʪʨʠʘʩʦʚʦʛʦ ʜʦʣʝʨʠʪʦʚʦʛʦ ʩʠʣʣʘ ʚ ʙʘʩʩʝʡʥʝ ʇʦʜʢʘʤʝʥʥʦʡ ʊʫʥʛʫʩʢʠ ʚ ʮʝʥʪʨʘʣʴʥʦʡ 

ʯʘʩʪʠ ʧʨʦʚʠʥʮʠʠ ʉʠʙʠʨʩʢʠʭ ʪʨʘʧʧʦʚ. ʄʦʱʥʦʩʪʴ ʠʥʪʨʫʟʠʠ ï <80 ʤ. ʆʥʘ ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ 

ʤʝʨʛʠʣʠʩʪʳʤʠ ʠʟʚʝʩʪʥʷʢʘʤʠ. ʀʟʚʝʩʪʥʷʢʠ ʤʝʪʘʤʦʨʬʠʟʦʚʘʥʳ ʚ ʤʨʘʤʦʨʳ, ʦʪʣʠʯʘʶʱʠʝʩʷ 
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ʤʠʥʝʨʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ, ʠʩʭʦʜʷ ʠʟ ʢʦʪʦʨʦʛʦ ʨʘʩʩʯʠʪʘʥʳ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʯʝʪʳʨʝʭ ʟʦʥ ʦʪ 

ʙʦʣʝʝ >900 
o
C ʜʦ 500-550 

ʦ
ʉ ʥʘ ʫʜʘʣʝʥʠʠ ʥʝʩʢʦʣʴʢʠʭ ʤʝʪʨʦʚ ʦʪ ʢʦʥʪʘʢʪʘ ʠʥʪʨʫʟʠʠ. ʕʪʠ 

ʧʘʨʘʤʝʪʨʳ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʛʨʘʥʠʯʥʳʭ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ, ʢʦʪʦʨʦʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ 

ʪʘʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʢʦʥʪʘʢʪʦʚʦʛʦ ʤʝʪʘʤʦʨʬʠʟʤʘ ʤʦʞʥʦ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʴ, ʪʦʣʴʢʦ ʝʩʣʠ ʤʘʛʤʘ 

ʠʤʝʣʘ ʪʝʤʧʝʨʘʪʫʨʫ 1200 
ʦ
ʉ, ʠ ʦʥʘ ʪʝʢʣʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦ ʚʥʫʪʨʠ ʢʘʥʘʣʘ ʠʥʪʨʫʟʠʠ (ʩʠʣʣʘ) ʚ 

ʪʝʯʝʥʠʝ 1 ʤʝʩʷʮʘ. ɽʩʣʠ ʙʳ ʤʘʛʤʘ ʦʩʪʳʚʘʣʘ, ʥʘʭʦʜʷʩʴ ʚ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʢʘʤʝʨʝ ʙʝʟ 

ʧʦʜʧʠʪʢʠ ʥʦʚʳʤʠ ʛʦʨʷʯʠʤʠ ʧʦʨʮʠʷʤʠ, ʚʤʝʱʘʶʱʠʝ ʧʦʨʦʜʳ ʥʝ ʤʦʛʣʠ ʙʳ ʙʳʪʴ ʧʨʦʛʨʝʪʳ 

ʩʚʝʨʭ 790 
ʦ
ʉ, ʘ ʟʦʥʘ ʢʦʥʪʘʢʪʦʚʳʭ ʠʟʤʝʥʝʥʠʡ ʙʳʣʘ ʙʳ ʝʱʝ ʪʦʥʴʰʝ. ɺ ʩʣʫʯʘʝ ʩ 

ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʝʡ ʤʦʱʥʦʩʪʴ ʢʦʥʪʘʢʪʦʚʳʭ ʠʟʤʝʥʝʥʠʡ 150-200 ʤ ʧʨʠ ʤʦʱʥʦʩʪʠ 

ʠʥʪʨʫʟʠʠ 70-100 ʤ. ʊʦ ʝʩʪʴ, ʝʩʣʠ ʧʨʠʥʷʪʴ ʛʠʧʦʪʝʟʫ ʧʨʦʪʦʯʥʦʡ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʢʘʤʝʨʳ 

[ʈʘʜʴʢʦ, 1991; Naldrett et al., 1996], ʪʦ ʚʨʝʤʷ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʪʘʢʦʡ ʢʘʤʝʨʳ ʜʦʣʞʥʦ ʙʳʣʦ 

ʙʳʪʴ ʤʥʦʛʦ ʙʦʣʝʝ 1 ʤʝʩʷʮʘ. ʇʦ ʧʘʣʝʦʤʘʛʥʠʪʥʳʤ ʜʘʥʥʳʤ ʚʨʝʤʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʥʝ ʧʨʝʚʳʰʘʣʦ 10 ʪʳʩ ʣʝʪ [Latyshev et al, 2020]. ʀʩʭʦʜʷ ʠʟ ʵʪʠʭ 

ʜʘʥʥʳʭ, ʥʝʣʴʟʷ ʦʜʥʦʟʥʘʯʥʦ ʧʦʜʪʚʝʨʜʠʪʴ ʛʠʧʦʪʝʟʫ ʧʨʦʪʦʯʥʦʡ ʢʘʤʝʨʳ, ʥʦ ʦʥʠ, ʧʦ ʢʨʘʡʥʝʡ 

ʤʝʨʝ, ʝʡ ʥʝ ʧʨʦʪʠʚʦʨʝʯʘʪ. ʊʦʛʜʘ ʢʘʢ ʚʳʩʦʢʘʷ ʦʮʝʥʢʘ ʪʝʤʧʝʨʘʪʫʨʳ (720-820 
ʦ
ʉ) ʩ ʧʦʤʦʱʴʶ 

ʪʝʨʤʦʤʝʪʨʘ Zr-ʚ-ʪʠʪʘʥʠʪʝ ʠʟ ʦʙʨʘʟʮʘ ɸʄ40 ʩʢʦʨʝʝ ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʣʠʯʠʝ ʜʦʣʛʦʞʠʚʫʱʝʡ 

ʧʨʦʪʦʯʥʦʡ ʢʘʤʝʨʳ.  

ʀʥʪʝʨʝʩʥʳʤ ʩʣʝʜʩʪʚʠʝʤ ʜʣʷ ʛʝʦʭʨʦʥʦʣʦʛʠʠ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʪʠʪʘʥʠʪ ʠʟ ʦʙʨʘʟʮʘ 

AM43 (ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʝʥʥʳʡ ʨʦʛʦʚʠʢ) ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʦʣʝʝ ʥʠʟʢʠʤʠ 

ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʯʝʤ ʪʠʪʘʥʠʪ ʠʟ ʦʙʨʘʟʮʘ AM40 (ʢʦʥʪʘʢʪ ʛʘʙʙʨʦʜʦʣʝʨʠʪʘ ʠ 

ʧʠʨʦʢʩʝʥʦʚʦʛʦ ʨʦʛʦʚʠʢʘ). ʅʘ ʨʠʩ. 6.2 ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʢʦʣʠʯʝʩʪʚʦ ʦʙʱʝʛʦ ʩʚʠʥʮʘ ʚ ʪʠʪʘʥʠʪʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ (ʪ.ʝ. ʪʦʯʢʠ ʩʤʝʱʘʶʪʩʷ ʢ ʦʩʠ 

ʦʨʜʠʥʘʪ).  
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ʈʠʩʫʥʦʢ 6.2 ʀʟʦʪʦʧʥʳʡ ʩʦʩʪʘʚ ʪʠʪʘʥʠʪʘ ʥʘ ʜʠʘʛʨʘʤʤʝ ʊʝʨʘ-ɺʘʩʩʝʨʙʫʨʛʘ (A) ʠ 

ʟʘʚʠʩʠʤʦʩʪʴ 
207

Pb/
206
Pb ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʠʪʘʥʠʪʘ, ʦʮʝʥʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ 

ʪʝʨʤʦʤʝʪʨʘ ʦʩʥʦʚʘʥʥʦʤ ʥʘ ʩʦʜʝʨʞʘʥʠʠ Zr ʚ ʪʠʪʘʥʠʪʝ (B). ʏʝʨʥʳʝ ʵʣʣʠʧʩʳ ï ʢʦʥʪʘʢʪ 

ʛʘʙʙʨʦʜʦʣʝʨʠʪʘ ʠ ʧʠʨʦʢʩʝʥʦʚʳʭ ʨʦʛʦʚʠʢʦʚ (AM40). ʉʝʨʳʝ ʵʣʣʠʧʩʳ ï 

ʤʝʪʘʩʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʧʠʨʦʢʩʝʥʦʚʳʡ ʨʦʛʦʚʠʢ (AM43). 

 

ʕʪʦʪ ʧʨʦʮʝʩʩ ʦʪʚʝʪʩʪʚʝʥ ʟʘ ʚʳʩʦʢʠʝ ʢʦʣʠʯʝʩʪʚʘ ʨʘʜʠʦʛʝʥʥʦʛʦ ʠ ʥʝʨʘʜʠʦʛʝʥʥʦʛʦ 

ʩʚʠʥʮʘ ʚ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠ ʠʟʤʝʥʝʥʥʦʤ ʪʠʪʘʥʠʪʝ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʟʘ ʤʝʥʴʰʠʝ 

ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʦʰʠʙʢʠ. ʅʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ ʧʘʨʘʜʦʢʩʘʣʴʥʦ ï ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʙʱʝʛʦ 

ʩʚʠʥʮʘ ʜʦʣʞʥʦ ʫʭʫʜʰʘʪʴ ʥʘʜʝʞʥʦʩʪʴ ʜʘʪʠʨʦʚʢʠ, ʥʦ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʠʥʮʘ ʚ 

ʪʠʪʘʥʠʪʝ ʩʥʠʞʘʝʪ ʘʥʘʣʠʪʠʯʝʩʢʫʶ ʦʰʠʙʢʫ. 

ʊʠʪʘʥʠʪ ʠ ʘʧʘʪʠʪ ʠʟ ʦʙʨʘʟʮʘ AM43 (ʤʝʪʘʩʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʧʠʨʦʢʩʝʥʦʚʳʡ 

ʨʦʛʦʚʠʢ) ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʢʦʥʮʝʥʪʨʘʮʠʡ ʦʙʳʯʥʦʛʦ ʩʚʠʥʮʘ, ʯʪʦ 

ʤʦʞʝʪ ʙʳʪʴ ʦʜʥʦʡ ʠʟ ʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʫʢʘʟʳʚʘʶʱʠʭ ʥʘ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʳ. ʆʮʝʥʢʠ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʠʪʘʥʠʪʘ ʠʟ ʦʙʨʘʟʮʘ AM40 (720-820 
o
C) 

ʬʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʝʪ ʩ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʟʘʢʨʳʪʠʷ ʩʘʤʦʛʦ ʪʠʪʘʥʠʪʘ.  
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6.4. ɺʢʣʘʜ ʤʘʥʪʠʡʥʦʡ ʠ ʢʦʨʦʚʦʡ ʩʦʩʪʘʚʣʷʶʱʠʭ ʚ ʦʙʨʘʟʦʚʘʥʠʝ PGE-Cu-Ni ʤʝʩʪʦʨʦʞʜʝʥʠʡ 

ʨʝʛʠʦʥʘ 

 

ɺʩʸ ʠʟʣʦʞʝʥʥʦʝ ʚʳʰʝ ʢʘʩʘʣʦʩʴ ʪʦʣʴʢʦ ʦʜʥʦʡ ʠʟ ʧʨʦʙʣʝʤ, ʦʟʚʫʯʝʥʥʳʭ ʚ ʥʘʯʘʣʝ, ʘ 

ʠʤʝʥʥʦ ʧʨʦʙʣʝʤʳ ʚʨʝʤʝʥʥʦʡ ʩʚʷʟʠ ʠʥʪʨʫʟʠʚʥʳʭ ʠ ʵʬʬʫʟʠʚʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ. ʅʝ ʤʝʥʝʝ 

ʟʥʘʯʠʤʦʡ ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʘ ʚʝʱʝʩʪʚʘ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ PGE-Cu-Ni 

ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʨʝʛʠʦʥʘ. ʊʦʣʝʠʪʦʚʳʝ ʙʘʟʘʣʴʪʳ ʦʙʳʯʥʦ ʙʝʜʥʳ S ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʨʘʩʧʣʘʚ 

ʥʘʩʳʱʘʣʩʷ ʩʝʨʦʡ ʜʣʷ ʦʙʦʩʦʙʣʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦʛʦ (ʚ ʤʘʩʰʪʘʙʘʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷ) 

ʢʦʣʠʯʝʩʪʚʘ ʩʫʣʴʬʠʜʥʦʛʦ ʨʘʩʧʣʘʚʘ, ʭʦʪʷ, ʢʦʥʝʯʥʦ ʞʝ, ʩʫʣʴʬʠʜʳ ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʜʘʞʝ ʠʟ 

ʤʘʛʤ ʚ ʩʨʝʜʠʥʥʦ-ʦʢʝʘʥʠʯʝʩʢʠʭ ʭʨʝʙʪʘʭ [Patten et al., 2013].  

ʀʟʦʪʦʧʥʳʡ ʩʦʩʪʘʚ ʩʝʨʳ ʩʫʣʴʬʠʜʦʚ ʨʫʜ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʅʦʨʠʣʴʩʢ-1 ʚʧʝʨʚʳʝ 

ʚʳʧʦʣʥʝʥ ʚ ʨʘʙʦʪʘʭ ʃ.ʅ. ɻʨʠʥʝʥʢʦ [ɻʦʜʣʝʚʩʢʠʡ, ɻʨʠʥʝʥʢʦ, 1963]. ɺ ʜʘʣʴʥʝʡʰʝʤ ʙʳʣ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥ ʠʟʦʪʦʧʥʳʡ ʩʦʩʪʘʚ ʩʝʨʳ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʠ ʊʘʣʥʘʭʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʡ 

[ɻʦʨʙʘʯʝʚ, ɻʨʠʥʝʥʢʦ, 1973; ɻʨʠʥʝʰʦ, 1966; ʂʦʚʘʣʝʥʢʝʨ ʠ ʜʨ., 1974]. ʇʦʩʣʝʜʫʶʱʠʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʪʚʝʨʜʠʣʠ ʪʷʞʝʣʳʡ ʠʟʦʪʦʧʥʳʡ ʩʦʩʪʘʚ ʩʝʨʳ ʩʫʣʴʬʠʜʥʳʭ ʤʠʥʝʨʘʣʦʚ [Li et 

al., 2003; Petrov, 2019; Ripley et al., 2010; ʈʷʙʦʚ ʠ ʜʨ., 2018]. ɼʣʷ ʚʩʝʭ PGE-Cu-Ni 

ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʨʝʛʠʦʥʘ ŭ
34

S ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ (+9-+14 ă). ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʜʘʥʥʦʛʦ 

ʬʘʢʪʘ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʢʦʥʪʘʤʠʥʘʮʠʷ ʙʘʟʠʪʦʚʦʡ ʤʘʛʤʦʡ ʘʥʛʠʜʨʠʪʘ, ʯʝʡ ʠʟʦʪʦʧʥʳʡ ʩʦʩʪʘʚ 

ʙʣʠʟʦʢ ʢ ʠʟʦʪʦʧʥʦʤʫ ʩʦʩʪʘʚʫ ʩʫʣʴʬʠʜʦʚ ʨʫʜ [ɻʨʠʥʝʥʢʦ, ɻʨʠʥʝʥʢʦ, 1967]. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, 

ʯʪʦ ʥʝ ʚʩʝ ʧʨʠʟʥʘʶʪ ʘʩʩʠʤʠʣʷʮʠʶ ʘʥʛʠʜʨʠʜʦʚ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʩʝʨʳ [ʈʷʙʦʚ ʠ ʜʨ., 

2018], ʥʦ, ʚ ʮʝʣʦʤ, ʢʦʨʦʚʳʡ ʠʩʪʦʯʥʠʢ ʩʝʨʳ ʤʘʣʦ ʢʝʤ ʦʩʧʘʨʠʚʘʝʪʩʷ. 

ɸʥʘʣʦʛʠʯʥʘʷ ʩʠʪʫʘʮʠʷ ʦʙʩʪʦʠʪ ʩ ʠʩʪʦʯʥʠʢʦʤ Ni, Cu ʠ PGE. ɺ ʨʫʜʦʥʦʩʥʳʭ 

ʠʥʪʨʫʟʠʷʭ ʦʯʝʥʴ ʚʳʩʦʢʦʝ ʩʦʦʪʥʦʰʝʥʠʝ (ʜʦ 15%) ʩʫʣʴʬʠʜʦʚ ʥʘ ʦʙʲʝʤ ʩʠʣʠʢʘʪʥʦʛʦ 

ʚʝʱʝʩʪʚʘ [ʃʠʭʘʯʝʚ, 1996]. ɺ ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʶʪʩʷ ʧʦʧʳʪʢʠ ʠʟʥʘʯʘʣʴʥʦʛʦ ʦʙʦʛʘʱʝʥʠʷ 

ʨʫʜʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʫʞʝ ʥʘ ʤʘʥʪʠʡʥʳʭ ʛʣʫʙʠʥʘʭ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʀ.ɼ. ʈʷʙʯʠʢʦʚ, 

ʦʩʥʦʚʳʚʘʷʩʴ ʥʘ ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʥʠʢʝʣʷ ʚ ʦʣʠʚʠʥʝ ʉʠʙʠʨʩʢʠʭ ʪʨʘʧʧʦʚ, ʩʯʠʪʘʣ, ʯʪʦ 

ʤʘʛʤʳ ʦʙʨʘʟʦʚʳʚʘʣʠʩʴ ʠʟ ʥʠʞʥʝʤʘʥʪʠʡʥʦʛʦ ʧʣʶʤʘ, ʦʙʦʛʘʱʝʥʥʦʛʦ ʚʝʱʝʩʪʚʦʤ ʷʜʨʘ 
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[ʈʷʙʯʠʢʦʚ, 2003]. ʆʜʥʘʢʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʚʳʩʦʢʠʡ Ni ʚ ʦʣʠʚʠʥʝ ʷʚʣʷʝʪʩʷ ʧʦʢʘʟʘʪʝʣʝʤ 

ʧʣʘʚʣʝʥʠʷ ʙʝʟʦʣʠʚʠʥʦʚʦʡ ʤʘʥʪʠʠ (ʵʢʣʦʛʠʪʳ, ʧʠʨʦʢʩʝʥʠʪʳ ʠ ʪ.ʧ.) [Sobolev et al., 2007]. 

ʅ.ʃ. ɼʦʙʨʝʮʦʚ ʩʯʠʪʘʣ, ʯʪʦ ʦʙʦʛʘʱʝʥʠʝ ʨʫʜʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʚ ʛʦʣʦʚʝ 

ʤʘʥʪʠʡʥʦʛʦ ʧʣʶʤʘ. ʊʘʢʦʝ ʦʨʫʜʝʥʝʥʠʝ ʷʚʣʷʝʪʩʷ ʩʧʝʮʠʬʠʯʥʳʤ ʜʣʷ ʧʣʶʤʦʚʳʭ ʦʙʩʪʘʥʦʚʦʢ 

[ɼʦʙʨʝʮʦʚ ʠ ʜʨ., 2010]. ʖ.ɼ. ʇʫʰʢʘʨʝʚ ʦʪʤʝʯʘʣ, ʯʪʦ ʥʦʨʠʣʴʩʢʠʝ ʨʫʜʳ ʥʝʩʫʪ ʚ ʩʝʙʝ 

ʢʦʨʦʚʳʝ ʠʟʦʪʦʧʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʥʦ ʦʪʥʦʩʠʣ ʵʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘ ʩʯʝʪ ʨʝʮʠʢʣʠʥʛʘ 

ʢʦʨʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ ʤʘʥʪʠʡʥʳʭ ʛʣʫʙʠʥʘʭ, ʥʝ ʦʙʩʫʞʜʘʷ ʤʝʭʘʥʠʟʤ ʨʝʮʠʢʣʠʥʛʘ 

[ʇʫʰʢʘʨʝʚ ʠ ʜʨ., 2000]. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʨʝʮʠʢʣʠʥʛ ʢʦʨʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʤʦʛ ʧʨʦʠʩʭʦʜʠʪʴ 

ʪʦʣʴʢʦ ʧʨʠ ʝʛʦ ʩʫʙʜʫʮʠʨʦʚʘʥʠʠ. ɺ ʧʣʶʤʦʚʳʭ ʤʦʜʝʣʷʭ ʦʙʳʯʥʦ ʧʨʠʥʠʤʘʝʪʩʷ 

ʩʫʙʜʫʮʠʨʦʚʘʥʠʝ ʢʦʨʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʥʠʞʥʶʶ ʤʘʥʪʠʶ, ʝʛʦ ʩʦʭʨʘʥʥʦʩʪʴ ʪʘʤ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʠ ʧʦʩʣʝʜʫʶʱʠʡ ʚʳʥʦʩ ʚ ʦʙʣʘʩʪʴ ʧʣʘʚʣʝʥʠʷ ʚ ʚʝʨʭʥʝʡ ʤʘʥʪʠʠ ï 

ʧʣʶʤʘʤʠ [Hofman, White, 1982]. ʆʜʥʘʢʦ ʨʝʮʠʢʣʠʨʦʚʘʥʠʝ ʤʦʛʣʦ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʠ ʯʝʨʝʟ 

ʤʝʥʴʰʠʝ ʛʣʫʙʠʥʳ, ʥʘʧʨʠʤʝʨ, ʯʝʨʝʟ ʧʝʨʝʭʦʜʥʫʶ ʟʦʥʫ ʤʘʥʪʠʠ ʙʣʘʛʦʜʘʨʷ ʩʪʘʛʥʘʮʠʠ ʩʣʵʙʦʚ 

ʥʘ ʵʪʠʭ ʛʣʫʙʠʥʘʭ [Ivanov, Litasov, 2014]. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ ʨʝʰʝʥʠʷ ʚʦʧʨʦʩʘ ʦ ʠʩʪʦʯʥʠʢʝ ʨʫʜʥʦʛʦ 

ʚʝʱʝʩʪʚʘ ʚʳʛʣʷʜʠʪ ʦʧʨʝʜʝʣʝʥʠʝ ʠʟʦʪʦʧʥʦʛʦ ʩʦʩʪʘʚʘ Ni, Cu, Fe ʠ ʜʨʫʛʠʭ ʵʣʝʤʝʥʪʦʚ. ʂ 

ʩʦʞʘʣʝʥʠʶ, ʩʝʡʯʘʩ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʣʠʰʴ ʨʝʜʢʠʝ ʨʘʙʦʪʳ, ʧʦʩʚʷʱʝʥʥʳʝ ʧʨʦʙʣʝʤʝ 

ʠʟʦʪʦʧʥʦʛʦ ʩʦʩʪʘʚʘ ʜʘʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʦʨʦʜʘʭ ʠ ʨʫʜʘʭ ʥʦʨʠʣʴʩʢʦʛʦ ʨʝʛʠʦʥʘ [Malitch et 

al., 2014; Petrov, 2019]. ʀʤʝʶʱʠʝʩʷ ʜʘʥʥʳʝ ʧʦ ʠʟʦʪʦʧʘʤ Sr, Nd, Pb, Hf, O, He, Ar 

ʧʦʢʘʟʳʚʘʶʪ ʥʘʣʠʯʠʝ ʤʘʥʪʠʡʥʦʡ ʠ ʢʦʨʦʚʦʡ ʩʦʩʪʘʚʣʷʶʱʠʭ [Malitch et al., 2013; Malitch et 

al., 2010; Petrov, 2019; ʄʘʣʠʯ ʠ ʜʨ., 2009 Lightfoot et al., 1993; Pang et al., 2013; Petrov, 

2019; Wooden et al., 1992; Wooden et al., 1993; ʄʘʣʠʯ et al., 2016]. ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʜʦʣʷ ʤʘʥʪʠʡʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚʳʰʝ ʚ ʙʝʟʨʫʜʥʳʭ ʠʥʪʨʫʟʠʷʭ, ʘ ʢʦʨʦʚʦʡ ʥʘʦʙʦʨʦʪ ï ʚ 

ʨʫʜʥʳʭ [Petrov, 2019]. 
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ɿɸʂʃʖʏɽʅʀɽ 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʥʝʢʦʪʦʨʳʝ ʦʛʨʘʥʠʯʝʥʠʷ 

ʥʘ ʤʝʭʘʥʠʟʤ ʠ ʚʨʝʤʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʣʝʞʝʡ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

(ʍʘʨʘʝʣʘʭʩʢʘʷ ʠʥʪʨʫʟʠʷ). ʀʩʧʦʣʴʟʫʷ ʩʦʚʨʝʤʝʥʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ, ʫʜʘʣʦʩʴ 

ʧʦʢʘʟʘʪʴ, ʯʪʦ: 

1. ʍʘʣʴʢʦʧʠʨʠʪ ʠʟ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ ʤʘʢʩʠʤʘʣʴʥʦ ʢʦʥʪʨʘʩʪʝʥ ʧʦ 

ʩʦʜʝʨʞʘʥʠʶ ʵʣʝʤʝʥʪʦʚ ʧʨʠʤʝʩʝʡ (ʚ ʯʘʩʪʥʦʩʪʠ Cd, Pb, Se, Te) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʭʘʣʴʢʦʧʠʨʠʪʦʤ ʠʟ ʚʢʨʘʧʣʝʥʥʳʭ ʠ ʤʘʩʩʠʚʥʳʭ ʨʫʜ.  

2. ɿʦʥr ʠʟʤʝʥʝʥʠʷ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ (ʦʨʦʛʦʚʠʢʦʚʘʥʠʷ, ʩʢʘʨʥʠʨʦʚʘʥʠʷ ʠ ʜʨ.) 

ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ ʧʨʝʚʳʰʘʶʪ ʤʦʱʥʦʩʪʴ ʩʘʤʦʡ ʠʥʪʨʫʟʠʠ. ʕʪʦʛʦ ʥʝʚʦʟʤʦʞʥʦ 

ʜʦʩʪʠʯʴ ʧʨʠ ʦʜʥʦʘʢʪʥʦʤ ʚʥʝʜʨʝʥʠʠ ʨʘʩʧʣʘʚʘ ʠ ʝʛʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʤʘʛʤʘʪʠʯʝʩʢʦʡ 

ʢʘʤʝʨʝ. ɼʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʟʦʥ, ʧʦʜʦʙʥʳʭ ʥʘʙʣʶʜʘʝʤʳʤ, ʪʨʝʙʫʝʪʩʷ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʜʦʣʛʦʞʠʚʫʱʝʡ ʧʨʦʪʦʯʥʦʡ ʢʘʤʝʨʳ. ɺʝʨʭʥʠʡ ʧʨʝʜʝʣ ʪʝʤʧʝʨʘʪʫʨ, ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʭ ʩ 

ʧʦʤʦʱʴʶ ʪʝʨʤʦʤʝʪʨʘ ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʩʦʜʝʨʞʘʥʠʠ ʮʠʨʢʦʥʠʷ ʚ ʪʠʪʘʥʠʪʝ, ʩʦʩʪʘʚʣʷʝʪ 820
ʦ
ʉ. 

3. ɺʨʝʤʷ ʦʙʨʘʟʦʚʘʥʠʷ ʫʨʘʥʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ ʠʟ ʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʠ 

ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ ʚʝʨʭʥʝʛʦ ʢʦʥʪʘʢʪʦʚʦʛʦ ʦʨʝʦʣʘ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ (ʪʠʪʘʥʠʪʘ, 

ʘʧʘʪʠʪʘ, ʧʝʨʦʚʩʢʠʪʘ ʠ ʛʨʘʥʘʪʘ) ʚ ʨʘʤʢʘʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʦʰʠʙʦʢ ʩʦʚʧʘʜʘʝʪ ʩ ʚʦʟʨʘʩʪʦʤ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʮʠʨʢʦʥʘ ʚ ʩʘʤʦʤ ʠʥʪʨʫʟʠʚʝ ~ 252 ʤʣʥ ʣʝʪ.  

4. ɺʩʝ ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʣʫʯʰʝ ʚʩʝʛʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʚʢʨʘʧʣʝʥʥʳʭ ʠ ʤʘʩʩʠʚʥʳʭ ʩʫʣʴʬʠʜʥʳʭ ʨʫʜ ʚ ʧʨʦʪʦʯʥʦʡ ʤʘʛʤʘʪʠʯʝʩʢʦʡ ʢʘʤʝʨʝ ʧʨʠ 

ʘʩʩʠʤʠʣʷʮʠʠ ʤʘʛʤ ʩʝʨʦʩʦʜʝʨʞʘʱʠʤ ʢʦʨʦʚʳʤ ʚʝʱʝʩʪʚʦʤ, ʘ ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʳʭ ʨʫʜ 

ï ʧʨʠ ʤʝʪʘʤʦʨʬʠʯʝʩʢʦʤ ʠ ʤʝʪʘʩʦʤʘʪʠʯʝʩʢʦʤ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʠ ʚʝʱʝʩʪʚʘ ʚ ʛʦʨʷʯʝʤ 

ʢʦʥʪʘʢʪʝ ʍʘʨʘʝʣʘʭʩʢʦʡ ʠʥʪʨʫʟʠʠ. 
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ʇʨʠʣʦʞʝʥʠʝ 1. ʂʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʤʝʥʪʦʚ-ʧʨʠʤʝʩʝʡ ʚ ʭʘʣʴʢʦʧʠʨʠʪʝ ʨʫʜ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

ʊʠʧ ʨʫʜʳ ɼʠʘʤʝʪʨ(Õm) ʉʪʘʨʪ (ʩ) ʂʦʥʝʮ (ʩ) ɺʨʝʤʷ (ʩ) 
55

Mn 
59

Co 
60

Ni 
66

Zn 
77

Se 
95

Mo 
109

Ag 
111

Cd 
118

Sn 
125

Te 
205

Tl  
208

Pb 
209

Bi S Cu Fe 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % % 

1 30 26.424 44.307 17.883 18.503 148.30 6170 1119.4 74.23 0.01 11.13 58.64 6.56 5.02 0.02 39.44 1.81 34.9 33.9 30.5 

1 30 24.991 39.034 14.043 18.052 0.33 49.93 767.8 76.01 0.01 1.28 44.80 6.51 6.43 0.03 35.46 3.30 34.8 36.2 28.9 

1 30 41.441 58.465 17.024 13.860 3.03 144.74 533.5 71.94 0.02 1.24 42.56 6.54 3.54 0.03 48.33 1.54 34.9 35.8 29.2 

1 30 24.016 38.059 14.043 16.063 144.72 6015 729.9 73.45 0.02 13.33 44.55 6.04 3.88 0.13 31.73 1.88 34.8 36.8 27.7 

1 30 39.893 58.465 18.571 4.749 1.84 128.32 717.7 67.22 0.03 2.31 25.62 9.21 0.95 0.22 12.03 0.24 34.8 34.3 30.6 

1 30 24.933 58.35 33.416 7.604 120.03 4728 2250.4 70.36 0.03 180.2 61.85 1.64 0.68 0.41 13.52 0.45 34.9 34.3 30.2 

1 30 24.36 58.35 33.99 1.360 0.27 33.62 1180.0 73.96 0.01 1.21 34.60 1.74 1.37 0.02 7.74 0.35 34.8 36.2 28.9 

1 30 24.418 39.55 15.132 130.71 8.78 582 747.9 77.83 0.01 13.69 24.53 1.75 0.83 0.12 3.48 0.09 34.9 35.5 29.5 

1 30 40.753 57.834 17.081 5.732 0.43 59.03 563.7 95.61 0.03 1.78 37.50 6.26 10.99 0.68 3.89 0.04 34.9 37.0 28.2 

1 30 25.163 58.235 33.073 7.340 0.35 57.08 808.7 100.90 0.01 1.69 45.22 8.54 10.22 0.43 5.97 0.08 34.9 35.3 29.7 

1 30 24.704 57.283 32.579 6.362 0.39 58.78 735.4 99.86 0.02 1.60 41.82 4.78 11.71 0.57 3.67 0.07 34.8 36.5 28.6 

1 30 25.805 57.283 31.478 6.864 0.86 67.87 1202.9 93.82 0.01 1.57 56.72 5.66 10.60 0.64 4.46 0.09 34.9 35.1 29.9 

1 30 25.805 57.283 31.478 7.234 27.61 1154 402.9 85.64 0.04 5.07 33.85 2.10 8.46 0.09 24.73 0.66 34.9 32.2 32.6 

1 30 25.805 57.283 31.478 5.415 257.20 7112 373.5 94.61 0.03 5.03 23.76 2.17 10.09 1.47 23.47 0.37 34.9 34.1 30.2 

1 30 25.805 57.283 31.478 16.41 64.51 1720 346.7 95.89 0.04 7.24 21.85 2.22 9.59 0.38 18.78 0.28 34.9 38.1 26.9 

1 30 25.805 57.283 31.478 9.323 0.94 56.96 580.8 95.71 0.05 4.17 33.51 2.38 9.57 0.08 204.95 0.74 34.8 35.0 30.0 

2 30 25.805 57.283 31.478 2.278 320.10 11224 1575.5 124.50 0.03 24.4 82.92 16.95 15.94 1.69 41.31 2.18 34.9 33.7 30.2 

2 30 25.805 57.283 31.478 1.287 0.26 42.18 448.1 98.43 0.04 1.03 25.98 14.63 12.35 0.12 3.62 1.85 34.9 35.5 29.6 

2 30 25.805 57.283 31.478 1.361 112.51 4002 1256.9 132.81 0.01 11.52 63.76 17.83 20.46 1.32 16.36 2.25 35.0 36.5 28.2 

2 30 25.805 57.283 31.478 1.029 11.21 454.63 526.7 114.74 0.03 14.28 35.03 15.86 17.78 0.33 15.64 2.57 34.9 35.1 29.9 

2 30 25.805 57.283 31.478 3.869 275.78 9947 9543.4 119.82 0.00 40.48 342.5 16.87 18.38 1.95 272.10 3.20 34.9 35.1 29 

2 30 25.805 57.283 31.478 8.558 526.65 19904 841.7 94.03 0.04 332.6 46.04 19.85 5.77 0.53 49.81 3.08 34.9 32.8 30.3 

2 30 25.805 57.283 31.478 38.24 3.18 78.64 644.3 103.39 0.93 12.36 42.62 9.66 2.76 0.24 19.22 3.52 35.0 36.5 28.6 

2 30 25.805 57.283 31.478 4.118 1.91 60.05 470.6 97.83 0.01 10.77 30.54 12.25 1.42 0.01 14.74 0.81 34.9 35.2 29.9 

2 30 25.805 57.283 31.478 7.433 0.99 51.33 574.1 84.48 0.03 7.67 22.67 11.67 1.25 0.01 41.83 0.75 34.8 36.7 28.5 

2 30 25.805 57.283 31.478 6.065 42.97 1681 345.8 112.32 0.05 15.59 31.67 11.76 17.27 0.25 12.90 4.07 34.9 37.0 28.0 

2 30 25.805 57.283 31.478 4.634 53.36 1806 593.7 107.30 0.04 14.03 39.93 14.53 19.33 0.08 14.13 6.54 34.9 35.7 29.2 
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ʇʨʠʣʦʞʝʥʠʝ 1. ʇʨʦʜʦʣʞʝʥʠʝ 

ʊʠʧ ʨʫʜʳ ɼʠʘʤʝʪʨ(Õm) ʉʪʘʨʪ (ʩ) ʂʦʥʝʮ (ʩ) ɺʨʝʤʷ (ʩ) 
55

Mn 
59

Co 
60

Ni 
66

Zn 
77

Se 
95

Mo 
109

Ag 
111

Cd 
118

Sn 
125

Te 
205

Tl  
208

Pb 
209

Bi S Cu Fe 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % % 

2 30 24.532 43.275 18.743 4.726 16.85 382.81 468.7 117.40 0.01 10.36 35.19 13.54 19.38 0.05 9.61 7.34 34.9 35.5 29.5 

2 30 25.805 57.283 31.478 5.581 48.11 1770 690.8 108.59 0.03 10.53 43.84 14.28 17.22 0.12 10.69 6.75 34.9 35.6 29.3 

2 30 25.805 57.283 31.478 0.722 0.31 212.85 744.0 128.94 0.01 63.76 46.88 1.85 16.70 0.23 3.79 0.18 34.8 35.8 29.3 

2 30 25.805 57.283 31.478 2.253 0.33 51.49 1001.6 128.97 0.04 4.66 66.77 2.28 20.46 0.23 4.48 0.15 34.9 37.3 27.9 

2 30 25.805 57.283 31.478 0.628 0.33 68.30 760.9 126.42 0.00 13.96 59.82 1.64 17.71 0.23 3.96 0.16 35.0 37.4 27.7 

2 30 25.805 57.283 31.478 0.348 0.26 49.60 629.1 139.42 0.03 1.75 55.65 1.52 14.23 0.35 4.53 0.09 34.8 35.7 29.4 

2 30 25.805 47.517 21.711 0.500 224.64 4690 352.6 81.95 0.04 6.36 24.79 0.39 11.07 0.50 12.25 0.81 34.9 35.4 29.2 

2 30 25.805 57.283 31.478 0.642 46.80 971.05 374.1 80.92 0.03 7.26 26.83 0.42 12.39 0.19 11.71 1.13 34.8 35.8 29.2 

2 30 25.805 57.283 31.478 0.908 19.60 461.08 372.6 81.24 0.01 4.51 25.02 0.28 13.77 0.13 7.67 1.08 34.8 36.8 28.3 

2 30 25.805 57.283 31.478 40.72 150.49 3105 481.9 78.76 0.01 4.01 36.09 0.39 11.48 0.36 21.55 1.08 34.9 32.3 32.3 

2 30 25.805 57.283 31.478 7.404 0.44 48.14 1506.7 110.71 0.02 2.06 53.22 3.06 4.30 0.12 24.56 0.34 34.8 35.9 29.2 

2 30 25.805 57.283 31.478 3.340 0.24 47.58 867.1 111.02 0.03 2.23 32.10 9.35 3.73 <0.005 46.62 0.29 34.9 37.5 27.6 

2 30 25.805 57.283 31.478 4.664 0.37 47.59 1149.6 119.71 0.01 2.31 40.54 12.76 27.32 0.05 51.11 5.81 35.0 35.8 29.3 

2 30 25.805 57.283 31.478 3.862 0.30 45.87 1280.7 113.99 0.03 1.84 41.23 8.15 2.96 <0.005 42.34 0.26 34.0 35.8 29.2 

3 30 25.805 57.283 31.478 0.385 0.20 42.40 409.7 97.19 0.03 1.41 41.94 1.43 1.07 0.04 8.32 0.07 34.8 35.0 30.1 

3 30 25.805 57.283 31.478 0.424 0.24 42.24 490.5 103.64 0.01 1.48 35.86 1.34 3.34 0.02 5.55 0.06 34.9 36.4 28.7 

3 30 25.805 57.283 31.478 0.843 263.13 16115 570.9 132.65 <0.007 2865.8 47.02 1.63 3.96 2.36 21.46 0.11 34.9 32.9 30.5 

3 30 25.805 57.283 31.478 0.324 0.12 38.90 289.1 97.88 0.03 1.09 25.64 1.16 3.54 0.01 4.11 0.26 34.9 36.0 29.1 

3 30 25.805 57.283 31.478 55.96 13.73 999 433.1 123.45 <0.006 55.3 40.54 1.36 38.73 0.54 10.94 15.91 34.8 35.0 29.9 

3 30 25.805 57.283 31.478 0.719 0.29 52.97 704.2 115.26 0.02 2.06 43.37 0.83 6.70 0.03 4.95 0.83 35.0 35.6 29.5 

3 30 25.805 57.283 31.478 1.235 0.82 68.92 644.7 103.21 0.03 5.29 46.28 1.13 16.97 0.79 5.70 0.04 34.9 35.7 29.4 

3 30 25.805 57.283 31.478 2.380 0.76 50.80 3221.9 110.78 0.03 3.92 138.6 1.46 16.44 0.43 7.61 0.07 34.9 35.4 29.7 

3 30 25.805 57.283 31.478 2.081 0.66 66.04 1173.5 109.51 0.03 3.97 84.40 2.20 16.62 1.67 12.17 0.13 34.8 36.6 28.5 

3 30 25.805 57.283 31.478 2.289 0.64 66.78 715.8 111.88 0.02 4.52 53.76 1.04 16.78 1.33 1.80 0.12 34.9 35.7 29.4 

3 30 25.805 49.351 23.546 1.194 0.50 48.25 2111.2 59.86 0.01 1.97 37.92 0.75 6.20 0.02 2.71 0.35 34.9 36.9 28.3 

3 30 25.805 57.283 31.478 0.582 0.30 42.11 1299.4 61.12 0.02 1.27 27.95 0.48 4.87 0.02 3.47 0.30 34.9 34.9 30.2 

3 30 25.805 47.975 22.17 0.445 0.64 63.82 751.1 54.96 0.03 1.94 17.48 0.69 6.12 0.03 2.52 0.69 34.9 36.6 28.5 
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ʇʨʠʣʦʞʝʥʠʝ 1. ʇʨʦʜʦʣʞʝʥʠʝ 

ʊʠʧ ʨʫʜʳ ɼʠʘʤʝʪʨ(Õm) ʉʪʘʨʪ (ʩ) ʂʦʥʝʮ (ʩ) ɺʨʝʤʷ (ʩ) 
55

Mn 
59

Co 
60

Ni 
66

Zn 
77

Se 
95

Mo 
109

Ag 
111

Cd 
118

Sn 
125

Te 
205

Tl  
208

Pb 
209

Bi S Cu Fe 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % % 

3 30 25.805 47.918 22.113 0.407 0.24 42.51 689.7 62.12 0.04 1.43 18.27 0.53 6.08 0.03 3.16 0.72 34.9 35.6 29.5 

3 30 25.805 57.283 31.478 0.593 0.68 45.76 507.1 112.02 0.03 2.00 18.25 4.60 12.34 0.04 2.79 1.04 35.0 35.2 29.8 

3 30 25.805 57.283 31.478 0.915 0.65 55.84 581.8 124.31 0.05 2.08 21.57 9.93 18.04 0.07 2.76 1.54 34.9 37.0 28.2 

3 30 25.805 47.746 21.941 1.098 1.15 56.70 899.4 122.33 0.01 1.95 29.42 7.38 17.70 0.11 4.16 1.39 34.9 36.5 28.6 

3 30 25.805 57.283 31.478 417.24 34.84 1692 680.7 106.26 0.04 76.2 24.79 7.99 4.22 0.27 4.97 0.26 34.9 35.3 29.6 

3 30 25.805 57.283 31.478 0.515 0.30 48.51 1894.2 99.11 0.04 2.66 22.72 2.70 7.97 0.03 4.54 0.31 34.9 36.6 28.5 

3 30 25.805 57.283 31.478 0.761 0.33 49.90 1707.8 106.18 0.02 2.96 22.49 2.93 9.60 0.07 6.11 0.69 34.9 35.4 29.7 

3 30 25.805 57.283 31.478 75.74 2.21 98.14 3066.0 99.09 0.03 2.55 36.65 1.44 4.58 0.06 5.55 0.27 34.9 34.7 30.3 

3 30 25.805 57.283 31.478 0.371 0.45 48.82 2176.5 109.69 0.05 2.97 29.68 1.82 6.70 0.03 6.34 0.26 34.9 34.9 30.2 

3 30 25.805 57.283 31.478 13.762 12.14 471 352.8 86.58 0.03 5.16 20.72 0.58 9.48 0.26 8.84 1.02 35.0 34.4 30.6 

3 30 25.805 57.283 31.478 2.853 40.78 754 679.0 88.47 0.00 4.74 37.54 0.54 8.79 0.89 386.45 1.34 34.9 35.1 29.9 

3 30 25.805 57.283 31.478 0.713 3.14 112 403.7 80.46 0.03 2.20 23.47 0.58 7.38 0.40 8.97 0.68 35.1 36.6 28.5 

3 30 25.805 57.283 31.478 5.391 0.60 52.36 376.0 83.52 0.03 2.40 23.33 0.70 8.49 0.58 6.34 0.54 35.6 35.8 29.3 

3 30 25.805 57.283 31.478 237.65 114.13 2675 1274.9 81.12 0.03 3.71 62.36 17.20 0.27 0.63 4.35 0.59 34.8 33.4 31.4 

3 30 25.805 57.283 31.478 2.641 17.95 515 1029.3 86.66 0.03 2.96 50.98 1.59 0.38 0.20 2.70 0.45 34.9 35.6 29.4 

3 30 25.805 57.283 31.478 17.161 1.23 53.83 963.4 73.16 <0.004 1.80 51.46 2.89 0.09 0.02 2.31 0.37 34.9 35.9 29.1 

3 30 25.805 57.283 31.478 66.68 2.63 54.46 998.6 84.33 0.03 2.52 52.22 4.56 0.51 0.02 1.70 0.30 34.9 34.4 30.6 

3 30 25.277 52.045 26.768 2.091 0.51 45.56 1756.3 116.76 0.02 9.38 61.10 3.22 23.97 0.65 6.30 0.29 35.0 35.2 29.9 

3 30 25.805 52.332 26.526 1.644 0.43 57.07 581.4 113.61 0.04 8.12 27.22 3.12 22.51 0.75 9.43 0.38 34.9 36.3 28.8 

3 30 25.805 54.223 28.418 1.147 0.23 45.50 566.4 110.84 0.02 7.70 23.60 3.52 22.35 0.70 5.49 0.30 34.8 36.2 28.9 

3 30 25.805 57.283 31.478 1.529 0.36 45.58 685.0 118.60 0.03 9.58 32.29 2.54 21.88 0.60 9.30 0.56 34.9 36.0 29.0 

3 30 25.805 57.283 31.478 0.555 927.07 33008 506.4 78.50 0.01 38.74 25.05 0.87 2.07 0.77 30.94 0.30 34.9 32.7 29 

3 30 25.805 57.283 31.478 8.693 830.15 30269 698.5 74.86 0.04 38.91 35.14 0.77 2.58 2.78 35.17 0.74 34.8 32.7 29.3 

3 30 25.805 57.283 31.478 30.100 812.49 26500 1219.9 72.88 0.01 35.31 40.40 0.84 3.43 0.89 24.84 0.43 34.9 29.5 32.7 

3 30 25.805 57.283 31.478 12.374 514.91 20384 3275.2 78.21 0.01 24.61 93.00 0.78 2.76 0.76 29.09 1.30 34.9 17.8 44.5 

3 30 25.805 57.283 31.478 17.806 106.53 1449 425.3 119.44 0.04 7.77 30.41 0.80 22.96 0.06 10.03 0.89 34.9 34.3 30.5 

3 30 25.805 57.283 31.478 273.54 241.56 4663 429.6 116.10 0.03 62.2 30.23 3.69 14.79 0.11 11.26 0.41 35.0 33.4 31.2 

 



107 
 

ʇʨʠʣʦʞʝʥʠʝ 1. ʇʨʦʜʦʣʞʝʥʠʝ 

ʊʠʧ ʨʫʜʳ ɼʠʘʤʝʪʨ(Õm) ʉʪʘʨʪ (ʩ) ʂʦʥʝʮ (ʩ) ɺʨʝʤʷ (ʩ) 
55

Mn 
59

Co 
60

Ni 
66

Zn 
77

Se 
95

Mo 
109

Ag 
111

Cd 
118

Sn 
125

Te 
205

Tl  
208

Pb 
209

Bi S Cu Fe 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % % 

3 30 24.933 48.205 23.271 0.518 142.97 1848 335.1 110.44 0.01 9.58 29.39 0.79 22.18 0.07 10.28 1.02 34.9 35.5 29.4 

3 30 25.805 57.283 31.478 16.865 72.72 1484 578.3 109.49 0.02 8.36 35.16 0.54 19.78 0.03 16.31 1.76 35.0 31.7 33.1 

3 30 25.805 57.283 31.478 823.73 12.27 1881 332.5 116.62 0.04 110.6 13.50 3.09 10.19 2.07 22.99 0.71 34.9 34.8 30.1 

3 30 25.805 57.283 31.478 18.667 28.42 1049 335.4 114.53 0.10 66.2 14.48 2.11 7.72 0.54 23.47 1.65 34.9 36.0 29.0 

3 30 25.805 57.283 31.478 26.535 69.97 2166 342.2 113.19 0.03 16.25 14.45 1.34 6.95 0.74 50.88 3.68 35.0 32.2 32.6 

3 30 25.805 57.283 31.478 51.415 42.30 1121 418.1 111.43 0.03 70.56 15.60 1.66 7.44 0.76 21.78 2.14 34.8 36.5 28.5 

1 ï ʤʘʩʩʠʚʥʘʷ ʨʫʜʘ; 2 ï ʚʢʨʘʧʣʝʥʥʘʷ ʨʫʜʘ; 3 ï ʧʨʦʞʠʣʢʦʚʦ-ʚʢʨʘʧʣʝʥʥʘʷ ʨʫʜʘ 
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ʇʨʠʣʦʞʝʥʠʝ 2. ʈʝʟʫʣʴʪʘʪʳ U-Pb ʜʘʪʠʨʦʚʘʥʠʷ ʘʧʘʪʠʪʘ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʅʦʨʠʣʴʩʢʘ-1 ʠ ʩʪʘʥʜʘʨʪʳ ʘʧʘʪʠʪʘ 

 207 cor 
206

Pb/
238

U 
206

Pb/
238

U 
208

Pb/
232

Th 
207

Pb/
206

Pb 

age +/-1 ster ratio +/-1 RSE ratio +/-1 RSE ratio +/-1 RSE 

401apatite 529 9 0.087 1.7% 0.027 1.5% 0.071 3.2% 

401apatite 530 9 0.086 1.7% 0.027 1.4% 0.064 3.1% 

401apatite 522 8 0.085 1.5% 0.028 1.5% 0.063 3.2% 

401apatite 532 8 0.087 1.5% 0.027 1.5% 0.066 3.2% 

401apatite 531 8 0.087 1.6% 0.027 1.4% 0.067 3.3% 

McCLureMnt 554 15 0.213 1.4% 0.086 1.5% 0.562 1.2% 

McCLureMnt 531 7 0.095 1.3% 0.034 1.4% 0.139 1.6% 

McCLureMnt 534 7 0.097 1.3% 0.037 1.6% 0.150 1.9% 

McCLureMnt 540 10 0.121 1.7% 0.055 1.8% 0.290 1.9% 

McCLureMnt 541 8 0.104 1.4% 0.039 1.6% 0.190 1.9% 

McCLureMnt 526 9 0.105 1.7% 0.045 1.9% 0.213 1.8% 

NIST610 84 18 0.266 0.8% 0.588 1.1% 0.910 0.3% 

NIST610 97 18 0.270 0.8% 0.592 1.1% 0.905 0.3% 

NIST610 92 18 0.269 0.9% 0.595 1.1% 0.907 0.3% 

NIST610 86 18 0.267 0.8% 0.591 1.1% 0.909 0.3% 

NIST610 91 18 0.267 0.9% 0.592 1.1% 0.907 0.3% 

NIST610 89 18 0.266 0.8% 0.589 1.1% 0.907 0.3% 

NIST610 87 18 0.266 0.8% 0.589 1.1% 0.909 0.3% 

NIST610 88 18 0.267 0.8% 0.592 1.1% 0.908 0.3% 

OD306 1599 17 0.284 1.1% 0.084 1.4% 0.106 1.7% 

OD306 1596 22 0.313 1.3% 0.106 1.5% 0.188 1.6% 

OD306 1588 16 0.281 1.0% 0.084 1.3% 0.102 1.5% 

OD306 1609 16 0.283 1.0% 0.084 1.4% 0.099 1.4% 

OD306 1611 18 0.285 1.1% 0.085 1.3% 0.104 1.6% 

OD306 1627 18 0.288 1.1% 0.087 1.3% 0.105 1.6% 

OD306 1585 18 0.285 1.2% 0.086 1.4% 0.117 1.5% 

OD306 1567 17 0.277 1.1% 0.084 1.3% 0.103 1.4% 
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ʇʨʠʣʦʞʝʥʠʝ 2. ʇʨʦʜʦʣʞʝʥʠʝ. 

 207 cor 
206

Pb/
238

U 
206

Pb/
238

U 
208

Pb/
232

Th 
207

Pb/
206

Pb 

age +/-1 ster ratio +/-1 RSE ratio +/-1 RSE ratio +/-1 RSE 

OD306 1575 16 0.280 1.1% 0.084 1.3% 0.107 1.2% 

OD306 1591 18 0.281 1.2% 0.083 1.3% 0.103 1.3% 

OD306 1631 18 0.317 1.1% 0.106 1.3% 0.181 1.3% 

OtterLake 937 11 0.228 1.0% 0.067 1.2% 0.342 0.8% 

OtterLake 969 11 0.208 1.1% 0.061 1.2% 0.261 0.9% 

OtterLake 948 8 0.178 0.8% 0.053 1.1% 0.163 0.9% 

OtterLake 951 8 0.177 0.9% 0.054 1.1% 0.154 0.6% 

AM60-ap 260 13 0.080 3.4% 0.034 2.7% 0.447 3.6% 

AM60-ap 237 13 0.085 3.3% 0.034 2.5% 0.511 3.1% 

AM60-ap 258 11 0.082 2.7% 0.036 2.2% 0.464 2.5% 

AM60-ap 253 12 0.062 4.0% 0.026 3.0% 0.342 4.0% 

AM60-ap 257 11 0.057 3.7% 0.022 2.8% 0.287 4.0% 

AM60-ap 259 10 0.051 3.6% 0.017 2.5% 0.211 5.4% 

AM60-ap 262 16 0.087 3.7% 0.034 3.8% 0.483 4.1% 

AM60-ap 234 16 0.064 4.6% 0.025 4.5% 0.395 5.9% 

AM60-ap 253 10 0.062 3.5% 0.024 2.6% 0.336 3.2% 

AM60-ap 265 5 0.047 1.9% 0.015 1.5% 0.134 3.2% 

AM60-ap 252 4 0.045 1.6% 0.015 1.5% 0.148 2.1% 

AM61-ap 277 15 0.081 4.1% 0.031 3.8% 0.426 3.8% 

AM61-ap 252 8 0.050 2.7% 0.015 1.8% 0.215 4.1% 

AM61-ap 277 16 0.081 4.5% 0.027 3.6% 0.429 3.4% 

AM61-ap 238 11 0.081 2.9% 0.029 2.4% 0.492 2.4% 

AM61-ap 255 14 0.112 3.1% 0.048 3.3% 0.584 2.2% 

AM61-ap 243 10 0.080 2.4% 0.035 2.0% 0.477 2.4% 

AM61-ap 202 11 0.052 4.2% 0.025 4.0% 0.361 4.6% 

AM61-ap 255 32 0.154 4.5% 0.079 3.7% 0.680 3.7% 

AM61-ap 238 13 0.076 3.5% 0.022 2.5% 0.463 3.6% 
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ʇʨʠʣʦʞʝʥʠʝ 2. ʇʨʦʜʦʣʞʝʥʠʝ. 

 207 cor 
206

Pb/
238

U 
206

Pb/
238

U 
208

Pb/
232

Th 
207

Pb/
206

Pb 

age +/-1 ster ratio +/-1 RSE ratio +/-1 RSE ratio +/-1 RSE 

AM62-ap 244 13 0.062 4.5% 0.036 3.8% 0.359 4.4% 

AM62-ap 271 15 0.055 5.1% 0.022 6.0% 0.233 6.1% 

AM62-ap 234 11 0.052 3.9% 0.025 4.3% 0.280 5.9% 

AM62-ap 277 17 0.071 4.5% 0.033 5.1% 0.364 6.0% 

AM62-ap 266 21 0.075 5.4% 0.037 5.3% 0.407 6.6% 

AM62-ap 512 35 0.350 2.6% 0.260 2.2% 0.774 1.6% 

AM62-ap 171 26 0.118 4.7% 0.054 3.4% 0.696 3.8% 

AM62-ap 241 23 0.127 3.6% 0.068 2.8% 0.638 3.4% 

AM62-ap 244 13 0.112 2.5% 0.097 2.3% 0.597 1.9% 

AM62-ap 255 26 0.191 2.7% 0.187 2.5% 0.736 2.2% 

AM62-ap 248 48 0.092 10.3% 0.049 8.6% 0.522 11.0% 

AM62-ap 253 3 0.044 1.3% 0.014 1.3% 0.123 1.7% 

AM62-ap 248 15 0.061 4.6% 0.029 4.8% 0.342 5.7% 

AM62-ap 267 8 0.048 2.9% 0.019 3.1% 0.151 3.7% 

AM62-ap 293 13 0.071 3.7% 0.033 4.7% 0.333 4.0% 

AM62-ap 322 17 0.087 4.2% 0.049 5.2% 0.393 3.9% 

AM62-ap 227 14 0.104 2.8% 0.116 3.0% 0.596 2.5% 

AM62-ap 244 15 0.076 3.6% 0.047 3.4% 0.453 4.3% 

AM62-ap 231 14 0.080 4.3% 0.048 4.6% 0.497 3.2% 

AM62-ap 284 10 0.061 3.4% 0.031 3.4% 0.259 3.4% 

AM62-ap 251 20 0.149 2.6% 0.117 2.5% 0.673 2.3% 

AM62-ap 251 7 0.047 2.6% 0.017 3.2% 0.171 4.4% 

AM62-ap 258 10 0.061 3.3% 0.027 3.0% 0.321 3.3% 

AM62-ap 260 21 0.130 4.9% 0.107 3.9% 0.625 2.5% 

AM62-ap 436 32 0.284 2.6% 0.277 2.3% 0.740 1.8% 

AM62-ap 276 18 0.141 2.8% 0.093 2.5% 0.635 2.2% 

AM62-ap 238 16 0.066 5.8% 0.032 3.4% 0.402 4.0% 
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ʇʨʠʣʦʞʝʥʠʝ 2. ʇʨʦʜʦʣʞʝʥʠʝ. 

 207 cor 
206

Pb/
238

U 
206

Pb/
238

U 
208

Pb/
232

Th 
207

Pb/
206

Pb 

age +/-1 ster ratio +/-1 RSE ratio +/-1 RSE ratio +/-1 RSE 

AM62-ap 320 24 0.161 3.8% 0.120 4.1% 0.635 2.5% 

AM62-ap 296 30 0.221 3.3% 0.193 2.7% 0.747 2.3% 

AM62-ap 251 24 0.182 2.9% 0.122 2.5% 0.727 2.1% 

AM62-ap 288 24 0.197 2.9% 0.179 2.6% 0.720 1.9% 

AM62-ap 312 28 0.216 3.9% 0.187 3.5% 0.729 2.0% 

AM62-ap 250 13 0.093 3.0% 0.044 2.7% 0.526 2.6% 

AM62-ap 257 21 0.100 4.3% 0.034 3.9% 0.541 4.1% 

AM62-ap 356 33 0.247 2.5% 0.241 2.1% 0.741 2.3% 

AM62-ap 237 11 0.049 4.5% 0.021 4.0% 0.237 4.8% 

AM62-ap 270 9 0.054 3.2% 0.024 3.2% 0.214 4.3% 

AM62-ap 277 17 0.136 3.1% 0.105 2.9% 0.623 2.1% 

AM62-ap 386 29 0.186 3.4% 0.143 2.6% 0.631 2.9% 

AM62-ap 259 9 0.062 2.8% 0.032 2.9% 0.323 3.0% 

AM62-ap 253 9 0.059 3.1% 0.022 2.6% 0.309 3.3% 

AM62-ap 268 12 0.074 3.6% 0.033 2.7% 0.400 3.2% 

AM62-ap 249 14 0.075 3.9% 0.032 2.9% 0.437 4.1% 

AM62-ap 251 12 0.075 2.9% 0.038 2.7% 0.432 3.7% 

AM62-ap 245 8 0.057 2.7% 0.024 2.6% 0.309 3.4% 

AM62-ap 247 29 0.187 4.1% 0.166 2.9% 0.736 2.6% 

AM62-ap 244 11 0.081 3.2% 0.039 3.9% 0.481 2.3% 

AM62-ap 198 17 0.094 3.7% 0.054 3.2% 0.602 3.4% 

AM62-ap 261 15 0.089 3.5% 0.068 3.7% 0.491 3.4% 

AM62-ap 255 16 0.108 3.6% 0.068 4.5% 0.572 2.7% 

AM62-ap 285 26 0.178 3.1% 0.165 2.8% 0.695 2.5% 

AM62-ap 258 10 0.069 2.9% 0.034 2.7% 0.387 2.9% 

AM62-ap 215 23 0.153 3.9% 0.143 3.3% 0.713 2.4% 

AM62-ap 241 11 0.066 3.5% 0.041 3.5% 0.395 3.4% 
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ʇʨʠʣʦʞʝʥʠʝ 2. ʇʨʦʜʦʣʞʝʥʠʝ. 

 207 cor 
206

Pb/
238

U 
206

Pb/
238

U 
208

Pb/
232

Th 
207

Pb/
206

Pb 

age +/-1 ster ratio +/-1 RSE ratio +/-1 RSE ratio +/-1 RSE 

AM62-ap 265 19 0.128 3.6% 0.089 3.8% 0.615 2.7% 

AM62-ap 215 22 0.138 3.6% 0.112 3.0% 0.687 2.7% 

AM62-ap 278 22 0.135 4.0% 0.106 3.8% 0.619 3.0% 

AM62-ap 273 19 0.142 3.1% 0.117 2.6% 0.641 2.4% 

AM62-ap 264 11 0.073 3.0% 0.044 2.8% 0.398 3.4% 

AM62-ap 267 19 0.134 4.6% 0.122 3.2% 0.628 2.2% 

AM-40-ap 262 5 0.0533 1.7% 0.0215 2.0% 0.2302 2.2% 

AM-40-ap 270 9 0.0868 2.2% 0.0856 1.9% 0.4680 1.7% 

AM-40-ap 283 12 0.1233 1.9% 0.0669 1.8% 0.5844 1.6% 

AM-40-ap 260 11 0.1118 2.2% 0.0544 1.9% 0.5777 1.7% 

AM-40-ap 274 14 0.1299 3.0% 0.0670 2.3% 0.6108 1.5% 

AM-40-ap 279 14 0.1079 2.6% 0.0522 2.5% 0.5419 2.4% 

AM-40-ap 263 8 0.0902 2.1% 0.0412 1.9% 0.4940 1.6% 

AM-40-ap 288 14 0.1393 2.5% 0.0673 1.9% 0.6187 1.4% 

AM-40-ap 267 9 0.1024 1.6% 0.0460 1.5% 0.5367 1.4% 

AM-40-ap 266 13 0.1175 2.6% 0.0603 2.0% 0.5868 2.0% 

AM-40-ap 298 19 0.1385 3.3% 0.0635 2.8% 0.6074 2.4% 

AM-40-ap 269 7 0.0835 1.8% 0.0634 1.8% 0.4523 1.6% 

AM-40-ap 272 12 0.1317 2.3% 0.0656 1.8% 0.6176 1.4% 

AM-40-ap 280 15 0.1241 2.8% 0.0596 2.2% 0.5895 2.1% 

AM-40-ap 287 13 0.1385 2.3% 0.0705 1.9% 0.6179 1.5% 

AM-40-ap 282 14 0.1362 1.9% 0.0605 1.9% 0.6183 1.7% 

AM-43-ap 418 17 0.2785 1.0% 0.0633 1.2% 0.7429 0.6% 

AM-43-ap 439 18 0.2943 1.0% 0.0529 1.2% 0.7495 0.6% 

AM-43-ap 395 16 0.2522 1.1% 0.0429 1.2% 0.7241 0.7% 

AM-43-ap 464 19 0.3035 1.2% 0.0524 1.3% 0.7476 0.6% 

AM-43-ap 461 19 0.3136 1.1% 0.0504 1.2% 0.7601 0.6% 
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ʇʨʠʣʦʞʝʥʠʝ 2. ʇʨʦʜʦʣʞʝʥʠʝ. 

 207 cor 
206

Pb/
238

U 
206

Pb/
238

U 
208

Pb/
232

Th 
207

Pb/
206

Pb 

age +/-1 ster ratio +/-1 RSE ratio +/-1 RSE ratio +/-1 RSE 

AM-43-ap 447 19 0.2967 1.1% 0.0493 1.2% 0.7487 0.7% 

AM-43-ap 388 17 0.2640 1.0% 0.0400 1.2% 0.7427 0.6% 

AM-43-ap 430 18 0.2913 1.1% 0.0406 1.2% 0.7510 0.6% 

AM-43-ap 468 19 0.3067 1.0% 0.0421 1.2% 0.7490 0.6% 

AM-43-ap 483 19 0.3064 1.1% 0.0393 1.2% 0.7412 0.7% 

AM-43-ap 413 17 0.2689 1.2% 0.0424 1.4% 0.7342 0.6% 

AM-43-ap 458 19 0.3049 1.1% 0.0451 1.5% 0.7522 0.7% 

AM-43-ap 408 17 0.2683 1.2% 0.0526 1.3% 0.7363 0.6% 

AM-43-ap 432 18 0.2834 1.1% 0.0433 1.2% 0.7410 0.7% 

AM-43-ap 583 24 0.3879 1.3% 0.1544 1.5% 0.7812 0.7% 

AM-43-ap 394 17 0.2630 1.2% 0.2302 1.7% 0.7380 0.7% 

AM-43-ap 604 25 0.4019 1.2% 0.1856 1.3% 0.7859 0.7% 

AM-43-ap 731 28 0.4570 1.2% 0.3292 1.3% 0.7890 0.8% 

AM-43-ap 479 20 0.3130 1.2% 0.2748 1.3% 0.7506 0.8% 

AM-43-ap 1118 34 0.6198 1.3% 0.3488 1.3% 0.8014 0.8% 

AM-43-ap 372 16 0.2333 1.9% 0.0744 1.4% 0.7141 0.7% 
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ʇʨʠʣʦʞʝʥʠʝ 3. ʈʝʟʫʣʴʪʘʪʳ U-Pb ʜʘʪʠʨʦʚʘʥʠʷ ʧʝʨʦʚʩʢʠʪʘ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʠ ʩʪʘʥʜʘʨʪʳ 

 
207

Pb/
206

Pb 207 cor 
206

Pb/
238

U 
206

Pb/
238

U 
208

Pb/
232

Th 
207

Pb/
206

Pb 

age +/-1 ster age +/-1 ster ratio +/-1 RSE ratio +/-1 RSE ratio +/-1 RSE 

AM-19-prv 303 39 250 5 
 

0.0396 1.9% 0.0129 3.7% 0.0524 1.7% 

AM-19-prv 761 40 232 3 0.0373 1.3% 0.0160 2.3% 0.0646 1.9% 

AM-19-prv 359 51 262 4 0.0416 1.3% 0.0155 3.1% 0.0537 2.3% 

AM-19-prv 465 31 251 3 0.0400 1.2% 0.0162 3.1% 0.0563 1.4% 

AM-19-prv 367 40 225 3 0.0356 1.2% 0.0129 2.3% 0.0539 1.8% 

AM-19-prv 255 35 256 4 0.0405 1.7% 0.0131 2.1% 0.0513 1.5% 

AM-19-prv 321 70 253 7 0.0401 2.7% 0.0131 5.5% 0.0528 3.1% 

AM-19-prv 489 66 213 5 0.0338 2.2% 0.0117 2.8% 0.0569 3.0% 

AM-19-prv 398 58 280 5 0.0445 1.8% 0.0157 4.3% 0.0547 2.6% 

AM-19-prv 428 41 267 3 0.0425 1.3% 0.0153 2.1% 0.0554 1.9% 

AM-19-prv 283 48 248 7 0.0393 3.0% 0.0119 4.6% 0.0520 2.1% 

AM-19-prv 1047 43 265 4 0.0432 1.4% 0.0180 2.8% 0.0742 2.1% 

AM-19-prv 1218 36 234 4 0.0383 1.6% 0.0202 2.5% 0.0809 1.8% 

AM-19-prv 693 39 249 6 0.0399 2.4% 0.0157 3.5% 0.0625 1.8% 

AM-19-prv 666 43 229 4 0.0366 1.6% 0.0230 3.4% 0.0618 2.0% 

AM-19-prv 1666 49 245 4 0.0414 1.7% 0.0191 3.5% 0.1023 2.7% 

91500 1081 31 1061 12 0.1791 1.1% 0.0541 2.3% 0.0754 1.6% 

91500 1039 32 1065 10 0.1797 1.0% 0.0543 2.4% 0.0739 1.6% 

91500 1079 32 1067 11 0.1801 1.1% 0.0563 2.2% 0.0754 1.6% 

91500 1080 36 1062 10 0.1792 1.0% 0.0528 2.3% 0.0754 1.8% 

91500 1078 35 1060 11 0.1789 1.0% 0.0549 2.4% 0.0754 1.7% 

91500 1074 26 1066 10 0.1799 1.0% 0.0516 2.1% 0.0752 1.3% 

91500 1124 27 1053 10 0.1781 1.0% 0.0525 2.0% 0.0771 1.3% 

91500 1094 29 1056 10 0.1783 1.0% 0.0551 2.0% 0.0760 1.4% 

91500 1136 27 1065 9 0.1802 0.9% 0.0542 2.1% 0.0776 1.4% 

91500 1108 24 1025 9 0.1729 0.9% 0.0539 2.2% 0.0765 1.2% 

91500 1133 33 1021 11 0.1724 1.1% 0.0532 2.6% 0.0775 1.7% 
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ʇʨʠʣʦʞʝʥʠʝ 3. ʇʨʦʜʦʣʞʝʥʠʝ 

 
207

Pb/
206

Pb 207 cor 
206

Pb/
238

U 
206

Pb/
238

U 
208

Pb/
232

Th 
207

Pb/
206

Pb 

age +/-1 ster age +/-1 ster ratio +/-1 RSE ratio +/-1 RSE ratio +/-1 RSE 

NIST610 5103 5 48 17 0.2309 1.0% 0.5039 1.2% 0.9090 0.3% 

NIST610 5113 4 37 17 0.2302 1.0% 0.4992 1.2% 0.9154 0.3% 

NIST610 5104 5 49 17 0.2332 0.9% 0.5031 1.2% 0.9099 0.3% 

NIST610 5100 4 54 17 0.2333 0.9% 0.4984 1.2% 0.9071 0.3% 

NIST610 5100 5 55 17 0.2347 0.9% 0.4947 1.2% 0.9073 0.3% 

NIST610 5099 5 56 17 0.2341 1.0% 0.4985 1.2% 0.9065 0.3% 

NIST610 5109 5 43 17 0.2326 1.0% 0.4953 1.2% 0.9130 0.3% 

NIST610 5099 5 54 17 0.2330 0.9% 0.4905 1.2% 0.9067 0.3% 

NIST610 5109 5 43 17 0.2323 0.9% 0.4976 1.2% 0.9129 0.4% 

NIST610 5106 5 46 17 0.2315 1.0% 0.4976 1.2% 0.9108 0.3% 

NIST610 5101 4 44 16 0.2240 1.0% 0.4904 1.2% 0.9075 0.3% 

NIST610 5108 5 36 16 0.2234 1.0% 0.4922 1.2% 0.9123 0.3% 
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ʇʨʠʣʦʞʝʥʠʝ 4. ʈʝʟʫʣʴʪʘʪʳ U-Pb ʜʘʪʠʨʦʚʘʥʠʷ ʪʠʪʘʥʠʪʘ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʠ ʩʪʘʥʜʘʨʪʳ ʪʠʪʘʥʠʪʘ 

 207 cor 
206

Pb/
238

U 
206

Pb/
238

U 
208

Pb/
232

Th 
207

Pb/
206

Pb 

 age +/-1 ster ratio +/-1 RSE ratio +/-1 RSE ratio +/-1 RSE 

AM-40-tit 254 10 0.0408 3.8% 0.0124 4.3% 0.0627 11.1% 

AM-40-tit 252 20 0.0400 7.8% 0.0110 7.7% 0.0541 30.3% 

AM-40-tit 268 21 0.0425 7.5% 0.0120 7.9% 0.0492 35.9% 

AM-40-tit 230 18 0.0363 7.5% 0.0131 6.6% 0.0408 34.0% 

AM-40-tit 225 19 0.0377 7.9% 0.0131 8.2% 0.0965 29.0% 

AM-40-tit 246 20 0.0396 7.8% 0.0122 7.6% 0.0641 24.0% 

AM-40-tit 242 13 0.0396 5.3% 0.0116 6.3% 0.0779 13.8% 

AM-40-tit 232 16 0.0374 6.9% 0.0116 6.0% 0.0675 18.0% 

AM-40-tit 254 11 0.0410 4.4% 0.0118 4.6% 0.0666 12.0% 

AM-40-tit 240 12 0.0390 4.9% 0.0126 4.8% 0.0738 11.5% 

AM-40-tit 240 17 0.0393 6.6% 0.0131 5.2% 0.0798 24.5% 

AM-40-tit 254 10 0.0411 3.9% 0.0128 4.3% 0.0693 9.3% 

AM-40-tit 259 10 0.0412 4.0% 0.0133 3.8% 0.0560 11.3% 

AM-40-tit 236 16 0.0380 6.6% 0.0124 5.8% 0.0650 19.6% 

AM-40-tit 245 16 0.0388 6.3% 0.0120 6.4% 0.0531 21.2% 

AM-40-tit 237 17 0.0374 6.8% 0.0117 6.7% 0.0306 39.5% 

AM-43-tit 251 8 0.0426 3.1% 0.0195 5.1% 0.1054 6.2% 

AM-43-tit 254 8 0.0443 2.9% 0.0275 4.6% 0.1272 4.7% 

AM-43-tit 249 7 0.0473 2.5% 0.0376 4.0% 0.1864 3.8% 

AM-43-tit 246 5 0.0397 2.2% 0.0150 4.8% 0.0658 4.8% 

AM-43-tit 255 6 0.0409 2.2% 0.0154 5.3% 0.0627 5.9% 

AM-43-tit 241 6 0.0388 2.6% 0.0131 5.6% 0.0655 5.9% 

AM-43-tit 257 11 0.0803 2.7% 0.0879 3.2% 0.4557 2.7% 

AM-43-tit 246 12 0.0415 4.8% 0.0130 4.9% 0.1026 8.5% 

AM-43-tit 507 77 0.3884 5.7% 1.4135 4.9% 0.8125 3.5% 

AM-43-tit 240 5 0.0509 1.9% 0.1353 2.7% 0.2568 2.4% 

AM-43-tit 267 10 0.0586 3.2% 0.1763 4.6% 0.2776 4.3% 
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ʇʨʠʣʦʞʝʥʠʝ 4. ʇʨʦʜʦʣʞʝʥʠʝ 

 207 cor 
206

Pb/
238

U 
206

Pb/
238

U 
208

Pb/
232

Th 
207

Pb/
206

Pb 

 age +/-1 ster ratio +/-1 RSE ratio +/-1 RSE ratio +/-1 RSE 

AM-43-tit 256 4 0.0411 1.5% 0.0139 2.6% 0.0627 3.9% 

AM-43-tit 248 4 0.0395 1.5% 0.0139 3.5% 0.0562 3.7% 

AM-43-tit 247 4 0.0392 1.6% 0.0131 3.4% 0.0546 3.9% 

AM-43-tit 254 9 0.0426 3.5% 0.0308 11.2% 0.0957 7.8% 

AM-43-tit 248 10 0.0415 4.0% 0.0331 10.3% 0.0971 7.7% 

AM-43-tit 239 25 0.1231 4.2% 0.5445 4.3% 0.6309 3.8% 

AM-43-tit 229 24 0.1210 3.9% 0.7016 5.1% 0.6369 3.7% 

AM-43-tit 199 42 0.1881 5.8% 0.2547 4.3% 0.7735 3.7% 

100606Titanite 425 4 0.0701 1.1% 0.0237 1.5% 0.0773 1.4% 

100606Titanite 435 6 0.0740 1.5% 0.0248 1.9% 0.1007 3.0% 

100606Titanite 434 5 0.0725 1.1% 0.0245 1.7% 0.0881 1.6% 

100606Titanite 445 8 0.0850 1.8% 0.0308 1.9% 0.1858 2.6% 

19686-Titanite 1135 12 0.1935 1.0% 0.0578 2.2% 0.0820 1.9% 

19686-Titanite 1142 12 0.1947 1.1% 0.0582 2.4% 0.0815 1.6% 

19686-Titanite 1134 12 0.1936 1.1% 0.0569 2.5% 0.0830 1.7% 

19686-Titanite 1139 12 0.1941 1.1% 0.0599 2.3% 0.0810 2.0% 

19686-Titanite 1145 13 0.1945 1.2% 0.0582 2.5% 0.0780 1.8% 

19686-Titanite 1142 13 0.1941 1.2% 0.0576 2.4% 0.0790 2.0% 
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ʇʨʠʣʦʞʝʥʠʝ 5. ʂʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʤʝʥʪʦʚ-ʧʨʠʤʝʩʝʡ ʚ ʪʠʪʘʥʠʪʝ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

 
31

P 
49

Ti 
56

Fe 
89

Y 
91

Zr 
93

Nb 
139

La 
140

Ce 
141

Pr 
146

Nd 
147

Sm 
153

Eu 
157

Gd 
159

Tb 

AM-40-tit 1397.94 181607.14 4649.08 386.92 2210.45 604.78 150.24 550.78 93.95 490.75 110.00 24.04 110.99 14.86 

AM-40-tit 862.93 181607.14 5419.35 226.50 1706.25 326.70 80.38 299.99 52.29 269.14 62.56 13.95 63.60 8.63 

AM-40-tit 918.07 181607.14 5096.16 254.32 1596.60 348.34 89.64 331.39 58.37 298.84 71.61 15.25 71.20 9.65 

AM-40-tit 833.13 181607.14 4997.59 284.36 1531.27 385.98 105.30 391.21 67.70 350.25 75.99 17.32 80.46 10.48 

AM-40-tit 813.63 181607.14 5054.58 298.16 1585.10 408.19 110.44 407.77 68.71 354.60 78.64 17.26 79.94 11.01 

AM-40-tit 820.29 181607.14 5159.39 227.55 1601.84 325.58 79.44 299.39 52.18 271.65 65.19 14.58 64.20 8.99 

AM-40-tit 681.84 181607.14 5092.01 303.42 1632.79 449.79 120.54 441.74 74.62 376.84 82.43 18.82 80.34 11.07 

AM-40-tit 584.26 181607.14 5551.45 340.66 1849.62 564.37 142.37 509.58 84.26 421.23 92.01 19.61 88.31 12.24 

AM-40-tit 476.06 181607.14 5974.65 421.14 2122.24 728.15 185.55 653.17 106.35 514.74 107.92 23.26 107.89 14.97 

AM-40-tit 469.83 181607.14 5511.44 367.60 1923.39 613.93 156.63 562.68 92.47 453.48 92.95 21.22 94.59 12.97 

AM-40-tit 626.79 181607.14 5146.88 303.41 1681.89 456.78 120.37 439.37 73.61 370.15 82.76 18.51 78.92 10.87 

AM-40-tit 445.06 181607.14 6705.64 420.25 2284.60 715.18 196.30 693.82 108.90 504.03 106.32 24.09 102.33 14.40 

AM-40-tit 466.61 181607.14 7072.61 437.95 2390.58 762.40 208.50 726.76 114.14 524.49 108.88 24.65 106.12 14.87 

AM-40-tit 626.54 181607.14 5105.83 295.70 1604.73 440.38 116.89 431.76 72.04 365.71 78.85 18.00 80.35 11.04 

AM-40-tit 631.02 181607.14 5191.48 257.02 1599.03 383.60 99.28 370.08 61.69 307.43 73.27 15.93 70.19 9.94 

AM-40-tit 521.97 181607.14 5477.49 284.94 1688.46 384.19 106.35 408.16 67.82 340.92 77.50 17.33 74.99 10.73 
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ʇʨʠʣʦʞʝʥʠʝ 5. ʇʨʦʜʦʣʞʝʥʠʝ 

 163
Dy 

165
Ho 

166
Er 

169
Tm 

172
Yb 

175
Lu 

178
Hf 

181
Ta 

204
Pb 

206
Pb 

207
Pb 

208
Pb 

232
Th 

238
U 

AM-40-tit 80.60 15.09 35.45 4.18 21.40 2.46 53.47 82.66 <0.06 0.30 0.02 0.32 27.52 8.06 

AM-40-tit 47.87 8.53 22.73 2.57 12.84 1.64 44.78 47.40 <0.05 0.12 <0.01 0.11 10.47 3.23 

AM-40-tit 53.40 9.38 24.34 2.67 14.38 1.92 42.93 47.77 <0.07 0.13 <0.01 0.15 12.20 3.18 

AM-40-tit 60.54 11.01 27.15 3.06 17.17 2.10 38.67 47.77 <0.06 0.13 <0.01 0.19 14.89 3.77 

AM-40-tit 58.67 11.52 29.19 3.45 18.50 1.98 39.07 45.61 <0.08 0.15 0.01 0.20 15.80 4.07 

AM-40-tit 49.02 8.70 21.25 2.59 13.98 1.64 41.94 47.10 <0.05 0.11 <0.01 0.12 10.58 3.05 

AM-40-tit 63.15 11.56 29.59 3.33 18.26 2.13 38.01 42.42 <0.06 0.17 0.01 0.20 17.72 4.55 

AM-40-tit 68.48 13.32 33.08 3.79 20.24 2.37 36.37 34.67 <0.06 0.22 0.01 0.24 21.98 6.00 

AM-40-tit 84.55 16.27 41.93 4.87 26.21 3.04 37.01 25.48 <0.06 0.32 0.02 0.34 30.78 8.46 

AM-40-tit 75.25 14.29 36.66 4.31 23.42 2.51 36.19 30.12 <0.07 0.24 0.02 0.30 24.97 6.75 

AM-40-tit 63.73 11.77 29.22 3.31 19.04 2.23 38.80 39.42 <0.06 0.18 <0.01 0.21 17.55 4.69 

AM-40-tit 86.56 15.99 42.77 5.30 27.10 3.27 38.59 20.07 <0.05 0.36 0.02 0.38 31.61 9.54 

AM-40-tit 87.31 16.71 46.43 5.18 28.44 3.31 37.21 18.66 <0.07 0.39 0.02 0.43 34.65 10.21 

AM-40-tit 61.49 11.82 28.22 3.41 18.21 2.16 37.81 41.82 <0.06 0.16 <0.01 0.20 17.00 4.46 

AM-40-tit 54.49 9.89 25.74 2.94 15.96 1.91 38.74 42.71 <0.05 0.14 0.01 0.15 13.23 3.87 

AM-40-tit 60.25 10.85 27.25 3.12 18.07 1.96 38.32 33.08 <0.04 0.13 <0.01 0.16 14.44 3.96 
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ʇʨʠʣʦʞʝʥʠʝ 6. ʂʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʤʝʥʪʦʚ-ʧʨʠʤʝʩʝʡ ʚ ʪʠʪʘʥʠʪʝ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

 
31

P 
49

Ti 
56

Fe 
89

Y 
91

Zr 
93

Nb 
139

La 
140

Ce 
141

Pr 
146

Nd 
147

Sm 
153

Eu 
157

Gd 
159

Tb 

AM-43-tit 499.7 181607 6891.6 272.2 1835 108.9 183.7 423.9 50.0 199.4 39.6 18.0 43.1 6.7 

AM-43-tit 543.5 181607 6415.0 197.9 1728 138.5 196.4 405.3 45.2 173.8 31.7 17.8 32.3 4.7 

AM-43-tit 514.3 181607 5942.9 162.7 1519 203.4 209.3 409.4 44.3 160.8 26.8 20.2 27.2 4.1 

AM-43-tit 857.6 181607 5052.5 233.3 1223 215.2 325.7 718.9 79.8 292.6 48.8 28.5 43.1 6.9 

AM-43-tit 890.6 181607 5477.7 212.6 1225 193.7 287.2 606.4 65.9 238.0 39.0 21.9 35.4 5.6 

AM-43-tit 691.9 181607 6033.7 212.9 1117 224.7 235.3 536.2 61.5 232.3 43.1 21.2 41.9 6.3 

AM-43-tit 447.2 181607 6384.7 214.9 1504 52.9 154.3 348.0 41.4 172.2 32.1 16.0 36.9 5.4 

AM-43-tit 885.4 181607 5811.6 370.3 1706 94.3 296.8 664.4 79.1 323.0 59.6 22.0 67.6 9.9 

AM-43-tit 95.7 181607 3770.7 21.6 458.1 1.57 16.4 34.3 4.0 17.2 2.9 1.3 3.7 0.6 

AM-43-tit 215.8 181607 7513.3 465.9 2425 28.0 279.9 545.3 63.2 269.8 58.9 23.3 71.2 11.3 

AM-43-tit 308.2 181607 7853.8 343.4 2567 22.4 223.6 443.6 55.1 225.9 49.4 20.7 55.3 8.4 

AM-43-tit 590.3 181607 6373.1 861.7 1057 316.3 464.1 952.9 119.7 543.8 126.1 42.2 152.0 23.2 

AM-43-tit 866.2 181607 5805.0 574.8 1464 441.3 440.3 700.5 72.6 296.4 64.8 28.8 81.3 14.0 

AM-43-tit 940.4 181607 5548.3 353.8 2838 416.1 367.5 744.3 83.4 331.6 59.4 26.6 61.2 9.2 

AM-43-tit 562.9 181607 6065.3 107.8 1082 29.1 85.1 139.5 14.2 54.4 11.4 6.5 15.5 2.4 

AM-43-tit 586.9 181607 5986.5 91.7 1100 30.0 77.8 123.7 12.3 47.3 9.6 5.9 12.3 2.0 

AM-43-tit 393.3 181607 6286.6 89.7 786.4 8.25 59.3 118.3 13.8 60.5 11.3 5.9 14.9 2.3 

AM-43-tit 388.3 181607 6315.4 74.8 759.2 7.72 58.8 116.9 13.5 54.2 11.0 5.8 11.7 1.9 

AM-43-tit 258.1 181607 5986.0 151.6 858.4 4.35 56.5 125.5 16.9 73.7 18.9 6.5 23.7 3.8 
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ʇʨʠʣʦʞʝʥʠʝ 6 ʇʨʦʜʦʣʞʝʥʠʝ 

 163
Dy 

165
Ho 

166
Er 

169
Tm 

172
Yb 

175
Lu 

178
Hf 

181
Ta 

204
Pb 

206
Pb 

207
Pb 

208
Pb 

232
Th 

238
U 

AM-43-tit 43.8 9.7 30.3 4.7 31.3 4.3 42.5 3.13 <0.06 0.675 0.071 0.271 14.8 16.8 

AM-43-tit 31.0 6.9 21.7 3.0 21.6 3.1 35.3 2.55 <0.06 0.821 0.105 0.341 13.4 19.9 

AM-43-tit 27.1 5.6 17.4 2.7 16.6 2.6 25.5 2.59 <0.06 1.034 0.188 0.593 17.1 23.5 

AM-43-tit 40.9 9.0 26.0 3.4 20.9 2.7 17.4 2.23 <0.06 1.384 0.093 0.315 22.4 37.5 

AM-43-tit 36.0 8.0 22.3 3.1 19.4 2.6 16.3 1.83 <0.07 1.480 0.091 0.311 20.5 37.4 

AM-43-tit 36.7 8.2 24.3 3.3 19.1 2.7 16.9 4.91 <0.07 1.073 0.068 0.357 28.6 28.5 

AM-43-tit 35.2 7.8 23.9 3.4 22.8 3.0 35.5 1.68 <0.06 1.117 0.504 1.443 18.4 15.0 

AM-43-tit 61.1 12.7 35.9 5.0 30.7 4.4 33.3 2.27 <0.05 0.590 0.058 0.513 39.3 14.7 

AM-43-tit 3.7 0.8 2.4 0.4 2.8 0.5 10.0 0.09 <0.05 0.370 0.290 0.671 0.6 1.1 

AM-43-tit 77.1 16.9 50.0 7.3 47.7 6.6 60.0 0.53 <0.07 2.738 0.696 1.526 12.2 57.8 

AM-43-tit 56.4 13.3 41.5 6.1 43.0 7.6 57.2 0.60 <0.07 3.129 0.814 1.729 10.1 56.7 

AM-43-tit 150.5 31.4 89.3 10.9 57.7 6.2 31.2 16.08 <0.06 2.638 0.162 1.107 86.2 69.1 

AM-43-tit 91.9 21.8 66.0 9.5 57.6 7.1 32.8 7.03 <0.04 3.060 0.172 0.559 43.7 83.6 

AM-43-tit 55.6 12.1 35.0 4.8 30.7 4.5 39.0 1.24 <0.05 3.005 0.166 0.786 65.3 83.8 

AM-43-tit 16.7 4.0 13.1 2.1 14.7 2.6 17.8 0.13 <0.04 0.384 0.038 0.071 2.5 9.7 

AM-43-tit 13.7 3.4 11.3 1.6 12.8 2.4 17.8 0.18 <0.05 0.408 0.039 0.077 2.4 10.5 

AM-43-tit 14.8 3.4 10.3 1.7 13.6 2.2 15.1 0.10 <0.06 0.423 0.252 0.573 1.2 3.8 

AM-43-tit 12.6 2.7 9.5 1.5 10.8 2.1 14.6 0.10 <0.06 0.398 0.240 0.576 1.0 3.6 

AM-43-tit 23.2 5.1 17.3 2.5 19.7 3.2 18.4 0.15 <0.05 0.615 0.459 1.030 4.4 3.5 
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ʇʨʠʣʦʞʝʥʠʝ 7. ʈʝʟʫʣʴʪʘʪʳ U-Pb ʜʘʪʠʨʦʚʘʥʠʷ ʛʨʘʥʘʪʘ ʆʢʪʷʙʨʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

 207 cor 
206

Pb/
238

U 
206

Pb/
238

U 
208

Pb/
232

Th 
207

Pb/
206

Pb 

 age +/-1 ster ratio +/-1 RSE ratio +/-1 RSE ratio +/-1 RSE 

AM-18-gar 287 16 0.0475 5.5% 0.0171 7.3% 0.0840 15.8% 

AM-18-gar 253 26 0.0444 9.3% 0.0129 17.4% 0.1304 24.8% 

AM-18-gar 268 15 0.0443 5.5% 0.0140 6.8% 0.0854 11.4% 

AM-18-gar 242 14 0.0401 5.5% 0.0140 7.0% 0.0865 14.9% 

AM-18-gar 275 21 0.0451 7.5% 0.0158 10.8% 0.0776 24.6% 

AM-18-gar 291 47 0.0592 12.8% 0.0233 16.5% 0.2296 27.4% 

AM-18-gar 253 12 0.0416 4.7% 0.0148 6.2% 0.0827 11.8% 

AM-18-gar 248 12 0.0426 4.6% 0.0164 5.6% 0.1152 10.2% 

AM-18-gar 260 22 0.0463 7.9% 0.0204 9.3% 0.1401 14.9% 

AM-18-gar 206 37 0.0543 11.0% 0.0423 12.1% 0.3750 18.6% 

MtDromedary 96 2 0.0175 2.4% 0.0058 2.1% 0.1622 3.4% 

MtDromedary 99 2 0.0178 2.2% 0.0054 1.9% 0.1543 3.1% 

MtDromedary 97 2 0.0170 1.9% 0.0054 1.8% 0.1359 3.0% 

MtDromedary 100 1 0.0165 1.4% 0.0056 2.1% 0.0864 3.0% 

NIST610 58 17 0.2409 1.3% 0.5227 1.4% 0.9094 0.3% 

NIST610 57 17 0.2403 1.3% 0.5198 1.4% 0.9093 0.3% 

NIST610 55 17 0.2395 1.3% 0.5194 1.4% 0.9101 0.3% 

NIST610 57 17 0.2406 1.3% 0.5245 1.4% 0.9096 0.3% 

NIST610 64 17 0.2459 1.2% 0.5231 1.4% 0.9086 0.3% 

 

 


