
ɺʫʣʢʘʥʠʟʤ  

 91 

ʋɼʂ 551.2+552.11 (571.53) 

https://doi.org/10.26516/2541-9641.2022.2.91 

ʉʦʦʪʥʦʰʝʥʠʷ ʧʝʪʨʦʣʦʛʠʯʝʩʢʦʛʦ ʢʦʨʦ-ʤʘʥʪʠʡʥʦʛʦ ʧʝʨʝʭʦʜʘ ʠ 
ʩʝʡʩʤʠʯʝʩʢʦʛʦ ʨʘʟʜʝʣʘ ʄʦʭʦ ʧʦʜ ʛʨʘʥʫʣʠʪʦʚʳʤʠ ʪʝʨʨʝʡʥʘʤʠ: 
ʧʨʠʟʥʘʢʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʢʦʨʥʝʚʦʡ ʯʘʩʪʠ ɺʦʩʪʦʯʥʦ-ʊʫʥʢʠʥʩʢʦʛʦ 
ʙʣʦʢʘ ʚ ʛʣʫʙʠʥʥʳʭ ʥʦʜʫʣʷʭ ʠʟ ʧʦʟʜʥʝʢʘʡʥʦʟʦʡʩʢʠʭ ʚʫʣʢʘʥʠʯʝʩʢʠʭ 
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ɸʥʥʦʪʘʮʠʷ. ʇʦʜ ʛʨʘʥʫʣʠʪʦʚʳʤʠ ʪʝʨʨʝʡʥʘʤʠ ʢʨʘʪʦʥʥʳʭ ʠ ʚʥʝʢʨʘʪʦʥʥʳʭ ʦʙʣʘʩʪʝʡ ʧʦ ʩʦ-

ʩʪʘʚʫ ʛʨʘʥʘʪʩʦʜʝʨʞʘʱʠʭ ʠ ʙʝʟʛʨʘʥʘʪʦʚʳʭ ʘʩʩʦʮʠʘʮʠʡ ʛʣʫʙʠʥʥʳʭ ʥʦʜʫʣʝʡ, ʚʳʥʝʩʝʥʥʳʭ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʴ ʢʘʡʥʦʟʦʡʩʢʠʤʠ ʠ ʙʦʣʝʝ ʜʨʝʚʥʠʤʠ (ʬʘʥʝʨʦʟʦʡʩʢʠʤʠ) ʤʘʛʤʘʪʠʯʝʩʢʠʤʠ ʨʘʩʧʣʘʚʘʤʠ ʨʝ-

ʢʦʥʩʪʨʫʠʨʫʶʪʩʷ ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʝ ʟʦʥʳ ʢʦʨʦ-ʤʘʥʪʠʡʥʦʛʦ ʧʝʨʝʭʦʜʘ (ʇɿʂʄʇ). ʉʦʚʨʝʤʝʥʥʳʝ 

ʩʢʦʨʦʩʪʥʳʝ ʨʘʟʜʝʣʳ ʄʦʭʦ ʣʠʰʴ ʯʘʩʪʠʯʥʦ ʩʦʚʧʘʜʘʶʪ ʩ ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʤʠ ʦʮʝʥʢʘʤʠ ʩʤʝʥʳ ʧʦ-

ʨʦʜ ʢʠʩʣʦʛʦ-ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ (ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʢʦʥʪʠʥʝʥʪʘʣʴʥʦʡ ʢʦʨʝ) ʧʦʨʦʜʘʤʠ ʧʨʝʠʤʫʱʝ-

ʩʪʚʝʥʥʦ ʫʣʴʪʨʘʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ (ʦʙʨʘʟʫʶʱʠʤʠ ʢʦʥʪʠʥʝʥʪʘʣʴʥʫʶ ʤʘʥʪʠʡʥʫʶ ʣʠʪʦʩʬʝʨʫ) ʠ 

ʯʘʩʪʦ ʥʘʭʦʜʷʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʛʣʫʙʞʝ ʇɿʂʄʇ. ɻʣʫʙʠʥʥʦʝ ʧʦʣʦʞʝʥʠʷ ʪʘʢʠʭ ʟʦʥ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝ-

ʤʝʥʠ ʤʝʥʷʝʪʩʷ. ɼʣʷ ʙʝʟʛʨʘʥʘʪʦʚʦʡ ʘʩʩʦʮʠʘʮʠʠ ʛʣʫʙʠʥʥʳʭ ʥʦʜʫʣʝʡ, ʚʳʥʝʩʝʥʥʳʭ ʙʘʟʘʣʴʪʦʚʳʤʠ 

ʨʘʩʧʣʘʚʘʤʠ ʦʢʦʣʦ 13 ʤʣʥ ʣʝʪ ʥʘʟʘʜ ʠʟ ʢʦʨʥʝʚʦʡ ʯʘʩʪʠ ʛʨʘʥʫʣʠʪʦʚʦʛʦ ʪʝʨʨʝʡʥʘ, ʦʙʥʘʞʘʶʱʝʛʦʩʷ 

ʚ ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ʊʫʥʢʠʥʩʢʦʡ ʜʦʣʠʥʳ, ʧʦʣʫʯʝʥʦ ʜʚʘ ʈʊ ʪʨʝʥʜʘ, ʦʜʠʥ ʠʟ ʢʦʪʦʨʳʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʚʳʩʦʢʦʡ (ʜʦ 120 ʤɺʪ/ʤ2) ʨʠʬʪʦʚʦʡ ʢʦʥʜʫʢʪʠʚʥʦʡ ʛʝʦʪʝʨʤʝ, ʜʨʫʛʦʡ ʧʝʨʝʩʝʢʘʝʪ ʥʠʟʢʠʝ ʢʦʥʜʫʢ-

ʪʠʚʥʳʝ ʛʝʦʪʝʨʤʳ (ʦʧʫʩʢʘʝʪʩʷ ʥʠʞʝ ʛʝʦʪʝʨʤʳ 60 ʤɺʪ/ʤ2). ʇɿʂʄʇ ʠʤʝʝʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʙʣʠ-

ʟʠʪʝʣʴʥʦ ʥʘ 200 Áʉ ʥʠʞʝ, ʯʝʤ ʇɿʂʄʇ ʛʨʘʥʫʣʠʪʦʚʳʭ ʪʝʨʨʝʡʥʦʚ ɺʦʩʪʦʯʥʦʡ ɸʚʩʪʨʘʣʠʠ, ʂʠʪʘʷ ʠ 

ʐʧʠʮʙʝʨʛʝʥʘ. ɻʣʫʙʠʥʥʳʝ ʥʦʜʫʣʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʨʘʟʚʠʪʠʝ ʛʦʨʷʯʝʡ ʪʨʘʥʩʪʝʥʩʠʠ ʧʦʜ ʨʠʬʪʦʚʦʡ 

ʜʦʣʠʥʦʡ ʚ ʭʦʣʦʜʥʦʡ ʢʦʨʥʝʚʦʡ ʯʘʩʪʠ ɺʦʩʪʦʯʥʦ-ʊʫʥʢʠʥʩʢʦʛʦ ʙʣʦʢʘ ʩ ʥʘʢʦʧʣʝʥʠʝʤ ʠ ʨʘʟʨʷʜʢʦʡ 

ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʩʦʧʨʦʚʦʞʜʘʚʰʠʭʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʩʠʥʢʠʥʝʤʘʪʠʯʝʩʢʠʤʠ (ʤʝʪʘʩʦʤʘʪʠʯʝ-

ʩʢʠʤʠ ʠ ʤʘʛʤʘʪʠʯʝʩʢʠʤʠ) ʧʨʦʮʝʩʩʘʤʠ ʚʦ ʚʨʝʤʝʥʥʦʤ ʠʥʪʝʨʚʘʣʝ 18ï12 ʤʣʥ ʣʝʪ ʥʘʟʘʜ. ʊʨʘʥʩʪʝʥ-

ʩʠʷ ʩʤʝʥʷʣʘʩʴ ʪʨʘʥʩʧʨʝʩʩʠʝʡ ʢʦʨʳ ʩ ʠʥʚʝʨʩʠʦʥʥʳʤ ʧʦʜʥʷʪʠʝʤ ʪʝʨʨʠʪʦʨʠʠ ʠ ʚʝʨʦʷʪʥʳʤ ʦʪʥʦ-

ʩʠʪʝʣʴʥʳʤ ʫʚʝʣʠʯʝʥʠʝʤ ʛʣʫʙʠʥʳ ʨʘʟʜʝʣʘ ʄʦʭʦ, ʦʧʨʝʜʝʣʝʥʥʳʤ ʧʦ ʩʢʦʨʦʩʪʷʤ P- ʠ S-ʚʦʣʥ ʜʣʷ 

ʩʦʚʨʝʤʝʥʥʦʡ ʢʦʨʳ ʠ ʣʠʪʦʩʬʝʨʥʦʡ ʯʘʩʪʠ ʤʘʥʪʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ. ʊʨʘʥʩʪʝʥʩʠʷ, ʪʨʘʥʩʧʨʝʩʩʠʷ, 207Pbï206Pb ʜʘʪʠʨʦʚʘʥʠʝ, ʚʫʣʢʘʥʠʯʝʩʢʠʝ 
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Abstract. From compositions of garnet-bearing and garnet-free assemblages of deep-seated nodules 

brought to a surface by Cenozoic and older (Phanerozoic) magmatic melts, petrological zones of crust-

mantle transition (PZʉMT) are defined under granulite terranes of craton and non-craton regions. Present-
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day Moho discontinuities only partially coincide with petrological estimates of a change from felsic-basic 

rocks (that belong to the continental crust) by predominantly ultramafic rocks (that represent the continental 

mantle lithosphere) and often lie much deeper than the PZʉMT. Depths of such zones change over time. 

For a garnet-free assemblage of deep-seated nodules ejected by basaltic melts about 13 Ma ago from the 

root of a granulite terrane exposed in the eastern part of the Tunka Valley, two PT trends were obtained, 

one of which corresponds to a high (up to 120 mW/m2) rift conductive geotherm, another one crosses low 

conductive geotherms (drops below 60 mW/m2 one). The PZʉMT shows here a temperature approximately 

200ÁC lower than the PZʉMT of granulite terranes in Eastern Australia, China, and Svalbard. Deep-seated 

nodules characterize the development of hot transtension under the rift valley in the cold root part of the 

East Tunka block with the accumulation and release of elastic stresses accompanied by significant synkin-

ematic (metasomatic and magmatic) processes in the time interval 18ï12 Ma ago. The transtension was 

followed by a crustal transpression with inversional uplift of an area and a probable relative increase in the 

depth of the Moho discontinuity, determined from the both P- and S-wave velocities for the modern crust 

and lithospheric part of the mantle. 

Keywords. Transtension, transpression, 207Pbï206Pb dating, volcanic rocks, ophiolites, Hadean, Ar-

chean, Proterozoic, Cenozoic 

ɺʚʝʜʝʥʠʝ 

ʇʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʩʪʨʦʝʥʠʠ ʠ ʩʦʩʪʘʚʝ ʢʦʥ-

ʪʠʥʝʥʪʘʣʴʥʦʡ ʢʦʨʳ ʢʨʘʡʥʝ ʚʘʞʥʳ ʜʣʷ ʧʦʥʠ-

ʤʘʥʠʷ ʝʝ ʩʪʘʥʦʚʣʝʥʠʝ ʠ ʵʚʦʣʶʮʠʠ ʠ, ʚ ʢʦʥʝʯ-

ʥʦʤ ʩʯʝʪʝ, ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʭʘʨʘʢʪʝʨʘ ʩʦʦʪʥʦ-

ʰʝʥʠʡ ʤʝʞʜʫ ʚʝʨʭʥʠʤʠ ʢʦʥʪʠʥʝʥʪʘʣʴʥʳʤʠ 

ʩʣʦʷʤʠ ɿʝʤʣʠ, ʦʙʨʘʟʦʚʘʚʰʠʤʠʩʷ ʚ ʛʝʦʣʦʛʠʯʝ-

ʩʢʦʤ ʧʨʦʰʣʦʤ. ʊʝʨʤʠʥ çʢʦʥʪʠʥʝʥʪʘʣʴʥʘʷ 

ʢʦʨʘè ʠʟʥʘʯʘʣʴʥʦ ʠʤʝʣ ʛʝʦʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ 

ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʣʠʪʦʩʬʝʨʳ, ʦʛʨʘʥʠʯʝʥʥʦʛʦ 

ʩʥʠʟʫ ʩʝʡʩʤʠʯʝʩʢʠʤ ʨʘʟʜʝʣʦʤ ʄʦʭʦʨʦʚʠʯʠʯʘ 

(ʄʦʭʦ). ʅʘ ʵʪʦʤ ʨʘʟʜʝʣʝ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʩʢʘ-

ʯʦʢ ʩʢʦʨʦʩʪʠ ʧʨʦʜʦʣʴʥʳʭ ʩʝʡʩʤʠʯʝʩʢʠʭ ʚʦʣʥ 

(Vp) ʦʪ 6.7ï7.6 ʜʦ 7.9ï8.2 ʢʤ/ʩ ʠ ʧʦʧʝʨʝʯʥʳʭ 

ʩʝʡʩʤʠʯʝʩʢʠʭ ʚʦʣʥ (Vs) ʦʪ 3.6ï4.2 ʜʦ 4.4ï4.7 

ʢʤ/ʩ. ʈʘʟʚʠʪʠʝ ʛʝʦʣʦʛʠʠ ʧʨʠʚʝʣʦ ʢ ʧʘʨʘʣʣʝʣʴ-

ʥʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʪʝʨʤʠʥʦʚ çʢʦʥʪʠʥʝʥ-

ʪʘʣʴʥʘʷ ʢʦʨʘè ʠ çʢʦʥʪʠʥʝʥʪʘʣʴʥʘʷ ʤʘʥʪʠʷè. 

ʕʪʠʤʠ ʪʝʨʤʠʥʘʤʠ ʧʝʪʨʦʣʦʛʠ ʦʙʦʟʥʘʯʘʣʠ, ʩʦ-

ʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʝʜʧʦʣʘʛʘʝʤʳʝ ʩʣʦʠ ʤʝʥʝʝ 

ʧʣʦʪʥʳʭ ʧʦʨʦʜ ʦʩʥʦʚʥʦʛʦ-ʢʠʩʣʦʛʦ ʩʦʩʪʘʚʘ ʠ 

ʙʦʣʝʝ ʧʣʦʪʥʳʭ ʧʦʨʦʜ ʫʣʴʪʨʘʦʩʥʦʚʥʦʛʦ ʩʦ-

ʩʪʘʚʘ. ɿʘʢʦʥʦʤʝʨʥʦ ʚʦʟʥʠʢ ʚʦʧʨʦʩ ʦ ʪʦʤ, 

ʥʘʩʢʦʣʴʢʦ ʦʧʨʝʜʝʣʝʥʠʷ ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʭ ʟʦʥ 

ʢʦʨʦ-ʤʘʥʪʠʡʥʦʛʦ ʧʝʨʝʭʦʜʘ (ʇɿʂʄʇ) ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʪ ʦʧʨʝʜʝʣʝʥʠʷʤ ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʨʘʟ-

ʜʝʣʦʚ ʄʦʭʦ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʛʦ ʚʦʧʨʦʩʘ 

ʦʧʨʝʜʝʣʷʣʩʷ ʧʝʨʝʭʦʜ ʦʪ ʩʣʦʷ ʧʦʨʦʜ ʟʝʤʥʦʡ 

ʢʦʨʳ ʢʠʩʣʦʛʦ-ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ ʢ ʧʦʨʦʜʘʤ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʫʣʴʪʨʘʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ 

ʣʠʪʦʩʬʝʨʥʦʡ ʯʘʩʪʠ ʤʘʥʪʠʠ ʧʦʩʨʝʜʩʪʚʦʤ ʠʟʫ-

ʯʝʥʠʷ ʩʦʩʪʘʚʘ ʠ PT ʧʘʨʘʤʝʪʨʦʚ ʥʦʜʫʣʝʡ, ʚʳ-

ʥʝʩʝʥʥʳʭ ʠʟ ʛʣʫʙʠʥʥʳʭ ʯʘʩʪʝʡ ʣʠʪʦʩʬʝʨʳ 

ʱʝʣʦʯʥʳʤʠ ʙʘʟʘʣʴʪʘʤʠ ʠ ʙʘʟʘʣʴʪʦʠʜʘʤʠ 

(Rudnick, Fountan, 1995; Taylor, McLennan, 

1985; OôReilly, Griffin, 1985, 2013). 

ʇʘʨʘʜʦʢʩ ʚʦʟʥʠʢʰʝʡ ʩʠʪʫʘʮʠʠ ʟʘʢʣʶʯʘʣʩʷ 

ʚ ʪʦʤ, ʯʪʦ ʚʥʝʰʥʠʡ ʩʣʦʡ ʣʠʪʦʩʬʝʨʳ, ʦʙʦʟʥʘ-

ʯʝʥʥʳʡ ʩ ʛʝʦʬʠʟʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʘʢ ʢʦ-

ʨʦʚʳʡ, ʩʪʘʣ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʧʝʪʨʦʣʦʛʘʤʠ ʥʝ 

ʪʦʣʴʢʦ ʢʘʢ ʩʣʦʡ ʢʦʨʦʚʳʭ ʧʦʨʦʜ, ʥʦ ʠ ʢʘʢ 

ʩʣʦʡ, ʚʢʣʶʯʘʶʱʠʡ ʧʦʨʦʜʳ ʤʘʥʪʠʠ. ʅʘ ʟʝʤ-

ʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʥʫʣʠʪʳ ʠ ʜʨʫʛʠʝ ʧʦʨʦʜʳ 

ʢʠʩʣʦʛʦ-ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ ʥʝʨʝʜʢʦ ʩʦʯʝʪʘ-

ʶʪʩʷ ʩ ʪʝʣʘʤʠ ʫʣʴʪʨʘʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ. ɺ ʢʘ-

ʯʝʩʪʚʝ ʧʨʠʤʝʨʦʚ ʩʣʫʞʘʪ ʟʦʥʳ ʀʚʨʝʘ-ɺʝʨʙʘʥʦ 

(ʀɺɿ, ʀʪʘʣʠʷ), ɹʝʪʠʢʩʢʠʭ ʂʦʨʜʠʣʴʝʨ (ʖʞ-

ʥʘʷ ʀʩʧʘʥʠʷ ʠ ʉʝʚʝʨʥʘʷ ɸʬʨʠʢʘ) ʠ ʭʨʝʙʪʘ 

ʄʘʩʛʨʝʡʚ (ʎʝʥʪʨʘʣʴʥʘʷ ɸʚʩʪʨʘʣʠʷ). ʉ ʛʝʦʬʠ-

ʟʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ (ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʟʜʝʣʘ 

ʄʦʭʦ) ʪʘʢʠʝ ʘʩʩʦʮʠʘʮʠʠ ʧʦʨʦʜ ʟʘʥʠʤʘʶʪ ʢʦ-

ʨʦʚʳʝ ʛʣʫʙʠʥʳ (Fountain, Christensen, 1989). 

ʇʨʠ ʦʧʨʝʜʝʣʝʥʠʝ ʛʨʘʥʠʮʳ ʄʦʭʦ ʧʦ ʩʤʝʥʝ 

ʩʢʦʨʦʩʪʝʡ ʩʝʡʩʤʠʯʝʩʢʠʭ ʚʦʣʥ ʠʩʧʦʣʴʟʦʚʘ-

ʣʦʩʴ ʧʦʥʷʪʠʝ ʢʦʨʦ-ʤʘʥʪʠʡʥʦʡ ʛʨʘʥʠʮʳ 

(crustïmantle boundary) ʩ ʘʙʙʨʝʚʠʘʪʫʨʦʡ CMB 

(OôReilly, Griffin, 1985, 2013), ʢʦʪʦʨʘʷ ʧʘʨʘʣ-

ʣʝʣʴʥʦ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʣʘʩʴ ʪʘʢʞʝ ʜʣʷ ʦʙʦ-

ʟʥʘʯʝʥʠʷ ʛʨʘʥʠʮʳ ʷʜʨʦïʤʘʥʪʠʷ (coreïmantle 

boundary) (Maruyama et al., 2007; Rubie et al., 

2007; ʠ ʜʨ.). ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʠʩʢʣʶʯʠʪʴ ʜʚʫ-

ʩʤʳʩʣʝʥʥʦʩʪʴ ʘʙʙʨʝʚʠʘʪʫʨʳ CMB, ʩʤʝʥʘ ʧʦ-

ʨʦʜ ʢʦʨʳ ʧʦʨʦʜʘʤʠ ʣʠʪʦʩʬʝʨʥʦʡ ʯʘʩʪʠ ʤʘʥ-

ʪʠʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʢʘʢ ʢʦʨʦ-ʤʘʥʪʠʡʥʳʡ ʧʝ-

ʨʝʭʦʜ (ʂʄʇ) (crust-mantle transition, CMT) 

(Musacchio et al., 1998; Berger et al., 2007; Ras-

skazov et al., 2021).  

ʇʝʨʚʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʩʦʩʪʘʚʘ ʢʦʥʪʠʥʝʥ-

ʪʘʣʴʥʦʡ ʢʦʨʳ ʌ.ʋ. ʂʣʘʨʢʦʤ ʚ 1889 ʛ. ʙʳʣʦ 

ʜʦʧʦʣʥʝʥʦ ʥʦʚʳʤʠ ʦʧʨʝʜʝʣʝʥʠʷʤʠ ʝʝ ʩʦʩʪʘʚʘ 
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ʚ ʨʘʙʦʪʘʭ ʧʝʨʚʦʡ ʧʦʣʦʚʠʥʳ 20-ʛʦ ʩʪʦʣʝʪʠʷ. 

ɺʦ ʚʪʦʨʦʡ ʧʦʣʦʚʠʥʝ 20-ʛʦ ʩʪʦʣʝʪʠʷ ʠ ʚ 21-ʤ 

ʩʪʦʣʝʪʠʠ ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʝ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦ-

ʩʪʘʚʘ ʢʦʨʳ ʧʦ ʧʝʪʨʦʛʝʥʥʳʤ ʦʢʩʠʜʘʤ ʠ ʤʘʣʳʤ 

ʵʣʝʤʝʥʪʘʤ ʩʦʧʨʦʚʦʞʜʘʣʠʩʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʜʘʥʥʳʭ (Taylor, McLennan, 

1985; Rudnick, Fountan, 1995; Rudnick, Gao, 

2003; ʠ ʜʨ.). ɺʳʷʚʠʣʦʩʴ ʤʥʦʛʦʦʙʨʘʟʠʝ ʨʘʟʨʝ-

ʟʦʚ ʢʦʨʦ-ʤʘʥʪʠʡʥʳʭ ʧʝʨʝʭʦʜʦʚ (ʂʄʇ) ʚ ʛʝʦ-

ʬʠʟʠʯʝʩʢʠʭ ʠ ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʭ ʚʘʨʠʘʥʪʘʭ 

(Griffin , O'Reilly, 1986). 

ɺʘʣʦʚʳʡ ʩʦʩʪʘʚ ʢʦʨʳ ʧʨʠʥʠʤʘʣʩʷ ʨʘʟ-

ʥʳʤʠ ʘʚʪʦʨʘʤʠ ʢʘʢ ʜʠʦʨʠʪʦʚʳʡ (ʠʥʪʝʨʚʘʣ 

SiO2 57ï62 ʤʘʩ.%). ʉʦʩʪʘʚ ʥʠʞʥʝʡ ʢʦʥʪʠʥʝʥ-

ʪʘʣʴʥʦʡ ʢʦʨʳ ʧʦʣʫʯʘʣʩʷ ʚʳʯʠʪʘʥʠʝʤ ʢʦʤʧʦ-

ʥʝʥʪʦʚ ʚʝʨʭʥʝʡ ʢʦʨʳ ʠʟ ʝʝ ʚʘʣʦʚʦʛʦ ʩʦʩʪʘʚʘ. 

ʊʠʧʠʯʥʘʷ ʢʦʨʘ ʩʢʣʘʜʯʘʪʳʭ ʦʙʣʘʩʪʝʡ ʨʘʩʩʤʘʪ-

ʨʠʚʘʣʘʩʴ ʢʘʢ ʩʦʩʪʦʷʱʘʷ ʠʟ ʚʝʨʭʥʝʛʦ ʩʣʦʷ 

(65.9 ʤʘʩ.% SiO2, ʛʣʠʥʠʩʪʳʝ ʩʣʘʥʮʳ ʠʣʠ ʤʝ-

ʪʘʧʝʣʣʠʪʳ) ʠ ʥʠʞʥʝʛʦ ʩʣʦʷ (54.4 ʤʘʩ.% SiO2, 

ʛʨʘʥʫʣʠʪʳ) (Taylor, McLennan, 2009). ʈʘʟʣʠ-

ʯʘʣʩʷ ʪʘʢʞʝ ʩʣʦʡ ʩʨʝʜʥʝʡ ʢʦʨʳ (60.6 ʤʘʩ.% 

SiO2, ʧʦʨʦʜʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʘʤʬʠʙʦʣʠʪʦ-

ʚʦʛʦ ʩʦʩʪʘʚʘ) (Rudnick, Fountan, 1995). ʅʘ ʨʝ-

ʛʠʦʥʘʣʴʥʦʤ ʧʨʠʤʝʨʝ ʪʝʨʨʠʪʦʨʠʠ ʂʠʪʘʷ ʩʨʝʜ-

ʥʷʷ ʢʦʥʪʠʥʝʥʪʘʣʴʥʘʷ ʢʦʨʘ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʘʩʴ 

ʧʦʨʦʜʘʤʠ ʘʤʬʠʙʦʣʠʪʦʚʦʡ ʬʘʮʠʠ ʩ ʩʦʜʝʨʞʘ-

ʥʠʝʤ SiO2 62ï69 ʤʘʩ.%, ʘ ʥʠʞʥʷʷ ʢʦʥʪʠʥʝʥ-

ʪʘʣʴʥʘʷ ʢʦʨʘ ʚʦʩʪʦʯʥʦʛʦ ʂʠʪʘʷ ï ʩʨʝʜʥʠʤ ʩʦ-

ʩʪʘʚʦʤ, ʭʦʪʷ ʛʣʦʙʘʣʴʥʘʷ ʥʠʞʥʷʷ ʢʦʥʪʠʥʝʥ-

ʪʘʣʴʥʘʷ ʢʦʨʘ ʜʦʣʞʥʘ ʠʤʝʪʴ ʦʩʥʦʚʥʦʡ ʩʦʩʪʘʚ. 

ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʚʦʩʪʦʯʥʦ-ʢʠʪʘʡʩʢʘʷ 

ʥʠʞʥʝʢʦʨʦʚʘʷ ʘʥʦʤʘʣʠʷ ʦʙʨʘʟʦʚʘʣʘʩʴ ʚ ʨʝ-

ʟʫʣʴʪʘʪʝ ʦʪʩʣʦʝʥʠʷ ʥʠʞʥʝʡ ʢʦʨʳ ʦʪ ʧʦʜʩʪʠ-

ʣʘʶʱʝʡ ʣʠʪʦʩʬʝʨʥʦʡ ʤʘʥʪʠʠ, ʫʪʨʘʪʳ ʘʨʭʝʡ-

ʩʢʦʛʦ ʢʠʣʷ ʠ ʧʨʦʷʚʣʝʥʠʷ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ 

ʤʝʟʦʟʦʡʩʢʦʛʦ ʚʥʫʪʨʠʧʣʠʪʥʦʛʦ ʤʘʛʤʘʪʠʟʤʘ ʚ 

ʉʝʚʝʨʦ-ʂʠʪʘʡʩʢʦʤ ʢʨʘʪʦʥʝ (Gao, 2010). 

ʉʪʘʥʜʘʨʪʥʳʡ ʥʘʙʦʨ ʩʣʦʝʚ ʢʦʥʪʠʥʝʥʪʘʣʴ-

ʥʦʡ ʢʦʨʳ ʂʄʇ ʩʢʣʘʜʯʘʪʳʭ ʦʙʣʘʩʪʝʡ ʷʚʥʦ 

ʥʘʨʫʰʘʝʪʩʷ ʚ ʛʨʘʥʫʣʠʪʦʚʳʭ ʪʝʨʨʝʡʥʘʭ, ʚ ʢʦ-

ʪʦʨʳʭ ʥʘ ʟʝʤʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʚʳʭʦʜʷʪ 

ʙʣʦʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦ PT ʧʘʨʘʤʝʪʨʘʤ 

ʝʝ ʥʠʞʥʝʡ ʯʘʩʪʠ. ɻʨʘʥʫʣʠʪʳ ʦʙʥʘʞʘʶʪʩʷ ʚʦ 

ʤʥʦʛʠʭ ʨʘʡʦʥʘʭ ʤʠʨʘ ʠ ʩ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʳʯʥʦ ʥʝ ʥʝʩʫʪ ʢʘʢʦʡ-ʣʠʙʦ ʠʥʬʦʨʤʘʮʠʠ ʦ 

ʭʘʨʘʢʪʝʨʝ ʩʪʨʦʝʥʠʷ ʇɿʂʄʇ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘ-

ʙʦʪʝ ʧʨʠʚʦʜʠʪʩʷ ʦʙʟʦʨ ʩʪʨʦʝʥʠʷ ʇɿʂʄʇ ʛʨʘ-

ʥʫʣʠʪʦʚʳʭ ʪʝʨʨʝʡʥʦʚ ʨʘʟʥʳʭ ʨʘʡʦʥʦʚ ʤʠʨʘ 

ʧʦ ʘʩʩʦʮʠʘʮʠʷʤ ʛʣʫʙʠʥʥʳʭ ʥʦʜʫʣʝʡ ʠʟ ʢʘʡ-

ʥʦʟʦʡʩʢʠʭ ʚʫʣʢʘʥʠʯʝʩʢʠʭ ʧʦʨʦʜ ʚ ʩʦʧʦʩʪʘʚ-

ʣʝʥʠʠ ʩ ʛʣʫʙʠʥʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʛʨʘʥʠʮ 

ʄʦʭʦ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʘʥʘʣʠʟʫ 

ʩʪʘʥʦʚʣʝʥʠʷ ʇɿʂʄʇ ʧʦʜ ʛʨʘʥʫʣʠʪʦʚʳʤ ʪʝʨ-

ʨʝʡʥʦʤ ʚ ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ʊʫʥʢʠʥʩʢʦʡ ʜʦ-

ʣʠʥʳ ɹʘʡʢʘʣʴʩʢʦʡ ʨʠʬʪʦʚʦʡ ʩʠʩʪʝʤʳ (ʧʦʜ 

ɺʦʩʪʦʯʥʦ-ʊʫʥʢʠʥʩʢʠʤ ʙʣʦʢʦʤ). 

ʄʝʪʦʜʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ ʢ ʠʟʫʯʝʥʠʶ 
ʇɿʂʄʇ ʛʨʘʥʫʣʠʪʦʚʳʭ ʪʝʨʨʝʡʥʦʚ 

ʇʨʠʥʮʠʧʳ ʧʦʩʪʨʦʝʥʠʷ ʨʘʟʨʝʟʦʚ ʇɿʂʄʇ 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠʩʴ ʚ ʨʘʙʦʪʘʭ (OôReilly, 

Griffin, 1985, 2013). ɼʣʷ ʛʨʘʥʫʣʠʪʦʚʳʭ ʪʝʨ-

ʨʝʡʥʦʚ ʙʳʣ ʚʳʙʨʘʥ ʥʘʠʙʦʣʝʝ ʧʦʢʘʟʘʪʝʣʴʥʳʡ 

ʨʘʟʨʝʟ ʢʦʨʳ ʠ ʧʦʜʩʪʠʣʘʶʱʝʡ ʣʠʪʦʩʬʝʨʥʦʡ 

ʤʘʥʪʠʠ, ʩʦʩʪʘʚʣʝʥʥʳʡ ʧʦ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʫ 

ʛʣʫʙʠʥʥʳʭ ʥʦʜʫʣʝʡ ʠʟ ʯʝʪʚʝʨʪʠʯʥʳʭ ʚʫʣʢʘ-

ʥʠʯʝʩʢʠʭ ʧʦʨʦʜ ʨʘʡʦʥʘ ɹʫʣʣʝʥʤʝʨʨʠ ʚ ʖʛʦ-

ɺʦʩʪʦʯʥʦʡ ɸʚʩʪʨʘʣʠʠ. ʇʨʠ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʩ 

ʧʦʣʫʯʝʥʥʳʤ ʧʝʪʨʦʣʦʛʠʯʝʩʢʠʤ ʵʪʘʣʦʥʥʳʤ 

ʨʘʟʨʝʟʦʤ ʂʄʇ ʫʯʠʪʳʚʘʣʦʩʴ ʛʣʫʙʠʥʥʦʝ ʧʦʣʦ-

ʞʝʥʠʝ ʩʦʚʨʝʤʝʥʥʦʛʦ ʩʝʡʩʤʠʯʝʩʢʦʛʦ ʨʘʟʜʝʣʘ 

ʄʦʭʦ. ɺʳʩʦʢʘʷ ʛʝʦʪʝʨʤʘ, ʧʦʩʪʨʦʝʥʥʘʷ ʧʦ 

ʛʣʫʙʠʥʥʳʤ ʢʩʝʥʦʣʠʪʘʤ ʠʟ ʚʫʣʢʘʥʠʯʝʩʢʠʭ ʧʦ-

ʨʦʜ ʵʪʦʡ ʪʝʨʨʠʪʦʨʠʠ, ʙʳʣʘ ʧʨʠʥʷʪʘ ʢʘʢ ʵʪʘ-

ʣʦʥʥʘʷ ʜʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠʡ ʩ ʛʝʦʪʝʨʤʘʤʠ ʢʦʨ-

ʥʝʚʳʭ ʯʘʩʪʝʡ ʛʨʘʥʫʣʠʪʦʚʳʭ ʪʝʨʨʝʡʥʦʚ ʜʨʫ-

ʛʠʭ ʨʝʛʠʦʥʦʚ ʤʠʨʘ. 

ɻʨʘʥʠʮʘ ʄʦʭʦ ʠ ʇɿʂʄʇ ʧʦʜ 
ʛʨʘʥʫʣʠʪʦʚʳʤʠ ʪʝʨʨʝʡʥʘʤʠ ʚ 
ɺʦʩʪʦʯʥʦʡ ɸʚʩʪʨʘʣʠʠ 

ʇʦʜ ʨʘʡʦʥʦʤ ɹʫʣʣʝʥʤʝʨʨʠ ʚ ʚʝʨʭʥʝʡ ʢʦʨʝ 

ʥʘʭʦʜʷʪʩʷ ʤʘʬʠʯʝʩʢʠʝ ʛʨʘʥʫʣʠʪʳ, ʘ ʚ ʩʨʝʜ-

ʥʝʡ ʠ ʥʠʞʥʝʡ ʢʦʨʝ ï ʛʨʘʥʫʣʠʪʳ ʚ ʩʦʯʝʪʘʥʠʠ ʩ 

ʰʧʠʥʝʣʝʚʳʤʠ ʠ ʘʤʬʠʙʦʣʦʚʳʤʠ ʣʝʨʮʦʣʠʪʘʤʠ 

ʠ ʧʠʨʦʢʩʝʥʠʪʘʤʠ. ʇʨʠ ʧʝʨʝʭʦʜʝ ʢ ʤʘʥʪʠʠ, 

ʩʣʦʞʝʥʥʦʡ ʛʨʘʥʘʪʦʚʳʤʠ ʧʝʨʠʜʦʪʠʪʘʤʠ, ʧʦ-

ʷʚʣʷʶʪʩʷ ʵʢʣʦʛʠʪʳ (OôReilly, Griffin, 1985, 

2013). ʉʢʘʯʦʢ ʩʝʡʩʤʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʠ ʧʨʠ ʧʝ-

ʨʝʭʦʜʝ ʦʪ ʢʦʨʳ ʢ ʤʘʥʪʠʠ ʩʚʷʟʳʚʘʣʩʷ ʩ ʧʦʷʚ-

ʣʝʥʠʝʤ ʥʘ ʛʨʘʥʠʮʝ ʄʦʭʦ ʧʣʦʪʥʦʡ ʤʠʥʝʨʘʣʴ-

ʥʦʡ ʬʘʟʳ ï ʛʨʘʥʘʪʘ, ʧʦʩʢʦʣʴʢʫ ʜʨʫʛʠʝ ʧʦʨʦ-

ʜʦʦʙʨʘʟʫʶʱʠʝ ʤʘʛʥʝʟʠʘʣʴʥʳʝ ʤʠʥʝʨʘʣʳ 

(ʬʦʨʩʪʝʨʠʪ, ʵʥʩʪʘʪʠʪ, ʜʠʦʧʩʠʜ) ʠʤʝʶʪ ʥʠʟ-

ʢʫʶ ʧʣʦʪʥʦʩʪʴ ʠ ʥʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʦʟʨʘʩʪʘ-

ʥʠʝ ʩʢʦʨʦʩʪʠ. ʇʦ ʩʢʦʨʦʩʪʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠ-

ʢʘʤ ʧʦʨʦʜʳ, ʩʣʦʞʝʥʥʳʝ ʵʪʠʤʠ ʤʠʥʝʨʘʣʘʤʠ 

ʚʭʦʜʷʪ ʚ ʩʦʩʪʘʚ ʢʦʨʳ ʚ ʘʩʩʦʮʠʘʮʠʠ ʩ ʛʨʘʥʫʣʠ-

ʪʘʤʠ ʠ ʧʠʨʦʢʩʝʥʠʪʘʤʠ (ʨʠʩ. 1). 
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ʈʠʩ. 1. ʀʥʪʝʨʧʨʝʪʘʮʠʷ ʩʝʡʩʤʠʯʝʩʢʠʭ ʜʘʥʥʳʭ, ʩʦʩʪʘʚʘ ʠ ʧʣʦʪʥʦʩʪʠ ʛʣʫʙʠʥʥʳʭ ʢʩʝʥʦʣʠʪʦʚ ʠʟ ʙʘʟʘʣʴʪʦʚ 

ʖʛʦ-ɺʦʩʪʦʯʥʦʡ ɸʚʩʪʨʘʣʠʠ ʩ ʧʦʩʪʨʦʝʥʠʝʤ ʵʪʘʣʦʥʥʦʛʦ ʨʘʟʨʝʟʘ ʂʄʇ (ʧʦ ʤʘʪʝʨʠʘʣʘʤ (OôReilly, Grffin, 

1985, 2013) ʩ ʫʧʨʦʱʝʥʠʷʤʠ). ʘ ï ʛʝʦʪʝʨʤʘ, ʧʦʣʫʯʝʥʥʘʷ ʧʦ ʛʨʘʥʘʪ-ʜʚʫʧʠʨʦʢʩʝʥʦʚʳʤ ʛʣʫʙʠʥʥʳʤ 

ʢʩʝʥʦʣʠʪʘʤ ʠʟ ʱʝʣʦʯʥʳʭ ʙʘʟʘʣʴʪʦʚ ɺʦʩʪʦʯʥʦʡ ɸʚʩʪʨʘʣʠʠ. ɻʝʦʪʝʨʤʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʣʝʡ 

ʢʦʤʧʣʝʢʩʦʚ ʢʣʶʯʝʚʳʭ ʬʘʟ ʧʝʨʠʜʦʪʠʪʦʚ ʠ ʧʠʨʦʢʩʝʥʠʪʦʚ (Herzberg, 1978). ɻʠʩʪʦʛʨʘʤʤʘ ʧʦʢʘʟʳʚʘʝʪ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʮʝʥʦʢ ʪʝʤʧʝʨʘʪʫʨ ʜʣʷ ʛʣʫʙʠʥʥʳʭ ʢʩʝʥʦʣʠʪʦʚ ʰʧʠʥʝʣʝʚʳʭ ʣʝʨʮʦʣʠʪʦʚ. 

ʇʨʦʝʮʠʨʦʚʘʥʠʝ ʵʪʠʭ ʪʝʤʧʝʨʘʪʫʨ ʥʘ ʵʤʧʠʨʠʯʝʩʢʫʶ ʛʝʦʪʝʨʤʫ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʪʪʦʨʞʝʥʠʠ 

ʙʦʣʴʰʠʥʩʪʚʘ ʛʣʫʙʠʥʥʳʭ ʢʩʝʥʦʣʠʪʦʚ ʩ ʛʣʫʙʠʥʳ 30ï60 ʢʤ. ʀʟ ʵʪʦʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʠʨʦʢʩʝʥʠʪʳ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʜʣʷ ʈʊ ʦʮʝʥʦʢ, ʚ ʦʩʥʦʚʥʦʤ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʤʘʥʪʠʶ, ʧʨʝʜʩʪʘʚʣʷʷ ʩʦʙʦʡ 

ʚʪʦʨʦʩʪʝʧʝʥʥʳʝ ʪʠʧʳ ʧʦʨʦʜ ʚ ʟʦʥʝ ʧʝʨʠʜʦʪʠʪʦʚ, ʦʩʦʙʝʥʥʦ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʥʘ ʛʣʫʙʠʥʝ 35ï55 ʢʤ; ʙ ï 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʝʨʠʜʦʪʠʪʦʚ ʧʦʜ ʤʝʩʪʦʥʘʭʦʞʜʝʥʠʝʤ ɹʫʣʣʝʥʤʝʨʨʠ ʖʛʦ-ɺʦʩʪʦʯʥʦʡ ɸʚʩʪʨʘʣʠʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʦʬʠʣʝʤ ʩʝʡʩʤʠʯʝʩʢʠʭ ʦʪʨʘʞʝʥʠʡ ʧʦ ʚʩʝʡ ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ʢʦʥʪʠʥʝʥʪʘ (Finlayson et al., 

1993). ɻʨʘʥʠʮʘ ʢʦʨʘïʤʘʥʪʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʘʤʳʤʠ ʥʠʟʢʠʤʠ ʦʮʝʥʢʘʤʠ ʪʝʤʧʝʨʘʪʫʨʳ/ʛʣʫʙʠʥʳ 

ʧʨʝʦʙʣʘʜʘʶʱʠʭ ʧʝʨʠʜʦʪʠʪʦʚʳʭ ʛʣʫʙʠʥʥʳʭ ʢʩʝʥʦʣʠʪʦʚ. ʕʪʠ ʦʮʝʥʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʝʨʝʜʠʥʝ ʧʘʢʝʪʘ 

ʦʪʨʘʞʝʥʠʡ ʄʦʭʦ; ʚ ï ʢʦʨʦʚʦ-ʤʘʥʪʠʡʥʘʷ ʩʪʨʘʪʠʛʨʘʬʠʷ ʧʦʜ ʤʝʩʪʦʥʘʭʦʞʜʝʥʠʝʤ ɹʫʣʣʝʥʤʝʨʨʠ, 

ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʘʷ ʧʦ ʛʣʫʙʠʥʥʳʤ ʢʩʝʥʦʣʠʪʘʤ, ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʧʨʦʬʠʣʝʤ ʩʝʡʩʤʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʠ 

(Finlayson et al., 1979). ʀʟ ʧʘʥʝʣʠ ʚ ʫʜʘʣʝʥ ʥʝʢʦʨʨʝʢʪʥʳʡ ʛʨʘʬʠʢ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʨʘʩʩʯʠʪʘʥʥʦʡ ʩʢʦʨʦʩʪʠ 

Vp ʚ ʟʦʥʝ ʂʄʇ (OôReilly, Grffin, 1985). 
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Fig. 1. Interpretation of seismic data, composition, and density of deep-seated xenoliths from basalts of South-

east Australia with the construction of a reference section of the CMT (simplified after OôReilly and Grffin 

(1985, 2013)). a ï geotherm obtained from deep-seated garnet-two-pyroxene xenoliths from alkaline basalts 

of Eastern Australia. The geotherm is determined relative to the fields of complexes of key phases of peridotites 

and pyroxenites (Herzberg, 1978). Histogram shows the distribution of temperature estimates for deep-seated 

xenoliths of spinel lherzolites. Projection of these temperatures onto the empirical geotherm indicates that the 

majority of deep-seated xenoliths were rejected from a depth of 30ï60 km. So, pyroxenites used for PT esti-

mates mainly characterize the mantle, representing minor rock types in the peridotite zone, especially numer-

ous at a depth of 35ï55 km; ʙ ï distribution of peridotites under the Bullenmerry locality in Southeast Australia 

as compared to the seismic reflection profile across the entire eastern part of the continent (Finlayson et al., 

1993). The crustïmantle boundary is defined by the lowest temperature/depth estimates of the predominant 

peridotite deep-seated xenoliths. These estimates correspond to the middle of the Moho reflection packet; ʚ ï 

crustïmantle stratigraphy under the Bullenmerry locality, defined from deep-seated xenoliths, compared with 

the seismic velocity profile (Finlayson et al., 1979). The incorrect graph of the originally calculated velocity 

Vp in the CMT zone has been removed from the figure (O'Reilly, Griffin, 1985). 

 

ɻʣʫʙʠʥʥʳʝ ʢʩʝʥʦʣʠʪʳ ʜʘʶʪ ʦʪʯʝʪʣʠʚʦ ʚʳ-

ʨʘʞʝʥʥʫʶ ʧʝʪʨʦʣʦʛʠʯʝʩʢʫʶ ʛʨʘʥʠʮʫ ʢʦʨʳ ʠ 

ʤʘʥʪʠʠ ʧʨʠʤʝʨʥʦ ʥʘ ʛʣʫʙʠʥʝ 25 ʢʤ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʧʦ ʩʝʡʩʤʠʯʝʩʢʠʤ ʜʘʥʥʳʤ ʨʘʟʜʝʣ 

ʄʦʭʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘ ʛʣʫʙʠʥʝ ʦʢʦʣʦ 50 ʢʤ 

(Finlayson et al., 1979). ɻʣʘʚʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ 

ʂʄʇ ʨʘʡʦʥʘ ɹʫʣʣʝʥʤʝʨʨʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʦʚ-

ʧʘʜʝʥʠʠ ʩʝʡʩʤʠʯʝʩʢʠ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʨʘʟʜʝʣʘ 

ʄʦʭʦ ʩ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʦʪ ʰʧʠʥʝʣʝʚʦʛʦ 

ʧʝʨʠʜʦʪʠʪʘ ʢ ʛʨʘʥʘʪʦʚʦʤʫ ʧʝʨʠʜʦʪʠʪʫ ʥʘ ʛʣʫ-

ʙʠʥʝ 55ï60 ʢʤ (ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʡ ʛʝʦ-

ʪʝʨʤʳ) ʠ ʧʨʦʷʚʣʝʥʠʝ ʧʝʪʨʦʣʦʛʠʯʝʩʢʦʡ ʩʤʝʥʳ 

ʢʦʨʦʚʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʦʤʠʥʠʨʫʶʱʠʭ ʧʦ-

ʨʦʜ ʢʠʩʣʦʛʦ-ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ ʤʘʥʪʠʡʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʜʦʤʠʥʠʨʫʶʱʠʭ ʧʝʨʠʜʦʪʠ-

ʪʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ ʨʘʟʜʝʣʘ ʄʦʭʦ. 

ɺ ʉʝʚʝʨʦ-ɺʦʩʪʦʯʥʦʤ ʂʚʠʥʩʣʝʥʜʝ ɸʚʩʪʨʘ-

ʣʠʠ ʧʦ ʛʨʘʥʘʪ-ʛʨʘʥʫʣʠʪʦʚʳʤ ʠ ʛʨʘʥʘʪ-ʧʠ-

ʨʦʢʩʝʥʠʪʦʚʳʤ ʛʣʫʙʠʥʥʳʤ ʢʩʝʥʦʣʠʪʘʤ ʠʟ 

ʢʦʤʧʣʝʢʩʘ ʪʨʝʪʠʯʥʳʭ ʱʝʣʦʯʥʳʭ ʙʘʟʘʣʴʪʦʚ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʝʦʪʝʨʤʘ, ʠʜʝʥʪʠʯʥʘʷ ʛʝʦʪʝʨʤʝ 

ʤʝʩʪʦʥʘʭʦʞʜʝʥʠʷ ɹʫʣʣʝʥʤʝʨʨʠ (Griffin et al., 

1987). ɺ ʘʩʩʦʮʠʘʮʠʠ ʛʣʫʙʠʥʥʳʭ ʢʩʝʥʦʣʠʪʦʚ 

ʥʘʭʦʜʷʪʩʷ ʜʚʫʧʠʨʦʢʩʝʥʦʚʳʝ ʛʨʘʥʫʣʠʪʳ ʠ 

ʰʧʠʥʝʣʝʚʳʝ ʣʝʨʮʦʣʠʪʳ. ɻʨʘʥʫʣʠʪʳ ʨʘʩʧʨʦ-

ʩʪʨʘʥʷʶʪʩʷ ʥʘ ʛʣʫʙʠʥʫ ʜʦ 30 ʢʤ. ɻʣʫʙʞʝ ʜʦ-

ʤʠʥʠʨʫʶʪ ʰʧʠʥʝʣʝʚʳʝ ʣʝʨʮʦʣʠʪʳ ʩ ʞʠʣʘʤʠ 

ʛʨʘʥʘʪʦʚʳʭ ʧʠʨʦʢʩʝʥʠʪʦʚ (ʨʠʩ. 2). 

 

ʈʠʩ. 2. ɻʝʦʪʝʨʤʘ ʛʣʫʙʠʥʥʳʭ ʢʩʝʥʦʣʠʪʦʚ ʠʟ 

ʱʝʣʦʯʥʳʭ ʙʘʟʘʣʴʪʦʚ ʩʝʚʝʨʦ-ʚʦʩʪʦʯʥʦʛʦ 

ʂʚʠʥʩʣʝʥʜʘ (ɸʚʩʪʨʘʣʠʷ) ʩ ʛʠʩʪʦʛʨʘʤʤʘʤʠ 

ʪʝʤʧʝʨʘʪʫʨ ʢʩʝʥʦʣʠʪʦʚ ʜʚʫʧʠʨʦʢʩʝʥʦʚʳʭ 

ʛʨʘʥʫʣʠʪʦʚ (ʛʣʫʙʦʢʘʷ ʢʦʨʘ) ʠ ʰʧʠʥʝʣʝʚʳʭ 

ʣʝʨʮʦʣʠʪʦʚ (ʧʝʪʨʦʣʦʛʠʯʝʩʢʘʷ ʚʝʨʭʥʷʷ ʤʘʥʪʠʷ) 

(Griffin  et al., 1987). ʇʨʦʝʢʮʠʷ ʵʪʠʭ ʪʝʤʧʝʨʘʪʫʨ ʥʘ 

ʛʝʦʪʝʨʤʫ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʛʨʘʥʠʮʘ ʢʦʨʳ ʠ ʤʘʥʪʠʠ 

ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʤʦʱʥʦʛʦ ʧʘʢʝʪʘ 

ʩʝʡʩʤʠʯʝʩʢʠʭ ʦʪʨʘʞʘʶʱʠʭ ʧʣʦʱʘʜʦʢ ʚ 

ʛʣʫʙʠʥʥʦʤ ʠʥʪʝʨʚʘʣʝ 27ï40 ʢʤ. 
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Fig. 2. Geotherm of deep-seated xenoliths from 

alkaline basalts of northeast Queensland (Australia) 

with temperature histograms of xenoliths of two-

pyroxene granulites (deep crust) and spinel 

lherzolites (petrological upper mantle) (Griffin et al., 

1987). The projection of these temperatures onto the 

geotherm shows that the boundary between the crust 

and mantle is located within a thick package of 

seismic reflecting planes in the depth interval of 27ï

40 km. 

ɻʨʘʥʠʮʘ ʄʦʭʦ ʠ ʇɿʂʄʇ ʧʦʜ ʉʝʚʝʨʦ-
ʂʠʪʘʡʩʢʠʤ ʢʨʘʪʦʥʦʤ ʠ ʶʛʦ-
ʟʘʧʘʜʥʳʤ ʧʦʙʝʨʝʞʴʝʤ ʂʠʪʘʷ 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʇɿʂʄʇ ʉʝʚʝʨʦ-ʂʠʪʘʡʩʢʦʛʦ 

ʢʨʘʪʦʥʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʛʣʫʙʠʥʥʳʝ ʢʩʝʥʦ-

ʣʠʪʳ ʠʟ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ ʚʩʝʛʦ ʧʘʣʝʦʟʦʷ. 

ɺ ʤʝʩʪʦʥʘʭʦʞʜʝʥʠʠ ʢʩʝʥʦʣʠʪʦʚ ʌʫʢʩʠʘʥ ʠʟ 

ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʧʦʨʦʜ ʨʘʥʥʝʛʦ ʧʘʣʝʦʟʦʷ (ʚʦ-

ʩʪʦʯʥʳʡ ʢʨʘʡ ʢʨʘʪʦʥʘ, ʧ-ʦʚ ɼʘʪʫʥʴ) ʦʧʨʝʜʝ-

ʣʝʥʳ ʤʝʪʘʛʘʙʙʨʦ ʠ ʛʨʘʥʘʪʦʚʳʝ ʧʠʨʦʢʩʝʥʠʪʳ 

ʥʝʦʘʨʭʝʷ (2.7ï2.5 ʤʣʨʜ ʣʝʪ), ʧʝʨʝʨʘʙʦʪʘʥʥʳʝ 

ʚ ʧʘʣʝʦʧʨʦʪʝʨʦʟʦʝ (ʦʢʦʣʦ 1.85 ʤʣʨʜ ʣʝʪ 

ʥʘʟʘʜ). ɺ ʙʦʣʝʝ ʤʦʣʦʜʳʭ ʬʘʥʝʨʦʟʦʡʩʢʠʭ ʤʘʛ-

ʤʘʪʠʯʝʩʢʠʭ ʪʝʣʘʭ ʫʩʪʘʥʦʚʣʝʥʳ ʛʣʫʙʠʥʥʳʝ 

ʢʩʝʥʦʣʠʪʳ ʛʨʘʥʫʣʠʪʦʚ, ʵʢʣʦʛʠʪʦʚ, ʛʥʝʡʩʦʚ ʠ 

ʘʤʬʠʙʦʣʠʪʦʚ ʪʘʢʦʛʦ ʞʝ ʚʦʟʨʘʩʪʘ ʠ ʙʦʣʝʝ ʰʠ-

ʨʦʢʦʛʦ ʚʦʟʨʘʩʪʥʦʛʦ ʩʧʝʢʪʨʘ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ 

ʨʘʟʣʠʯʘʣʠʩʴ ʢʦʤʧʣʝʢʩʳ ʘʢʢʨʝʪʠʨʦʚʘʥʥʦʡ 

ʢʦʨʳ ʠ ʧʝʨʝʨʘʙʦʪʘʥʥʦʡ ʥʠʞʥʝʡ ʢʦʨʳ (ʪʘʙʣ. 1, 

ʨʠʩ. 3). 

ɺ ʧʦʣʝ ʨʘʟʚʠʪʠʷ ʛʨʘʥʫʣʠʪʦʚ ʩʝʚʝʨʥʦʡ 

ʦʢʨʘʠʥʳ ʉʝʚʝʨʦ-ʂʠʪʘʡʩʢʦʛʦ ʢʨʘʪʦʥʘ ʥʘʭʦ-

ʜʠʪʩʷ ʨʘʡʦʥ ʍʘʥʥʫʙʳ. ɺ ʱʝʣʦʯʥʳʭ ʙʘʟʘʣʴʪʘʭ 

ʚʦʟʨʘʩʪʥʦʛʦ ʠʥʪʝʨʚʘʣʘ 22ï10 ʤʣʥ ʣʝʪ ʵʪʦʛʦ 

ʨʘʡʦʥʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʛʣʫʙʠʥʥʳʝ ʢʩʝʥʦ-

ʣʠʪʳ ʤʘʥʪʠʡʥʦʛʦ ʠ ʢʦʨʦʚʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ. 

ʇʦ ʩʢʘʯʢʫ ʩʝʡʩʤʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʠ Vp ʛʨʘ-

ʥʠʮʘ ʄʦʭʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʜʝʩʴ ʥʘ ʛʣʫʙʠʥʝ 

ʦʢʦʣʦ 40 ʢʤ. ɼʣʷ ʢʦʨʨʝʣʷʮʠʡ ʩ ʇɿʂʄʇ ʨʘʡ-

ʦʥʘ ʍʘʥʥʫʦʙʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʛʣʫʙʠʥʥʳʝ 

ʢʩʝʥʦʣʠʪʳ ʠʟ ʧʦʨʦʜ ʯʝʪʚʝʨʪʠʯʥʦʛʦ ʚʫʣʢʘʥʘ 

ʅʫʰʘʥ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʶʛʦ-ʚʦʩʪʦʯʥʦʤ 

ʢʨʘʶ ʢʨʘʪʦʥʘ, ʢʦʪʦʨʳʝ ʦʙʦʟʥʘʯʠʣʠ ʚʳʩʦʢʫʶ 

ʛʝʦʪʝʨʤʫ, ʧʦʜʦʙʥʫʶ ʛʝʦʪʝʨʤʝ ɺʦʩʪʦʯʥʦʡ ɸʚ-

ʩʪʨʘʣʠʠ. ɺ ʵʪʠʭ ʧʦʩʪʨʦʝʥʠʷʭ, ʠʤʝʚʰʠʭ ʧʨʝʜ-

ʚʘʨʠʪʝʣʴʥʳʡ ʭʘʨʘʢʪʝʨ, ʩʢʦʨʦʩʪʥʘʷ ʛʨʘʥʠʮʘ 

ʄʦʭʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʦʩʥʦʚʘʥʠʶ 10-ʢʠʣʦ-

ʤʝʪʨʦʚʦʡ ʟʦʥʳ (ʛʣʫʙʠʥʘ 35ï45 ʢʤ) ʩʤʝʰʘʥ-

ʥʳʭ ʛʨʘʥʫʣʠʪʦʚ, ʧʠʨʦʢʩʝʥʠʪʦʚ ʠ ʣʝʨʮʦʣʠʪʦʚ 

(ʨʠʩ. 4ʘ). ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ ʧʦʜʩʣʘʠʚʘʥʠʝ (ʘʥ-

ʜʝʨʧʣʵʡʪʠʥʛ) ʧʦʜʥʠʤʘʚʰʠʭʩʷ 

ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʨʘʩʧʣʘʚʦʚ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ 

ʧʦʜ ʨʘʥʝʝ ʩʫʱʝʩʪʚʦʚʘʚʰʫʶ ʢʦʨʫ ʩ ʫʚʝʣʠʯʝ-

ʥʠʝʤ ʝʝ ʤʦʱʥʦʩʪʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʦʥʠʞʝ-

ʥʠʝ ʛʨʘʥʠʮʳ ʜʦʢʘʡʥʦʟʦʡʩʢʦʡ ʢʦʨʳ ʠ ʤʘʥʪʠʠ 

ʜʦ ʝʝ ʩʦʚʨʝʤʝʥʥʦʛʦ ʫʨʦʚʥʷ (ʦʢʦʣʦ 40 ʢʤ) 

(ʨʠʩ. 4ʙ) (Chen et al., 2001; Zheng et al., 2009; 

OôReilly, Griffin , 2013). 
ʊʘʙʣʠʮʘ 1. ʈʘʟʥʦʚʠʜʥʦʩʪʠ ʧʦʨʦʜ ʛʣʫʙʠʥʥʳʭ 

ʢʩʝʥʦʣʠʪʦʚ ʠʟ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʪʝʣ ʬʘʥʝʨʦʟʦʷ 

ʉʝʚʝʨʦ-ʂʠʪʘʡʩʢʦʛʦ ʢʨʘʪʦʥʘ (Zheng, 2021) 

Table 1. Rock varieties of deep-seated xenoliths 

from Phanerozoic igneous bodies of the North 

China Craton (Zheng, 2021) 

 
 

ʅʦʜʫʣʠ ʠʟ ʙʘʟʘʣʴʪʦʚ ʍʘʥʥʫʦʙʳ ʧʨʝʜʩʪʘʚ-

ʣʝʥʳ ʰʧʠʥʝʣʝʚʳʤʠ ʣʝʨʮʦʣʠʪʘʤʠ, ʤʘʬʠʯʝ-

ʩʢʠʤʠ ʛʨʘʥʫʣʠʪʘʤʠ, ʛʨʘʥʫʣʠʪʘʤʠ ʩʨʝʜʥʝʛʦ 

ʩʦʩʪʘʚʘ ʠ ʧʠʨʦʢʩʝʥʠʪʘʤʠ (Chen et al., 2001; 

Choi et al., 2008; Wei et al., 2019). ʏʘʩʪʴ ʛʨʘ-

ʥʫʣʠʪʦʚ ʠ ʧʠʨʦʢʩʝʥʠʪʦʚ ʦʪʥʦʩʠʪʩʷ ʢ ʢʫʤʫʣʘ-

ʪʘʤ, ʜʨʫʛʘʷ ʯʘʩʪʴ ʛʨʘʥʫʣʠʪʦʚ ï ʢ ʤʘʪʝʨʠʘʣʫ 

ʥʠʞʥʝʡ ʢʦʨʳ (Choi et al., 2008; Su et al., 2020). 

ʇʦ ʩʝʡʩʤʠʯʝʩʢʠʤ ʜʘʥʥʳʤ, ʛʨʘʥʠʮʘ ʄʦʭʦ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘ ʛʣʫʙʠʥʝ 42 ʢʤ. ɺʳʰʝ ʥʝʝ 

ʥʘʭʦʜʠʪʩʷ ʟʦʥʘ ʧʝʨʝʭʦʜʘ ʢ ʢʦʨʝ ʰʠʨʠʥʦʡ 

ʦʢʦʣʦ 10 ʢʤ, ʚ ʢʦʪʦʨʦʡ ʰʧʠʥʝʣʝʚʳʝ ʣʝʨʮʦ-

ʣʠʪʳ ʘʩʩʦʮʠʠʨʫʶʪʩʷ ʩ ʤʘʬʠʯʝʩʢʠʤʠ ʛʨʘʥʫ-

ʣʠʪʘʤʠ (Chen et al., 2001). 

ʇʦ ʨʘʟʥʦʚʦʟʨʘʩʪʥʦʤʫ ʢʩʝʥʦʛʝʥʥʦʤʫ ʤʘʪʝ-

ʨʠʘʣʫ ʚ ʨʘʙʦʪʘʭ ʨʘʟʥʳʭ ʘʚʪʦʨʦʚ ʚʦʩʩʪʘʥʘʚʣʠ-

ʚʘʣʘʩʴ ʜʣʠʪʝʣʴʥʘʷ ʛʝʦʣʦʛʠʯʝʩʢʘʷ ʠʩʪʦʨʠʷ 

ʧʦʜʩʣʘʠʚʘʥʠʷ ʤʘʛʤʘʪʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ 

ʥʠʞʥʶʶ ʯʘʩʪʴ ʢʦʨʳ ʉʝʚʝʨʦ-ʂʠʪʘʡʩʢʦʛʦ ʢʨʘ-

ʪʦʥʘ. ɼʣʷ ʥʠʞʥʝʢʦʨʦʚʳʭ ʛʨʘʥʫʣʠʪʦʚʳʭ ʢʩʝ-

ʥʦʣʠʪʦʚ ʧʦʣʫʯʝʥʳ ʜʦʢʝʤʙʨʠʡʩʢʠʝ ʠ 
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ʧʘʣʝʦʟʦʡʩʢʠʝ ʜʘʪʠʨʦʚʢʠ ʠ ʠʭ ʧʨʝʦʙʣʘʜʘʶ-

ʱʠʝ ʟʥʘʯʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʤʝʟʦʟʦʷ (Wilde et 

al., 2003). ɹʦʣʝʝ ʤʦʣʦʜʳʤʠ ʜʘʪʠʨʦʚʢʘʤʠ ʢʫ-

ʤʫʣʷʪʦʚ ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʨʘʩʧʣʘʚʦʚ ʦʩʥʦʚʥʦʛʦ 

ʩʦʩʪʘʚʘ (ʦʢʦʣʦ 47 ʤʣʥ ʣʝʪ) (Zheng et al., 2009; 

Zheng, 2021) ʦʙʦʟʥʘʯʝʥʦ ʧʦʩʣʝʜʥʝʝ ʟʘʩʪʨʝʚʘ-

ʥʠʝ ʚ ʢʦʨʝ ʧʦʨʮʠʠ ʢʘʡʥʦʟʦʡʩʢʠʭ ʨʘʩʧʣʘʚʦʚ, 

ʢʦʪʦʨʘʷ ʧʨʝʜʰʝʩʪʚʦʚʘʣʘ ʠʟʚʝʨʞʝʥʠʷʤ ʚʫʣʢʘ-

ʥʠʯʝʩʢʠʭ ʧʦʨʦʜ, ʚʤʝʱʘʶʱʠʭ ʢʩʝʥʦʛʝʥʥʳʡ 

ʤʘʪʝʨʠʘʣ. ʐʠʨʦʢʠʡ ʚʦʟʨʘʩʪʥʦʡ ʜʠʘʧʘʟʦʥ ʢʦ-

ʨʦʚʦʛʦ ʢʩʝʥʦʛʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦʜʪʚʝʨʞʜʝʥ 

ʤʦʜʝʣʴʥʳʤʠ ʜʘʪʠʨʦʚʢʘʤʠ ʩʫʣʴʬʠʜʦʚ ʚ Reï

Os ʠʟʦʪʦʧʥʦʡ ʩʠʩʪʝʤʝ (Yu et al., 2007; Xu et 

al., 2008). 

 

ʈʠʩ. 3. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʟʥʦʚʦʟʨʘʩʪʥʦʡ ʘʢʢʨʝʪʠʨʦʚʘʥʥʦʡ ʢʦʨʳ (ɸ) ʠ 

ʧʝʨʝʨʘʙʦʪʘʥʥʦʡ ʥʠʞʥʝʡ ʢʦʨʳ (R) ʚ ʉʝʚʝʨʦ-ʂʠʪʘʡʩʢʦʤ ʢʨʘʪʦʥʝ (Zheng, 2021). ʇʨʠʚʝʜʝʥʳ ʜʘʪʠʨʦʚʢʠ ʚ 

ʤʣʨʜ ʠ ʤʣʥ ʣʝʪ. ʊʨʘʥʩ-ʉʝʚʝʨʦʢʠʪʘʡʩʢʠʡ ʦʨʦʛʝʥ ʨʘʟʜʝʣʷʝʪ ʟʘʧʘʜʥʳʡ ʠ ʚʦʩʪʦʯʥʳʡ ʙʣʦʢʠ ʉʝʚʝʨʦ-

ʂʠʪʘʡʩʢʦʛʦ ʢʨʘʪʦʥʘ. 

Fig. 3. Spatial distribution of unevenly-aged accreted crust (A) and reworked lower crust (R) in the North 

China Craton (Zheng, 2021). Dates are given in billions and millions of years. The Trans-North China Orogen 

separates the western and eastern blocks of the North China Craton. 
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ʈʠʩ. 4. PT ʜʠʘʛʨʘʤʤʘ (ʘ) ʠ ʨʘʟʨʝʟ ʂʄʇ (ʙ) ʚ ʨʘʡʦʥʝ ʍʘʥʥʫʦʙʳ, ʩʝʚʝʨʥʳʡ ʢʨʘʡ ʉʝʚʝʨʦ-ʂʠʪʘʡʩʢʦʛʦ 

ʢʨʘʪʦʥʘ (Chen et al., 2001; Zheng et al., 2009; OôReilly, Griffin , 2013). ʘ ï PT ʜʠʘʛʨʘʤʤʘ ʛʨʘʥʘʪ-

ʩʦʜʝʨʞʘʱʠʭ ʛʣʫʙʠʥʥʳʭ ʢʩʝʥʦʣʠʪʦʚ ʠʟ ʚʫʣʢʘʥʠʯʝʩʢʠʭ ʧʦʨʦʜ ʍʘʥʥʫʦʙʳ ʨʘʩʩʨʝʜʦʪʦʯʝʥʳ ʚʜʦʣʴ 

ʵʪʘʣʦʥʥʦʡ ʛʝʦʪʝʨʤʳ ʖʛʦ-ɺʦʩʪʦʯʥʦʡ ɸʚʩʪʨʘʣʠʠ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʧʦʢʘʟʘʥʘ ʛʝʦʪʝʨʤʘ ʅʫʰʘʥʴ. 

ɻʠʩʪʦʛʨʘʤʤʘ ʧʦʢʘʟʳʚʘʝʪ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʙʨʘʟʮʦʚ ʙʝʟ ʛʨʘʥʘʪʘ; ʙ ï ʨʝʢʦʥʩʪʨʫʠʨʦʚʘʥʥʳʡ 

ʨʘʟʨʝʟ ʢʦʨʘ-ʤʘʥʪʠʷ, ʧʦʢʘʟʳʚʘʶʱʠʡ ʨʘʟʚʠʪʠʝ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ ʢʦʨʘïʤʘʥʪʠʷ, ʧʦʩʪʨʦʝʥʥʳʡ 

ʂʘʡʥʦʟʦʡʩʢʦʝ ʥʘʢʦʧʣʝʥʠʝ ʦʩʥʦʚʥʳʭ ʨʘʩʧʣʘʚʦʚ ʥʠʞʝ ʛʨʘʥʠʮʳ ʢʦʨʳ ʠ ʤʘʥʪʠʠ, ʵʬʬʝʢʪʠʚʥʦ 

ʧʝʨʝʤʝʱʘʶʱʝʝ ʩʝʡʩʤʠʯʝʩʢʠʡ ʄʦʭʦ ʩ ʛʣʫʙʠʥʳ ʧʨʠʤʝʨʥʦ 30ï40 ʢʤ. 
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Fig. 4. PT diagram (ʘ) and KMP section (ʙ) in the Hannuoba area, northern edge of the North China Craton 

(Chen et al., 2001; Zheng et al., 2009; OôReilly and Griffin, 2013). ʘ ï PT diagram of garnet-bearing deep-

seated xenoliths from Hannuoba volcanic rocks distributed along the reference geotherm of Southeast 

Australia. The Nushan geotherm is shown for comparison. A histogram indicates the temperature distribution 

of samples without garnet; ʙ ï reconstructed crust-mantle section showing the development of the crust-mantle 

transition zone, built by the Cenozoic accumulation of basic melts below the crustïmantle boundary, 

effectively moved the seismic Moho from a depth of approximately 30ï40 km. 

ʅʠʞʥʷʷ ʢʦʨʘ ʪʝʨʨʠʪʦʨʠʠ ʙʳʣʘ ʧʦʜʨʘʟʜʝ-

ʣʝʥʘ ʥʘ ʨʘʟʥʦʚʦʟʨʘʩʪʥʳʝ ʩʣʦʠ, ʚʢʣʶʯʘʶʱʠʝ 

ʚʝʨʭʥʶʶ, ʩʨʝʜʥʶʶ ʠ ʩʘʤʫʶ ʥʠʞʥʶʶ ʯʘʩʪʠ. 

ɼʨʝʚʥʝʡʰʠʡ ʚʦʟʨʘʩʪ ʧʦʣʫʯʝʥ ʜʣʷ ʢʨʦʚʣʠ 

ʥʠʞʥʝʡ ʢʦʨʳ ʠ ʥʘʠʙʦʣʝʝ ʤʦʣʦʜʦʡ ï ʜʣʷ ʝʝ ʧʦ-

ʜʦʰʚʳ. ɺ ʥʠʞʥʝʡ ʢʦʨʝ ʧʦʜ ʚʫʣʢʘʥʦʤ ʅʫ-

ʰʘʥʴ, ʠʟʚʝʨʛʘʚʰʠʤʩʷ ʥʘ ʶʛʦ-ʚʦʩʪʦʯʥʦʤ 

ʢʨʘʶ ʉʝʚʝʨʦ-ʂʠʪʘʡʩʢʦʛʦ ʢʨʘʪʦʥʘ 0.72ï0.55 

ʤʣʥ ʣʝʪ ʥʘʟʘʜ (Zou et al., 2000), ʧʦ ʢʩʝʥʦʣʠʪʘʤ 

ʙʳʣʠ ʚʳʜʝʣʝʥʳ ʪʨʠ ʩʣʦʷ: ʚʝʨʭʥʠʡ ʬʝʣʴʟʠʯʝ-

ʩʢʠʭ ʛʨʘʥʫʣʠʪʦʚ (ʚʦʟʨʘʩʪ ʦʢʦʣʦ 2.7 ʤʣʨʜ ʣʝʪ), 

ʩʨʝʜʥʠʡ ʛʨʘʥʫʣʠʪʦʚ ʩʨʝʜʥʝʛʦ ʩʦʩʪʘʚʘ (ʚʦʟ-

ʨʘʩʪ ʦʢʦʣʦ 2.1 ʤʣʨʜ ʣʝʪ) ʠ ʥʠʞʥʠʡ ʤʘʬʠʯʝ-

ʩʢʠʭ ʛʨʘʥʫʣʠʪʦʚ (ʚʦʟʨʘʩʪ ʦʢʦʣʦ 140 ʤʣʥ ʣʝʪ) 

(Zheng, 2021) (ʨʠʩ. 5). 

 

ʈʠʩ. 5. ʈʘʟʨʝʟ ʇɿʂʄʇ ʧʦʜ ʚʫʣʢʘʥʦʤ ʅʫʰʘʥʴ (Zheng, 2021) ʚ ʤʘʩʰʪʘʙʝ ʣʠʪʦʩʬʝʨʳ (ʘ) ʠ ʥʠʞʥʝʡ ʢʦʨʳ 

(ʙ). ʈʘʟʜʝʣ ʄʦʭʦ ʥʘʭʦʜʠʪʩʷ ʥʘ ʛʣʫʙʠʥʝ 31 ʢʤ ʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʇɿʂʄʇ. ɺ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʣʠʪʦʩʬʝʨʥʦʡ 

ʤʘʥʪʠʠ ʥʘʭʦʜʷʪʩʷ ʰʧʠʥʝʣʝʚʳʝ ʧʝʨʠʜʦʪʠʪʳ (ʨʦʤʙʠʢʠ), ʩʤʝʥʷʶʱʠʝʩʷ ʥʘ ʛʣʫʙʠʥʝ 50ï53 ʢʤ ʛʨʘʥʘʪ-

ʰʧʠʥʝʣʝʚʳʤʠ ʧʦʨʦʜʘʤʠ (ʨʦʤʙʠʢʠ ʠ ʰʝʩʪʠʫʛʦʣʴʥʠʢʠ) ʠ ʛʣʫʙʞʝ ï ʛʨʘʥʘʪʦʚʳʤʠ ʧʝʨʠʜʦʪʠʪʘʤʠ 

(ʰʝʩʪʠʫʛʦʣʴʥʠʢʠ. ʇʦ 207Pb/206Pb ʜʘʪʠʨʦʚʘʥʠʶ ʚʘʣʦʚʳʭ ʩʦʩʪʘʚʦʚ ʧʦʨʦʜ ʚʫʣʢʘʥʘ ʅʫʰʘʥʴ (Rasskazov et 

al., 2020) ʠʭ ʠʩʪʦʯʥʠʢ ʦʙʨʘʟʦʚʘʣʩʷ ʦʢʦʣʦ 3.74 ʤʣʨʜ ʣʝʪ ʥʘʟʘʜ, ʪ.ʝ. ʨʘʥʴʰʝ ʧʝʨʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʢʦʨʳ 

ʧʦʜ ʚʫʣʢʘʥʦʤ. ɼʘʪʠʨʦʚʢʘ ʠʩʪʦʯʥʠʢʘ ʙʣʠʟʢʘ ʢ ʜʘʪʠʨʦʚʢʘʤ ʜʨʝʚʥʝʡʰʠʭ ʧʦʨʦʜ, ʦʙʥʘʞʝʥʥʳʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʉʝʚʝʨʦ-ʂʠʪʘʡʩʢʦʛʦ ʢʨʘʪʦʥʘ (ʩʤ. ʨʠʩ. 3). 
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Fig. 5. Section under the Nushan volcano (Zheng, 2021) on scales of the lithosphere (a) and lower crust (ʙ). 

The Moho discontinuity is located at a depth of 31 km and complies with the PZʉMT. In the upper part of the 

lithospheric mantle, there are spinel peridotites (rhombuses) that change to garnet-spinel rocks at a depth of 

50ï53 km (rhombuses and hexagons) and deeper by garnet peridotites (hexagons). From 207Pb/206Pb dating of 

the basalt compositions from the Nushan volcano (Rasskazov et al., 2020), their source was gererated about 

3.74 Ga ago, i.e. before the first transformation of the crust under the volcano. This age estimate of the source 

is close to this of the oldest rock exposed on the surface of the North China Craton (Fig. 3).

ʀʟʫʯʝʥʠʝ ʠ ʜʘʪʠʨʦʚʘʥʠʝ ʢʩʝʥʦʣʠʪʦʚ ʠʟ ʣʘʚ 

ʍʘʥʥʫʦʙʳ, ʠʟʣʠʚʰʠʭʩʷ ʦʢʦʣʦ 4 ʤʣʥ ʣʝʪ 

ʥʘʟʘʜ, ʪʘʢʞʝ ʧʦʢʘʟʘʣʦ ʚʦʟʨʘʩʪʥʫʶ ʜʠʬʬʝʨʝʥ-

ʮʠʘʮʠʶ ʧʦʨʦʜ ʪʨʝʭ ʩʣʦʝʚ ʥʠʞʥʝʡ ʢʦʨʳ 

ʇɿʂʄʇ: ʚʝʨʭʥʝʛʦ, ʬʝʣʴʟʠʯʝʩʢʠʭ ʛʨʘʥʫʣʠʪʦʚ 

(ʛʣʫʙʠʥʘ 24ï33 ʢʤ, ʚʦʟʨʘʩʪ ʦʢʦʣʦ 2.5 ʤʣʨʜ 

ʣʝʪ ʠ ʤʦʣʦʞʝ), ʩʨʝʜʥʝʛʦ, ʤʘʬʠʯʝʩʢʠʭ ʛʨʘʥʫ-

ʣʠʪʦʚ (ʛʣʫʙʠʥʘ 33ï38 ʢʤ, ʚʦʟʨʘʩʪ ʦʢʦʣʦ 2.5 

ʤʣʨʜ ʣʝʪ, ʦʢʦʣʦ 1.8 ʤʣʨʜ ʣʝʪ ʠ ʦʢʦʣʦ 140 ʤʣʥ 

ʣʝʪ) ʠ ʥʠʞʥʝʛʦ, ʧʨʝʦʙʣʘʜʘʶʱʠʭ ʛʨʘʥʫʣʠʪʦʚ ʩ 

ʫʯʘʩʪʠʝʤ ʧʠʨʦʢʩʝʥʠʪʦʚ (ʛʣʫʙʠʥʘ 38ï42 ʢʤ, 

ʚʦʟʨʘʩʪ 140ï47 ʤʣʥ ʣʝʪ). ʆʙʦʩʦʙʣʷʶʪʩʷ 

ʨʘʟʥʦʚʦʟʨʘʩʪʥʳʝ ʧʠʢʠ ʮʠʨʢʦʥʦʚ ʛʨʘʥʫʣʠʪʦʚ 

ʢʠʩʣʦʛʦ ʠ ʩʨʝʜʥʝʛʦ ʩʦʩʪʘʚʘ ʚʝʨʭʥʝʡ ʠ ʩʨʝʜ-

ʥʝʡ ʯʘʩʪʝʡ ʥʠʞʥʝʡ ʢʦʨʳ ʩ ʜʨʝʚʥʠʤʠ ʧʦʣʦʞʠ-

ʪʝʣʴʥʳʤʠ (ʤʘʥʪʠʡʥʳʤʠ) ʠ ʤʦʣʦʜʳʤʠ ʦʪʨʠ-

ʮʘʪʝʣʴʥʳʤʠ (ʢʦʨʦʚʳʤʠ) ʟʥʘʯʝʥʠʷʤʠ ʵʧʩʠʣʦʥ 

Hf. ɿʥʘʯʝʥʠʷ ʵʧʩʠʣʦʥ Hf ʮʠʨʢʦʥʦʚ ʛʨʘʥʫʣʠ-

ʪʦʚ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʧʠʨʦʢʩʝʥʠʪʦʚ ʩʘʤʦʡ 

ʥʠʞʥʝʡ ʯʘʩʪʠ ʥʠʞʥʝʡ ʢʦʨʳ ʰʠʨʦʢʦ ʚʘʨʴʠʨʫ-

ʶʪʩʷ ʠ ʥʝ ʦʙʥʘʨʫʞʠʚʘʶʪ ʚʦʟʨʘʩʪʥʳʭ ʨʘʟʣʠ-

ʯʠʡ ʧʦ ʤʘʥʪʠʡʥʳʤ ʠ ʢʦʨʦʚʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠ-

ʢʘʤ (Wei et al., 2019; Zheng, 2021) (ʨʠʩ. 6). 

 

 

ʈʠʩ. 6. ʈʘʡʦʥ ʍʘʥʥʫʦʙʳ: ʘ ï ʨʘʟʨʝʟ ʩʢʦʨʦʩʪʠ ʈ-ʚʦʣʥ, ʙ ï ʜʘʪʠʨʦʚʘʥʥʳʝ ʩʣʦʠ ʇɿʂʄʇ, ʚ ï ʧʠʢʠ 

ʜʘʪʠʨʦʚʦʢ ʮʠʨʢʦʥʦʚ ʢʩʝʥʦʣʠʪʦʚ ʥʠʞʥʝʡ ʢʦʨʳ ʠ ʛ ï ʧʠʢʠ ʟʥʘʯʝʥʠʡ ʵʧʩʠʣʦʥ Hf ʮʠʨʢʦʥʦʚ (Wei  et al., 

2019; Zheng, 2021). ʈʘʥʥʠʝ ʵʧʠʟʦʜʳ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʢʦʨʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʨʝʤʝʥʠ ʛʝʥʝʨʘʮʠʠ 

ʠʩʪʦʯʥʠʢʦʚ ʤʠʦʮʝʥʦʚʳʭ ʣʘʚ ʍʘʥʥʫʦʙʳ ʦʢʦʣʦ 2.6 ʠ 1.8 ʤʣʨʜ ʣʝʪ ʥʘʟʘʜ, ʦʧʨʝʜʝʣʝʥʥʦʤʫ 207Pb/206Pb 

ʜʘʪʠʨʦʚʘʥʠʝʤ ʚʘʣʦʚʳʭ ʩʦʩʪʘʚʦʚ ʪʦʣʝʠʪʦʚʳʭ ʙʘʟʘʣʴʪʦʚ (Rasskazov et al., 2020; Chuvashova et al., 2022). 

Fig. 6. Hannuoba area: a ï P-wave velocity section, ʙ ï dated layers of the PZKMT, ʚ ï dating peaks of zircons 

from xenoliths of the lower crust, and ʛ ï peaks of epsilon Hf values of zircons (Wei et al., 2019; Zheng, 2021). 

The early episodes of crust transformations correspond to timing generation of the Hannuoba Miocene lava 

sources about 2.6 and 1.8 Ga, determined by 207Pb/206Pb dating of bulk compositions of tholeiitic basalts 

(Rasskazov et al., 2020; Chuvashova et al., 2022). 

 

ʐʠʨʦʢʠʡ ʩʧʝʢʪʨ ʛʨʘʥʫʣʠʪʦʚʳʭ ʠ ʧʝʨʠʜʦ-

ʪʠʪʦʚʳʭ ʛʣʫʙʠʥʥʳʭ ʢʩʝʥʦʣʠʪʦʚ ʩʦʜʝʨʞʠʪʩʷ ʚ 

ʜʠʘʪʨʝʤʘʭ ʨʘʡʦʥʘ ʉʠʥʴʷʥʴ ʚʦʟʨʘʩʪʦʤ 160 

ʤʣʥ ʣʝʪ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʝʜʘʣʝʢʦ ʦʪ ʶʞʥʦʡ 

ʦʢʨʘʠʥʳ ʉʝʚʝʨʦ-ʂʠʪʘʡʩʢʦʛʦ ʢʨʘʪʦʥʘ. ɿʜʝʩʴ 

ʥʘ ʟʝʤʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʚʳʭʦʜʷʪ 

ʥʝʦʘʨʭʝʡʩʢʠʝ ʧʦʨʦʜʳ (2.85 ʤʣʨʜ ʣʝʪ). ɺ ʛʣʫ-

ʙʠʥʥʳʭ ʢʩʝʥʦʣʠʪʘʭ ʢʠʩʣʳʭ ʛʨʘʥʫʣʠʪʦʚ ʩ ʛʣʫ-

ʙʠʥʳ 15ï30 ʢʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʙʦʣʝʝ ʜʨʝʚʥʠʝ 

UïPb ʜʘʪʠʨʦʚʢʠ ʮʠʨʢʦʥʘ ʠ ʤʦʜʝʣʴʥʳʡ ʚʦʟ-

ʨʘʩʪ ʠʟʦʪʦʧʦʚ Hf ʜʦ 3.5 ʤʣʨʜ ʣʝʪ (Zheng et al., 

2004). ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʧʝʨʚʦʥʘʯʘʣʴʥʘʷ 
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ʤʝʟʦʘʨʭʝʡʩʢʘʷ ʢʦʨʘ ʫʜʘʣʷʣʘʩʴ ʚ ʥʝʦʘʨʭʝʡ-

ʩʢʦʝ ʚʨʝʤʷ ʠ ʧʦʜʩʣʘʠʚʘʣʘʩʴ ʦʩʥʦʚʥʳʤʠ ʛʨʘ-

ʥʫʣʠʪʘʤʠ ʩʥʘʯʘʣʘ 2000ï1900 ʠ 1800ï1680 

ʤʣʥ ʣʝʪ ʥʘʟʘʜ, ʘ ʟʘʪʝʤ ʦʢʦʣʦ 350 ʤʣʥ ʣʝʪ 

ʥʘʟʘʜ, ʩʧʦʩʦʙʩʪʚʫʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤʫ 

ʫʛʣʫʙʣʝʥʠʶ ʢʦʨʦ-ʤʘʥʪʠʡʥʦʡ ʛʨʘʥʠʮʳ ʥʝ 

ʤʝʥʝʝ ʯʝʤ ʥʘ 15 ʢʤ (Zheng et al.,  2008, 2012). 

ʉʝʡʩʤʠʯʝʩʢʠʡ ʨʘʟʜʝʣ ʄʦʭʦ ʦʧʨʝʜʝʣʝʥ ʫ ʦʩ-

ʥʦʚʘʥʠʷ ʨʘʩʩʣʦʝʥʥʦʡ ʟʦʥʳ ʛʣʫʙʠʥʥʦʛʦ ʠʥ-

ʪʝʨʚʘʣʘ 35ï45 ʢʤ, ʚ ʢʦʪʦʨʦʤ ʥʘʭʦʜʠʪʩʷ ʧʝʪ-

ʨʦʣʦʛʠʯʝʩʢʠʡ ʂʄʇ (ʨʠʩ. 7). 

 

ʈʠʩ. 7. ʂʦʨʦʚʦ-ʤʘʥʪʠʡʥʳʡ ʨʘʟʨʝʟ ʧʦʜ ʨʘʡʦʥʦʤ ʉʠʥʴʷʥʴ, ʥʘ ʶʞʥʦʡ ʦʢʨʘʠʥʝ ʉʝʚʝʨʦ-ʂʠʪʘʡʩʢʦʛʦ 

ʢʨʘʪʦʥʘ. ʇʦ ʨʘʙʦʪʝ (OôReilly, Grififin, 2013) ʩ ʠʟʤʝʥʝʥʠʷʤʠ. ɻʠʩʪʦʛʨʘʤʤʳ ʧʦʢʘʟʳʚʘʶʪ UïPb ʜʘʪʠʨʦʚʢʠ 

ʮʠʨʢʦʥʦʚ, ʚʳʜʝʣʝʥʥʳʭ ʠʟ ʛʨʘʥʫʣʠʪʦʚʳʭ, ʧʠʨʦʢʩʝʥʠʪʦʚʳʭ ʠ ʧʝʨʠʜʦʪʠʪʦʚʳʭ ʛʣʫʙʠʥʥʳʭ ʢʩʝʥʦʣʠʪʦʚ. ɺ 

ʥʠʞʥʶʶ ʢʦʨʫ ʠ ʨʘʩʧʦʣʦʞʝʥʥʫʶ ʧʦʜ ʥʝʡ ʚʝʨʭʥʶʶ ʤʘʥʪʠʶ ʥʝʦʜʥʦʢʨʘʪʥʦ ʧʨʦʥʠʢʘʣʠ ʤʘʛʤʘʪʠʯʝʩʢʠʝ 

ʨʘʩʧʣʘʚʳ ʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ. 

Fig. 7. Crustïmantle section under the Xinyan region, on the southern margin of the North China Craton 

(modified after OôReilly, Grififin (2013)). Histograms show UïPb dates of zircons from granulite, pyroxenite, 

and peridotite deep-seated xenoliths. Mafic igneous melts repeatedly penetrated into the lower crust and the 

upper mantle below it. 

ɺ ʙʦʣʝʝ ʧʦʟʜʥʝʤ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʦʤ ʠʩʩʣʝ-

ʜʦʚʘʥʠʠ ʢʩʝʥʦʣʠʪʦʚ ʠʟ ʤʝʟʦʟʦʡʩʢʠʭ ʜʠʘʪʨʝʤ 

ʨʘʡʦʥʘ ʉʠʥʴʷʥʴ ʩʣʦʠ ʥʠʞʥʝʡ ʢʦʨʳ ʙʳʣʠ 

ʨʘʟʜʝʣʝʥʳ ʧʦ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʠ ʚʦʟʨʘʩʪʥʳʤ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ (Zheng, 2021). ʇʦ ʧʨʝʦʙʣʘ-

ʜʘʶʱʠʤ ʚʦʟʨʘʩʪʥʳʤ ʛʝʥʝʨʘʮʠʷʤ ʮʠʨʢʦʥʦʚ ʚ 


