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Ñòåõèîìåòðè÷íûå ìèíàëû – îñíîâíûå êîìïîíåíòû ïðèðîäíûõ êëèíîïèðîêñåíîâ. Ïðåäïîëàãàëîñü, ÷òî 
îáíàðóæåííûé â ðåçóëüòàòàõ ðÿäà èññëåäîâàíèé èçáûòî÷íûé êðåìíåç¸ì â êëèíîïèðîêñåíå ðàñòâîðÿåòñÿ 
â âèäå ìèíàëà «êàëüöèåâîé ìîëåêóëû Ýñêîëà» Ca
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 (CaEs). Â ñâÿçè ñ ïðåäïîëîæåíèåì î 

âîçìîæíîñòè èñïîëüçîâàíèÿ CaEs â êà÷åñòâå èíäèêàòîðà äàâëåíèÿ, ïðåäïðèíèìàëèñü ïîïûòêè 
îïðåäåëèòü çàâèñèìîñòü ñîñòàâà íåñòåõèîìåòðè÷íûõ êëèíîïèðîêñåíîâ îò (p, t°)ïàðàìåòðîâ.

Îäíàêî â ïîñëåäóþùèõ ýêñïåðèìåíòàëüíûõ ðàáîòàõ ïðè äàâëåíèÿõ 20...30 êáàð ïîêàçàíî îòñóòñòâèå 
íåñòåõèîìåòðè÷íîñòè êëèíîïèðîêñåíîâ è óñëîæí¸ííîå ñòðîåíèå ôàçîâîé äèàãðàììû ñå÷åíèÿ äèîïñèä 
CaMgSi
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 (Di) – êàëüöèåâàÿ ìîëåêóëà Ýñêîëà Ca
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 (CaEs). Â èññëåäîâàíèÿõ ïðè àòìîñôåðíîì 

äàâëåíèè òàêæå ïðèçíàíî îøèáî÷íûì ñóùåñòâîâàíèå æàäåèòîïîäîáíîãî ìèíàëà CaEs. Óñòàíîâëåíî, 
÷òî â èññëåäóåìîì ñå÷åíèè ïðè äàííûõ óñëîâèÿõ ñóùåñòâóåò ôàçà αäèîïñèä (αDi), áëèçêàÿ ïî ñîñòàâó ê 
äèîïñèäó, îäíàêî ëèø¸ííàÿ ãëèíîç¸ìà, è êîòîðàÿ íå îòíîñèòñÿ ê òâ¸ðäûì ðàñòâîðàì êëèíîïèðîêñåíîâ 
äèîïñèäîâîãî ðÿäà. Áëàãîäàðÿ íàëè÷èþ αDi â ñå÷åíèè íàáëþäàåòñÿ ïîÿâëåíèå äîïîëíèòåëüíîé ýâòåêòèêè.

Â ñâÿçè ñ ýòèì ïðîâåäåíî ýêñïåðèìåíòàëüíîå èññëåäîâàíèå ôàçîâûõ âçàèìîîòíîøåíèé â ñå÷åíèè 
äèîïñèä CaMgSi
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 (Di) – êàëüöèåâàÿ ìîëåêóëà Ýñêîëà Ca
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 (CaEs) ïðè 10...15 êáàð, è ïîñòðîåíà 

ôàçîâàÿ äèàãðàììà â èíòåðâàëå äàâëåíèé 1 êãñ/ñì2 – 20 êáàð.Ôàçà αäèîïñèä îáíàðóæåíà. Â ñîëèäóñå 
ñîñóùåñòâóþò ôàçû An, Qtz, Cpx, αDi. Â äèîïñèäîâîé ÷àñòè ñå÷åíèÿ ïðè 10 êáàð íàáëþäàåòñÿ ïîëå òâ¸ðäûõ 
ðàñòâîðîâ êëèíîïèðîêñåíà, êîòîðîå ñìåíÿåòñÿ ôàçîâûì îáú¸ìîì Cpx+αDi. Ïëàâëåíèå ïðîèñõîäèò ïî 
ýâòåêòè÷åñêîé ðåàêöèè An+Cpx+αDi+Qtz=L ïðè òåìïåðàòóðàõ 1200...1210 °Ñ. Ïîëó÷åííûé ýâòåêòè÷åñêèé 
òðåíä õîðîøî ñîãëàñóåòñÿ ñ ðàíåå èçâåñòíûìè äàííûìè. Ñîñòàâû ñîñóùåñòâóþùèõ ôàç ñîîòâåòñòâóþò 
ñòåõèîìåòðèè

Êëþ÷åâûå ñëîâà: ôàçîâàÿ äèàãðàììà; ìèíàë; íåñòåõèîìåòðè÷íûå êëèíîïèðîêñåíû; êàëüöèåâàÿ ìîëåêóëà Ýñêîëà; 
αäèîïñèä; àíàëèç ôàçîâûõ âçàèìîîòíîøåíèé; ôàçîâûé îáú¸ì; ïëàâëåíèå; ýâòåêòè÷åñêàÿ ðåàêöèÿ; âûñîêèå 
äàâëåíèÿ; ãåîòåðìîáàðîìåòðèÿ
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Stoichiometric minals are the main components of natural clinopyroxenes. It was assumed that the excess sil
ica found in the results of some studies in clinopyroxene dissolves as the minal “calcium molecule of Escola” 
Ca0,5AlSi2O6 (CaEs). It was suggested to use the minal CaEs as a pressure indicator. So, attempts have been 
made to determine the dependence of nonstoichiometric clinopyroxenes compositions on (p, t °)parameters.

Nevertheless, the absence of clinopyroxene nonstoichiometry and complicated structure of phase diagram 
for the section diopside CaMgSi2O6 (Di) – Calcium Molecule of Escola Ca0,5AlSi2O6 (CaEs) has been shown in 
the subsequent experiment works at 20–30 kbar. In studies at 1 kgs/sm2 the existence of jadeitesimilar minal 
CaEs as incorrect has been also recognized. It has been determined that there is the phase αdiopside (αDi) in 
the investigated section. It is close in composition to diopside, does not contain alumina, and does not belong to 
clinopyroxene solid solution of diopside series. Besides, due to the presence of αDi in this section the additional 
eutectic is observed.

In this regard, a study was made of phase relations in the section of diopside CaMgSi2O6 (Di) – Calcium Mol
ecule of Escola Ca
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6
(CaEs) at pressures 10...15 kbar, and the phase diagram for 1 kgs/sm2 – 20 kbar has 

been constructed. The phase αdiopside has been found. The phases An, Qtz, Cpx, αDi coexist in a solidus. In 
the diopside part of section at 10 kbar the clinopyroxene solid solutions field is observed. It is replaced by the phase 
volume Cpx+αDi. The melting happens at the eutectic reaction An+Cpx+αDi+Qtz=L at temperatures 1200...1210  °C. 
This eutectic trend well coincides with data previously known. The compositions of coexisting phases corre
spond to stoichiometry

Key words: phase diagram; minal; nonstoichiometric clinopyroxenes; Calcium Molecule of Escola; αdiopside; analysis of 
phase relationships; phase volume; melting; eutectic reaction; high pressures; geothermobarometry

Ââåäåíèå. Ñîñòàâû òâ¸ðäûõ ðàñòâîðîâ 
êëèíîïèðîêñåíîâ îáû÷íî îïèñûâàþò 

ñòåõèîìåòðè÷íûìè ìèíàëàìè. Îòêëîíåíèÿ 
îò ñòåõèîìåòðèè áûëî ïðèíÿòî îáúÿñíÿòü 
ìèêðîâêëþ÷åíèÿìè ïîñòîðîííèõ ìèíåðàëîâ 
èëè æå îøèáêàìè àíàëèçà.

Èäåÿ ñóùåñòâîâàíèÿ æàäåèòîïîäîá
íîãî ìèíàëà Ca
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Ýñêîëîì [17]. Ðàííèå ýêñïåðèìåíòàëüíûå 
ðàáîòû ïî èçó÷åíèþ òâ¸ðäûõ ðàñòâîðîâ êëè
íîïèðîêñåíîâ îñíîâûâàëèñü íà äîïóùåíèè 
óñòîé÷èâîñòè íåñòåõèîìåòðè÷íûõ ìèíàëîâ 
[18; 19; 21]. Â ÷àñòíîñòè, ïðè èçó÷åíèè ïî
ðîä ù¸ëî÷íîçåìåëüíîé ñåðèè äëÿ îáëàñòè 
êâàðöíîðìàòèâíûõ ñîñòàâîâ íå áûë îáíà
ðóæåí ñâîáîäíûé êâàðö SiO

2
 [3; 5]. Âîçìîæ

íîñòü ðàñòâîðåíèÿ èçáûòî÷íîãî êðåìíåç¸ìà 
â êëèíîïèðîêñåíå â âèäå ìèíàëà «êàëüöèåâîé 
ìîëåêóëû Ýñêîëà» Ca
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âûñîêèõ äàâëåíèÿõ â ñèñòåìàõ CaMgSi
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 [4; 6; 8; 13–15].

Â ïîñëåäóþùèõ ýêñïåðèìåíòàëüíûõ ðà
áîòàõ [9–11; 24] ïðè äàâëåíèÿõ 20...30 êáàð 
ïîêàçàíî, ÷òî ãëèíîç¸ìèñòûå êëèíîïèðîêñå
íû ñîîòâåòñòâóþò ñòåõèîìåòðèè, à â àññîöè
àöèè ïîÿâëÿåòñÿ äîïîëíèòåëüíàÿ ôàçà (αäè
îïñèä), ñîñòàâ êîòîðîé áëèçîê ê äèîïñèäó, íî 
ñ íóëåâûì ñîäåðæàíèåì Al

2
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. Ñóùåñòâîâà

íèå αäèîïñèäà óñëîæíÿåò ñòðîåíèå ôàçîâîé 
äèàãðàììû èññëåäóåìîãî ñå÷åíèÿ ïîÿâëå
íèåì íîâîé ýâòåêòè÷åñêîé ðåàêöèè, õàðàê
òåðèçóþùåéñÿ áîëåå íèçêèìè (íà 200 °Ñ) 

òåìïåðàòóðàìè ïëàâëåíèÿ, ÷åì âñå îñòàëü
íûå ñîñòàâû â ñèñòåìå CaOMgOAl

2
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3
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Òàêæå îòìå÷åíî ïîÿâëåíèå íîíâàðèàíòíîãî 
ðàâíîâåñèÿ (αDi, Cpx, An, Qtz, L, Grt) ïðè äàâ
ëåíèè 26 êáàð.

Ñëåäóåò îáðàòèòü âíèìàíèå, ÷òî íåóñòîé
÷èâîñòü íåñòåõèîìåòðè÷íûõ êëèíîïèðîêñåíîâ 
ïðè âûñîêèõ äàâëåíèÿõ ëîãè÷íî îáúÿñíÿåò
ñÿ èõ êðèñòàëëîõèìè÷åñêèìè îñîáåííîñòÿìè 
[1]. Êîìïîíåíò «êàëüöèåâàÿ ìîëåêóëà Ýñêî
ëà» ïðåäñòàâëÿåò ñîáîé ìèíàë, àíàëîãè÷íûé 
æàäåèòó. Ïîñêîëüêó êàëüöèé ÿâëÿåòñÿ äâóõ
âàëåíòíûì êàòèîíîì, òî â ñâÿçè ñ íåîáõî
äèìîñòüþ ýëåêòðîíåéòðàëüíîñòè ñòðóêòóðû 
ìèíåðàëà, ïîëîâèíà ñòðóêòóðíûõ ïîçèöèé Ì1 
äîëæíà áûòü ñâîáîäíà. Òðóäíî ïîëàãàòü, ÷òî 
ôàçà ñ âàêàíñèåé â êðóïíîé ñòðóêòóðíîé ïîçè
öèè áóäåò óñòîé÷èâîé ïðè âûñîêèõ äàâëåíèÿõ.

Èññëåäîâàíèÿ, ïðîâåä¸ííûå ïðè äàâëå
íèè 1 êãñ/ñì2, òàêæå ïîêàçàëè àíàëîãè÷íûå 
ðåçóëüòàòû [12]: îòñóòñòâèå íåñòåõèîìåòðè÷
íîñòè ãëèíîç¸ìèñòûõ êëèíîïèðîêñåíîâ è 
íàëè÷èå ôàçû αDi.

Â ñâåòå ñêàçàííîãî âîçíèêëà çàäà÷à 
èññëåäîâàòü ôàçîâûå âçàèìîîòíîøåíèÿ 
â ñå÷åíèè äèîïñèä – Caìîëåêóëà Ýñêîëà 
â èíòåðâàëå äàâëåíèé 1 êãñ/ñì2 – 20 êáàð ñ 
öåëüþ óòî÷íèòü ñîñòàâû ñîñóùåñòâóþùèõ 
êëèíîïèðîêñåíîâ, ïðîâåðèòü óñòîé÷èâîñòü 
ôàçû αäèîïñèä è ïðîñëåäèòü íàïðàâëåíèå 
ýâòåêòè÷åñêèõ ðåàêöèé.

Â ñòàòüå èñïîëüçîâàíû ñëåäóþùèå 
îáîçíà÷åíèÿ: Di – äèîïñèä, CaEs – êàëüöèé
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ýñêîëàèòîâûé êîìïîíåíò (Ca
0,5

AlSi
2
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), 

αDi – αäèîïñèä, Cpx – ãëèíîç¸ìèñòûå 
êëèíîïèðîêñåíû äèîïñèäîâîãî ðÿäà, Qtz – 
êâàðö, An – àíîðòèò, L – ðàñïëàâ.

Ìåòîäèêà ýêñïåðèìåíòàëüíûõ èññëå
äîâàíèé. Èñõîäíûå âåùåñòâà ïðèãîòîâëåíû 
èç ïðîêàë¸ííûõ â ïëàòèíîâûõ òèãëÿõ îêèñ
ëîâ âåñîâûì ìåòîäîì ñ èñïîëüçîâàíèåì 
ðåàêòèâîâ ìàðêè Îñ. ×. Íàâåñêó áðàëè ñðàçó 
ïîñëå îñòûâàíèÿ òèãëÿ äî êîìíàòíîé òåìïå
ðàòóðû. Çàòåì ñìåñü îêèñëîâ ðàñòèðàëè â 
òâ¸ðäîñïëàâíîé ñòóïêå äî ðàçìåðîâ ç¸ðåí 
5...10 ìê è âíîâü ïðîêàëèâàëè â ïëàòèíîâîì 
òèãëå â èíòåðâàëå òåìïåðàòóð 1100...1550 °Ñ, 

íà 20...30 °Ñ íèæå òåìïåðàòóðû ïëàâëåíèÿ 
ñìåñè. Êàæäûå 10...12 ÷ ïðîêàëèâàíèå ÷åðå
äîâàëè ñ ðàñòèðàíèåì âåùåñòâà â òâ¸ðäîñ
ïëàâíîé ñòóïêå è ïðîäîëæàëè äî ïîëíîãî èñ
÷åçíîâåíèÿ èñõîäíûõ îêèñëîâ. Êîìïîíåíòû, 
ñîîòâåòñòâóþùèå ñòåõèîìåòðèè CaMgSi

2
O
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(äèîñïèä) è Ca
0,5

AlSi
2
O

6
 (êàëüöèéìîëåêóëà 

Ýñêîëà), ñìåøèâàëè â ñîîòâåòñòâóþùèõ ïðî
ïîðöèÿõ è ïîäâåðãàëè ïëàâëåíèþ ïðè òåìïå
ðàòóðàõ 1500...1620 °Ñ. Îáðàçåö çàêàëèâàëè 
îïóñêàíèåì ïëàòèíîâîãî òèãëÿ â äèñòèëëè
ðîâàííóþ âîäó. Â êîíå÷íîì èòîãå, ïîëó÷åíû 
ïðîçðà÷íûå ñòåêëà (òàáë. 1). 

Òàáëèöà 1 / Table 1

Óñëîâèÿ ïðèãîòîâëåíèÿ èñõîäíûõ âåùåñòâ / Preparation conditions of the starting materials

Íîìåð ñîñòàâà / 
Composition number

Ñîñòàâ, ìîë. % / 
Composition, mol.%

Âðåìÿ, ÷ / 
Time, hours

Òåìïåðàòóðà, °Ñ / 
Temperature, °Ñ Ðåçóëüòàò / Result

S123 Di 3 1606±10 còåêëî/glass

S151 Di
95

CaEs
5

3 1507±10 còåêëî/glass

S152 Di90CaEs10 3 1514±10 còåêëî/glass

S153 Di85CaEs15 4 1526±10 còåêëî/glass

S138 Di
80

CaEs
20

3,4 1550±10 còåêëî/glass

S115 Di70CaEs30 3,4 1529±10 còåêëî/glass

S114 Di50CaEs50 3 1514±10 còåêëî/glass

S203 Di
40

CaEs
60

4,6 1483±10 còåêëî/glass

S120 Di30CaEs70 3,5 1546±10 còåêëî/glass

S30 CaEs 3,5 1610±10 còåêëî/glass

S118 Di
90

CaEs
10

3 1520±10 còåêëî/glass

S71 Di80CaEs20 3,5 1550±10 còåêëî/glass

S1141 Di50CaEs50 3 1535±10 còåêëî/glass

S1151 Di
70

CaEs
30

3,5 1540±10 còåêëî/glass

S1201 Di30CaEs70 3,5 1540±10 còåêëî/glass

Ýêñïåðèìåíòû ïðîâîäèëè íà àïïàðàòå 
âûñîêîãî äàâëåíèÿ òèïà «ïîðøåíüöèëèíäð» 
ìåòîäîì çàêàëêè [2; 16; 24]. Â ðàáî÷èé îáú
¸ì ïîìåùàëè íàãðåâàòåëüíîå óñòðîéñòâî, 
â êà÷åñòâå ñðåäû, ïåðåäàþùåé äàâëåíèå, 
èñïîëüçîâàëè ñïðåññîâàííûé è ïðîêàë¸ííûé 
NaCl. Â ñåðåäèíó òðóá÷àòîãî ãðàôèòî
âîãî íàãðåâàòåëÿ ïîìåùàëè ïëàòèíî
âóþ àìïóëó ñ îáðàçöîì [22]. Òåìïåðàòóðó 
êîíòðîëèðîâàëè ñ ïîìîùüþ âûñîêîòî÷íîãî 
ðåãóëÿòîðà òåìïåðàòóðû ÂÐÒ3, êîòîðûé 
èìååò óñòðîéñòâî êîìïåíñàöèè êîìíàòíîé 

òåìïåðàòóðû. Äëÿ èçìåðåíèÿ òåìïåðàòóðû 
èñïîëüçîâàëè ïëàòèíàïëàòèíîðîäèåâóþ 
òåðìîïàðó (PtPtRh10). Õîëîäíûå êîíöû 
òåðìîïàðû âûâîäèëè íà ìåäíûå êîíòàêòû. 
Òåìïåðàòóðó õîëîäíûõ êîíöîâ èçìåðÿëè 
ðòóòíûì òåðìîìåòðîì ÒÀ4 ÃÎÑÒ 21673 ñ 
òî÷íîñòüþ äî 0,1 °C. Èçìåðåíèå ÝÄÑ òåðìî
ïàðû ïðîâîäèëè ñ ïîìîùüþ öèôðîâîãî âîëüò
ìåòðà ïîñòîÿííîãî òîêà Ô283. Èíòåðâàë êî
ëåáàíèÿ òåìïåðàòóðû îò çàäàííîãî çíà÷åíèÿ 
ñ ó÷¸òîì êîëåáàíèÿ êîìíàòíîé òåìïåðàòóðû 
íå ïðåâûøàë ±1 °C.
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Ñëåäóåò îòìåòèòü, ÷òî ïîñêîëüêó 
èìååò ìåñòî çíà÷èòåëüíîå òåðìè÷åñêîå 
ðàñøèðåíèå íàãðåâàòåëüíîãî óñòðîéñòâà, 
ïðè âûâîäå îïûòà â ðåæèì ñîçäàâàëè 
äàâëåíèå íà 5...6 êáàð íèæå çàäàííîãî. Ïî
ñëå ÷åãî ïîäíèìàëè òåìïåðàòóðó äî íóæíîé è 
ïðîâîäèëè êîððåêòèðîâêó äàâëåíèÿ [2].

Çàêàëêó äåëàëè ïóò¸ì âûêëþ÷åíèÿ 
íàïðÿæåíèÿ íà íàãðåâàòåëå. Ïðè ýòîì, 
òåìïåðàòóðà ïàäàëà çà 1 ñ äî 400...500 °Ñ, à 
çàòåì – äî êîìíàòíîé çà 5...7 ñ [2]. 

Èç ïîëó÷åííûõ îáðàçöîâ èçãîòàâëèâàëè 
äâóñòîðîííåïîëèðîâàííûé øëèô ñ îðèåíòè
ðîâêîé ïðåèìóùåñòâåííî âäîëü âåðòèêàëü
íîé îñè îáðàçöà. Àíàëèç ôàçîâûõ âçàèìîîò
íîøåíèé ïðîâîäèëè ïóòåì èçó÷åíèÿ øëèôà 
íà ïîëÿðèçàöèîííîì ïåòðîãðàôè÷åñêîì ìè
êðîñêîïå ÏÎËÀÌ Ë211 è Olympus BX51 ñ 
ôîòîïðèñòàâêîé. Àíàëèç ñîñòàâà ôàç ïðî
âîäèëè íà ýëåêòðîííîì ìèêðîàíàëèçàòîðå 
“ComebaxMicro” è íà ñêàíèðóþùåì ýëåê
òðîííîì ìèêðîñêîïå MIRA 3 LMU ñ ïîìîùüþ 
ñïåêòðîìåòðà ñ ýíåðãåòè÷åñêîé äèñïåðñèåé 
(ñèñòåìà ìèêðîàíàëèçà Inca Energy 450 XMax 

80 (Oxford Instruments) [7]. Äîïîëíèòåëüíî äè
àãíîñòèêó ôàç ïðîèçâîäèëè ïî ÊÐñïåêòðàì, 
ïîëó÷åííûì ñ ïîìîùüþ ÊÐñïåêòðîìåòðà 
ôèðìû JobinYVON. Ýòàëîíû ñïåêòðîâ ôàç 
èç áàçû äàííûõ Database of Raman spectros
copy, Xray diffraction and chemistry of minerals 
(http://www.rruff.info).

Ðåçóëüòàòû èññëåäîâàíèÿ. Íàèáîëåå èí
ôîðìàòèâíûì äëÿ îïðåäåëåíèÿ ñîñòàâà ôàç 
îêàçàëîñü èññëåäîâàíèå íà ñêàíèðóþùåì 
ýëåêòðîííîì ìèêðîñêîïå òèïà MIRA 3 LMU â 
ñâÿçè ñ âûñîêîé ëîêàëüíîñòüþ àíàëèçà [12].

Â ïðîäèàãíîñòèðîâàííûõ îáðàçöàõ îá
íàðóæåíû êëèíîïèðîêñåí, àíîðòèò, êâàðö, 
αäèîïñèä, ñòåêëî (ðàñïëàâ).

Ýêñïåðèìåíòû ïðîâåäåíû â èíòåðâàëå 
òåìïåðàòóð 1200…1363 °Ñ. Óñëîâèÿ ïðîâåäå
íèÿ è ðåçóëüòàòû ýêñïåðèìåíòîâ ïðèâåäåíû â 
òàáë. 2 è íà ðèñ. 1. Äàííûå ïî 20 êáàð ÷àñòè÷
íî âçÿòû èç ñòàòüè «Óñòîé÷èâîñòü è ôàçîâûå 
âçàèìîîòíîøåíèÿ íåñòåõèîìåòðè÷íûõ êëè
íîïèðîêñåíîâ â ñå÷åíèè äèîïñèä – «Caìî
ëåêóëà Ýñêîëà» ïðè âûñîêèõ äàâëåíèÿõ» [11].

Òàáëèöà 2 / Table 2

Óñëîâèÿ è ðåçóëüòàòû ýêñïåðèìåíòîâ â ñå÷åíèè DiCaEs ïðè 10...20 êáàð / 
Conditions and results of experiments in the section DiCaEs at 10...20 kbar

Íîìåð îïûòà 
/ Experiment 

number

Íîìåð ñîñòàâà 
/ Composition 

number

Èñõîäíûé 
ñîñòàâ / Initial 
composition

P, êáàð / 
Pressure, 

kbar

T,0C / 
Temperature, 

0C

t, ÷ / 
Time, 
hours

Ôàçû / Phases

P509 S152 Di90CaEs10 10 1208 17,5 Cpx, αDi, L

P510 S138 Di
80

CaEs
20

10 1208 17,5 Cpx, αDi, L

P511 S115 Di
70

CaEs
30

10 1208 17,5 Cpx, αDi, L

P478 S115 Di70CaEs30 10 1227 25 Cpx, αDi, L

P554 S1151 Di
70

CaEs
30

10 1261 7,5 Cpx, αDi, L

P558 S1151 Di
70

CaEs
30

10 1275 12 Cpx, αDi, L

P567 S1141 Di50CaEs50 10 1281 7 An, αDi, L

P568 S203 Di
40

CaEs
60

10 1281 7 An, αDi, L

P569 S1201 Di
30

CaEs
70

10 1281 7 An, αDi, L

P562 S1151 Di70CaEs30 10 1293 7,5 Cpx, αDi, L

P561 S1141 Di
50

CaEs
50

10 1293 7,5 An, αDi, L

P555 S1151 Di
70

CaEs
30

10 1301 8,5 Cpx, αDi, L

P565 S1151 Di70CaEs30 10 1335 7 Cpx, αDi, L

P564 S1141 Di
50

CaEs
50

10 1335 7 αDi, L

P487 S115 Di
70

CaEs
30

10 1363 4 αDi, L

P489 S114 Di50CaEs50 10 1363 4 αDi, L

P488 S120 Di
30

CaEs
70

10 1363 4 An, αDi, L
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Íîìåð îïûòà 
/ Experiment 

number

Íîìåð ñîñòàâà 
/ Composition 

number

Èñõîäíûé 
ñîñòàâ / Initial 
composition

P, êáàð / 
Pressure, 

kbar

T,0C / 
Temperature, 

0C

t, ÷ / 
Time, 
hours

Ôàçû / Phases

P523 S152 Di90CaEs10 12 1208 19 Cpx, An

P522 S138 Di80CaEs20 12 1208 19 Cpx, An

P521 S115 Di
70

CaEs
30

12 1208 19 Qtz, An, Cpx, αDi

P526 S152 Di90CaEs10 13 1208 16 Cpx, An

P525 S138 Di80CaEs20 13 1208 16 Cpx, An

P524 S115 Di
70

CaEs
30

13 1208 16 Qtz, An, Cpx, αDi

P536 S152 Di90CaEs10 14 1208 12 Cpx, An

P535 S138 Di80CaEs20 14 1208 12 An, Cpx

P534 S115 Di
70

CaEs
30

14 1208 12 Qtz, An, Cpx, αDi

P505 S115 Di70CaEs30 15 1171 20 Qtz, An, Cpx, αDi

P504 S138 Di80CaEs20 15 1171 20 Qtz, An, Cpx

P503 S152 Di
90

CaEs
10

15 1171 20 Qtz, An, Cpx

P499 S115 Di70CaEs30 15 1222 12 An, Cpx

P498 S138 Di80CaEs20 15 1222 12 Cpx, An

P497 S152 Di
90

CaEs
10

15 1222 12 Cpx

Ð468 S115 Di70CaEs30 20 1218 38 An, Qtz, Cpx

Ð469 S71 Di80CaEs20 20 1218 38 αDi, An

Ð470 S114 Di
50

CaEs
50

20 1218 38 Cpx, An, Qtz, αDi

Ð465 S71 Di80CaEs20 20 1300 16,5 Cpx, αDi, An, L

Ð466 S114 Di50CaEs50 20 1300 16,5 Cpx, αDi, L

Ð467 S115 Di
70

CaEs
30

20 1300 16,5 Cpx, αDi, An, L

Ð471 S71 Di80CaEs20 20 1367 9,5 Cpx, αDi, An, L

Ð472 S115 Di70CaEs30 20 1367 9,5 Cpx, αDi, An, L

Ð473 S114 Di
50

CaEs
50

20 1367 9,5 Cpx, αDi, 
(An+Qtz), L

Ð462 S71 Di
80

CaEs
20

20 1417 6,5 Cpx, αDi, 
(An+Qtz), L

Ð463 S115 Di
70

CaEs
30

20 1417 6,5 Cpx, αDi, An, L

Ð464 S114 Di50CaEs50 20 1417 6,5 Cpx, αDi, An, L

Ð474 S71 Di80CaEs20 20 1470 5,5 αDi, (An+Qtz),L

P475 S114 Di
50

CaEs
50

20 1470 5,5 Cpx, L

Ð476 S115 Di70CaEs30 20 1470 5,5 Cpx, L

Îêîí÷àíèå òàáë. 2

Ïëàâëåíèå ïðè 10 êáàð ïðîèñõîäèò â 
ýêñïåðèìåíòàõ ñî ñìåñÿìè ñ ñîäåðæàíèåì 
CaEs áîëåå 5 ìîë. % ïðè òåìïåðàòóðàõ âûøå 
1200 °Ñ. Ñ óâåëè÷åíèåì äàâëåíèÿ ïîâûøàåò
ñÿ è òåìïåðàòóðà ýâòåêòèêè ñîñòàâîâ. Â ñî
ëèäóñå îáíàðóæåíû Cpx, An, αDi, Qtz. Êâàðö 
ïðåäñòàâëåí êàê êðóïíûìè îäèíî÷íûìè êðè

ñòàëëàìè, òàê è òåñíûìè ñðàñòàíèÿìè ñ àíîð
òèòîì è êëèíîïèðîêñåíîì. Ôàçà αäèîïñèä 
òàêæå îáðàçóåò òåñíûå ñðàñòàíèÿ ñ äðóãèìè 
ôàçàìè. 

Èçáðàííûå àíàëèçû ñîñòàâà ôàç, 
ïîëó÷åííûå íà ñêàíèðóþùåì ýëåêòðîííîì 
ìèêðîñêîïå, ïðèâåäåíû â òàáë. 3.
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Òàáëèöà 3 / Table 3

Èçáðàííûå ñîñòàâû ôàç èç ýêñïåðèìåíòîâ / Selected phase compositions from the experiments

Íîìåð îïûòà / 
Experiment 

number

Ôàçà / 
Phase

Àíàëèç ôàçû, ìàññ. % / 
Phase analyses, mass. %

Ïåðåñ÷¸ò, ìîë. % / 
Recalculation, mol. %

CaO MgO Al2O3 SiO2

Ñóììà / 
Total CaO MgO Al2O3 SiO2

P488 αDi 25,42 19,02 – 56,16 100,6 24,37 25,37 0 50,25

P488 L 20,09 3,32 16,97 59,41 99,79 22,45 5,162 10,43 61,96

P509 Cpx 22,64 17,3 7,33 51,94 99,21 22,82 24,26 4,063 48,86

P558 L 18,34 3,02 17,19 60,63 99,18 20,7 4,743 10,67 63,88

P558 Cpx 24,91 16,4 6,05 52,95 100,3 24,79 22,71 3,312 49,19

P558 αDi 25,51 18,87 0 56,16 100,5 24,49 25,2 0 50,31

P569 αDi 25,17 18,61 – 55,54 99,32 24,46 25,16 0 50,38

P569 Cpx 23,72 17,26 2,08 57,04 100,1 23,23 23,52 1,12 52,13

P562 L 18,16 4,53 16,72 60,48 99,89 20,15 6,995 10,21 62,65

P562 Cpx 24,15 17,69 3,61 54,66 100,1 23,73 24,19 1,951 50,13

P562 αDi 25,49 18,81 – 56,09 100,4 24,51 25,16 0 50,33

P521 Cpx 24,89 17,4 2,53 56,8 101,6 24,05 23,39 1,344 51,22

P521 An 19,2 – 38,81 43,02 101 23,79 0 26,45 49,76

P521 αDi 25,8 18,79 0 57,04 101,6 24,53 24,86 0 50,61

P499 Cpx 22,77 19,77 2,57 54,9 100 22,12 26,72 1,373 49,78

P468 αDi 25,03 18,9 0 55 98,93 24,38 25,62 0 50

Ðèñ. 1. Ôàçîâàÿ äèàãðàììà ñå÷åíèÿ DiCaEs ïðè 10 êáàð/ 
Fig. 1. Phase diagram of the section DiCaEs at 10 kbar
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Ñîñòàâ ãëèíîç¸ìèñòîãî êëèíîïèðîêñå
íà ñîîòâåòñòâóåò ñòåõèîìåòðè÷íûì ñîîò
íîøåíèÿì. Â ñîñòàâå ôàçû αDi îòìå÷åíî äî 
5  ìîë. % ýíñòàòèòîâîãî êîìïîíåíòà.

Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ 
ïîñòðîåíà ôàçîâàÿ äèàãðàììà ñå÷åíèÿ 
Di – CaEs ïðè 10 êáàð (ðèñ. 1). Â ñîëèäóñå 
ñîñóùåñòâóþò ôàçû An, Cpx, αDi, Qtz. Ïëàâ
ëåíèå ïðîèñõîäèò ïî ýâòåêòè÷åñêîé ðåàêöèè 
An+Cpx+αDi+Qtz=L ïðè òåìïåðàòóðàõ âûøå 
1200 °Ñ â îáú¸ìå ñîñòàâîâ ÷åòûð¸õêîìïîíåíò
íîé ñèñòåìû CaOMgOAl

2
O

3
SiO

2
. Â äèîïñè

äîâîé ÷àñòè ñå÷åíèÿ âûÿâëåíî ïîëå òâ¸ðäûõ 
ðàñòâîðîâ ãëèíîç¸ìèñòûõ êëèíîïèðîêñåíîâ, 
êîòîðîå ñ óâåëè÷åíèåì CaEsêîìïîíåíòà 
ñìåíÿåòñÿ ôàçîâûì îáú¸ìîì Cpx+αDi.

Îáñóæäåíèå ðåçóëüòàòîâ. Ïîëó÷åííûå 
â íàøåé ðàáîòå ðåçóëüòàòû ïî èññëåäîâà
íèþ ôàçîâûõ âçàèìîîòíîøåíèé äèîïñèä – 
Caìîëåêóëà Ýñêîëà ñîãëàñóþòñÿ ñ äàííûìè 
ïðåäûäóùèõ èññëåäîâàíèé ïðè 20...30 êáàð 
[11], à òàêæå ïðè 1 êãñ/ñì2 [12]. Ïîäòâåðæäåíà 
óñòîé÷èâîñòü ôàçû αäèîïñèä. 

Ïî äàííûì ÊÐñïåêòðîìåòðà ñòðóêòóðà 
αäèîïñèäà ïðåäïîëîæèòåëüíî îòâå÷àåò 
ñòðóêòóðå ÷èñòîãî äèîïñèäà [23] (ðèñ. 2). 
Îäíàêî íàáëþäàåòñÿ íåáîëüøîå îòêëîíåíèå 
ïî ñîñòàâó αäèîïñèäà îò òâ¸ðäûõ ðàñòâî
ðîâ êëèíîïèðîêñåíîâ äèîïñèäîâîãî ðÿäà, 
÷òî ñâèäåòåëüñòâóåò î ðàçðûâå ñìåñèìî
ñòè. Íà ðèñ. 3 êà÷åñòâåííî ïîêàçàíà òî÷êà 

Íîìåð îïûòà / 
Experiment 

number

Ôàçà / 
Phase

Àíàëèç ôàçû, ìàññ. % / 
Phase analyses, mass. %

Ïåðåñ÷¸ò, ìîë. % / 
Recalculation, mol. %

CaO MgO Al
2
O

3
SiO

2

Ñóììà / 
Total CaO MgO Al

2
O

3
SiO

2

P468 Cpx 25,79 16,88 6,93 51,72 101,3 25,44 23,17 3,76 47,62

P467 Cpx 24,54 17,37 5,91 52,16 99,98 24,38 24,01 3,23 48,37

P467 αDi 26,08 18,55 0,018 55,36 100 25,18 24,92 0,01 49,89

P466 αDi 24,98 19,44 0 55,64 100,06 24,03 26,02 0 49,95

P466 Cpx 21,07 21,06 4,92 53,1 100,2 20,53 28,55 2,636 48,29

P466 L 18,99 6,88 15,12 58,15 99,14 20,83 10,5 9,123 59,54

P471 αDi 24,92 19,42 0 55,02 99,36 24,13 26,16 0 49,71

P471 Cpx 25,05 16,33 5,96 52,67 100 25 22,67 3,271 49,06

P462 αDi 24,36 19,97 0 55,84 100,17 23,36 26,65 0 49,99

P462 Cpx 25,09 16,22 5,85 52,98 100,1 25,01 22,5 3,207 49,29

P462 L 21,09 3,66 14,93 59,52 99,2 23,45 5,662 9,129 61,76

P474 αDi 24,67 18,97 0 55,09 98,73 24,07 25,76 0 50,17

Îêîí÷àíèå òàáë. 3

αäèîïñèäà, ëåæàùàÿ íåïîñðåäñòâåííî íà 
ëèíèè EnWoll, ñ ñîäåðæàíèåì ýíñòàòè
òîâîãî êîìïîíåíòà äî 5 ìîë. %. Òâ¸ðäûå 
ðàñòâîðû êëèíîïèðîêñåíîâ õàðàêòåðèçóþòñÿ 
íåäîñòàòêîì SiO

2
 è ñìåùåíèåì ïî ñîñòàâó â 

ñòîðîíó ôîðñòåðèòîâîãî êîìïîíåíòà. Òàêèì 
îáðàçîì, ïîëó÷åííûå äàííûå ñîâïàäàþò ñ 
ðåçóëüòàòàìè È. Êóøèðî [21].

Ïðèñóòñòâèå αäèîïñèäà ïîçâîëÿåò 
îáúÿñíèòü àíîìàëüíî íèçêèå òåìïåðàòóðû 
ïëàâëåíèÿ ñîñòàâîâ â äàííîé îáëàñòè ñå÷å
íèÿ è ïîÿâëåíèå äîïîëíèòåëüíîé ýâòåêòè
êè. Ýâòåêòè÷åñêèé òðåíä An+Cpx+αDi+Qtz=L 
ñîâïàäàåò ñ ïîëó÷åííûì òðåíäîì ïðè 
20 êáàð [11] (ðèñ. 4). 

Ïðè ïîâûøåíèè äàâëåíèÿ íàáëþäàåò
ñÿ ñìåíà àññîöèàöèè ãëèíîç¸ìèñòûõ êëè
íîïèðîêñåíîâ ñ àíîðòèòîì íà àññîöèàöèè ñ 
ãðàíàòîì, ÷òî õîðîøî ñîãëàñóåòñÿ ñ èçâåñò
íûìè ðàíåå äàííûìè [8; 20]. Óñòîé÷èâîñòü 
αäèîïñèäà ïîçâîëÿåò ïðîäîëæèòü ñåðèþ 
ýâòåêòèê äî àòìîñôåðíîãî äàâëåíèÿ. Óñòà
íîâëåííûé òðåíä ýâòåêòè÷åñêèõ ðåàêöèé ñ 
ó÷àñòèåì aäèîïñèäà ïðåäñòàâëÿåò ñîáîé 
îäèí èç âîçìîæíûõ ïóòåé ýâîëþöèè êâàðö
íîðìàòèâíûõ ñîñòàâîâ èç ãëóáèí ìàíòèè ê 
ïîâåðõíîñòè. Ïîíèæåíèå òåìïåðàòóð ïëàâ
ëåíèÿ (ïî÷òè íà 200 °Ñ) äà¸ò õèìè÷åñêèé 
ìåõàíèçì íàêîïëåíèÿ áîëüøèõ îáú¸ìîâ 
àëþìîñèëèêàòíûõ ðàñïëàâîâ, íåîáõîäèìûé 
äëÿ ôîðìèðîâàíèÿ êðóïíûõ èíòðóçèâîâ.
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Ðèñ. 2. ÊÐñïåêòðû ôàç αDi (îïûò P534) è Di (ýòàëîí, äàííûå èç [24] )/ 
Fig. 2. KRspectra of phases αDi (experiment P534) and Di (standard from [24] )

Ðèñ. 3. Ñõåìà ñîîòíîøåíèÿ òâ¸ðäûõ ðàñòâîðîâ ãëèíîç¸ìèñòûõ êëèíîïèðîêñåíîâ è αäèîïñèäà 
â ïëîñêîñòè ñîñòàâîâ ýíñòàòèòâîëëàñòîíèòSiO

2  
/ Fig. 3. Correlation scheme of aluminous clinopyroxene 

solid solutions and αdiopside at the plane of enstatitewollastonitesilica compositions



Âåñòíèê ÇàáÃÓ. 2019. Ò. 25. ¹ 7                                                                              Íàóêè î Çåìëå

14

Ðèñ. 4. Ýâòåêòè÷åñêèå ðåàêöèè ñ ó÷àñòèåì αäèîïñèäà/ Fig. 4. Eutectic reactions involving αdiopside

Âûâîäû. Íà îñíîâàíèè ïîëó÷åííûõ â 
íàøåé ðàáîòå äàííûõ è ðåçóëüòàòîâ ïðåäû
äóùèõ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ïî
ñòðîåíà ñõåìà ôàçîâîé äèàãðàììû ñå÷åíèÿ 
äèîïñèä – Caìîëåêóëà Ýñêîëà â èíòåðâàëå 
äàâëåíèé 1 êãñ/ñì2 – 20 êáàð. Â ñîëèäóñå ñî
ñóùåñòâóþò αäèîïñèä, àíîðòèò, êâàðö è ãëè
íîç¸ìèñòûé êëèíîïèðîêñåí. Ñîñòàâû ôàç ñî
îòâåòñòâóþò ñòåõèîìåòðèè.

Â ñå÷åíèè ïëàâëåíèå ïðîèñõîäèò ïî ýâ
òåêòè÷åñêîé ðåàêöèè An+Cpx+αDi+Qtz=L, ÷òî 
êîððåëèðóåòñÿ ñ ðåçóëüòàòàìè èññëåäîâàíèé 

ïðè 20 êáàð è àòìîñôåðíîì äàâëåíèè. Â èí
òåðâàëå äàâëåíèé 10...20 êáàð òåìïåðàòóðà 
ýâòåêòèêè âîçðàñòàåò îò 1200 äî 1250 °Ñ.

Òàêèì îáðàçîì, ïðîâåä¸ííûå èññëåäî
âàíèÿ â ñî÷åòàíèè ñ ðàíåå ïîëó÷åííûìè äàí
íûìè ïðè äàâëåíèÿõ 20...30 êáàð è 1 êãñ/ñì2, 
ïîçâîëÿþò ñäåëàòü îäíîçíà÷íûé âûâîä îá 
îòñóòñòâèè òâ¸ðäûõ ðàñòâîðîâ êëèíîïèðîê
ñåíîâ, ñîäåðæàùèõ èçáûòî÷íûé êðåìíåç¸ì, 
à òàêæå ñâèäåòåëüñòâóþò îá óñòîé÷èâîñòè 
ôàçû αäèîïñèä.
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