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 Îïèñûâàåòñÿ âîçìîæíîñòü äèàãíîñòèðîâàòü óñëîâèÿ îáðàçîâàíèÿ ìèíåðàëüíûõ àññîöèàöèé â çíà÷åíè­
ÿõ òåìïåðàòóð è äàâëåíèé, âû÷èñëÿåìûõ ïî ïðîöåíòíîìó ñîîòíîøåíèþ ìèíàëîâ ýíñòàòèòà è Ca­÷åðìà­
êèòà â ìèíåðàëå êëèíîïèðîêñåíå. Çàäà÷à èìååò è îáðàòíîå ðåøåíèå – ñîñòàâ êëèíîïèðîêñåíà â ñèñòåìå 
CaO­MgO­Al2O3­SiO2 îïðåäåëÿåòñÿ êîíêðåòíûìè çíà÷åíèÿìè òåìïåðàòóð è äàâëåíèé.

Ìèíåðàë êëèíîïèðîêñåí âñòðå÷àåòñÿ âî âñåõ òèïàõ ãëóáèííûõ ïîðîä, èìååò âàðèàöèè ñîñòàâà, ÷òî 
äåëàåò åãî óíèâåðñàëüíûì èíäèêàòîðîì ôèçèêî­õèìè÷åñêèõ óñëîâèé îáðàçîâàíèÿ ìèíåðàëüíûõ àññî­
öèàöèé. Àíàëèç îáðàçöîâ ëåðöîëèòîâ Ñåâåðíîãî Ëåñîòî äåìîíñòðèðóåò ñòðîãóþ çàêîíîìåðíîñòü èçìå­
íåíèÿ ñîñòàâà êëèíîïèðîêñåíà â çàâèñèìîñòè îò çíà÷åíèé òåìïåðàòóð è äàâëåíèé. 

Ïðåäñòàâëåíû äàííûå ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé ôàçîâûõ âçàèìîîòíîøåíèé Cpx – Gr (êëè­
íîïèðîêñåí – ãðàíàò) ìîäåëüíîé ñèñòåìû CaO­MgO­Al2O3­SiO2 â äèàïàçîíå äàâëåíèé 12…30 êáàð è òåì­
ïåðàòóð 1325…1650 °C. Ñîñòàâû, ïîëó÷åííûå â ëàáîðàòîðíûõ óñëîâèÿõ íà àïïàðàòå âûñîêèõ äàâëåíèé 
òèïà «ïîðøåíü­öèëèíäð», ïðè çíà÷åíèÿõ äàâëåíèé è òåìïåðàòóð, áëèçêèõ ê óñëîâèÿì îáðàçîâàíèÿ ëåð­
öîëèòîâ, ñîõðàíÿþò íàçâàííóþ çàêîíîìåðíîñòü. Âûÿâëåíî ñóùåñòâåííîå èçìåíåíèå ñîñòàâîâ êëèíîïè­
ðîêñåíà â çàâèñèìîñòè îò òåìïåðàòóðû è äàâëåíèÿ.

Ïðåäñòàâëåíà ïîëèíîìèàëüíàÿ çàâèñèìîñòü ñîñòàâà êëèíîïèðîêñåíîâ îò äàâëåíèÿ è òåìïåðàòóðû. 
Ðàñ÷åò ïîëèíîìèàëüíîé çàâèñèìîñòè ñîñòàâîâ êëèíîïèðîêñåíîâ îò òåìïåðàòóðû è äàâëåíèÿ îêàçàëñÿ 
ñïðàâåäëèâ è äëÿ äàííûõ äðóãèõ àâòîðîâ. Îíè õîðîøî ñîãëàñóþòñÿ è äîïîëíÿþò âûáîðêó; çàêîíîìåð­
íîñòü, ïðåäñòàâëåííàÿ â âèäå ïîëèíîìà, ïðè ýòîì ñîõðàíÿåòñÿ

Êëþ÷åâûå ñëîâà: ôàçîâàÿ äèàãðàììà; ãåîòåðìîáàðîìåòðèÿ; ìèíàë; ãðàíàòîâûå ëåðöîëèòû; àíàëèç ôàçîâûõ âçàè­
ìîîòíîøåíèé; ôàçîâîå ðàâíîâåñèå; ïëàâëåíèå; ýâòåêòè÷åñêàÿ ðåàêöèÿ; âûñîêèå äàâëåíèÿ; ïîëèíîì

The possibility of diagnosing the conditions for the formation of mineral associations in terms of temperature 
and pressure values, which, in turn, can be calculated by the enstatite and Ca­chermakite minals percentage in 
the clinopyroxene is described in this article. This problem has an inverse solution as well – the clinopyroxene 
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composition in the CaO­MgO­Al
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 system is determined by the unique values of temperatures and pres­

sures.
The clinopyroxene is found in all types of deep­seated rocks and also has the broadest composition varia­

tions, which makes it a universal physicochemical conditions indicator for the formation of mineral associations. 
Analysis of the Northern Lesotho lherzolites samples demonstrates the strict pattern of changes in the clinopy­
roxene composition depending on the values of temperatures and pressures. The experimental studies data of 
the Cpx – Gr (clinopyroxene – garnet) phase relationships of the CaO­MgO­Al
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 model system are pre­

sented in the pressure range 12…30 kbar and temperatures 1325…1650 ° C. The compositions retaining this pat­
tern was obtained in our laboratory conditions on a piston­cylinder type high­pressure apparatus, at pressures 
and temperatures close to the conditions for the formation of lherzolites. It consists in increasing the enstatite 
and Ca­chermakite components percentage with temperature rise and their decrease with pressure rise. Thus, a 
significant change in clinopyroxene compositions both as a function of temperature, and pressure was revealed.

The polynomial dependence of the clinopyroxene composition on pressure and temperature is presented. 
The polynomial dependence calculation of clinopyroxene compositions on temperature and pressure turned out 
to be valid for data of other authors. They are in good agreement and complement our data sampling, and the 
pattern presented in the form of a polynomial is preserved

Key words: phase diagram; geothermobarometry; minal; garnet lherzolites; analysis of phase relationships; 
phase equilibrium; melting; eutectic reaction; high pressures; polynomial

Ââåäåíèå. Óñòàíîâëåíèå ñòðàòèôèêàöèè 
ãëóáèííûõ êñåíîëèòîâ íà îñíîâå ïàëå­

îãåîòåðìîáàðîìåòðè÷åñêèõ ïîñòðîåíèé 
ïðåäñòàâëÿåò ñîáîé îäíó èç âàæíåéøèõ 
çàäà÷ ïåòðîëîãèè. Íå ñìîòðÿ íà èíòåðåñ ê 
äàííîé ïðîáëåìå, ê íàñòîÿùåìó âðåìåíè 
ñóùåñòâóåò îãðàíè÷åííîå êîëè÷åñòâî ïî­
ïûòîê ïîñòðîåíèÿ ïàëåîãåîòåðìû íà îñíî­
âå ìèíåðàëîãè÷åñêèõ ãåîòåðìîáàðîìåòðîâ. 
Íàèáîëåå óñïåøíîé ïîäîáíîé ðàçðàáîò­
êîé ÿâëÿåòñÿ ëåðöîëèòîâàÿ ïàëåîãåîòåðìà, 
ïîñòðîåííàÿ Ô. Ð. Áîéäîì äëÿ êîëëåêöèè 
êñåíîëèòîâ ãðàíàòîâûõ ëåðöîëèòîâ èç êèì­
áåðëèòîâ Ñåâåðíîãî Ëåñîòî [8]. Äàííàÿ ïà­
ëåîãåîòåðìà õàðàêòåðèçóåòñÿ íàëè÷èåì äâóõ 
âåòâåé è èçëîìà, ÷òî îòðàæåíî íà ðèñóíêå 
(êðèâàÿ 2). Íèçêîòåìïåðàòóðíàÿ âåòâü, îáðà­
çîâàííàÿ òðåíäîì èç Ð­Ò óñëîâèé (Ð – äàâëå­
íèå, T – òåìïåðàòóðà) äëÿ êñåíîëèòîâ ãðàíà­
òîâûõ ëåðöîëèòîâ ñ ãðàíóëÿðíîé ñòðóêòóðîé, 
ïðîòÿãèâàåòñÿ ïî÷òè ïàðàëëåëüíî òàê íàçû­
âàåìîé ùèòîâîé ãåîòåðìå, ðàññ÷èòàííîé 
Ñ. Ï. Êëàðêîì è À. Å. Ðèíãâóäîì äëÿ äðåâíèõ 
äîêåìáðèéñêèõ ùèòîâ [9], è ðàñïîëîæåíà 
íåñêîëüêî íèæå åå ïî òåìïåðàòóðå. Âòîðàÿ 
(âûñîêîòåìïåðàòóðíàÿ) âåòâü îáðàçîâàíà 
òðåíäîì èç Ð­Ò óñëîâèé êñåíîëèòîâ ñ êàòà­
êëàçèðîâàííîé ñòðóêòóðîé. Îíà ðàñïîëîæåíà 
â îáëàñòè áîëåå âûñîêèõ òåìïåðàòóð è èìå­
åò áîëåå êðóòîé íàêëîí. Ñîåäèíÿÿñü, ýòè äâå 
âåòâè îáðàçóþò èçëîì. 

Äëÿ îïðåäåëåíèÿ òåìïåðàòóðû 
Ô. Ð. Áîéä èñïîëüçîâàë Ca/(Ca+Mg) ñîîòíî­
øåíèå â êëèíîïèðîêñåíå, êîòîðîå ïðîêàëè­

áðîâàíî ïðè äàâëåíèè 30 êáàð [8]. Âëèÿíèå 
äàâëåíèÿ íà ýòî ñîîòíîøåíèå íå ó÷èòûâà­
ëîñü. Ïîýòîìó, â çàâèñèìîñòè îò âåëè÷èíû 
äàâëåíèÿ, ïðîèñõîäèò çàíèæåíèå îöåíèâàå­
ìûõ òåìïåðàòóð íà 20…80 °C. È. Ä. ÌàêÃðåãîð 
îïðåäåëÿë âåëè÷èíû äàâëåíèÿ ñ èñïîëüçîâà­
íèåì ýêñïåðèìåíòàëüíûõ äàííûõ ïî ñîäåð­
æàíèþ ãëèíîçåìà â îðòîïèðîêñåíå ñèñòåìû 
MgO­Al
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2 
[11]. Â ïîñëåäóþùèõ ýêñïå­

ðèìåíòàëüíûõ èññëåäîâàíèÿõ ïîêàçàíî, ÷òî 
êàëüöèåâûé è æåëåçèñòûé êîìïîíåíòû çíà­
÷èòåëüíî ñíèæàþò ðàñòâîðèìîñòü ãëèíîçåìà 
â îðòîïèðîêñåíå, ÷òî ïðèâîäèò ê çàâûøåíèþ 
îöåíèâàåìîãî äàâëåíèÿ. 

Ïîçäíåå ëåðöîëèòîâàÿ ïàëåîãåîòåðìà 
ïîäðîáíî ïðîàíàëèçèðîâàíà ñ ïîìîùüþ äðó­
ãèõ ãåîòåðìîáàðîìåòðîâ è ãåîòåðìîìåòðîâ, 
ó÷òåíû íåêîòîðûå íåäîñòàòêè ãåîòåðìîáàðî­
ìåòðè÷åñêèõ çàâèñèìîñòåé [4; 6]. Â çàâèñè­
ìîñòè îò õàðàêòåðà èñïîëüçóåìûõ ãåîòåðìî­
ìåòðîâ è ãåîáàðîìåòðîâ, äðóãèõ äîïóùåíèé, 
ïîëîæåíèå ïàëåîãåîòåðìû íåñêîëüêî ñìå­
ùàëîñü, îäíàêî ïðèíöèïèàëüíàÿ êàðòèíà íå 
ïðåòåðïåâàëà çàìåòíûõ èçìåíåíèé. Ïðèáëè­
çèòåëüíî ñîõðàíÿëñÿ èíòåðâàë âû÷èñëÿåìûõ 
Ð­Ò óñëîâèé è ÿâñòâåííî îáíàðóæèâàëñÿ èç­
ëîì ãåîòåðìû. Ïðè äåòàëüíîì ðàññìîòðåíèè 
èçëîì îò÷åòëèâî âûðàæåí â òåõ ñëó÷àÿõ, êîãäà 
â êà÷åñòâå ãåîòåðìîáàðîìåòðà èñïîëüçîâàí 
êàêîé­ëèáî âàðèàíò ðàñòâîðèìîñòè ãëèíî­
çåìà â îðòîïèðîêñåíå. Âîçíèêàåò âîïðîñ îá 
èñïîëüçîâàíèè äðóãèõ ãåîòåðìîáàðîìåòðè­
÷åñêèõ çàâèñèìîñòåé äëÿ ïðîâåðêè êîíôèãó­
ðàöèè ëåðöîëèòîâîé ïàëåîãåîòåðìû Áîéäà.



Âåñòíèê ÇàáÃÓ. 2020. Ò. 26. ¹ 2                                                                              Íàóêè î Çåìëå

16

Óñëîâèÿ ôîðìèðîâàíèÿ ãðàíàòîâûõ ëåðöîëèòîâ ïî îáðàçöàì Ñåâåðíîãî Ëåñîòî: 1 – ãðàíèöà ïåðåõîäà ãðàôèò­àëìàç 
[10]; 2 – ëåðöîëèòîâàÿ ãåîòåðìà [8], 3 – êîíòèíåíòàëüíàÿ ãåîòåðìà, ðàññ÷èòàííàÿ äëÿ òåïëîâîãî ïîòîêà 40 ìÂò ґ ì­2 
(ãåîòåðìà «40 ìÂò ґ ì­2») [14]; 4 – ùèòîâàÿ ãåîòåðìà [9] / Formation conditions of garnet lherzolites based on samples 
from Northern Lesoto: 1 – boundary of the graphite­diamond transition [10], 2 – lherzolite geotherm [8], 3 – continental 

geotherm calculated for heat flow of 40 (40 mW ґ m­2 geotherm) [14], 4 – shield geotherm [9]

Äëÿ ãåîòåðìîáàðîìåòðèè ëåðöîëèòîâî­
ãî ïàðàãåíåçèñà íàèáîëåå ïîäõîäèò àññîöè­
àöèÿ Cpx+Opx+Gr, êîòîðàÿ ÿâëÿåòñÿ àíàëî­
ãîì öåëîé ñåðèè ãëóáèííûõ ïîðîä, òàêèõ êàê 
ãðàíàòîâûå ïèðîêñåíèòû, ãðàíàòîâûå ëåð­
öîëèòû (ïëþñ îëèâèí). Â ñèñòåìå CaO­MgO­
Al

2
O

3
­SiO

2
 àññîöèàöèÿ Cpx+Opx+Gr ÿâëÿåòñÿ 

äèâàðèàíòíîé, è ñîñòàâ ïèðîêñåíîâ äëÿ çà­
äàííûõ çíà÷åíèé òåìïåðàòóðû è äàâëåíèÿ 
îïèñûâàåòñÿ ôèêñèðîâàííîé òî÷êîé ñîñòà­
âà. Â ðåçóëüòàòå ïîÿâëÿåòñÿ ïðèíöèïèàëü­
íàÿ âîçìîæíîñòü îïðåäåëåíèÿ òåìïåðàòóðû 
è äàâëåíèÿ ïî ñîñòàâó îäíîé ôàçû – êëèíî­
ïèðîêñåíà. Êëèíîïèðîêñåíû âñòðå÷àþòñÿ âî 
âñåõ òèïàõ ãëóáèííûõ ïîðîä, à òàêæå èìåþò 
øèðî÷àéøèå âàðèàöèè ñîñòàâà, ÷òî äåëàåò 
èõ óíèâåðñàëüíûì èíäèêàòîðîì ôèçèêî­õè­
ìè÷åñêèõ óñëîâèé îáðàçîâàíèÿ ìèíåðàëüíûõ 
àññîöèàöèé. Îñíîâíûå êîìïîíåíòû ïðèðîä­
íûõ êëèíîïèðîêñåíîâ – ñòåõèîìåòðè÷íûå 
ìèíàëû [2]. 

Äëÿ âåðèôèêàöèè äàííûõ, èñïîëüçóå­
ìûõ äëÿ ïîñòðîåíèÿ ãåîòåðìû, èññëåäîâàíû 
ôàçîâûå âçàèìîîòíîøåíèÿ Cpx – Gr ìîäåëü­

íîé ñèñòåìû CaO­MgO­Al
2
O

3
­SiO

2
 â äèàïà­

çîíå äàâëåíèé 12…30 êáàð è òåìïåðàòóð 
1325…1650 °C.

Â ñòàòüå èñïîëüçîâàíû ñëåäóþùèå 
îáîçíà÷åíèÿ: An – àíîðòèò; CaTs – êàëü­
öèé­÷åðìàêèò (ìèíàë) CaAl

2
SiO

6
; Cor – êî­

ðóíä; Cpx – òâåðäûå ðàñòâîðû êëèíîïèðîê­
ñåíîâ; Di – äèîïñèä CaMgSi

2
O

6
; En – ýíñòàòèò 

Mg
2
Si

2
O

6
; Glass – ñòåêëî; Gr – òâåðäûå ðàñ­

òâîðû ãðàíàòà; Gros – ãðîññóëÿð; Opx – Îðòî­
ïèðîêñåí; Pyr – ïèðîï; Sp – øïèíåëü. 

Ìåòîäèêà ýêñïåðèìåíòàëüíûõ èññëå­
äîâàíèé. Èñõîäíûå âåùåñòâà âçÿòû â âèäå 
íàâåñîê èç ïðåäâàðèòåëüíî ïðîêàëåííûõ 
îêñèäîâ (MgO, ÑàÎ, Al

2
O

3
, SiO

2
) [1]. Äàëåå 

ïðèãîòîâëåíû ñìåñè, ñîîòâåòñòâóþùèå ñòå­
õèîìåòðèè CaMgSi

2
O

6
 (Di), Mg

3
Al

2
(SiO

4
)

3
 (Gr) è 

CaAl
2
SiO

6 
(CaTs) (òàáë. 1). 

Ïîëó÷åííûå ñîñòàâû íàáèðàëè â çàäàí­
íûõ ïðîïîðöèÿõ è ïîäâåðãàëè ïëàâëåíèþ ïðè 
òåìïåðàòóðàõ 1325…1650 °Ñ. Îáðàçöû çàêà­
ëèâàëè ïóòåì îïóñêàíèÿ ïëàòèíîâîãî òèãëÿ â 
äèñòèëëèðîâàííóþ âîäó. Â ðåçóëüòàòå ïîëó­
÷åíû ïðîçðà÷íûå ñòåêëà. 

Ãëóáèíà, êì
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Òàáëèöà 1 / Table 1

Óñëîâèÿ ïðèãîòîâëåíèÿ èñõîäíûõ âåùåñòâ / Preparation conditions of the starting materials

Ñîñòàâ, ìîë. % / 
Composition, mol. %

Ôàçîâûé ñîñòàâ ñìåñè è 
ñîñòàâ ýòèõ ôàç, ìîë. % /
Phase composition of the 

mixture and the composition 
of these phases, mol. %

Èñõîäíûå 
êîìïîíåíòû /

Starting 
components

Ìåòîä ïðèãîòîâëåíèÿ: 
P, T, t / Preparation 

method: P, T, t

Di28,9En48,9CaTs22,2 Di+En+Cor Di; En; Cor Ìåõàíè÷åñêàÿ ñìåñü

Di28,9En48,9CaTs22,2 

Cpx+Opx+Gr;

Di; En; Cor 25 êáàð, 1500 °C, 5 ÷ Gr=Pyr82,1Gros17,9;

Cpx=Di29,2En47,7CaTs23,1

Di28,9En48,9CaTs22,2 Glass Di; En; Cor 1 êãñ/ñì2, 1600 °C, 1 ÷

Di28,9En48,9CaTs22,2
 

Di+En+Gr;
Di; En; Gr Ìåõàíè÷åñêàÿ ñìåñü 

Gr=Pyr86Gros14

Di18,3En53,2CaTs28,6 
Di+En+Gr;

Di; En; Gr Ìåõàíè÷åñêàÿ ñìåñü 
Gr=Pyr84Gros16

Di18,3En53,2CaTs28,6 

Cpx+Opx+Gr;

Di; En; Cor 25 êáàð, 1450 °C, 10 ÷ Gr=Pyr83,7Gros16,3;

Cpx=Di52,5En32,5CaTs15,5

Di17En48CaTs35 Glass Di; En; Cor 1 êãñ/ñì2, 1600 °C, 1 ÷

Di17En48CaTs35 
Di+En+Gr;

Di; En; Gr Ìåõàíè÷åñêàÿ ñìåñü 
Gr=Pyr84Gros16

Di16En50CaTs34 Di+En+Cor Di; En; Cor Ìåõàíè÷åñêàÿ ñìåñü

Di40Pyr60 (ìàñ. %) Di+Glass Di; Glass (Pyr) Ìåõàíè÷åñêàÿ ñìåñü

Di30Pyr70 (ìàñ. %) Glass Di; Glass (Pyr) 1 êãñ/ñì2, 1600 °C, 1 ÷

Ýêñïåðèìåíòû ïðè âûñîêîì äàâëåíèè 
ïðîâîäèëè íà àïïàðàòå âûñîêîãî äàâëåíèÿ 
òèïà «ïîðøåíü­öèëèíäð» ìåòîäîì çàêàëèâà­
íèÿ [1; 5]. Òî÷íîñòü èçìåðåíèÿ òåìïåðàòóðû 
îöåíèâàåòñÿ êàê ± 1 °C. Òî÷íîñòü ïîääåðæà­
íèÿ äàâëåíèÿ â õîäå ýêñïåðèìåíòîâ ñîñòàâ­
ëÿåò  ± 0,3 êáàð [4–6].

Ïîñëå ïðîâåäåíèÿ ýêñïåðèìåíòà ïå÷ü 
âûêëþ÷àëè è çàêàëèâàëè îáðàçöû,  îïóñêàÿ 
ïëàòèíîâûé òèãåëü â äèñòèëëèðîâàííóþ âî­
äó. Âñÿ ïðîöåäóðà çàêàëèâàíèÿ äî êîìíàòíîé 
òåìïåðàòóðû íå ïðåâûøàëà ïî ïðîäîëæè­
òåëüíîñòè 3…5 ñ.

Ìåòîäèêà àíàëèçà ïðîäóêòîâ ýêñïåðè­
ìåíòà. Ïîñëå îïûòà ïîëó÷åííûé îáðàçåö èç­
âëåêàëè èç àìïóëû, äåëàëè ïîïåðå÷íûé ñêîë 
è èçãîòàâëèâàëè äâóñòîðîííå ïîëèðîâàííûé 
øëèô, ñ îðèåíòèðîâêîé ïðåèìóùåñòâåííî 
âäîëü âåðòèêàëüíîé îñè îáðàçöà. Àíàëèç ôà­
çîâûõ âçàèìîîòíîøåíèé ïðîâîäèëè èçó÷åíè­
åì øëèôà íà ïîëÿðèçàöèîííîì ïåòðîãðàôè­
÷åñêîì ìèêðîñêîïå ÏÎËÀÌ Ë­211 è Olympus 
BX51 ñ ôîòîïðèñòàâêîé. 

Àíàëèç ñîñòàâà ôàç ïðîâîäèëè íà 
ýëåêòðîííîì ìèêðîàíàëèçàòîðå “Comebax­
Micro” è íà ñêàíèðóþùåì ýëåêòðîííîì 
ìèêðîñêîïå MIRA 3 LMU ñ ïîìîùüþ ñïåê­
òðîìåòðà ñ ýíåðãåòè÷åñêîé äèñïåðñèåé (ñè­
ñòåìà ìèêðîàíàëèçà Inca Energy 450 XMax 80 
(Oxford Instruments) [3].

Äîïîëíèòåëüíî äèàãíîñòèêó ôàç ïðîâî­
äèëè ïî ÊÐ ñïåêòðàì, êîòîðûå ïîëó÷åíû ñ ïî­
ìîùüþ ÊÐ­ñïåêòðîìåòðà ôèðìû Jobin YVON. 
Ýòàëîíû ñïåêòðîâ ôàç âçÿòû èç áàçû äàí­
íûõ: Database of Raman spectroscopy, X­ray 
diffraction and chemistry of minerals (http://
rruff.info/).

Â îáðàçöàõ ïîñëå îïûòîâ ïðîäèàãíî­
ñòèðîâàíû ñëåäóþùèå ôàçû: Di, En, Gr, Cor, 
Glass. Â îáëàñòè ñîëèäóñà îáðàçöû ïðåä­
ñòàâëåíû ìåëêîêðèñòàëëè÷åñêèìè ñðàñòàíè­
ÿìè ôàç ñ ðàçìåðîì çåðåí 1…3 ìêì.

Ðåçóëüòàòû èññëåäîâàíèÿ. Â èññëåäóå­
ìîé îáëàñòè P­T ïðîñòðàíñòâà ñîñòàâ ãðàíà­
òà â àññîöèàöèè Cp+Opx+Gr íå èñïûòûâàåò 
ñóùåñòâåííûõ èçìåíåíèé. Ñîãëàñíî ðåçóëü­
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òàòàì ýêñïåðèìåíòîâ è äàííûì äðóãèõ èñ­
ñëåäîâàòåëåé, ãðàíàò ñîäåðæèò 12…16 % 
ãðîññóëÿðîâîãî êîìïîíåíòà, íåçàâèñèìî îò 
èíòåíñèâíûõ ïàðàìåòðîâ (òàáë. 2). Ñîñòàâ 
êëèíîïèðîêñåíà ìåíÿåòñÿ êàê â çàâèñèìîñòè 
îò òåìïåðàòóðû, òàê è îò äàâëåíèÿ. Ñ ðîñòîì 
òåìïåðàòóðû â êëèíîïèðîêñåíå ïîâûøàåòñÿ 
ñîäåðæàíèå ýíñòàòèòîâîãî êîìïîíåíòà: ïðè 
1600 °C ñîñòàâëÿåò 50 ìîë. %. Ñ ðîñòîì äàâ­

ëåíèÿ ñîäåðæàíèå ýíñòàòèòîâîãî êîìïîíåí­
òà â êëèíîïèðîêñåíå ïàäàåò. Êàëüöèé­÷åð­
ìàêèòîâûé êîìïîíåíò âîçðàñòàåò ñ ðîñòîì 
òåìïåðàòóðû è ïàäàåò ñ óâåëè÷åíèåì äàâ­
ëåíèÿ, äîñòèãàÿ ìàêñèìàëüíîãî çíà÷åíèÿ – 
36 ìîë. %, â èíòåðâàëå äàâëåíèé 15…16 êáàð 
ïðè òåìïåðàòóðå 1400…1420 °C â íîíâàðè­
àíòíîé òî÷êå (Cpx, Opx, Gr, An, Sp, Glass) (ñì. 
òàáë. 2).

Òàáëèöà 2 / Table 2
Ðåçóëüòàòû àíàëèçà ñîñòàâà êëèíîïèðîêñåíîâ è ãðàíàòîâ íà ýëåêòðîííîì ìèêðîàíàëèçàòîðå (ëàáîðàòîðíûå 

äàííûå è äàííûå äðóãèõ àâòîðîâ), % / The composition analysis results of clinopyroxenes and garnets on an electronic 
microanalyzer (laboratory data and data of other authors), %

¹*

Ñîñòàâ Cpx / Composition of Cpx, % Ñîñòàâ Gr / Composition of Gr, %

ìàñ. / wt. ìîë.  / mol. ìàñ. / wt. ìîë. / 
mol. 

CaO MgO Al2O3 SiO2 Ñóììà CaTs En CaO MgO Al2O3 SiO2 Ñóììà Gros

1 13,62 21,4 15,98 47,53 98,53 29 59,1 4,56 26,36 24,08 43,46 98,46 11,2

2 13,66 19,33 22,09 43,17 98,25 46,1 48,2 3,28 27,61 24,38 43,69 98,96 8,1

3 11,54 22,71 15,35 49,59 99,19 32,7 55,3 3,07 27,31 24,36 44,26 99 6,7

5 13,96 20,41 17,02 46,68 98,07 36,2 46 5,18 26,13 23,13 44,27 98,71 12,7

8 14,18 21,62 14,31 49,65 99,76 30,2 45,6 ­ ­ ­ ­ ­ ­

9 14,7 22,23 9,53 52,31 98,77 20,06 42,2 5,62 24,88 23,53 44,89 98,92 13,8

10 14,55 23,78 8,7 51,31 98,34 18,2 44,5 5,39 26,05 22,87 44,2 98,51 13,4

11 17,56 19,91 10,52 51,03 99,02 22,7 31,2 7,56 23,56 24,17 44,3 99,59 17,5

13 17,33 21,78 5,14 54,78 99,03 11,2 31,3 ­ ­ ­ ­ ­ ­

15 17,37 21,79 5,23 54,85 99,24 11,4 31,3 5,68 25,17 23,87 45,26 99,98 13,8

19 17,77 20,46 9,53 53,35 101,11 20,4 31 5,44 24,34 25,64 43,78 99,2 13,9

21 16,82 20,85 10,38 51,14 99,19 22,2 34,7 7,36 24,98 23,36 44,15 99,85 17,5

30 18,1 19,43 9,72 51,71 98,96 21,2 28,3 ­ ­ ­ ­ ­ ­

57 21,31 18,8 5,3 53,72 99,13 11,6 15,5 5,11 25,18 24,56 44,12 98,97 12,4

60 21,48 18,63 4,72 54,04 98,87 10,3 14 6,78 25,41 23,26 44,13 99,58 16,1

63 20,61 19,96 3,5 54,66 98,73 7,7 18 8,47 24,77 22,56 44,19 99,99 19,7
* ¹ – íîìåð îïûòà / ¹ – experiment number

Ðåçóëüòàòû äðóãèõ èññëåäîâàòåëåé 
õàðàêòåðèçóþò êàðòèíó äëÿ ïðî÷èõ P­T îá­
ëàñòåé, îäíàêî è â íèõ ïðîñëåæèâàåòñÿ çà­
âèñèìîñòü ñîñòàâà êëèíîïèðîêñåíîâ îò èí­
òåíñèâíûõ ïàðàìåòðîâ. Òî÷êè, ñîâïàäàþùèå 
ïî òåìïåðàòóðå è äàâëåíèþ, äàþò ðåçóëü­
òàòû ñ íåçíà÷èòåëüíûì ðàñõîæäåíèåì â ñî­
ñòàâå êëèíîïèðîêñåíà, íàïðèìåð, äàííûå 
Äæ. Àêåëëû, Ô. Ð. Áîéäà, Ä. Ïåðêèíñà è Ð. 
Íüþòîíà, Ê. Ã. Íèêåëÿ è äð. [7; 8; 12; 13].

Ïîëèíîì, àïïðîêñèìèðóþùèé çàâèñè­
ìîñòü ñîñòàâà êëèíîïèðîêñåíîâ îò äàâëåíèÿ 

è òåìïåðàòóðû, èìååò âèä  F = f
1
 + f

2
x + f

3
y + 

f
4
xy + f

5
x2y + f

6
xy2, ãäå x – ìîë. % CaAl

2
SiO

6
, 

y – ìîë. % Mg
2
Si

2
O

6
. Â òàáë. 3 ïðåäñòàâëåíû 

êîýôôèöèåíòû íàçâàííîãî ïîëèíîìà f
1
 … f

6
. 

Ïðè ðàñ÷åòå êîýôôèöèåíòîâ èñïîëüçîâàíû 
äàííûå ïðîâåäåííûõ èññëåäîâàíèé (òàáë. 
3, «Äàííûå ëàáîðàòîðèè»), à òàêæå àâòî­
ðîâ Äæ. Àêåëëû, Ä. Ïåðêèíñà è Ð. Íüþòîíà, 
Õ. ßìàäû è Å. Òàêàõàøè [7; 13; 15]. 

Äàííûå, èñïîëüçîâàííûå â ñòàòüå 
K. Ã. Íèêåëÿ, Ã. Ï. Áðýÿ è Ë. Êîãàðêî [12], ïî­
ëó÷åíû íà àïïàðàòå òèïà «áåëò», äëÿ êîòîðîãî 
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ïðîâåäåíû òùàòåëüíûå êàëèáðîâêè, ïîçâî­
ëÿþùèå ñ÷èòàòü, ÷òî òî÷íîñòü êîíòðîëÿ ïàðà­
ìåòðîâ áëèçêà ê àïïàðàòó òèïà «ïîðøåíü­öè­
ëèíäð». Ïðè ýòîì ñàìè èññëåäîâàòåëè îòäàþò 
ïðåäïî÷òåíèå ïîêàçàòåëÿì, îïðåäåëåííûì â 
ðàáîòå Ä. Ïåðêèíñà è Ð. Íüþòîíà [13]. Îäíàêî 
ñîïîñòàâëåíèå ðåçóëüòàòîâ ðàçíûõ èññëåäî­
âàíèé ïîêàçûâàåò, ÷òî K. Ã. Íèêåëü, Ã. Ï. Áðýé 
è Ë. Êîãàðêî â ñâîèõ íàðàáîòêàõ çíà÷èòåëü­
íî áëèæå ê îáúåäèíåííîìó íàáîðó äàííûõ, 

âêëþ÷àþùèõ äàííûå íàøèõ èññëåäîâàíèé è 
èññëåäîâàíèé Äæ. Àêåëëû è Ô. Ð. Áîéäà [7; 
8], ÷åì Ä. Ïåðêèíñ è Ð. Íüþòîí. Ïî íàçâàííûì 
ïðè÷èíàì èñïîëüçîâàòü ìàòåðèàëû ñòàòüè 
«Îðòîïèðîêñåí­êëèíîïèðîêñåíîâûå ðàâíî­
âåñèÿ â ñèñòåìå CaO­MgO­Al

2
O

3
­SiO

2
 (CMAS): 

íîâûå ýêñïåðèìåíòàëüíûå ðåçóëüòàòû è çíà­
÷åíèå äëÿ äâóõïèðîêñåíîâîé òåðìîìåòðèè» 
[12] â öåëÿõ ãåîòåðìîáàðîìåòðèè èññëåäóå­
ìîé îáëàñòè íå óäàëîñü. 

Òàáëèöà 3 / Table 3

Êîýôôèöèåíòû ïîëèíîìà / Polynomial coefficients

Ïàðàìåòðû 
è èñòî÷íèê 
äàííûõ / 

Parameters 
and data 
source

Îáîçíà­
÷åíèÿ 

êîýôôè­
öèåíòîâ / 

Notation for 
coefficients

Çíà÷åíèÿ êîýôôèöèåíòîâ / Coefficient values

1 2 3 4 5 6

f
1

34,0236 38,7518 27,0227 41,2778 57,5034 33,5218

f
2

­0,00957751 0,180913 0,798817 0,281855 0,310274 1,6749

f3 ­1,15622 ­1,82625 ­1,64806 ­2,21568 ­3,80621 ­3,59934

f4 ­0,00104523 0,0053182 0,00376749 0,00417817 0,0017665 ­0,0142125

f
5

0,0070219 0,0338607 0,0457039 0,042474 0,00695367 0,0792497

f
6

0,0155621 ­0,0074391 ­0,0290174 ­0,00845051 ­0,0019081 ­0,0166674

d 3,57845 4,30288 5,05479 4,71794 11,5101 11,9843

N 53 65 91 78 88 114

f
1

996,633 931,793 824,347 945,363 991,991 848,616

f
2

16,841 17,5363 23,9643 19,0215 20,7771 29,4139

f3 ­7,9043 ­3,53503 ­2,59467 ­6,70361 ­13,5109 ­12,7003

f4 0,0997314 ­0,0910034 0,126854 ­0,13332 ­0,160805 ­0,261677

f
5

0,0748291 0,0454407 0,149139 0,0707626 0,203896 0,259651

f6 ­0,0773926 0,0134277 ­0,165344 0,0691681 ­0,0735168 ­0,0104828

d 49,07558 52,9754 56,1474 52,4121 61,1803 68,3109

N 53 65 91 78 88 114

Äàííûå 
ëàáîðàòîðèè

Äàííûå 
ëàáîðàòî­

ðèè;
[7]; [13]

Äàííûå 
ëàáîðàòîðèè;
[7]; [13]; [15]

Äàííûå 
ëàáîðàòî­

ðèè;
[7]; [13]

Äàííûå 
ëàáîðàòîðèè;
[7]; [13]; [15]

Äàííûå 
ëàáîðàòîðèè;
[7]; [13]; [15]

Ïðèìå÷àíèå: d – ñòàíäàðòíîå îòêëîíåíèå; N – ÷èñëî òî÷åê (P, T) / Note: d – standard deviation, N – number of points (P, T)

Â ðàáîòå Äæ. Àêåëëû èññëåäîâà­
íèÿ ñîñòàâîâ Di­Pyr â òðîéíîé ñèñòåìå 
CaSiO

3
­MgSiO

3
­Al

2
O

3 
ïðîâåäåí íà àïïàðà­

òå «ïîðøåíü­öèëèíäð» â îáëàñòè äàâëåíèé 

26…44 êáàð è òåìïåðàòóð 1000…1500 °Ñ [7]. 
Ä. Ïåðêèíñ è Ð. Íüþòîí ïðåäñòàâëÿþò ðå­
çóëüòàòû ýêñïåðèìåíòîâ íà àïïàðàòå «ïîð­
øåíü­öèëèíäð» ïî îïðåäåëåíèþ ñîñòàâîâ 
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Ñïèñîê ëèòåðàòóðû                                                                                              

äëÿ àññîöèàöèè Gr­Cpx­Opx ñèñòåìû CaO­
MgO­Al

2
O

3
­SiO

2
 äëÿ äàâëåíèé 15…40 êáàð è 

òåìïåðàòóð 900… 1100 °Ñ [13].
Îáëàñòü äàâëåíèé ñâûøå 50 êáàð èññëå­

äîâàíà â ðàáîòå Õ. ßìàäû, Å. Òàêàõàøè [15] íà 
ìíîãîïóàíñîííîì àïïàðàòå, òî÷íîñòü èçìå­
ðåíèÿ ïàðàìåòðîâ íà êîòîðîì çíà÷èòåëüíî 
íèæå, ÷åì íà àïïàðàòå «ïîðøåíü­öèëèíäð». 
Ñîïîñòàâëÿòü ðåçóëüòàòû ýòîé ðàáîòû ñ äðó­
ãèìè äàííûìè âåñüìà òðóäíî, õîòÿ ñëåäóåò 
îòìåòèòü ïîëíîå ñîâïàäåíèå êà÷åñòâåííîé 
êàðòèíû èçìåíåíèÿ ñîñòàâà òâåðäûõ ðàñòâî­
ðîâ ïîä äåéñòâèåì òåìïåðàòóðû è äàâëåíèÿ. 

Äëÿ ñîçäàíèÿ ãåîòåðìîáàðîìåòðè÷å­
ñêîé çàâèñèìîñòè ïðåäïîëàãàåòñÿ èñïîëü­
çîâàòü ïîëó÷åííûå ëàáîðàòîðíûå äàííûå è 
äàííûå ðÿäà äðóãèõ èññëåäîâàíèé [7; 8]. Ïðè 
âûÿâëåíèè ãåîòåðìîáàðîìåòðè÷åñêîé çà­
âèñèìîñòè ñîïîñòàâëåíèå ðàçíîðîäíûõ ðå­
çóëüòàòîâ íà îñíîâàíèè ëèøü ìåòîäè÷åñêèõ 
îñîáåííîñòåé íîñèò ñóáúåêòèâíûé õàðàêòåð 
[4; 7; 12; 13; 15]. Ïîýòîìó äëÿ ñîïîñòàâëåíèÿ 

ðåçóëüòàòîâ îäíèõ èññëåäîâàíèé ñ ïîêàçàòå­
ëÿìè, ïîëó÷åííûìè â äðóãèõ, öåëåñîîáðàçíî 
èñïîëüçîâàòü ñòàòèñòè÷åñêèå ìåòîäû ñðàâ­
íåíèÿ. 

Çàêëþ÷åíèå. Èññëåäîâàíèå ôàçîâûõ 
âçàèìîîòíîøåíèé â ñå÷åíèè ìîäåëüíîé 
ñèñòåìû CaO­MgO­Al

2
O

3
­SiO

2
 ïîçâîëèëî 

ïîêàçàòü, ÷òî ñîäåðæàíèå ýíñòàòèòîâîãî 
êîìïîíåíòà èçìåíÿåòñÿ â îñíîâíîì ñ òåìïå­
ðàòóðîé, à ñîäåðæàíèå êàëüöèé­÷åðìàêèòî­
âîãî êîìïîíåíòà óìåíüøàåòñÿ ñ ðîñòîì äàâ­
ëåíèÿ. Âûÿâëåíî ñóùåñòâåííîå èçìåíåíèå 
ñîñòàâîâ êëèíîïèðîêñåíà â çàâèñèìîñòè îò 
äàâëåíèÿ è òåìïåðàòóðû.

Àíàëèç ýêñïåðèìåíòàëüíûõ äàííûõ, ïî­
ëó÷åííûõ íàìè â õîäå èññëåäîâàíèÿ, è ýêñ­
ïåðèìåíòàëüíûõ ðåçóëüòàòîâ äðóãèõ àâòîðîâ 
ïîçâîëèë ïîñòðîèòü óòî÷íåííóþ âåðñèþ ïî­
ëèíîìèàëüíîé ôóíêöèè, êîòîðàÿ àïïðîêñè­
ìèðóåò çàâèñèìîñòü ñîñòàâîâ êëèíîïèðîêñå­
íîâ îò òåìïåðàòóðû è äàâëåíèÿ.
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