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The�main�research�task�is�to�analyze�the�heat�and�mass�transfer�of�melt�resulting�from�melting�of�the�crustal�layer�
for�which�the�bulk�composition�is�well�estimated.�During�melting�the�heat�source�is�the�thermochemical�mantle�
plume.�On�the�basis�of�laboratory�and�theoretical�modeling�results,�we�present�the�thermal�and�hydrodynamic�
structure�of�the�thermochemical�plume�with�the�mushroom­shaped�head.�Relying�on�the�model�of�thermal�and�
hydrodynamic�structure�of�the�plume�head�we�analyze�the�possible�compositional�change�of�melt�by�two�stages:�
after�settling�of�refractory�mineral�particles�on�the�base�of�the�plume�head;�after�settling�of�plagioclase�in�the�melt�
subsequent�to�the�first�stage.�The�results�of�composition�calculation�are�presented�for�melt�of�the�plume�head,�
having�a�temperature�of�T

m�
=�1410�°C�and�T

m
�=�1380�°C.�The�normative�composition�of�the�residual�melt�result­

ing�from�crystallization�differentiation�approaches�that�of�normal�granites.�Throughout�the�plume�lifetime�melt�
intrudes�into�the�block�above�the�plume�head�under�the�effect�of�the�superlithostatic�pressure

Key words: Modeling; plume head; free­convection flows; thermal power; melt; crystallization differentiation; refractory 
minerals; plagioclase feldspars; normative composition; batholiths 

Ââåäåíèå. Â� èññëåäîâàíèÿõ� ìàíòèéíûõ�
òåðìîõèìè÷åñêèõ�ïëþìîâ�ãëàâíûì�îá­

ðàçîì� ðàçâèâàåòñÿ� ÷èñëåííîå� ìîäåëèðîâà­
íèå�èõ�ôîðìèðîâàíèÿ�è�äèíàìèêè�[5;�14].�
Ïðè� ýòîì� ïîä� òåðìîõèìè÷åñêèì� ïëþìîì�
ïîíèìàåòñÿ� ñâîáîäíîêîíâåêòèâíûé� âîñ­
õîäÿùèé� ïîòîê� (òåðìèê)� è� ó÷èòûâàþòñÿ�
èçìåíåíèÿ� ïëîòíîñòè,� îáóñëîâëåííûå� âà­
ðèàöèÿìè�ñîñòàâà.�Â�ìîäåëèðîâàíèè�«ñòàð­
òóþùèõ� ïëþìîâ»� ïðîèñõîäèò� ïîäïèòêà�
ìîäåëüíîãî� ïëþìà� ëåãêîé� æèäêîñòüþ,� îí�
ñîñòîèò�èç�îòíîñèòåëüíî�òîíêîãî�ïèòàþùå­
ãî�êàíàëà�è�áîëüøîé�«ãîëîâû»�[13].�Ïðåä­
ëîæåíà� ìîäåëü� òåðìîõèìè÷åñêîãî� ïëþìà,�
ôîðìèðóþùåãîñÿ� íà� ãðàíèöå� ÿäðî­ìàíòèÿ�
ïðè� íàëè÷èè�òåïëîâîãî� ïîòîêà� èç� âíåøíå­
ãî� ÿäðà� è� ëîêàëüíîì� ïîñòóïëåíèè� õèìè­
÷åñêîé� äîáàâêè,� ïîíèæàþùåé� òåìïåðà­
òóðó� ïëàâëåíèÿ� ìàíòèè� [10].� Ïëþìû� ñ�
ãðèáîîáðàçíîé� ãîëîâîé� èìåþò� òåïëîâóþ�
ìîùíîñòü�2,7� ·�1010�Âò�<�N�<�1,4� ·�1011�Âò�
è� ìîãóò� áûòü� îòâåòñòâåííû� çà� îáðàçîâàíèå�
êðóïíûõ�èíòðóçèâíûõ�òåë,�â�òîì�÷èñëå�áàòî­
ëèòîâ�[11].

Ïîëó÷èëè� ðàçâèòèå� õèìè÷åñêèå� è� ïå­
òðîëîãè÷åñêèå� ìîäåëè� îáðàçîâàíèÿ� ãðà­
íèòîâ.� Îñíîâíàÿ� ðîëü� â� ýêñïåðèìåíòàõ�
îòâîäèòñÿ�èçó÷åíèþ�âëèÿíèÿ�âîäû�íà�ïîíè­
æåíèå� òåìïåðàòóðû� ïëàâëåíèÿ� [7].� Îäíà­
êî�ñîçäàíèå�ìîäåëåé�îáðàçîâàíèÿ�ãðàíèòîâ�
òðåáóåò� êîìïëåêñíîãî� ïîäõîäà:� â� ìîäåëü­
íûõ� ïîñòðîåíèÿõ� íåîáõîäèìî� îïðåäåëèòü�
èñòî÷íèê�òåïëà�è�åãî�ïàðàìåòðû�(ðàçìåðû,�
òåïëîâóþ� ìîùíîñòü).� Òàêèì� îáðàçîì,� ïå­
òðîëîãè÷åñêèå� ìîäåëè� äîëæíû� ñî÷åòàòüñÿ�
ñ�ìîäåëÿìè�òåïëîâîé�è�ãèäðîäèíàìè÷åñêîé�

ñòðóêòóðû� òåðìîõèìè÷åñêîãî� ïëþìà.� Â�
ýòîì�ñëó÷àå�ñòàíîâèòñÿ�âîçìîæíûì�îáîñíî­
âàíèå�ñïðàâåäëèâîñòè�èäåé�è�ãèïîòåç,�ïîëî­
æåííûõ�â�îñíîâó�òîé�èëè�èíîé�ïåòðîëîãè­
÷åñêîé�ìîäåëè.

Òåïëîâàÿ è ãèäðîäèíàìè÷åñêàÿ ñòðóê­
òóðà ïëþìà. Òåðìîõèìè÷åñêèé� ïëþì�
ïîäíèìàåòñÿ� (âûïëàâëÿåòñÿ)� îò� ãðàíèöû�
ÿäðî­ìàíòèÿ� ê� ïîâåðõíîñòè� äî� óðîâíÿ,� íà�
êîòîðîì� ïðîèñõîäèò�îáðàçîâàíèå� êàíàëà�èç­
ëèÿíèÿ;�ïî�íåìó�ðàñïëàâ�èç�êàíàëà�ïëþìà�èç­
ëèâàåòñÿ�íà�ïîâåðõíîñòü.�Êàíàë�ïëþìà�ïðåä­
ñòàâëÿåò� ñîáîé� ðàñïëàâ,� â� êîòîðîì� ñîçäàåòñÿ�
ñèñòåìà�êîíâåêòèâíûõ�ÿ÷ååê,�ðàçäåëåííûõ�îá­
ëàñòÿìè�ñóæåíèÿ.�Ïðè�òåïëîâîé�ìîùíîñòè�
ïëþìà�2,7�·�1010�Âò�<�N�<�1,4�·�1011�Âò�ïîñëå�
èçëèÿíèÿ�ðàñïëàâà�èç�êàíàëà�ïëþìà�íà�ïî­
âåðõíîñòü� ïðîèñõîäèò� ïëàâëåíèå� êîðîâîãî�
ñëîÿ,� âñëåäñòâèå� êîòîðîãî� îáðàçóåòñÿ� ãðè­
áîîáðàçíàÿ�ãîëîâà�ïëþìà�[11].�

Ñòðóêòóðà� òå÷åíèÿ� â� ðàñïëàâå� ãîëîâû�
ïëþìà� ïðåäñòàâëåíà� íà� ðèñ.� 1� íà� îñíîâå�
äàííûõ� ëàáîðàòîðíîãî� è� òåîðåòè÷åñêî­
ãî� ìîäåëèðîâàíèÿ� [Òàì� æå].� Âîñõîäÿùèé�
ñâîáîäíîêîíâåêòèâíûé�ïîòîê�ðàñïëàâà�íà­
õîäèòñÿ� â� öåíòðàëüíîé� ÷àñòè� ãîëîâû� ïëþ­
ìà.� Îí� ðàñòåêàåòñÿ� âäîëü� êðîâëè� ãîëîâû�
ïëþìà,�è�çàòåì�â�êàíàë�ïëþìà�óõîäÿò�äâà�
íèñõîäÿùèõ� ïîòîêà� (ðèñ.� 1).� Âäîëü� êðîâ­
ëè�è�ïîäîøâû�ñëîÿ�ðàñïëàâà�ãîëîâû�ïëþìà�
ñóùåñòâóþò� ãîðèçîíòàëüíûå� ïîòîêè,� îáó­
ñëîâëåííûå� ãîðèçîíòàëüíûì� ãðàäèåíòîì�
òåìïåðàòóðû.�Êðóïíîìàñøòàáíûå�ãîðèçîí­
òàëüíûå� òå÷åíèÿ� ó� êðîâëè� ãîëîâû� ïëþìà�
íåóñòîé÷èâû�èç­çà�íåóñòîé÷èâîé�ñòðàòèôè­
êàöèè� è� íåñòàöèîíàðíûõ� âàëèêîâûõ� òå÷å­
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íèé�ó�êðîâëè.�Ãîðèçîíòàëüíûå�êðóïíîìàñ­
øòàáíûå�òå÷åíèÿ�ó�ïîäîøâû�ãîëîâû�ïëþìà�
(â�íèæíåé�÷àñòè�ñëîÿ�ðàñïëàâà)�ñóùåñòâó­
þò�â�óñëîâèÿõ�óñòîé÷èâîé�ñòðàòèôèêàöèè,�
ñîçäàþùåéñÿ�âñëåäñòâèå�îòâåäåíèÿ�òåïëà�â�
ìàññèâ� ïîä� ïîäîøâîé.� Ýòè� òå÷åíèÿ� èìåþò�
óñòîé÷èâûé� õàðàêòåð� è� ìîãóò� áëàãîïðèÿò­

ñòâîâàòü� ïðîöåññàì� êðèñòàëëèçàöèîííîé�
äèôôåðåíöèàöèè.�Ðàñïëàâ,�âûäàâëåííûé�â�
ðàçëîìíûå�çîíû�êîðîâîãî�ìàññèâà�ïîä�äåé­
ñòâèåì�ñèëû�ñâåðõëèòîñòàòè÷åñêîãî�äàâëå­
íèÿ,�çàìåùàåòñÿ�ðàñïëàâîì�èç�ïîäúåìíîãî�
ïîòîêà� ïîä� êðîâëåé� ãðèáîîáðàçíîé� ãîëîâû�
ïëþìà�(ðèñ.�1).

Ðèñ. 1. Ñõåìà ñâîáîäíîêîíâåêòèâíûõ òå÷åíèé â ðàñïëàâå êàíàëà è ãðèáîîáðàçíîé ãîëîâû ïëþìà, 
ïîñòðîåííàÿ ñ ó÷åòîì äàííûõ ëàáîðàòîðíîãî ìîäåëèðîâàíèÿ. Ñõåìà âûïîëíåíà â ìàñøòàáå

 îòíîñèòåëüíî äèàìåòðà êàíàëà ïëþìà d äëÿ ñëó÷àÿ Õàíãàéñêîãî áàòîëèòà. Ðàçìåðû êàíàëà è ãîëîâû 
ïëþìà íà ñõåìå ñîîòâåòñòâóþò ðàññ÷èòàííûì ðàçìåðàì äëÿ Õàíãàéñêîãî ïëþìà. Ïîêàçàíû óðîâíè (êì), 

îòâå÷àþùèå ïåðâûì äâóì êîíâåêòèâíûì ÿ÷åéêàì êàíàëà ïëþìà: d
ã
 – äèàìåòð ãîëîâû ïëþìà; 

d – òîëùèíà êîðîâîãî ñëîÿ íàä ãîëîâîé ïëþìà; dñ – äèàìåòð ñóæåíèÿ êàíàëà ïëþìà / Fig. 1. Scheme of 
free­convection flows in melt of the plume conduit and the mushroom­shaped plume head, constructed with 

consideration for data of laboratory modeling. Scheme is in the scale relative to the diameter of the plume 
conduit d in the case of Khangay batholith. The sizes of the plume conduit and head in the picture correspond 
to the calculated sizes for the Khangay plume. The levels (km), corresponding to the first two convective cells 
of the plume conduit, are shown: d

ã
 is the plume head diameter; d is the thickness of the crustal layer above 

the plume head; dñ is the diameter of narrowing zones of the plume conduit

Â�ðàñïëàâå�ãðèáîîáðàçíîé�ãîëîâû�ïëþ­
ìà�ìîæåò�íàõîäèòüñÿ�òâåðäàÿ�ôàçà�–�òâåð­
äûå�âçâåñè�òóãîïëàâêèõ�ìèíåðàëîâ,�èìåþ­
ùèõ�áîëåå�âûñîêóþ�òåìïåðàòóðó�ïëàâëåíèÿ�
è� áîëåå� âûñîêóþ� ïëîòíîñòü,� ÷åì� ðàñïëàâ.�
Ïðè� ñòàöèîíàðíîì� ðåæèìå� òåïëîîáìåíà,�
êîãäà� êîëè÷åñòâî� òåïëà,� ïîäâåäåííîãî� ê�

ãîëîâå�ïëþìà,�ðàâíî�êîëè÷åñòâó�òåïëà,�ïå­
ðåäàííîãî�ê�äíåâíîé�ïîâåðõíîñòè,�òâåðäûå�
÷àñòèöû� áóäóò� îñàæäàòüñÿ� â� ðàñïëàâå� ïîä�
äåéñòâèåì� ñèëû� òÿæåñòè.� Òàêèì� îáðàçîì,�
íà�ïîäîøâå�ãîëîâû�ïëþìà�ìîæåò�ñôîðìè­
ðîâàòüñÿ�ñëîé,�ñëàãàåìûé�îñàæäåííûìè�òó­
ãîïëàâêèìè�÷àñòèöàìè�(ðèñ.�1).�
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Ñâåðõàäèàáàòè÷åñêèå� ïåðåïàäû� òåì­
ïåðàòóðû� â� ãðèáîîáðàçíîé� ãîëîâå� ïëþìà�
ïîðÿäêà�0,2�°C�[11].�Ïîýòîìó�òåìïåðàòóðà�
ðàñïëàâà�T

ð
 îêàçûâàåòñÿ�ïðèìåðíî�ðàâíîé�

òåìïåðàòóðå� ïëàâëåíèÿ� T
ïë

� ìàòåðèàëà� ãî­
ëîâû�ïëþìà.�Íà�ïðîöåññû�êðèñòàëëèçàöè­
îííîé�äèôôåðåíöèàöèè�â�áîëüøåé�ñòåïåíè�
äîëæíî�âëèÿòü�èçìåíåíèå�äàâëåíèÿ�ïî�âû­
ñîòå� ñëîÿ� ðàñïëàâà,� âñëåäñòâèå� èçìåíåíèÿ�
äèàãðàììû� ïëàâêîñòè� ïëàãèîêëàçîâ� ñ� äàâ­
ëåíèåì.�Ïðè�ïîñòîÿííîì�çíà÷åíèè�êîëè÷å­
ñòâà�òåïëà,� ïîñòóïàþùåãî� ê� ãîëîâå� ïëþìà�
(ΔN =�const),�â�òå÷åíèå�âðåìåíè�ñóùåñòâî­
âàíèÿ�ïëþìà�(t

èíò
 =�15…30�ìëí�ëåò)�â�íåé�

ïðèñóòñòâóþò� áëàãîïðèÿòíûå� óñëîâèÿ� äëÿ�
îñàæäåíèÿ�òâåðäîé�ôàçû.

Ðàñ÷åò ñîñòàâà ðàñïëàâà ãîëîâû 
ïëþìà. Èññëåäîâàíèå� ãèäðîäèíàìèêè� è�

òåïëîîáìåíà� â� ãðèáîîáðàçíîé� ãîëîâå� ïëþ­
ìà�òåñíî�ñâÿçàíî�ñ�íåîáõîäèìîñòüþ�ðàñ÷åòà�
ñîñòàâà�ðàñïëàâà�â�íåé.�Ñîñòàâ�ðàñïëàâà�â�
ãîëîâå�ïëþìà�ïðåäñòàâëåí�äàëåå�â�òàáëèöå.�
Èçìåíåíèå� ñîñòàâà� ðàñïëàâà� îïðåäåëÿåòñÿ�
ïîýòàïíî:�

1)�ïîñëå�îñàæäåíèÿ�òóãîïëàâêèõ�ìèíå­
ðàëîâ;�

2)� ïîñëå� îñàæäåíèÿ� ïëàãèîêëàçà� â�
ðàñïëàâå,�îáðàçîâàâøåìñÿ�ïîñëå�ïåðâîãî�
ýòàïà� è� ñîäåðæàùåì� 61,5� %� ïëàãèîêëà­
çîâîãî�êîìïîíåíòà�(ñòëá.�4,�íèæíèé�ÿðóñ�
òàáëèöû).�Àíàëèç�ïðîâîäèòñÿ�ñ�èñïîëüçî­
âàíèåì� îöåíîê� ñðåäíåãî� õèìè÷åñêîãî� ñî­
ñòàâà�êîíòèíåíòàëüíîé�êîðû�ïî�À.�Ðîíîâó�
è� À.�ßðîøåâñêîìó� [2]� (ñòëá.�2,� âåðõíèé�
ÿðóñ).

Ñîñòàâ ðàñïëàâà â ãîëîâå ïëþìà / Composition of melt in the plume head

Â ôîðìå îêñèäîâ, % / In the form of oxides, %

Îêñèä/ 
Oxide

Ñðåäíèé 
ñîñòàâ 
êîðû / 

Bulk crust 
compo­
sition

Ïîñëå 
îñàæäå­
íèÿ ÒÌ 
/ After 

settling of 
RM1

Ñëîé 
ðàñïëà­
âà l

р / 
Melt 

layer l
m

Ïîñëå 
îñàæäåíèÿ 

Pl (T
p
 = 1410 °Ñ) 

/ After settling 
of Pl

 (T
m
 = 1410 °Ñ)

Ñëîé ðàñïëàâà 
l
р ´(Tp

 = 1410  °Ñ) / 

Melt layer 
l
m

 ́(T
m
 = 1410 °Ñ)

Ïîñëå îñàæäåíèÿ 
Pl (T

p
= 1380 °Ñ) /

 After settling of Pl 
(T

m
 = 1380 °Ñ)

Ñëîé ðàñïëàâà
l
р ´ (Tp

 = 1380 °Ñ) / 
Melt layer l

m ´ 
(T

m
 = 1380 °Ñ)

SiO2 59,30 43,87 65,29 41,94 76,12 35,69 75,95

TiO2 0,7 0,00 0,00 0,00 0,00 0,00 0,00

Al2O3 15,00 13,86 20,6 7,53 13,67 6,72 14,3

Fe2O3 2,40 0,00 0,00 0,00 0,00 0,00 0,00
FeO 5,60 0,00 0,00 0,00 0,00 0,00 0,00
MnO 0,10 0,10 0,15 0,13 0,24 0,13 0,28
MgO 4,90 0,60 0,89 0,00 0,00 0,00 0,00
CaO 7,20 4,54 6,76 1,37 2,49 0,83 1,71
Na2O 2,50 2,31 3,44 1,60 2,90 1,14 2,43

Ka2O 2,10 1,91 2,84 2,54 4,61 2,49 5,30

P2O5 0,20 0,00 0,00 0,00 0,00 0,00 0,00
Σ 67,19 55,11 47,00

Íîðìàòèâíûé ñîñòàâ, % / Normative composition, %
Êîìïî­
íåíò / 
Com­

ponent
Qtz 13,57 18,72 36,43 37,63
Or 12,41 16,78 27,24 31,32
Ab 21,15 29,11 24,54 20,56
An 23,51 32,38 10,67 8,48
Di 8,88 0,91

Hyp 15,21
Mgt 3,48
Ilm 1,33
Ap 0,46

1Ïðèìå÷àíèå.�ÒÌ�–�òóãîïëàâêèå�ìèíåðàëû�/�1Note.�TM�–�refractory�minerals
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Ïåðåñ÷åò�õèìè÷åñêîãî�ñîñòàâà�ðàñïëà­
âà� ãîëîâû� ïëþìà� íà� íîðìàòèâíûé� ñîñòàâ�
îñóùåñòâëÿåòñÿ�ñ�èñïîëüçîâàíèåì�òàáëèöû�
MS�Excel�(àâòîð:�G.�Stern,�Îðëåàí,�Ôðàí­
öèÿ),� ñîçäàííîé� äëÿ� ïåðåñ÷åòà� ïî� ìåòîäó�
CIPW.�Ñíà÷àëà�îïðåäåëèì�ñîñòàâ�ðàñïëàâà�
ïîñëå� îñàæäåíèÿ� íåðàñïëàâëåííûõ� (òóãî­
ïëàâêèõ)�ìèíåðàëîâ.�Ïðè�òåìïåðàòóðå�ðàñ­
ïëàâà,� ïîñòóïàþùåãî� èç� êàíàëà� ê� êðîâëå�
ïëþìà,�ðàâíîé�T

р
�=�1410�°C,�â�âèäå�òâåðäûõ�

âçâåñåé�â�ðàñïëàâå�ãîëîâû�ïëþìà�îñòàþòñÿ�
ìèíåðàëû:�äèîïñèä�(Di)�–�8,88�%,�ãèïåð­
ñòåí�(Hyp)�–�15,21�%,�ìàãíåòèò�(Mgt)�–�
3,48�%,�èëüìåíèò�(Ilm)�–�1,33�%,�àïàòèò�
(Að)�–�0,46�%�(ñòëá.�2�òàáëèöû).�Èõ�ñóì­
ìàðíîå�âåñîâîå�ñîäåðæàíèå�29,36�%.�Ïëîò­
íîñòü�ýòèõ�ìèíåðàëîâ�(ρ

Hyp
�=�3,3…3,5�ã/ñì3;�

ρ
Di

�=�3,27…3,38�ã/ñì3;�ρ
Mgt�

=�4,8…5,3�ã/ñì3;�
ρ

Ilm
�=�4,6…4,8�ã/ñì3;�ρ

Ap
�=�3,1…3,2�ã/ñì3)�

[1]� áîëüøå� ïëîòíîñòè� ðàñïëàâà,� ñîäåðæà­
ùåãî�îðòîêëàçîâûé�Or�(ρ

Or
�=�2,56�ã/ñì3)�è�

ïëàãèîêëàçîâûé�Pl�(ρ
Pl

�≈�2,7�ã/ñì3)�êîìïî­
íåíòû.�

Áîëüøóþ�äîëþ�òóãîïëàâêèõ�ìèíåðàëîâ�
ñîñòàâëÿþò� íîðìàòèâíûå� ïèðîêñåíû� (äè­
îïñèä� è� ãèïåðñòåí),� â� ñðåäíåì� ïëîòíîñòü�
îñàæäåííûõ� ìèíåðàëîâ� áîëüøå� ïëîòíî­
ñòè� ðàñïëàâà� ïðèìåðíî� íà� 25� %.� Ïîýòîìó�
ïðîèçîéäåò�îñàæäåíèå�áîëåå�ïëîòíûõ�êðè­
ñòàëëîâ�óêàçàííûõ�òóãîïëàâêèõ�ìèíåðàëîâ�
íà�ïîäîøâó�ãîëîâû�ïëþìà�(ðèñ.�1).�Òàêæå�
â� âèäå� òâåðäîé� ôàçû� â� ðàñïëàâå� îñòàåòñÿ�
íîðìàòèâíûé�êâàðö�Qtz�(SiO

2
)�=�13,57�%�

(ñòëá.�2).�Ïðè�òåìïåðàòóðå�ðàñïëàâà�â�ãî­
ëîâå�ïëþìà�T

ð�
=�1410�°Ñ,�SiO

2
�ìîæåò�ñóùå­

ñòâîâàòü� â� âèäå� òðèäèìèòà� [8],� ïëîòíîñòü�
êîòîðîãî� (ρ

Tr�
=� 2,22…2,26� ã/ñì3)� [12]�

ìåíüøå�ïëîòíîñòè�ðàñïëàâà.�Ïîýòîìó�òðè­
äèìèò�áóäåò�âñïëûâàòü�ê�êðîâëå�ïëþìà�è�íà­
õîäèòüñÿ�âî�âçâåøåííîì�ñîñòîÿíèè�â�ñâîáîä­
íîêîíâåêòèâíûõ�òå÷åíèÿõ�ãîëîâû�ïëþìà.

Äàëåå�îïðåäåëÿåòñÿ�ïðîöåíòíîå�ñîäåð­
æàíèå�îêñèäîâ,�ñîñòàâëÿþùèõ�îñàæäåííûå�
èç�ðàñïëàâà�òâåðäûå�âçâåñè.�Ïðèâåäåì�ïðè­
ìåð� îïðåäåëåíèÿ� ïðîöåíòíîãî� ñîäåðæàíèÿ�
îêñèäîâ�â�äèîïñèäå�(Di�=�8,88�%).�Õèìè­
÷åñêàÿ�ôîðìóëà�äèîïñèäà�ìîæåò�áûòü�ïðåä­
ñòàâëåíà�â�âèäå�îêñèäîâ:�CaO�·�MgO�·�2SiO

2
.�

Èõ�ìîëåêóëÿðíûé�âåñ:�M
ox

�(CaO)�=�56,08,�
M

ox
�(MgO)�=�40,31,�M

ox�
(2SiO

2
)�=�120,17.�

Ìîëåêóëÿðíûé� âåñ� äèîïñèäà� M
Di�

=� 216,56.�
Íàõîäèì� ïðîöåíòíîå� ñîäåðæàíèå� êàæ­
äîãî� îêñèäà� â� âèäå� (M

ox
/M

Di
)� ×� � 8,88� %:�

CaO�–�2,30�%,�MgO�–�1,65�%,�SiO
2
�–�4,88��%.

Àíàëîãè÷íî� îïðåäåëÿåòñÿ� ñîäåðæàíèå� îê­
ñèäîâ� äëÿ� ãèïåðñòåíà� (Hyp� =� 15,21� %).�
Äëÿ� íåãî� èìååì� ôîðìóëó� (Mg,� Fe)

2
Si

2
O

6
�

(Fe� =� 50� %),� è� â� îêñèäíîé� ôîð­
ìå� MgO� ·� FeO� ·� 2SiO

2
.� Òàêèì� æå� îáðà­

çîì� îïðåäåëÿåòñÿ� ñîäåðæàíèå� îêñèäîâ� â�
Ilm� (FeO� ·� TiO

2
,� 1,33� %):� FeO� (0,63� %),�

TiO
2
�(0,70�%)�è�Mgt�(FeO�·�Fe

2
O

3
,�3,48�%):�

FeO�(1,08�%),�Fe
2
O

3
�(2,40�%).�Èñõîäÿ�èç�óêà­

çàííûõ� ðàñ÷åòîâ,� ñóììàðíîå� ñîäåðæàíèå�
äëÿ�êàæäîãî�îêñèäà�áóäåò:�SiO

2
�–�12,09�%,�

FeO�–�6,41�%,�Fe
2
O

3
�–�2,40�%,�CaO�–�2,30�%,�

MgO�–�4,30�%,�TiO
2
��–�0,70�%.

Â� ñóììå� îñàæäåííûå� ìèíåðàëû� (Di,�
Hyp,� Mgt,� Ilm,� Ap)� ñîñòàâëÿþò� 29,36� %�
(ñòëá.� 2� òàáëèöû).� Äëÿ� ðàñïëàâà,� c� ó÷å­
òîì� òóãîïëàâêèõ� ìèíåðàëîâ,� ïåðåñ÷åò� íà�
íîðìàòèâíûé� ñîñòàâ� äàåò� Or� (12,41� %),�
Ab�(21,15�%),�An�(23,11�%)�è�Qtz�(13,57�%)�
(ñòëá.� 2).� Â� ìåæêðèñòàëëè÷åñêîì� ïðî­
ñòðàíñòâå� ñëîÿ,� ñëàãàåìîãî� îñàæäåííûìè�
òóãîïëàâêèìè� ìèíåðàëàìè,� îñòàåòñÿ� ðàñ­
ïëàâ,�îáúåì�êîòîðîãî�ñîñòàâëÿåò�~26�%�îò�
îáúåìà� îñàæäåííûõ� òâåðäûõ� òóãîïëàâêèõ�
÷àñòèö� (â� ïðèáëèæåíèè�ñôåðè÷åñêîé�óïà­
êîâêè)�[3].�Äëÿ�îïðåäåëåíèÿ�ìàññîâîãî�ñî­
äåðæàíèÿ�ðàñïëàâà�â�ìåæêðèñòàëëè÷åñêèõ�
ïðîñòðàíñòâàõ�îñàæäåííîãî�ñëîÿ�ïðèíèìà­
åì,�÷òî�â�ïåðâîì�ïðèáëèæåíèè�îáúåì�îñàæ­
äåííîãî�ñëîÿ�ñîñòàâëÿåò�29,36�%�îò�îáúåìà�
ãîëîâû� ïëþìà.� Ìàññîâîå� ïðîöåíòíîå� ñî­
äåðæàíèå�ðàñïëàâà�â�ìåæêðèñòàëëè÷åñêîì�
ïðîñòðàíñòâå� îñàæäåííîãî� ñëîÿ� ñîñòàâèò�
0,26�×�29,36�=�7,63�%.�Òîãäà�äëÿ�ðàñïëàâà,�
íàõîäÿùåãîñÿ� â� ìåæêðèñòàëëè÷åñêèõ� ïðî­
ñòðàíñòâàõ� îñàæäåííîãî� ñëîÿ,� äëÿ� êàæäîãî�
êîìïîíåíòà�ïîëó÷àåì:�
Qtz�(SiO

2
)�=�0,076�×�13,57��%�=�1,03�%,�

Or�(K
2
O�·�Al

2
O

3�
·�6SiO

2
)�=

=�0,076�×�12,41�%�=
=�0,95�%,�Ab�(Na

2
O�·�Al

2
O

3�
·�6SiO

2
)�=

=�0,076�×�21,15�%�=�1,61�%,�
An�(CaO�·�Al

2
O

3
�·�2SiO

2
)�=�

=0,076�×�23,11�%�=�1,79�%.�
Îïðåäåëèì� ïðîöåíòíîå� ñîäåðæàíèå�

îêñèäîâ,� îñòàâøèõñÿ� â� ìåæêðèñòàëëè÷å­
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ñêèõ� ïðîñòðàíñòâàõ� îñàæäåííîãî� ñëîÿ,�
ñïîñîáîì,� àíàëîãè÷íûì� ïðèâåäåííîìó.�
Ñóììàðíîå� ïðîöåíòíîå� ñîäåðæàíèå� îê­
ñèäîâ,� îñòàâøèõñÿ� â� ìåæêðèñòàëëè÷å­
ñêèõ� ïðîñòðàíñòâàõ� îñàæäåííîãî� ñëîÿ:�
SiO

2�
� –� 3,34� %,� Al

2
O

3
� –� 1,14� %,� CaO� –�

0,36�%,�Na
2
O�–�0,19�%,�K

2
O�–�0,19�%.�Ñóì­

ìàðíîå� çíà÷åíèå� ïðîöåíòíîãî� ñîäåðæàíèÿ�
êàæäîãî� îêñèäà� äëÿ� îñàæäåííûõ� ìèíåðà­
ëîâ�è�äëÿ�ðàñïëàâà�â�ìåæêðèñòàëëè÷åñêèõ�
ïðîñòðàíñòâàõ:�
SiO

2
�–�15,43�%,�TiO

2
�–�0,70�%,�

Al
2
O

3
�–�1,14��%,�Fe

2
O

3
�–��2,40�%,�

FeO�–�6,40�%,�MgO�–�4,30�%,�
CaO�–�2,66�%,�Na

2
O�–�0,19�%,�

K
2
O�–�0,19�%,�P

2
O5�–�0,20�%.�

Òîãäà�â�ïåðåñ÷åòå�íà�îêñèäû�ïðîöåíò­
íîå� ñîäåðæàíèå� òâåðäûõ� âçâåñåé� è� ðàñ­
ïëàâà,� çàõâà÷åííîãî� â� ìåæêðèñòàëëè÷å­
ñêèõ� ïðîñòðàíñòâàõ,� ñîñòàâëÿåò� 33,61� %,�
è� ïîýòîìó� òîëùèíà� ñëîÿ� ðàñïëàâà,� çà­
ëåãàþùåãî� íàä� îñàæäåííûì� ñëîåì� â� ãî­
ëîâå� ïëþìà� òîëùèíîé� l� (ðèñ.� 1),� áóäåò�
l
р
� =� l(1� ­� 0,336)� =� 0,664l.� Â� ïåðâîì� ïðè­

áëèæåíèè�òîëùèíà�ñëîÿ l ñîèçìåðèìà�ñ�äè­
àìåòðîì�êàíàëà�ïëþìà.�Äëÿ�l�=�29…33�êì,�
l
р
� =� (19,3…21,9)� êì.� Îöåíêè� âðåìåíè�

îñàæäåíèÿ� ÷àñòèö� òóãîïëàâêèõ� ìèíåðàëîâ�
t

îñ,ò
�íà�îñíîâå�ôîðìóëû�Ñòîêñà�äëÿ�ñêîðîñòè�

äâèæåíèÿ�øàðà U
ш���

äàþò�t
ос,т

 = (l - l
р
)/2U

ш
��=

=�10…1614�ëåò�(<<�t
èíò

)�äëÿ�ðàäèóñà�÷àñòèö�
r�=�(0,25…1)�·�10­3�ì,�äèíàìè÷åñêîé�âÿçêî­
ñòè�h�=�102…103�Ïà�·�ñ�[9],�ðàçíîñòè�ïëîò­
íîñòåé� ÷àñòèö� îñàæäàþùèõñÿ� ìèíåðàëîâ� è�
ðàñïëàâà�Δρ�=�700�êã/ì3.

Âû÷èòàÿ� ïðîöåíòíûé� ñîñòàâ� ñîîòâåò­
ñòâóþùåãî� îñàæäåííîãî� îêñèäà� (ñ� ó÷åòîì�
ðàñïëàâà�â�ìåæêðèñòàëëè÷åñêèõ�ïðîñòðàí­
ñòâàõ)� èç� ñðåäíåãî� ñîñòàâà� êîíòèíåíòàëü­
íîé�êîðû�(ñòëá.�2,�âåðõíèé�ÿðóñ�òàáëèöû),�
ïîëó÷àåì� ñîñòàâ� ðàñïëàâà� (â� ôîðìå� îêñè­
äîâ)�â�ãîëîâå�ïëþìà�ïîñëå�îñàæäåíèÿ�òóãî­
ïëàâêèõ�ìèíåðàëîâ�(ñòëá.�3,�âåðõíèé�ÿðóñ).�
Íàïðèìåð,�ñîäåðæàíèå�SiO

2�
â�ðàñïëàâå�ñî­

ñòàâëÿåò� 59,30� %� � –� 15,43� %� =� 43,87� %.�
Àíàëîãè÷íî�ïîëó÷àåì�ïðîöåíòíîå�ñîäåðæà­
íèå�äðóãèõ�îêñèäîâ.�

Ïåðåéäåì� îò� ïðîöåíòíîãî� ñîäåðæà­
íèÿ�îêñèäîâ�â�ñëîå� ðàñïëàâà� îòíîñèòåëüíî�
ñîäåðæàíèÿ�îêñèäîâ�âî�âñåé�ãîëîâå�ïëþìà�

òîëùèíîé�l�ê�ïðîöåíòíîìó�ñîäåðæàíèþ�îê­
ñèäîâ� â� ñëîå� ðàñïëàâà� òîëùèíîé� l

ð
.� ×òîáû�

îïðåäåëèòü� ïðîöåíòíîå� ñîäåðæàíèå� îêñè­
äîâ� äëÿ� ñëîÿ� ðàñïëàâà� òîëùèíîé� l

ð
,� â� òàá­�

ëèöå� ñóììèðóåì� ñòëá.� 3� (е� =� 67,19� %)� è�
çàòåì� óìíîæàåì� åãî� äàííûå� íà� âåëè÷èíó�
100/67,19.�Ñîñòàâ�ñëîÿ�ðàñïëàâà�(â�ôîðìå�
îêñèäîâ)� ïðåäñòàâëåí� â� òàáëèöå� (ñòëá.� 4,�
âåðõíèé� ÿðóñ).� Ñîîòâåòñòâóþùèé� íîðìà­
òèâíûé�ñîñòàâ�ïðåäñòàâëåí�â�ñòëá.�4�(íèæ­
íèé�ÿðóñ):�Or�(16,78�%),�Ab�(29,11�%)�è�
An� (32,38� %).� Áîëüøóþ� äîëþ� ñîñòàâëÿåò�
ïëàãèîêëàçîâûé� êîìïîíåíò� (61,49� %).�
Íîðìàòèâíûé� êâàðö� Qtz� (18,72� %)� íàõî­
äèòñÿ�â�ðàñïëàâå�â�îñíîâíîì�â�âèäå�òâåðäîé�
âçâåñè.

Îïðåäåëèì� ñîñòàâ� ðàñïëàâà,� îñòàþ­
ùåãîñÿ� ïîñëå� îñàæäåíèÿ� òâåðäûõ� âçâåñåé�
ïëàãèîêëàçà.� Êîëè÷åñòâî� ïëàãèîêëàçîâîãî�
êîìïîíåíòà� â� ðàñïëàâå,� âîçíèêøåì� ïîñëå�
îñàæäåíèÿ� òóãîïëàâêèõ� ìèíåðàëîâ,� áóäåì�
îïðåäåëÿòü�ïî�äèàãðàììå�ïëàâëåíèÿ�ïëàãèî­
êëàçà�äëÿ�ñèñòåìû�àëüáèò­àíîðòèò�Ab

1
­An

1
,�

ãäå�Ab
1�
=�Ab/(Ab�+�An),�An

1�
=�An/(Ab+An),�

Ab�è�An�–�ïðîöåíòíîå�ñîäåðæàíèå�àëüáèòà�
è�àíîðòèòà�â�ïðîïëàâëÿåìîì�êîðîâîì�ñëîå�
(ðèñ.�2).�

Òî�åñòü,�â�ïåðâîì�ïðèáëèæåíèè,�ïðåä­
ïîëîæèì,� ÷òî� çàêîíîìåðíîñòè� ïîâåäåíèÿ�
ñèñòåìû�Ab

1
­An

1�
äëÿ�ðàñïëàâà�ïîñëå�îñàæ­

äåíèÿ� òóãîïëàâêèõ� ìèíåðàëîâ� òàêèå� æå,�
êàê�äëÿ�ñèñòåìû�Ab­An.�Äëÿ�äàâëåíèÿ,�ðàâ­
íîãî� 1� áàð,� äèàãðàììà� ïëàâêîñòè� ñèñòåìû�
Ab­An� ïðåäñòàâëåíà� ñîãëàñíî� N.� L.� Bowen�
[6].� Äëÿ� äàâëåíèé,� áîëüøèõ� 1� áàð,� äèà­
ãðàììà� ïîñòðîåíà� ñëåäóþùèì� îáðàçîì:�
çíàÿ� òåìïåðàòóðû� ïëàâëåíèÿ� àëüáèòà� è�
àíîðòèòà�ïðè�ñîîòâåòñòâóþùèõ�äàâëåíèÿõ,�
ïåðåíîñèì�ëèíèè�ñîëèäóñà�è�ëèêâèäóñà,�ñî­
îòâåòñòâóþùèå�äàâëåíèþ,�ðàâíîìó�1�áàð.

Â� ïîëå� ñèëû� òÿæåñòè� çàêðèñòàëëèçî­
âàâøèéñÿ�ïëàãèîêëàç�íàõîäèòñÿ�â�ðàñïëàâå�
â� ãèäðîäèíàìè÷åñêè� íåóñòîé÷èâîì� ñîñòî­
ÿíèè�èç­çà�ðàçëè÷èÿ�â�ïëîòíîñòè�ðàñïëàâà�
è� çàêðèñòàëëèçîâàâøåãîñÿ� ïëàãèîêëàçà.�
Íàïðèìåð,� ñ� ó÷åòîì� ïëîòíîñòè� àëüáèòà�
(2,6� ã� /� ñì3)� è� àíîðòèòà� (2,75� ã/ñì3)� [1]�
äëÿ� ïëàãèîêëàçà� N� 30� (ðèñ.� 2,� ñîñòàâ� íà�
ëèíèè� ëèêâèäóñà)� ρ

1�
=� 2,65� ã/ñì3,� à� äëÿ�

ïëàãèîêëàçà�N�70�(ðèñ.�2,�ñîñòàâ�íà�ëèíèè�
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ñîëèäóñà)�ρ
2�
=�2,71�ã/ñì3,�è�ðàçíîñòü�ïëîò­

íîñòåé�Δρ�=�ρ
2�

­�ρ
1�

=�0,06�ã/ñì3,�ò.å.�ðàçëè­
÷èå�â�ïëîòíîñòè�ñîñòàâëÿåò�2,2�%.�

Ðèñ. 2. Ôàçîâàÿ äèàãðàììà ïëàãèîêëàçîâ ïðè 
ðàçëè÷íûõ äàâëåíèÿõ. 1ñ – ñîëèäóñ ïðè P=1 áàð; 
1ë – ëèêâèäóñ ïðè P = 1 áàð [6]; 2ñ – ñîëèäóñ ïðè 

P = 6,3 êáàð; 2ë – ëèêâèäóñ ïðè P = 6,3 êáàð; 
3ñ – ñîëèäóñ ïðè P = 12 êáàð; 4ñ – ñîëèäóñ ïðè 

P = 5 êáàð; 4ë – ëèêâèäóñ ïðè P = 5 êáàð; 
5ñ – ñîëèäóñ ïðè P = 10 êáàð / 

Fig. 2. Phase diagram of plagioclase feldspars for dif­
ferent pressures. 1ñ – solidus at P = 1 bar; 

1ë – liquidus at P = 1 bar [6]; 2ñ – solidus at 
P = 6,3 kbar; 2ë – liquidus at P = 6,3 kbar; 

3ñ – solidus at P = 12 kbar; 4ñ – solidus at P = 5 kbar; 
4ë – liquidus at P = 5 kbar; 5ñ – solidus at P = 10 kbar

Ðàññìîòðèì�ýòàï�îñàæäåíèÿ�ïëàãèîêëà­
çà.�Íà�ïðîöåññå�îñàæäåíèÿ�òâåðäûõ�âçâåñåé�
ñêàçûâàåòñÿ�âëèÿíèå� ãèäðîäèíàìèêè� è�òå­
ïëîîáìåíà,� à� òàêæå� èçìåíåíèå�ñ� ãëóáèíîé�
ëèòîñòàòè÷åñêîãî�äàâëåíèÿ,�êîòîðîå�ïðîÿâ­
ëÿåòñÿ�÷åðåç�èçìåíåíèå�äèàãðàììû�ïëàâêî­
ñòè�ïëàãèîêëàçîâ.�Â�ðàñïëàâå�ãîëîâû�ïëþ­
ìà� ñóùåñòâóþò� ãîðèçîíòàëüíûå� òå÷åíèÿ�
âäîëü� êðîâëè� è� ïîäîøâû� ñëîÿ� ðàñïëàâà� â�
ðåæèìå�ëàìèíàðíîé�ñâîáîäíîé�êîíâåêöèè.�
Ïðîèñõîäèò� îñàæäåíèå� òâåðäûõ� ÷àñòèö� â�
óñëîâèÿõ�ýòèõ�ãîðèçîíòàëüíûõ�òå÷åíèé.

Ïîñëå� îñàæäåíèÿ� òóãîïëàâêèõ� ôàç�
â� ðàñïëàâå� ãîëîâû� ïëþìà� ñîäåðæèòñÿ�
Ab�–�29,11�%�è�An�–�32,38�%�(ñòëá.�4�òàá­
ëèöû)� è� ñîîòâåòñòâåííî� Ab

1
� –� 47,3� %� è�

An
1
� –� 52,7� %.�Àíàëèç� äèàãðàììû� ïëàâêî­

ñòè� äëÿ� óñëîâèé� ïî� äàâëåíèþ� íà� êðîâëå� è�
ïîäîøâû�ãîëîâû�ïëþìà�(ðèñ.�2)�ïîêàçûâà­
åò,�÷òî�ïðè�óâåëè÷åíèè�ãëóáèíû�(äàâëåíèÿ)�
äîëÿ� çàêðèñòàëëèçîâàâøåãîñÿ� ïëàãèîêëàçà�
Pl

1�
âîçðàñòàåò.� Ïî� ìåðå� óâåëè÷åíèÿ� äàâëå­

íèÿ,�ò.å.� ïî� ìåðå�ïðèáëèæåíèÿ�ê�ïîäîøâå�
ïëþìà� è� íà� ïîäîøâå� ïëþìà� áóäåò� ïðîèñ­
õîäèòü� îáîãàùåíèå� ðàñïëàâà� çàêðèñòàë­
ëèçîâàâøèìñÿ� ïëàãèîêëàçîì.� Êîëè÷åñòâî�
çàêðèñòàëëèçîâàâøåãîñÿ� ïëàãèîêëàçà� â�
îáúåìå� ðàñïëàâà� ãîëîâû� ïëþìà� îïðåäåëå­
íî�ïðè�ñëåäóþùèõ�óñëîâèÿõ�â�îêðåñòíîñòè�
ïîäîøâû� ãîëîâû� ïëþìà:� P

ï�
=� 6,3� êáàð� è�

T
ð�
=�1410°C.�Äàâëåíèå�P

ï�
=�6,3�êáàð�ïðèíÿ­

òî� êàê� ñðåäíåå� çíà÷åíèå� ìåæäó� äàâëåíèåì�
íà�ïîäîøâå�ñëîÿ�ðàñïëàâà�ïîñëå�îñàæäåíèÿ�
òóãîïëàâêèõ�ìèíåðàëîâ�è�äàâëåíèåì�íà�ïî­
äîøâå�ñëîÿ�ðàñïëàâà�ïîñëå�îñàæäåíèÿ�ïëà­
ãèîêëàçà.�

Ïðè� P
ï�

=� 6,3� êáàð� äîëÿ� çàêðèñòàëëè­
çîâàâøåãîñÿ� ïëàãèîêëàçà� Pl

1êðèñò�
=� 0,65,� à�

äîëÿ� ðàñïëàâà� –� 0,35� (ðèñ.�2).� Ñîñòàâ� çà­
êðèñòàëëèçîâàâøåãîñÿ� ïëàãèîêëàçà� îòâå­
÷àåò�N�65,�ñîñòàâ�ðàñïëàâà�îòâå÷àåò�N�30.�
Ïðîöåíòíûé�ñîñòàâ�çàêðèñòàëëèçîâàâøåãî­
ñÿ�Pl

1êðèñò
,�îòâå÷àþùåãî�N�65:�

Ab
êðèñò

�=�Ab
1êðèñò

(Ab�+�An)Pl
1êðèñò

�=�
=�35�%�×�0,615�×�0,65�=
=�14�%;�An

êðèñò
�=�An

êðèñò
(Ab�+�An)Pl

1êðèñò
�=

=�65�%�× 0,615 ×�0,65�=�26�%.�
Äàëåå,�èñïîëüçóÿ�ñõåìó�ðàñ÷åòîâ,�ïðèâåäåí­
íóþ� äëÿ� îñàæäåííûõ� òóãîïëàâêèõ� ìèíåðà­
ëîâ,�îïðåäåëÿåì�ïðîöåíòíûé�ñîñòàâ�îêñèäîâ�
â�çàêðèñòàëëèçîâàâøåìñÿ�ïëàãèîêëàçå.

Âìåñòå�ñ�îñàæä¸ííûì�ïëàãèîêëàçîì�
Pl

1êðèñò
(Ab

êðèñò�
+�An

êðèñò
)�=

=�0,65�×�61,5�%�=�40�%�
îñòàåòñÿ� ðàñïëàâ� â� ìåæêðèñòàëëè÷åñêèõ�
ïðîñòðàíñòâàõ:� 0,26 ×� 40� %� =� 10,4� %.�
Â� ïåðåñ÷åòå� íà� íîðìàòèâíûé� ñîñòàâ� ðàñ­
ïëàâ� ïðåäñòàâëåí� ñìåñüþ� ñëåäóþùèõ� êîì­
ïîíåíòîâ:� Qtz� –� 18,72� %,� Or� –� 16,78� %,�
Ab�=�[Ab

1ð
(Ab�+�An)(1�­�Pl

1êðèñò
)]�=�15,07�%,�

An�=�[An
1ð

(Ab�+�An)(1�­�Pl
1êðèñò

)]�=�6,46��%.�
Ðàñïëàâ,� êîòîðûé� îñòàåòñÿ� âìåñòå� ñ� îñàæ­
äåííûì�ïëàãèîêëàçîì,�ñîäåðæèò:�
Qtz�–�0,104�×�18,72�=�1,95�%,�
Or�–�0,104 × 16,78�=�1,75�%,�
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Ab�–�0,104�×�15,07�=�1,57�%,�
An�–�0,104 ×�6,46�=�0,67�%.�

Îïðåäåëèì� ïðîöåíòíîå� ñîäåðæàíèå�
îêñèäîâ�äëÿ�ðàñïëàâà,�îñòàâøåãîñÿ�â�ìåæ­
êðèñòàëëè÷åñêèõ� ïðîñòðàíñòâàõ� îñàæäåí­
íîãî� ïëàãèîêëàçà� ñïîñîáîì,� àíàëîãè÷íûì�
ïðåäñòàâëåííîìó.� Ñóììàðíîå� çíà÷åíèå�
ïðîöåíòíîãî� ñîäåðæàíèÿ� äëÿ� êàæäîãî� îê­
ñèäà�äëÿ�îñàæäåííûõ�ìèíåðàëîâ�è�ðàñïëàâà�
â�ìåæêðèñòàëëè÷åñêèõ�ïðîñòðàíñòâàõ:
SiO

2
�–�23,35�%,�Al

2
O

3
�–�13,07�%,�

Na
2
O�–�1,84�%,�CaO�–�5,39�%,�

K
2
O�–�0,3�%.

Äîëÿ�îñàæäåííûõ�ìèíåðàëîâ�è�ðàñïëàâà�
â�ìåæêðèñòàëëè÷åñêîì�ïðîñòðàíñòâå�ñîñòàâ­
ëÿåò�0,44�è�òîëùèíà l

р
´ ñëîÿ�ðàñïëàâà,�îñòàâ­

øåãîñÿ� ïîñëå� îñàæäåíèÿ� òâåðäûõ� âçâåñåé�
ïëàãèîêëàçà�(ðèñ.�1),�l

р
´ =�(1 – 0,44)l

р
�=�0,56l

р
. 

Äëÿ�ïîëó÷åííûõ�çíà÷åíèé�l
р 
= 19,3…21,9�êì,�

l
р
´ =� 10,8…12,3� êì.� Âðåìÿ� îñàæäåíèÿ� ÷à­

ñòèö�ïëàãèîêëàçà�â�ðàñïëàâå�ãîëîâû�ïëþìà�
t
ос,Pl

 = (l
р
 - l

р
´)/2U

ш
 =�26�–�412�ëåò�(<< t

инт
) 

äëÿ r = (0,5 … 2) ∙ 10-3 ì, Ƞ = 102 Ïà ∙ с [9], 
Δρ =�60�êã/ì3.

Îïðåäåëèì� ïðîöåíòíîå� ñîäåðæàíèå�
îêñèäîâ� â� ðàñïëàâå� ãîëîâû� ïëþìà� òîëùè­
íîé� l

ð
´,� ïîëó÷èâøååñÿ� ïîñëå� îñàæäåíèÿ�

ïëàãèîêëàçà� (ðèñ.� 1).� Ñóììèðîâàâ� ñòëá.� 5�
òàáëèöû�(е�=�55,11�%)�è�óìíîæèâ�åãî�íà�
âåëè÷èíó� 100/55,11,� ïîëó÷èì� ïðîöåíòíîå�
ñîäåðæàíèå� îêñèäîâ� â� îñòàòî÷íîì� ðàñïëà­
âå,� ïðåäñòàâëåííîå� â� ñòëá.� 6.� Êàê� ñëåäóåò�
èç�ñòëá.�6,�ñîäåðæàíèå�SiO

2
�–�76,1�%.�Ñî­

äåðæàíèå� SiO
2�

â� íîðìàëüíûõ� ãðàíèòàõ� � –�
70…73� %� [4].� Íîðìàòèâíûé� ñîñòàâ� äëÿ�
ðàñïëàâà�ïðåäñòàâëåí�â� ñòëá.� 6,� â� íèæíåì�
ÿðóñå� òàáëèöû.� Íîðìàòèâíîå� ñîäåðæàíèå�
Ab�=�24,54�%,�An�=�10,67�%.�Òîãäà�îòíîñè­
òåëüíîå�ñîäåðæàíèå�Ab

1
�­�70�%,�An

1
�–�30�%,�

òàêîå�ñîäåðæàíèå�Ab
1
�è�An

1
�íàõîäèòñÿ�â�îá­

ëàñòè�ëèêâèäóñà�ñèñòåìû�Ab
1
­An

1
�(ðèñ.�2).�

Äëÿ� òåìïåðàòóðû� ðàñïëàâà� â� ãîëîâå�
ïëþìà�T

ð�
=�1380�°Ñ�ðàñ÷åòû�ñîñòàâà�(ïðè­

âåäåííûå�â�òàáëèöå)�è�îïðåäåëåíèå�òîëùè­
íû� ñëîÿ� ðàñïëàâà� ïðîâîäÿòñÿ� ïî� ñïîñîáó,�
îïèñàííîìó�äëÿ�ñëó÷àÿ�T

ð�
=�1410�°Ñ.�Äëÿ

T
ð�

=� 1380� °Ñ,� ñîãëàñíî� äèàãðàììå� ïëàâêî­
ñòè� ïëàãèîêëàçîâ,� ãëóáèíà� ïðîïëàâëåíèÿ�
êîðû� (ãëóáèíà� çàëåãàíèÿ� ïîäîøâû� ãîëîâû�

ïëþìà)� l
êîð�

=� 28� êì� (P =� 9,3� êáàð).� Äëÿ�
òîëùèíû�ìàññèâà�íàä�êðîâëåé�ãîëîâû�ïëþ­
ìà�δ�=�5�êì�(ðèñ.�1),�òîëùèíà�ñëîÿ�ðàñïëà­
âà�ãðèáîîáðàçíîé�ãîëîâû�l�=�l

êîð
�–�δ�=�23�êì.

Òîëùèíà� ñëîÿ� ðàñïëàâà� ïîñëå� îñàæäåíèÿ�
÷àñòèö�òóãîïëàâêèõ�ìèíåðàëîâ�

l
ð�
=�l(1�–�0,34)�=�0,66l�=�15,2�êì.�

Òîëùèíà�ñëîÿ�îñòàòî÷íîãî�ðàñïëàâà
l
ð
´�=�l

ð
(1�–�0,52)�=�0,48l

ð
,�è�äëÿ�l

ð�
=�15,2�êì,�

l
ð
´�=�7,3�êì.

Ðàñ÷åòû�íîðìàòèâíîãî�ñîñòàâà�äëÿ�íîð­
ìàëüíûõ� ãðàíèòîâ,� èñõîäÿ� èç� äàííûõ� [4],�
äàþò:�Qtz� =� 28…35� %,� Or� =� 27…36� %,�
Ab�=�23…26�%,�An�=�1…6�%,�÷òî�óäîâëåòâî­
ðèòåëüíî�ñîãëàñóåòñÿ�ñ�äàííûìè�íàøèõ�ðàñ­
÷åòîâ�äëÿ�êîìïîíåíòîâ�ðàñïëàâà�(ñòëá.�6,�8�
òàáëèöû).�Òàêèì�îáðàçîì,�íà�îñíîâå�ïðåä­
ëîæåííîé� ìîäåëè� ïëþìà� ñ� ãðèáîîáðàçíîé�
ãîëîâîé� â� ðåçóëüòàòå� ðàñ÷åòîâ� óäàëîñü� ïî­
ëó÷èòü�íîðìàòèâíûé�ñîñòàâ,�áëèçêèé�ê�ñî­
ñòàâó� íîðìàëüíûõ� ãðàíèòîâ� (â� îòíîøåíèè�
Qtz,�Or,�Ab�è�An).�

Âûâîäû.�Íà�îñíîâå�äàííûõ�ëàáîðàòîð­
íîãî�ìîäåëèðîâàíèÿ�ïðåäñòàâëåíà�ñòðóêòó­
ðà�òå÷åíèÿ�â�ðàñïëàâå�ãðèáîîáðàçíîé�ãîëî­
âû� ìàíòèéíîãî� òåðìîõèìè÷åñêîãî� ïëþìà.�
Êðóïíîìàñøòàáíûå� ãîðèçîíòàëüíûå� òå÷å­
íèÿ�ó�ïîäîøâû�ãîëîâû�ïëþìà�ìîãóò�ñïîñîá­
ñòâîâàòü� ïðîöåññàì� êðèñòàëëèçàöèîííîé�
äèôôåðåíöèàöèè�ðàñïëàâà.

Â�ðåçóëüòàòå�ðàñ÷åòîâ�íà�îñíîâå�ìîäå­
ëè� òåïëîâîé� è� ãèäðîäèíàìè÷åñêîé� ñòðóê­
òóðû� ïëþìà� ñ� ãðèáîîáðàçíîé� ãîëîâîé� äëÿ�
ðàñïëàâà�ãîëîâû�ïëþìà�ïîëó÷åí�íîðìàòèâ­
íûé�ñîñòàâ,�áëèçêèé�ê�ñîñòàâó�íîðìàëüíûõ�
ãðàíèòîâ.� Ïðè� óìåíüøåíèè� òåìïåðàòóðû�
ðàñïëàâà�îò�1410�äî�1380�°Ñ�òîëùèíà�ñëîÿ�
îñòàòî÷íîãî� ðàñïëàâà� l

ð
´� óìåíüøàåòñÿ� îò�

10,8� äî� 7,3� êì.� Âñëåäñòâèå� ïðîöåññîâ� êðè­
ñòàëëèçàöèîííîé� äèôôåðåíöèàöèè,� ïðî­
òåêàþùèõ� â� ðàñïëàâå� ãîëîâû� ïëþìà,� îíà�
èìååò� òðåõñëîéíóþ� ñòðóêòóðó:� íèæíèé�
ñëîé� ñëîæåí� îñàæäåííûìè� òóãîïëàâêèìè�
ìèíåðàëàìè,� ñðåäíèé� –� îñàæäåííûì� ïëà­
ãèîêëàçîì,� âåðõíèé� –� ïðåäñòàâëÿåò� ñîáîé�
îñòàòî÷íûé�ðàñïëàâ,�ñîñòàâ�êîòîðîãî�(â�îò­
íîøåíèè� Qtz,� Or,� Ab� è� An)� áëèçîê� ê� ãðà­
íèòíîìó.



Âåñòíèê ÇàáÃÓ. 2018. Ò. 24. ¹ 2

12

Ñïèñîê ëèòåðàòóðû                                                                                              

References 

1.�Âåðòóøêîâ�Ã.�Í.,�Àâäîíèí�Â.�Í. Òàáëèöû�äëÿ�îïðåäåëåíèÿ�ìèíåðàëîâ�ïî�ôèçè÷åñêèì�è�õèìè÷åñêèì�
ñâîéñòâàì:�ñïðàâî÷íèê.�Ì.:�Íåäðà,�1992.�489�ñ.�

2.�Âîéòêåâè÷�Ã.�Â., Êîêèí�À.�Â.,�Ìèðîøíèêîâ�À.�Å.,�Ïðîõîðîâ�Â.�Ã.�Ñïðàâî÷íèê�ïî�ãåîõèìèè.�Ì.:�
Íåäðà,�1990.�480�ñ.

3.�Íåêðàñîâ�Á.�Â. Îñíîâû�îáùåé�õèìèè:�â�2�ò.�Ò.�1.�Ì.:�Õèìèÿ,�1973.�656�ñ.
4.�Ñàðàí÷èíà�Ã.�M.,� Øèíêàðåâ�Í.�Ô.� Ïåòðîãðàôèÿ� ìàãìàòè÷åñêèõ� è�ìåòàìîðôè÷åñêèõ�ïîðîä.� Ë.:�

Íåäðà,�1967.�324�ñ.
5.�Ballmer�M.�D.,�Ito�G.,�Wolfe�C.J.,�Solomon�S.C.�Double�layering�of�a�thermochemical�plume�in�the�upper�

mantle�beneath�Hawaii�//�Earth�and�Planetary��Science�Letters.�2013.�Vol.�376.�P.�155–164.�
6.�Bowen�N.�L.�The�melting�phenomena�of�the�plagioclase�feldspars�//�American�Journal�of�Science.�1913.�

Vol.�35.�No.�210.�P.�577–599.�
7.�Brown�M.�Granite:�from�genesis�to�emplacement�//�Geological�Society�of�America�Bulletin.�2013.�Vol.�125.�

No.�7/8.�P.�1079–1113.�
8.�Brűckner�R. Silicon�dioxide�//�Encyclopedia�of�Applied�Physics.�2003.�P.�101–131.�
9.�Cranmer�D.,�Uhlmann�D.�R. Viscosities�in�the�system�albite­anorthite�//�Journal�of�Geophysical�Research.�

1981.�Vol.�86.�P.�7951–7956.�
10.�Dobretsov�N.�L.,�Kirdyashkin�A.�A.,�Kirdyashkin�A.�G.,�Vernikovsky�V.�A.,�Gladkov�I.�N.�Modelling�of�

thermochemical�plumes�and�implications�for�the�origin�of�the�Siberian�traps�//�Lithos.�2008.�Vol.�100.�P.�66–92.�
11.�Kirdyashkin�A.�A.,�Kirdyashkin�A.�G.,�Gurov�V.�V.�Parameters�of�thermochemical�plumes�responsible�

for�the�formation�of�batholiths:�results�of�experimental�simulation�//�Geotectonics. 2017.�Vol.�51.�No.�4. 
P.�398–411.�

12.�Pabst�W.,�Gregorová�E.�Elastic�properties�of�silica�polymorphs�–�a�review�//�Ceramics�–�Silikáty.�2013.�
Vol.�57.�No.�3.�P.�167–184.�

13.�Schubert�G.,�Turcotte�D.�L.,�Olson�P.�Mantle�convection�in�the�Earth�and�planets.�Cambridge�University�
Press,�2001.�940�p.

14.�Yang�T.,�Fu�R.�Thermochemical�piles� in�the� lowermost�mantle�and�their�evolution�//�Physics�of�the�
Earth�and�Planetary�Interiors.�2014.�Vol.�236.�P.�109–116.� 

1.� Vertushkov�G.�N.,�Avdonin�V.�N.�Tablitsy dlya opredeleniya mineralov po fizicheskim i himicheskim 
svoystvam�(Tables�for�the�determination�of�minerals�by�their�physical�and�chemical�properties:�reference�book).�
Moscow:�Nedra,�1992.�489�p.

2.� Voytkevich� G.� V.,� Kokin� A.� V.,� Miroshnikov� A.� E.,� Prokhorov� V.� G.� Handbook of Geochemistry�
(Handbook�of�Geochemistry).�Moscow:�Nedra,�1990.�480�p.

3.� Nekrasov�B.�N.�Osnovy obshchey himii: v 2 t. T. 1��(Fundamentals�of�general�chemistry:�in�2�volumes.�
Vol.�1).�Moscow:�Khimiya,�1973.�656�p.

4.� Saranchina� G.� M.,� Shinkarev� N.� F.� Petrografiya magmaticheskih i metamorficheskih porod�
(Petrography�of�magmatic�and�metamorphic�rocks).�leningrad.:�Nedra,�1967.�324�p.

5.� Ballmer�M.�D.,�Ito�G.,�Wolfe�C.�J.,�Solomon�S.�C.�Earth and Planetary Science Letters�(Earth�and�Planetary�
Science�Letters),�2013,�vol.�376,�pp.�155–164.

6.� Bowen�N.�L.�American Journal of Science�(American�Journal�of�Science),�1913,�vol.�35,�no.�210,�
pp.�577–599.

7.� Brown�M.�Geological Society of America Bulletin�(Geological�Society�of�America�Bulletin),�2013,�vol.�125,�
no.�7/8,�pp.�1079–1113.�

8.� Brűckner�R.�Encyclopedia of Applied Physics�(Encyclopedia�of�Applied�Physics),�2003,�pp.�101–113.
9.� Cranmer� D.,� Uhlmann� D.� R.� Journal of Geophysical Research� (Journal� of� Geophysical� Research),�

1981,�vol.�86,�pp.�7951–7956.
10.� Dobretsov� N.� L.,� Kirdyashkin� A.� A.,� Kirdyashkin� A.� G.,� Vernikovsky� V.� A.,� Gladkov� I.� N.� Lithos�

(Lithos),�2008,�vol.�100,�pp.�66–92.
11.�Kirdyashkin�A.�A.,�Kirdyashkin�A.�G.,�Gurov�V.�V.�Geotectonics�(Geotectonics),�2017,�vol.�51,�no.�4,�

pp.�398–411.
12.�Pabst�W.,�Gregorová�E.�Ceramics – Silikáty�(Ceramics�–�Silikáty),�2013,�vol.�57,�no.�3,�pp.�167–184.
13.�Schubert�G.,�Turcotte�D.�L.,�Olson�P.�Mantle convection in the Earth and planets�(Mantle�convection�

in�the�Earth�and�planets).�Cambridge�University�Press,�2001.�940�p.
14.� Yang� T.,� Fu� R.� Physics of the Earth and Planetary Interiors� (Physics� of� the� Earth� and� Planetary�

Interiors),�2014,�vol.�236,�pp.�109–116.



Íàóêè î Çåìëå

13

Êîðîòêî îá àâòîðàõ 

Briefly about the authors 

Îáðàçåö öèòèðîâàíèÿ 

Ðàáîòà�âûïîëíåíà�â�ðàìêàõ�ãîñóäàðñòâåííîãî�çàäàíèÿ,�ïðîåêò�¹�0330­2016­0016.

Êèðäÿøêèí Àíàòîëèé Ãðèãîðüåâè÷, ä­ð�òåõí.�íàóê,�âåäóùèé�íàó÷íûé�ñîòðóäíèê�ëàáîðàòîðèè�ôèçè÷åñêîãî�è�õèìè­
÷åñêîãî�ìîäåëèðîâàíèÿ�ãåîëîãè÷åñêèõ�ïðîöåññîâ,�Èíñòèòóò�ãåîëîãèè�è�ìèíåðàëîãèè�èì.�Â.�Ñ.�Ñîáîëåâà� �Ñèáèðñêîãî�
îòäåëåíèÿ�Ðîññèéñêîé�àêàäåìèè�íàóê,�çàñëóæåííûé�äåÿòåëü�íàóêè�ÐÔ,�ëàóðåàò�Ãîñóäàðñòâåííîé�ïðåìèè�ÐÔ,�ã.�Íîâî­
ñèáèðñê,�Ðîññèÿ.�Îáëàñòü�íàó÷íûõ�èíòåðåñîâ:�ëàáîðàòîðíîå�è�òåîðåòè÷åñêîå�ìîäåëèðîâàíèå�ãåîëîãè÷åñêèõ�ïðîöåññîâ,�
ñî÷åòàíèå�ãåîäèíàìè÷åñêîãî�è�ïåòðîëîãè÷åñêîãî�ìîäåëèðîâàíèÿ,�èñïîëüçîâàíèå�çàêîíîâ�è�ìåòîäîâ�òåïëîôèçèêè�â�çà­
äà÷àõ�ãåîäèíàìèêè,�ðîñò�êðèñòàëëîâ
agk@igm.nsc.ru

Êèðäÿøêèí Àëåêñåé Àíàòîëüåâè÷,�ä­ð.�ãåîë.­ìèíåðàë.�íàóê,�ïðîôåññîð�Ðîññèéñêîé�àêàäåìèè�íàóê,�çàâ.�ëàáîðàòîðè­
åé�ôèçè÷åñêîãî�è�õèìè÷åñêîãî�ìîäåëèðîâàíèÿ�ãåîëîãè÷åñêèõ�ïðîöåññîâ,�Èíñòèòóò�ãåîëîãèè�è�ìèíåðàëîãèè�èì.�Â.�Ñ.�Ñî­
áîëåâà�Ñèáèðñêîãî�îòäåëåíèÿ�Ðîññèéñêîé�àêàäåìèè�íàóê,�äîöåíò�êàôåäðû�ìèíåðàëîãèè�è�ïåòðîãðàôèè,�Íîâîñèáèðñêèé�
ãîñóäàðñòâåííûé�óíèâåðñèòåò,�ã.�Íîâîñèáèðñê,�Ðîññèÿ.�Îáëàñòü�íàó÷íûõ�èíòåðåñîâ:�ëàáîðàòîðíîå�è�òåîðåòè÷åñêîå�ìî­
äåëèðîâàíèå�ãåîäèíàìè÷åñêèõ�ïðîöåññîâ,�òåêòîíîôèçèêà,�ãåîòåêòîíèêà
aak@igm.nsc.ru

Ãëàäêîâ Èãîðü Íèêîëàåâè÷, íàó÷íûé�ñîòðóäíèê�ëàáîðàòîðèè�ôèçè÷åñêîãî�è�õèìè÷åñêîãî�ìîäåëèðîâàíèÿ�ãåîëîãè÷å­
ñêèõ�ïðîöåññîâ,�Èíñòèòóò�ãåîëîãèè�è�ìèíåðàëîãèè�èì.�Â.�Ñ.�Ñîáîëåâà�Ñèáèðñêîãî�îòäåëåíèÿ�Ðîññèéñêîé�àêàäåìèè�íàóê,�
ã.�Íîâîñèáèðñê,�Ðîññèÿ.�Îáëàñòü�íàó÷íûõ�èíòåðåñîâ:�ãåîäèíàìèêà,�ëàáîðàòîðíîå�ìîäåëèðîâàíèå�ìàíòèéíûõ�ïëþìîâ
kir@igm.nsc.ru

Äèñòàíîâ Âàëåðèé Ýëèìèðîâè÷, êàíä.�ãåîë.­ìèíåðàë.�íàóê,�ñòàðøèé�íàó÷íûé�ñîòðóäíèê�ëàáîðàòîðèè�ôèçè÷åñêîãî�è�
õèìè÷åñêîãî�ìîäåëèðîâàíèÿ�ãåîëîãè÷åñêèõ�ïðîöåññîâ,�Èíñòèòóò�ãåîëîãèè�è�ìèíåðàëîãèè�èì.�Â.�Ñ.�Ñîáîëåâà�Ñèáèðñêî­
ãî�îòäåëåíèÿ�Ðîññèéñêîé�àêàäåìèè�íàóê,�ã.�Íîâîñèáèðñê,�Ðîññèÿ.�Îáëàñòü�íàó÷íûõ�èíòåðåñîâ:�ãåîäèíàìèêà,�êîíâåê­
òèâíûé�òåïëîîáìåí,�ôèçè÷åñêîå�ìîäåëèðîâàíèå,�ðîñò�êðèñòàëëîâ
dist@igm.nsc.ru

Anatoly Kirdyashkin,� doctor�of� technical� sciences,� leading� researcher,� Laboratory�of�Physical�and�Chemical�Modeling�of�
Geological�Processes,�V.�S.�Sobolev�Institute�of�Geology�and�Mineralogy�SB�RAS,�honored�scientist�of�the�Russian�Federation,�
State�prize�of�the�Russian�Federation�laureate,�Novosibirsk,�Russia.�Sphere�of�scientific�interests:�laboratory�and�theoretical�
modeling�of�geological�processes,�combination�of�geodynamic�and�petrologic�modeling,�application�of�principles�and�methods�of�
thermophysics�to�geodynamic�problems,�crystal�growth

Alexey Kirdyashkin, doctor�of�geology�and�mineralogy�sciences,�professor�of�the�Russian�Academy�of�Sciences,�chief�of�the�
Laboratory�of�Physical�and�Chemical�Modeling�of�Geological�Processes,�V.�S.�Sobolev�Institute�of�Geology�and�Mineralogy�SB�
RAS,�associate�professor,�Mineralogy�and�Petrography�department,�Novosibirsk�State�University,�Novosibirsk,�Russia.�Sphere�
of�scientific�interests:�laboratory�and�theoretical�modeling�of�geodynamic�processes,�tectonophysics,�geotectonics

Igor Gladkov, researcher,�Laboratory�of�Physical�and�Chemical�Modelling�of�Geological�Processes,�V.�S.�Sobolev�Institute�
of�Geology�and�Mineralogy�SB�RAS,�Novosibirsk,�Russia.�Sphere�of�scientific�interests:�geodynamics,�laboratory�modeling�of�
mantle�plumes.

Valery Distanov, senior�researcher,�Laboratory�of�Physical�and�Chemical�Modelling�of�Geological�Processes,�V.�S.�Sobolev�
Institute�of�Geology�and�Mineralogy�SB�RAS,�Novosibirsk,�Russia.�Sphere�of�scientific�interests:�geodynamics,�convective�heat�
transfer,�physical�modeling,�crystal�growth

Êèðäÿøêèí À. Ã., Êèðäÿøêèí À. À., Ãëàäêîâ È. Í., Äèñòàíîâ Â. Å. Òåïëî­ è ìàññîîáìåí è êðèñòàëëè­
çàöèÿ â ãðèáîîáðàçíîé ãîëîâå òåðìîõèìè÷åñêîãî ïëþìà // Âåñòí. Çàáàéêàë. ãîñ. óíò­òà. 2018. Ò. 24. 
¹ 2. Ñ.4–13. DOI: 10.21209/2227­9245­2018­24­2­4­13.

Kirdyashkin A., Kirdyashkin A., Gladkov I., Distan V. Heat and mass transfer and crystallization in the 
mushroom head of a thermochemical plume // Transbaikal State University Journal, 2018, vol. 24, no. 2, 
pp. 4–13. DOI: 10.21209/2227­9245­2018­24­2­4­13.

Ñòàòüÿ�ïîñòóïèëà�â�ðåäàêöèþ:�30.01.2018�ã.
Ñòàòüÿ�ïðèíÿòà�ê�ïóáëèêàöèè:�05.02.2018�ã.


