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TEMPERATURE DISTRIBUTION IN THE UPPER MANTLE BENEATH A CONTINENT
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Âåðõíÿÿ ìàíòèÿ ïîä êîíòèíåíòîì ïðåäñòàâëåíà ñîñòîÿùåé èç òðåõ ñëîåâ: 1) âûñîêîâÿçêîé êîíòèíåí
òàëüíîé ëèòîñôåðû, â êîòîðîé îñóùåñòâëÿåòñÿ êîíäóêòèâíûé òåïëîîáìåí; 2) àñòåíîñôåðíîãî ñëîÿ, òå
ïëîîáìåí â êîòîðîì ïðîèñõîäèò â óñëîâèÿõ ñâîáîäíîé êîíâåêöèè; 3) ñëîÿ Ñ (ïåðåõîäíîé çîíû ìàíòèè), 
â êîòîðîì òàêæå èìååò ìåñòî ñâîáîäíîêîíâåêòèâíûé òåïëîïåðåíîñ. Ñ ó÷åòîì èìåþùèõñÿ äàííûõ ëàáî
ðàòîðíîãî è òåîðåòè÷åñêîãî ìîäåëèðîâàíèÿ ïðåäñòàâëåíà ñòðóêòóðà ñâîáîäíîêîíâåêòèâíûõ òå÷åíèé â 
àñòåíîñôåðíîì ñëîå è ñëîå Ñ ïîä êîíòèíåíòîì. Ïðè ÷èñëàõ Ðýëåÿ Ra > 105 â àñòåíîñôåðå è ñëîå Ñ èìååò 
ìåñòî íåñòàöèîíàðíîå êðóïíîìàñøòàáíîå ÿ÷åèñòîå ñâîáîäíîêîíâåêòèâíîå òå÷åíèå. Ó ïîâåðõíîñòåé 
òåïëîîáìåíà (ãðàíèö ñëîåâ) â óñëîâèÿõ íåóñòîé÷èâîé ñòðàòèôèêàöèè îðãàíèçóþòñÿ ïðîäîëüíûå âàëèêè, 
îñè êîòîðûõ ñîâïàäàþò ñ íàïðàâëåíèåì òå÷åíèÿ êðóïíîìàñøòàáíûõ ÿ÷ååê. Ðàñïðåäåëåíèå òåìïåðàòóðû 
â êîíòèíåíòàëüíîé ëèòîñôåðå íàéäåíî ñ ó÷åòîì ðàäèîãåííîãî òåïëîâûäåëåíèÿ â óñëîâèÿõ êîíäóêòèâíî
ãî òåïëîîáìåíà.

Ïðèâåäåíû îöåíêè âåëè÷èíû êèíåìàòè÷åñêîé âÿçêîñòè àñòåíîñôåðíîãî ñëîÿ è ñëîÿ Ñ. Ïðåäñòàâëåíû 
ñîîòíîøåíèÿ äëÿ îïðåäåëåíèÿ ñâåðõàäèàáàòè÷åñêèõ ïåðåïàäîâ òåìïåðàòóðû, ïåðåïàäîâ òåìïåðàòóðû 
â òåïëîâûõ ïîãðàíè÷íûõ ñëîÿõ è êîíäóêòèâíûõ ïîäñëîÿõ â àñòåíîñôåðå è ñëîå Ñ. Êðîìå òîãî, ïîëó÷å
íû ñîîòíîøåíèÿ äëÿ òîëùèíû âàëèêîâûõ êîíäóêòèâíûõ ïîäñëîåâ íà ãðàíèöàõ àñòåíîñôåðû è ñëîÿ Ñ. 
Îïðåäåëåíû çíà÷åíèÿ òåìïåðàòóðû íà ãðàíèöàõ ñëîåâ, òîëùèíû òåïëîâûõ ïîãðàíè÷íûõ ñëîåâ, ïåðåïàäû 
òåìïåðàòóðû â íèõ. Ïðåäñòàâëåíî ðàñïðåäåëåíèå òåìïåðàòóðû â âåðõíåé ìàíòèè â êîíòèíåíòàëüíîé îá
ëàñòè. Ïðîôèëè òåìïåðàòóðû ïî òîëùèíå àñòåíîñôåðíîãî ñëîÿ è ñëîÿ Ñ ïîñòðîåíû íà îñíîâàíèè ýêñïå
ðèìåíòàëüíî îïðåäåëåííûõ çàêîíîìåðíîñòåé ñâîáîäíîêîíâåêòèâíîãî òåïëîîáìåíà â ãîðèçîíòàëüíîì 
ñëîå âÿçêîé æèäêîñòè, ïîäîãðåâàåìîì ñíèçó è îõëàæäàåìîì ñâåðõó

Êëþ÷åâûå ñëîâà: âåðõíÿÿ ìàíòèÿ; àñòåíîñôåðà; ñëîé Ñ; ñâîáîäíîêîíâåêòèâíûå òå÷åíèÿ; êîíâåêòèâíûå âàëèêè; 
ãðàíèöà ôàçîâîãî ïåðåõîäà; êîíòèíåíòàëüíàÿ ëèòîñôåðà; êèíåìàòè÷åñêàÿ âÿçêîñòü; òåïëîâîé ïîãðàíè÷íûé ñëîé; 
êîíäóêòèâíûé ïîäñëîé; ïðîôèëè òåìïåðàòóðû

The upper mantle beneath the continent is represented by three layers: 1) a highly viscous continental litho
sphere in which conductive heat transfer is carried out; 2) an asthenospheric layer in which heat transfer occurs 
under conditions of free convection; 3) layer C (transition zone of the mantle), in which free convective heat 
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transfer also takes place. Based on the available laboratory and theoretical modeling data, the structure of free 
convective flows in the asthenospheric layer and layer C under the continent is presented. At Rayleigh numbers 
Ra> 105 in the asthenosphere and layer C, an unsteady largescale cellular freeconvection flow takes place. At 
heat transfer surfaces (layer boundaries), under conditions of unstable stratification, longitudinal rolls are orga
nized, the axes of which coincide with the direction of flow of largescale cells. The temperature distribution in 
the continental lithosphere was found taking into account radiogenic heat release under conditions of conductive 
heat transfer. 

Estimates of the kinematic viscosity of the asthenospheric layer and layer C are given. The relationships for 
determining the adiabatic temperature drops, temperature drops in the thermal boundary layers and conductive 
sublayers in the asthenosphere and layer C are presented. In addition, relations for the thickness of the roll con
duction sublayers at the boundaries of the asthenosphere and layer C are obtained. The values of temperature 
at the boundaries of the layers, the thickness of the thermal boundary layers, and temperature differences in 
them are determined. The temperature distribution in the upper mantle in the continental region is presented. 
Temperature profiles over the thickness of the asthenospheric layer and layer C are constructed on the basis of 
experimentally determined laws of freeconvective heat transfer in a horizontal layer of a viscous fluid, heated 
from below and cooled from above

Key words: upper mantle; asthenosphere; layer C; freeconvection flows; convection rolls; phase transition boundary; conti
nental lithosphere; kinematic viscosity; thermal boundary layer; conduction sublayer; temperature profiles

Ââåäåíèå. Çíàíèå ðàñïðåäåëåíèÿ òåìïå
ðàòóðû â âåðõíåé ìàíòèè íåîáõîäèìî êàê 

äëÿ îïðåäåëåíèÿ ôèçè÷åñêèõ ñâîéñòâ, òàê è 
äëÿ èññëåäîâàíèé åå ñòðîåíèÿ è ñîñòàâà [1; 
18]. Êàê îòìå÷àåòñÿ â ñòàòüå «Ðàñïðåäåëåíèå 
òåìïåðàòóðû â êîðå è â ìàíòèè» [10], ïîñòðî
åíèå ãåîòåðì (êðèâûõ, âûðàæàþùèõ çàâèñè
ìîñòü òåìïåðàòóðû çåìíûõ íåäð îò ãëóáèíû) 
â êîðå è ìàíòèè â çíà÷èòåëüíîé ìåðå ñâÿçà
íî ñ èíòåðïðåòàöèåé äàííûõ ãåîôèçè÷åñêèõ 
è ïåòðîëîãè÷åñêèõ íàáëþäåíèé. Â ðÿäå òðó
äîâ ïðîôèëü òåìïåðàòóðû âåðõíåé ìàíòèè 
ïîä êîíòèíåíòîì ðàññ÷èòûâàåòñÿ íà îñíîâå 
ñåéñìè÷åñêèõ äàííûõ ñ ó÷åòîì ðàçëè÷íûõ 
ìîäåëåé åå ñîñòàâà [4; 6; 13; 16]. Ïðåäñòàâëå
íû êîíòèíåíòàëüíûå ãåîòåðìû, íàèëó÷øèì îá
ðàçîì óäîâëåòâîðÿþùèå îöåíêàì PTóñëîâèé 
äëÿ êñåíîëèòîâ â êèìáåðëèòàõ [10; 15]. Â òðó
äå Ä. Ë. Òóðêîòòà è Ã. Øóáåðòà «Ãåîäèíàìèêà» 
[18] îïðåäåëÿåòñÿ âèä òèïè÷íîé ãåîòåðìû 
â êîíòèíåíòàëüíîé êîðå èñõîäÿ èç çàäà÷è î 
ñòàöèîíàðíîé òåïëîïðîâîäíîñòè è äëÿ ýêñïî
íåíöèàëüíîãî çàêîíà óáûâàíèÿ ðàäèîãåííîãî 
òåïëîâûäåëåíèÿ ñ ãëóáèíîé. Êîíòèíåíòàëü
íûå ãåîòåðìû ðàññ÷èòûâàþòñÿ äëÿ ðàçëè÷íûõ 
ïîâåðõíîñòíûõ òåïëîâûõ ïîòîêîâ è äëÿ ñëó÷àÿ 
íåñòàöèîíàðíîé òåïëîïðîâîäíîñòè [9]. 

Ïðè èññëåäîâàíèè òåïëîâûõ è ãèäðîäè
íàìè÷åñêèõ ïðîöåññîâ â çîíå ñóáäóêöèè íå
îáõîäèìî çíàòü ðàñïðåäåëåíèå òåìïåðàòóðû 
â êîíòèíåíòàëüíîì êðûëå ñóáäóêöèîííîé çî
íû. Ðàñïðåäåëåíèå òåìïåðàòóðû â âåðõíåé 
ìàíòèè ÿâëÿåòñÿ íåîáõîäèìûì ãðàíè÷íûì 
óñëîâèåì ïðè èçó÷åíèè ãèäðîäèíàìèêè è òå
ïëîîáìåíà âûïëàâëÿþùåãîñÿ êàíàëà ïëþìà 

â êîíòèíåíòàëüíîé îáëàñòè. Äëÿ ïîñòðîåíèÿ 
ïðîôèëÿ òåìïåðàòóðû â âåðõíåé ìàíòèè ïîä 
êîíòèíåíòîì íåîáõîäèìî ðàññìîòðåòü òåïëî
îáìåí è ñòðóêòóðó òå÷åíèÿ â âåðõíåé ìàíòèè. 
Â ñòàòüå ïðîôèëü òåìïåðàòóðû â êîíòèíåí
òàëüíîé âåðõíåé ìàíòèè ïîñòðîåí íà îñíî
âå ìîäåëè òåïëîâîé è ãèäðîäèíàìè÷åñêîé 
ñòðóêòóðû âåðõíåé ìàíòèè, ïîëó÷åííîé ñ èñ
ïîëüçîâàíèåì äàííûõ ëàáîðàòîðíîãî è òåî
ðåòè÷åñêîãî ìîäåëèðîâàíèÿ ñâîáîäíîêîí
âåêòèâíûõ òå÷åíèé â ãîðèçîíòàëüíîì ñëîå 
âÿçêîé æèäêîñòè, ïîäîãðåâàåìîì ñíèçó è 
îõëàæäàåìîì ñâåðõó è ìîäåëèðóþùåì àñòå
íîñôåðíûé ñëîé è ñëîé Ñ. 

Ðàññìîòðèì âåðõíþþ ìàíòèþ, ñîñòîÿ
ùóþ èç òðåõ ñëîåâ (ðèñ. 1à): 

1) êîíòèíåíòàëüíîé ëèòîñôåðû òîëùè
íîé l

êîí
; 

2) àñòåíîñôåðíîãî ñëîÿ, òîëùèíà êîòî
ðîãî l

à
 = 410 êì – l

êîí
, ïîäîøâà ðàñïîëîæåíà íà 

ãëóáèíå 410 êì, îòâå÷àþùåé ãðàíèöå ôàçî
âîãî ïåðåõîäà îëèâèí – âàäñëåèò; 

3) ñëîé Ñ (ïåðåõîäíàÿ çîíà ìàíòèè) òîë
ùèíîé  lÑ = 250 êì, êðîâëÿ êîòîðîãî ðàñïîëî
æåíà íà ãðàíèöå ôàçîâîãî ïåðåõîäà îëèâèí – 
âàäñëåèò, à ïîäîøâà – íà ãëóáèíå 670 êì, íà 
ãðàíèöå âåðõíÿÿ – íèæíÿÿ ìàíòèÿ.

Ñëîè îáëàäàþò ðàçëè÷íîé ðåîëîãèåé. 
Êîíòèíåíòàëüíàÿ ëèòîñôåðà õàðàêòåðèçó
åòñÿ âûñîêîé âÿçêîñòüþ, òåïëîîáìåí â íåé 
èññëåäóåòñÿ â óñëîâèÿõ òåïëîïðîâîäíîñòè. 
Òåïëîîáìåí â àñòåíîñôåðå è ñëîå Ñ, èìåþ
ùèõ îòíîñèòåëüíî íèçêèå âÿçêîñòè, ïðîèñõî
äèò â óñëîâèÿõ ñâîáîäíîé êîíâåêöèè (òåïëî
âîé ãðàâèòàöèîííîé êîíâåêöèè).
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Ðèñ. 1. Ñâîáîäíîêîíâåêòèâíûé òåïëî è ìàññîïåðåíîñ â âåðõíåé ìàíòèè ïîä êîíòèíåíòîì: 
à – ñõåìà ñâîáîäíîêîíâåêòèâíûõ òå÷åíèé â âåðõíåé ìàíòèè ïîä êîíòèíåíòîì, ïîñòðîåííàÿ ñ ó÷åòîì äàííûõ 

ëàáîðàòîðíîãî è òåîðåòè÷åñêîãî ìîäåëèðîâàíèÿ [1; 11; 12]. Ïîêàçàíû ñâîáîäíîêîíâåêòèâíûå ÿ÷åèñòûå òå÷åíèÿ 
â àñòåíîñôåðå è ñëîå Ñ (ïåðåõîäíîé çîíå ìàíòèè). Ñõåìàòè÷åñêè èçîáðàæåí ïðîôèëü òåìïåðàòóðû T

0
 ïî òîëùèíå 

êîíòèíåíòàëüíîé ëèòîñôåðû, àñòåíîñôåðíîãî ñëîÿ è ñëîÿ Ñ. Ïóíêòèðíûìè ëèíèÿìè (äëèííûé ïóíêòèð) ïîêàçàíû 
âåðõíèå ãðàíèöû âàëèêîâûõ ñëîåâ; l

âña
 – òîëùèíà âàëèêîâûõ ñëîåâ ó êðîâëè è ïîäîøâû àñòåíîñôåðû; l

âñÑ
 – òîëùèíà 

âàëèêîâûõ ñëîåâ ó êðîâëè è ïîäîøâû ñëîÿ Ñ; á – ñõåìà ïîãðàíè÷íîãî ñëîÿ íà ãðàíèöå 670 êì. Ïðîôèëè ñêîðîñòè 
òå÷åíèÿ è òåìïåðàòóðû â ïîãðàíè÷íîì ñëîå ïðåäñòàâëåíû â îáëàñòè I (ðèñ. 1à); u – ãîðèçîíòàëüíàÿ ñêîðîñòü 

ñâîáîäíîêîíâåêòèâíîãî òå÷åíèÿ âáëèçè ãðàíèöû 670 êì; δòïc – òîëùèíà òåïëîâîãî ïîãðàíè÷íîãî ñëîÿ; δêï – òîëùèíà 
êîíäóêòèâíîãî ïîäñëîÿ; ΔT

ò
 – ïåðåïàä òåìïåðàòóðû â òåïëîâîì ïîãðàíè÷íîì ñëîå; ΔT

êï
 – ïåðåïàä òåìïåðàòóðû â 

êîíäóêòèâíîì ïîäñëîå / Fig. 1. Freeconvection heat and mass transfer beneath a continent: à – diagram 
of freeconvection flows in the continental upper mantle constructed with regard to the data of theoretical and laboratory 

modeling [1; 11; 12]. Freeconvection cellular flows in the asthenosphere and layer C (the mantle transition zone) are shown 
schematically. The temperature profile T

0 
in the continental lithosphere, asthenosphere and layer C is shown schematically. 

The upper boundaries of roll layers are shown by dashed lines (long dashes); lâña is the thickness of roll layers on the roof and 
the bottom of the asthenosphere; l

âñÑ
 is the thickness of roll layers at the roof and the bottom of layer C; á – diagram of the 

boundary layer at the 670 km boundary. The flow velocity and temperature profiles are presented for region I (Fig. 1a); 
u is the horizontal flow velocity adjacent to the 670 km boundary; δ

òïc
 thermal boundary layer thickness; 

δêï is the conduction sublayer thickness; ΔTò is the temperature drop across the thermal boundary layer; 
ΔT

êï
 is the temperature drop across the conduction sublayer

à) á)

Êîíäóêòèâíûé òåïëîïåðåíîñ â êîíòè
íåíòå. Ðÿä èññëåäîâàíèé ïîêàçûâàåò, ÷òî â 
êîðîâîì ñëîå êîíòèíåíòàëüíîé ëèòîñôåðû 
ïðîèñõîäèò òåïëîâûäåëåíèå ðàäèîàêòèâíûõ 
òåïëîâûõ èñòî÷íèêîâ [1; 18]. Ðàäèîàêòèâíîå 
òåïëîâûäåëåíèå ïî òîëùèíå êîðîâîãî ñëîÿ 
àïïðîêñèìèðóåòñÿ ýêñïîíåíöèàëüíûì çàêî
íîì Q = Q

ï
ex/x0, ãäå Q

ï
 – ñðåäíåå çíà÷åíèå èí

òåíñèâíîñòè ðàäèîãåííîé òåïëîãåíåðàöèè â 
ïðèïîâåðõíîñòíûõ ïîðîäàõ; õ

0
 – õàðàêòåðíûé 

ìàñøòàá óáûâàíèÿ ðàäèîãåííîãî òåïëîâûäå
ëåíèÿ ñ ãëóáèíîé, îñü õ íàïðàâëåíà âíèç, òî 
åñòü â íàïðàâëåíèè âåêòîðà ñèëû òÿæåñòè.

Ðàñïðåäåëåíèå ñâåðõàäèàáàòè÷åñêîé 
òåìïåðàòóðû ïî òîëùèíå êîíòèíåíòà îïðå
äåëÿåòñÿ èç ñîîòíîøåíèÿ [1; 18]

T = –q
ì
x/λ

êîí
 + (Q

ï
x

0
2/λ

êîí
)[1 – ex/x0] + T

ï
,             (1)

ãäå λ
êîí

 – êîýôôèöèåíò òåïëîïðîâîäíîñòè 
êîíòèíåíòàëüíîé ëèòîñôåðû;

T
ï
 – òåìïåðàòóðà íà ïîâåðõíîñòè Çåìëè;

q
ì
 = – λ(∂T/∂x) – ìàíòèéíûé óäåëüíûé òå

ïëîâîé ïîòîê, íàïðàâëåííûé ââåðõ.
Òàê  êàê  ∂T/∂x > 0, òî q

ì
 < 0, è óäåëüíûé 

òåïëîâîé ïîòîê íà ïîâåðõíîñòè Çåìëè: 
–q

ï
 = –q

ì
 + Q

n
x

0
.

Ñ ó÷åòîì àäèàáàòè÷åñêîé òåìïåðàòóðû 
ðàñïðåäåëåíèå òåìïåðàòóðû T

0
 ïî òîëùèíå 

êîíòèíåíòà

T
0
 = T + (∂T/∂x)

aä
x,                                                                                     (2)

ãäå T – ñâåðõàäèàáàòè÷åñêàÿ òåìïåðàòóðà, 
(∂T/∂x)

aä
 = 0,75 °Ñ/êì – àäèàáàòè÷åñêèé 

ãðàäèåíò òåìïåðàòóðû äëÿ x < 200 êì;  
(∂T/∂x)

aä
 = 0,56 °Ñ/êì äëÿ 200 < x < 500 êì [2].

Ðàñïðåäåëåíèå òåìïåðàòóðû ïî òîëùè
íå êîíòèíåíòà îïðåäåëèì ïðè îñðåäíåííûõ 
ïàðàìåòðàõ äëÿ êîíòèíåíòàëüíîé ëèòîñôå
ðû: q

ï
 = –0,052 Âò/ì2, Q

ï
 = 1,82 · 106 Âò/ì3, 

x
0
 = 2,2 · 104 ì, λ

êîí
 = 3 Âò/ì · °C, T

ï
 = 0, l

êîí
 = 2,5 · 105 ì. 
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Ïðè ýòèõ ïàðàìåòðàõ q
ì
 = –0,012 Âò/ì2. Ðàñ

ïðåäåëåíèå òåìïåðàòóðû ïî òîëùèíå êîíòè
íåíòàëüíîé ëèòîñôåðû l

êîí
 äëÿ ïðèâåäåííûõ 

ïàðàìåòðîâ âû÷èñëåíî ïî ñîîòíîøåíèÿì (1) 
è (2). Íà ðèñ. 2 ïðåäñòàâëåí ïðîôèëü òåìïå
ðàòóðû ïî òîëùèíå êîíòèíåíòà (êðèâàÿ 2) è 

òåìïåðàòóðíûå óñëîâèÿ ôîðìèðîâàíèÿ ëåð
öîëèòîâ Ñåâåðíîãî Ëåñîòî (3) [3], êîòîðûå 
ñîâïàäàþò ñ âû÷èñëåííûì ïðîôèëåì òåìïå
ðàòóðû. Íà ïîäîøâå êîíòèíåíòàëüíîé ëè
òîñôåðû Ò

êîí
 = 1472 °Ñ.

Ðèñ. 2. Ïðîôèëè òåìïåðàòóðû â êîíòèíåíòàëüíîé âåðõíåé ìàíòèè: 
1 – àäèàáàòè÷åñêàÿ òåìïåðàòóðà; 2 – ðàñïðåäåëåíèå òåìïåðàòóðû â âåðõíåé ìàíòèè T

0
; 3 – òåìïåðàòóðíûå óñëîâèÿ 

ôîðìèðîâàíèÿ ëåðöîëèòîâ Ñåâåðíîãî Ëåñîòî [3]; 4 – òåìïåðàòóðà ïëàâëåíèÿ áàçàëüòà [19]; T
êîí

 – òåìïåðàòóðà íà 
ïîäîøâå êîíòèíåíòàëüíîé ëèòîñôåðû; TaÑ – òåìïåðàòóðà ãðàíèöû àñòåíîñôåðà – ñëîé Ñ; T2 – òåìïåðàòóðà 

íà ãðàíèöå 670 êì / Fig. 2. Temperature profiles in the continental upper mantle: 1 – adiabatic temperature; 
2 – temperature distribution in the upper mantle T

0
; 3 – temperature conditions for Northern Lesotho lherzolites formation 

[3]; 4 – basalt melting curve [19]. T
êîí

 is the temperature of the continental lithosphere bottom; T
aÑ

 is the temperature of the 
asthenospherelayer C boundary; T

2
 is the temperature of the 670 km boundary

Ãèäðîäèíàìèêà è òåïëîîáìåí â àñòå
íîñôåðå è ñëîå Ñ â óñëîâèÿõ ñâîáîäíîé êîí
âåêöèè. Êðîâëÿ àñòåíîñôåðíîãî ñëîÿ êîíòàê
òèðóåò ñ êîíòèíåíòîì (ñì. ðèñ. 1à). Ïîäîøâà 
àñòåíîñôåðíîãî ñëîÿ ïðåäñòàâëÿåò ñîáîé 
ãðàíèöó ôàçîâîãî ïåðåõîäà îëèâèí – âàäñëå
èò. Îëèâèí ïðåâðàùàåòñÿ â âàäñëåèò íà ãëó
áèíå 410 êì ñî ñêà÷êîì ïëîòíîñòè Δρ/ρ = 0,07 
ïðè íàêëîíå êðèâîé ôàçîâîãî ðàâíîâåñèÿ 
γ = ∂P/∂T = 3 · 106 Ïà/°C (P – äàâëåíèå) [8; 17]. 
Áåçðàçìåðíàÿ âåëè÷èíà γ  = γΔT/ρgl äëÿ ïåðå
ïàäà òåìïåðàòóðû â ñëîå ΔT = 200 °C, òîëùè
íû ñëîÿ l = 410 êì è ïëîòíîñòè ρ = 3900 êã/ì3 

ðàâíà γ  = 0,037; äëÿ ΔT = 400 °C è l = 670 êì,  
γ = 0,015. Ïðè γ = 0,015…0,037 ÷èñëî Íóññåëü
òà (áåçðàçìåðíûé êîýôôèöèåíò òåïëîîáìåíà) 
Nu = ql/ΔTλ óâåëè÷èâàåòñÿ íà íåñêîëüêî ïðî
öåíòîâ ïî ñðàâíåíèþ ñ ÷èñëîì Nu ïðè γ = 0, à 
ñðåäíÿÿ ñêîðîñòü ïîäúåìíîãî òå÷åíèÿ ïðè 
íàëè÷èè ôàçîâîãî ïåðåõîäà óâåëè÷èâàåòñÿ 
íå áîëåå ÷åì íà10 % îò âåëè÷èíû ïðè γ = 0. 
Óêàçàííûå ÷èñëåííûå ðåøåíèÿ ïîëó÷åíû äëÿ 
ðàâíûõ âåëè÷èí êèíåìàòè÷åñêîé âÿçêîñòè â 
âåðõíåì è íèæíåì ñëîÿõ [17]. Èç íèõ ñëåäóåò, 
÷òî ìîæíî ïðåíåáðå÷ü âëèÿíèåì ôàçîâîãî 
ïåðåõîäà íà òåïëîîáìåí â ñèñòåìå äâóõ ñëî
åâ. Êàê áóäåò ïîêàçàíî äàëåå, âÿçêîñòü àñòå

íîñôåðû â 20…60 ðàç ìåíüøå âÿçêîñòè ñëîÿ 
Ñ, è âëèÿíèåì ãðàíèöû ôàçîâîãî ïåðåõîäà 
îëèâèí – âàäñëåèò íà òåïëîîáìåí ìîæíî 
ïðåíåáðå÷ü. Ãðàíèöó 410 êì áóäåì ðàññìà
òðèâàòü êàê ãð àíèöó ðàçäåëà ìåæäó ñëîÿìè 
(àñòåíîñôåðîé è ñëîåì Ñ).

Âåëè÷èíó êèíåìàòè÷åñêîé âÿçêîñòè ν äëÿ 
æèäêîñòè â ãîðèçîíòàëüíîì ñëîå, íàãðåâàåìîì 
ñáîêó, ìîæíî íàéòè èç ñîîòíîøåíèÿ [11; 12] 

                                                                                    (3)

ãäå Q
1
 = q

1
y

0
 – êîëè÷åñòâî òåïëà, ïîäâîäèìîãî 

íà âåðòèêàëüíîì òîðöå ñëîÿ íà 1 ì ïîãîííîé 
äëèíû ïî øèðèíå ñëîÿ, (êîëè÷åñòâî òåïëà, 
îòâîäèìîå îò êðîâëè ñëîÿ, òàêæå ðàâíî q

1
y

0
);

q
1
 – ñðåäíèé óäåëüíûé òåïëîâîé ïîòîê íà 

êðîâëå ñëîÿ;
y

0
 – ãîðèçîíòàëüíûé ðàçìåð ñëîÿ;

ΔT
max

 = T
max

 – T
1
, T

max
 – ìàêñèìàëüíàÿ òåì

ïåðàòóðà â ïîäúåìíîì ñâîáîäíîêîíâåêòèâ
íîì ïîòîêå ó êðîâëè ñëîÿ;

T
1
 – òåìïåðàòóðà îõëàæäàåìîé êðîâëè 

ñëîÿ;
l – òîëùèíà ñëîÿ;
β – êîýôôèöèåíò òåïëîâîãî îáúåìíîãî 

ðàñøèðåíèÿ;
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a – êîýôôèöèåíò òåìïåðàòóðîïðîâîäíî
ñòè;

λ – êîýôôèöèåíò òåïëîïðîâîäíîñòè æèä
êîñòè. 

Ñîîòíîøåíèå (3) ïîëó÷åíî ïî ðåçóëü
òàòàì ýêñïåðèìåíòàëüíûõ è òåîðåòè÷åñêèõ 
èññëåäîâàíèé â ãîðèçîíòàëüíîì ïëîñêîì 
ñëîå ïðè ñâîáîäíîé êîíâåêöèè â óñëîâèÿõ 
ïîäâîäà òåïëà íà îäíîì èç òîðöîâ è îõëàæ
äåíèÿ âåðõíåé îãðàíè÷èâàþùåé ïîâåðõíî
ñòè, êîãäà íèæíÿÿ ãðàíèöà – àäèàáàòè÷åñêàÿ. 
Òàêèå óñëîâèÿ ïðèíÿòû â ýêñïåðèìåíòàõ 
ïî ìîäåëèðîâàíèþ ñâîáîäíîé êîíâåêöèè â 
àñòåíîñôåðå ïîä îêåàíîì [11; 12]. Ñîãëàñíî 
îöåíêå ïî ôîðìóëå (3), äëÿ àñòåíîñôåðíîãî 
ñëîÿ ν

à
 ≈ 1014 ì2/ñ [11; 12]. Ýòî çíà÷åíèå ñîãëà

ñóåòñÿ ñ îöåíêàìè âåëè÷èíû êèíåìàòè÷åñêîé 
âÿçêîñòè àñòåíîñôåðíîãî ñëîÿ, ïðèâåäåííû
ìè â òðóäàõ îòå÷åñòâåííûõ è çàðóáåæíûõ ó÷å
íûõ [2; 5; 7]. 

Â îòëè÷èå îò àñòåíîñôåðû, â ñëîå Ñ 
(ñì. ðèñ. 1à) îõëàæäåíèå ïðîèñõîäèò ó îä
íîãî èç òîðöîâ (â çîíå ñóáäóêöèè), à íàãðåâ 
ñëîÿ – íà ãðàíèöå âåðõíÿÿíèæíÿÿ ìàíòèÿ, 
ðàñïîëîæåííîé íà ãëóáèíå 670 êì. Çàäà÷à 
î ñâîáîäíîêîíâåêòèâíîì òåïëîîáìåíå â 
ñëîå Ñ ñâîäèòñÿ ê çàäà÷å î òåïëîîáìåíå ïðè 
ñâîáîäíîé êîíâåêöèè â àñòåíîñôåðå. Äëÿ 
ñëîÿ Ñ ñïðàâåäëèâî ñîîòíîøåíèå (3), ãäå 
ΔT

max
 = T

2
 – T

min
, T

2
 – òåìïåðàòóðà íà ãðàíèöå 

âåðõíÿÿíèæíÿÿ ìàíòèÿ, T
min

 – òåìïåðàòóðà â 
îïóñêíîì ïîòîêå â çîíå ñóáäóêöèè, Q

2
 = q

2
y

0
, 

q
2 

– ñðåäíèé óäåëüíûé òåïëîâîé ïîòîê íà 
ãðàíèöå âåðõíÿÿ – íèæíÿÿ ìàíòèÿ, y0 – ïðî
òÿæåííîñòü ñðåäèííîîêåàíè÷åñêîãî õðåáòà. 
Äëÿ ïàðàìåòðîâ äëÿ ñëîÿ: β = (2…5) · 105 °C 1, 
λ = 3,5…4 Âò/ì · °C, ρ = 3900 êã/ì3, a = λ/cρ =
= (7,5…8,5) · 107 ì2/ñ (c = 1200 Äæ/êã·°C – òå
ïëîåìêîñòü), q

2
 = 0,06 Âò/ì2, y

0
 = 3 · 106 ì, 

ΔT
max

 = 850 °C [1] êèíåìàòè÷åñêàÿ âÿçêîñòü 
νÑ = (2,1 … 6,0) · 1015 ì2/ñ.

Ïðè ðàçëè÷èè â âÿçêîñòÿõ áîëåå ÷åì 
íà ïîðÿäîê ìåæäó àñòåíîñôåðîé è ñëîåì Ñ 
ïðîíèöàåìîñòü ôàçîâîé ãðàíèöû ìåæäó ýòè
ìè ñëîÿìè â óñëîâèÿõ ñâîáîäíîé êîíâåêöèè 
ñíèæàåòñÿ ïî ñðàâíåíèþ ñî ñëó÷àåì, êîãäà 
îíè èìåþò îäèíàêîâûå âÿçêîñòè. Ïðè îäè
íàêîâûõ âÿçêîñòÿõ íàçâàííûõ ñëîåâ ñðåäíÿÿ 
ñêîðîñòü ïîäúåìíîãî òå÷åíèÿ âîçðàñòàåò íå 
áîëåå ÷åì íà 10 % ïðè íàëè÷èè ôàçîâîé ãðà
íèöû, ðàçäåëÿþùåé ñëîè [17]. Ïîýòîìó âëèÿ
íèåì ôàçîâîãî ïåðåõîäà íà òåïëîîáìåí â ñè
ñòåìå àñòåíîñôåðà – ñëîé Ñ ïðåíåáðåãàåì. 
Âäàëè îò îáëàñòè ñîïðÿæåíèÿ êîíòèíåíòàëü

íîé è îêåàíè÷åñêîé ëèòîñôåðû òåïëîîáìåí 
ïðîèñõîäèò â óñëîâèÿõ ñâîáîäíîé êîíâåêöèè, 
è ìîäåëüþ ñëîÿ Ñ è àñòåíîñôåðû ñëóæèò ãî
ðèçîíòàëüíûé ñëîé âÿçêîé æèäêîñòè, ïîäî
ãðåâàåìûé ñíèçó è îõëàæäàåìûé ñâåðõó.

Â ãîðèçîíòàëüíîì ñëîå, ïîäîãðåâàåìîì 
ñíèçó è îõëàæäàåìîì ñâåðõó, ñîãëàñíî ýêñ
ïåðèìåíòàëüíûì èññëåäîâàíèÿì [1], çàêîí 
òåïëîîáìåíà ïðè ÷èñëàõ Ðýëåÿ, õàðàêòåðèçó
þùèõ èíòåíñèâíîñòü ñâîáîäíîêîíâåêòèâíî
ãî äâèæåíèÿ, Ra = βgΔTl3/aν > 105 èìååò âèä

Nu = 0,1Ra1/3,                                                                                     (4)

ãäå Nu = q
âì

l/ΔTλ – ÷èñëî Íóññåëüòà (áåçðàç
ìåðíûé êîýôôèöèåíò òåïëîîáìåíà);

ΔT – ñâåðõàäèàáàòè÷åñêèé ïåðåïàä òåì
ïåðàòóðû ìåæäó ãîðèçîíòàëüíûìè ãðàíèöà
ìè ñëîÿ;

g – óñêîðåíèå ñèëû òÿæåñòè.
Óäåëüíûé òåïëîâîé ïîòîê íå çàâèñèò îò 

òîëùèíû ñëîÿ, ñîãëàñíî (4),

q
ì
 = 0,1λΔT4/3(βg/aν)1/3.                                                                                                              (5)

Òàêàÿ çàêîíîìåðíîñòü èìååò ìåñòî â 
ðàçâèòîì òóðáóëåíòíîì ðåæèìå ñâîáîä
íîêîíâåêòèâíîãî òåïëîîáìåíà. Â íàøèõ óñ
ëîâèÿõ ÷èñëà Ðýëåÿ äëÿ àñòåíîñôåðíîãî ñëîÿ 
è ñëîÿ Ñ Ra > 105, êàê áóäåò ïîêàçàíî äàëåå.

Ñòðóêòóðà ÿ÷åèñòûõ ñâîáîäíîêîíâåê
òèâíûõ òå÷åíèé ïðè Ra = 105…106 ïðåäñòàâ
ëåíà íà ðèñ. 1. Ñîãëàñíî ýêñïåðèìåíòàëüíûì 
èññëåäîâàíèÿì [1], òå÷åíèÿ èìåþò íåóñòîé
÷èâûé õàðàêòåð. Íàáëþäàþòñÿ êðóïíîìàñ
øòàáíûå ÿ÷åèñòûå è ïðèïîâåðõíîñòíûå 
âàëèêîâûå òå÷åíèÿ, îñè êîòîðûõ èìåþò íà
ïðàâëåíèå êðóïíîìàñøòàáíûõ ÿ÷åèñòûõ òå
÷åíèé. Îòíîñèòåëüíûé ãîðèçîíòàëüíûé ðàç
ìåð êðóïíîìàñøòàáíûõ êîíâåêòèâíûõ ÿ÷ååê 
ëåæèò â èíòåðâàëå l

ÿ
/l = 0,8…2, ãäå l

ÿ
 – ãîðè

çîíòàëüíûé ðàçìåð ÿ÷åéêè.
Ìåëêîìàñøòàáíûå ñâîáîäíîêîíâåê

òèâíûå âàëèêîâûå òå÷åíèÿ âîçíèêàþò âñëåä
ñòâèå íåóñòîé÷èâîé ñòðàòèôèêàöèè â ïîãðà
íè÷íîì ñëîå íà ïîâåðõíîñòè òåïëîîáìåíà. 
Òîëùèíà âàëèêîâ çàâèñèò îò ïàðàìåòðîâ âà
ëèêîâîãî ñëîÿ ïðè Ra > Ra

âñ
, ãäå Ra

âñ
 – ÷èñëî 

Ðýëåÿ äëÿ âàëèêîâîãî ñëîÿ. Äëÿ êîíâåêòèâíûõ 
âàëèêîâ îáíàðóæèâàåòñÿ çàêîíîìåðíîñòü: 
Ra

âñ
 = βgΔT

âñ
l
âñ

/aν = const [11; 12; 14], ãäå 
ΔT

âñ
 –  ïåðåïàä òåìïåðàòóðû ïî òîëùèíå âàëè

êîâîãî ñëîÿ, êîòîðûé ñîîòâåòñòâóåò ïåðåïàäó 
òåìïåðàòóðû â òåïëîâîì ïîãðàíè÷íîì ñëîå ΔT

ò
 

(ðèñ. 1á) – ΔT
âñ

 ≈ ΔT
ò
. Â ýòîì ñëó÷àå òîëùèíà âà

ëèêîâîãî ñëîÿ îïðåäåëÿåòñÿ èç ñîîòíîøåíèÿ
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l
âñ

 = (Ra
âñ

aν/βgΔT
âñ

)1/3.                                                                                 (6)

Ñîãëàñíî ðàâåíñòâó (5), ñâåðõàäèàáàòè
÷åñêèé ïåðåïàä òåìïåðàòóðû â àñòåíîñôåðå 
è â ñëîå Ñ îïðåäåëÿåòñÿ ñîîòíîøåíèåì

ΔT = (10q
ì
/λ)3/4(aν/βg)1/4.                                                                            (7)

Ïåðåïàä òåìïåðàòóðû â òåïëîâîì ïî
ãðàíè÷íîì ñëîå òîëùèíîé δ

òïñ
 (ðèñ. 1á) [1]

ΔT
ò
 = 0,5ΔT,                                                                                          (8)

ãäå ΔT – ïåðåïàä òåìïåðàòóðû ìåæäó ïîäî
øâîé è êðîâëåé ãîðèçîíòàëüíîãî ñëîÿ. 

Âáëèçè ïîâåðõíîñòè òåïëîîáìåíà ïðè 
ñâîáîäíîé êîíâåêöèè ñóùåñòâóåò òàê íàçû
âàåìûé êîíäóêòèâíûé ïîäñëîé òîëùèíîé δ

êï
, 

ãäå òåìïåðàòóðà èçìåíÿåòñÿ ïî ëèíåéíîìó 
çàêîíó (ðèñ. 1á). Ïåðåïàä òåìïåðàòóðû â êîí
äóêòèâíîì ïîäñëîå òåïëîâîãî ïîãðàíè÷íîãî 
ñëîÿ [1]

ΔT
êï

 = 0,7ΔT
ò
 = 0,35ΔT.                                                                               (9)

Òåïëîâîé ïîòîê â êîíäóêòèâíîì ïîäñëîå 
îïðåäåëÿåòñÿ èç ñîîòíîøåíèÿ

q
êï

 = λΔT
êï

/δ
êï

.                                                                                           (10)

Íàõîäèì òîëùèíó êîíäóêòèâíîãî ïîä
ñëîÿ, èñïîëüçóÿ ñîîòíîøåíèÿ (7), (9), (10),

δêï = 3,5(aν/βgΔTêï)1/3.                                                                               (11)

Âíå ïîãðàíè÷íîãî ñëîÿ ñâåðõàäèàáàòè
÷åñêàÿ òåìïåðàòóðà T

ñà
 ïîñòîÿííà (ðèñ. 1á), è 

òåìïåðàòóðà èçìåíÿåòñÿ ïî àäèàáàòè÷åñêî
ìó çàêîíó

T
0
 = T

ñà
 + (∂T/∂x)

aä
x,                                                                               (12)

ãäå T
ñà

 = const. 

Îïðåäåëèì õàðàêòåðíûå òåìïåðàòóðû â 
àñòåíîñôåðíîì ñëîå. Íà ãðàíèöå ôàçîâîãî 
ïåðåõîäà (x = 410 êì) òåïëîâîé ïîòîê ðàâåí

q
410

 = q
ì
[R

Ç
/(R

Ç
 – 410)]2,                                                                      (13)

ãäå R
Ç
 = 6370 êì – ðàäèóñ Çåìëè. 

Èç (13) äëÿ q
ì
 = 0,012 Âò/ì2 íàõîäèì 

q
410

 = 0,0137 Âò/ì2.
Ñâåðõàäèàáàòè÷åñêèé ïåðåïàä òåìïå

ðàòóðû â àñòåíîñôåðíîì ñëîå ΔT
à
 îïðåäå

ëÿåì äëÿ çíà÷åíèé ïàðàìåòðîâ ýòîãî ñëîÿ 
[1; 12]: λ = 3,8 Âò/ì · °C, c = 1200 Äæ/êã·°C, 
β = 3 · 105 °C1, a = 9,9 · 107 ì2/ñ, ν

à
 = 1014 ì2/ñ, 

q = 0,0137 Âò/ì2. Èç ñîîòíîøåíèÿ (7) ïîëó÷à
åì ΔT

à
 = 63 °C.

Ïðè êèíåìàòè÷åñêîé âÿçêîñòè  
νÑ = 3,8 · 1015 ì2/ñ è q = 0,0137 Âò/ì2 è îñòàëü

íûõ âûøåóêàçàííûõ ïàðàìåòðàõ ñâåðõàäè
àáàòè÷åñêèé ïåðåïàä òåìïåðàòóðû â ñëîå 
Ñ, ñîãëàñíî (7), áóäåò ðàâåí 156,5 °C. ×èñ
ëà Ðýëåÿ äëÿ àñòåíîñôåðíîãî ñëîÿ è ñëîÿ 
Ñ äëÿ óêàçàííûõ ïàðàìåòðîâ è ΔT

à
 = 63 °C, 

ΔTÑ = 156,5 °C, l
a
 = 1,7 · 105  ì, lÑ = 2,5 · 105  ì 

ðàâíû ñîîòâåòñòâåííî 7,6 · 105 è 2 · 105.
Òîëùèíó êîíäóêòèâíûõ ïîäñëîåâ δ

êï
 íàõî

äèì ñ èñïîëüçîâàíèåì ñîîòíîøåíèÿ (11): äëÿ 
àñòåíîñôåðíîãî ñëîÿ δ

êïà
 = 8,7 · 103  ì; äëÿ ñëîÿ 

Ñ δ
êïÑ = 2,85 · 103 ì. Òîëùèíà âàëèêîâûõ ñëî

åâ â àñòåíîñôåðå (l
âña

) è ñëîå Ñ (l
âñÑ) (ðèñ. 1à) 

îïðåäåëÿåòñÿ èç ñîîòíîøåíèÿ (6). Äëÿ âàëè
êîâûõ ñëîåâ ó ãðàíèö àñòåíîñôåðíîãî ñëîÿ 
è ñëîÿ Ñ íà îñíîâàíèè äàííûõ ýêñïåðèìåí
òàëüíîãî ìîäåëèðîâàíèÿ â ðåæèìå ïîãðàíè÷
íîãî ñëîÿ ìîæíî ïðèíÿòü Ra

âñ
 = 2,5 · 104 [11; 

12]. Äëÿ óêàçàííûõ ïàðàìåòðîâ àñòåíîñôåð
íîãî ñëîÿ è ñëîÿ Ñ è äëÿ íàéäåííûõ ïåðåïà
äîâ òåìïåðàòóðû ΔT

à
 = 63 °C è ΔTÑ = 156,5 °C 

ïîëó÷àåì l
âña

 = 64,2 êì è l
âñÑ = 125 êì.

Òåìïåðàòóðó íà ãðàíèöå àñòåíîñôåðà – 
ñëîé Ñ íàõîäèì èç ñîîòíîøåíèÿ T

aC = T
êîí

 + ΔT
à
 

+ (∂T/∂x)
aä

l
a
. Äëÿ (∂T/∂x)

aä
 = 0,56 °C/êì, l

a
 = 170 êì, 

ΔT
à
 = 63 °C, T

êîí
 = 1472 °C ïîëó÷àåì T

aÑ = 1630 °C. 
Òåìïåðàòóðà íà ãðàíèöå âåðõíÿÿ – íèæíÿÿ 
ìàíòèÿ T

2
 = T

aÑ + ΔTÑ + (∂T/∂x)
aä

lÑ, è ïðè lÑ = 250 êì 
îíà ðàâíà T

2
 = 1932 °C.

Ïðîôèëè òåìïåðàòóðû â àñòåíîñôåðíîì 
ñëîå è ñëîå Ñ (ñì. ðèñ. 2, êðèâàÿ 2) ïîñòðîå
íû íà îñíîâå ýêñïåðèìåíòàëüíûõ äàííûõ î 
çàêîíîìåðíîñòÿõ èçìåíåíèÿ òåìïåðàòóðû ïî 
òîëùèíå ñëîÿ, ïðåäñòàâëåííûõ â âèäå ñîîò
íîøåíèé (6)–(9), (11), îïðåäåëåííûõ èç íèõ 
õàðàêòåðíûõ ïåðåïàäîâ òåìïåðàòóðû ΔT, 
ΔT

êï
 è ΔT

ò
 è õàðàêòåðíûõ òîëùèí ïîãðàíè÷

íûõ ñëîåâ.
Çàêëþ÷åíèå. Âåðõíÿÿ ìàíòèÿ ïîä êîí

òèíåíòîì ñîñòîèò èç òðåõ ñëîåâ: 1) âûñî
êîâÿçêîé êîíòèíåíòàëüíîé ëèòîñôåðû, 
òåïëîîáìåí â êîòîðîé êîíäóêòèâíûé; 2) àñòå
íîñôåðíîãî ñëîÿ, òåïëîîáìåí â êîòîðîì 
ïðîèñõîäèò â óñëîâèÿõ ñâîáîäíîé êîíâåêöèè; 
3) ñëîÿ Ñ, òåïëîîáìåí â êîòîðîì òàêæå ïðî
èñõîäèò â óñëîâèÿõ ñâîáîäíîé êîíâåêöèè.

Ðàñïðåäåëåíèå òåìïåðàòóðû ïî òîëùè
íå êîíòèíåíòà îïðåäåëåíî ñ ó÷åòîì ðàäèî
ãåííîãî òåïëîâûäåëåíèÿ â êîðîâîì ñëîå, â 
óñëîâèÿõ òåïëîïðîâîäíîñòè. Ïðåäñòàâëåíà 
ñòðóêòóðà ñâîáîäíîêîíâåêòèâíûõ òå÷åíèé 
â àñòåíîñôåðå è ñëîå Ñ. Ïðè çíà÷åíèÿõ ïà
ðàìåòðîâ ñëîÿ Ñ è àñòåíîñôåðû ÿ÷åèñòûå 
òå÷åíèÿ â íèõ íåóñòîé÷èâûå, ñîñòîÿò èç êðóï
íîìàñøòàáíûõ ÿ÷ååê. Ó êðîâëè è ïîäîøâû 
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ñëîåâ ñóùåñòâóþò ïðîäîëüíûå âàëèêè, îñè 
êîòîðûõ ñîâïàäàþò ñ íàïðàâëåíèåì òå÷åíèÿ 
êðóïíîìàñøòàáíûõ ÿ÷ååê.

Îïðåäåëåíû òåìïåðàòóðû íà ãðàíèöàõ 
ñëîåâ, òîëùèíû òåïëîâûõ ïîãðàíè÷íûõ ñëîåâ 
è ïåðåïàäû òåìïåðàòóðû â íèõ, ðàñïðåäåëå
íèå òåìïåðàòóðû âíå ïîãðàíè÷íûõ ñëîåâ.

Ïðîôèëè òåìïåðàòóðû ïî òîëùèíå 
àñòåíîñôåðíîãî ñëîÿ è ñëîÿ Ñ ïîñòðîåíû 

íà îñíîâàíèè ýêñïåðèìåíòàëüíî îïðåäå
ëåííûõ çàêîíîìåðíîñòåé ñâîáîäíîêîí
âåêòèâíîãî òåïëîîáìåíà â ãîðèçîíòàëüíîì 
ñëîå, ïîäîãðåâàåìîì ñíèçó è îõëàæäàåìîì 
ñâåðõó. Òåìïåðàòóðíûå óñëîâèÿ ôîðìèðî
âàíèÿ ëåðöîëèòîâ Ñåâåðíîãî Ëåñîòî ñî
ãëàñóþòñÿ ñ ïîëó÷åííûì íàìè ïðîôèëåì 
òåìïåðàòóðû â âåðõíåé ìàíòèè â êîíòèíåí
òàëüíîé îáëàñòè. 
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