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Ãåîäèíàìè÷åñêèå ïðîöåññû � ýòî ïðîöåññû â Çåìëå, îáóñëàâëèâàþùèå ãëóáèííûå è
ïîâåðõíîñòíûå äâèæåíèÿ ìàññ âî âðåìåíè è ïðîñòðàíñòâå. Ïðîÿâëåíèåì ãåîäèíàìè÷åñêî-
ãî ïðîöåññà ÿâëÿþòñÿ êâàçèïëàñòè÷åñêèå òå÷åíèÿ ãîðíûõ ìàññ, îñóùåñòâëÿåìûå çà ñ÷¼ò
ìàêðî- è ìèêðî- ñäâèãîâ, à òàêæå çà ñ÷¼ò âðàùåíèé ôðàãìåíòîâ. Ñåéñìîòåêòîíè÷åñêîå
òå÷åíèå ðàññìàòðèâàåòñÿ êàê ÷àñòü ïðîöåññà êâàçèïëàñòè÷åñêîãî òå÷åíèÿ ãîðíûõ ìàññ,
ðåàëèçóþùååñÿ çà ñ÷¼ò áûñòðûõ è ìåäëåííûõ ñìåùåíèé ïî ðàçíîîðèåíòèðîâàííûì ðàç-
íîìàñøòàáíûì íàðóøåíèÿì ïðî÷íîñòè.

Öåëüþ ðàáîòû ÿâëÿåòñÿ ïîñòðîåíèå ñòàòèñòè÷åñêîé ìîäåëè ñåéñìîòåêòîíè÷åñêèõ òå-
÷åíèé â çîíå ñóáäóêöèè Êóðèëî � Êàì÷àòñêîé îñòðîâíîé äóãè è îïðåäåëåíèå èõ îñíîâíûõ
õàðàêòåðèñòèê, áàçèðóÿñü íà âåðîÿòíîñòíîì ïîäõîäå ê ðàññìîòðåíèþ ñåéñìè÷åñêîãî ïðî-
öåññà.

Óñëîâèÿ íåîïðåäåëåííîñòåé, êîòîðûå â ïðèðîäå âñåãäà ñóùåñòâóþò, îïðåäåëÿþò âå-
ðîÿòíîñòíûé õàðàêòåð ðàçâèâàþùèõñÿ ñåéñìè÷åñêèõ ïðîöåññîâ (Óëîìîâ, 1993, Shebalin,
2006). Íàëè÷èå ïðîñòðàíñòâåííîé è âðåìåííîé ñâÿçè ìåæäó ñåéñìè÷åñêèìè ñîáûòèÿìè,
ïðîÿâëÿþùåéñÿ â íàëè÷èè ïîñëåäîâàòåëüíîñòè ôîðøîêîâ è àôòåðøîêîâ, çîí çàòèøüÿ è
àêòèâèçàöèè çåìëåòðÿñåíèé, â èõ ïðîñòðàíñòâåííîé è âðåìåííîé ïåðèîäè÷íîñòè, õàðàêòå-
ðèçóåò ñåéñìè÷åñêèé ïðîöåññ êàê íåìàðêîâñêèé íåëîêàëüíûé ñëó÷àéíûé ïðîöåññ (Ãîëè-
öûí, 2001).

Â ñëó÷àå íåêàòàñòðîôè÷åñêèõ ñåéñìè÷åñêèõ ñîáûòèé ïðîñòðàíñòâåííûé ìàñøòàá ðå-
ãèîíà, â êîòîðîì ðàçâèâàåòñÿ ñåéñìîãåîäèíàìè÷åñêèé ïðîöåññ, çíà÷èòåëüíî ïðåâîñõîäèò
ðàçìåð î÷àãà çåìëåòðÿñåíèÿ è ðàäèóñ îáëàñòè âëèÿíèÿ, â êîòîðîé ñáðàñûâàþòñÿ íàïðÿæå-
íèÿ, ò. î. âûïîëíÿåòñÿ êðèòåðèé ìàëîñòè ïðèðàùåíèé. Ïîýòîìó ñåéñìè÷åñêèå ñîáûòèÿ ñ
ìàãíèòóäàìè ìåíåå 8 ìîãóò ðàññìàòðèâàòüñÿ êàê ñëàáûå ôëóêòóàöèè íà ôîíå ñåéñìîãåî-
äèíàìè÷åñêîãî ïðîöåññà â ðåãèîíå. Â ñëó÷àå ìàëîñòè ïðèðàùåíèé îïèñàíèå íåìàðêîâñêèõ
íåëîêàëüíûõ ñëó÷àéíûõ ïðîöåññîâ ñâîäèòñÿ ê ïðèáëèæåíèþ, ìàòåìàòè÷åñêèì àïïàðàòîì
êîòîðîãî ÿâëÿþòñÿ äèôôåðåíöèàëüíûå óðàâíåíèÿ äèôôóçèîííîãî òèïà â äðîáíûõ ïðî-
èçâîäíûõ (Metzler, Klaftler, 2000; Saichev, Zaslavsky, 1997), à ñòàòèñòè÷åñêèì ïðèáëèæå-
íèåì ïðîöåññà äèôôóçèè ÿâëÿåòñÿ ñõåìà ñëó÷àéíîãî áëóæäàíèÿ ïî ñîñòîÿíèÿì. Êîãäà
îáðàçóþòñÿ äîñòàòî÷íî äëèííûå ïîñëåäîâàòåëüíîñòè ñâÿçàííûõ ñåéñìè÷åñêèõ ñîáûòèé,
âûïîëíÿåòñÿ óñëîâèå ìàëîñòè ïðèðàùåíèé íà îäíîì øàãå ïî ñðàâíåíèþ ñ ðàçìåðîì âñåé
ïîñëåäîâàòåëüíîñòè, ïðè ýòîì âîçìîæíî äèôôóçèîííîå îïèñàíèå è ïðåäñòàâëåíèå ñåé-
ñìè÷íîñòè â âèäå ñëó÷àéíûõ áëóæäàíèé.

Ïðîñòðàíñòâåííàÿ è âðåìåííàÿ çàâèñèìîñòè ìåæäó ñåéñìè÷åñêèìè ñîáûòèÿìè ìàòå-
ìàòè÷åñêè âûðàæàþòñÿ â êîððåëÿöèè ñåéñìè÷åñêèõ ñîáûòèé íà ïðîñòðàíñòâåííûõ, âðå-
ìåííûõ è ýíåðãåòè÷åñêèõ ìàñøòàáàõ. Âûáîð òàêèõ ìàñøòàáîâ îïðåäåëÿåòñÿ õàðàêòåðè-
ñòèêàìè ñðåäû è ñàìèì ñåéñìè÷åñêèì ïðîöåññîì. Â çàâèñèìîñòè îò ñòðîãîñòè êðèòåðèåâ
äëÿ îïðåäåëåíèÿ ìàñøòàáîâ âëèÿíèÿ ñåéñìè÷åñêèõ ñîáûòèé ñåéñìè÷åñêèé ïðîöåññ ìîæåò
ðàññìàòðèâàòüñÿ ëèáî êàê ïóàññîíîâñêèé ñëó÷àéíûé ïðîöåññ, ïðåäñòàâëÿþùèé ñîáîé ñî-
âîêóïíîñòü íåçàâèñèìûõ ñëó÷àéíûõ ñîáûòèé; ëèáî êàê ìàðêîâñêèé ïðîöåññ, â êîòîðîì
äàëüíåéøåå ðàçâèòèå ïðîöåññà âïîëíå îïðåäåëÿåòñÿ ñîñòîÿíèåì â íàñòîÿùèé ìîìåíò è
íå çàâèñèò îò ñïîñîáà, êîòîðûì ýòî ñîñòîÿíèå áûëî äîñòèãíóòî; ëèáî êàê íåëîêàëüíûé
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íåìàðêîâñêèé ñëó÷àéíûé ïðîöåññ, ãäå âñÿ ïðåäûäóùàÿ èñòîðèÿ ñèñòåìû ñëó÷àéíûõ ñîáû-
òèé âëèÿåò íà å¼ áóäóùåå.

Â ðàìêàõ âåðîÿòíîñòíîãî ïîäõîäà ê ðàññìîòðåíèþ ñåéñìè÷åñêîãî ïðîöåññà â ðàáîòå
ïðåäëîæåíà ñòàòèñòè÷åñêàÿ ìîäåëü ïîñòðîåíèÿ ïëàñòè÷åñêèõ òå÷åíèé íà îñíîâàíèè àíà-
ëèçà äàííûõ Global CMT catalog (Global CMT Web Page) çà ïåðèîä 1976�2005 ãã. äëÿ çîíû
ñóáäóêöèè Êóðèëî � Êàì÷àòñêîé îñòðîâíîé äóãè (çíà÷åíèÿ ìàãíèòóä 4�7, ðàññìàòðèâàå-
ìàÿ îáëàñòü 50◦�60◦ ñ.ø., 156◦�166◦ â.ä., îáú¼ì âûáîðêè 221 ñîáûòèå).

Â êà÷åñòâå пространственного масштаба R [êì] ñåéñìè÷åñêîãî ñîáûòèÿ èñïîëüçîâàë-
ñÿ ðàäèóñ çîíû âëèÿíèÿ, îïðåäåëÿþùåéñÿ íåîäíîðîäíîñòüþ ñðåäû, ñâÿçàííûé ñ ìàãíèòó-
äîé èëè ýíåðãåòè÷åñêèì êëàññîì ñåéñìè÷åñêîãî ñîáûòèÿ (Äîáðîâîëüñêèé, 2009)

R = 100.43ML , (1)

ãäå ìàãíèòóäà Ðèõòåðà ML îïðåäåëÿåòñÿ ïî ôîðìóëå (Hanks, Boore, 1984)

ML =
(lgM0 − 17.0)

1.4
, (2)

ãäå M0 [Äæ · ì] � ñåéñìè÷åñêèé ìîìåíò.
Временной масштаб t [äíè] ñåéñìè÷åñêèõ ñîáûòèé ïðèíèìàëñÿ ðàâíûì îòíîøåíèþ

t =
T

n
, (3)

ãäå T � âðåìåííîé ïåðèîä êàòàëîãà, n � ÷àñòîòà ñîáûòèé ñ çàäàííîé ìàãíèòóäîé ML âû-
÷èñëÿëàñü íà îñíîâàíèè çàêîíà ïîâòîðÿåìîñòè Ãóòåíáåðãà � Ðèõòåðà, ïîëó÷åííîìó äëÿ
çîíû ñóáäóêöèè Êóðèëî � Êàì÷àòñêîé îñòðîâíîé äóãè,

lgN = −0.9ML + 7.1, (4)

n = N(ML −∆)−N(ML) (5)

ñ øàãîì äèñêðåòèçàöèè ∆ = 0.1. Ïàðàìåòð b = −0.9 çàêîíà ïîâòîðÿåìîñòè (4) õàðàêòå-
ðèçóåò ñîïðîòèâëåíèå ñàìîé ñðåäû åå äðîáëåíèþ, à èìåííî, äëÿ ðàññìàòðèâàåìîé çîíû
ñóáäóêöèè Êóðèëî � Êàì÷àòñêîé îñòðîâíîé äóãè íà îäíó òðåùèíó áîëüøåãî ðàçìåðà ïðè-
õîäèòñÿ áîëüøîå êîëè÷åñòâî òðåùèí ìåíüøåãî ðàçìåðà. Êîíñòàíòà a = 7.1 ÿâëÿåòñÿ ìåðîé
ðåãèîíàëüíîãî óðîâíÿ ñåéñìè÷íîñòè è çàâèñèò îò ÷èñëà ñîáûòèé, ðàññìàòðèâàåìûõ â ýòîé
ãðóïïå (Êàñàõàðà, 1985).

Ïðè ïîñòðîåíèè ìîäåëè ñåéñìè÷åñêîãî ïðîöåññà â ðàìêàõ äèôôóçèîííîãî ïîäõîäà
â ïåðâîì ïðèáëèæåíèè áûëà èñïîëüçîâàíà ñõåìà ñëó÷àéíîãî áëóæäàíèÿ ïî ñîñòîÿíèÿì
(Øåâöîâ, Ñàãèòîâà, 2012). Ïðîöåññ áëóæäàíèÿ îïðåäåëÿåòñÿ ïðîñòðàíñòâåííî�âðåìåííîé
áëèçîñòüþ ñîáûòèé â áóäóùåì ïî îòíîøåíèþ ê èíèöèèðóþùåìó ñîáûòèþ. Ñîâîêóïíîñòü
ñîáûòèé, ïîïàäàþùèõ â ïðîñòðàíñòâåííî�âðåìåííóþ çîíó âëèÿíèÿ áîëåå ðàííåãî ñåéñìè-
÷åñêîãî ñîáûòèÿ, ñ÷èòàåòñÿ èíèöèèðîâàííîé ýòèì ñîáûòèåì. Èç ñîâîêóïíîñòè ñîáûòèé,
èíèöèèðîâàííûõ áîëåå ðàííèì, âûáèðàåòñÿ ñîáûòèå ñ ìàêñèìàëüíîé ýíåðãèåé è çàïèñû-
âåòñÿ â öåïü. Ñòàòèñòèêà ñâÿçàííûõ ñîáûòèé äëÿ ðàññìàòðèâàåìîé âûáîðêè èç 221 ñîáû-
òèÿ, ïîëó÷åííàÿ â ðåçóëüòàòå ðåàëèçàöèè îïèñàííîãî àëãîðèòìà, ïðåäñòàâëåíà â òàáëèöå 1.
Èç âñåãî êàòàëîãà, ñîñòîÿùåãî èç 221 ñîáûòèÿ, 144 ñîáûòèÿ ñâÿçàíû â öåïè, ÷òî ñîîòâåò-
ñòâóåò ïðèìåðíî 65%, îäèíî÷íûå èëè ïàðû ñâÿçàííûõ ñîáûòèé, êîòîðûå ìîæíî ñ÷èòàòü
íåçàâèñèìûìè, ñîñòàâëÿþò 35% îò âñåãî êàòàëîãà.

Òàáëèöà 1.

Êîëè÷åñòâî ñîáûòèé â öåïè 1 2 3 4 5 6 7 8 9 10 11 12 13
Êîëè÷åñòâî öåïåé 51 13 5 5 7 2 1 0 0 3 0 1 1
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Ðèñ. 1. Öåïü ñâÿçàííûõ ñîáûòèé �56

Äëÿ êàæäîãî ñîáûòèÿ, ïîïàâøåãî â öåïü, îïðåäåëÿëèñü âåëè÷èíà è íàïðàâëåíèå ïî-
äâèæêè (Àêè, Ðè÷àðäñ, 1983). Ñðåäíÿÿ âåëè÷èíà ïîäâèæêè äëÿ âñåé âûáîðêè èç 221 ñî-
áûòèÿ ñîñòàâëÿåò ïîðÿäêà 10 ñì. Â ðåçóëüòàòå ïðîöåäóðû àíàëèçà âûáîðêè ñåéñìè÷åñêèå
ñîáûòèÿ âûñòðàèâàþòñÿ â öåïè, îïèñûâàþùèå íàïðàâëåííûé ïðîöåññ ñëó÷àéíûõ áëóæäà-
íèé ïî ñîñòîÿíèÿì èëè сейсмотектоническое течение, ãäå îñíîâíóþ ðîëü èãðàþò ñâÿçè
ìåæäó áëèæàéøèìè ñîñåäÿìè â ïðîñòðàíñòâåííî�âðåìåííîé îáëàñòè ñ ó÷¼òîì ýíåðãåòè-
÷åñêîãî ìàñøòàáà. Âûñòðàèâàþùèåñÿ â ðåçóëüòàòå ïðèìåíåíèÿ àëãîðèòìà öåïè � ìàðêî-
âîñêîãî òèïà, õîòÿ ïðè óäàëåíèè ÷àñòè êàòàëîãà íàáëþäàåòñÿ íåñîâïàäåíèå íà÷àëüíûõ
çâåíüåâ öåïåé, à òî÷íåå çàìåíà èõ íà äðóãèå áëèçêèå â çàäàííûõ ìàñøòàáàõ ñîáûòèÿ.
Â êà÷åñòâå ñåéñìîòåêòîíè÷åñêèõ òå÷åíèé ðàññìàòðèâàþòñÿ öåïè, ñîäåðæàùèå не менее
трех связанных событий. Íóìåðàöèÿ öåïåé ïðîèçâîäèòñÿ по номеру первого события â
öåïè. Ãëàâíîå íàïðàâëåíèå ïîäâèæêè èìååò ñåâåðî�çàïàäíóþ îðèåíòàöèþ (Ïîïîâà, Øåðå-
ìåòüåâà, Ñàãèòîâà, 2012). Â ðàññìàòðèâàåìîé âûáîðêå äëÿ êàæäîãî òå÷åíèÿ îïðåäåëåíû
ñðåäíÿÿ ñêîðîñòü, íàïðàâëåíèå òå÷åíèÿ è ïàðàìåòðû õàðàêòåðèçóþùèå îòêëîíåíèå òå÷å-
íèÿ îò ñðåäíèõ çíà÷åíèé. Ïðèâåä¼ì ðåçóëüòàòû äëÿ ñàìîé äëèííîé èç ïîëó÷åííûõ öåïåé
ñâÿçàííûõ ñåéñìè÷åñêèõ ñîáûòèé. Íà ðèñóíêå 1 ïðåäñòàâëåíà íàèáîëüøàÿ öåïü � 56 ïðî-
òÿæ¼ííîñòüþ âî âðåìåíè 18.07.1989�13.11.1999 ãã., âêëþ÷àþùàÿ 13 ñåéñìè÷åñêèõ ñîáûòèé
ñ ìàãíèòóäàìè 5�6. Ñðåäíÿÿ âåëè÷èíà ïîäâèæêè äëÿ öåïè � 56 ñîñòàâëÿåò 15 ñì ñî ñðåä-
íèì êâàäðàòè÷åñêèì îòêëîíåíèåì 6 ñì è èìååò ñåâåðî�çàïàäíîå íàïðàâëåíèå. Ñðåäíÿÿ
ñêîðîñòü ñåéñìîòåêòîíè÷åñêîãî òå÷åíèÿ îïðåäåëÿåòñÿ êàê óñðåäí¼ííàÿ ïî âðåìåíè âåëè-
÷èíà ïîäâèæêè è äëÿ öåïè � 56 ñêîðîñòü ñîñòàâëÿåò ïðèáëèçèòåëüíî 1.5 ñì/ãîä. Ïîëó-
÷åííûå ðåçóëüòàòû íå ïðîòèâîðå÷àò èìåþùèìñÿ äàííûì (Ëîìèçå, 1999).

Ïîñòðîåííàÿ ñòàòèñòè÷åñêàÿ ìîäåëü ñåéñìîòåêòîíè÷åñêèõ òå÷åíèé ïîçâîëÿåò ðàçëî-
æèòü êàòàëîã ñåéñìè÷åñêèõ ñîáûòèé íà ïîñëåäîâàòåëüíîñòè ñâÿçàííûõ ñîáûòèé íà ðàçíûõ
ýíåðãåòè÷åñêèõ ìàñøàáàõ. Ñíà÷àëà âûáèðàþòñÿ ñîáûòèÿ ñ ìàêñèìàëüíûìè ýíåðãèÿìè, çà-
òåì ïîñëåäîâàòåëüíîñòè ñîáûòèé ìåíüøèõ ýíåðãèé. Ýòè ïîñëåäîâàòåëüíîñòè îïðåäåëÿþò
ñåéñìîòåêòîíè÷åñêèå òå÷åíèÿ è íåñóò â ñåáå èíôîðìàöèþ íå òîëüêî î ïðîñòðàíñòâåííî-
âðåìåííîé ñâÿçè ìåæäó ñåéñìè÷åñêèìè ñîáûòèÿìè íà îñíîâå ýíåðãåòè÷åñêîé õàðàêòåðè-
ñòèêè, íî è î íàïðàâëåíèè è ñêîðîñòè ñåéñìè÷åñêîãî ïðîöåññà.
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Statistical model of plastic �ows on the example of the subduction zone of the Kuril-
Kamchatka arch was developed according to the data of Global CMT catalog for the period
1976�2005 (magnitude values 4-7, 50◦ − 60◦N, 156◦ − 166◦ E, 221 events), and the basic
characteristics of the �ows were determined on the basis of the probabilistic approach to the
seismic process.

Uncertainty conditions, that always exist in nature, determine the probabilistic character
of seismic processes. Spatial scale of the region, in which seismogeodynamic process develops,
in the case of seismic non-catastrophic events, considerably exceeds the size of the earthquake
source and the radius of the in�uence area where the stress is dropping. Criterion of small
increments is performed that's why seismic events can be considered as weak �uctuations and
that allows us to apply diffusion approximation.

Presence of temporal and spatial relation between seismic events de�nes, in general case,
the seismic process as a non-local and non-Markov stochastic process. These dependences are
mathematically expressed in the correlation of seismic events on temporal and spatial scales,
the choice of which is determined by environment characteristics and the seismic process itself.
The direction and the value of a shift for each event determine the direction of plastic �ow.
In the development of plastic �ow model within di�usion approach in the �rst approximation,
scheme of stochastic wandering on states was applied, that is a special case of Markov chains.
For each chain, that is a plastic �ow, average velocity, principal eigenvector of the �ow and the
parameters, characterizing the deviation from the principal values, were de�ned.
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