
66 ISSN 1684-2189    GEOINFORMATIKA, 2016, ¹ 1 (57)

© Ä.Â. Ìàëèöüêèé, Î.Î. Ìóéëà, À.Þ. Ïàâëîâà, Î.Ä. Ãðèöàé, Þ.Ï. Êîâàëü, Î.Î. Îá³ä³íà

1. Âñòóï. Âèçíà÷åííÿ ôîêàëüíèõ ìåõàí³çì³â
çåìëåòðóñ³â äëÿ ïîä³é Êàðïàòñüêîãî ðåã³îíó Óê-
ðà¿íè º îäí³ºþ ç íàéàêòóàëüí³øèõ ïðîáëåì ì³ñöå-
âèõ ñåéñìîëîã³÷íèõ äîñë³äæåíü. Çà óìîâ íèçüêî¿
ñåéñì³÷íî¿ àêòèâíîñò³ òà íåäîñòàòíüî¿ ê³ëüêîñò³
ì³ñöåâèõ ñåéñì³÷íèõ ñòàíö³é âèíèêàº ïîòðåáà ó
ðîçðîáö³ íîâèõ àëüòåðíàòèâíèõ ìåòîä³â òà óäîñ-
êîíàëåíí³ ³ñíóþ÷èõ äëÿ ðîçâ’ÿçàííÿ îáåðíåíî¿ çà-
äà÷³ ùîäî âîãíèùà çåìëåòðóñó. Íàé÷àñò³øå âèêî-
ðèñòîâóþòü ï³äõ³ä, â ÿêîìó íîäàëüí³ ïëîùèíè
çîáðàæóþòü íà íèæí³é ï³âêóë³ ñòåðåîãðàô³÷íî¿
ñ³òêè â³äïîâ³äíî äî ïîëÿðíîñò³ ïåðøèõ âñòóï³â
Ð-õâèëü íà ñòàíö³ÿõ òà ¿õ ðîçì³ùåííÿ â ïðîåêö³ÿõ
çàëåæíî â³ä àçèìóòó ñòàíö³¿ ³ êóòà âèõîäó ïðîìå-
íÿ Ð-õâèë³ òà éîãî ïîëÿðíîñò³. Äîâîë³ ÷àñòî íå
âèñòà÷àº ³íôîðìàö³¿ äëÿ âèçíà÷åííÿ ìåõàí³çìó
âîãíèùà. Òîìó çàïðîïîíîâàíî âèêîðèñòîâóâàòè
ñåéñì³÷í³ äàí³ ñòàíö³é, íà ÿêèõ çàðåºñòðîâàíî
íå÷³òê³ âñòóïè Ð-õâèëü. Äëÿ ñòàíäàðòíèõ ìåòîäèê
ùîäî âèçíà÷åííÿ ìåõàí³çì³â, ÿê ïðàâèëî, äàí³
òàêèõ ñòàíö³é íå âðàõîâóâàëè. Ãðàô³÷íèé ìåòîä
âèêîðèñòîâóº ³íôîðìàö³þ ïðî íåòî÷í³ âñòóïè
Ð-õâèëü, îñê³ëüêè öå îçíà÷àº ¿õ áëèçüê³ñòü äî íî-
äàëüíèõ ïëîùèí íà ôîêàëüí³é ñôåð³, ùî º êîðèñ-
íèì äëÿ ïîáóäîâè íîäàëüíèõ ë³í³é. Êð³ì òîãî,
äëÿ òàêèõ ñòàíö³é çíà÷åííÿ ëîãàðèôìà â³äíîøåí-
íÿ àìïë³òóä S- ³ Ð-õâèëü º ³ñòîòíî âèùèìè, í³æ
äëÿ ³íøèõ ñòàíö³é, äå ñïîñòåð³ãàþòüñÿ ÷³òê³ âñòó-
ïè ïðÿìèõ îá’ºìíèõ õâèëü. Ñàìå â öüîìó ³ ïîëÿ-

ãàº âèêîðèñòàííÿ ãðàô³÷íîãî ìåòîäó ç ìåòîþ âè-
çíà÷åííÿ ìåõàí³çì³â âîãíèù çåìëåòðóñ³â äëÿ ðå-
ã³îí³â ³ç íèçüêîþ ñåéñì³÷í³ñòþ.

Îñíîâíîþ ê³ëüê³ñíîþ õàðàêòåðèñòèêîþ âîãíè-
ùà çåìëåòðóñó º òåíçîð ñåéñì³÷íîãî ìîìåíòó, ÿêèé
âèçíà÷àþòü çà äîïîìîãîþ äåê³ëüêîõ ð³çíèõ
ï³äõîä³â: ç âèêîðèñòàííÿì àìïë³òóä ñåéñì³÷íèõ
õâèëü [14, 25], ñï³ââ³äíîøåííÿ àìïë³òóä S/P
[16, 21] ³ ïîâíèõ õâèëüîâèõ ôîðì [4, 13, 19, 23, 24].
Òåîð³ÿ ïîøèðåííÿ ñåéñì³÷íèõ õâèëü ó øàðóâàòîìó
ï³âïðîñòîð³, òîáòî â ñåðåäîâèù³, ïðóæí³ âëàñòè-
âîñò³ ÿêîãî çàëåæàòü ò³ëüêè â³ä ãëèáèíè, º îñíîâ-
íèì ïðåäìåòîì äîñë³äæåííÿ áàãàòüîõ ó÷åíèõ-ñåéñ-
ìîëîã³â [5–10, 12, 15, 22, 26]. Ìåòîäè
ãîðèçîíòàëüíî-øàðóâàòî¿ ìîäåë³ Çåìë³ çàñòîñîâó-
þòü ó äîñë³äæåííÿõ äæåðåë çåìëåòðóñ³â ³ ñòðóê-
òóðíèõ âëàñòèâîñòåé ñåðåäîâèùà. Íàéâàæëèâ³ø³
ï³äõîäè ó äîñë³äæåííÿõ ïîøèðåííÿ ñåéñì³÷íèõ
õâèëü, ðîçâ’ÿçàííÿ ïðÿìèõ òà îáåðíåíèõ çàäà÷ ðîç-
ãëÿíóòî ó ïóáë³êàö³ÿõ: [7, 8, 10, 11, 17, 18, 26]
(ìåòîäè ³íòåãðóâàííÿ õâèëüîâîãî ÷èñëà àáî ïî-
â³ëüíîñò³); [1, 5–6, 9] (ìàòðè÷íèé ìåòîä). Ó ñòàòò³
çàñòîñîâàíî ìàòðè÷íèé ìåòîä äëÿ ìîäåëþâàííÿ
ïîøèðåííÿ ñåéñì³÷íèõ õâèëü ó øàðóâàòîìó ñåðå-
äîâèù³. Ðåçóëüòàòè ùîäî ïîëÿ ïåðåì³ùåíü íà
â³ëüí³é ïîâåðõí³ âèêîðèñòàíî äëÿ îá÷èñëåííÿ òåí-
çîðà ñåéñì³÷íîãî ìîìåíòó ÿê ôóíêö³¿ ÷àñó.

2. Òåîð³ÿ ìåòîäó ³íâåðñ³¿ òåíçîðà ñåéñì³÷íîãî
ìîìåíòó. Ìåòà ìåòîäó ³íâåðñ³¿ òåíçîðà ñåéñì³÷íî-
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Äëÿ ìîäåëþâàííÿ ïîøèðåííÿ ñåéñì³÷íèõ õâèëü ó íåîäíîð³äíîìó ñåðåäîâèù³ – ãîðèçîíòàëüíî-øàðóâàò³é
ïðóæí³é ñòðóêòóð³ – çàñòîñîâàíî ìàòðè÷íèé ìåòîä. Îòðèìàí³ ñï³ââ³äíîøåííÿ äëÿ ïîë³â ïåðåì³ùåíü íà â³ëüí³é
ïîâåðõí³ øàðóâàòîãî ï³âïðîñòîðó âèêîðèñòàíî äëÿ âèçíà÷åííÿ òåíçîðà ñåéñì³÷íîãî ìîìåíòó ÿê ôóíêö³¿ ÷àñó
÷åðåç âèä³ëåííÿ ò³ëüêè ïðÿìèõ P- ³ S-õâèëü. Íà ï³äñòàâ³ ðîçðîáëåíî¿ ìåòîäèêè äëÿ òî÷êîâîãî äæåðåëà çàïðîïî-
íîâàíî âèçíà÷åííÿ ïîñóâàííÿ ïî ðîçðèâó (çì³ùåííÿ íà ðîçðèâ³) äëÿ ðîçïîä³ëåíîãî äæåðåëà. Òàêèì ÷èíîì,
÷èñåëüíèé ìåòîä  íà îñíîâ³ ðîçâ’ÿçàííÿ ïðÿìî¿ çàäà÷³  âèêîðèñòàíî ç ìåòîþ ³íâåðñ³¿ ñïîñòåðåæóâàíèõ ñèãíàë³â
äëÿ êîìïîíåíò òåíçîðà ñåéñì³÷íîãî ìîìåíòó ³ ÷àñîâî¿ ôóíêö³¿ äæåðåëà çåìëåòðóñó, à òàêîæ âèçíà÷åííÿ ïîñó-
âàííÿ ïî ðîçðèâó. Ïîäàíî ðîçâ’ÿçàííÿ îáåðíåíî¿ çàäà÷³ ùîäî âèçíà÷åííÿ ìåõàí³çìó âîãíèùà çåìëåòðóñó ìåòî-
äîì ³íâåðñ³¿ õâèëüîâèõ ôîðì ó âèïàäêó îáìåæåíî¿ ê³ëüêîñò³ ñòàíö³é òà ãðàô³÷íèì ìåòîäîì, à òàêîæ äëÿ âñòà-
íîâëåííÿ ïëîùèíè ðîçðèâó. Ôîêàëüíèé ìåõàí³çì âèçíà÷åíî ãðàô³÷íèì ìåòîäîì ³ ìåòîäîì ³íâåðñ³¿ ñèãíàëó
äëÿ ïîä³é, ùî â³äáóëèñÿ á³ëÿ ñ. Óãëÿ (24.10.2012 ð., 03:13:40.50), ³ â ïðîâ³íö³¿ Àëüáåðòà, Êàíàäà (09.08.2014 ð.,
15:28:51.00). Ïîáóäîâàí³  ìåõàí³çìè âîãíèù ì³ñöåâèõ çåìëåòðóñ³â, à òàêîæ ïàðàìåòðè äëÿ ðîçïîä³ëåíîãî äæåðå-
ëà ìîæóòü áóòè âèêîðèñòàí³ äëÿ âèâ÷åííÿ òà äîñë³äæåííÿ íàïðóæåíî-äåôîðìîâàíîãî ñòàíó ã³ðñüêèõ ìàñèâ³â ó
ðåã³îíàõ ç íèçüêîþ ñåéñì³÷í³ñòþ.

Êëþ÷îâ³ ñëîâà: ìàòðè÷íèé ìåòîä, ãðàô³÷íèé ìåòîä, ìåõàí³çì âîãíèùà çåìëåòðóñó, ïîøèðåííÿ ñåéñì³÷íèõ
õâèëü, òåíçîð ñåéñì³÷íîãî ìîìåíòó, ÷àñîâà ôóíêö³ÿ äæåðåëà, ïëîùèíà ðîçðèâó.
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ãî ìîìåíòó ïîëÿãàº ó âèçíà÷åíí³ âëàñòèâîñòåé
äæåðåëà, ÿê³ ïðåäñòàâëåíî òåíçîðîì ñåéñì³÷íîãî
ìîìåíòó ³ç ñïîñòåðåæóâàíèõ ñåéñì³÷íèõ çàïèñ³â
ïåðåì³ùåíü. Öåé ìåòîä º îäíèì ³ç êðàùèõ
ï³äõîä³â äî âèâ÷åííÿ õàðàêòåðèñòèê ñåéñì³÷íîãî
äæåðåëà çà óìîâè âèêîíàííÿ äâîõ îñíîâíèõ ïðè-
ïóùåíü: ïî-ïåðøå, ïåðåäáà÷àºòüñÿ, ùî ä³º íàáëè-
æåííÿ òî÷êîâîãî äæåðåëà, òîáòî ðîçãëÿäàºìî âîã-
íèùå çåìëåòðóñó, ÿêå îïèñàíî ñåéñì³÷íèì
òåíçîðîì; ïî-äðóãå, ñòðóêòóðà øâèäê³ñíî¿ ìîäåë³
º áëèçüêîþ äî ðåàëüíî¿ ñòðóêòóðè Çåìë³ [2–4].
ßêùî îäíå ç öèõ ïðèïóùåíü íå âèêîíóºòüñÿ, òî
ðåçóëüòóþ÷èé òåíçîð ñåéñì³÷íîãî ìîìåíòó ìîæå
ì³ñòèòè âåëèêó êîìïîíåíòó òàê çâàíî¿ íåäåâ³àòîð-
íî¿ ÷àñòèíè.

Ïåðåéäåìî äî âèêëàäåííÿ òåîð³¿ ìåòîäó
³íâåðñ³¿ òåíçîðà ñåéñì³÷íîãî ìîìåíòó, âèêîðèñòî-
âóþ÷è ìàòðè÷íèé ìåòîä. Óçàãàëüíåíå òî÷êîâå
äæåðåëî ïðåäñòàâëåíî ñèìåòðè÷íèì òåíçîðîì
ñåéñì³÷íîãî ìîìåíòó. Ïîøèðåííÿ ñåéñì³÷íèõ
õâèëü ó øàðóâàòîìó ï³âïðîñòîð³ â³ä òàêîãî äæå-
ðåëà ïðèâîäèòü äî âèçíà÷åííÿ ïîëÿ ïåðåì³ùåíü
íà â³ëüí³é ïîâåðõí³ äëÿ äàëåêî¿ òà áëèæíüî¿ çîí ó
öèë³íäðè÷í³é ñèñòåì³ êîîðäèíàò [20]:
- äàëåêà çîíà
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Ó ñòàòò³ âèêîðèñòàíî ëèøå ïîëå ïåðåì³ùåíü
äëÿ äàëåêî¿ çîíè (1). Âèêîðèñòàâøè ìàòðè÷í³
ñï³ââ³äíîøåííÿ ò³ëüêè äëÿ ïðÿìèõ P- òà S-õâèëü
[20], ³ç ð³âíÿííÿ (1) âèïèøåìî ìàòðè÷í³ ð³âíÿí-
íÿ íà N ñòàíö³ÿõ (i = 1,…,N) ó ÷àñòîòí³é îáëàñò³
(ω):

1 1

2 2

,

,

,N N

=

=

=

(0)

(0)

(0)

K M U

K M U

K M U

�

S

S

S

                    (2)

äå

( )(ω),   (ω) , (ω),  (ω),  (ω),  (ω)

(ω)

T

xz yz zz xx yy xy

lm

M M M M M M

M

=

= =

=

M

;

11 12 13 14 15 16

21 22 23 24 25 26

31 32 33 34 35 36

41 42 43 44 45 46

51 52 53 54 55 56

61 62 63 64 65 66

     

     

     

     

     

     

P P P P P P

s s s s s s

P P P P P P

i s s s s s s

P P P P P P

s s s s s s

K K K K K K
K K K K K K
K K K K K K

K K K K K K
K K K K K K
K K K K K K

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟= ⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

K  –

ìàòðèöÿ øâèäê³ñíî¿ ìîäåë³ íà i-é ñòàíö³¿.

Êîæåí âåêòîð ó âèðàç³ ( )1 2, ,...,
T

S S SN
(0) (0) (0)U U U

ì³ñòèòü ø³ñòü êîìïîíåíò ïîëÿ ïåðåì³ùåíü äëÿ
ïðÿìèõ P- ³ S-õâèëü íà N ñòàíö³ÿõ (i = 1,…,N).
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ð³âíÿíü (3) º ïåðåâèçíà÷åíîþ. Äëÿ îáåðíåííÿ
êîìïîíåíò òåíçîðà ñåéñì³÷íîãî ìîìåíòó M
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äå *G�  – êîìïëåêñíî-ñïðÿæåíà òà òðàíñïîíîâàíà
ìàòðèöÿ äî G [7]. Ð³âíÿííÿ (4) îá÷èñëþºìî äëÿ
âñ³õ ÷àñòîò. ×àñòîòíó ôóíêö³þ òåíçîðà ñåéñì³÷-
íîãî ìîìåíòó Mlm çíàõîäèìî çà ð³âíÿííÿì (4).
Çàñòîñóâàâøè ïåðåòâîðåííÿ Ôóð’º, îòðèìóºìî ÷à-
ñîâó ôóíêö³þ òåíçîðà ñåéñì³÷íîãî ìîìåíòó Mlm(t):

( ) STF( )lm lmM t M t= ,

äå Mlm – òåíçîð ñåéñì³÷íîãî ìîìåíòó; STF(t) –
÷àñîâà ôóíêö³ÿ äæåðåëà. Ðîçêëàä îçíà÷àº, ùî ôî-
êàëüíèé ìåõàí³çì íå çàëåæèòü â³ä ÷àñó. Íåçâà-
æàþ÷è íà òå ùî ìåõàí³çì ìîæå çàëåæàòè â³ä ÷àñ-
òîòíîãî ä³àïàçîíó äîñë³äæóâàíèõ õâèëü [25],
ïðèïóùåííÿ ïðî éîãî íåçàëåæí³ñòü â³ä ÷àñó º
äîáðèì íàáëèæåííÿì äëÿ âèçíà÷åííÿ ìåõàí³çìó â
÷àñòîòíîìó ä³àïàçîí³ â³ä ïðÿìèõ P- ³ S-õâèëü.
Ñë³ä çàóâàæèòè, ùî ðåçóëüòàòè âèçíà÷åííÿ ÷àñî-
âî¿ ôóíêö³¿ òåíçîðà ñåéñì³÷íîãî ìîìåíòó (4) ìîæ-
íà îòðèìàòè, âèêîðèñòàâøè ñåéñì³÷í³ äàí³ ò³ëüêè
ç îäí³º¿ ñòàíö³¿.

2.1. Âèçíà÷åííÿ ìåõàí³çì³â âîãíèù çåìëåòðóñ³â
çà äàíèìè îáìåæåíî¿ ê³ëüêîñò³ ñòàíö³é. Îòðè-
ìàí³ ðåçóëüòàòè äëÿ òåíçîðà ñåéñì³÷íîãî ìîìåíòó
çà äàíèìè îäí³º¿ àáî äåê³ëüêîõ ñòàíö³é  ìîæíà
âèêîðèñòàòè äëÿ âèçíà÷åííÿ ìåõàí³çì³â âîãíèù
çåìëåòðóñ³â, êîëè ñòàíäàðòíèìè ìåòîäàìè, çîêðå-
ìà ãðàô³÷íèì, ïîáóäîâà ìîäàëüíèõ ïëîùèí íå-
ìîæëèâà. Òàê³ âèïàäêè ñïîñòåð³ãàþòüñÿ, êîëè
ïîä³þ çàðåºñòðóâàëî äåê³ëüêà ñòàíö³é, íàïðèêëàä
òðè-÷îòèðè, ùî ÷àñòî ñïîñòåð³ãàºòüñÿ â Çàêàð-
ïàòò³. Çàïðîïîíóºìî âèçíà÷àòè ìåõàí³çìè âîãíèù
çà äàíèìè îäí³º¿ ñòàíö³¿, à ùå êðàùå – äåê³ëüêîõ.
Îòæå, îòðèìàâøè ðîçâ’ÿçîê äëÿ ñåéñì³÷íîãî òåí-
çîðà (4), ìîæíà âèçíà÷èòè ìåõàí³çì âîãíèùà.
Ïðîòå çíà÷åííÿ ôîêàëüíèõ ìåõàí³çì³â äëÿ ïîä³é
çà äàíèìè äåê³ëüêîõ ñòàíö³é â³äð³çíÿòèìóòüñÿ.
Ùîá îòðèìàòè îäíàêîâ³ ðåçóëüòàòè, ïðîïîíóºìî
ïðèâåñòè ìåõàí³çìè, ÿê³ îòðèìàíî íà ð³çíèõ ñòàí-

ö³ÿõ, äî ìåõàí³çìó â åï³öåíòð³ çåìëåòðóñó. Äëÿ
öüîãî ñë³ä ïðîâåñòè ïåðåòâîðåííÿ. Íà ðèñ. 1 ïî-
êàçàíî äèñëîêàö³éíó ìîäåëü âîãíèùà çåìëåòðóñó,
äå ˆ ˆ ˆx, y, z  – äåêàðòîâà ñèñòåìà êîîðäèíàò â åï³-
öåíòð³ ( x̂  – íàïðÿì íà ï³âí³÷, ŷ  – íàïðÿì íà
ñõ³ä, ẑ  – âåðòèêàëüíî âíèç ). Çà äîïîìîãîþ öèõ
îäèíè÷íèõ âåêòîð³â îòðèìàíî [7]:
- âåêòîð ïîñóâàííÿ

ˆu = u (cosλ cos + cosδ sinλ sin ) x + 
ˆ ˆ+u (cosλ sin  cosδ sinλ cos ) y u sinλ sinδ z;

ϕ ϕ

ϕ − ϕ −
s s

s s

- íîðìàëü äî ðîçðèâó

ˆ ˆ ˆν = sinδsin  x + sinδ cos  y cosδ z;− ϕ ϕ −s s

- íàïðÿìîê õâèë³ Ð

ξ ξ ξˆ ˆ ˆγ = sin  cos  x + sin  sin  y +cos  z,i i iϕ ϕ

äå iξ – êóò âèõîäó õâèë³ Ð ³ç äæåðåëà; ϕs, δ, λ –
â³äïîâ³äíî êóòè ïðîñòÿãàííÿ, ïàä³ííÿ, íàõèëó
ïëîùèíè ðîçðèâó; ϕ – àçèìóò â³ä äæåðåëà íà
ïðèéìà÷.

Äëÿ õâèë³ Ð çà äâîõ ð³çíèõ çíà÷åíü îð³ºíòàö³¿
ïëîùèíè ðîçðèâó ñïðàâåäëèâ³ ñï³ââ³äíîøåííÿ äëÿ
ñêàëÿðíèõ äîáóòê³â:

1 1 2 2γ ν = γ ν ,                     (5)

1 1 2 2u uγ = γ .                     (6)

Ââàæàºìî, ùî çíà÷åííÿ ïëîùèíè ðîçðèâó
â³äîì³, òîáòî â³äîì³ çíà÷åííÿ äëÿ âåêòîð³â u1, v1, γ1.
Âèçíà÷èìî çíà÷åííÿ îð³ºíòàö³¿ ïëîùèíè ðîçðèâó
(ϕs, δ, λ), ÿêùî êóò âèõîäó iξ äîð³âíþº íóëþ, òîáòî
iξ = 0. ²ç ð³âíÿííÿ (5) çíàõîäèìî

2 1 1 1arccos (sin sin sin ( ) cos cos ).si iξ ξδ = δ ϕ −ϕ + δ

²ç ð³âíÿííÿ (6)

1 1
2

2

γλ arcsin
sin δ
u⎛ ⎞

= −⎜ ⎟
⎝ ⎠

,

äå

1 1 1 1 1 1 1

1 1 1 1 1

1 1

sin cos (cos cos cos sin sin )
sin sin (cos sin cos sin cos )

cos sin sin .

s s

s s

u i
i

i

ξ

ξ

ξ

γ = ϕ λ ϕ − δ λ ϕ +

+ ϕ λ ϕ − δ λ ϕ −

− λ δ

Êóò ïðîñòÿãàííÿ ϕs2 äëÿ âèïàäêó iξ = 0 âèçíà-
÷åíî ç óìîâè: ϕs2 = ϕs2 – ϕ, òîáòî ñòàíö³þ íà ôî-
êàëüí³é ñôåð³ ïåðåíåñåíî íà â³ñü N (íàïðÿìîê íà
ï³âí³÷).

3. Ðîçïîä³ëåíå äæåðåëî. Òåîð³ÿ ïðÿìî¿ òà îáåð-
íåíî¿ çàäà÷. Ðîçãëÿíåìî ïîøèðåííÿ ñåéñì³÷íèõ
õâèëü ó âåðòèêàëüíî-íåîäíîð³äíîìó ñåðåäîâèù³,
ÿêå ìîäåëþºìî ñèñòåìîþ îäíîð³äíèõ ³çîòðîïíèõ
n øàð³â íà (n + 1) ï³âïðîñòîð³. Ââàæàºìî, ùî ìåæ³
ì³æ øàðàìè ïàðàëåëüí³. Íà êîæí³é ìåæ³ âèêîíó-
þòüñÿ óìîâè æîðñòêîãî êîíòàêòó. Ìåòà äîñë³-
äæåííÿ – ïîáóäîâà õâèëüîâîãî ïîëÿ íà â³ëüí³é

Ðèñ. 1. Äèñëîêàö³éíà ìîäåëü âîãíèùà çåìëåòðóñó

Fig. 1. The dislocation model of earthquake
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ïîâåðõí³ øàðóâàòîãî ñåðåäîâèùà, êîëè íà ãëèáèí³
Ís â îäíîð³äíîìó øàð³ ä³º ðîçïîä³ëåíå äæåðåëî
ÿê ñóìà òî÷êîâèõ äæåðåë, ÿêå ïðåäñòàâëåíî òåíçî-
ðàìè ñåéñì³÷íèõ ìîìåíò³â àáî ïîñóâàííÿìè ïî
ðîçðèâó (çì³ùåííÿìè íà ðîçðèâ³) äëÿ êîæíîãî
òî÷êîâîãî äæåðåëà.

Ìàòðè÷íèé ìåòîä çàñòîñîâóþòü ñàìå ó âèïàä-
êó ïîøèðåííÿ ñåéñì³÷íèõ õâèëü ó ãîðèçîíòàëü-
íî-øàðóâàòîìó ï³âïðîñòîð³, êîëè íåîäíîð³äíå ñå-
ðåäîâèùå ìîäåëþþòü ñèñòåìîþ îäíîð³äíèõ
³çîòðîïíèõ øàð³â ³ç ïàðàëåëüíèìè ìåæàìè. Ââà-
æàºìî, ùî âîãíèùå çåìëåòðóñó ÿê ðîçïîä³ëåíå
äæåðåëî ðîçì³ùåíå â îäíîð³äíîìó øàð³. Â³äîìî,
ùî ñó÷àñíà ñåéñìîëîã³ÿ âèêîðèñòîâóº òî÷êîâå
äæåðåëî, éîãî îïèñ ñåéñì³÷íèì òåíçîðîì º íàé-
åôåêòèâí³øèì, òîìó ùî äèñëîêàö³éíó ìîäåëü âîã-
íèùà çàäàíî ïëîùèíîþ ðîçðèâó, ÿêà îð³ºíòîâàíà
â ïðîñòîð³ òðüîìà êóòàìè (ðèñ. 1) ³ ñåéñì³÷íèì
ìîìåíòîì M0, ùî âèçíà÷àº åíåðã³þ çåìëåòðóñó.
Òàêå äæåðåëî ñåéñì³÷íèõ õâèëü º òî÷êîâèì ó ïðî-
ñòîð³, àëå ìîæå áóòè ðîçïîä³ëåíèì ó ÷àñ³. Àâòîðè
ñòàòò³ äîñòàòíüî áàãàòî óâàãè ïðèä³ëÿëè ó ñâî¿õ
ðîáîòàõ ñàìå òàê³é ìîäåë³ òî÷êîâîãî äæåðåëà [1].
Ùå îäèí âàæëèâèé àñïåêò ïîëÿãàº ó òîìó, ùî
äëÿ îáåðíåíî¿ çàäà÷³ âèêîðèñòàíî àíàë³òè÷í³
ñï³ââ³äíîøåííÿ ïðÿìî¿ çàäà÷³, òîáòî ³íâåðñ³þ
ñåéñì³÷íîãî òåíçîðà çä³éñíåíî çà ðîçâ’ÿçêàìè äëÿ
ïîëÿ ïåðåì³ùåíü. Äëÿ ðîçïîä³ëåíîãî äæåðåëà ó
ðîáîò³ âèêîðèñòàíî òîé ôàêò, ùî õâèëüîâå ïîëå
â³ä òàêîãî âîãíèùà º ñóïåðïîçèö³ºþ ïîë³â ïåðå-
ì³ùåíü â³ä êîæíîãî òî÷êîâîãî äæåðåëà.

Òàêèì ÷èíîì, ïîñòàíîâêà ïðÿìî¿ çàäà÷³ ïîëÿ-
ãàº ó âèçíà÷åíí³ õâèëüîâîãî ïîëÿ íà â³ëüí³é ïî-
âåðõí³ øàðóâàòîãî ï³âïðîñòîðó, êîëè âîãíèùå
çåìëåòðóñó çîáðàæåíî ÿê ðîçïîä³ëåíå äæåðåëî ó
ïðîñòîð³ òà ÷àñ³. Òîä³ êîæíà êîìïîíåíòà òåíçîðà
ñåéñì³÷íîãî ìîìåíòó º ôóíêö³ºþ ÷àñó äëÿ êîæíî¿
òî÷êè íà ïëîùèí³ ðîçðèâó. Îòæå, äëÿ êîæíîãî
òî÷êîâîãî äæåðåëà ââîäèìî ÷àñ íàðîñòàííÿ (rise
time), ÷àñ ðîçðèâó (rupture time), à òàêîæ çì³ùåí-
íÿ íà ðîçðèâ³ (òàê çâàíà äèñëîêàö³ÿ íà ïëîùèí³
ðîçðèâó). Ó âèïàäêó òî÷êîâîãî äæåðåëà ïàðàìåò-
ðàìè âîãíèùà º ñåðåäíº çì³ùåííÿ ïî ðîçðèâó ³
÷àñîâà ôóíêö³ÿ âîãíèùà STF(t).

Íà ðèñ. 2 ïîêàçàíî ÷àñ íàðîñòàííÿ (rise time) ³
÷àñ ðîçðèâó (rupture time) äëÿ ðîçïîä³ëåíîãî äæå-
ðåëà. ×àñîâà ôóíêö³ÿ âîãíèùà STF(t) º êîìá³íà-
ö³ºþ ÷àñó íàðîñòàííÿ ³ ÷àñó ðîçðèâó. Ñë³ä çàçíà-
÷èòè, ùî äëÿ ïîáóäîâè ïëîùèíè ðîçðèâó ïîòð³áíî
çíàòè ¿¿ îð³ºíòàö³þ, òîáòî âèçíà÷èòè òåíçîð ñåéñ-

ì³÷íîãî ìîìåíòó àáî ôîêàëüíèé ìåõàí³çì. Öåé
ï³äõ³ä çàáåçïå÷óºòüñÿ íàÿâí³ñòþ äîñòàòíüî âåëèêî¿
ê³ëüêîñò³ ñåéñì³÷íèõ ñòàíö³é, ÿê³ ìàþòü áóòè ðîç-
ì³ùåí³ íàâêîëî åï³öåíòðó çåìëåòðóñó. Òîä³ çà çíà-
êàìè âñòóï³â ïðÿìèõ P-õâèëü ³ çà êóòàìè ¿õ âèõî-
äó íà ôîêàëüí³é ïëîùèí³ áóäóºìî äâ³ íîäàëüí³
ïëîùèíè, îäíà ç ÿêèõ º ïëîùèíîþ ðîçðèâó [3].
Òàêèé â³äîìèé ìåòîä äàº çìîãó âèçíà÷àòè îð³ºíòà-
ö³þ ïëîùèíè ðîçðèâó, ñêàëÿðíèé ñåéñì³÷íèé ìî-
ìåíò M0 çà ñåéñì³÷íèìè çàïèñàìè ³ êîìïîíåíòè
ñåéñì³÷íîãî òåíçîðà çà â³äîìèìè ôîðìóëàìè. Âò³ì
çðîçóì³ëî, ùî ô³çè÷í³ ïðîöåñè ó âîãíèù³ íå º ìèò-
òºâèìè. Íàïðèêëàä, ÷àñ, ïðîòÿãîì ÿêîãî â³äáó-
âàºòüñÿ ñåéñì³÷íà ïîä³ÿ, ìîæå òðèâàòè â³ä äîëåé
ñåêóíäè äëÿ ìàëèõ çåìëåòðóñ³â äî äåñÿòê³â õâè-
ëèí – äëÿ âåëèêèõ. Ó òàêîìó ðàç³ ââåäåííÿ ÷àñî-
âî¿ ôóíêö³¿ âîãíèùà STF(t) º âàæëèâèì êðîêîì
ïåðåõîäó â³ä òî÷êîâîãî äî ðîçïîä³ëåíîãî äæåðåëà.

Ó ñòàòò³ íàâåäåíî îñíîâí³ ðåçóëüòàòè ìàòåìà-
òè÷íîãî ìîäåëþâàííÿ äëÿ ðîçïîä³ëåíîãî äæåðåëà.
Îòæå, ðîçãëÿíóòî ðåºñòðàö³þ ïîëÿ ïåðåì³ùåíü íà
â³ëüí³é ïîâåðõí³ îäí³ºþ ñòàíö³ºþ â³ä ðîçïîä³ëå-
íîãî äæåðåëà, ùî º ñóìîþ s åëåìåíòàðíèõ (òî÷êî-
âèõ) äæåðåë, à òàêîæ âèêîðèñòàíî ìàòåìàòè÷í³
çîáðàæåííÿ ó ñïåêòðàëüí³é îáëàñò³. Ó ïðàö³ [7] ïî-
êàçàíî, ùî äëÿ òî÷êîâîãî äæåðåëà õâèëüîâå ïîëå,
çóìîâëåíå ïðÿìèìè P- òà S-õâèëÿìè, ìàº âèãëÿä

( )(0) (0) (0) (0) (0) (0) (0), , , , ,
Tp s p s p s

s x x y y z zU U U U U U K= = ⋅U M ,

äå
( ), , , , ,

T

xz yz zz xx yy xyM M M M M M=M  – òåíçîð ñåéñ-
ì³÷íîãî ìîìåíòó;

( )(0) (0) (0) (0) (0) (0) (0), , , , ,p s p s p s
s x x y y z zU U U U U U=U  – êîìïî-

íåíòè ïðÿìèõ P- ³ S-õâèëü íà â³ëüí³é ïîâåðõí³
ñåðåäîâèùà.

Ìàòðèöþ K âèçíà÷àºìî ïàðàìåòðàìè øàðóâà-
òî¿ ìîäåë³ ñåðåäîâèùà [7]:

11 12 13 14 15 16

21 22 23 24 25 26

31 32 33 34 35 36

41 42 43 44 45 46

51 52 53 54 55 56

61 62 63 64 65 66

     

     

     

     

     

     

P P P P P P

s s s s s s

P P P P P P

i s s s s s s

P P P P P P

s s s s s s

K K K K K K
K K K K K K
K K K K K K

K K K K K K
K K K K K K
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⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟= ⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

K .

Ó âèïàäêó ðîçïîä³ëåíîãî äæåðåëà ïîëå ïåðå-
ì³ùåíü, çàðåºñòðîâàíå íà îäí³é ñòàíö³¿ ³ ñïðè÷è-

Ðèñ. 2. ×àñ íàðîñòàííÿ (rise time – TD) ³ ÷àñ ðîçðèâó (rupture time – TR) äëÿ ðîçïîä³ëåíîãî äæåðåëà

Fig. 2.  Rise time (rise time – TD) and a break time (rupture time – TR) for distributed sources
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íåíå  ïðÿìèìè  P- òà  S-õâèëÿìè â³ä s òî÷êîâèõ
äæåðåë, ìàòèìå âèãëÿä

(0)
1 1 2 2 ...s s sK M K M K M= + + +U .         (7)

Ð³âíÿííÿ (7) ìîæíà ïåðåïèñàòè, ââ³âøè ñåé-
ñì³÷íèé ìîìåíò M0 äëÿ êîæíîãî òî÷êîâîãî äæå-
ðåëà, à ñàìå M0 = μAu(t) (μ – ìîäóëü çñóâó, A –
ïëîùà òî÷êîâîãî äæåðåëà; u(t) – çì³ùåííÿ íà
ðîçðèâ³ (ïîñóâàííÿ ïî ðîçðèâó äëÿ òî÷êîâîãî
äæåðåëà)). Ââàæàòèìåìî, ùî ðîçïîä³ëåíå äæåðå-
ëî ðîçì³ùåíå â îäíîð³äíîìó øàð³ (õî÷à öå íå
îáîâ’ÿçêîâî), ïëîù³ âñ³õ åëåìåíòàðíèõ äæåðåë º
îäíàêîâèìè, àëå ïîñóâàííÿ ïî ðîçðèâó ð³çíÿòü-
ñÿ, îòæå, ÷àñè íàðîñòàííÿ TD ³ ÷àñè ðîçðèâó TR

äëÿ êîæíîãî òî÷êîâîãî äæåðåëà ìàþòü ñâî¿ çíà-
÷åííÿ. Êð³ì òîãî, âèêîðèñòàºìî ôîðìóëè äëÿ
êîìïîíåíò òåíçîðà ñåéñì³÷íîãî ìîìåíòó êîæíî-
ãî òî÷êîâîãî (åëåìåíòàðíîãî) äæåðåëà ÷åðåç êóòè,
ÿê³ âèçíà÷àþòü ãåîìåòðè÷íó îð³ºíòàö³þ ïëîùè-
íè ðîçðèâó [7]:

( )2
0 sin δ cos λ sin 2φ sin 2δsin λ sin φxx s sM M= − + ;

0
1sin δ cos λsin 2φ sin 2δsin λ sin 2φ
2xy s sM M ⎛ ⎞= +⎜ ⎟

⎝ ⎠
;

( )0 cos δcos λ cos φ cos 2δsin λsin φxz s s zxM M M= − + = ;(8)

( )2
0 sin δ cos λ sin 2φ sin 2δsin λ cos φyy s sM M= − ;

( )0 cos δcos λ sin φ cos 2δsin λcosφyz s s zyM M M= − − = ;

0 sin δsin λzzM M= − .

Òóò δ – êóò ïàä³ííÿ; ϕs – êóò ïðîñòÿãàííÿ; λ – êóò
ì³æ íàïðÿìêîì ïîñóâàííÿ ³ ïðîñòÿãàííÿì.

Òîä³, âèêîðèñòàâøè ôîðìóëè (8), ïåðåïèøå-
ìî ð³âíÿííÿ (7) ó âèãëÿä³

( ) ( )
( )

(0)
1 1 1 2 2 2μ δ,φ ,λ μ δ,φ ,λ ...

μ δ,φ , λ .
s s s

s s s s

K Au f K Au f

K Au f

= + + +

+

U
 (9)

Âåêòîð f (δ, ϕs, λ) âèçíà÷àºìî ïðàâîþ ÷àñòè-
íîþ ð³âíÿííÿ (8), áåç M0, ðîçì³ðí³ñòü âåêòîðà 1×6.

Ó ôîðìóë³ (9) ìàòðèö³ K äëÿ êîæíîãî òî÷êî-
âîãî äæåðåëà ð³çíÿòüñÿ àçèìóòàìè ϕ ³ ãëèáèíàìè
çàëÿãàííÿ åëåìåíòàðíèõ âîãíèù.

Òàêèì ÷èíîì, çà çíà÷åííÿìè âåêòîðà f(δ, ϕs, λ)
ïîëå ïåðåì³ùåíü äëÿ ðîçïîä³ëåíîãî äæåðåëà (9),
ÿêå âèêëèêàíå ëèøå ïðÿìèìè P- ³ S-õâèëÿìè, íà
â³ëüí³é ïîâåðõí³ ñåðåäîâèùà ìàº âèãëÿä

( )(0) (0) (0) (0) (0) (0) (0), , , , ,
Tp s p s p s

s x x y y z zU U U U U U G u= = ⋅U ,(10)

äå åëåìåíòè ìàòðèö³ G âèçíà÷åíî, ÿê gij = μAbij =
= fμAKij fi (ij = 1–6).

Âåêòîð u = (u1, u2, ... , us)
T âèçíà÷àº ïîñóâàííÿ

ïî ðîçðèâó äëÿ êîæíîãî òî÷êîâîãî äæåðåëà.
Ïðèâåäåìî ïåðåâèçíà÷åíó ñèñòåìó ë³í³éíèõ

ð³âíÿíü (10) äî íàñòóïíîãî âèãëÿäó, ïîìíîæèâ-
øè çë³âà ³ ñïðàâà íà ìàòðèöþ *G� , ÿêà ñòîñîâíî

ìàòðèö³ G º êîìïëåêñíî-ñïðÿæåíîþ ³ òðàíñïîíî-
âàíîþ, òîáòî

(0)
su∗ ∗=G G G U� � ,                (11)

àáî

( ) 1 (0)
su

−∗ ∗= G G G U� � .              (12)

Ðîçâ’ÿçîê (12) äëÿ âåêòîðà u íàçâàíî ðîçâ’ÿç-
êîì óçàãàëüíåíî¿ îáåðíåíî¿ çàäà÷³ â ñåíñ³ ñåðåä-
íüîêâàäðàòè÷íîãî, çà ÿêîãî ì³í³ì³çóºòüñÿ íîðìà

2(0)
s u−U G .

Çã³äíî ç òåîð³ºþ îö³íþâàííÿ ïàðàìåòð³â ìå-
òîäîì íàéìåíøèõ êâàäðàò³â, ð³âíÿííÿ (11) â³äîìî
ï³ä íàçâîþ íîðìàëüíîãî ð³âíÿííÿ. Îòæå, íàéêðà-
ùèé ðîçâ’ÿçîê áóäå îòðèìàíî, ÿêùî çàïèñè íà
ñòàíö³¿ íå ìàòèìóòü øóì³â, ³ äëÿ øâèäê³ñíî¿ ìî-
äåë³, íàáëèæåíî¿ äî ðåàëüíî¿. Çàçíà÷èìî òàêîæ,
ùî îòðèìàíèé ìåòîä äëÿ âèçíà÷åííÿ ïîñóâàííÿ
ïî ðîçðèâó äëÿ ðîçïîä³ëåíîãî äæåðåëà º åôåêòèâ-
íèì äëÿ ñëàáêèõ ì³ñöåâèõ çåìëåòðóñ³â, ùî õàðàê-
òåðíî äëÿ ïîä³é Êàðïàòñüêîãî ðåã³îíó. Çàóâàæè-
ìî, ùî ìàòðèöÿ )~( *GG  ìîæå áóòè òàêîæ áëèçüêîþ
äî ñèíãóëÿðíî¿, ùî ìîæå ïðèçâåñòè äî òðóäíîù³â
ó âèçíà÷åíí³ âåêòîðà u. Ó öüîìó âèïàäêó ïîòð³áíî
âèêîðèñòîâóâàòè ñèíãóëÿðíèé ðîçêëàä.

Êð³ì òîãî, ìîæëèâîñò³ âèêîðèñòàííÿ çàïðî-
ïîíîâàíî¿ ìåòîäèêè ñë³ä äîäàòêîâî ïåðåâ³ðÿòè íà
ðåàëüíèõ ïîä³ÿõ.

4. Âèçíà÷åííÿ ôîêàëüíîãî ìåõàí³çìó ïîä³¿,
ÿêà â³äáóëàñÿ 24.10.2012 ð. á³ëÿ ñ. Óãëÿ (÷àñ ó
âîãíèù³ 03:13:40.50, ϕ0 = 48,1676°, λ0 = 23,6525°,
h = 4,5 êì, ML = 2,43). Âèçíà÷åííÿ ôîêàëüíèõ
ìåõàí³çì³â äëÿ çåìëåòðóñ³â ó ðåã³îíàõ ³ç íèçü-
êîþ ñåéñì³÷íîþ àêòèâí³ñòþ çàëèøàºòüñÿ àêòó-
àëüíîþ ïðîáëåìîþ. Çîêðåìà, öÿ çàäà÷à âàæëèâà
äëÿ äîñë³äæåííÿ ïîä³é Êàðïàòñüêîãî ðåã³îíó Óê-
ðà¿íè. Ó òàêèõ óìîâàõ íåìîæëèâî óñï³øíî çàñòî-
ñîâóâàòè ïðîãðàìí³ ïàêåòè, ÿê³, çàçâè÷àé, ïðèé-
íÿòî âèêîðèñòîâóâàòè. Àâòîðè ïðîïîíóþòü
çàñòîñîâóâàòè ãðàô³÷íèé ìåòîä äëÿ âèçíà÷åííÿ
ôîêàëüíîãî ìåõàí³çìó, çà âèêîðèñòàííÿ ïîëÿð-
íîñò³ ïåðøèõ âñòóï³â Ð-õâèëü, äîïîâíþâàíî¿
³íôîðìàö³¿ ïðî íå÷³òê³ âñòóïè P- òà S-õâèëü ³
â³äíîøåííÿ àìïë³òóä S/P-õâèëü. Çàñòîñóâàííÿ
ãðàô³÷íîãî ìåòîäó äîäàòêîâî ïðî³ëþñòðîâàíî íà
ïðèêëàä³ çåìëåòðóñó, ùî â³äáóâñÿ á³ëÿ ñ. Óãëÿ
24.10.2012 ð. (ðèñ. 3, 4).

Ïî÷àòêîâèé ôîêàëüíèé ìåõàí³çì äëÿ çãàäàíî¿
ïîä³¿ âèçíà÷åíî çà ñåéñì³÷íèìè äàíèìè íà ñòàíö³¿
Íèæíº Ñåëèùå (NSLU, àçèìóò ϕ = 283°, êóò âè-
õîäó Ð-õâèë³ i = 101°, åï³öåíòðàëüíà â³äñòàíü
r = 14,9 êì), ê³íöåâèé – çà ìåòîäèêîþ, ÿêó îïè-
ñàíî ó ï. 2.1 (ðèñ. 5). Êóòè δ, λ (dip, rake) äëÿ
êîæíî¿ íîäàëüíî¿ ë³í³¿ îá÷èñëåíî çà òàêèõ óìîâ:
ñêàëÿðí³ äîáóòêè γ*ν = const, û*γ = const (γ – íà-
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ïðÿìîê õâèë³ Ð, ν – íîðìàëü äî ðîçðèâó, û –
âåêòîð ïîñóâàííÿ íà ðîçðèâ³). Àçèìóòè íîäàëü-
íèõ ë³í³é ϕs ïðèâåäåíî äî çíà÷åíü íà îñ³ N–S,
òîáòî âèçíà÷åíî, ÿê ϕs – ϕ.

Íà ðèñ. 6, à çîáðàæåíî ïî÷àòêîâèé ôîêàëü-
íèé ìåõàí³çì äëÿ ïîä³¿, âèçíà÷åíèé çà ñåéñì³÷-
íèìè äàíèìè íà ñòàíö³¿ Áð³ä (BRIU, àçèìóò
ϕ = 292°, êóò âèõîäó Ð-õâèë³ i = 29°, åï³öåíòðàëü-
íà â³äñòàíü r = 50,7 êì), íà ðèñ. 6, á – ê³íöåâèé
ôîêàëüíèé ìåõàí³çì.

Ðèñ. 3. Êàðòà ðîçòàøóâàííÿ ñåéñì³÷íèõ ñòàíö³é â Êàðïàò-
ñüêîìó ðåã³îí³ òà åï³öåíòðó ïîä³¿ 24.10.2012 ð. (03:13:40.50,
ϕ0 = 48,1676°, λ0 = 23,6525°, h = 4,5 êì, ML = 2,43) á³ëÿ
ñ. Óãëÿ

Fig. 3. Map of seismic stations in the Carpathian region and the
epicenter of event 24/10/2012 (03:13:40.50, ϕ0 = 48,1676°,
λ0 = 23,6525°, h = 4,5 km, ML = 2,43), which took place near
the village Ugla

Ðèñ. 4. Ìåõàí³çì âîãíèùà çåìëåòðóñó äëÿ ïîä³¿ 24.10.2012 ð.
(03:13:40.50, ϕ0 = 48,1676°, λ0 = 23,6525°, h = 4,5 êì,
ML = 2,43) á³ëÿ ñ. Óãëÿ, âèçíà÷åíèé ãðàô³÷íèì ìåòîäîì

Fig. 4. The focal mechanism of the earthquake for the event
24/10/2012 (03:13:40.50, ϕ0 = 48,1676°, λ0 = 23,6525°,
h = 4,5 km, ML = 2,43), which took place near the village Ugla
determined by graphic method

Ðèñ. 5. Ïî÷àòêîâèé (à) ³ ê³íöåâèé (á) ôîêàëüí³ ìåõàí³çìè,
âèçíà÷åí³ çà ñåéñì³÷íèìè äàíèìè íà ñòàíö³¿ Íèæíº Ñåëè-
ùå (NSLU) äëÿ ïîä³¿ 24.10.2012 ð. (03:13:40.50,
ϕ0 = 48,1676°, λ0 = 23,6525°, h = 4,5 êì, ML = 2,43)

Fig. 5. Initial (a) and finish (á) focal mechanisms determined
using seismic data from station Nyzhne Selyshche (NSLU) for
the event 24/10/2012 (03:13:40.50, ϕ0 = 48,1676°,
λ0 = 23,6525°, h = 4,5 km, ML = 2,43)

Ðèñ. 6. Ïî÷àòêîâèé (à) ³ ê³íöåâèé (á) ôîêàëüí³ ìåõàí³çìè,
âèçíà÷åí³ çà ñåéñì³÷íèìè äàíèìè íà ñòàíö³¿ Áð³ä (BRIU)
äëÿ ïîä³¿ 24.10.2012 ð. (03:13:40.50, ϕ0 = 48,1676°,
λ0 = 23,6525°, h = 4,5 êì, ML = 2,43)

Fig. 6. Initial (a) and finish (á) focal mechanisms determined
using seismic data from station Brid (BRIU) for the event
24/10/2012 (03:13:40.50, ϕ0 = 48,1676°, λ0 = 23,6525°,
h = 4,5 km, ML = 2,43)

Ó òàáë. 1 íàâåäåíî ïàðàìåòðè ôîêàëüíèõ ìå-
õàí³çì³â, ÿê³ âèçíà÷åíî çà äîïîìîãîþ ãðàô³÷íîãî
ìåòîäó òà ìåòîäó ³íâåðñ³¿ (ðèñ. 4–6). Íà ðèñ. 7
ïðåäñòàâëåíî êîìïîíåíòè òåíçîðà ñåéñì³÷íîãî
ìîìåíòó.

5. Âèçíà÷åííÿ ïëîùèíè ðîçðèâó äëÿ ïîä³¿ á³ëÿ
ñ. Óãëÿ. Äëÿ ïîä³¿ á³ëÿ ñ. Óãëÿ (äèâ. ðèñ. 3) çà
äàíèìè ñòàíö³¿ Áð³ä (BRIU) çíàéäåíî ïëîùèíó
ðîçðèâó. Äëÿ ðîçâ’ÿçàííÿ îáåðíåíî¿ çàäà÷³ ùîäî
âèçíà÷åííÿ ö³º¿ ïëîùèíè âèêîðèñòàíî ðîçðîáëå-
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Òî÷í³ñòü ðîçâ’ÿçàííÿ îáåðíåíî¿ çàäà÷³ ùîäî
ðîçïîä³ëåíîãî äæåðåëà çàëåæèòü â³ä òî÷íîñò³ ïî-
áóäîâè øâèäê³ñíî¿ ìîäåë³ òà ÿêîñò³ ðåàëüíèõ
ñåéñì³÷íèõ äàíèõ, ÿê³ º âõ³äíèìè ïàðàìåòðàìè
îáåðíåíî¿ çàäà÷³.

6. Âèçíà÷åííÿ ôîêàëüíîãî ìåõàí³çìó äëÿ ïîä³¿,
ùî â³äáóëàñü ó ïðîâ³íö³¿ Àëüáåðòà, Êàíàäà
09.08.2014 ð., 15:28:51.00, ϕϕ = 52,1646°, λ = –115,256°,
h = 4,9 êì, ML = 3,8). Àíàëîã³÷íî, ÿê ³ äëÿ ïîä³¿,
ùî â³äáóëàñü á³ëÿ ñ. Óãëÿ (Çàêàðïàòòÿ), âèçíà÷åíî
ôîêàëüíèé ìåõàí³çì âîãíèùà çåìëåòðóñó äëÿ ïîä³¿
ó ïðîâ³íö³¿ Àëüáåðòà, Êàíàäà (09.08.2014 ð.,
15:28:51.00, ϕ = 52,1646°, λ = –115,256°, h = 4,9 êì,
ML = 3,8) (ðèñ. 9) çà äîïîìîãîþ ãðàô³÷íîãî ìå-
òîäó (ðèñ. 10) ³ ìåòîäó ³íâåðñ³¿ ñèãíàëó
(ðèñ. 11, 12), çà äàíèìè ëèøå îäí³º¿ ñòàíö³¿. Äëÿ
ö³º¿ ïîä³¿ ìåòîäîì ³íâåðñ³¿ ñèãíàëó îá÷èñëåíî ïà-
ðàìåòðè íîäàëüíèõ ïëîùèí äëÿ ñåéñì³÷íèõ
ñòàíö³é TD012, TD013A, TD013, TD011, TD008A,
TD026, TD004, SLEB, çà ÿêèìè ïîáóäîâàíî ôî-
êàëüí³ ìåõàí³çìè, ïàðàìåòðè ÿêèõ ïîäàíî ó
òàáë. 2.

Àíàë³ç ê³íöåâèõ ôîêàëüíèõ ìåõàí³çì³â äëÿ
âîñüìè ñåéñì³÷íèõ ñòàíö³é (ðèñ. 12) òà ïîð³âíÿí-
íÿ ¿õ ³ç ôîêàëüíèì ìåõàí³çìîì, çíàéäåíèì çà
äîïîìîãîþ ãðàô³÷íîãî ìåòîäó (äèâ. ðèñ. 10), äà-
þòü çìîãó ñòâåðäæóâàòè, ùî çàïðîïîíîâàíó ìå-
òîäèêó ìîæíà âèêîðèñòîâóâàòè äëÿ âèçíà÷åííÿ
ìåõàí³çì³â âîãíèù ³ çà îáìåæåíî¿ ê³ëüêîñò³
ñòàíö³é.

7. Âèçíà÷åííÿ ïëîùèíè ðîçðèâó äëÿ ïîä³¿, ùî
â³äáóëàñü â ïðîâ³íö³¿ Àëüáåðòà, Êàíàäà (09.08.2014 ð.,
15:28:51.00, ϕ = 52,1646°, λ = –115,256°, h = 4,9 êì,
ML = 3,8). Çà äîïîìîãîþ ìåòîäèêè, ÿêó îïèñàíî ó
ï. 3, ç âèêîðèñòàííÿì ñåéñì³÷íèõ äàíèõ ëèøå äëÿ
îäí³º¿ ñòàíö³¿ âèçíà÷åíî ïëîùèíó ðîçðèâó äëÿ ö³º¿
ïîä³¿. Ðîçâ’ÿçàíî îáåðíåíó çàäà÷ó ùîäî ðîçïîä³ëå-
íîãî äæåðåëà ç âèêîðèñòàííÿì çàïèñ³â ñòàíö³é
TD012, TD013À, TD013 ³ TD011. Ïëîùèíó ðîçðè-
âó çîáðàæåíî ó âèãëÿä³ 84 òî÷êîâèõ äæåðåë ðîçì³-
ðîì 0,5×0,5 êì. Äëÿ êîæíîãî åëåìåíòàðíîãî äæå-
ðåëà âèçíà÷åíî ÷àñ íàðîñòàííÿ, ÷àñ ðîçðèâó òà
ïîñóâàííÿ ïî ðîçðèâó. Â³äïîâ³äíî äî çíà÷åíü ïî-
ñóâàííÿ ïîáóäîâàíî ïëîùèíó ðîçðèâó. Äëÿ ÷îòè-
ðüîõ ñåéñì³÷íèõ ñòàíö³¿ îòðèìàíî ïëîùèíè ðîçðè-
âó (ðèñ. 13).

Òàáëèöÿ 1. Ïàðàìåòðè ôîêàëüíîãî ìåõàí³çìó ïîä³¿ á³ëÿ ñ. Óãëÿ  24.10.2012 ð., ãðàä
Table 1. The focal mechanism parameters of event which took place near the village Ugla 24/10/2012

Ðèñ. 7. Êîìïîíåíòè òåíçîðà ñåéñì³÷íîãî ìîìåíòó, ÿê³ îòðè-
ìàíî â ðåçóëüòàò³ ðîçâ’ÿçàííÿ îáåðíåíî¿ çàäà÷³, çã³äíî ç (4).
Âèêîðèñòàíî ñåéñì³÷í³ äàí³ íà ñòàíö³¿ Áð³ä (BRIU), çà ÿêè-
ìè ïîáóäîâàíî ìåõàí³çì âîãíèùà çåìëåòðóñó (äèâ. ðèñ. 6)

Fig. 7. The moment tensor components obtained by solving the
inverse problem, according to (4). Used seismic data station
Brid (BRIU), which built the mechanism of the earthquake
(see Fig. 6)

íó ìåòîäèêó (äèâ. ï. 3), çíà÷åííÿ îð³ºíòàö³¿ ïëî-
ùèíè ðîçðèâó äëÿ ñòàíö³¿ Áð³ä (äèâ. òàáë. 1), à òà-
êîæ çìîäåëüîâàíî ïëîùèíó ðîçðèâó ÿê ñóïåðïî-
çèö³þ 56 òî÷êîâèõ äæåðåë, ïëîùà êîæíîãî ç ÿêèõ
äîð³âíþº 250×250 ì. Îñê³ëüêè äæåðåëî ñåéñì³÷-
íèõ õâèëü ðîçì³ùåíî â òðåòüîìó øàð³ íà ãëèáèí³
4500 ì â³ä â³ëüíî¿ ïîâåðõí³, ç óðàõóâàííÿì ïî-
òóæíîñò³ öüîãî øàðó (1000 ì) ìîæíà âèáðàòè ñàìå
ö³ ðîçì³ðè ïëîùèíè ðîçðèâó. Ùå ðàç çàçíà÷èìî,
ùî ïëîùèíà ðîçðèâó ìàº áóòè ðîçì³ùåíîþ â îä-
íîð³äíîìó øàð³ (äèâ. òåîð³þ â ï. 3). Òàêèì ÷è-
íîì, çà ð³âíÿííÿì (12) îá÷èñëåíî ÷àñ íàðîñòàííÿ,
÷àñ ðîçðèâó òà ïîñóâàííÿ ïî íüîìó äëÿ âñ³õ åëå-
ìåíòàðíèõ êîì³ðîê (ðèñ. 8).

Метод 
Нодальна пл. 1 Нодальна пл. 2 Р Т 

φs δ λ φs δ λ AZ PL AZ PL 
Графічний  170 27 131 316 67 75 201 65 57 21 

NSLU початковий 130 10 ˗73 193 81 -93 179 -55 105 ˗ 35 
NSLU кінцевий 255 1 45 120 89 91 29 -44 211 ˗ 46 

BRIU початковий 20 89 88 263 2 153 112 44 48 ˗ 46 
BRIU кінцевий 140 61 92 316 29 86 229 16 235 ˗ 74 
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Ðèñ. 9.  Ìåðåæà ñåéñì³÷íèõ ñòàíö³é â ðàéîí³ ïðîâ³íö³¿ Àëü-
áåðòà (Êàíàäà), ïîêàçàíî åï³öåíòð çåìëåòðóñó
(09.08.2014 ð., 15:28:51, ϕ = 52,1646°, λ = –115,256°,
h = 4,9 êì, ML = 3,8)

Fig. 9. The network of seismic stations in the region of Alberta
(Canada), shown the epicentre of the earthquake (09/08/2014,
15:28:51, ϕ = 52,1646°, λ = –115,256°, h = 4,9 km, ML = 3,8)

Ðèñ. 10. Ôîêàëüíèé ìåõàí³çì, âèçíà÷åíèé ãðàô³÷íèì ìå-
òîäîì çà äàíèìè 31 ñòàíö³¿ äëÿ ïîä³¿, ùî â³äáóëàñü ó
ïðîâ³íö³¿ Àëüáåðòà, Êàíàäà

Fig. 10. The focal mechanism determined by graphic method
according to data from 31 stations for the events that took place
in Alberta, Canada

Ðèñ. 8. Ïëîùèíà ðîçðèâó äëÿ ïîä³¿ á³ëÿ ñ. Óãëÿ
(03:13:40.50, ϕ0 = 48,1676°, λ0 = 23,6525°, h = 4,5 êì,
ML = 2,43) çà äàíèìè íà ñòàíö³¿ Áð³ä

Fig. 8. The fault plane for an event near the village Ugla
(03:13:40.50, ϕ0 = 48,1676°, λ0 = 23,6525°, h = 4,5 km,
ML = 2,43), according to data from the station Brid

Ðèñ. 11. Ïî÷àòêîâ³ ôîêàëüí³ ìåõàí³çìè, âèçíà÷åí³ çà ñåéñì³÷íèìè äàíèìè íà ñòàíö³ÿõ: à – TD012; á – TD013A; â –
TD013; ã – TD011; ä – TD008A; å – TD026; º – TD004; æ – SLEB

Fig. 11. The initial focal mechanisms determined by seismic data at the stations: à – TD012; á – TD013A; â – TD013; ã –
TD011; ä – TD008A; å – TD026; º – TD004; æ – SLEB
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Òàáëèöÿ 2. Ïàðàìåòðè ôîêàëüíîãî ìåõàí³çìó ïîä³¿, ùî â³äáóëàñü ó ïðîâ³íö³¿ Àëüáåðòà, Êàíàäà (09.08.2014 ð., 15:28:51.00,
ϕϕ = 52,1646°, λ = –115,256°, h = 4,9 êì, ML = 3,8), ãðàä
Table 2. The focal mechanism parameters of event which took place in Alberta, Canada (09/08/2014, 15:28:51.00, ϕ = 52,1646°,
λ = –115,256°, h = 4,9 km, ML = 3,8), grade

Ðèñ. 12. Ê³íöåâ³ ôîêàëüí³ ìåõàí³çìè âèçíà÷åí³ çà ñåéñì³÷íèìè äàíèìè íà ñòàíö³ÿõ: à – TD012; á – TD013A; â – TD013;
ã – TD011; ä – TD008A; å – TD026; º – TD004; æ – SLEB

Fig. 12. The finish focal mechanisms determined by seismic data at the stations: à – TD012; á – TD013A; â – TD013; ã – TD011;
ä – TD008A; å – TD026; º – TD004; æ – SLEB

Метод 
Нодальна  

 площина 1 
Нодальна  

 площина 2 Р Т 

φs δ λ φs δ λ AZ PL AZ PL 
Графічний  132 62 94 304 28 82 219 17 232 ˗73 
TD012 початковий 29 12 133 164 80 81 83 ˗ 36 246 ˗53 
TD012 кінцевий 126 69 94 294 21 78 213 24 223 ˗66 
TD013A початковий 106 25 9 8 86 115 256 ˗ 36 122 ˗43 
TD013A кінцевий 131 65 101 286 27 67 213 19 242 ˗68 
TD013 початковий 18 17 10 278 87 107 173 ˗ 40 25 ˗45 
TD013 кінцевий 137 69 97 297 22 72 222 24 239 ˗65 
TD011 початковий 156 14 167 258 87 76 181 ˗ 40 335 ˗46 
TD011 кінцевий 148 69 96 311 21 74 233 24 248 ˗66 
TD008A початковий 198 30 169 297 84 59 232 -33 359 ˗43 
TD008A кінцевий 175 63 106 323 31 62 253 17 296 ˗68 
TD026 початковий 2 45 165 102 80 45 45 ˗ 22 154 ˗39 
TD026 кінцевий 176 60 103 330 32 67 257 14 297 ˗72 
TD004 початковий 356 15 162 103 85 75 207 38 177 ˗48 
TD004 кінцевий 127 65 93 299 25 83 215 20 223 ˗70 
SLEB початковий 68 22 166 170 84 67 100 ˗ 36 239 ˗46 
SLEB кінцевий 162 70 100 313 22 62 224 24 268 ˗65 
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Ðèñ. 13. Ïëîùèíè ðîçðèâó äëÿ ïîä³¿ 09.08.2014 ð. (ïðîâ³íö³ÿ Àëüáåðòà, Êàíàäà, ÷àñ ó âîãíèù³ 15:28:51.00, ϕ = 52,1646°,
λ = –115,256°, h = 4,9 êì, ML = 3,8), ÿê³ ïîáóäîâàíî çà äàíèìè ñòàíö³é: à – TD012; á – TD013À; â – TD013; ã – TD011

Fig. 13. The fault planes for the event 09/08/2014 (15:28:51.00, ϕ = 52,1646°, λ = –115,256°, h = 4,9 km, ML = 3,8) in Alberta,
Canada, which are determined according to data from the stations: à – TD012; á – TD013À; â – TD013; ã – TD011
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FOCAL EARTHQUAKE MECHANISM: MODELING, PARAMETER IDENTIFICATION AND APPLICATION

D. Malytskyy, O. Muyla, A. Pavlova, O. Hrytsay, Yu. Koval, O. Obidina

Carpathian Branch of the Institute of Geophysics, NAS of Ukraine, 3B Naukova Str., Lviv 79060, Ukraine,
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Purpose. The purpose of the article is to determine focal mechanisms using a graphical method and the method of inverse
waveforms with a limited number of stations, and to construct a fault plane for distributed sources.
Design/methodology/approach. A matrix method was used for modelling seismic waves in a heterogeneous medium,
which is represented as a horizontal layered elastic structure. The obtained expression for the displacement fields on the free
surface on the layered half-space was used to determine the seismic moment tensor as a function of time by providing only
direct P- and S-waves. We determined the slip for distributed sources using the methodology for a point source. So, to
determining the components of the moment tensor, a source time function and a slip numerical method based on direct
problem solution were used for inversion signals.
Findings. We present the solution of the inverse problem to determine the focal mechanism using inverse waveforms for
a limited number of stations and with graphic methods, as well as to determine the fault plane. Focal mechanism was
defined by a graphic method and signal inversion for the event that took place near village Uhlya (24.10.2012, 03:13:40.50,
ϕ0 = 48,1676°, λ0 = 23,6525°, h = 4,5 km, ML = 2,43), and also for the events that took place at Alberta, Canada
(09.08.2014. 15:28:51.00, ϕ0 = 52,1646, λ0 = –115,256, h = 4,9, ML = 3,8).
Practical value/implications. We propose to apply graphic method to determine the focal mechanisms for events in the
Carpathian region. We describe the method of inverse waveforms for a limited number of stations to determine focal
mechanisms. The method for determining the fault plane using data from one or more stations is presented. The obtained
focal mechanisms of local earthquakes and the parameters for distributed sources can be used to study stressed strained
state of the mountain ranges in the regions with low seismic activity, which is important for Transcarpathian region.

Keywords: matrix method, graphic method, the focal mechanism, seismic waves propagation, moment tensor, source time
function, fault plane.
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