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Ýëåêòðîìàãíèòíûå èçìåðåíèÿ ñ ïîäçåìíûìè ýëåêòðè÷åñêèìè àíòåííàìè ïðîâîäÿòñÿ
íà òåððèòîðèè Ïåòðîïàâëîâñê-Êàì÷àòñêîãî ãåîäèíàìè÷åñêîãî ïîëèãîíà ñ 2003 ã. â êîì-
ïëåêñå ñî ñêâàæèííûìè ãåîàêóñòè÷åñêèìè è äðóãèìè âèäàìè èçìåðåíèé. Ïî ñîñòîÿíèþ
íà ìàé 2013 ã. ñåòü èçìåðåíèé ñîñòîèò èç ÷åòûðåõ ðàäèîòåëåìåòðè÷åñêèõ ïóíêòîâ, ñîçäàí-
íûõ íà áàçå ñêâàæèí Ã-1, Ð-2, Å-1, Ê-33, è Öåíòðà ñáîðà è îáðàáîòêè èíôîðìàöèè, ðàñïî-
ëîæåííîãî â çäàíèè ÈÂèÑ ÄÂÎ ÐÀÍ. Ïðîâîäèìûå èçìåðåíèÿ îðèåíòèðîâàíû íà çàäà÷è
ìîíèòîðèíãà íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ãåîñðåäû è ïðîãíîçà ñåéñìè÷åñêîé
îïàñíîñòè. Äëÿ èçìåðåíèé ïðèìåíÿþòñÿ ïîäçåìíûå âåðòèêàëüíûå ýëåêòðè÷åñêèå àíòåííû
òðåõ ðàçíûõ êîíñòðóêöèé. Âûáîð êîíêðåòíîãî òèïà àíòåííû îïðåäåëÿåòñÿ îñîáåííîñòÿ-
ìè, ñâÿçàííûìè ñ ìåñòîì ðàñïîëîæåíèÿ ñêâàæèíû (ãîðîäñêàÿ òåððèòîðèÿ, ëåñíîé ìàññèâ
è ò.ï.), óðîâíåì ýëåêòðîìàãíèòíîãî èçëó÷åíèÿ (ÝÌÈ) â ðàéîíå ñêâàæèíû è êîíñòðóêöè-
åé ñêâàæèíû. Â ðàìêàõ ðåøàåìûõ çàäà÷ ýëåêòðîìàãíèòíûå èçìåðåíèÿ èñïîëüçóþòñÿ â
íåñêîëüêèõ ïðèëîæåíèÿõ, â òîì ÷èñëå, äëÿ îöåíêè èçìåíåíèé óäåëüíîé ýëåêòðîïðîâîäíî-
ñòè ãîðíûõ ïîðîä, îêðóæàþùèõ ñêâàæèíó. Ïðèíöèïèàëüíàÿ âîçìîæíîñòü òàêèõ îöåíîê
îáåñïå÷èâàåòñÿ ïðèìåíåíèåì ïîäçåìíûõ àíòåíí, ãäå â êà÷åñòâå îñíîâíîãî ýëåìåíòà èñ-
ïîëüçóþòñÿ неизолированные îò ãåîñðåäû îáñàäíûå òðóáû ñêâàæèí. Â ýòîì ñëó÷àå èìååò
ìåñòî ñèëüíàÿ çàâèñèìîñòü óðîâíÿ ñèãíàëà íà âûõîäå àíòåííû îò ýëåêòðîôèçè÷åñêèõ ïà-
ðàìåòðîâ îêðóæàþùåé ãåîñðåäû, ÷òî è ïîçâîëÿåò èñïîëüçîâàòü àíòåííó òàêîãî òèïà äëÿ
ìîíèòîðèíãà èçìåíåíèé ýëåêòðîïðîâîäíîñòè ãîðíûõ ïîðîä. Äëÿ ïëîñêîé ýëåêòðîìàãíèò-
íîé âîëíû, ðàñïðîñòðàíÿþùåéñÿ â ïîëóïðîâîäÿùåé ãåîñðåäå çàòóõàíèå àìïëèòóä íàïðÿ-
æåííîñòåé ýëåêòðè÷åñêîãî è ìàãíèòíîãî ïîëåé áóäåò îïðåäåëÿòüñÿ ìíîæèòåëåì e−α, ãäå
α - êîýôôèöèåíò çàòóõàíèÿ. Çàâèñèìîñòü êîýôôèöèåíòà çàòóõàíèÿ îò ïàðàìåòðîâ îêðó-
æàþùåé ãåîñðåäû áóäåò îïðåäåëÿòüñÿ âûðàæåíèåì [1]:
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ãäå σ - óäåëüíàÿ ýëåêòðîïðîâîäíîñòü, εα - àáñîëþòíàÿ äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü
ãåîñðåäû, µα - àáñîëþòíàÿ ìàãíèòíàÿ ïðîíèöàåìîñòü ñðåäû, ω - êðóãîâàÿ ÷àñòîòà.
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>> 1, âûðàæåíèå (1) óïðîùàåòñÿ, è èçìåíåíèÿ âåëè÷èíû êîýôôèöèåíòà çàòóõàíèÿ áóäóò
îïðåäåëÿòüñÿ òîëüêî çíà÷åíèÿìè óäåëüíîé ýëåêòðîïðîâîäíîñòè ãåîñðåäû:
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Â îáùåì ñëó÷àå õàðàêòåð çàâèñèìîñòè ýëåêòðîïðîâîäíîñòè îò ôëþèäîíàñûùåííîñòè
ïîðîä îïðåäåëÿåòñÿ òèïîì ïîðîäû, ïîðèñòîñòüþ, ñòåïåíüþ ìèíåðàëèçàöèè ôëþèäà è ïðî-
íèöàåìîñòüþ. Íàèáîëåå ðåçêî çàâèñèìîñòü óäåëüíîé ýëåêòðîïðîâîäíîñòè σ îò ôëþèäîíà-
ñûùåííîñòè ãîðíûõ ïîðîä ñêàçûâàåòñÿ ïðè çíà÷åíèÿõ âëàæíîñòè, íå ïðåâûøàþùèõ 4%.
Êàê ïîêàçàíî â [2, 3], â áîëüøèíñòâå ñëó÷àåâ èçìåíåíèå ôëþèäîíàñûùåííîñòè (âëàæíî-
ñòè) ãîðíûõ ïîðîä â ïðåäåëàõ äåñÿòûõ äîëåé ïðîöåíòà ïðèâîäèò ê èçìåíåíèÿì óäåëüíîãî
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ñîïðîòèâëåíèÿ íà ïîðÿäîê è âûøå. Òàê, íàïðèìåð, äëÿ áàçàëüòà óìåíüøåíèå âëàæíîñòè
ñ 0.49% äî 0.26% ïðèâîäèò ê óâåëè÷åíèþ óäåëüíîãî ñîïðîòèâëåíèÿ ñ 9.0·107 Îì·ñì äî 3.1·
109 Îì· ñì. Äëÿ àëåâðîëèòà óìåíüøåíèå âëàæíîñòè ñ 0.54% äî 0.44% ïðèâîäèò ê óâåëè-
÷åíèþ óäåëüíîãî ñîïðîòèâëåíèÿ ñ 1.5·106 Îì·ñì äî 8.4·108 Îì· ñì, ò.å. ïðèìåðíî â 500
ðàç. Ñîãëàñíî (2) êîýôôèöèåíò çàòóõàíèÿ ïðè ýòîì èçìåíèòñÿ â 22 ðàçà. Òàêèì îáðà-
çîì, â íèçêî÷àñòîòíîì äèàïàçîíå îñíîâíîå âëèÿíèå íà âåëè÷èíó êîýôôèöèåíòà çàòóõàíèÿ
α îêàçûâàåò óäåëüíàÿ ýëåêòðîïðîâîäíîñòü ãåîñðåäû σ ïðè ìàëûõ çíà÷åíèÿõ ôëþèäîíà-
ñûùåííîñòè ãîðíûõ ïîðîä. Â ýòîì ñëó÷àå, êîíòðîëü èçìåíåíèé óðîâíÿ ÝÌÈ íà âûõîäå
ïîäçåìíîé ýëåêòðè÷åñêîé àíòåííû ïîçâîëÿåò îöåíèâàòü èçìåíåíèÿ óäåëüíîé ýëåêòðîïðî-
âîäíîñòè ãåîñðåäû. C ó÷åòîì ñòåïåííîé çàâèñèìîñòè çàòóõàíèÿ àìïëèòóä íàïðÿæåííîñòåé
ýëåêòðîìàãíèòíîãî ïîëÿ îò êîýôôèöèåíòà α äàæå íåçíà÷èòåëüíûå èçìåíåíèÿ ôëþèäîíà-
ñûùåííîñòè ãåîñðåäû, ñâÿçàííûå ñ ïîäãîòîâêîé çåìëåòðÿñåíèé, áóäóò ïðèâîäèòü ê ñóùå-
ñòâåííûì èçìåíåíèÿì óðîâíÿ ñèãíàëà íà âûõîäå ïîäçåìíîé ýëåêòðè÷åñêîé àíòåííû, ò.å.
áóäóò îòðàæàòü èçìåíåíèÿ óäåëüíîé ýëåêòðîïðîâîäíîñòè ãåîñðåäû ñ î÷åíü âûñîêèì êî-
ýôôèöèåíòîì òåíçî÷óâñòâèòåëüíîñòè.

Ê íàñòîÿùåìó âðåìåíè âîïðîñû, ñâÿçàííûå ñ èñïîëüçîâàíèåì ïîäçåìíûõ ýëåêòðè÷å-
ñêèõ àíòåíí äëÿ ìîíèòîðèíãà óäåëüíîãî ýëåêòðè÷åñêîãî ñîïðîòèâëåíèÿ ãåîñðåäû, íàèáî-
ëåå äåòàëüíî ïðîðàáîòàíû äëÿ èçìåðåíèé íà ïóíêòå (ñêâàæèíå) Ã-1. Ýëåêòðîìàãíèòíàÿ
îáñòàíîâêà â ðàéîíå óêàçàííîé ñêâàæèíû îïðåäåëÿåòñÿ, â îñíîâíîì, ÝÌÈ òåõíîãåííîãî
ïðîèñõîæäåíèÿ. Â ðàìêàõ çàäà÷, ñâÿçàííûõ ñ ìîíèòîðèíãîì ýëåêòðîïðîâîäíîñòè ãîðíûõ
ïîðîä, èçìåðåíèÿ íà ñêâàæèíå ïðîâîäèëèñü â òðåõ ïîëîñàõ ÷àñòîò, âûäåëÿåìûõ òðåòüîê-
òàâíûìè ïîëîñîâûìè ôèëüòðàìè ñ öåíòðàëüíûìè ÷àñòîòàìè 160 Ãö, 560 Ãö è 1200 Ãö.

Íà÷àëî ñòàáèëüíûõ ýëåêòðîìàãíèòíûõ èçìåðåíèé ñ ïîäçåìíîé ýëåêòðè÷åñêîé àíòåí-
íîé íà ñêâàæèíå Ã-1 îòíîñèòñÿ ê èþëþ 2005 ã. Ïî ïðè÷èíàì òåõíè÷åñêîãî è îðãàíèçàöè-
îííîãî õàðàêòåðà ðÿäû óêàçàííûõ èçìåðåíèé èìåëè ïðîïóñêè ñ èþíÿ 2009 ã. ïî èþëü 2010
ã. Ðåçóëüòàòû èçìåðåíèé ïîêàçûâàþò, ÷òî âñå îòíîñèòåëüíî ñèëüíûå ñîáûòèÿ ãëóáèíîé äî
150 êì, âûáðàííûå ïî êðèòåðèþ S = LÐ/Rh ≥16%, ãäå LÐ = 100.44Ì−1.29 � äëèíà î÷à-
ãà çåìëåòðÿñåíèÿ [4], Rh � ãèïîöåíòðàëüíîå ðàññòîÿíèå, ñîïðîâîæäàëèñü çíà÷èòåëüíûìè
àíîìàëèÿìè óðîâíÿ ôîíîâîãî ÝÌÈ (ðèñ. 1). Òàê, íàïðèìåð, âî âðåìåííîé îêðåñòíîñòè
Ñèìóøèðñêèõ çåìëåòðÿñåíèé 2006 � 2007 ãã. (Ì = 8.3 è 8.1) âåëè÷èíà àíîìàëèè ñîñòàâèëà
îêîëî 550%. Ñ ìåãàçåìëåòðÿñåíèåì (Ì = 9.0) â ðàéîíå Òîõîêó, ßïîíèÿ, ïðîèçîøåäøåãî
11 ìàðòà 2011 ã. íà ýïèöåíòðàëüíîì ðàññòîÿíèè R = 2049 êì, ñâÿçàíà àíîìàëèÿ ôîíîâîãî
ÝÌÈ ïîðÿäêà 350%. Íàèáîëåå çíà÷èòåëüíîé çà âñå âðåìÿ èçìåðåíèé ÿâèëàñü àíîìàëèÿ
ôîíîâîãî ÝÌÈ âî âðåìåííîé îêðåñòíîñòè çåìëåòðÿñåíèÿ ñ ìàãíèòóäîé Ì = 6.9, ïðîèçî-
øåäøåãî 28 ôåâðàëÿ 2013 ã. ó þæíîé îêîíå÷íîñòè Êàì÷àòêè íà ýïèöåíòðàëüíîì ðàññòîÿ-
íèè 251 êì íà ãëóáèíå 52 êì. Â ýòîì ñëó÷àå â ñðàâíåíèè ñî çíà÷åíèÿìè â ñåíòÿáðå 2012 ã.
óðîâåíü ôîíîâîãî óðîâíÿ ÝÌÈ â äèàïàçîíå (147 � 186) Ãö â ÿíâàðå 2013 ã. âûðîñ ïðèìåðíî
â 6.5 ðàç.

Ñëåäóåò ïîä÷åðêíóòü, ÷òî äëÿ ïîëó÷åíèÿ êîððåêòíûõ ðåçóëüòàòîâ íåîáõîäèìà äîñòà-
òî÷íàÿ âðåìåííàÿ ñòàáèëüíîñòü âîçäåéñòâóþùåãî íà ãåîñðåäó âíåøíåãî ÝÌÈ. Ðåçóëüòàòû
èçìåðåíèé, ïðîâåäåííûå â ïåðèîäû îòêëþ÷åíèé ïîäñòàíöèè, îáåñïå÷èâàþùåé ýëåêòðîïè-
òàíèåì ðàéîí ðàñïîëîæåíèÿ ñêâàæèíû Ã-1, ïîêàçûâàþò, ÷òî ïðè øòàòíîì ðåæèìå ðàáîòû
ïðîìûøëåííîé ýëåêòðîñåòè ïðèìåðíî 98% îò îáùåãî óðîâíÿ ôîíîâîãî ÝÌÈ íà ÷àñòîòàõ
â îêðåñòíîñòè 150 Ãö ñîñòàâëÿåò ýëåêòðîìàãíèòíîå èçëó÷åíèå, ñâÿçàííîå ñ ðàáîòîé óêà-
çàííîé ïîäñòàíöèè. Â ýòîé ñâÿçè ñòàáèëüíîñòü ôîíîâîãî ÝÌÈ â ðàéîíå ñêâàæèíû Ã-1 â
îïðåäåëåííîé ìåðå ìîæíî îöåíèòü èñõîäÿ èç äàííûõ îá èçìåíåíèÿõ òîêîâîé íàãðóçêè äëÿ
òåððèòîðèè, ïðèëåãàþùåé ê ñêâàæèíå Ã-1. Ñîïîñòàâëåíèå òàêèõ äàííûõ ñ äàííûìè èçìå-
ðåíèé ôîíîâîé ñîñòàâëÿþùåé ÝÌÈ â îêðåñòíîñòè ÷àñòîòû 150 Ãö çà ïåðèîä 2007 -2012
ãã. ïîêàçàë, ÷òî çíà÷èìûå èçìåíåíèÿ óðîâíÿ ôîíîâîé ñîñòàâëÿþùåé ÝÌÈ íå ìîãóò áûòü
îáóñëîâëåíû èçìåíåíèÿìè çíà÷åíèé òîêîâîé íàãðóçêè ïðîìûøëåííîé ýëåêòðîñåòè.

395



Ðèñ. 1. Èçìåíåíèÿ ôîíîâîãî óðîâíÿ ÝÌÈ ïî ðåçóëüòàòàì èçìåðåíèé â ïîëîñå ñî ñðåäíåé
÷àñòîòîé 160 Ãö.

Ðèñ. 2. Âàðèàöèè äåáèòà âîäû ñêâàæèíû ÃÊ-1 (à), ñðåäíåêâàäðàòè÷åñêèå çíà÷åíèÿ ãåî-
àêóñòè÷åñêîé ýìèññèè (ÃÀÝ) íà ãëóáèíå 1012 ì (á), ìèíåðàëèçàöèè âîäû ñêâàæèíû Ã-1 (â)
è ôîíîâûõ çíà÷åíèé ÝÌÈ (ã, ä) âî âðåìåííîé îêðåñòíîñòè ìåãàçåìëåòðÿñåíèÿ â ðàéîíå
Òîõîêó (ßïîíèÿ) [5]
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Âàæíî îòìåòèòü ñîãëàñîâàííîñòü ðåçóëüòàòîâ èçìåðåíèé ôîíîâîãî óðîâíÿ ÝÌÈ, îò-
ðàæàþùèõ ïîäãîòîâêó ñèëüíûõ çåìëåòðÿñåíèé, ñ äàííûìè ïî äðóãèì âèäàì èçìåðåíèé. Â
êà÷åñòâå ïðèìåðà íà ðèñ. 2 ïðåäñòàâëåíû ðåçóëüòàòû êîìïëåêñíûõ ñêâàæèííûõ èçìåðå-
íèé äëÿ âðåìåííîé îêðåñòíîñòè ìåãàçåìëåòðÿñåíèÿ â ðàéîíå Òîõîêó (ßïîíèÿ) [5]. Ñîãëàñ-
íî äàííûì èçìåðåíèé ôîíîâîãî óðîâíÿ ÝÌÈ â òðåòüîêòàâíûõ ïîëîñàõ ñ öåíòðàëüíûìè
÷àñòîòàìè 160 Ãö (ðèñ. 2ã) è 560 Ãö (ðèñ. 2ä) óäåëüíîå ñîïðîòèâëåíèå ãåîñðåäû íà÷àëî
ïëàâíî óâåëè÷èâàòüñÿ ñ êîíöà äåêàáðÿ 2010 ã., à çà 12 ñóòîê äî çåìëåòðÿñåíèÿ ðåçêî âîç-
ðîñëî ïðàêòè÷åñêè îäíîâðåìåííî ñ íà÷àëîì ðîñòà ìèíåðàëèçàöèè âîäû ñêâàæèíû Ã-1.
Çíà÷èòåëüíîå è ïðîäîëæèòåëüíîå óâåëè÷åíèå ìèíåðàëèçàöèè âîäû ñêâàæèíû Ã-1 ïîñëå
çåìëåòðÿñåíèÿ ñîïðîâîæäàëîñü âîçðàñòàíèåì äåáèòà âîäû ñêâàæèíû ÃÊ-1, à òàêæå ïî-
ñòåïåííûì óìåíüøåíèåì àìïëèòóä ñóòî÷íûõ âàðèàöèé óðîâíÿ ãåîàêóñòè÷åñêîé ýìèññèè
äî ýêñòðåìàëüíî íèçêèõ çíà÷åíèé. Òàêîé õàðàêòåð äàííûõ, êàê ïîêàçàíî â [5], ñâèäåòåëü-
ñòâóåò îá èíòåíñèôèêàöèè íà ýòîì ýòàïå ïðîöåññîâ âûæèìàíèÿ ôëþèäà èç ãîðíûõ ïîðîä
âñëåäñòâèå óâåëè÷åíèÿ óðîâíÿ ñæèìàþùèõ íàïðÿæåíèé. Ñëåäóåò ïîä÷åðêíóòü ðàçíèöó â
õàðàêòåðàõ èçìåíåíèé ôîíîâîãî óðîâíÿ ÝÌÈ â ðàçíûõ ïîëîñàõ ÷àñòîò (ñì. ðèñ. 2ã è ðèñ.
2ä). Ìîæíî ïðåäïîëîæèòü, ÷òî áîëåå ñëîæíûé õàðàêòåð èçìåíåíèé ôîíîâîãî óðîâíÿ ÝÌÈ
â ïîëîñå ñ öåíòðàëüíîé ÷àñòîòîé 160 Ãö ñâÿçàí, â ïåðâóþ î÷åðåäü, ñ òåì, ÷òî â óêàçàííîé
ïîëîñå ÷àñòîò çíà÷åíèÿ êîýôôèöèåíòà çàòóõàíèÿ α ñîãëàñíî (2) ïðèìåðíî âäâîå ìåíüøå
çíà÷åíèé äëÿ ÷àñòîò ïîðÿäêà 560 Ãö. Ïî ýòîé ïðè÷èíå ðåçóëüòàòû èçìåðåíèé óðîâíÿ ÝÌÈ
â ïîëîñå ñ öåíòðàëüíîé ÷àñòîòîé 160 Ãö îòðàæàþò èçìåíåíèÿ óäåëüíîãî ñîïðîòèâëåíèÿ
ãîðíûõ ïîðîä äëÿ áîëåå ãëóáîêèõ ãîðèçîíòîâ ãåîñðåäû. Êðîìå ýòîãî, äëÿ ÷àñòîò ïîðÿäêà
140 - 160 Ãö ýëåêòðè÷åñêàÿ äëèíà àíòåííû íà áàçå ñêâàæèíû Ã-1 áëèçêà ê ðåçîíàíñíîé
äëèíå, ÷òî ïðèâîäèò ê çíà÷èòåëüíîìó ïîâûøåíèþ ÷óâñòâèòåëüíîñòè ñèñòåìû èçìåðåíèé
â ýòîì äèàïàçîíå ÷àñòîò. Ïðèâåäåííûé ïðèìåð óêàçûâàåò íà ýôôåêòèâíîñòü èñïîëüçî-
âàííîãî ìåòîäà íåïðåðûâíîãî ìîíèòîðèíãà óäåëüíîãî ñîïðîòèâëåíèÿ ãîðíûõ ïîðîä äëÿ
îöåíîê èçìåíåíèé íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ãåîñðåäû, à òàêæå íà ñîãëà-
ñîâàííîñòü ïîëó÷àåìûõ ïðè ýòîì ðåçóëüòàòîâ ñ äàííûìè ïî äðóãèì âèäàì ãåîôèçè÷åñêèõ
èçìåðåíèé.
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Since 2003 electromagnetic measurements with underground electric antenna together with
borehole geoacoustic and other measurements have been carried out in Petropavlovsk-Kam-
chatskii geodynamical experimental �eld since 2003. By March 2013, the measurement network
consisted of four telemetry points, based upon the boreholes G-1, R-2, E-1, K-33, and the Center
for data acquisition and processing, which is located in the building of IVS FEB RAS. The
measurements are focused on the tasks of monitoring of the stress-strain state of geoenvironment
and prediction of seismic hazard. Currently, underground vertical electric antennas have been
used in three di�erent designs. Selection of antenna type is determined by the peculiarities
associated with borehole location (such as urban area, forest etc.), electromagnetic radiation
level and borehole construction. Within the tasks, electromagnetic measurements are used in
several applications, in particular, to estimate the electrical conductivity changes of rocks
surrounding the borehole. The principle of such estimations is provided by the application
of underground antennas, where the bare from geoenvironment borehole casing pipe is used as
the basic element. These results suggest high sensitivity of the developed monitoring method
for the rock electrical conductivity changes and the consistency of the obtained results with the
data of other measurements.
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