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Ïðèìåíåíèå áåñïèëîòíûõ ëåòàòåëüíûõ àïïàðàòîâ (ÁÏËÀ) ïðè ïðîâåäåíèè ãåîôèçè÷åñêèõ ðàáîò ñòàíî
âèòñÿ âåñüìà âîñòðåáîâàííûì íàïðàâëåíèåì â îáëàñòè ñîâðåìåííîé ãåîëîãîðàçâåäêè. Ïðåèìóùåñòâîì 
áåñïèëîòíûõ ñèñòåì âûñòóïàåò îïòèìàëüíîå ñîîòíîøåíèå êà÷åñòâà ðåçóëüòàòîâ èññëåäîâàíèé ïðè çíà
÷èòåëüíîì óâåëè÷åíèè ïðîèçâîäèòåëüíîñòè ðàáîò è ñíèæåíèè ñòîèìîñòè. Â ýòîé ñâÿçè ñîâåðøåíñòâî
âàíèå ìåòîäèêè ïîëåâûõ ðàáîò è îáðàáîòêè ìàòåðèàëîâ, ïîëó÷åííûõ ñ ïîìîùüþ ÁÏËÀ, ïðåäñòàâëÿåò 
îñîáûé èíòåðåñ äëÿ ãåîëîãîðàçâåäêè. Ïî ðàññìàòðèâàåìîé òåìå ñóùåñòâóåò ðÿä íåðåøåííûõ âîïðîñîâ, 
êîòîðûå â íåêîòîðîé ìåðå ðàñêðûòû â ðåçóëüòàòå ïðîâåäåííîãî àâòîðîì ñîïîñòàâëåíèÿ äàííûõ íàçåì
íûõ ìàãíèòîðàçâåäî÷íûõ ðàáîò è àýðîìàãíèòíîé ñúåìêè.

Öåëüþ èññëåäîâàíèÿ ÿâëÿëàñü îöåíêà âîçìîæíîñòè ïîëíîöåííîé çàìåíû íàçåìíûõ ìàãíèòîðàçâå
äî÷íûõ ðàáîò íà àýðîìàãíèòíóþ ñúåìêó ñ ïîìîùüþ áåñïèëîòíûõ ëåòàòåëüíûõ àïïàðàòîâ. Ñîïîñòàâëå
íèå ðàçíûõ âèäîâ ìàãíèòíîé ñúåìêè ÿâëÿåòñÿ àêòóàëüíûì, òàê êàê íà îñíîâå ôàêòè÷åñêîãî ìàòåðèàëà 
àíàëèçèðóåòñÿ âîçìîæíîñòü ïðèìåíåíèÿ âìåñòî òðàäèöèîííûõ äîðîãîñòîÿùèõ íàçåìíûõ ìàãíèòîðàç
âåäî÷íûõ ðàáîò àëüòåðíàòèâíîãî áîëåå ïðîèçâîäèòåëüíîãî ìåòîäà – àýðîìàãíèòíîé ñúåìêè ñ ïîìîùüþ 
ñîâðåìåííûõ ÁÏËÀ.

Äëÿ ñîïîñòàâëåíèÿ ðåçóëüòàòîâ èññëåäîâàíèé èñïîëüçîâàëñÿ ôàêòè÷åñêèé ìàòåðèàë, ïîëó÷åííûé 
ïðè ïðîâåäåíèè ïîëåâûõ ðàáîò íà òåððèòîðèè ïëîùàäüþ 13,4 êì2. Íà îñíîâå áàç äàííûõ ïîñòðîåíû êàð
òû àíîìàëüíîãî ìàãíèòíîãî ïîëÿ è ãðàôèêè ïî íåñêîëüêèì ãåîôèçè÷åñêèì ïðîôèëÿì. Ïðîàíàëèçèðîâà
íû ðåçóëüòàòû ìàãíèòíîé ñúåìêè â àýðî è íàçåìíîì âàðèàíòàõ, óñòàíîâëåíû êîððåëÿöèîííûå çàâèñè
ìîñòè ìåæäó äàííûìè íàçåìíîé ïåøåõîäíîé ìàãíèòîðàçâåäêè è àýðîìàãíèòíîé ñüåìêîé íà ñàìîëåòå 
Àí3 è ÁÏËÀ.

Íà îñíîâå ðåçóëüòàòîâ ïðîâåäåííîãî èññëåäîâàíèÿ ïîëó÷åíû êîýôôèöèåíòû êîððåëÿöèè è äåòåð
ìèíàöèè, êîòîðûå ñâèäåòåëüñòâóþò î òîì, ÷òî ãåîôèçè÷åñêèå ìåòîäû íà ÁÏËÀ äîñòîéíî çàíèìàþò ñâîå 
ìåñòî ìåæäó êëàññè÷åñêîé àýðîãåîôèçèêîé è íàçåìíîé ïåøåõîäíîé ñúåìêîé. Áîëåå òîãî, àýðîìàãíèò
íàÿ ñúåìêà ñ ïîìîùüþ ÁÏËÀ ñïîñîáíà çàìåíèòü ïåøåõîäíóþ ìàãíèòîðàçâåäêó ïðè ïðîâåäåíèè ðàáîò íà 
îäèíàêîâûõ âûñîòàõ.

Íà îñíîâå ðåçóëüòàòîâ èññëåäîâàíèÿ ñîñòàâëåíû ìåòîäè÷åñêèå ðåêîìåíäàöèè ê ïðîèçâîäñòâó àýðî
ìàãíèòíîé ñúåìêè íà ÁÏËÀ

Êëþ÷åâûå ñëîâà: áåñïèëîòíûé ëåòàòåëüíûé àïïàðàò; àýðîìàãíèòíàÿ ñúåìêà; êîððåëÿöèÿ; ìàãíèòíîå ïîëå; 
àíîìàëèÿ; ðåãðåññèîííûé àíàëèç; ñåòü íàáëþäåíèé; âåðòèêàëüíàÿ ïðîèçâîäíàÿ; ãðàäèåíòíûå çîíû; âûñîòà ïîëåòà
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The use of unmanned aerial vehicles (UAVs) in geophysical work is becoming a very popular area in the field 
of modern geological exploration. The advantage of unmanned systems is the optimal ratio of the quality of 
research results with a significant increase in work productivity and a decrease in cost. In this regard, the im
provement of field techniques and the processing of UAV materials is of particular interest for exploration. On 
the subject, there are a number of unresolved issues that have been revealed to some extent as a result of the 
author’s comparison of groundbased magnetic exploration and aeromagnetic survey data.

The purpose of the study was to assess the possibility of a fullfledged replacement of ground magnetic 
exploration work for aeromagnetic survey using unmanned aerial vehicles. The comparison of different types of 
magnetic survey is relevant, since on the basis of the actual material, the possibility of using an alternative more 
productive method – aeromagnetic survey using modern UAVs – instead of traditional expensive groundbased 
magnetic exploration works is analyzed.

To compare the results of the studies, actual material obtained from field work on an area of 13,4 km2 was 
used. Based on the databases, maps of anomalous magnetic field and graphs on several geophysical profiles 
are built. Results of magnetic survey in air and ground versions are analyzed; correlation relationships between 
data of ground pedestrian magnetic survey and aeromagnetic system on An3 and UAV aircraft are established.

Based on the results of the study, correlation and determination coefficients were obtained, which indi
cate that geophysical methods on UAVs adequately occupy their place between classical aerogeophysics and 
groundbased pedestrian survey. Moreover, aeromagnetic survey using UAVs is able to replace pedestrian mag
netic exploration during work at the same heights.

Based on the results of the study, methodological recommendations for the production of aeromagnetic sur
vey on UAVs were compiled

Key words: unmanned aerial vehicle; aeromagnetic survey; correlation; magnetic field; anomaly; regression analysis; obser
vation network; vertical derivative; gradient zones; flight altitude

Ââåäåíèå. Â ðÿäå ðàáîò ïîñëåäíèõ ëåò, ïî
ñâÿùåííûõ ïîèñêàì ðóäíûõ ìåñòîðîæäå

íèé íà òåððèòîðèè Âîñòî÷íîãî Çàáàéêàëüÿ, 
ñîáðàí êà÷åñòâåííûé ìàòåðèàë ïî îðãàíèçà
öèè è ïðîâåäåíèþ âûñîêîòî÷íîé ìàãíèòíîé 
ñúåìêè â àýðî è íàçåìíîì âàðèàíòàõ [3; 5; 
6]. Íà îäíîì èç ïåðñïåêòèâíûõ ìåäíîïîð
ôèðîâûõ îáúåêòîâ â ñîñòàâ ïðîâåäåííûõ ãåî
ôèçè÷åñêèõ èññëåäîâàíèé ðàçíûõ ïîèñêîâûõ 
ýòàïîâ âêëþ÷åíû àýðîìàãíèòíàÿ ñúåìêà íà 
ñàìîëåòå Àí3 ìàñøòàáà 1:25 000, àýðîìàã
íèòíàÿ ñúåìêà íà áåñïèëîòíîì ëåòàòåëüíîì 
àïïàðàòå (ÁÏËÀ) ìàñøòàáà 1:10 000 è íàçåì
íûå ìàãíèòîðàçâåäî÷íûå ðàáîòû ìàñøòàáà 
1:10 000. Íà îñíîâå ìàòåðèàëîâ íàçâàííûõ 
èññëåäîâàíèé ñîïîñòàâëåíû ðåçóëüòàòû 
àýðîìàãíèòíîé ñúåìêè è íàçåìíûõ ìàãíè
òîðàçâåäî÷íûõ ðàáîò íà ïëîùàäè 13,4 êì2.

Àêòóàëüíîñòü èññëåäîâàíèÿ îáóñëîâ
ëåíà òåì, ÷òî íà îñíîâå ïîëó÷åííîãî ôàêòè
÷åñêîãî ìàòåðèàëà ïðîàíàëèçèðîâàíà âîç
ìîæíîñòü çàìåíû òðàäèöèîííûõ íàçåìíûõ 
ìàãíèòîðàçâåäî÷íûõ ðàáîò íà àýðîìàãíèò
íóþ ñúåìêó ñ ïîìîùüþ ñîâðåìåííûõ ÁÏËÀ, 
êîòîðûå îáëàäàþò âûñîêîé ïðîèçâîäèòåëü
íîñòüþ è íèçêîé ñòîèìîñòüþ ðàáîò îòíîñè
òåëüíî ïåøåõîäíîé ìàãíèòîðàçâåäêè.

Îáúåêòîì èññëåäîâàíèÿ âûñòóïàåò 
ìàãíèòíàÿ ñúåìêà â àýðî è íàçåìíîì 
âàðèàíòàõ.

Ïðåäìåòîì èññëåäîâàíèÿ ÿâëÿåòñÿ óñòà
íîâëåíèå êîððåëÿöèîííûõ çàâèñèìîñòåé 
ìåæäó ðåçóëüòàòàìè íàçåìíîé ïåøåõîäíîé 
ìàãíèòîðàçâåäêè è àýðîìàãíèòíîé ñúåìêîé 
íà ñàìîëåòå Àí3 è ÁÏËÀ.

Öåëüþ èññëåäîâàíèÿ ÿâëÿåòñÿ îöåíêà 
âîçìîæíîñòè ïîëíîöåííîé çàìåíû íàçåìíûõ 
ìàãíèòîðàçâåäî÷íûõ ðàáîò íà àýðîìàãíèò
íóþ ñúåìêó ñ ïîìîùüþ áåñïèëîòíûõ ëåòà
òåëüíûõ àïïàðàòîâ.

Çàäà÷è èññëåäîâàíèÿ:
– ñîïîñòàâèòü ìåòîäèêó è ðåçóëüòàòû 

íàáëþäåíèé ìåòîäàìè íàçåìíîé ìàãíèòî
ðàçâåäêè è àýðîìàãíèòíîé ñúåìêè íà Àí3 è 
ÁÏËÀ;

– âû÷èñëèòü êîýôôèöèåíòû êîððåëÿöèè 
è äåòåðìèíàöèè ìåæäó ðàññìîòðåííûìè âè
äàìè ìàãíèòíûõ ñúåìîê;

– ïðîàíàëèçèðîâàòü ïîëó÷åííûå ðåçóëü
òàòû ñîïîñòàâëåíèÿ àíîìàëüíîãî ìàãíèòíîãî 
ïîëÿ;

– îöåíèòü ïåðñïåêòèâû çàìåíû òðàäè
öèîííîé ïåøåõîäíîé ìàãíèòíîé ñúåìêè íà 
ñúåìêó ìàãíèòíîãî ïîëÿ ñ ïîìîùüþ ÁÏËÀ.

Ñòåïåíü íàó÷íîé ðàçðàáîòàííîñòè òåìû 
èññëåäîâàíèÿ. Ïîñðåäñòâîì àíàëèçà ïóáëè
êàöèé ïî ðàññìàòðèâàåìîé òåìå âûÿâëåí ðÿä 
íåðåøåííûõ âîïðîñîâ. Âûÿâëåíî, ÷òî áåñïè
ëîòíûå ëåòàòåëüíûå àïïàðàòû – îòíîñèòåëü
íî íîâîå ÿâëåíèå â ãåîëîãîðàçâåäî÷íîì 
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ïðîöåññå, îäíàêî îíè  äî ñèõ ïîð íå ïîëó÷è
ëè ìàññîâîãî ïðèìåíåíèÿ. Ïðèîðèòåò â àý
ðîãåîôèçèêå, íåñìîòðÿ íà ïðåâîñõîäÿùóþ 
ñòîèìîñòü îòíîñèòåëüíî ÁÏËÀ, ïîïðåæíå
ìó çàíèìàåò òðàäèöèîííàÿ ñúåìêà íà ïèëî
òèðóåìûõ àïïàðàòàõ. Ê òîìó æå ïðîâåäåíèå 
ñïåöèàëèçèðîâàííûõ îïûòíîìåòîäè÷åñêèõ 
ðàáîò äëÿ ñîïîñòàâëåíèÿ íàçåìíîé ìàãíè
òîðàçâåäêè íà çíà÷èòåëüíîé òåððèòîðèè è 
àýðîìàãíèòíîé ñúåìêè ÿâëÿåòñÿ äîñòàòî÷íî 
çàòðàòíûì, ïîýòîìó äëÿ ñðàâíåíèÿ  èñïîëü
çîâàíû äàííûå, ïîëó÷åííûå â ðàçíûå ãîäû ñ 
ðàçíûìè ñúåìî÷íûìè ïàðàìåòðàìè, ÷òî óñ
ëîæíÿåò èõ ñðàâíèòåëüíóþ èíòåðïðåòàöèþ. 
Îäíàêî ðåçóëüòàòû èññëåäîâàíèÿ ãîâîðÿò î 
ïåðñïåêòèâíîñòè ïðèìåíåíèÿ áåñïèëîòíîé 
àâèàöèè äëÿ ìàãíèòíîé ñúåìêè. Ïîýòîìó 
èçûñêàíèÿ â äàííîì íàïðàâëåíèè ÿâëÿþòñÿ 
àêòóàëüíûìè è âíîñÿò îïðåäåëåííûé âêëàä â 
ðàçâèòèå áåñïèëîòíîé ñúåìêè [7; 8].

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ. Â 
èññëåäîâàíèè ïðèìåíåíû ïðàêòè÷åñêèå è òå
îðåòè÷åñêèå ìåòîäû. Ïðèâåäåíû, ñîïîñòàâ
ëåíû è ïðîàíàëèçèðîâàíû ðåçóëüòàòû ïîëå
âûõ èññëåäîâàíèé, âûïîëíåííûõ ñîãëàñíî 
ìåòîäè÷åñêèì óêàçàíèÿì èíñòðóêöèè ïî ìàã
íèòîðàçâåäêå ðàçíûìè ìåòîäèêàìè ìàãíèò
íîé ñúåìêè. Íà îñíîâå ïðèìåíåíèÿ ìåòîäîâ 
àíàëîãèè è êëàññèôèêàöèè âûÿâëåíû êîððå
ëÿöèîííûå çàâèñèìîñòè ìåæäó ïåøåõîäíîé 
ìàãíèòîðàçâåäêîé è àýðîìàãíèòíûìè âè
äàìè ñúåìêè. Ñ ïîìîùüþ ìàòåìàòè÷åñêîãî 
ìîäåëèðîâàíèÿ ïîñòðîåíû ìàòðèöû (ãðèäû) 
ðàñ÷åòíûõ ïàðàìåòðîâ, âû÷èñëåíû òðàíñ
ôîðìàíòû àíîìàëüíîãî ìàãíèòíîãî ïîëÿ. 
Ðåçóëüòàòû èññëåäîâàíèÿ îòðàæåíû íà äèà
ãðàììàõ è â èòîãîâûõ òàáëèöàõ.

Ðåçóëüòàòû èññëåäîâàíèÿ è èõ îáñóæ
äåíèå. Àýðîìàãíèòíàÿ ñúåìêà ìàñøòàáà 
1:25 000 âûïîëíåíà â 2007 ã. íà ñàìîëåòå Àí
3 ñ ïîìîùüþ âûñîêîòî÷íîãî êâàíòîâîãî àý
ðîìàãíèòîìåòðà ÈÌ4 ñ ðåãèñòðàöèåé ìîäó
ëÿ ïîëíîãî âåêòîðà ìàãíèòíîé èíäóêöèè. 

Ïîëåòû ïðîâîäèëèñü ïî ñèñòåìå âñòðå÷
íîïàðàëëåëüíûõ ìàðøðóòîâ íà ñðåäíåé âû
ñîòå 115 ì ñ îãèáàíèåì ðåëüåôà ìåñòíîñòè. 
Íàïðàâëåíèå ìàðøðóòîâ ïðîôèëåé ÑÇ 315° – 
ÞÂ 135°. Ñðåäíÿÿ ñêîðîñòü íà ñúåìî÷íûõ 
ìàðøðóòàõ ñîñòàâèëà îêîëî 186 êì/÷. Ðàñ
ñòîÿíèå ìåæäó ëèíèÿìè ìàðøðóòîâ 250 ì, 
òî÷êè íàáëþäåíèé ïî ïðîôèëþ ðàñïîëîæåíû 
ðàâíîìåðíî ÷åðåç 5 ì (÷àñòîòà ðåãèñòðàöèè 
10 Ãö). Ñðåäíåêâàäðàòè÷åñêàÿ ïîãðåøíîñòü 
îïðåäåëåíèÿ êîîðäèíàò â ïëàíå è ïî âûñî

òå ñîñòàâèëà ±2 ì. Ñðåäíåêâàäðàòè÷åñêàÿ 
ïîãðåøíîñòü àýðîìàãíèòíîé ñúåìêè ïîñëå 
êîìïåíñàöèè äåâèàöèîííîé ñîñòàâëÿþùåé 
ñîñòàâèëà ±0,62 íÒë (â ïîëÿõ ñ ãîðèçîíòàëü
íûì ãðàäèåíòîì – äî 50 íÒë/êì).

Â õîäå ïîñòîáðàáîòêè âñå íàáëþäåíèÿ 
ïîäâåðãàëèñü òùàòåëüíîé âíóòðåííåé óâÿç
êå, ââîäèëèñü ïîïðàâêè çà ìàãíèòíûå âàðè
àöèè è íîðìàëüíîå ìàãíèòíîå ïîëå Çåìëè.  
Èòîãîâûì ðåçóëüòàòîì îáðàáîòêè ñòàëà êàð
òà àíîìàëüíîãî ìàãíèòíîãî ïîëÿ, ïîñòðîåí
íàÿ â Geosoft Oasis Montaj ìåòîäîì ìèíè
ìàëüíûõ èñêàæåíèé (Minimum Curvature) ñ 
ÿ÷åéêîé ãðèäà 40×40 ì (ðèñ. 1).

Ðèñ. 1. Êàðòà àíîìàëüíîãî ìàãíèòíîãî 
ïîëÿ. Ïîñòðîåíà íà îñíîâå ðåçóëüòàòîâ 

àýðîìàãíèòîðàçâåäêè ìàñøòàáà 1:25 000 ñ 
ñàìîëåòà Àí3 / Fig. 1. Anomalous magnetic field 

map. It was built on the basis of the results 
of aeromagnetic surveys on a scale of 1:25 000 from 

the aircraft Àn3

Ïåøåõîäíàÿ ìàãíèòíàÿ ñúåìêà ìàñøòà
áà 1:10 000 âûïîëíåíà â 2015 ã. ñ ïîìîùüþ 
ïðîòîííîãî îâåðõàóçåðîâñêîãî ìàãíèòîìå
òðàãðàäèåíòîìåòðà MMPOS2. Íàïðàâëå
íèå ìàðøðóòîâ ïðîôèëåé ÑÂ 30° – ÞÇ 210°. 
Ðàññòîÿíèå ìåæäó ëèíèÿìè ìàðøðóòîâ 
100 ì, òî÷êè íàáëþäåíèé ïî ïðîôèëþ ðàñ
ïîëîæåíû ÷åðåç èíòåðâàë 20 ì ñî ñãóùåíè
åì äî 10 â àíîìàëüíûõ èíòåðâàëàõ. Âûñîòà 
÷óâñòâèòåëüíîãî äàò÷èêà ìàãíèòîìåòðà íàä 
ïîâåðõíîñòüþ çåìëè ñîñòàâëÿëà îêîëî 1,8 ì. 
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Â ïðîöåññå èçìåðåíèé ðåãèñòðèðîâàëñÿ ìî
äóëü ïîëíîãî âåêòîðà ìàãíèòíîé èíäóêöèè. 
Ñðåäíåêâàäðàòè÷åñêàÿ ïîãðåøíîñòü îïðå
äåëåíèÿ ïëàíîâûõ êîîðäèíàò ñîñòàâèëà ±5 ì. 
Ñðåäíåêâàäðàòè÷åñêàÿ ïîãðåøíîñòü èçìå
ðåíèé àíîìàëüíîãî ìàãíèòíîãî ïîëÿ ðàâíà 
±2,5 íÒë. Â íàáëþäåíèÿ ââîäèëèñü ïîïðàâêè 
çà âàðèàöèè ìàãíèòíîãî ïîëÿ, çàòåì âûïîë
íÿëàñü óâÿçêà íà êîíòðîëüíûõ ïóíêòàõ (ÊÏ). 
Êàðòà àíîìàëüíîãî ìàãíèòíîãî ïîëÿ ñòðîè
ëàñü â Geosoft Oasis Montaj ìåòîäîì ìèíè
ìàëüíûõ èñêàæåíèé ñ ÿ÷åéêîé ãðèäà 20×20 ì 
(ðèñ. 2).

Â 2019 ã. íà ýòîé æå òåððèòîðèè â ðàìêàõ 
îïûòíîìåòîäè÷åñêèõ èññëåäîâàíèé âûïîë
íåíà àýðîìàãíèòíàÿ ñúåìêà íà ÁÏËÀ ñ ïîìî
ùüþ âûñîêîòî÷íîãî êâàíòîâîãî àýðîìàãíè
òîìåòðà GeoShark [1; 4]. Ïîëåòû ïðîâîäèëèñü 
ïî ñèñòåìå âñòðå÷íîïàðàëëåëüíûõ ìàðø
ðóòîâ íà ñðåäíåé âûñîòå 35 ì ñ äåòàëüíûì 
îãèáàíèåì ðåëüåôà ìåñòíîñòè. Íàïðàâëåíèå 
ìàðøðóòîâ ïðîôèëåé ÑÂ 45°  – ÞÇ 225°. Ñðåä
íÿÿ ñêîðîñòü íà ñúåìî÷íûõ ìàðøðóòàõ ñî

ñòàâèëà ïðèáëèçèòåëüíî 36 êì/÷. Ðàññòîÿíèå 
ìåæäó ëèíèÿìè ìàðøðóòîâ 100 ì, òî÷êè íà
áëþäåíèé ïî ïðîôèëþ ðàñïîëîæåíû ðàâíî
ìåðíî ÷åðåç èíòåðâàë 1 ì (÷àñòîòà ðåãèñòðà
öèè 10 Ãö). Èçìåðÿåìàÿ âåëè÷èíà – ìîäóëü 
ïîëíîãî âåêòîðà ìàãíèòíîé èíäóêöèè. Ñðåä
íåêâàäðàòè÷åñêàÿ ïîãðåøíîñòü îïðåäåëåíèÿ 
êîîðäèíàò ïîñëå ââåäåíèÿ äèôôåðåíöèàëü
íîé êîððåêöèè â ïëàíå ñîñòàâèëà ±0,75 ì è 
ïî âûñîòå ±0,17 ì. Ñðåäíåêâàäðàòè÷åñêàÿ 
ïîãðåøíîñòü àýðîìàãíèòíîé ñúåìêè ïîñëå 
êîìïåíñàöèè äåâèàöèîííîé ñîñòàâëÿþùåé 
ðàâíÿëàñü ±1,57 íÒë (â ïîëÿõ ñ ãîðèçîíòàëüíûì 
ãðàäèåíòîì – äî 200 íÒë/êì). Âî âñå íàáëþäå
íèÿ ââîäèëèñü ïîïðàâêè íà ìàãíèòíûå âàðè
àöèè è íîðìàëüíîå ìàãíèòíîå ïîëå Çåìëè, 
ïî ïîëåòíûì ìàðøðóòàì ïðîâîäèëàñü óâÿç
êà. Èòîãîâûì ðåçóëüòàòîì îáðàáîòêè ñòàëà 
êàðòà àíîìàëüíîãî ìàãíèòíîãî ïîëÿ, ïîñòðî
åííàÿ â Geosoft Oasis Montaj ìåòîäîì ìèíè
ìàëüíûõ èñêàæåíèé ñ ÿ÷åéêîé ãðèäà 20×20 ì 
(ðèñ. 3).

Ðèñ. 2. Êàðòà àíîìàëüíîãî ìàãíèòíîãî ïîëÿ. 
Ïîñòðîåíà íà îñíîâå ðåçóëüòàòîâ íàçåìíîé 

ìàãíèòîðàçâåäêè ìàñøòàáà 1:10 000 /
 Fig. 2. Anomalous magnetic field map. It is built on 

the basis of the results of a ground magnetic surveys 
of a scale of 1:10 000

Ðèñ. 3. Êàðòà àíîìàëüíîãî ìàãíèòíîãî 
ïîëÿ. Ïîñòðîåíà íà îñíîâå ðåçóëüòàòîâ 

àýðîìàãíèòîðàçâåäêè ìàñøòàáà 1:10 000 ñ 
ïîìîùüþ ÁÏËÀ / Fig. 3. Anomalous magnetic field 

map. It was built on the basis of the results 
of aeromagnetic surveys of 1:10 000 

scale using UAVs
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Ðàññìàòðèâàåìûå ìàãíèòîðàçâåäî÷íûå 
èññëåäîâàíèÿ ïðîâåäåíû íà ðàçíûõ ïîèñêî
âûõ ýòàïàõ ñ ðàçíîé ïëîòíîñòüþ ñåòè íàáëþ
äåíèé è àçèìóòîì íàïðàâëåíèÿ ïðîôèëåé 
(ðèñ. 4). Â ñâÿçè ñ ýòèì, êà÷åñòâåííûé àíàëèç 
ñîïîñòàâëåíèÿ ðåçóëüòàòîâ àýðîìàãíèòíûõ è 
íàçåìíûõ ìàãíèòîðàçâåäî÷íûõ ðàáîò çíà÷è
òåëüíî çàòðóäíÿåòñÿ è âîçìîæåí ëèøü íà îñ
íîâå ñðàâíåíèÿ ðåãóëÿðíûõ ìàòðèö (ãðèäîâ) 
àíîìàëüíîãî ìàãíèòíîãî ïîëÿ.

Ðèñ. 4. Êàðòà ðàçâåäî÷íîé ñåòè 
ìàãíèòîðàçâåäî÷íûõ ðàáîò / Fig. 4. Map of 

exploration network of magnetic surveys works

Òàáëèöà 1 / Table 1

Ñòàòèñòè÷åñêèå ïàðàìåòðû ãðèäîâ äëÿ ðàçíûõ âèäîâ ìàãíèòíîé ñúåìêè / 
Statistical parameters of grids for different types of magnetic survey

Ïàðàìåòð / Parameter
Àýðîìàãíèòîðàçâåäêà íà 

ñàìîëåòå Àí3 / Aeromagnetic 
survey on the aircraft Àn3

Àýðîìàãíèòîðàçâåäêà 
íà ÁÏËÀ / Aeromagnetic 

survey on the UAV

Íàçåìíàÿ 
ìàãíèòîðàçâåäêà / 

Ground magnetic survey

Ìèíèìóì / Maximum –137,00 –200,58 –432,711

Ìàêñèìóì / Minimum 577,57 739,13 1040,62

Ñðåäíåå çíà÷åíèå / 
Average value 16,48 17,24 14,17

Ñòàíäàðòíîå îòêëîíåíèå / 
Standard deviation 85,19 92,24 110,57

Äëÿ ñîïîñòàâëåíèÿ ìàòåðèàëû àýðî
ìàãíèòíûõ è íàçåìíûõ íàáëþäåíèé ïðåäâà
ðèòåëüíî ïðèâåäåíû ê îäíîìó óðîâíþ ìàã
íèòíîãî ïîëÿ è ïåðåñ÷èòàíû â ðåãóëÿðíóþ 
ñåòü (ãðèä) [2; 9]. Ñâåäåíèÿ î ñòàòèñòè÷åñêèõ 
ïàðàìåòðàõ ãðèäîâ àíîìàëüíîãî ìàãíèòíîãî 
ïîëÿ äëÿ ðàçíûõ âèäîâ ìàãíèòíîé ñúåìêè âû
÷èñëåíû â ìîäóëå ñòàòèñòèêè Geosoft Oasis 
Montaj è ïðåäñòàâëåíû â òàáë. 1.

Ñîãëàñíî êàðòàì àíîìàëüíîãî ìàãíèò
íîãî ïîëÿ (ñì. ðèñ. 1, 2, 3) è äàííûì ñòàòè
ñòèêè ãðèäîâ (òàáë. 1), ñ óâåëè÷åíèåì âûñîòû 
ðàñïîëîæåíèÿ ìàãíèòíîãî ÷óâñòâèòåëüíîãî 
äàò÷èêà íàáëþäàåòñÿ ñóùåñòâåííîå ñíèæå
íèå óðîâíÿ àíîìàëüíîãî ìàãíèòíîãî ïîëÿ. 
Çàòóõàåò àìïëèòóäà àíîìàëèé îò áëèçïî
âåðõíîñòíûõ îáúåêòîâ (îñîáåííî íåáîëüøèõ 
ðàçìåðîâ), ýêñòðåìóìû ìàãíèòíîãî ïîëÿ ñòà
íîâÿòñÿ áîëåå ïîëîãèìè, à çîíû ãðàäèåíòîâ 
ìåíåå êîíòðàñòíûìè. Â ñâÿçè ñ ýòèì î÷åâèä
íî, ÷òî ñ óâåëè÷åíèåì âûñîòû ïîëåòà âûñî
êî÷àñòîòíàÿ ñîñòàâëÿþùàÿ ìàãíèòíîãî ïîëÿ 
ïîñòåïåííî «óãàñàåò», âñëåäñòâèå ÷åãî àíî
ìàëüíîå ìàãíèòíîå ïîëå ïðèîáðåòàåò áîëåå 
ðåãèîíàëüíûé õàðàêòåð. Ïîýòîìó, ëîãè÷íûì 
ÿâëÿåòñÿ âûâîä, ÷òî «èäåíòè÷íîñòü» ðåçóëü
òàòîâ ìàãíèòíîé ñúåìêè âîçìîæíà òîëüêî 
ïðè îäèíàêîâîé âûñîòå èçìåðèòåëüíîãî ÷óâ
ñòâèòåëüíîãî ìàãíèòíîãî äàò÷èêà.

Äëÿ îöåíêè âîñïðîèçâîäèìîñòè ðåçóëü
òàòîâ ñúåìêè ðàññìîòðåííûìè ìåòîäàìè 
ïðîâåäåí ðåãðåññèîííûé àíàëèç.

Íà îñíîâå ëèíåéíîãî ðåãðåññèîííî
ãî àíàëèçà ãðèäîâ àíîìàëüíîãî ìàãíèòíîãî 
ïîëÿ äëÿ àýðî è íàçåìíûõ âèäîâ ìàãíèòíîé 
ñúåìêè ïîëó÷åíà ïîëîæèòåëüíàÿ çàâèñèìàÿ 
ñâÿçü, êîòîðàÿ ïîäòâåðæäàåòñÿ ðàññ÷èòàí
íûìè êîýôôèöèåíòàìè äåòåðìèíàöèè (R2) 

è êîððåëÿöèè (òàáë. 2). Ðåçóëüòàòû ñîïî
ñòàâëåíèÿ äàííûõ ìàãíèòíûõ ñúåìîê ïðîäå
ìîíñòðèðîâàíû íà äèàãðàììàõ (ðèñ. 5), ïî 
àáñöèññå è îðäèíàòå ïðèâåäåíû çíà÷åíèÿ 
àíîìàëüíîãî ìàãíèòíîãî ïîëÿ â íÒë. 
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Òàáëèöà 2 / Table 2
Êîýôôèöèåíòû êîððåëÿöèè è äåòåðìèíàöèè äëÿ ðàçíûõ òèïîâ ìàãíèòíîé ñúåìêè / 

Correlation and determination coefficients for different types of magnetic survey

Ñîïîñòàâëåíèå ðåçóëüòàòîâ ðàçíûõ òèïîâ ñúåìêè íà îñíîâå ïîñòðîåííûõ 
ãðèäîâ àíîìàëüíîãî ìàãíèòíîãî ïîëÿ / Comparison of results of different types 

of survey based on built grids of anomalous magnetic field

Êîýôôèöèåíò 
äåòåðìèíàöèè R2 / 

Determination 
factor R2

Êîýôôèöèåíò 
êîððåëÿöèè / 

Correlation 
coefficient

Àýðîìàãíèòîðàçâåäêà íà ñàìîëåòå Àí3 / Aeromagnetic surveys on the aircraft Àn3
0,94 +0,97

Àýðîìàãíèòîðàçâåäêà íà ÁÏËÀ / Aeromagnetic surveys on the UAV

Àýðîìàãíèòîðàçâåäêà íà ñàìîëåòå Àí3 / Aeromagnetic surveys on the aircraft Àn3
0,69 +0,83

Íàçåìíàÿ ìàãíèòîðàçâåäêà / Ground magnetic surveys

Àýðîìàãíèòîðàçâåäêà íà ÁÏËÀ / Aeromagnetic surveys on the UAV 0,76 +0,87

Íàçåìíàÿ ìàãíèòîðàçâåäêà / Ground magnetic surveys

Ðèñ. 5. Äèàãðàììû ñîïîñòàâëåíèÿ äàííûõ 
àýðîìàãíèòîðàçâåäêè íà ñàìîëåòå Àí3, ÁÏËÀ è 
ïåøåõîäíîé ìàãíèòîðàçâåäêè / Fig. 5. Diagrams 

of comparison of aeromagnetic survey data on An3 
aircraft, UAVs and ground magnetic surveys

Ïîëó÷åííûå ðåçóëüòàòû ðåãðåññèîííî
ãî àíàëèçà âïîëíå ëîãè÷íû, ñàìàÿ âûñîêàÿ 
êîððåëÿöèîííàÿ çàâèñèìîñòü +0,97 íàáëþ
äàåòñÿ ìåæäó äâóìÿ àýðîìàãíèòíûìè âè
äàìè ñúåìêè íà ñàìîëåòå Àí3 è ÁÏËÀ. Ïðè 
ñîïîñòàâëåíèè íàçåìíîé ìàãíèòîðàçâåäêè 
ñ àýðîìàãíèòíûìè ìåòîäàìè íàèáîëüøèé 
êîýôôèöèåíò êîððåëÿöèè ïîëó÷åí äëÿ ÁÏËÀ 
+0,87, ÷òî îáúÿñíÿåòñÿ ìåíüøåé âûñîòîé ïî
ëåòà ÁÏËÀ ñ ÷óâñòâèòåëüíûì ìàãíèòíûì äàò
÷èêîì, ñêîðîñòüþ ïåðåìåùåíèÿ ÁÏËÀ è áî
ëåå ïëîòíîé ñåòüþ íàáëþäåíèé. Íåñìîòðÿ íà 
íåêîòîðûå âèçóàëüíûå ðàñõîæäåíèÿ àíîìà
ëèé, ñëåäóåò îòìåòèòü, ÷òî âñå ðàññìîòðåí
íûå âèäû ìàãíèòíîé ñúåìêè èìåþò ìåæäó 
ñîáîé òåñíóþ âçàèìîñâÿçü, òàê êàê êîýôôè
öèåíòû êîððåëÿöèè èìåþò âûñîêèé ïîêàçà
òåëü –0,80…0,90 åäèíèö è áîëåå.

Äëÿ íàãëÿäíîãî îòîáðàæåíèÿ ðåçóëüòà
òîâ ñîïîñòàâëåíèÿ àýðîìàãíèòíûõ è íàçåì
íûõ ìàãíèòîðàçâåäî÷íûõ ðàáîò ïîëó÷åíû õà
ðàêòåðíûå ãðàôèêè àíîìàëüíîãî ìàãíèòíîãî 
ïîëÿ ïî ñåêóùèì ïðîôèëüíûì ëèíèÿì À è Á 
(ðèñ. 6).

Íà ïðîôèëå À (ñì. ðèñ. 6) óðîâåíü àíî
ìàëüíîãî ìàãíèòíîãî ïîëÿ â íàçåìíûõ ìàã
íèòîðàçâåäî÷íûõ ðàáîòàõ ïðàêòè÷åñêè â 2 
ðàçà ïðåâûøàåò àíàëîãè÷íûé íà ïðîôèëå Á. 
Âèçóàëüíî íàáëþäàåòñÿ, ÷òî íà «ñïîêîéíûõ» 
ó÷àñòêàõ ìàãíèòíîãî ïîëÿ, îñîáåííî íà ïðî
ôèëå Á, âîñïðîèçâîäèìîñòü äàííûõ àýðî
ìàãíèòíîé ñúåìêè íà ÁÏËÀ ê ðåçóëüòàòàì íà
çåìíûõ ìàãíèòîðàçâåäî÷íûõ ðàáîò çàìåòíî 
âûøå îòíîñèòåëüíî «èçðåçàííûõ» ó÷àñòêîâ ñ 
âûñîêîàìïëèòóäíûìè ìàãíèòíûìè àíîìàëè
ÿìè. Áîëüøàÿ ÷àñòü âûñîêîàìïëèòóäíûõ àíî
ìàëèé çàòóõàåò ïðè óâåëè÷åíèè âûñîòû ïîëå
òà è ââèäó òîãî, ÷òî ìàãíèòíîå ïîëå ÿâëÿåòñÿ 
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ïîòåíöèàëüíûì, íåêîòîðûå ëîêàëüíûå àíî
ìàëèè, áûñòðî çàòóõàþùèå, íàáëþäàþùèåñÿ 
îò÷åòëèâî â íàçåìíîì ìåòîäå, ìîæíî âûäå
ëèòü â ïîëå àýðîìàãíèòíîé ñúåìêè ñïîñîáîì 
òðàíñôîðìàöèè (ñïîñîáàìè äèôôåðåíöèðî
âàíèÿ àíîìàëüíûõ ïîëåé).

Ðèñ. 6. Ãðàôèêè ñîïîñòàâëåíèÿ àíîìàëüíîãî ìàãíèòíîãî ïîëÿ äëÿ ðàçíûõ âèäîâ ìàãíèòíîé ñúåìêè 
ïî ïðîôèëÿì À è Á / Fig. 6. Anomalous magnetic field comparison graphs for different types of magnetic 

survey by profiles A and B

Ðèñ. 7. Êàðòà âåðòèêàëüíîé ïðîèçâîäíîé 
àíîìàëüíîãî ìàãíèòíîãî ïîëÿ äëÿ 

àýðîìàãíèòîðàçâåäêè íà ÁÏËÀ / Fig. 7. Map of 
vertical derivative of anomalous magnetic field for 

aeromagnetic surveys on UAVs

– íàçåìíàÿ ïåøåõîäíàÿ ìàãíèòîðàçâåäêà

– àýðîìàãíèòíàÿ ñúåìêà íà ÁÏËÀ

– àýðîìàãíèòíàÿ ñúåìêà íà ñàìîëåòå ÀÍ3

Íà îñíîâå ãðèäà àíîìàëüíîãî ìàãíèòíî
ãî ïîëÿ ïî äàííûì ñúåìêè íà ÁÏËÀ â Geosoft 
Oasis Montaj ïðîâåäåíî äèôôåðåíöèðîâàíèå 
ïî îñè DZ. Â ðåçóëüòàòå òðàíñôîðìàöèè ïî
ëó÷åíà êàðòà âåðòèêàëüíîé ïðîèçâîäíîé àíî
ìàëüíîãî ìàãíèòíîãî ïîëÿ (ðèñ. 7).

Ïðè ñîïîñòàâëåíèè ìàòåðèàëîâ äî è 
ïîñëå òðàíñôîðìàöèè àêöåíòèðóåòñÿ âíè
ìàíèå íà ñëàáîêîíòðàñòíûõ àíîìàëèÿõ, êî
òîðûå ðàíåå áûëè âèäíû òîëüêî íà êàðòå 
íàçåìíûõ ìàãíèòîðàçâåäî÷íûõ ðàáîò. Òàêæå 
âûäåëÿþòñÿ ïðîòÿæåííûå ó÷àñòêè àíîìàëèå
îáðàçóþùèõ îáúåêòîâ è íàãëÿäíî ìàðêèðóþò
ñÿ ãðàíèöû ãðàäèåíòíûõ çîí. Íà ðèñ. 8 ñîïî
ñòàâëåíû ðåçóëüòàòû ïî òåì æå ïðîôèëüíûì 
ëèíèÿì À è Á, ãäå îòîáðàæàþòñÿ õàðàêòåðíûå 
ïåðåãèáû ãðàôèêîâ ïîñëå òðàíñôîðìàöèè 
àíîìàëüíîãî ìàãíèòíîãî ïîëÿ ÁÏËÀ.

Òàêèì îáðàçîì, îòìå÷åíà âûñîêàÿ âîñ
ïðîèçâîäèìîñòü äàííûõ ïðè ñîïîñòàâëåíèè 
àíîìàëüíîãî ìàãíèòíîãî ïîëÿ íàçåìíûõ 
ìàãíèòîðàçâåäî÷íûõ ðàáîò è ðåçóëüòàòîâ 
äèôôåðåíöèðîâàíèÿ àíîìàëüíîãî ìàãíèò
íîãî ïîëÿ ñúåìêè íà ÁÏËÀ. Ïîäîáíûé ïîä
õîä ê îáðàáîòêå àêòèâíî ïðèìåíÿåòñÿ â 
àýðîãåîôèçèêå äëÿ ïîä÷åðêèâàíèÿ ñëàáî
êîíòðàñòíûõ àíîìàëèé è ïîçâîëÿåò êà÷å
ñòâåííî îöåíèòü ñîïîñòàâèìîñòü ðåçóëüòà
òîâ ìàãíèòíîé ñúåìêè íà ÁÏËÀ ñ íàçåìíûì 
âèäîì ðàáîò [9; 10].
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Ðèñ. 8. Ãðàôèêè ñîïîñòàâëåíèÿ àíîìàëüíîãî ìàãíèòíîãî ïîëÿ (íàçåìíàÿ ïåøåõîäíàÿ ìàãíèòîðàçâåäêà) 
ðàáîò è âåðòèêàëüíîé ïðîèçâîäíîé àíîìàëüíîãî ìàãíèòíîãî ïîëÿ (àýðîìàãíèòíàÿ ñúåìêà íà ÁÏËÀ) 
ïî ïðîôèëÿì À è Á / Fig. 8. Graphs of anomalous magnetic field comparison (ground magnetic surveys) 

of works and vertical derivative of anomalous magnetic field (aeromagnetic surveys on UAVs) 
by profiles A and B

– íàçåìíàÿ ïåøåõîäíàÿ ìàãíèòîðàçâåäêà

– âåðòèêàëüíàÿ ïðîèçâîäíàÿ ïîëÿ (DZ) àýðîìàãíèòíîé ñúåìêè íà ÁÏËÀ

Çàêëþ÷åíèå. Ïðèìåíåíèå ÁÏËÀ â àýðî
ìàãíèòíîé ñúåìêå çíà÷èòåëüíî ïðèáëèæàåò 
èññëåäîâàòåëåé ê ïîëó÷åíèþ êà÷åñòâåííûõ 
äàííûõ ñ âûñîêîé ïðîèçâîäèòåëüíîñòüþ, 
ïëîòíîé ñåòüþ íàáëþäåíèé è äåòàëüíîñòüþ 
ñîïîñòàâèìîé ñ íàçåìíûìè ìàãíèòîðàçâå
äî÷íûìè ðàáîòàìè. Ñòîèìîñòü àýðîìàãíèò
íîé ñúåìêè íà ÁÏËÀ êðàòíî ìåíüøå îòíîñè
òåëüíî ïåøåõîäíîé ìàãíèòîðàçâåäêè, ÷òî 
ÿâëÿåòñÿ ñóùåñòâåííûì ïðåèìóùåñòâîì 
ìåòîäà. Ïðè ðåøåíèè îïðåäåëåííûõ ïîèñ
êîâûõ çàäà÷ (â çàâèñèìîñòè îò ìàñøòàáà è 
îáúåìîâ ñúåìêè) ìàãíèòíàÿ ñúåìêà ñ ïî
ìîùüþ ÁÏËÀ âûãëÿäèò öåëåñîîáðàçíåå è 
ýôôåêòèâíåå, ÷åì íàçåìíàÿ ïåøåõîäíàÿ 
ìàãíèòîðàçâåäêà. Îäíàêî äëÿ òîãî, ÷òî
áû ïîëíîöåííî çàìåíèòü íàçåìíûå ìàãíè
òîðàçâåäî÷íûå ðàáîòû ñúåìêîé íà ÁÏËÀ, 
íåîáõîäèìî ïðîâîäèòü ðåãèñòðàöèþ ìàã
íèòíîãî ïîëÿ íà òåõ æå âûñîòàõ, ÷òî è ïðè 
ïåøåõîäíîé ñúåìêå, ÷òî íå âñåãäà âîçìîæ
íî â ñâÿçè ñ îñîáåííîñòÿìè ëàíäøàôòíûõ 
óñëîâèé. Ïîýòîìó äî ñèõ ïîð ïðèìåíÿåìûå 
ãåîôèçè÷åñêèå ìåòîäû ñúåìêè íà ÁÏËÀ äî
ñòîéíî çàíèìàþò ñâîå ìåñòî ìåæäó êëàññè
÷åñêîé àýðîãåîôèçèêîé è íàçåìíîé ïåøå
õîäíîé ñúåìêîé. Îá ýòîì ñâèäåòåëüñòâóþò 

ïîëó÷åííûå êîýôôèöèåíòû êîððåëÿöèè è 
äåòåðìèíàöèè (ñì. ðèñ. 5 è òàáë. 2).

Ïîäâîäÿ èòîãè èññëåäîâàíèÿ, îáîçíà
÷èì îñíîâíûå ìåòîäè÷åñêèå ðåêîìåíäàöèè ê 
ïðîèçâîäñòâó àýðîìàãíèòíîé ñúåìêè ñ ïîìî
ùüþ ÁÏËÀ:

Àýðîìàãíèòíóþ ñúåìêó ñëåäóåò ïðîâî
äèòü íà ïîñòîÿííîé, ìèíèìàëüíî äîïóñòèìîé 
è áåçîïàñíîé äëÿ ÁÏËÀ âûñîòå ïîëåòà ñ äå
òàëüíûì îãèáàíèåì ðåëüåôà ìåñòíîñòè. Íà 
çàëåñåííûõ ó÷àñòêàõ â óñëîâèÿõ ïåðåñå÷åí
íîé ìåñòíîñòè âûáîð îïòèìàëüíîé (ðàáî÷åé) 
âûñîòû ïîëåòà ðåêîìåíäóåòñÿ ïðèíèìàòü 
îêîëî 30…40 ì. Ðåãèñòðàöèÿ ìàãíèòíîãî ïîëÿ 
äîëæíà âûïîëíÿòüñÿ âûñîêîòî÷íûì ìàãíèòî
ìåòðîì ñ äàò÷èêîì, õàðàêòåðèçóþùèìñÿ ÷óâ
ñòâèòåëüíîñòüþ íå ìåíåå 0,01 íÒë è öèêëè÷íî
ñòüþ îïðîñà íå ìåíåå 10 Ãö. Âëèÿíèå ÁÏËÀ íà 
÷óâñòâèòåëüíûé äàò÷èê ìàãíèòîìåòðà äîëæ
íî áûòü ìèíèìàëüíûì è ñîñòàâëÿòü íå áî
ëåå 0,5 íÒë. Ñêîðîñòü ïåðåìåùåíèÿ ÁÏËÀ 
ðåêîìåíäóåòñÿ ïðèíèìàòü íå áîëåå 10 ì/ñ. 
Ðåçóëüòàòû íàáëþäåíèé äîëæíû ñîïðîâî
æäàòüñÿ âûñîêîòî÷íûìè äàííûìè ïîçèöèî
íèðîâàíèÿ ñ ïðèìåíåíèåì äèôôåðåíöèàëü
íîé êîððåêöèè êîîðäèíàò.
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