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Abstract

Placing a magnetometer on unmanned aerial vehicle (UAV) seems to be an easy task as

the sensor is rather lightweight in comparison with other geophysical sensors. But, the
realization of an unmanned aeromagnetic system (UAMS) faces multiple technical com-
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survey, the most important is the issue of a platform’s (UAV) magnetic noise and its

'— 7272—EZ21"—1S1-Se—7« EleZ—0e" il H"Z—E'1Z{™Zy-7—
magnetic surveys with multirotor UAMS in Leningrad region, Republic Sakha-Yakutia,
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ments of magnetic anomalies for geological, archeological, and other purposes.

Keywords: geophysics, magnetic survey, magnetometer, unmanned aeromagnetic
system (UAMS), unmanned aerial vehicle (UAV)

1. Introduction

Se—ZeE®1l®z>YZ¢1>2™>7Z@Z—e@1™"—Z1"e1le'Z1-"®e1Z ZE'Y
S—"—-Se'Z®el>Z2eSeZel o'l eZ ¢ e’ ESeleZSe757201S—e1"<“Z(E-
™S TMZ5e’Z@il >0l ZYSezSe’ " —17e1-Se—7'E1S—"-S'Zel
using a compass for detecting iron ore deposits, but systematic magnetic surveys have starte(
at the end of nineteenth—beginning of twentieth century with invention of magnetometers|[ \\v
Tetle>"7—e1S—e1S75"-Se—7e' Ele7>YZ¢®1S>217@2S++¢1ES
distances between parallel lines and points of measurements P]. Aeromagnetic survey is usu-
SeeC1¢Z' —el1Z{Z@E27Z¢1Se1IX[V.YVV1I-1'7Z'e‘¢le7Z™7 o' 01" 1
tions. Unmanned aeromagnetic system (UAMS) can operate lower, starting from few meters.

[ 7KH $XWKRU V  /LFHQVHH ,QWHFK2SHQ 7KLV FKDSWHU LV GLVWULEXWHG
|ntech0pen &RPPRQV $WWULEXWLRQ /LFHQVH KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E
GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP {9l KH RULILQD
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This is important for geological interpretation of magnetic anomalies as the magnetic signal
weakens at a distance from the source. Another advantage of UAMS is a pure economic one. /
™' e~e7¢1S ' >E>Seel’ @1’ —7Z ZE'YZ1e"5102>YZCoe1™ 150 Sodigh
Zi™MZ—eZel —10.Z>Y' EZwl1>72827Zc@s'—¢1S'>™M " >el ' —e>Sce>;
the areaof survey. ——S——7¢1S57>'Se1YZ " EZ10 1U01Z0e™ZE’ Seet
yYpidle Zel—"01—7272¢1S5—1"—e>S0eer>7E*72>215—+1ES—1<Z1

‘Z1-S*“">1'ceezZ17 -1 leZoe'e—1'@1Ze’'—'—Se’"—17¢1 o1-¢
o Z1™>"ceZ-1eZoel>Z0"eYZe1<¢1"—Z1"e1+ "1 SCAlOWUL™
SASE'Ze1e" 1S >E>Seel 7' Z51<¢15>" ™71 51<¢1@™ZE S+1<S>.
of the aircraft’'s noise compensation. In traditional aeromagnetic survey, such systems con
tain additional magnetometers and use special algorithms facilitating results characterized by
255751 Zesl<Ze” 1X1— il —1 831lezE‘'letesZ-1Ssexlez E
cally, rejects use of lightweight UAVs, which eliminates UAMS advantages over using a piloted
S HE>Seeil ‘Z@dle">1 81e'Z1 >eel S¢C1'ele'Z1-"0*1Z ZE"’
— T @Zil '—'SeZ>'£Se’ T —17017872" ™ _7—ele' 7757 ESee¢1See"
7o' —elZi'ee’—eleZE'— e e’ 7®@O1c701'e1-S"Z®le'Z1eteeZ-:

SE‘'1-72S®2>72-7—e1'"—1'21-Se—7¢'El1lez>YZ2¢81<Ze'sZel”
E~"—eS' —1¢'—-71S—e17ZjSEe1™M "'e'"—"—e]"ele'7Z1-Se—7e¢"—;

S>Z17072Se+¢ 1757 [Bbaravipationisatellite system (GNSS) and navigation system

cSE e e Se e 1™ e, §_Fe] Tetels"Fe ]
Choice of magnetometer for UAMS is also important. It should be lightweight, tolerant to
«'Z1eZ—@™> 17> Z—eSe' " —81S—e81™>7¢75S<s¢3LE'S>SE 7

75075801 71 'ee1E " —@'*Z>1le ez’ —@lele'Z®eZl'eezZ®el.
'eele/ " —(e>SeZ157Z0czee@1l 01 -Se—7¢ Elei>YZ¢e1Z{iZEZ:
§7SeE"™e731e>"—71 Z2"ES—,ZVW i

2. UAV as a platform for unmanned aeromagnetic system

The advisability of using UAVs to carry out aeromagnetic surveys is based on the fact that

«SweZel1we?>YZ¢0el1S>72Z1-">Z1E welZ ZE*'YZI1S—e1+'7">51
E"—YZ—¢'"—8e1S7>"-Se—7¢' E1le7>YZ¢ —el 'e‘'1e‘'7Z170721 1
Z'¢'¢17¢1S1 1'081¢'Z1-">7Z1¢" E7¢¢1S—el7{™MZ—e’'YZ1' el
ability and operational safety are [ Zpi1 'e‘e Z'e'el @1 —Z77¢1—"1S"> Zeet
"£Z7e1¢tle” 1Z—75C¢1E " —0Z-—™e' "1 ‘Z1-S'"—1™s"ceZ_@1e"
S1-Se—7¢ EleZ—0">1e"1-221S1—7—-<Z2>1"152872">72—-7 -} Ttwe
328257 -7 —e@1e 51 -Se—7¢"E, ZoeoleZ—e " >01S>721>ZSeZe1l¢
»>SeZ1 @ " Zee1<Z1-">7Z1'S—1WV1 £1S5¢1S10e™ZZe¢1 ¢1\V1"-56
'—el«Ze 27—1-7S07572-7—+01S—e1le"1™S¢e"Sel>7Z0e>' Es'"
lightweight UAVS [ Zp&1eZ1 ™MS¢e"Sel Z'e'el —7@el —"e1Z{EZZ1X
3282572 -7 —e@1e™518S7>"—Se—7e"—7e¢7>i

“CUEZ17e1l  1e¢™Z1(0 jZe, —eBd1'Ze'E"™eZ501S—el 700’5 "
«7Z1<Se’'®l”eleSme"ele " 1<Z1>Z@"eYZeil “>1-Se—7¢'E 1 quith
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>ZeSe’'YZeG1l Sel xez>SEZO1 jZe, '—e1 1 "Zeel<Z1le'Z1l<cZEes
e@™Z77eil ">1-"7—¢S" —@d1-S—Z772Y72>Sc e’ e¢1 01721 1'1-"
e'> e ™51 el "ee1<Z1¢'Z1eSY >’ eZ0le ™ >1—-"72—eS ' —1e755'¢">'7
—e1S—el-—Zee’57e"51 @1Sel™ eoe'eZ]l ™MeSee 51751
> "1 E " —®@'eZ>Se’ " —081S®1'2¢1S5721-">7212i™MZ—0’'YZ1 —1
have clear advantages in comparison with multirotor UAVs.

2.1. Fixed-wing UAV
C™ ESel-Se—Z¢e' Elw'se—Se7>7217¢1S1 jZe, —eleFigureZ'p[]s1

‘Z1-Se— 7 E1—""@Z1'—e72EZ1¢¢t1 1 Z ce@ES— ,XVW 1E~-TV
E'Sel—"—,-Se—7+ E1ce HgurePWXYLYWNK|V-IELGRIESS>1-Se—
0 Zoewe’'SU1S—el Z"—Ze>’Emel ,M[*10 S—SeSiiil "1>2-"YZ1'Z%
72>72-7—e@1"—1¢'Z12™™MZ751e7ZYZe1 01le'Z1@eS—e1'SYZ1<Z27
WV1Y%1IWVIE-il ‘Z1S—™e'e7e71 e1<SE"e>"72—e1-Se—7'"E1S—

As far as use of gondola for distancing magnetic sensor from the UAV is rather impossible for
®ZE'LSLle’e's 7'¢'e1S'5E>See1Se1l Z"@ES— ,XVW 81le'Z1cZce>:
“el '—ed1l ‘Z>7Z1-Se—Z7E®L1l' — 7Z—EZ17+1+'Z1S 5E>Ses1>S—ey

S1-72S07>2¢1Se1e'Z1Z—s0l eleZeelS—el>s's'el '—eelVS>':
S—el@Z>Y 1" ™Z5Se’ " —1e>"—1]1¢"1W _1— 81 "E'1l'l1-ZE'1-"
magnetic survey [ [].
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>~ —HRigure 1, it is absolutely clear that, for a lightweight UAV:

* major sources of magnetic noise are electric engine and servos producing anomalies witt
S—™e'e7eZ17¢1\VV.]VV1I— 0

» the most appropriate location of magnetic sensors is at the ends of wings, and, in that case
the servos should be placed in the UAV's main body instead of wings.

Another obvious conclusion relates with the UAV's engine type. Replacement of an electric
engine with combustion one in accordance with the results of mathematical modeling makes
S1 ™ >'E£7—eSele>Se’Z—e17ele' 71 -Se—7e¢" €Ll Zeel1Sele'Z17Z—+1
T ZVZ>81'Z1E <z —1Z—e'—71 4’ —el1e'Z1+S®"1 Z'+'el
Z—e —7il ""0e81Se " —el 'e'1e'Z1See’e’ " —Sel Z'e'e17¢1S1-Se—7
S1 '—+81'S®e1-SeZ1 1 Z°e®S— ,XVW 17—0e+SceZ1'—1+'71S

"1ET-—™e¢]l 'e'le'Z1>7Z 7@l 012172 ™75 —-7Z—+51S1—7 1
(Figure 3a) and built ( Figure 3b).
Z>"e¢—S—E1-"eZe'—e1S—e1-7Sce7> FEiglre 8y defionsEate/coimiianca
“ele'Z1—7 1 1 'e'1Seele‘7Z1>78727000001 %1 e §7Se’e¢1 S
— 7 1 ™37 o7 1S™M™MZ7S57el 07> —ele'7Z]1 'e'eleZee@iAlE " —™e’(
—S7"7Z0el "¢t el E"—e>"elZje>Z—7eC1le’ Ezeed1S—el'el1>728770ce
facilitating UAV operation.
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Figure3.1 Zee'e—1"+1 Z"ES—,YVW 10S01S—el'eeleSz—E*10<UT
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Figure 4.1 ZSce?>2¢1-Se—Z7¢'E®1Z ZE+1"+1 Z"ES—,YVW i1 "—e" 351" —eZ>¥YSe/X]
2.2. Multirotor UAV

Multirotor UAV can be characterized as easiest-to-control type of unmanned aircrafts. At the
©S-Z21+"-7281"e®1-Se—Z7E1l—"®Z2Z1'®e1l-ZE'1-">Z1E " -™s’
UAV because of minimum four electric engines. And, there is no room for a magnetic sensor
'—1e'Z1-S'—1 1< +¢810e"1 Z1'SYZ1"1E " —c®’'*Z>12@Z2Z1"7 1~
UAV by rope (cable).

Se—7Z¢ E1—""®Z17«1 7" &S FigweSll 11558e@Es N 4BN0’ 757 —
the UAV is given in Table 1.

*1'e1 <Y "70e1e'Se1SelY1-1e>"—1e'7Z1 81¢'Z1-Se—Z7« EL1—""
—1 1<z'eel™—1e'Z1<Se’'e1l™*1l Z"®ES—,ZVW 81le'Z1eZ—-=s
<¢1SZ>7e¢—S—"E1e™ZE Em®l +ls'el il ‘ZleZemrZ>ls'ae:
eSce’e¢1"ele'Z1 "e'eil o1’®1—ZEZ®S>C1le 1 —"eZ1e'Sele":
ele'Z1 >0eeleZesedle'Zle —e"eS1'eeZeel S®1S1> —e, @' 'S™Ze:
—Se—7e"—77510 U1S—e1See’e’" _Sele’ 757 —e'Se1 1>ZEZWN
Later, in order to improve UAMS aerodynamic characteristics, a crossbar-shape gondola had

Figure 5.1 7S« E"™e7>1 72" ES—,ZVW i
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Distance from the UAV, m Max amplitude of magnetic noise, n'T
w ¢l

2 oW

Y o ViIW

Tablel.1 ZS0e7>2¢1-Se—Z7¢'E1—""00Z17e1 Z"@ES—,ZVW 182S«E " ™e7Z>j

Figure 6.1 ——S——71S7>"-Se—7«' EletoeZ-10 01" —1+Z1<Se’®el™*1 Z2"®eES-

been designed Figure 6 (il Z>'—ele‘Z1 'e'ed1le‘Z1S7e" ™ e el7@Z1E"~™.
GNSS on the outer frame registers the magnetometer’s allocation using time synchronization
—Ze'7ei1 ‘721 17> "£"—eSe1SEEZ>SECL' 1S 7211Xi[1-81S—-:
‘7@01¢7 o'l jZe, '—elS—el-—7ee5"e 51 ®1IES—1<Z17e7Z+1Sce1l
o' 71 jZe, "—e1"—7@I1 ™' —Sele"ESe " —1"01-Se—Z7e'EleZ—
—Zee’57e™ 51 ©/Se1S1e"—e"eS1S4SE ' Ze1e"1 1<¢1S1>"™Z10E:
depending on magnetic and aerodynamic characteristics of the aircraft.

3. Magnetometer

" ZsZ—el-—"eZe@l e1l-Se—Ze"—7e75@1'SYZ1<Z2Z—1E " —®’'+Z>7Z
7——S——27+1S7>"-Se—7¢ E1®z>YZC1le " Zeel<ZA10USile e e 7’
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e Zee®le'S—1IWV1-ZS®i>Z-Z—ee®1™Z>10ZE"—+01S—10CU1
0 Z21-Se—Ze 707501 —1'21-S>"Ze1>Z@™ —eZele"1e'ZZ157
a new rubidium vapor magnetometer (RVM) has been designed and built for the purpose.

‘Z1e™ZE’ ESe'"—17el1e'Z157 ' 72-1YS ™Figlre Iy is-litet-Y Tablel T

The RVM includes: (i) magnetic sensor with a bulb containing vapor Rb "101 0’171
T—e>7el —'el 0 U1l —(EeZe'—ele'Z1 ™M ESe]l ™MZ_T™' o] eS—
shown in Figure 771 ee1¢*Z1™Sse@1S>Z1eZe’'s—Z+1S®1eZ™S>S.
and electric cables, which facilitate distribution of the weight in the UAMS.

‘Z1 el—"0:eZ21'S®el«Z2Z—1E‘'ZE"2+1Se1¢'Z1-Se—7'"E1 Z-
“Z1e>S—0e'e' " —1™"EZeelle™ZZe¢17e1>7ZSEs'"—1"1S1%72—

To evaluate an absolute error of the RVM, a series of comparative tests has been conducte
7' —e1e'Z1E —-Z>E’'See¢1SYS ' eSceZ1EZ®'2-1YS™">1 2°-7
—~Se—Ze"—7e7Z>00i1 ‘21 ZeeleZeeel Z>Z17>eS—"£Z+1'—1+'7Z1S>
770 1-Se—Z¢'E1Ll Zesle>Se’Z—eell Z—'—+>Sel>Z«'"—081 ze®
S—eZl1l eleZee®l1'S®1I«ZZ—1E " —e7EeZs1 —17>¢7251"12YS"
measurements. The results demonstrate independence of measurements as well as of tt
measurement’s error estimation of the temperature of both magnetic sensor and electronic
unit of RVM [ \].

— e Z51@eS—e+SseleZerl SEIE —e7EeZe1l —®'*Z1+'Z1ES-
o7 — 71 712> " ESe1E'S>SE+Z>' e’ E]l™e1¢'Z1-Se—7¢"

Figure 7. Rubidium vapor magnetometer (RVM).
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Sensitivity WVv1li™ &A& £
"Zee1>S—7 XV8VVV.WVVEVVV1—
»2822—EC1>Z@™ " —ceZ XVV1 £
Sampling rate WVVV1 £

The range sensor angles 1Z[U

Power ANY[1 61wVl

Environment temperature °XV161,1\VvU"

Z'etel ele'Z1l®Z—07>& WXV1e&YVV1e

Table2.1 ™MZE' ESe'"—1"ele'Z1>7¢'e'72-1YS™M"31-8e—7e"—7eZ>10 Ui

jol— (B), nT S(B), nT
XVoVVV Vin VIV X
YVOVVV ViW_ ViVvX
ZVoVVV °VIiW _ ViVvX
[VOVVYV oVi\V ViV X
\VoVvVVvVv OW T XA Vivw
V8V VYV °OXiV] VivWw
A"VOVVYV °YiV] Vivy
_Vaévvyv °Zi[W Vivz
WVVV1iVVV o\TY W Vivy

Table3.1 1oe¢oe+Z-S+ E(BYand standdd deviation S(B) depending on the magnetic induction (B).

*SE'+’'e'Zel 1 1 Z7e"e"5SEYZe"S 1'—1 Z—"—>Sel>Z2+ "~
“ele'Z1 lee¢oeeZ-S.(BEdndstandard deviation S(B) with a measurement range of
magnetic induction module (B) are shown in Table 3.

0ele' 717 ™7y —7—eeleZ-"—0@*>SeZ1E " —e">—"e¢1"e1Seel 1
precision aeromagnetic survey.

4. Experiments and surveys

A number of magnetic surveys measuring total magnetic intensity (TMI) have been car -
»'Ze1 77017 —-1 lez>'—ele'Z1eSeel el XVW\1S—e1XVW]1
Kazakhstan (Table 4 111 —1See1ESeZ®@d1e'Z1™>72™57e5S__7e1 ’e'eq
eZele’ —7@i1l jS—™e717¢1S1 ’e'eleSEFigul8ele/—"—0ee>SeZe1'-
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Location Size of area Height of the Distance Type of the survey
survey (position between the
of the sensor) Tetele’ — 7 e
Leningrad region, Agalatovo Virl¥%1Wl”— W[V1-1epV4le:Z1 Test survey
village highest point
Republic Sakha-Yakutia WI1%1W1l"- WVV1-1W\V¥4d'Z1l Demonstration survey
highest point
Republic Kazakhstan, Eastern Ji[1%1z21"- [VI-1e>"—1ViZ1 Commercial survey
Kazakhstan, southwestern part surface
of Kazakhstan Altay N - .
W1%1IW1"-1YV1-1e>"-1e'ZQV1- Commercial survey
detalization surface
JV1i—1e>"—1e'ZWVV1- Commercial survey
surface
Republic Kazakhstan, Central Yi[1%1WX1"— YV1-1e>WMYT41 Commercial survey
Kazakhstan surface

Table4.1 Se—Z7«' Elez>YZ2¢we1Z{ZEZ2Z21<t1 2" ES—081 eeilcZe 2Z—1 Z™eZ_<7Z>
«Se'el”l Z"eES—,ZVW 1872SeE"™seZ51 "o'1 |

Figure8.1 1-S™1%e1e¢‘71 >ceeleZoeel®@?>YZ2¢1' —1 Z—"—e>8el>7¢’ " —j
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‘Z1 >eeleZ>YZe1l'S®el«ZZ—1ES>>'Ze1772¢1’'—1 Z—"—e>Sel>Ze"
52¢Se'YZe0 187201 —Se7>Se1-Se—7¢'"E1L Zoel '¢'1S1e"ESe1 14
sured during regional aeromagnetic survey. The test survey has revealed an anomaly of con
E " >eS—e1@'S™Z1 *e'1e*Z510S<"YZ1YVV1— (i1 —eZ—0’'+¢d1 "
“Z1sZ07ee@1™ el Z107>YZC1E ™ — >—1 "5>"Sc’e’e¢17e1 il s”
52Selez>YZ¢le'—Zoele'™ ®le'Zle Z>Z—EZ17¢1S<"2«1WV1-1
S™M™,~ " _SeZe¢1W1-1 ‘Z—1+'Z1 1 Figuid8).-Hie lte§ deidnstrates ar
'— 22— EZ17e1 Zoesl '—elUWV1-&0ei1™ —1S1>'—e, 'S™Zele"
Ze'e—10E>"e®c«S>U1'Sel«ZZ—1"'-™eZ-7Z—e7e1S—elze’Z-1
oZ—0e'1'S@1«ZZ—1EZele> " =1[V1e"1XV1-i

The second test was conducted in Republic Sakha-Yakutia in the area determined by potentia
UAMS buyer (Figure 911l ‘Z1S>Z2S1'el1e " ESeZe1Sele'Z1 S—"17e1">%
ized by more intensive TMI anomalies.

The survey has demonstrated stable measurements under conditions of high-gradient (up
*"1YV1— &-U1l-Se—Ze¢' ELl Z+¢1S—ed1<C1E —EsZz@'"—1 el
“elesTz—eloez>YZ¢il "1 ®1'SYZ1<ZZ—1SEE72'>7+821S 1 i
magnetic survey has been carried out.

—1XVW]81Z\[1le'—Z1"-1"«1WAWVAVVV1 1-Se—7«E1lce
Kazakhstan []]. The task of the survey is geological mapping, in particular—tracing of
zones prospective for lead-zinc and iron-manganese ores of stratiform type in carbonyte
>"E"®1<2>'Ze172—22>10@S—+1S—+1E+S¢1eZ™ ®’'seil ‘Sl
between UAMS and ground survey ( Figure 10) as well as between UAMS and traditional
aeromagnetic survey (Figure 11).

Figure 9. TMI map of the demonstration survey in Republic Sakha-Yakutia.
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Figure 10.1 "—™S5 @~ —1 "¢l e>"7—e1 (i¢e272011S—=-1 10>Z«01-2S@2>2-72—e@1S."
,Sitee/ 81— i

Figure 11.1 1-S™1"e1e'Z1E " ——7Z>E’'Selez>Y72¢1'—1 Z—e>Se1 SES" eS—A10S0:
S§SZ>"—Se—Z7¢ E1lez>YZCA1IW _AAi
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‘Z10ez>YZC1l SelE&S»>>'Z177221S1Sel” 1ScelYV1I-1'Z'«‘«10
oZ-"—0ee>Se7Z1 1eeS—eS>e1e7Y’'Se’"—1Se1ViY[1— 81 "E"'L
parison with both traditional aeromagnetic and ground surveys.

‘Z21-">217S'eZ«10WA[VVVIi1 1e?2>YZ¢1 SelZi{ZE2+Z1"
>ZS17e1YV10e8il"—1"—1e¢'Z1e>S—7Z01 ele"eel ™ >71e7Z™ " ’ecel

5. Conclusions

©1e'Z1-"—7—e81+'2120@7Z17¢1 1'—1eZ7¢ 431 —EeZzes —>1 1
*Seele>” i1l —1IXVW\d1le™ZE'SsleZeere'"—1—S-2Z2+1 —-S—
'Z@le 51027 e ¢1S—el Ss>e'leE Z—EZoe 1'Sel<«ZZ—1">¢S—"
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Symposium of International Association for Genesis of Ore Deposits (IAGOD). These events
indicate an interest of geological community to the new opportunities and, vice versa, growing
readiness of the technologies for implementation.

In the frames of this study, few technical conclusions can be made, including the following:
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design of UAMS includes deep adaptation of both UAV and magnetometer, target -
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* UAMS magnetic survey is more informative in comparison with traditional aerial survey at
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the market.

One of the promising directions of the further development of UAMS magnetic survey is mul -
tilevel magnetic survey. Theoretical basis for such survey has been developed in the middle
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useful for geological purposes.

In comparison with traditional magnetic survey, advantages of UAMS are:
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Altogether, UAMS magnetic survey represents the future of magnetic prospecting, especially—
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