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Abstract—This paper presents a direct platform-to-platform

comparison of ground, helicopter, and unmanned aircraft system

(UAS) magnetic data acquired over a 4.96 km2 prospective gold

area in the Abitibi Greenstone Belt of the Canadian Precambrian

Shield. Qualitative comparison focused on visual inspection of

residual and gradient magnetic maps, focusing mainly on features

associated with iron formations. Quantitative comparison

employed maps of cell-by-cell absolute difference, percent differ-

ence, and coherence, as well as three global image similarity

parameters: the structural similarity index, the mean squared error,

and the peak signal-to-noise ratio. The qualitative comparison

revealed that lateral continuity along the dominant E–W structural

geological trend was better captured in the ground and UAS data

than in the helicopter data. The UAS data had the additional

advantage over the ground data of having undergone minimal

processing. The quantitative comparison metrics were the same

between all three datasets. This study showed that UAS technology

is delivering the same data quality as traditional survey techniques

in addition being an attractive economic and safety choice.

Keywords: Unmanned vehicle system, magnetics, airborne

surveying, mineral exploration.

1. Introduction

Magnetic surveying is a classic survey technique

in mineral exploration used to delineate structural

features and trends by mapping the spatial distribu-

tion of magnetically susceptible rocks in prospective

environments. Magnetic exploration surveys are

performed over a wide range of scales, from medium/

large-scale (typically up to & 150 km2) to small-

scale (& 10 km2). Large-scale surveys are usually

flown using helicopter or fixed-wing aircraft to cover

large territories at reasonable cost (helicopter-borne

aeromagnetic surveys in North American currently

range between $35/line-km to over $100/line-km

depending on survey size) albeit at lower resolution.

Small-scale helicopter and ground surveys are exe-

cuted to provide high-resolution data for focussed

regions. Surveys using unmanned aircraft systems

(UAS) are increasingly being used to bridge the gap

between large- and small-scale surveys and have been

suggested as replacement or complement to ground

surveys. UAS are known for their versatility: they can

be launched in nearly all locales, fly in terrains with

rough topography, have lower weight and higher

manoeuvrability, and are safer to personnel. UAS

operations are often subject to location-specific reg-

ulations and flight operation approvals processes,

however, these are less complex and associated costs

are similar or less than for traditional platforms.

Fixed-wing (Cherkasov et al., 2016; Funaki et al.,

2014; Wood et al., 2016; Zhang et al., 2011) or

rotary-wing (Bian et al., 2021; Cunningham et al.,

2018, 2021; de Smet et al., 2021; Le Maire et al.,

2020; Malehmir et al., 2017; Parshin et al., 2018;

Parvar et al., 2018; Sterligov et al., 2018; Stoll, 2013;

Tuck et al., 2019; Walter et al., 2019a) UAS can carry

magnetic sensors. Presently, most research efforts

focus on rotary-wing UAS due their smaller size (and

therefore less stringent regulations) and reduced take-

off and landing constraints. Payloads onboard UAS

consist of either total magnetic intensity (TMI) or

fluxgate sensors, that are mounted rigidly
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(Cunningham et al., 2018; Eck & Imbach, 2011;

Stoll, 2013; Tuck et al., 2019; Wood et al., 2016) or

are suspended beneath the platform (Malehmir et al.,

2017; Parshin et al., 2018; Parvar et al., 2018; Ster-

ligov et al., 2018; Walter et al., 2019a, 2019b).

Only a few studies comparing magnetic data from

UAS and traditional platforms have been published

(Cunningham et al., 2018; Walter et al., 2019c). The

purpose of this paper is to provide detailed qualitative

and quantitative comparisons between three different

datasets—ground, helicopter, and UAS—over the

same location in the Abitibi Greenstone Belt of the

Canadian Precambrian Shield. These comparisons are

aimed at unraveling the differences between each

platform and, more specifically, at highlighting the

merits of UAS surveying for targeted mineral

exploration.

2. Comparison Study Area

The comparison study area is part of the Nelligan

property (Fig. 1), which is owned by IAMGOLD

Corporation and Vanstar Mining Resources. The

property is located in the Province of Quebec,

approximately 35 km south-east of Chapais and

55 km south-west of Chibougamau (a regional geo-

logical map detailing rock types, structures, and

mineral ore zones is presented in Fig. 2). It lies

within the Caopatina-Desmaraisville volcano-sedi-

mentary segment of the Abitibi Greenstone Belt of

the Archean Superior Province of the Canadian Pre-

cambrian Shield. The Caopatina-Desmaraisville

segment is primarily composed of the Deloro

Assemblage (2734–2724 Ma) and shows evidence of

multiple volcanic cycles. Pre-deformational regional

folds (orientated N–S to NNW–SSE) are preserved

and related to the Kenorean Orogeny (Carrier et al.,

2019) which also caused regional schistosity (Guha

et al., 1991). Following this orogeny, the primary

deformational event is a N–S shortening producing

E–W tectonic fabric and a deformation corridor

indicated by longitudinal faulting (Carrier et al.,

2019). The Druillettes Syncline and two groups of

faults (E–W and SE–NW trending) are associated

with this shortening event (Guha et al., 1991)

(Fig. 1). Two younger fault groups are also observed;

a NE–SW trending group cutting regional schistosity

and a NNE–SSW group associated with the Grenville

Orogeny. The north and south limbs of the Druillettes

syncline are subvertical, striking approximately east–

west and dipping 80� on average. Metasediments of

the Caopatina formation are found within the center

of the syncline, and primarily consists of metamor-

phosed units with protoliths of feldspathic wackes,

siltstones-mudstones-argillites, greywackes, con-

glomerates, and layers of iron formation. On either

side of the syncline (northward and southward) are

metavolcanics and metasediments which primarily

consist of basalts and gabbros of tholeiitic

composition.

Three separate magnetic surveys were performed

over the Nelligan property—ground, helicopter, and

UAS (Fig. 1, Table 1). The 4.96 km2 UAS survey

area was selected as the comparison study area. The

comparison study area is generally flat with some

rolling hills (B 30 m elevation change). There are

thick glacial deposits within the area, which is cov-

ered by the boreal forest, and no known outcrop.

The comparison study area features four different

gold mineralization zones (Renard, Zone 36, Liam,

and Dan) (Fig. 1). The mineralization zones are

hosted in metasedimentary rocks of the Deloro

assemblage, which is atypical of gold mineralization

for Abitibi type deposits (typically gold mineraliza-

tion is hosted in the metavolcanic rocks). They are

generally located at the boundary between upper

greenschist and amphibolite facies, and are adjacent

to first-order crustal faults.

Previous magnetic surveys have been performed

over the Nelligan property to map and delineate

structural trends. Along with past drilling projects,

these surveys have identified local iron formations

(IF) as the sources of the strongest magnetic

responses in the area. The IF layers have been used to

develop the property’s structural framework (Carrier

et al., 2019). Inversion of the UAS aeromagnetic data

cFigure 1
Location maps. Top left: Eastern Canada; top right: central

Quebec; and bottom: three aeromagnetic survey areas. Gold zones

overlain on elevation in yellow: R—Renard; Z—Zone 36; L—

Liam; and D—Dan. Elevation data from Government of Canada

(2017)
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produced models that are consistent with the presence

of near-vertical structures or thin sheets steeply dip-

ping towards the north and south (Cunningham et al.,

(2021), further supporting this interpretation.

3. Magnetic Survey Descriptions

3.1. Ground Survey

The ground TMI survey was conducted between

July and August 2013. This survey employed a GEM

GSM-19 proton precession Overhauser magnetome-

ter and covered an area of 14.11 km2 and 95.7 line-

km. Traverse lines were oriented in a N-S direction

with a line spacing of 100 m. TMI data was recorded

at station intervals of 12.5 m. Approximately 46.5

line-km were completed within the comparison study

area at 2 m above ground level (AGL) (Fig. 3—left).

3.2. Helicopter Survey

The helicopter TMI survey was conducted

between 8 July 2015 to 10 July 2015. This survey

was a combined time-domain electromagnetic and

magnetic survey. The helicopter was instrumented

with two caesium vapour sensors (spaced 12.5 m

apart) allowing for TMI and cross-line gradient

surveying. An area of 52.70 km2 was covered at a

nominal altitude of 50 m AGL by draping topogra-

phy, corresponding to 587.7 line-km. Traverse lines

were oriented in a N–S direction with a line spacing

of 100 m and tie lines were spaced at 1000 m

intervals. TMI data from each sensor was recorded at

a sampling frequency of 10 Hz and compensated for

aircraft attitude. A total of 51.6 line-km (46.5 traverse

line-km and 5.1 tie line-km) were completed within

the comparison study area (Fig. 3—middle).

3.3. UAS Survey

Between September 29, 2018 to October 3, 2018,

Stratus Aeronautics flew a UAS survey with the

prototype SkyLance 6200 hexacopter (Fig. 4). A total

of area of 4.96 km2 was covered, corresponding to

319.7 line-km, by holding a constant altitude above

sea level, corresponding approximately to 50 m

AGL. A subset of 129.1 line-km (97.4 traverse line-

km and 31.7 tie line-km) are considered in the present

Figure 2
Geological map of the Nelligan survey area
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study (Fig. 3—right). Traverse lines were oriented in

a N–S direction with a traverse and tie line spacing of

50 m and 150 m, respectively. Uncompensated TMI

data was recorded at a sampling frequency of 10 Hz.

A repeatability test executed along a N–S oriented

line showed that the UAS was very stable in flight

with average standard deviations from nominal

altitude and easting being 1.8 m and 0.7 m, respec-

tively (Cunningham et al., 2021).

The SkyLance 6200 hexacopter employs an

autopilot that is capable of automatic take-off and

landing, as well as following predetermined way-

points. The platform weights approximately 15 kg

excluding the payload. It carries a payload weighing

approximately 5 kg primarily consisting of a Geo-

metrics G-823A caesium vapour magnetometer. The

UAS has a flight endurance of approximately 30 min

and can fly at an average of 32 km/h ground speed.

Typically, 3 people are required on the ground for

UAS survey operations.

4. Results

4.1. Residual Magnetic Intensity and Gradients

Processing of each dataset followed a typical

workflow, using Seequent’s (formerly Geosoft) Oasis

Montaj processing software, and included: diurnal

correction, lag corrections, line levelling, and inter-

polation. Diurnal corrections were performed by

subtraction of base station data. Base station data

Table 1

Magnetic survey parameters

System Ground Helicopter UAS

Line-km (km) 95.7 587.7 319.7

Line spacing (m) 100 Traverse: 100

Tie: 1000

Traverse: 50 and 25

Tie: 150

Average speed (km/h) 4.5 80 30

Altitude (AGL) (m) 2 50 50

Line Azimuth (�) 0/180 Traverse: 0/180

Tie: 90/270

Traverse: 0/180

Tie: 90/270

Sensor GEM GSM-19 Proton Precession

Overhauser

Geometrics Caesium

Vapour

Geometrics G-823A Caesium

Vapour

Sampling frequency

(Hz)

1 10 10

Spatial sampling (m) 12.5 2.2 0.8

Time to complete survey 1 month 3 days 3 days

Figure 3
Survey line paths for each survey platform with the comparison survey area is outlined in red and gold ore zones are highlighted in yellow.

Left—2013 ground magnetic survey. Middle—2015 helicopter survey. Right—2018 UAS survey. Magenta lines, labelled A–A0 and B–B0,
highlight the profiles presented in Fig. 5
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was collected at a sampling frequency of 1 Hz. A

moving average with a 60 s window was applied and

the data was linearly interpolated to a frequency of

10 Hz. The interpolated data was then subtracted

from the raw magnetic data collected by each survey

platform. Further lag corrections and line levelling

was applied to the helicopter and UAS datasets. Lag

corrections apply a temporal or positional shift in the

datasets to account for the positional offset between

the positional sensor and the magnetic sensor. Line

levelling redistributes corrugations within parallel

traverse lines to reduce line-by-line errors by using

intersection points between traverse and tie lines.

Minimum curvature interpolation at � the flight line

spacing was then applied, following standard industry

practice (Lee & Morris, 2013), to produce magnetic

maps of cell size 25 m 9 25 m (note that interpola-

tion of the UAS data was performed at � of the flight

line spacing to match the spatial resolution of ground

and helicopter data). In-line, cross-line, and vertical

gradients were calculated from the residual magnetic

intensity (RMI) data.

Magnetic intensity profiles along two lines high-

lighted in Fig. 3, are shown in Fig. 5. Profile A–A0,

oriented west to east and crossing Feature 3 described

below, shows less intensity variations since it is

parallel to structural trends. Profile B-B’, oriented

south or north and intersecting perpendicularly fea-

tures 1,3, and 4 described below, exhibit larger

intensity variations. Overall, Fig. 5 shows that the

magnetic profiles for the 3 datasets from a 50 m

altitude (either calculated or directly recorded) match

closely.

Figures 6, 7, 8, and 9 show the original ground

data, the ground data upward continued (UC) to 50 m

above ground level (AGL), the helicopter data, and

the UAS data, respectively.

The magnetic intensity maps from each survey

(Figs. 6, 7, 8, and 9 (top left)) reveal a structurally

complex region exhibiting several known and

inferred IF units. Feature 1 is located along the

northern edge of the comparison study area and might

correspond to two parallel E–W trending IF units.

Feature 2 is interpreted as a continuation of Feature 1

but was displaced by a series of faults (striking SW–

Figure 4
Stratus Aeronautics SkyLance 6200 with front-mounted caesium vapour magnetometer
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NE and E–W) causing an offset between the features.

Feature 3, located in the center of the comparison

survey area, follows the same local (SW–NE) fault.

This region is where the Liam and Dan gold

mineralization zones are located. Feature 4 is an E–

W trending IF and coincides with the axis of the

Druillettes Syncline. It is the only IF in the compar-

ison study area that is featured on regional geological

maps (Carrier et al., 2019 and SIGEOM, 2020). The

northern segment of Feature 4 appears as though it

may have been displaced from the southern segment

through secondary faulting or folding.

To allow a direct comparison between the three

magnetic datasets, the ground data was upward

continued to 50 m AGL which is the nominal altitude

of the helicopter and UAS surveys. The original

ground data (Fig. 6) has captured fine structural

details, especially within the IF units, but does exhibit

artifacts presumably due to uneven spacing coverage.

These artifacts are particularly prominent in the

gradient maps. Applying upward continuation to the

data (Fig. 7) gives a smoother appearance to the data

but some details are lost. Feature 2, for example,

appears as three distinct parallel structures truncated

by a NE-SW fault to the west in the original ground

data, but only appear as two faint parallel E-W

trending structures in the upward continued ground

data.

Visually comparing the upward continued ground,

helicopter, and UAS RMI maps (Figs. 7, 8, 9 (top

left)) reveals some notable differences in terms of

amplitude and lateral continuity. The amplitude of

the magnetic anomalies associated with the four key

features described above are strongest in the upward

continued ground data. Lateral continuity along the

dominant E-W structural trend is better expressed in

the upward continued ground and UAS data than in

the helicopter data. In the case of the upward

continued ground data, however, continuity might

be a product of mathematical operations. On the other

Figure 5
Profile plots of residual magnetic intensity from each survey dataset along two survey lines that are highlighted in Fig. 4. A–A0 is a tie line,

from west to east across the center of the survey area. B–B0 is a traverse line from south to north. The crossover point (COP) between the two

lines is marked by a dashed vertical line. Key features are numbered according to the regions marked in Figs. 6, 7, 8, 9, and 10 and their

extents are highlighted in grey
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hand, the continuity of the UAS data can be

interpreted as a genuine geological signature since

the data has undergone minimal processing. The

helicopter data suffers from resolution effects due to

the large traverse line spacing used during data

acquisition [25–50 m for the UAS data versus 100 m

for the helicopter data (Table 1)]. Consequently, it

did not capture details of the internal structure of

Features 1 and 4 as well as the upward continued

ground data and the UAS data.

Figure 6
Ground magnetic maps of the comparison survey area. Black lines delineate the gold zones. Dashed lines are local faults. Dash-dot lines are

folds (syncline). Arrows point to the key features described in Sect. 4.1
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In-line, cross-line and vertical gradient maps

(Figs. 7, 8, and 9 (top right, bottom left, bottom

right)) highlight the structural boundaries between the

key features and surrounding geology. The four

features discussed above can be easily identified in

the in-line and vertical gradient maps and, too a lesser

extent, on the cross-line gradient map. The cross-line

gradient maps tend to be lesser quality due to

presence of resolution artifacts associated with inter-

polation effects for the upward continued ground data

and to lower spatial sampling in the E-W direction

(traverse lines) for the helicopter and UAS datasets.

Figure 7
Upward continued to 50 m AGL ground RMI maps of the comparison survey area. Black lines delineate the gold zones. Dashed lines are local

faults. Dash-dot lines are folds (syncline). Arrows point to the key features described in Sect. 4.1
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4.2. Quantitative Dataset Comparison

Two metrics assessing the differences between

each dataset were employed. First, the absolute

difference between each dataset was calculated on a

grid cell by grid cell basis. Second, the percent

difference between each normalized dataset on a grid

cell by grid cell basis was determined, where the

percent difference is calculated as the difference

between two datasets in each grid cell divided by the

average value in that grid cell.

The first metric provides a direct measure of the

differences between each dataset whereas the second

Figure 8
Helicopter RMI maps of the comparison survey area. Black lines delineate the gold zones. Dashed lines are local faults. Dash-dot lines are

folds (syncline). Arrows point to the key features described in Sect. 4.1
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method provides a normalized comparison. The first

method highlights regions where there is more

difference but ignores the possibility that this could

be due to the fact that the magnetic intensity might be

stronger locally. The percent difference reduces the

effects of local variations in magnetic intensity.

Figure 10 presents the absolute (left) and percent

differences (middle) between the UAS and helicopter

datasets (top), UC ground and UAS datasets (middle),

and UC ground and helicopter (bottom) datasets,

respectively. Higher absolute differences are primar-

ily situated over higher gradient regions (Features 1,

Figure 9
UAS RMI maps of the comparison survey area. Black lines delineate the gold zones. Dashed lines are local faults. Dash-dot lines are folds

(syncline). Arrows point to the key features described in Sect. 4.1
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3, and 4) surrounding the IF units. This is probably

the consequence of small variations in altitude and/or

positioning between the platforms, an effect that is

exacerbated in high gradient regions. Percent differ-

ence does not emphasise the regions of higher

gradient to the same extent. Higher percent differ-

ences are found in the center of the survey area and

mainly associated with the UAS dataset. This is likely

because the UAS was held a constant altitude with

respect to sea level (no draping), whereas both the

helicopter and ground are effectively following

topography; the center is lower in elevation than the

edges of the survey area (Fig. 1).

A statistical test was also performed to determine

the coherence between each dataset (Sampietro et al.,

2013). Assuming each survey provides independent

Figure 10
Left—absolute differences between the three datasets. Middle—percent difference between the three datasets. Right—level of confidence in

coherence between the three datasets. Black lines delineate the gold zones. Labelled black arrows point to the key features described in

Sect. 4.1
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maps, mj, mk, of the local magnetic field, T , where j

and k correspond to the two datasets being compared,

we have for each grid cell, i:

DT
mj;mk

i ¼ T
mj

i � Tmk
i ¼ 0;

with the variance r2 given by:

r2 DT
mj;mk

i

� �
¼ r2 T

mj

i

� �
þ r2 Tmk

ið Þ:

Statistical interference can be used to test that the

hypothesis that:

DT
mj;mk

i ¼ 0;

is true for multiple confidence intervals. The resultant

coherence maps, for multiple confidence intervals,

are presented in Fig. 10 (right) and summarized in

Table 2. For each comparison set, over 93% of the

survey area shows coherence within or higher than

the 80–90% confidence interval. However, regions of

lower coherence are observed for all three platforms

near the key features previously identified. Feature 4

has the lowest coherence in all three comparisons and

low coherence is also observed along the eastern

flank of Feature 1.

A series of additional quantitative comparison

metrics were also employed: (1) the structural

similarity index (SSIM); the mean squared error

(MSE); and the peak signal-to-noise ratio (PSNR).

Each metric was computed from normalized datasets

so that they range between 0 and 1.

The SSIM is a strategy used in image analysis to

measure the similarity between two images (Wang

et al. 2004); a SSIM value of 0 means there is no

similarity between the images, and a value of 1

means the images are identical.

SSIM x; yð Þ ¼ l x; yð Þa½ � � c x; yð Þ½ �b � ½s x; yð Þ�c;

with

l x; yð Þ ¼
2lxly þ C1

l2
x þ l2

y þ C1

;

c x; yð Þ ¼ 2rxry þ C2

r2
x þ r2

y þ C2

;

s x; yð Þ ¼ rxy þ C3

rxry þ C3

;

where lx,ly, rx, ry, and rxy are local means, standard

deviation, and cross-variance for images x and y. C1,

C2, and C3 are constants that are included to avoid

instability when lx and ly and/or rx and ry are very

close to zero:

C1 ¼ ðK1LÞ2;

C2 ¼ ðK2LÞ2;

C3 ¼ C2

2
;

where K1 and K2 are very small (\\1) constants and

L is the dynamic range of the cell.

Mean squared error (MSE) and peak signal-to-

noise ratio (PSNR) were also employed as compar-

ison metrics. The MSE is computed by averaging the

squared intensity differences between two cells

(Wang and Bovik 2009),

MSE ¼ 1

MN

XN

n¼1

XM

m¼1

½gðn;mÞ � hðn;mÞ�2;

where n and m are the x-axis and y-axis cell number

in each dataset, g n;mð Þ and hðn;mÞ, with a total of

N and M x-axis and y-axis cells, respectively. MSE is

simple to calculate and interpret; the smaller the

value, the closer the two datasets match. However,

with larger dataset sizes and range in data values, the

MSE does not scale well, and becomes difficult to

interpret (Wang et al. 2004).

The PSNR avoids the problematic scaling issues

of the MSE by adding a scaling term:

PSNR ¼ log10

P

MSE
;

where P is the peak value of the image. With the

datasets scaled between 0 and 1, a PSNR value of 0

Table 2

Coherence of grid cells for each confidence interval as well as the

cumulative total within that interval and higher

Confidence

interval (%)

UAS vs.

helicopter (%)

UAS vs. UC

ground (%)

UC ground vs.

helicopter (%)

0–25 0.21 0.04 0.22

25–50 0.41 0.26 0.71

50–60 0.41 0.54 0.83

60–70 0.61 1.31 1.46

70–80 1.74 3.10 2.92

80–90 11.66 23.71 15.76

90–100 84.95 71.02 78.08
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implies no similarities between the two datasets and a

PSNR of 1 implies the datasets are identical.

As with the absolute difference and percent

difference results, the SSIM, MSE, and PSNR, all

reveal that the different datasets are nearly indistin-

guishable from one another (Table 3).

5. Concluding Remarks

5.1. Discussion

This study provided a direct comparison of three

magnetic survey datasets—ground, helicopter, and

UAS—from a forested area typical of the Canadian

Precambrian Shield. Comparison metrics, absolute

difference, percent difference, coherence, and struc-

tural similarity indices were almost the same for the

three datasets taken as a whole. This indicates that the

UAS technology is delivering data of the same

quality as the traditional ground and helicopter

techniques. With autopilot and waypoint navigation,

UAS have an additional advantage. They are capable

of flying survey lines more tightly spaced than

achieved in this study (e.g. 5–10 m line spacing).

This opens the possibility of filling niche roles in

exploration surveying. UAS are ideal for flying small,

very targeted ‘surgical’ surveys, offering quick turn-

around of results in the support of near real-time

decision making in the field during exploration

campaigns. Furthermore, they could have a role in

sensitive survey regions, such as: areas populated by

people or livestock; environmental protected areas; or

regions near international borders.

Geologically complex regions, such as the Druil-

lettes syncline, are examples of locations where lower

altitude and tighter line spacing could improve

delineation of geological features. Cunningham

et al. (2018) show that it is theoretically possible to

distinguish between two structures with a limiting

depth of 40 m and a width of 10 m when they are

spaced 67.5 m, 45 m, and 22.5 m apart perpendicular

to strike at survey altitudes of 100 m, 50 m, and 2 m

AGL, respectively. Improved delineation would also

be possible with tighter line spacing allowing for the

detection of potential discontinuities (e.g., faulting)

or structures near-parallel the survey direction. The

Geological Survey of Canada recommends a standard

altitude to line spacing ratio of 1:2.5 (Coyle et al.,

2014); however, this will vary depending on specific

client needs and it is common to see a 1:1 ratio (e.g.,

an altitude of 50 m and line spacing of 50 m). If it

were possible to fly a UAS as low as possible, down

to a 2 m AGL (vegetation ignored) it would not be

unreasonable to design a survey with a 10 m line

spacing. Close examination of the RMI maps pre-

sented (Figs. 7, 8, 9) revealed subtle differences

between the datasets. Features related to IF (Features

1 and 4) are crisply defined in the UAS data,

especially near-parallel internal structures that follow

the dominant E–W structural trend. The upward

continued ground data has also captured these fine

details but there remains the issue of not knowing

which data has been directly observed versus which

data has been generated in interpolation and upward

continuation. In contrast to UAS and upward contin-

ued ground data, helicopter data is adversely affected

by its lower resolution, due to an increased line

spacing and higher spatial sampling interval.

Notwithstanding economic and safety considerations,

the results of this study reinforce the fact that UAS

magnetometry has now reached a level of technical

Table 3

Quantitative comparison between datasets using absolute difference (with standard deviation), percent difference (with standard deviation),

SSIM, PSNR, and MSE

Datasets UAS vs. helicopter UAS vs. UC ground UC ground vs. helicopter

Mean absolute difference - 16.1 ± 69.8 nT 0.8 ± 80.2 nT 16.6 ± 83.7 nT

Mean percent difference 1.9 ± 3.5% 2.4 ± 3.3% 1.5 ± 2.1%

SSIM 0.90 0.91 0.87

MSE 0.0024 0.0034 0.0036

PSNR 26.28 24.79 24.50
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maturity such that it has become a competitive tool in

comparison with traditional survey techniques.

5.2. Recommendations for Future Work

Building on the results presented in Cunningham

et al. (2018) and this paper, future work could address

broader issues in survey design. A study, including

both modelling and experimental surveying, could

investigate the impact of the following variables on

data quality: (1) lateral resolution limits as a function

of line spacing; (2) in-line resolution as a function of

the sampling interval (changing flight speed or

sampling rate); (3) flight altitude and tightness of

terrain draping; (4) signal to noise ratio; and (5)

economic competitiveness in relation to survey

planning, platform endurance, and processing

workflows.

Since the UAS platform is an emerging technol-

ogy, in contrast to the well-established ground and

airborne methods, it offers more potential for

improvement. In particular, the issue of compensation

(Tuck et al., 2019) should be examined carefully. A

standard practice of airborne magnetic surveying is

the use of aircraft attitude compensation, the removal

of in-flight magnetic noise from the changing position

and orientation of the aircraft in space. Traditionally,

this is performed by flying a high-altitude compen-

sation flight pattern (box or cloverleaf) to remove the

effects of local geology, and then by performing a

linear least squares analysis to model the aircraft

attitude effects. Due to government regulations, in

Canada and other countries, UAS are limited to low

altitude flying only, so traditional attitude compen-

sation modelling is not an option. Alternative attitude

compensation methods need to be developed to

quantify and reduce the aeromagnetic noise from

aircraft motions during UAS surveying.
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