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Detection of REEs with lightweight 
UAV‑based hyperspectral imaging
René Booysen1,2*, Robert Jackisch1, Sandra Lorenz1, Robert Zimmermann1, Moritz Kirsch1, 
Paul A. M. Nex2 & Richard Gloaguen1

Rare earth elements (REEs) supply is important to ensure the energy transition, e‑mobility and 
ultimately to achieve the sustainable development goals of the United Nations. Conventional 
exploration techniques usually rely on substantial geological field work including dense in‑situ 
sampling with long delays until provision of analytical results. However, this approach is limited by 
land accessibility, financial status, climate and public opposition. Efficient and innovative methods 
are required to mitigate these limitations. The use of lightweight unmanned aerial vehicles (UAVs) 
provides a unique opportunity to conduct rapid and non‑invasive exploration even in socially sensitive 
areas and in relatively inaccessible locations. We employ drones with hyperspectral sensors to detect 
REEs at the earth’s surface and thus contribute to a rapidly evolving field at the cutting edge of 
exploration technologies. We showcase for the first time the direct mapping of REEs with lightweight 
hyperspectral UAV platforms. Our solution has the advantage of quick turn‑around times (< 1 d), 
low detection limits (< 200 ppm for Nd) and is ideally suited to support exploration campaigns. 
This procedure was successfully tested and validated in two areas: Marinkas Quellen, Namibia, 
and Siilinjärvi, Finland. This strategy should invigorate the use of drones in exploration and for the 
monitoring of mining activities.

Sustainable exploration and mining of REEs are required to implement the energy transition, e-mobility and 
enable the economic growth of society. Independent and ethical supply of critical raw materials has been strongly 
encouraged in  Europe1 as well as in the U.S.A.2. Despite several exploration initiatives all around the world, only 
a few REE projects (e.g., Browns Range, Australia) reached the extraction stage during the last years. Within this 
context, we recently proposed a novel approach for the exploration of REEs applying remote sensing  techniques3,4.

REE deposits can be divided into two general categories. Primary deposits are associated with magmatic 
processes and hydrothermal fluid mobilisation and precipitation whereas secondary deposits originate from 
the movement of REE minerals from their place of origin, such as through sedimentary concentration and 
 weathering5. Five main types of REE deposits are currently exploited; (1) carbonatites, (2) magmatic alkaline 
deposits, (3) ionic clay deposits, (4) laterite deposits and (5) placer deposits.

Currently, the most important source of REEs are carbonatite deposits and their associated alkaline igneous 
 rocks6. Carbonatites are magmatic rocks with > 50 modal-% carbonate  content7. In nature, the 17 REEs are com-
monly found together due to them sharing a trivalent charge and similar ionic  radii8. Reflective spectroscopy 
can be used to identify various surficial rock forming minerals as well as rare earths. Neodymium (Nd) has some 
of the most pronounced absorption features among the REEs and therefore can be used as a key pathfinder 
element for REEs as a  whole9. Nd has characteristic absorption features in the Visible to Near-Infrared (VNIR) 
range of the electromagnetic spectrum at  580 nm,  750 nm and  800  nm10. Turner et al.11, Boesche et al.12 and 
Neave et al.9 successfully identified and mapped REEs using laboratory- or ground-based hyperspectral imag-
ing (HSI). Booysen et al.3 demonstrated how unmanned aerial vehicle (UAV)-based hyperspectral data can be 
used in a multi-scale remote sensing exploration approach to map REEs indirectly. Minute spectral features, 
low concentrations, large ground sampling distances (GSDs) and heavy imaging equipment have impeded their 
direct measurements from lightweight airborne platforms so far.

Drones have been increasingly used in mineral exploration (e.g., Booysen et al.3; Jackisch et al.13; Malehmir 
et al.14; Sayab et al.15). Difficult terrain or outcrops unreachable on foot or by vehicles can be rapidly surveyed with 
UAVs from a safe distance with minimal personnel on site, ensuring safety, efficiency and  speed16,17. A few studies 
have shown the potential of using UAV-based HSI for geological mapping (e.g., Jackisch et al.13). In the context 
of carbonate geology, Madjid et al.18 and Dujoncquoy et al.19 used UAV-based photogrammetry in order to map 
sedimentary carbonate lithologies. However, none of these studies have directly investigated carbonatite-hosted 
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REE exploration with UAV-based HSI yet. We now suggest to test the potential of UAV-based HSI to detect REEs 
directly as a consequence of the recent improvements in lightweight HSI sensors.

We have recently proposed an innovative approach for the acquisition and processing of UAV-based HSI 
 data3,20. We use two types of unmanned aerial systems (UAS); a fixed-wing system (Fig. 1A) for the rapid acquisi-
tion of photogrammetric data as basis for digital surface models and a multi-copter (Fig. 1B) for HSI collection. 
Using a fixed-winged system, we capture nadir stereo-imagery with a portable snapshot camera, also referred 
as RGB camera as it acquires three bands in the visible part of the electromagnetic spectrum (Red, Green and 
Blue) for Structure-from-Motion Multi-Vision-Stereo (SfM-MVS) photogrammetry. With this technique, we 
rapidly produce high spatial resolution digital surface models (DSMs) and orthomosaics that are used to cor-
rect the drone-borne hyperspectral images. Producing the DSMs and orthomosaics can take up to a few hours 
depending of the data size using a standard laptop (e.g., i7 processor with 16 GB RAM). We capture hyperspectral 
data with a frame-based sensor, the Senop Rikola Hyperspectral Imager in this case, mounted on a multi-rotor 
platform. Additionally, we take in-situ spectral measurements with a portable VNIR-SWIR field spectrometer 
and samples for petrological and geochemical validation.

In this paper we aim to identify and directly map the characteristic Nd absorption features with drone-borne 
hyperspectral data in carbonatite bodies. The objectives are (1) to develop a fast, operational and reliable drone-
borne hyperspectral procedure to identify areas with high REE concentrations and (2) test the practicality of 
using drones in the exploration of REEs; i.e., can it be easily deployed and integrated into the exploration process. 
We illustrate our approach in two carbonatite complexes to demonstrate the versatility of using drones in dif-
ferent climatic regions, one in a subarctic region, the Siilinjärvi phosphate mine in Finland, and the other in an 
arid environment, the Marinkas Quellen complex in Namibia.

We chose these two representative sites to highlight the diversity of environments in which REEs can be found:

• The Marinkas Quellen alkaline-carbonatite intrusive complex is located near the border of South Africa in 
southern Namibia, in a very arid and remote part of the desert. Most of the complex is not accessible by car 
and demands long hikes to access the target areas and thus typical of green-field sites. It is part of the 490–550 
Ma Kuboos-Bremen Igneous  Province21 and is composed of alkali-granites, syenites and  carbonatites22. The 
carbonatites at Marinkas Quellen range from calcio-, magnesio- to ferro-types (Fig. 2A). Late ferrocarbonatite 
dykes show enrichment in manganese, REEs, and  thorium22.

• The Archean Siilinjärvi carbonatite complex in central Finland is one of the oldest known  carbonatites23 
and hosts the only operating phosphorous mine in the European Union. The site is situated near the Arctic 
Circle but is easily accessible by car. This site represents a typical brown-field exploration site. The mineral 
of interest, apatite, is associated with a glimmerite-carbonatite intrusion that forms up to a 1.5 km thick, 
steeply dipping tabular lens, which is surrounded by fenitized basement gneisses. It is intruded by tonalites 
and multiple generations of basalt  dikes24 (Fig. 2B). Although not currently exploited as an REE-resource, 
the main lithologies at Siilinjärvi contain REE-bearing monazite, apatite, pyrochlore, strontianite, and tita-

Figure 1.  (A) Fixed-winged system: RGB camera attached to a senseFly eBeePlus. (B) Multi-rotor system: 
Rikola sensor attached to a Tholeg THO-R-PX-8/10.



3

Vol.:(0123456789)

Scientific Reports |        (2020) 10:17450  | https://doi.org/10.1038/s41598-020-74422-0

www.nature.com/scientificreports/

nium–niobium-phases24,25. The exposed outcrops at these two sites have little to no vegetation cover that 
makes them ideal settings to showcase our UAV-based approach.

Results
We highlight the results of the two UAV-based hyperspectral surveys in Namibia and Finland in the following 
section. We selected areas of interest of approximately 10,000  m2 based on preliminary field campaigns. We 
took 7 in-situ spectral measurements and sampled those same spots at Marinkas Quellen as well as > 80 spectral 
measurements and 3 samples from Siilinjärvi. We selected the amount of measurements and samples locations 
at each site based on the size of the area, feasibility (e.g., accessibility and exposure) and representativeness. We 
attempted to space out the sampling spots evenly throughout the outcrops and selected spots not covered by 
vegetation. These measurements and samples were used to validate the data obtained from UAVs and to confirm 
the locations of possible REE enriched zones in the outcrops. Four representative spectra of these measurements 
from each case study are shown in Fig. 3A,B, their locations are indicated on Figs. 4 and 5.

Inductively coupled plasma mass spectrometry (ICP-MS) analysis confirmed that samples taken from loca-
tions 2, 4 and 6 from Marinkas Quellen contained between 260 and 650 ppm Nd as well as 0.18 and 0.57% Total 
Rare Earth Oxides (TREO) while location 7 contained much less at 0.02% TREO (Table 1). Spectral measure-
ments determined that locations 2, 4 and 6 also contained REEs as they showed typical spectral absorption 
features of Nd at 580 nm, 750 nm and 800 nm whereas location 7 did not display any REE characteristics. At 
Siilinjärvi, only the spectra at locations 2 and 3 showed prominent REE absorption features at the three aforemen-
tioned wavelengths. Location 4 displays only very weak Nd signatures. The ICP-MS results showed that samples 
taken from the same relative locations (locations A, B and C) contained between 65 and 325 ppm Nd as well as 
0.03 and 0.18 % TREO (Table 2). Additionally, the absorption features at Siilinjärvi were noticeably deeper than at 
Marinkas Quellen. The double absorption features at 740 and 750 nm seen at Siilinjärvi at locations 2 and 3, and 
at location 6 of Marinkas Quellen can be attributed to a typical Dysprosium (Dy) absorption feature close to  Nd10.

We captured UAV-based hyperspectral data over the carbonatite outcrops at a relative flight altitude of 40 m 
for the Siilinjärvi site and 20 m for the Marinkas Quellen area, resulting in a ground sampling distance (GSD) of 
3 cm and 1.5 cm respectively. These altitudes were chosen to balance area coverage and spatial resolution. The 
pre-processed data were co-registered to the RGB orthomosaic in order to create hyperspectral mosaics of each 
area of interest (Figs. 4, 5A). After calibration and validation, we mapped the occurrence of the most prominent 
feature identified in the HSI data using minimum wavelength mapping (MWM), at 800 nm in the case study 
at Marinkas Quellen and at 750 nm in Siilinjärvi. The possible reasons for the different positions of the most 
conspicuous REE absorption components between the two sites is discussed in the following section.

Figure 2.  (A) Geological map of the Marinkas Quellen carbonatite complex with an inset showing its location 
in Namibia. The geological map was modified after Smithies and  Marsh22. (A.1) The zoomed-in area shows 
the footprint of the hyperspectral UAV-based survey. (B) Geological map of the Siilinjärvi carbonatite complex 
with an inset showing its location in Finland. The geological map was modified after the Geological Survey of 
 Finland26. (B.1) The zoomed in area shows the footprint of the hyperspectral UAV-based survey. Both maps 
were fused with a digital elevation model (DEM) created with photogrammetry from own UAV-based data and 
produced in QGIS 3.12.



4

Vol:.(1234567890)

Scientific Reports |        (2020) 10:17450  | https://doi.org/10.1038/s41598-020-74422-0

www.nature.com/scientificreports/

The MWM maps are displayed in Figs. 4A.1 and 5A.1 respectively. Field and high-resolution photo observa-
tions indicate that the mapped REEs are spatially coherent and preponderantly located in the carbonatite bodies 
and not in the surrounding country rock in both cases. In Marinkas Quellen, the REEs seem to be mostly con-
centrated in a lenticular structure located in the centre of the outcrop (Fig. 4A.1) and on a set of parallel NW-SE 
trending stripes, oblique to the sensor matrix. In Siilinjärvi, the REEs are located in elongated carbonatite bodies 
with very little to no REEs mapped in the surrounding rock (Fig. 5A.1).

To illustrate the accuracy of the REE maps, we compare in-situ spectra with their homologous spectra 
extracted from the HSI data (Figs. 4, 5A.2). The range marked as sensor noise seen in Figs. 4A.2 and 5A.2 is 
caused by a known technical issue at  640 nm in the Rikola imager that does not affect the rest of the  spectrum27. 
Additionally, we plot the spectral signatures at locations showing no absorption features indicating the absence of 
REEs (Point 7 from Marinkas Quellen and point 1 from Siilinjärvi). These control locations (Figs. 6A,B) display 
homologue spectra on the HSI data that also lack the typical Nd absorption features.

Discussion
We observe that we can map the prominent absorption features of Nd from flight heights reaching 40 m above 
ground with a lightweight snapshot HSI camera. To validate the accuracy of the sensor, we first tested the hyper-
spectral imager in laboratory conditions. The results showed that it is possible to detect the narrow absorption 

Figure 3.  (A) Graph showing the reflectance of in-situ handheld spectra from selected points in Marinkas 
Quellen indicated on Fig. 4. (B) Graph showing the reflectance of in-situ handheld spectra from selected points 
in Siilinjärvi indicated on Fig. 5.

Table 1.  ICP-MS results of samples taken from Marinkas Quellen, indicating the amount of Nd and Total 
Rare Earth Oxides (TREO).

Location Nd (ppm) TREO (%)

Point 1 225 0.16

Point 2 278 0.18

Point 3 443 0.29

Point 4 261 0.20

Point 5 130 0.09

Point 6 647 0.57

Point 7 19 0.02

Table 2.  ICP-MS results of samples taken from Siilinjärvi, indicating the amount of Nd and Total Rare Earth 
Oxides (TREO).

Location Nd (ppm) TREO (%)

Point A 67 0.03

Point B 157 0.09

Point C 325 0.18
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features of Nd at 580 nm, 740 nm and 800 nm by selecting a spectral sampling interval of 5 nm and a resolution 
of 15  nm3. However, a slight spectral shift can occur depending on the spectral resolution, which needs to be 
accounted for when performing MWM. In addition, despite the potential ability to detect absorption features 
at any spectral position, this ability is limited by the sensor settings. In operational mode, the sensor can record 
50 pre-determined bands. The sampling choice has an effect on the detection of narrow absorption features. For 
example, the 800 nm absorption feature was not prominent in the data of Siilinjärvi, thus we mapped the 750 
nm feature. The difficulty in resolving this feature was most probably caused by inadequate spectral sampling. 
The data from Marinkas Quellen had a spectral sampling of 5 nm around 800 nm while it was 8 nm for the 
data acquired in Siilinjärvi. The acquisition strategy in Marinkas Quellen was adapted to REE mapping with an 
adapted spectral interval while in Siilinjärvi the survey was more general with a default spectral sampling. It is 
likely that the spectral sampling was too broad and offset to effectively pick-up the narrow absorption feature 
typically found at around 800 nm in Siilinjärvi. On the whole, the spatial coherence of the detected REEs dem-
onstrates that the mapping is accurate. The spatial accuracy is supported by a spectral consistency at the expected 
absorption position attested by histograms of the pixel wavelengths for each data set (Fig. 8A,B).

The results shown in this study demonstrate that we can directly map REE occurrences with UAV-based 
hyperspectral data under certain conditions, mainly using Nd as a proxy for total REEs. From our study we 
identified five main requirements that may pose a challenge, however we can address and solve most issues with 
a dedicated approach. These requirements include: 

1. Having an uncovered and sufficiently illuminated outcrop:
  We can target outcrops without vegetation cover and capture data when the sun is highest resulting in a 

sub-nadir viewing and sub-vertical illumination.
2. Adequate REE concentrations:

Figure 4.  Marinkas Quellen. (A) UAV-based hyperspectral mosaic overlaying high-resolution UAV-based 
orthomosaic created in QGIS 3.12 (own data). The locations of in-situ measurements taken for validation are 
shown in yellow. (A.1) Close-up of the HSI data superposed with pixels mapped with 800 nm absorption feature 
(yellow to red indicating the increasing depth of the absorption feature i.e., high = very deep, low = shallow). 
The acquisition location of spectra shown in A.2 is represented by a blue circle and point 2. (A.2) Comparison of 
averaged Rikola with handheld spectra. (B) Field photo showing the area selected for Nd mapping.
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Figure 5.  Siilinjärvi. (A) UAV-based hyperspectral mosaic overlaying the high-resolution UAV-based 
orthomosaic created in QGIS 3.12 (own data). The locations of in-situ measurements taken for validation 
are shown in yellow and blue. (A.1) Close-up of the HSI data superposed with pixels mapped with 750 nm 
absorption feature (yellow to red indicating the increasing depth of the absorption feature i.e., high = very deep, 
low = shallow). The acquisition location of spectra shown in A.2 is represented by point 3. (A.2) Comparison of 
averaged Rikola with handheld spectra. (B) Field photo illustrating the area selected for Nd mapping.

Figure 6.  (A) Graph showing handheld spectra against Rikola spectra taken at the same location at Marinkas 
Quellen indicating the absence of Nd absorption features. (B) Graph showing handheld spectra against Rikola 
spectra taken at the same location at Siilinjärvi indicating the absence of Nd absorption features.
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  With the advancements in sensor and platform technology and improvements in processing algorithms, 
the accurate mapping of REEs can now be accessible to those not specialized in remote sensing. Rowan 
et al.28 proposed that 300 ppm Nd is sufficient to produce absorption features using a spectrometer in the 
laboratory. We were able to detect Nd absorption features at locations where whole rock Nd concentrations 
are as low as 130 ppm at Marinkas Quellen and 160 ppm Nd in Siilinjärvi. On the other hand, there is no 
clear relationship between whole rock Nd concentrations and spectral feature depths. This can be partly 
explained by the crystal sizes of the REE-bearing minerals. The REE bearing minerals, i.e. apatites, are quite 
large in Siilinjärvi whereas they are typically small in the sampled areas of Marinkas Quellen. The lowest 
concentrations of REEs required for detection with drone-borne HSI can thus vary from deposit to deposit.

3. Adequate sensor settings:
  Hyperspectral data with a maximum spectral sampling intervals of 5 to 8 nm with a spectral resolution 

(full width at half maximum (FWHM)) of at least 15 nm is required.
4. A robust processing workflow for UAV-based hyperspectral surveys:
  Software to correct for relief, atmospheric and adjacency effects, and to orthorectify hyperspectral drone-

borne data. In addition, as the use of UAVs is becoming more popular in geology, it is paramount that 
standardised pre-processing methods are developed to ensure well-corrected, quality  data29.

5. Reasonable weather conditions:
  Lastly, in order to conduct any successful drone-borne survey there has to be little to no rain or snow, and 

wind speeds typically below 12 m/s

In this study, we investigated the pertinence of exploring REE occurrences using an innovative and non-invasive 
UAV-based hyperspectral methodology. The typical and current approach to geological mapping in mineral 
exploration is a combination of surface geological mapping with surficial and/or trench sampling at specific 
 intervals30. The specimens are then sent to laboratories for whole-rock geochemical analysis. The mapping and 
geochemical analyses occur before drilling and can be costly and time-consuming31. Our solution can give the 
field geologist a rapid estimation of relative REE distribution and thus improve the sampling strategy by iden-
tifying zones of high REE concentrations within the rock outcrops. In a wider sense, UAV-based hyperspectral 
surveys offer greater flexibility to the geologist on site. Certain areas might be inaccessible due to rough terrain, 
steep slopes, proneness to rock falls or dense vegetation, but can now be surveyed from a safe distance to create 
lithological maps and/or determine whether those areas need further investigation. Our study also demon-
strated that we surveyed two test sites, one in an arid environment and the other in subarctic conditions and 
were able to map REEs successfully. This indicates that we can improve field work by accelerating field mapping 
by identifying zones of interest the day of acquisition and not wait for laboratory analyses in two contrasting, 
harsh environments.

With all the benefits of UAVs in REE exploration, there are still a few limiting factors. Uncovered outcrops 
are needed to accurately detect mineralization, and soil and vegetation covers are a major limitation in any geo-
logical remote sensing survey and can not be circumvented by the use of UAVs either. Strong winds (> 12 m/s) 
are another limiting factor in the use of lightweight UAVs. As with any high-tech equipment, faulty hardware, 
weak GNSS signal in mountainous areas or inefficient access to a power grid to charge batteries can impede field 
activities and cause delays. In addition, the area that can be covered by a UAV-based survey is much smaller 
than satellite or plane-based solutions. Bearing in mind these limiting factors, our work indicates that UAVs 
can enhance mapping and precision targeting of REEs on a local scale at a very high spatial resolution in many 
situations. Besides providing a very high spatial resolution, the use of UAVs can overcome some other problems 
encountered when using satellite or plane-based data. Clouds are typical obstacles that obscure the Earth’s surface 
in satellite and strongly limit plane-based acquisitions. The flexibility of lightweight UAVs implies that they can 
be deployed easily and whenever needed without having to wait for scenes to be acquired or commissioned. 
The presented solution is not intended to replace ground surveys but to allow for a more detailed targeting of 
REEs that will require fewer invasive geological activities, increase the overall safety of the field workers and 
accelerate the general process.

New sensor technologies that capture spectral data in the shortwave infrared (SWIR) range will allow an even 
better direct targeting of host rock mineralogy and delineation of potential target rocks. On the other hand, the 
weight and price of current SWIR sensors make it challenging to use them in practice. However, with increasing 
demand and technological innovation, it is expected that these HSI sensors will rapidly become cheaper and 
lighter and have an increased role in exploration. UAVs can also serve as platforms for a large amount of other 
sensors such as  LIDAR32,33,  magnetometers34 or  radiometers35. The value of HSI can thus greatly be enhanced 
with the integration of additional remote sensing and geophysical  data13. We expect drone-borne HSI to become 
standard in exploration schemes.

Conclusion
We were able for the first time to directly identify and map REEs in carbonatite outcrops in both arid and 
subarctic environments using UAV-based hyperspectral data. The flexibility of UAV-based hyperspectral imag-
ing can ensure personal safety as well as efficiency and speed during the exploration process. Areas previously 
inaccessible can now be rapidly surveyed, timely providing a more complete data set in terms of geological and 
topographical information. Current challenges in identifying REEs however can be overcome with diligent field 
planning, robust processing methods and new developments in sensor technology. In addition, using UAV-based 
hyperspectral imaging opens doors to new possibilities such as re-assessing REE occurrences in tailing dumps 
as possible resources for future beneficiation methods. This work validates the predictions made by Neave et al.9 
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and Zimmermann et al.4 concerning the sub-metre mapping of REEs capabilities of UAV-HSI. Ultimately, this 
study provides the opportunity to advance the discovery of REE deposits in most parts of the world.

Methods
We surveyed two sites in southern Namibia and in central Finland to assess the REE potential of the deposits. 
The parameters of the two types of UAVs used as well as the attached sensor information can be found in Table 3. 
Nadir-stereo photos were captured with an RGB camera from the fixed-winged UAS with a 85% forward overlap 
and 70% side overlap. We produced the DEMs and orthomosaics using Agisoft PhotoScan Professional 1.2.5 in 
a standard SfM-MVS work flow. This is done by following protocols set out by previous  studies36,37.

We selected exposed outcrops for the hyperspectral surveys. We acquired the data with a UAV-mounted 
Rikola imager stabilized with a gimbal in a stop-and-go procedure (see Jakob et al.20 for details) at an altitude 
of 20 m at Marinkas Quellen and 40 m at at Siilinjärvi. These flight parameters resulted in a GSD of 1,5 cm at 
Marinkas Quellen and 3 cm at Siilinjärvi. We selected two different flight altitudes in order to test the REE map-
ping capabilities with varying pixel sizes. The integration time of the sensor at both sites was set to 10 ms and the 
signal-to-noise ratio (SNR) of the sensor is 150:110. We selected spectral sampling intervals of 5 nm at Marinkas 
Quellen and 8 nm at Siilinjärvi with a spectral resolution of 15 nm.

The hyperspectral data is calibrated and corrected using an established python-based, in-house routine and 
can be seen in Fig. 7  A20. The routine contains 7 steps including spectral- and geometric corrections: 

1. We performed a dark current subtraction on single images and the raw digital numbers were converted to 
radiance.

2. The internal camera features causes specific lens distortions and were corrected using the in-house toolbox.
3. During image acquisition the sensor would slightly move, causing spatial shifts between the individual bands. 

To rectify this, we co-registered the single bands with one another for each image.
4. We automatically orthorectified and georeferenced the hyperspectral images. In order to do this we used 

keypoint detection and point-matching algorithms to match the hyperspectral data with the SfM-MVS 
generated orthomosaics

Table 3.  UAS and data parameters of field surveys.

UAS Mounted sensor Parameters of imagery Spatial resolution Purpose

Multi-copter (Tholeg THO-R-
PX-8/10)

Senop Hyperspectral Imager 
(Rikola)

50 spectral channels in aerial mode. 
Spectral sampling of 8 nm at Siilin-
järvi and 5 nm at Marinkas Quellen. 
Spectral range from 500 - 900 nm. 
Integration time 10 ms

 6.5 cm at 100 m altitude. High resolution aerial HSI

Fixed-wing (SenseFly eBeePlus) Sensefly S.O.D.A. Nadir stereo-photos 2.9 cm at 120 m altitude Photogrammetry for topographic 
information

Figure 7.  (A) Pre-processing steps of UAV-based hyperspectral  data20. (B) Spectral check of the RIKOLA 
hyperspectral imager with 1 nm and 8 nm spectral sampling respectively compared to a reference fluorescent 
lamp with known emissions of Hg (404.66 nm, 435.83 nm and 546.08 nm) and Ba (611.08 nm).
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Figure 8.  (A) Density distribution function and histogram of pixels mapped at 800 nm from Marinkas Quellen. 
Size of bins are based on the spectral sampling of 5 nm. (B) Density distribution function and histogram of 
pixels mapped at 750 nm from Siilinjärvi. Size of bins are based on the spectral sampling of 8 nm.

Table 4.  Whole rock geochemical analyses of major elements in wt% for Marinkas Quellen (Mar) and 
Siilinjärvi (Siil).

Samples (Mar) Point 1 (Mar) Point 2 (Mar) Point 3 (Mar) Point 4 (Mar) Point 5 (Mar) Point 6 (Mar) Point 7 (Siil) Point A (Siil) Point B
(Siil) Point 
C

SiO2 1.92 4.76 4.15 0.13 0.29 4.01 0.98 38.4 1.75 0.58

Al2O3 0.24 0.83 0.81 0.06 0.09 1.10 0.27 8.55 0.41 0.13

Fe2O3 1.25 2.78 3.89 1.75 0.88 4.83 9.35 8.53 1.55 0.88

MgO 0.45 2.72 4.76 3.89 0.91 7.84 6.39 22.2 6.18 3.34

CaO 51.64 46.39 42.17 47.00 52.17 38.15 39.10 5.08 48.1 52.3

P2O5 0.14 2.18 2.79 1.03 0.12 1.62 0.04 3.2 2.02 14.35

Table 5.  Whole rock geochemical analyses of rare earth minor elements in ppm for Marinkas Quellen (Mar) 
and Siilinjärvi (Siil).

Samples (Mar) Point 1 (Mar) Point 2 (Mar) Point 3 (Mar) Point 4 (Mar) Point 5 (Mar) Point 6 (Mar) Point 7 (Siil) Point A (Siil) Point B
(Siil) Point 
C

La 274 278 467 352 173 1340 12.7 43.1 127 227

Ce 521 619 991 700 321 2030 30.6 120.5 316 613

Pr 53.8 68.3 110.5 70.7 34.9 193.5 4.19 16.45 39.5 80.5

Nd 225 278 443 261 129.5 647 18.6 67 156.5 325

Sm 53,7 45.5 69.1 38.4 19.95 63.3 4.7 9.52 23.7 48

Eu 18.65 13.7 19.75 11.1 6.12 15.8 1.63 2.51 6.01 12.65

Gd 50.9 36.9 49.7 28.8 1.4 35.2 5.78 5.6 14.95 29.5

Tb 6.29 4.15 5.74 3.66 1.97 4.09 1.46 0.57 1.66 3.03

Dy 31.8 20.6 27.9 18.5 9.79 18.7 11.9 2.27 7.51 12.65

Ho 5.36 3.47 4.66 3.45 1.86 3.1 2.82 0.31 1.15 1.87

Er 12.35 7.97 10.55 8.05 4.6 6.99 9.15 0.55 2.65 3.54

Tm 1.64 0.98 1.18 1.12 0.66 0.95 1.47 0.05 0.3 0.4

Yb 10.15 5.84 7.19 6.92 3.82 5.4 11.25 0.25 1.54 1.91

Lu 1.4 0.78 0.98 1.09 0.55 0.75 1.74 0.04 0.22 0.24

Y 135 87.2 114 90.1 48.5 79.2 88.2 7.6 32.3 44.1

TREO (%) 0.16 0.18 0.29 0.20 0.09 0.57 0.02 0.03 0.09 0.18
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5. As terrain roughness also influences the measured radiance, we used the high-resolution DSMs, which 
were produced from SfM-MVS photogrammetry, to calculate the incidence angle of the incoming light for 
topographic corrections.

6. We then stitched together the individually corrected hyperspectral images to produce a mosaic.
7. We applied an empirical line correction by using known spectra from black, white, and grey polyvinyl chlo-

ride (PVC) panels placed in the scene. Lastly, we masked out the vegetation in the entire mosaic.

The final product is a calibrated, illuminatively and geometrically corrected hyperspectral mosaic in reflectance. 
We captured the data during peak sunlight conditions and focused on exposed outcrops without any shadows. 
Additionally, the influence of the atmosphere is almost insignificant due to the low acquisition altitudes, thus 
atmospheric corrections were not needed.

Prior to field work, the potential of the Rikola imager to resolve REEs was evaluated in laboratory  conditions3. 
This showed that a spectral shift in the Rikola spectra of about 5 nm in flight mode (50 bands, 8nm spectral 
sampling) is present and should be corrected for. Further, a routine spectral check using a fluorescent lamp with 
known emission lines of Hg and Ba was performed. It should also be noted that the shift differs for the two sen-
sors of the Rikola (in particular visible in the 1 nm spectral sampling) (Fig. 7B).

After pre-processing the data, we map the characteristic absorption features using the minimum wavelength 
mapping (MWM) method with a polynomial  function38 taking into account the spectral shift observed in the 
laboratory results. This method directly determines the wavelength position of the deepest absorption features 
in a specified spectral range and its  depth38. The result is a map highlighting pixels that have a specific absorption 
position while the color (in the present case from yellow to red) indicates the increasing depth of the absorption 
feature. To validate the results we plot a histogram of mapped pixels at the aforementioned wavelengths from 
each data set. In the case for Marinkas Quellen and Siilinjärvi, we plot histograms of pixels mapped at 800 nm 
and 750 nm, respectively (Fig. 8A,B). In both cases most pixels were mapped at the respective wavelengths, 
indicating that the mapped absorption features at 750 nm and 800 nm are not random and are indeed significant.

During the field campaign we collected rock samples to validate the hyperspectral data. In-situ spectral 
measurements were taken with the Spectral Evolution PSR-3500 VNIR-SWIR spectrometer while laboratory 
whole rock geochemical analyses were performed on the rock samples. A Global Positioning System (GPS) and 
detailed field photos were used to match the position of the measurements and rock samples with their locations 
on the UAV-based imagery. ICP-MS was used to analyse the trace elements of the samples at both study areas. 
Wavelength dispersive X-ray fluorescence (WD-XRF) was used to analyse the major elements for the samples 
at Marinkas Quellen while Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to 
analyse the major elements of rocks from Siilinjärvi. Tables 4 and 5 show the geochemical results of the samples 
taken at Marinkas Quellen and Siilinjärvi.
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