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Abstract  

Assessment of Drone-Borne Multispectral Mapping in the Exploration of Magmatic Ni-

Cu Sulphides – an Example from Disko Island, West Greenland 

Ethan Barnes 

 

The senseFly eBeePlus fixed-wing drone is a market available UAV compatible with a range of sensors 

that includes the Parrot Sequoia+ multispectral camera. Commercial applications of the drone 

predominantly focus on agriculture, environmental management, and engineering applications. The 

Sequoia 4-band multispectral sensor with bands optimised for plant health analysis, has a spectral range 

that coincides with the absorption features of iron. Previous studies with the use of hyperspectral sensors 

on multicopter UAVs have proven successful in the detection and delineation of hydroxides and 

sulphates associated with weathering of sulphides at the surface.  

This study aims to evaluate the ability of the eBeePlus drone equipped with a Parrot Sequoia+ sensor 

to effectively detect and delineate surficial sulphide mineral expressions by testing its capability on a 

known nickel-copper mineralisation occurrence at Illukunnguaq, on the north-western coast of Disko 

Island, West Greenland. Formally hosting a 28-tonne nickeliferous pyrrhotite massive sulphide boulder, 

many companies have sought this region for a possible extension of the mineralisation or another local 

mineral occurrence. Iron-feature band ratios and Spectral Angle Mapping (SAM) are two methods tested 

to first characterise the known occurrence, then search the wider region for other features with a similar 

signature as the Illukunnguaq dyke. To assist the evaluation and fine tune the Sequoia sensor, it will be 

compared against the trialled and trusted Rikola hyperspectral sensor, proven to map iron features. In 

addition, eigen maxima as one of many geomorphological indices that utilise the co-product Digital 

Surface Model (DSM) of the spectral survey, is employed to assess whether the Illukunnguaq dyke and 

other features are structurally mappable.  

Results show that the Sequoia multispectral sensor, albeit less spectrally resolved than the Rikola 

hyperspectral sensor was able to detect surficial sulphide mineral expressions both by applying iron-

feature band ratios and SAM. The latter was performed using laboratory measured and open-access 

library spectra. To fine-tune the tools compatible with the Sequoia sensor, in-depth investigations into 

iron-feature band ratio index values and best-fit library spectra for SAM was conducted. Confidence 

was increased by the blind detection of another known exposure and permitted a regional search to find 

additional features with spectral similarities to the Illukunnguaq dyke for future ground truthing. This 

study demonstrates that the eBeePlus drone can be used for mineral exploration when iron-sulphides are 

a part of the mineral system and outcropping at the surface. Leading field programs with detailed 

multispectral mapping can improve the efficiency of geologists by generating or verifying targets prior 

to ‘boots-on-the-ground’ geological sampling or mapping. 
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Popular science summary  

Assessment of Drone-Borne Multispectral Mapping in the Exploration of Magmatic Ni-

Cu Sulphides – an Example from Disko Island, West Greenland 

Ethan Barnes 

 

The senseFly eBeePlus fixed-wing drone is a market available Unmanned Aerial Vehicle (UAV) 

compatible with a range of sensors includes the Parrot Sequoia+ multispectral camera. Commercial 

applications of the drone predominantly focus on agriculture, environmental management, and 

engineering applications. The Sequoia 4-band multispectral sensor captures additional electromagnetic 

wavelengths not visible to the human eye. The camera while optimised for plant health analysis, has a 

spectral range that can detect iron-bearing minerals. Previous studies with the use of hyperspectral 

sensors (50+ bands) on multicopter UAVs have proven successful in the detection and delineation of 

iron-hydroxides and -sulphates associated with weathering of sulphides at the surface.  

This study aims to evaluate the ability of the eBeePlus drone equipped with a Parrot Sequoia+ sensor 

to effectively detect and delineate surficial sulphide mineral expressions by testing its capability on a 

known nickel-copper mineralisation occurrence at Illukunnguaq, on the north-western coast of Disko 

Island, West Greenland. Formally hosting a 28-tonne nickeliferous pyrrhotite massive sulphide boulder, 

many companies have sought this region for a possible extension of the mineralisation or other local 

mineral occurrences that might lead to the discovery of an ore deposit. Iron-feature band ratios and 

Spectral Angle Mapping (SAM) are two methods tested to first characterise the known mineralisation 

occurrence, then search the wider region for other features with a similar signature as the Illukunnguaq 

dyke. To assist the evaluation and fine tune the Sequoia sensor, it will be compared against the trialled 

and trusted Rikola hyperspectral sensor, proven to map iron features. In addition, eigen maxima 

representing one of many tools that analyse landforms, leverages the Digital Surface Model (DSM) of 

the spectral survey to determine whether the Illukunnguaq dyke and other features are structurally 

mappable.  

Results show that the Sequoia multispectral sensor, albeit possessing significantly less spectral bands 

than the Rikola hyperspectral sensor, was able to detect surficial sulphide mineral expressions both by 

applying iron-feature band ratios and SAM. The latter was performed using laboratory measured and 

open-access library spectra. To fine-tune the tools suitable for use with the Sequoia sensor, in-depth 

investigations into iron-feature band ratio index values and best-fit library spectra for SAM was 

conducted. Confidence was increased by the blind detection of another known exposure and permitted 

a regional search to find additional features with spectral similarities to the Illukunnguaq dyke for future 

ground truthing. This study demonstrates that the eBeePlus drone can be used for mineral exploration 

when iron-sulphides are a part of the mineral system and visible at the surface. Leading field programs 

with detailed multispectral mapping can improve the efficiency of geologists by generating or verifying 

targets prior to ‘boots-on-the-ground’ geological sampling or mapping. 
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1 Introduction 

For over 140 years, multiple exploration companies have searched for the extension of a single massive 

sulphide boulder first discovered on Disko Island, West Greenland in 1874 (Steenstrup, 1874). The Ni-

Cu-PGE bearing massive pyrrhotite boulder associated with a contaminated basaltic dyke at 

Illukunnguaq, represents more than a single occurrence of economic ore but a culmination of critical 

ore forming processes active within the region (Mccuaig et al., 2010). Parallels between the hosting 

Western Greenland Basalt Group (WGBG) and the well-endowed Noril’sk-Talnakh district of Siberia, 

Russia known to contain 23.1 Mt of nickel are readily made (Lightfoot & Hawkesworth, 2013; Ulff-

Møller, 1991). While the Noril’sk-Talnakh district doesn’t represent a single but a cluster of ore deposits 

(Naldrett, 1999), the discovery of a single Ni-Cu ore deposit at Disko would be a milestone achievement 

and a first for the country of Greenland. If the parallel holds true, the 9 Billion USD1 question is:  

Where is the extension of the Illukunnguaq massive sulphide boulder? Is it a proximal or distal sign 

for a larger buried ore occurrence? 

No single exploration method can resolve this however, remote sensing using drone-borne 

multispectral cameras can play a vital role in the discovery process. Remote sensing and multispectral 

analysis were first employed in 1985 by Cominco Ltd to search the Disko region for signs of massive 

sulphides and to map large key structures (Stanton-Gray, 1985). Ulff-Møller (1991) reports that coarse 

resolution (pixel size – 79 x 59 m) and mislocated imagery were problematic, proving that early attempts 

while innovative were fruitless. Since then, great advances have been made in the development in this 

field. Modern multispectral spaceborne remote sensing datasets such as ASTER and Sentinel-2 provide 

spatial resolutions down to 15 m and 10 m respectively and cover a broad spectral region including 

visible near infrared (VNIR), shortwave infrared (SWIR) & thermal infrared (TIR) with a select number 

of broad bands (Salehi et al., 2019). Despite this finer resolution, investigations with Sentinel-2 data 

demonstrate that the Illukunnguaq dyke is aliased and therefore not detectable by satellite applications. 

The Illukunnguaq dyke, exposed as three main outcrops, 3 - 5 m wide and 50 - 90 m long, requires 

higher resolution remote sensing systems to detect and map the dyke and mineralisation occurrence. 

Unmanned Aerial Systems (UAS, commonly referred to as drones) equipped with spectral sensors 

provide superior centi- to decimetre scale pixel resolution and (in some cases) spectral resolution at the 

expense of spectral range, with most commercial sensors limited to the VNIR (Coulter et al., 2017; 

Dering et al., 2019).   

This thesis aims to evaluate the effectiveness of the senseFly eBeePlus fixed-wing drone equipped 

with the Parrot Sequoia+ camera to detect and delineate the known Illukunnguaq mineral occurrence for 

                                                      
1 USD 9 Billion represents the approximate gross mean value of a Ni-Cu conduit-hosted nickel deposit taking the 

global tonnages and grades (62 mt at 1.00% Ni & 0.64% Cu) from (Stensgaard et al., 2018) with metal prices of 

nickel 11,220 USD/t and copper 4772 USD/t as of the 1st April 2020 from (London Metal Exchange, n.d.). 

Economic by-products such as PGEs and Cobalt were excluded from the calculation.   
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the broader exploration of nickel-copper mineralisation in the Illukunnguaq area. Two common search 

tools: iron-feature band ratios and Spectral Angular Mapper (SAM) will be applied. For comparison and 

for fine tuning the search parameters for the Sequoia sensor, results will be compared against the tested 

and trusted Senop Oy Rikola hyperspectral sensor. A co-product of mosaicking spectral data through a 

structure-from-motion (SfM) photogrammetry workflow is a high-resolution digital surface model 

(DSM). The eigen maxima algorithm, representing a single method from a suite of geomorphological 

indices, will be applied to map structures in the landscape with the intention of mapping the 

Illukunnguaq dyke and finding like features.  

1.1 Spectroscopy and the electromagnetic spectrum  

Spectroscopy is the study of interactions between electromagnetic radiation and matter. As photons from 

a natural (e.g. sun) or artificial (e.g. halogen lamp) source enters a substance, such as a mineral, they are 

either reflected, refracted, or absorbed at the surface (Clark, 1999). Photons that are reflected or refracted 

can be detected and measured by instrumentation called spectrometers. Spectral ranges are packaged 

wavelengths along the continuous electromagnetic spectrum (Figure 1). For remote sensing, the ranges 

of interest extend from ultraviolet (1 - 390 nm) to far-infrared (30000 nm - 1mm) with a focus on the 

visible-near infrared (VNIR) (390 - 1000 nm) and short wave infrared (SWIR) (1000 - 2500 nm) 

governed largely by available detector technologies (Clark, 1999; Pontual et al., 1997).  

 

Figure 1 Electromagnetic spectrum with region of interest for spectroscopy in geological contexts. Note VNIR 

extends from 390 – 1000 nm and SWIR from 1000 – 2500 nm. Modified after Kerr et al. (2011) 

Spectroscopy is applied over a range of scales from lab and field spectrometers to drones, aircraft, 

and satellite remote sensing (Coulter et al., 2017). Within geology, mineral identification is possible 

because most minerals (not all) have characteristic spectral signatures or spectra. When a mineral is 

illuminated by a light source, certain wavelengths are absorbed by either electronic or vibrational 

processes (Clark, 1999). In electron transitions, isolated atoms and ions have discrete energy states. The 

absorption of photons by transition metals (Fe, Cr, Co, Ni) results in diagnostic crystal field transitions. 
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Charge transfer absorptions occurs when the energy is transferred between two valence states of the 

same metal as is the case for ferrous to ferric iron (Fe2+ → Fe3+). This results in distinctly broad spectral 

curves within the VNIR spectrum (Figure 2) (Clark, 1999; Murphy & Monteiro, 2013). Vibrational 

processes are the result of stretching and bending of molecular bonds in minerals. Overtones and 

combinations of fundamental vibrations occur as distinct minima in the SWIR spectrum. Characteristic 

bonds that give rise to features include hydroxyl (Al-OH, Al(Mg,Fe)-OH, Mg-OH), water, carbonate 

and ammonia which are present in phyllosilicates, hydroxylated silicates, sulphates, carbonates and 

ammonium minerals (Clark, 1999; Lypaczewski & Rivard, 2018; Pontual et al., 1997). Subtle variations 

in position and symmetry of absorption features can be observed within a spectrum of a mineral group 

due to mineral orientation, compositional and crystallinity variations (Clark, 1999; Pontual et al., 1997).  

 

Figure 2 Typical spectra overlaying diagnostic spectral absorption features of the VNIR – SWIR range (Crowley 

et al., 2003; Kokaly et al., 2017; Pontual et al., 1997). Red, green, and blue wavelengths are represented by their 

respective colours in the VNIR range. Note that Jarosite has both electronic and vibrational absorption features 

represented by Fe3+ in the VNIR and Fe-OH in the SWIR.  

Spectroscopy has been successful on the mapping and vectoring of ore systems for exploration and 

characterisation of ore deposits on a range of scales. Table 1 shows the qualitative ability to detect 

mineral groups at different spectral wavelength ranges. The mapping of porphyry deposits has been 

effective due to their large alteration footprints and alteration assemblages diagnosable in the SWIR 

range (Coulter et al., 2017). Spectral sensors within the VNIR range are restricted to detecting iron 

features associate with silicates, sulphates and oxides with many minerals appearing non-diagnostic. 

Not shown in Table 1,  neodymium bearing minerals are also detectable in the VNIR range when using 

close-range detection methods (Booysen et al., 2019).  
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Table 1 Qualitative assessment of the ability to detect select minerals over VNIR, SWIR and LWIR ranges 

(Coulter et al., 2017)(Clark, 1999). G = Good, M = Moderate, ND = Non-diagnostic, TBD = To be determined 

Type Group Example  
Response 

VNIR SWIR LWIR 

S
il

ic
a

te
s 

Inosilicates 
Actinolite (Amphibole) ND G M 

Diopside (Pyroxene) G M G 

Cyclosilicates Elbaite (Tourmaline) ND G M 

Nesosilicates 
Grossular (Garnet) M ND G 

Forsterite (Olivine) G ND G 

Sorosilicates Epidote ND G M 

Phyllosilicates 

Muscovite (Mica) ND G M 

Clinochlore (Chlorite) ND G M 

Illite (Clay) ND G M 

Kaolinite (Clay) ND G M 

Tectosilicates 

Orthoclase (Feldspar) ND ND G 

Albite (Feldspar) ND ND G 

Quartz ND ND G 

N
o

n
-s

il
ic

a
te

s 

Carbonates 
Calcite ND M G 

Dolomite ND M G 

Hydroxides Gibbsite ND G M 

Sulphates 
Alunite M G M 

Gypsum ND G G 

Borates Borax ND M TBD 

Halides Halite ND TBD TBD 

Phosphates Apatite M ND G 

Hydrocarbons Bitumen TBD M TBD 

Oxides 
Hematite G ND ND 

Chromite ND ND ND 

Sulphides Pyrite ND ND ND 

 

 Multispectral and hyperspectral  

Imperative to this study is the differentiation between multispectral imagery (MSI) and hyperspectral 

imagery (HSI) representing the Sequoia and Rikola drone-borne cameras. A spectral band is an 

individual channel that covers a specific wavelength range (Gaussian function defined by centre-

wavelength and width at half maximum (Clark, 1999). Hyperspectral (HS) sensors consist of a 

contiguous set of narrow bands resulting in high spectral resolution and represents field and laboratory 

spectrometers. This high resolution permits the ability to detect mineral species and quantify abundance 

(Coulter et al., 2017). Multispectral sensors (MS) consist of a limited number of discrete wider bands 

generally positioned across key absorption ranges and are characteristic for most satellite imagery 

systems. With correct band positioning, they can identify broad mineral families (Coulter et al., 2017).  

Both MSI and HSI have their strengths and limitations in terms of data collection and processing 

depending on the camera and attached unit.  
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1.2 Drones – a niche solution in the remote sensing market 

Unmanned Aerial Systems (UAS) that include an Unmanned Aerial Vehicle (UAV), commonly referred 

to as a drone, are small remotely piloted aircraft systems that are readily increasing in popularity for 

environmental, agricultural, and geological applications when equipped with a variety of sensors. Within 

the market of remote sensing, drones fill a niche between satellite and airborne imagery and field and 

laboratory spectrometers. Market available sensors for drone spectral imaging have high centi- to 

decimetre pixel resolution and can cover hundreds of hectares in a single flight at the expense of spectral 

range and resolution. Due to payload limitations and cost, commercial sensors so far have been limited 

to the VNIR range (Jenal et al., 2019). Their small size and easy deployment make drones suitable for 

mineral exploration particularly in challenging environments such as Greenland, where extreme terrains 

make traversing slow and cumbersome.  

 

Figure 3 Diagrammatic representation of remote sensing and spectroscopy over all scales. (A.) Satellite (B.) 

Airborne (C.) Fixed-wing drone (D.) Multicopter (E.) Field spectrometer. Figure adapted from Booysen et al. 

(2019)  

UAVs can be further divided into fixed-wing drones and multicopters each with their own strengths 

and limitations. Fixed-wing drones have longer flight times, travel at faster speeds and therefore can 

travel greater distances than multicopters. What multicopters lack in flight coverage they make up for 

with an increased payload capacity allowing heavier spectral cameras and other tools (e.g. 

magnetometer) to be attached. The Rikola HS camera teamed with the Tholeg THO-R-PX8-10 

multicopter has been proven successful in the detection of iron-oxides, -hydroxides and -sulphates, the 

weathering products of sulphides analogous with acid mine drainage (Flores, 2020; Jackisch et al., 

2018). The senseFly eBeePlus fixed-wing drone (see Section 2.1.1.1 for technical specifications) is a 

commercial product that has been readily used in environmental, agricultural and civil industries and 

has great potential in the exploration field also. Features such as its long flight time, large coverage, 

light weight, autopilot flying and landing function and range of cameras make it more appealing for use 

A

 

B

 

C

 

D

 

E
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in challenging terrains like Greenland, than multicopter. The limitation of the eBeePlus drone is the 

payload capacity with the Sequoia MS camera being a compatible lightweight spectral sensor.  With 

only four wide bands that partially cover the VNIR spectrum, it not certain whether outcropping 

weathered sulphides are detectable and mappable by the sensor. This thesis aims to:  

• Develop the best search parameters for the detection of sulphides using iron-feature band ratios 

and Spectral Angle Mapper (SAM) for the Sequoia MSI by comparing it against data from the 

Rikola HSI on the mineralisation site at Illukunnguaq  

• Validate the parameters for the Sequoia sensor by testing whether the methods detect an 

additional known occurrence outside the extent of the Rikola HSI  

• Explore the surrounding area for additional signs of mineralisation like the Illukunnguaq dyke 

mineralisation occurrence 

• Demonstrate the value of geomorphological indices by applying the eigen maxima on high 

resolution Digital Surface Model (DSM) data, a co-product from collecting spectral data.  
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1.3 Region of interest 

The test site is the Illukunnguaq dyke and surrounding area situated on the north-eastern coast of Disko 

Island, West Greenland. The locality is 93 km north-west of the town Ilulissat and 28 km south-east 

from Qullissat, an abandoned town coal mining from 1942 to 1972 (Sejersen, 2014). The region has 

steep relief ranging from sea level at the Vaigat strait to 640 m at the distal edge of the survey area with 

a 1:4 gradient. Basaltic plateaus to the south-east are the primary source of the transported material as it 

reaches more than 1200 m above sea level, defined by a prominent 200+ m escarpment.  

 

Figure 4 (Main) Local geology of the Illukunnguaq area (Pedersen et al., 2018). Region of interest outlined in 

black and outcrop indicated by red line. (Top Right) Location of Illukunnguaq on Disko Island (Pedersen et al., 

2018). (Bottom Right) Location of Disko island in Greenland. 

In-situ geological exposure at lower elevations is largely impeded due to active mass wasting 

processes. At the base of the escarpment, talus and scree hide underlying concordant units while lower 

elevations are cloaked by vegetated solifluction, moraines and frequent rock glaciers obscuring the in-

situ geology underneath (Pedersen et al., 2001). Topography at mid-elevations is characterised by large 

rafts of competent volcanic rock fallen from the flows above. Due to the concordant flat lying geological 

units, outcrop exposures are most informative in profile section. The Geological Survey of Greenland 

and Denmark (GEUS) since 1992 have utilised photogrammetry in combination with rigorous fieldwork 
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to document and map detailed stratigraphy of the Nuussuaq Basin (Pedersen et al., 2006). Besides this, 

outcrop exposure is limited to the Illukunnguaq dyke and stratified sediments visible in some deeply 

incised channels (Olshefsky & Jerome, 1993). For a summary of the regional geology for the Nuussuaq 

Basin inclusive of the important volcanic events for the formation of Disko Island, see Appendix A.  

 Local geology  

The Illukunnuaq dyke consists of five outcrops that strike NW-SE over 800 m along the Vaigat coast at 

approximately 400 m inland and 80 m above sea level (Ulff-Møller, 1983). Dyke outcrops 1 to 3 are 

grouped to the west and form the visible extent of the system, while outcrop 4 is now the eastern most 

exposure 350 m away (Figure A - 4). Outcrop 5, first mapped by Cöster (1929) and observed by (Fundal, 

1975), has been subsequently buried by landslide debris. Olshefsky & Jerome (1993) refer to only 

remnants of nickel salts and weathered dyke material visible at the mapped locality that stand as a 

testament to the dynamic landscape of Greenland.  Two steep dip directions have been recorded across 

outcrops 1 to 3 with 85°W considered to be the true dip (Ulff-Møller, 1983). Fundal (1975) suggests 

that the dip direction of 85°E recorded on outcrop 1 is indicative of tectonic disturbances. Multiple 

attempts have been made to test the dyke extension both along strike and at depth with largely 

inconclusive results. The lack of successful drill intercepts testing the dyke at depth and the truncation 

of the dyke trend by moraine fields to the east and west have greatly inhibited geophysical detection. 

Recent interpretations of the dyke suggest that the dyke is ex-situ, mobilised as a rock slipped mass and 

therefore, retaining an in-situ relationship between the mineralisation occurrence and the Illukunnguaq 

dyke (Jackisch et al., 2020). For a detailed summary of historical work on the Illukunnguaq dyke see 

Appendix B.  

Table 2 Illukunnguaq dyke outcrop geometry. Outcrop #5 observed by Cöster (1929) 

Outcrop  Length (m) Width (m) Dip  

1 50  5 – 5.5  85 ° east 

2 75  5.5  85 ° west 

3 90  5.5 80 ° west 

4 85  4 Not measured 

5 55  2-3  Not measured 

 

Outcrops 1 to 3 produce a distinct ridge above the surrounding terrain that is visible from the 

coastline. The exposures are segregated by brooks that incise into the sedimentary country rock below 

and have significance on whether these erosional channels exploit pre or post emplacement features – 

en echelon veining (Ulff-Møller, 1983) or localised faulting (Jackisch et al., 2020).  Both have 

implications in the interpretation of dyke placement and further mineralisation. The nickeliferous 

pyrrhotite massive sulphide boulder was located on the north-western contact of outcrop 3 interpreted 

by Ulff-Møller (1983) to be the basal contact of the dyke. The landscape at the mineral occurrence has 

been modified by excavation activities and therefore has implications for both spectral mapping and 

geomorphological indices.   
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 Illukunnguaq dyke 

The Illukunnguaq dyke is a sulphide (Pauly, 1958) and native iron (Ulff-Møller, 1983) bearing olivine 

gabbro that exhibits internal compositional zoning and textural variations. The unit is composed largely 

of calcic plagioclase and clinopyroxene varieties pigeonite and augite, serpentinised olivine phenocrysts 

(up to 5 mm in size), trace pyrrhotite and ilmenite. Work completed by (Olshefsky & Jerome, 1993) 

recognises an inner olivine-rich zone and an outer marginal zone consistent across outcrops 1 to 3. The 

inner zone contains up to 5% iron rich olivine phenocrysts 0.3 – 1 mm in size and is vesicular in nature 

(Fundal, 1975). The unit is largely homogenous, has higher MgO content (9.13 wt.%) and an elevated 

nickel content. The outer zone has trachytic texture comprised of plagioclase and olivine microlites with 

distinct flow banding. The MgO content is lower at 6.47 wt.% and more depleted in nickel. From west 

to east, the dyke composition changes considerably based on wall rock interaction (Olshefsky & Jerome, 

1993).  Outcrops 4 and 5 are noted as containing considerable amounts of spherical graphitic xenoliths 

while the dominant xenolithic material for Outcrops 1 to 3 is psammitic (Fundal, 1975).  

The dyke intrudes the Atane Formation of the Nuussuaq Basin Group which is well exposed in the 

immediate vicinity of the dyke both in the hanging and footwall. The local unit is characterised as 

sandstones with centimetre scale interbedded carbonaceous shales that display contact metamorphism 

and hydrothermal alteration up to 1m away on the footwall side of the dyke. Heat from the intrusion, 

has resulted in the sandstone bursting into 10 cm thick columns perpendicular to the dyke. The cores of 

these columns retain the original properties of the sandstone however the outermost 10 – 15 mm are 

porous and bleached due to a hydrothermal influence as marked by kaolinization and removal of 

carbonates from the matrix (Ulff-Møller, 1983).  

Larsen & Pedersen (1992) deduces that the Illukunnguaq dyke is a possible feeder for the native iron 

and sulphide bearing magnesian basaltic andesite lava flow of the Lower Niaqussat member 5 km SW 

from the dyke on the Qinngusaq mountaintop (Figure A - 1). This implicates that this sulphide 

accumulation occurred 1250 m below the paleosurface which was once overlain by the Rinks Dal and 

Nordford members of the Maligât formation. While Illukunnguaq is the only conduit reported with 

substantial sulphide accumulation, at least 10 more possible Niaqussat feeder dykes containing 

contaminated lavas have been documented east of the DGR, all with a north-easterly orientation (Larsen 

& Pedersen, 1992). Most of these dykes like Illukunnguaq are hosted in the Atane formation on Disko 

and Nuussuaq though a few have been found cross cutting Rinks Dal Member Lavas. From an 

exploration perspective, the observation of other intrusions genetically akin to Illukunnguaq provides 

upside and the possibility of applying the techniques explored within this thesis in other regions.  
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 Mineralisation occurrence  

With dimensions of 3 m x 1.5 m x 1.2 m and an estimated mass of 28 tonnes as reported by Steenstrup 

(1874), the Illukunnguaq boulder is the only reported showing of massive sulphide in the Nuussuaq 

basin. Grades of the massive sulphide rubble collected by Falconbridge in 1991 estimate the ore grade 

as 6.86 wt.% Ni, 3.71 wt.% Cu, 0.55 wt.% Co and 2.0 g/t combined Pt and Pd (Olshefsky, 1992) while 

grades as high as 8.70 wt.% Ni and 5.62 wt.% Cu have been historically reported (Pauly, 1958). Grade 

variations could be the result of different analytical methods, natural heterogeneity, or a combination of 

both (Pauly, 1958). Mineralogically, the ore is pyrrhotite [𝐹𝑒(1−𝑥)𝑆] dominant at 36.63 wt.%, further 

containing 26.88 wt.% pentlandite [(𝐹𝑒, 𝑁𝑖)9𝑆8] and 16.23 wt.% chalcopyrite [𝐶𝑢𝐹𝑒𝑆2] (Pauly, 1958). 

In addition, 7.49 wt.% magnetite was recorded; however, this value could be as high as 10% due to 

presence of residual iron and an oxygen “deficit”, 1.89 w.% of carbonates (predominantly siderite) and 

3.40 wt.% water. A complex array of textures and exsolution phases present within the ore show that 

sulphides crystallised over a large temperature range from 1100°C to 225°C (Pauly, 1958).  

 

Figure 5 Hand specimen of the Illukunnguaq massive sulphide occurrence (Avannaa Resources, 2013)  

The detachment of the ore from the dyke is best attributed to the presence of hisingerite 

[𝐹𝑒2
3+𝑆𝑖2𝑂5(𝑂𝐻)4 · 2𝐻2𝑂], a phyllosilicate mineral formed from the weathering of iron silicate or 

sulphide mineral, present within the ore and preferentially weathers (Bøggild, 1905; Pauly, 1958). The 

excavation site demarking where the boulder once existed is characterised by orange, red and purple 

hues due to the weathering of the sulphides. These visual signs contrast strongly against the dyke and 

surrounding sedimentary country rock, unique to the excavation site.  
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1.4 Weathering of sulphides  

The sulphide minerals of pyrrhotite, chalcopyrite and pentlandite that constitute the bulk mineral 

assemblage of the Illukunnguaq massive sulphide boulder are not stable at the earth’s surface and rapidly 

oxidise to iron sulphates, hydroxides, and oxides. These natural weathering products (Figure 6), 

synonymous with acid mine drainage are favourable vector minerals for sulphide mineralisation, with 

distinct absorption features in the VNIR and SWIR ranges (Coulter et al., 2017). Despite showing the 

paragenetic relationships for precipitated iron minerals for pyrite [𝐹𝑒𝑆2] (Figure 6), schematically the 

process applies to pyrrhotite. Pyrrhotite [𝐹𝑒1−𝑥𝑆] with a nonstoichiometric composition is chemically 

variable and has a range of crystal structures meaning the mechanisms and kinetics of oxidation rates 

are variable (Janzen et al., 2000). The formation of Fe-sulphates, oxyhydroxides, and oxides represent 

a spatial and temporal sequence for the buffering of acidic solution moving away from the point source. 

Copiapite and jarosite form at the lowest pH values and accumulate proximal to the source. Goethite 

forms at high pH values and therefore, either occurs further away from the source or from the dissolution 

and reprecipitation of sulphate species(Montero et al., 2005).  

 

Figure 6 Model of secondary iron minerals for iron sulphide-rich mine waste from (Montero et al., 2005). Note 

that pH values and SO4 concentrations are from field data at Penn Mine, California. 
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2 Methods 

The methodology outlined in Figure 7, is divided into several sections - data acquisition, pre-processing, 

data pool and classified maps. The workflow to produce the data pool is discussed in sections 2.1 - 2.3.  

From the data pool eigen maxima, iron-feature band ratios and Spectral Angle Mapper (SAM) informed 

by laboratory results are used to produce the classified maps presented in the results section 3. Iron-

feature band ratios and SAM were selected for spectral analysis as these methods are hypothesised to 

work with limited spectral information and therefore compatible with the Sequoia MS sensor. Eigen 

maxima relying on the DSM are not affected by spectral parameters of the image.  

 

Figure 7 Methodology outline for the study. Data pool represents the processed information used to integrate, 

interpolate, and produce the classified maps. 

2.1 Field data acquisition  

From the 06/08/2019 – 10/08/2019 field data of the Illukunnguaq dyke and surrounds was taken, 

inclusive of the two neighbouring rock glaciers as part of the EIT RawMaterials funded MULSEDRO 

(MULti-SEnsor DROnes) project (Heincke et al., 2019). The types and extent of field data collected 

(Figure 8) include:  

• One multicopter HSI flight across the immediate dyke.  Total coverage 0.02 km2. 
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• Five fixed-wing MSI flights covering the dyke, uphill extension, and the neighbouring rock 

glaciers. Total coverage 7.19 km2. 

• One fixed-wing RGB flight covering the dyke and uphill extension. Total coverage 1.71 km2. 

• 15 field samples recorded with handheld GPS for laboratory validation (discussed in Appendix 

D). 

Additional geophysical surveys were conducted during this campaign including susceptibility 

measurements, fixed-wing magnetics and ground magnetics, however these are outside the scope of this 

thesis (Jackisch et al., 2020).  

During the campaign, a SenseFly eBeePlus fixed-wing drone equipped with either a Sequoia MS 

camera or a S.O.D.A. RGB camera was flown for larger scale reconnaissance and exploration. The 

Tholeg THO-R-PX-8-10 multicopter equipped with the high resolution Rikola HS camera was used 

over the immediate dyke for detailed spectral information and to validate and fine tune the data collected 

by the eBeePlus drone. The technical specifications and flight data for the drones and their sensors are 

discussed below.   

 

Figure 8 Overview of field data collected at the Illukunnuaq study area. Colour-coded outlines for the various 

UAS surveys are shown. Field samples are depicted by triangles. The main Illukunnguaq dyke can be found 

within the red outline. Rock glaciers shown left and right of the dyke are referred to as East and West rock 

glacier. (Background) Regional satellite composite orthophoto. 
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 Drones 

2.1.1.1 SenseFly eBeePlus  

The eBeePlus fixed-wing drone (Figure 9) is a commercial ‘ready-to-fly’ fixed-wing drone by senseFly 

and performed the MSI and RGB surveys in the Illukunnguaq region. The drone can be equipped with 

interchangeable sensors (senseFly S.O.D.A. and Parrot Sequoia+ among others) and is supported by in-

house flight planning and control software eMotion 3 (senseFly, 2017). With a 110cm wingspan and a 

total weight of 1.1 kg, the drone can operate at a nominal distance of 3 km from the radio receiver and 

has a maximum flight time of 59 minutes permitting a maximum flight range of 45 line-km. Most 

impressive is that the eBeePlus can operate in moderate winds up to 45 km/h and the drone is equipped 

with an automatic landing feature making the drone operatable by pilots without extensive training 

(senseFly, 2017).   

 

Figure 9 Technical specifications of the SenseFly eBeePlus drone (senseFly, 2017)  

 

2.1.1.2 Tholeg THO-R-PX8-10  

The Tholeg THO-R-PX8-10 multicopter (Figure 10) was used to acquire the hyperspectral surveys. The 

Senop Rikola hyperspectral sensor was mounted at the base of the drone by using a two-axis gimble to 

maintain a nadir position. The multicopter with the rigging can be equipped with various equipment and 

sensors. During the same campaign, the multicopter also completed an aerial magnetic survey with a 

three-component fluxgate magnetometer (Jackisch et al., 2020). The drone with a net weight of 5.5 kg 

with a maximum payload of 4.5 kg, has a maximum flight time of 25 minutes.  
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Figure 10 Technical specifications of the Tholeg Tho-R-PX8-12 drone (Jackisch et al., 2020) 

 

 Sensors  

The Sequoia, S.O.D.A. and Rikola cameras (Figure 11) are frame-based sensors with a wide Field of 

View (FOV). As photographs are taken while moving, it is possible with all three lenses to produce 

digital surface models (DSM) through a structure-from-motion Multi-View Stereo (SfM-MVS) 

workflow. In SfM-MVS, features present within overlapping 2D images, taken from different known 

camera positions, can be reconstructed into a high-resolution 3D model (Westoby et al., 2012).  

 

Figure 11 (From left to right) Parrot Sequoia+ (SenseFly, n.d.), SenseFly S.O.D.A. (SenseFly, n.d.), Senop 

Rikola (Senop Oy, n.d.) sensors 

Of the three sensors, the S.O.D.A. camera has the highest resolution at 20 MP has the highest ground 

sampling density resolution (Table 3). Therefore, this device is best suited for creating high resolution 

DSMs with RGB wavelengths. The Sequoia sensor also has RGB functionality, with a secondary rolling 

shutter 16 MP camera resulting in limited colour depth and requiring an individual processing workflow 

to the multispectral sensor. The Sequoia main feature is a 4-band high resolution multispectral sensor 

that is specifically designed for agricultural applications. As such, the 4 bands are positioned to best 

detect vegetation health (Table 3). The large field of view and quick framerate allows for greater image 

overlap even at high speed.  The Rikola hyperspectral sensor captures 50 bands across the range of 504-

900 nm with a high spectral resolution of 8 nm (Senop Oy, n.d.). The strong continuity between bands 

and spectral range allows the extraction of detailed spectra. The lower FOV (36.5° versus 49° for the 

Sequoia lens) means more photos must be taken to ensure sufficient coverage and overlap.  
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Table 3 Technical specifications for the sensors used in Illukunnguaq field campaign  

Unit Parrot Sequoia+ senseFly S.O.D.A. Senop Rikola 

Drone SenseFly eBeePlus SenseFly eBeePlus Tholeg Tho-R-PX8-12 

Sensor Multispectral sensor and 

RGB camera 

1-inch RGB Hyperspectral sensor 

(CMOS) 

Spectral Coverage 

(bandwidth FWHM) 

550 nm (40 nm), 660 nm 

(40 nm), 735 nm (10 nm), 

790 nm (40 nm) 

N/A 504 – 900 nm (8 nm) 

No. of bands 4 N/A 50 

Image Resolution RGB - 16 MP (4,608 x 

3,456 px), Single band 

resolution – 1.2MP 

(1,280 x 960 px) 

RGB - 20 MP (5,472 x 

3,648 px) 

Single band - 0.64 MP 

(1,010 x 648 px)  

Field of View (FOV) 

Horizontal / Vertical 

62° / 49° 64°/ 45° 37° / 23° 

 

 Flight logs 

A total of 7 flights were completed, 1 with the senseFly S.O.D.A. sensor, 1 with the Senop Rikola sensor 

and 5 with the Parrot Sequoia+ sensor for a combined flight line distance of 184.5 km and 5622 

individual photos (Table 4).  

The senseFly eBeePlus drone equipped with the Sequoia sensor was used the most being able to 

capture spectral data over large areas. The average flight duration for this drone was 41 minutes resulting 

in a line distance of 30.2 km at a cruise speed of 44.6 km/h. Flights were planned to have 75% forelap 

and 65% sidelap to ensure adequate overlap for post-processing image stitching. Survey areas were 

planned larger than the coverage of a single battery capacity, therefore the drone would return to base 

mid survey for a battery change before resuming from the last captured position.  

Table 4 Flight logs for the drone surveys at Illukunnguaq 

Flight 

date and 

time 

Sensor / 

Drone 

Flight location  Home 

latitude  

Home 

longitude 

Flight 

time 

(min) 

Distance 

(line km)  

Cruise 

Speed 

(km/h) 

Mean 

wind 

speed 

(m/s) 

Photo 

count 

06/08/19 

16:22 

S.O.D.A./ 

eBeePlus 

Illukunnguaq 

dyke 

69.8858 -52.5798 40 31.7 47.6 1.51 581 

06/08/19 

21:10 

Rikola / 

Tholeg 

Illukunnguaq 

dyke 

69.8858 -52.5798 19 5.5 - 1.51 64 

07/08/19 

15:18 

Sequoia / 

eBeePlus 

Rock glacier 

west 

69.8885 -52.5740 44 31.2 42.5 1.81 809 

07/08/19 

19:12 

Sequoia / 

eBeePlus 

Rock glacier 

west 

69.8885 -52.5740 39 27.7 42.6 1.73 737 

07/08/19  

20:27 

Sequoia / 

eBeePlus 

Illukunnuaq 

dyke 

69.8885 -52.5740 43 30.6 42.7 1.07 810 

10/08/19 

11:34 

Sequoia / 

eBeePlus 

Rock glacier 

east 

69.8769 -52.5465 33 25.1 45.6 3.79 579 

10/08/19 

12:16 

Sequoia / 

eBeePlus 

Illukunnuaq 

dyke 

69.8769 -52.5465 44 32.7 44.6 3.66 495 

The cruising altitude for the Tholeg multicopter was between 80-100 m and 118-180 m for the 

eBeePlus drone above the surface. Higher cruising altitudes than previous studies (100 m (Jackisch et 

al., 2018); 120 m (Flores, 2020)) were used with the eBeePlus drone to ensure adequate ground clearance 

over the rugged terrain. As a result, the Ground Sampling Density (GSD), expressed as cm/px controlled 
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by camera resolution and distance to the target, was reduced. S.O.D.A. had the highest GSD (3.9 cm/px) 

followed by Rikola (7 cm/px) with Sequoia having the coarsest resolution (West rock glacier – 

10.7 cm/px, Illukunnguaq dyke – 14.1 cm/px, East rock glacier – 16.1 cm/px). See Appendix C for more 

specific survey details.  

2.2 Pre-processing  

 Sequoia MSI 

The pre-processing of the MSI from the Sequoia sensor and RGB from the S.O.D.A. camera was 

performed in Agisoft Metashape Professional 1.6 (Agisoft LLC, 2019) using the integrated workflows. 

The workflow includes a radiometric calibration and a geometric processing using a structure-from-

motion multi-view stereo (SfM-MVS) photogrammetry approach (Eltner et al., 2016; Westoby et al., 

2012). 

 

Figure 12 Generalised workflow for the processing of frame-based multispectral imagery using Agisoft 

Metashape Professional 1.6. 

1. Radiometric calibration – Image-wise conversion to reflectance using image metadata and 

reference panel data; concurrent correction of illumination variation by compensation of 

sunshine sensor tracked irradiance values. (Applicable only to the Sequoia sensor.) 

2. Automatic tie point extraction – tie-point extraction and matching resulting in a high-quality 

image alignment of overlapping photos.  Geometric camera calibration and optimisation of the 

initial camera angles/positions, generation of 3D co-ordinates of tie-points creating a sparse 

point cloud.  

3. Calculation of dense point cloud – using aggressive depth filtering to reconstruct 3D coordinates 

for every pixel from the sparse point cloud.  

4. Generation of an orthorectified photomosaic (orthomosaic) and Digital Elevation Model (DEM) 

– Transformation from a relative to an absolute co-ordinate system using the coordinates of the 

imaging stations. Point cloud is decomposed and tessellated using local elevation estimates to 

produce a DEM. Photos are fused into an orthomosaic and overlain onto the DEM. 

1
Radiometric calibration 

2
Automatic tie point extraction

3
Calculation of dense cloud

4
Generation of an orthomosaic and DEM

5
Vegetation removal
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5. Vegetation removal - Vegetation within the scenes is problematic for mineral detection as they 

can lead to erroneous values. A mask is applied removing these pixels leaving only the barren 

ground behind using the Normalised Difference Vegetation Index (NDVI). This is further 

explained in Section 2.4.1 – Band ratios.  

Additional information and statistics regarding the processing of images using Agisoft can be found in 

Appendix C.   

 

 Rikola HSI 

The pre-processing of the Rikola HSI follows the workflow outlined by (Jakob et al., 2017) using the 

HZDR-HIF in-house developed MEPHySTo toolbox. Figure 13 shows an overview of the main steps. 

 

Figure 13 Generalised workflow for the processing of frame-based hyperspectral imagery using the MEPHySTo 

toolbox 

 

1. Conversion to radiance - intrinsic noise from the camera’s sensor was removed for individual 

images by subtraction of the dark current. Sensor specific gain and offset values are applied to 

covert raw image digital numbers (DN) to radiance.     

2. Lens correction - Images were then corrected for intrinsic camera features related mainly to 

radial and tangential distortions.  

3. Co-registration - small temporal and spatial differences occur between the individual spectral 

bands within a single image dependent by the sensor as the drone is in flight. To correct for this 

mismatch, a Scale-Invariant Feature Transform (SIFT) algorithm is applied to detect similar 

features within individual bands followed by the Fast Library for Approximate Nearest 

Neighbours (FLANN) algorithm for matching detected points. The latter are used to compute 

and apply a transformation matrix to each individual band. For high distortions, the matrix can 

be further optimized by a Deepflow matching approach (Weinzaepfel et al., 2013).  

1
Conversion to radiance

2
Lens correction 

3
Co-registration 

4
Automatic orthorectification and georeferencing

5
Topographic and shadow correction

6
Conversion to reflectance

7
Bad band removal

8
Vegetation removal
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4. Automatic orthorectification and georeferencing - Using the SIFT & FLANN algorithms, the 

initial camera position and orientation of individual images is optimised. The resulting accurate 

external camera parameters are used to georeference and orthorectify each scene. The corrected 

images are fused into a full mosaic; the reflectance of overlapping points is averaged. 

5. Topographic and shadow correction - The local illumination within images is heavily influenced 

by the sunlight incidence angle and topographical features. The radiance of the same material 

is variable depending whether it is facing towards or away from the light source. Topographic 

correction compensates for these effects and to restore the actual at-target reflectance. The used 

illumination and shadow correction tool accounts for the difference between direct sunlight and 

ambient light. This correction can restore the reflectance of regions without direct illumination, 

such compensating for the effect of shadows.  

6. Radiometric correction – Radiance is converted to reflectance by applying correction factors for 

each band by using the empirical line method. In-field 50cm x 50cm reflectance reference 

targets with certified known spectra are used to make the correction. Any additional noise 

persevering in the data set was removed using a Savitzky-Golay filter (Savitzky & Golay, 1964). 

7. Bad Band Removal – For the Rikola data, problematic bands 18 – 20 (639.828 – 655.764 nm) 

at the transition between the two internal sensors were removed.  

8. Vegetation removal – Vegetation within the scans is problematic for mineral detection as they 

can lead to erroneous values. A mask is applied removing these pixels leaving only the barren 

ground behind using the Normalised Difference Vegetation Index (NDVI).  This is further 

explained in Section 2.4 – Band ratios.  

2.3 Laboratory data collection  

Sixteen field samples were collected from the Illukunnuaq test site for spectral validation (Figure 8). 

Each sample was geolocated with a Garmin GPSMAP 64S handheld unit. In the lab, samples were 

characterized by geological description, elemental composition mapping using X-ray fluorescence 

(XRF) analysis and hyperspectral mapping. The elemental and hyperspectral characterisation is 

described in more detail in sections 2.3.1 and 2.3.2. See Appendix D Table A - 3 for a list of the samples, 

their locations, and a brief geological description.  

 Geochemical analysis  

The elemental composition of the field samples was obtained in the lab with a Bruker S1 Titan 800 

handheld XRF spectrometer. The unit was operated with the GeoChem Trace calibration (P/N: 

730.0088) for the most suitable package of detectable minerals and tolerances (Bruker, 2014). Prior to 

use, the device was calibrated with the manufacturers standard and passed within the acceptable 5% 

error margin.  Phase 1 (45 kV, TiAl filter) and 2 (15 kV, no filter) measurements were taken to analyse 

both light and heavy elements resulting in a combined 60 second (30 s / 30 s) measurement time (Figure 

14). Each sample was analysed three times in different locations across the sample, averaging the results 
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producing a more representative assay. All results taken with the hhXRF were scrutinised as some results 

were noted as falling outside of the detectable limit. Appendix D Table A - 4 contains the full list of 

XRF results.    

 

Figure 14 List of measurable elements by the Bruker S1 Titan 800 hhXRF with GeoChem Calibration assigned 

based on energy source (Bruker, 2014).  

 AisaFENIX laboratory spectra 

Laboratory spectra were measured using a Specim SisuROCK drill core scanner equipped with an 

AisaFENIX hyperspectral camera (Figure 15). The fully automatic workstation uses a retractable table 

to pass the samples under the field-of-view of the line-scanner spectrometer. The camera contains two 

sensors that cover 450 bands over the VNIR (380 - 970 nm) and SWIR (970 - 2500 nm) ranges of the 

electromagnetic spectrum with spectral resolution of 3.5 nm and 12 nm, respectively (SPECIM Spectral 

Imaging Ltd., n.d.; Tuşa et al., 2020). The spectral resolution and range permit the identification and 

mapping of minerals beyond the capability of the drone-borne Rikola and Sequoia sensors. To analyse 

both the weathered and fresh surfaces where possible, each sample was cut and positioned on table so 

that at least one weathered and one fresh surface was visible to the sensor. When available, additional 

sizable fragments were also placed on the table to maximise the detectable surface for each sample. 
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Figure 15 SisuROCK drill core scanning workstation with (inset) AisaFENIX hyperspectral sensor and (table) 

AisaFENIX sensor specifications and setup for hyperspectral data acquisition (SPECIM Spectral Imaging Ltd., 

2018) 

The conversion of DN from radiance to reflectance was performed using the white PTFE reference 

panel (>99% VNIR and 95% SWIR). The MEPHySTo toolbox (Jakob et al., 2017) was used to correct 

sensor specific optical distortions and the spatial shift between sensors. Bands 1 - 15 (378.19 - 435.35 

nm) were omitted owing to having low signal-to-noise ratios and being outside the spectral range of the 

Rikola sensor. Bands 172 - 177 (963.60 - 987.71 nm) around the sensor shift were also removed. The 

individual samples in the processed images were catalogued with a fragment name and extracted from 

the image using the Region of Interest (ROI) tool in ENVI version 5.2 (Exelis Visual Information 

Solutions, 2014). This collection of pixels allows the averaged spectra to be calculated within the region 

of interest, improving the signal-to-noise ratio (SNR) and better reflecting the spectra observed by the 

drone-borne sensors.  

 THOR material identification tool  

The THOR material identification tool (ENVI 5.2) was used to identify the minerals phases present 

within the field samples. Representative spectral signatures measured using the Fenix sensor were 

referenced against the USGS Spectral Library Version 7 (Kokaly et al., 2017) and open source spectra 

from Crowley. Crowley (2003) contains 15 Fe-oxide, -hydroxide & -sulphate mineral spectra specific 

to sulphide bearing mine wastes complementing the larger the USGS library with 481 spectra from 

various minerals inclusive of silicates, oxides, sulphides, and sulphates.   

The THOR Material identification tool (Figure 16) based on the SAM algorithm (see Section 2.5) 

compares the apparent angle between spectral bands of the target spectra against a library of reference 
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spectra, ranking them from best to least fit. This exercise was performed on the field samples, first for 

the full AisaFENIX spectral range (400 - 2500 nm) and second for the spectral range detectable by the 

Rikola sensor (503 - 895 nm). A comparative analysis of spectral fit between target and reference spectra 

(USGS and Crowley, 2003) was utilised in two ways:  

1. Best-fit library reference spectra were used to determine meaningful colour index schemes for 

iron-feature band ratios (Section 2.4.3) 

2. Best-fit library reference spectra equivalent to the laboratory spectra were determined for SAM, 

to be used as a proxy when a measurable mineralisation occurrence is not present or accessible. 

(Section 2.5.3) 

 

Figure 16 THOR Material Identification tool interface in ENVI 5.2. Bottom table shows the best fitting reference 

spectra listed by spectral angle. The graph on the right shows the spectra of the target spectra taken from Fenix 

data (red line) and reference spectra (green line) from the best fit reference spectra. Bad bands (shown as red bands 

on the spectra) have been ignored. The gap in the spectra around 1000 nm are the removed bad bands.  

 

2.4 Band ratios 

 Theory 

Band ratios are a simple yet effective spectral enhancement technique that dates to the earliest 

applications of Landsat multispectral scanner (MSS) and air photo imagery datasets (van der Meer et 

al., 2012).  The simplest form of a band ratio is the division of reflectance values of one band (𝑏𝑎𝑛𝑑 𝑥)  

by a second band (𝑏𝑎𝑛𝑑 𝑦)  as shown in equation (1).  
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(1) 

𝑟𝑎𝑡𝑖𝑜 𝑧 =
𝑏𝑎𝑛𝑑 𝑥

𝑏𝑎𝑛𝑑 𝑦
 

𝑅𝑎𝑡𝑖𝑜 𝑧 values that converge towards 1 show that the bands contain similar values while variations 

from this are indicative of divergence. As 𝑟𝑎𝑡𝑖𝑜 𝑧 is unitless, ratios of like wavelengths belonging to 

different sensors and spectra can be qualitatively compared (van der Meer et al., 2012). Strong band 

ratios are those that accentuates a feature of interest while supressing others. Two key band ratios utilised 

in this thesis discussed below are the Normalised Difference Vegetation Index (NDVI). introduced in 

section 2.2 for the removal of vegetation, and iron-feature band ratios used to highlight the oxidation of 

sulphides.  

 NDVI  

Normalized Difference Vegetation Index (NDVI) has been used in satellite imagery applications since 

the 1970s to monitor a variety of land surface parameters (Tucker, 1979).  NDVI values are indicative 

of the amount of green vegetation present within a pixel which reflects unique spectral characteristics 

associated with biophysical processes within plants (L3 Harris Geospatial Solutions, n.d.). Within leaves 

radiation is both absorbed and scattered as a function of wavelength. For green leaves most of the visible 

spectrum (400 - 700 nm) is absorbed while the near-infrared (700 - 1050 nm) is scattered. Absorption 

in the visible spectrum is strongest near the red band (620 - 680 nm) which is correlated with biomass 

production (Tucker, 1979). Reflectivity of the NIR is linked to green leaf density and internal leaf 

scattering both of which are products of increased photosynthetic activity (Tucker, 1979).  

 

Figure 17 Spectral comparison between healthy and unhealthy vegetation. Spectra from (Kokaly et al., 2017) 

Equation (2) shows the preferred band centres of the NDVI equation for ENVI 5.2 (L3 Harris Geospatial 

Solutions, n.d.).  

 (2) 

Dry Grass 

AV87-2

Green Grass 

GDS91 

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

400 500 600 700 800 900 1000

R
ef

le
ct

an
ce

Wavelength (nm)

R
E

D
 

N
IR

 



24 

 

𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅860 ±100 𝑛𝑚 −  𝑅𝐸𝐷650 ±50 𝑛𝑚

𝑁𝐼𝑅860 ±100 𝑛𝑚 +  𝑅𝐸𝐷650 ±50 𝑛𝑚
 

Valid results range between -1 and +1 and the transition from barren to vegetated pixels mostly occurs 

between 0.25 - 0.30 (L3 Harris Geospatial Solutions, n.d.; Santos & Negri, 1997). The NDVI band ratio 

was used to mask vegetation from the Rikola and Sequoia orthomosaics leaving only the non-vegetated 

pixels, pertinent to mineral detection, behind. In both datasets, the preference was to remove more rather 

than less pixels as any influence from vegetation can result in erroneous values.  Table 5 summarises 

the bands used for the NDVI mask and the selected mask threshold for each sensor. Mask thresholds 

were determined by individually analysing the NDVI maps.  

Table 5 NDVI selected bands and cut-off value by sensor type 

Sensor Red (650 - 750 nm) NIR (760 - 960nm) Selected Cut-off value 

Rikola 650.821 nm 855.849 nm 0.27 

Sequoia 660 nm  790 nm 0.25 

 

 Iron specific band ratios  

Iron-feature band ratios were some of the first interpolation methods to be applied on the Landsat 

Multispectral Scanner System (van der Meer et al., 2012). Detectable in the VNIR spectrum, the iron-

feature band ratio leverages the difference between the ferric iron (Fe3+) reflectance peak and ferrous 

iron (Fe2+) absorption feature induced by crystal field transitions (Clark, 1999) evident in jarosite and 

goethite (Figure 18).  

 

Figure 18 Spectra for the key weathered minerals associated with iron sulphide oxidation and common silicates 

found in mafic intrusions. Note the peak and trough features between 650 – 1000 nm. Spectra from USGS 

spectral library. 
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Both the Rikola and Sequoia sensors operate across the VNIR spectrum and therefore, can be used 

to detect iron absorption features. The optimal band ratio for mapping goethite, prioritised based on 

laboratory results, is 760/930 nm.  As these wavelengths are not captured by the Rikola and Sequoia 

sensors, bands as close as possible to these values were chosen to accentuate the difference (Table 6).  

Table 6 Band ratios by sensor for ferric iron identification. 

Sensor  𝑩𝒂𝒏𝒅 𝒙 𝑩𝒂𝒏𝒅 𝒚 

Rikola 760.09 nm 895.65 nm 

Sequoia 
735 nm 790 nm 

735 nm 660 nm 

 

As the applied indices are not present in literature, it was deemed necessary to determine the 

meaningful colour index to highlight goethite associated occurrences. This was completed by calculating 

the theoretical band ratio from the measured laboratory spectra as well as determining a range of 

potential values from the best-fit spectra from the THOR material analysis presented in Section 2.3.3. 

Specific to the Sequoia data (Figure 19), noise in the iron-feature band ratio could be reduced by 

calculating a band ratio of 735/660 nm and masking values less than 1.28. A 5 x 5 px median pass 

convolution filter was applied to remove any ‘speckling’ noise from the dataset also improving the noise. 

 

Figure 19 Sequoia iron-feature band ratio workflow 

 

 

2.5 Spectral Angle Mapper (SAM) 

 Theory 

The Spectral Angle Mapper (SAM) is a spectral matching algorithm that permits the rapid comparison 

of apparent reflectance spectra from a target pixel against reference spectra (Kruse et al., 1993; Sabine, 

1999). Performed on calibrated reflectance data, the algorithm is insensitive to illumination, albedo, and 

topographical effects. This allows the comparison of spectra from any source, may it be laboratory, field, 

or image spectra regardless of the time and mode of acquisition (Kruse et al., 1993).  
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Figure 20 Schematic of a 3D plot of a target and reference spectrum separated by theta. Band values represented 

on axes x, y and z are arbitrary and could be enhanced in the n-dimensional space. Modified after (Kruse et al., 

1993) 

The algorithm operates by treating the reference and target spectra as vectors in 𝑛-dimensional space, 

where 𝑛 is the number of spectral bands used (limited to the spectra with the fewest bands) and computes 

the arccosine of the dot product of the spectra. The similarity of the reference spectra (𝑆𝑟) to the target 

spectra (𝑆𝑡) termed the spectral angle (𝜃), defined in radians, is calculated by Equation (3) (L3 Harris 

Geospatial Solutions, n.d.).  

 (3) 

𝜃(𝑥, 𝑦) = cos−1 (
∑ 𝑆𝑡𝑛𝑆𝑟𝑛

𝑁
𝑛=1

(∑ 𝑆𝑡𝑛
2𝑁

𝑛=1 )
1

2⁄  ∙  (∑ 𝑆𝑟𝑛
2𝑁

𝑛=1 )
1

2⁄
) 

A smaller spectral angle between target and reference spectra equates to a better fit, with a spectral 

angle of 0 denoting a perfect match. ENVI suggests a spectral angle less than 0.08 is good, while values 

from 0.08 - 0.14 are considered fair (Exelis Visual Information Solutions, 2014). This angle should be 

scrutinised and specifically determined for data that contains a limited number of bands, such as the 

Sequoia MS camera. The SAM algorithm is built into the THOR Material Identification tool and 

Spectral Angular Mapper Classification tool within the ENVI 5.2 (L3 Harris Geospatial Solutions, n.d.).  

 SAM classification tool  

The Spectral Angular Mapper Classification tool (ENVI 5.2) is a supervised classification method that 

uses the spectral angle to match pixels with selected reference spectra. For each pixel, the reference 

spectra with the smallest spectral angle is assigned providing it is below the user defined maximum 

angle. If no reference spectra have an angle under the maximum angle, the pixel remains unclassified 

(L3 Harris Geospatial Solutions, n.d.). The output of this process is a single classification map and a 
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series of individual rule maps for each reference spectra. A rule maps show the spectral angle value for 

each individual pixel of that reference spectra.  

 Application of SAM 

The Spectral Angular Mapper Classification tool was applied to the Rikola and Sequoia maps using 

laboratory derived and best-fit library reference spectra. Using the spectra of a local sample is preferred 

but not always possible, as it requires the knowledge of and accessibility to a known occurrence. In lieu 

of this, best-fit library reference spectra determined using the THOR Material Identification Tool 

(Section 2.3.3) can be used as a proxy for laboratory spectra in SAM.  

To determine the appropriate maximum angle (𝜃), pixel values of reference spectra rule maps over 

the known sulphide mineralisation site were used as a point of comparison in conjunction with analysing 

the histograms of the rule maps displaying the number pixels classified based on the maximum angle. 

Classification maps were created in QGIS 3.12 built from the ENVI rule maps. A balance between 

supressing the signal and introducing too much noise in a classification map is done by adjusting the 

maximum angle. Histograms showing the distribution of pixels over a range of maximum angles can be 

generated from the rule maps in ENVI 5.2 and assist in determining the appropriate maximum angle. 

The SAM results from the Sequoia dataset were fine-tuned over the immediate dyke before applying 

to the larger maps. Sequoia SAM results were compared against the Rikola SAM results. Finalised 

spectra and maximum angles from the test area were then applied to the whole Sequoia orthomosaic. 

The ability to detect outcrop 4 by SAM, outside of the Rikola orthomosaic extents, by sequoia would be 

used to validate the success of the method.  

2.6 Eigen value analysis  

 Theory  

The curvature of a landscape can be determined using the eigenvalue analysis of the Hessian matrix 

(Steger, 1998). This algorithm picks linear features present in an image through curvature analysis and 

therefore has applications in remote sensing (Frangi et al., 1998) and medical imagery (Sutinen et al., 

2019). The Hessian matrix is a 2 x 2 matrix composed of second-order partial derivatives from the input 

image (Frangi et al., 1998). Eigenvalue analysis involves the extraction of principal directions and their 

magnitudes from the Hessian matrix for each pixel, to determine the direction of most and least 

continuity defined by set of eigen values (4) (Frangi et al., 1998).  

(4) 

|𝜆1|  ≤ |𝜆2|  
Where  

(5) 

|𝜆1| ≈ 0. 
(6) 

|𝜆1|  ≪ |𝜆2|  
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For linear features, the smallest magnitude (𝜆1) indicates the direction along a structure (minimal 

change) with a value close to zero (5). 𝜆2, perpendicular to and significantly greater than  𝜆1,  is the 

direction with the greatest change or maximum slope (Sutinen et al., 2019). Curvature information is 

provided with positive values for peaks and negative values for troughs. Features without preferential 

directions, (i.e. rounded features and flat planes) are characterised by similar values between 𝜆1 and 𝜆2 

with low values (7) (Frangi et al., 1998). Eigenvalue analysis is scalar dependent meaning the size of 

the observation window can be adjusted to highlight structures of different scales and suppress 

background noise (Steger, 1998).   

(7) 

|𝜆1| ≈ |𝜆2| 

 

 TecGEMS eigen maxima tool  

The Eigen maxima tool, built on the principals of eigenvalue analysis, is one of many geomorphological 

tools as part of the TecGEMS QGIS plugin developed internally at Helmholtz Institute Freiberg for 

Resource Technology (Andreani et al., 2014). The tool requires a digital elevation model (DEM) and a 

user-defined moving window size specified as an odd number of pixels. The tool was applied to the 

Sequoia Illukunnguaq DEM, using a moving window of 101 pixels (≈ 14 m). This window size 

compliments the dimensions of the Illukunnguaq dyke and was determined as a balance between over 

and under sampling data resulting in either the aliasing of key structures or introduction of excessive 

noise.   



29 

 

3 Results 

Figure 21 and Figure 22 are the final Sequoia MS and Rikola HS orthomosaic maps of the Illukunnguaq 

dyke area. Figure 21 displays the three processed MS mosaics capturing the Illukunnuaq dyke and 

upslope area (centre) as well as the east and west rock glacier. The vast coverage of the Sequoia data 

makes it difficult to present and discuss local features in meaningful detail. As such, the results and 

discussion focus mostly on the Illukunnguaq dyke mosaic as this has the greatest exploration value. 

Results for the east and west rock glaciers can be found in Appendix G. To best compare the results 

from the Rikola and Sequoia orthomosaics, the Sequoia MSI is clipped to the extent of the white box 

(Figure 21) equivalent to the Rikola field of view (Figure 22). The larger Sequoia orthomosaic is 

assessed towards the end of the results once iron-feature band ratio and SAM methods have been fine 

tuned. All the maps presented within the results are projected on the WGS 84 /UTM zone 22N 

Coordinate Reference System (EPSG: 32622).  

 

Figure 21 Extent of the 3 Sequoia MS surveys flown with the eBeePlus fixed-wing drone over the Illukunnguaq 

area. False colour-infrared (CIR) image mosaics (bands 4-2-1).  (inset) Map shows location of the field area in 

relation to the Vaigat straight on the northern Disko shoreline. White box shows the extent of future sequoia 

maps for results comparative with the Rikola extent. 
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Figure 22 Extent of HS Rikola survey flown over the immediate Illukunnguaq dyke. RGB image mosaics 

(bands 17 – 07 – 01) show the coverage of the Tholeg THO-R-PX8-12 multicopter. Background greyscale 

orthomosaic is from the eBeePlus drone with the S.O.D.A. camera. Inset image shows the position errors 

between the three surveys based on a common feature.  

 

3.1 GPS precision  

Survey locations were georeferenced using a Garmin 64s handheld GPS. These devices are accurate to 

within 15 meters (95% of the time) and under normal operating conditions, are accurate between 5 to 

10 meters (Garmin Ltd, n.d.). By targeting a common structure present within the 3 surveys – a piece of 

timber near outcrop 3, the position errors between surveys were noted (Figure 22, inset). The S.O.D.A. 

RGB image is 3.1m and the Rikola HSI is 7.0m off the Sequoia MSI. The largest misalignment is 

between S.O.D.A. and Rikola HSI with a 9.1m error. Because of this variation, it is not possible to 

compare values for individual pixels. Comparisons can only be qualitative rather than quantitative.  
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3.2 Normalised Difference Vegetation Index (NDVI)  

Results between the Sequoia and Rikola correlate well showing strong continuity between the 

background and foreground images (Figure 23, left). This was to be expected as the Sequoia sensor was 

designed for agricultural and environmental applications. Figure 23, right shows the remaining pixels 

once the NDVI mask is applied (Table 7). The removal of vegetation lead to a 64.3% and 70.7% 

reduction in pixels for the Sequoia and Rikola orthomosaics, respectively.  

  

Figure 23 (left) NDVI for HS Rikola (foreground) and MS Sequoia (background) delineating vegetation. Higher 

values indicate healthier, more dense vegetation. Inset image shows NDVI coverage for full Sequoia mosaic. 

(right) Remaining pixels after the removal of vegetation for Rikola and Sequoia datasets. 

 

Table 7 Pixel reduction with NDVI applied 

Sensor (NDVI 

cut-off value) 

Original number 

of pixels 

Number of pixels after 

vegetation removal  

Percentage of 

pixels removed 

Percentage of 

original size  

Sequoia (>0.25) 172,931,523 61,785,005 64.3% 35.7 % 

Rikola (>0.27) 4,250,908 1,243,757 70.7% 29.3 % 

 

Higher altitudes distal to the coast contain less vegetation in part due to longer seasonal snow cover 

but also due to the active scree slopes and moraines with juvenile poorly developed soil profiles (Beschel 

& Weidick, 1973). Active rock glaciers to the east and west of Illukunnguaq (Appendix G) had 

considerably less vegetation. In the field, vegetation consisted of mainly vascular plants such as Arctic 

Cottongrass, bog bilberry and numerous lichen species that exist on stable mafic outcrops inclusive of 

the Illukunnuaq dyke (Beschel & Weidick, 1973). Active drainage channels such as those that crosscut 

the Illukunnguaq dyke contained some of the highest NDVI values.  
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3.3 Laboratory spectral results  

The AisaFenix has a wide spectral range and high resolution and therefore was used for the 

characterisation of the field samples. All 16 field samples were scanned, and elemental composition 

measured with the Bruker S1 Titan 600 hhXRF however, only two samples (Figure 24) are presented in 

the results: 

• GL19RZI003 (GGU 567301) - a fragment of the historic Illukunnguaq massive sulphide 

boulder 

• GL19RZI007A (GGU 567303) – an oxide phase associated with the weathered Illukunnguaq 

mineralisation site  

Due to the limited spectral range of the drone-brone sensors Rikola and Sequoia, GL19RZI007A is the 

only sample resolvable for the regional search of sulphides using the Spectral Angular Mapper (SAM) 

tool. For lithological descriptions and elemental composition data for all the field sample samples see 

Appendix D.   

 

Figure 24 Location of samples GL19RZI003 and GL19RZI007A in relation to Illukunnguaq outcrop #3. Note 

the variations in colour proximal to the massive sulphide excavation site and the shadow cast over the pit. Photo 

is taken from outcrop #2 looking east. Photo courtesy of Robert Jackisch.  

 

 Spectral analysis of GL19RZI003 

Sample GL19RZI003 is a piece of the Illukunnguaq massive sulphide boulder collected from an ex-situ 

pile of boulder fragments left behind post excavation (Figure 24). hhXRF on this sample, due to iron 

and sulphur exceeding maximum detection limits with the GeoChem Trace Calibration produced 
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erroneous values. Figure 25 shows the elemental and mineralogical composition of the massive sulphide 

as reported by Pauly (1958).  

 

Figure 25 Sample GL19RZI003 representing the former Illukunnguaq dyke. (left) is the elemental and 

mineralogical composition of the boulder (Pauly, 1958) (right) four fragments of GL19RZI003 scanned by the 

AisaFenix sensor. Note: Surface scanned of GL19RZI003-3 is the underside of the fragment shown in the photo, 

comparable to GL19RZI003-1.  

Figure 26 shows that the oxidation of a massive nickeliferous pyrrhotite ore is distinguishable within 

the spectra. Sample GL19RZI003-1 to -4 show a range of oxidation levels. The order from least oxidised 

to most oxidised is 4, 2, 3/1. GL19RZI003-4 (dark blue) is the freshest sample but also has been polished. 

It has 2 to 3 times higher reflectance values than the other three unpolished samples. The spectra profile 

relative to the other profiles is straight and increasing in reflectance with wavelength. At the other end 

of the spectrum is GL19RZI003-1(aqua) /-3 (dark green) both represent the advanced oxidised exterior 

of the massive sulphide sample as found at Illukunnguaq. GL19RZI003-1/ -3 both have prominent 

goethite features as seen with a shoulder feature at ~636 nm, peak at ~753 nm and absorption feature at 

~950 nm. Absorption features at ~1448 and ~1944 nm are representative of H2O. GL19RZI003-2 (dark 

green) is a recently cut surface that was exposed for approximately 4 weeks at the time of the scan. It 

represents a transition between GL19RZI003-4 and GL19RZI003-1/-3 with a mild ~950 nm absorption 

feature and a positive trend in the SWIR range like GL19RZI003-4. 
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Figure 26 Measured spectra from GL19RZI003 showing varying degrees of oxidation. Prominent absorption 

features from Clark (1999) are indicated. 

 

 Spectral analysis of GL19RZI007A 

Samples 19GLRZI007A-1/-2/-3 (Figure 27, left) represent the advanced oxide phases of the remnant 

massive sulphide boulder present at the Illukunnguaq dyke. Fragments -2 and -3 are porous and friable 

representing the advance leaching of sulphide phases and preferential precipitation of stable iron 

hydroxide and sulphate phases. Whereas, sample 19GLRZI007A-1 is a weathered fragment of the 

Illukunnguaq gabbronorite dyke, coated by these weathering phases.  

 

Figure 27 (left) Three fragments of GL19RZI007A scanned by the AisaFenix sensor. (right) Average elemental 

composition from 3 measurements taken by the Bruker hhXRF. For more detailed analysis see Appendix D.  
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The three fragments of GL19RZI007A (Figure 27, left) have analogous spectra in the VNIR range 

(Figure 28), but -1 diverges in the SWIR range with subdued absorption features. The spectra of 

GL19RZI007A-2 and -3 are comparable with distinct hydroxyl (OH) absorption features in the SWIR 

range (Figure 28). These were averaged into a combined reference spectrum (GL19RZI007A-2+3) that 

is used in the SAM tests.  

 

Figure 28 Measured spectra from GL19RZI007A compared with refence spectra (red, yellow) from Crowley et 

al. (2003). Prominent absorption features are indicated. 

The averaged spectra GL19RZI007-2+3 shows a mixed mineralogy between goethite and jarosite 

comparable with the reference spectra (Kokaly et al., 2017). In the SWIR range, key correlations 

between jarosite and the target spectra are exhibited at 1448 nm, 1944nm and 2200 nm. Equally, these 

features are less prominent in the goethite reference spectra except for those associated with H2O. In the 

VNIR range, the shoulder at 636 nm, peak at 753 nm and absorption feature at ~950 nm are reflective 

of Fe2+ and Fe3+ electron transfers and characteristic of goethite (Figure 28). Jarosite at 636 nm lacks the 

shoulder feature and has the Fe3+ peak and Fe2+ absorption feature at shorter wavelengths. Slight 

variations between the target and reference spectra absorption features shown here are caused by subtle 

changes in crystal structure and chemistry which results in feature shifts on the spectrum (Ulff-Møller, 

1983).  
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 THOR material identification of GL19RZI007A 

To find representative library reference spectra from USGS (2017) and Crowley (2003) for 

GL19RZI007A, the THOR Material Identification tool (Envi 5.2) was used. The spectral differences 

between GL19RZI007A-1 & GL19RZI007A-2+3 (Table 8) were also reflected in the suggested 

reference spectra. For more detailed information of the reference spectra including formula and source 

see Table A - 5. For GLRZI007A-1 the top three library reference spectra for the range 439 - 2504 nm 

were varieties of jarosite with ranks four and five occupied by Fe3+ bearing clays nontronite and 

montmorillonite + illite. Schwertmannite, a ferric hydroxy-sulphate similar to jarosite (Clark, 1999) was 

the best-fit spectra for GLRZI007A-2+3 followed by a variety of jarosite, goethite and nontronite (Table 

8). Largely, the best-fit library spectra for the Fenix range places weight on vibrational features due to 

hydroxyl bonds and water in the SWIR range, as represented in Figure 28 by jarosite.  

Table 8 Best-fit library reference spectra from USGS (2017) and Crowley (2003) for GL19RZI007A-1 and 

GL19RZI007A-2+3 
  

Fenix range (439 - 2504 nm) Rikola range (504 - 896 nm) 

Target Spectra Rank  Reference Spectra Angle Reference Spectra Angle 

GL19RZI007A-1 1 Jarosite GDS98 (USGS, 2017) 0.087 Limonite HS41.3 (USGS, 2017) 0.039 

2 Jarosite GDS100 (USGS, 2017) 0.098 Goethite (Crowley, 2003) 0.050 

3 Jarosite (Crowley, 2003) 0.105 Erionite + Merlinoite GDS144 

(USGS, 2017) 

0.051 

4 Nontronite NG-1.a (USGS, 2017) 0.106 Jarosite WS368 (USGS, 2017) 0.066 

5 Montmorillonite + Illite CM37 

(USGS, 2017) 

0.106 Jarosite JR2501 (USGS, 2017) 0.083 

GL19RZI007A-2+3 1 Schwertmannite (Crowley, 2003) 0.099 Goethite (Crowley, 2003) 0.038 

2 Jarosite SJ-1 (USGS, 2017) 0.114 Limonite HS41.3 (USGS, 2017) 0.038 

3 Goethite (Crowley, 2003) 0.118 Erionite + Merlinoite GDS144 

(USGS, 2017) 

0.058 

4 Jarosite GDS98 (USGS, 2017) 0.118 Goethite WS219 (USGS, 2017) 0.067 

5 Nontronite NG-1.a (USGS, 2017) 0.136 Goethite WS222 (USGS, 2017) 0.082 

Resampling the target spectra to only the VNIR range equivalent to the Rikola sensor (504 - 896 nm), 

produces a different set of best-fit library spectra (Table 8). For both GL19RZI007A-1 and -2+3 iron 

hydroxides represented by limonite and goethite are the best-fit reference spectra followed by 

erionite + merlinoite in 3rd place and varieties of jarosite for 4th and 5th position. It should be noted that 

erionite + merlinoite are not iron bearing minerals however, the sample was significantly contaminated 

by goethite and explains the match (Olshefsky, 1992). The reduction of bands from 429 for the 

AisaFenix to 47 bands for Rikola caused a decrease in spectral angles from 0.087 to 0.039 for the best-

fit reference spectra for GL19RZI007A-1. For mineral formulas and data source and comments see 

Appendix E.  

By summing the spectral angle for GL19RZI007A-1/2/3, a total score was determined for the best-

fit library spectra in the Rikola range (Table 9). The top 7 spectra as determined by the THOR mineral 

identification will be used for subsequent SAM tests in section 3.6.  
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Table 9 Top seven best-fit library spectra for GL19RZI007A (506 - 896 nm).  

Rank Reference Spectra Score 

1 Limonite HS41.3 (USGS, 2017) 0.129 

2 Goethite (Crowley, 2003) 0.136 

3 Erionite + Merlinoite GDS144 (USGS, 2017) 0.177 

4 Goethite WS219 (USGS, 2017) 0.223 

5 Jarosite WS368 (USGS, 2017) 0.239 

6 Goethite WS222 (USGS, 2017) 0.265 

7 Jarosite JR2501 (USGS, 2017) 0.277 

 

3.4 Iron-feature band ratios  

 Calculating expected iron-feature band ratios from measured and library spectra 

To go beyond an arbitrary colour scheme and to best represent the iron-features associated with the 

laboratory spectra, a test was done to calculate the expected band ratios for 760/895 nm representing the 

best bands for the Rikola sensor and 735/790 nm representing the best bands for Sequoia sensor. Table 

10 shows the calculated band ratios for the Fenix and best fit top seven reference spectra. To best 

highlight the goethite and jarosite signatures, the colour ranges maximum was placed near the mean 

value of the Fenix spectra while the minimum values were placed with the minimum (all spectra) value 

in mind. Values less than the minima were set to translucent while values greater than the maximum 

were top cut to the maximum value.  

Table 10 Band ratio values for Fenix measured samples and best-fit library spectra 
 

760/895 nm 735/790 nm 

Fenix spectra  
  

GL19RZI007A-1 1.29 1.05 

GL19RZI007-2+3 1.34 1.06 

Mean Response 1.32 1.05 

Best-fit library spectra 
  

Limonite HS41.3 (USGS, 2017) 1.23 1.01 

Goethite (Crowley,2003) 1.26 1.01 

Erionite + Merlinoite GDS144 (USGS, 2017) 1.12 0.99 

Goethite WS219 (USGS, 2017) 1.35 0.97 

Jarosite WS368 (USGS, 2017) 1.14 1.03 

Goethite WS222 (USGS, 2017) 1.29 0.98 

Jarosite JR2501 (USGS, 2017) 1.34 1.14 

Min (all spectra) 1.12 0.97 

Mean (all spectra) 1.26 1.04 

Max (all spectra) 1.35 1.14 

 

Indexing the mean iron-feature band ratio for GL19RZI007A of 1.32 and 1.05 for 760/895 nm and 

735/790 nm respectively (Table 10), against the cumulative distribution of iron-feature band ratios for 

all 481 minerals in the USGS spectral library. the Fenix samples represent strong selectivity at the top 

92nd and 88th percentile (Figure 29).  



38 

 

 

Figure 29 Cumulative distribution of the USGS library (481 samples) organised by iron-feature band ratios for 

760/890 nm (Rikola) and 735/790 nm (Sequoia) USGS (2017). Dashed lines indicate the approximate quantile 

position for the GL19RZI007A sample. 

 

 Iron-feature band ratio maps  

Figure 30, A. shows iron-feature band ratio 760/895 nm from the Rikola HSI. High values (ratio ≥ 1.2) 

represented by yellow hues and strong pixel continuity are visible over the known massive sulphide 

mineral occurrence. Distal to the mineralisation site, moderate index values (between 1.05 and 1.15) are 

mostly confined to the dyke outcrops (Figure 30, A.).  The iron-feature band ratio 735/790 nm from the 

Rikola HSI (Figure 30, B) shows anomalous values over the mineralisation site (≥1.04) but lower pixel 

continuity than the 760/895 nm ratio. Distal to the mineralisation site, the response for 735/790 nm has 

a similar distribution pattern to 760/895 nm but a reduced response.  

The iron-feature band ratio 735/790 nm from the Sequoia MSI (Figure 30, C.), comparable with the 

results from the Rikola HSI band ratios, shows a strong response over the mineralisation site with good 

pixel continuity. Ratio values here reach an approximate high of ~1.02 and therefore under call the iron 

in comparison to the Rikola HSI of the same band ratio, due to the applied convolution filter. Figure 30, 

C. shows a similar response on outcrop 1 to the known mineralisation site on outcrop 3, not seen in the 

Rikola HSI (Figure 30, A. and B.). Despite the Sequoia MSI covering a broader region than the Rikola 

HSI (Figure 30, D.), the overlapping survey coverage east of outcrop 2 shows that Sequoia detects some 

iron away from the dyke (~0.98 – 1.0) where the Rikola sensor does not. This is considered a false 

positive as it is not present in the Rikola HSI and is remanent noise unremoved by the 735/660 nm mask.  
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Figure 30 Iron-feature band ratios for (A.) Rikola HSI 760/895 nm (B.) Rikola HIS 735/790 nm (C.) Sequoia 

MSI 735/790 nm with 5 x 5 px convolution filter applied. Inset image shows unfiltered ratio. (D.) The 

distribution of classifiable pixels post removal of vegetation. 

 

3.5 Spectral Angle Mapping (SAM) with Fenix spectra 

Figure 31 shows the number of classified pixels for GL19RZI007A-1 (orange) and GL19RZI007A-2+3 

(purple) by sensor – Sequoia (dashed line) and Rikola (solid line), over a range of spectral angles. The 

maximum spectral angle for Sequoia and Rikola SAM classification maps (Figure 32) are 0.08 and 0.12 

respectively, indicated by vertical black lines (Figure 31).  Analysing each spectra by image separately, 

approximately 7% of the pixels present in the image (see Figure 23, right for classifiable pixels post 

vegetation removal) are classified as GL19RZI007A-1 and 3% for GL19RZI007A-2+3 for Sequoia and  

A B 

C D 



40 

 

2% and 0.5% for Rikola (Table 11). There is better selectivity with Rikola HSI despite having a larger 

specified maximum spectral angle and containing less pixels within the image (Table 7).  

All of the series (Figure 31) are gaussian with the Sequoia reference spectra (dashed lines) having a 

tighter distribution than the Rikola reference spectra and a positive skew. The graph shows that 76% 

and 74% of pixels would be classified as GL19RZI007A-1 or GL19RZI007A-2+3 if the Rikola 

maximum spectral angle of 0.12 was applied to the Sequoia MSI, highlighting the importance of 

appropriate maximum spectral angle selection.  

 

Figure 31 Histogram showing the relationship between the number of pixels dependant on the spectral angle for 

each reference spectra. Chosen maximum spectral angles for each sensor are indicated by black vertical  lines. 

(Inset) shows the full distribution of pixels for the Sequoia and Rikola spectra. 

 

Table 11 Approximate percentage of pixels by image classified as GL19RZI007A-1 and GL19RZI007A-2+3 

with a maximum spectral angle of 0.08 for Sequoia MSI and 0.12 for Rikola HSI applied. Note: each 

combination is independent. A pixel can be both classified as GL19RZI007A-1 and GL19RZI007A-2+3.  

 
Image 

Rikola Sequoia 

S
p

ec
tr

a
 

GL19RZI007A-1 2.0% 7.0% 

GL19RZI007A-2+3 0.5% 3.0% 

 

 

Sequoia maximum 

spectral angle; 0,08
Rikola maximum 

spectral angle; 0,12

0

10

20

30

40

50

60

0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2

N
o

. 
o

f 
P

ix
el

s 
(x

 1
0

3
)

Spectral angle 

Rikola GL19RZI007A-1 Rikola GL19RZI007A-2+3

Sequoia GL19RZI007A-1 Sequoia GL19RZI007A-2+3

0

10

20

30

40

50

60

0,06 0,16 0,26 0,36 0,46



41 

 

The SAM classification of Rikola HSI displays the positive identification of the known sulphide 

mineralisation occurrence (Figure 32, left). While, GL19RZI007A-1 (orange) was also mapped along 

the Illukunnguaq dyke outcrops and to a small degree, south-west of outcrop 2, GL19RZI007A-2+3 

(purple) was tightly constrained to the mineralisation site not appearing elsewhere along the dyke. The 

SAM classification of Sequoia MSI also maps the mineralisation occurrence but with a different pattern 

to that of the Rikola data in part due to the region being partially covered by shadow. Unlike the Rikola 

distribution, GL19RZI007A-2+3 is not exclusive to the mineralisation occurrence but is classified across 

the three dyke segments and well as north-east of outcrops 1 and 2.  

 

Figure 32 SAM classification maps of AisaFenix laboratory measured spectra GL19RZI007A-1 and 

GL19RZI007A-2+3 Rikola (left) and Sequoia (right). Inset images show zoom in of mineralisation site at 

outcrop 3. 
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3.6 SAM with library spectra  

Library spectra that best represent the measured Fenix spectra, were chosen as open access proxies for 

the exploration of sulphides where no known mineralisation occurrences exist or ground-truthing has 

occurred. The top 7 best-fit library spectra (Table 9) were tested on the Rikola HSI and Sequoia MSI 

using SAM. For the Rikola HSI, a maximum spectral angle of 0.10 was selected and three library 

spectra: limonite HS41.3 (red), erionite + merlinoite GDS144 (orange) and jarosite WS368 (blue) 

(Figure 33, Figure 35, left) were chosen.  Limonite HS41.3 and erionite + merlinoite nearly exclusively 

map the known sulphide mineralisation occurrence with minor signal to the south of outcrop 3 (Figure 

35, left). Jarosite WS368 is mapped proximal to the mineralisation occurrence classifying parts of the 

three dyke outcrops.  

 

Figure 33 Pixel classification by spectral angle and library reference spectra for the Rikola HSI. Solid lines 

represent the chosen best-fit library spectra for classification mapping. Dashed lines are the other  considered 

best-fit library spectra. Vertical black line at 0.1 shows chosen maximum spectral angle. (Inset) shows the full 

distribution of pixels for the Rikola spectra. 

For the Sequoia MSI, a maximum spectral angle of 0.08 was selected and four library spectra: 

goethite WS219 (red), goethite WS222 (orange), goethite (Crowley, 2003) (blue) and limonite HS41.3 

(purple) (Figure 34, Figure 35, right). Four spectra were chosen rather than three for better classification 

continuity over the known mineralisation occurrence. Away from the mineralisation occurrence, 

goethite WS219 and goethite WS222 are classified along the three dyke outcrops where goethite 

WS219, layered on top of goethite WS222, is more selective (Figure 35). Goethite (Crowley, 2003) and 

limonite HS41.3 are mapped also on outcrops 1 to 3, but also north-west in the sedimentary country 

rock.  

 

Rikola maximum spectral angle; 0,1

0

1

2

3

4

5

6

7

8

9

0,04 0,06 0,08 0,1 0,12 0,14

N
o

. 
o

f 
P

ix
el

s 
(x

 1
0

3
)

Spectral angle

Limonite HS41.3 (USGS, 2017) Goethite (Crowley,2003)
Erionite+Merlinoite GDS144 (USGS, 2017) Goethite WS219 (USGS, 2017)
Jarosite WS368 (USGS, 2017) Goethite WS222 (USGS, 2017)
Jarosite JR2501 (USGS, 2017)

0

2

4

6

8

10

12

14

16

18

20

0 0,1 0,2 0,3 0,4 0,5



43 

 

 

Figure 34 Pixel classification by spectral angle and library reference spectra for the Sequoia MSI. Solid lines 

represent the chosen best-fit library spectra for classification mapping. Dashed lines are the other considered 

best-fit library spectra. Vertical black line at 0.1 shows chosen maximum spectral angle. (Inset) shows the full 

distribution of pixels for the Sequoia spectra.  

 

 

Figure 35 SAM classification maps best-fit library spectra for GL19RZI007A-1 and GL19RZI007A-2+3 Rikola 

(left) and Sequoia (right). Inset images show zoom in of mineralisation site at Outcrop 3.  

 

  

Sequoia maximum spectral angle; 0,08

0

2

4

6

8

10

12

0,04 0,05 0,06 0,07 0,08 0,09 0,1

N
o

. 
o

f 
P

ix
el

s 
(x

 1
0

3
)

Spectral angle

Limonite HS41.3 (USGS, 2017) Goethite (Crowley,2003)
Erionite+Merlinoite GDS144 (USGS, 2017) Goethite WS219 (USGS, 2017)
Jarosite WS368 (USGS, 2017) Goethite WS222 (USGS, 2017)
Jarosite JR2501 (USGS, 2017)

0

10

20

30

40

50

60

0 0,05 0,1 0,15 0,2 0,25



44 

 

3.7 Full scene Sequoia results  

Results presented thus far have focused on the immediate Illukunnguaq dyke, where the Sequoia MS 

camera was tested on a sampled sulphide mineralisation occurrence against the tested and trialled Rikola 

HS camera. The fine-tuned parameters for iron-feature band ratio, SAM with Fenix and SAM with 

library spectra to search for signs of mineralisation were expanded to the larger Sequoia orthomosaic of 

the Illukunnguaq area. SAM Fenix spectra (Figure 36) is shown on the following page while the 

equivalent maps for  SAM library spectra (Figure A - 8) and iron-feature band ratio (Figure A - 9) can 

be found in Appendix F.   

Beyond the three main Illukunnguaq outcrops proximal to the mineralisation site (Figure 36), 

outcrops 4 and 5 (Figure 36, inset A and B) outside of the Rikola HSI extent were assessed to test the 

validity of the designed Sequoia parameters. All three methods produced a strong signal over outcrop 4 

supporting the use of selected methodology (Figure 36, inset A). Outcrop 5, first reported by Cøster 

(1929), last documented by Fundal (1975) and recorded as buried under a moraine by Olshefsky & 

Jerome (1993) was not detected by any of the methods (Figure 36, inset B).  

As iron-feature band ratios and SAM using laboratory and library spectra validated against outcrop 

4, additional features of interest were identified in the map. Features 1 to 4 (Figure 36 and Figure A - 8, 

inset D - F) were classified by both SAM using laboratory and library spectra while features 5 and 6 

(Figure A - 9, inset G and H) were identified as areas with favourable iron-band ratio index values.  
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Figure 36 SAM using Fenix spectra of the full Sequoia orthomosaic. (Inset A and B) are of historically reported 

Illukunnguaq outcrops 4 and 5. (Inset C) shows a buried segment of the Illukunnugaq dyke between outcrops 3 

and 4 pictured in the DSM. (Inset D – H) are features of interest flagged as possible sites of mineralisation. 

Features I and J are inherent processing errors. Feature I is a single over-exposed image that wasn’t corrected 

properly and Feature J is an edge efferect due to lack of overlapping images.  
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3.8 Eigen maxima  

Applying the eigen maxima tool to the large Illukunnguaq dyke Sequoia DSM (Figure 37) depicts the 

Illukunnguaq dyke outcrops 1 to 3 trending NW-SE as a ridge (red) feature.  This ridge feature is crosscut 

by two NE-SW trending trough (blue) features depicting drainage structures. The dyke at outcrop 4 

(Figure 37) is also shown as an NNW-SSE oriented feature in agreeance with  Olshefsky (1992) as well 

depicting a subtle ridge structure (Figure 37) along strike and between Outcrops 3 and 4 interpreted to 

be a buried dyke segment blind at the surface. Features 1 to 6 of interest (with the exception of 5) (Figure 

38) selected from the multispectral maps (Figure 36, Figure A - 8, Figure A - 9) largely correlate with 

eigen maxima ridges.  

Beyond the Illukunnguaq dyke, the eigen maxima distinguishes other geomorphological features 

such as  the WNW trending ridges of rafts of land slipped from the Maligât formation (Figure 38, centre), 

the edge of the glacier and strong erosional features, for example the upslope continuation of the outcrop 

3 structure (Figure 37) all of which are consistent with the local geology (Figure 4).  

 

Figure 37 Eigen maxima of Illukunnguaq dyke. Outcrops are depicted as ridges (red). A weak NW trending 

ridge not exposed at the surface interpreted as a buried dyke segment is shown along strike between outcrops 3 

and 4.  
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Figure 38 Eigen maxima of Illukunnguaq region depicting ridges (red) and troughs (blue). Inset images and 

features are determined from Sequoia HSI. 
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4 Discussion  

4.1 Data acquisition and processing challenges  

 GPS precision  

The Illukunnguaq mosaics from all three sensors (Sequoia MSI, Rikola HSI and S.O.D.A. RGB) were 

georeferenced individually by Structure-from-Motion (SfM) photogrammetry either by the Agisoft or 

the MEPHySTo toolbox utilising the on-board drone GPS. Average orthomosaic positioning errors 

ranging from 1.6 to 2.7 m (Appendix C, Table A - 2) most likely propagated from sensor-internal 

geometric distortion errors.  The general offset between mosaics, the largest being 9.1 m between 

S.O.D.A. and Rikola (Figure 22, inset), can be contributed to the absence of ground control points 

(GCPs) in the field. Literature suggests a minimum of 20 GCPs spread evenly across the survey area, 

although 10 is adequate to georeference the model (Ouédraogo et al., 2014). A compromise between 

accuracy and practicality must be made for commercial exploration. The introduction of a minimum 

three temporary GCPs in a non-linear formation (Dering et al., 2019) for the extent of a field campaign, 

would aid in correcting inter-mosaic offsets when several flights are completed over the same target 

area.  GCPs would also streamline image pre-processing and in return save time which is critical for in-

field processing. 

For the purpose of this study, results largely depend on the individual Sequoia orthomosaics with the 

S.O.D.A. RGB and Rikola HSI operating as complimentary validation tools. It was therefore not 

considered essential to reprocess the orthomosaics for a better fit. For a future study, it could be of 

interest to minimise the offset between the Rikola HSI and Sequoia MSI to compare band ratios between 

individual pixels. This would clarify whether there are any biases within Sequoia camera relative to the 

Rikola camera, for example, a general under- or overcalling in the iron-feature band ratio. These tests 

would not necessarily need to be performed in the field but could be conducted in a laboratory with the 

collected field samples.  

 Processing errors  

Present within the Sequoia orthomosaics are three different processing errors that must be raised to avoid 

false interpretations. Figure 36, (I. main image) is a single image within the orthomosaic that was not 

sufficiently corrected to the neighbouring images within the orthomosaic. As a result, there is high 

density of erroneous classified pixels by SAM and a general overexposure. Similarly, two individual 

images within the Sequoia East rock glacier orthomosaic (Figure A - 11, left) show erroneous iron-

feature band ratios due to inadequate calibration. Figure 36, (J. main image) shows the misclassification 

of pixels at the western and southern edges of the orthomosaic, which is also apparent in the iron-feature 

band ratio map (Figure A - 8). Images to the edge of the survey have fewer overlapping images (Figure 

A - 6) and are therefore less informed and inherently contain more error (Dering et al., 2019). Figure A 

- 10 shows a lineament through the orthomosaic whereby the SAM classification and iron-feature band 
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ratio are not balanced between the northern and southern halves. This divide shows two separate flights 

as the eBeePlus drone returned to base for a battery change. Over exposed individual photos within a 

mosaic and poor inter-flight stitching can be overcome with more rigorous pre-processing. By nature, 

the edges of a survey will always be less informed and therefore more erroneous. Ensuring that the 

designed survey contains a buffer zone around the target, as implemented in this study, is a sufficient 

workaround.  

4.2 Laboratory spectra  

 GL19RZI003 

Laboratory tests involving pyrite [FeS2] from mine-tailings initially show rapid oxidation with steady-

state reached after 2-3 years (Gleisner, 2005). This research is comparable with the general oxidation 

trend observed in the Illukunnguaq massive sulphide boulder and sample GL19RZI003. The comparison 

of spectra between fragments of sample GL19RZI003 (Figure 25), showed that the spectrum of a fresh 

surface of nickeliferous pyrrhotite massive sulphide, cut ~4 weeks prior (GL19RZI003-2), already began 

to show diagnostic goethite features in the VNIR range (Figure 26). This rapid oxidation aligns with 

anecdotal evidence from Steenstrup (1901) who specifically comments on the distinct change in 

appearance of the boulder over the 27-year period between visits to the Illukunnguaq site owed to 

weathering. He further mentions that in 1898 it was impossible to take a fresh piece of the boulder which 

was possible in 1871 (Steenstrup, 1901). From an exploration perspective, the window for massive 

sulphide to exist on the surface in an unoxidized state, even if theorised to be the case for the 

Illukunnguaq boulder, is very short and therefore not a recommended exploration technique. In general, 

spectroscopy struggles to detect dark minerals as majority of the photons are absorbed on encounter 

resulting in poor reflectance, as seen with GL19RZI003 (excluding the polished fragment GL19RZI003-

4) (Clark, 1999; Coulter et al., 2017). This issue, combined with Sequoia’s limited band resolution, 

renders the ability to detect fresh sulphides from the eBeePlus drone impractical.   

 GL19RZI007A  

Fenix spectral measurements of sample GL19RZI007A demonstrated that the chemical composition of 

the stable weathering phases at the mineralisation site is predominantly goethite and jarosite (Figure 28) 

in agreeance with the oxidation process of pyrite (Montero et al., 2005) (Figure 6). Supporting the use 

of the Sequoia sensor, both minerals have distinct VNIR features (Figure 28). The exact mineralogical 

composition of sample GL19RZI007A is not known but could be further resolved by X-ray Diffraction 

(XRD). Returning to the objective of this study, it was to characterise the spectra of the weathered 

sulphide species at the known mineralisation site and search for additional signs of surficial 

mineralisation. The next occurrence will likely have a different mineral composition due to a range of 

emplacement and environmental factors (Clark, 1999; Pontual et al., 1997) , however, dominant Fe2+ 

and Fe3+ electron absorption features should be present.  
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The THOR material identification tool was used to find suitable open-source library spectra that 

could represent the spectra for sample GL19RZI007A measured by the Fenix sensor. Two spectra: 

GL19RZI007A-1 and GL19RZI007A-2+3 (Figure 28) resulted in different matches accredited to their 

subtly different spectral profiles. Analysing the whole spectra placed greater emphasis on the SWIR 

absorption features from OH- and H2O vibrational structures resulting in a consistent match with jarosite 

spectra varieties (Table 8) (Clark, 1999; Pontual et al., 1997). Adjusting the spectral range from Fenix 

(436 – 2500 nm) to Rikola (504 – 900 nm) (e.g. Figure 39), matching what is visible to the drone-borne 

sensors, the THOR material identification tool suggested predominantly goethite library spectra (Table 

8).   

 

Figure 39 Comparison of spectral ranges and resolution between the Fenix, Rikola and Sequoia sensors. Jarosite 

(Crowley, 2003) used for reference. 

 

 Questioning the validity of suggested library spectra 

The geological validity of some of the library minerals suggested by the THOR mineral identification 

tool are questionable and require further justification for their use (Table 8). erionite + merlinoite 

GDS144, nontronite HG-1.a and montmorillonite + illite CM37 are three unconventional suggestions. 

Erionite [(𝐾2, 𝐶𝑎, 𝑁𝑎2)2𝐴𝑙4𝑆𝑖14𝑂36 ∙ 15𝐻2𝑂] + merlinoite [(𝐾, 𝑁𝑎)5(𝐶𝑎, 𝐵𝑎)2[(𝐴𝑙9𝑆𝑖23)𝑂64] · 22𝐻2𝑂] 

GDS144 for example, are tectosilicate minerals part of the zeolite group often found in vugs of volcanic 

rocks, volcanic clastic silicic layers and tuffs (Gualtieri et al., 1998; Kokaly et al., 2017). While the 

presence of zeolites had been speculated in the Illukunnguaq dyke (Pauly, 1958), the absence of ferrous 

iron (Fe2+) in the chemical formula does not explain the positive match between the target and library 
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spectra over the VNIR range. The sample description clarifies contamination from goethite in the 1-

micron region (Appendix E) (Kokaly et al., 2017). Nontronite [Fe2
3+(Si2O5)(OH)4 ·  2H2O] HG-1.a and 

montmorillonite [(𝑁𝑎, 𝐶𝑎)0.33(𝐴𝑙, 𝑀𝑔)2𝑆𝑖4𝑂10(𝑂𝐻)2 ∙ 𝑛𝐻2𝑂] + illite 

[(𝐾, 𝐻3𝑂)(𝐴𝑙, 𝑀𝑔, 𝐹𝑒)2(𝑆𝑖, 𝐴𝑙)4𝑂10[(𝑂𝐻)2, 𝐻2𝑂]] CM37 are ferrous iron bearing phyllosilicates that were 

best-fit library matches for the GL19RZI007A Fenix range spectra. While these minerals can neither be 

confirmed or denied as being present in the sample, their positive identification as reference spectra is 

most likely attributed to having similar absorption features with jarosite and goethite. From the formula 

of nontronite above, it is apparent that the suggested reference spectrum contains ferric iron, hydroxyl 

groups and water, which are shared among other clays of mafic origin (Pontual et al., 1997). A user of 

the THOR mineral identification tool must be aware of the limitations and ambiguity associated with 

the algorithm, especially when applying it to limited spectral data whether it be the number of bands or 

the spectral range. Matching spectra should be scrutinised but if the reference spectrum is a strong fit, 

then trialling it might prove useful.  

4.3 Iron band ratios 

 Optimisation of visual parameters 

Optimising the expected iron-feature band ratios for 760/895 nm and 735/790 nm to suit the Fenix 

spectra of sample GL19RZI007A and best-fit library spectra worked well for the presentation of iron-

feature index values (Table 10). Comparing the iron-feature band ratio for GL19RZI007A for both 

Sequoia and Rikola sensors against the USGS (2017) spectral library demonstrates that while the 

Sequoia iron-feature band ratio is less ideal, selectivity is still retained (Figure 29). Many of the minerals 

with iron-feature band ratios greater than goethite and jarosite are iron bearing pyroxenes and olivines 

(Kokaly et al., 2017). First principles of Bowen’s chemical stability series explain that these minerals at 

the surface are chemically instable and decompose (Bowen, 1922; Eggleton et al., 1987). The more 

stable weathering products of mafic silicates are oxides (e.g. hematite, ilmenite) and iron bearing clays 

(Noack et al., 1993) are more likely to be present at the surface and have iron-feature band ratios lower 

than jarosite and goethite. 

 Iron-feature band ratios by Rikola  

Comparing Rikola 760/895 nm with Rikola 735/790 nm a similar distribution of index values is 

observed over the mineralisation site and along the Illukunnguaq dyke outcrops 1 to 3 (Figure 30, A and 

B.). The detected iron along the basal contact of the dyke is most likely the weathering of disseminated 

sulphides, in the form of troilite [FeS] (Olshefsky, 1992; Ulff-Møller, 1983). While the Rikola 

735/790 nm ratio shows a reduced signal in comparison to 760/895 nm, no additional iron is being 

detected therefore, retaining selectivity.  
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 Iron-feature ratio by Sequoia 

The Sequoia iron-feature band ratio for 735/660 nm was comparable to the Rikola HSI of the same ratio 

with the successful detection of the Illukunnguaq dyke site as well as some mineralisation along outcrops 

1 to 3 (Figure 30, C.). Some iron not mapped by Rikola was detected east outcrop 2 in the Atane 

formation sandstone (Figure 4) (Pedersen et al., 2001) which is considered to be surficial hematite 

staining. The use of a 735/660 nm mask for index values less than 1.28 was affective in the removal of 

these mixed pixels containing a weak component of iron oxide while preserving true signal verified 

against the Rikola data. This mask, however, was not required for the Rikola HSI and therefore a 

possible explanation for the increased noise in the Sequoia MSI is bandwidth. At 790 nm, the Sequoia 

sensor has a bandwidth of 40 nm compared to 10 nm for the Rikola sensor (Table 3) and therefore is 

less sensitive.  

 

Figure 40 Spectra of hematite, goethite, and jarosite from (Pedersen et al., 2018) with spectral feature positions. 

Spectral bands of the Sequoia camera indicated in grey. 
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4.4 Spectral Angle Mapper (SAM)  

Through this study, defining the correct maximum spectral angle, whether it was for Fenix laboratory 

spectra or library reference spectra, was deemed critical. Analysing the histogram distribution of pixels 

within an image by maximum spectral angle for each spectra proved useful in the determination of the 

classification cut-off (Figure 31, Figure 33, Figure 34). Distribution of points showed that the Sequoia 

MSI used smaller maximum spectral angles than the Rikola data (Figure 31), a product of comparing 

less bands between target and reference spectra.  

Using SAM on the Rikola HSI, the method selectively picked the mineralised site with the Fenix 

spectrum GL19RZI007A-2+3 (Figure 32, left) and library spectra limonite HS41.3 and erionite + 

merlinoite GDS144 (Figure 35, left). GL19RZI007A-1 and jarosite WS368 Pb were classified and 

constrained along outcrops 1-3 (Figure 32, Figure 35, left). With a spectral range from 550 – 900 nm, 

SAM combined with the Rikola sensor proves to be an effective method for detecting and delineating 

the weathering products of sulphides, resonating with the work of Jackisch et al. (2018) and Flores 

(2020).    

Applying SAM to the Sequoia MSI, the mineralisation site was classified by both Fenix spectra 

(GL19RZI007A-1 and GL19RZI007A-2+3) (Figure 32, right) and a combination of all four library 

spectra selected (goethite WS219, goethite WS222, goethite (Crowley, 2003) and limonite HS31.3 

(Figure 35, right). Both the Fenix and library spectra, like the iron-feature band ratio (Figure 30, C.) 

classified pixels in the sedimentary country rock (Figure 32 and Figure 35, right) which are thought not 

to be related to goethite or jarosite contamination but rather hematite as discussed in section 4.3.3.  An 

advantage of using library spectra over the Fenix spectra for the Sequoia MSI, was that two (goethite 

WS219 and goethite WS222) of the four spectra were classified exclusively on the mineralisation site 

and outcrops 1 to 3 (Figure 35, right).  Suggested future targeting methodology in the region using SAM 

with library spectra would require all four signatures to be present, as goethite (Crowley, 2003) and 

limonite HS31.3 provide the advantage of increasing the footprint of a small surface exposure.  

The use of SAM on the Sequoia MSI is not as selective as the Rikola HSI as lithologies not expected 

to contain goethite and jarosite were classified. The SAM tool when applied to Sequoia data has 

restricted functionality by its limited number of bands and to a lesser extent, lower spectral resolution. 

The application of SAM on Sequoia, is encouraging being able to detect the mineralisation zone. Cross 

referencing the results against geological maps and the iron-feature band ratio to remove false positives 

not associated with goethite and jarosite is strongly suggested.   

 

4.5 Beyond the mineralised site – validation & exploration 

The fine-tuned parameters of iron-feature band ratio and SAM using laboratory and library spectra, 

developed on the Illukunnguaq dyke were applied to the full Sequoia orthomosaic (Figure 36, Figure A 

- 8, Figure A - 9). The ability for all three methods to map Illukunnguaq dyke outcrop 4, 350 m meters 
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away from outcrop 3 and outside of the range of the Rikola map, was a technical success validating the 

applied methodologies. Exploring the extents of the Sequoia survey (Figure 21), features 1 - 6 were 

identified for having similarities to the Illukunnguaq dyke mineralisation site and require ground 

truthing. Criteria for their selection were:  

• Good classification continuity and significant in size.  

• Not positioned on rock glaciers or moraines, cross-checked against the CIR false colour 

image.  

• Not on the edge of the survey area or associated with problematic images within the mosaic. 

Matching with the observation at the mineralisation site, a feature both mapped with SAM and an iron-

feature band ratio would be a strong target. Unfortunately, in the acquired dataset no feature could be 

identified with both. Features 1 to 4 were classified by SAM while 5 and 6 were identified as regions 

with high iron-feature index values.  

Iron-feature band ratios despite requiring the less information input than both laboratory and library 

SAM were more selective. Feature 5, being along strike of the Illukunnguaq dyke, could be prospective 

as an extension of the system but requires ground validation to ensure it is not covered by a moraine. A 

combination of SAM and iron-feature band ratios are suggested being complementary for surficial 

sulphide exploration. When laboratory spectra are not available, library spectra can be used as a proxy.  

Features 2 to 4 were discovered more than a kilometre upslope of the Illukunnguaq dyke at elevations 

greater than 400 m. Through the compilation of exploration history (Appendix B), focus on the region 

has been entirely on the Illukunnguaq dyke and immediate surroundings. Beyond regional geological 

mapping, this regional is yet to be explored and therefore these features cannot be validated against any 

other geological or geophysical observations. This speaks volumes in terms of the exploration potential 

remaining at the surface in Greenland in elevated regions and areas distal to the coast. 

 

4.6 Spectral mapping of glaciers  

One of the key tasks designated for the operation of the Sequoia drone was the search for ‘Illukunnguaq-

like’ mineralised boulders in the rock glaciers to the east and west of the Illukunnguaq dyke (Figure 4). 

Processing issues (section 4.1.2) renders the West rock glacier (Figure A - 10) orthomosaic unsuitable 

for spectral analysis and was not re-processed due to having an interpretable orthomosaic of the East 

rock glacier (Figure A - 11). The pattern of pixels with a favourable iron feature ratio (Figure A - 11, 

left) or classified by SAM (Figure A - 11, right) in the East rock glacier indicates an overwhelming 

number of favourable boulders at the surface. The rock glacier consists of Maligât basalt (Figure 4) 

(Pedersen et al., 2001), exhibiting various degrees of oxidation, primarily hematite and is largely barren 

of mineralisation (Pedersen et al., 2018). Disseminated sulphides from contaminated flows of the 

Niaqussat member, forming the top of the plateaus such as that at Qinngusaq (Figure A - 1) (Larsen & 

Pedersen, 1992) may occur but are volumetrically insignificant compared to the larger Maligât member 
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(Pedersen et al., 2018). A study on the distribution of boulder sizes recorded at Mellemfjord south-east 

Disko, (Humlum, 1996) demonstrated that vast majority of the boulders on the surface of the rock 

glaciers are between 0.5 - 1 m in diameter and therefore are aliased under the Sequoia GSD (~16.1 cm). 

The dimensions of the former Illukunnguaq massive sulphide boulder of 3.0 x 1.5 m (Steenstrup, 1874)   

in this rock glacier (with no alteration footprint) would appear as a 170-pixel anomaly in an image 

containing 78 million pixels. From an application perspective, the Sequoia sensor does not have the 

spectral resolution and therefore the selectivity to return a realistic number of positive signals for field 

verification.   

4.7 Leveraging the DSM  

The eigen maxima geomorphic index applied to the Sequoia DSM delineated the Illukunnguaq dyke 

with a maximum feature at outcrops 1 to 4 agreeing with the recorded strike orientations. Highlighted 

by the eigen maxima, but also apparent in the raw DSM was a ridge along strike between Illukunnguaq 

outcrops 3 and 4 interpreted to be a buried dyke segment. Other features were emphasised in the image 

including land slipped Maligât blocks and the edge of the glacier. The high-resolution DSM combined 

with this index assists in the accurate mapping of the landscape. Moreover, the DSM can be searched 

for other features with a similar orientation as the Illukunnuaq dyke. 

The eigen maxima, applied after flagging features of interest present in the multispectral data (Figure 

36, Inset D-F), showed all features were associated with ridge structures (Figure 38). In part, this is 

justified as most remaining pixels after vegetation removal in the multispectral pixels occur on elevation 

highs here are associated with outcrops, rafts of land slipped rock or moraines where vegetation is sparse. 

In the case of the Illukunnguaq, a ridge can also reflect a dyke structure.  

The eigen maxima is one of only a plethora of techniques that leverage the DSM produced as a co-

product of either the Sequoia or S.O.D.A. imagery derived from the Structure from Motion (SfM) 

workflow. Other capabilities are knickpoint analysis using swath plots, topographical index, drainage 

extraction and slope analysis which are open to be tested on this dataset potentially resolving some of 

the ambiguity on the structural controls of the Illukunnguaq dyke.  
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5 Conclusion  

This study demonstrated that the eBeePlus drone equipped with Sequoia and S.O.D.A. sensors can add 

value to the exploration of magmatic nickel-copper sulphides in artic, geologically exposed regions. The 

drone even in extreme terrains, such as those that characterise Greenland, remains operationally 

unhindered. The data obtained from the Sequoia MS sensor was of a lower quality than the Rikola HS 

sensor however, with the right fine-tuned search techniques proven here, value can be realised. Some of 

the key outcomes are:  

• The oxide present at the surface of the Illukunnguaq dyke mineralisation site can be spectrally 

characterised as a mixture between goethite and jarosite as determined by laboratory spectral 

measurements of field samples.  

• Despite the addition of false-positives in the feature-iron band ratio and SAM, the Sequoia MS 

sensor managed to detect the known mineralised site and Illukunnguaq outcrop 4 away from the 

main investigation area (Figure 36, Figure A - 8, Figure A - 9). 

• Best-fit library spectra can be used as a proxy for laboratory spectra taken from field sample 

and deliver the same, and in the case for Sequoia, even better results (Figure 32 and Figure 35, 

right). This reproducibility provides confidence that the open-access library spectra, specified 

within the study for the Sequoia sensor could be further used for surface expressions of sulphide 

mineralisation where ground-truthing has not yet occurred or is limited.  

• The DSM produced as a co-product of Sequoia and S.O.D.A. surveys contains structural and 

geomorphological value. Eigen maxima, representing one of many geomorphological tools, 

effectively delineated the Illukunnguaq structure (Figure 38). Further survey areas along the 

coastline could be search for ridge features with a favourable NW-SE strike.  

• Six features of interest away from the Illukunnguaq dyke but with similar properties to the 

mineralisation site were identified as a proof of concept (Figure 36, Figure A - 10, Figure A - 

11). Features 2 to 4 (Figure 36, inset E) represent a nearby region with no documented detailed 

exploration while feature 5 is a strong iron-feature index value potentially along strike of the 

Illukunnguaq dyke. All of the features (with the exception of feature 5) of interest coincided 

with structural features shown by the Eigen maxima (Figure 38, inset D-F) and require ground 

validation.  

Secondary outcomes from this study with broader applications are:   

• Searching for the goethite and jarosite, representing former sulphides is the best approach as 

sulphides are not diagnostic within the VNIR range and rapidly oxidise at atmospheric 

conditions.  

• Sub-optimal iron-feature band ratios that deviate from those proposed in literature can be 

effective in detecting iron-oxides/-hydroxides/-sulphates that possess an Fe3+ reflective peak 

and Fe2+ absorption feature as demonstrated by the Rikola sensor at 735/790 nm.  
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• Meaningful iron band feature ratios that represent goethite and goethite-mixed spectra occur in 

the range of 1.05 - 1.25 and greater for 760/895 nm and 0.98 - 1.01 and greater for 735/790 nm. 

Colour indexes calibrated to these ranges will display optimal results.  

• The high-resolution DSM captured as a by-product of MSI acquisition has significant benefits 

to exploration companies for subsequent reporting and logistics planning. The model with the 

high resolution serves as an as built or baseline of the region prior to the commencement of 

possible future activities. This will assist companies and governments with accountability. 

The demonstrated ability for the Sequoia MS sensor to effectively detect goethite and jarosite is not 

limited to the exploration of magmatic nickel-copper systems like Illukunnguaq. Goethite and Jarosite 

as the common weathering products of iron sulphides are associated with many base and precious metal 

deposits including volcanogenic massive sulphide (VMS), sedimentary exhalative (SEDEX), copper-

gold skarn and copper-gold porphyry gold deposits, among others. The senseFly eBeePlus fixed-wing 

drone equipped with a MS sensor is a commercially available drone applicable to the exploration sector 

when paired with the right mineralisation type and environment.  
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6 Outlook  

This study has effectively demonstrated the added value brought to the exploration of magmatic nickel-

copper sulphides in exposed arctic terrains. Mineral exploration in Greenland is particularly difficult 

due to its remoteness, limited operational season, lack of infrastructure and high operational costs 

(Boersma & Foley, 2014). The integration of the eBeePlus drone into routine practice for greenfield 

exploration can have time management, logistical and reporting benefits beyond the direct geological 

applications explored already.  

Leading exploration programs with high resolution drone-borne surveys can assist reconnaissance 

exploration activities if processed infield with a quick turnaround. The extreme topography at 

Illukunnguaq characterised by a 1:4 gradient (Figure 4) and representative of Greenland as a whole, is 

a logistical challenge. Traversing this terrain on foot is slow and energy draining. By first scouting the 

region with an eBeePlus drone and using generating targets of interest using the tools inclusive of those 

in this study, precious campaign time can be utilised more efficiently and effectively.  To integrate the 

eBeePlus drone into routine field exploration, pre-processing and interpretation must be completed in 

the field and in a timely matter, something not achieved here in this study. With a high-end laptop, a 

reliable power source, applicable software, and an experienced operator, a 24-hour turn-around is 

realistic.  

The data collected by the drone can pay dividends in the future when additional exploration activities 

take place. Drilling is high risk costly, yet necessary exercise for discovering and defining a resource. 

In Greenland, steep terrain, vulnerable ecology, and the absence of infrastructure, often means the use 

of heli-portable drill rigs is required. As heli-portable drill rigs are costly to manoeuvre, a high-resolution 

DSM teamed with landform analysis can assist in finding suitable drill locations taking into 

consideration factors such as surface gradient, ground condition and proximity to natural drainage 

systems. In vulnerable environments such as those Greenland, exploration companies have a duty to 

adequately manage drill cuttings and fluids (Government of Greenland Bureau of Minerals and 

Petroleum, 2000). As the exploration project advances into the pre-feasibility stage of a mine, a detailed 

as-built of the environment from the beginning of exploration, is valuable for understanding and 

reporting the environment’s response to external pressures. From the use of a Sequoia and S.O.D.A. 

complimentary UAS, the RGB captures the environment prior to commencing work, the DSM shows 

the natural surface of the land prior to earthworks and the Sequoia sensor can map vegetation health 

indices (SenseFly, 2020). Data collected from either single or continued use can have additional benefits 

to an exploration company beyond the exploration of sulphides. 
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6.1 Future research  

Hematite has a similar spectrum to goethite and jarosite as shown in Figure 40 and might be the cause 

of some of the false positives classified by the SAM and iron-feature band ratios. To better understand 

the influence of hematite on the Sequoia sensor, it would be valuable to compare values against the 

Rikola sensor on the already collected field samples in a laboratory setting. By understanding the 

difference, perhaps a post-processing correction can be applied limiting the external noise and 

improving the Sensor’s ability to selectively detect goethite.  

6.2 Alternative eBee compatible multispectral sensor  

The Parrot Sequoia+ camera is not the only multispectral sensor in the senseFly catalogue, but 

unfortunately only the sensor compatible with the eBeePlus fixed-wing drone. To an exploration 

company or research institute looking to purchase a fixed-wing drone for multispectral analysis, the 

eBee X fixed-wing drone equipped with a MicaSense RedEdge-MX multispectral camera (Figure 41) 

(SenseFly, n.d.) has theoretically better specifications than the eBeePlus drone equipped with the Parrot 

Sequoia+ camera, but requires field validation.  

The MicaSense camera in comparison to the Sequoia (Table 12), has an additional band (five vs. 

four) and greater spectral range (475 - 840 nm vs. 550 nm - 790 nm). By having a band positioned in 

the blue visible spectrum (475 nm), maps can be presented as true colour (RGB). At face value, having 

the near infrared band at a longer wavelength (840 nm vs 790 nm) should provide better results with 

respect to iron-feature band ratios. The MicaSense camera by having an additional band and overall 

tighter spectral bandwidths (20 nm vs. 40 nm) increases the amount of information and improves 

accuracy in theory, translating into better SAM classification results. A field comparison between the 

MicaSense and Sequoia sensors on a common goethite and jarosite bearing outcrop would determine 

whether the additional features of the MicaSense camera translate into meaningful results in mapping 

of iron sulphide weathering products. Additional operational benefits come with the use of the eBee X 

drone if opting for the MicaSense camera. The eBee X drone with the extendable battery has a maximum 

operational time of 90 minutes and therefore has a nominal coverage of 3.3 km2 with a flight altitude of 

120 m, which will compensate for the denser flight lines required due to a decreased field of view (Table 

12).  

 

Figure 41 (left) undershot of the senseFly eBee X fixed-wing drone with mounted MicaSense RedEdge camera. 

(right) close up of the MicaSense camera with the five sensors (SenseFly, 2020).  
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A comparative flight between the MicaSense and Sequoia cameras on a region with outcropping 

sulphide mineralisation would be beneficial in determining whether these stronger specifications 

translate into noticeably better results with better selectivity of goethite.  

Table 12 Comparison of technical specifications between eBee compatible multispectral cameras (SenseFly, 

2020)  

Unit Parrot Sequoia+ MicaSense RedEdge-MX 

Drone SenseFly eBeePlus SenseFly eBee X 

Sensor Four band multispectral sensor and RGB 

camera 

Five band multispectral sensor 

Spectral Bands 

(Spectral bandwidth) 

Green - 550 nm (40 nm) 

Red - 660 nm (40 nm) 

Red edge - 735 nm (10 nm) 

Near infrared - 790 nm (40 nm) 

Blue – 475 nm (20 nm) 

Green – 560 nm (20 nm)  

Red – 658 nm (10 nm)  

Red edge – 717 nm (10 nm) 

Near infrared – 840 nm (40 nm) 

Image Resolution RGB - 16 MP (4,608 x 3,456 px), Single 

band resolution – 1.2MP (1,280 x 960 px) 

Single band resolution – 1.2MP (1,280 

x 960 px) 

Field of View (FOV) 

Horizontal / Vertical 

62° / 49° 47° / 37° 
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8 Appendices  

Appendix A – Regional geology  

The Nuussuaq Basin in central west Greenland is one of a series of complex rift basins and transfer 

systems that formed in response to the separation of Greenland from North America opening the 

Labrador Sea and Baffin Bay during Late Mesozoic to Early Cenozoic (Figure A - 1) (Chalmers & 

Pulvertaft, 2001).  

 

Figure A - 1 Regional geological map of the Nuussuaq Basin in central west Greenland (Pedersen et al., 2018). 

The Illukunnguaq field site depicted in the red box of the main image. (Inset) Location of the Nuussuaq Basin 

with respect to Greenland. 

  

Illukunnguaq 

Qinngusaq 
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Figure A - 2 Stratigraphic profile of (left) the subdivision West Greenland Basalt Group (WGBG) volcanic 

rocks and sediments on Disko and Nuussuaq from Pedersen et al. (2018). (right) WGBG in relation to the Atane 

Formation and the Nuussuaq Group from Dam et al. (2009). 

The formation of the basin occurred over two main periods of extension, Early Cretaceous and Late 

Cretaceous – Palaeocene culminating with continental breakup and sea floor spreading. The former 

period is primarily inferred from offshore seismic interpretation and volcanic rocks and intra-volcanic 

sediments on the Labrador shelf (Hopper et al., 2016). This phase was followed by a hiatus resulting in 

thermal subsidence during the mid-Cretaceous and the deposition of deep marine mudstones of the Itilli 

formation. The latter extension event is thought to be induced by the arrival of the Iceland mantle plume 

beneath Greenland resulting in major uplift (Storey, 1998) and driving the formation of the Nuussuaq 

Group and the Western Greenland Basalt Group (WGBG). The exposed onshore volcanic and 

sedimentary units are found from 69° to 72°N between Disko Island and Svartenhuk Halvø (Dam et al., 

2009).   

The Nuussuaq Group consists largely of siliceous sandstones, heteroliths, carbonaceous shales and 

coal beds analogous with a fluvial environment. Coarsening up successions of marine mudstones 

through heteroliths to fine-grained sandstones are interpreted as protruding delta marine fronts while 

carbonaceous mudstones and coal seams depict freshwater lake or swamp environments on a delta plain. 

Facies to the west suggest shelfal and deeper marine environments (Dam et al., 2009). Seismic data 

acquired in the Vaigat Strait suggests that basin thickness is at least 6km (possibly as thick as 10km) 

(Christensen, 1995) and 2.5 - 3 km thick across the non-marine Cretaceous facies towards the east 

(Marcussen et al., 2001). The Nuussuaq Group onlaps Precambrian basement between the Disko Gneiss 

Ridge (DGR) orientated north-south across central Disko and the mainland to the east. Sediments in the 
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Nuussuaq Basin are Albian to Danian in age with the youngest units represented by the Atanikerluk 

formation coeval with the emplacement of the WGBG.  

The continued extension of the Nuussuaq basin saw the emplacement of the WGBG during the 

Selandian comprising of the Vaigat formation (62-61 Ma) and the younger Maligât formation (60Ma) 

(Storey et al., 1998). The Vaigat intrusion is restricted to west and central Disko and present of the 

Nuussuaq peninsula. Eastern Disko was sheltered from this volcanism by the extruding Disko Gneiss 

Ridge providing a sheltered environment for the continued deposition of the volcaniclastic Atanikerluk 

formation in prehistoric Assoq lake (Dam et al., 2009). The Vaigat formation, dominantly picritic in 

composition has two prospective contaminated members Asuk and Kûgánguaq with showings of native 

iron and sulphide fractionation. Feeder dykes for this large volcanic event were centralised with the 

depocenter predicted to be under central Disko where the succession is thickest (Pedersen et al., 2017).  

The transition to the Maligât formation is marked by a cyclic influx of magma into deep chambers 

producing largely primitive uncontaminated flows. Breaching the DGR, lava flows infilled the 

remaining Assoq lake to the least before transitioning to aerial flows. The Maligât formation is divided 

into 4 formations: (from oldest to youngest) Rinks Dal, Nordfjord, Niaqussat and the Sapernuvik. The 

Rinks Dal dominated by uncontaminated picrites and magnesian basalts is largest member representing 

61% of the formation volume (Asger Ken Pedersen et al., 2018). Nordfjord and Niaqussat members are 

the most interesting from a prospectivity perspective due to magma contamination from the Nuussuaq 

group sediments as high magma chambers developed and perverse feeder dykes splayed across Disko 

and the Nuussuaq peninsular including the Illukunnguaq dyke (Larsen & Pedersen, 2009). Certain flows 

within these members are known to bear native iron and disseminated sulphides. The Sapernuvik is the 

youngest member and represents a waning system. The magma is less contaminated and only 

represented on the highest of peaks within the region. For an exhaustive compendium of information 

pertaining to the Maligât formation see Pedersen et al. (2018). 
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Appendix B – Exploration history of the Illukunnguaq dyke  

The Illukunnguaq massive sulphide boulder was first documented by A.J.V Nordenskjöld in 1870 as the 

then nearby Ujarasugssuk shopkeeper Fritz Jorgensen introduced him to the deposit (Steenstrup, 1874). 

After taking some samples, declaring that the unit was only pyrrhotite and discarding the samples at a 

subsequent stop, the discovery remained neglected until the following year. In 1871 K.J.V Steenstrup 

visited the area, noting the significance of this sulphide occurrence documents the local geology. This 

description presented in Figure A - 3 appears as a footnote in Steenstrup (1874, p. 88) and was translated 

from Danish to English by Pauly (1958, p. 12). 

 

Figure A - 3 First recorded field observation of the Illukunnguaq dyke by (Steenstrup, 1874) translated from 

Danish to English by (Pauly, 1958) 

Steenstrup went on to visit the Illukunnguaq site multiple times throughout his career further 

developing his observations. In 1875, Steenstrup calculates that the weight of the boulder is 28 tonnes 

and in 1898 notes how rapidly the ore had changed in appearance over the intermediate 27 years owed 

to weathering (Steenstrup, 1901). He deduces that the ore must had become exposed recently before 

1870 (Steenstrup, 1901). Besides brief mentions by Bøggild (1905) noting mineral occurrences in the 

region, Schwantke (1906) referencing the deposit in his work on the basalts of Northwest Greenland 

and a literature review of known deposits of Greenland by Ball (1922), interest in Illukunnguaq remained 

dormant until the late 1920s (Pauly, 1958).  

Disruptions in wireless communication between ship and land stations in the Vaigat Strait proximal 

to the Illukunnguaq dyke reinvigorated interest in the mineral occurrence. Geological reconnaissance 

performed by Cøster (1929) on behalf of the Greenland Administration recorded detailed observations 

of the locality and immediate surroundings (Pauly, 1958). Locations, geometries and descriptions of all 
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five dyke outcrops were documented and continues to be a point of reference by academic and 

commercial geologists alike (Fundal, 1975; Olshefsky & Jerome, 1993; Pauly, 1958; Ulff-Møller, 1983). 

Figure A - 4 is a schematic of the five dyke segments as recorded by F. Cöster (1929). For continuity, 

the same outcrop numbers will be utilised within this report.   

 

Figure A - 4 Local map of the Illukunnguaq (old Spelling: Igdlukunguaq) dyke outcrops present on Disko Island 

illustrated by Cøster (1929) and retrieved from (Pauly, 1958).  Note: The red mine symbol denotes the 

approximate location of the nickeliferous boulder. In recent campaigns, outcrop five has not been locatable. 

(Olshefsky & Jerome, 1993) suggests it is covered by a new moraine field. 

Regrettably in 1931, prospectors notified of the mineral occurrence from F. Cöster’s findings mined 

the nickeliferous boulder by means of excavation and blasting (Pauly, 1958). Besides the near total 

removal of ore material, with the sparing of a small pile of stacked ore, that has been sampled 

exhaustively over countless exploration campaigns, the immediate landscape around the boulder on the 

northern edge of outcrop #3 has been altered (Figure A - 5) and therefore, has implications for the data 

interpreted here within this report. 

 

Figure A - 5 Image of the Illukunnguaq mineralisation site at outcrop 3 taken from outcrop 2 photographed in 

1950. Figure 24 is a modern reproduction of this photograph (Pauly, 1958). 
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Pauly (1958) contributed extensive work to the Illukunnguaq dyke and associated nickeliferous 

pyrrhotite through the characterisation of textures and compositions investigating the genesis of the ore. 

It exists as a foundation text for many subsequent works and consolidates the knowledge of previous 

work. His work accurately details the minerals present in the region and highlights the significance of 

‘bituminous shales’ present within the Nuussuaq Basin Group as both the source of sulphide and role in 

reductive emplacement. Links between the sulphide occurrence at Illukunnguaq in the northeast and 

native iron 100km away at Uivfaq on the southwest coast previously compared by Steenstrup (1884) 

and Löfquist and Benedicks (1940) were confirmed demonstrating the extent of these active processes 

in the Nuussuaq Basin.  

Periodically since the 1960s, companies have held exploration licenses over the Illukunnguaq dyke 

conducting a range of exploration activities largely geophysical. First accounts of commercial activity 

were by the New Quebec Mining and Exploration Company from 1965 to 1970 (Olshefsky, 1992). 

During their tenure, second-hand accounts tell of a combined magnetometer and a TURAM 

electromagnetic (EM) frequency domain ground survey completed in 1968 outlining a distinct anomaly 

500m east along strike of the Illukunnguaq dyke (Olshefsky, 1992; Ulff-Møller, 1991).  In 1970, this 

work was followed up with a Ronka EM-16 airborne (AEM) survey and a four-hole 256m diamond drill 

program on the Illukunnguaq dyke producing a single intercept. Core float from this program remains 

onsite to this day with some samples collected and included in this thesis as 19GLRJA010A-D 

(Appendix D). Unfortunately, logs of this drilling program are not available.  

While not advancing explicitly the Illukunnguaq ground, Greenex A/S operating on behalf of 

Cominco Ltd operating from 1985 – 1988 deserve an honourable mention. Searching for PGE deposits 

across Disko and Nuussuaq Peninsular, Greenex carried out an extensive exploration program resulting 

in the successful identification of 18 airborne EM targets and the discovery of 10 new occurrences of 

metallic iron and sulphides from contaminated lavas and subvolcanic intrusions, some of which coeval 

with the Illukunnguaq dyke emplacement (Ulff-Møller, 1991). A plethora of methods were applied 

including magnetic and electromagnetic ground and airborne surveys, satellite multispectral analysis, 

prospecting and soil, rock and stream geochemical analysis. Ulff-Møller (1991) in his report 

recommends EM being highly effective in the location of anomalies of interest but quotes shallow 

detection, severe topographic relief and limited penetration through picrites and basalts as problems. 

Advancements in technology have certainly reduced the impact of these challenges, they are still 

pertinent today. Traditional fieldwork proved to be the most efficient means of locating contaminated 

intrusions in well exposed areas. Greenex were in many ways first movers in the region and setting the 

foundation for applicable methods which would influence the companies after them. 

From 1991 to 1994 Falconbridge Limited explored tenure across Disko and Nuussuaq inclusive of 

the Illukunnuaq area. Regional airborne Geoterrex GEOTEM electromagnetic and magnetic survey in 

1992 was conducted over north eastern Disko stretching along the Vaigat straight coastline to the eastern 

edge for a total of 260-line kilometres at 250m spacing producing eight min-max anomalies, three of 



73 

 

which recorded carbonaceous shales (Olshefsky & Jerome, 1994). Detailed outcrop mapping was 

conducted over the dyke at a 1:1,000 scale focusing on compositional layering and structural 

measurements. A combination of the airborne electromagnetic (AEM) data in conjunction with mapping 

and reviewing previous anomalies flagged by TURAM EM and EM16 produced two conductors at 

depth. These targets were followed up the subsequent year with an unsuccessful drilling campaign where 

all six planned holes were abandoned before target depth due to loss of circulation caused by 

unconsolidated ground (Olshefsky & Jerome, 1994). Ground gravity was also completed over the 

immediate dyke and locality in search for buried volcanic intrusions beyond the labelling of the dyke as 

a ‘weak gravity anomaly’ on (Olshefsky et al., 1995, fig. A) no data or further discussion could be found.  

In this century, Vismand Exploration Inc. held the exploration license from 2003-2004 contributing 

to the exploration story with a single 12km Titan MT line with a 100m station interval trending SE-NW 

south of the Illukunnguaq dyke. Results showed a sizable conductor at depth but not as a down plunge 

extension of the outcrop exposures (Data et al., 2005). 

The exploration license for Illukunnguaq is has been held by Bluejay Mining Plc since 2016 (Bluejay 

Mining PLC, 2017). During August 2019, coinciding with the EIT RawMaterials funded MULSEDRO 

project, the company concurrently performed a Mobile Metal Ions (MMI) and Spatiotemporal 

Geochemical Hydrocarbon (SGH) soil geochemical sampling pilot survey.  These methods, both novel 

in their application and proprietary knowledge to SGS and Actlabs respectively, operate on the theory 

that ions travel upward from deeply buried mineralisation into unconsolidated sediments at the surface 

remaining bound to organic ligands in ultra-low concentrations. In both cases, the results are present as 

values relative to the background measurements rather than absolute measurements (Activation 

Laboratories Ltd., 2019; SGS SA, n.d.). Data interpretation is ongoing at time of writing, but results are 

expected to help refine Illukunnguaq drill targets for an imminent drill campaign (Bluejay Mining PLC, 

2019).  

Largely omitted from the recount above but referenced within this thesis, is an extensive body of 

academic research focused on the Nuussuaq Basin performed by GEUS and the former GGU. Special 

mentions must go to Asger Ken Pedersen, Lotte Melchior Larsen and Finn Ulff-Møller who have spent 

large parts of their career mapping and sampling the WBGP to develop a complete sequence 

stratigraphy, lithological and geochemical databases. Works (Dam et al., 2009), (Pedersen et al., 2017), 

(Pedersen et al., 2018) are a summation of their career contributions to the area plus a complete series 

of 1:100 000 maps and detail photogrammetric compiled cross sections.  
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Appendix C – Agisoft Metashape processing results from eBeePlus surveys 

 

Figure A - 6 Camera positions and image overlap for (A.) Full scene Sequoia orthomosaic of Illukunnguaq dyke 

(B.) S.O.D.A. orthomosaic of Illukunnguaq dyke (C.) Sequoia orthomosaic of West rock glacier (D.) Sequoia 

orthomosaic of East rock glacier. 

 

Table A - 1 Orthomosaic processing statistics 

Survey Illukunnguaq 

(Sequoia) 

Illukunnguaq 

(S.O.D.A) 

West rock glacier 

(Sequoia) 

East rock glacier 

(Sequoia) 

Number of images 5,220 502 9,384 2,316 

Flying altitude (m) 153 180 118 174 

Ground resolution (cm / px) 14.1 3.94 10.7 16.1 

Coverage area (km2) 3.67 1.76 2.6 1.97 

Camera stations  5,184 502 9,356 2,292 

Tie points  412,355 645,736 867,712 124,974 

Projections  2,828,431 2,850,572 10,782,282 937,934 

Reprojection error (px) 0.435 0.511 0.514 0.263 
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Figure A - 7 Camera locations and error estimates for (A.) Full scene Sequoia orthomosaic of Illukunnguaq dyke 

(B.) S.O.D.A. orthomosaic of Illukunnguaq dyke (C.) Sequoia orthomosaic of West rock glacier (D.) Sequoia 

orthomosaic of East rock glacier. 

 

Table A - 2 Average camera location error. Note: X is longitude, Y is latitude and Z is altitude. 

Survey Illukunnguaq 

(Sequoia) 

Illukunnguaq 

(S.O.D.A) 

West rock glacier 

(Sequoia) 

East rock glacier 

(Sequoia) 

No. of flights 2 1 2 1 

X error (m) 0.53 0.93 1.26 0.29 

Y error (m) 0.52 0.84 1.74 0.32 

Z error (m)  1.42 2.34 6.75 0.67 

XY error (m) 0.74 1.25 2.15 0.44 

Total error (m) 1.60 2.65 7.08 0.80 
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Appendix D – XRF results of Illukunnguaq field samples 

Table A - 3 2019 field campaign samples from the Illukunnguaq region  

Sample name GGU 

number 

Latitude Longitude Elevation 

[m] 

Sample 

type 

Lithology Description 

GL19RJA010A 567331 69.88519 -52.5777 63 Core Sandstone Atane Formation, coarse sandstone off with white colour, rounded grains, more mature than 

GL19RJA010C & GL19RZI005. 

GL19RJA010B 567331 69.88519 -52.5777 63 Core Gabbronorite From the Igdlukunguaq dyke medium grained (olivine gabbronorite?) plagioclase, pyroxene and 15% 

olivine. Sample is fresh with only minor alteration. Glassy green silicate minerals with tabular 

minerals. No sign of sulphides. Competent white crust on the outside gypsum? 

GL19RJA010C 567331 69.88519 -52.5777 63 Core Sandstone Atane Formation, coarse sandstone white colour, sub-rounded grains, predominantly quartz with 

some plagioclase. Calcite cemented? Same as GL19RZI005 but lighter in colour 

GL19RJA010D 567331 69.88519 -52.5777 63 Core Gabbronorite From the Igdlukunguaq dyke medium grained (olivine gabbronorite?) plagioclase, pyroxene and 15% 

olivine. Sample is fresh with only minor alteration. Glassy green silicate minerals with tabular 

minerals. Disseminated pyrrhotite throughout sample 

GL19RZI002 567300 69.88645 -52.5805 78 Grab Gabbronorite From the Igdlukunguaq dyke, fine grained mafic rock with potential fine-grained sulphide 

mineralisation 

GL19RZI003 567301 69.88529 -52.5776 67 Grab Massive 

Sulphide 

Coarse grained massive sulphide, predominantly pyrrhotite with exsolved pentlandite. Chalcopyrite is 

present but in very small infrequent <1mm crystals. Minor silicate phase crystalline droplets exist in 

sulphides. Irregular fine <1mm fractures through unit with oxidation occurring. Fine silvery mineral 

accompanying fractures. On weathered surface, distinct red-purple oxidation with unique fine 'platy' 

weathering. Characteristic 'peacock' sheen and minor coverings of white precipitate. 

GL19RZI005 567302 69.88594 -52.5784 68 Grab Sandstone Atane Formation, coarse sandstone light coloured, sub-rounded grains, predominantly quartz with 

some plagioclase. Calcite cemented? 

GL19RZI007A 567303 69.88526 -52.5778 70 Grab Oxide From the Igdlukunguaq dyke Jarosite rich crust, former massive sulphide boulder. Local gypsum 

staining 

GL19RZI008A 567305 69.88519 -52.5778 71 Grab Basalt Fine grained basaltic rock, potentially some zonation towards the edge of the sample but most likely 

the weathering front 

GL19RZI008B 567306 69.88519 -52.5778 71 Grab Basalt - Vein Aragonite vein, white competent with a fibrous texture 

GL19RZI010 567308 69.88629 -52.5802 73 Grab Gabbronorite From the Igdlukunguaq dyke medium grained (olivine gabbronorite?) plagioclase, pyroxene and 15% 

olivine. Sample is weathered, olivine -> iron oxide, minor talc. Some olivines retain glassy green 

cores others fully weathered. No sign of sulphides 

GL19RZI013 567309 69.87898 -52.5804 298 Grab Basalt Fine grained basalt, largely homogenous with minor 1mm dark iron? Or infilled vugs? With internal 

zonation, possibly sulphide inside one concretion spotted 

GL19RZI014 567310 69.88093 -52.5798 210 Grab Basalt Fine grained basalt, very competent. Very fine <1mm oxidised crystals yellow in colour. Perhaps 

oxidation of fine-grained sulphides to goethite or the breakdown of olivine crystals? High TiO2 

content ~3% maybe extremely contaminated region? 3 measurements provide same results 

GL19RZI015A 567311 69.88486 -52.577 67 Grab Quartzite Contact metamorphosed (?) sandstone, white and baked due to proximity to heat source. Competent 

rock with recrystallization. 

GL19RZI016 567313 69.88297 -52.5683 97 Grab Gabbronorite From the Igdlukunguaq dyke outcrop 4. Medium grained (olivine gabbronorite?) plagioclase, 

pyroxene and 15% olivine. Sample is weathered, olivine -> iron oxide, minor talc. Some olivines 

retain glassy green cores others fully weathered. No sign of sulphides. 
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Table A - 4 Average hhXRF results of Illukunnguaq field samples  

Sample name No. of meas. SiO2 (%) TiO2 (%) Al2O3 (%) Fe2O3 (%) MnO (%) MgO (%) CaO (%) K2O (%) S (%) V (ppm) Cr (ppm) Ni (ppm) Cu (ppm) Zn (ppm) As (ppm) Zr (ppm) Sn (ppm) Sb (ppm) Pb (ppm) 

GL19RJA010A 3 64.726 0.232 4.424 0.730 0.009 2.496 5.729 1.105 0.051 47 0 0 21 0 4 14 0 0 0 

GL19RJA010B 3 54.815 1.241 18.063 9.187 0.134 14.362 7.512 0.707 0.046 177 513 283 18 19 0 89 0 51 0 

GL19RJA010C 3 67.135 0.056 3.632 1.384 0.031 0.000 16.094 1.144 0.025 48 0 0 10 0 0 95 0 0 0 

GL19RJA010D 3 58.522 1.181 20.107 9.325 0.118 16.615 7.561 0.672 0.018 193 691 711 69 22 0 86 0 0 0 

GL19RZI002 3 63.147 0.990 21.690 8.077 0.077 9.513 8.109 0.801 0.833 149 357 336 212 0 2 89 0 0 0 

GL19RZI003* 6 0.000 0.000 5.059 100.000 0.012 0.000 0.004 0.030 94.860 68 0 47137 11893 70 0 0 59.5 0 1274 

GL19RZI005 3 79.925 0.037 3.290 0.962 0.019 3.202 6.841 0.843 0.000 0 0 0 32 0 0 14 0 0 0 

GL19RZI007A 3 4.281 0.581 3.487 19.990 0.028 0.000 3.087 0.080 8.027 191 305 2209 2250 0 0 24 457 0 14 

GL19RZI008A 3 56.239 1.480 18.228 8.583 0.056 10.350 7.354 0.699 0.017 220 332 28 10 0 2 93 0 0 0 

GL19RZI008B 3 11.678 0.288 0.786 3.132 0.047 3.477 42.038 0.000 0.021 0 0 76 78 0 0 0 185 0 0 

GL19RZI010 3 53.835 1.191 15.780 8.240 0.091 9.847 7.858 0.635 0.000 178 464 185 22 0 17 85 0 0 5 

GL19RZI013 3 53.539 1.633 19.659 10.072 0.122 8.552 10.957 0.137 0.000 230 100 53 105 0 13 68 0 0 0 

GL19RZI014 3 57.937 3.444 18.508 12.288 0.147 5.599 9.255 0.490 0.000 339 0 36 143 18 16 167 0 0 0 

GL19RZI015A 2 94.047 0.320 13.403 0.400 0.000 0.000 0.315 0.692 0.000 0 0 0 0 0 0 76 0 0 0 

GL19RZI016 3 55.138 1.278 17.106 9.536 0.079 14.331 7.384 0.321 0.048 203 595 194 40 0 4 84 0 0 6 

Note: GL19RZI003 values are erroneous exceeding the maximum limit of detection. Values equal to 0 imply the reading was below the limit of detection for the calibrated 

settings.   
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Appendix E – Summary of best-fit library spectra for GL19RZI007A  

Table A - 5 Summary of best-fit library spectra for GL19RZI007A from USGS (2017) and Crowley (2003) 

Sample ID Library Mineral type Formula Source Comments 

Erionite + 
Merlinoite 
GDS144  

USGS, 

2017 

 Zeolite  (𝐾2𝑁𝑎2𝐶𝑎, 𝑀𝑔)2(𝐴𝑙4𝑆𝑖14𝑂36) · 15𝐻2𝑂 + 

(𝐾, 𝑁𝑎)5(𝐶𝑎, 𝐵𝑎)2[(𝐴𝑙9𝑆𝑖23)𝑂64] · 22𝐻2𝑂 

 Eureka, Nevada  Contains significant contamination 

from goethite in the 1000 nm region  

Goethite  Crowley, 

2003 

 Hydroxide 𝛼 − 𝐹𝑒3+𝑂(𝑂𝐻)  synthetic   

Goethite WS219 
(Limonite) 

USGS, 

2017 

 Hydroxide  𝛼 − 𝐹𝑒3+𝑂(𝑂𝐻)  Tuscaloosa, Alabama Smaller limonite grains coat larger 

limonite and quartz grains. 

Goethite WS222  USGS, 

2017 

 Hydroxide 𝛼 − 𝐹𝑒3+𝑂(𝑂𝐻)  Marquette, Michigan  Larger grains coated by finer grains 

Jarosite   Crowley, 

2003 

 Sulphate 𝐾𝐹𝑒3
3+(𝑆𝑂4)2(𝑂𝐻)6  Strafford, Vermont   

Jarosite GDS100  USGS, 

2017 

 Sulphate 𝑁𝑎𝐹𝑒3
3+(𝑆𝑂4)2(𝑂𝐻)6   Synthetic  Sodium bearing jarosite - natrojarosite  

Jarosite GDS98 K-
Sy 90C 

USGS, 

2017 

 Sulphate 𝐾𝐹𝑒3
3+(𝑆𝑂4)2(𝑂𝐻)6 

 

 Synthetic   

Jarosite JR2501 K  USGS, 

2017 

 Sulphate 𝐾𝐹𝑒3
3+(𝑆𝑂4)2(𝑂𝐻)6  Gunma, Japan  Contaminant quartz and trace clay 

Jarosite SJ-1 H3O  USGS, 

2017 

 Sulphate (𝐾, 𝐻3𝑂)𝐹𝑒3
3+(𝑆𝑂4)2(𝑂𝐻)6   Synthetic  Contains 10-20% hydronium ion 

Jarosite WS368 Pb  USGS, 

2017 

 Sulphate 𝑃𝑏𝐹𝑒6
3+(𝑆𝑂4)4(𝑂𝐻)12  Tombstone, Arizona  Contaminated with minor cerussite 

and quartz 

Limonite HS41.3  USGS, 

2017 

 Hydroxide 𝐹𝑒3+𝑂 (𝑂𝐻) ∙ 𝑛𝐻2𝑂   Tuscaloosa, Alabama  Cryptocrystalline goethite or 

lepidocrocite with hematite and water 

Montmorillonite + 
Illite CM37  

USGS, 

2017 

 Phyllosilicate   (𝑁𝑎, 𝐶𝑎)0.33(𝐴𝑙, 𝑀𝑔)2𝑆𝑖4𝑂10(𝑂𝐻)2 ∙ 𝑛𝐻2𝑂 + 
(𝐾, 𝐻3𝑂)(𝐴𝑙, 𝑀𝑔, 𝐹𝑒)2(𝑆𝑖, 𝐴𝑙)4𝑂10[(𝑂𝐻)2, 𝐻2𝑂] 

 Strasburg, Virginia  Combination of clay, quartz, calcite 

and trace feldspar, 3.19 wt.% Fe2O3 

Nontronite NG-1.a  USGS, 

2017 

 Phyllosilicate 𝑁𝑎0.33𝐹𝑒2
3+(𝑆𝑖, 𝐴𝑙)4𝑂10 ∙ 𝑛𝐻2𝑂  Hagen, Germany Minor quartz, 11.1 wt.% Fe2O3 

Schwertmannite   Crowley, 

2003 

 sulphate  𝐹𝑒16
3+𝑂16(𝑂𝐻)12(𝑆𝑂4)2   synthetic   
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Appendix F – Iron-feature band ratio and SAM for full Sequoia scene 

 

Figure A - 8 Iron-feature band ratio (735/790 nm) of the full Sequoia orthomosaic. (Inset A and B) are of 

historically reported Illukunnguaq outcrops 4 and 5. (Inset C) shows a buried segment of the Illukunnugaq dyke 

between outcrops 3 and 4 pictured in the DSM. (Inset D – H) are features of interest flagged as possible sites of 

mineralisation. Features I and J are inherent processing errors. Feature I is a single over-exposed image that 

wasn’t corrected properly and Feature J is an edge efferect due to lack of overlapping images.  
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Figure A - 9 SAM using library spectra of the full Sequoia orthomosaic. (Inset A and B) are of historically 

reported Illukunnguaq outcrops 4 and 5. (Inset C) shows a buried segment of the Illukunnugaq dyke between 

outcrops 3 and 4 pictured in the DSM. (Inset D – H) are features of interest flagged as possible sites of 

mineralisation. Features I and J are inherent processing errors. Feature I is a single over-exposed image that 

wasn’t corrected properly and Feature J is an edge efferect due to lack of overlapping images.  
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Appendix G –Rock glaciers iron-feature band ratio and SAM results 

 

Figure A - 10 Sequoia orthomosaic of the West rock glacier. (left) Iron-feature band ratio (right) SAM with Fenix 

laboratory spectra. Note: Strong contrast between southern and northern halves of the orthomosaic due to poor 

correction between flights.  

 

 

Figure A - 11 Sequoia orthomosaic of the East rock glacier. (left) Iron-feature band ratio (right) SAM with 

Fenix laboratory spectra. Note: the iron-feature band ratio ‘hot spots’ in the left image, are the result of two 

poorly corrected individual images.  
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