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Abstract
Hyperspectral remote sensing already is important in geoscientific research in the fields of geology, soil, exploration and 
mining. New hyperspectral satellite systems are already in operation (e.g. PRISMA and DESIS; Caporusso et al. 2020; 
Alonso et al. (Sensors 19(20):4471–4515, 2019)) and more systems are planned e.g. the European Copernicus Next Genera-
tion Hyperspectral Satellite CHIME (Nieke and Rast 2018). The German system EnMAP was successfully launched into 
space on  1st of April 2022 (DLR 2022). The potential of hyperspectral airborne and satellite borne data for mining-related 
applications is discussed. Investigated are the information contents of hyperspectral data for exploration target recognition 
and their dependency on spatial resolutions of different sensor platforms. Airborne data offer high spatial resolution of 2.5 m 
with limited areal data acquisition, whereas hyperspectral spaceborne sensors guaranty nearly worldwide data availability 
with the same spectral characteristics but medium spatial resolution (30 m). The aspects of high spectral resolution and high 
versus medium spatial resolution targeted mineral mapping is investigated. The methodological concept includes process-
ing aspects, standardized data availability for mineral mapping and mineralization targeting for operational application, 
to maintain/allow application of hyperspectral data even for non-remote sensing experts. Based on hyperspectral airborne 
data acquired in the Aggeneys region in South Africa, spaceborne hyperspectral data are simulated following the EnMAP 
specifications, and the concept for targeted mapping of surface alterations of a lead zinc deposit is discussed.
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Introduction

In geological applications hyperspectral imaging using 
the visible light, the near infrared (VNIR) and the short-
wave infrared (SWIR) wavelength range from 0.4 to 
2.5 µm is a well-known technique to discriminate lithol-
ogy due to their mineral diagnostic spectral features 
and to derive mineral maps. In this given wavelength 
range, minerals such as hydroxyl bearing silicates, sul-
fates, phosphates, borates, carbonates and hydroxides can 
be identified (Hunt 1970, 1971; Hunt et al. 1972; Hunt 

and Salisbury 1971). Many studies have already demon-
strated this potential by using data acquired by airborne, 
terrestrial or laboratory sensor systems (e.g. Kruse 2012; 
van der Meer et al. 2012; van Ruitenbeek et al. 2019). 
These sensors provide information from local to regional 
scale, depending on availability of the systems as well as 
trained operators for the acquisition of high quality data. 
With new satellite systems such as PRISMA launched 
in 2019 (Caporusso et al. 2020), EnMAP (Guanter et al. 
2015) or CHIME (Nieke and Rast 2018), a European 
Copernicus Satellite scheduled for launch in launched 
April 2022 2025 + hyperspectral data with a regional to 
global scale are provided or will soon be available from 
space. This new context also increases the availability of 
hyperspectral data at lower costs compared to airborne 
acquisitions since the above-mentioned satellite systems 
follow an open access data policy. Therefore, it allows 
the remote sensing community to develop new products, 
which can support the mining industry for cost effective 
exploration activities by delivering e.g. mineral maps of 
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large areas or mineral detection products (alteration zone 
maps, mineral vector maps) for targeted exploration. This 
study aims at assessing the potential of hyperspectral 
data to support exploration activities at different scales 
— from Satellite — to airborne. Therefore, hyperspec-
tral airborne and satellite data are applied to map the 
lithostratigrafic units connected to lead–zinc-copper 
mineralization zones of Aggeneys in the Northern Cape 
Province of South Africa (Fig. 1). It emphasises on the 
differentiation of the major mineralogy as well as the 
detection of a gossan as indicator for the Gamsberg zinc 
mineralization. Validation is performed based on geo-
logical maps and ground truth data.

Geological setting

Gamsberg is an inselberg as part of the Aggeneys area 
located in the northwest of the Northern Cape region of 
South Africa. It is about 7 km long, 5 km across and steep 
sided with an elevation of 1150 m above sea level and 250 m 
above the plain ground.

The Mesoproterozoic Aggeneys-Gamsberg ore district 
hosts one of the world’s largest sulfidic base metal com-
plex, classified as a Broken Hill-type base metal deposit 
which are traditionally interpreted as metamorphosed 
sedimentary exhalative (SEDEX) deposits (Höhn et al. 

2021b; Rozendaal et al. 2017; Stalder and Rozendaal 
2005). Recent investigations support the hypothesis that 
the massive sulfide deposits in the Aggeneys district 
show a more complex history, after initial SEDEX-type 
mineralization near–surface oxidation and sulfidation of 
the oxidized ore during medium- to high-grade meta-
morphism took place (Willner et al. 1990; Höhn et al. 
2021a).

The Gamsberg deposit is part of the western area 
of the Namaqua-Natal Province. Stratigraphically, the 
ore units are part of a volcano-sedimentary succession 
(Bushmanland Group, Fig.  1). The main lithological 
units of Gamsberg consist of metasediments with inter-
calated base metal mineralizations, metavolcanics and 
metagneisses. The lithologies range from biotite-silli-
manite schist, paragneiss, quartzite, in places graphite-
rich sillimanite-mica, schist, and at the top of the group, 
especially in the vicinity of the stratiform ore bodies, 
meta-exhalites like iron formation. The deposition age 
of the base metal-rich strata is constrained between 
1285 ± 14 and 1198 ± 10 Ma (Cornell et al. 2009). The 
ore mineralization at the top of the Hoston Formation is 
characterized by psammo-pelitic shists at the base and 
the top and the ore zone in between (also known as Gams 
Member, Stalder and Rozendaal 2004). Gamsberg deposit 
hosts a strongly Zn-dominated ore, followed by lead and 
copper. During field work, the surface expressions of the 

Fig. 1  Geological situation of the Gamsberg deposit (after Stalder and Rozendaal 2004 and Höhn et al. 2021a, b)
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ore body are found at Gamsberg as gossan dominated by 
hematite which was confirmed by personal communi-
cation with Potti Potgieternd (2015). The Bushmanland 
Group is unconformably overlain by the Kories Forma-
tion (volcano-sedimentary).

Multiscale data sources concept

Airborne data

The Gamsberg airborne hyperspectral data set consists of 
18 flight lines acquired during a campaign in South Africa 
in July/August 2015 by two sensors (Hyspex VNIR 1600 
and SWIR 320me systems from NEO, Norway) covering 
the visible light, the near Infrared and the shortwave infrared 
wavelength range (VNIR-SWIR) from 400 to 2500 nm. The 
hyperspectral data acquired have a ground sampling distance 
of 2.5 m and in addition, LIDAR data are acquired to create 
surface and terrain models with a spatial resolution of 1 m. 
For further application assessment, the hyperspectral data 
have been radiometrically corrected, orthorectified using 
ground control points and the software package PARGE. 
The atmospheric correction based on the Airborne Atmos-
pheric and Topographic Correction Model (ATCOR4) has 
been applied to derive surface reflectance values. Since two 
sensors are used to collect the data, the two data streams are 
co-registered and layerstacked to build a single VNIR-SWIR 
data cube per flight line. Finally, the data cubes mosaicked 
to a single data set (Fig. 2A). Further pre-processing steps 
include the calculation of shadow and vegetation masks. For 
the shadow mask all pixel with reflectance values less than 
5% are marked as shadow and for the vegetation mask an 
NDVI approach is applied with a defined threshold of 0.4.

Satellite data

Hyperspectral satellite EnMAP data are simulated based 
on the hyperspectral airborne data set. EnMAP stands for 
the Environmental Mapping and Analysis Program and 
is a German hyperspectral satellite mission that aims at 
monitoring and characterizing the Earth’s environment on 
a global scale. The satellite is launched on April  1st, 2022 
(DLR 2022) . The satellite includes an imaging pushb-
room system covering with two sensors the wavelength 
range from 420 to 2450 nm (VNIR-SWIR) and provides 
a spatial resolution of 30 m × 30 m and a swath of 30 km. 
The spectral resolution is 6.5 nm for the VNIR sensor 
and 10 nm for the SWIR sensor compared to the spectral 
resolution of the Hyspex systems of 3.7 nm for the VNIR 
and 6 nm for the SWIR. The target signal to noise ratio 
(SNR) is 4001:1 at 495 nm and 170:1 at 2200 nm.

As part of the system’s development, the EnMAP End-to-
End Simulation tool (EeteS) developed at GFZ (Segl et al. 
2010, 2012) provides accurate simulation of the entire image 
generation, calibration and processing chain as well as real-
istic image products generation to scientists in advance. The 
HySpex surface reflectance data are the input to generate an 
EnMAP-simulation image of the Aggeneys area.

The HySpex data conversion into raw EnMAP data 
used in the beginning a series of forward processing steps 
including modelling of the spaceborne versus airborne 
atmospheric conditions and account for the spatial, spec-
tral, and radiometric characteristics of VNIR and SWIR 
EnMAP sensors. Then, the software simulates the entire 
EnMAP image processing chain from raw to radiometric 
calibrated data. Finally, the spatial correction is performed, 
where the data are transformed into the UTM reference grid 
and atmospherically corrected. Figure 2A and 2B show the 

Fig. 2  False colour composite of Gamsberg using the wavelengths 2204, 900 and 470  nm RGB coded. (A) Hyspex data and (B) simulated 
EnMAP data
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original hyperspectral airborne data on the right (2.5 m spa-
tial resolution) and the simulated EnMAP data (30 m spatial 
resolution) on the left as false colour composite using the 
wavelength of 470, 900 and 2204 nm for the RGB coding.

Field and laboratory spectroscopy

During the flight campaign, a comprehensive field campaign 
has been carried out for calibration and validation purposes. 
Therefore, field spectra are acquired using an ASD Field Spec 
HR4. The calibration and validation targets with a size of 
approx. 10 × 10 m have been sampled, each with 20–30 single 
measurements to assess their spectral characteristics following 
the protocol recommended by CSIRO (Malthus et al. 2019). 
The field spectra of the calibration targets are included in the 
atmospheric correction procedure for the airborne hyperspec-
tral data. For validation purposes, approx. 30 rock and soil 
samples have been collected from Aggeneys area for further 
laboratory spectral measurements using an Analytical Spec-
tral device (ASD) fieldspec HR4. These laboratory spectra 
are added to the mineral spectral database. Additionally, 
geochemical and mineralogical analyses are applied on the 
samples by XRF using a Zetium Panalytical device and XRD 
using a PANalytical MPD Pro device, respectively.

Methodology

For mineral mapping, the spectral feature fitting (SFF) 
approach included in software package ENVI  (2022) 
is applied. This approach compares mineral diagnostic 
spectral absorption features (grey indicated areas) from 
reference minerals (Fig. 3A) with spectral features of 
the image pixel spectra (Fig. 3B) based on a least-square 

technique. In this approach, five respective minerals 
are identified for the mineral mapping. Thus, reference 
mineral spectra from muscovite, illite, kaolinite, horn-
blende and hematite selected from the USGS spectral 
library (Kokaly et al. 2017) are resampled to the spec-
tral resolution of the airborne hyperspectral image data. 
The wavelength interval relevant for muscovite spectral 
characterization is between 2010 and 2240 nm, for Illite 
between 2156 and 2276 nm, for kaolinite between 2132 
and 2228 nm, hornblende between 2252 and 2468 nm and 
for hematite, two wavelength intervals at 630–1200 nm 
and 2126–2234  nm are defined. The second interval 
for clear hematite recognition is necessary to separate 
hematite from other Fe-bearing minerals e.g. amphiboles, 
showing their diagnostic feature in the SWIR wavelength 
at ~ 2320 nm whereas hematite does not (Fig. 3). The 
SSF approach generates an image where large values 
represent a good fit between reference and image data 
and low numbers a bad or no fit. Followed by that, the 
image is post classified by applying thresholds avail-
able in Tables 1 and 2 for the best fit. First, a percent 
clip of max 5% of the SFF result defined the thresh-
olds as a starting point. In a second step, the threshold 
values were adjusted by visual interpretation to assure 
misclassifications.

Results and discussion

Figure 4 shows the classification result of the airborne 
HySPEX (Fig. 4A) and the simulated spaceborne EnMAP 
data (Fig. 4B), respectively — colour coded to musco-
vite (turkise), illite (dark turkise), kaolinite (blue and 
light blue), hematite (red) and hornblende representing 

Fig. 3  (A) Example reference spectra of muscovite, illite and kaolinite from the USGS spectral library v7 (Kokaly et al. 2017) in comparison 
with (B) airborne hyperspectral image pixel spectra of the same minerals
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the mineral group of amphiboles (purple). In addition 
to the five mineral endmembers, a further endmember 
was identified, not related to a given mineral. The addi-
tional endmember is an indicator for a significant higher 
amount of iron content in a pixel and identifies areas 
with an enrichment of iron — so called ‘Fe anomaly’ 
(yellow). This ‘Fe-anomaly’ can be described as spectral 
expression or mixture of spectral signals from hematite 
and iron-enriched minerals such as micas, amphiboles 
and others, not to be distinguished based on the hyper-
spectral data investigated. The spatial resolution of 
2.5 m per pixel results in so-called mixspectra, which 
expresses the sum of the aerial fractions of the above-
mentioned classes; thus, it is difficult to distinguish 
spectrally between these minerals and native iron. There-
fore, areas with an enrichment in iron is pointed out as 
an own classification unit ‘Fe anomaly’. Both images 
show very similar distribution patterns of the detected 
minerals and of ‘Fe’ distribution pattern, which follow 
the major lithological units from the geological map 
(Fig. 1). Kaolinite and muscovite are associated to the 
quartzites and minor within the schists, illite represents 

the majority of the schists as their main mineral phase, 
hornblende indicates the amphibolites and hematite is 
an indicator for gossans as surface expression of the ore 
mineralization. The quartzites separate into two major 
domains, where the kaolinite dominates the northeastern 
area of the quartzites and muscovite the southwestern 
region. Within the kaolinite classification, a separation 
between well crystalline (wx) and poor crystalline (px) 
kaolinite is achieved but only visible for the airborne 
data. The poor crystalline type is characterized by the 
lack of the absorption feature at ~ 2163 nm of the known 
double feature of kaolinite in the SWIR range (Fig. 3) 
(Cudahy 1997). Due to lower spectral resolution of the 
simulated EnMAP data (Fig. 5), this clear differentiation 
for the kaolinite phases in airborne data is not achieved 
for the satellite data. The lower spectral resolution of the 
satellite data leads to loss of the first kaolinite feature 
at ~ 2163 nm of the kaolinite double feature. Illite and 
amphiboles are present in the centre of Gamsberg, which 
is in good agreement with the geological map (Fig. 1). 
The ‘Fe’ anomaly indicates the Gams Member/Hoston F., 
which hosts the mineralization of Gamsberg, this result 
is in full agreement with the geological map. A few ‘Fe’ 
anomaly spots in addition appear in the south of Gams-
berg, which are assumed to be related to an increase of 
‘Fe’ content in the muscovite of the white quartzites and 
pelitic schist of the Wortel Fm. of the Bushmannland 
Group (Fig. 1). The simulated EnMAP image shows a 
similar pattern of the Fe anomaly along the Gams Mem-
ber. In contrast to the HySpex data, the spatial distribu-
tion is larger and in addition, large patches are present 
at the inner eastern rim of Gamsberg, as well as larger 
patches in the south of Gamsberg. This might be caused 
by the different spatial ground resolution of the simulated 
satellite imagery (30 m) compared to the airborne data 
(2.5 m) resulting in larger spectral mixtures per pixel. 
This leads to the assumption that the ‘Fe’ proportion and 
therefore its spectral signature, dominates the spectral 
mixture over other minerals signatures in the larger pixel 
of the satellite imagery compared to the smaller pixel of 
the airborne imagery leading to this result.

However, in the satellite imagery, the hematite is 
clearly identified. It follows the same distribution as the 
Sulfidic ore and metalliferous rocks unit of the Hoston 
Formation in the geological map, and the two areas in the 
southwest (Fig. 4A and 4B zoom) are confirmed as out-
cropping gossans through fieldwork in 2015. As earlier 
mentioned, the gossan at Gamsberg consists dominantly 
of hematite. Therefore, hematite is used as the major 
proxy for the lead zinc mineralization of Gamsberg and 
is labelled as gossan in the classification result for bet-
ter understanding. There is a fair amount of unclassified 

Table 1  Parameters of classification for the spectral feature intervals 
and thresholds of airborne HySpex data

Spectral feature Classification

Mineral Start (nm) End (nm) Threshold interval

Illite 2156 2276 40–131
Muscovite 2110 2240 200–330
Kaolinite WX 2132 2228 18–40
Kaolinite PX 2132 2228 150–375
Amphibole 2252 2468 17–38
FE anomaly 630 1200 12–18
Hematite 630 1200 0.01–0.14

2126 2234

Table 2  Parameters of classification for the spectral feature intervals 
and thresholds of simulated EnMap data

Spectral feature Classification

Mineral Start (nm) End (nm) Threshold interval

Illite 2167 2267 40–75
Muscovite 2141 2267 65–110
Kaolinite 2132 2237 17–40
Amphibole 2267 2430 33–80
FE anomaly 670 1000 27–100
Hematite 670 1000 0.01–0.07

2079 2307
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pixel in the classification result. This relates to the 
large natural variation of spectral signatures of miner-
als dependent on variations in chemical compositions, 
and impurities and the physical condition of minerals 
affected by weathering. In addition, the mix of spectral 
signatures related to mineral assemblages in the rocks 

within a given pixel cannot fully be addressed by using 
pure individual reference mineral spectra for a classi-
fication and can lead to rejected pixel. Further reasons 
for the not classified pixel might be the conservative 
applied threshold definition to avoid misclassifications. 
The authors think that despite the unclassified pixel, the 

Fig. 4  (A) Mineral classifica-
tions of the airborne HySpex 
data and (B) of the simulated 
EnMAP data
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classification result reflects the distribution of the major 
mineralogy as well as shows that hyperspectral satellite 
data can detect potential ore mineralization, in this case 
by identifying the gossan.

Conclusion

This study shows that simulated hyperspectral satellite 
data are analyzed successfully to map major mineralogy 
and proxy minerals for the ore mineralization at Gams-
berg. It is possible clearly to detect the Gossan (hematite 
distribution) as surface expression of the lead zinc min-
eralization. This is in good agreement by current mining 

activities with three open pits with active ore excava-
tions at Gamsberg, shown by a recent Sentinel 2 satellite 
imagery (Fig. 6). Two of these open pits are in the areas 
where the hematite is mapped by hyperspectral data as 
proxy for the Gossan. Since the simulated hyperspectral 
satellite imagery shows similar mineral pattern compared 
to the high spatial resolution imagery of the hyperspec-
tral flight campaign, it indicates, that hyperspectral sat-
ellite data are an important data source for exploration 
activities despite the moderate spatial resolution. How-
ever, for detailed mapping especially within a mineraliza-
tion zone, hyperspectral high spatial resolution data from 
airborne or unmanned aerial vehicle (UAV) systems are 
important, to understand and to map the mineralogy of 
such a zone in their complete complexity.
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