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ABSTRACT

Imaging spectroscopy is a widely used tool in mineral exploration today where exploration compa-
nies offer the full service package to their clients: (data acquisition, preprocessing and product de-
livery). These exploration projects rely mainly on airborne imaging spectrometers such as Hymap,
AISA or HySpex. This data is usually scarce and expensive and may not be available to academic
research. The only operational spaceborne imaging spectrometer that covers the full spectral
range from the visible to the shortwave infrared is Hyperion aboard EO-1, which has been provid-
ing data for over a decade now. New and advanced spaceborne imaging spectrometers such as
the Environmental Mapping and Analysis Program (EnMAP) will provide new data for research in
the field of imaging spectroscopy for mineral exploration. This study presents a comparison of the
mapping capabilities between the Hyperion and EnMAP sensors, on the basis of simulated EnMAP
data. This is shown with an example from a porphyry copper complex in southern Namibia (Haib
River). Results from multispectral sensors (Landsat-8 OLI, EO-1 ALI and simulated data from the
next generation Sentinel-2) are shown to illustrate their potential to map the gossan-outcrops at the
Haib River Complex using the Iron Feature Depth (IFD).

INTRODUCTION

The use of airborne hyperspectral imaging spectrometers such as HyMAP (1) or HySpex (2) is a
common approach in exploration campaigns today (3). These airborne sensors combine a good
signal-to-noise ratio and a good spectral and spatial resolution. However, the usage of these sys-
tems in large and remote areas involves high costs due to the difficult logistics that is involved in
airborne hyperspectral campaigns. Therefore, the usage of multispectral imagers, such as the Op-
erational Land Imager aboard Landsat-8 (4) and Sentinel-2 (5) in combination with hyperspectral
spaceborne instruments such as Hyperion (6) and EnMAP(7), will increase in geological mapping
and exploration campaigns to reduce airborne related costs to a minimum possible extent. This is
due to the open data policy that accompanies these spaceborne missions as in the case of the
National Aeronautics and Space Administration’s (NASA’s) EO-1 satellite, or NASA’s Landsat pro-
gramme. The future European Sentinel-2 and the future German EnMAP missions will supply data
with a similar data usage policy to the geoscientific community worldwide. Therefore, the study
presented here aims at illustrating synergetic effects in mineral exploration that emerge from the
usage of these spaceborne multispectral and hyperspectral instruments. This is done for the Haib
River porphyry copper deposit in the lower Orange River area, shown in Figure 1, which has been
identified as one of the oldest porphyry copper deposits in the world (8,9) situated in the Namaqua
Mobile Belt (10). Early exploration work before the work of Minnit (9) is advocating for a classical
succession of hydrothermal alteration zones, which indicate a porphyry copper deposit (9).
Through fieldwork and stable isotope work Barr and Reid (11) found that a classical alteration zo-
nation as proposed by Minnit (9) cannot be readily identified due to two phases of hydrothermal
activity that were overprinting each other in host rocks that had already been altered to lower
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greenschist facies. The presence of gossans in the field on mineralized rocks, such as the Haib
River quartz-feldspar porphyry, the nearby sericitic alteration and the associated clay- and altera-
tion-mineralogy show spatially distinct patterns near the ore zone, which can serve as exploration
indicators that focus on future and more detailed field- and airborne-exploration campaigns. There-
fore, this area represents a unique test site for the demonstration of new remote sensing tech-
niques for mineral mapping and exploration (12) and for a demonstration of the synergetic and
complementary use of multispectral- and hyperspectral-spaceborne data in exploration.
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Figure 1: Landsat-8 OLI false colour composite (OLI scene ID: LC81760802014026LGNO0O) (R:
2200 nm, G: 860 nm, B: 560 nm) showing the Orange River area with the three major mineral de-
posit sites in the border region of South Africa and Namibia. These are the Aggeneys lead-zinc
deposit, the lithium pegmatites and rare earth element bearing site close to Tantalite Valley, south
of Warmbad and the Haib River Complex with its copper deposit. Topographic map from ETOPO-1
data showing the location of the lower Orange River area.

METHODS

For this study data was acquired from the EO-1 Hyperion and ALI sensors, as well as data from
Landsat-8 OLI, shown in Figure 1. Airborne hyperspectral data (HyMAP) from the Geological Sur-
vey of Namibia was used to simulate the future multispectral Sentinel-2 and the future hyperspec-
tral EnMAP sensor using the EnMAP End-to-End simulation tool of Segl et al. (13). This tool en-
ables the demonstration of the full capacity of Sentinel-2 and EnMAP by a full forward and back-
ward simulation, which includes the simulation of EnMAP-like and Sentinel-2-like raw data from
spatially and spectrally higher resolved airborne data (forward simulation) and the succeeding pre-
processing of the synthetic sensor data to at-ground-reflectance (backward simulation) (13). The
now derived, simulated reflectance data facilitates algorithm development for scientific data exploi-
tation and validation prior to the launch of these two sensors.
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Fieldwork was carried out for sample collection and field spectrometer measurements for verifica-
tion purposes that were carried out in a sensor adapted way that mimics the sensors Point-Spread-
Function (PSF) in the field by a Gaussian weighting of 17 defined test surfaces (nine test surfaces
for the central EnNMAP and Sentinel-2 pixel and eight test surfaces in the centres of the eight
neighbourhood pixels). This technique has been used and described in detail in mine waste related
field work (14,15). The resulting spectrum is then resampled to the according spectral resolution of
the multispectral sensors using a convolution of the sensor specific Gaussian filter functions with
the PSF weighed spectrum. The outcome of this process is shown in Figure 2 from a test site in
the western gossan area, shown in Figure 3.

Table 1: Sensor coverage for EnMAP, Sentinel-2 and the hyperspectral sensor that was used to
simulate the two datasets (HyMAP).

Sensor Centre wavelength first band (nm) | Centre wavelength last band (nm)
HyMAP 439 2484
EnMAP 423 2439
Sentinel-2 442 2189
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Figure 2: Definition of the Iron Feature Depth for selected multispectral sensors (hyperspectral
EnMAP data for reference) to illustrate the capacity of the IFD for mapping the iron absorption fea-
ture in a spectrum from the Haib River Complex.

In order to exploit the large spatial coverage of multispectral spaceborne instruments the Iron Fea-
ture Depth (IFD) (15) is used for mapping the spatial distribution of secondary iron bearing miner-
als such as goethite, hematite and jarosite. These minerals are essential in the process of explora-
tion, where the occurrence of gossans may show zones of sulfide oxidation and metal leaching,
which can be indicative for copper exploration (16) and material transport from mine waste sites
(15). Figure 2 shows the IFD, which exploits the 900 nm iron absorption feature in a three-point
band-depth fashion. Here the left shoulder (yellow dot in Figure 2) is represented by the sensor
channel closest to 750 nm, the right shoulder (blue dot in Figure 2) is represented as the SWIR 1
channel closest to 1250 nm, excluding sensor bands that include the water vapour absorption fea-
ture at 1380 nm. A linear interpolation is carried out between these shoulder points. The difference
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between the linear interpolated sensor value closest to the 900 nm iron absorption feature and the
measured sensor value gives the IFD (15). The IFD can be used to outline areas, which are cov-
ered with primary and secondary iron bearing minerals, as in case of the gossan areas shown in
Figure 3. Even OLI is able to map the iron related absorption feature at 900 nm due to its band
layout, as shown in Figure 2 indicating the presence of a gossan surface. Hyperspectral space-
borne data in combination with the USGS Mineral Identification and Characterization Algorithm
(MICA) was used (17) for mapping the mineral distribution of the alteration minerals from the hy-
perspectral spaceborne data, which complements the IFD analysis of the multispectral spaceborne
systems, which only have one spectral channel beyond 2000 nm, except for the Advanced Space-
borne Thermal Emission and Reflection Radiometer (ASTER) (18).

17.85 17.90

Figure 3: Iron Feature Depth (IFD) calculated from simulated Sentinel-2 data for the central part of
the Haib River Complex; the orange box roughly outlines the zone of main mineralization, whilst
the yellow boxes outline areas, which are covered by gossans. These yellow areas represent im-
portant anomalies, which also need to be considered in further exploration work. Yellow squares
outline test sites of PSF validation measurements in the field.

RESULTS

Figure 4 shows IFD results calculated from test sites that have been measured in a sensor
adapted PSF pattern. We see that the largest IFD values can be calculated from data that has
been resampled to the spectral resolution of EnNMAP, Sentinel-2 and ALI, which corresponds well
with the ability of the different sensors to characterize the iron absorption feature at 900 nm, as
shown in Figure 2 and as reported in (15).

Figure 4 shows that test site 26/2 has the highest IFD values if compared to the IFD values of 23/2,
27/1 and 22/1. Field samples of test site 26/2 of hand specimen size were scanned in the GFZ
Spectral Laboratory using the state of the art imaging spectrometers: HySpex VNIR-1600 and the
HySpex SWIR-320 m-e, fixed mounted at NADIR view over a translation stage. The illumination
source is a 2000 W Hedler studio light.
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Figure 4: Iron Feature Depth (IFD) calculated from PSF weighed and spectrally resampled ASD
field-spectrometer data. Test surface 18/1 and 09/1 are malachite and gossan bearing PSF test
sites from exploration work near Opuwo northern Namibia, shown for comparison.

Figure 5 shows co-registered spectra from the HySpex laboratory scene shown as RGB inset map.
Here we see an interesting effect that can be described as “spectral muting” of the iron absorption
features in the visible and near infrared. The darker iron crusts exhibit lower IFD values due to the
depression of the local maxima (left shoulder) of the iron absorption feature. This fact leads to a
lower interpolated absorption near 900 nm and thus to a lower IFD value. This is shown in the cyan
spectrum, which can be compared to the green spectrum that exhibits a much deeper iron absorp-
tion feature around 900 nm.
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Figure 5: Iron Feature Depth (IFD) shown on spectra from a HySpex laboratory scan shown as
small RGB composite inset map in the legend of the figure. Coloured spectra correspond to the
locations of the coloured dot markers on the inset figure.

Figure 6 shows IFD images calculated of samples from test-site 26/2 scanned with the HySpex in
the GFZ spectral laboratory. The HySpex laboratory data has been spectrally resampled to the
spectral response of the multispectral sensors, prior to the calculation of the IFD. Here we see the
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above mentioned difference in the quality of the different multispectral sensors to quantify the IFD
via the 900 nm iron absorption. ASTER and Landsat-7 ETM+ perform least in characterizing the
gossan surface, whilst Sentinel-2, ALl and OLI perform well in resolving the differences in the IFD
of the sample. Remarkable is also the close similarity in the spatial pattern of the IFD on the Senti-
nel-2, ALI and OLI samples. This shows that these sensors are the most suitable instruments to

map the spatial distribution of gossan patterns via the IFD. o
In

ASTER oLl ETM+

Figure 6: Iron Feature Depth (IFD) calculated from spectrally resampled HySpex laboratory meas-
urement of hand specimens of gossan material from test site 26/2. Please note the difference in
the ability of the multispectral sensors to map the IFD according to sensor characteristics (central
wavelength and full width at half maximum).

Another interesting fact is that “spectrally muted” IFD areas, areas with a darker more mature gos-
san cover, show lower IFD values than their corresponding neighbours. This fact may be exploited
in area wide multispectral data takes, shown in Figure 7. Here the spatial distribution of the IFD for
Sentinel-2, ALI and OLI is shown. The spatial patterns of the IFD are very similar between the
three sensors in Figure 7. The reason why the north-westernmost gossan area is not captured by
ALI IFD result is due to the data extent of ALI. The ALI data only covers the central part of the Haib
Complex. OLI, however, is able to show this north-westernmost gossan area despite its lower ca-
pability to quantify gossan surfaces in comparison to EnMAP, Sentinel-2 and ALI, shown above in
Figure 6. Another important aspect is the ability of next generation multispectral sensors such as
Sentinel-2 to discriminate between different secondary iron phases from the USGS digital spectral
library (19), shown in comparison to EnMAP data in Figure 8. It is possible to see differences in the
shape of the 900 nm iron absorption feature due to the higher spectral resolution of Sentinel-2 in
the red and near-infrared part of the spectrum if compared to other multispectral instruments, such
as ALl or OLI. This fact may be exploited to characterize the spectrum of 26/2 as a goethite domi-
nated mixture of the secondary iron minerals, shown in Figure 8.

Hyperspectral spaceborne data from EO-1 Hyperion and from simulated EnMAP data complements
the analysis from the multispectral spaceborne sensors and their IFD pattern by showing the spatial
distribution of minerals that highlight zones of alteration mineralogy. These zones are outlined by
yellow and blue boxes in Figure 9, where typical alteration minerals such as alunite, kaolinite and
montmorillonite have been detected via the USGS MICA analysis (17). The spatial co-occurrence
between the clay mineral anomaly in the blue boxes and the westernmost IFD area suggests a min-
eralogical exploration anomaly that needs to be evaluated by further exploration work in the field.
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Figure 7: Iron Feature Depth calculated from simulated Sentinel-2 data, from EO-1 ALI (ALl scene
IDs: EO1A1760802013267110K, EO1A1760802014013110PF) and from Landsat-8 OLI, (OLI sce-
ne ID: LC81760802014026LGNQOO0) overlain over the Landsat-8 OLI near-infrared channel. Yellow
boxes outline the occurrences of gossans, whilst the orange box outlines the main mineralized
zone of the ore deposit.
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Figure 8: Mineral spectra from the USGS digital spectral library versus a spectrum from the afore-
mentioned HySpex hand-specimen scan, resampled to the spectral resolution of EnMAP (left) and
Sentinel-2 (right).
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Figure 9: USGS MICA group 2 analysis results highlighting alteration zones within the Haib River
Complex (yellow boxes). Analysis were carried out on EO-1 Hyperion data (Hyperion scene IDs:
EO1H1760802013267110K, EO1H1760802014013110PF). Please note that the clay mineral oc-
currence in the Hyperion data and in the simulated EnMAP data (blue boxes) spatially coincides with
the IFD anomaly in Figure 3 on the Sentinel-2 and OLI data on the westernmost dike structure.
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CONCLUSIONS

This study showed that a combined, complementary use of multi- and hyperspectral spaceborne
data yields high potential for mineral exploration. The spatial occurrence of gossans can be
mapped from multispectral spaceborne data using the IFD (15) as demonstrated in Figures 3, 6
and 7. Next generation multispectral data may even be capable to highlight the dominant secon-
dary iron mineral, such as goethite in case of the spectrum shown in Figure 8. This may help to
establish a further subdivision of the gossans via their IFD and other additional criteria from next
generation multispectral sensors such as Sentinel-2. This could be achieved through further more
focused research on metal-sulfide oxidation, spaceborne imaging spectroscopy and ore deposits,
which may then discriminate gossans formed by the oxidation of pyrite from those gossans domi-
nated by the oxidation of copper bearing sulfides e.g. chalcopyrite (16). Hyperspectral spaceborne
data is then able to further highlight zones of alteration mineralogy, if analyzed with expert sys-
tems, such as the USGS MICA (17). This combination of potential gossan anomalies and alteration
mineralogy then yields important target zones for further exploration work, which may include high
spatial resolution hyperspectral airborne data takes and identification of zones for further field in-
vestigations. This can then help to locate the zones of potential sulfide oxidation (zones of high
secondary iron mineral abundance and hence zones with a strong positive IFD) and supergene
copper enrichment (16).

The differences in the MICA analysis between the simulated EnMAP data and Hyperion are due to
the generally lower, unfavorable signal-to-noise ratio of Hyperion if compared to the high signal-to-
noise ratio of EnMAP. However both sensors show the two elliptical alteration mineral anomalies
outlined in the yellow boxes of Figure 9. This shows that a combination of next generation multis-
pectral sensors, such as the Sentinel-2 for gossan detection via the IFD and next generation hy-
perspectral sensors, such as EnMAP for identification of alteration mineralogy and mapping will
likely reduce costs in future exploration campaigns by further focusing expensive airborne hyper-
spectral campaigns and field work on potential target areas that have been highlighted and inter-
preted as mineralogical exploration anomalies of interest.
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