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A BSTRACT

F. KÖRTING MS C T HESIS

Abstract
The Collisional Orogeny in the Scandinavian Caledonides (COSC) project supported by the International Continental Scientific Drilling Program (ICDP) and the Swedish Scientific Drilling Program
(SSDP) drilled a borehole through the Seve Nappe in Sweden to investigate mountain building
processes. It recovered 2.5 km of drill core. Five core samples from the depth from 1682 to 2469
m were analyzed in this thesis. A hyperspectral imaging spectrometer (HySpex) was used to conduct the measurements. It is a two sensor system which combines a VNIR and a SWIR sensor. The
measurements were taken with a resolution of 0.22 mm/ pixel. As a comparison, mineral maps
based on Laser Induced Breakdown Spectroscopy (LIBS) element measurements of approximately
the same resolution were used. This thesis developed a working process chain which includes 1)
the adjustment of the measurement parameters of the sensors to acquire optimal data cubes, 2)
the "unrolling" of a drill core to depict and analyze the whole core mantle surface and to map
the distribution of minerals accurately not only over the length but also the whole surface of the
core and 3) the mineral mapping based on spectral absorption features with the EnGeoMap algorithm. This can be seen as the beginning of the development of a stand-alone drill core scanner
including the geological evaluation by EnGeoMap. The measurements revealed a basic approach
to determine the integration time for the VNIR and the SWIR sensor based on the signal-to-noise
ratio of the white reflectance standard. An approach of a step-wise rotation of the core and a
translation measurement and a mosaicking based on the rectification of the core surface was developed. The stitching of several core images via key points was deployed. The duration of the
unrolling amounts to 22 h/ m of core and results in an hyperspectral mosaic of the core mantle
surface. Relative to the approximately 550 h needed to measure the surface area of 1 m of core
with the LIBS system, 22 h seems tolerable. The feasibility of the unrolling and the mosaicking of
drill cores varies. In scientific operations the accuracy is valued higher than the time-consumption,
in industrial operations the time is a big factor to make a project profitable. The mineral mapping
with EnGeoMap proved to be very precise in case of detecting the abundance of single minerals.
When mapping multiple minerals, a bias towards a few minerals showed which were mapped with
higher abundances than in reality. This is due to mineral-dependent fit value thresholds and has to
be investigated further. When choosing few but distinct proxy minerals, EnGeoMap is a valuable
tool to evaluate the mineral abundances and the distribution over the course of a drill core, to
highlight changes and to give information about mineral assemblages.
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KURZFASSUNG

F. KÖRTING MS C T HESIS

Kurzfassung
Das "Collisional Orogeny in the Scandinavian Caledonides" (COSC) Projekt untersucht Gebirgsbildungsprozesse in den Kaledoniden. Unterstützt durch das "International Continental Scientific
Drilling Program" (ICDP) und das "Swedish Scientific Drilling Program" (SSDP) wurde eine 2.5 km
lange Bohrung durch die Seve Nappe in Schweden niedergebracht. Fünf verschiedenen Kernstücke
wurden analysiert, sie stammen aus der Tiefen von 1682 bis 2469 m. Alle Proben wurden mit dem
"HySpex" Sensor analysiert, dabei handelt es sich um ein hyperspektral, abbildendes Spektrometer, das im VNIR- und SWIR- Bereich misst. Die Auflösung der Messungen betrug 0.22 mm/ Pixel.
Daten eines laserinduzierten Plasmaspektrometers (LIBS) in vergleichsweiser Auflösung können
als Vergleichswerte herangezogen werden. Diese Arbeit entwickelte eine Prozesskette welche 1)
das Ermitteln optimaler Messparameter für unbekannte Proben, 2) das Abrollen der runden Kernoberflächen und 3) die Analyse anhand von spektralen Absorptionsmerkmalen und die Erstellung
von Mineralkarten mit dem EnGeoMap Algorithmus einschließt. Dies ist der Anfang für einen allein
operierenden Kernscanner welcher die geometrische Analyse der Oberfläche mit einer mineralogischen Analyse durch den EnGeoMap Algorithmus verbindet. Die Messungen zeigten einen ersten
Lösungsansatz zur Bestimmung der Integrationszeit für den VNIR und SWIR Sensor welcher ans
Signal-Rausch-Verhältnis der Weißreferenz gekoppelt ist. Eine schrittweise Drehung des runden
Kerns und Translations-Messungen ermöglichen das Erstellen eines Mosaicks der gesamten, entzerrten Kernoberfläche. Die Dauer des Abrollens beläuft sich auf ca. 22 h/ m Kern, ein Zeitraum der,
verglichen mit den 550 h/ m Kern der LIBS Messung, durchaus annehmbar ist. Die Realisierbarkeit
eines solchen Abrollens der Kernobrefläche ist fallabhängig. In einem wissenschaftlichen Kontext
ist die Genauigkeit der Messung, die ein solches Abrollen ermöglicht, durchaus wertvoller als die
dadurch investierte Zeit. Im industriellen Einsatz spielt die Zeit eine entscheidende Rolle und die
gesamte Kernoberfläche wird nur in Einzelfällen von Interesse sein. Die Mineraldetektion durch
EnGeoMap ermittelte sehr präzise Ergebnisse bei der Erkennung einzelner Minerale. Bei der Ermittlung mehrerer Minerale auf eine Fläche neigt der Algorithmus dazu einige Minerale auf Grund
ihrer spektralen Eigenschaften überzubewerten und dadurch in höheren Abundanzen zu detektieren. Mineral-abhängige Passformwerte könnte eine Lösung darstellen und müssen in Zukunft
weiter untersucht werden. Eine Auswahl an wenigen aber eindeutigen Indikator-Mineralen ermöglicht eine Einschätzung der räumliche Verteilung und Abundanz dieser Minerale über den
Verlauf dieses Kernes.
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1 Motivation
Hyperspectral remote sensing can be facilitated as a non-destructive, fast tool for
prospection and exploration. Satellite and airborne remote sensing is a common
technique being utilized for geological applications. Laboratory measurements of
geological samples have been widely conducted (e.g. Clark, 1990) but still present
challenges while providing excellent possibilities.
The following work was conducted in order to develop a process chain for laboratory 360 drill core measurements. This includes the actual measurement of
the drill core of unknown materials (1), the optimal image acquisition (2), which
is a product of the highest possible data quality and lowest possible data volume
and the data pre-processing (3) - where the measured radiance data is accurately
converted into reflectance data, both for the spatial and spectral dimensions of
the image. To create a 360 scan, the images of the step-wise rotated core have
to be mosaiced (4). The resulting 360 scan of a drill core can then be analyzed
by existing material mapping algorithms (5) (Mielke et al., 2016) to gain information about the mineral assemblages and to create mineral maps of the spatial
distribution.

1.1 State of the art of hyperspectral mineral
identification on drill cores
Geophysical and optical logging of drill cores is a common practice for most scientific drilling operation. Information about the key rock properties as a function of
depth are obtained by these logging operations. Typical multi-sensor core loggers
include measurements of the P-wave velocity, the bulk density and magnetic susceptibility (Gunn et al., 1998).
The evolution of solaroptical scanning instruments collecting reflected signals
from natural materials, the recognition of the geometry of the spectral signal
(shape, depth, position of features) and its connection to structural and chemical properties of the material, the development of mineral mapping algorithms in
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geology was enabled (e.g. Hunt, 1989; Clark, 1990). Most of these algorithms
e.g., US Geological Survey (USGS) Tetracorder (Clark, 2003), the USGS Mineral
Identification and Characterization Algorithm (MICA | Kokaly, 2011) or the EnGeoMap 2.0 (Mielke et al., 2016) perform well, based on the utilization of spectral
libraries and spectral features (predefined and knowledge-based | Clark, 2003;
Kokaly, 2011) or by an automated feature extraction (Mielke et al., 2016)).
The mineral identification algorithms have been widely applied on satellite imagery (e.g Mielke et al., 2014; Swayze et al., 2014), but their application for
routine measurements on drill cores (Haest et al., 2012; Huntington et al., 2010;
Kruse et al., 2011; Koerting et al., 2015; Laukamp et al., 2012; Tappert, 2011) or
outcrops (e.g. Boesche et al., 2015; Kruse et al., 2011) is still under development.
All of these algorithms, using reflectance spectra, are based on the following
four assumptions Haest et al., 2012:
I The measured electromagnetic energy has to be assumed to have the same optical path length.
I The intensity of absorption relative to the spectral continuum depends on the
mineral’s abundance and the mineral’s absorption coefficient (stated in section
3.4.1, identified by Hunt, 1989 and Clark, 1990).
I The wavelength position of a diagnostic absorption feature depends on the
chemical composition of a mineral (Clark, 1990) and
I All scattering has to be assumed to be isotropic.
Operational hyperspectral drill core scanning devices are often a combination
of digital imagery, spectrometers of the VNIR and SWIR spectral range and a laser
profilometer (e.g. HyLogger TM and HyChips TM, Huntington et al., 2010; Corescan HCI-3, www.corescan.com.au). This combination provides the user with high
resolution digital imagery, a rather coarse resolved mineral classification along a
longitudinal segment of the core or the whole surface, and the detection of the
surface height and position of the elements in the core box. The utilization of a
profilometer and RGB imagery allows for the calculation of 3D-models, the orientation, the detection of fractures and of other geometric properties and the textural morphology of the drill core (e.g. Huntington et al., 2010; Corescan, 2013
accessed Feb. 29th, 2016; Kruse et al., 2011).
The systems include either discontinuous step-and-measure data acquisition
(HyChips TM), allowing for variable integration times (Huntington et al., 2010)
or continuous data acquisition per core (e.g HyLogger TM, CoreScan HCI-3).
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1.1.1 Low resolution imaging spectrometer
HyLogger TM

The HyLogger system incorporates VNIR and SWIR spectrometers

and a planned TIR spectrometer (HyLogger-1, -2 and -3). They sample spectra
every 4 mm which are then averaged by taking the motion of the table into account. These measurements result in spectral samples of 18 mm along and 10
mm across the core. The spectral sampling is resampled to 4 nm between 380
and 2500 nm in the pre-processing. Depending on the scanning mode about 100
m of drill core can be scanned per hour (Huntington et al., 2010). The rather
coarse spatial resolution of the spectral imagery allows only for the recognition of
a trend of minerals and assemblages occurring in the course of the drill core. The
detailed investigation of the spatial distribution of minerals is impossible as pure
mineral spectra are unlikely to be recorded with a nominal IFOV of 10 mm and the
averaging of the collected spectra in the pre-processing (Huntington et al., 2010).

1.1.2 High resolution imaging spectrometer
The Hyperspectral Core Imager - III (HCI-3) by Corescan (www.corescan.
com.au, accessed 01st of March, 2016) operates with three spectrometers (1xVNIR,
2xSWIR) in a spectral range of 450 nm to 2500 nm and a spectral sampling of

HCI-3

around 4 nm. The whole drill core half surface or a narrow swath along the centre of the core can be scanned with a spatial resolution of 0.5 mm – 5.0 mm per
pixel. About 50 m of drill core can be scanned per hour depending on the scanning
mode. The spatial resolution mode of 0.5 mm results in approximately 100.000
spectra per metre of the scanned core (Corescan, HCI-III). The fine resolution of
the spectral data with a high quality optical focus point (0.5 mm) on the core
surface enables the acquisition of a large number of ’near-pure’ spectral signature
pixels and a very highly resolved mineral mapping in a spatially referenced context (Corescan, HCI-III). Alteration minerals and assemblages can be mapped and
also chemical variations within a single alteration mineral species can be detected
(Corescan, spectral imaging of drill core, 2013).

The ProSpecTIR-VS allows for scanning rock cores
and chips by mounting a sensor combination of a VNIR- and a SWIR sensor above
a scanning bed (Kruse et al., 2011). Results from Kruse et al., 2011, showed a
more detailed result than the manual core logging, not only being objective and
repeatable but also potentially quantitative. Only three to six key spectra were
ProSpecTIR-VS Core Imaging
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included in the library. The sensor is a combination of a VNIR and SWIR camera,
sensing in 360 spectral bands in the spectral range of 400 to 2450 nm. The spectral resolution is of about 5 nm. For the core boxes, scans with a 1 m distance from
sensor to sample result in a spatial resolution of about 2 mm per pixel (Kruse et
al., 2011).

1.2 Why develop a new system?
Comparing the systems already in use, they all impress by their high turn-over
rate and the accuracy in detecting the minerals included in their libraries. Also
noteworthy is the clever determination of few endmembers which are handled as
proxies for the geological interpretation of the drill cores, the mineral assemblages,
the mapping of element changes during the course of the drill core and ultimately
the evaluation of resource potential in an accurate but time-saving manner. The
sensors in the different systems are comparable to the sensor system used in this
work, the HySpex sensors. Their spectral resolution and range is very similar to
each other and only the mode of scanning determines the spatial resolution of the
actual data. The spatial resolution of the HyLogger might be sufficient to map
rough trends along a long drill core surface but is in no way comparable to the
spatial resolution of the other systems.
Even the 2 mm pixel size of the ProSpecTIR-VS core imager is too rough to acquire ’near-pure’ mineral spectra. The Corescan HCI-3 with its 0.5 mm and the
HySpex system’s 0.22 mm spatial resolution, when used in a scanning mode with
30 cm distance from sample to sensor, can be assumed to collect ’near-pure’ mineral spectra. These systems can map the distribution of single minerals of the size
of medium-coarse sand (Wentworth scale). In coarser metamorphic minerals the
grain boundary interactions and other parameters as strain shadowing and growing patterns could possibly be distinguished. All of the above mentioned systems
have in common that they are so far only able to map the top surface of core pieces
in core boxes. This might be practical in industrial projects where accuracy has to
be traded off at the expense of time-saving methods.
In this work the focus lies on an accurate mineral classification, possibly on grain
size scale, and the development of a system measuring the whole core surface
(360 circumference) of unrolled drill cores by a solaroptical hyperspectral imaging system. By unrolling the core, a bigger surface of the core can be measured
which not only highlights the geological, textural and geometrical properties of
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the core and the mineral distribution but also concludes the mineral distribution
below the surface more precisely by enabling the analysis of a bigger core surface.
This leads to more accurate semi-quantitative assessments because the analyzed
surface is raised from 20 to 100 % of the core, the advantage is an increase of 5
times higher surface analyses.
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2 COSC-1 project in Åre, Sweden
Our current understanding of mountain building processes is based on limited observations of the surface from exposed orogens, geophysical data with a limited
depth and resolution, and geological observations from active mountain ranges
such as the Alps, Andes or Himalayas. The deeply eroded Caledonian orogen in
Northern Europe is well-exposed and with its complex structure, history and extensive metamorphic events a perfect example to study mountain building processes
in detail and gain knowledge for interpretations of current mountain building processes as in the Himalayas.

2.1 Caledonian orogeny
The Caledonian orogen extends from the Arctic region southward on both sides of
the North Atlantic Ocean for several thousands of kilometers (Corfu et al. 2014a,
b). The converging and colliding paleocontinents Laurentia (today North America and Greenland), Baltica (today Northern Europe) and Avalonia formed the
orogen in the Paleozoic (Corfu et al., 2014a, b). The orogenesis started during
the early Ordovician (488 Ma) with a subduction of the Iapetus Ocean on both
the Laurentian and Baltican margin. The Caledonian orgenesis then peaked in
the mid Silurian to early Devonian (420 – 417 Ma) with the collision of the paleocontinents Laurentia and Baltica (Gee et al., 2008). The contractional deformation continued well into the Devonian (Hedin et al., 2012). In Scandinavia
an E-vergent thrust system developed which is W-vergent in Greenland and can
be accounted by the underthrusting of Laurentia by Baltica. This underthrusting
developed several thrust zones and emplaced numerous nappes onto each other
(Gee et al., 2008). The whole thrust system comprises a horizontal displacement
that amounts to many hundreds of kilometers and the shortening might be comparable to the estimated 1000 km of today’s Himalaya – Alpine orogenic belt (see
Fig. 2.1(Gee et al., 2008). Its width before the opening of the North Atlantic in
the Cenozoic is estimated in the order of 700 – 800 km (Gee et al., 2008).
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Figure 2.1: Outline of the North Atlantic Caledonides and relationship between Laurentia and Baltica (after Gee et al. (2008), modified by Lorenz et al. (2015)
including the position of the COSC-1 drill site)

The Scandinavian Caledonides extend for about 1500 km from Stavanger in
southwestern Norway to the north of Norway up to the Barents Sea (Corfu et
al., 2014b). In general, they show a classic foreland fold-and-thrust belt in the
eastern part and locally-derived nappes in the west which were successively covered by longer transported allochthonous units. Windows in the orogenic wedge
show a stronger reworked basement towards the west with increasing estimates
for paleo-temperature and -pressure. High pressure rocks as eclogites, locally with
microdiamonds from the early Devonian, can be found and related to depth up to
125 km (Gee et al., 2008).
The Baltica - Iapetus - Laurentia system introduced by Gee et al. (1985), divides the Scandinavian Caledonides into a Lower, Middle, Upper and Uppermost
Allochthon. The Lower and Middle Allochthons are supposed to be derived from
the continental Baltican margin. The Upper Allochthon is derived from the Iapetus Ocean and consists of sedimentary and igneous rocks including ophiolites
and island-arc complexes. The Uppermost Allochthon is believed to be Laurentian
margin-derived (Corfu et al., 2014b; Gee et al., 2008). All of these Allochthons
rest on the autochthonous crystalline basement composed of a metasedimentary
cover of Neoproterozoic to Silurian origin (Gee et al., 2008). Corfu et al. (2014a,
b), indicate a more complex system, which not only includes Baltica and Laurentia in the collision but also an influence of the complex architecture of the passive
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margins. They assume, that the interaction of other continental slivers and microcontinents played a role as well as the input from other paleocontinents as Siberia
or Gondwana. All of which happened before Baltica reached the equatorial position in the Silurian (430 Ma) (Corfu et al., 2014b). This is indicated in Fig. 2.2
from Corfu et al., (2014b).

Figure 2.2: Possible palaeogeographical positions of Baltica (B), Laurentia (L), Siberia
(S), Gondwana (G) and Avalonia (A) after Cocks & Torsvik (2002) at (a) 500
Ma, with alternative positions of Baltica and Siberia in light grey after van
Staal et al. (2012), at (b) 460 Ma, with alternative positions of Siberia and
Gondwana in light grey after van Staal et al. (2012), and (c) at 420 Ma, with
alternative position of Siberia in light grey after Colpron & Nelson (2009).
Note the complex travel path of Baltica including a considerable northwards
drift and potential counter-clockwise rotation, which opens up the possibility of incorporating various Siberia-, Gondwana- and/or ocean-derived units
within the final Caledonian orogen.
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2.2 The Seve Nappe
One of the major nappe complexes which overly the Baltica terrane is the Seve
Nappe Complex (SNC). It is attributed to the Upper Middle Allochthon (Grimmer
et al., 2015). The roof of the SNC is the Köli Nappe Complex, representing the
connection of Baltica terranes with volcano-sedimentary units of lower metamorphic grade (greenschist facies)(Grimmer et al., 2015; Root et al., 2012). The SNC
is underlain by lower nappes of the Middle Allochthon, in the Åre area by the
Särv nappe which is characterized by metamorphosed feldspatic sandstones and
arkoses interjected by mafic dykes (Corfu et al., 2014b). Those dolerite dykes are
believed to have intruded during the initial rifting and opening of Iapetus in the
late Neoproterozoic (Root et al., 2012). The underlying and overlying rocks of
the SNC are generally of lower metamorphic grade. Thin lensoidal discontinuous thrust sheets control the internal structure. In general, psammitic and schists
and gneisses with minor contribution of marbles, orthogneisses, eclogites, amphiboles and peridotides dominate the SNC (Corfu et al., 2014b; Root et al., 2012).
The metamorphic grade within the SNC varies from amphibolite to granulite and
eclogite facies (Root et al., 2012). In the area around the COSC-1 drill site Åre,
Jämtland, three major mineralogic characteristics divide the SNC. The three distinguishable belts are: the eastern and lowermost belt with retrogressed eclogites
but otherwise similar to the Särv nappe, the central belt with migmatitic gneisses
containing small amounts of amphibolites, eclogites and garnet peridotites and
the western lowermost belt with garnet micaschist and amphibolites (Corfu et
al., 2014b). Different dated samples of dolerite dykes, tectonically intercalated
bodies, detrial zircon ages from eastern and central Jämtland or intruding gabbro
bodies in the north, indicate a very complex not yet fully understood history and
age of the protoliths. The SNC probably underwent a prolongated history of sedimentation, magmatism and deformation over the whole Neoproterozoic (Corfu
et al., 2014b). The nature and age of the metamorphism in the area is equally
complex and not fully resolved. In Sweden, attributed to the SNC are two discrete
eclogite-bearing regions to the south in northern Jämtland and in the Norbotten
area to the north (Root et al., 2012). The eclogites in Jämtland for example, show
younger ages than those in the Norbotten area. In Jämtland, the eclogites yielded
metamorphic zircon ages of 446 Ma and peak metamorphic conditions of 25 – 26
kbar and 650 – 700 C (Corfu et al., 2014b). Klonowska et al. (2014), found
evidence of ultra-high-pressure metamorphism in kyanite-garnet pelitic gneisses
from the Åreskutan in the SNC (Klonowska et al., 2014). The tectonostratigraphy
of the Scandinavian Caledonides and a cross section is shown in Fig. 2.3 by Lorenz
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et al. (2015), modified from Gee et al. (2010).

Figure 2.3: Tectonostratigraphic map of the Scandinavian Caledonides and sketch section
along the geotraverse from Östersund to the Norwegian coast. Modified from
Lorenz et al., (2015)
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2.3 The COSC-1 project
The Collisional Orogeny in the Scandinavian Caledonides (COSC) scientific drilling
project aims to study mountain building processes at mid-crustal level in a major Mid-Palaeozoic orogen in western Scandinavia and to compare it to modern
analogues (Lorenz et al., 2015). It focusses on the above described Seve Nappe
complex and the transport and emplacement of this subduction-related ultra- to
high-grade Allochthon (Lorenz et al., 2015). The seismic investigations conducted
in 2010 have already improved the understanding of the subduction system that
was present during the closure of the Iapetus ocean in the Ordovician. The ultrahigh-pressure metamorphism found in the SNC in northern Jämtland, has a profound implication for the interpretation of the high-grade rocks which formed
when basement and allochthonous were subducted again in the final phase of the
Scandian collision (Lorenz et al., 2015).The research questions include: creating a coherent model of mountain building processes, determining the origin of
the observed seismic reflections and thereby refining the geological structure of
the mountain belt, understanding groundwater circulation patterns, discovering
microorganisms in the drill hole - their extent, function and diversity and to identify climate change at high latitudes. As in Hedin et al., (2012) identified, the
COSC-1A borehole (IGSN:http://hdl.handle.ne/ 10273/ICDP5054EEW1001) was
planned to be located in the Lower Seve Nappe and was expected to reach the
underlying lower allochthon (Hedin et al., 2012).
The goal of COSC-1, was to sample a thick section of the SNC and then penetrate through the thrust zone into the underlying nappes. The site in Åre was
chosen under that circumstances taking accessibility, infrastructure and a good relationship with the land owner Åre municipality into consideration (Lorenz et al.,
2015). The drill site for the COSC-1 borehole (5054-1-A) occupied approximately
30 m x 35 m (see Fig. 2.4) and the drilling was carried out from 1st of May to
26th of August 2014.
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(a) Sketch of the COSC-1 drill site modified after Lorenz et al.,
2015. Source 63 24’05.85” N 13 12’12.03” O. Google Earth. October 01, 2001 accessed at February 24, 2016.

(b) The drill rig

Figure 2.4: COSC-1 drill site by Åre, Sweden

Three different core barrel assemblies were deployed (inner tube sample length,
core diameter, hole diameter): H-size triple tube (3 m, 61 mm, 96 mm), N-size
triple tube (3 m, 45 mm, 75,7 mm) and N-size double tube (6 m, 47,6 mm, 75,7
mm). The triple tube features an additional "core liner" placed inside the inner
tube for drill core protection which is not included in the double-tube core barrel
assembly. The N-size triple tube was deployed when drilling the core section from
which the samples 550, 641, 658 and 691 were taken. They therefor have a
diameter of 45 mm. The sample description of the analyzed cores can be found
in table 5.2 and 5.3 and their position can be seen in Fig. 2.5. The scientific
documentation showed a drill core recovery of 2396 m which is a recovery of
100.12% (due to expansion of the drill core). Further information on the process
of drilling, the drill site and the project can be found in Lorenz et al. (2015).
Down to about 1800 m the drill core is dominated by gneisses (felsic, calcsilicate and other compositions) and is often diopside and garnet bearing. Between
500 m and 1000 m, metagabbros and amphibolites are common. Small amounts
of marbles, pegmatite dykes and mylonites occur. All of these rocks show signs of
high strain. Micro-karst formation due to dissolution of calcite-rich bands in the
gneisses by steep fractures were found at 175 m and between 1200 m and 1320
m. An increase in strain occurs below 1700 m with thin mylonites and narrow deformation bands. The mylonite thickness increases downwards, it reaches about
1 m in the depth of 1900 m and 2000 m. Mylonite dominate below 2100 m and
garnets occur widely. At 2341 m the deepest rock of mafic origin is identified, as-
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sumed to be an amphibolite of the SNC. Between 2345 m and 2360 m, lower-grade
metasedimentary rocks occur, those are quartzites and metasandstones which are
mylonitized. In the lowermost part of the drill core mylonites, rich in garnet and
of a thickness of tens of meters are found (Lorenz et al., 2015).

Figure 2.5: The position of the drill core samples 550, 641, 658 and 691 relative to the
simplified lithological column (after Lorenz et al., 2015). And seismic reflection data from Hedin et al. (2012), depicting the Byxtjärn-Liten profile (migrated and depth converted) with the interpretation from Hedin et al, (2012).
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3 Fundamentals of remote sensing
The advantage of remote sensing is the acquisition of information without direct
contact to the object. The energy recorded by a remote sensing system is changed
in many different ways on its way from the light source to the sensor. For satellite
remote sensing the energy is radiated from the sun, passes the vacuum of space at
the speed of light, interacts with particles in the Earth’s atmosphere, is scattered,
absorbed, transmitted and reflected by the Earth’s surface and interacts again with
the atmosphere on its way to the sensor. There it is dispersed by optics, filtered
and interacts with the detectors (Jensen, 2011).

3.1 Electromagnetic radiation
Electromagnetic radiation (EMR) is produced by several mechanisms. Changes in
the energy levels of electrons, radioactive decay, acceleration of electrical charges
or the thermal motion of molecules are some of these mechanisms. James Clerk
Maxwell stated the wave model of EMR in the 1860s. The model considers EMR as
an electromagnetic wave that travels through space at the speed of light (Jensen,
2011). It consists of an electric and a magnetic field which are both perpendicular
to the direction of travel and whose vectors are orthogonal to each other. It can be
characterized by its wavelength l, formally defined as the mean distance between
consecutive maxima (often measured in nm or µm) and its frequency u, which is
measured as a number of maximums passing a fixed point in a given period of
time (often measured in hertz, Hz), see Eq. 3.1 (Jensen, 2011).
Frequency and wavelength are related:
c = lu

(3.1)

c is the speed of light, a constant at 299.792 km/s (Campell et al., 2011).
All objects above absolute zero (0 K or -273 C) emit electromagnetic energy.
The sun represents the source of most of the recorded energy in remote sensing
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systems. Simplified, the sun can be thought of as a blackbody with a temperature
of 5700K (Jensen, 2011). A blackbody is a hypothetical body which emits energy
with perfect efficiency and radiates energy at the maximum possible rate per unit
area at each wavelength (Jensen, 2011). Its effectiveness as a radiator varies only
as temperature varies. Kirchoff’s law states that the ratio of absorbed radiation
flux to the emitted radiation is the same (=energy preservation) (Campbell et al.,
2011). The Stefan-Boltzmann law (see Eq. 3.2) defines the relationship between
the total emitted radiation from a blackbody and its absolute temperature. It can
give us some information about the total amount of energy that exits a theoretical
blackbody:
M(l) = s · T 4
where s is the Stefan-Boltzmann constant, defined as 5.6697 · 10
and T is the absolute temperature in Kelvin.

(3.2)
8 Wm 2 K 4

The higher the temperature of the object, the higher is the amount of radiated
energy by the object (Jensen, 2011).
Wien’s displacement law defines the wavelength of maximum emission (l(Max)),
also in dependance to the absolute temperature (T) of the object, see Eq. 3.3:
l( Max ) = k/T

(3.3)

where k is a constant (k=2898 µmK) and T is the absolute temperature in Kelvin
(Jensen, 2011).
The sun with a temperature of around 5700 K has its maximum emission at 0.5
µm, whereas the Earth with a temperature of approximately 300 K has its maximum emission at 9.66 µm (Jensen, 2011). Even with a temperature dependent
dominant wavelength, the sun produces a continuous spectrum of electromagnetic
radiation from very short, very high frequency gamma and cosmic waves to very
long, very low frequency radio waves (Jensen, 2011). Commonly, a particular region of the electromagnetic spectrum is specified by defining a beginning and an
ending wavelength. Those intervals are usually called "range", "bands", "channels"
or "regions". Important for remote sensing images are the following regions: the
visible light (VIS 0.4 – 0.7 µm), the near-infrared energy (NIR) from 0.7 – 1.0
µm, the middle-infrared region (in remote sensing often referred to as shortwave-
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infrared SWIR) which spans from 1.3 – 2.5 or 3 µm and the thermal infrared (TIR)
with two useful ranges at 3 – 5 µm and 8 –14 µm (Jensen, 2011). For the detection of minerals the VNIR (0.4 – 1.0 µm) and the SWIR (1.0 – 2.5 µm) play the
most important role in this work (see Fig. 3.1).

Figure 3.1: The diagram shows the regions of the electromagnetic spectrum and the regions of occurrence of the type of interaction between electromagnetic energy
and the material (modified after Hermann, 2015)

Electromagnetic energy can not only be describes as a wave, but also as a stream
of particles - the particle model - traveling in a straight line, as it was stated by
Sir Isaac Newton in 1704. He was the first to recognize the dual nature of light
and the discrete and continuous behaviour of electromagnetic radiation (Campbell
et al., 2011). Especially, when electromagnetic energy interacts with matter it is
useful to describe it in terms of packages of energy (Jensen, 2011). Niels Bohr and
Max Planck discovered that EMR is absorbed and emitted in discrete units called
"photon" or "quanta". They proposed the "quantum theory" of electromagnetic
radiation. The relationship between the frequency of radiation by wave theory
and the quantum is proposed as seen in Eq. 3.4.
Q = hu

(3.4)

where h is the Planck constant (6.626 * 10-34 Js), Q is the energy of a quantum
in Joules [J] and u is the frequency of the radiation [Hz] (Jensen, 2011).
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The size of each unit is directly proportional to the frequency of the energy’s
radiation. The model explained why some substances produce an electric current
when exposed to light, the photoelectric effect and the emission of electrons from
surfaces of e.g. metals when hit by these discrete units of energy.

3.2 Interaction with the surface
The main focus in remote sensing is on the flux of energy, its characteristics and
how it interacts with the surface of the matter of interest. In satellite solar remote sensing this would be the Earth’s surface and in the near field of geology,
the matter interacting with the radiation are rocks. Rocks are an assemblage of
minerals. Mineral grains can be interlocked or cemented by a very fine grained
grown mineral (often silica or calcium carbonate) (Jensen, 2011). Most rock surfaces consist of different kinds of minerals and different grain sizes (Clark, 1999)
which interact different with the incoming energy. The incoming light or radiant
flux has to be monitored exactly. It is the time rate of flow of energy that can be
absorbed, transmitted or reflected by the surface and is measured in watts [W].
The interaction of the radiant flux in a specific wavelength with the matter can
tell us important information about the matter itself. The simplest assumption is
the "radiation budget equation" which states that the incident incoming radiant
flux is the sum of the radiant flux reflected by the surface, absorbed by the surface
and transmitted through the surface (Jensen, 2011). Which of these processes is
dominant, depends on the nature of the surface, the angle of illumination and the
wavelength of the EMR.
On the rock or mineral scale, photons of incident light are reflected from the
grain surface or pass through the surface and onto another mineral grain (refracted). Those particles are referred to as "scattered". The scattered photons
can find their way onto another mineral grain or can be scattered away from the
surface where they might be collected and measured by a remote sensing device
(Jensen, 2011). The photons can also be absorbed by the mineral grain. Each
mineral above absolute zero will also emit electromagnetic energy at certain wavelengths. Kirchof’s law states the radiation budget equation as the following (Eq.
3.5):
1 = E+R
where E is emissivity and R is reflectivity.
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Generally though, in laboratory experiments enough light is directed at the sample and the amount of photons emitted by the material can be neglected (Clark,
1999).
As every mineral absorbs and scatters the incident light individually, it is possible to distinguish them by remote sensing (Jensen, 2011). The absorption of
photons in minerals takes place by a variety of processes which are wavelength
dependent (Clark, 1999). The study of light as a function of wavelength is called
spectroscopy. Here, the term spectrum mostly refers to a plot of the reflection intensity as a function of wavelength (Hunt, 1989). An advantage is the sensitivity to
both crystalline and amorphous materials and that it is sensitive to specific chemical bonds in the material, in the solid, liquid and gaseous state (Clark, 1999).
Spectral features become really complex as their absorption features in the spectrum can shift in position and shape when there are variations in the material
composition. To investigate which chemical changes cause those shifts makes it
possible to identify very subtle changes in the materials chemistry and in rocks,
not only identifying the different minerals but also to define proxies for some of
the elements and substitutions of elements in one mineral (e.g. alteration) (Clark,
1999). Broadly speaking, minerals can be identified by the position and shape of
their characteristic absorption feature and can be semi-quantified by the depth of
this absorption feature (see Fig. 3.2).
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Figure 3.2: The image shows a simplified representation the information contained in the
absorption features of different mineral spectra

3.3 Terms of spectroscopy
Imaging spectrometers can produce a 3D cube with two spatial dimensions and
a third dimension in the spectral range. Each spatial position in the array of the
image hereby represents a continuous spectrum detected by the sensor on that
position (Clark, 1999). The spectral range describes the region of wavelengths
in which the sensor is able to collect data. For mineral identification, a majority
of absorption features occur in the visible to near-infrared (VNIR 0.4-1.0 µm) and
the shortwave-infrared region (SWIR 1.0-2.5 µm). Therefor, the spectral range of
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a remote sensing system for mineral detection should also span those wavelength
regions (Clark, 1999). The spectral bandwidth is the region of wavelengths of
each individual channel in the spectrometer. Narrow absorption features can only
be detected with a narrow spectral bandwidth and with channels spaced continuously and adjacent to each other. Theoretically, each channel collects only the
light from a desired, narrow wavelength range and rejects the rest. In reality,
light from outside of the bandpass may enter the channel e.g. by scattering inside
of the optical system. The width of the bandpass is defined as the full-width at
half maximum (FWHM) spectral response of a spectrometer channel to monochromatic light (Swayze et al., 2003). The distance in wavelengths between the centres of adjacent spectral channels which are sampled along the spectrum is called
spectral sampling. And finally, the signal-to-noise ratio (SNR) is defined as the
mean signal level divided by one standard deviation of the signal variety or noise
(Swayze et al., 2003). To record details in the spectrum, the SNR has to be high
enough to detect the spectral features of interest and the sensor sensitivity has to
be high enough dependent on the strength of the individual spectral feature of interest. Also, the spectral bandwidth and the intensity of light reflected or emitted
from the surface influence the SNR (Clark, 1999).
In a grating imaging spectrometer - as the HySpex sensors used in this work
- the spectral sampling is set by the geometry of the sensor. The dispersion of the
grating of the prism, the focal length of the camera and the spacing of the adjacent
centres of the detector elements affect the spectral sampling. The bandpass can
be affected by an interplay between the geometry of the sensor, optical deviations
and diffraction (Swayze et al., 2003). A Gaussian profile is the dominant bandpass
in spectrometers. The maximum information is already obtained by a sampling
interval at half the FWHM, as stated in the Nyquist theorem. Most spectrometers
are nowadays designed to sample at half-Nyquist (critical sampling) (Clark, 1999).

3.4 Spectra of materials
The spectra of materials are affected by different factors including scattering and
absorption. Absorption features are also caused by different processes (Clark,
1999). For satellite remote sensing, the electromagnetic energy that enters the
sensor is highly affected by its way through the Earth’s atmosphere. The atmosphere absorbs the majority of the incoming light of the sun in certain wavelengths
but also transmits a high percentage of the incoming light in other wavelength re-
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gions. Most absorption features occur due to ozone, oxygen, carbon-dioxide and
water (Clark, 1999). As the spectra obtained in this work originated in the laboratory and the distance between the sensor and the measured material was kept
small (51 m), the influence on the spectrum by molecules and atoms in the air
was kept at a minimum.

3.4.1 Refraction, reflection and absorption
When a medium with a change in the index of refraction is encountered by a
stream of photons, the photons are reflected from the surface of the new medium
or refracted into the medium. Simplified, this is what happens when photons
originate in a light source, travel through the air and encounter the surface of a
mineral. Some of those photons are also absorbed by the medium according to
Beers law (Eq. 3.6):
I = I0 · e(

k· x)

(3.6)

where I is the observed intensity, I0 is the original intensity of the light, k is an
absorption coefficient and x is the distance travelled through the medium.
The absorption coefficient (k) is related to the complex index of refraction and
dependent on the wavelength of light (l), see Eq. 3.7 (Clark, 1999):
K
(3.7)
l
The simplest case is when a plane surface is illuminated with a stream of photons of light from directly overhead. The light will be reflected from the surface
according to the Fresnel equation, Eq. 3.8:
k = 4p ·

R=

((n 1)2 + K2 )
((n + 1)2 + K2 )

(3.8)

where R is the reflected light, n the index of refraction and K the extinction coefficient (Jensen, 2011).
At angles other than normal, the reflectance becomes a complex function and
can be studied in detail in any other optical physics textbook. The absorption coefficient (k) is a function of wavelength and a parameter to describe the interaction
of photons with a material. The index of refraction (n) and the extinction coefficient (K) vary significantly with the wavelength and are responsible for the amount
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of reflected light (Clark, 1999). Hunt, (1989) states, that the optical constants n
and k are the fundamental properties that control the spectroscopic behaviour of a
solid. Other properties as surface conditions, temperature, pressure, particle size,
particle size distribution and the illumination angle have effects on the spectrum
but may not change the compositional information given only by n and k.

3.5 Absorption features and their causes
As mentioned before, different materials show different characteristic spectra. The
spectrum is defined by various minima and maxima in reflectance for the different
wavelengths. The minima are caused by strong absorptions bands. Their position,
depth and width is due to different absorption processes taking place. In the case
of minerals, only hyperspectral sensors with a spectral bandwidth resolution of
approximately 10 nm can capture the very fine differences in reflectance at certain wavelength positions (Jensen, 2011). For solids, as minerals, the total energy
content can be changed by absorption or emission processes. These changes are
called "transitions" and they take place between discreet energy levels or bands of
the material. These processes can be electronic processes or vibrational processes
where the evidence for the transition occurs in the wavelength range of 0.35 to
0.70 µm and 1.2 to 40+ µm respectively (Hunt, 1989), see Fig. 3.1.

3.5.1 Electronic processes
The most common electronic process is related to unfilled electron shells of transition elements (e.g. Ni, Cr, Co, Fe) (Jensen, 2011). Atoms and ions have discreet
energy states and the absorption of a photon of a certain wavelength causes a
jump into a higher energy state, this is called crystal field effect. The absorption
of a photon of a certain wavelength does not usually cause the emission of the
photon of the same wavelength. Some of the energy is for example used to heat
the material and causes grey-body emission at longer wavelengths (Clark, 1999).
The crystal field varies with the crystal structure in different minerals. Therefor,
the same ion produces different absorption features (position, depth and width)
(Clark, 1999). An exception are rare earth (REE) ions. The electrons lie deep and
are shielded from the surrounding crystal field. The absorption features in REEs
are diagnostic for the presence of the ion in the mineral and not the mineralogy
(Clark, 1999). Absorbed energy can also cause the migration of an electron be-
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tween neighbouring ions or ions and ligands called charge transfer absorptions
(Hunt, 1989). Those absorption bands are usually diagnostic of mineralogy and
are stronger developed than those of the crystal field (Clark, 1999). Some minerals have two energy levels in which the electrons reside. The "conduction band"
is a level of higher energy in which the electrons move freely through the lattice.
They can also be attached to the atom in a lower energy level, the "valence band"
(Clark, 1999). These energy levels are separated by the "band gap". The edge
of the conduction band to the band gap shows an intense absorption edge in the
VNIR (Hunt, 1989). The yellow color of some minerals, e.g. sulfur is caused by
such an absorption edge (Clark, 1999). This electronic process is called conduction band transition. The fourth electronic process in minerals is called color
centers. Those are discreet energy levels of excited electrons bound to lattice
defects e.g. impurities can cause this absorption (Hunt, 1989).

3.5.2 Vibrational processes
Chemical bonds in a molecule or crystal lattice can cause the system to vibrate.
The vibration is made up from a restricted number of simple motions the so-called
fundamentals (Hunt, 1989). The frequency of vibration depends on the strength
of the bond in the molecule and the mass of each element in a molecule (Clark,
1999). In general, the fundamentals produce spectral features at wavelengths
longer than 2.7 µm. If a fundamental mode is excited with more than 1 quanta
of energy it produces a spectral band at or near twice the fundamental frequency.
These are called overtones. When two or more fundamentals or overtones interact a combination tone feature occurs. It is located at or near the sum of all the
fundamentals or overtone frequencies. Features of geologic materials caused by
overtones or combinations usually occur in the near infrared (Hunt, 1989). Vibrational overtones are for example caused by the existence of water and hydroxyl in
minerals. H2O has 3 fundamental vibrations, two caused by the symmetric OH
stretch and one by the H O H bend (2.738 µm, 2.553 µm and 6.270 µm respectively). H2O bearing minerals show the overtones of water in their reflectance
spectra. The OH stretch overtones occur at about 1.4 µm and the H O H bend
and OH stretch combinations are found near 1.9 µm. The occurrence of an absorption feature at 1.4 µm but not at 1.9 µm indicates the existence of hydroxyl
(Clark, 1999). Rocks are an assemblage of different minerals. The spectra of a rock
is not as well defined as the spectra of its constituents. The features appear muted
and minor constituents, impurities or substitutions often dominate the spectral
appearance of a rock (Hunt, 1989).
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4 The data acquisition
For all three parts of this thesis, the pre-scan method, the unrolling of the drill
core and mosaicking and the mineral mapping, images were taken by the HySpex
system (see section 4.1). Laser Induced Breakdown Spectrometer (LIBS) data was
already acquired in autumn, 2015 by J. Hierold. The LIBS data was used as a pixel
accurate comparison for drill core sample 550 (see section 5.5, p. 41). It can only
serve as a relative comparison concerning the mineral detection but was used as
a validation for the hyperspectral mapping approach for elements in Chapter 6, p.
43. Both data acquisition methods will be introduced in the following chapter.

4.1 The HySpex system
The following information was gained from the official Imaging Spectrometer
User0s Manual by Norsk Elektro Optikk AS. The HySpex sensors are imaging spectrometers. They consist of three dimensions, two spatial dimensions (x,y) and one
spectral dimension. Each pixel represents a continuous spectrum over a certain
wavelength. A VNIR and a SWIR detector form the HySpex system. The VNIR is
a silicon charge coupled device (CCD) with a spectral range of 400 – 1000 nm in
160 bands and a spectral sampling of 3.7 nm. One line comprises 1600 pixel with
a field of view (FOV) across track of 17 . The SWIR sensor covers a range from
1000 – 2500 nm in 256 bands and a spectral sampling of 6.25 nm. It relies on a
mercury-cadmium-tellurium detector (HgCdTe). Each line consists of 320 spatial
pixels and covers a FOV across track of 13.5 . The data acquisition principle follows the same architecture for both the VNIR and the SWIR camera. A focussing
mirror acts as a fore optic of the camera and projects the scene onto a slit which
only allows light from a narrow line of the scene to enter. A collimation mirror
parallelizes the light rays towards a transmission grating which separates the light
into the different wavelengths. The fore optics and the collimator are two aspherical mirrors in a special configuration. They reduce stray light and avoid spherical
and chromatic deviations (the inability of a lense to focus on different colors in the
same focal plane). The dispersed light from the grating is then focused onto a de-
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tector array causing an emission of photoelectrons. Hereby, the spectrum of each
pixel interval along the narrow line defined by the slit is projected on a column of
detectors on the array. For the schematic figure of the optical system see Fig. 4.1.
The data read out from the array, represents the spectral and spatial information
in two dimensions of a narrow slice of the hyperspectral image. The point spread
function across the FOV and the spectral range is minimized and equalized by
an optimized lense system for final focus. Spectral "keystone" and "smile" effects
which distort spectrum images and cause spatial and spectral mis-registrations respectively, comprise only a small fraction of a pixel. The smile property represents
a center wavelength shift of the spectral response function (SRF) and the keystone
property is a distortion along the spectral direction (Yokoya at al. 2010; Mouroulis
et al., 1999). As only one narrow line of the scene is acquired at a time, a scanning
device is needed to get a spatial 2D image (pushbroom scanning). This is accomplished by introducing a translation and/or rotation stage on which the sample is
being moved in the along-track direction. The VNIR system can be complemented
by a charge-coupled device (CCD) equalization filter. Inserted in the entrance
aperture, the filter attenuates the central wavelength (600 - 700nm) but allows
most of the short and long wavelengths to pass through. This allows higher signals at the minimum and maximum areas of the spectral range without saturating
the center wavelengths.

Figure 4.1: The diagram shows the HySpex optical system (modified after the HySpex
User0 s Manual)
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Table 4.1: HySpex sensor parameters

Parameter

Setting
VNIR-1600

SWIR-320m-e

Spectral Range

400-1000 nm

1000-2500 nm

Spectral Bands

160

256

Spectral Sampling

3.7 nm

6.25 nm

Spatial Pixels

1600

320

Field of View (FOV) across track

17

13.5

Pixel FOV across track

0.18 mrad

0.75 mrad

Pixel FOV along track

0.36 mrad

0.75 mrad

Detector

Si CCD 1600 x 1200

HgCdTe 320 x 256

The images were acquired in the HySpex GROUND software under the following
record settings: The number of frames to record was adjusted to the specific length
of the samples in the along track direction of the translation stage. A high SNR
mode was choosen whereby each image frame was set to be an average of two
frames or more. No real time correction of responsitivity and background was
carried out. As the scanning mode either a translation or a rotation stage was used.
For the translation stage a speed multiplication factor of ’2’ was set. The aperture
options for the VNIR and SWIR were 1 m and 30 cm lenses, including a CCD filter
for the VNIR for all scans. The acquisition of the background takes place prior to
every measurement to subtract the result from the acquired data. The shutter is
closed and the dark current is measured by acquiring frames (typically an average
of 200) with the shutters closed. This determines the produced electrons in the
sensor due to the thermoelectric effect of the diodes.

4.1.1 Radiometric calibration to radiance
The radiometric calibration of the raw data raw.hyspex can be carried out in
the HySpex RAD software, which is standalone post-processing software for the
HySpex data. The raw data contains the digital number (DN) data from the sensor, which represents the recorded number of photoelectrons for each pixel. It is
stored in the band-interleaved-by-line format (BIL) with the image dimensions of
X – Number of bands – Y. X is the column dimension and Y the row dimension
(Fanning, 2004). BIL is a format which allows easy access to the spatial and the
spectral information. HySpex RAD converts the raw data images into at-sensor absolute radiance values (W/sr · nm · m2 ). The output is stored in a band-sequential

STR 19/07. GFZ German Research Centre for Geosciences.
DOI: 10.2312/GFZ.b103-19071

27

4 T HE

F. KÖRTING MS C T HESIS

DATA ACQUISITION

format (BSQ). In hyperspectral BSQ images, the image dimensions are stored as
X – Y – Number of bands (Fanning, 2014). The images are converted to float
(32bit) in radiance units, this has the advantage of avoiding a scaling factor and
preserving the full dynamic range of the data. For the mathematical equations behind this process (see AS Norsk Elektro Optikk, pp. 53-56). The resulting images
are then stored as: rad.img and the corresponding headers as rad.hdr.

4.1.2 Convergence to reflectance
The radiance values were converted into reflectance values using an in-house software package by Christian Rogass. The co-registration of the VNIR and SWIR
radiance data is performed by an iterative log-polar phase correlation approach
(Rogass et al., 2013) and followed by the automatic detection of the reflection
standards (WR). The WR radiance spectra are averaged along-track and approximated by polynomials of higher order using least squares. As the spectralon panels are reference panels, the radiation on the standard can be determined by using
the known reflection of the standard. This known reflection is extrapolated for the
whole image cube. The reflectance is retrieved by normalizing the extrapolated
irradiance of all pixel radiance spectra.

4.1.3 Gaussian smoothing
A possible detector jump at 963 nm is corrected by adjusting the level of the spectrum of the SWIR to the level of reflectance of the corresponding VNIR spectrum of
the pixel. To reduce noise, the spectrum is smoothed by a gaussian function with
a variance of s2 = 2.0. The corresponding equation for the probability density
function can be found in Eq. 4.1:
f (x) = p

1
2ps2

exp

✓

(x

µ )2
2s2

◆

(4.1)

p 1
2ps2

determines the height of the curves peak, µ represents the position of the
center peak and s2 is the standard deviation and controls the width of the bell
curve, where x is substituted with l.
To determine the effect of the gaussian smoothing and the choosen variance
value, different spectral libraries where smoothed with s values ranging from 1 to
100. Images where produced by a routine by Dr. Christian Rogaß which forms an
ENVI file of X – Y – Z grid. X and Y are the spatial dimensions, columns and rows
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respectively, and Z represents the spectral dimension. X is the spectrum smoothed
by the gaussian function of ascending s values. X=0 represents the unsmoothed
spectrum, X=1 is the spectrum smoothed with s = 1, X = 2 with s = 2 and
ascending until X = 100 with s = 100. The Y-dimension represents the spectra
of the library and y(max ) = the number of spectra in the library. The resulting
smoothed spectra of montmorillonite can be seen in Fig. 4.2.

Figure 4.2: The diagram shows the gaussian smoothing on a montmorillonite spectrum
from Papenfuss’s library. The unsmoothed spectrum is shown together with
ten gaussian smoothed spectra from s values of 10 to 100 in 10-s steps

Different mineral spectra from Papenfuss’s library (Papenfuss, 2015) were smoothed
with ascending s values and then analyzed by the MICA algorithm and MICA command file Nr. 2 for micas, clays and silicas. The goal was to find out, how much the
original spectrum can be smoothed until the features are not distinct enough to be
characteristic and detectable by MICA. It was not clear if a smoothing with s=2
was already be too much and would not only smooth the noise and enhance the
signal but instead weaken the signal. In Fig. 4.3 it can be seen, that only starting at
a s=16, MICA could not classify the mineral, meaning, that a s=2 smoothed the
spectrum significantly and reduces the noise without influencing the information/
signal within the spectrum.
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Figure 4.3: The figure shows spectra from Papenfuss0 s library smoothed by ascending s values (X = 0 is the original spectrum, X = 1 is the
spectrum smoothed with s=1 ascending to X = 100 with s=100. The MICA detection of the minerals is distinguished into "false
classification", "no classification", "correct classification" and "one component of the mixture correctly classified"
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4.1.4 The laboratory setting
In the laboratory, the HySpex system is used as a static camera system. The cameras are mounted adjacent to each other to scan the sample from above. They can
be mounted in different heights above the sample. This determines the resolution
of the pixel of the image dependent on the FOV of the camera (see Tab. 4.1).
The sample is positioned perpendicular to the sensor on the translation stage. As
the HySpex cameras are line scanners, the translation stages moves underneath
the cameras on a straight track. A reflectance panel is positioned in front of the
sample relative to the position of the cameras. This "white reference" (WR; Zenith
Spectralon r ) with a known reflectance value (e.g. 95%, 90%, 50%, 20% and
5%) provides the basis to calculate the reflectance of the sample relative to the
WR. The WR has to be chosen relative to the albedo of the sample that is measured (see Section 7.1, p. 46). As shown in Hermann (2015), several factors can
influence the measurement and have to be taken into account or reduced. The
WR should not be positioned too close to the sample as EMR can scatter from its
surface onto the sample and change the sample’s spectral signal. The translation
stage itself can reflect on the sample, this is why it is covered in black cellular rubber which shows an neglectable spectral influence on the sample. The light source
is set up next to the translation stage in about a distance of 1 m. It lights the scene
from an angle of about 45 . This anticipates that a large number of pixels will be
oversaturated. All of this is presented in Fig. 4.4. As described in Section 4.1 (p.
25), dependent on the sample, several parameters have to be set manually before
each measurement.
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Figure 4.4: The HySpex laboratory translation stage setting. A description can be found
in the text 4.1.4.
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5 The data
Several data sets were used in this work to produce the following process chain of
receiving an unknown core, scanning the core (see Section 7.1) and mosaicking
those scans (Section 7.2, p. 58), to get an unrolled hyperspectral data cube of the
whole core surface and finally to perform an accurate mineral mapping (Sections
5.3, 7.3 and 7.4 on page 37, 67 and p. 74) of the sample. These data sets include
multiple image cubes acquired in the translation mode for the HySpex sensors
(Section 5.1, p. 33), which were either used directly or were mosaicked into an unrolled core image of a core piece from the COSC-1-1-A core from a depth of about
1700 m (core run 554-Z, -61 cm, IGSN: http://hdl.handle.ne/10237/ICDP5054EE
W1001) (Section 7.2). As a comparison of the created mineral maps by the EnGeoMap 2.0 algorithm (Section 5.3), highly resolved LIBS data is available, which
was taken in 2015 by Hierold (Section 5.5, p. 41).

5.1 The translation of a drill core and the image
registration
As the HySpex sensors are both line cameras, the sample has to be moved line
by line underneath the sensor. Dependent on the integration time for each sensor
- the time of how long the sensor allows light to enter and to be detected - the
in-house built translation stage has to adapt its velocity to it. Both, the integration
time and the velocity of the sample movement can be regulated by the graphical
user interface HySpex GROUND included with the HySpex sensors by Norsk Elektro Optikk. The VNIR- and the SWIR sensor both have different characteristics, besides being sensitive in a different wavelength range, see Tab. 4.1. Their different
FOV and pixel size across- and along track creates hyperspectral images in different spectral and spatial dimensions. To get a resulting image covering the whole
range of wavelength for both sensors, the spatial resolution of both sensors have
to fit one another and they have to be related to each other pixel by pixel. This
pixel accurate layering is accomplished by an automatic tie point retrieval via SIFT
(Rey-Otero and Delbracio, 2014), the resulting SIFT points are filtered by deter-
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mining the nearest-neighbour-ratio, angle anomalies between point pairs and an
iterative polynomial modelling of residuals (Glasbey and Mardia, 1998 and Neitzel
(https://www.geodesy.tu-berlin.de/fileadmin/fg261/Publikationen/Neitzel _Ausgleichungsrechnung.pdf)).
This concludes the image registration. The homography is accomplished by an
itertive RANSAC modelling (Stafford et al., 2014) and followed by applying the
calculated rectification and models to register the spatial pixels and the spectral
bands of the sensors. The data is collected in a program intern DN value. This
can be converted into radiance (see 4.1.1, p. 27) and finally into reflectance (see
4.1.2, p. 28). The in-house algorithm of Rogass is based on the radiance images,
the WR position ROI (region of interest) in the image and a reference library of
the WR reflectance spectra (see Section 4.1.2).

5.2 HySpex laboratory measurements
Measurements of six different pure mineral samples (see Tab. 5.1), one uncut
weathered rock sample from the Åreskutan and four drill core samples from the
COSC-1A borehole were taken in the 1 m image mode (see Fig. 5.1 and for IGSN
and for full sample ID for the COSC-1-1-A samples see Tab. 5.2). Additionally images of the four core samples were taken in the 30 cm image mode to accomplish
a pixel resolution of 0.22 mm comparable of that to the LIBS measurements (see
Fig. 5.2 and Fig. 5.3). The resulting data is used to a) determine the optimum
acquisition parameters (Section 7.1, p. 7.1), b) to perform a mosaicking of several
images to gain an unrolled image of a core piece (Section 7.2, p. 58) and to c)
perfom an accurate mineral mapping on the different core pieces (Section 7.3, p.
67). (Core IGSN: http://hdl.handle.net/10273/ICDP 5054EEW1001, Lorenz, H.;
Rosberg, J.E.; Juhlin, C.; Bjelm, L.; Almqvist, B.S.G.; Berthet, T.; Conze, R.; Gee,
D.G.; Klonowska, I.; Pascal, C.; Pedersen, K.; Roberts, N.M.W.; Tsang, C.F. (2015):
COSC-1 operational report - Scientific data sets, GFZ German Research Centre for
Geosciences, doi:10.1594/GFZ.SDDB.ICDP.5054.2015).
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Figure 5.1: The samples that were measured with 15 different integration times. A description can be found in the Section 5.2.

Table 5.1: The powdered mineral samples measured with different integration times to
determine the optimum scanning parameters.

Mineral/ sample

Full mineral sample name

Biotite
Muscovite
Chlorite
Calcite
Epidote
Opal
Åreskutan fieldsample

Biotite, Kragerö, Norway
Muscovite, Tuflere/ Iveland, Norge
Chlorite-10-A-PL
Calcite-A-PL
Epidote (<180-390)
Opal-2 A-PL
Includes minerals as intergrown garnets,
biotite, muscovite, quartz and feldspars

Figure 5.2: The COSC-1-1-A samples 550 (left) and 641 (right) measured in the 30 cm
mode with a pixel resolution of 0.22 mm.
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Figure 5.3: The COSC-1-1-A samples 658 (left) and 691 (right) measured in the 30 cm
mode with a pixel resolution of 0.22 mm.

Table 5.2: COSC-1-1-A sample description (I) according to Hierold, 2016. (The IGSN can
be resolved by using the url-link: http://hdl.handle.net/10273/ and inserting
the IGSN after in the end).

Sample
name

Sample ID

IGSN

Depth from top
of section [m]

Length
[cm]

550
641
658
691

5054 1 A 550-3
5054 1 A 641-3
5054 1 A 658-6
5054 1 A 691-2

ICDP 5054EX2Z501
BGRB 5054RX15201
BGRB 5054RX05201
BGRB 5054RXZ4201

1682.057
2170.17
2273.46
2469.26

15.5
35
17.5
16

Table 5.3: COSC-1-1-A sample description (II) according to Hierold, 2016.

Sample
name

Lithology

550

amphibolite, gneiss, flaky mica-rich mylonite, calcite vein

641

top 3.5 cm: very fine grained gneiss horizontal lineation,
rest mica-rich mylonite, big quartz veins partly with small amphiboles,
porphyro-blasts composed of mica, garnets up to 5 mm with
pressure shadows, albites in flow texture

658

middle part fine-grained gneiss, top and bottom part mica-rich
mylonite very reflective (mainly sericite), showing flow texture,
albites as porphyroblasts, pyrite

691

mica-rich mylonite showing flow texture, quartz vein in
middle part, garnets up to 5 mm with pressure shadows
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5.3 EnGeoMap 2.0
The EnGeoMap 2.0 algorithm (Mielke et al., 2016) is an automated material characterization system for imaging spectroscopy data. It builds on the EnGeoMap
1.0 (EnMap Geological Mapper) from 2013 (Mielke et al., 2013), the United
States Geological Survey Tetracorder (Clark, 2003 and Swayze et al., 2003) and
the USGS "Material Identification and Characterization Algorithm" MICA (Kokaly,
2011). The EnGeoMap 1.0 algorithm is included in the EnMapBox (van der Linden et al., 2015) and available as freeware. It contains two sub-programs - the
EnGeoMap Base for basic mineral mapping and the EnGeoMap REE for rare earth
mapping. EnGeoMap Base can be used to map Al-OH, Ca-O and Fe-O containing
minerals (EnGeoMap Manual, Boesche et al., 2016). User specific libraries can be
imported additionally to the provided spectral libraries for EnGeoMap Base and
REE. EnGeoMap Base retrieves the feature information of the library by an automatic continuum removal (Mielke et al., 2015) - the so-called "geometric hull".
The feature definition and retrieval is adapted to the signal-to-noise ratio. After
the automated absorption feature extraction, the features are weighted according
to their shape and a spectral unmixing takes place in the spectral module. This is
followed by the creation of a best fit material map and the calculation of spatiospectral gradients. The result is a material map and a fit value map (Mielke et al.,
2016). For the EnGeoMap process chain see Fig. 5.4.
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Figure 5.4: Simplified illustration of the EnGeoMap process chain, based on the EnGeoMap Manual for Application (Boesche et al., 2016).
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5.4 The spectral libraries
USGS Digital Spectral Library

For the EnGeoMap classification a spectral library

with spectra from the USGS Digital Spectral Library splib06a (Clark et al., 2007)
was used. It included 9 spectra of varying purity and composition. The spectrum
characteristics are given in Tab. 5.4. The sample "quality" is explained in Clark et
al., 2007 as the following:
W1 describes the spectral range from 200 - 3000 nm.
R1B stands for the resolution 1 of the Beckman spectrometer. The Beckman 5270
spectrometer measures directional-conical light, samples were run with a SNR >
500 at a reference reflectance level of 1.0. Exceptions had to made for small volume samples.
a indicates a spectrally pure spectrum which is based on significant data from
other methods (e.g. XRD and microscopic examination).
b stands for a spectrally pure appearance. The sample analyses indicates the presence of other minerals which might affect the absolute reflectance but do not add
spectral features.
c indicates a spectrally pure spectrum which shows some weak features with depth
of a few percent caused by contamination.
Table 5.4: Spectral library parameters of the spectra taken from the USGS Digital Spectral
Library splib06a (Clark et al., 2007).

Mineral

Sample ID

Format

Muscovite
Calcite
Biotite
Amphibole
Pyrite
Fluorapatite
Quartz
Albite Plagioclase
Orthoclase

GDS113
WS272
HS28
NMNH78662
LV95-6A
WS416
GDS31
HS143
NMNH142137

mineral
mineral
mineral
mineral
mixture
mineral
mineral
mineral
mineral
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The general formulas stated by Clark et al. (2007) are:
Muscovite: KAl2 Si3O10 (OH )2
Calcite: CaCO3
Biotite: K ( Mg, Fe+ 2 )3 ( Al, Fe+ 3 )Si3O10 (OH, F )2
Amphibole: A0 1 B2 Y8 Z8O22 (OH, F, Cl )2 ; ( A = Ca, Na, K; B = Ca, Fe+ 2 , Li, Mg,
Mn+ 2 , Na; Y = Al, Cr, Fe+ 2 , Fe+ 3 , Mg, Mn+ 2 , Ti; Z = Al, Si, Ti )
Pyrite: FeS2
Fluorapatite: Ca5 ( PO4 )3 F
Quartz: SiO2
Albite: ( Na, Ca) Al ( Al, Si )Si2O8
Orthoclase (K-feldspar): KAlSi3O8

The spectra used for the pre-scan approach
(Section 7.1)were taken from Papenfuss’s library (2015). The spectra were collected by an Analytical Spectral Device (ASD), the Fieldspec r 3 Hi-Res Spectroradiometer. It detects in three channels in the spectral range of 350 - 2500 nm
GFZ Papenfuss spectral library

with an FWHM of 3 m at 700 nm and 10 nm at 1400 and 2100 nm. The data is
resampled to 1 nm in 2151 channels (Papenfuss, 2015). These spectra were resampled to the HySpex characteristics of 416 channels in a range of 400 - 2500 nm
and a spectral sampling of 3.7 nm (VNIR) and 6.25 nm (SWIR). Papenfuss (2015)
used the same powdered samples as the samples that were used in this work and
were spectrally analysed by the HySpex system. A short sample description can be
found in Tab. 5.1 and a more detailed one in Papenfuss (2015).
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5.5 Laser Induced Breakdown Spectroscopy (LIBS)
LIBS fundamentals

Laser Induced Breakdown Spectroscopy (LIBS) is an atomic

emission spectroscopy technique. It is based on laser-generated plasma as the
excitation source which also vaporizes and atomizes the material. It is able to detect, identify and quantify all chemical elements (hydrogen to uranium) as all of
them emit in the spectral region of 200 – 980 nm. Additionally to the detection
of the chemical composition of any unknown material, its other advantages over
common chemical analyses is the very high sensitivity to low atomic weights, the
real time response, the possibility of use outside of the laboratory and that sample preparation is made redundant (Harmon et al., 2006, Cremers et al., 2006).
The measurements are slightly destructive, it removes a few micrometers of the
surface and produce a visible roughness. For the measurement, a pulsed laser is
focused on a small spot of the sample and ablates a micrometer thick layer that
is ionised into a high-temperature micro-plasma on the surface. This optical excitation, often by a Nd-YAG-laser (neodymium-doped yttrium aluminium garnet
crystal), leads to a breakdown phase including the generation of free electrons.
These few electrons lead to an avalanche ionization in the focal region, the electrons reach a higher energy level and in the cool down phase fall back to their
natural ground state hereby emitting energy. The first phase of emission is dominated by a broad continuum radiation (Bremsstrahlung emission) and the second
phase is characterized by discrete radiation lines of recombining electrons and ions
(recombination emission) of atoms, ions and molecules which occur after the cooling point (Harmon et al., 2006). As they both decay at different rates, continuum
emission and discrete element emission can be resolved temporally and spectrally
(Cremers et al., 2006). A detector collects the emitted energy from the sample
spot and an intensity versus wavelength spectrum is created. This contains emission lines from the atomic, ionic and molecular fragments. Each element has a
unique emission spectrum which works as a fingerprint and ensures its identification. The position(s) of the emission line(s) and the intensity of this/ these line(s)
enable an identification and even semi-quantification (Cremers et al., 2006).
The LIBS measurements discussed in this work were conducted by a LIBS drilling core scanner prototype for the BGR in Hannover by the
company LTB. The measurements were realized in the course of the M.Sc thesis
of Johannes Hierold in autumn 2015 (Hierold, 2016). They have been carried out
by shooting two laser pulses per point to increase the signal strength. Of the sawcut sample core the central 25 mm were measured with a resolution of 0.2 mm.

LIBS measurements
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Figure 5.5: The LIBS setup and plasma creation (after Hahn et al., 2012 and Cremers et
al., 2006).

As Hierold points out, the LIBS measurements are very matrix dependent due to
the plasma on the sample surface which is influenced by physical and chemical
differences. This causes interference of emission lines from different elements.
The results of the LIBS measurements were saved as intensities for 21 elements
(Al, B, Ba, C, Ca, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Na, Nb, P, S, Si, Ti, Y, Zr). By
combining elements and their intensities, Hierold classified common rock-forming
minerals (Hierold, 2016). For example the highest intensities of Si measured in
regions without any other element peaks were taken as proxies for "quartz". "Biotite" was correlated to the occurrence of high intensities of Fe, K and Mg in the
same pixel, when including elevated Ca levels, "amphibole" was classified. For
further information about the LIBS mineral mapping approach see Hierold, 2016.
This approach is very simplified and does not allow for element variations in the
minerals. Therefor the LIBS mineral mapping has to be regarded with caution
and can only be taken as a comparison not as base for validation. For information
about the applicability of that mineral modelling and how far it should be trusted
see Chapter 6, p. 43.
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6 Applicability of LIBS mineral
modelling
Introduction

The LIBS mineral map derived by Hierold, (2016) is based on as-

suming that the presence and intensities of certain elements could be used as
proxies for certain minerals. Muscovite was mapped for the regions showing high
K and Al intensities and no Fe or Mg intensities. Calcite is correlated to regions
which show very high intensities of Ca but no other elements and K-feldspar was
assumed as a combination of high K intensities, low Na and the absence of Fe. As
Deer et al, (1992) states, a diversity of elements can substitute elements in the
mineral due to changes in P-T-conditions or the surrounding rock. In reality, Calcite (CaCO3 ) can substitute Ca with other elements like (Mg, Fe, Sr, Ba, Mn, Co
and Zn). Muscovite with the general formula KAl2 Si3O10 (OH )2 can substitute elements like (Na, Rb, Cs, Ca and Ba) for K and (Mg, Fe, Mn, Li, Cr, Ti and V) for Al.
OH can also be substituted by F. K-feldspar with the general formula of KAlSi3O8
can substitute elements like Ti, Fe, Mg, Ba, Ca and Na (Deer et al., 1992). To validate the EnGeoMap approach, the element intensity map from the LIBS analysis
was compared to the element mapping of the hyperspectral data. For that, the
distribution of Si and Fe were modelled. The mineral haematite has two distinct
features (see. Tab. 6.1), which are caused by the Fe2+ and the Fe3+ content in
the mineral. By mapping the pixels which show these two distinct features, the Fe
content in the hyperspectral image cube can be modelled. The same was done for
the four features of opal which is water bearing variety of quartz (SiO2 ⇤ nH2O).
The resulting map will give us a distribution of Si in the hyperspectral image cube.
Both were classified by a multi range spectral feature fitting and a classification by
f it/RMS in ENVI.
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Table 6.1: Absorption features for haematite and opal.

Element

left shoulder [nm]

peak [nm]

right shoulder [nm]

Haematite
Fe 2+
Fe 3+

740
620

870
670

1280
740

Opal
feature 1
feature 2
feature 3
feature 4

920
1130
1340
1840

960
1150
1400
1900

1030
1200
1600
2020

Results

The resulting element maps based on the HySpex data (Fig.6.1) shows

a clear correlation. Regions of high Fe and Si content detected by the LIBS measurement can also be distinguished in the HySpex maps.

Figure 6.1: Element mapping of Fe (top) and Si (bottom) by LIBS and HySpex data.
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The element mapping based on the distribution of Fe and Si shows

how well the hyperspectral approach is able to map the element distribution based
on defined spectral features. The same approach is used for the mineral mapping
in which each mineral has a number of characteristic spectral features inherent.
By proving that the element mapping of LIBS and HySpex are comparable the
hyperspectral approach can be validated. The difference in the mineral mapping
between the LIBS and the EnGeoMap mapping is not due to the EnGeoMap algorithm or the hyperspectral mapping approach but clearly based on the oversimplification of the LIBS mineral mapping. Hierold (2016) based his mineral modelling
on the presence and absence of only 1-4 elements. Additionally, the intensities of
these elements were taken as a proxy to determine the presence of a certain mineral. For example, by excluding every other element but Ca to map calcite, only
the pure calcite minerals were mapped and all variations of calcite were neglected.
This results in the distinct difference of calcite detection between the LIBS and the
HySpex mineral maps (LIBS 1.38 % and HySpex F 0 22.13 %, see Tab. 7.7, p. 78).
The same is true for the simplified approach to map the other minerals in Hierold’s
library.
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7 The process chain
F ROM

HYPERSPECTRAL IMAGES TO MINERAL MAPPING

In the following chapter each part of the process chain will be introduced in
detail, it’s results will be given and a discussion of those results will take place.

7.1 Optimized image acquisition - The pre-scan
approach
In order to ensure the best possible results and correct conclusions
from the data collected with the HySpex system, many factors have to be taken

Introduction

into consideration. It is not only the lighting of the laboratory or the exclusion of
reflective material, which can change the signal that reaches the sensor, but also
factors that have to be adjusted manually for the camera system. The HySpex system consists of two cameras, one sensitive in the VNIR- and the other in the SWIR
range of light. When taking measurements, the scientist has to adjust manually
for which period of time light is allowed to enter the sensor. This is the so-called
"integration time". The integration time is set manually in the HySpex software
and depends on the albedo of the sample, the white reference and the radiation
of the light source. Oversaturation or undersaturation of pixels in the image will
occur when the integration time is set too high or too low respectively. This will
result in the loss of data or will entail rounding errors in the pre-processing of
the data. The measurements were taken with the VNIR and SWIR hyperspectral HySpex imaging spectrometers. Integration times were constantly increased,
for details see Tab. 7.1. The integration times (in µs) were evenly increased for
the VNIR sensor in 5000 µs steps, starting with 10000 µs up until 75000 µs. A
last measurement, with 100000 µs integration time was taken to determine the
point in which the oversaturation of all six mineral samples was completed. The
SWIR integration times were adjusted according to the VNIR integration times
and were always about a quarter of the corresponding VNIR integration time. The
HySpex data was pre-processed by an in house algorithm by Dr. Christian Rogass
as explained in Subsection 4.1.2. The radiance data from the measurements was
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converted to the absolute reflectance values of each pixel. The data of the VNIR
integration time of 15000 µs was unfortunately not usable. That left me with 14
HySpex images of 14 different integration times. The individual spectrum for each
mineral sample for each integration time was extracted in the evaluation software
ENVI by extracting an average spectrum over a 10x10 pixel window. These spectra were analysed by Dr. Christian Mielke’s geometric hull continuum removal
(Mielke et al., 2015). Here, the continuum of the spectrum and the absorption
features shoulder position, center and depth of the feature were determined and
a comparison of those characterstics of the library spectrum (optimum) and the
spectra of one mineral in the course of ascending integration times was performed.
The above mentioned characteristics for each spectrum (ASD by Papenfuss, 2015
and the HySpex measurements with ascending integration times can be seen in
Tab. A.1).
Table 7.1: The acquisition parameters for the pre-scan samples. Integration time (Int.
time) and frame period (µs) were increased during those measurements stepwise for the VNIR and the SWIR sensor.

WR
50%
50%
50%
50%
50%
50%
50%
50%
50%
20%
20%
20%
20%
5%
5%

VNIR
Int. time [µs]
10000
15000
20000
25000
30000
35000
40000
45000
50000
55000
60000
65000
70000
75000
100000

frame
period [µs]
11000
16000
21000
26000
31000
36000
41000
46000
51000
56000
61002
65998
70998
75999
100100

SWIR
Int. time [µs]
3000
4000
5000
6300
7500
8500
10000
11300
12500
14000
15000
16300
17500
19000
25000

frame
period [µs]
43824
63745
83665
103585
123505
143426
163346
183266
203187
223107
243035
262940
282860
302784
398804

The features were
extracted by the geometric hull retrieval (Mielke et al., 2015), for the ASD spectra of Papenfuss (2015) and the mineral spectra of ascending integration times
(HySpex spectra), to determine their level of accordance. The integration time
resulting in the highest level of accordance of the HySpex spectrum to the ASD
spectrum from Papenfuss (2015) will be set as the "optimum integration time" for
Determination of integration times based on mineral features
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this mineral. Each feature was compared separately, whereas some features could
not be compared, as they were not found in the HySpex data (e.g. muscovite,
feature with two absorption peaks at 2349 nm and 2438 nm).
Usually the accordance for one feature of (1) all absorption feature characteristics
(shoulder positions, peak position and depth) and (2) only of the shoulder positions and peak position match well.
(1) For example, the muscovite feature in the HySpex data, with a peak at 2205
nm, has the smallest deviation for its shoulder position, its peak position and its
depth from the ASD feature (validation) at an integration time of 20 ms. The
deviation from the ASD feature is 28.60 %. This is the sum of a) the deviation
from the left shoulder position (0.00 %), b) the right shoulder position (-0.17 %),
c) the absorption peak position (0.05 %) and d) the absolute absorption depth
(-28.38 %). This means, that it deviates from the ASD feature in a way, that it
is a) equal to it, b) positioned at a smaller wavelength position [nm], c) a higher
wavelength position [nm] and d) has a shallower absorption depth respectively.
The biggest deviation from the ASD feature comes from the absolute absorption
depth. This is dependent on the sample but as the same mineral samples as by
Papenfuss (2015) were used and the mineral powders are pure and not diluted in
any way, the absorption depth should be equal. I can only attribute that difference to the different sensors used to collect the spectra. The absolute absorption
depth deviates the most from the ASD feature, in our example of muscovite and
the feature peak at 2205 nm, it shows a deviation of -28.38 %. The resulting value
of accordance is therefor very biased in the direction of the absolute absorption
feature depth.
(2) To exclude that bias, the deviation from the ASD feature was determined by
only taking the shoulder positions and the peak position(s) into account. For muscovite this results in an overall deviation of 0.22 %.
For the majority of features of each mineral (1) and (2) result in the same optimal
integration time. If (1) and (2) lead to different integration times, the resulting
optimal integration time is given as a range. The optimal integration time(s) per
mineral can be found in Tab. 7.2.
The idea is
to determine the integration time of the the samples based on the white reference
(WR) used in the image. The WR is always chosen depending on the overall
albedo of the sample. A bright WR will always be assigned to a bright, light
colored sample. Depending on the minerals scanned with the HySpex in different
Determination of integration times based on 95% white reference
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Table 7.2: The resulting integration times (VNIR and SWIR [ms]) for each mineral from
the HySpex pre-scan measurement. (-) this feature was not detected in the
HySpex data.

Mineral
Muscovite
Biotite

Calcite
Chlorite
Epidote

Opal
(with Goethite)

Mineral
feature nr.
1
2
3
1
2
3
4
1
2
1
2
3
1
2
3
4
5
1
2
3
4

Integration
time VNIR [ms]

Integration
time SWIR [ms]

20
20
20
20
25
20
20
10
10 – 25
25
20 – 25
10
45
40
-

5
5
5
5
6.3
5
5
3
3 – 6.3
6.3
5 – 6.3
3
11.3
10
-

integration times, first of all the albedo (here the reflectance) of each mineral
was compared to the reflectance of each WR (95 %, 90 %, 50 % and 20 %). If
the reflectance of the mineral is lower than that of the WR in each band, it can
be assumed that the integration time chosen for the WR will not be too high to
actually oversaturate the spectrum of the sample. It is noticeable, that all spectra
but calcite fulfill that assumption for the 95 % WR (see Fig. 7.1). For the 90 %
WR, muscovite and calcite have reflectance values higher than those of the WR in
certain bands (e.g. for calcite a wide area between 1466 nm and 2270 nm, see
Fig. B.1). In the plot for the 50 % WR, each mineral actually shows bands with
reflectance values higher than the WR (see Fig. B.2). The plots of the other WR
plates can be found in the Appendix B, p. xvii.
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Figure 7.1: The 95 % WR reflectance spectrum (black) compared to the pre-scan mineral spectra. The image shows the WR spectrum substracted by each mineral
spectrum.

To demonstrate an example of how the integration times were calculated based
on the WR reflectance, the focus will be on the 95 % WR as the most minerals can
be related to the plate.
The plate was measured in ascending integration time values. In "measurement 1"
the integration times for the VNIR were increased logarithmically to the base of 2
starting with 4 ms, see Tab. 7.3.
Table 7.3: The measurement parameters for the 95 % WR, in measurement 1 the integration times for the VNIR were increased logarithmically to the base of 2, starting
with 4 ms.

Measurement
1

Integration
time VNIR [ms]
4
8
16
32
64
128

Integration
time SWIR [ms]
1
2
4
8
16
32

All of these images by the HySpex cameras, VNIR and SWIR images separately,
were now analyzed with regard to their signal-to-noise ratio (SNR) and how the
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SNR changed with increasing integration times and also within the wavelength of
the sensor. To create the SNR images, a low pass filter (LP) was applied to the
original image (im(x,y,z)), see Eq. 7.1.
LP = im( x, y, z) ⇤ f il ( x, y) ^ f il ( x, y) = 0.04

(7.1)

Each element of the matrix of the image (im) is convolved by a filter operator of
5 dimensions (x,y=5). ⇤ is the convolution. The LP is therefor a product of those
two matrices.
The SNR is defined as the ratio of the mean value of the signal to the mean of the
noise (see Eq. 7.2). The noise signal can be determined by subtracting the LP from
the image matrix. Its s in the direction of y will give us the mean of the noise.
SNR =

✓

LPy
s (im LP)y

◆

(7.2)
x

The SNR was calculated for each image (= each integration time VNIR and
SWIR). s is the standard deviation, LPy is the mean for the LP image in the ydirection.
The image matrix in Fig. 7.2 was created by plotting each SNR (for each image),
now called ”SNR a l l ” in the direction of the wavelength (l, 409 wavelength bands)
and in the direction of the integration time steps (i). The integration time i was
interpolated bilinearly in steps = 1. Now the second derivative for each image
matrix was determined to assess the inflection points in the the SNR value to
evaluate the points of change in SNR in the direction of i (see Eq. 7.3 and Eq.
7.4). These inflection points will tell us something about drastic changes of the
SNR related to the ascending integration time.
Dev =

d2 SNR(interpolation(step = 1)
d2 SNR a l l (l, i )
=
dl2
dl2
Dev = ((SNR a l l ⇤ [ 1, 1]) ⇤ [ 1, 1])

(7.3)
(7.4)

For "measurement 1", the VNIR SNR plot and the 2nd derivative of that plot,
can be found in Fig. 7.2. Fig. C.1, p. xix in the appendix shows the plots for the
SWIR range of light.
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Figure 7.2: The SNR (top) and the 2nd derivative (bottom) for the VNIR range (450 –
1000 nm) for 95 % WR. The x-axis depicts the ascending integration times
(interpolated), the y-axis the wavelength [nm] and the z-dimension shows
the SNR value (top) or a representation of the inflection point of the SNR
(bottom). All of these data is from the WR "measurement 1".
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Based on the integration time optimum (highest possible SNR) for the WR for
each wavelength of interest, the optimal integration time for each feature of each
mineral (Tab. 7.2, p. 49) can be determined. Based on the reflectance of the
95 % WR and the reflectance of each mineral for that same wavelength (see Fig.
7.1), which means by the "albedo" difference of both objects (WR vs. mineral) the
integration time can be determined.
As an example the focus will be on the mineral epidote and the SNR image of
the VNIR: The SNR image (see Fig. 7.2 ) shows a dome-shaped distribution of the
SNR along the direction of the wavelength and an overall increase of SNR along
the direction of the integration time. Feature 2a of epidote has its peak at 475
nm, feature 2b at 458 nm. This matches band Nr. 18 and 13 of the HySpex VNIR
sensor respectively. A representation of the SNR in 8 color classes (see Fig. 7.3)
now helps to determine the integration time range (x-axis) in which the highest
SNR can be found. For feature 2a and 2b, the highest SNR is therefor found in the
range of 92 - 124 ms and 100 - 124 ms (see red dotted line in Fig. 7.3). This is
how the integration times with the highest SNR were found for each mineral and
each feature of each mineral. The integration times per feature can be found in
Tab. 7.4, p. 56 - here the lowest possible integration time is given. This is based
on the objective of guaranteeing the fastest possible image acquisition with the
highest possible data quality (here depicted by the SNR value).
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Figure 7.3: The figure shows the SNR distribution of the 95 % WR in 8 color classes (values see legend) over the integration time (x-axis) and the VNIR wavelength
bands (y-axis). All of these data is from the WR "measurement 1".

The resulting integration times based on the SNR of the 95 % WR can
be found in Table 7.4. It can be noticed, that the integration times determined by
the ASD and the WR differ quite a bit. A visible trend is depicted by the fact, that
the WR integration times for the VNIR are usually smaller and those for the SWIR
are usually higher than those of the ASD. For example for epidote, for feature 3
with one peak in the VNIR range, the integration time calculated based on the 95
% WR is is about 0.7 times lower than that of the ASD. On the other hand, the WRbased integration time for feature 5, with two peaks in the SWIR range of light,
is more than 3 times higher for both peaks compared to the ASD integration time.
The trend of lower integration times for WR (VNIR) and higher integration times
for the WR (SWIR) is visible but does not actually show a shared multiplication
factor (x) which could be related to the ASD measurements (e.g. something like
ASD [ms] · x = WR[ms]). For the VNIR integration times, the factor varies between
0.1 - 4.1, for the SWIR the factor varies between 1.6 - 5.8.
Results
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Looking at the second derivative of the SNR there is actually less variance of best
integration times in the direction of the wavelength. The best integration time for
each wavelength would be the last interval in between inflection points, before the
WR plate actually oversaturates and results in a very high SNR (see Fig. 7.2 and
Fig. C.1). Fig. 7.2 of the inflection points determined by the second derivative
of the SNR in the direction of l actually implies a range of 35 – 55 ms as the
best SNR range for the VNIR for all wavelength before the centre channels
oversaturate. For the SWIR it suggest an integration time of 6 – 8 ms for
features in between 1000 – 2200 nm and of 10 – 15 ms for features between
2200 – 2400 nm (see Fig. C.1).
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Table 7.4: The resulting integration times (Int. time) (VNIR and SWIR [ms]) for each
mineral and its multiple features from the HySpex pre-scan "measurement 1"
based on the SNR of the WR and the WR and mineral reflectance. The integration times determined based on the ASD spectra are included for comparison.
The difference (D) between the integration time determined by the ASD spectra and the WR is depicted in the two columns to the right. Always the smallest
integration time is depicted in order to keep the optimal image acquisition time
at a minimum.

Mineral

Muscovite

Biotite

Calcite
Chlorite

Epidote

Opal
(with
Goethite)

Mineral
feature
nr.

Int. time
VNIR
[ms]
(ASD)

Int. time
SWIR
[ms]
(ASD)

Int. time
VNIR
[ms]
(WR)

1
2
3
3b

20
20
-

5
5
-

81.6

1
2
3
4a
4b

20
20
-

5
5
-

9.4
7.6
13.5

1
2

25

6.3

1
2
3a
3b

20
20
10
10

5
5
3
3

14.8
39.6

1
2a
2b
3
4
5a
5b

10
10
25
20
20

3
3
6.3
5
5

12.5
17.6
19.1
18.4

1
2
3
4

10
45
40
-

3
11.3
10
-

4.9
5.8
22.5
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Int. time
SWIR
[ms]
(WR)

D ASD
& WR
VNIR
[%]

D ASD
& WR
SWIR
[%]

4.1
7.9
22.8
15.33

1.6

0.4
0.7
12.9
14.3
11.9
24.5

3.9
0.7
2.0

17.4
16.2

5.8
5.4
1.8
1.9
0.7

5.4
9.9
16.3
0.5
0.1
0.6
5.1
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Discussion

The integration times are calculated based on the mineral features

and their changing characteristics with changing integration times. They actually
give us a good first evaluation of the integration time that has to be set for the
sensors for a new measurement. Most of them are actually in the range of 20.3
ms (VNIR) and 5.1 ms (SWIR). Only opal actually shows a significantly higher
integration time of 45 ms and 11.3 ms for the VNIR and SWIR respectively.
I The integration times based on the 95 % WR resulted in an average of 20.6 ms
and 13.8 ms for the VNIR and SWIR respectively. Especially the VNIR integration
times compare well between both methods.
I The conclusion based on 6 different minerals would therefor be that an average
integration time of 20 ms and 5 ms for the VNIR and SWIR respectively is sufficient to collect an optimal image of a sample which includes all of these minerals.
That conclusion can only be applied when measuring powered minerals.
I It has to be taken into account that the compression of the minerals especially
in high-pressure metamorphic rocks like those of the COSC-1-1-A project leads to
an overall "darker" mineral mass including many of these basic rock forming minerals. The overall albedo of the rock is also an indicator for the reflectance of the
rock/ each mineral in the matrix of the rock. Based on experience, an optimum
integration time for a metamorphic rock lies between 30 – 60 ms and 7 – 15 ms
for the VNIR and SWIR respectively.
I As the minerals in our pre-scan measurement were ground and available as a
powder, their reflectance is higher than that of a compressed mineral (or rockfabric including multiple minerals). The smaller the grain size, the higher is the
percentage of scattering and refraction. But the mineral also has a bigger overall
surface from which the light is reflected back to the sensor. For powdered samples
more incoming EMR is reflected back to the sensor and therefor the light has to be
admitted into the sensor for a shorter time span. This could be one reason, why
the integration times determined for the powered minerals are smaller than those
of the same minerals included into a compressed rock. It gives us an idea, why the
actual integration times for compressed rocks or sediments of bigger grain sizes
have to be assigned with higher integration times regarding the sensor system.
I The integration time based on the 2nd derivative of the SNR actually suggest the range of 35 – 55 ms for the VNIR in every wavelength (see Fig. 7.2).
For the SWIR it suggest an integration time of 6 – 8 ms for features in between 1000 – 2200 nm and of 10 – 15 ms for features between 2200 – 2400
nm (see Fig. C.1). This is a good start of narrowing down the integration
times both for the VNIR and the SWIR sensor.
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7.2 The rotation of a drill core
Introduction

For the hyperspectral mosaicking, a round core from the core de-

pository of the BGR in Spandau was taken out of core run 554-Z at a position of
about 1700 m of depth (IGSN: http://hdl.handle.ne/10237/ICDP5054EEW1001).
The lithology at the depth of 1700 m is similar to that of sample 550. The diameter of the core is 4.5 cm, the whole sample length is 32 cm but only a portion
of 16 cm was measured. For the measurement, the acquisition parameters were
kept constant (see Tab. 7.5), the first two measurements were acquired with a
higher number of frames but this was cut off manually after for the processing
and mosaicking.
Table 7.5: Measurement details for the translation measurements of the COSC-1-1-A core
from core run 554-Z at the position of about 1700 m of depth. These measurements were done for the following mosaicking.

Rotation step

Integration
time VNIR [ms]

Integration
time SWIR [ms]

Nr. of
frames

0
13
26 -351

100
100
100

18
18
18

7814
7700
7400

The aim was to rotate the drill core for about 10 for each measurement. Due to
the small diameter of the drill core and other obstacles, which can be found in the
discussion, the actual degree of rotation was about 13 in between measurements.
That resulted in 27 hyperspectral image cubes. Fig. 7.4 depicts the process of the
step-wise measurements (a) and also hints at the challenge of rectifying the image. As the sensor collects the incoming signal in a uniform pixel grid, the curved
core surface is detected as a planar surface from above. The centre part might be
assigned the "correct" pixel size compared to its representative signal (see Fig. 7.4,
(b), red mark), but the edges of the core will be highly distorted in a sense, that
a large surface will be represented by a small pixel surface in the sensor grid (see
Fig. 7.4, (b) and (c), yellow mark). Also in the subsequent image, the signal of
the same core area will be assigned to a subsequent pixel in the sensor grid (see
Fig. 7.4, (d)). This subsequent pixel will not only represent a different core area
size (in the sense of the area included from which the signal was collected) but
it will also be increasingly distorted as it is rotated to the edge little by little (see
Fig. 7.4, (c)).
After the co-registration of the VNIR and SWIR, the unrolled pixel-length is cal-
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culated as the difference of the arc length of 2 adjacent pixels. For this we only
focus on the core surface depicted in the image cube by creating a subset which
only shows the core area. For the given angle of rotation, the arc length is determined and the intersection of the pixels for the integrated pixel-arc lengths is
calculated, using the determined arc length from two subsequent rotation images.
The distortion takes place by using two 1-band-images for the distortion as y1 .
The cumulative arc length (determined before) is taken as the point of x1 and a
normalised pixel grid (pixel/ total number of pixels) as x2 is used to determine the
rectified image y2 . The keypoint approach with SIFT and RANSAC from Section
5.1 takes place for single bands of each image and the thus determined models
are transferred to each band of each image. The mosaicking takes places in an
alternating manner (left half of the unique image 1 is assigned to the right half of
an unique image area in image 2). It only matches the centre lines of the hyperspectral images (= the least distorted area of the core). In one band of the image,
the correlation to the adjacent line is tested. If a correlation < 0.99 and reversed
is present, a maximum of the cross-correlation for the offset in each line (x and
y) is determined and a relative offset-determination takes place via comparing the
core and the reversion. The same is done for the WR, as the position of the WR
can be assumed to be constant.
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Figure 7.4: The unrolling of the drill core and how we take the distortion due to the
curvature of the core into account and rectify it. Point (a) - (e) explained in
the image itself.
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Results

Fig. 7.5 shows the mosaics created out of the hyperspectral translation

images. The different size of the image is equal to the area of the drill core depicted. The aim was to find out if the resulting mosaic would be comparable, when
rotating the drill core not each 5 or 10 or as in this case each 13.3 , but with
less rotations (each 20 or 30 ). If the mosaics produced by less rotations would
be comparable, the time for the data acquisition could be significantly reduced. As
seen in Fig. 7.5 this is not the case. The 26 mosaic is still roughly comparable to
the 10 one, but the 36 and the 52 mosaic do not depict the whole core mantle
surface. Each 20 cm translation image (including ca. 16 cm of core and 4 cm of
WR) took an average acquisition time of 15 min. That means when rotating the
core each 10 the time to scan the whole core surface for the measurement alone
would take about 8.75 hours. In this the case the twentyseven 13.3 scans took
about 6.75 h. The fourteen 26 scans, the nine 39 scans and the seven 52 scans
would have encompassed a scanning time of 3.5 h, 2.25 h and 1.75 h, respectively.
Especially the ca. 3.5 h of scanning would be a high increase of scanning time and
a high turnover rate. This would result in turnover rate of about 22 h of scanning
for 1 m of core. It has to be taken into account that this resulting turn-over rate
is highly influence by the rock composition and the albedo. This very dark core
surfaces entails a very high integration time (100 ms for the VNIR) and causes the
very long scanning time.
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(a) 13

(b) 26

(c) 39

(d) 52

Figure 7.5: The rectified hyperspectral mosaics created by taking different rotation angles
into account. The 13 image mosaic was created of 27 image (a), the 26
image mosaic was created of 14 image (b), the 39 image mosaic was created
of 9 image (c) and the 26 image mosaic was created of 7 image (d).

Analysing the mosaicked images - especially the "best possible mosaic" by including all 13 images - a few things can be noticed. Two of the core images from
the translation images were analyzed. By choosing the hyperspectral image from
0 and a second one after a 180 turn, the whole drill core mantle should be depicted. I analysed the amphibole abundance in both images with the EnGeoMap
algorithm and the amphibole spectral record also used in Section 7.3. The pixels
classified as amphibole add up to total of 134291 pixels which is up to 47.14 % of
the whole core mantle surface. The rest of the pixels are "unclassified" (see. Fig.
7.6). The whole mantle surface for the core adds up to a total of 284886 pixels.
Now the 13 mosaic of the core was analyzed which depicts the whole core mantle
surface with rectified pixel areas. 159785 of 312798 pixels were classified as "amphibole", this corresponds to a percentage of 51.08 % of the core mantle surface.
The area of unclassified pixels at the bottom of all images is due to the WR that
cast a shadow on the core surface.
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(a)

(b)

(c)

Figure 7.6: The amphibole abundance map of the hyperspectral image mosaic created
from 27 translation images (total of 51 % amphibole) (a), and two of the
translation images depicting roughly the whole core mantle area at 0 ( (b),
41 % amphibole) and 180 ( (c), 44 % amphibole) (total of 47 % amphibole).

Factors of the translation measurement influencing the mosaicking: The manual rotation of the core could not be performed accurately enough.
The core does not only move slightly to both directions along and perpendicular to its longitudinal side but it also moved slantwise within the core scanner
rack (each y-position can move in a different x-position, making the core move
obliquely within the rack) (see Fig. 7.7). A constant element within the measurement geometry is the position of the core rack and the WR, which helps to
match the image frames and to mosaic them. The rotation steps were supposed
to be each 13 but the 360 -scale which was attached at the base of the cylindrical core did not stick permanently and dettachted from it several times or moved.
Therefor the scale could only be used as an estimate of rotation. That means not
only was the core not rotated each 10 but also not the calculated 13.3 for each
rotation. Possibly, the rotating steps were more or less uniform. The easiest solution for these sources of error would be a small rotation device which rotates
Discussion
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the core automatically in the desired rotation steps. This device would have to be
small, non-reflective (e.g. metal surfaces painted with non-reflective paint) and
should not cause the vibration of the core whilst the hyperspectral measurement
is performed.

Figure 7.7: Core rack in which the core was positioned for the rotation measurements.

The mosaicking process: The mosaicking of the drill core images actually poses
a challenge. The rock is very fine grained and does not show a high contrast between the pixels. That makes it hard to find discrete pixels, so-called "key points"
in the different images and actually match those pixel to create the mosaic. The
co-registration of the VNIR and SWIR is a little bit easier, due to only working with
the VNIR and the SWIR image. In those translation images does the rectification
of the distortion has not variably changed the pixel size. Only after rectifying the
image matrix, the SIFT and RANSAC routine hardly find enough key points. This
could be avoided or even improved by finding a way to project external key point
onto the core (e.g. laser points or cross joints) which are unique for each 10-orso-degree of the rotated core. The single images recorded by the hyperspectral
sensor could be mosaicked easily according to these external key points.
I The mosaicking in 13 -, 26 -, 39 -, and 52 steps actually worked well (C. Rogass oral communication), even though the resulting mosaics have to be critically
reflected on. The across-track (x-direction) mosaicking worked well. Due to an
internal error of an IDL routine the along-track (y-direction) mosaicking had to be
done manually based on the correct across-track mosaic.
I A first test for the core rotation mosaicking routine with a core of a higher diameter showed very nice results (see Fig. 7.8). The diameter for that core was
9 cm, which is two times the diameter of the COSC-1-1-A core at hand (4.5 cm).
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For both cores, the images were collected with the same distance between the
HySpex camera system and the sample. With a lower core diameter, the curve of
the core surface increases. This means the distortion of the pixels representing the
core also increases and that makes it harder to perform the mosaicking. A solution
would be to collect all core images in a way, that the core takes as much area of the
spatial image dimensions of each sensor. That would result in the lowest possible
distortion for the core - independent of the actual diameter.
I Fig. 7.8 shows the difference between the unrolled core with the usually used
RGB drill core scanner by the ICDP (Digicore DMT CoreScan, 5px = 127 dpi, 35
mm lens) (left) and the mosaicked hyperspectral image cube (right). It can be instantly observed, that the HySpex mosaic is compressed in the direction of x. This
geometric difference has to be taken into account for all resulting core mosaics.
The mosaicking result: As found in results above, the turn-over rate for one
meter of core and each 26 rotation would be about 22 h. Why this should be considered will be explained on the example of the EnGeoMap analysis of the mosaic
compared to that of un-rectified images below. It has to be kept in mind though
that there is always a trade off between the data acquisition time and the quality
of data and they always oppose each other in the scanning process. Whereas the
time factor is less important in the field of science and the accuracy of the data
is the main focus, the time factor plays an important role in the industry and is
directly correlated to money lost or won.
The analysis of the translation and mosaic images: The first difference between
the un-rectified and the rectified mosaicked core image is therefor obviously a difference of amphibole abundance which can only be explained by the distortion of
the core surface in the un-rectified image. The difference between 47.14 % and
51.08 % does not seem significantly different at first, but when we get aware of
the fact that these 27912 pixels are equal a surface of about 11.2 cm2 of a total
of 226.2 cm2 - 5 % of the total mantle area - it does make quite a difference.
And that is 5 % of a rather short core (16 cm) with a diameter of only 4.5 cm.
When scanning multiple cores of higher length and bigger diameters this difference between two translation images with roughly the whole core depicted and
the rectified mosaic will carry a high consequence in detecting the correct area of
abundance of different minerals. This is not only important in scientific operations
but even more so in industrial operations.
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(a) Unrolled by a drill core scanner with a high resolu- (b) The hyperspectral drill core motion RGB camera typically used by the ICDP at a drill saic including each 13· scans and a
site.
total of 27 images.

Figure 7.8: An unrolled drill core (9 cm in diameter) by a) a core scanner with a RGB
camera and b) the hyperspectral image cube of the mosaicked core surface.
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7.3 HySpex based mineral analysis - single minerals
Base: LIBS mineral analysis

Mineral maps for the core samples 550, 625 and

689 were created in the course of J. Hierolds master thesis in 2016. The focus will lie on sample 550, as it contains a high degree of mineral variability,
not only considering the number of classified minerals (titanite, apatite, calcite,
pyrite, muscovite, albite, quartz, amphibole, biotite and K-feldspar) with changing
abundances during the course of the sample but also their spatial variability and
combination. Not only felsic components (gneissic - containing mainly feldspar
and quartz) are present as it is the case in sample 625 (see Hierold, 2016) but
also a mafic rock type is located in an area of the sample (high Fe and Mg content
in amphibolite). To compare the mineral mapping based on LIBS measurements
and the HySpex images, quartz and feldspar rich rocks can pose a difficulty, as
these minerals do not show characteristic absorption features in the VNIR- and
SWIR region of light. Single mineral maps for the ten above mentioned minerals
were extracted from the LIBS mineral map of Hierold and will be compared to the
HySpex image analysis. A direct comparison can be seen in Fig. 7.9 and Fig. 7.10.
The comparison with the mineral mapping by Hierold (2016) poses a difficulty as
explained in Chapter 6, p. 43. The focus on a few element combinations to characterize a mineral is only a rough approximation and does not include the local
variability and possible element substitutions which are present in minerals.
To create mineral maps based on the information contained in the
HySpex images, a spectral library for each mineral was created containing only one
spectra of the mineral in question (see all spectra in Fig. 7.14). The hyperspectral
image cube of a subset of sample 550 including approximately the 25 mm region
of the LIBS measurement was analysed by the EnGeoMap Base algorithm (see
5.3). Based on the mineral libraries, the spatial occurrence of each mineral was
calculated in sample 550. The resulting maps show a pixel classification (either
classified as the mineral in question e.g. "amphibole" (color) or "not classified"
(black)) and also the fit value for each pixel which was classified as the mineral
in question (in grey scale). These fit value maps give us a good idea about how
the mineral is distributed in the sample and how well the spectrum of the sample
actually agrees with the spectral characteristics of the reference mineral spectrum.
The LIBS map, the EnGeoMap fit value map and the EnGeoMap classification map
can be seen in Fig. 7.9 and Fig. 7.10.
The fit value maps encompass a very big area of pixels which have a diverse range
of "agreement" (= fit value) with the reference spectrum. This is usually a good

Introduction
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evaluation of the area the mineral is occupying. To get an accurate idea about the
area that the mineral encompasses, only the highest fit values can be considered.
The definition of the fit values for each mineral was based on Hierolds (2016)
mineral maps. Considering the area of pixel for each mineral, the fit values for
the EnGeoMap base maps were set according to the percentage of pixel being
occupied by each mineral in the LIBS mineral maps. For example in Hierold’s map,
amphibole is detected in 10.47 % of the area of sample 550. In the EnGeoMap
fit value map, amphibole encompasses the range from 0 to 0.75. The upper 10.5
% of the pixels in this fit value map lie in the range of 0.40 to 0.75. Therefor,
by setting the threshold of being detected as "amphibole" beginning at 0.40, the
abundance of pixel in both maps (LIBS and EnGeoMap) would be same. Now if
the abundance of pixels is set to be equal, it is interesting for me to see if the
area of "amphibole" detection matches in the LIBS and EnGeoMap map (see Fig.
7.9). This was accomplished for all minerals except titanite as we did not have
a reference spectrum for titanite in our libraries. The fit value threshold for each
mineral that were set to create the EnGeoMap mineral maps can be found in Tab.
7.6. The detailed information about the library used can be found in Section 5.4
on p. 39.
Table 7.6: The mineral map parameters for EnGeoMap according for each mineral being
detected

Mineral
Albite
Amphibole
Apatite
Biotite
Calcite
Muscovite
K-Feldspar
Pyrite
Quartz
Titanite

Percentage
[%] in LIBS
0.907
10.471
0.102
36.728
1.378
6.979
23.267
1.056
4.602
0.057

Fit Value (min)

Fit value (max)

0.444
0.404
0.549
0.317
0.512
0.591
0.161
0.384
0.216
not included in spectral library

0.478710
0.751183
0.581461
0.630081
0.586731
0.762361
0.484755
0.480414
0.470531

Comparing the actual distribution of the minerals in sample 550 to the
"validation" of the LIBS measurements several things can be observed at once:
I The EnGeoMap mineral maps and the LIBS maps show a very high correlation.
Apparently, EnGeoMap is able to detect the distribution of the minerals in sample
550 (with a few exceptions).
Results
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Figure 7.9: The mineral maps for albite, amphibole, apatite, biotite and calcite. For each
mineral the EnGeoMap fit value is present in 8bit (top), the mineral map
based on the fit values determined in 7.6 (centre) and the LIBS mineral map
(bottom).
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Figure 7.10: The mineral maps for muscovite, K-feldspar, pyrite and quartz. For each
mineral the EnGeoMap fit value is present in 8bit (top), the mineral map
based on the fit values determined in 7.6 (centre) and the LIBS mineral map
(bottom).
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I For the very low abundances of albite (0.9 %) and apatite (0.1 %) the spatial
distribution of the EnGeoMap result does not fit well and shows a rather random
pattern.
I Surprisingly, for all of the other minerals including quartz and k-feldspar (orthoclase) the spatial distribution and spatial concentration of the mineral in the
sample fits really well. The spatial trend of orthoclase and quartz are also well
visible in the EnGeoMap result. This is a surprise, as those minerals do not have
very distinct spectral features in the VNIR- and SWIR region.
I The pixel resolution of LIBS and HySpex, in theory about the same with 0.2
mm, shows a rather big difference. Whereas the pixels of LIBS can resolve textural characteristics e.g. the flaky minerals of biotite or the more distinct rounded
mineral grains of pyrite, HySpex’s pixel size is it too coarse to resolve these structural features.
I The fit values chosen for each mineral differ greatly, for example the distribution
of amphibole is best depicted with a fit value of 0.40, calcite or orthoclase require
higher (0.51) or lower fit values (0.16) respectively.
The results of the hyperspectral single mineral mapping show a
difference from the LIBS mineral mapping. Chapter 6, p. 43 shows how this
difference in mineral mapping can be explained. It has to be kept in mind,

Discussion

that the mineral mapping of the LIBS approach by using a combination of a
few elements as a proxy for a mineral is a very rough approximation. It does
not allow for the local variations and element substitutions which occur in
minerals and which are highly dependent on local formation parameters, e.g.
the adjacent rock and temperature and pressure variations. Independent of
the LIBS mineral approach, the mapping performance shows some noticeable
characteristics which will be discussed here:
I As mentioned before, the fit values chosen for each mineral differ greatly. As
EnGeoMap is only able to set a threshold in fit values for the whole library (containing one or more library spectra), it is clear, that the mineral map containing
more than one mineral will be biased towards some minerals with low fit value
thresholds.
I The low abundances of albite and apatite could not be resolved by EnGeoMap
and the HySpex sensor. This is probably not due to the mineral features or the
EnGeoMap algorithm but simply because of the lower resolution of the HySpex
image on which the EnGeoMap analysis is based. The minerals of albite and apatite could not be "seen" due to their small grain size and their signal which did
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not stand out and was not collected because of the overlapping signals of other
minerals in the same pixel. A spectral unmixing for the whole image was not conducted as the resolution of about 0.22 mm/ pixel was assumed to be similar to the
actual mineral size. Therefor, each pixel is supposed to roughly only depict the
signal of one mineral. Albite and apatite could be an exception to that and pose a
difficulty due to their small size.
I The results for single mineral maps - here compared to the abundances determined by LIBS - is very accurate and the fit values for this data set could be used
as a standard to map the occurrence of those single minerals in other samples.
This was done exemplarily on sample 641 and on sample 658 for the occurrence
and distribution of amphibole and muscovite respectively (see Fig. 7.11 and Fig.
7.12).

Figure 7.11: EnGeoMap classification of sample 658, true color composite (top), EnGeoMap fit value map of muscovite (centre) and finally the classification of
muscovite based on the fit value of 0.59 determined in Section ?? and Table
7.6.
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Figure 7.12: EnGeoMap classification of sample 641, true color composite (left), EnGeoMap fit value map of amphibole (centre) and finally the classification of
amphibole based on the fit value of 0.40 determined in Section ?? and Table
7.6.
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7.4 HySpex based mineral analysis - multiple minerals
Introduction

Combining the different minerals from 7.3 into libraries, includ-

ing 1) all minerals (apatite, albite, amphibole, biotite, calcite, k-feldspar, muscovite, pyrite, quartz = "full" library (7.13)), 2) all minerals excluding quartz and
feldspar because of their detection limit in the solaroptic range (apatite, amphibole, biotite, calcite, muscovite, pyrite = "reduced medium" library)) and 3) only
the accessory minerals excluding the gneissic minerals quartz, feldspar and also
the micas (apatite, albite, amphibole, calcite, pyrite = "reduced small" library).
The mineral maps were calculated with different thresholds (0, 0.2, 0.4 and 0.6)
and the results can be seen in Fig. 7.14 - Fig. 7.16 and Fig. 9.3. The detailed
information about the library that was used can be found in Section 5.4 on p. 39.

Figure 7.13: The mineral spectra plot used for the mapping with EnGeoMap. All minerals
are included in the "full" library, the "reduced medium" and "reduced small"
library include less minerals, see 7.4
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Figure 7.14: The mineral map for sample 550 created by EnGeoMap with the "full" library
of mineral spectra. The resolution of Hierold’s map was adjusted to fit the
EnGeoMap map.
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Figure 7.15: The mineral map for sample 550 created by EnGeoMap with the "reduced
medium" library of mineral spectra. The resolution of Hierold’s map was
adjusted to fit the EnGeoMap map.
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Figure 7.16: The mineral map for sample 550 created by EnGeoMap with the "reduced
small" library of mineral spectra. The resolution of Hierold’s map was adjusted to fit the EnGeoMap map.
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Apatite

Quartz

Albite

K-feldspar

1.38

Pyrite

6.98

Amphibole

51.97
51.75
42.38
6.24
51.34
51.26
43.37
6.24

55.59
46.07
16.45
22.43
22.21
14.02
22.13
21.97
13.99
-

Biotite

14.45

Calcite

1.13
20.88
71.99
98.83
0.76
26.19
92.51
0.59
25.98
92.51

Muscovite

S0
S 0.2
S 0.4
S 0.6
M0
M 0.2
M 0.4
M 0.6
F0
F 0.2
F 0.4
F 0.6
LIBS
map

Abundance [%]
Unclassified

Library
Threshold

Table 7.7: The mineral abundances [%] for each EnGeoMap classification (libraries: full
(F), medium (M) and small (S)) and the varying thresholds

13.49
13.45
8.01
13.39
13.35
8.01
-

16.19
14.27
8.78
9.64
9.54
8.29
0.08
9.52
9.47
8.29
0.08

11.07
7,40
0.63
0.82
0.77
0.27
0.69
0.65
0.25
-

16.01
11.39
2.15
1.64
1.54
0.82
1.26
1.51
0.81
-

0.37
0.34
0.04
-

0.33
0.31
0.04
-

0.61
0.55
0.22
-

36.73

10.47

1.06

0.10

4.60

0.91

23.27

Comparing the maps of the full library (Fig. 7.14) and the reduced
medium library (Fig. 7.15), the resulting maps seem to be identical. Tab. 7.7
shows that they actually differ in the mineral abundances detected, but in all

Results

cases but three (threshold = 0.4: "unclassified", "muscovite" and "calcite"), they
only differ in the first decimal place. Fig. 7.14 and Fig. 7.15 show a very high
abundance of muscovite and calcite, which is significantly reduced when applying
thresholds > 0.6.
The map which used the small library as a base (see Fig. 7.14) depicts a clear
bias towards calcite and also pyrite.
Table 7.7 shows the abundances of minerals found in the EnGeoMap results and in
the LIBS map. All of the EnGeoMap mineral maps with their variable thresholds
and library entries, show different results. They do not only differ in the abundances [%] of the minerals but also in their relative abundances. For a threshold
of 0, Muscovite for example is always detected in higher abundances (51.97 %
medium library, 51.34 % full library) than biotite (13.49 % medium library, 13.39
% full library) or amphibole (9.64 % medium library, 9,52 % full library). The only
mineral represented in approximately the same spatial distribution and abundance
in all maps is amphibole (see Fig. 7.14 – 7.16).
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Discussion

The results of the hyperspectral multiple mineral mapping show

a clear difference from the LIBS mineral mapping. Chapter 6, p. 43 has already shown how this difference in mineral mapping can be explained. It has
to be kept in mind, that the mineral mapping of the LIBS approach by using
a combination of a few elements as a proxy for one mineral is a very rough
approximation. It does not allow for the local variations and element substitutions which occur in minerals and which are highly dependent on local
formation parameters, e.g. the adjacent rock and temperature and pressure
variations. Independent of the LIBS mineral approach, the mapping performance shows some noticeable characteristics which will be discussed here:
I Based on the determination of "optimal" fit values for each mineral, it is visible, that all of the mineral maps (Fig. 7.14 - Fig. 7.16 ) show a bias towards the
minerals with a high abundance of pixels with high fit values. For Fig. 7.14 and
Fig. 7.15. This is especially true for muscovite (0.59 fit value as an optimum, but
a high abundance of high value pixels, see fit value map in Fig. 7.9) and calcite
(0.51 fit value as an optimum, but the fit value map shows a big area of "high
value" pixels, also see fit value map in Fig. 7.9).
I Concentrating on certain accessory minerals (as amphibole, calcite, or even
pyrite) and their distribution in the sample/ core or even creating single mineral
maps as in Section 7.3, leads to an accurate assessment of the sample. Especially
the change of mineral composition and distribution during the course of a drill
core in a drilling operation or in several samples taken from an associated lithostratigraphy, can offer valuable clues about the mineralogy at hand. It should be
considered to neglect gneissic components (quartz, feldspars, mica) due to their
not very distinct absorption features in the solaroptical remote sensing and instead
focus on the important accessories. Another option would be, to include TIR into
the sensor system to resolve the gneissic components accurately by remote sensing.
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8 Mineral mapping of COSC-1-1-A
cores
S AMPLE 550, 554-Z, 641, 658
Introduction

AND

691

In order to investigate if the mineral maps created by EnGeoMap

can offer valuable information about the course of the drill core, samples with
ascending depth were classified based on the full library from Section 7.4, p. 74.
The mineral maps (see Fig. 8.1) show a trend from the top being classified as amphibole and a section of high muscovite content with several more

Results

distinct calcite veins. Sample 554-Z from depth 1700 m is an exception as it is
very amphibole rich, the amphibole is crossed by bands of calcite. Both, sample
550 and 554-Z, show a rather banded appearance with a regular sub-horizontal
lineation. Sample 641, 658 and 691 are dominated by muscovite and calcite. The
crystals classified as calcite appear to have undergone plastic-crystal deformation.
The bands seen in the samples of lower depth are highly irregular and sometimes
appear more like porphyroclast in the matrix than continuous bands. Starting in
the lower part of sample 658 and then in sample 691, a higher amount of pyrite,
albite and K-feldspar is mapped.
The mineral maps of each core sample show a very clear bias towards a few minerals. Why the classification is possibly biased towards muscovite
and calcite is discussed in Section 7.3, 7.4 (pp. 67 - 74) and 9.1 (p. 83). The occurrence of amphibole in the top parts 1682 m – 1716 m leads to the assumption of
higher grade metamorphic processes leading to the formation of that rock. Based
on the textural appearance of the samples below 2170 m, these rocks would be
identified as mylonites, only due to the occurrence of a very small grained matrix
and plastic-crystal deformation of bigger grains rather than based on the mineral content. The mineral content of muscovite and calcite is misleading, as the
areas classified as calcite do not look like veins or filled cracks, but rather like de-

Discussion
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Figure 8.1: EnGeoMap result of the COSC-1-1-A samples 550, 554-Z, 641, 658 and 691
analyzed based on the full library.

formed quartz veins. The increasing amount of albite and pyrite could be seen as
a sign of a lower metamorphic grade and the gradual change towards a rock with
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meta-sedimentary characteristics. Sample 691 shows mineral accumulations of
"muscovite" in the "calcite" veins which could only be guessed to be garnet grains
due to their mineral size and shape and when taking the formation conditions into
account. As "garnet" was not included in the full library used for sample 550, they
are here classified as "muscovite". The detection limit for quartz and the feldspars
leads to a bias towards calcite. Many areas classified as calcite veins have been
classified as quartz in the geological evaluation of the rock at the drill site and by
Hierold (2016).
The EnGeoMap results give an accurate depiction of the change of texture in the
samples. Lineation and deformation patterns are emphasized by the classification
of different mineral classes. These classes though are highly biased by factors
which are inherent either in the mineral spectral characteristics or the algorithm.
The choice of the library of reference spectra is a key point to gain valuable information about a rock sample. It is important to identify few but significant
minerals and maybe even to apply masks which exclude areas of spectrally nondistinct areas in the VNIR and SWIR to counteract the false classification of quartz
and feldspar.
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9 Discussion
Individual discussion parts for each part of the process chain can be found here: for
the integration time determination, Section 7.1, p. 46, the rotation of the core
and the mosaicking, Section 7.2, p. 58 and the mineral analysis by EnGeoMap,
Section 7.3, p. 67 and Section 7.4, p. 74.

9.1 The mineral mapping
The three maps depicting the amphibole abundance can be seen in Fig. 7.6, p.
63. Another example of the mineral mapping on the mosaicked image and the
0 and 180 scan of the same core was performed on the example of biotite.
The difference of the overall abundance of amphibole in the rectified image and
the abundance in the two un-rectified images only adds up to about 3.9 %. The
rectified image determines a higher amphibole abundance. The same was now
performed for the biotite abundance. The biotite content was determined by including only the fit values between 0.29 - 0.61, which is the range upwards of
49 % of fit values for the EnGeoMap fit value map of the classification - as determined in Section 7.3 and Tab. 7.6. The distorted images depicting the whole
mantle surface determined a biotite content of 102666 pixels from 284723 image
pixels. That is a content of about 36.1 %. The rectified image of the whole core
surface does not only detect a larger core mantle surface of 312799 pixels but also
a total of 40.3 % of the core surface is classified as biotite. The trend of a higher
determined percentage in the rectified image versus the distorted images is again
confirmed. This shows that the distortion has a direct impact on the classification
results. The variation of illumination is also a factor which changes the classification results. The mosaicked core only includes the lines of the image with an
illumination which is normal to the surface. The curved core areas are excluded
from the image and therefor excluded from the classification. By classifying the
un-rectified image from the core, the curved areas on the sides will have a different angle of illumination and their spectral characteristics will be influenced by
that. In fact, the illumination is different for each line of the curved core surface
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and due to this hard to model. It will be impossible to take these illumination
variations into account for the mineral classification. The resulting maps can be
found in Fig. 9.1.

(a)

(b)

(c)

Figure 9.1: The biotite abundance map of the hyperspectral, rectified image mosaic created from 27 translation images (total of 40 % biotite) (a) and two of the
translation images depicting roughly the whole core mantle area at 0 (b)
and 180 (c) without rectification (total of 31 % biotite).

I Comparing the amphibole classification (Fig. 7.6, p. 63) and the biotite classification (Fig. 9.1), an undeniable fact is visible, which was also noticable in the
single mineral maps in Section 7.3 (p. 67) even though it is less pronounced there:
the areas classified as different minerals overlap. The same area is classified
in both maps either as amphibole or as biotite. It seems, that an even higher fit
value has to be chosen to determine the actual area only inhabited by biotite or
amphibole. And in this case only two different mineral maps were looked at. As an
example biotite was classified by excluding low fit values, the result can be seen in
Fig. 9.2. When classifying the image with the complete mineral library based on
Hierold’s LIBS mineral map (2016) the same challenge occurs as in Section 7.4, p.
74. The map is biased towards those minerals which - due to their spectral characteristics (e.g. muscovite or amphibole with very distinct and narrow absorption
bands) - are detected with very high fit values (especially high fit maximum fit
values), see Tab. 7.6 (p. 68). As the pixel is assigned to the mineral class with the
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highest fit value, the minerals with overall lower maximum fit values (e.g. albite)
get not assigned these a pixel. That is why the single mineral maps actually show
the correct mineral abundance and distribution whereas the classification based
on mineral libraries including different minerals favour only a few minerals. A
very good example is the full library classification of the 13 mosaic from core
run 554-Z and depth 1683 m (see Fig. 9.3). Amphibole and calcite are clearly
over-represented and only the areas with a lower SNR (e.g. shadow) are assigned
to other mineral classes.

Figure 9.2: The biotite abundance for the 13 mosaic excluding low fit values and including only the fit values between 0.38 - 0.61, which is range upwards of 62 %
of fit values for the EnGeoMap classification.

I Another fact that has to be kept in mind is, that the rock is an assemblage of
minerals which were formed and changed under ultra- high pressure and temperature conditions. A high shearing resulted in very small grain sizes (mylonitization)
and diffuse mineral grain boundaries. All of this amplifies the overlap of spectral
signatures and it decreases the chance of collecting pure mineral spectra in each
pixel. The signals will be overlapping and the "mixed pixel" occurence becomes a
real challenge in these kinds of rocks. Considering that fact, minerals which grew
later on in the metamorphosis or built in cracks or fissures (e.g. calcite) will be
easier to detect with EnGeoMap due to their bigger grain size. This could be one
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explanation, why for example calcite is found in very high abundances by EnGeoMap.
I Another explanation for the bias towards certain minerals (e.g. muscovite)
is the drilling process and additional processes at the drill site. When the core
reaches the surface and it is taken out of the core liner, it is cleaned with a sponge
to remove the drilling mud from the surface. This process of cleaning and all of
the following core handling processes can lead to the abrasion of less consolidated
minerals which could lead to the distribution of these minerals on the core surface.
Especially muscovite or biotite as phyllosilicates with highly elastic sheets due to
their perfect basal cleavage, could be prone to being abrased and distributed on
the core surface. That could partly explain the bias towards especially muscovite
in the EnGeoMap classification.
I To accomplish an unbiased classification, it should be considered to either 1)
allow to set different fit values in each library or 2) to find a way to adjust the
imbalance between the minerals by assigning a certain factor for each mineral
which would stand for the relative "importance" of mineral fit compared to the
other minerals in the library. Muscovite for example, would get a factor of <1 and
albite of >1, and when the algorithm assigns the mineral classes for the pixels,
muscovite would be attached with a lower fit value and albite with a higher fit
value. Possibility Nr. 3) would be, to normalize all fit values for each mineral after
they were computed. They would all be re-calculated based on a shared maximum
fit value and their fit inside that range would be less over- or underrated.
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Figure 9.3: The mineral map for the 13 mosaic from the core sample from core run 554Z (depth: 1700 m) created by EnGeoMap with the "full" library of mineral
spectra.

Why is EnGeoMap still an important tool? Why is the consideration of the
right library before the measurement starts, the parameters of the measurement
and then the possibly false classification worth the "trouble"? The repeatability. It
is as simple as that. Even without improving the algorithm by allowing mineral
dependent factors or a mineral dependent threshold appointment or including TIR
sensors to detect quartz and feldspars the repeatability of the method is a big advantage over the visual mineral determination. The algorithm is prone to doing
the same kind of faults based on the information it is fed. Based on my personal
experience at the drill site, the mineral determination was done by different science team members which had different levels of knowledge (students vs. experts
of metamorphic rock) and educations. The result and the minerals classified by
two people could be similar or varying in different degree of calling a mineral
"sulphide" or "pyrite" or not acknowledging its presence at all. The algorithm is
not supposed to replace the geologist at the drill site or geologists at all - as their
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knowledge and assessment is valuable and the knowledge of an expert can not
be replaced. It is about aiding the geologist at site and providing a consistent
evaluation of the rock and the changes in the rock, especially in the course of a
drill core and with changing members of the science team and changing levels of
knowledge.

9.2 The mosaicking
The unrolling measurement of the whole core mantle area in the 23 -step-modus
would take about 22 h for a core length of 1 m and a diameter of 4.5 cm. This was
determined in Section 7.2. It might seem like a long time to acquire the mineral
information of 1 m of core. This is only 4 % of the time needed to perform the
measurement for the LIBS data. The LIBS measurement of the 25 mm centre part
of a length of 15.5 cm from sample 550 took about 16 h. The turn over rate of
1 m of core (and only the 25 mm sector in the centre) would come to about 97
h. An area of 250 cm2 would take 97 hours, the whole core mantle area of a
core of 4.5 diameter and 1 m of length (= 1414 cm2 ) would therefor take 549 h.
The mosaicking showed, that the rectification of the distorted core surface leads
to a slightly more accurate determination of pixel abundances compared to two
images of the distorted core surface depicting roughly the whole image area. The
big advantage of hyperspectral imaging spectroscopy is the non-destructive and
fast scanning process and the possibility to detect both minerals and elements.
This also holds true in the case of unrolling the core surface, not alone for the
unrolling of the core, but also for the fast acquisition of data that can be used to
determine the mineral content of the core piece.

9.3 Scientific vs. industrial recommendations
In image analysis in scientific or industrial use, there is always a trade-off between
the data quality/ accuracy and the time factor. Especially in the field of science,
the accuracy of the data is the main focus and important to gain more knowledge.
It has come to the point, that very small differences can lead to different conclusions. A high accuracy is called for which can excuse the time spent at acquiring
the data. Especially in the case of many samples (here 2.5 km of drill core) a
classification difference of 5 % of the core mantle area in a core of 16 cm of length
between rectified, mosaicked images and two single, distorted core images depicting the whole core mantle area can be significant. A difference of 5 % of the core
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mantle area will affect a huge area when taking the whole core mantle surface
of the 2.5 km drill core into account. Therefor, in a scientific use, it is called for
a working process chain which allows the unrolling and mosaicking of the core
mantel surface.
In the industrial use, the time factor plays an important rule for each operation.
"Time is money" has always been true in that field, in a sense, that when analysing
drill cores or samples to gain information about the distribution of certain minerals, that information is needed for an evaluation and re-adjusting of the operation.
Each minute not spent drilling is expensive for the company. Therefor, for a quick
evaluation of the geological situation, I would recommend scanning the drill cores
either only once or rotated around for 180 and scanned for a second time to capture nearly the whole core surface. The time needed to do so is kept at a minimum
and the data can still actually give the required information. For both, the scientific and the industrial use, I would recommend analysing the hyperspectral data
based on a few, selected minerals which are significant for the whole rock composition. The distribution, appearance and disappearance of these minerals can be
used as a proxy for example for either 1) associated minerals, 2) pressure- or temperature conditions or 3) facies changes/ changes in environment. This depends
on the area of interest for each particular case.
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10 Outlook
This work developed a working process chain for handling unknown drill cores
and rock samples and scanning and unrolling them. It has given a basic idea of
how the mineral mapping with the EnGeoMap algorithm works (Mielke et al.,
2015) and how it can be utilized and improved. In future projects regarding this
process chain, a more reliable determination of sensor based parameters - especially the integration time - has to be found. One idea would be to base it on RGB
images of the sample. This RGB information could be related to the integration
time which has to be set for the sensors. For the unrolling of the drill core a sensor system with a connected VNIR and SWIR sensor would enable us to scan the
core in a less time-consuming manner. With a sensor like that, it could even be attempted to rotate the core line by line and scan it line by line without the challenge
of the distorted pixels. A system has to be found and tested to project external key
points onto the core without losing the information underneath that area. A laserbased grid or laser-projected key points could be a first idea that could be applied
and tested. Also the integration of a TIR sensor would be sensible in order to
detect minerals like quartz and feldspars. Otherwise quartz and feldspar masks
should be applied to exclude areas of low spectral characteristics in the VNIR and
SWIR from the EnGeoMap classification and avoid false classification. For the EnGeoMap algorithm and the mineral mapping, mineral-based factors or thresholds
have to be determined to exclude the bias towards a few minerals. This works results would recommend concentrating on a few proxy minerals for evaluating the
course of drill cores to keep the processing and mineral mapping time at a minimum. When analysing round drill cores, the unrolling of the cores makes sense in
a scientific environment to guarantee for the accuracy of the data especially when
considering the abundances of minerals and their distribution in the core. For an
industrial environment, the unrolling of a core can give additional information in
individual cases but due to the high time consumption, a translational scanning of
core boxes including more than one core is the most reasonable and feasible.
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MINERAL FEATURES

Appendix A - Pre-Scan mineral
features
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Table A.1: Mineral feature position and depth based on Papenfuss’s library (bold) and
the feature characteristics influenced by the integration time. Only those integration times were considered in which the mineral pixels did not reach saturation. Therefor different minerals are plotted and analyzed with different
integration times.
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Table A.2: Comparison of features from Papenfuss (2015) and the features influenced by
ascending integration times. Those features were extracted by the geometric
hull retrieval (Mielke et al., 2015). The "difference" always refers to the difference between the ASD library features (Papenfuss, 2015) and the mineral
features extracted in the pre-scan approach (Section 7.1.)
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Appendix B - Determination of
integration times
M INERAL REFLECTANCE COMPARED TO WR 90% AND 50%

Figure B.1: The 90 % WR reflectance spectrum (black) compared to the pre-scan mineral spectra. The image shows the WR spectrum substracted by each mineral
spectrum.
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Figure B.2: The 50 % WR reflectance spectrum (black) compared to the pre-scan mineral spectra. The image shows the WR spectrum substracted by each mineral
spectrum.
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Appendix C - Integration times based
on WR SNR
SNR OF 95 % WR IN THE SWIR RANGE

Figure C.1: The SNR (top) and the 2nd derivative (bottom) for the SWIR range (450 –
1000 nm) for 95 % WR. The X-axis depicts the ascending integration times
(interpolated), the y-axis the wavelength [nm] and the z-dimension shows
the SNR value (top) or a representation of the inflection point of the SNR
(bottom). All of these data is from the WR "measurement 1".
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Table C.1: Minerals with their feature characteristics and smallest integration times (inttime) of each mineral feature ("vnir inttime") and of
the WR for the wavelength position of each feature based on the SNR and 2nd derivative ("WR1 vnir [ms]" and "WR1 swir [ms]").
The reflectance of the 95% WR at the feature wavelength and the reflectance of the mineral at that position are compared at ref
"95% WR [%]" and "ref mineral [%]". And the integration time based on the reflectance for each mineral feature relative the WR
is determined in "inttime min VNIR [ms]" and "inttime min SWIR [ms]".
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