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ABSTRACT:

Compact and lightweight hyperspectral imagers altbe application of close range hyperspectral imagiith a ground based
scanning setup for geological fieldwork. Using sachcanning setup, steep cliff sections and quaalis can be scanned with a
more appropriate viewing direction and a highergeaesolution than from airborne and spaceborntoptas. Integration of the

hyperspectral imagery with terrestrial lidar scagnprovides the hyperspectral information in a géenced framework and
enables measurement at centimetre scale. In tlpisrpthree geological case studies are used to rrate the potential of this
method for rock characterisation. Two case studiesapplied to carbonate quarries where mappindiftgrent limestone and

dolomite types was required, as well as measuren@faults and layer thicknesses from inaccesgibles of the quarries. The
third case study demonstrates the method usinficittilighting, applied in a subsurface scannirmgrgario where solar radiation

cannot be utilised.

1. INTRODUCTION

In recent years a major effort has been made teldgvmaging
methods to assist the description of rock propertifor

application to hydrocarbon reservoirs, aquiferdhar study of
natural fluid barriers in host rocks. As the distiion of

mineralogy and lithology with different geophysigabperties,
such as porosity and permeability, controls fldafor sealing
properties, the heterogeneity of rocks is the foofismany

geosciences studies. Furthermore, in many appitsiti
correlation between the lithology and fault andfuae systems
is required. To characterise the heterogeneitycks, different
scales need to be integrated, from sub-millimetréitometre

scale. However, appropriate imaging methods thahect the
millimetre to metre scale are a missing link in mgeosciences
studies. Ground based hyperspectral imaging isxeteehnique
in remote sensing, where a lightweight hyperspkedtnager

mounted on a tripod is used to map mineral vanmatio

vertically-oriented rock faces, at high resolutigiurz et al.

2012). To relate the image to a real world coorgireystem,
the hyperspectral imagery is integrated with teriaslaser

scanning (TLS) (Kurz et al. 2011). The data integraadds
geometric information, which may be used for hypecsral

image corrections, for verifying classification wués and for
analysing the distribution and content of the mategy and
lithology.

This paper describes the general workflow of cloaage
hyperspectral scanning, and demonstrates the jaitersing
example data. Case studies from different locatiamd with
different mineralogy are used to demonstrate thieniial of
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hyperspectral imaging to describe rock charactesish a non-
contact manner, and at various scales. An examplm fa
carbonate quarry in northern Spain shows that reiffe
dolomite and limestone types, which have very simsipectral
properties, can be mapped and the portion of tlfiereint

lithology could be quantified. In a quarry in Svetland with
inaccessible walls, 3-20 cm thick layers of inteitbed

carbonate and shale have been mapped, and fgpihcksnents
established using the combined lidar data and kpeetral
classifications. The method has also been testedarin
underground rock laboratory in Switzerland, usimgaatificial

light source.

2. INSTRUMENTATION
2.1 Hyperspectral |mager

The data from the case studies was collected withdifferent
instruments, the HySpex SWIR-320m and the HySpexX=sW
320me, both from Norsk Elektro Optikk. The latteoyides an
extended spectral range indicated by the “e” initfstrument
name. The HySpex SWIR-320m collects 240 spectraldba
with spectral sampling of c. 5 nm and operatesiwithe short
wave infrared (SWIR) spectral range between 1.34{2rB
(Table 1). The sensor with the extended spectrajeaperates
between 1.0-2.5 um and collects 256 bands with extsgd
sampling of c. 6 nm. All other specifications adentical for
both sensors (Table 1). Calibrated reflection targ82 x 32
cm) with 50% and 99% reflectance, consisting of cBpdon
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material, were placed in the scanned scene and fmred
atmospheric image correction (Figure 1).

The instruments are line (pushbroom) sensors véth@xels in
the scanning line. In a ground based setup (Figyrethe
sensors are mounted to a rotation stage and thedrséne is
rotated to build up an image. The rotation resmltpanoramic
image geometry, which must be considered
photogrammetric processing. The sensor optics hafeld of
view (FOV) of 14° in the vertical direction. ThisOW is
relatively small and therefore often requires npldtiimages to
be acquired to cover a high cliff section at shange. At 50 m
range, a collected image has an object pixel ide5ocm.

As these sensors operate in the SWIR spectral réreyeare

particularly suitable for geological applicatiorscause many
rock-forming minerals show diagnostic absorptioratdees

solely within this spectral range (Hunt 1980). The&®mpact
and lightweight instruments are highly portable,iclhis an

important criterion for geological applicationshpe many field

sites are not accessible by motor vehicles.

Table 1. Specifications of the HySpex SWIR-320mgera
Detector HgCdTe (320 x 256 pixels)

Spectral range 1.3-2.5um
Spectral sampling ~5 nm
Number of bands 240
Digitisation 14 bit
Spatial pixels in the vertical line 320

Field of view across track 14°

B it % - e ot 4
Figure 1. Instrument setup in the field. Left: Ri&gS-Z420i
scanning system with a digital camera rigidly

3. METHOD
3.1 Hyperspectral Data Processing

Empirical Line (Smith and Milton, 1999) correctiowas
applied using the Spectralon targets, to removeospimeric
effects and to transfer the radiance images infleatance

forimages. All hyperspectral images are affected bgfaots such

as striping, brightness gradients and bad pixelsstMf these
image artefacts are non-conformities typically a&sted with
pushbroom sensors (Nieke et al. 2008), though they
increased due to the panoramic image geometrytendround
based scanning setup, which introduces topograpffects.
Different correction approaches, such as polynomial
interpolation to remove brightness gradients ateriing in the
frequency domain to remove striping, were applied.

Maximum Noise Fraction transformation (MNF), a
modification of the principal component analysisr fo
hyperspectral data, was used to remove random rwideto
reduce the data dimensionality (Green et al., 1988NF
images, which visualise noise-free MNF bands isefatolour
RGB (red, green, blue), are also frequently usegbfeliminary
image interpretation.

Collecting end-member spectra is the first stage of
classification, as understanding end-member sigesatallows
the content of material within mixed pixels to bstimated.
End-members are spectra from spectrally pure nadgefi.e. a
pixel that measures a single material) and are uasd
classification input. In this work, end-member gpechave
been extracted either from areas with known mioggalor
using statistical methods as described in (Kruse.e2003).

Different approaches have been applied to cregterspectral
classification maps, such as band ratioing, Spledirgle

Mapper (SAM; Kruse et al., 1993) and Mixture Tuiddtched
Filtering (MTMF; Boardman, 1998). Classification riiswwere
quantitatively checked by comparison with the higtesolution
photorealistic lidar models for classes that cobél mapped
from the conventional photographs.

3.2 Terrestrial Laser Data

The lidar data processing has the purpose of gémgra
photorealistic lidar model, as described in Buclééwl. (2008
and 2010), which allows geometric measurements and
geological interpretations to be made. To ensurmptete
coverage of a field site, and to avoid scan shadowstiple

mounted on top of the sensor; Right: HySpexscan positions are required with an overlap oéast 20%. The

SWIR-320m camera mounted on a rotation stage.

2.2 Terrestrial Laser System

The lidar data were collected with a Riegl LMS-Z420i
instrument (Figure 1). This system is designednfedium to
long range scanning (up to 800 m for high reflecéatargets),
and has a quoted point precision of 0.01 m. A cafédd Nikon
D200 camera (10 megapixels) was rigidly mountedtam of
the laser scanner, allowing registered imageryetadnuired for
later photorealistic modelling. Photos were acqlineith
calibrated 50 mm and 85 mm Nikkor lenses.
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registration of the separate lidar scans is cardetlusing a
shape fitting algorithm. Subsequently, the mergeidtpcloud is
cleaned of vegetation, as well as foreground artkdraund
material not relevant to the geology. The pointudids than
meshed by fitting a triangular surface to the 3infw Finally
the meshed surface is textured with the high résoiu
photographs. Since the digital camera is rigidlyunted to the
laser scanner, the photographs are registeredmwitté lidar
coordinate system automatically. Lens distortionrésnoved
from the images by resampling prior to texture niagp
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3.3 Datalntegration

In contrast to frame images, the hyperspectral @anabas to be
processed with a panoramic camera model to deterrfia
image orientation within the lidar coordinate systéKurz et
al., 2011). A linear-array-based terrestrial panicacamera
model with additional correction parameters, ascdlesd in

Schneider and Maas (2006), is applied. In this caneodel
the panoramic image geometry is described usingiadcical

projection. Exterior and interior orientation oethyperspectral
images are than determined based on block bungllstedent
(Kurz et el., 2011).

The meshed lidar surface can be subsequently &sktwith
hyperspectral image products. Texturing of the rlidaodels
with multiple different hyperspectral products, kucas
classification and MNF images, allows interactivealaation
and interpretation of results. Geometric informataf the lidar
models, such as slope, aspect and size of eacle ipiagls can

be exported and used to improve the processinghef t

hyperspectral imagery.

4. CASE STUDY: POZALAGUA QUARRY

At the Pozalagua Quarry (Cantabrian Mountains, Spain

Cretaceous carbonates of a carbonate platform skmee
exposed. The host limestone has been partly dakadidue to
fault-related hydrothermal alteration processes ghological
history and the digenesis are presented in detail&ivennen
et al. (in press). The quarry has been reshapedsderas an
amphitheatre and provides both weathered and freshvalls,

which are ideal for detailed studies of dolomitisatprocesses.
The transformation of limestone into dolomite, doelteration

processes, results often in an increased porosity @an

therefore significantly improve the properties gfdtocarbon
reservoirs in carbonates. Since subsurface ressrathow only

limited access (bore holes, seismic data), geopalyproperties
and geological processes are studied in detailednedre to

centimetre scale, using so called outcrop analo¢aiesh as the
Pozalagua Quarry). However, methods are requirat atow

the mapping as well as the quantification of theeralogy and
lithology even in inaccessible parts of the quavajis.

results in a flattened carbonate absorption feaatird150 nm
(Kurz et al., 2012).

Figure 3 shows a result of the hyperspectral mappirhe
bluish and reddish colours (Figure 3B) indicate arghborder
between limestone and dolomite, as well as matdif@rences
that are not recognisable in visible light (yellarows in
Figure 3B). Using the MTMF classification approadhe t
mineralogy could be reliably mapped also in inasités parts
of the quarry. Since the hyperspectral map is natiegl with the
lidar data and therefore georeferenced, it is glgssible to
quantify the mineralogy and make volume estimatiohise
organic rich limestone, representing cave infiltengl, appears
in visible light very similar to the surroundingriestone and
has been therefore overlooked during previous Vield;
however this material can be mapped using hypenspec
imaging.
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Figure 2. End-member spectra from the Pozalaguangudata
collected with the HySpex SWIR-320m sensor (afterXKet

In this case study, ground based hyperspectral iigag al-, 2011).

integrated with TLS is used to separate limestarke dplomite
and to map the distribution and quantify differafdlomite
generations. Carbonate minerals show pronouncedrptmso
features within the SWIR spectral range, due to atibnal
processes of carbonate ions within the crystalc&@at{Clark,
1990). However, the higher manganese content obnaité
results in a slight shifting of the carbonate aption features to
lower wavelengths, allowing the discrimination ofiese
materials with high reliability using hyperspectimlaging (Van
der Meer, 1995).

Hyperspectral data was collected with the HySpeXS820m
sensor. Figure 2 shows the end-member spectreedlifferent
mineralogy in the Pozalagua quarry. As well as s§toere and
dolomite it is also possible to spectrally diffeiate between
different limestone and dolomite types even thoupkse
materials are chemically very similar. In the Ist@ne spectra,
different organic content modifies the intensitytioé carbonate
absorption features. The zebra dolomite containerton and
manganese compared to the coarse crystalline dotnat
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Figur 3. Results from the Pozalagua quarry: phatiste lidar

model (A) textured with B) MNF image; C) a -

hyperspectral classification (MTMF classification).

5. CASE STUDY: JAKOBSBERG QUARRY

In the Jakobsberg Quarry (near Wildegg, Switzenand
interbedded marl, carbonates and shales (Effingeamibér,
Malm, Jura) are exposed. The quarry walls are ugdtan high
and very unstable, requiring remote mapping methdke aim
of this study was to map the carbonate and shajerda

420

determine layer thicknesses and measure fault atispients.
For this case study the HySpex SWIR-320me senssused.

Figure 4 shows a preliminary result of the hypectpé
mapping, where bluish colours indicate shale maiteaind
reddish colours highlight carbonates. The interibegldis
clearly visible in the MNF image of Figure 4B. Wsilng the
lidar geometric data, layer thicknesses and faigipldcements
can be measured and faults can be mapped and fopdanti
(Figure 5).

The hyperspectral images at Jakobsberg exhibiteidtanoise
level, hampering the analysis of pixel spectra. high noise
level results partly from poor illumination conditis, as north-
facing exposures meant it was difficult to images ttliff face

with illumination from behind. Another reason fdnet high

noise level is related to the extended spectrabeaaof the
HySpex SWIR-320me sensor. In the field, the exposiane of
an image was adjusted so that the spectrally massitive

bands, appearing around 1000 nm for the HySpex S¥2kRne
sensor, exploited the full data range (14 bit) awbiding

oversaturation. In contrast, the bands of the splecange
between 2000-2500, most relevant for carbonatehgdoxyl

absorption features, used less than 20 % of thardyndata
range. This dynamic range problem made if difficoltstudy
the clay and carbonate material in detail.

Figure 4. Hyperspectral image of the Jakobsberg riQua
collected with the HySpex SWIR-320me sensor; A:
reflectance image as false colour (bands 1442 nm,
2164 nm and 1249 nm shown in RGB); B: MNF
image, (bands 5, 6 and 7 shown in RGB).

"Photorealistic lidar model from the .l;ﬂuerg
Quarry with fault mapping (yellow lines) and
thickness measurement of one carbonate layer (red).

Figure 5.
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6. CASE STUDY: ROCK LABORATORY

In some scenarios, such as in tunnels or subsunfétag, it is
not possible to use solar radiation though remoteeral
mapping at centimetre to metre scale is still @esito allow
efficient data collection and to ensure staff gsafeThe
subsurface rock laboratory at Mont Terri (Jura Mairs,
Switzerland) is used to develop instruments andeareh
methods for hydrogeological, geochemical and géwteal
characterisation of argillaceous formations. Themfation of
interest in the rock laboratory is the Opalinus Ckayglaystone
of Jurassic age consisting mainly of the clay nafgekaolinite,
illite, smectite and chlorite, as well as impustiguch as quartz,
carbonates and feldspars (Corkum and Martin, 20P&)t of
this setting, the TT Niche, was used to assesspipécability
of ground based hyperspectral imaging with arafidighting,
and to test the potential of this method for dethil
characterisation of the Opalinus Clay.

For the purpose of the feasibility study, a lowtcssution for
the artificial lighting was chosen. Three 500 Wdugn lamps
and two 2000 W non-glare balloon lamps, commonlgduat
construction sites, were used. This configuratiomsueed
satisfactorily uniform illumination (Figure 6). Haen lamps
emit visible and infrared light and provide therefoan
appropriate light source for imaging in the SWIRc= range.
The data were collected with the HySpex SWIR-32@emsor.
Figure 7 shows a hyperspectral image acquired avgbanning
range of 13 m, resulting in an image pixel resolutf c. 1 cm.

Figure 7 shows a hyperspectral result integrateth vihe
photorealistic lidar model of the TT Niche. Somgels in the
Opalinus Clay are clearly visible with reddish coun the
MNF image. These layers are not visible to the dakge, and
were missed with conventional mapping. Spectrahatigres
from these areas show carbonate absorption feafkigsre 8)
and allow therefore a reliable mapping of thesebaaate-
bearing clay layers using hyperspectral imaging.

. HySpex SWIR-320me !’E

field computer iY '

Figur 6. Scanning setup in the subsurface roakré&dbry.

halogen lamps
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Figure 7. Result from the TT Niche; photorealistaal model
multi-textured with a hyperspectral image product
(MNF image, bands 5, 6 and 7 visualised in RGB);
red colours highlight carbonate-bearing material.
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Figure 8. End-member spectra from the subsurfacek ro
laboratory. Carbonate absorption features allow the
identification of carbonate-bearing clay; data
collected with the HySpex SWIR-320me sensor.

7. CONCLUSIONS

The use of ground based hyperspectral imagingheapdtential
to complement a number of applications where in&diom on
the spatial distribution of materials is required,a variety of
scales. The hyperspectral image correction canmipeoved by
utilising the geometric information determined frdire lidar
data. The additional tight coupling with terredtriaser
scanning data gives the possibility to exploit tgpectral
results in an accurate and quantitative way. Mesearch is
required to develop correction methods for the hgpectral
imagery adjusted to the panoramic image geometd tae
ground based scanning setup. The case study clutteurface
rock laboratory demonstrates the applicability aifiaial light

sources for applications where solar radiation o&nhe
employed. It is concluded that ground based hygetsal
imaging will become a standard method in many geaoses
applications.
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