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ABSTRACT
A new reference library of thermal infrared spectral reflectance measurements of the major rock-
forming and alteration minerals has been compiled to support and enhance analysis of data acquired
using the CSIRO HyLogger-3 drill-core logging system. The HyLogger-3 is a robotic system that
acquires large volumes of bidirectional reflectance spectra from diamond drill core within the
wavelength range of visible light, the near infrared and shortwave infrared (400–2500 nm) as well as
the thermal infrared from 6000 to 14 000 nm. The library samples were selected as single pure solid
mineral crystals or monomineralic hand samples judged to have a similar bidirectional spectral
response to that of typical diamond drill cores. Furthermore, a large number of individual mineral
samples were chosen to cover the various natural spectral variations within single mineral groups
such as, for example, a range of solid solutions of plagioclase. Owing to the bidirectional
measurement geometry of the HyLogger-3, spectral variations caused by crystal orientation effects
are also expected. Accordingly, reflectance measurements were made for multiple surfaces/facets of
each sample, and also for orthogonal orientations of the plane of incidence illumination for each facet
measured. All measured spectra were compared with existing library spectra or with spectra
measured from validated samples to judge whether the mineral samples could be regarded as pure
and, where possible, their chemical composition and mineralogy were validated by X-ray fluorescence
and X-ray diffraction. For quality control, all such relevant metadata, including macroscopic
descriptions of each sample, were collated in an associated database. In total, the spectral library
contains more than 2000 spectra, from 562 specimens, representing 130 mineral groups. This library
focuses on the most common rock-forming minerals of relevance to metalliferous exploration and
mining, with a few limitations resulting from availability of suitable samples, which will be addressed
as new samples become available. Comparisons with emission spectra from existing spectral libraries
show good agreement, indicating that this spectral library will also be useful in the remote sensing
domain.
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Introduction

As a major exploration and mining destination, Australia
annually creates huge volumes of valuable diamond drill core,
much of which is archived in state and territory geological
surveys for public access. This includes reference cores from
many of Australia’s globally significant mining camps and rep-
resents a wide range of commodities. Industry, geological sur-
veys and academia can benefit greatly from improved core-
logging systems that can objectively extract more detailed
geological, mineralogical and basin system information from
this vast national resource. Such core-logging systems not
only increase our national knowledge base but also capture
an improved return on the considerable initial drilling invest-
ment. One way of capturing these benefits is through non-
destructive spectroscopic drill-core logging systems that char-
acterise host rock and alteration mineralogy, and record

photographic logs in ways that are both more objective and
more detailed than conventional visual logging. This is not to
say that experienced visual logging is not enormously valu-
able, but that many minerals are difficult to correctly identify
in bleached, weathered and altered rocks or may be unfamil-
iar and unexpected in different situations. To tackle these
issues, CSIRO Mineral Resources has developed a suite of tools
known as HyLoggingTM Systems that use reflectance spectros-
copy alongside detailed imaging to extract mineralogical
information from rocks.

HyLogging hardware and software systems can routinely
characterise and map the relative abundance of iron oxides
such as hematite and goethite (Cudahy & Ramanaidou, 1997;
Ramanaidou & Cudahy, 1996; Ramanaidou, Connor, Cornelius,
& Fraser, 2002; Ramanaidou, Wells, Belton, Verral, & Ryan,
2008), OH-bearing silicates such as micas, chlorites, kaolinite,
smectites (Huntington & Schodlok, 2009; Huntington,
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Whitbourn, Mason, Berman, & Schodlok, 2010; Quigley et al.,
2009; Wells & Ramanaidou, 2007; Yang, Huntington, Browne,
& Ma, 2000; Yang, Lian, Huntington, Peng, & Wang, 2005), as
well as sulfates and carbonates (Green & Schodlok, 2016),
using the visible to near infrared and shortwave infrared
(VNIR-SWIR) wavelength region (380–2500 nm). In this wave-
length region these minerals show diagnostic spectral fea-
tures owing to electron transition processes in the VNIR
(Hunt, Salisbury, & Lenhoff, 1971; Sherman & Waite, 1985) or
vibrational processes mainly of OH and functional groups
such as Al–OH, K–OH or Mg–OH in the SWIR (Hunt & Salisbury,
1970, 1971, 1973). However, not all minerals show their diag-
nostic spectral features in the VNIR–SWIR. Anhydrous silicates
such as quartz, feldspars, pyroxenes, olivines and garnets
show their diagnostic features in the thermal infrared (TIR)
wavelength range (>7000 nm or 7 mm) owing to fundamental
vibrations of the SiO4 tetrahedra (Farmer, 1974; Salisbury, Wal-
ter, Vergo, & D’Aria, 1991b). Extensive work has been carried
out in the TIR based on emission and reflectance spectros-
copy with a focus on Lunar and planetary science and in rela-
tion to terrestrial remote sensing (Bartholomew, Kahle, &
Hoover, 1989; Christensen & Harrison, 1993; Christensen et al.,
2000a, 2003; Conel, 1969; Farmer, 1974; Hamilton, 2000, 2003,
2010; Hamilton & Christensen, 2000; Hecker, der Meijde, &
van der Meer, 2010; Johnson, Hoerz, & Staid, 2003; Kirkland
et al., 2002; Kirkland, Herr, & Salisbury, 2001; Lane & Christen-
sen, 1997; Lane et al., 2011; Lyon, 1965; Lyon & Burns, 1963;
Michalski, Kraft, Diedrich, Sharp, & Christensen, 2003; Moersch
& Christensen, 1995; Nash & Salisbury, 1991; Ninomiya et al.,
1997; Ruff, Christensen, Barbera, & Anderson, 1997; Sabine,
Realmuto, & Taranik, 1994; Salisbury & D’Aria, 1992; Salisbury
& Wald, 1992; Salisbury & Walter, 1989; Salisbury, D’Aria, & Jar-
osewich, 1991a; Thomson & Salisbury, 1993; Wald & Salisbury,
1995; Walter & Salisbury, 1989). In recent years, interest in the
TIR wavelength region has grown steadily in the exploration
and mining industries, as well as Australian state and territory
geological surveys. In Australia, the National Virtual Core
Library project, funded by the Federal Government of Aus-
tralia and CSIRO through AuScope Pty Ltd (www.auscope.org.
au), originally rolled out VNIR–SWIR HyLogger-2 systems dur-
ing 2009–2010, and then upgraded these to TIR-capable
HyLogger-3 systems (Schodlok et al., 2016) in the latter half of
2011. These systems have been in routine use since initial roll-
out, and have logged approximately 1000 km of drill core so
far. These HyLogger-3 systems produce large volumes of co-
registered VNIR–SWIR and TIR spectroscopic drill-core data for
geological/mineralogical/exploration applications. The TIR
hardware development generated the requirement for
improved software tools to analyse this new type of data and
therefore the software package The Spectral Geologist
(TSGTM) (www.thespectralgeologist.com), also developed by
CSIRO, was extended to support TIR data analysis. A critical
part of this software extension is its library of thermal infrared
reflectance spectra of monomineralic reference samples that
are used for visual reference and to drive two interpretation
algorithms, the TIR version of ‘The Spectral Assistant (TSATM)’
(Berman et al. 1999, 2011) and the Constrained Least-squares

spectroscopic modelling tool. The reference library (Table 1)
was specifically compiled for use with the HyLogger-3 and is
focused on the acquisition of spectra from solid samples,
based on the assumption that these spectra would best simu-
late the spectra measured from diamond drill core. This
approach is in contrast to several existing TIR spectral libraries.
The two most cited TIR libraries are from the John Hopkins
University (JHU; Salisbury et al., 1991b) and the Arizona State
University (ASU; Christensen et al., 2000b). The JHU spectral
library has bi-conical reflectance spectra and was developed
to cover the wavelength range from 2 to 25 um and demon-
strate spectral variation as a function of grainsize—which was
not covered in previous TIR work at that time. Salisbury et al.
(1991b) demonstrated that bi-conical reflectance spectra in
some cases show anomalous spectral features that cannot be
used in a quantitative sense in comparison with emission
data and recommended using directional-hemispherical
reflectance if comparisons with laboratory emission data and
remote sensing application data are pursued. In the ASU spec-
tral library, emission spectra were acquired and samples were
prepared with grainsizes ranging between 710 and 1000 mm
by crushing and sieving. These samples are intended to be
representative of the roughness of sandy and rock surfaces.
Further, the grains are randomly orientated so that any pre-
ferred crystal axis orientation effect is minimised. This is more
suitable for planetary and terrestrial remote sensing research
(Christensen et al., 2000b).

A factor not addressed by these libraries is that the orien-
tation of single minerals or crystals can be of significance
when analysing HyLogger-3 reflectance spectra of diamond
drill cores. This paper describes the work of compiling a ref-
erence library of thermal infrared reflectance spectra for the
HyLogger-3 system focusing on well-described solid, mono-
mineralic samples of silicates, carbonates, sulfates, sulfides
and oxides with an emphasis on spanning the natural spec-
tral variability of these minerals (including varying crystal ori-
entation). This spectral library (Table 1) thus allows
instrument operators and scientists to assess and analyse
their HyLogger-3 data in terms of quality and for different
geological applications. It provides a diverse mineral data set
for comparison with and analysis of diamond drill cores from
many different geological environments and ensures rele-
vance to a wide range of spectroscopic core data. In contrast
to many of the traditional TIR studies that utilise the fre-
quency domain (expressed in wavenumbers), this library is
presented in the wavelength domain, expressed in nano-
metres or micrometres. This was necessary to be consistent
with the earlier HyLogging systems and other commercial
spectrometers that provide VNIR–SWIR data in the wave-
length domain, and to make life easier for spectral geologists
who are used to remote sensing applications where the
wavelength domain is common.

HyLogging system

The HyLogger-3TM is a system designed for rapid, non-
destructive hyperspectral logging of diamond drill core, and
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was developed by CSIRO Mineral Resources (Schodlok et al.,
2016). It is a robotic system that scans drill core by moving
the core beneath the spectrometers using a computer con-
trolled translation stage. Its TIR capability is based on a rapid-
scan Fourier transform infrared (FTIR) spectrometer from DP
Instruments, Connecticut, USA. It acquires bidirectional radi-
ance from two infrared sources reflected by the core. A liquid

nitrogen cooled MCT (mercury cadmium telluride—HgCdTe)
detector captures the radiance in the wavelength range from
6 mm (1666 cm–1) to 14.5 mm (690 cm–1). The Fourier-trans-
form spectrometer has an underlying spectral resolution of
approximately 6 cm–1, which, when resampled in 25 nm steps,
leads to a spectral resolution of 25 nm at 6 mm, rising to
120 nm at 14.5 mm. The spectrometer has a nominal field of

Table 1. Minerals, groups and subgroups represented in the new thermal infrared spectral reflectance reference library (numbers in parentheses indicate the num-
ber of individual spectra in the library).

Group Subgroup Mineral spectra Group Subgroup Mineral spectra

Silica Opal Opal (2) Kaolin Kaolin Kaolinite (2)
Quartz Quartz (5) White Mica W-Mica Muscovite (3)

K-Feldspar K-Feldspar Anorthoclase (2) Illite (1)
Microcline (3) Paragonite (1)
Orthoclase (2) Smectite Smectite-Al Montmorillonite (2)

Plagioclase Albite Albite (3) Montmorillonite-Na (1)
Plagioclase-Ca Bytownite (2) Smectite-Fe Nontronite (1)

Labradorite (3) Smectite-Fe (1)
Anorthite (1) Saponite (1)

Plagioclase-Na Andesine (2) Other AlOH Axinite Axinite (1)
Oligoclase (2) Prehnite Prehnite (4)

Pyroxene Pyroxene-Clino Augite (3) Pyrophyllite Pyrophyllite (1)
Diopside (2) Topaz Topaz (1)
Hedenbergite (2) Chlorite Chlorite Chlorite (4)

Pyroxene-Ortho Enstatite (2) Dark Mica Dark mica Biotite (1)

Olivine Olivine Olivine (3) Phlogopite (1)
Fayalite (1) Stilpnomelane (1)
Forsterite (1) Amphibole Amphibole-Ca Actinolite (2)

Garnet Garnet-Ca Grossular (2) Edenite (2)
Andradite (1) Hornblende (5)
Uvarovite (1) Ferrohornblende (1)

Garnet-Mg–Fe–Mn Almandine (1) Kaersutite (1)
Spessartine (1) Tschermakite (1)

Misc-Silicates Zircon Zircon (1) Amphibole-Mg–Fe–Mn–Li Anthophyllite (2)
Silicate-MetaM Andalusite (1) Gedrite (1)

Cordierite (1) Grunerite (1)
Kyanite (2) Holmquistite (1)
Sillimanite (2) Mangano-cummingtonite (1)
Staurolite (1)

Zeolite Zeolite Analcime (1) Amphibole-Na Riebeckite (3)
Chabazite (1) Arfvedsonite (1)
Heulandite (1) Glaucophane (1)
Laumontite (1) Serpentine Serpentine Antigorite (1)
Mesolite (1) Chrysotile (1)
Natrolite (1) Lizardite (1)
Philipsite (1) Other-MgOH Talc Talc (2)
Thomsonite (1) Epidote Epidote Epidote (1)

Carbonate Carbonate-Ba–Sr–Pb–Zn Cerusite (1) Clinozoisite (1)
Smithsonite (1) Zoisite (1)
Strontianite (1) Tourmaline Tourmaline-Na–Fe–Mn Tourmaline (2)
Witherite (1)

Carbonate-Cu Azurite (1) Sulfate Alunite Alunite-K (1)
Malachite (1) Alunite-Na ((1)
Siderite (1) Barite Barite (2)

Carbonate-Fe–Mn Ankerite (1) Gypsum Gypsum (1)
Rhodochrosite (1) Jarosite Jarosite (1)
Siderite (1) Oxide Oxide-Other Cassiterite (1)

Carbonate-Mg–Ca Aragonite (1) Ilmenite (1)
Calcite (1) Chromite (1)
Dolomite (1) Gahnite (1)
Dolomite-Fe (1) Psilomelane (1)
Magnesite (1) Pyrolusite (1)

Palygorskite-Sepiolite Palygorskite-Sepiolite Palygorskite (1) Rutile (1)
Borate Vonsenite Vonsenite (1) Oxide-Fe Goethite (3)
Phosphate Apatite Apatite (1) Hematite (2)

Magnetite (1)
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view (spot size) on the sample of diameter 10 mm. The wave-
length calibration is based on well-known spectral features of
polystyrene and quartz. Radiometric calibration is performed
by two blackbody measurements of 20 and 60�C to deter-
mine the system transfer function. A detailed functional
description of the HyLogger-3TM is given by Schodlok et al.
(2016).

Samples

The spectral library contains spectra from 562 individual
specimens representing 130 minerals from major rock-form-
ing mineral groups such as silicates, carbonates, oxides,
hydroxides, sulfides and sulfates. All samples were single crys-
tals or monomineralic lumps. The samples were provided by
the Australian Museum in Sydney, the Victorian Museum in
Melbourne, the Macquarie University and the University of
New South Wales in Sydney, Australia. In addition, samples
were drawn from CSIRO existing collections and others were
purchased by CSIRO from various mineral suppliers world-
wide. Samples were selected to cover those major minerals
that are most relevant to the exploration and mining indus-
tries and driven by projects based on diamond-drill core log-
ging. The focus, especially in the first stage of collating the
library, was on anhydrous silicates. All samples underwent
minor sample preparation, including dust removal to mini-
mise spectral variation owing to volume scattering effects
from clinging fines, and drying under laboratory conditions
for at least 24 h in order to ensure that measurements were
not affected by moisture or temperature differences. No sam-
ple crushing or grinding was performed to achieve a certain
grainsize range as applied for other published spectral librar-
ies (e.g. Christensen et al., 2000b; Salisbury et al., 1991b). This
was a deliberate step based on the assumption that solid sin-
gle mineral samples (either single crystals or mono-mineralic
lumps) come closest to simulating the spectral response of
solid diamond drill core. In addition, the solid samples were
measured in different orientations to gain more knowledge of
orientation effects, as varying mineral or crystal orientation in
diamond drill core scanning is inevitable. Samples were iden-
tified by macroscopic description, and many were also ana-
lysed by X-ray diffraction (XRD) analysis, enabling estimation
of sample purity. For samples with enough material available,
bulk chemistry was also assessed by X-ray fluorescence (XRF).
Museum and university samples were not assessed by XRD
and XRF. Instead, careful macroscopic analysis was done using
a hand lens and binocular microscope and spectra were com-
pared with those of validated samples in order to assess
purity so that only the highest quality loaned samples were
selected. Finally, the purity assessments of all samples were
used to produce a four-level quality classification.

Documentation

The spectral library uses the Environment for Visualising
Images (ENVI; http://www.harrisgeospatial.com/) Spectral
Library format, which is supported by software packages

TSG and ENVI. Spectral data as well as their metadata are
stored in a Microsoft SQL Server database and managed
by a Microsoft Visual Studio Lightswitch application. The
database stores the common critical and important infor-
mation related directly to a sample and its spectra such as
sample name, sample ID, source or locality, etc. Since
cases occurred where samples had to be renamed after
validation analyses, the database includes a field to keep
the original sample name and allow tracking of the sam-
ple should further information be available under the orig-
inal name, e.g. in earlier papers and reports. The database
also includes all independent validation data when avail-
able, e.g. XRD, XRF and/or solid solution data. All informa-
tion is stored in specific fields in order to allow access to
the validation data itself and/or to reports in which sam-
ples have been described. Another important area within
the database has information about the data acquisition.
This includes, for example, instrument used, date of acqui-
sition, name and contact details of the operator and a
comment. The latter is a very important field as it provides
additional valuable information about sample and spectra
delivered by the operator during both data acquisition
and quality assessment. It includes information such as
specific sample and measurement conditions or describes
possible discrepancies between sample and spectrum. All
this information serves to track samples and their spectra
to provide transparency of data quality. Finally, there is
the quality assessment that classifies spectra/samples into
four spectral quality levels similar to those described by
Christensen et al. (2000b):

L1—impure with uncertainties, spectra showing multiple
spectral features of different minerals and at least one
unidentified mineral. Impurities considerably affect
the spectra.

L2—impure, spectra showing minor impurities but still hav-
ing reasonable spectral characteristics that can be
used to identify the mineral components of the sam-
ple, or the impurities have been identified by XRD.

L3—pure, sample is not validated but shows the spectral
characteristic of a pure mineral sample.

L4—pure and validated, sample and spectra are pure and
the mineral was validated confirming the pureness.

Data acquisition and processing

The library spectra were acquired in ‘library mode’ of the
HyLogger-3 system. This is a static measurement where the
X–Y translation table moves the sample beneath the spec-
trometer, remains stationary for 8 s while the sample is mea-
sured, and finally moves the sample back to the loading
position. The spectral data acquisition follows a consistent
acquisition protocol.

All samples are stored in the laboratory for at least 24 h to
ensure that samples and system are temperature equilibrated.
With the aid of a fixed laser pointer, the selected area of inter-
est of the sample is mounted at a defined position on the X–Y
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table, which then moves it precisely to the centre of the field
of view of the instrument during the measurement cycle. This
procedure gives the operator full control over selecting the
area of interest on a sample. The surface to be measured is
orientated horizontally to avoid specular reflectance effects,
and mounted as accurately as possible at the same height as
the gold reflectance transfer standard to minimise reflectance
errors owing to path differences between the reference and
the sample. The library spectral measurement is as follows.
First, the laboratory background radiance is sampled via the
background mirror (producing a system response Vb), then
the diffuse reflectance transfer standard is measured (Vt), and
finally 100 individual spectra of the mineral sample are mea-
sured (V) and recorded in one file. The base reflectance r̂ is
then calculated for each of the 100 sample spectra as follows:

r̂D rt
V ¡ Vb
Vt ¡ Vb

where rt is the NIST-traceable directional-hemispherical
reflectance of the transfer target as described in Schodlok
et al. (2016).

After a cooling down period that allows the sample to re-
equilibrate with the laboratory room temperature, a second
measurement of the same surface is taken with the sample
rotated 90 degrees in azimuth direction. The procedure of
running two measurements per surface is done to assess the
maximum possible wavelength shifts of feature positions
owing to a rotation of a surface (Schodlok, Green, Huntington,
& Whitbourn, 2009). Thus, for each measured sample surface,
a minimum of two spectra were acquired. Depending on the
quality of the samples and availability of suitable surfaces, up
to 10 spectra were acquired for each sample.

The library measurements are carried out in batches of
about 10 samples to decrease measurement time. A digital
picture is taken of each measured surface to document the
position of the spectrum on the sample, as indicated by the
laser pointer.

The sample temperature rises by up to 6�C during the 8 s
measurement time, and it is necessary to correct the base
reflectances for that. Once or twice a day, a pair of hot and
cold black bodies are measured in a similar manner to the
sample measurement procedure described above. A linear
transfer function between system response and radiance is
assumed. The validity of the linearity assumption was tested
using blackbodies at multiple temperatures and was found to
be satisfactory to within 2 percent. The observed effect of
sample heating during the measurement of 100 spectra, is a
small and systematic ‘drift’ difference between each of the
100 individual reflectance spectra. This drift contribution is
the result of additional blackbody emission by the sample as
its temperature rises. For an increase in temperature of 1�C it
is an approximately linear function of wavelength that rises
from almost zero at 6 mm to an apparent ‘reflectance’ of 1% at
14 mm. A detailed model of the sample heating process was
developed using classical heat conduction theory (Carslaw &
Jaeger, 1959) but it was decided that it was simpler and just

as effective to model the change in each channel of the Stan-
dard Reflectance over the 100 spectra as a quadratic function
of time. Under this model, assuming that the first sample
spectrum of the 100 is in thermal equilibrium with the labora-
tory, the constant term in the quadratic fit at each channel
becomes the best estimate of the final reflectance at that
channel.

The reflectance transfer standard is also checked against a
well-calibrated primary reflectance standard once or twice
per day, in order to correct for any change in reflectance of
the transfer standard or changes in overall system response.

Spectral data

Figure 1 shows example spectra representative of different
mineral classes of silicates, carbonates, hydroxides, oxides, sul-
fates and sulfides. These groups are clearly separated by their
major reflectance features (peaks and troughs) in different
wavelength positions. Examination of subgroups within a
mineral class, for example for silicates, reveals that the crystal
structure has a significant impact on the spectral characteris-
tics (Salisbury et al., 1991b). This is demonstrated in Figure 2,
which shows the spectral variation of silicates from tectosili-
cates at the top to the nesosilicates at the bottom. The gen-
eral wavelength positions of the spectral features are driven
by the degree of polymerisation of the SiO4 tetrahedron (Sal-
isbury et al., 1991b). Fine compositional (e.g. solid-solution)
and structural differences result in distinctive variations in
spectral characteristics within a mineral subgroup, e.g. plagio-
clase feldspars as demonstrated by Christensen et al. (2000b).

Figure 1. Example mineral reflectance spectra of different mineral groups rep-
resenting silicates, carbonates, hydroxides, sulfates and sulfides acquired with
the HyLogger 3. From top to bottom: albite, almandine, calcite, goethite, rutile,
gypsum, galena.
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These systematic changes in spectral features can be used to
map mineral distributions in drill core and support the charac-
terisation of mineral systems in exploration and mining.

As the HyLogger-3 system acquires bidirectional reflec-
tance data of whole or half diamond drill core, orientation
effects can be seen in the spectral characteristics of a single
mineral when different facets are in view, or the geometry
between the spectrometer and crystal lattice varies. Figure 3
shows significant spectral differences for: (a) a microcline crys-
tal measured parallel to the c-axis and the a-axis, and (b) mus-
covite measured parallel to and perpendicular to the layer
structure. In both cases, prominent spectral peak features
increase/decrease in intensity and change in shape for differ-
ent orientations, or disappear altogether. Therefore, it is very
important to appreciate and document such spectral variabil-
ity, especially when comparing samples with known mineral-
ogy but unknown crystal orientations (e.g. granites) and
dealing with foliated rocks. Analytical and classification meth-
ods such as spectral unmixing have to address these com-
plexities by having available a spectral library that includes
information about orientation-dependent spectral variations
within single minerals.

It is interesting to compare our results with spectra from
two well-known infrared spectral libraries, ASU and JHU. The
ASU library (Christensen et al., 2000b; Salisbury et al., 1991b)
was measured in emission, and here we have transformed to
reflectance by Kirchhoff’s law assuming Lambertian scattering
(Nicodemus, 1965). The JHU library (Salisbury et al., 1991b)
was mostly measured with a bi-conical reflectance attach-
ment, which caused a significant part of the illuminating

radiation to have a grazing or near grazing incidence angle
(Salisbury, 1993).

Figure 4 (top) shows the spectra of crystalline quartz from
the ASU, JHU and CSIRO libraries. The difference between
absolute values arises quite naturally from differences
between angle-of-incidence and bidirectional reflectance dis-
tribution function (BRDF) effects in directional-hemispherical
vs bi-directional measurement configurations. Figure 4 (bot-
tom) shows the same spectra with range normalisation to
illustrate similarities and differences. It is notable that, relative
to the other two, the JHU spectrum shows markedly higher
reflectance just short of 8 mm. Salisbury (1993) showed that
preventing low angle illumination in his measurement geom-
etry resulted in spectra identical in shape to hemispherical
measurements. In support of this observation we have used
standard Fresnel equations (Hapke, 2012) and the complex
refractive index for quartz (Spitzer & Kleinman, 1961) to show
that specular reflectance increases in the same way just short

Figure 2. Example reflectance spectra of different silicate minerals from tectoc-
silictaes to neosilicates. These spectra demonstrate the significant and well
documented shift of spectral features from the shorter towards the longer
wavelengths owing to the depolymerisation of the SiO4 ion (Salisbury et al.,
1991b).

Figure 3. Demonstration of spectral variations owing to mineral crystal orienta-
tion during measurement showing reflectance spectra of two different facets
(measured in c- and a-axis directions) of (a) microcline sample, and (b) musco-
vite sample (measured parallel and perpendicular to its layer structure). In both
cases it is obvious that depending on which orientation was measured certain
spectral features can disappear and/or change intensity, shape or position.
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of 8 mm as the incidence angle is increased. Thus, although
our measurements and the JHU measurements are both bidi-
rectional, it appears that the HyLogger spectra are more simi-
lar to the ASU emission spectra because the HyLogger spectra
involve measurement at a small angle of incidence (20�).

This leads to the conclusion that the measurement geome-
try of the HyLogger-3 system, with its two IR sources, gener-
ates spectra that are comparable with emission spectra
transformed to reflectance. We call the configuration ‘double-
bidirectional reflectance.’ Apart from the short-wavelength
differences in the ASU spectra discussed above, the residual
differences between these normalised double bidirectional
reflectance and emission spectra are quite typical of all our
measurements, and are discussed further in relation to
Figure 5 below. In relation to the comparison between direc-
tional reflectance and directional hemispherical reflectance,
double bidirectional reflectance has two advantages over sin-
gle bidirectional reflectance. First, when irradiating round
core that is not well centred in the core tray section, the Lam-
bertain reduction in signal from one side is compensated by a
corresponding enhancement on the other side. Second, it
reduces susceptiblily to very low return signal into the receiv-
ing telescope from flat facets in broken core that are

orientated towards a source. In effect, it makes the measure-
ment closer to what one would get with a directional-hemi-
spherical reflectance (DHR) configuration (and by inference,
with hemisperical emission results).

To test this conclusion, a large number of samples from the
mineral collection of this spectral library have been measured
in DHR using a 10.5 mm, gold coated integrating sphere
attached to a Perkin Elmer FTIR spectrometer (Schodlok,
2004). Figure 5 shows the comparison of DHR and our double
bidirectional reflectance spectra for six typical samples, where
again the spectra have been normalised in order to facilitate
comparison. It demonstrates that ankerite, albite, kaolinite,
oligoclase, riebeckite and quartz show very similar spectral
characteristics. Similar findings have been given in Cudahy
et al. (2009) comparing HyLogger data with emissivity data, in
agreement with this study. Only minor shape differences
appear between the two data-acquisition methods for these
six samples, and this is generally the case for all the samples
that we measured, including clay minerals. For example,
minor differences in intensity are visible for albite at around 9
mm and for kaolinite at around 6–9 mm. This might be
explained by the inability of the two systems to measure
exactly the same spot on a sample owing to differences in
their spatial resolution. The spot size of the HyLogger-3 in
library mode is nominally 10 mm diameter whereas the view-
ing port of the integrating sphere is 18 mm in diameter. The
slight differences in spectral shape in the quartz are possibly
explained by subtle variability in the BRDF of the sample. This
comparison indicates that the library spectra are of high

Figure 4. Top: Comparison of a CSIRO HyLogger 3 reflectance spectrum of
quartz (ID: UNSW-QTZ01) with quartz spectra from the JHU (ID: Quartz.1) and
ASU (ID: BUR-4120 55) spectral libraries. The JHU spectra were measured in bi-
conical reflectance mode, the ASU spectra in emission mode (transformed to
reflectance) and the CSIRO spectrum in double bidirectional reflectance mode.
There is a good agreement of the ASU and CSIRO spectra whereas discrepancies
against the JHU spectrum occur at the shorter wavelengths as discussed. The
spectra from the ASU and CSIRO libraries are comparable, except for quite minor
differences. Bottom: same spectra as above but normalised to allow a more
detailed comparison.

Figure 5. Comparison of normalised directional-hemispherical (DHR) reflectance
spectra with normalised double bidirectional reflectance spectra of left–right,
top–bottom, ankerite, albite, kaolinite, oligoclase, riebeckite and quartz, respec-
tively. This plot demonstrates that the HyLogger 3 spectra are very similar to
DHR spectra, which are widely used as reference spectra in remote sensing
applications, and thus can be used for quantitative analyses if needed.
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quality. They should be useful for remote and proximal sens-
ing applications, and for quantitative unmixing if needed.
While the difference between hemispherical and bidirectional
measurements should not be neglected, these results show
that BRDF-related variability is much less than we find from
other sources such as surface condition (Salisbury & Wald,
1992) or sample orientation.

Conclusion

This paper has presented the methodology and given typical
examples of high-quality, high-resolution, traceable thermal
infrared reflectance spectra of a wide range of minerals, and
their natural variations, in support of voluminous spectro-
scopic analysis of HyLogger-3 drill core data. Detailed spectro-
scopic data of 562 specimens covering more than 130
minerals, as listed in Table 1, have been assembled in the cur-
rent thermal infrared spectral reflectance reference library,
useful for HyLogging and related applications, a work which
continues to be upgraded. This library is used in the publicly
available Core version of the TSG software package. It will also
find wide application outside the HyLogging domain for any-
one interested in the thermal infrared characteristics of miner-
als. The library does not cover all mineral classes, since its
development was focused on the most common rock-forming
and alteration minerals encountered in minerals exploration
and mining projects. Mineral selection was also influenced by
the availability of samples and by applications demand from
research and industry. So far, this includes minerals of the sili-
cate, carbonate, sulfide, sulfate, oxide and hydroxide groups.
Given the close comparison with emission data of Christensen
et al. (2000b) and the good agreement in spectral characteris-
tics with our spectra, this spectral reflectance library should
also be useful for comparison with airborne and satellite-
borne remotely sensed data.
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