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ABSTRACT

This study presents the first investigation of the effectiveness of the hyperspectral imaging method on
studying metamorphic grades. Low-grade metamorphic rocks, in particular, host multitude high-grade
mineral deposits of economic importance. The research focused on combining laboratory-based
hyperspectral imaging of SWIR (1.0 — 2.5 pm) and LWIR (7.5 — 14 pum) ranges to study low-grade
metamorphic rocks of the Pilbara greenstone belts, Western Australia. Moreover, it involves quantitative
estimates of metamorphic mineral assemblages, the interpretation of metamorphic grades and evaluates the
dominant control of the metamorphic mineral assemblages. The determination of mineral assemblages, the
chemistry of metamorphic rocks and interpretation of the metamorphic grade were widely studied using
conventional methods such as petrography, isotopes, XREF and XRD. Recently, a point measurement, an
ASD fieldspec3 spectrometer was used to determine metamorphic grades of Pilbara greenstone belts,
Western Australia. However, the ASD found to have disadvantages on determining good estimation of the
mineralogical composition of the whole surface of the sample due to biases on taking point measurements
and is difficult to identify silicate minerals like plagioclase, quartz and pyroxenes within its wavelength range
of 0.35 — 2.5 um, which can only be identified in LWIR (7.5 — 14 um).

In this research, the hyperspectral images were acquired from 237 rock slabs in both SWIR, and LWIR
ranges and the minerals were identified, classified and quantified. Twelve sets of spectral mineral
assemblages were obtained by combining SWIR and LWIR mineral abundances. The determined mineral
assemblages were integrated with lithogeochemical data and the wavelength position related to MgOH
absorption features measured by ASD from the same rock slabs. The results showed a systematic variation
of the spectral mineral assemblages along the wavelength position of MgOH absorptions. This variation is
dominantly controlled by the change in temperature and pressure condition reached during metamorphism
(metamorphic grade). Moreover, three different metamorphic facies, namely lower amphibolite, greenschist
and prehnite-pumpellyite facies were determined and interpreted from the spectral mineral assemblages.
Furthermore, it was observed that metamorphism decreases towards a longer wavelength of the MgOH
absorptions wavelength position.

Therefore, hyperspectral imaging of SWIR and LWIR has addressed well the limitations of the point
measurement ASD fieldspec3 spectrometer. Furthermore, the method found to have advantages over the
ASD on the number of minerals can be identified, mineral quantification and the ability to separate mixed
spectra. The results obtained in this study provides compelling evidence about the ability of the combined
SWIR and LWIR hyperspectral imaging for determining the metamorphic grade and assessing the dominant
control of metamorphic mineral assemblages, which is relevant in the classification of low-grade
metamorphosed volcanic rocks. Additionally, hyperspectral methods may be important for regional
geological mapping and successful exploration of metamorphic mineral deposits hosted in the greenstone
belts. This study revealed a new approach of using combined imaging spectrometry of SWIR and LWIR to
geologists and researchers working on the field of tectonism and ore exploration of metamorphic mineral
deposits of Pilbara Craton, Western Australia and other related metamorphic terranes
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1. INTRODUCTION

1.1.  Research background

Metamorphism of rocks refers to partial or complete recrystallization of the existing rocks due to geological
processes (e.g., plate tectonics, igheous intrusion), that results into formation of new minerals or the
structural and chemical modification of the existing ones if involved processed where pressure and
temperature change. Three factors have been identified to control metamorphism: the bulk chemical
composition of the original (precursor/protolith) rock, the pressure and temperature “P-T” condition
reached during the metamorphism (metamorphic grades) and the composition of any fluid phase which has
interacted with the rocks that were present at the time of metamorphism. The set of mineral assemblages in
metamorphic rocks is the indication of the temperature and pressure environment (metamorphic facies)
that the rock was subjected to. Bucher & Grapes (2011), indicated that metamorphic facies show a regular
relationship between bulk chemical composition and particular metamorphic grade, such that metamorphic
facies vary gradually in correspondence with the variation in the bulk rock composition and metamorphic
grade, although of other variables such as fluid may also be important.

Metamorphic rocks have substantial significance because they host high-grade mineral deposits of economic
importance. Mineral deposits associated with metamorphic rocks have a strong relation with metamorphic
grades, in particular, low-grade metamorphic rocks. According to Groves et al. (1998), Archaean greenstone
belts (low-grade metamorphism) show a strong association with gold deposits, e.g., Kalgootlie Au deposit,
Australia. However, some high-grade metamorphic rocks are also found hosting various types of mineral
deposits, such as the East African Mozambique belt which hosts gemstones, gold, coal, base metals and
construction materials resources (Lehto & Gongalves, 2002).

An exploration target of metamorphic mineral deposits is to identify diagnostic mineral assemblages of
metamorphic facies such as greenschist, amphibolite, pyroxene hornfels, etc. Determination of the mineral
assemblages and chemistry of metamorphic rocks and interpretation of metamorphic grade was widely
studied using conventional methods such as petrography, isotopes, XRF, XRD, etc. (Appaji &
Kumararaman, 2013; Hallberg & Glikson, 1981; Kiyokawa et al., 2002; White, 2003). Petrographic studies
provide the spatial distribution of mineral abundances while the XRD method gives a semi-quantitative
abundance of minerals within the rock sample.

Alternatively, spectral analysis techniques have been known to have a wide range of applications in geology
including mineral identification and mineral alteration mapping (Van Der Meer & de Jong, 2002). For many
years, the spectroscopic studies on metamorphic rocks have been focusing on the identification of
hydrothermal mineral alterations related to mineral deposits (e.g., Van Ruitenbeck et al. 2006, 2012).
However, very few studies have focused on the identification of metamorphic grades. Duke (1994), mapped
metamorphic grade of low grade to upper amphibolite facies using laboratory and field-portable near
infrared (NIR) spectrometer (0.8-2.5 um) of white micas in metasedimentary rocks. Longhi et al. (2000,
2001) determined metamorphic grades in siliceous muscovite bearing rocks and classified the rocks using
laboratory-based spectrometer with a spectral range of 0.4 — 2.5 um (double-beam Perkin Elmer Lambda
19). Another study on the classification of metamorphic rocks was carried out by Appaji & Kumararaman,
(2013) using FTIR (The Fourier Transform Infrared Spectroscopy) spectrometer. Lastly, Abweny et al.
(2016) identified metamorphic grades of Pilbara greenstone belts, Western Australia using field-based
portable visible-near infrared to shortwave infrared (VNIR-SWIR) 0.35-2.5 um an ASD Fieldspec
spectrometer. The results of Abweny et al. (2016)’s work showed that chlorite of varying composition,
actinolite, epidote, hornblende and white mica are the main spectrally identified metamorphic minerals in
the volcanic rock samples collected on the study atrea.

The introduction of laboratory-based hyperspectral imaging (HI) enabled to image drill core and rock
samples in hundreds of contiguous bands covering from visible through shortwave to longwave infrared
(VNIR-SWIR-LWIR) range with high spatial resolution and large field of view (FOV). Compared to single
point measurements by field-based spectrometers, it can identify and map the spatial distribution of the
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individual minerals within the rock samples at high spatial resolution from 26 um to 400 um pixel sizes and
thus, to provide quantitative estimates of mineral abundances within the rock samples. To highlight a few
recent studies using hyperspectral images of rock samples, investigation of alteration mineralogy was carried
out by Acosta (2017) on mapping epithermal alteration minerals, Davaabayar (2018) on estimating mineral
abundances and Mathieu et al. (2017) for alteration mapping on drill cores.

The current research aims to use laboratory-based HI along with XRD and petrographic analyses to study
metamorphic grades of East Pilbara granite-greenstone terranes, in Pilbara Craton, Western Australia. The
Pilbara greenstone belt hosts a number of ore deposits such as Au, Cu-Zn, Cu-Mo and Ni in mafic to
ultramafic rocks consisting of a variety of different minerals. This makes the Pilbara important and suitable
for studying using remote sensing spectroscopic techniques. The geologic settings of the study area and
previous studies conducted in Pilbara will be provided in the following sections.

1.2.  Research problem

As stated earlier, mineralogical composition of metamorphic rocks has been studied using spectral analysis
techniques, but only using field spectral point measurements. However, one of the disadvantages of using
point measurement is its areal coverage due to single spot measurement in the rocks sample. Measurements
are performed selectively based on human decision, not covering the whole surface of the rock sample and
consequently, it cannot provide good estimate about mineralogical composition of the whole rock sample.

On the other hand, laboratory HI instruments can be used to solve the point measurement problems, as
they can cover the whole rock sample surface. With HI instrument, each pixel from the whole surface of
the rock sample can be measured. The previous studies mostly demonstrated the ability to discriminate and
quantify hydrothermal alteration minerals at different spatial and spectral resolutions using laboratory-based
HI. These studies mainly used laboratory IS in the SWIR range (1000-2500nm) and very few studies in
LWIR (7500-14000 nm) range. As far as I know, very little research has been published on studying the
metamorphic mineralogy using laboratory HI in both SWIR and LWIR ranges.

Therefore, the current research focused on combining laboratory-based hyperspectral HI of SWIR and
LWIR ranges to study metamorphic rocks of low-grade greenstone belts of East granite-greenstone terrane,
in Pilbara Craton, Western Australia. The study involves the quantitative estimates of metamorphic mineral
assemblages and interpretation of metamorphic grades using the obtained results of the study area and assess
the dominant control of the metamorphic mineral assemblages. The spectroscopic studies on Pilbara were
previously conducted by Abweny et al. (2016), who used field spectrometer to determine metamorphic
grades, and van Ruitenbeek et al. (2006, 2012), who used airborne hyperspectral images to study
hydrothermal alteration system in Pilbara. Thus, in Pilbara, there is no research done yet on identifying
metamorphic mineral assemblages and grade of metamorphism using laboratory HI.

This aspect of using SWIR and LWIR laboratory HI to study metamorphic grade by quantifying mineral
assemblages and to determine dominant control of metamorphic rocks makes it different from other
spectroscopic studies. The results of this work may have a profound effect on exploration success of the
metamorphic mineral deposits by adding a new approach of identifying metamorphic grades in Archean
greenstone belts.

1.3.  Research objective

The main objective is to determine the ability of combining short- and long- wave infrared imaging
spectroscopy on quantifying metamorphic minerals of the volcanic rocks of Pilbara Greenstone Belts, and
use the obtained results to determine metamorphic grades and dominant control of the metamorphic
mineral assemblages.

1.3.1.  Specific objectives

1. To determine abundances of metamorphic mineral assemblages from each of the rock samples.
To create a mineral maps from the rock samples that represent the different metamorphic grades
using SWIR (1000-2500 nm) and LWIR (7500-14000 nm) imagery.

3. To interpret metamorphic grades and facies from spectrally determined mineral assemblages.
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4. To determine dominant control of metamorphic mineral assemblages by assessing the influence of
lithological composition of the precursor rocks on the mineralogical assemblages

5. To compare the spectrally determined results of mineral abundances by interpreting semi-
quantitatively mineral assemblages with XRD and thin section analyses.

6. To compare the spectral determined results of this study with those obtained by Abweny et al.
(20106) to see if similar results can be reproduced using hyperspectral image data.

1.4.  Research questions

1. How can SWIR and LWIR mineralogy from both SWIR and LWIR hyperspectral images be
combined and interpreted?
What is the dominant control of the metamorphic mineral assemblages?

Can Abweny et al. (2016)’s findings be reproduced and improved by using hyperspectral image
data?

W N

1.5.  Research hypothesis

1. The combination of the two, SWIR and LWIR datasets provides added information to the detection
of the metamorphic mineral assemblages compared to the single datasets alone.

2. The detected metamorphic mineral assemblages are dominantly controlled by bulk composition of
the precursor rock. This is because, when metamorphism takes place, the chemical composition of
the precursor rock counts for stability of the formed minerals as metamorphic grades change.

1.6.  Study area and geological setting

1.6.1.  Study area

The study area of this research is East Pilbara granite-greenstone terrane in Pilbara Craton, Western
Australia. The area was selected because of three main reasons: first, the availability of the datasets such as
rock samples and geochemical analytical report of the same samples. The details of the datasets have been
provided in section 3.2. Secondly, is the interesting results obtained by Abweny et al. (2016), who studied
metamorphic grades of the rock samples from the same study area using ASD, and concluded that it is
possible to map metamorphic rocks by using SWIR spectroscopy. Lastly, the presence of different
metamorphic rocks (which have dominantly metamorphosed to greenschist facies) of varying compositions
hosting different types of ore minerals. The following subsection summarizes on the major units, formation,
metamorphism, stratigraphy and mineralization of East Pilbara granite-greenstone terranes.

1.6.2.  Geological setting

The East Pilbara granite-greenstone terrane (EP) consists of two principle lithological components:
greenstone belts and granitic complexes. Greenstone belts are the well-preserved area of land bounded by
tectonic structures such as faults, intrusive and sheared granitic intrusive contacts, uncomfortably overlying
supercrustal rocks (Van Kranendonk et al., 2002). The greenstone belts of the study area are characterized
by variety of un-altered rocks of ultramafic-mafic to intermediate volcanics sequences intruded by granitic
rocks with associated sedimentary rocks that occurred within Archaean craton.

Recent studies in Archaean granite-greenstone belts of Pilbara Craton suggest of two tectonic interpretations
of greenstone belts: accreted fragments of island arcs, submarine plateau and/or oceanic crust, and flood
basalts that formed during continental rifting by mantle plume-induced magmatism. These seafloor tectonic
processes of greenstones formation may result into formation of metasomatism or hydrothermal alteration
minerals similar to those mineral assemblages that formed during regional metamorphism (Gifkins et al.,
2005).

Metamorphism of the rocks in the study area developed during 3.5-2.7 Ga tectonic development of the
craton. Contact metamorphism of low pressure and high temperature have affected the greenstones of
Pilbara Supergroup which varies to greenschist and prehnite-pumpellyite facies as moving away from
granitic rocks (Van Kranendonk et al.,, 2002). Amphibolite facies assemblages developed under low to
medium pressures and in some places to higher pressure of kyanite-bearing schist assemblages. Petrographic
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studies showed that metamorphic grade increases with depth in the sequences and towards granitoid
complex. The main protoliths in the study area are ultramafic, mafic, intermediate and felsic rocks. The
metamorphism of mafic and intermediate rocks gives epidote, chlorite, amphiboles, garnet, quartz and
plagioclase. (Van Kranendonk et al., 2002, 2007).

Stratigraphically, EP comprises two major tectonic units: the 3.52-3.20 Ga Pilbara Supergroup and the 3.02-
2.93 Ga De Grey Supergroup (Smithies et al., 2007). Pilbara Supergroup, where the rock samples of this
research come from consist of four groups: Warrawoona, Kelly, Sulphur Spring and Soanesville. These
groups are consist of succession of metavolcanics and metasedimentary rocks of mainly low to medium

grade metamorphism. Figure 1-1 below summarizes groups and subgroups for the respective Supergroups
(Van Kranendonk et al., 2007).

Regarding mineralogy, East Pilbara granite-greenstone terrane host a quite number of mineral resources.
Such minerals include shear zone hosted gold deposits in basaltic and ultramafic rocks, platinum-group
clements and Nickel in layered ultramafic-mafic intrusion, epithermal barite, volcanogenic Cu-Zn and
porphyry Cu-Mo (Van Kranendonk, 2010).
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Figure 1-1: Generalized geological map of the East Pilbara Granite-Greenstone Terrane in Western Australia showing
location of transects, rock samples and number of samples collected from each of the stratigraphic unit (adopted from
Abweny et al., 2016)

1.7.  Datasets and material feasibility

Various datasets and instruments have been used in this study. This section discusses in detail the origin of
all dataset provided for this research. The section also discusses the types, specifications and the availability
of all instruments that have been used for data acquisition in this research. Subsections below provide
detailed descriptions about datasets and material feasibility.

1.7.1. Datasets

In this research, a total of 237 rock samples collected by the Geological Survey of Australia (GSWA) from
8 different rock units in greenstone belts of the Pilbara Supergroup (Figure 1-2) were used. The samples
were collected within a geological study of the region with the purpose of identifying geochemical
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characteristics of volcanic rocks sequences and to further study the tectonic settings (Smithies et al., 2007).
The collected samples include the full (3.52-2.93 Ga) depositional range of the low grade metamorphic
volcanic greenstone rocks within the craton, predominantly intermediate to mafic composition, and were
carefully collected from fresh, unweathered rocks with no signs of alteration (Smithies et al., 2007).

All rock samples were cut into slabs (~3.0 x 6.0 cm) and scanned using HI in LWIR range of 7058 — 20561
nm in reflectance (nanometer), which was done in Sweden by Maninus Daln of Technical University of
Delft. The specifications of the LWIR HI instrument can be found in Table 1-1. The 13 slides of thin
sections made from 13 selected out of 237 rock samples were also provided for petrographic study (Kamps
et al,, 2018). The 237 rock slabs and 13 thin-section slides are available in ITC laboratory.
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Figure 1-2: Lithostratigraphy of the Pilbara and De Grey Supergroup of the East Pilbara Granite-Greenstone Terrane
Number of collected samples from each stratigraphic unit and their lithological composition is indicated (adopted from
Abweny et al., 2016)

Geochemical data

A geochemical report produced by Smithies et al. (2007) which includes the analysis of the whole rock
geochemistry of the same samples has been used in this study for data analysis. The report contains locations
and geologic descriptions of 216 rock samples, the analytical results of major elements, trace elements and
rare earth elements (REE) as well as interpretation of geochemical analysis. It also includes the spectral
wavelength position of the mineral and the spectral mineralogy interpreted by The Spectra Geologist (TSG)




HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS

software. The mineral spectra were obtained using field spectrometer from the rock samples as a part of the
research of Abweny et al. (2016).

1.7.2.  Material feasibility

This research used three different instruments located in the Geoscience laboratory of ITC Faculty for data
measurements. The Specim SWIR3 Hyperspectral camera for acquisition of hyperspectral images of slabs
in SWIR range (with specifications in Table 1-1: Specifications of the hyperspectral cameras), Bruker D2
Phaser XRD diffractometer for XRD analysis and a Nikon Edipse 50/Pol. Leica Laotlux 12 Pol microscope
for petrographic study of thin sections.

Table 1-1: Specifications of the hyperspectral cameras

Laboratory location ITC SWEDEN
No | Specifications Specim SWIR3 camera AisaOWL LWIR
1 Spectral range 1000 - 2500 nm 7058 — 20561 nm
2 Spectral resolution FWHM 12 nm 100 nm
Spatial resolution 256 um 400 pm
3 Spectral sampling 5.6 nm 48 nm
4 Image width (Number of pixels) 384 384
5 Signal-to-noise ratio 900 : 1 ~200 - 500
6 Lens OLES Macro OLES 15
7 Focal length 73.3mm 15mm
8 F number F/4 F/2
9 FOV 7.5° 32.3°
10 Number of bands 288 288

1.7.3.  Software

For the data processing and analysis, this research used three software packages provided by ITC Faculty,
University of Twente. Hyperspectral Python (HypPy) version 3 was used for pre-processing of hyperspectral
images and wavelength mapping (Bakker, 2012). ENVI version 5.5 was used for endmember extraction,
spectra library compilation, image processing, classification and statistical analysis (D. M. Rogge et al., 2007;
Visual Information Solutions, 1988) while ArcGIS version 10.6.1 for various map compilation. The details
of where these software were used and how are found in Chapter 2 of the methodology.

1.8. Thesis structure

This thesis is divided into four chapters. Chapter 1, Introduction, outlines research background and defines
research problems, research objectives, research questions and research hypothesis. Also it briefly describes
study area in terms of geological settings as well as the main datasets provided in this research. Chapter 2,
Methodology, explains how the research carried out using specific methods which include acquisition of
hyperspectral images, pre-processing, endmembers extraction and mineral classification, and finally the
mineral abundances, metamorphic grades and dominant control of the metamorphic mineral assemblages.
Chapter 3, Results, present the results of all steps followed. Chapter 4, Data integration and discussion,
integrate various datasets used in this research by considering the main findings in results chapter by
discussing the objectives and answering research questions. Chapter 5, Conclusions and Recommendations,
provides a summary of the research and gives a final comment.
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2. METHODOLOGY

This chapter presents and discusses all the methods and techniques used in this research. Figure 2-3 below
summarizes the discussed methods.

21.  Laboratory imaging spectrometry

Laboratory sample measurements include sample preparation and image acquisition. The careful setting of
the hyperspectral SWIR imaging camera was to ensure that a high spatial resolution (or smallest pixel size)
of the rock samples is obtained. The smallest pixel size of 256 um was obtained by setting 30 cm distance
between the scanned surface and the sensor, which gives 10 cm swath (Figure 2-2). Other instrumental
settings include a frame rate of 38.9 frames/s, the speed of 10mm/s at an exposure time of 2.1 ms. For the
tray holder of 60x40 cm, the target start and target stop were 662.58 mm and 1172.95 mm respectively.

21.1. Sample preparation

The sample preparation room in the I'TC Geoscience Laboratory was used to prepare rock samples for
image acquisition. The samples were arranged based on the sample numbers in ascending order in the 60x40
cm sample tray holder. The tray itself was covered by black material to avoid internal reflection of light and
was filled with pure silica-rich sand which has a low spectral response in SWIR range. The tray carried 20 to
22 slab samples arranged in one column positioned in the middle of the tray in flat surface in order to be
within the focus distance of the camera. For the 237 slab samples, a total of 12 batches (trays) and one batch
which contain 13 slabs (of the samples selected for thin sections) were prepared (Figure 2-1b)

21.2. Image acquisition

All 13 prepared batches were scanned in SWIR (1000 — 2500 nm) range using the Specim SWIR3 camera at
a spatial resolution of 256 um. The scanning was done by putting one tray of samples on the sample stage
of the camera, and the instrument settings were checked before recording. During the sample
measurements, all lights in the room were switched off and the door and blinds of the windows were closed
to avoid light interference from outside, allowing only light from the instrument. After rock scanning, the
raw image data were converted into reflectance using white reference and dark current measurements.
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Figure 2-1: Sample preparation. The colour composite of LWIR reflectance image of the 237

rock samples (R= band33 (8563.79 nm), G= band67 (10163.50 nm), B= band102 (11810.200
nm)). b) Sample sorting for hyperspectral SWIR image acquisition
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Figure 2-2: Laboratory SWIR camera with samples on the stage ready for scanning

2.2.  Pre-processing

The acquired hyperspectral SWIR and LWIR images contained noisy bands and bad pixels causing
processing challenges. The images were checked and cleared for any noise issues were found before
proceeding with image processing (Van Der Meer et al., 2006). Pre-processing involved spatial and spectral
subsetting, destriping and replacing bad pixels for both, SWIR and LWIR images. The spectral subset was
done to remove noisy bands and leave the bands whose wavelength ranges show diagnostic spectral features
of the minerals and high reflectance. A spatial subset was performed to exclude irregular edges of the image
and to leave only rock image data. The masking tool with ‘not a number’ in ENVI was used to detect empty
dead pixels and line striping. Using the De-striping tool in HypPy software, dead pixels and line striping
were replaced by the mean values of neighbouring pixels.

2.21. Hyperspectral SWIR images

Some acquired hyperspectral SWIR images contained stripes caused by faulty 8®*-pixel columns of the
sensor. Ten images out of 13 scanned images were observed to contain the stripes, and these stripes were
removed and interpolated by neighbouring pixels using Fix SWIR 8% sample tool in HypPy software. A
spatial and spectral subset were done using ENVI software to remove unwanted margin and to retain SWIR
1000nm — 2500 nm wavelength range by removing band 1 (894.5100 nm) to 16 (980.1500 nm) and 288
(2511.1101 nm). This SWIR range is typically characterised by the molecular bond vibration of hydroxyl
(OH), water (H20), carbonates (CO") and cation OH-bonds such as AIOH, MgOH and FeOH bond (Clark
et al., 1990). Minerals that can be identified in the SWIR region have high reflectance and display
characteristic features in this 1000 — 2500 nm range.

The images were further checked for more striping caused by not a number and bad pixels using maximum
mean and standard deviation differences of 0.1 and 0.5 respectively in HypPy software, but there were no
stripes detected. A light mean filter of 1+5+1 spatial-spectral kernel was applied to all images for smoothing,.
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2.2.2. Hyperspectral LWIR images

The acquired LWIR image contained all 237 rock slabs in one image (Figure 2-1a). The samples were
scanned at a spatial resolution of 400 um which is larger than the resolution of the SWIR camera. Pre-
processing of the LWIR image was complicated due to many noisy bands. Before the spatial subset, a
spectral subset was done from 7400 nm to 12400 nm as this wavelength region contains most abundant
rock-forming minerals that display diagnostic spectral features (Salisbury et al.,, 1988). From the image
statistics, the maximum mean and standard deviation of 0.1 and 0.05 respectively were determined and using
HypPy software the first run of destriping without replacing bad pixels was done in order to define
thresholds. From the offset and standard deviation images, the thresholds values of mean 0.1 and standard
deviation of 0.015 were determined for the second run of destriping with the replacement of bad pixels.
Next to destriping was the mean filtering using 9+9+9 to remove the outlier pixel values. Finally, the spectral
subset by cutting the 15t band (band 10=7481.6602 nm) and the last two bands (band 116=12468.9004 nm
and band 117=12515.9004 nm) was done because there were still stripes in these three bands.

2.3. Hyperspectral image processing

Image processing was carried out in order to map the spatial distribution of minerals in each of the rock
sample and use such information to determine mineral abundances in both SWIR and LWIR images. This
section describes the different types of image processing methods in detail.

2.3.1. Reflectance to Emissivity conversion of LWIR image data

The LWIR image data of the rock samples were derived in reflectance. Since the LWIR range characterizes
materials’ emittance at different wavelengths, a conversion from reflectance to emissivity is needed. The
equation Ewmissivity = 1 — Reflectance, as described by Kirchhoff’s Law (Kuenzer & Dech, 2013), was used for
conversion (Kuenzer & Dech, 2013).

2.3.2. Principal Component Analysis

Hyperspectral data may have several hundred axes in such a way that a particular pixel in an image is plotted
in space as a point with coordinates that corresponding to the brightness values of the pixel of the
appropriate spectral components (Richards, 1993). This results in highly correlated variables and may
decrease the accuracy and increase number of features during classification. Principal Component Analysis
(PCA) is a mathematical procedure that transforms a number of possibly correlated variables into a smaller
set of uncorrelated variables called Principal Components (PCs) (Richards, 1993). The main purpose of
performing PCA in this research was to get an overview of how many materials (minerals?) are contained
in the rock samples. ENVI software was used to compute PCs for each SWIR and LWIR datasets. The
number of different materials was obtained by looking at the information content of the image highlighted
by different colours, and the variance of the original image to the principal component was obtained from
the graph of eigenvalues of that component. Although not always, it is very often that the first PC accounts
for the intensity of the brightness of the materials in the particular wavelength, the succeeding PCs accounts
for the remaining variability of the materials in the datasets. To highlight the different materials contained
in the rock samples PC2, PC3 and PC4 were displayed in colour composite (RGB).

2.3.3. Wavelength Mapping

Wavelength mapping was used to obtain a general pattern of spatial distributions of the minerals and
furthermore, to use as input images for the decision tree classification method which will be described in
section 2.3.6. Wavelength mapping was performed in both SWIR and LWIR images using HypPy software
created by Bakker (2012). This program identifies the wavelength of the local minimum reflectance
(emissivity for the LWIR) values of the spectrum in a wavelength range specified by the user. The resultant
image of one band wavelength image was then used for wavelength mapping and produces a colour map
using Hue Saturation Value (HSV) fusion of an interpolated local wavelength of a minimum combined with
the interpolated depth of the local minima (Bakker, 2012). From this colour map image, an overview of
dominant minerals present in each pixel and pattern of the minerals in each sample have been highlighted
while the abundances can be determined from the depth of absorption features as highlighted in the legend
(Van Ruitenbeek et al., 2014).
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For the SWIR images, the minimum wavelength was calculated at a wavelength region between 2100 nm
and 2400 nm to accommodate all dominant spectral minerals that can be identified in SWIR range. The
possible minerals that can be identified within this range include all that contain molecular bonds of FeOH,
MgOH, AIOH and CO- such as sulphates, carbonates and phyllosilicates (Clark et al., 1990). The resultant
wavelength image was used to determine the threshold of the sample values and to mask the outlier values
that existed between the gaps of the samples. The noise generated between the gaps of the samples is caused
by the low reflection in the gaps during image acquisition. The depth band was used to obtain threshold
values, then using the band math tool in HypPy with the expression i1[1]<0.8 and in some images i1[1]<0.9
was used to create a mask image that contains only reflectance values less than 0.8 and 0.9 respectively. With
a mask image, the minimum wavelength of the same wavelength range (2100 — 2400 nm) was calculated.
The depth values of 0.0 — 0.8 as observed from the histogram of the interpolated depth was set during the
second step of wavelength mapper (wavelength mapping) to enhance the contrast. Similarly to SWIR, the
wavelength mapping for LWIR image was done in the wavelength region between 7600 nm to 12400 nm in
order to highlight and determine the wavelength position of the emissivity minima of dominant minerals.
The minerals that could be identified in this region include anhydrous silicates (e.g., quartz, feldspar,
pyroxenes) and carbonates (Hewson et al., 2001).

2.3.4, Endmember extraction

A spectral endmember refers to the average spectral signature of a pure surface cover type in the image that
represents a class of certain type. In this research, the purpose of extracting endmembers is to identify the
minerals present in the rock samples. There are several methods of extracting endmembers. With manual
picking from the image, it is assumed that the image is homogeneous. Manual picking form the existing
library spectra is another method, but this requires a priori knowledge of the rock composition. Minimum
noisy fraction (MNF) transformation and purity pixel index (PPI) are other common methods for extracting
endmembers, but they are time-consuming,

Spatial spectral endmember extraction (SSEE) was performed in both SWIR and LWIR images in order to
be sure that no single mineral was left out. The method was selected because it has a high ability to obtain
full spectral diversity from multiple datasets especially for endmembers with high spectral contrast (D. M.
Rogge et al., 2007). It is an automated, less time-consuming method when compared to other existing
endmember extracting methods.

The SSEE algorithm requires the user to define subset window size that will divide the image into equal-
sized non-overlapping regions for obtaining eigenvectors of spectral variance. The minimum size of the
subset window must be greater than the square root of the number of bands, and for hyperspectral images,
the suggested size is ranging from minimum to 2x minimum size subset window (Rogge et al., 2012). In this
research the minimum sizes of subset window used were used; thatis 16 and 11 for SWIR and LWIR images
respectively as they contain 271 bands for SWIR images and 105 for LWIR image. The whole wavelength
ranges of SWIR images in reflectance and LWIR image in emissivity were used as inputs, which is 1000 —
2500 nm and 7600 — 12400 nm respectively.

From SSEE results, a total of 156 endmembers were extracted from SWIR images and 124 from LWIR
image. The extracted endmembers were then screened by comparing them with library spectra to select the

best matching endmembers. The spectral library used to compare with the image spectra are the ones from
USGS speclib6a, John Hopkins University (JHU), and Arizona State University (ASU) libraries.

2.3.5. Mineral identification

The identification of minerals was made in two ways: by using literatures and by wavelength mapping. By
using information from the literature, the possible minerals present in the rock samples were listed and then
performing wavelength mapping by using the wavelength position of the diagnostic absorption features to
highlight such a mineral. In this way, the produced wavelength maps were displayed in a linked view with
the original image in ENVI software, and the Z profile (spectrum) of each highlighted colour was compared
with library spectra to find the best match. This approach was used to identify minerals in SWIR images
with the guide from spectral interpretation field manual G-MEX (Pontual et al., 1997). The second way is
by making the wavelength maps for each of the histogram peak obtained from the minimum wavelength of
the broad wavelength range (7600 — 12400 nm). This approach was useful in identifying minerals in LWIR
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image because, mineral identification was not done before in the study area using LWIR. Finally, the
identified minerals from both SWIR and LWIR were compared to those identified by SSEE for consistency
and to ensure that all of the minerals in the samples are spectrally identified.

2.3.6. Mineral classification (Decision Tree)

The identified minerals were mapped in both SWIR and LWIR images using a multistage classification
method called decision tree classifier. A decision tree, as defined by Gupta et al. (2017): “is a flowchart-like
structure in which each internal node represents a test on an attribute where each branch represents the
outcome of the test, and each leaf node represents a class label.” It operates by using Boolean functions to
construct a hierarchical ‘tree-like” structure of which the expression takes as input an object or a situation
described by a set of properties and output is yes/no decision (Aitkenhead, 2008).

Generally, the decision tree classifies by repetition of Boolean yes/no questions (nodes) regarding specific
attributes of values or properties. Each parent node gives two more child nodes which can also be parent
nodes by themselves or output nodes giving results of the expression/operations stated in the input
expression. The output results are presented as the discrete classes of the stated topic which can be one
thing or different. For further details on how decision tree works, a reader is referred to the following papers:
(Aitkenhead, 2008; Akkas et al., 2015; EXELIS, 2014; Gupta et al., 2017)

In this study, the minimum wavelength maps of both SWIR and LWIR were used as inputs to the decision
tree classifier to produce maps of the mineral classes. The wavelength position of absorption features and
depth information were used as the dominant spectral characteristic in the reflectance and emissivity spectra
interpretation. This method was selected based on its advantages over the other classification method such
as Spectral Angle Mapper and Linear Spectral Unmixing. For instance, it provides rapid assessment of
mineral composition and focuses on mineral absorption features without prior information on the
mineralogy or the rock samples and lastly, it provides objective and reproducible results (Gupta et al., 2017).

24. Validation

241. X-ray diffraction

For validation purpose on the mineralogy content of the samples, 20 rock samples were selected for XRD
analysis. This selection was based on the lithology and mineralogy as identified by both SWIR and LWIR
imaging spectroscopy. Sample preparation processes which involved slabs cutting to get a representative
sample for XRD measurements, sample drying, and sample milling into powder using Rezsech PM
200 milling machine was carried out in the ITC Geoscience Laboratory before the sample measurement. The
XRD measurements were taken by inserting a sample holder containing sample powder into the Bruker D2
X-ray diffractometer, and each sample was scanned from 6°-80°range of diffraction angle at 2 repeatedly at
the average time of one hour to get a smooth and noiseless diffractogram. The diffractograms were then
interpreted using the Diffrac EVA version 3.1 software where rock-forming minerals were identified with
their estimated semi abundances. The Diffrac EVA software uses a reference intensity ratio (RIR) algorithm
to quantify the phases of the minerals, whereas the ratios of intensity of the diffraction peak profiles and
the peak areas determine the abundance of the mineral measured. For further details on how the XRD work,
a reader is referred to Lavina et al. (2014).

24.2. Petrographic study

The petrographic thin section is the description and systematic classification of rocks, aided by the optical
microscopic examination using transmission and reflection of polarized light (Raith et al., 2012). An optical
microscope was used to study the optical properties of minerals from 13 thin-section slides made from the
selected rock samples to identify and estimate abundances of minerals contained in the samples. The optic
phenomena observed during the microscopic investigation of minerals are described by a wave model of
which, the light rays propagate as electromagnetic waves in either plane polarized light or crossed polarized
light. Such optical properties used for mineral identification are the colour of a mineral, pleochroism of a
mineral, mineral habit, relief, mineral cleavage and isotropism. Other optical properties include
birefringence, interference colour, extinction angle, twinning, zoning and dispersion. For further details on
electromagnetic waves modal, optic microscopic study of mineral identification and optic properties of
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minerals a reader is referred to Raith et al. (2011). The samples selected for thin sections do not include
samples scanned in LWIR. Therefore, the results from this section will be compared with SWIR and XRD
results.

Furthermore, five thin sections have been analysed at the electron microprobe (EMP) using a JEOL JXA.
Secondary images (SE) have been acquired, and EDS (Electron Dispersive Spectra) have been collected on
single spots to determine the mineral species using an accelerating voltage of 15keVa beam current of 10nA
operating in the wave dispersive mode (WDS) with a focused beam. The analyses have been performed in
the laboratory of the section of inorganic and geochemistry at the German Research Centre for Geosciences
in Potsdam Germany. The aim of the analyses is to verify the mineralogy using crystal chemistry analysing
the grains directly.

2.5. Analysis and interpretation

The mineral classes obtained from decision tree for both SWIR and LWIR ranges were further analysed to
determine mineral abundances by defining regional of interests (ROIs) as endmembers. The analysis of
ROIs on the determined mineral classes from decision tree give the mineral abundances of each sample for
both, SWIR and LWIR images. From the results of mineral abundances, the mineral assemblages were
defined per each sample by combining mineral abundances from both SWIR and LWIR range. For the
assessment of the dominant control of metamorphic mineral assemblages and interpretation of
metamorphic grades, the spectroscopic data of this study and lithogeochemical data from Smithies et al.
(2007) were integrated. This section will be discussed in detail in chapter 4 of data integration and discussion.
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3. RESULTS

This chapter presents the results obtained from the different methods described in chapter 2. Sections below
discuss results from each method. The list of sample numbers for SWIR and LWIR images re found in
Appendix 2.

3.1.  Principal Component Analysis (PCA)

From the principal component analysis carried out on the SWIR images, the colour composite of PC2, PC3
and PC3 in RGB gave about eight distinctive colours of uncorrelated materials such as blue, green, red,
cyan, yellow, pick, maroon and pale yellow (Figure 3-1). The observed distinctive colours represent the
number of meaningful components of which indicate that the rock samples contain about eight different
minerals. These materials in the rock samples could be minerals. Similar procedures were applied in LWIR
images, several distinctive colours were observed (Figure 3-2a).

Image

Image 12 Image 13

Figure 3-1: PCA of SWIR images in colour composite (RGB=PC2 PC3 PC4 respectively)

3.2.  Wavelength mapping

The wavelength maps of 2.1 — 2.4 um for SWIR images displayed distinctive colours, highlighting absorption
features related to AIOH, MgOH and FeOH mineral groups (Figure 3-2). AIOH containing minerals have
diagnostic features around 2.1 to 2.2 um which were represented by colour patterns of cyan and green
colours (Figure 3-2). FeOH is highlighted by yellow to orange having absorption features round 2.250 um
while MgOH is highlighted by pink to maroon colours having diagnostic absorption features around 2.3 —
2.35 um.

The wavelength map of LWIR image at 7.6 — 12.4 um showed diagnostic emissivity features from 8.0 pm
to around 10.5 pm as represented by the colour blue, cyan, green and yellow (Figure 3-3b). However, the
histogram of the minimum wavelength (7.6 — 12.4 um) showed seven peaks representing the depth of
emissivity minima of the spectral minerals covering the whole defined LWIR region at different wavelength
positions. The wavelength range of each peak was defined and further stretched to highlight minerals
characterised by emissivity minima (Figure 3-5).
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3.3.  Spectral minerals identified from SWIR imaging spectrometry

The spectral analysis of SWIR images identified ten spectral minerals namely: Pyrophyllite, Illite, Muscovite
Ca-rich mica (Margarite), Fe-rich Chlorite, Mg-rich Chlorite, intermediate (Mg-Fe) chlorite, Epidote,
Prehnite and Actinolite (Table 3-1). The identified minerals are the result of detailed image and spectral
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analysis of the scanned rock samples such as PCA, wavelength mapping, and SSEEu. The original scanned
images and PCA images in colour composite, the interpolated minimum wavelength of first, second and
third absorption features in colour composite and the wavelength map of the same sample were compared
to study the spectral characteristics of the identified minerals. All spectra minerals identified in SWIR range
(except margarite) were reported before in a previous study by Abweny et al. (2016) to be contained in the
rock samples of the study area. The next sections discuss the spectral characteristics of each identified
mineral.

Table 3-1: Summary of spectral minerals identified in SWIR

Wavelength Mineral Mineral group | Diagnostic Mineral origin
range (um) identified absorption
features (um)

2.15-2.18 Pyrophyllite Phyllosilicate 2.16, 2.31 Alteration product in
metamorphic  rock  and
hydrothermal deposits

218 -2.23 Illite Phyllosilicate 2.208,2.34,2.44 | The altered product of
muscovite and feldspars in
the hydrothermal deposits

and low-grade
metamorphism
Muscovite Phyllosilicate 2.208, 2.34,2.44 | Alteration product of mafic

mineral in igneous rocks,
associated with hydrothermal
deposits. Also, rock forming

mineral
Margarite Phyllosilicate 2.197,2.34,2.26 | Alteration product of
muscovite and other
aluminous minerals
2.35-2.27 Fe-Chlorite Phyllosilicate 2.26,2.34,2.19 Alteration product of mafic

mineral in igneous rocks,
associated with hydrothermal
Mg-Fe Chlorite | Phyllosilicate 2.34,2.26, 2.19 deposits.

(intermediate)
2.275-2.36 Mg-Chlorite Phyllosilicate 2.32,2.26, 2.39
Epidote Epidote 2.34,2.25,1.55 Metamorphic mineral and
Hydrothermal alteration
Prehnite Phyllosilicate 2.34,2.25,2.22 Igneous and metamorphic
rocks
Actinolite Amphibolite 2.32,2.399 Metamorphic rocks

3.3.1.  Pyrophyllite

Pyrophyllite (AlxSi4O10(OH)») is an early stage metamorphic mineral, member of phyllosilicate. It commonly
occurs in metamorphic rocks and hydrothermal deposits. Spectrally it is found to have a first and second
diagnostic absorption feature situated around 2.16 um and 2.31 um respectively, which fall within AIOH
absorption range (Figure 3-4a).

From wavelength mapping, it is observed that pyrophyllite does not occur in many samples. Further
zooming in to a wavelength map stretch at 2.15 — 2.18 um highlighted abundant pyrophyllite in only two
rock samples 179897 and 179898 (cyan colour in Figure 3-2). However, the same two samples are observed
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to be highlighted by different colours in the PCA results (red and cyan colours in Figure 3-1). The colour
difference in PCA is probably due to different intensity of silica alteration in these two rock samples since
silica gives low absorption in SWIR range. The samples that contain pyrophyllite were collected in the
Panorama Formation, and according to Smithies et al. (2007) the Panorama Formation is dominated with
interbedded dacitic to rhyolitic lavas and volcaniclastic rocks, and all collected samples have been silicified.
The samples have a silica content of 87.53 and 86.22 (Smithies et al., 2007) while the normal pure
pyrophyllite mineral has 65.96 SiO2 (Deer et al., 1992). Pyrophyllite is not a metamorphic mineral, it is the
product of the intensive hydrothermal alteration in the Panorama Formation (Brown et al., 20006). Therefore,
pyrophyllite samples were not considered in the determination of the metamorphic mineral assemblages.

3.3.2.  llite

Illite ((AlMg,Fe)2(Si,Al)4O10(OH)2) is a non-expanding, micaceous clay mineral of phyllosilicate group It is
derived from alteration of smectite and considered as a constituent of many argillaceous sediments (Srodon,
2000). The structure of illite is similar to muscovite having two tetragonal silica sheets attached to a central
octahedral sheet. Chemically, illite differs from muscovite by having more Si, Mg, Fe and water and less
tetrahedral Al and K than muscovite.

Spectrally, illite can be identified by having a diagnostic single sharp AIOH absorption feature which varies
in wavelength position from 2.180 — 2.228 um. It also has two other secondary AIOH absorption features
near 2.347 pm and 2.440 um that may be due to the mixed spectra. The variation of the wavelength position
of the main AIOH absorption is influenced by the Al proportion and Na/K ratio of the sericite composition
in the minerals. According to Pontual et al., (1997), Na-rich sericite (paragonite) shifts the absorption feature
to the shorter wavelength near 2.180 pm from normal potassic sericite at 2.200 pm, while Fe and Mg-rich
sericites (phengites) substitution shifts the absorption feature to the longer wavelength position near 2.228
pum.

This diagnostic feature can be observed in all white mica minerals (illite, muscovite, phengite) and hence
make it hard to distinguish them. However, illite can be differentiated from other white mica minerals such
as muscovite by having deep water absorption feature around 1.912 pm which is not present in muscovites.
Illite is highlighted by the green colour in sample 180223, 180225, 179740, 179899 and 180214 (Figure 3-2)
from the wavelength mapping of 2.1 — 2.4 um. The spectra of these samples were compared with USGS
library spectra and good matches were obtained with muscovite and illite spectra. The presence of the water
absorption feature near 1.912 um was used to differentiate the illite from muscovite. (Figure 3-4c).

3.3.3. Muscovite

Muscovite (KAL(AISi3O10)(F,OH)>) is a hydrated phyllosilicate mineral of aluminium and potassium mica.
As the most common mica mineral, muscovite occurs in granites, pegmatites, schists and contact
metamorphic rocks. Spectrally, muscovite has diagnostic absorption features at the same wavelength
positions as illite. Muscovite was identified in sample 179871 (Figure 3-2) by using wavelength mapping and
by spectra comparison found to have diagnostic absorption features at 2.208 pm and 2.346 um for first and
second absorption features respectively (Figure 3-4k).

3.3.4. Margarite

Margarite (CaAl2(AlSiz)O10(OH)») is a calcium-rich member of a the mica group of phyllosilicate minerals.
It occurs commonly in low to medium grade metamorphic rocks such as mica schists and glaucophane
bearing rocks, as well as an alteration product of aluminous minerals. Margarite has never been reported
before in the study area, maybe because of its tendency of forming alteration pseudomorphs with other
aluminous minerals such as muscovite and paragonite which were reported in previous studies (e.g., Abweny
et al., 2016; Smithies et al., 2007; Van Ruitenbeek et al., 2006). The wavelength mapping of 2.18 — 2.23 um
highlighted few samples containing margarite. The low abundances of margarite imply that it occurred in
just a small area and its spatial distribution within the study area is unknown which may be another reason
why it was not identified in the earlier studies.

Spectrally, margarite has a first and second deepest absorption features at 2.197 um and 2.343 pm
respectively due to AIOH absorption features, similar to muscovite and illite (Figure 3-4b). However, the




HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS

small absorption feature at 2.259 um spectrally distinguishes margarite from other minerals in the mica
group. Consequently, by comparison, the margarite spectrum looks very similar to the mixed spectrum of
sericite and chlorite and * epidote regarding overall shape and wavelength position of its absorption
features. According to Pontual et al., (1997), the MgOH absorption features of the intermediate mixture of
sericite and chlorite (similar to margarite spectrum) is typically dominated by sericite AIOH absorption. In
this study, it was difficult to decide whether the mineral is margarite or the mixture of sericite and chlorite,
but since the image spectra match better with margarite mineral than chlorite or any other phyllosilicate
minerals, then the name margarite was assigned.

3.3.5. Chlorite

Chlorite belongs to the phyllosilicate minerals and can be described chemically by four endmembers based
on the elemental substitution of the four elements: Mg, Fe, Ni, Mn in the silicate lattice. Chlorite has a wide
range of temperature and pressure condition caused by having such a wide range of chemical composition.
The compositional variation of chlorite causes it to be found in different environments. Examples of such
environment are: low to medium grade metamorphic rocks, and in igneous rocks as an alteration product
of mafic minerals like pyroxene, amphibole and biotite. Other environments include hydrothermal deposits
associated with epidote, sericite, and sulphide minerals. Chlorite is a diagnostic species of lower greenschist
facies (Haldar & Tisljar, 2014).

Spectrally, chlorite has two main diagnostic absorption features that are associated with FeOH and MgOH
between 2.235 — 2.255 pm and 2.320 — 2.360 pm respectively. Typically, the intermediate composition of
Fe-Mg chlorite is associated with mafic rocks, whereas ultramafic rocks may be associated more with Mg-
rich chlorite. Generally, Fe- and Mg-rich chlorite are important in determining metamorphic grades. Arkai
& Sadek Ghabrial (1997) indicated that chlorite crystallinity rich in Fe and Mg (with an increase of Al
content) could be used to determine metamorphic grades from very low grade to greenschist facies of meta-
igneous rocks. From the wavelength mapping of 2.1 — 2.4 um, three types of chlorite, Fe-rich chlorite, Mg-
rich chlorite and Mg-Fe chlorite (intermediate) could be identified using the wavelength position of their
absorption features (Figure 3-4g).

Fe-rich chlorite (FesAl)(AlSi3)O10(OH)s) has a deep absorption feature around 2.26 pm that is associated
with absorption by FeOH (Figure 3-4¢). Mg-chlorite (MgsAl)(AlSi3)O10(OH)s) was identified near 2.33 pm
related to MgOH absorption (Figure 3-4d). Intermediate (Mg-Fe) chlorite looks similar to Fe-chlorite in
spectral shape, the difference is that the intermediate chlorite has a deep feature around 2.34 pm related to
MgOH absorption (Figure 3-4d). Intermediate (Mg-Fe) chlorite looks similar with Fe-chlorite in spectral
shape, the difference is that, the intermediate chlorite has a deep feature around 2.34 pm related to MgOH
absorption (Figure 3-4f). The effect of chlorite was observed in many samples due to variation of the
wavelength position of the features associated with FeOH and MgOH absorptions (Figure 3-4g). These
main absorption features appear to overlap with other minerals and hence makes hard to identify chlorite
from other minerals. For example, spectra of chlorite and biotite have a consistent feature at FeOH
absorption while at MgOH absorption the chlorite feature may be obscured by actinolite, epidote and
carbonates. In this situation, the shape of the water absorption feature near 1.900 um (Figure 3-4g) was used
to distinguish chlorite from the mixtures.

3.3.6. Epidote

Epidote (CaxAlz(Fe3t;Al) (Si04)(Si207)O(OH)) is a calcium aluminium iron silicate mineral with the varying
characters based on the amount of iron present. It occurs in metamorphic rocks and in hydrothermal
deposits as an alteration product of other rock forming minerals (Haldar & Tisljar, 2014). It is a common
mineral in metamorphosed mafic to intermediate igneous rocks. Epidote has been used to identify grades
of metamorphism based on the amount of Fe contents in epidote mineral. The Fe-rich epidote indicates
low grade while the Fe-poor indicate the high grade of metamorphism (Grapes & Hoskin, 2004). Spectrally,
epidote was identified by its diagnostic absorption features associated by FeOH and MgOH absorptions at
2.25 pm and 2.34 pum respectively (Figure 3-4n). Using wavelength mapping of 2.1 — 2.4 um, epidote is
observed to appear in many samples overlapping with chlorites absorptions around 2.33 — 2.34 um. To
differentiate epidote from the mixtures of chlorite and carbonates, a secondary diagnostic feature of epidote
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near 1.540 pm was used. The wavelength mapping of 1.5 — 1.6 um could be used to identify epidote from
other mixtures.

3.3.7. Prehnite

Prehnite (CaxAl(AlSi3010)(OH)2) is a member of phyllosilicate mineral formed as a result of low-grade
metamorphism. It occurs as a hydrothermal mineral in veins and cavities in mafic volcanic rocks. Spectrally,
prehnite was identified by its diagnostic feature at 2.34 um due to MgOH absorption and the other two
features situated at 2.22 pm and 2.25 um associated with AIOH of sericite absorption (Figure 3-4h). The
diagnostic absorption feature at 1.470 um was used to distinguish prehnite from chlorite and epidote at
MgOH absorption. During comparison between the library and image spectra of prehnite, a slightly spectral
displacement was observed (Figure 3-4h). It was difficult to find out what caused displacement. Pumpellyite
occurs together with prehnite, but it was not possible to spectrally identify pumpellyite in the study area.
According to Abweny et al. (20106), the wavelength position of diagnostic absorption features of pumpellyite
overlap with that of chlorite and hence can be obscured.

3.3.8. Actinolite

Actinolite (Cax(Mg,Fe)sSiO22(OH)») is an amphibole silicate mineral with more iron than magnesium. It
occurs in low-grade regional metamorphism, contact metamorphism and hydrothermal alteration of
pyroxene (Haldar & Tisljar, 2014). Spectral identification of actinolite is characterised by a prominent
MgOH related absorption feature varying from 2.316 um to 2.324 um depending on the iron composition.
Fe-rich actinolite shifts the absorption feature to a longer wavelength. The small shoulder feature situated
near 2.300 um is also typical of actinolite. Other diagnostic features used to differentiate actinolite from
other minerals include 2.170 pm, which can be used to differentiate actinolite from talc, and the secondary
MgOH feature situated around 2.39 um. Actinolite and hornblende are two minerals that have similar
spectral properties regarding spectral shapes and wavelength positions of their diagnostic absorption
features. The previous study by Abweny et al., (2016) identified actinolite and hornblende using an ASD
spectrometer (0.35 — 2.5 pm) based on the wavelength position of the two minerals but with no clear
distinction between the two. It was not been possible to spectrally distinguish actinolite from hornblende in
SWIR range. The image spectra matched with both actinolite and hornblende mineral spectra of the USGS
library (Figure 3-4m). The similarity of the two minerals could be due to a large amount of the Fe3* content
in hornblende which shifts the wavelength position of MgOH absorptions from near 2.33 um to the shorter
wavelength similar to that of actinolite.
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Figure 3-4: Image and library spectra comparison for mineral identification in SWIR range: a) Pyrophyllite b) Ca-rich
mica (Margarite) c) Illite d) Mg-chlorite ¢) Fe-chlorite f) Intermediate (Mg-Fe) chlorite g) Compositional vatiation of
chlorite from Fe-rich to Mg-rich chlorite water feature near 1.9 um h)Prehnite k) Muscovite m) Actinolite n)Epidote.

3.4.  Spectral minerals identified from LWIR imaging spectrometry

Contrary to SWIR images, mineral identification using the LWIR image was more challenging. The challenge
is because there is limited information on wavelength positions of the emissivity minima of the minerals
that can be identified in the LWIR range. According to Salisbury et al. (1988), the most prominent mineral
features in the LWIR are found in the 8.0 — 14.0 um wavelength region which is due to fundamental Si — O
stretching vibration bands of the mineral components. In this study, mineral identification in LWIR image
was successfully made by combining the results of PCA and wavelength mapping. The histogram of the
minimum wavelength of 7.600 — 12.400 um showed seven peaks representing frequency of the emissivity
minima at different wavelength positions (Figure 3-5). Further wavelength mapping by stretching the
wavelength of each feature and comparing the image spectra with library spectra enabled us to identify 12
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different minerals (Table 3-2). These minerals are quartz, cordierite, jadeite, enstatite, chlorite, albite,
hornblende, actinolite, oligoclase, epidote, muscovite and pyrophyllite as described in the next subsections.

3.41. Quartz

Quartz (SiOy) is the third most abundant mineral in the Earth’s continental crust and is the main constituent
of granite rocks and other felsic igneous rocks. It is a common constituent in metamorphic rocks such as
schists, gneiss and quartzite. It may also found in hydrothermal veins as chemical precipitates (Haldar &
Tisljar, 2014). Spectrally, quartz was observed to have two emissivity minima situated at 8.23 um and 9.22
um (Figure 3-6a). The wavelength mapping stretch of 8.00 — 8.700 um and 8.800 — 9.430 um could be
identified as quartz as highlighted from the histogram peak A and B of the wavelength minimum, and were
observed to dominate in the samples analysed. The depth of the doublet features of quartz varied between
the samples, from fewer samples having deep feature near 8.23 um to more samples having deep feature
near 9.22 um. According to Salisbury et al. (1988), the depth variation of the doublet features together with
slightly contrast variation could be influenced by the change of grain size of the rock samples. Also, mixed
spectra could also be a reason. According to Fagbohun et al. (2015) the deep feature near 8.23 is due to a
mixture of quartz with plagioclase and tourmaline while the mixture with other minerals causes a deep
feature at 9.2 um. In the study area, four samples from Panorama Formation have been reported to contain
a high amount of silica. Other locations where samples contain silica include the Warralong greenstone belt
and the Coonterunah Subgroup.
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Figure 3-5: Histogram of the emissivity minima of 7.6 — 12.4 pm wavelength range
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Table 3-2: Summary of spectral minerals identified in LWIR

Wavelength | Mineral Mineral Diagnostic Mineral origin
range (um) | identified | group features (um)
8.0-8.7 Quartz Silica 8.23 Felsic (Igneous and metamorphic)
— rocks and hydrothermal alteration.
8.8-9.43 Quartz Silica 9.22
Cordierite | Silica 9.27,9.63,11.34 | Regional metamorphism of pelitic
rocks
Jadeite Pyroxene 9.03,9.18,9.93 Metamorphic rocks of high P, low T
Enstatite Pyroxene 9.32,10.26, 11.34 | Igneous and metamorphic rocks
Pyrophyllite | Phyllosilicate | 9.08, 8.752, | Alteration product in metamorphic
10.4458 rock and hydrothermal deposit
9.44 —9.75 Chlorite Phyllosilicate | 9.9630, 10.8692, | Alteration product of matfic mineral in
8.752 igneous  rocks, associated  with
hydrothermal ore
Muscovite Phyllosilicate | 9.6930, 9.0813 Granite, schists, gneiss and as a
secondary alteration product of topaz
teldspars, etc
Albite Plagioclase 9.65, 9.93, 8.38 Felsic rocks, alteration products
teldspar
9.75-10.33 Hornblende | Amphibole 10.07, 9.32, 8.72 | Igneous and metamorphic rocks
Actinolite Amphibole 9.93,9.65,10.87 | Metamorphic rocks
Oligoclase | Plagioclase 10.02, 9.65, 8.75 | Igneous and metamorphic rocks
teldspar
10.33 - 11.00 | Epidote Epidote 10.35,10.12,9.32 | Metamorphic origin and
Hydrothermal alteration
3.4.2. Cordierite

Cordierite (Mg, Fe)2AliSisO1s) 1s magnesium and iron rich crystalizes in orthorhombic systems. It usually
occurs in contact or regional metamorphism of argillaceous rocks (Haldar & Tisljar, 2014). Cordierite was
identified from the wavelength mapping of 8.800 — 9.430 um peak B in Figure 3-5, having the deepest
feature at 9.27 pm. (Figure 3-6b). Other diagnostic features which are situated at 9.63 pm and 11.34 um
shifted to shorter and longer wavelength respectively when compared to library spectra. The shift of
wavelength position of the cordierite spectra indicates that it persists in mixtures with other minerals. The
offset observed on the features around 10 um (Figure 3-6b) are considered due to effect of applying heavy
filters on the image during pre-processing stage. However, the spatial distribution of cordierite in the
samples from wavelength mapping is not so significant as it was observed only in a few samples (e.g., sample
179779 and 179894 in Figure 3-3b) and it has never been reported in any of the previous studies in the study
area. The limited observation of cordierite makes its occurrence in the study area uncertain, and hence the
identified cordierite is probably a mixture of quartz with pyroxene.
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3.4.3. Pyroxenes

Pyroxene is a rock forming inosilicate mineral occurs in igneous and metamorphic rocks. Spectrally, two
endmembers of pyroxene; jadeite (Na(ALFe3")Si:Og) and enstatite (MgSiO3;) were identified from
wavelength mapping of 8.800 — 9.430 pum, peak B Figure 3-5. The wavelength position of the deepest
emissivity minimum of jadeite varies between 9.036 um and 9.18 um which is probably due to a mixture of
Al and Fe atoms. Other diagnostic features of jadeite are found at 9.93 um and are shifted to a longer
wavelength when compared to pure jadeite of the library spectra (Figure 3-6¢). The diagnostic feature of
enstatite ranges from 9.1284 um to 9.5048 um and additional diagnostic features are situated at 10.26 pm
and 11.34 um (Figure 3-6d). There is a slight shift in the wavelength position of the enstatite spectra features
which is probably due to mixtures. The presence of pyroxenes in the study area was reported in komatiites
rocks especially in Euro Basalts, Charteris Basalt and Sulphur Spring (Smithies et al., 2007).

3.44. Plagioclase feldspars

Plagioclase is the series of tectosilicate minerals within the feldspar group forming the major constituent
mineral in the Earth’s crust. It is an important mineral in petrology for the identifying composition, origin
and evolution of the igneous rocks. The series of plagioclase ranges from albite (NaAlSi;Os) to anorthite
(CaALSi4Og) endmembers, where sodium and calcium replace each other in the structure of the mineral,
and other endmembers such as oligoclase, andesine, etc., can be formed depending on the compositional
fraction of these two elements (Haldar & Tisljar, 2014). Spectrally, two plagioclase species were identified
from wavelength mapping (peak C&D in Figure 3-5). The deepest emissivity minimum of albite at 9.65 um
and that of oligoclase at 10.02 pm match with library spectra (Figure 3-6e&f). The spectral variation between
feldspars observed by the random shift of the wavelength positions of the emissivity minima, which is
caused by either noises or mixed spectra, makes it difficult to identify other feldspar endmembers.
Plagioclase was reported in the study area mainly in Mt Ada Basalt, Duffer Formation and Panorama
Formation (Smithies et al., 2007).

3.4.5. Amphiboles

Amphibole is a group of inosilicate minerals occurs in igneous or metamorphic rocks and form monoclinic
series of different types. Two common endmembers of amphibolite are hornblende and actinolite.
Hornblende (Ca,Na)>3(Mg,Fe,Al)s(ALS1)sO2(OH,F)2) is an important constituent of igneous and
amphibolite rock formed by metamorphism of basalt while actinolite (Cax(MgFe?")sSisO22(OH)y) is a
common constituent of greenschist (Haldar & Tisljar, 2014). Both hornblende and actinolite were spectrally
identified by wavelength mapping of an emissivity minimum of peak D (Figure 3-5). Hornblende has
diagnostic emissivity features at 10.07 um, 9.32 um, 8.72 um for first, second and third deepest features
respectively (Figure 3-6g), while actinolite is found to have features at 9.93 um, 9.65 um, 10.87 um for first,
second and third deepest features respectively (Figure 3-6h). During comparison of the image and library
spectra in LWIR, it was difficult to differentiate hornblende from the actinolite due to the inconsistency of
spectra libraries. For example, in USGS spectral library version 6a, the image spectrum which was identified
as actinolite from the wavelength position of the diagnostic features mentioned above, when it is compared
with library spectra made from #icoler 4024 identify the image spectrum as actinolite but when matched with
nicolet_3841 identify it as hornblende. The same image spectrum, when compared with JHU library identify
it as hornblende and with ASU library, actinolite. However, this study assigned the name of hornblende
whenever this kind of confusion happened. Samples of hornblende and actinolite identified in LWIR image
are the same as actinolite samples identified in SWIR images, but in SWIR it is difficult to differentiate the
two minerals (Figure 3-3b).

3.4.6. Epidote

Epidote in the LWIR range was identified from the wavelength mapping (peak E in Figure 3-5). It has the
deepest feature at 10.35 um and other diagnostic features at 11.3 pm and 9.32 um, with an additional subtle
feature at 11.6 um (Figure 3-6k). Epidote was also identified in the same samples it was identified in the
SWIR images (Figure 3-3b and 3-2). The variation of wavelength position of the diagnostic features for the
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samples that were identified as epidote indicate that epidote persists in the mixture with other minerals such
as quartz, plagioclase and pyroxenes.

3.4.7. Muscovite

Spectrally, muscovite was identified from the wavelength mapping of 9.44 — 9.75 um as represented by
histogram peak C of the wavelength minimum (Figure 3-5). Two diagnostic features of muscovite of almost
the same depth were observed at 9.693 um and 9.0813 um. The wavelength positions of these features are
slightly shifted to a longer wavelength when compared to the library spectra. The shift of wavelength
position may be due to a variation of potassium and aluminium in its chemical structure. As it was noted in
SWIR, to differentiate muscovite and illite in LWIR is also more challenge. However, the two minerals can
be differentiated by the wavelength position of their diagnostic emissivity feature. Muscovite has the deepest
feature at a shorter wavelength as compared to illite feature. When the two minerals persisted in the
mixtures, their depths vary proportionally (Figure 3-6m) and then become difficult to differentiate.

3.48. Chlorite

Chlorite was identified from the wavelength mapping by a feature of 9.44 — 9.75 um (peak C in Figure 3-5).
The diagnostic emissivity feature around 9.693 pm together with other two small features near 10.8692 pm
and 8.752 um were used for the identification of chlorite. The chlorite spectra from LWIR image were not
matching well with library spectra, which is probably due to the mixture with other minerals (Figure 3-6n).
The shift of wavelength position to the shorter wavelength may be due to the substitution of iron or
aluminium in the position of magnesium.

3.4.9. Pyrophyllite

Pyrophyllite was identified from the wavelength mapping range of 8.8 — 9.43 pum, as defined by peak B in
Figure 3-5. The deepest feature of pyrophyllite near 9.08 um vary with 8.752 um of the pure pyrophyllite
spectra from the library (Figure 3-6p). The depth variation of the spectral features of pyrophyllite is due to
a mixture of quartz and feldspar minerals. The small feature near 10.46 um was also used as a diagnostic
feature of pyrophyllite.

3.5.  Mineral identification using conventional methods

3.5.1. Identified minerals using XRD analysis

This study has identified a total of 17 different minerals from XRD measurements. These minerals which
include quartz, epidote, plagioclase (albite, oligoclase), amphiboles (actinolite, hornblende, katophorite),
pyroxenes (enstatite, jadeite, diopside), white mica (muscovite, illite), chlorite, pyrophyllite, prehnite,
cordierite and magnetite, were identified in 20 selected rock samples from 237 representing different rock
composition. As it was explained eatlier, Figure 3-7 below shows how minerals were identified based on
peak matching. The calculated semi abundances of minerals were observed to vary between the samples
depending on the rock type such as mafic/ultramafic, intermediate and felsic rock. In mafic/ultramafic
rocks the minerals like epidote, plagioclase and amphiboles were most abundant. For the intermediate rocks,
quartz and plagioclase were most abundant whereas felsic rocks were observed to have mostly abundant of
white mica and quartz. Table 3-4 below includes detailed XRD results and observations of each measured
sample.
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Figure 3-6: Image and library spectra compatison for mineral identification in LWIR range: a) Quartz b) Cordierite c)
Jadeite d) Enstatite ¢) Albite f) Oligoclase g) Hornblende h) Actinolite k) Epidote m) Muscovite n) Chlorite p)
Pyrophyllite.

3.5.2. Identified minerals in thin sections study

Minerals identified by optical microscope from all 13 thin sections include chlorite, quartz, muscovite,
pyroxenes, plagioclase, hornblende, k-feldspars and actinolite. A detailed description of each identified
mineral and the sample where a mineral was identified can be found in Table 3-3 below. However, most of
the samples are altered, which makes identification of minerals in thin section under a microscope more

difficult (Figure 3-8).

The interpretation of the quantified chemical composition from JEOL EDS method was made with the
help of an online open mineral database from Hudson Institute of Mineralogy (www.mindat.org), and the
following minerals were identified from all 5 thin sections selected for the JEOL EDS measurements: calcite,
chlorite, albite, quartz, k-feldspars, ilmenite, apatite, titanite, pyroxene, magnetite, epidote, hornblende,
olivine and barite (Figure 3-9, Table 3-3: Detailed thin section descriptions for the identified minerals under
the optical microscope. The chemical composition has been calculated norming all the oxides to 100 so that
it is not possible to determine any water occurring in the minerals.
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The minerals identified in optical microscopic and JEOL EDS were compared with that identified in SWIR.
The samples selected for thin section were not included in the LWIR sample scanning which is why the
comparison is only for SWIR. As can be seen in Table 3-3, all observed samples were intensively altered
which make it difficult to identify minerals under an optical microscope. In this case, JEOL EDS has been
useful in identifying minerals as it provides a percentage of the elemental compositions of the sample. The
challenge of the JEOL EDS method is in combining the measured elements in order to identify a mineral
(Figure 3-9). When there is more than one mineral sharing the same elements, it is difficult to decide. When
compared with SWIR, there was consistency in mineral identification except for silicate minerals like quartz,
plagioclase, pyroxene, etc. which have no response in SWIR. Chlorite and epidote were identified in both
JEOL EDS and SWIR but it was difficult to identify epidote using the optical microscope due to alteration

of minerals.

XRD mineral interpretation
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g
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Figure 3-7: Mineral identified from the peak of the XRD patterns: Qtz=Quartz, Chl=chlorite, Alb=Albite,
Olg=O0ligoclase, Act=Actinolite, Hbl=Hornblende, Antigor=Antigorite.

Figure 3-8: Observation of minerals under optical microscope: Chl=chlorite, Plg=plagioclase, Qtz=quartz,
Px=pyroxene
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Table 3-3: Detailed thin section descriptions for the identified minerals under the optical microscope

HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS

General Thin section interpretation
Mineral identified Mineral
Rock Observation under an optical identified
Sample .
Type microscope ) (SWIR)
MleOSCOpe JEOL EDS
The laths (phenoctysts) of probably
plagioclase due to twining are
mgdir;;teClto §tiongly tal}llt/etr;d .to Igagioclase Epidote
179704 | Andesite | Scricite? Clear intergrow ining | Pyroxene Mg Fe-
of pyroxene (clinopyroxene). Rarely | Chlorite .
: chlorite
patches of chlorite may be after | Quartz
plagioclase/pyroxene. Few grains
of individual disseminated quartz.
Euhedral = crystals of chlorite | Chlorite Epidote
) showing high relief. Moderately | Biotite Mg-Fe-
179708 | Dacit
actte altered biotite to chlorite. Rounded | Pyroxene chlorite
quartz, disseminated Quartz
Patches of disseminated chlorite.
i:]riorilgly 1ﬂzt{ltere;ii lat};s shi)wir;g o Fpidote
nin, e clinopyroxene? An orite
179711 | Dacite & hopyroxene Mg-chlorite
altered fine-grained matrix of | Pyroxene?
groundmass ~ containing  rock
fragments
Patches of chlorite dominated. | Chlorite Epidote
179715 | Basalt Euhedral crystals of quartz. Altered | Quartz Mg-chlorite
sheets/flakes of mica? Mica?
Large crystal (laths) of altered | Plagioclase
plagioclase to sericite? Showing | Chlorite Olivine
179716 | Dacite twining. Patches of chlorite. | Biotite Quartz Epidote
Pyroxene altered | Pyroxene Epidote
chlorite/carbonate? Quartz Albite
Altered .coarse—grained lithic Epidote
fragments in the groundmass of .
fine-grained matri Occasional Muscovite Me-Fe
179717 | Basalt cgrained At LCasion® | Chiorite chlotite
altered  flaky/sheets of mica , ,
) . Plagioclase Mg-chlorite
(Muscovite?). Intensively altered
laths of plagioclase
Malfic minerjalé .(pyrox.ene, Pyroxene?
hornblende, Olivine) intensively Hornblend
rnblen
179718 | Andesite | altered  to  chlorite  and | oo Epidote
. .| Chlorite
sericite/carbonate? In the fine grain .
Olivine?
groundmass
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General Thin section interpretation
Mineral identified Mineral
Rock Observation under an optical identified
Sample .
Type microscope ) (SWIR)
Microscope JEOL EDS
Patches of chlorite after
. plagioclase? Strongly al-tered Chlorite Epidote -
179720 Andesite | phenocrysts of mafic mineral oxen Mg-chlorite
oxene
showing twining (pyroxene?) in the 24
fine-grained matrix.
Abundant patches of chlorite.
Moderate altered twinned laths of
pyroxene. Rarely  disseminated | Chlorite Epidote Epidote
179722 | Andesite | crystals of mica (muscovite?) | Pyroxene Iron Mg-chlorite
showing basal cleavage. Intensively | Mica Quartz
altered minerals in the fine-grained Titanite
groundmass Chlorite
179724 | Rhyolite Strongly altered Phenocryst in the Hornl?lende Margatite?
fine-grained matrix groundmass. Chlorite
Titanite
. o . Calcite .
Altered coarse-grained lithic | Plagioclase Chlorit Fe-chlorite
orite
fragments in the groundmass of | Quartz Albit Mg-Fe
e
179725 | Basalt fine-grained matrix.  Intensively | Chlorite Quartz chlorite
a
altered laths of plagioclase to | Pyroxene o Epidote
. Barite
chlorite. .
Estatite
Hyperthene
Few grains of individual
disseminated  quartz.  Chlorite
Quartz
patches after pyroxene. Strongly Chlorite
179726 Rhyolite | altered phenocrysts in the fine- . Fe-ilmenite | Margarite?
. ; Muscovite .
grained matrix groundmass. Puroxene Apatite
Fragments of altered K-feldspar y Hornblende
(microcline?) K-feldspars
Chlori
Chlorite patches after pyroxene? | Chlorite? C 10;1te
alcite
179766 Basalt Actinolite altered showing needle- | Actinolite? Albit Mg-chlorite
e
lik P ?
¢ yroxene Hornblende
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Figure 3-9: Mineral identification using JEOL EDS System (sample/slide 179726). Top image: minerals in the slides
as observed by the instrument. Middle graphs: chemical composition of the measured slide at every location (spot) as
shown in the image above. Down: table containing concentration of the measured elements with the interpreted
minerals. Interpretation for the remaining 4 samples are found in Appendix 4 of this report.

29



HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS

3.6. Mineral classes

To obtain a mineral map, first, the decision trees of both SWIR and LWIR images were constructed based
on the minerals identified. For SWIR images, the decision tree constructed by Van Ruitenbecek et al. (2017)
was adopted in this study and edited to accommodate minerals with shifted absorption features due to
mixtures. Wavelength maps of 2100 — 2400nm having six bands of the 13, 2nd and 34 deepest absorption
features with their corresponding depth bands were used as input to the decision tree. The depth band of
the deepest absorption features was used once at the beginning of the decision tree to mask out the
background values of the samples while most of the minerals were classified using wavelength position of
the 15t and 2°d deepest absorption features. Wavelength position of the 3t deepest absorption features was
used only once to differentiate illite and muscovite from calcium-rich mica (margarite) which have the same
wavelength position of the 1st and 2 absorption features. Also, a wavelength range of the deepest
absorption features of 1530 — 1570 nm (epidote feature) was also used to differentiate epidote from chlorite.
The resulting image is a mineral map showing mineral classes with epidote and chlorite being dominant
minerals as they appear in many samples. Generally, all identified SWIR minerals were classified by the
decision tree, and those samples with a dark colour (unclassified) were the ones that contained either noisy
spectra or minerals that cannot be identified in SWIR range.

For the LWIR images, the approach of using wavelengths used in constructing a decision tree in SWIR was
also applied with the addition of the two wavelength positions: second and third features, created from the
band depths information. The depth bands ratio of 13t feature to that of the 27 feature found to be applicable
in differentiating chlorite, actinolite and oligoclase from other minerals. Similarly, the depths band ratio of
the 15t and 20d features and that of the 2nd and 34 features have also been used to differentiate chlorite further
from other minerals having overlapping features. However, one of the challenges observed during the
determination of mineral classes in LWIR using decision tree is that most of the spectra contained too many
features which do not relate to the diagnostic features of the mineral. These features caused difficulties in
defining the wavelength position of the particular mineral class. To solve this problem, the small features
were also incorporated during decision tree construction by using “AND” and “OR” Boolean operators.
The boolean expressions used to construct decision trees for both, SWIR and LWIR are found in Appendix
1 of this report.

The resulted classified image shows that quartz, plagioclase, amphibole and epidote are the most abundant
minerals as they appear in most of the samples. The unclassified areas in the samples may be due to the
samples containing non-detectable LWIR minerals, or due to over-filtering which may remove some spectral
information. The decision tree mineral class images of both, SWIR and LWIR, are found in Appendix 2 of
this report.

3.7.  Spectral mineral abundances

Mineral abundances were determined by creating a region of interest (ROI) from each classified sample.
The fraction of the pixels highlighted by each mineral in a particular sample was calculated from both SWIR
and LWIR classes. Table 3-4 below shows the percentage of the mineral coverage of the identified minerals
from SWIR, LWIR and XRD calculated from the 20 selected samples for comparison. The results show
there is a consistency in mineral identified from both the SWIR, LWIR and XRD but the methods differ in
mineral abundances. The variation in mineral abundances may depend on which mineral is more detectable
to which method even in small amounts. For example, chlorite is more detectable in SWIR than in the other
methods and can even be quantitatively be subdivided into three types namely: Mg-rich, Fe-rich and
intermediate (Mg-Fe rich) chlorite. Furthermore, the abundance of the pyrophyllite value in sample 179897
is higher in SWIR and LWIR but less in XRD. However, in XRD, this sample shows quartz as an abundant
mineral. Observations from the hand specimen show this sample is highly silicified and hence rich in quartz.
Therefore, the high amount of pyrophyllite as indicated by SWIR and LWIR implies that pyrophyllite is
detected more easily by these two methods than XRD, and vice-versa for the quartz. The abundances for
all rock samples in both SWIR and LWIR are found in Appendix 3 of this report.

30



1€

*ordures ST UT [€IOUTW JULUTWOP ST PUE Q1 MIMEISUL G 9SEPOISE[] 9 poyIsSseEPU() eseq | 86L9L1 G
AUX PUe YIAS UT 2[qe1039p AUty st (¢Yo1r wnpd[ed) e e g1 Mqry L M1 20 90w /[
g¢ uonoery £e[D) 1L z3renQ) € 2ITEIICN
‘aseporae[d pue sojoqrydury 01 paredwod e 91 PoyIsSSePU /T payIsepun) eseq | 89/9/1 ¥
st (TYX Ur ueys YIMNT Ul sosuodsor SS9 sey OUIXOILJ e L1 [oundy 20 BOUMQM ¢ BOGHQM
*(as€[20311()) 9seorderd 12 2pu [ 9PUS[qUIOL] 9 qQUOH /Uy
I paxiw st YIAVT UF eRoads 93joundy /opud[quiol] e S[qUIOYOISIUSEIN 17 9sepoIse|] Gt AWIOYD-SN
‘SoBEW YIAVT 9T 2mEISUE 19 20undy
PUE YIMS YIOq UI 2LUTWOP IPUI[qUIOY UDTF WNISIUSELIN e 0% QLY
11 dew 03 pasn wrigs'| punore arniedy vondiosqe 0 TUY2IJ 61 PayIssePUN 7 panIssepu NE | 9686L1 5
oyl Jo asnedaq sI YIAS Ul aopido jo oduepunge 9yJ, e 21 anSuayg 4 SN /(T 7'0 NIESIEP
-a3ruyaxd pue 210p1da Jo enoads paxTw pamoys ex1dads YIMS e g1 2ropidy 6 Moprdy 0 OSA /[T
*S[EIOUTW JUEPUNQE I1SOW I 93¢ 2se[D0I3e[d pue zireny) e 1T VIV 11 asepordelq ¢z sopidyg
Lg 7A¥enQ) LS z3enQ) CLAuyRid
UOREIYHUSPT 8 JH[OURY 69 PayIssePU[) 0T payissepuy Hesed | 0686L1 [4
[erourty  Ur  AOUDISISHOD  pomoys (TYX PUt WINT e 71 o ¢*0 2MOUNdY 2°0 WO 2.1-SIN
sooqrydure oydoeyorsougewr 1 2TF0TYD) 80 MMIO[YD-S
pue asepoided ‘zireng) JO 2IMIXIW € 03 P YIAT Ur 401 ~1139J-030N[, ] | opua[qUIOH 63 210pide
Jo peasur wrlg'g punose 2rmiedy 1sodoop oy sey oprdy e o1 ALY | amqry
"(TYX PU® YIA\T UT saduepunge L1 USIOZOBI g Zvnd)
£ou2181sU00 pamoys pue a[dwes 3 Ul paeuTWop ST 910pIdi] e oz 7Arenty 0z s10pids]
9 opidy
AT 61 adydossq 91 PayIsseu() pagissepun) | ouosy | L686LL | T
ur odeys enoads yefruns yooy exoads apAydoif pue zren) e 18 733ENnQ) ¢ 733ENnQ) 96 Aydorsq
“AIAT PUe YIMS Yroq 18 2qdydors g
ur A[1se9 pa10939p Inq uondesy [rews ur 1uasaid st AMAYdoIL] e
‘UX UF pa3oaiop
se o[dwes oUyl Ul [eIOUIW JULUIWOP ISOW O} SI Zizen() e
aQIX pue YIMNT YIMS sisA[eue QYX qIANT dINS adhy ‘ou | ON
UonNeAIdSqQ (v/,) sTexaurw endadg pagnuend) spoy | ddweg

sojdures 001 pa129[as ()z J03 (uonererdioiur pue uoneArsqo ‘vonedynuenb) sisi[eue eIOUTW [8122dg H-¢ S[qe],

SMO0YH JIHdHOWYLIN 3AVHO-MOT 40 HIMT ANV dIMS NI ONIOVINI TVHLIIdSHIdAH




143

“£7109ds 0 9MAOISTA] [ SUIXO0IAJ gouyard | ®epON | 9//9/.1 | OI
WIS UT paasasqo aruyaid pue 910prdo JoUrw (I IO e 6 2opidyg G oSty /2T $1 201D 2,18
8¢ zA3enQ) 11 dsepoidel] 0T 2¥0[YD-S Y
Ly 23qV I¢ zenQ) 1¢ 230prdy
puaxorid oq L 9¥I0IY) 9¢ payisseu[) €C payissepu[) Hesed | €GLILT 6
A[qeqord ued 231391pI0d 9F0FIY T, MIAVT JO eRoads paxiw 6 opidg ¢'0 MoIEIg ¢ MO 915N
S} UT 2IIFIPF0D puE duax0oiLd 21eNUIIIJIP O INOTJIP ST I] @ 11 anjounsy 7 nopidy 62 O[S
"aseporse[d pue ziyenb Jo soFmIXTW o1 978 YIA\T U e122dS e 1 zrend) 6 duax0ILg ¢ 2opidy
*ordwres o[oyA 92U UT 91BUTWOP 0] SWIIS PUL SIFNIXTW g1 2mAIPION) 0z SM[oundY
aoprdo pue AIO[Yd JO 230w oFe YIMS U endads oyJ, e I QLY ot sepodel
gIXT pue y1 SHsowreys) L1 payissepuny 61 Payissepu[) Hesed | $SLILT 8
VIS JIOq UT PIATISQO SEA 9310[ED 0} PIte[or wnnoads ON] e $1 298D 1 ovopidyg 18 IO,
MIAT Ut zaxenb pue YTA\S UT 91F0[YD) ¢/ 7arend) 1 9SIAT/(T
-9 ‘s[erourty JUBUIWOP om) smoys o[dwes oS[oym oUJ, e /8 7ATeny)
"(TYX PUE YIAVT UT 9[qE10919p 1S0W ST Z13eny) e
-ordwes STy Ul eFOUTW
JUBUTWIOP ST PUE YTA\S UT 9[q¥I09I9P ISOW ST TIOYD YOTI-9,] e
LT ™31V 81 PayIssepu[) 17 payissepu) | OARY | 1L86L1 L
1€ 7rend) 6 9SE[DOISE[ 1 9IreSIeN
‘0 OU SE JWES o TP MA0ISNIN] 0C ISNIAL /2MIT G AMuyRIJ
¢S BrenQ gL dsnw /T
"APAR2dSOT YIAT PUE YIS OF 2[q¥10910p S1 =39y 61 PaYISsePU[) ¢ pagrssepu) | AMOARY | 6686LI 9
JJ0W o7¢ Z3IEN() PUE EOIA 9T ‘POUISW YOTYM O I[qeI0NIP 17 ZA7end) 1 MOy 16 uonoesy Kep)
ST TEIOUTW UOIYM UO Spuadop $oouepunqe Ur 9dUIIJIP 9UJ, e /¢ vonovy Kep) 9 IPION)
‘soouepunqe 9u3 231dsop spoyrow [ woij (BTN 01 2SO /2N
2IYA) TA0ISNW /[ JO TORELITNUIPI oY) UI VONE[IIO)) e 07 dsepOoSeid
|¢ 7aren()
¥ 2HIOIUD
21y 03 pasedwod O 9ITAOISTIA] 91 payIssepu)
Se YIA\T UT 9[qedalop 1sow o3¢ aseporse(d pue zreny) e L1 z3renQ) 1 10pidy
QIX PUe YIMNT YIS stsAreue TUX HIAT dIMS ad&y ‘ou | ON
uoneArdsqQ (o/,) srexaurur enoadg pagnuend) spoy | ddweg

SMO0YH JIHdHOWYLIN 3AVHO-MOT 40 HIMT ANV dIMS NI ONIOVINI TVHLIIdSHIdAH




€€

230D pue 230pidd JO €3309ds POXIW PamOYs ATLWT YIS @ g aropidy ¥°0 SH[OURDY 11 20[YD-8IN Hesed | 11C08T | G
“mo[ £30A o3¢ Z37END ZF 9SePOSNO $ zaren() $ 21I0TY7) 9 -3
pue o[dwes SIy) UT [eFUTW JULUIWOP ISOW Y} ST ISE[DOISE[] e o NqIV 99 2seOIde[] LG 210prdy
“997) UOISIOOP 9} UT UONEDHISSE[D 9SNJUOD 11 21s3u 21 payrssepun 0€ payIssepPun weseq | 2S/9L1 | 41
fLew oouay ‘sogmiesy uondiosqe jo suomisod YISudRALM TISEYOIO[YI'SLIO 1 2opidy 2°0 2H[OUndY
owres o 2aey 03 eadde ;o Jo sadf) swos pue MoUNOY e ¢1 2pounoy g1 2MpoUNoY 9 mvopidiy
“ApAndadsar YIAVT PUt YIMS yroq ur L1 9ImeIsur] 69 9seoIse[] $9 AIOYD-S
enoads JueUTWOp 150w 9y} 9Fe dseporded pue sojoqydury e gz 95¥PO3O
0¢ =4IV
‘ordures ojoym ot pareurop YA\ JO ¥10ads auoxoif ] e g zarenQ) Ot POYISSEPU Of pagrssepun | ®EPON | 6F.9L1 | €I
“enoads YA\S UI PoUTEIqO SeM [DIeW POOS ON] e g syoyde [ 9SE[DOISE[ 1°0 2opidg
YOISoUSEWOoFON, 7 21Oy 2 MOoUNdY
91 230prdgy ¢ avopidg 8¢ O[S
$¢ 2IneISuH ¢ ouax0Ik]
$€ 95EOJO $¢ zaren()
va12ads 9 AIOMYH ¢ AHOIYD 06 poyissepu) | BEPON | 0FVL9LL | CI
ojoprdo paxTwi M oUOXOIAd 91BNULIOIIP 01 IMOTII(J e 71 7a3end) 7 Z3reny) 2°0 202,
"UTE3I0UN 2T¢ S[eIIUT ¢1 21mope( L 2opidyg 1 230[YD) 9,I-3IN
patexdrorur oyp oouoy Asjou 001 orE YIMNS UT ©R0dG e 91 aopidy ¢1 asepoider] 6 aopidy
HUYPURQY SToUO IR gz apisdoiq 61 Quaxorkq 0 2HO[D-SIN
SUTWITIOP 03 INOLFIP ST I DTOFOTIYT, "(TIX UT ¥STOA IDTA S IT L¢ anqry
oy aseporge[d Uyl YA T UT 9[qe10919P 2J0W ST JUIX0ILJ e
o[dwes S[oyMm oy} PAILUTWOP ST AIO[YD SMOYS Y[\ Te | 9 IIJOISIUTL 20 2vopidg 8G PayIsseu] | BPON | 0€L9LT | 11
‘ure3raoun st o[dwes sIyl Jo uoneIdrdINuT YIS Y3 11 91Oy ¢ Ar[oundYy 1°0 2o0pidg
20Uy {Astou 001 7€ ©1Id9ds oY puUE “FEp 003 ST ITBWT YIS @ GZ 2PUSIqUIOL] 01 dsepPoIde[q [ quIOy /URdy
LT 1-mosnuy 8% 3I0[Y) I 2O[YD-8I
1€ SH[OURdY
“SeaTI 23y 0S payrssepun
UBY) YIS UI 9[q¥109319p 2JOW ST YIIYM 9ITIO[YD JO 90udsaxd [ oprdy
oy 03 onp A[qeqord YT\S UT POHUIPT J0U 939M SEITJA] AT\ @ 1 oN[ounoy 62 PagIssepu
QIX PUe YIMNT YIS stsAreue TUX HIAT dIAS ad&y ‘ou | ON
uoneArdsqQ (o/,) srexaurur enoadg pagnuend) spoy | ddweg

SMO0YH JIHdHOWYLIN 3AVHO-MOT 40 HIMT ANV dIMS NI ONIOVINI TVHLIIdSHIdAH




Ve

‘10prdo UB (TYX UT 9[qEIdI9P 230W ST Z17en() e 6 IIIAPION) 1L payIssepu) $ payIssepun weseq | ¢€z86LT | 61
“YIA\T UT S[EIUTW 9[qI919P FIIO0 I3 JO 2duasaxd ¢ ameIsuy] [ 9[OUndYy 1 91IO[YD) 9-8N
op 01 anp st opido Jo ddUEpPUNQE IUY UT IDUIIJIP YT, e $1 SNOUnIY 7 AI2PION) g MIOYD-SIN
AIATPU HINS 61 dstozoun) ¢ asepoideld L8 2ropidyg
y1oq UT YSIY SPULISING IT St S[EIUTW JULUTWOP ST 20pidy e 12 210pide b OSTL /oM
$7 z3ren() G zaren()
g1 2opidyg
‘sorme9y surdde[roso o3 $1 oImeasuy €7 payIssepun $1 poygIssePuN weseq | 128641 | 81
onp J0 JUNOWE [[BWS € UT JU9so3d 9 Avw S[IOUNW JOUPO YT, e 7z 2opidi 1 o¥[oundy 0z 210pidy
SINsax (TYX Fod se apuo[quioy ut yowr sy o[duwres oy T, e 1€ SpUSIqUIOH 11 2opidy | 99 oY )-SIN
ordwres oy 1noysnoryy enoads ¢¢ Moundy G9 9PUDIqUIOH]
OpPURIqUIOY /OTNIE PIAOYS SaTewT YTA\'T PUL YIXS Jrog e
‘ayx vt €1 2HOIYD 0¢ payIssepPu 0€ PoYISSeU[) | SUPBWOD | LSGL6LL | LI
9[q¥Id9319p SS9 St Ing w?f.ddm 9yl uriuepunge oq Lews SHIOIYD) o {1 2I3eIsuy [ 2H[oundYy ¢l QGMOS\Gﬁuaﬂ
$nsax (TYX *od se opuoajquaoy ur yowr st opdwes oy T, 12 2M[OUNdY { 9sEPOIe[] LS WOYD)-SI
"SIMS9F (TYX PUe YIAVT UO soror uoneiardioiu] e €7 9PUSIqUIOH] ¥/ IO
“UTEIJOOUN OFE S[EJOUTW PIYISSED IR0 20Uy ‘opdures 62
913 INOYINOIY) PIAFasqo ©xdds 230D ‘OFewl YA\ UL e S[e.] -mosnuy
urEIFadUN
OFe S[EIOUTW PIFISSE[D [[€ 0TI YIS UT Yorew [£1309ds ON e
PreUrop sooqrydwe pue 1 BenQ Iy payIssepu) C6 PRHISSEPU) | 9HHBWOD | 6GL6LT | 91
ase[o013ed 23oUM SINSIT (TYX UO JOW SII[9F uone1ardinu] e 91 MOUNIY 7'0 QUIXOIL] 1 sropidyg
SInyER] [erou 91 1 2SN/ ¢ 20D 218
oy jo uopisod (IFUdPALA S} JUIWINP O} INIYIIP ST 2ISSUNSBYOIOYD ¢ a[ouUndYy G AWO[YD-SN
11 20u9f ajopido pue aseporsed zarenb Ajqeqord ‘sperourw ISSEI0 b oampIOn)
omy ueyy oo s dn paxrwr A1o7dwoo are e1oads YIMT e ’ T
B 61 PPUAqUIOH L aopidg
OJE S[BFOUTW PIYISSE[D [[B DU YIS UT ydiewr Ebu.o% ON 0¢ 2141V 12 25ePo1eld
€7 723N
C'0 OO L PIYISSEPU)
L 73enQ T'0 2oprdyg €0 SIOIUD-24
QIX PUe YIMNT YIS stsAreue TUX HIAT dIAS ad&y ‘ou | ON
uoneArdsqQ (o/,) srexaurur enoadg pagnuend) spoy | ddweg

SMO0YH JIHdHOWYLIN 3AVHO-MOT 40 HIMT ANV dIMS NI ONIOVINI TVHLIIdSHIdAH




Ge

"X Pue JIAT Aq pagissep G AIOIYH 8¢ PayIssePu[) L PayIssepu[) Hesed | 66L6LL | OC
se o[dwes oy UT [EIOUTW JULPUNQE ISOW Y} ST ISLOISE[] e 6 saroqryduwry ¢ aropidy 1 20 9-SN
‘o[dwres oy Inoysnoryy g1 ar0pidyg g1 2M[oundy 91 IO
PoATasqO YIMS Ul 2jopido pue 2IO[D JO IMIXIW Y e ¢¢ ANqLY 1y osepoideld | Sy 9, dopidyg
$€ 95EO3O
QIX PUe YIMNT YIS stsAreue TUX HIAT dIMS ad&y ‘ou | ON
UonEAIdSqQ (v,) sresdurws en03dg pagnuend) spoy | ddweg

SMO0YH JIHdHOWYLIN 3AVHO-MOT 40 HIMT ANV dIMS NI ONIOVINI TVHLIIdSHIdAH




HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS

4. DATA INTEGRATION AND DISCUSSION

This chapter discusses the results of the mineral identification methods presented in chapter three. The
similarities and differences of the mineral identification results, based on the type of method used, are
discussed in detail. Furthermore, the results from spectroscopy, XRD and thin section are integrated to
define metamorphic mineral assemblages. For the assessment of the dominant control of metamorphic
mineral assemblages, spectroscopic results are integrated with geochemical data of the same rock sample
provided by Smithies et al. (2007). The metamorphic facies ate then interpreted from the spectrally
determined metamorphic mineral assemblages and the assessed influence of metamorphic mineral
assemblages. The relationship between metamorphic grade and wavelength position of Mg-OH absorption
is also discussed. Finally, the results of this study are compared with the previous study by Abweny et al.
(2016). A total of 202 rock samples out of 237 processed in this research were found in the geochemical
database of Smithies et al. (2007). Among the 202 samples, 12 rock samples were reported by Abweny et al.
(2016) as the hydrothermally altered sample. These hydrothermally altered samples (assemblage P in
Appendix 3) were excluded from analysis in this study because they were not of the interest of the study.

41. Mineral identification methods

The previous study by Abweny et al. (2016) demonstrated the effectiveness of the use of an ASD
spectrometer in identifying metamorphic minerals from rocks of varying lithological composition. In this
study, minerals such as epidote, actinolite, hornblende, illite, muscovite, pyrophyllite and chlorite of varying
composition were identified. However, the ASD data acquisition technique (by using a point measurement)
made it difficult to accurately estimate mineral compositions in the rock sample. In this study hyperspectral
images of rock samples acquired from both SWIR and LWIR wavelength range were used to estimate the
composition and abundances of minerals present in the samples. For validation, an XRD and petrographic
study of thin sections were used.

The results from hyperspectral imaging techniques such as SWIR and LWIR show similarity in mineral
identified. Most of the minerals identified in SWIR could also be identified in LWIR except for two minerals,
margarite and prehnite which could not be identified in LWIR. Similarly, when compared with XRD and
thin section results, we found to have a correlation in mineral identification among the four methods.
However, the difference of the four methods namely; SWIR, LWIR, XRD and thin section was in the
number of minerals identified by each method per sample. As it has been shown in Table 3-4 above, the
number of minerals identified by LWIR is relatively higher than SWIR in all rock samples. This difference
can be explained by looking at the techniques used by the two methods on identifying minerals. The
identification of minerals by SWIR is due to vibration of the molecular bonds such as OH, Al-OH, Fe-OH,
Mg-OH and CO-, while LWIR is due to the stretching vibration of Si — O (reststrahlen bands) and the CO-
bond. The Si — O bond exists in a large number of minerals and hence could be a reason of why minerals
in SWIR range can also have a feature in LWIR range. The number of minerals identified by XRD is more
similar to that identified by LWIR. Although the samples used to make thin sections were not included in
LWIR samples scan, their identified minerals related more to that identified by LWIR and XRD.

In addition, this study has found that there is a difference in mineral abundances in each sample if compared
between the three methods: SWIR, LWIR and XRD (Table 3-4). The difference in mineral abundances
among the three methods is firstly, due to the difference in spatial resolution of SWIR (256 um) and LWIR
(400 pm) images, and secondly, depends on the ability of the method to detect a particular mineral. For
example, sample number 179890 in Table 3-4 shows epidote which can be more easily detected in SWIR
than in LWIR and XRD. Similatly, the data of sample number 176768 indicate that Mg-chlorite is more
detectable in SWIR, actinolite in LWIR and albite in XRD. Furthermore, the data of sample 179897 in Table
3-4 showed that the pyrophyllite mineral gives higher abundances in SWIR but lower abundances in LWIR
and XRD. From visual observation with hand lens, sample 179897 is described as strongly silicified fine
grained felsic rock, and that is the reason why LWIR and XRD gave a high abundance of quartz. Quartz
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has a very low response in SWIR range when compared to pyrophyllite. Therefore, determination of mineral
abundances in a rock sample depends on which mineral has a higher response to a particular method.

To extend the findings on the difference of mineral abundances, the number of crystal lattices of a mineral
was accounted for. A crystal lattice refers to the arrangement of atoms or group of atoms in the structure
of a mineral. The mineral abundance from the four methods mentioned in the previous paragraph is strongly
influenced by the crystal structure of a particular mineral. When compared with SWIR, XRD works well for
the minerals with high crystallinity. In sample 176740 in Table 3-4 for instance, chlorite abundance is higher
in SWIR than in XRD. This implies that chlorite in this sample is less crystalline. In petrographic study, one
of the criteria used to identify minerals under an optical microscope is by looking at the crystal form of the
minerals. Therefore, the influence of crystal lattice in XRD and thin section is higher than in SWIR and
LWIR.

The difference in the number of identified minerals and the mineral abundances may give information on
the strength and weakness of each method. As it was discussed above, both SWIR and LWIR are effective
on the fundamental vibration of the molecular bonds in a particular mineral but differ in the types of bonds.
SWIR was observed to be more effective on the minerals having a metal-OH bond in their molecular
structure such as chlorite, epidote, prehnite, etc., while LWIR is more effective on silicate minerals having a
Si — O bond such as albite, oligoclase, quartz and pyroxenes. In XRD it depends on the crystallinity of the
mineral, which is contrary to SWIR method which is not affected by the crystal structure of the minerals.
An optical microscope can be used to identify a wide range of minerals, but it is difficult to use in the case
of strongly altered minerals and amorphous minerals.

4.2.  Interpretation of metamorphic mineral assemblages

Metamorphic mineral assemblages of each sample were obtained from the calculated mineral abundances
of SWIR and LWIR by picking minerals with high percentage values. Mathematically, it was difficult to
combine SWIR and LWIR and calculate mineral abundances due to their different spatial resolution. The
combination was made relatively by comparing mineral abundances from SWIR and LWIR for each sample.
The abundant minerals in each sample were grouped to form an assemblage. The defined mineral
assemblages were further compared with results of XRD and petrographic study as well as visual observation
of each sample for validation.

From the integration of all these methods, 12 metamorphic mineral assemblages were defined from 190
classified rock samples (Table 4-1). Some rock samples are dominated by one type of mineral, hence were
assigned as the assemblage of that particular mineral. Assemblage E and F are good examples of the
assemblages containing only one type of mineral which is Mg-chlorite and epidote respectively. Plagioclase
(albite/oligoclase) and quartz are observed to occur in most of the samples. In places where a plus or minus
sign (%) was given, it implies the later mineral(s) was observed in small abundance. While the assemblage G
was assigned to samples abundant in plagioclase and quartz. Appendix 3 shows a combination of SWIR and
LWIR abundances and the defined metamorphic mineral assemblages for each rock sample.

Table 4-1: Quantified metamorphic mineral assemblages

Z
o
O
o
2
o

Measured metamorphic mineral assemblages (with number of samples in brackets)
Mg-chlorite, Hornblende (9)

Mg-chlorite, Epidote, Hornblende * Plagioclase (8)
Mg-chlorite, Actinolite * Hornblende, Plagioclase (23)
Mg-chlorite, Epidote, Actinolite = Plagioclase (26)
Mg-chlorite + Plagioclase, Quartz (7)

Epidote * Plagioclase, Quartz (18)

Plagioclase, Quartz (7)

Fe-chlorite & Plagioclase, Quartz, Mg-chlorite (23)
Mg-chlorite, Epidote & Plagioclase, Quartz (39)

Epidote, Mg-Fe chlorite + Plagioclase, Quartz (10)
Mg-chlorite, Epidote, Pyroxenes + Plagioclase, Quartz (12)
Prehnite, Epidote & Plagioclase, Quartz (8)
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4.3.  Assessing dominant control of metamorphic mineral assemblages

For the assessment of the dominant control of metamorphic mineral assemblages, geochemical data
produced by Smithies et al., (2007) was used to compare to the spectrally determined mineral assemblages.
The lithological composition of the volcanic rocks represented by the index of the major elements expressed
as oxides and spectral mineral abundances represented by the wavelength position of the Mg-OH absorption
of single ASD spectra were plotted on an XY scatter plot (Figure 4-1). The scatter plot was adopted from
the study of Abweny et al. (2016) who found that it is possible to discriminate metamorphic mineral
assemblages by relating the wavelength position against the lithological index. Abweny et al. (2016) found
that the wavelength positions of the main MgOH absorption features of the minerals measured by ASD
have relation to metamorphic mineral assemblages. He used MgOH absorptions because lithologically, the
rock samples from the study area are dominated by mafic composition with less intermediate and felsic
units. MgOH absorption feature present in all samples contrary to AIOH and FeOH absorption which
were found in a few samples. The quantified metamorphic mineral assemblages in Table 4-1 above were
plotted in the scatter plot (Figure 4-1), and the related assemblages were assigned the same colour. For
example, assemblage K, D and M were assigned one colour because Mg-chlorite and epidote intersect in all
three assemblages. Similarly, assemblage A, B and C because of the intersection of Mg-chlorite and
hornblende, while the remaining assemblages were given individual colours.

From Figure 4-1, as described below, that there are more variations in the mineral assemblages along the
wavelength position than along the lithological index. For example, assemblage A, B and C as coloured red
which is rich in hornblende dominate at a wavelength range of 2315 — 2330 nm represented by wavelength
region Al. The wavelength range A2 (2330 — 2345 nm) is dominated by the assemblages K, D, M (yellow)
and E, F (green), while the wavelength range A3 (2345 — 2360 nm) is mostly dominated by Fe—chlorite.
Assemblage L. comprising Mg-Fe chlorite (intermediate chlorite) and epidote is observed around the
wavelength range of 2340 — 2350 nm, which is in contact with Mg-chlorite in the wavelength region A2 and
Fe-chlorite in wavelength region A3. Assemblage N, mainly prehnite and epidote is between the wavelength
region A2 and A3, which is the same as assemblage L but restricted only in one area. Mg-chlorite and epidote
for assemblage E and F respectively dominated in wavelength region A2 with less in A1, and none in A3.
Although plagioclase and quartz in assemblage G appeatred in many samples and is distributed everywhere
within the plot area, assemblage G still shows to vary along Mg-OH absorptions as they are more in
wavelength region A2, and less in A1 and A3. Pyroxene, as assigned in assemblage M with Mg-chlorite and
epidote, observed to exist in two wavelength regions, Al and A2 but none in A3. The variation of mineral
assemblages along the wavelength position of the Mg-OH absorption feature is temperature and pressure
(P-T) dependant (and thus relates to the metamorphic grade). Variation of chlorite along the wavelength
position of the main Mg-OH absorption features from Mg-chlorite in wavelength region Al and A2 to Fe-
chlorite in wavelength region A3 indicates that the formation of chlorite is also P-T dependent.

Along the lithological index in Figure 4-1, there is no significant variation of the metamorphic mineral
assemblages. The little variation of the mineralogy along the lithological index depends on the chemistry of
the rock type (and thus related to the protolith). For example, prehnite (assemblage N) which is found only
in dacitic rock is due to the chemical composition of the dacite which is of intermediate composition, with
a high content of silica. On the other hand, minerals like chlorite and epidote are due to the mafic
composition of the rock such as magnesium and iron and hence are dominant mainly in mafic rocks.
Furthermore, the assemblage A, B and C occur only in basalt — komatiite rocks which are of mafic-ultramafic
composition. So, all this means that along the lithological index the mineral variation is due to the nature of
the precursor rock. However, this variation is not so significant because some mineral assemblages can occur
in a wide range of rock units, for example, assemblage K, F, L. and H in Figure 4-1 occurred in three different
rock unit namely; dacite, andesite and basalt/komatiite basalt, which cause difficult to assess vatiation of
mineral assemblages because there are no changes in mineral assemblages in these three rock units along
lithological index.

To further assess how metamorphic mineral assemblages vary with lithology types, a total alkali-silica (T'AS)
diagram was used to relate the measured spectral mineral assemblages to the proportions of combined alkalis
(Na,0O+K;0) and silica (SiOs) contents. The TAS diagram was found to be useful in classifying low grade
metamorphosed volcanic rocks because of the finely crystalized volcanic rocks which make it difficult to
classify them by their mineralogy. Another reason is, in low-grade metamorphism, element mobility is
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limited, therefore, the oxides of the major elements are used in classifying different rock units of the low-
grade metamorphic volcanics (Ghatak et al. 2012; Sabine et al. 1985). The results in Figure 4-2 below shows
the random distribution of the mineral assemblages with T'AS contents. The mineral assemblages plot on
the different lithological units based on the chemical composition of the rock similar to that of lithological
index versus Mg-OH absorption in Figure 4-1. The difference is, there are no apparent patterns of the
mineral assemblages in the TAS diagram.

In a comparison of the two figures (Figure 4-1 and Figure 4-2), it is seen that the mineral assemblages vary
with wavelength position of the main Mg-OH absorptions in Figure 4-1 rather than lithological types of the
precursor rock, while in Figure 4-2, the assemblages were plotted in the protolith of which they belong. The
variation of mineral assemblages along the spectral parameters is P-T dependence and along the lithological
index is depending on the chemistry of the precursor rock. Therefore, from these two figures, it can be
concluded that the metamorphic mineral assemblages are dominantly controlled by metamorphic grade.
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Figure 4-1: Scatter plot of samples showing the relationship between the lithological indexes the major elements
expressed as oxides and the quantified spectral mineral assemblages presented as wavelength position of the main Mg-
OH absorption features near 2335 nm measured by ASD. (Adopted from Abweny et al., 2016). Numbers at the end
of each assemblage indicate number of samples in particular assemblage. A1, A2 and A3 are the wavelenth ranges for
the major variation of the spectral mineral assemblages.

Ti02 + MgO + FeO + Ca0
Ti02 + MgO + FeO + Ca0 + K20 + Si02

Lithological index =
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Figure 4-2: Total Alkali-Silica (TAS) diagram of the rock samples showing the relationship of the metamorphic mineral
assemblages and different lithology.

4.4.  Spatial variation of metamorphic mineral assemblages

As it was stated earlier, metamorphism in the study area increases with depth in the greenstone stratigraphic
sequences and towards granitoid complexes. According to Van Kranendonk et al., (2002), the greenstone
stratigraphy is bounded by sheared intrusive contacts with granitic complexes and unconformably overlying
supercrustal rocks of the Fortescue Group and younger cover. Metamorphic grade of the greenstone rocks
is characterised by the lower amphibolite facies from granitoid complexes to greenschist facies and prehnite-
pumpellyite facies, to the very low metamorphic grade of the Fortescue Groups.

To verify the variation of the spectrally quantified mineral assemblages with metamorphic grade, each
interpreted assemblage was overlain on the geological map of the study area by using the geographical
location of the rock samples. The information such as geographical coordinates of the sample comes from,
the name of the metamorphic belt, rock unit and rock name as described by Smithies et al. (2007) were used
to compare the spectrally determined mineral assemblages spatially.

The results from Figure 4-3 below show there is a correlation between the spectrally determined mineral
assemblages and the existing metamorphic grades of the study area. The assemblages A, B and C plots close
to the contact with granitoid complexes, indicating lower amphibolite facies The three assemblages are rich
in hornblende and the lower amphibolite facies, according to Smithies et al. (2007), is characterised by
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hornblende. The rest of the assemblages (D to N) are observed to plot towards younger formation in which
metamorphic grade decreases. The East Strelley Belt containing the Coonterunah and Euro Basalt
Subgroups in Figure 4-4 have been zoomed in to illustrate the spatial variation of the spectral mineral
assemblages within the metamorphic grade of the study area. The East Strelley Belt represents other tectonic
units such as Marble Bar Belt, Mount Elsie Belt, Warralong Belt, Northwest Kelly Belt, McPhee Belt and
Kelly Belt within the study area.
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Figure 4-4: Zoomed geological map of East Strelley Belt showing variation of metamorphic mineral assemblages

4.5.  Interpreting metamorphic grades and facies from spectral mineral assemblages

According to Bucher & Graps, (2011), in mafic rocks of metabasalts, the characteristic mineral assemblages
of greenschist facies are plagioclase + chlorite + actinolite + epidote, and for amphibolite facies include
plagioclase + hornblende * biotite * epidote (Figure 4-5). The grade of metamorphism increases from low-
grade greenschist to intermediate grade amphibolite facies. Since most of the samples in this study are of
mafic composition, the interpretation of metamorphic facies was made by comparing the spectral mineral
assemblages defined above with the assemblages of Bucher & Graps, (2011).

Furthermore, we firstly, observed that spectral mineral assemblages vary with wavelength position of MgOH
absorption features. And secondly, we observed that the spectral mineral assemblages vary with P-T across
the stratigraphic sequence, from lower amphibolite facies associated with hornblende through greenschist
facies to very low P-T of prehnite-pumpellyite facies. From the combination of these two observations, the
relationship between the wavelength position of the MgOH absorption and the metamorphic facies was
established based on the mineral abundances. The abundances of mineral assemblages from both SWIR and
LWIR were plotted in the bar graph to quantitatively compare the mineral assemblages with the
metamorphic facies (Figure 4-06). It is observed that assemblage A, B and C in wavelength region Al relate
more to the lower amphibolite facies. Since it was difficult to differentiate actinolite and hornblende in
SWIR range as it was stated earlier, it is most probably that all actinolites in wavelength region Al are
hornblendes rich in magnesium. The XRD results for the samples selected from this region (e.g. sample
179823, 179757 and 176768) from the table above show hornblende as the dominant mineral. The presence
of hornblende as a dominant mineral in the assemblage of hornblende, Mg-chlorite, actinolite and
plagioclase place the wavelength region Al into the lower amphibolite facies or greenschist-amphibolite
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transition which is comparable to that of Bucher & Graps (2011). The lower amphibolite facies is formed
at relatively low to intermediate P-T (metamorphic grade).

The assemblage D, E, F, H and M in wavelength region A2 relate more to the greenschist facies. Although
assemblage G is observed almost everywhere but is dominating more in a region A2 of greenschist facies.
The assemblages in wavelength region A3 are not clear whether they belong to greenschist or prehnite-
pumpellyite facies. However, wavelength region A3 can be used to discriminate Fe-chlorite from Mg-
chlorite with intermediate chlorite (Mg-Fe chlorite) in between as transition zone. This chlorite variation
could be P-T dependence and hence there must be a P-T difference between wavelength region A2 and A3.

In addition, as mentioned earlier, Arkai & Sadek Ghabrial (1997) found that chlorite crystallinity can be used
to estimate the metamorphic grade of low temperature meta-igneous rocks. The Fe-Mg bearing mineral is
dominant in chlorite for most of the rock samples used in this research, similarly to the samples used by
Arkai & Sadek Ghabrial (1997). And, it is observed in Figure 4-1 that Fe-chlorite is in almost same
wavelength region (A3) as prehnite which formed in a very low temperature and hence is an indicator of
very low-grade. From this relationship of Fe-chlorite and prehnite to occur at same wavelength region, this
is evidence that Fe-chlorite is formed at a lower temperature when compared to Mg-chlorite. Therefore,
Figure 4-6 summarizes the relationship between metamorphic grades and the wavelength position of the
MgOH absorption.
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Figure 4-5: Metamorphism of mafic rocks (metabasalts) represented by ACF diagrams (after Bucher & Graps, 2011).
The spectral mineral assemblages A, B and C in wavelength region Al (red color) are comparable to that in triangle
5 which is lower amphibolite facies. Assemblages in triangle 3 ad 4 are comparable to spectral mineral assemblages
D, E, F, K and M in wavelength region A2 (green colour) which is related to greenschist facies. And, assemblages in
triangle 2 is comparable to spectral mineral assemblage N and most probably H in wavelength region A3 (purple
colour) which is related to prehnite-pumpellyite facies.
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Figure 4-6: Bar graphs of spectral mineral assemblages as per wavelength ranges (A1, A2 and A3) from combination
of SWIR and LWIR spectral mineral abundances.

4.6. Comparison of the spectral determined results with previous studies

As it has been stated eatlier, Abweny et al. (20106) studied the same rock samples using an ASD Fieldspec3
and concluded that the metamorphic mineral assemblages are dominantly influenced by metamorphic grade.
In his study, Abweny et al. (2016) used four dominant spectrally identified minerals namely actinolite,
epidote, hornblende and chlorite of varying composition (Mg-chlorite, Fe-chlorite and intermediate chlorite)
to conclude on metamorphic grade. On assessing the dominant control of metamorphic mineral
assemblages, Abweny et al. (2016) defined four zones of mineral assemblages based on the mineral he
identified. From high to low grade, he defined zone of (1) hornblende + Mg-chlorite, (2) intermediate
chlorite + actinolite + hornblende, (3) intermediate chlorite + epidote and (4) Fe-chlorite. He also defines
a subzone between zone 1 and 2 which he called the “transition zone”.

In this study, 12 mineral assemblages were defined from all 237 rock samples which were subsequently
grouped into three wavelength regions. The three wavelength regions summarize Abweny’s interpreted
zones, where wavelength region Al is equivalent to zone 1 in Abwey’s study, region A2 combines zone 2
and 3 while region A3 is same as zone 4 of Abweny et al. (2016). The difference in these two studies
regarding their results is in the number of identified mineral assemblages. In this study, results consist of 12
sets of spectral mineral assemblages in contrast to the 4 spectral mineral assemblages (zones) from Abweny
et al. (2016)’s study. This big difference is due to the method used by this study which is the combination
of SWIR and LWIR hyperspectral imaging,.
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The use of SWIR and LWIR hyperspectral images in this study has advantages over the ASD point
measurement method as used in the previous study by Abweny et al. (2016). The combination of SWIR and
LWIR has enhanced the detection of a large number of minerals as compared to ASD. The two wavelength
ranges of HI could be used to detect different types of minerals and make the number of identified minerals
per sample larger than the ASD measurements of the previous study which is restricted only to SWIR. The
minerals identified from SWIR when combined with LWIR provide better estimates of mineral composition
of the rock sample.

Besides, the SWIR and LWIR combination has enabled a better characterization of the endmembers when
compared to the ASD measurements. One of the uncertainties found in the study of Abweny et al. (2016)
is the interpretation of mixed spectra from a single point measurement. For example, in the previous study,
it was difficult to differentiate chlorite and actinolite. In this study, the minerals were well characterized
whereby thousands and hundreds of pixels from each surface of the sample in SWIR and LWIR respectively
were analysed and interpreted.

Furthermore, from an objective method of determining mineral classes, the decision tree, the abundances
of minerals were quantitatively estimated from both SWIR and LWIR mineral classes. In the previous study
by Abweny et al. (2016), the mineral abundances were calculated from the depth of the diagnostic absorption
feature of a mineral. This approach is difficult especially in mixed spectra were the coexisting minerals might
have the same spectral features. In this study, the mineral abundances were obtained from the pixel counts
of a particular mineral for each rock sample.

In addition, the analysis of SWIR and LWIR images can give the texture of the rock. Texture is important
in studying rocks and minerals as it shows the relationship of microstructure between the materials
(minerals) of which rock is composed. For example, crystalline texture (broadest textural classes) includes
phaneritic, foliated, etc. Texture is quantified from the distribution of the pixel count of a particular mineral
in the sample. The study about texture was not the part of this research, but most of the classified samples
showed different textures which is worth to study in future. No textural information was discussed from
the previous study.

Generally, there is a better reproducibility of the results when compared to the previous study by Abweny
et al. (2016). However, this study has indicated that there is a benefit of gaining new insights on studying
the metamorphic grade by using HI of SWIR and LWIR. Therefore, the results of this study provide
compelling evidence about the ability of SWIR and LWIR hyperspectral imaging on determining the
metamorphic grade and assessing the dominant control of metamorphic mineral assemblages.
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5. CONCLUSION AND RECOMMENDATION

5.1. Conclusion

This study has proven that the combination of short- and long-wave infrared hyperspectral imaging is a
useful method for determining the metamorphic grade and assess the dominant control of metamorphic
mineral assemblages when looking at low grade metamorphic volcanic rocks. Different rock samples of
varying composition from felsic to ultramafic rocks collected from several greenstone Belts of low grade
metamorphic volcanic rocks in East Pilbara, located on the Pilbara Craton, Western Australia were measured
using imaging spectrometers of both SWIR and LWIR.

The XRD and petrographic results were integrated with the spectroscopic results to validate the identified
minerals before defining mineral assemblages. A decision tree was successfully used to determine mineral
classes of each sample and mineral abundances were determined by counting pixels of each mineral class
from the created regions of interest of each sample. Combining the dominant mineral abundances from
both SWIR and LWIR datasets for each sample has provided additional information, and in this way, 12
sets of different mineral assemblages were determined.

To assess the dominant control of the metamorphic mineral assemblages, a scatter plot of the wavelength
position of the MgOH absorption feature near 2335 nm measured by ASD versus the lithological index of
oxides of the major elements of the rock samples as adopted from the study Abweny et al. (2016) of was
used to plot the measured spectral mineral assemblages of each sample. The results showed that there is a
variation of mineral assemblages along both directions; along the wavelength position of the main MgOH
absorptions and the lithological index. The variation of assemblages along spectral parameters is related to
change of the P — T condition (which determines the metamorphic grade) while the variation along the
lithological index is due to chemical composition of the precursor rock. We consider the variation of
assemblages along the spectral parameter to be the one that dominantly controls the metamorphic mineral
assemblages.

From the variation of mineral assemblages, metamorphic facies were interpreted, and the relationship
between spectral parameters and metamorphic grades were also established. To interpret metamorphic
facies the measured spectral mineral assemblages were compared with those of Bucher & Grapes (2011)
obtained from metabasalts. From the comparison, it was found that assemblages A, B and C relate more to
lower amphibolite facies; assemblages D, E, F, H and M relate more to greenschist facies; and assemblages
H and N related more to prehnite-pumpellyite facies. The wavelength ranges of each facies were determined
and observed to vary along the spectral parameter. Metamorphism decreases towards longer wavelength of
the main MgOH absorptions. Lower amphibolite facies dominate at the wavelength range of 2315 — 2330
nm, greenschist facies observed to dominate at the wavelength range of 2330 — 2345 nm greenschist facies
and prehnite-pumpellyite facies at 2345 — 2360 nm.

Compared to the previous study of Abweny et al. (2016), this study has produced new results that give new
insights in the study of metamorphic rocks. This study has also demonstrated the advantages of the method
used over the previous study, basically on mineral identification, mineral quantification and the ability to
separate the mixed spectra. Most notably, this is the first study to our knowledge to investigate the
effectiveness of the combination of imaging spectrometry in SWIR and LWIR on the determination of
metamorphic grades.

In summing up, the combined use of hyperspectral SWIR and LWIR image data for quantifying mineral
abundances has provided comprehensive information about metamorphic mineral assemblages of the rock
samples collected in the study area. Such information was then used to accurately assess the metamorphic
grades and to determine the dominant control of metamorphic mineral assemblages, which is important in
the classification of low grade metamorphosed volcanic rocks that represent different rock types. This study
is relevant for regional geological mapping and successful exploration of metamorphic mineral deposits
hosted in the greenstone belts. As a key result, this study has demonstrated a new approach of the use of
hyperspectral imaging by geologists and researchers working in tectonism and ore exploration of
metamorphic mineral deposits of Pilbara Craton, Western Australia and related terranes across the globe.
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Recommendations

The results obtained from this study lead to the following recommendations:

Integration of imaging spectrometry and major elements of lithogeochemistry are found to be
useful in determining different metamorphic grades in the low-grade metamorphic volcanic rocks
of the Pilbara Craton, Western Australia. It would be interesting to test a similar approach on rocks
of higher grades and other locations.

Further study on the formation of different chlorite compositions is recommended, especially of
Fe-chlorite and Mg-chlorite. The study should focus on whether there is temperature variation on
the formation of the two species (Fe&Mg) of chlorite.

During mineral identification, especially when comparing the spectra of the image with the library
using spectral analyst tool in ENVI software, the user is recommended to consistently use one form
of spectral profile display. The two choices are normal, and continuum removed spectral profile
display. When mixing these two, the spectral analyst tool may give different results, which can lead
to wrong interpretations. This study has consistently used continuum removed spectral display
during mineral identification.

The use of a decision tree in determining mineral classes works better in SWIR than in LWIR
datasets because of the lower noise levels in the SWIR data. The decision tree applies for data with
a high signal to noise ratio. For noisy data, the user must be careful to investigate that in the specified
wavelength range there are no features detected that are actually due to noise. The LWIR data of
this study contained high levels of noise, and hence it was difficult to set decision tree expressions
for determining mineral classes. Therefore, a further study on the applicability of a decision tree in
noisy data is recommended.

When XRD is used together with SWIR & LWIR imaging spectrometry on the same datasets, the
term data integration is recommended to be used rather than validation. This is because the
techniques used by all three methods, XRD, SWIR and LWIR in mineral identification are almost
the same. However, the general knowledge of the samples being analysed is highly recommended.

XRD should not be seen as a validation method when is used along with SWIR and LWIR on the
same datasets. This is because each method detects particular types of minerals depending on the
technique of the method such as, metal — OH, Si — O and two theta diffraction angle of the mineral
for SWIR, LWIR and XRD respectively.
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HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS

Decision tree expresions for LWIR:

b2_t1: b2 GT 0.045

b1_tl: b1 GT 9900

b1_t2: (b1 GT 8100) AND (b1 LT 8350)) OR ((b1 GT 9100) AND (b1 LT 9400)) OR
(b1 GT 9000) AND (b1 LT 9900))

b1_t3: b1 GT 10500

b1_t5: (b1 GT 9830) AND (b1 LT 10500)) OR ((b1 GT 9100) AND (b1 LT 9600))

bi_b3_b5_t3: (b1 GT 9500) AND (b1 LT 9740)) OR ((b1 GT 8200) AND (b1 LT 8500)) OR
(b1 GT 9050) AND (b1 LT 9350))) AND (((b3 GT 9550) AND (b3 LT 9740)) OR ((b3 GT 8200)
AND (b3 LT 8500)) OR ((b3 GT 9100) AND (b3 LT 9300)) OR ((b3 GT 9780) AND (b3 LT
10000))) AND (((b5 GT 9100) AND (b5 LT 9300)) OR ((b5 GT 9800) AND (b5 LT 10100)) OR
(b5 GT 8200) AND (b5 LT 8500)) OR ((b5 GT 8650) AND (b5 LT 8940)))

b3_tl1: (b3 GT 8100) AND (b3 LT 8350)) OR ((b3 GT 9100) AND (b3 LT 9400))

b3_t2: (b3 GT 8600) AND (b3 LT 8850)

b3_t3: (b3 GT 9550) AND (b3 LT 9700)) OR ((b3 GT 9050) AND (b3 LT 9250)) OR
(b3 GT 9800) AND (b3 LT 10600))

b2_b4_tl: (b2 GT 0.12) AND (b4 GT 0.10)

b3_t4: (b3 GT 9100) AND (b3 LT 9600) OR ((b3 GT 9830) AND (b3 LT 10500))

b5_t4: (b5 GT 8650) AND (b5 LT 8940)) OR ((b5 GT 9100) AND (b5 LT 9600))

b2_t4: b7 GT 1.3

b2_t5: (b2 GT 0.08) AND (b2 LT 0.17)

b2_t6: (b2 GT 0.05) AND (b2 LT 0.08)

b1_b3_b5_t7: (b1 GT 9900) AND (b1 LT 10400)) AND ((b3 GT 9100) AND (b3 LT 9450)) AND
(b5 GT 8650) AND (b5 LT 8940))

b3_b5_t1: (b3 GT 9500) AND (b3 LT 10200)) AND ((b5 GT 8100) AND (b5 LT 8980))

b7_tl: b7 LT 1.25

b7_t2: b7 GT 1.6

b5_t1: b5 GT 11100

b5_t2: (b5 GT 8200) AND (b5 LT 9700)

b1_b3_b5_t4: (b1 GT 9500) AND (b1 LT 9740)) OR ((b1 GT 8200) AND (b1 LT 8500)) OR
(b1 GT 9050) AND (b1 LT 9350))) AND (((b3 GT 9550) AND (b3 LT 9740)) OR ((b3 GT 8200)
AND (b3 LT 8500)) OR ((b3 GT 9100) AND (b3 LT 9300)) OR ((b3 GT 9780) AND (b3 LT
10000))) AND (((b5 GT 9100) AND (b5 LT 9300)) OR ((b5 GT 9800) AND (b5 LT 10100)) OR
(b5 GT 8200) AND (b5 LT 8500)) OR ((b5 GT 8650) AND (b5 LT 8940)))

b1_b3_b5_t6: (b1 GT 8750) AND (b1 LT 9500)) OR ((b1 GT 7950) AND (b1 LT 8550))) AND
(b3 GT 8750) AND (b3 LT 9500)) OR ((b3 GT 7950) AND (b3 LT 8550)) OR ((b3 GT 9780)
AND (b3 LT 10500))) AND (((b5 GT 9780) AND (b5 LT 10500)) OR ((b5 GT 8750) AND (b5
LT 9500)) OR ((b5 GT 7950) AND (b5 LT 8550))) AND (b2 GT 0.05) AND (b4 GT 0.05) AND
(b6 GT 0.03)

b5_t3: (b5 GT 9900) AND (b5 LT 10200)

b6_t3: b6 GT 0.07

b6_t1: b6 GT 0.2

b6_t2: (b6 GT 0.125) AND (b6 LT 0.2)

b7_t4: b7 GT 1.5

b5_t4: (b5 GT 9750) AND (b5 LT 9950)) OR ((b5 GT 9500) AND (b5 LT 9700))

b2_b4_b6: (b2 GT 0.08) AND (b4 GT 0.07) AND (b6 GT 0.06)) AND ((b1 GT 8900) AND
(b1 LT 9400))
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b5_t5: (b5 GT 10200) AND (b5 LT 10600)) OR ((b5 GT 9000) AND ( b5 LT 9300))

b2_b4_t2: (b2 GT 0.2) AND (b4 GT 0.18)

b1_b3_b5_t5: (b1 GT 9450) AND (b1 LT 9750)) AND ((b3 GT 9750) AND
(b3 LT 10000)) AND ((b5 GT 9100) AND (b5 LT 9450))

b1_b3_b5_t7: (b1 GT 9000) AND (b1 LT 9400)) AND ((b3 GT 9900) AND (b3 LT 10500)) AND
(b5 GT 9900) AND (b5 LT 10500)) OR ((b5 GT 8000) AND (b5 LT 8650))))

b7_t5: b7 GT 1.5

b8_tl: b8 LT 0.4

b1_b3_b5_t2: (b1 GT 9500) AND (b1 LT 9740)) OR ((b1 GT 8200) AND (b1 LT 8500)) OR
(b1 GT 9050) AND (b1 LT 9350))) AND (((b3 GT 9550) AND (b3 LT 9740)) OR ((b3 GT 8200)
AND (b3 LT 8500)) OR ((b3 GT 9100) AND (b3 LT 9300)) OR ((b3 GT 9780) AND (b3 LT
10000))) AND (((b5 GT 9100) AND (b5 LT 9300)) OR ((b5 GT 9800) AND (b5 LT 10100)) OR
(b5 GT 8200) AND (b5 LT 8500)) OR ((b5 GT 8650) AND (b5 LT 8940)))

b7_t6: b7 GT 1.5

b1_b3_b5_tl: (b1 GT 9500) AND (b1 LT 9740)) OR ((b1 GT 8200) AND (b1 LT 8500)) OR
(b1 GT 9050) AND (b1 LT 9350))) AND (((b3 GT 9550) AND (b3 LT 9740)) OR ((b3 GT 8200)
AND (b3 LT 8500)) OR ((b3 GT 9100) AND (b3 LT 9300)) OR ((b3 GT 9780) AND (b3 LT
10000))) AND (((b5 GT 9100) AND (b5 LT 9300)) OR ((b5 GT 9800) AND (b5 LT 10100)) OR
(b5 GT 8200) AND (b5 LT 8500)) OR ((b5 GT 8650) AND (b5 LT 8940)))

b1_b3_b5_t3: (b1 GT 9150) AND (b1 LT 9350)) AND ((b3 GT 8850) AND (b3 LT 9150)) AND
(b5 GT 8200) AND (b5 LT 8600))

b1_b3_b5_t4: (b1 GT 9150) AND (b1 LT 9350)) AND ((b3 GT 8300) AND (b3 LT 8600)) AND
(b5 GT 10000) AND (b5 LT 12000))

b1_b3_b5_t6: (b1 GT 9100) AND (b1 LT 9400)) AND ((b3 GT 9550) AND (b3 LT 9900)) AND
(b5 GT 8000) AND (b5 LT 8400)) OR ((b5 GT 9550) AND (b5 LT 9690))))
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HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS

Appendix 4: Thin section interpretation using JEOL EDS System
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HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS

Sample 179766...continue
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002 9.64 48.65 6.29 4.02 19.71 9.28 2.42 Hornblende
003 5.63 0.00 8.75 23.85 61.78 Albite
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Sample 179722

HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS
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HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS

Sample 179722...continue
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HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS

Sample 179725
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005 54.52 45.48 Quartz




HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS

Sample 179725...continue
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Sample 179716

HYPERSPECTRAL IMAGING IN SWIR AND LWIR OF LOW-GRADE METAMORPHIC ROCKS
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