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Summary
The aim of this research was to gain new insights in fossil hydrothermal systems
using airborne imaging spectroscopy. Fossil submarine hydrothermal systems in
Archean greenstone belts and other geologic terranes are important because of
their relationship with volcanic massive sulfide (VMS) mineral deposits and their
association with environments that are favorable for early forms of life. Interpretation and reconstruction of these systems is difficult because of their geologic
complexity. Airborne imaging spectroscopy provides information about the presence, abundance, and composition of near-infrared active minerals at continues
spatial coverage and high spatial resolution, and could therefore be used to obtain new geologic information of the hydrothermal systems. It was applied to the
Panorama VMS-district in the Soanesville greenstone belt, Western Australia.
Results from the analyses of 189 hand specimen showed that the wavelength position of the main absorption feature of white micas, a proxy for their Al content,
varied between 2195 nm and 2225 nm. These wavelength variations and the relative
abundance of white micas were used to reconstruct fossil fluid pathways from lowtemperature recharge to high-temperature discharge zones. Results also showed
that the absorption-wavelength variations of white micas could be mapped from
airborne imaging spectroscopy using a stochastic method where the presence of
white mica minerals and their absorption wavelengths in field measurements were
predicted from band ratios. Analysis of the spatial patterns in segmented images, covering 52 km2 , of white mica probability and their absorption wavelengths
and their comparison with field data resulted in the identification of a regionalscale K alteration event, previously unmapped fluid pathways, and differences in
hydrothermal regime between the northern and southern parts of the test area.
A new methodology for the study of hydrothermal processes in the rock record
using airborne imaging spectroscopy was synthesized. This methodology involves
three steps: (1) creation of maps of surface mineralogy from airborne data, (2)
determination of the geologic significance of the near-infrared detectable mineralogy, and (3) evaluation of spectral patterns present in the airborne imagery. The
research showed that airborne imaging spectroscopy is a research tool that can be
used for discovering new information about fossil hydrothermal processes.
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Samenvatting
Het doel van dit onderzoek was om met behulp van vanuit een vliegtuig opgenomen
spectroscopische beelden nieuwe inzichten te verkrijgen in fossiele hydrothermale
systemen. Fossiele hydrothermale systemen in Archeı̈sche greenstone belts en
andere geologische gebieden zijn belangrijk vanwege hun relatie met vulkanische massieve sulfidische (VMS) mineralisaties en milieus die gunstig zijn voor
het voorkomen van vroege levensvormen. De interpretatie en reconstructie van
deze systemen is echter moeilijk door hun geologische complexiteit. Beeldvormende spectroscopie verschaft gegevens over de verspreiding en de samenstelling
van mineralen die in het infrarood te detecteren zijn onder een continue ruimtelijke
bedekking en een hoge ruimtelijke resolutie. Die kunnen gebruikt worden om
nieuwe inzichten te verkrijgen in de hydrothermale systemen zelf. Deze methode
was toegepast in het Panorama VMS-district in de Soanesville greenstone belt,
Western Australia.
Resultaten van de spectrale analyse van 189 handstukken laat zien dat de golflengtepositie van de belangrijkste absorptiekarakteristiek van witte mica’s, die een
benadering is van hun Al concentratie, varieert tussen 2195 nm en 2225 nm. Deze
golflengtevariatie en de relatieve hoeveelheid van witte mica’s zijn samen gebruikt
voor de reconstructie van fossiele vloeistofmigratiepaden die het pad aangeven van
zones waar relatief koel zeewater infiltreert in de zeebodem en migreert naar zones
waar vloeistoffen onder hoge temperatuur uitgestoten worden. De resultaten lieten
verder zien dat de absorptiegolflengtevariaties van witte mica’s gekarteerd konden
worden met vanuit de lucht opgenomen spectroscopische beelden. Hierbij werden
het voorkomen van witte mica’s en hun absorptiegolflengte, die bepaald waren aan
handstukken, voorspeld met behulp van bandratio’s. De analyse van ruimtelijke
patronen in gesegmenteerde beelden van witte mica’s en hun absorptie golflengte
en de vergelijking met veldgegevens, in een gebied van 52 km2 , resulteerde in
de identificatie van een regionale K omzettingsgebeurtenis, voorheen niet gekarteerde vloeistofmigratiepaden en verschillen in hydrothermale condities tussen het
noordelijke en zuidelijke deel van het testgebied.
Een nieuwe methodologie voor de bestudering van hydrothermale processen in gesteente met behulp van beeldvormende spectroscopie was ontwikkeld. Deze methodologie ombevat drie stappen: (1) het creëren van kaarten van de oppervlaktemineralogie met vanuit de lucht opgenomen spectroscopische beelden, (2) de bepaling
ix
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van de geologische betekenis van de in het infrarood gedetecteerde mineralogie en
(3) de evaluatie van de spectrale patronen in de bewerkte beelden. Het onderzoek
laat zien dat beeldvormende spectroscopie een volwaardig onderzoeksinstrument
is dat gebruikt kan worden voor het verkrijgen van nieuwe gegevens over fossiele
hydrothermale processen.
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Chapter 1

Introduction
1.1

Problem definition

Fossil submarine hydrothermal systems in Archean greenstone belts and
other geologic terranes have been studied extensively because of their relationship with hydrothermal volcanic massive sulfide deposits (e.g. Barrie
et al., 1999, Eastoe et al., 1987, Galley, 1993, Large, 1977, Riverin and
Hodgson, 1980) and their association with environments that are favorable
for early forms of life (Baross and Hoffman, 1986, Van Kranendonk, 2006).
These deposits and favorable environments often occurred near hydrothermal fluid discharge zones and can nowadays be traced by reconstruction of
the hydrothermal system and their fluid pathways. However, interpretation and reconstruction of these fossil systems is difficult. The distribution
of minerals and geochemical patterns in these regional-scale fossil systems
are often complex since they result from multiple hydrothermal alteration
events, varying hydrothermal fluid compositions derived from seawater or
magmatic fluid end members, changing temperature conditions, and different host rock permeability resulting from syn-volcanic fracturing and
sealing by hydrothermal minerals (e.g. Gifkins et al., 2005, Large et al.,
2001b, Sharpe and Gemmell, 2001, Stix et al., 2003). Later deformation
and metamorphic overprint further complicate the geologic interpretation
of these systems.
Enhanced understanding has come from studies of the well-exposed fossil
1
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hydrothermal systems in the Panorama area in the Pilbara craton (Brauhart et al., 1998, 2001, Huston et al., 2001, Schardt et al., 2001, Vearncombe
et al., 1998). Detailed field-mapping and analysis of rock samples allowed
characterization of alteration facies and their general spatial distribution,
definition of high-temperature fluid pathways, and determination of the relationship between alteration zones in a volcanic greenstone sequence and
those in the underlying granitic intrusion.
Amongst the minerals often formed as a result of hydrothermal processes
are white mica minerals, such as illite, muscovite, and phengite (Bailey,
1984, Fleet, 2003). The presence of hydroxyl molecules in these minerals
means that they can be successfully mapped with reflectance spectroscopy.
Spectrally they are relatively bright and contain distinct and sharp absorption features that make them easy to detect with spectrometers (Clark,
1999). The chemical composition of these minerals is sensitive to physicochemical parameters and these in turn influence their reflectance properties (Clark, 1999, Duke, 1994), such that reflectance properties can help
in reconstructing the environment in which the minerals were formed. Finally, white micas are relatively stable in the weathering environment which
makes them useable in weathered terrains for mapping their distribution in
the underlying unweathered rock. Some of the absorption features of white
micas are positioned in atmospheric windows which make them detectable
through the atmosphere by airborne sensors.
Airborne imaging spectroscopy, or airborne hyperspectral remote sensing,
has been used to study reflectance properties of surface materials and to reconstruct, from these, surface mineralogy. It has been used to make maps
of minerals that are spatially associated with mineralization, acid mine
drainage, and certain lithologic units (e.g. Bierwirth et al., 2002, Dwyer
et al., 1995, Kruse, 1988, Swayze et al., 2000, Van der Meer and de Jong,
2001). Mineral maps are typically the end products of airborne imaging
spectroscopy studies. However, mineral maps can also be converted into
quantified environmental variables, such as pH-estimates related to acid
mine drainage (Ong et al., 2003). Analysis of the spatial distribution of
minerals in mineral maps may provide new information of geologic processes (Brown et al., 2006).
The aim here is to increase the understanding of complex Archean hydrothermal systems and processes by studying the spatial distribution of
white mica minerals using reflectance and airborne imaging spectroscopy.
2
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Results should improve out ability to trace fluid pathways and detect hydrothermal discharge zones.

1.2

Objectives

The general objective of the study presented in this thesis is to determine
whether the use of field and imaging spectroscopy, together with other
geologic data, can increase the understanding of hydrothermal processes.
And if so, to develop a methodology to accomplish this.
The research strives at meeting the general objective by studying the effects
of hydrothermal alteration on volcanic rocks in the Panorama VMS district
in Western Australia. Objectives specific to this study area are:
1. to determine what geologic factors control the distribution of the various white mica minerals;
2. to determine what new information about hydrothermal processes can
be obtained;
3. to determine if variations in absorption wavelength of white micas in
unweathered rock are detectable using airborne imaging spectroscopy,
and if so,
4. to determine whether the spatially continuous view of the airborne
data provides new information about the hydrothermal processes.

1.3

Method

The approach devised for this research is shown in Fig. 1.1. It involves four
steps which are subsequently brought together to yield new information
about hydrothermal processes. The method requires a suitable test (study)
area with adequate background information, appropriate data sets, and
access for sampling.
The Panorama VMS-district in the Soansville greenstone belt was chosen
as test area of the research presented in this thesis (Fig. 1.2) because of
3
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Figure 1.1: Flow chart of research methodology presented in this thesis.

the good exposure of the fossil hydrothermal systems and the high level
of understanding of the hydrothermal systems obtained with conventional
field-based geological methods. The geology of the area is described in
Section 1.4.

1.3.1

Finding spectral indices for hydrothermal processes
by study of rock samples

Unweathered rock sample data from the test area were obtained with fieldand laboratory methods and used to determine near-infrared detectable
4
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mineralogy in the unweathered volcanic rock, the variation in the wavelength position of the 2200 nm absorption feature of white micas, and the
relationship between spectral parameters with the other, more conventional
types of rock analysis, such as whole rock geochemistry, oxygen isotope ratios, petrography, and microprobe analyses. These variables were studied
in detail and their variations were interpreted in terms of hydrothermal
processes. Results provided information on white mica minerals and their
absorption wavelength variations in unweathered rock related to hydrothermal alteration, which could potentially be mapped with airborne methods.

1.3.2

Mapping spectral indices from airborne imaging spectroscopy

The spectral indices of white micas and their absorption wavelength were
mapped with airborne imaging spectroscopy. A stochastic method was used
to estimate the presence of white micas and their absorption wavelength in
unweathered rock samples from multiple hyperspectral band ratios. Estimation was based on regression analyses of the airborne band ratios with
the spectral analytical results in the rock samples at spatially coincident
positions. The radiance imagery was used instead of the atmospherically
corrected surface reflectance imagery in order to rule out the influence of errors introduced by atmospheric correction procedures. Imagery of the white
mica probability and white mica absorption wavelength were produced.

1.3.3

Segmentation and classification of spectral indices images

Imagery of the white mica probability and white mica absorption wavelength were segmented into several classes, each representing a specific
combination of white mica probability and absorption wavelength. The
segmentation was carried out by the detection of boundary zones between
relatively homogenous areas and subsequent manual tracing of these zones
then polygonizing into one final segmented image. Detection of boundary
zones was carried out by template matching, which is spatial classification
method where a miniature image of the boundary zone is matched to the
actual image at various rotation angles. Segmentation was applied in order
to reduce noise-pixels in the classified image and to facilitate comparison
5
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with ground attributes.

1.3.4

Integrated interpretation of segmented imagery and
field data

The segmented and classified airborne imagery was compared with the detailed geologic and alteration map of Brauhart (1999) and with the rock
sample attributes. From this, the relationship between airborne imagery
and previously mapped alteration was determined and differences between
the (airborne) spectral and (field-based) non-spectral views were explained
using detailed study of alteration indices from whole rock geochemistry,
near-infrared mineralogy, petrography, and geologic maps. The results were
interpreted in terms of differences in physico-chemical conditions during
hydrothermal alteration in various parts of the hydrothermal system. New
information on factors controlling the style of the alteration processes could
then be extracted from the spatial patterns of the various spectral alteration
groups and their spatial configuration.
The overall results are synthesized in chapter 6 and a new integrated
methodology for the use of airborne imaging spectroscopy for the study
of geologic processes is presented.

1.4
1.4.1

Test area
Geologic setting

The Panorama area (Fig. 1.2) is located in the Soanesville Greenstone belt
in the East Pilbara Terrane in Western Australia (Van Kranendonk et al.,
2002). The volcanic sequence that was studied belongs to the Kangaroo
Caves Formation of the ca. 3255-3235 Ma Sulphur Springs Group, and
consists mainly of andesite-basalt, andesite, dacite, and rhyolite, which
are conformably overlain by silicified sedimentary rocks (chert), a local
polymict mega-breccia, interpreted by Glikson (2006) as asteroid-impact
ejecta, and banded iron formation (Van Kranendonk, 2000). The volcanic
sequence overlies and was intruded by the ca. 3240 Ma (Buick et al., 2002)
co-magmatic Strelley Granite (Van Kranendonk et al., 2006) which belongs
6
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to the Cleland Supersuite granitic rocks that outcrop across the East Pilbara Terrane. The Strelley Granite, a biotite-hornblende monzogranite,
contains a coarse-grained, equigranular outer phase that gradually changes
into a granophyre in contact with the overlying volcanic strata and a porphyritic inner phase that intruded the outer phase (Brauhart et al., 1998).
The Kangaroo Caves Formation is disconformably overlain by sedimentary
rocks of the recently defined Soansville Group (Van Kranendonk et al.,
2006). Stratigraphic relationships suggest that onset of deposition directly
followed the Sulphur Springs Group. Shales of the Cardinal Formation and
coarse-grained siliciclasitc rocks, predominantly sandstone, of the Corboy
Formation lie disconformably on the Sulphur Springs Group as an onlap
sequence. The sandstones are conformably overlainy shales of the Paddy
Market Formation. The various lithologies in the area were intersected by
later ultramafic-mafic sills that were assigned by Van Kranendonk (2000) to
the ca. 3200 Ma Dalton Suite. The volcanic rocks underlain by the Strelley
Granite and overlain by sedimentary rock were tilted by later deformation
phases and are currently outcropping as an almost continuous crosssection
through the Archean crust. This sequence, informally known as Strelley
Sequence, is almost undeformed and weakly metamorphosed to prehnitepumpellyite to lower greenschist facies (Brauhart et al., 1998). A regional
tectonic event at ca. 2940 Ma (Van Kranendonk et al., 2002), related to the
formation of the Lalla Rookh-Western Shaw structural corridor, resulted in
offsetting by more than 1 km of the volcanic sequence along several sinistral
faults.

1.4.2

Hydrothermal alteration

A regional-scale hydrothermal alteration event, most likely related to the
intrusion of the Strelley Granite (Brauhart et al., 1998, 2000), has affected
the volcanic lithologies of the Kangaroo Caves Formation and the upper
parts of the Strelley Granite. Basal stratigraphic levels of the sedimentary units overlying the volcanic sequence have also been affected to by
hydrothermal alteration (Hill, 1997). Four alteration facies have been identified in the volcanic sequence and underlying granite by Brauhart et al.
(1998) (Table 1.1). The distribution of alteration facies (Fig. 1.3) was interpreted to be the result of convective hydrothermal circulation through the
volcanic sequence and the upper parts of the granite. Feldspar-bearing alteration zones that are semi-parallel to the volcanic stratigraphy result from
7

Chapter 1. Introduction

Figure 1.2: Geology of Panorama study area. Geology after Brauhart (1999), Van Kranendonk (2000), and Van Kranendonk et al. (2006). Volcanic strata dip 50◦ -60◦ to
east.
8
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seawater-rock interaction at increasing temperatures toward the Strelley
Granite. Feldspar-destructive alteration zones that are both cross-cutting
and parallel to the stratigraphy mark fluid pathways of high temperature
evolved fluids that discharged at the sea floor (Brauhart et al., 2000).
Cudahy et al. (1999, 2000) reconstructed fluid circulation in submarine
hydrothermal systems that were associated with volcanic massive sulfide
(VMS) mineralization in the Panorama area by studying the spatial distribution of white mica minerals from airborne imaging spectroscopy. They
identified three types of white micas: a short-wavelength white mica related to seawater recharge; a long-wavelength white mica related to seawater discharge; and a magmatic white mica. The white mica minerals were
differentiated based on the shape of the hull and the wavelength position of
the main absorption feature near 2200 nm. However, in these studies the
relationship between the airborne imagery and field descriptions, geochemical indices, and reflectance spectra of rock samples were not systematically
investigated.

1.5

Data sets

The Panorama data sets that were used in this research are as follows.
• Four airborne imaging spectroscopy scenes acquired with the Hymap
sensor in 1998.
• Geologic and alteration maps produced from field mapping by Brauhart (1999).
• Geochemical and geological analyses of unweathered rock samples collected by Brauhart (1999). Analyses include whole rock geochemical
analysis, oxygen isotope studies, microprobe analysis of white micas,
and petrographic descriptions of thin sections.
• Reflectance spectra of powders of the unweathered rock samples of
Brauhart (1999) and of whole rock samples collected along a transect
using a portable infrared mineral analyzer (PIMA).
• The results of geologic studies by Brauhart et al. (1998), Brauhart
(1999), Brauhart et al. (2000, 2001), Van Kranendonk (2000), Van Kra9
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Description
Akin to spilitic alteration in basalt and keratophyric alteration
in felsic rocks; Typified by an albite and/or K-feldspar-chloritecalcite and/or ankerite-quartz-pyrite ± leucoxene ± magnetite
± sericite assemblage

Feldspar-sericite-quartz alteration is commonly characterized by
a K-feldspar and/or albite-sericite-quartz-ankerite-leucoxene ±
pyrite assemblage
Chlorite-quartz (cq) Chlorite-quartz alteration is feldspar destructive and is defined
by a quartz-chlorite-sericite ± leucoxene ± hematite assemblage,
in which pyrite ± base metal sulfides and ankerite-siderite are
only developed immediately benath zones of base metal mineralization
Sericite-quartz (seq) Sericite-quartz alteration is completely feldspar destructive and
is typically a quartz-sericite-leucoxene ± ankerite ± pyrite assemblage

Feldspar-sericitequartz (fse)

Alteration facies
Background (bg)

Variations on typical alteration assemblage
(1) Epidote-actinolite-bearing background
alteration in some mafic-intermediate intrusions; (2) albite-bearing with no Kfeldspar: developed at the base of the volcanic pile
(1) K feldspar bearing with no albite and
only minor sericite; (2) transitional to
background
(1) Chlorite-quartz-ankerite alteration; (2)
transitional to background

Table 1.1: Description of alteration facies after Brauhart et al. (1998)
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Figure 1.3: Alteration facies map of study area, after Brauhart et al. (1998) and
Brauhart (1999). Alteration facies as in Table 1.1. Outlines of geologic formations
(Van Kranendonk, 2000) in grey.
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nendonk et al. (2002, 2006), Vearncombe et al. (1998) and Vearncombe and Kerrich (1999).
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Chapter 2

Tracing fluid pathways in
fossil hydrothermal systems
with near-infrared
spectroscopy∗
2.1

Introduction

Hydrothermal fluid pathways in fossil marine hydrothermal systems mark
circulation of fluids from low temperature recharge to high temperature
discharge zones (e.g. Barrie et al., 1999). Seawater infiltrates the seafloor
and circulates to deeper levels where temperature increases and wall-rock
reactions change the fluid composition. Hot and chemically evolved hydrothermal fluids rise along narrow zones and discharge as hydrothermal
vents into the sea. In this process, the primary mineralogy becomes unstable and altered, and hydrothermal alteration minerals are formed. Fossil
marine hydrothermal systems have been extensively studied (e.g. Eastoe
et al., 1987, Large, 1977, Large et al., 2001a). In most studies, major element geochemistry and conventional mineralogical methods are used to de∗

This chapter is based on: Van Ruitenbeek, F.J.A., Cudahy, T.J., Hale, M., van
der Meer, F.D., 2005. Tracing fluid pathways in fossil hydrothermal systems with nearinfrared spectroscopy. Geology 33 (7), 597-600.
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scribe hydrothermal alteration and to reconstruct fluid flow. Some of these
techniques can be used to indicate hydrothermal fluid pathways, but they
require extensive sample collection in the field and analysis in a laboratory.
Near-infrared offers a new method to detect hydrothermal fluid pathways
that can be applied in the field without extensive sample preparation and
potentially by using airborne methods (Cudahy et al., 2000). This method
is developed in the Early Archean Panorama volcanic-hosted massive sulfide district in Western Australia, where fossil marine hydrothermal systems
developed in volcanic sequences are well exposed and have experienced little strain and only lower greenschist metamorphism (Brauhart et al., 1998,
Vearncombe et al., 1998) and are associated with volcanic hosted massive
sulfide occurrences. Brauhart et al. (1998, 2000) have described the spatial
distribution of alteration minerals and temperature in these hydrothermal
systems.

2.2
2.2.1

Methods
Conventional Methods

A suite of 189 rock samples, representative of the alteration styles in the
hydrothermal systems in the study area, were grouped into five alteration
facies, following the classification of Brauhart et al. (1998), which was based
on petrographic descriptions. This classification was modified using the
following three geochemical alteration indices, calculated from whole rock
geochemical data obtained by X-ray fluorescence analyses of the samples
(Brauhart, 1999), and verified the modification with his petrographic descriptions:
Ishikawa alteration index (AI) (Ishikawa et al., 1976):
100 × (K2 O + M gO)
;
K2 O + M gO + N a2 O + CaO

(2.1)

chlorite-carbonate-pyrite index (CCPI) (Large et al., 2001a):
100 × (M gO + F eO)
;
M gO + F eO + N a2 O + K2 O
14
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Figure 2.1: Reflectance spectrum showing spectral parameters that were determined
from near-infrared reflectance spectra. DAlOH is depth of AlOH-absorption feature
of white mica (Clark, 1999), DF eOH is depth of FeOH-absorption feature of chlorite,
A is reflectance minimum of AlOH-absorption feature, B is reflectance minimum of
FeOH-absorption feature, Rx is reflectance at wavelength x, and Wy is wavelength
position of feature y.

and silicification index (SI):

100 × SiO2
.
SiO2 + Al2 O3

(2.3)

The AI (equation 2.1) is a measure of the breakdown of sodic plagioclase
and volcanic glass, through depletion of Na and Ca and enrichment in K
and Mg, and its replacement by white mica and chlorite. The CCPI (equation 2.2) is a measure for the formation of chlorite, which replaces albite, Kfeldspar, and white mica. The SI (equation 2.3) measures Si enrichment or
depletion relative to Al. These geochemical indices were used to reconstruct
hydrothermal fluid pathways, together with mineralogical characteristics of
the alteration facies and alteration temperature estimates from whole-rock
oxygen isotope data of a subset of 79 rock samples (Brauhart et al., 2000).
15
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2.2.2

Spectral Methods

Near-infrared reflectance spectra were analyzed in order to determine spectral variations between alteration facies along fluid pathways. Reflectance
spectra in the 1300-2500 nm wavelength range were obtained from powders
of the rock samples with a portable infrared mineral analyzer. The spectra were used to determine abundances of white mica, chlorite, and other
minerals. White micas are considered to be muscovite-like minerals with
compositional variation between muscovite, celadonite, and illite (Bailey,
1984). The term sericite is used for fine-grained potassic white micas of
varying composition. White micas have a dominant absorption feature of
2185-2235 nm (Fig. 2.1) that is due to Al-OH bonds in octahedral sheets
(Rossman, 1984). The exact wavelength position of the absorption feature
varies as a function of Al content of white mica (Beran, 2002). The relation
between absorption wavelength and chemical composition of white micas in
the study area was verified by the results of microprobe analysis on white
micas in a subset of the 189 rock samples (Brauhart, 1999).
Several spectral parameters, related to the presence of white micas and
chlorite, were derived from the reflectance spectra (Fig. 2.1) and they were
used to calculate a white mica alteration index (WMAI):
DAlOH
,
DAlOH + DF eOH

(2.4)

where
DAlOH = R2146nm −

WA − 2146
× (R2146nm − R2236nm ) − RWA
90

(2.5)

WB − 2236
× (R2236nm − R2286nm ) − RWB .
90

(2.6)

and
DF eOH = R2236nm −

DAlOH is depth of AlOH-absorption feature of white mica (Clark, 1999),
DF eOH is depth of FeOH-absorption feature of chlorite, A is reflectance
minimum of AlOH-absorption feature, B is reflectance minimum of FeOHabsorption feature, Rx is reflectance at wavelength x, and Wy is wavelength
position of feature y. The WMAI is a modification of the method that was
16
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used by Huston et al. (1999) to map white mica and chlorite alteration in
the Panorama district. The WMAI ranges from 0 to 1 and increases with
increasing white mica abundance relative to chlorite.

2.3
2.3.1

Results and discussion
Hydrothermal Alteration Facies and Fluid Pathways

The five alteration facies are described in Table 2.1. The geochemical characteristics of the rock samples are shown in AI versus CCPI plots (Fig. 2.2;
after Large et al. (2001a)).
Compositional trends from least altered to altered rocks are indicated in
these plots. The sequence of alteration facies 1-4 (Table 2.1) is interpreted as a fluid pathway from low temperature recharge zones to hightemperature discharge zones in a submarine convective hydrothermal system (Fig. 2.3).
Fluid pathways start where relatively cold seawater infiltrates the seafloor,
where alteration temperatures are low and fluid flow is diffuse (Galley,
1993). Rocks are silicified and depleted in Ca, Na, and K. Seawater may
be enriched in Si possibly as the result of nearby hydrothermal venting of
Si-rich fluids. These zones are represented by quartz-sericite altered rocks
(middle right, Fig. 2.2A), and they occur at the top of the volcanic sequence (Fig. 2.4). The quartz-sericite alteration facies is a subgroup of the
feldspar-sericite-quartz altered rocks of Brauhart et al. (1998) of strongly
silicified felsic rocks having a high SI and containing little to no feldspar.
Fluids migrate to underlying felsic and mafic volcanic rocks, where alteration temperatures increase and fluid flow is diffuse. In these zones, Si
concentrations decrease, K concentrations increase, and the rocks become
K-altered; Fe and Mg concentrations are low.
Sources of K are felsic volcanics in the top of the volcanic sequence (Fig. 2.4).
These zones are represented by feldspar-sericite-quartz altered rocks (lowerright, Figs. 2.2A, 2.2B) that contain K-feldspar. They occur in the upper
part of the sequence often stratigraphically below quartz-sericite altered
rocks. The hydrothermal fluids further circulate deeper in the volcanic
sequence, where alteration temperatures increase and fluid flow is still dif17
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Volcanic
composition*
Felsic

Alteration Alteration
Near-infrared spectroscopy
Interpretation
chemistry temperature
White mica
Chlorite
-st.dev(◦ C) Abundance Al content Abundance
1 QuartzSi-altered
180-34
High
High
Low
Seawater recharge related low temsericite (qse)†
perature Si-altered felsic rock
2 FeldsparFelsic and K-altered
225-25§
High
Low
Low
Recharge related medium temperasericitemafic
ture K-altered felsic and mafic rock
quartz (fse)
3 FeldsparMafic
Somewhat
260-57
Low
Low
Moderate- Medium temperature somewhat KchloriteK-altered
high
altered mafic rock, transitional bequartz (fcq)#
tween fse and cq alteration
4 ChloriteFelsic and Fe- and
323-71
Low
Moderate
Moderate- Fluid discharge related highquartz (cq)
mafic
Mg-altered
high
temperature Fe- and Mg-altered
felsic and mafic rocks
5 Background Felsic and
270-70
NoneLowLowLeast altered and diagenetically al(bg)
mafic
moderate
moderate
moderate tered felsic and mafic volcanic rock
*After Brauhart (1999) based on field mapping and trace-element geochemistry.
†
Subgroup of feldspar-sericite-quartz alteration facies of Brauhart et al. (1998).
§
Temperature average after removing one outlier of 605◦ C.
#
Subgroup of background alteration facies of Brauhart et al. (1998).

Alteration
facies

Table 2.1: Characteristics of hydrothermal alteration zones interpreted using reflectance spectra
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Figure 2.2: Plots of AI (equation 2.1) versus CCPI (equation 2.2) of felsic (A) and
mafic (B) rock samples based on whole-rock geochemical analysis. Symbols represent
alteration facies described in Table 2.1. Number of samples per alteration facies
is provided parenthetically. Arrows mark compositional trends from least altered to
altered rock and numbers represent sequence of alteration facies along fluid pathway,
as in Figure 2.3. Least altered boxes (LA) for felsic and mafic rocks are after Large
et al. (2001a). Asterisks mark position of individual minerals based on their chemical
composition: Ep-epidote; cc-calcite; do-dolomite; ank-ankerite; chl-chlorite; se-sericite
of intermediate Al content; ksp-K-feldspar; ab-albite.

fuse. K concentrations decrease and Fe and Mg concentrations increase
as a result of exchange with wall rock. These zones are represented by
chlorite-feldspar-quartz altered rock in which the alteration style is transitional between feldspar-sericite-quartz alteration and the chlorite-quartz
alteration (Fig. 2.2B). The feldspar-chlorite-quartz alteration facies (Table 2.1) is subgroup of the background alteration facies of Brauhart et al.
(1998) of rocks having a relatively high AI (Fig. 2.2). Hot, evolved fluids
migrate along broad corridors, rise toward the seafloor and are discharged
into the sea (Fig. 2.4), which marks the end of a fluid pathway. Fluid flow
has become focused and temperatures have become high (Brauhart et al.,
1998). Fe and Mg concentrations are high, K, Na, and Ca concentrations
19
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Figure 2.3: Conceptual model of distribution of alteration zones and fluid pathways in
submarine hydrothermal system. Arrows indicate fluid pathways. Numbers represent
sequence of alteration facies and are same as in Table 2.1.

are low. These zones of intense alteration are represented by chlorite-quartz
altered rocks (upper-right corner of Figs. 2.2A, 2.2B).
The spatial distribution of alteration facies in the study area (Fig. 2.4) supports the interpretation of hydrothermal fluid pathways (Fig. 2.3). Zones of
recharge and discharge can readily be identified, and the general direction
of fluid flow in the volcanic sequence can also be reconstructed. However, a
detailed reconstruction of fluid pathways is difficult because of the complexity of the hydrothermal alteration systems and the absence of continuous
data coverage. Fluid pathways in Figure 2.4 are consistent with the alteration temperature distribution reported by Brauhart et al. (2000), which
was interpreted as the result of fluid convection in a seawater-dominated
hydrothermal system.

2.3.2

Spectral Variations along Fluid Pathways

The abundances of white mica and chlorite for the five alteration facies,
based on near-infrared spectroscopy, are presented in Table 2.1. Figure 2.5
shows the WMAI (equation 2.4, Fig. 2.1) and the wavelength position of the
dominant absorption feature of white micas in white mica-containing rocks
of the four alteration facies representing a fluid pathway. A WMAI of 0.75
or higher indicates that white mica dominates the reflectance spectrum; if it
20
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Figure 2.4: Map showing locations of rock samples from Figure 2.2. Symbols represent
alteration facies from Table 2.1. Geological map and volcanic composition are after
Brauhart et al. (1998). Volcanic strata dip 50-60◦ to east. Arrows indicate fluid flow.

is 0.5 or lower, then chlorite dominates. These thresholds were determined
from the reflectance spectra.
The wavelength position of the dominant absorption feature of white mica
in the study area is a function of its Al content (regression model: absorption wavelength (nm) = 2317.26 - 2153 Al, where Al is the total Al content
per 22 oxygen atoms determined from microprobe analyses; R2 = 0.865).
The Al content of white micas is the result of various chemical substitutions in white micas that are related to temperature, pressure, fluid chem21
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Figure 2.5: Box plots showing four alteration facies of Table 2.1. (A) White mica
alteration index (WMAI)(Eq. 2.4). (B) Wavelength position of reflectance minimum
of white micas. Numbers in circles as in Figure 2.3. Number of samples in each
alteration class is shown in brackets. In four spectra, wavelength position could not
be determined because of low abundances of white mica. Boxes represent interquartile
range that contains 50% of values. Whiskers extend from box to highest and lowest
values, excluding outliers. Circles indicate outliers; line across box indicates mean.

istry, coexisting mineral phases, and composition of the volcanic host rock
(e.g., Velde, 1965, Bishop and Bird, 1987, Cathelineau and Izquierdo, 1988,
Duke, 1994). In the recharge-related quartz-sericite and feldspar-sericitequartz alteration facies, white mica concentrations are high, whereas concentrations of chlorite are low (Table 2.1 and Fig. 2.5). The relatively low
temperatures, the low concentrations of Fe and Mg, and the presence of K
are favorable for the formation of white micas (Schardt et al., 2001). In
quartz-sericite altered rocks, white micas are rich in Al; and in feldspar22
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sericite-quartz altered rocks, white micas are poor in Al (Fig. 2.5). The
decrease in Al content of white micas with increasing temperature in the
150-250◦ C range (Table 2.1) is also observed in studies on the Los Azufres
geothermal field (Cathelineau and Izquierdo, 1988), where total Al content of illites in volcanic rocks decreases with depth and temperature. The
Al content of white micas in this temperature range in volcanic rock may
be controlled by temperature, although the effect observed here is opposite to that reported by Duke (1994) in a different geological setting. The
change in Al content may also be related to a change in coexisting mineral
phases, such as feldspars, and changing fluid chemistry. In the transitional
feldspar-chlorite-quartz alteration facies, white mica concentrations are low
and chlorite dominates the reflectance spectra (Fig. 2.5). Higher temperatures and higher concentrations of Fe and Mg, and lower K concentrations
favor the formation of chlorite over white mica. The Al content of white
micas that are present in the rocks is still low. In the discharge-related
chlorite-quartz alteration facies, chlorite concentrations are high and white
mica concentrations are low. High concentrations of Fe and Mg, low K
concentrations, and the relatively high temperatures are favorable for the
formation of chlorite (Schardt et al., 2001). The Al content of the white
micas is intermediate between the Al-poor white micas of feldspar-sericitequartz and Al-rich white micas of quartz-sericite altered rocks. White mica
abundance and Al content in felsic rocks are higher than that in mafic rocks.
The increase in Al content in white micas relative to that in feldspar-sericite
altered rocks is interpreted to be the effect of a changing hydrothermal fluid
chemistry, and changes in feldspar and chlorite contents.
The abundance of white micas relative to chlorite and their Al content
vary systematically along fossil hydrothermal fluid flow paths (Fig. 2.6), as
a function of temperature, coexisting mineralogy, hydrothermal fluid chemistry, and composition of the volcanic host rock. The ability to discriminate
between the different alteration facies along fluid pathways permits reconstruction of these fluid pathways in fossil convective submarine hydrothermal systems. The pathways that were found by near-infrared spectroscopy
(Fig. 2.6) coincide with those that were reconstructed by means of conventional methods (Fig. 2.2).
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Figure 2.6: Plot of white mica alteration index (WMAI)(equation 2.4) versus wavelength position of reflectance minimum of white micas for four alteration facies along
fluid pathways. Arrow represents fluid pathway; numbers indicate alteration facies as
in Table 2.1 and Figure 2.3.

2.4

Conclusions

Systematic study of the abundances of chlorite and white micas and their Al
content via near-infrared spectroscopy is an effective method for detection
of fossil hydrothermal fluid pathways. Because these fluid pathways are
essential components of convective submarine hydrothermal systems, this
method also enables recognition of these systems. This method has several
advantages over conventional geochemical and mineralogical methods: it is
fast and nondestructive, measurements can be obtained in the field without
extensive sample preparation, and the resulting data allow detection of
subtle differences between alteration facies. Applicability of this method
using airborne systems must be further tested.
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Chapter 3

Mapping white micas and
their absorption wavelengths
using hyperspectral band
ratios∗
3.1

Introduction

Mapping surface mineralogy with airborne imaging spectrometry has become common practice. Numerous case studies exist of mapping mineralogy
using the 400 to 2500 nm wavelength range in a wide variety of geological environments and various fields of application (e.g. Bierwirth et al.,
2002, Dwyer et al., 1995, Kruse, 1988, Swayze et al., 2000, Van der Meer
and de Jong, 2001). Techniques for mapping surface mineralogy are often
based on comparison of image reflectance spectra with library spectra, or
end members, of minerals that are present at the surface. For instance the
spectral angle mapper (SAM) method (Kruse et al., 1993) involves calculating the similarity between a library spectrum and an airborne spectrum,
∗

This chapter is based on: Van Ruitenbeek, F.J.A., Debba, P., Van der Meer, F.D.,
Cudahy, T.J., Van der Meijde, M., Hale, M., 2006. Mapping white micas and their
absorption wavelengths using hyperspectral band ratios. Remote Sensing of Environment
102 (3–4), 211-222.
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and the linear spectral unmixing method (Adams et al., 1993, 1986, Boardman, 1989) involves the deconvolution of an airborne spectrum into several
end members derived from a spectral library. Both methods rely on atmospherically corrected data representing surface reflectance.
However, mapping subtle variations within mineral species, such as the
wavelength position of the absorption minimum of white micas between
2180 and 2230 nm (Clark, 1999), is still challenging and requires mapping techniques that are able to detect minor spectral variations between
airborne-derived reflectance spectra. Remote detection of the wavelength
position of the absorption minimum in spectra of white micas, subsequently
referred to as the absorption wavelength of white mica, is desirable since
this wavelength position contains critical information about fluid pathways
in fossil hydrothermal systems (Van Ruitenbeek et al., 2005) and about
metamorphic grade in sedimentary rocks (Duke, 1994).
Methods that are based on the use of mineral end members or library
spectra have several disadvantages. Firstly, the similarity and unmixing algorithms are calculated over a specified wavelength range and it is difficult
to determine in which wavelength ranges are good fits with the airborne
spectra. This becomes a problem when mapping absorption wavelengths of
white micas because the wavelength position of the reflectance minimum
of the absorption feature is more relevant than the precise shape of the
reflectance curve in adjacent wavelength ranges. Secondly, the absorption
wavelength of white mica varies continuously with composition and is therefore difficult to be represented by a series of mineral end members. Finally,
the dependence of shape fitting and unmixing methods on the general shape
of the airborne reflectance data makes them sensitive to errors introduced
during the process of atmospheric correction and calibration to surface reflectance in the case of SAM and unmixing, and to errors introduced by
non-linear mixing of surface mineralogy in the case of unmixing.
In order to overcome these problems, a method is devised for predicting the
absorption wavelengths of white micas at the surface from airborne band
ratios by using multiple regression modeling. The method does not use
end-member spectra in the analysis, it focuses on narrow spectral ranges,
and is not dependent on atmospherically corrected airborne data.
This method is applied to volcanic rocks of the Soansville greenstone belt
in the Pilbara region of Western Australia (Fig. 3.1), where Archean sub-
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Figure 3.1: Outline and geology of study area. Geology after Brauhart (1999) and
Van Kranendonk (2000).
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marine hydrothermal systems containing abundant white micas are present
(Brauhart et al., 1998, Cudahy et al., 2000, 1999, Van Ruitenbeek et al.,
2005). The white micas are potassic and fine-grained, and their composition varies between muscovite, phengite, and illite (Fleet, 2003, Rossman,
1984, Van Ruitenbeek et al., 2005). Spectral analyses for identification of
white micas in the volcanic rocks collected in the field were incorporated at
an early stage in the interpretation of the airborne data, in order to maximize the extraction of spectral information from the airborne data. Band
ratios were found to be useful for enhancing subtle spectral differences between bands, making the method suitable for mapping such variations in
the airborne spectra, highlighted by the shift in absorption wavelength of
white micas. It was assumed that whenever there is a change in wavelength
position in different airborne spectra, it was detectable using band ratios,
regardless of the general shape of the airborne spectra. Regression was then
used for predicting continuous variables such as the absorption wavelengths
of white micas.
The results of this study, i.e. the remote detection of white mica minerals
from airborne hyperspectral imagery and interpolation of these minerals
in areas between field spectral measurements at a high spatial resolution,
will provide means for precise and detailed reconstructions of hydrothermal
alteration facies and the spatial configuration of fossil hydrothermal systems
in the Soansville greenstone belt.

3.2
3.2.1

Methods
Imaging spectroscopy

Two Hymap (Cocks et al., 1998) airborne imaging spectrometer scenes were
acquired in 1998 and used to map white micas and their absorption wavelengths in volcanic rocks in the study area. The at-sensor radiance data
have a spatial resolution of 5 m, were georegistered using the triangulation
method and 127 ground control points, and subsequently mosaiced. No atmospheric corrections were done and the data were not converted to surface
reflectance values. The at-sensor radiance data were used for calculating
ratios of bands within selected wavelength ranges:
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Figure 3.2: Reflectance spectra of white mica and spinifex grass. Depth of the absorption feature of white mica (DAlOH ), its absorption wavelength, and the range over
which the absorption wavelength varies are indicated. Wavelengths positions of spectral bands of the airborne imagery that were used for calculation of ratios are shown
in alternating white and gray shading.

DN =

Lu
Lv

(3.1)

where DN = digital number and Luv = radiance value of spectral band
with centre wavelength u,v.
These wavelength ranges were chosen according to the spectral characteristics of white micas and other surface materials in the study area obtained
from field reflectance measurements. Ratios of spectral bands covering the
main absorption feature of white micas between 2184 and 2237 nm (Fig. 3.2)
were calculated. Band ratios within the 2005 to 2079 nm range were also
calculated for enhancing spectral contrast due to the cellulose in the abun29
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Figure 3.3: Sample locations of rocks (Brauhart, 1999) that were analyzed with field
spectrometer.

dant spinifex grass, which has spectral features that hamper the detection
of white micas (Fig. 3.2).

3.2.2

Field spectroscopy

Field measurements on rock samples were used as training data for the
detection of white micas and their absorption wavelengths from airborne
data. Reflectance spectra in the 1300 to 2400 nm wavelength range of
227 powdered unweathered volcanic rock samples, which were originally
collected by Brauhart (1999) (Fig. 3.3), were obtained using a portable
30

Chapter 3. Mapping white micas and their absorption wavelengths using
hyperspectral band ratios

infrared mineral analyzer (PIMA). From these spectra, mineralogy and
several spectral variables were determined: the presence of white micas;
the depth of the main absorption feature of white micas near 2200 nm
(DepthAlOH , Fig. 3.2), which is a semi-quantitative measure of the abundance of white micas (Clark, 1999, Rossman, 1984); and the wavelength
position of the main absorption feature of white micas (Fig. 3.2), which is
a measure of their relative Al, Fe, and Mg contents (Beran, 2002, Duke,
1994, Van Ruitenbeek et al., 2005). The interpretation of the reflectance
spectra was validated using petrographic descriptions of thin sections and
microprobe analyses of white micas (Brauhart, 1999) of a subset of the 227
rock samples.

3.2.3

Regression analysis

Multiple regression was used to find regression equations for the prediction
of the presence of white micas and their absorption wavelengths measured
with field spectroscopy (predicted variables) from the airborne band ratios
(predictor variables). Multiple logistic regression was first used for determining the presence of white mica followed by a multiple linear regression
for estimating their absorption wavelengths. At each sample location airborne band ratios were compared with the presence of white micas and their
absorption wavelengths obtained from field measurements. Airborne values
were averaged over a 15m x 15m window in order to account for strong local
variations in mineralogy or cover of vegetation or other materials.
Stepwise procedures were used to obtain a selection of optimal predictor
variables from the set of airborne band ratios, which were chosen by expert
opinion, and to determine regression coefficients. Suitable regression models were selected using the following criteria: proportion of variation in the
predicted variable explained by the regression model; number of predictor
variables and their statistical significance; and interpretation of the predictor variables. An acceptable model explains most of the variance in the
predicted variable from one, two or three band ratios that each contribute
significantly to the predicted values and of which their contributions can be
understood in terms of reflectance properties of surface materials present
in the study area. The regression model equations were applied to the airborne imagery and used for calculating continuous values of probability of
the presence of white mica, and to predict the absorption wavelengths of
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white micas, related to their compositional variability. In order to evaluate
the prediction success, the data set of 227 spatially coincident field and
airborne sample points was randomly split into one subset of 152 samples
for calibration of the regression models, and another subset of 75 samples
for validation (Fig. 3.3).

Logistic regression model for estimating the presence of white
micas
Multiple logistic regression is a technique for the prediction of presence or
absence of a characteristic or outcome based on values of a set of predictor
variables. It is similar to linear regression but is suited to models where the
dependent variable is dichotomous (Hosmer and Lemeshow, 2003). In remote sensing studies logistic regression modeling has been used, for instance
for mapping burned areas with multispectral satellite imagery (Koutsias
and Karteris, 1998) and for validating airborne hyperspectral interpretations of vegetation species (Aspinall, 2002). In this study the following
logistic regression model (Hosmer and Lemeshow, 2003) was used to obtain
probability values for the presence of white micas from a set of airborne
band ratios:

pi =

1
1+

e−(b0 +bj xij +. . . +bn xin )

(3.2)

where pi = the estimated white mica probability of the pixel that spatially
coincides with the ith rock sample, ranging from 0 to 1, xij = the jth
predictor (airborne band ratio) value of the pixel that spatially coincides
with the ith rock sample, bj = the jth regression coefficient, j = 1, . . . , n,
and n = the number of predictors.
The coefficients of the logistic regression model were estimated using a
maximum likelihood method, where the difference between measured white
mica probability in rock samples and estimated white mica probability in
spatially coinciding airborne pixels was minimized.
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Linear regression model for estimation of the absorption wavelength
Multiple linear regression is used for the prediction of continuous variables
based on values of a set of predictor variables. It has been commonly used in
remote sensing studies, for instance for relating biochemical and biophysical
parameters of canopies to reflectance spectra and airborne hyperspectral
imagery (e.g. Kokaly and Clark, 1999, Mutanga et al., 2004). In this study,
linear regression was used for estimating the absorption wavelengths of
white micas from a set of airborne band ratios:
yi = c0 + cj xij + . . . + cn xin

(3.3)

where yi = the estimated absorption wavelength of the pixel that spatially
coincides with the ith rock sample, xij = the jth predictor (airborne band
ratio) value of the pixel that spatially coincides with the ith rock sample,
cj = the value of the jth regression coefficient, j = 1, . . . , n, and n = the
number of predictors.
The coefficients of the linear regression model were estimated using the least
squares method, where the difference between measured absorption wavelengths in rock samples and estimated absorption wavelengths in spatially
coinciding airborne pixels was minimized.
Since the absorption wavelength of shallow absorption features was difficult
to measure accurately from field spectra, only rocks having a measured
absorption feature (DepthAlOH , Fig. 3.2) larger than 0.01 reflectance (on a
scale from 0 and 0.07) were used in the regression analysis for predicting
the absorption wavelength.

3.3
3.3.1

Results and discussion
White mica probability

Analysis of reflectance spectra of the volcanic rocks obtained with the field
spectrometer indicated that chlorite and white mica were the dominant
minerals. Minor carbonates and amphiboles were present in some of the
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samples. In unweathered rock, white mica was the only mineral present
with an absorption feature between 2168 and 2237 nm. White mica was
present in 45% of the rocks samples used in the prediction subset and
in 47% of the samples used in the validation subset (Fig. 3.3). Cellulose
in dry vegetation in the study area, especially in the spinifex grass, also
showed strong spectral features in the shortwave infrared (Fig. 3.2). The
probability of white mica being present in a rock sample, as opposed to
cellulose-bearing dry vegetation material, was modeled with the following
logistic regression equation:
White mica probability =
1
L

L

−(−97.31+71.89( L2168nm )+45.87( L2005nm )))

1+e

2185nm

(3.4)

2079nm

where Lu = the radiance value of the airborne spectral band with centre
wavelength u.
The Wald values, i.e., the squared ratios of the regression coefficients to
L2168nm
2005nm
their standard errors, of predictor variables L
and L
L2079nm were 32.30
2185nm
and 13.73 and p-values were smaller than 0.01, indicating that both band ratios contribute significantly to estimating the white mica probability. Overall classification success was 80.3% for the prediction subset and 85.3% for
the validation subset using a white mica probability threshold value of 0.5.
L2168nm
The band ratio L
represents the slope of the absorption feature of
2185nm
white mica between 2168 and 2185 nm (Fig. 3.2). Its positive regression
coefficient in equation 3.4 indicates that the steeper the slope in the airborne
spectra the higher the white mica probability on the ground. The band ratio
L2005nm
L2079nm represents the slope of the absorption feature of cellulose near 2100
nm and is related to the presence of cellulose within spinifex grass. The
effect of spinifex on white mica probability was two-fold. First, spinifex
obscured the mapping of white micas using the airborne sensor. Secondly,
it interfered with the slope between 2168 and 2185 nm of the white mica
absorption feature because its absorption feature slope is opposite to that
of cellulose in this wavelength range (Fig. 3.2). Figure 3.4 demonstrates
this by simulating the effect of mixtures of cellulose with white mica and
L2168nm
other minerals on the L
band ratio. A higher cellulose content in a
2185nm
L2005nm
mixture resulted in a higher L2079nm band ratio (Fig. 3.4), which in turn
2168nm
resulted in a lower L
L2185nm band ratio. Figure 3.4 also shows that the effect
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L2005nm
2168nm
Figure 3.4: Plot of L
L2185nm versus L2079nm showing the effect of mixing cellulose with
white mica, quartz and chlorite on these two band ratios. Mixtures of cellulose and
minerals were calculated from library spectra. Arrow indicates increasing proportion
of cellulose.

of spinifex grass on the white mica probability was larger than on other
minerals that do not have absorption features near 2200 nm, such as quartz
2168nm
and chlorite. The reducing effect of spinifex on intensity of the L
L2185nm
2005nm
white mica band ratio was therefore compensated by the L
L2079nm spinifex
band ratio in equation 3.4 (Figs. 3.2 and 3.4). The regression coefficient
2005nm
of the L
L2079nm band ratio in equation 3.4 is positive and thereby causes a
proportionately larger correction on the estimated white mica probability
with increasing spinifex abundances and thus a better estimate of the white
mica probability.
Plots of predicted white mica probability from airborne spectra versus
measured white mica probability determined from ground measurements
(Fig. 3.5) showed a satisfactory fit for both the prediction subset and the
validation subset. The white mica probability for the validation subset was
slightly underestimated.
The effect of the correction for spinifex grass on predicted white mica probability is shown in Fig. 3.6. The maximum increase in white mica probability due to this correction (Fig. 3.6C) was 0.7. The peculiar distribution
of spinifex, which is absent in the centre of the area, was the result of
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Figure 3.5: Plot of predicted white mica probability calculated from airborne spectra
versus measured white mica probability determined from field spectra for prediction
subset (227 samples) and validation subset (75 samples).

bush fires in 1997 from which the spinifex vegetation growth had not yet
recovered. The highest white mica probability values (> 0.5) were used
for creating a mask for areas containing white mica, and for which the
calculated absorption wavelengths in the following section are valid.

3.3.2

The absorption wavelength of white mica

Analysis of reflectance spectra of the volcanic rocks obtained with the field
spectrometer indicated that the measured absorption wavelengths of white
micas in the rock samples varied between 2198 and 2230 nm in the prediction subset and between 2198 and 2232 nm in the validation subset. The
depth of the white mica absorption feature (DepthAlOH , Fig. 3.2) varied
with its wavelength position, with DepthAlOH generally decreasing at wavelengths longer than 2220 nm until it became smaller than 0.01, on a scale
from 0 to 0.07. The absorption wavelength of white mica in a rock sample
was modeled with regression equation 3.5:
Absorption wavelength =
2267.78 + 146.17(
36

L2220nm
L2237nm
+ 91.00(
))
L2202nm
L2220nm

(3.5)
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Figure 3.6: Effect of spinifex grass on white mica probability estimated from airborne
L2005nm
2168nm
data. A: White mica probability estimated using band ratios L
L2185nm and L2079nm
2168nm
(equation 3.4). B: White mica probability estimated using only band ratio L
L2185nm . C:
L2005nm
Difference in white mica probability between A and B (A-B). D: Band ratio L
2079nm
showing the distribution of spinifex grass, where pixels with high abundances are displayed in bright tones. Note the similarity between Figs. C and D.
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Figure 3.7: Measured absorption wavelength derived from field spectra versus predicted
absorption wavelength calculated from airborne spectra for prediction (A) and validation (B) subsets. Rocks having a white mica absorption feature (DAlOH , Fig. 3.2) ≤
0.01 are indicated with a different symbol.

where Li = the radiance value of airborne spectral band with centre wavelength i of the pixel that spatially coincides with the rock sample.
For this model R2 is 0.50, adjusted R2 is 0.48, t-values for predictor variL2237nm
2220nm
ables L
L2202nm and L2220nm were -6.55 and 4.43, and p-values were smaller
than 0.01, indicating that both band ratios contributed significantly to estimating the absorption wavelength of white mica.
Predicted absorption wavelengths ranged from 2199 to 2219 nm for the pre38
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diction subset and from 2200 to 2214 nm for the validation subset. Measured versus predicted absorption wavelengths for rock samples containing
white mica of the prediction subset (Fig. 3.7A) showed a good correlation.
Only the absorption wavelengths having a measured wavelength longer than
2220 nm were incorrectly predicted, probably due to the shallow depth of
the absorption features. The prediction of the absorption wavelengths for
the validation subset was slightly less successful due to a systematic overestimation at shorter wavelengths and underestimation at longer wavelengths
(Fig. 3.7B).
Regression equation 3.5 indicates that the measured absorption wavelength
L2220nm
of white micas can be estimated using the two band ratios L
and
2202nm
L2237nm
L2220nm , calculated from the airborne data. The first ratio covered most of
the wavelength range over which the absorption wavelength varied, from
approximately 2200 to 2220 nm. Its negative regression coefficient in equation 3.5 indicated that this ratio was negatively correlated with the absorption wavelength. This was expected from Fig. 3.2, the higher the ratio the
shorter the absorption wavelength. The second band ratio in equation 3.5,
L2237nm
L2220nm , covered the longer wavelength slope of the white mica absorption
feature. Its positive regression coefficient indicated that this ratio was positively correlated with the absorption wavelength. This was also evident in
Fig. 3.2, the longer the absorption wavelength the steeper the slope that is
2237nm
covered by the band ratio L
L2220nm .
Since equation 3.5 did not contain information about the presence or absence of white micas, the predicted absorption wavelengths were calculated
for all samples. For determinations of prediction success the pixels containing white mica were masked using the estimated white mica probability
values (equation 3.4). Plots of predicted absorption wavelengths versus
predicted white mica probabilities showed that the majority of samples
that did not contain white mica (as determined from rock sample analysis)
had low predicted white mica probabilities (Fig. 3.8). This demonstrated
that the airborne-derived predicted white mica probability value was an
effective mask for absence of white mica. Figure 3.8 also shows that the
range of predicted absorption wavelength of samples containing white mica
was larger than that of samples without white mica.
The relationship between measured absorption wavelength and predicted
wavelength for samples having a predicted white mica probability that was

39

Chapter 3. Mapping white micas and their absorption wavelengths using
hyperspectral band ratios

Figure 3.8: Plots of predicted absorption wavelength versus predicted white mica
probability from airborne data for prediction subset (A,B) and validation subset (C,D).

larger than 0.5 was plotted in Fig. 3.9. Since the predicted values in the
various wavelength classes were not normally distributed, bootstrapping
procedures (Efron and Tibshirani, 1994) were used for determining mean
and 95% confidence interval of values in each wavelength class. Bootstrapping was used because the sampling distribution could not be estimated
mathematically but could be reconstructed empirically based on the original characteristics of the data by drawing many samples with replacement
from a population for which a test statistic was calculated. The resulting
set of test statistics constituted the sampling distribution of that statistic,
which could then be used for determining population mean and its 95%
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Figure 3.9: Plots of measured absorption wavelength intervals from field spectra versus
bootstrapped means and 95% confidence intervals of predicted absorption wavelength
from airborne spectra. Statistics were calculated for samples containing white mica
and having a predicted white mica probability value > 0.5 (Fig. 3.8).

confidence interval. Figure 3.9 shows the bootstrapped mean and 95% confidence interval of predicted absorption wavelengths for classified measured
absorption wavelength ranges. It demonstrates the suitability of the regression model for predicting the absorption wavelengths in volcanic rock
from airborne data, despite the partial overlap of 95% confidence intervals
between adjacent wavelength classes.
Regression equation 3.5 was applied to the airborne data and used to calculate the absorption wavelength of white mica in volcanic rock in the
study area. The image of the calculated absorption wavelength is shown
in Fig. 3.10A. In Fig. 3.10B the absorption wavelength surface was combined with the white mica probability surface (in Fig. 3.6A) by a HSV (hue,
saturation, value) conversion for masking areas of low white mica probability. In the combined image the hue and saturation were derived from the
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Figure 3.10: A: Image showing the estimated absorption wavelength of white mica from
airborne data in volcanic rock. B: Image showing estimated white mica wavelength
(Fig. 3.10A) fused with white mica probability (Fig. 3.6A) in grey scale. The white
line indicates the white mica probability contour of 0.5. Characters A-D are explained
in the text.

absorption wavelength surface and value was derived from the white mica
probability surface. The white mica probability surface acted as an intensity layer, where probability of white mica was visualized in shades of grey.
Dark tones indicated areas of low white mica probabilities and bright tones
indicated areas of high white mica probabilities. The approximate white
mica probability contour of 0.5 is shown by a white line in Fig. 3.10B.
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3.3.3

Sources of error

The white mica probabilities and absorption wavelengths estimated from
airborne data showed satisfactory correlations with the measured values in
rock samples (Figs. 3.5 and 3.7). Nevertheless, several sources of error
affected the accuracy and precision of the prediction.
Errors in the geolocation of rock samples and in the georegistration of
hymap imagery resulted in a comparison of field and airborne values from
different locations. This introduced random errors and affected both white
mica probability and the absorption wavelength. This effect was noticable
as random scattering in Figs. 3.5 and 3.7. The error in estimated absorption
wavelength could be up to 8 nm in samples located near zones of abrupt
changes in mineralogy, for example, near transition zones between shortwavelength and long-wavelength white micas. Erroneous geolocation of
these samples could result in a comparison of airborne data from zones of
long-wavelength white micas with rock samples containing short-wavelength
white micas. The averaging of airborne values over a 15m x 15m window
did not prevent the effects of large misregistration, though results were
better than without averaging.
Inhomogeneity of mineralogy within pixels was another source of error, and
may have resulted in rock samples not being representative of the pixels
from which they were sampled. This problem arose when inhomogeneous
mineralogy was accompanied by a difference in scale between airborne observations and field observations. The effect was that airborne and rock
sample data of different mineralogical composition were compared, although
they were obtained from the same geolocation. This effect introduced random scattering of data points in Figs. 3.5 and 3.7.
The presence of weathering material at the ground surface also introduced
errors. Weathering in the study area is characterized by the presence of
iron-rich coatings of several millimeters thickness and the presence of halloysite and kaolinite. These coatings affected the detectability of white
micas and the determination of their absorption wavelengths. They reduced the surface reflection and depth of the absorption feature of white
mica. The secondary minerals kaolinite and halloysite contain absorption
features near 2200 nm which may have interfered with the absorption wavelength of white micas. Suryantini (2003) showed that at short wavelengths
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2220nm
Figure 3.11: Plot of band ratio L
L2202nm versus residuals (measured - predicted absorption wavelength) of the prediction subset showing a non-randomly distributed cloud.

the absorption wavelength increases up to 6 nm due to the presence of halloysite and kaolinite and at longer wavelengths the absorption wavelength
decreases up to 10 nm. These effects likely introduced random scattering
in Figs. 3.5 and 3.7.
Spinifex grass had a reducing effect on the predicted white mica probability
and this effect was corrected by equation 3.4. However, careful examination
of similar geological units with different spinifex cover densities in Fig. 3.6A
indicated that the white mica probability in spinifex-rich areas was still
underestimated by about 20%. This error introduced random scattering in
Figs. 3.5 and 3.7.
The discussed sources of error that introduced random scattering affected
the precision of the prediction results. They resulted in an increase in the
95% confidence intervals in Fig. 3.9 and less precise prediction. However,
the errors were likely averaged out in the regression analysis and therefore
had a limited influence on the values predicted with equations 3.4 and 3.5.
There was also systematic error in the prediction results of the absorption
wavelength which affected the accuracy of the prediction (Fig. 3.9). At
wavelengths shorter than 2204 nm the absorption wavelength was overes44
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timated up to 4 nm. At longer wavelengths the overestimation decreased
and changed into an underestimation of about 3 nm at wavelengths longer
than 2216 nm. This systematic error could result from a missing variable in
the regression equation 3.5. Figure 3.11 shows that the predictor variable
L2220nm
L2202nm was correlated with residuals of regression analysis, which would
not be the case if the predictor variable was linearly related to the measured absorption wavelength. Therefore the missing variable was likely an
2220nm
exponential term of the L
L2202nm predictor variable. However, exponential
terms were not included in the regression equation since it would have complicated the interpretation of the regression equation and make the results
more scene-specific.

3.3.4

Geological significance

The distribution of white micas and their absorption wavelengths in volcanic rock in the study area (Fig. 3.10B) revealed various geological domains
of differing white mica contents and compositions, which were the result of
hydrothermal alteration in the Archean (Cudahy et al., 2000, Van Ruitenbeek et al., 2005).
The upper half of the volcanic sequence, which dips approximately east,
was found to contain abundant white micas. White mica rich areas of
short absorption wavelengths (< 2205 nm) were located near the top (A in
Fig. 3.10B) and stratigraphically underlain by areas containing white micas
of long absorption wavelengths (> 2208 nm) (B in Fig. 3.10B). Both zones
were interpreted as hydrothermal alteration facies resulting from seawater
recharge in a convective submarine hydrothermal system (Brauhart et al.,
2000). In the lower part of the volcanic sequence white micas were predominantly absent (C in Fig. 3.10B). White mica poor zones that were crosscutting white mica rich zones (D in Fig. 3.10B) underlie volcanic-hosted massive sulfide (VhMS) mineralization and have been interpreted as intensely
altered root zones located beneath paleo hydrothermal discharge zones typically associated with VhMS mineralization (Brauhart et al., 1998).
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3.4

Conclusions

• Band ratios calculated from airborne imaging spectroscopy are suitable for mapping subtle shifting spectral features, such as the wavelength position of the absorption feature of white micas in volcanic
rock. The absorption wavelength can be predicted from two band
ratios in a multiple linear regression equation.
• Areas containing white micas can be identified using a white mica
probability value that is calculated with a logistic multiple regression equation from two airborne band ratios. Though spinifex grass
hampers the detection white micas, its effect can be reduced with the
logistic regression equation for prediction of white micas, where one
of the predictor variables is a measure for spinifex abundance.
• Two types of errors affect the accuracy of the prediction of white
micas and their absorption wavelengths. Random errors, which are
the result of inaccurate geolocation of rock samples and hymap imagery, inhomogenity of mineralogy within an airborne pixel, weathering or spinifex cover, cause random scattering in plots of predicted
versus measured values but have little influence on the predicted values. Systematic errors, which are most likely the result of a non-linear
relation between one of the predictor variables and the predicted variable, cause a wavelength-dependent under- or over-estimation of the
absorption wavelength.
• The results in this study were obtained using radiance imagery which
was not atmospherically corrected. The ability to use atmospherically
uncorrected data has advantages since it is free of errors that are
introduced by inaccurate assessment of atmospheric conditions and
time-consuming procedures. Whether the use of uncorrected data
introduces errors related to interference of the atmosphere needs to
be further assessed.
• The large number of ground control points used for the regression
modeling in this study is a disadvantage and collection of enough
points is usually not feasible in operational settings. However, the results obtained in this study are probably portable to other areas with
similar geologic setting and physiographic conditions which would
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then only require a limited number of ground control points for verification. Further study is needed to determine the minimum number
of ground samples required for an accurate estimate of the absorption
wavelength of white micas.
• Surfaces of white mica probability and absorption wavelength contain
abundant geological information about the distribution of alteration
facies related to fossil submarine hydrothermal fluid convection. This
demonstrates the utility of airborne imaging spectroscopy for making
detailed and precise reconstructions of the spatial configuration of
these hydrothermal systems.
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Chapter 4

Detection of pre-defined
boundaries between
hydrothermal alteration
zones using rotation-variant
template matching∗
4.1

Introduction

Airborne imaging spectroscopy allows identification of surface mineralogy at
high spatial resolution for certain groups of minerals (Kruse, 1988, Van der
Meer and de Jong, 2001). In areas of abundant rock outcrop, limited presence of weathered materials and sparse vegetation cover, surface mineral
associations reflect conditions that prevailed when minerals were formed
by, for instance, hydrothermal alteration, metamorphism, or sedimentary
deposition. The high spatial resolution in which mineralogical information
is obtained and the continuous coverage enables identification and mapping
∗

This chapter is based on: Van Ruitenbeek, F.J.A., Van der Werff, H.M.A.
Hein, K.A.A., Van der Meer, F.D., (under review). Detection of pre-defined boundaries between hydrothermal alteration zones using rotation-variant template matching.
Computers & Geosciences.
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of mineral zoning across the exposed rock. Furthermore, zones of mineral
variation or mineralogical boundaries, possibly reflecting changing conditions during formation or later processes affecting the rock, can be mapped
and aid the study of paleo-conditions.
A mineralogical boundary in rock can be defined as an area of certain width
in between two areas of homogenous mineralogy. The boundary zone then
reflects the change in mineralogy from the first to the second homogenous
area. In this way, the boundary can be characterized in terms of the two
mineral assemblages on either side of the boundary zone, as well as the
width and the strike of the boundary.
Identification of pre-defined boundaries in image data is not straightforward
when using common pixel-based techniques. It first requires classification of
the image data into two mineralogical classes, each reflecting the mineralogy
on one side of the boundary. Subsequently, the classified data must be
interrogated manually in order to extract exactly those boundary zones
that meet the criteria, which is inefficient and subjective.
An alternative method is to detect directly pre-defined boundary zones using a rotation-variant template matching (RTM) technique. This technique
was originally developed by Van der Werff et al. (2007) who detected predefined boundaries between spatially coherent zones by fitting a miniatureimage of the boundary zone (the template) to hyperspectral imagery at
various rotation angles. The output is a series of likelihood images indicating the presence of a boundary. This is modified to make it suitable for
detection of boundary zones in single-band floating-point images. Instead
of generating a series of likelihood images, the implementation described
here generates a series of points that exactly match pre-defined boundary
criteria.
This new implementation of the RTM technique has been used to identify
mineral zones in the footwall of the Kangaroo Caves volcanic massive sulfide deposit in the Soanseville greenstone belt in the Pilbara block, Western
Australia (Fig. 4.1). Zones of chlorite and white mica minerals in this fossil
Archean hydrothermal system have been interpreted as part of the alteration halo that formed during massive sulfide deposition (Brauhart et al.,
1998, 2000, ?, Van Ruitenbeek et al., 2005). Direct detection of various
boundary zones between alteration facies may be used in reconstructing
fossil hydrothermal conditions and in segmentation of airborne imagery
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into spectrally defined alteration zones.

4.2
4.2.1

Methods
The RTM algorithm

Template matching is a pattern recognition technique that is widely used
for detection of objects in grey-level images (Tsai and Chiang, 2002). In
the past, it has been applied to machine vision such as optical character
recognition, face detection, object detection and defect detection (Tsai and
Yang, 2005). Van der Werff et al. (2007) applied template matching in a
rotation-variant algorithm (RTM) for the detection of boundaries between
several mineral assemblages in a hydrothermal alteration systems. The templates were composed of shortwave infrared (SWIR) spectra and matched
to an image, using the spectral angle (Kruse et al., 1993) as a measure for
spectral fit.
The RTM algorithm matches a user-defined template to a series of greyscale images, each representing a product derived from a hyperspectral
image. The template is a one-dimensional image (Fig. 4.2) that contains
information of a boundary between two spectrally contrasting regions. It
was moved over the image like a moving kernel. At every position, the
template was rotated and a statistical fit was calculated for every position
and orientation. The implementation of the RTM algorithm was written in
IDL computer language; the pseudo code is presented in Appendix A.
A template consists of a centre pixel, a margin, and value ranges for both
sides of the template (Fig. 4.2). The centre pixel is the centre of rotation
and is also used to store template matching information for each position in
output imagery. The value of the centre pixel itself is ignored. In this way, a
crisp boundary, which theoretically would fall in between two image pixels,
is indicated by a double-pixel line centred around the theoretical position
of the boundary. Each side of a template consists of pixels with a value
range and a margin. The margin consists of zero or more pixels. Image
pixels values falling within this margin are ignored by the RTM algorithm.
Margins can be used for detection of fuzzy boundaries or boundaries that
are wider than one pixel. The value ranges are defined in one or more pixels
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Figure 4.1: Geology and outline of the area that was used for testing template matching
method. Geology after Brauhart (1999) and Van Kranendonk (2000).
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Figure 4.2: Schematic drawing of template and its working. A template (A) consists
of a value range and margin (m) on both sides of the template and a centre pixel (cp).
It is moved over an image (B) and it rotates at every pixel-position (C) at user-defined
increments.

and represent the range in which the value of an image pixel has to fall in
order to produce a positive match. The number of positive pixel matches
on one side of the pixel that is required for producing a positive template
match is set by a probability value. A high probability value requires more
image pixels to match the user-defined ranges.
The way the RTM algorithm works is explained using synthetic imagery
(Fig. 4.3) and with referencing to pseudo code in Appendix A. The userdefinition of the template occurs in lines 1–10 of the program (Appendix A):
the size of the template, values ranges on both sides of the template, the
probability values for both ranges, and the template margins are defined.
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Figure 4.3: Results of rotation-variant template matching on synthetic imagery. Input
image (A) contains boundaries, including those between pixels with values of 5 and
8 as defined by template (B). Matching probability for both sides of template is 1.
Position of template as it is shown (B) is 0◦ . Output image (C) contains template
rotation angles at matched positions. Positions without matches are indicated with n.
Pixels near edge of image, indicated with r, were removed from analysis. At position
indicated in gray (A, B) template (B) matches at three different rotation angles (I, II,
and III). Mean of of these rotation angles is 180◦ (C).

The template that was used in the example (Fig. 4.3B) contained five pixels,
a centre pixel and two pixels on both sides of the centre pixel. It was
designed to detect boundaries between pixels with a value of 5 and pixels
with a value of 8. The probability value was set to 1.0, which means that
both values on the left side had to be 5 and both values on right side had
to be 8 in order to produce a positive match. The margin was set to 0.
After the template definition, the RTM algorithm moved the template over
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the synthetic image (Fig. 4.3A, lines 16–17, Appendix A), and at each position, the template was rotated in 45◦ increments (line 19, Appendix A)
to find the optimal fit and its orientation. For each orientation of the template, the fit of the left and right side of the template was calculated as a
proportion of pixels within the user-defined value ranges (lines 27–33, Appendix A). In case both sides of the template had a positive match, i.e. the
number of matched pixels was above the probability threshold, the fit of the
entire template was calculated as the mean of the left and right side probability. When all eight template orientations were evaluated, the highest
probability (lines 36–39, Appendix A) was selected and, with its orientation, written to the output image (Fig. 4.3C, lines 48–50, Appendix A). In
the case that more than one orientation resulted in a positive fit, the mean
angle of these optimal orientations was calculated (line 39, Appendix A) to
obtain a coherent boundary. An angle between 1 and 360 indicated a preferred orientation, while an angle of 0 indicated that there was no preferred
orientation found. A value of -1 was set as preferred orientation when the
user-defined settings of the template were equal for the left and right side
(line 42, Appendix A). Matching the template to the pixel indicated in grey
in the input image (Fig. 4.3) produced a positive match with an angle of
180◦ . This angle is the average of three positive matches by rotation of the
template at 135◦ , 180◦ , and 225◦ . The angle is interpreted to represent the
geographic strike of the boundary.

4.2.2

Airborne hyperspectral imagery

The RTM algorithm was applied to airborne hyperspectral imagery covering an Archean hydrothermal alteration system in the Pilbara, Australia,
with the aim of detecting boundaries between specific mineral assemblages
with different contents of white mica minerals, such as illite, muscovite,
and celadonite. The presence of white micas and their absorption feature
near 2200 nm, which is a measure for their Al-content (Clark, 1999), are
useful idicators for reconstruction of conditions in fossil hydrothermal systems (Cudahy et al., 1999, Van Ruitenbeek et al., 2006b). Airborne hyperspectral imagery, obtained with the Hymap sensor (Cocks et al., 1998) in
1998, were used for determining the spatial distribution of the various types
of white mica minerals. The at-sensor radiance data were georegistered using the triangulation method and abundant ground control points. The
airborne data sets were further processed and converted into greyscale ima55
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ges representing the probability that an image-pixel contains white mica,
ranging from 0 to 1, and images containing the wavelength position of the
absorption feature near 2200 nm of white micas, ranging approximately
from 2195 to 2225 nm. These images were created following the method
described by Van Ruitenbeek et al. (2006b), who used a stochastic method
for estimating white micas and their absorption wavelength from multiple
image band ratios using multiple regression equations. The white mica
mineral maps were further used to identify boundary zones between hydrothermal alteration zones. Templates of boundary characteristics in the
Kangaroo Caves area were designed using image values along a west-east
running transect. Various templates were used for determining the effects
of differences in template design. The template matching results were evaluated along the transect and in planar view. Finally, the identified boundaries were compared with spectral field observations in the same area.

4.3
4.3.1

Results
Boundary detection in processed hyperspectral imagery

The processed airborne imagery covering the footwall of the Kangaroo
Caves volcanic massive deposit is shown in Fig. 4.4. A west-east running transect of image values along line WE is presented in Fig. 4.5. The
boundary between short- and long-wavelength white mica zones, used for
designing the various templates for boundary detection, was indicated in
this transect. Design of the various templates is shown in Table 4.1.
Results show that with each of the six different templates the boundary
in Fig. 4.5 (vertical, dashed line) was identified. Also pixels adjacent to
the boundary along the profile line matched the boundary criteria. In
plane view, these pixels form a clear and continuous line that can be traced
from north to south (I., Figs. 4.5 and 4.6). Positive matches of boundaries
also occurred at other position along the profile line. Positive matches are
present to the west (II., Figs. 4.5 and 4.6). These represent a transition
from long-wavelength white micas to shorter-wavelength white micas in less
white mica-rich areas. The boundary is different here because positively
matched pixels occur in clusters in ∼100 m wide zone that indicates a more
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Image

Value range (nm) Size* Margin*
Match
number of
Left
Right
probability matched pixels
1
absorption wavelength 2210–
2206–2210 3
0
1
4584
2220
2
absorption wavelength 2210–
2206–2210 3
0
>0.66
19041
2220
3
absorption wavelength <2210
>2210
3
0
1
4861
4
absorption wavelength 2210–
2206–2210 3
1
1
6349
2220
5
absorption wavelength 2210–
2206–2210 1
0
1
18769
2220
6
absorption wavelength 2210–
2206–2210 5
0
1
1609
2220
7
white mica probability 0.90–1.00 0.90–1.00
3
0
1
—
*Of both the left and right side of template.
Settings different from template 1 (standard template) are indicated in italic.

Template

Table 4.1: Template design

—

2.0

22.9

5.9
7.7

23.2

Area
(%)
5.6
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Figure 4.4: Processed hyperspectral image showing wavelength position of absorption
feature of white micas near 2200 nm. Position of transect WE of Fig. 4.5 is shown.

gradual change in the absorption wavelength of white micas and not a crisp
boundary. Also in planar view the boundary is more dispersed. Positive
matches in a chert unit in the eastern part of the area (III., Figs. 4.5 and 4.6)
do not correspond to differences in the absorption wavelength of white micas
because this unit does not contain white micas, which was apparent from
low white mica probability values. These positive matches were interpreted
as a result of noise in the imagery. By comparing the symmetrical template
(template 7, Table 4.1) and the white mica probability image, it was possible
to differentiate the boundary in the white mica rich zone from the other
positively identified boundaries (Figs. 4.5 and 4.6).

4.3.2

Influence of template design

The template design controls which pixels in an image are identified as
boundary pixels. Varying template parameters such as size, value ranges
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Rock Interpreted
Absorption
Description
samples mineralogy*
wavelength (nm)
1
no mineral
—
Chert
2
white mica
2199
Al rich-white mica altered volcanic rock
3
white mica
2199
Al rich-white mica altered volcanic rock
4
white mica
2202
Al rich-white mica altered volcanic rock
5
white mica
2199
Al rich-white mica altered volcanic rock
6
white mica
2212
Al poor-white mica altered volcanic rock
7
white mica
2213
Al poor-white mica altered volcanic rock
8
white mica ± kaolinite
2208
Al poor-white mica altered volcanic rock, weathered
9
chlorite ± white mica
2208
Chlorite and Al poor-white mica altered volcanic rock
10
chlorite
—
Chlorite altered volcanic rock
*Interpreted from reflectance spectra obtained with PIMA (1300–2500nm).

Table 4.2: Interpretation of field reflectance spectra along transect
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Figure 4.5: (A) Absorption wavelength and white mica probability values of processed
hyperspectral imagery along transect WE (Fig. 4.4). Transect was segmented into
various zones as indicated at bottom of transect. Matched boundaries for the various
of templates (Table 4.1) are shown with triangles (B). Boundary, indicated by vertically placed dashed line, was used to design the various temples and represents the
boundary between long-wavelength and short-wavelength white micas in high white
mica probability zone. I, II, and III are explained in text.

left and right, matching probability, and margin (Fig. 4.2), influence the
matching result (Fig. 4.5). Using the standard template (template 1, Table 4.1), 5.6% of image pixels were identified as boundary pixels. By lowering matching probability to 0.66 in template 2, i.e. when two of the three
pixels on both sides of the template must be within the specified value range,
the number of matched pixels strongly increased to 23.2%. The width of
boundary I (Fig. 4.5) increased and the number of pixels in chert units and
the area west of boundary increased. Also scattering of small clusters of
positively identified pixels throughout the image increased. Similar effects
appeared by decreasing the size of the template from three-by-three pixels
to one-by-one pixels (template 5, Table 4.1).
Increasing the size of the template to five-by-five pixels (template 6, Ta60

Chapter 4. Detection of pre-defined boundaries between hydrothermal
alteration zones using rotation-variant template matching

Figure 4.6: Matched pixels using template 1 (Table 4.1) on absorption wavelength
image shown by black diamonds. Symbols are rotated by rotation angle at matched
position. Grey-scale image shows matching result of symmetric template 7 on white
mica probability image. Zoom box shows extend of Fig. 4.8. Symbols 1–10 represent
locations of field spectra (Table. 4.2). Matched boundaries I, II, and III as in Fig. 4.5.
A–short-wavelength white mica zone; B–long-wavelength white mica zone; C–chlorite
zone.
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Figure 4.7: Plot of white mica probability versus absorption wavelength values of pixels
along transect (Fig. 4.5). Thresholds based on distribution in scatter plot are shown
as dashed line and were used for design of Template 3 (Table 4.1).

ble 4.1) had the opposite effect. The number of matched pixels decreased
to 2%, positive matches in the chert unit disappeared (Fig. 4.5), and scattering of pixels was reduced, while boundary I was still clearly identified. In
template 3, the value ranges of the template were based on a plot of white
mica probability values versus absorption wavelength of the pixels along
transect WE (Fig. 4.7). Changing the value range (template 3, Table 4.1)
only slightly increased the number of matched pixels and their spatial distribution. By increasing the margin-pixels from zero to one, i.e. there
were three pixels (centre pixel, margin pixel left of centre pixel, margin
pixel right of centre pixel) between the left- and right-hand side that were
matched, as in template 4, the number of matched pixels increased due to
increased width of matched boundaries. Scattering of matched pixels did
not increase.

4.4
4.4.1

Conclusions
RTM method summary

The RTM method is a new contextual method for detection of predefined boundary zones in single-band images. Template design is based on
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Figure 4.8: Overlay of boundaries extracted with RTM algorithm using template 6
(Table 4.1) and a sliced absorption wavelength image using threshold of 2210 nm
for area shown in by zoom box in Fig. 4.6. RTM method extracts more coherent
boundaries and is less sensitive to noise.

the boundary characteristics that must be defined prior to executing the
template matching program. Boundary characteristics are determined by
expert-opinion and with input from image-transect statistics.
The output of the template matching program was a series of pixels that
match the boundary criteria set in the template. The matched angle was
also reported and was used to define the strike of the boundary. Analysis of
the spatial distribution of the matched pixels could be used to further characterize matched image-boundaries. Narrow, spatially continuous boundary zones reflected relatively crisp and coherent boundaries while broad
zones of more dispersed matched pixels reflected less crisp and more gradual boundaries. Non-coherent and dispersed boundaries could also result
from noise in input imagery.
The template matching results can be compared to slicing of the absorption
wavelength image using a threshold of 2210 nm (Fig. 4.8), where boundary
zones can be inferred from the sliced image. Characteristic for the sliced
image is the number of scattered clusters and isolated pixels which makes
it difficult to precisely locate a boundary. Boundary identification using a
suitable template provides a more precise definition of a boundary and is
not sensitive to scatter.
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Finally, results of the template matching method can be used as input
for image segmentation, where the boundary zones form the margins of
homogenous segments.

4.4.2

Geologic implications

Results of rotation-variant template matching on white mica mineral maps
obtained with airborne spectral methods show that various boundaries
could be identified between zones with different white mica minerals. A
crisp boundary was identified in white mica rich zones between short- and
long-wavelength white mica minerals (I., Fig. 4.6). This boundary is interpreted to represent the transition from seawater recharge-related lowtemperature rock (A, Fig. 4.6) to medium-temperature somewhat K-altered
rock (B, Fig. 4.6) in the fossil hydrothermal system. A gradual boundary
was identified in less white mica-rich areas (II., Fig. 4.6) and is interpreted
to be the transition to a chlorite-rich fluid-discharge zone that can be correlated with high-temperature alteration of the host rocks (C, Fig. 4.6).
Mineralogy and white mica minerals interpreted from field spectral measurements (Table 4.2) confirm the presence of these alteration zones. Most
of the measurements fit the interpretation based on the RTM method. The
exception is sample 9, which is located near the gradual boundary zone
in an area with steep topography and where mass-wasting processes have
mixed (down-slope) and transported in-situ rocks in a westerly direction.
The application of the RTM algorithm appeared to be useful for determining and characterizing the boundaries between mineralogically homogenous
zones in the fossil hydrothermal system at Kangaroo Caves. This new information can be further used to characterize the affects of alteration in fossil
hydrothermal systems and aid exploration for massive sulfide deposits.
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Chapter 5

Mapping hydrothermal
processes with airborne
imaging spectroscopy∗
5.1

Introduction

Studies from the Panorama area on the distribution of white micas, such
as sericitic illite, muscovite, and phengite, and their Al content using reflectance spectroscopy (Huston et al., 1999, Van Ruitenbeek et al., 2005)
showed different associations with geochemical and mineralogical alteration
parameters compared to those obtained by Brauhart et al. (1998).
Interpretation of these differences in terms of different hydrothermal conditions was hampered because of the lack of spatial continuity in the spectral
field data, which is a characteristic of any field-based sampling method.
However, airborne imaging spectrometry provides spatially continuous white
mica distribution maps at 5x5 m spatial resolution. New information on
hydrothermal processes can be extracted from the detailed analysis of white
micas distribution maps obtained with airborne imaging spectrometry and
integration with field-based observations and analyses. The results may
∗

This chapter is based on: Van Ruitenbeek, F.J.A., Cudahy, T.J., Van der Meer, F.D.,
Den Tex, I., Hale, M., (in preparation). Hydrothermal processes in the Archean – new
insights from airborne imaging spectroscopy. Precambrian Research.
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be used to understand fossil hydrothermal systems and to guide exploration for massive sulfide deposits. The method is tested here on the Panorama district of the Soanesville greenstone belt of Western Australia, where
spectrally defined zones are compared with the alteration facies defined by
Brauhart et al. (1998) using non-spectral methods.

5.2

Methods

Remotely sensed imaging spectroscopy was used to produce maps of the
surface distribution of white mica species. These maps were classified into
several spectral groups and overlain by the detailed lithologic and alteration
maps of Brauhart (1999) for determining their spatial association with alteration facies defined by Brauhart and to study the influence of lithologic
composition on the distribution of white micas in the volcanic sequence.
Subsequently rock samples collected from the volcanic sequence (Fig. 5.1)
were used for characterizing the differences between the various alteration
facies mapped on the ground (Fig. 5.2) and the spectral groups mapped
by imaging spectroscopy. Whole rock geochemistry was used to determine
alteration trends, and oxygen isotopes were used to estimate alteration
temperatures. Petrographic descriptions, microprobe analyses and nearinfrared spectroscopy were used to study mineralogy. Furthermore from
each rock sample point the lithologic composition, alteration facies, and the
distance to the intrusive contact with the Strelley Granite were determined.
These parameters for each rock sample were compared with the remotely
sensed interpretations at spatially coincident positions.

5.2.1

Reflectance spectroscopy of white micas

Reflectance spectroscopy is a fast and non-destructive method that can be
used to identify various types of alteration minerals, including white mica
minerals and their Al content (Clark, 1999). The method can be applied
with spectrometers in the field or laboratory or mounted on remote sensing platforms such as aircraft or satellites (e.g. Brown et al., 2006, Cudahy
et al., 1999, Kruse, 1988, Sabins, 1999). The white micas studied here with
spectral methods are potassic muscovite-like minerals with compositional
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Figure 5.1: Geology, rock sample locations,and Hymap coverage of Panorama study
area. Geology after Brauhart (1999), Van Kranendonk (2000), and Van Kranendonk
et al. (2006). Volcanic strata dip 50◦ -60◦ to east.
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Figure 5.2: Alteration facies map of study area, after Brauhart et al. (1998) and
Brauhart (1999). Alteration facies as in Table 1.1. Outlines of geologic formations
(Van Kranendonk, 2000) in grey.
68

Chapter 5. Mapping hydrothermal processes with airborne imaging
spectroscopy

Figure 5.3: Reflectance spectrum (from 2150 to 2350 nm) of rock containing white
mica and chlorite. Absorption feature near 2200 nm is of white mica and that near
2260 nm of chlorite.

variation between muscovite, celadonite, and illite (Bailey, 1984). The term
sericite is used for fine-grained white micas of varying composition. Reflectance spectra of white micas have a dominant absorption feature at 21852235 nm (Fig. 5.3) that is due to Al-OH bonds in octahedral sheets (Besson
and Drits, 1997, Rossman, 1984). The exact wavelength position of the absorption feature varies as a function of Al content of white mica (Beran,
2002), where the absorption feature of Al-rich white micas occurs at shorter
wavelengths and that of Al-poor white micas at longer wavelengths. Variation in Al content is largely the result of Tschermak substitution where Al
in octahedra layers is replaced by Fe and Mg (Duke, 1994).
In the laboratory reflectance spectra in the 1300-2500 nm wavelength range
were measured on powders of 223 unweathered volcanic rock samples, which
were originally collected by Brauhart (1999), with a portable infrared mineral analyzer (PIMA). The spectra were used to determine abundances
of white mica and chlorite. Furthermore the depth and the wavelength
positions of the absorption feature near 2200 nm of white micas were determined, as well as the depth of the absorption feature near 2260 nm related
to the presence of chlorite (Fig. 5.3). The interpretation of the reflectance
spectra was validated using petrographic descriptions of thin sections and
microprobe analyses of white micas (Brauhart, 1999) of a subset of the 223
rock samples.
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5.2.2

Airborne imaging spectroscopy

Four airborne imaging spectrometry scenes were acquired over the volcanic
sequence and adjacent rocks with the Hymap sensor (Cocks et al., 1998)
in 1998 (Fig. 5.1). Each data set covered approximately 2.5 x 22 km at a
spatial resolution of 5 m. The at-sensor radiance images were georegistered
using the triangulation method and abundant ground control points.
The airborne data sets were further processed and converted into two images: (1) an image representing the probability, ranging from 0 to 1, that
an image-pixel contains white mica and (2) an image showing the wavelength position of the absorption feature near 2200 nm of white micas,
ranging approximately from 2195 to 2225 nm. The latter is further referred
to as the absorption wavelength image. These images were created following the stochastic method described by Van Ruitenbeek et al. (2006b)
for estimating white micas and their absorption wavelength from multiple
image-band ratios using multiple regression equations based on a subset of
the same Hymap and field data sets. Validation of the two images showed
that accuracy and precision of the prediction was satisfactory despite errors introduced by inhomogeneity of mineralogy within image pixels, the
presence of weathering materials and spinifex vegetation at the surface, and
small errors in geolocation of rock samples and georegistration of Hymap
imagery(Van Ruitenbeek et al., 2006b).

5.2.3

Classification of spectral imagery

The white mica probability and the absorption wavelength images were classified in six spectral groups, representing the different types of white mica
and their abundances, using a template matching method that was originally developed by Van der Werff et al. (2007) and further developed and
adapted to the Panorama area by Van Ruitenbeek et al. (2006a). The template matching method detects pre-defined boundaries between spatially
coherent (alteration) zones by fitting a miniature-image of the boundary
zone (the template) to the image. This occurs on a pixel-by-pixel basis
at various geographic rotation angles. The output is a series of imagepixels that match the boundary criteria that were set in the template. The
boundaries that were identified in the white mica probability and absorption wavelength images were traced manually. The data set containing the
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boundaries was polygonized and classified according to the dominant white
mica specie and white mica abundance. The resulting map, which consists
of coherent homogenous areas of similar white micas and their abundance,
is typically free of scattering of classified pixels that are common in normal pixel-based classification procedures (and which give these images their
noisy appearance). Points on the map can easily be compared with rock
samples and their attributes.

5.2.4

Geochemical methods

Whole rock geochemistry determined by X-ray fluorescence analysis of a
suite of 263 rock samples (Brauhart, 1999) was used to study the relationship between hydrothermal processes, alteration facies and spectrally
defined groups. The following alteration indices were calculated and plotted
in alteration box plots (Large et al., 2001a) for facilitating the interpretation.
Ishikawa alteration index (AI) (Ishikawa et al., 1976):

100 ∗ (K2 O + M gO)
K2 O + M gO + N a2 O + CaO

(5.1)

Chlorite-carbonate-pyrite index (CCPI) (Large et al., 2001a):

100 ∗ (M gO + F eO)
M gO + F eO + N a2 O + K2 O

(5.2)

The AI (5.1) is a measure of the breakdown of sodic plagioclase and volcanic
glass, through depletion of Na and Ca and enrichment in K and Mg, and
its replacement by white mica and chlorite. The CCPI (5.2) is a measure
of the formation of chlorite, which replaces albite, K-feldspar, and white
mica.
Alteration temperature estimates were calculated by Brauhart et al. (2000)
from whole-rock oxygen isotope data of a subset of 119 rock samples.
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5.3

Results and discussion

The white micas map derived from airborne imaging spectroscopy (Fig.
5.4) shows distinct zoning of white micas within the volcanic sequence.
These zones are (semi-)parallel to the volcanic stratigraphy or cross-cutting
it. Content and type of white micas vary along strike and with depth
within the sequence. The homogenous and coherent appearance of the
various zones and the absence of vein-like shapes at the high spatial resolution of the imagery, indicates that the minerals are distributed pervasively
throughout the volcanic rock. White micas range in composition from Alrich, with an absorption wavelength shorter than 2205 nm, to Al-poor with
an absorption wavelength longer than 2210 nm. White micas are likely to
occur in 73.9% of the total area of 51.6 km2 that was investigated (Table 5.1, column ”Proportion of total area”). Al-poor white micas (groups
3a and 3b) are most abundant and are present in 36.6% of the area, white
micas of intermediate Al-content (groups 2a and 2b) are likely to be present
in 29%, and Al-rich white micas (group 1) in 8.3%.
Validation with laboratory reflectance spectra obtained from field samples
shows that most of the white mica classification produced from airborne
imaging spectroscopy was satisfactory (Fig. 5.5), though some overestimation of the absorption wavelength at shorter wavelengths occurred. In
several samples classified as not containing white mica (group c), traces of
Al-poor white mica were present (Fig. 5.5, upper-left). Only the absorption wavelength of background altered samples of group 1, which contain
Al-poor white micas of absorption wavelengths more than 2210 nm, were
consistently misclassified as Al-rich white micas.

5.3.1

Influence of lithologic composition

The ratio of felsic and intermediate to mafic lithologies in Table 5.1 shows
that the felsic volcanics contain more white mica minerals than intermediate
to mafic lithologies. White mica rich zones, such as those represented by
spectral group 3a that has a ratio of 3.2, mostly occur in felsic lithologies.
Zones where white micas are absent, represented by group c, are restricted
to intermediate to mafic lithologies. The relationship can be explained by
differences in chemical composition, where the more felsic lithologies are
more favorable for formation of white micas due to higher K content and
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Figure 5.4: White micas map from Hymap imagery. Spectral groups as in Table 5.1.
White mica probability map in grey-scale shows sedimentary layering and veining.
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SpecFelsic volc.
Mafic intr.
tral
White mica Absorption
Al
group proba- abun- wavelength content Area Prop. Ratio seq bg cq fse bg
cq
f elsic
(km2 ) (%)* maf
(%) (%) (%) (%) (%) (%)
bility dance
(nm)
ic
1
>0.3
high
<2205
high
4.3
8.3
2.2
– 20.0 – 39.4 5.7
–
2a
>0.9
high 2205–2210 interm. 4.2
8.1
1.4
–
– 8.0 41.1 –
–
2b
0.3-0.9 interm. 2205–2210 interm. 10.8 20.9 0.6
– 14.2 11.3 7.2 16.1 6.6
3a
>0.9
high
>2210
low
6.8
13.2 3.2 7.3 – 14.1 46.9 –
–
12.1 23.4 1.5
– 21.3 – 18.7 –
–
3b
0.3-0.9 interm.
>2210
low
c
<0.3
none
–
–
13.5 26.1 0.2
–
–
–
– 21.7 –
Only area percentages >5% of row total are reported.
*Proportion of total area.
bg
(%)
6.0
–
6.7
–
10.5
20.5

Table 5.1: Comparison of spectral groups with alteration facies and lithology
Mafic volc.
transcq fse
cq
(%) (%) (%)
6.1 6.4 5.7
9.0 15.1 6.6
24.1 –
–
5.2 10.5
–
12.2 5.2
–
27.9 –
–
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Figure 5.5: Plot of absorption wavelength versus depth of absorption feature of white
micas near 2200 nm (Fig. 5.3) in rock samples. Symbols show spectral grouping
(Table 5.1) obtained with airborne methods. Horizontal dashed lines show classification
intervals of spectral groups.

lower Fe and Mg contents (Schardt et al., 2001). The affinity of white
micas for felsic lithologies may also be the result of stratigraphic position
of the various lithologies in the volcanic sequence. Felsic lithologies are
more abundant in the upper parts of the sequence and intermediate to
mafic lithologies dominate the lower parts (Fig. 5.1). Shallow depths in the
volcanic sequence are more favorable for the formation of white micas due
to different chemical conditions and lower alteration temperatures.

5.3.2

Spectrally defined groups versus alteration facies

The results of the comparison between the white micas map obtained using airborne methods and the alteration map produced by Brauhart (1999)
(Fig. 5.2), which was based on whole rock geochemistry and petrography
of rock specimens and field mapping, are presented in Table 5.1. Though
several spectral groups correspond spatially to the alteration facies of Brauhart, the spectral grouping does not entirely match his grouping. Spectrally
defined group 1 is mostly present in background- and feldspar-sericitequartz altered felsic volcanics, while group 2b most frequently occurs in
chlorite-quartz altered rocks. Plots of AI versus CCPI, which were calculated from the whole rock geochemistry of rock samples (Fig. 5.6) show that
the positions of the respective alteration facies within one spectral group
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are different for most groups. This means that the chemical composition of
spectrally similar rock samples is different and that these chemical differences are accounted for by the alteration facies defined by Brauhart. The
only significant overlap between chemistry of alteration classes within spectral groups exists between background-altered and feldspar-sericite-altered
felsic rocks of spectral groups 2b and 3b. The lack of a one-to-one correspondence of spectrally defined groups to the respective alteration facies
and the presence of spatial intersections of these indicates that the spectral patterns are, at least partly, the result of different processes to those
responsible for the formation of the alteration facies identified by Brauhart.

5.3.3

Distance to Strelley Granite contact

The distribution of the various types of white micas was affected by the
distance to the Strelley Granite contact (Figs. 5.4, 5.7). There is a general trend of increasing white mica abundances with increasing distance.
Feldspar-sericite-quartz altered rocks of spectrally defined groups 1 and 2a
occur at relatively long distance and low temperatures. Areas where white
micas are absent occur at shorter distances and higher temperatures. Exceptions are zones of group 1 in background altered rocks (Fig. 5.7), which
do contain white micas and occur near the granite contact. Distance to
the granite contact has a relationship with temperature distribution in the
paleo-hydrothermal system and the chemical environment in which alteration occured. At short distances temperatures were relatively high (300
- 400◦ C) and the input of magmatic components and presence of evolved
seawater were more prominent, while at longer distances temperatures were
lower (down to approximately 150◦ C) and the influence of unevolved seawater was dominant.

5.3.4

New spectrally defined alteration zones

Groups 1 and 2a in feldspar-sericite-quartz altered rocks
Zones of groups 1 and 2a in feldspar-sericite-quartz altered rocks occur in
the top of the volcanic sequence and directly underlie the chert layer at the
top of the volcanic sequence (Fig. 5.4). These zones occur predominantly
in the northern part of the study area, where they form continuous zones
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Figure 5.6: Plots of alteration index (Eq. 5.1) versus chlorite-carbonate-pyrite index
(Eq. 5.2) of felsic and mafic rock samples of the various spectral groups obtained with
airborne imaging spectroscopy (Table 5.1). Alteration facies of Brauhart et al. (1998)
as in Table 1.1. Arrows indicate K and Fe-Mg alteration trends respectively. Least
altered (l.a.) boxes are after Large et al. (2001a). I., II., and III. are explained in text.
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Figure 5.7: Plots of distance to Strelley Granite contact versus alteration temperatures
(Brauhart et al., 2000) of rock samples for the spectral groups (Table 5.1) obtained
with airborne methods. Symbols show alteration facies (Table 1.1).

of about 500 m thick that are parallel to the volcanic stratigraphy. They
are intersected at various locations by transgressive zones of different white
mica mineralogy. Rocks belonging to this spectral class are altered (Fig. 5.6,
I.) and have relatively low K concentrations of approximately 2%, which is
lower than other feldspar-sericte-quartz altered rocks (Fig. 5.8, I.). Though
Al-rich white mica is the dominant infrared-active mineral, all rocks contain some chlorite (Fig. 5.9). Alteration temperatures for this group of
rocks are approximately 100 to 200◦ C, which are the lowest estimated temperatures in the volcanic sequence (Fig. 5.7). Zones of groups 1 and 2a are
stratigraphically underlain by rocks of groups 3a and 3b.

Groups 3a and 3b in all alteration facies
Zones of groups 3a and 3b occur mainly in the upper two-thirds of the volcanic sequence (Fig. 5.4), often stratigraphically overlying chlorite-quartz
altered rocks (Fig. 5.2) and either underlying groups 2a and 2b in feldspar78
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Figure 5.8: Plots of distance to Strelley Granite contact versus K concentration for
rock samples grouped by spectral groups as in Table 5.1. Symbols indicate alteration
facies. I., II., and III. are explained in the text.

Figure 5.9: Plots of K concentration versus absorption feature of chlorite near 2250 nm
(Fig. 5.3) in rock samples grouped by lithologic composition. Symbols show spectral
grouping (Table 5.1) obtained with airborne methods.
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sericite-quartz altered rocks or underlying the marker chert at the top of
the volcanic sequence. These groups are present as (1) up to 1 km zones
(semi-)parallel to the stratigraphy; (2) broad transgressive zones intersecting groups 2a and 2b in feldspar-sericite-quartz altered rocks and (3) a
narrow zonation feature along transgressive chlorite-quartz altered rock
(Fig. 5.4). In the southern part of the study area, where groups 3a and
3b zones directly underlie the marker chert, their distribution is clearly
influenced by lithologic composition of the volcanic wall rock. They are
intersected at various locations by white mica poor intermediate to mafic
lithologies parallel to the stratigraphy. Zones of groups 3a and 3b are
present in felsic and intermediate to mafic lithologies and most rocks derived from these zones are altered (Fig. 5.6, II.) and have relatively high
concentrations of potassium relative to other zones in the same alteration
facies (Fig. 5.8, II.). In feldspar-sericite-quartz altered and backgroundaltered rocks K concentration varies between approximately 2 and 8%. In
chlorite-quartz altered rocks K concentrations are typically lower and their
concentrations do not show the same good contrast between groups 3a and
3b and the other spectral groups. Chlorite content is generally low in these
rocks (Fig. 5.9). In most felsic rocks and feldspar-sericite-quartz altered
intermediate to mafic rocks chlorite is absent while in background-altered
intermediate to mafic rocks minor chlorite is present. Alteration temperatures of zones of groups 3a and 3b are slightly higher than than those of
zones of groups 1 and 2a in similar feldspar-sericite-quartz altered rocks
(Fig. 5.7). The spectral response of these rock samples are similar to some
sericite-quartz altered zones in the southern part of the study area (Table 5.1).

Group 1 in background altered rocks.
Zones of group 1 in background altered rocks occur within 250 m of the
granite contact (Fig. 5.4). They are parallel to the stratigraphy and are
spatially associated with transgressive sericite-quartz and chlorite-quartz
alteration facies in the underlying granite. Rocks belonging to this group
have concentrations of potassium lower than 0.5% (Fig. 5.8, III.) and relatively high Na concentrations of about 5%, which results in a low AI
(Eq. 5.1) (Fig. 5.6). All rocks contain chlorite and some white micas. Alteration temperatures are approximately 400◦ C (Fig. 5.7, III.). Though
rock samples belonging to this spectral group are all felsic, similar patterns
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exist in mafic lithologies.
Spectral group 2b is not further discussed here because it is a transitional
zone between the other spectrally defined groups.

5.3.5

New insights into hydrothermal processes in the Panorama area

Potassic alteration event
Results presented in the previous sections indicate that a K alteration event
took place that affected felsic, intermediate and mafic lithologies in the upper two-thirds of the volcanic sequence, formed Al-poor white micas, and
decreased the abundances of chlorite. The K-altered zones seem to be
spatially associated with high-temperature chlorite-quartz alteration zones
where they overlap and extend stratigraphically upward and also laterally into zones of lower temperature alteration; they also crosscut lowtemperature altered zones of spectral groups 1 and 2a near the top of the
volcanic sequence (Fig. 5.10). This suggests that these K rich zones result
from alteration by hydrothermal fluids although at lower temperatures and
at lower alteration intensity than those that formed chlorite-quartz-altered
zones.
The low temperature Al-rich white mica altered zones of groups 1 and
2a, which are crosscut by K-altered zones of groups 3a and 3b, occur in
feldspar-sericite-quartz altered rocks in the northern part of the study area.
Feldspar-sericite-altered rocks were interpreted by Brauhart et al. (1998)
as being the result of alteration by interaction with seawater. This is subsequently confirmed by Drieberg (2003) whose studies of the mineralogy,
chemistry and fluid composition of hydrothermal veins using fluid inclusions showed that quartz-sericite veins in the upper 100 m of the volcanic
sequence were formed from unevolved seawater. This together with the
spatial distribution and shape characteristics of the zones of groups 1 and
2a strongly suggests that these zones result from interaction with unevolved
seawater that circulated through the upper parts of the volcanic sequence
(Fig. 5.10).
The limited presence of zones of groups 1 and 2a in the southern part of
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Figure 5.10: Conceptual model of fluid flow and associated hydrothermal alteration in
submarine volcanic sequence. Fluid pathways, indicated with arrows, were active at
different points in time during multiple hydrothermal events.

the volcanic sequence may be related to differences in the geologic setting
when the hydrothermal system was active. In this part of the sequence
alteration temperatures were generally higher (Brauhart et al., 2000), the
extent of sericite-quartz alteration zones in the underlying Strelley granite
(and therefore the possibly the influx of magmatic fluids) is larger (Fig. 5.2),
and the sediment wedge of sands and shales of the Sulphur Springs and
Soansville Groups overlying the volcanic sequence is thicker (Fig. 5.1). This
may have resulted in a less seawater-dominated hydrothermal regime in
which formation of zones of groups 1 and 2a was less favorable or in which
earlier formed zones of groups 1 and 2a were overprinted by later K-altered
and higher temperature alteration assemblages (Fig. 5.10).
The crosscutting nature of the K-rich zones of groups 3a and 3b in the
northern part and the limited presence of zones of groups 1 and 2a in the
southern part suggest that these K-rich zones were formed either simultaneously or more likely later later than the zones of groups 1 and 2a.
82

Chapter 5. Mapping hydrothermal processes with airborne imaging
spectroscopy

Source of potassium

There are four possible sources of potassium that enriched the zones of
groups 3a and 3b: (1) unevolved seawater, (2) evolved seawater that was
enriched in K by leaching from felsic lithologies in the volcanic sequences,
(3) fluids enriched in K by leaching from the outer zones of the granite,
and (4) K-rich magmatic fluids. Though unevolved Archean seawater may
have been enriched in K (Drieberg, 2003) it is not likely to be the main
source of potassium since zones of groups 1 and 2a, which are interpreted
as resulting from interaction with unevolved seawater, were not enriched to
the same level. Also the spatial configuration of the zones of groups 3a and
3b suggest upward fluid-migration (Fig. 5.4). Leaching of felsic volcanic
lithologies may have contributed to the enrichment in potassium. However,
in the northern part of the study area felsic volcanic lithologies are relatively limited (Fig. 5.1) and it is questionable whether the lithologies that
are present were able to provide enough potassium. In the southern part
of the study area felsic lithologies are more abundant and may have been a
more prominent source of potassium. The volcanic sequence was intruded
by the K-rich Strelley granite, which most probably drove the hydrothermal system that caused regional-style alteration and which also affected
the granite itself. K-depletion in the outer zones of the granite may have
provided the potassium deposited in the upper part of the hydrothermal
system. Drieberg (2003) has identified various generations of veining in the
upper part of the Strelley granite that were formed under K-rich conditions:
(1) quartz-chalcopyrite veins (Fig. 5.4) formed by magmatic fluids exsolved
from the outer phase granite early in the life of the hydrothermal system;
(2) quartz-pyrite veins related to initial collapse of the hydrothermal system
and influx of cold unevolved seawater; and 3) Cu-Zn-Sn veins resulting from
mixing of late magmatic and hydrothermal fluids related to the intrusion
and cooling of the inner phase granite. The Cu-Zn-Sn veins are abundant
in the outer phase granite and their positions are spatially related with
K-alteration zones in the overlying volcanic sequence. Therefore it seems
likely that fluids that formed these veins also contributed K to the volcanic
sequence. Finally the distribution and shape of the zones of group 1 altered rock at the base of the volcanic sequence and the chlorite-quartz and
sericite-quartz alteration zones mapped by Brauhart et al. (1998), which
all cross-cut the volcanic-intrusive lithologies near the granite contact, indicate that there has been fluid exchange between the volcanic rock and
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the upper parts of the granitic rock domains. This supports a model where
K leached from the granitic rock and possibly K present in magmatic fluids are important contributors of K to the alteration event affecting the
volcanic lithologies (Fig. 5.10).

5.3.6

Relationship between white micas and potassic alteration

The presence of white micas is largely controlled by the availability of K
in the volcanic rock in the study area (Figs. 5.8 and 5.9). Higher concentrations favor formation of white micas, which is to be expected since
potassium is an important interlayer cation in this group of minerals. The
only exceptions are the group 1 altered rocks near the granite contact which
have very low K content and still contain white mica minerals. The reason
for this is not clear, but could be related to the presence of sodic white
mica paragonite. The Al content of the white micas, which is related to
their Fe and Mg content through Tschermak substitution, is influenced by
the availability of Fe and Mg. This is obvious in feldspar-sericite-quartz
altered rocks where chlorite is the most important ferro-magnesian mineral. In zones where chlorite occurs, i.e., zones of group 1, availability of
Fe and Mg is low and Al-content in octahedral sties is therefore relatively
high. In zones of groups 3a and 3b chlorite abundances are low and more
Fe and Mg are available to replace Al in octahedral sites, which results in
longer absorption wavelengths. In background altered rocks both Al-poor,
and therefore Fe- and Mg-rich, white micas and chlorite co-exist. In these
alteration facies Fe and Mg content is relatively high and is available for
inclusion in white micas.

5.4

Conclusions

White mica maps obtained from airborne imaging spectrometry provide
new information about fossil hydrothermal systems that is difficult to obtain
using conventional field-based methods. The spatially continuous and high
resolution white mica maps allow evaluation of the spatial patterns of the
mineralogical zoning, which reflect changes in abundances of white micas
and their chemistry related to subtle changes in physico-chemical conditions
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under which the white micas were formed.
Detailed analysis of the white micas map yielded in the following new information about the hydrothermal systems at Panorama.
1. Identification of a regional-scale K alteration event that crosscuts low
temperature seawater-recharge related alteration zones. This alteration event is most likely related to the intrusion of the inner phase
of the Strelley Granite, where K leaching of the granite itself and
influx of K-rich magmatic fluids provided a substantial part of the
potassium.
2. Indentification of previously unmapped fluid pathways that connect
background altered zones at the base of the volcanic sequence with
alteration patterns in the Strelley Granite.
3. Recognition of differences between hydrothermal conditions within
the same volcanic sequences, which are likely to be related to different
alteration temperatures, influx of magmatic fluids, and thickness of
the sedimentary wedge overlying the volcanic sequence.
Previously known features of the fossil hydrothermal system, such as hightemperature chlorite-quartz alteration zones that crosscut the stratigraphy
and underly VMS mineralization, were confirmed using the white micas
maps.
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Chapter 6

A new methodology for the
use of airborne imaging
spectroscopy
An integrated methodology is presented for the application of airborne
imaging spectroscopy together with ground data in order to reconstruct
hydrothermal processes. This approach was synthesized from the results in
Chapter 2 to 5.
Studying hydrothermal processes in the rock record using airborne imaging spectroscopy, according to this approach, involves three steps, though
not necessarily in this order: (1) creation of mineral maps that reflect unweathered surface mineralogy from the airborne data, (2) determination of
the geologic significance of the near-infrared detectable mineralogy, and (3)
evaluation of spectral patterns present in the airborne imagery.

87

Chapter 6. A new methodology for the use of airborne imaging
spectroscopy

6.1

Creation of mineral maps that reflect unweathered surface mineralogy from the airborne
data

The processing of airborne data into mineral maps, reflecting surface mineralogy of unweathered rock, requires integration with reflectance spectra
of unweathered rock (Chapter 3) (I., Fig. 6.1). Only the reflectance spectra
obtained from unweathered rock represent the true reflectance characteristics present in the rock record since they are obtained from well defined
rock surfaces at high spectral resolution and signal-to-noise ratios. Also
they are free of atmospheric interferences, weathering products, albedo effects due to topography, and are not obscured by vegetation and other
materials as is often the case with airborne spectra. The data integration
is accomplished by comparison of airborne and ground spectra at spatially
coincident locations, where the airborne data is modeled to fit the ground
mineralogy.

6.2

Determination of the geologic significance of
the near-infrared detectable mineralogy

Determination of the geologic significance of near-infrared detectable mineralogy requires their comparison with non-spectral data of unweathered
rock (Chapter 2) (II., Fig. 6.1). Though reflectance spectroscopy provides
a fast method for determination of several groups of rock-forming minerals and mineral composition parameters, such as the Al content of white
micas, it does not give unambiguous information about the formation and
alteration history of the rock. Based on a reflectance spectrum of a rock
it is difficult to determine when a certain mineral was introduced in the
rock and how (as primary mineral or as alteration or weathering product).
Therefore the spectral data have to be compared with data that provide less
ambiguous information about the history of a rock, such as petrography,
whole rock geochemistry, and stable isotopes (Chapter 2).
Studying rock textures and mineralogy in thin sections can provide information of rock type, relative timing of formation of minerals, precursor
minerals, metamorphic and alteration processes. Whole rock geochemistry
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Figure 6.1: Integrated methodology for the use to airborne imaging spectroscopy
and other data for the study of hydrothermal processes. I. Comparison of airborne
imagery and field reflectance spectra; II. Comparison of field reflectance spectra and
other non-spectral ground data; III. Spatial patterns of infrared detectable mineral; IV.
Comparison of airborne imagery and spectral and non-spectral ground data.
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provides information about the lithologic composition of volcanic rock and
can be used to determine hydrothermal alteration trends from calculated
alteration indices. Oxygen isotope ratios can be used to reconstruct alteration temperatures. Based on the integration of the information obtained
using these three non-spectral methods together with field-based geologic
maps, hydrothermal alteration facies can be identified and hydrothermal
processes can be reconstructed (Chapter 2). By comparison of this information with the spectral characteristics of the rock samples, the geologic
significance of the near-infrared detectable mineralogy is determined (Chapter 2). In cases where spectral variations occur within alteration facies that
were determined using non-spectral methods, these variations may be used
to subdivide or fine-tune the alteration facies classification.

6.3

Evaluation of spectral patterns present in the
airborne imagery

Now that the geologic significance of the near-infrared detectable minerals
is determined the airborne mineral maps can be interpreted (III., Fig. 6.1).
The continuous view at high spatial resolution provided by the airborne
data enables analysis of the shape characteristics and distribution of the
mineralogy. However, the airborne mineral maps typically have a noisy
appearance and the different minerals do not form coherent zones due to
effects of atmosphere, weathering, erosion and vegetation. Therefore the
mineral maps must be classified into mineralogically homogenous zones by
segmentation with user-defined boundaries. The result facilitates the evaluation of spatial patterns and comparison with field-based classifications
(Chapter 4).
Shape characteristics and spatial distribution of the spectrally defined zones
provide information about the hydrothermal processes. Useful parameters
are: (1) their orientation relative to the stratigraphy, (sub)parallel or crosscutting it, (2) their position and orientation relative to other zones and
the type of boundary between them (abrupt, gradual, straight, curved, or
disrupted), and (3) their shape. These can be used to determine the style
of alteration (vein or fracture controlled or pervasive), the presence of fluid
pathways, the direction of fluid migration, and influence of lithologic composition (Chapter 5).
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Differences in spatial distribution between spectrally defined zones in the
airborne data and alteration facies zones determined using non-spectral
methods are the result of the different perspective on the hydrothermal system that the airborne imaging spectroscopy offers, inaccuracies in boundary determinations in the field-based mapping, and the presence of vegetation and other materials that obscure the unweathered rock. To determine
whether the differences in the airborne derived maps are geologically significant and contribute to the understanding of the hydrothermal processes
they have to be compared with spectral and non-spectral ground data at
spatially coincident positions (IV., Fig. 6.1). Comparison with spectral
ground data points out whether the spectral patterns indeed reflect spectral variation in unweathered rock outcrop. Comparison with non-spectral
ground data may provide a geological explanations related to the affects of
hydrothermal processes (Chapter 5).

6.4

Geologic findings in the Panorama area

The application of the airborne imaging spectroscopy following the integrated methodology in this chapter resulted in the following geologic findings in the Panorama area.
White mica minerals are abundant in the volcanic rocks of the Kangaroo Caves Formation in the Panorama area. Their presence is influenced
by lithologic composition of the volcanic host rock, the depth within the
volcanic sequence and distance to the Strelley Granite, and hydrothermal
alteration processes. Highest concentration of white micas occurs in felsic
rocks in the upper parts of the sequence at low to medium temperatures of
alteration.
The Al content of white micas varies as a result of Tschermack substitution where Al is replaced by Fe and Mg. The Al content of white micas
varies systematically within the hydrothermal systems and can be used to
reconstruct hydrothermal processes. The Al content of a white mica is correlated to the wavelength position of its absorption feature near 2200 nm.
This shift, which is detectable using airborne methods, varies in the study
area between 2195 and 2225 nm.
Al-rich white micas occur in hydrothermally altered rocks in the upper
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parts of the volcanic sequence immediately below chert units and the contact with overlying sedimentary sequences in broad zones parallel to the
volcanic stratigraphy. Alteration temperatures in these zones are low (150–
200◦ C). Rocks within these zones near the chert units are strongly silicified.
These zones of Al-rich white micas form a sub group of the feldspar-sericitequartz alteration facies identified by Brauhart et al. (1998) and they were
interpreted to be the results of alteration by interaction with seawater.
Al-poor white micas occur in hydrothermally altered rock in the upper
two-third of the volcanic sequence where they form zones that are (semi-)
parallel zones to stratigraphy to crosscutting it. Alteration temperatures
of the rocks in these zone (200–300◦ C) are higher than those in the Alrich zones that are stratigraphically above them. Potassium concentrations
in these zones are relatively high. The rocks in these zones occur within
feldspar-sericite-quartz and background alteration facies of Brauhart et al.
(1998). These zones containing Al-poor white micas were interpreted to
be to the result of hydrothermal alteration by evolved fluids containing
relatively high concentrations of K.
Al-rich white micas also occur in altered volcanic rocks near the intrusive
contact with the Strelley Granite. These zones of Al-rich white micas are
Na-altered, spatially correlation with zones of intensely altered rocks in
the Strelley Granite. Alteration temperatures were high (350–450◦ C). The
rocks form a sub group of the background alteration facies of Brauhart et al.
(1998). They were interpreted as pathways of fluid moving upward from
the Strelley Granite into the volcanic sequence.
The spatial distribution of hydrothermal alteration zones was interpreted
as the result of fluid migration in a convective system. Hydrothermal fluids were derived from sea-water though the K alteration patterns and the
fluid pathways near the base of the volcanic sequences indicates input of
magmatic fluids in the hydrothermal system.
The hydrothermal systems in the northern part of the volcanic were interpreted to be dominated by sea water, which was derived from the presence
of Al-rich white micas near the top of the sequence. The hydrothermal
system in the southern part was interpreted to be dominated by magmatic
fluids because of the limited presence of the Al-rich zones near the top,
the thicker sediment wedge of overlying sediments, and the more extensive
alteration of the underlying Strelley Granite.

92

Chapter 6. A new methodology for the use of airborne imaging
spectroscopy

6.5

Concluding remarks

The integrated approach that is presented here involves the analysis of the
non-spectral ground data and the spectral airborne and ground data separately as well as the integration of the respective data sets. Although the
non-spectral (petrographic, mineralogical, geochemical, and isotopic) data
provide most unambiguous information about the hydrothermal processes,
the spectral data give different perspectives on these processes and only
the spectral data allow evaluation of the spatial patterns using airborne
methods and so provide additional information. The comparison and interpretation of the respective data sets is an integrated and iterative process
where knowledge about the hydrothermal processes is gradually built up in
the various parts of the methodology.
Airborne imaging spectroscopy together with spectral and non-spectral field
data provided new insights in Archean hydrothermal processes following the
integrated approach presented here. This means that the main objective of
the research was achieved. It shows that airborne imaging spectroscopy can
be used for more than mapping surface mineralogy and solely generating
mineral exploration targets. It also shows that airborne imaging spectroscopy is a research tool that can be used in geologic studies for discovering
new information about geologic processes.
The research objectives specific to the Panorama test area listed in Chapter 1 were also achieved. Several factors controlling the distribution of the
various white mica minerals were identified and this provided new information about hydrothermal processes in the area. It was demonstrated that
variations in absorption wavelength of white micas where mappable using
airborne imaging spectroscopy and that the spatially continuous view of
the airborne data gave new geologic insights in the test area.

6.6

Recommendations for further research

The approach in this research was applied to the study of hydrothermal
processes in volcanic rocks. Further research should be conducted in order to determine the suitability of this approach to studying other geologic
processes or in different settings. Key points in the successful applica93
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tion are the presence of clear spatial patterns of near-infrared detectable
minerals within or spatially traceable between geologic sequences. These
could be the result of fluid migration, regional metasomatism, and contact
or regional metamorphism, in sedimentary basins, volcanic sequences, and
igneous complexes. Prerequisite for a successful study is that the unweathered rocks are well exposed at the surface and tilted for providing crosssectional views, and without tectonic disruption or repetition for allowing
an undisturbed view.
Despite the fact that the Panorama area had been studied extensively using
non-spectral geological methods, new information about the hydrothermal
processes has been derived based on near-infrared detectable mineralogy as
well as spatial patterns in airborne imagery. Nevertheless there are several
unsolved issues related to the distribution of white micas in the volcanic
rocks of the Kangaroo Caves Formation should be further investigated:
• further characterization of zone of Al-rich white micas, related to fluid
pathways, at the base of the sequence;
• determination of spectral properties of quartz-sericite alteration facies
mapped by Brauhart (1999);
• field checking of zones of Al-poor white micas in the area between
the Sulphur Springs and Kangaroo Caves at top of the sequence for
evidence of fluid discharge.
It is recommended to focus further research in the Panorama area on trying to understand the distribution of white micas in the Strelley Granite
and the sedimentary sequence overlying the volcanic rocks of the Kangaroo Caves Formation. Their distributions show distinct patterns but the
geologic significance of these is not clear.
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Appendix A

Pseudo code RTM algorithm
The computer program was written in IDL.
FUNCTION TEMPLATEMATCHING,image
; BEGIN DEFINITION OF USER SETTINGS

1
2

; The margin can vary from 0 to 5, the size from margin+1 to 10.
0 =< margin_left =< 5
margin_left < size_left =< 10

3
4

; The margin and template size of the right side is equal to the
; left side.
margin_right = margin_left
size_right = size_left

5
6

; Value ranges for both side of template are defined. First
; mean value of both ranges are set.
MIN(image) =< value_left =< MAX(image)
MIN(image) =< value_right =< MAX(image)

7
8

;
;
;
0
0

Then deviation from the mean values for each side is set.
This value together with the mean value determines the
value ranges.
=< threshold_left =< MAX(image)
=< threshold_right =< MAX(image)

; The minimum probability of either side of the template.
; Only if detected template probability is higher then these
; minima, the pixel is registered in the output array as a
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9
10

; boundary pixel.
0.0 <= minimum_probability_left =< 1.0
0.0 <= minimum_probability_right =< 1.0

11

; Define the number of template orientations:
; 360 degrees / 45 = 8
number_of_orientations = 8
; END DEFINITION OF USER SETTINGS

12
13

14
15

16
17

18

19

; Set the template dimensions. Note that in this setup,
; the dimensions for Left and Right side of the template should
; be equal. The entire template_width includes the center pixel!
template_half_width = margin_left + size_left
template_width = 2 * template_half_width + 1
; Define output arrays the size of the input image
; one layer for the probability (template fit), and
; a layer for the optimal angle of the template fit.
output_probability =
2D_floating_point_array(image_width,image_height)
output_optimal_angle=
2D_floating_point_array(image_width,image_height)
; Run the template over the image by increasing x and y
; (pixel coordinates) while keeping half the template width
; as a margin.
FOR x = template_half_width, image_width - template_half_width
DO ; Begin x-loop over image.
FOR y = template_half_width, image_height template_half_width
DO ; Begin y-loop over image.
; Define an empty array where the probability of the
; template fit can be stored for every orientation.
probability_array =
1D_floating_point_array(number_of_orientations)
; Rotate the template on this x,y location
; 360 / 45 = 8 times.
FOR angle = 0 to number_of_orientations DO ; Begin rotation.
; CALCULATION PER ANGLE
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; Create an array the size of the template to store
; the image values.
template = 1D_floating_point_array(template_width)
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21

22

; Fill the template array by first calculating
; the pixel coordinates when the template is rotated
; and then adding the image values found at those
; coordinates to the template array.
FOR i = -template_half_width,template_half_width
DO ; Start loop over template pixels.
; Get cartesian coordinates from polar coordinates
; index angle is convert from index to polar(PI)
; using IDL routine.
dx,dy = CONVERT_FROM_POLAR_TO RECTANGULAR_COORDINATES
((angle/number_of_orientations*2*PI),i)

23
24

; Multiply coordinates with sqrt(2) for diagonal template
; orientations use modulo function to determine diagonal
; orientation.
IF (dividing of the angle by 2. gives a remainder) THEN
dx,dy = dx,dy*SQRT(2)

25

; Get image values from the rotated coordinates.
template[i] = image[INTEGER(x-dx),INTEGER(y-dy)]

26

ENDFOR ; End loop over template pixels.

35

; Calculate the probability in either side of the template
; this is simply done by taking the mean probability on
; each side.
FOR (left and right side of the template) DO
sum=0
FOR (every pixel in right or left side of template pixels)DO
IF ABSOLUTE(template[i] - templateValue) LE threshold THEN
sum = sum + 1
ENDIF
ENDFOR
probability_left, probability_right =
sum/(number of pixels on a side)
ENDFOR

36
37
38
39

; Return a finite probability if both Left and Right sides
; are unequal to zero.
probability_array[angle] = !values.f_nan
IF probability_left GE minimum_probability_left THEN
IF probability_right GE minimum_probability_right THEN
probability_array[angle] = MEAN(probability_left,right)

27
28
29
30
31
32
33
34

40

ENDFOR ; end template rotation
; CALCULATION PER PIXEL
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;
;
;
;

41

42
43

44
45
46

47
48
49
50
51

Output per pixel consists of the maximum probability found
and the optimal angle the optimal angle is found by
finding, measured from the center of a 3x3 array,
the direction of the point made by the mean X and Y values.

; Only produce output when both sides of the template have
; a probability over the user defined threshold
; ’minimum_probability’.
IF (all template orientations in probability_array are finite) THEN
; If the settings for both side of the template are equal,
; no preferred orientation can be given.
; If these are not equal, the preferred orientation will
; be calculated.
IF value_left EQ value_right && threshold_left EQ
threshold_right) THEN output_optimal_angle[x,y] = -1
ELSE
; Rebin 1D probability_array to 2D, starting in W,
; going to N -> E -> S.
; probability = [ a,b,c,d,e,f,g,h ]
;
[ b c d ]
; probability = [ a NaN e ]
;
[ h g f ]
probability = REBIN_FROM_1D_to_2D(probability)
; Calculate mean values of x and y coordinates.
mean_x = MEAN(probability_array[x_values])
mean_y = MEAN(probability_array[y_values])
; Convert the mean values from rectangular to polar
; coordinates (IDL routine).
angle,radius =
CONVERT_FROM_RECTANGULAR_TO_POLAR_COORDINATES(mean_x,mean_y)
output_optimal_angle[x,y] = angle
ENDELSE
; Return the maximum probability found.
output_probability[x,y] = MAX(probability_array)
ENDIF

52
53

ENDFOR ; End y-loop over image.
ENDFOR ; End x-loop over image.

54

RETURN, output_probability and output_optimal_angle

55 END ; End program.
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