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Regolith–landform mapping of the west Kimberley Craton:
application of geophysics and spectral remote sensing
N de Souza Kovacs and TJ Cudahy*

Abstract
Regolith–landform mapping of the Kimberley Science and Conservation Strategy (KSCS) project area in the west Kimberley Craton
reveals an erosional landscape dominated by a plateau defined by aluminous and ferruginous residual and relict units. The rarity
of deep preserved profiles suggests persistent weathering, erosion and recycling of the regolith materials. The residual regolith
represent the remnants of extensive paleosurfaces preserved at the high and low Kimberley surfaces. The residual regolith dates
from Late Miocene to Early Pleistocene, indicating at least two distinct periods of laterization possibly linked to changes in the
climate 22.4 – 10.4 Ma and 6.7 – 2.3 Ma. The present residual duricrusts are possibly reworked duricrusts from distinct weathering
periods that commenced in the Miocene. The Kimberley Plateau landscape tilts to the north as indicated by elevations of the
residual units. This tilting is consistent with the northwesterly downward warping of the Australian Plate as it approaches the
Sunda-Banda Arc. The tilting to the north likely contributed to the erosional process causing dissection of the Kimberley landscape.
Gamma ray radiometric potassium–thorium–uranium (KTU), thorium (Th) and potassium (K), Landsat Australian Geological Survey
Organisation (AGSO) ratio, magnetic 1VD and Kimberley Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) datasets were concurrently used for mapping regolith–landforms and to provide compositional mineralogical information,
especially for areas of difficult access where remote mapping is necessary. The Kimberley ASTER products were developed to
remove the issues of variable green and dry vegetation cover that affected the quality of ASTER-selected mineral maps over the
Kimberley region. The green vegetation issue was remediated by using an ‘unmixing’ approach that essentially ‘offsets’ the target
mineral content by the amount of green vegetation for each pixel using the equation (a1 × X1 + b1) + c × (a2 × X2 + b2), where X1 is
the target mineral content; X2 is the vegetation content, which can be either positive or negative (1 – X2); a and b are constants
required to reduce the dynamic range of the selected input data to lie between 0 and 1; and c is variable, and is a value that can be
used to iteratively adjust the amount of vegetation to be unmixed. Hyperspectral validation of the regolith samples for Kimberley
ASTER was not conducted. Hyperspectral validation of regolith samples for future ASTER versions is recommended, with the aim
of refining the data used for mapping specific regions or localities.
KEYWORDS: ASTER, duricrusts, ferricrete, gamma ray radiometrics, Kimberley, Landsat, landscape evolution, mapping, regolith,
remote sensing, vegetation unmixing

Introduction

mapping series. The resulting KSCS regolith–landform
digital map uses the GSWA regolith classification scheme
2013 to code the regolith–landform units. The GSWA
regolith classification scheme 2013 is based on the
residual–erosional–depositional (RED) scheme of Anand
et al. (1993), which classifies the regolith–landforms into
three categories: residual or relict (R), exposed bedrock
outcrop (X), and depositional/transported regolith (D). The
GSWA regolith classification scheme additionally classifies
regolith under 11 primary landforms codes, which specify
the environment or process of formation of the regolith.
Secondary and tertiary codes can be further added to the
landform code to supplement compositional information
and indicate the regolith parent rock or material (see GSWA
Record 2013/7 GSWA regolith classification scheme 2013
tables 2, 3, 4, and 5) (GSWA, 2013).

This Report aims to describe the regolith–landform, and
the use of geophysics and spectral remotely sensed
imagery applied for regolith–landform mapping of the west
Kimberley Craton, which includes the Kimberley Plateau
geomorphological feature in northwestern Australia. From
2013 to 2015, the Geological Survey of Western Australia
(GSWA) conducted a mapping program of the Kimberley
as part of the Western Australian government’s Kimberley
Science and Conservation Strategy (KSCS). The KSCS
project area covers over 8.84 million km2, the majority of
which encompasses the Kimberley Plateau. As part of
the KSCS project, GSWA conducted a regolith program
(GSWA, 2017) that consisted of mapping, collecting and
geochemically analysing regolith samples from the area
(Fig. 1). Before the KSCS regolith program, 1:100 000-scale
regolith digital coverage of the Kimberley Plateau was
nearly non-existent. Consequently, GSWA required that
the upcoming KSCS regolith map be suitable for regolith
studies as well as for the production of GSWA geological

Mapping using remotely sensed images was the best
approach due to the large expanses of land to be mapped
in the time allocated, remoteness and ruggedness of the
terrain, and challenging land accessibility. The landforms and
regolith composition were identified from the interpretation
of geophysical and remotely sensed data, calibrated by
field checking. A regolith mapping unit primary landform
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code is typically determined by using orthophotos, Google
Earth imagery, digital elevation models (DEMs) and derived
products. The regolith composition and parent rock can
be determined by concurrent interpretation of Landsat,
radiometric, magnetic and Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) images, and
verified with available bedrock geology from the existing
1:250 000 geological map coverage and field observations
from the regolith program and GSWA databases.

thus what you see on the image is the surface expression of
the regolith profile at that particular resolution pixel and the
patterns of dispersion on the surface (Table 1; Haest et al.,
2012a, 2013; Laukamp et al., 2016; Wilford, 2014). Another
limiting element is the bands or channels that each dataset
detects, which are used to determine by proxy the regolith
compositional information. There, the datasets only ‘see’
what they are built to see. Airborne gamma ray spectrometry,
also referred to as radiometrics, is very useful for mapping
the surface geology, distribution and types of regolith
materials, and degrees of weathering (Wilford, 2014).

Geophysical and spectral datasets are very useful for regolith
and geological mapping; however, they are biased and
they only ‘see’ what they are built to see. The key to using
such datasets efficiently is to understand their limitations
as well as their strengths, and to use them concurrently.
Usually, the datasets appropriate for regolith mapping
are those that indicate surface composition and regolith
thickness. In Australia, regolith cover over 85% of the land
surface and can reach over 200 m deep at paleochannels,
therefore these datasets need to be particularly efficient in
reading the top 200 m of cover (Wilford, 2012). Airbornesensed spectral datasets such as gamma ray spectrometry,
Landsat Thematic Mapper (TM) and ASTER only show the
response for materials in the top half-metre of the surface,
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eU, and a lack of K, making residual regolith easy to map
from radiometric images. Where the regolith consists of
skeletal soils, the gamma ray response is directly derived
from the bedrock geochemistry. In residual regolith, eTh
and eU are associated with heavy minerals such as zircon,
rutile and monzonite, while eTh is also associated with iron
oxides (Wilford et al., 1997). Ultramafic rocks have negligible
radiometric responses and so are the duricrusts formed on
these rocks.

vegetation. The Gozzard ratio images are often displayed in
RGB, with red for clay, green for iron and clay, and blue for
iron and vegetation (Gozzard, 2006a).
Hyperspectral datasets such as ASTER and HyLogger are
designed for earth science applications and can detect
quantitative measurements of electromagnetic radiation
(visible to near-infrared [VNIR], shortwave infrared [SWIR] and
thermal infrared [TIR]) for several mineral groups that contain
FeO, FeOH, AlOH, MgOH, quartz, gypsum or silica (Table 1;
Cudahy, 2012; Hancock et al., 2013). These datasets are
particularly useful for regolith because the mineral groups
that spectral datasets are tuned for are also the bulk mineral
groups that are products of weathering, such as AlOH in
clays and FeOH in iron oxides.

Spectral datasets use non-radiometric sensors that measure
the sunlight reflected and refracted from materials on the
Earth’s surface, recording in channels or bands according
to the light wavelength in micrometres (µm). Landsat TM
channel bands 1 to 7 detect visible spectral and infrared
waves. Landsat ratios are images created by combining
these bands to enhance a particular material of interest.
Landsat Australian Geological Survey Organisation (AGSO)
ratio and Gozzard ratio are the most useful for regolith
mapping. The Landsat AGSO ratio was developed to map
laterite. Landsat AGSO ratios use the principal component 2
of band ratios 4/3 and 5/7 to depict clays; iron often uses
a ratio of bands 5/4; and silica is show by a composite of
bands 1 + 7. The AGSO ratio images are often displayed
in red, green, blue (RGB), with red for clay, green for iron
and blue for silica. Laterite or iron-rich regolith as ferricrete
appears in Landsat AGSO ratio images in yellow hues
(Wilford and Creasey, 2002). Landsat Gozzard ratio is
particularly effective when mapping areas of extensive
sand deposits – it uses a ratio of bands 5/7 to depict clays,
hydrothermally altered rocks and vegetation; a ratio of bands
4/7 to depict iron and clay; and bands 4/2 to depict iron and

Table 1.

The first ASTER mineral maps, also known as mineral
maps of Australia, were published by the Commonwealth
Scientific and Industrial Research Organisation (CSIRO)
in 2011 (Cudahy et al., 2011; Yamaguchi et al., 1998). The
Kimberley ASTER mineral maps are different from CSIRO’s
first ASTER maps of Australia. The Kimberley ASTER dataset
is so named because it is a set of digital mineral maps
comprising the Kimberley region only, where ASTER data
were reprocessed to remove the green vegetation spectral
responses, or ‘unmixing’ of the green vegetation of selected
mineral products, to facilitate its use for geoscience regolith
mapping. The methods applied on the development of the
green vegetation unmixing of selected mineral products of
the Kimberley ASTER are briefly detailed in this Report, and
more details about methods and processing of unmixing
vegetation can be found at Cudahy et al. (2017).

ASTER mineral group product names. Modified from Cudahy (2012)

ASTER mineral map name

Target

Ferric Oxide Content

Hematite, goethite, jarosite

Ferric Oxide Composition

Hematite vs goethite

Ferrous Iron Index

As incorporated within silicates/carbonates

Opaque Index

Includes carbon black, ash, magnetite, Mn oxides

AlOH Group Content

Phengite, muscovite, paragonite, illite, montmorillonite, kaolinite

AlOH Group Composition

Ordered kaolinite, Al-rich white mica as muscovite, paragonite vs Al-poor (also Si- or K-rich) white mica as phengite

Kaolin Group Index

Pyrophyllite, alunite, well-ordered kaolinite

FeOH Group Content

Chlorite, epidote, jarosite, gibbsite, gypsum

MgOH Group Content

Calcite, dolomite, magnesite, chlorite, amphibole, talc

MgOH Group Composition

Dolomite, amphibole, chlorite vs calcite

Ferrous Iron Content in MgOH Carbonate

Low ferrous iron carbonate / MgOH minerals as talc vs high ferrous iron carbonate / MgOH minerals as chlorite

Silica Index

SiO2 content, quartz content enhanced by grain texture

Quartz Index

Quartz

Gypsum Index

Gypsum
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Kimberley ASTER mineral maps (Cudahy et al., 2012) were
particular effective and useful in determining composition
and parent material, according to the GSWA classification
scheme approach to regolith mapping (GSWA, 2013). This
project only reports on the use of Kimberley ASTER imagery
for particular case studies from the total mapped area.

followed by the Gondwana breakup; iii) Australia’s continued
movement north; iv) the tilting of the Australian Plate north
in the Neogene with the downward warping of the Australian
Plate converging with the Sunda-Banda Arc (Wright, 1964;
Hengesh et al., 2011; Tyler et al., 2012). Three land surfaces
of distinct geomorphology remain, two of which are uplifted
erosional surfaces, the high Kimberley surface and the low
Kimberley surface, and the Fitzroy surface represented by
the Fitzroy River alluvial valley (Wright, 1964).

Airborne electromagnetic (AEM) and 1VD magnetics
are datasets useful for ascertaining the thickness and
composition of the regolith at depth. AEM is especially useful
when the regolith is clay rich or paleochannels are present.
AEM was not available at the time of the Kimberley survey
and wasn’t used; however, it is very useful for characterizing
regolith cover (Roach, 2018).

The high Kimberley surface is underlain by quartzrich sedimentary rocks and is interpreted as the oldest
erosion surface of Mid-Jurassic (Wright, 1964; Hays,
1967) or Proterozoic age (Ollier et al., 1988), but it is also
regarded as an exhumed feature caused by denudation
in the Late Paleozoic (Kohn et al., 2002). Part of the high
Kimberley surface is preserved as residual regolith on the
Kimberley Plateau. The low Kimberley surface, which is
topographically lower than the high surface and surrounds
the Kimberley Plateau, has been interpreted as an incised
Cretaceous or Early Cenozoic erosion surface, consisting
of aluminous and ferruginous duricrusts developed on
Carson Volcanics basalt. The Fitzroy surface has been
regarded as a Pleistocene landform resulting from the
dissection of the high and low Kimberley surfaces following
Miocene movement (David, 1950; Speck et al., 1964; Wright,
1964). The Kimberley Plateau completely dominates the
landscape, reaching up to 854 m above sea level (ASL), with
vertical scarps and nearly flat surfaces of horizontal beds
of Proterozoic white quartzite and sandstone, dissected
by northwesterly to northeasterly faults and lineaments,
and deeply incised straight river canyons following the
orthogonal fracture patterns (Speck et al., 1964; Pepper and
Scott Keogh, 2014). The low Kimberley surface surrounding
the Kimberley Plateau is represented by pediplains, valleys,
mesas and tent hills (also referred to as the Gibb Hills)
capped by resistant duricrust (Speck et al., 1964; Pepper and
Scott Keogh, 2014), shaped by the differential weathering
and erosion of less-resistant regolith and lithologies of the
Mount House Group and Carson Volcanics basalt. At these
pediplains, the regolith is characterized by lateritic profiles
capped by aluminous and ferruginous duricrusts formed
on the Carson Volcanics basalt (Fig. 3) or ferruginized
sandstone caps on the Mount House Group (Fig. 4). Colluvial
slope deposits are generally lithic and alluvial deposits are
shallow, narrow and quartz rich (Fig. 5). Aluminous and
ferruginous duricrusts were mapped on the Hart Dolerite
at the highest elevations of the Prince Regent Plateau but
were not sampled at the time due to the remoteness of
the location. Floodplains containing smectitic black soils
(gilgai) are also associated with the occurrence of dolerite
and basalt.

Magnetics, especially 1VD, are used in mapping the
distribution of ferruginous material because ferruginous
pisoliths and ferruginous nodules are known to be useful
geochemical sampling media (Anand et al., 2014; Mackey
et al., 2000). Magnetic datasets are limited by the need for
magnetic materials to be present in the regolith, as nodules,
pisoliths or lithic fragments containing magnetite, nickel
or other magnetic minerals. 1VD magnetic images can
be useful in detecting pisoliths in a paleochannel at about
1.5 m deep. 1VD magnetic images are particularly useful
for mapping paleodrainage and understanding physical
dispersion in the paleolandscape (Mackey et al., 2000).
Passive seismic is a geophysical technique that is useful
for mapping regolith cover. Although passive seismic is not
considered a remotely sensed dataset and it was not used
in the Kimberley survey, it is worthy of mention as it can be
very useful in ascertaining regolith depth and in identifying
discontinuities or horizons in regolith profiles (Scheib, 2014;
Jakica and Brisbout, 2019).

Regolith–landform geology of the
west Kimberley Craton
Geology and geomorphology
The west Kimberley Craton physiography, landform
and regolith composition are closely determined by
the underlying bedrock geology, which consists
of Paleoproterozoic granites and metamorphic rocks
of the Wunaamin Miliwundi Orogen, Paleoproterozoic
metasedimentary and sedimentary rocks and basalt of the
Speewah and Kimberley Groups, Proterozoic Hart Dolerite,
and Paleozoic sedimentary rocks in the southern Yampi
Peninsula (Fig. 2; Hollis et al., 2015; Morris et al., 2015;
Morris, 2015; Phillips et al., 2017). At the Kimberley Plateau,
where siliciclastic rocks dominate, the regolith is generally
thin or non-existent with material locally derived and
geochemically related to the bedrock geology (Scheib et al.,
2016). The regolith is more extensive and well developed
on Carson Volcanics basalt compared to the Proterozoic
sandstones or Paleoproterozoic granitic rocks of the
Wunaamin Miliwundi Ranges (Table 2).

At Wunaamin Miliwundi Ranges, the Proterozoic sandstones
or Paleoproterozoic granitic rocks have been tightly folded
by Wunaamin Miliwundi and Yampi Orogens (Hollis et al.,
2015). The regolith profiles developed at the Wunaamin
Miliwundi Ranges strongly reflect the bedrock composition
and Proterozoic regional deformation events that affect
the Lamboo Province, and Kimberley and Speewah Groups
(Morris et al., 2016). The regolith are very thin or non-existent
at the ridge crests and at colluvial slopes, consisting of
clastic deposits with poorly developed regolith profiles less
than 1 m deep. Floodplains containing smectitic black soils
occupy valleys underlain by dolerite, siltstone and basalt.

Similar to the bedrock geology, the Kimberley landscape
is ancient and has been reshaped by: i) various episodes
of erosion and valley incision following glaciations in
the Neoproterozoic and Permian; ii) uplift and tectonism
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Figure 2.

30.03.22

Geological map of the west Kimberley and location map for the KSCS project area
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Table 2.

General and specific regolith spectral responses associated with Landsat TM bands (excluding band 6) (Wilford and Creasey, 2002). Modified from
Podwyzocki et al. (1985)
General spectral responses

Regolith spectral responses

Band 1

Ferric and ferrous iron absorption

Ferruginous duricrust, ferruginous saprolite low. Hematitic iron very low.
Kaolinite high

Band 2

Ferric iron absorption and ferrous iron reflection. Chlorophyll
reflection peak

Ferruginous duricrust, ferruginous saprolite low. Hematitic iron very low.
Kaolinite high

Band 3

Short wavelength shoulder of ferric iron reflection. Ferrous iron
absorption. Chlorophyll absorption

Moderate reflection for goethitic and hematitic iron. Kaolinite high

Band 4

Short wavelength shoulder of ferric iron and ferrous iron
absorption. Vegetation reflection peak

Moderate reflection for goethitic and hematitic iron. Kaolinite high

Band 5

Highest reflection for most rock types. High reflection peak for
hydrothermally altered rocks. Vegetation absorption

Highly reflective for hematitic ferruginous duricrusts and ferruginous saprolite
and clays

Band 7

Absorption band for AlOH, H2O, MgOH and CO3 (clays, micas,
carbonates, sulphates, vegetation water absorption, dry grass
high)

Absorption associated with hydroxyl-bearing minerals and carbonates
(bleached or pallid zone, secondary carbonate-calcrete and travertine). Highly
reflective for hematitic ferruginous duricrusts and ferruginous saprolite

Nature and distribution of the
regolith–landform in the west
Kimberley Craton

The landscape changes to the south of the Wunaamin
Miliwundi Ranges to undulating wide pediplains and black
soil floodplains crisscrossed by shallow braided alluvial
channels that merge into tidal flats to the west. This region
is described by Wright (1964) as the Fitzroy plains, referring
to the floodplains associated with the Fitzroy River draining
from the Mount House Group area in the northeast and
skirting the Wunaamin Miliwundi Ranges westbound to the
tidal flats on the coast north of Derby. The Fitzroy plains are
dominated by depositional regolith regime. Residual regolith
occurrence is negligible. Relict regolith occurs at the vicinity
of Robinson River – this unit is a ferricrete (Rt- f-s) developed
on the sandstones and conglomerates of the Paleozoic
Canning Basin Grant Formation, at the edge of the Kimberley
Block. A Rt-f-s unit occurrence was described by Gellatly and
Sofoulis (1973) as a pisolitic ferricrete outcrop of 1.5 m thick
on the Townsend River 14 km from Oobagooma.

The distribution of the regolith–landform units in the KSCS
map endorses the nature of the erosional landscape in the
Kimberley. Areas of outcropping rock referred to as exposed
bedrock account for over two-thirds (or 69%) of the area,
while regolith units are less than one-third (or near 31%).
The regolith cover is approximately 26% depositional regime
regolith and 4.7% residual or relict regime regolith (Fig. 7;
Table 3). The regolith cover is geochemically related to the
underlying bedrock, indicating in situ weathering and minimal
sedimentary transport (Morris et al., 2015, 2016).
High and low Kimberley erosional paleosurfaces of Wright
(1964) are further described and expanded here in the
context of the KSCS regolith–landform map. The high
Kimberley surface corresponds to the topographically
higher plateau, composed of the Proterozoic quartzites and
sandstones forming a near flat surface with steep vertical
scarps. The regolith–landform formed on the high Kimberley
surface plateau consists of shallow to skeletal quartz-rich
soils, narrow alluvial sand deposits and ferruginous residual
duricrusts, and residual sands. The Kimberley Plateau is
characterized by rocky terrain of Proterozoic quartzite and
sandstones, and the regolith–landform consists of shallow
residual sands on rocky platforms, and shallow, quartz-rich
sandy alluvium and colluvium in deeply incised drainage
depressions.

Coastal geomorphology is shaped by the northwesterly
downward warping of the Australian Plate converging
with the Sunda-Banda Arc (Hengesh et al., 2011). There is
evidence of the recent development of a 13–20 m reef on
a Holocene reef and on an older submerged Pleistocene
reef on Cockatoo Island (Solihuddin et al., 2015). This
downwarping results in a drowned coastline, characterized
by flooded river valleys or rias, steep cliffs, narrow elongated
inlets, rocky islands and few or non-existent sand beaches
The rias are separated by steep ridges that follow the
westerly to northwesterly trending folds and thrust
structures of the Wunaamin Miliwundi Orogen (Tyler and
Griffin, 1993). Similar trending islands of the Buccaneer
Archipelago are offshore extensions of these ridges. These
drowned valleys probably represent less-resistant lithologies,
such as siltstone, basalt and dolerite, as these lithologies
commonly occupy the valley floor on the Yampi Peninsula
and at the Prince Regent area (Phillips and de Souza Kovacs,
2015). There is also a relationship between dolerite outcrop
and tidal flats, with tidal flats forming on the dolerite (Fig. 6;
Morris et al., 2016). Another morphological relationship is
between the dolerite and northwesterly to southeasterly
lineaments in the Kimberley Plateau and Yampi Peninsula.
Ancient structures show morphological expression on the
landscape recognizable at a regional scale. The onshore
lineaments of the Kimberley Block generally align with
offshore lineaments of the Bonaparte Gulf (Elliot, 1994).

Lineaments form a characteristic orthogonal pattern, with
some creeks and rivers eroded along the lineaments forming
deep canyons. Drainage also follows the Hart Dolerite that
intrudes the Proterozoic sandstones, forming a line network
visible in the potassium–thorium–uranium (KTU) image.
Hart Dolerite is present in the high and low Kimberley
surfaces. The regolith–landform developed on the Hart
Dolerite is similar to the regolith–landform on the basalts.
Ferruginous duricrust caps some of the hills on dolerite
outcrops to the northwest, and iron-rich soils and black
soils fill the narrow valleys formed by the weathering of the
dolerite dykes (Morris et al., 2015, 2016; Scheib et al., 2016).
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a)

b)

b)

c)
c)

NDSK126

Figure 4.

NDSK112

19.01.22

Figure 3.

Aluminous duricrust (Rr-xa-vb-KIP): a) and b) forming gibbsite-rich
layers up to 3 m thick capping mesas on Carson Volcanics basalt;
c) aluminous duricrust GSWA sample 213128 contained 40.2 wt%
Al2O3, was not magnetic and had low magnetic susceptibility of 0.66 SI
(Zone 52L, MGA 252390E 8403748N)
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23.12.21

Mount House mesas (Mount House Group): a) and b) aerial view;
c) view from the Mornington Road, wide pediplain surrounding the
mesas. The Estaughs Formation capped by blocky cross-bedded
sandstone stratigraphically occupies the top of the Mount House Group

de Souza Kovacs and Cudahy

a)

The Wunaamin Miliwundi Ranges are part of the lower
surface, with the pediplains surrounding it part of the Fitzroy
surface. At the Wunaamin Miliwundi Ranges the granite
weathers, forming bornhardts and inselbergs eroding to
proximal colluvium, composed of granite boulders and
quartzofeldspathic coarse-grained sand. The colluvial slopes
grade quickly into wide pediplains composed of medium- to
coarse-grained quartzofeldspathic sand (Fig. 8). There is no
evidence of residual units having developed on the granite.
Extensive mangrove areas and tidal flats composed of fine
silt and sand extend along the west coast of the Kimberley
Plateau (Fig. 6). These are not related to any particular rock
type (Morris et al., 2015, 2016; Scheib et al., 2016).

Residual and relict regolith regime
Residual regolith refers to material that formed by in situ
weathering without evidence of significant remobilization
by sedimentary transport. Relict regolith, on the other hand,
describes material of uncertain origin, either transported,
residual, or a combination of both (GSWA, 2013). Across
the west Kimberley Craton, a total of seven residual and
relict regolith types have been distinguished and mapped
(Fig. 9; Table 3). Residual or relict regime regolith is typically
preserved on the Kimberley Plateau higher surface and
covers 4.81% of the mapped area. The residual regolith type
is classified as saprolite (Ri), as in the weathered basalt in
Figure 10, duricrusts (Rr) and residual sands (Rs); whereas
the relict units are cemented alluvial deposits (Rt). Residual
duricrusts account for most of the residual regolith in the
west Kimberley Craton (Table 3). A duricrust is defined
as regolith material indurated by a cement, or the cement
only, occurring at or near the surface, or as a layer in the
upper part of the regolith (Eggleton, 2001). At the Kimberley
Plateau area covered by the KSCS regolith—landform
map two types of duricrust predominate: ferruginous
(ferricrete, lateritic duricrust) and aluminous (alcrete), or a
combination of these. By far the most common residual
regolith types, covering 2% of the area, are the aluminous
duricrusts mapped as in situ developed on basaltic rocks
of the Carson Volcanics (Rr-xa-vb-KIP). These aluminous
duricrusts contain up to 40.2 wt% of Al2O3, and increased
rare earth element concentrations are associated with the
formation of these duricrusts on the Carson Volcanics basalt
(Morris et al., 2015). Some pisoliths have a ferruginous core
with aluminous edges (Derrick et al., 1969). The second
most abundant residual or relict unit is the residual sands
developed on the sandstone and quartzites (Rs-KIP)
(Fig. 11a), accounting for 1.84% of the area. Other residual
and relict units with minor distribution are the ferruginous
duricrusts developed on the basalt (Rr-f-vb-KIP), ferruginous
and aluminous duricrusts on dolerite (Rr-f-pl-KIP, Rr-xapl-KIP), ferruginous duricrusts on sandstones (Rr-f-s-KIP)
(Fig. 11c), and relict alluvial deposits (Rt-f-KIP, Rt-f-s-KIP,
Rt-q-sc-KIP) (Table 3). Ferruginous duricrusts and residual
sands (Rr-f-s-KIP, Rs-KIP) developed on the Wunaamin
Miliwundi Sandstone are composed of a mixture of locally
derived siliciclastic lithologies and material derived from
the weathered and transported Carson Volcanics basalt
indicated by titanium/zirconium (Ti/Zr) and thorium/
neodymium (Th/Nd) ratios (Morris et al., 2015).

b)

NDSK115

19.01.22

Figure 5.

Micaceous colluvium (C-x-s-KIP): a) micaceous colluvium unit
comprises greyish-yellow to reddish-brown silty sand on very low angle
slopes fringing drainage depressions; b) small areas of micaceous
colluvium derived from micaceous siltstones and fine-grained
sandstones are found downslope from outcrops of the Elgee Siltstone
and on parts of the Bastion Group
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Table 3.

Summary of regolith–landform units for the KSCS project area

Code

Area
(km2)

Regolith unit description

Depositional regime
Alluvial units

Total
area (%)

22947.70

25.94

6327.78

7.15

_A-KIP

Clay, silt, sand and gravel in channels and on floodplains

5260.60

5.95

_Aa-cb-KIP

Black soils; grey to black smectitic clays (gilgai) on alluvial plains

1023.10

1.16

_Af-KIP

Clay, silt and sand on floodplains

30.78

0.03

_Am-KIP

Sand, silt and clay on meander plains

13.31

0.02

15.65

0.02

14.10

0.02

1.55

0.00

15003.27

16.96

Coastal wave-dominated units
_Bb-KIP

Beach sand

_Bd-KIP

Coastal dunes and beach deposits; unconsolidated shelly sand

Colluvial unit
_C-f-w-KIP

Ferruginous, pisolitic, sandy and lateritic soils; colluvial deposits derived from weathered bedrock

344.71

0.39

_C-g-pg-KIP

Quartzofeldspathic sand, silt and gravel in colluvial deposits derived from granitic rocks

637.27

0.72

_C-g-s-KIP

Quartzofeldspathic sand, silt and gravel in colluvial deposits derived from sedimentary rocks

977.19

1.10

_C-g-vf-KIP

Quartzofeldspathic sand, silt and gravel in colluvial deposits derived from felsic volcanic rocks

1.77

<0.1

_C-k-c-KIP

Carbonate-rich colluvial deposits derived from biochemical sedimentary rocks; dolomite and
limestone

271.76

0.31

_C-m-pl-KIP

Ferromagnesian colluvial deposits and lateritic soils derived from dolerite

976.52

1.10

_C-m-vb-KIP

Ferromagnesian colluvial deposits, red-brown sand and silt, with pisoliths; derived from basalt

4142.93

4.68

_C-q-s-KIP

Quartz-rich sand, silt and gravel in colluvial deposits derived from sedimentary rocks

6981.10

7.89

_C-xi-m-KIP

Micaceous colluvium derived from metasedimentary rocks

669.69

0.76

_C-xi-sm-KIP

Micaceous colluvium derived from mudstone, siltstone and shale

0.33

<0.1

199.17

0.23

1373.12

1.55

Sandplain unit
_S-KIP

Sandplain deposits; sand of mixed residual, sheetwash, and eolian origin; unconsolidated

Coastal tide-dominated units
_Tb-KIP

Sand, silt and mud in tidal channels

14.20

0.02

_Te-KIP

Estuary

11.27

0.01

_Tf-KIP

Tidal flat deposits; silt and mud in intertidal and supratidal flats and lagoons; unconsolidated; locally
with salt crust

252.91

0.29

_Tm-KIP

Coastal (tide-dominated) mud and silt in mangrove flats; unconsolidated

844.62

0.96

_Tu-KIP

Sand, silt and mud in supratidal flats; locally with salt crust

250.12

0.28

28.72

0.03

4168.53

4.81

1627.19

1.84

56.29

0.06

Duricrusts

2485.05

2.91

Residual duricruts

2198.09

2.49

65.08

0.07

Sheetwash unit
_W-KIP

Clay, silt and sand in distal sheetwash fan and slope deposits; local ferruginous pisoliths and gravel

Residual or relict units
_Rs-KIP

Residual sand; locally iron-rich and rubbly; may contain ferruginous pisoliths and nodules

_Ri-w-vb-KIP

In situ weathered basalt

_Rr-f-pl-KIP

Ferruginous duricrust derived from dolerite

_Rr-f-s-KIP

Ferruginous duricrust, massive to rubbly; derived from siliciclastic sedimentary rocks; includes ironcemented reworked products

163.60

0.18

_Rr-f-vb-KIP

Ferruginous duricrust; pisolitic and locally rubbly; developed on basalt as mesas and caps

128.89

0.15

_Rr-xa-pl-KIP

Aluminous duricrust, developed on dolerite as mesas and caps

8.50

0.01

_Rr-xa-vb-KIP

Aluminous duricrust; pisolitic, massive to locally rubbly; developed on basalt as mesas and caps

1832.02

2.07

286.95

0.42

277.11

0.31

Relict duricrusts
_Rt-f-KIP

Transported ferruginous duricrust; iron-cemented sand and gravel in alluvial/colluvial deposits

_Rt-f-s-KIP

Transported ferruginous duricrust; iron-cemented sand, gravel, cobbles and boulders; derived from
siliciclastic sedimentary rocks

8.95

0.01

_Rt-q-sc-KIP

Relict alluvial deposits on mesas; derived from pebble conglomerate and quartz sandstone

0.89

0.10

Rocky reef

0.42

<0.1

61323.00

69.34

88439.66

100.00

Marine unit
_Mr-KIP

Exposed unit
_X-KIP

Exposed bedrock

Total area
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a)

b)

c)

d)

e)

NDSK118

Figure 6.

19.01.22

Coastal depositional units (T-KIP): a) small beaches (B-KIP) border the cliffs and exposures of the Wunaamin Miliwundi and Warton Sandstones;
b) tidal flats (Tf-KIP) and mangroves (Tm-KIP) are found along estuaries, rias and inlets; c) and d) Yampi Peninsula rias infilled with tidal flats and
small bays separated by steep ridges of the west-northwesterly trending folds and thrust structures of the Wunaamin Miliwundi Orogen. Similar
trending islands of the Buccaneer Archipelago are offshore extensions of these ridges; e) ria inlets infill valley floor positions where dolerite basalt
and siltstone lithologies have been weathered
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Simplified version of the west Kimberley regolith–landform map showing the primary regolith–landform units overlaid on a digital elevation model
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a)

b)

c)

d)

e)

Figure 8.

NDSK120

23.12.21

Pediplains, South Yampi Peninsula: a) at the southern margin of
the Kimberley Plateau the Wunaamin Miliwundi Ranges Paperbark
Supersuite granites weather to proximal colluvium, composed of
granite boulders and quartzofeldspathic coarse-grained sand;
b) the colluvial slopes grade quickly into wide pediplains composed
of coarse- to medium-grained quartzofeldspathic sand, regolith–
landform map unit C-g-pg-KIP; c) and d) the pediplains change into
sandplains where the drainages merge into tidal flats at the coast;
e) extensive mangrove areas and tidal flats composed of fine silt
and sand extend along the west coast of the Kimberley Plateau
(aerial photo, Walcott Inlet, west Kimberley)

Residual and relict units
In situ

Not cemented
Residual sands
Rs-KIP

Transported

Cemented

Basalt
Fe duricrust
Rr-f-vb-KIP

Al duricrust
Rr-x2-vb-KIP

Ferricrete
Rt-f-KIP

Sandstones
Fe duricrust
Rr-f-s-KIP

Figure 9.
NDSK99

30/03/22
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Diagram showing the relationship between the residual and relict
units of the Kimberley Plateau
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a)

a)

b)

b)

c)

NDSK113

23.12.21

Figure 10. Weathered basalt – saprolite (Ri-m-vb-KIP): a) colluvium overlying
weathered basalt (Ri-m-vb-KIP), Wilderness Camp; b) weathered
basalt, Charnley River, Charnley Station, Kimberley

2 cm
NDSK119

19.01.22

Figure 11. The regolith–landform units formed on the Proterozoic sandstones
are: a) shallow residual sands (Rs-KIP); b) quartz-rich colluvium
(C-q-s-KIP); c) ferruginous duricrusts (Rr-f-s-KIP), GSWA sample
214504 (Zone 51, MGA 819661E 8210712N); contains sandstone
clasts and white sandstone gravel, poorly sorted, coarse to medium
sand, 10 mm size, grains and gravel rounded to subangular, cemented
in an iron oxide silty sand matrix of less than 10% of the sample, no
magnetic nodules, magnetic susceptibility 0.84 SI, and no carbonate –
likely resultant from the in situ weathering of the underlying sandstone
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These residual regolith units represent the remnants of
an extensive paleosurface preserved at the Kimberley
Plateau (Figs 12, 13). The spatial extent of the five residual
duricrusts (Fig. 13) highlights the close genetic relationship
between aluminous duricrusts and the Carson Volcanics
in the northern half of the KSCS. Ferruginous duricrusts
associated with basaltic rocks are only found in the most
northerly part of the Kimberley. The occurrence of rubbly
ferruginous duricrust (Rr-f-s) associated with siliciclastic
rocks of the Kimberley Group is also restricted to the high
Kimberley Plateau. Similar ferruginous and aluminous
duricrusts have been dated in Australia and are believed
to have formed under tropical to subtropical conditions
during the Cenozoic and Mesozoic and are understood as

N

remnants of a paleolandscape (Wells et al., 2019; Pidgeon
et al., 2004). Timing and duration of duricrust formation
is largely unknown, but the spatial and vertical extent in
the present landscape suggests a continuous sheet of
ferruginous and aluminous duricrusts that must have formed
from Late Miocene to Pliocene. (U-Th)/He isotope dating of
secondary iron oxide minerals in the aluminous duricrust
GSWA sample 213128 (52L, 252390E 8403748N) from near
Kalumburu, Western Australia, returned Early to Middle
Miocene ages from 22.4 to 10.4 Ma for the nodules, with
cement younger than nodules with ages from Late Miocene
to Early Pleistocene, 6.7 to 2.3 Ma, indicating a long period of
laterization with two distinct episodes of duricrust formation
(Fig. 3; Wells et al., 2015).

Relationship of residual regolith units to elevation (m ASL)
Bauxite
Residual sands (Rs)

-14

Sandstone-derived ferruginous residual unit (Rfs)
Other units

-15
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-17

50 km

S
800 600 400 200

0

-18
800
600
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400
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0
NDSK70

124

125
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30.03.22

Figure 12. Distribution of residual and relict regolith units in the west Kimberley. Overlying polygons of residual units with SRTM-provided data on
the elevation ASL for each centroid of the polygons. Those elevations are plotted against both the latitude and longitude of the centroid,
showing their progression from south to north and west to east, respectively. Elevations for residual units indicates landscape tilting to
the north
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The current spatial distribution of the duricrusts throughout
the northern half of the west Kimberley Craton at latitudes
below 15.6 degrees indicates the north-northwesterly tilting
of the Australian continent (Fig. 12). The tilting to the north
has probably increased the erosional process, causing
dissection of the landscape. Although this information is
useful, further dating of the Kimberley duricrusts is needed
to build a landscape evolution framework for the region.
Other types of residual regolith and duricrusts, for example
calcretes and silcretes, may be present in the mapped area
but were not encountered. Calcrete and silcrete abundances
are likely to be negligible and not representable at the
1:100 000 scale.

The relict regolith in the Kimberley Plateau commonly
occur as iron-cemented sediments or ferricrete found in all
parts of the landscape, from valleys to hilltops. Ferricretes
in the west Kimberley are numerous and varied due to
the long history of weathering and ready availability of
iron oxides. Ferricrete outcrops of uncertain origin were
assigned the regolith–landform map unit Rt-f. Some
ferricrete outcrops contain magnetic ferruginous nodules,
likely maghemite such as the one occurring in the Drysdale
vicinity (Fig. 14). Other ferricretes contain a mix of mineral
grains and rock fragments, with no pisoliths, in a ferruginous
matrix (Figs 15, 16), occurring on or near the top of basalt
mesas, such as the ones at Charnley Station (Figs 17, 18).
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Figure 13. Distribution of residual and relict units in the west Kimberley. Ferricrete regolith–landform unit Rt-f-KIP mapped are too small to be represented at
this scale
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a)

10 mm

b)

50 mm
NDSK124

23.12.21

Figure 14. Magnetic ferricrete, GSWA sample 214503 (Zone 52, MGA 216076E
8273636N). Ferruginous cemented transported gravel, highly magnetic,
magnetic susceptibility 6.5 SI. About 90% of the sample is composed
of clasts, magnetic minerals, maghemite, iron oxide pisoliths and
nodules, and poorly sorted quartz sand. There are two size populations
of magnetic nodules: subrounded subangular to angular, 1 to 5 mm in
size; and subangular to subrounded, 2 to 10 mm. The ferricrete matrix
is pinkish red to yellow in patches, silty clay texture, and makes up
less than 10% of the sample, with poorly sorted very fine to coarse
quartz grains, no carbonate

10 mm

c)
It is possible that these ‘cap ferricretes’ are the remnants
of an extensive sheet, or sheets, that once covered the now
eroded paleolandform.
Particular extensive ferricrete outcrops occur to the
southwest at the Yampi Peninsula, in the vicinity of Robinson
River. These ferricrete outcrops (Rt-f-s) have developed on
the sandstones and conglomerates of the Paleozoic Canning
Basin Grant Formation, at the edge of the Kimberley Block,
occurring on low-angle colluvial slopes and pediplains near
drainages. Most of the Rt-f-s unit overlays the Canning
Basin, and less commonly the Kimberley Basin, with isolated
exposures at the Paperbark Supersuite (Morris et al., 2016).

10 mm
NDSK122

23.12.21

Figure 15. a) Ferricrete, Fe-indurated cap on mesa/basalt hill Charnley Station,
west Kimberley (GSWA sample 214519, Zone 51, MGA 751740E
8168936N). Regolith mapping unit Rt-f-KIP. Not magnetic ferricrete,
magnetic susceptibility 0.52 SI; b) yellow clay and iron oxide matrix,
possibly goethite, surrounds the hematitic clay aggregates forming
cutans; c) coarse sand grains are up to 4 mm in size

Depositional regolith regime
Depositional regolith units cover nearly 26% of the mapped
area, consisting mainly of colluvial deposits and alluvial
deposits, respectively covering 17% and 7.15% of the
area. The composition of the colluvial units reflects local
bedrock origin and short transport contrasting from quartzrich 7.89% (C-q-s-KIP) (Fig. 11b); ferromagnesian 5.78%
(C-m-pl-KIP, C-m-vb-KIP, Fig. 19); quartzofeldspathic 1.82%
(C-g-pg-KIP, C-g-s-KIP, C-g-vf-KIP); and minor carbonaterich and mica-rich <1% (C-k-c-KIP, C-xi-m-KIP, C-xi-sm-KIP).
Alluvial units (A-KIP) (Fig. 20) classified as floodplains
(Af-KIP) or floodplains containing black soils (Aa-cb-KIP)
(Fig. 21), respectively cover 6% and 1.16% of the mapped
area, with other alluvial units accounting for <0.1%. Coastal
deposits are tidal dominated covering 1.55% of the area
(Tb-KIP, Te-KIP, Tf-KIP, Tm-KIP, Tu-KIP), with coastal sand
deposits rare, accounting for <0.02% (Bb-KIP, Bd-KIP).
Sandplains and sheetwash deposits are also rare in the west
Kimberley, accounting for 0.23% and 0.03% respectively
(S-KIP, W-KIP).

The KSCS 1:100 000 regolith–landform Geological Series
digital map shows the distribution and quantifies the
erosional landscapes of the Kimberley Plateau, shown in
Figure 22 and as a simplified map in Figure 7. The KSCS
regolith–landform Geological Series digital map is available
from several Kimberley geographic information system
(GIS) packages, accessible from the Department of Mines,
Industry Regulation and Safety (DMIRS) eBookshop. These
GSWA records on the regolith chemistry of the Balanggarra,
Bunuba and Yuriyangem-Taam, and Dambimangari areas,
and their respective geochemical data and 1:100 000
interpreted regolith–landform map plates are also available
from the DMIRS eBookshop.
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Figure 16. Ferricrete with lithic fragments in a ferruginous matrix, no pisoliths.
WAROX Site ID PAMBAL000009, Zone 52, MGA 238868E 8389044N

1 mm
NDSK111

18.01.22

Charnley cross-section
NW

SE

Wunaamin Miliwundi
Sandstone
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on mesa Rf

Talus

Talus
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colluvial
slopes

Upper slopes
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black soils
– gilgai
Plain creek
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a)
Rtf – ferricrete
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Red lateritic colluvium soil

Quartz-rich sandy soil – colluvium

Yellow clay soils with calcareous nodules

Gilgai
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2 km

NDSK87

30.03.22

Figure 17. Catena showing the relationship between regolith and landforms on the Carson Volcanics basalt. The Kimberley erosional surfaces
are represented by the sandstone plateau corresponding to the high Kimberley surface, the ferricrete preserved as caps on mesas
corresponding to the low Kimberley surface (see Fig. 18), and the incised valley containing alluvial deposits corresponding to the
Fitzroy surface. Catena location: Charnley Station, Kimberley

b)

a)

NDSK121

b)

Figure 18. Regolith–landform unit Rt-f-KIP: a) ferricrete on basalt mesa hill; b) ferricrete boulder
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a)

a)

b)

b)

NDSK116

19.01.22

Figure 20. Alluvial units undivided alluvium (A-KIP). The sediments in the undivided
alluvium unit reflect the composition of the underlying rock: a) on the
sandstone terrane the alluvium is composed of very fine white sand;
b) quartz sand, clay and ferruginous pisoliths make up the alluvial
deposits on the basalt

NDSK114

19.01.22

Figure 19. Ferromagnesian colluvium (C-m-vb-KIP): a) occupying very low
angle slopes and pediplains on the Carson Volcanics terrane. It is
characterized by reddish to yellowish brown, silty clay and sand with
ferruginous nodules, pisoliths and magnetic pisoliths; b) ferruginous
pisolitic soils develop on weathered Carson Volcanics, forming gently
sloping pediplains, regolith–landform map unit C-m-vb-KIP
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Regolith regimes west Kimberley

a)

Depositional
regolith 26%

Residual-relict
regolith
4.8%

Exposed
bedrock 69.2%

b)

NDSK110

30/03/22

Figure 22. Pie graph showing the distribution of regolith types at the west
Kimberley KSCS project area

Application geophysics and
spectral remote sensing in
regolith–landform mapping
Geophysical spectral datasets and imagery have been
consistently applied in regolith mapping in Australia since
the mid-1990s, and with every innovation in the type of
dataset available there is also innovation in the style of
regolith mapping and application (Wilford and Creasey, 2002;
Gozzard, 2006a,b; Haest et al., 2013; Wilford, 2014; Laukamp
et al., 2016).

c)

The use of geophysical and spectral datasets to map the
regolith geology is only accomplished efficiently when the
regolith mineralogy, bedrock weathering and dispersion
processes are taken into consideration. Identifying the
regolith distribution as well as its composition is important
for understanding the weathering of underlying bedrock and
the nature of transported regolith, particularly in areas of
extensive regolith cover. Secondary minerals such as clays,
oxides and hydroxides accumulate during weathering and
form the majority of the regolith profile, with aluminium and
iron forming the bulk of these secondary minerals. Chemical
weathering of primary minerals by hydration and oxidation
produces continuing changes to mineral chemistry and
crystallographic structure. Ferromagnesian minerals are the
main minerals affected by oxidation, with iron (Fe) changing
from ferrous iron (Fe2+) to ferric iron (Fe3+), resulting in
secondary iron oxides and hydroxide minerals such as
hematite and goethite. Clays are formed by the weathering
of primary aluminosilicate minerals such as feldspars
and micas by hydration and oxidation, with continuous
weathering removing all of the silica, as in the case of
alumina minerals such as gibbsite (bauxite). Some primary

10 mm
NDSK117

23.12.21

Figure 21. Black soils (Aa-cb-KIP): a) black soil plain (Aa-cb-KIP); b) dolerite
boulders and cobbles in the black soil; c) site 50, sample 15_KB,
Charnley 250 000 map sheet, Charnley Station; carbonate nodules
in yellow clayey soils. The soil is yellow and nodules make up 10–15%
of the soil. The nodules are white, subrounded, well sorted, 1–2 cm in
diameter, found in the soil surface and in soil, no concentric halos, not
magnetic, strong reaction with HCl, when cut in half there are calcite
crystals in the voids
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Mapping residual and depositional
regime regolith

minerals remain relatively unweathered in the regolith,
such as quartz, zircon, monazite, rutile and corundum
(Eggleton, 2008).

In all applications for regolith maps, the most essential
information is the nature of the regolith materials: whether
these materials are residual in nature, derived from the
weathering of a bedrock in situ, or whether these are
sediments, the product of weathering and erosion of
lithologies transported and deposited away from their
original place of weathering. The starting task for any
regolith mapper is to distinguish the in situ regolith from the
depositional regolith and outline their spatial distribution.

The key factor in using geophysical imagery to map the
regolith is understanding mineral weathering and inferring
the regolith composition and regolith–landform from the
geophysical imagery dataset. One way of understanding
mineral weathering is to think of it as an ‘upside down
Bowen’s reaction series’, where the first minerals to form
from a melt are the first to weather (Fig. 23).
An indication of a mineral’s predisposition to weathering
is its ratio of silicon ions to other cations, which can be
replaced by hydrogen ions in a mineral structure. The higher
the ratio of silicon ions to other cations, the more susceptible
the mineral is to weathering. This explains why mafic
lithologies are more susceptible to weathering than felsic
lithologies, as olivine, pyroxenes and amphiboles weather
more easily than plagioclase, orthoclase, micas and quartz
(McQueen, 2008). The position of the regolith profile in the
landscape is another important element to consider, as
radiometric and spectral geophysical responses are from
the top half-metre of the surface and therefore the top of
the regolith profile. This top metre can be part of an exposed
bedrock outcrop, an in situ profile, or depositional regolith
containing transported sediments (Fig. 24). Following this
approach, bedrock lithology and regolith can be mapped by
proxy from their overlying geophysical and spectral regolith
mineralogical response.

Mapping the regolith with radiometrics
In Australia, residual duricrusts generally show a high
response for eTh in radiometric images (Wilford, 2012,
2014), and when used concurrently with Landsat and ASTER
imagery, further information on the composition of the
residual regolith can be gathered (Figs 25, 26).
One of the most useful geophysical datasets for mapping
regolith is gamma ray, or radiometrics. Radiometrics
measure the radio decay from isotopes of the elements
Th, K and eU from the Earth’s surface. Images are then
produced to show the spatial distribution of eTh, eU
and K and their corresponding relative abundances. The
bedrock and regolith can then be mapped according to the
relative abundance of minerals containing K, eTh and eU.
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Figure 23. Upside down Bowen’s reaction series and regolith profile: a) illustrating mineral weathering, as the first minerals to crystallize are the first to become unstable
and break down with change in temperature and pressure; b) an idealized in situ regolith weathering profile showing its distinct zones and corresponding
mineralogy. Images adapted from Eggleton (2008)
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Figure 24. Simplified schematic representation of regolith profile composition and landscape position

Some minerals, such as felsic rocks, contain all three
elements (K, eTh, and eU), and will appear in light hues
such as white, while mafic and ultramafic rocks are poor
in these three elements and will appear in dark hues.
Quartzofeldspathic-rich sediments, micas and clays are
visible as shades of reddish-pink. Sediments, residual
regolith and rocks lacking K-minerals, but containing relative
amounts of eU and eTh associated with resistant minerals,
appear as shades of greenish-blue. Residual regolith
containing iron often have a high response to eTh, while
residual sands, calcrete and marine sediments often have a
high response to eU (Wilford, 2012).

quartzofeldspathic and clay-rich colluvium and alluvial
deposits derived from the Paperbark Supersuite granites
(Fig. 28).

Mapping the regolith with Landsat TM
AGSO ratio
Regolith in general can be mapped effectively using Landsat
TM AGSO ratio. This Landsat ratio, which constitutes
ratios of the bands 1, 3, 4, 5 and 7 displayed in RGB,
was developed by the Cooperative Research Centre for
Landscape Environments and Mineral Exploration (CRC
LEME) to be used specifically as a regolith mapping tool in
Australia (Wilford and Creasey, 2002). The Landsat AGSO
ratio image red colour depicts clays and comprises principal
component 2 of band ratios 4/3 and 5/7; the green colour
depicts iron, as a ratio of bands 5/4; and the blue colour
depicts silica, as a composite of bands 1 + 7. The use of
Landsat AGSO ratio imagery combined with radiometric eTh
to map the regolith–landforms of the west Kimberley Craton
is shown in Figure 26. Radiometric eTh was used to identify
the areas of residual or relict regolith, and Landsat AGSO
ratio imagery was used to identify the regolith composition.

At the Kimberley KSCS, mapping KTU imagery was used
to separate felsic lithologies from mafic, for example to
map the mafic from granophyre units of the Hart Dolerite
dykes along the Lennard Ranges (Phillips et al., 2018);
to distinguish clay-rich regolith derived from the Carson
Volcanics basalt (Phillips and de Souza Kovacs, 2014); and
to separate the Mount House Group glaciogenic from the
quartz-rich regolith derived from the siliciclastic Proterozoic
sandstones on the Kimberley Plateau. Radiometric eTh
imagery was used to map the residual and relict regolith,
which appears in red indicating a high abundance of
eTh (Fig. 27). Radiometric K images were used to map
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Figure 25. Concurrent use of radiometric eTh combined with ASTER Ferric Oxide Content to map aluminous duricrust on basalt mesas in the Kimberley Plateau:
a) radiometric for eTh image shows the residual regolith in red hues, the residual regolith occupies the top of mesas; b) ASTER Ferric Oxide Content
image shows the aluminous duricrust on mesas at the Mount Leeming bauxite deposits appearing in black and dark blue, in contrast with the red hues
produced by the ferruginous colluvium and iron-rich soil response on the Carson Volcanics (basalt); c) regolith landform map; d) bedrock geology map
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Figure 26. Regolith mapping using radiometric eTh and Landsat AGSO ratio imagery: a) and a1) geological map; b) and b1) radiometric eTh: in red residual regolith and granites; c) and c1) Landsat AGSO ratio: siliciclastic
sandstone and granites in blue and white indicate high relative abundance of silicates; quartzofeldspathic colluvium derived from the weathering of the granite in pink-purple indicating a mixture of clay and silicate
minerals; basalt in green indicating relatively high amount of iron; laterite in yellow indicating relative amounts of iron and clay; aluminous/ferruginous duricrusts and ferricrete-capped mesas in black-dark red
indicating relative lower abundance of iron
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Figure 27. Radiometric for eTh. High radiometric response for eTh is in red, deriving from residual regolith–landforms as ferruginous duricrusts, aluminous duricrusts
and residual sands in far north Kimberley

Mapping the regolith with magnetic 1VD

edge of a mapped aluminous duricrust unit (Rr-xa-vb-KIP)
at the eastern margin of the Mitchell Plateau about 100 m
from Kalumburu – Gibb River Road (Figs 30, 31). At the
magnetic reduction to pole (RTP) 1VD image, the site is at
a northwest-southeasterly band of high magnetic response.
In the radiometric eTh image, this area indicates high
relative abundance of thorium and presence of residual or
relict material as proxy. In the Landsat AGSO ratio image,
this site corresponds to an area with response for clay and
iron, corresponding to aluminous and ferruginous duricrust
capped mesas on the Carson Volcanics. At the magnetic
RTP 1VD image, the magnetic response from the magnetic
ferricrete cannot be distinguished from the surrounding
basalt and dolerite sills (Fig. 31).

Magnetic images were used to map the dolerite in the
Kimberley Plateau, and hematite-rich sandstones at the
Yampi Peninsula. Map units were validated by existing GSWA
geological mapping, field observations database WAROX,
and site observations during the regolith sampling programs
conducted from 2014 to 2016. Radiometric eTh images
were used to map the residual ferruginous and aluminous
duricrusts.

Relict magnetic ferricrete
Relict magnetic ferricrete, an iron-cemented gravel unit of
probable alluvial origin containing ferruginous magnetic
gravel, is present in the northern Kimberley. The gravels
are very magnetic, with over six times the magnetic
susceptibility of other types of duricrusts in the Kimberley
and the Carson Volcanics basalt (Fig. 29). The magnetic
gravels were found during field work; however, this
occurrence is too small to be included as a KSCS map
unit of its own. The magnetic ferricrete outcrops on the
undulating slopes of the Carson Volcanics basalt, at the

The magnetic ferricrete contains a variety of ferruginous
clasts, possibly derived from the erosion of ferruginous
saprolite, weathered basalt and older duricrust upslope.
Clasts are subrounded, signifying some amount of transport
(Fig. 14). The magnetic ferricrete outcrops are found nearby
the weathered basalt, on the upper slopes, mesa tops and
breakaways near drainage lines on the Crossland Creek valley
formed by the weathering of the Carson Volcanics basalt.
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Figure 28. Radiometric for K. High radiometric response for K is in red, deriving from depositional regolith–landforms as colluvium and alluvial deposits, as the clays,
micas and quartzofeldspathic sediments derived from the weathering and erosion of the granitic lithologies on the Lennard River ranges; clays from the
weathering of the Carson Volcanics basalt; and clays and micas from the weathering of the Mount House Group glaciogenic. Low response for K appears
in blue and corresponds to the quart-rich siliclastic Proterozoic sandstones in the Kimberley Plateau and Paleozoic sandstones of the Canning Basin
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Figure 29. Chart showing the magnetic susceptibility of magnetic ferricrete compared to other types of duricrusts in the Kimberley
Plateau and the Carson Volcanics basalt
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Regolith mapping in the Kimberley
using spectral imagery

a)

The ASTER geoscience maps of Australia have been widely
applied to geological mapping in Australia since its first
release in 2011. The 2011, CSIRO ASTER mineral maps were
validated against independent data and proved useful for
a range of geoscience applications, such as alteration and
mineral exploration and weathering, erosion and deposition
(Duuring et al., 2012; Cudahy et al., 2016; Laukamp et al.,
2016). However, the image quality of the first-release CSIRO
ASTER mineral maps varied across the swaths in the
Kimberley region, limiting the tracing of geological features
and restricting its use for GSWA’s regional mapping of areas
over 1:100 000 scales. One of the issues affecting the quality
of the ASTER mineral maps is the effect of variable green
and dry vegetation cover. The Kimberley Plateau is densely
vegetated, and this affected the resulting image for most of
the region (Fig. 33). The vegetation issues were remediated
by creating an ASTER coverage specifically for the Kimberley
in 2013. CSIRO reprocessed the ASTER data and produced
a new set of geoscience maps for GSWA for use on regolith
mapping for the KSCS area. The processing method used
in the Kimberley ASTER products was based on a Green
Vegetation Content mask that removed all ‘affected’ pixels
above a set threshold. Pixels containing dense vegetation
cover were removed, including the mineral information
contained in the pixels. For example, areas of zero-to-low
green vegetation content are shown as grey-scale tones.
The vegetation masking method used in the ASTER
processing does not attempt to compensate for within-pixel
variations in vegetation content (Rodger and Cudahy, 2009;
Cudahy, 2013; Haest et al., 2013; Cudahy et al., 2017). Due
to limited resources at the time, hyperspectral validation
was not conducted, and only the green vegetation and local
contrast stretching was mitigated for the KSCS GSWA–
CSIRO project. Future hyperspectral validation of Kimberley
ASTER is recommended and can be done by using the
archived regolith samples collected during the KSCS GSWA
geochemical regolith surveys. The KSCS regolith samples
are part of the GSWA collection archived at the Perth Core
Library. The detailed methods and processing of unmixing
vegetation can be found at Cudahy et al. (2017). GSWA
Record 2006/9 contains a guide on how to process ASTER
data to generate mineral group images. The ASTER User
Guide (Abrams et al., 2002) is available online from the
National Aeronautics and Space Administration (NASA) Jet
Propulsion Laboratory. ASTER mineral maps and imagery
are available from GeoVIEW.WA and the DMIRS Data and
Software Centre.

b)

50 mm
NDSK123

23.12.21

Figure 30. Magnetic ferricrete, regolith–landform map unit Rt-f-KIP: a) and
b) residual transported ferruginous outcrops were observed north
of Meelarrie Creek near the Kalumburu – Gibb River Road; (Zone 52,
MGA 216076E 8273636N), ferricrete boulders (up to 0.5 m diameter)
outcrop (50 m long by 6 m wide) containing subangular/subrounded
indurated magnetic ferruginous gravel (magnetic susceptibility 6.5 SI),
nodules and pebbles up to 5 cm

This valley corresponds to the low Kimberley surface. The
Crossland Creek valley floor drops from 40 m in 20 km in
a west–east direction, with a gradient of 0.002 m/km. The
northern flank of the valley is steeper and 50 m higher on
average than the southern flank, with the highest point being
at 473 m ASL. Magnetic ferricrete outcrops were observed
north of Meelarrie Creek near the Kalumburu – Gibb River
Road, where they consist of low, magnetic ferricrete bouldersized outcrops of iron-cemented subangular to surrounded
nodules, pisoliths and clasts up to 5 cm (Fig. 32). The
ferricrete boulders are up to 0.5 m high, and the outcrops
are up to 50 m long and 6 m wide, with a general northnortheasterly to south-southwesterly strike direction (Fig. 30).
The colluvium material surrounding the magnetic ferricrete
outcrops is a yellowish-red silty clay lateritic soil containing
ferruginous pisoliths and nodules similar to the ones in
the ferricrete. Black soil (gilgai) is present downslope near
the creek.

The spectral imagery application for regolith mapping is
particularly useful as it gives detailed spectral mineralogical
information on reflectance data in the VNIR (360–1000 nm),
SWIR (1000–2500 nm) and TIR (6000–14 500 nm)
wavelength intervals. Most absorption features in the SWIR
region are associated with hydroxyl (OH) absorptions around
1400 nm, and water (H2O) absorption at 1900 nm. Other
important indicative absorption features in SWIR are AlOH
at around 2200 nm, FeOH at 2250 nm and MgOH at or near
2330 nm (Merry et al., 1999). Most reflectance features
in the TIR region are associated with lattice vibrations of
silicate and carbonate minerals (Hancock et al., 2013).
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Figure 31. Mapping the regolith with magnetic 1VD, locality of Head Hill, north Kimberley: a) Landsat AGSO ratio overlaid on DEM – basalt from Carson Volcanics appears in red and green indicating clay and iron, bauxite
deposits in black, red and yellow colours on Landsat image are due to ferruginous nodules and indurated ferruginous materials on the surface; b) magnetic 1VD shows the near surface high magnetic response
from basalt, mafic dykes and magnetic ferricrete; c) radiometric eTh image overlaid on DEM showing high thorium response of the residual regolith; d) regolith map; e) geological map
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Crossland Creek – upper slope cross section – A����� 1:250 000 map sheet
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Figure 32. Catena showing the relationship between outcrops of magnetic ferricrete and surrounding regolith–landforms, north Kimberley.
Magnetic ferricrete outcrops are found nearby weathered basalt, downslope from mesa hilltops and breakaways formed by the
weathering of the Carson Volcanics basalt. The magnetic ferricrete consists of low, magnetic ferricrete boulder-sized outcrops of
iron-cemented subangular to subrounded nodules, pisoliths and clasts up to 5 cm

ASTER is an appropriate regolith mapping tool as it
targets clays, oxides and hydroxide minerals containing
aluminium (Al), Fe and magnesium (Mg). Three Kimberley
ASTER products can be used to map Al-minerals: AlOH
Group Content, AlOH Group Composition and Kaolin Group
Content (Table 1). Similarly, four Kimberley ASTER products
can be used to directly map ferrous and ferric iron-bearing
Fe-minerals in the regolith: Ferric Oxide Content, Ferric Oxide
Composition, Ferric in FeOH Group and FeOH Group Content
(Table 1). The CSIRO Landsat TM regolith ratio product is a
proxy to regolith distribution showing areas of regolith vs
exposed rock.

(Fig. 37). The FeOH Group Content image shows areas of
ferruginous duricrust preserved on weathering profiles in red
(Fig. 38). Laukamp et al. (2016) applied the same concept
for regolith–landform mapping in the northeastern Albany–
Fraser Orogen, ground validating the ASTER-derived mineral
maps and regolith classes by means of HyLogger and X-ray
diffraction (XRD) data.
GSWA’s regolith classification scheme uses the
compositional information of the regolith in a landform
setting to facilitate understanding of the spatial relationships
between rock, in situ weathered regolith and transported
regolith cover in Western Australia. In GSWA Record
2013/7, GSWA’s regolith classification scheme uses the
compositional information about the regolith in a landform
setting to facilitate understanding of the spatial relationships
between bedrock, in situ weathered regolith and transported
regolith cover in Western Australia (GSWA, 2013). In
the GSWA regolith classification scheme, a secondary
compositional qualifier code is added to the regolith–
landform unit primary mapping code to represent the
regolith–landform unit overall composition. This approach
aims to maximize the use of the GSWA regolith information
on GSWA maps, and as a tool for use in conjunction with
geochemical sampling and data. ASTER Mineral Group
Products can assist with the characterization of the regolith
composition. GSWA secondary codes and compositional
qualifiers for regolith and the respective ASTER products
recommended for their identification are listed in Table 4.

The optimum use of ASTER mineral maps is achieved
when the user frames their task in the context of diagnostic
mineral information. For example, a landscape comprising
a dissected lateritic profile illustrated in Figure 17 can be
mapped using the identifying mineralogy at each section
of the profile. Soil over a preserved pisolitic duricrust or
‘residual’ — as illustrated in regolith profile in Figure 17 — can
be determined by the development of abundant hematite
and/or gibbsite and lesser amounts of poorly ordered
kaolinite and/or halloysite (Anand and Paine, 2002). Such
pisolitic duricrust can be identified by using the ASTER Ferric
Oxide Content image, which can distinguish ferruginous
and aluminous duricrust, as the second appears in hues of
blue due to a lower iron content (de Souza Kovacs, 2014).
Exposed mottled zone is characterized by abundant wellordered kaolinite and lesser amounts of goethite, except
where the weathered basement geology is aluminium-poor,
such as ultramafic rock. AlOH Group Composition and AlOH
Group Content or Kaolin Group Composition and Kaolin
Group Content can be used to map the relative presence or
absence of kaolinite. Saprock is evident by ‘unweathered’
primary minerals.

Mapping the regolith with ASTER mineral
maps
This section of the document illustrates the use ASTER
mineral maps applied to regolith–landform mapping. This
information can be used in other mapping related contexts,
where applicable. The following are examples demonstrating
the application of the ASTER mineral maps, or mineral maps
in regolith–landform mapping in the Kimberley region of
Western Australia, including the mineral maps that use green
vegetation unmixing methods, and comparisons between
the two ASTER versions. There are 21 Kimberley ASTER
mineral maps generated using ASTER’s three VNIR and six
SWIR ‘reflected’ bands, and five TIR bands. The appendix
shows ASTER (Version 1) and Kimberley ASTER (Version 2)
geoscience product mineral map images for comparison.

Using the schematic regolith mineral profile from Figure 34
as an example, four Kimberley ASTER geoscience product
mineral map images were selected to illustrate areas where
the lateritic profile is preserved and exposed. Ferric Oxide
Content map areas containing high relative amounts of iron
oxides as hematite and goethite in the lateritic duricrust
appear in red hues (Fig. 35). In the Kaolin Group Index image,
areas of deep weathering profiles appear in red (Fig. 36).
AlOH Group Content maps the clays in the saprolite, as well
as aluminium-rich duricrusts and mottle zones, with areas
shown in red containing a relatively high aluminium content
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Figure 33. ASTER and Kimberley ASTER Green Vegetation Content images over the KSCS project area: a) ASTER Version 1 image shows an overall dark blue hue
indicating low green vegetation content; b) Kimberley ASTER image shows more areas containing green vegetation compared to the ASTER Version 1
image with red corresponding to well-vegetated areas underlain by the Carson Volcanics basalt; c) basemap. Detailed figures a1) to c1) show ASTER
and Kimberley ASTER images over green vegetated agricultural lands around Kununurra
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Figure 34. Schematic cross-section of a typical lateritic profile incorporating spectrally active mineral information (Cudahy et al., 2016)
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Figure 35. Ferric Oxide Content ASTER images
showing the distribution and relative
abundance of ferric oxide minerals as
hematite, goethite and jarosite: a) ASTER
image; b) Kimberley ASTER image with
unmixing of the green vegetation spectra
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Figure 36. Kaolin Group Index ASTER images showing the distribution and relative abundance of kaolin group minerals
as pyrophyllite, allunite, and well-ordered kaolinite: a) ASTER image; b) Kimberley ASTER image with unmixing
of the green vegetation spectra
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Figure 37. AlOH Group Content ASTER images showing the distribution and relative abundance of AlOH minerals as
clays, phengite, muscovite, paragonite, lepidolite, illite, brammalite, montmorillonite, beidellite, kaolinite
and dickite: a) ASTER image; b) Kimberley ASTER image with unmixing of the green vegetation spectra
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Figure 38. FeOH Group Content ASTER images showing the distribution and relative abundance of FeOH mineral content:
a) ASTER image; b) Kimberley ASTER image was improved with the application of the Green Vegetation
Content mask and MgOH Group Composite mask to create a product focused in mapping gibbsite, jarosite,
nontronite and opaline silica
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Table 4.

GSWA secondary codes and compositional qualifiers for regolith and their respective ASTER products recommended for their identification. In the GSWA regolith classification scheme (GSWA, 2013), a secondary code compositional
qualifier is added to the regolith–landform unit primary mapping code to represent its overall composition. This approach aims to maximize the use of the GSWA regolith information on GSWA maps, and as a tool for use in conjunction
with geochemical sampling and data. ASTER mineral maps can assist with the characterization of the regolith composition

Type of regolith regime and position regolith profile

Secondary
code

Composition
qualifier code

Composition

Composition qualifier

clay

undivided

-c

AlOH Group Content and AlOH Group Composition

Transported – slope and alluvial deposits. May be related to the weathering of mafic
rocks

black soil or gilgai

-cb

Combination of CSIRO Landsat TM Regolith Ratios,
Opaque Index 1 and Opaque Index 2, MgOH Group
Content and MgOH Group Composition, and AlOH Group
Content and AlOH Group Composition

Residual – lower saprolite and saprock. Weathering of hydrothermal altered rocks.
Altered mafic rocks

chlorite

-cc

glauconite

-cg

Transported – slope and alluvial deposits. Residual saprolite

illite

-ci

Transported – slope and alluvial deposits and residual saprolite, commonly from felsic
igneous and sedimentary rocks

kaolinite

-ck

AlOH Group Content and AlOH Group Composition, Kaolin
Group Index

Transported – slope and alluvial deposits and residual saprolite, commonly from mafic
igneous rocks

montmorillonite

-cm

AlOH Group Content and high response in AlOH Group
Composition – red is Al-poor (Si-rich) white mica
(phengite) and montmorillonite

smectite

-cs

undivided

-e

anhydrate

-ea

Transported – alluvial and lacustrine deposits. Areas of sulphur occurrences around
mafics or deep sea sedimentary deposits

gypsum

-eg

Transported – alluvial, lacustrine and coastal deposits

halite

-eh

Transported – slope and alluvial deposits. Residual mottled zone and saprolite

Transported – alluvial and lacustrine deposits. Areas of sulphur occurrences around
mafics or deep sea sedimentary deposits

Transported slope deposits derived from iron-rich sedimentary rocks or mafid rocks.
Sheetwash containing iron-rich pisoliths or iron-rich lithic fragments

c

e

f

evaporate

ferruginous

ASTER mineral map

Gypsum Index

Gypsum Index

undivided

-f

Ferrous Iron Index, Quartz Index, Opaque Index 1 and
Opaque Index 2

Residual laterite, as ferriginous duricrusts

gossan

-fg

Ferric Oxide Composition, red–yellow response is
hematite-rich

Transported slope deposits derived from iron-rich sedimentary rocks or mafic rocks.
Sheetwash containing iron-rich pisoliths or iron-rich lithic fragments

hematite

-fh

Ferric Oxide Composition, red–yellow response is
hematite-rich

Residual laterite, as ferriginous duricrusts and iron-rich saprolites

limonite

-fl

Transported slope deposits derived from iron-rich sedimentary rocks or mafic rocks.
Sheetwash containing iron-rich pisoliths or iron-rich lithic fragments

goethite

-fg

Ferric Oxide Composition, blue–cyan response is
goethite-rich

undivided

-g

Silica Index and Quartz Index

Residual laterite, as ferriginous duricrusts and iron-rich saprolites

Residual laterite, as ferriginous duricrusts and iron-rich saprolites

Residual laterite, as ferriginous duricrusts and iron-rich saprolites

Transported alluvial, lacustrine, coastal deposits derived from quartz-rich sedimentary
rocks or felsic rocks. Sheetwash containing quartz and felsic lithic clasts

g

Quartz-feldsphatic

Residual – saprolite derived from quartz-rich sedimentary rocks and felsic rocks
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continued

Type of regolith regime and position regolith profile
Transported – placer deposits, alluvial, coastal placers derived from granitic rocks

Secondary
code

Composition

Composition qualifier

Composition
qualifier code

h

heavy minerals

undivided

-h

Opaque Index 1 and Opaque Index 2

k

carbonate

undivided

-k

MgOH Group Content and MgOH Group Composition

aragonite

-ka

calcite

-kc

MgOH Group Composition, red is calcite, epidote,
serpentine, amphibole

dolomite

-kd

MgOH Group Composition, red is dolomite, chlorite,
amphibole

magnesite

-km

MgOH Group Composition, blue–cyan is magnesite

ASTER mineral map

Residual – in saprolite and saprock

Transported alluvial and lacustrine in arid and semiarid areas, coastal deposits
Residual – in saprolite and saprock derived from mafic and ultramafic rocks, and rocks
with carbonate hydrothermal alteration

Transported alluvial and lacustrine in arid and semiarid areas, coastal deposits
Residual – in saprolite and saprock derived from mafic and ultramafic rocks, and rocks
with carbonate hydrothermal alteration

Transported slope deposits derived from iron mafic rocks. Sheetwash containing mafic
lithic fragments

m

ferromagnesian

undivided

-m

Mafic Index, Ferrous Iron Content in MgOH Carbonate,
MgOH Group Content and MgOH Group Composition

q

quartz

undivided

-q

Quartz Index and Silica Index

r

carbonaceous/organic

undivided

-r

Opaque Index 1 and Opaque Index 2

Residual – in saprolite and saprock derived from mafic and ultramafic rocks

u

ultramafic

undivided

-u

Mafic Index, Ferrous Iron Content in MgOH Carbonate

Transported or residual-relict

x

other mineral

undivided

-x

Residual – in saprolite and saprock

aluminous/bauxite

-xa

Ferric Oxide Content, blue–purple or black lack of iron
oxide; Regolith Ratio, green is Al-clay-rich

Transported alluvial and lacustrine, slope deposits and coastal deposits

mica

-xi

AlOH Group Content, AlOH Group Composition, blue is
Al-rich white mica (muscovite, illite, paragonite, but also
well-ordered kaolinite, pyrophyllite, beidellite); red is
Al-poor (Si-rich) white mica phengite, but also
is montmorillonite

manganese

-xm

Opaque Index 1 and Opaque Index 2

Residual laterite, as ferriginous duricrusts and iron-rich saprolite
Transported alluvial and lacustrine in arid and semiarid areas, coastal deposits
Residual – in saprolite and saprock derived from quartz-rich rocks
Transported alluvial and lacustrine in arid and semiarid areas, coastal deposits
Residual – in saprolite and saprock derived from carbonaceous rocks. Areas containing
dark red to black lag, as sheetwash deposits

Residual – in saprolite and saprock derived from sedimentary and felsic rocks

Transported alluvial and lacustrine, slope deposits and coastal deposits
Residual – in saprolite and saprock derived from sedimentary and felsic rocks

Transported alluvial and lacustrine, slope deposits and coastal deposits

z

siliceous

undivided

-z

Quartz Index and Silica Index

opaline

-zo

FeOH Group Content combined with Quartz Index and
Silica Index

Residual – in saprolite and saprock derived from sedimentary and felsic rocks
Transported alluvial and lacustrine in arid and semiarid areas, coastal deposits
Residual – in saprolite and saprock derived from igneous and sedimentary rocks
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The example Kimberley ASTER maps discussed here are
the Green Vegetation Content map and maps that had the
green vegetation spectra unmixed from them, which are:
the Ferric Oxide Content, Ferric Oxide Composition, FeOH
Group Content, Ferric in FeOH Group Content, Ferrous Iron
Content in MgOH/Carbonate, AlOH Group Content, AlOH
Group Composition, MgOH Group Content, MgOH Group
Composition; and the Ferrous Iron Index, Silica Index and
the Clay and Sand Index maps. A summary of the Kimberley
ASTER mineral maps and the masks applied are provided
in Tables 5 and 6. Details on all Kimberley ASTER mineral
maps, their accuracy, and examples of how they can be
used for different geological applications are provided in
Cudahy (2013). The Kimberley ASTER mineral maps are
available from GSWA using GeoVIEW.WA, from GSWA by
request, or from the Western Australian Centre for Excellence
for 3D Mineral Mapping (C3DMM). A simplified geology of
the Kimberley Craton is provided in Figure 2 to help explain
the relationship between the spectral responses from the
Kimberley ASTER products and the bedrock geology and
regolith.

mineral map, which endeavours to map the relative amount
of aluminium in the minerals. The Kaolin Group Index mineral
map can also be used as a proxy to map weathering and
regolith by mapping kaolinite (Al2Si2O5(OH)4), a common
AlOH clay mineral.
The AlOH Group Content mineral map targets the
distribution of hydrated aluminosilicate minerals and
clays, such as phengite, muscovite, paragonite, lepidolite,
illite, brammalite, montmorillonite, beidellite, kaolinite and
dickite. Accuracy of this product is complicated by minerals
with absorption at similar bands, and AlOH-poor areas
dominated by ferromagnesian minerals. Relatively high
abundance of AlOH-minerals appears in hues of red and
orange in the ASTER image, indicating exposed saprock,
saprolite and hydrothermal phyllic alteration zones: bluecyan hues indicate low abundance of AlOH group minerals,
indicating areas of unweathered rock, rock poor in primary
aluminosilicate minerals such as feldspars, or unweathered
mafic and ultramafic rock. In the Kimberley ASTER, the
relative abundance of AlOH group minerals correlates
well to the lithology of the Kimberley Plateau. Areas with a
relatively high content of AlOH minerals are visible in shades
of red and orange, correlating with Carson Volcanics basalt.
In contrast, the relatively aluminium-mineral depleted but
quartz-rich Wunaamin Miliwundi and Pentecost Sandstones
appear in hues of blue. Some high response areas occur
over the Wunaamin Miliwundi and Pentecost Sandstones
on the Kimberley Plateau, specifically near the scarp’s edge,
indicating Al-clay minerals accumulated from the weathering
of the sandstones and/or the presence of muscovite
(Fig. 39).

Green Vegetation Content mineral maps
This product is often useful in distinguishing non-geological
features within and between ASTER scenes. Green
vegetation, fire scars, clouds and cloud shadows all display
a high response in this product image and should appear in
shades of red-orange. For this reason, the Green Vegetation
Content map should always be used in conjunction with an
orthophoto or the ASTER false colour map to determine
the amount of obscuring or complication caused by the
green vegetation cover response alone. It is important that
the Green Vegetation Content map reflects the vegetation
cover on the land surface as accurately as possible. The
Kimberley Plateau is known to be well vegetated, especially
along creeks, rivers, valleys and on areas occupied by
Carson Volcanics basalt. However, the ASTER Version 1
Green Vegetation Cover map image does not replicate the
abundance of green vegetation in the Kimberley Plateau
(Fig. 33a). The ASTER 1 image shows an overall dark
blue hue, indicating low green vegetation content. The
Kimberley ASTER image (Fig. 33b) shows more areas
containing green vegetation compared to the ASTER 1 image
(Fig. 33a). The Kimberley ASTER image shows bright red
areas corresponding to the well-vegetated areas underlain
by Carson Volcanics basalt. The detailed figures from the
same images show areas of green vegetation in bright red
hues, indicating a high response for green vegetation for the
agricultural lands around Kununurra and the tidal and alluvial
flats east of Wyndham.

The AlOH Group Composition mineral map maps aluminiumrich AlOH group minerals, contrasted with aluminiumpoor (silica-rich) AlOH group minerals. Shades of red and
yellow represent the relative abundance of aluminiumpoor but silica-rich AlOH minerals, such as phengite and
montmorillonite. Consequently, the warmer the colours, the
more silica is present in the AlOH-bearing Al-minerals. Blue
hues represent the relative abundance of aluminium-rich
AlOH group minerals such as muscovite, illite, paragonite,
pyrophyllite and beidellite. It can also indicate well-ordered
kaolinite, which can be used as a proxy to map transported
regolith (Cudahy, 2013). Green vegetation, carbonates and
minerals like chlorite, gibbsite and jarosite will make colours
appear warmer than the actual AlOH composition, while
alunite and dry plant material will make colours appear
cooler. In the Kimberley ASTER image in Figure 39, areas
containing smectitic clays, likely related to the weathering
of mafic rocks, are visible in shades of red-orange on the
Carson Volcanics basalt and Hart Dolerite. The Kimberley
Group sandstones appear in shades of cyan and blue,
indicating a moderate abundance of aluminium-rich AlOH
group minerals, such as illite and muscovite, compared to
the basalt.

Aluminium mineral maps
AlOH Group Content and AlOH Group Composition
mineral maps

Iron mineral maps

Kimberley ASTER aluminium mineral maps can be applied
to map hydrated aluminosilicates in the clay-rich saprolite
and aluminium-rich duricrust in the regolith. These are also
useful as a proxy for areas of deep weathering in the regolith
cover. There are two products that directly map aluminium:
the AlOH Group Content mineral map, which maps the
distribution of aluminium, and the AlOH Group Composition

Ferric Oxide Content mineral map
This product targets ferric oxide minerals such as hematite,
goethite and jarosite. Shades of blue-cyan indicate a low
relative abundance of ferric oxide minerals, and shades
of red a high abundance. The accuracy of the product
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Figure 39. Kimberley ASTER AlOH Group Content and AlOH Group Composition maps over Mount Leeming bauxite deposits in north Kimberley: a) AlOH Group Content
image shows the distribution and relative abundance of Al-mineral depleted but quartz-rich sandstones in blue, contrasting with the relatively high content
of AlOH minerals visible in red and orange, correlating with the Carson Volcanics basalt; b) AlOH Group Composition image shows red and orange colours,
indicating the presence of silica in the AlOH-bearing Al-minerals; c) regolith–landform map; d) bedrock geology map. All images draped on DEM
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is moderate. Clouds and shadows may appear as dark
patches obscuring the surface, and dry vegetation errors
lead to partial readings. The impact of the green vegetation
unmixing process is most pronounced and effective for this
product compared to any other Kimberley ASTER image,
largely because the VNIR bands are strongly affected by both
ferric oxides and green vegetation.

The Ferric Oxide Content image shows the Carson Volcanics
basalt in shades of blue-green and yellow, indicating the
relative amount of ferric oxide minerals. Ferruginous and
aluminous duricrusts, which can be distinguished from each
other due to the lower iron content of aluminous duricrust,
can be interpreted as a proxy to the amount of weathering
(Morris et al., 2015). The example shown in Figure 40 is the
Ferric Oxide Content image from the Mount Leeming bauxite
deposit in the Kimberley. The image shows the downslope
distribution and the increase in the relative abundance
of ferric oxide minerals, particularly from exposed basalt
outcrops and their weathering profiles. The transported
regolith appears in red-orange-yellow shades, representing

Figure 40 shows the spectral response for the bedrock
geology for Kimberley ASTER images compared to ASTER
Version 1 in the vicinity of Kalumburu, on the Kimberley
Plateau. This area was mapped in detail in 2013 as part of
the KSCS GSWA geology and the regolith sampling program.
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Figure 40. ASTER and Kimberley ASTER Ferric Oxide Content images: a) ASTER Ferric Oxide Content image with no unmixing of the green vegetation; b) Kimberley
ASTER Ferric Oxide Content image with the ‘unmixed green vegetation’ algorithm applied; c) bedrock geology and bauxite deposits. The Ferric Oxide
Content image maps regolith–landforms developed on the Carson Volcanics basalt by detecting the variation in the amount of ferric oxide minerals
in the regolith material. Bauxite deposits (aluminous duricrusts) appear in black to blue, indicating relatively lower iron oxide content. The colluvium
and alluvium appear in red, orange and yellow shades, indicating a high abundance of ferric oxide minerals. All images draped on DEM
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the abundance of ferric oxide minerals in the colluvium and
alluvium. On the top of the mesas and weathering profile is a
layer of residual aluminous pisolitic duricrust. This duricrust
is gibbsite-rich and appears in dark blue in the Kimberley
ASTER Ferric Oxide Content image, indicating a low relative
abundance of ferric oxide minerals. The aluminous duricrust
is pisolitic, massive to locally rubbly, developed on basalt
as mesas and caps, containing 40.2 wt% Al2O3 (Fig. 3), and
mapped as a residual aluminous duricrust regolith–landform
unit (Morris et al., 2015).

(OH)) occurring in acid sulfate environments, often formed
by the oxidation of ferrous iron during weathering of pyrite.
This product can be also used for mapping aluminous
residual regolith, as gibbsite in bauxite. Generally, aluminiumrich residual regolith appear in shades of blue-cyan in this
product, indicating a low abundance of FeOH minerals
containing iron oxides. The Ferric Oxide in FeOH Mineral
Group Content mineral map is similar to the FeOH Group
Content mineral map as both can map gibbsite (bauxite,
aluminous duricrusts). However, iron oxides formed during
weathering can mask the aluminium-rich regolith spectral
response. Such is the case shown at Cape Bougainville in the
far north Kimberley Coast where deep weathering profiles
appear in shades of green or light yellow (Figs 43, 44).

The Ferric Oxide Content mineral map can be used to identify
ferruginous as well as aluminous duricrusts, the latter
appearing blue in the Ferric Oxide Content mineral map due
to a lower iron content. Aluminous duricrust can also be
mapped using the AlOH Group Content product (Fig. 39).

FeOH Group Content mineral map

Ferric Oxide Composition mineral map

The Kimberley ASTER FeOH Group Content mineral map
had the green vegetation mask applied to it rather than
green vegetation unmixing, and an additional MgOH mask
was applied to reduce the signatures from chlorite and
carbonates in order to create a product more focused on
mapping gibbsite in bauxite, jarosite, nontronite and opaline
silica (Cudahy, 2013). Figure 43 shows the Kimberley
ASTER FeOH Group Content mineral map over northern
Kimberley: red and orange hues indicate a high response
for FeOH group minerals, and most correlate to bauxite
deposits rich in gibbsite. Lateritic weathering profiles appear
in green, indicating the presence of gibbsite. Iron hydroxide
minerals in the weathering profile will deliver a relatively highabundance response, showing in red and orange colours,
such as the example from Yampi Peninsula, Kimberley,
illustrated in Figure 45.

This product was developed to identify areas containing
relative amounts of hematite and goethite. In the Ferric
Oxide Composition mineral map images, blue-cyan indicates
areas where goethite is the most abundant mineral, whereas
red-yellow indicates hematite-rich areas and green indicates
hematite–goethite at similar relative amounts. Figure 41
shows the ASTER Version 1 and Kimberley ASTER images
for the Ferric Oxide Composition mineral map in the Mount
Leeming bauxite deposit in the Kimberley. The high response
to ferric oxide appears as red hues, corresponding to the
relative amount of hematite in the surface. Highly vegetated
areas generally correspond to lower contents of ferric oxide,
showing as shades of blue and cyan. In contrast, sparsely
vegetated areas appear as shades of red and yellow. Cloud
shadows show as dark patches, obscuring the response in
the centre of the image. Aluminous duricrust was sampled
and analysed from this location, wielding 40.2 wt% Al2O3
(Morris et al., 2015). The duricrust is pisolitic, massive to
locally rubbly, and developed on basalt as mesas and caps
(Fig. 3). In the Kimberley ASTER Ferric Oxide Content image
in Figure 42, the Mount Leeming bauxite deposit appears as
dark blue, indicating the relative lack of iron oxide minerals.
In contrast, an increasing amount of iron oxide response
in the lateritic profiles appears in orange-green hues
downslope from the mesas. The Kimberley ASTER Ferric
Oxide Composition mineral map image (Fig. 42b) shows
the distribution of the hematite and goethite: blue-cyan as
goethite-rich, green as hematite–goethite, and red-yellow as
hematite rich. In the locality of Mount Leeming, the hematite
and goethite contained in residual and colluvium derived
from the weathering of the basalt appear in green. The red
colour response corresponding to the relatively hematiterich areas is seen at the top of some mesas; this response
could be caused by the relatively low amount of hematite still
present on the aluminous duricrust as well as by the spectral
interference of dry vegetation (Cudahy, 2013).

Magnesium group mineral maps
These products were developed for detecting the relative
abundance of MgOH group minerals such as calcite,
dolomite, magnesite, chlorite, epidote, amphibolite, talc
and serpentine. The limited spectral resolution of the
ASTER bands within the SWIR region makes it impossible
to discriminate between MgOH minerals and carbonate
minerals (Gozzard, 2006b). Both products are particularly
useful for mapping weathered mafic rocks and propyllitic
hydrothermal alteration in the regolith because carbonates
such as calcite and dolomite are some of the first minerals
to dissolve during chemical weathering (McQueen and Scott,
2008; Cudahy, 2013).
In the mineral maps, the relatively high content of MgOH
Group Content minerals appears as red, and blue represents
a low content. In the MgOH Group Composition mineral map,
red represents calcite, epidote, serpentine and amphibole,
while blue represents magnesite–dolomite, chlorite and
amphibole. False highs can be caused by dry vegetation
and clouds, especially thin clouds, which are a common
interference caused by refraction on the thin cloud cover.
The Ferrous Iron Content in MgOH Carbonates product was
designed to detect ferrous-bearing carbonates such as Fechlorite, actinolite, siderite and ankerite. Iron-rich carbonates
appear as red-orange, and the magnesium-rich carbonates
in blues. This product can be used to map mafic rocks and
metasomatic alteration (Fig. 46; Cudahy, 2013).

Ferric Oxide in FeOH Mineral Group
Content mineral map
This mineral map is only available in Kimberley ASTER, with
the purpose of mapping the content of ferric ions in FeOH
group minerals by targeting gibbsite and jarosite. It assumes
that the ferric iron in the mapped FeOH-rich pixel is related to
jarosite. Jarosite is an iron-hydroxysulfate mineral (KFe3+(SO)
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Kimberley ASTER Ferric Oxide Composition

ASTER Version 1 Ferric Oxide Composition
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Figure 41. ASTER and Kimberley ASTER Ferric Oxide Content images: a) ASTER Ferric Oxide Composition image with no unmixing of the green vegetation;
b) Kimberley ASTER Ferric Oxide Composition image with unmixed vegetation spectra; c) bedrock geology and bauxite deposits. On images a) and
b) bauxite deposits (aluminous duricrusts) appear in black, indicating a relative lack of goethite and hematite; on Kimberley ASTER image b) bauxite
deposits appear with an orange and red halo, indicating a relative abundance of hematite and goethite on the colluvium downslope. All images draped
on DEM
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Figure 42. Kimberley ASTER Ferric Oxide Content images: a) the Mount Leeming bauxite deposit is dark blue and black, indicating lack of iron oxides contrasting
with the high iron oxide response from the colluvium in red-orange and the exposed basalt in light blue and green; b) areas of bauxite occurrence are in
red, indicating some hematite; c) regolith–landform map; d) bedrock geology and bauxite deposits. All images draped on DEM
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Kimberley ASTER Ferric Oxide in FeOH Group

Kimberley ASTER FeOH Content
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Figure 43. Cape Bougainville in the far north Kimberley coast, where deep lateritic weathering profiles are capped by aluminous duricrust of known bauxite
deposits: a) Kimberley ASTER FeOH Group Content image, red and orange denotes high response for FeOH Group minerals; b) Ferric Oxide Content
in FeOH Group, aluminous duricrust (bauxite) shows variable response with red-orange hues indicating the presence of jarosite, and blue and green
hues indicating gibbsite and other iron hydroxide minerals. The use of this mineral map in the Kimberley is limited to the areas of response restricted
to coastal areas; c) regolith–landform map. All images draped on DEM

NDSK124

Figure 44. Deep lateritic weathering profiles rising to mesas capped by aluminous
duricrust of known bauxite deposits, Cape Bougainville, far north
Kimberley coast

23.12.21
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Figure 45. Yampi Peninsula, west Kimberley: a) and c) Kimberley ASTER FeOH Group Content shows the iron ore deposits on Koolan and Cockatoo Islands in
red denoting high response for FeOH group minerals, Yampi Formation high response for FeOH Group Content in red is seen along the north coast;
b) basemap shows iron ore mining; c) Kimberley ASTER FeOH Group Content over Koolan Island iron ore deposit; d) basemap; e) high magnetic anomaly
visible on the RTP magnetic image; f) bedrock geology map. All images draped on DEM
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In the Kimberley region the regolith composition closely
reflects the underlying bedrock in composition (Morris et al.,
2015). Thus, the high response for MgOH group minerals is
more distinct in the carbonate-rich lithologies of the Napier
Hills Reef Complex, and less intense but also apparent in
the mafic rocks such as the Carson Volcanics, possibly as a
response to calcite and epidote. In contrast, the quartz-rich
quartzites and sandstones of the Kimberley Plateau appear
in shades of blue, indicating a relatively low MgOH group
content.

dense vegetation cover were removed, including the mineral
information contained in the pixels. This process affected
most of the Kimberley region (Fig. 47). For example, in
Figure 47a, areas of zero to low green vegetation content
are shown as grey-scale tones. Note how the limit of this
same area defines the extent of the AlOH group mineral
content in Figure 47b, which includes minerals like kaolinite,
illite and muscovite. The vegetation masking method used
in the ASTER processing does not attempt to compensate
for within-pixel variations in vegetation content such that
vegetation-related, subsequent mineralogical-erroneous
seams between adjacent ASTER flight lines and across
rainfall gradients (Cudahy et al., 2016), grazed paddocks and
bush fire scars are commonly developed.

The MgOH Group Composition mineral map can identify
a high abundance of MgOH minerals such as calcite and
epidote in regolith and bedrock. At the Mount House area
the high response to MgOH minerals as calcite and epidote
in the Carson Volcanic basalt, Mount House Group siltstone
and alluvium show as red and orange colours (Fig. 46).
The low response for MgOH group minerals corresponds
to regolith and bedrock containing magnesite-dolomite
or chlorite. The low abundance to MgOH minerals as
magnesite-dolomite and chlorite at the Mount House
mesas (Mount House Group) probably corresponds to
the carbonates contained in the marine siltstones of
the Estaughs Formation (Figs 4, 46). Similarly, ferrousbearing carbonates such as siderite (FeCO3) and ankerite
Ca(Fe,Mg,Mn)(CO3)2 are likely to be contained in the marine
sediments of the Estaughs Formation also, as indicated
by Ferrous Iron Content in MgOH Carbonates mineral map
showing high-response for iron-rich carbonate minerals
(Fig. 46). The presence of chlorite is likely to cause the high
response for iron-rich carbonates in Carson Volcanics basalt,
indicating metasomatic alteration (Cudahy, 2013). Chlorite in
regolith is mainly residual, derived from bedrock (Eggleton,
2008).

Finding a solution to this variable vegetation cover issue
was the basis for the follow-on project in 2013 between
CSIRO and GSWA, as GSWA required better regolith mapping
information for the Kimberley Craton (Fig. 48). This region of
8 840 900 km2 was especially important because it was the
focus of the Western Australian government’s KSCS, with the
key area being the western Kimberley Plateau.
Other issues affecting the quality of the Australian ASTER
products included: spectral interference derived from dry
vegetation, previous limited access to the ASTER data by
NASA, poor calibration and difficult image manipulation. Dry
vegetation variably covers the regolith and produces earthy
colour responses in the images as depicted in Figure 48.
The dry vegetation interference is different from the spectral
interference caused by the green vegetation. ASTER has
three bands designed for measuring both chlorophyll
absorption (bands 1 and 2) and the photosynthetically active
near-infrared plateau (band 3). There are no ASTER bands
designed for measuring components like cellulose and lignin,
even though dry vegetation is the dominant vegetation cover
across most of Australia and the world’s drylands (Haest
et al., 2012b).

Kimberley ASTER
In 2012, CSIRO released seventeen satellite-derived mineral
maps of Australia (Cudahy et al., 2012) generated from
image data collected by the ASTER Earth observation
imaging sensor on-board the Terra satellite (Yamaguchi
et al., 1998). These precompetitive ASTER mineral maps
of Australia were the first for any continent (Abrams et
al., 2015) and were designed to provide publicly available,
GIS-compatible, scalable, surface ‘mineral mapping’
information suitable for applications from the continental
scale down to the prospect or paddock scale (~1:50 000
scale). This first suite of satellite mineral maps was validated
against independent data and proved useful for a range
of geoscience applications, e.g. alteration and mineral
exploration, and weathering, erosion and deposition (Cudahy,
2012; Cudahy et al., 2016). The image quality of the firstrelease ASTER mineral maps varied across the swaths,
limiting the tracing of geological features and restricting
its use for regional mapping of areas over 1:100 000 and
1:250 000 scales. These tractable issues were solved and
subsequently delivered as an improved later version of
Kimberley ASTER.

Another issue in 2012 was incomplete access to the
complete ASTER global mapping data archive of available
ASTER scenes (cloud free, low vegetation and water vapour
contents) for compilation of the regional and continental
mosaic. This improved in 2016 with the public and free
release of the entire ASTER Global Mapping data archive
and the related orthorectified products of ASTER Level 1
Precision Terrain Corrected Registered At-Sensor Radiance
(AST_L1T) by NASA.
Poor cross-calibration of some images was caused by
errors in the model assumptions used in the automatic
pre-processing (Caccetta et al., 2012). It was also difficult
for users to easily contrast-stretch specific areas to
optimize the geoscience information content because
the Australian ASTER products were released in ternary
RGB colour format. This has since been rectified in the
Queensland ASTER products, which were publicly released
as grey-scale products enabling users to apply local contrast
enhancements using GIS software (Cudahy et al., 2017).
Due to the limited resources at the time, only the green
vegetation and local contrast stretching was successfully
mitigated for the KSCS GSWA–CSIRO project. However,
the other issues were addressed in a later project between
CSIRO and the Geological Survey of Queensland (Cudahy
et al., 2017). That is, the GSWA–CSIRO Kimberley project
was the first step in the development and testing of new

One of the issues that affected the quality of the mineral
maps for the ASTER was variable vegetation cover. The
processing method used in these ASTER products was
based on a Green Vegetation Content mask that removed
all ‘affected’ pixels above a set threshold (Cudahy et al.,
2012). This meant that for large areas, pixels containing
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Figure 46. Locality of Mount House, Kimberley: a) Kimberley ASTER MgOH Group Content image shows the presence of MgOH minerals in the alluvium;
b) Kimberley ASTER Ferrous Iron Content in MgOH Carbonates image shows areas of potential ferrous-bearing carbonates siderite and ankerite in the
Estaughs Formation at the Mount House mesas; c) Kimberley ASTER MgOH Group Composition image indicates magnesite-dolomite in Mount House
mesas, and calcite, epidote, serpentine and/or amphibole in the alluvium. The ferruginous duricrust is likely derived from the weathering of the Carson
Volcanics basalt; d) regolith–landform map. All images draped on DEM
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Figure 47. ASTER geoscience maps including: a) Green Vegetation Index; b) AlOH Group Content. Grey-scale background is the albedo image (ASTER band 4) for
spatial reference. The black dotted line approximates the extent of mapped green vegetation cover for a set threshold (Cudahy, 2012)

methods for improving the geoscience information from
ASTER products, though the later Queensland project
completed this process, which resulted in Kimberley ASTER
methods and related mineral maps. This Report describes
the Kimberley ASTER methods and results for green
vegetation unmixing of selected mineral products used in
the compilation of the 1:100 000 regolith–landform geology
KSCS digital map; this is presented as part of the GSWA
Kimberley 2017 Geological Information Series available from
the GSWA eBookshop. See GSWA Record 2006/9 for a guide
on how to process ASTER data to generate mineral group
images products (Gozzard, 2006b) and the ASTER User
Guide (Abrams et al., 2002), available online from the NASA
Jet Propulsion Laboratory.

ASTER remains the only mineral-tuned, moderate to high
spatial (<100 m pixel) VNIR–SWIR–TIR imaging sensor that
has collected global coverage of the Earth’s land surface
(Abrams et al., 2015). There are no plans for a similar followup instrument, even though ASTER’s SWIR module failed
in 2007 and the process of satellite de-orbit began in 2017
(NASA, 2019).

ASTER mineral mapping
From a mineral exploration perspective, it is important to
note that ASTER’s band design purposely targeted those
groups of minerals associated with porphyry-epithermalskarn alteration zonation, such as advanced argillic alteration
with its associated alunite, pyrophyllite, dickite and/or
well-ordered kaolinite (ASTER band 5); phyllic alteration
associated with muscovite-illite (band 6); propyllitic alteration
with chlorite, amphibole and/or carbonate (ASTER bands 7,
8 and 14); silicic (and quartz) alteration (bands 10–12); and
skarn alteration (band 13).

ASTER instrument
The satellite-borne ASTER imaging instrument (Yamaguchi
et al., 1998) was developed as a cooperative effort between
Japan’s Ministry of Economy, Trade and Industry and NASA.
The related ASTER Science Team involved scientists and
engineers from government and industrial organizations
from both countries as well as elsewhere, e.g. CSIRO in
Australia.

ASTER has five spectral bands in the SWIR-2 (a subsection
of the SWIR in the 2.0 to 2.5 µm wavelength region) and
five bands in the TIR, all of which were specifically designed
to measure and map mineral groups like hydroxyl-bearing
silicates (e.g. kaolinite, illite, chlorite, actinolite), sulphates
(e.g. alunite and gypsum), carbonates (e.g. calcite, dolomite)
and non-hydroxyl-bearing silicates (e.g. quartz and garnet).
This level of mineral information is far superior to that
afforded by the Landsat TM series of imaging satellites,
which only have a single band in the mineralogically
important SWIR-2 and TIR wavelength regions (Fig. 49).

The ASTER instrument consists of three spectrometer
subsystems that measure different par ts of the
electromagnetic spectrum (Fig. 49; NASA-Jet Propulsion
Laboratory, 2004). The VNIR subsystem has three bands
with a spatial resolution of 15 m together with a backward
view telescope (band 3N) for stereoscopic capability (DEM
generation). The SWIR subsystem has six bands with a
spatial resolution of 30 m and the TIR subsystem has five
bands with a spatial resolution of 90 m. Both the VNIR and
SWIR modules are a push-broom design, while the TIR is a
line-scan system resulting in different types of noise, which
can become apparent in the processed mineral products.
A standard image scene is 60 × 60 km (Yamaguchi et al.,
1998).

Mineral group maps are created by first identifying
diagnostic spectral features in the ASTER minerals
spectral data, followed by making band ratios based on
these spectral features (Gozzard, 2006b). As an example,
Figure 50 illustrates a selection of SWIR-2 spectra from the
US Geological Survey (USGS) Spectral Library (Clark, 1999),
displayed at both full (hyper-) spectral resolution (Fig. 50a)
and convolved to the ASTER band passes (Fig. 50b).
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Figure 48. False colour composite images over the KSCS project area: a) ASTER image; b) Kimberley ASTER image
displaying in more vivid red hues the pattern of green vegetation
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Figure 49. ASTER spectral bands. The most recent Landsat sensor, TM 8, has two bands in the TIR, though these are designed for temperature and atmospheric
information – not mineralogy. Image source: NASA-Jet Propulsion Laboratory (2004)

a)

b)
5

6

ASTER band
7
8

9

dolomite

Reflectance (offset for clarity)

Continuum-removed reflectance (offset for clarity)

actinolite
calcite

propylitic
phyllic

clinochlore
chlorite
montmorillonite
muscovite
paragonite

advanced argillic
halloysite
less-ordered kaolinite
well-ordered kaolinite
alunite
pyrophylite

2.1

2.2

2.3

Wavelength (µm)

2.4

2.1

2.2

2.3

Wavelength (µm)

NDSK20

2.4
30.03.22

Figure 50. Stack profiles of selected USGS Spectral Library reflectance spectra. Minerals ranked by alteration style: propylitic vs phyllic, vs
advanced argillic types for the SWIR-2 wavelength region (2.0 – 2.5 µm). Mineral spectra displayed at: a) full hyperspectral resolution
(~10 nm full width at half height (FWHH)) and plotted as continuum-removed reflectance; b) convolved to ASTER spectral resolution
(40 nm FWHH) and plotted as reflectance
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Here the spectra displays the diagnostic absorption at
2.2-µm wavelength regions related to the hydroxyl-bearing
di-octahedral silicates, also known as ‘AlOH group’ minerals
such as kaolinite, halloysite, paragonite, muscovite and
montmorillonite. The diagnostic absorption at 2.3-µm
wavelength regions relates to carbonates and tri-octahedral
silicates, known as ‘MgOH group’ minerals including chlorite,
chlinochlore and actinolite. The relative amount of a mineral
group can be modelled by changes in SWIR-2 spectra
mineral absorption depth and wavelength/geometry.
Importantly, even at ASTER’s lower spectral resolution of
~40 nm vs 10 nm at full resolution in the SWIR-2, changes
in mineral absorption depth and wavelength/geometry
can be approximated using band combinations such as
(B5 + B7)/ B6, called ‘AlOH Group Content’ in Table 5, and
B5/ B7, called ‘AlOH Group Composition’ in Table 5. This
enables the interpretation, mapping and modelling of the
following:
•

•

The shortwave infrared (SWIR, 1.0 – 2.5 µm), where,
for example, hydroxyl-bearing dioctahedral silicates
(e.g. kaolin, montmorillonite, muscovite, pyrophyllite)
and trioctahedral silicates (e.g. talc, chlorite, actinolite–
tremolite), carbonates (e.g. calcite, dolomite, magnesite)
and sulphates (e.g. alunite, gypsum) have diagnostic
features

•

The thermal infrared (TIR, 7.5 – 12.0 µm), where
silicates such as quartz and feldspars (e.g. plagioclase
Na–Ca series of albite to anorthite as well as alkali
feldspars such as microcline, orthoclase), pyroxenes
(e.g. clinopyroxenes like diopside and orthopyroxenes
like enstatite), garnets (e.g. calcium-poor Fe–Mn–Al
chemical series [almandine–spessartine–pyrope]
vs calcium-rich Fe–Al chemical series [andraditegrossular]), carbonates and sulphates have diagnostic
features.

In summary, mineral mapping has the potential to empower
geoscientists because:

Regolith cover, e.g. well-drained, transported materials
rich in kaolinite and/or halloysite (mid to low B5/B7
values) vs more poorly drained transported materials
rich in montmorillonite (higher B5/B7 values) vs in situ
geology rich in muscovite/illite (higher B5/B7 values)
(plus other spectrally detectable primary minerals)
Lithology mapping and superimposed alteration
footprints in exposed rocks (Rowan et al., 1995; Rowan
and Mars, 2002; Hewson et al., 2005; Ninomiya et al.,
2005).

In detail, mineral mapping (Kruse et al., 1990; Cudahy,
2016) involves the use of sensors measuring reflectance
and/or emission across the electromagnetic spectrum
anywhere between 400 and 12 000 nm (0.4 and 12 µm)
for the measurement and mapping of spectrally diagnostic
mineral information. Mineral mapping sensors operate from
satellite, airborne, field-based and drill-core logging platforms
and detect photons sourced from the top 1 to 100 µm of a
given target’s surface. All that is required for a successful
measurement is a source of illumination (e.g. the Sun or a
quartz halogen light for reflectance spectra) or a sample’s
kinetic temperature (for emission spectra). The level of
available mineralogical information is largely a function of
a given sensor’s spectral coverage (wavelength region),
spectral resolution (the number and width of the spectral
bands) and the instrument’s signal-to-noise ratio (SNR).
Those with lower spectral resolution (typically <20 bands
– also called multispectral, e.g. ASTER) generally provide
mineral group information, for example ‘clay mineral content’,
whereas higher resolution systems, which are often termed
‘hyperspectral’ (with >100 bands, e.g. airborne HyMap),
provide information about individual mineral species and
even mineral physics chemistry (e.g. Tschermak substitution
in muscovite or kaolinite crystallinity) (Cudahy, 2016).

•

Many process-diagnostic alteration and weathering
minerals have mappable spectral signatures, most of
which cannot be detected reliably by eye

•

It is physics-based, i.e. predictable, measurable and
reproducible

•

It is a non-contact, non-destructive measurement

•

It is easily validated through independent, quantitative
measurements because it measures a given sample’s
surface (top 1–100 µm)

•

It can rapidly collect spatially comprehensive, scalable
coverage/data in 1, 2 and 3 dimensions.

Mineral mapping can thus be argued as being the most
efficient, comprehensive and accurate of all currently
available technologies for characterizing mineralogy across
a range of scales from the drill core chip to the continental
scale (Cudahy, 2016) However, care must be taken when
selecting an appropriate sensor/data for a given application,
which should be determined on the basis of the target
minerals and the size of the area of interest – not cost
or convenience. The challenge has been in encouraging
geoscientists to see beyond the visible and instead problem
solve in the context of mineralogy.

Kimberley ASTER processing
In theory, the effects of both the green and dry vegetation
components should be isolated and removed from the
target mineral information for each pixel in remote sensing
imagery. However, like all Earth observation satellites to date,
ASTER was not designed with spectral bands sensitive to
dry vegetation, which makes a solution problematic (Cudahy
et al., 2017). Thus, at this early stage in method development
post-ASTER release and given available project resources, it
was decided to only address the green vegetation unmixing
issue for the KSCS.

The main wavelength regions that provide diagnostic
mineral-spectral information (Clark, 1999) include:
•

•

The visible and near-infrared (VNIR, 0.4 – 1.0 µm or
400–1000 nm), where transition element-bearing
oxides/oxyhydroxides (e.g. hematite and goethite) and
minerals with rare earth elements (e.g. perovskite) have
diagnostic features
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Green vegetation unmixing

Obtaining the optimum unmixed product is an iterative
process that involves adjusting a scale factor (c 2 in
Equation 1) to minimize differences in ‘vegetation’ patterns
across, for example, fence lines separating different levels
of grazing or across fire scars. For the area spanned by the
KSCS, this iterative process aimed at minimizing differences
in seasonal green vegetation patterns between adjacent
scenes. Two examples of this process are presented
here, namely: i) Ferric Oxide Content – ASTER bands
B4/B3 (Fig. 52); and ii) AlOH Group Content – ASTER bands
(B5 + B7)/B6 (Fig. 53).

The green vegetation issue was addressed using a modified
‘unmixing’ approach (Rodger and Cudahy, 2009; Haest et al.,
2012b; Cudahy et al., 2016) that essentially ‘offsets’ the
target mineral content by the amount of green vegetation
(gauged using the ASTER index of B3/B2) for each pixel
using Equation 1:

(a1 × X1 + b1) + c2 × (a2 × X2 + b2)		

(Equation 1)

where: X1 is the target mineral content; X2 is the vegetation
content, which can be either positive or negative (1 – X2)
depending on the shape of the data cloud, as illustrated on
Figure 51; and a and b are constants required to reduce the
dynamic range of the selected input data to lie between 0
and 1. The assumption is that ‘0’ represents zero content
and ‘1’ represents 100% content and that no other material
affects these inputs. There is also a final gain ‘c2’ used to
iteratively adjust the amount of vegetation to be unmixed.

The ASTER Ferric Oxide Content mosaic (Fig. 52a) shows
how the ~60-km wide image flight lines oriented northnorthwesterly to south-southeasterly appear to have an
inverse correlation with the green vegetation mosaic
(Fig. 52b), such as the area highlighted by a yellow ellipse.
Examination of the related 2D scattergram in Figure 52d
shows a right-angled triangle like the one shown in Figure 51
for ASTER-convolved airborne HyMap imagery. In this
case, Equation 1 is to be used in the unmixing. Following
determination of the required gains and offsets, in this
example the ferric oxide content constants approximated
from the 2D scattergram would be 0.5 and –0.5, respectively.
The next step of the process of ‘unmixing’ the green
vegetation from the ferric oxide content results in a 2D
scattergram that is ‘flattened’ in the green vegetation y-axis
dimension (Fig. 52e). This has the effect of ‘smoothing’ the
image data, as seen in Figure 52c, though this is in reality
just removing the pattern of green vegetation from the ferric
oxide content as shown by the area highlighted by the yellow
ellipse on Figure 52a–c.

It is essential in the process to identify the geometry of the
target mixing relationship, which can be achieved using a
2D scattergram such as the one shown in Figure 51. Key
to a satisfactory solution is the existence of a right-angled
triangular shape to the data cloud, where the edges are
parallel to the input data axes. If present, then a bounding
triangle can be established (white dotted line) and used
to calculate the gains and offsets as shown in Equation 1.
In this example, the shape of the triangle shows that the
green vegetation content needs to be added to the AlOH
group content. If the triangle was inverted in the x-axis,
then the green vegetation content is to be subtracted, as
demonstrated in Equation 2.

(Equation 2)

HyMap @ASTER GV content

(a1 × X1 + b1) + c2 × (1 – (a2 × X2 + b2))

A similar ‘unmixing’ result is shown for the AlOH Group
Content in Figure 53, though in this case there is apparently
an overcompensation in some areas such as that highlighted
by a yellow ellipse. This is interpreted to be related to the
fact that ASTER band 5 is driven not just by AlOH minerals
but also water vapour, which is typically variable across
any given scene (i.e. is pixel-dependent) and is especially
a problem in humid, subtropical regions like the Kimberley
Craton. This variability in water vapour SWIR-2 absorption
can be seen by residual seams across images, such as the
area highlighted by a yellow ellipse. Note how this seam
effect appears to disappear downtrack along the same
image swaths (green ellipse). This problem requires per-pixel
estimation and then correction of the water vapour, though
this is not easily achieved as ASTER was also not designed
to measure water vapour.
The effect of dry vegetation can be seen when looking at the
effects of fire scars at different wavelengths. For example,
fire scars are well developed as darker patches before and
after green vegetation unmixing in the AlOH Group Content
product, which is generated from the SWIR-2, appearing as
cyan arrows in Figure 53a,c. In contrast, the VNIR-derived
Ferric Oxide Content (Fig. 52a,c) and the Green Vegetation
Index (Fig. 52a,b) products do not show fire scars as well.
This is because dry vegetation is effectively ‘aspectral’ in
the VNIR and has no diagnostic signature. However dry
vegetation has a detectable spectral shape in the SWIR- 2,
driven by cellulose and lignin absorptions that overlap
with ASTER bands 5 and 7 respectively as, for example,
an inverse AlOH Group Content effect. This ‘fire scar’
observation subsequently underpinned the development
of the Kimberley ASTER dry vegetation unmixing method
(Cudahy et al., 2017).

HyMap @ASTER AlOH content
NDSK21

13.05.19

Figure 51. Scattergram of AlOH Group Content vs Green Vegetation Index for
airborne HyMap convolved to ASTER’s spectral resolution. Image
source: Cudahy et al. (2017)
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Figure 52. Green vegetation unmixing results for the Kimberley ASTER Ferric Oxide Content mosaic: a) Version 1 ASTER Ferric Oxide Content; b) Version 1 ASTER
Green Vegetation Index; c) unmixed Version 2 ASTER Ferric Oxide Content data; d) scattergram of b) vs a); e) scattergram of b) vs c). Three-component
‘unmixing space’ is shown by the white dashed triangle in d). This collapsed to a two-component system after linear unmixing of the green vegetation
component in e). Normalization refers to the process of applying the gains and offsets in Equation 1. The yellow ellipses in a) to c) show the effects of
this unmixing

Green vegetation spectra unmixing
from ASTER SWIR

the Clay and Sand Index maps. A summary of the Kimberley
ASTER mineral maps and the masks applied are provided
in Tables 5 and 6. Details on all Kimberley ASTER mineral
maps, their accuracy, and examples of how they can be used
for different geological applications are provided in Cudahy
(2013). The Kimberley ASTER mineral maps are available
from GSWA by request. A simplified geology of the Kimberley
Craton is provided in Figure 2 to assist with understanding
the relationship between the spectral responses from
the Kimberley ASTER products and the bedrock geology
and regolith.

The following is a summary evaluation of the ASTER mineral
map Kimberley ASTER developed for the Kimberley Craton of
Western Australia for GSWA. These include the mineral maps
resulting from the use of new green vegetation unmixing
methods. There are 21 new mineral maps generated using
ASTER’s three visible VNIR, six SWIR ‘reflected’ bands and
five TIR. The appendix shows ASTER and Kimberley ASTER
images for comparison. This section of this Report also
aims to assist ASTER image users understand and apply
the mineral maps to regolith–landform mapping. This
information can be used in other related mapping contexts
when applicable. The Kimberley ASTER maps discussed here
are the Green Vegetation Content map and maps that had
the green vegetation spectra unmixed from them, which are:
the Ferric Oxide Content, Ferric Oxide Composition, FeOH
Group Content, Ferric in FeOH Group Content, Ferrous Iron
Content in MgOH/Carbonate, AlOH Group Content, AlOH
Group Composition, MgOH Group Content, MgOH Group
Composition; and the Ferrous Iron Index, Silica Index and

Green Vegetation Content mineral map
This product is often useful in distinguishing non-geological
features within and between ASTER scenes. Green vegetation,
fire scars, clouds and cloud shadows all display a high
response in this product image and should appear in shades
of red-orange. For this reason, the Green Vegetation Content
map should always be used in conjunction with the false colour
map to determine the amount of obscuring or complication
caused by the green vegetation cover response alone.
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Figure 53. Green vegetation unmixing results for the Kimberley ASTER AlOH Group Content data: a) Version 1 ASTER AlOH Group Content; b) ASTER Green Vegetation
Index; c) unmixed Version 2 ASTER AlOH Group Content data; d) scattergram of b) vs a); e) scattergram of b) vs c). Three-component ‘unmixing space’ is
shown by the white dashed triangle in d). This collapsed to a two-component system after linear unmixing of the green vegetation component in e). The
yellow ellipse shows where the unmixing was in part unsuccessful in contrast to the green ellipse. Fires scars are shown by cyan arrows

It is important that the Green Vegetation Content map
reflects the vegetation cover on the land surface as
accurately as possible. The Kimberley Plateau is known to
be well vegetated, especially along creeks, rivers, valleys and
on areas occupied by Carson Volcanics basalt. However,
the Green Vegetation Cover map ASTER does not mirror
the abundance of green vegetation in the Kimberley Plateau
(Fig. 54). The ASTER image shows an overall dark blue hue,
indicating low green vegetation content. Linear decorrelation
stretch and composite mask (Table 5) were applied to the
Green Vegetation Content product to reduce atmospheric
interference and improve pixel spectral responses. The
Kimberley ASTER image appears brighter compared to the
ASTER image, where bright red areas correspond to the
well-vegetated areas underlain by the Carson Volcanics
basalt (Fig. 54).

(Eggleton, 2008). From these, aluminium and iron form the
bulk of the secondary minerals, with aluminium forming
clays, oxides and hydroxides, and iron forming oxides and
hydroxides.
Three Kimberley ASTER map products can be used to map
Al-minerals and the regolith: AlOH Group Content, AlOH
Group Composition and Kaolin Group. Four Kimberley
ASTER map products can be used to directly map iron
minerals in the regolith: Ferric Oxide Content, Ferric Oxide
Composition, Ferric in FeOH Group and FeOH Group
Content. The CSIRO Landsat TM regolith ratio map is a
proxy to regolith distribution, showing areas of regolith vs
exposed rock.

Ferric Oxide Content mineral map

Chemical mineral weathering requires continuous changes
to the crystallographic structure of primary minerals by
hydration and oxidation, often of Fe2+ to Fe3+, resulting in
secondary minerals, typically clays, oxides and hydroxides
that accumulate and form the bulk of the regolith layer

This product targets ferric oxide minerals such
as hematite, goethite and jarosite. Shades of
blue-cyan indicate a low relative abundance of ferric
oxide minerals, and shades of red a high abundance.
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Summary of the Kimberley ASTER VNIR_SWIR mineral maps, and the base algorithms, masks and stretch applied to each. Modified from Cudahy (2012)

Base algorithm
(B = band, No. = band no.)

Mineral map name

Masks applied

Stretch type applied

False Colour
(red = green vegetation)

Red: B3
Green: B2
Blue: B1

none

linear

CSIRO Landsat TM Regolith Ratios
(white = green vegetation)

Red: unmixed B4/B3
Green: unmixed (B5 + B7)/B6
Blue: unmixed B13/B10

composite mask* + green vegetation (B3/B2) <2.5

equalization

Green Vegetation Content

B3/B2

composite mask*

linear

Ferric Oxide Content
(hematite, goethite, jarosite)

green vegetation unmixed B4/B3

composite mask, green vegetation (B3/B2) <2.5

linear

Ferric Oxide Composition
(hematite, goethite)

green vegetation unmixed B2/B1

composite mask* + unmixed ferric oxide content >0.2 + green vegetation
(B3/B2) <2.5

linear

Ferrous Iron Index
Fires Scars

B5/B4

composite mask* + green vegetation content <2.1

linear

Opaque Index 1
(potentially includes carbon black (e.g. ash), magnetite, Mn oxides, and sulphides in
unoxidised environments)

B1/B4

composite* + B4 <2000 + green vegetation <2.1

equalization

Opaque Index 2
(carbon black (e.g. ash), magnetite, Mn oxides, and sulphides in unoxidised environments)

B4 albedo (inverted)

composite* + B1/B4 >0.15 + green vegetation <2.1.

linear

AlOH Group Content
(phengite, muscovite, paragonite, lepidolite, illite, brammalite, montmorillonite, beidellite,
kaolinite, dickite)

green vegetation unmixed (B5 + B7)/B6

composite* + green vegetation <2.5

linear

AlOH Group Composition

B5/B7

composite mask* + green vegetation unmixed (B5 + B7)/B6 >0.5 + green
vegetation <2.5

equalization

Kaolin Group Index
(pyrophyllite, allunite, well-ordered kaolinite)

B6/B5

composite mask* + green vegetation <2.1 + median 3*3 filter

linear

FeOH Group Content
(gibbsite, jarosite, nontronite, opal-chalcedony)

(B6 + B8)/B7

composite mask* + green vegetation <2.1 + MgOH group (B7 + B9)/B8 <2.0

linear

Ferric in FeOH Group

green vegetation unmixed B4/B3

composite mask* + green vegetation <2.1 + MgOH group (B7 + B9)/B8
<2.0 + FeOH (B6 + B8)/B7 + >2.09

linear

MgOH Group Content
(calcite, dolomite, magnesite, chlorite, epidote, amphibole, talc, serpentine)

green vegetation unmixed (B6 + B9)/
(B7 + B8)

composite mask* + green vegetation <2.1

linear

MgOH Group Composition

B7/B8

composite mask* + green vegetation unmixed MgOH content (B6 + B9)/
(B7 + B8) >0.7 + green vegetation <2.1

equalization

Ferrous Iron Content in MgOH Carbonate
(Fe-chlorite, actinolite, siderite, ankerite) often useful for mapping mafic rocks

B5/B4

composite mask* + MgOH content >1.06 + green vegetation <1.4

equalization

NOTES:

Black in all products is coded as ‘zero’ and represents either: i) below the product threshold (e.g. below an AlOH clay depth of 2); ii) has been masked because of a complicating effect (e.g. too much green vegetation cover). It is possible to separate these two
types if required, though both are currently kept at zero value so that they can be set easily to ‘null data’ (see through) in GIS packages
All products use a rainbow colour look-up table (blue is low and red is high), except for the three band combinations, such as false colour image and Landsat TM regolith ratios, which are RGB displays of three grey-scale input bands
The specified stretch limits are based on the cross-calibrated and reduced (using Hyperion reflectance) ASTER reflectance mosaic (0–10 000 range = 0–100% reflectance) and are expressed as 4*byte (floating pointing) data (in BSQ format), which were then
output to 8-bit data and are also publicly available and suitable for local area restretching if required. The stretch limits are based on optimizing the information spanning the whole country. For greater local contrast enhancement, the user is encouraged to obtain
the associated band sequential (BSQ) files from Geoscience Australia or the relevant state/territory to generate more optimum stretches
Only a few geoscience uses are provided here to help show how these products can interpreted
*

Composite mask comprises:
1. thick cloud tops ‘out’; ASTER band 1 reflectance <2500 (25% reflectance)
2. low albedo (deep shadows and water) ‘out’: reflectance band 4 <0.12 (12% reflectance)
3. sun glint over water ‘out’; (B3 – B1) / (B3 + B1) >0
Additional masks are applied for selected products, as indicated in the table

Table 6.

Summary of the Kimberley ASTER TIR mineral maps, and the base algorithms, masks and stretch applied to each. Modified from Cudahy (2012)

Mineral map name

Base algorithm
(B = band, No. = band no.)

Masks applied

Stretch type applied

Silica Index

green vegetation unmixed B13/B10

composite mask + green vegetation <2.1

equalization

Quartz Index

B11/(B10 + B12)

composite mask + green vegetation <2.1

equalization

Gypsum Index

(B10 + B12)/B11

composite mask + green vegetation <2.1 median (3*3) filter

linear

Mafic Index

B12/B13

composite mask + green vegetation <2.1

linear

Clay-Sand Index

CSI = CI/(CI + SI) where CI is green vegetation unmixed AlOH Group Content (B5 + B7)/B6 SI is green vegetation unmixed
silica index (B13)/B10

composite mask + green vegetation <2.1

linear

NOTES:

Black in all products is coded as ‘zero’ and represents either: i) below the product threshold (e.g. below an AlOH clay depth of 2); ii) has been masked because of a complicating effect (e.g. too much green vegetation cover). It is possible to separate these two
types if required, though both are currently kept at zero value so that they can be set easily to ‘null data’ (see through) in GIS packages
All products use a rainbow colour look-up table (blue is low and red is high), except for the three band combinations, such as false colour image and Landsat TM regolith ratios, which are RGB displays of three grey-scale input bands
The specified stretch limits are based on the cross-calibrated and reduced (using Hyperion reflectance) ASTER reflectance mosaic (0–10 000 range = 0–100% reflectance) and are expressed as 4*byte (floating pointing) data (in BSQ format), which were then
output to 8-bit data and are also publicly available and suitable for local area restretching if required. The stretch limits are based on optimizing the information spanning the whole country. For greater local contrast enhancement, the user is encouraged to obtain
the associated band sequential (BSQ) files from Geoscience Australia or the relevant state/territory to generate more optimum stretches
Only a few geoscience uses are provided here to help show how these products can interpreted
*

Composite mask comprises:
1. thick cloud tops ‘out’; ASTER band 1 reflectance <2500 (25% reflectance)
2. low albedo (deep shadows and water) ‘out’: reflectance band 4 <0.12 (12% reflectance)
3. sun glint over water ‘out’; (B3 – B1) / (B3 + B1) >0
Additional masks are applied for selected products, as indicated in the table
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a) Green Vegetation Content

Low

ASTER VNIR_SWIR

ASTER

High

Low

b) Kimberley ASTER

High

NDSK42

100 km

07/04/22

Figure 54. Linear decorrelation stretch and composite mask was applied to the Green Vegetation Content product
for: a) ASTER; b) Kimberley ASTER. Kimberley ASTER image b) appears brighter compared to the ASTER
image a)

The accuracy of the product is moderate. Clouds and
shadows may appear as dark patches obscuring the surface,
and dry vegetation error leads to partial readings. The impact
of the green vegetation unmixing process is more pronounced
and effective for this product than for any other Kimberley
ASTER, largely because the VNIR bands are strongly affected
by both ferric oxides and green vegetation.

image from the Mount Leeming bauxite deposit in the
Kimberley. The image shows the downslope distribution,
and the increase in the relative abundance of ferric oxide
minerals, particularly from exposed basalt outcrops and
their weathering profiles. The transported regolith appears
in red-orange-yellow shades, representing the abundance of
ferric oxide minerals in the colluvium and alluvium. On the
top of the mesas and weathering profile is a layer of residual
aluminous pisolitic duricrust. This duricrust is gibbsite
rich and appears in dark blue in the Ferric Oxide Content
Kimberley ASTER image, indicating a low relative abundance
of ferric oxide minerals. The ASTER Ferric Oxide Content
image can separate ferruginous and aluminous duricrust, as
the latter appears bluer due to a lower iron content.

Figure 55 shows the Kimberley ASTER-enhanced map
images compared to ASTER. On the ASTER Ferric Oxide
Content map image, the Carson Volcanics basalt appear
in shades of blue-green and yellow, indicating the relative
amount of ferric oxide minerals, which can be interpreted
as a proxy to the basalt amount of weathering. The example
shown in Figure 42 is the ASTER Ferric Oxide Content
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a) Ferric Oxide Content

Low

ASTER VNIR_SWIR

ASTER

High

Low

b) Kimberley ASTER

High

NDSK43

100 km

07/04/22

Figure 55. Composite and Green Vegetation Content masks, and linear stretch applied to: a) Ferric Oxide Content
ASTER; b) Kimberley ASTER. Improvement in Version 2 is due to the unmixing of the green vegetation
spectra

Ferric Oxide Composition mineral map

and cyan. In reverse, sparsely vegetated areas appear as
shades of red and yellow. Although cloud shadows show as
dark patches, obscuring the response in the centre of the
image, boundaries between lithology are clearly seen on the
enhanced Kimberley ASTER (Fig. 56).

This product was developed to identify areas containing
relative amounts of hematite and goethite. Accuracy is
moderate and can be complicated by vegetation. Shades
of blue-cyan indicate areas where goethite is the most
abundant mineral, green indicates hematite–goethite at
similar relative amounts, and red-yellow hematite-rich
areas. The high response to ferric oxide appears as red
hues corresponding to the relative amount of hematite in
the surface. Highly vegetated areas generally correspond
to lower contents of ferric oxide, showing as shades of blue

In the regolith, hematite and goethite contained in colluvium
deposits are apparent in the Kimberley ASTER in shades of
red and orange. The spectral response from the colluvium
derived from the weathering of the basalt and lateritic
profiles are also enhanced and more apparent in warm
colours.
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a) Ferric Oxide Compostion

Hematite

ASTER VNIR_SWIR

ASTER

Geothite

Hematite

b) Kimberley ASTER

Geothite

NDSK44

100 km

07/04/22

Figure 56. a) Ferric Oxide Composition ASTER; b) Kimberley ASTER composite. Green Vegetation Content and Ferric
Oxide Content masks were applied to ASTER a), and Gaussian stretch; Kimberley ASTER image b) shows
the results from composite mask, unmixed Ferric Oxide Content and linear stretch

Ferric in FeOH Group Content mineral map

This product can be used for mapping aluminous residual
regolith, as gibbsite in bauxite and aluminium-rich residual
regolith in general should appear in shades of bluecyan. However, iron oxides are often also formed during
weathering, masking the aluminium-rich regolith spectral
response. Such is the case at the far northwest of the Cape
Bougainville location in Figure 57 where deep weathering
profiles appear in shades of green or light yellow. Composite,
green vegetation, MgOH group and FeOH masks, and linear
stretch were applied to this product. Accuracy is low; the
image is almost black, complicated by clouds as well as
green and dry vegetation.

This is a new product, only available in Kimberley ASTER,
which maps the content of ferric ions in FeOH group
minerals, targeting gibbsite and jarosite. It assumes that
the ferric iron in the mapped FeOH-rich pixel is related to
jarosite. Jarosite is an iron-hydroxysulfate mineral occurring
in acid sulfate environments, often formed by the oxidation
of ferrous iron during weathering. In Figure 57, the Ferric in
FeOH Group image, red-orange hues represent areas of acid
conditions with a relatively high content of jarosite. Areas of
blue represent less jarosite and a relatively high abundance
of gibbsite. The jarosite here is likely to be derived from the
weathering of iron sulfides in the basalt, and from coastal
mangrove sediments.
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Ferric in FeOH Group
ASTER VNIR_SWIR

ASTER not available
Low

Kimberley ASTER

High

NDSK51

100 km

30/03/22

Figure 57. Kimberley ASTER Ferric in FeOH Group image showing highlighted areas in far north Kimberley. Ferric in
FeOH Group is a new product ratio only available in Kimberley ASTER. Residual units appear in red and
orange, indicating the presence of jarosite, and bluish green indicating gibbsite and other iron hydroxide
minerals in the weathering profile

FeOH Group Content mineral map

‘mafic’ minerals. A high relative abundance of AlOH minerals
appears in hues of red and orange in exposed saprock,
saprolite and hydrothermal phyllic alteration zones; blue-cyan
hues indicate a low abundance of AlOH group minerals.

This FeOH Group Content product is similar to the Ferric in
FeOH Group product as both can map gibbsite. The FeOH
Group Content Kimberley ASTER product has been greatly
improved, and is very distinct from ASTER, although the
responses from dry and green vegetation still obscured most
of the image. The Kimberley ASTER had the green vegetation
mask applied to it rather than the green vegetation unmixing,
and an additional MgOH mask was applied to reduce the
signatures from chlorite and carbonates in order to create
a product more focused on mapping gibbsite, jarosite,
nontronite and opaline silica (Cudahy, 2013). Figure 58b
shows the FeOH Group Content Kimberley ASTER image
over the north Kimberley Craton. The areas appearing as red
and orange hues indicate a high response for FeOH group
minerals, most of which correlate to bauxite deposits rich
in gibbsite. Lateritic weathering profiles appear in green,
indicating the likely presence of gibbsite. Iron hydroxide
minerals in the weathering profile will deliver a relative high
abundance response, showing as red and orange colours in
the FeOH Group Content images, as illustrated in Figure 43.
The inset of Figure 45 is an example from the Yampi
Peninsula.

The Kimberley ASTER shows great improvement on the
range of responses, with the relative abundance of AlOH
group minerals on the enhanced image correlating well to
the lithology of the Kimberley Plateau. Areas with a relatively
high content of AlOH minerals are now visible in shades of
red and orange, correlating to the Carson Volcanics basalt,
which contrasts with the AlOH-mineral depleted but quartzrich sandstones of the Wunaamin Miliwundi and Pentecost
Sandstones, appearing in hues of blue basalt. However, high
response areas occur over the Wunaamin Miliwundi and
Pentecost Sandstones on the Kimberley Plateau, specifically
near the scarp’s edge, indicating clay minerals accumulated
from the weathering of the sandstones and/or the presence
of muscovite (Fig. 59).

AlOH Group Composition mineral map
This product maps aluminium-rich AlOH group minerals,
contrasted with aluminium-poor (silica-rich) AlOH group
minerals. Shades of red and yellow represent the relative
abundance of aluminium-poor but silica-rich AlOH minerals,
as phengite and montmorillonite. Consequently, the warmer
the colour, the more silica is present in the aluminium
minerals. Blue hues represent a relative abundance of
aluminium-rich AlOH group minerals, as muscovite, illite,
paragonite, pyrophyllite and beidellite. It can also indicate

AlOH Group Content mineral map
AlOH Group Content targets the AlOH minerals and clays, as
phengite, muscovite, paragonite, lepidolite, illite, brammalite,
montmorillonite, beidellite, kaolinite and dickite. Accuracy
of this product is complicated by minerals with absorption
at the same bands, and AlOH-poor areas dominated by
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well-ordered kaolinite (Cudahy, 2013). The accuracy for
this product is moderate as green vegetation, carbonates,
and minerals like chlorite, gibbsite and jarosite will make
colours appear warmer than the actual AlOH composition,
while alunite and dry plant material will make colours appear
cooler.

are now visible, appearing in shades of red-orange on the
Carson Volcanics basalt and Hart Dolerite. The Kimberley
Group sandstones appear in shades of cyan and blue,
indicating a relative abundance of aluminium-rich AlOH
group minerals such as illite and muscovite compared to
the basalt. Composite masks, green vegetation and AlOH
content masks, as well as equalisation stretch, were applied
to the ASTER map, while on the AlOH Group Composition
Kimberley ASTER image the AlOH content masks were
omitted (Table 5).

The range of responses visible on the Kimberley ASTER
product map has been greatly improved (Fig. 60). For
example, in the Kimberley ASTER, aluminium-smectitic clays

a) FeOH Group Content

Low

ASTER VNIR_SWIR

ASTER

High

Low

b) Kimberley ASTER

High

NDSK50

100 km

07/04/22

Figure 58. a) FeOH Group Content map ASTER; b) Kimberley ASTER. ASTER a) product differs markedly from Kimberley
ASTER b). The positive impact of green vegetation unmixing is most pronounced and effective in the Kimberley
ASTER product, although the responses from dry and green vegetation are still completely obscured in most
of the image. Highlighted areas in far north Kimberley are gibbsite-rich lateritic weathering profiles, which
appear in red and orange hues denoting a high response for FeOH group minerals
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a) AIOH Group Content
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ASTER VNIR_SWIR
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High

b) Kimberley ASTER
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NDSK47

100 km

07/04/22

Figure 59. Composite, Green Vegetation Content masks and linear stretch applied to: a) AlOH Group Content map
ASTER; b) Kimberley ASTER. Improvement in Version 2 is due to green vegetation unmixing. See Table 5
for the list of masks applied

59

de Souza Kovacs and Cudahy

a) AlOH Group Composition

Al-rich

ASTER VNIR_SWIR

ASTER

Al-poor

Al-rich

b) Kimberley ASTER

Al-poor

NDSK48

100 km

07/04/22

Figure 60. Composite masks (see Table 5), Green Vegetation Content and AlOH Group Content masks, as well as
equalization stretch were applied to: a) AlOH Group Composition map ASTER; b) Kimberley ASTER. Kimberley
ASTER image b) with the omitted AlOH content masks: blue indicates well-ordered kaolinite, Al-rich white
mica (muscovite, illite and paragonite), pyrophyllite, beidellite. Red indicates Al-poor (Si-rich) white mica
(phengite), montmorillonite
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MgOH Group Content mineral map

The ASTER MgOH Group Content map in Figure 61 appears
as an almost completely black image, showing no detectable
spectral responses. On other hand, the Kimberley ASTER
map has been enhanced to the extent that a range of
responses for MgOH group minerals are now visible. Shades
of red-orange indicate a high response and a high relative
abundance of MgOH group minerals. The high response
to MgOH group minerals is apparent in the mafic rocks,
especially on the Halls Creek and Wunaamin Miliwundi
Orogen, as well as in the limestone of the Napier Hills. In
contrast, the sandstones on the Kimberley Plateau appear
in shades of blue, indicating a relatively low MgOH Group
Content. The Kimberley ASTER MgOH Group Content image
had green vegetation unmixed applied.

This product was developed for detecting the relative
abundance of MgOH group minerals as calcite, dolomite,
magnesite, chlorite, epidote, amphibolite, talc and serpentine.
The limited spectral resolution of the ASTER bands within
the SWIR region makes it impossible to discriminate
between MgOH minerals and carbonate minerals (Gozzard,
2006b). Shades of red represent a relatively high content
of MgOH group minerals, while shades of blue represent
a low content. Accuracy is moderate, with false responses
caused by dry vegetation and clouds, especially thin clouds,
a common error caused by refraction on thin cloud cover in
the MgOH Group Content product.

a) MgOH Group Content

Low

ASTER VNIR_SWIR

ASTER

High

Low

b) Kimberley ASTER

High

NDSK52

100 km

Figure 61. a) ASTER MgOH Group Content image; b) Kimberley ASTER MgOH Group Content image
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Green vegetation spectra unmixing
from ASTER TIR data for the west
Kimberley Craton

MgOH Group Composition mineral map
Reprocessing has improved this ratio from a completely
obscure image to a partially obscure image. Now, it is
possible to see shades of red and orange on the Carson
Volcanics basalt, possibly a response to calcite and epidote,
and/or other MgOH minerals in the mafic rocks. Accuracy
of this product is low, complicated by clouds, especially thin
clouds. Shades of red-orange represent the presence of
calcite, amphibole and epidote, while shades of blue-cyan
represent the presence of magnesite-dolomite, amphibole
and/or chlorite (Fig. 62).

Two ASTER TIR products, Silica Index and CSI Clay and Sand
Index, had the green vegetation unmix process applied. CSI
Clay and Sand Index is a new Kimberley ASTER product not
available on ASTER.

a) MgOH Group Composition

Magnesite, dolomite, amphibole
chlorite, amphibole

ASTER VNIR_SWIR

ASTER

Calcite, epidote, serpentinite,
amphibole

Magnesite, dolomite, amphibole
chlorite, amphibole
Calcite, epidote, serpentinite,
amphibole

b) Kimberley ASTER

NDSK53

100 km

07/04/22

Figure 62. a) ASTER MgOH Group Composition image; b) Kimberley ASTER MgOH Group Composition image
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CSI Clay and Sand Index mineral map

especially quartz. For example, the quart-rich sandstones
on the Kimberley Plateau show a high silica response
compared to the basalt on the valleys, which shows a low
silica response. The Silica Index also maps the alluvial sands
in alluvial channels well (Fig. 64).

This is a new product available in Kimberley ASTER only
(Fig. 63). It is useful for mapping weathering intensity
and surface soil particle size (Cudahy, 2013). Accuracy is
moderate, as cloud shadows can appear as dark patches,
obscuring the response. Clay-rich/sand-poor areas appear
in shades of red, while sand-rich/clay-poor areas appear in
shades of blue.

Conclusions
Regolith–landform mapping of the KSCS area in the west
Kimberley Craton shows an erosional landscape dominated
by aluminous and ferruginous residual and relict units at
the Kimberley Plateau. The rarity of deep preserved profiles
suggests constant weathering, erosion and recycling of the
regolith materials. These residual regolith units represent
the remnants of an extensive paleosurface preserved
at the high and lower surfaces. The spatial and vertical
extent in the present landscape suggests a continuous
sheet of ferruginous and aluminous duricrusts that must
have formed, possibly as a consequence of climate
change, during at least two distinct periods of laterization
from Early to Middle Miocene (22.4 – 10.4 Ma) and Late
Miocene to Early Pleistocene (6.7 – 2.3 Ma). The present
residual duricrusts are probably reworked duricrusts
from distinct weathering periods since the Miocene, as
the Kimberley Craton duricrusts lack well-formed pisolith
rings characteristic of long periods of undisturbed in
situ weathering. A distinct landscape tilting to the north
is indicated by elevations of the residual units, which is
consistent with a northwesterly downward warping of the

The CSI Clay and Sand Index image for the west Kimberley
Craton shows a variation in the distribution of clay and sand
over the basalt. This variation appears in shades of orange,
indicating a clay-rich area corresponding to the Carson
Volcanics, contrasting to sandier areas appearing in shades
of yellow-green on the sandstone plateau.

Silica Index mineral map
This index detects silica-rich minerals, especially quartz,
but it is also sensitive to grain size. Accuracy is moderate,
with atmospheric errors caused by thin clouds and cloud
shadows. High silica content and high amounts of coarsegrained silicate material appear in shades of red, contrasting
with low silica content and/or a high amount of finegrained material appearing in shades of blue. The image
enhancement has improved the contrast between the high
response and low response in this mineral group ratio. The
high response shown with warmer colours corresponds
to a relatively high content of coarse silica-rich minerals,

Clay–Sand Index
ASTER TIR

ASTER not available
Sand

Kimberley ASTER

Clay

NDSK59

100 km

30/03/22

Figure 63. CSI Clay and Sand Index is a new product only available in Kimberley ASTER. Composite and Green Vegetation
Content masks and linear stretch were applied to this product (Table 5)
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Australian Plate as it approaches the Sunda-Banda Arc.
The tilting to the north has probably increased the erosional
process, causing dissection of the landscape.

is essential to correlate the relative mineralogical information
provided by the images to the landscape.
Radiometric and Landsat TM AGSO ratio have proven
once more to be reliable datasets for mapping the regolith,
especially to map ferruginous materials and residual or
relict regime regolith. Magnetic 1VD anomaly data are
valuable for mapping paleodrainages, which are a key
part of the paleolandscape and an important part of the
puzzle for building and landscape evolution. ASTER use
for regolith mapping is new compared to radiometrics and
Landsat data but the success in using ASTER to map the
large area of the west Kimberley Craton has shown that
mineralogical specificity can be particularly important in
refining compositional information.

Geophysical and spectral remotely sensed imagery are
extremely useful for mapping surface regolith–landforms
and providing compositional mineralogical information,
especially for areas of difficult access where remote
mapping is necessary. Geophysical and spectral datasets
need to be used concurrently, as each dataset only
recognizes a limited set of minerals or elements. Ground
truthing is important, either by onsite field work checking
or by spectral mineral sample analysis, to better correlate
the responses seen in the images. A good understanding of
regolith formation, weathering and geomorphical processes

a) Silica Index
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ASTER TIR

ASTER

High

Low

b) Kimberley ASTER

High

NDSK55

100 km
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Figure 64. a) ASTER Silica Index; b) Kimberley ASTER Silica Index. See Table 5 for algorithm masks and stretch applied
to Kimberley ASTER
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Reprocessing has enhanced the Kimberley ASTER images.
In particular, the unmixing of the green vegetation spectra
expanded the range of spectral responses from the
Kimberley ASTER products and improved the quality of
the images, rendering the images useful for mapping the
surface, facilitating the compositional characterization
of the regolith. The images are brighter and show more
contrast between the colours, compared to the images
from the ASTER first release, improving the usability of
the images. Landforms appear clearer and are easier to
define. The expanded range of spectral responses has
also made it possible to determine the main minerals in
the surface material and separate the regolith from the
exposed bedrock. However, the Kimberley ASTER images
still display instrument line-striping inherited from the ASTER
first release, causing the images to vary between stripes,
which becomes a problem when mapping areas on scales
over 1:10 000. The central part of the Kimberley Plateau
is the area most affected by this striping. A central band
partially runs over the area covered by the 1:250 000-scale
map sheets of Ashton, Drysdale and Prince Regent.
This central band creates mismatching and discontinuous
patterns on the ASTER images, making it challenging to
map the regolith–landform and geology of this region at
the 1:250 000-scale and above. Hyperspectral validation
of the regolith samples for Kimberley ASTER was not
conducted at the time due to financial and time limitations.
It is recommended that hyperspectral validation of regolith
samples be conducted for future ASTER versions to refine
the data for mapping specific regions or localities.
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Appendix
ASTER and Kimberley ASTER geoscience product mineral map images
This Appendix contains ASTER and Kimberley ASTER mineral map images of the west Kimberley Craton region, shown next
to each other for comparison.
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Figure A1.
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a) ASTER false colour; b) Kimberley ASTER false colour. See Table 5 for algorithm masks and stretch
applied to Kimberley ASTER
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Figure A2.
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a) ASTER CSIRO Landsat TM regolith ratio image; b) Kimberley ASTER CSIRO Landsat TM regolith ratio
image. See Table 5 for algorithm masks and stretch applied to Kimberley ASTER
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a) Green Vegetation Content
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Figure A3.
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07/04/22

a) ASTER Green Vegetation Content image; b) Kimberley ASTER Green Vegetation Content image. See
Table 5 for algorithm masks and stretch applied to Kimberley ASTER
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a) Ferric Oxide Content
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Figure A4.
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a) ASTER Ferric Oxide Content image; b) Kimberley ASTER Ferric Oxide Content image. See Table 5 for
algorithm masks and stretch applied to Kimberley ASTER
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a) Ferric Oxide Compostion
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Figure A5.
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a) ASTER Ferric Oxide Composition image; b) Kimberley ASTER Ferric Oxide Composition image. See
Table 5 for algorithm masks and stretch applied to Kimberley ASTER
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a) Ferrous Iron Index
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Figure A6. a) ASTER Ferrous Iron Index image; b) Kimberley ASTER Ferrous Iron Index image. See Table 5 for algorithm
masks and stretch applied to Kimberley ASTER
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Figure A7.

100 km
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a) ASTER Opaque Index image; b) Kimberley ASTER Opaque Index 1 image; c) Kimberley ASTER
Opaque Index 2 image. See Table 5 for algorithm masks and stretch applied to Kimberley
ASTER
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a) AIOH Group Content
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Figure A8.

100 km
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a) ASTER AlOH Group Content image; b) Kimberley ASTER AlOH Group Content image. See Table 5 for
algorithm masks and stretch applied to Kimberley ASTER
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a) AlOH Group Composition
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Figure A9.

100 km
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a) ASTER AlOH Group Composition image; b) Kimberley ASTER AlOH Group Composition image. See
Table 5 for algorithm masks and stretch applied to Kimberley ASTER
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a) Kaolin Group Index
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Figure A10. a) ASTER Kaolin Group Index image; b) Kimberley ASTER Kaolin Group Index image. See Table 5 for
algorithms mask and stretch applied to Kimberley ASTER
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a) FeOH Group Content
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Figure A11. a) ASTER FeOH Group Content image; b) Kimberley ASTER FeOH Group Content image. See Table 5 for
algorithm masks and stretch applied to Kimberley ASTER
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Ferric in FeOH Group
ASTER VNIR_SWIR

ASTER not available
Low

Kimberley ASTER

High

NDSK51

100 km

30/03/22

Figure A12. Kimberley ASTER Ferric in FeOH Group image. ASTER Ferric in FeOH Group image not available. See
Table 5 for algorithm masks and stretch applied to Kimberley ASTER
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a) MgOH Group Content
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Figure A13. a) ASTER MgOH Group Content image; b) Kimberley ASTER MgOH Group Content image. See Table 5 for
algorithm masks and stretch applied to Kimberley ASTER
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a) MgOH Group Composition
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Figure A14. a) ASTER MgOH Group Composition image; b) Kimberley ASTER MgOH Group Composition image. See
Table 5 for algorithm masks and stretch applied to Kimberley ASTER
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a) Ferrous Iron Content in MgOH Minerals and Carbonates
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Figure A15. a) ASTER Ferrous Iron Content in MgOH Minerals and Carbonates image; b) Kimberley ASTER Ferrous Iron
Content in MgOH Minerals and Carbonates image. See Table 5 for algorithm masks and stretch applied
to Kimberley ASTER
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a) Silica Index
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Figure A16. a) ASTER Silica Index image; b) Kimberley ASTER Silica Index image. See Table 5 for algorithm masks
and stretch applied to Kimberley ASTER
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a) Quartz Index
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Figure A17. a) ASTER Quartz Index image; b) Kimberley ASTER Quartz Index image. See Table 5 for algorithm masks
and stretch applied to Kimberley ASTER
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Gypsum Index
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Figure A18. Kimberley ASTER Gypsum Index image. ASTER Gypsum Index image not available. See Table 5 for algorithm
masks and stretch applied to Kimberley ASTER
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Mafic Index
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Figure A19. Kimberley ASTER Mafic Index image. ASTER Mafic Index image not available. See Table 5 for algorithm
masks and stretch applied to Kimberley ASTER
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Clay–Sand Index
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Figure A20. Kimberley ASTER Clay and Sand Index image. ASTER Clay and Sand Index image not available. See Table
5 for algorithm masks and stretch applied to Kimberley ASTER
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