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Executive Summary 

This ANLEC Project 7-0115-237 successfully integrated photogrammetry and ground based hyperspectral 

imaging for outcrop mapping for the Precipice Sandstone. When this is used in combination with 

hyperspectral core logging and wireline logs, it can deliver a model of the spatial variability in sedimentary 

facies, their lithotypes and their mineralogy. The presence of finer grained, clay mineral-rich layers can 

reduce the vertical component (Kv) of storage reservoir permeability. In this sense, this project provides 

outcrop scale mineralogical classification information for upscaling from core plug to core and near well bore 

mineralogical variation.  The technique still has a way to go for commercial application, but this project 

demonstrates its potential. 

Current ground based systems are confined to road cuts, as the payload of equipment required to conduct 

the work is relatively heavy (300kg or more, including the generator).  The system specifications available to 

this project are only in the Visible and Near-Infrared to Short Wave Infrared (VNIR - SWIR) range, which is 

excellent to identify oxides, carbonates and clay minerals, but is unable to detect the silicates, in particular 

quartz and feldspar which requires the Thermal Infrared (TIR) range. The result demonstrates that ground 

based application of hyperspectral imaging systems can distinguish between units characterized by different 

mineralogical composition, albeit following bulk lithology.  TIR analysis of the subsurface cores corroborated 

the quartz-rich (>90%), non-reactive mineralogy of the Precipice Sandstone at two locations spaced 30 km 

apart within the EPQ7 lease (Wolleebee Creek 4, GW4, and West Wandoan 1, WW1). Mineralogical 

variability, and the presence of more reactive clay and carbonate minerals increase in the overlying 

Evergreen Formation, the sealing unit. The Hutton Sandstone, which can potentially provide secondary 

storage, is slightly more diverse in mineralogy than the Precipice Sandstone, still containing abundant quartz 

but with accessory feldspars and other minerals. Ground based TIR systems have been recently used to 

investigate and characterize gas and solid targets (minerals). However, their availability is still limited in the 

market. It is recommended to trial it on outcrops of these more diverse units in addition to the Precipice 

Sandstone, in participation with an industry partner. 

Neither the ground-based nor core based hyperspectral techniques detected reactive clay minerals in the 

Precipice Sandstone. A detailed analysis of the mineral alteration of the outcrop surface could also give an 

indication about the behaviour of the minerals present in the Precipice Sandstone. However, the general 

weathering profile established from the outcrop samples revealed similar mineralogy to the fresh and intact 

rock mass. New mineral phases were detected in very small proportions by SEM/EDS analysis. Therefore, 

the Precipice Sandstone geochemically presents a poorly reactive mineralogy which makes it suitable for 

CO2 injection. CO2 injected within the reservoir unit could therefore migrate both laterally and upward without 

substantial impediment, although the finer grained nature of the Upper Precipice could affect vertical 

migration. However, the Evergreen Formation, which overlays the Precipice Sandstone in the stratigraphic 

sequence, can act as a natural seal due to the abundance of siltstones and finer grained lithotypes. 
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1 – Objectives of the project 

The objective of this ANLEC R & D project is to test the application of hyperspectral outcrop mapping to 

deliver a model of the spatial variability in mineralogy of the Precipice Sandstone outcrop. The hypothesis is 

that the key sedimentological attributes that impact the vertical component (Kv) of storage reservoir 

permeability are related to the distribution of clay-mineral rich layers, both within discrete lithofacies and on 

the boundaries between different lithofacies. In this sense, this project aims to provide outcrop-scale 

information required for upscaling from the Lithicon (now FEI) pore to core scale modelling, to full core and 

outcrop scale mineralogical classification, and also to provide an idea of the distribution of minerals along 

with their weathering and alteration behaviour, which will impact on reactivity with CO2 and thus permeability. 

To achieve this, both core and outcrop will be mapped using commercially available technologies (e.g. 

HyLoggerTM) and developing technologies (e.g. Hyperspectral Imagery coupled with photogrammetry) 

(Figure 1). This hyperspectral project can enhance the knowledge gained from photogrammetry applied in 

the parallel ANLEC project 07-0314-228 (Bianchi et al., 2016), and add site specific information on 

mineralogy of the reservoir and seals in the Glenhaven area. 

One of the main outcomes, apart from the capability of mapping the mineral distribution at the outcrop scale, 

will be the development of a weathering model for the mineralogy. Weathering of exposed rock surfaces 

depends on: i) internal factors such as mineral composition, structure and texture of the rock considered; and 

ii) external factors including climate and biological (Marszalek et al., 2014; Turkington and Paradise, 2005). 

Therefore, in the course of the weathering process, dissolution of some rock components occurs, in 

particular their cement (Alexandrowicz et al., 2014). Moreover, migration of dissolved components towards 

the rock surface and secondary crystallisation may also occur. Consequently, the mineralogical composition 

of a long-exposed rock surface will be different from that inside the rock. The impact of these changes is 

higher in porous rocks whose minerals are less resistant to weathering, leading to the formation of black 

surface crusts composed of salts, such as gypsum and iron oxides (Marszalek et al., 2014). To understand 

the weathering surface in a rock it is important to know the mineralogy of the fresh rock to infer the alteration 

process. Therefore, a comprehensive analysis of the mineralogy of fresh rock and weathered outcrop 

surfaces is essential to understand and interpret the outputs provided by the hyperspectral survey of the 

Precipice Sandstone (Figure 1). The homogeneous and quartzose composition of the Precipice Sandstone 

may allow extrapolation of weathering surface models to other Precipice outcrops or the subsurface (core 

analysis). 
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Figure 1 – Workflow overview of the Hyperspectral scanning of Precipice Sandstone outcrop Project. 

 

2 – Overview  

2.1 – Hyperspectral analysis 

Hyperspectral analysis uses a portion of the electromagnetic spectrum (Figure 2) to identify distinct spectral 

features in rocks/minerals and other materials (soils, vegetation, water, etc.). The wavelength ranges most 

suitable for the discrimination of geological materials are: i) visible and near infrared (VNIR) in the 400 – 

1100 nm range; ii) short wavelength infrared (SWIR) in the 1100 – 2500 nm range; and iii) thermal infrared 

(TIR) in the 5000 – 14000 nm (Goetz, 1985; Kruse, 1994). Hyperspectral techniques target mainly the 

mineralogical composition of the rocks using spectrometers that measure the light reflected from these 

materials, called spectral reflectance. Pronounced downward deflections of the spectral curves, so-called 

absorption bands, mark the unique wavelength ranges for which a particular mineral selectively absorbs the 

incident energy allowing the discrimination between specific minerals as well as other materials. 
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Figure 2 - The electromagnetic spectrum (Huntington, 2014). Notice that the SWIR ranges up to 3000 nm while the common 

detectors are sensitive to about 2500 nm. 

 

2.2 – Field-based Hyperspectral Scanners 

Remote sensing imagery acquired from field-based platforms is increasingly being used for a variety of 

applications, particularly where non-destructive measurements are required at a very fine spatial scale or in 

areas which are too dangerous to allow direct human inspection. There have been few studies which have 

applied hyperspectral imagery to geological applications (Kurz et al., 2008). Hyperspectral remote sensing is 

a form of imaging reflectance spectroscopy limited to operating within the 400 – 2500 nm portion of the 

electromagnetic spectrum where atmospheric windows provide optimal transmission to the energy power 

source regardless the weather conditions. Usually the sensor itself is a charge-coupled device (CCD) where 

incoming light is focused and passed through a grating that separates the wavelengths and then projects 

them onto one line of the sensor chip. As one dimension of the CCD is reserved for the spectral bands, the 

instrument operates as a “pushbroom scanner”, and a rotation stage is required to build-up the second 

image spatial dimension. This results in images with a known number of pixels in the across track direction 

(depending on the sensor field of view, FOV) and a variable number of pixels in the long track direction, 

defined by the width of the scanned segment. This configuration results in cylindrical rather than planar 

imaging geometry (Buckley et al., 2013). Optimal data should be collected when disturbance caused by 

moisture and dust is minimum, as well as on cloud-free days, when atmospheric scattering and absorption 

effects are minimized (Kurz et al., 2012; Murphy et al., 2012). In fact, the measured at-sensor radiance is 

influenced by factors as incidence, adjacency, shadowing and temporal effects, comparable to the 
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topographic effects of nadir imaging over mountainous regions (Richter, 1998), and the oblique scanning 

artefacts found in off-nadir imaging (Cerstl and Simmer, 1986). In order to derive surface reflectance from the 

radiance data, they must be corrected for solar irradiance and atmospheric effects, multiple scattering and 

path radiance (Chabrillat et al., 2002). The conversion from radiance to reflectance is an essential step to 

compare image spectra to endmembers of the component materials in their pristine state. Since the real 

world captured by a single pixel in a hyperspectral image is more likely to be a complex mixture of materials, 

classification algorithms attempt to either extract the dominant end member per pixel (hard classification), or 

un-mix the spectra to result in estimated proportions for each end member within the pixel (soft classification) 

(Buckley et al. 2013). 

Several successful attempts to integrate panoramic hyperspectral images with terrestrial LiDAR data have 

been made (Kurz et al., 2011; Sima et al., 2014; Buckley et al., 2013, Kurz et al., 2012). The main issue for 

the technique surrounds the required conversion between the angular coordinates used to describe every 

single point in the hyperspectral cylindrical coordinate system (panorama) and the metric coordinates 

composing the LiDAR Cartesian coordinate system. To establish correspondence between the hyperspectral 

imagery and the LiDAR model, homologous control points within the hyperspectral image and the LiDAR 

data should be used. It may be useful to set retro-reflective targets within the study area to assist both with 

data registration and data on-field calibration (Kurz et al., 2012).  

The registration of hyperspectral images on 3D photogrammetric models generated by ground based 

surveys is a quite new and unusual approach, even though the basics are not so different. For the purposes 

of this project it was necessary to establish a specific workflow to integrate the data already available with 

the images that were captured in the field. Plus, the sensor was used to acquire higher resolution images of 

the core samples. This allows the user both to improve the calibration of the sensor itself, implementing new 

values in terms of wavelength response to the spectral library, and to cross-calibrate two different 

technologies, HyLoggerTM and another hyperspectral sensor, on the same dataset.  This was achieved for 

this project with the assistance of Dr Jon Huntington. 

2.3 – Hyperspectral core scanners 

Hyperspectral core scanning has been relatively successful in characterising the mineralogy of sedimentary 

rocks for CO2 reservoir characterisation (Farquhar et al, 2013) although there is still some argument about 

the accuracy of the technique relative to X-ray diffraction (XRD) (Grigorescue, GSQ pers. Comm.). The 

techniques are complementary, where hyperspectral scanning provides continuous coverage of large areas 

without the necessity of subsampling. Here, one map the spatial variability of mineralogical domains, 

including the distribution of clay minerals and their occurrence as bands or lenses, and of potentially reactive 

minerals within the reservoir. CSIRO developed a tool called HyLoggerTM to determine in drill cores the 

diagnostic spectral features caused by molecular vibrations indicative of the chemical bonds in crystalline 

minerals. For a detailed description of the system, please refer to Chapter 4. 
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3- Mineralogical distribution in the basal units in the Surat Basin 

The Precipice Sandstone is the main unit considered in this project as the target reservoir for CO2 

sequestration, whereas the above units form seals and potential secondary trapping reservoirs (Figure 3). 

These include the mudstone dominated Evergreen Formation and the relatively (compared to the Precipice 

Sandstone) heterogeneous Hutton Sandstone. The Precipice Sandstone is a laterally extensive Early 

Jurassic unit within the Surat Basin (Figure 3). As remarked in many other papers (Bachu, 2003; Kaldi et al., 

2009; Koide et al., 1992) the Precipice Sandstone has been identified as a perfect reservoir unit, having 

good requirements in terms of porosity, permeability and 

formation thickness for geosequestration purposes. This 

sandstone formation has an average thickness of about 70-

80 meters and is widely accepted to have been deposited in 

a series of prograding braided to meandering fluvial systems 

(Figure 3) (Green et al. 1997; Hoffman et al., 2009; Martin, 

1977). Recent studies performed in a parallel ANLEC project 

(Bianchi et al., 2016) shed light on the complexity of the 

depositional environment, especially on the eastern flank of 

the outcrop section. Bianchi et al. (2016) proposed the 

possibility that there was evidence to an opening of a lake or 

marine embayment to the North that captured the ancient 

river system. This formation has several nested 

heterogeneities, showing differences in both grain size and 

mineralogy that can lead to very different degrees of porosity. 

Despite that, the lower unit, a laterally extensive 

predominantly quartzose fine to very coarse-grained 

sandstone with pebbly horizons and minor siltstone, shows 

homogeneous composition (Figure 4) and good permeability 

(1500-2000mD average) for CO2 injection (Farquhar et al, 

2013). During CO2 injection process, near well fluid-rock 

interactions involving mineral alteration and migration can 

result in formation damage from mineral swelling, dissolution 

and (re) precipitation (Civan, 2007). Characterization of 

detrital and diagenetic clay minerals (e.g. kaolinite, illite and mixed-layer clays), susceptibility to fines 

mobilization and migration during CO2 injection provides the basis of assessing the risk of consequent 

permeability reduction through pure-throat bridging and occlusion (Ambrose et al., 2008; Civan, 2007). 

Injectivity can also be hindered by the expansion of fluid-sensitive swelling clay minerals (e.g. smectites) 

substantially reducing permeability. An assessment of the mineralogical characterization of this reservoir unit 

is crucial to understand the distribution of the clay- rich layers, the key sedimentological attributes that affect 

the vertical permeability (kv). A detailed study conducted at the core scale using several analytic techniques 

(HyLoggerTM, XRD), optical microscopy and Scanning Electron Microscopy (SEM) highlights that the 

mineralogy of the Precipice Sandstone is very poorly reactive and quite homogeneous (Farquhar et al., 

2013; Martin, 1977). In particular it comprises a highly quartzose mineralogy with minor detrital muscovite, 

Figure 3: General stratigraphic section for the Jurassic 
succession in the Surat Basin. Modified from Hoffmann 
et al. (2009).  



16 
 

and relict lithics and feldspars that are pervasively altered to kaolinite (Figure 4). Pore spaces show minimal 

evidence of burial compaction and there is limited illitisation of kaolinite. 

 

The Evergreen Formation conformably overlies the Precipice Sandstone and it consists dominantly of very 

fine- to medium-grained sandstone with carbonaceous silt- and mudstone, shale, oolitic ironstone (the 

Westgrove Ironstone), and minor coal (Figure 3). Overall, the succession records a lowering of energy, 

consistent with the onset of the conformable mud-dominated deposits (Exon, 1976). Localised quartzose 

fine-to coarse-grained sandstone, the Boxvale Sandstone Member (represented close to the Quartz end 

member in Figure 4). The heterogeneous composition, fine-grained texture and the laterally extensive and 

thick nature of the Evergreen Formation indicate a potentially geochemically-reactive, tight sealing caprock 

(Farquhar, 2014). 

 

Figure 4: Quartz-Feldspar-Lithic (QFL) diagram for Folk's sandstone classification (Folk, 1974) showing the distribution of the 
Precipice Sandstone (P), Evergreen Formation (E) and Hutton Sandstone (H) (modified from Farquhar, 2014). 

 

The Hutton Sandstone has been described as a mica-rich sublabile to quartzose, well-sorted fine to medium-

grained sandstone, with interbedded siltstone and mudstone, rip-up clasts and pebble lags, and minor coal 

and mudstone (Green et al., 1997; Hoffmann et al., 2009; Martin, 1977). The lithologically heterogeneous, or 

‘dirty’ nature of the Hutton Sandstone as suggested by its mineral distribution in Figure 4, indicates that it 

may be compositionally more reactive than the Precipice Sandstone, with the variations in lithologies also 

suggesting more internal permeability variability. This suggests that the Hutton Sandstone could both store 

and baffle CO2 migration, depending on local lithological and textural heterogeneity (Farquhar, 2014). 

Hyperspectral analysis using HyLoggerTM SWIR wavelength range (representing mainly the clay species) in 

core from three wells, Chinchilla 4, Taroom 15 and Taroom 17, in the Surat Basin (Farquhar et al., 2013) 

demonstrated that the mineralogical differences between those three units, that is, Precipice Sandstone, 
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Evergreen Formation and Hutton Sandstone, correspond essentially to the stratigraphic boundaries. In the 

SWIR range, the Precipice Sandstone is mainly represented by clay minerals of the kaolin group, such as 

kaolinite and dickite occurring as pore-filling clay, possibly representing replaced feldspar and lithics, 

whereas montmorillonite (smectite group) occurs frequently in the Evergreen Formation and Hutton 

Sandstone. Nevertheless, the abrupt change for a dominance of kaolinite-muscovite-illite mineralogy in the 

Hutton Sandstones marks the stratigraphic boundary between this and the Evergreen Formation (Farquhar 

et al., 2013). Heterogeneity of the rocks leaning towards a more reactive mineralogy in the CO2 

sequestration reservoir can promote chemical reactions and solid structure alterations due to dissolution 

(Min et al., 2016).  

Samples from West Wandoan 1 and Chinchilla 4 wells were also investigated by means of XRD (Dawson et 

al., 2014), showing a compositional difference between the three formations. Quartz is the main component 

followed by the kaolin group in the Precipice Sandstone in both wells, which agrees with the data plotted in 

Figure 4. The Evergreen Formation and Hutton Sandstone showed a more diverse mineralogical 

composition, with feldspars, clays and quartz as the main constituents and minor phases as carbonates, 

micas and smectites. 

Reactivity of minerals, such as feldspars, carbonates and smectites, can be an issue for CO2 reservoirs due 

to migration and dispersion of finer particles and/or (re)precipitation of new mineral phases that can change 

the porosity and permeability at the pore scale of the system (Wilson et al., 2014), and, subsequently, can 

have a significant economic impact in terms of efficiency of the well. 

This report describes additional work on the mineralogy of the Precipice and overlying formations, using a 

combination of techniques from outcrop scale to micron scale. 
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4 – Geographic locations and samples 

The following criteria were used to select the sites for the field trials for characterising the Precipice 

Sandstone (Figure 5):  

- outcrop with sufficient lateral extent to appreciate the variability of sedimentary bodies within the 

formation;  

- homogeneous light conditions on the outcrop face as hyperspectral imagery acquisition depends on 

light conditions, and the most reliable results have been achieved in exposure to direct sunlight 

(Murphy et al., 2014a). Indeed, absorption feature parameters can change in response to a change 

of illumination conditions, with negative effects on minerals mapping when spectral matching 

algorithms are used, resulting in misinterpretation of the mineralogy;  

- ease of access as the hyperspectral imagery system is made up of several (heavy) units including 

the sensors themselves, reflective panels, tripods, an alternator and a petrol generator, for a total 

weight of approximately 370 kilograms (so difficult to transport by foot even for small distances); and  

- the absence of forest canopy or vegetation in order to get a better GPS signal coverage.  

These requirements led the team to the selection of two outcrops for hyperspectral scanning in conjunction 

with photogrammetry: 1) Carnarvon HWY road cut outcrop and 2) Leichhardt HWY road cut outcrop (in Isla 

Gorge National Park). Despite this, only the Carnarvon HWY road cut outcrop (Figure 5) was used as a case 

study because of its better suitability in terms of mineral patterns, size and orientation.   The location of the 

informal type section of the Precipice Sandstone at Boolimba Bluff in Carnarvon Gorge National Park is also 

shown, as are the cores selected for study.  

 

Figure 5 – Project geographic overview of the Precipice Sandstone outcrop line (purple). Shown are also the survey locations (red 
dots) and wells locations (yellow dots). The Taroom wells were analyzed by Farquhar et al. (2013). 
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The outcrops had been previously mapped using an allostratigraphic-sedimentological approach based on 

facies-analysis principles. Facies associations and bounding surfaces were characterized via bed by bed 

logging and outcrop architectural panels, with the aim of identifying associations of spatially and genetically 

related facies. These outcrops are reported in detail in the sister analogue outcrop project (Bianchi et al., 

2016) and a short description and interpretation is given here. 

 

4.1 Carnarvon Gorge Highway roadcut  

This roadcut provides an exceptional exposure of the Precipice 

Sandstone due to the parallelism of its two walls, allowing the 

observation of sedimentary architectures in 3 dimensions.  

The roadcut is 10 metres thick and 200 metres long, oriented 

N-S. Walking from North to South following the road, 

palaeocurrent measurements show a consistent paleoflow 

toward the North direction along the outcrop. The outcrop can 

be subdivided into three intervals characterised by different 

dominant grain-size: a basal coarse-grained, a middle fine-

grained and an upper coarse-grained interval. The facies 

belonging to the basal and the upper intervals represent thick 

(~2 metres) blocky beds of cross-planar stratification (21-30º 

inclined) ending in an undulating surface with vertical fugichnia 

bioturbation (skolithos and ophiomorpha) at the top, which 

indicate escaping behaviour; they are capped by centimeters 

thick layers of laminated mud (as indicated by the log in Figure 

6). This succession, showing a clear coarsening-upward trend, 

is interpreted as vertical stacking of mouthbar deposits, 

influenced by wave processes (confirmed by the wavy top of 

every coarsening-upward sequence). Both the intervals are 

cropping out for a maximum thickness of 10 metres each. The 

middle interval (maximum 7 metres thick) is characterised by 

fine-grained sandstone with frequent intercalation of siltstone 

and organic mudstone. In particular, there is a laterally 

persistent 30 centimetres thick layer of organic-rich mud with lenticular bedding containing few small 

elongated ripples of white very fine sand, indicating a tidal influence. Therefore, the paleoflow direction and 

the type of facies suggest that this exposed section correlates to the transitional or the “Upper Precipice” 

described previously for the Boolimba Bluff outcrop (Bianchi et al., 2016). 

4.2 Leichhardt Highway roadcut  

In the Leichhardt HWY roadcut the basal unconformity of the Precipice Sandstone overlying the Bowen 

Basin (probably Moolayember Formation) is exposed at outcrop (Bianchi et al., 2016). Below the 

unconformity the section is characterised by a finer-grained fining-upward sequence, with intercalation of fine 

Figure 6: Sedimentary log of 
Carnarvon Gorge highway. 
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sand and very fine sand organised in ripple cross lamination with silt, organic matter and roots in situ. Above 

the unconformity surface, the Precipice Sandstone interval is coarser than the deposits below the 

unconformity and shows very quartzose medium sand organised in trough cross stratification filling erosional 

channel scours, passing upwards to a finer rippled sandy facies. Palaeocurrents for this outcrop show a 

southerly direction. 

5 - Methodologies 

Researchers deployed several techniques in order to achieve the goals for this project. This chapter provides 

a description of these experimental methods, focusing particularly on the fieldwork that was conducted. The 

authors recommend consulting the additional chapters in the Appendix for a better comprehension of the 

theoretical basis of the developed methodologies.  

5.1 3D Terrestrial Digital Photogrammetry 

3D digital photogrammetry was conducted at each outcrop. It is the science and technology of obtaining 

reliable information about physical objects and the environment through processes of recording, measuring 

and interpreting photographic images. Usually it involves the estimate of three-dimensional coordinates of 

points on an object employing measurements made in two or more photographic images taken from different 

positions according to the stereoscopic principles. The geometry and spatial distribution of the final 3D model 

is often a function of both the exterior and interior orientation of a camera sensor. The first defines its 

location in space and its view direction, whereas the latter defines the geometric parameters of the imaging 

process like the focal length of the lens and the description of lens distortions (both tangential and radial). 

Scale and georeferencing are typically solved by means of control points with known 3D coordinates which 

might be either the camera positions or reference points on the ground (coded targets, markers or natural 

features). For a detailed description of the method, refer to the Appendix. 

3D models from the outcrop photogrammetry were built using Agisoft Photoscan. This software proved to 

have compatibility with other software in terms of export, 3D model management and for ease and flexibility 

during the photogrammetric data acquisition in the field.  

However, Agisoft Photoscan is not a classic photogrammetric package since it belongs to the family of 

programs known as “Structure from Motion” (SfM). SfM relies on algorithms that detect and describe local 

features for each image and then match those 2D points throughout the multiple images. Using this set of 

correspondences as input, SfM computes the locations of those interest points in a local coordinate frame 

(also called model space) and produces a sparse 3D point cloud that represents the geometry/structure of 

the scene. The camera position and internal camera parameters are also retrieved (further details in the 

Appendix).  

Although the team had access to previously obtained 3D models (CTSCo unpublished), photos were retaken 

in order to both create new models and to ensure that reflective panels and the hyperspectral imagery 

sensor were captured in the same coordinate space. This significantly helped the team in registering the 

hyperspectral images in their correct spatial position respecting also their original orientation. 

https://en.wikipedia.org/wiki/Coordinate_system
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The field survey for this hyperspectral study consisted of the acquisition of many pictures from several 

camera stations, separated by a distance such that the ratio, baseline/distance = 1/7. From every single 

camera station an average of 4 pictures were taken using a fan mode to guarantee the whole frontal portion 

coverage. The camera used to capture the pictures was a Nikon d5100 with a resolution of the sensor of 16 

MPx, combined with two lenses: AF Nikkor 28mm 1:2.8 and AF-S Nikkor 50mm 1:1.8. Due to an average 

distance of about 15 metres (at the bottom) and 22 metres (at the top) from the outcrop face, the Ground 

Pixel Size ranges between 2 and 4 millimetres. To minimize every possible movement during the shutter 

click, a photographic tripod Manfrotto 475B combined with a panoramic head Manfrotto 410 and a remote 

shutter controller were used. 

Last but not least was the need to accurately record the geographic coordinates of several targets variously 

located across the entire rock wall to permit the correct georeferencing and scaling of the model itself (Figure 

7). All the ground control points (GCP) have been investigated by means of a DGPS Leica 1230+ (Figure 8) 

system in RTK mode and the average 3D quality achieved on a single point has been of ±3 centimetres. 

From preliminary analysis, the GCP used allowed us to reconstruct the 3D geometry with an accuracy of 5 

centimetres and to correct and minimize the interior camera parameters of lens optic distortion. 

 

Figure 7: DGPS survey of the targets positions (a). To increase the contrast and make targets more visible, paper plates with black 
crosses have been used (b). 
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Figure 8 - Coordinates conversion inside the DGPS Leica controller. 

 

5.2 Hyperspectral Imaging 

Hyperspectral imagery was acquired from the road cuts, using separate visible infrared (VNIR; 400 – 970 

nm) and shortwave infrared (SWIR; 907 -2516 nm) sensors (Specim, Finland), mounted adjacent to each 

other on a rotating stage. The sensors are line scanners (Figure 9a) which have a 2D sensor array, with the 

vertical dimension recording the across track spatial dimension of the image and in the horizontal dimension 

the spectral dimension of the image. The 2nd (along track) spatial dimension was constructed by the rotation 

of the sensors on the stage. The VNIR and SWIR imagers had a FWHM (“Full Width Half Maximum”) 

spectral resolution of 2.22 nm and 6.35 nm, respectively. Calibration panels (99%, 60%, 40%, 30% and 15% 

reflective spectralon) (Figure 9b), were placed next to the road cutting during image acquisition. Imagery was 

acquired from a distance to the target of about 15 m. VNIR data were quantized and recorded at 12 bits and 

the SWIR data at 14 bits. Multiple images were acquired for each of the road cuttings to ensure that pixels of 

interest over the calibrations panels and the surface of the outcrop were not saturated (i.e. the values of the 

pixels did not attain the bit-depth at which the data were recorded). Integration time of each sensor was 

adjusted accordingly to achieve this. Multiple images were also required because of relatively heavy road 

traffic crossing the field of view of the sensors (which may cause vibration but images weren`t acquired when 

vehicles were passing) and highly-variable cloud conditions which caused large changes in incident 

illumination. Although, all images were nominally acquired under direct solar illumination, the variable 

surface geometry of the road cutting across a cascade of spatial scales caused localised variations in 

illumination and overt shading in some parts of the outcrop. 



23 
 

 

Figure 9:  Overview of the entire hyperspectral imagery system in action (a), formed by a solid tripod, a rotating stage and two 
sensors (SWIR sensor on the left and VNIR on the right). Spectralon reflective targets have been positioned right in front the outcrop 
wall (b) for reflectance calibration purposes (from left to right: 15% spectralon, 30% spectralon, 99% spectralon, 60% spectralon and 

40% spectralon). 

 

5.3 HyLoggerTM 

Available cores from subsurface drilling were hyperspectrally scanned to determine the mineralogy that 

might be expected in the Precipice Sandstone and overlying units that might be expected, and compared to 

the outcrop scanning. The CSIRO HyLogger 3TM was used.  It is an automated hyperspectral scanning 

system comprising a reflectance spectrometer, laser profilometer and colour linescan camera (Figure 10). 

Manually washed and dried core trays are robotically fed via an automated X-Y translation table through the 

system, with samples of reflectance spectra taken every 4 mm. Colour high resolution images are taken 

every 4 mm using a Basler piA1900-32gc camera, with a frame size of 120 mm x 6.5 mm (Mason and 

Huntington, 2012). The laser profilometer records 64 height measurements per 4 mm of movement and is 

used to identify and exclude (mask) core breaks at the interpretation stage. Three spectrographs record 

adsorption in the visible near infrared (VNIR), short-wave infrared (SWIR), ranging from 380 to 2500 nm, and 

thermal infrared (TIR) ranging between 6000 to 14500 nm. 
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Figure 10: Photograph of the HyLoggerTM set up for core scanning and analysis of the spectral data. 

 

5.4 Scanning Electron Microscopy (SEM) 

Samples from outcrop cores were examined via SEM. The primary goals of using the SEM were: i) the 

confirmation of the minerals detected by hyperspectral techniques, and identification of other minerals 

present in minor proportions; ii) a detailed analysis of the variation of the mineralogy through the core (profile 

line across the core); and iii) the textural relationship of the minerals which gives an indication about their 

paragenesis. SEM analysis was conducted using a Hitachi TM3030 (Benchtop SEM) instrument equipped 

with a Bruker energy dispersive X-ray spectrometer (EDS) for microanalysis at the University of Queensland. 

Cut pieces of the core were placed in a sample holder with carbon tape to hold the sample. No coating was 

used during the analysis. Observations and measurements were carried out in backscattered electron (BSE) 

mode, since it allows the differentiation of the minerals based on their chemical composition (atomic 

number).  

5.6 Sampling 

Based on the lithological and hyperspectral characteristics of the outcrops, a fairly large number (54) of drill 

cores were collected to guarantee a statistical distribution minimizing variability due to sample heterogeneity 

and core breakage during the sample preparation for subsequent analysis. 

The outcrop wall was drilled using a Pomeroy Model D261-C designed for palaeomagnetic studies, with a 

diamond drill bit of 2.5 cm diameter. During this process, water was pumped and used as a lubricant (Figure 

11). Note that the sample drill location also depended on its accessibility; that is, the higher parts of the 

outcrop were not sampled. 
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Figure 11: Outcrop sampling at Carnarvon Gorge Highway using a portable coring device. 

 

Table 1 and Table 2 provide a summary of the data collected both at the outcrop locations and in the 

laboratory by means of the application of remote sensing and other analytical techniques. 

Table 1: Sensing techniques carried out at the outcrop location and sampling.Y=yes; N= no 

Outcrop 3D TDP Hyperspectral Imaging Core Samples 

Carnarvon HWY Y Y Y 

Leichhardt HWY Y Y N 
 

Table 2: Analytical techniques applied to core samples.Y = yes; N = no. 

Cores 
Hyperspectral 

Imaging 
HyLoggerTM SEM 

Outcrop drill cores Y Y Y 

Well Core (GW4, 
WW1) N Y N 
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6 – Outcrop virtual mapping 
 

6.1 3D DTP processing 

Both sides of Carnarvon Highway road cut and the Leichhardt Highway road cut scenes have been modelled 

following the workflow described in detail in the Appendix A1 3D terrestrial digital photogrammetry. 

Shown below, Table 3 summarises the amount of data involved, 3D precision reached and size of the 

models built. 

Table 3 Specifications for every site investigated by photogrammetric survey. 

 

Figure 12, Figure 13, Figure 14 and Figure 15 show respectively an overview and a detail of the dense point 

cloud generated for the Carnarvon Highway outcrop and the Leichhardt Highway road cut outcrop. In these 

models the occurrence of “bad points” are noticeable. They are due to the attempt of the software algorithm 

to spatially locate IPs for features like grass, canopy, bushes and vegetation whose position may be 

subjected to slight movements. Those points must be considered as a background noise, inhibiting the 

creation of a reliable surface representing the real rock wall topography (Figure 16a, b). Hence, the models 

have been cleaned up working on 1 metre thick sections (Figure 16c) in order to build an accurate and 

faithful triangulated mesh (Figure 17).  

The next step involved the application of a textured pattern on them both in terms of RGB and hyperspectral 

processed data (in the SWIR range to emphasize the mineral distribution on the rock wall face). 

Name # of pictures # of GCPs Width (m) Height (m) 3D Precision (m) 
Carnarvon HWY East 248 8 180 10 0.08 
Carnarvon HWY West 224 8 180 10 0.04 
Leichhardt HWY East 98 9 60 7 0.02 
Leichhardt HWY West 120 10 60 7 0.03 
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Figure 12: Perspective view of the Carnarvon Highway road cut model 

.  

Figure 13: Detail and image of the Carnarvon Highway outcrop dense point cloud. 
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Figure 14: A perspective overview of the Leichhardt Highway road cut model. 

 

Figure 15: A detail and image of the Leichhardt Highway road cut model showing the unconformity (red dashed line) between the 
Bowen and Surat basins.  
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Figure 16: Perspective view of a short portion of the Carnarvon Highway roadcut RGB model (a); bad points (yellow colored) have 
been cleaned up manually starting from narrow sections (red) and saved as a separate layer (b); the outcome is a more reliable 
surface describing accurately the real topographic trend (c). 

 

Figure 17: Detail of a small portion of the Carnarvon Highway road cut outcrop triangulated mesh. In the left hand side is shown the 
solid geometry, while in the right hand side the photogrammetric texture is applied. 

 

6.2 Hyperspectral imaging processing 

Images were corrected for dark current (i.e. amount of signal detected by the camera when the shutter is 

closed) and frame smear effects (VNIR sensor only). Frame smear causes an increase in radiance towards 

shorter wavelengths caused by a build-up of charge in the detectors. Numerous tests (Murphy, pers. Comm.) 

showed that the algorithms used to remove this were not completely successful so data shorter than ~450 

nm were not used. Images were rotated and transposed to achieve parity between the VNIR and SWIR data. 

Calibration to reflectance was done at each bandwidth by dividing all pixel values in the image by the 
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average value of pixels over the calibration panel (Murphy et al., 2014a; Murphy et al., 2014b). In order to be 

able to extract significant features out of the images by means of mineral matching algorithms, data were 

converted to absolute reflectance using the reflectance factors of the calibration panel, provided by the 

manufacturer. Indeed, reflectance is the proportion of reflected light relative to the amount of incident light. 

Reflectance calibration standardises measurements between 0 and 1. An idea of what the combination of 

two hyperspectral sensors can give is shown in Figure 18. This trial session run at the UQ campus intended 

to test the hyperspectral system in environmental conditions focusing on the occurrence of Kaolinite (as 

major clay mineral in the Precipice Sandstone). The sandstone at the UQ is the Helidon, which is an early 

Jurassic sandstone similar to the Precipice Sandstone. 

 

Figure 18: Hyperspectral processed images acquired during a trial session at UQ. Shown here are the true color composite image (a) 
(639 nm, 551 nm, 457 nm displayed as red, green, blue, respectively), the false color composite image (b) (1069 nm, 2029 nm, 2202 
nm displayed as red, green, blue, respectively) and an image containing the Depth of the diagnostic kaolinite feature at 2202 nm (c). 

The image below gives but it`s not relevant for the project outcomes. 

  

file:///C:/Users/Davide/Downloads/Hyperspectral%20imagery.docx%23_ENREF_1
file:///C:/Users/Davide/Downloads/Hyperspectral%20imagery.docx%23_ENREF_2
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Determining clay type and abundance 

Automated feature extraction (Kruse 1988; Murphy 1995; Murphy et al., 2014a) was used to identify the 

dominant absorption feature in each image. The technique first normalises the spectrum by removing the 

spectral continuum (Clark et al., 1990). An iterative approach then finds the deepest absorption feature and 

determines its wavelength position and depth using the quadratic method of Rodger et al. ( 2012). For full 

details of the method, seeMurphy et al. (2014a) andMurphy et al. (2014b). Separate images describing 

wavelength position and depth (Figure 19, Figure 20 and Figure 21) are generated. Wavelength position is 

an indicator of mineral type and depth is an indicator of mineral abundance. 

 

Figure 19: Depth map showing the Kaolinite abundance on the Carnarvon Highway West Wall 1 road cut outcrop. 

 

Figure 20: Depth map showing the Kaolinite abundance on the Carnarvon Highway West Wall 2 road cut outcrop. 

 

Figure 21: Depth map showing the Kaolinite abundance on the Leichhardt Highway road cut outcrop in Isla Gorge National Park. 
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Ferrous iron ratio 

Ferrous iron has a broad absorption centred at 1000 – 1100 nm (Clark et al., 1990; Hunt and Ashley 1979). 

The longwave slope of this feature sometimes extends to ~1800 nm (Pontual et al., 1997). Ratios of 

reflectance at 1650 nm and 1299 nm, were used to detect the broad slope in reflectance caused by the 

intense ferrous iron absorption centred at 1000 – 1100 nm. Spectra that do not exhibit absorption by ferrous 

iron have a ferrous iron ratio of, or close to, 1 (expressed by the blue colours). Increasing amounts of 

absorption by ferrous iron causes a progressive increase in this ratio (expressed by the red colour) (Figure 

22, Figure 23, Figure 24). 

 

Figure 22: Ferrous Iron absorption ratio for the Carnarvon Highway West Wall 1 road cut outcrop. 

 

Figure 23: Ferrous Iron absorption ratio for the Carnarvon Highway West Wall 2 road cut outcrop. The red box shown on the outcrop 
represents the selection tool for mineral detection used during the image processing stage. 

 

Figure 24:  Ferrous Iron absorption ratio for the Leichhardt Highway road cut outcrop. 
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Vegetation and lichen image 

The ratio vegetation index was used to quantify vegetation abundance (Figure 25, Figure 26 and Figure 27). 

This ratio was determined using reflectance at 750nm and 681nm. Again, bright pixels (red) indicate high 

vegetated areas whereas dark pixels (black/blue) describe zones with no vegetation. 

 

Figure 25:  Ratio vegetation index for the Carnarvon Highway west wall 1 road cut outcrop. 

 

Figure 26: Ratio vegetation index for the Carnarvon Highway west wall 2 road cut outcrop. 

 

Figure 27:  Ratio vegetation index for the Leichhardt Highway road cut outcrop. 
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Water absorption 

Until recently it has been difficult to measure absorption by water at about 1900nm because atmospheric 

absorption obliterates the signal at this wavelength. A new method has been developed as a proxy measure 

for water absorption. The method first fits a polynomial curve to wavelength on the longwave slope of the 

absorption feature at ~1900 nm. A ratio of reflectance at 2017 and 1967 nm was then used to quantify the 

falloff in absorption towards shorter wavelengths caused by water. For full details of the method see Murphy 

(2015). Results are shown in Figure 28, Figure 29 and Figure 30. As already mentioned, higher ratios (red 

pixels) describe areas where dampness is relevant. On the other hand, dark patches (black/blue) represent 

mostly dry areas. 

 

Figure 28: Water absorption ratio for the Carnarvon Highway west wall 1 road cut outcrop. 

 

Figure 29: Water absorption ratio for the Carnarvon Highway west wall 2 road cut outcrop. 

 

Figure 30: Water absorption ratio for the Leichhardt Highway road cut outcrop. 
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6.3 3D models and hyperspectral images integration 

Because the hyperspectral images are created as the sensor line rotates, the imaging geometry can be best 

described by projection onto a cylindrical surface. To integrate the hyperspectral images with the 

photogrammetric model, a transformation between the cylindrical and Cartesian coordinate system is carried 

out (Buckley et al., 2013). The registration of the hyperspectral imagery within the photogrammetric 

coordinate system is described. To establish the correspondence between the hyperspectral imagery and 

the photogrammetric model, homologous control points (CPs) within the hyperspectral image and the 

photogrammetric data are used. Utilizing at least 8 control points in each image, bundle block adjustment 

with fixed object points allows the position and orientation of the hyperspectral imagery camera location to be 

determined. A commercial tool, MaptekTM I-site Studio, has been used to achieve this aim. The main 

difference with any other research project conducted in the past using LiDAR systems (Kurz et al., 2011; 

Kurz et al., 2012) is that it wasn`t necessary either to acquire any reflective target in the field, or recording 

the position of the hyperspectral camera station. Also, no interior camera parameters are needed. All of them 

are derived by digitizing as many homologous points as possible between the 3D high resolution textured 

model and the hyperspectral imagery. The registered hyperspectral imagery, and derived products such as 

false-color RGB images, can be used to texture the 3D photogrammetric model, relating the 2D imagery to a 

real-world coordinate system (Figure 31). 

 

Figure 31: Hyperspectral composite image of the Carnarvon Highway roadcut outcrop blended on top of RGB point cloud. Here is 

highlighted the presence of Kaolinite in the lower strata and abundance in ferrous iron in the upper. The hyperspectral resolution is 

lower than the photogrammetric texture quality, which is why the image looks a bit more pixelated. 
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6.4 Evaluation of mineralogical variation on the outcrop 

Previous work on mineralogical variation in the Precipice Sandstone from hyperspectral analysis of core 

(Farquhar et al., 2013) assisted in the preliminary interpretation of clay minerals for the outcrop. The main 

clay minerals observed from the hylogged GW4 core are kaolinite and dickite (Dawson et al., 2014; for detail 

see Chapter 8 in this report), although there is some uncertainty because they have similar spectra. The 

importance of distinguishing these minerals is for their paragenesis and interpretation of fluid movement that 

could alter the porosity of the sandstone (Figure 32). A less crystalline dickite would resemble a more 

crystalline kaolinite. The major mineralogical phase recognized in this outcrop is ascribed to kaolinite (Figure 

33 to Figure 36). Further minor minerals observable in this spectral range consist of ferrous iron and other 

swelling clays (Figure 33). In particular, the occurrence of a Fe-pseudo matrix is likely to be mineralogically 

associated by the extensive dissolution of original constituents like previous feldspars or lithics. Since the 

outcrop’s wall has been exposed for many decades, the possibility that the ferrous iron pattern identified 

might be related to a natural weathering and washing of pre-existing clay cannot be excluded. The water 

absorption ratio is an important parameter to investigate the presence of swelling clay minerals and describe 

their distribution. It corresponds sometimes to areas where kaolinite occurrence is observed, but not always, 

suggesting that there is a moisture difference or a difference in mineralogy on the wall (Figure 33). An 

increasing depth (brightness of pixels) in the false coloured images indicates more water absorption either by 

the clay (possibly due to an increase of smectite content) or moisture.  

After having plotted these images on an orthorectified picture of the Carnarvon Highway road cut outcrop 

(Figure 32 to Figure 36), it was obvious how the outcrop could be subdivided into three intervals 

characterised by different grain-size with different mineralogy as shown in (Figure 32): one basal coarse-

grained dominated section, a middle fine-grained dominated section and an upper coarse-grained dominated 

section. Although this seems a simple outcome for so much effort, the result demonstrates that ground 

based application of hyperspectral imaging systems can distinguish between units characterized by different 

mineralogical composition, albeit following bulk lithology. As the objective was to characterise the lateral 

variation of clay mineral rich siltstones that can potentially act as baffles within the Precipice Sandstone 

reservoir, the technique shows great promise. 

Since hyperspectral imaging can only deliver information about the distribution of minerals at the outcrop 

surface, the research team carefully selected areas of access in the outcrop to drill small plugs that were 

used to evaluate the mineralogical phases interpreted from the hyperspectral imagery of the outcrop and to 

test the weathering profile of the Precipice Sandstone (see Chapter 7). 
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Figure 32: A) Photomosaic of Carnarvon Highway Roadcut with main boundaries and hyperspectral scanned windows. An additional grid displays the sequence of high resolution tiles included partly below; B) Detailed line drawing with interpretation of geobodies (Bianchi et al., 2016).1) basal 
coarse-grained proximal, 2) middle fine-grained distal and 3) upper coarse-grained proximal mouth bar. Highest content of kaolinite (red), ferrous iron (green) and water absorption features (purple) are shown inside the hyperspectral windows. A higher resolution photo of sampling locations is 
presented in the following figures that also show the location of the cores. 
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Figure 33: Section 03. Highest content of kaolinite (red), ferrous iron (green) and water absorption features (purple) are shown inside the hyperspectral window. Sample locations are displayed and the cores used for mineralogical analysis (10, 15 and 22) are circled. Black lines represent the division 
between the geobodies explained above. 
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Figure 34: Section 04. Samples locations are displayed and the core used for mineralogical analysis (32) is circled. Black lines represent the division between the geobodies explained above. 
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Figure 35: Section 05. Highest content of kaolinite (red), ferrous iron (green) are shown inside the hyperspectral window. Samples locations are displayed although in this site no cores were analysed for mineralogy. Black lines represent the division between the geobodies explained above. 
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Figure 36: Section 06. Highest content of kaolinite (red), ferrous iron (green) and water absorption features (purple) are shown inside the hyperspectral window. Samples locations are displayed and the cores used for mineralogical analysis (42, 43) are circled. Black lines represent the division 
between the geobodies explained above.
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7 – Weathering profile 

To study the weathering of the minerals occurring the in the Precipice Sandstone specific locations 

were drilled at the Carnarvon Gorge Highway outcrop as shown in Figure 33 to Figure 36. Two main 

outcomes were expected from this analysis: i) confirm the mineral phases identified during 

hyperspectral imaging from the road cut outcrop (Figure 32); and ii) understand the variation in the 

mineralogical profile from the outer core to the inner core, weathering profile, each in turn can be 

related to their alteration behaviour that can have impact on reactivity with CO2.  

Most of the small core samples are sandstones (samples 10, 32, 34, 35, 42, and 43) with different 

grain size and siltstone (sample 22) and a black shale (sample 15) (Figure 37). In this study, three 

main techniques were applied to analyse the cores: HyLogger3TM, hyperspectral imagery with the field 

system, and SEM with microanalysis. Table 4 shows a summary of the minerals found in the in the 

selected core samples and Figure 38 to Figure 45 illustrate the mineral distribution through the small 

cores. Note that, in those figures HyLogger3TM data is represented by bins of 1 cm with the main 

minerals identified within the three wavelength ranges (VNIR, SWIR and TIR), while Hyperspectral 

imagery is expressed in terms of abundance to the main mineral phases selected, with red coloration 

indicating high abundance and blue colours low abundance in that particular phase. In this case, a 

single-phase mineral map is created for the core. 

 

Figure 37 - RGB HyLoggerTM image of the selected cores used for detailed analysis. Numbers on cores refer to samples 
names and locations in outcrop in Figure 33 to Figure 36. 
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Table 4 – Overview of the mineral occurrence in the small cores drilled in the outcrop surface at Carnarvon Gorge Highway. Hyperspectral Imagery: Low, Moderate and high are qualitative 

measures of the mineral abundances.  

 

 

 

VNIR SWIR TIR Kaolinite 
abundance

Ferrous Iron 
abundance

34 Goethite Kaolinite Quartz Low Low Quartz, Kaolinite, Fe and/or Ti Oxide/Hydroxide, 
Muscovite, Zircon, Rutile/Anatase, Monazite

10 Goethite Kaolinite
Kaolinite, Quartz, Pyrophyllite, 

Talc Moderate Low
Quartz, Kaolinite, Fe and/or Ti Oxide/Hydroxide, Al-
Si-Ba Phosphate, Zircon, Rutile/Anatase, Monazite, 

Ilmenite, Al Oxide/Hydroxide

15 Goethite Kaolinite
Kaolinite, Quartz, Talc, 

Muscovite Moderate Low
Quartz, Kaolinite, Zircon, Rutile/Anatase, Monazite, 

Chalcopyrite, Al Oxide/Hydroxide, Barite

43 Goethite Kaolinite Quartz Low to 
moderate

Low Quartz, Kaolinite, Muscovite, Rutile/Anatase

32 Goethite Kaolinite Quartz Low Low
Quartz, Kaolinite, Fe and/or Ti Oxide/Hydroxide, 

Rutile/Anatase

42 Goethite Kaolinite Quartz Low to 
moderate

Low to 
moderate

Quartz, Kaolinite, Fe and/or Ti Oxide/Hydroxide, 
Zircon, Monazite, Cu-Sn Oxide

35 Goethite Kaolinite
Quartz, Kaolinite, Pyrophyllite, 

Talc, Montmorillonite
Low to 

moderate Low
Quartz, Kaolinite, Fe and/or Ti Oxide/Hydroxide, 

Muscovite, Rutile/Anatase

22 Hematite Kaolinite Kaolinite, Quartz High High
Quartz, Kaolinite, Fe and/or Ti Oxide/Hydroxide, Al-
Si-Ba Phosphate, Zircon, Rutile/Anatase, Monazite

HyLoggerTM Hyperspectral Imagery

SEM/EDSSamples
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7.1 – HyLogger3TM profiling 

VNIR active minerals capture from HyLogger3TM was mainly goethite [Fe3+O(OH)] with one of the 

samples (sample 22) presenting hematite (Fe2O3). These iron oxides were not detected in sample 15 

and just in parts of sample 10 where the red patches are localized (Figure 37). Kaolinite was the only 

mineral phase recognised in all the cores in the SWIR range. Quartz has a clearly distinguishable 

expression in the TIR range, and is the principal component in most of the samples (samples 32, 34, 

35, 42 and 43), followed by kaolinite (samples 10, 15 and 22). Minor mineral phases are also present 

in some of the samples, including muscovite, montmorillonite, talc and pyrophyllite (Table 4). The data 

shows some discrimination between samples separating the coarser quartz-rich sandstones from the 

finer grained more kaolinitic sandstone samples, and from the siltstone hematite-rich sample and 

carbonaceous mudstone. However, the HyLogger3TM profiling does not show any variation in the 

mineral distribution from the outer to the inner core, and therefore, a weathering/alteration model 

cannot be achieved with this experimental set up. Possibly more variation could be detected if the 

core was longer or a higher resolution spacing was used. 

 

Figure 38 - Comparative view displaying the mineralogy detected by the different techniques in sample 34. From left to 
right: RGB image, Hylogger3TM VNIR graph, Hylogger3TM SWIR graph, HyLogger3TM TIR graph, hyperspectral imagery 
kaolinite abundance map and hyperspectral imagery Fe distribution map. 
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Figure 39 - Comparative view displaying the mineralogy detected by the different techniques in sample 10. From left to 
right: RGB image, Hylogger3TM VNIR graph, Hylogger3TM SWIR graph, HyLogger3TM TIR graph, hyperspectral imagery 
kaolinite abundance map and hyperspectral imagery Fe distribution map. 

 

Figure 40 - Comparative view displaying the mineralogy detected by the different techniques in sample 15. From left to 
right: RGB image, Hylogger3TM VNIR graph, Hylogger3TM SWIR graph, HyLogger3TM TIR graph, hyperspectral imagery 
kaolinite abundance map and hyperspectral imagery Fe distribution map. 
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Figure 41 - Comparative view displaying the mineralogy detected by the different techniques in sample 43. From left to 
right: RGB image, Hylogger3TM VNIR graph, Hylogger3TM SWIR graph, HyLogger3TM TIR graph, hyperspectral imagery 
kaolinite abundance map and hyperspectral imagery Fe distribution map. 

 

7.2 – Hyperspectral Imagery 

Since hyperspectral imagery was conducted at a much higher resolution (0.3mm x 0.3mm grid) than 

the HyLogger3TM scanning (0.8cm transect), abundance maps for individual mineral phases could be 

created (Figure 38 to Figure 45). The minerals targeted were the ones known to occur in higher 

percentages in the outcrop and in the boreholes GW4 and WW1 (Farquhar, 2014) such as kaolinite 

and ferrous iron. Although, quartz is the main component in the Precipice Sandstone, the range of the 

wavelength used with this system does not capture the absorption features assigned to quartz, nor to 

feldspars. The images should be compared to the VNIR and SWIR from Hylogger3TM, but not the TIR 

plots. This is a current limitation of the technology that providers are attempting to overcome. 

A distinction can be made between the samples based on the kaolinite mapping. Samples with a high 

abundance of kaolinite correspond to the fine grained samples, such as samples 10, 15 and 22 

(Figure 39, Figure 40 and Figure 45), which show an almost homogeneous distribution of kaolinite 

through the cores. Predominance of kaolinite in these samples was also detected by the HyLogger3TM 

in the TIR range (Figure 39, Figure 40 and Figure 45). All the other samples with coarser grained and 

more quartz-rich composition exhibit a heterogeneous distribution of kaolinite (Figure 38, Figure 41 to 

Figure 44), suggesting that kaolinite occurs as a matrix in between the quartz grains, being confirm by 

SEM (see below). 
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Patterns of kaolinite distribution seem to be related to sedimentation features rather than weathering 

or mineral alteration profiles where one would expect to see a systematic change with distance from 

the outcrop face. For example, sample 42 (Figure 43) shows higher abundance of kaolinite in the 

outer part of the core, whereas sample 35 shows an inverse trend with more kaolinite in the direction 

of the inner core (Figure 44). However, the patterns can be associated with small scale variations in 

the grain size (lamination and bedding) within the individual cores. Finer grained rocks correspond to 

higher kaolinite abundance and coarse grained rocks correspond to areas of less abundant kaolinite 

that are more quartz-rich.  

 

Figure 42 - Comparative view displaying the mineralogy detected by the different techniques in sample 32. From left to 
right: RGB image, Hylogger3TM VNIR graph, Hylogger3TM SWIR graph, HyLogger3TM TIR graph, hyperspectral imagery 
kaolinite abundance map and hyperspectral imagery Fe distribution map. 
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Figure 43 - Comparative view displaying the mineralogy detected by the different techniques in sample 42. From left to 
right: RGB image, Hylogger3TM VNIR graph, HyloggerT3TM SWIR graph, HyLoggerT3TM TIR graph, hyperspectral imagery 
kaolinite abundance map and hyperspectral imagery Fe distribution map. 

 

Figure 44 - Comparative view displaying the mineralogy detected by the different techniques in sample 35. From left to 
right: RGB image, Hylogger3TM VNIR graph, Hylogger3TM SWIR graph, HyLogger3TM TIR graph, hyperspectral imagery 
kaolinite abundance map and hyperspectral imagery Fe distribution map. 
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Figure 45 - Comparative view displaying the mineralogy detected by the different techniques in sample 22. From left to 
right: RGB image, Hylogger3TM VNIR graph, Hylogger3TM SWIR graph, HyLogger3TM TIR graph, hyperspectral imagery 
kaolinite abundance map and hyperspectral imagery Fe distribution map. 

 

The SWIR provides information on the degree of crystallinity of kaolinite. Variations in crystallinity are 

reflected by changes in diagnostic absorption features. A higher degree of crystallinity results in 

sharper and further well-developed features, whereas a lower degree of crystallinity gives rise to 

poorly developed broad absorption features (AusSpecs International Ltd., 2008). The degree of 

crystallinity is expressed by crystallinity indices, in which a higher amounts present higher degree of 

crystallinity (Figure 46). The kaolinite distributed in all samples shows a moderate to high degree of 

crystallinity. 
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Figure 46: Variation of kaolinite crystallinity in the sample 32 (top) and sample 34 (bottom). 

 

To support the mineralogical interpretations from HyLogger3TM data, X-ray diffraction (XRD) traces for 

Precipice Sandstone samples from 1156.21 m and 1207.61 m from WW1 core (from ANLEC projects 

7-0115-0236 and Golding et al., 2016 respectively) show strong, sharply-defined peaks for kaolinite 

(Figure 47). This is indicative of the high crystallinity of kaolinite, supporting the above mentioned 

HyLogger3TM results. The relatively high degrees of kaolinite crystallinity/ordering may be explained 

by potential hydrothermal alteration (and “re-crystallisation”) of the originally sedimentary “matrix” 

kaolinite within the samples (which would be expected to have originally been poorly-ordered/not well 

crystallised).  

The abundance maps for iron minerals clearly separates sample 22 as the sample where Fe (in the 

form of hematite) occurs in higher abundance compared to others (Figure 45), while a lack of iron 

oxides is observed in the carbonaceous mudstone (sample 15, Figure 40). Weathering trends within 

the individual cores are difficult to determine; instead, small scale sedimentological features are easily 

followed just as for the kaolinite distribution described previously. Regardless, the interpreted 

mineralogy from the core samples corroborates that for the outcrop spectral images. 
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Figure 47: Diffractogram of the one sample of the Precipice Sandstone (1207.61 m depth) from WW1 core. Kaolinite peaks 
displayed in green color. 

 

7.3 – SEM/EDS analysis 

SEM/EDS gives information at very small scale (mm to micron).  It provides recognition of the mineral 

phases identified by the hyperspectral techniques, as well as the identification of new phases that 

occur in very small amounts. More importantly, it gives the qualitative textural information (mineral 

relationship) that cannot directly be provided by the other scanning techniques used in this project. 

Table 4 provides a general overview of the minerals found in the samples. Quartz and kaolinite are 

present in all samples as determined by other analysis. Quartz can occur as detrital grains (Figure 48) 

creating the framework of the sandstones. Samples with coarse detrital quartz grains are more porous 

(e.g. sample 42) than samples with fine grained (e.g. sample 10)(Figure 48a), but that pore space 

tends to be filled by other minerals, or by smaller quartz grains (Figure 48b). The large grained size 

minerals are associated with a highly permeable arrangement of the grains allowing the small grained 

minerals, such as clays, to be washed away; while the finer grain sized are more compact creating 

traps for the small minerals and allowing the precipitation of newly formed minerals. Kaolinitic matrix 

fills the pores in the finer grain sandstones (Figure 48c). Furthermore, the very fine kaolin matrix of 

the carbonaceous mudstone is closely tight around the quartz grains intermixed with organic matter 

(Figure 48d) occluding the pores and reducing the permeability of the rock. 
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Figure 48 - Matrix characteristics in the core. SEM image, BSE mode. a) Sample 42; b) Sample 34; c) Sample 10; d) Sample 

15. Qtz – quartz; Fe/Ti – Fe and/or Ti oxides/hydroxides; Cl – clays; Zr – zircon; OM – organic matter. 

 

Besides the main mineral phases detected by hyperspectral techniques, such as quartz and kaolinite, 

other frequent phases can be found. Detrital minerals such as zircon, rutile/anatase and monazite 

were found in most of the samples, while other detrital minerals, such as muscovite and ilmenite were 

only present in some samples (Table 4). These detrital grains can be found between the quartz grains 

or dispersed in the clay matrix. 

New formed minerals resulting from precipitation in situ can be found filling the pore space, including: 

bipyramidal quartz (Figure 49a), vermicular kaolinite (Figure 49 b), iron (Fe) and titanium (Ti) 

oxides/hydroxides (Figure 49c), and euhedral phosphate crystals with Al, Si, Ba and minor Ca (Figure 

49d). 
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Figure 49 - New forming minerals present in some of samples. a) bipyramidal quartz(Qtz) in Sample 32; b) vermicular 
kaolinite (Kao) also in Sample 32; c) Botryoidal iron oxide/hydroxide infilling pore space between  quartz (Qtz) grains in 
Sample 34; d) euhedral phosphate crystals with Al, Si, Ba growing inside a pore space in Sample 10. 

 

Iron and titanium oxides/hydroxides and FeTi oxide/hydroxide are common in most of the samples, 

except in sample 15 (carbonaceous mudstone). These minerals have two modes of occurrence in the 

samples, as coatings (probably the most frequent) or as infillings in pore space. Occasionally they 

occur as individual grains together with the quartz framework. Their habit can be amorphous or 

botryoidal (Figure 49c). These occur mostly filling the pore space. In terms of paragenesis, these 

oxides/hydroxides are the last mineralogical phases to form, since they have been observed to 

cover/coat any of the other minerals. Farquhar et al. (2013) also noted oxides to occur as a lining in 

the pores or associated with clay pseudomatrix that could affect CO2 behaviour by clogging the pore 

system, and suggested it has likely occurred from oxygen-bearing groundwater circulating through the 

formation. 

Although SEM does not allow a proper quantification of the changes in mineralogy from the outer to 

the inner core, general features can be observed during core analysis, such as: i) interlocking of the 
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quartz grains, that is, most of samples showed a tighter grain distribution in the direction of the inner 

core (Figure 50); and ii) a general decrease in the occurrence of Fe and/or Ti oxides/hydroxides. The 

fact that these oxides/hydroxides are decreasing from the outer to the inner core can indicate that 

these elements (Fe and Ti) may have been transported through meteoric waters, which then infiltrated 

in the wall of the outcrop. Infiltration of meteoric waters transporting those elements can be assumed 

since the analysis of the outcrop hyperspectral mapping showed evidence for an upper unit abundant 

in ferrous iron (Figure 32 to Figure 36), which can be the source for the iron oxides/hydroxides in the 

lower unit where the core samples were drilled. Other evidence for infiltration of meteoric waters come 

from sample 10, where the presence of sulphur can be detected in the first millimetres of the outer 

core but not further in the inner core. That sulphur must have been leached out from the 

carbonaceous mudstone layer (showing as yellow patches of sulphur in the surface of the wall) 

located above the sandstone where sample 10 was collected and permeates through the layers 

below. On the other hand, the lower permeability of the carbonaceous matter layer did not allow the 

percolation of meteoric water, and consequently, no Fe and/or Ti oxides can be observed in sample 

15 (collected from this mudstone member), neither by HyLogger3TM VNIR, iron distribution map from 

the hyperspectral imagery or SEM/EDS. 

 

Figure 50 - SEM image (BSE mode) showing the quartz grain interlocking from the outer core (a) to the inner core (b) in 
sample 32. 

The results presented here in this chapter suggest that the weathering process in outcrop was not 

that severe since the alteration of the primary minerals when compared to the fresh rock (core) was 

minor, and the typical crust developed by the sandstones due to physical and chemical weathering 

was not observed (e.g., Alexandrowicz et al., 2013). This could be due to environmental factors such 

as: i) the relatively young age of the road cut (few decades); ii) the low levels of anthropogenic 

pollution; and iii) the outcrop exposure which provides protection to the rock face from direct sun light 

during the warmest time of the day. More importantly, it suggests that the mineral interpretation from 

the ground based hyperspectral imaging reflects the primary character of the rock and can be 

compared to the data from core scanning, albeit within the same spectral ranges. 

b) Inner corea) Outer core
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Therefore, the analysis of the small cores did not show particular trends in the mineralogical profile 

from the outer to the inner core. In fact, the mineralogical phases recognised both in the outcrop 

samples and in the WW1 and GW4 cores (Dawson et al., 2014) for the Upper Precipice Sandstones 

are similar, with quartz and kaolinite as the main mineral phases (see Chapter 8 for more detail). The 

main difference is represented by the occurrence of new minerals, such as Fe and Ti 

oxides/hydroxides that may have been precipitated from the meteoric waters that percolate through 

the outcrop face. However, these were also observed as linings in core examined by Farquhar et al. 

(2013), so it is not only an outcrop phenomenon. In addition, sedimentological signatures, such as the 

distribution of the main minerals associated to the bedding/grain size, were not overprinted by 

weathering, as has been observed in some of the patterns in the abundance maps. 

In summary, the hyperspectral imagery on the outcrops differentiated kaolinite content from ferrous 

iron content, and moisture signatures, that were associated with the siltstone and sandstone bedding 

in the outcrop. Any subtle mineralogical variation in such a quartz dominated sandstone requires 

higher resolution (core based) scanning and TIR, currently only available on the HyLogger3TM.  A test 

of a ground based system including the full range of VNIR-SWIR-TIR would be best placed in 

outcrops of the Evergreen and Hutton formations, which show greater variability in mineralogy as 

illustrated by the scans of the West Wandoan 1 and Wolleebee Creek GW4 cores (see below). 
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8 – Subsurface hyperspectral mapping 

8.1 – Hyperspectral evaluation of the GW4 and WW1 cores 

The mineralogical assemblages of the drilled cores Wolleebee Creek GW4 and West Wandoan 1 

(WW1) were evaluated using HyLogger3TM in the SWIR and TIR range (Figure 51Error! Reference 

source not found. and Figure 52). These two cores were cut across the Hutton Sandstone, 

Evergreen Formation and Precipice Sandstone and these stratigraphic boundaries are roughly 

reflected in changes in the mineralogy and/or the proportion of the minerals recognised 

hyperspectrally (Figure 51 and Figure 52; Table 5). 

From the SWIR, the primary or dominant minerals (>50% of two present) in the Hutton Sandstone, 

Evergreen Formation and Precipice Sandstone are kaolinite, montmorillonite, and dickite, respectively 

(Figure 51 and Figure 52); in the TIR, quartz is the dominant mineral in all, but the Precipice 

Sandstone stands out at more than 90% relative abundance to the other formations Figure 51 and 

Figure 52). As the grain size decreases into the finer grained Evergreen Formation, the mineralogy 

becomes more varied with an increase in the proportion of montmorillonite (SWIR) and chlorite (TIR) 

in both wells and secondary carbonates in GW4. Comparatively, the Hutton Sandstone has a higher 

proportion of feldspars (TIR). In general, the spectral logging profile of the different formations is in 

agreement with the previous results obtained by petrographic and XRD techniques as shown in 

Figure 4 and observed by Farquhar et al (2013).  



57 
 
 

 

Figure 51: Summary of minerals recognised in the TIR (top) and SWIR (bottom) GW4 well (3 m bin). 
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Figure 52: A summary of minerals recognised in the TIR (top) and SWIR (bottom) in the WW1 well (3 m bin). Note: around 80 m of core are missing from the plots.
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Table 5 - Overview of the mineralogy of the different formations based on HyLogger3TM 3m bins. 

 

As an approach, HyLogger quantitative data from TIR was plotted onto the QFL diagram (Folk, 1974), 

where Quartz (Q) corresponds to the quartz proportion in a 3 m bin, Feldspar (F) corresponds to the 

sum of all feldspathic phases spectrally identified, and the Lithic fragments (L) are represented by the 
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sum of all other minerals present (essentially clays) in that bin, and herein called Others (O).This 

exercise was performed for GW4 and WW1 (Figure 53).  

 

 

Figure 53 - Pseudo-QFO diagram of Folk (Folk, 1974) for GW4 and WW1 wells. Mineralogical information acquired from TIR 
HyLoggerT3TM data, a) from GW4 well and b) from WW1 well. Among Precipice Sandstone samples, the orange filled 
triangle represent samples from the higher energy lower part of the formation and the light orange filled triangles from the 
waning energy upper part of the formation. 

 

These diagrams (Figure 53a and b) highlight the differences between the formations, the quartzose 

nature of the Precipice Sandstone compared to the “dirty” Hutton Sandstone and mudstone or clay 

mineral rich Evergreen Formation. Furthermore, the variation in the Lower Precipice Sandstone 

(darker orange triangle, Figure 53) between the two locations can also be distinguished. Lower 

Precipice tends to be more quartzose than the upper part of this formation (lighter orange triangles, 

Figure 53), suggesting that the presence of finer grained units, mostly kaolinite, that could potentially 

act as baffles to flow within the Precipice Sandstone.  

8.2 – Precipice Sandstone Hyperspectral analysis 

The hyperspectral profile of the Precipice Sandstone was compared between wells in different parts 

of the basin (Figure 5). Figure 54 shows the distribution of the spectral assemblage found through TIR 

and SWIR ranges at 0.5 m bin size. Once more, the Lower Precipice shows the high proportion of 

quartz compared to the Upper Precipice which is richer in clays and some feldspars. This distinction is 

notable in the GW4 core; however WW1 tends to have a slightly higher proportion of clays in the 

Lower Precipice than GW4, which reflects the lateral variation of the clay layers and possible baffles. 

Correlation of the subsurface wireline logs identified (and modelled) the distribution of high gamma, 

clay mineral units that potentially act as baffles on the margins and at places within the Precipice 

Sandstone (Bianchi et al., 2016). 
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Figure 54 -Spectral assemblage from HyLogger3TM TIR and SWIR wavelength range for GW4 and WW1. Note that GW4 includes the Moolayember contact below 1570m (blue line).
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8.3 – Comparison between spectral assemblages and lithofacies 

A comparison between gamma ray from wireline logs, hyperspectral mineralogical assemblages 

(SWIR and TIR) from the HyLogger3TM core scanner and sedimentary logging from GW4 and WW1 

cores is given in Figure 55 and Figure 56, respectively. 

As mentioned above, WW1 shows a higher vertical mineralogical variation when compared to GW4, 

especially in the Lower Precipice unit. The lower part of the Lower Precipice (approximately the first 

73 m) in GW4 is represented by a coarse to medium grained size sandstone with none or very low 

variation in the spectral minerals (quartz in the TIR and dickite in the SWIR) (Figure 55). On other 

hand, WW1 core shows depositional and compositional variations that are translated in to more fine 

grained deposits that are richer in clays (occurrence of chlorite, illite and increase in the amount of 

kaolinite) and spikes in the gamma ray values (see Figure 56 around 1207.6m depth). Those layers 

are called baffle zones because of their low permeability (≈0.08 mD) and porosity character, which 

might influence the vertical impedance of CO2 migration (Bianchi et al., 2016). To the top of the Lower 

Precipice, the grain size decreases due to changes in the sedimentary environment to a meandering 

fluvial system in both wells, and those layers can also act as baffles. Once again, the changes in the 

mineralogy to a more predominant clay assemblage are clear in WW1 and subtle in GW4, which 

shows changes in the grain size but not in the mineralogical composition. This may indicate that those 

clay-rich baffle zones are not laterally continuous (see Bianchi et al., 2016). 

In both wells, the Upper Precipice differs from the lower part by a slightly higher gamma ray signature 

and a more heterogeneous mineral assemblage, including quartz (over 50%), clays (illite, chlorite, 

montmorillonite, and kaolinite), some carbonates and feldspars (Figure 55 and Figure 56). This is 

related to changes in the sedimentary environment to more heterolithic facies (sand and mud) 

consistent with tidal influenced environments as the fluvial system is transgressed (Bianchi et al., 

2016). Therefore, the Upper Precipice can start to impede vertical CO2 migration as the Evergreen 

Formation sealing unit is approached. 

The distribution of the clays from SWIR data from HyLoggerTM for Chinchilla 4, Taroom 15 and 

Taroom 17 wells shows that to the top of the Precipice Sandstone there is an increase of kaolinite and 

a decrease in dickite (Farquhar, 2014), which could be assumed to be an increase in the variation of 

the mineralogy in the Upper Precipice as observed for WW1 and GW4. 
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Figure 55: Summary of the variation of gamma ray, mineral distribution given by HyLogger3TM in the TIR and SWIR ranges, and Changes in the lithofacies within the GW4 core. 
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Figure 56: Summary of the variation of gamma ray, mineral distribution given by HyLogger3TM in the SWIR and TIR ranges, and changes in the lithofacies within the WW1 core.
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An interesting trend is the variation between kaolinite and dickite, which seems to be associated with 

the variation in the grain size in the Precipice Sandstone. For example, in the WW1 well (Figure 56) it 

is possible to observe a variation in the proportion between kaolinite and dickite in the SWIR plot; that 

is, when kaolinite increases, the proportion of dickite in the bin decreases. When comparing these 

variations to the TIR plot, one can see that the increase of kaolinite in the SWIR is also reflected in 

the TIR and is accompanied by a decrease in the proportion of quartz. The same relationship can be 

seen when plotting quartz against kaolin (represented by the different phases of kaolinite in the TIR) 

(Figure 57) Therefore, two major points can be explored:  

i) Higher proportions of dickite in the SWIR are related with higher proportions of quartz in the 

TIR. Dickite is a clay mineral that is commonly associated with hydrothermal systems. Its presence 

may indicate that hydrothermal fluids circulated at some point in geological time along the contact of 

the Precipice Sandstone with the underlying Moolayember Formation. The strong presence of dickite 

in the Precipice Sandstone may indicate that the basal, coarser grained sandstone had a higher 

porosity which allowed the circulation of fluids, and subsequent precipitation of dickite. 

ii) The increase in kaolinite (SWIR) is associated with the baffle zones (sedimentary log), where 

the dickite proportion decreases or is even absent (as in the Upper Precipice, Figure 56). This can 

give an indication for zones of lower primary porosity in the Precipice Sandstone.  

 

 

Figure 57: Correlation between the quartz and kaolin distribution within the WW1 core. 

 

The observation of the variation of kaolinite against dickite in the SWIR range in Chinchilla 4, Taroom 

15 and Taroom 17 cores may suggest (based in the criteria described above for WW1) that where the 
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dickite decreases or is absent (Figure 56), layers richer in kaolinite and other minerals (besides 

quartz) are present in the sequence. 

Furthermore, porosity values (Khan et al., 2016; Golab et al., 2015) were plotted against depth in 

parallel to the quartz values acquired from TIR HyLogger data of both wells (GW4 and WW1).  The 

quartz and porosity show similar trends that basically follow grain size and lithology (Figure 58 and 

Figure 59). However, a cross plot of porosity and quartz showed little relationship, because the grain 

size of quartzose lithologies can vary from coarse to fine sandstone and siltstone.  Porosity did not 

show similar trends to that of clay mineralogy from HyLogger data. What Hylogger, and other higher 

resolution scans do show, is the presence of specific clay and other minerals that can be potentially 

reactive to CO2. 

 

 

Figure 58: Porosity and quartz trends for GW4 well. 

 

 

Figure 59: Porosity and quartz trends for WW1 well. 
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9 – Conclusions 

This project demonstrated the successful application of outcrop hyperspectral imaging in order to 

detect clay mineral layers within the reservoir target CO2 storage formation. The integration of this 

technique with 3D terrestrial digital photogrammetry led to the characterization of the spatial 

distribution of clay mineral rich layers within the sandstone outcrop. More importantly, rather than just 

the size definition of clay, hyperspectral can determine the mineralogy of the clays and their 

propensity to be reactive. These correspond to finer grained siltstone layers that can also be observed 

in core or by proxy using wireline logs. In a broader context, the knowledge of these layers, their 

thickness and lateral continuity, are important for reservoir modelling as they can impede flow or 

create reactive layers. Although these baffles show lateral continuity on the outcrop scale (tens of 

metres), the outcrops are relatively small by comparison to the lateral extent of the Precipice 

Sandstone in the subsurface (hundreds of kilometres). Nevertheless the outcrop scale provides 

information for understanding the likely near well bore lateral variation in grainsize, bedding and 

mineralogy through the combination of photogrammetry, sedimentary logging and hyperspectral 

mapping.  Porosity and permeability cannot be predicted from mineralogy alone, as quartz rich 

lithologies can vary in grain size, packing, and grain contact which requires higher resolution 

techniques such as thin section and SEM.  The development of a ground-based hyperspectral 

imaging system in the TIR range would enhance the technique for sedimentary rocks that are 

dominated by the silicates quartz and feldspar, regardless of grain size. A test of a ground based 

system including the full range of VNIR-SWIR-TIR would be best applied to outcrops of the Evergreen 

and Hutton formations, which show greater variability in mineralogy as illustrated by the scans of the 

West Wandoan 1 and Wolleebee Creek GW4 cores. 

The distinctive and quartz dominant character of the Precipice Sandstone was evident and correlative 

in the Hylogging3TM TIR data from both the WW1 and GW4 wells, which are located about 30 km 

apart. Comparison of these to other cores in the area, was achievable in the VNIR-SWIR range, but a 

more detailed comparison of the spatial heterogeneity of the minerals would require re-logging these 

cores with Hylogger3TM for TIR, or else developing a method to condition wireline logs, such as 

spectral gamma or more readily available logs, for mineral identification.    

Neither the ground-based nor core based hyperspectral techniques detected reactive clay minerals in 

the Precipice Sandstone, as already demonstrated by Farquhar (2014) and Dawson et al. (2014). A 

detail analysis of the mineral alteration of the outcrop surface also gave an indication about the 

behaviour of the minerals present in the Precipice Sandstone. However, the general weathering 

profile established from the outcrop samples revealed similar mineralogy to the fresh and intact rock 

mass. New mineral phases were detected in very small proportions by SEM/EDS analysis. Therefore, 

the Precipice Sandstone presents a geochemically poorly reactive mineralogy suitable for CO2 

injection. CO2 injected within the reservoir unit could therefore migrate both laterally and upward 

without substantial impediment, although the finer grained nature of the Upper Precipice could begin 
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to slow vertical migration. However, the Evergreen Formation, which overlays the Precipice 

Sandstone in the stratigraphic sequence, can act as a natural seal due to the abundance of siltstones 

and finer grained material. 
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Appendix 

A1 3D terrestrial digital photogrammetry 
The term Photogrammetry, meaning measuring on photographs, has been defined as the science and 

technique of interpreting and evaluating the form, dimension and position of objects by analysing and 

measuring images of them. The result of photogrammetric procedures is a precise three-dimensional 

geometric reconstruction of the object that can be orthogonally projected onto a plane (normally, 

horizontally or vertically) at a certain scale or visualized in a perspective static or dynamic 

representation in a computer monitor for further evaluation. 

In photogrammetry, images are georeferenced through the determination of the six exterior 

orientation parameters that describe the original spatial relation existing between the photo and the 

object coordinate systems at the moment the image was captured. This set of parameters (Figure 60) 

is called the exterior orientation of the image and consists of three object coordinates of the projection 

center (X0, Y0, Z0) and three rotation angles around the object coordinates axes defining the spatial 

orientation of the photographic axis in the object space. 

 

Figure 60 - Geometry for the determination of an object point A (after Poropat, 2005). 

A process called resection is used to calculate the camera exterior orientation based on relative or 

absolute coordinates of a number of object points (the more there are the more the redundancy). A 

crucial assumption in this process is the principle of collinearity, which states that an object point, the 

perspective center and an image point on the focal plane of the camera are aligned in a straight line. 

In order to respect this principle, the interior geometry of the camera during exposure must be known. 

Indeed, if correction for distortion and other internal parameters is not applied, collinearity will not be 

respected. The three main elements of interior orientation are the focal length and the x0 and y0 

coordinates of the principle point (offset). Other parameters include lens radial (K1, K2, K3… Kn) and 



74 
 
 

tangential (P1, P2) distortion. The interior orientation is determined during the process called 

“calibration”. 

A1.1 Acquisition 
Before undertaking a field campaign using terrestrial remote-sensing techniques, some essential 

planning components should be considered. These include: 

 specifying the resolution (ground point spacing) necessary for the purpose of a project, 
 specifying the required accuracy and precision, 
 defining the area to be mapped, taking into account physical/topographic constraints. 

Careful planning allows a better understanding of the effect of these components on the subsequent 

geotechnical discontinuity measurements from 3D models in terms of potential orientation bias, 

truncation level and observation scale effect. 

Ground resolution 
In a photogrammetric project, the focal length of a lens, the pixel size and the distance to an object 

determine the instantaneous angular field of view (IFOV), i.e. the area covered by one pixel on the 

ground. The ground point spacing (ground resolution) is slightly different, being dependent on the step 

size. Step size quantifies the number of pixels used, both horizontally and vertically, to generate one 

spatial point (typical step sizes range between 4 and 8 pixels). In other words, the ground pixel size 

(IFOV) should be multiplied by the step size to obtain the ground point spacing. 

It should be emphasized that the ground point spacing used in digital photogrammetry surveys is an 

average value. Because of the object topography, areas closer to the scanner have a closer ground 

point spacing than the average value whereas distant objects have a wider ground point spacing. 

As a general rule, it is suggested that a slightly higher ground resolution than required is used, so that 

there is enough redundancy to guarantee adequate interpolation of a 3D model surface. 

Accuracy and precision 
Photogrammetric stereomodel accuracy and precision depend on calibration, automated 

stereomatching, ground resolution and network geometry. The expected planimetric accuracy is 

typically 0.3 pixels ([0.05-0.5]) on the ground assuming an adequate calibration and orientation. The 

depth accuracy depends on the geometric relationship between the camera positions and the object 

being photographed according to the following equation: 

 

𝐷𝑒𝑝𝑡ℎ 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 𝑃𝑙𝑎𝑛𝑖𝑚𝑒𝑡𝑟𝑖𝑐 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 ∗ 
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
 

 
This equation suggests that a large distance/baseline ratio provides better depth accuracy. However, 

a large distance/baseline ratio results in difficulties for the image matching process (Figure 61 and 

Figure 62) causing errors that may show up as “spikes”. Consequently, a ratio situated between 5/1 

and 8/1 is recommended. 



75 
 
 

 

 

Figure 61 - Geometric relationship between camera positions and the object being photographed (Sturzenegger, 

2010). 

 

Figure 62 - “Error ellipse” showing the effects on accuracy by adjusting the camera locations (Birch, 2009). 

 
Mapping area and physical/topographic constraints 

Depending on the size of the area to be mapped, several sets of photographs will need to be taken. 

When there are major changes in perspective, such as around a corner, the area should be split into 

smaller windows. When there is a potential for occlusion and/or orientation bias, separated pairs of 

photographs should be taken from different angles. Occlusion occurs when parts of a rock face 

cannot be sampled because it is obscured by protruding features. It may create holes (shadow zones) 

with missing spatial points in a 3D model (Figure 63).Orientation bias occurs when the camera line-of-

sight is sub-parallel to a discontinuity, resulting in a linear trace if viewed from the camera position. 

Furthermore, obstructions (like tall trees or shrubbery) and occlusions in front of the outcrop spoil the 

construction of a correct and reliable model. For this reason, future work may require laser scanning 

technology, in combination with photogrammetry. 
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Figure 63 - Illustration of occlusion and vertical orientation bias (Sturzenegger and Stead, 2009) 

 
Registration approaches 
TDP 3D models can be registered in a variety of coordinate systems, including the Universal 

Transverse Mercator (UTM) Geographic Coordinate System and relative (local) systems oriented with 

respect to North. The process of projecting 3D models into one of these systems is called 

“registration” and it can quickly become the most time-consuming part of a terrestrial remote sensing 

field survey. Depending on the accuracy/precision required for a specific project several approaches 

can be adopted (Figure 64)  

 

 
 

Figure 64 - Setup for varied registration approaches. The squares represent camera positions and the stars control 

points. The filled symbols indicate measurements locations (Sturzenegger and Stead, 2009). 
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These approaches (Figure 64 a-d) can be used to register 3D models varying in terms of setup (time), 

and equipment required (cost). The simplest one (approach Figure 64a) uses compass clinometer 

readings allowing registration in a relative reference system oriented with respect to North. The setup 

is quick, easy and inexpensive. On the other hand, approaches in Figure 64b, c and d use a total 

station and/or DGPS, which require a longer and more expensive survey. When access to a rock cut 

is limited, approaches in Figure 64a and Figure 64b are very convenient. 

Differential global positioning system (DGPS) 

By tracking the microwave radio signal that GPS satellites are transmitting continuously, a GPS 

(Global Positioning System) can calculate the latitude, longitude and height of a receiver. The 

principle is illustrated Figure 65. On this figure in two dimensions, three distances from three satellite 

positions are required to determine a unique receiver position, the equal-distance trace to a fixed 

point (satellite) being a circle. In three dimensions, to find a unique receiver position, four satellites 

and four distances are required, the equal-distance trace to a fixed point being a sphere. There is an 

additional unknown as the receiver clock is usually different from the GPS clock, consequently, an 

additional satellite is required, i.e. five in total. However, by using only four satellites, two possible 

solutions can be obtained, one being in space which can thus be neglected. Consequently, four 

satellites are required to satisfy four unknowns, the X, Y and Z coordinates and the receiver clock 

delay. Additional satellites allow redundancy. 

 

 
 

Figure 65 - Definition of the unique receiver position in 2D, knowing three satellites positions (S1,S2, S3) and 

three distances (x1, x2, x3) (Gomarasca, 2009). 
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Geodetic principles 

The fact that the topographic surface of the Earth is highly irregular makes it difficult for geodetic 

calculations (Figure 66). To overcome this problem, geodesists adopt a smooth mathematical surface 

called an “ellipsoid”, to approximate the Earth surface. In Australia, a common ellipsoid (or horizontal 

datum) is the Geocentric Datum of Australia (GDA94). 

The World Geodetic System from 1984 (WGS 84) is another datum usable worldwide. The vertical 

datum, i.e. the surface of zero height, is often the geoid (equipotential surface, along which the gravity 

potential is constant). On a global basis, it represents the mean sea level. Across Australia, mean sea 

level and its onshore realisation, the Australian Height Datum (AHD), correspond to within 

approximately ±0.5m of the geoid. 

The height above or below the geoid is called “orthometric height”. GPS obtained heights are referred 

to the ellipsoid and are called the “ellipsoidal heights”. AUSGeoid09 is Australia's geoid model for 

converting ellipsoidal heights to AHD heights and is accurate to 0.03m across most of Australia. Many 

GPS receivers and software packages have built-in models for automatic conversion between 

orthometric height and ellipsoidal height. 

 

 
 

Figure 66 - Orthometric height (H), ellipsoidic height (h) of the point P and geoid undulation (N)(Gomarasca, 

2009). 

 

GPS data are measured in a three-dimensional geodetic coordinate system (latitude, longitude, 

height). Map projection is the transformation of the geodetic coordinates into rectangular grid 

coordinates (northing, easting, height) or Cartesian coordinates (x, y, z). The projection should 

minimize the distortion due to transforming an ellipsoidal shape to a flat surface. The Universal 

Transverse Mercator (UTM) is the more common map projection. The earth ellipsoid is divided into 60 

zones, which are projected separately, using a secant cylinder. It is not suitable for the polar areas, 

where the projection results in significant distortion. 

http://www.ga.gov.au/scientific-topics/positioning-navigation/geodesy/geodetic-datums/australian-height-datum-ahd
http://www.ga.gov.au/geodesy/ausgeoid/nvalcomp.jsp
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Differential positioning 

Positioning can be both absolute and relative (differential). Using absolute positioning, i.e. using a 

single receiver (like commercial handheld GPS, integrated or external camera GPS), the accuracy is 

in the order of meters or tens of meters, due to the large distance between the satellites and the 

antenna, the small magnitude of the time increments and other systematic errors (Figure 67). The 

accuracy also depends on whether the receiver is a single L1 frequency or a dual L1 and L2 

frequency GPS. Indeed, the data coming down to the ground are transmitted by the satellites as a 

complex coded signal modulated by the L1 and L2 frequencies, which, once they`re combined 

together, permit the correction of many errors and delays enhancing in this way the accuracy.  

Using relative (or differential) positioning, i.e. two or more receivers, an accuracy of a few meters to 

millimetres can be obtained. Usually, one receiver, called the base, is positioned at a known point or 

left on a point for a long time, so that its position is recorded with accuracy. Another receiver, called 

the rover, is placed at the position, which is to be surveyed. By simultaneously tracking the same 

satellites, the base and rover are subject to the same errors and bias. The known position of the base 

is used to calculate corrections to the GPS derived position and these corrections are subsequently 

applied to the rover. The shorter the distance between base and rover receivers, the more similar the 

errors. 

Various field measurements methods exist for differential surveys, but, according to technical 

requirements and budget available, just one has been chosen to perform surveys needed. This is 

called RTK (Real Time Kinematic) and it merges the information of code and carrier phase 

observables received at both base and rover receivers and instantaneously compute the precise 

position on the spot. The RTK method calculates new positions from the old ones, through continuous 

tracking of the satellites in real time. Consequently, although post-processing is not required, the 

system and direct line-of-sight between rovers and the base must be initialized. 
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Figure 67 – Real Time Kinematic (RTK) method geometry (Gomarasca, 2009). 

 
Survey time at individual outcrops usually spans over a few hours to a day, which precludes from 

surveying a base station for a longer time. Consequently, the position accuracy of the base station 

can be limited. To overcome this problem, the base receiver is located at an unknown point and 

logged for as long as possible period. The shift of the measured values with respect to the true 

position will be approximately constant for all the receivers: base and rover receivers may not thus be 

accurately positioned, although correctly oriented. In many cases, such a setting is adequate for 

geological applications. 

Also, it is extremely important try to avoid and remove every possible obstruction (foliage, rock wall 

closeness), identify easy accesses to set DGPS stations, check for satellite (number of satellites, 

cutoff angle, GDOP, visibility) and weather forecast (geomagnetic activity) status, take care of 

baselines layout. All these precautions have significantly reduced the number of sites potentially 

surveyable for this study. 
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A1.2 Photogrammetric processing 

Once the 3D photogrammetric survey has been completed, 

the second stage of the workflow can be executed. This 

stage consists of several individual processing steps 

(shown in Figure 68). The first step, called feature 

detection, aims to recognize all those points (“interest 

points”, IPs, meant to be single pixels or small groups of 

pixels) within an image that are in a certain way exceptional 

(unique and different from the surrounding pixels, so always 

recognizable by the matching algorithm) and are locally 

surrounded by distinctive texture. IPs should have a high 

repeatability, which means that they should be invariant to 

any change in illumination, image noise and basic 

geometric transformation such as scaling, shearing and 

rotation. Since the final objective is to find the 

correspondences between these IPs among the images 

taken, they have to be individually described. The 

description task is fulfilled by the usage of vector 

descriptors, i.e. feature vectors with local characteristics to 

describe a local patch of pixels around each IP. Finally, all 

descriptors are matched between different images by 

associating each IP from one image to the other IPs of the 

remaining images. Sometimes IPs can identify moving 

objects, e.g. canopy, bushes, pedestrians, vehicles) the 

result solely of the motion of the camera between the 

images, at the end of this process, the fundamental 

matrices for the image pairs are obtained. Each of them is a 

3x3 matrix depending on seven parameters (three 

translations, scale and three rotations) that describe the 

motion from the first to the second image. Finally, after 

considering all meaningful image pairs, the complete set 

of image correspondences (called tie points in photogrammetry) is obtained. At this point the SfM 

algorithm can compute the 3D position of a point in space (image triangulation) even without knowing 

the image`s interior and exterior orientation. This task can be accomplished on the basis of the 

projective reconstruction theorem which states: given a set of point correspondences in two views, 

defined by the fundamental matrix, the 3D scene and images’ projection matrices may be 

reconstructed from the correspondences alone. The final stage of many SfM algorithms is “bundle 

adjustment”. It iteratively optimises the 3D structure and projection matrices of all images 

Figure 68: 3D Photogrammetric workflow. 
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simultaneously by minimising the reprojection error. The reconstructed model so obtained is 

expressed in a local coordinate framework that is equivalent to the real-world up to a certain scaling, 

rotation and translation. Importing at least three spatially well actual distributed ground control points 

(GCP) with known latitude, longitude and altitude allows the software to apply a Helmert 

transformation and relocate the model into an absolute coordinate system. Also, the same points are 

used during the bundle adjustment as constraints for minimising distortions. After this whole process, 

a “sparse” 3D reconstruction of the scene is available, based only on the set of IPs. Afterwards, it is 

better to run a MVS (Multi View Stereo) algorithm to compute a dense estimate of the surface 

geometry. 

 

 

A2 Hyperspectral imaging 

Hyperspectral imaging is a form of reflectance spectroscopy, i.e. the science that uses the absorption, 

emission, or scattering of electromagnetic radiation by atoms or molecules to qualitatively and 

quantitatively understand materials and physical processes. When matter is excited by the application 

of thermal, electrical, or radiant energy, electromagnetic radiation is emitted as the object of matter 

relaxes back to its original state. The spectrum of radiation emitted by a substance that has absorbed 

energy is referred to as its emission spectra. The resulting spectrum derived from the material 

displays the original range of radiation that was focused upon it with dark spaces corresponding to 

those particular frequencies (or wavelengths) that are missing or absorbed (Figure 2). 

Hyperspectral data are measurements of reflected infrared radiation made across hundreds of 

wavelengths. When compared to multispectral imagery, the distinguishing characteristic of 

hyperspectral data is that reflectance measurements are acquired over very narrow and continuous 

wavelength intervals. Therefore, the reflectance curve produced by hyperspectral measurements 

assumes a more complex geometric shape that preserves the subtle details in reflection and 

absorption that are far more generalized when multispectral reflectance patterns are observed. 

Hence, with hyperspectral data the analysis is not restricted to the simple task of labelling objects in 

macro categories but provide solutions to the problem of discovery which materials the same objects 

are made of. Typically, hyperspectral images are composed of spectral bands that are 0.005–0.01 µm 

wide, with sensors systems designed to detect reflected electromagnetic energy in the range from 

0.40 to 2.50 µm (portion of the spectrum where atmospheric windows provide optimal transmission of 

the energy source). 

The intensity of the radiation separated in this manner is measured by means of an instrument called 

a spectrometer which typically operates over a selective portion of the electromagnetic spectrum. As it 

receives the energy radiated by a material, the spectrometer produces a graph (spectra) that 

describes the intensity of emitted or absorbed radiation over the portion of the spectrum it is designed 
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to operate within. The data collection capabilities of an imaging spectrometer are determined 

principally by four aspects of its design: 

- Spectral range – spectral range is an essential characteristic that defines the wavelengths 

captured by the spectrometer. 

- Spectral bandwidth – Bandwidth defines the width of an individual channel of the 

spectrometer. Bandwidth is an important parameter since the narrower the spectral bandwidth, the 

narrower is the absorption feature that can be measured by the instrument. 

- Spectral sampling – spectral sampling explains the distance separating the spectral bandpass 

profiles for each channel of the spectrometer expressed in units of wavelength. Bandpass describes 

the wavelength region each channel has been designed to operate within. 

- Signal to noise ratio – the signal to noise ratio affects the ability of a spectrometer to record 

detail with precision. The signal to noise ratio needed to satisfy a given application is influenced by 

the strength of the spectral features under investigation and is dependent on detector sensitivity, 

spectral bandwidth, and the intensity of reflected or emitted energy from the surface. 

Hyperspectral imaging, however, is not infallible, especially when it is conducted via airborne or 

ground-based sensors in uncontrolled conditions. Energy recorded by an imaging spectrometer must 

indeed transmit through the atmosphere. Consequently, any attempt to measure the spectral 

properties of the material environment must consider the absorption patterns of the atmosphere that 

devise to modify the spectra of a pixel. 

Furthermore, the real world captured by a pixel in a hyperspectral image is also likely to be a far more 

complex mixture of materials both as a result of the spatial resolution of the sensor and the inherent 

nature of the landscape and its diverse composition. 

So, in order to effectively compare image spectra with reference spectra (endmembers), the recorded 

radiance values on the image require conversion to reflectance values which must account for the 

solar source spectrum, illumination of the scene as a function of sun angle and topography, 

transmission through the atmosphere and sensor gain. These parameters are usually corrected 

during the processing stage. 

 

A2.1 Hyperspectral processing 

Crafting a hyperspectral mapping exercise follows four fundamental processing steps: 

• Initial calibration: this step in analysis requires the conversion of image data to radiance values. 

• Atmospheric correction: operations here are aimed at removing image noise attributed to the 

atmosphere and converting radiance to apparent reflectance. 
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• Endmember preparation: a step involving the extraction of spectra from the image, removing the 

spectral continuum and building the spectral library of continuum-removed absorption features or 

acquiring library reference spectral through direct collection or by accessing a prepared spectral 

library. 

• Spectral classification: this problem can be reduced to two main tasks. The first one proceeds based 

on the logic of matching. Matching is a form of supervised pattern recognition logic where an unknown 

spectra is compared to that of a known material (endmember). The second strategy of classifying 

image pixels can be understood based on the logic of unmixing. By reversing the mixing process, the 

goal is to isolate the various components (spectra) that contribute to the pattern of mixing explained 

by the pixel. Through the unmixing process the identity of spectral signatures (endmembers) hidden in 

the mixture are revealed and their corresponding proportions (fractional abundance) are quantified. 

Abundance is a recurrent theme in hyperspectral classification. The concept explains the degree to 

which surface types that comprise elements of the landscape are evidenced in a pixel. The pixel, as a 

sample unit of fixed spatial dimension can be pure, describing a homogeneous surface, or a mixture 

of types commonly referred to as a composite. Values of abundance are expressed along the 

numerical range from 0.0 to 1.0 and are displayed cartographically. 

 


