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1 Executive summary 

This project combines new, Australian developed, step-change technologies of 3D Digital Core 

Analysis (DCA) and automated quantitative mineral mapping (QEMSCAN™), with conventional oil 

industry, best-practice, Routine Core Analysis (RCA) and Special Core Analysis (SCAL) on a 

comprehensive suite of CO2 storage reservoir and seal rock types from the Surat Basin to obtain 

faster, cheaper and more detailed analyses of core samples used to assess potential CO2 storage 

sites. In addition, novel 3D imaging of in situ supercritical CO2 saturation at the pore scale and 4D 

(time series) imaging studies will explore the geochemical reactivity and trapping capacity of core 

material. The modelling aspects of the project will enable faster and cheaper model-based analyses 

of flow, storage and CO2:brine displacements in different rock types and improved predictions of 

rock and fluid properties across the storage reservoir. An interactive catalogue will be built to 

enable stakeholders direct online access to all data. 

 

This sub-project focussed on acquiring time series imaging of samples from reservoir and seal 

formations from the Chinchilla-4 (completed in Milestone report 5.4a) and West Wandoan-1 

(completed in this report) wells in the Surat Basin, Queensland. In addition to this written report, 

which focuses on the West Wandoan-1 samples, Appendix A describes the methodology used by 

Lithicon to perform digital core analysis, while Appendix B (delivered separately) provides a 

slideshow of each step in the analytical process for each of the plugs from West Wandoan-1 well 

and Appendix C (delivered separately) provides a slideshow of high resolution SEM images. 

Appendix D was prepared by the team at University of Queensland and reports on the experimental 

work and modelling performed to characterise the geochemical reactivity and dissolution trapping 

capacity using supercritical CO2. 

 

This study investigated the reactivity to CO2:brine, with and without traces of O2 and SO2 and using 

a low-salinity brackish water (TDS 1500 mg/l NaCl), of samples from the overlying formation 

(Hutton Sandstone), the seal (Evergreen Formation), and the reservoir (Precipice Sandstone). 

Experiment system conditions of 12MPa and 60°C were selected to simulate realistic in situ 

pressure-temperature conditions of target carbon storage reservoir and seal formations within the 

Surat Basin. 

 



  

Milestone 5.7: Final report on geochemical reactivity studies of core material using ScCO2 Page 7 

 

The geochemical response of archived and fresh core sections from target formations in the Surat 

Basin, Queensland, to CO2 rich fluids has been assessed through experimental and geochemical 

modelling techniques, investigating; 1) differing responses of different core lithologies, and 2) pure 

CO2-fluid compared to impure CO2-fluid rock reactions (gas composition: 0.16% SO2, 2% O2, balance 

of CO2). The geochemical response has been related to changes in mineralogy and porosity 

resulting from the CO2-fluid-rock reactions as determined by 3D high-resolution digital imaging. 

 

Prior to experimentation, the core samples were digitally characterised in 3D by X-ray micro-

computed tomography (µCT) and the 3D µCT images were registered into perfect geometric 

alignment with higher-resolution 2D SEM images and automated, quantified SEM-EDS 

(QEMSCANTM) mineral maps of the same samples. The samples were then reacted at University of 

Queensland before being imaged again and the two sets of before and after reaction images 

registered to one another to characterise the changes caused by geochemical reactions. 

 

The reservoir is a clean, quartzose sandstone (Golab et al., 2014a). In this study two samples of the 

Precipice were studied; a fine to medium grained sandstone with evident laminations and a very 

friable, coarse grained sandstone with variable grain size and distinct laminations. Both of these 

samples (similar to the Precipice sample studied from Chinchilla-4 well) were unreactive due to 

their chemically inert mineralogy.  

 

The seal is lithologicallly highly variable, due to the fluvial depositional environment and variations 

in source material, from heavily cemented or clay-rich tight sandstone to mudstone (Golab et al., 

2014a). In this study, three samples of the Evergreen Formation were studied with different 

lithologies ranging from a calcite cemented to a very fine sandstone with abundant clay to a 

sandstone with abundant altered lithic fragments. These samples displayed varying extent of 

reactivity, controlled by their mineralogy. The calcite cement and, to a lesser extent, Ca-plagioclase 

were partially dissolved while the crystal structure of Fe-chlorite altered and partially collapsed.  

 

The overlying formation (Hutton Sandstone) is also lithologicallly highly variable and a sample of 

calcite-cemented sandstone was selected to show the type of reactions that could occur, should 

CO2 ever reach that level. This sample showed strong reactivity with partial dissolution of the 

calcite. 
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Fluid chemistry shows an evolution of water composition throughout the duration of the 

experiments. In the reactive samples, increases in most major and minor elements were observed, 

with considerable increases in Ca, Fe, Mg, Si and Na, indicating dissolution or desorption of material 

into the reaction fluids. Similar trends in Ca and Mn and, to a lesser extent, Mg content, indicate 

dissolution of calcite, whilst increases in Fe, Si and Mg mainly indicate loss of material from Fe-rich 

chlorites and chloritic clays.  By comparing pre- and post-reaction SEM-EDS analysis with changes in 

water chemistry, minerals that underwent dissolution were identified, which include calcite, 

siderite ± ankerite, chlorite/chlorite-smectite and, to a lesser extent, Ca-plagioclase. Dissolution of 

minor phases such as S- and P-bearing minerals was also observed.  Analyses of µCT images showed 

that dissolution was particularly pronounced on the exterior surface of the sample, and within 

mineral cleavage planes and along grain surfaces in the calcite-cemented sample. In some cases, 

µCT imaging was unable to resolve minor changes in mineralogy despite fluid chemistry and pre- 

and post- reaction SEM-EDS indicating changes. Some material (e.g. Fe-dense chlorite/chlorite-

smectite) experienced a change in composition without a marked change in mineral structure being 

identified, but this was detected in the µCT imaging due to the decrease in X-ray attenuation 

caused by the loss of Fe as a result of the reactions. 

 

Enhanced dissolution, especially of silicates (e.g. chlorite, plagioclase), was observed when minor 

impurity gases were used with CO2, except where significant calcite cement dissolution buffered 

pH.  Precipitation of minor Fe oxides, silicates and sulphates were observed post O2-SO2-CO2-brine 

reaction on reactive Evergreen Formation sample surfaces and predicted by models; formation of 

carbonates was not observed within the time scale of experiments. Significant Ca-sulphate 

precipitation was observed and predicted for O2-SO2-CO2-brine reaction with calcite-cemented 

Hutton Sandstone, indicating the potential for plugging of porosity over longer time periods.  

Overall good agreement was found between the digital core analysis and fluid chemistry analyses 

and modelling.    

 

The study was performed in static batch reactors using a volume of fluid vastly greater than the 

volume of rock than would be found in situ. In that sense, the results of this study should be 

considered as a worst-case scenario. The samples were placed in the batch reactors for a short 

amount of time compared to geological time but this was the length of time available within the 
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study period because the reactions were performed in serial. Also, this length of time had 

previously been tested in the Chinchilla-4 study and found to be sufficient to show reactions and 

allow penetration of the reactive fluid into the centre of the sub-plugs. 

 

Rock core from the Surat Basin with high and low potential reactivity to CO2 rich fluids, both 

dissolved pure CO2 and O2-SO2-CO2, have been identified. The results of this sub-project can help 

understanding differences in short term water quality changes (e.g. pH, cation concentrations) on 

CO2-fluid reaction of low and high reactivity lithologies likely to be observed in the near well bore 

region. Heightened dissolution or Fe leaching from reactive silicates in the presence of acid forming 

gases (e.g. SO2) provides higher concentrations of cations available for ionic trapping and may also 

increase CO2 mineral trapping at the reservoir-seal interface over longer time periods.   
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2 Objectives 

ANLEC project 128 ‘Maximising the value of digital core analysis for carbon sequestration site 

assessment’ has six sub-projects: 

1. Derive a full suite of special core analysis (capillary pressure, supercritical CO2:brine relative 

permeability) data sets on plugs from Surat Basin reservoir and seal rock samples; 

2. Obtain high resolution 3D digital images of the same plug samples, derive digital 

petrophysical and SCAL data, and perform petrographic analyses by automated quantitative 

mineral mapping. Build a digital database of conventional and DCA-derived data, rock types, 

3D images, and storage and seal properties of core material from the Surat Basin; 

3. Perform 3D imaging of in situ supercritical CO2 saturation at the pore scale. Correlate 

observed saturation relationships with porosity distributions and rock types; 

4. Derive faster and cheaper model-based analyses of flow, storage and CO2:brine 

displacements in different rock types via reliable image-based modelling;  

5. Undertake time series (4D) imaging and conventional experimental studies to measure the 

geochemical reactivity and dissolution trapping capacity of core material using supercritical 

CO2; and 

6. Integrate information obtained at laboratory scale to wireline log data. 

 

This report relates to the 5th sub-project. The objective of the sub-project is to measure 

geochemical reactivity of the reservoir and seal core material through micro-computed tomography 

(µCT) 3D imaging, Scanning Electron Microscopy (SEM), and Automated, quantified SEM-Energy 

Dispersive X-ray Spectroscopy (EDS) mineral mapping (QEMSCAN™) before and after reaction with 

supercritical CO2 and brine. Two sister sub-plugs of representative Precipice Sandstone (reservoir) 

and Evergreen Formation (seal) core plugs from West Wandoan-1 well that were already imaged by 

µCT and analysed by SEM and SEM-EDS mineral mapping in sub-project 2 provide the background 

characterisation for subsequent CO2 flooding and reactive geochemistry tests. A static high pressure 

reaction rig at the University of Queensland was used as well as Parr® reaction vessels that allow 

periodic fluid sampling during the experiment and parallel experiments where longer reactions 

times are required. The ‘a’ sub-plugs were reacted with supercritical CO2 and low salinity brine at 

reservoir temperature and pressure and the ‘b’ sub-plugs were reacted with a supercritical CO2 gas 

mixture containing minor SO2 and O2, and artificial formation water. The study was designed to 
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conduct experiments on subsamples of potentially reactive rock types from the target storage and 

seal formations (Precipice Sandstone, Evergreen Formation and Hutton Sandstone). 

 

Core plugs used in the experiments were characterised in detail before the runs and 3D imaging 

was undertaken before and after the experiments to investigate the pore scale effects of water-

CO2-rock reactions. Mass balance calculations based on the chemistry of fluid effluent of the 

experiments were performed and results compared with mineralogy and volume changes deduced 

from 3D imaging, SEM and mineral mapping characterisation, to better understand mineral 

dissolution and precipitation processes and their likely impact on storage volumes, injectivity and 

seal effectiveness. 
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3 Sub-project 5 workflow 

The following workflow was designed for this sub-project: 

1) Scoping scan imaging in 3D by µCT of the sections of core to investigate heterogeneity of 

features >40µm in size; 

2) Return of whole core section to UQ for sub-sampling; 

3) Scoping scan imaging by µCT of off-cut to investigate heterogeneity of features >15µm in size 

and guide selection of region for sub-plug extraction; 

4) Selection of location and drilling of two sister sub-plugs from each off-cut for pore-scale 

imaging; 

5) Imaging of sub-plugs in 3D by µCT at the pore-scale before reaction; 

6) For tight samples, saturation with X-ray opaque brine then re-imaging and 3D:3D registration 

into perfect geometrical alignment to as-received state tomogram; 

7) Segmentation of ‘before’ tomograms into X-ray distinct components and quantification in 3D; 

8) Trimming of one end of the sub-plugs within the imaged field-of-view for creation of a polished 

section; 

9) Imaging of the polished sections by SEM and registration of the high resolution 2D SEM image 

into the 3D tomogram to find the perfectly matching slice; 

10) Automated, quantified SEM-EDS analysis of the polished sections to generate a mineral map 

and registration to the SEM image and the 3D tomogram; 

11) Sending sub-plugs to UQ for geochemical reaction studies at reservoir temperature and 

pressure; 

12) Imaging of sub-plugs in 3D by µCT at the pore-scale after reaction and 3D:3D registration into 

perfect geometrical alignment to the ‘before’ tomogram; 

13) Segmentation of ‘after’ tomograms into X-ray distinct components and quantification in 3D; 

14) Trimming of the same end of the sub-plugs as in (8) within the imaged field-of-view of the 

‘before’ and ‘after’ tomograms, for creation of a polished section after reaction; 

15) Imaging of the polished sections by SEM and registration of the high resolution 2D SEM image 

into the ‘before’ and ‘after’ 3D tomograms;  

16) Mineral mapping by automated, quantified SEM-EDS and registration to the SEM image and the 

‘before’ and ‘after’ 3D tomograms; 

17) Quantification in 3D of changes due to CO2:brine:rock interactions through digital comparison of 

the two registered 3D tomograms from (5) and (12); and 
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18) 3D visualisation of loss or gain of matter as determined in (17). 

 

On the 22nd of November 2012 a team from CTSCo, UQ and Lithicon inspected the core from West 

Wandoan-1 well. At that time six sections of whole core were selected from the Evergreen 

Formation and Precipice Sandstone using biased sampling to represent key facies (Table 1). 

Subsequently during this study the WC5 sample (Evergreen formation) which appeared to be very 

similar to WC3 (also Evergreen Formation) was substituted into the work program with sample 

WC15 (Hutton Sandstone), the only sample of Hutton Sandstone available to the program. Table 2 

provides basic well information about West Wandoan-1 well.  

 

Table 1. Descriptions of seven samples from West Wandoan-1 well selected for investigation of 
geochemical reactivity. 

Number 
Depth 
(mKB) 

Interval Description 

WC15 800.83 Hutton Sandstone Calcite cemented sandstone 
WC3 981.24 Evergreen Formation Interlaminated very fine sandstone and mud/siltstone 
WC5 992.39 Evergreen Formation Mudstone seal rock 

WC8 1043.70 Evergreen Formation 
Fine to very fine sandstone with mud rip-up clasts/altered 
lithic fragments 

WC9 1056.10 Evergreen Formation Calcite cemented sandstone 
WC11 1165.44 Precipice Sandstone Fine to medium grained sandstone 
WC14 1217.48 Precipice Sandstone Very friable, coarse grained sandstone 
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Table 2. Basic well information about West Wandoan-1 well (pers. comm. Rob Heath, 2013). 

Surface Location: Latitude: 26 10' 53.84" S 

 Longitude: 149 48' 44.72" E 

 Easting:  781 096m E 

 Northing: 7 101 157m N 

 Projection MGA 94 Zone 55S 

 Spheroid GRS 80 Ellipsoid 

 Datum GDA 94 

 

Rig: Major Rig  SU12P53 

   

Elevation: GL: 257.8m AHD 

 RT: 257.8m AHD 

Date Spudded: 23/09/2012 03:30 hours 

 

Reached TD: 25/10/2012 23:30 hours 

 

Date rig release: 29/10/2012 20:00 hours 

Total Depth: Driller: 1292.9m MD 

 Logger: 1291.4m MD 

Permit: EPQ 7  

Participants: CTSCo Pty Ltd 100.00%  

Classification: Greenhouse Gas Exploration 

Status: Plugged and Abandoned 
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4 Results and Discussion 

This section of the report is set-out to correspond to each of the imaging and analysis steps 

outlined in section 3.  

 

4.1 Scoping scan imaging in 3D by µCT  

X-ray micro-computed tomography (µCT) consists of 3D X-ray imaging, similar to medical CT scans, 

but on a smaller scale, with greatly increased resolution. µCT yields 3D images of solid opaque 

objects quickly and non-destructively (Carlson et al., 2003). µCT is an established and rapidly 

evolving technology of great value for application to a wide variety of materials at micron scales 

including petroleum reservoir rock, e.g. clastic (Golab et al., 2010) and carbonate rocks (Arns et al., 

2005b). Pixels (2D) and voxels (3D) represent the relative radio density, or relative attenuation, of 

X-rays through the imaged material (Novelline, 1997). For a given thickness the X-ray attenuation of 

any material is a function of both the physical density and effective atomic number of the species 

(Van Geet et al., 2001). Within the tomogram, the X-ray opacity of a material determines its 

brightness, i.e. voids are black owing to low X-ray opacity, while Fe-bearing minerals are usually 

light grey owing to high X-ray opacity and Al-bearing minerals are usually mid-grey owing to 

intermediate X-ray opacity (Golab et al, 2013b). 

 

The workflow for the West Wandoan-1 core material has been optimised based on what was learnt 

from the Chinchilla-4 study (Golab et al., 2014b) and the seven sections of 60-65mm diameter 

whole core were first imaged by µCT to check for heterogeneities before returning the core 

sections to UQ for sub-sampling. Imaging of the sections of quarter core allowed the qualitative 

assessment of grain size, grain sorting, mineralogy and amount of pore-filling clay, carbonate 

cement and organic content (Figure 1a1, b1, c1, d1, e1, f1, g1). After sub-sampling, 25mm diameter 

off-cuts were returned to Lithicon for imaging to guide the selection of locations for coring sub-

plugs (Figure 1b2, d2, e2, f2, g2). One vertically oriented view of the 7* samples from West 

Wandoan-1 well is shown in Figure 1. Basic descriptions of the samples based on their visual 

inspection are provided in Table 3  Note that due to grain size and open porosity in sample WC11 it 

was decided to core larger sub-plugs (6mm in diameter instead of 3mm and twice as long as it is 

wide) and hence a larger off-cut was needed (Figure 1e2). 
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 Individual grains are not visible in the scoping scans of the sections of the Hutton Sandstone or 

Evergreen Formation, however grains are evident in parts of the finer grained Precipice Sandstone 

sample WC11 and more so in the coarser sample WC14. This is to be expected because the smallest 

feature that can be detected in a tomogram with diameter 65mm is about 40µm.  

 

The scoping scans revealed that a zone in the middle of the Hutton Sandstone sample (WC15) was 

less calcite cemented than the rest of the sample (Figure 1.a1), as evidenced by the darker grey of 

the less cemented zone. The Evergreen Formation sample WC3 is fractured, as seen from the dark 

linear feature running through the image, and at least at this resolution would appear to be 

banded. From the higher resolution image of the 25mm off-cut of the same sample laminations and 

X-ray distinct minerals become evident. 

 

The Evergreen Formation sample WC5 is fractured in several locations, as seen from the dark linear 

features running through the image. Evergreen Formation sample WC8 has X-ray distinct minerals 

visible at 65mm diameter indicating that it contains coarser grains than the other samples of the 

same formation. Conversely, sample WC9 is more finely grained and no individual grains can be 

seen at 65mm diameter but some banding is apparent, indicating either differences in mineralogy, 

e.g. higher abundances of clays, or more porous zones. In both large sections of the Precipice 

Sandstone grains are clearly visible.  

 

Table 3. Description of the seven* West Wandoan-1 well samples from 3D scoping scan imaging. 

Sample 
number 

Depth 
(mKB) 

Grain 
sorting 

Notes 

WC15 800.83 Good Calcite cemented medium grained Hutton sandstone 

WC3 981.24 Poor 
Interlaminated very fine sandstone and mud/siltstone. At 65mm diameter 
few laminations are visible but at 13mm diameter clear laminations are 
evident with rapid changes from mud/silt to sand sized grains. 

WC5 992.39 Very good Mudstone seal rock with no evident variations at 65mm diameter.  

WC8 1043.70 Good 
Fine to very fine sandstone with mud rip-up clasts/altered lithic 
fragments. Laminations are evident and heavy mineral grains are 
scattered throughout. 

WC9 1056.10 Good 
Calcite cemented sandstone with evident laminations that contain less 
calcite and probably more clay infilling of porosity. 

WC11 1165.44 Moderate Fine to medium grained sandstone with evident laminations. 

WC14 1217.48 Poor 
Very friable, coarse grained sandstone with variable grain size and distinct 
laminations 

* Note that WC15 (Hutton Sandstone) was substituted into the work program instead of WC5 
because WC5 is similar to WC3 and WC15 is the only sample of Hutton Sandstone available to 
the program. 
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Figure 1. Tomogram images from scoping scans at whole core scale and also of the off-cut after sub-
sampling by UQ.  

Note: a) Hutton Sandstone WC15 (1 = 45mm), b) Evergreen Formation WC3 (1 = 65mm; 2 = 25mm), 
c) Evergreen Formation WC5 (65mm), d) Evergreen Formation WC8 (1 = 65mm; 2 = 25mm), e) 
Evergreen Formation WC9 (1 = 65mm; 2 = 25mm), f) Precipice Sandstone WC11 (1 = 63mm; 2 = 30 
mm), g) Precipice Sandstone WC14 (1 = 60mm; 2 = 55mm). 
 

Conclusions for 1: Scoping scan imaging by µCT at the plug scale allows the investigation 

of heterogeneity of grain size, sorting, and distribution of heavy minerals, pores, fractures, 

clay, cement, and organic material.  The scoping scan allows one to avoid extraordinary 

features and extract more representative sub-plugs. Individual grains are not visible in 

the scoping scans of the large diameter sections of the Hutton Sandstone or Evergreen 

g2) 

g1) 
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Formation, however grains are evident in parts of the finer grained Precipice Sandstone 

sample WC11 and more so in the coarser sample WC14. This is to be expected because the 

smallest feature that can be detected in a tomogram with diameter 65mm is about 40µm 

in size. 
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4.2 Imaging of sub-plug in 3D by µCT at the pore-scale before reaction  

Imaging of the samples at the sub-plug scale allows the characterisation of pore-scale features. Two 

sister sub-plugs (‘a’ and ‘b’) were extracted from matching regions of each of the six sections of 

core and then imaged in 3D at higher resolution (pore-scale) to allow investigation of samples’ 

reactivity with respect to: 1) pure CO2, 2) CO2 with traces of SO2 (0.16%) and O2 (2%). In each case 

the ‘a’ sub-plug was to be reacted with pure CO2 whereas the ‘b’ sub-plug with CO2 with traces of 

SO2 and O2. One vertically oriented view from the before reaction tomograms of each of the West 

Wandoan-1 sub-plugs is shown in Figure 2. Basic descriptions of the samples based on inspection of 

the tomograms are provided in Table 3.  

 

Some basic observations from the before reaction pore-scale sub-plug images: 

 The images of the 3mm sub-plugs of WC15 (Figure 2a and b) show a calcite cemented 

sandstone with scattered organics, regions of pore filling clays and some secondary porosity 

due to weathered framework grains. 

 The images from the high resolution 3D tomograms of the 3mm sub-plugs of WC3 (Figure 2c 

and d) show an interlaminated very fine sandy siltstone with scattered organics.  

 The images of the 3mm sub-plugs of WC8 (Figure 2e and f) show a fine sandstone with 

abundant pore-filling material and secondary porosity due to weathering of feldspars.  

 The images of the 3mm sub-plugs of WC9 (Figure 2g and h) show a calcite cemented 

sandstone with some clay-rich bands and some porosity evident at grain boundaries and 

due to weathering of feldspars.  

 The images of the 6mm sub-plugs of WC11 (Figure 2i and j) show a fine to medium sorted 

sandstone with some clay but otherwise open porosity. 

 The images of the 8mm sub-plugs of WC14 (Figure 2k and l) show a coarse grained 

sandstone with some clay but otherwise open porosity. 
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Figure 2. Vertical plane images from high resolution 3D µCT tomograms of sub-plugs before reaction.  

Note: a and b are 3mm sub-plugs of Hutton Sandstone WC15a and WC15b, c and d are 3mm sub-plugs of 
Evergreen Formation WC3a and WC3b, e and f are 3mm sub-plugs of Evergreen Formation WC8aand WC8b, 
g and h are 3mm sub-plugs of Evergreen Formation WC9a and WC9b, i and j are 6mm diameter sub-plugs of 
Precipice Sandstone WC11a and WC11b, and k and l are 8mm diameter sub-plugs of Precipice Sandstone 
WC14a and WC14b. 

a) b) c) d) 

e) f) g) h) 

i) j) k) l) 
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Conclusions for 2: 3D Imaging of the samples at the sub-plug scale allowed the characterisation 

of pore-scale features, main structural and textural features and the investigation of pore-filling 

material. The images reveal that the sample of Hutton Sandstone, WC15, is a calcite cemented 

sandstone with scattered organics, regions of pore filling clays and some secondary porosity due 

to weathered framework grains. The images of the samples of Evergreen Formation reveal three 

quite different cases ranging from interlaminated very fine sandy siltstone with scattered 

organics (WC3) to a fine sandstone with abundant pore-filling material and secondary porosity 

due to weathering of feldspars (WC8) to a calcite cemented sandstone with some clay-rich bands 

and some porosity evident at grain boundaries and due to weathering of feldspars (WC9). The 

images of Precipice Sandstone reveal two quite different cases with s a fine to medium sorted 

sandstone with some clay but otherwise open porosity (WC11) and a coarse grained sandstone 

with some clay but otherwise open porosity (WC14). 
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4.3 Segmentation of ‘before’ tomogram into X-ray distinct components and quantification in 3D 

Segmentation of X-ray distinct components in the “before reaction” 3D tomograms has been 

completed on the sub-plugs from West Wandoan-1 well, using the methodology described in 

Appendix A. This segmentation has allowed the quantification in 3D of X-ray distinct phases of all 

twelve sub-plugs. Results of the segmentation are summarised in Table 4.  

 

Ideally, a well-separated multimodal distribution of the X-ray attenuation coefficients (grey-scale) 

gives an unambiguous phase assignment of the pore and various mineral phase peaks. However, 

the porosity of samples WC15, WC3, WC8 and WC9 is mostly sub-resolution and cannot be 

calculated by this technique because, as shown in Figure 2, these samples contain a high proportion 

of pore-filling material whose attenuation coefficient is very similar to that of an open pore from 

which it cannot be distinguished  

 

Table 4. Properties derived from segmentation of before reaction sub-plug scale images including volume 
percentages of X-ray distinct components for Hutton Sandstone and Evergreen Formation samples 

Sample 
number 

Depth (mKB) 
Matrix 

content 

Resolvable 
porosity/organic 

content* 

Framework 
grain content 

Heavy mineral 
content 

WC15a 800.83 32.1 0.3 59.5 0.2 

WC15b 800.83 24.3 0.3 63.4 0.2 

WC3a 981.24 84.1 0.7 11.9 3.3 

WC3b 981.24 89.2 1.1 7.3 2.3 

WC8a 1043.70 73.3 0.5 20.6 5.7 

WC8b 1043.70 67.4 4.7 27.7 0.1 

WC9a 1056.10 22.5 0.3 76.8 0.4 

WC9b 1056.10 23.2 0.6 75.7 0.6 

* Note: Resolved porosity indicates pores that are larger than the elemental volume for a 
tomogram, i.e. one voxel (3D pixel) in size. The lowest density components of a clean and dry rock 
are the air filling the pores and the organic matter, which have indistinguishable attenuation in 
these samples, hence the additional work described below was performed to accurately quantify 
the porosity. 
 

For tight samples with a much finer texture and more complex mineralogical composition the 

multiphase segmentation does not allow the capture of sub-resolution micropores, which are 

associated with clay fractions, weathered framework grains or diagenetic cements (Knackstedt et 

al., 2013). To obtain information about sub-resolution porosity each of the sub-plugs of the Hutton 
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Sandstone (WC15a and b) and Evergreen Formation (WC3a and b, WC8a and b, and WC9a and b) 

were saturated with an X-ray dense brine (e.g. 1M NaI for X-ray contrast) and then imaged again at 

the pore-scale in their saturated state(Figure 3c). The saturated-state tomogram was registered to 

the as-received state tomogram into perfect geometric alignment in 3D. Next, the as-received state 

tomogram was subtracted from the saturated state tomogram allowing the 3D mapping and then 

the quantification of porosity in these tight samples (Figure 3d; as described in Golab et al., 2010).  

 

 a) As-received state 
tomogram 

b) Mineral segmentation c) Saturated state 
tomogram 

d) Porosity map 

WC15a 

    

WC15b 

    



  

Milestone 5.7: Final report on geochemical reactivity studies of core material using ScCO2 Page 26 

 

 a) As-received state 
tomogram 

b) Mineral segmentation c) Saturated state 
tomogram 

d) Porosity map 

WC3a 

    

WC3b 

    

WC8a 

    



  

Milestone 5.7: Final report on geochemical reactivity studies of core material using ScCO2 Page 27 

 

 a) As-received state 
tomogram 

b) Mineral segmentation c) Saturated state 
tomogram 

d) Porosity map 

WC8b 

    

WC9a 

    

WC9b 

    

     

Figure 3. Images of Hutton Sandstone (WC15a, WC15b) and Evergreen Formation (WC3a, WC3b, WC8a, 
WC8b, WC9a and  WC9b) from (a) high resolution 3D as-received state ‘before reaction’ tomograms, (b) 
mineral segmented images, (c) saturated state tomograms, and (d) map of porosity where darkening 
shades of grey indicate higher level of porosity. 

 

In contrast, the Precipice Sandstone samples WC11 and WC14 show open and seemingly well-

connected pore spaces which can be directly segmented from the high resolution 3D as-received 
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state tomogram. Figure 4 shows a cross section of the 3D tomogram and the corresponding slice of 

the mineral segmentation. The results of the mineral segmentation are given in Table 5. Note that 

the third column gives the percentage of clay (predominantly kaolinite) in this case.  

 

Table 5. Properties derived from segmentation of before reaction sub-plug scale images including volume 
percentages of X-ray distinct components for Precipice Sandstone samples.  

Sample 
number 

Depth (mKB) 
Clay (Kaolinite 

+ minor 
illite/mica) 

Resolvable 
porosity content* 

Quartz 
Heavy mineral 
Content (e.g., 

rutile) 

WC11a 1165.44 6.3 18.7 74.9 0.1 

WC11b 1165.44 6.6 19.4 73.8 0.1 

WC14a 1217.48 3.9 21.5 74.5 0.2 

WC14b 1217.48 5.7 20.85 73.3 0.1 

* Resolved porosity indicates pores that are larger than the elemental volume for a tomogram, i.e. 
one voxel (3D pixel) in size. 
 

 
 

a) As-received state 
tomogram 

b) Mineral 
segmentation 

 a) As-received state 
tomogram 

b) Mineral 
segmentation 

WC11a 

  

WC11b 
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a) As-received state 
tomogram 

b) Mineral 
segmentation 

 a) As-received state 
tomogram 

b) Mineral 
segmentation 

WC14a 

  

WC14b 

  

      

Figure 4. Images of Precipice Sandstone samples (WC11a, WC11b, WC14a and WC14b) from (a) high 
resolution 3D as-received state ‘before reaction’ tomograms, (b) mineral segmented images. 

 

Conclusions for 3: Segmentation of the 3D tomograms into resolvable porosity and 

identifiable minerals has been completed on ‘before’ reaction tomograms of all 12 sub-plugs 

from West Wandoan-1 well. Ideally, a well-separated multimodal distribution of X-ray 

attenuation coefficients (grey-scale) gives an unambiguous phase assignment of the pore and 

various mineral phase peaks. However, the porosity of samples of Hutton Sandstone (WC15) 

and Evergreen Formation (WC3, WC8 and WC9) is mostly sub-resolution and cannot be 

calculated by this technique because these samples contain a high proportion of pore-filling 

material. The sub-resolution porosity is associated with clays, weathered framework grains 

and diagenetic cements. Therefore, samples of Hutton Sandstone (WC15) and Evergreen 

Formation (WC3, WC8 and WC9) have been imaged after saturation with X-ray dense brine 

and registered to the as-received state tomogram to create a map of porosity. This was 

performed to allow an accurate understanding of the porosity in these tight samples.  
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4.4 SEM imaging and mineral mapping by automated quantified SEM-EDS before reaction 

All samples from West Wandoan-1 well have been cut horizontally along a nominated plane of 

interest, parallel to bedding, and polished sections have been created for imaging by Scanning 

Electron Microscope (SEM) to investigate textures and microporosity. The high resolution 2D SEM 

images have then been registered into the 3D tomogram to find the perfectly matching slice (Figure 

5).  

 

All samples were then analysed by automated, quantified SEM-EDS mapping by QEMSCAN™ for 

quantified in situ mineralogy. The mineral maps were registered to the corresponding SEM images 

and into 3D tomograms. The polished sections of Precipice Sandstone WC11a and b were lost by 

Australia Post and could not be analysed by QEMSCAN™; however, analysis of the ‘after’ reaction 

polished sections of WC11a and b showed that they have very simple mineralogy that is also very 

similar to Precipice Sandstone WC14a and b (Table 6).  

 

QEMSCAN™ is useful for gaining quantitative data on coarser grained rocks but on very fine grained 

or clay-rich lithologies it is less useful because the interaction volume is too large to allow the 

accurate identification of minerals. This explains the higher proportion of unclassified minerals in 

the finer grained and more clay-rich samples reported in Table 6. It should also be noted that the 

quantities listed in Table 6 represent the proportion of that mineral present in the 2D section that 

was investigated by QEMSCAN™ (i.e. area%), whereas the quantities listed in Table 4 represent the 

proportion of that mineral present in the entire 3D sub-plug that was investigated by µCT (i.e. 

volume%). 
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Figure 5. Registered images of Hutton Sandstone (WC15a, WC15b), Evergreen Formation (WC3a, WC3b, 
WC8a, WC8b, WC9a, WC9b), and Precipice Sandstone (WC11a, WC11b, WC14a and WC14b) from as-
received state tomogram, segmentation, SEM imaging and QEMSCAN™ mineral analysis before reaction 
(see Figure 6 for QEMSCAN™ legend). 

 

Table 6. Comparative mineral assays, as area percentages, of polished sections measured by QEMSCAN™, 
of the Hutton Sandstone and Evergreen Formation sub-plugs before reaction. 

Mineral WC15a WC15b WC3a WC3b WC8a WC8b WC9a WC9b 

Quartz 36.5 41.4 37.0 34.4 57.6 61.0 21.0 25.0 

Alkali Feldspar 7.1 6.2 2.7 3.7 5.4 3.4 11.8 13.0 

Plagioclase 7.0 6.2 12.6 9.9 26.6 22.3 21.6 17.7 

Muscovite/Illite 2.3 2.1 1.1 1.2 1.7 2.3 0.2 0.4 

Biotite 0.3 0.3 5.6 6.5 1.4 1.2 0.0 0.0 

Illite-Smectite 0.0 0.0 15.6 22.5 0.0 0.0 9.2 11.9 

Kaolinite 5.7 3.9 2.1 2.4 0.9 2.8 0.6 0.9 

Chlorite 0.7 0.6 8.7 7.6 3.1 3.8 0.8 0.9 

Calcite 38.4 36.7 0.1 0.0 0.3 0.5 30.1 25.2 

Unclassified + Traces 0.2 2.5 14.3 11.8 3.0 2.2 4.7 4.9 

Total 100.0 99.9 99.9 99.8 100.0 100.0 100.0 99.9 

Total Clay/Mica 9.0 6.9 33.1 40.2 7.1 10.1 10.8 14.1 
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Figure 6 Comparative mineral assays of investigated polished sections of the pre-reaction sub-plugs from 
QEMSCAN™  

* There are no data for WC11a and WC11b available. However, post reaction mineralogy suggests a 
composition very similar to WC14. 
 

Table 7. Comparative mineral assays, as area percentages, of polished sections measured by QEMSCAN™, 
of the four Precipice Sandstone sub-plugs before reaction. 

Mineral WC11a WC11b WC14a WC14b 

Quartz na na 96.8 97.1 

Alkali Feldspar na na 0.0 0.0 

Plagioclase na na 0.0 0.0 

Muscovite/Illite na na 0.2 0.0 

Biotite na na 0.0 0.0 

Illite/Smectite na na 0.0 0.0 

Kaolinite na na 2.8 2.4 

Chlorite na na 0.0 0.0 

Calcite na na 0.0 0.0 

Unclassified + Traces na na 0.2 0.3 

Total na na 100.0 100.0 

Total Clay/Mica na na 3.0 2.6 
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Figure 7. Comparative mineral assays of all sub plugs from segmentation of tomograms (3D volumes), as 
described in Section 4.3.   

 

In addition to the SEM mosaics shown in Figure 5, higher resolution SEM images were also 

collected, particularly of pore-filling material ( Figure 8, more images are available in Appendix C). 

The purpose of these images is to guide and help calibrate the calculation of the porosity of the 

dominant pore-filling materials for use in the segmentation in Section 4.3. 
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Figure 8. High resolution SEM images before reaction of Hutton Sandstone (WC15), Evergreen Formation 
(WC3, 8, 9) and Precipice Sandstone (WC11 and 14):  

WC15a 1) detail of weathered lithic grain (FOV = 136 μm wide), 2) detail of weathered lithic grain 
(FOV = 150 μm wide),  
WC15b 1) detail of weathered lithic grain (FOV = 100 μm wide), 2) detail of weathered feldspar 
grain (FOV = 60 μm wide),  
WC3a 1) detail of Fe-chlorite (FOV = 127 µm wide), 2) detail of fine-grained matrix with organic 
particles, mixed clays and detrital quartz grains (FOV = 317 µm wide),  
WC3b 1) detail of Fe-chlorite and biotite (FOV = 254 µm wide), 2) detail of organic matter (FOV = 
106 µm wide), 
WC8a 1) detail of weathered feldspar grain (FOV = 300 µm wide), 2) detail of weathered lithic grain 
(FOV = 602 µm wide), 
WC8b 1) detail of weathered feldspar grain (FOV = 100 µm wide), 2) detail of Fe-chlorite (FOV = 50 
µm wide), 
WC9a 1) detail of weathered feldspar grain (FOV = 295 µm wide), 2) detail of weathered feldspar 
grain (FOV = 60 µm wide), 
WC9b 1) detail of weathered feldspar grain surrounded by calcite cement (FOV = 430 µm wide), 2) 
detail of weathered feldspar grain (FOV = 55 µm wide), 
WC11a 1) detail of pore-filling kaolinite (FOV = 120 µm wide), 2) detail of weathered grain (FOV = 
100 µm wide), 
WC11b 1) detail of weathered grain (FOV = 60 µm wide), 2) detail of weathered grain (FOV = 150 
µm wide), 
WC14a 1) detail of pore-filling kaolinite (FOV = 602 µm wide), 2) detail of pore-filling kaolinite (FOV 
= 400 µm wide), 
WC14b 1) detail of pore-filling kaolinite (FOV = 400 µm wide), and 2) detail of deformed muscovite 
(FOV = 400 µm wide). 
 

Conclusions for 4: SEM imaging and QEMSCAN mineral analysis allowed the characterisation of 

microporosity and the characterisation and quantification of mineralogy. The high resolution 

scanning electron microscope images reveal that samples of Evergreen Formation (WC8 and WC9) 

are arkose sandstones but the stark difference between them is that WC9 is heavily calcite 

cemented. Conversely the remaining sample of Evergreen Formation (WC3) shows rapid changes 

in grain size from clay/silt to sand sized grains and with those changes in grain size differences in 

mineralogy are evident so that the finer grained sample WC3b has higher clay content than the 

coarser grained sample. The sample of Hutton Sandstone is heavily cemented with calcite while 

the Precipice Sandstone samples are clean quartz sandstones.    
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4.5 Geochemical reactivity studies at University of Queensland 

After the imaging program described in steps 1-4, the sub-plugs were posted to UQ for geochemical 

reactivity studies. There the ‘a’ sub-plugs were individually placed in Parr® reactor vessels with 

supercritical CO2 and water at 60°C and 12 MPa over 28 days each (including 2 days N2 blank at 

pressure and temperature). The ‘b’ sub-plugs were placed in Parr® reactor vessels with a 

supercritical CO2 gas mixture containing minor SO2 (0.16%) and O2 (2%), and water at 60°C and 12 

MPa over 28 days each (including 2 days N2 blank at pressure and temperature). 

 

The geochemical batch reaction experiments were performed using an unstirred Parr® reactor 

(250ml, N4651, Parr) with a custom built PEEK vessel liner, a sample holder and a dip tube assembly 

(Figure 9), with a fully contained piped emergency pressure relief system (Pearce et al., 2015). The 

approximate external dimensions of the Parr reactor are 20cm high and 10cm base diameter. 

Pressure and temperature monitoring, control and safety shutoff systems were incorporated 

through a dedicated Labview program, and the hardware was also configured so that any electrical 

faults would result in system shutdown. Vessels were maintained at 60 ± 1°C with heating jackets 

and thermostats (B-200-2, Cynebar), and vessel pressure is monitored with pressure transducers (4-

20 mA; 400 Bar, GEM, ECEFast). 

 

Deoxygenated MilliQ (deionised) water was added to the reactor, with the rock plug sample 

suspended in a thermoplastic basket immersed in the water. The vessel was purged of residual air 

with a low pressure N2 flush. A Teledyne ISCO syringe pump (500HP) was used to pressurise vessels 

to 120±5 bar with pure food grade CO2 (Coregas). The conditions of 60°C and 12 MPa were used to 

simulate conditions in part of the Surat Basin, Australia relevant to this study. Each sample was 

reacted over a period of 624 hours, the Chinchilla-4 study (Golab et al., 2014b) indicated that this 

longer reaction time was preferable to observe both potential dissolution and precipitation 

reactions in the near well bore region shortly after initial CO2 injection (e.g. Farquhar et al., 2015). 

Blank tests were also conducted without rock material, which verified that any cation 

contamination from corrosion of the reaction vessel was below the level detected from rock 

reactions. All vessel liners and samplers were cleaned by soaking in nitric acid and MQ water after 

use, and the reactor itself cleaned twice between experimental runs with a supercritical CO2 – 

water mixture.  
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The sample was oven dried prior to shipping back to Canberra for post-reaction characterisation by 

µCT imaging, SEM imaging, and QEMSCAN™ analysis. 

 

Figure 9. Diagram of the interior of the batch reactor vessel.  

 

The study performed at UQ is reported in Appendix D. Through this study, the geochemical 

response of archived and fresh core sections from target formations in the Surat Basin, Queensland, 

to CO2 rich fluids has been assessed through experimental and geochemical modelling techniques, 

investigating 1) differing responses of different core lithologies, and 2) pure CO2-fluid compared to 

impure CO2-fluid rock reactions. The geochemical response has been related to changes in 

mineralogy and porosity resulting from the CO2-fluid-rock reactions as determined by 3D high-

resolution digital imaging (see Section 4.8). 

 

Static batch reactor experiments were initially conducted on five core samples from the Chinchilla-4 

well, with two samples each from the more heterogeneous Hutton Sandstone and Evergreen 

Formation and one sample from the relatively mineralogically homogeneous Precipice Sandstone. 

Samples were selected to represent “end-member” lithologies, with a highly porous and quartzose 

sample (Precipice 1192m), a tight and ‘dirty’ (feldspar, clay and mica-rich) sandstone (Evergreen 

Rock 
plug 

Gasket 

Dip tube Lid of 
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1138m), a very fine-grained, tight siltstone (Evergreen 897m), a porous ‘dirty’ sandstone (Hutton 

867m), and a calcite-cemented quartzose sandstone (Hutton 799m). Initial reactions using these 

five Chinchilla-4 core samples were conducted using purified water and pure CO2 only. Subsequent 

experiments, using twelve samples from six sections of -the West Wandoan-1 well, compared CO2-

water-rock and mixed-gas O2-SO2-CO2-water-rock reactions (gas composition: 0.16% SO2, 2% O2, 

balance of CO2), using longer reaction times and a low-salinity brackish water (TDS 1500 mg/l NaCl) 

to simulate average expected formation water composition in the vicinity of the West Wandoan 1 

well. These samples were selected both as being visually representative of major lithologies 

observed in the core, as well as being adjacent to samples taken for related ANLEC projects (Golab 

et al., 2015), thus maximising the value of the various analyses done. 

 

Geochemical studies of batch reactor fluids and rock characterisation conducted at UQ before 

during and after reaction are described in Appendix D. The composition of the fluid in the reactor 

was analysed and shows an evolution throughout the duration of the experiments. Increases in 

most major and minor elements were observed, with considerable increases in Ca, Fe, Mg, Si and 

Na, indicating dissolution or desorption of material into the reaction fluids. Similar trends in Ca and 

Mn and, to a lesser extent Mg, indicate dissolution of calcite, whilst increases in Fe, Si and Mg 

mainly indicate loss of material from Fe-rich chlorites and chloritic clays.  

 

By comparing pre- and post-reaction SEM imaging and SEM-EDS analysis with changes in water 

chemistry, minerals that underwent dissolution were identified, which include calcite, siderite ± 

ankerite, chlorite/chlorite-smectite and, to a lesser extent, Ca-plagioclase (Table 8). Dissolution of 

minor phases such as S- and P-bearing minerals was also observed. Enhanced dissolution especially 

of silicates (e.g. Fe-rich chlorite, Ca-plagioclase) was observed when O2 and SO2 were injected with 

CO2, except where significant calcite cement dissolution buffered pH.  
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Table 8. Summary of effects of batch reactions on plugs of Precipice Sandstone, Evergreen Formation and 
Hutton Sandstone, as observed by SEM imaging, SEM-EDS analysis, water chemistry monitoring and 
geochemical modelling. 

   Description of effects of batch reaction with  

Sample 
number 

Depth 
(mKB) 

Formation CO2-brine O2-SO2-CO2-brine Conclusions 

WC15 800.83 
Hutton 
Sandstone 

Significant loss of 
calcite cement 

Significant loss of calcite 
cement with formation of 
Ca-sulphate phase (likely 
gypsum or anhydrite) 

Calcite cement is prone to dissolution 
which will create secondary porosity but 
minor precipitation of Ca-sulphate could 
plug pores 

WC3 981.24 
Evergreen 
Formation 

Minor surface cracks 
around grains, with 
no precipitated 
minerals observed 

Minor surface cracking, 
chlorite and feldspar 
dissolution  and 
precipitation of fine 
grained material (likely 
Fe-silicates and Fe-
oxides), and barite 

Tight sealing section with low reactivity, 
some corrosion of chlorite and feldspar, 
and some sandy laminations with higher 
porosity. Precipitation of minerals could 
indicate self-sealing 

WC8 1043.70 
Evergreen 
Formation 

Minor surface cracks 
around grains, 
dissolution of minor 
carbonate minerals, 
leaching of Fe from 
chlorite and 
dissolution of 
silicates, no 
precipitated minerals 
observed 

Similar to CO2-brine with 
precipitation of fine 
grained material (likely 
Fe-silicates and Fe-
oxides), and barite 

Relatively fine grainsize, low initial 
porosity and low reactivity 

WC9 1056.10 
Evergreen 
Formation 

Corrosion of calcite 
cement around 
framework grains, 
minor corrosion of 
silicates (dominantly 
feldspar) and leaching 
of Fe from chlorite 

Greater silicate corrosion 
than in CO2-brine 

Calcite cement is prone to dissolution 
which will create secondary porosity 

WC11 1165.44 
Precipice 
Sandstone 

Little change with 
only minor corrosion 
of kaolinite 

Indistinguishable from 
CO2-brine 

Low reactivity 

WC14 1217.48 
Precipice 
Sandstone 

Little change with 
only minor corrosion 
of kaolinite 

Similar to CO2-brine with 
dissolution of minor K 
and Na sulphate minerals 

Low reactivity 

  

In addition to fluid analyses and SEM imaging and SEM-EDS analysis, geochemical modelling was 

performed at UQ using Geochemist’s Workbench and reported in Appendix D and published in 

Pearce et al. (2015) and Farquhar et al. (2015). Precipitation of minor Fe oxides, silicates and 

sulphates were observed post O2-SO2-CO2-brine reaction on reactive Evergreen sample surfaces 

and predicted by models; formation of carbonates was not observed within the time scale of 

experiments. Significant Ca-sulphate precipitation was observed and predicted for O2-SO2-CO2-brine 

reaction with calcite-cemented Hutton Sandstone, indicating the potential for plugging of porosity 

over longer time periods.   
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4.6 Imaging of sub-plug in 3D by µCT at the pore-scale after reaction  

After reaction, the sub-plugs were imaged by micro-CT as in step 2 and for each sub-plug the post 

reaction tomogram was 3D:3D registered into perfect geometric alignment to the as-received state 

tomogram. For each sample, one vertically orientated view of high resolution 3D after reaction 

tomograms of the entire sub-plug is shown in Figure 10 alongside the corresponding pre-reaction 

view. For the subsequent analysis it was deemed important to avoid cracks that had formed during 

the experiment and therefore subsets were taken, shown by the red polygons in Figure 10. In each 

case the ‘a’ sub-plug was reacted with pure CO2 whereas the ‘b’ sub-plug was reacted with CO2 with 

traces of SO2 and O2. A summary of the effects caused by the two different fluids is presented in 

Table 9. 

 

It is interesting to note that both sub-plugs of WC3 broke in the reaction vessel along pre-existing 

micro-fractures in the sandy band which is clearly a zone of weakness and possibly a zone of 

heightened reactivity to CO2. The calcite cement in WC9 has clearly reacted with the acids in both 

fluids. 

 

    

WC15a WC15a_r WC15b WC15b_r 
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WC3 WC3a_r WC3b WC3b_r 
    

    

WC8a WC8a_r WC8b WC8b_r 
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WC9a WC9a_r WC9b WC9b_r 
    

    

WC11a WC11a_r WC11b WC11b_r 
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WC14a WC14a_r WC14b WC14b_r 

Figure 10. Pre and post-reaction registered tomogram images for Hutton Sandstone (WC15), Evergreen 
Formation (WC3, WC8, WC9), and Precipice Sandstone (WC11 and WC14)*.  

* In each case the ‘a’ sub-plug was reacted with pure CO2 whereas the ‘b’ sub-plug was reacted 
with CO2 with traces of SO2 and O2. Marked in red are the sub sections that were used for the 
subsequent analysis.  
  

Table 9. Summary of effects of batch reactions on plugs of Precipice Sandstone, Evergreen Formation and 
Hutton Sandstone, as observed by µCT imaging. 

   Description of effects of batch reaction with  

Sample 
number 

Depth 
(mKB) 

Formation CO2-brine O2-SO2-CO2-brine Conclusions 

WC15 800.83 
Hutton 
Sandstone 

Dissolution of calcite 
cement  

Indistinguishable from 
CO2-brine 

Dissolution of calcite reactions occurred 
most strongly on the edges of the sub-
plug but the acid did dissolve some calcite 
in the centre  

WC3 981.24 
Evergreen 
Formation 

Minor changes 
observed due to 
corrosion of feldspar 
and Fe-chlorite 

Corrosion of feldspar and 
Fe-chlorite  

Tight sample with low reactivity to CO2-
brine but increased reactivity in presence 
of O2-SO2 

WC8 1043.70 
Evergreen 
Formation 

Corrosion of feldspar 
and Fe-chlorite 

Greater corrosion than in 
CO2-brine 

Low reactivity with some creation of 
secondary porosity 

WC9 1056.10 
Evergreen 
Formation 

Dissolution of calcite 
cement  

Slightly greater 
dissolution than in CO2-
brine 

Dissolution reactions occurred most 
strongly on the edges of the sub-plug but 
the acid did dissolve some calcite in the 
centre  

WC11 1165.44 
Precipice 
Sandstone 

No significant 
changes observed 

Indistinguishable from 
CO2-brine 

Low to no reactivity 

WC14 1217.48 
Precipice 
Sandstone 

No significant 
changes observed 

Indistinguishable from 
CO2-brine 

Low to no reactivity 

 
  



  

Milestone 5.7: Final report on geochemical reactivity studies of core material using ScCO2 Page 48 

 

Conclusions for 6:  
After reaction, the sub-plugs were imaged by micro-CT as in step 2. The two tomograms were 

registered into perfect geometric alignment and the images were compared to understand 

the changes that occurred during the reactivity study. Some of the samples broke in the 

reaction vessel along pre-existing micro-fractures (most notably WC3 in the sandy band which 

is clearly a zone of weakness and possibly a zone of heightened reactivity to CO2). The calcite 

cement in Hutton Sandstone sample WC15 and Evergreen Formation sample WC9 clearly 

reacted with the acids in both fluids.  
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4.7 SEM imaging and mineral mapping by automated quantified SEM-EDS after reaction 

All sub-plugs of samples after reaction from West Wandoan-1 well were polished at the same end 

as in step 4 which is as close as possible to a mirror-image of the plane investigated in step 4. The 

new polished sections were imaged by SEM to investigate textures and microporosity, and mineral 

mapping was undertaken by automated, quantified SEM-EDS (QEMSCAN™). 

 

The high resolution 2D SEM images have then been registered into the 3D pre- and post-reaction 

tomograms to find the perfectly matching slice, while the mineral maps were registered to the 

corresponding SEM images and then into the 3D tomograms too (Figure 11, Table 10, Figure 12).  

 

 

 

 

 

 

WC15a_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

   

SEM image mosaic Mineral map  

  

 

a) b) c) 

d) e) 
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WC15b_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

   
SEM image mosaic Mineral map  

  

 

WC3a_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

   
SEM image mosaic Mineral map  

 

Sample lost by Australia Post 

 

a) b) c) 

d) e) 

a) b) c) 

d) 
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WC3b_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

   
SEM image mosaic Mineral map  

  

 

WC8a_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

   
SEM image mosaic Mineral map  

  
 

 

a) b) c) 

d) e) 

a) b) c) 

d) e) 
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WC8b_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

  
 

SEM image mosaic Mineral map  

  

 
 
 
 
 
 
 

WC9a_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

   
SEM image mosaic Mineral map  

  
 

 

a) b) c) 

d) e) 

a) b) c) 

d) e) 
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WC9b_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

   

SEM image mosaic Mineral map  

  

 

WC11a_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

  

No visible changes except for 
some minor clay dislocation 

SEM image mosaic Mineral map  

  

 

a) b) c) 

d) e) 

a) b) 

d) e) 
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WC11b_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

  

No visible changes except for 
some minor clay dislocation 

SEM image mosaic Mineral map  

  

 
 

WC14a_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

  

No visible changes except for 
some clay dislocation 

SEM image mosaic Mineral map  

  

 

a) b) 

d) 
e) 

a) 
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WC14b_r Pre-reaction Tomogram Post-reaction tomogram Difference tomogram 

  

Only minor changes that are not 

detected in the difference 

tomogram 

SEM image mosaic Mineral map  

  

 

 

Figure 11. Registered images of Hutton Sandstone (WC15), Evergreen Formation (WC3, WC8, and WC9), 
and Precipice Sandstone (WC11 and WC14)  from (a) pre-reaction tomogram, (b) post-reaction tomogram, 
(c) difference tomogram where darker grey indicates loss of material, d) mosaic of SEM images after 
reaction, and (e) QEMSCAN™ mineral map after reaction (see Figure 12 for the legend). 

 

Table 10. Comparative mineral assays, as area percentages, of polished sections measured by QEMSCAN™, 
of the Hutton Sandstone (WC15) and Evergreen Formation (WC3, WC8, and WC9) sub-plugs before and 
after reaction. 

Mineral 
WC1

5a 

WC1

5a_r 

WC1

5b 

WC1

5b_r 

WC3

a 

WC3

a_r 

WC3

b 

WC3

b_r 

WC8

a 

WC8

a_r 

WC8

b 

WC8

b_r 

WC9

a 

WC9

a_r 

WC9

b 

WC

9b_

r 

Quartz 36.5 36.3 41.4 45.8 37.0 n/a 34.4 38.5 57.6 56.9 61.0 53.5 21.0 24.2 25.0 28.1 

Alkali 

Feldspar 
7.1 8.3 6.2 8.3 2.7 n/a 3.7 3.3 5.4 6.5 3.4 4.4 11.8 11.3 13.0 10.6 

Plagioclase 7.0 8.2 6.2 8.9 12.6 n/a 9.9 8.7 26.6 26.5 22.3 32.7 21.6 23.0 17.7 20.3 

Muscovite/ 

Illite 
2.3 3.6 2.1 2.5 1.1 n/a 1.2 4.7 1.7 1.6 2.3 1.1 0.2 5.7 0.4 6.0 

Biotite 0.3 0.4 0.3 0.0 5.6 n/a 6.5 1.0 1.4 1.3 1.2 0.6 0.0 2.1 0.0 2.2 

Illite/ 

Smectite 
0.0 0.0 0.0 0.0 15.6 n/a 22.5 17.0 0.0 0.0 0.0 0.0 9.2 8.2 11.9 8.7 

Kaolinite 5.7 9.9 3.9 12.3 2.1 n/a 2.4 6.9 0.9 0.8 2.8 3.5 0.6 0.7 0.9 1.9 

Chlorite 0.7 1.2 0.6 1.8 8.7 n/a 7.6 2.0 3.1 3.3 3.8 1.5 0.8 1.7 0.9 1.5 

a) b) 

d) e) 
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Calcite 38.4 30.1 36.7 18.5 0.1 n/a 0.0 0.0 0.3 0.0 0.5 0.0 30.1 19.2 25.2 16.0 

Apatite - 0.0 n/a 0.0 n/a n/a n/a 0.0 n/a 0.0 n/a 0.2 n/a 0.1 n/a 0.1 

Unclassified + 

Traces 
0.2 2.1 2.5 1.8 14.3 n/a 11.8 17.8 3.0 3.0 2.2 2.5 4.7 4.0 4.9 4.7 

Total 
100.

0 

100.

1 
99.9 99.9 99.9 n/a 99.8 99.9 

100.

0 
99.9 

100.

0 

100.

0 

100.

0 

100.

0 
99.9 

100.

0 

Total 

Clay/Mica 
9.0 15.1 6.9 16.6 33.1 n/a 40.2 31.6 7.1 7.0 10.1 3.7 10.8 16.3 14.1 18.1 

 

 

 

Figure 12. Comparative mineral assays of investigated polished sections of the pre- and post-reaction sub-
plugs from QEMSCAN™.  

 
Table 9. Comparative mineral assays, as area percentages, of polished sections measured by QEMSCAN, of 
Precipice Sandstone sub-plugs before and after reaction.  

Mineral WC11a WC11a_r WC11b WC11b_r WC14a WC14a_r WC14b WC14b_r 

Quartz n/a 96.1 n/a 95.1 96.8 98.3 97.1 97.9 

Alkali Feldspar n/a 0.0 n/a 0.0 0.0 0.0 0.0 0.0 

Plagioclase n/a 0.0 n/a 0.0 0.0 0.0 0.0 0.0 

Muscovite/Illite n/a 0.3 n/a 0.4 0.2 0.1 0.0 0.3 

Biotite n/a 0.0 n/a 0.0 0.0 0.0 0.0 0.0 

Illite/Smectite n/a 0.0 n/a 0.0 0.0 0.0 0.0 0.0 
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Kaolinite n/a 3.4 n/a 4.2 2.8 1.4 2.4 1.7 

Chlorite n/a 0.0 n/a 0.0 0.0 0.0 0.0 0.0 

Calcite n/a 0.0 n/a 0.0 0.0 0.0 0.0 0.0 

Unclassified + Traces n/a 0.3 n/a 0.2 0.2 0.1 0.3 0.1 

Total n/a 100.0 n/a 99.9 100.0 100.0 100.0 100.0 

Total Clay/Mica n/a 3.7 n/a 4.6 3.0 1.5 2.6 2.0 

 
Conclusions for 7: The combination of 3D imaging, high resolution 2D BSEM imaging and 2D 

QEMSCAN mineral analysis revealed crucial insights into the nature of the interactions between 

the rock and fluids (CO2 with and without SO2 and O2). The Precipice Sandstone samples showed 

low reactivity to dissolved CO2, as can be expected for a sandstone with >95% quartz content and 

no reactive minerals. The Evergreen Formation contains a mixture of reactive and non-reactive 

minerals and as such the samples had a variable response to CO2. This was confirmed by the use 

of QEMSCAN mineral analysis before and after reaction, which showed decreases in the content 

of reactive minerals such as calcite, Fe-rich chlorite and Ca-plagioclase. Similarly, the sample from 

the overlying Hutton Sandstone showed a decrease in calcite content.  
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4.8 Characterisation in 3D of changes due to CO2:brine rock interactions 

Comparison of 3D:3D registered before and after reaction high-resolution tomogram images 

allowed the investigation and quantification in 3D of changes due to loss (dissolution) or gain 

(precipitation) of matter during the geochemical reaction.  

 

Figure 13 shows registered images from 3D tomograms of all sub-plugs; (a) before reaction, (b) 

after reaction, and (c) difference (before-after), where pale grey indicates no change, darker than 

background indicates loss of material and lighter than background indicates gain of material due to 

reaction.  

 

 

 

 

 

 

 

 

WC15a   

   

WC15b   

a) 

 

 

 

 

 

 

b) c) 
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WC3a   

a) 

 

 

 

 

 

 

b) c) 

 

 

 

 

 

 

WC3b   

a) 

 

 

 

 

 

 

b) 
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WC8a   

a) b) c) 
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\ 

WC9a   

a) 

 

 

 

b) 

 

c) 

 

 

 

WC9b   

a) 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

c) 

 

 

 

 

 

 

WC11a   

a) b) c)  No visible changes except for 

some minor clay dislocation 

WC11b   

a) b) c)  No visible changes except for 

some minor clay dislocation 
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Figure 13. Registered images from high resolution 3D tomograms of sub-plugs of Hutton Sandstone 
(WC15), Evergreen Formation (WC3, WC8, WC9), and Precipice Sandstone (WC11 and WC14), a) before 
reaction, b) after reaction, and c) difference (before-after).  

Note: In the difference images pale grey indicate no change, darker than background indicates loss 
of material and lighter than background indicates gain of material.  
 

The injection interval, Precipice Sandstone, samples showed generally low reactivity to dissolved 

CO2 and co-injection of SO2 and O2 did not lead to visible differences compared to pure CO2 (Figure 

13). The sealing interval, Evergreen Formation, samples ranged from calcite cemented sandstone to 

very fine sandstone with abundant clay. The Evergreen Formation samples had a variable response 

to CO2, mainly controlled by mineralogy, with higher reactivity than the Precipice Sandstone. The 

highly calcite-cemented lower Evergreen Formation sections had high reactivity, with dissolution of 

calcite cement. The samples containing reactive silicates such as Fe-rich chlorite showed visible 

changes due to damage to the structure of the chlorite by the acid. Similarly, the samples 

containing Ca-plagioclase showed loss of material due to reaction with the acid. Enhanced 

dissolution, especially of silicates (e.g. chlorite and Ca-plagioclase), was observed when SO2 and O2 

were used with the CO2, except where significant calcite cement dissolution buffered pH. 

WC14a   

a) b) c)  No visible changes except for 

some minor clay dislocation  

WC14b   

a) b) c)  No visible changes except for 

some minor clay dislocation 
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In Appendix D we present comparisons of pre- and post-reaction SEM-EDS analysis with changes in 

water chemistry. With these techniques we observed precipitation of minor Fe oxides, silicates and 

sulphates post O2-SO2-CO2-brine reaction on reactive Evergreen Formation and Hutton Sandstone 

sample surfaces and predicted by models, indicating the potential for plugging of porosity over 

longer time periods.  

 

The overlying formation, Hutton Sandstone, sample was a calcite-cemented sandstone which was 

selected to show the type of reactions that could occur, should CO2 ever reach that level. Images in 

Figure 13 showed partial dissolution of the calcite. At the same time, the laboratory and modelling 

work reported in Appendix D showed precipitation of Ca-sulphate in the presence of impure CO2. 

This may fill porosity formed through the dissolution of calcite over longer time periods as 

sulphates have higher molar volumes than calcite.  

 

With µCT imaging, dissolution was particularly pronounced on the exterior surface of the samples, 

and within mineral cleavage planes and along grain surfaces in the calcite-cemented samples. In 

some cases, µCT imaging was unable to resolve minor changes in mineralogy such as precipitation 

of minerals due to the resolution of the images and the fine nature of the precipitates but also 

because the precipitates mostly formed on the external surfaces and these were not considered in 

the µCT study. Fluid chemistry (see Appendix D) and pre- and post- reaction SEM-EDS analyses 

indicated dissolution of minor phases e.g., S- and P-bearing minerals and these were not detected 

by µCT, but in general the different techniques were in good agreement. Appendix D shows that 

dissolution of several minerals was observed, including calcite, siderite ± ankerite, and 

chlorite/chlorite-smectite and, to a lesser extent, plagioclase. Fe-rich chlorite changed in 

composition without a marked increase in porosity, but this was detected in the µCT imaging due to 

the decrease in X-ray attenuation caused by the reactions. 

 

The geochemical modelling reported in Appendix D indicates that dissolution of silicates is likely to 

cause an increase in mineral trapping of CO2 over longer time periods as pH becomes buffered. 

Silicate dissolution is the rate limiting step in in the carbonate formation process (Eq. 2).    
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Fe4MgAl2Si3O10(OH)8(Fe−rich chlorite) + 10H+ → 4Fe2+ + Mg2+ + Al2Si2O5(OH)4(kaolinite) + SiO2 (aq) + 

7H2O   (acid activated silicate dissolution provides divalent cations)  Eq. 1 

 

4Fe2+ + Mg2+ + 5HCO3
− → 5 Fe0.8Mg0.2CO3(siderite) + 5H+ (precipitation of carbonates)  Eq. 2 

 

Competing (with carbonate formation) reactions to precipitate sulphates (Eq. 3) and oxides were 

also observed in the short term where SO2 and O2 impurities were present. 

 

Ca2++SO4
2−

 + 2H2O → CaSO4.2H2O (formation of gypsum) Eq. 3 

 

The study was performed in static batch reactors with a vastly greater volume of fluid compared to 

volume of rock than would be found in situ underground. In that sense, the results of this study 

should be considered as a worst-case scenario. The samples were placed in the batch reactors for a 

short amount of time compared to geological time but this was the length of time available within 

the study period because the reactions were performed in serial. Also the length of time was tested 

in the Chinchilla-4 study (completed in Milestone report 5.4a; Golab et al., 2014b) and found to be 

sufficient to show reactions and allow penetration into the centre of the sub-plugs. 

 

Conclusions for 8: Registration of the ‘before’ and ‘after’ reactivity 3D tomograms into perfect 

geometric realignment allows the characterisation in 3D of changes due to loss or gain of matter 

during the geochemical reactions. The Precipice Sandstone samples showed low reactivity to 

dissolved CO2 with no visible changes except for some minor clay dislocation, indicating the 

suitability of this unit as a reservoir for CO2 storage. The presence of SO2 and O2 did not lead to 

visible differences, compared to pure CO2. The sealing interval (Evergreen Formation) samples 

had a variable response to CO2, mainly controlled by mineralogy, with higher reactivity than the 

Precipice Sandstone. The highly calcite-cemented lower Evergreen Formation sections had high 

reactivity, with dissolution of calcite cement. The samples containing reactive silicates such as Fe-

rich chlorite showed visible changes due to damage to the structure of the chlorite by the acid. 

Similarly, the samples containing Ca-plagioclase showed loss of material due to reaction with the 

acid. Enhanced dissolution, especially of silicates (e.g. chlorite and Ca-plagioclase), was observed 

when SO2 and O2 were used with the CO2. The overlying formation (Hutton Sandstone) sample 

showed partial dissolution of the calcite. 
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5 Conclusions 

The Precipice Sandstone samples are clean quartz sands with minor contents of non-reactive clays. 

These samples showed generally low reactivity to dissolved CO2, indicating the suitability of this 

unit as a reservoir for CO2 storage. Co-injection of SO2 and O2 did not lead to visible differences 

compared to pure CO2. The grain size and sorting differs between the two samples (Figure 2) but 

these did not lead to differences in reactivity.  

 

The seal is highly variable in terms of grain size, sorting (Figure 2), and mineralogy (Figure 12) due to 

the fluvial depositional environment and variations in source material, from heavily cemented or 

clay-rich tight sandstone to mudstone (Golab et al., 2014a). In this study, three samples of the 

Evergreen Formation were analysed with different lithologies ranging from a calcite cemented to a 

very fine sandstone with abundant clay to a sandstone with abundant altered lithic fragments.  

 

The Evergreen Formation had a variable response in reactivity to the acid, mainly controlled by 

mineralogy, with higher reactivity than the Precipice Sandstone. The highly calcite-cemented lower 

Evergreen sections had high reactivity, with dissolution of calcite cement. The samples containing 

reactive silicates such as Fe-rich chlorite showed visible changes due to damage to the structure of 

the chlorite by the acid. Similarly, the samples containing Ca-plagioclase showed loss of material 

due to reaction with the acid. Enhanced dissolution, especially of silicates (e.g. chlorite and Ca-

plagioclase), was observed when SO2 and O2 were used with the CO2, except where significant 

calcite cement dissolution buffered pH.  

 

Appendix D shows comparisons of pre- and post-reaction SEM-EDS analysis with changes in water 

chemistry. These techniques revealed precipitation of minor Fe oxides, silicates and sulphates post 

O2-SO2-CO2-brine reaction on reactive Evergreen Formation sample surfaces and these were 

predicted by the geochemical models. The formation of carbonates was not observed within the 

time scale of the experiments. The low porosity sealing sections of the Evergreen Formation will 

likely result in baffling of reactive fluids and self-sealing through precipitation over longer time 

periods than the experiments performed here. 

 

The overlying formation, Hutton Sandstone, sample was a calcite-cemented sandstone which was 

selected to show the type of reactions that could occur, should CO2 ever reach that level. The 
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sample showed partial dissolution of calcite. The laboratory and modelling work reported in 

Appendix D showed precipitation of Ca-sulphate in the presence of impure CO2. This may fill 

porosity formed through the dissolution of calcite over longer time periods as sulphates have 

higher molar volumes than calcite. 

 

The study was performed in static batch reactors using a volume of fluid vastly greater than the 

volume of rock than would be found in situ. In that sense, the results of this study should be 

considered as a worst-case scenario. The samples were placed in the batch reactors for a short 

amount of time compared to geological time but this was the length of time available within the 

study period because the reactions were performed in serial. Also the length of time was tested in 

the Chinchilla-4 study (completed in Milestone report 5.4a; Golab et al., 2014b) and found to be 

sufficient to show reactions and allow penetration into the centre of the sub-plugs. 

 

Rock core from the Surat Basin with high and low potential reactivity to CO2 rich fluids, both 

dissolved pure CO2 and O2-SO2-CO2, have been identified. The results of this sub-project have 

implications for the likely differences in short term water quality changes (e.g. pH, cation 

concentrations) on CO2-fluid reaction of low and high reactivity lithologies in the near well bore 

region. Heightened dissolution or Fe leaching from reactive silicates in the presence of acid forming 

gases (e.g. SO2) provide higher concentrations of cations available for ionic trapping and may also 

increase CO2 mineral trapping at the reservoir-seal interface over longer time periods.   

 

Coupling digital imaging with fluid analyses and geochemical modelling allows a detailed analysis of 

the interactions during CO2-water-rock reactions. Using these data, an assessment can be made of 

the impact of mineralogy, grainsize, porosity-permeability and lithological heterogeneity of the 

targeted Surat Basin storage system on carbon geosequestration. 

 

Limitations of each technique were encountered, validating the need for careful and thorough 

sample analysis using multiple techniques. The experiment fluid chemistry, geochemical modelling, 

and SEM-EDS conducted for the project resulted in semi-quantitative indications of changes to 

mineralogy and porosity. QEMSCAN™ is a robust method for mapping and quantifying minerals in 

the rock samples measured here, and for observing major dissolution or precipitation of minerals 

during CO2 reaction. However, as adjacent sections of a sub-plug are analysed pre and post-
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reaction, sample heterogeneity can mask minor changes through trace dissolution and 

precipitation. Trace mineral phases were not resolved or identified and non-ideal mineral 

compositions were not accounted for (e.g. Mn content of carbonates, Fe-Mg-chlorite or variable 

“biotite” composition, etc.).  

 

Whilst µCT can provide invaluable quantitative evaluation of changes to porosity and mineral 

content when registered with QEMSCAN mineral map and high-resolution SEM image mosaics, it 

cannot distinguish sub-resolution minerals, which results in high proportions of unidentifiable 

material in fine-grained samples (Golab et al., 2014a). SEM observations and water chemistry 

measurements coupled with geochemical modelling were important to determine trace mineral 

content and changes through CO2 reaction. 

 

 

  



  

Milestone 5.7: Final report on geochemical reactivity studies of core material using ScCO2 Page 67 

 

6 References 

Arns C. H., Bauget F., Limaye A., Sakellariou A., Senden T. J., Sakellariou A., Sheppard A. P., Sok R. 

M., Pinczewski W. V., Bakke S., Berge L. I., Oren P. E. & Knackstedt M. A., 2005. Pore scale 

characterization of carbonates using micro X-ray CT. Society of Petroleum Engineers Journal, 

December, 475–484. 

 

Brandt, F., Bosbach, D., Krawczyk-Bärsch, E., Arnold, T. and Bernhard, G., 2003. Chlorite dissolution 

in the acid pH-range: A combined microscopic and macroscopic approach. Geochimica et 

Cosmochimica Acta, 67(8): 1451-1461. 

 

Baker, J.C., Uwins, P.J.R. and Mackinnon, I.D.R., 1993. ESEM study of authigenic chlorite acid 

sensitivity in sandstone reservoirs. Journal of Petroleum Science and Engineering, 8, 269-277. 

 

Carlson W. D., Rowe T., Ketcham R. A. and Colbert M. W., 2003. Applications of high-resolution X-

ray computed tomography in petrology, meteoritics and paleontology. In: Mees F., Swennen R., Van 

Geet M., Jacobs P. eds. Applications of X-ray computed tomography in the geosciences, 7–22. 

Geological Society, London, Special Publication 215. 

 

Farquhar, S.M., Pearce, J.K., Dawson, G.K.W., Golab, A., Sommacal, S., Kirste, D., Biddle, D. and 

Golding, S.D. 2015. A fresh approach to investigating CO2 storage: Experimental CO2–water–rock 

interactions in a low-salinity reservoir system. Chemical Geology. 

 

Golab A., Knackstedt M. A., Averdunk H., Senden T., Butcher A. R. & Jaime P. 2010. 3D porosity and 

mineralogy characterization in tight gas sandstones. The Leading Edge, December, 936–942. 

 

Golab, A., Khor, J., Goodwin, C., Young, B. and Carnerup, A., 2013a. Report to ANLEC R&D: 

Milestone 1.1: Delivery of scoping scans of plug samples and some SEM imaging. 

 

Golab A., Romeyn R., Averdunk H., Knackstedt M. & Senden, T. J., 2013b. 3D characterisation of 

potential CO2 reservoir and seal rocks, Australian Journal of Earth Sciences: An International 

Geoscience Journal of the Geological Society of Australia, 60:1, 111-123. 

 



  

Milestone 5.7: Final report on geochemical reactivity studies of core material using ScCO2 Page 68 

 

Golab, A., Sommacal, S., Goodwin, C., Rajan, P., Dodd, N., Arena, A., Khor, J., Deakin, L., Young, B. 

and Carnerup, A., 2013c. Report to ANLEC R&D: Milestone 2.2: Delivery of digital core analysis 

results including final reporting for analysis on plug samples.  

 

Golab, A., Sommacal, S., Goodwin, C., Rajan, P., Dodd, N., Arena, A., Khor, J., Deakin, L., Young, B. 

and Carnerup, A., 2014a. Report to ANLEC R&D: Milestone 2.6: Delivery of digital core analysis 

results including final reporting for analysis on plug samples. 

 

Golab, A., Sommacal, S., Goodwin, C., Khor, J., Carnerup, A., Dodd, N., Dawson, G. and Golding, 

S.,2014b. Report to ANLEC R&D: Milestone 5.4a: Delivery of digital core analysis results for samples 

from Chinchilla-4 well. 

 

Golab, A., Arena, A., Sommacal, S., Goodwin, C., Rajan, P., Dodd, N., Arena, A., Khor, J., Deakin, L., 

Zhang, J., Young, B. and Carnerup, A., 2015. Report to ANLEC R&D: Milestone 2.9: Final report of 

digital core analysis results for plug samples from West Wandoan-1 Well.  

 

Knackstedt M., Carnerup, A., Golab A., Sok, R., Young, B. & Riepe, L., 2013. Petrophysical 

characterization of unconventional reservoir core at multiple scales. Petrophysics, 54:3, 216-223. 

 

Malmström, M., Banwart, S., Lewenhagen, J., Duro, L. And Bruno, J., 1996. The dissolution of biotite 

and chlorite at 25°C in the near-neutral pH region. Journal of Contaminant Hydrology, 21: 201-213. 

 

Pearce, J,K., Kirste, D.M., Dawson, G.K.W., Farquhar, S.M., Biddle, D., Golding, S.D., and Rudolph, V., 

2015. SO2 impurity impacts on experimental and simulated CO2–water–reservoir rock reactions at 

carbon storage conditions. Chemical Geology, 65-86. 

 

Novelline R. 1997. Squire’s fundamentals of radiology. Harvard University Press, Harvard. 

 

Van Geet M., Swennen R. & Wevers M. 2001. Towards 3D petrography: application of microfocus 

computer tomography in geological science. Computer & Geosciences 27, 1091–1099. 

  



  

Milestone 5.7: Final report on geochemical reactivity studies of core material using ScCO2 Page 69 

 

7 Appendix A: Summary of Laboratory Procedures 

7.1 Digital core analysis 

Figure 14 illustrates the data lifecycle for digital core analysis. The individual steps are outlined in 

the sections below.  

          

Figure 14. Overview of the complete data lifecycle associated with Lithicon’s workflow. 

 

7.2 Image acquisition, quality control & phase identification  

This subsection describes the methodology of image acquisition and phase identification for the 

samples studied. 

7.2.1 Acquisition of 3D X-ray micro-CT images 

A high-resolution and large-field X-ray micro-CT facility is used for image acquisition. Both the X-ray 

source and detector are optimised for high resolution and maximal field of view (FOV). By moving 

the position of the rotation stage and X-ray camera, magnifications can be set between x1.1 to over 

x100. The sample sizes imaged can vary from whole core to plug down to 2mm. The X-ray camera is 

capable of acquiring radiographs of 20482 pixels with a depth per pixel of 16 bits. The voxel 

resolution is 1/2000 times the sample size; typically 20 microns for a 1 ½ inch plug and 1-5 microns 

for 2-10 mm sample volumes (Figure 15). An acquisition time of 10-20 hours is typical for the 20483 

tomograms collected. This equates to the collection of 23 GB of data. The tomographic series are 

reconstructed using in-house algorithms and the data are processed using a SuperComputer.  
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Figure 15. Images of first (left) and second (right) generation µCT facility. 

 

7.2.2 Image registration 

One can directly couple image data from microscopic techniques (e.g., optical microscopy, SEM) to 

the 3D image volume obtained via µCT. µCT data have a natural limitation of ~1 micron resolution. 

Conventional SEM techniques allow one to probe features at scales down to nanometers. 

QEMSCAN®, automated Scanning Electron Microscopy with fully integrated X-ray microanalysis and 

image analysis, enables one to obtain spatial and numeric 2D mineralogical information from 

geologic samples. This analysis allows high quality 2D mapping of key parameters used in 

characterising rocks: mineralogy, modal mineral proportions, mineral relationships and 

associations.  

 

2D to 3D image registration between SEM and µCT allows one to obtain information on features 

currently considered too fine for µCT analysis. Image registration between QEMSCAN® and µCT 

allows one to more accurately map the mineralogy and wettability characteristics of reservoir rocks 

in three dimensions (Figure 16). Overall the method provides an invaluable quality control on the 

3D image data and allows one to integrate complementary information (e.g., core descriptions, 

petrography, geofacies, rock type, mineral phases, mineral origins, surface chemistry) at submicron 

scales directly back into the image data.  

 

7.2.3 Phase identification 

The tomographic image consists of a cubic array of reconstructed linear x-ray attenuation 

coefficient values each corresponding to a voxel of the sample. Different phases (e.g. pore, mineral 

grains, and clays) have different attenuation values and may be distinguishable within the 3D data. 

Ideally one would wish to have a multi-modal distribution giving unambiguous phase identification 

of the pore and various mineral and clay phase peaks. Unfortunately, the presence of inclusions 
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(e.g., microporosity in clays, mineral heterogeneity, and noise) leads to a spread in the attenuation 

signal and does not allow one to simply identify all mineral/clay phases unambiguously.  

 

    

(a) (b) (c) (d) 

Figure 16. (a) Illustration of capturing a 2D polished slice from the 3D micro-CT data. (b) a backscattered 
SEM image from a polished section; (c) the mineralogy map from the QEMSCAN; and (d) the registered 
slice from the 3D tomogram. Integration of x-ray attenuation information from the slice of the 3D image in 
(d) to the mineralogy in (c) assists one in mapping the mineralogy in 3D of the reservoir core.   

 

For phase analysis we use an advanced image processing and analysis approach based on filters and 

masks to sharpen phase edges and improve phase characterisation. Use of these filters coupled 

with image registration and quality control allows one to identify the mineral phases in 3D; e.g., in 

clastics, the quartz, feldspars, cements, and clays or microporous phases. Figure 17 gives an 

example of SEM/QEMSCAN images registered to a tomographic slice and the resultant phase 

separation.  

 

  

(a) (b) 
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(c) (d) 

Figure 17. (a) BSEM of a slice of reservoir sandstone; (b) QEMSCAN® image showing the presence of 
quartz, clays and some heavy minerals; (c) 2D slice of the 3D micro-CT image of the sample; and (d) image 
phase separation into pore, quartz grain and clay/microporous phases. 

 

7.2.4 Pore and grain partitioning and network descriptions 

Pores and grains can be partitioned in the 3D image allowing one to obtain statistics on the image 

data. Quantities associated with the rock texture and fabric can be derived from image data 

including grain size, shape, orientations, distributions, roundedness, and connectivity for different 

mineral phases. Factors such as pore/throat size, shape, and connectivity are also derived from 

image data (see Figure 18). 

 

   

(a) (b) (c) 

Figure 18. (a) Slice of a 3D sample and associated (b) grain partition and (c) pore network showing the 
topology of the connected pore space. Typical images yield statistical data on over 1 million grains and 
pore/throats.  

 

7.3 Petrophysical properties 

The microstructure defined by a digital image is already naturally discretised and lends itself 

immediately to numerical computation of many properties. The resolved porosity for example, is 



  

Milestone 5.7: Final report on geochemical reactivity studies of core material using ScCO2 Page 73 

 

based on counting the pore volume derived from the image divided by the total image volume. In 

this subsection we describe the numerical methods used to calculate pore sizes and various 

petrophysical parameters on 3D digital images. Analysis is performed in three axial directions—

commonly perpendicular and parallel to the bedding plane. In most cases, parallel to the bedding 

plane is usually identified as the x-y plane, while perpendicular to the bedding plane is identified as 

the z plane.  

 

7.3.1 Pore size distribution and capillary pressure 

A model-free technique for defining the pore size of a 3D image is based on a covering sphere map; 

defining locally for every point within the structure, the diameter of the largest sphere which fully 

lies within the pore phase and covers that point. Drainage simulations can also be undertaken on 

3D images based on a similar technique. Capillary pressure simulations describe analyses equivalent 

to mercury porosimetry:air (Surface tension air-Hg = 485 dynes/cm; Contact angle=180o) 

experiments. The MICP boundary conditions are where all outside faces are connected to the non-

wetting phase. Additional boundary conditions can also be calculated where the fluid invades at 

one inlet face and exits from the opposite face of the cylindrical sample.  

 

7.3.2 Permeability  

The permeability calculation is based on the Lattice-Boltzmann method (LB) which solves for the 

fluid flow equations in a discretised system. Due to its simplicity in form and adaptability to 

complex flow geometries, like the presence of solid-fluid and fluid-fluid boundaries, one of the most 

successful applications of the LB method has been to flow in porous media. The z-direction 

permeability typically corresponds to the kv value and x,y-direction permeability corresponds to the 

kh value.  

 

7.3.3 Formation factor 

The formation factor, F, is the ratio of the resistivity of a rock filled with water (Ro) to the resistivity 

of that water (Rw). The calculated F is for the intrinsic formation; the value of Ro/Rw at the limit of 

high salinity (low Rw) where no correction for excess clay conductivity is required. The calculation is 

based on a numerical solution of the Laplace equation with charge conservation boundary 
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conditions. The simulation is based on an idealised case assigning zero conductivity to all solid 

mineral phases, water resistivity to the open (saturated) pore phase and an effective resistivity to 

the clay, based on the clay porosity. F is calculated in three orthogonal directions.  

 

7.3.4 Choice of representative cell size: Number of data points 

Performing numerical simulations on a single sample consisting of 4 billion voxels allows one to 

estimate the F, k, Vp, Vs and RI of the sample. Previous research has shown that one may obtain 

meaningful predictions of petrophysical properties at smaller scales by ensuring that the sample 

size is representative. For many clastics, simulations of formation factor and permeability at smaller 

scales have been in good agreement with predictions on larger cells. Importantly, the small sample 

size required for analysis makes it possible for a single core plug to produce as many as 100 

individual cross-property measurements. This may represent a multiplier on the quantity of core 

data allowing potentially meaningful distributions or spreads in petrophysical properties to be 

estimated from image data. In the report a set of data are often shown from the 3D image data 

which are derived from these subsets (Figure 19).  

 

7.3.5 Estimation of recovery and reserves – Imaging of pore scale distribution of fluids  

While the physics of drainage (non-wetting) displacements can be well-characterised at the pore 

scale, flooding processes with wetting or partially wetting fluids are more difficult to describe. For 

example, imbibition of a wetting fluid into a porous media is influenced by rate, heterogeneity of 

the pore space, wettability, and local pore geometry.  

 

7.3.6 Multiphase flow studies 

A number of multiphase flow studies can be undertaken on the core material at the pore scale. This 

can include imaging of the restored state core and waterflooding, or imaging of the sample in 

native or “as received” states. Direct imaging of the fluid allows one to investigate the habitat of 

residual oil and estimate relative permeability properties from image data (Figure 20). Network 

modelling studies and image based simulations are calibrated to the image data and predictions 

under varying rate and wettabilities can be enumerated (Figure 21).  
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(a) (b) 

Figure 19. Example of estimation of (a) porosity:permeability and (b) porosity:formation factor from 3D 
image data. The z direction applies to the axis along the plug axis and will usually correspond to the 
vertical orientation. X and y directions are orthogonal to z and will often correspond to horizontal 
orientations. 

 

   

(a) (b) (c) 

Figure 20. (a) Image of the pore space in a small subset of a sandstone image under gas-saturated 
conditions; and (b) after waterflooding at low capillary number. The trapped gas saturation is directly 
visible in 3D. From the image data one can derive multiphase flow properties (e.g., relative permeability 
and imbibition RI). (c) shows a relative permeability curve calculated from image data during imbibition.  

 
 

(a) (b) 

Figure 21. (a) Network match predictions and match to experiment for relative permeability of a 
sandstone; and (b) Analysis of the effect of porosity on residual gas saturation in a set of sandstone plugs 
from the same reservoir. In this analysis strong correlations to connectivity of the pore network was a 
good predictor of residual hydrocarbon saturation.  
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7.4 3D visualisation 

3D data visualisation of rock structure, fluid phase distributions and flow pathways can further 

enhance the value and understanding obtained from the Lithicon data as illustrated in Figure 22. 

 

  

(a) (b) 

Figure 22. Examples of 3D visualisations during the Lithicon workflow: (a) integration of mineralogy and 
pore structure; and (b) visualisation of the distribution of oil (red) and water (blue) in a carbonate after 
drainage. 

 

 


