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EXECUTIVE SUMMARY 

 

This sub-project has coupled 3D high-resolution digital imaging technology with experimental 

studies of CO2-fluid-rock reactions under simulated reservoir conditions to support 

demonstration and commercial scale CO2 geological storage in Australia.  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.   

 

Experiment system conditions of 12 MPa 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. 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 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, thus maximising 

the value of the various analyses done. 

 

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

micro-CT and registered with high-resolution 2D imagery and with SEM-derived QEMSCAN 

mineral maps. These data were compared with post-reaction digital characterisation. 

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

during and after reaction are described here. 
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Fluid chemistry shows an evolution of water composition 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 chloritic 

clays.  By comparing pre- and post-reaction SEM-EDS analysis with changes in water chemistry, 

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

chlorite/chlorite-smectite and, to a lesser extent, plagioclase. Dissolution of minor phases such 

as S- and P-bearing minerals was also observed.  Minor dissolution of minerals was in good 

agreement with digital X-ray micro-CT, where 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. Digital tomography was unable to resolve minor changes in 

mineralogy despite fluid chemistry and pre- and post- reaction SEM-EDS indicating changes in 

water composition. Some material (e.g. Fe-dense chloritic clay) experienced a change in 

composition without a marked change in mineral structure being identified. 

 

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

minor impurity gases were injected 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 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 with the digital core analysis, with the work 

performed here able to identify changes at smaller scales.    

 

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 dissolution 

trapping and may also increase CO2 mineral trapping at the reservoir-seal interface over longer 

time periods.  Validation of short term models with experimental data provides information to 

build predictive models at storage site time scales.        
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1. INTRODUCTION 

 

This sub-project has coupled 3D high-resolution digital imaging technology with experimental 

studies of CO2-fluid-rock reactions under simulated reservoir conditions to support 

demonstration and commercial scale CO2 geological storage in Australia.  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) rock reactions with pure CO2-fluid compared to impure CO2-fluid.  

 

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.   

 

This project involves the coupling of imaging technology with static reactor experimental studies 

and geochemical modelling to determine the pore-scale effects of water-CO2-rock reactions 

under simulated typical in situ conditions for carbon sequestration in the Surat Basin, 

Queensland. It is a subcontract between UniQuest Pty Limited and FEI-Lithicon Australia 

(formerly Digitalcore Pty Ltd) under the Australian National Low Emissions Coal Research and 

Development Limited (ANLEC) – Lithicon Australia – Australia National University (ANU) project 

“Maximising the value of digital core analysis for carbon sequestration site assessment”. The 

latter is a sister project of the ANLEC – The University of Queensland (UQ) project “Achieving 

risk and cost reductions in CO2 geosequestration through 4D characterisation of host 

formations” (ANLEC Project 7-1110-0101). 

 

The purpose of this research is to conduct static reactor experiments on subsamples of more or 

less reactive rock types from the target storage and seal formations (i.e. Precipice Sandstone, 

Evergreen Formation and Hutton Sandstone) in the Surat Basin using two end-member fluid 

compositions. Because of delays in drilling the West Wandoan 1 well, five analogue cores from 

Chinchilla 4 were used to set up the experimental regime. These five experiments were 

conducted with CO2 and water only. A further twelve experiments using six samples from West 

Wandoan 1 compare CO2-brine-rock and O2SO2CO2-brine-rock (gas composition: 0.16% SO2, 

2% O2, balance of CO2, brine 1500 ppm TDS NaCl) reactions as research funded through the 

CO2CRC has demonstrated that co-injection of minor impurity gases including SO2 (0.16%), 

resulted in enhanced divalent cation release from carbonates and silicates indicating potential 

for enhanced long-term mineral trapping of CO2 (Pearce et al., 2013; 2014). 
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The mixed gas stream used here represents an average possible CO2 stream from an oxyfuel 

combustion source (which may have higher SOx and NOx composition than a post combustion 

capture source).  Although the concentration of impurities is higher than expected to be injected 

at this site given recent estimates, this still may represent a possible near wellbore worst case 

scenario if impurities are accumulated at the injection point, or from future alternative sources 

(Last et al., 2011).    

 

1.1 Sample selection 

 

Core segments of visually representative material of the Precipice Sandstone, Evergreen 

Formation, and Hutton Sandstone from the Chinchilla 4 (Figure 1) and West Wandoan 1 (Figure 

2) wells were selected for sampling. X-ray diffraction and HyLoggerTM data from related studies 

(Dawson et al., 2013; Farquhar et al., 2013) were available for the Chinchilla 4 samples, and 

this was used to ensure that the samples chosen from this well were representative of each 

formation. The five Chinchilla 4 samples obtained for this study include a calcite-cemented 

quartzose sandstone and a carbonaceous lithic sandstone from the Hutton Sandstone, an 

argillaceous lithic sandstone and an interlaminated mudstone/siltstone from the Evergreen 

Formation, and a quartzose sandstone from the Precipice Sandstone (Figure 1). 
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Figure 1. The five Chinchilla 4 samples selected for reaction with CO2 and water at simulated 
basin conditions. 
 

The majority of West Wandoan 1 samples were taken immediately adjacent to samples selected 

for related ANLEC-funded studies so as to increase the value of potential information obtainable 

by the various testing regimes of the overall project. The samples include carbonate-cemented 

and non-cemented sandstones as well as mudstone/siltstone samples from the Evergreen 

Formation, and quartzose sandstones of medium to very coarse grain size from the Precipice 

Sandstone (Figure 2). The West Wandoan 1 samples have been turned into 40mm and 15mm 

cubes for a related project (ANLEC Project 7-1110-0101), and off-cuts of the larger cubes have 

been used to produce plugs for X-ray micro-CT analyses.  
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Figure 2. The six UQ West Wandoan 1 samples. Part of a mud rip-up clast is visible within the 
lower right corner of the Evergreen Formation sandstone sample “WC8” (top-right image). 
 

1.2 Sample characterisation 

 

Detailed Chinchilla 4 sample characterisation information is provided in Farquhar et al. (2013) 

and Farquhar et al. (2014), which includes photography, XRD results, SEM-EDS analysis and 

standard petrography, and is also summarised in ANLEC Project 7-1110-0101 initial results 

report prepared by Dawson et al. (2013) and the final report (Dawson et al., submitted). A 

summary of the sub-sample SEM-EDS analysis is given here for both Chinchilla 4 and West 

Wandoan 1 samples. SEM-EDS analysis (Figures 3–5) suggests that West Wandoan 1 samples 

are mineralogically similar to those taken from Chinchilla 4, although the proportions of each 

mineral present and the degree of diagenetic and epigenetic alteration may be different. Some 

differences in the sedimentological textures of the sample suites (e.g. layering character and 

grain packing) also exist.  
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Figure 3.  SEM-EDS of a) Precipice WC11 surface quartz grains, and b) Precipice WC14 
pore-filling kaolin, c) Precipice WC14 surface quartz grains with bright K and S signature, d) 
Hutton WC15 surface with calcite cement, bright Ti oxide and dark organic matter. 
 

The minerals identified in the Chinchilla 4 and West Wandoan samples by QEMSCAN were also 

observed via SEM-EDS surveys of sister samples (e.g. Figure 3 a and b). One key point of 

difference between the two techniques is that variable mineral compositions and minor mineral 

phases were not identified in QEMSCAN but could be seen in SEM images (Table 1). Potassium 

and sodium sulphate salts were observed in the Precipice WC14 samples (Figure 3 c) along 

with trace carbonates including calcite and siderite in all Precipice samples.  In the calcite-

cemented Hutton sample WC15, major calcite cement was identified by QEMSCAN; however, 

minor phases such as Ti oxides and organic matter observed in SEM (e.g. Figure 3 d) were at 

too low an abundance or too fine-grained to be detected. In the two sample suites there were a 

range of mica compositions observed, from muscovite (Al, K-rich) through to Fe, Ti-rich annite 

(Fe, Al, K, Mg and Ti-bearing mica), whereas the QEMSCAN results group them as being either 

illite/muscovite or in some cases as biotite. After muscovite, titanium “biotite” was the most 

common form of mica observed via SEM (Figure 4). The mineralogy of the Chinchilla 4 and 



Report For: Lithicon Australia Pty Ltd 
Re: Final Report – Geochemical Reactivity and Dissolution Trapping Capacity using Supercritical CO2 

 

UniQuest File Reference: C00868  Page 11 

West Wandoan samples is broadly similar for each formation (e.g. Figure 5). However, 

qualitatively the plagioclase within the Chinchilla 4 samples is dominantly albite whereas in West 

Wandoan 1 samples calcic (and therefore more reactive) plagioclases are almost as common 

as albite (Figure 5). 

 

In fine-grained clay-rich seal rock samples such as Evergreen 897 and WC 3 especially, the 

unambiguous distinction between some minerals and quantification by QEMSCAN is 

problematic, hence there are higher components of unclassified minerals.  Minerals unclassified 

by QEMSCAN (e.g. Figure 6) sometimes accounted for up to 14% in fine-grained samples, 

especially where coal was also present that may also have contributed to unclassified content.  

SEM-EDS analysis was useful in identifying the presence and relative abundance of these minor 

and hard to resolve mineral phases (Table 1).  General characteristics of the West Wandoan 1 

samples are given in Table 2, with further information in the ANLEC Project 7-1110-0101 final 

report.  

 
Figure 4. Titanium-bearing potassic “biotite” mica commonly observed within Evergreen 
Formation samples of both a) Chinchilla 4 (Evergreen 1138m pictured, with trace amounts of 
siderite) and b) West Wandoan 1 (WC3b pictured). 
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Figure 5.  Examples of SEM-EDS identification of mineral phases in the two samples suites: a) 
Dickite is identified in samples from the Precipice Sandstone in both Chinchilla 4 and West 
Wandoan 1 (Chinchilla 4 sample Precipice 1192m); b) Calcic plagioclase is more common in 
West Wandoan 1 samples (e.g. Ca-plagioclase in WC3b, pictured) than those from Chinchilla 
4. 
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Table 1. SEM-EDS identified accessory phases in the two sample suites (unclassified by 
QEMSCAN), listed in approximate order of abundance. 
 

 Chinchilla 4 samples 
 

 Hutton 
799 

Hutton 867 Evergreen 
897 

Evergreen 
1138 

Precipice 1192 

QEMSCAN 
% 
unclassified 
material 

1.1 8.2 11.1 12.3 0.7 

SEM-EDS 
identified 
accessory 
phases 

REE-
monazite, 
zircon 

Coal, Ca-
Fe-Mn-Mg-
carbonates, 
anatase/ 
rutile, 
sphalerite,  
barite, 
zircon, 
apatite, 
chalcopyrite 

Ca-Fe-Mn-
Mg-
carbonates
, anatase/ 
rutile, 
framboidal 
pyrite, coal 

Anatase/ 
rutile, 
REE-
monazite, 
apatite, 
amphibole, 
sphalerite, 
galena, 
barite, coal 

Pyrite, sphalerite 

 
West Wandoan 1 samples 

 WC15 WC3 WC8 WC9 WC11 WC14 

QEMSCAN 
%  
unclassified 
material 

a 0.2 a 14.3 a 3.0 a 4.7 a na a 0.2 

b 2.5 b 11.8 b 2.2 b 4.9 b na b 0.3 

SEM-EDS 
identified 
accessory 
phases 

Coal, 
zircon, 
rutile, 
REE-
monazite, 
apatite, 
sphalerite 

Coal, 
apatite, 
anatase/ 
rutile, REE-
monazite, 
zircon, 
ankerite 

Coal, 
barite, 
REE-
monazite, 
apatite, 
zircon, 
rutile, 
pyrite 

Coal, 
apatite, 
anatase/ 
rutile 

K-
sulphate, 
Na-
sulphate, 
rutile, 
zircon, Na-
carbonate, 
K-
carbonate, 
native 
copper, 
K-Na-
phosphate, 
bronze 
(Cu-Sn 
chips from 
saw?), 
sylvite, 
halite, 
calcite. 

K-sulphate, 
Na-sulphate, 
Na-
carbonate, 
rutile, zircon, 
K-
carbonate, 
framboidal 
(microbial) 
pyrite and 
chalcopyrite, 
native 
copper, 
sylvite, 
halite, K-Na-
phosphate, 
bronze (Cu-
Sn chips 
from saw?),  
calcite 
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Figure 6.  SEM-EDS of Chinchilla 4: a) Ca-Mg-Mn-Siderite in sample Evergreen 897m; b) REE-

Monazite in sample Evergreen 1138m. 

 

Table 2. West Wandoan 1 samples selected for reactivity experiments with CO2-brine and mixed 
gas-brine experiments. 
 

Formation Sample Depth (m) Rock type 

Hutton Sandstone WW-1_WC15 800.70-800.85 Interlaminated mudstone, 
siltstone and fine-grained 
sandstone 

Evergreen Formation WW-1_WC3 981.24-981.31 Interlaminated mudstone, 
siltstone and fine-grained 
sandstone 

Evergreen Formation WW-1_WC8 1043.70-1043.77 Fine-grained sandstone with 
mud rip-up clasts 

Evergreen Formation WW-1_WC9 1056.10-1056.18 Calcite-cemented fine grained 
sandstone 

Precipice Sandstone WW-1_WC11 1165.44-1165.52 Medium-grained quartzose  
sandstone 

Precipice Sandstone WW-1_WC14 1217.48-1217.55 Coarse- to very coarse-
grained quartzose sandstone 
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2. EXPERIMENTAL METHODS 

 

The project workflow is summarised below, followed by a detailed methods section on the 

experiments conducted at UQ. One sub-plug was produced from each Chinchilla 4 sample, and 

two sister sub-plugs from each West Wandoan 1 core sample. 

 

1) Posting of cores to Lithicon and scoping scan imaging in 3D by µCT of the sections of core 

to investigate heterogeneity; 

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

3) UQ selection of off-cut section (sister sample to UQ SEM cubes) sent to Lithicon;  

4) Scoping scan imaging by µCT of off-cut to investigate heterogeneity and drilling of (one or 

two sister) sub-plugs from each off-cut for pore-scale imaging; 

5) For tight samples, saturation with X-ray opaque brine then re-imaging and registration to 

as-received state tomogram, and segmentation of ‘before’ tomograms into X-ray distinct 

components and quantification in 3D; 

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

polished section; 

7) 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; 

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

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

9) Sub-plugs returned to UQ for geochemical reaction at simulated reservoir temperature 

and pressure (further details below); and 

10) Sub-plugs returned to Lithicon for post reaction imaging and analysis. 

 

2.1 Chinchilla 4 samples 

 

Rock cube sister samples were prepared from the Chinchilla 4 cores. These included 15mm 

cubes for pre- and post-reaction SEM-EDS analysis, and small off-cuts for testing helium and 

mercury porosity. The geochemical batch reaction experiments were performed using an 

unstirred Parr® reactor (250mL, N4651, Parr) with custom-built PEEK vessel liner, sample 

holder and a dip tube assembly (Figure 7) (Pearce et al., 2014) with a fully contained pressure 

relief set-up (Pearce et al., 2014). 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 monitored with pressure transducers (4–20 mA; 400 Bar, GEM, ECEFast). 
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Formation water composition for the Precipice (~TDS ≤ 1500 mg/l) and Hutton Sandstone is 

generally fresh, with variable fresh to brackish compositions reported from the Evergreen; 

however, no reliable water compositions from depth near the area of interest are available 

(Hodgkinson et al., 2009).  For the initial experiments, deoxygenated MQ water (70mL) was 

added to the reactor, with the rock sub-plug, cube and off-cut sister samples suspended in a 

thermoplastic basket immersed in the water. Purified water was used to simplify interpretation 

of element signatures and allow direct comparison between rock samples.  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 N2.  The conditions of 60 °C and 12 MPa were 

used to simulate conditions in the northern part of the Surat Basin, Australia.  Rock samples 

were then soaked over several days to equilibrate and provide a baseline water composition 

before CO2 injection.  Initial alkalinities after the water-rock soak were in the range 50-500 mg/l, 

with those for the Hutton in good agreement with other work (Horner et al., 2014).  Alkalinities 

reported for the Precipice formation groundwater are in the range 50 – 800 mg/L, 50 – 400 mg/L 

for the Evergreen Formation (limited measurements), and up to 50-1800 mg/L alkalinities are 

reported for the Hutton Sandstone formation (Hodgkinson et al., 2010).   

 

A Teledyne ISCO syringe pump (500HP) was then used to pressurise vessels to 120 ± 5 bar 

with pure food grade CO2 (Coregas). Sample ANLEC_5_Chin_1138 only was reacted in a 1 % 

KCl brine to prevent plug disintegration from clay swelling.  Each sample was reacted over a 

period of ~384 hours (~16 days), which parallel studies have shown to be sufficient to simulate 

reactions likely to take place in the near wellbore environment shortly after initial CO2 injection 

(e.g. Farquhar et al., 2014; Pearce et al., 2014).  It should be noted that all pH measurements 

were taken ex situ immediately after sampling; however, these represent a maximum owing to 

degassing of CO2. In situ pH probes or analysis methods are now available and would be 

suggested in future work. 

 

The sub-plug samples were oven dried prior to shipping to Lithicon for post-reaction CT-

scanning. The sister sample cubes and off-cuts were also oven dried and subject to post reaction 

SEM-EDS analysis as well as He-density and mercury porosity measurements. A detailed 

discussion of the results of the experiments is provided in Farquhar et al. (2014).  

 

Blank system 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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2.2 West Wandoan 1 samples 

 

Rock cube sister samples were prepared from the West Wandoan 1 cores. These included 

15 mm cubes for pre- and post-reaction SEM-EDS analysis, and cubes for pre- and post-

reaction brine permeability, helium-density and mercury porosity.  

 

The reactor operation and reaction conditions were similar to the Chinchilla 4 sample 

experiments above with the following changes:  

 

 Two sister sub-plugs were reacted in different gas stream compositions to investigate the 

impacts of injecting an impure CO2 source. 

 The “A” sub-plug and sister sample blocks were placed in Parr® reactor vessels with 100 

ml of 1500 mg/l TDS NaCl brine at 60°C and 12 MPa, and following a 24-48 h N2 water-

rock soak at pressure and temperature, food grade pure supercritical CO2 was injected 

with experiments lasting ~ 672 h each. Core integrity tests indicated Evergreen sample 

WW-1_WC9A was prone to disintegrate; therefore, this sample only was reacted in a 1 % 

KCl brine to preserve the sub-plug.  

 The “B” sub-plug and sister sample blocks were placed in Parr® reactor vessels with 

100ml of 1500 mg/l TDS NaCl brine at 60 °C and 12 MPa, and following a 48 h N2 water-

rock soak at pressure and temperature, a supercritical CO2 gas mixture containing minor 

SO2 (0.16% ≈ 1600ppm) and O2 gas (2%) was injected with experiments running over ~ 

672 h each. Evergreen sample WW-1_WC9B only was reacted in a 1 % KCl brine. 

 

The Chinchilla 4 study indicated that a longer reaction time was preferable to observe both 

potential dissolution and precipitation reactions in the near wellbore region after initial CO2 

injection (Farquhar et al., 2014; Pearce et al., 2014). Low salinity brine was used to avoid any 

potential initial ion exchange, and more closely simulate likely average formation water 

composition in the vicinity of the West Wandoan 1 well, although this likely represents a 

maximum salinity in the Precipice (Precipice Sandstone reported salinities are in the range 300 

– 1500 ppm) (Hodgkinson et al., 2012). An initial rock–brine soak in N2 gas at pressure and 

temperature was still used to form a baseline composition, as in the Chinchilla 4 experiments.  

Initial alkalinities in the range ~ 50 – 200 mg/L were measured, with modelled alkalinities after 

impure CO2 addition ranging from ~ 600 up to 2000 - 3000 mg/L for carbonate cemented 

samples.  Lower water:rock ratios (i.e. higher rock masses) were also used in the West 

Wandoan 1 experiments, although these will still be higher than in the reservoir situation (as is 

the case for batch experimental studies since sufficient solution must be used in experimental 
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studies for sampling).  In the reservoir situation increased pH buffering could be expected, along 

with lower surface areas available for fluid-rock reaction resulting in less mineral dissolution.  

  

The sub-plugs were rinsed in water and oven dried prior to shipping back to Lithicon for post-

reaction characterisation. Sister sample blocks were rinsed, oven dried, and subject to post-

reaction SEM-EDS analysis, brine and gas permeability, helium and mercury porosity 

measurements, as detailed in the final report for the ANLEC project “Achieving Risk and Cost 

Reductions in CO2 Geosequestration through 4D Characterisation of Host Formations”.  

 

 

 

Figure 7.  Diagram of the interior of the batch reactor vessel. 
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3. GEOCHEMICAL MODELLING 

Static geochemical modelling of all core sample reactions was performed using the 

Geochemist’s Workbench Version 9 software package to identify reactive minerals and likely 

precipitation products, with detailed methods published in Pearce et al. (2014) and Farquhar et 

al. (2014).  Models were constructed using core sample mineralogy based on QEMSCAN 

analysis constrained by XRD, and SEM observations for minor phases (and also whole rock 

fusion/digestion and microprobe analysis where available) given in appendix Table A. 

 

The experimentally measured water chemistries from the initial water-rock or brine-rock 

equilibration steps at the start of experiments were used as initial water chemistry inputs, with 

experimentally measured Si and S concentration converted assuming their major components 

in solution were SiO2 and sulphate.  Models were run at the experimental conditions with a 

temperature of 60 °C and a calculated fugacity of CO2 for ~ 672h.  Reactive surface areas of 

minerals were calculated using a method similar to that reported in Haese et al. “Regional stress 

and predicted hydrogeochemical impact of CO2 storage in the Surat Basin – Interim report 

ANLEC R&D Ref No: 3-1110-0088”, with some varied to achieve a match with experimentally 

observed water chemistry. A detailed methodology including initial reactive surface area 

selection is available in Pearce et al. (2014), with modelling parameters summarised in Appendix 

Table B.  Experimental observations (dissolved and precipitated minerals) and knowledge of 

natural analogue systems were used to validate model predictions.  Precipitation of minerals 

saturated in models and observed experimentally to be precipitated was not suppressed.    

 

Experimental observations (dissolved and precipitated minerals) and knowledge of natural 

analogue systems were used to validate model predictions as precipitation reactions are not 

well constrained/understood.  Generally precipitation rates are the same magnitude but opposite 

sign to dissolution rates in geochemical models whereas nucleation also plays a role in natural 

systems.  Exact mineral compositions (and matching kinetic and thermodynamic data) are also 

necessary to accurately predict dissolution rates; these are subject to the number of 

characterisation techniques available.  Additionally accurate minor amounts of carbonate 

minerals present in rocks are needed but may be below the detection limit of techniques such 

as QEMSCAN and XRD.  Hence validation by comparison to experiments and natural analogue 

systems is always necessary for good accuracy and predictive power (although not always 

performed by some).  Precipitation of minerals saturated in models and observed experimentally 

to be precipitated was not suppressed.    
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3.1 Chinchilla 4 samples 

 

Geochemical modelling of all Chinchilla 4 core samples reacted in CO2-water and methodology 

details are similar to the West Wandoan 1 samples, and are reported in ANLEC project 

“Achieving Risk and Cost Reductions in CO2 Geosequestration through 4D Characterisation of 

Host Formations”, and in Farquhar et al. (2014).  

 

3.2 West Wandoan 1 samples 

 

Geochemical modelling of West Wandoan 1 core sample reactions with CO2-brine (A samples) 

followed a similar method to that of Farquhar et al. (2014) and Dawson et al. (2014) with further 

details in the final report for ANLEC project “Achieving Risk and Cost Reductions in CO2 

Geosequestration through 4D Characterisation of Host Formations”.  

To model the West Wandoan 1 samples reacted in O2-SO2-CO2-brine (B samples), a mass of 

SO2 was added as detailed in Pearce et al. (2014), and a fixed fugacity of O2 was used.  The 

concentration of dissolved sulphate observed in experiments did increase over the reaction time 

as further SO2 dissolved from the supercritical gas head and converted to sulphate, decreasing 

the pH further through sulphuric acid generation; however, this further addition could not be 

modelled and is a limitation of this method.    
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4. RESULTS 

4.1 Post reaction SEM 

 

Post-reaction, core sample surfaces were subject to SEM-EDS analysis.  Results for the 

Chinchilla-4 samples post CO2-water reaction are described in detail in ANLEC report “Achieving 

Risk and Cost Reductions in CO2 Geosequestration through 4D Characterisation of Host 

Formations” and in Farquhar et al. (2014).  Observable changes to core surfaces were generally 

similar to the WW-1 samples reacted in CO2-brine, and hence only WW-1 samples are described 

here.  Generally, Precipice samples from the WW-1 core post CO2-brine or O2-SO2-CO2-brine 

reaction, showed little change with only minor corrosion of kaolin, in good agreement with X-ray 

micro-CT data.  Potassium and sulphur signatures on both WC14A and WC14B surfaces were 

observed to be removed post-reaction.  The calcite-cemented Evergreen samples WC9A and 

WC9B both showed corrosion of calcite cement around framework grains (e.g. Figure 8 b, c) in 

excellent agreement with QEMSCAN data.  Corrosion of silicate surfaces were not observed for 

these samples, and precipitation of Ca-sulphate, e.g. gypsum was not observed.  A subsidiary 

experiment similar to WC9B but with 1500 ppm NaCl brine instead of 1% KCl resulted in 

dissolution of calcite and precipitation of gypsum in pores (observed in SEM), this may indicate 

that the use of high salinity brine can affect mineral precipitation of sulphates.   Minor surface 

cracking and precipitation of fine grained material (likely Fe-silicates and Fe-oxides from EDS 

analysis), and barite were observed on Evergreen samples, WC3B and WC8B, reacted in O2-

SO2-CO2-brine (Figure 8 d). Evergreen samples, WC3A and WC8A, reacted in CO2-brine, also 

had minor surface cracks around grains, with no precipitated minerals observed (Figure 8 e).  

The highly calcite-cemented Hutton core samples WC15A and WC15B both had significant loss 

of calcite cement post-reaction in excellent agreement with QEMSCAN analyses.  WC15B only 

was covered in long crystals of a newly formed Ca-sulphate phase (likely gypsum or anhydrite), 

which could be easily observed by eye immediately on removal from the reactor and was still 

present after drying as shown in Figure 8 f.   
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Figure 8.  Post reaction SEM: a) WC14B kaolin, b) WC9B loss of calcite cement, c) WC9A loss 
of calcite cement, d) WC3B surface cracking and precipitation of Fe-silicate and Fe oxide, e) 
WC 3A corrosion around grains, f) WC15b loss of calcite cement and precipitation of long 
crystals of Ca-sulphate, inset photo of Ca-sulphate precipitation on sub-plug prior to drying. 
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4.2 Experimental geochemistry overview 

 

Fluid chemistry of water samples were obtained during CO2-water-rock experiments under 

simulated basin conditions for the Chinchilla 4 samples and have been published elsewhere in 

ANLEC report “Achieving Risk and Cost Reductions in CO2 Geosequestration through 4D 

Characterisation of Host Formations” and in Farquhar et al. (2014). Initial pre-CO2 gas injection 

measurements were obtained following a soak of the rock samples in freshwater and 

pressurised N2 at pressure and temperature. These measurements are used to reflect the initial 

water composition of the experiment, assumed to be in equilibrium with the minerals present, 

prior to the introduction of supercritical CO2. Owing to small fluid volumes available in reactors, 

only one fluid sample was obtained.   

 

Other work has indicated that short time periods such as used here are sufficient to allow 

equilibrium at low temperature conditions (Humez et al., 2013).  Short equilibration times and 

minimal sampling was utilised here to minimise costs, however it is noted that initial equilibration 

could be demonstrated by sampling over longer time periods in future.  Changes to the rock 

samples after equilibration with water, although expected to be minimal at 60 °C, could also 

contribute to the changes observed after reaction with CO2. No discernible changes to carbonate 

surfaces were observed in SEM after soaking in water in other studies (Pearce, unpublished 

data).  Rock sub-plugs here were not analysed post water equilibration to reduce project costs.  

Water chemistry measured following the introduction and reaction of the samples with 

supercritical CO2, over ~16 days, are summarised in Table 3. Changes in dissolved element 

concentration were observed in all water samples following the reaction of rock core samples 

with CO2 and water at simulated basin conditions, with ~ 2 – 25 times higher concentrations of 

elements after injection of CO2.   In particular, substantial increases in major elements (Ca, Fe, 

Mg, Si and Na) were observed. Reported K values for sample Evergreen Formation ~1138m 

are anomalously high as this experiment was conducted in a 1 % KCl brine to preserve the 

integrity of the sample during reaction and allow post-reaction imaging.  
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Table 3. Summary of selected major, minor and trace elements measured from experiment 
fluids after the water-rock equilibration (pre-CO2), and following reaction with supercritical CO2, 
at simulated basin conditions (T = 60 °C, P = 120 bar). Extended fluid chemistry results are 
provided in Farquhar et al. (2014). 
 

Rock 
sample 

Sample 
Measured water component (mg/kg) 

Ca Fe Mg Mn SiO2(aq) Al K Na S Sr 

Hutton 799 Pre-CO2 126.0 2.3 0.7 4.0 1.3 0.0 0.0 12.3 2.8 0.8 

Post-CO2 526.9 2.8 1.9 16.5 3.7 0.0 0.0 11.4 10.5 3.5 

Hutton 868 Pre-CO2 9.3 1.8 0.0 0.6 15.8 0.1 2.3 65.8 4.2 0.1 

Post-CO2 24.2 48.9 9.2 6.9 57.7 0.3 6.8 83.9 5.7 1.5 

Evergreen 
898 

Pre-CO2 8.6 0.6 0.2 0.1 8.2 0.2 0.8 51.2 0.0 0.0 

Post-CO2 9.6 22.3 2.5 1.2 47.5 0.2 13.0 190.3 4.2 0.8 

Evergreen 
1138 

Pre-CO2 89.8 1.7 11.8 0.6 5.4 0.3 *7900.3 171.6 8.6 2.9 

Post-CO2 259.9 25.2 31.1 3.3 18.8 0.4 *6563.4 157.6 9.8 5.9 

Precipice 
1192 

Pre-CO2 13.8 0.9 0.9 0.4 1.7 0.0 0.0 16.1 2.0 0.1 

Post-CO2 14.6 9.9 1.6 0.7 14.1 0.5 0.0 9.6 0.9 0.2 

*The experiment for rock sample Evergreen Formation 1138m was conducted in a 1% KCl brine. 
 
High initial Ca values for the Hutton Sandstone 799 m sample and the Evergreen Formation 

sample 1138 m are reflected in the total CaO content of these samples as determined by whole-

rock chemistry. Similarly, the high initial Na values are also consistent with the Na2O content of 

the whole-rock analyses, with Evergreen 1138m exhibiting the highest initial measured Na 

following the N2 soak and total whole-rock Na2O content (Farquhar et al., 2014).  

 

In general for the Chinchilla 4 core samples, Ca, Na, Fe and SiO2(aq) recorded the highest 

concentrations of dissolved ions in water-CO2-reacted samples from the Precipice Sandstone, 

Evergreen Formation and Hutton Sandstone (Figure 9). Changes in water chemistry 

compositions are interpreted to reflect CO2-water-rock reactions, with increases in measured 

elements generally due to mineral dissolution but potentially reflecting also mobilisation of 

adsorbed elements and/or dissolution of soluble material. 

 

Results for the West Wandoan 1 sample reactions are summarised below (Figure 10), with 

concentrations of dissolved mobilised elements in solution normalised to the mass of the rock 

core reacted to allow comparison between samples.  The lower reactivity of the Precipice core 

compared to the Evergreen and Hutton core is indicated by the lower concentrations of 

elements.  Further details are shown in Figures 11-15, discussed below, and are available in 

the ANLEC Project 7-1110-0101 final report.   
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Solution pH was measured ex situ for all West Wandoan 1 experiments (Figure 11), this 

represents a maximum pH owing to degassing of CO2 from solution.  The solution pH during 

Precipice core sample reactions were generally lower than for more reactive seal rocks where 

carbonate dissolution buffers pH (Figure 11).  For B sample experiments, pH was mainly 

controlled by formation of strong sulphuric acid after dissolution and oxidation of SO2 gas; 

however, where significant carbonates were present, the pH was buffered.     

 

 
 
Figure 9. Summarised change in water chemistry following reaction with supercritical CO2 and 
Chinchilla 4 rock samples for 16 days at simulated Surat Basin conditions, a) with measured Ca 
included, and b) magnified view of low concentration elements. 
 

 

 

 
 

Figure 10.  Summarised normalised concentrations of elements in solution at termination of 
reactions of West Wandoan 1 core for comparison: a) during CO2-brine reaction and b) during 
O2-SO2-CO2-brine reaction.  Note red arrow indicates concentration off scale indicated in Fig. 
13. 
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Figure 11. Solution pH measured ex situ during batch reactions of West Wandoan 1 core; left 
during CO2-brine reaction and right during O2-SO2-CO2-brine reaction. T = 0 is after N2 soak and 
T > 0 is the response following CO2 or mixed gas addition. 
 

4.2.1. Precipice Sandstone 

During reaction with supercritical CO2 and purified water at simulated Surat Basin conditions, 

experiment water chemistries from reaction with Chinchilla 4 Precipice 1138 m show minor to 

negligible changes in concentration, consistent with the quartzose mineralogy of the sample 

determined in QEMSCAN analysis. In particular, Ca, Mn, Mg, Na and K levels all show only very 

minor increases when compared with the Chinchilla 4 Hutton Sandstone and Evergreen 

Formation samples, reflecting the low reactivity of the Precipice Sandstone with only trace 

reactive minerals present.  Minor increases in SiO2(aq) and Fe are reported after reaction of 

Precipice 1138m with CO2-brine, with only trace amounts of Al recorded in reaction fluids. 

 

During reaction of West Wandoan 1 WC11A (upper) and WC14A (lower) Precipice samples with 

CO2-brine, dissolved element concentrations in solution increased but were generally low 

(compared to Evergreen and Hutton core experiments) and had stabilised after ~ 10 days 

reaction (Figure 12 a and c).  The concentration of K and SO4 (not shown) was higher from 

WC14A likely reflecting the potassium sulphates observed in this sample. Fe concentration from 

mineral dissolution during Precipice sample reactions in O2-SO2-CO2-brine (WC11B and 

WC14B) was notably higher than for the respective A samples, with other elements at similar or 

slightly higher concentrations (Figure 12 b and d).  The high concentration of Fe and K at 10 

days reaction from WC11B may be due to dissolution of mineral fines or may be an anomalous 

reading.   
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Figure 12. Water chemistry during reactions of Precipice core samples a) WC11A with CO2-
brine, b) WC11B with O2-SO2-CO2-brine, c) WC14A CO2-brine, d) WC14B O2-SO2-CO2-brine. T 
= 0 is N2 soak and T > 0 is response following CO2 or O2-SO2-CO2 gas addition. 
 

4.2.2. Evergreen Formation 

In general, the Evergreen Formation samples from Chinchilla 4 showed substantial changes to 

water chemistry (Figure 9 a, b). In particular, in the feldspar, clay and biotite-rich sample from 

~1138 m, high Ca and moderate Fe, Mg and Mn were mobilised with respect to the other 

samples. This is consistent with the mineralogy of the sample, which contains minor carbonate 

minerals (mainly calcite) in addition to the feldspars, clays and mica.  Whilst increased Fe was 

also observed after supercritical CO2 –water reaction with Evergreen 897 m, the reaction fluids 

from this sample contained much less Mg and Mn, and substantially more Na and SiO2 than 

observed from the Precipice Sandstone samples, potentially indicating the dissolution or 

mobilisation of reactive silicates such as Fe-chlorite as well as minor carbonates. 
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Figure 13. Water chemistry during reactions of Evergreen core samples a) WC9A, b) WC9B, 
and magnified views of low concentration elements c) WC9A, d) WC9B. T = 0 is N2 soak and T 
> 0 is response following CO2 or O2-SO2-CO2 gas addition. 
 

The water chemistry during batch experiments with the calcite-cemented lower Evergreen core 

was similar for both CO2-brine, WC9A, and for O2-SO2-CO2-brine reaction, WC9B.  Dissolved 

Ca in solution was high and at similar levels regardless of injected gas mixture composition for 

20 days reaction (Figure 13 a, b).  This indicated significant dissolution of calcite cement during 

both reactions, and is in good agreement with post reaction QEMSCAN and X-ray micro-CT.  

Ca plagioclase (mainly labradorite) was also observed in WC9 through XRD and SEM and may 

also have contributed a small portion of dissolved Ca (details in ANLEC Project 7-1110-0101 

final report).  The anomalously high concentration of Ca at the end of the WC9A reaction is 

unexplained.  Concentrations of Mg (and Mn, not shown) from Evergreen WC9 were also high 

relative to other Evergreen core sample experiments (Figure 14), with Mg and Mn likely 

originating from dissolving calcite cement. 

 

Other elements in solution including Fe, Si were generally at low concentrations (Figure 13 c, 

d).  The normalised concentration of dissolved Fe during reaction of WC9B was ~ 15 times lower 

than during other West Wandoan 1 Evergreen sample reactions (Figure 14 b, d) with O2-SO2-

CO2-brine.  The solution pH was buffered to ~ 7- 8 through calcite dissolution (~ 5 pH units 

higher than other Evergreen sample experiments).       
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Figure 14. Water chemistry during reactions of Evergreen core samples a) WC3A, b) WC3B, c) 
WC8A, d) WC8B.  T = 0 is N2 soak and T > 0 is response following CO2 or O2-SO2-CO2 gas 
addition. 

 

4.2.3. Hutton Sandstone 

The relatively quartzose Hutton Sandstone from the Chinchilla 4 well core also shows significant 

changes in water composition following reaction with supercritical CO2 and water at simulated 

basin conditions (Figure 9 a, b). A considerable increase in Fe and SiO2, and lesser Ca, Mn and 

Mg concentration in solution were observed from the lower chlorite-rich sample, Hutton 867 m. 

By comparison, a significant concentration of dissolved Ca in solution during reaction of the 

Hutton 799 m sample reflects dissolution of the high calcite content of this sample, in excellent 

agreement with SEM and QEMSCAN analysis post reaction. 

 

The highly calcite-cemented WW1 WC15A CO2-brine experiment water chemistry was 

dominated by a high concentration of Ca (Figure 15 a); reflecting significant calcite dissolution 

in excellent agreement with SEM, X-ray micro-CT, and QEMSCAN observations post-reaction.  

The WC14B O2-SO2-CO2-brine reaction also resulted in significant dissolution of calcite cement, 

with a higher Ca concentration in solution (Figure 15 b).  Ca and sulphate concentration 

decreased slightly at the end of the experiment indicating precipitation of Ca-sulphate, e.g. 

gypsum.  
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Other dissolved element concentrations were low in both experiments reflecting the high system 

pH buffered through calcite dissolution and hence low level of acid activated silicate dissolution 

(Figure 15 c and d).  The higher Fe and Si concentrations immediately after injection of O2-SO2-

CO2 gas in reaction of WC15B likely reflect minor dissolution of Fe chlorite prior to pH buffering 

and precipitation of phases. 

 

 

Figure 15. Water chemistry during reactions of Hutton core samples a) WC15A, b) WC15B, and 
magnified views of low concentration elements c) WC15A, d) WC15B.  T = 0 is N2 soak and T 
> 0 is response following CO2 or O2-SO2-CO2 gas addition. 

 

 

4.3 Evolution of water chemistry 

 

The majority of Chinchilla 4 sample experiments showed increases in dissolved elements over 

the 16 days reaction period after CO2 injection indicating mainly mineral dissolution processes.  

West Wandoan core samples were reacted for a longer period (~28 days), with the CO2-brine 

reacted (A) samples generally showing increases in dissolved elements over the first ~10 days, 

and subsequent plateauing or slight decreases.  This may indicates system equilibration and 

the onset of precipitation, or depletion of minor minerals.  Rock core reacted in O2-SO2-CO2-

brine generally reached fluid saturation and equilibration, with subsequent plateauing and 

subsequent decreases in elements including Fe and Ca indicating more significant precipitation 

of new phases than in pure CO2- brine reacted (A) samples.  
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4.3.1. Evidence of carbonate dissolution 

The water chemistries of carbonate-bearing samples (including Hutton 799 m, Evergreen 

1138 m, WC9 and WC15) show substantial increases in Ca content following the introduction of 

supercritical CO2.  Increases in Ca are commonly associated with increases in Mn, Fe ± Mg 

(e.g. Figure 13) (see also Farquhar et al., 2014). This is attributed to the dissolution of carbonate 

cement opening porosity, which is also observed extensively in SEM-EDS and micro CT, with 

loss of calcite cement in the vast majority of the reacted cube surface. Digital core analysis also 

confirms this (e.g. Figure 11 c; Golab et al., 2014), where about 2 volume % of the initial 

17 volume % calcite was observed to dissolve along mineral cleavage planes and at contacts 

between grains following reaction of Hutton 799 m with CO2.  Strong pH buffering in reactions 

of WC9 and WC15 are also indicators of the significant calcite cement dissolution.  

 

The moderate Ca content observed in reactions of Evergreen samples WC3 and WC8 (Figure 

14), and the solution pH buffering (Figure 11) also indicate that calcite must have dissolved 

along with trace siderite and ankerite dissolution.  

 

4.3.2. Evidence of silicate mineral / clay reactions 

The samples Hutton 867 m and Evergreen 897 m show comparable changes in water chemistry 

for Fe and Si ± Mg, Mn, with Evergreen 897 m having slightly lower levels of dissolved 

components in the experiment fluids. Both samples exhibit a more gradual initial increase in 

concentration, and considerably lower Ca content when compared with Hutton 799m (Farquhar 

et al., 2014). This likely reflects a different mineral source than the carbonate in the calcite-

cemented sample, where dissolution of chlorite or chloritic mixed-layer (with smectite) material 

is commonly observed in SEM-EDS.  

 

Dissolution of chloritic clay material is observed in SEM-EDS (Farquhar et al., 2014.), with the 

removal of Fe (and/or siderite) in the chloritic clay observed following reaction with CO2. 

Incongruent dissolution of chlorite at low pH, with preferential leaching of Fe and Al leaving a 

silica rich layer has been observed previously (Brandt et al., 2003).  In digital core analysis of 

the Hutton 867m and Evergreen 897m pre- and post-reaction plugs, whilst observations of 

quantifiable changes to minerals were limited, minor changes in high-density clay and some 

displacement and movements of clays are observed. Similarly, in SEM-EDS and in digital core 

analysis, some regions of clay minerals appear to retain their structure whilst exhibiting a change 

in cation content, suggesting a change in crystallinity that preserves the overall morphology of 

the mineral (Golab et al., 2014). In SEM-EDS of the CO2-reacted sample, loss of Fe, Ca, Mg 

and Mn is observed from siderite-containing Fe-chlorite/mixed-layer clays. 
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In addition to these phases, Fe also appears to be leached from Fe-containing aluminosilicates 

and potentially from Fe-oxy/hydroxides.  

 

Substantial increases in dissolved Si content in reaction waters are observed for the majority of 

samples, with the samples having the lowest increases in SiO2(aq) content (Hutton 799m and 

Precipice 1192m) also those with the lowest clay/mica (smectite, chlorite, kaolin ± illite) and 

feldspar content. This, in combination with the observed increases in Fe, Mg and Mn (± K, Na 

and Al), suggests the increase of Si can at least partly be attributed to dissolution or leaching of 

reactive clay and mica minerals. With the alteration and dissolution of feldspars, colloidal silica 

may also increase the Si in reactant waters, potentially sourced from products of extensive 

feldspar dissolution during diagenesis, and from minor etching of plagioclase feldspars during 

CO2 experiments, occasionally noted in SEM-EDS in some of the CO2-reacted rock samples.  

Colloidal SiO2 was observed generally in Precipice samples. Al concentration in solution during 

Chinchilla 4 core reactions was generally low.  Kaolin corrosion was generally not observed; 

however, QEMSCAN indicated kaolin may have been formed during experiments.  The 

precipitation of kaolin or low level of dissolution may be the reason for the low Al concentrations 

in solution, and precipitation of Al-hydroxide also cannot be ruled out. 

  

Water chemistry during West Wandoan 1 core reactions in O2-SO2-CO2-brine generally 

exhibited higher concentrations of dissolved Si, Fe and Al (not shown) than the pure CO2 reacted 

sister rock samples.  This is mainly observable for Evergreen WC3B and WC8B with Si 

concentration ~ 5-10 times that of pure CO2 reacted sister samples (Figure 14).  The presence 

of reactive silicates (e.g. Fe-chlorite) in these samples coupled with the lower pH through 

sulphuric acid generation (with only minor buffering) resulted in greater acid (proton) activated 

silicate dissolution.   

 

4.3.3. Geochemical modelling 

Geochemical modelling of Chinchilla 4 core experiments is very similar to WW1 CO2-brine A 

sample modelling and is presented in ANLEC report “Achieving Risk and Cost Reductions in 

CO2 Geosequestration through 4D Characterisation of Host Formations”. Generally good 

matches with Chinchilla 4 core experimental data were achieved by models.  However, the good 

match and ability to predict both water chemistry and mineral phases dissolving necessitated a 

more detailed mineralogy than obtained through QEMSCAN alone.   

 

Incorporating trace carbonates observed through SEM observations, experimental fluid 

chemistry (e.g. observation of Ca concentration), and whole rock chemistry was especially 

important.   
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The selection of correct mineral compositions (e.g. Fe-Mg chlorite with a 75:25 ratio) through 

SEM, XRD and microprobe observations was also key.  Kaolinite precipitation was predicted in 

the Chinchilla 4 Hutton 799m core CO2-water reaction.  This was in good agreement with 

QEMSCAN observations.   

 

Modelled water chemistry during WW1 Precipice core reaction with CO2-brine or O2SO2CO2-

brine reaction showed reasonable agreement (e.g. Figure 16).  Note experimental 

concentrations shown by icons are the direct concentrations measured from experiment (not 

normalised) compared to model predictions (lines).  Sulphate salts (K and Na) along with trace 

siderite, chlorite, and amorphous silica were predicted to dissolve from WC14.  Major minerals 

(generally those observed by QEMSCAN to be present) did not show significant dissolution in 

good agreement with pre- and post-reaction QEMSCAN observations.  The main reacting 

minerals from WC11 were also trace carbonates, chlorite and muscovite. 

 

Figure 16. Modelled water chemistry (lines) compared to experimental data (icons) during 
reaction of a) Precipice WC14A in CO2-brine, and b) WC14B in O2-SO2-CO2-brine.  

 

Models of the calcite-cemented Evergreen samples WC9A and WC9B both predicted calcite 

dissolution as the major process during CO2 or O2-SO2-CO2-brine reaction (Figure 17).  This is 

in excellent agreement with pre- and post- reaction QEMSCAN and X-ray micro-CT analysis.  

Minor dissolution of chlorite contributed to the dissolved Si and Fe (and trace siderite) in solution.  

Glauconite, smectite (nontronite), hematite and jarosite were saturated phases during 

O2SO2CO2- brine reaction of WC9B and may indicate that these were minor phases 

precipitating. 
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Figure 17. Modelled mineral dissolution during reaction of a) Evergreen WC9A in CO2-brine, 
and b) WC9B in O2-SO2-CO2-brine. 

 

The Evergreen sample reactions of WC8A and WC8B were both predicted to involve dissolution 

of calcite and likely also a Ca plagioclase contributing to the high Ca content in solution (Figure 

18).  Leaching of Fe from chlorite, in good agreement with QEMSCAN, and also phyllosilicate 

and K feldspar corrosion was also predicted to contribute to the higher Fe and Si concentration 

in solution than during reaction of Evergreen WC9.  Silicate corrosion was greater during O2-

SO2-CO2-brine reaction of WC8B than the corresponding pure CO2 reaction, with a lower 

solution pH predicted.  Smectite, hematite, jarosite and glauconite were also saturated during 

O2-SO2-CO2-brine reaction of WC8B.  Minor carbonate (siderite, calcite), Ca plagioclase and 

phyllosilicate dissolution were predicted during CO2-brine reaction of WC3A contributing to Ca, 

Fe, Si and Mg in solution (Figure 18).     

 

Figure 18. Modelled water chemistry (lines) compared to experimental data (icons) during CO2-
brine reaction of a) Evergreen WC8A, and b) WC3A. 
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Figure 19. Modelled Evergreen WC3B reaction in O2-SO2-CO2-brine, a) mineral dissolution and 
precipitation, and b) mineral saturation. 

 

Chlorite, calcite and K feldspar dissolution were predicted during O2-SO2-CO2-brine reaction of 

WC3B.  Note, chalcedony precipitation was generally a proxy in models with chlorite dissolution 

for the incongruent nature of preferential Fe and Al leaching to leave a silica-rich layer.  Hematite 

precipitation was predicted (Figure 19 a), and smectite, gothite, alunite and amorphous silica 

saturated (Figure 19 b) indicating these may have been minor precipitating phases.     

 

Significant calcite dissolution was predicted during both pure CO2-brine reaction of Hutton 

WC15A and O2-SO2-CO2-brine reaction of WC15B (Figure 20) in excellent agreement with 

QEMSCAN and X-ray micro-CT data of sub-plugs.  Dissolution of silicates including K feldspar, 

chlorite and other phyllosilicates, were minor owing to the high predicted pH.  Precipitation of a 

Ca sulphate (gypsum/anhydrite) was predicted during O2-SO2-CO2-brine reaction of WC15B 

only, along with kaolinite (Figure 20 b).  Precipitation of gypsum or anhydrite and an increase in 

kaolin weight percent in the sub-plug post reaction was observed in QEMSCAN in excellent 

agreement with the modelling. However, it is possible that some of the extra kaolinite detected, 

aside from potential for differences in pre-existing abundance of this mineral in the slightly 

different slices used for QEMSCAN, may also have been an artefact of thin Al-hydroxide 

precipitation upon quartz producing a kaolinite-like EDS signature; this possibility cannot be 

discounted at this time, which would require follow-up experiments specifically designed to 

identify the presence or absence of each of these minerals upon the same experimental surface. 
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Figure 20. Modelled mineral dissolution during reaction of a) Hutton WC15A in CO2-brine, and 
b) WC15B in O2-SO2-CO2-brine. 
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5. DISCUSSION 

5.1 Precipice Sandstone  

 

During reaction with supercritical CO2 and water or brine at simulated Surat Basin conditions, 

experiment water chemistries showed minor to negligible changes when compared to samples 

from the Evergreen or Hutton units. The lack of element mobilisation into the reaction water is 

consistent with a very clean mineralogy, and a very high SiO2 content. The very low initial levels 

of Ca, Fe, Mg, Mn, containing minerals are reflected in the fluid chemistry, which shows only 

very small amounts of these elements mobilised into reaction waters. Small increases in Fe and 

Si content and trace increases in Al are interpreted to reflect partial dissolution of minor phases 

such as Fe-rich chlorite and relict feldspars (including trace amounts of carbonates observed in 

SEM), as well as the potential mobilisation of colloidal silica. 

 

The WC14 section contains K and Na sulphates and dissolution of these is reflected by the 

higher K and Na in solution during experiments.  Reaction of Precipice core in the presence of 

O2-SO2-CO2-brine resulted in slightly elevated dissolution of trace reactive minerals.  These 

results are consistent with those from the FEI-Lithicon digital core analysis, which reported no 

discernible change in mineralogy in the Precipice samples following reaction with supercritical 

CO2 (Golab et al., 2014).  Experimental results are also in agreement with geochemical 

modelling with only dissolution of the minor carbonates predicted. 

 

5.2 Evergreen Formation 

 

The calcite content, along with chlorite content, of the Evergreen samples tested here could 

generally explain the CO2 or mixed gas reactivity behaviour.  The lower Evergreen samples, 

WC9A and WC9B from the WW1 core contain significant calcite cement (up to 30 vol% 

measured by QEMSCAN) and some swelling clay.  Dissolution of the calcite cement buffered 

the initially low pH (lowered by gas dissolution and carbonic or sulphuric acid formation) to ~ pH 

6-8.  Hence, acid activated silicate dissolution was minor and Ca and Mg were generally the 

major divalent cations in solution from calcite dissolution.  

 

WC8A and WC8B contained ~ 1 % calcite/carbonates with likely some Ca plagioclase, though 

calcite dissolution to release Ca into solution generally dominated.  Solution pH was buffered 

slightly; however, some acid activated silicate dissolution did occur, mainly leaching of Fe from 

chlorite. Corrosion of silicates was elevated with injection of O2-SO2-CO2 owing to the lower 

solution pH being generated.   
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Predicted pH was in good agreement with experimentally observed values, with corrosion of 

silicates and acid leaching of Fe from chlorite more extensive in O2-SO2-CO2 brine models.  

Evergreen 1138 m from the Chinchilla 4 core, contained up to ~1 vol% calcite and had a similar 

response to WC8. Despite the relatively fine grainsize and low initial porosity of the sample, 

mineral dissolution owing to CO2 fluid interactions were observed via x-ray micro CT to have 

penetrated to the centre of the sample, increasing overall porosity from 0.2 volume % to 1.0 

volume % (Golab et al., 2014). The boundary region between reservoir and the lower Evergreen 

will likely be an area where CO2 accumulates, moves horizontally (baffled) and reacts initially, 

subsequently sealing over longer time periods.  In this context, a high reactivity region where 

mineral dissolution and reaction with CO2 with subsequent precipitation of carbonates (mineral 

trapping) reducing porosity through carbonate cementation has been observed at the reservoir-

baffle seal interface in a natural analogue site for CO2 storage, the Pretty Hill Formation (Higgs 

et al., 2014).   

 

WC3A from the WW1 core represents a tight sealing section of the Evergreen, with chlorite and 

trace carbonates present, and some sandy laminations with higher porosity. The Evergreen 

897 m sample from the Chin-4 core is generally similar though without the sandy laminations.  

Corrosion of Fe-chloritic clays, phylosilicates and trace carbonates during CO2-water or CO2-

brine reaction is reflected in the water chemistry.  Reaction of WC3B with O2-SO2-CO2-brine 

resulted in a lower solution pH through sulphuric acid generation, and subsequent enhanced 

acid activated silicate corrosion including Fe leaching from chlorite and plagioclase dissolution 

reflected in the higher concentrations of Fe, Si, Ca in solution.  Formation of minor silicate and 

oxide precipitates on core surfaces were also observed.  Geochemical models were in 

agreement with experimental observations, predicting Fe leaching from chlorite and carbonate 

dissolution at the lower pH.  Although during the short time scales of the experiments overall 

volume decreased through dissolution, the start of minor precipitation was observed. This could 

indicate self-sealing of the core through mineral precipitation over longer time periods (which 

could be confirmed through longer term experiments and modelling out of the scope of the 

current study). 

 

5.3 Hutton Sandstone  

 

Fe-chlorite, or iron-rich chloritic-clays exist as a major component of the Hutton 867 m sample 

(Chin 4 core), that commonly also contains small proportions of Fe-rich carbonates, and less 

commonly phosphatic or sulphurous phases. Following CO2-water reaction of this sample, Fe, 

Ca and Mg are identified in SEM-EDS as having been leached from these clay-carbonate 

mixtures, and these elements are also observed in solution.  
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Geochemical modelling also predicted chlorite to be the main source of Fe.  This is similar to 

the QEMSCAN analysis in which a reduction in density of the “solid material associated with Fe-

rich chlorite” is observed, indicating loss of X-ray absorbing material, which Golab et al. (2014) 

suggest represents lost Fe3+ from the chlorite structure. The loss of Fe3+ has not been confirmed 

by SEM-EDS, as this technique is unable to determine oxidative species of iron. 

   

The calcite-cemented Hutton 799 m sample showed observable change in SEM-EDS, with the 

vast majority of calcite on the sample surface dissolved to open porosity following reaction with 

CO2 and water. This was also reflected in fluid chemistry, with up to 600 mg/kg Ca released into 

experiment fluids, and confirmed by modelling that predicted calcite dissolution. The volumetric 

loss of material was also quantified in digital 3D tomography, with a ~2 % loss in calcite recorded 

following reaction with supercritical CO2 (Golab et al., 2014). The limited Si content measured 

in water chemistry infers that the moderate Mn, and minor dissolved Fe and Mg, primarily 

originated from carbonate dissolution in the sample. Silicate dissolution was likely minor, owing 

to the buffered pH. 

 

WC15A from the WW1 Hutton Sandstone was also significantly calcite-cemented and 

dissolution of this cement also dominated during its reaction in CO2-brine.  During O2-SO2-CO2-

brine reaction of WC15B, calcite cement dissolution also dominated, with Ca-sulphate (gypsum 

or anhydrite) formation also observed in SEM-EDS.  Calcite dissolution was predicted by 

modelling, with precipitation of Ca-sulphate also confirmed by the model.  This was observed to 

a lesser degree with Hutton 799 m reacted in SO2-CO2-water published elsewhere (Pearce et 

al., 2014).  

 

5.4 Calcite dissolution and mineral trapping 

 

Assuming all the dissolved Ca in solution experimentally measured at the end of O2-SO2-CO2-

brine reaction originated from calcite dissolution from WC15B, this indicates ~ 0.26 g calcite 

dissolved (~0.09 cm3 reduction in calcite volume). The calcite loss was likely even higher than 

this though, as a component of Ca in solution was lost to Ca sulphate mineral formation during 

the experiment.  The geochemical model predicted 0.30 g of calcite reacted (0.11 cm3 reduction 

in calcite volume) in excellent agreement with the experiment.  Precipitation of 0.08 g of Ca-

sulphate was also predicted by the model with Ca-sulphate observed in experiments, if this were 

gypsum the volume would be 0.04 cm3 (or 0.03 cm3 for anhydrite).  Changes to the sub-plug 

specifically may have been greater owing to its small mass and high surface area.  
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Dissolved Ca in solution during reaction of WC9B likely also originated partially from Ca 

plagioclase dissolution; however, a similar estimation was applied assuming all Ca was from 

calcite dissolution.  Water chemistry results for WC9B indicated a similar mass of calcite 

dissolved, 0.30 g (0.11 cm3) as from WC15B.  The modelling predicted 0.2 g calcite dissolved 

(0.06 cm3), although experimental Ca concentration was slightly underestimated.  

 

Silicate dissolution is the rate-limiting step in carbonate formation (mineral trapping).  Enhanced 

silicate dissolution in the presence of injected gas impurities may increase mineral trapping 

potential; however, the competing precipitation of sulphates is not well understood. WC9 has a 

similar potential trapping capacity for pure CO2 or impure CO2 storage after ~ 28 days reaction 

through possible formation of calcite once the pH has become sufficiently alkaline.  WC3 and 

WC8 have ~4 to 6 times the potential trapping capacity with impure CO2 storage compared to 

pure CO2 storage through possible eventually formation of calcite (assuming minimal Ca-

sulphate formation) and siderite. 
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6. CONCLUSION 

6.1 Sample overview 

 

The Precipice Sandstone samples showed generally low reactivity to dissolved CO2, indicating 

the suitability of this unit as a reservoir for CO2 storage.    Co-injection of minor gases resulted 

in higher concentrations of dissolved elements, including dissolved sulphate, and a lowered pH, 

all of which may result in greater injectivity, but also indicate potential water quality issues in the 

near wellbore and warrant further work.   

 

The Evergreen Formation had a variable response mainly controlled by mineralogy, with 

generally higher reactivity than the Precipice.  The highly calcite-cemented lower Evergreen 

sections had high reactivity, with dissolution of calcite cement and buffering of lowered pH after 

both pure and impure CO2 injection.  The high reactivity of Evergreen core sections containing 

reactive silicates such as Fe rich chlorite indicates an increased potential for mineral trapping 

and self-sealing.  The Evergreen samples had variable carbonate content and also reactive 

chlorite, and Ca-plagioclase (and biotite/muscovite etc.), both of which mainly contributed to 

increased elemental concentrations in solution during CO2 reaction.   

 

Enhanced silicate dissolution (especially Fe leaching from chlorite e.g. Eq. 1) was observed 

where impurity gases were present in the CO2.  Increased concentrations of divalent cations 

such as Fe2+, Mg2+ and Ca2+ in solution from acid activated silicate dissolution represent an 

increased potential for solubility and 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).    

  

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 (to 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 
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The low porosity sealing sections of the Evergreen will likely result in baffling of reactive fluids 

and self-sealing through precipitation over longer time periods than the experiments performed 

here.  However, the effect of injected impurities on CO2 mineral trapping vs sulphate formation 

over longer time periods remains unclear and warrants further investigation.   

 

The Hutton Sandstone samples reacted here included calcite-cemented sections, and lithic 

sandstone.  Observations post reactions were generally similar to the Evergreen Formation; 

however, in the presence of impure CO2 with calcite cemented core, Ca-sulphate precipitation 

was observed.  This may plug up any porosity formed through the dissolution of calcite over 

longer time periods as sulphates have higher molar volumes than calcite.  Ca-sulphate 

precipitation was generally not observed in reaction of the highly calcite-cemented Evergreen 

sample reacted here (very minor precipitation was indicated).  Potentially the highly saline brine 

(1% KCl) used during reaction of this sample affected water chemistry and reactions as similar 

experiments at lower salinities resulted in gypsum precipitation (Pearce, unpublished).  

 

6.2 Implications of coupling X-ray micro-CT and static batch reactor experiments on 

CO2 storage 

 

Coupling static batch reactor experiments of CO2-water-rock reactions conducted under 

simulated Surat Basin reservoir conditions with the use of 3D high-resolution digital imaging 

technology 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, poro-

permeability and lithological heterogeneity of the targeted Surat Basin storage system on carbon 

sequestration. 

 

Limitations of each technique were encountered, further emphasising 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 slices of a 

sub-plug are analysed pre and post-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.).  
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Unclassified and trace minerals were especially high in the sealing rock samples.  Whilst digital 

3D tomography can provide invaluable quantitative evaluation of changes to porosity and 

mineral content when registered with QEMSCAN and high-resolution SEM-EDS, it cannot 

distinguish sub-resolution porosity or clay material, which results in high proportions of 

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

chemistry measurements coupled with geochemical modelling were important to confirm digital 

core analysis or major mineralogical changes, and to determine trace mineral content and 

changes through CO2 reaction. 

 

Overall a good agreement was obtained comparing the techniques used here, which were highly 

complementary.  

 

6.3 Future work 

 

Future work is suggested to investigate reactivity with other impurity gases potentially injected 

with CO2, especially NOx, and also complex gas mixtures replicating concentrations expected 

to be injected at specific sites.  Work is generally lacking on the effects of injecting NOx 

subsurface.  One study on dissolution of calcite, biotite and feldspars indicated nitric acid 

formation and enhanced dissolution, but no work has been performed on reactivity of actual 

sandstone and seal rock samples (Wilke et al., 2012). 

 

Changes to water quality through mineral dissolution (increasing dissolved Fe, Ca, etc.) and 

precipitation (decreasing dissolved element concentrations) have been indicated in this work.  

Trace element (e.g. redox sensitive elements U, Pb, Hg) mobilisation to solution during CO2 and 

impurity gas injection has been observed from Chinchilla 4 core elsewhere (Pearce et al., 2015).  

Although U remained below EPA water quality recommendations of 5 ppb in that work, other 

elements were at elevated concentrations.  The response of different injection gases to different 

rock types of the West Wandoan 1 core remain unknown even though this is likely an important 

issue for regulators and warrants further investigation. 

 

Buoyant supercritical CO2 can become saturated with formation water, and this wet supercritical 

CO2 phase may be in contact with sealing cap-rock especially near to the well bore after 

formation water displacement (Shao et al., 2011; Pearce et al., 2014 submitted).  Recent work 

has shown that this phase has reactivity with rock (e.g. samples of the Evergreen Formation), 

resulting in both mineral dissolution and precipitation (e.g. Pearce et al., 2014 AESC).  Reactivity 

observed above the gas-water contact in a natural analogue site for CO2 storage has also 

indicated its potential role in mineral trapping (Higgs et al. 2014).  The majority of current 
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experiments and modelling assume CO2 dissolution to acidify formation water is the only 

reactive phase, whereas self-sealing or corrosion of cap-rock may potentially occur through wet-

supercritical CO2 reaction.  Batch reaction of rock core with wet (pure and impure) supercritical 

CO2, with pre- and post- digital core characterisation and permeability measurements are also 

suggested.      
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8. APPENDIX 
 
 
Table A: Chinchilla-4 mineral compositions used for modelling 

 

Precipice 
Sandstone  
386 (1192.9 
m) 

Evergreen 
Formation 
368 (1138 m) 

Evergreen 
Formation  
289 (897.9 m) 

Hutton 
Sandstone  
279 (868 m) 

Hutton 
Sandstone  
256 (799.5m) 

Quartz 94  43 50 73 

Alkali Feldspar 0.1  10 6 4 

Plagioclase 
Feldspar 

0.1 
 

4 7 3 

Kaolin 2.55  18 7 3 

Illite/Muscovite 3  3 9  

Smectite 0.2   0.5  

Biotite-group   2 8  

Chlorite  0.2  4 7 0.29 

Calcite     15 

Ankerite    10 4  

Siderite    4  0.4 

Fe Oxides 0.05  2 0.5 0.3 

 
 
Table B: Kinetic parameters used for modelling including surface areas As (described in 
detail in Pearce et al., 2014). 

 Mineral 
K25(acid) 

mol/cm2/s 
Ea(acid) 

kJ/mol 
n 

K25(neut) 

mol/cm2/s 
Ea(neut) 

kJ/mol 
As

1 

cm2/g 
K(precip) 

mol/cm2/s 
Τ 

Quartz       1.70E-17 68.70 10 K(diss) 2E+10 

K-feldspar 8.71E-15 51.7 0.500 3.89E-17 38.00 10 K(diss) 2E+10 

Albite 6.92E-15 65.0 0.457 2.75E-17 69.80 10 K(diss) 2E+10 

Kaolinite 4.90E-16 65.9 0.777 6.61E-18 22.20 70 K(diss)/10 2E+10 

Illite/ 
Muscovite 1.91E-16 46.0 0.600 8.91E-20 14.00 70 K(diss) 2E+10 

Smectite 1.05E-15 23.6 0.340 1.66E-17 35.00 150 K(diss) 2E+10 

Biotite 1.45E-14 22.0 0.525 2.82E-17 22.00 70 K(diss) 2E+10 

Fe-Mg-
Chlorite 1.62E-14 25.1 0.490 1.00E-17 94.30 70 K(diss) 2E+10 

Calcite 5.01E-05 14.4 1.000 1.55E-10 23.50 10 K(diss) 1E+10 

Ankerite 1.59E-08 45.0 0.900 1.26E-13 62.76 10 K(diss)/1e5 3E+10 

Siderite 1.59E-08 45.0 0.900 1.26E-13 62.76 10 K(diss) 2E+10 

Fe-oxide 4.07E-14 66.2 1.000 2.51E-19 66.20 70 K(diss) 1E+10 

Gypsum/ 
Anhydrite    6.46E-08 14.30 10 K(diss) 1E+10 

1 Initial 
 


