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Executive summary 

This project is aimed at supporting CO2 storage projects in Australian sedimentary basins, specifically 

the CTSCo Surat CO2 storage demonstration project. This project is designed to research and 

evaluate the applicability of adapting a current, commercially available, Downhole Reservoir Raman 

System (DRRS) borehole logging technology that has been developed by US company, WellDog™, to 

detect solubilised CH4, N2, CO2 and associated dissolution products, to instead measure SOx, NOx and 

CO2 products, in time for field trial in the CTSCo Surat Project from 2020. The specific project 

objectives include: 

1. Determination of pre-injection baseline Precipice Sandstone groundwater chemistry, 

theoretical and experimental concentrations and identities of SOx, NOx and CO2 dissolution 

products post injection of Greenhouse Gas Stream captured from a coal-fired power station. 

2. Improved understanding and validation of NOx, and SOx-NOx-CO2 gas mixture dissolution 

product identities and fate at sequestration conditions via targeted batch reactor 

experiments specific to Surat Basin conditions.  

3. Determine the minimum concentration detection limit required for each dissociation 

species.  

4. Assess the potential of Raman spectroscopy to simultaneously detect all SOx, NOx, CO2 

dissolution products at reservoir pressure and temperature, and verify its ability to quantify 

concentrations of each species.  

5. Determination of the WellDog DRRS instrument accuracy and detection limit for each 

dissolution product. 

6. Lab scale demonstration of the DRRS technology to measure relevant concentration ranges 

of SOx, NOx, CO2 dissolution products from core samples under simulated injection reservoir 

conditions. 

7. To understand whether or not the WellDog DRRS technology could be adopted by industry 

as a CCS site M&V tool for demonstration and industrial deployment within 5 years. 

This report also accompanies Milestone Reports 2.1 and 2.2.  The Milestone 1.2 Report (Turner et 

al., 2016) provided a desktop study of the baseline groundwater composition for the Precipice 

Sandstone within close proximity to the West Wandoan 1 well (sub-project 1.2). Equilibration 

experiments with N2 and Precipice Sandstone core samples revealed significantly higher sulphate 

(SO4
2-) concentrations than those reported in the desktop study (sub-project 1.2). Experiments with 

a CO2/NO gas mix confirmed the presence of both nitrate (NO3
-) and nitrite (NO2

-) species (sub-

project 1.3). The concentration of NO3
- was significantly higher than NO2

-, indicating the formation 

predominantly of dissociated HNO3 over HNO2. This report discusses batch experiments of Precipice 
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Sandstone core samples with CO2/NO, CO2/SO2 and CO2/SO2/NO gas mixtures. All experiments were 

performed at sequestration conditions relevant to the Surat Basin (60 °C and 12 MPa). Geochemical 

modelling results are also discussed. Dissolved NO3
- and SO4

2- were the dominant dissociation 

species observed during CO2/NO, CO2/SO2/NO and CO2/SO2 experiments.  Mineral dissolution and 

some minor mineral precipitation (predominantly in the form of Fe-oxides and Fe-hydroxides) was 

also observed on Precipice Sandstone. The reported concentrations of both NO3
- and SO4

2- were 

greater than the projected limit of detection (LOD) for the DRRS tool (Myers et al., 2016b). 

Geochemical modelling studies with Geochemist’s Workbench (GWB) were able to simulate 

elemental mobilisation measured in the lab reasonably well. However, the predicted concentration 

of NO2
- and NH4

+ were consistently higher than those measured experimentally. The concentration 

of NO2
- displayed a distinctive first order type decline during CO2/NO and CO2/SO2/NO experiments. 

It was postulated that Fe2+, released into solution through the corrosion of Fe-bearing minerals such 

as Fe-Mg-chlorite, had a redox control with NOx. This is an important observation, since in-situ 

Raman spectroscopy may be unable to detect the very low NO2
- concentrations present in solution, 

whilst NO3
- concentration would remain relatively high. Models were less able to predict the 

variation in concentration of NOx species, in particular NO2.  This is an important finding as the fate 

of N species is currently not well constrained in geochemical models in general.  In the Evergreen 

Formation, some lower sections are calcite cemented or Fe-clay rich.  CO2 or CO2 saturated fluid may 

interact with the lower sections of the Evergreen Formation to release Fe.  If the tool DRRS is used 

on the Evergreen Formation or in the overlying Hutton Sandstone etc for leakage detection, the 

concentration of NOx (and SOx) may be different due to differing reactivity with the various rock 

packages (changing the necessary LOD). We suggest further batch experiments and geochemical 

models to determine the NOx and SOx products and concentrations for the Evergreen Formation and 

the Hutton Sandstone. 

Thirteen SOx, NOx, and CO2 dissolution products were identified in the desktop study as candidates 

for further investigation.  Each of the dissolution species researched has a unique Raman spectrum 

when dissolved in water that can be used to identify and quantify their presence in an aqueous 

sample.  Solutions of the dissolution products were prepared in a range of concentrations and 

measured by a WellDog RRS spectrometer, and the LOD for each was individually determined.  Next, 

solutions were prepared containing mixtures of two or more dissolution products to assess the RRS 

spectrometer ability to simultaneously identify and quantify multiple species at once.  It was 

determined that this is substantially more difficult or impossible to accomplish in certain cases 

where the identifiable Raman features of multiple species overlap.  Despite this, the RRS 

spectrometer was able to differentiate Raman peaks caused by SOx species from those caused by 

NOx and CO2 species.  An unexpected phenomenon manifested while testing solutions of multiple 
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dissolution products; the pH of some solutions was discovered to be lower than the pH of the single-

species constituent solutions, producing additional derivative species.  This discovery has important 

implications for carbon storage techniques as an injected greenhouse gas (GHG) stream may 

significantly lower the pH of the groundwater in a formation, causing unintended reaction products 

to form.   

A double-windowed stainless steel pressure cell and corresponding high-pressure piping manifold 

were commissioned and assembled per reservoir simulation specifications.  Reservoir conditions are 

nominally 60°C and 1800 psi (12.4 MPa).  The RRS spectrometer was positioned just outside one of 

the cell windows to record spectra during experimental runs, and an aluminium containment shell 

was placed over the entire apparatus and RRS for safety.  A control experiment was conducted in the 

reservoir simulation apparatus using only Precipice groundwater (PGW), greenhouse gas (GHG), and 

no core sample to establish a baseline for the Raman spectra.  Next, a full reservoir simulation 

experiment was conducted on core sample WellDog-7b (1165 m) for 90 hours, unfortunately the 

measured CO2 concentration during this and the control experiment was substantially lower than 

expected.  It was determined that by injecting PGW into the cell to 1800 psi, the GHG phase was 

entirely consumed at a pressure around 1000 PSI, resulting in a sub-saturated PGW-GHG solution at 

full pressure.  The apparatus was modified with a variable volume piston to enable pressurization to 

1800 psi using high-pressure GHG instead of PGW to address this. A second problem, an unknown 

source of contamination in experiments manifested as a gradually increasing background that 

rendered Raman spectra un-readable within a few hours.  After troubleshooting sources of 

contamination such as rock-fines and corrosion, the contamination source was identified as a stand-

off O-ring in the pressure housing, which had been cut to obviate trapped pressure in front of a seal. 

It is believed that the cut ends became susceptible to supercritical CO2. When an intact stand-off O-

ring was employed, a successful experimental run was conducted on core sample WellDog-4 (1165 

m) for a total 140 hours.  In this experiment, the PGW surrounding the core sample was fully 

saturated by an 1800+ psi GHG headspace, and there were no issues affecting the quality of data 

recorded for the duration of the entire experiment.  Despite the operational success, none of the 13 

dissociation products other than CO2 were readily identifiable in the recorded spectra.  This suggests 

the chemical reactions between core sample WellDog-4 (1165 m) and the PGW-GHG solution only 

yielded products at very small concentrations below the RRS spectrometer LOD.  The result is 

consistent with batch-reactor experiments performed on analogous samples, which showed a range 

of concentrations of dissociation products, the minimum of which fall below the LOD. This study 

indicates that the RRS could be adopted by CCS industry to measure dissolved CO2. To measure 

dissolved species including bicarbonate, sulphate, nitrate and other derivatives, improvements to

the instrument detector are needed. 
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Group Name Formulae 
DRRS 532 nm 

 

Conc. in 
native 

Precipice 
water 

Ability to identify and measure with 
current DRRS tool 

 

Lab 
experimental 

Expected 
Range in ppm 

Calculated 
LOD with 
current 

DRRS tool 
ppm 

Can the 
(aq) 

species be 
detected & 
measured? 

   
Peak 1 centre 

position 
(cm-1) 

Peak 2 peak 
centre 

position 
(cm-1) 

ppm 
Yes, with 
Primary 

Peak 

Yes, with 
Secondary 

Peak 

 
No 

low high   

CO2 Carbonate CO3
-- 1067  -     - - 95  

 Bicarbonate HCO3
- 1017 1372 50-148    - - 68.2  

 Carbon Dioxide CO2 1277 1383 -    - - 588  

SOx Sulphate SO4
-- 981  >1-14    0.1 267 21.6  

 Sulphite SO3
-- 964 470 -    0 0.8 43.90  

 Thiosulphate S2O3
-- 447 997 -    0 4 102  

 Bisulphate HSO4
- 981 1052 -    - - 21.6  

 Bisulphite HSO3 1051 1023 -    - - 43.2  

 Hydrogen 
Sulphide 

H2S 2592  -    - - -  

 Sulphide S-- Nil Nil 0 - 0.09    0 0.48 -  

 Bisulphide HS- 2573  -    - - 14.9  

NOx Nitrate NO3
- 1048  0 - 0.35    7 128 16.2  

 Nitrite NO2
- 1331 817 0 - 0.12    0 11 29.1  

 Ammonium NH4
+ 1650 1100 0 - 0.64    0 8 200  

water   1650  -        
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1. Introduction 

1.1. Background 

The presence of minor species in a CO2 gas stream affect the engineering processes of greenhouse 

gas (GHG) capture, transport and injection, as well as the trapping mechanisms and thus capacity for 

CO2 storage in geological media. The accurate subsurface distribution and impact of low 

concentrations of CO2 impurities such as sulphur oxides (SOx) including SO2 and SO3, nitrogen oxides 

(NOx) including NO and NO2, with CO2 in groundwater could be used as a significant indicator of the 

extent of the subsurface GHG plume derived from coal-fired power stations.  

Lowering of pH through the dissolution of CO2, SOx and NOx induces mineral dissolution, the release 

of divalent cations and over time, mineral trapping of precipitated carbonates (Pearce et al., 2013). 

HNO3, H2SO3 and H2SO4 (and H2S) are stronger acids than H2CO3 formed during CO2 dissolution in 

groundwater. The resultant lower formation water pH may increase the likelihood of enhanced 

mineral dissolution within the acidified zone around a mixed gas plume (Dawson et al., 2015). 

Increased mineral dissolution can result in higher reservoir porosity and heightened cation release in 

the short term. This may provide conditions for enhancing CO2 mobility near the injection bore in the 

short term and enhancing mineral trapping away from the wellbore in the longer term. However, 

there are a number of potential negative impacts that require further assessment, such as: increased 

mobilisation of trace elements and species; increased well casing cement and pipeline corrosion; and 

reduced porosity through mineral precipitation away from the wellbore (Pearce et al., 2013).  

A summary of potential gas-mineral-brine interactions and recent investigations on the influence of 

minor species during CO2 sequestration are shown in the Appendix (Table A1). To date, studies have 

mainly focused on mineral dissolution and resulting major dissolved metal concentrations in solution 

sourced from the reservoir rock minerals.  The dissolution products of SOx, NOx and to some degree 

CO2 are less well known, with these anions often not measured and assumptions made about their 

identities. Additional reviews that further describe the influence of impurities on geological carbon 

storage are also available (Pearce et al., 2013, Talman, 2015, De Silva et al., 2015).  

The Surat Basin contains large freshwater aquifers with a potentially very large storage capacity; 

however, this raises the issue of conflict with groundwater resources. The CTSCo demonstration 

project is to provide scientific evidence that delivers the assurances to the Queensland regulator and 

future commercial users that there is a suitable monitoring and verification (M&V) technique that is 

technically accurate, robust and operationally straightforward to deploy in future commercial CCS 

projects using standard “oil & gas industry” expertise.  
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A total of thirteen SOx, NOx and CO2 dissociation products have been identified in this work which 

may form during injection of a typical GHG stream sources from coal combustion (Table 1).  These 

often already exist in aquifers in varying concentrations (including the Surat Basin). They are also 

water quality indicators that should be monitored over time before and during a carbon injection 

sequence. Ex-situ measurements are currently generally employed, though sample degassing and 

oxidation may reduce accuracy. Groundwater chemistry is known to vary both experimentally and in 

a field injection scenario over a relatively short period (Kirste et al., 2014). Thus, in situ and rapid 

determination of CO2/SOx/NOx dissociation products would be highly beneficial as a monitoring 

strategy.  

There are currently no known, commercially available, downhole tools that directly detect and 

quantify SOx, NOx and CO2 solubilised and dissociated products in groundwater with the sensitivity 

applicable to the CTSCo Surat Carbon Capture and Storage (CCS) demonstration project, or other 

projects. However, WellDog have developed a Downhole Reservoir Raman System (DRRS) tool that 

has been used extensively to analyse dissolved methane in-situ, and to a lesser extent, nitrogen and 

carbon dioxide in coal seam reservoirs  (Pope and Morgan, 2013). The WellDog DRRS is a self-

contained laser-excitation Raman spectrometer in the form factor of a wireline logging tool capable 

of deployment into boreholes thousands of metres deep and withstanding high pressures and 

temperatures (Myers et al., 2016a). A more detailed description of the DRRS tool, including 

deployment strategy, is aslo provided in (Myers et al., 2016a). 

The principal objective of the current project is to assess, in a laboratory setting, the potential of the 

DRRS technology to detect CO2, SOx and NOx and associated dissociation products in a plume created 

by the injection of these GHGs in the low salinity Precipice Sandstone.  A second objective is to 

quantify the DRRS logging instrument limit of detection (LOD) for each chemical species and the 

accuracy of concentration measurements. At the CTSCo CCS site, it is anticipated that the DRRS 

technology can also be used to monitor chemistry of fluids in formations above the cap rock seal 

(e.g. in the Hutton Sandstone), or at shallower depths near groundwater sources, to evaluate 

effectiveness of GHG containment within the Precipice Sandstone.  Initially, the surveys could be 

performed through periodic logging in appropriate monitoring boreholes.  

The detection limits required for the DRRS tool (in order to be effective in a Surat Basin 

sequestration environment) are dependent upon the composition of the injected GHG stream, the 

mineralogy and baseline levels of dissociation species within the target aquifer. The behaviour of the 

SOx and NOx components of a CO2 stream during storage are poorly understood (especially in the 

case of NOx), as are their likely baseline levels in Precipice Sandstone groundwater. Furthermore, the 
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majority of current research with CO2 and minor species have involved concentrations much greater 

than initially expected to be injected in the Precipice Sandstone (Pearce et al., 2015a).  

Table 1. Summary of sulphur, nitrogen and carbon derived dissociation species. These guided DRRS tool 
detection assessment for field scale monitoring.  

Group Name Formula 

CO2  Carbonate CO3
2- 

 
Bicarbonate HCO3

- 

 
Carbon dioxide CO2 

SOx Sulphate SO4
2- 

 
Sulphite SO3

2- 

 
Thiosulphate S2O3

2- 

 
Bisulphate HSO4

- 

 
Bisulphite HSO3

- 

 
Hydrogen sulphide H2S 

 
Sulphide S2- 

 
Bisulphide HS- 

NOx Nitrate NO3
- 

 
Nitrite NO2

- 

 
Ammonium NH4

+ 

 

This report first outlines a desktop study, supported by longer term batch experiments, to determine 

the baseline level required DRRS tool LOD for dissolved CO2, SOx and NOx resulting from a test 

injection of CO2/SOx/NOx stream into Precipice Sandstone samples from the West Wandoan 1 well 

(Surat Basin, Queensland). 

1.2. Site description 

1.2.1. Reservoir description 

Core samples for the present study were obtained from the West Wandoan 1 Well, Surat Basin, 

Queensland, Australia (see Figure 1 for well location).  The well intersected a stacked reservoir seal 

sequence containing the relatively clean primary reservoir (Precipice Sandstone) overlain by a 

variably overlain fine-grained, low-permeability seal (Evergreen Formation) and a heterogeneous, 

internally baffled, aquifer (Hutton Sandstone) (Farquhar et al., 2015). This reservoir sequence has 

been extensively studied for the purposes of CO2 storage. This has included experimental and 

modelling studies with CO2 (Farquhar et al., 2015, Dawson et al., 2014), CO2/SO2 (Pearce et al., 

2015a), CO2/O2/SO2 (Pearce et al., 2016a, Pearce et al., 2016b) and CO2/O2/NO2 (Haese et al., 2016). 

Prior to the current study, there have been no experimental or modelling studies focusing upon the 

influence of CO2 combined with low concentrations of SO2/NO, as expected at the CTSCo site.  
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Figure 1. a)Location of West Wandoan 1 well, and b) the stratigraphic column.  

1.2.2. Water chemistry 

An understanding of the baseline concentrations and identities of the aqueous dissociation species 

specific to the Precipice Sandstone groundwater samples is necessary when designing a calibration 

methodology for the DRRS tool. Groundwater data can also provide a better understanding of the 

interaction between dissociation products and the injection site reservoir rock. The results can guide 

selection of the required species and concentration ranges. It can also provide a basis to determine 

the sensitivity and limits of detection (LOD) of the DRRS tool for application to a variety of 

sequestration environments. 

Hodgkinson and Grigorescu (2013) produced a comprehensive hydrodynamic analysis of open-file 

Surat Basin datasets. Only major ions were considered, since data on minor and trace elements, as 

well as additional parameters such as pH, were too sparse to include. The study found that the 

hydrochemistry of the Precipice Sandstone is predominantly very fresh (Total dissolved solids, (TDS) 

≤ 1500 mg/L) and Na–HCO3  type in the Surat Basin. These values were biased towards sampling of 

shallower regions of the Precipice up to a few hundred metres below the surface and may not be 

representative of the deeper intervals (> 800 m) where CO2 injection would take place.  

(a) (b)
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CTSCo provided core for this project from the West Wandoan 1 (WW1) well, although no formation 

water was sampled. However, there are a number of datasets publicly available that can provide 

some indication of the hydrochemistry of Precipice groundwater samples in the vicinity, as described 

below:  

 The Department of Natural Resources and Miners (DNRM) groundwater database includes 

hydrochemical data from registered bores across Queensland (DNRM, 2015)( 

https://ccsg.centre.uq.edu.au/water-atlas). A subset of this database was subjected to a 

quality control (QC) methodology developed by Feitz et al. (2014) which provided an 

improved level of confidence in the groundwater samples selected;  

 Australia Pacific LNG (APLNG) and Queensland Gas Company (QGC) reported aquifer re-

injection trials into the Precipice Sandstone at sites 10 – 30 km southwest of West Wandoan 

1. The published injection management plans for the Woleebee Creek 4 (APLNG (2013)) and 

Reedy Creek (QGC (2013b)) included groundwater monitoring and provide detailed 

groundwater analyses of samples collected between 2012-2013. The QGC report also 

included water chemistry for the Wandoan Town bore.  

A summary of the DNRM water chemistry dataset is provided in Appendix 7.3. Water chemistry 

provided in the APLNG and QGC reports are discussed further here, since they are located within 

closest proximity to the West Wandoan 1 well and will likely provide the most representative 

assessment.  

QGC completed a feasibility study for an aquifer injection trial located at Woleebee Creek, part of 

QCLNG Project’s Northern Development Area, 15 km southwest of West Wandoan 1 (QGC, 2013b). 

Water analysis was performed on a groundwater monitoring bore (WCK GW4) sampled in early 

2013. The WCK GW4 well targeted the lower Precipice Sandstone (1460 – 1572.5 m) and 

construction was completed in Q3 2012. APLNG submitted an injection management plan for the 

operational injection scheme into the Precipice Sandstone at the APLNG Reedy Creek property, 

within the Combabula Development Area (APLNG, 2013). The study assessed the feasibility of the 

injection of treated CSG water from the Walloon Coal Measures into the Precipice Sandstone 

aquifer. The injection bores targeted a drilling depth of approximately 1280 m. The location of the 

Woleebee Creek and Reedy Creek bores and their proximity to West Wandoan 1 and the Wandoan 

Town supply bore is shown in Figure 2.  
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Figure 2: Location of Reedy Creek (RNINJ4-P) well, Woleebee Creek 4 (WCK4) well, West Wandoan 1 (WW1) 
well and Wandoan Town supply bore.  

A summary of groundwater geochemistry results for the Woleebee Creek and Reedy Creek bores 

and Wandoan Town supply bore is shown in Table 2. Both Woleebee Creek and Reedy Creek were 

dominated by HCO3, Na and Cl with much lesser Ca, Mg and SO4
2-. The Reedy Creek results indicate a 

moderate TDS value of 471 mg/L and an EC value of 725 μS/cm, indicative of a brackish water quality 

and more than double that measured in Woleebee Creek and Wandoan Town bores. The pH was 

measured to be circum‐neutral (pH 8.2), slightly greater than Woleebee Creek. Measured HCO3
- 

concentration was similar for both wells, as was the low concentration of nitrogen and sulphur 

dissociation species (<1 mg/L). Groundwater samples analysed from Woleebee Creek and Reedy 

Creek are largely consistent with the Wandoan Town bore excluding SO4
2, which had a slightly higher 

range (3 – 14 mg/L) from the Wandoan Town bore.  Small amounts of CH4 were detected in all 

bores.  

  

West Wandoan 1 
(WW1)

Reedy Creek 
(RNINJ4-P)

Woleebee Creek 4
(WCK4)

Wandoan Town 
Bore
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Table 2. Selected physical properties and major ionic species for groundwater samples collected from the 
Woleebee Creek 4 (QGC, 2013b), Reedy Creek (APLNG, 2013) well, and the Wandoan Town bore.  The 
Wandoan Town bore water chemistry was taken from a supplementary QGC report (QGC, 2013a), though the 
sampling date was not reported. Average values use the median of the range reported for the Wandoan Town 
bore. ND = not detected, DL = detection limit.  

Parameter Units WCK GW4a WCK GW4b RCINJ4-P Wandoan 
Town 

Average 

Date sampled  11/01/2013 1/03/2013 24/04/2012 unknown  

Depth m 1460-1572.5 1460-1572.5 1280 1082-1143 1356 

Formation  Precipice Precipice Precipice Precipice  

pH  6.7 6.8 8.2 6.8 – 7.8  7.3 

Conductivity  us/cm 200 200 725 200 – 290  343 

Temperature (oC) oC 67.2 66.4    

TDS  mg/L 130 130 471 110 – 190  240 

TSS  mg/L <1 <1 5 ND  

Al mg/L 0.004 <0.001 <0.01 ND – 1.8   

Ba mg/L <0.001 0.011 0.02 0.015 – 0.017 0.017 

Ca mg/L 0.35 0.26 < 1 0.14 – 0.46  

Cl mg/L 12 11 70 10 - 13 26.5 

F mg/L 0.5 0.5 1.1 0.1 – 0.3  0.6 

Fe mg/L <0.001 0.77 0.28 1.8 – 5.8  1.41 

K mg/L 2.7 1.5 3  2.4 

Mg mg/L 0.08 0.06 < 1 0.08 – 0.14   

Mn mg/L 0.01 0.009 0.006 0.025 – 0.051  0.016 

Na mg/L 44 32 157 30 – 34  66 

SiO2(aq)  mg/L 34.00 19 3   

Sr mg/L 0.010 0.006    

CH4(aq)  mg/L 3.3 4 0.2 0.005 – 4.7  2.5 

CO2 log fugacity -1.453 -1.534    

HCO3
‐  mg/L 119.7 80.54 148 50 – 75  103 

CO3
2-  mg/L <1 <1 <1 ND  

SO4
2-  mg/L 2 2 <1 3 – 14   

S2-  mg/L < DL 0.09    

HS‐  mg/L 0.149 0.1    

NO3
-  mg/L   0.35 ND – 0.03*1  

NO2
‐ mg/L 0.120 0.012 <0.01   

NH4
+  mg/L   0.03 0.18 – 0.64   

Total Cations  meq/L 2 1.4   1.7 

Total Anions  meq/L 1.8 1.3   1.6 
*1Total NOx 

1.2.3. Expected CO2 stream composition  

The concentrations of impurities in CO2 streams will vary depending on the CO2 source and capture 

technology employed. Major CO2 sources include those derived from power production and energy 

production, and to a lesser extent cement, iron and petrochemical manufacturing. Apart from 

industrial separation processes, there are currently three types of carbon capture technologies: oxy-
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fuel combustion capture, post-combustion capture and pre-combustion capture. The basic concepts 

of each type of capture technology are summarised in Figure 3.  

A comprehensive review of the reported compositions of CO2 streams separated by the above 

processes was published by Talman (2015), who summarised the anticipated composition of purified 

CO2 streams derived from four reviews produced by IPCC (2005), Oosterkamp and Ramsen (2008), 

IEAGHG (2011) and PTAC (2014). The reviews are subdivided based upon capture specifications and 

fuel type, and are summarised in Appendix 7.4.  The recently published Porter et al. (2015) review of 

separated CO2 stream composition has also been included in Appendix 7.4 for comparison.  

It was proposed that a PCC plant identical to the Huaneng (post combustion capture (PCC) plant 

currently in operation at the Huaneng’s Shidongkou No.2 Power Plant in Shanghai will be used to 

capture the GHG stream from the Millmerran Power Station in southwest Queensland. Initially, the 

PCC plant will produce a 60 ktpa CO2 stream during the three-year geo-sequestration test injection 

phase, followed by a 120 ktpa CO2 stream.  There is currently no reported data on the composition 

of the Huaneng PCC plant separated CO2 stream, however, Appendix 7.4 suggests that CO2 purity is 

expected to be high (>99.9 %) and SOx/NOx impurities low (<50 ppmv each). Cottrell et al. (2013) 

investigated the use of piperazine (PZ) as an alternative to an MEA based system for PCC of a black 

coal derived flue gas stream from the Tarong power station (Queensland, Australia).  NO 

concentration was 30 – 45 ppmv and NO2 < 5 ppmv in the separated CO2 stream. SOx concentration 

in the lean CO2 stream was not reported, though is expected to be <10 ppmv according to the 

separated Tarong power station flue gas composition (Li et al., 2016). 

After the reviews of Talman (2015) and Porter et al. (2015) summarised in Appendix 7.4, and 

previous investigations of PCC CO2 composition from the Tarong power station (Cottrell et al., 2013), 

the following CO2/NO and CO2/SO2/NO gas compositions were used for experimental and modelling 

studies presented in this report: 

 50 ppmv NO in a balance of CO2.  

 50 ppmv NO and 10 ppmv SO2 in a balance of CO2.   
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Figure 3. Overview of CO2 capture and treatment systems (IPCC, 2005).  

1.3. Desktop study of Raman spectra 

Raman spectroscopy is a powerful molecular vibrational spectroscopy that has been employed 

widely for more than 70 years to non-destructively analyse various materials and mixtures in the 

laboratory (McCreery, 2005).  Because of its sensitivity to the molecular structure of chemicals, 

Raman spectroscopy is called a “fingerprinting” technique. In the past 20 years significant 

advancements in laser, detection and optical filtering technology have enabled the application of 

Raman spectroscopy to a number of practical, real-world problems in a wide range of environments 

– from real-time chemical process stream analysis to pigment analysis in historical paintings to 

unknown materials identification in drug investigations and downhole analysis of fluids, salts and 

gases in coal formations. In the latter case, Raman spectroscopy has been used extensively to 

analyse dissolved methane in situ, and to a lesser extent, nitrogen and carbon dioxide in coal seam 

reservoirs (MacDonald, 2007).   

Raman spectroscopy is based on the process of scattering light off molecules, with each type of 

molecule having a specific fingerprint spectrum reflecting the molecular bonding and structure of 

the molecule. Higher concentrations of a particular molecule result in observation of more photons 

at the fingerprint (spectral) energies specific to that molecule.  Hence with the correct calibration, 

the concentration of specific dissolved species can be determined. This sensing technique has been 

extended by Blue Sky’s subsidiary, WellDog, to down-hole in-situ analysis of methane and carbon 

dioxide species naturally occurring in coalbeds (MacDonald, 2007). In particular, for the past nine 

years WellDog has performed commercial downhole logging services using its DRRS logging 

technology that measure solubilised concentrations of methane and carbon dioxide, and that can be 



10 
 

used to calculate related gas partial pressures, to inform production expectations for coal seam gas 

operators.  

For example, Figure 4 shows the Raman fingerprints (or spectra) of carbon dioxide, sodium 

bicarbonate and sodium carbonate dissolved in water acquired using WellDog’s DRRS technology. 

The photons comprising the peaks to the left are at lower energies (i.e. they transferred more 

energy to the molecules) than those at right.  These spectra were collected over just 10 seconds 

using a 532-nm laser excitation source and a charge-coupled device detector (CCD). Note that a 

molecule consisting of three or more atoms may have multiple Raman-active vibrational modes 

resulting in more than one peak in the Raman spectrum, as is the case for carbon dioxide and the 

bicarbonate ion.  Further, note that some vibrational modes scatter less efficiently than others, 

resulting in less intense and broader peaks.  The combination of peaks, positions, and intensities is 

diagnostic of the presence of a given chemical, and this molecular fingerprint allows for the 

resolution of mixtures, even when some peaks in spectra have significant overlap.  A boon of the 

Raman effect is that higher concentrations of a particular molecule result in observation of more 

photons at the fingerprint (spectral) energies specific to that molecule. For example, Figure 5 - Figure 

7 show graphs of how the areas of peaks specific to the chemicals in Figure 4 compare to increasing 

concentrations of those species in a linearly increasing fashion. 

 

Figure 4: Raman spectra of CO2 and its dissociation products, all dissolved in water. 

 

Figure 5. Plot of the relationship between instrument response and concentration for two peaks observed for 
dissolved carbon dioxide in water. 

R
2
 = 0.9971

R
2
 = 0.992

0

0.05

0.1

0.15

0.2

0.25

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
CO2 Concentration [Moles/liter] 

R
a
m

a
n

 R
e
s
p

o
n

s
e
 (

N
o

rm
a
li

ze
d

)

CO2 @ 1280 1/cm

CO2 @ 1386 1/cm

Linear (CO2 @ 1386 1/cm)

Linear (CO2 @ 1280 1/cm)



11 
 

 

Figure 6. Plot of the relationship between instrument response and concentration for two peaks observed for 
dissolved sodium bicarbonate in water. 

 

Figure 7. Plot of the relationship between instrument response and concentration for a peak observed for 
dissolved sodium carbonate in water.  

The WellDog DRRS is a self-contained laser-excitation Raman spectrometer in the form factor of a 

wireline logging tool capable of deployment into boreholes thousands of metres deep and 

withstanding high pressures (up to 200 Bar) and temperatures (up to 70°C).  Direct interrogation of 

fluids in the borehole is accomplished by focusing the excitation laser into the fluids through an 

optical window on the leading end of the tool. Raman scatter is collected through the same window, 

optically filtered and captured with a detector also contained within the tool. Data is transmitted to 

the surface and recorded in real time, where a single spectrum can be collected in as little as 100 ms.  

Thus, the tool may be run in ‘logging’ mode, continuously monitoring fluids as the tool is moved 

down the borehole, allowing the operator to identify changes in conditions.  The instrument can also 

be run in stationary mode, either to monitor temporal changes in conditions or to repeat 

measurements to increase sensitivity and lower detection limits. 

This research project extends the research by MacDonald (2007) to non-coal reservoirs by 

demonstrating SOx, NOx and CO2 measurement capabilities in the laboratory. Thirteen species were 

identified as target chemicals including seven sulphur-derived, three nitrogen-derived and three 
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carbon-derived chemicals. One species, the sulphide ion, S2-, is monoatomic and therefore presents 

no characteristic Raman features.  However, this ion is strongly basic and in the presence of water 

will react nearly completely, deprotonating water to form the bisulphide ion, HS-, which, being 

diatomic does have characteristic Raman features (Meyer et al., 1983).  Bisulphide is also a small, 

though significant reaction product of hydrogen sulphide mixed with water.  These thirteen species 

and the bisulphide alternate are summarized in Table 3. 

Table 3. Table of thirteen species names and chemical formulae identified as relevant to the Surat Basin site 
(Turner et al., 2015).  

Group 
Name 

Chemical 

formula 

Su
lp

h
u

r 
 

d
er

iv
at

iv
es

 

Sulphate SO4
2- 

Sulphite SO3
2- 

Thiosulphate S2O3
2- 

Bisulphate HSO4
- 

Bisulphite HSO3
- 

Hydrogen 

sulphide 
H2S 

(Sulphide) S2- 

Bisulphide HS- 

N
it

ro
ge

n
 

d
er

iv
at

iv
es

 Nitrate NO3
- 

Nitrite NO2
- 

Ammonia NH3 

C
ar

b
o

n
 

d
er

iv
at

iv
es

 Carbonate CO3
2- 

Bicarbonate HCO3
- 

Carbon dioxide CO2 
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1.3.1. Primary literature 

A total of nine references were identified, which detail the positions of characteristic Raman-shift 

bands for all thirteen species in an aqueous environment. These references date from 1975 through 

2015 and include figures showing example Raman spectra. Many other sources were located, some 

dating back as many as 85 years which characterise some of these species in other phases or 

environments.  It should be noted that molecular vibrations associated with Raman bands are 

affected significantly by phase (i.e. solid, liquid, gas) and solvation (e.g. aqueous, organic).  It’s not 

prudent to reproduce Raman spectra figures for all thirteen species in this report.  Instead each 

reference and figure was analysed to extract centre peak position and peak width with preference 

given to values listed in the text. See Figure 8 as an example of the analysis performed on a Raman 

spectrum extracted from Windisch (2012) for aqueous carbon dioxide.  All observations are 

summarized and detailed in Table 4 and Figure 9 below.  

 

Figure 8. Example of Raman peak centre position and width analysis for CO2. Centre (blue), full-width half-
maximum (red).  Y-axis is intensity counts, H2O indicates the position of a Raman band associated with water. 
Figure adapted from  Windisch (2012). 
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1.3.2. Preliminary findings 

In Figure 9, the characteristic Raman features for the seven sulphur, three nitrogen and three carbon 

species are summarized graphically.  In Table 4, the same data are listed with Raman peak vibration 

assignments and approximate relative peak intensities normalized to the primary peak.  In Figure 9, 

the peak centre is indicated with a blue “+” and peak width (FWHM) with red error bars.  The most 

intense peak for each species is indicated with a solid triangle.  It should be noted that while 

measurements of peak centre are generally robust across different measurements, peak width and 

relative peak heights are quite dependent on instrument configuration. As these data were 

extracted from multiple literature sources each using unique excitation laser wavelengths, 

spectrometers, detectors, etc. the behaviour observed using the WellDog instruments may vary.   

As currently configured, the WellDog DRRS is capable of measuring spectra with Raman shifts 

between 500 and 3800 cm-1, with an average resolution across the spectrum of 4.5 cm-1.  This 

spectral window (which can be augmented when necessary) encompasses all of the primary peaks 

for species with the exception of thiosulphate at 447 cm-1.  Nevertheless, thiosulphate also exhibits a 

prominent peak centred at 997 cm-1, well within the window of the instrument.   

Although related chemicals exhibit peaks in similar regions, primary peak centres are generally 

separated sufficiently to allow for differentiation.  In cases where two species might exhibit 

interference among the primary peaks, secondary bands can be used for discrimination.  For 

example, sulphate and closely-related bisulphate exhibit a primary peak centred at 981 cm-1.  

However, bisulphate displays an additional prominent peak at 1052 cm-1 as well as two additional 

characteristic O-H stretching peaks at 1615 and 1721 cm-1, none of which are present in sulphate.   

 

Figure 9. Summary of Raman bands for 13 chemicals in aqueous environments. Triangles indicate the centre of 
the highest intensity peak, x-error bars show full-width half maximums extracted from published figures 
referenced in Table 4. 
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To illustrate, a simulated groundwater spectrum comprised of a mixture of sulphate, bicarbonate, 

nitrate and other minor components is shown in Figure 10.  Peak shapes are derived from 

parameters extracted from publications as detailed in Table 4.  Note that because spectra in the 

various publications were collected on a number of different instruments, it’s impossible to 

determine the relationship between the relative peak heights of different chemicals.  Here, the 

assumption was made that equal (molar) concentrations of a given chemical result in the most 

intense peak having the same peak height, which is almost certainly not the case. In future work, 

these assumptions will be rectified through characterization of individual and mixed chemical 

samples using the DRRS tool.   

Based on these results, qualitative analysis of single components dissolved in water and analysis of 

limits of detection should be straightforward. For the purposes of resolving and quantifying mixtures 

of components, whole spectrum analysis using classical least squares or more advanced 

chemometrics techniques such as factor analysis will likely be necessary. See Kramer (1998) for a 

review. Analysis of limits of detection for samples containing mixtures of these chemical 

components will depend largely upon the identity of the components and the degree to which their 

peaks overlap and interfere.  A very large concentration of sulphate, for example, may drown out 

the signal from a relatively small concentration of thiosulphate. Again, whole-spectrum analysis and 

chemometrics techniques will be useful.   

 

Figure 10. Simulated groundwater sample spectrum with primary peaks useful for identification of species 
noted. Individual components were scaled to the concentrations noted and plotted on the baseline with the 
summed simulated groundwater spectrum offset for clarity.   
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Table 4. Summary of extracted Raman peak parameters matched with references to the data source. 

References: [1] James et al. (2015), [2] Jubb (2012), [3] Moore (2014), [4] Connick (1982), [5] Meyer et al. 

(1983), [6] Chazallon (2007), [7] Chen et al. (2015), [8] Luna et al. (2010), [9] Schicks (2008), [10] Xu et al. 

(2008), [11] Irish (1975), [12] Buback (1976), [13] Ujike (2002), [14] Dickinson (1929), [15] Calver (2004), [16] 

Falcke (1990), [17] White (2010), [18] Windisch (2012).  

 
 Chemical species 

Peak centre ± 
FWHM (cm-1) Assignment 

Relative 
intensity References 

Su
lp

h
u

r-
b

as
ed

 

Sulphate (SO4
2-) 981 ± 9 Symmetric stretch 1 [1-3]  

  1105 ± 73 Asymmetric stretch 0.04 

 615 ± 41 Asymmetric bend 0.05 

 450 ± 46 Symmetric bend 0.06 

Sulphite (SO3
2-) 964 ± 44 Symmetric stretch 1  

[1, 3] 
 

 470 ± 53 Symmetric bend 0.28 

 615 ± 53 Asymmetric bend 0.10 

Thiosulphate (S2O3
2-) 447 ± 22 S-S symmetric stretch 1  

 
[1] 
 
 

 997 ± 17 S-O symmetric stretch 0.58 

 665 ± 52 O-S-O symmetric bend 0.21 

 333 ± 34 S-S-O out of plane bend 0.16 

 1118 ± 71 S-O asymmetric stretch 0.16 

Bisulphate (HSO4
-) 981 ± 12 Symmetric stretch 1  

 
 
[1] 
 
 
 

 1052 ± 21 Asymmetric stretch 0.63 

 892 ± 38   0.14 

 595 ± 34  0.14 

 441 ± 46  0.12 

 1615 ± 16  0.14 

 1721 ± 11  0.11 

Bisulphite (HSO3
-) 1051 ± 14  1  

 
[1, 4] 
 
 

 1023 ± 28  0.72 

 467 ± 61 Symmetric bend 0.13 

 587 ± 47 Asymmetric bend 0.09 

 730 ± 87  0.11 

Hydrogen sulphide (H2S) 2592 ± 19 Symmetric stretch 1 [5-9] 

Bisulphide (HS-) 2573 ± 18 Symmetric stretch 1 [6-9] 

N
it

ro
ge

n
-b

as
ed

 

Nitrate (NO3
-) 1048 ± 10 Symmetric stretch 1  

[3, 10] 
 

 718 ± 35 In-plane deformation 0.08 

 1407 ± 130 Asymmetric  0.03 

Nitrite (NO2
-) 1331 ± 48 Symmetric 1 [3, 11] 

  817 ± 20 Deformation 0.52 

Ammonia (NH3) 1650 ± 52 Dimer 1  
 
[12-15] 
 
 

 1100 ± 89 Bend 0.56 

 3308 ± 31 Stretch Fermi resonance 1 

 3390 ± 42 Stretch FR 0.35 

 3220 ± 36 Stretch FR 0.27 

C
ar

b
o

n
-b

as
e

d
 

Carbonate (CO3
2-) 1067 ± 9 Symmetric stretch 1 [3, 16] 

Bicarbonate (HCO3
-) 1015 ± 35 C-OH stretch 1  

[16, 17] 
 

 1360 ± 41 C=O symmetric stretch 0.48 

 1302 ± 51 C=O bend 0.15 

Carbon Dioxide (CO2) 1275 ± 19 Symmetric Fermi 
resonance  

1 [6, 7, 14, 16-
18] 
  1382 ± 18 Asymmetric FR 0.26 

 



17 
 

1.4. Overview of work programme 

The desktop study outlined in the previous sections provides an indication of the native groundwater 

chemistry for the Precipice Sandstone aquifer and the likely composition of a CO2 injection stream at 

the West Wandoan 1 demonstration site. Batch reactor experiments are performed to assess the 

impact on this chemistry from the solubilisation of CO2, SO2 and NO during injection of CO2/SO2/NO 

with several Precipice Sandstone cores. Additionally, they provide potential necessary measurement 

detection limits for monitoring plume development and migration with the DRRS tool. Geochemical 

simulations with Geochemist’s Workbench (GWB) are incorporated to further develop knowledge in 

dissociation species evolution over extended periods (up to 50 years). In a concurrent study, DRRS 

tool calibration studies were completed by WellDog to determine the instrument limit of detection 

(LOD) for each of the dissociation products observed in the batch reactor experiments. Calibration 

methods combined both modelling and experimental methods using a custom manufactured optical 

high-pressure vessel. Finally, laboratory experiments were performed with Precipice Sandstone 

samples and the DRRS setup under simulated reservoir conditions to determine whether DRRS 

spectra can detect solubilised CO2/SOx/NOx species.  

2. Methods 

2.1. Batch reactor experiments 

2.1.1. Core sampling and characterisation 

A total of seven core samples from four different depths of the Precipice Sandstone were prepared 

from the West Wandoan 1 core for batch experiments. The subsamples from each region consisted 

of a 15x15x15 mm cube and a sample offcut of variable dimensions to form a total sample mass of 

approximately 12 g. Whole core images indicating the regions from which sub-samples were cut are 

shown in Figure 11. Samples were chosen to reflect the variable mineralogy and porosity of the 

Precipice Sandstone over a large depth interval. The samples are summarised as follows: 

 WC11-1 and WC11-5 were sampled from a highly quartzose region (1165.44 – 1165.62 m). 

 P346-2 was sampled from a deeper quartzose region (1197.76 – 1197.84 m).   

 WC19-1 and WC19-2 were sampled from a clay rich interlaminated region of the Precipice 

Sandstone (1207.61 – 1207.68 m).  

 WC20-2 and WC20-3 were sampled from a highly quartzose region at a lower depth interval 

(1211.65 – 1211.75 m).  

The mineralogy of unreacted offcuts is shown in Table 5. Mineralogy was initially quantified by X-ray 

diffraction (XRD), which were in good agreement with quantitative SEM (QEMSCAN) performed on 

similar sections (Golab et al., 2015, Dawson et al., 2014). Since some reactive minerals are present in 
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trace amounts not sufficiently large enough to be quantifiable by XRD (or QEMSCAN), SEM-EDS was 

also performed. Further sample characterisation by SEM-EDS revealed the presence of minerals in 

trace amounts that may contribute significantly to the observed water chemistry following batch 

reactions with CO2/SOx/NOx. Trace minerals included K-feldspar, illite/muscovite, ankerite, Fe-Mg-

chlorite, calcite, rutile, Fe-sulphides, basaltic hornblende and sulfates such as arcanite (K2SO4) and 

mirabillite (Na2SO4:10H2O). The whole rock composition of samples determined by acid digestion is 

shown in Table 6. 

 

Figure 11. Photographs of whole core sections and cubic sub-sample surface of Precipice Sandstone samples 
used during batch leaching experiments.P346-2 not shown.    

Table 5. Mineralogy (wt.%) of samples based upon semi-quantitative XRD and SEM studies. P346-2 mineralogy 
was based upon XRD data only as extensive SEM characterisation was not performed. The approximate sample 
depth is shown in brackets.  

 
WC11-2 WC11-5 WC19-1 WC19-2 WC20-2 WC20-3 P346-2 

Mineral (1165 m) (1165 m) (1207 m) (1207 m) (1212 m) (1212 m) (1198 m) 

Quartz 96.37 96.22 53.63 53.63 87.45 87.45 80.50 

K-feldspar 0.41 0.41 
  

4.26 4.26 
 

Kaolinite 2.74 2.73 21.72 21.72 4.38 4.38 2.30 

Illite 0.21 
  

0.14 
   

Muscovite 
  

23.34 23.34 3.84 3.81 
 

Calcite 
 

0.01 
   

4.7E-03 
 

Ankerite 
  

0.05 0.05 
   

Fe-Mg-Chlorite 0.28 0.52 0.88 0.89 0.07 0.10 
 

Phlogopite 
 

0.10 
     

Arcanite 
  

0.10 0.10 
   

Mirabilite 
  

0.27 0.13 
   

Bayerite 
      

1.30 

Oxyhornblende 
      

12.10 

Chloritoid 
      

3.90 

 

  

1165.44 m

1165.52 m

1207.61 m

1207.68 m

WC19-1

WC11-2
1211.65 m

1211.75 m

WC20-2

WC11-5

WC20-3
WC19-2
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Table 6. Whole rock composition (in mg/kg) of samples determined by acid digestion.  

 
Sample 

   
Element WC11 WC19 WC20 P346-2 

Al 8142 131411 15241 7476 

Ba 29 352 83 0 

Ca 213 529 142 147 

Fe 209 6601 690 425 

K 781 13971 3292 6172 

Mg <DL 1893 274 96 

Mn 9 28 <DL 5 

Na 1020 509 139 629 

P 120 <DL <DL <DL 

Si 459491 277441 434348 450960 

Ti 658 7941 2318 193 

 

2.1.2. Batch reactor methodology 

Batch experiments were performed using unstirred 250 ml Parr® reactors with custom-built 

thermoplastic (PEEK) vessel liners, sample holders and a dip tube assembly (Figure 12). The 

experimental procedure has been used and described in a number of previous investigations 

(Farquhar et al., 2015, Dawson et al., 2015, Pearce et al., 2015a, Pearce et al., 2015b, Turner et al., 

2016) and summarised for the current investigation below: 

 A 15 mm cube, separate offcut and a unpolished thin section (for SEM analysis) were 

prepared from larger core samples to form a total initial sample mass of 12± 1 g. 

 Core samples were placed within a PEEK holder in the high pressure Parr® vessel containing 

100 ml of variable composition fluid; 

 The sample line was purged and pressurised with N2 to remove any residual oxygen and the 

pressure and temperature raised to 12 MPa and 60 °C to simulate downhole conditions in 

the Surat Basin; 

 N2 was replaced with reactive gases (CO2/NO or CO2/SO2/NO) and aliquots of fluid regularly 

sampled for the entire reaction period (up to 50 days). The various analytical techniques 

employed in this study are discussed in Section 2.1.3.  

A summary of the experiments performed is shown in Table 7. The composition of NO and SO2 in the 

CO2/NO and CO2/SO2/NO gas mixtures were consistent with that expected from a PCC plant 

(Appendix 7.4), i.e. 50 ppm NO in a balance of CO2 (hereafter known as CO2/NO) and 50 ppm NO/10 

ppm SO2 in a balance of CO2 (hereafter known as CO2/SO2/NO). The following points should also be 

noted:  

 Blank experiments with CO2/NO (Exp. 1) and CO2/SO2/NO (Exp. 6) were performed in order 

to assess anion chemistry prior to the introduction of rock samples.  
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 Since no groundwater samples were obtained at the West Wandoan 1 well and initially the 

local groundwater composition was not well known, initial CO2/NO experiments with WC11-

2, WC20-2 and WC19-1 utilised an initial average water composition of 1500 ppm NaCl/152 

ppm NaHCO3 to maintain consistency with previous experiments (Turner et al., 2016).   

 Experiments with CO2/SO2/NO utilised lower salinity water expected to be more 

representative of the West Wandoan 1 site based on samples from nearby bores (see 

Section 1.2.2) i.e. 50 ppm NaCl/140 ppm NaHCO3. 

 The majority of core samples were initially reacted with N2 (at 60 °C and 12 MPa) for up to 

15 days in order to assess water-rock interactions prior to the introduction of the reactive 

gas mixture. A separate N2-rock-water experiment was initially completed for WC11-1 (Exp. 

2).  

Table 7. Summary of long term batch experiments.  All experiments were performed at 60°C and 12 MPa.  

Exp. # Sample Depth Fluid comp. (ppm) Gas (ppm)   N2-stage CO2 stage Total 

    (m) NaCl NaHCO3  CO2 SO2 NO (days) (days) (days) 

1 Blank n/a 1500 152 balance 0 50 0 35 35 

2 WC11-1 1165 1500 152 N2 only   34 0 34 

3 WC11-2 1165 1500 152 balance 0 50 0 35 35 

4 WC19-1 1207 1500 152 balance 0 50 6 25 31 

5 WC20-2 1212 1500 152 balance 0 50 15 50 65 

6 Blank n/a 50 140 balance 10 50 0 48 48 

7 WC11-5 1165 50 140 balance 10 50 15 50 65 

8 WC19-2 1207 50 140 balance 10 50 15 51 66 

9 WC20-3 1212 50 140 balance 10 50 15 50 65 

10 P346-2 1198 50 140 balance 10 50 14 50 64 
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Figure 12. Schematic of batch reactor for gas-water-rock reactions (adapted from Pearce et al. (2015a)).  

 

2.1.3. Analytical methods 

During the experiments, fluid was incrementally sampled over the entire reaction period and 

analysed for: 

 pH and conductivity via a TPS WP81 meter and probes.  

 Dissolved elemental concentration (Al, Ca, Fe, K, Mg, Mn, Na, S and Si) via a Varian Vista Pro 

ICP-OES on sampled aliquots acidified to 2% HNO3.  

 Dissolved sulphur species (SO4
2-, SO3

2-, S2O3
2-, S2-) and Cl- concentration via a compact Dionex 

ICS-2000 ion chromatograph with an AD25 absorbance (230nm) and a DS6 heated 

conductivity detector (35oC). Aliquots were preserved with a sulphide anti-oxidant buffer 

(SAOB) prior to analysis (Keller-Lehmann et al., 2006).  

 Dissolved nitrogen species (NO3
-, NO2

- and NH4
+) via flow injection analysis (FIA) using a 

Lachat QuikChem8500 flow injection analyser.  

The instability of NOx species adsorbed in solution may have resulted in discrepancies in the final 

measured concentration and further exaggerated if a delay period to sample analysis existed. The 
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significance of the delay period between sampling and liquid analysis was previously discussed by 

Ting et al. (2013). Measured NOx following adsorption of N2/1% NO in water at 15 bar decreased 

from 300 mg/L to 34 mg/L after increasing time to analysis from 24 hr to 2 weeks. Liquid samples 

were immediately refrigerated at 4 °C following collection from the Parr vessel and analysed via FIA 

on the same day. This limited the exchange of NOx species and provided a more representative 

analysis of in-situ conditions.   

2.2. Geochemical modelling 

2.2.1. Batch reaction modelling 

Batch reactor experiments were modelled using Geochemist’s Workbench (GWB) software. Kinetic 

models were constructed using the thermo.com.V8.R6+CO2S.dat database. A CO2 fugacity of 82.0 

bar was used in all simulations based upon a solubility model for 0.026 mol/kg NaCl at 60 °C and 120 

bar (Duan and Sun, 2003b). The amount of either NO(g) or SO2(g) added was guided by the 

experimentally measured concentration of SOx and NOx dissociation species. The aqueous species 

NH3(aq), N2(aq) and N3
- were suppressed in the geochemical model in order to allow the formation 

of NO3
- and NO2

- observed experimentally. Additional basis parameters are listed in Table 8. The 

input water composition after 6 days of equilibration with N2 was used for WC19-1, and after 15 

days N2 equilibration for WC20-2, WC11-5, WC19-2 and WC20-3. The input water composition for 

WC11-2 was modified to match the water chemistry following the reaction of WC11-1 with N2 only.  

The input mineralogy for all samples was based upon a combination of semi-quantitative XRD, SEM-

EDS and water chemistry data from batch experiments (see  

Table 5). Chalcedony was used a proxy to quartz to increase simulated SiO2(aq) values to match 

experimental data. The use of chalcedony is consistent with previous modelling of the Precipice 

Sandstone (Dawson et al., 2015, Farquhar et al., 2015, Pearce et al., 2015a, Haese et al., 2016). 

Kinetic modelling parameters are listed in Table 9. The initial mineral surface area values (As) in Table 

9 were altered in order to allow data fit with the experimentally measured values. Reactive surface 

areas were generally increased 100x for the clay minerals and 10x for carbonate and sulfate 

minerals, consistent with the work of Pearce et al. (2015a) and following on from White and Brantley 

(1995).   

A number of GWB Precipice Sandstone modelling studies with pure CO2 (Farquhar et al., 2015, 

Dawson et al., 2014), CO2/SO2 (Pearce et al., 2015a, Pearce et al., 2015b, Dawson et al., 2015, Haese 

et al., 2013, Haese et al., 2016) and CO2/O2/NO2 (Haese et al., 2016) have been published, though 

this is the first of its kind to investigate CO2/NO and CO2/SO2/NO interactions.   
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Table 8. Summary of initial water composition and input conditions for GWB simulations. All values are in 
mg/L, unless otherwise stated. NO(g) and SO2(g) values represent the cutoff point for their respective addition.   

 
Sample 

     
Parameter WC11-2 WC19-1 WC20-2 WC11-5 WC19-2 WC20-3 

H2O (kg) 0.10 0.10 0.10 0.10 0.10 0.10 

Al3+  0.18 0.08 0.01 0.01 0.01 0.01 

Ca2+ 10.80 8.96 0.01 7.35 3.92 0.01 

Cl- 959.31 905.84 899.60 37.48 59.57 35.00 

Fe2+  0.01 1.16 0.01 1.42 0.50 0.95 

HCO3
-   129.66 129.46 169.00 161.90 98.44 174.46 

K+  120.00 6.80 34.48 22.68 8.78 38.96 

Mg2+ 1.35 4.05 0.01 0.01 1.73 0.01 

Na+ 631.35 605.00 598.80 54.60 61.81 63.89 

SiO2(aq) 0.43 19.10 6.74 14.83 8.77 10.76 

SO4
2- 0.28 86.53 52.69 8.43 143.10 77.51 

NH3(aq) 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

CO2(g) (fugacity) 83.0 83.0 83.0 83.0 83.0 83.0 

O2(g) (log fugacity) -50 -50 -50 -50 -50 -50 

NO(g) added (mmol) 0.0967 0.1066 0.2100 0.1500 0.2200 0.2200 

SO2(g) added (mmol) 
   

0.0131 0.0156 0.0153 

Table 9. Kinetic parameters used in script files GWB modelling. Arcanite and mirabilite employed GWB in-built 
script functions.    

Mineral K25(acid)  Ea(acid)    n  K25(neut) Ea(neut)  As
1  K(precip) 𝐓  

 
(mol/cm2/s) (kJ/mol) 

 
(mol/cm2/s) (kJ/mol) (cm2/g)  (mol/cm2/s) 

 
Chalcedony 

   
1.70E-17 68.7 10 K(diss) 2E+10 

K-feldspar 8.71E-15 51.7 0.500 3.89E-17 38.0 10 K(diss) 2E+10 

Kaolinite 4.9E-16 65.9 0.777 6.61E-18 22.2 70 K(diss)/10 2E+10 

Illite 1.91E-16 46.0 0.600 8.91E-20 14.0 70 K(diss) 2E+10 

Muscovite 1.38E-16 22.0 0.370 2.82E-18 22.0 70 K(diss) 2E+10 

Calcite 5.01E-05 14.4 1.000 1.55E-10 23.5 10 K(diss) 1E+10 

Ankerite 1.59E-08 45.0 0.900 1.26E-13 62.8 10 K(diss)/1e5 3E+10 

Siderite 1.59E-08 45.0 0.900 1.26E-13 62.8 10 K(diss) 2E+10 

Fe-Mg-Chlorite 1.62E-14 25.1 0.490 1.00E-17 94.3 70 K(diss) 2E+10 

Hematite 4.07E-14 66.2 1.000 2.51E-19 66.2 10 K(diss) 1E+10 

Arcanite 1.00E-12 
    

10 
  

Mirabilite 1.00E-12 
    

10 
  

Pyrite 3.02E-12 59.9 -0.500 2.82E-09 56.9 10 K(diss) 2E+10 
1Initial value subsequently modified 

2.2.2. Long term modelling  

Kinetic water-rock interactions were simulated over a 50 yr time period using the REACT module of 

Geochemists Workbench® and a modified version of the thermos.com.V8.R6+ thermodynamic 

database. Three modelling scenarios were completed with CO2 only, CO2/NO and CO2/SO2/NO to 

investigate the variation SOx/NOx species evolution over time. The input parameters were defined 
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assuming an initial rock porosity of 20% and water-rock mass ratio of approximately 1:11. The 

modelling steps were completed as follows: 

1. Define input mineralogy based upon simplified XRD mineralogy of various intervals of the 

Precipice Sandstone in the West Wandoan 1 well, supplemented by SEM-EDS and QEMSCAN 

studies.  

2. Define input groundwater chemistry, based upon an average of that reported for the 

Woleebee Creek 4 well and Wandoan Town bore wells (see Table 2).  

3. Equilibrium modelling with initial mineralogy and groundwater chemistry to provide the 

starting input parameters for kinetic modelling. A fixed CO2 fugacity of 10-1.5 bar was used to 

simulate initial reservoir conditions, based upon findings by Coudrain-Ribstein et al. (1998).   

4. Kinetic water rock simulations over a 50 yr period with equilibrium water chemistry and 

input mineralogy as described by step 3. Kinetic modelling parameters for minerals are as 

described in Table 9.  

5. Perform additional kinetic simulations with CO2/NO and CO2/SO2/NO. The amount of either 

NO(g) and SO2(g) added was adjusted to match the experimentally measured values from 

CO2/NO and CO2/SO2/NO blank experiments.  

The initial and equilibrated mineralogy and water composition are shown in Table 10 and Table 11 

respectively. Major changes include an increase in Ca and HCO3
- concentration due to the dissolution 

of calcite, suggesting some disequilibrium between the estimated formation water (no information 

exists for that at WW1) and Precipice Sandstone mineralogy. The initial pH matched well with water 

chemistry data from wells and bores within close proximity to West Wandoan 1 (see Table 2). Final 

input parameters for all models are summarised in Table 12. Calcite was assumed to be at 

equilibrium with the basis fluid composition, since it reacts rapidly in comparison to silicates 

(Hutcheon et al., 2016).   

Table 10. Initial and equilibrated input mineralogy.  

Mineral Initial 
 

Equilibrated 
 

 
(wt.%) (mol/kg) (wt.%) (mol/kg) 

Calcite 0.01 0.0107 0.01 0.0010 

Chlorite 0.46 0.07 0.46 0.07 

Kaolinite 2.77 1.15 2.51 1.04 

Muscovite 0.43 0.12 0.83 0.22 

Quartz 96.06 171.26 96.19 171.50 

K-Feldspar 0.28 0.11 0.00 0.00 
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Table 11. Initial and equilibrated water chemistry. 

Species Units Initial Equilibrium 

Al+++ mg/L 0.10 0.00 

Ca++ mg/L 0.10 30.30 

Fe2+ mg/L 1.41 1.05 

K+ mg/L 2.40 4.11 

Mg++ mg/L 0.10 0.05 

Mn++ mg/L 0.02 0.02 

Na+ mg/L 66.30 66.10 

SiO2(aq) mg/L 34.00 20.30 

HCO3
- (balance) mg/L 161.00 254.00 

Cl- mg/L 26.50 26.40 

SO4-- mg/L 2.00 2.00 

CO2(g)↔ H+ fugacity 0.0316 0.0316 

pH 
 

6.868 7.084 

Temperature °C 60.0 60.0 

 

Table 12. Final input parameters for all simulations. 

  
 

Gas 
  

Species Units CO2 CO2/NO CO2/SO2/NO 

H2O free kg 1.0 1.0 1.0 

Al+++ mg/L 0.003 0.003 0.003 

Calcite↔Ca++ free mol/kg 0.00995 0.00995 0.00995 

Fe2+ mg/L 1.05 1.05 1.05 

K+ mg/L 4.11 4.11 4.11 

Mg++ mg/L 0.048 0.048 0.048 

Na+ mg/L 66.1 66.1 66.1 

SiO2(aq) mg/L 20.3 20.3 20.3 

HCO3
- mg/L 254 254 254 

Cl- mg/L 26.4 26.4 26.4 

SO4-- mg/L 2.000 2.000 2.000 

CO2(g)↔H+ fugacity 83.0 83.0 83.0 

O2(g)↔O2(aq) log fugacity -40.0 -40.0 -40.0 

temperature °C 60.0 60.0 60.0 

NO(g) mmol/kg 2.200 2.200 2.200 

SO2(g) mmol/kg 
  

0.1561 
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2.3. Raman spectroscopy experiments 

The Raman spectroscopy experiments were performed using WellDog’s Reservoir Raman System 

(RRS). The RRS is a Raman spectrometer comparable to the DRRS, but housed in a benchtop package 

for laboratory use. The Raman spectroscopy experiments were performed in three phases. First, in 

Calibration Experiments, the response of the RRS instrument was characterized for each of the 

expected dissociation products of the system and a Limit of Detection (LOD) was calculated for each. 

Next, in Core Soaking Experiments, the viability of scanning Precipice groundwater (PGW) with a 

submerged core sample using the RRS instrument was tested. Last, the Reservoir Simulation 

Experiments in which a rock sample was submerged in PGW inside of a test cell, charged with a 

greenhouse gas (GHG) mixture, and scanned with the RRS instrument for an extended period w. 

Table 13 provides a brief overview of the experiments conducted, and they are explained in detail in 

the following sub-sections.
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Table 13. Summary of Raman spectroscopy experiments in this report. 

Experiment Type Conditions  
Sample(s) Description 

T (°C)  P (psi) Duration (hr) 

Calibration 20 15 - SO4
2- LOD dilution series 

Calibration 20 15 - SO3
2- LOD dilution series 

Calibration 20 15 - HSO4
- LOD dilution series 

Calibration 20 15 - HSO3
- LOD dilution series 

Calibration 20 15 - S2O3
2- LOD dilution series 

Calibration 20 15 - HS- LOD dilution series 

Calibration 20 15 - NO3
- LOD dilution series 

Calibration 20 15 - NO2
- LOD dilution series 

Calibration 20 15 - NH4
+ LOD dilution series 

Calibration 20 15 - CO3
2- LOD dilution series 

Calibration 20 15 - HCO3
- LOD dilution series 

Calibration 20 15-600 16 CO2 Low-pressure CO2-water calibration 

Rock Soak 20 15 72 WellDog7a Rock soak in single-window cell 

Rock Soak 20 15 120 WellDog7a Rock soak in container - sampled into cuvette 

Rock Soak 20 15 72 WellDog5 Rock soak in container - sampled into cuvette 
Reservoir Simulation 60 1800 2.5 PGW, GHG Control: PGW only + GHG – sub-saturated 
Reservoir Simulation 60 1800 4 DIH2O, CO2 Control: High-pressure CO2-water calibration 

Reservoir Simulation 60 1800 90 
WellDog7b, PGW, 
GHG Reservoir simulation attempt yielding sub-saturated PGW 

Reservoir Simulation 60 1800 96 
WellDog6, PGW, 
GHG Sub-saturated reservoir simulation with contamination 

Reservoir Simulation 60 1800 120 
WellDog5a, PGW, 
GHG Sub-saturated reservoir simulation with contamination 

Reservoir Simulation 60 1800 140 
WellDog4, PGW, 
GHG Successful PGW+Core+GHG fully saturated reservoir simulation 
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2.3.1. Calibration experiments 

2.3.1.1. Sample Preparation 

Solid ammonium chloride and sodium-derivative salts of other dissociation products were obtained 

from Sigma Aldrich. These were weighed out and diluted to volume with 18-megaohm water in a 

volumetric flask to generate a fully-dissolved concentrated stock.  Precise volumes of stock were 

dispensed either from a burette or auto-pipette and further diluted with 18-megaohm water to 

generate a range of solutions with concentrations from 75 to 500 ppm-mass.  To control the 

evolution of toxic hydrogen sulphide gas (H2S), the bisulphide ion was calibrated in a specific solution 

representative of local Precipice Sandstone water chemistry (Turner et al., 2015) under controlled 

conditions.  To match water chemistry and control pH, the dilution medium utilized was 2-amino-2-

(hydroxymethyl)-1, 3-propanediol (TRIS)-buffered saline, which consisted of 10 mM TRIS and 1000 

ppm-mass sodium chloride dissolved in 18-megaohm water and titrated with hydrochloric acid to a 

pH of 7.8.  It was subsequently noted that the actual composition of Precipice Sandstone 

groundwater contains much lower sodium chloride, perhaps 50 ppm and 140 ppm sodium 

bicarbonate.  The reduced levels and slight buffering effect of the bicarbonate (which will easily be 

detected in Raman spectrum as determined below) are unlikely to affect calibrations.  An additional 

calibration for sulphate was performed in the TRIS-buffered saline to demonstrate that this dilute 

buffer had no effect on calibration.  For gas calibration, carbon dioxide was injected into a stirred 

pressure cell containing 18-megaohm water to eight different pressures (50-300 psi), where Henry’s 

constant was used to calculate the solution concentration from the equilibrium pressure.  Hydrogen 

sulphide (also a gas, but deemed unsafe for analysis in the present facilities) was not characterized. 

Sulphide ion (not Raman active) was also neglected in this study, but should be present at negligible 

levels at a pH of 7.8 and lower.  Table 11 summarizes Precipice Sandstone groundwater chemistry. 

2.3.1.2. Experimental Description 

Solutions were added to screw-top 1-cm quartz cuvettes for Raman spectroscopy using the WellDog 

RRS.  This purpose-built system uses a 532-nm monochromatic light source injected by means of a 

dichroic filter and focused through an objective lens into the sample solution.  Raman scatter was 

collected in the 180-degree geometry back through the same lens, passed through the dichroic, then 

filtered and focused into the slit of the RRS spectroscopy instrument.  Raman wavelengths were 

dispersed and focused by the spectrometer across the columns of a thermo-electric cooled charged-

couple device (CCD) camera detector.  The Raman shift axis was calibrated using cyclohexane, 

acetonitrile and toluene (McCreery, 2000) with peak assignments established in (ASTM E1840-96, 

2014). Each sample was measured with integration times ranging from 2 to 12 seconds in 2-second 

increments with ten replicate measurements at each integration time.  Stock solutions were 
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measured for comparison to literature spectra, but these data were not included in calibration 

analysis.  

 

Figure 13. Comparison of literature (James et al., 2015) (black) to aligned and intensity-normalized RRS (red) 
spectra for aqueous sulphate.  

Figure 13 is a comparison of literature spectrum from sulphate in black and a processed spectrum in 

red collected by the RRS spectrometer instrument, where the latter was aligned and normalized to 

the height of the former. Spectral broadening of the Raman features is observed in the RRS 

spectrum relative to the literature source, likely related to a compromise between large spectral 

coverage and spectral resolution on the detector. 

2.3.1.3. Data Analysis 

Raw spectra were background corrected by subtracting the average of ten water or buffer blank 

spectra at the same integration time.  The major constituent Raman peak and the water bend 

Raman band centred at 1650 cm-1 (before background correction) were fit to a single-peak Pearson 

VII function with a linear or quadratic baseline correction using a non-linear iterative curve fitting 

technique in Matlab with the ‘peakfit’ program (O'Haver, 2016).  The algorithm applied to all spectra 

in a data set was seeded with initial conditions determined from an average of the highest 

concentration spectral data, where analysis window, iterations and Pearson shape parameter were 

manually tuned.  The algorithm returns peak shape parameters including peak-centre, -width, -

height and -area. Peak height and area are both generally linearly related to concentration of the 

species, but of the two, the fit peak-height is generally the more robust parameter and will be used 

for the purposes of calibration. Normalization over integration time is accomplished by taking the 

ratio of the measured analyte Raman peak-height to the measured water band peak-height.   

Figure 14 is a graphical example of the analysis of the calibration and limit of detection for the 

nitrate ion.  The figure is a plot of the ratio of nitrate fit peak-height to water fit peak-height as a 

function of the concentration of nitrate in the prepared solution, where individual data points are 



30 
 

plotted as blue dots.  The unweighted linear least-squares (LLS) best-fit line to these data is 

calculated (solid black line) as well as the 95% high and low confidence interval curves (solid green 

and red lines respectively).    

 

Figure 14. Graphical example of calibration and limit of detection analysis for the nitrate ion.  Concentration 
units for nitrate is ppm-by mass. 

The confidence interval curves are based on the residual spread of the data around the best-fit line 

as defined in the following equation:  

y = y̅ + b(x − x̅) ± st√1 +
1

N
+

(x − x̅)2

∑(xi − x̅)
 

(1) 

 

Where 𝑦 is the calculated confidence interval value at 𝑥, which is the given concentration value; �̅� is 

the average of measured height ratio data for each sample in the calibration; �̅� is the average of the 

concentrations prepared for each sample; 𝑁 is the number of samples; 𝑖 is the sample-index of the 

summation over 𝑖 = [1 𝑡𝑜 𝑁]; 𝑡 is the Student’s 𝑡 value corresponding to 𝑁 − 2  degrees of freedom 

at the desired confidence level, here 95%; 𝑏 is the LLS best fit slope coefficient given as: 

b =
∑(xi − x̅)(yi − y̅)

∑(xi − x̅)2
 

(2) 
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𝑠 is the estimate of the residual standard deviation given by: 

s = √
∑(yi − (y̅ + b(xi − x̅)))

2

(N − 2)
 

(3) 

The high-limit confidence interval value is given by addition of the third term in Eq. (1), i.e. +st~ and 

the low value, by subtraction, i.e. -st~. This interval is an estimate of the range over which 95% of 

measurements will fall above or below at a given concentration (i.e. the vertical range) or measured 

peak-height ratio (horizontal range).  To illustrate, in Figure 14,  a single measurement of a new 

sample prepared with a concentration of 600 ppm is predicted to fall within the range of 0.125 to 

0.135 fit-peak ratio in 95% of single measurements.  Alternatively, a sample of an unknown 

concentration with a single measurement of a peak ratio equal to 0.08 is predicted to have an actual 

concentration between 357 ppm and 379 ppm in 95% of samples.  The logic of these examples is the 

basis of the limit of detection (LOD) analysis (Hubaux and Vos, 1970).  The ‘Signal Decision Limit’ 

(SDL, dashed green line in Figure 14) is defined as the value of the high confidence-interval curve 

extrapolated to zero concentration.  This represents the predicted signal level below which 95% of 

single measurements of a zero-concentration (blank) sample should fall.  In turn, the LOD (red 

dashed line in Figure 14) is defined as the intersection between the SDL and the 95% confidence-

interval lower bound.  This LOD represents the concentration for which 95% of single measurements 

of peak height ratio should fall above the SDL.   

2.3.1.4. Mixed Constituents and pH Effects 

High concentration (10,000-50,000 ppm - by mass) stocks of the dissociation products were 

prepared in simulated Precipice water at a pH of 7.8. TRIS-buffered saline was used to control pH as 

in calibration experiments or alternatively, a pH 3.5 solution was prepared using 100-mM citric acid 

buffered saline (same concentration of sodium chloride as in the TRIS buffer). From these, a number 

of binary, ternary and quaternary mixed species solutions were prepared by dilution in the two 

buffered solutions.  These were injected into the pressure vessel and characterised by Raman 

spectroscopy. 

The spectra from mixed species-solutions was analysed using spectral classical least squares 

(Kramer, 1998), (Mark & Workman, 2010), (Myers & Harris, 2011).  This chemometrics technique is 

based on the principle of superposition: a spectral mixture can be reconstituted from the sum of the 

spectra from its individual components.  Briefly, using linear algebra, a matrix consisting of the 

scaling (i.e. concentration) factors for the component spectra is calculated using the product of the 

measured mixture spectrum and the pseudoinverse of a matrix consisting of the spectra of the 

components.  The resulting scalars represent the linear-least squares best fit of the component 



32 
 

spectra to the mixture.  Classical least squares is appropriate for mixtures where the individual 

component spectra have already been collected, as in the present study during the process of 

calibration.  In some cases, where interactions between species result in, for example, conversion of 

one form of a species to its protonated counterpart, additional spectral components for the 

protonated species are added to the component spectral set. Additionally, in some cases, a 4th-

order polynomial was incorporated into the classical least squares fit that corrects for slight 

background photoluminescence or stray light observed in some mixture spectra. 

2.3.2. Core soaking experiments 

With the pressure cell designed and commissioned in Sub-Project 2, here we take steps to simulate 

the interactions of a Greenhouse gas (GHG) stream with Precipice Sandstone and Precipice 

Groundwater (PGW) under reservoir conditions and to monitor the evolution of reaction products 

using Raman spectroscopy with the Reservoir Raman System (RRS). This Sub-Project 3 is divided into 

three tasks.  

 The first task is to investigate the interactions of Precipice Sandstone rock samples with 

simulated PGW, a weak bicarbonate buffer matching pH and salinity of water samples 

recovered from the reservoir at nearby wells, and to observe whether the evolving water 

quality is adequate for characterisation with the RRS.  

 The second task is to assemble the pressure cell with a rock sample, to inject the PGW and 

GHG mixtures, to elevate the temperature and pressure of the system to match reservoir 

conditions, and to monitor the evolution of Raman spectra from the fluids in the system as 

reactions occur.  

 The third task is to report on findings and is embodied in this document. 

University of Queensland prepared rock samples from lower (1211 m) and upper (1165 m) Precipice 

Sandstone, in close proximity to batch leaching samples detailed in 2.1 of this report. Cubes 15 mm 

on the edge and offcuts of roughly equivalent mass were sonicated in ethanol to remove cutting 

fines and residual pore water salts. Offcuts were crushed. A table of core sampling details and 

photography is provided below. These samples were shipped to WellDog for Sub-Project 3 analysis. 

Simulated Precipice Groundwater was prepared consisting of 140 ppm sodium bicarbonate and 50 

ppm sodium chloride titrated to pH 7.3 with dilute hydrochloric acid. Greenhouse gas (GHG) was 

reconstituted in the cell by first pressuring the system to 300 PSI with a gas mixture consisting of 

100-ppm nitric oxide (NO), 20-ppm sulphur dioxide (SO2) and balance carbon dioxide (CO2), followed 

by pressuring the system to a total of 600 PSI with pure CO2. The attained concentrations were 50 

ppm nitric oxide (NO) and 20 ppm sulphur dioxide (SO2). In these trials, reservoir pressure in the 

system was attained by injecting water into the system to decrease the gas headspace. A detailed 

description of the laboratory RRS instrument can be found in Milestone Report 2.2 (Myers et al., 
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2016b). Briefly, a 532-nm laser is focused through the pressure cell sapphire window and the 

resulting Raman scatter in the epi-direction is collected, filtered and imaged through a spectrometer 

and CCD camera controlled and monitored with a PC. This PC was also used to log pressure and 

temperature readings from the system. 

2.3.2.1. Core sample details and photography 

WellDog obtained a series of samples similar to those detailed in 2.1.1 numbered 1-7 to perform 

reservoir simulation experiments. These samples are listed in Table 14 below. 

Table 14. Core sampling details. 

 

These samples were extracted from two separate core samples shown below in Figure 15. The seven 

samples delivered to WellDog are pictured in Figure 16. 

 

Figure 15. Original core section images, (a) core section from which WellDog-1 to WellDog-3 were sampled, (b) 
core section from which WellDog-4 to WellDog-7 were sampled. 
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Figure 16. Images of cubes and offcuts following preparation.  Offcuts from WellDog-1 (a), WellDog-2 (b), 
WellDog-4 (d), and WellDog-6 (f) were crushed. 

2.3.2.2. Rock Soak – 1-window cell 

Solid core sample WellDog-7a (1165 m) was submerged in 60 mL of PGW, the same volume as in the 

dual-window pressure cell, for a total of 3 days at ambient temperature and pressure (19 °C, 14.7 

psi) in a single-windowed pressure test cell.  Sets of Raman spectra of the groundwater solution 

were recorded twice daily during the 3-day period using the laboratory RRS.   

2.3.2.3. Rock Soak - Cuvettes 

Solid core sample WellDog-7b (1165 m) was submerged in 60 mL of PGW for 5 days in a glass screw-

top bottle. Periodically throughout the soaking period, 3mL of the PGW was pipetted into a quartz 

cuvette for analysis by the RRS.  Samples of the groundwater solution were taken after the core 

sample had soaked for 4, 8, 24, 32, and 96 hours.  The sample was not agitated throughout the 

soaking period. 
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Solid core sample WellDog-5a (1165 m) was submerged in 250mL PGW in a plastic screw-cap bottle 

and then sonicated for 20 minutes. The 250mL of PGW from the container was then decanted and 

250mL of fresh PGW was replaced in the container. The sample was left to soak in the new PGW for 

3 days.  A 3mL sub-sample of the subsequent 3-day-soak PGW was taken and analysed by the 

laboratory RRS. 

2.3.3. Reservoir condition simulation experiments 

2.3.3.1. Experimental apparatus 

Throughout the course of running reservoir simulation experiments, the initial manifold design was 

improved in a variety of ways. The manifold initially relied upon injected PGW to build pressure, but 

was later modified to allow for gas injection to obtain working pressure. The evolution of the 

experimental apparatus as well as the method of qualifying the apparatus are discussed below. 

2.3.3.1.1. Pressure cell 

The apparatus used to perform the reservoir simulation experiments was designed around a dual-

window pressure cell implemented previously by WellDog. This cell is a cylindrical stainless steel 

vessel with ¼”-thick sapphire windows on each end of the cylinder rated for pressures up to 4500 PSI 

and 135°C. The cell also features three ports for filling, venting, pressure regulation, etc. Several 

drawings of this cell assembly can be found in Figure 17 and Figure 18.  

 

Figure 17. Double-windowed pressure cell. 
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Figure 18. Double-windowed cell schematic. 

The red arrow in the figure above points to an O-Ring that caused both safety and contamination 

issues and will be discussed in detail in subsequent sections. The sapphire windows shown in the 

above figures allow for the RRS instrument to perform Raman scans of the fluid within the cell. To 

perform the initial reservoir simulation experiments utilising a rock sample, the sample was placed 

against the opposite window that the spectrometer scanned through. A thin, perforated disk was 

then pressed into the cell chamber to separate the rock sample from the stirring magnet and 

prevent breaking-up of the rock sample by the magnet. The stirring magnet utilised was a small rare 

earth stir-bar placed inside of the cell chamber and controlled with a motor-mounted magnet placed 

below the cell. The cell was attached to a wooden bracket to elevate it from the benchtop as seen in 

Figure 19. 
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Figure 19. RRS instrument scanning fluid within pressure cell 

As can be seen in Figure 19, the cell is rotated 90 degrees from the benchtop to allow for a filling 

port at the bottom and a venting port at the top. The cell is wrapped in heat tape to bring the 

contents of the cell to the necessary working temperature. With internal thermocouple and 

temperature controller, equilibrium can be obtained in less than 2 hours. 

2.3.3.1.2. Manifold: initial design 

To perform the first reservoir simulation experiment, a manifold was designed around the cell to 

allow for precise gas and fluid delivery as well as temperature and pressure monitoring. This 

particular design utilised the pumping of liquid to achieve the final intended working pressure. This 

method of pressurisation was later attributed to creating a sub-saturated gas-groundwater mixture 

within the cell. A piping and instrumentation diagram (P&ID) of the experimental apparatus is shown 

in Figure 20.  

In the Figure 20 schematic, the yellow components represent the “pump side” of the system and the 

white components represent the “cell side” of the system. Comp-1, Pump-1, auxiliary buffer 

reservoir, and QD-1 (quick disconnect) all comprise the pressure cart system used to boost the 

pressure of the system by pumping in liquid. V-2 is the valve that can be opened or closed to connect 

the two sides of the system, and is routed to the top of the workbench to allow for easier access. CV-

1 is a check valve that allows for the inlet of fluid into the system, but does not allow it to bleed back 

into the cart. G-1 is an analogue pressure gauge used for reference when pressurising. V-1 is a 

needle valve used to drain the cell as it is located at the lowest point in the system. The pressure cart 

can be seen in Figure 21 and the bottom of the workbench, which includes V-1, G-1, CV-1, and QD-1, 

can be seen in Figure 22.  
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Figure 20. Test apparatus P&ID. 

 

Figure 21. MaxPro pressure cart with buffer reservoir attached 
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Figure 22. Lower apparatus manifold 

The remaining components in the P&ID are located on the workbench and are shown in Figure 23. V-

2 is a needle valve used to allow fluid into the cell when open and to isolate the cell from the pump-

side of the manifold when closed. RV-1 is a relief valve subject to the pressure in the cell that is set 

to relieve at 3000 psi, should there be an unanticipated pressure spike. TC-1 is a dual-lead 

thermocouple that is threaded into the cell that allows for logging of cell temperature as well as 

feedback control with a temperature controller system. G-2 is a pressure transducer that logs to a 

computer for monitoring cell pressure. V-3 is a ball valve that is used to vent the headspace of the 

cell. All components to the right of T-3 within the Figure 20 P&ID are used to fill the cell with gas. CV-

2 is another check valve that allows gas to flow into the cell, but not back into the gas cylinders. QD-

2, T-4, and V-5 are all components on the gas line, making the gas line detachable and purgeable.  

 

Figure 23. Test cell and upper apparatus manifold with attached components.  
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Figure 24 shows a block diagram of the general setup of equipment in the room where the 

experimentation took place. There is a large workbench where the majority of the equipment 

resided and another table nearby with a laptop to monitor Raman spectra, cell pressure, cell 

temperature, and ambient temperature. The ambient temperature was monitored to make sure 

that pressure swings in the cell could be attributed to swings in the ambient temperature. The dual-

lead thermocouple is in a circuit with a temperature controller, the heat tape to heat the cell, and a 

voltage regulator to keep the heat tape from failing. A containment chamber constructed of ¼” 

aluminium encloses the laboratory RRS, pressure cell and a portion of the manifold and is bolted to 

the work bench during experiments.  Small CPU fans are placed within the containment chamber to 

aid in regulation of the temperature of the system and to keep the temperature control loop from 

overheating the cell.  

 

Figure 24. Test apparatus block diagram 

The apparatus as explained above worked well for building pressure within the cell and completing 

the experiment as intended, but Raman scanning showed that this particular configuration lead to 

sub-saturated water within the pressure cell. The method of injecting gas and then pumping 

additional water to achieve the final test pressure was completely depleting the gas headspace, thus 

there was not enough gas remaining in the system to fully saturate the liquid. The steps taken to 

mitigate this are explained in the following section. 

2.3.3.1.3. Manifold: improved design 

A piston-cylinder accumulator was procured by WellDog to increase the gas pressure within the cell 

via compression in the headspace rather than injection of additional fluid. The manifold used for the 

reservoir experiments utilizing gas injection is represented in the P&ID in Figure 25. In this P&ID, 
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blue represents components filled with PGW during experimentation, tan represents components 

filled with hydraulic oil, white represents components filled with GHG, and V-4 is coloured green as it 

was the valve opened to inject gas into the headspace of the cell. When the gas injection manifold 

was first constructed, the entire system was pressure tested using water as the working fluid. This 

quickly corroded the inside of the accumulator and contaminated subsequent reservoir simulation 

experiments.  

 

Figure 25. Gas injection manifold P&ID 
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Several modifications were then made to the manifold and test procedure to arrive at the P&ID 

pictured in Figure 25, including: 

 Filter-1 and Filter-2 (0.5 micron) were added to filter the gas before it reached the 

headspace in the cell. 

 QD-1 was added to inject the initial amount of GHG directly into the cell without allowing 

transport of any contamination in the accumulator. 

 Pressure testing procedures were altered to test the cell volume between V-1, V-2, and V-4 

with PGW and accumulator volume between V-4, V-5, V-6, and V-7 with gas. This was done 

to keep the accumulator dry and corrosion-free. 

 The cell was flipped upright after corrosion was found within the three ports on the cell. This 

was done to keep these fittings from being wetted during experimentation. The upright cell 

is pictured in Figure 26. 

 

Figure 26. Labelled picture of cell-side manifold components 
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Figure 27. Labelled picture of accumulator-side manifold components 

This configuration of the manifold did not allow for stirring, so experiments were run for a longer 

period to reach equilibrium. This also lowered the risk of compromising Raman spectra with 

sediment from the rock sample. As mentioned previously, incorporating an accumulator in the 

headspace of the cell allowed for experiments with a fully saturated mixture of PGW and GHG in the 

cell. Figure 27 shows a labelled picture of the accumulator side of the manifold.  

The apparatus described in this section allowed the reservoir simulation experiments to be 

conducted with a fully saturated solution of GHG and PGW. It also separated the accumulator from 

the rest of the system as much as possible to minimize the possibility of contamination 

compromising the quality of Raman scans taken by the RRS instrument. The method in which each of 

the reservoir simulation experiments was performed is explained in the following sections.  

2.3.3.2. Control experiments 

2.3.3.2.1. Apparatus commissioning and pressure testing 

For commissioning of the reservoir simulation apparatus, an enclosure was secured over the 

pressurized cell and RRS instrument for safety.  The test cell was carefully pressurised in steps up to 

2700 psi at ambient temperature (19 °C) by injecting Precipice Sandstone groundwater per a 

pressure test standard operating procedure (SOP) used previously.  The test is successful if the 

pressure remains within 1% of the equilibrium pressure after 3 minutes or within 5% after 15 

minutes.  The apparatus was then depressurised, and the pressure test was repeated after heating 

the test cell to 75 °C.  Once the apparatus had passed both ambient and high-temperature pressure 

tests, it was not modified or disassembled again without performing new pressure tests. Before 
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most experiments, the elevated temperature pressure test was run overnight to ensure there were 

no slow leaks in the system. 
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Figure 28. High-temperature pressure test data. 

Figure 28 shows the temperature and pressure data log of an elevated temperature pressure test 

that was run overnight. In the above figure, the pressure slowly decreases overnight as the ambient 

temperature in the room decreases, but stabilises once the heating turns on in the morning and the 

ambient temperature stabilises. To address this issue, the temperature control in the 

experimentation room was reprogrammed to remain stable at all times of the day and week for all 

reservoir simulation experiments. 

2.3.3.2.2. Control experiment: GHG and PGW at reservoir temperature and pressure 

For the GHG and PGW control tests, the test cell was assembled with only the magnetic stir bar and 

no core sample inside.  After a successful pressure test, the test cell was drained and purged with 

low-pressure CO2 to remove any atmospheric gases (O2, N2).  After purging, PGW was injected until 

approximately 15 mL was inside the test cell.  At this point, the GHG blend consisting of 100 ppm 

nitric oxide (NO) and 20ppm sulphur dioxide (SO2) was added to the test cell at 310 psi for 1 minute.  

Next, pure CO2 was added to the test cell at a pressure of 620 psi for 1 minute.  The final estimated 

concentrations of NO and SO2 in the headspace were 50 ppm and 10 ppm respectively.  After the 

addition of the gases, the test cell was heated to 60°C.  Once thermal equilibrium was reached at 

60°C, the cell was pressurised to 1000 psi and then again to 1800 psi by injecting PGW.  Raman 

spectra of the PGW and increasing level of dissolved CO2 were recorded over the next 2.5 hours as 

the system came to equilibrium.  Upon completion of the GHG-PGW test, the cell was cooled to 

ambient temperature, depressurised, and disassembled for the next experiment. 
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This experiment was performed using the initial manifold configuration that relied upon PGW 

injection to build pressure, so it yielded CO2 concentrations within the PGW that were lower than 

expected.  Using the calculations detailed in (Duan & Sun, 2003), the solubility of saturated CO2 

under reservoir conditions (1800 PSI and 60°C) exceeds 1.0 M.  In the Results section 3.3.3 below, 

measured concentrations of CO2 for this experiment were less than 0.6 M.  After the improved 

manifold was implemented, a similar experiment was performed in which compressed GHG was 

injected into PGW in the pressure cell to obtain reservoir pressure.  In this case, observed 

concentrations of CO2 exceeded 1.0 M as expected.   

The gas-injected GHG/PGW experimental data was used to calibrate for the large concentrations of 

dissolved CO2 observed in reservoir simulation experiments as follows.  Raman spectra during the 

experiment were analysed using classical least squares (CLS) mentioned above in section 2.3.1.4. 

Components used in the decomposition of spectral data included background, polynomial, pure 

water, and pure CO2.  In each spectrum, the CLS score for CO2 was ratioed to the score for water and 

this ratio was multiplied by a factor, such that at equilibrium, the scaled ratio matched the 

concentration calculated using the logged temperature and pressure.  This factor will be used to 

measure the concentration of dissolved CO2 in spectra collected during Reservoir Simulation 

Experiments. 

2.3.3.3. Reservoir simulation experimental description 

In these experiments, the interactions between a core sample, PGW, and GHG under reservoir 

temperature and pressure conditions were characterized using the apparatus described above.  In 

the first simulation, PGW injection was used to obtain reservoir pressure, resulting in under-

saturated GHG concentrations. After this initial simulation experiment, a design flaw and possible 

hazard was observed with the potential for trapped pressure behind a non-sealing stand-off O-Ring 

in the pressure cell, noted above in Figure 18. To mitigate this potential hazard, the O-ring was 

clipped into two pieces. In subsequent simulation experiments, contamination that affected Raman 

measurements was observed, which was at the time attributed to a variety of causes.  The 

Contamination Issues section details experiments and steps taken to address these issues.  After 

months of struggles with these contamination issues, it was recognized that the clipped O-ring was a 

primary source of contamination.  For the final Successful Experiment, detailed below, intact O-rings 

were utilized, which enabled the experiment to run for a total of 140 hours at reservoir temperature 

and pressure. Trapped pressure behind the intact O-ring was managed with extra care taken during 

cell disassembly. 

2.3.3.3.1. Under-saturated GHG, PGW, rock sample, and fluid injection  

Three reservoir simulation experiments were run using the manifold relying on PGW injection to 

build pressure. For the first trial, the test cell was assembled with solid core sample WellDog-7b 
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(1165 m), a stir bar, and the perforated partition separating the stir bar from the core sample.  After 

passing pressure qualification, the experiment was conducted as the control experiment described 

above.  Raman spectra were collected over a period of 90 hours. The experiment was then repeated 

a second time using solid core sample WellDog-6 (1165 m).  Raman spectra were collected for 96 

hours. In the third experiment, solid core sample WellDog-5a (1165 m) was used, and the 

experiment ran for 120 hours. The method in which these experiments were completed is as follows: 

 Pressure cell assembled including the rock sample  

 Pressure manifold assembled per Figure 20 and pressure tested with PGW 

 Manifold purged of atmospheric air using a low-pressure flow of CO2 

 15mL of PGW pumped into cell through using the MaxPro® pressure cart 

 Manifold pressurized with 50/50 mix of GHG blend and CO2 

 Raman scans of headspace using the RRS instrument as well as temperature/pressure 

monitoring commenced 

 Cell heated to 60 °C using temperature control system 

 Additional PGW injected until working pressure of 1800 psi achieved in the cell 

 Valve closed to isolate pressure cell 

 Continue recording Raman spectra and cell pressure/temperature readings via RRS 

instrument and pressure/temperature gauges for up to 5 days 

2.3.3.3.2. Contamination issues 

After the onset of contamination within the fluid causing poor spectral quality, a variety of potential 

sources were identified. The sources included rock fines from the core samples, lubrication for cell 

assembly, O-Ring material, corrosion, accumulator piston lubrication, contamination of GHG and CO2 

tanks, and deionized water quality. Steps taken to attempt to mitigate these issues include: 

 Dialysis tubing to encase rock samples 

 “Dry” assembly of pressure cell, using a sparing amount of assembly grease 

 Alteration of O-Ring material from Viton® to AFLAS® 

 Extensive hand cleaning and acid soak of entire manifold 

 Isolation of accumulator from rest of manifold 

 Use of alternate CO2 tank  

 Testing of store-bought distilled water versus deionized water 

2.3.3.3.3. Reservoir simulation experiments: GHG, PGW, rock sample, and gas injection  

As explained in previous sections, injecting gas yielded a fully saturated solution within the cell, but 

contamination issues persisted while running fully-saturated experiments. Contamination mitigation 

is discussed in further detail in results section 3.3.4.2. The final configuration of the pressure 
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manifold with intact stand-off O-rings allowed for the completion of one contamination-free 

reservoir simulation experiment. This experiment was carried out in the following manner: 

 Pressure cell assembled with sample WellDog-4 (1211 m) inside and manifold assembled per 

Figure 25 

 Test cell portion of manifold pressure tested with PGW, accumulator portion of manifold 

pressure tested with CO2 

 Cell drained of PGW using a siphon tube and dried using heat and low-pressure flow of CO2 

 50 mL of PGW injected into cell through V-1. Commenced recording of Raman spectra of 

fluid in cell by RRS instrument 

 Cell heated to 60 °C via temperature control system. Commenced logging of cell pressure 

and temperature readings 

 Cell pressurized with a 50/50 mix of GHG and CO2 through QD-1 

 Accumulator pressurized with a 50/50 mix of GHG and CO2 through QD-2. Accumulator 

pressure boosted to >2000 psi via Pump-2 

 Compression of volume in accumulator alone was not enough to build >2000 psi in 

the accumulator 

 Accumulator was cooled with dry ice to approximately 0 °C prior to being charged 

with gas and heated to approximately 100 °C with heat tape after being charged 

with gas 

 Piston was then actuated and volume of accumulator was compressed to achieve 

>2000 psi in the accumulator 

 V-4 opened for 30 seconds to allow equilibration of cell headspace at higher pressure. V-4 

promptly closed 

 Repeated charging of accumulator with GHG/CO2 and equilibration with cell headspace until 

1800 psi achieved in cell 

 Continued monitoring via RRS instrument and pressure/temperature gauges for up to 5 days 

3. Results and discussion 

3.1. Batch reactor experiments 

3.1.1. SEM-EDS  

3.1.1.1. CO2/NO experiments 

SEM images of core samples before and after experiments with CO2/NO are shown in Figure 29 

through to Figure 32. Slight corrosion of the K-Ca sulphate mineral in WC11-2 was visible following 

reaction with CO2/NO (Figure 29b,c), though the dominant quartz and kaolinite phases remained 

unchanged. Well logging reports confirmed the presence of up to 10 wt.% K2SO4 in drilling fluid 
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during coring of WW1 (AMC, 2012), suggesting this to be the likely source in sulphates observed in 

SEM. It is also possible that the sulphate type mineral observed in WC11-2 is a variation of alunite, 

KAl3(SO4)2(OH)6, formed through the previous acidic alteration of feldspars (Knight, 1977). Fe-rich 

chlorite (Figure 29d) showed no significant alteration following reaction with CO2/NO (Figure 29e).  

SEM images of unreacted WC19-1 revealed minor K-Ca sulphate (Figure 30a) and more abundant 

quartz, kaolinite and muscovite (Figure 30b). Muscovite appeared to show no significant 

morphological changes following reaction with CO2/NO (Figure 30c). A brown precipitate was 

observed on the PEEK sample holder following reaction, possibly indicating the precipitation of Fe-

hydroxides or hematite (Figure 31). Similar observations were made following a CO2/NO experiment 

with an Fe-rich Evergreen Formation sample from the West Wandoan 1 well (Tanaka et al., 2016b). 

However, these precipitates were too fine to be observed on the surface of WC19-1 during the post 

reaction SEM survey.  

Pre-reaction SEM images of WC20-2 revealed a predominantly quartzose surface with minor K-

feldspar, muscovite and kaolinite (Figure 32a). No obvious alteration of kaolinite or quartzin WC20-2 

(Figure 32b,c) was observed following reaction with CO2/NO. In general, considerably longer reaction 

times (in the order of years) are required in order for physical alteration of quartzose surfaces to be 

visible by SEM (Rathnaweera et al., 2016).  

 

Figure 29. SEM images of WC11-2 before (a,b,d) and after (c,f) reaction with CO2/NO. EDS of Fe-rich chlorite 
shown in (f). Q = Quartz, K = Kaolinite, S = Ca-K sulphate, Ch = Fe-rich chlorite.   

(a) WC11-2 pre-CO2/NO (b) WC11-2 pre-CO2/NO (c) WC11-2 post-CO2/NO

(d) WC11-2 pre-CO2/NO (e) WC11-2 post-CO2/NO (f) WC11-2 EDS spot analysis
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Figure 30. SEM images of WC19-1 before (a,b) and after (c) reaction with CO2/NO.  S = K-Ca sulfate, Q = quartz, 
M = muscovite and K = kaolinite.  

 

Figure 31. WC19-1 offcuts and PEEK sample holder following reaction with CO2/NO. The majority of the brown 
precipitate (indicator of Fe-oxide) is dispersed on the surface of the PEEK sample holder.  

 

Figure 32. SEM images of WC20-2 before (a-b) and after (c) reaction with CO2/NO. Q = quartz, M = muscovite, 
Ti = rutile.  

3.1.1.2. CO2/SO2/NO experiments 

SEM images of rock samples before and after reaction with CO2/SO2/NO are shown in Figure 33 

through to Figure 35. Minor corrosion of Fe-rich chlorite was observed in WC11-5 following reaction 

with CO2/SO2/NO (Figure 33a,b).  

WC19-2 was similar in morphology to WC19-1 (i.e. predominantly quartzose with relatively large 

muscovite grains), though trace sphalerite was also observed (Figure 34a). Similarly to WC19-1, Fe-

oxide type staining was observed on the surface of WC19-2. These precipitants were also clearly 

visible in post reaction SEM images (Figure 34b,c). WC19-2 was platinum coated to enable high 

resolution imaging of the spherical Fe-precipitants (Figure 34d). EDS spot analysis confirmed the 

(a)  WC19-1 pre-CO2/NO (b)  WC19-1 pre-CO2/NO (c)  WC19-1 post-CO2/NO

(a)  WC20-2 pre CO2/NO (b)  WC20-2 pre CO2/NO (c)  WC20-2 post CO2/NO



51 
 

presence of Fe-oxides containing minor sulphur (Figure 34e), sourced from either the injected 

CO2/SO2/NO gas or the dissolution of sulphate minerals.  

No obvious alteration of oxyphologopite in WC20-3 (Figure 35b,c) was observed following reaction 

with CO2/SO2/NO. Minor Fe-sulphide coating of a silicate phase was also observed in WC20-3 before 

reaction (Figure 35d). Fe-sulphides have rarely been observed in previous SEM surveys of Precipice 

Sandstone samples. Minor oxidation of Fe-sulphide was observed post reaction (Figure 35e).  

P346-2 was predominantly quartzose with pore filling kaolinite. Minor iron sulphide (Figure 36a) and 

K-sulphate (Figure 36d) phases were also observed in pre-reaction images. Iron sulphide phases 

consisted of primary generation framboidal pyrite (Py) and later generations of space filling pyrite 

and greigite (G) (Figure 36a). Greigite was finer grained than pyrite and formed on the surfaces of 

silicate grains and framboidal pyrite. The pyrite/greigite morphologies were similar to those 

observed by Rowan and Roberts (2006). Pyrite/greigite underwent some degradation to amorphous 

type products following reaction with CO2/SO2/NO (Figure 36b,c). Only minor sulphur peaks (relative 

to the initial composition) and elevated oxygen peaks were observed in the post reaction EDS of 

these structures (Figure 36f). The semi-quantitative atomic ratio of O/Fe was approximately 3:1, 

suggesting the formation of Fe(OH)3. Further discussion is provided in the water chemistry analysis.  

Additionally, K-sulphates appeared to completely dissolve (Figure 36e).  

Overall, the mineral morphological changes observed following experiments with CO2/NO and 

CO2/SO2/NO were minor. Significantly longer reaction periods would likely be required in order for 

visible quartz alteration, for example, to occur (Rathnaweera et al., 2016).  

 

Figure 33. SEM images of WC11-5 before (a,b) and after (c) reaction with CO2/SO2/NO. K = kaolinite, Ch = Fe-
rich chlorite, Q = quartz, Ti = rutile.  

(a)  WC11-5 pre CO2/SO2/NO (b)  WC11-5 pre CO2/SO2/NO (c)  WC11-5 post CO2/SO2/NO
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Figure 34. SEM images of WC19-2 before (a,b) and after (c,d) reaction with CO2/SO2/NO. Il = illite, M = 
muscovite, Zn = sphalerite, Ti = Rutile, Fe = Fe-hydroxide.  

 

Figure 35. SEM images of WC20-3 before (a,b,d) and after (c,e) reaction with CO2/SO2/NO. EDS spot analysis of 
Fe-sulphide mineral in (e) also shown. Dashed regions in (e) highlight some areas of minor Fe-sulphide 
oxidation.  M = muscovite, K = kaolinite, Ti = rutile, Ox = oxyphlogopite (Ti bearing) and S = Fe-sulphide.   

(a)  WC19-2 pre CO2/SO2/NO (b)  WC19-2 post CO2/SO2/NO (c)  WC19-2 post CO2/SO2/NO

(d)  WC19-2 post CO2/SO2/NO

EDS spot analysis

(a)  WC20-3 pre CO2/SO2/NO (b)  WC20-3 pre CO2/SO2/NO
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Figure 36. SEM images of P346-2 before (a,d) and after (b,c,e) reaction with CO2/SO2/NO. Label 1 in (a) and 2 in 
(b) correspond to regions chosen for EDS point analysis in (f). Py = Pyrite, G = Greigite, Q = Quartz, K = 
Kaolinite, C = Coal, K-S = K-sulphate, Ti = Rutile.  

3.1.2. Water chemistry – CO2/NO experiments 

3.1.2.1. CO2/NO blank experiment 

Previous experimental investigations have focused on CO2/SOx/NOx flue gas dissociation chemistry in 

pure water at pressures (0 – 30 bar) and temperatures (25 °C) relevant to CO2 capture and 

purification and well below the pressure and temperature expected in a geo-sequestration 

environment (Normann et al., 2013, Ting et al., 2013). Blank runs with CO2/NO were performed to 

provide a better understanding of its dissociation behaviour in water at higher pressure and 

temperature than those previously investigated. Anion water chemistry for this blank run is shown in 

Figure 37. NOx are susceptible to a variety of gas transformations in a GHG stream. These are 

described by Ting et al. (2013) for a low pressure and temperature system including CO2/SO2/O2 

mixture and adapted below for a CO2/NO system:  

2NO(g) + O2(g) ↔ 2NO2(g), slow (4) 

2NO2(g) ↔ N2O4(g), fast (5) 

2NO2(g) + H2O(l) ↔ HNO2(aq) + HNO3(aq), slow (6) 

3HNO2(aq) ↔ HNO3(aq) + 2NO(g) + H2O(l), fast (7) 

CO2(aq) + H2O ↔ H2CO3(aq) ↔ HCO3
- + H+ (8) 

Food grade CO2 has been reported elsewhere (e.g. field trial injection at Frio) to contain 50 ppm of 

O2 (Ilgen and Cygan, 2016).  It is suspected that the CO2/NO mix and food grade CO2 used during this 

(a)  P346-2 pre CO2/SO2/NO (b)  P346-2 post CO2/SO2/NO

(d)  P346-2 pre CO2/SO2/NO (e)  P346-2 post CO2/SO2/NO

(c)  P346-2 post CO2/SO2/NO
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experiment may have contained traces of O2, thereby allowing the conversion of NO to NO2 (4) and 

dissolution in water to form dissociated HNO2 and HNO3 (6). The Parr reactor may have also 

contained residual O2 in air not removed during the initial CO2/NO flush (note – the injection of 

traces of air subsurface may be also possible, especially if CO2 is co-injected with water). Additional 

gas sampling and analysis via GCMS is required to confirm the above. Normann et al. (2013) 

reported that the dimer N2O4 is in equilibrium with NO2 (5). HNO2 is unstable in water and will 

readily form more stable HNO3 and additional NO in the gas phase (7). This instability is shown 

clearly in Figure 37, where NO2
- is far below that of NO3

- for the entire experiment. NO3
- increases to 

36 mg/L immediately following CO2/NO injection and stabilises at 43 mg/L after day. NO2
- gradually 

decreased over time and was below detection limit (0.01 mg/L) by 34 days.   

The concentration of NO3
- spikes from 29 mg/L at 3 days to 128 mg/L at day 4 and was mirrored by a 

pH reduction from 3.9 to 3.5 during the same period. This could indicate a fast dissolution of NO and 

conversion to mainly dissolved NO3
- , with resulting acidity not buffered in the absence of minerals.  

The addition of food grade CO2 to maintain reactor pressure after sampling may have introduced 

trace air or oxygen which oxidised NO to dissolved NO3
-.  The concentration of sulphate was also 

elevated indicating slightly oxidising conditions.  It is also possible that fluid contamination or 

analysis errors may have occurred during ex-situ sampling, resulting in increased NO3
- in one sample.  

The rapid generation of HNO3 and HNO2 is reflected by a decrease in system pH to 3.9 after 1 day 

and stabilisation to ~3.5 after 4 days. This is slightly lower than the measured ex-situ pH for a CO2-

blank (3.6, measured after 10 days gas – water reaction in the current study). It should be noted that 

ex-situ pH for the CO2 blank was measured in 100 ml MQ are therefore not completely comparable 

to the current system, where 100 ml of 1500 ppm NaCl/152.1 ppm NaHCO3 is instead used. 

Depressurisation will have resulted in loss of dissolved CO2 and a higher measured pH than present 

in situ.   
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Figure 37. Evolution of NOx species during CO2/NO blank experiment.  

3.1.2.2. WC11-2  

Mineral dissolution or ion exchange indicators were measured to aid interpretation, and as input 

data for subsequent geochemical modelling. Incremental water chemistry of cations and NOx species 

during the reaction of WC11-2 are shown in Figure 38. Water chemistry following reaction of an 

adjacent sample to WC11-2 (labelled WC11-1) with N2 only for 34 days is shown in Table 15.  

For the CO2/NO experiment with WC11-2, pH decreased from an initial value of 7.6 to 3.9 after 1 

day, consistent with the production of both carbonic acid (H2CO3) and HNO3. This was slightly above 

the observed pH for the CO2/NO blank experiment (Figure 37), due to the marginal buffering effect 

of mineral dissolution. Ca, K and S increased over time for WC11-2 (Figure 38a,b), consistent with 

the dissolution of K-Ca type sulphates as observed through SEM (Figure 29b,c). The concentration of 

these elements was similar following the N2 only experiment (Table 15), suggesting their release in 

to solution in this case can be mainly attributed to the presence of residual salts (particularly 

sulphates) from pore water and clay ion exchange.   

The concentration of minor elements Al, Fe, Mg, Mn and Si all increased (Figure 38b,c) and were 

above the final measured concentration during the N2 only experiment (Table 15). This confirmed 

the increased corrosion of clays (kaolinite, minor K-feldspar and chlorite) during the CO2/NO 

experiment. Wilke et al. (2012) also observed enhanced dissolution of Al and Si from pure kaolinite 

in high salinity CO2/NO2 injection experiments, compared to its reaction in pure CO2. Overall 

dissolved Si had the largest relative increase of the minor elements in WC11-2, followed by Fe, Al 

and Mg. The high Si concentrations (relative to Al) also suggested minor quartz corrosion or 

incongruent dissolution of silicates. Some elevated elemental concentrations may be also owing to 

fast desorption or clay ion exchange from minerals in the Precipice Sandstone core. 
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Incremental nitrogen species concentration during leaching of WC11-2 with CO2/NO are shown in 

Figure 38d. Both NO3
- and NO2

- increase sharply after 1 day up to 29 mg/L and 11 mg/L respectively, 

suggesting rapid formation of HNO3 as well as HNO2 had taken place. This is also reflected by an 

immediate drop in pH, down to 3.6 at experiment termination. NO3
- is predominantly formed 

although its concentration drops below that of NO2
- during day 3. NO3

- remains approximately stable 

between 11 – 14 mg/L after day 8 and is reflected by the small changes in pH (3.5 - 3.9) observed in 

the same time period. NO2
- decreases continually over time due to the instability of HNO2 in solution 

(R4) and is below the detection limit (<0.01 mg/L) after 28 days. This may indicate NO2
- conversion to 

NH4
+ or nitrate (or an unmeasured species) or adsorption to minerals in the Precipice Sandstone 

core.  NH4
+ is <1 mg/L for the majority of the experiment though increases up to 6 mg/L after day 28. 

Overall, NOx species were below the concentrations measured for the blank CO2/NO experiment 

(Figure 37), suggesting some interaction with the rock sample e.g. adsorption to clays or redox 

processes.   

Table 15. Final measured concentration (mg/L) of elements following reaction of WC11-1 and WC11-2.  

Sample Gas Time Al Ca Fe K Mg Mn Na S Si 

  
(days)          

WC11-1 N2 34 2.02 32.32 2.26 192.25 1.38 0.77 554.31 49.42 4.46 

WC11-2 CO2/NO 35 2.99 27.25 8.23 136.03 2.76 1.21 620.51 18.75 11.84 

 



57 
 

 

Figure 38. Incremental water chemistry of selected elements (a-c) and dissolved NOx species (d) during 

reaction of WC11-2 with CO2/NO.  

3.1.2.3. WC19-1  

The concentration of Ca, K and S increased immediately during WC19-1 equilibration with N2 (Figure 

39a) due to the dissolution of Ca-K type sulphates. The increase was more gradual following the 

introduction of CO2/NO, and remained relatively stable after approximately 14 days. The 

concentration of Si and Fe both declined from 0 – 2 days but increased thereafter (Figure 39b). Of 

the minor elements, Si concentration was highest. The increase in Al during CO2/NO reaction was 

minor and remained <2 mg/L throughout the experiment (Figure 39c), indicative of the low reactivity 

of kaolinite and muscovite. It has been suggested that muscovite reactivity in CO2/NO2 is equivalent 

to weathering processes in low temperature and acidic environments  (Wilke et al. (2012)). The 

increase in Mg over time (Figure 39c) is thought to be due to the minor corrosion of Mg bearing 

clays e.g. Fe-Mg-chlorite. These were not observed during SEM-EDS scans and are thought to be 

present in only minor amounts.  

The dissolved concentration of NO3
- increased to approximately 10 mg/L during N2 equilibration with 

low salinity water and WC19-1 core, and up to 60 mg/L 2 days after CO2/NO gas injection (Figure 

39d), indicating that HNO3 formation and dissociation to NO3
- and H+ had taken place rapidly in 
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solution. NO3
- declined to 20 mg/L after 3 days before gradually increasing up to 41 mg/L for the 

remainder of the experiment. NH4
+ was <1 mg/L throughout the experiment and NO2

- only increased 

above 1 mg/L from 0 to 6 days reaction with CO2/NO. This suggests that HNO2 is unstable in solution 

and HNO3 is preferentially formed and dissociates to NO3
-. Solution pH declined from 4.3 to 3.4 

following CO2/NO injection, due to the generation of carbonic and nitric acid. Solution pH buffering 

was minimal, consistent with the low carbonate content present in WC19-1.  

 

Figure 39. Incremental water chemistry of selected elements (a,b) and dissolved NOx species (c) during 

reaction of WC19-1 with CO2/NO.  

  

3

4

5

6

7

8

0

100

200

300

400

500

600

-6 0 6 12 18 24

p
H

C
o

n
ce

n
tr

at
io

n
 (

m
g/

l)

Time (days)

K Na S pH

3

4

5

6

7

8

0

5

10

15

20

25

-6 0 6 12 18 24

p
H

C
o

n
ce

n
tr

at
io

n
 (

m
g/

l)

Time (days)

Ca Fe Si pH

3

4

5

6

7

8

0

2

4

6

8

10

-6 0 6 12 18 24

p
H

C
o

n
ce

n
tr

at
io

n
 (

m
g/

l)

Time (days)

Al Mg Mn pH

3

4

5

6

7

8

0

10

20

30

40

50

60

-6 0 6 12 18 24

p
H

C
o

n
ce

n
tr

at
io

n
 (

m
g/

l)

Time (days)

NO3- NO2- NH4+ pH

(a) (b)

(c) (d)

CO2/NON2

CO2/NON2

CO2/NON2

CO2/NON2



59 
 

3.1.2.4. WC20-2 

Changes in incremental cation release during the reaction of WC20-2 with CO2/NO are shown in 

Figure 40a-c.  Major cations Na, K and S all increased during N2 equilibration (Figure 40a), likely due 

to the dissolution of residual sulfate-type minerals. All cations increased and pH decreased from 4.3 

to 3.2 after 1 day of CO2/NO injection. Solution pH increased from 3.2 after 1 day to 4.0 after 50 

days,  indicating some minor pH buffering by mineral dissolution. Si had the highest relative increase 

in concentration, followed by Fe and Ca (Figure 40b). Minor elements Mg, Mn and Al showed some 

dissolution, most likely through the minor corrosion of clays (Figure 40c).  

Incremental NOx dissociation species concentration for up to 35 days reaction in CO2/NO are 

displayed in Figure 40d. NO3
- increased up to a maximum 58 mg/L after 7 days, before declining to 

40 mg/L after 30 days then returning to 58 mg/L at 35 days. The variable nature of NO3
- 

concentration was observed in WC19-1 (Figure 39c), albeit over a shorter timescale. NO2
- increased 

to 7.2 mg/L after 1 day, before declining exponentially and falling below 0.01 mg/L after 14 days. The 

rate of NO2
- decline was similar for all CO2/NO experiments (WC11-2, WC19-1 and WC20-2). A 

number of studies have discussed control by Fe2+ on NOx speciation. This is discussed further in 

Section 3.1.4.  
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Figure 40. Incremental water chemistry of selected elements (a-c) and dissolved NOx species (d) during 

reaction of WC20-2 with CO2/NO. 

3.1.3. Water chemistry – CO2/SO2/NO experiments 

3.1.3.1. CO2/SO2/NO blank experiment 

Relevant gas dissolution reactions for a CO2/NO-water system are described by Eq. (4)-(8) in section 

3.1.2.1. Additional reactions that describe SO2 dissolution in both an oxidant free (Eq. (9)-(11)) and 

an oxidising environment (Eq. (12)-(13)) are described below (Pearce et al., 2015a, Waldmann and 

Rütters, 2016): 

SO2(g) → SO2(aq) (9) 

SO2(aq) + H2O ↔ H2SO3 (10) 

H2SO3 ↔ SO3
2- + 2H+ (11) 

SO2(aq) + H2O + 1/2O2 ↔ H2SO4  (12) 

H2SO4 ↔ 2H+ + SO4
2- (13) 

Assuming all the dissolved NO and SO2 formed HNO3 and H2SO4, the concentration of NO3
- and SO4

2- 

in solution would be approximately 37 mg/L and 15 mg/L respectively. In the blank experiment 

performed here, NO3
- concentration increased up to 23 mg/L after day 1 (Figure 41a), indicative of 
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near complete dissolution of NO in solution and conversion to HNO3. NO3
- declines slightly to 16 ± 1 

mg/L from day 7 to 34, before increasing to 26 mg/L after day 48 (gradual NO dissolution from the 

gas head). NO2
- concentration remained <2 mg/L throughout the reaction, whilst NH4

+ was  <4 mg/L. 

SO4
2- increased up to 13 mg/L after day 1 (Figure 41b), also indicative of near complete dissolution of 

SO2 in solution and the formation of H2SO4 (12). However, SO4
2- subsequently declined to 2.4 mg/L 

up at day 20, where it remained stable until the termination of the experiment. This indicates that 

more complicated processes are occurring at CO2 storage conditions than suggested by Ting et al. 

(2013) at lower PT conditions. pH was stable at 3.6 ± 0.2 following CO2/SO2/NO injection and was 

similar to that measured in the CO2/NO blank experiment (Figure 37).  

 

Figure 41. NOx (a) and SOx (b) species evolution during blank reaction with CO2/SO2/NO and low salinity water 
with no rock core. 

3.1.3.2. WC11-5  

Changes in incremental water chemistry during the reaction of WC11-5 with CO2/SO2/NO are shown 

in Figure 42. The majority of elements increased during the N2 equilibration stage, in particular K and 

Na (Figure 42a), due to the dissolution of soluble sulfate minerals. As expected, the concentration of 

total S increases sharply during the initial period of CO2/SO2/NO reaction (Figure 42b). Mineral 

dissolution increased during the CO2/SO2/NO stage, most significantly for Ca, Si (Figure 42b) and Mg 

(Figure 42c) bearing minerals. Fe declined throughout the CO2/SO2/NO reaction stage (Figure 42c), 

likely due to the precipitation of Fe-oxide type minerals.  pH reduced slightly from 4.32 to 3.80 

during day 1 and remained relatively stable throughout CO2/SO2/NO injection, indicating minimal 

mineral buffering had taken place.  
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Figure 42. Incremental water chemistry of selected elements during reaction of WC11-5 with CO2/SO2/NO 

NOx and SOx species evolution during reaction of WC20-3 with CO2/SO2/NO gas are displayed in 

Figure 43. NOx and SOx species concentrations were higher than those measured in the blank 

experiment (Figure 41), but lower than those measured during the reaction of WC20-3 (Figure 48). 

Dissolved NO3
- increased up to 34 mg/L after 7 days and was highly variable thereafter (Figure 43a). 

This variance was not observed in the NO2
- concentration, which declined steadily from 4.3 mg/L 

after day 1 to <0.1 mg/L after day 35. NH4
+ increased during the period of NO2

- decline up to a 

maximum of 4.7 mg/L after 7 days.  

The SO4
2- concentration after 15 days reaction of rock in low salinity water and N2 was 8.4 mg/L 

(Figure 43b) and approximately 8x lower than that measured at the same point for WC20-3 (Figure 

48b). This suggests that the WC20-3 core sub-sample contained a higher composition of highly 

soluble sulfate minerals, also confirmed by XRD or that more were dissolved by the SO2/NO gas 

stream ( 

Table 5). SO4
2- increased from 8.4 to 21.2 mg/L after 1 day following CO2/SO2/NO gas addition, then 

steadily declined from day 7 onwards to 13.2 mg/L. The remaining SOx species (SO3
2-, S2O3

2-, S2-) were 

<1 mg/L throughout the experiment.  
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Figure 43. NOx (a) and SOx (b) species evolution during the reaction of WC11-5 with first N2 then CO2/SO2/NO.  

3.1.3.3. WC19-2 

Changes in incremental water chemistry during the reaction of WC19-2 with CO2/SO2/NO are shown 

in Figure 44. The concentration of all elements increased during the initial equilibration stage with 

N2. This increase was most significant for K, Na and S, most likely through the dissolution of residual 

K-Na type sulphates (Figure 44a). The increase in these elements following the injection of CO2/NO 

followed a similar gradient, suggesting their dissolution was not enhanced. The concentration of Ca, 

Fe, Si (Figure 44b), Al, Mg and Mn (Figure 44c) increased sharply during the initial period of CO2/NO 

injection. This can be attributed to the minor dissolution of silcates and clays (muscovite, illite and 

kaolinite). The majority of these elements reached equilibrium after the 51 days CO2/NO injection 

period. The exceptions were Fe and Mg which continued to decrease and increase respectively. The 

decline of Fe after 15 days (Figure 44c) suggests the precipitation of Fe-oxides, as observed in post 

reaction SEM images (Figure 34d). An Eh-pH diagram indicating the stability of Fe-bearing mineral 

phases that may be formed was constructed for further verification (Figure 45). Species activities 

and redox potential were calculated using the GSS module of GWB. All samples are within the 

hematite stability field in Figure 45. This suggests that the precipitate observed following the 

reaction of WC19-2 (Figure 31) may be of this form.  
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Figure 44. Incremental water chemistry of selected elements during reaction of WC19-2 with CO2/SO2/NO.  

 

Figure 45. Eh-pH diagram for showing stability fields of Fe phases in CO2/SO2/NO experiment with WC19-2 at 

12 MPa and  60 °C. Numbers in the legend indicate the number of days CO2/SO2/NO reaction.  
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NOx and SOx species evolution during reaction of WC19-2 with CO2/SO2/NO are displayed in Figure 

46a and  Figure 46b respectively. NO3
- increased from 25.5 to 78.5 mg/L after 1 day of CO2/SO2/NO 

injection (Figure 46a).  

 

Figure 46. NOx (a) and SOx (b) species evolution during reaction of WC19-2 with N2, and CO2/SO2/NO after time 
0.  

This corresponded to a pH reduction from 4.31 to 2.74 over the same period, which was 

approximately 0.7 pH units lower than that measured for the WC19-1 and CO2/NO experiment. The 

lower acidity generated during the CO2/SO2/NO experiment with WC19-2 was likely due to the 

apparent greater dissolution of NO(g) in solution and formation of H2SO4 through SO2(g) dissolution. 

NO2
- increased to 1.5 mg/L after day 1 and fell below 0.01 mg/L after 9 days of CO2/SO2/NO 

injection. SO4
2- increased from 143.1 to 193.4 mg/L after day 1 (Figure 46b); this was higher than 

would be expected if all of the SO2(g) present in the headspace were to form H2SO4 in solution 

(approximately 15 mg/L). It is likely that the dissolution of residual sulphates is responsible for the 

additional SO4
2- concentration and consistent increase over time. SO3

2- concentration was the 

highest of the remaining SOx species yet was low (<2 mg/L) throughout the experiment (Figure 46b).  

 

3.1.3.4. WC20-3  

Changes in incremental water chemistry during the reaction of WC20-3 with CO2/SO2/NO are shown 

in Figure 47. The addition of CO2/SO2/NO at 0 days resulted in a pH reduction from 4.5 to 3.83 and a 

general increase in ions released into solution. The increase in K and S was most significant (Figure 

47a), followed by Si and Ca (Figure 47b). The increase in Fe was minor (Figure 47b) and only slightly 

greater than the value measured after 15 days with N2 only. The increase in Al, Mg and Mn was also 

minor and below 1 mg/L (Figure 47c).    
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NOx and SOx species evolution during reaction of WC20-3 with CO2/SO2/NO are displayed in Figure 

48. In general, NOx and SOx species concentration were higher than those measured in the blank 

experiment (Figure 41). NO3
- concentration increased up to 120 mg/L after 1 day in CO2/SO2/NO, 

followed by a sudden decrease to 21 mg/L  at t = 4 days and further gradual increase up to 66 mg/L 

at t = days (Figure 48a). The rapid decline in NO3
- concentration from 1 to 4 days was also observed 

during reaction of WC19-1 with CO2/NO (Figure 39c).  

The magnitude of NO2
- decline in WC20-3 is greater than that observed during the blank CO2/SO2/NO 

experiment (Figure 41a), suggesting some interaction with the rock sample or components in 

solution from the rock. The presence of the rock core may accelerate NO dissolution into solution 

and fixing of the species in solution through subsequent reactions. As discussed later, Buchwald et 

al. (2016) show that the heterogeneous surfaces of minerals can accelerate reactions of N species in 

solution.  

The increase of SO4
2- up to 65 mg/L during the N2 equilibration stage is likely due to the dissolution 

of sulfate type salts (Figure 48b).  SO4
2- concentration increased from 65 to 75 mg/L after 1 day in 

CO2/SO2/NO, equivalent to near complete dissolution of SO2 in solution. The additional SO4
2- 

increase to 93 mg/L after 2 days may be representative of further sulfate-salt dissolution. SO4
2- 

declined after day 3 and varied between 65 and 78 mg/L for the remainder of the experiment. The 

remaining SOx species (SO3
2-, S2O3

2-, S2-) were <1 mg/L, excluding the slight increase in S2O3
2- to 4 

mg/L after 4 days.  
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Figure 47. Incremental water chemistry of selected elements during reaction of WC20-3 with CO2/SO2/NO.  

 

Figure 48. NOx (a) and SOx (b) species evolution during reaction of WC20-3 with first N2 then CO2/SO2/NO. Note 
that due to water sample shortage, no SOx species were analysed at t = 0 days.  

3.1.3.5. P346-2 

Changes in incremental water chemistry during the reaction of P346-2 with CO2/SO2/NO are shown 

in Figure 49. Si (Figure 49b), Al and Mg (Figure 49c) increase during CO2/SO2/NO injection, suggesting 

minor dissolution of silicates and clays. K, Na and S increase significantly during the N2 only stage 
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(Figure 49a) due primarily to the dissolution of residual K/Na type sulphates. This was also observed 

in post reaction SEM images (Figure 36e). Their increase was less pronounced during the 

CO2/SO2/NO stage, suggesting the vast majority had dissolved prior to CO2/SO2/NO injection. The K 

and SO4
2- molar concentration correlated well thereby confirming their source to be similar (Figure 

50). The SO4
2-/K+ ratio would be expected to be 0.5 if K-sulphate dissolution was solely responsible 

for the increase in K and SO4
2- concentration i.e. 

K2SO4(s) → 2K+ + SO4
2- (14) 

The actual calculated ratio was 0.81, suggesting an additional source of SO4
2-. Fe increased from 0.1 

to 3.6 mg/L during CO2/SO2/NO injection, most likely through the degradation of pyrite/gregite. 

Hayakawa et al. (2013) reported the following pyrite oxidation mechanism coupled with NO3
- 

reduction under anoxic conditions: 

5FeS2(s) + 15NO3
- + 10H2O → 7.5N2 + 10SO4

2- + 5Fe(OH)3 + 5H+ (15) 

The above mechanism suggests a decline in NO3
- concentration and solution pH during oxidation of 

pyrite to Fe(OH)3. NO3
- declined from 50.1 mg/L at t = 29 days down to 33.5 mg/L at t = 43 days (). 

This corresponded to a heightened Fe (Figure 49b) and SO4
2- (Figure 51b) concentration relative to 

the concentration observed prior to t = 29 days. pH declined slightly from 3.7 to 3.6 during the same 

period (Figure 49). Post reaction SEM images suggested the oxidation of Fe-sulphides to Fe(OH)3, 

according to the semi-quantitative calculated ratio of Fe/O (Figure 36f). All the above provide 

evidence for the FeS2 oxidation mechanism described in Eq. (15).  NO2
- concentration declined from 

a maximum of 4.4 mg/L at t = 1 day to < 0.01 mg/L at t = 22 days (Figure 51a). SO4
2- concentration 

increased from 325.6 mg/L at t = 0 days to 341.5 mg/L at t =1 days, confirming completed dissolution 

of 10 ppm SO2(g) into solution (Figure 51b).The remaining SOx species (SO3
2-, S2O3

2-, S2-) were <2 

mg/L throughout CO2/SO2/NO injection.   
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Figure 49. Incremental water chemistry of selected elements during reaction of P346-2 with CO2/SO2/NO. 

 

Figure 50. Molar concentration of K+ vs. SO4
2- during the reaction of P346-2 with CO2/SO2/NO.  
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Figure 51. NOx (a) and SOx (b) species evolution during reaction of P346-2 with first N2 then CO2/SO2/NO.  

 

3.1.4. Water chemistry – NOx and SOx species evolution 

3.1.4.1. Fe and nitrate evolution 

Tanaka et al. (2016a) postulated that Fe2+, leached from Fe-rich clays such as chlorite or from the 

oxidation of pyrite, may act as a reducing agent for NO3
- via the following reaction: 

Fe2+ → Fe3+ + e- (16) 

NO3
- + 4H+ + 3e- → NO(g) + 2H2O (17) 

Hayakawa et al. (2013) reported a similar mechanism for the reduction of NO3
- by Fe2+: 

5Fe2+ + NO3
- + 12H2O → 5Fe(OH)3(s) + 1/2N2(aq) + 9H+  (18) 

All core samples contained variable amounts of Fe-bearing clays such as Fe-Mg-chlorite and illite 

that may contribute to the above mechanism. Several samples also contained Fe-sulphide type 

minerals (WC20-3, P346-2). It would be expected that NO3
- would decline with increasing Fe 

concentration if the mechanism suggested by Tanaka et al. (2016a) was true for the batch reactor 

conditions. Dissolved Fe and NO3
- concentration are plotted for CO2/NO and CO2/SO2/NO 

experiments in Figure 52.  
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WC20-2, the sample with lowest total Fe release with respect to the initial sample mass. This may 

provide an indication of a reduced rate of NO3
- conversion to NO(g) with decreasing Fe availability, 

as described by Eq.(17). Note Fe release may also be dependent on the sample permeability. 

NO3
- and Fe evolution during CO2/SO2/NO experiments are plotted in Figure 52c and d respectively. 

A large spike in NO3
- concentration was observed for WC11-5, followed by a decline after 4 days then 

gradual increase up to 60 days (Figure 52a). A similar NO3
- trend was observed for WC19-1 (Figure 

52a).  A gradual increase in NO3
- concentration was observed for WC20-3 up to 21 days, after which 

it stabilised to 30 mg/L, similar to the initial concentration measured for CO2/NO experiments (Figure 

52a). Fe concentration was highly variable for both WC11-5 and WC20-3 (Figure 52d) and could not 

be correlated to NO3
- concentration.  

It should be noted that the abundance of Fe bearing minerals was considerably higher in the Tanaka 

et al. (2016a) experiment i.e. >27.2 wt.%, in comparison to <5 wt.% for this study. Previous reservoir 

scale geochemical modelling studies with the Precipice Sandstone formation indicated no sink for 

the NO3
- produced during sequestration of a CO2/NO2 stream, resulting in very high (up to 4 mol/kg 

over 10 years) concentrations and low pH (Haese et al., 2016).  The removal of NOx by Fe cycling may 

be a favourable reaction to prevent formation of the very low pH. 
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Figure 52. NO3
- (left column) and Fe (right column) concentration changes during CO2/NO (a-b) and 

CO2/SO2/NO (c-d) experiments. 

3.1.4.2. Fe and nitrite reduction 

Buchwald et al. (2016) presented evidence for the abiotic reduction of NO2
- by Fe2+ at atmospheric 

pressure and room temperature conditions at pH 7 and 8. Anaerobic batch experiments were 

performed with an initial NO2
- concentration of 200 μM (9.2 mg/L) and aqueous Fe2+ ranging from 

0.5 to 8.1 mM (27.9 to 452.3 mg/L). In some cases, the mineral goethite (FeOOH) was added. They 

observed goethite, magnetite or ferrihydrite formation. Faster rates of nitrite reduction were 

observed by Buchwald et al. (2016) at higher Fe2+ concentrations, higher pH (of 8 rather than 7) and 

in the presence of added goethite (FeOOH). They considered the following primary net reactions 

during their experiments: 

4Fe2+ + 2NO2
- + 5H2O → 4FeOOH  + N2O(g) + 6H+ (19) 

3Fe2+ + NO2
- +4H2O → 3FeOOH  + 1/2N2(g) + 5H+ (20) 
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The above mechanism supports the precipitation of Fe-(hydr)oxide type minerals, as observed 

during the reaction of WC19-2 and P346-2 with CO2/SO2/NO (see SEM images in Figure 34d and 

Figure 36b,c respectively).  

NO2
- reduction over time for experiments with CO2/NO and CO2/SO2/NO are shown in Figure 53a and 

b respectively. In each case, NO2
- was almost entirely removed from solution after 25 days. The data 

was fitted to the following first order exponential reduction curve: 

  𝑦 =  −𝐴 exp(𝑘1𝑥)  (21) 

where 𝐴 (mg/L) is a fitting parameter based on the initial concentration of NO2
-, 𝑘1 (day-1) is the 

pseudo first order rate constant and 𝑥 is the time (day). These fitting parameters and linear 

regression coefficients have been summarised in Table 16.  

The rate constant for NO2
- reduction during CO2/NO experiments was highest for WC19-1 and lowest 

for WC11-2 i.e. 𝑘1WC19-1 > 𝑘1WC20-3 > 𝑘1WC11-2. The estimated initial concentration of NO2
- at t = 0 days 

( 𝐴 ) decreased from WC11-2 to WC19-1. A similar pattern was observed for CO2/SO2/NO 

experiments. The influence of the total Fe composition of samples (determined by whole rock 

digestion in Table 6) on 𝐴 is shown in Figure 54a. 𝐴 decreases with rock sample Fe content for both 

the CO2/NO and CO2/SO2/NO experiments. Additionally, 𝐴  is more than 50% lower in the 

CO2/SO2/NO experiments than CO2/NO experiment. The increase in 𝑘  with Fe is linear for 

CO2/SO2/NO experiments but more varied for CO2/NO experiments (Figure 54b). It is apparent than 

NO2
- concentration is influenced by the rock, fluid and initial gas composition.  

The concentration of Fe2+ was not well constrained during the current series of experiments i.e.core 

samples were heterogeneous, the available reactive surface area likely differed and dissolved Fe2+ 

concentration continually changed with either mineral dissolution or precipitation. Additional 

CO2/NO experiments with a well constrained aqueous Fe2+ concentration would facilitate further 

investigation of the mechanisms controlling NOx speciation at CO2 sequestration conditions relevant 

to the Surat Basin (60 °C and 12 MPa).   

The influence of Fe and Fe bearing minerals on NOx reactions is important as a sink or fate for NOx 

subsurface is currently not well constrained in models which has led to predicted generation of low 

pH, especially in the near well bore (Haese et al., 2016, Jacquemet et al., 2011). A sink for NOx 

species other than nitric acid or nitrate may be favourable as opposed to generated acidity.  The 

Evergreen Formation overlying the Precipice Sandstone contains more abundant Fe-bearing 

minerals such as chlorite and other redox sensitive elements such as Mn have been shown to be 

released in higher concentrations during previous experimental reactions (Pearce et al., 2015, 
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Dawson et al., 2015).  The behaviour of NOx if it interacts with the Evergreen Formation may differ 

with higher concentrations of available Fe and warrants further investigation. 

Table 16. Summary of fitting parameters for NO2
- reduction during CO2/NO and CO2/SO2/NO experiments. 

Sample Gas A 𝒌𝟏  R2 

  

(mg/L) (day-1) 
 WC11-2 CO2/NO 11.6797 0.0925 0.9824 

WC19-1 CO2/NO 7.3288 0.4926 0.9903 

WC20-2 CO2/NO 11.0782 0.4283 0.9937 

WC11-5 CO2/SO2/NO 4.8217 0.1283 0.9954 

WC19-2 CO2/SO2/NO 3.1794 0.7615 1.0000 

WC20-3 CO2/SO2/NO 4.5528 0.1844 0.9941 

  

 

Figure 53. NO2
- evolution during (a) CO2/NO and (b) CO2/SO2/NO experiments.  

 

Figure 54. Influence of initial sample Fe content (as measured by whole rock digestion) on initial measured 
NO2

- concentration (A) (a) and rate constant for NO2
- reduction (𝑘1) (b). CO2/NO and CO2/SO2/NO experiments 

have been separated from each other.    
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3.1.4.3. SOx species evolution  

A comparison of SOx species evolution during the reaction of WC11-5, WC19-2 and WC20-3 with 

CO2/SO2/NO is shown in Figure 55. The SO4
2- concentration is approximately 6x higher for WC20-3 

than WC11-5 after 15 days equilibration with N2 (Figure 55a). This is expected due to the greater 

proportion of soluble sulfate-type minerals (e.g. Lazurite) in WC20-3 compared to WC11-5. SO4
2- 

increases by approximately 10 mg/L for both WC11-5 and WC20-3 after 1 day reaction with 

CO2/SO2/NO. This indicated that the majority of injected SO2 gas dissolved into solution (assuming 

oxidative reduction of SO2 to SO4
2-). SO4

2- increased further for WC20-3 up to 93 mg/L at t = 4 days, 

though it is unclear whether this was due to further sulfate-mineral dissolution or SO2 dissociation in 

solution. SO4
2- declined for both WC11-5 and WC20-3 after t = 5 days to values slightly higher than 

the concentration measured at 0 days. All other species (SO3
2-, S2O3

- and S2-) increased slightly at t = 

1 day, but remained approximately similar to the initial water composition at t = 50 days (Figure 55b-

d) and were at much lower concentrations.  

 

Figure 55. SOx species evolution for CO2/SO2/NO experiments, (a) SO4
2-, (b) SO3

2-, (c) S2O3
- and (d) S2-. The 

vertical dotted line in (a) to (d) represents the point at which CO2/SO2/NO was added.  
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3.2. Geochemical modelling 

A summary of dissolved and precipitated mineralogical changes following GWB simulations is shown 

in Table 17. The geochemical models indicated varying degrees of mineral dissolution and 

precipitation. In general, CO2/NO and CO2/SO2/NO models with the clay rich interlaminated region 

(WC19-1 and WC19-2) predicted the highest degree of mineral dissolution, whilst WC20-2 and 

WC20-3 were the lowest. Mineral precipitation was predicted in all models excluding WC20-2. For all 

models, the % of chlorite dissolution was significantly greater than other silicates including K-

feldspar, kaolinite, illite and muscovite. This indicated that chlorite was the most reactive silicate, 

though mineral surface area was increased to values higher than other clays in order to replicate 

experimental water chemistry.  

The predicted and experimentally measured ex situ pH is shown for all simulations in Figure 56. The 

modelled pH values were lower than the experimental pH for CO2/NO (Figure 56a) and CO2/SO2/NO 

(Figure 56c) simulations. This was due to degassing of CO2 during experimental sampling, resulting in 

lower ex-situ measured pH. Predicted concentrations of major cations, SOx and NOx dissociation 

species are discussed in the proceeding sections.  

Table 17. Summary of mineral dissolution and new phases precipitated from GWB simulations.  Negative and 
positive values represent mineral dissolution and precipitation respectively.  

 
Sample 

     
Mass change (%) WC11-2 WC19-1 WC20-2  WC11-5  WC19-2 WC20-3  

Chalcedony -1.49E-02 -6.68E-03 -6.08E-04 -3.79E-04 -2.29E-02 -5.07E-04 

K-feldspar -5.35E-01 
 

-3.04E-02 -2.02E-02 
 

-2.54E-02 

Kaolinite -3.82E-02 -7.59E-01 -2.86E-02 -1.46E-02 -7.61E-05 -2.34E-02 

Illite -4.50E-02 
   

-3.19E-04 
 

Muscovite 
 

-1.46E+00 -6.31E-04 
 

-7.29E-05 -5.76E-04 

Calcite 
   

-1.00E+02 
 

-1.00E+02 

Cal50Fe35Mg15 
 

-1.00E+02 
  

-9.96E+01 
 

Chlorite75 -9.15E+00 -4.83E+00 -8.58E+00 -8.43E+00 -4.65E+00 -7.53E+00 

Arcanite 
 

-1.72E+01 
  

-3.19E+01 
 

Mirabilite 
 

-4.44E-03 
  

-5.08E+01 
 

Precipitated (g) 
      

Pyrite 
      

Hematite 
 

1.86E-03 
 

1.50E-03 3.76E-03 5.10E-04 

Diaspore 
   

6.20E-04 
  

Nontronite-H 
   

1.52E-03 
  

Alunite 
     

6.83E-05 
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Figure 56. Modelled (lines) and experimental pH values (icons) during experiments with CO2/NO (a) and 
CO2/SO2/NO (b).   

3.2.1. CO2/NO experiments 

3.2.1.1. WC11-2  

Predicted concentrations of dissolved major cations, anions species and mineral mass following 

reaction of core WC11-2 with CO2/NO are shown in Figure 57. Ca, K and SO4
2- concentration were 

increased in the initial fluid basis in order to account for the dissolution of Ca-K type sulfates. As no 

sulfate minerals were included in the reactant basis, the modelled concentration of these cations 

remained stable over time (Figure 57a). The modelled concentrations of SiO2, Al and Mg increase 

with time and show good agreement with experimental results (Figure 57b). The model 

underestimated Fe concentration until 14 days, though the final concentration matched well with 

experimental data. The increase in modelled Fe and Mg concentration was primarily due to chlorite 

dissolution, where 0.78 % (equivalent to 0.003 g) of the chlorite dissolved over the course of the 

simulation (Table 17). The model predicted dissolution of chlorite (and chalcedony) mainly with 

minor dissolution of K-Feldspar, kaolinite and illite (Figure 57d).  

The simulated NOx dissociation species remained stable throughout, contrary to experimental 

observations (Figure 57c). The measured NO3
- content after day 1 was used to set the rate and cutoff 

point of NO(g) addition. Thus, the modelled and simulated NO3
- are approximately equal at 29 mg/L 

after day 1. However, simulated NO3
- remained stable and higher than the experimental value after 

this point. The predicted NO2
- concentration increased from 5.7 mg/L to 6.2 mg/L and was slightly 

higher than NH4
+ throughout. Excluding the spike in NH4

+ at day 28, the model overestimated NH4
+.  
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Figure 57. Geochemical simulation results (dashed lines) and experimental data (symbols) during reaction of 
WC11-2 with CO2/NO , (a) selected major elements, (b) selected minor elements, (c) nitrogen dissociation 
species and (d) mineral mass changes.  

3.2.1.2. WC19-1 

Predicted concentrations of dissolved major cations, anions species and mineral mass change 

following reaction of WC19-1 core with CO2/NO are shown in Figure 58. The predicted concentration 

of Na, K and SO4
2- are in good agreement with experimental data (Figure 58a). This reflected the 

initial dissolution of arcanite and mirabillite (Figure 58d), minerals included to account for the sulfate 

minerals observed by SEM (Figure 30a). Simulated Ca (Figure 58a) and Mg concentration (Figure 

58b) were also in good agreement with experimental data. Their concentration increased due to the 

complete dissolution of trace ankerite (Figure 58d). Minor chlorite dissolution also contributed to 

the increase in Mg concentration. Predicted Al was slightly overestimated whilst Fe was 

underestimated (Figure 58b). Minor Fe-oxide precipitation as hematite was predicted (Figure 58d), 

thereby reducing the predicted Fe concentration in solution. Whilst not directly observed in SEM, 

the brown discolouration of the WC19-1 sample surface and surrounding PEEK sample holder was an 

indicator of Fe-oxide precipitation (Figure 31). Predicted NOx dissociation species concentration are 

shown in Figure 58c. Modelled NO3
- decreased slightly over time from 32.3 to 28.9 mg/L, though 

NH4
+ and NO2

- remained approximately constant. Contrary to experimental observations, predicted 

NH4
+ was greater than NO2

- throughout.   
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Figure 58. Geochemical simulation results (coloured lines) and experimental data (symbols) during reaction of 
WC19-1 with CO2/NO , (a) selected major elements, (b) selected minor elements, (c) nitrogen dissociation 
species, (d) mineral content changes. 

3.2.1.3. WC20-2 

Predicted concentrations of dissolved major cations, anions species and mineral mass change 

following reaction of WC20-2 core with CO2/NO are shown in Figure 59. Chlorite was the dominant 

reacting mineral (Figure 59d) and primarily responsible for the increase in SiO2(aq), Fe, Al and Mg 

(Figure 59b). Hematite precipitation was supressed to account for increasing Fe concentration over 

time. The rate of NO(g) addition was altered in order to account for the general increase in NO3
- 

concentration from 0 – 7 days (Figure 59c). Predicted NO3
- concentration matched relatively well 

with experimental data during this period. As with previous CO2/NO models, predicted NO2
- and 

NH4
+ concentration were higher than experimental values throughout.   
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Figure 59. Geochemical simulation results (coloured lines) and experimental data (symbols) during reaction of 
WC20-2 with CO2/NO , (a) selected major elements, (b) selected minor elements, (c) nitrogen dissociation 
species, (d) mineral content changes. 

3.2.2. CO2/SO2/NO experiments 

3.2.2.1. WC11-5  

Predicted concentrations of dissolved major cations, anions species and mineral mass change 

following reaction of WC11-5 with CO2/SO2/NO are shown in Figure 60. The major released cations 

Ca, SiO2(aq) and K matched well with experimental data (Figure 60a). The final simulated Mg and Al 

concentration at t = 50 days (Figure 60b) showed a good comparison to experimental data, though 

their rate of release varied. Minor Fe-oxide precipitation as hematite was predicted (Figure 60d), 

thereby reducing the predicted Fe in solution (Figure 60c). The precipitation of nontronite (smectite) 

and diaspore was also predicted (Figure 60c). Simulated SOx and NOx dissociation species are shown 

in Figure 60c. The rate of NO(g) and SO2(g) addition were altered to match experimental values. 

Initially this resulted in a good match for the dominant SO4
2- and NO3

- species, though the model was 

unable to match the variable nature of each with increasing simulation time. Additionally, simulated 

NO2
- and NH4

+ were higher than experimental values.   
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Figure 60. Geochemical simulation results (coloured lines) and experimental data (symbols) during reaction of 
WC11-5 with CO2/SO2/NO, (a) selected major elements, (b) selected minor elements, (c) NOx and SOx 
dissociation species, (d) mineral mass changes. 

3.2.2.2. WC19-2 

Predicted concentrations of dissolved major cations, anions species and mineral mass change 

following reaction of WC19-2 with CO2/SO2/NO are shown in Figure 61. Na, K and SO4
2- 

concentration increased due to the dissolution of the sulphates mirabilite and arcanite (Figure 

61a,d). Ca also increased due to the near completed dissolution of ankerite (Figure 61a,d). The initial 

increase in SO4
2- concentration was due to the dissolution of SO2(g), forming predominantly H2SO4. 

However, modelled SO4
2- concentration was approximately 20 – 40 mg/L lower than the 

experimentally measured value throughout the simulation. Additional sulphate species not initially 

observed by SEM may have contributed to the net increase in SO4
2- concentration. Modelled 

chalcedony and chlorite content also decreased throughout the simulation (Figure 61d), resulting in 

an increase in SiO2(aq), Mg and Al (Figure 61b). Fe, released into solution by the dissolution of 

chlorite, was predicted to precipitate as hematite (Figure 61d). Consequently, simulated Fe 

concentration was far below that measured experimentally (Figure 61b), indicating the need for 

more representative mineral precipitation data. Simulated NO3
- concentration declined slightly up to 

50 days and matched well with the final experimentally measured value (Figure 61c) i.e. 54.2 mg/L 

(experimental) compared to 60.1 mg/L (simulated). As with previous simulations, NO2
- and NH4

+ 

were higher than experimental values.   



82 
 

 

 

Figure 61. Geochemical simulation results (coloured lines) and experimental data (symbols) during reaction of 

WC19-2 with CO2/SO2/NO, (a) selected major elements, (b) selected minor elements, (c) NOx and SOx 
dissociation species, (d) mineral mass changes 

3.2.2.3. WC20-3  

Predicted concentrations of dissolved major cations and mineral mass change following reaction of 

WC20-3 with CO2/SO2/NO are shown in Figure 62. Simulated Na and SiO2(aq) concentrations were 

higher than measured values (Figure 62a). Sulfate minerals such as arcanite (K-sulfate) were not 

included in the input mineralogy for WC20-3 thus K remained approximately constant and lower 

than experimental K throughout the simulation. The model predicted Ca release well (Figure 62b) via 

the dissolution of calcite (Figure 62d). The final simulated Al and Mg concentration at t = 50 days 

also matched well with experimental data(Figure 62b). Simulated SOx and NOx dissociation species 

are shown in Figure 62c. Altering the rate of NO(g) and SO2(g) addition allowed a good match with 

the dominant NO3
- and SO4

2- species up until their respective maximum i.e. at 22 days for NO3
- and 5 

days for SO4
2-. However, experimental SO4

2- declined below the simulated value when t >5 days.  

Additionally, simulated NO2
- and NH4

+ were higher than experimental values.    

Overall differences between the experiment and model may reflect uncertainties in the mineral 

composition of sub-samples (heterogeneity) and the use of mineral proxies where thermodynamic 

and kinetic data are not available for the exact composition e.g. the Mg content of siderite or 
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chlorite, or the use of chlorite not bertherine.  Using experimental studies to validate models as 

much as possible reduces the risk of incorrect longer term predictions e.g. higher concentrations of 

released Mg or Al, or incorrect predictions of mineral trapping.  

 

Figure 62. Geochemical simulation results (coloured lines) and experimental data (symbols) during reaction of 

WC20-3 with CO2/SO2/NO , (a) selected major elements, (b) selected minor elements, (c) NOx and SOx 
dissociation species, (d) mineral mass changes. 

3.2.3. Long term geochemical modelling 

Geochemical modelling was performed to illustrate long term (50 yr) interactions of Precipice 

Sandstone during sequestration of CO2, CO2/NO and CO2/SO2/NO. Initial simulations found that 

there was a significant difference in the modelled concentration of NO3
- and NO2

- depending upon 

whether the redox couple Fe2+/Fe3+ was coupled or uncoupled. By decoupling, Fe can change redox 

state by kinetic reaction only. Both scenarios were investigated for each gas type, thereby producing 

six simulations in total i.e. two for each gas mixture.   

Mineralogical changes for simulations where Fe2+/Fe3+ was coupled are shown for CO2, CO2/NO and 

CO2/SO2/NO in Figure 63a, b and d respectively. Dissolving phases common to all simulations 

included muscovite, kaolinite, chlorite and calcite. Muscovite and kaolinite dissolution was 

significantly lower than chlorite and calcite dissolution. Fe2+ and Mg2+, released by the dissolution of 
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chlorite, enabled the precipitation of the CO2 trapping minerals dolomite and ankerite via the 

following simplified reactions: 

Ca2+ + Mg2+ + 2CO3
2-(aq)  ↔ CaMg(CO3)2(s) (Dolomite)  (22) 

Ca2+ + Fe2+ + 2CO3
2-(aq) → CaFe(CO3)2(s) (Ankerite) (23) 

Additional precipitating minerals included hematite, diaspore and quartz. The lower pH generated in 

the CO2/NO and CO2/SO2/NO models slightly increased the dissolution of chlorite in comparison to 

the CO2 only model. This enabled a minor increase in the precipitation of dolomite, though ankerite 

precipitation was greater in the CO2 model. Hematite precipitated in the CO2/NO and CO2/SO2/NO 

models due to the presence of the oxidiser, NO3
-. The CO2 fugacity in the CO2 model decreased from 

83 bar to 81.6 bar after 50 years (Figure 63a), the difference being transferred from the reservoir 

water to the carbonate minerals ankerite and dolomite. The final fugacity during CO2/NO (Figure 

63d) and CO2/SO2/NO (Figure 63d) injection is slightly higher at 81.8 bar, indicating that the overall 

precipitation of carbonate minerals in these models was slightly lower.  

NO(g) was converted to approximately 50 mg/L of NO3
- in the CO2/NO (Figure 63c) and CO2/SO2/NO 

(Figure 63e) simulations. NO3
- concentration declined linearly immediately following injection of 

CO2/NO to <0.01 mg/L after approximately 14 years. The rate of NO3
- decline was slightly greater in 

the CO2/SO2/NO model, where it decreased below 0.01 mg/L after 13 years. NO3
- concentration 

declined in both models as it was swapped in for Fe2+, which was released by the dissolution of 

chlorite and then precipitated as hematite. The decline of NO3
- concentration with hematite 

precipitation is shown in Figure 64. The slight increase in the rate of NO3
- decline in the CO2/SO2/NO 

model was due to the greater dissolution chlorite (and release of Fe2+). The concentration of NO2
- 

was negligible throughout all models.  SO4
2- concentration remained constant in the CO2/SO2/NO 

model at approximately 10 mg/L. This is within the range of SO4
2- concentration observed in the 

Wandoan Town Bore (see Section 1.2.2 and Table 2).  

Mineralogical changes for simulations where Fe2+/Fe3+ was decoupled are shown for CO2, CO2/NO 

and CO2/SO2/NO in Figure 65a, b and d respectively. Slightly elevated dissolution of kaolinite, 

muscovite and chlorite was observed in the CO2/NO and CO2/SO2/NO simulations. Conversely to the 

CO2/NO and CO2/SO2/NO simulations where Fe2+/Fe3+ was coupled, NO3
- remained approximately 

constant at 52 mg/L throughout (Figure 65c, f). Unlike the Fe2+/Fe3+ coupling scenario, NO3
- was not 

swapped out of the system. The absence of an NO3
- sink allowed it to remain constant during the 

simulation period. This was also observed during a previous reactive transport simulation of 

CO2/O2/NO2 injection in the Precipice Sandstone (Haese et al., 2016). Conversely to the Fe2+/Fe3+ 

scenario, no hematite precipitation was predicted in the CO2/NO and CO2/SO2/NO simulations. 

Instead, minor glauconite precipitation (K1.5Mg0.5Fe3AlSi7.5O20(OH)4) was predicted.  The 
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concentration of NO2
- and NH4

+ were both negligible whilst SO4
2- remained constant at 10 mg/L in 

the CO2/SO2/NO model (Figure 65f).  

The GWB simulations confirmed a high sensitivity of the NOx species concentration to the redox 

couple Fe2+/Fe3+. The uncertainty in the state of redox at reservoir conditions is critical when 

determining the likely downhole concentrations of NOx and SOx species during a CO2/SO2/NO 

injection scenario. Laboratory experiments in the current study have confirmed that NO3
- should 

remain relatively stable over the 50 day reaction period, whilst NO2
- declines through reduction by 

Fe2+. Significantly longer reaction times (e.g. >1 year) are required to provide a better approximation 

of NO3
- species evolution and confirm whether the models presented in either Figure 63 or Figure 65 

are applicable. During future experiments, redox potential should be measured immediately 

following liquid sampling in order to further describe NO3
-/NO2

- reduction mechanisms.  
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Figure 63. Kinetic modelling outcome for reaction of Precipice Sandstone with CO2 (a), CO2/NO (b,c) and 

CO2/SO2/NO (d,e) where the redox couple Fe2+/Fe3+ remained coupled.    
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Figure 64. Relationship between hematite precipitation and NO3
- concentration in CO2/NO (a) and CO2/SO2/NO 

(b) simulations, where the redox couple Fe2+/Fe3+ remained coupled. 

 

Figure 65. Kinetic modelling outcome for reaction of Precipice Sandstone with CO2 (a), CO2/NO (b,c) and 
CO2/SO2/NO (d,e) where the redox couple Fe2+/Fe3+ was decoupled.  
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3.3. Raman spectroscopy experiments 

3.3.1. Raman calibration experiments 

The Raman spectrum of each of the chemical dilution stocks is shown in Figure 66 with spectra offset 

for clarity. Notable features in the spectra are the water bending Raman band centred at 1640 cm-1, 

the strong water stretch band rising sharply and cut-off to the right beginning at 2700 cm-1.  The 

spectral dip at 1460 cm-1 and the broad up-sloping feature left of 1100 cm-1 are background from 

elements in the optical system of the RRS instrument. Aside from these features common to all 

spectra, most of the characteristic Raman features for the species of interest are located in the so-

called fingerprint region of the Raman spectrum between 900 and 1500 cm-1, although HSO3
- and HS- 

exhibit H-S stretch bands near 2550 cm-1.  Two notable groups of species with significantly 

overlapping peaks are SO4
2- / SO3

2-
 / HSO4

- / S2O3
2- near 995 cm-1 and HSO4

- / HSO3
- / NO3

-
 / CO3

2- / 

HCO3
- near 1015 cm-1.  Fortunately, some of these species have additional minor peaks elsewhere in 

the spectrum that may be identified if their relative signal is strong enough. On the other hand, 

species such as SO4
2- and SO3

2- may be very difficult to discern between and thus could require 

improvements in sensitivity and spectral resolution of the instrument.  

The spectrum from ammonium (NH4
+) is notable for being comparatively featureless. Nevertheless, 

the Raman spectrum from a much stronger (10x) concentration of ammonium chloride, shown in 

Figure 67, reveals weak broad features that overlap significantly with the water bend and stretch 

and are thus difficult to discern in spectra from dilute solutions, contributing to a significantly higher 

limit of detection as compared to other species in this study.   
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Figure 66. Raman spectra of dissolution product stock solutions with spectra offset for clarity. 

 

Figure 67. Raman spectrum of concentrated ammonium chloride in water, TRIS blank and blank-

subtracted. 
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3.3.1.1. Calculated LOD 

Table 18 summarises the maximum concentration of SOx and NOx dissociation species during batch 

experiments. The DRRS tool limit of detection (LOD) for each species are also listed (Myers et al., 

2016b). NO3
- was the dominant NOx species during batch experiments with CO2/NO and 

CO2/SO2/NO. The maximum value ranged from 29.21 to 128.15 mg/L, thus greater than the reported 

LOD. NO2
- and NH4

+ were both below the LOD for all experiments. The concentration of SO4
2- was 

significantly higher than all other SOx dissociation species during all experiments. The SO4
2- 

concentration measured during experiments with rock samples was 10 – 100 ppm higher than blank 

runs, indicating that the dissolution of sulphate minerals was primarily responsible for the increase 

in SO4
2-. The measured SO4

2- concentration was greater than the LOD for the majority of experiments 

(excluding WC11-5) with rock samples, however all other SOx species were below LOD. It should be 

noted that the CO2/SO2/NO experiments reported in Table 18 were conducted with a water salinity 

more representative of the West Wandoan 1 site, rather than the initial salinity used during CO2/NO 

experiments.  

Table 18 Summary of the minimum and maximum concentration of SOx and NOx dissociation species detected 
during batch-reactor blank and core sample experiments with CO2/NO, CO2/SO2 and CO2/SO2/NO. The DRRS 
tool limit of detection (LOD) for each species is also listed. Cells highlighted in orange represent experimentally 
measured species concentration greater than the reported LOD. Sample rows highlighted in blue correspond 
with core samples WellDog1-3 (1211 m).  Sample rows highlighted in green correspond with core samples 
WellDog4-7 (1165 m).  

Gas Sample Type NO2
- NO3

- NH4
+ S2- SO3

2- SO4
2- S2O3

2− 

   
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

CO2/NO Blank Min. 0.00 26.61 0.00 0.03 0.01 0.13 0.01 

  
Max. 7.14 128.15 0.73 0.10 0.07 2.03 0.15 

CO2/SO2/NO Blank Min. 0.00 14.52 0.16 0.09 0.00 2.41 0.02 

  
Max. 1.83 26.04 3.26 0.30 0.00 13.21 1.93 

CO2/NO WC11-2 Min. 0.00 7.69 0.03 0.04 0.01 51.17 0.01 

 
(WellDog4-7) Max. 11.36 29.21 5.88 0.09 0.14 156.47 2.52 

CO2/NO WC19-1 Min. 0.00 19.64 0.00 0.04 0.05 94.82 0.02 

  
Max. 4.58 60.45 0.38 0.13 0.83 183.41 0.32 

CO2/NO WC20-2 Min. 0.00 30.20 0.47 n.m. n.m. 50.30 n.m. 

 
(WellDog1-3) Max. 7.25 58.65 7.31 n.m. n.m. 61.81 n.m. 

CO2/SO2/NO WC11-5 Min. 0.00 13.74 0.48 0.09 0.09 9.15 0.29 

 
(WellDog4-7) Max. 4.30 34.25 4.69 0.22 0.79 21.20 0.80 

CO2SO2NO WC19-2 Min. 0.00 41.42 0.00 0.13 0.24 158.44 0.00 

  
Max. 1.48 78.47 0.16 2.02 0.96 267.41 0.00 

CO2/SO2/NO WC20-3 Min. 0.00 21.61 0.54 0.14 0.15 65.36 0.00 

 
(WellDog1-3) Max. 3.74 122.67 8.19 0.48 0.52 93.53 4.14 

CO2/SO2/NO P346-2 Min. 0.00 21.61 0.54 0.14 0.15 65.36 0.00 

  
Max. 3.74 122.67 8.19 0.48 0.52 93.53 4.14 

DRRS LOD 
 

(-) 29.10 16.20 200.00 14.90* 43.90 21.60 102.10 

n.m. = not measured  *as HS-  
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Additionally, the calculated limits of detection for carbon dioxide, bicarbonate, and carbonate ion 

are CO2: 588 ppm, HCO3
-: 68.2 ppm, and CO3

2-: 95 ppm.  Concentrations of these species were not 

characterized in batch-reactor experiments.   

3.3.1.2. Influence of mixed constituents 

To investigate the interactions of SOx, NOx, and CO2 species in mixtures, high concentration (10,000 – 

50,000 ppm by mass) stocks of the dissociation products in simulated Precipice Sandstone water 

were prepared.  From the stocks, several binary, ternary and quaternary mixed species solutions 

were prepared and tested.  In a case where similar species are present in the same solution and 

have overlapping peaks, secondary peaks may be used to detect or quantify each one as seen in 

Figure 68.  The spectrum from the mixture is shown, as well as the estimated spectra of the 

constituents, which would sum together to constitute the mixture.  Note the overlap of the 

bicarbonate and nitrite peaks at 1350 cm-1, and also the well resolved peaks at 1020 and 820 cm-1.  

For mixtures of species that have only one strong peak, even a slight separation between the 

interfering peaks may still be resolvable. Figure 69 shows an example of this in a ternary solution of 

SO3
2-

 , CO3
2-, and HCO3

-, where the spectrum from the mixture is compared to the calculated 

constituent spectra plotted below.  Note the three well-resolved peaks from constituents in the 

region of 970 to 1070 cm-1, each separated by ~50 cm-1. The spectra offset and plotted below are 

scaled pure component spectra corresponding to the concentrations in the mixture, that when 

summed together would reproduce the mixture spectrum.   

 

Figure 68. Raman spectrum of a Binary mixture of NO2
- and HCO3

-, along with constituent spectra from classical 
least squares analysis 
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Figure 69. Raman spectrum of a ternary mixture of SO3
2-, HCO3

- and CO3
2-, along with constituent spectra from 

classical least squares analysis 

The presence of just one other competing species with nearly the same peak location can cover up a 

peak that would normally be easily identified.  Figure 70 shows a quaternary solution containing the 

same three ions as the ternary solution in Figure 69, plus the nitrate ion NO3
-.  The lone CO3

2- peak 

appears completely obscured by the strong NO3
- peak to the point where it appears that it cannot be 

determined whether the solution contains just one or both of the ion species.  Note that the peak 

maxima for carbonate and nitrate are separated by just 17 cm-1.  Notwithstanding, a classical least-

squares spectral analysis is found to be quite successful at identifying the presence of carbonate in 

the spectrum, using raw spectra from stock solutions of ions and the buffer blank, as well as a 

Pearson VII peak-shape fit to the water bend as negative compensation for extra water in the 

summed spectra.  Note that the individual ion spectra plotted below the mixture spectrum in Figure 

70 are the scaled component spectra results from the classical least squares fit, offset in the plot for 

clarity.   
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Figure 70. Raman spectrum of a quaternary mixture of NO3
-, SO3

2-, HCO3
- and CO3

2-, along with constituent 
spectra from classical least squares analysis 

3.3.1.3. Mixed constituents in pressure vessel 

To test the ability of the WellDog Raman instrument to discern low levels of ions in the new pressure 

cell, a solution was prepared that contained all of the ion species (except HS- for safety reasons, and 

CO2 and NH4
+ due to extraordinarily high LOD) at 1.1x the calculated limit of detection or their 

expected concentrations based on leaching experiments performed with the Precipice Sandstone 

core samples at the University of Queensland for Milestone report 1.1 (Turner et al., 2015). Table 19 

lists each species in this low-level mixture along with its concentration and where different, the 

expected baseline level as measured previously in batch experiments. A more concentrated buffer 

(0.1 M TRIS) with recognizable Raman features was utilized for this mixture to further stabilize pH.  

The spectrum of this buffer compared to a water blank is plotted in Figure 71. Raman peaks 

associated with the buffer are indicated with arrows.      
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Table 19. Low-level mixture ion species and concentrations.  Species with 1.1x the LOD are indicated with ** 
and followed by the level measured in batch experiments.  

Groundwater ion Low-level mixture 

concentration  

(ppm – by mass) 

SO4
2- 

455 

HCO3
- 

279 

S2O3
2- 

111 ** 2.8 

CO3
2- 

105  ** 0  

HSO3
- 

48  ** 0  

SO3
2- 

48  ** 2.7 

NO3
- 

29 

NO2
- 

32 ** 11 

HSO4
- 

24 **  0  

 

 

Figure 71. Concentrated buffer and water Raman spectrum background. 
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Figure 72. Raman spectrum of Low-level mixture and classical least squares analysis scaled components. 

As seen in Figure 72, the only readily identifiable peak in the raw Low-levels mix spectrum is the 

SO4
2- peak at 982 cm-1.  A classical least squares fit of this mixture spectrum using as components 

TRIS buffer, 4th-order polynomial, SO4
2-, bicarbonate, sulphite, nitrate, bisulphite, and carbonate is 

also shown in the bottom half of the figure. The buffer-corrected spectrum and classical-least 

squares scaled components are plotted below, offset for clarity.  Bisulphate, nitrite and notably 

thiosulphate were not found to have significant contributions in this classical least squares analysis.  

This is likely due to interference among the overlapping peaks of these species near their 

concentration limits of detection. 

3.3.1.4. pH effects 

One of the binary mixtures prepared contained 6030 ppm SO3
2- and 5080 ppm HSO4

- in 10mM Tris 

buffer.  In this mixture, unexpected peaks were observed in the measured spectrum.  Notable is a 

peak out near 2500 cm-1 suggestive of a hydrogen-sulphur Raman stretching mode.  After verifying 

integrity of the parent stock solutions, it was recognized that the pH of the bisulphate stock was 

quite acidic, measuring < 3.  The pH of the binary mixture was also measured to be lower than the 

pH of the parent sulphite stock.  A closer analysis of the peaks in the mixture spectrum shows that 

the unexpected peaks in fact correspond with the bisulphite ion, or in other words, the protonated 

form of the sulphite from the stock solution, HSO3
-.   

  



96 
 

This is illustrated in Figure 73, which is a plot of the measured binary mixture spectrum as well as the 

classical least squares fit using as components HSO4
-, HSO4

-, SO3
2-, HSO3

-, and buffer blank.  A useful 

tool for estimating the distributions of pH-active compounds in complex mixtures is the freeware 

CurTiPot available in the form of a macro-enabled Excel spreadsheet (Gutz, 2016).  For example, 

Table 20 shows the predicted effects of the concentration of bisulphate on the pH and speciation 

into SO4
2- and HSO4

- ions. 

 

 

Figure 73. Binary mixture of HSO4
- and SO3

2- and classical least squares fit scaled components offset for clarity. 

Table 20. Effect of concentration of HSO4
- in water on the pH and speciation thereof as predicted by CurTiPot 

Solution Concentration 
(mg/L) 

Calculated 
pH 

% SO4
2- 

% HSO4
- 

75 3.16 94.52 5.48 

150 2.88 90.65 9.35 

225 2.73 87.59 12.41 

300 2.62 85.06 14.94 

402 2.51 82.18 17.82 

505 2.43 79.76 20.24 

6008 1.63 48.94 51.06 
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This result suggests a revisit of the calibration for HSO4
-, where the stock solution contains 

apparently only 51% HSO4
- ion and in lower concentrations the overwhelming majority of the ion is 

in the form of SO4
2-.  Alternatively, it can be surmised that at a pH > 3, more than 95% of the 

sulphate ions are in the fully deprotonated SO4
2- form and it doesn’t make sense to look for HSO4

- in 

that range.  

When the initial concentrations of HSO4
- and SO3

2- in the binary mixture in Figure 73 are input into 

the spreadsheet, the estimate of the resulting pH is 6.5 and the distribution of sulphate ions is 

overwhelmingly SO4
2- and not the HSO4

- of the parent stock. Furthermore, the estimated distribution 

of the sulphite ions is split at the ratio of 66:34 HSO3
- : SO3

2- (mole:mole).  These observations are 

confirmed in the classical least squares fit to the mixture spectrum, where SO4
2- and HSO3

- are the 

major contributing species and the parent stock ions SO3
2- and HSO4

- are only minor contributors to 

the overall spectrum from the mixture.  The measured mole:mole ratio of HSO3
- to SO3

2- according to 

the least squares spectral fit is 74:26 – not a perfect match to the CurTiPot estimate, but remarkably 

close given the uncertainties of the estimation and in the classical least squares fit. Table 21 lists the 

initial, estimated and measured concentrations of ions in the binary HSO4
- / SO3

2- mixture.   

Figure 74 is an example plot of the distribution of a species as a function of pH for the carbonate 

series estimated with CurTiPot.  The figure shows that at pH < 4, nearly all carbonate in the water is 

in the form of carbonic acid or dissolved CO2 (which are in equilibrium). At pH = 8, the form is almost 

exclusively HCO3
- and even at pH = 10, the mixture is 50:50 HCO3

- to CO3
2- ions. In fact, the 

distributions of all twelve ions in this study are affected by pH, including the sulphate system: H2SO4 

– HSO4
- – SO4

2-, thiosulphate system: H2S2O3 – HS2O3
- – S2O3

2-, sulphide system: H2S – HS- – S2-, nitrate 

system: HNO3 – NO3
-, nitrite system: HNO2

 – NO2
-, and ammonium system: NH3 – NH4

+. Distribution 

curves for other species as a function of pH can be found in Appendix 7.5.  

Table 21. Concentrations of species in the binary HSO4
- / SO3

2- mixture including initial, estimated and 
measured 
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Figure 74. Distribution of ions in the carbonate series versus pH. 

 

Figure 75 Raman spectrum of ternary mixture from Figure 69 and quaternary mixture with added HSO3
- and 

classical least squares fit and constituent spectra offset for clarity 

In Figure 75 the spectrum of the ternary solution containing SO3
2-, CO3

2-, and HCO3
- (i.e. the mixture 

from Figure 69) is compared to that of a quaternary solution containing the same three species plus 

HSO3
-.  The addition of HSO3

- to the solution lowers the pH to the point that the CO3
2- ions are 

protonated, or in other words converted to bicarbonate, making CO3
2- undetectable in spite of the 

fact that there are no other species with peaks overlapping it.  Interestingly, in the quaternary 

mixture spectrum, the band at ~990 cm-1 was not fit well by only sulphite and bisulphite (not 



99 
 

shown).  The addition of a sulphate component to the classical least squares model resulted in a 

greatly improved fit in Figure 75. This could be an indication of the oxidation of sulphites as solutions 

age, or alternatively, an error in preparation of the mixture.  

Since the injection of a GHG stream is expected to lower pH through the generation of acidity, for 

example batch experiments at the University of Queensland generated pH’s of 3 - 4 or lower, a low 

pH solution was also tested.  To investigate the effects of low pH on the ability of the WellDog RRS 

spectroscopy instrument to discern mixed components at low concentration levels, the same Low-

level mixture as described in Figure 72 was prepared using 0.1 M citric acid buffer at pH 3.5 instead 

of the 0.1 M TRIS buffer.  Like the stronger TRIS buffer, this low-pH buffer also exhibits distinctive 

Raman features from the buffering chemical as indicated in Figure 76.   

Classical least squares analysis of the low-pH Low-level mixture was less successful than for the TRIS 

based mixture. This could be attributed to a slight (0.1 pH-unit) change in the pH of the mixture 

compared to the original buffer, which results in subtle changes to the buffer spectrum that greatly 

increase the difficulty of the curve fit. CurTiPot estimations for the change of concentrations of 

buffer constituents, though slight, support this.  The least squares results are shown in Figure 77. 

Only SO4
2- and HCO3

- ions could be discerned, and even these with low confidence. Note the 

excursions in the buffer-corrected spectra near features associated with citric acid.  These 

complexities could likely be accounted for in a further study. 

 

Figure 76. Spectrum of the citric acid buffer and water background. 
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Figure 77. Raman spectrum of the low-pH Low-level mixture and classical least squares analysis.  Arrows 
indicate excursions in the buffer corrected spectrum, suggestive of subtle changes in the spectrum of the 
buffer itself related to differences in pH. 

3.3.2. Core soaking experiments 

3.3.2.1. Rock Soak – 1-window cell 

Figure 78 displays the spectra of the groundwater used to soak solid core sample WellDog-7a in the 

single-windowed cell over the course of 3 days.  Spectra were measured using a 10-second exposure 

time, and each trace represents the average of 10 spectra.  Note the increasing background around 

the water-bend Raman feature at ~1650 cm-1, which is used as an internal standard for calibration of 

analytes. 
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Figure 78. Sample WellDog-7a soaking experiment spectra 

Within Figure 78, there is a noticeable difference in the background between the groundwater 

solution and deionised water, and although the background did increase over time, there is no clear 

trend.  On the afternoon of the third day, the spectrum of the groundwater solution displayed 

enough of an increase in background that the exposure time was reduced to 6s to prevent the signal 

from saturating the detector.  After the third day, the solution was drained from the cell, and upon 

inspection it was noticeably yellowish in comparison to fresh precipice groundwater.  It was 

determined that there was likely contamination caused not by the rock, but rather by residue 

somewhere in the cell that had not been adequately cleaned before the soaking experiment began. 

3.3.2.2. Rock Soak – Cuvettes 

To avoid the possibility of contamination in future core soaking experiments, the samples were 

soaked in clean screw-top bottles instead of test cells, and 3mL aliquots were taken periodically for 

examination by the spectrometer. The first sample treated this way was sample WellDog-7b, which 

was soaked in 60 mL of PGW, the same volume as contained in the double-windowed pressure cell.  

Figure 79 shows the spectra of several aliquots taken from the PGW containing sample WellDog-7b 

over the course of 5 days [120 hours].  On the 5th day, the solution was gravity filtered through 

medium-speed, 8 to 10-µm cut-off filter paper in an effort to reduce scattering particulates and to 

prevent the signal from saturating. 
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Figure 79. Sample WellDog-7b soaking experiment spectra. 

After sample WellDog-7b was drained and filtered, it was re-soaked in 250mL of fresh groundwater 

for 3 additional days.   

In the meantime, solid core sample WellDog-5a had been submerged in a much larger volume, 

250mL of PGW, then sonicated for 20 minutes, decanted, and re-soaked in fresh PGW for 3 

additional days.  Spectra from aliquots of this second soaking of sample 5a, the second soaking of 

7b, and fresh PGW are compared in   

Figure 80.  The exposure time was 10 seconds. 

As shown in   

Figure 80, the 20-minute soak with sonication did not reduce the background signal of sample 

WellDog-5a to the level of 7b, which had soaked for 3 days in its first soak.  Therefore, the decision 

was made for future core sample experiments to perform several soak/sonication cycles in PGW 

before beginning experimentation to attempt to remove as much scattering particulate background 

signal as possible. 
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Figure 80. Samples WellDog-7b and WellDog-5a second-soak spectra 

3.3.3. GHG control experiments: GHG + PGW, no rock 

The first reservoir simulation experiment was a control experiment without a solid core sample 

conducted in order to characterise the spectra of the PGW at reservoir temperature and pressure. 

This test was also a good opportunity to work out any issues with the test program and to correct 

them before running an experiment with a rock sample.  

After several hours of running this first experiment, it was suspected that the system was slowly 

leaking pressure, so the test was aborted. In subsequent reservoir simulation experiments, it 

became clear that this slow loss of pressure was due to the ambient temperature of the room 

dropping as well as dissolution of CO2 into the PGW. The pressure log from this experiment can be 

seen in Figure 81.  In this early experiment the output of a single thermocouple was connected to 

the thermal control system, which did not have logging capabilities. 

After performing this experiment, it was concluded that a log of temperature in the cell needed to 

be recorded to account for fluctuations in pressure. Additionally, the test program was modified to 

record Raman spectra earlier in the pressurisation to better categorise the point at which 

equilibrium had been reached within the cell. As can be seen in Figure 82, the concentration was 

already stable when spectra began recording and there was no way to pinpoint why the pressure 

fluctuated the way that it did. It should be noted that the time axis in Figure 82 was adjusted to start 

when the first Raman spectrum was collected. 
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Figure 81. Cell pressure over time during the GHG-PGW-only test. 

 

Figure 82. Measured pressure and CO2 concentration over time. 

While this initial experiment did not yield a large amount of useful data, it did help to identify 

problems with the test plan to be corrected before the next experiment. Figure 83 shows averaged 

spectra from the control experiment without a core sample.  The average pressure while these 

spectra were recorded was 1650psi. Note the water-bend Raman feature at 1650 cm-1 and the 

dominating carbon-dioxide doublet peaks at 1265 and 1390 cm-1. 
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Figure 83. 25-spectrum average of PGW with dissolved GHG 

As mentioned in Section 2.3.3, the experiment explained above was performed using PGW injection 

to achieve working pressure instead of gas injection, yielding a sub-saturated mixture. The second 

time this control experiment was performed, gas injection was used to build pressure.  In this case, 

the measured CO2 concentration was much closer to the expected value. A log of cell pressure and 

temperature versus time along with calculated (Duan & Sun, 2003) and measured concentration 

versus time can be seen below in Figure 84.  
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Figure 84 Logs of Pressure, Temperature, Calculated and Measured concentration of CO2 in gas-injected 
control experiment 

Figure 84 validates the decision to reconfigure the manifold to inject gas instead of PGW to achieve 

an accurate reservoir simulation.  

3.3.4. Reservoir simulation experiments 

3.3.4.1. Under-saturated GHG, PGW, rock sample, and fluid injection 

The first reservoir simulation experiment characterized the interactions of PGW and GHG with core 

sample WellDog-7b (1165 m) under conditions matching reservoir temperature and pressure (60 °C, 

1800 psi). While the spectra recorded did not exhibit any deterioration in quality over time as they 

did in subsequent experiments, there was an apparent problem maintaining pressure for the 

duration of the test.  Accordingly, the measured concentration of CO2 also consistently fell over the 

course of the experiment.  These two phenomena are observed in Figure 85. 
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Figure 85. Measured pressure (left axis) and CO2 concentration (right axis) over time during reservoir 
simulation experiment on WellDog-7b. 

As shown previously in   

Figure 80, the spectra gathered during pre-soak showed a marginal increase of background signal. 

Figure 86 shows an example spectrum obtained after the experiment had been running for 20 hours. 

After approximately 90 hours, the experiment was terminated due to an apparent slow loss of 

pressure over time, although the rate of pressure loss did not exceed the criterion for failure in 

pressure testing. 

 

Figure 86. 6-second exposure spectrum obtained 20 hours into experiment on WellDog-7b. 
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An analysis of Raman spectra from this experiment for indications of the presence SOx and NOx 

species did not identify detectable levels.  This is likely due to the under-saturated GHG condition 

that resulted from the use of injected PGW to obtain reservoir pressure.   

3.3.4.2. Contamination issues 

After the experiment using sample WellDog-7b (1165 m) was completed, the test cell was 

disassembled and trapped pressure within the cell was identified as a potentially dangerous 

condition. At this point, the O-Rings designated in Figure 18 were cut to mitigate the trapped 

pressure. The significance of this alteration to the system was not recognized at the time. The 

following experiments, both sub-saturated and saturated, exhibited poor spectral quality shortly 

after injection of gas due to contamination of the system. Figure 87 below shows a spectrum 

collected 2 hours into the experiment using rock sample WellDog-6 (1165 m) at an integration time 

of 6 seconds. It can be seen in this figure that the background noise due to contamination is 

distorting the Raman signal at wavelengths greater than 1000 cm-1. The integration time of the RRS 

instrument was continually lowered throughout contaminated experiments in an attempt to salvage 

usable spectra. An example of this can be seen in Figure 88, where the integration time had been 

lowered to 2 seconds. This spectrum was taken 6 hours into the same experiment as Figure 87. Even 

at a 2 second integration time, the spectra were too poor to analyse.  

 

Figure 87. Example 6-second exposure spectrum taken 2 hours into experiment with sample WellDog-6. 
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Figure 88. Example 2-second exposure spectrum taken 6 hours into experimentation showing high signal 
distortion due to contamination. 

For reference, one of the initial spectra taken during the experiment with rock sample WellDog-5a 

(1165 m) can be seen below in Figure 89. This figure illustrates how the CO2 peaks are differentiable 

and the background noise is minimal for an integration time of 8 seconds. The stirring magnet was 

not actuated in this experiment, but that only slightly prolonged the onset of contamination effects 

in the system. Figure 90 shows the evolution of spectra over only 40 minutes. 

 

Figure 89. Early spectrum from experiment of WellDog-5a. 
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Figure 90. Evolution of spectra over the first 40min of experiment on WellDog-5a. 

As explained in 2.3.3.3.2, a variety of contamination sources were identified and investigated. 

Dialysis tubing was one of the first solutions proposed to eliminate contamination issues within the 

system, assuming the contamination stemmed from rock fines in the PGW. Several experiments 

were performed using dialysis tubing to contain rock samples. The experiments showed 

unencouraging results including: 

 Difficulty sealing dialysis tubing as provided clips were too large to reside in pressure cell. 

Best solution was tying each end of the tubing 

 Tearing of dialysis tubing during experimentation perhaps due to supercritical CO2 present in 

system 

 Experiments where dialysis tubing seemed to stay intact still exhibited poor spectral quality 

After exhausting all options using dialysis tubing, the next sources of contamination investigated 

were assembly grease, O-Ring material, gas tank contamination, and water source. A series of 

reservoir simulation experiments without a rock sample were performed separately to test these as 

the source of contamination. The results of investigating these sources are as follows: 

 O-Ring grease was only applied to secondary O-Rings in sparing quantities. This had no effect 

on poor spectral quality over time 

 Viton® O-Rings were changed out for AFLAS® O-Rings after ballooning and explosive 

decompression was identified in Viton® O-Rings following exposure to supercritical CO2 and 

disassembly of the pressure cell. This had no effect on poor spectral quality over time 
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 Experimentation strictly with CO2 was performed using a CO2 tank known to be clean from 

use for instrument calibration in unrelated projects. This had no effect on poor spectral 

quality over time  

 Distilled water was purchased to use as the experimentation water instead of water from 

the deionizer. This too had no effect on poor spectral quality over time 

Corrosion within the system was the next source of contamination investigated. This was deemed a 

potential source after an experiment was performed in which a 1-window cell was assembled with 

AFLAS® O-Rings, filled with deionized water, and pressurized (to approximately 600 psi) using the 

same CO2 tank used for previous experiments. It was then scanned with the RRS instrument for 100 

hours and exhibited no degradation in spectral quality. It should be noted that this system was not 

viable for reservoir simulation as the 1-window cell is not rated for more than 1000 psi. Corrosion 

within the system was investigated in the following manner: 

 Entire manifold including pressure cell and valves was disassembled and signs of corrosion 

were found within the fittings attached to the ports of the cell, likely due to trapped water 

  All components cleaned manually with physical abrasion, soaked for 24 hours in detergent 

solution, and soaked in an acid bath for 2 hours 

 Manifold was reassembled with pressure cell upright (as explained in 2.3.3.1.3) and still 

exhibited poor spectral quality when deionized water was charged with CO2 within the cell 

 Cell was cleaned again and legs of the manifold were attached one at a time and pressurized 

until one leg caused degradation of spectral quality under pressure. The leg identified was 

the gas injection leg featuring the accumulator 

 Inside of accumulator was investigated with a fibre camera and rust was discovered in areas 

of the accumulator where water had been trapped 

At this point, the accumulator was identified as the source of corrosion within the cell, likely causing 

degradation of spectral quality during experimentation. The steps taken to mitigate this source of 

corrosion are as follows: 

 New accumulator procured  

 Filters were procured to filter the gas injected into the cell at a pore size 0.5 microns 

 Manifold was reconfigured to limit the interaction between the gas and water from the cell 

and the gas in the accumulator as much as possible 

 Pressure test plan altered to keep accumulator and nearby manifold dry at all times 

During the time that the new accumulator was in the mail, the pressure cell was filled with deionized 

water and charged with CO2 and exhibited poor spectral quality. Interestingly, when the cell was 

disassembled, it was recognized that the cut O-Rings labelled with arrows in Figure 18 showed signs 
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of gas absorption at the cut ends. The pressure cell was then cleaned and reassembled with uncut O-

Rings and tested again in the same manifold as the previous test. When filled with deionized water 

and charged with CO2, the spectral quality did not degrade over time. At this point it was determined 

that the cut ends of the O-Rings could be a possible source of contamination. The cut ends expose a 

more porous internal structure than the moulded finish on the outside of the O-Rings, which could 

allow a contaminant to bleed out of the O-Ring structure and degrade the quality of Raman scans. 

Furthermore, it was recognized that O-rings were cut following the reservoir simulation experiment 

with sample 7b, which had proceeded for 90 hours without concern for spectral quality and 

following which, contamination was observed. With that said, the experimental system for the final 

control experiment and reservoir simulation featured a new accumulator and intact, uncut O-Rings. 

The proper precautions were then taken to safely disassemble the pressure cell with trapped 

internal pressure between experiments. 

3.3.4.3. Successful reservoir simulation experiments: GHG, PGW, rock sample, and gas injection  

With the contamination issues apparently rectified, the final reservoir simulation experiment could 

be performed without degradation of spectral quality. The experiment was set up as explained in 

2.3.3.3.3 and monitored for 140 hours before being stopped. Calibrated CO2 concentration 

measured from the RRS instrument showed little error compared to theoretical concentration. Cell 

temperature was stable around 60 °C throughout the experiment and pressure only gradually fell 

throughout the course of the experiment, likely due to a very minor pressure leak. For this reason, 

the cell was recharged with the 50/50 GHG and CO2 mix after 71 hours of running the experiment. 

Figure 91 below shows a comparative plot of cell pressure, cell temperature, ambient temperature, 

measured concentration, and theoretical concentration (Duan & Sun, 2003).  
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Figure 91. Pressure, temperature, measured CO2 concentration, and calculated CO2 concentration during the 
140-hour experiment 

Despite the experiment running successfully for 140 hours, spectral analysis of the data gathered by 

the RRS instrument over the duration of the experiment did not show the presence of any of the 

analytes of interest.   

Figure 92A shows the remarkably stable Raman spectra collected over the final 2 hours of the 

experimental run, a total of 50 spectra.  Note the strong signature of carbon dioxide, which as noted 

above, measures in excess of 1.1 molar under saturated conditions at 1800 PSI and 60°C, in good 

agreement with Duan & Sun (2003).  Also indicated in Figure 92A are the signatures of water and the 

sapphire window background. Figure 92B shows the average of the same 50 spectra after 

subtraction of the background and examination of the fingerprint region between 900 and 1100 cm-

1, in which can be found sulphate, nitrate, and bicarbonate Raman signatures, the major reaction 

products expected.  This analysis shows that the measured magnitude of spectral signatures for 

sulphate, nitrate, and bicarbonate are on the same order as the noise in the baseline and thus fall 

below the system Limit of Detection (LOD).  
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Figure 92 Successful Reservoir Simulation Experiment spectra. A: 50 spectra from the final 2 hours of the 
experiment.  B: Analysis of the average of the final 50 spectra showing that levels of sulphate, nitrate and 
bicarbonate measured are within the baseline noise 

Following depressurization of the apparatus after 140 hours of experimentation, the PGW from the 

pressure cell was drained and captured in a sample vial. 3 mL of this PGW sample was then 

dispensed into a quartz cuvette and Raman scans were collected with an integration time of 12 

seconds. An example of the spectra of the cell PGW sample and comparison with fresh PGW 

background can be seen in Figure 93 below.  Again, the measured magnitude of sulphate, nitrate 

and bicarbonate Raman signatures in the spectrum fall within the baseline noise level and thus 

below the instrument LOD.   

Note that these negative results are consistent with concentrations measured in batch reactor 

experiments on corresponding rock samples as summarized in Table 18 above, where the minimum 

concentrations measured were 9.15 mg/L for sulphate and 13.74 mg/L for nitrate, below the 

instrument Limit of Detection for these species, 21.6 and 16.2 mg/L respectively.  In retrospect, it 

would have been better to perform the simulation experiment with one of the samples 

WellDog 1-3 (1211m), which had minimum measured levels for these species above the instrument 

LOD. 
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Figure 93 Comparison of PGW background spectrum to captured fluids after 140 hours of incubation of 
WellDog 4 (1165m) in PGW with GHG mixture 

4. Conclusions  

4.1. Batch reactor and geochemical modelling conclusions 

This report has discussed SOx and NOx speciation during CO2/NO, CO2/SO2 and CO2/SO2/NO batch 

experiments with Precipice Sandstone samples from the West Wandoan 1 well. Long and short term 

geochemical simulations experiments were also discussed. The following conclusions can be made 

from these experimental and simulation studies: 

 An increase in mineral dissolution was observed during CO2/NO and CO2/SO2/NO 

experiments.  

 Generally, no obvious signs of mineral corrosion were visible in SEMEDS surveys of post 

reaction samples.  

 NO3
- and SO4

2- were the dominant dissociation species in all experiments. 

 The maximum NO3
- concentration ranged between 29.21 and 122.67 mg/L, whilst maximum 

SO4
2- ranged between 21.20 and 183.41 mg/L.  

 The SO4
2- concentration was partly dependent upon the amount of sulphate minerals 

already present within the core samples. 

 NO3
- and SO4

2- concentration were predominantly above the reported LOD for the DRRS tool, 

though all other NOx and SOx dissociation species were below LOD.   

 Notably, the samples corresponding to WellDog 4-7 (1165m), which were characterized in 

Raman Reservoir Simulation Experiments, had a range of measured concentrations with a 

minimum level for all species below the RRS spectrometer LOD 

 NO2
- displayed a distinctive first order type decline during CO2/NO and CO2/SO2/NO 

experiments. It was postulated that Fe2+, released into solution through the dissolution of 
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Fe-bearing minerals such as Fe-Mg-chlorite, formed Fe-oxide type minerals and had a redox 

control on NO. This mechanism has been observed elsewhere during studies of both soils 

and bacterial cultures (Buchwald et al., 2016) at different conditions.  

 In each case, NO2
- was almost entirely removed from solution after 25 days. This is an 

important observation, since there may be very little NO2
- to detect in solution, whilst NO3

- 

concentration could remain relatively high.  This is also an important observation generally 

for geochemical modelling where this sink of NOx is not implemented and recent models 

(presented elsewhere) predict high NOx concentrations with low pH (through nitric acid 

production) in the near well bore.    

 Geochemical models were run for all experiments. The models predicted observed mineral 

dissolution within error, NO3
- prediction was also reasonable however NO2

- prediction was 

problematic.   

 Long term  (50 yr total) geochemical modelling confirmed a high sensitivity of the NOx 

species concentration to redox state and the redox couple Fe2+/Fe3+.  

4.2. Raman spectroscopy conclusions 

 In (Myers, et al 2016a), 13 reaction products for SOx, NOx and CO2 in Precipice Sandstone 

groundwater and rock sample identified in (Turner, et al 2016) were researched and 

identified that each had a unique Raman spectrum when dissolved in water that could be 

used to differentiate and quantify those species in a mixture. 

 In (Myers, et al 2016b), solutions of the 13 reaction products identified in (Turner, et al 

2016) were prepared and tested using a 532nm RRS spectroscopy instrument.  Raman peaks 

of all isolated species were identified.  Dilution series were prepared and the concentration 

limit of detection (LOD) for each individual species was determined.   

 Also in (Myers, et al 2016b), specific mixtures of 2-4 species together in solution were 

prepared and tested to determine the RRS spectroscopy instrument ability to differentiate 

and identify species with overlapping peaks.  The Raman signatures of similar species, i.e. 

SO4
2- and SO3

2-, were found to overlap, making their identification in mixed solutions difficult 

or impossible.  Although many of the dissociation products are expected to be present only 

in concentrations below their respective LODs for the current RRS spectroscopy instrument, 

it was found to have sufficient sensitivity and resolution to differentiate peaks attributable 

to SOx from those due to NOx and carbonates.   

 Also in (Myers, et al 2016b), for some mixtures of constituents, the pH of the mixture was 

observed to change relative to the pH of the parent constituents.  In some cases, this change 

resulted in the generation of unexpected, though entirely explainable derivative species in 

the mixture.  In future research, the pH of the mixture should be considered when looking 
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for the Raman signature of constituents.   This could be an important observation if pH is 

sufficiently lowered during GHG injection and not buffered by rock reaction or ground water 

in, for example, the near wellbore region.  This has been predicted elsewhere in geochemical 

simulations for higher concentrations of NO2 or SO2 in a GHG stream, however further work 

is needed to understand these effects at a specific site (Kirste, et al 2016).  

 In (Myers, et al 2016c), core samples were soaked in water for up to 7 days to investigate 

the effects on the quality of Raman spectra of the water. As-received samples put directly in 

a volume of Precipice Sandstone Groundwater (PGW), as in the pressure cell, were observed 

to shed particulates that would have made Raman characterization difficult or impossible. 

Particulates may have been remnants from the preparatory cutting.  It was determined that 

for a 1.3 cm3 core sample, a soak in 250 mL of PGW for a minimum of 3 days resolved this 

issue.  

 A double-windowed pressure cell and reservoir simulation test apparatus was commissioned 

and built to specifications. A series of rock-PGW-GHG interaction experiments were 

conducted at reservoir temperature and pressure (60°C, 1800psi) using the apparatus 

without failure.  

 The first reservoir simulation experiment utilising core sample WellDog-7b (1165 m) yielded 

quality spectral data through its entire 90 hours of run time, however the PGW was not fully 

saturated with GHG.  This was due to the method of injecting PGW to reach the final 

working pressure depleting the entire GHG headspace.  

 The reservoir simulation apparatus was modified to enable the injection of GHG up to final 

working pressure, thereby maintaining the GHG headspace and saturated gas solution 

conditions throughout the duration of experiments.  

 Several reservoir simulation experiments following that of sample WellDog-7b (1165 m) 

were plagued by a then-undetermined contamination source resulting in poor Raman 

spectra.  The contamination source was eventually attributed to cut O-Rings and 

importantly, not to rock fines. These O-rings are unique to the design of the pressure fixture 

and not utilized in the downhole RRS, suggesting that Raman spectroscopy with the DRRS 

can be utilized in the supercritical CO2 environment that would exist in a CCS reservoir 

downhole without suffering from similar contamination issues.  Of course, field trials of the 

instrument will be important to verify the functionality of the tool.   

 A successful full pressure (1800psi) and temperature (60°C) reservoir simulation experiment 

was conducted with core sample WellDog-4 (1165 m) for 140 hours with no spectral quality 

issues.  A fully-saturated PGW-GHG solution was achieved in the test cell, yet none of the 13 

dissociation products was readily identifiable.  This suggests the chemical reactions between 

core sample WellDog-4 (1165 m) and the PGW-GHG solution were not occurring, or only 
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yielded products at very small concentrations below the RRS spectrometer Limit of 

Detection (LOD). In fact, this is consistent with measured levels of these species observed in 

batch reactor experiments on corresponding samples. 

 In retrospect, it may have been better to perform the reservoir simulation experiment on 

one of the WellDog1-3 samples (1211 m), for which corresponding samples had higher 

measured levels of NO3
- and SO4

2- exceeding instrument LOD in batch reactor experiments 

(although there the SO4
2- originated from minerals not the GHG stream SO2).   

 The above-mentioned contamination problems consumed significant amounts of time, 

which stretched timelines, exceeded deadlines, and exhausted resources.  Although a 

successful reservoir simulation experiment was ultimately achieved, it would be important 

to carry out further experiments as detailed below in future work 

5. Recommendations for future work  

In terms of the overall Project, the difficulties with water quality serve to highlight the need for 

further in-situ testing. These effects can often be less severe, or mitigated in field environments 

through operational decisions. For example, the well can be produced to clear fines, or the logging 

program can be altered to slow down and integrate longer for better signal-to-noise ratios.  Overall, 

WellDog has over 17 years of experience in working in challenging downhole environments which 

included mitigating scatter and fluorescence effects through intelligent testing, and operational 

efforts. Only downhole field trials will reveal if there is a need for refinements in the DRRS tool to 

address these concerns. WellDog’s long term technology roadmap already includes efforts for 

improvements to DRRS systems, including higher sensitivity and spectral resolution, which could 

improve the limits of detection of the instrument to detect ppb levels of reaction products in situ 

and also enable the differentiation among classes of species, such as sulphate from bisulphate and 

sulphite.  

 In future work (out of scope of this project) new geochemical simulations should also include 

variations to the thermodynamic source code in order to allow better prediction of NO2
- 

concentration, considering redox control by Fe2+  

 Future work should investigate NOx redox control by Fe at CO2 sequestration conditions and 

tightly constrained Fe concentrations (out of current scope)  

 Although out of scope of this project, the interaction of Fe-bearing minerals (in higher 

abundance in the Evergreen Formation core) with NOx may act as a favourable sink and this 

process should be investigated with further batch experiments and validation and 

modification of geochemical models    
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 Raman Reservoir simulation experiments using the now commissioned validated apparatus 

and test program on additional core samples for which levels of evolved SOx, NOx and CO2 

reaction species exceeded current RRS LOD needed determined in batch reactor 

experiments 

 Raman Blank experiments with PGW and GHG and no rock sample under reservoir 

conditions, which in batch reactor experiments resulted in levels of SOx and NOx products 

that also exceeded current RRS LOD  

 In a related project, WellDog has demonstrated the application of Raman spectroscopy to 

characterize rock samples with Raman spectroscopy at the microscopic level for mineral 

makeup and fine texture.  It would be interesting to analyse core samples before and after 

reaction in PGW and GHG to tie together observations of evolved fluid chemistry with 

changes in the rock and to compare Raman microscopy with SEM-EDS observations 

 Development of a high-resolution/sensitivity DRRS system (improved detector resolution) 

for better discrimination and detection of SOx and NOx reaction products in fluids, including 

the ability to differentiate sulphate from bisulphate and sulphite 

 An investigation of chemometrics analysis of spectra for limits of detection of species in 

complex mixtures 
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7. Appendix 

7.1. List of abbreviations 

 

APLNG:  Australia Pacific LNG 

CCS:   Carbon Capture and Sequestration 

DRRS:   Downhole Reservoir Raman System 

EDS:  Energy-dispersive X-ray Spectroscopy    

GHG:   Greenhouse Gas  

LLS:  Linear least squares 

LNG:  Liquid natural gas    

LOD:   Limit of Detection    

NOx:   Nitrogen-oxides 

P&ID:  Piping & Instrumentation Diagram 

PGW:   Precipice Groundwater 

QGC:  Queensland Gas Company 

RRS:  Reservoir Raman System (benchtop) 

SEM:  Scanning Electron Microscopy 

SDL:  Signal decision limit 

SOx:   Sulphur-oxides  

TDS:  Total dissolved solvents     

TRIS:   Tris(hydroxymethyl)aminomethane (pH 7.8 buffering chemical) 

XRD:  X-ray diffraction 



126 
 

7.2. Summary of CO2 and minor species (SO2/NOx/H2S/O2) investigations 

Table A1. Summary of CO2 sequestration experimental studies containing variable SOx, NOx, O2 and H2S impurities.  Note the majority focussed on mineral dissolution processes.  

Reference Rock type    Conditions         Highlights 

Majors Minors Gas Liquid P (bar) T (°C) Duration 

Shiraki and 
Dunn (2000) 

K-feldspar ? CO2 Brine (0.03 M 
SO4) 

166 80 170 h Core flooding experiments; K-feldspar altered to 
kaolinite, dolomite dissolution and anhydrite 
precipitation. Perm of all samples decreased due 
to kaolinite blockage of pore throats. 

Palandri et al. 
(2005) 

Hematite 
(pure) 

  CO2/SO2 1 M NaCl 300 150 1400 h Siderite, pyrite, dawsonite and elemental S all 
precipitated. 

Rosenbauer 
et al. (2005) 

Calcite 
(38%) 

Dolomite CO2 (high brine SO4) Brine 300 120 80 d Calcite dissolution initially observed, followed by 
kinetically rapid anhdyrite precipitation 

Quartz, 
kaolinite 

K-feldspar, 
plagioclase 

CO2 (high brine SO4) Brine 300 120 80 d Significant Fe liberation increased likelihood of 
siderite precipitation. 

Murphy et al. 
(2010) 

Ferrihydrite 
(pure) 

  CO2 + S2-(aq) 4 mM Na2S 82 100 216 h Reduction of ferrihydrite and precipitation of 
siderite; potential use in above-ground surface 
mineral carbonation. 

Schaef et al. 
(2010) 

Interstitial 
glass, 
feldspar, 
pyroxene 

Magnetite CO2, CO2/15,000 ppm 
H2S 

DI H2O 103.4 100 86 - 1387 
d 

Release of Ca, Mg and Fe in solution from pure 
CO2 eventually precipitated as carbonates. H2S 
addition enhanced carbonation and pyrite 
precipitation. 

Garcia et al. 
(2011) 

Hematite, 
kaolinite 

  CO2/0.4-1.2 % SO2  Brine 120 - 
320 

75 - 150 24 - 264 
h 

Precipitation of dawsonite over siderite favoured 
due to increased stability at high CO2 fugacity. 

Holubnyak et 
al. (2011) 

Calcite, 
dolomite, 
ankerite 

Quartz, 
anhydrite 

CO2, CO2/H2S 10% NaCl 145.4 80 28 d Enhanced carbonate dissolution in CO2/H2S, 
quartz and clay reactivity comparable to pure CO2 
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Table A1. Summary of CO2 sequestration experimental studies containing variable SOx, NOx, O2 and H2S impurities.  Note the majority focussed on mineral dissolution processes.  

Reference Rock type    Conditions         Highlights 

Majors Minors Gas Liquid P (bar) T (°C) Duration 

Koenen et al. 
(2011) 

Quartz, illite Muscovite, 
glauconite, 
kaolinite, 
feldspar, halite, 
pyrite 

CO2/N2/H2, CO/H2S/O2 Brine 175 72 na PHREEQC modelling study of pre-combustion and 
oxyfuel CO2 streams. Oxygen could result in 
precipitation of nontronite and alunite, with 
dissolution of siderite and pyrite. Accumulation of 
impurities near wellbore may be significant.  

Kummerow 
and 
Spangenberg 
(2011) 

Quartz, 
albite, illite 

Orthoclase, 
dolomite, 
anhydrite, 
halite 

CO2, CO2/SO2 Brine 75 40 4 weeks Perm reduction of 50% after repeated CO2-SO2 
floods, likely due to precipitation and fines 
migration. Minimal changes with CO2 only.  

Murphy et al. 
(2011) 

Hematite 
(pure) 

  CO2 + S2-(aq) (1.6-3% 
H2S) 

50 - 100 mM 
Na2S 

82 70 24 h Conversion of hematite to equimolar amounts of 
pyrite and siderite within 4 h reaction.  

Renard et al. 
(2011) 

Dolomite Illite/smectite, 
quratz, pyrite, 
calcite 

CO2, CO2/SO2/O2/N2/Ar 0.4 M NaCl 100 150 30 d 5 - 10% rock dissolution in gas mix, compared to 
1% for pure CO2. Dolomite/calcite dissolution and 
anhydrite precipitation primary reactions.  

Garcia et al. 
(2012) 

Goethite na CO2/SO2 NaCl/NaOH 300 150 24 d Precipitated siderite more stable in NaOH 
buffered solution. 76 mg CO2 sequestered in 
siderite per 10 g goethite.  

Glezakou et 
al. (2012) 

Dolomite, 
calcite, 
magnetite 

  CO2/1% SO2 H2O 90 - 
120 

100 - 
115 

16 - 30 d Hannebachite formed in water saturated 
dolomite, no significant alteration in low water 
dolomite exp. Various S bearing precipitates from 
pure calcite leach. 

Schoonen et 
al. (2012) 

Quartz, K-
feldspar, 
kaolinite, 
calcite, 
dolomite 

Illite, 
plagioclase, 
hematite, 
ilmenite 

CO2 Na2SO3/Na2S 
brine 

70-75 75 2 weeks Na2SO3/Na2S used as proxies for CO2 

contaminants. Pyrite and siderite precipitation 
observed in batch experiments. Preferential 
wetting of mineral surface by scCO2 may explain 
lack of mineral reactivity in flow-through 
experiments. 
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Table A1. Summary of CO2 sequestration experimental studies containing variable SOx, NOx, O2 and H2S impurities.  Note the majority focussed on mineral dissolution processes.  

Reference Rock type    Conditions         Highlights 

Majors Minors Gas Liquid P (bar) T (°C) Duration 

Wilke et al. 
(2012) 

Albite, 
anhydrite, 
biotite, 
calcite, 
dolomite, 
kaolinite, 
microcline, 
muscovite 

  CO2, CO2/0.5% SO2, 
CO2/0.5% NO2 

3 M NaCl 60 - 
115 

60 - 117 498 - 932 
h 

All experiments with pure minerals. Dissolution 
significantly higher in experiments with impurities. 
Gypsum precipitation evident in anhydrite 
leaching with CO2/NO2. No evidence of microcline 
dissolution or albite precipitation.  

Fischer et al. 
(2013) 

Quartz, 
plagioclase, 
illite, K-
feldspar 

Chlorite, 
biotite, 
hematite 

CO2 Brine 
(NaCl/SO4) 

55 40 40 
months 

(Sandstone) Dissolution of anorthite component 
of plagioclase, K-feldspar and anhydrite, minor 
hematite dissolution. Modelling indicated 
precipitation of clay minerals. 

Quartz, 
plagioclase, 
illite, 
muscovite 

K-feldspar, 
chlorite, 
biotite, 
hematite 

CO2 Brine 
(NaCl/SO4) 

75 40 6 months (Siltstone) Similar observations to sandstone. SEM 
indicated corrosion of plagioclase and dissolution 
pits in CO2 treated quartz grains.  

Parmentier et 
al. (2013) 

Calcite 
(pure) 

  SO2/CO2 NaCl 100 150 30 d Surface passivation by anhydrite precipitation 
reduced reactivity in low SO2 experiments. 

Schaef et al. 
(2013) 

Interstitial 
glass, 
feldspar, 
pyroxene 

Magnetite CO2/1% H2S Water 100 90 3.5 years Reactivity increased with H2S content; pyrite 
precipitation preceded carbonation, as was 
observed in geochemical modelling. 

Bolourinejad 
and Herber 
(2014) 

Quartz, 
kaolinite 

K-feldspar,  
dolomite, 
albite 

CO2, CO2/100 - 5000 
ppm H2S, CO2/100 
ppm SO2 

Brine 300 100 30 d Mineral dissolution greatest with SO2/CO2, where 
perm increase generally observed. Significant 
anhydrite and pyrite precipitation with 5000 ppm 
H2S-CO2, though little change with 100 ppm H2S.  



129 
 

Table A1. Summary of CO2 sequestration experimental studies containing variable SOx, NOx, O2 and H2S impurities.  Note the majority focussed on mineral dissolution processes.  

Reference Rock type    Conditions         Highlights 

Majors Minors Gas Liquid P (bar) T (°C) Duration 

Garcia et al. 
(2014) 

Hematite Kaolinite CO2/0.4-1.2% SO2 1 M NaCl/0.5 M 
NaOH 

180-
320 

75-150 24 h Increasing SO2 content promoted reduction of 
Fe3+ to Fe2+, and siderite precipitation. Its 
precipitation was enhanced at lower temp and 
higher pressure.  

Lu et al. 
(2014) 

Quartz, 
illite, 
kaolinite 

Albite, 
microcline, 
siderite 

CO2, CO2/7% O2 1.88 M NaCl 200 70 - 100 14 d Dissolution of carbonates/feldspars in CO2, pyrite 
oxidation in CO2/O2 resulted in changing 
morphology. 

Min et al. 
(2015) 

Plagioclase 
(anorthite) 

  CO2 1M NaCl, 0.05 
M SO4

2- 
100 90 50 - 80 h Dissolution rate of anorthite increased by 1.36 for 

0.05 M sulphate, but up to 7.02 with 0.01 M 
oxalate. No additional precipitates identified. 

Pearce et al. 
(2015a) 

Quartz Feldspar, 
kaolin, illite, 
smectite, 
chlorite 

CO2/0.16% SO2 MQ water 120 60 384 h (Precipice) Low reactivity; only chlorite exhibited 
dissolution greater than 1%. 

Quartz, 
kaolin, 
feldspar, 
ankerite 

Illite, smectite, 
chlorite, Fe 
oxides 

CO2/0.16% SO2 MQ water 120 60 384 h (Evergreen) High reactivity; mainly dissolution of 
ankerite, siderite, albite and chlorite phases, 
minor precipitation of elemental S. Significant 
enhancement in Al mobilisation compared to pure 
CO2. 

Quartz 
feldspar, 
kaolin, 
ankerite 

Siderite, illite, 
chlorite, Fe 
oxides 

CO2/0.16% SO2 MQ water 120 60 384 h (Hutton) High reactivity of ankerite and siderite, 
minor leaching of illite, chlorite, minor 
precipitation of elemental S. Significant 
enhancement Al, Si, Fe and Mg dissolution 
compared to pure CO2. 

Quartz, 
calcite 

Feldspar, 
kaolin, chlorite, 
siderite, Fe 
oxides 

CO2/0.16% SO2 MQ water 120 60 384 h (Hutton) dissolution of calcite (at least 34%) and 
siderite phases. Some precipitation of elemental 
S, gypsum, potential volume increase of approx. 
15.6%. 
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Table A1. Summary of CO2 sequestration experimental studies containing variable SOx, NOx, O2 and H2S impurities.  Note the majority focussed on mineral dissolution processes.  

Reference Rock type    Conditions         Highlights 

Majors Minors Gas Liquid P (bar) T (°C) Duration 

Renard et al. 
(2014) 

Dolomite Quartz, pyrite, 
calcite, illite 

N2, CO2, 
CO2/SO2/O2/N2/Ar 

0.4 M NaCl 100 150   Greater dissolution of calcite (98%) and dolomite 
(6%) in gas mix. Calculated pore volume loss of 
11% due to replacement of calcite with anhydrite.  

Saraji et al. 
(2014) 

Quartz na CO2/0 - 6% SO2 Brine (0.2 - 5 
M) 

138 - 
276 

50 - 100 na CO2-quartz contact angles investigated. Rock 
wettability not affected by SO2, though may 
increase risk of gas leakage due to decrease in 
interfacial tension (IFT). 

Schaef et al. 
(2014) 

Interstitial 
glass, 
feldspar, 
pyroxene 

Magnetite CO/1% SO2/1% O2 Water 83 - 
100 

90 48 - 98 d Gypsum precipitation most common, with varying 
jarosite-alunite group minerals. Evidence of CO2 
during thermal decomposition (TGA) suggested 
onset of carbonation after 98 days. 

Shao et al. 
(2014) 

Quartz, 
fluorapatite 

Orthoclase, 
dolomite, 
pyrite 

CO2, CO2/5% O2 0.1 M NaCl 101 75 3 - 30 d O2 co-contaminant significantly enhanced mobility 
of trace metals (Pb, Cd and Cu). Oxidative pyrite 
dissolution and subsequent Fe-oxide precipitation 
observed, 

Dawson et al. 
(2015) 

Quartz Ankerite, 
anorthite. 
Calcite, 
dolomite, 
kaolin, k-
feldspar 

N2, CO2, CO2/0.05 
mol% SO2 

1% NaCl 10  50 10 d Berea Sandstone.  Increase in most measured 
major and trace elements, though greater in 
CO2/SO2 experiments than with CO2. SEM 
indicated dissolution of carbonate cements, 
whereas k-feldspar grains showed little change. 
Geochemical modelling was in agreement.  

Bolourinejad 
and Herber 
(2015) 

Anhydrite, 
calcite 

Dolomite, 
quartz 

CO2/100 ppm SO2 Brine 300 100 30 d Permeability increase proportional to carbonate 
content, silicate dissolution also observed.  

Erickson et al. 
(2015) 

Quartz, 
microcline 

Muscovite, 
kaolinite 

Pure CO2, CO2/1000 
ppm SOX, CO2/500 

2 M NaCl 100 100 60 d Calcite dissolution between quartz grains and 
gradual Si increase with time, even after 2 months 
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Table A1. Summary of CO2 sequestration experimental studies containing variable SOx, NOx, O2 and H2S impurities.  Note the majority focussed on mineral dissolution processes.  

Reference Rock type    Conditions         Highlights 

Majors Minors Gas Liquid P (bar) T (°C) Duration 

Quartz, 
calcite 

Kaolinite, 
muscovite, 
siderite 

ppm NOx, CO2/70 ppm 
SOx/100 ppm NOx 

reaction time.  Gas impurities reduce the 
deformation modulus and max capable stress 
difference. SEM images showed variability in 
mineralogical alteration by different gas mix, 
though difficult to quantify due to different 
timescales for dissolution (carbonate) and 
precipitation reactions.  

Quartz Calcite, 
muscovite, 
kaolinite 

Pearce et al. 
(2015b) 

Siderite, 
ankerite 

Quartz, k-
feldspars 

CO2, CO2/0.16% SO2 MQ water 200 80 192 h Greater ankerite and siderite dissolution in 
CO2/SO2 in comparison to pure CO2.  Gypsum, 
amorphous Fe S and Fe-Mn carbonate cement 
precipitation in presence of SO2. 

Pudlo et al. 
(2015) 

Quartz, K-
feldspar, 
chlorite 

Calcite, 
anhydrite, 
albite, barite 

CO2 Brine: 
KCl/NaCl/CaCl2  

200 120 4 - 6 
weeks 

Dissolution of pore filling carbonate resulted in 
porosity and permeability Increase, through clay 
fines migration may reduce pore connectivity. 

Wang et al. 
(2015) 

na na CO2/6.03% N2/5% O2, 
CO2/15% Ar, CO2/2.5% 
SO2 

na 70 - 
250 

35 - 75   Study to determine impact of impurities on CO2 
storage capacity. 15% N2, O2 and Ar reduce 
storage capacity by over 65% at 35 °C, though 
decreases with increasing temperature. 2.5% SO2 
in CO2 enhances storage capacity with respect to 
pure CO2. 
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7.3. Precipice Sandstone water chemistry summary 

The Department of Natural Resources and Mines Groundwater Database (DNRM-G) stores 

registered bore data (including water chemistry) from private water bores and Queensland 

Government groundwater investigation and monitoring bores (DNRM, 2015). Geoscience Australia 

(GA) and the Geological Survey of Queensland (GSQ), Queensland Department of Mines and Energy, 

worked collaboratively under the National Geoscience Agreement (NGA) to characterise the regional 

hydrochemistry of the Denison Trough and Surat Basin. This data consisted of bore location, water 

levels, construction details, field and laboratory water analyses from water bores in the Surat and 

Bowen basins during 2009-2011 and was reported in Feitz et al. (2014) dataset.  

The location and associated depth (above or below 800 m) of bores that tap the Precipice Sandstone 

in the DNRM and Feitz datasets are shown in Figure A1. The depth constraint of > 800 m is chosen to 

provide conditions relevant to carbon sequestration, where CO2 exists in a high density supercritical 

state. The vast majority of bores > 800 m in the DNRM dataset are located outside the Surat Basin in 

remote regions unrelated to the CTSCo project area. There are, however, a high density of shallow 

bores within a 100 km radius of WW1. Conversely, bores > 800 m within the modified Feitz dataset 

lie predominantly located in Surat Basin less than 200 km from WW1.  

A total of 8 samples obtained from 4 different wells in the modified Feitz database satisfied 

conditions appropriate to this report i.e. located within Surat Basin and tapping the Precipice 

Sandstone at depths below 800 m. A summary of the major ionic compounds and selected aggregate 

properties from these wells is shown in Table A. Cl- concentration and TDS were most variable and 

the water was Na-HCO3 in character. Species that represent SOx and NOx dissociation products were 

low (<1 mg/L), as was CO3
2-.  However HCO3

- was variable at 105 to 1280 mg/L with up to 21 mol% 

CO2 observed in laboratory gas analysis (Feitz et al., 2014).  
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Figure A1. Location and depth of bores tapping the Precipice Sandstone listed in the DNRM and modified Feitz 
groundwater databases.  Some bores overlap as they are present in both datasets. Some bores (particularly in 
the Feitz dataset) have several datasets available spanning various points in time.    
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Table A2. Water chemistry data for Surat Basin bores tapping Precipice Sandstone >800 m depth (modified 
after Feitz et al. (2014)).  

Parameter N  Minimum Maximum  Average Standard 
deviation 

Depth (m) 8 866.5 1210.0 1059.4 91.2 

pH  8 7.4 8.1 7.8 0.3 

Conductivity (us/cm) 8 195.0 5480.0 2362.9 1822.6 

Temperature (°C) 8 29.5 55.9 48.9 7.5 

TDS (mg/L) 8 143.0 2890.0 1470.1 1052.1 

Na+ (mg/L) 8 42.0 1100.0 547.0 401.6 

K+ (mg/L) 8 2.0 25.0 13.9 9.3 

Ca2+ (mg/L) 8 19 25 20.2 2.4 

Mg2+ (mg/L) 8 2 4 2.4 0.8 

Cl- (mg/L) 8 8.0 1170.0 366.5 361.6 

F- (mg/L) 8 0.3 5.4 2.9 2.5 

HCO3
- (mg/L) 8 104.9 1280.3 811.0 543.3 

CO3
2- (mg/L) 8 <1 <1 <1 <1 

OH- (mg/L) 8 <1 <1 <1 0.0 

SO4
2- (mg/L) 5 <1 <1 <1 <1 

SO3
2- (mg/L) na na na na na 

S2- (mg/L) 8 <1 <1 <1 <1 

NH3 and NH4
+ as N (mg/L) 8 0.1 1.0 0.6 0.3 

NO3
- (mg/L) 8 0.09 0.35 0.14 0.09 

NO2
- (mg/L) 8 <0.01 <0.01 <0.01 <0.01 

PO4 as P (mg/L) 8 0.02 0.03 0.03 0.00 

Total cations (meq/l) 8 0.0 50.1 24.9 18.3 

Total anions (meq/l) 8 2.0 51.0 23.6 17.6 
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7.4. Summary of CO2 stream composition from variable separation methods 

Table A3. Summary of reported impurities obtained from five reviews of separated CO2 composition for CCS  (IPCC, 2005, IEAGHG, 2011, PTAC, 2014, Oosterkamp and Ramsen, 2008), 
as reported by Talman (2015).The recent Porter et al. (2015) review has also been included.  Values are given in vol.% (normal font) and ppmv (italics). Values in rows corresponding 
to underlined studies are from gas-fired power plants, all else are for coal fired power plants. IGCC = integrated gasification combined cycle, IEAGHG 1-3 refer to different degrees of 
post-combustion stream purification and SMR = stream methane reformation. PTAC (2014) differentiates between natural gas and heavy fuel sourced CO2 streams.  

Capture Type Study CO2 Ar N2 O2 CH3OH CH4 NH3 NOx SOx(SO3) CO H2S H2 

Pre-combustion 
capture 

IPCC 95.6 1.3   2   0 0 0.04 <0.01 1     

IPCC 97.3-97.9 0.03-0.6 
 

0.01 
 

0 0 0.03-0.4 0.01-0.6 0.8-2.0 
  

 

IEAGHG: Selexol 97.95 0.03 0.9 – – 100 50 – – 400 100* 1 

 
IEAGHG: Rectisol 99.7 0.15 0.21 – 200 100 

 
– – 400 100* 20 

 
PTAC: IGCC 95 – – – 

 
0.5 

   

0.5 
 

4 

 
PTAC: SMR99 99.4 – 0.3 – 

 
– 

   

– 
 

0.3 

 
Oosterkamp & Ramsen >95.9 0.05 0.6 trace 

 
350 

 
– – 0.4 3.4 3 

 Porter et al. 95-99 <0.15 0.02-1 0  0-112  400 25 0-2000 0.2-34,000 

Oxyfuel IPCC GAS 95.9 4.1 
 

0 
 

<0.01 <0.01 0 0 0 
  

 

IPCC COAL 95.8 3.7 
 

0 
 

0.01 0.5 0 0 0 
  

 

IEAGHG: 1 85 4.47 5.8 4.7 – – – – 70(20) 50 – – 

 
IEAGHG: 2 98 0.59 0.71 0.067 – – – – 70(20) 50 – – 

 
IEAGHG: 3 99.94 0.01 0.01 0.01 – – – – 70(20) 50 – – 

 
PTAC: Heavy 91.8 3.9 2 2.3 

 
– 

   

– 
 

– 

 
PTAC 96.2 – 1.9 1.9 

 
– 

   

– 
 

– 

 
Oosterkamp & Ramsen >90 5 7 3 

 
– 

 
25 250 trace trace trace 

 Porter et al. 99.3-99.9 0-0.15 trace 0.001-0.4  0-112  400 25 0-2000 0.2-30,000 

Post-combustion 
capture 

IPCC 99.9 0.01 
 

0 
 

<0.01 <0.01 0 0 0 
  IPCC COAL 99.9 0.01 

 
0 

 
<0.01 <0.01 0 0 0 

  (PCC) IEAGHG: 1 99.93 0.045 0.015 – – – – 10 10 – – 
 

 

IEAGHG: 2 99.92 0.045 0.015 – – – – 10 10 – – 
 

 

IEAGHG: 3 99.81 0.09 0.03 – – – – 20 20 – – 
 

 

PTAC 99.8 – 0.2 – 
 

– 
   

– 
 

– 

  Oosterkamp & Ramsen >99 trace 0.17 0.01   100   50 10 10 trace trace 

 Porter et al.  99.6-99.8 0.021 0.29 0.015    20-33.8 0-67.1 1.2-10   
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7.5. Distribution of ion species as a function of pH 

 

Figure A 2. Distribution of sulphate, sulphite, thiosulphate and ammonia species based on pH. 


