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Executive Summary 
The ANLEC-funded Project 3-1110-0088 “Geochemical Impacts and Monitoring of CO2 Storage in 
Low Salinity Aquifers” was primarily motivated by the observation of comparatively low salinity 
concentrations in the prospective Surat Basin CO2 storage reservoir. The project has the following four 
objectives: 

1. Characterisation of the lithology and lithostratigraphy primarily of the Lower Jurassic section of 
the Surat Basin, Queensland, with an emphasis on the characterisation of the Precipice 
Sandstone as a CO2 storage reservoir and the above-lying Evergreen Formation as the 
regional seal.   

2. Extending the horizontal and vertical stress field data base for the Surat Basin to constrain the 
regional pattern in the orientation of stress and provide relevant data for future rock 
mechanical considerations as part of the characterisation of a potential CO2 storage site.   

3. Simulate the geochemical impact of CO2 impurities such as SO2 at reservoir scale. 

4. Characterise long-term CO2-water-rock reactions in low-salinity aquifers and identify 
characteristic changes in water composition that could be used as leakage indicators if stored 
CO2 were to migrate from the primary storage reservoir into an above-lying rock unit. 

Jurassic formations in the Queensland portion of the Surat Basin are used as a case study 
representing prospective low-salinity, siliciclastic geological CO2 storage reservoir systems. Sequence 
stratigraphy and mineralogy in two Geological Survey of Queensland stratigraphic wells approximately 
175 Km apart in the Surat Basin, GSQ Chinchilla 4 and GSQ Roma 8, are characterised to illustrate 
the vertical and lateral heterogeneity in geological CO2 reservoirs. XRD and XRF data are presented 
for 66 core samples from GSQ Chinchilla 4 and 28 core samples from GSQ Roma 8, providing a 
detailed characterisation of the primary prospective CO2 storage reservoir (Precipice Sandstone) and 
sealing layer (Evergreen Formation) as well as two low-salinity aquifers (Boxvale Sandstone Member, 
part of the Evergreen Formation and Hutton Sandstone) lying above the Precipice Sandstone aquifer.  

Geochemical investigations showed that the principle reaction pathways in low-salinity aquifers are the 
same as in high-salinity aquifers. However, as more acid is formed in low-salinity water and the acid 
buffer capacity is low in formation water of the Surat Basin (Queensland), the formation water 
becomes relatively acidic leading to a typical pH of 4. The prospective reservoir in the Surat Basin is 
the Precipice Sandstone, a homogenous rock unit largely dominated by quartz. As this mineral is 
hardly reactive under CO2 storage conditions, the geochemical reactivity of this unit overall is very low. 
Consequently, the long-term CO2 trapping capacity in the form of carbonate mineral precipitation is 
very low as well.  

Detailed mineral analysis of units above the Precipice Sandstone revealed the Boxvale Sandstone 
Member may be suitable for above-reservoir monitoring purposes. This rock unit is a permeable part 
of the Evergreen Formation, which forms the regional seal in the Surat Basin. Relatively high porosity 
and permeability and a thickness of several meters are characteristic for the Boxvale Sandstone 
Member making it a good secondary containment with the Evergreen Formation sealing strata above. 
This rock unit is also distinct in its mineral composition as it contains a large proportion of feldspar, a 
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mineral known to dissolve relatively quickly in CO2-enriched water. This would lead to rapid changes in 
the water composition and could serve as an indication of CO2 leakage from the primary storage 
reservoir (Precipice Sandstone). 

The assessment of the geochemical impact of CO2 with the impurities SO2, NO2 and O2 by means of 
reactive-transport modelling is a new research direction with significant advancement in this project 
through the development of a new software module within the ToughReact program. Two-dimensional 
reservoir simulations for a period of 100 years were carried out. Results reported here show that SO2, 
and NO2 with a higher solubility in water than CO2, will likely be stripped out and form minor amounts 
of acid proximal to the injector. However, high alkalinity concentrations and the presence of even very 
low carbonate content in the rock mineralogy will buffer the additional acidity. We also observed the 
possible occlusion of porosity through the precipitation of gypsum (CaSO4) if Ca-containing 
carbonates are present. The latter is, however, not expected for the Precipice Sandstone due to the 
rare occurrence of carbonate minerals. O2 as an impurity behaves very differently to SO2 and NO2 as it 
is not fully stripped out near the injector and may migrate with the CO2 over long distances. O2 is a 
strong oxidant within the reservoir potentially introducing redox-reactions including those stimulated by 
microorganisms.  

The compilation of stress field data led to a much higher data density in the Surat Basin than anything 
previously published and thereby reduced the uncertainty in predicting the rock mechanical response 
to CO2 injection and storage. The new data compilation shows a relatively consistent maximum 
horizontal stress of approximately E-W in the northern part of the Surat Basin, while further to the 
south and to the centre of the basin, the stress rotates to a more N-S direction. Preliminary rock 
mechanical considerations suggest faults with strikes that are approximately at 30 degrees to the 
maximum horizontal stress direction will be at greatest risk of reactivating due to them having highest 
shear to normal stress on the fault plane. 
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1.  Introduction 
Numerous types of geological formations, including depleted oil and gas fields, coal seams, and deep 
aquifers, have been identified as suitable reservoirs for subsurface CO2 storage, in principle (Bachu & 
Adams, 2003; Gunter et al., 2004; Benson & Cole, 2008). However, some of these prospective 
reservoirs may either contain or be located adjacent to other reservoirs that contain utilisable 
groundwater. Since CO2–water–rock interactions can modify groundwater composition, the potential 
impact of CCS on formation water chemistry is of concern to numerous stakeholders. Accordingly, in 
some jurisdictions geological CO2 storage is restricted to reservoirs containing saline water with 
limited beneficial utility. Where such restrictions are imposed, minimum reservoir salinity thresholds 
for geological CO2 storage range from 3000 mg/L to 10000 mg/L of total dissolved solids (TDS) 
depending on jurisdiction (Bachu et al., 2007; USEPA, 2010; EUCA, 2011). 

Minimum reservoir salinity threshold values generally do not apply to geological CO2 storage projects 
in Australia (e.g. GGGSA 2008). Therefore several prospective Australian carbon storage reservoir 
systems have lower salinity than is typical of storage reservoirs in other countries (Carbon Storage 
Taskforce, 2009). Increased CO2 solubility and TDS-limited alkalinity in fresh waters mean that low 
salinity aquifers are susceptible to geochemical changes during geological CO2 storage. However, 
there has been little development of low-salinity reservoirs for geological CO2 storage globally and 
therefore limited data are available on the potential impacts to such geological reservoirs under CO2 
storage conditions.  

Equally important, very little geochemical modelling has been undertaken to predict the geochemical 
impact of CO2 impurities such as SO2 and O2 at reservoir scale. In fact, it has been noted that 
software codes such as ToughReact require further development to fully simulate coupled reactive-
transport involving water, rocks and CO2 with impurities.  

The Surat Basin in Queensland is considered to be one of Australia’s most prospective sedimentary 
basins for industry-scale CO2 storage according to the Carbon Storage Taskforce Report (2009). 
However, more detailed information is required as part of specific site characterisation assessments.  

In response to the above listed information and knowledge gaps, this project addresses the following 
four objectives:    

1. Characterisation of the lithology and lithostratigraphy primarily of the Lower Jurassic section 
of the Surat Basin, Queensland, with an emphasis on the characterisation of the Precipice 
Sandstone as CO2 storage reservoir and the above-lying Evergreen Formation as the 
regional seal.   

2. Extending the horizontal and vertical stress field data base for the Surat Basin to better 
constrain the regional pattern of in-situ stress orientation. This can provide relevant data for 
future rock mechanical analysis as part of the seal capacity characterisation from the primary 
storage reservoir into the above-lying rock unit.   

3. Simulate the geochemical impact of CO2 impurities such as SO2 at reservoir scale. 

4. Characterise long-term CO2-water-rock reactions in low-salinity aquifers and identify 
characteristic changes in water composition that could be used as leakage indicators if stored 
CO2 were to migrate from the primary storage reservoir into an above-lying rock unit. 

Following an initial data report with mineralogical, petrographic, petrophysical and hydrochemical 
information (Haese et al., 2013a), a project progress report with a first-pass study on seal integrity 
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(Haese et al., 2013b) was prepared. The latter integrates the geochemical, petrophysical and 
geomechanical nature of the potential sealing units in the Surat Basin Jurassic succession as part of 
the Evergreen Formation.  The information presented here provides scientific data to support policy 
development relating to geological CO2 storage in low-salinity reservoirs, can inform operational and 
investment decisions by industry, and can be used to address some common public concerns about 
geological CO2 storage.  

 

1.1. Case Study Region 
The Great Artesian Basin (GAB) is Australia’s largest connected groundwater system, comprising 
numerous sedimentary sub-basins including the Jurassic-Cretaceous Surat Basin (Figure 1-1). 
Groundwater in the GAB is consistently fresh to brackish with TDS concentrations below 5000 mg/L, 
while Surat Basin formation water salinity is generally <3000 mg/L (Herczeg et al., 1991; Grigorescu, 
2011; Hodgkinson & Grigorescu, 2012; Feitz et al., 2014).  

 

 

The Surat Basin was infilled throughout the Jurassic and Cretaceous following Middle-Late Triassic 
deformation of the underlying Bowen and Gunnedah Basins and bedrock (Hoffmann et al., 2009; 
Korsch & Totterdell, 2009). Individual stratigraphic layers can vary in depth and thickness, pinching 
out or subcropping at basin margins while total basin thickness exceeds 2500 m in regional 
depocentres. Extensive portions of the Jurassic sandstone formations meet the permeability, pressure 
and temperature requirements (~10 mDarcy, 74 bar, 31 °C) for geological storage of supercritical CO2 
(scCO2) (Carbon Storage Taskforce, 2009). 

The Queensland portion of the Surat Basin was selected as the case study area because low-salinity 
Jurassic sandstone formations in the basin have been characterised as “highly prospective” for 
geological CO2 storage (Bradshaw et al., 2011) and a greenhouse gas exploration permit has been 
issued to CTSCo. for a tenement in the Surat Basin (“EPQ 7”, Figure 1-2). Core samples were 
collected from Geological Survey of Queensland (GSQ) stratigraphic wells Chinchilla 4 and Roma 8 to 
characterise vertical and lateral variability of lithology and lithostratigraphy in the Surat Basin (Figure 
1-2). Preliminary data on rock properties such as porosity, permeability and mineralogy reported 
previously (Haese et al., 2013a) have been synthesised and used to revise previously defined 
Jurassic succession stratigraphic boundaries (Hoffmann et al., 2009) within the two wells, as 

 

Figure 1-1: Location of the Surat Basin in relation to the Great Artesian Basin, Australia. 
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illustrated in Section 2. This report does not include data or the comparison to data from the West 
Wandoan-1 well within the EPQ7 tenement (Figure 1-2).  

 

Core sample characterization presented in Section 2 and by Farquhar et al. (2013) for GSQ  
Chinchilla 4 show significant mineralogical differences between the Jurassic sandstone units which 
comprise the potential storage complex in the Surat Basin. The basal, fluvial Precipice Sandstone is 
up to 70 m thick and is a quartz-dominated (>90%) sandstone with minor kaolinite and trace feldspar 
exhibiting a fining-upward trend with variable bedding and a white clay matrix (Grigorescu, 2011b; 
Farquhar et al., 2013).  

The fluvio-lacustrine Early Jurassic Evergreen Formation conformably overlies the Precipice 
Sandstone and is up to 300 m thick. The Evergreen Formation is considered a potential seal unit for 
geological CO2 storage, comprising fine to medium-grained fluvial sandstone and siltstone sequences 
transitioning to lacustrine siltstones and mudstones, with rare sandstone beds. The Boxvale 
Sandstone Member of the Evergreen Formation is a medium-grained feldspathic sandstone overlain 
by fine-grained units of the Evergreen Formation. The Westgrove Ironstone Member consists of 
siderite-cemented mudstones (Exon, 1976; Farquhar et al., 2013). 

 The fluvial Middle Jurassic Hutton Sandstone consists of fine to coarse-grained sandstone and 
siltstone exhibiting a lower degree of weathering and greater heterogeneity than the Precipice 
Sandstone. Quartz is the major constituent of the Hutton Sandstone, with minor kaolinite and detrital 
micas, feldspars, smectite, chlorite, and carbonates (Exon, 1976; Farquhar et al., 2013).  

 

 

 
Figure 1-2: Queensland portion of the Surat Basin illustrating the location of the EPQ 7 tenement 
and GSQ stratigraphic wells samples in this study. 
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Figure 1-3. Lithostratigraphy of the Lower – Middle Jurassic succession in the Surat Basin 
[modified from McKellar in (Cook et al., 2013, figure 7.2)] showing the approximate location of 
sequence stratigraphic boundaries (after Ziolkowski et al., 2014).  
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2.  Mineralogy, Lithology, and Stratigraphy 
2.1. Methodology 

Whole-rock mineralogical and geochemical analyses of the Surat Basin Jurassic succession were 
conducted on samples from two GSQ stratigraphic wells, complementing those previously reported by 
Farquhar et al. (2013). Sixty six core samples from Chinchilla 4 and 28 samples from Roma 8 were 
analysed by X-ray diffraction (XRD), with select core samples further analysed by X-ray fluorescence 
(XRF) at Geoscience Australia. XRD analysis was conducted using a Bruker D4 diffractometer with a 
Cu-anode X-ray tube and results were processed using the Bruker EVA software. XRF was carried 
out using a Philips PW2404 4 kW wavelength dispersive spectrometer fitted with a Rhodium anode, 
end-window X-ray tube. XRF samples were prepared using a 12:22 lithium tetraborate/lithium 
metaborate flux to form a glass with the sample, diluted 1 g of sample to 6 g of flux. Scanning electron 
microscopy (SEM) was conducted on select samples using a Phillips XL30 FEG-SEM located at 
Adelaide Microscopy, The University of Adelaide. Samples were presented as platinum coated blocks 
mounted on stubs, and imaging was carried out using operating conditions of 15-20 kV and spot size 
3-4.  

 

2.2. Lithology and Stratigraphy 
A recent detailed analysis of the Lower Jurassic section drilled in GSQ Chinchilla 4 and GSQ Roma 8 
was carried out to establish the nature of the sedimentary facies and the presence of potential, 
regionally significant bounding surfaces: sequence boundaries, transgressive surfaces and maximum 
flooding surfaces (Ziolkowski at al., 2014). This new sequence stratigraphic interpretation of the 
Precipice Sandstone and the Evergreen Formation with its members was specifically conducted to 
reduce subsurface uncertainty regarding seal continuity for application to CO2 geostorage. The 
detailed lithostratigraphy for cores GSQ Chinchilla 4 and GSQ Roma 8 are shown in Figures 2-1 and 
2-2.  
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Figure 2-1: Lithology with new derived stratigraphic boundaries (SB) from the base of the Precipice Sandstone to the top of the Evergreen Formation in core GSQ Chinchilla 4. 
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Figure 2-2: Lithology with new derived stratigraphic boundaries (SB) from the base of the Precipice 
Sandstone to the top of the Evergreen Formation in core GSQ Roma 8. 
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As shown in Figure 1-3, sequence boundary 1 represents the widespread unconformity at the base of 
Surat Basin. Sequence 1 includes the Precipice Sandstone and represents the transition from braided 
fluvial channel deposits to lower energy meandering depositional systems. It is sandstone-dominated 
sequence with abundant quartz. Sequence boundary 2 is placed at the base of the Boxvale 
Sandstone Member in GSQ Chinchilla 4, although this member has not been identified throughout the 
basin. Sequences 2 and 3 are part of the Evergreen Formation and include lacustrine and swamp 
sediments. Their dominant lithology is siltstone with minor sandstone and frequent mudstone units. 
The Westgrove Ironstone Member (Sequence 2) is widely spread in the basin and correlates with the 
early Toarcian eustatic sea level rise linked to a global mass extinction. Sequence boundary 4 is a 
sharp erosive surface, which defines the shift to the fluvial sedimentation of the overlying Hutton 
Sandstone. 

The sequence stratigraphic study provided a higher level of confidence in establishing the continuity 
and geometry of the reservoir-seal pair, Precipice Sandstone/Boxvale Sandstone Member-Evergreen 
Formation. The injection and containment performance will be governed by spatial thickness variations 
and facies composition (distribution of sands and silts), and the downcutting relationship of new 
sequences corresponding to erosive events and associated with a change in base level. Additional 
seal containment may be provided by the sideritic Westgrove Sandstone Member. 

 

2.3. Mineralogy  
The Lower Jurassic sediments consist of quartz, plagioclase, K-feldspars, kaolinite, micas and 
occasional siderite, smectite-illite mixed layer clays, chlorite and calcite, with no remarkable horizontal 
differences (Figures 2-1 and 2-2, Appendices A, B).  

The stacked channels of the lower Precipice Sandstone contain high concentrations of quartz (>90%), 
except when siltstone clasts are present. The upper Precipice Sandstone fluvial channel sediments 
contain less quartz (35-75%) and more feldspar, dominantly K-feldspars (10-20%).  

The overlying sediments of the Evergreen Formation are indicative of lower depositional energy under 
lacustrine conditions. Quartz concentrations can vary significantly (20-60%), while the dominant 
feldspars are plagioclase (up to 25%). Kaolinite remains the dominant clay mineral (up to 40% in 
offshore lacustrine sediments), although micas (illite and/or muscovite) may reach 20%.  

Of note is the shift from the K-feldspar character of the Precipice Sandstone to plagioclase dominance 
in the Evergreen Formation. The Boxvale Sandstone Member has a unique mineral character, with 30-
45% feldspars, mainly plagioclase. The Westgrove Ironstone Member is kaolinitic and may have up to 
50% siderite (Grigorescu et al., 2014). 
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Figure 2-1. XRD (left) and XRF (right) results for whole-rock analysis of GSQ Chinchilla 4 samples. 
 

 

 
Figure 2-2. XRD (left) and XRF (right) results for whole-rock analysis GSQ Roma 8 samples. 
 

 

2.4. SEM and Thin Sections 
The SEM imaging of the Precipice Sandstone reveals extensive quartz overgrowth and kaolinite 
cements occluding voids and producing spatially variable porosity within the unit. Rare occurrences of 
authigenic clays such as chlorite as well as microorganism tests (diatoms) were also noted in the SEM 
images. 

The Boxvale Sandstone Member is less mature than the underlying Precipice Sandstone, with 
abundant feldspars. Quartz cements and authigenic kaolinite, chlorite, and calcite overgrowths post-
dating quartz cementation reduce pore space throughout the unit with rare occurrences of illitic and 
smectitic clays and microorganism tests. Hutton Sandstone samples are similarly heterogeneous, with 
significant carbonate minerals and cements within the formation. Authigenic clays, particularly chlorite, 
are common throughout the unit (Appendices C, D). 

Evergreen'Fm.'
Precipice'Sdst.'

Evergreen'Fm.'
Precipice'Sdst.'
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3. The Regional Stress Field and Implications 
for Fault Stability 

3.1. Introduction 
A key component for developing fault stability models is a moderate to good understanding of the in 
situ stress field in the vicinity of the faults of interest. Unfortunately, there is currently very limited 
stress information on the Surat Basin, other than a couple of studies associated with the coal seam 
gas industry (Brooke-Barnett et al., 2012; Flottman et al., 2013). According to the Australasian Stress 
Map (ASM) database (Figure 3-1, http://www.asprg.adelaide.edu.au/asm/), which is the most 
comprehensive database available, only 3 measurements characterising the horizontal stress direction 
exist, although more stress orientation information is available for the Bowen Basin to the north. It is 
therefore crucial that some additional information is added to this database in order to determine 
faulting mode, stress due to the overburden, and minimum horizontal stress magnitude. Without some 
clarity on these parameters, it is very difficult or impossible to assess fault stability under a CO2 
injection scenario. 

Various well data and recent data from publications were examined in order to gain a first pass 
understanding of Surat Basin geomechanics. The results of this analysis, presented here, will help 
constrain the geomechanical response under various modelled CO2 injection scenarios. In such a first 
pass geomechanical study, the first priority is to gain an understanding of the in situ stress field, which 
comprises the orientations of the two horizontal stresses and the magnitudes of the three principal 
stresses. The orientations of the horizontal stresses are generally acquired by image log 
interpretation, by measuring the orientations of borehole breakouts and drilling induced tensile 
fractures.  The magnitude of the vertical stress is calculated mainly by integrating density logs, with 
check shot data or sonic logs used to fill in any gaps that exist.  Leak off tests are generally used to 
determine the magnitude of the minimum horizontal stress. The magnitude of the maximum horizontal 
stress is generally the hardest to determine, especially if no rock mechanical data is available. 
Frictional limit theory is generally used to determine the upper bound for the maximum horizontal 
stress and is used here (Moos and Zoback, 1990; Sibson, 1974). 
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Figure 3-1. Horizontal stress measurements available for eastern Queensland prior to this project 
(http://www.asprg.adelaide.edu.au/asm/). Arrows show the orientation of the maximum horizontal 
stress. NF: Normal Fault, SS: Strike-Slip Fault, TF: Transverse Fault, U: Undetermined. Note, how 
limited information is available for the Surat Basin.  

3.2. New data 
A significant amount of new stress orientation data was either newly interpreted or found in recent 
publications. The Queensland government provided significant well data, some of which contained 
image log data that could be analysed for the presence of borehole breakouts and drilling induced 
tensile fractures. Five of the wells containing image logs possessed such features that could be 
interpreted for stress orientation information.  Four of the five wells are from the northern portion of the 
Surat Basin, and one was located in the south (see Figure 3-2). The other important source of new 
stress orientation information was provided by the work of Brooke-Barnett et al. (2012). This work was 
presented (but unpublished), and we thank Brooke-Barnett and Origin Energy for providing detailed 
information regarding well locations and image log interpretations.  The locations of the wells are 
shown in Figure 3-2 and Table 3-1. Stress orientations for two other wells were also provided from 
studies by Khaksar et al. (2012) and Johnson et al. (2010). 

  

Surat Basin 
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Surat Basin 
Measurements
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Table 3-1: Surat wells containing image logs that provide information on the orientation of the 
maximum horizontal stress. FMI: Fullbore formation micro-imager, UBI: Ultrasonic borehole imager,  
CMI: Compact micro-imager. 

Well	  Name	   Latitude	   Longitude	   Log	  Type	   Max	  Stress	   Reference	  
	  	   	  	   	  	   	  	   Orient.	  (°)	   	  	  

Carinya	  7	   -‐26.544	   149.885	   FMI	   86	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Carinya	  8	   -‐26.512	   149.937	   CMI	   98	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Carinya	  South	  2	   -‐26.669	   150.001	   FMI	   64	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Condabri	  MB9H	   -‐26.808	   150.171	   CMI	   38	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Dalwogan	  12	   -‐26.631	   150.146	   FMI	   11	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Dalwogan	  14	   -‐26.631	   150.146	   FMI	   8	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Dalwogan	  16	   -‐26.630	   150.146	   FMI	   7	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Dalwogan	  9	   -‐26.571	   150.135	   FMI	   148	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Duke	  14	   -‐27.174	   150.224	   FMI	   47	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Duke	  22	   -‐27.111	   150.389	   FMI	   55	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Durham	  Ranch	  164	   -‐26.061	   149.226	   FMI	   100	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Fairview	  77	   -‐25.769	   149.027	   FMI	   71	   New	  Interp,	  this	  study	  
Gilbert	  Gully	  18	   -‐27.598	   150.898	   FMI	   24	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Horse	  Creek	  16	   -‐26.449	   149.652	   FMI	   120	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Lucky	  Gully	  11	   -‐26.394	   149.508	   UBI	   53	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Lucky	  Gully	  9	   -‐26.407	   149.582	   FMI	   105	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Merivale	  10	   -‐25.559	   148.338	   FMI	   79	   New	  Interp,	  this	  study	  
Noonga	  Creek	  5	   -‐26.523	   149.717	   FMI	   82	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Palmerston	  1	   -‐27.565	   149.448	   FMI	   8	   New	  Interp,	  this	  study	  
Pony	  Hills	  East	  1	   -‐25.799	   149.151	   FMI	   80	   New	  Interp,	  this	  study	  
Ramyard	  15	   -‐26.418	   149.829	   FMI	   66	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Ridgewood	  10M	   -‐27.294	   150.691	   	  	   8	   Johnson	  et	  al.	  (2010)	  
Roma	  1	   -‐26.575	   148.850	   	  	   16	   Khaksar	  et	  al.	  (2012)	  
Scotia	  1	  ST1	   -‐25.948	   150.081	   FMS	   60	   New	  Interp,	  this	  study	  
Talinga	  31	   -‐26.882	   150.338	   FMI	   105	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Waar	  Waar	  16T	   -‐27.795	   150.946	   FMI	   54	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Woleebee	  East	  3	   -‐26.289	   149.856	   FMI	   63	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Woleebee	  East	  5	   -‐26.352	   149.880	   FMI	   59	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Wygi	  Creek	  2	   -‐26.623	   149.761	   UBI	   0	   Brooke-‐Barnett	  et	  al.	  (2012)	  
Wygi	  Creek	  3	   -‐26.597	   149.929	   UBI	   66	   Brooke-‐Barnett	  et	  al.	  (2012)	  

3.3. Results and discussion 
The new orientation data acquired in this study is particularly valuable for two reasons. Firstly, it fills a 
large gap that previously existed for Queensland and Australia in general. Secondly, when one looks 
at all the new data in Figure 3-2, one notices that there is significant variability in the stress 
orientations, with most measurements being significantly different than those currently available in the 
Australasian Stress Map Database. Based on Figure 3-2 it appears that the maximum horizontal 
stress is roughly E-W in the northern and central-eastern portions of the basin. In the southern and 
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western portions of the basin the stress orientation rotates toward a more N-S orientation. However, 
there is significant variability in the data, the origin of which is not understood. One can see that the 
stress orientations of the Surat Basin are far more complex and variable than the orientations in the 
Bowen Basin to the north (Figures 3-1 and 3-2). 

Determining the magnitudes of the three principal stresses is of great importance when characterising 
fault stability or the pressure at which tensile fracturing of the formation will take place. The relative 
magnitudes of the three principal stresses determine whether faulting will be in a normal, strike-slip or 
thrust mode. Due to the paucity of published geomechanical information on the Surat Basin, the 
predominant faulting mode is not constrained. However, newly interpreted data from this study and 
several recent publications (Brooke-Barnett et al., 2012; Khaksar et al., 2012; Johnson et al., 2010) 
focussed on different parts of the Surat Basin provide much needed, consistent information regarding 
the magnitudes of the 3 principal stresses in the Surat Basin. 

 
Figure 3-2. New stress orientation information available for the Surat Basin, as interpreted from 
borehole breakouts and drilling induced tensile fractures in wells. Arrows indicate the orientation of 
the maximum horizontal stress. Red arrows: new stress data interpreted in this study, Green 
arrows: stress data provided by Brooke-Barnett et al (2012), Blue arrow: unknown Roma well of 
Khaksar et al. (2012), Orange arrow: from Johnson et al. (2010), Black arrows: previous available 
stress data from the Australasian Stress Map Database. 
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In nearly all geomechanical treatments, the in situ stress field is assumed to be Andersonian 
(Anderson 1951), in which one of the three principal stress axes is oriented vertically. In such a case, 
the magnitude of the vertical stress is equivalent to the weight of the overburden. To determine the 
stress driven by the overburden, one can use density logs from a vertical well and integrate the 
density logs over depth to determine the vertical stress gradient. We have done this here for 4 of the 
newly interpreted wells in the Surat Basin. The results of the vertical stress calculation are shown in 
Figure 3-3. All four wells are roughly in agreement with each other and indicate a vertical stress 
gradient of 20-22 MPa/km over the interval 0-2000 m. 

When these newly calculated values for the vertical stress gradient are compared to the three recent 
geomechanical studies on the Surat Basin (Brooke-Barnett 2012; Johnson et al. 2010; Khaksar et al. 
2012), we find a very high degree of consistency between our data and the 3 studies. For an un-
revealed Roma well, Khaksar et al. find that the vertical stress gradient is 22 MPa/km. For the 
Ridgewood 5 and Ridgewook 10M wells, Johnson et al. have determined that the vertical stress is 
also 22 MPa/km. Finally, Brooke-Barnett et al. have determined that the vertical stress lies in the 
range 20-22 MPa/km, as we have in this study. 

 
Figure 3-3: Vertical stress profile for four wells acquired by integrating density logs 
over depth. Results are consistent with each other and suggest that the vertical stress 
magnitude is between 20-22 MPa km-1. 

A number of well completion reports were provided by the Queensland Government for examination. It 
was hoped that these reports would contain leak off test or formation integrity tests that could be used 
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for determination of the minimum horizontal stress magnitude. However, none of the well completion 
reports examined contain this information. Either the information was not included or the tests were not 
conducted. We therefore use detailed leak off test and fracture test data provided in publications to 
constrain this value. The results of these detailed tests are shown in Table 7. 

It is evident, from Table 3-2, that there is considerable consistency across the Surat Basin for the 
minimum horizontal stress magnitude. Based on the results of these studies, we herein use a value of 
20 MPa km-1 as the estimate for the minimum horizontal stress magnitude.  

Table 3-2: Minimum horizontal stress values acquired at various wells in the Surat Basin. Horizontal 
stress values extracted from the CSIRO PressurePlot database are unspecified in terms of LOT or 
FIT. Therefore the values presented should be taken as lower limits, as FIT measurements only 
indicate that the minimum horizontal stress is at least as large as the measured value. 

Well	  Name	   Technique	   Min	  Horiz	  Stress	  
(MPa/km)	  

Reference	  

P-‐1	  (unknown	  Roma	  well)	   LOT’s,	  CSFT	   21	   Khaksar	  et	  al.	  (2012)	  

P-‐2	  (unknown	  Roma	  well)	   LOT’s,	  CSFT	   22	   Khaksar	  et	  al.	  (2012)	  

Ridgewood	  5	   Frac	  tests	   18	   Johnson	  et	  al.	  (2010)	  

Ridgewood	  10M	   Frac	  tests	   19	   Johnson	  et	  al.	  (2010)	  

Durham	  Ranch	  164	   LOT/mini-‐frac	   19	   Brooke-‐Barnett	  et	  al.	  (2012)	  

Lucky	  Gully	  19	   LOT/mini-‐frac	   15	   Brooke-‐Barnett	  et	  al.	  (2012)	  

Duke	  22	   LOT/mini-‐frac	   19	   Brooke-‐Barnett	  et	  al.	  (2012)	  

Beardmore	  2	   LOT/FIT	   14.2245	   CSIRO	  PressurePlot	  Database	  

Bellbird	  South	  1	   LOT/FIT	   16.5789	   CSIRO	  PressurePlot	  Database	  

Bungarie	  1	   LOT/FIT	   18.9333	   CSIRO	  PressurePlot	  Database	  

Cockatoo	  1	   LOT/FIT	   16.7751	   CSIRO	  PressurePlot	  Database	  

Fairymount	  1	   LOT/FIT	   16.5789	   CSIRO	  PressurePlot	  Database	  

Kinkabilla	  Creek	  1	   LOT/FIT	   21.2877	   CSIRO	  PressurePlot	  Database	  

McWhirter	  1	   LOT/FIT	   20.0124	   CSIRO	  PressurePlot	  Database	  

McWhirter	  East	  1	   LOT/FIT	   13.9302	   CSIRO	  PressurePlot	  Database	  

Namarah	  3	   LOT/FIT	   14.2245	   CSIRO	  PressurePlot	  Database	  

Namarah	  4	   LOT/FIT	   14.2245	   CSIRO	  PressurePlot	  Database	  

Namarah	  6	   LOT/FIT	   18.1485	   CSIRO	  PressurePlot	  Database	  

Rockfern	  1	   LOT/FIT	   21.3858	   CSIRO	  PressurePlot	  Database	  

Stonetree	  1	   LOT/FIT	   20.4048	   CSIRO	  PressurePlot	  Database	  

Tintagel	  1	   LOT/FIT	   14.1264	   CSIRO	  PressurePlot	  Database	  

Ungabilla	  1	   LOT/FIT	   21.0915	   CSIRO	  PressurePlot	  Database	  

Wonolga	  1	   LOT/FIT	   21.582	   CSIRO	  PressurePlot	  Database	  

 
The magnitude of the maximum horizontal stress is generally the hardest component of the stress 
tensor to determine, especially in the absence of rock mechanical test data. Rock mechanical tests 
can be used in conjunction with the observation of borehole breakouts to infer the stress that caused 
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the wellbore to fail. Khaksar et al. (2012) use this to infer that the maximum horizontal stress in the 
Roma area under normally pressured conditions is about 26 MPa km-1. For the Ridgewood wells, 
Johnson et al. (2010) found the maximum horizontal stress magnitude to be 27-32 MPa km-1. Finally, 
Brooke-Barnett (2012) find the maximum horizontal stresses to be more variable between wells and 
also with depth, ranging from about 20 MPa km-1 to 38 MPa km-1. It should be noted that many of the 
wells have decreasing stress gradient with depth, with the faulting mode going from strike-slip to a 
borderline strike-slip to normal mode, in which the vertical stress becomes equal to the maximum 
horizontal stress. 

Frictional limit theory can also be used to estimate the maximum value for the maximum horizontal 
stress. Frictional limits theory states that the ratio of the maximum to minimum effective stress cannot 
exceed the magnitude required to cause faulting on an optimally oriented, pre-existing, cohesionless 
fault plane (Sibson 1974). The frictional limit to stress is given by 

!!!!!
!!!!!

≤ 𝜇! + 1 + 𝜇
!
 Eq. 3.1 

where µ is the coefficient of friction, Pp is the pore pressure, S1 is the maximum principal stress and S3 
is the least principal stress. The maximum principal stress is assumed to be maximum horizontal 
stress. Assuming a friction coefficient of 0.6 and a minimum horizontal stress value of 20 MPa km-1 in 
a hydrostatic regime, we find that S1 (maximum horizontal stress) is 41.6 MP km-1. This number 
places an upper bound on the value for S1, assuming the value for the coefficient of friction is correct. 

The new data acquired for the Surat Basin has provided important new geomechanical information on 
the basin that will be crucial to future geomechanical studies. The most important contribution of this 
work are the numerous image log interpretations which provide significant coverage for the maximum 
horizontal stress orientation. In the northern part of the Surat Basin the maximum horizontal stress is 
approximately E-W, while further to the south and to the centre of the basin, the stress rotates to a 
more N-S direction. Table 3-3 provides a summary of the various in situ stress components for the  
Surat Basin. 

 

Table 3-3. Summary of geomechanical parameters determined in this study for the Surat Basin. 

Stress Parameter Surat Basin 

Vertical Stress Grad. (σv) 21 MPa/km 

Minimum Horiz. Stress Grad. (σhmin) 20 MPa/km 

Max. Horiz. Stress Grad. (σHmax) 

(from frictional limits) 

41.6 MPa/km 

Max. Horiz. Stress Azimuth  
ENE-WSW in eastern/northern part of basin    

NNW-SSW in western part of basin 
Fault regime Hybrid Normal/Strike-Slip 
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When all the newly interpreted stress magnitude information is consolidated with the available 
published data, the stress regime in the Surat Basin appears to be a strike slip where the vertical 
stress is slightly smaller than the maximum horizontal stress and larger than the minimum horizontal 
stress. However, the minimum horizontal stress and the vertical stress are usually quite similar, 
indicating a nearly hybrid strike-slip to thrust regime. In such a stress regime, faults with strikes that 
are approximately at 30 degrees to the maximum horizontal stress direction will be at greatest risk of 
reactivating due to them having highest shear to normal stress on the fault plane. The minimum 
horizontal stress gradient is approximately 20 MPa/km, which indicates that under normally pressured 
conditions, a pressure increase of 10 MPa would be required at 1 km depth to cause tensile fracturing 
of a caprock lithology. 10 MPa increase at one km depth is likely to be larger than any pressure 
increase generated during a CCS project, so it is unlikely that geomechanically induced caprock 
failure in tensile mode will be a risk.  

Due to the high degree of variability of stress orientations in the Surat Basin, it is recommended that 
any operational activities involving geomechanical risk be assessed individually, with specific 
emphasis on characterising the stress orientations. At a basin scale level, it is impossible to draw 
general conclusions regarding fault stability, and fault reactivation in shear mode due to the variability 
of the stress orientation data. This report was intended to be a first pass assessment of Surat Basin 
geomechanics and has succeeded in provided a great deal more information than was available 
previously.  However, clearly much more work is needed to characterise the stress tensor in detail, 
specifically with the aim of understanding the underlying factors that drive variability throughout the 
basin.  
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4. Reactive Transport Modelling 
Reactive transport modelling (RTM) provides a unique means of addressing questions about the fate 
of CO2 injected during the process of geological storage of carbon. CO2 is largely but not totally 
immiscible in formation water. As a first approximation for a typical storage site, 80–90 % of injected 
CO2 will remain as an immiscible fluid phase, 10-20% dissolves into the aqueous phase and the 
remainder, usually less than 1%, precipitates as carbonate minerals within 10 to 30 years (Law and 
Bachu, 1996; Doughty and Pruess, 2004, Johnson et al., 2004). Extrapolation of short term 
simulations and larger scale simulations with extensive plume migration suggest that given enough 
time, 90-100% of the CO2 may dissolve (McPherson and Cole, 2000; Gunter et al., 2004). The amount 
that dissolves is largely controlled by the extent to which the plume comes into contact with formation 
water and the composition of the formation water. The length of the migration path and the 
hydrological regime dictate the former and the initial formation water composition and the mineral 
environment dictate the latter. The increased amount of CO2 in the aqueous fluid will generally result 
in a more acidic fluid. Because of this change in fluid composition, some of the reservoir minerals may 
be driven out of equilibrium with the changing fluid chemistry, and they will dissolve into the fluid 
and/or new phases may precipitate. 

The addition of impurities with the injected CO2 can significantly impact the physical and chemical 
aspects of the storage system (Bacon and Murphy, 2011; IEAGHG, 2011; Xu et al., 2007). The 
presence of additional components such as SO2 and O2 (de Visser et al., 2008) in the supercritical 
phase can potentially result in extensive acidification due to the formation of sulphuric and sulphurous 
acid (Crandell et al., 2010; Ellis et al., 2010; Kaszuba et al., 2005; Xu et al., 2007). In addition, SO2 is 
more soluble in water than CO2, and this may result in the partitioning of SO2 to the aqueous phase 
relative to the CO2, contributing to even greater acidity (Ellis et al., 2010). Similarly, NOx impurities are 
known to react with O2 to produce nitric acid, a strong acid that could potentially result in significant 
acidification of the formation water. Reactive transport modelling allows for the evaluation of the 
potential impacts of CO2 with impurities storage because the relative behaviour of the supercritical and 
aqueous phases are accounted for in the multiphase transport code. 

The reactive transport modelling of this study consists of 3 parts. The initial portion of the study 
involved a series of reaction path experiments to determine several critical parameters required to 
produce viable reactive transport models. In these experiments the reaction pathways and rates were 
evaluated by utilising dissolution/precipitation batch reactors involving brine acidified with sulphuric 
acid at different pH, sample particle size and temperatures. The experiments were devised to 
determine the effect of the presence of SO2 as an impurity which leads to more intense acidification 
than pure CO2 and increases the dissolved SO4 content. Chlorite in particular was targeted since the 
majority of kinetic data has been derived using chlorites sourced from metamorphic rocks and rate 
data for diagenetic chlorite is lacking. The second part included generating short and longer term 
kinetically controlled reaction path geochemical models based on the refined reaction path and rate 
data produced in the laboratory experiments. The final part of the study involved generating reactive 
transport models that focussed on injection of a pure and impure (with 100 and 500 ppm SO2 and 100 
ppm O2 and NO2) CO2 streams into the Precipice and Evergreen Formations populated by data 
derived from core analysis and the reaction path experiments and geochemical reaction path models. 
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4.1. Methodology 
The experiments were conducted on 10 different sedimentary rock mineral assemblages to evaluate 
the role that different dominant and secondary mineral phases had on reaction paths as well as how 
pH, grain size and temperature affect reaction rates of the different mineral phases and assemblages. 
Six sedimentary rock samples from the Western Canadian Sedimentary Basin (WCSB) and 4 samples 
from GSQ Chinchilla 4 core of the Surat Basin were selected for use in H2SO4-water-rock batch 
experiments. Mineral composition was determined using X-ray diffraction (XRD), thin section analysis 
and scanning electron microscopy (SEM), and individual mineral compositions were determined for 
chlorite, plagioclase feldspar and carbonates using an ion microprobe and SEM-EDS (energy 
dispersive X-ray spectroscopy). The mineral amount data was then evaluated using the mineral 
composition normalisation code LPNORM (Caritat et al., 1994) in combination with oxide amounts 
determined through X-ray fluorescence (XRF) and inductively coupled plasma mass spectrometry 
(ICP-MS) lithium borate pellet digestion. The resultant mineralogies thus account for the mineral and 
chemical composition of the rocks. The WCSB samples were used because there was an abundance 
of core that enabled a number of different experimental parameters to be varied and the mineralogies 
were similar to those of the Surat Basin samples but with a few critical differences. These differences 
included 1 sample with relatively high carbonate content, 1 sample with a high hematite content, 1 
sample with high K-feldspar, 2 with high plagioclase feldspar and chlorite and 1 with relatively high 
chlorite and low feldspar content. This allowed the experiments to target mineral phases in high 
abundance that were in low to moderate abundance in the Surat samples where the mixed mineral 
assemblages precluded addressing rate parameters of those specific phases. The Surat Basin 
samples included one Precipice Sandstone sample from 1193 m, two Evergreen shale samples from 
1138 m and 898 m and one Hutton Sandstone sample from 868 m.  

Kinetically based reaction path geochemical modelling requires kinetic rate data to simulate changes 
in composition with time. The reaction rate equation is derived from the transition state theory that 
relates rate to the mineral reactive surface area, a reaction rate constant specific to that mineral, 
effects of inhibiting or catalysing species and the proximity to equilibrium between the mineral and the 
solution (Lasaga, 1995).  

 
Eq. 4-1 

Where rk is the reaction rate, AS is the mineral surface area, k+ is the rate constant, Q is the activity 
product, K is the equilibrium constant, aj is the activity of the catalysing or inhibiting species and Pj is 
the power for species j. 

Most rate constant data are reported at 25°C and need to be re-calculated for higher temperatures. In 
addition, the pH dependence of mineral dissolution rates is incorporated using separate rate constants 
and activation energies for acidic, neutral and basic mechanisms. The experiments focussed on the 
acidic mechanism to evaluate the reactive surface area, As, the activation energy, Ea, and the power 
term for the pH dependence, n. Toughreact, the multiphase reactive transport code used in this study, 
uses the following equation to calculate the rate constant at temperature and the specific pH.  
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     Eq. 4-2 

Where Ea is the apparent activation energy, R is the molar gas constant, T0 is reference temperature 
(298.15 K), T is the temperature (K), nu is the neutral mechanism, H is the acid mechanism, OH is the 
base mechanism, aH is the activity of H+ and n is the power term. 

Precipitation rates of mineral phases, especially alumino-silicate minerals are poorly constrained. 
Common practice is to use the dissolution rates with values assigned to the nucleation site density or 
an initial volume ratio relative to the volume of solids if the mineral is not present in the system. The 
reaction path modelling precipitation rates were generated based on modifications to the classical 
nucleation theory (Walton, 1967; Nielsen, 1983) and the non-linear portion of the Burton-Cabrera-Frank 
(BCF) crystal growth theory (Burton et al., 1951) described by Pham et al. (2011) and Hellevang et al. 
(2013). 
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 Eq. 4-3 

kP = precipitation rate constant 
kN = nucleation rate constant 
Γ = pre-exponential factor for nucleation 
 
The nucleation and precipitation rate equation was written into the GWB React scripts used for the 
modelling of the experiments. Pham et al. (2011) evaluated the sensitivity of the terms in the equation 
and found the results relatively insensitive to kN and recommended a value of 1 be assigned to the 
nucleation rate constant. Equation 4-3 was successfully applied to experiments conducted on the 
Surat Basin mineralogies in Pearce et al. (2015) and the values used for the variables can be found 
there. Precipitation rates in TOUGHREACT were calculated using equation 4-2 assuming the 
Transition State Theory  (TST) applies. 

The experiments using the WCSB sedimentary rocks were conducted on mortared (grain size < 0.1 
mm) samples at pH 1.5, 3, and 7, at 60°C and at pH 1.5 and 22°C as well as on crushed (grain size >4 
mm) and block (cubes ~ 1 cm3) samples at pH 1.5 and 60°C. Water composition was based on data 
for the Surat Basin compiled in Hodgkinson et al. (2009) (Table 4-1). A relatively low salinity 
composition was selected so that changes in composition would be easily detected analytically. 
Approximately 150 mL of acidified or unacidified (pH 7) water was used and 3 g of sample for the 
mortared and crushed sizes and 4 to 6.3 g of sample for the blocks. The experiments on the Surat 
Basin samples were conducted using < 1 cm3 blocks cut from core in 100 mL of pH 1.4 water and 
60°C. The experiments were carried out in 250 mL Nalgene™ bottles at atmospheric pressure and 
allowed to react for 30 days with water samples collected 15 times during the course of the 
experiment. In order to simulate an impurity stream containing O2, the sample vessels contained air 
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thus allowing the determination of the role of O2 on reaction products. pH was measured at the time of 
sampling using a Thermo Orion 5 Star multimeter and Ross Sure-flo combination pH electrode 
calibrated at pH 1, 4 and 7. Water aliquots were filtered using a 0.45 µm cellulose acetate syringe filter 
and analysed for anion composition (Cl-, NO3

- and SO4
2-) using a Dionex ICS 3000 ion 

chromatography system and major, minor and trace elements (Na, K, Ca, Mg, Fe, Al, Mn, Sr, Ba, B, Li 
and Si) using a Horiba Jobin-Yvon Ultima 2 ICP-AES.  

Table 4-1. Initial brine composition in mmol/L. 

 

The initial mineral content, fluid composition and changes in the fluid composition were used to 
produce reaction path models and determine the dissolving and precipitating mineral phases and 
modify the reaction rate parameters used. The Geochemist's Workbench React module was used with 
a thermodynamic database for mineral and aqueous species based on the EQ3/6 database (Wolery, 
1992). Thermodynamic data for chlorite (Fe0.75:Mg0.25 and Fe0.60:Mg0.40 compositions based on 
microprobe results) were calculated using the methods of Holland (1989). In addition to the minerals 
initially present, product phases included halite, gypsum, alunite, jarosite, pyrite, ankerite 
(CaFe0.7Mg0.3)(CO3)2, siderite, dolomite and smectite (using K, Na, Mg and Ca beidellite end 
members). Kinetic rate data were sourced from the compilation of Palandri and Kharaka (2004) except 
for that of siderite and ankerite from Steefel (2001), that of illite from Kohler et al. (2003) and the 
chlorite data are derived from the experiments conducted in this study and are based on Lowson et al. 
(2007). Precipitation rates were calculated using equation 4-2 for the experiments except for gypsum. 
Gypsum precipitation was modelled as an instantaneous reaction once the mineral was 
supersaturated as this provided the best fit to the data in the experiments.  Initial reactive surface 
areas were set to 70 cm2/g for kaolinite and chlorite, 150 cm2/g for smectite and illite and 10 cm2/g for 
the remainder of the mineral phases. These values were calculated based on a tabular grain 
morphology for the clay minerals and spherical for the framework grains and carbonates with an 
applied roughness factor of 7 and reservoir upscaling factor of 0.01 (Zhu et al., 2006). The pH and 

 
water composition 

pH 1.5 pH 3 baseline 
pH 1.54 3.02 7.00 

Al3+ 3.83*10-3 1.52*10-3 2.76*10-3 

Ca2+ 0.05 0.02 0.02 

Fe2+ 9.65*10-4 1.09*10-3 8.17*10-4 

K+ 0.08 0.07 0.07 

Mg2+ 0.18 0.19 0.18 

Na+ 4.62 4.71 4.61 

HCO3
- 1.2 1.2 1.19 

SO4
2- 32 2.98 0.01 

Cl- 1.41 1.65 1.61 

SiO2(aq) 0.67 0.81 0.78 
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temperature dependence were determined from the mortared experiments and the values for reactive 
surface area were altered to allow data fit in the reaction path models for the different grain sizes.  

Table 4-2. Kinetic rate parameters for dissolution (eq. 4-2) and precipitation (eq. 4-3) where kd is the 
calculated dissolution rate from eq. 4-2. 

	  
k25(H) 

(mol/m2s) 
Ea(H) 

(kJ/mol) n k25(nu) 
(mol/m2s) 

Ea(nu) 
(kJ/mol) kp Γ 

Chalcedony 
	   	   	  

1.7x10-13 68.7 kd 2x10+10 

K-Feldspar 8.7x10-11 40 0.4-0.5 3.89x10-13 38 kd 2x10+10 

Albite 6.9x10-11 55 0.457 2.75x10-13 69.8 kd 2x10+10 

Illite 1.4x10-12 22 0.37-0.45 8.91x10-16 14 kd 2x10+10 

Muscovite 1.4x10-12 22 0.37 2.82x10-14 22 kd 2x10+10 

Biotite 1.45x10-10 22 0.525 2.82x10-13 22 kd 2x10+10 

Kaolinite 4.9x10-12 60-65.9 0.7-0.777 6.61x10-14 22.2 kd/10 2x10+10 

Chlorite 1.2x10-10 15-40 0.7-0.8 1.00x10-13 94.3 kd 2x10+10 

Calcite 0.501 14.4 1 1.55x10-06 23.5 kd 1x10+10 

Dolomite 6.46x10-04 36.1 0.7 2.95x10-08 52.2 kd/100 3x10+10 

Ankerite 1.79x10-04 32-48 0.75-0.8 1.80x10-07 43 kd/100 3x10+10 

Siderite 1.79x10-04 48 0.75 1.80x10-07 48 kd/100 3x10+10 

Pyrite* 
3.02x10-12 56.9 -0.5 2.82x10-09 56.9 kd 2x10+10 

Fe(OH)3
 

4.07x10-10 66.2 1 2.51x10-15 66.2 kd 1x10+10 

* includes activity of Fe and O2 dependency terms nFe=0.5, nO2=0.5 

The reactive transport modelling was accomplished using TOUGHREACT V3-OMP with the Equation 
Of State (EOS) ECO2N EOS (Xu et al., 2014). This software allows coupled multiphase fluid and heat 
flow, solute transport and chemical reactions. TOUGHREACT utilizes an integrated finite difference 
spatial discretization to solve flow and reactive-transport equations at each time step using the 
Newton-Raphson method. The code incorporates non-isothermal multiphase advection, diffusion, 
dispersion, relative permeability and kinetically controlled fluid-mineral reactions. TOUGHREACT 
assumes equilibrium between the gas phase constituents and the aqueous phase at the beginning of 
each time step. Although kinetic parameters maybe applied for the aqueous phase reactions, none 
were applied in this modelling. Some aqueous phase reactions are kinetically controlled and their 
rates may be important for reactions during injection, especially redox type reactions. In addition, 
dissolution of gas has a kinetic control as the gas-fluid interface is defined by a surface area. This 
assumption may have implications in the area proximal to the injector as gas-water ratios vary 
significantly in this region and thus rates of dissolution may become important for trace constituents in 
the gas phase. This version of TOUGHREACT does not contain an EOS that specifically accounts for 
the effects of co-contaminants on the flow and transport properties of CO2 but it does however allow 
for the inclusion of minor co-contaminants in the CO2 stream. The result is that for minor (<1%) co-
contaminants where there is little expected impact on CO2 physical properties, the chemical behaviour 
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is correct. These RTM runs were conducted to test the software as there are no published examples 
of the use of the TOUGHREACT code to run this type of simulation.  

To conduct the RTM, the spatial domain is represented by a 2D (X,Z) slice of a cylinder centred on the 
injection point (Figures 4-1a and 4-2a). Two different RTM simulation configurations were undertaken. 
The first, model A,  are simple  runs not meant to be representative of the Surat Basin physical system 
though they provide insight into how the different injection stream compositions and the presence of 
carbonate affect the output and how stable the code is with the SO2 trace component incorporated into 
the injected CO2. The model A domain has a 40 m thickness (Z), 10000 m length (X) (1 m in Y 
direction) and the injection was into a model populated by porous-permeable media defined by the 
Precipice mineral phases described in Table 4-2 and the equilibrated Precipice 1 and 2 aqueous 
phases in Table 4-3. The second series, model B, are representative of a simplified Surat Basin 
heterogeneity with a 90 m thick interval of Precipice Sandstone overlain by a 30 m thick interval of 
Lower Evergreen Formation. Depending on the simulation, model B was assigned the different 
Precipice and Evergreen Formation water compositions given in Table 4-4. 

The composition of the formation water for the Surat was derived from Grigorescu (2011) and Feitz 
(2014). The 4 water chemistries were chosen as representative of the dominant water types found in 
the Precipice and Evergreen Formations present in the basin. Some individual component 
composition data were not reported and these were derived through modelling the different initial 
water chemistry equilibrated at temperature and pressure with kaolinite (Al), chalcedony (SiO2) and 
iron-rich chlorite if iron was not reported. If pH was not reported it was set at equilibrium with calcite for 
the given HCO3

- content. Dissolved SiO2 was set to chalcedony saturation to reflect the observation 
that quartz saturation is rarely met in sedimentary rock formation fluids at less than 85°C (Bjorlykke 
and Egeberg, 1993).  

The hydrological parameters used in the modelling are given in Table 4-5. Porosity and permeability 
values were derived from the core plug test results. Multiphase flow requires the use of relative 
permeability and capillary pressure to enable realistic simulations. For all of the simulations relative 
permeability was set through the van Genuchten-Mualem model and Corey's curves and capillary 
pressures were calculated using the van Genuchten function (Pruess et al., 1999). Changes in 
porosity during simulations were related to permeability changes using the cubic law (Xu et al., 2014). 
This formulation may not reflect the complexity of natural geologic media in terms of porosity-
permeability relationships, especially with respect to the role of factors such as pore size distribution, 
pore shape and connectivity but does allow for permeability reduction through pore throat closure at 
finite porosity. Changes in permeability depend on the changes in porosity but also on how the pore 
space geometry evolves, in particular where dissolution and precipitation occurs within the pore 
space. The process is media dependent and is very difficult to simulate accurately. 
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Figure 4-1. Radial schematic showing the model A geometry (a) and the slice viewed showing grid, 
injection zone and boundary conditions (b). 

 
Figure 4-2. Radial model schematic for the RTM model B based on the Wandoan site with Precipice 
(brown) and Lower Evergreen (green) Formation layers. The model configuration (a) and 
discretization (b) were used for the primary modelling. 

Table 4-3. Mineral modal amounts in volume fraction based on the mineralogy determined for the 
Chinchilla 4 core plugs at the depth shown. 

 

Minerals Evergreen Precipice 
vol fraction 1115 m 1190 m 

Quartz 0.290 0.957 
Albite 0.140 0.006 
Labradorite 0.094 0.000 
K-Feldspar 0.045 0.001 
Muscovite 0.270 0.009 
Kaolinite 0.094 0.025 
Chlorite 0.057 0.001 
Calcite 0.001 0.002 
Siderite 0.000 0.000 
Pyrite 0.000 0.000 
Hematite 0.000 0.000 
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Table 4-4. Formation water compositions used in the RTM (mg/L) (from Grigorescu (2011) and Feitz 
(2014). 

 

Table 4-5. Porosity, permeability, relative permeability and capillary pressure data used in the RTM. 
Where kh is the horizontal permeability and kv is the vertical permeability, Slr is the irreducible liquid 
saturation, Sgr is the residual gas saturation, the exponent m controls the slope (shape) of the liquid 
relative permeability and capillary pressure curves (van Genuchten, 1980) and Pe is the capillary 
entry pressure. 

 

Both models were discretized using a dual radial grid consisting of 56 cells in the X direction and 20 
cells in the Z direction in model A (Fig. 4.1) and 50 cells in the X direction and 25 cells in the Z 
direction in model B. Grid spacing was highly refined at the injection site placed at the left side of both 
models and near the boundary between the Precipice and Lower Evergreen Formations in the Z 
direction in model B. This architecture enabled simulation of the CO2-impurity plume incorporating the 
effects of buoyancy on plume distribution and reactions. Simulations using model A were run with pure 
CO2, CO2 with 100 ppm SO2 and CO2 with 500 ppm SO2. In addition, one simulation was run without 
calcite initially present to evaluate the role pH buffering and Ca ion supply for gypsum precipitation. 
Model B simulations included injection of pure CO2, CO2 with 100 ppm SO2 and CO2 with 100 ppm O2 
and 100 ppm NO2. Modelling of CO2 with SO2 and O2 was attempted but issues with convergence of 
the chemical system could not be resolved at this time so only CO2 with SO2 simulations were 
reported. Injection rates were 20 kg/s (1728 Tonnes/day) for 10 years in the simulations and one 
simulation of injection (CO2 with 100 ppm SO2) for 20 years. The SO2 concentration in the injected 
CO2 stream was 100 ppm of the impurity gases resulting in an injection rate of 0.002 kg/s (173 
kg/day). Injection of 500 ppm SO2 was at an injection rate of 0.01 kg/s (864 kg/day) at 20 kg/s CO2. 
Each simulation was run for 100 years with injection occurring from year 0 to year 10. The injection 
interval consists of the lower 4 grid blocks (X=0 Z= -40 to -32 m) in model A and the lower 2 grid 
blocks (X=0 Z= -120 to -86 m) on the left hand side of the grid (centre of the cylinder). All simulations 
were run as isothermal with temperatures set at 60˚C and pressure of 120 bar. 

  

SAMPLE ID pH HCO3
- Na+ Ca++ K+ Mg++ Al+++ Fe++ Cl- SiO2 SO4

= 
Evergreen 1 6.98 152 52 80 17.6 28 1.18E-03 2.54E-01 191 35.4 68 
Evergreen 2 7.41 1197 630 5 6.9 10 3.23E-03 3.26E-02 350 35.8 2 
Precipice 1 6.68 389 55 68 10 30 6.32E-04 1.47E+00 115 35.4 15 
Precipice 2 7.62 2249 860 2.1 4.3 9.9 5.35E-03 9.98E-03 87 36.2 2 
 

Porosity and Permeability Relative Permeability Capillary Pressure

Material ϕ kh (m2) kv (m2) m Slr Sgr Pe (kPa) Slr m
(%)

Evergreen 6 2.00E-15 2.00E-16 0.48 0.3 0.2 20 0.15 0.4

Precipice 22.6 2.25E-12 2.25E-13 0.457 0.3 0.3 0.196 0 0.457
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4.2. Results 
Experiments 

The full results of the experiments and geochemical modelling will be published in the M.Sc. Thesis of 
A. Frank and an additional journal publication for which a manuscript is being prepared. The changing 
chemical composition (Na+, K+, Ca2+, Mg2+, Fe2+, Al3+, Cl-, SO4

2- and SiO2) of the aqueous phase for 
each of the experiments was plotted and used to constrain the kinetically controlled reaction path 
models in Geochemist's Workbench (eg. Figure 4-3). In the experiments with single dominant reactive 
mineral phases, it was possible to evaluate the rate parameters according to equations 4.1 and 4.2. 
Activation energy and pH dependence as well as reactive surface areas were modified in order to 
achieve fit to the experimental data (Table 4-6). The experiments at different temperatures enabled 
the activation energy to be assessed and pH dependence was determined using the experiments at 
different pH. The model fit to the data at different T and pH (3, 8.2) were very good and that allowed 
for the evaluation of the temperature and pH dependence of the rate terms. In the 2 examples shown, 
the amount of mineral dissolution/precipitation was then derived from the models (Table 4-7). The 
mineral amounts dissolved were too small to quantify using the techniques available, however, 
dissolution was recognised in SEM. The models therefore provide the opportunity to estimate the 
extent of reaction for the different mineral phases. The amount of mineral reacted ranges from 10-4 to 
10-9 moles with the most reacted phases made up of calcite, ankerite, dolomite and K-feldspar. The 
model predicted precipitation was limited in the different experiments and consisted of gypsum, iron 
oxyhydroxides and kaolinite with very minor amounts of chalcedony and smectite. Gypsum and iron 
oxyhydroxide precipitate were recognised in SEM. 

The reactive surface areas used in the models were varied to achieve data fit. The mortared samples 
required the highest reactive surface areas for the most reactive mineral phases. These included the 
carbonates, K-feldspar, muscovite/illite, biotite and chlorite. The upscaling factors ranged from 1 to 2 
orders of magnitude difference between the mortared samples and the blocks. The carbonates 
required significantly lower reactive surface areas than predicted by grain size surface area 
calculations, consistent with observation that the carbonates were mostly pore filling rather than 
individual grains.  

The reactive surface area upscaling factors were then used to calculate the upscaling from blocks to 
continuous porous medium at the reservoir scale (Table 4-8). This was achieved by taking the 
upscaling factors multiplied by an additional component that accounts for the proportion of the block 
exposed surface area contribution to the dissolution rate. The resultant factor was used to scale the 
most reactive minerals described above. The modified kinetic data and upscaled reactive surface 
areas were then used to generate kinetics based reaction path models.  
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Figure 4-3. Reaction path models and experimental data for a lithic arkose sandstone from the 
WCSB (a-c) and the Precipice Formation (d-f) at 60°C showing data fit of models (solid lines) to 
experiments (symbols). 

a

f

e

d

c

b



 

30 

Table 4-6. Reaction rates, activation energy and pH dependence parameters used in the models, 
including modified values (dashes indicate unchanged from the published values). 

 

Table 4-7. Modelled changes in mineral amounts in the experiments (+Δ values = dissolution). 

 

Table 4-8. Reactive surface areas used in the modelling (cm2/g) for the different particle size 
experiments and the upscaled values as well as published upscaled values (Xu et al., 2007). The 
significantly lower values for upscaled carbonate reactive surface areas reflects the pore filling 
nature of carbonates making for restricted access of fluids to the mineral surfaces.  

 

k25
(mol/m2s)

Ea(kJ/mol)
literature

Ea(kJ/mol)
modified

nH+
literature

nH+
modified

Quartz 3.98E-18 90.9 - - -
Albite 6.92E-11 65 55 0.457 -
K-feldspar 8.71E-11 51.7 40 0.5 0.4
Kaolinite 4.9E-12 65.9 60-65.9 0.777 0.7-0.777
Illite/Muscovite 1.41E-12 22 - 0.37 0.37-0.45
Chlorite 1.23E-10 25.1-88 31-40 0.49 0.7-0.8
Biotite 1.45E-14 22 - 0.525 -
Calcite 0.501 14.4 - 1 -
Siderite 1.79E-04 48-61 - 0.75 -
Ankerite 1.79E-04 48-61 32 0.75 0.8

Mineral Δ moles Δ moles
Quartz 0 0
K-feldspar 1.13E-04 5.51E-06
Albite 0 1.00E-09
Muscovite 2.50E-05 6.90E-06
Kaolinite 0 0
Chlorite 2.04E-06 4.26E-06
Ankerite 0 7.84E-05
Calcite 1.50E-05
Siderite 4.26E-05

Mineral Literature
mortared crushed block upscaled block upscaled upscaled

framework grains 800-8000 500-8000 100-1000 2-20 2000-5000 10-35 9.8

clays and mica 1E4-5E5 1E4-5E5 5E3-3E5 10-600 1.5 E4-1E5 10.5-50 151.6

Calcite 0.05-2 0.05-1 0.003-0.1 0.0006-0.02 0.01 0.0005 9.8

Dolomite 5 1 0.2 0.04 9.8

Ankerite 0.1 0.1 0.1 0.02 0.01-0.02 0.0005-0.001 9.8

Siderite 0.25-0.5 0.25-0.5 0.1-0.2 0.005-0.04 0.1-0.3 0.005-0.021 9.8

Surat Basin samplesWCSB samples
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4.2.1. Model A RTM of the Precipice Formation 

The evolution of the CO2 plume at 20, 50 and 100 years for the Precipice pure CO2 and CO2 with 100 
ppm SO2 simulations with initial formation water composition Precipice 2 (Table 4-3) are shown in 
Figure 4-4. The plume shows density driven flow upward by the end of injection and after 100 years 
largely resides in the upper 10 m.  The distributions for the simulations with and without impurities are 
the same suggesting that the SO2 impurity at only 100 ppm has little impact n the CO2 plume and the 
use of the CO2 EOS module is sufficient for the initial evaluation of the RTM.  

 

Figure 4-4. CO2 supercritical fluid saturation for Precipice Formation at 20 (a and b), 50 (c and d) and 
100 (e and f) years for the pure CO2 (a,c,e) and CO2 with 100 ppm SO2 simulations (b, d, f). 

The pH for the Precipice 1190 simulations including pure CO2, CO2 with 100 ppm SO2 with calcite and 
without calcite and CO2 with 500 ppm SO2 are shown in figure 4-5. The main differences include very 
low pH and a slightly greater extent of plume migration in both the no calcite and 500 ppm simulations 
near the injection zones. pH in the calcite free simulation dropped as low as 0.3 because of the lack of 
rapid reacting carbonate that acts as a pH buffer. The lowest pH in the 500 ppm simulation was 0.82 
and was limited to the cells closest to the injector. The 5 fold increase in SO2 clearly had an impact on 
the acidity especially in the region proximal to the injector. At 20 years, there is little evidence of 
density driven convection below the CO2 plume. 
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Figure 4-5. The distribution of the pH in the formation water for the pure CO2 (a), CO2 with 100 ppm 
SO2 with calcite (b) and without calcite (c) and CO2 with 500 ppm SO2 (d) at 20 years. 

The distribution of sulphur (shown as SO4) in figure 4-6 indicates that the SO2 was rapidly 
incorporated in the aqueous phase. SO2 has a higher solubility than CO2 in water and the stripping of 
SO2 from the supercritical fluid can occur during transport as a constituent of an immiscible phase 
(Crandell et al., 2010). The pure CO2 simulation shows a small increase in S in the formation water, 
largely due to evaporative dryout of cells during injection of dry supercritical CO2. The SO4 is 
transported as part of a dense aqueous phase and distributes at the base of the model. For the CO2-
SO2 simulations there is a significant increase in S in the formation water. S concentrations in excess 
of background extend to greater than 50 m in the central part of the simulations and to over 100 m at 
the base. The plots only show a maximum concentration of 0.005 molal, however the maximum 
concentrations are much higher with values of 1.5 molal for the 100 ppm simulations at 10 years 
injection and 0.19 molal at 20 years. In the simulations with no calcite, maximum concentrations of S 
were 1.6 molal at 10 years and 0.92 molal at 20 years while those with 500 ppm SO2 show maximum 
concentration at 10 years of 1.6 molal and 1.1 molal at 20 years. The maximum concentrations at 10 
years are the result of dryout of cells proximal to the injection and the highest values at later times 
occur closest to the injector as those cells return to water saturated as the plume migrates upward. At 
20 years the development of density driven downward flow can be seen in the presence of higher S 
containing toe extending to >100m in figure 4-6 b-d. 
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Figure 4-6. Total S concentrations (molal as SO4) for the pure CO2 (a), CO2 with 100 ppm SO2 with 
calcite (b) and without calcite (c) and CO2 with 500 ppm SO2 (d) at 20 years. 

In the area of the injection zone, mineral dissolution and precipitation reactions were significant 
(Figure 4-6). The pure CO2 simulation and the simulation with no calcite are not shown as there were 
no significant dissolution or precipitation reactions in the first 20 years due to the relatively slow 
reaction rates of the silicate minerals compared to calcite. The primary reactions in Figure 4-7 are the 
dissolution of calcite and the precipitation of gypsum with minor precipitation of pyrite. Even though the 
calcite content was only 0.2 volume percent, there was gypsum precipitation of 2 volume percent in 
the CO2 with 100 ppm SO2 simulation and there was in excess of 21 volume percent (Figure 4-6 only 
shows area with >2 volume % gypsum) at 20 years in the CO2 with 500 ppm SO2 simulation. The 
highest amount of gypsum precipitation (21 vol. %) occurred in injector cells at 34-38 m but only 
appeared after injection ceased and the supercritical CO2 saturation in the lower section of the model 
had decreased to approximately 5 %. The majority of the precipitation was as a rind near the greatest 
extent of 100 % supercritical CO2 saturation and is illustrated as the outer extent of the gypsum 
precipitation zone in Figure 4-7 a and b. The maximum gypsum content in the rind was 5-6 volume 
percent in the 500 ppm simulation and 2 volume percent in the 100 ppm simulation. The rind reflects 
the zone where dryout ends and capillary forces drive formation water back into the space occupied 
during injection by the plume. This results in a significant concentration gradient due to the flux of 
formation water (that has elevated Ca due to calcite dissolution) into the evaporative zone of dryout 
leading to extensive gypsum precipitation. The corresponding changes in porosity show decreases 
coincide with the gypsum precipitation. The presence of pyrite confirms that the predominant reaction 
in the simulations involving SO2 was the disproportionation reaction. 

SO2 + H2O → 0.75 H2SO4 + 0.25 H2S  Eq. 4-4 

The relatively low amount of pyrite precipitation is the result of the slow reaction kinetics of the iron 
bearing mineral phases like chlorite making very little Fe available in the 20 year time frame. 
Elemental sulphur (S0) was included as a product phase with precipitation controlled by equilibrium 
with the fluid but no S0 formed indicating that for the given redox conditions, pyrite was more stable. 
This also suggests that Eq. 4-4 predominates for the disproportionation over the form with S0 as a 
product.  
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Figure 4-7. Gypsum, calcite, pyrite (as volume fraction) and total porosity distributions at 20 years 
for the CO2 with 100 ppm SO2 with calcite (a,c,e,g) and CO2 with 500 ppm SO2 (b,d,f,h) proximal to 
the injector (500 m radial). 

The main dissolution reaction in the simulations was of chlorite (Figure 4-8). The results at 20 years 
show very similar extent of reaction in the main plume except for the simulation without calcite. Calcite 
acts as a pH buffer and without calcite, more chlorite is reacted particularly close to the injector where 
pH was modelled to very low values in both the CO2 with 100 ppm SO2 and no calcite and the CO2 
with 500 ppm SO2 simulations. The overall amount reacted is low with approximately 10-5 volume 
fraction predicted to react in the 20 year time frame and 5 x 10-5 in 100 years (not shown). The chlorite 
dissolution provides cations Fe and Mg as well as Al and SiO2(aq). The Al and SiO2(aq) increases 
lead to kaolinite and quartz/chalcedony precipitation while the Fe and Mg in combination with the Ca 
from calcite dissolution lead to ankerite (Figure 4-9) and siderite (not shown) precipitation. In the 
simulation without calcite, siderite and magnesite were precipitated (not shown) as the Ca source for 
ankerite was not present. There was very limited porosity change even at 100 years time, typically 
values of less than 0.5 volume percent were predicted in the areas unaffected by the S reactions. 
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Figure 4-8. Distribution of chlorite dissolution in volume fraction at 20 years for the pure CO2 (a), 
CO2 with 100 ppm SO2 with calcite (b) and without calcite (c) and CO2 with 500 ppm SO2 (d) (3500 m 
radial). 

 

Figure 4-9. Ankerite precipitation in volume fraction at 20 years for the pure CO2 (a), CO2 with 100 
ppm SO2 with calcite (b) and CO2 with 500 ppm SO2 (c) (3500 m radial). 

Reaction path outputs for individual cells at 25 m radially and 20 m from the base are presented in 
Figures 4-10. The plots show the change in mineral amount and water composition for the pure CO2, 
CO2 with 100 ppm SO2 with calcite and without calcite simulations. Overall, the total amount of mineral 
reaction is relatively minor (<0.06 volume %). The pure CO2 injection model provides a baseline for 
the reactions that are driven by the lowering of pH from addition of CO2. Calcite dissolution dominates 
with minor chlorite and albite dissolution while precipitation of ankerite, kaolinite and 
quartz/chalcedony were predicted. The water composition shows a significant increase in Ca and 
minor increases in SiO2(aq), Na, Mg and Fe. In contrast the simulations with 100 ppm SO2 had a 
similar rapid calcite dissolution followed by gypsum precipitation. The arrival of S was delayed by 2 
years relative to the CO2 reflecting the stripping out of SO2 in the first 25 m. The peak S content was 
not until 10 years, at the end of the injection period, and this coincided with the peak gypsum content. 
The amount of dissolution and precipitation of other minerals was similar to the pure CO2 simulation. 
The fluid composition shows a higher Ca concentration due to the more extensive calcite dissolution in 
this cell and the cells closer to the injection and a rapid increase to 0.45 molal then decrease to 0.018 
molal S. The dissolution of gypsum is apparent in Figure 4-10c. The fixed Ca and S content are 
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attributed to gypsum dissolution post injection as density driven convection due to the high Ca-SO4 as 
well as CO2(aq) in the aqueous phase becomes significant. Without the presence of calcite, no gypsum 
precipitates but the lower pH drives greater chlorite and albite dissolution as well as some illite and 
kaolinite dissolution. Pyrite precipitation is predicted, the result of the disproportionation reaction 
(Equation 4-4) and chlorite dissolution. There is also an increase in chalcedony/quartz precipitation. 
The plot of water composition shows much higher S, SiO2(aq), Mg and K concentrations than the other 
2 simulations reflecting the greater extent of reaction of the aluminosilicate phases. 
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Figure 4-10. Change in the Precipice Formation simulation mineral amounts (volume fraction) and 
water composition (component concentrations) over time for pure CO2 (a,b), CO2 with 100 ppm SO2 
with calcite (c,d) and without calcite (e,f). Note the difference scales of the y-axis.   

The plots of pH, HCO3
- and H2S for the pure CO2, CO2 with 100 ppm SO2 with calcite and without 

calcite simulations are shown in Figure 4-11. The pH was the highest in the pure CO2 simulation and 
lowest in the CO2 with 100 ppm SO2 without calcite simulation. The lack of calcite resulted in very low 
pH as the S content increased, and the lower pH also resulted in lower HCO3

-. Precipitation of gypsum 
in the simulation with calcite resulted in lower total S with a significant proportion stored in the mineral 
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and although pyrite was predicted to precipitate, the low Fe concentration limited the extent even with 
high H2S content. 

 

Figure 4-11. Change in pH,  HCO3
- and H2S (species concentrations) over time for pure CO2 (a), 

CO2 with 100 ppm SO2 with calcite (b) and without calcite (c) 

4.2.2. Model B Configuration RTM 

The simulations of injection of pure CO2 and CO2 with impurities (CO2 with 100 ppm SO2 and CO2 with 
100 ppm O2 and 100 ppm NO2 - not shown) in the model B configuration shows no impact of 
impurities (on the distribution of supercritical CO2 (Figure 4-12). There is some migration of CO2 into 
the Lower Evergreen proximal to the injector, however this is likely reflecting numerical dispersion 
occurring in the highly discretized zone where the Z and X mesh cell size is smallest. The rest of the 
grid does not display any supercritical fluid migration across the boundary. This result confirms the 
model A results regarding the effect of impurities at these low levels on the CO2 migration. The plume 
extends to 700 m after 1 year and to nearly 3500 m by the end of injection at 10 years. After 100 years 
the supercritical CO2 plume migrates to the 5000 m boundary. The extent of migration is largely 
controlled by the model discretization. This model was gridded so that the maximum area of interface 
between the CO2 and the seal (Lower Evergreen Formation) occurs to evaluate the integrity of the 
seal over time. Migration of CO2 into the seal does take place in the simulation and this will be 
discussed in more detail in the sections below describing the two injection with impurities scenarios. 
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Figure 4-12. Residual super critical CO2 saturation (Sg) for model B pure CO2 (a) 1 (b) 10 and (c) 100 
years and CO2 with 100 ppm SO2 (d) 1 (e) 10 and (f) 100 years showing no difference in the 
distribution due to impurities in the injection stream. Black line indicates the top of the Precipice 
Formation. 

4.2.2.1. Injection of CO2 with 100 ppm SO2 

The distribution of dissolved inorganic carbon (DIC) and pH for the simulations of CO2 with 100 ppm 
SO2 using the model B configuration with the formation waters Precipice 1 and Evergreen 1 (Figure 4-
13 a-c) and Precipice 2 and Evergreen 2 (Figure 4-13 d-f) at up to 500 m radial distance indicate the 
extent of the injection proximal to the well. The distribution of DIC appears quite similar in both but the 
pH, which was lower in the Precipice 1 and Evergreen 1 waters reflects that difference. The elevated 
DIC extends outward to approximately 200 to 300 m while the lower pH values that result from high 
dissolved CO2 extend beyond that. The dark blue area proximal to the injector at the end of injection 
(10 years) are the result of full saturation of supercritical CO2 with no residual water and thus no pH or 
DIC values. The lowest pH occurred during the injection period and dropped down to values below 2. 
Density driven flow is evident in the 100 year simulations where elevated DIC and lower pH extend 
along the base of the domain. 



 

40 

 

Figure 4-13. Simulation results showing two-dimensional distribution of DIC (mol/kg) and pH in the 
reservoir following the injection of CO2 with 100 ppm SO2 into Precipice 1 and Evergreen 1 
formation water (a-d) and into Precipice 2 and Evergreen 2 formation water (e-h). Water 
compositions are shown after 10 (a,c,e,g) and 100 (b,d,f,h) years after the start of injection. . 

The elevated dissolved SO4 content was highest proximal to the injector and extends up to the base of 
the seal (Figure 4-14). The simulations show that the SO2 was stripped out of the injection plume due 
to its higher solubility. Once dissolved the disproportionation reaction drives the production of 
sulphuric acid and H2S leading to lower pH and enhanced reaction potential of the formation water, 
especially with respect to carbonates. At 50 m from the injector and 60 m elevation above the base the 
SO4 content showed a small spike of 1 mg/L indicating that the majority of the SO2 was stripped out 
very close to the well. The initial formation water composition clearly had an impact on the amount of 
dissolved sulphur with the high Ca and low HCO3 content water of Precipice 1 resulting in lower SO4 
content of 0.02 mol/kg compared to a maximum of 0.16 mol/kg for Precipice 2 water. The difference in 
the SO4 content was affected by the extent to which calcite could dissolve where the initially higher 
HCO3 content of Precipice 2 water resulted in less calcite dissolution and thus less gypsum 
precipitation (Figure 4-15). Although it is not clear in the figure there were small differences in the 
calcite dissolution and gypsum precipitation between the 2 simulations. Gypsum precipitation was as 
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high as 3 volume % although the majority of the area proximal to the injector had generally less than 1 
volume % precipitation. The net change in porosity was a decrease of up to 3 % reflecting the gypsum 
precipitation. Even though the calcite content was very low (<0.2 vol. %), there was sufficient Ca made 
available because of the volume of calcite dissolved to result in the gypsum precipitation at the levels 
shown. However, a decrease in porosity from ~23 to 20 is unlikely to significantly impact injection 
especially when the zone of highest gypsum precipitation was at the base of the domain, 20 m from 
the injector. 

 

Figure 4-14. Total dissolved sulphur as SO4 in mol/kg at 10 years (a,c) and 100 years (b,d) for 
the simulations of CO2 with 100 ppm SO2 injection with Precipice 1 and Evergreen 1 formation 
water (a-b) and Precipice 2 and Evergreen 2 formation water (c-d).  
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Figure 4-15. Changes in the mineral amounts and porosity (del poro) for the simulation of CO2 with 
100 ppm SO2 at 10 years for the Precipice 1 and Evergreen 1 initial formation water (a-c) and 
Precipice 2 and Evergreen 2 initial formation water (d-e) compositions. 

In the region distal to the injector, the reactions predicted in the simulations are the result of elevated 
CO2 content in both the Precipice and the Evergreen Formations. By 100 years CO2 has migrated into 
the seal and dissolution and precipitation reactions have resulted in a net decrease in porosity in the 
Evergreen and net increase in the Precipice (Figure 4-16 a,e). The changes were small with the 
decrease in the Evergreen at a maximum of 0.005 volume percent and the increase in the Precipice of 
up to 0.02 volume % except in the area proximal to the injector described previously. The total stored 
carbon in the lower portion of the Evergreen is predicted to be ~0.7 kg/m3 in the simulation with 
formation waters Precipice 1 and Evergreen 1 and ~0.35 kg/m3 in the simulation with formation waters 
Precipice 2 and Evergreen 2 (Figure 4-16 b,f). Dissolution in the Precipice resulted in a decrease in 
stored carbon ranging from 1.9 kg/m3 in the area proximal to the injector to values slightly less than 
~0.5 kg/m3 in the regions impacted by the migrating plume in both simulations. Dissolution was 
dominated by chlorite and calcite (Figure 4-16 c,d,g,h) with minor amounts of K-feldspar and albite. 
The main minerals precipitating were siderite, ankerite, chalcedony (quartz), and smectite (Figure 4-
17) with minor amounts of illite and kaolinite. The majority of precipitation took place in the Evergreen 
Formation which contains a significantly higher proportion of reactive phases than the Precipice. The 
extent of reaction was predicted to be small with the totals not exceeding 0.08 volume %. 
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4-16. The change in (a,e) porosity (del poro) in volume %, (b,f) stored CO2 (SMCO2) in kg carbon per 
m3 rock, and the chlorite and calcite content in volume fraction for the 2 simulations with different 
initial formation water chemistry (Precipice 1 and Evergreen 1 (a-d) and Precipice 2 and Evergreen 2 
(e-h)) at 100 years. 
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Figure 4-17. The change in precipitated minerals in volume fraction for simulations with initial 
formation waters Precipice 1 and Evergreen 1 (a-d) and Precipice 2 and Evergreen 2 (e-h) at 100 
years. 

A simulation of CO2 with 100 ppm SO2 was run with 20 years injection in order to investigate the 
potential threat to the seal integrity of greater migration of the SO2 (Figure 4-18). At 10 years injection 
the SO2 in the supercritical plume has not yet reached the base of the seal however by 20 years the 
SO2 concentration in the supercritical phase is elevated at the reservoir/seal boundary. Migration of 
SO2 into the seal could cause extensive mineral dissolution, if carbonate concentration is very low and 
very little pH buffering occurs. In the presences of significant carbonate, however, limited mineral 
dissolution and rapid gypsum precipitation is expected.  In this simulation, only trace amounts of SO4 
were found to penetrate a few centimetres into the seal.  
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Figure 4-18. Distribution of SO2(g) in ppm by volume at 10 years (a) and 20 years (b) injection. 

4.2.2.2. Injection of CO2 with 100 ppm O2 and 100 ppm NO2 

The simulations of injection of CO2 with 100 ppm O2 and 100 ppm NO2, with the different initial 
formation water compositions described in the previous section gave similar large scale distributions of 
Sg (gas saturation), DIC and pH as the previous simulations. The main differences relate to the O2(g) 
and the NO2(g), and the proximal pH and the NO3

- content (Figure 4-19, 4-20). The O2(g) has lower 
solubility and relatively high concentrations of O2(g) remained in the main CO2 plume. At 100years the 
O2(g) distributions were quite different (Figure 4-19 b,e), the result of the relatively high Fe content of 
the Precipice 1 formation water which stripped out O2 to precipitate iron oxide. Like SO2, the NO2 
which has a relatively high solubility, mostly dissolved proximal to the injector. The NO2 reacts with O2 
to form nitric acid, lowering the pH and driving calcite dissolution. However, there was no sink for the 
NO3

- produced resulting in very high concentrations (up to 4 mol/kg at 10 years). The pH decreased to 
as low as -0.16 and the low pH directly adjacent to the injector well persisted through the 100 year 
simulation time (Figure 4-20).  

The change in porosity was not as significant as in the SO2 simulations and there was a net increase 
of approximately 0.15% proximal to the injector (Figure 4-21 a,d). The increase was the result of 
calcite dissolution where a total of 0.14 volume % calcite dissolved in the zone of low pH Figure 4-21 
b,e). All of the calcite was dissolved so the only buffering capacity proximal to the injector were the 
slow reacting silicate mineral phases thus the pH remained very low for the 100 year simulations time. 
The presence of dissolved O2 led to the precipitation of iron oxides (Figure 4-21 c-f). Precipitation was 
concentrated in areas where the pH was sufficiently high for the reaction to proceed so very little 
accumulated near the injector. Even by 100 years the amount of iron oxides was low (<0.0002 volume 
%) although the highest amounts were in the base of the seal. Other than the presence of the iron 
oxide, the larger scale (3500 M) showed the same CO2 dominated reactions as the CO2 with 100 ppm 
SO2 simulations. 
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Figure 4-19. The distribution in ppm of O2(g) at 10 (a,d) and 100 (b,e) years and NO2(g) at 10 years 
for the 2 initial water composition simulations (a-c) Precipice 1 and Evergreen 1 and (d-f) Precipice 2 
and Evergreen 2. NO2(g) was no longer present after the injection period. 
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Figure 4-20. The pH and NO3
- (mol/kg) content at 10 and 100 years for the (a-d) Precipice 1 and 

Evergreen 1 and (e-h) Precipice 2 and Evergreen 2 formation water simulations. 
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Figure 4-21. The change in porosity (del poro) as volume % and the calcite and iron oxide (as 
Fe(OH)3 in volume fraction for the (a-c) Precipice 1 and Evergreen 1 and (d-f) Precipice 2 and 
Evergreen 2 formation water simulations. 

 

4.3. Discussion 
The experiments investigated reaction pathway and kinetic data for a suite of rocks with varying 
mineralogy, including 4 Surat Basin core samples. Kinetically controlled reaction path modelling 
enabled identification of the minerals reacting and the extent to which they reacted in the time frame of 
the experiment at pH consistent with those predicted to occur during the co-injection of SO2. From 
these, kinetic rate parameters for some of the mineral phases were modified to better represent rates 
for minerals that occur in sedimentary rocks. The rate parameters were largely similar to those found 
in previous studies (Johnson et al., 2001; Xu et al., 2007; Bacon et al., 2009) with the activation 
energies and pH dependence of a few minerals adjusted. In addition, reactive surface areas were 
evaluated by conducting the same experiments on different size particles. The outcome of these 
variations clearly showed that the reactive surface areas determined and compiled in the experimental 
literature where rates were determined are not applicable to whole rock conditions. While this is not 
new, there remains considerable uncertainty in what values to use for the reactive surface areas used 
in reaction path and reactive transport modelling. The results of the experiments enhance the 
capability to address the uncertainty in a more refined manner by showing stepwise variations as 
sample size increases thus providing greater constraint on the upscaling than purely geometric 
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formulations (eg. Xu et al, 2007) and estimates based on mineral surfaces and geochemical modelling 
(Zhu et al., 2006). 

The model A configuration reactive transport modelling was conducted on single lithology and 
homogenous porosity and permeability conditions in order to refine the input parameters and validate 
the modelling code when SO2 was added to the injection stream. The results of the reactive transport 
modelling provide a necessary groundwork for larger scale simulations where computational times 
often extend for weeks. The RTM modelling outputs of mineral dissolution and precipitation reactions 
for the different simulations with SO2 as an impurity were consistent for the different physical and 
chemical conditions modelled and consistent with the experiments indicating that the modelling code 
was performing correctly. Comparing the results between pure CO2 injection and CO2 with SO2 with 
and without carbonate identified the need for recognising that carbonate content, even in very small 
amounts (Precipice 1190 contained ~0.2 volume percent) that are below the detection limit of the most 
common analytical methods (eg. XRD), is a critical parameter. The models showed that SO2, with a 
higher solubility in water than CO2, will likely be stripped out proximal to the injector and that an 
elevated concentration of SO2 in the injection stream may cause occlusion of porosity by gypsum 
during the injection period if Ca containing carbonates are present. Reactions taking place distal to the 
injector were shown to be controlled by CO2 content and the resultant decrease in pH was the primary 
driver for dissolution. 

The model B configuration included the presence of the Evergreen Formation, considered to be the 
regional seal. This configuration allowed assessment of the security of the seal. In the RTM 
simulations, the 10 year injection period at a rate of 20 kg/s did not result in the impurities SO2 or NO2 
to reach the seal. Both were stripped out of the supercritical CO2 plume proximal to the injector where 
disproportionation for the SO2 and oxidation of the NO2 resulted in very low pH. The low pH was partly 
buffered by the dissolution of calcite. The disproportionation reaction produced both H2SO4 and H2S 
and it appears that this resulted in slightly higher pH than the NO2 oxidation. The dissolution of calcite 
acted as a source of Ca which reacted with the dissolved SO4 to precipitate gypsum. The amount of 
gypsum precipitated was up to several volume %. This did not appear to significantly impact the 
permeability and the majority of the gypsum formed at the outer edge of the injected plume near the 
base, potentially acting as a rind. With no sink for the NO3

- included in the minerals being modelled, 
the formation water proximal to the well had very high concentrations (up to 4 molal). The high 
concentrations and low pH persisted throughout the 100 year time frame potentially deteriorating well 
integrity. However, because of the proximity to the well (10's of m) it is likely that some treatment to 
buffer the low pH would be possible. 

The behaviour of O2(g) was significantly different than that of the SO2 or NO2. The O2 has a low 
solubility in water and thus tends to partition to the supercritical phase, with the net result being 
widespread elevated O2 concentrations both in the supercritical and the aqueous phases. The high O2 
content contributed to the precipitation of iron oxides/oxyhydroxides but the amounts were relatively 
low in the 100 year time frame. The long term effect may be significant however as iron is consumed 
as oxides rather than as carbonate, lowering the mineral storage potential. 

The modelling did not include rate controls on the dissolution reactions nor on any aqueous phase 
reactions. Crandall et al. (2010) modelled gas phase diffusion and found that a limiting factor on the 
extent of SO2 dissolving in the aqueous phase was the rate at which SO2 could diffuse through the 
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CO2 to reach a water interface. In most injection scenarios it is likely that there will be significant 
amounts of residual water except very proximal to the injector so it is uncertain how diffusion would 
impact an injection site. Perhaps more pertinent are the observations of Palandri et al. (2005) where 
thiosulfate, the product of reaction between sulphite and sulphide was detected in significant 
concentrations and no sulphide was detected and Pearce et al. (2015) who showed that the 
production of sulphuric acid and sulphate took place over many days and not all of the SO2 reacted in 
the time frame of the experiments. The rate of the disproportionation reaction is uncertain and this 
could impact how the SO2 migrates as the effect of striping out may not be as significant as the 
models predict. Whether pyrite or pyrrhotite is the most stable iron sulphide mineral can also be 
important in the predictive modelling of an injection site. Experiments by Gunter et al. (2005) resulted 
in pyrite precipitation when Fe-rich rocks and H2S were combined and Palandri et al. (2005) also 
detected pyrite rather than FeS or pyrrhotite precipitation occurring during their experiments. The 
thermodynamic database used describes the disproportionation reaction shown Eq. 4-4 as the most 
stable, future work may need to consider the kinetic constraints on the dissolution and 
disproportionation reactions to more accurately the behaviour of SO2 during co-injection. 

Migration of CO2 into the seal occurred and penetration exceeded 10 m near the well bore, however, 
this may reflect a contribution of numerical dispersion, the result of the combined fine scale gridding at 
the reservoir/seal interface and the well. Distal to the well the penetration was approximately 5-7 m. 
The volume of mineral precipitating exceeded that of those dissolving resulting in a net decrease in 
the pore volume. Within 100 years up to 0.7 kg of carbon per m3 rock was stored in the seal. The 
highly reactive mineral content of the Evergreen Formation makes it a good seal for CO2 migration. 

The Precipice reservoir has very few reactive minerals present and the RTM indicated that there 
would be a net increase in the porosity but only a small potential for mineral storage. Longer time 
frame modelling would allow a better understanding the capacity of the reservoir for mineral storage. 
With only approximately 0.1 to 0.2 weight percent iron and magnesium and an order of magnitude less 
of calcium in the Precipice Sandstone mineral storage will be minimal.  

Differences in the initial formation water composition were also investigated. The results indicate that 
the initial formation water composition can impact the extent of reaction and fluid composition 
particularly near to the injector. The variables that can have the most significant impacts are the 
overall salinity (as NaCl forming halite in the zone of dryout) and the alkalinity (as HCO3

- which will 
buffer the pH to some extent). The low salinity water used in the simulations resulted in very little to no 
halite precipitation but the differences in bicarbonate content of the formation waters did impact the 
extent of calcite dissolution and in the case of the SO2 injection, the total gypsum precipitation. The 
extent of mineral reaction was found to vary by up to an order of magnitude for some mineral phases 
in the zone close to the injector, while distal regions, not subject to dryout or SO2 influences, were only 
subjected to CO2 driven pH decreases and the subsequent mineral reactions in the different 
simulations. The accurate characterisation of formation water composition for the proposed site 
location and selected lithologies of the Surat Basin may be an important factor for the predictive 
modelling of system behaviour especially when assessing potential injectivity issues and 
baffle/caprock response.  

The addition of SO2 or O2 and NO2 to the CO2 results in lower pH and larger extent of reaction 
proximal to the injector but the models show that the low pH was rapidly buffered by mineral reactions 
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both of carbonates and aluminosilicates. Under reservoir conditions with porosities typically of 20% or 
less the system has a high rock-to-fluid ratio, which means that the buffering capacity of the rock is 
significant. In contrast, most experiments are conducted with low rock-to-fluid ratios and the extent of 
the buffering is much reduced. The RTM showed even the Precipice sandstone with very low reactive 
mineral contents may buffer the pH over longer time frames. Rocks with more reactive mineral phases 
like the Evergreen and the fine grained portions of the Upper Precipice will react more, however, the 
pH buffering capacity is high and mineral precipitation, the result of reaching or exceeding saturation 
with respect to the product phases, will likely occur. This often results in a net decrease in porosity, 
termed self sealing, in the baffles and caprock. 

Uncertainty in RTM is the result of a number of factors. The heterogeneous distribution of porosity, 
permeability and mineralogy, variations in the actual mineral composition, mineral reaction rates and 
the available reactive surface area all contribute to model uncertainty. Running models with varying 
input parameters allows us to identify key variables influencing model results most significantly. The 
RTM conducted thus far goes a long way towards understanding how to better populate a model and 
which parameters require greater attention. This phase of the RTM has shown that mineralogy and 
formation water composition are very important to understanding and predicting CO2 with or without 
impurities storage.  
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5. Characterizing Long-Term CO2-Water-Rock 
Reaction Pathways to Identify Tracers of 
CO2 Migration During Geological Storage in 
Low-Salinity, Siliciclastic Reservoir Systems 
 

5.1. Extended Abstract 
Geochemical studies investigating the rock reactivity under CO2 storage conditions have by enlarge 
focused on fluid-rock reactions under high salinity conditions. In many onshore Australian sedimentary 
basins including the Surat Basin, however, low-salinity formation water is found (Haese and Black, in 
prep.). As the CO2 solubility and consequently the drop in pH through CO2 dissolution in a storage 
reservoir partly depends on the formation water salinity, the geochemical impact of CO2 storage 
warrants further investigation in the Australian context. This study uses a combined experimental and 
modelling approach to predict long-term CO2-water rock reaction pathways in low-salinity, siliciclastic 
reservoirs using representative rock samples from the core GSQ Chinchilla 4 from the Surat Basin, 
Queensland. Conclusions from the study are presented here, while more technical details are 
presented elsewhere (Horner et al., 2015).  

Mineral dissolution in a CO2 storage reservoir is primarily controlled by the acidity of the formation 
water. CO2 dissolution in water leads to the formation of free protons and therefore acidity (Eq. 5.1), 
however, this process is buffered by the carbonic acid – bicarbonate buffer (Eq. 5.2) effective 
approximately in the pH range between 5.1 and 7.1.  

CO2(aq) + H2O → H+ + HCO3
- Eq. 5.1 

H+ + HCO3
- → H2CO3 Eq. 5.2 

The buffer capacity in water is typically measured in the form of alkalinity and varies between water 
samples. A second and often even larger buffer in sediments is the presence of carbonate minerals 
releasing carbonate and consuming further protons according to  

CaCO3 + H+  → Ca2+ + HCO3
-  Eq. 5.3 

This study found that the increased solubility of CO2 in low-salinity water has a relatively minor effect 
on the pH and fluid – rock reactions relative to the importance of the alkalinity and carbonate mineral 
presence. Representative rocks from the Precipice Sandstone, the Boxvale Member and the Hutton 
Sandstone showed distinct differences in their response to CO2 enriched water: The Precipice 
Sandstone is largely dominated by quartz (for example, 94% quartz at a depth 1190m) and only 
showed an increase in dissolved silica concentration. The Boxvale Member contains a diverse range 
of silicate minerals including K-feldspar (for example, 16% at a depth of 1079m) leading to a distinct 
concurrent increase in dissolved potassium and silica concentration. The Hutton Sandstone is 
mineralogically diverse and often contains carbonate minerals as reflected in an immediate increase in 
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alkalinity and calcium concentration in dissolution experiments. Consequently, the Hutton Sandstone 
has a higher buffer capacity compared to the Precipice Sandstone and the Boxvale Member. 

The Boxvale Member is a possible target interval for subsurface monitoring for potential CO2 storage 
in the Precipice Sandstone as it is a high permeability zone within the Evergreen Formation. The latter 
serves as the regional seal. In addition to pressure monitoring in the Boxvale Member, the observed 
abundance of K-feldspar and its initial rapid dissolution when in contact with CO2 enriched water 
suggests dissolved potassium could be used as a (hydrochemical) monitoring indicator as well.  

The strontium isotope ratio 87Sr/86Sr was additionally tested as an indicator for mineral dissolution 
driven by CO2 enriched formation water. The results show a significant off-set between the whole rock 
and regional formation water composition. However, the latter is primarily controlled by reactive 
minerals such as carbonate minerals and their dissolution will not lead to a discernible change in the 
87Sr/86Sr formation water composition.   
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6. Conclusions and recommendations 
Jurassic formations in the Queensland portion of the Surat Basin were used as a case study 
representing a prospective low-salinity, siliciclastic geological CO2 storage reservoir systems. 
Conclusions were drawn for three topics of interest:  

1. The geochemical evolution and aquatic processes for CO2 storage in a low-salinity aquifer were 
assessed and hydrochemical monitoring indicators for above-reservoir monitoring identified.  

2. Reactive-transport modelling simulating CO2 injection and storage over one hundred years  and 
involving the CO2 impurities NO2, SO2 and O2 was carried out at reservoir scale in order to assess the 
potential role of CO2 impurities. 

3. The regional stress field data base was significantly extended and used to conclude on potential 
fault reactivation during CO2 injection.  

CO2 storage in open aquifers is typically referred to as CO2 storage in brine formations, which is 
appropriate in areas where legislation prohibits CO2 storage in low-salinity formations, for example in 
the USA. This is, however, not the case in Australia, where onshore formation water below 800 meter 
depth typically has a salinity below sea water with a total dissolved solid concentration of 35,000 mg/L. 
It is suggested to avoid any reference to the salinity of formation water in the context of CO2 storage in 
open aquifers and use the term ‘CO2 storage in structurally-unconfined formations’.  

Low-salinity formation water can dissolve more CO2 than high-salinity water under the same pressure 
and temperature conditions. Consequently, the relatively greater increase in fluid density, the greater 
potential drop in pH under CO2 saturated conditions and the higher dissolution trapping capacity 
distinguish low from high salinity formation water under CO2 storage conditions. The change in pH 
upon CO2 dissolution, however, is primarily controlled by the alkalinity of the water and the presence 
of carbonate in the mineral assemblage. Both properties serve as a pH buffer.  

The early Jurrasic Precipice Sandstone in the Surat Basin serves as targeted CO2 storage reservoir. 
Its formation water is consistently fresh with a total dissolved solid concentration below 3,000 mg/L, 
the total alkalinity is low and carbonate is only rarely observed in thin sections. The respective pH of 
the water is 4.6 when CO2 saturated. Despite the low pH, very little mineral dissolution and potential 
carbonate mineral precipitation is predicted because of the very low abundance of reactive minerals. 
In comparison, the above-lying Boxvale Sandstone Member as part of the Evergreen Formation and 
the Hutton Sandstone comprise a more diverse mineral assemblage. Particularly carbonate and clay 
minerals of the Hutton Sandstone and the high abundance of K-feldspar in the Boxvale Sandstone 
Member would react relatively quickly with CO2-enriched formation water. The Boxvale Sandstone 
Member appears to be laterally continuous on the eastern flank of the Surat Basin, It has a 
distinctively higher permeability than the above- and below-lying Evergreen Formation and a thickness 
of close to 35 metres in core GSQ Chinchilla 4. Those characteristics make it a suitable potential 
secondary CO2 containment. The distinct mineral assemblage would lead to a characteristic change in 
water composition in case of CO2 migration into the formation; in particular, the dissolved potassium 
concentration would increase significantly. Potassium would not be involved in potential mineral 
precipitation and could therefore serve as a water quality indicator. The role of the Boxvale Sandstone 
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Member as a secondary containment and a suitable formation for above-reservoir monitoring should 
be further elucidated through a reactive-transport modelling study simulating scenarios of CO2 
migration into the Boxvale Sandstone Member and determining changes in the pressure, the thickness 
of the CO2 plume and changes in water composition along a transect from the point of CO2 entry. A 
comparison of those imposed changes could provide guidance in developing a monitoring plan. 

The distribution and potential geochemical reactions imposed by the co-injection of the CO2 impurities 
SO2, NO2 and O2 was studied through 2-dimensional reservoir simulations. The near-wellbore 
environment was found to be an important zone where sulfate (SO4

2-) and nitrate (NO3
-) become 

highly enriched as SO2 and NO2 are highly soluble and are rapidly stripped out of the CO2 phase. 
Concurrently, all dissolved ions become enriched within the dry-out zone due to the uptake of water 
into the CO2 phase. Those conditions lead to a higher acidity and potential gypsum (CaSO4·2H2O) 
precipitation. As stated before, even small amounts of carbonate were found to significantly buffer the 
pH and control secondary reactions including the precipitation of gypsum. O2 is transported in the CO2 
phase much further compared to SO2 and NO2 and is predicted to accumulate below the regional seal 
together with the CO2. Once O2 dissolves in water it acts as a strong oxidant and leads to the 
precipitation of iron oxides. However, dissolved iron concentrations are typically relatively low 
suggesting formation water stays oxygenated for a long time unless other oxidation reactions such as 
pyrite oxidation become important. The described results are novel and a comparison to similar 
studies is very limited. Further reactive-transport modelling studies at reservoir scale and involving 
CO2 impurities are required. Firstly, it is important to better understand physical mixing and chemical 
processes near the wellbore during the injection phase where preferential SO2 and NO2 dissolution 
and dry-out co-occur potentially leading to gypsum precipitation. Uncertainty relating to potential 
mineral precipitation near the injection well should be reduced and conditions for sustainable injectivity 
ensured.    

The compilation of stress field data led to a much higher data density in the Surat Basin than anything 
previously published and thereby reduced the uncertainty in predicting the rock mechanical response 
to CO2 injection and storage. The new data compilation shows a relatively consistent maximum 
horizontal stress of approximately E-W in the northern part of the Surat Basin, while further to the 
south and to the centre of the basin, the stress rotates to a more N-S direction. Preliminary rock 
mechanical considerations suggest faults with strikes that are approximately at 30 degrees to the 
maximum horizontal stress direction will be at greatest risk of reactivating due to them having highest 
shear to normal stress on the fault plane. Due to the high degree of variability of stress orientations in 
the Surat Basin, it is recommended that any operational activities involving geomechanical risk be 
assessed individually, with specific emphasis on characterising the stress orientations. At a basin 
scale level, it is impossible to draw general conclusions regarding fault stability, and fault reactivation 
in shear mode due to the variability of the stress orientation data. Much more work is needed to 
characterise the stress tensor in detail, specifically with the aim of understanding the underlying 
factors that drive variability throughout the basin. 
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7. Appendices
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Appendix A. Whole-rock XRD and XRF analysis of GSQ Chinchilla 4 samples. 
 Formation Hutton Formation Evergreen Formation 
 Depth (m 

bgs) 
705.2 716.2 742.4 771.7 790.65 801.9 830.4 848.2 855.7 862.6 876 879 887 890.1 906 912 917 927 935.7 935.85 944 950 

 Sample # 2132786 2132804 2132803 2132802 2132801 2132800 2132799 2132798 2132797 2132796 2167139 2167140 2132795 2167141 2167142 2167143 2167144 2132785 2167145 2167146 2132784 2132783 
 Quartz 52.5 44.5 43.5 52.3 69.4 82.6 63.3 53.1 68.2 66.1 49.3 55.7 47.8 65.9 34.0 57.3 52.8 35.9 22.0 21.7 47.6 96.1 

C
la

ys
 

Kaolin 9.3 12.7 13.9 18.0 13.7 8.9 16.5 14.6 13.4 16.4 14.1 9.0 16.5 7.4 23.4 10.7 16.2 22.1 26.3 25.6 20.3 3.9 
Muscovite 4.9 20.4 19.1 11.8 0.3   5.4 14.2   3.0 8.3 7.4 18.0 4.3 16.9 7.9 9.8 17.7 21.9 23.6 15.1   
Montmorilloni
te 

                                    2.4 2.5     

Vermiculite                                     1.0 1.3     

Fe
ld

sp
ar

s 

Anorthite                                             
Labradorite                                   11.7     10.3   
Albite 19.3 12.6 9.4 11.4 8.5 4.9 10.8 12.3 11.7 11.1 18.7 19.8 10.9 16.9 15.1 17.4 7.6   11.8 12.5     
Sanidine                                             
Microcline   8.1 12.2 6.5   3.6 3.9 5.8 5.7 3.5     6.7         2.5 10.4 9.3 3.2   
Orthoclase 9.6       3.7           9.6 8.1   5.5 8.5 6.7 5.3           

 Chlorite 4.5 1.7 1.8                             1.6         
 Calcite         4.5       1.0               5.6           
 Siderite                             2.2   2.7 8.5 4.2 3.5 1.3   
 Pyrite                                             
 Sodium 

Chloride 
                                        2.3   

 Fluorapatite                                             
 Sum (%) 100.1 100.0 99.9 100.0 100.1 100.0 99.9 100.0 100.0 100.1 100.0 100.0 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.1 100.0 
                        
 Depth (m 

bgs) 
705.2 716.2 742.4 771.7 790.65 801.9 830.4 848.2 855.7 862.6 876 879 887 890.1 906 912 917 927 935.7 935.85 944 950 

 Sample # 2132786 2132804 2132803 2132802 2132801 2132800 2132799 2132798 2132797 2132796 2167139 2167140 2132795 2167141 2167142 2167143 2167144 2132785 2167145 2167146 2132784 2132783 
 SiO2 (%) 80.7 64.9 62.2 65.1 83.7 91.4 74.3 69.4 75.5 72.6     63.9         55.9 54.8 55.2 60.4 96.9 
 Al2O3(%) 10.2 18.0 17.5 18.4 8.3 6.0 15.1 16.9 11.1 10.0     18.8         20.2 20.6 20.8 18.4 1.3 
 Na2O (%) 1.9 1.9 1.7 1.4 0.7 0.5 1.1 1.5 1.1 0.8     1.2         1.6 1.4 1.5 1.4 0.0 
 K2O (%) 1.6 2.0 1.8 1.9 1.2 1.0 1.9 1.9 1.5 1.4     2.7         1.7 1.7 1.7 1.8 0.1 
 Fe2O3 (%) 2.7 3.7 3.8 3.1 2.3 0.8 3.0 2.9 5.8 4.2     3.3         7.2 7.7 7.1 6.5 0.1 
 CaO (%) 0.45 0.38 0.26 0.16 1.57 0.05 0.12 0.25 0.52 0.10     0.22         0.83 0.75 0.82 0.68 0.01 
 MgO (%) 0.73 1.15 0.72 0.54 0.30 0.18 0.45 0.61 0.71 0.48     0.85         0.54 0.67 0.67 0.50 0.11 
 MnO (%) 0.01 0.01 0.01 0.01 0.07 0.01 0.01 0.01 0.06 0.05     0.02         0.14 0.23 0.17 0.16 0.00 
 TiO2 (%) 0.43 0.84 1.03 1.20 0.38 0.18 0.87 0.96 0.66 0.59     0.99         1.26 1.29 1.30 1.13 0.12 
 P2O5 (%) 0.09 0.06 0.04 0.04 0.04 0.02 0.05 0.05 0.06 0.05     0.07         0.11 0.12 0.12 0.11 0.02 
 SO3 (%) 0.03 0.16 0.03 0.03 0.02 0.02 0.03 0.04 0.04 0.03     0.02         0.05 0.05 0.06 0.05 0.04 
 Sum (%) 98.9 93.1 89.0 91.9 98.5 100.1 96.8 94.6 96.9 90.3     92.1         89.4 89.3 89.4 91.1 98.7 
                        
 Depth (m 

bgs) 
705.2 716.2 742.4 771.7 790.65 801.9 830.4 848.2 855.7 862.6 876 879 887 890.1 906 912 917 927 935.7 935.85 944 950 

 Sample # 2132786 2132804 2132803 2132802 2132801 2132800 2132799 2132798 2132797 2132796 2167139 2167140 2132795 2167141 2167142 2167143 2167144 2132785 2167145 2167146 2132784 2132783 
 Ba (ppm) 533 626 632 557 300 206 514 611 435 352     632         668 700 687 585 27 
 Cr (ppm) 8 37 60 65 19 8 44 59 34 33     59         51 48 52 60   
 Ni (ppm) 7 24 9 12 5   9 14 12 9     20         17     18 2 
 Pb (ppm) 13 19 11 12 10 5 14 15 14 10     17         16 28 23 19   
 Rb (ppm) 71 117 111 103 57 47 92 98 75 67     154         92 82 83 90   
 Sr (ppm) 157 436 245 176 127 27 103 206 142 74     157         280 273 286 238 6 
 Zn (ppm) 211 86 96 101 44 28 80 104 67 69     91         121 105 115 120 18 
 Zr (ppm) 132 205 203 310 113 74 261 370 294 242     287         275 266 268 271 96 
 Sc (ppm)                                     25 27     
 V (ppm)                                     166 161     
 Cu (ppm)                                     42 31     
 As (ppm)                                     1 3     
 Y (ppm)                                     45 44     
 Nb (ppm)                                     17 18     
 La (ppm)                                     35 20     
 Ce (ppm)                                     81 74     
 Nd (ppm)                                     35 26     
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Appendix A (con’t): Whole-rock XRD and XRF analysis of GSQ Chinchilla 4 samples. 

 Formation Evergreen Formation WG Ironstone 
 Depth (m bgs) 971 971 QA 982 991 993 995 1002 1005.3 1007 1015 1016.2 1018 1020 1023 1025.7 1035 1040 1044.2 1048 1049 1049 QA 
 Sample # 2167147 2167147 2132794 2167148 2132782 2167149 2132793 2167150 2167151 2132792 2167152 2167153 2132781 2132780 2132779 2167154 2167155 2132791 2132790 2167156 2167156 
 Quartz 61.4 61.3 78.2 64.6 46.4 40.9 53.3 39.9 48.1 34.0 24.3 24.6 56.2 43.8 38.1 23.0 27.0 40.3 23.4 12.4   

C
la

ys
 Kaolin 10.2 10.0 8.3 9.8 17.1 16.5 15.9 16.1 14.0 22.0 26.2 26.2 10.6 17.2 17.4 25.0 17.7 14.3 33.9 14.7   

Muscovite 7.3 7.5     16.8 18.9 17.0 14.9 16.1 22.0 20.1 20.8 8.9 17.9 19.5 20.0 14.6 17.9 15.4 9.8   
Montmorillonite           2.1   2.5 1.8   2.6 2.8       3.0 3.3         
Vermiculite                                           

Fe
ld

sp
ar

s 

Anorthite                                   16.0       
Labradorite                         15.6 17.8 13.3       16.2     
Albite 15.1 15.4 9.4 19.6 15.9 14.0 10.6 19.8 14.6 8.3 13.1 12.3       13.5 22.2 8.1   10.8   
Sanidine                                           
Microcline     4.1   2.0   1.4     7.7       1.5               
Orthoclase 5.9 5.9   5.9   7.6   6.7 5.5   10.6 11.0 2.6     15.5 12.0     1.8   

 Chlorite         1.7   1.9     2.1     1.1 1.7 7.0       11.1     
 Calcite                         4.9       3.2         
 Siderite                   4.0 3.0 2.3     4.8     3.4   48.9   
 Pyrite                                       1.6   
 Sodium Chloride                                           
 Fluorapatite                                           
 Sum (%) 100.0 100.0 100.0 100.0 99.9 100.0 100.1 100.0 100.0 100.1 100.0 100.0 99.9 99.9 100.1 100.0 100.0 100.0 100.0 100.0   
                       
 Depth (m bgs) 971 971 QA 982 991 993 995 1002 1005.3 1007 1015 1016.2 1018 1020 1023 1025.7 1035 1040 1044.2 1048 1049 1049 QA 
 Sample # 2167147 2167147 2132794 2167148 2132782 2167149 2132793 2167150 2167151 2132792 2167152 2167153 2132781 2132780 2132779 2167154 2167155 2132791 2132790 2167156 2167156 
 SiO2 (%)     87.2   65.1 66.7 67.3     56.2 56.0 55.9 67.8 60.6 57.5 56.6   55.1 59.2 27.0 26.9 
 Al2O3(%)     7.3   18.0 16.4 16.3     20.6 19.9 19.7 14.3 18.8 18.8 20.3   21.2 17.7 9.6 9.6 
 Na2O (%)     1.0   1.8 1.4 1.5     1.3 1.3 1.3 1.5 1.7 1.5 1.3   1.8 1.9 0.9 0.9 
 K2O (%)     1.3   2.3 2.4 2.2     2.2 2.2 2.3 1.8 1.7 1.7 2.6   1.9 1.8 0.8 0.9 
 Fe2O3 (%)     1.8   3.6 3.8 3.5     6.1 7.1 7.1 5.3 5.8 7.4 6.4   6.5 7.2 38.4 38.4 
 CaO (%)     0.17   0.51 0.39 0.47     0.55 0.58 0.55 2.28 0.99 0.93 0.81   1.10 1.37 2.61 2.63 
 MgO (%)     0.37   0.86 0.99 0.91     0.71 0.83 0.86 0.43 0.58 0.56 0.76   0.72 0.58 0.78 0.78 
 MnO (%)     0.01   0.02 0.02 0.02     0.14 0.21 0.17 0.07 0.05 0.13 0.03   0.03 0.11 1.20 1.20 
 TiO2 (%)     0.39   0.76 0.75 0.66     1.09 1.06 1.03 0.79 1.04 1.02 1.15   0.90 0.95 0.56 0.55 
 P2O5 (%)     0.05   0.05 0.06 0.07     0.12 0.14 0.15 0.06 0.11 0.13 0.28   0.08 0.09 1.30 1.31 
 SO3 (%)     0.03   0.11 0.04 0.04     0.05 0.05 0.05 0.08 0.05 0.04 0.11   0.23 0.06 0.08 0.08 
 Sum (%)     99.6   93.1 92.9 93.0     89.0 89.4 89.2 94.4 91.4 89.7 90.4   89.5 90.9 83.2 83.1 
                       
 Depth (m bgs) 971 971 QA 982 991 993 995 1002 1005.3 1007 1015 1016.2 1018 1020 1023 1025.7 1035 1040 1044.2 1048 1049 1049 QA 
 Sample # 2167147 2167147 2132794 2167148 2132782 2167149 2132793 2167150 2167151 2132792 2167152 2167153 2132781 2132780 2132779 2167154 2167155 2132791 2132790 2167156 2167156 
 Ba (ppm)     317   1116 625 615     686 711 614 1376 595 599 675   699 620 425 411 
 Cr (ppm)     8   32 39 61     48 47 44 38 52 37 41   41 40 29 27 
 Ni (ppm)     2   7 0 16     22     2 14 9     19 17     
 Pb (ppm)     9   21 27 20     24 28 37 15 22 20 18   18 17 13 12 
 Rb (ppm)     63   128 129 131     133 121 121 81 97 99 119   115 97 36 43 
 Sr (ppm)     45   253 237 261     282 282 270 241 357 336 322   456 361 207 206 
 Zn (ppm)     30   108 83 95     115 112 112 88 115 118 114   148 108 69 68 
 Zr (ppm)     232   284 193 255     248 248 241 299 291 228 268   255 262 127 129 
 Sc (ppm)           24         19 16       21       9 2 
 V (ppm)           80         112 122       133       72 67 
 Cu (ppm)           20         26 27       28       11 15 
 As (ppm)           4         4 7       18       6 6 
 Y (ppm)           33         40 42       43       33 33 
 Nb (ppm)           19         17 19       16       9 9 
 La (ppm)           23         25 45       27       22 16 
 Ce (ppm)           45         66 70       39       45 28 
 Nd (ppm)           6         35 41       24       72 67 
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Appendix A (con’t): Whole-rock XRD and XRF analysis of GSQ Chinchilla 4 samples. 

 Formation Boxvale Sandstone Evergreen Formation 
 Depth (m bgs) 1058 1063.9 1079 1083 1101 1106 1108 1115 1119 1124 1130 1138 1141.75 1150 1154 1163 1169 1179 
 Sample # 2132778 2167157 2132777 2167158 2132789 2167159 2167160 2132788 2167161 2167162 2132776 2167163 2167164 2167165 2132775 2167166 2132787 2167167 
 Quartz 52.1 36.4 30.4 38.5 48.2 40.2 28.4 38.2 25.3 28.9 43.3 35.8 29.3 35.7 49.4 46.2 57.3 72.4 

C
la

ys
 Kaolin 12.7 13.7 6.4 11.2 4.3 14.6 22.5 12.5 16.1 18.0 7.7 16.1 18.4 22.2 16.5 29.9 31.8 20.9 

Muscovite 1.6 8.4 8.3 11.1 7.7 15.1 15.5 20.6 12.8 19.5 34.0 10.0 18.3 16.6 4.6 12.6 7.3 6.7 
Montmorillonite   0.8       4.2 3.2   2.5 3.7   1.4 2.2 1.3         
Vermiculite                                     

Fe
ld

sp
ar

s 

Anorthite                                     
Labradorite               20.6                     
Albite 23.5 30.7 34.7 27.0 28.2 17.0 17.5   22.1 15.5   10.8 9.8 7.7         
Sanidine                     11.1       7.0       
Microcline 9.3   15.5   8.0     5.3             5.1       
Orthoclase   10.0   12.3   7.3 13.0   21.3 14.4   23.4 20.4 13.6   10.5     

 Chlorite 0.8   4.6   3.6     2.8     3.9               
 Calcite           1.6           2.5     17.4       
 Siderite                         1.5 3.0   0.9 3.7   
 Pyrite                                     
 Sodium Chloride                                     
 Fluorapatite                                     
 Sum (%) 100.0 100.0 99.9 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.1 100.0 
                    
 Depth (m bgs) 1058 1063.9 1079 1083 1101   1108 1115 1119 1124 1130 1138 1141.75 1150 1154 1163 1169 1179 
 Sample # 2132778 2167157 2132777 2167158 2132789   2167160 2132788 2167161 2167162 2132776 2167163 2167164 2167165 2132775 2167166 2132787 2167167 
 SiO2 (%) 78.7 71.0 66.6 70.3 72.1   61.3 62.5 67.2 62.6 65.3 69.4     61.0   71.2   
 Al2O3(%) 11.8 15.4 18.4 14.6 13.6   19.0 18.1 17.2 17.8 15.8 15.3     12.4   17.3   
 Na2O (%) 1.9 2.7 2.6 2.3 2.2   1.5 1.9 1.7 1.3 1.0 1.0     0.2   0.1   
 K2O (%) 2.0 2.1 3.6 2.6 2.6   2.6 2.6 3.6 3.0 3.8 4.0     2.3   0.5   
 Fe2O3 (%) 2.3 3.2 2.7 3.9 2.6   2.8 2.8 2.3 3.4 2.9 2.5     3.7   2.8   
 CaO (%) 0.53 0.73 1.14 0.88 2.13   0.54 1.30 0.81 0.70 0.58 1.49     8.10   0.06   
 MgO (%) 0.46 0.65 0.69 0.74 0.66   0.95 1.34 1.00 1.41 1.24 0.85     0.72   0.20   
 MnO (%) 0.02 0.02 0.02 0.03 0.05   0.01 0.02 0.02 0.02 0.01 0.04     0.09   0.03   
 TiO2 (%) 0.59 0.68 0.74 0.60 0.53   0.81 0.78 0.62 0.79 0.68 0.63     0.60   0.63   
 P2O5 (%) 0.09 0.11 0.13 0.11 0.30   0.04 0.11 0.08 0.07 0.06 0.09     0.09   0.09   
 SO3 (%) 0.04 0.04 0.04 0.05 0.06   0.05 0.05 0.06 0.04 0.04 0.07     0.04   0.04   
 Sum (%) 98.4 96.7 96.7 96.2 96.9   89.5 91.5 94.6 91.0 91.5 95.4     89.2   92.8   
                    
 Depth (m bgs) 1058 1063.9 1079 1083 1101   1108 1115 1119 1124 1130 1138 1141.75 1150 1154 1163 1169 1179 
 Sample # 2132778 2167157 2132777 2167158 2132789   2167160 2132788 2167161 2167162 2132776 2167163 2167164 2167165 2132775 2167166 2132787 2167167 
 Ba (ppm) 836 860 841 820 1259   597 759 1105 714 846 1061     738   257   
 Cr (ppm) 25 17 20 26 22   23 18 9 60 32 31     20   23   
 Ni (ppm) 10   8   4     8     5       4   6   
 Pb (ppm) 13 19 19 15 14   30 17 25 26 16 23     16   16   
 Rb (ppm) 80 74 144 88 116   120 127 124 141 169 135     90   13   
 Sr (ppm) 135 207 307 230 287   245 307 201 221 179 161     147   221   
 Zn (ppm) 62 80 93 72 67   121 110 74 84 90 71     61   94   
 Zr (ppm) 157 215 204 169 190   241 244 172 255 251 209     252   227   
 Sc (ppm)   14   12     15   5 13   8             
 V (ppm)   76   92     53   69 79   57             
 Cu (ppm)   9   13     17   13 17   7             
 As (ppm)   5   8     1   7 8   8             
 Y (ppm)   24   23     38   27 37   23             
 Nb (ppm)   14   12     20   20 22   17             
 La (ppm)   17   15     25   11 41   15             
 Ce (ppm)   48   49     98   57 65   77             
 Nd (ppm)   11   27     21   2 31   8             
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Appendix A (con’t): Whole-rock XRD and XRF analysis of GSQ Chinchilla 4 samples. 

 Formation Precipice Sandstone Moolayember Formation 
 Depth (m bgs) 1190 1195.2 1205 1216 1218 1225.5 1228.4 1228.4 QA 
 Sample # 2132774 2132773 2132772 2132771 2132770 2167168 2167169 2167169 
 Quartz 93.7 94.8 51.8 100.0 56.6 97.6 19.9 19.9 

C
la

ys
 Kaolin 6.3 5.2 15.9   34.0 2.4 72.6 72.6 

Muscovite     12.7   9.4   4.5 4.5 
Montmorillonite                 
Vermiculite                 

Fe
ld

sp
ar

s 

Anorthite                 
Labradorite                 
Albite     12.3           
Sanidine                 
Microcline     7.3           
Orthoclase             3.0 3.0 

 Chlorite                 
 Calcite                 
 Siderite                 
 Pyrite                 
 Sodium Chloride                 
 Fluorapatite                 
 Sum (%) 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
          
 Depth (m bgs) 1190 1195.2 1205 1216 1218 1225.5 1228.4 1228.4 QA 
 Sample # 2132774 2132773 2132772 2132771 2132770 2167168 2167169 2167169 
 SiO2 (%) 97.7 97.1 67.5 69.0 91.5 99.5 56.0   
 Al2O3(%) 1.4 1.9 16.8 17.9 0.8 1.7 29.0   
 Na2O (%) 0.1 0.0 1.5 0.1 0.0 0.1 0.1   
 K2O (%) 0.1 0.1 2.5 1.6 0.0 0.0 0.4   
 Fe2O3 (%) 0.2 0.2 3.4 2.5 4.8 0.2 1.0   
 CaO (%) 0.02 0.01 0.28 0.05 0.03 0.05 0.12   
 MgO (%) 0.12 0.13 0.77 0.22 0.13 0.04 0.31   
 MnO (%) 0.00 0.01 0.03 0.04 0.15 0.01 0.01   
 TiO2 (%) 0.10 0.17 0.77 1.04 0.05 0.06 1.92   
 P2O5 (%) 0.02 0.02 0.08 0.06 0.02 0.01 0.04   
 SO3 (%) 0.04 0.04 0.04 0.11 0.76 0.08 0.04   
 Sum (%) 99.7 99.7 93.6 92.6 98.3 101.7 89.0   
          
 Depth (m bgs) 1190 1195.2 1205 1216 1218 1225.5 1228.4 1228.4 QA 
 Sample # 2132774 2132773 2132772 2132771 2132770 2167168 2167169 2167169 
 Ba (ppm) 22 32 619 273 13 28 187   
 Cr (ppm)   13 41 79 2 9 89   
 Ni (ppm)   8 15 19     50   
 Pb (ppm) 2 3 17 18   1 25   
 Rb (ppm)   1 138 100   7 27   
 Sr (ppm) 1 7 165 79 21 28 93   
 Zn (ppm) 18 20 98 148 18 47 71   
 Zr (ppm) 78 100 269 543 51 52 330   
 Sc (ppm)           2 28   
 V (ppm)           11 190   
 Cu (ppm)           5 50   
 As (ppm)           3 1   
 Y (ppm)           11 36   
 Nb (ppm)           14 17   
 La (ppm)           0 25   
 Ce (ppm)           23 65   
 Nd (ppm)           11 24   
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Appendix B. Whole-rock XRD and XRF analysis of GSQ Roma 8 samples. 
 Formation Evergreen Formation WG Ironstone Boxvale Sandstone Evergreen Formation 
 Depth (m bgs) 956.1 963.0 975.3 976.9 976.9 QA 980.3 981.7 987.7 990.5 993.5 1001.7 1007.0 1012.3 1013.7 1018.7 1022.9 1023.5 1033.1 1035.1 1036.3 1038.4 
 Sample # 2132820 2132819 2132818 2167170 2167170 2132817 2167171 2132816 2132815 2132814 2132813 2132812 2167172 2167173 2132811 2167174 2132810 2132809 2167175 2132808 2167176 
 Quartz 43.7 49.1 36.1 10.4   88.5 63.2 55.2 60.0 43.1 48.8 42.6 35.1 42.2 40.3 33.3 46.0 62.2 32.7 39.1 78.7 

C
la

ys
 Kaolin 15.8 16.2 34.8 33.9   8.6 20.0 19.5 14.9 11.5 14.1 7.4 17.3 10.9 10.4 13.2 8.8 7.5 8.7 14.8 6.7 

Muscovite 20.4 26.1 24.9       10.5 6.1 8.0 15.0 17.9 12.9 18.4 10.4 18.3 11.6 17.7 11.1 6.0 17.7   
Montmorillonite                         2.0 1.2   1.5           
Vermiculite                                           

Fe
ld

sp
ar

s 

Anorthite                                           
Labradorite                                           
Albite 14.2 8.7 1.2     2.9 4.9 5.6 15.9 22.8 9.4 28.8 18.7 28.2 22.3 32.5 15.7 15.4 21.6 17.5 5.7 
Sanidine                       7.2     7.7             
Microcline 5.0   1.7           1.3 6.0 8.5           10.6 2.7   8.9   
Orthoclase             1.4           8.5 6.2   6.8     8.8   2.8 

 Chlorite 0.9             13.6   1.5 1.2 1.2     0.9   1.2     0.9   
 Calcite     0.4                     0.9   1.1   1.1 22.2 1.0 6.1 
 Siderite     0.9 44.9                                   
 Pyrite                                           
 Sodium Chloride                                           
 Fluorapatite       10.8                                   
 Sum (%) 100.0 100.1 100.0 100.0   100.0 100.0 100.0 100.1 99.9 99.9 100.1 100.0 100.0 99.9 100.0 100.0 100.0 100.0 99.9 100.0 
                       
 Depth (m bgs) 956.1 963 975.3 976.9 976.9 QA 980.3 981.7 987.7 990.5 993.45 1001.65 1007 1012.3 1013.7 1018.7 1022.9 1023.5 1033.1 1035.1 1036.25 1038.4 
 Sample # 2132820 2132819 2132818 2167170 2167170 2132817 2167171 2132816 2132815 2132814 2132813 2132812 2167172 2167173 2132811 2167174 2132810 2132809 2167175 2132808 2167176 
 SiO2 (%) 62.1 61.9 54.8 19.2 19.3 94.2   72.8 71.2 66.0 66.6 67.5     66.6   67.0 76.0 57.9 64.1   
 Al2O3(%) 19.0 18.1 21.7 9.0 9.0 3.9   11.8 14.5 17.8 17.5 17.5     17.6   16.7 11.8 11.4 19.1   
 Na2O (%) 1.3 1.0 0.6 0.3 0.3 0.2   0.6 1.6 2.2 1.2 2.7     2.2   1.6 1.7 1.7 1.9   
 K2O (%) 2.7 2.8 2.3 0.6 0.6 0.2   0.8 1.4 1.9 2.1 2.4     2.8   2.5 1.5 1.9 3.0   
 Fe2O3 (%) 4.3 6.8 7.0 45.9 46.0 0.8   7.9 4.6 3.5 2.6 2.4     3.1   3.6 3.1 2.0 3.7   
 CaO (%) 0.40 0.33 1.09 3.54 3.54 0.24   0.61 0.57 1.05 0.35 1.54     1.39   0.72 1.39 13.34 0.96   
 MgO (%) 0.92 1.12 0.61 0.66 0.66 0.16   0.55 0.61 0.76 0.75 0.79     0.97   1.00 0.64 0.42 0.87   
 MnO (%) 0.02 0.03 0.07 0.82 0.82 0.01   0.05 0.02 0.02 0.01 0.02     0.02   0.01 0.03 0.36 0.02   
 TiO2 (%) 0.82 0.78 1.20 0.51 0.51 0.45   0.57 0.63 0.78 0.72 0.68     0.67   0.76 0.79 0.51 0.78   
 P2O5 (%) 0.08 0.10 0.17 2.32 2.32 0.03   0.06 0.04 0.15 0.02 0.10     0.10   0.08 0.09 0.13 0.10   
 SO3 (%) 0.02 0.04 0.07 0.29 0.29 0.04   0.23 0.03 0.05 0.02 0.06     0.05   0.03 0.04 0.03 0.04   
 Sum (%) 91.6 93.1 89.7 83.2 83.2 100.2   96.0 95.2 94.1 91.8 95.6     95.5   94.1 97.1 89.6 94.6   
                       
 Depth (m bgs) 956.1 963 975.3 976.9 976.9 QA 980.3 981.7 987.7 990.5 993.45 1001.65 1007 1012.3 1013.7 1018.7 1022.9 1023.5 1033.1 1035.1 1036.25 1038.4 
 Sample # 2132820 2132819 2132818 2167170 2167170 2132817 2167171 2132816 2132815 2132814 2132813 2132812 2167172 2167173 2132811 2167174 2132810 2132809 2167175 2132808 2167176 
 Ba (ppm) 565 601 504 403 389 533   212 425 614 524 813     758   662 657 563 657   
 Cr (ppm) 39 43 57 33 29 14   91 17 31 34 5     26   26 24 24 32   
 Ni (ppm) 12 16 19 0 0 4   50 7 12 14 11     8   7 3 0 8   
 Pb (ppm) 19 26 22 16 9 5   16 14 20 11 18     19   18 11 14 24   
 Rb (ppm) 144 164 149 36 34 2   22 76 99 124 102     122   128 66 65 132   
 Sr (ppm) 212 219 270 164 164 13   109 204 388 243 375     350   325 168 257 324   
 Zn (ppm) 97 111 124 44 44 17   308 47 104 54 82     95   93 64 44 96   
 Zr (ppm) 299 193 254 113 119 637   284 244 258 182 210     220   225 468 182 296   
 Sc (ppm)       4 10                           14     
 V (ppm)       76 74                           38     
 Cu (ppm) 10 6 31 28 27     14 9 12 12 9     9   7 -2 7 4   
 As (ppm)       32 34                           8     
 Y (ppm)       17 21                           24     
 Nb (ppm)       11 10                           11     
 La (ppm)       12 20                           27     
 Ce (ppm)       24 21                           77     
 Nd (ppm)       55 46                           24     
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Appendix B (con’t): Whole-rock XRD and XRF analysis of GSQ Roma 8 samples. 

 Formation Evergreen Formation Precipice Sandstone Moolayember Formation 
 Depth (m bgs) 1041.4 1043.6 1045.1 1048.0 1052.0 1058.6 1064.1 1072.9 
 Sample # 2132807 2132806 2167177 2167178 2167179 2132805 2167180 2167181 
 Quartz 66.4 67.9 39.6 66.5 72.2 77.6 60.3 41.5 

C
la

ys
 Kaolin 17.6 23.1 34.0 14.0 11.6 13.2 18.2 23.3 

Muscovite 11.4 4.8 10.2   4.9 1.4 13.1 27.4 
Montmorillonite                 
Vermiculite                 

Fe
ld

sp
ar

s 

Anorthite                 
Labradorite                 
Albite     4.4 7.1 5.4   3.5 2.8 
Sanidine           7.8     
Microcline                 
Orthoclase 4.6 4.3 10.4 9.8 2.8   3.6 2.9 

 Chlorite                 
 Calcite     1.4 2.7 3.3       
 Siderite             1.4 2.1 
 Pyrite                 
 Sodium Chloride                 
 Fluorapatite                 
 Sum (%) 100.0 100.1 100.0 100.0 100.0 100.0 100.0 100.0 
          
 Depth (m bgs) 1041.35 1043.55 1045.1 1048 1051.95 1058.6 1064.1 1072.85 
 Sample # 2132807 2132806 2167177 2167178 2167179 2132805 2167180 2167181 
 SiO2 (%) 69.7 77.5 68.3 79.9 86.3 80.3     
 Al2O3(%) 16.2 14.0 20.5 10.8 8.5 10.8     
 Na2O (%) 0.4 0.2 0.3 0.4 0.4 0.1     
 K2O (%) 2.0 1.7 2.4 1.9 1.0 1.5     
 Fe2O3 (%) 2.1 2.1 1.6 1.6 1.1 4.1     
 CaO (%) 0.10 0.25 0.12 1.11 0.28 0.28     
 MgO (%) 0.34 0.31 0.38 0.33 0.25 0.37     
 MnO (%) 0.01 0.01 0.01 0.03 0.01 0.02     
 TiO2 (%) 1.00 0.39 0.89 0.74 0.33 0.32     
 P2O5 (%) 0.03 0.02 0.02 0.04 0.02 0.03     
 SO3 (%) 0.03 0.03 0.07 0.06 0.05 0.04     
 Sum (%) 92.0 96.6 94.6 97.0 98.3 97.8     
          
 Depth (m bgs) 1041.35 1043.55 1045.1 1048 1051.95 1058.6 1064.1 1072.85 
 Sample # 2132807 2132806 2167177 2167178 2167179 2132805 2167180 2167181 
 Ba (ppm) 398 326 467 608 457 175     
 Cr (ppm) 35 16 38 33 22 14     
 Ni (ppm) 21 4 0 0 0 22     
 Pb (ppm) 14 11 23 14 13 19     
 Rb (ppm) 110 72 84 57 44 87     
 Sr (ppm) 98 60 114 92 47 54     
 Zn (ppm) 79 62 93 52 38 72     
 Zr (ppm) 406 131 395 270 97 97     
 Sc (ppm)     14 9 6       
 V (ppm)     78 45 33       
 Cu (ppm) 4 1 9 3 6 5     
 As (ppm)     9 6 3       
 Y (ppm)     15 23 18       
 Nb (ppm)     19 20 16       
 La (ppm)     25 18 0       
 Ce (ppm)     37 52 6       
 Nd (ppm)     15 0 1       
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Appendix C. Thin section results for samples from well GSQ Chinchilla 4. 
   Grains Minerals Clay Minerals 

 
Grain 
Size Porosity Quartz Feldspar Musc Biotite Heavy Opaque Illite Illite-

Smectie Chlorite Chlorite- 
Smectite Smectite Kaolin Sepiolite Undiff 

Depth (m)   Mono Poly K-Fsp Plag             
705 sand x xx x trace x x   x   x   xx x  
716.2 shale  x  trace trace trace   trace x  x   x xx  
742.4 shale  x  trace trace trace   trace xx  trace   xx x  
771.7 silt  x  trace trace x trace  trace x     xx trace  
790.65 sand x xxx trace trace trace trace  trace x   x   xx   
801.9 sand xxx xxx trace trace trace x  trace x   trace   xx   
830.4 silt  xx  trace x trace  trace x  x    xx trace  
848.2 silt  xx  trace x x  trace x x  trace   x trace  
855.7 silt  xxx  trace x trace  trace xx x  trace   xx xx  
862.6 sand  xxx  trace x x   xx x  x   xx   
887 shale  x  trace trace x   trace xx     x   
927 shale  xx  trace x trace   x xx  trace   x x  
944 shale  xx trace trace x trace   x xx     x trace  
950 silt  xxx    x   x x     x   
982 sand x xxx  x x trace  trace trace x  trace   xx   
993 silt  xxx  trace x xx   x   xx   xx x  
1002 silt  xx  trace x x  trace x xx  trace trace  x x  
1015 shale  xx  trace trace x trace  x xx x   trace x x  
1020 silt  x  trace x x  trace x x  xx   x x  
1023 silt  xx  trace x xx   x x     x xx  
1025.7 silt  xx  trace x xx   x x     x x  
1044.2 silt  xx  x x x trace x x x x x   x x  
1048 shale  x  trace x trace trace  x xx     x xxx  
1058 sand trace xx x x xx x trace  x   x trace  xx x   
1079 silt  xx  x xx xx   trace x x  xx x  xx xx  
1101 silt  xx  trace x x trace trace x  x x   x  xx  
1115 silt  xx   trace x trace trace  x   x   x  xx  
1130 silt  xxx  trace trace x   x   x  x   x  xx  
1154 silt  xxx  trace trace xxx   x x     xx   
1169 silt  xx     x            
1190 sand xx xxx x   trace   trace      x   
1195.2 sand xx xxx x   trace  trace trace      xx   
1205 sand xx xxx x x x x   x x       xx   
1216 sand xxx xxx x   trace  trace xx   trace   x   
1218 silt  xxx trace   xxx  x xx trace     xx   
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Appendix C (con’t): Thin section results for samples from stratigraphic well GSQ Chinchilla 4. 

  Cements Other Cements 
 Grain Size Carbonate Quartz Sulfate Pyrite TiO FeO 
Depth (m)  Calcite Dolom Siderite Ankerite Undiff      705 sand      x  trace   
716.2 shale        trace   
742.4 shale           
771.7 silt      trace  trace   
790.65 sand xx     x  trace   
801.9 sand      x  trace   
830.4 silt        trace   
848.2 silt        trace   
855.7 silt x       x ? ? 
862.6 sand      x  x ? ? 
887 shale      trace  trace   
927 shale   trace     trace   
944 shale   trace   trace  trace   
950 silt      trace  trace   
982 sand trace     x  x trace ? 
993 silt xx     trace  trace   
1002 silt        x ? ? 
1015 shale   xx     trace   
1020 silt xx       trace   
1023 silt      trace  trace   
1025.7 silt   x     trace   
1044.2 silt x  trace   trace  trace   
1048 shale        trace   
1058 sand      trace  trace   
1079 silt      trace  trace   
1101 silt xx trace    trace  trace   
1115 silt      trace  x ? ? 
1130 silt        x ? ? 
1154 silt xx  xx     trace   
1169 silt   xx        
1190 sand   x   x  trace   
1195.2 sand      x  x ? ? 
1205 sand      x   x  ? ? 
1216 sand   xx   xx  xx ? ? 
1218 silt      x  xx ? ? 
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Appendix D. Thin section results for samples from well GSQ Roma 8. 

   Grains Minerals Clay Minerals 

 
Grain 
Size Porosity Quartz Feldspar Musc Biotite Heavy 

Minerals Opaque Illite Illite- 
Smectite Chlorite Chlorite- 

Smectite Smectite Kaolin Sepiolite Undiff 

Depth (m)   Mono Poly K-Fsp Plag             
1058.6 sand x xxx trace trace  x  trace x   x   xx   

1043.55 silt trace xxx trace x  trace   x   x   xx   

1041.35 silt  xxx  trace  x  trace x x     x    

1036.25 silt trace xx   trace x xx  trace x x  x  trace x x  

1033.1 sand  xx trace trace x trace  trace x   trace   x trace  

1023.5 silt  x  trace trace trace   x xx  trace   x xx  

1018.7 silt  xx  trace x x  trace x   trace   xx xx  

1007 silt  xx  trace x trace   x x  trace   xx xx  

1001.65 shale  x  trace trace x   x      xx trace  

993.45 silt  x  trace trace trace   x xx  x   x x  

990.5 silt  xx  trace trace trace  trace x   trace x  xx trace  

987.7 silt x xx  trace trace x  trace x   x   xx trace  

980.3 sand xxx xxx  trace  trace  trace xx      xx   

975.3 shale  x    trace  trace  xx  trace   x   

963 shale  x  trace  trace    xx     x trace  

956.1 shale  xx   trace trace    x  x x  x x  
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Appendix D (con’t): Thin section results for samples from stratigraphic well GSQ Roma 8. 

   Cements Other Cements 

 
Grain 
Size Porosity Carbonate     Quartz Sulfate Pyrite TiO's FeO's 

Depth (m)   Calcite Dolom Siderite Ankerite Undiff      
1058.6 sand x x     x  traces   

1043.55 silt trace traces     traces  traces   

1041.35 silt       traces  x ? ? 

1036.25 silt trace      traces  traces   

1033.1 sand  x     x   traces  

1023.5 silt         traces   

1018.7 silt       traces  x ? ? 

1007 silt  traces     traces  x ? ? 

1001.65 shale    traces     traces   

993.45 silt         traces   

990.5 silt  traces     traces  x ? ? 

987.7 silt x      x  x ? ? 

980.3 sand xxx xx     x  x ? ? 

975.3 shale  traces  traces        

963 shale            

956.1 shale       traces     
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